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Abstract 
The main characteristics of airborne micro/nanoparticles, their impact on human health and air quality 

standards are presented. International standards classify microparticles by size (PM10, PM2.5, PM1, UFP), 
establish maximum allowable concentrations and control methods. Particular attention is paid to carbon-  
and virus-containing microparticles control. To monitor the air environment in enclosed spaces and in 
transport, the portable sensors of micro-, nanoparticles are required with the ability to classify them by size  
and electrophysical characteristics.

Detection of microparticles includes the sorting of particles entering the sensor by size and material type, 
subsequent actual detection of particles of the same kind, with subsequent classification by size, electrical 
and morphological characteristics. Separation of nano- and microparticles by size before detection improves 
the sensitivity and selectivity of the detector both in size and material. The virtual impactor and dielectro-
phoresis method are considered for integration in a Lab-on-Chip type sensor. Detection of microparticles  
is performed by separating the dispersed phase from the aerosol followed by the analysis, or directly  
in the air flow. The classification of detection methods according to speed and functionality is given.  
Among the methods allowing detection of micrometer and submicrometer size particles, the most suitable 
for miniaturization and serial production of Lab-on-Chip sensors are the multi-wavelength photoelectric, 
MEMS, and capacitor elements.

The microelectromechanics, microfluidics and microoptics technologies make it possible to create  
portable sensor systems of the Lab-on-Chip type to detect particulates matter of micrometer and submicro- 
meter size. A micro-, nanoparticles detector prototype based on alumina technology using MEMS ele- 
ments for a compact Lab-on-Chip type sensor is presented. The proposed design for multifunctional por- 
table detector of airborne micro/nanoparticles is prospective for industry, transport, medicine, public and  
residential buildings applications.

Keywords: microparticles, detector, Lab-on-Chip, alumina technology, prototype.

DOI: 10.21122/2220-9506-2022-13-1-7-16
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Представлены основные характеристики переносимых воздухом микро/наночастиц,  
их влияние на здоровье человека и нормативы качества воздушной среды. Международные стандарты 
классифицируют микрочастицы по размеру (PM10, PM2,5, PM1, UFP), определяют предельно 
допустимые концентрации и методики их контроля. Особое внимание уделяется контролю углерод- 
и вирус-содержащих микрочастиц. Для мониторинга воздушной среды в закрытых помещениях,  
в транспорте требуются портативные датчики микро-, наночастиц с возможностями их классифи-
кации по размеру и электрофизическим характеристикам.

Детектирование микрочастиц включает сортировку попадающих в детектор микро/наночастиц 
по размеру и типу материала и собственно детектирование однотипных частиц с последующей 
классификацией по размеру, электрофизическим и морфологическим характеристикам. Разде- 
ление нано- и микрочастиц по размеру перед детектированием повышает чувствительность 
и селективность детектора как по размерам, так и по материалу. Для интеграции в сенсоре  
Lab-on-Chip типа рассмотрены методы виртуального импактора и диэлектрофореза. Детектиро- 
вание микрочастиц осуществляется с выделением дисперсной фазы из аэрозоля с последующим 
анализом либо непосредственно в воздушном потоке. Приведена классификация методов 
детектирования по быстродействию и функциональным возможностям. Среди методов  
детектирования частиц микронных и субмикронных размеров наиболее пригодны для миниа-
тюризации и серийного изготовления Lab-on-Chip сенсоров мультиволновые фотоэлектрические, 
МЭМС, конденсаторные элементы. 

Технологии микроэлектромеханики, микрофлюидики и микрооптики позволяют создавать 
портативные сенсорные системы типа Lab-on-Chip для детектирования твёрдых частиц 
микронного и субмикронного размера. Представлен прототип детектора микро-, наночастиц  
на основе алюмооксидной технологии с использованием МЭМС элементов для компактного 
сенсора Lab-on-Сhip типа. Предлагаемая конструкция многофункционального портативного  
детектора микро/наночастиц воздушной (газовой) среды перспективна для применения в про-
мышленности, транспорте, медицине, общественных и жилых помещениях.

Ключевые слова: микрочастицы, детектор, лаборатория на чипе, алюмооксидная технология,  
прототип.
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Introduction

The improvement of technologies and meth-
ods to control harmful emissions into the atmo-
sphere has not yet led to a global reduction in the 
total mass of emissions of the substances, prima-
rily aerosols – the air-dispersed systems of mic-
roparticles in the form of dust, smoke, fog. The 
most common hazards are industrial dust of vari-
ous nature and natural sources ‒ dust storms, vol-
canic eruptions, etc. Microparticles in air environ-
ment disrupt functioning of equipment, deteriorate 
products quality, cause occupational acute and 
chronic diseases of respiratory system, circulatory 
system, eyes, and skin [1]. When penetrating deep 
into the lungs, they can deliver toxins, bacteria and 
viruses into the body.

Airborne particulate matter (PM) varies great-
ly in chemical composition, morphology and size. 
A number of international rules and standards for 
PM control have been developed that define the 
maximum allowable concentration of solid PM 
and methods to control them. The International 
Organization for Standardization ISO distinguish-
es several fractions of PM by size – PM10, PM2.5, 
PM1, Ultrafine particles [2]. In particular, PM10 
is defined as “solid particles passing through an 
inlet of a specified size with an efficiency of 50 % 
at an aero-dynamic diameter of 10 µm” [3]. Ultra-
fine particles smaller than 0.1 µm are referred to 
as PM0.1.

Permissible levels of airborne microparticles 
of the PM10, PM2.5 classes are standardized by the 
World Health Organization [4], European Union [5], 
US Environmental Protection Agency [6], Ministry 
of Environmental Protection of the PRC [7] and sani-
tary regulations of the Russian Federation1. Special 
attention is paid to airborne micro-, nanoparticles of 
carbon in the form of black carbon [8], brown car-
bon [9] and soot (carbon black), the aggregates of 
which do not break down in the lungs into smaller or 
primary particles of ~ 10 nm size [10].

It is also important to control specifically the 
airborne viruses and bacteria of 20‒500 nm size [11, 
12]. Pathogenic viruses are viable in air, for- 
ming complexes with other microparticles [13] and 

1 Sanitary Rules and Norms of the Russian Federation 
1.2.3685-21. Hygienic Standards and Requirements to 
Ensure the Safety and (or) Harmlessness of Environmental 
Factors for Humans. Chief State Sanitary Doctor of the 
Russian Federation. Decree of January 28, 2021, No. 2.

drifting for a long time at a low sedimentation rate – 
from 3.1×10‒3 m·s‒1 for particles 10 µm in size to 
3.5×10‒5 m·s‒1 for ~ 1 µm size particles [14]. In par-
ticular, it has been established that SARS-CoV-2  
viruses remain suspended in enclosed spaces for a 
long time [15].

Thus, the control of atmospheric air dust con-
tent is an urgent production, hygiene and engi- 
neering problem. In particular, for everyday moni-
toring of the air environment in enclosed spaces, in 
transport, where PM concentration is increased [16], 
the portable individual sensors of micro-, nanopar-
ticles being able to classify them by size and mate-
rial are required.

The task of creating microparticle detectors in-
cludes two aspects:

‒ sorting of micro/nanoparticles entering the de-
tector by size and material,

‒ proper detection of particles of the same type 
and their classification by size, etc.

Technologies and methods of microelectro-
mechanics, microfluidics, and microoptics make it 
possible to create portable Lab-on-Chip type sen-
sor systems to detect PM dust particles. This is the  
subject of the present brief review. Particular atten-
tion is paid to the features of detecting of nanometer 
size PM0.1 and Ultrafine particles. The aim of the 
study was to develop a multifunctional portable de-
tector of airborne micro/nanoparticles based on mi-
croelectromechanical systems (MEMS) and alumina 
technology for industry, transport, medicine, public 
and residential buildings.

Micro/nanoparticles detection

General classification

Gas analyzers are used to control environmental 
pollution with gas and vaporous harmful substances; 
dust meters are used to measure concentration of 
dispersed pollutants. To get reliable data on the air 
pollution level, it is necessary to possess the reliable 
analytical techniques. The effectiveness of a tech-
nique is evaluated by a number of indicators:

‒ selectivity and accuracy;
‒ reproducibility;
‒ sensitivity;
‒ detection limits;
‒ express analysis ability.
The techniques to measure dust content in air 

could be divided into the two groups:
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‒ with separating the dispersed phase: weight 
(gravimetric), counting (conimetric), radioisotope, 
photometric types;

‒ without separating the dispersed phase: opti-
cal, photoelectrical, acoustical, electrical ones.

A number of measurement techniques (see 
below) have been proposed to monitor compliance 
with the above standards. The measurement can be 
direct, as observation of effects arising from direct 
interaction with particles (for example, photons ab-
sorption/scattering), or indirect, as observation of 
secondary effects allowing conclusions to be drawn 
about the aerosol concentration (see Table for direct 
techniques). The collection techniques require the 
particles to be deposited, for example, on a filter for 

a sufficient period of time to measure them, while 
online real-time (or near-real) systems determine 
concentration of suspended PMs continuously.

The measuring instruments provide data on 
mass concentration, density, sizes, composition, 
or other particle properties, for example, their  
ability to absorb/scatter optical or other radiation. 
The mass concentration is more relevant to health 
safety monitoring, while optical absorption is  
most interesting for climate studies as a deci- 
sive factor in global warming. The particle size  
could be directly obtained from a signal, or using  
additional techniques, such as initial separation  
of particles in size at entrance, or their ioni-
zing followed by separation with high electric  
fields, etc. 

10

Table
Direct techniques to measure air/gasborne particulate matters

Technique Output Output delay Time resolution

Optical

Aethalometry black carbon mass quasi-real-time minutes

Deposit imaging particle count, size minutes minutes

Direct imaging particle count, size real-time minutes

Lidar aerosol optical depth real-time minutes

Nephelometry particle count, size real-time seconds

Optical particle counting/spectrometry particle count, size real-time seconds

Photometry of soot particles mass real-time seconds

Photo(opto)acoustic spectrometry absorption real-time seconds

Spectropolarimetry polarization degree real-time minutes

Electrical

Capacitance particle count, size real-time seconds

Charge particle count real-time seconds

Inductance particle count, size real-time seconds

Mechanical/Acoustical

Film acoustic resonator mass real-time minutes

Oscillatory microbalance mass real-time seconds

Photo(opto)acoustic spectrometry absorption real-time seconds

Others

Gravimetry mass days to weeks hours

β-irradiation attenuation mass minutes minutes
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The important factor affecting the particle size 
and overall concentration estimation is the air hu-
midity. Microparticles act as condensation cores 
which leads to significant increase in effective size 
readings of up to ≈ 70 % relative humidity [17],  
for example, under optical measurements. On the 
other hand, this phenomenon is used to count the 
smallest-size nanoparticles [18]. Also, when collec-
ting aerosol, the moisture accumulates in the filtering 
material affecting the measured mass [19], optical 
and electrical properties. 

Consider the basic detection techniques of inte-
rest to create a compact Lab-on-Chip type device.

Gravimetry

This direct technique, despite its non-compact-
ness and non-viability for Lab-on-Chip technology, 
should be mentioned as the established standard for 
PM measurements [20]. The technique is based on 
collecting particles by depositing them on a filter for 
a given time at a certain air flow rate, followed by 
their weighing and additional analysis. To collect a 
sufficient mass of microparticles, the sampler should 
be activated for a long time, so it shows average va-
lues and does not allow tracking short-term effects. 
To measure simultaneously PM10 and PM2.5, mul-
tiple samplers should be used with selective inputs 
for appropriate sizes.

β-irradiation attenuation

The β-irradiation attenuation measurement is 
based on absorption of beta radiation in solids to 
measure PM. However, the absorbed radiation is pro-
portional only to the mass of the filtered substance 
and does not depend on its density, chemical com-
position, physical or optical properties. Typically, 
differential measurements are used, where the filter 
collects particles from the air flow, and the readings 
of two Geiger counters are compared, one of which 
is located before and one after the bleed air flow. The 
advantages of this technique include high accuracy, 
as well as shorter averaging time interval and delay 
compared to gravimetric measurements.

Acoustic techniques

In photoacoustic spectrometry [21], particles 
pass through a modulated laser beam. The illumi-
nated particles heat up, releasing heat energy into 
the air. The heated air creates a sound wave whose  

frequency exactly matches the modulation frequency 
of the laser. The sound wave is recorded by a sen-
sitive microphone, and its amplitude being propor-
tional to the particles’ absorptivity.

Noise is also used to estimate indirectly the 
amount of airborne microparticles, for instance,  
to monitor the black carbon and PM concentration 
through traffic noise [22].

Optical techniques

The main technique to detect PM1 ‒ PM10 
microparticles uses a simple light emitting 
diode (LED)/photodetector optical scheme (Fi-
gure 1). Variety of compact sensors uses broad-
band LED 1 or semiconductor laser irradiation. 
Photons, scattered by microparticles 2, are de-
tected by a semiconductor photodiode 3 and 
registered as time-dependent patterns 4. Some 
techniques have been developed to improve the 
accuracy of measurements by optimizing the  
operating modes of the irradiation source, recei-
ver, and data processing procedure. A number of 
companies on the market produce optical compact 
sensors.

Figure 1 – Multi-wavelength optical sensing of airborne 
microparticles: 1 – light-emitting diodes; 2 – micropar-
ticles flow; 3 – photodetector; 4 – spectral/temporal 
data [23]

The minimum detected size of PMs cannot 
be significantly less than the optical beam wave-
length. For laser illumination, the 0.4 to 3.3 μm 
radiation is used. Accordingly, the minimum ra-
dius of detected particles cannot be significantly 
less than ~ 100 nm. To improve the informativ-
ity of measurement, in particular, to estimate the 
size distribution of particles, the multi-wavelength 
laser systems are considered [24], as well as in the 
multiwave ethalometry technique [25]. The multi-
wavelength detector [24] allows the analysis of mi-
croparticles by size. Optical feedback could stabi-
lize the laser source measuring [26]. For instance, 
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the optical particle counter of the Cubic Sensor  
and Instrument Co. [27] based on laser scatter-
ing technology could automatically identify and  
simultaneously output the number of particles in 6 
channels including 0.3, 0.5, 1.0, 2.5, 5.0 and 10 μm 
size particles.

Microelectromechanical system

MEMS elements are used to detect and analyze 
the airborne micro-, nanoparticles [28, 29]. This ap-
proach makes it possible, in principle, to perform 
serial and batch production of devices using micro-
electronics technology to miniaturize and reduce the 
cost of sensors and systems. Most MEMS sensors 
are based on electric counting of particles. These 
sensors have no high sensitivity due to small volume 
and flow of detected air and corresponding small 
value of detected electric current.

The microbalances are the mechanical systems 
used to determine PM mass concentration. In an 
oscillating microbalance, the particles are depo- 
sited in a small conical glass tube. The tube’ natural 
frequency is changed by additional mass of depo- 
sited particles, thus, the particles mass could be de-
termined. Unfortunately, the microbalance monito-
ring is sensitive to mechanical noise and tempera-
ture fluctuations [30].

The MEMS resonator systems have been pro-
posed, such as cavity film acoustic resonator [31] or 
surface acoustic wave resonator [32] which use the 
thermophoresis effects to deposit particles on a sen-
sitive element and measure the resonant frequency 
change in real time.

Capacitive detectors

Capacitive detection is a rather new technique to 
detect microparticles where the capacitance change 
is measured (typically ~ 10 zF = 10‒20 F) that occurs 
when a microparticle(s) enters the electric field be-
tween two electrodes, or when they deposited on the 
surface of a CMOS logic gate [33]. The capacitance 
change amplitude can be used to estimate particle(s) 
diameter [34]. This technique is under development 
and could enable detection of particles smaller than 
1 µm [35].

Nanoparticles detection

Detection of microparticles of some tens of 
nanometer has its own features when the above  

methods are unsuitable in many cases. For the pur-
poses of sensor miniaturization, the following solu-
tions could be considered.

The known condensation type counter sensor 
use the technique of heterogeneous condensation 
of water vapors on nanoparticles [36]. The opti-
cal detection technique is used to count the formed 
micrometer-size water drops. The condensation 
type counter method is capable of detecting single 
nanoparticles [37] and possesses a high resolution  
in nanoparticle sizing when using a differential mo-
bility analyzer nanoparticle selector [38]. The sys-
tem includes a reservoir, a saturator, a condenser  
and a miniature optical drop detector.

In the electrical technique, the electrically 
charged nanoparticles in the device are counted by 
measuring the electric current in the circuit under 
their capturing (Figure 2). 

Figure 2 – Electrical discharge/microfluidic detection  
of nanoparticles [39]

Such devices are distinguished by high accuracy 
and selectivity. The devices require high-voltage unit 
to pre-charge the entering nanoparticles. 

Sorting

Separation of nano- and microparticles prior to 
detection makes it possible to increase the sensiti-
vity and selectivity of the detector, both in sizes 
and material thereof. Among the selection tech-
niques, the two are most suitable for integration in 
a lab-on-chip device – virtual impactor and dielec-
trophoresis.

Virtual impactor

The aerial microjet chip classifies microparticles 
in size using an inertial separator – so-called virtual 
impactor (Figure 3).
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Figure 3 – Virtual impactor to select microparticles

Dielectrophoresis

The electric forces acting to micro-, nanopar-
ticles under electrophoresis and dielectrophore-
sis (DEF) effects present the effective sensitive 
method to manipulate the particles when the device 
size lowers to Lab-on-Chip scale [40].

DEF is a selective electrokinetic effect inclu-
ding displacement of uncharged microparticles in 
inhomogeneous electric field due to interaction of 
their electrical dipole (induced or own) with elec-
tric field gradient. DEF forces action is defined by 
both the scale and electric properties of the particles 
and surrounding medium (gas or liquid). To create 
an inhomogeneous and non-stationary electric field 
in the DEF method, both the stationary and alterna-
ting electric fields are used, including additional con-
stant bias. In particular, DEF method is successfully 
used to separate metallic and dielectric microparti-
cles [41].

Lab-on-Chip MEMS detector of airborne 
nanoparticles

The above approaches are used in the MEMS 
detector under development where the micromem-
brane and capacitive measuring elements are used to 
gain higher sensitivity without pre-charging micro- , 
nanoparticles and with possibility to implement a 
complete measuring procedure in a single Lab-on-
Chip device (Figure 4) [42].

The detector contains a thin alumina plate with 
periodic array of micro/nanometer size through ho-
les 1 and virtual impactor 2 for size separation of 
the particles. The subsequent dielectrophoretic/ther-
mophoretic sorting 3 with gradient electric/thermal 
fields allows to separate PMs in narrowed nanosize 
intervals providing their oriented movement 4, as 
well as to determine their amount using the ano-
dic alumina based interdigitated electrode matri- 
ces 5 in every channel for subsequent capacitive mea-
surements 6. The additional detection of micropar- 
ticles 7 from the impactor 2 could be performed by 
optical counting technique.

