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Abstract 
One of the significant weaknesses of excimer laser-based vision correction devices is the difficulty  

of achieving a required change in the refractive properties of the cornea to sharply focus the image  
on the retina with distance from the working area (ablation zone) center to the periphery due to a change  
in the laser beam incidence angle. The study is aimed at improving the quality of laser action on the eye 
cornea by introducing an optical corrective system into the existing excimer laser vision correction equip-
ment, ensuring the coincidence of the direction of the laser beam incidence on the corneal surface with the 
normal.

It has been shown that the greater the reflection coefficient, the lower the absorbed energy, and the 
shallower the laser radiation penetration and ablation depths, which reduces the laser action opportunities 
and quality. When using excimer laser vision correction devices, it has been proposed to change the angle  
of the laser beam incidence on the cornea with a distance from the working area (ablation zone) center  
to the periphery during the surgery by introducing an optical corrective system based on a lightweight 
controllable and movable mirror, which allows achieving the coincidence of the direction of the laser beam 
incidence on the corneal surface with the normal.

The studies have shown that the coincidence of the laser beam incidence on the corneal surface 
at any point with the normal when using a priori data on the specifics of the patient's eye allows expan-
ding the functional opportunities of excimer laser photoablation, i. e., expand the ablation zone by 30 % 
and eliminate the possibility of errors caused by the human factor. The technique proposed can be used  
for excimer laser vision correction according to PRK, LASIK, Femto-LASIK, and other methods. To 
implement this approach, a patented excimer laser vision correction unit has been proposed with a PC-
controlled optical shaping system comprising galvo motor platforms and galvo mirrors installed on them. 

Keywords: photoablation, optical correction system, excimer-laser vision correction, angle of incidence  
of the laser beam on the cornea.
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Одним из существенных недостатков устройств для коррекции зрения на основе эксимерных 
лазеров является трудность достижения заданного изменения преломляющих свойств роговицы  
для чёткой фокусировки изображения на сетчатке с удалением от центра рабочей зоны (зоны абля-
ции) к периферии в связи с изменением угла падения лазерного луча. Целью исследования являлось 
повышение качества лазерного воздействия на роговицу глаза за счёт введения в существующую ап-
паратуру для эксимер-лазерной коррекции зрения оптической корректирующей системы, обеспечи-
вающей совпадение направления лазерного луча, падающего на поверхность роговицы, с нормалью.

Показано, что чем больше коэффициент отражения, тем меньше поглощённая энергия, тем мень-
ше глубина проникновения лазерного излучения и меньше глубина абляции, что снижает возмож-
ности и качество лазерного воздействия. Предложено при использовании устройств для эксимер-ла-
зерной коррекции зрения изменять в процессе операции угол падения лазерного луча на роговицу  
с удалением от центра рабочей зоны (зоны абляции) к периферии за счёт введения оптической кор-
ректирующей системы на основе управляемого, лёгкого подвижного зеркала, что позволяет добиться 
совпадения направления лазерного луча, падающего на поверхность роговицы, с нормалью. 

Проведённые исследования показали, что совпадение лазерного луча, падающего на поверхность 
роговицы в любой точке с нормалью, при использовании априорной информации об индивидуаль-
ных особенностях глаза пациента, позволяет расширить функциональные возможности фотоабляции  
эксимерным лазером, а именно, увеличить зону абляции на 30 % и исключить вероятности ошибок 
из-за человеческого фактора. Предложенная методика может быть использована для эксимер-лазер-
ной коррекции зрения по методикам PRK, LASIK, Femto-LASIK и др. Для реализации данного подхо-
да предложена защищённая патентом установка для эксимер-лазерной коррекции зрения с управляе-
мой от компьютера оптической формирующей системы, включающей платформы с гальвоприводом 
и установленными на них гальвозеркалами. 

Ключевые слова: фотоабляция, оптическая корректирующая система, эксимер-лазерная коррекция 
зрения, угол падения лазерного луча на роговицу.
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Introduction

Ophthalmology was the first medicine branch 
to use lasers [1–4]. Various lasers with wave-
lengths from 193 nm to 10.6 µm are used to treat eye 
diseases. The nature of laser radiation impact differs 
for various biomaterials with specific properties. 
Accordingly, in each case, specific parameters are 
chosen: wavelength, duration of exposure, power, 
pulse repetition rate, etc. [5]. The laser radiation 
wavelength determines the application area of the 
laser in ophthalmology. Excimer lasers emit energy 
in the UV range (193–351 nm wavelength). These 
lasers allow removing specific surface layers of 
tissue with an accuracy of 500 nm using photoabla-
tion (evaporation).

Vision correction technology is based on 
profiling the cornea's outer surface. Removing 
tissue in the central area corrects myopia [6], 
evaporation of the cornea peripheral part allows 
correcting hyperopia, and dosed removal in 
different cornea meridians allow eliminating 
astigmatism [7]. Despite the widespread use of 
excimer lasers for vision correction, such devices 
have a significant drawback, i. e., the difficulty of 
achieving a required change in the refractive cor-
nea properties (upward or downward) to accura-
tely focus the image on the retina with a distance 
from the working area (ablation zone) center to 
the periphery due to a change in the laser beam 
incidence angle. This limits side vision; peripheral, 
binocular vision deteriorates; in the dark, problems 
occur, associated with a contrast decay, nocturnal 
myopia, glare, and halos. Higher-order aberrations 
are also difficult to correct.

In this regard, the study is aimed at improving 
the quality of laser action on the eye cornea by 
introducing an optical corrective system into the 
existing excimer laser vision correction equipment, 
ensuring the coincidence of the direction of the 
laser beam incidence on the corneal surface with the 
normal. 

Approaches used

Like any optical system, the human eye 
features optical defects – aberrations deteriorating 
the vision quality by distorting the image on the 
retina. Aberration is any angular deviation of a 
narrow parallel light beam from the point of ideal 
intersection with the retina as it passes through 
the entire optical system of the eye. In technical 

optics, the optical system quality is determined by 
the aberrations of a plane or spherical front of a 
light wave passing through this system. Thus, an 
eye without aberrations has a flat wavefront and 
ensures the most accurate point source image on the 
retina (the so-called Airy Disk, the size of which 
depends only on the pupil diameter). But normally, 
even with 100 % visual acuity, optical defects of 
the light-refracting eye surfaces distort the beam 
path and form an incorrect wavefront distorting the 
image on the retina. The quantitative characteristics  
of the image’s optical quality are the root-mean-
square errors in the real wavefront deviation from 
the ideal one. German mathematician Zernike sug- 
gested using a series of polynomials to describe 
wavefront aberrations. An optical system is 
considered good if the Zernike coefficients are close 
to zero and, therefore, the wavefront root-mean-
square error is less than 1/14 of the light wave-
length (Marechal criterion). This coefficient allows 
forecasting visual acuity by simulating the image  
of any optotypes on the retina. 

There are excimer laser-based vision correction 
devices, using the following laser methods and 
technologies to correct vision:

– Flying Spot technology. Its distinctive feature 
is the flying spot system – the excimer laser beam 
“flies” all over the treatment area surface and 
polishes the cornea by shooting a large number of 
laser pulses. The damage is minimal due to split- 
ting the energy into mini-pulses;

– Eye Tracking technology. The vision correction 
excimer laser is equipped with a control system 
pointing the laser beam at the area to be treated 
with micrometer precision. This laser technology 
compensates for the patient’s all involuntary eye 
movements. Its precision allows using it to treat 
patients with eye twitching syndrome (nystagmus);

– Topographic Laser Treatment technology. 
The topographic excimer laser system allows using 
it, considering the specifics of each eye. This means  
that only certain cornea areas will be evaporated, 
while the rest are saved. Topographic technology 
is espe-cially widely used for postoperative 
correction (e. g., scars, irregular astigmatism).

All the absorbed laser radiation energy E is 
spent to heat the biological tissue volume V0 to the 
boiling point Тb – (E1 ) and evaporate this biological 
tissue volume (E2 ) (with the widespread assumption 
of identification of biological tissue with water).  
The E energy is determined by the equation:
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E = E1 + E2 = Pa t = Cp m ∆T + χ m = Cp ρ h0 ∆T d0
2/4A +  

+ ρ χ d0
2/4A = ρ h0 (Cp ∆T + χ ) d0

2/4A,                        (1)

where Pa is the absorbed radiation power, W;  
t is the time of the biological tissue exposure to 
laser radiation, s; Cp is the specific heat capacity 
of biological tissue, kJ/deg∙kg; m is the mass of 
heated and evaporated biological tissue, kg; ρ is the 
biological tissue density, kg/m3; d0 is the Gaussian 
beam diameter, m; h0 is the radiation penetration 
depth at the 1/е2 level; ∆T is the increment of the 
biological tissue temperature when heating, °С 
(∆Т = Т – 36.6 °С); χ is the specific energy of water 
evaporation, kJ/kg.

Considering the calculated value of the 
coefficient A = 2.31, equation (1) will take the form: 

E = 0.34 ρd0
2h0 (Cp ∆T + χ ).                                   (2)

According to equation (2), the energy spent 
on heating and evaporating biological tissue is 
proportional to the radiation penetration depth h  
and the temperature T required to achieve any ther-
mal and, hence, surgical effect (ablation tempe- 
rature T = 250–300 °С).

Ablation (from Late Latin ablatio – taking 
away) is removing material from a solid surface with 
a stream of hot gas. Laser ablation is removing ma-
terial from a surface with a laser pulse. At low laser 
power, materials evaporate or sublime in the form  
of free molecules, atoms, and ions, forming a 
weak non-luminous plasma, usually dark, over 
the irradiated surface. When the laser pulse power 
density exceeds the ablation regime threshold, a 
micro explosion occurs, forming a crater on the 
material surface and a luminous plasma.

The absorbed energy E is less than the inci-
dent energy and depends on the reflection coeffi-
cient (Кref  ):

E = [1– (Кref   + Кtr  )]Рt /S,    (3)

where P is the radiation power, W; t is the exposure 
time, s; S is the irradiation area, m2; Кref is the laser 
beam reflection coefficient; Кtr is the transmittan- 
ce of the irradiated biological tissue.

For wavelengths of 0.63 and 0.89 µm, the 
biological tissue transmittance is 0.12 and 0.41, re-
spectively.

According to equation (3), the higher the 
reflection coefficient, the lower the absorbed energy, 
and the shallower the laser radiation penetration  
and ablation depths.

Figure 1 plots the dependence of the reflection 
coefficients for the TM-wave (the light polarization 
state, where the electric vector is perpendicular to the 
incidence plane) and the TE-wave (the polarization 
state, where the electric vector lies in the polarized 
light incidence plane) on the incidence angle. For 
unpolarized light, the curve will pass in the middle.

As the plot shows, with an increase in the 
incidence angle over 10°, the reflection coefficient 
starts increasing, and with an angle over 60°, it starts 
growing sharply.

Figure 1 – The dependence of the reflection coefficients 
Кref for the polarized light TE-wave (curve 1) and TM-
wave (curve 2) on the incidence angle

When the laser beam deviates from the normal, 
the reflection coefficient increases and can reach  
unity when the laser beam is fully reflected. Consi-
dering that the incidence angle is the angle between 
the laser beam incident on the cornea surface and  
the normal to the surface at the incidence point 
(Figure 2), in the working area center, the laser 
beam incidence angle ОАО is zero, and with a maxi- 
mum working area diameter of 8.2 mm, depending 
on the distance from the optical shaping system to 
the cornea, can reach 60° (ОВС angle).

The correction system operating principle 
and the study results

To reduce the laser beam deviation from the 
normal and, accordingly, the beam reflection coef-
ficient, an optical corrective system is required. 
Directing a laser beam OB with a given laser radia-
tion wavelength using this system onto a reflective 
surface, i. e., a relatively lightweight control-lable 
movable mirror with a coating capable of reflecting 
the laser beam at a relatively high speed and located 
appropriately, the coincidence of the direction of the 
laser beam incidence on the corneal surface with the 
normal can be achieved (ОСВ angle in Figure 3). 
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Figure 2 – The angle of the laser beam incidence on the 
cornea

Figure 3 – The angle of the laser beam incidence on the 
cornea with a mirror   

The proposed approach allows expanding the 
device functionality by changing the laser beam 
incidence angle on the cornea with distance from 
the working area (ablation zone) center to the pe-
riphery. It also allows changing the laser operating 
modes directly during the surgery, while eliminating 
the likelihood of errors caused by the human factor.

The technical result obtained in this case is 
achieved by introducing an optical correcting sys-
tem comprising platforms with a galvo drive and 
galvo mirrors installed on them into the excimer 
laser vision correction device consisting of an 
excimer laser, a laser operating mode control unit, 
an optical shaping system, a computer, and an algo-
rithm controller [8].

The proposed technique can be used for excimer-
laser vision correction according to PRK. 

The studies have shown that the coincidence 
of the laser beam incidence on the corneal surface 
at any point with the normal when using a priori 
data on the specifics of the patient's eye allows 

expanding the functional opportunities of excimer 
laser photoablation. The technique proposed can be 
used for excimer laser vision correction according  
to PRK (Photorefractive Keratectomy), LA-
SIK (Laser Keratomileusis), Femto-LASIK, and 
LASEK [9–12]). 

Along with obtaining a required corneal pro- 
file, the corneal surface quality in the ablation zone  
is of great importance [13–15].

For the stable operation of the complex propo-
sed, the mirror rotation should be controlled until the 
laser beam coincides with the normal. To do this, the 
mirrors are made semitransparent, and a reflected 
light flux sensor is installed in the center of the 
mirrors. By the reflected light flux energy, the beam 
coincidence with the cornea normal is controlled. 
The sensor is installed on the reverse side of the 
mirror does not interfere with the mirror operation in 
directing the light flux to a given area of the cornea. 
The sensor is connected to a digital measuring sys-
tem transmitting data to a computer, which estimates 
the beam coincidence with the normal and generates 
control signals to move (rotate) the mirrors.

The problem of adjusting the mirrors to achieve 
the laser beam coincidence with the normal is 
reduced to that of finding an extremum on the 
reflected radiation energy curve. Adjustment takes 
a certain time and is performed under the condition 
of the minimum laser beam energy not affecting the 
cornea. After the adjustment, with the chosen mirror 
positions, a therapeutic or surgical procedure can 
start with an increase in the laser energy. 

However, there is an issue with the cornea 
surface irregularity. If the beam aperture is less than 
the corneal surface irregularities, then the beam 
tuning will be complicated since the beam reflection 
will depend on the shape and size of the surface 
irregularities.

When the laser beam probes the cornea, the 
reflection of the beam from the surface, associated 
with the corneal irregularity, will depend on the 
corneal surface irregularity (Figure 4), where d1 is 
the expanded beam aperture, d2 is the beam aperture 
less than the irregularity element size h. In this case, 
if the beam aperture is less than the irregularity 
size (d2 ≤ h), then the beam reflection will depend on 
the irregularity element geometry. If the beam apertu-
re is much more than all the irregularities (d1 >> h), 
then the maximum reflection will be achieved when 
the beam coincides with the normal. It is also known 
that according to Rayleigh law, the irregularity size 
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should be less than the probing radiation wavelength 
to talk about the corneal surface smoothness.

Therefore, the beam tuning aperture should be 
several times larger than the size of irregularities.

In this case, there are two approaches to choosing 
the aperture:

1. The tuning aperture is the same as that the 
treatment one.

2. The tuning aperture is larger than the treatment 
one.

To compare different approaches, statistics on 
the nature (irregularities) of the cornea in different 
patients should be obtained.

Figure 4 – The laser beam reflection from the cornea 
surface

A different laser radiation wavelength can be 
used for tuning, which may improve the tuning 
accuracy, but in this case, the optical transmission 
scheme should coincide with that of the main 
laser. To do this, fiber-optic lines and schemes for 
converting radiation from two lasers to a common 
one for probing the cornea can be used.

The created complex has two operating modes:
1 – adjusting the complex on a patient at low 

radiation energy with an enlarged aperture using one 
or two lasers.

2 – a working situation when the main laser beam 
aperture reduces with an increase in the radiation 
energy to that required for the specific treatment. 

To check the correctness of using the proposed 
technique to set the laser radiation exposure modes, 
a step wedge has been reproduced1 when changing 
the direction of the laser beam incidence on the 
material (plexiglass). For the experiment, PMMA 
acrylic glass has been used to adjust and set the Laser 
Scan unit modes from zero to 30°. To measure micro 

1 GOST 24930–81. Facsimile Equipment Gray Scale.  
Moscow: Publishing House of Standards, 1981, 7 p. 

irregularities on the sample outer surface, an MII-4 
interference microscope was used2.     

According to the scientific and technical 
requirements for the surface roughness, the arith-
metic mean deviation of the profile and the height 
of the profile irregularities taken at 10 points at the 
same step have been determined and calculated. 
The random value of the profile irregularities 
xi has a discrete random distribution; then the 
arithmetic mean profile deviation is determined by 
the formula:

where N is the number of surface micro irregularity 
measurements for one wedge step.

The results of the calculation by equation (4) are 
shown in Figure 5.

Figure 5 – The arithmetic mean deviation of the surface 
micro irregularities

The central limit theorem allows asserting  
that whenever a random variable is a result of adding 
a large number of independent random variables, the 
variances of which are small compared to that of the 
sum, this random variable distribution law turns out 
to be virtually a normal law. Since random variables 
are always generated by an infinite number of 
reasons, and most often none of them has a variance 
comparable to that of the random variable itself, then 
most of the random variables occurring in practice 
are subject to the normal distribution law. The 
literature data do not contradict this. According to the 
law of large numbers, the random micro irregularity 
mean values have a normal distribution. There- 
fore, according to the three-sigma rule (3σ), almost 

2 Interference Microscope MII ‒ 4 [Electronic 
resource]. Microscopes and Accessories [Site]. URL: 
http://www.mbs10.ru/mii-4.html (date of access: 
03.17.2021).
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all values of a normally distributed random variable 
lie within the interval (M(x) – 3σ; M(x) + 3σ) with 
a probability of 0.997, where М(х) is the mathe-
matical expectation. For clarity of data presen- 
tation, the variance has been calculated. The 
calculation results are shown in Figure 6.

Figure 6 – Dispersion of the surface profile deviation

From a visual point of view, dispersion is an 
indicator of the plexiglass surface micro irregu- 
larity. Dispersion is a measure characterizing the 
spread of values of a random micro irregularity 
variable xi relative to its mathematical expectation 
M(x). If the variance is small, then the random 
variable values xi  are close to each other. If it is  
lar-ge, the values xi  are far from each other. The 
random variable xi variance is calculated by the 
following formula:

where n is the random variable xi measurement 
number.

Conclusion

The analysis of the optical corrective system 
characteristics has shown that changing the laser 
operating modes directly during the surgery is 
promising for expanding its functionality by 
changing the laser beam incidence angle on the 
cornea with distance from the working area (abla- 
tion zone) center to the periphery, thereby elimina- 
ting errors caused by the human factor.

The changes to the system design allow 
controlling the beam aperture and radiation 
energy. Depending on the algorithm chosen, two 
operating modes are possible: tuning and treat- 
ment. Thereat, in the tuning mode, a laser with a 
different radiation wavelength can be additionally 
used. These procedures can be controlled by a 

computer. Improving the system functionality  
allows for an effective treatment. The calculation  
and experimental results show that the ablation zone 
can be increased by 30 %.

The scientific and technical solutions provided 
herein can be used in both creating new treatment 
complexes in ophthalmology and improving existing 
ones. 
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Abstract 
One of the important tasks in carrying out a computational justification of the reliability and safety  

of equipment that is part of the projected nuclear power plants today is the modeling of the bubbly regime 
of the coolant flow. In this regard the aim of this work is the use of extended methods of using matrix 
conductometric systems which are widespread in research practice for study of gas-liquid flows.

The work uses a method of primary processing of experimental data aimed at eliminating of excess 
conductivity in the cells of the developed wire mesh sensor which makes it possible to obtain the values  
of the true volumetric gas content in the investigated area.

Subsequent analysis of the possibilities to estimate the volumes of registered gas bubbles by the 
gradient method as well as the size of the interface in the sensor cells which plays a key role in modeling  
the interfacial heat and mass transfer.

Comparison of readings values with the control instruments cues showed a good agreement.  
The presented work is an adaptation of the use of a conductometric measuring system for the study 
of multicomponent flows with the aim of further application for the study of two-component flows  
in the channels of the core simulator using wire mesh sensors.
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Применение электроимпедансного метода измерений 
при исследовании пузырьковых режимов течения 
двухкомпонентного потока
И.А. Коновалов, А.А. Чесноков, А.А. Баринов, С.М. Дмитриев, А.Е. Хробостов,  
М.А. Макаров

Нижегородский государственный технический университет имени Р.Е. Алексеева, 
ул. Минина, 24, г. Нижний Новгород 603950, Россия

Поступила 28.09.2021
Принята к печати 08.10.2021

Одной из важных задач при проведении расчётного обоснования надёжности и безопасности 
оборудования, входящего в состав проектируемых ядерных энергетических установок, на сегодня 
является моделирование пузырькового режима течения теплоносителя. В связи с этим, целью данной 
работы являлось изучение особенностей движения газового пузыря в жидкой среде, а также отработ-
ка и расширение методических особенностей применения матричных кондуктометрических систем, 
получивших широкое распространение в исследовательской практике, для исследования газожид-
костных потоков.

В работе изложен способ первичной обработки экспериментальных данных, направленный 
на устранение избыточной проводимости в ячейках разработанного сетчатого датчика, что позволило 
получить значения истинного объёмного газосодержания в исследуемой области.

Последующий анализ позволил оценить объёмы регистрируемых газовых пузырей градиентным 
методом, а также величину плотности межфазной поверхности в ячейках датчика, которая играет 
ключевую роль при моделировании межфазного тепло- и массообмена.

Сравнение полученных величин с показаниями контрольно-измерительных приборов экспери-
ментальной установки показало хорошую степень соответствия. Представленная работа является 
адаптацией применения кондуктометрической измерительной системы для исследования многоком-
понентных потоков с целью дальнейшего применения для исследования двухкомпонентных потоков 
в каналах имитатора активной зоны при помощи сетчатых кондуктометрических датчиков.

Ключевые слова: сетчатый кондуктометрический датчик, двухслойный датчик, пузырьковое 
течение.
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Introduction

Justification of the reliability, safety and 
efficiency of nuclear power plant circuits is an 
important task for developers. The success is directly 
related to the introduction of new technical solutions 
which in turn require a preliminary numerical 
simulations.

The operating modes of power equipment are 
determined by a set of hydrodynamic processes often 
accompanied by the presence of a two-component 
flow. For example some Russian projects of low 
and medium power NPPs use gas pressurizers 
which causes the dissolution of N2 in the primary 
coolant. During normal operation of the system, the 
concentration of dissolved gas in the pressurizer and 
the primary coolant comes to a certain stationary 
distribution, however power variation and a change 
in the primary coolant temperature in a number of 
modes causes the release of a gas phase as well 
as a change in the conditions of gas solubility in 
the coolant, which can lead to a violation in the 
operation of the primary circuit equipment:

– loss of head, deviation from the nominal 
characteristics during the operation of the circulation 
pumps;

– deterioration of heat transfer, entailing wall 
boiling on the fuel element cladding, which leads 
to an increase in temperature and the risk of local 
burnout with subsequent corrosion;

– disturbances in the operation of control and 
measuring devices.

