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OHTI/IKA N CITEKTPOCKOIIHNA

OPTICS AND SPECTROSCOPY

VIIK 535.37

PA3PABOTKA KOMITAEKCHOTO ITOAXOAA,
OCHOBAHHOTO HA METOAAX MMUTAIIIOHHOTO MOAEAVIPOBAHUS
I UHTEAAEKTYAABHOTO AHAAV3A AAHHBIX, AASI MCCAEAOBAHUS
CHUCTEM IPUKAAAHOI ®AYOPECIIEHTHOH CIIEKTPOCKOIIUU
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co3maHa BeIYMCAUTEIbHAS 1iatdopma FluorSimStudio niast 00pabOTKU U3MEpEHHUl (IIyOpECICHIINN ¢ BPEMEHHBIM pa3-
pemennem. Lludposast miardopma mpeacTapisier CO00H OTKPBITYIO CUCTEMY U TI03BOJISIET 100aBIISTH CIOXKHbBIE MOACIH
aHaM3a C yU4eTOM CO3aHUsI HOBBIX aJrOPUTMOB MOJICIUPOBAHKs U 00pPaOOTKH AaHHBIX. [IpUMEHEHHE KOMILIEKCHOTO
MTOIX0/a TIOBHIIAET d(PPEKTHBHOCTH UCCIICTOBAHNS OMOPH3MUECKAX CUCTEM IIPU aHAJH3€ OOIBIITNX JaHHBIX.

Kntoueswte cnosa: dyopecteHTHas CIEKTPOCKOITHS; 00pab0TKa TaHHBIX; MMUTALMOHHOE MOJCIHPOBAHKE; HHTEI-
JIEKTYaJIbHBIN aHAJIM3 JJAHHBIX; BRIYUCIIUTEIbHAS [UTaT(opMma.

SIMULATION MODELLING AND DATA MINING APPROACH
FOR THE STUDY OF APPLIED FLUORESCENCE
SPECTROSCOPY SYSTEMS

M. M. YATSKOU®, V. V. APANASOVICH®

*Belarusian State University, 4 Niezaliezhnasci Avenue, Minsk 220030, Belarus
Corresponding author: M. M. Yatskou (vatskou@bsu.by)

For the study of biomolecular compounds in applied fluorescence spectroscopy supporting systems an integrated
approach, based on simulation modelling and data mining methods and including simulation models of physical pro-
cesses, methods and algorithms for data mining, and software for studying molecular and cellular systems is proposed.
The idea of an integrated approach is in using simulation modelling of biophysical processes occurring in the object
of study, selecting the most informative experimental data, and determining the characteristics of the object using data
mining algorithms. The effectiveness of the algorithms of the proposed approach is verified by analysing simulated and
experimental data of fluorescence spectroscopy systems. As a practical implementation of the developed integrated
methodology, the computational platform FluorSimStudio was developed for processing time-resolved fluorescence measu-
rements. The digital platform is an open system and allows addition of complex analysis models, taking into account the
development of new modelling and data processing algorithms. The use of complex analysis improves the efficiency of
studying biophysical systems during big data analysis.

Keywords: fluorescence spectroscopy; data processing; simulation modelling; data mining; computational platform.

Introduction

Experimental fluorescence spectroscopy methods are used to investigate the optical properties of mole-
cular compounds and therefore are applied in the studies of artificial photonic materials, protein complexes,
biopolymers, biological membranes, cell biomarkers and organic tissues [1-3]. The standing development
of methods is driven due to the improvements of effective molecular fluorophores, including genetically ex-
pressed proteins (for example, green fluorescent protein (GFP)), semiconductor nanoparticles and quantum
dots, optical systems for laser excitation and photon detection, allowing for high-precision measurements, and
computer technologies for data storage and processing [4—6]. Novel experimental high-throughput techniques,
integrating pulsed, phase and modulation methods for detecting fluorescence decay times, form the basis of
modern fluorescence microscopy and allow obtaining big datasets, characterised by high spectral, time and
spatial resolution [6; 7]. The main fluorescence spectroscopy and microscopy techniques for studying complex
molecular systems in «cuvettes» and living cells are fluorescence-lifetime imaging microscopy, fluorescence
recovery after photobleaching and its derivatives (fluorescence loss in photobleaching and fluorescence lo-
calisation after photobleaching), fluorescence fluctuation spectroscopy (combining fluorescence correlation
spectroscopy, fluorescence cross-correlation spectroscopy, photon counting histogram (PCH) and fluorescence
intensity distribution analysis), fluorescence sensing [1; 7].

The advantage of the modern experimental fluorescence spectroscopy methods is the expanding degree of
accuracy of measurements, achieved through the use of multichannel spectral, time and spatial resolutions,
which significantly enhances the volume of recorded data, but simultaneously increases the efficiency of stu-
dying physical processes with a wide dynamic range of changes in parameters and measurement conditions,
and allows to study complex multicomponent molecular systems in a series of clinical experiments. One of the
major limitations in processing big fluorescence spectroscopy data is the lack of universal effective automated
supporting and decision-making systems, including protocols for planning and conducting experiments, soft-
ware for processing and analysing data, modelling and interpreting the studied biophysical processes. Presently,
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systems for collecting and processing fluorescence spectroscopy data have been implemented to study optical
processes in molecular compounds [6; 8]. Their advantages are acceptable performance and barely reasonable
support of experimental investigations. However, these systems are not complex, used for specific types of
biomolecular compounds and specialised experimental equipment, they are not organised in the form of a uni-
versal technique or approach to big data analysis, and provide a limited set of physical interpretation models
and software analysis tools, which lets us to conclude that it is necessary to systematise existing solutions,
integrating the most effective methods of data analysis, physical models (for example, based on simulation mo-
delling) into a complex approach. The development of new improved supporting and decision-making systems
should simplify and automate the processing of fluorescent experimental measurements, increase the accuracy
of estimated parameters, and expand the limits of interpretation and prediction of physical processes.

The existing data analysis approaches to processing fluorescence spectroscopy data can be divided into clas-
sical and modern, based on machine learning or data mining algorithms. Classical methods consider separate or
joint analysis of datasets using deconvolution, least squares, maximum likelihood, Bayesian, target and global
analysis to estimate the parameters of mathematical models of optical processes and systems [9]. New approaches
are based on: 1) projection transformations and following parameter estimation (for example, transformation of
fluorescence intensities into the phasor space (phasor analysis)); ii) using machine learning techniques, mainly
artificial neural networks and ensemble algorithms, to estimate the model parameters; iii) segmentation of cell or
tissue images and subsequent classification by a machine learning algorithm [10—14]. The main disadvantages
of existing data processing methods are limited efficiency, that is due to the use of nonphysical analytical models
(multi-exponential or polynomial decompositions), poor accuracy in parameter estimating when analysing noisy
data (phasor analysis, neural networks), slow computations (global and Bayesian analysis), the need for the large
training datasets (neural networks), special requirements for computing resources (the usage of video cards or
multiprocessor nodes to accelerate neural network computing), and finally the lack of specialised software for
automated data processing. Therefore, the primary task is to develop an integrated data analysis approach that
eliminates the main drawbacks of existing methods, which would include physical models of the processes
and systems under study, effective methods and software for processing a series of fluorescence spectroscopy
data [15—17]. It should include descriptions of molecular systems at various levels of generalisation, from
simple molecular compounds in solutions and films to complex cellular systems involved in various diseases.

In this paper, we propose an integrated approach based on simulation modelling and data mining methods
for the study of biomolecular compounds in applied fluorescence spectroscopy systems. It includes simula-
tion models of physical processes, methods and algorithms for data mining, and software for automating data
analysis. As a practical implementation, the developed integrated methodology is integrated into the compu-
tational platform FluorSimStudio for processing fluorescence kinetic curves obtained through time-resolved
fluorescence experiments.

Methodology

It is assumed that through a series of experiments generating big datasets some object, i. e. biophysical pro-
cess or biomolecular compound, is investigated, whose essential properties or characteristics, for example, a set
of biophysical parameters 4 = {al, Ayy .oy A P} (e. g., electronic excitation energy transfer rate constants, protein
concentrations and diffusion coefficients, biochemical reaction rate constants, etc.), must be determined during
data analysis. The number of parameters P is determined depending on the level of detail (abstraction) of physical
description and complexity of the investigated object. The parameters should be sufficient to adequately explain
the behaviour of the object. In an integrated approach data mining algorithms are applied to multidimensional
datasets to select the most informative or significant data for further in-depth analysis and finding estimates of
parameters 4 using simulation models. Let us consider the main components of a complex approach.

Data. Let there be N observations, samples or measurements Hy = {El, E, . FE N} of the investigated
object E, kept in the database or obtained in a real physical experiment. Let us consider the formalisation of
conducting an experiment to investigate the object under study (fig. 1).

Experiment

I I
I I
. | Sensors Sensors | Data
Object I:,‘>I for measuring X => for measuring Y ::,‘> (X, 7)
i |

Fig. 1. Scheme of studying an object in a physical experiment
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We assume that the experiment combines a set of sensors to record some properties of the observations of
the object. The registered object properties are known as features, attributes, or variables and can be of two
types. The first ones, denoted X, are independent measurements, including external influences (this can also in-
clude time as a signal), set by the experiment designer or researcher. The second ones, denoted Y, are measure-
ments depending on the selected values of the characteristics of the first group. Independent measurements X
are usually called features (or inputs, predictors, independent variables), and dependent ¥ — target variables
(or outputs, responses, dependent variables) that determine solutions to data analysis problems. As a result of

measuring the properties of observations, a dataset D = {X, Y } (or (X, Y )) is recorded that combines indepen-
dent and dependent variables of observations. The data structure of the object is considered in terms of selected
attributes X and dependent variables Y.

Measurements over observations form feature vectors X;, X,, ..., Xx and an input data matrix X. Measure-
ments over observations with fixed values X, X, ..., Xi form vectors of target features or output characteris-
tics V), Y5, ..., Y5 and an output data matrix Y. The data (X, Y ) obtained from a real experiment are presented
in the form of a table, containing the recorded values of the properties of the object.

A set of multidimensional data recorded

in some physical experiment and representing observations
or measurements H of the investigated object £

X Y
HE
X | X Xe | 4 )6 Y
Ey | x| oxp e Xk | Y | Y2 - | ViR
Ey | x| X s | Xog | Y2 | Va2 ceo | Yor
Ey | Xy | Xn2 s | XNk | YN | Y2 <o | Ynr

The model of the data can be represented as
=E(X), (1)
where E is a set of correspondence operators that transforms independent features X into dependent variables Y.
Data mining. Let us consider the formulation of the data analysis problem. The general task of data analy-
sis is to find functional transformations I (correspondence estimates =) and their parameters ®, transforming
the original set of features X into a theoretical set of dependent characteristics

Y'=1(x, @), 2)

such that the condition of minimal difference between the observed output characteristics Y and the theoreti-
cal Y7 is satisfied.
By data mining models we assume mathematical models that provide solutions to problems (1) and (2), i. e.

functional transformations (for parametric models) .# = {H(X, ®)|® € DG)}, where [1: X x @ — ¥, Dg — set

of admissible values of parameters ® or parameter space. The model parameters ®, in the general case, do not
coincide with the physical parameters A.

In practice, such models are built based on existing known experimental data, representing the so-called
expert-labeled, reference or training data. The specificity of data mining models is the lack of consideration
of the physical principles of the processes in the object under study. The model is built according to so-called
precedents or existing examples, based on behavioural assessments of which it is planned to predict the be-
haviour of the object in the future. The most popular data mining models are cluster algorithms, decision trees,
associative rules, mathematical functions (analytical models), and neural networks [18].

As data mining methods, we consider computational algorithms p for finding estimates of unknown pa-
rameters ® of the data mining models, i. e. the method is a mapping p: X x Y — .4, which associates an arbit-

rary finite data sample (X, Y ) with some algorithm for determining parameters ®, such that the condition of

minimal difference between the observed output characteristics ¥ and the theoretical Y is satisfied. The most
popular data mining methods are statistical analysis (regression and variance analysis, data dimensionality
reduction), classification and prediction (artificial neural networks, decision trees, k-nearest neighbours, Bayesian
networks), cluster analysis, optimisation, association rule search and data visualisation [18].
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The experimental data mining diagram is shown in fig. 2. The overall task of data analysis can be divided
into components that form the basis of data mining. The main tasks of data mining include classification, re-
gression, cluster analysis, data dimensionality reduction, association rule search and visualisation [18].

Data mining

,_ ________ i
: Data mining :
| models :
|
| Y :
Object [>>| Experiment |[=> Data = : (Y - YT) — min :|:"> Solution ¥ !,
(X, 7) | : predictive models

Fig. 2. Scheme of studying an object in an experiment using data mining

An important feature of data models is that they can be used to build a predictive model and obtain an exact
solution to the problem. This is often sufficient, for example, for classifying images of cancer cells or multi-ex-
ponential smoothing of fluorescence decay kinetic curves [19-21]. The disadvantage of this approach is the
impossibility of reproducing a detailed description of the physical processes occurring in the object. To eliminate
this drawback, it is necessary to use physical models, for example, based on simulation modelling.

Simulation modelling. The basis of simulation modelling is Monte Carlo methods [22—24], which are
stochastic modelling algorithms based on the use of random numbers and statistical probabilities for solving
applied problems. Traditionally, Monte Carlo methods find applications in two directions: when checking the
reliability of approximate solutions obtained as a result of analytical calculations, i. e. to confirm the developed
theories by numerical experiment [15; 25]; to compare simulated and experimental data, followed by a deeper
interpretation of the data in terms of simulation models [26; 27]. The presented work deals with the second
direction of applications of simulation modelling methods.

In modelling, the investigated object £ can be considered as a biophysical process (for example, electronic
excitation energy transport in a molecular system or actin polymerisation in a cell) or a biomolecular sys-
tem (molecules, cells or cell populations). Let object £ be described by a mathematical (analytical or simulation)
model M (fig. 3).

Parameters 4

Models of sensors :‘,> Models of sensors

for measuring X for measuring ¥

Model M
[ 2 1
|
| System :
: characteristics @ |
|
. |
Object [—> | / \ ::"> Data
| | (X,7)
' |
' |
' |

Scales for Scales for
measuring X measuring Y

Fig. 3. Scheme of the mathematical model of the object
When constructing a mathematical model, it is necessary to take into account the measurement scales of
the features X and the characteristics of the system states @ (systems of equations or modelling algorithms that
describe the behaviour of the object) for given values of the physical parameters of the model 4. The characte-

ristics of the system states @ are represented by a matrix of features X, including response components system
or output signals Y. Then the mathematical model of the object can be represented as the expression

M={X, ®, 4, F},
where F is the operator of functional transformations
Y=F{X, 4}.

The mathematical model describes the real processes occurring in the investigated object. It can be pre-
sented in the form of a «white box», since it takes into account the physics of the occurring processes in
the object. The dataset for subsequent analysis is a table of characteristics of system states X and output
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signals Y. At the initial moment of the investigation, the internal structure and relationships between the com-
ponents of the object E are known. The task is to clarify the functional dependencies £ and estimate the mo-
del parameters 4. It should be noted that the «black box» models .4 in the form of data mining models are
analytical approximation models (F = I1, parameters ®), not taking into account the physics of the process
under study.

An integrated approach to big data analysis. This work suggests to use simulation modelling and data
mining methods to study biomolecular systems, a feature of which is the use of simulation modelling algo-
rithms to reproduce biophysical processes in the systems under study. The idea of an integrated approach consists
of studying the investigated object using simulation modelling of biophysical processes occurring in it, com-
paring simulated and the most informative experimental data, selected by the data dimensionality reduction
methods, and determining the parameters of physical processes using optimisation algorithms.

A diagram of the studying an object (some biophysical process or biomolecular compound) using the de-
veloped integrated approach is shown in fig. 4.

Computational platform

I
iYes

! Exact solution ¥,
it |i|:‘,> parameter
Simulation h estimates A"

[
| 1
P _
: i ||Data reduction : X Y,
B | No

A:{ocl, o Oy, A}

experiment 1, o, 4

Simulation :
experiment Q, .y, 4| i |
|

7

] | Improving the model

Fig. 4. Scheme of studying an object using the developed integrated approach

The study of the object (block 1) is carried out by considering the physical model of the object (block 2)
and a series of Q real and simulated experiments that form a global experiment (block 3). Simulation experi-
ment includes modelling of the experimental equipment and the object. The data of individual experiments are
converted to a single format in order to reduce and eliminate inhomogeneities of various distortions associated
with specific experiments. Filtering, normalisation, vectorisation, or special data transformations, such as loga-
rithmic, are performed to reduce the effect of outliers. In block 4, data dimensionality reduction is performed.
Data are compressed by the dimensionality reduction methods in order to exclude uninformative, redundant
data or noise, and essential informative data are extracted. Sets of transformed data from various experiments

are collected into a combined dataset (X, Y) for subsequent processing using data mining and simulation mo-

delling methods (block 5). The parameters of individual experiments oy, ..., ., and the model of object 4 are
collected into a single set A and then refined during the analysis of the combined data. The analysis of indivi-
dual experiments can be carried out independently or in a complex manner. The advantage of integrated ana-
lysis is the combination of data from various experiments into one large set, which provides a generalisation
and an increase in the statistical power of the results and, as a consequence, an increase in the accuracy of the
analysis. Some parameters 4 are fixed (they are global for the experiments), limited (in the case of dependent
experiments), or remain free for accurate estimation using optimisation methods. Optimisation methods are
used to evaluate free or adjustable parameters 4" of the global simulation model of the object, built on the basis
of models of individual experiments. If the desired accuracy of the correspondence between the experimental
and simulated data is achieved, which is determined by the given statistical criterion in block 6 (for example,
the quantitative ¥, Kolmogorov — Smirnov and Romanovskii criteria, as well as diagram plots of the weighted
residuals, their autocorrelation functions, and histograms [15]), then the analysis process is completed and a solu-
tion is provided (an estimated set of parameters and an accurate mathematical model of the object capable of
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predicting its behaviour in the pre-cases of a desirable accuracy). Otherwise, in block 7, the description of the
object is improved (including the deepening of the object formalisation, collection of new data, changing mo-
dels, conducting additional experiments, changing the parameters of the object or environment) and move to
block 2 to perform the next iteration of data analysis. The presented scheme is a general approach, the specific
implementation is determined by the type of the solved problem and should be designed taking into account
the specifics of the conducted experiments.

In the integrated approach, various methods and algorithms should be tried, moving from simple models to
complex ones, performing a gradual complication of the models and increasing the circumstantiation of the pro-
cess under consideration. When working with big data, it is necessary to choose an adequate level of refrain-
ment of the mathematical model, corresponding to the desired depth of the object investigation, the volume of
datasets and the power of the available computing resources.

Error analysis. When carrying out computer modelling, it is important to confirm the adequacy of the
simulation models, the reliability, confidence and reproducibility of the results obtained, as well as achieving
the desired modelling accuracy. Assuming that the optimal model parameters have been chosen, three stages
of confirming its adequacy can be considered, i. e. the model must meet the following requirements [28—30]:

e be physical, based on consideration of the physics of processes «from first principles», which includes
the selection of the most accurate laws for describing probability distributions for the random variables and
processes under consideration;

e be confirmed by an analytical description or experiment under certain control conditions, various balance
equations and internal technical verification tests of algorithms. In the literature, this requirement is often re-
ferred to as model verification;

e be confirmed experimentally, for example, to ensure a minimum error when compared with experimental
data according to some pre-established statistical criterion. Provided that the first and second requirements
are met, the criterion allows to assess the validity or adequacy of the models. The following test results are
possible:

— the criterion value is unacceptable to confirm the statistical significance of the model. Therefore, the mo-
del is not supported by experimental data and is assumed to be inadequate. Inadequacy may be a consequence
of suboptimal selection of model parameters or model inaccuracy. Inadequacy should be eliminated by clari-
fying the model parameters, expanding the formalisation of the modelled processes, moving to a deeper level
of the consideration, or completely replacing the model, achieving an improvement in the value of the criterion;

— the criterion takes optimal values for a large set of models, which corresponds to the limitations of the se-
lected criterion or the redundancy of models (for example, in problems of analysing fluorescence decay curves,
this is a large number of exponentials, a high-degree polynomial, a multilayer neural network, a simulation
model taking into account the modelling of insignificant processes, not affecting the output characteristic);

— the criterion tends to the best value in an extreme or excessively accurate manner, which corresponds to
overtraining of the model. The situation is typical for overfitting a regression model when approximating ex-
perimental noise in the data — the model loses an important generalisation property.

The most reliable model is assessed using cross-validation or bootstrap algorithms [31; 32].

Examples of biophysical systems for investigation in integrated data analysis approach. Let us consider
the possibilities of applying an integrated approach to the analysis of big data using examples of molecules,
biopolymers, proteins and cell systems, studied by fluorescence spectroscopy methods and representing groups
of data associated with the processes of electronic excitation energy transfer at the level of molecules and their
compounds and with the processes of protein interaction at the cell level. These systems and processes are
studied in the construction of molecular photonic artificial antenna systems and in the diagnosis of oncological
diseases; they are combined by such an area of experimental research as applied fluorescence spectroscopy.
In the experiments, the fluorescence of molecular compounds or luminescent dyes, that mark the molecules of
the samples, is studied. The samples are exposed to laser radiation at the excitation wavelength of the mole-
cules or dyes, and the intensity of fluorescence emission is then recorded. Optical processes and molecular
systems are studied using the intensity of emitted fluorescence. What is common in the study of objects of
these systems are the area of experimental methods for obtaining data, formalisation of the description of objects
and their observations, analysis and modelling algorithms, mathematical models used to describe biophysical
processes, formalism of data presentation (see table). We adhere to the following scheme for describing the
system: object of study — observations or measurements of the object — features or attributes of the object —
formulation of the problem to be solved in terms of an integrated approach.

Molecules. The object of study is the process of energy transfer in artificially created molecular systems [1; 33].
Object observations are the optical spectra and fluorescence decay curves recorded for the molecular compounds
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of interest under specified experimental conditions. Features are absorption (emission) wavelengths, time
counts of photon registration on the detector, physical parameters characterising experimental samples (con-
centration of molecules, type of solution, temperature, day of measurement, etc.). The dependent variable is the
fluorescence intensity at specified times, excitation and emission wavelengths. The problem of regression is
solved, namely, finding a model and its parameters that satisfactorily describe the kinetic curves of fluorescence
decay. Simulation modelling of electronic excitation energy transfer processes in molecular systems is carried
out. In an integrated approach, fluorescence decay curves are grouped in clusters, the medoids of clusters are
found, the medoid curves are analysed using simulation models, the result of which is the estimated parameters
of energy transfer processes. Different clusters of decay curves are associated with molecular compounds based
on the estimated parameters. In the case of a small set of fluorescence decay curves, the integrated approach
is reduced to a single analysis of the decay curves using simulation models according to the simulation-based
approach [34].

Proteins. The object of study is the processes of diffusion and aggregation of proteins in various environments
(for example, proteins involved in the formation of cancer cells [35; 36]). In fluorescence fluctuation spectros-
copy experiments, the fluorescence intensity of molecular complexes is recorded, which allows to estimate the
size of the protein complex [37]. Observations of the object are PCHs of fluorescence intensity fluctuations for
fluorescently-labeled proteins at a given recording time interval. Features are histogram channels represented
by the photon frequencies detected during a certain short time interval. The dependent variable is a marker of
the type of protein or molecular complex. Simulation modelling of the proteins diffusion and aggregation pro-
cesses is carried out. In the integrated approach, the grouping of PCHs, the determination of medoids of PCH
clusters and the analysis of PCHs using simulation models are performed, the result of which is the estimated
parameters of the proteins diffusion and aggregation processes.

In fluorescence spectroscopy experiments conducted on cells (in vitro and in vivo), fluorescence analysis
allows to estimate the parameters of association and dissociation reactions (or in the general case of poly-
merisation) to molecular protein complexes [38; 39]. Observations are kinetic curves of increase and recovery
of fluorescence after photobleaching of proteins. Features are the time of occurred and detected fluorescence
emission events of a luminescent protein. The dependent variable is protein fluorescence recorded at the indicated
times. The regression problem is solved, namely, finding a model of protein polymerisation and its parameters
that satisfactorily describe the fluorescence intensity. Simulation modelling of protein polymerisation processes
in a cell is carried out. In the integrated approach, fluorescence curves are processed, data cluster medoids are
found and analysed using simulation models, which result in estimated parameters of protein polymerisation
processes.

Cells. The object of the study is a cancer disease, determined by the characteristics of cell microobjects in
a luminescent image [40; 41]. Observations are highlighted (segmented) cells in the image (contours of nuclei or
cytoplasms), affected by disease. Features (properties of segmented microobjects in the image) are cell charac-
teristics obtained as a result of segmentation of cell contours (size, colour, orientation, etc. [19]). The dependent
variable is a marker of cell cancerous type or stage of disease. The problem of classifying cells into cancerous
(non-cancerous) or determining the stage of the disease is solved. Simulation modelling reproduces the stages
of the disease with given parameters. In an integrated approach, the stages of cancer are modelled, parameters
corresponding to cancerous (non-cancerous) cells are determined, microobjects of images are classified into
one or another type of cell susceptible to a certain stage of the disease. Simulation modelling may not be used
if expert solutions are given in the form of labeled images of cancer cells.

Computational platform for the implementation of integrated approach methods and algorithms.
The developed integrated approach to the analysis of big experimental data can be practically implemented
in the form of a computing platform or programming environment that combines computational algorithms
of mathematical models and analysis methods, as well as auxiliary software tools for data processing. In the
structure of the computational approach, the platform integrates implementations of simulation models, analysis
algorithms and analysis quality assessment (see fig. 4).

As a demonstrative example of the practical implementation of the developed complex methodology, inte-
grating simulation modelling and data mining algorithms, the computational platform FluorSimStudio has been
developed for processing fluorescence kinetic curves in time-resolved fluorescence experiments [42]. The user’s
work is carried out through a web application hosted at Attps.://dsa-cm.shinyapps.io/FluorSimStudio. An example
of the package interface window is shown in fig. 5. The main interface window consists of nine panels corre-
sponding to six stages of analysis: loading, modelling and clustering data, reducing data dimensionality by the
principal component analysis, fitting medoids (data analysis), visualising and interpreting the results, information
about the authors of the development, and instructions for using the computational resource.
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Fig. 5. FluorSimStudio web application interface windows:
examples of simulation modelling the stretched-exponential fluorescence decay dataset (a)
and analysis results visualisation () of clustered fluorescence decay curves

The platform is not intended for data collection and storage, development of new analysis algorithms, or-
ganisation of parallelised computational systems for big data analysis. Its main task is to provide the user with
computing tools for the implementation of developed simulation models, methods of modelling and analysis
of big data, instruments for assessing the quality of analysis, visualisation and interpretation of data.

Results

Application of an integrated approach to the analysis of molecular systems. We consider two examples
that confirm the fundamental applicability of the developed integrated approach to the analysis of molecular
systems in fluorescence spectroscopy experiments.

Time-resolved fluorescence spectroscopy. The effectiveness of the algorithms of the developed approach
was tested during the analysis of fluorophore systems under various parameters of a computational experiment.
Simulated time-resolved fluorescence datasets, representing three fluorophore systems and characterised by
one-, two- and stretched-exponential fluorescence decay laws were studied [16]. The stretched-exponential
model is a represent of the donor fluorescence intensity decay in the presence of Forster type of energy transfer
in a donor — acceptor molecular system. The donor fluorescence in three dimensional space can be written as

o . t 1 )2
l(t, Iy> 95 tD)zloeXp —T—D—q T_D ,

where i is the fluorescence intensity at time ¢ = 0; ¢ =0.5[C,]/[C,,], where C,, and C, are the critical and

actual concentrations of acceptors; 1, is the fluorescence decay time of donors [16]. The application of the
algorithms of the developed approach to the analysis of datasets made it possible to accurately determine
the fluorescence lifetimes of fluorophores. The accuracy of the estimated parameters by complex analysis
is higher than in the case of using the classical approach based on separate processing of each dataset using
analytical models of fluorescence decay (fig. 6, a). The developed approach requires significantly less time and
the number of calculations of the theoretical model, and allows faster and more accurate determination of the
parameters of biophysical and optical processes in molecular compounds in comparison with the classical
method. The use of simulation models of optical-physical processes significantly increases the efficiency of
parameter estimation in the case of analysis of complex molecular systems, such as photonic antennas based
on metalloporphyrin films or zeolite crystals [43; 44], when the parameters of the molecular environment and
the mechanisms of electronic excitation energy transfer, necessary to create accurate analytical models, are
unknown.

Fluorescence fluctuation spectroscopy. The effectiveness of the analysis algorithms developed within the
framework of the proposed approach was confirmed by simulated and experimental PCH measurements of
fluctuations in the fluorescence intensity of the green fluorescent protein GFP-S65T [45; 46]. Analysis of ex-
perimental data on the GFPs in cell lysates revealed the presence of monomeric and dimeric forms of proteins
(fig. 6, b—f). Monomers of the GFP demonstrate a spherical data cluster in the space of the first two principal
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Fig. 6. Examples of the application of an integrated approach to the analysis of molecular compounds in experiments
with time-resolved fluorescence (a) and fluorescence fluctuation (b—f) spectroscopies:
(a) error ¢ in assessing the accuracy of reconstructing the parameters of simulated fluorescence decay curves
of fluorophore systems characterised by one-exponential (I and II), two-exponential (IIT) and stretched-exponential (IV) laws
of fluorescence decay, using classical (black) and developed (gray) methods. Digital labels (I-1V) of the abscissa axis
denote the following modelling parameters: fluorescence decay times t, = 2 ns and 1, = 4 ns, number of curves is 200,
standard deviation of parameters ¢ = 0.1 (I); T, = 1.4 ns and 1, = 2 ns, number of curves is 200, ¢ = 0.1 (I);

1, = 0.5 ns and 7, = 2 ns, their contributions (normalised to one) p, = 0.2, p, = 0.8 and p, = 0.8, p, = 0.2, respectively,
for two sets of decay curves, number of curves is 200, ¢ = 0.1 (III); donor fluorescence decay time t,, =2 ns,
acceptor concentration ¢ is equal 1 and 0.2 for two sets of decay curves, number of curves is 200, o = 0.1 (IV);

(b) and (c) are photon counting histograms PCHs of monomeric and dimeric forms of the green fluorescent protein GFP
in the coordinates of the most informative components Z;, Z, and Z;, calculated by the principal component method;
(d) PCH on a logarithmic scale in the space of the initial features X}, X), ..., X, f; are frequencies of occurrence
of the number of photons during a certain short time interval; (e) dendrograms of PCH,

d is a measure of similarity of clusters; (/) PCH in the space of the first two principal components Z, and Z,.

In illustrations d— /" colours and symbols indicate monomeric and dimeric forms of proteins

components (see fig. 6, b), while an elongated ellipsoidal cloud is observed for a mixture of monomeric and
dimeric forms of protein compounds (see fig. 6, ¢). Note that accurate separation of monomeric and dimeric
forms of a protein is difficult to achieve using classical analytical methods, which involve a separate analysis
of PCHs. Further assessment of the parameters of protein complexes can be made by analysing the medoids of
the resulting PCH clusters using classical analysis or simulation algorithms.

