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Abstract 
Solid-state lasers emitting in the 1.5–1.6 μm spectral range are very promising for eye-safe laser 

range finding, ophthalmology, fiber-optic communication systems, and optical location. The aim of this 
work is the investigation of spectrosposcopic and laser properties of gain medium based on borate crystal  
for abovementioned lasers. 

Spectroscopic and laser properties of Er,Yb:YAl3(BO3)4 crystals with different concentrations of dopants 
were investigated. Polarized absorption and emission cross-section spectra were determined. The ytterbium-
erbium energy transfer efficiency was estimated. The maximal energy transfer efficiency up to 97 % was 
obtained for Er(4 at.%),Yb(11 at.%):YAl3(BO3)4 crystal.

The laser operation of heavily doped crystals with erbium concentration up to 4 аt.% (2.2∙1020 cм‒3) 
was realized. By using of Er(2 at.%),Yb(11 at.%):YAl3(BO3)4 crystal a maximal continuous-
wave (CW) output power of 1.6 W was obtained at 1522 nm with slope efficiency of 32 %. By using of  
Er(4 at.%),Yb(11 at.%):YAl3(BO3)4 crystal  a maximal peak output power up to 2.2 W with slope efficiency 
of 40 % was realized in quasi-continuous-wave regime of operation. The spatial profile of the output beam 
was close to TEM00 mode with M2 < 1.2 during all laser experiments.

Based on the obtained results, it can be concluded that Er,Yb:YAl3(BO3)4 crystals are promising active 
media for lasers emitting in the spectral range of 1.5–1.6 µm for the usage in laser rangefinder and laser-
induced breakdown spectroscopy systems, and LIDARs.

Keywords: erbium, ytterbium, borate crystals, diode-pumped, continuous-wave laser operation.
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Эрбиевый лазер, излучающий в области 1.5 мкм,  
с высокой выходной мощностью 
К.Н. Горбаченя1, В.Э. Кисель1, А.С. Ясюкевич1, Е.В. Копорулина2, Е.А. Волкова2,  
В.В. Мальцев2, Н.И. Леонюк2 ,  Н.В. Кулешов1
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Твердотельные лазеры, излучающие в спектральной области 1.5‒1.6 мкм, находят широкое при-
менение в дальнометрии, офтальмотологии, волоконно-оптических системах и оптической локации.
Целью данной работы являлось исследование спектроскопических и генерационных свойств актив-
ной среды на основе кристалла бората для указанных лазеров. 

Проведено исследование спектроскопических и генерационных свойств кристаллов 
Er,Yb:YAl3(BO3)4 с различным содержанием ионов-активаторов. В результате определены  спектры 
поперечных сечений поглощения и стимулированного испускания в поляризованном свете. Проведе-
на оценка эффективности переноса энергии от ионов иттебия на ионы эрбия. Максимальная эффек-
тивность переноса энергии достигала 97 % для кристалла Er(4 at.%),Yb(11 at.%):YAl3(BO3)4.

Реализована лазерная генерация для кристаллов с высоким содержанием ионов эрбия  
до 4 ат.% (2.2∙1020 cм‒3). При использовании кристалла Er(2 at.%),Yb(11 at.%):YAl3(BO3)4 получен не-
прерывный режим генерации с максимальной выходной мощностью до 1,6 Вт на длине волны 1522 нм 
при дифференциальной эффективности 32 %. В квазинепрерывном режиме генерации для кристалла 
Er(4 at.%),Yb(11 at.%):YAl3(BO3)4 максимальная пиковая мощность достигала 2,2 Вт при дифферен-
циальной эффективности по поглощённой мощности накачки 40 %. Профиль распределения интен-
сивности в поперечном сечении лазерного пучка хорошо аппроксимировался функцией Гаусса рас-
считанное значение параметра распространения лазерного пучка М2 не превышало 1,2, что соответ-
ствует ТЕМ00 моде резонатора.  

На основе полученных результатов, можно сделать вывод, что данные кристаллы являются пер-
спективными активными средами, для лазеров, излучающих в спектральном диапазоне 1.5‒1.6 мкм, 
для применения в составе систем лазерной дальнометрии, лазерно-искровой эмиссионной спектроме-
трии и лидаров.

Ключевые слова: эрбий, иттербий, бораты, диодная накачка, непрерывная лазерная генерация.
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Introduction

Laser radiation at 1.5−1.6 µm is located in the 
eye-safe wavelength range and sensitive region of 
Ge and InGaAs photodiodes. Other advantages of 
this radiation are high transparency in atmosphere 
and fused-silica waveguides. All this makes efficient 
solid-state laser sources emitting in this spectral 
range very attractive for compact laser range finding, 
optical location and fiber-optic communication 
systems. 

The 4I13/2 → 4I15/2 transition of erbium ions is a 
simple and reliable method for obtaining 1.5−1.6 µm 
laser operation. However, erbium ions suffer 
from low pump absorption at the wavelength of 
commercially available laser diodes near 980 nm. 
This fact obliges to use additional co-doping with 
ytterbium ions that strongly absorb pump radiation 
and transfer it to the erbium ions. For efficient 
operation of such Er-Yb co-doped lasers two main 
spectroscopic conditions should be satisfied. The 
first is short lifetime of the 4I11/2 energy level that 
prevents up-conversion processes and depopulation 
of this level by means of energy back transfer. The 
second condition is high enough 4I13/2 level lifetime to 
keep quite low laser threshold. These conditions are 
well satisfied in Er,Yb-glasses, but the glasses suffer 
from poor thermo-mechanical properties (thermal 
conductivity of 0.85 W×m−1×K−1) [1], which limits 
the CW output power by a few hundred milliwatts.  
A maximal CW output power for Er,Yb-glasses 
didn’t exceed 353 mW with slope efficiency of 
26 % [2].

The borate crystals co-doped with erbium and 
ytterbium ions satisfy abovementioned spectroscopic 
characteristics and possess high thermo-mechanical 
properties (thermal conductivity of Er,Yb:YAl3(BO3)4 
is 7.7 W×m−1×K−1 and 6 W×m−1×K−1 along 
a and c axes, respectively) for efficient laser 
operation [3]. Room-temperature laser operation 
was demonstrated for following Er,Yb-codoped 
borate crystals: GdCa4O(BO3)3 [4], LaSc3(BO3)4 [5], 
YCa4O(BO3) [6], GdAl3(BO3)4 [7, 8], LuAl3(BO3)4 [9]. 
Efficient high power laser performance of diode-
pumped Er,Yb:YAl3(BO3)4 (YAB) crystals was 
demonstrated recently [10−12]. The maximal 
output power up to 1 W with slope efficiency of 
35 % at several wavelengths between 1522 and 
1602 nm was obtained using crystal with dopant 
concentrations of 1.5 at.% (0.8∙1020 cm‒3) for 
erbium and 11 at.% (6.0∙1020 cm‒3) for ytterbium 
ions, respectively [10]. However, the optimization 

of erbium concentration and determination of its 
influence on the laser performance for oxoborate 
crystals weren’t performed. Here we present the 
investigation of the effect of erbium concentration 
on the laser performance of Er,Yb:YAl3(BO3)4 
crystals and as a result efficient laser operation at 
near 1.5 µm.

Crystal growth and spectroscopic properties

Er,Yb:YAl3(BO3)4 single crystals with different 
erbium concentrations were grown by dipping seeded 
high-temperature solution growth at a cooling rate 
0.2 °C–0.5 °C per day in the temperature range of 
1060 °C–1000 °C using K2Mo3O10-based flux [13]. 
As a result, Er,Yb:YAB crystals with high optical 
quality and the size up to 20 × 10 × 10 mm have 
been obtained The concentrations of the dopants 
were measured by microprobe analysis to be  
0.8∙1020 cm‒3 (1.5 at.%), 1.1∙1020 cm‒3 (2.0 at.%), 
1.7∙1020 cm‒3 (3.0 at.%) and 2.2∙1020 cm‒3 (4.0 at.%) 
for erbium and 6.0∙1020 cm‒3 (11 at.%) for ytter-
bium ions.

The polarized absorption cross-section 
spectra of Er,Yb:YAB crystal around 980 nm at 
room-temperature are depicted in Figure 1. The 
2F7/2 → 2F5/2 absorption band is centered at 976 nm 
with a maximum absorption cross-section of about 
2.75×10‒20 cm2 and bandwidth of 17 nm (FWHM) in 
σ polarization.

Figure 1 ‒ Room-temperature polarized absorption 
spectra of Er,Yb:YAB crystal at 1 μm

The stimulated emission cross-section spectra 
calculated by the reciprocity method using the Stark 
energy level scheme of 4I13/2 and 4I15/2 manifolds [3] 
are plotted in Figure 2. A number of local maxima 
are observed in both σ and π polarizations.

The energy transfer efficiency was measured 
by the estimation of 2F5/2 level lifetime shortening 
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in Er,Yb-codoped and Yb-single doped crystals 
according to the formula [6]:

where k is the energy transfer rate, τ is the ytterbium 
2F5/2 level lifetime in Er,Yb-codoped crystal, and 
τ0 is the ytterbium 2F5/2 level lifetime in Yb single-
doped crystal.

Figure 2 ‒ Emission cross-section spectra of Er,Yb:YAB 
crystal near 1.5 μm

The values of energy transfer efficiencies in 
Er,Yb:YAB crystals with different erbium and 
constant ytterbium concentrations are shown in 
Table 1. The energy transfer efficiency amplifies 
with the increasing of erbium concentration up to 
the value of 97 % for Er(4 at.%),Yb(11 at.%):YAB 
crystal.

Table 1

The energy transfer efficiencies in Er,Yb:YAB 
crystals

Crystal
Er3+ 
ions, 
at. %

Yb3+ 
ions, 
at. %

2F5/2, 
μs (Yb 
single-
doped)

2F5/2, μs 
(Yb,Er 

co-
doped)

Energy 
transfer 

efficiency, 
%

YAB

1.5

11.0 480

60 88
2.0 30 94
3.0 20 96
4.0 17 97

Laser experiments 

The laser experiments were performed in 
Z-shaped cavity. The details of active elements used 
during laser experiments are plotted in Table 2.

The temperature of mounted on the 
thermoelectrically cooled copper heatsink active 

elements was kept at 18 °C. As a pump source a 
15 W fiber-coupled (Ø 105 μm, NA = 0.22) laser 
diode emitting near 976 nm was used. Pump beam 
was collimated by a 80 mm focal length doublet and 
then focused into 100 µm spot inside Er,Yb:YAB 
crystal with another 80 mm length doublet.  The 
cavity-mode diameter at the active element was close 
to the pump beam waist. The output couplers with 
the transmittance of 1 %, 2 %, 5 % and 10 % were 
used during laser experiments. The setup for laser 
experiments is presented in Figure 3.

Table 2
The details of active elements

Crystal Er3+ ions, 
at. %

Yb3+ ions, 
at. %

Width, 
mm Orientation

YAB

1.5

11.0 1.5

c – cut
2.0 c – cut
3.0 c – cut
4.0 a – cut

Figure 3 − Setup for laser experiments

The laser experiments were started with  
Er(1.5 at.%),Yb(11 at.%):YAB crystal, which was 
studied in our previous investigations [10, 14]. 
The best laser performance was demonstrated with 
5 % output coupler transmittance. Input-output 
characteristics of continuous-wave laser are plotted 
in Figure 4. The laser threshold was measured to be 
about 1.5 W of absorbed pump power. The maximum 
CW output power of 1.2 W with slope efficiency 
near 26 % was obtained at 1522 nm at about 6.2 W 
of absorbed pump power. After further increasing of 
pump power, the rising of output laser power wasn’t 
observed. It provides evidence for the influence of 
thermal load in the crystal on laser performance. 
To reduce the thermal load, laser experiments with 
quasi-CW (QCW) pumping were performed. By 
using a chopper with a duty cycle of 1:5 in the 
pumping channel, the maximal output peak power up 
to 2 W with slope efficiency of 35 % was obtained  
at the absorbed peak pump power of 7.3 W (Figure 4). 

η τ τ τ τ= = −−k/ 1
01 1( / / ),
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Figure 4 ‒ Input-output characteristics of CW and QCW 
Er(1.5 at.%),Yb(11 at.%):YAB diode-pumped laser 

For Er(2 at.%),Yb(11 at.%):YAB the CW laser 
emission with a slope efficiency of near 27 % was 
observed at 1543 nm and 1.7 W laser threshold of 
absorbed pump power; however at an absorbed pump 
power of more than 4 W the emission wavelength 
switched to 1522 nm and the slope efficiency was 
increased to 32 %. The maximal output power of 
1.6 W was obtained in that case. The similar situation 
with switching of emission wavelength was observed 
for QCW regime of operation at an absorbed pump 
peak power of more than 5.5 W. The maximal 
output peak power of 2.7 W with slope efficiency 
up to 41 % was obtained at an absorbed pump peak 
power of more than 9 W (Figure 5). The wavelength 
switching can be explained by the laser wavelength 
dependence on the inversion density (or intracavity 
losses). The intracavity losses depend on the output 
coupler transmittance and thermal effects inside the 
pumped volume of the crystal. Changes in the losses 
during laser operation may lead to changing of the 
wavelengths [7, 15]. 

Figure 5 ‒ Input-output characteristics of CW and QCW 
Er(2 at.%),Yb(11 at.%):YAB diode-pumped laser

Figure 6 shows input-output diagrams of CW 
and QCW Er(3 at.%),Yb(11 at.%):YAB diode-
pumped laser. For CW operation the slope efficiency 
was reduced to 23 %. The maximal output power of 
0.5 W in this case was limited by the damage of active 
element. To our mind, this damage can be caused by 
the residual internal stress for highly erbium doped 
crystals. To prevent destruction of the crystal further 
experiments were carried out with quasi-CW pumping. 
The maximal output peak power of 2.5 W with slope 
efficiency of 35 % was obtained at 1522 nm.

Figure 6 ‒ Input-output characteristics of CW and QCW 
Er(3 at.%),Yb(11 at.%):YAB diode-pumped laser

Laser experiments in QCW regime of 
operation were held with available a-cut 
Er(4 at.%),Yb(11 at.%):YAB crystal. In case 
of usage c-cut and a-cut crystals the lasers 
demonstrate close slope efficiencies at the slightly 
different wavelengths (1522 and 1531 nm), respec-
tively [10, 14]. The laser threshold was measured to 
be about 2.6 W of absorbed peak pump power. The 
maximum QCW output peak power of 2.2 W with 
slope efficiency near 40 % was obtained at 1531 nm at 
about 9 W of absorbed peak pump power (Figure 7).

Figure 7 ‒ Input-output characteristics of QCW  
Er(4 at.%),Yb(11 at.%):YAB diode-pumped laser
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Laser characteristics of Er,Yb:YAl3(BO3)4 
crystals with different erbium concentrations are 
plotted in Table 3. The highest slope efficiency was 
demonstarated with the output coupler transmittance of 
5 % for crystals with different erbium concentrations. 
The increasing of the laser threshold values up to 

2.6 W for crystal with the erbium concentration of 
4 at.% was observed. This fact is explained by the 
increasing of reabsorption losses because of quasi-
three level scheme of laser operation. The spatial 
profile of the output beam was close to TEM00 mode 
with M2 < 1.2 during all laser experiments.

Table 3

Laser performance of Er,Yb:YAB crystal with different erbium concentrations

Crystal Er3+ ions, 
at. %

Yb3+ 
ions,
at. %

CW QCW

Pabs , W η, % Pmax, W Pabs , W η, % Pmax, W

YAB

1.5

11.0

1.4 26 1.2 1.4 35 2

2.0 1.7 32 1.6 1.7 41 2.7

3.0 2.2 23 0.6 2.2 35 2.5

4.0 ‒ ‒ ‒ 2.6 40 2.2

Conclusion

In conclusion, the effect of high erbium 
concentration on the laser performance of Er,Yb:YAB 
crystals was investigated. The results demonstrate that 
there is no degradation of QCW laser performance for 
erbium concentration up to 2.2∙1020 cm‒3 (4.0 at.%). 
It is rather different in comparison with Er,Yb-glasses 
where decreasing of laser slope efficiency begins 
from the erbium concentration of 1.0∙1020 cm‒3 [4]. 
Maximal CW output power of 1.6 W with slope 
efficiency of 32 % and QCW peak output power of 
2.7 W with slope efficiency of 41 % was obtained for  
Er(2 at.%),Yb(11 at.%):YAB crystals. The obtrained 
result shows the prosperity of Er,Yb:YAB crystal 
usage as an active medium of eye-safe 1.5‒1.6 µm 
lasers for rangefinding applications.
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Abstract 
Currently, along with growth in industrial production, the requirements for product quality testing are 

also increasing. In the tasks of defectoscopy and defectometry of multilayer materials, the use of thermal non-
destructive testing method is promising. At the same time, interpretation of thermal testing data is complicated 
by a number of factors, which makes the use of traditional methods of data processing ineffective. Therefore, 
an urgent task is to search for new methods of thermal testing that will automate the diagnostic process and 
increase information content of obtained results. The purpose of article is to use the advances in deep learning 
for processing results of active thermal testing of products made of multilayer materials and development  
of an automated system for thermal defectoscopy and defectometry of such products.

The proposed system consists of a heating source, an infrared camera for recording sequences  
of thermograms and a digital information processing unit. Three neural network modules are used for 
automated data processing, each of which performs one of the tasks: defects detection and classification, 
determination of the defect depth and thickness. The software algorithms and user interface for interacting 
with system are programmed in the NI LabVIEW development environment.

Experimental studies on samples made of multilayer fiberglass have shown a significant advantage of the 
developed system over using traditional methods for analyzing thermal testing data. The defect classification 
(determining the type) error on the test dataset was 15.7 %. Developed system ensured determination  
of defect depth with a relative error of 3.2 %, as well as the defect thickness with a relative error of 3.5 %.
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На сегодняшний день, вместе с ростом темпов промышленного производства повышаются также 
и требования к контролю качества продукции. В задачах дефектоскопии и дефектометрии многослой-
ных материалов перспективным является использование теплового метода неразрушающего контро-
ля. В то же время, интерпретация данных теплового контроля усложнена рядом факторов, что де-
лает использование традиционных методов анализа данных неэффективным. Поэтому актуальным  
заданием является поиск новых методов теплового контроля, которые позволят автоматизировать 
процесс диагностики и повысить информативность полученных результатов. Целью статьи являлось 
использование достижений в области глубокого обучения для обработки результатов активного те-
плового контроля изделий из многослойных материалов и разработка автоматизированной системы 
тепловой дефектоскопии и дефектометрии таких изделий. 

Предлагаемая система состоит из источника нагрева, тепловизора для регистрации последова-
тельностей термограмм и блока цифровой обработки информации. Для автоматизированной обра-
ботки данных используются три нейросетевых модуля, каждый из которых выполняет одну из задач: 
обнаружение и классификация дефектов, определение глубины залегания дефекта и его раскры-
тия (толщины). Программные алгоритмы и интерфейс взаимодействия с системой выполнены в среде 
разработки NI LabVIEW.

Экспериментальные исследования на образцах из многослойного стеклотекстолита показали 
значительное преимущество разработанной системы над методами, использующими традиционные  
алгоритмы анализа данных теплового контроля. Ошибка определения типа (классификации) дефекта  
на тестовом образце составила 15,7 %. Разработанная система обеспечила определение глубины де-
фекта с относительной погрешностью 3,2 %, а также толщины дефекта с относительной погрешно-
стью 3,5 %.

Ключевые слова: тепловой контроль, композиционные материалы, глубокое обучение.

DOI: 10.21122/2220-9506-2021-12-2-98-107

99



Devices and Methods of Measurements
2021, vol. 12, no. 2, pp. 98–107  

A.S. Momot et al.

Приборы и методы измерений 
2021. – Т. 12, № 2. – С. 98–107
A.S. Momot et al.

Introduction

Nowadays, products made of multilayer and 
composite materials are widely used in various 
industries. In particular, composite materials are 
increasingly used in aircraft industry, from which the 
most responsible elements of aircraft construction 
are made. At the same time, there is a tendency to 
increase the requirements for product quality testing. 
Timely detection of hidden defects makes it possible 
to prevent significant material and sometimes human 
losses. Due to a number of advantages, methods of 
active thermal non-destructive testing (TNDT) are 
used in composite materials testing tasks. Therefore, 
it is important to create automated systems for 
determining characteristics of defects based on the 
results of active TNDT, which will have increased 
informativeness, reliability and accuracy of 
defectometry in conditions of significant levels of 
noise and complex internal structure of the object of 
testing (OT).

The results of multilayer materials testing are 
influenced by a large number of random factors due to 
changes in the properties of composites, which occur 
due to complexity of their manufacturing processes, 
a large number of types of possible defects that 
cannot be formalized, imperfect inspection methods 
and defectoscopic equipment. Features of properties 
and physical characteristics of multilayer materials 
complicate the use of many existing methods of 
TNDT, which use mainly deterministic models 
and their corresponding data processing methods. 
Such methods do not provide the necessary noise 
immunity, measurement accuracy and reliability of 
testing [1].

A rather limited number of scientific papers 
are devoted to the analysis of thermal fields for 
the purpose of automated simultaneous detection, 
classification of defects and determination of 
their parameters. Initial researches were aimed at 
performing defectometry by solving the inverse 
tasks of TNDT. With the development of modern 
technologies of digital data processing, development 
trends have shifted to the application of latest 
statistical methods and intelligent systems based on 
deep learning.

Today, classical methods of digital signal 
processing, such as Fourier transform or wavelet 
analysis, are used to analyze the data of active 
TNDT [2, 3]. In particular, the algorithm of dynamic 
thermal tomography is implemented with the use 
of these methods [4]. Another approach is based 

on a comprehensive statistical analysis of the entire 
recorded sequence of thermograms, which uses the 
principal components analysis method [5]. Each of 
these methods has its advantages and disadvantages, 
but they are all used to solve a narrow range of tasks 
and are not universal and adaptive [6].

In [7, 8] the method of recognition of three-
dimensional defects is described. It uses the method 
of degree of similarity estimating for surface thermal 
field of OT with the existing 3D surface models, 
which were obtained by numerical modeling of 
three-dimensional thermal conductivity task. This 
approach in practice demonstrates low adaptability, 
as it requires construction of mathematical models of 
OT for each new testing task.

The work [9] is devoted to the study of deep 
learning application for composites testing. Study 
shows results of processing experimental data on 
carbon fiber testing using two neural networks, 
which provide both qualitative detection of hidden 
defects and defectometry elements. The first neural 
network is designed to detect defective areas, and 
the second is used to classify defects by depth. The 
high efficiency of the neural network in both types of 
problems is proved.

The authors of [10] conducted a study of the 
effectiveness of method for determining defects 
depth in multilayer materials using deep learning. 
It is presented and implemented a new algorithm 
based on the use of a multilayer neural network to 
determine the depth of defects in real time. Study 
uses computer simulations to create an artificial data 
set. An experimental validation of neural networks 
efficiency was performed, which showed an up to 
10 % error in determining defects depth at the level 
of 0.5 mm.