Conclusion

The classification of airborne microparticles 
by main types and size is presented. The main tech-
niques for separating and detecting airborne solid 
microparticles of micrometer and submicrometer 
size using optical, capacitive, microelectromechani-
cal system and other sensing elements are consi-
dered. A prototype design of a micro-, nanoparticles 
detector based on alumina technology using micro-
electromechanical system elements for a compact 
Lab-on-Chip type sensor is presented. The proto-
type design contains mechanical filtering elements,  

Figure 4 – MEMS nanoparticle detector: 1 – porous membrane; 2 – virtual impactor; 3 – separator; 4 – nanoparticles; 
5 – capacitive detector; 6 – output signals; 7 – microparticles outlet (to optical detector)
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dielectrophoretic/thermophoretic cells, and capaci-
tive detecting elements with separate output signals  
to estimate the amount and size of nanoparticles,  
and to detect additionally the microparticles by an 
optical technique.
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Твердотельные эрбиевые лазеры, излучающие в спектральной области 1,5–1,6 мкм, представляют 
большой интерес для различных практических применений. Из доступных на сегодня лазерных 
материалов для получения стимулированного излучения в области 1,5 мкм наибольшее распростра-
нение получили фосфатные стёкла, легированные ионами Er3+. Однако максимальные выходные 
мощности таких лазеров ограничены несколькими сотнями милливатт из-за низких термических 
характеристик стекла, поэтому поиск подходящей кристаллической матрицы для ионов эрбия  
является актуальным и в настоящее время.

В работе представлены результаты исследований спектроскопических свойств кристалла иттрий-
гадолиниевого силиката, легированного ионами эрбия и иттербия – Er3+,Yb3+:YGdSiO5(YGSO). 
Измерены спектры поглощения и люминесценции в поляризованном свете, определены времена 
жизни возбуждённых состояний активных ионов. Измерения спектров поглощения из возбуждённого 
состояния показали, что полоса поглощения из возбуждённого состояния не перекрывается с по- 
лосой усиления в спектральной области 1,5–1,6 мкм. Проведена оценка эффективности переноса 
энергии от ионов иттербия к ионам эрбия. Выполнен расчёт спектров поперечных сечений 
вынужденного излучения и усиления.

Ключевые слова: эрбий, иттербий, иттрий-гадолиниевый силикат, спектроскопические свойства.
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Abstract 
Solid-state erbium lasers, emitting in the spectral range of 1.5–1.6 µm, are of great interest for sev-

eral industrial applications. Nowadays the Er:glass is the most widespread laser material for obtaining laser  
radiation at the wavelength near 1.5 µm. However, the maximal output powers of such lasers are restricted 
by hundreds of milliwatts because low thermal characteristics of the glass host. By this reason the search  
for new crystalline hosts doped with erbium ions is the actual task.  

In this article the investigation results of spectroscopic properties of Er3+,Yb3+:YGdSiO5(YGSO) crys-
tals are reported. Polarized absorption and luminescence spectra were measured. The lifetimes of energy 
levels were determined. The excited state absorption spectra were measured. It was shown that excited  
state absorption band does not overlap with gain band in the range 1.5–1.6 µm. The energy transfer effi-
ciency from ytterbium to erbium ions was estimated. The stimulated emission and gain cross-section spectra  
for Er3+ ions in YGSO were calculated.

Keywords: erbium, ytterbium, yttrium-gadolinium silicate crystal, spectroscopic properties.

DOI: 10.21122/2220-9506-2022-13-1-17-26

18



Devices and Methods of Measurements
2022, vol. 13, no. 1, pp. 17–26 

K.N. Gorbachenya et al.

Приборы и методы измерений 
2022. – Т. 13, № 1. – С. 17–26
К.Н. Горбаченя и др.

Введение

Твердотельные эрбиевые лазеры, излу-
чающие в спектральной области 1,5–1,6 мкм, 
представляют большой интерес для различных 
практических применений [1]. Из доступных 
на сегодня лазерных материалов для получения 
стимулированного излучения в области 1,5 мкм 
наибольшее распространение получили фос-
фатные стёкла, легированные ионами Er3+. 
Спектроскопические свойства эрбиевых стёкол, 
такие как малое время жизни энергетического 
уровня 4I11/2  , минимизирующее процессы 
поглощения из возбуждённого состояния и 
ап-конверсии, и высокий квантовый выход 
люминесценции в области 1,5 мкм, делают их 
очень эффективной лазерной средой. Кроме 
того, преимуществами лазеров на эрбиевых 
стёклах является их простота, надёжность 
эксплуатации и относительно низкая себе-
стоимость. Однако максимальные средние 
выходные мощности таких лазеров ограничены 
несколькими сотнями милливатт из-за низких 
термических характеристик стекла, поэтому 
поиск подходящей кристаллической матрицы  
для ионов эрбия является актуальным и  
в настоящее время [2].

Лазерная генерация на ионах Er3+ с диод-
ной накачкой была реализована в таких 
кристаллических матрицах как Y3Al5O12 , 
KLu(WO4 )2 , Lu2SiO7 , YVO4 , однако достигнутые 
выходные характеристики были достаточно 
низкими [3–6]. Хорошо себя зарекомендовали 
кристаллы оксоборатов, легированные ионами 
эрбия и иттербия [7–11]. При использовании 
кристалла Er,Yb:GdAl3(BO3 )4 несколько лет 
назад была получена генерация в непрерывном 
режиме генерации с максимальной выходной 
мощностью до 1 Вт на длине волны 1550 нм 
при дифференциальной эффективности по пог- 
лощённой мощности накачки 30 % [12].  
В режиме пассивной модуляции добротности 
продемонстрирован высокочастотный импуль-
сный режим генерации при использовании раз-
личных насыщающихся поглотителей [13–15]. 

Кристаллы иттриевого и гадолиниевого 
силикатов Y2SiO5(YSO) и Gd2SiO5(GSO), леги- 
рованные ионами эрбия и иттербия, известны 
в литературе как перспективные лазерные сре-
ды [16–18]. Интересным также представляется 
исследование кристаллов смешанного иттрий-

гадолиниевого силиката YGdSiO5(YGSO), в ко- 
тором сильное штарковское расщепление уров-
ней, характерное для кристалла гадолиниевого 
силиката, сочетается с более изотропной струк-
турой иттриевого силиката, при этом, в отли- 
чие от кристаллов GSO, не происходит двойни-
кование при росте кристаллов, что значительно 
облегчает выращивание больших кристаллов 
высокого оптического качества [19].

В данной работе представлены результаты 
исследований спектроскопических свойств 
кристаллов иттрий-гадолиниевого силиката, 
легированного ионами эрбия и иттербия – 
Er3+,Yb3+:YGdSiO5(YGSO).

Объекты и методики исследования

Кристалл Er,Yb:YGSO является двуосным 
анизотропным кристаллом и принадлежит к мо- 
ноклинной сингонии С2/c c параметрами эле-
ментарной ячейки a = 1,2547 нм, b = 0,6750 нм, 
c = 1,0477 нм, β = 102,7933º [19]. Элементный 
состав монокристалла изучался с помощью 
энергодисперсионного спектрометра X-Maxn-50 
(Oxford Instruments Ltd., GB), установленного 
на базе растрового электронного микроскопа 
JSM-IT500 (Jeol Ltd., Japan) с вольфрамовым 
термоэмиссионным катодом1. По результатам 
определено, что массовое содержание ионов 
Er3+ и Yb3+ в кристалле составило 0,3 мас.% 
и 3,5 мас.%, соответственно. Внешний вид 
выращенного кристалл Er,Yb:YGSO приведён  
на рисунке 1.

Рисунок 1 – Кристалл Er,Yb:YGSO

Figure 1 – The Er,Yb:YGSO crystal
1 Измерения проводились в лаборатории локаль-

ных методов исследования вещества геологического 
факультета МГУ имени М.В. Ломоносова на обору-
довании, приобретенном в рамках «Программы раз-
вития МГУ».
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Для исследования спектроскопических 
свойств кристаллов использовались плоско-
параллельные пластинки толщиной 2,0 ± 0,1 мм, 
ориентированные вдоль осей кристалла a, b, 
c. Измерение абсорбционных свойств про-
изводилось при комнатной температуре на дву-
лучевом спектрофотометре Varian CARY 5000 
в двух спектральных областях: 850–1050 нм, 
соответствующей энергетическим переходам 
2F7/2→

2F5/2 ионов иттербия и 4I15/2→
4I11/2 ионов 

эрбия, и 1400–1650 нм, соответствующей энер-
гетическому переходу 4I15/2→

4I13/2 ионов эрбия. 
Для записи спектров в поляризованном свете в 
оба канала спектрофотометра помещались поля-
ризационные призмы Глана–Тейлора. Спект-
ральное разрешение прибора составляло 0,5 нм.

Измерение спектров люминесценции крис-
таллов Er,Yb:YGSO проводилось по методу 
синхронного детектирования при использова- 
нии экспериментальной установки, схема ко-
торой приведена на рисунке 2. 

Рисунок 2 – Схема экспериментальной установки 
для исследования стационарных спектров люми-
несценции: 1 – блок управления лазерным диодом; 2 –
лазерный диод с волоконным выводом; 3, 5 – объек- 
тивы; 4 – исследуемый образец; 6 – модулятор; 
7 – поляризатор; 8 – монохроматор; 9 – фотоприём-
ник; 10 – компьютер; 11 – блок управления моду-
лятором; 12 – синхронный усилитель

Figure 2 – The setup for measurements of luminescence 
spectra: 1 – laser diode driver; 2 – fiber coupled laser 
diode; 3, 5 – lenses; 4 – sample; 6 – chopper; 7 – polari-
zer; 8 – monochromator; 9 – photodetector; 10 – compu-
ter; 11 – modulator driver; 12 – lock-in-amplifier

В качестве источника возбуждения люми- 
несценции использовался InGaAs полупро-
водниковый лазерный диод 2 с волоконным 
выводом. Электрическое питание и стабилизация 

спектрального положения полосы излуче-
ния лазерного диода осуществлялись блоком 
управления лазерным диодом 1. Излучение 
лазерного диода фокусировалось объекти-
вом 3 на исследуемый образец 4. Излучение 
люминесценции собиралось широкоапертур- 
ным объективом 5 на входной щели монохро-
матора 8. Для записи спектров люминесценции 
в поляризованном свете перед входной щелью 
монохроматора помещался тонкоплёночный 
поляризатор 7. Сигнал с фотоприёмника 9 обра- 
батывался синхронным усилителем 12, на ко-
торый также подавался сигнал от модулятора 6. 
Выходной сигнал с усилителя 12 оцифровывал- 
ся с помощью аналого-цифрового преобразо-
вателя и сохранялся компьютером 10. Регист-
рация спектров люминесценции выполнялась 
при комнатной температуре.

Для измерения кинетики затухания люми-
несценции возбуждённых состояний ионов-
активаторов использовалась лабораторная уста- 
новка, принципиальная схема которой пред-
ставлена на рисунке 3.

Рисунок 3 – Схема экспериментальной установки 
для исследования кинетики люминесценции воз-
буждённых состояний ионов-активаторов: 1 – лазер 
на кристалле Nd:YAG; 2 – зеркало сепарирующее; 
3 – экран; 4 – набор поворотных зеркал; 5 – пара-
метрический генератор света; 6, 8 – объективы; 
7 – исследуемый образец; 9 – монохроматор; 10 – фо-
топриёмник; 11 – осциллограф цифровой

Figure 3 – The setup for investigation of luminescence ki-
netics: 1 – Nd :YAG laser; 2 – dichroic mirror; 3 – shield; 
4 – set of mirrors; 5 – optical parametric oscillator;  
6, 8 – lenses; 7 – sample; 9 – monochromator; 10 – pho-
todetector; 11 – oscilloscope

Излучение третьей гармоники импульсного 
Nd:YAG лазера 1 при помощи сепарирующего зер- 
кала 2 с высоким коэффициентом отражения на 
длине волны 355 нм и высоким коэффициентом 
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пропускания на длине волны 1064 нм и набора 
поворотных зеркал 4 с высоким коэффициентом 
отражения на длине волны 355 нм заводилось 
в параметрический генератор света 5, который 
использовался в качестве источника возбуждения 
люминесценции. Экран 3 использовался для пре- 
пятствия распространению излучения с дли-
ной волны 1064 нм. Лазерное излучение пара-
метрического генератора света с помощью пово- 
ротного зеркала 4 фокусировалось объективом 6 
в исследуемый образец 7. Излучение люми- 
несценции собиралось объективом 8 с поверх-
ности исследуемого образца и фокусировалось 
на входную щель монохроматора 9. Регистра-
ция сигнала люминесценции выполнялась фото-
приёмником 10 и цифровым осциллографом. 
Данные собирались и усреднялись по 512 
кинетикам. Для каждого исследуемого образца 
проводилась серия из трёх измерений. 

Измерение спектров поглощения из воз- 
буждённого состояния осуществлялось с по-
мощью лабораторной установки, схема которой 
приведена на рисунке 4. 

Рисунок 4 – Схема экспериментальной установки для 
измерения спектров поглощения из возбуждённого 
состояния: 1 – Nd:YAG лазер; 2 – лазер на сапфире  
с титаном; 3, 6 – поворотные зеркала; 4, 12, 13 – лин- 
зы; 5, 9 – модуляторы; 7 – диафрагма; 8 – исследуемый 
образец; 10 – экран; 11 – галогенная лампа; 14 – по- 
ляризатор; 15 – монохроматор; 16 – фотоприёмник; 
17, 18 – синхронные усилители; 19 – компьютер

Figure 4 – The setup for measurement of excited state ab-
sorption spectra: 1 – Nd:YAG laser; 2 – Ti:sapphire laser; 
3, 6 – mirrors; 4, 12, 13 – lenses; 5, 9 – choppers; 7 – di-
aphragm; 8 – sample; 10 – shield; 11 – halogen lamp; 
14 – polarizer; 15 – monochromator; 16 – photodetector; 
17, 18 – lock-in-amplifiers; 19 – computer

Принцип работы установки основан на ме- 
тодике возбуждения-зондирования, когда 
интенсивный возбуждающий пучок переводит 
активные ионы исследуемого образца в воз- 
буждённое состояние, а зондирующий пу- 
чок малой интенсивности позволяет заре-
гистрировать изменения коэффициента пог-
лощения этого образца. Возбуждающее 
излучение генерировалось титан-сапфировым 
лазером 2, накачиваемым излучением второй 
гармоники непрерывного Nd:YAG лазера. Про-
модулированное модулятором 5, излучение 
возбуждения с помощью поворотных зеркал 
3 и 6 и линзы 4 фокусировалось внутри 
исследуемого образца 8, а непоглотившиеся его 
остатки «обрезались» экраном 10. Зондирующее 
излучение генерировалось галогенной лам-
пой 11, обеспечивающей большую расходимость 
светового пучка. С помощью объектива 12 
пучок излучения галогенной лампы собирался 
на поверхности исследуемого образца. Точечная 
диафрагма 7, установленная в непосредствен- 
ной близости от образца, обеспечивала пере-
крытие возбуждающего и зондирующего пучков. 
Прошедшее исследуемый образец зондирующее 
излучение, собиралось объективом 13 на вход-
ной щели монохроматора 15, предварительно 
пройдя через поляризатор 14. За выходной 
щелью монохроматора был установлен  
InGaAs фотоприёмник 16, электрический сиг-
нал с которого обрабатывался и усиливался 
синхронными усилителями 17 и 18, после чего 
фиксировался компьютером 19. Синхронный 
усилитель 17 использовал в качестве опор- 
ной частоту модулятора 9 и измерял не-
посредственно интенсивность (I ) прошедшего 
через образец 8 излучения галогенной лампы 11. 
Синхронный усилитель 18 использовал сигнал 
усилителя 17 в качестве входного сигнала и 
частоту модулятора 5 в качестве опорной. Он 
измерял дифференциальную интенсивность 
зондирующего излучения, прошедшего через 
образец, в возбуждённом и невозбуждённом 
случаях (∆I  ). Компьютер 19 производил 
оцифровку сигналов, деление их друг на дру-
га, сохранение и визуализацию результатов 
измерений, а также осуществлял управление 
монохроматором 15.

Значение электрического сигнала, изме-
ряемого установленным в компьютер АЦП, 
определялось формулой (1):
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(σПОС + σВИ – σПВС ),

где ne – населённость возбуждённого уровня; 
L – толщина образца; A – коэффициент усиления 
синхронного усилителя; σПОС – сечение погло- 
щения из основного состояния (ПОС); 
σВИ – сечение вынуждённого излучения (ВИ); 
σПВС – сечение поглощения из возбуждённого 
состояния (ПВС). 

Спектр (1) можно представить в единицах 
сечений [см2 ], если известно значение ne  LA. 
Это можно осуществить при подгонке коротко-
волнового края спектра (1), где можно прене-
бречь вкладом σВИ и σПВС , к спектру сечений 
поглощения из основного состояния (σПОС ).

Результаты исследования  
спектроскопических свойств

Спектры сечений поглощения кристалла 
Er,Yb:YGSO в области 1 мкм приведены на ри-
сунке 5. Кристалл характеризуется достаточно 
широкой полосой поглощения с максимумом 
около 925 нм для поляризации E //b и узкой 
интенсивной полосой на 976 нм с максималь-
ным сечением поглощения 1,65×10–20 см2 для по- 
ляризации E //a. Полуширина полосы с макси-
мумом на 976 нм составляет около 2 нм.  

Рисунок 5 – Спектры сечений поглощения кристалла 
Er,Yb:YGSO в области 1 мкм

Figure 5 – The absorption cross-section spectra of  
Er,Yb:YGSO crystal near 1 µm

Спектры сечений поглощения в области 
1,5 мкм приведены на рисунке 6. Максималь-
ное сечение поглощения достигает 2,5×10–20 см2  
на длине волны 1530 нм.

Рисунок 6 – Спектры сечений поглощения кристалла 
Er,Yb:YGSO в области 1,5 мкм

Figure 6 – The absorption cross-section spectra of 
Er,Yb:YGSO crystal near 1.5 µm

Целью проведения измерений кинетик лю-
минесцении было определение времени жиз-
ни возбуждённых состояний 4I11/2 и 4I13/2 ионов 
эрбия и 2F5/2 ионов иттербия в кристалле YGSO. 
Люминесценция возбуждалась импульсным 
излучением на длине волны 976 нм. Затухание 
люминесценции с уровня 4I13/2 ионов эрбия носи- 
ло моноэкспоненциальный характер c харак-
терным временем 7,2 ± 0,5 мс. Результаты пред- 
ставлены на рисунке 7. Затухание люминесцен-
ции с 4I11/2 уровня также имело экспоненциаль-
ный характер, и время жизни этого уровня 
составило 20 ± 1 мкс. Сравнительно короткое 
время жизни уровня 4I11/2 снижает потери, 
связанные с обратным переносом энергии 
от ионов эрбия к ионам иттербия и ап-
конверсионными переходами ионов эрбия  
на вышележащие уровни.

Рисунок 7 – Кинетика затухания люминесценции  
с уровня 4I13/2 ионов эрбия
Figure 7 – The luminescence kinetics from 4I13/2 energy 
level of erbium ions

∆I
I

n LAe= (1)
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Эффективность переноса энергии от ионов 
иттербия к ионам эрбия оценивалась по сок-
ращению времени жизни уровня 2F5/2 ионов 
иттербия в кристалле YGSO, легированном иона-
ми Er и Yb, относительно соответствующего вре-
мени жизни в кристалле, легированном только 
ионами иттербия, используя соотношение [20]:

где ηYb→Er – эффективность переноса энергии 
от ионов иттербия к ионам эрбия; τYb,Er (

2F5/2 ) – 
время жизни ионов иттербия на уровне 2F5/2  
в кристалле, легированном ионами Er3+ и Yb3+; 
τYb(

2F5/2 ) – время жизни ионов иттербия на уров-
ня 2F5/2 в кристалле, легированном только иона-
ми Yb3+.