In addition there is a problem of studying the 
structure of a gas-liquid flow, since two-component 
flows play a major role in such processes as 
cavitation, bubbling and many others. In particular, 
the hydrodynamics of gas-liquid flows determines 
the operability of some passive safety systems 
for promising nuclear power plants of low and 
medium power.

These phenomena require the solution of 
an extensive number of computational problems 
aimed at substantiating the reliability and safety 
of nuclear power plants, taking into account the 
presence of two-component flows in their elements. 
The solution of these problems with the use of 
computational fluid dynamics (CFD) programs 
requires the determination of the interphase surface 
necessary for calculating the mass and energy 
fluxes across the interface [1, 2]. At the same 
time, the need to test the predictive ability of the 
mathematical models requires the development  

of experimental methods for measurements in two-
phase flows.

In research practice to study the hydrodynamic 
characteristics of flows in the elements of power 
plants, the method of matrix conductometry  
is widely used. The measuring system built on 
its basis is used, in particular, as part of several 
validation test facilities [3, 4].

Thus the purpose of this work was to study 
the features of the movement of a gas bubble in a 
liquid medium as well as to develop and expand the 
conductometric methodology for gas-liquid flows 
investigations.

Test facility

To track the motion of a single bubble, the 
method of matrix conductometry [5] was used 
in this work which is based on the measurement  
of the conductivity of the medium at the sensor 
points. Conductometric measuring system consists 
of the impedance measurement system LAD-36 [6] 
and 2-layer wire mesh sensor (WMS) depicted  
at the Figure 1.

Figure 1 – Schematic representation of a two-layer 
sensor: a – general view of a two-layer wire mesh 
sensor; b – spatial arrangement of the wire mesh sensor 
electrodes
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The use of two layers of cells formed by the 
three layers of wire electrodes makes it possible to 
place two measuring planes in one housing with a 
small axial distance which allows to estimate the 
velocity of single bubbles [7]. It should be noted 
that within the framework of the investigations the 
application of the conductometry method was used 

for determining the presence or absence of electrical 
impedance in the considered measurement region.

The experimental section included a square 
channel with a two-layer mesh conductometric 
sensor a bubble injection system, LED illumina- 
tion and external video camera. The experimental 
setup is shown schematically at the Figure 2.

Figure 2 – Experimental setup: a – sketch of the test section; b – general view of the test model

The mesh sensor was installed 600 mm 
above the injection section. The arrangement and 
numbering of the WMS cells are shown at the 
Figure 3.

One of the main tasks in a similar experimental 
setup is the creation of sufficiently large gas 
bubbles that can be accurately identified by a 
mesh sensor with a given resolution. In this work 
injection facility was made as a bend with 20-mm 
diameter directed downward (Figure 4). When 
gas is supplied to the injection tube the surface 
tension forces of the water hold the bubble at the 
bend’s outlet until it becomes large enough for the 
buoyancy force to prevail over the surface tension 
forces. This mechanism ensures the creation of 
bubbles of approximately the same size having 
a diameter of about 3–4 WMS cells in the cross 
section of the channel.

Figure 5 shows a the growth of a gas bubble in 
the injection section before separation and subse-
quent emergence.

Figure 3 – Accepted cell numbering of the measuring 
area of the wire mesh sensor

a b
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Figure 4 – General view of the injection section

Figure 5 – Growth of a gas bubble before separation and 
subsequent

Video record was carried out at a frequency  
of 60 frames per second. The LED backlight was 
used to increase the contrast of the image.

Setting up an experiment

A series of experimental studies carried out at 
this work were aimed primarily at the testing of the 
WMS and measurement system to track the 2-phase 
flows. In this regard the experimental modes were 
organized in two ways:

– detection of the passage of single bubbles 
through the mesh sensor was used to debug the 
algorithm for the primary processing of experimental 
data;

– detection of the passage of a series 
of bubbles through the WMS with a known 
amount of gas injected into the model during the 
experiment. This tests were used to debug the 
algorithms for identifying the time intervals for 
the implementation of the conductivity correspon-
ding to the passage of the bubble through the 
WMS, as well as for the direct assessment of the 
bubble volume.

The test model was filled with a tap 
water (conductivity ≈ 800 μS/cm) with the 
level maintained at 200 mm above the WMS. 
Atmospheric air was used as a gas phase due to 
its low solubility at room temperature. As a result 
the interfacial mass transfer was neglected in the 
experiments.

The test parameters are summarized in 
Table 1.

Table 1
Parameters of the tests

No

Number 
of bubbles 
larger than 

5 mm

Total 
volume of 
injected 
gas, ml

Tempe-
rature, 

°C

Duration, 
s

1 5 9.0 28.3 30

2 5 9.0 27.9 30

3 5 9.0 27.5 30

Method of experimental data processing

The primary data are the values of the absolute 
conductivity of the medium Gi, j, z, k  [μS], obtained 
bythe LAD-36 system and software package 
FT40-WMS. Here i is the number of the generator 
electrode (by X axis), j is the number of the receiver 
electrode (by Y direction), z is the number of the 
WMS layer (by Z axis), k is the number of the 
measurement sample. 

In the ideal case the value Gi, j, z, k will be 
determined only by the intrinsic resistance of the 
medium in the measuring cell of the sensor howe- 
ver in practice the recorded conductivity also inclu-
des components depending on the resistance of the 
WMS electrode material uneven distances between 
the electrodes of receivers and generators over the 
cross section as well as the presence of various 
deposits on the surface of the electrodes. 

In order to exclude the influence of these values 
on the experimental data, a preliminary calibration 
of the WMS was carried out. Due to the fact 
that conductivity of the air can be neglected, the 
calibration procedure takes the form:

where        is the averaged value of the fluid con-

ductivity in the cell {i, j, z} during calibration, μS.

For the assessment          a calibration measu-
rement of the absolute steady state conductivity 

 of the liquid was used:

where Ncal is the number of the calibration counts.
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Duration of the calibration measurements was 
30 s.

Subsequent analysis of the experimental data 
showed the presence of a local increase in conducti-
vity exceeding the conductivity of the liquid phase 
when the gas bubble approaches the measuring pla- 
ne of the WMS – hereinafter referred to as 
‟overshoots” of conductivity. A similar phenomenon 
was observed in [8]. An example of test data with 
conductivity overshoots is shown in Figure 6.

Figure 6 – Typical signal with conductivity over-
shoots (cell 27) in experiment N1: a – general view of the 
signal realization; b – detail view of peak of conductivity 
corresponding to 3rd bubble passing through wire mesh 
sensor

The nature of overshoots can be explained by 
the violation of the symmetry of the measuring cell. 
In other words the presence in the neighboring cell 
of a certain amount of gas not large enough to come 
into contact with both the generating and receiving 
electrodes and as a consequence of this a sharp 
increase in its resistance will cause an increase in the 
current through the cell under consideration which 
in in turn will cause a local increase in the measured 
conductivity. 

In most works aimed at studying gas-liquid 
flows, such conductivity overshoots are eliminated 
by methods one way or another based on the ‟linear 

cut” method [9] in which the local instantaneous gas 
content is calculated as: 

However from the point of physics this 
procedure is not fully justified since it leads to 
a violation of the of conductivity balance at the  
WMS plane. In addition in [10] it was shown that  
the elimination of conductivity overshoots by the 
linear cut method leads to an overestimation of the 
value of the instantaneous local gas content when 
using mesh sensors.

In this work it is proposed to use the method of 
rebalancing conductivities [8] modified by taking 
into account the features of the used measuring 
system. Let's consider it in more detail.

In accordance with the above reasons for 
the occurrence of overshoots it seems logical to 
redistribute the excess conductivity in the cell  
under consideration (donor cell) over the neigh-
boring cells in which the conductivity grec < 1 
(receptor cells). In [8] it was also noted that the 
occurrence of an overshoot in the donor cell may be 
due to the cumulative effect of several cells which 
gives space for the development of more advanced 
rebalancing models. In this work it was assumed 
that the occurrence of excess conductivity in a cell 
is influenced by only 26 neighboring cells forming  
so-called ‟cubic Moore neighborhood” (Figure 7). 

Figure 7 – Graphic representation of the Moore 
neighborhood for the selected point (highlighted in 
blue)

Rebalancing of conductivities is carried out as 
follows:

a

b

εi j z k

i j z k

i j z k i j z k

i j z k

g

g g

g
, , ,

, , ,

, , , , , ,

, , ,

, ;

,

, .

=

>

− ≤ ≤

<

1 1

1 0 1

0 0










; (3)

g
g g g g

g grec cor
rec don rec don

rec don
,

( . ),
,

=
+ − + ⋅ + ≤ +

+ > +
1 0 5 2

1 2
σ σ;

σ;;




(4)



Devices and Methods of Measurements
2021, vol. 12, no. 3, pp. 183–193  

I.A. Konovalov et al.

Приборы и методы измерений 
2021. – Т. 12, № 3. – С. 183–193
I.A. Konovalov et al.

where σ – a parameter characterizing the intrinsic 
noise of the measuring system, which makes 
an additional contribution to the conduction 
overshoot (i. e., is added to gdon ).

The value σ is determined from the calibration 
measurements:

The procedure for rebalancing conducti-
vities (4) and (5) is performed as long as the excess 
conductivity exists in the donor cell. At each ite- 
ration the Moore space cell with the lowest 
conductivity is selected as the receptor cell.

It can be shown that the total conductivity of the 
receptor and donor cells in this case will not change, 
for this we sum up equations (4) and (5):

Nevertheless, situations are possible in 
which the assumption about the influence of only 
neighboring cells is incorrect (due to the geometry 
of the measuring region, etc.). In this case the 
conductivity overshoot cannot be completely 
eliminated by the rebalancing method, as a result 
of which it is advisable to use a threshold filter  
with a width Kt ∙ σ (along the ordinate), where 
Kt is the tuning coefficient determined during 
calibration; for the considered experiments 
Kt = 1.02. An example of realizations of 
conductivity before (overshoots of conductivity 
greater than 1 are visible) and after the rebalan- 
cing procedure is shown at the Figure 8. The 
designated points form the Moore neighborhood 
for a point with conductivity g = 1.05.

The values of the relative local conducti-
vity obtained after filtration             can be used to

determine the instantaneous volumetric gas content 
according to Maxwell's rule:

In Figure 9, an example of the gas bubble 
passage is depicted.

Figure 8 – Measured conductivity field before and after 
rebalancing and filtration (cell 27) in experiment N1: 
a – signal before rebalancing and filtering; b – signal after 
rebalancing and filtering

As mentioned above one of the practical 
applications of studying bubble flows is to determine 
the density of the interphase surface which is used 
in calculations to determine the interfacial heat and 
mass transfer.

Knowing the distribution of some scalar 
quantity ϕ(x, y, z, t), depending on the phase state of 
the medium, it’s gradient magnitude will be written 
in the form:

Thus, the value is different from 0 along the 
interfacial surface, thereby its physical meaning 
can be interpreted as the ‟amount” of an interfacial 
surface area contained in a unit volume – the density 
of the interfacial surface. In this case, it’s dimension

is
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Replacing ϕ the relative electrical conductivity 
of the medium g also depends on the phase state 
of the medium for the volumetric gas content 
conductometric sensor and can be written as:

where ∆x, ∆y, ∆z are the distance between the 
measuring cell in the directions of X, Y and Z 
respectively, m; ∆t is time step, s.

Now, using expression (10) we express a  
through the distribution ε. For an ideal conducto-
metric sensor (no space-time sampling):

Figure 9 – Gas bubble passage: top row – layer 1; bottom row – layer 2 in experiment N1 (interval 8.2 ms). The ver-
tical lines are generators wires, the horizontal – the receiver electrodes
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In turn, for a real WMS with spatial and temporal 
sampling of indications, expressions (9) and (11)  
are converted to the form:

The derivatives of the gas content        , 

used in expression (12) were calculated using finite 
difference schemes [11]:

where x is direction along the considered coordi- 
nate axis.

Scheme (13) was used to calculate the derivatives 
in the extreme cells of the WMS in X and Y as well as 
in the axial flow direction (along Z ) since the design 
of the used two-layer WMS assumes the presence 
of only two measuring planes in the Z direction. 
Scheme (14) was used to calculate the derivatives 

with respect to X and Y in the cells preceding the 
boundary cells. Scheme (15) for calculating the 
derivatives with respect to X and Y in the central cells.

The experiments showed that when calculating   
ai, j, k according to expression (12), it is more expe-
dient to use the values of the volumetric gas content 
εi, j, z, k , calculated from the first layer of measuring 
cells (z equal to the position of the first layer), since 
when the bubble collides with the electrodes, it 
deforms and breaks (Figure 10), which introduces 
a certain error in the values εi, j, z, k , recorded by the 
second layer of cells.

Figure 10 – Crushing and reorganization of a gas bubble 
passing through the wire mesh sensor

In verification practice, it is more convenient 
to link density interfacial surface with the observed

parameters. Since a has a dimension       it is pos-

sible to express the area of the bubble surface 
equivalent to the gas content in the cell:

a
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where wbub – the velocity of bubbles, m/s.
Then the total bubble surface area will be equal 

to the sum of the areas determined for each sensor 
cell during the bubble passage:

In expressions (16) and (17) the distance 
[wbub∙∆t] is used instead of the cell height ∆z. This is 
due to the fact that the unit volume occupied by the 
bubble at a given time is not equal to the total volume 
of the cell ∆x∆y∆z. The velocity of a single bubble 
was determined from the time difference between 
the positions of the gas content maxima determined 
from the first and second layers of the WMS:

where k is the number of the reference of the 
temporary implementation.

In the general case in the process of bubble 
emerging a sufficiently large bubbles undergo 
deformation caused by the presence of frontal 
resistance as well as by the formation of a vortex 
street behind it. The formation of a vortex wake 
during the movement of a gas bubble is illustrated 
in Figure 11.

Figure 11 – The velocity field of a bubble with a diameter 
of 5 mm [12]

However, the volume of the bubble Vbub can be 
expressed in terms of the radius of the equivalent 
spherical bubble:

Expressing         through Abub and substituting  
in (19), we get:

The summation of the obtained bubble 
volumes over all the bubbles recorded during the 
measurement period makes it possible to compare 
the gas volume determined from the WMS readings 
with the total gas volume introduced into the model 
(obtained from the readings of the injection system 
instrumentation).

Analysis of the obtained results

As a result of the experimental data analyses 
estimates of the velocities volumes and equivalent 
radii of gas bubbles were obtained. For convenien- 
ce the data obtained are summarized in Table 2.

The design of the mesh sensor does not allow to 
record the immediate moment of the bubble passing 
through the measuring plane – in experiments,  
the area of the video camera is located up to the mesh 
sensor. As a result the bubble velocity was estima-
ted as the average value over all injected bubbles.  
A storyboard for filming a single bubble ascent is 
shown in Figure 12.

The velocities obtained using expression (18) 
are consistent with the data of the video camera. 
Deviations about 17 % can be explained by the 
uncertainty in the measurement of a wire axial 
distance.

w z

k k t
bub =

− ⋅( ) ( )
∆

∆1 2
max max

,
ε ε (18)

V Rbub bub
eq= ( )4

3

3
π . (19)

Rbub
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V
A

bub
bub=







4
3 4

3
π

π
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Table 2
Summary table of experimental research results

No
Average ascent rate 
of a single bubble 

(WMS), m/s

Average ascent 
rate of a single 

bubble (chamber), 
m/s

Average 
volume of a 

single bubble 
by (20), ml

Average volume 
of a single bubble 

according to 
instrumentation, ml

Total volume 
of injected gas 

(WMS), ml

1 0.31 0.27 1.51 1.80 7.575

2 0.33 0.27 1.50 1.80 7.482

3 0.33 0.29 1.45 1.80 7.251

A a x y w ti j k i j z k bub, , , , , ,= ⋅ ⋅[ ]∆ ∆ ∆ (16)

A a x y w tbub i j z k
i j k

bub= ⋅ ⋅[ ]∑ , , ,
, ,

.∆ ∆ ∆ (17)
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Figure 12 – The emergence of a single bubble (interval 0.05 s)

At the same time the values of the total gas 
volume passed through the WMS, are 15–20 % lower 
than the values for the instrumentation. In general 
an underestimation of the gas volume indicates an 
underestimation of the gas content in the section of 
the WMS. An analysis of the frame samples based 
on the WMS data shows that in most cases large  
gas bubbles when passing through the mesh 
sensor touch the area near the channel wall where 
the registration of the conductivity is not carried 
out (due to the construction of the WMS) which  
can also be the reason for underestimating of the 
total gas volume.

In addition low spatial resolution of the WMS (in 
those cases when the ratio Rbub /∆, ∆ = ∆x = ∆y, 
where Rbub – the radius of the bubble in the cross 
section is less than a certain value which is a criteria 
for the given task) increases imprecision in the 
determination of the derivatives gas content (13)–
(15) which affects by the value of the density of the 
interface (12).

Conclusion

Analysis of the experimental data made it 
possible to reveal the formation of the excess 
conductivity during the passage of a gas bubble 
caused by a violation of the symmetry of the 
electromagnetic field of the measuring cell due 
to a significant difference in the conductivity of 
the liquid and gas phases at the moment when the 
gas bubble does not completely occupy the cell. 
The method of conductivity rebalancing used in 
the analysis of experimental data made it possible 
to reduce the influence of this phenomenon on the 
calculated values of the gas content. In view of the 

fact that the formation of the conductivity overshoot 
is actually caused by the influence of a complex set 
of sensor cells the improvement of methods aimed 
at eliminating these overshoots is an urgent task for 
further research in this area and can be associated, in 
particular with the use of approximation algorithms 
based on convolutional neural networks well adap-
ted to work with data in matrix form.

As a result of applying the method of rebalancing 
conductivities to the experimental data, the values 
of the true volumetric gas content in the measuring 
cells of a two-layer mesh sensor were obtained. In 
addition the velocity of single bubble was estimated 
from the wire mesh sensor data and video camera 
recording.

The obtained values were used to determine the 
values of the interfacial areas, as well as the volumes 
of single bubbles by the gradient method, which 
made it possible to compare the balance values of 
the gas flow rate according to the readings of mesh 
sensors and test facility instrumentation.
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Abstract 
The quality of nanomaterials and nanotechnologies is largely determined by the stability of the app- 

lied technologies, which, to a large extent, depend on the constancy of particle sizes. In this regard, 
metrological problems arise that are associated both with measuring the dimensions of the microstructure  
of aerosols, suspensions and powders, and with ensuring the uniformity of measurements when transferring  
a unit of a physical quantity from a standard to working measuring instruments. The purpose of this work  
was to determine and calculate the error in transferring the size of a unit of length when measuring  
the diameter of nanoparticles. 

An analyzer of differential electric mobility of particles was determined as a reference measuring 
instrument for which the calculation was made. It allows the separation of aerosol particles based on the 
dependence of their electrical mobility on the particle size. In combination with a condensation particle 
counter, it allows you to scan an aerosol and build a particle size distribution function. This measurement 
method is the most accurate in the field of measuring the diameters of particles in aerosols, therefore, the error 
in the transmission of particle size must be set as for a standard. 

The paper describes the physical principles of measurement by this method and presents an equation  
for determining the diameter of nanoparticles. Based on this equation, the sources of non-excluded syste-
matic error were identified. Also, an experimental method was used to determine the random component  
of the measurement error of nanoparticles and to calculate the error in transferring the size of a unit  
of length when measuring the diameter of nanoparticles. 

The obtained results will be used for metrological support of standard samples of particle size, ensuring 
traceability of measurements of aerosol particle counters and for aerosol research.

Keywords: nanoparticles, electrical mobility, traceability of measurements, diameter of nanoparticles.
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Определение погрешности передачи размера единицы 
длины при измерении диаметра наночастиц с помощью 
анализатора дифференциальной электрической 
подвижности частиц
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Качество наноматериалов и нанотехнологий во многом определяется стабильностью применяе-
мых технологий, которые в значительной степени зависят от постоянства размеров частиц. В связи  
с этим возникают метрологические задачи, связанные как собственно с измерением размеров микро-
структуры аэрозолей, суспензий и порошков, так и с обеспечением единства измерений при передаче 
единицы физической величины от эталонного к рабочим средствам измерений. Целью данной работы 
являлось определение и расчёт погрешности передачи размера единицы длины при измерении диа-
метра наночастиц. 

В качестве эталонного средства измерения, для которого производился расчёт, был определён 
анализатор дифференциальной электрической подвижности частиц. Он позволяет разделять частицы 
аэрозоля на основе зависимости их электрической подвижности от размера частиц. В комбинации  
с конденсационным счётчиком частиц позволяет сканировать аэрозоль и строить функцию распре-
деления частиц по размерам. Данный метод измерения является самым точным в области измерения 
диаметров частиц в аэрозолях, поэтому погрешность передачи размера частиц необходимо устано-
вить как для эталона. 

В работе описаны физические принципы измерения данным методом и представлено уравнение 
для определения диаметра наночастиц. На основании данного уравнения были определены источни-
ки неисключённой систематической погрешности. Также экспериментальным методом определена 
случайная составляющая погрешности измерения наночастиц и рассчитана погрешность передачи 
размера единицы длины при измерении диаметра наночастиц. 

Полученные результаты будут использованы для метрологического обеспечения стандартных 
образцов размера частиц, обеспечения прослеживаемости измерений счётчиков аэрозольных частиц 
и для исследований аэрозолей.

Ключевые слова: наночастицы, электрическая подвижность, прослеживаемость измерений, диаметр 
наночастиц.
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Introduction

Nanoparticles and nanotechnology are one of 
the most promising areas of scientific development 
at the present stage, creating preconditions for sol-
ving various applied technological problems. All 
over the world, a huge number of  ‟nanoproducts” 
are being developed, based on the use of 
nanoparticles, which make it possible to obtain  
new quality products and technologies [1]. 

Nanostructured (nanophase, nanocrystalline, 
subpremolecular) materials traditionally include 
materials with microstructure sizes from 1 to 
100 µm. This definition of dimensional boundaries 
is not accidental. The lower limit is associated with 
the loss of some symmetry elements in crystals of 
nanocrystalline materials as their size decreases. 
The value of the upper limit is due to the fact that 
noticeable ‟useful”, from a technical point of 
view, changes in the physicomechanical, chemi- 
cal, electrical, optical, tribological and other 
properties of materials sharply decrease with a 
further increase in the particle size [2, 3]. 

Currently, the priority interest in the devel-
opment of nanomaterials and nanotechnology is  
due to [4, 5]:

– using the unique properties of materials in a 
nanostructured state; 

– development of technologies for obtaining 
nanoclusters and nanostructures; 

– the need to develop and implement new 
materials with qualitatively new properties; 

– the desire for miniaturization of products; 
– the practical implementation of modern 

methods and means of control, including na-
noobjects and nanomaterials, etc. 

The quality of products is determined by the 
stability of technologies, which, in relation to 
nanotechnology, largely depend on the constancy 
of particle sizes. Among the characteristics defined 
by the Organization for Economic Cooperation and 
Development, the determination of particle size is 
determined by the most important element in the 
study of the properties of nanoparticles. 