Conclusions

The integrated approach to processing big datasets in applied fluorescence spectroscopy has been developed,
which is based on simulation modelling and data mining methods for the study of optical processes in biophy-
sical systems. Its main feature is the use of simulation modelling algorithms to reproduce biophysical processes
in the systems under study and data mining to determine the most informative data. The effectiveness of the
algorithms was verified by analysing simulated and experimental data representing systems of molecules and
proteins that are studied in time-resolved fluorescence and fluorescence fluctuation spectroscopy experiments.
The developed analysis approach, in comparison with the classical one, quickly and more accurately deter-
mines the parameters of biophysical and optical processes in molecular compounds. The proposed methodology
of the developed integrated approach was realised in the computational platform FluorSimStudio, intended
for processing fluorescence decay curves of molecular systems. It provides high productivity of processing
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large fluorescence datasets, is hosted on the server and can be used in the educational process and for the study
of time-resolved fluorescence spectroscopy systems. By the developed integrated approach, it is possible to
increase the accuracy of assessing the studied characteristics of biophysical processes in comparison with the
classical approach, based on separate processing of each dataset, to deepen knowledge about the physics and
essence of the processes under study, to create new predictive tools when analytical models do not exist or the
derivation of analytical solutions is difficult due to increasing complexity of a system represented by big data.
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MOAEAVUPOBAHUE AVAAPHBIX NU3MEPEHUHN KOHIIEHTPAITUU
MOAEKYA TAAOMAOBOAOPOAOB B ATMOC®EPE METOAOM
KOMBHHAILIMOHHOTI'O PACCEIHUSA CBETA

B. E. IPUBAJIOBY, B. I LHIEMAHHH?'>, B. B. IbAYEHKO®

YCanxm-Iemepbypeckuii nonumexnuueckuii ynusepcumem Ilempa Benuxozo,
ya. Ilonumexnuueckas, 29, 195251, o. Canxkm-Ilemep6ype, Poccus
DDunuan Beneopodckozo 20cydapcmeentiozo mexnono2uuecko2o yuugepcumema um. B. I ILlyxoea
6 2. Hosopoccuiicke, yn. Mvicxaxckoe wocce, 75, 353919, e. Hoéopoccuiick, Poccus
) Hosopoccuiickuti norumexnuueckuti uncmumym (unuan)
Kybanckozo cocyoapcmeenno2o mexnonocuieckoeo ynusepcumemad,
ya. Kapna Mapkea, 20, 353900, 2. Hoéopoccuiick, Poccus

BrimmonaeHo KOMIIBIOTEPHOC MOACIIMPOBAHUE JInAapa KOM6I/IHaHI/IOHHOFO paccesanuda CBeTa i1 AMCTAaHIIUOHHOTO 13-
MEpEHHUsI COJIePIKAaHMsI MOJIEKYJI 'aJIONI0BOJIOPOJIOB HAa YPOBHE TPE/IEIbHO JOIYCTUMON KOHIIGHTPAIMY U BBIIIE, U OTIpe-
JICJICHbl ONTHMAIIbHbBIC TTapaMeTpsl Takoro smaapa. C MCHONb30BaHUEM IPEAIOKEHHOTO paHee BapHaHTa JIMAAPHOTO
ypaBHEHUs! 11 KOMOMHALIMOHHOTO PACCESIHUS CBETa OLICHEHa BO3MOXKHOCTb JIMJAPHBIX H3MEPECHHUI KOHLICHTPALMH HC-
CJIeyeMBIX MOJIKYI Ha 3aJaHHOM YPOBHE B aTMOC(EPHOM MOrPAHMYHOM CJIO€ TIPH TOPU3OHTAIEHOM 30HIUPOBAHUH Ha
paccrosuuu 10 1500 M B pe’kuMe CHHXPOHHOTO c4eTa ()OTOHOB. B 3TOM ypaBHEHNH ydTeHBI KOHEUHAs! MIMPHHA JIa3€PHON
JIMHUY U annaparHas GyHKIMs Jiniapa KOMOMHAIIMOHHOTO PACCESIHUS CBETA MPU 30HANPOBAHMH MOJICKYJI TAJIOMJOBOIO-
POZIOB B aTMOC(EPHOM MOTPAaHUYHOM CJIO€, a TaK)Ke CIIEKTpabHasl 3aBUCUMOCTD TU(PPEepEHIIMATIBHBIX CEYSHUH T10JI0C
KoJ1e0aTeIbHOT0 KOMOMHAIIMOHHOTO PACCESIHUSI CBETa JaHHBIMU MOJIEKYJIaMH, KOI(Q(QHUIMEHTOB OCIalleHus JTa3epHO-
TO M3IY4YEHUs] B aTMOC(epe U CIEKTpalbHasi YyBCTBUTEIHLHOCT (DOTONPHEMHUKA. YCTAHOBICHO, YTO NMPEAJIOKCHHBIN
THIap KOMOMHAIIMOHHOTO PACCEsSHHUS CBETa I03BOJISIET U3MEPHUTH COZICPIKaHUE MOJIEKYII rajlOMJOBOIOPOIOB Ha YPOBHE
MIPEaeTbHO AOMYCTUMON KOHIIGHTPALMH Ha paccTosHIH 10 89 M (s 6pomoBomopona), 277 m (s ¢gropoBomopona)
u ouTH 1486 M (A1 XJIIOpOBOIOPOIA).

Knrwuesnie cnosa: aiaap KOM6I/IHaHI/IOHHOI‘0 paccesaHrs CBETA; JIa3C€pHOC U3ITYUCHNUEC,; MOJICKYJIbI TaJIONJ0BOJOPOAOB;
PACCTOAHNEC 30HANPOBAHUS, BPEMA U3MCPCHUA.
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SIMULATION OF LIDAR MEASUREMENTS OF THE CONCENTRATION
OF HYDROGEN HALIDE MOLECULES IN THE ATMOSPHERE
USING THE RAMAN METHOD
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Computer simulation of the Raman lidar for remote measurement of the hydrogen halide molecules concentration at
the maximum permissible concentration level and above was performed and the optimal parameters of such lidar were
determined. Using the previously proposed variant of the Raman lidar equation its parameters estimation were made for
lidar measurements of the studied molecules of concentration at a given level in the atmospheric boundary layer during
horizontal ranging at the distance up to 1500 m in the synchronous photon counting mode. This equation takes into ac-
count the finite width of the laser line and the hardware function of the Raman lidar, as well as the spectral dependence
of the vibrational Raman differential cross sections of hydrogen halide molecules, the extinction coefficients of the laser
radiation in the atmosphere and the photodetector spectral sensitivity. It was found that the proposed Raman lidar can
measure the concentration of hydrogen halide molecules at the maximum permissible concentration level at the distance
up to 89 m (for hydrogen bromide), 277 m (for hydrogen fluoride) and almost 1486 m (for hydrogen chloride).

Keywords: Raman lidar; laser radiation; hydrogen halide molecules; ranging distance; measurement time.
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BBenenune

lManounoBomopozs! — proposonopox (HF), xioposomopon (HCI) u 6pomoBonoposn (HBr) — Heopranndeckue
BEILIECTBA, B COCTAB KOTOPBIX BXOMUT Boxopox [1]. OHuU ABJIAIOTCS HEIPEMEHHBIMH KOMIIOHEHTAMH I'a30BBIX
BBIOPOCOB, 3arps3HAIONMX aTMOochepy Ha SIepHO-XUMHUECKUX, ra30- U HEPTEXUMHUUECKUX TPEATPUSITHSIX.
K npumepy, xJ10poBOIOPO — 3TO OECLBETHBIH ra3, ABIMSIIIMN BO BI&KHOM Bo3ayxe. OH JIETKO pacTBOPSIETCS
B Bozie (10 500 06beMoB raza Ha 1 00beM Bozibl), a 0Opasyromasics Ipy STOM KHCIIOTa OKa3bIBaeT MPMKUTAIOIIee
JeiCTBUE Ha CIM3UCTBIE 000IOUKH U KOXKY. Tak Kak XJIOpOBOJOPOZ TsKeJiee BO3LyXa U paCTBOPUM B BOZIE, OH
MOYKET HAKaIUIMBaThCS M MEPEMEIAThCs KaK 10 MIOBEPXHOCTH 3€MIIM, TaK U 1O Bojie. PazBuTHe XUMUM U Tex-
HOJIOTUU COEAMHEHHUH (hTOpa MPHUBENIO K MOSBICHUI0 MHOTOYHCICHHBIX (TOPCOAEPKAIIUX MTPONYKTOB. B mo-
cienHee BpeMs pTop cTaj OCHOBOH psiia KPYITHOMACIITAOHBIX IPOU3BOACTB, BBITYCKAIOIINX COEANHEHNUS, Oe3
KOTOPBIX HE O0OXOAMTCS HU OJTHA OTPACITh TPOMBIIIIEHHOCTH. OCOOSHHO OOIBIITHE KOMHYecTBa TOPOBOAOPOIA
BBIJICIISFOTCSI TP HAHECEHUH Ha WU3JICTHSI TallbBAHUYECKHUX MOKPHITUH ((ocdaTrupoBaHin).

W3mepenne KOHIEHTPALUK MOJIEKYJI TAIOMJ0BOAOPOAOB POBOIST ra30XpoMaTorpai4eCKUM METOAOM MITH
JKCIPECC-METOIOM C UCTIONIB30BaHUEM HHIMKATOPHBIX TPYOOK. ["a3oxpomarorpaduieckuii METO JOCTAaTOYHO
TPYAOEMKHH, HO C €ro HOMOLIBbIO MOXKHO OTCJIEKHUBATH 3aIPs3HEHHS HA YPOBHE NPENENIbHO AOIYCTUMBIX KOH-
nenrpanuii (I11K). Metox ¢ mpuMeHeHneM HHINKATOPHBIX TPYOOK Oostee OBICTPHIN, HO MEHEE 1yBCTBUTEIIHHBIH.
[lo 31O MpUYMHE HHTEpEC MPEACTABISIET OLIEHKA TTOTEHIMATBHBIX BO3MOYKHOCTEH CHCTEMBI JIA3€PHOTO THCTaH-
LIMOHHOTO 30HANPOBAHUS aTMOC(EPBI BOKPYT HCTOYHUKOB BEIOPOCOB € (PYHKINEH HENMPEPHIBHOTO MOHUTOPHHT A,
KOPPEKTUPOBKHU aJlrOPUTMa PabOTBI CUCTEMbI, MOXKET, JaXX€ C MCIOJIb30BAHUEM MAIIMHHOTO OOy4YeHMs AJIS
CBOEBPEMEHHOT0 OOHAPYKEHHSI U OTCIICKHBAHUSI IepEeMEIICHHUs 00IaKa 3arps3HEHUSI TaJIOUI0BOIOPO/IOB MPH
ABAPUIHBIX CUTYaIHSX.

OnHUM M3 BapHaHTOB JIA3€PHOTO AWCTAHLMOHHOTO 30HAMPOBAHMS MOJIEKYJ TaJOHI0BOJOPOIOB B aTMO-
cthepe moxer ObITh HIAp KoMOMHAIMOoHHOTO paccesHus ceera (KPC) [1-5], obecnieunBaromniuii u3mepeHne
¥X KOHIEHTparuii Ha ypose ITJIK u Boimre. 3uauenne ITJIK? [1] GyaeT HCIOMB30BAHO B KAYECTBE HIDKHEH
IPaHMIIBI KOHIICHTPAIMU MOJIEKYIT B aTMOC(HEPHOM TOTPAaHUIHOM CIIOE.

'TH 2.1.6.3492-17. [penensro nomycTumele korneHTpanun (I1J1K) 3arps3Hsiomux BemecTB B aTMOC(HEPHOM BO3IyXE TOPOIACKIX
1 CETbCKUX MTOCETEHNH (C M3MEHEHNSIMU, YTBEP KACHHBIMH ITOCTAHOBICHHEM | TaBHOTO TOCYJapCTBEHHOTO CAaHUTAPHOTO Bpada Poccuii-
ckoit deneparym ot 31.05.2018 . Ne 37) / denep. cayxba mo Haa30py B cepe 3alUThl IPaB MOTPeOUTEINICH 1 OJ1aromnoayvns 4eIoBeKa.
M. : denep. HeHTp TUTHEHBI U drrAeMuonorun Pocrorpedranzopa, 2019. 55 c.
Tam xe.
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Panee B pabotax [3; 6; 7] Obu10 TipeaiokeHo aunapHoe ypaBuenue it KPC ra3oBbIME MOJIEKYJIaMU € yue-
TOM KOHEUHOI IUPUHBI Ja3epHOoi TUHUHU. VcTionb3ys 3T0 ypaBHEHHE U YTOYHHB €ro perienue [6; 7], oreHuM
BO3MOYKHOCTD JIMJIAPHBIX U3MEPEHUH KOHLIEHTPALIMU MOJIEKYJI TaJIONI0BOAOPO/IOB Ha 33JaHHOM YPOBHE B atT-
MOC(EepHOM MOTPAHUIHOM CJIO€ TIPH TOPU30HTATHHOM 30HAMPOBAHUHU Ha paccTosHuu a0 1500 M B pexume
CHHXPOHHOTO cueTa (POTOHOB. Y TOUHUTH PEIICHNE JINJAPHOTO YpaBHEHUS IS N3MEPEHNs KOHIIEHTPAIlUHU HC-
CJIEZTyeMBIX MOJIEKYJ TTO3BOJIUT Y4eT KOHEUHOM IIMPHUHBI JJA3epHON JIMHNUHU, COOTHOIIEHHUS TOTYIIMPUH TTOJI0C
KPC u anmmaparHo#t ¢GyHKITUHN Trugapa.

Lenpto HacTosMIEH PaOOTHI SBISIOTCS KOMITBIOTEpHOE MoenupoBanue uaapa KPC nis nucTaHmoHHOTO
M3MEpeHNs KOHIEHTPAIIMU MOJIEKYJ rajJoua0Bo10pooB Ha ypoBHe 1K u Beiie B atMocdepHOM morpaHud-
HOM cJ10e Ha pacctossHuu 10 1500 M 1 orpesienenre onTUMaIbHBIX TTapaMeTPOB TaKOTO JIHapa.

Jlupap KPC u JimaapHoe ypaBHeHue

Onrtuueckas cxema nuaapa KPC (puc. 1) moctpoeHa, kak u B paborax [1-3]. B kauecTBe 30HIMpYOIIETO
W3JTYYCHUS UCTIONIb3YETCsl U3IYyUCHUE TPeThel, BTopoi u nepBoit rapmonuk YAG : Nd-na3epa ¢ AnmmHaMu BOJTH
355; 532 u 1064 HM, ANUTENBHOCTHIO UMITYJIbCOB T, = 10 HC U 3Heprueit B umnyisce 20; 40 u 100 M/ coot-
BETCTBEHHO P YaCTOTE CIICIOBAHUS JTa3epHBIX UMITYIbCOB 110 10 k11 [8]. U3mydenue nazepa § HarpaBisieTcst
TIIyXUM 3€pKaJioM 4 BJI0JIb OCH ITpueMHoro teneckomna [1; 3], a manyuenne KPC nccnenyeMbiMu MosieKynaMu
B HAIlPaBIICHUHU Ha3aj COOMpAETCs MPUEMHBIM TeJIeCKONoM THia HeroToHa co chepruiyeckum 3epkanom / aua-
MeTpoM 400 MM U BOKyCHpYETCs TMH30BbIM O0OBEKTHBOM 2 B BOJOKOHHBIM BBOJ 3 MUKpOCIEKTpoMeTpa 9
tuna FSD-8, paGorarorero Ha JTUHUH ¢ TIepCcOHATBHBIM KommbioTepoM (I1K).

72
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Puc. 1. Ontnueckas cxema gunapa KPC:
1 — ceprueckoe 3epKao MPUEMHOTO TEIECKONa; 2 — JINH30BBIH 00BEKTHB; 3 — BOJIOKOHHBIN BBOJ;
4 — mIyXoe 3epKao; 5 — CTEKISTHHAS IUIACTUHA; 6 — HHTEep(EePEHIIHOHHBIH CBETO(DUIBTP;
7 — horompueMHuUK; § — nazep; 9 — MUKPOCTIEKTPOMET]P

Fig. 1. Lidar optical layout:
1 — spherical mirror of the receiving telescope; 2 — lens objective; 3 — fiber input;
4 —blind mirror; 5 — glass plate; 6 — interference light filter;
7 — photodetector; § — laser; 9 — microspectrometer

YacTh na3epHOro U3Iy4YeHHUs HAIIPaBIIIeTCs] CTEKITHHOW TNIACTUHON 5 uepe3 HHTep(epeHIIMOHHBIE CBETO-
(GUIBTPHI 6, UMEIOIINE MAKCHMYMBbI IPOITYCKaHUs Ha JTMHAX BOJH 355; 532 u 1064 HM, Ha (hoTOITpHEMHHEK 7,
HaIpspKEHHE ¢ KOTOPOTO 3alichIBaeTcsl muiaToil coopa nanueix B [1K 17151 KOHTPOJISl SHEPTUH JIa3€PHOTO HM-
IyJbCa U ONpeJe/ICHUs] Hauyajla 0TCUeTa BpEMEHU U3MEPEHHUsL.

Yucno ¢oronos usnyuyenust KPC uccnenyempiMu MoseKyraMu Ha (pOTONPHUEMHHKE JIHAapa MOKHO HOJTy-
4YuTh U3 JugapHoro ypaBHenus 1uist KPC B HanpaBieHun Hazan B peskume cueta GoToHOB [3; 6] Kak HHTerpai
B uUHTepBajue or vy — I, o v+ I, [6]:

d g+ T,
c

nocrlG(z)ftSON(z)E j Ty(Vos 2)T(vg, z)@(v)A(V)dv

e )

b
27°

rae n(v, z) —4uci0 HOTOHOB, 3aPETHCTPUPOBAHHOE (POTONPUEMHUKOM Jiapa Ha yactote vy, KPC ¢ paccros-
HUS1 30HANPOBAHUA Z; 1, — YMCII0 (JOTOHOB HA YACTOTE V,, Ia3€pHOTO U3IydeHus, a O (v) — UX paclpeneneHue

(GyneM cuuTaTh €ro rayCccoBbIM pacnpeeneHueM ¢ nonymupunoi I;) [8—10]; ¢ — ckopocTs cBeTa; T; — Bpems

n(v, z)=

OIHOTO M3MEPEHHIS; G(z) —reomeTpraeckas GyHkuus muaapa (0 < G(z) <1)[1;9]; f —uacrora cnemoBaHus Jia-
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3€pHBIX UMITYJILCOB; { — BpeMsI U3MEpeHUs (HAKOILIEHUs CUTHAIA); S, — IUIOIIA/Ib IPUEMHOMN allepTyphl TEJIECKOIIa;

N . do KPC
(Z ) — KOHH@HTpaI_[I/IH I/ICCHeﬂy CMBbIX MOJ'IeKyJ'I, d_Q — Z[H(b(bepeHHHaﬂBHoe CCUCHUC I/ICCJ'IG,Hy CMbIMHA MOHeKy-

namu; T, (vo, Z) ul (v R z) — MpOITyCKaHue arMoc(epbl, STH COMHOKHUTEIH ONPEACIISIFOTCS BRIpAKEHUSIMH [ 1; 9]

z z
Ty( vy, z) =exp —Ja(vo, r)dr |, T(vg, z)=exp —foc(vR, r)dr |,
0 0
31ech oL Vo, 1) 1 o Vg, 7) — KOOhQHULMEHTEI OCIa0NeHns Ha YacTOTax JasepHoro usiydenns u KPC nccie-
syembiMu MosieKynamu; A(v)— armnaparsast GyHKIs (CIEKTPaIbHbI K03 GHUIMEHT IPOITyCKaHHs IPHEMHOM

cucreMsl uaapa) [3; 5; 9], uMmeromas sopeHueBy (GopMy U HACTPOCHHAs! TOUHO Ha 4acTOTy V, nosiockl KPC
MOJIEKYJIaMU T'aJIOU0BOAOPOJOB ¢ nonyiupuHoi I, kotopas Goinblue, yem I, u I}, Ilepenuiiem ypasHe-
uue (1) B Buze

B
n(v, z):Z—zN(z)ﬂ(v, z). (2)
B 5TOM BbIpaskeHHU BBEJICHBI KOHCTaHTa B, onpeaersieMas Kak
ct
1
B=—58,1,

2

u dhyakIms [ (v, z), KOTOpasi ¢ UCITOJIb30BAHMEM WHTETpajia OMTHOOK [6; 7] MOXET OBITH ITPEICTABIICHA B BUIC
do

I(v, z)=G(z)n0E-0,34K1E.,(v)71)(v0, Z)T(VR, z),

e K| — aujapHasi KOHCTaHTa Ha YacTOTE V) 1a3€PHOT0 N3ITydeHUs (MU3MepeHa SKCIIEpUMEHTaNIbHO B pabote [11]);
E,(v) — OTHOCHTEIIbHAS CIIEKTPaIbHasi 9yBCTBUTEIILHOCTH (hoTONpHEeMHHKa Ha yactote v, KPC (B3sTa u3 crpa-
BouHHKa [12]).

KomnblorepHoe Moie1upoBaHue JIMJIAPHOTO YPABHEHUS

Bynewm cumrarp, uto nuddepennmnansoe ceuenne KPC nccrieayeMbiMiu MOJIeKyIaMy TOCTOSTHHO BHYTPH
WHTEpBajia HHTETPUPOBAHUS 110 9acTOTe, Kak U KO (UITMEHTHI 0cabieHns Ha YacTOTax JIa3epHOTO U3ITyde-
aus u KPC stavu montekynamu [13]. B kauectBe Mepbl 23 PEeKTHBHOCTH JTHIapa OyJIeM HCIIOIb30BaTh BpeMs
M3MepeHus U3 ypaBHEHUS (2):

LN (v, z)2°

BN(z)I(v, z)

Paccmotpum ognokpatanoe KPC u ogHopoanyro armocdepy [1; 9; 13]. 3nauenus [1/1K n yactoTsl cobcTBEeH-
HBIX KOJICOAHMI MOJIEKYJ V B3sThI U3 padot [1; 9; 11; 14]. 3nauenus muddepennmanbubix ceuenuit KPC mns
BCEX MOJIEKYJ M BBIOPaHHBIX JUIMH BOJIH JIazepHOTro m3nydenus (355; 532 u 1064 HM) onpeienieHbl o TaHHBIM
IKCIIEPUMEHTAIIBHBIX U3MEPEHUH, MPOBEACHHBIX TPH KOMHATHOHN TeMIlepaType U HOpMallbHOM JaBJICHUH Ha
JUTHHE BOJIHBI 532 HM Jyis Bomoposa [15] u ¢propoBogopoza [3] u Ha JuirHEe BOJHBL 435,8 HM JIJ1s1 XJI0POBOJIO-

G)

1
pona [9; 14] u 6pomoBonopona [14]. Pacuer BBINONHEH ¢ y4eTOM 3aBUCUMOCTH F’ a ero pe3yJIbTaThl COOPaHBI
B TaOJHILYy.

OcHOBHBIC TapaMeTPbl MOAEIUPOBAHNS JHJAPHOIO0 YPABHEHUS

The main parameters for the lidar equation simulation

Kosduunent Kosddurument OTHOCUTENbHAS
ocitabieHus
Jnuna Juddepennmansaoe ocrabiaeHus CIEKTpallbHas
Yacrota, I'Tx 30 . 2 Ha 4acToTe
BOJIHBI, HM ceuenue KPC, 107" cm A3CPHONO Ha 9acTOTe YyBCTBUTEIBHOCTH
JA3CPHOTO KPC, kM (doTonpreMHUKA
W3ITy4YEHHS, KM
®TopoBomopox (V = 3959 em'; TIJIK = 0,02 mr/m’ (6,02 - 10'7 M)
355 845 15,03 0,31 - —
413,1 726 — — 0,24 0,58
532 564 2,98 0,16 — —
674 445 - - 0,15 0,93
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OkKoHYaHue TAaOIUI B
Ending of the table

Kggﬁ%ﬁggﬁ? Koadpdurment OTtHOCHUTENIbHAS
plbicice Yacrora, I )Imb(bepeﬂunamg(l){oe ) Ha yacTOTe ocrabJieHus CHEKTpalibHas
BOJIHBI, HM ’ ceuenue KPC, 107" cm Ha 4acTOTe YYBCTBHUTEIEHOCTH

HSHJ;ES':E:ZFEM,l KPC, kv (doronpreMHUKa
1064 282 0,19 0,12 - -
1838,4 163 - - 0,095 0,02
435,8 688 - - - -
Xioposozopox (v = 2886 em™; TIJIK = 0,2 mr/m® (3,07 - 10'8 M%)

355 845 6,15 0,31 - -
395,5 759 — — 0,25 0,54
532 564 1,22 0,16 - —
628.,5 477 — - 0,15 0,98
1064 282 0,08 0,12 - —
1535,5 195 - - 0,097 0,05
435,8 688 2,7 - - -

BpomoBoxopox (v = 2560 eM '3 TIIK = 0,1 mr/m® (1,23 - 10" M%)

355 845 10,00 0,31 - —
391,9 766 - - 0,24 0,55
532 564 1,98 0,16 - —
6193 484 — — 0,15 1,00
1064 282 0,12 0,12 - —
1462,3 205 - - 0,11 0,05
435,8 688 4,4 - - -

I[Ipumeyanue. Beigenennoe kypcusom 3HaueHue auddepenunansuoro cedenns KPC s ¢propoBogopoaa B3sto u3 crarbu [3],
JUTSE XJIOpOBOiopoa — u3 pador [9; 14], aist 6GpomoBogopona — u3 paboTs [ 14].

[IpuBeneHHbIe B TaONMIIE 3HAYCHUS KOA(PPHUIIMEHTOB OCIIA0ICHUS JIA3EPHOT0 M3JIyUYeHUs B arMocdepe s
yKa3aHHBIX 9aCcTOT B3ATHI U3 paboThI [12]. [Tomepeynoe cedeHne 3epKaia MPUEMHOTO TEJISCKOIa TUAapa MpH-

HsTO paBHbIM 0,12 M, a wiar 1o PacCTOSIHHIO BBIOpAH PaBHBIM 7,5 M, YTO COOTBETCTBYET BPEMEHU OHOTO
mmMepenns 50 He, 32 KOTopoe MOXKET ObITh 3apeructpupoBano 200 ¢goronos [10].

Pe3yabTarhl 1 HX 00CyKIeHHE

UTOOBI OIICHUTH BO3MOXKHOCTH Tpepiokennoro ymaapa KPC mo 3ouauposanuto monexyn HF, HCl n HBr,

PACCMOTPHUM KOMIIEIOTEPHOE MOJEINPOBAHHE ypaBHeH s (3), monarasi, uto G(z)=1, a KOHUEHTpaLus HCccIie-
JTyeMBIX MoJieKya NV ( Z) nocruraet [1JIK, ykazanupix B Tabnune. Pemmm ypaBHenue (3) 1uist JUTMH BOJH Jia-

3epHOTO M3MydeHusA 355; 532 u 1064 uam ¢ sreprmsimu B ummyibee 20; 40 u 100 M/l cOOTBETCTBEHHO H Yac-
TOTOH CJIETOBAHUS JIa3epHBIX UMITYICOB 10 kK['11 B mramazoHe paccTosSHUN 30HAUPOBaHUS OT 5 10 1500 M.
B kxaugecTBe mpumepa I 3TOTO CIIydasi Ha puc. 2, @, IPEACTaBICHbI pe3yIbTaThl PEeIIeHUs ypaBHEHUS (3) My
MOJIEKYIT XJI0pOBOOpoaa ¢ Kounentpamueii 1,0 - 10" M~ kak 3aBHCHMOCTB BpeMeHH H3MepeHHs (B orapud-
MHYECKOM MaciuTade) OT pacCTOSHUS 30HANPOBAHMS.

Ecmu orpannunte Bpems uzmepenus Benmnyuaoi 2000 ¢ (=30 MuH (MakcHuMaibHAS TIPOIOIKUTEIHLHOCTh
0TOOpa MpoOd 3arpsA3HSIOLINX BELIECTB MPU ONPEACICHUU Pa30BbIX KOHLEHTPALMHA B COOTBETCTBUH C II. 4.1
T'OCT 17.2.3.01-86%)), To smarason paccTossHUI 30HANPOBaHUS yMeHbIIUTCS 10 200 M. Pe3ynbprarsl pereHus
ypaBHeHUs (3) 715 MOJIEKYN XJIOPOBOIOpO/a ¢ KoHIeHTpanue# 1,0 - 10" M~ B Takom ciyvae MpeACTaBIECHbI
Ha puc. 2, 0.

*FOCT 17.2.3.01-86. Oxpana npupoasl. ATMocdepa. [IpaBnna KOHTPOJIS KadecTBa BO3AyXa HACEIEHHBIX IMyHKTOB. B3amen
I'OCT 17.2.3.01-77 ; BBen. 01.01.1987. M. : Crangaprundopm, 2005. 4 c.
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Puc. 2. Tpadukn 3aBUCUMOCTH BpeMEHN H3MepeHus (B JIorapu()MUIeCKOM MaciTade)
OT pacCTOSHMS 30HIUPOBaHU B quana3one 10 1500 m (a) n 200 M (6)
JUTA MOJTEKYJT XJIOPOBOIOPOa ¢ KoHIeHTparmeii 1,0 - 10" M~ B armocdepHoM morpanudHoM ciioe
HPY BEIOPaHHBIX UTMHAX BOJIH JIa3epHOTo u3inyudeHus (1 — 355 um; 2 — 532 um; 3 — 1064 HMm)

Fig. 2. The plots of the logarithmic dependence of the measurement time on the ranging distance
in the range up to 1500 m (a) and 200 m (b) for hydrogen chloride molecules
with a concentration of 1.0 - 10'® m in the atmospheric boundary layer
at selected laser radiation wavelengths (/ — 355 nm; 2 — 532 nm; 3 — 1064 nm)

Jis cpaBHEHHMS ¢ KPUBBIMH, IPUBEICHHBIMU HA PUC. 2, O, HAa pHC. 3 MPENCTaBICHBI PE3YJIbTaThl PEIICHHS
ypasuenus (3) 11 Monekyn dropoogopona ¢ kourentparmeii 1,0 - 10" M kak 3aBHCHMOCTD BpEMEHH 13-
MEpPEHUs OT pacCTOSAHMUS 30HIUPOBaHMs B 1uana3one 10 200 M, KOTOpbIe HAXOAATCSA B XOPOIIIEM COOTBETCTBUU
¢ pesyasratamu padotsl [3]. Kpusbie / 1 2 IpakTHYECKU COBIAIH. AHAJIOTHYHbBIC 3aBUCUMOCTH JIJISI MOJICKYJT
6poMOBOIOpOIa ¢ TOii ke KoHenTparmmeii (1,0 - 10" M) npexcrasnens: Ha prc. 4.