Analysis of existing publications shows that the 
use of modern intelligent systems allows to solve the 
problems of thermal defectometry with increased 
efficiency. Existing studies prove the prospects of 
using deep learning for defect classification and 
defectometry. The error in measuring defects depth 
by traditional methods reaches 7–10 %, while neural 
networks can reduce it to 2.5–3 %. At the same 
time, existing works do not provide a quantitative 
assessment of the effectiveness of determining 
defects thickness using deep learning. The authors 
mainly focus on solving one specific testing task, 
while the modern approach requires a comprehensive 
automated analysis of OT in order to describe it as 
fully as possible. Currently, there are no systems 
that in practice implement a simultaneous automated 
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solution to the problems of detecting defects of 
multilayer materials by the active thermal method, 
their classification and defectometry.

Thus, there is a need to develop new methods 
and automated testing systems for products 
made of multilayer materials. A large number of 
interconnected informative parameters, impossibility 
of linear separation of defects classes on diagnostic 
grounds, need for automation and increasing testing 
informativeness require to use the latest data 
processing systems, in particular, based on deep 
learning algorithms.

Physical principles of active thermal 
nondestructive testing

Dynamic thermal field is described by the 
function T (x, y, τ). During the active thermal 
non-destructive testing, the character of change 
in instantaneous temperature values over time at 
surface points of OT is considered. To obtain these 
dependences, the OT is heated by a heat source for 
a certain time. The process of heating and further 
cooling of OT is registered using a thermal imager. 
Resulting sequence of thermograms reflects the 
change in temperature field on the surface of the OT 
over time [11].

Considering the temperature dynamics at 
individual points (pixels) of thermograms, which 
correspond to the coordinates of OT surface, 
it is possible build a temperature profile – a 
chart of temperature change over time for this 
point (Figure 1). As a rule, in defect-free areas, 
the nature of temperature change is constant and is 
considered known. In this case, we can enter some 
reference temperature Tnd  (xnd  , ynd  , τ), which is 
considered defect-free. In the defect zone, the regular 
nature of the thermal field is disturbed and local 
temperature differences Td   (x, y, τ), occurs, which 
lead to a change in the temperature profile. Thus, 
it is possible to calculate the value of temperature 
difference between defective and defect-free areas:

The time τopt, at which the value of ΔT (x, y, τ) 
in this area of OT becomes the maximum, is called 
the optimal time of testing:

As the size of the defect increases, its heating 
rate decreases, which leads to a change in the shape 

of the temperature profile. In particular, for deeper 
defects the value of ΔТmax decreases and the time of 
optimal observation τopt increases.

Figure 1 – Temperature profiles in different points of 
thermogram

Quality of obtained thermograms significantly 
depends on the characteristics of heat source and 
instrument for recording the thermal field. Ensuring 
uniform heating in practice is a difficult task, as the 
nature of heating is influenced by imperfections of 
the heat source and numerous external factors, such 
as influence of external emitters, air movement 
etc. Due to the anisotropy of characteristics, 
composite materials have different values of thermal 
conductivity along the coordinate axes, which leads 
to shape distortion of defects thermal imprints [12]. 
Therefore, task of testing process automating and 
finding new or improving existing testing methods 
that will provide high informativeness, reliability 
and accuracy in such conditions is relevant.

Automated system of thermal defectometry 
structure

Trends in the development of TNDT place the 
following requirements on testing systems: a high 
level of automation; high informativeness, speed 
and productivity of testing; versatility and high 
adaptability; high reliability of testing and accuracy 
of defectometry. To meet these requirements, it is 
necessary to use modern hardware and software. At 
the same time, the general scheme of active thermal 
testing remains unchanged. The object of testing is 
exposed by a heat source. Inside a solid, thermal 
energy is distributed in all directions due to the 
diffusion process. In the presence of hidden defects, 
the heat fluxes inside OT are redistributed, which  
leads to the appearance of specific temperature 
anomalies on its front and rear surfaces.  

∆ ∆T x y Tmax max opt( , , ) ( ).τ τ=

∆T x y T x y T x yd nd nd nd( , , ) ( , , ) ( , , ).τ τ τ= −
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The temperature field of OT is observed and registered 
using an infrared camera. Temperature signals, 
presented in the form of thermograms, are transmitted 
to an automated data processing system on a PC to 
detect defects and determine their parameters [13].

The choice of testing scheme, characteristics 
of heat source and thermal imaging equipment 
significantly affect the diagnostic result. The 
efficiency of traditional methods of thermogram 
sequence processing directly depends on these 
factors. This reduces the versatility of testing systems 
that use standard data processing algorithms. In 
particular, changing the OT, heat source or thermal 
imager in many cases leads to the need for a complete 
recalculation of system parameters. The use of 
modern methods of TNDT data processing on the 
basis of deep learning allows you to add information 
about new OT or take into account changes in testing 
conditions without losing previous data. Because all 
information about network experience is contained 
in weights, retraining the system in the event of 
inspection of new objects or the appearance of new 

types of defects will not necessitate changes in 
further data processing algorithms.

Based on the analysis of existing schemes of 
active thermal testing, it is possible to synthesize 
the scheme of realization of automated TNDT data 
processing system using an improved method of 
determining the defects characteristics. This method 
involves automated data analysis in three neural 
network modules. The modular structure facilitates 
construction and modification of the system 
and increases overall efficiency of its work by 
optimizing the settings of modules to solve specific 
problems [14].

General block diagram of the automated system 
for determining defects characteristics is shown in 
Figure 2. The system is universal and can be used 
for various testing schemes and regardless of the 
characteristics of heat source, infrared camera or 
OT parameters. The core of each neural network 
module uses a deep feedforward network. Software 
algorithms of the system are implemented in  
NI LabVIEW environment.

Experimental studies of the proposed system 

In order to conduct experimental studies of 
the efficiency of automated thermal defectometry 
system, two training and one test sample of multilayer 
fiberglass were developed. This material is used as a 
structural for manufacture of critical parts with high 
strength. Developed samples are square plates of five 
layers fiberglass. Total thickness of each sample is 
5 mm, the thickness of one layer is 1 mm. The side 
of the plate is 100 mm.

The scheme of the test sample is shown in 
Figure 3. It contains hidden artificial defects of 

three types: air cavities (white in Figure 3), paper 
foreign inclusions (red) and aluminum third inclu-
sions (blue). Defects have a square shape, the size 
of side is from 10 mm to 4 mm. Hidden artificial 
defects are located at depths of 1 to 3 mm and have 
different values of thickness: 1 mm, 2 mm or 3 mm.

The scheme of bilateral active TNDT was used 
during the experiment. The power of infrared heat 
source was 1 kW. To minimize the impact of thermal 
radiation from the heat source on results, a steel 
protective plate was used, which contains a hole and 
a mount for OT. The plate with OT was located at 
a distance of 100 mm from the heater. The distance 

Figure 2 – The structure of proposed automated active thermal defectometry system
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from OT to the infrared camera is 400 mm. Testo 
876 infrared camera was used to record a sequence 
of thermograms.

Figure 3 – Test sample scheme

The infrared camera and heat source are 
controlled by operator in manual mode. Ambient 
temperature during the experimental studies was 
20 °C. At the beginning of experiment, the first 
thermogram was registered OT at the initial time. 
After turning on the infrared heater and putting it 
to work, recording of thermograms begins. Time 
interval between adjacent thermograms is 6 s. 
Heating and recording of the experimental sequence 
of thermograms was carried out for 120 s. After the 
thermograms recording procedure is completed, 
the heater is switched off. Experiment resulted in a 
sequence of 20 thermograms. Obtained results reflect 
the process of OT thermal field changing at the stage 
of heating.

Recorded thermogram sequences were exported 
to a PC. The initial processing of thermograms was 
carried out using proprietary Testo IRSoft software. 
The resolution of the each obtained thermogram is 
320 × 240 pixels. Thermograms are stored as arrays 
of pixel temperatures. Based on the obtained results, 
a set of initial data for further processing is formed. 
The thermogram of test sample at the optimal time of 
testing is shown in Figure 4.

Figure 4 – Thermogram of the test sample at optimal time 
of testing 

On the optimal thermogram it is possible to 
distinguish visually 8 thermal prints of artificial 
defects. Due to significant boundary effects, 
information on bottom row of defects is lost. In 
general, the OT thermogram is characterized by 
uneven heating, which complicates its automated 
processing by standard methods. Next, only the 
region of interest (which is directly OT) is considered.

Figure 5a shows samples of temperature 
profiles of the defect-free and defective areas for 
different types of defects, lying at a depth of 3 mm. 
An example of differential temperature signals from 
artificial defects of the test sample, which are located 
at different depths, is shown in Figure 5b. 

Figure 5 – Signals from the defect-free area and the defects 
of test sample: a – temperature profiles at a 3 mm depth; 
b – differential temperature signals at different depths

To form a set of training vectors for neural 
network modules, two training samples were 
developed and manufactured. The material, structure 
and geometric dimensions of the training samples 
correspond to similar parameters of test sample. 
The procedure of training samples testing took place 
according to the method and conditions described for 
the test sample. Training samples contain artificial 
internal defects in the form of air cavities, foreign 
aluminum and paper inclusions with different 
geometric dimensions, thickness and depth values. 
In total, 6 artificial models with different parameters 
were created for each type of defects.

As a result, a set of temperature profiles vectors 
with a total number of 6545 samples was formed. 
This set includes 3605 examples of temperature 
profiles from defect-free areas, 1414 profiles of 
defects in the form of air cavities, 1019 profiles 
of defects in the form of paper inclusions and 
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507 profiles of defects in the form of aluminum 
inclusions. Training dataset is characterized by a 
certain unevenness, which arose due to the limited 
number of training samples. The set of training 
vectors was divided into training /  validation /  test 
subsets in the proportion of 70 %  /  15 % /  15 % 
respectively.

In order to process the experimental sequence of 
thermograms of the test sample, neural networks of 
appropriate modules for detection and classification, 

determination of depth and thickness of defects 
were created and trained. To solve these tasks, it 
is advisable to choose the architecture of neural 
networks for the detection and classification of 
defects, which is shown in Figure 6. Architecture of 
networks for determining defects depth and thickness 
is similar. The input layer contains 20 neurons, 
which corresponds to the number of thermograms in 
sequence. The source layer contains 4 (according to 
the number of classes) or 1 neuron. 

The Levenberg-Markard algorithm was used 
as an optimizer. Loss function – MSE, metric – 
MAE. According to the training results, MAE of 
defects depth determination on the validation set was 
0.028 mm, MAE of thickness determination was 
0.019 mm.

The defects map, obtained by the results 
of work of trained neural network module for 
defects detection and classification, is shown in 
Figure 7. All 12 artificial defects were detected 
and unmistakably classified on the map. Defects 
color on the map corresponds to their depth. 

The shape and size of the defects are close to 
true ones. In the image we can see some dots of 
incorrectly classified temperature profiles, which 
can be filtered by a median filter. In addition, 
Figure 7 also shows binary defect maps obtained 
using classical methods: optimal thermogram, 
Fourier and wavelet analysis methods, principal 
components analysis method (PCA), and dynamic 
thermal tomography (DTT). Visually it is possible 
to notice the increased efficiency of offered system 
on the basis of deep learning in comparison with 
classical methods.  

Figure 6 – Architecture of defect detection and classification neural network 

Figure 7 – The results of processing experimental data by traditional methods and using the proposed system 
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Figure 8 shows the thermal tomogram obtained 
by the DTT method and the image of test sample 
internal structure, which was built on the results of 
proposed system. At the defects boundaries there 
are negative edge effects in the form of anomalous 

emissions. This effect can be eliminated using 
median filtering. In general, image of the internal 
structure is reliable. Quantitative evaluation of 
certain parameters and comparison of results with 
traditional methods is given below.

а b

Table
Results of thermograms sequence processing by different methods

Criterion / method Thermogram Fourier 
analysis

Wavelet 
analysis PCA DTT Neural 

network
The number of detected 
defects 8 10 7 11 8 12

Defect classification 
error, % – – – – – 15.7

Tanimoto criterion, % 19.5 10.9 6.4 23.6 7.0 88.1

Depth estimation error, % – – – – – ± 3.2

Thickness estimation 
error, % – – – – – ± 3.5

The neural network module for defects detection 
and classification allows to determine the size of 
defects by their thermal imprints with the highest 
accuracy among considered methods. Temperature 
profiles were automatically classified with an error 
of 15.7 %. The value of Tanimoto criterion [15]  

at 88.7 % confirms the high reliability of constru-
cted defects map.

In considered conditions of testing the use of 
deep learning is the only method that gives chance 
to define defects depth effectively. Corresponding 
neural network module allows to determine the depth 

Figure 8 – Results of processing experimental data: a –  thermal tomogram by DTT method; b – internal structure of 
the OT (by proposed system)

Discussion
According to the results of quantitative 

evaluation of effectiveness of defects detecting 
in test sample by different methods (Table), it is 
established that the best results are demonstrated 

by developed automated system based on deep 
learning. In particular, the use of neural networks 
is only method by which it was possible to detect 
all 12 artificial defects and automatically classify 
them.
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of artificial defects of in test sample with a relative 
error within ± 3.2 %. DTT method in a similar task 
showed negative results, which makes it impossible 
to assess the accuracy of determining defects depth.

Relative error in determining defects thickness 
by neural network module is ± 3.5 %. Constructed 
thermal tomogram of the internal structure of 
sample is generally reliable, but at the boundaries 
of some defects there are negative boundary effects. 
Therefore, the thickness measurement must be 
performed at the central points of thermal imprints 
of the defects.

Consequently, the use of proposed automated 
system based on deep learning demonstrates 
the advantages of neural network modules over 
traditional methods in all testing tasks. Due to the 
high noise immunity and generalizing properties 
of neural networks, the presence of non-uniform 
heating has a weak effect on the efficiency of defects 
detection in multilayer materials and the accuracy of 
measuring their parameters. 

Conclusion

In the paper offered to use the deep learning 
approach for automation of thermal defectometry 
of products from multilayer materials. The system 
for implementation of this method consists of three 
modules based on neural networks. Modules are 
designed to solve tasks of defects classification 
by type, determining their depth and thickness. 
Experimentally established that developed automated 
system allowed to detect and classify all artificial 
defects embedded in the test sample, and to estimate 
their depth with an error within ± 3.2 % and thickness 
with an error up to ± 3.5 %. Defect maps constructed 
as a result of processing experimental data using the 
proposed system have a high reliability according to 
Tanimoto criterion (88.1 %). In addition, the results 
of comparative analysis show that the developed 
system has an advantage over traditional methods in 
qualitative and quantitative indicators.

The main direction for further research is to 
optimize the architecture of neural networks of 
relevant system modules by using the latest advances 
in deep learning. In particular, it is proposed to 
introduce normalization and dropout layers into 
the network architecture, to change the training 
optimization algorithm and activation function of 
fully connected layers. An important task is also the 
formation of a wide training samples dataset with 

different defects and materials configurations. This 
will expand the scope of developed automated system 
without the need to retrain neural networks for each 
individual task or type of multilayer material.
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Abstract 
One of the ways to solve multiple problems of optical diagnostics is to use photovoltaic converters based 

on semiconductors with intrinsic photoconductivity slightly doped with deep impurities which form several 
energy levels with different charge states within the semiconductor′s bandgap. Peculiarities of physical 
processes of recharging these levels make it possible to construct photodetectors with different functionality 
based on a range of simple device structures.

The aim of this work is to analyze peculiarities of conversion characteristics of single-element photovoltaic 
converters based on semiconductors with intrinsic photoconductivity, to systematize their properties and 
to represent structures of photovoltaic convertors as a device structures suitable for implementation in 
measurement transducers of optical diagnostics systems.

Based on the analysis of the characteristics of the conversion characteristics of single-element photovoltaic 
converters based on semiconductors with intrinsic photoconductivity and the requirements for their design, 
a dash series of photovoltaic converters was developed for use in the measuring transducers of optical 
diagnostics systems. The possibility of constructing func-tional measuring transducers for multiparameter 
measurements of optical signals is shown.

Keywords: photovoltaic converter, device structure, deep impurity, conversion characteristic, measurement 
transducer.
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на основе полупроводников с собственной  
фотопроводимостью
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К.Л. Тявловский, Л.И. Шадурская

Белорусский национальный технический университет,
пр-т Независимости, 65, г. Минск 220013, Беларусь

Поступила 22.04.2021
Принята к печати 14.06.2021

Одним из способов решения многообразных задач оптической диагностики является использо-
вание фотоэлектрических преобразователей на основе полупроводников с собственной фотопрово-
димостью, слабо легированных глубокими примесями, формирующими несколько уровней с разны-
ми зарядовыми состояниями в запрещённой зоне. Особенности физических процессов перезарядки 
этих уровней позволяют создавать фотоприёмники с различными функциональными возможностями  
на основе ряда простых приборных структур.  

Целью работы является анализ особенностей преобразовательных характеристик одноэлемент-
ных фотоэлектрических преобразователей на базе полупроводников с собственной фотопроводимо-
стью, систематизация их свойств, и представление структур, представленных ФЭП в виде приборного 
ряда фотоэлектрических преобразователей для применения в измерительных преобразователях си-
стем оптической диагностики.

На основе анализа особенностей преобразовательных характеристик одноэлементных фотоэлек-
трических преобразователей на базе полупроводников с собственной фотопроводимостью и требова-
ний к их конструкции разработан приборный ряд фотоэлектрических преобразователей для примене-
ния в измерительных преобразователях систем оптической диагностики. Показана возможность по-
строения функциональных измерительных преобразователей для многопараметрических измерений 
оптических сигналов.

Ключевые слова: фотоэлектрический преобразователь, приборная структура, глубокая примесь, 
преобразовательная характеристика, измерительный преобразователь.
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Introduction

Optical diagnostics tasks are associated with 
registration and analysis of optical radiation 
parameters which are formed during interaction 
of probing light with an object studied and light-
scattering media. In some cases, the source of 
radiation is the object itself. At the same time 
functional capabilities of optical diagnostics systems 
and performance of their measurement transducers 
are largely determined by photovoltaic converters 
that convert one or several parameters of optical 
irradiation including absolute and relative intensity 
of spectral lines, half-width, shape of spectral lines, 
etc. [1–4]. Therefore implementation of photovoltaic 
convertors (PVCs) based on semiconductors with 
intrinsic photoconductivity into measurement 
transducers for optical diagnostics is of great interest 
since that PVCs provide a set of new qualitative 
and quantitative characteristics using rather simple 
device structure [5]. 

The aim of this work is to analyze peculiarities 
of conversion characteristics of single-element 
photovoltaic converters based on semiconductors 
with intrinsic photoconductivity, to systematize 
their properties and to represent structures of 
presented PVC as a device structures range suitable 
for implementation in measurement transducers of 
optical diagnostics systems.

Fundamentals of photovoltaic converters 
based on semiconductors with intrinsic 
photo-conductivity

Physical principles of operations of PVCs 
based on semiconductors with intrinsic pho-
toconductivity [5] could be described as integration of 
processes inside sensitive region volume associated 
with sequential recharging of various charge states 
of deep impurity (Figure 1). In photodetectors with 
intrinsic photoconductivity slightly doped with a 
number of acceptor impurities [5] the impurity forms 
two or three deep levels in several charge states. 
In this case performance of device structure with 
deep multiply charged impurities is determined, at 
large, by recombination processes through impurity 
levels [5, 6]. 

Several energy levels participating in formation 
of PVC conversion characteristics (Figure 1) 
provide switching capability for energetic, spectral 
and transition sensitivity characteristics of PVC 
making it possible to switch between several 

conversion subranges (regions). The physical nature 
of switching between different regions of conversion 
characteristics of PVC based on semiconductors 
with intrinsic photoconductivity slightly doped with 
deep multiple charged impurity is due to a change 
in lifetime and mobility [5] of minority carriers re-
sulting from their redistribution over recombination 
levels and adherence of multiple charged impurity. 
For PVCs based on semiconductors with acceptor 
impurity the shift in lifetime and recombination 
constant with level population change reaches 
several decimal orders of magnitude [5–7] while 
multiple charged donor impurity (Se, S, Zn for 
Silicon) produces shifts below 1 %, which is due 
to the fact that the energy levels of the impurity are 
already filled (Figure 1, Se impurity).

Figure 1 ‒ Band diagram of Silicon doped with 
acceptor (Cu, Au) and donor (Se) impurities which form 
multiple charge levels, with the given values of the 
ionization energy

Formation of characteristics of PVCs with 
intrinsic photoconductivity based on semiconductors 
with a low concentration of deep multiply 
charged impurity is described by updated model 
of recombination processes for impurity with 
arbitrary number (i) of levels inside semiconductor′s 
bandgap [5, 6]. The modeling1 determines 
dependencies (1) of impurity levels population for 
different charge states and dependencies of majority 
and minority carriers′ lifetime on the power density 
of optical radiation: 

1. Shadurskaya L.I., Yarzhembitskaya N.V. [Method 
for calculating the lifetime of nonequilibrium charge 
carriers in semiconductors with several types of defects]. 
Teoreticheskaya i prikladnaya mehanika [Theoretical and 
Applied Mechanics]: sc. art. collection. – Minsk, 2005, 
vol. 18, pp. 217–223 (in Russian).
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PVC design is relatively simple an could be 
formed by photoresistive or surface-barrier device 
structure with different configuration of planar and/
or two-sided system of electrodes some of which 
could be semitransparent or represent, for example, 
quarter-wave philter [4–5, 8]. The use of barrier 
regions (heterojunctions, Schottky barriers) in device 
structures makes it possible to obtain conversion 
characteristics with the inversion of sign. In this case 
the control action causing switching between different 
regions of conversion characteristics can be various 
factors [4–5, 9], including their combinations: input 
optical radiation intensity (internal control), lowering 
energy barrier height under photo-generated carriers 
injection through it (internal amplification of a barrier 
structure under forward bias), carriers injection from 
external bias source via additional electrode (external 
electrical control), recharging of multiply charged 
impurity levels by additional controlling optical 
radiation (external optical control). Functionality 
and conversion characteristics parameters of these 
PVCs could be controlled by appropriate choice 
of structure and basic semiconductor material, 
production technology, power supply and bias 
modes, additional optical radiation [5, 9].

PVCs with internal control

The most simple device structure that is 
formed by a bulk semiconductor with intrinsic 
photoconductivity slightly doped with deep impurity 
forming several levels inside bandgap for different 
charge states (Figure 1) and an applied ohmic contacts 
in planar (Figure 2а) or two-sided (Figure 2b) 
structure corresponds to PVC with internal control.