Therefore, the harmonization of methods for 
measuring the size of nanoparticles is extremely 
demanded, firstly, to ensure the continuous 
development of nanotechnology and support trade in 
nanoproducts, and secondly, to assess the potential 
danger of their impact on the environment, health  
and safety of human life [6]. Under these conditions, 
it is very important to ensure the metrological 

traceability of measurements of nanoparticles, 
including the creation of the necessary reference 
means of changes. 

There are various methods for measuring linear 
quantities in this size range. In particular, the stan-
dard ISO/AWI 15900 ‟Determination of particle si- 
ze distribution. Differential analysis of the electrical 
mobility of particles in aerosols” provides that the 
measurement of particle sizes in the analysis of the 
disperse composition of gaseous media is carried out 
using a differential particle mobility analyzer (DMA). 

Physical principles of measuring particle 
diameters by electrical mobility

This method is based on the physical principle 
of differential electrical mobility analysis, which 
separates aerosol particles based on the dependen- 
ce of their electrical mobility on particle size. The 
electric mobility of a particle Z is equal to the velo-
city U of a charged particle divided by the strength  
of the electric fields E:

Electric mobility is calculated from the balance 
of electric forces arising from the charge on the 
particle and the resistance force determined by 
Stokes' law:

where n is the number of charges; e is the electron 
charge; µ is the viscosity of the gas; Dp is the particle 
diameter; C(Dp ) is Cunningham slip correction.

The charge distribution on particles depending 
on their size is based on a theoretical model aris-
ing from the theory of diffusion for particles of the 
submicron range, based on the Fuchs approximation. 

Figure 1 shows curves calculated according to 
Fuchs theory, where fN  (d) is the particle charge; d is 
the particle size. 

The size distribution of particles carrying zero, 
one or two elementary charges at an equilibrium 
charge is expressed by the equation derived from  
the Fuchs model:

where the particle size d is expressed in nm, the 
values of the coefficient ai (N) were determined using 
least squares analysis and are indicated in Table 1 [7].
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Figure 1 – Charge distribution function for particles in 
the size range between 1 and 1000 nm, where the numbers 
denoting the curve are the number of elementary charges 
carried by the particle 

Table 1

Coefficients ai (N ) for formula (3) for a bipolar 
charge conditioner with a 9.5 kV X-ray ion source

i
ai (N )

N = -2 N = -1 N = 0 N = 1 N = 2
0 -30.616 -2.335 0.002 -2.359 -27.253

1 46.339 0.436 -0.114 0.452 38.480

2 -31.182 1.087 0.334 0.998 -24.271

3 11.391 -0.557 -0.357 -0.482 8.442

4 -2.220 0.050 0.108 0.026 -1.606

5 0.179 0.006 -0.011 0.008 0.129

Equation (3) is valid for a range of particle sizes: 
1 nm ≤ d ≤ 1000 nm for N = (-1; 0; 1);
20 nm ≤ d ≤ 1000 nm for N = (-2; 2).
The size distribution of particles carrying three 

or more elementary charges is calculated by the 
formula:

where ε0 is the dielectric constant of the gas (for air 
ε0 = 1.602∙10–12 F/m); k is the Boltzmann constant;  
T is the gas temperature; Z+i  / Z-i is ratio of ion mobility.

Coefficient C(Dp ) tends to unity for a particle 
whose diameter is greater than its mean free path in 
gas, and increases with decreasing particle diameter. 
In the case of singly charged particles, n = 1. Then 
the following expression for the electric mobility is 
derived from equations (1) and (2): 

Electrostatic classifier device

The electrostatic classifier, which includes the 
DMA, is structured as follows (Figure 2).

Figure 2 – Schematic representation of the cylindrical 
classifier: 1 – blowing air supply channel (qsh ); 2 – high 
efficiency particulate air filter; 3 – flow meter; 4 – channel 
of clean air; 5 – aerosol neutralizer; 6 – channel for 
supplying polydisperse aerosol; 7 – flow straightener; 
8 – aerosol inlet; 9 – classification area; 10 – high voltage 
source; 11 – central rod (r1 ), which is supplied with 
high voltage (V); 12 – outer cylinder (r2 ); 13 – exit slit 
of monodisperse aerosol; 14 – channel for the exit of 
monodisperse aerosol; 15 – filter; 16 – channel for the exit 
of polydisperse aerosol

This device allows you to separate aerosol 
particles based on their electrical mobility and, ac-
cordingly, create a stream of monodisperse particles 
at the outlet.

The classifier contains a bipolar charger (aerosol 
neutralizer). Here, the particles collide with bi-
polar ions, which leads to an equilibrium charge 
distribution that depends on the particle size. For 
example, according to diffusion theory for submicron 
particles, 100 nm particles will definitely exit the 
bipolar charger with 42.6 % uncharged particles; 
24.1 % with +1 charge; 24.1 % with a charge of -1; 
and the remaining particles are multiply charged. 

After passing through the bipolar charger, the 
aerosol enters the DMA, also located inside the 
classifier. The DMA is a long cylindrical chamber 
with a radius of 1.958 cm. Inside the chamber there 
is a rod with a radius of 0.937 cm, concentric with 
the walls of the chamber, so that an annular space 
is formed between the rod and the walls of the 
chamber. 

f d e
dkT

N dkT e
dkT e

Z ZN i( ) exp
( ) /

( ) /
ln( /=

− − 
 

+ −4 0

2

2

2

2 2πε

π

π ii












,

Z eC D
D

P

P

= ( ) .
3πµ



Devices and Methods of Measurements
2021, vol. 12, no. 3, pp. 194–201  

V.L. Solomakho, A.A. Bagdun

Приборы и методы измерений 
2021. – Т. 12, № 3. – С. 194–201
V.L. Solomakho, A.A. Bagdun

198

The aerosol stream enters the upper part of the 
chamber and is combined with a stream of clean 
blowing air. The combined flow flows into the gap 
between the coaxially located central rod and the 
outer cylinder. The voltage on the rod can be adjusted 
from 0 to 10.000 V. The outer cylindrical chamber 
is supported by ground potential, which allows the 
electric field to spread evenly in the annular space to 
the bottom of the chamber. Along the way, charged 
particles move to the central rod due to the voltage 
potential difference. 

By changing the voltage on the central rod, 
thereby scanning the electric field strength, and by 
measuring the numerical concentration of the aerosol 
coming out of the slit, the distribution of the electric 
mobility of the particles is determined. 

The small radial clearance and high uniformity 
of the electric field create the necessary conditions 
for high-resolution electrical mobility measurements. 

A small gap in the rod allows you to classify 
particles with electrical mobility Z, calculated using 
the following formula: 

where qsh is the blowing air flow rate in the shell; 
V is the voltage on the rod; L is the length from the 
aerosol inlet to the slot; r1 and r2 are the inner and 
outer radii of the annular space, respectively.  

By adjusting the voltage, particles with a narrow 
range of mobility are selected. The yield of nearly 
monosized particles is achieved by selecting particles 
based on their mobility. A stream of monosized 
particles passes through the rod hole and exits the 
classifier, then to the condensation particle counter, 
where the number of particles is counted. The rest 
of the stream leaves the classifier through an excess 
stream outlet and enters the recirculation system. The 
recirculation system pumps casing air through the 
classifier, draws out excess air and then conditions it 
before returning it as a casing air stream. 

From equations (4) and (5), the particle diameter 
is equal to: 

Determination of sources of non-excluded 
systematic error

Based on equation (6), a model was built 
for calculating the main sources of non-excluded  

systematic errors when measuring the diameter of 
particles in air using DMA:

where δe is the error due to the determination of 
the magnitude of the electron charge; δµ is the er-
ror due to the determination of the value of the gas 
viscosity; δC(Dp ) error due to the determination 
of the Cunningham correction factor; δ(L, r1, r2) 
the error caused by the measurement of the 
geometric parameters of the DMA; δV is the error 
due to the voltage measurement on the central 
rod of the DMA; δqsh is the error due to the 
measurement of the blowing air flow rate in the 
DMA casing.

Quantification of the main sources of non-
excluded systematic measurement error

The error due to the determination of the magnitude 
of the electron charge

The magnitude of the electron charge 
and its standard deviation (1σ) are equal to  
(1.6021892 ± 0.0000046)∙10–19 C. The relative 
error is about 3∙10–4 % and is negligible when 
estimating the boundaries of the non-excluded 
systematic error.

Error due to the determination of the gas viscosity

R.T. Birge established a weighted average 
of the viscosity of dry air at 23.00 °C equal to  
μ0 = (1.83245 ± 0.00069)∙10–5 kg m–1 s–1, corrected 
for temperature using the Sutherland equation.  
After determining the reference viscosity at 
23.00 °C, the viscosity for other temperatures can 
be obtained using the Sutherland formula:

where T0 is the absolute reference temperature 
(296.15 K); T is the absolute temperature. 

The viscosity of dry air at 23.00 °C has a relative 
error of 0.038 %. The air flowing through the DMA 
has an estimated relative humidity of 7 %. The 
reduction in viscosity due to the addition of water 
is estimated at 0.08 % based on the viscosity of 
the water and its air volume fraction. This value of 
0.08 % is taken as the relative error in determining 
the viscosity of air due to the presence of water 
vapor. Calculating the relative error in determining 
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the viscosity of a gas as a root of the sum of squares, 
we get a value of 0.089 %.

Error due to the determination of the Cunningham 
correction factor (slip correction)

The slip correction extends the calculation based 
on the Stokes law of the retarding force acting on 
a spherical particle moving with a low Reynolds 
number in a gas medium to particles of the order of 
a nanometer.

The Cunningham slip correction factor, which 
describes the behavior of a gas in an inhomogeneous 
medium when small particles move, is determined 
by the expression:

where Kn is the Knudsen number, namely, the doubled 
free path of particles in air divided by the particle 
diameter (Kn = 2λ /Dp ); A1 , A2 , A 3 dimensionless con-
stants; A is slip correction parameter. The error due 
to the determination of the Cunningham correction 
factor is taken to be 0.1 %, which corresponds to the 
type A uncertainty from the study [8].

Error due to geometric parameters measurement  
of the DMA

The error caused by the measurement of the 
geometric parameters of the DMA includes the 
errors in measuring the length from the aerosol 
inlet to the slit (analyzer length L ), the inner and 
outer radii of the annular space (r1, r2 ). The listed 
errors are 0.5 %, 0.1 % and 0.6 %, respectively [9]. 
Calculating the error due to the measurement of the 
geometric parameters of the DMA as the root of the 
sum of squares, we get a value of 0.7 %.

Error due to voltage measurement on the center  
rod of the DMA

The error due to voltage measurement on the 
central rod of the DMA is indicated in the calibration 
certificate for the electrostatic classifier and is 0.3 %. 

The error due to the measurement of the blowing air 
flow rate in the sheath of the DMA

The error due to the measurement of the blowing 
air flow rate in the DMA casing is specified in the 
calibration certificate for the electrostatic classifier 
and is 2.0 %.

The main sources of non-excluded systematic 
errors and their values are shown in Table 2.

C D K A A A
K K AP n n n( ) = + + −
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= +1 11 2
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Table 2
Sources of non-excluded systematic errors

Error name Source of non-excluded systematic errors Error value θi , %

δe Error due to the determination of the magnitude of the electron charge e 0.0003

δµ Error due to the determination of the value of the viscosity of the gas µ 0.089

δC(Dp ) Error due to the determination of the Cunningham correction factor C(Dp ) 0.1

δ(L, r1, r2 )
Error due to the measurement of the geometric parameters of the DMA 

(L, r1, r2 )
0.79

δV Error due to measuring voltage V at the center rod of the DMA 0.3

δqsh Error due to the measurement of the air flow velocity qsh in the DMA shell 2.0

Non-excluded systematic error θL

Note: a confidence interval P = 0.95; K = 1.1

1.1 × 2.18

Non-excluded systematic error θL 2.4

θ θL iK= ∑ 2
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Determination of the standard deviation  
of the random component of the analyzer 
error when measuring the size  
of nanoparticles in air

The standard deviation of the random component 
of the analyzer error in measuring the particle size in 
air was determined from standard samples of PSL 
particle size with a nominal value of 100 nm. This 
particle size is typical and is used to represent the 
accuracy characteristics of nanoparticle measuring 
instruments. 

The standard deviation of the random error 
component SL , %, is calculated by the formula:

where Li is the result of the i-th observation, nm;  
L is arithmetic mean of observation results, nm;  
n is the number of observations.

The number of observations at each investigated 
point of the measurement range n is determined by 
the formula:

where p is the confidence level (at p = 0.95, n = 40).
Since the random component of the error is 

taken into account, and there is no variation, the 
number of observations calculated by formula (7) 
can be reduced to n = 10.

Example of protocol of measurement results 
obtained in the Aerosol Instrument Manager soft-
ware is shown in Figure 3.

Figure 3 – Example of protocol for the measurement 
re-sults of nanoparticles with a nominal diameter of 
100 nm

The protocol displays the particle size 
distribution function in the range from 50 to 150 nm. 
The median, mode, arithmetic mean, geometric mean 
and standard deviation of the geometric mean of the 
distribution function were also calculated. 

We take the geometric mean value for the 
observation result.

The standard deviation of the random component 
of the error SL is 0.33 %.

Determination of the error in transferring 
the size of a unit of length when measuring 
the size of nanoparticles in air

The error in transferring the size of a unit of 

length when measuring the size of nanoparticles in 
air S∑ , nm, is determined by the formula:

It is 2.42 % with a confidence level of P = 0.95; 
K = 1.1.

Conclusion

The error in transferring the size of a unit of 
length when measuring the size of nanoparticles in 
air was 2.42 % with a confidence level of P = 0.95; 
K = 1.1. This value of the error makes it possible 
to calibrate the counters of aerosol particles 
without resorting to purchasing standard samples 
of monodisperse latexes. Moreover, based on the 
results obtained, certification of standard samples of 
particle size in aerosols will be carried out. Also, the 
fact that the value of the error in transferring the size 
of a unit of length when measuring the diameter of 
nanoparticles was established by this method, and 
not using a comparison standard, allows us to assert 
that the analyzer of differential mobility of particles 
not only stores and transmits a unit of size, but also 
reproduces it. 
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Abstract 
The study of the electrophysical characteristics of crystalline semiconductors with structural defects is of 

practical interest in the development of radiation-resistant varactors. The capacitance-voltage characteristics of 
a disordered semiconductor can be used to determine the concentration of point defects in its crystal matrix. 
The purpose of this work is to calculate the low-frequency admittance of a capacitor with the working sub-
stance “insulator–crystalline semiconductor with point t-defects in charge states (−1), (0) and (+1)–insulator”.

A layer of a partially disordered semiconductor with a thickness of 150 μm is separated from the metal 
plates of the capacitor by insulating layers of polyimide with a thickness of 3 μm. The partially disordered 
semiconductor of the working substance of the capacitor can be, for example, a highly defective crystalline 
silicon containing point t-defects randomly (Poissonian) distributed over the crystal in charge states (−1), (0), 
and (+1), between which single electrons migrate in a hopping manner. It is assumed that the electron hops 
occur only from t-defects in the charge state (−1) to t-defects in the charge state (0) and from t-defects in the 
charge state (0) to t-defects in the charge state (+1).

In this work, for the first time, the averaging of the hopping diffusion coefficients over all probable elec-
tron hopping lengths via t-defects in the charge states (−1), (0) and (0), (+1) in the covalent crystal matrix 
was carried out. For such an element, the low-frequency admittance and phase shift angle between current 
and voltage as the functions on the voltage applied to the capacitor electrodes were calculated at the t-defect 
concentration of 3∙1019 cm−3 for temperatures of 250, 300, and 350 K and at temperature of 300 K for the  
t-defect concentrations of 1∙1019, 3∙1019, and 1∙1020 cm−3.

Keywords: partially disordered semiconductor, low-frequency admittance of capacitor, triple-charged intrin-
sic point defects.
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Низкочастотный адмиттанс конденсатора с рабочим 
веществом «изолятор – частично разупорядоченный 
полупроводник – изолятор»
Н.А. Поклонский, И.И. Аникеев, С.А. Вырко

Белорусский государственный университет,
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Исследование электрофизических характеристик кристаллических полупроводников с дефекта-
ми структуры представляет практический интерес при создании радиационно-стойких варакторов. По 
вольт-фарадным характеристикам разупорядоченного полупроводника можно определять концентра-
цию точечных дефектов в его кристаллической матрице. Цель работы – рассчитать низкочастотный 
адмиттанс конденсатора с рабочим веществом «изолятор – кристаллический полупроводник с точеч-
ными t-дефектами в зарядовых состояниях (−1), (0) и (+1) – изолятор».

Слой частично разупорядоченного полупроводника толщиной 150 мкм отделен от металлических 
обкладок конденсатора диэлектрическими прослойками из полиимида толщиной 3 мкм. Частично раз-
упорядоченный полупроводник рабочего вещества конденсатора представляет собой, например, силь-
нодефектный кристаллический кремний, содержащий точечные t-дефекты, случайно (пуассоновски) 
распределенные по кристаллу, в зарядовых состояниях (−1), (0) и (+1) между которыми прыжковым 
образом мигрируют одиночные электроны. Считается, что прыжки электронов происходят только с 
t-дефектов в зарядовом состоянии (−1) на t-дефекты в зарядовом состоянии (0) и с t-дефектов в заря-
довом состоянии (0) на t-дефекты в зарядовом состоянии (+1).

В работе впервые проведено усреднение коэффициентов прыжковой диффузии по всем вероят-
ным длинам прыжка электрона между t-дефектами в зарядовых состояниях (−1), (0) и (0), (+1) в ко-
валентной кристаллической матрице. Для такого элемента рассчитаны низкочастотный адмиттанс и 
угол сдвига фаз между током и напряжением в зависимости от приложенного на электроды конден-
сатора напряжения при концентрации t-дефектов 3∙1019 см−3 для температур 250, 300 и 350 К и при 
температуре 300 К для концентраций t-дефектов 1∙1019, 3∙1019 и 1∙1020 см−3.

Ключевые слова: частично разупорядоченный полупроводник, низкочастотный адмиттанс конден-
сатора, трехзарядные собственные точечные дефекты.
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Introduction

In the works [1, 2], for the first time, a variant 
of controlling the hopping electrical conductivity via 
hydrogen-like donors along a semiconductor film 
using an external electrostatic field E(x) = −dφ/dx 
perpendicular to the film surface, which does not lead 
to the appearance of a current and does not violate 
the electrical neutrality of the film as a whole, was 
theoretically considered. However, the hopping elec-
trical conductivity longitudinal to the direction of the 
controlling external electric field was not considered 
in [1, 2]. The field effect was studied and the quasi-
frequency (low-frequency) capacitance and conduc-
tivity of silicon crystals with hopping electron mi-
gration via point two-level defects with positive and 
negative correlation energies in three charge states 
(−1), (0), and (+1) were calculated [3, 4]. However, 
the electrical capacity and conductivity of the “in-
sulator–partially disordered semiconductor–insula-
tor” structure were not investigated in [3, 4]. For the 
first time, the static capacitance–voltage characteris-
tics of a ζ-diode made of crystalline silicon, in which 
current was carried only by electron hopping via t-
defects, were calculated [5]. However, in the diode 
model constructed in [5], there was no averaging of 
diffusion coefficients over all probable electron hop-
ping lengths via t-defects in three charge states (−1), 
(0), and (+1). Taking into account electron hopping 
via point defects, the temperature and frequency de-
pendences of the dielectric permittivity of silicon ir-
radiated with a large dose of neutrons were studied 
[6]. The low-frequency electrical capacitance as well 
as the electric field and potential distribution for the 
“me tal–insulator–intrinsic semiconductor–insulator– 
me tal” structure were calculated [7–9]. However, 
the capacitance–voltage characteristics for the struc-
ture with a disordered semiconductor layer were not 
calculated in [7–9]. The results of an experiment on 
measuring the capacitance of a thin-film capacitor 
(structure Al–Al2O3–Al) were interpreted [10] tak-
ing into account quantum effects. A method was de-
scribed [11, 12] for determining, from the tempera-
ture dependences of capacitance and conductivity, 
the ionization energy and concentration of deep cen-
ters in an overcompensated semiconductor placed 
between insulator plates (40–100 µm thick polyeth-
ylene terephthalate), to which a sinusoidal voltage 
was applied through copper contacts. However, in 
[11, 12] the experimental data on the conductivity 
and capacitance of the studied structure were not 
compared with theory.

The purpose of this work is to calculate the low-
frequency admittance of a capacitor with the work-
ing substance “insulator–crystalline semiconductor 
with point t-defects in charge states (−1), (0) and 
(+1) with hopping migration of electrons between 
them–insulator”.

Model of capacitor with working substance 
“insulator–partially disordered semiconduc-
tor–insulator”

Let a wafer of highly defective crystalline sili-
con (hd-Si) with a thickness of ds and a surface area 
A be in the middle between the metal plates of a 
flat capacitor and separated from them by the lay-
ers of insulator (e.g., polyimide) with a thickness of 
di (Figure 1a). The capacitor is connected to a con-
stant electrical voltage source. The x coordinate axis 
is perpendicular to the surface of the semiconductor 
wafer occupying space −ds/2 < x < ds/2, the y and 
z coordinate axes are parallel to the wafer surface.



 



 
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







Figure 1 – Cross-section of capacitor with a wafer of 
highly defective crystalline silicon (hd-Si) of thickness ds 
separated from the metal capacitor plates by the insula-
tor layers of thickness di. Across the semiconductor wafer 
an electric potential difference is created by two metal 
electrodes parallel to the plane yz (a). Equivalent scheme 
of capacitor with the working substance “insulator–par-
tially disordered semiconductor–insulator” (b). Simplified 
equivalent scheme of the system (c)

Let us assume that in one part the field potential on 
the wafer surface is positive φ(x = −ds/2) = φs, and 
in the other it is negative φ(x = ds/2) = −φs, then 
the potential difference applied to the semiconduc-
tor is Us = φ(x = −ds/2) − φ(x = ds/2) = 2φs. We will 
consider electrodes located parallel to the yz plane 
(so that the field distribution in the wafer along the 
y and z coordinates will be symmetric). The screen-
ing of the external electrostatic field is caused by the 
redistribution of electrons hopping via defects in the 
charge states (0, −1, and +1; in units of elementary 
charge e against the background of a silicon matrix), 
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i.e. by the migration of charge states of immobile 
defects to a distance much greater than the average 
distance between them. 

The capacitor with the working substance “in-
sulator–partially disordered semiconductor–insula-
tor” contains series-connected capacitances of insu-
lating layers Ci and a parallel Rs(Cs + Cg)-circuit of 
the semiconductor wafer (see Figure 1b). Here Ci = 
= εi A/di and Cg = εs A/ds are the geometric capaci-
tances of insulator and semiconductor with static 
dielectric permittivities εi = εr,iε0 and εs = εr,sε0 (we 
assume that radiation defects do not contribute to the 
static dielectric constant of Si crystals), εr,i = 3.5 and 
εr,s = 11.5 are the relative permittivities of the poly-
imide and the silicon crystal lattice, ε0 = 8.85 pF/m is 
the electric constant, Rs = Rs(U) is the semiconductor 
resistance, Cs = Cs(U) is the differential capacitance 
of the semiconductor, U is the voltage created by the 
metal plates of the capacitor.

