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Devices and Methods for Measuring of the Ambient Air Dust.
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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.
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H.N. MyxypOBl, A.A. Xomun', Enr YWkyn Knwm’

'rHITO «Onmuxa, OnmodIeKMpPOHUKA U JIA3EPHASL MEXHUKAY,
np-m Hezasucumocmu, 68, 2. Munck 220072, benapyco

? Vuusepcumem Ence, Konnedow unacenepuu, Ceyn 03722, Pecnyénuxa Kopes

Tocmynuna 28.01.2022
Ipunama k nevamu 10.03.2022

IlpeacraBieHsl  OCHOBHBIC  XAapPaKTEPUCTUKM  MEPEHOCHMBIX  BO3AYXOM  MHKPO/HAaHOYACTHIL,
UX BIUSIHHE Ha 370POBbE UeJIOBEKa M HOPMATHBbI KaUeCTBa BO3AYIIHOM cpeibl. MeXayHapoaHble CTaH1apTh
KIACCUPUIMPYIOT MHUKpOYacTUIbl 1o pasmepy (PM10, PM2,5, PM1, UFP), ompenensror mpenensHO
JIOITyCTUMBbIE KOHLIEHTPALUU 1 METOIUKH X KOHTposst. Oco0oe BHUMaHUE YACISIETCS] KOHTPOIIIO YIIepo-
U BUPYC-COACP)KAIINX MUKpodacTHi. s MOHHTOpMHra BO3IYLIHOM Cpelbl B 3aKPBITHIX MOMELICHUSX,
B TPAaHCHOpPTE TPeOYIOTCS MOPTAaTHBHBIC NAaTYMKH MHUKPO-, HAHOYACTHUI] C BO3MOXKHOCTSIMH HX KJaccU(H-
KallUK [0 Pa3Mepy M AIEKTPOPHU3NIECKUM XaPAKTEPUCTHKAM.

JleTekTHpoBaHNEe MHUKPOYACTHUI BKJIIOYAE€T COPTUPOBKY IONAAAIOUINX B ACTEKTOP MHUKPO/HAHOYACTHUI]
[0 pa3Mepy M TUIy MaTepuajga M COOCTBEHHO ICTEKTHPOBAHHE OJHOTHMIIHBIX YACTHI[ C IOCICTYIOLICH
KJIaccupuKanuend Mo pasMmepy, 3JIeKTpou3ndeckuM U MOPQOIOTHYECKUM XapakTepucTukam. Pazne-
JICHHE HAHO- W MMKPOYACTHI MO pa3Mepy Iepea ACTEKTUPOBAHHEM IIOBBIIIAET YYBCTBUTEIBHOCTH
U CEJIEKTUBHOCTb AETEKTOpa Kak IO pa3MepaM, Tak M MO0 MaTepuany. [lyisi MHTerpamuu B CEHCOpE
Lab-on-Chip Thma paccMOTPEHBI METOJbl BHPTYAJIBHOI'O HMIIAKTOpa W AudIeKTpodopesa. Jlerekrupo-
BaHME MHUKPOYACTHIl OCYILIECTBISIETCS C BBLACICHUEM IUCIEPCHON (Da3bl U3 a’po30isl C MOCIEIYIOLUINM
aHamM30M JMOO HEMOCPEICTBEHHO B BO3AYIIHOM moToke. llpuBenena kiaccudukanus METOJOB
JNETEKTUPOBAHMSI 1O OBbICTPOAEHCTBHIO W (YHKUIMOHAJIBHBIM BO3MOXKHOCTSM. Cpeay MeTOJ0B
JNETEKTUPOBAHMSI YacTUL] MUKPOHHBIX M CYOMHKPOHHBIX pa3MepoB HauOojee NPUrogHbI Uil MHHHA-
TIOpU3aluU U cepuiiHoro marotosieHus: Lab-on-Chip ceHCOpPOB MyJIbTHBOJIHOBBIE (POTORIEKTPUUECKUE,
MOSMC, KOHAEHCATOPHBIE AIEMEHTHI.

TexXHOIOTUH MHUKPO3JIEKTPOMEXAaHUKH, MHUKPO(MDIIOMINKA W MHKPOOITHKH IO3BOJIIOT CO3/1aBaTh
MOPTAaTUBHBIE CEHCOpHBIE cucTeMbl Tuna Lab-on-Chip 11 AETEKTHUPOBAaHUS TBEPABIX YaCTHIL
MHKPOHHOTO M CYOMHKpPOHHOTO pa3mepa. llpenctaBieH mNpOTOTHII AETEKTOpa MMKPO-, HAHOYACTHIL
Ha OCHOBE QJIIOMOOKCHIHOWH TEXHOJOIMH C Hcoiab3oBanueM MOMC »1eMEHTOB Ul KOMIIAKTHOTO
ceHcopa Lab-on-Chip tuna. Ilpemnaraemasi KOHCTPYKLHUSI MHOTO(QYHKLIHMOHQJIBHOI'O IOPTaTHBHOIO
JIETeKTOpa MHUKpPO/HaHOYACTHUI] BO3IYLIHOM (TA30BOM) cpenbl MEPCIEKTUBHA ISl NPUMEHEHHsI B IIPO-
MBILIJICHHOCTH, TPAHCIIOPTE, MEANIIMHE, OOLIECTBEHHBIX M KHJIBIX TOMEIICHUIX.

KimoueBble cioBa: MHKPOYACTULIbI, ACTCKTOP, na6opaTopI/I;1 Ha 4YuIe, aJOMOOKCHIHAass TCEXHOJIOI'H:,
IIPOTOTHIL.
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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,
PMI1, 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 um” [3]. Ultra-
fine particles smaller than 0.1 pm are referred to
as PMO.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 Federation'. 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

! 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 3.1x10° m's ' for particles 10 pm in size to
3.5x10° m-s ' for ~ 1 um 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 PMO.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.

Table

Direct techniques to measure air/gasborne particulate matters

Technique Output Output delay Time resolution
Optical
Acthalometry 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
fB-irradiation attenuation mass minutes minutes

10
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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.

B-irradiation attenuation

The [-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.

4 3 1
VNN
* c\%\‘\'\‘\\‘\ = %/ -
\ O X /
* @ 2
e

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 um
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,

11
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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 pm
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 = 102 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 um [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).
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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].

1 2 3 4 S

7
— 1
——  nanoparticles 2

‘ = dielectrophoresis, -
thermophoresis  ----. > J%-

ﬁ 6

7 0

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)

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,
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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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TBepaoTenbHbIe 3pOUEBBIE Ta3ephl, H3TyUYarollne B CHEKTpanbHOR oonactu 1,5—1,6 MKM, IpeCTaBIsSIOT
OONBLION MHTEpeC A Pa3NUYHBIX MPAKTHYECKUX NpPUMEHEHHH. V3 MOCTYMHBIX Ha CETOIHS JIa3epHBIX
MaTepHaJoB [UIsl MOJYyUYEHUs] CTUMYJIMPOBAHHOTO M3My4YeHusl B obnactu 1,5 MKM Hanbosbliee pacnpocTpa-
Henue nonyumtd (ochaTHele CTEKIA, JTerMpoBaHHbE HOHAMH Er'’. OJHAKO MAaKCHMAJIbHbIC BBIXOIHBIE
MOIITHOCTH TaKHX JIa3€POB OIPAaHMYECHbI HECKOJbKUMH COTHSIMHM MWJIIMBATT M3-32 HU3KHUX TEPMHUECKHX
XapaKTePUCTUK CTEKJa, MOITOMY IMOMCK HOAXOISIIEH KPHUCTALIMYECKOH MaTpHIbl A WOHOB 3pOHs
SIBIISIETCSI aKTYaJIbHBIM M B HACTOSIIEE BPEMSI.

B pabote npencraBieHbl pe3yIbTaThl HCCIEJOBAHHM CIIEKTPOCKOMMYECKUX CBOMCTB KpUCTANIa UTTPUH-
raJ0JIMHAEBOI0 CHIJIMKATa, JIETUPOBAHHOTO HOHAMH 3pOus ¥ UTTepOHs — Er3+,Yb3+:YGdSi05(YGSO).
W3mepeHbl CHEKTpBl MOTJIOUICHUSI U JIIOMUHECUCHIMH B TOJSIPU30BAHHOM CBETE, ONpEICICHbI BpEeMEHa
KU3HH BO30YKIEHHBIX COCTOSIHUN aKTUBHBIX HOHOB. V3MepeHHst CIIEKTPOB MOTIIOIIEHHS 13 BO30YKIEHHOTO
COCTOSIHUSI TIOKa3aJM, YTO I0JI0CA MOTJIOIIEHHUS M3 BO30YKIEHHOTO COCTOSHHS HE MEPEKPBIBACTCS C MO-
JIOCOW yCWIJIEHHsI B CHeKTpaibHOH oOmactu 1,5-1,6 mxMm. [IpoBenena ouenka 3(eKTHBHOCTH TepeHoca
SHEPTUU OT HMOHOB HTTEpOUsT K HOHaM 3pOus. BBIMOTHEH pacdyéT CHEKTPOB IMOMEPEYHBIX CEUEHHH
BBIHY>KJCHHOTO U3JTy4YEHHsSI U YCHUIICHHS.
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Abstract

Solid-state erbium lasers, emitting in the spectral range of 1.5-1.6 um, 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 pm. 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+:YGdSi05(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 pm. The energy transfer effi-
ciency from ytterbium to erbium ions was estimated. The stimulated emission and gain cross-section spectra
for Er’* ions in YGSO were calculated.

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

TeepmorenbHble 3pOMEBBIE  JA3epbl, H3ITY-
qarome B CIeKTpaidbHOW obmactm 1,5-1,6 MM,
MIPENICTABISIIOT OOJIBIIION WHTEpecC IS Pa3InIHBIX
npakTudeckux mnpuMenenuit [1]. M3 mocTymHBIX
Ha CEerojHs JIa3epHbIX MATEPHUAJIOB JUIS TOJTYUYEHUS
CTUMYJHPOBAHHOTO M3JIy4YeHUs] B oOsacTu 1,5 MKM
HauOOJbIlIee PACIPOCTPAHEHUE MOy (oc-
daTHbIe CTEKNA, JErMpOBaHHBIC HOHaMH Er .
CrieKTpoCKONMMYecKre CBOMCTBA IPOMEBBIX CTEKOII,
Takhe Kak Majloe BpeMs JKM3HH JHEepreTH4ecKoro
YpOBHS 41“/2, MUHUMH3UPYIOIIEE  MPOIECCHI
MOTJIONICHUS W3 BO30YXJIEHHOTO COCTOSHUS H
an-KOHBEPCUM, M BBICOKMM KBAHTOBBIM BBIXOJ
JIIOMHHECLIEHIIMM B oOjactv 1,5 MKM, AenaroT ux
ouenb d3ddekTuBHON nazepHON cpenoii. Kpome
TOrO, TPEUMYIIECTBAMHU JIa3epOB Ha HPOHMEBBIX
CTEKJIAX SBISCTCS HUX MPOCTOTa, HAAEKHOCTD
SKCIUTyaTallik M OTHOCHUTENIhHO HH3Kas celde-
ctouMocTb. OpHAKO MaKCHMAalbHBIE CpEIHUE
BBIXO/IHbIE MOIITHOCTH TaKHUX JIA3€POB OTPaHUYEHBI
HECKOJBKMMHU COTHSIMH MIJIJIMBATT M3-32 HU3KHX
TEPMHUUYECKUX XAPAKTEPUCTHK CTEKJIa, I03TOMY
MOUCK TOAXOISIICH KPUCTAJUINYECKOM MaTpHUIIbI
JUIS WOHOB JpOWs SBISIETCA aKTyajdbHBIM H
B HacrosIiee Bpems [2].

JlasepHasi reHepaumsi Ha WoHax Er’ ¢ mmon-
HOW HakaykoW ObLIa pealM3oBaHa B TaKHX
KPUCTAJUIMYECKUX ~ MaTpunax kKak  Y;ALO,,,
KLu(WO,),, Lu,Si0,, YVO,, 0qHako JOCTUTHYTbIE
BBIXOJIHbIE XapaKTePUCTUKH OBUIM  JTOCTaTOYHO
Hu3kuMH [3—6]. Xopormo cebs 3apeKoMeHI0BaIH
KPHCTAJUTBI OKCOOOPATOB, JIETHPOBAHHBIE HOHAMH
apOust u wurrepobus [7-11]. Ilpu ucnonszoBaHUH
kpucraia  Er,Yb:GdAl;(BO;), Heckonbko Jer
HazaJ OblIa IMOJydeHa T'eHepalys B HelpephIBHOM
peXUMe TeHepalud C MaKCHUMaJIbHOW BBIXOJHOU
MoImHOCTREI0O 10 1 BT Ha mmue BomHBl 1550 HM
npu auddepeHraIbHOi dPPEKTHBHOCTH 1O TIOT-
noméHHOM  MomrHocTu  Hakauku 30 % [12].
B pexume maccMBHOW MOIYINSALMU JOOPOTHOCTH
MIPOJIEMOHCTPUPOBAH BBICOKOYACTOTHBIA HWMITYIh-
CHBI PEXHMM TEHEpalMu TP UCTIOIH30BAHUU Pa3-
JIMYHBIX HACBIAIOIIMXCS ToraoTuTenei [13—15].

Kpucrannsl uTTpHeBOro M TraJl0JMHUEBOIO
cunukatoB Y,SiO5(YSO) u Gd,SiO4(GSO), neru-
pOBaHHBIE MOHAMH 3pOUS W UTTEPOUS, W3BECTHBI
B JIUTEpaType KakK MEepCleKTUBHBIC Ja3epHBIE cpe-
ne1 [16—-18]. MHTepecHBIM TakKe TMpeacTaBiseTcs
UCCIIEZIOBAaHNE KPHUCTAIOB CMEIIAHHOTO WTTPHM-

ragonuHueBoro cmimkata YGdSiOs(YGSO), B ko-
TOPOM CHJIBHOE IITAPKOBCKOE PACIIETNIEHHE ypPOB-
Hel, XapakTepHOe A KpUCTayjia TaJ0JUHHEBOTO
CHJIMKATa, COYeTaeTcs ¢ 0ojiee M30TPOITHOW CTPYK-
Typoil WTTPHUEBOTO CHUJIMKAaTa, NPHU 3TOM, B OTIH-
gue oT kpuctawioB GSO, HE MPOUCXOAUT ITBOWHU-
KOBaHUE TIPU POCTE KPUCTAIUIOB, YTO 3HAYUTEIHHO
obOyerdaer BBIpAIUBAHUE OOJNBIINX KPUCTAILIOB
BBICOKOTO ONITHYECKOTO KadecTna [19].

B nmammoit paboTe MpeacTaBlICeHBl PEe3yJIbTATHI
HCCIEIOBAHUNA  CIIEKTPOCKOIIMYECKUX  CBOMCTB
KPUCTAJUIOB ~ WUTTPHUI-TAJIOIMHAEBOTO  CHJIMKATA,
JIETUPOBAHHOTO HWOHAMHU J3pOWs W UTTEpOUsT —
Er’',Yb’":YGdSiO4(YGSO).