Время жизни ионов Yb3+ на верхнем уровне, 
измеренное в кристалле Er,Yb:YGSO, составило 
180 мкс. В кристалле Yb:YGSO время жизни  
ионов Yb3+ на верхнем уровне составляет 
1,92 мс [19]. Таким образом, эффективность 
переноса энергии Yb→Er в кристалле 
Er,Yb:YGSO достигает 91 %.

Спектры люминесценции кристалла 
Er,Yb:YGSO в спектральной области 1400–
1700 нм, измеренные при комнатной темпера- 
туре со спектральным разрешением 0,5 нм, 
приведены на рисунке 8. Полоса люминесцен-
ции в этой области является широкой и 
структурированной, максимум полосы соот-
ветствует длине волны 1530 нм для всех трёх 
поляризаций. Длинноволновой край полосы 
люминесценции достигает 1650 нм.

Рисунок 8 – Спектры люминесценции кристалла 
Er,Yb:YGSO в спектральной области 1400–1700 нм

Figure 8 – The luminescence spectra of Er,Yb:YGSO 
crystal in the spectral range of 1400–1700 nm

Спектры сечений вынужденного излу-
чения (ВИ) для перехода 4I13/2→

4I15/2 ионов эрбия 
были определены по модифицированному ме- 
тоду соответствия [21]. Для расчёта радиацион-
ное время жизни τрад уровня 4I13/2 ионов эрбия 
принималось равным измеренному времени 
жизни уровня 4I13/2 [16].

где σВИ(λ) – поперечное сечение вынужденного 
излучения на длине волны λ; λ – длина волны 
света; индексы α и γ обозначают состояние по-
ляризации света; h – постоянная Планка; с – ско- 
рость света в вакууме; k – постоянная Больцмана; 
T – температура среды; n – показатель прелом-
ления кристалла; σпогл(λ) – поперечное сечение 
поглощения на длине волны λ.

Спектры сечений вынужденного излучения  
в спектральной области 1400–1650 нм приведе-
ны на рисунке 9. Наиболее интенсивный мак-
симум с сечением вынужденного излучения 
1,2×10–20 см2 наблюдается для поляризации E //b 
на длине волны 1530 нм. 

Рисунок 9 – Спектры сечений вынужденного 
излучения кристалла Er,Yb:YGSO

Figure 9 – The stimulated emission cross-section spectra 
of Er,Yb:YGSO crystal

На рисунке 10 приведены спектры коэф-
фициента усиления для различных значений 
относительной населённости β уровня 4I13/2  
для трёх различных поляризаций:

gα(λ) = [βσα
ВИ (λ) – (1–β)σα

погл (λ)]N0 ,

где gα(λ) – коэффициент усиления на длине волны 
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λ для света с поляризацией α; β = N(4I13/2) / NEr – 
относительная инверсная населённость; σα

ви (λ) – 
поперечное сечение вынужденного излучения  
на длине волны λ; σα

погл (λ) – поперечное сечение 
поглощения на длине волны λ; N0 – полное число 
ионов эрбия. 

Рисунок 10 – Спектры сечений усиления кристалла 
Er,Yb:YGSO

Figure 10 – The gain spectra of Er,Yb:YGSO crystal 

Поглощение из возбуждённого состояния  
в области 1,5 мкм (переход 4I13/2→

4I9/2 ) является 

одним из самых существенных каналов 
энергетических потерь в эрбий-содержащих 
средах. В случае спектрального перекрытия 
полосы поглощения из возбуждённого сос-
тояния с полосой усиления (как, например,  
в некоторых эрбиевых стёклах [4]) эф-
фективность лазерной генерации в спект-
ральной области 1500–1600 нм может су-
щественно снизиться. Спектр поглощения 
из возбуждённого состояния кристалла 
Er,Yb:YGSO приведён на рисунке 11.

Рисунок 11 – Спектры поглощения из возбуждён-
ного состояния кристалла Er,Yb:YGSO в спектраль-
ной области 1450–1800 нм

Figure 11 – The excited state absorption spectra of 
Er,Yb:YGSO crystal in the spectral range 1450–1800 nm

Спектр показывает, что полосы поглощения 
из возбуждённого состояния лежат в области 
1625–1800 нм (участок отрицательных значений) 
и практически не перекрываются с полосами 
усиления в области 1500–1600 нм.

Заключение

Проведены систематические исследования 
спектроскопических характеристик кристалла 
Er,Yb:YGSO как лазерной среды на область 
спектра 1,5–1,6 мкм. Измерены спектры пог-
лощения и люминесценции ионов иттербия 
и эрбия в поляризованном свете, определены 
времена жизни возбуждённых состояний этих 
ионов. Проведена оценка эффективности пе-
реноса энергии от ионов иттербия к ионам 
эрбия. Выполнен расчёт спектров поперечных 
сечений вынужденного излучения и усиления 
ионов эрбия. Измерения спектров поглоще-
ния из возбуждённого состояния показали, что 
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полоса поглощения из возбуждённого состояния 
ионов эрбия не перекрывается с полосой усиле- 
ния в спектральной области 1,5–1,6 мкм. 
Полученные результаты показали, что кристалл 
Er,Yb:YGSO является перспективным для исполь- 
зования в качестве активной среды лазеров 
спектрального диапазона 1,5–1,6 мкм. 
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Abstract 
Diode-pumped thulium lasers emitting in the spectral range near 2 μm are attractive for applications in 

different areas: surgery, rangefinding, and environmental atmosphere monitoring. In this article the latest  
results of Tm:KYW laser performance with a polycrystalline Cr:ZnSe as the most available saturable  
absorber for 2 μm spectral region are presented. 

A maximum continuous-wave output power of ≈ 0.65 W with a slope efficiency of 55 % was obtai- 
ned at the wavelength of 1940 nm. Laser pulses with energy of 26 μJ and repetiotion rate of 6 kHz co-
responding to 156 mW of average output power at 1910 nm were obtained at 2.2 W of incident puwp  
power for the Cr:ZnSe saturable absorber with initial transmission of 95 %. By using of saturable  
absorber with lower initial transmission of 90 % laser pulses with energy of 40 μJ and duration as short 
as 10 ns were realized. The maximal pulse repetition rate was 2.8 kHz at incident pump power of 2.2 W.

Based on the obtained results, it can be concluded that Tm:KYW crystals are promising active media  
for the compact passively Q-switched lasers emitting in the spectral range near 2 μm for the usage in sur-
gery and rangefinding. Also, described laser is planned to be used as a laser source in laser-induced damage  
threshold measurements setup for investigation of damage threshold of saturable absorbers as well as  
nonlinear crystals at the wavelength near 2 μm.

Keywords: thulium, potassium-yttrium tungstate сrystal, passively Q-switching mode, spectral range  
near 2 µm.
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Компактный лазер на основе кристалла Tm:KY(WO4 )2 , 
работающий в режиме пассивной модуляции добротности 
В.Э. Кисель

Центр оптических материалов и технологий, 
Белорусский национальный технический университет, 
пр-т Независимости, 65, г. Минск 220013, Беларусь
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Принята к печати 02.03.2022

Тулиевые лазеры с диодной накачкой, работающие в спектральной области около 2 мкм, находят 
широкое применение в различных областях, таких как хирургия, дальнометрия и дистанционное 
зондирование атмосферы. В статье продемонстрирован макет твердотельного Tm:KYW лазера, 
работающий в режиме пассивной модуляции добротности с насыщающимся поглотителем на основе 
поликристаллического Cr:ZnSe, синтезированного методом химического газофазного осаждения.

Максимальная выходная мощность лазера в непрерывном режиме генерации достигала ≈ 0,65 Вт 
на длине волны 1940 нм при дифференциальной эффективности по поглощённой мощности накачки 
55 %. В режиме пассивной модуляции добротности при использовании насыщающегося поглоти-
теля Cr:ZnSe c начальным пропусканием 95 % энергия лазерных импульсов составила 26 мкДж, 
максимальная частота следования импульсов достигала 6 кГц при падающей мощности накачки 
2.2 Вт. При использовании насыщающегося поглотителя с начальным пропусканием 90 % энергия 
лазерных импульсов достигала 40 мкДж, длительность импульсов не превышала 10 нс. 

На основе полученных результатов можно сделать вывод, что данные кристаллы являются 
перспективными активными средами для лазеров, излучающих в спектральном диапазоне  
около 2 мкм, для применения в составе хирургических систем и систем лазерной дальнометрии. 
Предполагается использование разработанного макета лазера в составе комплекса по измерению 
порог оптического разрушения насыщающихся поглотителей и нелинейных кристаллов в области 
2 мкм.

Ключевые слова: лазер, тулий, кристалл калий-иттриевого вольфрамата, режим пассивной  
модуляции добротности, спектральная область около 2 мкм.

DOI: 10.21122/2220-9506-2022-13-1-27-31

28



Devices and Methods of Measurements
2022, vol. 13, no. 1, pp. 27–31 

V.E. Kisel

Приборы и методы измерений 
2022. – Т. 13, № 1. – С. 27–31
V.E. Kisel

Introduction

Diode-pumped thulium lasers operating in the 
spectral range near 2 μm are attractive for applica-
tions in different areas: surgery, since their radia-
tion is strongly absorbed by water, rangefinding, and 
environmental atmosphere monitoring due to the 
presence of absorption lines of a number of chemi-
cal compounds (benzol, ethanol, etc.) in the spectral 
region around 2 μm [1]. 

Interest in thulium-doped crystals is explained 
by the availability of powerful AlGaAs diode pump 
sources emitting at near 800 nm and cross-rela-
xation process 3H6 + 3H4 → 3F4 + 3F4 leading to 
efficient excitation of 3F4 laser level thus increase 
the quantum efficiency of the systems. Monoclinic 
potassium double tungstate crystals activated with 
thulium ions Tm:KY(WO4)2 (Tm:KYW) attract at-
tention due to relatively high absorption and emis-
sion cross-section, broad emission bands, and the 
possibility to grow highly activated crystals [2]. 
The great potential of Tm:KYW laser crystal has 
been already demonstrated in continuous-wave [3], 
mode-locking [4] and Q-switch [5] regimes  
of operation.

Up today, many saturable absorbers (SA) based 
on nanomaterials and crystalline media have been 
proposed for realization of passive Q-switching. 
Passively Q-switched Tm:KYW lasers have been 
already demonstrated with Cr:ZnS  with following 
characteristics of pulses: 57 ns, 3 μJ, 25 kHz, with 
Cr:ZnSe: 60 ns, 19 μJ, 5.6 kHz, and with PbS: 8 ns, 
30 μJ, 4.2 kHz [5–7]. 

Here we report on the latest results of Tm:KYW 
laser performance with a polycrystalline chemical 
vapor deposited Cr:ZnSe as the most available satu-
rable absorber for 2 μm spectral region.

Experimental laser setup and results 

The experimental laser setup is presented in 
the Figure 1. The near hemispherical laser ca-
vity consisted of a curved output coupler (OC) 
and a plane high reflector was used. The ca- 
vity length was about 24 mm. A laser crystal 
was Ng-cut Tm(3%):KYW with the thickness of 
2.8 mm and antireflection coatings on it’s wor-
king sides. The temperature of active element (AE) 
was kept at 14 °C by means of copper slab and 
thermoelectrical cooling of the elements with a 
water-cooled heatsink. A 3-W continuous-wave  

fiber-coupled diode laser (λ = 802 nm, Ø = 100 µm, 
N.A. = 0.15) was used for a longitudinal pumping of 
the active element. A pump beam was focused into 
a 200 µm spot inside the laser crystal. The cavity 
length was adjusted to get TEM00 transversal mode 
diameter at the active element close to the pump 
beam waist considering induced thermal lensing  
effects. A set of output couplers with different  
transmissions (Toc  ) was used during continuous-
wave laser experiments. 

Figure 1 – Experimental laser setup

Initially, laser experiments were carried out in 
the continuous-wave regime of opeartion. The maxi-
mum output power of 645 mW at 1940 nm was mea-
sured with an output coupler transmission of 3 %. 
A slope efficiency (η ) of 55 % with respect to the 
absorbed pump power was obtained. Laser emission 
was linearly polarized along Nm axis. Input-output 
diagrams for the CW Tm:KYW laser are shown in 
the Figure 2.

Figure 2 – Input-output diagrams of the continuous-wave  
Tm:KYW laser

The Q-switch laser experiments were per-
formed taking into account comparatively low 
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light induced damage threshold of the Cr3+:ZnSe 
saturable absorbers (≈ 2.5 J/cm2). The saturable 
absorber was inserted into the cavity between  
active medium and OC at Brewster angle. Two 
SAs with initial transmissions of 95 % and 90 % 
were used.

Laser pulses with energy of about 26 μJ and 
repetiotion rate of 6 kHz coresponding to 156 mW 
of average output power at 1910 nm were obtained 
at 2.2 W of incident puwp power for the SA with the 
initial transmission of 95 % nm and OC with trans-
mission of 6 %. With the increase of incident pump 
power from the threshold to its maximal value the 
pulse energy and repetition rate varied from 20 to 
26 µJ and 0.2 to 6 kHz, respectively. The depen-
dence of pulse duration and repetition rate on in-
cident pump power is shown in the Figure 3. The 
increase of pulse enegy with incident pump power 
can be explained by changing in the TEM00 mode 
size due to thermal effects in the gain medium. The 
spatial profile of the output beam was TEM00 mode  
with M2 < 1.2 at maximal incident pum power (inset 
in the Figure 3). 

Figure 3 – Dependence of laser pulse characteristics on 
incident pump power for saturable absorber with initial 
transmission of 95 %

The shortest laser pulse duration was measured 
to be 14 ns. The oscilloscope traces of single pulse 
with the duration of 14 ns and output pulse train 
with maximal repetition rate of 6 kHz are presented 
in the Figure 4. It should be mentioned that maxi-
mum pulse repetition rate was limited by the laser-
induced damage threshold of the SA. 

The dependence of laser pulse characteristics 
on incident pump power for saturable absorber 
with initial transmission of 90 % is presented in 
the Figure 5.

Figure 4 – Oscilloscope traces: a – single pulse with the 
duration of 14 ns; b – output pulse train maximal repeti-
tion rate of 6 kHz

Figure 5 – Dependence of laser pulse characteristics on 
incident pump power for saturable absorber with initial 
transmission of 90 %

The laser wavelength shifts to 1940 nm that 
can be caused by a higher SA losses at shorter  
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wavelength. Laser pulses with energy up to 40 μJ 
and duration as short as 10 ns were obtained in 
this case. The maximal repetition rate was 2.8 kHz  
at incident pump power of 2.2 W.

Conclusion

In conclusion, compact Tm:KY(WO4)2 laser 
was demonstrated. A maximum CW output power 
of about 0.65 W with a slope efficiency of 55 % was 
obtained at the wavelength of 1940 nm. In a pas-
sively Q-switched regime of operation laser pulses 
with energy of 40 μJ and duration of 10 ns were  
obtained at a repetition rate of 2.8 kHz at the inci-
dent pump power of 2.2 W.

Based on the obtained results, it can be con-
cluded that Tm:KYW crystals are promising active 
media for lasers emitting in the spectral range near 
2 μm for the usage in surgery and rangefinding.  
Also, described laser is planned to be used as a seed 
pulses source for future amplification and applying 
in laser induced damage threshold measurements 
setup for investigation of optical damage threshold 
of saturable absorbers as well as nonlinear crystals  
at the wavelength near 2 μm.
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Abstract 
Radionuclide 238U is one of the most important radioactive elements that must be controlled in nu-

clear power engineering, geological exploration, control of radioactive contamination of soils and raw 
materials used in construction. The most optimal way to control 238U is to use the 234mPa radionuclide,  
the activity of which, due to its short lifetime (≈ 1.2 min), is unambiguously related to the activity of 238U 
even if the secular equilibrium is disturbed in the sample under study

Рossibility of use of the 234mPa nuclide gamma radiation to determine 238U with a scintillation de-
tector in a medium containing natural radionuclides is investigated and demonstrated using the simplest  
examples. The proposed algorithm for determining of the 238U content is based on the Monte Carlo simu-
lation of the detector response to the radiation of the 234mPa radionuclide at its 1001 keV energy line and  
subsequent processing of the experimental spectrum, including the Wiener filtering of the signal. This  
method makes it possible to determine the content of 238U in a continuous homogeneous medium while  
presence of natural radionuclides in it.

The algorithm for determining of 238U content includes several main steps. Filtering based on the Wie-
ner algorithm allows selecting a slowly changing part of the spectrum. Results of Monte Carlo simula-
tions make it possible to determine the detection efficiency in a limited informative region of the spectrum,  
which includes, along with the 1001 keV peak from the 234mPa nuclide, which is a decay product of the ra-
dionuclide 234Th, and the peak of an interfering radionuclide from the decay chain of 232Th. This part of the 
spectrum does not contain any other lines of gamma radiation from natural radionuclides – decay products  
of both thorium and uranium chains. These two peaks in the spectral region under study can be separated  
from each other in a medium with a typical concentration of 234Th.

Analysis of results of the activity of depleted uranium metal measuring in accordance with the propo- 
sed algorithm shows the possibility of determining of 238U content with an uncertainty of 3–5 %.

Keywords: radionuclide 234mPa, Monte-Carlo simulation, experimental spectrum processing algorithm,  
depleted metallic uranium.
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В атомной энергетике, в геологоразведке, при контроле радиоактивного загрязнения почв и 
сырья, используемого при строительстве, одним из важнейших радиоактивных элементов, который 
необходимо контролировать, является 238U. Наиболее оптимально для контроля 238U использовать 
радионуклид 234mPa, активность которого из-за малости времени его жизни (≈ 1,2 мин) однозначно 
связана с активностью 238U даже при условии нарушения векового равновесия в исследуемом образце. 

Исследована и продемонстрирована на простейших примерах возможность использования 
гамма-излучения нуклида 234mPa для определения 238U с помощью сцинтилляционного детектора  
в среде, содержащей естественные радионуклиды. Предложенный алгоритм определения содержа- 
ния 238U основан на моделировании методом Монте-Карло отклика детектора на излучение 
радионуклида 234mPa на его монолинии 1001 кэВ и последующей обработке экспериментального 
спектра прибора, включающей винеровскую фильтрацию сигнала. Этот способ позволяет опре- 
делить содержание 238U в сплошной однородной среде при наличии в ней естественных радионуклидов.

Алгоритм определения содержания радионуклида включает в себя несколько основных этапов. 
Фильтрация на основе алгоритма Винера позволяет выделить медленно меняющуюся часть спектра. 
Результаты Монте-Карло моделирования дают возможность определить эффективность регистрации 
в ограниченном информативном участке спектра, включающем наряду с пиком 1001 кэВ от нуклида 
234mPa, являющегося продуктом распада радионуклида 234Th, и ближайший к нему пик мешающего 
радионуклида из цепочки распада 232Th. Этот участок спектра по определению не содержит никаких 
других линии гамма-излучения от естественных радионуклидов – продуктов распада как ториевой, 
так и урановых цепочек. Указанные два пика на исследуемом участке спектра могут быть отделены 
друг от друга в среде с типичной концентрацией 234Th.