The real part Ceq = Ceq(U) of the complex elec-
trical capacitance and the active component of the 
conductivity Geq = Geq(U) of the structure in the 
equivalent circuit (see Figure 1c) is [11, 13]:

Ceq = 
C R C C C C C

R C C C
i s g s g s i

s g s i2
1 2

1 2

2 2
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/+ + +
, (2)

where U (= Udc) is the constant voltage across the 
capacitor plates, ω is the angular frequency of the 
variable component of the measuring signal with the 
amplitude |Uac| << |U |.

From Eqs. (1) and (2) we find the total con-
duction (admittance) Y = Y(U) and the phase shift  
θ = θ(U) between current and voltage of the capaci-
tor with the working substance “insulator–partially 
disordered semiconductor–insulator”:

Y = [Geq
2  + (ωCeq)

2]1/2 = 

 = 
ω ω
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, (4)

where Rs = Rs(U) and Cs = Cs(U). Note that the total 
resistance (impedance) Z = Z(U) is related to the ad-
mittance Y as follows: Z = Y −1.

For Rs >> 1/ωCs from Eq. (1), the inverse equi-
valent capacity of the entire structure is 1/Ceq = 
= 2/Сi + 1/(Сs + Cg). Since the capacitances of in-
sulator layers Сi and semiconductor Cs + Cg are 
connected in series, the charge on each of them is 
equal to Q. Thus, the voltage drops across insulators 
Ui = Q/Сi and across semiconductor Us = Q/(Сs + 
+ Cg) are related to the voltage across the capacitor 
U = Q/Ceq as follows: U = 2Ui + Us. By substituting 
the charge Q on the capacitor, expressed in terms of 
Us and Cs + Cg, into U we obtain the voltage across 
the capacitor U, for which the voltage drop across the 
semiconductor is equal to Us:

U = U
C C
C

U
C C C

Cs
s g

s
s g i

i

+
=

+ +

eq

2( )
. (5)

A highly defective silicon crystal (hd-Si) con-
tains point two-level t-type defects in a concentration 
sufficient to stabilize the Fermi level EF in the energy 
gap. Defects of t-type in the charge states (+1) and 
(0) form a |1)-band with the energy levels E1, and the 
ones in the charge states (0) and (−1) form a |2)-band 
in the band gap (energy levels E2), located closer to 
the c-band than |1)-band (Figure 2). Examples of  
t-defects are amphoteric impurities (Au, Cu).

Let us consider silicon under conditions of only 
hopping electron migration via immobile radiation 
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Figure 2 – Single-electron energy E as function of x co-
ordinate in semiconductor with point two-level (triple-
charged) defects of t-type in equilibrium (at U = 0): Em

(c) is 
the mobility edge of conduction band electrons, EF

(v) < 0 is 
the Fermi level in the band gap, counted from the hole mo-
bility edge (Em

(v) = 0), Δt = E2 − E1 is the width of energy 
gap between |1)- and |2)-bands, W0,+1 and W−1,0 are widths 
of |1)- and |2)-bands. Arrows show hops of single electrons 
e− via |1)- and |2)-bands as well as generation [gen: 2(0) → 
→ (−1) + (+1)] and recombination [rec: (−1) + (+1) → 2(0)] 
electron transitions between them; |d) and |a) are states of 
shallow hydrogen-like donors and acceptors in the charge 
states (+1) and (−1), respectively
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defects (of t-type) in the charge states (−1) and (0), 
as well as in the charge states (0) and (+1). The total 
concentration of defects in the charge states (0), (−1), 
and (+1) is Nt = N0 + N−1 + N+1.

We assume that |d)- and |a)-centers are com-
pletely ionized and their concentrations Nd and Na 
satisfy the conditions: Nd/Nt << 1 and Na/Nt << 1. 
Thus, the condition of electrical neutrality of the par-
tially disordered semiconductor has the form:

N+1 = N−1,  (6)

where N+1 = Nt,+1 and N−1 = Nt,−1.
The concentrations of ionized and neutral de-

fects can be written as [14]:

NZ = Nt fZ,  (7)

where fZ  is the probability that the defect is in one of 
three possible charge states Z = −1, 0, +1.

If we neglect the excited states of radiation de-
fects, then the inverse distribution functions 1/fZ of 
defects in |1)- and |2)-bands over charge states are 
[3, 4]:
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where EF
(v) = Ev − EF is the Fermi level (chemical 

potential) EF, counted from the v-band hole mobil-
ity edge (Em

(v) = 0) of an undoped crystal [15, 16]; 
EF

(v) < 0 for the Fermi level in the band gap; E1 = 
= E0 − E+1 > 0, E2 = E−1 − E0 > 0; kBT is the thermal en-
ergy. For dominant radiation defects in silicon (mainly 
divacancies), following the experimental data from 
[17–19], we assume: E1 = 225 meV, E2 = 575 meV, 
i.e. Δt = E2 − E1 = 350 meV, β1 = β0/β+1 = 1, β2 =  
= β0/β−1 = 1, where βZ is the number of quantum 
states of the defect in the charge state Z with energy EZ.

With the total concentration of charged radia-
tion defects Nch = N−1 + N+1 with charge ±e randomly 
(Poissonian) distributed over the crystal, we have equal 
rms fluctuations W = W−1,0 = W0,+1 of the electrostatic 
energy, i.e. the widths of |2)- and |1)-bands are [20, 21]:
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, (9)

where the Coulomb interaction of each charged 
defect only with its nearest charged defect (ion) 
is taken into account; e is the elementary charge;  
(Nch)eq = Nt/2 is determined from the condition of 
maximum effective concentrations N−1,0 = N0,+1 =  
= N−1N0/Nt = N0N+1/Nt of single electrons hopping via 
t-defects in the charge states (−1), (0) and in charge 
states (0), (+1). Then we obtain (N−1)max = (N+1)max = 
= Nt/4, (N0)max = Nt/2 and (N−1,0)max = (N0,+1)max =  
= Nt/8 [22]. Note that 3W > Δt.

For a semiconductor with uniformly distribu-
ted point defects of the crystal lattice, the values of 
the function fZ(φ) depend on the coordinate x only 
through the potential φ(x) and are obtained from fZ 
by replacing EF

(v) < 0 in Eq. (8) by

EF
(v)(φ(x)) = EF

(v) − eφ(x), (10)

that is for φ(x) < 0 the Fermi level EF
(v)(φ) shifts to 

the top of the v-band and for φ(x) > 0 it shifts to the 
band gap.

The change in the concentration of charge states 
Z = −1, 0, +1 of NZ(φ) − NZ defects in the electric 
field with the potential φ(x) is determined by Eq. (7) 
taking into account Eqs. (10) and (8). In this case, it 
is assumed that the energy gap Δt between |1)- and 
|2)-bands, as well as the width of each band W, do 
not depend on the potential.

Due to the symmetry of the problem with re-
spect to reflection x → −x, we consider only the re-
gion −ds/2 ≤ x ≤ 0. The electrostatic potential φ(x) 
inside the semiconductor at a point with coordinate x 
satisfies the Poisson equation [23, 24]:
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where ρ(φ(x)) = e[N+1(φ(x)) − N−1(φ(x))] is the vol-
ume density of the induced charge; N−1 = N+1 is the 
electrical neutrality condition of the semiconductor 
wafer at φs = 0.

By integrating Eq. (11) over φ, we obtain the 
electric field strength:

d
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2
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, (12)

where for φs > 0 the “−” sign should be taken, while 
for φs < 0 the “+” sign should be taken.

From Eq. (11), taking into account Eq. (12), we 
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obtain the charge Qs induced by the external electric 
field per unit area A of the flat surface of the silicon 
wafer:
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where for φs > 0 the “−” sign should be taken, while 
for φs < 0 the “+” sign should be taken.

The differential electrical capacitance per unit 
silicon surface area A, taking into account Eq. (13), is
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The change under the action of the field effect 
of the hopping electrical conductivity [caused by the 
migration of single electrons across the wafer thick-
ness via immobile radiation t-defects in the charge 
states (−1) and (0), as well as in the charge states (0) 
and (+1)] is
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where N−1,0(φ) = N−1(φ)N0(φ)/Nt and N0,+1(φ) = N0(φ)× 
×N+1(φ)/Nt are the effective concentrations of single 
electrons hopping via t-defects in the charge states 
(−1), (0) and in the charge states (0), (+1); M−1,0 and 
M0,+1 are the drift mobilities of electrons hopping 
via t-defects in the charge states (−1), (0) and in the 
charge states (0), (+1). 

The relationship between the hopping diffusion 
coefficients D−1,0 and D0,+1 and the drift hopping mo-

bilities M−1,0 and M0,+1 of electrons hopping via point 
t-defects of the crystal matrix is established by the 
Nernst–Einstein–Smoluchowski relation (see, e.g., 
[3, 25]):
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where ξ−1,0 ≥ 1, ξ0,+1 ≥ 1 are the dimensionless pa-
rameters, which are determined by the ratio of the 
fluctuation spread of t-defect levels (with average 
values of E1 and E2) to the thermal energy kBT ; fur-
ther we assume ξ−1,0 = ξ0,+1 = 1.

The diffusion coefficients D−1,0 and D0,+1 of 
electrons hopping via t-defects in a covalent crystal 
matrix (see Eq. (16)) can be estimated by averaging 
over all probable hopping lengths r (cf. [22–27]):

D−1,0 = 
1
6
〈Г−1,0(r,T)r2〉, D0,+1 = 

1
6
〈Г0,+1(r,T)r2〉, (17)

where Г−1,0(r, T) = νlt exp[−(2r/a−1 + W−1,0/kBT)] and  
Г0,+1(r,T) = νlt exp[−(2r/a0 + W0,+1/kBT)] are frequen-
cies of electron hopping via t-defects in charge sta-
tes (−1), (0) and (0), (+1) [28]; νlt ≈ 10 THz is the 
characteristic frequency of crystal matrix phonons; 
a−1 = ħ/(2m0E2)

1/2 and a0 = ħ/(2m0E1)
1/2 are the radii 

of localization of an electron at the t-defect in the 
charge state (−1) and (0), respectively, m0 is the elec-
tron mass in vacuum.

From Eq. (17), taking into account the distribu-
tion of distances r between t-defects [21], we get:
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where Neq = (N−1,0)max = (N0,+1)max = Nt/8.
From Eq. (15), taking into account Eqs. (16)–

(18), we obtain the resistance of a highly defective 
crystalline silicon (hd-Si) wafer due to the hopping 
of single electrons via t-defects along its thickness:

Rs = Rs(U(φs)) = 
d
A
s

σ
,  (19)
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where ds and A are the thickness and the surface area 
of the hd-Si wafer, σ = σ(φs) = σ(0) + δσ(φs) is the 
electrical conductivity, and σ(0) = e[N−1,0(0)M−1,0 + 
+ N0,+1(0)M0,+1] is the conductivity at φs = 0. For the 
considered low frequencies, the electrical conductiv-
ity σ is frequency-independent [29, 30].

Note that Eqs. (14) and (19) were obtained 
under the assumption of quasi-stationary filling of 
energy levels according to Eq. (8) taking into ac-
count Eq. (10), therefore Cs and Rs are the quasi-
static (low-frequency) capacitance and resistance of 
semiconductor. The quasi-stationarity condition is 
satisfied at ω/2π << Г−1,0(r, T) and ω/2π << Г0,+1(r, T). 
In other words, this can expressed by the inequality 
ω/2π << σ/εs, where εs/σ is the Maxwell relaxation 
time for hopping conduction.

Calculation results and discussion

The calculations were carried out for the fol-
lowing parameter values: semiconductor thickness  
ds = 150 µm, insulator thickness di = 3 µm, relative 
permittivities of semiconductor (hd-Si) εr,s = 11.5 
and insulator (polyimide) εr,i = 3.5, frequency of al-
ternating electric field ω/2π = 1 kHz.

Figure 3a shows the results of calculating the 
ratio of the low-frequency admittance Y(U) to ωCi/2 
according to Eq. (3) at various values of the voltage 
U created by metal electrodes on the surface of insu-
lator interlayers, for Nt = 3∙1019 cm−3 at temperatures 
T = 250, 300, 350 K. The values of U are related to 
Us by Eq. (5) and Us = 2φs was chosen so that the in-
equality eUs ≤ Δt is fulfilled. It is seen that for U = 0 
(flat-band mode) the admittance of the capacitor with 
the working substance “insulator–partially disordered 
semiconductor–insulator” increases with temperature.

Figure 3b shows the results of calculating the 
ratio of the low-frequency admittance Y(U) to ωCi/2 
according to Eq. (3) at different values of voltage U 
created by metal electrodes on the surface of insula-
tor interlayers for temperature T = 300 K at concen-
trations of t-defects in disordered silicon Nt = 1∙1019, 
3∙1019, 1∙1020 cm−3. It is seen that the admittance in-
creases with the concentration of t-defects.

Figure 4a shows the results of calculating the 
phase shift angle θ(U) between current and voltage 
according to Eq. (4) at various values of voltage U 
created by metal electrodes on the surface of insula-
tor interlayers, for Nt = 3∙1019 cm−3 at temperatures 
T = 250, 300, 350 K. It is seen that the absolute value 
of the phase shift angle decreases with temperature.

Figure 4b shows the results of calculating the 
phase shift angle θ(U) according to Eq. (4) at vari-
ous values of the voltage U created by metal elec-
trodes for temperature T = 300 K at the concentration 
of t-defects in disordered silicon Nt = 1∙1019, 3∙1019, 
1∙1020 cm−3. It is seen that in the flat-band mode (at 
U = 0), all other conditions being equal, the phase 
shift angle modulus is minimum for the concentra-
tion of t-defects Nt = 3∙1019 cm−3 and is maximum for 
Nt = 1∙1020 cm−3.

Note that the value of the Fermi level energy 
EF

(v) = 400 meV, obtained from the electrical neutral-
ity condition N+1 = N−1, does not depend on the tem-
perature, since EF

(v) is in the middle between |1)- and 
|2)-band. This practically coincides with the experi-
mental value of EF

(v) in silicon [17–19], which con-
tains a high concentration of radiation defects.

Note that the capacitor with the working sub-
stance “insulator–partially disordered semiconduc-
tor–insulator” is radiation-resistant, because radia-
tion defects are already present in the semiconductor 
in large numbers. This suggests that this element is 
promising for use as a varactor. Also, the dependenc-
es of the electrophysical characteristics (Eqs. (1)–
(4)) on the potential at the electrodes make it pos-



















    



















 















Figure 3 – Dependence of admittance 2Y/ωCi on electrode 
voltage U, calculated by Eq. (3): a) for Nt = 3∙1019 cm−3 at 
temperatures T (K): 250 (curve 1), 300 (2), and 350 (3);  
b) for T = 300 K at t-defect concentrations Nt (cm−3): 
1∙1019 (1), 3∙1019 (2), and 1∙1020 (3)
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sible to determine the concentration of t-defects in 
the disordered semiconductor separated by insulator 
interlayers from the capacitor plates [11].

Conclusion

The structure “insulator–partially disordered 
semiconductor–insulator” is proposed as a working 
substance of a capacitor. The semiconductor layer 
with a thickness of 150 µm is separated from the 
metal electrodes of the capacitor by insulating layers 
of polyimide with a thickness of 3 µm. The semi-
conductor layer is a highly defective silicon crys-
tal containing radiation point two-level t-defects in 
three charge states (−1), (0), and (+1) with hopping 
migration of single electrons via them, i.e. defects 
form |1)- and |2)-bands in the band gap.

The calculation gives a nonmonotonic depen-
dence of the low-frequency admittance and the 
phase angle between current and voltage on the elec-
tric potential at the metal plates. At the concentra-
tion of t-type radiation defects equal to 3∙1019 cm–3, 
with an increase in temperature from 250 to 350 K, 
the admittance increases by about 12%. With an in-
crease in the concentration of t-defects from 1∙1019 to 
1∙1020 cm−3 at temperature of 300 K, the admittance 

of the capacitor increases by about 13%. In the cal-
culations, for the first time, the diffusion coefficients 
were averaged over all probable electron hopping 
lengths via t-defects in the charge states (−1), (0) and 
(0), (+1) in the covalent crystal matrix. Note that the 
considered element is radiation-resistant, since the 
semiconductor layer already contains radiation point 
defects in a high concentration.
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Abstract 
Magnetic fluids belong to the class of nanomaterials with a high gain of light absorption, aggregative 

and sedimentation stability as well as controllability by external fields, which is of interest to use in the 
field of optoacoustics. The purpose of the work was to experimentally study the effect of the optoacoustic 
transformation in a magnetic fluid, depending on the concentration of magnetic colloidal particles, bounda-
ry conditions, intensity of the laser as well as to identify the possibilities of using the magnetic fluid as  
an element of the optoacoustic transformation in a number of applications.

A brief analysis of the optoacoustic transformation mechanism in a magnetic fluid was carried out and 
a technique and an installation that implements the shadow measurement variant developed. A Lotis type 
laser was used as a source of ultrasonic pulse-laser excitation in magnetic fluids. A quartz and air were 
used as a material transmitting the energy of laser radiation in a magnetic fluid. Receiving of ultrasound 
signals was made by a piezoelectric probe at a working frequency of 5 MHz. In the measurement process, 
the concentration of the dispersed phase in tmagnetic fluid was varied from zero to 8 % and the energy in the 
impulse – from zero to 10 mJ.

For the first time, it was established that: a) an amplitude of the function of the optoacoustic transformation 
in a magnetic fluid, depending on the concentration of the dispersed phase, has a maximum determined  
by the fluid physical properties and boundary conditions; b) for all samples within the measurement error, 
a quasilinear dependence of the specified amplitude of energy in the laser pulse in the range of 0–8 MJ  
has been established.

A number ways of the optoacoustic effects in magnetic fluids to use in ultrasonic testing, measuring  
the intensity of the laser radiation had been suggested. 

Keywords: optoacoustic transformation, magnetic fluid, ultrasound.
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Магнитные жидкости относятся к классу наноматериалов, обладающих высоким коэффициентом 
поглощения света, агрегативной и седиментационной устойчивостью, а также управляемостью внеш-
ними полями, что представляет интерес для использования в области оптоакустики. Цель работы со-
стояла в экспериментальном исследовании эффекта оптоакустического преобразования в магнитной 
жидкости в зависимости от концентрации дисперсной фазы и способа воздействия на неё лазерного 
излучения, а также выявления возможностей использования магнитной жидкости в качестве элемента 
оптоакустического преобразования в ряде приложений. 

Проведён краткий анализ механизма оптоакустического преобразования в магнитной жидкости 
и разработана методика и установка, реализующая теневой вариант измерений, где в качестве ис-
точника импульсно-лазерного воздействия на магнитную жидкость использован лазер типа Lotis.  
В качестве материала световода, передающего энергию лазерного излучения в магнитной жидкости, 
использованы кварц и воздух. Приём ультразвуковых сигналов производился пьезопреобразовате-
лем на рабочей частоте 5 МГц. В процессе измерений варьировалась концентрация дисперсной фазы  
в магнитной жидкости (0–8 %) и энергия в импульсе (0–10 мДж). 

Впервые установлено, что: а) амплитуда функции оптоакустического преобразования в магнит-
ной жидкости в зависимости от концентрации дисперсной фазы, имеет максимум, величина и по-
ложение которого на оси концентраций определяется свойствами световода; б) для всех образцов  
в пределах погрешности измерений установлена квазилинейная зависимость указанной амплитуды  
от энергии в импульсе в диапазоне 0–8 мДж. 

Предложен ряд схемных решений использования эффекта оптоакустического преобразования  
в магнитной жидкости для ввода сигнала в исследуемые объекты – применительно к их дефектоско-
пии и структуроскопии, а также для решения обратной задачи – измерения интенсивности лазерного 
излучения.

Ключевые слова: оптоакустическое преобразование, магнитная жидкость, ультразвуковые волны. 
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Introduction

The development of methods of laser acoustic 
diagnostics and control of object in different 
phase states with structural inhomogeneity in 
hard-to-reach places requires the application of 
original approaches, new tools and materials [1]. 
Particularly, this concerns the combined methods 
of measurements where excitation of ultrasonic 
waves (UW) is performed by impulse-laser 
radiation and receiving by contact or non-
contact transducers, for example [2–6]. This 
allows solving a number of important tasks on 
widening the possibilities of high-frequency 
acoustic probing of objects with powerful pulses 
by essentially increasing method sensitivity and 
simplifying the problems of information signal 
receiving.

Recently magnetic fluids (MF) related to the 
class of nanomaterials [7] are of essential interest 
for the use in acoustic measurement technique 
(and optоacoustics). Magnetic fluids are colloidal 
solutions possessing aggregative and sedimentary 
stability relatively magnetic suspended particles 
under the influence of external fields, including 
magnetic, electric and others while maintaining 
fluidity. Earlier it was proposed to use unique 
properties of MF in a number of acoustic 
applications including creation of acoustic 
contact, sound excitation by a variable magnetic 
field, directional control of acoustic fields and 
others [8]. 

Taking into account high stability of MF 
structure in magnetic fields, fluidity of the medium, 
and also the data on MF optical propertiesobtained 
before, it is of interest to consider the possibility 
of using MF as a distinctive matching managed 
optoacoustic (OA) element in a number of 
applications. Particularly, MF can be used as 
an OA converter or in ultrasound fluctuations 
that simultaneously combine the function of a 
controlled sound line, which creates a contact 
with the object of research, to form a focus and 
excitation of various elastic modes in materials 
with a minimum noise background; clearing the 
possibility of MF using to measure the intensity of 
laser radiation. 

It is also necessary to pay attention to a number 
of works [9–12], in which magnetic field acts on 
birefringence, the rotation of the polarization plane, 
the change in the intensity of the light radiation 
passing through the MF films, and etc. Interesting 

from the point of view of the using MF as an element 
of OA transducer is the data obtained in [13, 14], 
where it is shown that in the vicinity of the 
boundaries of the media there is an inhomogeneity 
of the concentration of the dispersed phase. It 
is also necessary to pay attention to a number of 
works, for example [9–12], in which the effects of 
the magnetic field influence on birefringence, the 
rotation of the polarization plane, and the laser light 
passing through the MF films, etc. 

In the case of using MF as an element of OA 
converter and controlled by the magnetic field of 
the sound line [8], it is possible to excite in various 
media acoustic pulses of high intensity and low 
duration up to ~ 1–10 nS. 

In the formation of the acoustic field in the test 
object to test it is neces-sary to take into account 
the fact that the laser radiation energy with an 
OA conversion to me-dium having characteristic 
thermo-physical (TP), acoustic (AC) and opti-
cal (OP) properties are transmitted to MF, follo-
wed by transformation according to the sche- 
me: light  –  heat  –  ultrasonic waves (UW). And 
then the UW propagate into the object under 
study, which amplitude according to [2] can be 
represented as: 

where J0(t, Гi ) is a flow of laser radiation, falling 
on the boundary light guide-MF;         and        – 
integral (spectral) functions characterizing the 
passage of the radiation flow through the boundary 
of the light MF guide with the subsequent trans-
formation into longitudinal waves, as well as the 
propagation of the latter through the MF sound 
line correspondingly; DМF – the sound transmission 
coefficient of the boundary MF-object; ɷ – circular 
frequency.