O0BEeKTHLI M METOAMKH HCCIe10BAHUSA

Kpucramn Er,Yb:YGSO sBisiercs JBYOCHBIM
aHU30TPOIHBIM KPUCTALJIOM M MPHHAJUICKHUT K MO-
HOKJIMHHOW cuHroHun C2/c ¢ mapamerpamu 3jie-
MeHTapHOU stueliku a = 1,2547 um, b = 0,6750 HM,
c=1,0477 am, B=102,7933° [19]. DaemeHTHbI
COCTaB MOHOKPHUCTA/UIa H3y4yalCsi C MOMOUIBIO
SHEPrOAUCIICPCHOHHOTO crekTpomerpa X-Max"-50
(Oxford Instruments Ltd., GB), ycTaHOBIEHHOTO
Ha 0a3e pPacTpOBOrO BIEKTPOHHOI'O MHKPOCKOMA
JSM-IT500 (Jeol Ltd., Japan) c BOmb(ppaMOBBIM
TEPMOIMUCCHOHHBIM KaTozoM'. Ilo pesymbraram
OmpeJesieHo, YTO MacCcOBOE COJACpKaHHE HOHOB
Er'” u Yb'" B kpucramie cocrasmmo 0,3 mac.%
n 3,5mac.%, CcOOTBETCTBEHHO. BHemHuii Buna
BeIpanieHHoro kpucramwt Er,Yb:YGSO mnpusenéu
Ha pucyHke 1.

Pucynox 1 — Kpucrann Er,Yb:YGSO
Figure 1 — The Er,Yb:YGSO crystal

! Mi3smepenus: mpoBomMIIHCH B TAGOPATOPHH JIOKAITb-
HBIX METOJOB HCCIJIEZIOBAHUS BEIEeCTBA T'€0JOTHYECKOrO
¢axynperera MI'Y umenn M.B. JlomoHOocoBa Ha 06opy-
JIOBaHHUH, NPUOOpeTeHHOM B pamkax «lIporpamMmsl pas-
BuTHs MI'Y».

19



IIpubopsi u memoowl usmepeHuil
2022.-T. 13, Ne 1. - C. 17-26
K.H. I'opbauens u op.

Devices and Methods of Measurements
2022, vol. 13, no. 1, pp. 17-26
K.N. Gorbachenya et al.

Jii uccnenoBaHUs  CIEKTPOCKONHMYECKUX
CBOWCTB KPHCTAUIOB HCIOJB30BAINCH IUIOCKO-
napauieTbHbIe TUTACTUHKY ToymuHoH 2,0 = 0,1 MM,
OpUEHTUPOBAHHBIC BJIOJNb OCEH KpucTamia a, b,
¢. U3smepenne aOCOpOLMOHHBIX CBOWCTB IpO-
M3BOJMIIOCH NPH KOMHATHOH TeMIiepaType Ha ABY-
nydeBoM crektpodoromerpe Varian CARY 5000
B JBYX CHEKTpalbHbIX oOmactax: 850-1050 HM,
COOTBETCTBYIOIICH OSHEPreTHUECKUM Iepexojiam
2F7/2—>2F5/2 HOHOB WUTTEpOUs U 4115/2—>4I“/2 HOHOB
ap6usi, 1 1400—1650 HM, COOTBETCTBYIOIICH 3HEP-
TETHYECKOMY TIEPEXOAY 4115/2—>4113/2 HOHOB 3pOusl.
Jlyis 3amucy CIEeKTPOB B MOJISIPU30BAHHOM CBETE B
00a kaHaa crekTpohoTOMEeTpa MOMEIIAINCH OIS~
puzanuonHele npusmbl ['nmana—Teinmopa. Crekr-
panpHOE paspenienne mpuodopa cocrasisio 0,5 HM.

W3mepenune CreKTpoB JIIOMHHECLUEHIMH KpHUC-
tauioB  Er,Yb:YGSO mnpoBoauiocs 1O METOY
CHHXPOHHOI'O JETEKTHPOBAHUsS NPU HCIOJIb30Ba-
HUU 3KCIEPUMEHTAIBHOM YCTAHOBKH, CXeMa KO-
TOPOU NMpUBEACHA Ha PUCYHKE 2.
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Pucynok 2 — Cxema 9SKCHEpUMEHTANIBHOM
JUIL WCCIICIOBAHUSI CTAI[MOHAPHBIX CIIEKTPOB JIIOMH-

YCTaHOBKH

HecleHIUH: | — 6JI0K ynpaBieHus Ja3epHBIM TUOJIOM; 2 —
Ja3epHBIA TUOJ C BOJOKOHHBIM BBIBOAOM; 3, 5 — 00BCK-
TUBBI; 4 —WCcclenyeMblii  oOpaser; 6 — MOJYJISTOP;
7 — nonsipuzatop; 8 — MoHOXpoMmarop; 9 — poronpuém-
HuK; 10— xommeiotep; 11 —O70K ympaBieHHS MOAY-
JATOPOM; 12 — CHHXPOHHBIN YCUIIUTEh

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

B kadectBe mcTOYHMKA BO30YXKACHUS IIOMU-
HECIICHIIMM Hcmonb3oBajicss InGaAs  moiympo-
BOJHUKOBBIM J1a3epHBIM 1u0A 2 € BOJOKOHHBIM
BBIBOJIOM. DJIGKTPUYECKOE THTAaHWUE U CTAOMIIM3aIlHs

CICKTPAIbHOIO  TOJOXKCHHSI  ITOJIOCHI  M3JTyde-
HUSl JIA3€PHOTO JMOJla OCYIIECTBISUIMCH OJOKOM
yOpaBieHHs J1a3epHbM jauoaoM 1. Hzmyuenue
Ja3zepHoro jaumona  (QOKyCHpPOBAIOCH  OOBEKTHU-
BOM 3 Ha wucciemyemblii obpaszenm 4. M3mydeHue
JIOMUHECIICHIIMH ~ COOMPANIOCh  MIUPOKOANEePTYP-
HbIM OOBEKTHBOM 5 Ha BXOJHOH IIETU MOHOXPO-
maTopa 8. J[jIs 3armucu CHeKTPOB JIFOMUHECIICHIIUN
B TIOJIIPU30BAHHOM CBETE Tepei] BXOAHOHU MIEIbI0
MOHOXpPOMAaTOpa IOMEMIAICS TOHKOIUIEHOYHBIN
noJisipuzarop 7. Curnan ¢ orornpuémuarka 9 oopa-
OaTBIBANICST CHUHXPOHHBIM yCHIUTENeM 12, Ha Ko-
TOPBIA TaKXe IO/IaBajICs CUTHAN OT MOAYJSTOpa 6.
Breixoanoti curnan ¢ ycunutens 12 omudpossiBai-
csi C TOMOIIBI0 aHanoro-mudpoBoro mpeodpaso-
Bareyisi U coxpaHsicsa kKomnbroTepoMm 10. Peruct-
panusi CIEeKTPOB JIFOMHHECUEHIIMH BBIMOJIHSIACH
[IPY KOMHATHOM TemIepaType.

JIJ'ISI U3MEPCHUA KUHCETHUKU 3aTyXaHusd JIFOMH-
HECIEHIINA BO30YKIEHHBIX COCTOSHUA HMOHOB-
AKTUBATOPOB MCIIOJIb30BaIach jJabopaTopHas ycra-
HOBKa, NPUHUUIIMAJIbBHAs CXeMa KOTOpOW Mpea-
CTaBJIcHa Ha PUCYHKE 3.
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Pucynok 3 — Cxema HKCHEpUMEHTANBbHOM yCTAaHOBKU
JUIS WCCIENOBaHHWA KWHETHKH JIOMUHECIICHIIUH BO3-
OyKXIEHHBIX COCTOSHHH HOHOB-aKTHBAaTOPOB: | — masep
Ha kpuctaiuie Nd:YAG; 2 —3epkaio cemnapupyroiiee;
3 —okpan; 4 —Habop MOBOPOTHBIX 3€pKai;, 5 — mapa-
METPUYECKHI TEHepaTtop cBera; 0, 8 — 00BEKTUBEI,
7 — uccnenyembiii oopazerr; 9 — monoxpomarop; 10 — do-
tonpuéMHUK; 11 — ocrmmiorpad nudposoit

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

N3nydyenue tperbell rapMOHUKHA HUMITYJIbCHOTO
Nd:YAG nazepa 1 mpu moMommw cemapupyromiero 3ep-
Kajna 2 ¢ BBICOKMM KOO((HUIHMEHTOM OTpPa)KeHHs Ha
JUIMHE BOJIHBI 355HM ¥ BBICOKUM KOI((HUIMEHTOM

20



Tpubopsl u memoost usmepenuii
2022.-T. 13, Ne 1. - C. 17-26
K.H. I'opbauens u op.

Devices and Methods of Measurements
2022, vol. 13, no. 1, pp. 17-26
K.N. Gorbachenya et al.

Mporyckanus Ha JuiHe BOJHBI 1064 HM m Habopa
ITOBOPOTHBIX 3epKai 4 ¢ BRICOKHM KO3 PUIIMEHTOM
OTpaXCHUSI HAa JJIWHE BOJHBI 355 HM 3aBOJUIIOCH
B IapaMETPUUYECKHM I'E€HEpaTop CBETa S5, KOTOPBIH
WCTIOIIb30BANICS B KA4€CTBE HCTOYHHUKA BO3OYKICHHS
JIOMUHECHEHIUU. DKpaH 3 UCTIONB30BAICS IS Ipe-
MATCTBUSI PACTIPOCTPAHCHUIO U3IMYyUYEHUS C JJIU-
HoW BoJHBI 1064 HM. JlazepHoe u3iIyueHue Mapa-
METPUUECKOr0 TeHepaTopa CBETa ¢ MOMOILBIO TIOBO-
poTHOTO 3epkaia 4 GokycupoBaioch 00BEKTUBOM 6
B HWccheayeMblii obpaszery 7. M3mydenwe TroMuU-
HECIEHIINA COOMPaIOCh OOBEKTHBOM § C IMOBEPX-
HOCTH HccieqyeMoro oopasua u (OKyCHpOBalIoCh
Ha BXOJHYIO IIeTh MOHOXxpomatopa 9. Perucrtpa-
WSl CUTHAJIA JIFOMUHECIICHIINN BBITTOTHSIACH (POTO-
npuéMHuKoM 10 u 1nudpoBbIM  ocIIILIOrpagd)oM.
JanHple coOMpaiuch ¥ yCpeAHsuiuch 1o 512
KHHEeTHKaM. I KaXKaoro mccieayeMoro odpasma
MIPOBOIMIIACH CEPHSI U3 TPEX U3MEPEHUH.

W3mepeHne CnekTpoB MOIJIOMICHUS U3 BO3-
OyXIEHHOTO COCTOSIHUSI OCYHICCTBIISUIOCH C TIO-
MOIIIBIO JTa0OPATOPHOW YCTaHOBKH, cXeMa KOTOpPOH
IIpUBEJICHA HA PUCYHKE 4.

18 1 2

19 17 11 12 109 '8

Pucynok 4 — Cxema 3KCIIEpIMEHTATFHON YCTAHOBKH IS
H3MEpEeHUsI CIIEKTPOB MOIJIOMICHHS W3 BO30YXKIEHHOTO
cocrostausi: 1 — Nd:YAG nazep; 2 —nasep Ha cardupe
¢ TUTaHOM; 3, 6 — MOBOpOTHBIE 3epKana; 4, 12, 13 — nmuH-
3b1; 5,9 — MOIyIATOPBI; 7 — Auadparma; 8 — uccieayeMbli
obpazern; 10 —»osxpan; 11 —ramorennas nammna; 14 — mo-
15 — monoxpomarop; 16 — hoTonpuémMHUK;
17, 18 — cunxpoHHbIe ycunuTeny; 19 — komnbroTep

JISIPU3aTop;

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

[Ipunnun paboTbl yCTAaHOBKKM OCHOBaH Ha Me-
TO/IHKE BO30YK/ICHUS-30HAUPOBAHHS, KoT/a
WHTEHCHUBHBIN BO30YKIAIOMNUN My4YOK MEPEeBOIUT
aKTUBHBIE HMOHBI HCCIEAyeMOro ooOpasna B BO3-
Oy)XOEHHOE COCTOSHME, a 30HAUPYIOLUIMHA Iy-
YOK Maloil HMHTEHCHBHOCTH TIO3BOJISIET 3ape-
TUCTPUPOBATh W3MEHEHWs KodhdUIMeHTa TIor-
JomieHus:  3Toro  obOpasma.  BosOyxnaroriee
W3JIy4YeHUE TCHEPUPOBAIOCH THTaH-Ccar(pUPOBHIM
JazepoM 2, HaKauMBaeMbIM H3JIy4Ye€HHEM BTOPOH
rapmoHuku HenpepsiBHOro Nd:YAG nazepa. Ipo-
MOJYJIMPOBAHHOE MOAYJIATOPOM S, HU3Iy4YEHHUE
BO30Y)XIEHUSI C IIOMOIIBIO IIOBOPOTHBIX 3€pKal
3 uw 6 uw muasel 4  (QOKYyCHPOBAIOCH BHYTPH
uccuexyeMoro oopasua 8, a HeMmOTJIOTHBILUECS €TO0
ocTaTKH «o0Ope3anuch» 3kpaHoM 10. 3oHaupyromiee
W3Iy4YeHUE TEeHEPUPOBAJIOCH TAJOTCHHOM JaMm-
moit 11, obecrieunBaroriel 60IBITYI0 PacX0IUMOCTh
cBeroBoro mydka. C momomipio oOBekTHBa 12
MY4YOK HW3JIYYEHUs] TaIOTeHHOW JIaMIbl COOMpaCs
Ha MMOBEPXHOCTH HcciieayemMoro oopasua. ToueuHas
muadparma 7, yCTaHOBICHHAasi B HEMOCPEICTBEH-
HOW Oym3ocTH OT oOpasia, obecriedynBaia Iepe-
KPBITHE BO30Y’KAAIOLIET0 U 30HAUPYIOLIETO ITy4KOB.
[Ipomeamiee nccneayeMbrii oOpas3er] 30HANPYIONIee
U3JIy4eHue, cooupanoch 00beKTUBOM 13 Ha BXOJI-
HOW Imenu MoOHOXpomaTopa 15, mpeaBapUTEIbHO
npoias uepe3 mnoaspusarop 14. 3a BBIXOJHOU
HmIeJabl0  MOHOXpoMmaropa  ObT  YCTaHOBIICH
InGaAs dorompuémauk 16, 3IEKTPUISCKUN CHT-
HaJl C KOTOpPOro oOpabaThIBaiCS M YCHIUBAJICS
CHHXPOHHBIMM ycunutensmu 17 u 18, mocne dero
¢uxcupoBaics kommbioTepoM 19. CHHXpOHHBIH
ycunurtenb 17 HCImonb30BajJ B KayecTBE OMOP-
HOM dacTtoTy Moayiaropa 9 W u3Mepsl He-
MTOCPENICTBEHHO WHTEHCUBHOCTEL (/) TMpoIIeaniero
4yepe3 oOpasell 8 U3JIydeHus TaJIoreHHOM JTamribl 11,
CHHXpOHHBIN ycuiauTenb 18 Mcronbp3oBasl CUTHAI
yeunutens 17 B KadecTBE BXOJHOTO CHTHajda M
4acTOTy MOJAYJISATOpa 5 B KauecTBe omopHou. OH
m3mMepst U QepeHuaNbHyl0  MHTEHCHBHOCTD
30HAMPYIONIETO H3IIy4eHHUs, IPOIIEeNIIero dYepes
oOpaser, B BO30YXJAEHHOM U HEBO30YXKIEHHOM
cayuasix (Al). Kowmmerotep 19  mpousBoaun
oun(poBKy CHTHAJIOB, JEJIEHHE MX IPYyr Ha Jpy-
ra, COXpaHCHHWE M BHU3YAIM3ALHUIO PE3yJIbTATOB
U3MEPEHHH, a TaKXXe OCYLIECTBIUI YIpPaBJICHHUE
MOHOXpOMAaTopoMm 15.