Анализ результатов измерения активности обеднённого металлического урана в соответствии с пред-
ложенным алгоритмом показывает возможность определения содержания 238U с погрешностью 3–5 %.

Ключевые слова: радионуклид 234mPa, моделирование методом Монте-Карло, алгоритм обработки 
экспериментального спектра, обеднённый металлический уран.
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Introduction

In nuclear power engineering, in geological 
exploration, in the control of radioactive contami-
nation of soils, one of the most important radioac-
tive elements, the concentration of which has to be 
determined, is the isotope 238U. A common method 
for determining of the 238U content in such media 
is the use of scintillation or germanium detectors 
which measure the gamma activity of one or sev-
eral daughter nuclides in selected representative 
samples [1–3]. The media to be investigated con-
tain radioactive nuclides of various origins. Soils 
contain not only nuclides that are the decay pro- 
duct of 238U, but also nuclides that have got into 
this soil area from other areas due to various trans-
fer processes. The fallout of radioactive dust and 
the subsequent migration of radionuclides will also 
disrupt any connection between these nuclides and 
238U in the soil, although they are decay products 
in its chain. The same inconsistency can occur in 
ores and various other materials. Only one nuclide 
234mPa will be uniquely associated with 238U con-
tained in the mentioned media, since its lifetime 
is ≈ 1.2 min, so the transfer processes can be ne-
glected [2].

The proposed technique can also be used for the 
case when for the identification of a nuclide and the 
determination of its content several gamma lines are 
used. In this case the procedure described below is 
applied independently for each such line.

Materials and methods

Relationship between 238U and 234mPa activities

To determine of 238U amount in a medium at 
234mPa, it is first of all necessary to relate the amount 
of uranium to the amount of 234mPa. For this, it is 
necessary to use the uranium decay scheme (Fi-
gure 1) [4]. 

From the diagram a system of equations describ-
ing the time evolution of nuclides of interest in this 
problem can be used:

where NU  , NT  , NP – the number of uranium, thorium 
and protactinium nuclei, respectively; λU , λT  , λP are 
decay constants.

Figure 1 – Part of the 238U decay scheme

These equations are easily integrated by the  
varying constants method and the solution for the re-
lationship between the number of protactinium and 
uranium atoms is given by the equation:

Taking into account that λP >> λT >> λU  , and 
the lifetime of uranium is longer than the lifetime of 
thorium, we have:

It can be seen from the above relations that the 
relationship between the number of atoms of two nu-
clides does not depend on the time and concentration 
of other nuclides included in the 238U decay chain, 
regardless of their origin in the medium.

Before processing the experimental results, it is 
necessary to simulate the measurement process and 
determine the main parameter of this method: S0γ , 
it is the area under the Full Absorption Peak (FAP) 
of the gamma-radiation line, normalized to the one 
played gamma quantum. It should be noted that 
this parameter does not relate to a specific activity; 
it characterizes the average response to one played 
photon. Calculating the same value for the experi-
ment, reduced to a unit of volume (mass) and time, 
we obtain from their ratio the number of protactinium 
atoms that underwent decay through a given channel 
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per unit of time and per unit of volume (n). Taking 
into account other decays, the total number of decayed 
protactinium atoms per unit volume and per unit time 
is Nd = n /ƞ , ƞ is the fraction of gamma decays of prota-
ctinium with Eγ = 1.001 MeV. Further, the reduction 
of the number of 238U atoms is carried out according 
to the above formulas of the described decay kinetics.

For the algorithm to work correctly, it is neces-
sary that the same hardware functions that characte-
rize the Analog-to-Digital Converter of the equip-
ment are used in both the simulation and the pro-
cessing of the experiment. In our case, these are: the 
channel – energy dependence and the dependence  
of the line width on the energy of the registered 
gamma radiation.

Monte Carlo simulation

The purpose of the first stage of the proposed 
algorithm is to simulate the process of measuring 
and calculating the amplitude distribution of pulses 
of each radionuclide using the Monte Carlo method 
and determining S0γ [5] .

The developed model of the detecting devi-
ce (DD) used in the experiment in the measurement 
geometry of metallic uranium at a distance of 10 cm 
from the DD surface opposite the geometric center  
of the scintillation crystal is shown in Figure 2.

Figure 2 – The detecting device and source (metallic 
238U) used in Monte Carlo simulations: 1 – case of the de-
tection device; 2 – probe; 3 – NaI(Tl) scintillation crystal; 
4 – MgO reflector; 5 – source – metal 238U (1/4 cylindrical 
column)

In Monte Carlo simulations, it is possible to 
take into account the energy dependence of the line 
width on the energy of the recorded radiation of a 
real spectrometer. To account for this dependence on 
energy E, the MCNP program uses a special formula 
for the energy dependence of the full line width at 
half maximum ( fwhm):

where the coefficients a, b, c should be determined 
from the experimental data for a given detector by ap-
proximating them using formula (1). The coefficients 
{a, b, c} = {-0.00819936, 0.0704576, -0.0154056} 
obtained as a result of approximating the experi-
mental data for the NaI(Tl) detector with dimensions 
Ø63 × 160 mm. This fwhm were used to calculate the 
pulses height spectrum in the MCNP program.

The DD model was verified by comparing the  
theoretical and experimental spectra from a coin 
source with 137Cs with known activity, placed at a 
distance of 10 cm from the lateral surface. The diffe-
rence in the heights of the FAP line of gamma radia-
tion with an energy of 0.662 MeV did not exceed 3 %. 

As indicated earlier, the most representative 
238U radionuclide is 234mPa, and its preferred gam-
ma-emitting line in terms of quantum efficiency is 
1.001 MeV. Figure 3 shows the simulated pulses 
height spectrum of metallic 238U (main picture). 
The result of Monte Carlo simulation of only 234mPa 
gamma radiation with an energy of 1.001 MeV  
and its Math-background (envelope of the slowly 
changing part of FAPs calculated by second-order 
polynomials [4] ) are shown in small picture.

Figure 3 – The simulated pulses height spectra of me-
tallic 238U (main picture) and the result of Monte Carlo  
simulation of gamma radiation with energy of 1.001 MeV 
with its Math-background (insert)

It is find the difference between the model 
spectrum smoothed by the Wiener filter [5] and its 
Math-background in the energy region from 0.85 to 
1.05 MеV. The resulting value is approximated by a 
Gaussian distribution and the area under this curve 
(S0γ  ) is found, which in MCNP is automatically  
normalized to the total number of played stories. For 
the model of this experiment, S0γi = 0.00001773.
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The Wiener filter is the optimal filter for the for-
mation of the output signal z(t ) from the input signal 
x(t ) with the known form of the useful signal s(t ), 
which is contained in the input signal in the amount 
of noise. As a criterion for its optimization, the  
standard deviation of the signal y(t ) at the filter out-
put from the given waveform z(t ) is used. In this 
case, such a signal was the sum of a slowly changing 
background and Gaussian peaks [6, 7].

Algorithm for determining the content of radionu-
clide in the object of measurement

Experimental spectrum processing primarily in-
cludes background spectrum subtraction, Wiener filte-
ring, Math-background determination and subtraction. 
The processing block diagram is shown in Figure 4.

To understand the operation of the algorithm, 
an experiment was carried out in which a portable 
scintillation spectrometer was used, the Monte Carlo 
model of which is presented above.

Experimental research

To test the proposed algorithm, an experiment 
was carried out using a DD based on a NaI(Tl) scin-
tillation crystal with dimensions of Ø63 × 160 mm 
and a small volumetric cylindrical source of metal-
lic 238U (depleted metallic uranium) located at a dis-
tance of 10 cm (Figure 5).

The source with a density of 19.8 g/cm3 
consists of: 0.0023 % of 234U with an activity  
of 10894 Bq/sample; 0.4054 % of 235U with  
667 Bq/sample and 99.5923 % of 238U with  
25485 Bq/sample. Figure 6 shows the experi-
mental Gross spectrum measured over a time of 
7200 s in the measurement geometry according 
to Figure 5, the background spectrum BKG and 

36

Figure 4 – Block diagram of the algorithm: LM – position of the left minimum of Math-background; LW – left border  
of the window; RW – right. DSpW is normalized spectrum minus Math-background in the energy range. Point-back-
ground is a smooth curve passing through the minima of the spectrum transformed by Wiener filtering
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the difference between the experimental and back-
ground spectrum – the experimental pulses height 
spectrum Net.

Figure 5 – Geometry of experiment with depleted metal-
lic uranium source: 1 – the detection device; 2 – depleted 
metallic uranium source

Figure 6 – The experimental spectra

The experimental pulses height spectrum Net 
was obtained by channel-by-channel subtraction of 
the background spectrum from the experimental one, 
measured when the source was located opposite to 
the annular mark applied to the lateral surface of the 
DD, which corresponds to the geometric center of 
the NaI(Tl) crystal.

Approbation of the algorithm  
on the example of the experimental  
spectrum of metallic 238U

Approbation of the algorithm is presented using 
the example of processing the experimental Gross 
spectrum. The step of subtracting the background 
spectrum is excluded from the algorithm due to its 
insignificant contribution to the result of calculating 
the activity in this case. According to the algorithm, 
the experimental Gross spectrum was transformed 
into the pulses height spectrum using filtering  
according to the Wiener algorithm.

The most important step in this algorithm is the 
definition and subtraction of Math-background. The 
algorithm provides two variants:

1. Using an algorithm from the Wolfram Math-
ematica [8]. In the work we use the “Estimated-
Background” function without a parameter from  
“Mathematics”, which allows to build a smoothly 
varying function passing through the minimums  
of the spectrum (see Figure 7).

2. Draw a curve passing through the background 
minima, determined by the algorithm from the Wol-
fram Mathematica. Often the minima of this back-
ground are located farther in energy than the gam-
ma-radiation line of interest, and then the first option  
is used.

It is shown in Figure 7 the pulses height spec-
trum after Wiener filter and Math-background ac-
cording to the algorithm from the Wolfram Ma- 
thematica. Since the left minimum of this back-
ground lies to the right of the line (1.001 MeV),  
the first variant is chosen.

Figure 7 – Transformed pulses height spectrum according 
to the Wiener algorithm (1) and Math-background (2) (the 
first variant of the estimation)

Further consideration will be carried out only 
in the energy region from 0.85 to 1.05 MeV where 
is situated the protactiniumʼs FAP with energy 
E = 1.001 MeV. The region is not quite symmetrical 
about this line (1.001 МеV), the center of the window 
is shifted to the left. The 234mPa peak on a spectrum 
is shifted to the left due to the presence of Compton 
scattering of gamma quantum from high-energy pho-
tons. In the analysis, the initial region is split by the 
midpoint into two windows, left and right one. If the 
main maximum of the region is in the left window, 
it means that the 232Th peak is prevails. The Gaus- 
sian approximation of this peak is carried out, the 
difference between the experimental spectrum and 
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the obtained approximation in the full region is deter-
mined. Then the contribution of Pa and its peak and 
the Gaussian approximation of the latter are found by 
the points of this difference. This approach allows 
you to separate these peaks, even if they overlap sig-
nificantly. If the main maximum in the full window 
is in the left part of the window, processing is start-
ing from the right part, and then the mentioned nu-
clides are swapped. Now Gaussian fitting of the pro- 
tactinium peak is performed, subtraction of the fitting 
result from the experimental spectrum and approxi-
mation of the Gaussian difference for the 232Th peak.

The result of this processing is illustrated in Fi-
gure 8. In this case, the main maximum is in the right 
half of the energy window and corresponds to the 
contribution of 234mPa (the Gaussian approximation 
of this peak is curve 1), in the left half of the win-
dow is the thorium peak, curve 2 obtained after ap-
proximating the difference between the experimental 
curve and the curves 1.

Figure 8 – Counting in the energy window of the useful 
signal minus background (points), curve 1 is Gaussian ap-
proximation of 234mPa peak, curve 2 is Gaussian approxi-
mation of 232Th peak

Next, the area under the Gaussian approxima-
tion of 234mPa with an energy of 1.001 MeV (S1γ  )  
is determined. Then the ratio S1γ  /  S0γi determines  
the number of 234mPa nuclei decayed in a source  
of volume V during the experiment time t.

Reduced to a unit of time and volume, the num-
ber of decayed 234mPa atoms is given by the equation:

where V is the volume of the source, cm3; t is the 
experiment time, s; n is the number of 234mPa atoms 
decaying in one second in one cubic centimeter 
and emitting a gamma quantum with an energy  
of 1.001 MeV.

Then we have the following equations for the 
total decay rate of 234mPa and the number of protac-
tinium atoms:

where ηγ = 0.0084 is the probability of the branch 
of the gamma decay of 234mPa in the decay of 234Pa;  
NP  is the number of  234Pa atoms in 1 cm3.

Knowing this number makes it possible to de-
termine the number of 238U atoms by the formula 
following from consideration of the kinetics of the 
decay chain of this nucleus, up to and including the 
decay of the 234Pa nucleus. With sufficient preci-
sion:

where NU is the number of U atoms in 1 cm3;        , 

        are the half-lives of U and Pa, respectively. 
Applied to the above experiment, the final pro-

cessing is as follows.
The number of protactinium gamma quanta 

emitted from 1 g of uranium per 1 s was determined 
(tex = 7200 s, mU = 2.0563 g).

where     = 1.2×60 s (half-life of 234mPa);

           = 0.84 % is the fraction of 234mPa decays along 
the gamma channel.

Then, as follows from the solution of the equa-
tions of kinetics of 238U decay, the number of U 
atoms in 1 g of metal is equal to:

The metal is practically pure 238U, therefore, 
to estimate the accuracy, we calculate the num-
ber of uranium atoms in 1 g-atom of the metal, for 
this the value obtained above must be multiplied by  
238 (as result we have 5.73×1023 ) and compared 
with the Avоgadro number (6.022×1023 ). The accu-
racy of the match is 4.8 %.

The activity of this uranium sample, reduced to 
1 g, is easily estimated by the formula:

And in this case it was 11924 Bq /g, the devia-
tion of the method in relation to the measured value 
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(25500 Bq per sample weighing 2.0563 g) was 
3.84 %.

Uncertainty of describing method 

The accuracy of the method is determined by the 
error in calculating the ratio S1γ  /S0γ . It is clear that 
the error S0γ is determined by the specified statisti-
cal error in the Monte Carlo simulation and, accor-
dingly, the relative error in this case is expressed as  
1/Np

1/2, where Np is the number of events recorded in 
the FAP region E = 1.001 MeV.

The relative error of S1γ can be represented as 
follows (N1/2

ex+ph + N1/2
ph  ) / (Nex+ph – Nph  ) , where 

Nex+ph is the number of pulses in the FAP region  
E = 1.001 MeV of the experimental spectrum  
without subtraction of background pulses; Nph is the 
number of pulses in the same energy range of the 
background spectrum.

The relative error of the ratio S1γ  / S0γ is then 
given by the sum of the above errors and is deter-
mined by the expression:

Further actions with the value S1γ  / S0γ for deter-
mining the amount of 238U are associated only with 
the use of constants, which are known values and, 
therefore, do not affect the accuracy.

Conclusion

The paper considers a simple and reliable met-
hod for determination of 238U which can be applied 
for the case when uranium is in various media. The 
method is based on measuring of a scintillation detec-
tor response to the 234mPa (1.001 MeV) gamma line. 

An algorithm for processing and the necessary 
Monte Carlo simulation are proposed which makes it 

possible to determine the 238U content in a medium 
or sample from experimental data. The operation of 
the algorithm is illustrated by the experiment exam-
ple with a piece of metallic uranium. It is shown that 
the determination accuracy of the 238U content in this 
case is 3–5 %.
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Abstract 
Method for determining of the fracture toughness of brittle materials by indentation is described.  

The critical stress intensity factor KIC quantifies the fracture toughness. Methods were developed  
and applied to improve the accuracy of KIC determination due to atomic force microscopy and na-
noindentation. It is necessary to accurately determine parameters and dimensions of the indentations 
and cracks formed around them in order to determine the KIC . Instead of classical optical and scanning  
electron microscopy an alternative high-resolution method of atomic force microscopy was proposed  
as an imaging method. 

Three methods of visualization were compared. Two types of crack opening were considered: along 
the width without vertical displacement of the material and along the height without opening along the 
width. Due to lack of contact with the surface of the samples under study, the methods of optical and scan-
ning electron microscopy do not detect cracks with a height opening of less than 100 nm (for optical) and  
less than 40–50 nm (for scanning electron microscopy). Cracks with opening in width are determined 
within their resolution. Optical and scanning electron microscopy cannot provide accurate visualization  
of the deformation area and emerging cracks when applying small loads (less than 1.0 N). The use of ato-
mic force microscopy leads to an increase in accuracy of determining of the length of the indent diagonal  
up to 9.0 % and of determining of the crack length up to 100 % compared to optical microscopy and  
up to 67 % compared to scanning electron microscopy. The method of atomic force microscopy due to  
spatial three-dimensional visualization and high accuracy (XY ± 0.2 nm, Z ± 0.03 nm) expands the possibili-
ties of using indentation with low loads. 

A method was proposed for accuracy increasing of KIC determination by measuring of microhard-
ness from a nanoindenter. It was established that nanoindentation leads to an increase in the accuracy  
of KIC determination by 16–23 % and eliminates the formation of microcracks in the indentation.

Keywords: fracture toughness, accuracy, indentation method, atomic force microscopy, nanoindentation.   
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Способы повышения точности определения вязкости 
разрушения твёрдых хрупких материалов  
при индентировании
В.А. Лапицкая1,2, Т.А. Кузнецова1,2, С.А. Чижик1,2, Б. Вархолински3

1Институт тепло- и массообмена имени А.В. Лыкова НАН Беларуси, 
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Приведено описание метода определения вязкости разрушения хрупких материалов индентирова-
нием. Количественно вязкость разрушения характеризуется критическим коэффициентом интенсивности 
разрушения KIC . Использование атомно-силовой микроскопии и наноиндентирования позволило 
разработать и применить способы повышения точности определения KIC . Для определения KIC необходимо 
точно определять параметры и размеры отпечатков индентирования и образованных вокруг них трещин.  
В качестве метода визуализации вместо классических оптической и сканирующей электронной 
микроскопий предложен альтернативный высокоразрешающий метод атомно-силовой микроскопии. 

Проведено сравнение трёх методов визуализации. Рассмотрено два типа раскрытия трещин: 
по ширине без смещения материала по вертикали и по высоте без раскрытия по ширине. Методы 
оптической и сканирующей электронной микроскопий из-за отсутствия контакта с поверхностью 
исследуемых образцов не определяют трещины с раскрытием по высоте менее 100 нм (для оптической) 
и менее 40–50 нм (для сканирующей электронной микроскопии). Трещины с раскрытием по ширине 
определяют в рамках своей разрешающей способности. Оптическая и сканирующая электронная 
микроскопии не могут обеспечить точную визуализацию области деформации и формирующихся 
трещин при применении малых нагрузок (меньше 1,0 Н). Применение атомно-силовой микроскопии 
приводит к повышению точности определения длины диагонали отпечатка до 9,0 % и определения 
длины трещины до 100 % по сравнению с оптической микроскопией и до 67 % по сравнению 
со сканирующей электронной микроскопией. Метод атомно-силовой микроскопии благодаря 
пространственной трёхмерной визуализации и высокой точности (по XY ± 0,2 нм, по Z ± 0,03 нм) 
расширяет возможности применения индентирования с применением низких нагрузок. 