It is interesting thet there are the data obtained 
in [13, 14], where it is shown that in the vicinity of 
the boundaries of media there is an inhomogeneity 
of the concentration of the dispersed phase. It 
should be noted that the UW pulses arising from 
the OA transformation give us information about 
the space-time characteristics of the heat absorbed 
and the features of the heat transformation 
mechanism into acoustic energy. At the same 
time, it was shown in [13, 14], that the absorption 
coefficient of laser radiation in the vicinity of 
the boundaries of the media partition normally 
coefficient of the light attenuation is αl = αl (z). 
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Those, it is varying in the surface layer according 
to normal to its boundary, which is due to the 
peculiarities of the technology of stabilization of 
the colloid system [7].

Using the results of research [2], the velocity of 
the laser excited UW and transmitted through rigid 
(r) or free boundary ( f ) into object to study can be 
presented as:

where I0 is a laser light intensity incident on the former, 
boundary, g(ξ ) describes the space distribution of the 
UW sources,

β – is a temperature coefficient of MF compressibi-
lity, c0, ρ0 and αl are velocity, density and coef- 
ficient of the light extinction in MF respectively.

We assume that the diameter size of the light 
beam λT << d >> αl

–1 where length of the excited

heat wave where χ is the heat 

capacity and thermal conductivity of the MF.
As shown by formulas (1) and (2), there is 

a direct link between the spectral and amplitude 
characteristics of the OA conversion and physical 
properties of MF, depending on the volume con-
tent Q of the colloid and the degree of structuring 
as well as from the dispersion base. According to 
the previously research [13], the amplitude of the 
OA transformation function Ã(Q) measured in 
echo way, has a characteristic maximum as a result 
of concurrence of the thermophysical and acoustic 
properties of the MF samples and the boundary 
materials. 

Interesting is the fact that with the characteristic 
concentration of the colloid Q ≥ QH ≈ 2–3 % the 
spectrum of an excited in MF acoustic pulse is 
almost identical to the spectrum of the laser pulse. 
That is, the “long pulse” mode is implemented. If 
Q = QL < 0.5 % and the emitting mode of a ‟short 
pulse is realized”. 

The purpose of the work was to investigate 
experimentally the effect of OA transformation in 
MF depending on the concentration of disperse 
phase and the method of influence of laser radiation 
on the surface and also to detect the possibilities of 

using MF as an element of OA transformation in a 
number of applications.

Experimental research technique and
scheme

An experimental scheme of investigation is 
given in Figure 1 where a Lotis laser was used as 
LR source for research. The setup comprises an 
optical quantum generator with an electromagnetic 
radiation wavelength of 1.06 µm, consisting of an 
electrical pulse generator, an optical tube with a 
quantotronome, an optical system for correcting 
LR intensity, which provides its given value and 
uniformity on the front. LR pulse width at е–1 level 
is ≈ 8 μs. After OA transformation on the boundary 
of the light-guide-MF, passing through MF and the 
protector, USO goes to the receiver from which 
a signal is received successively on the amplifier 
and then on the oscillograph BОRDO 200, which 
is connected to the computer for processing the 
measurement results. The quantum generator and 
oscilloscope are started synchronously. 

The cell has a cylindrical cavity filled with MF, 
ensuring a drop of LR with a diameter of d ≈ 5 mm 
to the boundary of the light-guide-MF, where as a 
material of the light-guide air and quartz are used, 
which differ substantially on acoustic and thermal-
physical properties. Moreover, in the first case a free 
boundary for OSU excited in MF surface layer was 
realized, and in the second case it was rigid in rela-
tion to the normal wave component. USO is recei- 
ved by a piezoelectric converter (PEC) with an 
operating frequency of 5 MHz and an oscillation 
period in a pulse almost 60 times less than the 
effective LR duration. The surface of PEC piezoplate 
is in contact with the solid-state acoustic line-
protector, and its other side is in contact with the 
damper, as shown in Figure 1b and 1c. MF samples 
are made on the basis of mineral oil with a volume 
content of dispersion phase Q = 0.3–8 %.

The intensity of the laser pulse and duration of 
measurements are regulated so that in the result of 
thermal absorption non-linear effects will not appear 
and the temperature change of MF samples during 
measurement shall not exceed 1ºC. Stability of the 
energy flow emitted by LR generator is ≈ 5–7 %.  
By changing the intensity of LR source and 
measuring it with the PE-25SH device, a normalized 
dependence of the fixed electric radiation on the 
power of laser radiation J in mJ was constructed.

(2)
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Results of experimental studies 

Below mainly the results of experimental studies 
devoted to the effect of OA transformation in MF  
are illustrated in Figure 2 and 3. 

Figure 2 – Dependences of the acoustic amplitude excited 
by optoacoustic conversion on the energy of the laser 
pulse: action of the laser radiation on the air-magnetic 
fluid boundary (2, 4) and quartz-magnetic fluid (1, 3), 
where mineral oil is the dispersion base: Q, % = 0.3 (1, 
2); 8 (3, 4)

The qualitative analysis of the present 
experimental results is performed in comparison 
with those obtained earlier in the echo way. The 
characteristic dependences of the acoustic signal 
amplitude at OA-conversion depending on the laser 
pulse energy is in Figure 2 and on the dispersed 
phase concentration is in Figure 3 when the light  
flux penetrates into the MF sample through the quartz 
and air light guides are shown in Figure 1b and c. 

As seen from the obtained in the present work 
and comparative data, the character of changes in 
the studied dependences of the informative signal 
is significantly influenced not only by the colloid 
concentration and dispersion base, but also by the 
boundary conditions of contact of the light guide 
with the MF.

We draw attention to the available qualitative 
similarity and difference between the behavior 
of normalized amplitudes of the function of the 
optoacoustic transformation when implementing the 
shadow (Figure 3a) and the previously studied echo 
measurement way (Figure 3b). The likeness lies in 

Figure 1 – Basic scheme of the electronic part of the installation with a characteristic form of a laser pulse (a) and 
ultrasonic cells (b, c) for the study of pulse-laser excitation and propagation of ultrasonic waves through magnetic  
fluid: 1 – generator of electrical pulses; 2 – laser; 3 – device for the correction of the laser beam; 4 – laser beam; 
5 – preamp; 6 – oscilloscope BORDO 220; 7 – computer; 8 – light guide; 9 – magnetic fluid; 10 – protector; 
11 – piezoplate; 12 – damper

a

b c
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the fact that the curves A*(Q) = A/Amax regardless 
of the boundary conditions have a maximum of 
characteristic and different values Q = Q*. So, when 
contacting a quartz glass with MF and Q > Qmax , then 
dependence A*(Q ) decreases monotonically by only 
less than 10 % achieved at Q → 8 %. If the shadow 
mode is used then A* decreases by ≈ 3 times. Note 
that the maxima of A*(Q ) take place when a quartz 
glass contacts with MF in our experiment (shadow 
mode) and in [13] (echo mode) that is observed at 
different values of Q.

Figure 3 – Normalized amplitude of the acoustic waves 
at the receiving PEP excited by pulsed laser radiation, 
depending on the concentration of the dispersed phase 
in the magnetic fluid: a – shadow and b – echo mode of 
probing samples of magnetic fluid; light guide medium is 
quartz (1) and air (2); the base of the magnetic fluid is oil; 
b – light guide medium is quartz; the base of the magnetic 
fluid is transformer oil (1) and kerosene (2) [13]

Those, the content of the colloid in the solution 
of QB corresponds to the mode of OA conversion of a 
long pulse, and the QN – a short pulse. Interestingly, 
in the latter case, when Q > QN , then there is a sharp 

drop of the dependence A*(Q ). So in the vicinity 
of the extreme boundary of the variable range of 
concentrations of colloid (A*)1 / (A*)2→4. 

To explain the dependency obtained above, we use 
expressions (1) and (2) as well as the calculated data, 
which have a significant effect on the parameters of the 
optoacoustic transformation function, which relate to 
changes in the thermophysical and acoustic properties 
of samples of MF and the light transparent material 
when varying the dispersed concentration phases in MF.

Attention is also drawn to the experimental 
dependences of the function A*(Q ) obtained in [13–
14], where the reception of acoustic oscillations was 
produced by a broad band receiver, as well as the 
results of a study of the depth of light penetration  
into the colloid in both echoes and the shadow modes.

First of all, we will pay attention to the diffe-
rence between the characteristics of the excitation 
and the propagation of the informative signal on  
the OA path. When the shadow method is realized 
after the transformation of laser radiation into 
acoustic oscillations, the latter applies to the MF 
sound guide pass through the PEP piezoplate. 

According to the spectral theory, in relation to  
the present problem, the amplitude of the probing 
signal will, first of all, depend on the operating 
frequency of the receiver and the length of the 
absorption zone of the light energy l, determined as 
l ~ αl

–1, where α ≈ 1–3. 
As can be seen from Figure 3a, at the 

concentration of the colloid Q ≈ 0.43, the value 
of this zone reaches to l ≈ 150–200 μm, which 
corresponds to the time interval ∆t ~ l/2CMF , close 
to the PEP oscillation in pulse period (  fp )

–1 and 
determines mainly the position of the maximum of 
the amplitude of the signal.

A more detailed analysis of the phenomenon 
under study shows the necessity of taking into the 
influence of the effect of the wave phase inversion 
on the boundary of the light guide. Thus, on the 
boundary MF-air a phase shift ∆β→π will be 
observed. I. e. this boundary is a kind of second 
source with oscillation vectors of the particles of 
the medium directed oppositely. And in this case 
at Q > Qmax there will be a continuous decrease in 
the dimensionless distance hλ = h/λl or a phase shift 
between the sources mentioned, where k is some 
correction factor:

Δψ ≈ -π(1–2khλ ),                                                            (3)

where hλ ~ (λαl )
–1.                                       

a

b
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As for the excitation of elastic waves in the 
‟long pulse” mode, then as is seen, with the growth 
of Q and, of course, the absorption light coefficient 
αl, the effect of addition of amplitudes of the two 
sources will appear. Here part of the energy of the 
source localized at the division boundary of the MF-
quartz will be emitted into a solid medium with an 
coefficient of transparency on energy:

DMF ,qu=4RMF Rqu(RMF+Rqu )
–2,   

which will lead (as calculations show) to a slight 
decrease in signal amplitude and what is observed 
in the experiment, where RMF and Rqu – are specific 
acoustic resistance of MF and quartz.

It is necessary to pay attention to the fact that 
the efficiency of the operation of MF as an OA 
element in specialized devices depends on the 
stability of the OA conversion process. As shown by 
numerical estimates, made using tabular data, as well 
as experimental studies with a frequency of 10 Hz 
and power in a pulse ≈ 3 mJ, the greatest temporal 
stability of the probing signal is observed in the case 
when quartz glass is used as a light guide coefficient.

Some directions for using magnetic fluid as 
an optoacoustic converter

As mentioned above, the MF is a kind of 
nanomaterials with a form varying under the 
influence of magnetic fields, which has previously 
been used for both manual control and in some 
cases – mechanized and automated in ultrasonic flaw 
detection [8]. On the other hand, as shown [13], MF 
is a medium with a absorption coefficient, practi-
cally close to what is achieved in modern devices 
based on specially synthesized solid substrates with 
limited use. The following is a brief analysis of the 
possibilities of using MF for acoustic diagnostics 
and non-destructive testing of objects, including 
living (in vivo), as well as such colloids as a sensitive 
element for measuring the intensity of laser radiation, 
which is explained in Figures 4 and 5.

Figure 4 shows the constructions of OA-
transducers designed to solve various practical 
problem. In particular, in Figure 4a, a MF thin layer 
performs a function of a purely flat “lining” on the 
probe prism converting whether in longitudinal 
waves transmitted to the prism for excitation 
in objects surface waves at the velocity of CR , 
subsurface longitudinal (CSL ) and transverse (CST ), 
as well as Lamb modes (CLa ). At the same time, the 

relationship between the speed of the corresponding 
acoustic modes, excited in the object СR,SL,ST,L in the 
OA-converter prism Cl  is β = arcsin(C1/СR,SL,ST, La ).

Figure 4 – Some types of optoacoustic transducers with 
magnetic fluid for acoustic spectroscopy and evaluation 
of the physicomechanical properties of materials: 1 – laser 
beam; 2 – light guide; 3 – magnetic fluid; 4 – an object to 
test; 5 – prism of PEP 

In such OA-transducers it is possible to easily 
change the MF free surface form under action of 
magnetic field, the light absorbing ability tocarry 
out the focusing of the acoustuc beam, rotate its 
acoustical axis in the liquid and solid materials 
to test them and also control the sensitility of its 
arrangement when measuring the intensity of laser 
pulsed radiation. 

In Figure 4b, the MF layer performs a function 
not only of the OA-transducer, but also a sound line 
to create acoustical contact with objects of a complex 
surface relief, located in difficult places, in condi-
tions of weightlessness. Figure 4 demonstrates a 
method of ultrasonic testing by using of above modes 
the materials with an unknown or changing speed.  
So, it is possible to find the velocity of the correspon-
ding mode correlating with various informative pa-
rameters and to determine the mechanical stresses 

a

b
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in materials, depth and distribution of hardness in 
hardening inhomogeneous surface layers of solids, 
thickness of thin coatings and walls of products of 
complex profile. To optimize the input of ultrasonic 
mode to the objects of a high-frequency pulse with 
minimal distortion, it is necessary to take the optimal 
concentration Q* of the nanomagnetic particles, the 
dispersion base for magnetic fluid and its thickness. 
It is necessary to study influence of the MF thermal 
heating which affects the thermophysical and acous-
tic properties of colloid and measurement sta- 
bility. As it was also experimentally shown earlier, 
a quartz with high thermal conductivity and heat 
capacity should be used for these purposes. It 
should also be noted that the further MF using as 
an optoacoustic material requires the study of the 
peculiarities of the absorption of whether in a wide 
range of wavelength λl ~ 0.1–10 μm and the pulse 
duration tl ~ 0.001–1 μs, and action of stationary and 
nonstationary magnetic fields on the generation of  
UW with an OA transformation.

Figure 5 – Laser radiation measurement schemes, when 
the surface of the magnetic fluid is of quasi-spherical 
or quasi-cylindrical (a) or flat (b) form: 1 – laser beam; 
2 – diaphragm; 3 – magnetic fluid; 4 – receiving piezo-
electric element; 5 – electrical receiver; 6 – magnetic 
system for MF formation 

One of the directions arising from the 
experimental studies and theoretical analysis is 
primarily due to the use of MF as an OA element 
for measuring the intensity of the laser radiation. 
Figure 5 shows the possible schemes that implement 
the method of measuring the intensity J or the laser 
radiation flow Φ(S0 ) by placing of the MF between  
the PEP and hold it using the field of the magnetic 
source or light transparent material, and then de-
termining of the response signal amplitude.

The advantage of the proposed method of 
measuring the intensity or flows of laser radiation 
befor tradition al methods lies in the simplicityes of 
a substantial expansion of the ware length range of 
the laser radiation – from infared to ultraviolet.

Conclusion

A brief analysis was carried out and the 
optoacoustic path was examined for the pulse-laser 
excitation and the propagation of longitudinal waves 
in the samples of magnetic fluids based on synthetic 
oil. The possibilities of using magnetic fluid as an 
object combining the function of the optoacoustic 
transducer and sound guide are considered. 

The technique and installation that implement 
the shadow measurement way to study effect of the 
optoacoustic transformation in magnetic fluid are 
developed, where the Lotis-220 laser is used as a 
source of the laser radiation with a wavelength of 
0.54 μm, and the ultrasonic piezoelectric probe at a 
working frequency of 5 MHz to receive longitudinal 
waves propagating in the magnetic fluids. Amplitude 
dependences of the acoustic wave excited by the  
pulse-laser radiation are obtained v. s. the concentra-
tion of magnetic nanoparticles (Q = 0–8 %) and the 
light pulse energy (0–10 MJ), as well as the method 
of transmitting the light flow in magnetic fluid 
through a quartz light guide and air.

The quasilinear dependence of the amplitude 
A* of the OA transformation in the samples of the 
magnetic fluid on the pulse energy in the range from 
zero to ≈ 8 mJ had been got. But dependences of A*(Q) 
have a maximum, the value and the position of which 
on Q-axes are determined by the boundary conditions 
for input the light beam in the colloid through the 
quarts light guide. Moreover, the value of the maxi- 
mum of A*, obtained by using a quartz guide by ≈ 40 % 
more than in the absence of it. The interpretation 
of data obtained on the basis of the analysis of the 
thermophysical and elastic properties of magnetic 
fluids and light guides of contacting media. 

a

b
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It was shown that here are some ways for using 
the effect of OA transformation in magnetic fluids, 
including excitation of high-intensity broadband 
acoustic pulses of bulk, transverse, surface, etc. in 
solids for testing of their structure and flaw detec-
tion and to measure the power of laser radiation in a 
wide range of the length of the light wave.

References

1. Jean-Pierre Minchalin, Laser ultrasonics: from the 
laboratory to industry. Rev. of Progress in Quantitative 
NDE, 2003, no. 23A, рр. 3–31.

2. Gusev V.E., Karabutov A.A. Laser optoacaby. 
Moscow: Science Publ., 1991, 304 p.

3. Gurevich S.Yu., Petrov V.Yu., Golubev A.A., 
Shulginov A. Ema-registration of Lamb ultrasonic 
waves, excited by laser nano-views. Russian Journal of 
Nondestructive Testing, 2013, vol. 49, iss. 8, pp. 431–435.
DOI: 10.1134/S1061830913080056

4. Khokhlova T.D., Pelivanov I.M., Karabutov A.A. 
Methods of optical-acoustic diagnostics of biotcaken.  
Akust. journal, 2009, vol. 55, no. 4–5, pp. 672–683.

5. Filimonova T.A., Volkov D.S., Proskurnin M.A., 
Pelivanov I.M. Optoacoustic spectroscopy for real-
time monitoring of strongly light-absorbing solutions 
in applications to analytical chemistry. Photoacoustics, 
2013, vol. 1, iss. 3–4, pp. 54–61. 
DOI: 10.1016/j.pacs.2013.08.002

6. Spirou G.M., Oraevsky A.A., Vitkin I.A., Whe-
lan W.M. Optical and acoustic properties at 1064 nm of 
polyvinyl chloride-plastisol for use as a tissue phantom  
in biomedical optoacoustics. Phys. Med. Biol., 2005,  
vol. 50, no. 14, pp. 141–153. 
DOI: 10.1088/0031-9155/50/14/N01

7. Blum E.Ya., Maiorov M.M., Cebers A.O. Magnit-
nie jidkosti [Magnetic fluids], Riga: Zinatne Publ., 1989, 
389 p.

8. Baev A.R., Konovalov G.E., Maiorov A.L. 
Magnitnie jidkosti v tehnicheskoi akustike i nerazru-

shayuschem kontrole pod red. P.P. Prohorenko [Magnetic 
fluids in technical acoustics and non-destructive testing 
ed. P.P. Prohorenko], Minsk: Tehnalogiya Publ., 1999, 
300 p.

9. Yong Zhao, Riqing Lv, Yuyan Zhang, Qi Wang. 
Novel optical devices based on the transmission pro-
perties of magnetic fluid and their characteristics. Optics 
and lasers in engineering, 2012, vol. 50, iss. 9, pp. 1177–
1184. DOI: 10.1016/j.optlaseng.2012.03.012

10. Yang X., Liu Y., Zheng Y., Li S., Yuan L., 
Yuan T., Tong C. A capillary optical fiber modulator 
derivates from magnetic fields. Optics Communications,  
2013, vol. 304, pp. 83–86. 
DOI: 10.1016/j.optcom.2013.04.038

11. Yong Zhao, Yuyan Zhang, Riqing Lv, Qi Wang. 
Novel optical devices based on the tunable refractive 
index of magnetic fluid and their characteristics. J. Mag. 
Mag. Mater., 2011, vol. 323, iss. 23, pp. 2987–2996. 
DOI: 10.1016/j.jmmm.2011.06.025

12. Li Y., Zhang H., Yang Z., Yuan B., Yuan Z., 
Xue H. Incident-power-dependent optical transmission 
properties of magnetic fluid films. Optik., 2018, vol. 172, 
pp. 730–735. DOI: 10.1016/j.ijleo.2018.07.042

13. Baev A.R., Karabutov A. A., Podimova N.B., 
Prohorenko P.P. Osobennosti vozbujdeniya uprugih voln 
v magnitnih jidkostyah lazernim izlucheniem [Features 
of excitation of elastic waves in magnetic liquids by 
laser radiation]. Magnitnaya gidrodinamika [Magnetic 
gtdrodynamics], 1996, no. 3, pp. 23–30 (in Russian).

14. Sokolovskaya Yu. G., Podimova N.B., Kara-
butov A.A. Issledovanie strukturnoj neodnorodnosti 
magnitnoj zhidkosti posredstvom vosstanovleniya pro-
stranstvennogo raspredeleniya koefficienta ekstinkcii 
sveta s ispol'zovaniem lazernogo optiko-akusticheskogo 
metoda [Investigation of the structural inhomogeneity of 
a magnetic fluid by reconstructing the spatial distribution 
of the extinction coefficient of light using a laser optical-
acoustic method]. Akusticheskij zhurnal [Acoustic], 2020, 
vol. 66, no. 3, pp. 284–293. 
DOI: 10.31857/S0320791920030065

219



Адрес для переписки:
Якимов В.Н.
Самарский государственный технический университет,
ул. Молодогвардейская, 244, г. Самара 443100, Россия
e-mail: yvnr@hotmail.com

Address for correspondence:
Yakimov V.N.
Samara State Technical University,
Molodogvardeyskaya str., 244, Samara 443100, Russia
e-mail: yvnr@hotmail.com

Для цитирования:
V.N. Yakimov.
Digital Spectral Analysis by means of the Method of Averag Modified 
Periodograms Using Binary-Sign Stochastic Quantization of Signals.
Приборы и методы измерений.
2021. – Т. 12, № 3. – С. 220–229.
DOI: 10.21122/2220-9506-2021-12-3-220-229

For citation:
V.N. Yakimov.
Digital Spectral Analysis by means of the Method of Averag Modified 
Periodograms Using Binary-Sign Stochastic Quantization of Signals.
Devices and Methods of Measurements. 
2021, vol. 12, no. 3, рр. 220–229.
DOI: 10.21122/2220-9506-2021-12-3-220-229

Devices and Methods of Measurements
2021, vol. 12, no. 3, pp. 220–229  

V.N. Yakimov

Приборы и методы измерений 
2021. – Т. 12, № 3. – С. 220–229
V.N. Yakimov

Digital Spectral Analysis by means of the Method of Averag 
Modified Periodograms Using Binary-Sign Stochastic 
Quantization of Signals
V.N. Yakimov

Samara State Technical University,
Molodogvardeyskaya str., 244, Samara 443100, Russia

Received 24.06.2021
Accepted for publication 10.09.2021

Abstract 
The method of averaging modified periodograms is one of the main methods for estimating the power 

spectral density (PSD). The aim of this work was the development of mathematical and algorithmic support, 
which can increase the computational efficiency of signals digital spectral analysis by this method. 