3HayeHWe dJIEKTPUYECKOro CHUTHaja, H3Me-
pseMOoro ycrtaHoBJICHHBIM B KommbioTep AL,
omnpenessiochk Gopmyoi (1):
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(1

Al
7 =n,LA(Opoc + Opy — Onpe)s

rae n,— HaceJEHHOCTh BO30YKIEHHOIO YPOBHS;
L — rommmHa o6pasna; 4 — ko3 unmeHT ycuneHus
CHHXPOHHOTO YCHJIMTENS; Opjnc — CEUEHHUE IOIIO-
meHuss w3  ocHoBHoro cocrosaEsa  ([TOC);
Opy — CeUeHHE BBIHYXIEHHOTO u3inyueHus (BN);
Oppc — CEUEHHE MOINIOLIEHUs. M3 BO30YKIEHHOTO
cocrostaus (ITBC).

Crektp (1) MOXHO TIPEICTAaBUTh B EIUHHUIIAX
ceueHuin [CMZ], €CIM H3BECTHO 3HaueHue n,LA.
DTO MOXXHO OCYIIECTBHUTH TPH TOATOHKE KOPOTKO-
BOJIHOBOTO Kpasi crmekTpa (1), rme MOXXHO TpeHe-
Opeub BKIIAIOM Gpy U Oppc, K CIEKTPY CEYEHHH
HONIOLIEHHS U3 OCHOBHOIO COCTOSIHHSA (Gpjc)-

Pe3y.]'leaTLI HCCJIeJ0BaHUA
CIIEKTPOCKOIMUYECCKUX CBOMCTB

CrekTpsl CEUYeHH TIOTJIOIMIEHUS KpHUCTaJlIa
Er,Yb:YGSO B obnactu 1 MKM IpuBeAEHBI Ha pu-
cynke 5. Kpucramn xapakrepusyeTcs M0CTaTOYHO
IIMPOKOW TIOJIOCON TIOTJIOMICHUS C MaKCHMYMOM
okonmo 925 umM s momspuzamuu E//b u y3kon
WHTEHCHBHON Tmojocod Ha 976 HM ¢ MaKCHUMab-
HBIM CEYCHHEM MOTJIONIEeHUS 1,65X% 1072° em? U1 T10-
napm3atmu E//a. TlomymmpuHa MOJIOCH ¢ MaKCH-
MyMOM Ha 976 HM COCTaBIIIET OKOJIO 2 HM.
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Pucynok 5 — CriekTpbl ceueHU MOTOMIEHUS KpUcTaia
Er,Yb:YGSO B o6mactu 1 Mxm

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

CrekTpsl CedeHHid TIOIJIONICHUS B 00JacTd
1,5 MKkM mpuBeAcHbl Ha pucyHke 6. Makcumaib-
HO€ CeYeHHE MOMIOLIEHUSI JOCTUTAET 2,5X10720 oM’
Ha qiuHe BOJIHBI 1530 HM.
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Pucynok 6 — CriekTpsl cedeHHU TOTTIONICHNS KPHUCTallIa
Er,Yb:YGSO B ob6nactu 1,5 Mkm

Figure 6 — The absorption cross-section
Er,Yb:YGSO crystal near 1.5 pm

spectra  of

Lenpio mpoBeleHUsT U3MEPEHUH KUHETHK JIIO-
MHUHECLCHUH OBUIO ONpelesIcHUEe BPEMEHH JKU3-
HHU BO30Y>KIEHHBIX COCTOSHUM 4111 n H 4113/2 HNOHOB
pous n 2F5/2 noHOB UTTepOust B kpucramie YGSO.
JlromuHecueHIMsT  BO30YXKJanach  MMITYJIbCHBIM
W3Iy4YeHHEM Ha JUIMHE BOJIHBI 976 HM. 3aTyxaHue
JMOMHHECICHITHH ¢ ypOoBHS T, 3/, HOHOB 3pOUs HOCH-
JI0O MOHOAKCIIOHCHLMAJIBHBIM XapakTep ¢ Xapak-
TepHBIM BpeMeHeM 7,24+0,5 mc. PesyabTaTsl mpen-
CTaBJICHbI Ha PHCYHKE 7. 3aTyXaHHE JIFOMHHECIICH-
man ¢ I, » YPOBHS TaKKe UMENO KCHOHEHIHAb-
HBIH XapakTep, W BpPEMSl JKU3HH O3TOrO YpPOBHS
coctaBmino 20+1 mkxc. CpaBHUTENBHO KOpPOTKOE
BpeMsi OKI3HH YpoBHA 1) » CHIDKAeT HOTEpH,
CBSI3aHHbIE C OOpPaTHBIM IEPEHOCOM BHEPTUH

OT HOHOB 3p6I/I$[ K HOHaM I/ITTep6I/IH u ar-
HMOHOB

KOHBCPCUOHHBIMU nepexogamu
Ha BBIHICTIC)KAIIUC YPOBHHU.

apous
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Pucynok 7 — Kunetuka 3aTyxaHusl JIIOMUHECLUEHIUH

4
¢ ypoBHs 1,5, HOHOB 3pOus

Figure 7 _ The luminescence kinetics from *I 5, energy
level of erbium ions
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O¢ddexTuBHOCTL MEpeHoca 3HEPrUU OT MOHOB
uTTepOMsl K MOHaM 3pOHs OLEHMBAIACh IO COK-
palllCHUI0O BPEMEHM >KHU3HU YPOBHS 2F5,2 HOHOB
uttepOus B kpucramie Y GSO, nerupoBaHHOM HOHA-
Mmu Er 1 Yb, 0OTHOCHTENIFHO COOTBETCTBYIOLIETO Bpe-
MEHH XHM3HHM B KpHCTaJJIe, JETMPOBAHHOM TOJIBKO
WOHAMH UTTEPOUS, UCTIONB3YsI cooTHOMeHue [20]:

TYbaEr(zFS/z) ©)

2 9
Typ(“Fs/2)

I€ Myppr — 2QDEKTUBHOCT IEpEHOCA DHEPTrUM
2
OT MOHOB MUTTepOHs K MOHAM 3pOus; Ty, p.("Fsp) —
’ 2
BpeMsl KM3HH HOHOB MTTepOus Ha ypoBHe Fs),
+ +
B KpHCTAIUIe, JIerupoBaHHOM HoHamu Er'’ u Yb'';
2
Typ("Fsn) — BpeMs xKHU3HU HOHOB UTTEPOUsI HA YPOB-
2
Hi “Fy, B KpHCTallle, JETMPOBAHHOM TOJIBKO MOHA-
3+
Mu Yb™.
3+
Bpewms xu3Hu noHoB Yb™' Ha BepXHEM YpOBHeE,
n3MepenHoe B kpucraiie Er,Yb:YGSO, cocraBuio
180 mxc. B kpucramie Yb:YGSO Bpems XKu3HH
+
voHOB Yb’" Ha BepXxHeM ypOBHE COCTABIISET

Nyb—sEr =1-

1,92 mc [19]. Takum o6pazom, 3PPEKTUBHOCTH
nepeHoca sHeprun  Yb—Er B kpucramie
Er,Yb:YGSO gocturaet 91 %.

CrekTpbl  JIIOMHHECLEHIMH  KpHUCTala

Er,Yb:YGSO B cnekrpansHoii oOmactu  1400—
1700 HM, u3MepeHHbIE NpPU KOMHATHOW TemImepa-
Type CO CHEKTpaJbHbIM paspewmienueM 0,5 HM,
npuBeAeHsl Ha pucyHke 8. Ilomoca mromuHecCHeH-
UMM B 3TOM 00JacTu SBISETCS IIUPOKOH U
CTPYKTYPUPOBAHHOHW, MAaKCHUMYM IOJOCBI COOT-
BETCTBYeT JyiiHE BOMHBI 1530 HM i Bcex Tpéx
nonsipuzanuil. JIMMHHOBOTHOBOM Kpal MOJOCHI
JmoMuHecneHnuu gocturaer 1650 um.
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Pucynok 8 — CriekTppl  JIIOMHUHECLIEHLIIMM  KpUCTalia

Er,Yb:YGSO B cnekrpasnbroii odmacta 1400—1700 am

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

CrekTpsl  cedyeHHMil  BBIHY)KIECHHOIO — M31Iy-
yenns (BU) ams nepexona *1,5,— 1,5, HOHOB 5poust
ObUIM OmpeseNneHbl N0 MOAM(HUIUPOBAHHOMY Me-
tony coorBercTBus [21]. s pacuéra paguanuoH-
HOC BpEMsl XKH3HH Ty, YPOBHI *I,3, HOHOB G
NPUHUMAJIOCh PABHBIM ~HM3MEPEHHOMY BPEMEHH
JKM3HH YPOBHSA 4113/2 [16].

3exp(—he / (KTA))

v (\) =
. 8nn2rpaﬂcijk_4c}{Iorn (M)exp(—hc / (kTL))d\h

Ggom ™), (3)

rae opy(A) — momepevyHoe ceyeHUe BBIHYKIECHHOTO
W3Ty4YeHUs] Ha AJMHE BOJIHBI A; A — JUIMHA BOJIHBI
CBETa; MHAEKCHI 0. U Y 0003HAYAIOT COCTOSHHUE TIO-
JSIpU3aLUM CBETa; h — moctosiHHas Ilnanka; ¢ — cko-
POCTb CBETa B BaKyyMe; k — moctostnHas bonbimana;
T — temmneparypa Cpeabl, /1 —IIOKa3aTellb MpPEIoM-
JIEHUs] KPUCTAIIA; G, . (A) — MONEpEUHOE CEUEHUE
MOTJIOLICHHMS HA AJTMHE BOJIHBI A.

CrieKTpbl CeUeHHMH BBIHY>KACHHOTO HM3JIyYCHHS
B crnekTpaibHOi obmactu 1400-1650 HM mpuBene-
Hbl Ha prucyHKe 9. Hamboree MHTEHCHBHBIH Mak-
CUMyM C CCUEHHEM BBIHYXICHHOTO H3JIy4CHHs
1,2X10720 oM’ HaOmoqaeTcs ISt mossipusanuu £//b
Ha nirHe BOJHBI 1530 HM.
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Pucynok 9 — Crnextpsl cedeHuit BBIHYKJCHHOI'O

nayuenns kpucramia Er,Yb:YGSO

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

Ha pucynke 10 mpuBeAeHBI CHEKTPBHI KO-
¢unmeHTa ycuieHMs Ui Pa3NUYHBIX 3HAYCHUH
OTHOCHUTENIFHONH HAceNEHHOCTH [3  ypOBHA
JUIsL TPEX pas3IMYHbBIX TOJSPH3aLUiL:

4
I13/2

g' (M) = [Bo gy (W) — (1-P)0” 1oy WINy, 4)

e g%()) — ko3 PHUIMEHT YCUIIEHHS HA JUTMHE BOJIHBI
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A 1U1s cBeTa ¢ moJsipu3anue o; = N(4Il3/2)/NEr -
OTHOCHTEJbHAS HHBEPCHAS HACENEHHOCTD; 6, (L) —
MOTIEPEYHOE CEUCHHE BBIHYKACHHOTO H3ITyYCHHS
Ha JUTHHE BOIHBI A; 6, (A) — momepedyHoe cedeHne
MOTJIOIICHUS HA JUIMHE BOJHBI A; V) — IOJHOE YHCIIO
HMOHOB dpOus.
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Pucynok 10 — CnexTpsl cedeHUil yCWJIEHHS KpUCTaia
Er,Yb:YGSO

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

IMornomenne u3 BO30YkKIAEHHOIO COCTOSHUS
4 4
B obnactu 1,5 MM (nepexon '1,5,—"ly,) aBasgercs

OJHMUM U3 CaMblX CYIIECTBCHHBIX KaHAJOB
HEPreTUUYECKUX MOTepb B 3pOMii-comepikamux
cpenax. B ciydae crnekTpambHOTO NEpPEKPHITHS
MOJIOCHl TOIVIOUIEHUSI M3 BO30YXAEHHOIO COC-
TOSIHUSI C IIOJIOCOH ycuieHusl (Kak, Hampumep,
B HEKOTOPBIX JpOueBbIx cTEékIax [4]) a¢-
(EeKTUBHOCTb JIa3€pHOM TIeHepaluh B CIEKT-
panpHOM oOmactu 1500-1600 HM MOXeT cCy-
IIECTBEHHO CHMU3UTHCSA. CIEKTp MNOMIOIMICHUS
U3  BO30YXKIEHHOTO  COCTOSIHHMA  KpUCTalIa
Er,Yb:YGSO npuBenén na pucynke 11.

1.44
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—— polarization E/fc
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Pucynok 11 — CriekTpsl TOTJIOIIEHUST M3 BO30YXKIEH-
Horo coctostHust kpucrtauia Er,Yb:YGSO B cnekrpaib-
Hoif obnactu 1450-1800 HM

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

CriekTp MOKa3bIBaeT, YTO MOJIOCHI MOTJIOMIEHUS
U3 BO30YXIEHHOTO COCTOSIHMS JIe)KaT B 00JIacTH
1625-1800 HM (y4acTOK OTpHLATEIBHBIX 3HAUCHHN )
U TPAaKTUYECKH HE IEPEKPHIBAIOTCS C IOJOCAMHU
ycusenus B obnactu 1500—-1600 am.

3aKiIroueHue

[IpoBenens! cucremMarndeckue HcCael0BaHUs
CHEKTPOCKOIINYECKUX XapaKTEPUCTHK KpHCTaula
Er,Yb:YGSO kak nasepHoil cpenbl Ha 001acTh
cnektpa 1,5-1,6 MmkM. VI3MepeHBbl CHEKTpbI TIOT-
JIOMIEHUS! ¥ JIIOMHHECHEHLIWH HMOHOB HUTTEepOus
U 9pOHsl B TIONSPU30BAHHOM CBETE, OIPEACIICHBI
BpeMeHa JKH3HU BO30YXKIEHHBIX COCTOSHUH ATHX
noHoB. [lpoBeneHa oneHka 3PQPEKTUBHOCTH Tie-
peHoca SHEpruu OT HOHOB HUTTEpOMs K HOHAM
9pOusi. BeImonHeH pacdér CHEKTPOB IMOMEPEUHBIX
CEUCHHMH BBIHY)KJCHHOTO H3IyYCHUS WM YCHIICHHS
MOHOB 5pOusi. M3MepeHus CHEKTPOB MOIJIOLIe-
HUSI M3 BO30Y>KAEHHOTO COCTOSIHMSI TOKa3ajH, 4TO
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T10JIOCA TIOTJIOMICHUS U3 BO30YXAEHHOTO COCTOSHUS
HMOHOB 3pOUS HE TIEPEKPBIBACTCS C MOJIOCOU yCHIIe-
B CIIEKTPAJIbHOU 1,5-1,6 Mxm.
[ToydeHasle pe3ynbTaThl TOKa3add, YTO KPUCTAILT
Er,Yb:YGSO siBrisieTcst mepCieKTHBHBIM ISl UCTIOb-
30BaHMSI B Ka4eCTBE AaKTHUBHOM Cpembl Ja3epoB
CrieKTpajapbHOrOo quamna3ona 1,5—1,6 MkMm.