Figure 3 shows energy conversion characteristics 
of PVC with intrinsic photoconductivity doped 
with multiple charged acceptor (lines a and b for 
different semiconductor and impurity materials – 
indices i, j ) and donor (line c) impurities. For 
comparison the energy sensitivity characteristic of 
fotodetector based on semiconductor with impurity 
conductivity (d) is also shown. For a PVC based on 
a semiconductor with intrinsic photoconductivity 
doped with a singly charged impurity only region I 
of energetic sensitivity characteristic is implemented. 
Internal control of the conversion characteristics 
type (Figure 3) is realized due to the fact that at low 

intensities of the optical signal [5] photoconduc-
tivity is caused by energy transition between the 
valence band and the lower energy level of the 
multiply charged impurity in the charge state (-1, -2) 
that forms sensitivity region I (Figure 3). With a 
further increase in the intensity of optical radiation 
the lower level becomes completely filled and 
photoconductivity is formed also by higher level in 
the charge state (-2, -3). This leads to lengthening of 
PVC energy characteristic (region II on Figure 3), 
on a logarithmic scale, about twice comparing 
with energy characteristic of photodetectors with 
impurity conductivity. Region III is transitional and 
is characterized by a nonlinear dependence of the 
photocurrent i on the optical radiation intensity j.  
In characteristic′s regions I and II this dependence is 
linear. Significant increase of the dynamic range for 
PVCs with intrinsic photoconductivity is a positive 
property that determines the insensitivity of such 
PVCs to intense "flares" but it should be noted that 
absolute values of sensitivity of PVCs with intrinsic 
photoconductivity are lower than sensitivity of PVCs 
with impurity conductivity.

Figure 2 ‒ Planar (а) and two-sided (b) device structures 
of a PVC with internal control: 1 ‒ semiconductor with 
intrinsic photoconductivity slightly doped with deep 
impurity; 2, 3 ‒ contacts; S ‒ input optical signal

Switching between the sensitivity subrange, 
internally controlled by the intensity of the measured 
optical radiation itself leads not only to an increase in 
the dynamic range of the energy characteristic. The 
formation of subranges with different sensitivity due 
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to transitions between levels with different ionization 
energies leads also to the shift in the "red" border 
of PVC′s spectral sensitivity. Combination of basic 
semiconductor material type (Silicon, Germanium, 
binary compositions) and impurity type (Fe, Pt, 
Au, Cu etc.) provides switching between spectral 
sensitivity characteristic types under the influence 
of the intensity of the input optical radiation with 
a different values of shift of sensitivity "red" 
border (Figure 4). Switching time between sensitivity 
subranges of PVC′s energy and spectral conversion 
characteristics is determined by the lifetime constant 
of charge carriers.

Figure 3 − PVC′s energetic conversion characteristics

Figure 4 – Change of red border of spectral sensitivity for 
PVCs with multiply charged impurity centers for different 
materials

The use of optical filters in the form of films 
with a passband around wavelengths λ1 and λ2 
makes it possible to form a single-element PVC 
with switchable narrowband spectral characteristics. 
Switching time between different characteristics is 
determined by the lifetime constant of charge carriers.

Note that switching between sensitivity subranges 
for all types of characteristics is realized only when 
using acceptor type impurities. Since the levels of 
the donor impurity are already filled at any injection 
level, the switching between subranges does not 
occur although the energy conversion characteristic 
of the PVC is lengthened (line с on Figure 3).

Photoresistive PVCs with external electrical 
control

Population of different levels of multiply 
charged impurity could be changed not only under 
the influence of changes in the intensity of the input 
optical radiation but also due to injection of charge 
carriers into photosensitive region via additional 
controlling electrode 4 (Schottky barrier) as shown 
on Figure 5.

Figure 5 ‒ Device structure of the PVC with external 
electrical control

The shape of conversion characteristics of PVCs 
with external electrical control does not differ from 
the characteristics of PVCs with internal control but 
switching between sensitivity subranges (Figures 3 
and 4) can be performed at any time and at any 
intensity of the input optical radiation by by passing 
a current through the control electrode.

Photoresistive PVCs with external optical 
control

Similarly to PVC with external electrical control, 
the population of the levels of a multiply charged 
impurity can be changed by additional optical 
radiation M (Figure 6). Switching between sensitivity 
subranges requires some threshold intensity of optical 
radiation M [5, 9]. The switching process is similar 
to that implemented in the previous device structures, 
and also occurs in a time determined by the lifetime 
constant of charge carriers. Since the processes of 
changes in the level population and carrier lifetime 
constants (1) do not depend on the physical nature 
of the cause of change in the level population, it is 
possible to implement combined optoelectronic 
control in one PVC device structure (Figure 6b).

Another device structure that makes it possible to 
significantly expand the range of realized parameters 
values by the use of the combined technology is a 
structure based on several semiconductor materials 
epitaxially grown on a common sapphire substrate. 
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Figure 6 ‒ Device structure of the PVC with external optical (а) and combined (b) control

Close values of a number of sapphire′s and many 
semiconductor materials` parameters (crystal lattice 
constant, thermal expansion coefficients) make it 
possible to fabricate device structures based on dis-
similar materials [10–13]. Figure 7 shows the basic 
device structure of a photovoltaic converter based 
on semiconductor 1 with a deep multiply charged 

impurity which characteristics are controlled by opti-
cal radiation М generated by light-emitting diode 4–5. 
In this case the input optical signal S can be led into 
the PVC structure both from the side of the semicon-
ductor layers S1 , and through the substrate (S2 ) since 
sapphire is also characterized by excellent optical 
properties in the near and middle IR optical range. 

a b

Figure 7 ‒ Device structure that combines PVC structure 
with external optical control and a controlling light-emitting 
diode: 1 ‒ PVC; 2, 3 ‒ PVC contacts; 4‒5 ‒ light-emitting 
diode; 6, 7 ‒ light-emitting diode contacts; 8 ‒ sapphire 
substrate; S ‒ measured optical signal; М ‒ controlling 
optical signal; i ‒ insulating immersion layer

Such a structure (Figure 7) allows combining 
the technologies of light-emitting devices based 

on semiconductor compounds А3В5, photodetector 
structures based on Si, Ge, Si: Ge and other materials, 
integral structures of amplifier and signal processing 
circuits and also "Non-Silicon" technologies on one 
substrate [12, 13]. This structure can also serve as a 
basis for designing functional PVCs.

PVC with internal amplification

In the PVC device structure shown on Figure 8 
the main electrodes form Schottky barriers and 
a PVC itself is essentially a diode structure with a 
long base and a two oppositely connected Schottky 
diodes. When using barrier structures as PVC, optical 
modulation of the Schottky barrier height produces the 
effect of internal photocurrent multiplication [9, 14], 
which occurs at forward bias, in contrast to classic 
avalanche and other devices operating at reverse 
bias, and therefore at high bias voltages.

Figure 8 – Structure of a two-barrier photodetector with internal amplification in region I
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Besides that a PVC design with oppositely 
connected barrier structures implements spectral 
response characteristic with a photovoltage sign 
inversion [5, 9]. In this case single-element two-
barrier PVCs allow to measure the intensity of optical 
radiation with simultaneous determination of optical 
radiation wavelength just by changing the power 
supply mode of the photodetector without necessity 
to use any optical dispersing elements which greatly 
simplifies the design of the measuring transducer.

Functional PVCs

Forming the variety of single-element PVC 
characteristics (Figures 2, 4–8) not due to the 
complexity of the device structure, but due to the 
use of peculiar features of the multistage physical 
processes of recharging various deep impurities 
levels makes it possible to build multifunctional 

sensors that utilize basic single-element PVC designs 
just by changing electrode configurations and bias 
feed schemes [5, 8‒9]. 

The principle of position-sensitive photodetec-
tor (Figure 10) is based on the use of the lateral 
photovoltage measuring signal to determine the 
X and Y coordinates of the light spot and the 
position of the focused light spot to determine the Z 
coordinate [9]. The device structure has 5 contacts to 
get signals on X and Y coordinates and 2 contacts to 
form signal on Z coordinate of the light spot of object 
image. Photovoltage indices on PVC conversion 
characteristics correspond to structure′s contact 
numbers.

Physical processes that determine the 
dependence of the lateral photovoltage between 
contacts 3‒3* on the depth of the focused image 
also lead to photovoltage sign inversion on a spectral 
curve (Figure 9). 

Figure 9 – Structure of a three-coordinate position-sensitive PVC and its characteristics

Figure 10 – Spectral characteristic of a three-coordinate 
position-sensitive PVC

PVC structure based on semiconductor with 
intrinsic photoconductivity that is shown on Figure 11 
acts an optical comparator comparing two optical 
signals by such parameters as: optical radiation 

intensity, monochromatic radiation wavelength, 
position and shape of the optical spot [5, 9] of optical 
signals S1 and S2 applied to different sides А and В  
of a single-element functional PVC.

Figure 11 – Optoelectronic comparator based on single-
element two-barrier coordinate-sensitive PVC
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Since ionization of deep impurity with several 
energy levels for different charge states can occur 
under the influence of various factors, it is possible 
to design functional PVCs sensitive to input 
influences of various physical nature [4‒5, 9] on a 
basis of given structures range of PVCs based on 
semiconductors with intrinsic photoconductivity. 
PVC performance could be Improved or modified 
by various technological methods, e. g. profiling the 
surface of the PVC to reduce the optical reflection 
coefficient.

Conclusion

Here was shown that device structures based 
on semiconductors with low concentration of deep 
impurity slightly doped with deep impurities forming 
several levels with different charge states within 
semiconductor′s bandgap could be used to create 
photovoltaic converters with different functionality 
using basic device structures range.

Analysis of conversion characteristics 
peculiarities of single-element photovoltaic con-
verters based on semiconductors with intrinsic 
photoconductivity and systematization of their 
performance and structures makes it possible to 
represent possible PVC structures range as following: 

‒ PVCs with internal control;
‒ Photoresistive PVCs with external electrical 

control;
‒ Photoresistive PVCs with external optical 

control;
‒ PVCs with combined control;
‒ PVCs with internal amplification;
‒ Functional PVCs. 
Using structures range of single-element 

PVC based on a semiconductor with intrinsic 
photoconductivity in measurement transducers for 
optical diagnostics provides measurement of both 
optical radiation parameters (intensity, wavelength) 
with automatic or controlled switching between 
measurement subranges and other physical quantities 
for functional PVCs.

Examples of constructing functional PVCs using 
a basic device structures range of single-element 
PVCs based on a semiconductor with intrinsic 
photoconductivity are shown.
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Abstract 
The development of novel methods, scientific devices and means for measuring magnetic fields generated 

by ultra-low current is among promising directions in the development of medical equipment and instruments 
for geodetic surveys and space exploration. The present work is to develop a small sensor capable of detecting 
weak magnetic fields, which sources are biocurrents, radiation of far space objects and slight fluctuations  
of the geomagnetic field. Scientists estimate the strength of such magnetic fields as deciles of nanotesla. 

The key requirements for the sensors of ultra-low magnetic field are: resolution, noise level in the 
measurement channel, temperature stability, linearity and repeatability of the characteristics from one 
produced item to another. The aforementioned characteristics can be achieved by using planar technologies 
and microelectromechanical systems (MEMS) in such advanced sensors. 

The work describes a complete R&D cycle, from creating the computer model of the sensor under 
study to manufacturing of a working prototype. To assess the effect of the geometry and material properties,  
the Jiles–Atherton model is implemented which, unlike the majority of the models used, allows considering 
the non-linearity of the core, its hysteresis properties and influence of residual magnetization.

The dimensions of the developed sensor are 40×20×5 mm, while the technology allows its further 
diminishment. The sensor has demonstrated the linearity of its properties in the range of magnetic field 
strength from 0.1 nT to 50 µT for a rms current of excitation of 1.25 mA at a frequency of 30 kHz.  
The average sensitivity for the second harmonic is 54 µV/nT.

Keywords: magnetometer, planar fluxgate, magnetic induction, Jiles–Atherton model, printed circuit board.

DOI: 10.21122/2220-9506-2021-12-2-117-123

117



Devices and Methods of Measurements
2021, vol. 12, no. 2, pp. 117–123  

A.A. Kolomeitsev et al.

Приборы и методы измерений 
2021. – Т. 12, № 2. – С. 117–123
A.A. Kolomeitsev et al.

Адрес для переписки:
Ильященко Д.П.
Юргинский технологический институт (филиал) Национального 
исследовательского Томского политехнического университета, 
ул. Ленинградская, 26, г. Юрга 652055, Россия
e-mail: mita8@rambler.ru

Address for correspondence:
Ilyaschenko D.P.
Yurga Institute of Technology National Research Tomsk  
Polytechnic University,  
Leningradskaya st., 26, Yurga 652055, Russia
e-mail: mita8@rambler.ru

Для цитирования:
A.A. Kolomeitsev, I.A. Zatonov, M.I. Pischanskaya, P.F. Baranov,  
D.P. Ilyaschenko, E.V. Verkhoturova.
Designing a Planar Fluxgate Using the PCB Technology.
Приборы и методы измерений.
2021. – Т. 12, № 2. – С. 117–123.
DOI: 10.21122/2220-9506-2021-12-2-117-123

For citation:
A.A. Kolomeitsev, I.A. Zatonov, M.I. Pischanskaya, P.F. Baranov, 
D.P. Ilyaschenko, E.V. Verkhoturova.
Designing a Planar Fluxgate Using the PCB Technology.
Devices and Methods of Measurements.
2021, vol. 12, no. 2, рр. 117–123.
DOI: 10.21122/2220-9506-2021-12-2-117-123

Проектирование планарного феррозондового датчика  
по технологии печатных плат
А.А. Коломейцев1, И.А. Затонов1, М.И. Пищанская1, П.Ф. Баранов1, Д.П. Ильященко2,3, 
Е.В. Верхотурова4

1Томский политехнический университет, 
пр-т Ленина, 30а, г. Томск 634050, Россия
2Юргинский технологический институт (филиал) Национального исследовательского  
Томского политехнического университета, 
ул. Ленинградская, 26, г. Юрга 652055, Россия
3Институт физики прочности и материаловедения Сибирского отделения Российской академии наук, 
пр-т Академический, 2/4, г. Томск 634055, Россия
4Иркутский национальный исследовательский технический университет, 
ул. Лермонтова, 83, г. Иркутск 664074, Россия

Поступила 12.04.2021
Принята к печати 26.05.2021

Разработка новых методов, научных приборов и средств для измерения магнитных полей, созда-
ваемых сверхслабыми токами, является одним из перспективных направлений в развитии медицин-
ской техники, геодезических и космических исследований. Целью данной работы являлась разработ-
ка малогабаритного датчика, способного детектировать слабые магнитные поля, источниками кото-
рых могут быть биотоки, излучения далёких космических объектов и слабые флуктуации магнитного 
поля земли. Учёные оценивают величины таких магнитных полей в десятые доли нанотесла. 

Среди ключевых требований к датчикам сверхслабого магнитного поля можно отнести разреша-
ющую способность, уровень шумов в измерительном канале, температурную стабильность, линей-
ность и повторяемость характеристик от изделия к изделию. Предлагается добиться этих характери-
стик путём применения планарных технологий и микроэлектромеханических систем при изготовле-
нии современных датчиков. 

В работе описан полный цикл исследования, от создания компьютерной модели исследуемого 
датчика до изготовления рабочего прототипа. Для оценки влияния геометрических параметров и вли-
яния свойств материала использована модель Джилса‒Атертона, которая, в отличие от большинства 
используемых моделей, позволяет учесть нелинейность сердечника, его гистерезисные свойства и 
влияние остаточной намагниченности.

Габариты разработанного датчика составляют 40×20×5 мм и технически возможно его умень-
шение. Разработанный датчик продемонстрировал линейность характеристик в диапазоне от 0,1 нТл 
до 50 мкТл при среднеквадратическом токе возбуждения 1,25 мА на частоте 30 кГц. Усреднённый 
коэффициент преобразования по второй гармонике составляет 54 мкВ/нТл.

Ключевые слова: магнитометр, планарный феррозондовый датчик, магнитная индукция, модель 
Джилса–Атертона, печатная плата.
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Introduction

The measurement of magnetic fields is 
among crucial problems in the fields of space and 
geophysical studies [1–2], systems for navigation, 
orientation and stabilization [3], in quantum 
computer shields [4–6], magnetic resonance 
imaging, visualization of brain functions, fault 
detection and non-destructive testing [7] and many 
other areas. One more example of magnetometer 
implementation is a magnetic vacuum system 
that allows minimizing the influence of external 
magnetic fields on electronics. Such systems use 
passive and active methods for shielding magnetic 
fields. Passive methods are based on the shields 
from materials with high magnetic permeability. In 
active methods, the magnetic field is compensated 
using a system of coils. The coils are a part of a 
system with feedback; the magnetic field strength 
is measured by the sensors located in the vicinity 
of the shielded object. To measure absolute 
magnetic field strength, magnetic vacuum systems 
primarily use fluxgate magnetometers; however, 
the increased quality of magnetic vacuum requires 
improved characteristics, in particular, the fluxgate 
sensitivity. 

Another important field where fluxgates are used 
is magnetocardiography [8–10], which differs from 
widely used electrocardiography by its non-invasive 
character and high sensitivity. 

Existing SQUID-based magnetocardiogra-
phers [11] provide high-quality diagnostics of 
cardiovascular diseases; however, such complexes 
are affordable only for a small range of diagnostic 
and treatment centers. This substantiates the 
issue of the development of a sensitive magnetic 
measuring sensor with a lower price as compared 
to SQUID-magnetometers. In a number of articles, 
the researchers have confirmed the possibility of 
applying fluxgates for measuring the parameters of 
cardiac activity [12–14]. One of the advantages of 
fluxgates is the possibility of its miniaturization and 
manufacturing by PCB or MEMS technology.

The present article describes a prototype 
of a generic fluxgate manufactured by the PCB 
technology.

Fluxgate design 

When creating a generic fluxgate sensor, to 
achieve maximum sensitivity and minimal noise 
level, three directions can be distinguished: 

− optimization of the planar geometry of the 
sensor; 

− enhancement of the methods for its excitation 
and processing of the measurement information; 

− implementation of novel nanostructured 
materials for the magnetic core of the fluxgate.

In current work we chose the direction connected 
with the optimization of the planar model of the 
sensor geometry. Figure 1 depicts the planar design 
of the fluxgate. The dimensions of the sensor are 
40×28×2 mm.

Figure 1 – Fluxgate 3D model: 1 – excitation coils; 2 – 
measurement coil; 3 – ferromagnetic core

The key element of the fluxgate is the 
ferromagnetic core. The material of the core was 
a strip from FINEMET® FT-3H amorphous alloy 
(Hitachi Metals, Ltd., Japan). The chosen material 
possesses high permeability, which will allow 
decreasing the excitation current. In addition, high 
permeability promotes high induction, while high 
resistivity decreases eddy-current losses. 

To assess the operability of the suggested 
design, a finite-element modeling was performed in 
COMSOL software (COMSOL, Inc., Sweden). 

The hysteresis properties of the core material 
were presented using the Jiles–Atherton hysteresis 
model. Table 1 contains the model parameters 
presented as diagonal matrices.

Figure 2 presents the magnetization curve 
plotted for the implemented core material.

At the first stage of modeling, a sinusoidal 
current of 1.5 mA with a frequency of 25 kHz was 
fed to the excitation coil of the fluxgate with constant 
magnetic induction of 9 µT along the sensitivity 
axis of the fluxgate. Figure 3 plots the dependence 
of the induced EMF in the fluxgate excitation 
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coil on time and input voltage in the pickup coil.  
For illustrative purposes, the temporal dependence 

of the induced EMF amplitude is shown at a scale 
of 1:1000.

Table 1

Jiles–Atherton model parameters of Finemet FT-3H core

Parameter Value Unit

Interdomain coupling: α {4.33, 3.952, 4.33} × 10−6

Saturation magnetization: Мs {1.31, 1.33, 1.31 A/mm

Domain wall density: a {3.8, 3.11, 3.8} A/m

Magnetization reversibility: c {736, 652, 736} × 10−3

Pinning loss: k {4.11, 3.38, 4.11} A/m

Figure 2 – Hysteresis loop for the core from FINEMET® 
FT-3H material

Figure 3 – Input and output signal timing behavior at 
exciting current of 1.5 mA

Evidently, the output signal of the fluxgate is 
dominated by the second harmonic of the excitation 
signal frequency. Over an equal time period, 
the number of peaks of the output signal is twice 
larger than that of the input signal. Therefore, the 
operability of the model is confirmed in line with 
the conventional differential fluxgate operation 
theory. 

Figure 4 shows the fluxgate output signal 
spectrum recorded at various values of acting 
magnetic induction. The excitation conditions are 
the same. 

Figure 4 – Dependence of spectral characteristic of the 
output signal on the ambient field strength at an excitation 
current of 1.5 mA

Obviously, the amplitude of the second 
harmonic linearly depends on the ambient magnetic 
field strength. Interestingly, the signal spectrum also 
contains the fourth harmonic which also depends on 
the ambient magnetic field strength. 

Therefore, the modeling results have confirmed 
the operability of the design.  

Experimental specimen manufacturing

The experimental specimen of the planar 
fluxgate was manufactured as follows.

Using the PCB technology, four separate printed 
circuit boards were made on a textile laminate 
substrate: two identical boards with excitation coils 
and two identical boards with pickup coils. The 
topology of the printed circuit boards is presented in 
Figure 5.

The conductors on the printed circuit boards were 
made from copper and then coated by a terne layer. 

Figures 6a and 6b demonstrate the photographs 
of the manufactured circuit boards with the elements 
of the planar fluxgate.
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Figure 5 – Planar fluxgate printed circuit board topology 
of exciting (a) and measurement (b) coils. Red lines 
indicate conductors on the top layer of the printed circuit 
board, green lines indicate conductors on the bottom layer 
of the printed circuit board, cyan lines indicate vias, white 
lines indicate a ferromagnetic core

Figure 6 – Photographs of the manufactured printed 
circuit boards with the elements of the planar fluxgate: 
a – printed circuit board with excitation coil; b – printed 
circuit board with pickup coil

The ferromagnetic core produced from 
FINEMET® FT-3H material by mechanical cutting 
was adhered to the opposite side of the first board 
with the excitation coil. The adhesive used was 
LOCTITE® STYCAST 2850FT (Henkel AG & Co. 
KGaA, Germany). To cure the adhesive, LOCTITE® 
Catalyst 24 LV (Henkel AG & Co. KGaA, Germany) 
hardener was used with a ratio of the adhesive to the 
hardener of 100:6. The duration of complete curing 
was about 36 hours. The adhesive was cured in a 
vacuum chamber at a pressure no more than 10−6 atm.

To manufacture proper excitation coil, the first 
board with the excitation coil and adhered core was 
sandwiched with the second board with the excitation 
coil. The excitation coils on the two boards were 

connected through the vias. Then, the boards were 
soaked with the LOCTITE® STYCAST 2850FT 
adhesive with further curing in the vacuum chamber 
at a pressure less than 10−6 atm.

After curing, the bonded boards with the 
excitation coil were sandwiched from the both sides 
with the boards with the elements of the pickup coil. 
The boards were connected with the elements of the 
pickup coil through the vias by a copper wire with a 
diameter of 0.05 mm. 

Experimental

The performance test of the sensor included 
the experimental determination of the dependence 
of the second harmonic amplitude in the fluxgate 
output signal on the amplitude and frequency of the 
excitation current under a magnetic field strength of 
45 µT induced by a system of axial coils [15]. The 
experimental scheme is presented in Figure 7. 