The solution to this problem is based on the use of binary-sign stochastic quantization for converting 
the analyzed signal into a digital code. A special feature of this quantization is the use of a randomizing 
uniformly distributed auxiliary signal as a stochastic continuous quantization threshold (threshold function). 
Taking into account the theory of discrete-event modeling the result of binary-sign quantization is interpreted 
as a chronological sequence of instantaneous events in which its values change. In accordance with this we 
have a set of time samples that uniquely determine the result of binary-sign quantization in discrete-time 
form. Discrete-event modeling made it possible to discretize the process of calculating PSD estimates. As 
a result, the calculation of PSD estimates was reduced to discrete processing of the cosine and sine Fourier 
transforms for window functions. These Fourier transforms are calculated analytically based on the applied 
window functions. The obtained mathematical equations for calculating the PSD estimates practically do not 
require multiplication operations. The main operations of these equations are addition and subtraction. As a 
consequence, the time spent on digital spectral analysis of signals is reduced. 

Numerical experiments have shown that the developed mathematical and algorithmic support allows 
us to calculate the PSD estimates by the method of averaging modified periodograms with a high frequency 
resolution and accuracy even for a sufficiently low signal-to-noise ratio. This result is especially important 
for spectral analysis of broadband signals. 

The developed software module is a problem-oriented component that can be used as part of metrologically 
significant software for the operational analysis of complex signals.

Keywords: spectral analysis, Fourier transform, modified periodogram method, binary stochastic quanti-
zation, fast algorithms.
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Цифровой спектральный анализ методом усреднённых 
модифицированных периодограмм с применением 
бинарно-знакового стохастического квантования 
сигналов
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Метод усреднённых модифицированных периодограмм является одним из основных методов 
оценивания спектральной плотности мощности (СПМ). Целью работы являлась разработка математи-
ческого и алгоритмического обеспечения, которые позволяют повысить вычислительную эффектив-
ность цифрового спектрального анализа сигналов этим методом. 

Решение поставленной задачи основано на использовании бинарно-знакового стохастического кван-
тования для преобразования анализируемого сигнала в цифровой код. Особенностью такого квантова-
ния является применение рандомизирующего равномерно распределённого вспомогательного сигнала в 
качестве стохастического непрерывного порога квантования (пороговой функции). С учётом теории дис-
кретно-событийного моделирования результат бинарно-знакового квантования интерпретируется как 
хронологическая последовательность мгновенных событий, в которые происходит смена его значений. 
В соответствии с этим, имеем множество отсчётов времени, которые однозначно определяют результат 
бинарно-знакового квантования в дискретном виде. Дискретно-событийное моделирование позволило 
осуществить дискретизацию процесса вычисления оценок СПМ. В итоге вычисление оценок СПМ све-
лось к дискретной обработке косинус и синус преобразований Фурье для оконных функций. Эти пре-
образования Фурье вычисляются аналитически с учётом применяемых оконных функций. Полученные 
математические соотношения для вычисления оценок СПМ практически не требуют выполнения опера-
ций умножения. Основными операциями этих соотношений являются операции сложения и вычитания. 
Следствием этого является уменьшение временных затрат на цифровой спектральный анализ сигналов. 

Численные эксперименты показали, что разработанное математическое и алгоритмическое обе-
спечение позволяет вычислять оценки СПМ методом усреднённых модифицированных периодограмм 
с высоким частотным разрешением и точностью даже для достаточно низкого отношения сигнал/шум. 
Такой результат особенно важен для спектрального анализа широкополосных сигналов. 

Разработанный программный модуль представляет собой проблемно-ориентированный компо-
нент, который может использоваться в составе метрологически значимого программного обеспечения 
для оперативного анализа сложных сигналов.

Ключевые слова: спектральный анализ, преобразование Фурье, метод модифицированных 
периодограмм, бинарное стохастическое квантование, быстрые алгоритмы.
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Introduction

Spectral analysis is one of the most significant 
and applied methods for signal investigation. It 
is used in many areas of engineering and physical 
sciences. In particular, the spectral estimation of 
the frequency composition of signals is of practical 
interest in the process of non-destructive testing and 
functional diagnostics of technical systems used for 
various purposes.

In real life signals are exposed to random 
disturbances and noise interference which leads 
to their statistical uncertainty. Statistical analysis 
methods are used to investigate such noisy signals. 
In this case, the spectral analysis of signals will be 
associated with the need to obtain a robust estimate 
of the power spectral density (PSD).

PSD is a continuous function of frequency and 
determines the average power per unit frequency 
interval. Estimation of PSD allows us to get an idea 
of the distribution of the average signal power in the 
monitored frequency range and to identify within this 
range the dominant (resonant) frequency components 
present in its composition. In practice, the PSD 
is estimated based on the calculation of the direct 
Fourier transform. Currently, the discrete Fourier 
transform is used. This is due to the advantages of 
digital signal processing. First of all, such advantages 
are the repeatability and reproducibility of digital 
measuring procedures [1].

With the advent of powerful computer 
technology and as a result of the development of 
fast Fourier transform algorithms the periodogram 
method for estimating the PSD is widely used. 
According to this method, if the signal is stationary 
and ergodic in time, then the PSD estimate is 
calculated by processing single of its centered 
realization using the finite Fourier transform [2, 3]. 
Centering the signal realization implies preliminary 
removal of the constant component, if any. However, 
it was shown in [3] that such a periodogram estimate 
of the PSD will yield statistically unstable results 
of spectral analysis. At the same time, an increase 
in the duration of the processed signal realization 
does not improve the quality of the PSD estimate. 
This only leads to an increase in the number of 
frequencies for which the PSD estimate can be 
calculated. The smoothing of the PSD estimate 
can be obtained by averaging the periodogram 
estimates calculated for individual segments of the 
signal realization under the assumption that it is 
stationary. In this case, the observed realization of 

the signal is divided into segments of finite duration, 
which form a pseudo-ensemble. Local periodogram 
estimates are calculated for these segments. Finally, 
the PSD estimate is calculated by averaging the 
local periodograms. If the duration of the signal 
realization is limited in time, then the formation 
of a pseudo-ensemble with partial overlapping of 
segments is allowed. This allows you to get more 
periodogram local estimates for averaging. In order 
to reduce spectral leakage and reduce distortion of 
periodogram estimates by strong harmonics, each 
segment is processed using windowed weighting 
operations. This reduces the level of side lobes in the 
spectrum estimate. In addition, the use of windowing 
functions gives less weight to the values at the 
ends of the segments. As a result, the overlapping 
segments are less correlated with each other, which 
make it possible to obtain a more effective variance 
reduction for averaged periodogram estimates. This 
approach to estimating the PSD is known as the 
method of averaging modified periodograms [2–5].

The method of averaging modified periodograms 
leads to a decrease in the variance of the calculated 
PSD estimates. It also allows you to control the level 
of the side lobes, which is especially important when 
the amplitudes of the harmonics in the signal vary 
greatly. However, this method is a complex signal 
processing procedure. The need to carry out such 
complex signal processing leads to the fact that 
classical algorithms implementing this method in 
digital form assume the organization of computational 
processes that require performing a significant 
number of digital multiplication operations. It is 
known that it is the multiplication operations that 
are the most computationally laborious among all 
arithmetic operations [6, 7]. The execution of such 
algorithms can lead to significant time costs and 
reduce the efficiency of signal processing, even if the 
fast Fourier transform is used. The development and 
use of increasingly powerful computer technology 
cannot solve this problem completely. This is due to 
the constant complication of technological processes 
for monitoring and diagnosing complex systems 
and objects, which leads to the need to analyze 
large amounts of data sets. In accordance with the 
above, the aim of this work was the development 
of mathematical and algorithmic support, which 
can increase the computational efficiency of signals 
digital spectral analysis by the method of averaging 
modified periodograms. It is necessary to note, that 
a positive solution to this problem can be obtained 
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by reducing the number of digital multiplication 
operations.

Estimation of the power spectral density 
based on binary-sign stochastic quantization

Currently widely used digital algorithms for 
calculating periodogram estimates of PSD are 
traditionally developed on the basis of the classical 
approach to the discrete-time representation of 
signals. According to this approach, analog-to-
digital signal conversion is the result of performing 
uniform time sampling, multi-level quantization, and 
encoding of the digitized samples. Such analog-to-
digital conversion leads to the necessity of processing 
multi-bit samples of digital signals in the process of 
spectral analysis. In practice, in order to reduce time 
costs, it is necessary to make trade-offs between 
the quality of analog-to-digital conversion and the 
computational complexity of processing digital 
samples. In the extreme case, binary quantization 
methods are used to convert signals into a digital 
code [8–14].

Randomization (deliberate introduction of ran-
domness) of binary quantization makes it possible 
to obtain a rational relationship between an extreme-
ly low number of quantization levels equal to two 
and the accuracy characteristics of computational 
algorithms in digital signal processing. In the case 
of using randomization, we have binary stochastic 
quantization. A special case of such quantization 
is binary-sign stochastic quantization. The use of 
binary-sign stochastic quantization for the statistical 
analysis of signals is substantiated in [15]. In 
the process of performing such quantization, a 
continuous auxiliary random signal is used as a 
variable quantization threshold (threshold function). 
The auxiliary signal takes on values within the 
values range of the analyzed signal and has a uni- 
form distribution. The result of the binary-sign 
stochastic quantization is:

where           is a centered signal realization;          auxi-
liary random signal.

The result of binary-sign stochastic quantization 
can only take on the value ‟-1” or ‟+1”. The change 
of these values occurs sequentially at the moments 
of time    . At the same time, the probability of 
simultaneous occurrence of two or more events at the 
same time is excluded. Taking this into account, a 

mathematical model was obtained for representing   
z(t) in discrete form [16]. It is developed based on 
the theory of discrete-event modeling. According 
to this model, it is enough for us to know only the 
initial value of the binary-sign quantization result 
z(t0 ) and the set of time samples      within the time 
interval of signal analysis. Based on this model, 
the calculation of the periodogram estimate of the 
PSD using binary-sign stochastic quantization is 
considered in [17, 18]. However, the mathematical 
equations obtained in [17] do not provide for the 
use of window functions. In [18], the periodogram 
estimate of the PSD is calculated using window 
functions, but its calculation is carried out indirectly 
through the calculation of the correlation function 
estimate. This approach to the estimation of PSD 
requires the formation of initial data using two 
independent procedures of binary-sign stochastic 
quantization, which complicates the procedure of 
spectral analysis.

Taking into account the results obtained by the 
author in [16–18], we consider the application of 
binary-sign stochastic quantization for estimating 
PSD by the method of averaging modified 
periodograms. According to this method, the result 
of binary-sign stochastic quantization should be 
represented as a pseudo-ensemble of signal segments. 
For these segments, local periodogram estimates are 
calculated, which are averaged to obtain the desired 
PSD estimate.

Figure 1 shows a pseudo-ensemble consisting of 
M segments for the result of a binary-sign stochastic 
quantization. The duration of each segment is 
T = L∆T, where L is the number of overlapping 
pieces of the segment, and ∆T is the segment shift. 
For the pseudo-ensemble shown in Figure 1 L = 2.  
If we assume that t0 = 0, then mathematically in time, 
the segments can be represented as follows:

z(m, t) = z(t + (m–1)∆T), 

where 0 ≤ t ≤ T and 1 ≤ m ≤ M. 
The periodogram estimate for the each weighted 

segment we will calculate with a frequency resolution   
f0 = T  –1at frequencies fk = k f0:

where w(t) is a window function; W characterizes 
the average power of the window function and is a 
normalizing factor.

z t z t( ) = +1, if  ( ) = x t t x t t
o o

( ) ( ); , ( ) ( ),≥ − <ξ ξ1 if   (1)

x t
o

( ) ξ( )t

ti
Z

ti
Z

(2)



S m f
TW

z t m T w t j kf t dtXX k

T
( , ) ( ( ) ) ( ) exp( ) ,max= + − −∫

ξ
π

2

1 2 0
0

2

  ∆ (3)



Devices and Methods of Measurements
2021, vol. 12, no. 3, pp. 220–229

V.N. Yakimov

Приборы и методы измерений 
2021. – Т. 12, № 3. – С. 220–229
V.N. Yakimov

224

The averaged periodogram estimate of the PSD 
will be equal to:

We represent (3) in the following form:

where 

Let's introduce the functions:

Then for (6) and (7) we get:

where t0 = 0; tm = m∆T; 1 ≤ m ≤ M.

Taking into account the discrete-event model 
developed in [16], any segment z(m, t) can be 
represented in a discrete-time form. As a result of 
performing binary-sign quantization, we have the 
initial value z(t0) and a set of time samples      , in  
which ts values change during the analysis 
time interval TA , where 1 ≤ i ≤ I–1,               and  
            . To uniquely identify a segment z(m, t) in
time, it is enough to know the set of time samples

 on the time interval                           within

which this segment is defined, and you also 
need to know its initial value z(tm–1). The result 
of binary-sign quantization z(t) sequentially 
takes on the values ‟–1” and ‟+1”. Therefore, 
if its initial value z(t0) is known, then the initial 
value z(tm–1) for the segment z(m, t) can be easily 
determined. Based on this, we introduce the notation         
                                                                 The sub-

scripts v(m) and r(m) are integers. Such designations 
of these indices show their dependence on the 
segment number. Then for the segment z(m, t) we 
will have the set of time samples:

At time intervals, the boundaries of which are 
determined by the counts (12), the values for z(t) 
are equal to ‟–1” or ‟+1”. Therefore, the integrals 
in (10) and (11) can be represented as a sum of 
integrals:

(4)

Figure 1 – Segments pseudo-ensemble of the binary-sign stochastic quantization result
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A window w(t) function is a continuous and 
integrable function. Therefore, the functions hcos(  f, t)  
and hsin(  f, t) will also be continuous and integrab- 
le with respect to the time variable. Consequently, 
there are functions for Hcos(  f, t) and Hsin(  f, t) which 
the differentiability conditions are satisfied:

Taking into account (15) and (16), the integrals 
in (13) and (14) are calculated analytically:

where

According to (5), when calculating the 
periodogram estimate of the PSD for the segment 
z(m, t), the coefficients estimates (17) and (18) must 
be squared. In this case, we get z2

(t–1) = 1. It follows 
that there is no need to know the initial values z(t–1) 
of the segments. It is enough to have only a set of 
time samples   in which the result of binary-sign 
stochastic quantization changes its values in the time 
interval of spectral analysis. This greatly simplifies 
the computational procedures for estimating the 
PSD. With this in mind, it is sufficient to calculate 
the estimates of the following form:

Then we get:

Equations (4) and (19)–(23) define a set of 
computational procedures and the order of their 
execution for calculating PSD estimates 
in digital form at discrete frequencies fk = k f0. It 
follows from (21) and (22) that the basis of these 
procedures are logical operations for organizing the 
execution of a sequence of actions and operations for 
adding and subtracting function values Hcos(  f, t) and   
Hsin(  f, t) for f = kf0 and   .

Numerical experiments

Based on (4) and (19)–(23), the author has 
developed algorithmic support and software for 
calculating the PSD estimate by the method of 
averaging modified periodograms. The software is 
made in the form of a specialized software module 
that can be used as part of a metrologically significant 
part of the application software for complex signal 
analysis [19]. When conducting spectral analysis of 
signals, it should be borne in mind that none of the 
existing window functions is universal in its purpose. 
The choice of a specific window function is due to 
the task and conditions in which the spectral analysis 
of signals is carried out. Analysis of frequency and 
metrological characteristics of window functions and 
recommendations for their application are presented 
in [20–22]. In our case, for the selected window 
function, it is necessary to have the functions 
Hcos(  f, t) and Hsin(  f, t). By definition, these functions 
are calculated analytically. Therefore, depending on 
which window functions are supposed to be used, a 
set of corresponding functions Hcos(  f, t) and Hsin(  f, t) 
can be pre-formed and arranged in the form of special 
collections or libraries of application routines. As an 
example, we will consider three widely used window 
functions in practice: rectangular (box car) window, 
triangular window (Bartlett's) and cosine window. 
Below for these window functions are the functions   
Hcos(  f, t) and Hsin(  f, t), the values of which for t = 0 
and t = T are shown in Table 1.

1) Rectangular window (box car):
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2) Triangular window (Bartlett's): 3) Cosine window:

Investigations of the computational properties of 
the developed algorithm for estimating the PSD were 
carried out on the basis of planning and carrying out 
numerical experiments. For this purpose, sets of 
test signal models were used. Each of these models 
simulated a noisy implementation of a centered
signal          with a given frequency spectrum structure. 
The structural composition of the frequency 
spectrum of the signal model was specified using 
a combination of summed harmonic components 
included in its composition. The frequency values of 
the harmonic components were set in relative units 
and varied in the range from zero to 0.5. Taking 
into account the Nyquist–Shannon theorem, they 
were interpreted as normalized with respect to the 
doubled value of the upper limit of the frequency 
band that the spectrum is supposed to occupy. The 
amplitudes of the harmonic components An were 
set in the range from zero to one. Random initial 
phases φn were set in the range from –π to +π using 
a generator of evenly distributed numbers. The sum 
of the harmonic components was subject to noise. 
This was achieved by generating white noise that 
had a zero mean value. The dispersion     of white 
noise was set during the experiment. We considered 

the signal-to-noise ratio as the ratio of the power of 
each harmonic component to the noise power. This 
simulation approach allowed us to investigate the 
ability to detect harmonic components in noise.

As an example, let's consider the case when the 
signal model contained nine harmonic components. 
The numerical values of the frequencies and 
amplitudes of these harmonic components are 
presented in Table 2. 

Table 2
Parameters for harmonic components of the 
signal realization model

n An fn

1 0.1 0.1 -20.00
2 0.15 0.12 -16.48
3 0.7 0.15 -3.10
4 1.0 0.2 0.00
5 0.5 0.22 -6.02
6 0.35 0.25 -9.12
7 0.25 0.27 -12.04
8 0.2 0.3 -13.98
9 0.05 0.35 -26.02
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Table 1

The values of the functions Hcos(   f, t ) and Hsin(   f, t ) for the rectangular (box car), triangular (Bartlett's) 
and cosine windows at t = 0 and t = T, when fk = kf0 and f0 = T  –1 

Window Hcos(   fk , 0 ) Hcos(   fk , T ) Hsin(   fk , 0 ) Hsin(   fk , T ) 

Rectangular (box car) 0 0

Triangular (Bartlett's) 0
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The variance       of the additive noise was equal 
to unity. The procedure for obtaining time samples    

of the result of binary-sign stochastic quantization
for the signal model       and the formation of a 

segments pseudo-ensemble based on them was 
carried out using discrete-event simulation. The 
normalized PSD estimates calculated for this signal 
model are shown in Figures 2–4.

σe
2

ti
Z

x t
o

( )

a b

Figure 2 – Normalized power spectral density estimate, rectangular window (box car): а – one segment; b – ten 
segments

a b

Figure 3 – Normalized power spectral density estimate, triangular window (Bartlett's): а – one segment; b – ten 
segments

a b

Figure 4 – Normalized power spectral density estimate, cosine window: а – one segment; b – ten segments
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They were calculated with a resolution of 0.0005 
conventional units of the normalized frequency within 
the entire analysis range from zero to 0.5. For each of 
the three window functions, the PSD estimates were 
calculated for one and ten segments. The overlap 
of the segments was half their length. For the PSD 
estimates calculated for one segment, we observe 
the presence of significant fluctuations relative to 
the true values of the frequency components. At the 
same time, it is difficult for us to identify the presence 
of weak harmonic components in the spectrum, 
for which the signal-to-noise ratio is rather low. In 
particular, the harmonic component with a frequency 
of 0.35 and amplitude of 0.05 is masked by noise. 
It is clearly seen that an increase in the number of 
processed segments leads to an improvement in the 
quality of PSD estimates and a decrease in the level 
of additive noise. All nine frequency components are 
present on the graphs of PSD estimates calculated 
for ten segments. The weaker harmonic components 
are clearly visible and their position in the spectrum 
corresponds to the tabular data. There are no false 
spectral lines.

Conclusion

The paper considers the development of 
mathematical and algorithmic support that allows 
increasing the computational efficiency of estimating 
the PSD by the method of averaging modified 
periodograms in discrete form. This development 
was carried out on the basis of the use of binary-
sign stochastic quantization to obtain the digital code 
of the analyzed signal. A discrete-event model is 
used to represent the result of binary-sign stochastic 
quantization in time. This model allowed us to 
reduce the calculation of PSD estimates to discrete 
processing of functions that are the result of cosine 
and sine Fourier transforms for window functions. 
A set of such functions can be formed beforehand, 
depending on the window functions used. As a result, 
we obtained mathematical equations for calculating 
PSD estimates in discrete form, which do not require 
performing numerous multiplication operations. 
These equations became the basis for the development 
of computational algorithms for estimating the 
PSD. The main computational operations of the 
algorithms are the operations of algebraic addition 
and subtraction. The practical implementation of 
these algorithms leads to a decrease in computational 
and time costs in the process of estimating the PSD.

Numerical experiments were carried out on 
the basis of simulation modeling. They showed 
that the developed approach to solving the problem 
posed provides the estimation of PSD by averaging 
modified periodograms with high frequency 
resolution. Reliable identification of spectral 
components is ensured even in additive noise when 
the signal-to-noise ratio is sufficiently low. This 
result is especially important for the analysis of 
broadband signals.

The practical result was the development of 
a problem-oriented software module for spectral 
analysis. This module can be used as part of 
metrologically significant software for the operational 
analysis of complex signals.
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Abstract 
Сontrol of mechanical stresses formed with the deposition of nickel coatings plays an important role  

in the diagnosis of coatings’ technical condition. Large internal stresses can lead to cracking or flaking 
of coatings which is completely unacceptable for critical parts and assembly units used, for example, in 
space technology for which reliability is of paramount importance. An important aspect of internal stresses 
monitoring is the measurement error of the instruments used. The purpose of this work was to determine 
the characteristics of the device sensors, which make the assessment of their manufacturing possible at the 
preliminary stage of the measuring equipment assembling in order to maintain the required accuracy of 
subsequent measurements. 

In most cases the measurement error assessment is possible only after the equipment manufacture and 
calibration. In this paper it is proposed to evaluate the accuracy characteristics of device sensors based on 
the precision (repeatability and reproducibility) of the primary informative parameter recording. In the case 
of the NT-800 device that was developed at the Institute of Applied Physics of the National Academy of 
Sciences of Belarus the effect of precision characteristics deterioration on the eventual measurement error 
is demonstrated. Determining the precision parameters before establishing correlation dependences between 
the primary informative parameter and the measured characteristic is proposed in order to reject poorly 
manufactured sensors and reduce labor costs.

In particular, measurements of the magnitude proportional to the magnetic breakaway force were 
carried out using the NT-800 device with nickel specimens simulating coatings with a thickness of 200 
to 700 μm and a rolling value from 0 to 40 %. It was established that in the case of well-made sensors 
the variation coefficient calculated from the dispersion of repeatability is in the range 0.2–0.6 %, and the 
variation coefficient calculated from the dispersion of reproducibility does not exceed 0.9 %. In the case of a 
sensor with the sensitive element parameters worsened, the variation coefficient of repeatability and reprodu- 
cibility were up by one and a half times. Deterioration of the precision characteristics resulted in signifi- 
cant changes in the readings of the calibrated instrument. Thus the absolute measurement error for a sensor 
with a poorly made sensitive element turned out to be approximately 3 times higher in the range of 200–
300 MPa than that for a sensor with good precision parameters. 