HUA obactu
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Abstract

Diode-pumped thulium lasers emitting in the spectral range near 2 um 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 um 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 uJ 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 pJ 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 um 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 pm.

Keywords: thulium, potassium-yttrium tungstate crystal, passively Q-switching mode, spectral range
near 2 um.
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Komnaxkrublii j1a3ep Ha ocHoBe kKpucTtaia Tm:KY(WOQO,),,
padoTaIUK B peKMMe MACCUBHON MOAYJISIIMH JOOPOTHOCTH

B.9. Kucean

Llenmp onmuyeckux mamepuanos u mexHoI02ul,
benopycckuii nayuonanvHulil mexHu4uecKkul ynugepcumen,
np-m Hezasucumocmu, 65, 2. Munck 220013, Berapyco

Tocmynuna 28.01.2022
Ipunama x nevamu 02.03.2022

TynueBblie 1a3ephl ¢ AMOTHOW HAKauYKOW, padOTAOIINE B CIICKTPAIBHON 00IaCTH OKOJIO 2 MKM, HAXOJIST
IIMPOKOE MPHUMEHEHHE B Pa3IMYHBIX OONACTIX, TAKMX KaK XUPYPrHsi, JAITbHOMETPHS W IAMCTAHIIMOHHOE
30HIUpOBaHME atMmocdepbl. B crarbe mpoaeMOHCTpHUpOBaH MakeT TBepaoTeiasbHoro Tm:KYW masepa,
paboTaromuii B peXnMe MacCUBHONW MOTYJISIIUN TOOPOTHOCTH C HACKHIIAIOIIMMCS MTOTJIOTUTENIEM Ha OCHOBE
nonukpuctaumdeckoro Cr:ZnSe, CHHTE3UPOBAHHOTO METOIOM XUMHUYECKOTO Ta30(ha3HOTO OCAKICHHS.

MaxkcruManbHas BBIXOIHAS MOIITHOCTH JIa3epa B HEMIPEPHIBHOM peXUMe TeHepanuu nocturana =~ 0,65 Bt
Ha murHe BOJHBI 1940 aM nipu nuddepeHnmranbaoi 23 GHEeKTHBHOCTH 10 TTOTIOMEHHON MOITHOCTH HAKAUKU
55 %. B pexxume macCMBHONW MOAYJISIMH JOOPOTHOCTH TPW HCITIONB30BAaHWU HACHIIAIOMIETOCS TOTJIOTH-
tenst Cr:ZnSe ¢ HavyambHBIM TpomyckaHueM 95 % sSHeprus Ja3epHBIX UMITYJIbCOB cocTaBmia 26 Mk/[K,
MaKCHMaJbHasg YacTOTa CJIEIOBAHMUA HMMITYJIBCOB JocTuTana 6 kl'I| mpu majgaronieid MOIIHOCTH HaKadKH
2.2 Br. Ilpn ucnonp30BaHAN HACHIIIAIOIIETOCS MOTJIOTUTENS ¢ HadaJdbHBIM TpomyckanneM 90 % sHeprus
JIa3epHBIX UMITYJIBCOB moctrurana 40 Mk, IIHTETFHOCTh UMITYJILCOB HE MpeBbIimraa 10 He.

Ha ocHoBe mosyueHHBIX pe3yJbTaTOB MOXKHO CHEJaTh BBIBOJ, YTO JAaHHBIE KPHUCTAJUIBI SBISIOTCS
MEPCIIEKTUBHBIMA aKTHUBHBIMH CpeIaMH JJIs  JIa3epoB, W3IYYAOMIMX B CIEKTPAIGHOM JHara3oHe
OKOJIO 2 MKM, JUIsl IPUMEHEHHS B COCTaBE XHPYPTUYECKUX CHUCTEM W CHCTEM JIa3epHOW MaIbHOMETPHH.
[Ipenmonaraercss MCIONB30BaHNE Pa3padOTAHHOTO MaKeTa Jiazepa B COCTaBE KOMILIEKCA IO M3MEPEHHIO
MOPOT ONTHYECKOTO Pa3pyIIEHUs HACHIIIAIOIINXCS TOTJIOTHTENeH W HEMWHEHHBIX KPUCTALUIOB B 0OJACTH
2 MKM.

KioueBble cioBa: nasep, TyJauid, KpHCTaUl KaJUH-UTTPUEBOro Bosb(paMaTa, PEXHUM IACCHBHON
MOIYJISIIAU TOOPOTHOCTH, CHIEKTpasIbHAs 001aCTh OKOJIO 2 MKM.
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Introduction

Diode-pumped thulium lasers operating in the
spectral range near 2 um 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 pm [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 +°H, — °F, + °F, leading to
efficient excitation of °F, laser level thus increase
the quantum efficiency of the systems. Monoclinic
potassium double tungstate crystals activated with
thulium ions Tm:KY(WO,), (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 uJ, 25 kHz, with
Cr:ZnSe: 60 ns, 19 uJ, 5.6 kHz, and with PbS: 8 ns,
30 wl, 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 um 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 N,-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 (A =802 nm, @ = 100 um,
N.A. =0.15) was used for a longitudinal pumping of
the active element. A pump beam was focused into
a 200 pm spot inside the laser crystal. The cavity
length was adjusted to get TEM,, 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 (7,.) was used during continuous-
wave laser experiments.

Tm(3at.%):KYW

[=2.8 mm (Ng-cut) Cr:ZnSe

20)pum_p =200 um

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 () of 55 % with respect to the
absorbed pump power was obtained. Laser emission
was linearly polarized along N,, axis. Input-output
diagrams for the CW Tm:KYW laser are shown in
the Figure 2.

0.8 1
B T, =3% n=55%
2 o6l O Toe=6%n=51%
5 A Toe=8%n=35%
3
Q 0.4
3
&
=
O 0.2-
0.0 T T T T T T T 1
00 02 04 06 08 1.0 1.2 1.4 1.6

Absorbed pump power, W

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 Cr’":ZnSe
saturable absorbers (= 2.5 J/cm?). 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 uJ 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 uJ 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 TEM,, mode
size due to thermal effects in the gain medium. The
spatial profile of the output beam was TEM,, mode
with M? < 1.2 at maximal incident pum power (inset
in the Figure 3).
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Figure 3 — Dependence of laser pulse characteristics on
incident pump power for saturable absorber with initial
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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.
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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 pJ
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(WO,), 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 QO-switched regime of operation laser pulses
with energy of 40 puJ 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 um 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 pm.
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Abstract

Radionuclide **U 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 ***U is to use the ***"Pa radionuclide,
the activity of which, due to its short lifetime (= 1.2 min), is unambiguously related to the activity of >**U
even if the secular equilibrium is disturbed in the sample under study

Possibility of use of the **"Pa nuclide gamma radiation to determine >**U 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 ***U content is based on the Monte Carlo simu-
lation of the detector response to the radiation of the 24mpy 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 **U in a continuous homogeneous medium while
presence of natural radionuclides in it.

The algorithm for determining of 2**U 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 ***"Pa nuclide, which is a decay product of the ra-
dionuclide ***Th, and the peak of an interfering radionuclide from the decay chain of ***Th. 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 >**Th.

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

Keywords: radionuclide »**™Pa, Monte-Carlo simulation, experimental spectrum processing algorithm,
depleted metallic uranium.
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B artomHOll sHepreTHKe, B reonoropasBejke, MPH KOHTPOJIE PaJUOAKTUBHOIO 3arps3HEHUS IMOYB U
ChIpbs, UCIIOJIL3YEMOT'O IPHU CTPOUTEIILCTBE, OAHUM H3 Ba)KHEHIITNX paaAnuOaKTUBHBIX 3JICMCHTOB, KOTOpI:-IfI
HEOOXOIMMO KOHTPOJIUPOBATH, SIBISICTCS 28U, HauGoree ONTHMANBHO ISt KOHTpOJIA 28U pemonp30Bark
pagmonykmna > ™Pa, aKTHBHOCTb KOTOPOTO M3-3a MAJOCTH BPEMEHH €ro KH3HH (= 1,2 MHH) OIHO3HAYHO
CBSI3aHA C aKTHBHOCTBIO > U JasKe TIPH YCIOBUH HAPYIIEHHS BEKOBOTO PABHOBECHS B HCCIIEAYEMOM 00pasiie.

HccnenoBaHna ¥ MpOAEMOHCTPUPOBAaHA HAa MPOCTEHIIMX MPUMEPAaX BO3MOXKHOCTH HCIIOJIB30BAHUS
raMMa-u3IydeHns HyKauga > "Pa ams ompenenenns - U ¢ MOMOIIBIO CHMHTHIUISIMOHHOTO IETEKTOPA
B cpejie, cojiepiKallieil eCTeCTBEHHbIE PaJUOHYKINBL. [IpeiokeHHBIH aJropuTM OIpeieNIeHusl cojieprKa-
Hust ~°U OCHOBaH Ha MOZENUPOBAHUM MeTooM MoHnTte-Kapio oTkiuka JeTekropa Ha U3JIydeHue
pammonykmmaa > Pa ma ero monommunk 1001 k5B ¥ mocmeayromeil 06paGoTKe IKCIEPHMEHTAIHHOTO
CrIieKTpa Tpubopa, BKIIOYAONIEH BHHEPOBCKYIO (DMIBTPAIMIO CUTHAjAa. DTOT CIOCOO TO3BOJSET OIpe-
JenuTh cofepkanue > U B CIIONIHOM OHOPOAHO CpeJie PH HANUYHH B Heil €CTeCTBEHHBIX PaIHOHYKITH/IOB.

AJNTOPUTM ONpENeNICHHsI COACPKAaHHUS PAJUOHYKINIA BKIIOUAET B CeOsl HECKOJIBKO OCHOBHBIX 3TAIlOB.
q)I/IJH)TpaLII/I}I Ha OCHOBC aJIroOpuT™Ma BHHepa TMO3BOJIACT BBIACTIUTD MCAJICHHO MEHATIOLIYIOCS YaCTh CIICKTpA.
Pesynbrarel MonTe-Kapio MopenupoBanus JarOT BOZMOKHOCTh OTPeNesnTh 3Q(HEKTUBHOCTD PETUCTPAIN
B OIPaHUYEHHOM MH()OPMATUBHOM YYaCTKE CIIEKTpa, BKIrodarouieM Hapsany ¢ nukoM 1001 k3B or Hykimmnzna
234Mpy  gpnsrOmErocs MPOAYKTOM paclajia PaiuoOHyKIHNIa 24Th, u Grmkaifumii K HEMY MK MELIAIOLIEro
PAHOHYK/IHAA U3 LEMOYKH pacrana > ~Th. DTOT y4aCTOK CIEKTPa 10 ONPEIENCHHIO He CONEPKUT HUKAKHX
JIPYTUX JIMHUM FaMMa-U3Iy4eHHsl OT €CTECTBEHHBIX PaJMOHYKIINIOB — IPOIYKTOB pacraia Kak TOPHEBOH,
TaK U YpaHOBBIX LCTIOYCK. YkazanHbie JiBa MMKa Ha UCCICAYCMOM YYaCTKE CIICKTpa MOTYT 6I)ITI) OTACIJICHBI
JIpYT OT Apyra B Cpejlie ¢ TUITMYHON KOHLEHTpauuei S4Th.

AHanus pe3ylbTaToB U3MEPEHNsl aKTHBHOCTH 00EIHEHHOI'O METAJUTMYECKOIO ypaHa B COOTBETCTBUU € IIPEA-
JIO’KEHHBIM AJTOPUTMOM ITOKa3bIBACT BO3MOKHOCTb ONPEIEICHHS COepKanms > U ¢ MOrpemHocThio 3—5 %.

Kiio4eBble ¢10Ba: pagioRykIng > "Pa, MoaenupoBanue mMetogoM Moute-Kapio, anroputm o6paboTki
9KCIIEPUMEHTAIILHOTO CIIEKTPa, 00eAHEHHBIN METANTMUECKUH ypaH.
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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 **U. A common method
for determining of the ***U 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 *U, 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
28U 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
234mpy will be uniquely associated with ***U 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 *U and *™Pa activities

To determine of ***U amount in a medium at
234mpy it is first of all necessary to relate the amount
of uranium to the amount of ***™Pa. 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:

N,
dt
dN;
dr
dN

p
—2 N
dt TT

_kuNuQ
=Ny, —ArNp;

_KPNP’

where N;;, N;, Np—the number of uranium, thorium
and protactinium nuclei, respectively; A, A, A, are
decay constants.
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Figure 1 — Part of the ***U 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:

(_)“u)t (—7\7)2‘
N, =y AyN, e e )=
P 7\’T - 7\’14 O\'P _}“u) (7\'[7 _lT)
AN, | —Art
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Taking into account that A, >> A, >> A, and
the lifetime of uranium is longer than the lifetime of
thorium, we have:

_ Mo
7\’ b

TM
—Np.
p

N, =

Np
p

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 2**U 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: S,
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 (7). Taking
into account other decays, the total number of decayed
protactinium atoms per unit volume and per unit time
is N,=n/n, n is the fraction of gamma decays of prota-
ctintum with Ey =1.001 MeV. Further, the reduction
of the number of ***U 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 S, [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.

,_.
a3
3

5

e

Figure 2 — The detecting device and source (metallic
2381)) used in Monte Carlo simulations: 1 — case of the de-
tection device; 2 — probe; 3 — Nal(Tl) scintillation crystal;
4 — MgO reflector; 5 — source — metal >**U (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 £, the MCNP program uses a special formula
for the energy dependence of the full line width at
half maximum (fwhm):

whm E)=a+bJE+c*E"2, (1
menp

where the coefficients a, b, ¢ 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 Nal(Tl) detector with dimensions
063 %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 '*’Cs 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
28U radionuclide is 2**™Pa, 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 2**U (main picture).
The result of Monte Carlo simulation of only >**"Pa
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.
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Figure 3 — The simulated pulses height spectra of me-
tallic **U (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 MeV. The resulting value is approximated by a
Gaussian distribution and the area under this curve
(Soy) 1s found, which in MCNP is automatically
normalized to the total number of played stories. For
the model of this experiment, S, = 0.00001773.
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The Wiener filter is the optimal filter for the for-
mation of the output signal z(¢) from the input signal
x(¢) with the known form of the useful signal s(¢),
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(¢) at the filter out-
put from the given waveform z(¢) 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.

input an experimental spectrum,
subtraction of experimental background,

time and wolume normalization

-

Wiener filtration

.

defining the Math-background

yes w e

Mazh-
background
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' !
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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

Experimental research

To test the proposed algorithm, an experiment
was carried out using a DD based on a Nal(TI) scin-
tillation crystal with dimensions of @63 x 160 mm
and a small volumetric cylindrical source of metal-
lic #**U (depleted metallic uranium) located at a dis-
tance of 10 cm (Figure 5).

The source with a density of 19.8 g/cm’
consists of: 0.0023 % of U with an activity
of 10894 Bg/sample; 0.4054 % of *°U  with
667 Bg/sample and 99.5923 % of **U  with
25485 Bg/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
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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

Experimental spectra
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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 Nal(TI) crystal.

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

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.

400+
300 r-
R -~
© 200-
& I
L 2
100~
|
o
Bhes woq o ge goipuneges) o BT gty et T e g gy
0.0 0.5 1.0 15 20 25 3.0
Energy, MeV

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 protactinium’s FAP with energy
E=1.001 MeV. The region is not quite symmetrical
about this line (1.001 MeV), the center of the window
is shifted to the left. The **Pa 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 2**Th 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 ***Th 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 2**"Pa (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.