The scheme in Figure 7 includes a Fluke 5520A 
Multi-Product Calibrator (Fluke Corporation, USA) 
that was used to excite the fluxgate with a sine 
signal with a preset amplitude and frequency. A 
multimeter Agilent 3458A (Agilent Technologies, 
USA) was used to measure the excitation current of 
the fluxgate. A PXI-1042Q platform (NI, USA) with 
a PXI-5124 module (NI, USA) was used to digitize 
and analyze the spectrum of the fluxgate excitation 
signal and its output voltage (amplified beforehand 
through the amplification section of the synchronous 
amplifier [16]) proportional to the measured 
magnetic induction. The experimental data are given 
in Table 2.

Following the data from Table 2, the maximum 
sensitivity was achieved at a frequency of fluxgate 
excitation of 30 kHz with an rms current of excitation 
of 1.25 mA. 

To determine the sensitivity and the measurement 
range, the fluxgate was placed in the center of the 
system of axial coils [15]. A high-precision current 
source was used to set a direct current amplitude 
flowing through the system of coils, so the magnetic 
field induction in the center of the system would 
vary from 0.1 nT to 50 µT. All the measurements 
of the amplitude of the second harmonic in the 
fluxgate output signal were averaged. To do so, 1000 
measurements were automatically registered at a set 
current value and then averaged.

The measured amplitudes of the second 
harmonic in the fluxgate output voltage varying with 
the magnetic induction are presented in Table 3.

a b

a b
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Table 2

Dependence of the amplitude of the second harmonic on the amplitude and frequency of the excitation 
current 

Following the analysis of the data from Table 3, 
the fluxgate is suitable for measuring the magnetic 
induction up to 50 µT. Its characteristics remain 
linear in the range of measured induction from 
0.1 nT up to 50 µT. The average sensitivity for the 
second harmonic is 54 µV/nT.

Conclusion

A computer model was elaborated that allows 
assessing the sensitivity of the developed magnetic 
field sensor with due consideration of the hysteresis 
properties of the material. Based on the technological 

capabilities, the models were developed that 
allow manufacturing the elements of excitation 
and pickup coils using the PCB technology. At 
present stage, the dimensions of the sensor are  
40×20×5 mm.

A working sensor prototype was manufactured. 
The technological process of device assembly was 
developed. The measurement scheme was developed 
and the sensor's sensitivity was tested.

The optimal frequency and excitation current 
were determined that allow achieving the maximum 
sensitivity of the sensor. The measurement range  
of the developed sensor was estimated.

PXI-1042Q
 NI PXI-5124

FluxgateFluke 5520A Agilent 3458A

Ch1

Ch2

Figure 7 – Block diagram of the fluxgate testing

Frequency 
[kHz]

Current [mA]

0.25 0.5 0.75 1.0 1.25 1.5

Voltage [V]

20 0.13 0.42 1.23 2.05 2.42 2.38

30 0.19 0.57 1.32 2.14 2.56 2.52

40 0.15 0.39 1.22 2.03 2.36 2.29

50 0.09 0.12 0.17 0.27 0.34 0.29

60 0.05 0.11 0.13 0.19 0.22 0.15

70 0.01 0.05 0.07 0.18 0.21 0.19

80 0.008 0.021 0.056 0.17 0.19 0.16

90 0.007 0.019 0.051 0.14 0.17 0.15

100 0.006 0.012 0.037 0.13 0.15 0.12

Table 3

Amplitudes of the second harmonic in the fluxgate output voltage varying with the magnetic induction 

Magnetic induction [µT] 0.0001 0.001 0.005 0.01 0.05 0.1 0.5

Voltage [mV] 0.0052 0.0548 0.261 0.542 2.71 5.68 28.3

Magnetic induction [µT] 1 5 10 20 30 40 50

Voltage [V] 0.0564 0.268 0.545 1.082 1.623 2.165 2.641
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The conclusion on the viability of fluxgate 
implementation for measuring weak magnetic fields 
was made, including in magnetocardiography, 
geodesy and space exploration. 

Further decrease of the width of the printed 
conductors that compose the excitation coils and 
the pickup coil of the converter with the increase 
of their density on the circuit board will increase 
the induction and excitation frequency keeping the 
excitation current amplitude unchanged. Further 
improvement of the cutting and leaching technology 
for the ferromagnetic core is necessary to decrease the 
converter noise and manufacture identical fluxgates 
using the technology of microelectromechanical 
systems.
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Abstract 
The improvement of efficiency, reliability and productivity of ultrasonic testing of objects with cohesion 

between materials connected by welding, soldering, gluing, etc. is 'an important problem of the modern 
production technologies. The purpose of the paper is to determine in 3D space the conditions for increasing 
the sensitivity and reliability of the flaw detection in the cohesion zone between materials when the form  
of defect interface can be different.

In the first part of the theoretical study the features of the formation of the acoustic fields of ultrasonic 
waves scattered from solid's interface when spot of an acoustic beam crosses the boundary of the defective 
region in the shape of an ellipse or a long strip have been investigated. In this case, the boundary conditions 
in the defect area change discretely or linearly.

It was suggested to use a phase shift between reflected waves from the defect and defect-free interfaces 
as the more informative parameter depending on the cohesion between materials. There is shown that there 
are conditions to achieve sufficiently high sensitivity detection of interface defects when the scattered waves 
receiving are to be at angles outside the main directivity lobe of the scattering field pattern. The evolution 
features of the scattering field structure which are needed for the development of the method of evaluation  
the cohesion of materials have been got. 

Keywords: ultrasonic waves, diagram directivity (DD), reflection, wave scattering.
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Влияние геометрии и граничных условий в области 
сцепления материалов на рассеяние ультразвуковых 
волн. Ч. 1. Теоретическое моделирование
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Повышение эффективности, надёжности и производительности ультразвукового контроля соеди-
нения материалов сваркой, пайкой, склеиванием и др. является важной народнохозяйственной зада-
чей. Цель работы состояла в установлении условий повышения чувствительности и достоверности 
обнаружения дефектов сцепления материалов на основе моделирования полей ультразвуковых мод, 
рассеянных дефектами разной геометрии.

Впервые в максиальном приближении выполнен расчёт и анализ полей рассеяния ультразвуковых 
волн при перемещении пятна акустического луча в виде эллипса или длинной полосы относительно 
дефектной области с дискретными и плавно изменяющимися в ней граничными условиями. Для ха-
рактеристики последних с точки зрения взаимодействия упругой волны с границей сред предложено 
использовать преимущественно фазовый сдвиг θ между волнами, рассеянными от дефектной и без-
дефектной границы, существенно сказывающийся на изменении параметров результирующего поля 
рассеяния в его периферийной зоне. Т. е., θ является важным параметром, характеризующим степень 
сцепления материалов и оказывающим превалирующее влияние на чувствительность предлагаемого 
метода обнаружения слабо выявляемых дефектов. 

Установлены особенности эволюции структуры полей рассеяния, являющиеся первичными 
для разработки методик контроля сцепления материалов предложенным методом. При достаточно 
малых значениях угла приёма ультразвуковых колебаний в меридиональной плоскости максимум чув-
ствительности измерений достигается в динамическом режиме и приёме рассеянных волн под азиму-
тальными углами, соответствующими 1-му экстремуму диаграммы направленности поля рассеяния 
опорного акустического луча.

Kлючевые слова: диаграмма направленности, неразъёмное соединение, рассеяние упругих волн.
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Introduction

The development of effective methods and means 
of ultrasonic testing of permanent joints (metal-to-
metal, metal-to-nonmetal, nonmetal-to-nonmetal) 
allowing a reliable and safe functioning of critical 
technical facilities in heating, construction and 
operation of gas pipelines, in the chemical industry, 
at enterprises of the auto-tractor construction, 
instrument engineering and others is very relevant. 
At the same time high reliability and sensitivity of 
testing of weakly detectable by ultrasonic methods 
defective areas of material joining (for example, 
material sticking faults) in welding, spraying, 
brazing, gluing and others, is an important applied 
task [1].

Traditional methods of ultrasonic testing of 
fixed assemblies mostly use "direct" amplitude 
methods consisting in determining of amplitude 
differences of acoustic signal passed or reflected 
from a defective(S ⊂ SD ) and non-defective (S ⊂ SN ) 
surfaces of contacting surfaces. For this purpose 
ultrasonic volume waves probing the object by 
echoing, echoing, as well as shadowing can be 
used. On the other hand, quality of adhesion of 
materials characterized by stress tensor (σik )j and 
displacement value of wave (ξ i ) on contacting 
surfaces both during manufacturing and operation 
of the object can be estimated by time variations of 
surface, plate waves, their amplitude, phase [2‒4]. 
And in [3, 4] detection of splits in objects with 
high attenuation coefficient in polymer composites 
and in multilayer adhesive structures, where low-
frequency plate mode is used as a probe, and 
their velocity decreases as a result of diffraction 
scattering on splits depending on "damage" 
of the object, are considered. If comfortable 
measurement conditions are provided, including 
the condition of the object's contact surface, its 
geometry, inspection performance requirements 
and the instrumentation used, interferometric 
measurement schemes are sufficiently sensitive to 
assess the quality of material adhesion or coating 
thickness gauging [5, 6]. 

It should be noted that combined methods 
realized by using optoacoustic excitation of 
ultrasonic waves and their receiving by both contact 
and non-contact methods ‒ are promising in solving 
the above problems [7, 8]. In particular at pulse-laser 
action a wide spectrum of waves interacting with 
a defect area is excited in the object. At the same 
time the "selectivity" effect allows the detection of 

poorly detectable defect areas based on the signal-
response spectrum data. Increase of the method's 
efficiency could be achieved by means of receiving 
Lamb waves in simple electromagnetic-acoustic 
way [8], if of course, the object is o a double-layer 
plate with characteristic thickness hi  ≥  λL , where λL  
is maximum possible Lamb wave length. It should 
be noted that by changing the configuration of 
receiver measuring coil it is possible to search for the 
elastic modes which are the most sensitive to defects  
of splitting. 

Analysis of the above methods of quality testing 
of solid state joints shows that their sensitivity is 
not high enough when using traditional measuring 
methods, while the use of interferometer, 
phase-frequency methods and laser technology 
significantly complicates the conditions of testing. 
It concerns requirements to geometry of objects, 
state of their surface, etc. The authors [9] on the 
basis of deterministic approach in 2D formulation 
develop the method of detecting weakly detectable 
defects, when the phase shift between the waves 
scattered at the defect and defect free boundary 
magnitude of θ = π /4 ‒ π. In [10] the ultrasonic 
scattering fields in three-dimensional space - in 
different planes of the directional cross section of 
the ultrasonic scattering field DD, characterized by 
equatorial (ψ = 0 ‒ π) and azimuthal (ψ = 0 ‒ π /2) 
angles are investigated. Moreover, the phase 
shift between the waves scattered at the same at 
the defective and defect-free boundaries time 
is constant and its value varies in the range of 
θ = π /4 ‒ π.

The aim of this part of the research is to carry 
out a theoretical qualitative analysis of the acoustic 
channel including the formation of reflected fields 
of ultrasonic waves (UW) from a heterogeneous 
boundary plane surface S* = SD + SN characterized 
by different profile of SD boundary and phase shift 
between the reflected waves and to determine  
the optimum conditions for their detection and 
achieve maximum sensitivity. 

Note that the informative signal at the 
receiving ultrasonic probe is formed only when 
a moving spot of incident beam on the interface 
intersects defect's boundary or defect is inside 
the spot. Thus, we have possibility to observe the 
more substantial changing of the UW side lobes 
structure. Below the peculiarities of acoustic 
scattering field formation Ф(φ, ψ ) are studied for 
the case, when the defect surface SD has the form 
of ellipse with eccentricity (ε = a / b = 0.3 ‒ 3) and 
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area ratio SD0 = SD / S0 = 0‒0.1 or as a strip, where 
S0 is the acoustic beam (AB) cross-section area of 
its spot, and the phase shift between the scattered 
waves changes in the range θ = 0 ‒ π. And this 
variation is not only discrete, but also linear, which 
is characteristic for cases of imperfect execution 
of some joining technologies of materials. The 
conditions for choosing the optimal scheme of 
sounding are specified.

Analysis of peculiarities of acoustic channel 

At this stage of development of suggested 
method of diagnosing state (coupling) of contacting 
materials, mainly aimed at studying peculiarities 
of influence of geometry of defect area and its 
position on formed ultrasonic scattering field. Also 
important is the problem of detecting such defects 
when the strength of "seizure" or adhesion of 
materials in the defective area changes depending 
on the coordinates {x, y} ⊂ SD . I. e. at characteristic 
angles of incidence of elastic waves on the local 
zone we should expect changes in phase shift, 
which is a function of θ = θ(σik , Ri , С1, С2, β). 
And this should have some effect on the scattering 
field under study. Thus the subject of the present 
studies are peculiarities of DD formation in  space 
of scattering ultrasonic waves when a spot of an 
acoustic beam with moving relative to the boundary 
of the defective surface having the form of an ellipse 
with varied eccentricity ε = 0.3 ‒ 3 or a long strip. 
In this case the boundary conditions in the area  
of wave incidence on the defect change discretely 
or linearly vs. distance from the sport boundary  
in x direction, where a and b are axes of an 
ellipse (Figure 1a). 

When variant II is implemented, the problem 
under consideration is represented as a superposition 
of the fields of the two sources:

J = J1 + J2 = A0 S0 KR0 F0(ψ, φ) +  
A0 SD [KR FD0 (ψ, φ, θ(х)) ‒ KR0 F01 (ψ, φ)],                  (1)

where A0 is the amplitude of the acoustic wave 
incident on the media boundary; KR and KR0 the 
ultrasonic reflection coefficients from the defect-
free and defect bonded area of the materials, 
respectively; J is the resultant scattering field of the 
ultrasonic beam incident on the boundary surface 
with the defect S0 = SD+SN , F0, F01, FD0 ‒ are the 
corresponding normalized integral functions where 
F01 ≡ F0 is for the S ⊂ SD.

Figure 1 ‒ Illustration for the theoretical analysis and 
calculation of the ultrasonic reflected waves from  

For numerical calculation in axial approximation 
of acoustic fields, obtained at ultrasonic reflection 
from adhesion surface of materials with defect 
of different profile integral expressions obtained 
below were used. This allowed us to reveal specific 
features of ultrasonic wave (UW) field variations 
scattered in the presence of a simulated defect area 
SD of different geometry (Figures 4.2‒4.4), including 
an ellipse, a long strip of width b < r0 and a semi-
infinite plane. Further by numerical experiment the 
search of such conditions is carried out, at which the 
possibility of revealing of defects of incoherence 
with the minimum possible reflectivity is realized. 
For this purpose we suggest to use those regions of 
scattering fields (or angles of UW receiving), where 
the minimum and maximum of the first order angles 
of DD (φmin1 , φmax1 ) are located in the equatorial 
plane of DD section. We suggest to measure values 
of scattering field amplitudes in its vicinity and to use 
the amplitude of Amax1 as well as (for comparison) 
the value of the zero-order maximum Amax0. 
Dimensionless parameters are used as informative 
ones characterizing the sensitivity of the method and 
its effectiveness:

А*={|∆А(φmin1 ) | /Amax1, |∆А(φmax1 )| / Amax1, 
|∆А(φmax0)| / Amax0}.
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The scattering of ultrasonic waves when 
acoustic beam spot intersects defect 
boundary

In this case the calculation of the summary 
scattered field is realized according to formula (1) 
but it is necessary to take into account the changing 
of the defect′s boundary to intersect the boundary of 
the acoustical spot S0.

The results of numerical calculations of the 
considered acoustic fields, including the characteristic 
dependences of amplitude parameters |ΔA| /Amax on 
the geometry of the defect area, its position relative to 
the acoustic beam spot and the phase shift θ between 
the scattered UW on the defective and non-defective 
surface of the material interface are presented below. 
Figures 2 and 3 present the amplitude characteristics 
of the UW scattering field depending on the position 
of the defect area centre in the form of ellipse with 
different eccentricity, determined in the equatorial 
planes of the DD ψ = 0 ‒ π /2 for the indicated 
receiving angles at different values of the phase 
shift. Note that the indicated amplitude parameter 
|ΔA|/Amax , in fact, characterizes the sensitivity of 
the measurement method for various input-receive 
conditions of the UW. Figures 4 and 5 show data on 
the maximum sensitivity of the method, depending 
on the position of the defect area when its geometry 
and phase shift θ are changed. The data on the 
effect of a more complicated adhesion mechanism, 
characterized by a linear change in the value in the 
direction normal to the boundary of the defect area, 
which has the shape of a long strip, is illustrated in 
Figure 6.

When variant II is implemented (defect surface ‒ 
long strip), the phase shift, where is the coordinate 
of a point on the surface of the SD defect, counted 
in its plane normal to the amplitude characteristics 
of the UW scattering field depending on the position 
of the defect area centre in the form of ellipse with 
different eccentricity, determined in the equatorial 
planes of the DD ψ = 0 ‒ π/2 for the receiving angles 
at different values of the phase shift. Note that the 
indicated amplitude parameter |ΔA| /Amax in fact 
characterizes the sensitivity of the measurement 
method for various input-receive conditions of the 
UW. Figures 4 and 5 show data on the maximum 
sensitivity of the method depending on the position 
of the defect area when its radius and phase shift θ are 
changed. The data on the effect of a more complex 
material coupling mechanism characterized by a 

linear change in the value in the direction normal to 
the boundary of the defect area, which has the shape 
of a long strip, is illustrated in Figure 6.

Figure 2 ‒ Amplitude characteristics of the ultrasonic 
scattering field vs the position of the defect area centre 
in the form of ellipse, determined for ψ = 0 (a), π/4 (b), 
π/2 (c) and different angles of wave reception φ at phase 
shift θ = π: eccentricity of the ellipse ε = 1 (1), 3 (2), 
1/3 (3); angle of the UW reception φ = φmin1 (a), φmax1 (b), 
φmax0 (c); r0 / λ = 5; SD  /S0 = 1/9 
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Figure 3 ‒ Amplitude characteristics of the ultrasonic 
scattering field vs the position of the defect area centre 
in the form of ellipse, determined for ψ = 0 (a), π/4 (b), 
π/2 (c) and different angles of wave reception φ at the 
phase shift θ = π /4: eccentricity of the ellipse ε = 1 (1), 
3 (2), 1/3 (3); angle of the UW reception φ = φmin1 (a), 
φmax1 (b), φmax0 (c); r0 /λ = 5; SD  /S0 = 1/9 

The presented results of theoretical analysis 
of the influence of geometrical parameters of 
the model defect area on the generated acoustic 

scattering field of UW at its relative crossing by the 
spot of the acoustic beam convincingly indicate the 
effectiveness of the suggested method of evaluation 
the adhesion quality of materials which consists in 
the application of a "non-mirror scheme" of UW 
radiation-receiving. Those, not only the angles of 
UW radiation and receiving but also the planes of 
incidence of the source and receiver of the ultrasonic 
probe may not coincide. 

Figure 4 ‒ Maximum variation of ultrasonic amplitude at 
displacement of acoustic beam spot relative to the centre 
of circular defect (a) and half-plane boundary (b) as a 
function of phase shift of waves scattered from the defect: 
angle of ultrasonic reception in equatorial plane ψ = 0: 
φ = φmax0 (1), φmin1 (2), φmax1 (3), r0 /λ = 5; SD  /S0 = 1/9

In case of orientation of the major axis of the 
ellipse a (or "elongation") of the defect along the 
x-axis (ε = а/b > 1) it is preferable to receive UW 
in the plane determined by equatorial angle ψ → π/2 
for φ → {φmax1, φmin }. But if the major axis of the 
ellipse a directed along the y-axis then the situation 
is the more preferable for ultrasonic receiving if 
ψ → 0. A similar tendency is maintained when the 
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phase shift between scattered waves in a varying 
range (1/8‒1) π. The sensitivity of the suggested 
method can significantly (by more than order 
of magnitude) exceed the traditional "mirror" 
version of testing. (The latter is implemented for 
radiation-receiving) conditions at angles close to 
each other). As seen from figures 2‒5 the absolute 
value of δA = |ΔA|/Amax1 can be up to ~ 10 and more 
times. With decreasing the defect area SD and 
phase shift θ ~ π the value of amplitude A mostly 
decreases irrespective of the equatorial angle. At 
the same time, at phase shift θ ~ π and r/R  >  0.6, the 
ambiguity of measurement can be observed if the 
ultrasonic receiving is performed when φ → φmax1 
(Figure 5).

Figure 5 ‒ Maximum signal change when the acoustic 
beam spot is displaced relative to the centre of a circular 
defect as a function of its radius and phase shift θ = π/4 (а); 
π (b); angle of ultrasonic reception in the equatorial plane:  
φ = φmax0 (1), φmin1 (2), φmax1 (3); r0 / λ = 5

It is noteworthy that in the case of defect 
modeling in the form of a strip with a linearly 
varying phase shift (Figure 6), which is typical 

for poorly detectable defects occurring in various 
material joining technologies, the maximum 
sensitivity is achieved exactly when ultrasonic 
scanning is received in the equatorial plane of the 
DD section ψ = π/2 and azimuth angles close to 
φ → φmin1. Thus, in comparison with the mentioned 
classical method, the calculated sensitivity of the 
suggested method is almost ~ 50 times greater 
when the varying value of the phase shift between 
the waves scattered from the defect-free and defect 
material boundaries ϕ = π/4.

Figure 6 ‒ Characteristic signal amplitude dependence of 
ultrasonic scattering field vs displacement of the acoustic 
beam spot centre relative to the defect area in the form 
of a long strip with a linear change in phase shift in the x 
direction: max(θ) = π (а); π/4 (b); φ = φmax0 (1); φmin1 (2); 
φmax1 (3); r0 / λ = 5; defect width is of b = 2/3r0 
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Thus, based on these calculations and theoretical 
analysis, the maximum sensitivity of the method is 
achieved both by optimizing the parameters of the 
acoustic channel in order to achieve the maximum, 
and, importantly, by receiving the scattered signal 
at the above characteristic angles of the primary DD 
diagram of the scattering field, including ψ and φ. 
If we consider the diagnostic state of the adhesion 
quality of materials according to the scheme shown 
in Figure 1b, then in describing the acoustic path 
it is necessary to take into account the features of 
the ultrasonic traverse through the outer boundaries 
of the object, accompanied by energy loss and the 
shift of the acoustic beam due to refraction on the 
boundaries. For example, when the echo method used 
an acoustical signal passes twice only one external 
surface of the object I. With weak divergence of 
acoustic beams scattered from defective and defect-
free surfaces in the layer of object II, the condition 
must be fulfilled:

0.5 hf (n cosα C2 ) > 1,   h /L << 1,

where L is the distance from the surface I of the 
object to the receiving point of UW.