Keywords: accuracy, repeatability, reproducibility, internal stress, magnet breakaway force.
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Контроль механических напряжений, возникающих при нанесении никелевых покрытий, играет важную 
роль при диагностике их технического состояния. Большие внутренние напряжения могут приводить к рас-
трескиванию или отслаиванию покрытий, что совершенно недопустимо для ответственных деталей и сбо-
рочных единиц, использующихся, например, в космической технике, для которых надёжность имеет перво-
степенное значение. Важным аспектом контроля внутренних напряжений является погрешность измерений 
используемых приборов. Целью настоящей работы являлось определение характеристик датчиков приборов, 
позволяющих оценить качество их изготовления на предварительной стадии сборки измерительной техники, 
для соблюдения необходимой точности последующих измерений.

В большинстве случаев оценка погрешности измерений возможна только после изготовления оборудо-
вания и проведения градуировки. В настоящей работе предложено оценивать точностные характеристики 
датчиков приборов исходя из прецизионности (повторяемости и воспроизводимости) регистрации первич-
ного информативного параметра. На примере прибора «НТ-800», разработанного в Институте прикладной 
физики Национальной академии наук Беларуси, показано влияние ухудшения характеристик прецизионно-
сти датчиков на итоговую погрешность измерений. Предложено определять параметры прецизионности до 
установления корреляционных зависимостей между первичным информативным параметром и измеряе-
мой характеристикой с целью отбраковки некачественно изготовленных датчиков и снижения трудозатрат. 

В частности, проведены измерения величины, пропорциональной магнитоотрывному усилию (име-
ющей корреляционную связь с остаточными напряжениями), прибором НТ-800 на никелевых образцах, 
имитирующих покрытия, толщиной от 200 до 700 мкм и величиной прокатки от 0 до 40 %. Установлено, 
что в случае качественно изготовленного первичного преобразователя коэффициент вариации дисперсии 
повторяемости находится в диапазоне 0,2–0,6 %, а коэффициент вариации, рассчитанный по значени-
ям дисперсии воспроизводимости, не превышает 0,9 %. В случае датчика с ухудшенными параметрами 
чувствительного элемента коэффициенты вариации повторяемости и воспроизводимости были в 1,5 раза 
выше. Ухудшение характеристик прецизионности привело к значительному увеличению погрешности из-
мерения остаточных напряжений. Так, абсолютная погрешность измерений напряжений у некачественно 
изготовленного датчика в диапазоне 200–300 МПа была приблизительно в 3 раза выше, чем у датчика  
с высокими показателями прецизионности.

Ключевые слова: точность, повторяемость, воспроизводимость, внутренние напряжения, магнитоотрывное 
усилие.
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Introduction

Nickel coatings are most often used for thermal 
protection of mechanical engineering products, as 
well as space and aviation industry products. One 
of the main durability and reliability conditions of 
such products is compliance with the technological 
process of coating, the violation of which can 
lead to the appearance of unevenly distributed 
or high mechanical stresses. If the magnitude of 
stresses exceeds the adhesion force it may lead to 
delamination, and uneven distribution can lead to 
cracking. Thus the control of residual stresses plays 
an important role in diagnosing the state of both 
individual products and various elements of load-
bearing structures in general, and the development 
of new reliable testing methods is a paramount task 
to improve the quality and reliability of products.

At present a number of devices have been 
developed for internal stresses monitoring using 
various measurement principles: X-ray, ultrasonic, 
magnetic, and others [1–5]. The calibration of each 
of them is a unique procedure. For example standard 
samples with certain crystal lattice parameters can 
be used for diffractometers. However these samples 
cannot be used to calibrate instruments using other 
physical measurement principles. This is because 
their readings will be influenced by the different 
characteristics of the samples such as the presence 
of plastic deformation, residual magnetization, etc.

This fully applies to the NT-800 device 
developed at the Institute of Applied Physics of 
the National Academy of Sciences of Belarus. This 
fully applies to the NT-800 device developed at the 
Institute of Applied Physics of the National Academy 
of Sciences of Belarus. The principle of operation of 
this device is based on recording the magnitude of 
the magneto-detachable (ponderomotive) force when 
a permanent magnet interacts with a ferromagnetic 
base. The value of the force as shown in [6] depends 
on two factors: the thickness of the coating and 
the level of internal stresses. And the sensitivity of 
measurements to operating voltages is much higher 
in weak magnetic fields. However, this leads to an 
increase in the requirements for the magnet breaka-
way force recording accuracy, the value of which 
also decreases and is in the range of 80–300 mN. 
Calibration of the NT-800 device presupposes the 
use of additional equipment – a testing machine 
and specially prepared nickel samples. The work 
requires tests on stepwise tension-compression of 
samples with simultaneous fixation of the magnitude 

of the magnet breakaway force and the stresses 
created by the tensile machine. To remove residual 
stresses, the samples must first undergo vacuum 
annealing. Thus the calibration procedure itself is 
rather complicated, labor-intensive and expensive.

The fact that the metrological characteristics of 
sensors: the error (or uncertainty) of measurements – 
are evaluated only after the end of the calibration 
is an even greater problem. This often leads to 
the fact that a poorly manufactured sensor is 
rejected only after the entire test cycle, when the 
samples are already unusable and the repetition 
of the calibration procedure requires new costs. 

The aim of the work was to determine the cha-
racteristics of the sensors which make it possible to 
assess the quality of their manufacture at the prelimi-
nary stage, in order to reduce labor costs and maintain 
the required accuracy of subsequent measurements.

Equipment and materials

The NT-800 is designed to assess the level of 
effective stresses build a map of stress distribution 
over the surface area as well as measure the thickness 
of nickel coatings in the range from 200 to 800 µm. 

One of the main elements of the device are 
primary measuring transducers (sensors), which can 
be one of two types: 1) for use on flat surfaces and 
2) for testing in hard-to-reach places of products. 
The formation of the measuring signal and the direct 
registration of the magnet breakaway force are 
carried out using them.

The level of internal stresses is estimated by 
the K f value, which is proportional to the magnet 
breakaway force and is used to construct the 
calibration curves. Figure 1 shows the calibration 
dependence K f = f  (σ) (АВС line). Here σ – applied 
stress, formed in nickel specimen using universal 
testing machine.

It is also shown in the Figure 1 that the change 
of K f value is influenced by type I stress (ABC 
line) as well as by residual stresses, formed by 
plastic deformation. If the sample is unloaded at an 
intermediate time (at point B), then after complete 
removal of the load (σ = 0) points А and D don’t 
match. This discrepancy is caused by the appearance 
of plastic deformations in the sample which affect 
K f  . Figure 1 illustrates the complex nature of the 
graduation, which is also discussed in [7]. Therefore 
a thorough experiment is required and in the absen-
ce of standards a different algorithm is required for 
determining the metrological characteristics and 
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assessing the sensor manufacturing quality at the 
preliminary stage.

Figure 1 – K  f change depending on applied stresses for 
an annealed sample with a thickness of 400 μm (with 
removed stresses) using a sensor for flat surfaces during 
load (ABC) and unload (BD and CE)

To carry out work on the evaluation of the 
metrological characteristics of the NT-800 device 
sensors, that are proposed below we used special 
nickel samples imitating coatings with various 
thicknesses and internal stresses. The characteristics 
of these samples are presented in the Table. The 
cold rolling of the nickel samples ratio of which 
is indicated in the table, allowed to form internal 
stresses values of which cover the real range of 
stress variation (0–200 MPa) in nickel coatings 
using galvanic plating technology. The zero level of 
internal stresses in nickel samples imitating coatings 
was set up by heat treating: annealing the samples.

Table
Description of the nickel samples 

Sample number Thickness, μm
Rolling 

reduction ratio, 
%

1 200 0
2 215 14
3 240 0
4 300 0
5 330 34
6 400 0
7 400 10
8 400 40
9 500 0
10 500 30
11 580 13
12 700 0

Determined metrological characteristics

As mentioned in ISO/IEC Guide 98-3:20081 and 
ISO 5725-2-20022 a range of characteristics can be 
presented as accuracy rate indicators: uncertainty, 
error, trueness and precision. All the formulae used 
herein are taken from ISO 5725-2-2002.

In the absence of a standard for the measured 
quantity correctness means the closeness of the 
average value obtained from a large series of 
measurement results (or test results) to the accepted 
reference value. The systematic error (bias) is 
usually the trueness indicator. And precision refers 
to the degree to which independent measurement 
results obtained under specific specified conditions 
are close to each other. This characteristic depends 
only on random factors and is not related to the value 
of the measured quantity. A measure of precision 
is usually calculated as the standard deviation of 
measurements made under specified conditions.  
The extremes of precision measure are repeatability 
and reproducibility.

That is from the metrology point of view such 
characteristics as repeatability and reproducibility  
do not require reference to the true value of the 
measured value and can be used for preliminary 
assessment of the sensor manufacturing quality.

Experimental research

It is important to understand such important 
concepts as level of the test and cell in a precision 
experiment (Figure 2).

A level of the test in a precision experiment 
is a mean value of the measurements, from every 
lab for one specific tested material or specimen (in 
our case these are nickels specimen with different 
rolling reduction ratios as in Table). A set of cells 
related to one specimen can also be named as the 
level of the test.

A cell in a precision experiment is a set of 
measurement values for one specimen acquired in 
one lab. There were 72 cells in this work in total. 

1 ISO/IEC Guide 98-3:2008 Uncertainty of 
measurement ‒ Part 3: Guide to the expression of 
uncertainty in measurement (GUM: 1995)

2 ISO 5725-2:2019 Accuracy (trueness and 
precision) of measurement methods and results ‒ Part 2: 
Basic method for the determination of repeatability and 
reproducibility of a standard measurement method
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Every lab has conducted 10 measurements 
at every level for the repeatability evaluation. 
And 6 labs were involved for the reproducibility 
evaluation.

Arithmetic mean for the K  f values were 
calculated for every level for every lab as well as cell 
standard deviation. After that mean values for each 
level were calculated (averaged measurement results 
between labs).

Cell standard deviation was calculated using a 
formula:

where i – lab number; j – level; z – measurement 
number; y – cell; n – number of measurements in 
one cell.

Since the presence of laboratories or values 
incompatible with other laboratories or values 
can change the repeatability and reproducibility 
estimates, a decision should be made to exclude data 
after careful analysis. There are two approaches for 
such decisions: graphical compatibility analysis and 
statistical testing. In order to simplify the calculations 
and to present a visual interpretation of the results, 
herein we began with the first option, in which two 
measures are used, called Mandel’s statistics h and 
k. It should be noted that they help to assess not only 
the variability of the results of the measurement 

method, but also the quality of measurements of 
individual laboratories. The general procedure for 
calculating Mandel’s statistics processing outliers 
and then estimating variances of precision is shown 
in Figure 3.

Statistic k is used to determine stability of 
measurement results and their repeatability for 
one laboratory by comparing the repeatability of 
the standard deviation of the laboratory data with 
the repeatability of the standard deviation of other 
laboratories.

Statistic h is used to determine stability of 
measurement results between laboratories, indica-
ting whether the overall measurement results of  
an individual laboratory are not reliable.

Statistic h was calculated using formula:

where     – common mean value for every specimen 
(every level); p – number of labs.

The results of calculating statistics k and h for 
two types of sensors are presented in Figures 4–7.

To determine which of the calculated hij values 
are outliers, critical values lines were added to the 
diagram (Figure 4), that were determined for levels 
of significance of α = 1 % and 5 % (for p = 6 these 
are 1.87 and 1.66 for 1 % and 5 % accordingly) [8]. 

Figure 2 – General test scheme for the precision assessment
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If the value of statistic h exceeds the line for h = 1.66, 
corresponding to 5 % significance level, then the 
according cell is marked as a possible outlier, and if 

the value of statistic h exceeds the line for h = 1.87, 
corresponding 1 % significance level, then the 
according cell is marked as an outlier.

Figure 3 – General precision dispersions evaluation procedure

Figure 4 – Mandel’s h statistics for the measurements 
using sensor for flat surfaces

Figure 5 – Mandel’s h statistics for the measurements 
using sensor for hard-to-reach places

Figure 6 – Mandel’s k statistics for the measurements 
using sensor for flat surfaces

Figure 7 – Mandel’s k statistics for the measurements 
using sensor for hard-to-reach places
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Statistic k was calculated using formula: 

In turn to determine which of the calculated kij 
values are outliers or possible outliers, a procedure 
was carried out similar to outlier analysis for 
statistic h. For p = 6 and the number of measurements 
in the cell equal to 10, critical values equal to 1.47 
and 1.3 for 1 % and 5 % accordingly.

The outliers and possible outliers were 
determined among cells using diagrams presented 
on Figures 4–7 these are all the values, exceeding 
significance levels α = 1 % и 5 % accordingly. 
For example, for lab 1, test results on level 2 were 
marked as outliers, levels 6 and 10 as possible 
outliers (Figure 7). The calculation of Mandel’s 
statistics and graphical analysis is necessary to 
determine the reason of a worse repeatability in 
individual labs and to eliminate those reasons, and 
for subsequent statistical outliers testing. Since the 
outliers and possible outliers are singular and do 
not have a common underlying cause, we consider 
outliers as true outliers and cells, that were marked 
as outliers were deleted from calculations.

After statistical outliers testing, we’ve calculated 
the repeatability and reproducibility characteristics. 
Repeatability variance was determined for each level 
using formula:

Lab variance was determined for each level 
using formula:

where

Reproducibility variances were calculated after 
the lab variances was determined using formula:

For a better presentation, reproducibility and 
repeatability variances were calculated into varian-
ce coefficients (VC) and displayed as a function  
of K f (Figures 8 and 9).  

Figure 8 – Repeatability and reproducibility variation 
coefficient using sensors for flat surfaces 

Figure 9 – Repeatability and reproducibility variation 
coefficient using sensors for hard-to-reach places

Figure 8 shows, that repeatability VC 
is concentrated between 0.2–0.4 %, and 
reproducibility VC is concentrated between 0.2–
0.6 %. Both characteristics are not dependent on 
the magnet breakaway force, and the maximum 
value of reproducibility VC does not exceed 
0.9 %, while repeatability VC does not exceed 
0.6 %. Figure 9 shows a similar picture, but all 
VC values are ≈ 1.7 higher, which means that the 
sensor for hard-to-reach places had worse accuracy 
characteristics.

Indeed, after the close inspection of the sensor 
for hard-to-reach places it was determined that the 
surface of the magnet had accumulated metallic 
dust the presence of which worsened the sensor 
accuracy. Several sensors were graduated with the 
goal of evaluating their measurement accuracy then 
stress measurement of these sensors was compared 
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with the stresses induced by testing machine. 
Wherein the surface of the sensitive element of a 
sensor with worse precision characteristic was not 
cleared.

As it can be seen in the Figure 10 worsening 
the precision characteristics leads to significant de- 
viation of sensor measurements when directly 
measuring stress in nickel specimen.

Figure 10 – Scatter plot of the difference between the 
readings of the NT-800 and the tensile machine against 
the applied stresses according to the readings of the ten-
sile machine

From the data shown in Figure 10, it can be 
seen that degradation in precision performance 
leads to significant changes in device readings. 
Thus, the absolute measurement error of the sensor 
for hard-to-reach places was ≈ 3 times higher than 
that of the sensor for flat surfaces in the range 
of 200–300 MPa. Taking into account that the 
dependence of the magnet breakaway force on 
stresses is inverse (Figure 1) then the measurement 
errors of sensors at high voltages should decrease. 
In the case of a sensor for hard-to-reach places, this 
pattern is not present. This confirms the importance 
of defining the characteristics of precision: 
repeatability and reproducibility and the possibility 
of their use for rejection of sensors in the prelimi- 
nary stage. Extensive research carried out later 
yielded similar results. Sensors which had an 
unstable operation of spring elements, friction 
in the bearing units of motors, also had an 
increased repeatability and reproducibility VC (by 
more than 1.5 %) which ultimately affected the 
absolute measurement error. These studies also 
helped to establish that with the repeatability and 
reproducibility VC not exceeding 1 %, the absolute 
error in the stress range of 1–300 MPa does not 
exceed 35 MPa, which meets the requirements of 
most consumers.

Conclusion

The repeatability and reproducibility variation 
coefficients allow you to get an idea of the accuracy 
characteristics of the device, and compare different 
devices and sensors with each other at the prelimi-
nary stage of their manufacture. This makes it 
possible to identify sensors with insufficient quality 
in time and avoid additional labor costs. 

The mean values and variances of 
the K f value were determined for all cells 
(combinations of laboratory and test level). The 
repeatability variances sr

2 and reproducibility 
variances sR

2 were calculated, on their basis the 
corresponding variation coefficients were calcu- 
lated. I case of the sensor for flat surfaces, repe-
atability variation coefficients were concentrated 
in the 0.2–0.4 % range and did not exceed 0.6 %, 
and reproducibility variation coefficients were 
concentrated in the 0.2–0.6 % range and did not 
exceed 0.9 %. Repeatability and reproducibility 
variation coefficients of the sensor with worsened 
accuracy characteristics were 1.7 higher due to 
impurity of the sensitive element.

It was determined that the values of variances 
sr

2 and sR
2 practically do not depend on the thickness 

of the tested specimen or on its internal stresses and 
can be used as an objective characteristic to make 
decision on sensors rejection.
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Abstract 
Inorganic scintillation detectors are widely used to measure of dose rate in the environment due  

to their high sensitivity to photon radiation. A distinctive feature when using such detectors is the need 
to take into account of the position of the effective energy release center. This peculiarity is actual when  
using measuring instruments with inorganic scintillation detectors as working standards during calibra-
tion at short “source–detector” distances in conditions of low-background shield or using a facility with  
protection from external gamma radiation background in the dose rate range from 0.03 to 0.3 μSv/h (μGy/h). 
The purpose of this work was to calculate the position of the effective energy release center of NaI(Tl) 
scintillation detectors and to take it into account when working at short “source–detector” distances. 

An original method of determining the position of the effective energy release center when irradiating  
the side and end surfaces of inorganic scintillation detector with parallel gamma radiation flux and point 
gamma radiation sources at small “source–detector” distances using Monte Carlo methods is proposed. 
The results of calculations of the position of the effective energy release center of NaI(Tl) based detectors  
of “popular” sizes for the cases of parallel gamma radiation flux and point sources of gamma radiation  
at small “source–detector” distances are presented. The functional dependences of the position of the effec-
tive energy release center of NaI(Tl) based detectors on the distance to the point gamma radiation sources  
and the energy of gamma radiation sources are presented.

As a result of the study it was found that for scintillation NaI(Tl) detectors of medium size (for 
example, Ø25×40 mm or Ø40×40 mm) the point gamma radiation source located at a distance of 1 m 
or more, creates a radiation field which does not differ in characteristics from the radiation field created  
by a parallel flux of gamma radiation. It is shown that approaching the point gamma radiation source  
to the surface of scintillation detector leads to displacement of the position of the effective energy release 
center to the surface of the detector.

Keywords: effective energy release center, inorganic scintillation detector, near background radiation,  
Monte Carlo method.
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Расчёт положения эффективного центра 
энерговыделения сцинтилляционных детекторов  
для задач калибровки при малых расстояниях 
«источник–детектор» 
Р.В. Лукашевич, Г.А. Фоков 

УП «АТОМТЕХ», 
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Неорганические сцинтилляционные детекторы широко используются для измерения мощно-
сти дозы в окружающей среде благодаря их высокой чувствительности к фотонному излучению. 
Отличительной особенностью при использовании таких детекторов является необходимость учёта 
положения эффективного центра энерговыделения. Эта особенность актуальна при использовании 
средств измерений с неорганическими сцинтилляционными детекторами в качестве рабочих эталонов  
при калибровке на малых расстояниях «источник–детектор» в условиях низкофоновой камеры или 
установки с защитой от внешнего фона гамма-излучения в диапазоне мощностей доз от 0,03 до 
0,3 мкЗв/ч (мкГр/ч). Целью данной работы являлся расчёт положения эффективного центра энерго-
выделения сцинтилляционных NaI(Tl) детекторов и его учёт при работе на малых расстояниях «ис-
точник‒детектор». 

Предложен оригинальный метод определения положения эффективного центра энерговыделения 
при облучении боковых и торцевых поверхностей неорганического сцинтилляционного детектора па-
раллельным потоком гамма-излучения и точечными источниками гамма-излучения на малых рассто-
яниях «источник‒детектор» с использованием методов Монте-Карло. Представлены результаты рас-
чёта положения эффективного центра энерговыделения детекторов на основе NaI(Tl) «популярных» 
размеров для случаев параллельного потока гамма-излучения и точечных источников гамма-излуче-
ния на малых расстояниях «источник‒детектор». Приведены функциональные зависимости положе-
ния эффективного центра энерговыделения детекторов на основе NaI(Tl) кристаллов от расстояния  
до точечных источников гамма-излучения и энергии источников гамма-излучения.

В результате исследования установлено, что для сцинтилляционных NaI(Tl) детекторов неболь-
ших размеров (например, Ø25×40 мм или Ø40×40 мм) точечный источник гамма-излучения, нахо-
дящийся на расстоянии 1 м и более, создаёт поле излучения, не отличающееся по характеристикам  
от поля излучения, которое создаёт параллельный поток гамма-излучения. Показано, что приближе-
ние точечного источника гамма-излучения к поверхности сцинтилляционного детектора приводит  
к смещению положения эффективного центра энерговыделения к поверхности детектора.

Ключевые слова: эффективный центр энерговыделения, неорганический сцинтилляционный 
детектор, околофоновое гамма-излучение, метод Монте-Карло.
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Introduction

An important task in radiation monitoring is the 
correct measurement of dose rate at the level of natu- 
ral radiation background. For this purpose it is 
necessary to use measuring instruments with high 
sensitivity, low level of own background and high 
temporal stability. In this case, an important problem  
to be solved during calibration of dosimetric measu-
ring instruments is to provide the lower limit of 
measuring range at the level of the background 
radiation of the environment. According to the 
recommendations of the International Electro-
technical Commission (IEC) [1‒3] and technical 
requirements for ARMS of nuclear power plants1, 
the lower limit of the measurement range of dose ra- 
te of radiation protection instruments when control- 
ling the radiation situation in the environment 
should be at 0.03 μSv/h (μGy/h). The use of highly 
sensitive dosimetry devices based on scintillation 
spectrometric detection units becomes possible to 
measure dose rates below 0.1 μSv/h (μGy/h), and the 
ability of such devices to measure dose rates below 
0.1 μSv/h (μGy/h) should be confirmed by special 
studies2. In addition, in the calibration scheme3 
requirements to working standards having protection 
from external gamma radiation background for 
metrological support of photon radiation fields 
of near background levels for dose rate (0.03–
0.3 µGy/h (µSv/h)) are given. This dose rate range 
is easily achievable for inorganic scintillation detec- 
tor units with NaI(Tl) crystals, even of medium size.

A significant contribution to the dose rate 
for measurements below 0.3 μSv/h (μGy/h) is 
the natural background radiation. In this case the 
calibration or verification of measuring instruments 

1STO 1.1.1.01.001.0875–2017. Automated system 
for monitoring the radiation environment of a nuclear 
power plant. Technical requirements. – Introduced 
10.12.2018. – Rosenergoatom Concern OJSC, 2018.