250 ¢

50

C—
0.85

PR
0.95
Energy, MeV

PR ISP}
1.00 1.05

; 0.9-(.)"
Figure 8 — Counting in the energy window of the useful
signal minus background (points), curve 1 is Gaussian ap-
proximation of 2**™Pa peak, curve 2 is Gaussian approxi-
mation of ***Th peak

Next, the area under the Gaussian approxima-
tion of »**Pa with an energy of 1.001 MeV (Syy)
is determined. Then the ratio S,,/S,, determines
the number of ***™Pa nuclei decayed in a source
of volume V' during the experiment time .

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

BTN

where V is the volume of the source, cm’; 7 is the
experiment time, s; # is the number of 234mpy 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 ***™Pa and the number of protac-
tinium atoms:

Ny =n/(Myh,)=nTH ), /(n2%ny),

where 1, = 0.0084 is the probability of the branch
of the gamma decay of 2**™Pa in the decay of ***Pa;
N,, is the number of ***Pa atoms in 1 cm’.

Knowing this number makes it possible to de-
termine the number of **U 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 ?**Pa nucleus. With sufficient preci-
sion:

where Ny, is the number of U atoms in 1 cm®; 7,5 ,

7™ 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
(t,,=7200 s, my=2.0563 g).

mPa _ ﬁ 1

! SOy teme
where 7P =12x60s (half-life of **"Pa);
nf{"Pa =0.84 % is the fraction of **"Pa decays along

the gamma channel.

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

238 P P 6]
nU=" =n, a/(Tl/z a)T]/Z .

The metal is practically pure ***U, 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 5.73x10%) and compared
with the Avogadro number (6.022% 10%). 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 S, /S,,. It is clear that
the error S, 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
l/Np” 2 where N, is the number of events recorded in
the FAP region £=1.001 MeV.

The relative error of S, can be represented as
follows (N, + N'"* )/ (Nogepy—N,y),  where
Nyip 1s the number of pulses in the FAP region
E=1.001 MeV of the experimental spectrum
without subtraction of background pulses; N, is the
number of pulses in the same energy range of the
background spectrum.

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

\INex+ph +\1Nph +\/@
I

Nex+ph_Nph P

Further actions with the value Sy, /S, for deter-
mining the amount of ***U 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 **U 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 2**™Pa (1.001 MeV) gamma line.

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

possible to determine the ***U 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 2**U 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 K. quantifies the fracture toughness. Methods were developed
and applied to improve the accuracy of K. 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 K. 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 K. determination by measuring of microhard-
ness from a nanoindenter. It was established that nanoindentation leads to an increase in the accuracy
of K, determination by 1623 % and eliminates the formation of microcracks in the indentation.

Keywords: fracture toughness, accuracy, indentation method, atomic force microscopy, nanoindentation.
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CnocoObl NOBbIILIEHNSI TOYHOCTH ONpe/ie/IeHIsI BA3KOCTH
pa3pylieHus TBEPAbIX XPYNKUX MATEPHAJIOB
NpU MHIAEHTUPOBAHUHU

B.A. .JIannuKaﬂl’Z, T.A. Kysneuonal’Z, C.A. qI/I)KI/IKl’Z, b. Bapxo.ﬂnHCKn3
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ya. Cusoeyxux, 2, . Kowanun 75-453, Honvwa

Hocmynuna 10.11.2021
IHpunama k nevamu 18.01.2022

[IpuBeneHo omucaHue MeToJa ONpeeeHuUs BSI3KOCTH Pa3pylleHHs] XPYNKUX MaTepHaloB MHAECHTHPOBA-
H1eM. Kom4yecTBeHHO BS3KOCTh pa3pyILeHUsI XapaKTepU3yeTcsi KpUTHIECKUM KO (UIIMEHTOM HHTEHCUBHOCTH
pazpywmenus K,.. lcrnomnp3oBaHue aTOMHO-CHJIOBOM MUKPOCKOIMU M HAHOMHAEHTHUPOBAHUS IIO3BOJIAIO
pa3paboTaTh U IPUMEHUTH CIIOCOOBI OBBIIEHHS TOUHOCTH onpeenenus K. s onpenenenus K- HE06X011uMo
TOYHO ONPEENATh TapaMeTPbl U pa3Mepbl OTIIEYaTKOB HHACHTHPOBAHMSI M 00Pa30BaHHBIX BOKPYT HUX TPELIHH.
B kauecTtBe Merona BH3yalM3allMM BMECTO KIJIACCMUECKHUX OINTHYECKOM M CKAHHUPYIOLIEH JJIEKTPOHHOU
MUKPOCKOIIU ITPEJYIOKEH AlbTEPHATUBHBIN BBICOKOPA3PEILAOLINI METO/ aTOMHO-CUJIOBOI MUKPOCKOIIUH.

IIpoBeneno cpaBHeHHE TPEX METONOB BU3yaTU3allMH. PaccMOTpEeHO ABa THUIMA PACKPBITHS TPELIUH:
Mo IHMpHHE 0e3 CMELIeHUs] MaTepualia 10 BEPTHUKAIU U 10 BBICOTE 0€3 PacKpbITUS 1O MKpHUHE. MeToasl
ONTUYECKOM U CKAHUPYIOLIEH NIEKTPOHHOW MUKPOCKOIMH M3-32 OTCYTCTBUSI KOHTAKTa C IOBEPXHOCTBIO
HCCIIeyEMBIX 00Pa3IIOB HE OTPEICIISIOT TPEIIUHBI C PACKPBITHEM 110 BIcOTe MeHee 100 HM (11711 ONTHYECKOH )
n MeHee 40—50 HM (151 CKaHUPYIOIIEH AIEKTPOHHONH MUKPOCKONHNH). TPEeInHbI ¢ paCKpBITHEM I10 HMINPUHE
OTpENeNsIIOT B paMKax CBOEH paspemiaroiiell criocoOHocTH. OnTrhdecKkas W CKaHUPYIOMIas JIeKTPOHHAs
MHUKPOCKOIIMHM HE MOTYT OOECIICUMTh TOYHYIO BU3yasH3allli0 00jacTu jaeGopManuu u (HOpMUPYIOIIHXCS
TPEIMH MPU MPUMEHEHNN MasbIX Harpy3ok (Menbiie 1,0 H). IlpuMeHeHre aToMHO-CHIIOBOM MUKPOCKOITUU
MPUBOIUT K MOBBIIMICHUIO TOUHOCTH OMpPEACICHUs JUIMHBI AUaroHanu ormedyarka 1o 9,0 % u onpeneneHus
nuHbl TpemuHbl 10 100 % 1o cpaBHEHHMIO ¢ ONTHYECKOW MHUKpOCKomuen u a0 67 % 1o cpaBHEHHUIO
CO CKaHHUPYIOINEH 3JIEKTPOHHOW MHUKpOocKomued. MeTol aTOMHO-CHIJIOBOM MHKPOCKOIIUU Oiarojapst
MIPOCTPAHCTBEHHON TPEXMEPHON BU3yalW3alMH M BBICOKOW TOUHOCTH (o XY 0,2 uMm, mo Z £0,03 um)
paciupsieT BO3MOKHOCTH IPUMEHEHNS WHASHTUPOBAHUS ¢ TPUMEHEHNEM HU3KHX Harpy3ok.

IIpennoxen crnoco® MOBBIMIEHUS TOYHOCTU ompeneseHus K- 3a c4éT M3MEpeHUs MUKPOTBEPIOCTU
C HAaHOMH/IEHTOpa. YCTaHOBJIEHO, YTO HAHOMHACHTHPOBAHUE MPUBOAUT K IMOBBIIIEHUIO TOUHOCTH ONpesese-
Hud K- Ha 16-23 % u uckiodaetr o6pa3oBaHUEe MUKPOTPEILUH B OTIICUATKE.

KiroueBble ciioBa: BS3KOCTH paspyui€ausa, TOYHOCTb, METOA MHACHTHUPOBaHWA, aTOMHO-CHJIOBass MUKPO-
CKOITUs, HAHOMHJACHTUPOBAHUC.
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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 K, 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 K.

The purpose of the work was to improve the ac-
curacy of determining the critical stress intensity fac-
tor K, 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 K.

Analysis of the method for determining
fracture toughness by indentation

Determination of fracture toughness K, 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 d, and d, is determined, and the print
half-diagonal length a = (d,+d,)/4 is calculated.
Measured the length of the cracks (/ is the length of
the crack near the indent, ¢ 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 H, 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, /, ¢, H,, and E. A mathemati-
cal calculation model is selected depending on the
type of cracks and the critical stress intensity factor
K, is determined.

c/a>2.5

5 side view
.58 ‘ Iy view from _
0 ¢z above Vickers
0.01-5.0N - c/a<2.5 ilnprints
Riickersh ; : 7 X 7
sample . i N o
surface m i \ Palmquist /
) \ S A cracks
/// o D .

Median cracks

Figure 1 — Method and indentation imprint with defined parameters

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 K., 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

4



IIpubopsi u memoowl usmepeHuil
2022. - T. 13, Ne 1. — C. 40-49
V.A. Lapitskaya et al.

Devices and Methods of Measurements
2022, vol. 13, no. 1, pp. 4049
V.A. Lapitskaya et al.

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 K- [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, /
and ¢ were determined inaccurately, and because of
this, at low loads, the difference in a, / and ¢ was
not detected. Justification of the choice and deter-
mination of the correctness of mathematical models
for calculating K, and their ability to maintain the
stability of K, 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"° 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 £ = Ve,
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 K, 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 K. The classical
method for determining fracture toughness K, uses
the values of microhardness /, determined by the
Vickers method (GOST 9377-81). Microhardness
H), according to the Vickers method is determined
by the formula (1) [13]:
Hy = 1.854%, (1)

mean

where d,,,,, 1s 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 /4, lead to incorrect deter-
mination of K.

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 /,,, by the NI method is deter-
mined by the formula [14]:

P,

max

, @)
4

Hp, =

where P, is maximum indentation force of the
Berkovich pyramid, N; 4 is resulting contact area
under this load, m?.

Contact area A was determined by the formu-

la [14]:
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2

[ij , G)
EV

where S is unload curve stiffness; £, 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 400x,
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 K, 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 @100 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 (d,, d,) and crack length (/,
¢) were determined. Microhardness was determined
by two methods: by Vickers using formula (1), by
the NI method (load 5 mN). Microhardness H,, 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 K, 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
K, 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]. K, 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 K,
values in the entire range of loads (from 0.01 to
5.5N). These models are designed and are given
in [5, 6]. Unlike others, they include the parameters
of the indentation imprint (diagonals length ) and
the formed cracks length / and c. Also include pa-
rameters characterizing the material (microhard-
ness H and elasticity modulus E):

1 2 1

3 (Hy\5 | Hya?
K,C=0.048(1j S [t P [l 4)
a ED @
3 2 1
C _E HV _g HVCZZ
Kpe=01290 S| 7. =L | 2 222 |, 5
© (a) (E@) @ )

where / is crack length near the indent, m; a is half-
diagonal length, m; E is elasticity modulus, GPa;
@ is bond reaction index in the crystal lattice (® = 3);
H,, 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 ¢/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 K. values for the test material
with a standard deviation of less than 10 % [15].
Bold type in Table 1 indicates the actual K, values
for each sample.
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It has been established that deviations 12-74 % (Table 2) give mathematical models [15]
from the actual values of fracture toughness of 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
K;c, (MPa-m'?) Deviation of the K, 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+0.38 347 373
1.54+0.13 1.33+0.15 53 4.7
0.58+0.23 0.46+0.21 60.0 67.2
Glass
Slide Cover Slide Cover
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 These imprints were then visualized using SEM
the accuracy of determining the diagonals and AFM (Figure 2). It is very difficult to accu-
of the imprint of length and cracks rately determine the presence of cracks around the

imprint and their length from optical images. The

tation imprint) was carried out on OM, SEM and lengt.h d, and d, of the impr%nts is determined ap-
AFM after applying marks (Figure 2). Comparison proximately (Table 2). SEM images do not always
of the quality and accuracy of imaging compared on clearly show the borders of the imprint (Figure 2a).
a specific selected imprint. On optical images (Fi- Diagonal length cannot be determined exactly. When
gure 2a, b), the selected indentations are marked —comparing the determination of the length of the in-
with a red square. dent diagonals (d, and d,), it was found that AFM

Visualization of the deformation area (or inden-
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allows increasing the accuracy of determining the and up to 2.3 % compared to SEM, if scanning fields
length of the diagonal up to 9 % compared to OM  of 10x 10 pm’*~50x 50 pm? are used.

Type II..
Crack openmg in width Crack opening in height

/\( o crack h_
" no crack A Q;h R —
T emng opening in eig ___—- T
w1 th crack tip widt] ‘;%%f: difference SEM
¢ 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): @« — 1.0 N; 5 — 2.0 N; ¢ — two types
of crack opening; d — determination of / 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.ON 20N 1.ON 20N 1.ON 20N
1.ON 20N 1.ON 20N

d,, um 9.97 10.61 9.00 11.25 9.7 6.0 9.19 11.52 7.8 8.6
d,, pm 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 second type open along the Z axis with little or no
are formed: the first type is widthwise opening, the =~ width opening (Figure 2c). OM and SEM detect
second type is vertical opening (Figure 2¢). Cracks cracks of the first type (in width) only within their
of the first type open in the XY plane without ver- resolution. OM reveals cracks with a width opening
tical displacement of the material. Cracks of the 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 25,
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 25, 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 25, 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, 1i. 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 25b.
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 /,
with a large difference (56—73 nm) in height without
opening. AFM showed that the crack has a length of
l,+1, 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, 1. e.
the higher the load, the larger the cracks and better
visible in the SEM.

Now let’s 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
1 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

Crack 4 no 10.08 24 - 100 10.28 23 4.52 13.31

cracks 100

No, ym 5 found - 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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Resolution and errors of visualization methods

Table 4

Error in determining, %

Type Resolution, nm J .
OM at least 250 up t0 9.0 up to 100
SEM at least 1.0 upto2.3 up to 67.0
AFM at least 0.2 (by X7Y), at least 0.03 (by Z) up to 2.0

Comparison of methods for determining
microhardness

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

After determining a, /, ¢, E and H, one of the
formulas (4) and (5) was selected with respect to
c/a. Then K,- 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 K, of 16-23 % (Table 5).