Kak cnenyer u3 ypaBHeHus (3), B Halei SKCIIEpUMEHTANBHONW CUTYallud BpeMsl H3MEpEeHUs yObIBaeT 00-
paTHO MPOMOPIIMOHATBHO KOHIIEHTPALUK HCCIETyEMbIX MOJIEKYJ U pacTeT ¢ YBEIMYEHUEM PAaCCTOSHUS 30H-
nupoBanust. Kpome Toro, u3 cpaBHeHus puc. 2—4 BUAHO, YTO 3TO CBSI3aHO U CO CIIEKTPAIbHON 3aBUCUMOCTBIO
muddepeHIHaNBHBIX ceueHui nonoc konedarenbHoro KPC nanHbiMu Monekynamu, k03(QQGHUIHMEHTOB 0ciad-
JICHUS! JIA3€PHOTO M3Iy4YeHHsl B aTMOc(epe M CHEeKTPaIbHOH YyBCTBUTEIBHOCTHIO (hoTONIpreMHUKA. B3siThie
JUISL MOACTMPOBAHMsSI pa3Hble 3HAYCHUSI DHEPTUH JIA3ePHOTO MMITYIbCca Ha BHIOPAHHBIX AJIMHAX BOJIH TaKKe
BHOCAT CBOM BKJIaJl B 3TH 3aBUCUMOCTHU. B urore noxyvaercs, uto npu 3o0H1upoBanun mojiekya HCl u HBr na
paccrostauu 10 200 M HaMMeHblIee BpeMsi U3MEPEHUs TOCTUTaeTCsl Ha JUIMHE BOJHBI JJA3€PHOTO M3ITYUYEHUS
1064 1M, a ipu 30H1MpoBaHNK Mosiekyl HF — Ha anune BonHb 355 HM.
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Puc. 3. T'padyukn 3aBHCHMOCTH BpEMEHH H3MepeHNs (B JIorapu()MUIECKOM MacIITade)
OT PACCTOSHMUS 30HIUPOBAHMUS I MOJICKY.1 ()TOPOBOIOpOAA
¢ KoHueHTpanuei 1,0 - 107 M7 B aTMOC(EPHOM MTOTPAHUIHOM CIIOC
HPH BEIOPAHHBIX [UTMHAX BOJIH JIA3€PHOTO H3ITyICHHUS
(1 —355 um; 2 —532 um; 3 — 1064 M)
Fig. 3. The plots of the logarithmic dependence of the measurement time
on the ranging distance for hydrogen fluoride molecules with a concentration of 1.0 - 10" m™

in the atmospheric boundary layer at selected laser radiation wavelengths
(I —355nm; 2 - 532 nm; 3 — 1064 nm)
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Puc. 4. I'padyku 3aBUCIMOCTH BpeMEHH M3MepeHust (B JorapudMHIeckoM MacITade)
OT PACCTOSHUS 30HAMPOBAHMUS I MOJICKYJI OpOMOBOZOPO/IA
¢ KoHueHTpanuei 1,0 - 107 M7 B aTMOC(EPHOM MTOTPAHUIHOM CIIOC
Y BEIOPAHHBIX JUTMHAX BOJIH Ja3€PHOTO H3ITyICHHS
(1 —355 um; 2 — 532 um; 3 — 1064 M)
Fig. 4. The plots of the logarithmic dependence of the measurement time
on the ranging distance for hydrogen bromide molecules with a concentration of 1.0 - 10'” m™

in the atmospheric boundary layer at selected laser radiation wavelengths
(1 =355 nm; 2 - 532 nm; 3 — 1064 nm)

3

Bpemst H3MepeHus IS MOJIEKyT 6pOMOBOIOpoa ¢ KoHueHTpamusmu 10 1,0 - 10 M~ B arMocheproM 110-

IPaHUYHOM CJIO€ Ha JUTMHE BOJIHBI JIa3epHOro n3nyueHus 1064 HM, paccunTaHHOE 10 ypaBHEHHIO (3), TaKke
yOBIBaeT 00paTHO MPOITOPIIMOHATHFHO KOHIICHTPAIIMH UCCIETYEMBIX MOJIEKYII (puc. 5).

OueBHIHO, YTO JalbHEHIIee YMEHbIICHHE U3MEPSIeMOi KOHIIEHTPAIMH MOJIEKYJ BO3MOXHO 3a CYET
YBEIIMYEHUS BPEMEHHM U3MEPEHUs M YacTOTHI CJIEI0BAaHUS JIa3€PHBIX UMITYJIBCOB MM MX dHepruu. Juama-
30H BPEMECHH M3MEPEHUS JIsl UCCIIEAYEMBIX MOJIEKYI MOKHO OLIEHUTH 0 rpaduKam, MpeICTaBICHHBIM Ha
puc. 6. [l Bcex MoJeKyn B3STH KOHLIEHTpauuu, pasasie 11K, n mazepHoe uznydenne Ha IJIUHE BOJIHBI
1064 HM.
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Puc. 5. Tpadukn 3aBUCUMOCTH BpeMEHN H3MepeHus (B JIorapu()MUIeCcKoOM MaciTade)
OT PACCTOSTHMUS 30HIMPOBAHUSL JUTSl MOJICKYJ OPOMOBOZOPO/IA
C pa3IMYHON KOHIIEHTPALKEH B aTMOC()EPHOM MOIPAHIMYHOM CII0€
(1-1,0-10"M%2-1,0-10" M3 3-1,0- 10" M3 4= 1,0 - 103 m7)
[PH JUTHHE BOJIHBI JIa3epHOTo n3nydeHust 1064 M
Fig. 5. The plots of the logarithmic dependence of the measurement time
on the ranging distance for hydrogen bromide molecules
with different concentrations in the atmospheric boundary layer
(1-10-10"m>2-1.0-10"m>3-1.0-10" m>4-1.0- 10 m™
at a laser radiation wavelength 1064 nm
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Puc. 6. T'paduku 3aBUCHMOCTH BPEeMEHHU U3MepeHHs (B JorapupmMuieckoM mMacuirade)
OT PACCTOSIHMUS 30HAUPOBAHMUS IS MOJICKYJI TaJIOHJ0BOJIOPOIOB
¢ KoHIeHTpanuei Ha yposHe [1/IK B aTMOC(epHOM MOTpaHUYHOM CIIOE
(I — xmoposomopox (3,07 - 10'8 M~); 2 — droposomopon (6,02 - 10" Mm™);
3 — 6pomosogopox (1,23 - 10'7 M™)) npu anmiee BoMHBI TasepHOro mamydeHus 1064 v
Fig. 6. The plots of the logarithmic dependence of the measurement time
on the ranging distance for hydrogen halide molecules
at the maximum permissible concentration level in the atmospheric boundary layer
(I - hydrogen chloride (3.07 - 10" m™); 2 — hydrogen fluoride (6.02 - 10'” m™);
3 —hydrogen bromide (1.23 - 10" m™)) at a laser radiation wavelength 1064 nm

Kak BusiHO U3 puc. 6, HaUMeHbIlIee BpeMs U3MepeHust KoHIleHTpanyu Ha ypoBHe [T/IK nomydeno ans mo-
nexynsl HCI: 33,3 ¢ ma paccrossaun 50 M u 134,6 ¢ Ha pacctosaun 100 M. [anee ciemyer monekyna HF co
BpeMeHeM u3MepeHus, paBHbIM 178,6 ¢ Ha paccTostHuu 50 M u 722,5 ¢ Ha paccrossHun 100 M. Bpems uzmepe-
HUs KOHIIeHTpauuu Mosiekya HBr cocraBuio 553,7 ¢ Ha paccrosinuu 50 M 1 2239,5 ¢ Ha paccrosiauu 100 M.
Ecam, xak u BBIE, orpaHUInTh Bpems m3mepenns Benmanaoi 2000 ¢ (=30 muH), To Moiekyry HBr MokHO
3aperucTpuponarb Ha ypoBHe [1/IK Toibko Ha paccTosHUM 30HAUPOBAHUS 710 &89 M.
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3aKjaoueHune

Pesynbrarsl koMnbioTepHoro mMoaenupoBanus auaapa KPC mist 30H1upoBaHus MOJIEKYIT TaloUI10BO0PO-
JI0B B aTMOC(EPHOM MOTPAHUYHOM CJIO€ MO3BOJISIOT CHIENaTh BBHIBOA O TOM, YTO BBIOpAaHHbBIC 3HAUYEHHS €ro
apaMeTpoB AAI0T BO3MOXKHOCTh U3MEPUTHh KOHLIeHTpaluu Ha ypoBHe I1JIK Bcex mccienoBaHHBIX MOJIEKYIL.
BpomMoBogopon omnpenensieTcs Ha pacCTOSHUU 30HANPOBaHUs 10 89 M, (hTopoBomOpox — 277 M, XJIOPOBOIO-
pon — noutu 1486 M.

CTOUT OTMETHTD, UTO YUET KOHSUHOH U PHUHBI JIA3EPHOH JIMHUU U armaparaoi pyHkiuu mugapa KPC npu
30HIUPOBAHUH UCCIICJOBAHHBIX MOJIEKYJI B aTMOC(EPHOM IMOTPAHUIHOM CJIO€ MPOSIBISICTCSI B YBEIWYCHUH JIN-
JapHOro curxana npu ycnosuu I'), > I, u I, > I, HO BMeCTe ¢ TeM U B IOBBILICHKH 1iIyMa. 1o aToM npuunne
pY MUHUMAaJIbHOH IIMPUHE JIA3EPHBIX JTUHUN PEIlAIONIMM CTAaHOBUTCS BHIOOpP ONTHMAJIbHOW IOJTYIIMPUHBI
UHTEPPEPEHLMOHHBIX CBETOPHILTPOB.
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HABEPHA}I OU3NKA

LASER PHYSICS

VIK 621.373.826

ITPOCTPAHCTBEHHBIE XAPAKTEPUCTUKU Nd:YAG-AA3EPA
NMITYABCHOTI'O AAABHOMEPA B MIMPOKOM AWAIIA3OHE
TEMIIEPATYP OKPYJXAIOHIEN CPEADI

B. E. OPEXOBA", B. 3. KHCEJIB®, K. A. OPEXOB"

Dlenene, yi. Makaenxa, 25, 220114, . Munck, berapyco
D Benopycckuil HayUOHATbHBITL MEXHUYECKUT YHUBEPCUME,
np. Hezasucumocmu, 65, 220013, 2. Munck, berapycw

HccnenoBanbl TpOCTPAHCTBEHHBIE XapaKTEPUCTHKU I/IMHyJIBCHOFO J1azepa Ha OCHOBE [HIMHPHYECKOTO KPUCTAIIA
UTTPHUA-aTIOMUHUCBOTO TpaHaTa, JICTHPOBAHHOTO HOHAMH Nd** (Nd:YAG), ¢ KOHAYKTHBHO OXJIaXKTaeMOH OOKOBOM
TTOBEPXHOCTHIO JIJIsI IPUMEHEHHUS B COCTaBE CHCTEM M3MEPEHHsI aTbHOCTH aBUAIIMOHHOTO 0a3UpOBaHUS TPU dHEpruu
JIA3ePHBIX UMITYJIbcOB He MeHee 80 M/Ix Ha mnHe BoiHbl 1064 HM. Pa3zpaboraHa koOHQUTYpalusi CHCTEMbI nonepetmon
JUOHOM HAKAYKH JJIS IUTHHApIYeckoro kpuctamia Nd: YAG muameTpom 4 MM ¢ KOHIICHTpanneil HOHOB N> 0,9 at. %,
obecneunBaroiast 3G dexkruBHOCTL Hakauku He MeHee 0,65. C ucronb30BaHUEM porpaMMHoro odecredenus OpticStudio
1 LASCAD paccauTasbl PO QIITH TOTIOIICHS H3TyYeHIS HAKAUYKH [T Pa3IMYHBIX [IEHTPATBHBIX JITUH BOJH U3y YCHUS
HaKa4yKH ¥ OIpeieNieHa BeJIMUMHA TETUTOBOH JIMH3BI B JIA3EPHOM KPUCTAJLIE JJISl YaCTOT ClieIoBaHus uMIyabcoB 1,0; 4,0; 12,5;
22,0 T'n. [IpoBeneHa olieHKa pacXoIUMOCTH ITy4Ka JIA3EPHOT0 W3ITyYeHUS IS IUIOCKOIO PE30HATOpa C IEPEMEHHON BHYTPEHHEH
JTUH30H. DKCTIEPIMEHTAIBHO UCCIIEIOBAHO MIPOCTPAHCTBEHHOE pacpe/iesieHHe Ja3epHOTro H3IyUeHIS B JaJbHEH 30HE [T
4acToT chenoBanHus ummynbcoB 1,0; 4,0; 12,5; 22,0 'y B AnanazoHe TeMieparyp okpysxaroieit cpest ot —40 1o +60 °C
TIpH CTaOMITU3AINH TEMIePaTyphl ICTOYHUKA TUOTHON Hakadukw >1eMeHTamu Ilensree. TlokazaHo, 4TO SHEpreTHUecKas

1 o
PacxoiMMOCTb JIa3ePHOTO M3JIYYEHHSI 110 YPOBHIO —- He npesbimaet 1,9 mpaa. Ilpu ¢pukcuposanHoil Temneparype wis
e
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4acTOT cliefoBanus uMmnyinbcoB 1,0; 4,0; 12,5; 22,0 't 1 uncna 3aperucTpUPOBAHHBIX UMITYJIBLCOB HE MeHee 45 nBoliHOe
CPEIHEKBAIPATHYHOC YIIIOBOC OTKJIOHCHHE YPHEPTETHYCCKUX IICHTPOB Macc IMPOQHIICH JTa3epHOTo IMydYKa B TATBHEH 30HE
OTHOCHTEIIEHO YCPETHEHHOTO TTOJIOKECHUS SHEPTETHIECKOTO IIEHTPa MacC I YaCTOTHI CIeOBaHMs UMITYascoB 4,0 'y
He npessimaet 0,5 mpan. [lonydeHHbIe 3HAUCHHS PACXOAUMOCTH U JIBOWHBIX CPETHEKBAAPATUIHBIX YIIIOBBIX OTKIOHCHUH
SHEPreTHIECKHUX IIEHTPOB Macc MpoQMIIeH JIa3epHOTO IMyYKa B JaJbHEH 30HE YKa3hIBAIOT HA BO3MOKHOCTH IPUMEHCHUS
Ja3epa B COCTaBe JaibHOMEpa Ha OOPTY OCCIMIIOTHBIX JICTATEIbHBIX alapaToB.

Kntrouessie cnosa: na3zepHbIii JaTbHOMED; IUOJHAS HAKadKa; pacXoIuMOCTh J1azepHoro myuka; Nd: YAG.

SPATIAL CHARACTERISTICS
OF A Nd:YAG LASER FOR PULSED RANGEFINDER
OVER BROAD AMBIENT TEMPERATURE RANGE

V. E. OREKHOVA", V. E. KISEL", K. A. OREKHOV*

Peleng, 25 Makajonka Street, Minsk 220114, Belarus
®Belarusian National Technical University, 65 Niezaliezhnasci Avenue, Minsk 220013, Belarus

Corresponding author: V. E. Orekhova (ve.orehova@gmail.com)

Spatial characteristics of a pulsed laser based on neodymium-doped yttrium aluminium garnet (Nd:YAG) rod with
conductively cooled barrel surface are investigated for use as part of airborne rangefinding systems for a pulse energy
values not less than 80 mJ at a wavelength of 1064 nm. Diode side-pumping system configuration has been developed
for a Nd: YAG rod with a diameter of 4 mm and Nd** ions concentration of 0.9 at. % with pump efficiency not less than
0.65. The pump light absorption profiles have been calculated for various central pump light wavelengths, and the value of
thermal lens in laser rod has been determined for pulse repetition rates of 1.0; 4.0; 12.5; 22.0 Hz using the OpticStudio and
LASCAD softwares. Laser beam divergence has been evaluated for a flat-flat resonator with variable internal lens. Spatial
distribution of laser beam was experimentally studied in the far field over ambient temperatures range of —40 to +60 °C
for pulse repetition rates of 1.0; 4.0; 12.5; 22.0 Hz while stabilising diode pumping source temperature by Peltier mo-
dule. It is shown that divergence for a beam containing 86.5 % of total energy does not exceed 1.9 mrad. Double standard
deviation of the far-field laser beam profile centroids relative to averaged centroid position for a pulse repetition rate of
4.0 Hz does not exceed 0.5 mrad at a fixed temperature for pulse repetition rates of 1.0; 4.0; 12.5; 22.0 Hz and recorded
pulse number not less than 45. The obtained values of divergence and double standard deviation of the far-field laser beam
profile centroids show the possibility to use the laser as part of rangefinder on board unmanned aerial vehicles.

Keywords: laser rangefinder; diode pumping; laser beam divergence; Nd: YAG.

BBenenune

Morrnsle TBepAoTeNbHBIe UMITYTbCHBIE Nd : YA G-11a3zepbl, QYHKIIMOHUPYIOUINE B PEIKUME MOAYIISIIUH J100-
POTHOCTH, UIMEIOT IIUPOKOE MIPHMEHEHNE B ONITHYECKIX CHCTEMaX H3MEPEHHS TATbHOCTH, a9PO30JIbHBIX JIHIapax
u ap. [1-9]. dns obecrieuennst HANOOIBINEH TOYHOCTH ONIPEICIICHUS PACCTOSHHES JI0 TIPEAMETA, PACTIONIOKESHHOTO
1071 HEKOTOPBIM YIJIOM K HaIlPaBJIEHHIO JIa3€PHOTO ITy4Ka, a TAK)Ke€ BOZMOKHOCTH HU3MEPEHUsI 1ajIbHOCTH Ha JTUC-
TaHusx oT 10 kM onHUMY 13 HanboJIee CYIeCTBEHHBIX XapaKTEPUCTHK Jla3epa B COCTaBe JallbHOMEpa SBIISTFOTCS
PacXoIUMOCTh U CTaOUIBLHOCTH POCTPAHCTBEHHOTO TTOJIOKEHHS JTA3€PHOTO ITyYKa.

Tunryable 3HAYEHNST PACXOAUMOCTH JIa3epHOTO M3IIyYeHHUs B TaKuxX cucremax coctasisitoT 0,2—0,7 mpan
[4, p. 31; 10, p. 878; 11; 12]. B 1mensax yMeHBIICHHUS PACXOAUMOCTH JIA3EPHOTO MyYKa HA BBIXOAE U3IYUCHUS
13 PE30HATOPA PACIIONIATAI0T PACHIMPSIONINI Teneckomn. s KoppeKTHON paboThI JallbHOMEPa aBUAIIMOHHOTO
OasupoBaHms TpedyeTcss 00eCeunTh JOCTATOUHYIO CTA0MIBHOCTh IPOCTPAHCTBEHHBIX XapaKTEPUCTUK H3ITY-
YeHHsI B IIMPOKOM JIMATIa30HE TEMIepaTyp OKPYKArOIIeH CPe/bl ISk 4aCTOT CIIEAOBAHUS UMITYIIbCOB OT €IH-
HUII JI0 I€CATKOB Tepil.

B nHacroseit paboTe ncciae10BaHbl XapaKTePUCTUKH TBEPIOTEIHHOTO JIa3epa /il IPUMEHEHHs B COCTaBe
TaIbHOMEpa Ha O0pTY OECIMUIIOTHBIX JIeTATENIbHBIX ammmaparoB. PaccMOTpeHBI pe3yabTaThl pacdeToB MPOQHIIs
TIOTJIONICHHYSI U3JTYy4YCHUsT HaKauKK Jijist j1azepHoro kpuctawia Nd: YAG ¢ oHOCTOpOHHEH TONepeyHoO JU0/-
HO Hakaukoil. [IpoBenieHa oreHka pacXoJUMOCTH J1a3epHOro mmydka. [IpeacTaBieHsl pe3ynsTaTsl H3MEPEHUH
PaCXOIMMOCTH U JIBOWHOTO CPETHEKBAIPATHYHOTO YITIOBOTO OTKIJIOHEHUS SHEPTeTHYECKUX [IEHTPOB Macc Tpo-
(humeit Ta3epHOTO M3IYUCHUS B JANBHEH 30HE TSI MPOTOTHIIA JIa3epa C TEPMOIJICKTPUICCKON CTA0MITH3AITEH
TeMIepaTypbl AUOTHOTO UCTOUHMKA HAKayKW M 3HEpTuell NMITyJIbca JiazepHoro usinydeHus He menee 80 Mk
B Iania30He TeMIeparyp okpyxaromieit cpeast o —40 1o +60 °C qist gactot cnenoBanusd umMmyascos 1,0; 4,0;
12,5; 22,0 I'u. Ilokazano, 9To MpemioxkeHHass KOH(UTypanus 00ecednBaeT BOZMOXKHOCTh pa0OThI AalTbHO-
Mepa Ha paccTossHuA He MeHee 20 KM.
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Pacuer oTpazkare/iss KBaHTpOHA

Jlazep Ha ocHOBe MITMHAPHIEecKoro Kprctamia Nd : YAG uMmeeT ImIocKuil pe3oHarop IHHOH 450 MM ¢ TpuTI-
MeNTb-TTPU3MOH 1 3epKajlaMH Ha OJTHOU moijIokKe. OH CIocoOeH reHepUpOBaTh KOPOTKUE UMITYIILCHI B PEXKUME
AKTUBHOW MOAYJSAIUU TIOOPOTHOCTH, MPH STOM MCTOYHHK HAKaYKM MEXaHUYECKH HE CBsI3aH C OTpaKaTelieM
U JIa3epHBIM KPUCTAJIOM, & YCTAHOBJICH Ha OOKOBYIO CTEHKY Kopityca jiasepa [ 13]. [Tpu pa3paboTke oTpaxarens
KBaHTPOHA YYUTHIBAIIMCH CIICAYIONIUE TPECOOBAHMSI.

1. Kondurypammst orpakarens JoKHA 00eCTIednBaTh BOZMOYKHOCTD UCTIONB30BAaHUS B KAYECTBE NCTOUYHH-
Ka HaKa4K{ UMITYJIbCHBIX JIa3ePHBIX AHOMHBIX MaTPHI] C IEHTPAIHHON UIMHOM BOJHBI Ja3€PHOTO M3ITyICHUS
B npenernax 800—810 HM, MUPHUHON CIIEKTPAIBHON JIMHUY Ha TONYBBICOTE 5 HM, OOIIEei MOIIHOCTBIO B ITHKE
He meHee 2200 Bt npu s dexruBrHOCTH Hakauku He MeHee 0,6.

2. Kongurypauust cucTeMbl HaKa4KH JTOJDKHA OBITh KOMITAKTHON M TEXHOJIOTMYHOMH, €€ MPOU3BOJCTBO HE
OOJKHO CYIIECTBEHHO MOBBIIIATE CTOUMOCTD ONTHYECKON CUCTEMBI.

3. ns obecriedeHnst CTaOMIIBHOCTH BBIXOJHBIX XapaKTEPUCTHK Jla3epa B IIUPOKOM JTHAITa30HEe TEMIIEPATyp
OKpY’KaIOIIeH Cpe/Ibl JOMyCKAeTCs MPUMEHSITh TEPMOAIIEKTPHUYECKHIA METO/I CTAOUITM3AIH TEMIIEPaTyPhI HC-
TOYHHMKA HaKa4KH ¢ DHEpronoTpedieHrueM He 6onee 40 BT.

LenTpanpHas JyMHA BOJHBI JIA3€PHBIX JUOAHBIX MaTpull rpu temneparype +22 °C cocraBnsger 802 HM.
N3menenue JJIAHBI BOJIHBI U3JIYUCHHA HAKAYKW B 3aBUCUMOCTU OT TEMIIEPATyphl JIA HpHMCHﬂCMOﬁ MOACIIN
JIa3ePHBIX AMOAHBIX Marpuil coctapisieT 0,3 HM/°C. llupuna usnydaromiel MIOMAAKH BIOJIb ObICTPON OCH
paBHa 3,4 MM. PacxomnMoCTh N3ITy9ICeHHSI HAKAYKA BIOH OBICTPOM OCH Ha TMOIYBBICOTE cocTaBisieT 40° £ 5°,

g paccMaTpruBaeMoOro TBepAOTENHFHOTO J1a3epa C 3alaHHON KOH(UTYypamnuel pe3oHaTopa Iesecoo0pa3Ho
00ecneynTh HanMEHBINNE TTOTIEPEYHbIE PA3MEPHI JIA3ePHOTO KPHUCTAJIA, ONPEACIAIONINE OTPAaHIIHBAIOIIYIO
amnepTypy BHYTPH pe30HATOpa. DTO MO3BOJIUT CHU3UTH PACXOAMMOCTh TEHEPUPYEMBIX JIA3EPHBIX UMITYIIHCOB
ITyTE€M TTO/IaBJICHHUS MO/ BBICIIHX MTOPSAIKOB B CIydae, KOT/Ia PaJryc Ja3epHOTO KPHCTAJUIa MIPEBBIIIACT PaIyC
Hynesoii nonepeuHoii (TEM,,,) Mozpl, a Taxke 00ecneynT KOMIIAKTHBIE pa3Mepbl KBaHTPOHA. MUHNUMAaIbHBII
MTOTIEPEYHBII pa3Mep JIa3epHOTO KPUCTAIIIA OMPEesieTCs] HCXOIs U3 COOMIOeHs] TpeOOBaHNN K JIy4eBON
MIPOYHOCTH MOKPHITHH ONTHYECKUX AIIEMEHTOB BHYTPH pe3oHaropa [ 14]. B ncciexyemMom s1azepe mpuMeHSIOTCS
Si0O,-oKphITHS, HAHOCHMBIE ONEKTPOHHO- T IEBLIM METOZIOM (e-beam), myst HUX TUIMTMYHBIC 3HAYCHUS JTyICBOH
IIPOYHOCTH cOCTaBIsOT oKouo 10 Jlx/cm”. MI3BecTHO, uTo mpH pabote B arMocdepe Ha umHe BOXHBI 1064 HM
C ITUTENFHOCTHIO UMITYJIbCA MPUOMU3UTENhbHO 10 HC IS IOKPBITHI TaHHOTO THUIA XapaKTePHO CHIDKEHHE
JTydeBoi mpogHocTH B 1,5-2,3 paza [15; 16] ¢ pocToOM KOTHYIECTBA UMITYIBCOB, IPUXOISIIUXCS Ha (PUKCHPO-
BaHHYIO 00macTh MOKpEITHA, oT 1 10 1000. Kpome Toro, mpenmoiaraeTcs, 9To MOTOK JIA3EPHOTO H3ITYUCHUS
B CEUYEHUH ONTHUYECKON OCH pe30HaTopa MMEET HEPaBHOMEPHOE PACIIpeIeIeHNe M B OT/ICIBHBIX 30HAX MOXKET
MIPEBBIMIATH YCPESAHCHHBIN MTOTOK 110 2 pa3. Mcxos n3 yKkazaHHBIX COOOpaKEHHH, a Takyke HEOOXOMUMOCTH 00e-
CHEYUTH JABYKPATHBIN 3aIac JIy9eBOi MPOYHOCTH I BHYTPUPE30HATOPHON ONTHKH, MOXKHO SaK/IOTHTh, 1TO
ILIOTHOCTB YHEPIUH JIA3ePHOTO H3IIyUCHHS He 10JDKHA peBbimats 0,9 Jhx/cM”. C y4eToM BEIOPAHHOTO K0d(-
(hunmeHTa oTpakeHHs BRIXOMHOTO 3epkana (p = 0,25) cormacHo padore [13] MUHMUMATBHEIN THaMeTp padodcit
30HBI JJA3EPHOTO KPUCTAIIJIa COCTaBUT HE MeHee 3,7 MM
TIpU HATMYWA (DACKU WITH 3aIIUTHON quadparMel ¢ pa-
nuycoM, Ha 0,2 MM MEHBIITUM paguyca Topiia. B memsx
o0ecrieueHns MPaKTHYHOCTH IPOU3BOACTBA (LIMITNHIPH-
YeCKHe Ja3epHbIe KPUCTAIUTBI C IIETIOYHCICHHBIM JHa-
METPOM, KpaTHBIM | MM, IITUPOKO TPEACTABICHHI Ha
MHPOBOM phIHKE) nmuameTp kpuctamia Nd: YAG Ob11
BBIOpAH PaBHBIM 4 MM.

BokoBast TOBepXHOCTP IMIIMHAPUIECKOTO KPUCTATI-
Jla MaTHpPOBaHHAs. YTJIOBOW MPOMUIL pacCesTHUS W3-
JYYCHUS], TPOXOJISIIETro 4epe3 OOKOBYIO TTOBEPXHOCTD
KpHCTaia, alpoKCUMHUPOBaH pacnpeaenenuem [ ayc-
€a CO CPE/IHEKBAPaTHIHEIM OTKIOHEHHEM G = 0,45°.
KouuenTpamus noros Nd** 0,9 ar. % BeiGpama B 1iessix
obecrieueHrsI BLICOKOTO Koa(b(bHuHeHTa TTOTJIOIIECHUS
M3ITy9eHUs] HaKauyKH, JOCTATOYHOTO IS TOCTHIKEHUS
TpebyeMoii 3((heKTUBHOCTH HAKAYKU.

Puc. 1. TlonepeyHoe ceyeHHe CHCTEMbl HAKAUKH C OTPAXKATEIIEM:

] — HCTOMHHK HAKAYKH (MATPHIIA TA3EPHBIX AHOJIOB); J1J1s1 KOMITAKTHOCTH Ta0apUTOB UCIIOIb30BaHA KOH(U-
2 — oTpaxareb; 3 — Ia3epHbIA KPHCTAILT ryparys ¢ OTHOCTOPOHHEH Hakaykoi. Pa3zpaborana dop-

Fig. 1. Pumping configuration cross section: Ma OTpaxkarelis, COCTOSIIAs U3 OJHOM IMIMHAPHUYECKON

1 — pump source (laser diode array); mudGdy3HO OTpakaroliel TOBEPXHOCTH U JIBYX TLIOC-

2 —reflector; 3 — laser crystal KHX 3€PKaJIbHO OTPAXKAIOLIMX MOBEpXHOCTEH (puc. 1).
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Martpuiisl Jia3epHBIX JMOIOB PACIIONIOKEHBI B PS/I BIOJIb OCH JIA3EPHOTO KpUCTAJlJIa TAKUM 00pa3oM, 4To MX
OBICTpast OCh MEPIICHIUKYIISIPHA OCH KPHUCTAILIA.

Hawubonebras 3pheKTHBHOCTh HaKaYKK HAOMOMACTCS JUIs [UIMH BOJH M3JIyUCHHS MaTPHIL JIA3EPHBIX JHOJIOB,
COOTBETCTBYIOIIUX HAHOOJIbIIIEMY 3HaUCHHIO () (HEKTUBHOTO KO3(D(UIIMEHTA TOTIIOIIEHHS U3TyUCHHsT HAKAuYKH

B JIa3€PHOM KPHCTAJLIE keff(Xo) IPH IEHTPAITBHOM JUTMHE BOJIHBI U3JIyYSHUS! HAKa4KH A, BEIYHCIIIEMOTO 110
hopmyie
In( o (2= ng)e “1oan ]
r (R ) =
eff ( 0) do

b
e

LQJ
o(hmhg) = ez[G“’A

O-LDA\/% ,
fo(r=ng)dr=1,

€ — DKCITIOHEHTA; k(k) — K03 (QUIMEHT MOIOIEHNS N3TyUYeHNsI HAKauKU UL JUIMHBI BOJIHBI A djy = 5 MM —
pacdeTHasl AJMHA IIyTH BHYTPH Ja3epHOr0 KPUCTANIA; G p, = 2,12 HM — CpeIHEKBAaAPAaTHIHOE OTKIOHEHUE
pacnpenenenus ['aycca s IJMHUK C IIMPUHOM CIIEKTPaA Ha MOJIYBBICOTE S5 HM.

C ucnosbp30BaHUEM MPOrpaMMHOTO obecrieuenus OpticStudio METOIOM TPaCCUPOBKH JIydel MPOBEICHO
YUCIICHHOE MOJICIIMPOBAHKE MPO(UIIS OIJIONICHHUS B CEYCHUH, TICPIICHAUKY/ISIPHOM OCH JIa3€pHOT0 KPUCTAJLIA,
JUTSL Pa3JIMYHbBIX JUTMH BOJIH M3JIyYCHUs] HAKa4YKu (puc. 2).