Предложен способ повышения точности определения KIC за счёт измерения микротвёрдости  
с наноиндентора. Установлено, что наноиндентирование приводит к повышению точности определе-
ния KIC на 16–23 % и исключает образование микротрещин в отпечатке.

Ключевые слова: вязкость разрушения, точность, метод индентирования, атомно-силовая микро-
скопия, наноиндентирование.
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Introduction

Reducing of the measurement error of any 
physical quantity is always an urgent task. Deve-
lopment of new methods, use of other physical 
techniques allows them to be applied to existing 
measurement methods to improve accuracy and re-
duce the error in determining of physical quantities. 
In this work, we will present a method for measu- 
ring the physical and mechanical properties of hard 
brittle materials, namely, fracture toughness (or 
crack resistance). This parameter characterizes the 
limiting state of any solid material and the ability 
to resist crack development [1–6]. It is extremely 
important for various types of ceramics (carbide, 
oxide, nitride) [7, 8] and coatings based on them, 
which combine special physical-mechanical, ther-
mophysical, bioinert, antioxidant and wear-resistant 
properties [2, 7]. One of the main tasks of ceramic 
production technology is to increase their strength, 
to prevent the likelihood of sudden brittle fracture, 
appearance of chips on the surface, or even the de-
struction of the part. 

The critical stress intensity factor KIC quanti-
fies the fracture toughness [1, 3–6]. There are many 
methods to determine this characteristic (bending, 
torsion, rupture, etc.). However, all of them are of 
limited use due to the complexity or impossibility of 
preparing test samples with the required notch ge-
ometry and are economically unprofitable. The in-
dentation method [4–6, 9] does not require samples 
of complex shape. It uses thin sections and consists 
in the study of the deformation area on the material 
surface after indentation, followed by the calculation 
of KIC . 

The purpose of the work was to improve the ac-
curacy of determining the critical stress intensity fac-
tor KIC by using the methods of atomic force micros-
copy and nanoindentation, to establish the influence 
of the visualization method of the deformation area, 
the calculation model, and microhardness values on 
the accuracy of determining KIC .

Analysis of the method for determining 
fracture toughness by indentation

Determination of fracture toughness KIC by in-
dentation is based on the introduction of a diamond 
indenter in the form of a tetrahedral Vickers pyramid 
into the surface of the test sample (Figure 1) under 
a selected load depending on the material and size 
of the sample [3–6]. Performed at least three inden-
tations at each load. The prints are visualized in an 
optical microscope (OM) or a scanning electron mi-
croscope (SEM) after indentation, the length of the 
print diagonals d1 and d2 is determined, and the print 
half-diagonal length a = (d1+d2) / 4 is calculated. 
Measured the length of the cracks (l is the length of 
the crack near the indent, c is the length of the crack 
measured from the center of the indent) near each 
indent, and then determine the average values of the 
crack lengths for the sample. Determined the physi-
cal and mechanical properties of the material (micro-
hardness HV  and elasticity modulus E ). On the ratio 
c/a determines the type of cracks (Palmquist cracks 
or median cracks) [6] around the prints after deter-
mining the values of a, l, c, HV  and E. A mathemati-
cal calculation model is selected depending on the 
type of cracks and the critical stress intensity factor 
KIC  is determined.

Development of methods for reducing the 
error in determination of fracture toughness 
by the indentation method

Determination of fracture toughness by inden-
tation is a computational and experimental method.  

To accurately determine KIC , it is important both 
to use mathematical calculation models (adequate 
to the range not only of high loads from 1.0 N and 
above, but also to low loads of 0.01–0.5 N) and accu-
rate experimental characteristics of the material and 
the deformation region. There are factors that affect 
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Figure 1 – Method and indentation imprint with defined parameters
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the accuracy of determining the fracture toughness  
of a material by indentation. These include the fol-
lowing factors: the accuracy of determining the 
length of the diagonals of the indentation mark and 
the length of the cracks around it; method for deter-
mining the microhardness of a material.

Mathematical Model of Calculation. There 
are many mathematical models for determining 
the critical stress intensity factor KIC [10]. In most 
of the models used earlier in the literature, loads 
of more than 1 N were used. In cases where small 
loads (0.25–0.75 N) were used, the values of a, l  
and c were determined inaccurately, and because of 
this, at low loads, the difference in a, l and c was 
not detected. Justification of the choice and deter-
mination of the correctness of mathematical models 
for calculating KIC and their ability to maintain the 
stability of KIC values in a wide range of loads, pri-
marily at low loads (from 0.01 to 0.5 N), will expand 
the capabilities of the indentation method.

Visualization of the Deformation Area. OM and 
SEM are used in the classical approach to visualize 
indentation prints, determine the length of the diago-
nals of the indentation print and the length of cracks 
around it on the surface of the material under study. 
Each of these methods allows, within its resolution, 
to determine the linear geometric dimensions of the 
indentation imprint and the formed cracks.

The resolution of an optical microscope is cha-
racterized by the smallest distance between two 
points that are visible separately in the microscope. 
This distance is directly proportional to the wave-
length of the light radiation incident on the object 
under study. The minimum dimensions of a distin-
guishable object are approximately equal to half 
the wavelength of the incident light. Standard op-
tical microscopes use visible light. Objects around 
0.25∙10–6 m or 250 nm in size can be seen under a 
microscope.

The resolution of the SEM is determined by 
the electron wavelengths and the numerical aperture 
of the system. The wavelength of electron radiation 
depends on its energy, which is affected by the ac-
celerating voltage. The electron energy is E = V·e, 
where V – potential difference, traversable by elec-
tron; e – electron charge. Thus, objects larger than 
1.0–1.2 nm in size can be distinguished in the SEM. 

If you change the OM and SEM measure-
ment method to a micromechanical method – 
atomic force microscopy (AFM) with a vertical 
resolution of at least 0.03 nm, then due to spatial  

three-dimensional visualization (which neither OM 
nor SEM has), it becomes possible to determine 
the depth of the indentation imprint and cracks, as 
well as the height of their opening [11]. In AFM the 
resolution depends on the radius of curvature of the 
tip of the used probe and the nature of its interac-
tion with the surface of the object (contact or semi-
contact) [12]. The AFM resolution in XY is limited 
by the capabilities of the device and is 0.2–0.5 nm.

Microhardness Definition. To determine the 
fracture toughness KIC , it is necessary to determine 
the microhardness and elastic modulus of the mate-
rial under study. Indentations are carried out at vari-
ous loads, three to five (minimum number) of inden-
tations at each load to determine KIC . The classical 
method for determining fracture toughness KIC uses 
the values of microhardness HV determined by the 
Vickers method (GOST 9377–81). Microhardness 
HV according to the Vickers method is determined 
by the formula (1) [13]:

where dmean is arithmetic mean of the diagonals of 
the imprint of a tetrahedral Vickers pyramid after in-
dentation, m; P is indenter load, N. 

During indentation, all the energy consists  
of the elastic and plastic components of the de-
formation and is spent on the formation of an im-
print on the surface sample. The presence of cracks 
around the indentation indicates that part of the  
energy was spent on their formation in the sample, as 
well as the inability to reliably determine the micro-
hardness of the sample material. Unreliable values  
of Vickers microhardness HV  lead to incorrect deter-
mination of KIC . 

An alternative method for determining micro-
hardness can be the method of nanoindentation (NI). 
A Berkovich-type diamond indenter and loads of no 
more than 5 mN are used when measuring micro-
hardness on a nanoindenter (ISO 14577-1:2015). 
The microhardness HBer by the NI method is deter-
mined by the formula [14]:

where Pmax is maximum indentation force of the 
Berkovich pyramid, N; A is resulting contact area 
under this load, m2. 

Contact area A was determined by the formu- 
la [14]: 

H P
d

V
mean

= 1 854
2

. , (1)

H
P

ABer = max , (2)
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where S is unload curve stiffness; Er is reduced mo-
dule, GPa.

The use of a high-precision NI method and low 
loads makes it possible to exclude the formation of 
cracks in the material. Accordingly, the microhard-
ness values determined by this method are correct 
and accurate.

Samples and equipment

To compare the visualization methods of the 
deformation area, diagonals of the length of the in-
dentation print and length cracks, we used: an opti-
cal microscope MICRO-200 (JSC Planar, Republic 
of Belarus) and a lens with a magnification of 400×, 
SEM – JSM-7001F (JEOL, Japan) with resolu-
tion in secondary electrons 1.2 nm (at an accelera- 
ting voltage of 30 kV) and AFM – Dimension Fast-
Scan (Bruker, USA) with XY resolution ± 0.2 nm,  
Z ± 0.03 nm. A section of silicon carbide ceramic was 
used as a sample [7, 8]. Microhardness imprints on the 
sample were made using a PMT-3M microhardness 
tester (LOMO, Russia) with a Vickers tetrahedral dia-
mond pyramid at a constant load of 1.0 and 2.0 N.

Experimental determination of the influence of 
the mathematical calculation model and the method 
for determining microhardness on the value of frac-
ture toughness KIC was carried out on several materi-
als – single-crystal silicon wafers Si of three orien-
tations (100), (110) and (111) (JSC “INTEGRAL”, 
Belarus) with a size of Ø100 mm and a thickness 
of 0.5 mm, AT-cut quartz plates with a diameter of 
12 mm and a thickness of 3 mm after chemical-me-
chanical (CMP) and magnetorheological (MRF) po-
lishing, slide and cover glass. Indentation prints were 
made using a PMT-3M microhardness tester with a 
load from 0.01 to 5.0 N

Five indentations were performed for each load. 
Then visualization was carried out using AFM, the 
indentation parameters (d1 , d2 ) and crack length (l, 
c) were determined. Microhardness was determined 
by two methods: by Vickers using formula (1), by 
the NI method (load 5 mN). Microhardness HV by 
the Vickers method was determined on PMT-3M. 
The NI method was determined using a Hysitron 
750 Ubi nanoindenter (Bruker, United States) with a 
Berkovich-type diamond tip with a curvature radius 
of 60 nm [14]. Then KIC was determined. 

The contribution of the mathematical model 
of calculation to the accuracy  
of determining the fracture toughness

With the existing set of models for calculating 
KIC using the indentation method, it has been estab-
lished that it is impossible to correctly determine 
the fracture toughness of the material under study 
using most models, especially at low indentation 
loads (0.01–0.5 N). The models used for compari-
son are given in [15]. KIC for each sample was de-
termined at loads of 0.01–5.5 N using six formulas 
from [15]. It was found that the mathematical mo- 
dels of calculation (4) and (5) [3, 5, 6, 15] given 
below show the correctness and stability of the KIC 
values in the entire range of loads (from 0.01 to 
5.5 N). These models are designed and are given 
in [5, 6]. Unlike others, they include the parameters 
of the indentation imprint (diagonals length d ) and 
the formed cracks length l and c. Also include pa-
rameters characterizing the material (microhard- 
ness H and elasticity modulus E ):

where l is crack length near the indent, m; a is half-
diagonal length, m; E is elasticity modulus, GPa;  
Ф is bond reaction index in the crystal lattice (Ф ≈ 3); 
HV is Vickers hardness, GPa; c is crack length from 
the center of the indent, m.

In works [5, 6] in addition to models, described 
the conditions for their selection depending on the 
type of cracks (Figure 1). The condition is as fol-
lows: if c /a ≤ 2.5, then Palmquist cracks form in the 
sample (Figure 1) and the calculation is carried out 
according to model (4), and if c /a > 2.5, then median 
cracks form in the sample (Figure 1) and the calcula-
tion is carried out by model (5) [5, 6].

According to the obtained values for each load, 
the average value was determined using six formu-
las from [15] (Table 1). The values according to for-
mulas (4) and (5) depending on the c /a ratio were 
taken as the actual KIC values for the test material 
with a standard deviation of less than 10 % [15]. 
Bold type in Table 1 indicates the actual KIC values 
for each sample.
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It has been established that deviations 
from the actual values of fracture toughness of 

12–74 % (Table 2) give mathematical models [15] 
that depend directly on the load P (Figure 3). 

Table 1
Fracture toughness and deviation from the actual value for silicon, quartz and glass

Silicon

KIC , (MPa·m1/2 ) Deviation of the KIC value in % from the actual value

(100) (110) (111) (100) (110) (111)

0.59±0.11 1.10 ± 0.55 0.74 ± 0.42 50.9 12.4 37.8

0.74±0.22 1.06 ± 0.54 0.86 ± 0.15 38.0 15.7 27.5

1.20±0.05 1.26 ± 0.09 1.19 ± 0.10 0.0 0.0 0.0

0.38±0.07 0.55 ± 0.32 0.46 ± 0.33 68.1 56.4 61.5

1.23±0.07 1.24 ± 0.08 1.20 ± 0.08 2.5 1.6 0.8

0.31±0.13 0.45 ± 0.21 0.39 ± 0.22 74.3 64.3 67.2

Quartz

CMP MRF CMP MRF

1.89 ± 0.89 1.15 ± 0.51 29.8 17.5

1.78 ± 0.77 1.57 ± 0.69 22.0 11.9

1.46 ± 0.12 1.40 ± 0.17 0.0 0.0

0.95 ± 0.38 0.88 ± 0.38 34.7 37.3

1.54 ± 0.13 1.33 ± 0.15 5.3 4.7

0.58 ± 0.23 0.46 ± 0.21 60.0 67.2

Glass

Slide Сover Slide Сover

1.97 ± 0.47 1.67 ± 0.08 37.48 51.49

2.15 ± 0.04 1.88 ± 0.09 50.25 70.76

1.42 ± 0.03 1.10 ± 0.05 0.0 0.0

1.06 ± 0.30 0.92 ± 0.04 25.88 16.03

1.39 ± 0.01 1.11 ± 0.05 2.46 0.91

0.60 ± 0.17 0.49 ± 0.02 57.70 55.67

Comparison of visualization methods and 
the accuracy of determining the diagonals  
of the imprint of length and cracks

Visualization of the deformation area (or inden-
tation imprint) was carried out on OM, SEM and 
AFM after applying marks (Figure 2). Comparison 
of the quality and accuracy of imaging compared on 
a specific selected imprint. On optical images (Fi-
gure 2a, b ), the selected indentations are marked 
with a red square. 

These imprints were then visualized using SEM 
and AFM (Figure 2). It is very difficult to accu-
rately determine the presence of cracks around the 
imprint and their length from optical images. The 
length d1 and d2 of the imprints is determined ap-
proximately (Table 2). SEM images do not always 
clearly show the borders of the imprint (Figure 2а ). 
Diagonal length cannot be determined exactly. When 
comparing the determination of the length of the in-
dent diagonals (d1  and d2 ), it was found that AFM 
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allows increasing the accuracy of determining the 
length of the diagonal up to 9 % compared to OM 

and up to 2.3 % compared to SEM, if scanning fields 
of 10 × 10 μm2–50 × 50 μm2 are used.

а b

c d

Figure 2 – Optical (400×), images from scanning electron and atomic force microscopy of imprints (a, b ), features  
of crack opening (c) and influence on the accuracy of determining their length (d ): a – 1.0 N; b – 2.0 N; c – two types  
of crack opening; d – determination of l crack (using the example of crack No. 2 in Figure 2b) 

Table 2
Indentation diagonal length and percentage difference compared to optical microscopy

OM SEM AFM

P, N 1.0 N 2.0 N 1.0 N 2.0 N
%

1.0 N 2.0 N
%

1.0 N 2.0 N 1.0 N 2.0 N

d1 , μm 9.97 10.61 9.00 11.25 9.7 6.0 9.19 11.52 7.8 8.6

d2 , μm 10.07 11.54 9.20 11.35 8.6 1.6 9.24 11.37 8.2 1.5

During indentation, two types of crack opening 
are formed: the first type is widthwise opening, the 
second type is vertical opening (Figure 2c). Cracks 
of the first type open in the XY plane without ver-
tical displacement of the material. Cracks of the  

second type open along the Z axis with little or no 
width opening (Figure 2c). OM and SEM detect 
cracks of the first type (in width) only within their 
resolution. OM reveals cracks with a width opening 
of at least 250 nm, SEM – at least 1–1.2 nm. Cracks 
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of the second type (with opening) are either not de-
tected by OM and SEM, or they are determined, but 
not the entire length: the height difference should be 
at least 100 nm for OM and at least 40–50 nm for 
SEM. The study of the deformation area around the 
indentations using OM showed good visualization of 
cracks, the opening width of which is greater than 
its resolution – 250 nm (Figure 2a, b). After apply-
ing a load of 1.0 N, it was not possible to determine 
the presence of cracks around the indentation imprint 
using OM (Figure 2a). After applying a load of 2.0 N 
near the studied imprint, it was possible to determine 
the presence and length of three cracks (Figure 2b, 
Table 3). It was also found that during visualization, 
the crack is visible with a large opening. Closer to 
the crack tip, the opening decreases and becomes in-
visible in an optical microscope. For this reason, the 
crack length is incorrectly determined. 

When examining the same prints in the SEM, 
from two (Figure 2a, marked with white arrows) to 
five cracks around the imprint (Figure 2b, marked 
with white arrows) were detected. The SEM per-
fectly visualizes cracks with an opening or a height 
difference of more than 40–50 nm.

AFM made it possible to identify from six (Fi-
gure 2a, marked with yellow arrows) to eight cracks 
around the indentation imprint (Figure 2b, marked 
with yellow arrows). The absence of cracks after a 
load of 1.0 N when visualized with an optical micro-

scope shows a 100 % error compared to AFM, i. e. 
OM reveals nothing compared to AFM or SEM. The 
accuracy of determining the crack tip on AFM is due 
to the surface profile.

You can see how a crack of the second type with 
vertical opening is visualized using OM, SEM and 
AFM using the example of crack No. 2 in Figure 2b. 
Schematically, for comparison, this is shown in Fi-
gure 2d. On OM this crack could not be determined. 
The SEM shows only a part of a crack of length l1 
with a large difference (56–73 nm) in height without 
opening. AFM showed that the crack has a length of 
l1 + l2 and is almost twice as large (Table 2) as com-
pared to the SEM value.

Detection of cracks after 2.0 N is due to the 
larger width of crack opening compared to AFM and 
makes it possible to detect only 37 % of all cracks. 
SEM makes it possible to detect from 33 to 75 %  
of all cracks, depending on the applied load, i. e.  
the higher the load, the larger the cracks and better 
visible in the SEM.

Now letʼs compare the cracks, the length  
of which was determined by all three methods, as 
well as the error obtained by incorrect determina-
tion of the crack length (Table 3). These cracks cor-
respond to numbers No. 1, 3 and 4 in Table 2 after  
a load of 2.0 N. As a result, the use of AFM makes  
it possible to increase the determination accuracy  
up to 100 % (Table 4).