Table 5

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

Microhardness H, GPa K, MPa-m'”?
Sample
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+0.7 353 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+0.1 259 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£0.05 239

Conclusion

Three ways to improve the accuracy of determin-
ing of the critical stress intensity factor K., 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 material’s
microhardness up to 38 %, as well as the critical
stress intensity factor K- 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 um. 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 2Ae 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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Metoa noBbIIeHUA IPPEKTUBHOCTH TEXHOJIOTHYECKOI0
IPoLecca CKJICHKH JIMH3 U J0CTOBEPHAs OLIEHKA BBIXOIHbIX
KOHTPOJIMPYEMbIX IAPaAMETPOB

P.B. (I)énopueBl, E.A. Metenbckasi’, B.A. Mapqmcz, A.B. Ky3neu0131’2, A.E. Malcapelslzm2

JEeropyCCKuﬁ HAYUOHANbHYLLL MEeXHUYEeCKULl YHUgepcumem
np-m Hezasucumocmu, 65, 2. Munck 220013, benapyco
2040 «lleneney,

ya. Maxaénxa, 25, o. Munck 220114, berapyco

Tlocmynuna 04.10.2021
Ipunama k nevamu 08.02.2022

[Ipumenenne B ONTHYECKHX NPUOOPAX CKIEEHHBIX JIMH30BBIX KOMIIOHEHTOB TIO3BOJISIET IMOBBICHUTH
Ka4eCTBO M300paKEHUSI TEIECKOMMYECKUX U (oTorpaduuecKux 0ObEeKTHBOB WM 000pauMBAIOIINX CUCTEM
3a c4€T yCTpaHeHUs psiia abeppaliuii, a Takke 00eCreYnBaeT YMEHBIIICHUE CBETOBBIX MTOTEPh B ONTHUYECKOM
cucteme npubopa. TpaauIMOHHBIA MPOU3BOJACTBEHHBIN IPOLECC CKIEHUBAHUS JHMH3 IPEIyCMATPUBACT
MOCIIEIOBATENIFHOE BBITTOJIHEHHE KOMIUIEKCa TEXHOJOTHMYECKHUX OIepanyii M 3aHWMaeT CYIIECTBEHHBIH
MIPOMEXXYTOK BpeMeHH. Llenb nccienoBanuii 3aKiIr0ovanach B MOBBIIIEHUN TOYHOCTH U TPOU3BOAUTEIHHOCTH
TEXHOJIOTMYECKOTO TPOIIecca CKIEHKH JIMH3 3a CYET COBEPIICHCTBOBAHUS ONITHYECKON CHCTEMBI KOHTPOIIb-
HO-U3MEPUTEIHHOT0 MPHOOpa W aBTOMATH3AIMK OTepPallii COBMEIICHHSI ONTHYECKUX OCeH JMH3 IyTEM
BBEJICHHUS SJIEKTPOHHON CUCTEMBI OTCUETA U MEXAHU3MOB JIJI MUKPOTIEPEMEIICHUN ONTUYECKUX JIeTaleH.

IIpennoxkena MeTonWKa WEHTPUPOBAHHUS [IBYX- M TPEXKOMIIOHEHTHBIX ONTHYECKHUX OJIOKOB
M0 aBTOKOJUTMMALIMOHHOMY OJIMKy, oOecrieunBaromias ToYHOCTh coBMemienns meHee 0,5 mxm. Iloxazana
BO3MOKHOCTh KOHCTPYKTHBHOW MOJIEPHHM3AINN KIACCHYECKOTO aBTOKOJUIMMAIIMOHHOTO MHKPOCKOTIA
CT-41 ¢ mapauleNbHBIM pa3jeliecHneM oOToOpa)kaeMol BBIXOJHOW HH(POPMAIMM B BH3YAILHOM H
TEJeBU3UOHHOM KaHanax. [Ipemioxena aBToMaTn3npoBaHHAs CHCTEMa YIPABIEHHS MPOIIECCOM CBEIEHUS
aBTOKOJUITMMAIIMOHHBIX TOYeK B mpudope. [IporpaMMHBIME METOaMHU Ha dKpaHe MOHUTOpPa (GOpPMUPYETCS
m1a0JI0H AIEKTPOHHOHN CETKH, Ha KOTOPYIO MPOCHUPYIOTCS M300paXKeHHs aBTOKOJUITMMAIMOHHBIX TOYEK,
OTIpeIeTISIeTCS BETMYNHA IEHEHTPUIHOCTH 2Ae U MOAaETCss KOPPEKTHPYIOIee YIpaBIsAioliee HaIpsKeHIe
Ha TPH IIATOBBIX JIBUTATENS M TOJKATENN AJIS TIOTIEPEYHON TOABMKKH MMPUKIEUBAEMOM ONTHYECKON AEeTaH.

Pa3zpaborano crenuanin3upoBaHHOE MPOTPAMMHOE OOecreueHHe il aBTOMATUYECKOTO CBEIEHUS
MTOJIO’KEHUST aBTOKOJTMMAIIMOHHOTO TIEPEKPEeCTHs B IIEHTP M3MEPUTENBHOW MIKAIbl CETKH, OCHOBAHHOE
Ha COYETAHWUHM JBYX METOJOB — «HAUMCHBIINX KBAJPAaTOB» U «IOCIEIOBATEIHLHOTO MPHOIMKCHUSY.
CobmoieHne psia TEXHOJIOTHYECKUX TePEX0J0B M COIyTCTBYIOMIMHA KOHTPOJh T'€OMETPHUYECKHX Iapa-
METpPOB TIO3BOJISIIOT JOOWTHCS OOJNBIIEH TOYHOCTH TPH OMPENCIICHUH BEIWYMHBI JKCLIEHTPHUCUTETA Tie-
PEKpecTHsi COBMEIIAeMbIX ONITHYECKUX OCEH CKIEHBAEMBbIX JIMH3.
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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 °C) 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 Newton’s 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, FEKI1-15, 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
(Cg, Cyr»> Cy)s

— the difference in thickness over the diameter
of the lens (A) 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 f6—€9, 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
(04, O,, etc.) (Figure 3) and is calculated by the for-
mula:

Aej = Cpeyi - R 11(n; =1)- fi' ],

where C,,; is the displacement of the nodal point
from the optical axis, determined by the flare;
R; is the radius of the controlled surface; n; is the
refractive index of the material of the optical part;
S is the focal length of the controlled lens.
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12*

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; Cg, Cy, — 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, B, H — working spheri-
cal surfaces; E — landing cylindrical surface; K — annular
support end; Cy,, Cy, Cy; — 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 () formed between the normal
(O4'0,") with the center of curvature O, and the re-
ference axis (0;0,) [6, 7].

The criterion for assessing the complexity
of the mechanical method of lens centering is
the ratio of the clamping angle ¢ and decentering
tolerance Ae (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
¢ — control of decentering parameter Ae; 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 Ay.

S

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

Table 1

Permissible decentering values for lenses of
various optical instruments

Centering  Numerical Clam- Scope in
accuracy tolerance  ping optical
(complexity value Ae  angle devices
category) ¢, deg.
microscopes,
. 0.002... photographic
<
High (1) 0.005 mm 12 and projection,
interferometers
telescopic
Medium (IT) 0.005... 1218 systems. and
0.01 mm wrapping
systems
geodetic and
Reduced 001 15 93 (gﬁﬁigﬁiﬁé
(111 0.02 mm & :
levels,
theodolites)
spectral,
Low (IV) 0.02 and >23 polarization,
more, mm .
refractometric
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CCD

a

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; Ae — decentering on the
optical part; Ae’ — the amount of decentering on the CCD site; Ay — the difference in inclination angles; ¢ — clamping
angle; A, D, G — basic surfaces; B, L — working spherical surfaces

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 1 n R, R, D, D,
Bonded block of two lenses

lens 1 3886 1.65844 4325 -57.81 38 38

lens2 655 1.80518 -57.81 682.3 38 40
Bonded block of three lenses

lens 1 —118.2 1.75513 42.27 27.88 32 302

lens2 246 1.53996 27.88 -21.58 30 30

lens3 —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 O, and
O,' (Ae; — 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 D, =4 C,,,;. The division value of the rectan-
gular scale of the grid is 3 um, so the measurement
accuracy of the device is 1.5 um. Figure 5 shows two
positions of the light-emitting diode (LED) mark
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relative to the crosshair of the autocollimator, the ini-
tial one — before the alignment process (a) decente-
ring Ae=2 pum, and the final one — after align-
ment () the alignment accuracy Ae = 0.5 pm.

b

a

Figure 5 — The position of the laser mark relative to the
crosshairs of the autocollimator: initial () 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 y 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 34 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 /"= 201.76 mm and f/'=400.1 mm. The illu-
mination source is a low-power incandescent lamp
RNS8-20. 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 (£ = 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-
L1-0000-00001) or LUXEON (LXML-PMO01-0100).
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
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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

Lamp PHB8-20

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-
rator’s eye through the eyepiece 10 or broadcast by
a high-resolution black-and-white television camera
11 (VBC-751) to a personal computer monitor.

Engraving plane
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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

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) x 582 (vertical). The high resolution
of the optical system is ensured by the small pixel
size of the CCD 6.5x6.25 um.

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.
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aperture diaphragm @4.2 mm

image plane (CCD)

drawing plane  exit pupil 0.7 mm

0.5£0,05
| 9040.2
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Light-emitting diode LUXEON
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lower end of _~

the lens barrel

lens seat
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Light-emitting diode
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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 2Ae,
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
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:

solving

2Ae

C=—m—,
4Bm.0b.3 'Bob.l

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

[
! 4 :

b

_____________

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 (2Ae) 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 f§

Division E+0.05 L,cm Bop.s
value, um mm 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
a2 video options — b4

control

Record

Download | |

Frame:

width:
height:
frame frequency:
codec:

Figure 10 — The working window of the software “Video
options”
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gl Lines Operation - =
apply clear
lines
detta V:  x3
W2 detta H: =3
H1 | kHorMin: 1 kHorMax: 1
kWertMin: 1 kVertMax: 1

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 um (complexity category /).

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 pm.
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Abstract

Creation 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.

[lumination 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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AHaJm3 pacnpeaeJeHnss 0CBEIEHHOCTH, FTeHepUupyeMou
CBETOAUOJHBIMHM MATPULIAMHU

II.C. bornamn, E.I'. 3aiiueBa, I1.0. bapanos, A.!. CtenaneHko

benopycckuii nayuonanvHulil mexHuuecKkul ynugepcumen,
np-m Hezasucumocmu, 65, 2. Munck 220013, benapyco

Tocmynuna 11.02.2022
Ipunama k nevamu 18.03.2022

Co3zmanvie CCTEM OCBEIICHHUS IIOMEIICHUH ¢ BO3MOYKHOCTHIO N3MEHEHHS €0 ITapaMeTPOB B MIPOCTPAHCTBE
1 BO BPEMCHHU SABJIACTCA NMEPCICKTUBHBIM HAIIPABJICHUEM B paMKaX CHUCTEMbI «MHTCIUICKTYyaJIbHasA OKpPYKaro-
mast cpema». Llempto maHHONW paboOTHI OBUTO CO3MAHWE METOMWKHA pacuéTa OCBEHMIEHHOCTH, CO3IaBacMOM
CBETOJIMOIHBIMIA MaTpPHUIIAMH, KOTOpas He TpeOyeT MpUMEHEHHs CIEIHaIM3UPOBAHHBIX MPOTPAMMHBIX IPO-
JAYKTOB M alaliITUPOBaHa K BO3MOXXHOCTH BaPbUPOBAHUS ITapaMETPOB CBETOAMNOI0B U OCBCIIAEMBIX HOMGH.[CHI/IfI.

O0ocHOBaHA aKTyaJIbHOCTh CO3MIAHUS CHCTEMBl OCBCIICHUS ITOMEIICHUH, WUMUTHPYIOIMEH YCIOBHS
©CTECTBEHHOTO OCBCIICHUS C YYETOM HEOOXOMUMOCTH €ro W3MEHCHHSI IO CIIEKTPaTbHOMY COCTaBY
BO BPEMCHH, B TMPOCTPAHCTBE C YYIETOM (PHU3UICCKOTO M TICHXOJOTUYECKOTO COCTOSHHUS YeIOBEKA.
HpoaHaﬂmeOBaHa BO3MOXHOCTE HMCIIOJIb30BaHUSA HM3BCCTHBIX KOMIIBIOTCPHBIX IIpOorpamMm IJIsd pacrléTa
pacrpeneneHus] OCBEIIEHHOCTH B TIOMEIIICHU.

PazpaboTtana metoauka pacuéTa pacupeIeeHIs OCBEIEHHOCTH Ha INTIOCKOCTH MTPH UCITOJI30BAaHUH KaK
TIOCKOM CBGTOJII/IOIIHOﬁ MaTpulibl, TAK U MaTPUIbl C HAKJIIOHHBIM PAaCIIOJIOKCHUEM IIOCKOCTEN OTACIBbHBIX
cBetoano0B. [Tokazano, 4To pacmpeneneHue OCBEMIEHHOCTH SBISICTCS QyHKITMEH HHINKATPUCKHI CHITBI CBETA
CBETO/IN0/1a, PACTIONOKECHHS €ro B IPOCTPAHCTBE, KOJIMYECTBA CBETOIUOIOB B MaTPHIIE.

TlpousBenén pacué€r pacnpezesieHds OCBEHIEHHOCTH JJiA Pa3jMYHbIX HCTOYHMKOB CBETA, COCTOAIIMX
n3 RGB cBeTommomoB, Kak I HACTOIHLHOTO, TaK W JUIS MTOTOJIOYHOTO OCBEIICHUS. Y CTAaHOBJICHO, UTO TPH
HCIOJIB30BAHUU MaTpUll, COACPXKAIUX OAMHAKOBBIC CBETOAUOABI, BEJIMKA HEPABHOMEPHOCTDL PACIIPCACICHUA
ocBenéHHocTd. HakioHHOE pacrosiokeHHe MIOCKOCTEN CBETOJAMOI0B HE3HAYUTENIBHO YBEIMYMBAET PaBHO-
MEPHOCTbH, YMCHbBIIIasds MaKCUMAJIbHYIO OCBeHIéHHOCTI). JIJBI IMOTOJIOYHOI'O OCBCUICHUA BapUaHT paBHOMEP-
HOTO pAacCIpeesIeHUs] CBETOIMOIOB B IIpeleiax IMOTOJIOYHOM TUIOCKOCTH obecredunBaeT Oojiee paBHO-
MEpHOE OCBEICHHUE, YeM TIPH PACIIONIOKEHUH TAKOT0 YK€ KOJIMUECTBA CBETOAMOIOB B BUC TPYIIIT MATPHIL.

Pe3yHBTaTBI MOACIUPOBAHUA CBETOAMOAHBIX HCTOYHHUKOB CBHIACTCILCTBYIOT O HCO6XOJII/IMOCTI/I
MOACPHU3aUU IIPOCTBIX OPTOTOHAJIBHBIX MaTpull, COACPXKAIINUX OAHOTUITHBIC 3JICMCHTBI C OJMHAKOBBIM
IJI1 BCEX DJJIEMEHTOB PEXHUMOM IIUTaHWA, C ILCJIIBIO IIOBBIIICHHA PABHOMEPHOCTHU OCBeIHéHHOCTI/I u
SKOHOMUYHOCTH. Taxkas MOACPHU3aIA MOXKET OCYHIECTBIIATHCA 3a CYET M3MEHEHHUS reoOMETpUN MaTpull,
nuddepeHIany  peXXUMOB TUTAaHHUS OTAENBHBIX CBETOAMOAOB. Pa3paboranHas mporpamMma pacuéra
MOXET IONOJJHATHCA ONUUAMU JJid BBCACHUA IICPCUHCIICHHBIX BBIIIC I/I3MeHeHI/II\/’I, a TakKXeE OIIIIuiAMH
IUIST aHAJTA3A CTIEKTPAITLHOTO paCTIPEACIICHNS N3ITYICHHSI B TIPOCTPAHCTBE.

KiioueBble cjioBa: MareMatuyeckoe mojenupoBanue, RGB cBetonuona, muaumkatpuca pacrpeneieHus
CHUJIBI CBETA, CBETOAMOIHAS MATPUIIA, PACTIPECIICHUE OCBEIIEHHOCTH.
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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 documents' ™.
The main normalized parameters are illumination
and its uniformity in space. In addition, in the stan-
dard’® 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,

" 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 4
relative to the illuminated plane P, when the axis of
symmetry of the indicatrix 40 is perpendicular to the
plane P (Figure 1).