Jis 5 deKTHBHON HaKaYKH JIA3ePHOTO KPUCTAIIIA TIOAXOAUT HCTOYHUK HAKAYKH C JJTMHOW BOJTHBI U3ITyde-
Hus 806—809 M. [Ipodwmu moromeHus n3mydeHus] HAKadKy B CEYSHHH, TIEPIICHINKYIISIPHOM OCH JIa3epHOTO
KpHCTaJUIa, UMEIOT HECUMMETPUIHOE OTHOCUTEILHO IICHTPa pacupeneineHue (puc. 3).

P
:
h

70 - I -_10
—2 1 7
50} ]

) B
(e (e

W3JTy4YCHUS HAKAYKHU, %
[\®)
(=}

D¢ HEeKTHBHOCTD MOIOICHUS
IS
Kos¢pduuunent normomienus, cmMm

10

0
785 795 805 815
JlmmHa BOTHBI, HM

Puc. 2. 3aBucuMOCTb TapaMeTPOB CHCTEMBI HAKAUKHU OT JUIMHbI BOJIHBI:

1 — pacueTHas 3aBHCUMOCTH 3P ()EKTHBHOCTH HaKauKy MIHHAPHIecKoro kpucrauia Nd: YAG
OT IEHTPANBHOM ATHHBI BOJIHBI I AUOTHOTO HCTOYHNKA HAKAUKH C MIMPUHON CTIEKTPA M3y IeHHS
Ha MOJIYBBICOTE 5 HM; 2 — 3aBUCUMOCTh Kod(durmenta noromienus kpucramwia Nd: YAG
C KOHLIEHTpaLUeH HOHOB Nd** 1,0 ar. % 0T JUIHHEI BOJHEI (B3stTa U3 padors! [17]);

3 — pacdeTHas 3aBUCUMOCTH 3 PeKTUBHOTO KodhdunreHTa normonienus kpucramia Nd: YAG
¢ koHuenTpareii noros Nd** 1,0 ar. % 0T HEHTPAIBHOI! THHEI BOTHBI
JUISL TMOJIHOTO NCTOYHHKA HAKa4KHU C IIMPHHOHN CIEKTpa N3TydeHUs Ha IOJyBBICOTE 5 HM

Fig. 2. Dependence of pumping system parameters on wavelength:
1 — calculated dependence of Nd: YAG rod pump efficiency on central wavelength
for diode pump source with emission spectrum full width at half maximum (FWHM) of 5 nm;
2 —dependence of Nd: YAG rod absorption coefficient on wavelength for Nd** ions
concentration of 1.0 at. % (taken from work [17]); 3 — calculated dependence of Nd: YAG rod
effective absorption coefficient on central wavelength for Nd** ions concentration of 1.0 at. %
and diode pump source with emission spectrum FWHM of 5 nm
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Puc. 3. Pe3ynbTarhl YUCIICHHOTO MOJICITUPOBAHUSI B IporpaMMHOM obecrieuenuu OpticStudio
PO TMOTIIOIIEHAS H3ITyYeHNsT HaKauKH [THHIprudeckoro Kpuctamia Nd: YAG nmuametpoM 4 Mm
¢ koHIeHTpamueit nonos Nd** 0,9 at. % aist IHOAHOTO MCTOYHNKA HAKAYKH C IIHPHHOI CIIEKTPa
HA TMOJTYBBICOTE 5 HM U LICHTPAJIBHOM JAHHO BoiHbI n3inydeHus 800 um (a), 803 um (6), 806 HM (), 807 HM (2)

Fig. 3. The results of pump emission absorption profile numerical simulation using OpticStudio software
for Nd: YAG rod diameter of 4 mm and Nd** ions concentration of 0.9 at. %,
diode pump source with emission spectrum FWHM of 5 nm and central emission wavelength of
800 nm (a), 803 nm (b), 806 nm (c¢), 807 nm (d)

Hannuwue B ipodusie mONIONMEHNs H3TyYSHUsT HAKAYKH MTPU JUTHHE BOJHBI, COOTBETCTBYIONICH HANOOIbIIIe-
MY 3HAYCHHUIO keff( Ao ), 00JIaCTH C MOBBINICHHON TIOTHOCTHIO MOTIIONICHHOW SHEPTHH MOXKET CIIOCOOCTBOBAThH
CHI)KCHUIO UHBEPCUU HACEIICHHOCTEH B JJa3€PHOM KPUCTAILIC 32 CYET YCUIICHHOMN CIIOHTAHHOM JIFOMUHECIICH-
LIUH, & TAK)KE BOSHUKHOBCHUIO aCHMMETPUYHON TEPMOJIMH3BI, IPUBOJIAIICH K Pa3hbIOCTUPOBKE U YXYIILICHUIO
CTAaOMJILHOCTH JIA3EPHOTO MyYKa B JIajibHEH 30HE MOCJe BKIOUEHUS ja3epa. [Jis MUHUMU3aluu yKa3aHHOTO
addekra nanee paccMarpuBaiach HakavyKa MpH IEHTPaIbHOH yinHe BOIHBI 806 HM, COOTBETCTBYIOIICH OoJee
PaBHOMEPHOMY TPOQHIIIO PACIIPE/ICIICHUS SHEPTUU HAKAUYKK B CPABHEHUU C TAKOBBIM IIPU HAKAYKE B MTUKE I10-
DJIOIIEHNS ¢ JIUHON BOIHBI 807—808 HM.

Pacuer pacxoqumMocTH J1a3epHOI0 M3JIy4YeHHUs

Jiist Toro 4yToOBl B reHEepaluy Ja3epHOro U3IydeHus Obula 3aJeiicTBOBaHa MaKCHMMalbHas 4acTh 00beMa
JIa3epHOT0 KpHUcTaia, UCIOIb30BaH IUIOCKUI JTMHEHHBIH pe30HaTOp, 00ECIeUNBAIOLIHIA TTOCTOSHHBIN MOTIe-
PEUHBII pa3Mep HyJIeBOH MOABI BAOJIb BCEH UIMHBI JTa3epHOTr0 KPUCTAIJIa B IPUOIMKEHUN MAJIO ONTHYECKON
CHUJIBI TEIUIOBOM JMH3HI [ 18, p. 586].

B Tabn. 1 npusenens! napamerpsl kpuctaia Nd : YAG, ucrnons30BaHHbIE IPH pacyeTax.
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Tabnuna 1
CaoiicTBa kpucramia Nd: YAG
Table 1
Nd:YAG rod properties
[MapameTpsr 3HaueHme
TerutorrpoBoHOCTH, BT/(M - K) 14
TemmepaTypHbIid KO3hGHUIIMEHT MOKa3aTeIst IPEIOMICHHUS 9,1-10°
Koaddurment TemmoBoro pacmmpenus, K 7,5-10°¢
DnacToonTH4eCKuil KOAPPUIEHT:
paauaibHbII 0,017
TaHTeHIIHAJIbHBII -0,0025
IToxa3arenps npenomiIeHus 1,816
JlnvHa BOJIHBI U3JIy4€HHUs, HM 1064

Pacnipenenenue MONIONEHHOW SHEPTHH B CEUSHHUH JIA3EPHOT0 KPUCTAIIA OKa3bIBACT BIMSHUE HA MOJIOBBIN
COCTaB JIA3epHOTO M3ITYUEHHS, & TAK)KE BEIMUUHY TECIIOBOH JIMH3BI B JIA36PHOM KPUCTAIIIE BJIOJIb IBYX B3aUMHO
MepIEeHANKYIAPHBIX oceil. C ncmonp3oBanHueM mporpaMmaoro odecrnedeHus LASCAD MeTonoM KOHEUHBIX
AIIEMEHTOB MPOBEJICH PACYET BEIMUMHBI CTAIIMOHAPHOM TEIUTOBO JTHH3BI IS YaCTOT CIEJ0BAHHS UMITYJIbCOB
1,0; 4,0; 12,5; 22,0 I'ry (Tabm. 2) B mpHOIMKEHUH IT0CTOSTHHOTO 3HAUYCHUS TEMIIEPaTyPhl OOKOBOW MTOBEPXHOCTH
Ja3epHOr0 KPHUCTAIUIA, Yepe3 KOTOPYIO MPOM3BOIUTCS OTBOJ TEIUIA U3 BHYTPEHHET0 00beMa KpUcTasia. ITo
3HauEHHE IPUHUMAIOCH PABHBIM MCXOJHOW TeMIleparype Ja3epHOro KpucTasuia.

Tabonuma 2

Pacuernbie (hOKyCHBIC PACCTOSIHUSA
CTAIMOHAPHOI TenJIoBo# JIMH3BI B 1a3ePHOM KpHCTaJLIe
JJIS PA3JIMYHBIX YACTOT CJIeJOBAHNS UMITYJIbCOB

Table 2

Calculated focal lengths of stationary thermal lens
in laser crystal for various pulse repetition rates

YacToTa crenoBaHus DoKyCHOE PACCTOAHHE, M
MMITYIBCOB, I'ip Brons ocu x Bnons ocu y
1,0 240 250
4,0 60 62
12,5 19 20
22,0 11 11

3HadeHus] (POKYCHBIX PACCTOSIHUHN CTAIMOHAPHOW TEIUIOBOM JIMH3BI JUTSI PA3INYHBIX YaCTOT CJIEOBaHUS
HMMITYJILCOB TIOCJIe Havyala paboThl Ja3epa ONpeIeNsioT MOIOBBIN COCTaB M3My4eHus. PacxoaumMocTs HyleBOH
MOJIBI JTA3E€PHOTO PEe30HATOpA Ha BRIXOJE OIpeneieHa METOA0OM MaTpudHoi ontuku [19, p. 171-175].
Marpuua npoxozaa uepes Ja3epHblil kKpuctaiml (M,.) uMeeT BUIL

Mlc = MlciancifMlcin’

e
M. , = 2m. |,
0 1
I 0
M. ,=|_1 10
Jre

rae M. , —Marpuua poxoza 4epes MoJOBHHY JUIMHBI JIA3ePHOTO KpHucTailia; M, ,— MaTpHia npoxoaa yepes
COOMparoIyro TMH3Y ¢ (POKYCHBIM PAaCCTOSHIEM, PAaBHBIM (DOKYCHOMY PACCTOSTHHIO TEILIOBOH JIMH3BI B JTa3€PHOM
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KPHUCTAJUIS; /,, — JUIMHA JIa3€pPHOT0 KPUCTAJLIA; /1;, — II0KA3aTeNb IPEJIOMIICHHUS JTa3epHOT0 KpUCTalIa; f;. — do-
KyCHOE PacCTOSHHE TEIUIOBOM JIMH3BI B JIA3EPHOM KPHUCTAILIC.
Marpuia 06xoma yepe3 pe3oHaTop B 00e CTOpoHBI (M) onpenemnseTcs Kak

M =M, M, M, M;, M} M,,,

(1
n— 0 1’
M, = :
12 0 1

rze /; = 20 MM — paccTosiHUE OT OIIMAKHETO (110 OTHOIIEHUIO K BEIXOAHOMY 3€pKajly) TOpLA JIA3epHOro KpUcTasia
10 BBIXOJHOTIO 3epkana; /, = 330 MM — A7MHA ONTUYECKOTO IIyTH OT JAJIbHEro (II0 OTHOLIEHHUIO K BEIXOJHOMY
3epKaiy) Topla JIa3epHOro pe30HaTopa A0 NIyX0oro 3epKaia.

Cornacuo pa6ore [20, p. 235] onpezaeneHbl KOMIUIEKCHBIH napameTp (g) U paaunyc HyJeBOH MOJBI B Iepe-
TSDKKE Ha BBIXOIHOM 3€pKaie (m,):

2

_ My, - M, + M,, M,,-M,,

q
M, MI,O 2M1,0

b

®y = ?_7»,

1T

rrae A = 1064 HM — [TIHA BOJTHBI JJa3€PHOTO W3ITYYCHHUS; { — MHUMAS CIMHMUIIA.
[IpocTpancTBeHHOE KauecTBO my4dka (M 2) U PacxXoauMOCTh U3TydeHus (6) OlleHUBAIKUCh B 3aBUCUMOCTH OT
COOTHOIIECHUS BEJIMYUH 7 ¥ O, coriacHo paboram [20, p. 235; 21, c. 47]:

M= , >0,
0
mr= 24 =1,9, r <o,
1,27
_2MP
o

rae 7 = 1,8 MM — paJyc orpaHUuMBAIOILIEH anepTyphl 3alIUTHON TuadparMbl BHYTPH JIa3epHOTO PE30HATOPA.
PacueTHble 3HaueHUs pajuyca HyJIEBOH MOJBI, IPOCTPAHCTBEHHOI'O Ka4eCTBa IIy4Ka U PACXOAUMOCTH JIa3ep-
HOTO M3JTy4YeHHUs] IPUBECHBI B Ta0IMI. 3.

Tabnuna 3
PacyeTHble 3HaYeHHUs1 PaJuyca HyJ1eBOil MOJbI B epPeTsKKe
Ha BBIXOHOM 3epKaJie, IPOCTPAHCTBEHHOI0 KaYecTBa My4yKa
U PacXoAMMOCTH JIA3ePHOT0 M3JIy4eHHs!
VIS PA3JIMYHBIX YACTOT CJIEOBAHUS UMITY/IHCOB
Table 3
Calculated TEM, mode beam waist values at output mirror,
spatial beam quality factor and laser beam divergence
for various pulse repetition rates
YacToTa ciieoBaHus Panuyc nynesoit [IpocTpancTBeHHOE Pacxonumocts
HMITYITECOB, [ 1T MOJIBI, MM Ka4ecTBO ITy4Ka JIa3epHOTO U3ITyHIEHHs, MPaJl
1,0 1,80 1,92 0,721
4,0 1,30 1,91 0,719
12,5 0,98 3,35 1,260
22,0 0,86 4,43 1,670
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Onucanue 3KC]’[epI/IMeHTaJII)HOI7[ YCTAaHOBKH

[IpoBenieHO IKCHIEpUMEHTANILHOE HCCIIEI0OBAHNE MPOCTPAHCTBEHHOTO paclpe/ieleHNs U3ITyueHus Ja3epa
B JajbHel 30He. Jlazep ObLI HOMELIEH B TEpMOKaMepy C IPO3pPauyHbIM OKHOM JJISl BHIBOZA JIA3EPHOTO MydKa
HapyXKy. JIazepHbIii My4oK NaJlaeT Ha IJI0CKoNapayiedbHYIO0 IUTACTHHY, BHITIONHSIONIYIO (DYHKIIUIO CBETOICIHU-
Tensl. 3a MI0CKOMapaNIEIbHON MIIACTUHON B XOJIE JIA3€PHOTro Iy4Ka yCTaHOBJIEH AaTyuk 3Hepruu J-50MB-IR
(Coherent, CLIA) ¢ mameputenem Labmax-TOP (Coherent) mist peructpaiiuu BeTHIUHBI JHEPTHH TCHEpUPYe-
MBIX KOPOTKHMX JIa3€PHBIX UMIYJILCOB. B X0/l OTpaskeHHOTO My4Ka PacIONIOKEeHbI OcIadistonye GuibTphl,
cobuparomas JinH3a ¢ GOKyCHBIM paccTosiHueM f; = 758 MM u unppaxpactas kamepa SP928 (Ophir, CILIA),
pasMelIeHHas TaKUM 00pa3oM, 4To ee JOTOUYBCTBUTEIbHAS IUIOIMIAAKA HAXOAUTCS B (POKATBHOM IIIOCKOCTH
coOuparomieit TuH3kI (puc. 4).

11 12 |

Puc. 4. IlpuanunuansHas cxeMa CTeHAa JUIs IPOBEACHHS H3MEPEHUH SHEPTUH HMITYIIbCa
U IIPOCTPAHCTBEHHOTO pachpe/ieeH s HHTEHCUBHOCTH JIA3€PHOTO U3ITyUYeHHs B JalbHEH 30He:
1 — na3epHbIil pe30HATOP B FepPMETHYHOM KopIryce; 2 — IPOMBIIUICHHBIN (eH; 3 — TepMoKamMepa;
4 — OKHO; 5 — BOAAHAs CHCTEMA OXJIXKICHHS TEIIOCTOKA KOpITyca Jla3epa; 6 — INIoCKonapasuiebHasl INIacTHHA,
7 — JaT4YMK SHEpruu; § — ONTHUECKUH ocnabnstomuii puisTp; 9 — codbuparoiias nuH3a; /0 — kamepa;
11 — B1OK AIEKTPOHUKH JUIs YIpaBJieHus paboToii asepa; /2 — KOMIIBIOTEp

Fig. 4. Schematic diagram of the bench used for pulse energy
and spatial far-field laser beam intensity distribution:
1 —laser in a sealed housing; 2 — industrial fan; 3 — thermal chamber; 4 — window;
5 — water cooling system for laser housing heat sink; 6 — optical flat; 7 — energy sensor;
8 — optical attenuating filter; 9 — collecting lens; /0 — camera;
11 — electronics unit to control the operation of laser; /2 — computer

PacxomumocThb J1a3epHOT0 H3ITy4YeHUs N3Mepsiiach MeToIoM (hokanpHOTO msATHA. Pabovas Temmeparypa Te-
TJI0CTOKA JIA3EPHBIX TUOMHBIX MAaTPHUIl OblIa paBHA +35 °C, 9TO COOTBETCTBYET IIEHTPATLHOM JJTMHE BOJTHBI H3-
nydyeHus Hakauku 806 HM. TemnepaTtypa TemI0CTOKa 1a3epHBIX AUOAHBIX MATPUIL] PETYIUPOBATIACEH AIIEMEHTAMU
IlenpThe, UMEIOMUMH MOITHOCTH oxJaxkaeHus a0 30 Bt, ¢ TounocTsio mo +0,5 °C, oTBOA Teria oT Topsyeit
CTOpOHBI AeMeHTa [lenpThe ocyIecTBIsICS COPOCOM Ha paauarop C BOASHBIM OXJIaxiAcHHUEM. M3mepeHus
MPOBOJAWINCH JJIsl TeMIeparyp BHYTpu TepMokamepsl —40; —10; +5; +17; +25; +35; +45; +60 °C u yactoT
cienoBanus umiyiabcoB 1,0; 4,0; 12,5; 22,0 'l ¢ IIUTENBHOCTHIO ITUKJIA UMITYIBCOB 2 MuH. KonmdecTBo 3a-
PETHCTPUPOBAHHBIX HMITYJIHCOB B KaXIOM ITUKIIE ObLTO He MeHee 45. [1pu Temrieparypax okpyxKaromiei cpeibl
—40 u—10 °C mns mpenoTBpAIIEeHNS BRI ICHUS POCHI HA OKHE TEPMOKaMEPhI HCTIOIB30BAJICS TPOMBIIIIICHHBINA
(ben. Bo Bcem mana3oHe Temrieparyp OKpyKaroliel Cpeibl ¥ YacTOT CJICJOBAaHUS UMITYJILCOB B TSUCHHUE [IUK-
J1a UMITYJILCOB DHEPTHUS JIAa3epHOTO UMITYJIhCa cocTaBisura He MeHee 80 M/ TTpu sHEpruu HaKavKu He Ooiree
0,51 x [13].

Pe3yabTarsl U uX 00CyKIeHUE
I/I3MepeHne PACX0IUMOCTH JIA3EPHOI0 U3JTYUCHUS. MeTOIlOM Q)OKaHBHOFO sITHA OblIa N3MEpPEHA SHEPIe-

TUYECKasl paCXOANMOCTb JIA3€PHOTO M3ITyYEHUS 110 YPOBHIO = B TE€UEHUE IHKJIA UMITYJIECOB JUTUTEIHHOCTHIO
2 MuH. DHeprus Hakadku coctaisuia 0,49 JIx muis TeMiiepatyp okpyskaroteit cpenst oT +5 10 +60 °C u 0,51 Jx
It TeMriepatyp okpysxatomieit cpeast —40 n—10 °C. Kak BuiHO U3 puc. 5, Ui 4acTOT CJI€JOBaHUSA HMITYJIbCOB
12,5 n 22,0 'y 3HaYeHue pacxoIMMOCTH pacTeT Ha MPOTsHKEHUH nepBbixX 20 ¢ U Jlaliee He U3MEHSETCS.

PacxonpnmocTs 1a3epHOTO M3TyYeHUs B HAMOOIBIICH CTETICHH 3aBHCUT OT YaCTOTHI CJICIOBAHUS UMITYJIHCOB
(puc. 6) 1 B HAaUMEHBIIIEH CTENIEHH — OT TeMITePaTyphl OKpPYXKaromiel cpenbl. JIs pa3IndHbIX 9acTOT CIeI0-
BaHUS UMITYJICOB M TEMIIEPATyp OKPY’KAIOLIeH cpe/ibl pacXoAMMOCTh JIa3epHOTO U3JTyUeHHUs B Hadajle UKIa
pasHa (1,0 £ 0,1) mpan, a B koHIle nuKIa cocrasisier ot 1,0 mo 1,8 mpan.
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Puc. 5. DxcriepuMeHTaIbHO TOTYUYEeHHbIE 3HAaYCHUS

paCXOJ:[I/IMOCTI/I I/I3J'Iy‘{CHI/I$[ JUIS 9aCTOT CJICOOBAHUS I/IMHyIILCOB
1,0 Tt (a), 4,0 T (6), 12,5 Tt (6), 22,0 T (2)

Fig. 5. Experimentally obtained values of divergence for pulse repetition rates of
1.0 Hz (a), 4.0 Hz (b), 12.5 Hz (¢), 22.0 Hz (d)

W3mMepennas BenmmumHA PacXoIMMOCTH PAcTeT B Mporiecce (OPMHUPOBAHMUS TETIJIOBOM JTMH3BI B JIA3€PHOM
KpHUCTaIJIe TIocye Havyajia padoThI Jlazepa. PacxomuMocCTh Ja3epHOTO M3IMYyYeHUS B KOHIIE IIUKJIA TTOBBITIIAETCS
C POCTOM YaCTOTHI CIIEIOBAHHSI IMITYJICOB M3-32 YBEIMUEHUS OTNITHIECKOM CHITBI TETUIOBOM JINH3BI, BCIIEICTBUE
Yero MPOUCXOANT CMEIIIEHHE PEe30HATOpa U3 TTOJIOKEHHS Ha TPAaHHIIe yCTOMYNBOCTH B 00JIee yCTOHIUBYIO 00-
JIACTh C BO3pAaCTaHHEM PACXOAMMOCTH HYJIEBOH MOMEPEYHON MOJBI M KOJIMYECTBA TOAEPKUBACMBIX pe30Ha-

TOPOM MO/ BBICOKUX ITOPAIKOB.

Pacuernsie 1 m3MepeHHBIE B MuarazoHe Temreparyp ot —40 10 +60 °C 3HaueHUs PacXOIUMOCTH OTIIHYAIOTCS.
Pa3nanna mexxay anMu coctasisiet oT 42 10 60 % (0T pac4eTHOTO 3HAYEHHS PACXOIUMOCTH) ISl YaCTOTHI CIe-
nmoBaHus uMITyITbcoB 1,0 I'm, ot 46 mo 54 % msis 9acToTh ciienoBaHus UMITYIbCoB 4,0 I'tr, o1 —2,3 10 9,5 % mis

JaCTOTHI CIIEAOBAHUS UMITYIBCOB 12,5 ['m mt oT —6,6 10 3,5 % U1 9acTOTHI cliefOoBaHUs UMITYITbCcOB 22,0 I'11.
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I/I3MepeHHLIe 3HaYCHUA PACXOJUMOCTH JIa3€PHOTO U3ITYUYCHUA MOTYT OTIIMYATHCS OT PACYHCTHBIX 3HAYCHUN
13-32 KOHEYHOH TOYHOCTH MeTojla (JOKATBHOIO ISITHA, MEXaHUYECKOHM Pa3bIOCTUPOBKU PE30HATOPA, HATTHYUS
MEXaHUYECKHUX HAMPSOKESHUH B JTA3€PHOM KPHUCTAJUIC BCIICACTBHE OTKIOHEHHH ()OPMBI M3TOTOBICHHBIX JETa-
JIell KBaHTPOHA OT TpeOyeMoi (OpMBI, a TAKKe H3-3a KOHEYHON TOYHOCTH pacdera (DOKYCHOTO PacCTOSHUS
CTaIlMOHAPHOHN TEIUIOBOHM JMH3BI, KOTOPOE OINPEACISIOCH B MPUOMMKCHUH TIOCTOSHHOW TeMIIepaTyphl BCEi
OOKOBOII IOBEPXHOCTH JIA3ePHOT0 KpHcTaiuia 6e3 yuera 00acTeil, He HCIOIb3yeMbIX Il OTBOJIA TeTla, 1 0e3
ydeTa ee HarpeBa B TEUEHHE IUKIIA.
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Puc. 6. Cpensee 1 MAKCUMAIbHOE IKCIIEPUMEHTAIIBHO MOTyYeHHbIE
3HAYEHUS PACXOIUMOCTH U3ITyUSHHUS AT 4acTOT cienoBaHus uMmynscoB 1,0; 4,0; 12,5; 22,0 'y

Fig. 6. Average and maximum experimentally obtained values
of divergence for pulse repetition rates of 1.0; 4.0; 12.5; 22.0 Hz

Cy1ecTByeT HECKOJIBKO IPUYMH, IO KOTOPBIM U3MEPEHHBIE 3HAYEHUS PACXOAUMOCTH AJIS YaCTOT CIIEI0OBAHUS
umnyibeoB 1,0 u 4,0 'y 3HaUNTENNEHO TPEBBIMIAIOT pacueTHBIC 3HAYCHUS, a JJIs YACTOT CIISIOBAHUS UMITYJTbCOB
12,5 1 22,0 't cornmacyroTcsi ¢ pacueTHHIMHU 3HAYEHUSIMH ¢ TOYHOCTHIO He Xyxe 10 %. Ha pacxoguMocTs mpu
HU3KHX 9aCTOTaX CJIeI0OBAHMS NMITYJIbCOB OKa3bIBACT BIMSHIE MTHOBEHHAs TETUIOBAs INH3a, COPMHUPOBAHHAS
B KpUCTaJIJIE Cpa3y MOCIIE MOMIOIIEHUS N3TyYeHHs HaKauyKu Mepe]] HadyajaoM IT'eHepalui Ja3epHOTO U3ITyYEeHHUS.
HeonTuManbHas I0CTHPOBKA Ja3epHOTO pe30HaTOpa B OOJIbIICH CTEMEHH OTpa)kaeTcsl Ha MEeHee YCTOHUNBOM
pesonarope [22, p. 279], B 1aHHOM clly4yae Ha pe3oHarope ¢ 0ojiee HU3KOH YacTOTOW CIIEIOBAHUSI UMITYJIECOB.
Juts 9acToThI cnemoBanust UMITYIIbCOB 1,0 ' pacxoquMocTh Ta3epHBIX NMITYJIECOB OIIEHUBAIACH B TPHOIIMKE-
HUH TA(QPAKITMOHHON PACXOINMOCTH H3ITyU€HHS C TUIOCKAM BOJTHOBBIM (DPOHTOM, TIPOXO/ISIINM Yepe3 KpyIiioe
OTBepCTHE, 03 yueTa HHOTO BIUSHUS. B olleHKe pacXoauMOCTH JUIsl 4acTOT CIIe0BaHMs UMITYIbCcOB OT 4,0 I'11
HE YYUTHIBAJIOCH BIMsHUE AU(pakuy Ha OrpaHUYMBAIOIIEH anepType BHYTpH pe3oHaTtopa. B ciayuae korma
MIOTIEPEUHBIN Pa3Mep CBETOBOM 30HBI JIa3€PHOT0 KPUCTAILIA MAJIO OTIMYAETCS OT pa3Mepa OTBEPCTHS 3alIUTHON
nmuadparmel, T(paKIInOHHAs COCTABISIONIAS PACXOJUMOCTH ISl BBICOKAX YacTOT CJIEOBAHMS NMITYIHCOB
OyIeT 3HAUYNTEIHHO CHIKCHA 32 CUST YMEHBIICHHS ITOTIEPEUHBIX pa3MepoB Imydka [13] B pesyabrare 1ecTBUS
cobuparoieit TeTIOBOH JTWH3BI BHYTPH JIa3€PHOTO KpUCTAJIIA.

PacxogumocTh mazepHOTro mydka B KOHIIEC IIUKJIA TIPH YACTOTAX CIEAOBaHUS UMITYAbCOB 12,5 u 22,0 ' Mo-
KET OBITh CHIDKEHA 32 CUeT MoA0opa ONTHUMAIBHOTO BHYTPEHHETO InaMeTpa 3allluTHON 1uadparMel (He MeHEe
3,7 MM), IpA KOTOPOM MOJIBI BBICIIIUX ITOPSIKOB ITPH YaCTOTaX CIIeOBaHUs UMIYIbCoB 12,5 u 22,0 I'u OyayT
3HAYUTEIHHO ITOIABICHBI, HO BMECTE C TEM C YUETOM SKPaHUPOBAHMS YHEPTHSA JIA3epPHOTO UMITYIbCa OyIET CO-
ctaBiath He MeHee 80 M/[k Bo BceM auama3oHe 4acToT CIeI0BAHHUS UMITYIIbCOB.

H3Mepenune 1BOHHOIO cpelHEKBAaAPATHYHOIO YIJIOBOTO OTKJIOHEHHS JIA3ePHOIO0 IMMy4YKa OT YCpeaHEeH-
HOT0 NoJ1o:keHus1. OnpeeseHbl SHEPreTHIECKUE IEHTPBI Macc Npoduiei Ja3epHOro U3ITydeHHs ATl pas3ind-
HBIX YaCTOT CIIEIOBaHHS UMITYJIBCOB B JIajibHEH 30HE (puc. 7).

Kpowme Toro, onpeneneHpl MakCHMaIbHBIE W ABOWHBIE CPeTHEKBAPATHIHBIC YTIIOBBIE OTKIIOHEHHS Jla3ep-
HOTO ITy4YKa OT YCPEAHEHHOTO TOJIOKEHHS ISl 9aCTOTHI CIeIOBaHUs UMITYTbcoB 4,0 'l mpy pa3iauyHbIX dac-
TOTax cJel0BaHMs UMITYIbcoB (puc. §). KommuecTBo Touek A KaXI0ro LUKJIa cocTaBisuio ot 45 no 170.
MaxkcuMalibHbIe YITIOBbIE OTKJIOHEHHUs He npeBbimaoT 0,4 Mpaz, a IBOMHBIE CPEJHEKBAPATUIHbIC YIIIOBbIE
otknonenus — 0,5 mpaa. HanbonbIre OTKIIOHEHUST HAIPaBIICHUS JIA3EPHOTO ITyYKa HAOIIONAIOTCS JIJIsl cCaMOi
BBICOKOM 9aCTOTHI ClieToBaHus UMITYIIbCOB (22,0 ['1m), a Taxoke 1t Temrieparypsl okpyxkatoreid cpeast —40 °C.
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Puc. 7. DxcniepuMeHTAIIbHO MOJyYE€HHOE PaCIpe/e/ICHUE MTOTIEPEUHBIX YITIOBBIX MOJIOKEHHH

LIEHTPOB Macc Ja3epHOro Myyka ¢ 4acTOTaMu ciiefoBaHus umityibcoB 1,0; 4,0; 12,5; 22,0 I'n

M MX YCPEIHEHHOE MOJOKEHUE IS YAaCTOTHI CIIEIOBaHMS UMITYIbCcOB 4,0 ['11 B TeueHune nukia
JUIMTEBHOCTBIO 2 MUH IIPH TeMIepaType okpysxkatoiieit cpeast —40 °C (a), +5 °C (6), +35 °C (8), +60 °C ()

Fig. 7. Experimentally obtained angular position distribution of laser beam centroids
during 2 min cycle for pulse repetition rates of 1.0; 4.0; 12.5; 22.0 Hz and its averaged position
for a pulse repetition rate of 4.0 Hz at ambient temperature of —40 °C (a), +5 °C (b), +35 °C (¢), +60 °C (d)

W3MmeHeHue HamnpaBieHUs Ja3epHbIX UMITYJIbCOB MOXKET NMPOMCXOAUTH IO psxy npuuuH. Kopryc mnasepa
nedopMHUpyeTcsl BCIIEACTBHE U3MEHEHHS TeMIIepaTyphl OKPYKAIOMIeH Cpe/bl, a TAaKKe B pPe3ylibTare padoThl
aneMeHTa [lensTbe U HarpeBa JIa3epHbIX AUOAHBIX MATPUL], YTO MOXKET BbI3bIBATh PA3bIOCTHPOBKY PE30HATOpa
W CMellleHHEe HalpaBJICHHsI JIA3EPHOTO Myyka. K pa3blocTHPOBKE TaK:Ke MOTYT IPUBOAMTE e OpMaIiiH Jiazep-
HOT'O KpHUCTaJlJla ¥ IeTajiel oTpaXkaTessl oJ BO3ACHUCTBUEM U3IyUCHUS] HAKAUKH.