Table 3

Crack length around indentation imprint and length errors compared to atomic force microscopy

Type OM SEM AFM

Load, N 1.0 % 2.0 % 1.0 % 2.0 % 1.0 2.0

Crack 
No, μm

1

no 
cracks 
found

100

14.01 30 15.80 3 16.40 18 16.29 20.09

2 – 100 6.30 9 6.94 39 6.39 11.39

3 10.53 46 – 100 19.80 1 6.78 19.64

4 10.08 24 – 100 10.28 23 4.52 13.31

5 – 100 – 100 16.50 15 5.97 19.41

6 – 100 – 100 13.04 0 10.06 13.02

7 – 100 – – – 100 – 10.79

8 – 100 – – – 100 – 9.57
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Comparison of methods for determining 
microhardness

The results of determining the microhardness 
are shown in Table 5. The values of the elasti-
city modulus E of the samples were measured on  
the NI.

After determining a, l, c, E and H, one of the 
formulas (4) and (5) was selected with respect to 
c/a. Then KIC was calculated. It has been estab-
lished that the values of microhardness with NI 
compared with Vickers differ by 1.2–1.6 times or by 
25–38 % (Table 5). This leads to an error in deter-
mining the KIC of 16–23 % (Table 5).

Table 4
Resolution and errors of visualization methods

Type Resolution, nm
Error in determining, %

d c

OM at least 250 up to 9.0 up to 100

SEM at least 1.0 up to 2.3 up to 67.0

AFM at least 0.2 (by XY  ), at least 0.03 (by Z  ) up to 2.0

Table 5
Values of microhardness, fracture toughness and errors of their determination by two methods

Sample
Microhardness H, GPa KIC  , MPa·m1/2

Vickers NI % Vickers NI %

Si (100) 8.6 ± 0.9 13.8 ± 0.6 37.7 0.97 ± 0.05 1.20 ± 0.05 19.2

Si (110) 8.8 ± 0.4 13.6 ± 0.7 35.3 1.00 ± 0.05 1.26 ± 0.09 20.6

Si (111) 8.4 ± 0.3 13.4 ± 0.7 37.6 0.99 ± 0.06 1.19 ± 0.10 16.8

Quartz MRF 10.0 ± 0.7 13.5 ± 0.1 25.9 1.17 ± 0.17 1.40 ± 0.21 16.4

Glass slide 10.1 ± 0.6 6.7 ± 0.1 33.6 1.82 ± 0.04 1.42 ± 0.03 22.0

Cover glass 10.1 ± 0.2 6.4 ± 2.4 36.6 1.45 ± 0.07 1.10 ± 0.05 23.9

Conclusion

Three ways to improve the accuracy of determin-
ing of the critical stress intensity factor KIC  , which 
quantitatively characterizes the fracture toughness, 
were considered: the choice of a mathematical calcu-
lation model, the use of atomic force microscopy to 
visualize the deformation region, and the nanoinden-
tation method to determine the microhardness and 
elasticity modulus of the material.

It was established that changing the physi-
cal principle of the visualization method for cracks 
and indentation parameters from optical to micro-

mechanical (atomic force microscopy) leads to a 
decrease of the error in determining of the indent  
diagonal length by 2.3–9.0 %. This also leads to a 
decrease of the error in determining of the crack 
length by 46–100 % compared to optical microscopy 
and 24–67 % compared to scanning electron micros-
copy. The method of atomic force microscopy pro-
posed in this work for visualizing of the deformation 
region due to spatial three-dimensional visualiza-
tion, atomic forces and high accuracy (XY ± 0.2 nm, 
Z ± 0.03 nm) can significantly expand the possi-
bilities of using the indentation method. It becomes  
possible to determine the fracture toughness  
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of individual phases in a material and individual  
elements of microelectromechanical systems  
through the use of small loads. 

The use of the nanoindentation method in-
stead of the Vickers method made it possible to in-
crease the accuracy of determining of the materialʼs  
microhardness up to 38 %, as well as the critical 
stress intensity factor KIC up to 23 %.
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Abstract 
The use of glued lens components in optical devices improves the image quality of telescopic and pho-

tographic lenses or inverting systems by eliminating a number of aberrations, and also reduces light losses 
in the optical system of the device. The traditional production process of lenses gluing involves the se-
quential execution of a set of technological operations and takes a significant period of time. The purpose  
of the research was to improve the accuracy and productivity of the technological process of lenses  
gluing by improving the optical system of the control and measuring device and automating the opera- 
tion of lenses optical axes combining by introducing an electronic reference system and mechanisms  
for micro-movements of optical parts. 

A technique is proposed for centering of two and three-component optical blocks by an autocollimation 
flare which provides a matching accuracy of less than 0.5 μm. The possibility of constructive modernization 
of the classic ST-41 autocollimation microscope with parallel separation of the displayed output informa-
tion in the visual and television channels is shown. An automated system for controlling of the process  
of convergence of autocollimation points in the device is proposed. Using software methods an electronic 
grid template is formed on the monitor screen, onto which images of autocollimation points are projected.  
The decentering value 2Δe is determined and a corrective control voltage is applied to three stepper motors 
and pushers for transverse movement of the glued optical part. 

Specialized software has been developed for automatically bringing the position of the autocolli-
mating crosshair to the center of the measuring scale of the grid based on a combination of two methods  
of “least squares” and “successive approximation”. Compliance with a number of technological transitions 
and the accompanying control of geometric parameters make it possible to achieve greater accuracy in deter-
mining the eccentricity of the crosshairs of the aligned optical axes of the glued lenses.

Keywords: decentering, lens, crosshair, optical axis.
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Метод повышения эффективности технологического 
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Применение в оптических приборах склеенных линзовых компонентов позволяет повысить 
качество изображения телескопических и фотографических объективов или оборачивающих систем 
за счёт устранения ряда аберраций, а также обеспечивает уменьшение световых потерь в оптической 
системе прибора. Традиционный производственный процесс склеивания линз предусматривает 
последовательное выполнение комплекса технологических операций и занимает существенный 
промежуток времени. Цель исследований заключалась в повышении точности и производительности 
технологического процесса склейки линз за счёт совершенствования оптической системы контроль-
но-измерительного прибора и автоматизации операции совмещения оптических осей линз путём 
введения электронной системы отсчёта и механизмов для микроперемещений оптических деталей. 

Предложена методика центрирования двух- и трёхкомпонентных оптических блоков  
по автоколлимационному блику, обеспечивающая точность совмещения менее 0,5 мкм. Показана 
возможность конструктивной модернизации классического автоколлимационного микроскопа 
СТ-41 с параллельным разделением отображаемой выходной информации в визуальном и 
телевизионном каналах. Предложена автоматизированная система управления процессом сведения 
автоколлимационных точек в приборе. Программными методами на экране монитора формируется 
шаблон электронной сетки, на которую проецируются изображения автоколлимационных точек, 
определяется величина децентричности 2Δe и подаётся корректирующее управляющее напряжение 
на три шаговых двигателя и толкатели для поперечной подвижки приклеиваемой оптической детали. 

Разработано специализированное программное обеспечение для автоматического сведения 
положения автоколлимационного перекрестия в центр измерительной шкалы сетки, основанное  
на сочетании двух методов – «наименьших квадратов» и «последовательного приближения». 
Соблюдение ряда технологических переходов и сопутствующий контроль геометрических пара-
метров позволяют добиться большей точности при определении величины эксцентриситета пе- 
рекрестия совмещаемых оптических осей склеиваемых линз.

Ключевые слова: децентрировка, линза, перекрестие, оптическая ось.
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Introduction

The use of glued lens components in optical 
devices can significantly improve the image qual-
ity of telescopic and photographic lenses or envelo- 
ping systems by eliminating chromatic and spherical  
aberrations, coma, and also reduces light losses 
in the optical system of the device by up to 10 % 
compared to by an independent mechanical method  
of each part fixing [1, 2].

The traditional production process of lenses 
from optical glass gluing provides for the sequen-
tial execution of a number of technological opera-
tions: the assembly of optical parts according to 
the shape accuracy of mating spherical surfaces 
within a given tolerance; cleaning the working 
surfaces of parts from various kinds of contami-
nants; applying a layer of glue on a concave sur-
face, pressing and maintaining a uniform thickness 
within 0.005–0.02 mm; mutual centering of glued 
optical parts (combination of optical and geomet-
ric axes) by means of autocollimation instrumen-
tation; if necessary, heating the parts in a ther-
mal chamber to a temperature (70–130 °С) when  
gluing with a polymerizing optical adhesive; hol-
ding the set position and cooling the glued compo-
nent to room temperature 20– 45 °C (polymeriza-
tion) for 1–4 days, depending on the brand of glue 
used (GOST 14887).

Thus the technological process of optical 
parts gluing is determined by a set of parame-
ters: the brand and properties of the adhesive used  
(GOST 14887-80), the dimensions and material of 
the original elements, the error of the mating surfaces 
(no more than N = 3–5 interference Newtonʼs rings 
of a common “pit”), surface cleanliness P, as well as 
technical requirements for the connection (thermal, 
mechanical and chemical resistance).

One of the options for reducing the time of 
this technological operation is the use of two-
component adhesives with high adhesion based 
on epoxy resin or acrylate with fast polymeriza-
tion under the influence of ultraviolet radiation (for  
example, FEK1-15, Vitralit 1505 and 1527 Pa-
nacol)  for 0.2–1 minutes [3, 4]. The third alterna-
tive and effective way to connect optical parts is to 
use the optical contact method (Solaris Optics) or 
diffuse connection [5]. However there are physi-
cal limitations of application, in particular, the dif-
ference in the thermal expansion coefficients of 
the mating optical materials which reduces the  

resistance of the connection with significant tempe-
rature drops, etc.

The purpose of the research was to increase the 
accuracy and productivity of the technological pro-
cess of lenses gluing by improving the optical sys-
tem of the control and measuring device and auto-
mating the operation of combining of lenses optical 
axes by introducing an electronic reference system 
and mechanisms for micro-movements of optical 
parts.

Geometric parameters that determine the 
centering accuracy

In the design drawings of an optical part or a 
glued block, the centering error is specified (Fi-
gures 1 and 2):

– positional tolerance of the center of curvature 
(CВ , CМ , CН  );

– the difference in thickness over the diameter 
of the lens (Δ) or a flat surface;

– face runout of a flat surface.
The method of lens centering by autocollimation 

flare is applicable for optical parts with a diameter  
of 3 to 150 mm.

According to the design requirements and func-
tional purpose of the optical part, the total outer  
diameter of the base lens is assigned a tolerance in 
the range f 6–e9, for the glued one – d10–c11. It is 
allowed to make a glued lens with a reduced nominal 
diameter compared to the base lens by 0.2–0.4 mm 
per diameter. The tolerance for decentering of the 
base lens is assigned more stringent than the tole-
rance for the glued lens. This moment is significant 
when the refractive index of the material of the glued 
lens actually coincides with the refractive index of 
the adhesive. As a result, the thickness of the glue 
can have a certain effect on the construction of the 
path of rays and introduce aberrations into the opti-
cal system.

The amount of decentering, determined based 
on the error of alignment of auto-collimation points 
(O1 , O2 , etc.) (Figure 3) and is calculated by the for-
mula:

where Сdevi is the displacement of the nodal point 
from the optical axis, determined by the flare;  
Ri is the radius of the controlled surface; ni is the 
refractive index of the material of the optical part; 
      is the focal length of the controlled lens.
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Figure 1 – Glued block of two lenses: 1 – positive menis-
cus; 2 – negative meniscus; A – basic supporting surface; 
B, M – working spherical surfaces; E – landing cylindri-
cal surface; CB , CM – centers of curvature

Figure 2 – Glued block of three lenses: 1 – convex-con-
cave lens; 2 – positive meniscus; 3 – negative meniscus; 
A – basic supporting surface; M, В, H – working spheri-
cal surfaces; E – landing cylindrical surface; K – annular 
support end; CM , CВ , CH – centers of curvature

In accordance with ISO 10110-1, there is also 
a second method for estimating the amount of de-
centering through the angle of inclination of a sepa-
rate spherical surface ( γ ) formed between the normal 
(O3'O2'  ) with the center of curvature O2' and the re-
ference axis (O3O2 ) [6, 7].

The criterion for assessing the complexity  
of the mechanical method of lens centering is  
the ratio of the clamping angle φ and decentering  
tolerance Δe (Table 1) [8, 9].

Figure 4 shows the sequence of transitions du-
ring centering: scheme on the left (a) installation of 
lens 3 along the main base spherical surface A on 

the support ring 1 and fixation along the auxiliary 
base cylindrical surface D in the angle 2 at an angle  
φ – control of decentering parameter Δe; scheme on 
the right (b) installation of lens unit 3 on a flat sup-
port surface G with control of the difference in incli-
nation angles Δγ.

Figure 3 – The main parameters for determining the de-
centering

Table 1

Permissible decentering values for lenses of  
various optical instruments

Centering 
accuracy 
(complexity 
category)

Numerical 
tolerance 
value Δe

Clam-
ping 
angle 

φ, deg.

Scope in  
optical  
devices

High (I) 0.002… 
0.005 mm <12

microscopes, 
photographic 

and projection, 
interferometers

Medium (II) 0.005… 
0.01 mm 12–18

telescopic  
systems and 

wrapping  
systems

Reduced 
(III)

0.01…  
0.02 mm 18–23

geodetic and 
goniometric 

(goniometers, 
levels,  

theodolites)

Low (IV) 0.02 and 
more, mm >23

spectral, 
polarization, 

refractometric
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Method and technological features of gluing 
lens blocks

Under production conditions, a control series  
of experiments was carried out to connect and con-
trol the decentering of glued components from two 
and three lenses (Figures 1 and 2, respectively) with 
the technical parameters indicated in Table 2.

Table 2

Structural and optical parameters of lenses (mm) 
for a glued block

Detail f ' n R1 R2 D1 D2

Bonded block of two lenses

lens 1 38.86 1.65844 43.25 –57.81 38 38

lens 2 –65.5 1.80518 –57.81 682.3 38 40

Bonded block of three lenses

lens 1 –118.2 1.75513 42.27 27.88 32 30.2

lens 2 24.6 1.53996 27.88 –21.58 30 30

lens 3 –17.1 1.78472 –21.58 36.39 32 29

The technological operation of gluing the lenses 
is performed in a horizontal position for the conve-
nience of fixing and centering the assembly in the 
ring fixture. As a base part, as a rule, a negative 
lens 2 (Figure 1) or 1 (Figure 2) is chosen, since its 
concave surface M is better suited for the subsequent 
application of a drop of glue. In addition, for ease 
of fastening, the base part must have a large thick-
ness along the edge (surface E). A drop of glue, such 
as Norland 61, is applied to the center of the spheri-
cal surface. Next, an attachable positive lens is in-
stalled on top, the glue is evenly squeezed out from 
the center to the edge and preliminarily illuminated 
with a UV lamp for 1–2 minutes. There is a partial 
harde-ning of the glue, but with the possibility of a 
slight transverse movement of the lenses between 
themselves. Next, the autocollimation points O1 and 
О3' (Δe3 → 0) are aligned (Figure 3) by visual con-
trol on the ST-41 device. The beating diameter of the 
autocollimation point is equal to the fourfold decen-
tering Di = 4 Сdevi . The division value of the rectan-
gular scale of the grid is 3 µm, so the measurement 
accuracy of the device is 1.5 µm. Figure 5 shows two 
positions of the light-emitting diode (LED) mark  
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a b

Figure 4 – Schemes for decentering control on an optical device: a single lens in a square (a) and a glued block of two 
lenses (b): 1 – support ring; 2 – square; 3 – lens or lens gluing; 4 – autocollimation microscope; Δe – decentering on the 
optical part; Δe' – the amount of decentering on the CCD site; Δγ – the difference in inclination angles; φ – clamping 
angle; A, D, G – basic surfaces; B, L – working spherical surfaces
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relative to the crosshair of the autocollimator, the ini-
tial one – before the alignment process (a) decente- 
ring Δe = 2 μm, and the final one – after align-
ment (b) the alignment accuracy Δe ≈ 0.5 μm.

Figure 5 – The position of the laser mark relative to the 
crosshairs of the autocollimator: initial (a) and final (b)

When gluing a block of three components (Fi-
gure 2), at the second stage, a change in technologi-
cal bases occurs. The surface H of the negative me-
niscus 3 is used as the base support surface. Glue 
is applied to the inner spherical surface B, and the 
ready-made gluing of lenses 1 and 2 is installed on 
top. Next, the value of the angle γ for the base sur-
face A is recalculated depending on R relative to the 
support surface H and auxiliary base surface E.

In both cases, after alignment, the final fixation 
of the lens block is carried out in 3–4 iterations with 
a UV lamp for 10 min with an interval of 10 min.

After hardening of the glued joint, the total error 
N of Newton's interference rings on the outer wor-
king spherical surfaces of the parts (A and B for two-
component gluing or A and H for three-component 
gluing) may increase due to the drying of the glue 
and deformation of the edge zones.

Control and measuring equipment

The classic autocollimation microscope 
ST-41 was built according to the optical scheme of  
A.A. Zabelin (Figure 6) and allows you to combine 
the point image of your source with the autocol- 
limation point of a spherical surface, which gives an 
image of the source placed in it reflected from the 
surface in the same plane where it is located [10]. 
The degree of non-coincidence is equal to twice the 
amount of decentering, and the rotation of the lens 
allows you to double its value. If a concave surface is 

controlled, then the autocollimation point coincides 
with the center of its curvature, for a convex one, it is 
necessary to calculate its distance from the surface.

The basic optical system of the ST-41 device 
uses two interchangeable lenses 1 and 2 with focal 
length f ' = 201.76 mm and  f ' = 400.1 mm. The illu-
mination source is a low-power incandescent lamp 
RN8-20. The autocollimating crosshair is formed on 
an inclined grid 3, which introduces astigmatism.  
As a result, in the field of view of the symmetrical 
eyepiece 7 and 8, the image of the crosshair at the 
edges looks fuzzy.

In order to improve the image quality of the 
reference elements and the accuracy of decen-
tering measurement, the optical system of the  
ST-41-01 device was improved (Figure 7). To en-
sure the versatility of measurements of glued lenses 
with different focal lengths, a movable 4-component 
short-focus lens 1 (  f ' = 40.56 mm) is installed with 
the possibility of linear movement along the optical 
Z axis and fixation in specified positions graduated 
scale (E = 8.42–53.08 mm). Grid 7 with a crosshair 
is installed perpendicular to the optical axis, which 
ensures its uniform illumination over the entire field 
of view from a three-component 4-lens condenser 8 
and a high-power white light LED (type XREWHT-
LI-0000-00001) or LUXEON (LXML-PM01-0100). 
The convergence of the visual and lighting channels 
is carried out by means of a cube-prism 2.

In order to reduce the decentering measurement 
error, the new version of the optical system of the 
device also provides for the separation of the output 
observation channel into a visual channel through 
a symmetrical eyepiece 6 and a television chan-
nel (image plane on the CCD array area) using a 
beam-splitting cube prism 4.

An improved version of the design of the  
ST-41-01 control and measuring device is shown in 
Figure 8.