A

e

0 B

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 40X, direc-
ted to the axis of the indicatrix at an angle vy, inter-
sects the illuminated plane at point B. In accordance
with the Methodological Guide® for the design of
artificial lighting of public and residential buildings,
the illumination E of point B on the illuminated
plane P depends on the angle y between the per-
pendicular to the plane P, the direction of the light
beam from the source at point 4 and the distance /,
between points 4 and B:

(1

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 LED’s indicatrix forms angles ¢, and
¢, with a perpendicular to the illuminated plane xOy
in the planes z0x and z0y, respectively.

*Design of artificial lighting of public and residential
buildings. Methodical manual. Ministry of Construction
and Housing and Communal Services of 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 AF axis of the light intensity indicatrix relative
to the illuminated plane xOy

In this case, the distribution of illumination on
the illuminated plane x0y is a function of the angle
B of the inclination of the beam AG to the axis AF
of the symmetry of the light intensity indicatrix for
the LED, the angle of inclination y of the beam 4G
to the perpendicular 40 to the illuminated plane x0y.
The specified dependency has the form:

£y =1,

1

2

where /() is dependence of the intensity of the
angle B of inclination of the beam AG to the axis AF
of symmetry of the indicatrix; /; is the length of the
path of the light beam from the LED to the illumi-
nated surface.

Let’s move from the distribution of illumination
in the function of the angles P and y to the distri-
bution in the function of the coordinates x; and y
of the points of the illuminated surface and the dis-
tance » between the LED at point 4 and the illumi-
nated plane x0y.

From the triangles A0G and EAG it is obvious

that:
[ 2 2
+
yzarctan—xG yG; 3)
r
B = arccos : };+xG ta121¢x+yG tanq); : @)
\/r +(xg)" +(yg) \/l+(tan¢x) +(tan¢y)
_ _ |2 2 2 %)
L =AG=\|r +(xG) +(yG) .

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

r+xg tan¢, + y; tan q)y

2 2
V&G + 6

arctan

COS

U2+ )+ \/1+(tan¢x)2 +(tang,,)

r

(6)

E(x,7,0,.0,) =

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

[llumination in the premises is regulated by
regulatory documents. For example, in accordance
with GOST R 55710%, 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:

(7

where [ is the value of the luminous intensity, cd;
B 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 3 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 # is equal to 1 for all
B, the relative error was 0.07 % (Figure 4).

I=d(cosP)",

P+ (x6) ()

[
N
0.5
. a
SR ZZER
/ \
/ \
(A \\&
-90 0 90
A

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

[13]
d-cos'B

d-cos’

B.°

-90 0 90

Figure 4 — The indicatrix of the luminous intensity / in
relative units as a function of the angle § 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
LMI-TPP1-01 TTQ. The second option is more
preferable due to less labor intensity.

0.1
3
o
_

0.05r

0 .
-90 0 90
B

Figure 5 — The light intensity indicatrix / as a function of
the angle B between the perpendicular to the illuminated
surface and the beam direction for the blue component
of the RGB-SMD LED LMI-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 55710 for some types
of activities of 500 lux (table lamp) and 200 lux (ceil-
ing lamp) with the obtained dependencies, square
matrices of 12x12 and 4040 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 £ 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 55710% 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 structures’ is cal-

culated as:
R=12a, 3

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

600

400 |

E Ix

200

0 1 1 1
-1 -0.5 0 0.5 1

x, 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 x 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 +45° to -45°; green —
for a matrix with a gradual rotation of the LED planes
from -45° to +45°

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

>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).
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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 -45° to +45° in the directions along the x and y
axes, as well as in the range from +45° to -45°.The
calculation was performed using the expression (6)
for the 12x12 matrix and the distance to the illumi-
nated plane of 0.5 m (table lamp).

3001
X
200 |-
100 -
0 1 1 L
710 0 10
X, m

Figure 7 — Graphs of the dependence of the illumination
of the £ plane on the x coordinate for the distance between
the matrices and the 2.5 m plane (ceiling lamp): red curve
for the 40x40 matrix; green — for nine 40 x40 matrices
evenly spaced on the ceiling; blue — for the 120x 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 -45° to +45° more than when turning
from +45° to -45°. There is no significant increase
in the uniformity of illumination within the specified
rotation angles. A similar result was obtained for a
40x40 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 £ 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” 6x6 inside (Figure 8,
green curve) has the same disadvantages as the pre-
vious version.

1x103

800

= 600
x
400

200

X, m
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 12x 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 55710% in accor-
dance with Figure 7 (red curve) is achieved for a
room measuring 3.6x3.6 m. To increase the size of
the illuminated room with acceptable uniformity, a
variant with nine lamps arranged in the form of an
orthogonal 3x3 matrix with a step of 4.4 m was
used, and each matrix was square, containing 40 x40
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 12.18x12.18 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 12.18x12.18 m, i.e. for a
120x 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 patient’s 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 patient’s 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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OueHka Npoao0JKUTEIbHOCTH CEaHCa JIy4eBOil Tepanuu
Ha JTale Npeay4eBoil MoAroTOBKH

M.H. IlerkeBuu, E.B. TutoBnu

PHIIL] onxonoeuu u meduyunckou paduonoeuu umenu H.H. Anexcanoposa,
aepozopoook Jlecrou 223040, Munckuii pation, Berapyco

Tlocmynuna 30.11.2021
Ipunama k nevamu 02.02.2022

AHanm3 rnyaHa Jy4eBOoro JeUSHHs SBIISETCS HEOThEMIIEMOH YacThIO IIPoIiecca MpeTydeBOH MOATOTOBKH,
B pe3ysbTaTe KOTOPOTrO MPUHUMAETCS PEIICHHEe O METOJMKE JIeueHHus maruenTta. L{enpro manHoi paboTe
SBIISTIACh Pa3pabOTKa MaTeMaTHYeCKOM MOJIENH OIpeNeeHNs] TMPOIOJDKUTEIFHOCTH CceaHca JIyd4eBOi
Tepanuy Ha dTarne MpeTydeBON O OTOBKH.

ABTOpaMHu TIpeAyioKeHbl (OopMyTa U ajJrOpuUTM pacuéra MPOAODKUTENBHOCTH CeaHca OO0IydeHUs
MaIeHTa Ha JTane JTO3UMETPUYECKOTo IJIaHMPOBAHMSA JIy4eBOTO JedeHus. Pa3paboTaHo mporpaMMHOe
obecrniedenne pacyéra MpoAOKUTEILHOCTH ceaHca 00yUeH s, YIUTHIBAIOIIee 3HAUCHUSI BCEX ITapaMeTpOB
ceaHca JIy4eBOW Tepamuu: METOJUKY OOy4eHHs, KOJINYECTBO MOHUTOPHBIX EIWHUI], XapaKTePHUCTHUKH
pasanoTepaneBTHYECKOT0 000pyI0BaHUs, KOJIWYECTBO PAJNAIMOHHBIX TTOJIEH, MapaMeTpsl Mmojien obiryde-
HUS (YTABl TIOBOPOTA PATUOTEPANIeBTUYECKOTO CTONA, KOJUIMMAaTopa, IITaTHBA ammapara), Hanudue/
OTCYTCTBHE J030MOJYJTUPYIONINX YCTPONCTB, MOIIHOCTH JO3bI, MPOJOKATEIBHOCTh BEPHUPHUKAIIH
MOJIOKEHUST TanueHTa. B mporpamMme TmpeaycMOTpeHa YCTaHOBKAa CTaHJAPTHBIX IapaMETPOB ILUIaHA
00TyUYeHHS IS Pa3IMYHBIX JIOKATH3AIMA 1 METOHK ITyTEM BBIOOpa KOHKPETHOTO I1a0JI0Ha U3 BBITIA IAI01Ie-
ro cmmucka. B cmydae, ecnm [O3WMETPUYECKHi IJIaH HE COOTBETCTBYET HHM OJHOMY U3 MIaOJIOHOB,
B IIpOrpamMMe MPeTyCMOTPEH BBOJ MapaMeTPOB IUIaHA BPYUHYIO.

IIpon3Benena oOIeHKa OTKIOHEHWH, pPACCUUTHIBAEMBIX pa3pabOTaHHOW MPOTPaMMON 3HAYEHHUH
MPOJIOJKUTEIBHOCTH CE€aHca JIydeBOM Tepanmuu OT WCTHHHBIX 3HaueHui. l3MepeHuss NpoBeAcHbI
st 300 ciydaes: mccnemoBanbl o 100 cimywaeB mis kaxmoil metomuku obmydenus (IMRT, VMAT,
3D). MakcuManbHOE BBISIBIEHHOE OTKJIIOHEHHE PAaCCUYMTAHHOTO 3HAYEHHUS OT UCTHMHHOTO cocTaBmio 2,3 %
st meronuku oomydenust 3DCRT, mns meroguk oOmyderwss IMRT ' VMAT oTKJIOHEHHWE COCTaBUIIO
MeHee 1 %. BrIsSBIEHO, 4TO ¢ YBETMYEHHEM KOJMYECTBA MPOIETYpP, HAMPSIMYIO CBA3aHHBIX C JICHCTBHUSAMHU
TepcoHasia, YBeTMYUBACTCS U BEIMYMHA OTKIOHEHHS PACCYUTAHHOTO 3HAUYEHUS C N3MEPEHHBIM.

Pa3zpaboranHoe nporpaMMHOe o0ecTiedeHre MO3BOJISET OIIEHNBATh BpEMEHHBIE TapaMeTPhl BRIOPAaHHBIX
MOJIXOJIOB JIO3MMETPUYECKOTO TUIAHUPOBaHHWS Ha paboueM MecTe MeAMnuHCKOTo (n3mka. OreHka
JUTNTEIHHOCTH CeaHca JIy4eBOW TepamuH Ha dTare MpeUTydeBON TOATOTOBKH CHOCOOCTBYET BBIOOpY
ONTHMAJIBHONH METOIUKH JIyYEBOTO JICYCHHSA C YYETOM HWHIAMBHAYAIBHBIX MAapaMeTpPOB ceaHca OOIydeHHS
B K&KJIOM KOHKPETHOM KJIMHHYECKOM CITydae.

KiroueBble ciioBa: ceanc o0iryuyeHHs, TUHEHHBIN YCKOPUTEIb, JIydeBas Tepanusi, BpeMEHHbIC XapaKTepH-
CTHKH.
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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:

T,,, — radiation therapy time;

1, — laying the patient and centering in the pre-
scribed position for the irradiation;

t,, — setting the necessary mechanical para-
meters of the gas pedal under visual control from the
procedure room;

t;; — installation/removal of wedge filters;

t,m — turning on the irradiation;

t,., — patient position verification;

t,,; — initialization of the gas pedal with irradia-
tion parameters relevant to the second and subse-
quent treatment fields;

t,,; — rotation of the therapeutic table;

t,,, — rotation of the tripod;

a
til, — rotation of the collimator;
l;y r—time ofirradiation of one irradiation field;
t,, — time of irradiation of the patient;
13, — patient out of the treatment room.
To describe a mathematical model of a radiation
therapy session, the authors proposed the following

formula (1):

Tyes = Lpl + lser + tﬁl + ln  tyer + tinit_l +
+tirr_f1 + tﬁl_z + tturn_z T lipit 2+
(1

+ttbl_2+tgan_2+ tcoll_2+ tirr_f2+ et

+tﬁl_n Y lurn n 7t tinit 0t bl nt

tloan nt leoll nt brr fut fin-

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 physicist’s 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.

‘ Launching the Program ‘

Enter parameters

Calculation of the duration of the irradiation session

Fields
Templates Machine A
Field 1 =
[30prostate  [+] [Triogyix Bl | coucn Rotation [deg] 0
Enter parameters manually Callimator Rotation [deg] 0
Gantry Rotation [deg] 1]
Number of fields 2
MU 185
Technique [ Wedge
30 OIMRT OJVMAT
Field 2
Dose Rate 300 MU/min Couch Rotation [deg] 4]
Collimator Rotation [de
Patient position verification (deg] 20
Gantry Rotation [deg] 180
8 min 11 sec MU 191
[[] Wedge
v

Figure 1 — Interface of the computer program for calcula-
ting the duration of an illumination session
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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 patient’s 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
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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 deviation of the calculated
value from the true value, %

)
I

I1.2

13.6 15

Irradiation session duration, x100s

Figure 3 — Influence of irradiation session duration on the deviation of calculated values from true values for 3DCRT,

IMRT and VMAT irradiation techniques

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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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 physicist’s 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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MMPABUJIA O®OPMJIEHUS CTATEN

Crarpy, HanpaBlICHHbIE B PENAKIMIO JKypHaja, JODKHBI YIOBIETBOPATH TpeOOoBaHMSAM «MHCTPYKIMM O MOpsiike
oopmienns kBan(pUKaIIMOHHON HaydYHOH paboThI (AHCccepTaiun). ..», yreepxaenHol [locranosnennem BAK Pb
01 28.02.2014 . Ne 3

1. Marepuan cTaTby JODKEH COOTBETCTBOBATH ITPO-
(uITIo JXypHAJIa M U3J1araThesl PeebHoO SCHO.

2. Crarbs NpEACTABIISCTCS HA PYCCKOM WM aHIJIMA-
CKOM $I3bIKE U ITyOJIMKYETCsI Ha SI3bIKE MTPEACTABICHUSI.

3. IloctynuBiMe B peAaKIUIO CTaTbU MPOXOJIST JIBOM-
HOe Toyrycienoe pereHsupoBanue. OCHOBHBIE KPUTEPUH
11e1eco00Pa3HOCTH OMYOIMKOBAHUS — aKTYalbHOCTh TeMa-
THUKH, I/IH(i)OpMaTI/IBHOCTL, Hay4YHas HOBU3HA.

4. Crarbs IPEACTABIISACTCS B paciedaTaHHOM U B JJIEK-
TPOHHOM BHJIE B (popmare TekcToBOrO pemakropa Word
for Windows, Habop — crmonrHsiM TekcToM (6e3 IeneHus
Ha KomoHKH). OOBEM CTaThl HE MJOIDKEH TIPEBBINIATH
14 crpanu, Brimodas TekeT (mpudrt Times New Roman,
pasmep 12 1., uarepsan 1,5), Tabnunpl, rpadudecknii ma-
Tepuall, BCIO HeOOX0IMMYI0 HH(OpMaLnIo Ha aHTIIMICKOM
SI3BIKE.

5. Ha mepBoii cTpaHulle CTaTbu YKa3bIBAIOTCS: Ha-
3BaHHE CTaThH, (aMwinu aBTOpPOB ((amuiius aBropa,
C KOTOPBIM CJIEAyEeT BECTH MEPErnucKy, OTMedaeTcsi 3BE3-
JIOYKOH WM YKa3blBAaeTCs €ro ajpec O3JIEKTPOHHOW MO4-
THI), HA3BaHMUA W TOYTOBBIC ajgpeca opraHu3anuii (ynuma,
HOMEp J0Ma, HHAEKC, TOPOI, CTpaHa), B KOTOPBIX paboTaroT
aBTOPBI, HA PyCCKOM U aHITIMHCKOM si3bIKaxX. CTaThst BKITIO-
yaeT: aHHOTanuio (B mpeaenax 200250 cioB); KIItOYEBEIC
cioBa (He Ooree 5); BBe/IeHNE, B KOTOPOM JICNIAETCsT Kpar-
KM 0030p CJICTaHHOTO B MUPE ¥ KOHKPETHO (POpMyITHpYeT-
Cs 11e71b pabO0ThI; OCHOBHYIO YaCTh; 3aKIIIOYEHHUE, B KOTOPOM
B CXKAaTOM BHJE CHOPMYIHPOBAHBI OCHOBHBIE TIOJTyYEHHBIE
pe3yabTaThl ¢ yKa3aHUEM WX HOBH3HBI, MPEUMYIIECTB U
BO3MOKHOCTEN MMPUMEHCHUA; CIIMCOK MCIIOJIb30BaAHHBIX
HUCTOYHUKOB. AHHOTaI_[I/ISI, KJIFOUCBBIC CJIOBA, CIITMCOK HC-
IMMOJIb30BAHHBIX MCTOYHHUKOB MPEACTABIAIOTCA Ha PYCCKOM
Y aHIJIMKCKOM SI3bIKaX.