[Tomumo nedopmaruii, pa3bIOCTUPOBKY M CMELICHUE HANPaBICHHS BBIXOSIIETO M3 Pe30HaTopa U3iIyde-
HUS BBI3bIBAET NONEPEUHBIN IPaJUEHT TEMIIEPATYPhl, BOZHUKAIOIINWN B JIA36PHOM KPUCTAJUIE U3-32 HEPABHO-
MEPHOCTH MTHOBEHHOH TEIIOBOM JIMH3BI IIPU OTHOCTOPOHHEHN HAKAUYKe.

HepasHOMepHBII HarpeB AeTaleill 0Tpakarelis BCIEICTBUE YACTUYHOTO MOITIOIIECHUS SHEPTUU HAKAYKU U OJJHO-
HaIpaBJICHHBII [TOTOK TEIUIA C OTPAXKATEJIsI HA KOPILYC TAK)KE OKA3bIBAKOT BIMSHHUE HA IPAJAMEHT TEMIIEPATypbl
B JIa3epHOM KpucTaiie. CIBUT IJIMHBI BOJHBI HAKAYKU B PE3YJITATE HATPEBA JIa3€PHBIX IUOJHBIX MATPHUIL C TIO-
CIIEYIOIINM M3MEHEHHEM MPOQ M HAKaYKH 1 MTHOBEHHOH TETIJIOBOM JIMH3BL, & TAK)KE POCT ONTHYESCKON CHIIBI
TETJIOBOH JIMH3BI U BRI3BAHHOE UM H3MEHEHHE MOJIOBOTO COCTaBa BO BpeMsi (JOPMHUPOBAHHS CTAIOHAPHOH TETIIO0-
BOH JIMH3BI MOTYT IPUBOAUTH K CMEIICHHUIO HAMPABICHUS BBIXOJSIIETO U3JIyYSHHUS.
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Vri10BO€ OTKIIOHEHHE
HAIPaBJICHNUS JTa3ePHOTO IydKa, Mpas
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Puc. 8. DxciepMMEHTaIbHO MOJIy4YEeHHAas 3aBUCUMOCTD YIVIOBBIX OTKJIOHEHUH HalpaBieHUs
JIA3€pHOIO My4YKa OTHOCUTEIBHO YCPEIHEHHOIO [OJI0KEHUS LIEHTPa Macc
JUISL 9aCTOTHI CIeA0BaHMA NMITyAbcoB 4,0 ['11 oT Temmeparypsr:
[—4 — nBOIHbIEC CPEAHEKBAIPATUYHbIC YITIOBbIC OTKJIOHEHHS
JUISL 4acToT ciefoBanust umiyiabcos 1,0; 4,05 12,5; 22,0 't cOOTBETCTBEHHO;
5 — MakCHMalbHOE 3aPETHCTPHPOBAHHOE 3HAYEHNE OTKIOHEHHS

Fig. 8. Experimentally obtained dependence of the laser beam direction deviations relative
to averaged centroid position for a pulse repetition rate of 4.0 Hz on temperature:
1—4 — double standard deviations for pulse repetition rates 1.0; 4.0; 12.5; 22.0 Hz respectively;
5 — maximum deviation value obtained

Ha yBenvueHne 3Ha4€HHI YIIIOBOTO OTKJIOHEHHS JIA3ePHOTO My4Ka MPH TEMIIEpaType OKpYyKarolieH cpe-
161 —40 °C OKa3bIBAIOT BIMSHUE YCIOBUS MTPOBEICHUS n3MepeHuil. Mcmonp3oBanne 001yBa OKHAa TEPMOKaMEPHhI
MPUBOJIUT K HEOTHOPOIHOCTH TEMIIEPATYPHOTO PACIIPEICIICHISI BO3/IyXa B X0/Ie PACIPOCTPAHEHHUsI J1a3epHOTO
ITy4Ka, 4TO, B CBOIO OUC€PEAb, BbI3bIBACT POCT BEJIMYNHBI HBOﬁHBIX CpCAHCKBaAPATUYHBIX YTJIIOBBIX OTKJIOHEHUH
JHEPreTHYECKHUX IIEHTPOB MACC Ja3epHOTo My4yKa B JallbHel 30He.

Paccmotpen niporiecc M3MEHEHHUsT POCTPAHCTBEHHOTO pacIpe/IeliCHHsT HHTEHCUBHOCTH JIA3ePHOTO 31y~
YeHUS B JabHEH 30HE JJIS 9acTOTHI CIeMOBaHUSA UMITYJIbcoB 22,0 I'1 mpu Temmeparype OKpyKaromiei cpe-
1e1 +35 °C (puc. 9). ®opma 1 TONTOKEHUE YHEPTETUIESCKOTO IIEHTPA Mace JIa3ePHOTO IMydKa MOCIIe Hadana paboTh
nazepa U3MEHSIOTCS. B TeueHne nepBbIX 5 ¢ MPOUCXOANUT HE3HAYUTEILHOE CMEIIEHUE SHEPTeTHUECKOTO IIEHTpa
Macc 10 TOPU30HTAJIH BIIEBO TIPU HEOOIBIIIOM YBEJIMYCHNUHN pa3MepoB mmyuka. [locne 5-if n qo 20-i cexyH/pI Ha-
OJTIOIATOTCS IOCTETICHHBIN POCT Pa3MepOB ITy4Ka U CMEIIeHHE YHEPTreTHUECKOTO [IEHTPa Macc BIpaBo. MoIOBbIH
cocTaB JiazepHoro mydka gopmupyercs B reuerne 20 c. Cmycts 20 ¢ mocie Hagaia paboThl lazepa H3MECHEHUE
TTOJIOKEHUS 1 YBETMUCHUE Pa3MEPOB ITyYKa B TATHHEH 30HE OCTaHABIUBAIOTCS. V300pakeHre myyKa B TaabHEH
30HE "epe3 20 ¢ mocne Hagana paboThI J1azepa WACHTHIHO H300pakeHHIo mydka depes 120 ¢ mocie Hadama
paboThI Ja3epa, Tak Kak KOHCTPYKIIUS Jia3epa JOCTUTaeT COCTOSIHUS, aHAIOTUYHOTO CTAIMOHAPHOMY COCTOSI-
HUIO, TPU KOTOPOM JIJISl KAXKJIOTO TIOCIIEAYIONIEr0 HMITYIIbCa MPEKPAIASTCs POCT U YCTAaHABIMBACTCS OH3Kast
K MOCTOSTHHOM OT UMIYJIbCa K UMITYJIbCY BpEMEHHAas 3aBUCUMOCTb PacIpeesieHus] TeMIEparyphl B KOpIyce,
oTpakarese 1 Ja3epHOM KpHCTaJle.

ala o/b

Puc. 9. DxcriepuMeHTAIBHO NOyYEHHOE IIPOCTPAHCTBEHHOE Pacpe/ieNIeHHe HHTCHCHBHOCTH JIa3€PHOTO U3ITyYCHHS
B JIaJIbHEH 30HE IS YaCTOTHI CIIeIOBaHUS UMITYabcoB 22,0 'y mpu TeMmieparype okpyxaromieid cpenst +35 °C:
a— 1 ¢ mocie Hauana paboThl J1azepa; 6 — 5 ¢ moce Hadana paboTsl Jlazepa; 6 — 12 ¢ mociie Hayasna paboThl J1a3epa;
2— 20 ¢ mocie Havana paboTsl 1azepa; 0 — 120 ¢ mocne Havana paboTH J1a3zepa

Fig. 9. Experimentally obtained spatial far-field intensity distribution
of laser beam at ambient temperature of +35 °C for pulse repetition rate of 22.0 Hz:
a — 1 s after start; b — 5 s after start; ¢ — 12 s after start;
d — 20 s after start; e — 120 s after start
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CraOuIbHOCTB HAITPABJICHUS JIA3EPHOTO TyYKa /ISl BBICOKHX YacTOT CJICJIOBAHUS NMITYTbCOB MOYKET OBITh
TIOBBIIIIEHA ITyTEM HMCIIONB30BaHMs 0ojiee MEXaHMUECKH CTa0MIIbHOM KOHCTPYKIIMM KOpITyca M TEIIOBOM H30-
JSIIAY OT Hee MCTOYHUKA HAKAuKH, a TAKKE 32 CUET BBIOOpA CHCTEMbI HaKauku, oOecriednBatorieii oonee pas-
HOMEPHBIH TPOQHIIb TOIIOIICHHS.

Omnpenesnenue 1aJIbHOCTH H3MEPEeHUH

Jnst nanpHOMeEpa IPH K3MEPEHHUH PACCTOSHUS 10 00BEKTa, IIOBEPXHOCTH KOTOPOTO OTPAKAET CBET 10 3aKOHY
Jlambepra [23], 3aBUCHMOCTB TMKOBOW MOIIIHOCTH, MA/IAI0IIEH Ha YyBCTBUTEIBHYIO IUTOMIAIKY (oTOprueMHOTO
ycTpoiicTa (P.), OT MOIIHOCTH U3Ty4eHHUs Ja3epa (F,) U JalbHOCTH NPOTSKEHHOTO 00beKTa (d ) ONMUCHIBACTCS

(dhopmyoi

_ 2 S 1
B, = Bt Tym PT, - 2c0sP 2,
£ 2nd” t,
e Rr = t_tl’ — IMUKOBAs1 MOUIHOCTb U3JIyYCHUS HA BBIXOAC U3 Jia3epa, Etr — SHCPIrus UMIyJjbCa Jjia3epa, a tO -

0
JJIATCIIBHOCTD UMITYJIbCA JIa3€pa, T,. — HPOITyCKAaHUC IICPEAAIOIICIo KaHajla CUCTEMbI JaJlIbHOMEpA, T, — IIPO-

myckaHue arMocgepsl; p — K0dQOUIUEHT OTPaKEHUSI UCCIIEyEeMOT0 YIaJeHHOTO 00BheKTa Ha JIJTMHE BOJHBI
1064 uMm; T, — K03(pHUIHEHT MPOIyCKaHUs IPUEMHON YacTH AajbHOMEPa; 3 — Yroil MajeHusl J1a3epHoTo H3-
JIy4eHUsI Ha TIOBEPXHOCTH UCCIIEAYEMOT0 yAalIEHHOTO 00BEKTa; S — IJI0MIa b allepTyphl 00bEKTUBA TPHUEMHOTO
KaHaJla JaJbHOMEPA; {;, — NIUTEIBHOCTh YITUPEHHOIO UMILYJIbCA JIA3€Pa B PE3YIITATe OTPaKEHHs I10J] YIJIOM
K IOBEpXHOCTH. Bennuunel #, u 1, [24] onpenessarores Kak

,dorep
C

atm

q
Ty = €XP —3,912%(0’;5) ,

m

1
q=0,585(S,,)3,

I7I€ € — CKOPOCTb CBETA; S,, — METEOPOIOTNUECKast JaIbHOCTh BUAMMOCTH, KM; 3HAYEHUS A IPUBOAATCS B MUKPO-
MeTpax.

[Ipu OTCYTCTBHH BHICOKOMHTEHCHBHOTO IITYMOBOTO CHTHAJIA, BRI3BIBAEMOTO OTPAKEHHUEM COTHEYHOTO CBE-
Ta OT MOBEPXHOCTH 3eMIIH, JaTbHOCTh M3MEPEHHH Ja3epa MOXKET OBITh OTpesiefieHa KaK paccTosHue d, Ha
KOTOPOM MOIIHOCTb ITOJIE3HOTO CUTHaNa P, najaromero Ha (OTONPUEMHHUK 1aIbHOMEPA, IIPEBBILIAET I0POro-
BYIO MOLIHOCTb (DOTOIIPUEMHOI0 yCTpOicTBa B

[IpoBenen pacyeT MOIIHOCTH CHTHANA, AJAIOIIETO Ha YyBCTBUTENBHYIO TUIOMIAIKY, ISl 00BEKTa, pac-
TTOJIOKEHHOTO 1071 yIitoM 3 = 45° Ha paccrosanm d = 20 kM. Vcmonb3yeMble THITOBBIE 3HAYCHIS TTapaMETPOB
TagpbHOMEpa IPHUBEICHBI B Ta0M. 4.

Tabnuna 4
BHyTpeHHHe napaMeTphl JaJIbHOMEPA, HCI0JIb30BAHHbIE
JJISl pacyeTa MaKCHUMAJIbHOI padoueii 1albHOCTH
Table 4

Internal parameters used
to calculate maximum operating distance for rangefinder

[Tapamerpbl 3HauyeHue
E,, Tk 80-107
fp> © 10-107°
Ty 0,97
p 0,3
T, 0,6
S, m* 0,003
S,,» KM 20
k 5
P,, Bt 10-10°°
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st obecrieueHust HU3KOH pacxXoIMMOCTH Jla3epHOro u3nydenus (1o 6 = 0,3 mMpan) ciaenyeT Ucroib30BaTh
PaCIIHPSIONINNA TEIIECKOI ¢ KpaTHOCThIO He Oonee xX0,167 Ha BBIXOIE M3IYUYCHHS U3 pe3oHaropa. Torma cBe-
TOBOHM TMAMETP BBIXOIHOTO OKYIApa TEIeCcKora OyleT coCTaBIATh OT 24 MM. Pa3Mep masepHOTo m3mydarens
C PaCHIMPSIONINM TEJIECKOMOM MOXeT OBbITh yMeHbIeH 10 60 X 50 X 200 MM 1715 IpUMEHEHHS B COCTaBE OIT-
THKO-2JIEKTPOHHBIX CHCTEM Ha OOpTy OECIMIIOTHBIX JeTaTeIbHbIX alllaparoB.

Pacuetnas MOIIHOCTB U3JIYUCHUs, Malaroliasd Ha 9yBCTBUTC/IbHY IO IUIOIIAIKY, ITPEBIIACT ITOPOT'OBYIO MOIII-
HOCTbH (DOTOIIPHEMHOT0 YCTPOKCTBA B 3 pa3a, YTo MO3BOJISET 3aPETUCTPUPOBATH MMOCTYIUBIINN CUTHAIL.

3akjaoueHmne

ITokazaHa BO3MOXXHOCTH (DYHKIIMOHUPOBAHHUS Ja3epa ¢ OMHOCTOPOHHEH TUOTHOW HAKAYKON M TEPMOIJICKT-
PUYECKO CUCTEMOU CTa0MIIM3alliy TeMITepaTyphbl HICTOUHUKA HAKaYKH B JMAMa30HE TEMIIEPaTyp OKPYKaro-
uieit cpeast ot —40 no +60 °C mpu yacToTax ciaeaoBanus uMiyascoB 1,0; 4,0; 12,5; 22,0 'y B Teuenue 2 MuH.
[Ipu sHeprum ummynbsca jazepHoro n3nyueHus He MeHee 80 MK pacXoAMMOCTh JIa3€PHOTO M3ITYUYEHHsI CO-
crasnger ot 1,0 no 1,8 Mpaja, MakCUMaIbHOE YIIIOBOE OTKJIOHEHHE HAIIPABICHHS JIA3€PHOTO My4YKa B JallbHEH
3oHe He npesbimaet 0,4 mpaa. [IpocTpaHCTBEHHBIE XapaKTEPUCTUKH H3ITyYEeHHUS c1ab0 3aBUCAT OT TEMITepary-
PBI OKPYIKAIOIIEH CPeIbl M YCTAaHABIMBAIOTCS MTOCTOSHHBIMU CITYCTs He O6oee 20 ¢ mociie BKITIOUEHHS Jlazepa.

[Toxazana BO3MOXKHOCTh IPHMEHEHUS H3ITy4aTelsl B COCTaBe AajbHOMEpa /ISt paboThI Ha paccTostHUH 110 20 KM
NPY HCIOJB30BAaHUM HA BBIXOJIE M3IyUCHHMS M3 PE30HATOpa PACIIUPSIONIETO TeJIEeCKoma ¢ KpaTHOCThIO He 0o-
nee X0,167.

[IpoBenieHbI pacueT U IKCIEPUMEHTAIBLHOE U3MEPEHHE PACXOANMOCTH Ja3epPHOTO M3IYUYEHHS I 4acTOT
cienoBanus UMITyIbcoB 12,5 n 22,0 ['u. PacueTHbie 1 m3MepeHHbIe 3HAYSHHSI COBITAIAIOT B IIpe/iesiax MoTper-
HOCTH U3MepeHnii. B nanpHeieM, moMiuMo yMEHbIIEHUS TabapuTOB Jla3epa, IS MOBBIIIEHHUS CTAOMIIFHOCTH
My4Ka IJIaHUpYeTCs T00aBIeHNE TeTIIOBOH N30IISAIIUU MEX/Ty KOPITyCOM U HCTOYHHKOM HAaKa4dKH, a TAKKE pa3-
paboTka Oonee MeXaHMYECKH CTaOMIIbHON KOHCTPYKIMHK KopItyca ja3epa u (GopMbl oTpaxkaTes, 00ecreunBaro-
nieit 6oee paBHOMEPHBIH MPOQUIIb TTOTIOMICHUS U3TyYeHHS HAKaYKH.
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MEXAHU3M B3AUMOAENCTBUSI AAIOMUHUSA C TIOAUKPEMHUEM
IMPU ®OPMHUPOBAHNN OMHNYECKOIO KOHTAKTA METOAAMHU
AANTEABHOU U BBICTPOU TEPMOOBPABOTOK

B. A. IHJIMIIEHKO" ?, H. C. KOBAJIBYYK?", JI. B. KUI'YJIHH",
JI. B. LHIECTOBCKHH", B. M. AHHII[UK?, B. B. IOHAPA/]0OB?”

D« Unmezpany — ynpasisiowas komnanus xondunea «Mnmezpany,
ya. Kasunya, 121a, 220108, e. Munck, berapyce
D Benopycckuii 2ocyoapemeennwiti yrusepcumen, np. Hesasucumocmu, 4, 220030, 2. Munck, Benapyce

YcraHoBIIEHO, U4TO (DOPMUPOBAHHE OMHYECKOTO KOHTAKTa MEX/y aFOMUHHEM U MOJMKPEMHHEM IIPOTEKaeT 3a CUeT
B3aUMHOU AU Py3UH ATIOMUHUS B TIOIMKPEMHHN U KpeMHHS B airfoMUHUINA. [Tokazano, 4to ux augdy3ust B OCHOBHOM IPO-
TEKaeT [0 MEeXK3EPEHHOW 00IaCTH KaK B IUICHKE TIOJIMKPEMHUS, TaK U B IJICHKE atoMuHuUs. OrnpeeneHbl K03 GHINeHTbI
G dy3un anoMUHKS B TOIUKPEMHUN U KPEMHUSI B AJIFOMUHUM ITPU Temiieparype TepMooopadotku 450 °C, ucrons3zyemoit
IIPY CO3JaHNH MOJTyTIPOBOAHUKOBBIX TPUOOPOB M MHTETPATBHBIX MUKpOcXeM. OTMeUeHO, 4To 1u((y3HOHHBIE TPOIIECCH
nopunHsoTes 3¢ ety Kupkennamia, npuBoisieMy K CMEIICHHIO MexX(a3HOW IPpaHHIbl ATFOMUHUN — MOJIUKPEMHHUN
K TIOBEPXHOCTH TUICHKH JABYOKHCH KPEMHHUS BIUIOTH J0 MOJHOTO PAaCTBOPEHUSI OJIMKPEMHHS B anmoMuHN. OOpa3zoBaHue
KOHITIOMEPATOB MOIUKPEMHUS IIPOUCXOIUT MPH OCTHIBAHNH IUVICHKH AJTFOMUHUS 3@ CUET BBIICICHHS U3 Hee Ha TIOBEPXHOCTh
twieHkH Si0, kpeMHus. Beienenne KpeMHUST HAUMHACTCS B MECTAX PACIIONIOKEHHS TPOHHBIX TOUEK (CTHIKOB TPEX 3€PEeH)
B CTPYKTYPE IUICHKH aJTFOMUHHS, TIOCKOJIBKY M3-3a OOJIBIION MEX3EPEHHOH 00/1acT! MOABM)KHOCTh ATOMOB KPEMHHS B HUX
MakcHMallbHa. B nanbHeiiem aHHble MecTa CTaHOBSITCSI LICHTPAMHU Cerperalu KpeMHUS, YTO U IPUBOJMT K 00Pa30BaHUIO
KOHIJIOMEPATOB TIOJIMKPEMHHS B IUICHKE aIFOMUHUSL. B oTimane ot aAnurensHOi TepMooOpabOTKH TpUMeHEHHE OBICTPOH
TepMO0oOpabOTKH HE BBI3BIBACT (DOPMHUPOBAHMS TAaKUX KOHINIOMEPATOB, a TU(P(Y3UOHHBIE ITPOIECCHI MAJIO W3MEHSIOT
TPaHHUIly pa3/iena aTFOMUHUN — IOJIMKPEMHUI N3-3a KOPOTKOTO BPEMEHH TEMIIEPaTyPHOTO BO3/ICHCTBYSL.

Knroueswvie cnosa: nuddysus; mexxsepeHHas 00J1aCTh; rpaHUIlA pa3/ieiia aTlOMHHUN — MOJTUKPEMHUIT; K03 duiueHTt
T Qy3un; KOHIIIOMEpaT MOTUKPEMHIUS; OBICTpast TepMO0oOpadOoTKa; ITNTENbHAS TEPMOOOPaOOTKA; PacTpOBast HIEKTPOH-
Hast MEKPOCKOIIHS.
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MECHANISM OF INTERACTION OF ALUMINIUM WITH POLYSILICON
WHEN FORMING AN OHMIC CONTACT BY METHODS
LONG AND RAPID HEAT TREATMENTS
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It has been established that the formation of ohmic contact between aluminium and polysilicon occurs due to the
mutual diffusion of aluminium into polysilicon and silicon into aluminium. It is shown that their diffusion mainly occurs
through the intergranular space in both the polysilicon film and the aluminium film. The diffusion coefficients of alu-
minium in polysilicon and silicon in aluminium were determined at a heat treatment temperature of 450 °C, used in the
creating of semiconductor devices and integrated circuits. It is noted that diffusion processes obey the Kirkendall effect,
leading to a displacement of the aluminium — polysilicon interface to the surface of the silicon dioxide film until the comp-
lete dissolution of polysilicon in aluminium. The formation of polysilicon conglomerates occurs when the aluminium
film cools due to the release of silicon from it onto the surface of the SiO, film. The precipitation of silicon begins at the
locations of triple points (the junction of three grains) in the structure of the aluminium film, since due to their large inter-
granular space, the mobility of silicon atoms in them is maximum. Subsequently, these places become centers of silicon
segregation, which leads to the formation of polysilicon conglomerates in the aluminium film. In contrast to long heat
treatment, the use of rapid heat treatment does not lead to the formation of such conglomerates, and diffusion processes
little change the aluminium — polysilicon interface due to the short time of exposure to temperature.

Keywords: diffusion; intergranular space; aluminium — polysilicon interface; diffusion coefficient; silicon conglomerate;
rapid heat treatment; long heat treatment; scanning electron microscopy.

BBenenune

BaxHbIM BOIIPOCOM IIPU CO31AaHHUH MOYTIPOBOAHUKOBBIX IPUOOPOB U HHTEIPAJIBHBIX MUKPOCXEM BBICOKOH
CTEIIEHH MHTETPaluy U OBICTPOACHCTBHS SBIISIETCS IpoLecc MeTaun3auui. OH COCTOUT B COSAMHEHHUH OIpe-
JeTICHHBIM 00Pa30M aKTHBHBIX U ITACCHBHBIX AJIEMEHTOB Ha OJHOM KpucTajuie. OCHOBHBIM MOMEHTOM IIPH 3TOM
siBIIsIeTCst QOpMHUPOBaHIE HA/ISKHBIX OMUUECKIX KOHTAKTOB K MEJIKO3aJIeraloInM p— H-TIepexoiaM OUIOISIPHBIX
TPaH3UCTOPOB, CTOK-HCTOKOBBIM 001acTaM KMOII-Tpan3ncTopoB, HU3KO- 1 BBICOKOJIETUPOBAHHOMY TTOJTHKPEM-
HUIO, a TaK)kKe KOHTAaKTOB MEX/y HECKOIBKIMH CIOSIMH MeTayu3anun. Hanbomnee mogHO MpOTHBOPEYHBHIM
TpeOOBaHUSIM, PEIBSIBISIEMbIM K MaTe€praly METaJUIM3aLUH, OTBEUaeT altoMuHui [1-3].

Jst oOecriedeHnst HU3KOr0 KOHTAKTHOT'O COITPOTUBIICHUS IPH (YOPMUPOBAHUH KOHTAKTA MEKAY PA3TUUHbBI-
MU YPOBHSIMH Pa3BOJKH MOTYIPOBOIHUKOBBIX TPUOOPOB OCYIIECTBISIIOT JUTUTENLHYIO TEPMUYECKYIO HIIH UM-
NyJILCHYIO (DOTOHHYIO 00pabOTKy CHCTEMBI alllOMHHUI — KpeMHUH nipu Temiiepatype 450-510 °C B Teuenue
6—30 muH nnu 3—7 ¢ cooTBeTcTBeHHO [4]. Ecimn umeromuecs nutepaTypHble JaHHBIE O ITPOIeccax U MEXaHU3-
Max (OPMHPOBAHNS OMHUYECKHX KOHTAKTOB MEXKIy ATIOMHHAEM U KPEMHHEM, a TaKyKe MEX]y CIIOSIMH aJlfo-
MHHHEBOW METaJUTH3AIIIH HOCAT UCUEPIBIBAIONTHI XapakTep [4—10], To aHaJOTHIHBIC JAHHBIE OTHOCUTEIIBHO
KOHTAKTOB MEX]y QJIIOMUHHEM M MOJIMKPEMHUEM ITPAKTUUYECKU OTCYTCTBYIOT.

MarepuaJibl 1 MeTOABbI HCCJICTOBAHUS

J1st TOHUMaHUsI MEXaHU3MOB B3aUMOACHCTBHS aJTIOMUHUS C MTOJUKPEMHHUEM NPU CO3JaHUU MEKAY HUMHU
OMUYECKOTO KOHTAKTa HUCIOJIb30BAIMCH PE3YIIBTAThI, MOIy4YeHHbIC B padore [11]. [Jis TOMOIHUTEIBHOTO HC-
CJIeIOBAHUS TPAHUIIBI pa3iesia aTlOMUHAN — TOTUKPEMHUH IO 1 TIOCTIE TUTELHON 1 OBICTpON TepMO0oOpabdo-
TOK C IIOBEPXHOCTH 00Pa310B XUMUUYECKUM TPABJICHUEM yIaJsUIach IUIEHKA aTFOMUHUS U IPOBOAMIICS aHAIIU3
MTOBEPXHOCTH IUICHKH TIOJIUKPEMHUS Ha PACTPOBOM 3JIEKTPOHHOM MuKpockone (POM) S-4800 (Hitachi, Sno-
HUSI) C SHEPrOAUCIIEPCHOHHBIM criekTpoMeTpoM Quantax-200 (Bruker, I'epmanus).

Pe3ynbrarhl 1 uX 00CyK/IeHHE

Kak cnenyer u3 pa6otsl [11], nmurensras repmoodpadoTka crpykrypsl Al/poly-Si/SiO,/Si npu remneparype
450 °C B Teuenue 20 MUH NIPUBOAUT K TIOJTHOMY PAaCTBOPEHMIO TIOJIMKPEMHUS B AIIOMUHHUH C TIOCTIENyIOIIen
cerperanuei KpeMHHUs Ha IIOBEPXHOCTH JBYOKHCH KPEMHHMS U 00pa30BaHHEM KOHIVIOMEPATOB ITOJMKPEMHUS IPH
OCTBHIBAaHUH TNICHKH alOMUHUS. {7151 00bsSCHEHUS JAaHHOTO Tpoliecca OyJieM YUUThIBaTh TOT (DaKT, 4YTO B3aUMO-
JeiCTBUE AMIOMUHHS C MOJUKPEMHHUEM COTPOBOXKAAETCS MOTOKOM aTOMOB KpEMHHMSI K MEX(a3HOH rpaHHLe
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QITIOMUHHHN — TIOJIMKPEMHU ¥ TIOTOKOM aTOMOB aJTFOMHHUS B ITPOTHUBOTIOJIOKHOM HANIPABICHUH. DTO IPHBOIUT
K uX JudQy3noHHOMY TepepacnpeefeHHIO Kak B aIIOMUHHH, TaK U B HONUKpeMHUH. [TockonbKy CcTpyKTypa
9THX IUICHOK SBJIAETCS IOMUKPUCTAIIINIECKOH, TO 11 (hy3nOHHbBIE IPOLIECCHl B HUX UIYT B OCHOBHOM I10 MEX-
3epEHHOM 00NIacTH, a CIIeI0BaTENbHO, MPOTEKAIOT YCKOPEHHO [ 12]. YUuThIBas Malyto pacCTBOPUMOCTh KPEMHUS
B QJIFOMUHUH U AJTIOMUHUS B TIOTMKPEMHHUH, 3TO JOJDKHO IPUBOAUTD K X 00JI€€ BBICOKOI paCTBOPUMOCTH B MEX-
3epeHHOM 00J1acTH U NIyOOoKoH ¢ Gy3UH 10 TONIIMHE IJICHOK B IIMPOKOM JIHAINa30He TeMIIeparyp.