A vertical stand 2 and an object table 5 are ri-
gidly fixed on the adjusted horizontal base 1. An 
angle 6 is installed on the round table 5, which holds 
the frame with the base optical part or the optical part 
itself separately. In the process of alignment of auto-
collimation points, the table has the possibility of cir-
cular movement due to the support screws 7, which 
provide the possibility of exposing the base surface 
to a horizontal position. Focusing of the autocolli-
mating microscope 4 is carried out due to the smooth 
vertical and rectilinear movement of the arm 3 along 
the trapezoidal thread of the stand 2. The arm has a 

a b
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unit with screws for micro-movements 8, which al-
lows the optical axis of the microscope to be aligned 
with the axis of rotation of the stage with the support 
ring. As a source for illumination of the crosshairs 
in an autocollimation microscope, an emitter 9 is 
used – an LED with the possibility of longitudinal 

and transverse movement within ± 0.5 mm. Observa-
tion of the autocol-limation image of the crosshairs 
on the microscope grid can be carried out by the ope-
ratorʼs eye through the eyepiece 10 or broadcast by 
a high-resolution black-and-white television camera 
11 (VBC-751) to a personal computer monitor. 

The image receiver in the television camera is a 
CCD matrix model SONY ICX-409AL, Super-Had, 
1/3 inch format with the number of active elements 
752 (horizontal) × 582 (vertical). The high resolution 
of the optical system is ensured by the small pixel 
size of the CCD 6.5 × 6.25 µm.

The next step in improving the accuracy of connec-
ting optical components and eliminating the influence of 
the subjective human factor when measuring decente- 
ring was the creation of an automated control system  
for the process of bringing together autocollimation 
points in the ST-41-M2 device and the gluing process.

Figure 6 – Schematic optical diagram of the classic device ST-41: 1 and 2 – double lens block of the teleobjective; 
3 – grid with crosshairs; 4 and 5 – double lens block of the microobjective; 6 – measuring grid; 7 and 8 – lens blocks of 
a symmetrical eyepiece; 9 and 10 – condenser lenses
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Figure 7 – Schematic optical diagram of a new version of the ST-41-01 device: 1 – 4-component telephoto lens; 2 and 
4 – cube-prism beam splitters; 3 – double lens block of the microobjective; 5 – measuring grid; 6 – lens blocks of a sym-
metrical eyepiece; 7 – grid with a crosshair; 8 – condenser lenses; 9 and 10 – mirrors

Using software methods, an electronic grid tem-
plate is created, which is also displayed on the moni-
tor screen (Figure 8). The image of autocollimation 
points is projected onto the area of the CCD matrix. 
Both images are combined. Next, the coordinates 
of the points of the circle of maximum rotation of 
the crosshair along the X and Y axes are determined. 
Taking into account the decentering value 2Δe,  
a corrective control voltage is applied to motorized 
linear translators (for example, 8MT167-25 Standa), 
which move the pushers holding the positive lens to 
be glued until the autocollimation image of the cross-
hair completely coincides with the center O on the 
electronic grid (Figure 9).

The mathematical apparatus for solving 
this problem is based on a combination of two  
methods of “least squares” and “successive ap-
proximation”.

To achieve a given calculated decentering value, 
it is necessary to ensure the following ratio:

where C is the decentering value for the controlled 
spherical surface, specified in the working dra- 
wing, mm (Figure 1); βm.ob.3 8× – magnification of 
the microlens 3 (Figure 7); βob.1 is variable magnifi-
cation of lens 1 (Table 3).

C e

m ob ob
=

⋅
2

4 3 1

∆
β β. . .

,
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Figure 8 – Device for controlling the gluing of lenses 
model ST-41-01: 1 – base; 2 – rack; 3 – bracket; 4 – mi-
croscope; 5 – table; 6 – square; 7 – support screws; 
8 – screws for micro-movements; 9 – light-emitting 
diode; 10 – eyepiece; 11 – television camera

Figure 9 – Drawing of an electronic measuring grid

Specialized software has been developed for 
automatically bringing the position of the autocol-li-
mation crosshair to the center of the measuring scale  
of the grid.

During the gluing process, the beating value 
of the autocollimating crosshair (2Δe) is prelimina- 
rily recorded in a video fragment with the FSP  

option to be adjusted. A previously generated video 
file can also be uploaded through the “Video op-
tions” menu (Figure 10). To determine the extreme 
points of the circle, the “screenshot” button SCR is 
provided. The color, as well as the number of ver-
tical (V1, V2) and horizontal (H1, H2) strokes of 
the electronic grid is configured through the “Lines  
Operation” menu (Figure 11).

Table 3
Correspondence of the division value of the  
electronic grid and the scale of the lens 1 at  
various magnifications β

Division 
value, µm

Е ± 0.05 
mm

L, cm βob.,  
multiple

3.5 53.08 5.30 –0.893

5 42.22 6.16 –0.625

6 37.99 7.04 –0.521

8 32.71 9.11 –0.391

10 29.54 11.38 –0.313

12 27.43 13.77 –0.260

15 25.32 17.45 –0.208

20 23.20 23.73 –0.156

50 19.40 62.28 –0.063

15.4'' 16.87 – –

40 13.70 –55.09 0.078

30 12.64 –42.22 0.104

23 11.36 –33.26 0.136

15 8.42 –23.17 0.208

Figure 10 – The working window of the software “Video 
options”
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Figure 11 – The working window of the software “Lines 
Operation”

Conclusion

It has been established that, subject to a num-
ber of technological transitions and the accompa- 
nying control of geometric parameters, it is possible 
to achieve the eccentricity of the crosshairs of the 
combined optical axes of the glued lenses at the level 
of 5 μm (complexity category I ).

The use of a movable lens with variable mag-
nification expands the functionality of the ST-41-01 
device when monitoring the decentering of parts with 
spherical surfaces in the range of diameters from 3 to 
100 mm and curvature radii from 3 to 200 mm.

The introduction of an automated control sys-
tem for the process of convergence of autocollima-
tion points in the device model ST-41-M2 makes it 
possible to exclude the subjective influence of the 
operator when assessing the accuracy of measuring 
the decentering of glued optical parts and provides  
a shift value of 0.1 μm.  
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Abstract 
Сreation of indoor lighting systems with the possibility of changing its parameters in space and time  

is a promising direction within the framework of the intellectual environment system. The aim of this work 
was to create a methodology for calculating the illumination created by LED matrices which does not require 
the use of specialized software products and is adapted to the possibility of varying the parameters of LEDs 
and illuminated rooms.

The urgency of creating a room lighting system that simulates the conditions of natural lighting taking 
into account the need to change its spectral composition in time, in space taking into account the physical  
and psychological state of a person is substantiated. The possibility of using well-known computer programs 
to calculate the distribution of illumination in the room is analyzed. 

A method has been developed for calculating the distribution of illumination on a plane using both a flat 
LED matrix and a matrix with an inclined arrangement of the planes of individual LEDs. It is shown that 
the distribution of illumination is a function of the indicatrix of the light intensity of the LED, its location  
in space, the number of LEDs in the matrix.  

Illumination distribution has been calculated for various light sources consisting of RGB LEDs both for 
desktop and ceiling lighting was calculated. It is established that when using matrices containing the same 
LEDs distribution of illumination is very nonuniform. The inclined arrangement of LED planes slightly  
increases uniformity reducing the maximum illumination. For ceiling lighting the option of uniform distri-
bution of LEDs within the ceiling plane provides more uniform illumination than when the same number  
of LEDs are arranged in groups of matrices.

Results of LED sources modeling indicate the need to modernize simple orthogonal matrices contain-
ing the same type of elements with the same power modes for all elements in order to increase the uni-
formity of illumination and efficiency. Such modernization can be carried out by changing the geometry  
of matrices differentiating the power modes of individual LEDs. The developed calculation program can be 
supplemented with options for introducing the above changes, as well as options for analyzing the spectral 
distribution of light in space.

Keywords: mathematical modeling, RGB LED, light intensity distribution indicatrix, led matrix,  
illumination distribution.   
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Анализ распределения освещённости, генерируемой 
светодиодными матрицами
П.С. Богдан, Е.Г. Зайцева, П.О. Баранов, А.И. Степаненко 
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пр-т Независимости, 65, г. Минск 220013, Беларусь
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Принята к печати 18.03.2022

Создание систем освещения помещений с возможностью изменения его параметров в пространстве 
и во времени является перспективным направлением в рамках системы «интеллектуальная окружаю- 
щая среда». Целью данной работы было создание методики расчёта освещённости, создаваемой 
светодиодными матрицами, которая не требует применения специализированных программных про-
дуктов и адаптирована к возможности варьирования параметров светодиодов и освещаемых помещений.

Обоснована актуальность создания системы освещения помещений, имитирующей условия 
естественного освещения с учётом необходимости его изменения по спектральному составу 
во времени, в пространстве с учётом физического и психологического состояния человека. 
Проанализирована возможность использования известных компьютерных программ для расчёта 
распределения освещённости в помещении. 

Разработана методика расчёта распределения освещённости на плоскости при использовании как 
плоской светодиодной матрицы, так и матрицы с наклонным расположением плоскостей отдельных 
светодиодов. Показано, что распределение освещённости является функцией индикатрисы силы света 
светодиода, расположения его в пространстве, количества светодиодов в матрице. 

Произведён расчёт распределения освещённости для различных источников света, состоящих 
из RGB светодиодов, как для настольного, так и для потолочного освещения. Установлено, что при 
использовании матриц, содержащих одинаковые светодиоды, велика неравномерность распределения 
освещённости. Наклонное расположение плоскостей светодиодов незначительно увеличивает равно-
мерность, уменьшая максимальную освещённость. Для потолочного освещения вариант равномер-
ного распределения светодиодов в пределах потолочной плоскости обеспечивает более равно- 
мерное освещение, чем при расположении такого же количества светодиодов в виде групп матриц.

Результаты моделирования светодиодных источников свидетельствуют о необходимости 
модернизации простых ортогональных матриц, содержащих однотипные элементы с одинаковым  
для всех элементов режимом питания, с целью повышения равномерности освещённости и 
экономичности. Такая модернизация может осуществляться за счёт изменения геометрии матриц, 
дифференциации режимов питания отдельных светодиодов. Разработанная программа расчёта  
может дополняться опциями для введения перечисленных выше изменений, а также опциями  
для анализа спектрального распределения излучения в пространстве.

Ключевые слова: математическое моделирование, RGB светодиод, индикатриса распределения 
силы света, светодиодная матрица, распределение освещённости.
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Introduction

Lighting has a significant effect on the human 
body. According to [1] light radiation determines 
many physiological and behavioral reactions ran-
ging from hormonal rhythms and pupil reactions, 
ending with sleep, alertness, cognitive abilities and 
mood. In particular, it was found [2] that patients 
who experienced a stay of at least 48 hours in an in-
tensive care unit without windows had a disturbed 
idea of the duration of their stay in the department 
and their orientation in time worsened, as well as the 
frequency of hallucinations and delusions increased 
more than 2 times compared to patients in similar 
departments with translucent windows. To eliminate 
these phenomena, the authors [2] proposed using a 
system to simulate the daily cycle of natural light in 
a medical hospital. Since natural lighting is not al-
ways optimal for human life (seasonal changes in the 
duration of daylight, individual characteristics and 
preferences of a person), the urgency of creating a 
combined (natural and artificial lighting) system is 
obvious, which should quickly adapt to both changes 
in the natural component and individual characteris-
tics and preferences of a person.

The parameters of the lighting system elements 
must comply with regulatory documents and comfort 
conditions. The requirements for lighting and radia-
tion sources are set out in regulatory documents1–3. 
The main normalized parameters are illumination 
and its uniformity in space. In addition, in the stan-
dard3 of the Association of Manufacturers of LEDs 
and systems based on them, the criterion for choo-
sing parameters is the comfort of the light environ-
ment for different age groups, taking into account the 
need to change these parameters over time. Hence, 
the need to develop adaptive lighting systems is ob-
vious, and the change in illumination in space should 
be determined by the age of a person, as well as 
his physical and psychological state. Therefore, the 
lighting system must contain not only the source it-
self, the power supply circuit, the unit for measuring 
the parameters of the natural component of lighting, 

1 GOST ISO 8995-2002. Principles of visual ergo-
nomics. Lighting of working systems indoors (in Russian).

2 GOST R 55710-2013. Lighting of workplaces insi- 
de buildings. Norms and measurement methods (in 
Russian).

3 STO. 69159079-05-2020. LED lighting devices. 
Requirements for a comfortable light environment (in 
Russian).

but also devices for monitoring the human condi-
tion, appropriate software.

To the greatest extent, the adaptability require-
ment is satisfied by LED light sources, whose bright-
ness and spectral composition are quite easy to con-
trol. Their important advantage is also the low power 
consumption. At the same time, the use of LEDs as 
light sources revealed two significant drawbacks: the 
small angular size of the light beam and the excessive 
brightness when the source enters the field of view.  
To get rid of these shortcomings, optical ele-
ments (lenses, reflectors [3–8]) and scattering fil-
ters [9] are used in the lighting device. A large  
number of proposed architecture options for LED 
lighting systems complicates the process of optimal 
selection of lighting systems, taking into account 
compliance with the requirements of current stan-
dards and the need for dynamic lighting. Therefore, 
for such optimization, it is necessary to be able to 
computer simulate the distribution of illumination in 
the room in the function of the LED radiation indica-
trix and the coordinates of its placement in the room.

Currently, several packages of computer calcu-
lation of optical system parameters are used: Zemax, 
Code V, Oslo, DEMOS, SARO, OPAL, etc., the ad-
vantages and problems of their application are given 
in [10]. Some of them are focused on foreign ele-
ment base, norms and standards, the main purpose of 
these programs is modeling and analysis of various 
optical systems. In [11], optimization of secondary 
lenses for LED lamps is performed using ray trac-
ing using the Monte Carlo method without image 
processing. A program has been developed using the 
particle swarm algorithm (PSO) in order to optimize 
the layout of lamps for the general lighting scheme 
of premises [12]. The last two methods are closer to 
solving the problem of optimal illumination, but the 
algorithms used in them are quite complex and re-
quire significant technical resources. The aim of the 
work was to create a methodology for calculating  
the illumination created by LED matrices, which 
does not require the use of specialized software pro-
ducts and is adapted to the possibility of varying  
the parameters of LEDs and illuminated rooms. 

Mathematical modeling of the illumination 
distribution generated by the LED matrix 

As the initial data for calculating the illumina-
tion on the plane, the light intensity distribution of 
the source, the coordinates of the source relative to 
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the plane are used. The result of the calculation is 
the dependence of the illumination on the plane as a 
function of its orthogonal x and y coordinates.

Let us first consider the location of the source A 
relative to the illuminated plane P, when the axis of 
symmetry of the indicatrix A0 is perpendicular to the 
plane P (Figure 1).

Figure 1 – Scheme for the transition to the dependence  
of illumination on the spatial coordinate x in the plane P

The ray of the indicatrix in the plane A0X, direc-
ted to the axis of the indicatrix at an angle γ , inter-
sects the illuminated plane at point B. In accordance 
with the Methodological Guide4 for the design of 
artificial lighting of public and residential buildings,  
the illumination EB of point B on the illuminated 
plane P depends on the angle γ between the per-
pendicular to the plane P, the direction of the light 
beam from the source at point A and the distance l1 
between points A and B:

Expression (1) can be used for calculations in 
the case of a perpendicular arrangement of the axis 
of the light intensity of the LED relative to the il-
luminated plane. But when choosing the optimal 
arrangement of the LEDs in the lighting device, an 
inclined position of the axis of the indicatrix relative 
to the illuminated plane is also possible. In Figure 2 
the axis of the LEDʼs indicatrix forms angles φx and 
φy with a perpendicular to the illuminated plane x0y 
in the planes z0x and z0y , respectively.

4 Design of artificial lighting of public and residential 
buildings. Methodical manual. Ministry of Construction 
and Housing and Communal Services оf the Russian Fe-
deration. Federal Center for Standardization, Standardiza-
tion and Conformity Assessment in Construction. Mos-
cow, 2016, 141 p. Access mode: https://www.faufcc.ru/
upload/methodical_materials/mp15.pdf. Date of access: 
28.01.2022 (in Russian).

Figure 2 – The direction of light rays at an inclined posi-
tion of the AE axis of the light intensity indicatrix relative  
to the illuminated plane x0y

In this case, the distribution of illumination on 
the illuminated plane x0y is a function of the angle 
β of the inclination of the beam AG to the axis AE  
of the symmetry of the light intensity indicatrix for 
the LED, the angle of inclination γ of the beam AG 
to the perpendicular A0 to the illuminated plane x0y. 
The specified dependency has the form:

where I(β) is dependence of the intensity of the 
angle β of inclination of the beam AG to the axis AE  
of symmetry of the indicatrix; l1 is the length of the 
path of the light beam from the LED to the illumi-
nated surface.

Letʼs move from the distribution of illumination 
in the function of the angles β and γ to the distri-
bution in the function of the coordinates xG and yG  
of the points of the illuminated surface and the dis-
tance r between the LED at point A and the illumi-
nated plane x0y.

From the triangles A0G and EAG it is obvious 
that:

Taking into account the expressions (3, 4, 5),  
the formula (2) for calculating illumination will take 
the form:

(1)
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As a rule, not one source is used for lighting, 
but a matrix of LEDs. In this case, it is necessary to 
sum up the illumination values calculated for each 
LED, taking into account their displacement relative 
to each other.

Examples of using the developed 
mathematical model to calculate  
the distribution of illumination generated  
by LED matrices

Illumination in the premises is regulated by 
regulatory documents. For example, in accordance 
with GOST R 557102, workplaces with video termi-
nals on a given surface, as well as those intended for 
writing, typing, reading, and data processing, should 
have an illumination of 500 lux with an illumination 
uniformity of 0.6, and canteens – 200 lux with a uni-
formity of 0.4.

Using the developed mathematical model,  
lighting modeling was carried out for the two above 
options, and the distance between the LED matrix 
and the illuminated surface in the first case was as-
sumed to be 0.5 m (table lamp), in the second case 
2.5 m (ceiling lamp). For the calculation, the indica-
trices of the components of the COTCO three-crystal 
RGB-SMD LED L1-P1-01 TQ with a delta-shaped 
arrangement of crystals inside the case were used, 
shown in Figure 3 [13].

The introduction of information about the graphs 
in Figure 3 in numerical form into the calculations 
involves the use of two options. First, it is possible to 
apply approximations of the form:

where I is the value of the luminous intensity, cd; 
β is the angle between the perpendicular to the il-
luminated surface and the direction of the light beam 
on the indicatrix, deg; d is the value of the luminous 
intensity at β equal to 0, n is the exponent.

Selecting the parameter n for the different parts 
of the indicatrix, it is possible to obtain a sufficiently 
high accuracy of the approximation, for example,  
for the blue led when maximum n is equal to 1 for all 
β, the relative error was 0.07 % (Figure 4).

Figure 3 – The indicatrix of the light intensity I as a func-
tion of the angle β between the perpendicular to the il-
luminated surface and the beam direction for the three-
crystal RGB-SMD LED LM1-TPP1-01 TTQ for total 
inclusion in white balance mode (black upper graph), for 
red, green, blue components (respectively red, green, blue 
graphs) [13]

Figure 4 – The indicatrix of the luminous intensity I in 
relative units as a function of the angle β between the per-
pendicular to the illuminated surface and the beam direc-
tion for the blue component of the RGB-SMD LED LM1-
TPP1-01 TTQ [13] and its approximation by formula (7) 
for different exponents

The second option for introducing the indica-
trix in numerical form is to use the method of spline 
approximation by the pspline and interp functions 
in Mathcad packages, where the entered numeri-
cal values are connected by straight segments. In 
this case, the deviation of the actual and calculated  
values is practically reduced to zero, the error be-
tween the entered values depends on their number, 
the approximation formula is not presented in an  
analytical form. Figure 5 shows a graph of such an 
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approximation and the actual values for the light 
intensity curve of the blue component of the LED 
LM1-TPP1-01 TTQ. The second option is more 
preferable due to less labor intensity.