6. AHHOTanMs JODKHA OBITH WH(POPMATHBHOH (co-
JIep>KaTh «BBDKUMKY» U3 BCEX Pa3/IeNIOB CTATbH — BBEJCHUS
C YKa3aHHEM LeJIM PadOThI, METOIMKH, OCHOBHOH YaCTH H
3aKITFOYCHUS).

7. I'padmaeckuil mMarepuan NOJKEH OBITH KOHTpAcT-
HbIM U 4€TKUM. HeoOxommmo IpuaepKuBaThesi €ANHOO-
Opasuss TEXHHKHM HCIIOJHEHUsI OJHOTHITHBIX HWILTIOCTpa-
. PucyHOk momkeH pacrnonarartbesi mociie  adsara,
coziepKallero cchlIKy Ha Hero. He momyckaercst pa3me-
IIEHHE PUCYHKOB B KOHIIE Iojpasienia M crarbu. M3o-
Opa3uTenbHBII MaTepuan BCTABISETCS B TEKCT CTaThH,
a Takke Haércs B BHAC OTACIbHBIX (aitios (dpopmar tif,
jpg, pa3peumenue He meHee 300 dpi). Texct Ha prcyHKax
HabWpaeTcs OCHOBHOH TapHUTYPOH; pa3Mep KTl COn3Me-
pUM C pa3MepoM pHCyHKa (JKelaTelbHO 8 IMyHKTOB). Bee
PUCYHKH HYMEPYIOTCS W COIPOBOMKAAIOTCS IOAPHCYHOU-
HBIMH TOATTUCAMH. PparMeHTHl PUCYHKAa 0003HAYAIOTCS

CTPOYHBIMH KYPCHBHBIMH JIATHHCKUMH OYyKBaMU — «a»,
«b» uT. 1. Hagmucw Ha pHCyHKax M TOJIIHMCH K PHCYH-
KaM JaloTcs Ha PyCCKOM M aHIVIMHCKOM si3bIKax. Bee co-
KpalieHust ¥ 0003HA4YEeHUs! JOJDKHBI OBITH paciiugposa-
HBl B MOJIPUCYHOYHOW TOJNMUCH. PHCYHKHM »KenaTeiabHO
npenocTaBisiTh B IiBeTe. Ha prcyHKax J0JKHBI OBITH yKa-
3aHBl OCH C 0003HAYECHHUEM MMPUBOAUMBIX BEJIMYHWH U Mac-
mradoB. Ha rpadukax He Hy)XHO JaBaTh KOOPIUHATHYIO
CEeTKy, €CII 3TO He ocuwuiorpamma. Bo Bcex cimywasx
Ha pPUCYHKaX JOJDKCH OBITh MPHUBEAEH MacIITa0.

8. YV rpadukoB, WMEIOMMX YHCIOBBIC 3HAYCHUS
10 OCSIM, PAMKH JIOJDKHBI OBITH OTKPBITHI, @ 3aCEUKH Ha-
MIpaBJIeHBI BHYTPh paMKH. Ha prcyHKax, MpeacTaBIIsIonnx
co0oii rpauKy 3aBHCUMOCTEH, HE CIIEyeT JelaTh pa3Mep-
HYIO CETKY, CJISyeT AaTh JIUIIb 3aCEUKH Ha OCSX, IPUUEM
BCE 3aCEUKH JIOJDKHBI ObITH onmdposanbl. Ecinu ocn Ha pu-
CyHKax ounu(poBaHbl, TO OHHM 3aBEPINAIOTCS HA MO3MLUH
OYepEeHON 3aceuKH, I7Ie 3aceuyka HE CTAaBHTCS, a BMECTO
YHUCIIOBBIX 3HAYCHUH NAIOTCs 0003HAYCHUS NMEPEeMEHHON U
enunaMIa m3Mepenus. Ecimm ocu He onndpoBbIBalOTCS, TO
OHU 3aBEPIIAIOTCS CTPENIKAMH, PAZOM C KOTOPBIMH JAIOTCSI
0003HAYCHNS TTIEPEMEHHBIX 0€3 eTUHHIl H3MEPEHHSL.

9. INomyToHoBEIe (hoTorpadmm MPUOOPOB TN UX Ya-
CTEH NPENCTABIAIOTCS TPH MyONUKAUK B TEX CIydasx,
KOI7Ia OHM HECYT CYIIECTBEHHYIO MH(pOPMAIHNIO, KOTOPYIO
HeITb3s1 BRIPa3UTh MHBIM criocoboM. dotorpaun JOIKHEI
OBITH BBICOKOKaYe€CTBEHHBIMH, KOHTPACTHBIMH, C XOPOIIO
Pa3InYUMBIMH JAETAISIMH.

10. WMmmoctpanmu (rpaduku, anarpaMmmbl, CXEMBI,
4yepTexu), prucoBanueie cpeacteamu MS Office, nomKHBI
OBITHh KOHTPACTHBIMH M 4€TKMMH. HemomyctuMo HaHece-
Hue cpeacrBaMu MS Word kakux-1m00 3J1eMEHTOB MTOBEPX
BCTaBJICHHOTO B (aifll pyKOTMCH PHUCYHKA (CTPENKH, TOA-
MMICH) BBHUIY OONBIIOTO PHCKAa WX MOTEPU HA dTammax pe-
JAKTUPOBaHUS M BEPCTKH. MinmocTpanym HOMMKHBI UMETh
pa3Mepbl, COOTBETCTBYIOIIME WX HH(POPMATHBHOCTH:
88,5 cMm (Ha omHY KOJOHKY), 17—17,5 cM (Ha ABE KOJOH-
k1) uian 23 cM (Bo Bech JncT). IloaToMy KenareabHO H30-
OpaskaTh OTAEIbHBIC HIEMEHTHI ¥ Ha IIIHCH Ha PUCYHKE TaK,
4TOOBI NPH YMEHBIIEHUH MaciuTaba pHCYHKa JI0 OIHOTO
U3 YKa3aHHBIX pa3MepoB OYKBBI U LU(PBI IPHOOPETH BbI-
coty 2-2,5 MM, DJIEMEHTHI CXeM 3—5 MM, OT/IeIbHBIE TOUKH
1 MM, a IMHUH JOJDKHBI OBITH IIPH STOM Pa3HECECHBI Ha pac-
crostaue He meHee 0,5—1 mm.

11. Haamucn u 0603HaYSHHUS HA WLTIOCTPAIUAX Clie-
JyeT pacriojararb Tak, 4TOObl OHM HE CONPHKACAIINCh
HU C KakuMHU €€ vacTsamu. Ha 3agHuil tuiaH wutocTpanuu
JKETIaTeNIFHO He TOOABIATE CEPHIi (IIBETHOW) (POH FITH CETKH.

12. Tabmumpel HE MOMKHBI JyOIHpOBaTh TIpadu-
ku. Kakmas tabnuia nmeer 3aroioBok. Ha Bce TaOmmippt
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W PUCYHKH CJEAYET AaBaTh CCHUIKM B TeKcTe. TaOiuirbl
HE JIOJDKHBI COZIEPXKAaTh BEPTHKAIbHBIC JIMHUM, IEJISIINE
Tabnuiy Ha ctonOubsl. HasBanwe n conepskanue Tadmmig
TIPE/ICTABIISIETCS] HA PYCCKOM M aHIVIMHCKOM SI3BbIKaX.

13. O0o3HaueHHsI U COKpAIICHUs, NPUHSTHIC B CTa-
The, PAacII(PPOBBIBAIOTCS HEMOCPEACTBEHHO B TEKCTE.

14. Pa3mepHOCTB BCeX BEIMYHUH, IPUHATHIX B CTAThE,
JIOJDKHA COOTBETCTBOBATh MEKIyHApOJHON CUCTEME €IH-
Hun u3mepenuii (CH).

15. HabGop ¢dopmyn momKeH MPOBOAWUTHECS B pEOax-
tope MathType nenmukom. Habop ¢opmyn u3 cocTaBHBIX
3JIEMEHTOB HE JIOITyCKaeTcsi, HoMepa (GpopMyl — 110 IpaBo-
My kparo. Hymepytotes aumib opMystbl, Ha KOTOPBIE €CTh
CCBUIKH B TEKCTE.

16. HeoOXxoauMO HUCIONB30BaTh CICIYIOIIUE yCTa-
HOBKM pezaktopa Qopmyn. Pazmepsl: momubiii — 10 mT,
MOJICTPOUHBIN — 9 NT, MOA-MIOJICTPOYHBIN — 7 IT, CHMBOJI —
14,5 nt, moacumBoin — 12,5 nt. CTuiu: TEKCT, (QyHKIHS,
yucno, kupwumina — mpudrt «Times New Romany, Bek-
top-marpunia — mwpupt «Times New Romany, >kupHBbIif;
TpeYecKuil MaJbli, rpedecKil OOIBIION, CUMBOI — MIPUPT
«Symboly», mpamoit; nepemernas — mpudt «Times New
Roman», kypcus.

17. OtnenpHBIE CTPOYHBIE OYKBBI W CICHHANBHBIC
CHUMBOJIBI HaOHMpAIOTCSI B TEKCTe TapHHUTypoir Symbol
0e3 ucmoap30BaHus penakropa ¢opmya. [Ipu Habope
dbopmynr © OyKBEHHBIX OO0O3HAUCHHN HEOOXOAUMO Y4YH-
TBIBATh CJIC/IYIONIME MpaBUia: PYCCKHN aa)aBUT He HC-
MOJIb3YeTCsA; Tpedeckue OyKBbI, MaTeMaTHYECKHE CUM-
Bouibl (grad, div, In, min, max u ap.), CAUHHIEI U3MEpPE-
nus (Bt, Ik, B, kr u np.), kupuinndeckue OyKBbI, COKpa-
LIEHUSI OT PYCCKUX CJIOB (qcp); 0003HaYECHNUS XUMHYECKUX
2JIEMEHTOB ¥ COCAMHCHHH (B T. Y. B MHICKCE) HAOUPAIOTCS
NMPSIMO; JTaTHHCKHUE OYKBBI — IIEPEMEHHBIC ¥ CHMBOJIBI (pr-
3WYECKUX BENMYMH (B T. 4. B HHICKCE) HAOHMparoTcs Kyp-
CHBOM; BEKTOPBI — XHPHBIM HIPUPTOM (CTPEIKH BBEPXY
HE CTaBATCH).

18. Hadepranue o603HaueHHIT B pOpMYITax i B OCHOB-
HOM TEKCTE JIOJDKHO OBITH MOJHOCTBIO UIEHTHYHO. B pac-
mudpoBKe (HOpPMyYII, KOTOpasi HAUMHACTCS CJIOBOM «ITIE»,

CHUMBOJIBI ¥ X MOPS/IOK JOJDKHBI COOTBETCTBOBATH CHMBO-
JIaM ¥ UX TOPSAIKY CICI0BaHUS B (POPMyIIax.

19. Crimcok MCHONIb30BaHHBIX MCTOYHHKOB COCTABIISI-
eTcsl B TOPSIIKE YIOMUHAHHS CCBUIOK IO TEKCTY, JOJDKCH
coziep Karh IoJHbIe OubIorpaduyeckue JaHHbIe U ITPUBO-
JUTCS B KOHIIE cTaThl. He pexomeHayeTcst 1aBaTh CCHUIKU
Ha MaTepualibl KOH(EPEeHIHii, CTaThH U3 AIIEKTPOHHBIX XKYp-
HaytoB 0Oe3 uaeHtudukaropa DOI, yueOHbIC OCOOHS, HH-
TepHeT-pecypchl. CCHUIKM Ha HEOITyOJIMKOBaHHBIE PaOOTHI
He JomyckatoTcs. JKenaresnpHo, YTOOBI KOJTMYECTBO CCHUIOK
6s110 He MeHee 10; camonmTipoBanue — He 6omee 20 %.

20. ABTOpBI Ha OTAENIBHOIN CTPaHULIE IPENLOCTABISIIOT
0 cebe cremyromme cBeleHMs: (paMIIHs, UMSs, OTYECTBO,
yuUeHasl CTENCHb W 3BaHHE, MECTO pabOThl M 3aHMMaeMast
JIOJDKHOCTB, aJIpec AIEKTPOHHOM CBA3M.

21. Crarbu, n3nararomye pe3ynbTaTbl UCCIEI0BAHNMH,
BBITIOJIHEHHBIX B YUPEXKICHHSX, JOJDKHBI UMETh COOTBET-
CTBYIOIIIEE Pa3pelIeHUue Ha OIMyOJIMKOBaHHE B OTKPBITOM
neyary.

22. Ilpu HEoOXOAMMOCTH B KOHIIE OCHOBHOTO TEKCTa
YKa3bIBAIOTCSI HAUMEHOBaHKE (hOHJIA, OKa3aBILero (pHHaH-
COBYIO TOJIEPKKY, MM YPOBCHb M HAaHMMEHOBAHUE IPO-
rpaMMBI, B paMKax KOTOpPOH BBIMIOJIHEHA padoTa, Ha pyc-
CKOM M aHIJIMHCKOM SI3bIKaX.

23. ABTOpBI HECYT OTBETCTBEHHOCTb 3a HalpaBiie-
HHE B peJIaKIMIO cTaTeil, paHee y)Ke oIy OIIMKOBAaHHBIX HIIH
MPUHSTHIX K NeYaTH APYTUMH U31aHUSIMH.

24. CtaTby, HE COOTBETCTBYIOIINE MEPEUNUCIEHHBIM
TpeOOBaHUSIM, K PACCMOTPEHHIO HE MPUHUMAIOTCS U BO3-
BpamamTca aBropaM. JlaTol MOCTYNJIEHUS CUHUTAETCs
JICHb MOJTyYeHHUs pelaKkiiel MepBOHaYaIbHOTO BapHaHTa
TEKCTa.

25. Pepakiust mpeaocTaBisieT BO3MOXKHOCTh TIEPBO-
0YEpEIHOTO OMYONMKOBAHUS CTaTell JMIIaM, OCYIIECTBIIs-
OIIAM TTOCJIEBY30BCKOE 00ydYeHHE (aCIIMpaHTypa, JOKTOp-
aHTypa, COMCKATEeIbCTBO), B TOJ 3aBEPIICHHS OOYyYCHUS;
HE B3MMaET IUIaTy ¢ aBTOPOB 3a OIMyOJIMKOBAHHE HAYYHBIX
cTarell; OCTaBIsIeT 3a co0OM MpaBO MPOM3BOIUTH pellaK-
TOPCKHUE MPABKU, HE UCKAXKAIOIINE OCHOBHOE COJEpIKAHUE
CTaThH.
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