JUis OATBEPKACHUS MIPEIIONOKEHHSI O BBICOKOH PACTBOPUMOCTH KPEMHHS B MEX3EPEHHON 00JIacTH
TUICHKH QJIFOMUHHS N3ydallach IOBEPXHOCTh MOJUKPEMHHS B ICXOIHOI cTpyKkType Al/poly-Si/SiO,/Sinociue
yAaJIeHHs C Hee IJICHKH amoMUHHUs. [I0CKOoNIbKy MarHeTpOHHOE HaIlbIJICHHE IUICHKH aJIIOMHHUS HA CTPYKTYPY
poly-Si/SiO,/Si npoBogurcs npu Temmneparype ~300 °C, To MOXXHO IPENIONIOKUTh, YTO KpeMHUH TUPyH-
JIUPYET TI0 MEXK3EPEHHON 00JacTh, YeMy CIIOCOOCTBYET MENIKO3EPHUCTAs CTPYKTypa MoNMKpeMHus. Tak Kkak
pasMep 3epeH IUICHKH MMOoJUKpeMHMs He npesbimaeT 100 HM, a pa3Mep 3epeH IUIEHKH aJIIOMUHUS COCTaBIISET
0,3—1,0 MKM, TO TUIOILAb MEK3EPEHHON 00aCTH ISl TIOJIMKPEMHUS OyeT 3HAYMTEIBHO OOJIbIICH, YeM JIJIs
amoMuHus. Eciu ydects, 4To Mek3epeHHas 00IacTb XapaKTepu3yeTcsl BBICOKOM KOHIEHTpauuen aedekro
1 KOOPAMHALMOHHO-HEHACBIILCHHBIX CBA3€H, ABIAIOLUIMXCS JIOBYIIKAaMU U1 AM(DYHAUPYIOMINX 3JIEMEHTOB,
TO Onaromapsi 0OMEHHOMY MEXaHU3MY 3aXBaTa IMPOUCXOAUT BBHICBOOOXKICHHE aTOMOB aTIOMUHUS (KPEMHUH
3aMeIlaeT aTIOMUHMI) B IUICHKE QJIOMUHMS M aTOMOB KpEMHHMS (JIIOMUHUM 3aMellaeT KPeMHHUH) B IUIEHKE
nojukpeMuust. JlaHHbI nporecc OyneT UMETh MECTO KaK TPH HAaIlbIJICHUH TUICHKH aJlFOMHHUS HA CTPYKTYPY
poly-Si/Si0,/Si, Tak u npu TepMooOpadboTKe nomyueHHon cTpyKTypbl Al/poly-Si/SiO,/Si. OOMeHHbIH MeXxaHn3M
3axBara Oy/IeT OCYIIECTBISITHCS JIO TEX MOP, MOKa BCE JIOBYIIKHA HE OyyT 3allOJHEHBI U MPOIecC He MPHIET
K CBOEMY HACBILICHHUIO. JTO 03HAYAET, YTO MOCTIE YIAICHUs ATIOMUHHS C IOBEPXHOCTH IOJIMKPEMHHUS pacipe-
JieJICHHE 3aXBAaYCHHOTO Ha JIOBYILKH KPEMHHUsI OyeT COOTBETCTBOBATh KAPTHHE PACIIPEICIICHHsI IPaHUL] 3€peH
B TJICHKE aJIOMHHUS. AHaN3 U300paKeHUs] TaKOH MOBEPXHOCTH, MOIY4YEHHOTo ¢ nomoiipio POM (puc. 1),
MOJHOCTBIO MOATBEPKAACT MOAEIb B3aUMHON () Qy3un aIFOMUHNS 1 KPEMHUS B YKa3aHHOH BBIILIE CUCTEME.

ala 6/b

o
5.00 um 5.0 kV x70.0 k SE(U) 500 nm

Puc. 1. POM-n300paxeHne MOBEPXHOCTH MOIHKPEMHHS B CTPYKType Al/poly-Si/SiO,/Si
C Y/laJI€HHOH MJIEHKOH aJlOMUHMS Cpa3y IMOCIE €€ HallbUICHUS:
@ — TIOBEPXHOCTB ITOJIMKPEMHNS 0€3 HAKIIOHA; 6 — TOBEPXHOCTD IOJMKPEMHHSI C HAKIIOHOM 1107 yriioM 70°

Fig. 1. Scanning electron microscopy (SEM) image of a polysilicon surface in the Al/poly-Si/SiO,/Si structure
with the aluminium film removed immediately after its deposition:
a —polysilicon surface without tilt; b — polysilicon surface at an angle of 70°

J11st TOHUMaHHSI MEXaHU3Ma TIOJIHOTO PACTBOPEHHUSI TOJTMKPEMHHS B AIIOMUHHH C TTOCIIEAYIOIUM 00pa3o-
BaHMEM B HEM KOHITIOMEPATOB MMOJIMKPEMHHS PACCMOTPUM IPOIIecC B3auMHOM nud(dy3nuu B cUCTEMe allloMH-
HUH — MOJMKPEMHUH MTPH ATTUTeNbHOM TepMoolOpadoTke (450 °C, 20 mun). ITockonbKy Takoi rmporecc 10mKeH
COIIPOBOXKJATHCS CMEIICHUEM MeX(a3HOW IpaHULIBI ATIOMUHUM — TIOJIMKPEMHUI B CTOPOHY JIBYOKHUCH KpeM-
HUS BIUIOTH JI0 JOCTI)KCHHS aJIFOMUHHEM €€ TTOBEPXHOCTH, TO Ha MEPBOM JTalle ONPEeTHM BO3MOKHOCTD
MPOTEKaHMsI B3aUMHOHN Tu(Qy3uH B JaHHOU CHCTEME.

OnennmM ko3P PUIIEeHTH T y3UH KPEMHHUS B alIIOMUHIHA W aTFOMUHUS B TIOTUKPEMHUN C yUETOM TOTO,
YTO UMEET MECTO MOJTHOE PACTBOPEHHUE MOJIMKPEMHUS B allIOMUHUU. B 9TOM citydae riryOuHa mudy3un Kpem-
HUS B QTFOMUHHI OyJIET COOTBETCTBOBATh TOJIIUHE IICHKN almfoMuHES (~1,5 MkM), a mmyOuHa nuddysun
QITIOMUHHS B TOJTMKPEMHHN — TOJIIUHE TUICHKH oiukpeMHus (0,25 Mxm). JIst Beraucnenus kodpduimeHTon
i dysun (D) BoCIonb3yeMcst XOpOLIO U3BECTHBIM BBIPaKEHHUEM, OITUCHIBAIOIINM 3aBUCUMOCTD IITyOUHBI -
¢y3um (h) ot BpemeHu TepmMooopadoTku (¢) [13]:
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h=2(Dr)2. ()

Pacuer no ¢popmyne (1) mokasan, 4ro kodbpuunentsl quddysun kpemuus B amomMuHuil (Dg;) U anro-
MUHHSI B HONMUKpeMHUH (D) Ui CUCTEMBbl aIIOMUHUAN — MOJUKPEMHUH 1IpH (HOPMUPOBAHUM MEKIY HUMHU
OMHMYECKOr0 KOHTAKTa C y4eTOM BpeMeHH TepMooOpadoTku (¢ = 20 MuH) cocTaBistoT Dg; = 4,6 - 106 em?/c
uD,=13"- 1077 em?/c. Kax BHmHO 13 pesynbTaroB pacuera, Dg; > D,,, ClIeq0BaTelIbHO, COIacHo d(deKTy
Kupkennamna [8] mexxdazHas rpaHuIia aTFOMUHAN — IIOIMKPEMHUH JTOJDKHA TIEPEMENaThCs B CTOPOHY JIByOKHCH
KPEMHHUS BIJIOTH IO JOCTHKECHUS aJIIOMMHUEM €€ IIOBEPXHOCTH, T. €. 10 ITOJTHOTO PACTBOPEHUS ITOTUKPEMHUS
B QJIIOMUHHUU.

Peanuzanus manHoro npouecca o0yclIOBIeHa, C OJHOH CTOPOHBI, JOCTATOYHON KOHIICHTPALUEH ITOIBIX-
HBIX aTOMOB KPEMHHS M JTIOMUHHS B MEK3EPEHHON 00JaCTH IUICHOK MOJMKPEMHHUS M AJTIOMUHHS COOTBET-
CTBEHHO, a C Ipyroil CTOPOHBI, HATMYHUEM CBOOOAHON MEK3€pPEHHON 00JacTH B IUVICHKE aJFOMHUHUSL.

BerinonHenne nepBoro yciioBust 0ObSCHSETCS 3HAYUTEIBHO OOJbILICH IUIOMIAABI0 MEK3EPEHHON o0acTu
B [TOJIMKPEMHHH, a CIIEI0BATEIHHO, 1 OOJIBIINM KOJIMYECTBOM JIOBYLIEK [UIs aJIFlOMUHUS. B nipouiecce B3auMHOM
I dy3un aJIOMUHUS U KPEMHUS IPOUCXOANUT POCT KOHLEHTPALUU CBOOOIHOTO KPEMHHMS B 3TOI 001acTH 3a
CUeT 3axBaTa UM JIIOMHUHMS C Hocienyromen Tuddysueil KpeMHUs B aJIOMUHUH. YUHUTBIBas, YTO B MEX3e-
PEHHO 00JacTH MOJIMKPEMHHUS, KPOME KPEMHHSI, BEICBOOOKAAIOLIETOCS U3-3a 3aXBaTa allOMHHUS, HMEETCS
3HAYUTEJIFHOE KOJIMYECTBO MOABHKHBIX aTOMOB KPEMHUS, MX 0011ast KOHIEHTpaLus OyAeT J0CTaTOYHO BBICOKOM
IUIs1 OBICTPOTO MPOTEKAHUS IPOLIecCa PACTBOPEHHS OJIMKPEMHIS B AJIFOMUHUH.

Beironnenue BToporo yciaoBust 00yCIOBIEHO TEM, YTO BILIECIEPEUNCICHHbIE IPOLIECCHI, CBSI3aHHbIE CO B3aUM-
Hol muddysueii B crpykrype Al/poly-Si/SiO,/Si, unyt no Bcemy 00beMy IIEHOK HOTUKPEMHUS U aTIOMUHUS.
Heo06xonumo yuuThIBaTh ABa 00CTOSATENLCTBA: HAINYHE B IJICHKE aJJFOMUHUS TPOMHBIX TOUEK, B KOTOPBIX MMeE-
eTcst Oosnbliee cBOOOAHOE MPOCTPAHCTBO [14], uem B Mex3epeHHOI 001aCTH B TOYKE COIIPUKOCHOBEHUS IBYX
3epeH, U OOJBIIYIO TOJMILMHY IUIEHKU amtoMuHus (1,5 MKM) 10 CpaBHEHHIO ¢ TONLIMHON IJICHKH TOJIMKPEM-
Hust (0,25 MKM). OTH 1Ba 00CTOATENILCTBA 00ECIIEUMBAIOT JOCTATOYHOE MECTO JUISl MCKIIIOUCHHMSI HACBIICHUS
IIOMHMHUSI KpeMHUeM ipu Temneparype 450 °C, npuBo/Is K HOJIHOMY PACTBOPEHUIO ITIOIUKPEMHUS B aTIOMUHHU.
[TockonbKy MakcMMaibHas CBOOOAHAs IUIOIIAAb B MEK3EPEHHON 00JIACTH HAXOAUTCS B TPOWHBIX TOUYKAX, TO
Y KOHLIEHTpALMsl KPEeMHUsI B HUX OyZIeT MaKCUMaJIbHOM.

Amnanu3 quarpammbl (ha30BOr0 paBHOBECHS CUCTEMbI aTFOMUHHUM — MOJTMKPEMHUHN [TOKA3bIBAET, YTO IPH IO~
BBILLICHUHU TEMIIEPATYPhl YBEIMUNBACTCS PACTBOPUMOCTh KPEMHHMS B aJIFOMUHUY, & IPY HOHMW)KEHUH TeMIlepa-
TYPBI IPOMCXOJUT HHTEHCUBHOE BblJIJIEHHE KpeMHUS U3 aitoMuHus [S]. CiaenyeT OTMETUTb, YTO UMEET MECTO
HEPaBHOMEPHOE BbIACIICHUE KPEMHHUS Ha IOBEPXHOCTD IVIEHKH ABYOKHCH KPEMHHUSI IIPH OCTBHIBAHUHU CTPYKTYPBI
Al/poly-Si/SiO,/Si, koTopoe cBA3aHO ¢ HEPaBHOMEPHOM paCTBOPUMOCTBIO KPEMHUSI P B3aMMOACHCTBUH AJIIO-
MHHUS ¢ HonuKpeMHueM. [lockonbky MakcuMasbHast KOHLIEHTPALUs KpeMHHS HaOMI0AaeTcs B TPOHHBIX TOUKAX
MEK3EpPEHHON 00J1acTH, Iie HOABMKHOCTH aTOMOB ITPUMECH MAaKCHUMAJIbHA, TO IIPH ITOHMKEHUH TEeMIIEPATyPhI
HarpeBa BblJICJICHHE KPEMHHS HAUMHAETCSI UMEHHO € 3THX MeCT. B manbpHelieM oM CTaHOBSITCS 3apOAbIILIAMH
1151 (GOPMUPOBAHUS KOHIJIOMEPATOB MOJIUKpeMHus. [IpoTekanue BblleyKa3aHHbIX POLECCOB IPH AIUTEILHON
TepMooOpadoTke cTpyKTyphl Al/poly-Si/SiO,/Si moaTBep:kaaoT AaHHbIE, IPUBEACHHBIE B padote [11], a Taroke
ckoJ1 cTpykTypbl Al/poly-Si/Si0,/Si (puc. 2).

poly-Si .
g -

LI I e B e B

7.0 kV x20.0 k SE(U) 2.00 p;l

Puc. 2. POM-n300pakeHne MONepedHoro cedeHust CTpykrypsl Al/poly-Si/SiO,/Si
rocJie JUIMTeNbHOH TepMoobpaboTku (450 °C, 20 muH)

Fig. 2. SEM image of the cross section of the Al/poly-Si/SiO,/Si structure
after long heat treatment (450 °C, 20 min)
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CoBeplIiieHHO WHAsI KApTHHA HAOIIOMAETCS ITPH MCTIOIB30BAaHNH OBICTPOI TEpMOOOPaOOTKH, 00eCTIeunBAaIOIICH
nojy4yeHue HeoOxoaumMbIx Temneparyp (450-510 °C) 3a 7 ¢ npu 3¢hheKTHBHOM BpeMeHH TepMOOOPadOTKH He
Oonee 2 c. Takoii HarpeB MO3BOJSCT YMEHBIIUTE BpeMsl ] (y3HOHHBIX MPOIIECCOB, OTBETCTBEHHBIX 3a 00pa-
30BaHUE MOJUKPUCTAIUTMYCCKIX KOHITIOMEPATOB B TuIeHKe aimoMuHust, B 600 pa3. [TockonbKy Bce onrcanHbie
BBIIIIE MTPOIIECChl HOCAT YUCTO M y3HOHHBIA XapakTep, TO CIEAOBAIO OXKHJATh OTCYTCTBUSI 00pa30BaHMUsI
KOHTJIOMEPATOB TIOJIMKPEMHNS B aTFOMUHHH ITPH TakoM Harpese. [IpuBenenHbie B padote [11] qanHbIe OKa-
3BIBAIOT, YTO TIPU UMITYJILCHOM (DOTOHHOM HarpeBe MPOUCXOANUT HE3HAUUTEIbHOE PACTBOPEHHE TIOJIMKPEMHUS
B aJIFOMUHNY 0e3 00pa3oBaHusi B HEM KOHITIOMEPATOB MOJIMKPEMHHUS. DTO TTOITBEPKAAIOT IOy YeHHBIE METOJIOM
POM wm306pakeHust HOBEPXHOCTH NONUMKpeMHUs B CTpykType Al/poly-Si/SiO,/Si (puc. 3).

ala o/b

5.00 um 5.0 KV x70.0 k SE(U) 500 nm

Puc. 3. POM-u300paxeHne IOBEpXHOCTH OIUKPeMHHUs B cTpyKType Al/poly-Si/SiO,/Si
C YIaJICHHOM TUICHKOH alFOMHUHUS TTOcIie ObICTpoii TepMoodpadoTku (450 °C, 7 ¢):
a — TIOBEPXHOCTh MOJIMKPEMHUS 0€3 HaKIJIOHA; 6 — TOBEPXHOCTH MTOJIMKPEMHUS ¢ HAKJIOHOM 1oJ yriioM 70°

Fig. 3. SEM image of a polysilicon surface in the Al/poly-Si/SiO,/Si structure
with the aluminium film removed after rapid heat treatment (450 °C, 7 s):
a — polysilicon surface without tilt; b — polysilicon surface at an angle of 70°

CormocraBneHrne MUKPOCTPYKTYPhI TOBEPXHOCTH MOJTUKPEMHHS 10 TepMooOpaboTku (cM. puc. 1) ¢ anamo-
THYHON MHKPOCTPYKTYPOH Tocie ObICTpol TepMO0oOpadOTKH (CM. puC. 3) MOKa3bIBACT UX TOJHYIO WICHTHY-
HOCTb, YTO MOJTBEPKIAET BHIBOJ] O HE3HAUUTEIBHBIX TU(PPY3HOHHBIX MpoIieccax Mpu ee MPOBEICHNH.

3aKjaoueHune

YcraHoBneHO, 4T0 (OpPMHPOBaHUE OMUYECKOTO KOHTAKTa MEXKITY AJIFOMUHIEM U TIONIMKPEMHUEM ITPOUCXOANUT
3a cueT B3auMHOU aud(y3un alOMUHNS B TIOJIMKPEMHUI M KpeMHUS B aimtoMuHui. [Tpy anmutenbHOi TepMo-
00paboTke naHHBIH Tporece nmompuunsercs 3¢ dexry Kupkenaamia, MpUBOASIIEMY K CMEIICHHIO MeK(a3HOH
I'paHMLBl ATIOMUHHN — TTOJMKPEMHHH K TIOBEPXHOCTH TUICHKH JABYOKHUCH KPEMHUSI BIUIOTH JO MOJHOTO pac-
TBOPEHHS MOJIMKPEMHHUS B almoMUHUH. DOpMHUPOBaHUE KOHIJIOMEPATOB NOJIMKPEMHUS Ha nosepxHoctH Si0,
MPOTEKAET B MECTAX PACIIONIOKECHHUSI TPOMHBIX TOUYEK B CTPYKTYPE TUICHKH alFOMHHUS 32 CUET BBIJICIICHUS H3
Hee KPEeMHUS [P OCTHIBAHUH. DTO MPUBOAMT K 00pa30BaHMIO 3apO/IbIIIeH I (POPMUPOBAHMS TOTUKPUCTAII-
JMMYECKUX KOHITIOMEPATOB KPEMHHMS B PE3yJIbTaTe ero cerperaniy B JaHHbIX MecTax. [IpuMenenue ObicTpoit
TEpMOOOPaOOTKH HE BHI3BIBACT 00PAa30BAHMS TAKUX KOHITIOMEPATOB, a AU (y3HOHHBIE TPOLIECCHI MAJIO U3MEHSIOT
TpaHHMIly pa3ziena aTIOMUHHAN — MOJMKPEMHHN U HE MIPUBOJAT K 3HAYUTEILHOMY PACTBOPEHUIO TIOJIMKPEMHUS
B QIIFOMUHHU H3-32 KOPOTKOTO BPEMEHH TEMIIEPAaTypPHOTO BO3ACHCTBHSI.
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KOPpEJISIIIMS TEOPETHUECKUX U IKCIIEPHUMEHTAIBHBIX CIIEKTPOB Mporyckanus. OOHaAPYKEHO, YTO MOCIe TPOBEICHHS Tep-
MHUECKOTO OTKUTa KOA(P(UIMEHT MPOIyCKaHus CTPYKTYp cHmkaercs Ha 5-20 %. [IponeMoHCTpUpOBaHO, 4TO OCax/Ie-
HHUE Ha 00paTHYIO CTOPOHY CTPYKTYPHI IUICHKH aJFOMUHMS TOMIMHON 90 HM He BinsieT Ha KO3(GHUIUEHT IPOITyCKaHUs
HEOTOXOKCHHOU CTPYKTYpBI, HO Oosee 4eM Ha 20 % yMmeHbInaeT Kod(pQHUIHEHT NPOITyCKAaHHUS OTOXIKEHHON CTPYKTYPHI.
INokazaHo, 4TO MHTEHCUBHOCTb IOIIOLIEHHs CTPYKTYphl n*-Si/poly-Si/SizN,/Si0,/Si/Al He omyckaercs Huke 70 %
B IMama3oHe UTHH BOJH 2,5-9,0 MKM, TP 3TOM HHTEHCHUBHOCTH ITHKA MOTJIONICHHUS Ha [UIMHE BOJIHHI 4,3 MKM COCTaBIISI€T
87 %. YcTaHOBIICHO, YTO TOSIBJICHUE B CIIEKTPaX MOMVIOIIEHHSI OTOXIKEHHOM CTPYKTYpBI ITUKOB TOTIIONICHHS Ha JUTHHAX
BoJH 4,3 1 8,0 MKM MOXET OBITh CBSI3aHO C BOSHUKHOBEHHEM IUIa3MOHHBIX 3()(EKTOB U3-3a NEPHOIUYHOCTH CTPYKTYPHI.

Kntouegvie cnosa: mi1a3MOHHOE TIOTIIONICHHUE; TIEPUOANIECCKHIE CTPYKTYPBI; CIIEKTPHI TTOTJIOMIEHUST; (yphe-CIEKTPO-
CKOIMSL; JIETMPOBAHHBIN KPEMHMM.

bnazooapnocms. Pabora BrinonHeHa npu puHaHCOBOH nojaepxke bemopycckoro pecryonukanckoro ¢ponza GpyHnaa-
MEHTaJBHBIX HccienoBanuii (rpant Ne T22-030).

PLASMON ABSORPTION OF INFRARED RADIATION
IN PERIODIC STRUCTURES Si/Si,N,/SiO,/Si/Al
WITH WINDOW SURFACE LAYER
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Transmission and reflection spectra of periodic window structures Si/Si;N,/Si0O,/Si and Si/Si;N,/Si0,/Si/Al before
and after thermal annealing were obtained using Fourier transform infrared spectrometry. Experimental transmission and
absorption spectra were studied in comparison with theoretical ones. Theoretical spectra were calculated using the finite
difference time domain method. The theoretical transmission spectra are in good correlation with the experimental ones.
It was found that after thermal annealing, the transmission level of the structure drops by 5-20 %. It has been shown that
deposition of a 90 nm thick aluminium film on the back side of the structure does not affect the transmission level of the
structure without annealing, but reduces the transmission level of the annealed structure by more than 20 %. It was noted
that the absorption intensity of the n*-Si/poly-Si/Si;N,/Si0,/Si/Al structure does not fall below 70 % in the wavelength
range of 2.5-9.0 um. In this case, the intensity of the absorption peak at a wavelength of 4.3 um is 87 %. It has been estab-
lished that the appearance of absorption peaks at wavelengths of 4.3 and 8.0 um in the absorption spectra of the annealed
structure can be associated with the manifestation of plasmonic effects arising due to the periodicity of the structure.

Keywords: plasmonic absorption; periodic structures; absorption spectra; Fourier spectroscopy; doped silicon.
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BBenenue

Henoporoe nmpon3BoACTBO MOTIOTHTENEH M3TyUYEHHs B CPETHEM M JallbHEM MH(paKpacHBIX AMana3oHax
MMeeT BaKHOE 3HAYCHHE I W3TOTOBJIEHUS PA3IMYHBIX YCTPOWCTB — OT TEIUIOBU30POB 10 MH(PAKPACHBIX
nataukoB [1]. B mociemane roap! OBLTH MPEIIOKCHBI MAaTEPHAIBI H CTPYKTYPBI, 3 (DEKTHBHO MOTTIOMIAONINE
n3ydeHne B nHppakpacHoii odmactu criekrpa. Cpean HUX 0COOBIH MHTEPEC MPENCTABISIIOT MEeTaMaTepHalbl,
KOTOpBbIE MOTYT OBITh CIIPOEKTHUPOBAHBI KaK COBEpIIEHHbIe roriotutend [2; 3]. B aTom ciydae oTpaxkeHue
Y MIPOIyCKaHUE MPAKTHYECKH ITOTHOCTHIO TTOIABIIAIOTCS, YTO TIPUBOINT K TIOUTH HACATFHOMY ITOTIIOMIEHHIO [4].
Kpowme Toro, mormtotuTeny u3 MeTaMaTepruasoB 0OOBIYHO UMEIOT TOMIKHY B Ananazone 0,5-3,0 MxM, 9To gaer
BO3MOXXHOCTH M3TOTAaBIMBATh TOHKWE W JIETKHE HEOXJaXaaeMble MUKpoOoiIomMeTpsol [2; 4]. [l noBbIIeHus
3¢ PEKTUBHOCTH IMOTIIONIECHHSI HCIIOIB3YIOTCS TOBEPXHOCTHBIE HITH JIOKAJTM30BaHHBIE TUTa3MOHHI [2; 5; 6]. Takue
MTOTJIOTUTEIH OOBIYHO COCTOAT U3 TPEX CIOEB: MEPUOAMYECKH CTPYKTYPHUPOBAHHOTO TIPOBOJISIIETO (MeTal-
JIUYECKOTO) MOBEPXHOCTHOTO CJIOS, TUAIIEKTPHUYECKOTO MPOMEXYTOYHOTO CIIOS M CILIOIIHOTO TIPOBOJISIIIETO
(Merammudeckoro) cios. Perraroriee 3Ha4eHNE TTPU MPOESKTUPOBAHNY MTOTIIOTUTENIS UMEET CTPYKTYPUPOBAHHBIH
MTOBEPXHOCTHBIN CIIOH, TIOCKOJIBKY €r0 MOJKHO HACTPOHUTH TAaKUM 00pa3oM, 4TOOBI OH 00ecrieynBall MPaKTHICCKH
HYJIEBOE OTpa)KCHHE B HY>)KHOM JHaria3oHe JTHH BOJH [5]. [loBepXHOCTHBIH CI0H MOXKET MPEICTaBIATh COOOH
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TIEPUOANYECKH PACTIONOKEHHBIE OCTPOBKM KaK TPUBHAIBHON (KBaJApaTHOM, IIMIMHAPUIECKOH), TaK U CIOKHON
(Harmpumep, ICHAPUTOIIONO00HON HITH TMPAMUIATTBHON ) (DOPMBIL, 8 TAK)KE BHITPABICHHBIC B CIUIOLIHOM CJIO€ OKOIIIKH
yKazaHHBIX (popM [2—6]. BiusiHue nepuona pacnosokeHus OKOIIEK (OCTPOBKOB) IIOBEPXHOCTHOTO CJIOS HA CIIEKTP
TTOTJTOTICHUS CTPYKTYPHI OBLTO TIPEAMETOM HCCIICTIOBAHUS Pa3HBIX aBTOPCKUX TPYII [2; 5; 6], HO B OOJBIITMHCTBE
CXOXKHX CTPYKTYp TEPHOJ] PACTIOIOKEHHSI OKOIIEK (OCTPOBKOB) COMIOCTABHM C UCCIITYEeMBIM AUAIa30HOM JUTNH
BOJH. [[poMeXyTOUHBIH CI10H TU3IEeKTpHKa UCTIONB3YETCs ATl CO3/1aHMs JIBYX OT/AENbHBIX IPAaHUIL pa3/iesnia poBo-
JUIIIAH CIOM — TUAIEKTPUK, Ha KOTOPBIX MOTYT TIOIJIEP KUBATHCS TJIa3MOHHEIE KoeOaHus [S].

B oOnactu OnmkHEro u cpejHero nHQpakpacHbIX AUANa30HOB KK IIPOBOSIINE CJIOU B IIOIVIOIIAOLINX CTPYK-

TYpax MOTYT HCIIONb30BATHCS CIIOH BEICOKONECTHPOBAHHBIX TIONYNPOBOAHHMKOB, HAPUMED KPEMHHA [1;2;5-8].

IpuMeHeHHe cutbHoernposanHoro kpemans (1 - 10'°—1 - 10?' cm °) B kauecTBe M1a3MOHHOrO MaTepHana GbLIO
HCCJIEI0BAaHO Pa3HBIMH aBTOPAMH, KOTOPbIE TOATBEPAMIIM €0 IIIa3MOHHBIEC CBOMCTBA B MH(PPAKPaCHOH 001acTH
crekrpa [5—8]. MI3MeHsist ypoBeHb JIErHPOBaHUS KPEMHHSI, MOKHO U3MEHSTh €r0 IJIa3MEHHYIO YaCTOTY U 3a CUET
3TOT0 HACTPanWBaTh YaCTOTY IJIA3MOHHOTO pe30HaHca B HYKHOM JIMana3oHe JUIMH BoJH [7; 8]. CrutomrHoii mpo-
BOJSIIMN CIIOM MCTONIBb3YeTCsl Kak Il MUHUMU3AlUK YPOBHS MPOIMYCKaHUs BCEH MOMIOMAIOLIEN CTPYKTYpHI,
TaK 1 JUIsl yBEJIMUCHNS YPOBHS €€ MOIVIOMICHUs O1aroaapsi MOBEPXHOCTHBIM INIa3MOHaM, KOTOPBIE pacpocTpa-
HSIOTCSI Ha TPaHULIE pasziesia ¢ AUICKTPUUECKUM CII0EM.

B Hacrosieit pabote MmeTooM HH(paKpacHoi (ypbe-CIIEKTPOMETPUH UCCIISIOBAHBI CIICKTPBI MPOITY CKAHHS,
OTpa)kKeHUs U TOIIOIIEHH epuoudeckux cTpykTyp Si/SisN,/Si0,/Si n Si/Si;N,/Si0,/Si/Al ¢ oxomeyHsIM mo-
BEPXHOCTHBIM CJIOEM, a TaK)Ke PACCUMTAHBI TEOPETUUECKUE CIIEKTPBI ITPOITYCKaHUsI M HOIJIOIEHHUS 3THX CTPYKTYP.

MaTepna.m,l U METOAbI UCCJICAOBAHUSA

B kauyecTBe MCXOAHBIX MOMJIOKEK HCTIOIH30BAINACH TUTACTUHBI MOHOKPHCTAITMYECKOTO KPEMHHS MapKu
KIIb-10. ITocne ctanaapTHOM onepaiiiu XUuMHYECKOW OYMCTKA B cMecu Kapo U nepekucHo-aMMHUaqyHOM pac-
TBOPE METOJOM IUPOIUTUUECKOIO OKHCIEHUS Ha MIOJI0KKE ObLI BhIpAILlEH CJION nuokcuaa kpemuus (Si0,)
TonmuHOM 160 HM. 3aTeM METOIOM XMMHUYECKOTO OCaXKACHUSI U3 ra30BOH (Dasbl MpH aKTUBALMU MHIYKTHBHO
cBs3aHHOM ma3moil Ha ycraHoBke STE ICP200D (SemiTEq, Poccus) mocnenoBaTebHO HAHOCHIIUCH CIIOH
Hutpuga kpemuus (SizN,) tommuuoi 150 HM u cioil nonukpucramumyeckoro kpemuus (poly-Si) Tommu-
Hoii 840 uM. Jlernposanue cnos NOMKPHCTAJLIHYECKOTO KPEMHH NPOBOJMIIOCH MyTEM HMILIAHTALMA HOHOB
MBIIIbsKa ¢ sHeprueit 60 k»B 1o konuentpamuu 3,1 - 10" nonos na 1 em”. s (hopMUPOBAHUS TEPUOTUYCCKOMN
CTPYKTYPbI IPUMEHIIACH TEXHOIOTHS TPAAUITUOHHON (pOTONMTOrpaduH C TTOCIETYFOIUM TIa3MOXUMHYECKUM
TpaBjIeHHEM. B TOBEPXHOCTHOM cJ10€ KpeMHHUS A0 o5l Si;N, BEITPABIMBAINCH KBAIPATHBIE OKOIIKH Pa3MEPOM
a =4 MKM ¢ niepuoioM pacnojioxkenus P = 8 mxm. [Tocie 3Toro momioxka o0pasioB CTpaBiInBaiach ¢ OJHON
CTOPOHBI B CMECH a30THOM M IUIABMKOBOW KHCIOT 0 TONIMHBI okojio 1500 HM. Monens cTpyKTypsl mocie
OCaX/JICHHsSI BCEX CIJI0EB M (POoTOIMTOrpaduu mpeacTaBieHa Ha puc. 1, a. Ha puc. 1, 6, npuBeneHa MUKpoQOTO-
rpadus TOBEPXHOCTHOTO cI0s1 COPMHUPOBAHHOMN CTPYKTYPHI C pa3MEPOM OKOIIIEK 2 MKM H ITEPHOIOM HX pac-
TIOJIOKEHHUSI 6 MKM, TTOJIy4E€HHAas C TOMOIIBIO PACTPOBOTO AEKTPOHHOTO MUKpockona (POM). Jlns akTuBanuu
NPUMECH U KPUCTAJUTU3AIMK aMOP(QHU3UPOBAHHOTO CJI0S1 KPEMHHUsI 00pa3Ibl HCCIeTyeMbIX CTPYKTYP MoJBepra-
JIMCh TEPMUYECKOMY OTXHTY B arMocdepe azota mpu Temneparype 1000 °C B teuenne 10 mun. Ha oOpatayto
CTOPOHY YacTH 00pa3IoB METOIOM TEPMHUECKOTO OCAKICHUS Ha BaKyyMHOM 1tocty BYII-5 (Selmi, Ykpanna)
HaHOCHJIACh IJICHKA aJTIOMUHMS TOMIIHUHON 90 HM.