In this case, as a result of refraction of the 
acoustic beam at the interface I the transverse size 
of the acoustic beam changes in cosβ /cosα time. 
Finally, the scattering field formation process takes 
place exactly in the area I. If this condition is not 
met, then the scattered waves incident at different 
angles αi at the interface I will undergo a change 
in amplitude due to the dependence D21 = D21(αi ).  
As a more detailed analysis of this phenomenon 
shows, it will only affect some variation in the 
amplitude-angle characteristics of the scattering 
field which must be taken into account when 
designing the measurement technique and 
positioning the receiver probe with respect to the 
object surface.

Conclusion

A theoretical model for detection of poorly 
detectable adhesion defects based on optimization of 
apertures and phases of imaginary ultrasonic sources 
scattered by inhomogeneous boundary including 
defects as a long strip and ellipse with variable 
eccentricity (3‒1/3), presence of discrete and linearly 
variable phase shift between waves scattered by 
defect and defect-free area is developed in axial 
approximation.

Evolution features of the scattering field 
structure, which are primary for the development of 
techniques to evaluate the adhesion of materials by 
the specified method, have been found. It is shown 
that with sufficiently small values the maximum 
sensitivity of the method is achieved in a dynamic way 
and receiving of scattered waves under the azimuthal 
angles corresponding to the first extremums of the 
directivity diagram of the scattering field of the 
reference signal (in the absence of defect). 

In the case of numerical simulation of defects 
in the form of a band with a linearly changing phase 
shift, which is typical for weakly detectable defects, 
the maximum sensitivity of the method is achieved 
when receiving waves in the equatorial plane of the 
scattering field of directivity diagram section ψ = π/2 
and in the neighborhood of the azimuthal angle 
of minimum of the first order. It is shown that in 
comparison with traditional methods the sensitivity 
of control of poorly detectable defects in conditions 
when the phase shift between the waves reflected 
from the defect and non-defective surface is tens of 
degrees.
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Abstract 
The paper considers the operation of radioisotope measuring devices under dynamic conditions, when 

the Poisson pulse flux at the output of the radiation detector becomes unsteady and the nonlinearity of the 
calibration curve of the device, the stochasticity of the radiation signal and the inertia of the meter significantly 
complicate the task of estimating the measured physical parameter. of the device and analysis of the possibility 
of its application for linearization of the characteristics of the device, increasing the speed of the devices and 
solving the measuring problem in real time.

The process of nonlinear transformation of the radiation signal in the system is analyzed on the basis  
of the assumption about the exponential distribution of the intervals between the pulses of the information 
flow at the output of the radiation detector. A generalized algorithm for the synthesis of a given transformation 
function of a time-pulse computing device of a radioisotope device has been developed according to its 
mathematical description. To describe the transformation function given by a set of points, it is proposed to 
use its approximation by a power series.

The proposed calculation formulas are verified by modeling in the Scilab program on a specific example 
of linearization of the curve of a radioisotope altimeter with a given tabular calibration characteristic.  
The results obtained confirm the expediency of using time-pulse computing devices for linearizing  
the conversion curve of radioisotope devices in real time.

Carrying out calculations according to the proposed algorithms by means of modern microelectronics 
opens up new possibilities for expanding the field of application of radioisotope devices in dynamic problems 
of industrial flaw detection, measuring the parameters of object movement, thickness of rolled products  
and coatings, in devices for continuous monitoring of liquid media.

Keywords: radioisotope device, nonlinearity, linearization, exponential distribution, time-pulse conversion.
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Нелинейное времяимпульсное преобразование  
в радиоизотопных приборах: анализ и возможности 
применения
А.М. Водовозов

Вологодский государственный университет, 
ул. Ленина, 15, г. Вологда 160000, Россия

Поступила 09.03.2021
Принята к печати 18.05.2021

Рассмотрена работа радиоизотопных измерительных приборов в динамических условиях, когда 
пуассоновский поток импульсов на выходе детектора излучения становится нестационарным, а не-
линейность градуировочной характеристики прибора, стохастичность радиационного сигнала и инер-
ционность измерителя существенно усложняют задачу оценки измеряемого физического параметра. 
Целью работы являлась разработка алгоритмов нелинейного времяимпульсного преобразования пу-
ассоновского процесса в структуре радиоизотопного прибора и анализ возможности его применения 
для линеаризации характеристики прибора, повышения быстродействия приборов и решения измери-
тельной задачи в режиме реального времени.

Проанализирован процесс нелинейного преобразования радиационного сигнала в системе на ос-
нове предположения об экспоненциальном распределении интервалов между импульсами информа-
ционного потока на выходе детектора излучения. Разработан обобщённый алгоритм синтеза заданной 
функции преобразования времяимпульсного вычислительного устройства радиоизотопного прибора 
по её математическому описанию. Для описания функции преобразования, заданной множеством 
точек, предлагается использовать её аппроксимацию степенным рядом. 

Предложенные расчётные формулы проверены моделированием в программе Scilab на конкрет-
ном примере линеаризации характеристики радиоизотопного высотомера с заданной таблично гра-
дуировочной характеристикой. Полученные результаты подтверждают целесообразность использова-
ния времяимпульсных вычислительных устройств для линеаризации характеристики преобразования 
радиоизотопных приборов в режиме реального времени. 

Проведение вычислений по предложенным алгоритмам средствами современной микроэлектро-
ники открывает новые возможности для расширения области применения радиоизотопных приборов 
в динамических задачах промышленной дефектоскопии, измерения параметров движения объектов, 
толщины проката и покрытий, в устройствах непрерывного контроля жидких сред.

Ключевые слова: радиоизотопный прибор, нелинейность, линеаризация, экспоненциальное 
распределение, времяимпульсное преобразование.
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Introduction

In severe operating conditions, radioisotope 
measuring devices such as thickness gauges, 
altimeters, density meters, level gauges, often 
significantly outperform their competitors, 
which use different physical principles to solve 
the problem. Despite the radiation hazard and 
the complexity of operation, they still remain 
indispensable in solving numerous problems in 
the field of non-destructive testing of complex 
technological processes [1–6].

All radioisotope devices use an indirect 
measurement method. In them, the desired value 
of the measured physical parameter is determined 
based on the transformations of the radiation 
detector signal associated with the measured 
physical quantity of the nonlinear calibration 
curve. The calibration curve in such devices is 
established experimentally or theoretically based 
on the results of studies of physical processes 
in static operating modes. The output variable 
of the calibration curve is the intensity (average 
frequency) of the pulse stream formed at the output 
of the ionizing radiation detector. The latter is 
considered to be the simplest Poisson flow with 
the properties of stationarity, ordinariness, and 
absence of aftereffect.

In the existing practice of constructing 
radioisotope measuring devices [1–2, 7], the 
measurement process is reduced to assessing 
the flux intensity λ followed by calculating the 
nonlinear function of the reciprocal calibration 
curve of the sensor. The estimation of the flow 
intensity, in turn, is performed by quantizing the 
process in time and counting the number of fixed 
pulses N for the selected quantization interval T 
according to the formula λ = N / T. The quantization 
interval T is selected based on the requirements 
for the value of the statistical error of the meter. 
In accordance with the assumptions about the 
Poisson distribution of the information signal, 
the statistical error of this information processing 
process is inversely proportional to the duration 
of the quantization interval. A typical conversion 
algorithm is valid for slowly changing processes 
and is completely unsuitable for measurements 
under dynamic conditions when the measured value 
changes over time.

In dynamic modes, the operation of 
a radioisotope measuring device changes 
significantly, the flow of pulses at the detector 

output becomes unsteady, and in a typical signal 
processing process, many contradictions appear, 
leading to distortion and loss of information in the 
channel. In this case, it is necessary to consider 
not the intensity (average frequency) of the 
random flow, but its instantaneous density as the 
information parameter of the Poisson flow. The 
estimate of the flow intensity carries a dynamic error 
associated with averaging the process over time. 
Here a conflict arises between the requirements for 
minimizing the statistical and dynamic errors of 
the meter, since the dynamic measurement errors 
always increase with an increase in the quantization 
interval [8].

If we assume that the time-varying input 
variable (measurable value) has a limited 
spectrum, then, according to the Kotelnikov‒
Shannon sampling theorem [9], it can be 
absolutely accurately represented by a set of 
individual values (samples) following at equal 
intervals, provided that the repetition rate of these 
samples is at least twice the upper limit of the 
signal spectrum. Based on this position, it would 
be possible to choose the quantization interval in 
the system according to the formula T ≤ 1/2 f max , 
where f max is the maximum frequency in the 
spectrum of the useful signal.

However, the nonlinear transformation 
inherent in the calibration curve of the device 
significantly expands the spectral composition of 
the information signal towards higher harmonics, 
the problem of determining the upper limit of the 
spectrum f max becomes dependent on the type of 
nonlinearity and, for this reason, difficult to solve. 
For these reasons, the requirement to linearize 
the static characteristics of a radioisotope meter 
used to estimate the parameters of objects under 
dynamic conditions can be considered mandatory. 
The problem of linearizing the characteristics of 
radioisotope measuring systems is formulated 
similarly to the same problems in systems of other 
types – when processing a radiation signal, it is 
necessary to calculate the conversion function in 
real time, which is reciprocal to the calibration 
curve of the meter. The article proposes to solve 
this problem using the methods of pulse time 
conversion, which provides fast calculations in 
real time.

The purpose of the research was the 
development of algorithms for the nonlinear pulse-
time transformation of the Poisson process in the 
structure of a radioisotope device and the analysis of 
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the possibility of its application for linearization of 
the characteristics of the device.

Pulse-time transformation of the Poisson 
process

The maximum operating speed of a 
radioisotope meter can provide a transition from 
counting pulses at the output of a radiation detector 
to measuring time intervals t between pulses, as 
is done in computing devices that perform time-
to-pulse conversions [10]. In such calculators, all 
conversions are started at the moments when each 
new pulse appears at the output of the radiation 
detector and are performed as a function of the 
measured interval t. As a result, with further 
averaging, calculations in the function of the flux 
intensity λ can be replaced by calculations in the 
function of the average time interval τ = 1 / λ.

The time intervals t between the pulses of the 
Poisson flow are random quantities obeying the 
exponential distribution law [11]:

where p(t) is the probability of occurrence in the 
stream of pulses of the interval t; λ is the flow rate;  
τ = 1 / λ is the average value (mathematical 
expectation) of the intervals between pulses.

Pulse-time conversion of a stream implies that 
the calculation of a given nonlinear function is 
performed at the moments of occurrence of each event 
without any signal filtering. In this case, the filtering 
problem is solved after a nonlinear transformation 
and is reduced to evaluating the mathematical 
expectation of the signal at the output of the time-
pulse converter. The mathematical expectation of the 
signal at the output of the nonlinear converter F(τ) 
can be calculated by the formula: 

where f  (t) is a nonlinear function calculated by the 
time-pulse converter in each interval t.

Equations (1) and (2) give a general formula for 
calculating the conversion function of the pulse-time 
converter:

where L{f  (t)} is the Laplace transform of the 
function f  (t).

In this case, the function f  (t) acts as the original 
of the Laplace transform, and the construction of 
a time-pulse computing device is reduced to the 
search for the original f  (t) according to a given 
mathematical description of the transformation 
function F (τ). For a number of specific functions, 
this problem can be solved directly using the tables 
of Laplace transforms [12] using the shift, similarity 
theorem and damping theorems.

Practical implementation of the algorithm

Unfortunately, the physical theory of the 
interaction of radioactive radiation with matter does 
not provide sufficient solutions that would meet the 
technological requirements of modern production 
with an acceptable error. The calibration curve of a 
radioisotope device, which describes the dependence 
of the intensity of the pulse flux at the output of the 
radiation detector on the measured parameter of the 
material, is associated with complex processes of 
multiple reflection and absorption of radiation in the 
substance and, for this reason, is always nonlinear.  
A common way to describe the transformation 
function of the information processing in a 
radioisotope device is its direct experimental 
calibration, and to select a more or less adequate 
calculation model of the transformation function 
F (τ), the mathematical apparatus for approximating 
experimental data is used.

Here the most important is the problem of 
choosing a class of a suitable approximating function 
that can be implemented by means of a pulse-
time conversion takes into account the previously 
obtained equation (3). Equation (3), which contains 
the Laplace transform, is valid only for linear and 
nonlinear functions f  (t) satisfying the conditions  
for the existence of an image: for functions with 
real and zero poles, integrable on any finite positive 
interval of the t axis; taking zero values for all 
negative values of t and increasing no faster than 
the exponential function. Of the set of functions 
satisfying these conditions, the most interesting 
is the power transformation function F (τ) = τn, to 
which the original also corresponds in the form of a 
power function f  (t) = t n /n!. Therefore, the solution 
to the problem can be an approximation of the 
transformation function of the computing device 
F(τ) with a power series:

(1)
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where the number of terms of the series K and its 
coefficients an (n = 0...N ) are determined by the given 
error and the chosen approximation method.

To implement the transformation according 
to equation (4), it is necessary to use a time-pulse 
device, which reproduces the function in the form of 
a series in each cycle of calculations:

Linearization of the characteristics of a 
radioisotope altimeter

As an example of using the proposed 
technique, let us consider the problem of 
linearizing the characteristics of a radioisotope 
altimeter, for which the dynamic mode of 
operation is relevant. The calibration curve of 
the altimeter λ(H ) is given in [13]. The meter 
operates in the range of heights H = 0.5÷9 m with 
changes in the pulse flow intensity in the range 
λ = 500÷5000 Hz (Figure 1).

Figure 1 – Calibration curve of a radioisotope altimeter

The transformation function of the computing 
device F (τ) in the form of a power series (4) of the 
third order with coefficients a0 = −2.66, a1 = +16.64, 
a2 = −9.43, a3 = 2.02 calculated on the given dataset 
using the least squares method and is shown in 
Figure 2.

The simulation of the pulse-time conversion 
process was carried out in the Scilab program [14], 
where a set of random intervals with an exponential 
distribution was generated, processed according to 
formula (5) and filtered subsequently. Figure 3 shows 
the linearized meter response obtained by averaging 
over 1000 tests.

Figure 2 – Pulse-time converter conversion function

Figure 3 – Linearized altimeter curve

The altimeter curve formed as a result of the 
research is linear, which proves the validity of the 
hypothesis about the possibility of using the pulse-
time conversion of the radiation signal to linearize 
the meter curve.

Conclusion

The results obtained confirm the possibility of 
using time-pulse functional converters to linearize 
the conversion curve of radioisotope measuring 
devices in real time. Carrying out calculations 
according to the proposed algorithms by means of 
modern microelectronics opens up new possibilities 
for expanding the field of application of radioisotope 
systems towards dynamic measurements in problems 
of industrial flaw detection, in devices for measuring 
the height, thickness of rolled products, thickness of 
coatings, in continuous liquid media monitors, etc. 
At the same time, the issues of implementing the 
proposed algorithms by means of microprocessor 
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technology and controllers that are part of radioisotope 
devices and solve the problems of filtering a useful 
signal become relevant.
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Abstract 
Improving the technology of diamond turning of aluminum alloys is of great importance for expanding 

the application areas of metal-optical products based on aluminum in aerospace technology. The aim of this 
work was to study the effect of surface inhomogeneities of the initial aluminum alloy substrates on their 
optical and mechanical characteristics and to determine ways of improving the quality of aluminum reflector 
mirrors manufactured using nanoscale single point diamond turning.

The investigated reflector mirrors were made from AMg2 aluminum alloy. The optical surface treatment 
was carried out on a precision turning lathe with an air bearing spindle using a special diamond cutter with 
a blade radius of ≤ 0.05 μm. The analysis of the surface structure of the AMg2 alloy substrates was carried 
out by scanning electron microscopy / electron microprobe. The quality control of the surface treatment  
of the manufactured reflector mirrors was carried out by atomic force microscopy. The reflectivity and 
radiation resistance of these samples were also investigated.

It is shown that an important problem in the manufacture of optical elements from aluminum alloys is the 
inhomogeneity of the structure of the initial material, associated with the presence of intermetallic inclusions. 
Heat treatment of the AMg2 alloy substrates at T ≥ 380 °C makes it possible to improve the quality of surface 
and the radiation resistance of aluminum mirrors both by removing mechanical stresses and by partially 
homogenizing the starting material. The optimum is heat treatment at the maximum allowable temperature for 
the AMg2 alloy T = 540 ºС, as a result of which there is a complete disappearance of intermetallic inclusions 
with an increased magnesium content. The use of high-temperature heat treatment of AMg2 alloy substrates 
allows, in comparison with unannealed samples, to reduce the surface roughness from 1.5 to 0.55 nm,  
to increase the reflectivity of mirrors at a wavelength of 1064 nm from 0.89 to 0.92, and to increase the laser 
damage threshold from 3.5 to 5 J / cm2.

Keywords: aluminum alloys, single point diamond turning, reflecting mirrors, laser damage threshold.
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Повышение качества поверхности металлических 
зеркал-отражателей при наноразмерной алмазной 
лезвийной обработке 
Г.А. Гусаков, Г.В. Шаронов 
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Совершенствование технологии алмазного точения алюминиевых сплавов имеет важное значение 
для расширения областей применения металлооптических изделий на основе алюминия в авиацион-
но-космической технике. Целью настоящей работы являлось исследование влияния неоднородностей 
структуры поверхности исходных подложек из алюминиевого сплава на их оптические и механиче-
ские характеристики и определение путей повышения качества алюминиевых зеркал-отражателей, 
изготавливаемых с использованием наноразмерной алмазной лезвийной обработки.

Исследованные зеркала-отражатели изготавливались из алюминиевого сплава АМг2. Оптическая 
обработка поверхности производилась на прецизионном токарном станке со шпинделем на воздуш-
ном подшипнике с использованием специального алмазного резца с радиусом закругления лезвия 
менее 0,05 мкм. Анализ структуры поверхности подложек из сплава АМг2 проводился методами рас-
тровой электронной микроскопии/электронного микрозонда. Контроль качества обработки поверх-
ности изготовленных зеркал-отражателей осуществлялся методом атомно-силовой микроскопии. Ис-
следовались также отражательная способность и лучевая прочность данных образцов.

Показано, что важной проблемой при изготовлении оптических элементов из алюминиевых 
сплавов является неоднородность структуры исходного материала, связанная с наличием интерме-
таллидных включений. Термообработка подложек из сплава АМг2 при Т ≥ 380 °С позволяет улуч-
шить качество обработки поверхности и лучевую прочность алюминиевых зеркал как за счёт снятия 
механических напряжений, так и за счёт частичной гомогенизации исходного материала. Оптималь-
ной является термообработка при максимально допустимой для сплава АМг2 температуре Т = 540 ºС,  
в результате которой происходит полное исчезновение интерметаллидных включений с повышен-
ным содержанием магния. Применение высокотемпературной термообработки подложек позволяет,  
по сравнению с неотожжёнными образцами, снизить шероховатость поверхности с 1,5 до 0,55 нм, 
повысить отражательную способность зеркал на длине волны 1064 нм с 0,89 до 0,92 и повысить луче-
вую прочность с 3,5 до 5 Дж/см2.

Ключевые слова: алюминиевые сплавы, алмазное наноточение, зеркала-отражатели, лучевая 
прочность.
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Introduction

Analysis of the technical state of various 
industries associated with the use of modern 
structural composite materials, ceramics, non-ferrous 
metals and alloys for the manufacture of super-
precision products shows that the most effective 
processing method is diamond turning technology, 
when deviations in the shape and roughness of the 
processed surface should be within the nanometer 
range (≤ 5 nm) [1−3].

At present, the technology of single point 
diamond turning with nanoscale roughness is widely 
used in the manufacture of metal-optical products, 
primarily, reflector mirrors for transporting powerful 
laser energy flows [4–6]. Strict requirements 
are imposed on metals in the manufacture of 
reflector-mirrors with high radiation resistance: 
minimum values of physical, chemical and induced 
inhomogeneities; low-level of internal stress; 
good polishability; high reflectivity; high thermal 
conductivity and minimum coefficient of linear 
expansion. Due to good machinability, aluminum 
alloys of the AMg2 and AMg6 types are often used 
for the manufacture of reflector mirrors [5–10]. 
These alloys are the preferred material for mirrors in 
aerospace engineering [5−7].

In the manufacture of metal-optical products, 
the main attention is paid to the issues of ensuring 
the accuracy of the shape and reducing the surface 
roughness [5–10]. At the same time, inhomogeneities 
of the surface structure and residual internal stresses 
inherent in aluminum alloys [6, 10] can significantly 
affect the optical and working characteristics of 
reflector mirrors, especially in the case of high-
power laser radiation. However, these problems are 
covered to a much lesser extent [11–13].

The aim of this work was to study the effect 
of surface heterogeneities of the AMg2 aluminum 
alloy substrates on their optical and mechanical 
characteristics and to determine a ways to improve the 
quality of aluminum reflector mirrors manufactured 
using single point diamond turning.

Research methods

The investigated reflector mirrors were made 
from AMg2 aluminum alloy. The original billets 
were discs 100 mm in diameter and 8 mm thick. 
Preliminary machining of the surface was carried 
out with a carbide cutter. In order to remove 
residual mechanical stresses and homogenizing of 

the substrates surface they were heat treated in air 
in the temperature range from 200 to 540 °C. The 
duration of annealing was 10 h, followed by cooling 
in an oven. The maximum annealing temperature 
was limited by the melting of the AMg2 alloy. The 
final optical surface treatment was carried out on 
a precision lathe MK 6501 (Belarus) with an air 
bearing spindle using a special diamond cutter with a 
blade radius less than 0.05 μm.

The analysis of the surface condition of the 
initial billets from the AMg2 alloy and the billets 
subjected to mechanical-thermal treatment was 
carried out by scanning electron microscopy (SEM) / 
electron microprobe using a LEO 1455 VP electron 
microscope (Carl Zeiss, Germany) with an Aztec 
Energy Advanced X-Max 80 attachment. (Oxford 
Instruments, UK). In addition, the microhardness 
of the samples was measured using a PMT3 
microhardness tester. The quality control of the surface 
treatment of the manufactured reflector mirrors was 
carried out by atomic force microscopy (AFM) 
on a Solver P47 Pro scanning microscope (NT-
MDT, Russia). The reflectivity of the mirrors in 
the spectral range 200 ... 2500 nm was monitored 
on a precision spectrometer Lambda1050 (Perkin 
Elmer, USA). The study of the reflector mirrors 
laser damage threshold was carried out using pulsed 
radiation (λ = 1.064 μm, τ = 20 ns) of the YAG:Nd3+ 
laser model LS-2137 (Lotis-TII, Belarus). The laser 
pulse energy was recorded using an IMO-3 energy 
meter (Etalon, Russia). Sony ICX415AL CCD image 
sensor was used to control the spatial distribution of 
energy in the laser spot. The measurements were 
carried out in the single-pulse mode. The average 
energy density of laser radiation on the sample 
surface varied in the range from 0.5 to 15 J/cm2.