2MU 2.6.5.008–2016. Nuclear power and industry. 
Control of radiation situation. General requirements. 
Methodical instructions. – Introduced 22.04.16; with 
amendments 05.05.17. – M., 2016. – P. 82.

3State calibration scheme for measuring instruments 
of kerma in the air, kerma power in the air, exposure dose, 
exposure dose rate, ambient, directed and individual dose 
equivalents, powers of ambient, directed and individual 
dose equivalents and energy flow of X–ray and gamma 
radiation. – Introduced on 31.12.20 by the Federal Agency 
for Technical Regulation and Metrology. – Rosstandart, 
Moscow, 2020. – P. 13.

under normal laboratory conditions is practically 
impossible, because the radiation background in 
the laboratory can change during the measurements 
due to many factors, which can significantly affect 
the measurement results of gamma radiation fields  
of the near background level on the dose rate.

To create the reference near background photon 
radiation fields it is necessary metrologically to 
provide the dose rate values at the level of 0.03–
0.3 µSv/h (µGy/h), i. e. to creation of reference near-
background photon radiation fields with minimal 
influence of natural radiation background, e. g. in a 
low-background shield or on a facility with protection 
from external gamma radiation background by a 
reference measuring instruments. For this purpose 
it is necessary to use highly sensitive measuring 
instruments and ensure their calibration in similar 
reference photon radiation fields with dose rate  
of 0.03–0.3 µSv/h (µGy/h).

Dose rate calibrations and measurements in 
near-background photon radiation fields in low-
background laboratories are limited by the location 
of such laboratories (e. g. UDO II in Germany or 
IFIN-HH in Romania) [4–5], which implies certain 
difficulties for periodic calibrations and verifica- 
tions of measuring instruments. To solve this problem 
it is optimal to use low-background shield and faci- 
lity which are smaller in physical size than 
installations in low-background laboratories. The 
limitation of the size of low-background shield 
and facility is related to the compromise between 
the cost of protective materials for such a unit and 
sufficient source-detector distance to provide the 
necessary characteristics of the radiation field. The 
use of a low-background shield or facility with a 
small range of distances for calibration of measuring 
instruments also requires ensuring the accuracy of 
positioning of the measuring instrument relative to 
the radiation source. This is especially relevant when 
using measuring instruments based on inorganic 
scintillation detectors as reference instruments for 
transmitting dose rate units. Since we apply the 
method of substitution when calibrating measuring 
instruments, it is necessary to ensure with good 
accuracy the same distance from the radiation 
source to the center of the detectors of measuring 
instruments.

The purpose of this work was to calculate 
the position of centers of inorganic scintillation 
detectors from the energy of radiation and to take 
it into account when working at short “source-
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detector” distances within the project on creation 
of a facility with protection from external gamma 
radiation background for calibration and verifica-
tion of dosimetric measuring instruments. 

Calibration method

Calibration of an instrument for environmen- 
tal radiation monitoring is accomplished by placing 
its detectors in a radiation field with a known dose 
rate and comparing the instrument readings to 
this dose rate. The dose rate can be determined in 
two ways: either by using an instrument whose 
calibration is traceable to national standards or by 
using a radioactive source whose activity is known 
and using the kerma constant to calculate the kerma 
rate in the air in the point of measurement, taking 
into account attenuation in air and the influence of 
scattered radiation. The second approach causes 
some difficulties because of the necessity to take 
into account the attenuation of radiation in the air 
and the influence of scattered radiation, therefore 
at the calculated distances dose rates are usually 
measured with a reference measuring instrument, 
which are taken as values of dose rate in the point 
of measurement. After that the calibration or dose 
characteristic of dosimetric measuring instruments 
at these points is carried out by the method  
of substitution.

The advantage of the first approach is that both 
measurements are made under the same conditions, 
so the method of substitution eliminates systematic 
measurement errors caused by errors of the reference 
measuring instrument serving for comparison of 
the measured quantity with the investigated or 
calibrated measuring instrument. In addition, the 
response of the instrument being calibrated and the 
reference instrument to scattered radiation can be 
corrected. To do this, dose rate measurements with 
and without an individually shaped lead shield for 
the reference and calibrated instruments should be 
performed. Using this approach, the distance from 
the source to the detector must be large enough to 
provide an almost parallel and homogeneous gamma 
radiation flux over the entire volume of the detector. 
This requirement is readily achievable on dosimetric 
facilities in laboratories. 

But the main disadvantage of making 
measurements in a low–background shield or on 
a facility with protection from external gamma 
radiation background lies in the limited space of the 
shield or facility itself, which imposes restrictions 

on the application of this approach. In addition, the 
short distances between the radiation source and  
the measuring instrument in a low–background shield 
or on a facility with protection from external gam- 
ma radiation background require accurate positioning 
of the measuring instrument relative to the radia- 
tion source, taking into account the effective or 
geometric center of the detector.

If we consider measuring instruments based on 
Geiger-Mueller counters, semiconductor detectors 
or organic scintillators, it is sufficient to use the 
geometric center of the detector for positioning.  In 
inorganic scintillation detectors, the position of the 
energy release center depends on the energy of the 
radiation, so it is necessary to speak of the effective 
energy release center as the averaged center of 
energy loss of charged secondary particles as they 
pass through the scintillator substance. Therefore, 
the effective center corresponds to a conditional point  
of the detector's sensitive volume, in relation to 
which the absolute efficiency of registration when 
moving the radiation source changes according to 
the law of inverse squares [6].  

To determine the metrological characteristics of 
the gamma radiation field of near-background levels 
at the facility having protection from external gamma 
radiation background, using point gamma radiation 
sources and reference measuring instruments based 
on inorganic scintillation detectors, it is necessary to 
evaluate the influence of the geometry of irradiation 
of the measuring instrument on the position of the 
effective energy release center in the detector. 

The problem of the effective energy release 
center

Failure to take into account the distance from 
the surface of the detection unit to the position of the 
effective center may affect the accuracy of determi-
ning the distance between the radiation source and  
the detector and, consequently, the determination 
of the dose rate, especially when measurements are 
made at short distances from the radiation source, as 
in the case we are considering in the conditions of a 
low-background shield or on a facility with protec-
tion from external gamma radiation background.

In case of point sources the dose rate changes 
proportionally to the inverse square of the distance R. 
Displacement of the dosimeter reference point in 
the beam by ΔR in the beam direction leads to a 
relative error in the calibration coefficient of 2∆R  ⁄R 
at distance R [7].
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In [8–9] you can find several formulas to 
calculate the effective energy release center of scin-
tillation detectors:

where µ(E) is the linear attenuation coefficient 
of gamma radiation with energy E for the NaI(Tl) 
detector, cm–1; l is the thickness of the NaI(Tl) 
detector, cm.

It is important to note that there are no 
reservations in the publications [8, 9] about the 
location of scintillation detector (radiation falls on 
the face or side surface of the detector), so, based 
on these formulas, we can assume that the position 
of effective detector center depends only on detector 
length and gamma radiation energy. Table 1 presents 
the results of calculating the position of the effective 
center of the detector based on NaI(Tl) using the 
formulas from [8, 9] and the Monte Carlo method. 
The SNEGMONT software package, which was 
developed and successfully used at ATOMTEX 
enterprise, was used for the calculations [10]. 

Table 1
Comparison of the results of calculation of 
the effective center of the NaI(Tl) detector 
Ø40 × 40 mm when the radiation falls on the end 
surface using formulas from various sources and 
the Monte Carlo method

Gamma 
radiation 
energy, 
keV

Results of calculations of the effective 
center of the NaI(Tl) detector  

Ø40 × 40 mm, mm

Monte 
Carlo 

method

according 
to the 

formula 
from [8]

according 
to the 

formula 
from [9]

20 0.09 0.07 0.09
59.5 0.32 1.92 0.30
100 1.19 5.40 1.20
165.9 4.60 11.5 4.21
391.7 14.1 17.3 12.6
661.6 16.2 18.2 14.8
1250 17.3 18.8 16.4
2614 17.9 19.1 17.3
5000 17.9 19.2 17.5
10000 18.7 19.2 19.1

As can be seen from Table 1, calculations of 
the position of the effective center of the NaI(Tl) 
Ø40×40 mm detector using the Monte Carlo method 
and the formula from [9] give comparable results. 
The calculated values of the detector effective center 
position using the formula from [8] in the 60 keV– 
3 MeV range are larger than those obtained by the 
Monte Carlo method and the formula from [9], 
while in the 60–200 keV range they are significantly 
overestimated (up to 600 %) relative to the values 
obtained by the Monte Carlo method and the formula 
from [9].  

However, there is no information about the 
position of the effective center when the source is 
located at a short distance from the detector, because 
in this case, the smaller the distance between 
the radiation source and the detector, the more 
heterogeneous the dose profile. 

Since point sources are used for calibration, and 
the distance between the radiation source and the 
detector in a low–background shield or on a facility 
with protection from external gamma radiation 
background is small, the dose profile is determined 
according to the law of squares of distance. In such 
a case, the location of the effective center of the 
detector will be significantly affected by the distance 
between the radiation source and the detector itself – 
the smaller the distance, the steeper the dose profile 
in the detector. 

Thus, errors in determining the distance from 
the center of a point gamma radiation source to the 
effective energy release center of the detector can 
lead to incorrect determination of the dose rate, 
which in turn will lead to errors in the calibration  
of dosimetric measuring instruments by the method 
of substitution.

Results and discussion

To account for the position of the effective 
center of the detector depending on the detector 
irradiation geometry and on the distance to the 
radiation source, calculations were performed for 
NaI(Tl) based scintillation detectors of “popular” 
sizes using the Monte Carlo method. The distances 
between the radiation source and detector were 
chosen based on the operating distances that could  
be achieved in a low–background shield or on 
a facility with protection from external gamma 
radiation background. In addition, we compared the 
position of the effective energy release center for 
scintillation detectors based on NaI(Tl) “popular” 
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sizes for the case with a point source and a parallel 
flux of gamma radiation. 

To solve this problem, an original method was 
applied, which we will consider using the examples 
when the uniform gamma radiation flux is normal 
to the side surface of the detector and when a point 
source of radiation is applied to the end face of a 
cylindrical detector. 

When calculating the position of the effective 
energy release center for a uniform gamma ray flux, 
we imposed on the cylinder a virtual grid consisting 
of tightly spaced cells. The virtual grid itself as a 
whole is a parallelepiped with a height equal to 
the height H of the cylindrical detector. The cross  

section of this parallelepiped is a square with a side  
equal to the diameter of the detector D. This 
parallelepiped is sliced along the height into nar- 
row extended cells. The length of each cell is equal 
to the height of the cylinder H. The cross section is 
square with side D/N, where N is the number of cells. 

In the process of modeling the impact of gam- 
ma ray flux on the detector, we accumulate the ener-
gy release in each cell separately. As a result we 
obtain for each cell some value averaged over its 
volume. I. e. at the output we have a two–dimensional 
table of energy release. And then we find the posi- 
tion of the effective center for this detector by a 
certain technique (Figures 1 and 2). 

Figure 1 – Visual representation of the effective center calculation: the process of overlaying the grid on the detector 
side projection (a) and energy accumulation in each grid cell (b) 

а b

а b
Figure 2 – Energy distribution of gamma radiation flux with energy 59.5 keV (a) in NaI(Tl) scintillation detector 
Ø25 × 40 mm and 662 keV (b) in NaI(Tl) scintillation detector Ø40 × 40 mm. In the palette on the right, one represents 
the maximum, and the other numbers represent its fractions
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Next, the extracted energy was summed over 
the radial cells for each layer. As a result, a one–
dimensional depth distribution of the extracted 
energy was obtained. The effective center was found 
provided that the areas under the curve to the right 
and left of it were equal. 

Tables 2, 3 present the results of Monte Carlo 
calculations of the position of the effective energy 
release center of NaI(Tl) Ø40×40 mm and NaI(Tl) 
Ø25×40 mm detectors for a point gamma radiation 
source at different distances from the detector and  
for a parallel flux of gamma radiation in the case 
when the radiation falls on the end and on the side 
surface of the detector, respectively. 

As can be seen from tables 2, 3: as the distance 
between the detector and the point gamma radiation 
source increases, the effective center shifts deep into 
the detector and for a distance of 1 meter practically 
coincides with the case when the radiation field is 
created by a parallel flux of gamma radiation. This 
suggests that at distances of more than 1 meter 
between the source and the detector, the dose profile 
in the detector is similar to the dose profile when 

the radiation falls on the detector as a parallel flux.  
So, for distances less than 1 m between the source 
and the detector, the displacement of the position  
of the effective energy release center must be taken 
into account.

Consider the NaI(Tl) detector Ø40×40 mm. For 
the 12.5 cm “point source–detector” distance, the 
displacement of the position of the effective energy 
release center of the detector in the example of the 
source with the radionuclide 137Cs is 2.2 mm for 
the end-exposed geometry and 2.3 mm for the side-
exposed geometry relative to the parallel gamma 
radiation flux. This offset will lead to relative errors 
in dose rate determination of 3.5 % and 3.7 % for 
the detector end and side irradiation geometries, 
respectively. When using a source with radionucli-
de 241Am, the displacement of the position of the 
effective energy release center for the end geometry 
at any distance according to our calculations is not 
observed, and in the lateral irradiation geometry the 
displacement will be 1.04 mm at 12.5 cm “point 
source–detector” relative to the parallel flux of 
gamma radiation. 

In the case of a point source, it was above the 
detector on its symmetry axis, so the problem was 
solved in the axial symmetry approximation. 

The elementary cell of the virtual grid of 
accumulation of allocated energy was a ring with a 
rectangular cross section. The figure is simplified, 
because in reality the partitions are not 8 in radius 
and not 32 in height, but an order of magnitude mo-
re. For example, for NaI(Tl) Ø40×40 mm, 662 keV 
point source on the surface of the entrance window 
(i. e., 50 mm from the crystal), 50 radial partitions 
and 100 in height were made. Thus, 5.000 ring-

shaped elementary cells were set (although the cells 
“strung” on the symmetry axis are not rings, but 
disks, conditionally they can be called rings with 
zero internal radius). 

At the end of the simulation, the energy 
accumulated in each ring was divided by its 
volume (or mass, depending on the desired units). 
The result was a two-dimensional distribution of  
the specific energy allocated in the detector crystal. 
The grid of partitioning the cylindrical crystal into 
energy release cells in the simulation had the form 
shown in Figure 3. 

Figure 3 – Simplified example of dividing the crystal volume into 8 elementary rings by radius and 32 layers by 
height (a); example of a two–dimensional energy release pattern (b); example of a three–dimensional energy release 
pattern (c). In the palette on the right, one represents the maximum, and the other numbers represent its fractions

а b c
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Table 2
Results of calculating the position of the effective energy release of the NaI(Tl) Ø40×40 mm detector  
for a point gamma radiation source at different distances from the end and side surfaces of the detector, 
for a parallel flux of gamma radiation
Distance from 
source to end 
surface, mm

Distance from the end surface of NaI(Tl) scintillator to the effective center, mm

59.5 keV 100 keV 200 keV 392 keV 662 keV 2.614 keV
50 0.29 1.10 5.13 10.4 12.1 13.0
125 0.32 1.15 5.90 12.2 14.1 15.5
250 0.32 1.19 6.30 13.0 15.1 16.6
500 0.32 1.21 6.51 13.5 15.7 17.3
1000 0.32 1.22 6.61 13.8 15.9 17.6
Parallel flux 0.32 1.23 6.65 14.1 16.3 18.2

Distance from 
the source 
to the side 
surface, mm

Distance from side surface of NaI(Tl) scintillator to the effective center, mm

59.5 keV 100 keV 200 keV 392 keV 662 keV 2.614 keV

50 1.95 2.80 6.75 11.12 12.4 13.1
125 3.25 4.16 8.56 13.7 15.2 16.2
250 3.76 4.72 9.29 14.7 16.2 17.2
500 4.02 4.99 9.64 15.1 16.7 17.8
1000 4.17 5.14 9.83 15.4 17.0 18.1
Parallel flux 4.29 5.19 9.97 15.7 17.5 19.9

Table 3
Results of calculating the position of the effective energy release of the NaI(Tl) detector Ø25×40 mm  
for a point gamma radiation source at different distances from the end and side surfaces of the detector, 
for a parallel flux of gamma radiation
Distance from 
source to end 
surface, mm

Distance from the end surface of NaI(Tl) scintillator to the effective center, mm

59.5 keV 100 keV 200 keV 392 keV 662 keV 2.614 keV
50 0.28 1.10 5.12 10.1 11.6 12.8
125 0.29 1.19 6.00 11.9 13.7 15.3
250 0.30 1.23 6.34 12.8 14.7 16.4
500 0.30 1.25 6.52 13.2 15.3 17.1
1000 0.30 1.26 6.63 13.5 15.6 17.5
Parallel flux 0.30 1.27 6.67 13.6 15.8 18.1

Distance from 
the source 
to the side 
surface, mm

Distance from side surface of NaI(Tl) scintillator to the effective center, mm

59.5 keV 100 keV 200 keV 392 keV 662 keV 2.614 keV

50 1.77 2.61 6.08 8.78 9.30 9.57
125 2.34 3.23 6.99 9.86 10.5 10.8
250 2.55 3.44 7.34 10.3 10.9 11.3
500 2.66 3.56 7.52 10.5 11.1 11.5
1000 2.71 3.62 7.60 10.6 11.2 11.6
Parallel flux 2.80 3.70 7.80 10.7 11.4 12.0
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In this case, the relative error in determining 
the dose rate for the lateral geometry will be 1.7 %. 
Obviously, when the distance “point source–
detector” increases, the relative error in measuring 
the dose rate will decrease. In addition, it should be 
noted that using the geometric center of the detector 
instead of the effective energy release center of the 
detector, will lead to an even larger relative error in 
determining the dose rate. 

When making measurements or calibrations 
under conditions of small distances between the 
point radiation source and scintillation inorganic 
detector of NaI(Tl) type for working distance 
“source–detector” from 10 to 50 cm it is necessary 
to calculate the position of effective energy release 
center of during calibration of measuring instru-
ments on dose rate taking into account the distance 
between gamma radiation source and detector. 
This is relevant when working on calibration under 
conditions of the facility that has protection from 
external gamma-radiation background, using point 
gamma-radiation sources. For working “source-
detector” distances greater than 50 cm, it is possible 
to use calculations of the position of the effective 
detector energy release center for parallel uniform 
gamma radiation flux without taking into account 
the influence of the distance between the radiation 

source and the detector. In this case, the relative 
error in determining the dose rate will not exceed 
0.3 %.

Since the issue of taking into account the 
displacement of position of the effective energy 
release center when working at short distances using 
point gamma radiation sources has been resolved, 
it was decided to find functional dependences to 
determine the position of the effective center of 
energy release for calibration in conditions of low-
background shield or at a facility with protection 
from external gamma radiation background when 
using sources with radionuclides 241Am and 137Cs. 
The choice of these sources is justified by their 
application during calibration and verification of 
measuring instruments, including in accordance with 
the verification scheme for facilities with protection 
against external gamma radiation background. The 
range from 10 to 100 cm was chosen as the working 
distance “source–detector” based on practical 
considerations.

Table 4 presents the calculated functional 
dependences of the position of the effective energy 
release center for two types of NaI(Tl) detector sizes 
Ø40 × 40 mm and Ø25 × 40 mm as a function of the 
distance from the point source of radiation to the 
detector. 

Table 4
Functional dependences of the position of the effective energy release center depending on the distance 
to the point radiation source in the range of operating distances from 10 to 100 cm
Type of detector 
size

Gamma radiation 
source

Geometry of detector 
irradiation Function f  (x), mm

Ø 25 × 40 mm

241Am
End 8 387 10 6 056 10 0 2775 8 2. . .× ⋅ − × ⋅ +− −x x
Side 1 409 10 9 086 10 2 2023 7 2. . .× ⋅ − × ⋅ +− −x x

137Cs
End 6 819 10 4 301 10 13 0743 6 2. . .× − ×⋅ ⋅ +− −x x
Side 2 718 10 1 734 10 10 2093 6 2. . .× − × +⋅ ⋅− −x x

Ø 40 × 40 mm

241Am
End 9 527 10 7 084 10 0 2955 8 2. . .× ⋅ − × ⋅ +− −x x
Side 3 377 10 2 15 10 2 9323 6 2. . .× ⋅ − × ⋅ +− −x x

137Cs
End 6 706 10 4 249 10 13 4613 6 2. . .× − ×⋅ ⋅ +− −x x
Side 6 745 10 4 334 10 14 5423 6 2. . .× − ×⋅ ⋅ +− −x x

The above functional dependences allow us 
to calculate the distance of the detector surface 
to the effective center, taking into account the 
detector's packing and reflector. Detectors with MgO 
reflectors with a density of 0.6 g/cm2 and alumi- 
num packaging with a thickness of 1.5 mm were 
used in the calculations. For detectors within detec-
tor units, the distance from the surface of the detec-
tor unit to the surface of the detector must also be 
taken into account.

Conclusion

An original method of determining the position 
of the effective energy release center of scintillation 
detector when irradiated by a point source of radiation 
on the side and end surface of the crystal using 
Monte Carlo methods is proposed. Calculations are 
made and functional dependences of the position of 
the effective energy release center of the NaI(Tl) 
scintillation detector of “popular” sizes are obtained. 
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The study confirmed that for inorganic 
scintillation detectors of medium sizes (e. g., 
Ø 25 × 40 mm or Ø 40 × 40 mm) the point source of 
gamma radiation, located at a distance of 1 m or 
more, produces a radiation field, which does not 
differ in characteristics from the field of radiation 
produced by parallel flux of gamma radiation.

It is shown that approaching the point source 
of gamma radiation to the surface of inorganic 
scintillation detector leads to displacement of the 
effective energy release center to the surface of the 
detector. This is most likely due to large photon 
dispersion due to close location of the point gamma 
radiation source to the detector surface, as a result 
most of the photons after one or more interactions 
leave the detector working volume, and it is also 
related to the dose profile according to the inverse 
law of distance squares. 

Based on the calculated data obtained, the 
functional dependences of the position of the 
effective energy release center of NaI(Tl) crystal-
based detector units on the distance to the point 
gamma radiation sources and the energy of gam-
ma radiation sources for calibration problems in 
conditions of small “source–detector” distances 
were constructed. For example, under conditions 
of calibrating the dosimeter on a low-background  
shield or on a facility with protection from exter- 
nal gamma radiation background. 

The results of the study will also be relevant for 
detectors of larger sizes, for example, Ø63×63 mm 
or larger. For such cases, the displacement of the 
position of the detectorʼs effective energy release 
center relative to the parallel gamma radiation 
flux will be larger than for the detectors given 
in the article. Accordingly, the relative error in 
determining the dose rate from point sources at 
small source–detector distances for such detectors 
will depend on the linear dimensions of the 
detector.  

The obtained data and functional dependences 
of the position of the effective energy release center 
of scintillation detectors are planned to be used 
on the facility with protection against external 
gamma radiation background for calibration and 
verification of dosimetric measuring instruments at 
the “ATOMTEX” enterprise. 
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