CreKTpsl IPOITyCKaHUs ¥ OTpaXKeHus 00pa3LioB HccleyeMbIX cTpykTyp Si/Si;N,/Si0,/Siu Si/S1;N,/Si0,/Si/Al
W3MEPSITUCH B MAIIa30HE JUTHH BOJIH 2—25 MKM C TIOMOIIbI0 HHppaKkpacHoTo (yphe-criekTpomerpa Spectrum-3
Optica (PerkinElmer, CILIA). CrieKTpbl IPOITyCKaHUS CHUMAJINCh ¢ tradparMoi 2 MM, HaKOTUICHHEM | MUH
¥ paspemieryeM 4 cM . JIJIs periCTPAIMg CIIEKTPOB OTPAKEHHS! IPHMEHSIIACH IPHCTABKA 3ePKATBHOTO OTPa-
JKEHHUS € YIIIOM NaJeHKs lTy4a 80°. CrieKTpbI OTpaXCHUs CHUMAJIKCH ¢ uadparMoii 2 MM, HAaKOIJICHHEM 2 MUH
¥ paspereHneM 4 cM . DKCIIepUMEHTaIbHbBIE CIICKTPBI TONIOMEHHS PACCYHTHIBATHCH HA OCHOBE H3MEPEHHBIX
CIIEKTPOB OTpakeHUS U Tporryckanwst o popmyne A(A) = 100 — R(A) — T(L), tme A(L), R(A), T(A) — momst (B TIpo-
[[EHTAaxX) MOMIOIIEHHOTO, OTPAKEHHOTO U MPOIIE/IIEr0 U3ITyYeHN COOTBETCTBEHHO.

Teopernueckue CIIEKTPBI TPOTIYCKAHMSL, OTPAKEHHs U NOTIOMIEHHS OBLIH MOJTyYEHBI C IPUMEHEHUEM Me-
TOZIa KOHEIHBIX pasHocTeli BO BpeMeHHOU obnactu (finite difference time domain, FDTD) B mporpamme FDTD
Solution' [9; 10]. B mporiecce MOIEIMPOBAHHS HA U MO CTPYKTYPOil HCIONB30BAINCH TPAHIYHbIC YCIOBHS
UjiealibHO COTIAaCOBAaHHBIX CloeB ( perfectly matched layer, PML). Takue ciou MOIJIONIAOT BCE MAAOIICe Ha
HUX M3ITyYeHHE, YTO MO3BOJISICT N30EKaTh MOSIBIICHUST OTPAKEHHOTO U3TYUYEHUs, CBSI3aHHOTO C HAJIMYKEM Ipa-
HUI[. B OCTambHBIX CITydasX UCIOIB30BAINCH TePHOJIMIECKUE IPAHHTHBIE YCIOBHS, TOCKOIILKY HCCIIeTyemas
CTPYKTypa MMeNa MePHOINIECKUI TTOBEPXHOCTHBIN CJIOW, B TpoIiecce MOZIEIMPOBaHHA MPOBOMIMIICS pacieT
CIIEKTPOB MPOITYCKAHMS, OTPAKEHAS ¥ TOTIOMICHIS sl OXHOTO meproa’ [10]. MoxeaupoBanye BHITOTHSIIOCH

'Lumerical FDTD Solutions // Lumerical Solutions Inc. : website. Vancouver, 2003—2020. URL: https://www.lumerical.com/products/
fdtd/ (date of access: 05.01.2020).
*Ibid.
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Puc. 1. Mopnens uccienyeMoii CTpykTypsl (a) 1 POM-u3o0pakeHne MOBEpXHOCTH
crpykrypsl Si/SisN,/SiO,/Si ¢ pazmepom okomiek 2 MKM
1 [IEPHOJIOM UX PACIOJIOKEHUS 6 MKM (6)

Fig. 1. Model of the simulated structure (a) and scanning electron microscopy image
of the surface of the Si/Si;N,/SiO,/Si structure with a window size of 2 pm
and a window period of 6 um (b)

B JIania3oHe JUIMH BOJH 2,5-25,0 MKM, [Iar CETKH B 00JIaCTH CTPYKTYpbI cocTaBiisl 5 HM. OOacTu, mpusie-
rarolIne K CTPYKTYype, CYMTAINCh 3alI0JHCHHBIMH BO3yXoM. lllar ceTku B 3THX 00macTsax cocraBisut 50 HM.
WHTEeHCHMBHOCTH TOTIIOMICHUS PACCUUTHIBAIIACH B COOTBETCTBHUH ¢ cooTHOIIeHueM A(A) + R(L) + T(L) = 1, rne
A(\), R(L), T(\) — momnst MOTJIOMIEHHOTO, OTPAKEHHOTO U MPOIIENIIET0 N3TyYeHHH cOOTBeTCTBeHHO. Koaddu-
IUCHT TPEJIOMIICHUS ¥ KO3(D(DUIIMEHT SKCTHHKIUK aMOP(GHOTO M MOJIHKPUCTAIITUUECKOTO KPEMHHUSI, HUTPHUIA
W TMOKCHJIA KpEeMHUS B3STHI B padorax [11; 12]. Jludnekrprueckasi IpOHUIIAEMOCTb CIIOEB KPEMHHUSI C Pa3iiny-
HOU CTENEHBIO JIETUPOBAHUS PACCUUTAHA C TTOMOIIbI0 Monenu pyae — JlopeHiia, OnuChIBaIONIe MOBeIeHNE
CBOOOJIHBIX JIEKTPOHOB B METAIIJIC WM MOIYIPOBOIHUKE [7-9].

Pe3yabTarhl 1 HX 00Cy:K1eHHE

Ha puc. 2 npuBeneHo cpaBHEHHE KCTIEPUMEHTAIBHBIX ¥ TEOPETUYECKHUX CIIEKTPOB MPOITYCKAHUS CTPYK-
Typ Si/Si;N,/Si0,/Si 1o 1 mocine TepMudecKoro omxura. I1ockoabKy HOHHAS UMIUTAHTAIHS TPUBOAUT K aMOp-
(u3aLuu MPUIIOBEPXHOCTHOTO ¢J10s [ 13 ], OKOIIICUHBIH ITOBEPXHOCTHBIH CJIOH CTPYKTYPBI JI0 TEPMUYECKOTO OT-
JKUTA COCTOSIT M3 JIBYX TOJICIIOERB: 1mojicios poly-Si Tommuuoi okosto 690 HM U OACIIost ¢-Si TONIUHON OKOJIO
150 uM (cM. puc. 2, a). Ilpu npoBeeHNH TEPMUUECKOTO OTKUTa IPOUCXOAAT PEKPUCTALTH3ANS aMOP(HOTO
CIIOSL ¥ DNIEKTPUYECKasi akTHBALMS UMIUIAaHTUpOBaHHOW npuMecH [13]. IloBepXHOCTHBIN CIIOH CTPYKTYpBI IO-
CJIe OT)KUTra BKITFOYAN mojcioi #n*-Si tommmHol okono 740 HM u noxcion poly-Si tosmmaol okono 100 HM
(cm. puc. 2, 0).

Ha puc. 2, a, 6, 3ameTHa X0po1ias KOppessIys TEOPETUIECKUX U KCTIEPUMEHTAIBHBIX CTIIEKTPOB MPOITyCKa-
HUSI HCCIIETyeMBIX CTPYKTYp. HekoTopble pacxoxkaeHust HaOIonatoTes B AMana3oHe JUTHH BOJIH OKOJIo 2,5—7,0 MKM:
K03()(UIIMEHT MPOIMYyCKaHUs B TEOPETHUECKUX CHEKTpax Ha 5—15 % Oombiue, yeM B IKCIIEPUMEHTAIbHBIX.
HecMotpst Ha pacxokieHHue B HHTEHCUBHOCTH, TIOJIOKEHUE TTHKOB MPOITYCKAHUS M MOJIOC MOTIIOMICHUS IS
TEOPETHYECKHX F IKCIIEPUMEHTAIBHBIX KPUBBIX MTPOIYCKaHNs, PUBEICHHBIX HA PHC. 2, COBMaaaeT. B nuamna-
30HE JJTUH BOJH 7—25 MKM 3KCIIEPUMEHTAJIbHBIE U TEOPETUUECKUE CIIEKTPHI MPOITYCKAHHUS KaK OTOXOKEHHOM,
TaK ¥ HEOTOXOKECHHOMN CTPYKTYPbI BEAYT Ce0sl MPaKTUUECKH HICHTHYHO. B trana3one mivH BoiH 8,5—10,0 MkM
B CIIEKTPaXx MPOIMYCKaHHUS KaK OTOXKCHHOU, TaK U HEOTOXKEHHOH CTPYKTYPBI HaOMI0AaeTCst pe3Koe yMEHbIIIe-
HUe K03 (huIeHTa POy CKaHMs, IPU ATOM B CIIEKTPE NPOITYyCKaHUsI CTPYKTYPBI ITOCIIE TEPMUIECKOTO OTKHTa
3TO yMeHbILIeHHE 0ojiee 3aMeTHO. BeposTHo, pacxoskaeHus: HaOIoaaloTCs U3-3a TOro, 4yTo (horoaurorpadus
MOXET 00ECTIEYNTh PE3YIABTATHI TOIBKO C HEKOTOPOH TOYHOCTHI0. Hampumep, Ipy TpaBIIeHUH YTITBI CKPYIIISFOTCS
(cM. puc. 1, 6), Ipu 3TOM TOYHO TIpeICKa3aTh POpMY IMOJTYUSHHBIX OKOIIEK MPAKTUIeCKH HEBO3MOKHO [2]. M3-3a
HEHMJICATbHOCTH (POPMBI OKOIIEK TOCIIE TPABICHHS UX pa3Mep MOXKET OTINYAThCS Ha JECSITKH HAHOMETPOB,
YTO B psijie ClydyaeB NMPUBOAUT K YITMPEHHUIO HEKOTOPHIX MMHMKOB MPOIyCKaHUs U mojoc noromenus. [locne
TPaBJICHHUS TOIOKKH B CMECH KHCIIOT TOJIIMHA OCTABIICTOCS €0 Si TaKKe MOXKET OTIINYATHCS.
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Puc. 2. CpaBHEHHE YKCIIEPUMECHTAIBHBIX U TEOPETUYCCKUX CIIEKTPOB
MpomycKaHust cTpyktyp a-Si/poly-Si/Si;N,/SiO,/Si (a) u n*-Si/poly-Si/Si;N,/SiO,/Si (6)

Fig. 2. Comparison of experimental and theoretical transmission spectra
of the structures a-Si/poly-Si/Si;N,/SiO,/Si (a) and n*-Si/poly-Si/Si;N,/SiO,/Si (b)

Ha puc. 3 npezacraBiieHbl 3KCIIEpUMEHTAIbHbIE CIEKTPBI MPOIMycKaHus cTpykTyp Si/Si;N,/Si0,/Si
u Si/Si;N,/Si0,/Si/Al 1o u nocnae TepMUYECKOro OTXKUra (IUIEHKa aJIOMUHUS OCaXKAAJIach yKe I10CJIe OT-
JKHMIa UCXOTHOH cTpyKTyphl). M3 puc. 3 BUIHO, YTO HEOTOXKKEHHBIE CTPYKTYpHI (a-Si/poly-Si/Si;N,/Si0,/Si
u a-Si/poly-Si/Si;N,/Si0,/Si/Al) nponyckatot B cpenHeM Ha 10-20 % OGomblie, 4eM OTOXIKEHHBIE CTPYKTY-
pst (n*-Si/poly-Si/Si;N,/Si0,/Si n n*-Si/poly-Si/Si;N,/SiO,/Si/Al), npakTHdeckn BO BCeM HCCIEIOBAaHHOM
JMana3oHe JJIMH BOJH. Pasnuuuii Mexay cliekTpaMu MpomycKaHHs CTPYKTyp a-Si/poly-Si/Si;N,/Si0,/Si
u a-Si/poly-Si/Si;N,/Si0,/Si/Al e BeisiBneHo. Koaddunuent npomyckanus aist 00enx CTpyKTyp BO3pacTaet
¢ 10 % wa mmuae BoiHB! 3,5 MKM 110 35 % Ha mmmHE BOJMHBI 20 MKM ¢ HEOONBIINMHA TIPOBajlaMU Ha JJIMHAX
BoJH 9,5; 12,5; 16,5 MxMm.
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Puc. 3. DxcriepuMeHTaIbHbIE CIIEKTPBI MPOITY CKaHHs
crpykryp Si/SizN,/Si0,/Si u Si/SizN,/Si0,/Si/Al 10 u nociae TepMUYECKOTO OTHKUTA
Fig. 3. Experimental transmission spectra
of the structures Si/Si;N,/Si0,/Si and Si/Si;N,/Si0,/Si/Al before and after thermal annealing

Kpuas nornomenust ctpykrypsl n'-Si/poly-Si/Si;N,/Si0,/Si BeneT cedst cxoxuM 00pa3oM ¢ KpUBOH MO-
IIIOLIEHUs CTPYKTYphI a-Si/poly-Si/SizN,/Si0,/Si, HO npomycKkaeT MeHbIlle, 4eM CTPYKTypa [0 MPOBEICHUS
TEPMHUYECKOTO OTHKUTA: pa3inire MeX/ly HUIMH B JIana3oHe JJTUH BOJIH 5—10 MKM cocTaBisieT B cpeHeM 5 %,
a B Auanas3oHe JUIMH BoiH 10-25 mkMm yBennuusaercst 10 15-20 %. Heckonbko nHave BeneT ceds CTpyKTypa
n*-Si/poly-Si/Si;N,/Si0,/Si/Al, k03¢ duLueHT npomyckaHus KOTOPOM MPAKTHUECKH BO BCEM UCCIIEI0BAHHOM
JMara3oHe JUIMH BOJIH HAaXOAUTCS B IIpefiesax okoio 7—8 %, 3a HCKIIOUEHHEM HeOOIbIINX [IPOBAJIOB Ha JUIH-
Hax BosH 3,0; 9,5; 12,5 mxM. KpuBasi nOmioneHus 3Toi CTpyKTYpbl 3HAYUTEIBHO OTJINYAETCS OT PACCMOTPEH-
HBIX BBIIIEC KPUBBIX.

Ha puc. 4 npezacraBiieHbl 5KCIIEPUMEHTANIBHBIE CIEKTPBI NOMIOIIEHUs CTPYyKTyp Si/Si;N,/S10,/Si
u Si/S1;N,/S10,/Si/Al nocne npoBeneHns: TEpPMUUYECKOr0O OTxKUra. Ha BBIHOCHOM pUCYHKE IPHBEAEHBI IKCIIe-
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PUMEHTAIIBHBIN U TEOPETHYECKUI CTIEKTPBI TOMIOIEHUs CTPYKTYypbI Si/Si;N,/S10,/Si/Al mocne TepMuyeckoro
OTXKUTA, a TaKXkKe HKCIIEPUMEHTAIIBHBIE CIIEKTPBI MIPOIMYCKAaHUs U OTPaKEHUs 3TOW CTPyKTypbl. KpuBas npo-
MyCKaHMsI ociie HeOOoIbIIOTo MmoabeMa 10 15 % B nuamnazoHe AJIMH BOJIH 2—3 MKM ocTaeTcst Ha ypoBHE 3—9 %
BO BCEM HCCJIEJOBAaHHOM AMana30He AIUH BoIH. KpuBas orpaxenus He nogHumaercs Boime 30 %, a Ha [uinHe
BOJIHBI 5 MKM Habmtomaercs mposai 10 7 %.
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Puc. 4. DxcrieprMeHTAIbHBIC CHEKTPBI OTIOICHUS
crpykryp Si/Si;N,/SiO,/Si u Si/Si;N,/SiO,/Si/Al nocne TepMUUECKOTO OTXKHTA.
Ha BeIHOCHOM pricyHKe TIpHBe/ieHbI SKkcriepuMenTaibublil (1) n reopernueckuii (1) ciexTps
nornoueHus cTpykrypst Si/SizN,/SiO,/Si/Al, a Taxske dKCriepUMEHTalIbHBIE CIIEKTPBI
orpaxkenus (1) u mponyckanus (IV) atoit cTpykTypbl

Fig. 4. Experimental absorption spectra
of the structures Si/Si;N,/Si0O,/Si and Si/Si;N,/Si0,/Si/Al after thermal annealing.
External figure shows experimental (I) and theoretical (II) absorption spectra
of the Si/Si;N,/Si0,/Si/Al structure, as experimental reflection (III)
and transmission (IV) spectra of this structure

KpuBble normnomieHus, mpeacTaBieHHbIe Ha pruc. 4, BeAyT ce0s CXOKUM 00pa3oM, TIPH dTOM CTPYKTypa
C JIOTIOJIHUTENIBHBIM CJIO€M aJTFOMHHUS TIOTIomaeT B cpeaHeM Ha 10 % OobIlie BO BCEM HUCCIIEOBAHHOM JHa-
Ma3oHe JJIUH BOJIH. [1J1s1 000MX CIIEKTPOB XapaKTEPEeH MUK MOMIONICHHS HEOOJIBIIION NHTEHCUBHOCTH Ha JTMHE
BOTHBI 2,8—3,2 MKM. B muanazone miuuH BoiH 2—3 MKM HaOIIOMaeTCs PEe3KUH pOCT HHTEHCUBHOCTH TIOTJIONIE-
Hud (npaxktuuecku Ha 20 %): ¢ 57 no 73 % nns crpykrypsl n'-Si/poly-Si/SizN,/Si0,/Siu ¢ 67 no 84 % nns
crpykrypsl n*-Si/poly-Si/Si;N,/SiO,/Si/Al. B cnexrpe noromenus ctpykrypst -Si/poly-Si/Si;N,/Si0,/Si/Al
OCHOBHOM MUK IMOIIONIEHUS PACIOIOXKEH B AUANa3oHe MJIUH BOJH 3,5-5,0 MKM. DTOT MUK UMEET CUMMET-
PUYHYIO TPEYTOJbHYI (hOpMY M JOCTUTAET HauOobiel HHTeHCUBHOCTH (87 %) Ha JuiMHE BONHBI 4,3 MKM,
MIOCJIE Yero MHTEeHCUBHOCTH MOTIONIEHHS MaaaeT 10 75 % Ha /uinHe BOJNHBI 6 MKM. Ha JijTiHe BOJHBI OKOJIO
8 MKM HaOJTFOaeTCst MUPOKast TTOJI0Ca MOTIIOMIEHHUS ¢ HeOOIBIOW HHTEHCUBHOCTEIO (75 %). 3aTeM KpuBas 1mo-
IJIONICHHUS MEJICHHO YOBIBA€T IO MHTEHCUBHOCTH 55 % Ha JyirHe BoJHBI 20 MKM, KpOME JIMana3oHa JUIUH BOJIH
8,5-9,5 MKM, T/Ie UHTCHCUBHOCTH IMOTJIONICHUS Bo3pacTaeT 10 74 %. B 11e10M WHTEHCHBHOCTD TOTIOMICHUS
cTpykTypsl n*-Si/poly-Si/SizN,/SiO,/Si/Al ne omyckaercst Hike 80 % B AMana3oHe JUIMH BOJH 2,6—5,3 MKM
n 70 % B nuamasoHe JIuH BOJH 2,5-9,0 MKM.

OCHOBHOM MUK B CIEKTPE MOMIOIMIEHUs cTPYKTYpsl n*-Si/poly-Si/Si;N,/SiO,/Si HeMHOrO CABUHYT
B OoJiee IITMHHOBOJIHOBYIO 00JIACTh OTHOCUTEIHHO OCHOBHOTO IMHKAa B CMEKTPE IMOTJIOMIECHUS CTPYKTYPHI
n*-Si/poly-Si/Si;N,/Si0,/Si/Al. On pacnonaraercs B [uamna3oHe AAUH BoiH 4,3—5,5 MKM U JOCTUTaeT Hau-
OostbIiielt HHTEHCUBHOCTH (75 %) Ha JyTMHE BOJIHBI 5 MKM. [locIie 3TOro MHTEHCUBHOCTD MOMJIOICHHUS PE3KO Ta-
naet 10 55 % Ha anuHe BonHb! 8 MKM. Kak 1 B criekTpe nomtommenus cTpykrypsl #2-Si/poly-Si/Si;N,/SiO,/Si/Al,
B JiMania3oHe JUTUH BOJH 8,5-9,5 MKM MPHCYTCTBYET TOJIOCA MOMIONICHUS ¢ MAKCUMAIIbHOH MHTEHCUBHOCTHIO
60 % mHa nrHEe BOIHBI 9 MKM. Takoke mostoca MoIyIOICHNS ¢ HEOOBIIONH MHTEHCUBHOCTHIO UMEETCSI B IMANIa30HE
auH BonH 10—13 MKM, 9TO He HaOMIOAaeTCs B CIIEKTPe MOMIONIEHNs CTPYKTYpsI #7-Si/poly-Si/Si;N,/Si0,/Si/Al

CpaBHUTEIBHBIN aHATU3 TECOPETUYECKOIO M IKCIIEPUMEHTAIBHOTO CIIEKTPOB TOIVIONIEHUS CTPYKTYPBI
n*-Si/poly-Si/Si;N,/SiO,/Si/Al (cm. puc. 4, BEIHOCHON PUCYHOK) MOKa3bIBaET HEIUIOXYIO KOPPEISILHUIO TT0JI0-
KEHHUH MUKOB TorytonieHust. OTHaKO0 HHTEHCHBHOCTH ITOTIIOIIEHUS B TEOPETUIECKOM CIIEKTPE MEHBIIIE TIpak-
TUYECKU BO BCEM UCCIICJIOBAHHOM JIMANIa30HE JJIUH BOJH. DTO MOXKET OBITh CBSI3aHO C METOIUKOW TPABICHHUSI,
MpH KOTOPOH IMOJIOKKA CTPABJIMBACTCS HEPABHOMEPHO, UYTO M YBEIHMUMBACT WHTCHCHUBHOCTH TOIVIOLICHHMS.
B TeopetuueckoM crekTpe noromeHus crpykrypsl n-Si/poly-Si/Si;N,/Si0,/Si/Al Takxke XOpo1Io 3aMeTHbI
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MIAKY TTOTIIOIIeHUS Ha JuymHax BoaH 3,0; 4,3; 8,0 MKM, IpH 5TOM MUK MOTJIONICHUS B TUANA30HE IJIUH BOJIH
7,5—-8,5 MKM Oosee BEIpaskeH, YeM T0JI0ca NOMIOIIEHHS B JAHHOM Jiana3oHe B 9KCIEPUMEHTAILHOM CIEKTpe:
€ro MHTEHCUBHOCTH JOCTUTaeT npaktudecku 80 % Ha IITMHE BOIHBI § MKM.

YacTp MUKOB KPUBBIX MPOITYCKAHUS W TIOJIOC MOTIIONMIEHHS B CIIEKTpaX MPOITyCKaHUS, TTPEJCTaBICHHBIX Ha
puc. 3, BeposTHee BCero, 00BSICHSIIOTCS HATMYUEM B CTPYKTYpE JUAIIEKTPUICCKHX CIIOCB JHOKCHIA U HUTPUIA
KpeMHusl. [ BceX MpUBEICHHBIX BBILIE CIIEKTPOB MOMIOMICHHS XapaKTepPHO HATUUUE TIOJIOCH! MOITIOMICHHS
B uara3oHe JuH BoaH 9,0-9,5 MxM. B 3TOM nuana3oHe mposBisieTcs MOTIONIEHUE B CI0€ JUOKCHAA KpeM-
Hus [8; 14]. Ha mmure BostHET 12,5 MKM HaOTIOmaroTCes KoJieOanust MOCTHKOBEIX rpymmt Si— O —=Si [14]. Bo Bcex
NPUBE/ICHHBIX Ha PHC. 3 CIEKTpax MPOITyCKaHHsI MOXXHO YBUIETh MPOBAJ B JAHHOM Jinana3oHe. OnHaKo Hau-
0oJ1ee 3aMETHO MOMIOLIEHNE B paiioHe 12,5 MKM B CIIEKTpe NOMIOMIEHUs CTPYKTYpbI 7-Si/poly-Si/Si;N,/Si0,/Si,
npuBeIeHHOM Ha puc. 4. [lonouku Ha aiuHe BOMHEL 11,5 MKM B CIIEKTpax MPOITyCKaHUS, IPEACTaBICHHBIX Ha
puc. 2 u 3, MOTYT OBITh CBSI3aHBI C BAJICHTHBIMH KoJIcOaHUsIMH cBsi3elt Si— N B citoe HUTpUaa KpeMHus [15].

VYMenbuienne ko3¢ GuIneHTa IPOMyCKaHus B CTPyKType nocie orxwura (n'-Si/poly-Si/Si;N,/Si0,/Si) mo
CPaBHEHHIO CO CTPYKTYpOM /10 OTKUTa, BEPOSITHO, MOKHO OOBSICHUTH MOSIBICHHEM B MIOBEPXHOCTHOM CIIOE
CHJTBHOTIPOBOIAIIETO IMO/CI0s. [10CKOIBbKY TEPMUUECKHIA OTXKHT ITOCIIE HOHHOW UMITIAHTAIINH IIPHBOJIAT K YMEHb-
IIEHUIO CII0OEBOTO COMPOTHUBIICHHS, a CIIEIOBATENFHO, K YBETMUSHHIO YIETbHON TIPOBOUMOCTH, aBTOPHI HACTOSI-
el CTaThbM MPEIoaraioT, YTO B OKOIIEYHOM HMOBEPXHOCTHOM cioe cTpyKTyp #*-Si/poly-Si/SizN,/SiO,/Si
u n*-Si/poly-Si/Si;N,/SiO,/Si/Al MoryT Bo3HUKATh IJ1a3MOHHbIE KOJleOaHMsl, KOTOPbIE B COBOKYIHOCTH C HO-
IJIOILICHHEM Ha CBOOOAHBIX HOCUTEJISIX YMEHBILAIOT YPOBEHb Npomyckanus [2; 6; 8; 9;16; 17]. 3ameTHOE yMEHb-
menne kodduirenTa npormyckanus CTpykrypsl #-Si/poly-Si/Si;N,/SiO,/Si mocne ocaxaeHns cIos ATIOMAHUS
MOKHO CBSI3aTh C OTPAYKEHHEM BOJH OT 3TOTO CJIOS, Kak OT 3epkana [4; 5].

[TockonbKy pa3Mep OKOIIEK MOBEPXHOCTHOTO CIIOSl COCTABISIET 4 MKM, pe3koe yMeHblIeHne Koddduimen-
Ta MPOITyCKaHWS Ha JUTMHE BOJHBI OKOJIO 3—5 MKM JIJIsl BCEX MCCIIEIOBAHHBIX CTPYKTYP MOXET OBITh CBSI3aHO
C BOBHUKHOBEHHEM TIA3MOHHBIX KOJIeOaHM B 3TUX OKomTKax [6; 8]. Takke Ha JJTMHE BOJHBI, paBHOU TICPHOITY
PacCIIONOKEHUSI OKOIIEK MOBEPXHOCTHOTO CJI0SI, Y OTOXKEHHBIX CTPYKTYp, B OTIIMYHE OT HEOTOXOKEHHBIX, Ha-
Omrofaercst HeOOMbLIAs MOJ0YKA B KPUBOH MPOTyCKaHUs. B criekTpax MmornouieHus, MpuBeACHHBIX Ha puc. 4,
MUK TIOTJIONICHHS ¢ HANOOJIbIIIeH HHTEHCUBHOCTHIO HAXOUTCSI Ha JITTMHE BOJHBI 4,3 MKM JUTsI CTPYKTYPBI TIOC-
Jie TEPMHYECKOTO OT)KUTA W Ha JJTMHE BOJNHBI 5 MKM I CTPYKTYPHI A0 TEPMHUYECKOTO OTKHTA. DTOT THK,
BEPOSATHEE BCETO, CBA3aH C BOSHUKHOBEHUEM TUIa3MOHHBIX KOJICOAHMI B BRITPABICHHBIX OKOMIKax [6; 16]. [Tux
MOTJIOIIEHUSI Ha JUTHHE BOJHBI 8 MKM, HHTEHCUBHOCTH KOTOPOTO B TEOPETHYECKOM CIIEKTPE MOTIOMICHUS 00ITb-
1IIe, YeM B IKCIIEPUMEHTAJILHOM, TaKXKe, II0-BUIUMOMY, CBSI3aH C BOSHUKHOBEHUEM B OKOIIIEYHOM ITOBEPXHOCT-
HOM CJIO€ TUTa3MOHHBIX KOJIeOaHUH M3-3a IEPHOJUIHOCTH CTPYKTYPHI [8; 9; 15; 16].