Results and discussion

According to the data of the electron 
microprobe, the averaged chemical composition 
of the initial alloy corresponds to the AMg2 grade. 
However, it is characterized by the presence of 
intermetallic inclusions, the size of which reaches 
10 microns (Figure 1, sample No. 1). The first 
type of inclusions (light areas in Figure 1) has the 
composition Al4.5FeMn0.2. The second type (dark 
areas) has the composition Al3MgSi. The hardness 
of these inclusions differs significantly from the 
hardness of the aluminum matrix, which negatively 
affects the quality of the surface treatment. In 
addition, the presence of intermetallic inclusions 
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on the surface of the substrates can reduce their 
radiation resistance. Hence, it is necessary to 
carry out preliminary homogenizing annealing of 
the aluminum alloy billets in order to reduce the 
inhomogeneity of the impurities distribution. For 
the AMg2 alloy, the recommended homogenizing 
annealing temperatures are in the range of  
510 ... 540 °C. In addition, in the machining 

of AMg2 alloy intermediate recrystallization 
anneals are usually used to partially or completely 
soften the material and increase its plasticity. 
Recommended temperature ranges of annealing are 
150… 200 and 350… 420 °С. Based on the above, 
for the experiments, we have chosen the following 
temperatures for preliminary heat treatment of the 
AMg2 alloy billets: 200, 380 and 540 °C. 

a b

c d

Figure 1 – Microphotographs of the surface of the initial sample of aluminum alloy AMg2 (a) and samples after 
annealing at various temperatures: b – 200 ºС; c – 380 ºС; d – 540 ºС

The effect of preliminary heat treatment on the 
size and composition of intermetallic inclusions in the 
AMg2 alloy is shown in Figure 1. It can be seen that 
annealing at T = 200 ºС does not affect the size and 
composition of intermetallic inclusions (Figure 1, 
sample No. 2). At T = 380 ºС, a decrease the size 
of inclusions with an high magnesium content is 
observed. For inclusions with a high iron content, no 
changes are observed (Figure 1, sample No. 3). As a 
result of annealing at Т = 540 ºС, inclusions with a high 
magnesium content disappear completely. Inclusions 
with a high iron content are preserved, but they are 
somewhat reduced in size (Figure 1, sample No. 4).

Figure 2 shows the effect of preliminary heat 
treatment on the microhardness of aluminum alloy 
substrates. The initial alloy is in a cold-worked 
state, therefore, for it a noticeable decrease in 
microhardness with an increase in the load is 
observed (sample No. 1). Homogenizing annealing 
at Т ≥ 200 ºС leads to softening of the surface of the 
initial alloy (sample No. 2). The microhardness of the 
samples decreases with an increase in the annealing 
temperature up to 380 ºС (sample No. 3). A further 
increase in the annealing temperature does not lead 
to a noticeable change in the microhardness (sample 
No. 4).
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Figure 2 – Microhardness versus load for the investigated 
samples of substrates made of aluminum alloy AMg2, 
heat-treated at various temperatures: (■) – initial sample; 
(●) – Т = 200 °С; (▲) – Т = 380 °С; (▼) – Т = 540 °С

After homogenizing annealing, all substrate 
samples underwent superfinishing treatment using 
nanoscale single point diamond turning to obtain 
optical surface clarity. The surface roughness of the 
manufactured reflector mirrors was studied using an 
atomic force microscopy. The measurement results 
are shown in the table and in Figure 3. It is clear that 
homogenizing annealing has a positive effect on the 
surface finish of the AMg2 alloy with a diamond 
turning. So for the original sample No. 1, not 
subjected to annealing, after finishing, the measured 
value of the surface roughness Ra is 1.5 nm. For a 
sample annealed at T = 200 ºС, Ra = 1.1 nm. For 
samples No. 3 and No. 4, annealed at T ≥ 380 ºС,  
the surface roughness Ra is less than 1 nm.

Table
Values of the surface roughness of the expe-
rimental samples depending on the heat treat-
ment modes

№ Ra , nm Rq , nm

1(initial) 1.5 2.0
2(200 ºС, 10 h.) 1.1 1.7
3(380 ºС, 10 h.) 0.65 0.84
4(540 ºС, 10 h.) 0.55 0.75

A decrease in surface roughness naturally leads 
to an increase in the reflectivity of the manufactured 
mirrors. So for a sample annealed at T = 540 °C, the 
reflection coefficient at a wavelength of 1064 nm inc-
reases compared to the original sample from 0.89 to  
0.92, and at a wavelength of 532 nm ‒ from 0.86 to 0.89.

Figure 3 – Atomic force microscopy image of the surface 
relief of specimen of mirror No. 4 with Ra = 0.55 nm

For the manufactured reflector mirrors, tests for 
laser-induced damage threshold were carried out. 
The measurements were carried out in the mode 
of single laser pulses with a duration of 20 ns. The 
diameter of the laser spot on the mirror surface 
was 2.2 mm. The pulse energy was varied in the 
range from 70 to 300 mJ. Taking into account the 
real spatial distribution of energy in the laser spot, 
the energy density on the mirror surface varied 
in the range from 0.5 to 15 J/cm2. An example of 
determining of the mirror surface damage threshold 
under the action of laser radiation is shown in 
Figure 4. It can be seen that the laser we used has 
a substantially nonuniform energy distribution over 
the cross section of the laser spot. This pattern is 
typical for commercial solid-state lasers. For a pulse 
with an energy of 100 mJ (Figure 4b), the power 
density of laser radiation varies over the spot cross 
section in the range of 0.5...8.0 J/cm2. The average 
energy density Wа is 2.4 J/cm2. For a pulse with an 
energy of 270 mJ (Figure 4d ), the power density 
varies within the range of 1.25… 13.00 J/cm2, and  
Wа = 6.5 J/cm2. Analysis of the distribution of 
damage on the mirror surface (Figures 4a and 4c)  
for several laser pulses with different energies al-
lows to determined the threshold energy of laser 
radiation with high accuracy.

According to the test results, it was found that for 
the initial aluminum alloy (sample No. 1), the threshold 
energy density of laser radiation is 3.5 J/cm2. This 
value significantly exceeds the damage threshold of 
≈ 1 J/cm2 recorded for aluminum substrates subjected 
to abrasive or electrochemical polishing [13‒14]. It is 
obvious that an increase in the radiation resistance of 
aluminum reflector mirrors is provided by a decrease in 
the surface roughness and an increase in its reflectivity. 
Thus, the promising nature of single-point diamond 
turning as a highly efficient method of forming optical 
surfaces on aluminum alloys has been confirmed.
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Heat treatment of substrates in the temperature 
range from 200 to 380 °C does not lead to a 
noticeable change of the reflector mirrors damage 
threshold. So for samples No. 2 and No. 3, threshold 
energy densities are in the range of 3.5...4.0 J/cm2. 
For a sample annealed at T = 540 °C, the threshold 
energy density is about 5 J/cm2, which is ≈ 30 % 
higher than for the original sample. Detailed 
studies of the nature of the high-power laser pulses 
destruction of the mirrors surface manufactured 

using the single-point diamond turning technology 
from initial AMg2 aluminum alloy show that 
degradation begins in the areas of localization of 
intermetallic inclusions. Thus, the increase the 
laser damage threshold of the sample annealed at 
T = 540 °C compared to the initial alloy can be 
associated with its partial homogenization.

The obtained results were used in the manufacture 
of various metal-optical products from aluminum 
alloys with increased radiation resistance (Figure 5).

a b

c d
Figure 4 – Image of the surface of mirror No. 4 after exposure to a laser pulse with an energy of 100 (a) and 270 mJ (c), 
the spatial distribution of energy in the laser spot at a pulse energy of 100 (b) and 270 mJ (d)

Figure 5 – Optical products from aluminum alloys manufactured at Research Institute of Applied Physical Problems: 
a – laser mirrors with high radiation resistance; b – corner reflectors and scanners; c – multifaceted prism mirrors  
for video surveillance systems

a b c
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Experimental operation of these products shows 
that the combination of technologies for preliminary 
heat treatment of aluminum alloy billets and single-
point diamond turning makes it possible to increase 
the competitiveness of manufactured optical ele-
ments and expand their application areas.

Conclusion

Investigations of the influence of inho-
mogeneities of the surface structure of AMg2 
aluminum alloy substrates on their optical and 
mechanical characteristics have been carried out 
and the ways of improving the quality of aluminum 
reflector mirrors manufactured using the single-point 
diamond turning have been determined.

It is shown that an important problem in the 
manufacture of optical elements from aluminum 
alloys is the inhomogeneity of the structure of the 
initial material, associated with the presence of 
intermetallic inclusions. Preliminary annealing of 
billets from AMg2 alloy at T ≥ 380 °C makes it 
possible to improve the surface treatment quality and 
the laser damage threshold of aluminum mirrors both 
by removing mechanical stresses and by partially 
homogenizing the initial material. The optimum is 
heat treatment at the maximum allowable temperature 
for the AMg2 alloy T = 540 ºС, as a result of which 
there is a complete disappearance of intermetallic 
inclusions with an increased magnesium content.

Experimental studies have shown the possibility 
of obtaining mirror roughness Ra = 0.55 nm and the 
laser damage threshold of about 5 J/cm2. Based on 
the obtained results a technology of aluminum alloys 
single-point diamond turning for the manufacture of 
metal-optical products with high radiation resistance 
has been developed.

References

1. Gorokhov V., Zakharevich E., Skvortsova M. 
Povyshenie tochnosti detaley metallooptiki pri almaz-
nom tochenii na ul'trapretsizionnom oborudovanii 
[Accurancy improvement of metal-optical parts during 
diamond turning on ultra-precision equipment]. Fotoni- 
ka [Photonics], 2014, no. 1, pp. 118‒123 (in Russian).

2. Davim J.P., Jackson J.M. Nano and Micromachi-
ning. London: ISTE,Wiley, 2009, 312 р.

3. Kumar K., Zindani D., Kumari N., Davim J.P. 
Micro- and Nano-Machining of Engineering Materials: 
Recent Developments. Springer, 2018, 150 p.

4. Guregian J.J., Pepi J.W., Schwalm M., Azad F. 
Material trades for reflective optics from a systems 
engineering perspective. Proc. SPIE, 2003, vol. 5179, 
pp. 85‒96. DOI: 10.1117/12.511537 

5. Vukobratovich D., Schaefer J.P. Large stable alu-
minum optics for aerospace applications. Proc. SPIE, 
2011, vol. 8125, p. 81250T. DOI: 10.1117/12.892039

6. Zhang J., Zhang X., Tan S., Xie X. Design and 
Manufacture of an Off-axis Aluminum Mirror for Visi-
ble-light Imaging. Current Optics and Photonics, 2017,  
vol. 1, no. 4, pp. 364‒371. 
DOI: 10.3807/COPP.2017.1.4.364

7. Schaefer J.P. Advanced metal mirror processing 
for tactical ISR systems. Proc. of SPIE, 2013, vol. 8713, 
pp. 871306-1-871306-10. DOI: 10.1117/12.2015496 

8. Li L.H., Yu N.H., Chan C.Y., Lee W.B. Al6061 
surface roughness and optical reflectance when ma- 
chined by single point diamond turning at a low feed rate. 
PLoS ONE, 2018, vol. 13, no. 4, p. e0195083. 
DOI: 10.1371/journal.pone.0195083

9. Otieno T., Abou-El-Hossein K. Molecular dyna-
mics analysis of nanomachining of rapidly solidified 
aluminium. Int. J. Adv. Manuf. Technol., 2017, vol. 94, 
pp. 121–131. DOI: 10.1007/s00170-017-0853-5

10. Steinkopf R., Gebhardt A., Scheiding S., Roh-
de M., Stenzel O., Gliech S., Giggel V., Löscher H.,  
Ullrich G., Rucks P., Duparre A., Risse S., Eberhardt R.,  
Tünnermann A. Metal mirrors with excellent figure and 
roughness. Proc. SPIE, 2008, vol. 7102, p. 71020C. 
DOI: 10.1117/12.797702

11. Tillack M.S., Pulsifer J.E. Development of Da-
mage-Resistant Metal Mirrors for Laser-IFE. IEEE 22nd 
Symposium on Fusion Engineering, 2007. 
DOI: 10.1109/fusion.2007.4337952

12. Revela P., Khanfira H., Fillit R.-Y. Surface cha-
racterization of aluminum alloys after diamond turning. 
J. of Materials Processing Technology, 2006, vol. 178, 
pp. 154–161. DOI: 10.1016/j.jmatprotec.2006.03.169

13. Liu W., Sun M., Guo Y., Jiao Z., Wu R., Pan X. 
Ablation characteristics of aluminium alloy and stainless 
steel induced by picoseconds laser pulses. Proc. SPIE, 
2019, vol. 11063, p. 110631B. DOI: 10.1117/12.2539907

14. Zaghloul M., Tillack M., Mau T.K. Laser-indu-
ced damage of metal mirrors under long-term exposure 
at shallow angle of incidence. IEEE 19th Symposium on 
Fusion Engineering, 2002, pp. 272‒275. 
DOI: 10.1109/FUSION.2002.1027693

145



Адрес для переписки:
Малютин Д.М. 
Тульский государственный университет,
пр-т Ленина, 92, г. Тула 300012, Россия
e-mail: Malyutindm@yandex.ru

Address for correspondence:
Malyutin D.M.
Tula State University,
Lenin Ave., 92, Tula 300012, Russia
e-mail: Malyutindm@yandex.ru

Для цитирования:
Д.М. Малютин.
Структурные решения, обеспечивающие увеличение динамической 
точности волнового твердотельного гироскопа.
Приборы и методы измерений.
2021. – Т. 12, № 2. – С. 146–155.
DOI: 10.21122/2220-9506-2021-12-2-146-155

For citation:
D.M. Malyutin.
[Structural Solutions that Increase the Dynamic Accuracy  
of a Wave Solid-State Gyroscope].
Devices and Methods of Measurements.
2021, vol. 12, no. 2, рр. 146–155 (in Russian).
DOI: 10.21122/2220-9506-2021-12-2-146-155  

Devices and Methods of Measurements
2021, vol. 12, no. 2, pp. 146–155

D.M. Malyutin

Приборы и методы измерений 
2021. – Т. 12, № 2. – С. 146–155
Д.М. Малютин

Структурные решения, обеспечивающие увеличение  
динамической точности волнового твердотельного  
гироскопа
Д.М. Малютин

Тульский государственный университет, 
пр-т Ленина, 92, г. Тула 300012, Россия

Поступила 30.03.2021
Принята к печати 02.06.2021

Разработка волновых твердотельных гироскопов (ВТГ) является одним из перспективных направ-
лений развития гироскопических датчиков угловой скорости. ВТГ с позиций технологии изготовле-
ния, системы настройки и управления, а также точностных характеристик имеет ряд преимуществ 
по сравнению с другими видами гироскопов. При разработке ВТГ стремятся уменьшить собственный 
уход гироскопа, смещения нулевого сигнала, нелинейность масштабного коэффициента в рабочем 
интервале температур. Однако при создании прибора зачастую не уделяется должного внимания су-
ществующим возможностям повышения динамической точности гироскопа за счёт разработки пер-
спективных структурных решений построения контуров регулирования и обработки информации. 
Решение этой проблемы и являлось целью работы.

С использованием методов теории автоматического регулирования выполнены исследования ди-
намики волнового твердотельного гироскопа с металлическим резонатором и пьезоэлементами в ре-
жиме замкнутого контура компенсации кориолисового ускорения. Пьезоэлементы выполняют функ-
ции датчиков перемещений и силы.

Предложены и рассмотрены два перспективных структурных решения построения контуров 
регулирования и обработки информации ВТГ. Установлены соотношения для выбора параметров 
звеньев этих контуров, обеспечивающих повышение динамической точности гироскопа. В первом 
случае предложенная структура построения ВТГ позволяет существенно уменьшить динамические 
погрешности, обусловленные различием масштабного коэффициента ВТГ при различных частотах 
измеряемой угловой скорости в полосе пропускания. Такая структура построения ВТГ может быть 
рекомендована при решении измерительной задачи, в которой необходимо точно измерить величину 
угловой скорости, а фазовое отставание выходного сигнала по отношению к измеряемой угловой ско-
рости имеет второстепенное значение. Во втором случае предложенной структуре построения ВТГ 
соответствует передаточная функция относительной погрешности измерения с астатизмом второго 
порядка, а абсолютная погрешность измерения в полосе частот 10 Гц не превышает 0,1 %.

Ключевые слова: волновой твердотельный гироскоп, структурные решения, динамическая точность.
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Abstract
The development of wave solid-state gyroscopes (VTG) is one of the promising areas of development 

of gyroscopic angular velocity sensors. VTG from the standpoint of manufacturing technology, tuning and 
control systems, as well as accuracy characteristics, has a number of advantages compared to other types  
of gyroscopes. When developing VTG, they strive to reduce the gyroscope's own care, zero signal bias, and 
the non-linearity of the scale factor in the operating temperature range However, when creating the device, 
due attention is often not paid to the existing opportunities to improve the dynamic accuracy of the gyroscope 
by developing promising structural solutions for building control circuits and information processing.  
The solution to this problem was the goal of the work. 

Using the methods of the theory of automatic control, the dynamics of a wave solid-state gyroscope with 
a metal resonator and piezoelectric elements in the closed-loop mode of Сoriolis acceleration compensation 
are studied. Piezoelectric elements perform the functions of displacement and force sensors.

Two promising structural solutions for constructing VTG control and information processing circuits are 
proposed and considered. Relations are established for selecting the parameters of the links of these contours, 
which provide an increase in the dynamic accuracy of the gyroscope. In the first case, the proposed structure 
for constructing the VTG allows us to significantly reduce the dynamic errors caused by the difference in 
the scale coefficient of the VTG at different frequencies of the measured angular velocity in the bandwidth.  
Such a structure for constructing a VTG can be recommended when solving a measurement problem in which 
it is necessary to accurately measure the angular velocity, and the phase lag of the output signal in relation  
to the measured angular velocity is of secondary importance. In the second case, the proposed structure  
of the VTG construction corresponds to the transfer function of the relative measurement error with second-
order astatism, and the absolute measurement error in the frequency band of 10 Hz does not exceed 0.1 %.

Keywords: wave solid-state gyroscope, structural solutions, dynamic accuracy.
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Введение

Разработка волновых твердотельных гиро-
скопов (ВТГ) является одним из перспективных 
направлений развития гироскопических датчиков 
угловой скорости. В ВТГ, функционирующим  
в режиме датчика угловой скорости, реализуется 
удержание стоячей волны относительно корпу-
са гироскопа, а вторичная волна, возникающая 
при вращении основания, компенсируется. Сила 
компенсации содержит информацию об угловой 
скорости вращения основания. При этом обеспе-
чивается широкая полоса пропускания гироско-
па и высокая чувствительность. ВТГ с позиций 
технологии изготовления, системы настройки и 
управления, а также точностных характеристик 
имеет ряд преимуществ по сравнению с другими 
видами гироскопов: полностью отсутствуют вра-
щающиеся части, малое количество компонентов 
конструкции, поэтому рабочий ресурс прибора 
оказывается очень большим (от 15000 часов и 
более); способность переносить большие пере-
грузки; компактность; небольшая масса и габа-
риты; сохранение инерциальной информации  
при кратковременном отключении электропита-
ния; низкая энергоёмкость; малое время готов-
ности; слабая зависимость от температуры окру-
жающей среды при выполнении определенных 
конструктивных и технологических условий; 
стойкость к ионизирующему излучению с высо-
кой энергией [1]. 

За рубежом [2–7] и в России [8‒13] ведутся 
исследования и разработки ВТГ с различными 
формами резонаторов. ВТГ с объёмным резона-
тором (полусферическим или цилиндрическим) 
имеют характеристики точности (дрейф, неста-
бильность масштабного коэффициента и др.), 
достаточные для использования их в информаци-
онно-измерительных системах и инерциальных 
навигационных системах различных классов точ-
ности [2–4]. У резонаторов из металла уровень 
внутреннего трения больше, чем у резонаторов 
из кварцевого стекла. Характеристики резонато-
ров из металла хуже, чем у резонаторов из квар-
цевого стекла. Однако у ВТГ с металлическими 
резонаторами к настоящему времени уже до-
стигнут уровень нестабильности смещения нуля 
0,1‒15 град/ч и они имеют значительно меньшую 
себестоимость, чем ВТГ с резонатором из квар-
цевого стекла, что обуславливает дальнейшую 
перспективу улучшения их характеристик и при-
менения.

При совершенствовании ВТГ большое вни-
мание уделяется вопросам разработки конструк-
ции чувствительного элемента, технологии его 
изготовления и балансировки. Перспективные 
конструкции чувствительных элементов ВТГ 
с металлическим резонатором [6, 9] имеют чаще 
всего цилиндрическую форму, на донную по-
верхность которой наклеены пьезоэлементы, ис-
пользуемые для возбуждения и измерения коле-
баний. Конструкция, позволяющая уменьшить 
габаритные размеры ВТГ без уменьшения раз-
меров резонатора, приведена в работе [6]. В ра-
боте [9] показано, что для изготовления высоко-
добротного металлического резонатора ВТГ с за-
данными свойствами хорошим выбором является 
прецизионный сплав 21НКМТ-ВИ. Устранение 
дефектов изготовления резонатора, которые при-
водят к разночастотности и разнодобротности, 
достигается балансировкой. Базовым методом 
является балансировка по 4-й форме распределе-
ния дефектов масс, а последним этапом является 
калибровка, в результате которой производится 
окончательное определение параметров системы 
управления.  

При разработке ВТГ стремятся, уменьшить 
собственный дрейф гироскопа [10], смещения 
нулевого сигнала, нелинейность масштабного 
коэффициента в рабочем интервале темпера-
тур [11]. Однако при создании прибора [12] зача-
стую не используются существующие потенци-
альные возможности повышения динамической 
точности гироскопа за счёт разработки перспек-
тивных структурных решений построения конту-
ров регулирования и обработки информации.

Целью статьи являлась разработка структур-
ных решений построения контуров регулирова-
ния и обработки информации ВТГ, установление 
соотношений для выбора параметров звеньев 
этих контуров, обеспечивающих повышение ди-
намической точности гироскопа.

Динамика волновых твердотельных  
гироскопов  

В работе [13] рассмотрена динамика ВТГ 
в режиме замкнутого контура компенсации ко-
риолисового ускорения. Структурная схема ВТГ 
представлена на рисунке 1. 