Figure 5 – The light intensity indicatrix I as a function of 
the angle β between the perpendicular to the illuminated 
surface and the beam direction for the blue component  
of the RGB-SMD LED LM1-TPP1-01 TTQ [13] (red 
icons) and its approximation using the Mathcad package 
(blue line)

The maximum illumination of the plane is a 
function of the number of LEDs in the matrix. In 
order to determine the required number of LEDs in 
the matrix to provide the required illumination for a 
table lamp and a ceiling lamp, the corresponding de-
pendencies were obtained for both cases. The LEDs 
were arranged orthogonally in 9 mm steps. Calcula-
tions have shown that these dependencies are linear 
in nature and differ in the angle of inclination of the 
straight line to the horizontal axis.

Based on the comparison of the illumination 
values regulated by GOST R 557102 for some types 
of activities of 500 lux (table lamp) and 200 lux (ceil-
ing lamp) with the obtained dependencies, square 
matrices of 12 × 12 and 40 × 40 LEDs were selected 
for further calculations. For these matrices, the de-
pendences of illumination on the plane on spatial 
coordinates are calculated by formula (6). The corre-
sponding graphs of the dependence of the illumina-
tion E on the x coordinate are shown in Figures 6 (red 
curve) and 7 (red curve).

Analysis of the graphs in Figures 6 (red curve) 
and 7 (red curve) shows that the illumination  
varies significantly from the center to the peri-
phery. In the first case (table lamp), in accordance 
with GOST R 557102 on a given surface uniformity 
of lighting should be 0.6, and the second (ceiling  

lamp) – 0.4. As a given surface in the first case, we 
consider the area of visual work, the radius R which 
is in accordance with the Methods of hygienic as-
sessment of indicators artificial light environment 
in the premises of buildings and structures5 is cal-
culated as:

R = 1.2a,

where a is the distance from the eyes of the obser-
ver (employee) to the work surface, m.

Figure 6 – Graphs of the dependence of the illumination 
of the E plane on the x coordinate for the distance between 
the matrix 12 × 12 and the plane equal to 0.5 m (table lamp): 
red curve for a flat matrix; blue – for a matrix with a grad-
ual rotation of the LED planes from + 45º to - 45º; green –  
for a matrix with a gradual rotation of the LED planes 
from - 45º to + 45º

When working with the monitor, the distance 
to the conditional working surface is about 0.5 m, 
when writing, reading – about 0.4 m, then the radius 
of the working area is up to 0.6 m. According to the 
graph in Figure 6, at the boundaries of the working 
area, the uniformity is about 0.14, which is signifi-
cantly less than the regulated value of 0.6. Therefo- 
re, it is necessary to modernize this lamp in order 
to increase the uniformity of illumination. This can 
be achieved by using more powerful LEDs on the 
periphery of the lamp, changing the location of the 
LEDs in the matrix.

To investigate the possibility of increasing the 
uniformity of illumination due to the rotation of the 

5 Methods of hygienic assessment of indicators of 
artificial light environment in the premises of buildings 
and structures. Instructions for use. Republican unitary 
Enterprise “Scientific and practical center of hygiene”. 
Reg. No. 007-1217. Minsk, 2018, 14 p. Access mode:  
http://med.by/methods/pdf/007-1217.pdf. Access date: 
28.01.2022 (in Russian).

(8)
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LEDs in the matrix, each LED was rotated relative to 
the plane of the matrix from one edge to the other by 
an increasing value with a constant step in the range 
from - 45º to + 45º in the directions along the x and y 
axes, as well as in the range from + 45º to - 45º.The 
calculation was performed using the expression (6) 
for the 12 × 12 matrix and the distance to the illumi-
nated plane of 0.5 m (table lamp). 

Figure 7 – Graphs of the dependence of the illumination 
of the E plane on the x coordinate for the distance between 
the matrices and the 2.5 m plane (ceiling lamp): red curve 
for the 40 × 40 matrix; green – for nine 40 × 40 matrices 
evenly spaced on the ceiling; blue – for the 120 × 120 ma-
trix with a uniform step along the ceiling plane 

The graphs for both rotation options are shown 
in Figure 6 (green and blue curves, respectively). 
The analysis of the graphs in Figure 6 allows us to 
conclude that when the planes of the LEDs are rota-
ted, the maximum illumination decreases, and when 
turning from - 45º to + 45º more than when turning 
from + 45º to - 45º. There is no significant increase 
in the uniformity of illumination within the specified 
rotation angles. A similar result was obtained for a 
40 × 40 ceiling lamp.

The developed methodology made it possible 
to analyze the possibility of increasing the unifor-
mity of illumination due to the use of several LED 
matrices. For a table lamp, the illumination distri-
bution was calculated using three 12 × 12 matrices 
located at the vertices of an equilateral triangle 
with a side of 0.5 m. The graph of the dependence 
of the illumination E on the x coordinate passing 
through the vertex of the triangle and the mid-
dle of its opposite side is shown in Figure 8 (red 
curve). The analysis of this graph shows that such 
a three-matrix option increases the uniformity of 
illumination, but the required uniformity value is 
still not achieved. At the same time, the maximum  
illumination increases and the power consumption 
increases three times.

The use of a square matrix with a total of 288 
LEDs and an “empty square” 6 × 6 inside (Figure 8, 
green curve) has the same disadvantages as the pre-
vious version.

Figure 8 – Graphs of the dependence of the illumina-
tion of the E plane on the x coordinate for the distance 
between the matrices and the plane of 0.5 m (table lamp): 
red curve for three 12 × 12 matrices located at the vertices 
of an equilateral triangle with a side of 0.5 m; green curve 
for a square matrix of 288 LEDs with an “empty square” 
6 × 6 inside

For a ceiling lamp, the permissible uniformity 
level of 0.4 according to GOST 557102 in accor-
dance with Figure  7 (red curve) is achieved for a 
room measuring 3.6 × 3.6 m. To increase the size of 
the illuminated room with acceptable uniformity, a 
variant with nine lamps arranged in the form of an 
orthogonal 3 × 3 matrix with a step of 4.4 m was 
used, and each matrix was square, containing 40 × 40 
elements. The corresponding light distribution graph 
is shown in Figure 7 (green curve).

According to the graph in Figure 7 (green curve), 
the permissible level of uniformity is achieved for  
a square room measuring 12.18 × 12.18 m. At the 
same time, the distribution of illumination on the 
plane has a wave-like character. As an alternative,  
a variant of orthogonal arrangement of all LEDs  
in a room of 12.18 × 12.18 m, i. e. for a  
120 × 120 matrix with a uniform pitch, was ana-
lyzed (Figure 7, blue curve). A comparison of the 
green and blue graphs in Figure 7 allows us to con-
clude about the advantage of the uniform arrange-
ment of all LEDs in relation to the arrangement in the 
form of separate matrices. 

The use of a large number of RGB LEDs re-
quires significant power consumption for their power 
supply. Therefore, it is promising to use combined 
matrices consisting of RGB and more powerful 
white LEDs.
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Conclusion

A methodology has been developed for calcula-
ting the illumination distribution on the plane when 
using LED matrices as a lighting source. Illumina-
tion is a function of the indicatrix of the light inten-
sity of the LED, the number and location of LEDs in 
space. The results of modeling LED sources indicate 
the need to modernize simple orthogonal matrices 
containing the same type of elements with the same 
power mode for all elements, in order to increase the 
uniformity of illumination and efficiency. Such mo-
dernization can be carried out by changing the geo- 
metry of the matrices, differentiating the power 
modes of individual LEDs. The developed calcu-
lation program can be supplemented with options  
for introducing the changes listed above, as well  
as for analyzing the spectral distribution of radia- 
tion in space.
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Abstract 
The treatment planning process includes a review of the radiation treatment plan which leads to a deci-

sion on the patientʼs treatment technique. The scope of this study was to create a mathematical model for 
calculating of a radiation therapy session duration during the pre-radiation planning stage.

For dosimetric planning of radiation treatment the authors provided a formula and an algorithm for de-
termining of a patientʼs irradiation session duration. Radiation therapy session parameters such as radiation 
technique, number of monitor units, characteristics of radiotherapy equipment, number of radiation fields, 
radiation field parameters (angles of rotation of the radiotherapy coach, collimator, gantry), presence / absence 
of dose-modulating devices, dose rate, and duration of patient position verification procedures have all been 
taken into account during the development of software. The developed application explains how to define 
typical timing characteristics for various items as well as how to select a template from a built-in drop-down 
menu. If the dosimetric plan does not match for one of the templates, the program provides a space for defi-
ning of all parameters manually.

The anticipated deviations of the true indicators from the expected indicators of the duration of the ra-
diation therapy session were assessed. A total of 300 cases have been completely measured, with 100 cases 
studied for each irradiation technique (IMRT, VMAT, 3D). The maximum detection confidence value for the 
3DCRT irradiation technique is 2.3 %, while the deviation for the IMRT and VMAT irradiation techniques  
is less than 1 %. The magnitude and degree of the deviation of the measured value from the expected one  
for a variety of characteristics and features have been revealed to depend on the actions of the personnel. 

The program developed allows medical physicists to analyze the timing parameters of the specified do-
simetric planning methodologies directly on the treatment planning workstation. Evaluation of the duration 
of a radiation therapy session during the treatment planning stage, selection of various radiation treatment 
modalities, and consideration of the characteristics of the radiation session in each clinical case are available 
for analysis and further justified action.

Keywords: treatment session, linear accelerator, radiation therapy, timing.
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Анализ плана лучевого лечения является неотъемлемой частью процесса предлучевой подготовки, 
в результате которого принимается решение о методике лечения пациента. Целью данной работы 
являлась разработка математической модели определения продолжительности сеанса лучевой 
терапии на этапе предлучевой подготовки.

Авторами предложены формула и алгоритм расчёта продолжительности сеанса облучения 
пациента на этапе дозиметрического планирования лучевого лечения. Разработано программное 
обеспечение расчёта продолжительности сеанса облучения, учитывающее значения всех параметров 
сеанса лучевой терапии: методику облучения, количество мониторных единиц, характеристики 
радиотерапевтического оборудования, количество радиационных полей, параметры полей облуче- 
ния (углы поворота радиотерапевтического стола, коллиматора, штатива аппарата), наличие/
отсутствие дозомодулирующих устройств, мощность дозы, продолжительность верификации 
положения пациента. В программе предусмотрена установка стандартных параметров плана 
облучения для различных локализаций и методик путём выбора конкретного шаблона из выпадающе-
го списка. В случае, если дозиметрический план не соответствует ни одному из шаблонов,  
в программе предусмотрен ввод параметров плана вручную.

Произведена оценка отклонений, рассчитываемых разработанной программой значений 
продолжительности сеанса лучевой терапии от истинных значений. Измерения проведены  
для 300 случаев: исследованы по 100 случаев для каждой методики облучения (IMRT, VMAT, 
3D). Максимальное выявленное отклонение рассчитанного значения от истинного составило 2,3 %  
для методики облучения 3DCRT, для методик облучения IMRT и VMAT отклонение составило 
менее 1 %. Выявлено, что с увеличением количества процедур, напрямую связанных с действиями 
персонала, увеличивается и величина отклонения рассчитанного значения с измеренным.

Разработанное программное обеспечение позволяет оценивать временные параметры выбранных 
подходов дозиметрического планирования на рабочем месте медицинского физика. Оценка 
длительности сеанса лучевой терапии на этапе предлучевой подготовки способствует выбору 
оптимальной методики лучевого лечения с учётом индивидуальных параметров сеанса облучения  
в каждом конкретном клиническом случае.

Ключевые слова: сеанс облучения, линейный ускоритель, лучевая терапия, временные характери-
стики.
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Introduction

Modern radiation therapy is not complete 
without the use of high-performance computing 
facilities [1, 2]. Thanks to the development of 
computer technology, modern dosimetric planning 
systems make it possible to model structures 
within an anatomical object, radiation targets and 
dose distributions, and to estimate their dose. Over 
the past decade, computer planning systems have 
been repeatedly improved by introducing of new 
components into their structure which make it 
possible to use a significant amount of input data at 
the stage of pre-radiation preparation of a patient in 
the generation of an irradiation plan [3]. Analysis 
of the radiation treatment plan is an integral part 
of the pre-radiation preparation process, on the 
basis of which a decision is made including of the 
patient's treatment method [4–7]. It is important to 
assess the parameters influencing the quality of the 
dosimetry plan since the safety and effectiveness 
of the medical care provided to the patient depends 
on it [8–9]. Nowadays the process of determining 
of a radiation therapy session duration at the stage 
of pre-radiation preparation is difficult [10]. The 
authors did not identify methods and approaches 
to determine of a radiation therapy session 
duration at the stage of evaluating of a radiation 
treatment plan, published in printed publications. 
It should be noted that the possibility of assessing 
of a radiation therapy session duration at the stage 
of pre-radiation preparation will make it possible 
to choose the optimal radiation therapy technique 
taking into account the individual parameters of 
the radiation session in each specific clinical case.

In this regard, the purpose of this work is to 
develop a mathematical model for determining of a 
radiation therapy session duration at the stage of pre-
radiation preparation.

Mathematical model of irradiation session

In [11] the authors established the time charac-
teristics of the radiation session components, which 
have a dominant influence on its duration and pro-
posed an algorithm that allows determining the du-
ration of radiation treatment of cancer patients de-
pending on the use of different radiation therapy 
techniques and tumor localizations. In [12] the au-
thors established the numerical values of dominant 
components of radiation therapy session for each of 
the most used in clinical practice of the Department 

of Radiation Therapy of N.N. Alexandrov National 
Cancer Centre of Belarus. 

Based on the results obtained in [11] and [12], 
the components of a radiation therapy session that 
directly influence its duration are: laying the patient 
and centering in the position prescribed for irradia-
tion, setting the required mechanical parameters of 
the gas pedal under visual control from the procedure 
room, setting/removing wedge filters, time spent on 
the process of preparation for irradiation generation, 
verification of the patient position, initializing the 
gas pedal with irradiation parameters, relevant.

Let us introduce the notation of time parameters 
for each of the procedures, which will be taken into 
account when determining the total time of the radia-
tion therapy session:

Tses – radiation therapy time;
tpl – laying the patient and centering in the pre-

scribed position for the irradiation;
tset – setting the necessary mechanical para- 

meters of the gas pedal under visual control from the 
procedure room;

tfil – installation/removal of wedge filters;
tturn – turning on the irradiation;
tver – patient position verification;
tinit – initialization of the gas pedal with irradia-

tion parameters relevant to the second and subse-
quent treatment fields;

ttbl – rotation of the therapeutic table;
tgan – rotation of the tripod;
tcoll – rotation of the collimator;
tirr_    f  – time of irradiation of one irradiation field;
tirr – time of irradiation of the patient;
tfin – patient out of the treatment room.
To describe a mathematical model of a radiation 

therapy session, the authors proposed the following 
formula (1):

Using the proposed formula, it is possible to es-
timate the radiation therapy session time at the stage 
of dosimetric treatment planning.
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Software

To estimate the duration of the irradiation ses-
sion in accordance with the chosen approach of dosi-
metric planning at a medical physicistʼs workplace, a 
computer program was developed, the mathematical 
algorithm of which is based on the proposed formu-
la (1). Figure 1 shows the interface of the program 
for calculating the duration of the irradiation session 
according to the three-dimensional conformal irra-
diation technique (3D CRT).

The program algorithm is shown in Figure 2. 
Figure 1 – Interface of the computer program for calcula-
ting the duration of an illumination session
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Figure 2 – Program algorithm
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The computer program provides for setting stan-
dard parameters of the irradiation plan for different 
localizations and techniques by selecting a specific 
template from the drop-down list. After selecting a 
particular template, the parameters of the radiation 
treatment plan are automatically loaded, and then the 
number of monitor units for each radiation field must 
be entered. If the dosimetric plan does not corre-
spond to any of the templates, the program provides 
the possibility to enter the plan parameters manually. 
In this case it is necessary to enter the required num-
ber of radiation fields in the area “Number of fields” 
and select the irradiation technique (3D, IMRT or 
VMAT), then enter the parameters of each field in 
the corresponding cell: table rotation angle, collima-
tor rotation angle, tripod rotation angle, number of 
monitor units (MU) and presence of wedge-shaped 
filter if it is provided by the patientʼs radiotherapy 
plan. Then you select the model of the radiation the-
rapy unit in the “Machine” menu, and then the ne-
cessary parameters of the selected unit are automati-
cally loaded. Then in the “Dose Rate” area the dose 

rate is specified. In case of implementing a radiation 
treatment plan with patient position verification the 
checkbox “Patient position verification” is set. After 
setting all parameters of the radiation treatment  
plan, the duration of the radiation session “Cal-
culate” is calculated, the result of the calculation  
is displayed in the corresponding cell. 

Research results

The authors analyzed the data obtained by ap-
plying the developed software to determine the 
duration of the radiation session. The analysis was 
carried out by comparing the data obtained using 
the developed computer program with the true data 
measured in real time during the radiation therapy 
session. Measurements were made for 300 cases: 
100 cases for each irradiation technique (IMRT, 
VMAT, 3D) were studied. Figure 3 shows a graph 
showing the effect of the duration of the radiation 
session on the deviation of the calculated values 
from the true values.

The maximum detected deviation of the calcu-
lated value from the true value was 2.3 % for the 
3DCRT irradiation technique; for the IMRT and 
VMAT irradiation techniques the deviation was less 
than 1 %. The average deviation was 1.3 % for the 
3DCRT technique and 0.4 % for IMRT and VMAT. 
It was found that with an increase in the number of 
procedures directly related to the actions of the per-
sonnel, the deviation of the calculated value from 
the measured one also increases. This is due to the  

different physical characteristics of the person  
involved in the implementation of the radiation  
therapy session.  

Conclusion

The authors have proposed a formula for calcu-
lating the time of an irradiation session of patients at 
the stage of dosimetric planning of radiation treat-
ment. Using this formula makes it possible to take 
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Figure 3 – Influence of irradiation session duration on the deviation of calculated values from true values for 3DCRT, 
IMRT and VMAT irradiation techniques
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into account the time spent on procedures that make 
up a radiation therapy session, and thus minimize  
the probability of an error in the planned dose deli-
very related to the mobility of internal organs and  
biological processes of the irradiated biological  
object. Application of the approach focused on re-
ducing the time cost of the radiation therapy session 
will also increase the throughput of radiotherapy 
equipment and in some cases reduce its wear and tear.

An algorithm for calculating the duration of a 
radiotherapy session is proposed. Software is deve-
loped which allows to estimate the time parameters 
of the selected dosimetric planning approaches at the 
medical physicistʼs workplace.

Deviations of the calculated values of radiation 
therapy session duration by means of the developed 
program from the actual values were evaluated. The 
maximum deviation of the calculated value from the 
true value is 2.3 % for 3DCRT technique, for IMRT 
and VMAT techniques the deviation was less than 
1 %. The average deviation for the 3DCRT tech-
nique was 1.3 %, and for the IMRT and VMAT tech-
niques was 0.4 %.
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