Для определения параметров конту-
ров регулирования ВТГ в режиме датчика  
угловой скорости (ДУС) использовалась пере-
даточная функция разомкнутой системы ВТГ  
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с пропорционально-интегральным регулятором 
по огибающей выходного сигнала [13]:

Для определения полосы пропускания и ди-
намической точности использована передаточная 

функция замкнутой схемы ВТГ в режиме ДУС  
с пропорционально-интегральным регулятором 
по огибающей выходного сигнала:
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Рисунок 1 – Структурная схема волнового твердотельного гироскопа: kb – коэффициент Брайана; Ubx – входное 
напряжение; kwtg1, kwtg2, kwtg3 – коэффициенты передачи в контурах регулирования волнового твердотельного 
гироскопа; Twtg – постоянная времени чувствительного элемента волнового твердотельного гироскопа; kpz – ко-
эффициент передачи пьезоэлементов; ω – измеряемая угловая скорость; Uout – напряжение на выходе волнового 
твердотельного гироскопа 

Figure 1 – Wave solid-state gyroscope  block diagram: kb – coefficient Brian; Ubx – input voltage; kwtg1, kwtg2, kwtg3 – 
transfer coefficients in the loop wave solid-state gyroscope; Twtg – the time constant of the sensing element wave solid-
state gyroscope; kpz – the transmission coefficient of the piezoelectric elements; ω – the measured angular velocity;  
Uout – the output voltage wave solid-state gyroscope

Введём обозначение ɷizm – измеренная угло-
вая скорость, тогда:

На основании передаточных функций (1), (2) 
построены логарифмические амплитудно- 
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фазовые частотные характеристики (ЛАФЧХ) ра-
зомкнутой (рисунок 2) и замкнутой (рисунок 3) 
систем ВТГ в режиме ДУС с пропорционально-
интегральным регулятором при следующих пара-
метрах прибора [13]: kb = 0,4; Ubx = 1 В; kwtg1 = 1; 
kwtg2 = 100; kwtg3 = 800; Twtg = 1,6 с.

Согласно рисунку 2 система устойчива, запас 
по фазе в разомкнутой системе составляет 73,4°.

Рисунок 2 – Логарифмическая амплитудно-фазовая 
частотная характеристика разомкнутой системы вол-
нового твердотельного гироскопа с пропорционально-
интегральным регулятором

Figure 2 – Logarithmic amplitude phase frequency 
response of an open-loop wave solid-state gyroscope 
system with a proportional-integral controller

Рисунок 3 – Логарифмическая амплитудно-фазовая 
частотная характеристика замкнутой системы волно-
вого твердотельного гироскопа с пропорционально-
интегральным регулятором

Figure 3 – Logarithmic amplitude phase frequency 
response of the closed wave solid-state gyroscope system 
with a proportional-integral controller

С целью уменьшения динамической по-
грешности гироскопа выходной сигнал подадим 
на вход корректирующего звена с передаточной 
функцией вида:

где

Структурная схема ВТГ в этом случае пред-
ставлена на рисунке 4. 
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Рисунок 4 – Структурная схема волнового твердотельного гироскопа: Uout1 – напряжение на выходе волнового 
твердотельного гироскопа после коррекции; Tkz – постоянная времени корректирующего звена, остальные обо-
значения приведены в подписи к рисунку 1

Figure 4 – Wave solid-state gyroscope block diagram: Uout1 – output voltage of the wave solid-state gyroscope after 
correction; Tkz – the time constant of the correction link, the remaining designations are given in the caption to Figure 1
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Кроме того, потребуем выполнения условия:

Отсюда:

где ξ = 0,707.

Передаточные функции ВТГ принимают вид:

В этом случае передаточная функция 
ВТГ (6) эквивалентна передаточной функции 
фильтра Баттерворта второго порядка и имеет 
максимально плоскую ЛАЧХ в полосе пропус- 
кания гироскопа. Кроме того удаётся уменьшить 
амплитуду шумовой составляющей выходного

сигнала в полосе частот выше частоты  

Рассмотренная структура построения ВТГ по-
зволяет существенно уменьшить динамические 
погрешности, обусловленные различием мас-
штабного коэффициента ВТГ при различных 
частотах измеряемой угловой скорости в полосе 
пропускания. Такая структура построения ВТГ 
может быть рекомендована при решении изме-
рительной задачи, в которой необходимо точно 
измерить величину угловой скорости, а фазовое 
отставание выходного сигнала по отношению 
к измеряемой угловой скорости имеет второ-
степенное значение. На рисунке 5 представле-
ны ЛАЧХ, построенные на основании (3) и (7),  
а на рисунке 6 ‒ графики переходных процессов, 
построенные на основании (3) и (7) как реакция 
на ступенчатое воздействие с амплитудой 1 рад/с.  
В случае (7) параметры системы определены с учё-
том соотношения (5) и равны: kb = 0,4; Ubx = 1 В, 
kwtg1 = 1, kwtg2 = 500, kwtg3 = 980, Twtg = 1,6 с.  

Эффективность предложенной схемы построе-
ния ВТГ можно проиллюстрировать следующим 
примером. В случае (3) масштабный коэффици-
ент ВТГ при измерении угловой скорости, изме-
няющейся по гармоническому закону с частотой 
200 рад/с, отличается от масштабного коэффи-
циента ВТГ при измерении постоянной угловой 
скорости на 8,5 %. В случае (7) масштабный ко-
эффициент ВТГ при измерении угловой скоро-
сти, изменяющейся по гармоническому закону 
с частотой 200 рад/с, отличается от масштабного 
коэффициента ВТГ при измерении постоянной 
угловой скорости всего лишь на 0,2 %.

Рисунок 5 – Логарифмическая амплитудно-частот-
ная характеристика замкнутой системы: 1 – в соот-
ветствии с передаточной функцией (3); 2 – в соответ-
ствии с передаточной функцией (7)

Figure 5 – Logarithmic amplitude-frequency response of 
a closed system: 1 – in accordance with the transfer fun-
ction (3); 2 – in accordance with the transfer function (7)

Рисунок 6 – Графики переходных процессов: 1 – в со-
ответствии с передаточной функцией (3); 2 – в соот-
ветствии с передаточной функцией (7)

Figure 6 – Transition graphs: 1 – in accordance with the 
transfer function (3); 2 – in accordance with the transfer 
function (7)
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В том случае, когда нельзя пренебречь фа-
зовым отставанием выходного сигнала по от-
ношению к измеряемой угловой скорости и  
в тоже время необходимо минимизировать по-

грешность измерения угловой скорости в по-
лосе пропускания, может быть рекомендована 
структура построения ВТГ, приведённая на ри-
сунке 7.

Рисунок 7 – Структурная схема волнового твердотельного гироскопа: в отличие от рисунка 1 применено после-
довательное включение двух изодромных звеньев с параметрами kwtg1, kwtg2 , остальные обозначения приведены 
в подписи к рисунку 1 

Figure 7 – Wave solid-state gyroscope block diagram: in contrast to Figure 1 the sequential inclusion of two isodromic 
links with the parameters kwtg1, kwtg2 is applied, the remaining designations are given in the caption to Figure 1

При этом справедливы передаточные функции (8), (9), (10):
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Передаточная функция относительной по-
грешности измерения (10) имеет нуль второго 
порядка в точке р = 0, что соответствует аста-
тизму второго порядка. ЛАФЧХ передаточной 
функции (4) и (10) представлены на рисунке 8.

Рисунок 8 – Логарифмическая амплитудно-частотная 
характеристика передаточной функции относитель-
ной погрешности измеряемой величины: 1 – в соот-
ветствии с передаточной функцией (4); 2 – в соответ-
ствии с передаточной функцией (10)

Figure 8 – Logarithmic amplitude-frequency response 
of the transfer function of the relative error of the 
measured value: 1 – in accordance with the transfer 
function (4); 2 – in accordance with the transfer 
function (10)

Графики измеряемой угловой скорости с ам-
плитудой 1 рад/с и частотой 62,8 рад/с и абсо-
лютной погрешности измерения для структур-
ных схем на рисунке 1 и рисунке 7 представлены 
соответственно на рисунке 9 и рисунке 10.

Рисунок 9 – Графики временных зависимостей из-
меряемой угловой скорости (1) и абсолютной по-
грешности измерения (2) для структурной схемы на 
рисунке 1

Figure 9 – Graphs of the time dependences of the 
measured angular velocity (1) and the absolute 
measurement error (2) for the block diagram in Figure 1

Рисунок 10 – Графики временных зависимостей изме-
ряемой угловой скорости (1) и абсолютной погрешно-
сти измерения (2) для структурной схемы на рисунке 7

Figure 10 – Graphs of the time dependences of 
the measured angular velocity (1) and the absolute 
measurement error (2) for the block diagram in Figure 7

Если на рисунке 9 абсолютная погрешность 
измерения угловой скорости составляет 4,3 %, 
то на рисунке 10 абсолютная погрешность изме-
рения угловой скорости составляет всего лишь 
0,1 %.

Заключение

Предложены и рассмотрены два перспектив-
ных структурных решения построения контуров 
регулирования и обработки информации волно-
вых твердотельных гироскопов (ВТГ). Установ-
лены соотношения для выбора параметров зве-
ньев этих контуров, обеспечивающих увеличе-
ние динамической точности гироскопа. 

В первом случае предложенная структура 
построения ВТГ позволяет существенно умень-
шить динамические погрешности, обусловлен-
ные различием масштабного коэффициента ВТГ 
при различных частотах измеряемой угловой 
скорости в полосе пропускания. Такая структу-
ра построения ВТГ может быть рекомендована 
при решении измерительной задачи, в которой 
необходимо точно измерить величину угловой 
скорости, а фазовое отставание выходного сигна-
ла по отношению к измеряемой угловой скорости 
имеет второстепенное значение. Масштабный 
коэффициент ВТГ при измерении угловой ско-
рости, изменяющейся по гармоническому закону 
с частотой 200 рад/с отличается от масштабного 
коэффициента ВТГ при измерении постоянной 
угловой скорости всего лишь на 0,2 %. 

Во втором случае предложенной структу-
ре построения ВТГ соответствует передаточная 
функция относительной погрешности измерения, 
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которая имеет нуль второго порядка в точке р = 0, 
что соответствует астатизму второго порядка, 
а абсолютная погрешность измерения в полосе 
частот 10 Гц не превышает 0,1 %.
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При измерении маломощных оптических сигналов приёмные модули каналов однофотонной связи 
должны обеспечивать наименьшие потери передаваемой информации. В этой связи целесообразно ис-
пользовать счётчики фотонов, которые являются высокочувствительными, однако характеризуются 
ошибками регистрации данных. Поэтому цель работы – исследовать влияние интенсивности реги-
стрируемого оптического излучения при передаче двоичных символов «0» на вероятность стирания 
этих символов в канале однофотонной связи, содержащем в качестве приёмного модуля счётчик фото-
нов на базе лавинного фотоприёмника с включением по схеме пассивного гашения лавины.

На основе методики уменьшения потерь информации определены нижний и верхний пороговые 
уровни зарегистрированных на выходе счётчика фотонов импульсов, а также статистические распре-
деления смеси числа темновых и сигнальных импульсов на выходе счётчика фотонов при регистрации 
двоичных символов «0» Pst0( N ) и двоичных символов «1» Pst1( N ), при которых вероятность стирания 
двоичных символов «0» P(–/0) минимальная.

Экспериментальные результаты показали, что для достижения минимальной вероятности сти-
рания двоичных символов «0» P(–/0) = 0,11·10−2 важно подбирать не только интенсивность ис-
пользуемого оптического излучения J0 , но и напряжение питания лавинного фотоприёмника Uпит ,  
при которых мёртвое время счётчика фотонов минимально, а его квантовая эффективность регистра-
ции максимальна: J0 ≥ 98,94·10−2 отн. ед. и Uпит = 52,54 В.

Ключевые слова: счётчик фотонов, канал однофотонной связи, вероятность ошибочной регистрации 
двоичных символов.
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Abstract
Receiving modules of single-photon communication channels should provide the least loss of trans-

mitted information when measuring low-power optical signals. In this regard, it is advisable to use photon 
counters. They are highly sensitive, but are characterized by data logging errors. Therefore, the purpose  
of this work was to investigate the effect of the intensity of the recorded optical radiation during  
the transmission of binary symbols «0» on the probability of erasing these symbols in a single-photon 
communication channel containing a photon counter based on an avalanche photodetector as a receiving 
module with a passive avalanche suppression scheme.

The lower and upper threshold levels of pulses recorded at the output of the photon counter, 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 ) and «1» Pst1( N ) were determined. For this, a technique 
was used to reduce information loss. As a result, the minimum probability of erasing binary symbols «0» 
P(–/0) was achieved.

The performed experimental results showed that to achieve the minimum probability of erasing binary 
symbols «0» P(–/0) = 0,11·10−2, it is important to select not only the intensity of the used optical radiation J0, 
but also the supply voltage of the avalanche photodetector U, at which the dead time of the photon counter is 
minimal, and its quantum detection efficiency is maximum: J0 ≥ 98,94·10−2 rel. units and U = 52,54 V.

Keywords: photon counter, single-photon communication channel, probability of erroneous registration of 
binary symbols.
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Введение

При построении современных систем связи 
важно обеспечивать достаточно высокую надёж-
ность используемых для этого технических 
средств [1, 2]. Это становится критически важ-
ным в случаях, когда при передаче и приёме 
информации требуется решить определённые 
задачи в сфере информационной безопасности 
(например, гарантировать конфиденциальность 
передаваемых данных, их целостность и пр.). Ре-
шение таких задач носит, как правило, комплекс-
ный характер и может быть достигнуто за счёт 
использования каналов однофотонной связи [3–
10].

Отметим, что в каналах однофотонной связи 
каждый двоичный бит (символ) передаётся по-
средством предельно слабого оптического излу-
чения со средним числом фотонов не более не-
скольких десятков. Использование столь слабого 
оптического излучения позволяет обеспечить 
абсолютную скрытность и конфиденциальность 
передаваемой информации за счёт применения 
квантово-механического ресурса при кодирова-
нии передаваемых данных. При этом регистрация 
оптического излучения в каналах однофотонной 
связи возможна посредством высокочувстви-
тельных приёмных модулей, таких, как счётчи-
ки фотонов [4–16]. Однако счётчики фотонов 
ввиду неидеальности своих характеристик могут 
приводить к ошибкам при передаче информа-
ции, в результате чего уровень информационной  
безопасности системы связи может быть умень-
шен, а также снижена её пропускная способ-
ность [17]. Причиной таких ошибок является, 
в частности, мёртвое время счётчика фотонов, 
которое приводит к так называемым «просчётам».

Мёртвое время счётчика фотонов – это время, 
в течение которого счётчик фотонов не чувстви-
телен к падающему на него оптическому излуче-
нию [7, 8].

Одним из критериев оценки надёжности 
канала однофотонной связи, содержащего в ка-
честве приёмного модуля счётчик фотонов, яв-
ляется вероятность ошибочной регистрации 
данных [4, 5]. Исследования, выполненые в рабо-
тах [17, 18], показали, что применительно к кана-
лам однофотонной связи вероятность ошибочной 
регистрации данных определяется двумя состав-
ляющими: вероятностью стирания двоичного 
символа, а также вероятностью регистрации раз-
ноименных символов.

Вероятность стирания двоичного символа – 
это вероятность того, что при передаче двоично-
го символа («0» или «1») на выходе канала связи 
не будет зарегистрирован ни символ «0», ни сим-
вол «1» [17–20].

В случае передачи двоичного символа «0» 
под вероятностью регистрации разноименных 
символов будем понимать вероятность регистра-
ции на выходе канала связи символа «1» при на-
личии символа «0» на входе канала связи P(1/0), 
а в случае передачи двоичного символа «1» – ве-
роятность регистрации на выходе канала связи 
символа «0» при наличии символа «1» на входе 
канала связи P(0/1) [17–20].

Вероятность стирания двоичного символа 
может иметь место как при передаче двоично-
го символа «0», так и при передаче двоичного 
символа «1», и зависит от интенсивности реги-
стрируемого оптического излучения. Однако  
в литературных источниках отсутствует оценка 
влияния интенсивности регистрируемого опти-
ческого излучения при передаче информации  
в канале однофотонной связи, содержащем в ка-
честве приёмного модуля счётчик фотонов, на ве-
роятность стирания двоичного символа.

Объектом исследования являлся асинхрон-
ный двоичный несимметричный однородный 
волоконно-оптический канал связи без памяти и 
со стиранием, содержащий в качестве приёмного 
модуля счётчик фотонов на базе лавинного фото-
приёмника ФД-115Л, включённый по схеме пас-
сивного гашения лавины. Выбор в качестве объек-
та исследования такого канала связи обусловлен 
тем, что волоконно-оптический канал характери-
зуется наибольшей пропускной способностью по 
сравнению с другими средами передачи данных, 
например, металлическими проводами, откры-
тым пространством и пр. Асинхронный способ 
передачи и приёма информации не требует нали-
чия дополнительных линий связи для передачи и 
приёма синхроимпульсов [17–20]. Схема пассив-
ного гашения имеет ме́ньшую погрешность из-
мерений регистрируемого излучения благодаря 
отсутствию принудительного гашения лавинного 
пробоя, что выгодно её отличает от других схем – 
активного гашения и импульсного смещения p-n-
перехода (со стробированием). Фотоприёмники 
ФД-115Л используются для работы в ближнем 
ИК-диапазоне и за счёт применяемого при их 
изготовлении кремниевого полупроводникового 
материала характеризуются ме́ньшими шумами, 
связанными с умножением носителей, и лучшей 
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пороговой чувствительностью по сравнению 
с германиевыми и галлиевыми фотоприёмни-
ками. Также следует отметить, что кремниевые 
лавинные фотоприёмники позволяют реализовы-
вать режим счёта фотонов при комнатных темпе-
ратурах [8, 21–27].

Предметом исследования являлось уста-
новление влияния таких параметров лавинного 
фотоприёмника, как интенсивность регистрируе-
мого оптического излучения и напряжение пита-
ния, на вероятность стирания двоичных данных 
в канале однофотонной связи.

Целью данной работы являлось исследова-
ние влияния интенсивности регистрируемого 
оптического излучения при передаче двоичных 
символов «0» на вероятность стирания этих сим-
волов в канале однофотонной связи, содержащем 
в качестве приёмного модуля счётчик фотонов 
на базе лавинного фотоприёмника с включением 
по схеме пассивного гашения лавины.

Выражение для оценки вероятности  
стирания двоичных символов «0»

Дальнейшие рассуждения будут основаны 
на том, что передача информации осуществля-
ется по однофотонному каналу связи двоичными 
символами («0» и «1») в течение длительности 
времени τb . Причём при передаче символов «0» 
и «1» используются оптические сигналы мощ-
ностью W1 и W2 соответственно (W1 < W2), кото-
рые содержат от одного до нескольких десятков 
фотонов и транслируются в канал связи в тече-
ние времени однофотонной передачи ∆t = τb /2, 
а приём – с помощью счётчика фотонов, вы-
полненного на базе лавинного фотоприёмни-
ка, включённого по схеме пассивного гашения 
лавины [8]. Следовательно, в течение времени 
tз = τb /2 данные в канал связи не передаются, т. е. 
между каждой парой символов находится так на-
зываемый «защитный» временной интервал. По-
скольку символы «0» и «1» передаются импуль-
сами различной мощности, то на выходе счётчи-
ка фотонов за время ∆t формируется различное 
количество электрических импульсов, которое 
будет прямо пропорционально мощности опти-
ческого излучения. Всеми потерями информа-
ции, за исключением потерь в счётчике фотонов, 
пренебрегаем.

Вероятность стирания двоичных симво-
лов «0» для рассматриваемого канала связи 
равна [18]:

где N1 – нижний пороговый уровень регистра-
ции; nt – средняя скорость счёта темновых им-
пульсов на выходе счётчика фотонов; ns0 – сред-
няя скорость счёта сигнальных импульсов на вы-
ходе счётчика фотонов при передаче символов 
«0»; ∆t – среднее время однофотонной переда-
чи; τd – средняя длительность мёртвого времени 
продлевающегося типа; Pst0( N  ) – статистическое 
распределение смеси числа темновых и сигналь-
ных импульсов на выходе счётчика фотонов 
при регистрации двоичных символов «0».

Нижний пороговый уровень регистрации – 
это наименьшее число зарегистрированных на 
выходе счетчика фотонов импульсов, при кото-
ром делается вывод, что передан символ «0». 

При регистрации импульсов в количестве, 
меньшем N1, принимается решение, что символ 
отсутствует [17, 18].

Темновые и сигнальные – это импульсы, ко-
торые появляются на выходе счётчика фотонов 
соответственно в отсутствии оптического сигна-
ла и в результате воздействия фотонов регистри-
руемого излучения [8].

Скорость счёта темновых импульсов опре-
деляется как число импульсов, формирующихся 
на выходе приёмного модуля в единицу време-
ни, когда регистрируемое оп тическое излучение 
отсутствует [7, 8]. Скорость счёта сигнальных 
импульсов определяется как число импульсов, 
формирующихся на выходе приёмного модуля 
в единицу времени при воздействии фотонов из-
лучения. Для оценки скоростей счёта темновых 
и сигнальных импульсов используют их средние 
значения nt и ns0 соответственно [7, 8].

Важно также отметить, что поскольку счёт-
чик фотонов построен на базе лавинного фото-
приёмника с включением по схеме пассивного 
гашения лавины, он характеризуется мёртвым 
временем продлевающегося типа [8]. Длитель-
ность мёртвого времени продлевающегося типа 
зависит от интенсивности оптического излуче-
ния, поэтому для оценки этого времени исполь-
зуют его среднее значение [8]. Учитывая то, что 
регистрирующая аппаратура, входящая в состав 
счётчика фотонов, как правило, имеет мёрт-
вое время, много меньшее, чем мёртвое время  
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лавинного фотоприёмника [8], длительностью 
мёртвого времени регистрирующей аппаратуры 
пренебрегаем и при дальнейших рассуждениях 
его рассматривать не будем.

Описание методики проведения  
экспериментальных исследований

Статистические распределения, входящие 
в выражение (1), могут быть получены с исполь-
зованием установки, структурная схема которой 
представлена и описана в [28], поэтому в данной 
работе она не приведена. Расчёт нижнего порого-
вого уровня регистрации N1 выполнялся в соответ-
ствии с методикой [28] с выбором в качестве кри-
терия для её реализации минимального значения: 

где N2 – верхний пороговый уровень регистра-
ции; Pst1( N  ) – статистическое распределение 
смеси числа темновых и сигнальных импульсов 
на выходе счётчика фотонов при регистрации 
двоичных символов «1».

Верхний пороговый уровень регистрации – 
это наибольшее число зарегистрированных 
на выходе счётчика фотонов импульсов, при ко-
тором делается вывод, что передан символ «0». 
При превышении зарегистрированных импуль-
сов числа N2 делается вывод, что передан символ 
«1» [28].

При реализации методики уменьшения по-
терь информации [28] начальное значение крите-
рия KP выбиралось равным 103, которое устанав-
ливалось на первом этапе формирования масси-
вов данных статистических распределений смеси 
числа темновых и сигнальных импульсов Pst( N  ) 
и интенсивностей оптических сигналов J, а также 
на третьем этапе определения интенсивности 
оптического сигнала для передачи двоичных 
символов «1». Отметим, что при выполнении 
методики [28] также допускается использовать 
в качестве критерия наибольшее значение KP

–1, 
однако в этом случае на первом и третьем её эта-
пах в качестве начального значения критерия KP 
необходимо устанавливать значение 10–3. 

Таким образом, входными параметрами яв-
лялись [28]:

где Pst( N )(i) – i-ое статистическое распределение 
смеси числа темновых и сигнальных импульсов 
на выходе счётчика фотонов, соответствующее 
i-ой интенсивности оптического сигнала J (i), 
i = 2 ÷ m (m определяется объёмом накопленных 
данных числа импульсов).

Выходными параметрами являлись порого-
вые уровни зарегистрированных импульсов N1 и 
N2 и статистические распределения смеси числа 
темновых и сигнальных импульсов на выходе 
счётчика фотонов при регистрации двоичных 
символов «0» Pst0( N  ) и двоичных символов «1» 
Pst1( N  ). Также выходными параметрами явля-
лись интенсивности регистрируемых оптических 
излучений при передаче двоичных символов «0» 
J0 и двоичных символов «1» J1, соответствующие  

и  , которые вы-

бирались из массивов данных (3) и (4) в поряд-
ке, предусмотренном методикой уменьшения по-
терь информации [28]. Рассчитать вероятность 
стирания двоичных символов «0» можно путём 
подстановки в формулу (1) статистических рас-
пределений Pst0( N ) при выбранном значении N1.

Экспериментальные результаты и их 
обсуждение

Выполнены исследования зависимости ве-
роятности стирания двоичных символов «0» от 
интенсивности оптического сигнала, используе-
мого для передачи этих символов, проиллюстри-
рованные на рисунке 1.

Нижний и верхний пороговые уровни заре-
гистрированных на выходе счётчика фотонов им-
пульсов, а также статистические распределения 
смеси числа темновых и сигнальных импульсов 
на выходе счётчика фотонов при регистрации 
двоичных символов «0» Pst0( N ) определялись 
по методике, описанной выше. Расчёт вероят-
ности стирания двоичных символов «0» P(–/0) 
выполнен путём подстановки статистических 
распределений Pst0( N  ) и нижнего порогового 
уровня зарегистрированных на выходе счётчика 
фотонов импульсов N1 в формулу (1). Измере-
ния проводились при различных значениях на-
пряжения питания лавинного фотоприёмника  
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с использованием установки [28]. Отметим, что 
для реализации режима счёта фотонов напряже-
ния питания лавинного фотоприёмника выбира-
лись вблизи напряжения его лавинного пробоя, 
которое определялось по методике [8] и состав-
ляло 52,71 В. Интенсивности оптических излу-
чений J0 , используемых для передачи двоичных 
символов «0», нормированы на максимальное 
значение из исследуемого диапазона. Все иссле-
дования проводились при температуре 293 К.

Рисунок 1 – Зависимость вероятности стирания дво-
ичных символов «0» от интенсивности оптического 
сигнала, используемой для передачи этих симво-
лов; напряжение питания лавинного фотоприёмника 
ФД-115Л: 1 – × Uпит = 52,48 В; 2 – + Uпит = 52,54 В;  
3 – Uпит = 52,65 В

Figure 1 – Dependence of the probability of erasure of 
binary symbols «0» on the intensity of the optical signal 
used to transmit these symbols; supply voltage of the  
FD-115L avalanche photodetector: 1 – × U = 52.48 V; 
2 – + U = 52.54 V; 3 – U = 52.65 V

Из результатов, представленных на рисун-
ке 1, видно, что каждая из зависимостей P(–/0) от 
J0 имеет схожие тенденции изменения для всех 
исследуемых напряжений питания лавинного 
фотоприёмника. С увеличением интенсивности 
оптического сигнала J0 зависимости P(–/0) от J0 
спадают вплоть до своего наименьшего значе-
ния, после чего практически не меняются. Это 
весьма хорошо согласуется с результатами мате-
матического моделирования рассматриваемого 
канала связи, полученными в работе [18] при ис-
следовании зависимостей Pош0(ns0 ), и объясняет-
ся следующим.

При небольших значениях интенсивностей 
оптического сигнала J0 средняя скорость счёта 
сигнальных импульсов на выходе счётчика  
фотонов при передаче символов «0» ns0 не велика. 

Следовательно, вероятность регистрации на вы-
ходе счётчика фотонов импульсов в количестве, 
ра́вном нижнему пороговому уровню регистра-
ции N1 или бо́льшем, чем N1, также мала. В ре-
зультате вероятность стирания двоичных симво-
лов «0» P(–/0) весьма высока (см. рисунок 1). 

С увеличением интенсивности оптического 
сигнала J0 средняя скорость счёта сигнальных 
импульсов на выходе счётчика фотонов при пере-
даче символов «0» растёт. Это приводит к увели-
чению вероятности регистрации на выходе счёт-
чика фотонов импульсов, ра́вном или бо́льшем 
N1, поэтому зависимости P(–/0) от J0 спадают 
вплоть до своего наименьшего значения.

Важно отметить, что при прочих равных па-
раметрах приёма вероятность стирания двоич-
ных символов «0», соответствующая наимень-
шей из исследуемого диапазона интенсивно-
сти оптического сигнала J0 = 1,79·10−2 отн. ед., 
уменьшается с увеличением напряжения питания 
лавинного фотоприёмника и равна: 98,85·10−2 

для Uпит = 52,48 В; 85,67·10−2 для Uпит = 52,54 В; 
29,83·10−2 для Uпит = 52,65 В.

Объясняется это ростом средней скорости 
счёта темновых импульсов на выходе счётчика 
фотонов nt при увеличении напряжения пита-
ния лавинного фотоприёмника. Такой рост спо-
собствует увеличению средней скорости счёта 
смеси темновых и сигнальных импульсов на вы-
ходе счётчика фотонов при передаче символов 
«0» nst0, равной (nt + ns0). В этом случае максимум 
статистического распределения смеси числа тем-
новых и сигнальных импульсов Pst0( N ) при пере-
даче символов «0» смещается в сторону бо́льших 
значений N при одинаковой интенсивности J0,  
но более высоком напряжении питания лавинно-
го фотоприёмника [18].

Отметим, что указанные особенности из-
менения статистических распределений Pst0( N ), 
проявляющиеся с ростом напряжения питания 
лавинного фотоприёмника, полученные по ре-
зультатам выполненных экспериментальных ис-
следований, имели схожий вид с теоретическими 
распределениями [18], поэтому в данной работе 
распределения Pst0( N ) не приведены.

В результате при прочих равных параметрах 
приёма с ростом напряжения питания лавинного 
фотоприёмника Uпит вероятность стирания дво-
ичных символов «0» P(–/0) уменьшается. 

Причём это наблюдается во всём диапазоне 
интенсивности оптического сигнала, на кото-
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ром зависимости P(–/0) от J0 спадают вплоть до 
своего наименьшего значения (см. рисунок 1). 
Так, например, при интенсивности оптического 
сигнала J0 = 30,94·10−2 отн. ед. вероятность сти-
рания двоичных символов «0» равна: 74,19·10−2 
для Uпит = 52,48 В; 34,46·10−2 для Uпит = 52,54 В; 
8,26·10−2 для Uпит = 52,65 В.

Установлено, что при прочих равных параме-
трах приёма с увеличением напряжения питания 
лавинного фотоприёмника минимальная вероят-
ность стирания двоичных символов «0» P(–/0), 
полученная в исследуемом диапазоне интенсив-
ности оптического сигнала, уменьшается, одна-
ко затем растёт: 60,01·10−2 для Uпит = 52,48 В; 
0,11·10−2 для Uпит = 52,54 В; 0,21·10−2 для  
Uпит = 52,65 В.

Это обусловлено тем, что при увеличении 
напряжения питания лавинного фотоприёмника 
мёртвое время счётчика фотонов уменьшается, 
переходя в насыщение, а квантовая эффектив-
ность регистрации вначале растёт и после дости-
жения максимальной величины уменьшается [8]. 

По этим же причинам наименьшая интен-
сивность оптического сигнала J0 , при достиже-
нии которой зависимости P(–/0) от J0 переходят 
в насыщение, с ростом Uпит при прочих равных 
параметрах приёма также вначале увеличива-
ется, однако затем снижается. Так, например, 
насыщение зависимостей P(–/0) от J0 , которое 
определялось по 5%-ному отклонению вероятно-
сти P(–/0) от её минимального значения для со-
ответствующего напряжения питания лавинного 
фотоприёмника, наблюдалось при J0 ≥ 60,56·10−2 
для Uпит = 52,48 В; при J0 ≥ 98,94·10−2 для  
Uпит = 52,54 В; при J0 ≥ 98,74·10−2 для 
Uпит = 52,65 В.

Заключение

Применительно к асинхронному двоичному 
несимметричному однородному волоконно-оп-
тическому каналу связи без памяти и со стирани-
ем, содержащему в качестве приёмного модуля 
счётчик фотонов на базе лавинного фотоприём-
ника ФД-115Л с включением по схеме пассивно-
го гашения лавины, выполнена оценка влияния 
интенсивности оптического сигнала J0 , исполь-
зуемого для передачи двоичных символов «0», 
на вероятность стирания этих символов P(–/0).

На основе методики уменьшения потерь 
информации определены нижний N1 и верх-

ний N2 пороговые уровни зарегистрированных  
на выходе счётчика фотонов импульсов, а также 
статистические распределения смеси числа тем-
новых и сигнальных импульсов на выходе счёт-
чика фотонов при регистрации двоичных симво-
лов «0» Pst0( N ), при которых вероятность стира-
ния этих символов P(–/0) минимальная.

Выполненные экспериментальные результа-
ты показали, что для уменьшения вероятности 
стирания двоичных символов «0» P(–/0) важно 
подбирать не только интенсивность используе-
мого оптического излучения J0 , но и напряжение 
питания лавинного фотоприёмника Uпит . Это по-
зволяет достичь минимальных потерь информа-
ции в исследованном канале связи.

Установлено, что с увеличением интенсив-
ности оптического сигнала J0 зависимости P(–/0) 
от J0 спадают и, достигая своего наименьшего 
значения, переходят в насыщение. Спад зависи-
мости P(–/0) от J0 происходит в диапазоне интен-
сивности оптического сигнала J0, на котором с 
ростом J0 средняя скорость счёта сигнальных им-
пульсов на выходе счётчика фотонов при переда-
че символов «0» ns0 увеличивается. Определено, 
что в таком диапазоне интенсивностей оптиче-
ского сигнала J0 вероятность стирания двоичных 
символов «0» P(–/0) уменьшается с ростом Uпит 
при прочих равных параметрах приёма.

Получено, что минимальная вероятность 
ошибочной регистрации двоичных симво-
лов «0» для исследованного канала связи равна 
0,11·10−2 и соответствует J0 ≥ 98,94·10−2 отн. ед. 
и Uпит = 52,54 В, при которых мёртвое время 
счётчика фотонов минимально, а его квантовая 
эффективность регистрации максимальна.

Результаты, полученные в данной рабо-
те, могут быть использованы при создании си-
стем квантово-криптографической асинхронной 
связи, содержащих в качестве приёмных модулей 
счётчики фотонов с мёртвым временем продле-
вающегося типа и характеризующихся низкой 
вероятностью ошибок легитимного приёмного 
оборудования.

Автору настоящей работы представляются 
весьма актуальными исследования, направлен-
ные на обоснование выбора лавинного фото-
приёмника, используемого при построении счёт-
чика фотонов. Такие фотоприёмники могут от-
личаться как по структуре полупроводниковых 
областей, так и по площади фоточувствительной 
поверхности. В этой связи в ходе дальнейших 
комплексных исследований планируется опре-
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делить, как эти параметры влияют на вероят-
ность ошибочной регистрации двоичных данных  
применительно к асинхронному двоичному не-
симметричному однородному однофотонному 
каналу связи без памяти и со стиранием.
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ся цель работы; основную часть; заключение, в котором 
в сжатом виде сформулированы основные полученные 
результаты  с  указанием  их  новизны,  преимуществ  и 
возможностей  применения;  список  использованных 
источников.  Аннотация,  ключевые  слова,  список  ис-
пользованных источников  представляются  на  русском 
и английском языках.

6.  Аннотация  должна  быть  информативной  (со-
держать «выжимку» из всех разделов статьи – введения 
с указанием цели работы, методики, основной части и 
заключения). 

7.  Графический  материал  должен  быть  контраст-
ным  и  чётким.  Необходимо  придерживаться  единоо-
бразия  техники  исполнения  однотипных  иллюстра-
ций.  Рисунок  должен  располагаться  после  абзаца, 
содержащего  ссылку  на  него.  Не  допускается  разме-
щение  рисунков  в  конце  подраздела  и  статьи.  Изо-
бразительный  материал  вставляется  в  текст  статьи, 
а  также даётся в  виде отдельных файлов  (формат tif, 
jpg, разрешение не менее 300 dpi). Текст на рисунках 
набирается основной гарнитурой; размер кегля соизме-
рим  с  размером  рисунка  (желательно  8  пунктов).  Все 
рисунки  нумеруются  и  сопровождаются  подрисуноч-
ными  подписями.  Фрагменты  рисунка  обозначаются 

строчными  курсивными  латинскими  буквами  –  «a», 
«b» и т. д.  Надписи  на  рисунках  и  подписи  к рисун-
кам  даются  на  русском  и  английском  языках. Все  со-
кращения  и  обозначения  должны  быть  расшифрова-
ны  в подрисуночной  подписи.  Рисунки  желательно  
предоставлять в цвете. На рисунках должны быть ука-
заны оси с обозначением приводимых величин и мас-
штабов.  На  графиках  не  нужно  давать  координатную 
сетку,  если  это  не  осциллограмма.  Во  всех  случаях 
на рисунках должен быть приведён масштаб.

8.  У  графиков,  имеющих  числовые  значения 
по осям,  рамки  должны  быть  открыты,  а  засечки  на-
правлены внутрь рамки. На рисунках, представляющих 
собой графики зависимостей, не следует делать размер-
ную сетку, следует дать лишь засечки на осях, причем 
все засечки должны быть оцифрованы. Если оси на ри-
сунках  оцифрованы,  то  они  завершаются  на  позиции 
очередной  засечки,  где  засечка  не  ставится,  а  вместо 
числовых значений даются обозначения переменной и 
единица измерения. Если  оси не  оцифровываются,  то 
они завершаются стрелками, рядом с которыми даются 
обозначения переменных без единиц измерения.

9.  Полутоновые фотографии приборов или их ча-
стей  представляются  при  публикации  в  тех  случаях, 
когда они несут существенную информацию, которую 
нельзя выразить иным способом. Фотографии должны 
быть  высококачественными,  контрастными,  с  хорошо 
различимыми деталями. 

10.   Иллюстрации  (графики,  диаграммы,  схемы, 
чертежи),  рисованные  средствами MS Office,  должны 
быть  контрастными  и  чёткими.  Недопустимо  нанесе-
ние средствами MS Word каких-либо элементов поверх 
вставленного в файл рукописи рисунка  (стрелки, под-
писи)  ввиду  большого  риска  их  потери  на  этапах  ре-
дактирования и  вёрстки. Иллюстрации должны иметь 
размеры,  соответствующие  их  информативности: 
8–8,5 см  (на одну колонку),  17–17,5 см  (на две колон-
ки) или 23 см (во весь лист). Поэтому желательно изо-
бражать отдельные элементы и надписи на рисунке так, 
чтобы  при  уменьшении  масштаба  рисунка  до  одного 
из указанных размеров буквы и цифры приобрели вы-
соту 2–2,5 мм, элементы схем 3–5 мм, отдельные точки 
1 мм, а линии должны быть при этом разнесены на рас-
стояние не менее 0,5–1 мм.

11. Надписи и  обозначения  на  иллюстрациях  сле-
дует  располагать  так,  чтобы  они  не  соприкасались 
ни с какими  её  частями.  На  задний  план  иллюстрации 
желательно не добавлять серый (цветной) фон или сетки.

12.  Таблицы  не  должны  дублировать  графи-
ки. Каждая  таблица  имеет  заголовок. На  все  таблицы 
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и  рисунки  следует  давать  ссылки  в  тексте.  Таблицы 
не должны  содержать  вертикальные  линии,  делящие 
таблицу  на столбцы.  Название  и  содержание  таблиц 
представляется на русском и английском языках. 

13.  Обозначения  и  сокращения,  принятые  в  ста-
тье, расшифровываются непосредственно в тексте.

14. Размерность всех величин, принятых в статье, 
должна соответствовать Международной системе еди-
ниц измерений (СИ). 

15. Набор  формул  должен  проводиться  в  редак-
торе MathType  целиком. Набор  формул  из  составных 
элементов не допускается, номера формул – по право-
му краю. Нумеруются лишь формулы, на которые есть 
ссылки в тексте. 

16. Необходимо  использовать  следующие  уста-
новки  редактора  формул.  Размеры:  полный  –  10 пт, 
подстрочный – 9 пт, под-подстрочный – 7 пт, символ – 
14,5 пт,  подсимвол  –  12,5 пт.  Стили:  текст,  функция, 
число,  кириллица – шрифт «Times New Roman»,  век-
тор-матрица  –  шрифт  «Times  New  Roman»,  жирный; 
греческий малый, греческй большой, символ – шрифт 
«Symbol»,  прямой;  переменная  –  шрифт  «Times  New 
Roman», курсив. 

17. Отдельные  строчные  буквы  и  специальные 
символы  набираются  в  тексте  гарнитурой  Symbol 
без использования редактора формул.  При наборе 
формул  и  буквенных  обозначений  необходимо  учи-
тывать  следующие правила: русский алфавит не ис-
пользуется; греческие буквы, математические символы 
(grad, div,  ln, min, max и др.), единицы измерения (Вт, 
Дж, В, кг и др.), кириллические буквы, сокращения от 
русских слов (qср  ); обозначения химических элементов 
и соединений (в т. ч. в индексе) набираются прямо; ла-
тинские  буквы  –  переменные  и  символы  физических 
величин (в т. ч. в индексе) набираются курсивом; век-
торы – жирным шрифтом (стрелки вверху не ставятся).

18. Начертание  обозначений  в  формулах  и  в  ос-
новном  тексте  должно  быть  полностью  идентично. 
В  расшифровке  формул,  которая  начинается  словом 

«где», символы и их порядок должны соответствовать 
символам и их порядку следования в формулах.

19. Список  использованных источников  составля-
ется  в  порядке  упоминания  ссылок  по  тексту,  должен 
содержать полные библиографические данные и приво-
дится в конце статьи. Не рекомендуется давать ссылки 
на материалы конференций, статьи из электронных жур-
налов без идентификатора DOI,  учебные пособия, ин-
тернет-ресурсы.  Ссылки  на  неопубликованные  работы 
не допускаются. Желательно, чтобы количество ссылок 
было не менее 10; самоцитирование – не более 20 %.

20. Авторы на отдельной странице предоставляют 
о себе  следующие  сведения:  фамилия,  имя,  отчество, 
ученая  степень  и  звание,  место  работы  и  занимаемая 
должность, адрес электронной связи.

21. Статьи, излагающие результаты исследований, 
выполненных в учреждениях, должны иметь  соответ-
ствующее  разрешение  на  опубликование  в  открытой 
печати.

22. При необходимости в конце основного текста 
указываются наименование фонда, оказавшего финан-
совую  поддержку,  или  уровень  и  наименование  про-
граммы,  в  рамках  которой  выполнена  работа,  на  рус-
ском и английском языках.

23. Авторы  несут  ответственность  за  направле-
ние в редакцию статей, ранее уже опубликованных или 
принятых к печати другими изданиями.

24. Статьи,  не  соответствующие  перечисленным 
требованиям,  к рассмотрению не принимаются и  воз-
вращаются авторам. Датой поступления считается день 
получения редакцией первоначального варианта текста.

25. Редакция  предоставляет  возможность  перво-
очередного опубликования статей лицам, осуществля-
ющим послевузовское обучение (аспирантура, доктор-
антура,  соискательство),  в  год  завершения  обучения; 
не взимает плату с авторов за опубликование научных 
статей;  оставляет  за  собой  право  производить  редак-
торские правки, не искажающие основное содержание 
статьи.



1. Article materials should correspond to the journal 
profile and be clearly written.

2. An article should be submitted in Russian or Eng-
lish and will be published in its original language.

3. Articles received by the Editorial Board will be re-
viewed by 2 specialists. The main criteria of accep tance are 
theme actuality, information value, and scientific novelty.

4. All materials should be submitted in two hard copies 
together with electronic file in the Word for Windows format 
(97/2000/2003). The paper should not exceed 14 pages of the 
typewritten text (Times New Roman, 12 points, 1.5-space).

5.  The  article  should  contain  UDC  number,  Title 
(printed  in  capitals), Authors’  names  (the  corresponding 
author name should be marked with asterisk), full Address 
of  organization(s)  in  which  the  author(s)  work, Abstract 
(200–250 words), Keywords (not more than 5 words), In-
troduction, the Text of the paper with tables, diagrams and 
figures  (if  there  are  any),  Conclusion with  clearly  stated 
inferences,  List  of  References,  List  of  Symbols  and Ab-
breviations  (if  it  is necessary). Title, Authors’ names and 
affiliation(s), Abstract, Keywords should be presented both 
in English and Russian languages.

6. The  abstract  should  be  informative  (contain 
«squeeze» from all sections of the article – the introduction 
stating  the  purpose  of  the work, methods, main  part  and 
conclusion).

7. Figures  should  be  black-and-white,  represented 
in graphical formats tif, attached with Excel or MS Graph 
and added with captions. All symbols in figures should be 
descripted. 

8.  Tables  should  be  placed  directly  in  the  article 
body. Diagrams and tables should not contain the same in-
formation. Each table should have the title. All tables, dia-
grams and figures should be referenced in the text.

9. Symbols and abbreviations which are used in ar-
ticles should be deciphered directly in the text and also (if 
necessary) taken out on a separate page.

10. Dimensions of all quantities used in the article 
should correspond to International System of Units. 

11. Formulas should be taped in MathType. 
12. List  of  References  is  to  be  placed  at  the  end 

of  the  article  with  full  bibliographic  information.  Or-
der of references should correspond to the order of their 
occurrence  in  the  text.  It  is  not  recommended  to  refer 
to conference proceedings, papers from electronic jour-
nals without DOI number, textbooks, internet resources. 
References  on  unpublished works  are  prohibited.  It  is 
recommended  to  refer  to  not  less  than  10  references, 
self-citations – not more than 20 %/

13. The  following  information about every co-au-
thor should be presented: family name, first name, pat-
ronymic (or second) name (if  there are any), scientific 
degree and title, organization and posi tion, full address 
with the postal code for correspondence, office or mo-
bile phone numbers, fax, e-mail.

14. Articles  containing  investigation  results  ob-
tained  in  organizations  should  have  a  corresponding 
per mission for publication.

15. Names of Foundations or Programs financially 
granted  the  research may be  acknowledged  in  the  end 
of the text.

16. Authors are responsible for submitting articles 
previously published or accepted by other publisher.

17. Articles  not  meeting  the  requirements  of  the 
Editorial Board would not be accepted and may be re-
turned to the authors. The date of receipt is considered 
to be the day when the Editorial Board receives the au-
thor’s original paper.

18. Authors  conducting  postgraduate  (graduate 
studies,  doctoral  studies) have a priority  in publishing 
their articles out of queue in the year of completion. Au-
thors do not pay  for publishing  scientific articles. The 
Editorial Board can shorten and/or change the text if it 
does not strain the meaning of the article.
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