3akaueHmne

Takum 00pazom, B paboTe ObLIH HCCIEAO0BaHbI IKCIIEPUMEHTAIIBHBIE CIIEKTPBI TPOITYCKAaHHSI, OTPasKEHUSI U MO~
IIOLIEHUs NepHoauYecKuX cTpyKTyp Si/Si;N,/Si0,/Si u Si/Si3N,/Si0,/Si/Al ¢ okoleYHbIM IOBEPXHOCTHBIM
CJIOEM JI0 U IOCJIe TePMHUUECKOro orxura. IlokazaHo, 4To TeOpeTHUeCKnue CIEKTPhI IPOITyCKAaHUs, PACCUMTaH-
Hble ¢ noMolblo FDTD-MeTona, 1eMOHCTPUPYIOT XOPOLLYIO KOPPEJSLMIO C SKCIIEPUMEHTAIbHBIMU CIIEKTPAMU.
[Tocne npoBeneHMs: TEPMUIECKOTO OTXKHTra KOA(PPHUIUEHT MPOIMyCKaHHUs CTPYKTYpHI agaeT Ha 5—20 %, npu
9TOM I10BE/ICHHUE CIIEKTPOB NPOITYyCKAaHMS H3MEHSETCsl HeCUIbHO. OcaskAeHHEe Ha 00paTHYIO CTOPOHY CTPYKTYPbI
IUIEHKU aJIOMUHUS HE BIMAET Ha KO3((UIMEHT NPOIyCKAHUS HEOTOXIKEHHONW CTPYKTYpPbI U B TO XK€ BpeMs
3HaunTENBHO (Oosee ueM Ha 20 %) ymMeHbIIaeT KO3(Q(UIMEHT TPOITyCKaHUsI OTOXKKEHHOW CTPYKTYPBI, YTO
MOXET OBITH CBSI3aHO C BO3HUKHOBEHHEM B TIOBEPXHOCTHOM CJIO€ CHEUU(UUECKUX MIIa3MOHHBIX KOJIeOaHHH.
OTMeueHO, 4TO HHTEHCUBHOCTb MOITIOLIEHHs CTPYKTYpBI 717-Si/poly-Si/Si;N,/SiO,/Si/Al He omyckaetcst Huxe
70 % B muama3oHe MIUPUHON OKOIo 7 MKM (2,5-9,0 MKM), IpH 3TOM WHTEHCHBHOCTH IHKA MOTJIOMICHHUS Ha
JUTHE BOJIHEI 4,3 MKM cocTaBiseT 87 %. YCTaHOBIIECHO, UTO MOSIBICHHUE B CIICKTPAX MOTTIONIEHUS OTOXKSHHON
CTPYKTYpPBI IMKOB MOTIIOLICHNUS Ha JuInHaxX BOJH 4,3 U 8,0 MKM MOXeT OBITh CBSI3aHO C BOSHUKHOBEHHUEM T1J1a3-
MOHHBIX 3(QEKTOB N3-3a MEPHOTUUYHOCTH CTPYKTYPHI.
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BO3AEUCTBUE YABTPA®UOAETOBOTIO U3AYUYEHUA
HA OIITUYECKHUE CBONCTBA AUDAEKTPUKOB
HA OCHOBE KPEMHUA

H. H. MTAPXOMEHKO", JI. A. BIACYKOBA",
A. C. KAMBIILIAH?, H. C. KOBAJIBYYK?, C. A. JIEMHJIOBHY>

YBenopyccruii 2ocyoapemeennviii ynusepcumem, np. Hesasucumocmu, 4, 220030, 2. Munck, Berapyce
Hncmumym npuxnaouvix gusuueckux npoonem um. A. H. Cesuenxo BI'Y,
ya. Kypuamosa, 7, 2200435, 2. Munck, benapyco
A« HUnmezpany — ynpasnsowasn komnanus xonounea « Mumezpany, yn. Kasunya, 121a, 220108, 2. Munck, Berapyce

J1Jist OIICHKU BO3JICUCTBHUS YIBTPA(UONICTOBON YaCTH COJTHEUHOTO CIICKTPa B JHara3oHe JiauH BoH 185—-400 HM Ha omi-
THYECKHUE TTapaMeTPhl UAICKTPHUSCKIX CIIOEB MPOaHATH3UPOBAHO M3MEHEHUE CIIEKTPOB OTpaykeHus TOHKHX (11-25 Hwm)
HECTEXHOMETPHUECKHX IIEHOK HUTpHAa (SiN,), okenna (SiO,) u oxennnrpuaa (SiO,N)) kpemuns. [Lienkn HaHOCHIHCH
Ha KPEMHHEBBIC TTOJIOKKHA METOIOM XUMHUYECKOTO OCAKICHUS M3 Ta30BOH (pasbl MPH aKTHUBAIIMH HHIYKTUBHO CBSI3aHHOU
1a3Moil. YCTaHOBIJIEHO, Y4TO BO3JCHCTBHE YJIBTPA(pHOIETOBOTO M3JIy4YeHHs C IUIOTHOCTBHIO TMOTOKA dHepruu, B 20 pa3
TIPEBBIIIAIOIICH COOTBETCTBYIONIHMH MMapaMeTp €CTECTBEHHOTO COJTHEYHOTO M3JIyYeHHMs], B TeUeHHE 6 4 MPUBOANT K yBe-
JMYEHUIO MOKa3aTens npenomineHns mieHok SiN, n SiO,, XapaKTepu3yMUXCsl H30BITOYHBIM COJCP/KAaHUEM KPEMHHS,
B cpeauem Ha An =0,03—0,09, Torna kak n3MeHeHus okasarens npeaomnenus mieaku SiO, N, nocie yasrpaduoneToBo-
r0 00yuenus HecymecTBeHHbI (An < 0,01). Kak mokaszan anans HHPpPaKpacHBIX CIIEKTPOB, XUMHUUYECKHH COCTAB TUIEHOK
noce ynerpaduosieroBoro Bo3aeicTBus He u3MeHsuics. O0Cyk/IeHa IPUPO/Ia BIUSHUS YIBTPA(UOIECTOBOrO 00IyYeHNUS
Ha ONTHYECKHE CBOWCTBA JANAJIEKTPUYECKHUX IUIEHOK HA OCHOBE KPEMHHUSI PA3JIMYHOTO AJIEMEHTHOTO U CTPYKTYPHOTO CO-
ctaBa. [lomydeHHBIE pe3yNbTaThl MOTYT OBITH MCTIONB30BAaHBI P BBIOOPE TUIIEKTPUKOB U IPUOOPOB, pabOTAIOIINX
B YCJIOBHSIX OTKPBITOI'O KOCMOCA Ha HU3KHX OKOJIO3EMHBIX OpOHUTaX.

Knroueesie cnoea: HUTpUI KPEMHUS; OKCUA KPEMHHS;, OKCHHUTPHI KPEeMHHUS; yAbTpaduoseToBoe obiIydeHue; or-
paxeHue.
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The effect of ultraviolet range of solar spectrum (185—400 nm) exposure for 6 h with an energy flux density 20 times
higher than the corresponding parameter of natural solar radiation on the optical properties of silicon-based dielectric layers
on silicon was studied. Silicon nitride (SiN,), oxide (SiO,) and oxynitride (SiO,N)) films with thicknesses of 11-25 nm
were deposited by inductively coupled plasma chemical vapor deposition method. The reflectance spectra of thin dielec-
tric films were analysed before and after ultraviolet exposure. It has been shown that ultraviolet irradiation results in an
increase of the refractive index of the silicon-rich SiN, and SiO, films by An = 0.03—0.09, while the refractive index of
the SiO, N, film remains almost unchanged (An < 0.01). Analysis of the infrared spectra did not reveal any changes in the
chemical composition of the dielectric films after ultraviolet irradiation. The origin of the effect of ultraviolet exposure
on the optical properties of silicon-based dielectric films of various elemental and structural compositions is discussed.
The reported results can be used when choosing dielectrics for devices operating in outer space in low Earth orbits.

Keywords: silicon nitride; silicon oxide; silicon oxynitride; ultraviolet exposure; reflectance.
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BBenenue

Baxnueiimnyto poiib B 00€CTIICUSHUH JITUTEIBHON 0€30TKa3HON pabOTHl KOCMHUYECKHUX aIlllapaToB UTPacT CTOM-
KOCTb WX KOHCTPYKIIMOHHBIX MaTEPHAIIOB U 3JIEMEHTOB OOPTOBOTO 00OPYIOBAHHUS K BO3/IEHCTBUIO OKPYKAIOIIEH
KOCMHUYeCcKoi cpenbl. I1o oreHkaM 3KCIepToB, OoJiee IMOJOBHHBI OTKA30B U cO0eB B paboTe OOPTOBOI armma-
paTypsl CITyTHUKOB 00YCIIOBJIICHBI HEOJIATONIPUATHBIM BIHSHHEM (DaKTOPOB KOCMHUYECKOTO TIpocTpaHcTsa [1].
B cBs13u ¢ 3TUM HHTEHCUBHO BEAYTCS UCCIIE0BAHMUS BO3ACHCTBUS (PAKTOPOB KOCMHYECKOTO MMPOCTPAHCTBA KaK
Ha MHKPODJIEKTPOHHBIE TPHOOPHI U CXEMBI, TaK U Ha ()YHKIIMOHAILHBIE MaTEPHUaJIbl, B TOM YUCIIE ONTHYECKHE,
JUTSI KOCMHYECKHX armmaparoB [2—4]. CeromHs OOMBITHHCTBO CITYTHUKOB 3aITyCKAOTCS HA HU3KUX OKOJIO3EMHBIX
opbutax (B mpeaenax 200—800 km). OcHOBHEIMH (haKTOpaMH CpeAbl Ha TAKMX OPONUTAxX, OKa3bIBAIOIITUMH He-
TaTUBHOE BIUSHHUE Ha MaTePUAIIBI, SBIISIOTCS aTOMaPHBIN KUCIIOpo], yibTpaduoieroBoe (YD), noHusnpyroiee
Y DJIEKTPOMArHUTHOE M3ITYYEHUs, CBEPXBBICOKAN BaKyyM, 3apsKEHHBIC YACTHIIBI, Pe3Kasi CMeHa TeMIleparyp
(TEepMOITUKIIBI ), MUKPOMETEOPHUTHI, HICKYCCTBECHHBIC O0JIOMKH M OpOUTANBHBIN Mycop [5]. M3-3a mIATeIsHOCTH
1 CJIOKHOCTH OTIPENICIICHNS IIPUTOJTHOCTH MaTePHAIIOB K JITUTENEHBIM CPOKAM DKCILTyaTallnd Ha KOCMHUYECKIX
amrmaparax B peaJbHOM MaciiTabe BpeMeHH W HaTYPHBIX YCJIOBHAX ITOJIETa BOZHUKAET HEOOXOAMMOCTh TPO-
BEJICHHUS YCKOPEHHBIX JTA00OPATOPHBIX MMUTAITMOHHBIX HCCIIEIOBAHNN.

Hacrosmas paboTa mocssieHa H3yIeHUIO BO3MEeHCTBUS YD-4acTH COHEYHOTO CIEKTpa Ha amMopQHBIE
mwieHkn HuTpraa (SiN,), oxenna (Si0,) u okennurpuna (SiO,N)) kpemHus. JlaHHbBIE MaTepHaIbI SBISIOTCS
OCHOBHBIMH JUDJIEKTPUKAMH COBPEMEHHOW KPEMHHEBOW TeXHOJIOTHH. OHHU HCIIONB3YIOTCS BO MHOTHUX KOH-
CTPYKIUSX 3epKajl, JaTYNKOB KOCMHUYECKHX aIlllapaToB, a TaKKe KaK aHTHOIUKOBBIC TIOKPHITHS COTHEYHBIX
Oarapeii [6—8]. B HEKOTOPBIX cIydasx TaKWe MICHKA HAHOCSATCS Ha MTOBEPXHOCTH, ITOABEPTaIONTUECS BO3ICH-
CTBUIO OPOUTAEHOM cpebl, B TOM YHciie YD-00IyIeHHIO.

MarepuaJjbl 1 METOAbI UCCJIEIOBAHUS

[Inenxn HUTpHIA, OKCHIA M OKCHHUTPUIA KPEMHUS ObUTH BRIPAIIEHBI HA KPEMHHEBBIX TOMJIOKKAX p-TUTIA
¢ opueHTanueit <I111> METOIOM XUMHUECKOTO OCAKICHHS M3 Ta30BOU (ha3bl MPU aKTHBAIUH WHIYKTHBHO
cBsI3aHHOM Tasmoit (inductively coupled plasma chemical vapour deposition, ICP-CVD) Ha ycTraHoBKe
STE ICP200D (SemiTEq, Poccust). s O9UCTKH MOIOKEK MPEABAPUTEILHO MPOBOAMIACE X TTOCIIE-
noBarenbHast 00paboTka B MEPEKUCHO-CEPHOKNUCIOTHON M TIEPEKNCHO-aMMHUAYHON cMecsXx. Temmeparypa
ocaxkaeHmsI BO BceX ciydasx Onpuia 300 °C, MOIIHOCTH BRICOKOYACTOTHOTO paspsiiaa HaXoauiIach B TUama3oHe
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800—1000 Brt. IloTox MoHOCHIaHA (100 % SiH,) momiepxuBasCst HA YpOBHE 15 cTaHIApTHBIX KyOMYeCKUX
CAHTHMETPOB B MHUHYTY (1ajee — CM’/MHH) IIPH OCaXICHNN BCEX TPEX THIOB JMIICKTPUKOB. B kadecTse
PeareHTOB Jld OCaKICHHUs SiN, u SiO, npumensuce a3ot (N,) u 3akuck azora (N,O), HIOTOKH KOTOPBIX CO-
CTaBIISUIH 8 M 5 CM’/MHH COOTBETCTBEHHO. B cJlydae ¢ SiO, N, ucrionp30Bannch 06a 9THX rasa, CMEIIAHHbIX
B paBHbIX nponopuusax ([N,O] = [N,] =10 cm 3 /MuH). Fa30M HocheneM siBsiack cMmech Ar + He.

Jnist onipeaeseHust TOMIIUH MIEHOK CKOJIBI TUIACTHUH HCCIEA0BAINCH METOJIOM PAaCTPOBOH ANEKTPOHHON MUKPO-
cxoruu (POM) nHa mukpockone S-4800 (Hitachi, SInonust). ITo nanasiM POM, tommmus! mieHok SiN,, SiO,
1 S1O, N, cocrasmsiim 24; 11 1 25 HM COOTBETCTBEHHO. AHAJIM3 XUMUYECKOTO COCTaBa INICHOK OCYIIECTBIISIICS
MGTO,Z[OM PEHTIeHOBCKOH (hoTOAMeKTpOHHOH criekTpockornun (POIC) ma mpudope MultiProbe XPS (Omicron,
I'epmanmus).

Ouenka Bo3aeiicTBust Y®-yactu conneynoro crekrpa (185-400 HM) npoBoauiIach HA IMUTALMOHHON yCTa-
HOBKe MHCcTuTyTa Npukiiaanbix Gusnueckux npoodinem nvenn A. H. Cesuenko bI'Y. Mctounnkom CBETa CITyXHI
PTyTHAs JTaMITa C TIOJE3HON MOIIHOCTHIO ~40 BT, moMelneHHast B BaKyyMHyIo Kamepy (6,67 - 10 ITa) Bmecte
¢ obpasmamu. [Imomaas paBHOMEPHOTO OOTyIeHUS cocTapsIa 2 x 2 cM?, BpeMst dKCIIo3uImu — 6 4. IToTHOCTD
ITOTOKA PHEPTUH Ha 00pa3iie mocturana 0,26 Br/em?. s CPaBHEHHA [UIOTHOCTh IOTOKA SHEPTHH CONHEHOTO
n3y4eHus B quanazone AauH BoiaH 200—-400 um coctasmusier ~0,013 Br/cm? [9]. Takum obpazom, YD-o0myyenue
MIPOBOAMIIOCH IPH TNIOTHOCTH MOTOKA SHepruu, B 20 pa3 mpeBbIIalonield COOTBETCTBYIOLIMH apaMeTp ecTe-
CTBEHHOT'O COJIHEYHOTO MU3JTyUEHHUS.

CriekTpbl oTpakeHHs B 00nacTd JUH BOJH 0,2—2,5 MKM pEerucTpUpOBaIMCh Ha criekTpoMerpe Lambda-
1050 UV/Vis (PerkinElmer, CILIA) ¢ ucrons30BaHAEM IPUCTABKH 3epKanbHOTO oTpaskeHwst (URA). AGcomoTHas
MTOTPEUTHOCTH CTIEKTPATEHBIX KOAPPHUIIMEHTOB 3ePKAITLHOTO OTPAKEHHS B ICCIIEyEMOM JHaria30He COCTABIISET
10,1 %. CriekTpbl U3MEPSUTHCH B TPEX PA3IUYHBIX TOUKaX 0Opa3ia. Pa3HnIla ”HTEHCUBHOCTH MEKIY CIIEKTPaMH
HE MPEeBbIIIaNa J0MYCTUMON MTOTPEIIHOCTH U3MEPEHHH, YTO TOBOPHUT 00 OJHOPOIHOCTH OCAKICHHBIX IIEHOK
no touHe. CeKkTpsl oTpaxkeHus B cpenHeM nHppakpacHom (MK) quanazone (2—-25 MKM) perucTpupOBaIuCh
Ha UK-dypre-ciekrpomerpe Spectrum-3 Optica (PerkinElmer). J{ist MoaeupOBaHusi CIIEKTPOB OTPasKCHUS
W TUCTIEPCHH TTOKa3aTells MPEJIOMIICHISI (71) UCTIOIB30BaIOCh MporpaMMHoe obecrieuenune RefFIT [10], ocHo-
BaHHOe Ha Mmojenu Jpyne — Jloperna u anroputme JleBen6epra — MapkBapara. MopenupoBaHue W IOATOHKA
IKCTIIEPUMEHTAIBHBIX CIIEKTPOB 3€PKATLHOTO OTPAYKESHHUS OCYIIECTBIBIINCH C YI€TOM TOJIIIHH IUIEHOK, IOy YeH-
HBIX MeToioM POM. OTHOCHTENIBHASI TOTPELIHOCTD ONpeIeNICHHs [T0Ka3aTels IpeJIoMIIeHus cocTasisieT ~1 %.

Pe3ynbrarhl 1 UX 00CyK/IeHHE

Metonom PODC ycTaHOBIEHO, UTO UCXOAHBIC IIJICHKA HUTPUIA M OKCHIA KPEMHUS XapaKTePU3yIOTCs U3-
OBITOYHBIM cojiepkanreM KpeMHwusL. [1o1poOHbI aHa3 CTPYKTYPhI TaHHBIX TIEHOK MeTofoM POOC nznoxen
B padote [11]. C yueTom cTeXnoMeTpHIecKoro cooTHomeHus 1t Hutpuaa kpemuuns ([N]/[Si] = 1,3) u okcuna
kpemHus ([O]/[Si] = 2) u30brtok Si Ayt ucxoansix mieHok SiN, 1 SiO, cocrabuster 34 u 57 % COOTBETCTBEHHO.
Jlyis mieHok okcuHUTpHIA KpeMHust paccuntano cooTHoteHue [O]/(JO] + [N]). CoracHo padore [12] 3HaueHue
3TOTO MapameTpa Hike (Boiie) 0,4 yka3pIBaeT Ha HUTPUIOTIONO00HYIO (OKCHIOTIONOOHYI0) CTPYKTYpy. B pac-
CMaTpHBacMOM Cilydae ocaxieHHas mwieHka SiO, N, nmeer koodduupenr 0,6, T. €. obnanaet OKCHIOIOA00HOI
CTPYKTYpPOH.

Ha puc. 1 nmpeacraBineHbl CIIEKTPBI OTPaKEHUS TOHKHX IJICHOK HUTPUAA, OKCHA U OKCUHUTPHUIa KPEMHUSL.
Kak BugHO u3 puc. 1, nociie Y®-00i1ydeHUs: HHTEHCUBHOCTh CIIEKTPOB CHUYKACTCS JIJISl BCEX TUIIOB ILJICHOK
Ha ~0,5-1,0 %. Uckmtouenuem spinsiercs aump YP-o0macte A okcuaa kpemuus (oxono 240 HM), rae oT-
paxenue yBenmnmuuBaercs Ha ~1,5 %. OTMeTHM, 94TO pETUCTPHUPYEMBIC U3MEHECHHSI TIPEBBIMIAIOT JOITYCTUMYIO
MOrPEIIHOCTh U3MEPEHUH.

C y4eToM TOJIIIVH IDICHOK 0 JaHHBIM POM-u3mepeHnii 1 SKCIIepUMEHTaIbHBIX CIIEKTPOB OTPAYKEHUS C TIO-
MOIIBIO MporpaMMbl Refl 1T ObLv cMOZCTTHPOBAHEI CIISKTPBI ITOKA3aTeIsl IPETIOMIICHHUS JUAICKTPHUSCKUX CIIOCB.
Pe3synbrarsl MojieTMpOBaHUsI IPUBECHBI HA PUC. 2, a. J{yist Oobliei HAMISAHOCTU Ha PUC. 2, 6, IPEICTABICHBI
Pa3HOCTH CIIEKTPOB J10 U niocine YD-o0myyenus. [{is mieHoK HUTPUIa U OKCH/Ia KPEMHHS YBEJIMUCHUE TIOKa3a-
TeJIsI MPEJIOMIICHUS B BUANMOM | OmxHeM MK-nuama3zonax xapakTepHO B OOJBINEH CTETICHH, YeM IS TUICHKU
OKCUHMUTpPH/Ia KpeMHUs1. MI3MeHeHne nokaszaresisi IpeioMIICHHUs sl HUTpUAa kKpeMHus coctanisger An = 0,03—0,09,
st okeuaa kpeMuus — An = 0,05-0,06. B 1o xe BpeMs 11l OKCUHUTPUAA KPEMHUS U3MEHEHUE MOKa3aTess
npenoMieHus nocie Y®-Bo3nelcTBrsl HaXoauTcs B nipezenax norpemHoctd (An < 0,01). CToutT OTMETHTS,
4yT0 B Juana3one juuH BoyiH 0,2—0,3 MKM HaOmronaroTcs 0oJjiee MHTEHCUBHOE YBEIIMUYCHHUE 3HAUYCHUU 71 JIJIs
OKCHJIa KPEMHHUS U, HAlIPOTHB, CHWKCHUE 3HAUCHUH 71 ISl HUTPUIA U OKCUHUTpUA KpeMHus. [{nst HuTpu-
Jla ¥ OKCHHHUTPHUIA KPEMHUS B JaHHOHM 00JIacTH TPOsBIIsAETCS (PyHIAMEHTATLHOE TOTIOMICHHE, IS OKCHIA
KpEMHHUS — MOTJIONIEHHIE TIOCPEICTBOM «XBOCTOBBIX)» COCTOSHUH y Kpasi 30HbI. ClleioBaTeIbHO, HaOIonaeMbIe
WU3MEHEHWHSI MOTYT OBITh OOYCIIOBICHBI H3MEHEHNEM TUIOTHOCTH «XBOCTOBBIX)» COCTOSHUMN Y Kpasi 30HBI U CMe-
IIIEHWEM OCHOBHOM TMOJIOCHI TIOTJIOMICHUS.
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Puc. 1. CieKkTpbl 3epKaJbHOTO OTPAXKESHUS
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Fig. 1. Specular reflectance spectra
of SiN,, SiO,, SiO,N, samples before and after ultraviolet (UV) exposure
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Puc. 2. Jlucniepcust oKasaress IpeoMIIeHust (a) U pa3HOCTh CIIEKTPOB (6)
o6pasuos SiN,, SiO,, SiO,N, 1o u nocne Y®-sosaeiicrsus

Fig. 2. Dispersion of the refractive index (a) and difference of the spectra (b)
of SiN,, SiO,, SiO,N, samples before and after UV exposure

Ha puc. 3 npexcrasnenst cniexrpst UK-orpaxenns odpasuos SiN,, SiO,, SiO, N, no u nocie Y- B03£[CI/ICTBI/I$I
B cniexTpe ncxoaHoro o0pasua HUTPUAa KPEMHUS TPOSIBIITMCH IIUPOKast nonoca c MaKCI/IMyMOM pu 830 cm !
00yCIJIOBJICHHAsI BAJICHTHBIMU KoJieOaHusiMu cBsizu Si—N [13; 14], u tuteuo mpu 1100 cM ', CBSI3aHHOE C KoJte-
Oanusimu cBszeit Si— O [14]. B ciiyyae ¢ okcuI0M KpeMHHUS B CIIEKTPE TaKiKe MPOSBISIFOTCS 00€ 3TH MOJIOCHI,
OJIHaKO OTHOLICHHE MHTeHcHBHOCTEH monoc Si—O u Si—N B 3 pasa BbllIe, YeM JUIsT HUTPUAA KPEMHHUSL.
Curnan ot cBsizu Si—N B MK-criekTpe OKCHHOM TUIEHKA MOXHO OOBSICHUTB CJICAYIOLIUM 00pa3oM. B kaue-
CTBE UCTOYHMKA KUCJIOPOJA IIPU €€ 0CAXKCHUU UCIIOb3yeTCs 3aKUCh azora. [Ipu pasnoxenuu monexyn N,O
o0pazyeTcsi He TOJBKO aKTHBHBIH aTOMAapHBIN KUCIOPO/, HO M aKTUBHBIC PAJMKaIbl a30Ta, KOTOPbIC B3aHMO-
JCCTBYIOT C IPOJYKTaMH Pa3jioKeHHUss MOHOcHiIaHa ¢ (opmupoBanueM cBsizedl Si— N. CrieyeT OTMETHTS,
YTO MHTEHCHBHOCTH O0CY)KIAEMBIX IMOJIOC JUISl IIJICHKH OKCH/Ia KPEMHHSI MEHBIIE UX WHTCHCUBHOCTH IS
MJIEHKW HUTPHJIA KpeMHHs. DTO CBA3aHO C MEHbIIEH TONIMHON OKCHIHOW IJIeHKH. B cnexTpe OKCHHHTpHL-
HO rIeHKH monoca Si—N cMeleHa B BHICOKOYACTOTHYIO 00/macTh (MMeeT MakcumyM mpu 913 cM ), uto
00YCJIOBJICHO YBEIMUCHUEM KOHIICHTpAIIMK KHCIOPoa B IiieHke. Bo3neiictBue YD-001y4ueHNs HE IPUBOIUT
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K BUJIMMBIM U3MEHEHUAM B criekTpax MK-oTpaskeHns, 9To CBUIAETENbCTBYET O CTAOMIBHOCTH CTPYKTYPHO-XH-
MHYECKOTO COCTaBa AMAEKTPUIECKUX coeB. OTAEeTbHO OTMETHM, YTO 3apErUCTPUPOBATh CUTHAN OT BOJOPOA
i cBs3eit Si—H u N— H ucnonb30BaHHBIMU METOIAMH HE YAATIOCH, BEPOSITHEE BCETO, M3-3a CIIUIIIKOM MaJIOH
TOJIIMHBI TJICHOK W (WJIHM) KOHIIEHTPAIMH BOJOPOJIa HUXKE YPOBHsI 0OHapykeHHs. Kpome Toro, BEIOpaHHBIE
napamMeTpsl ocaxieHust MmetogoM [CP-CVD (BeIcoKHe 3HaUE€HUS TeMIIepaTyphl OCaXICHHUS U MOIIIHOCTH IIJIa3-
MEHHOI'0 MCTOYHHKA, IPUMEHEHHE B KauecTBe npekypcopa N, BMecto NH;) cnocoGeTBytoT hpopmupoBanuio
IJICHOK C HU3KHUM cojepkanueM Bomopoza [15—17]. Tem He MeHee HaOMOMaeMbIe U3MEHEHHUST ONITHYCCKUX
napamMeTpoB MOXKHO OOBSICHHTH HaJM4MeM cBsizei Si— H B TIIeHKax M ux TpaHcpopMalnyel noj JeiicTBuem
Y®-06nyuenus B 6onee ycroiunbie cBsizu Si—N, Si—O u Si—O—H, 9o conpoBoxaaeTcst yMEHbIICHHEM
OTpaxkaTelbHOM crtocoOHOCTH MIeHOK [ 18—20]. PocT moka3zaress npenoMIIeHHs TPH CHUKEHUH KOHIICHTPAIH
BOJIOpO/Ia B TUIEHKAaX HUTPHUIA M OKCHIA KPEMHHUS MPOAEMOHCTpUpOBaH B padorax [21-23]. Takum obpazom,
yBEITMUEHHE [TOKa3aTells IPeIoOMIICHHS 1oJ AercTBreM YD-001yueH s B IPOBEACHHOM YKCIIEPUMEHTE MOYXKHO
CBSI3aTh C YMEHBIICHHEM KOHIEHTPAIIMHU CBSI3aHHOTO BOAOPO/IA B TUIEHKAX.
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Fig. 3. Infrared reflectance spectra of SiN, (a), SiO, (b), SiO,N,, (c) samples
before and after UV exposure )
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Ecnu npuHATH BO BHUMaHUE BBIMIEH3IIOKEHHOE (DPU3NYECKOE ONMMCcaHue Bo3leicTBrs YD-u3mydeHus Ha
ONITUYECKUE CBOWCTBA JMAJIEKTPUIECKUX CIOEB, CTAHOBUTCS MOHSATHO, ITOYEMY ISl OKCHHUTPUIHON TIJICHKH
s dext YD-00mydeHus mposiBUIICS B MEHBIIIEH cTeneHn. VICTOYHNKOM KpEMHHS TTPH €€ 0CAKACHUN OBLIT MOHO-
cwita. JIormyHO MPEAIIONIOKUTH, YTO B TUIEHKAX C H30BITOUHBIM COZIEp)KaHNEM KpeMHUS (B pacCMaTpuBacMOM
ciyqae o1o SiN, u SiO, ) konuenTpays cesseil Si—H Bbuue, yem B mienke SiO, N, DTHM MOXKHO 0GBSICHUTH
Gonbiunii spdext ot YO-posaericTsus it wieHok SiN, u SiO, B cpaBHeHMH € TakoBbIM 11t ieHKkd SiO, N,
nons cesizedt Si—H B KOTOpOH 3HAYMTENEHO MEHBIIE BBH/Y BHIOPAHHBIX PEKMUMOB OCaXJICHHsI. YCUIICHUE
JeTpafialliil OKCHTHOMW IJICHKH IO/ AeUCTBHEM Y D-N3TydeHus ¢ yBEeTHMYeHNEM N30bITKa KPEMHHIS TaKKe TIPofie-
MOHCTPUPOBAHO B padore [24]. Takum 00pazom, Tpr HEOOXOTUMOCTH MUHUMI3HPOBATH 3 ekt YD-00myueHns
B IMIEKTPUYECKUX TUIEHKAX Ha OCHOBE KPEMHUSI CIIeTyeT YUUTHIBATh KOHIISHTPAIMEO BOIOPO/IA (KOTOpasi, B CBOIO
o4epesib, YaCTO KOPPETUPYET C U30BITOYHBIM COJIEPIKaHHEM KPEMHHS). DTO 0COOEHHO BaYKHO B CIIy4ae MCIOJb-
30BaHMs TUICHOK B Ka4€CTBE aHTHOJIMKOBBIX MOKPBITHI, MPOMEKYTOUHBIX oTpaxkarenelt [8; 19; 25]. Jlns mpu-
MEHEHHUH, TpeOyIoIMX 00Jiee BRICOKMX 3HAYCHUM MOKA3aTe s PEJIOMJICHHUs (HarpuMmep, BOJHOBOJBI [26; 27]),
MOKHO TTOPEKOMEH/I0BATh JOMOIHUTEIHHYI0 00paboTKy YD-n3mydeHneMm.

3akJrouenue

HccnenoBana nerpaganus quanieKTpudeckux mieHok SiN,, SiO, u SiOxNy, OCaXJCHHBIX HA KPEMHUEBbIE
noanoxkku metonoMm ICP-CVD, non pefictBuem Y®-u3nydenus. YP-o0myueHne npoBOAKIOCH NP TNIOTHOCTH
MIO0TOKa SHEepru, B 20 pa3 NpeBbILIAIONIEH COOTBETCTBYIOIINI TapaMeTp €CTECTBEHHOTO COIHEUHOT0 U3JTyUeHHS,
B TeueHue 6 4. VicxonHblii anemMeHTHbIH cocTaB wieHoK SiN, u SiO, xapaktepu3yercst H30bITKOM KPEMHHS, B OT-

JIMYKE OT JIIEMEHTHOTO cocTasa IieHKH SiO, N, KoTopast UMeeT OKCHIONOA00HY0 CTPYKTYpPY. AHAIN3 METOOM

HK-criekTpockoniy He BBISIBIUT M3MEHEHUH CTPYKTYypHO-(ha30BOT0 cocTaBa ruieHoK npu YdD-BozzelictBun. Tem He
MeHee nocie YD-00mydeHns HaOIoaaeTcsl yMEHbILIEHHE OTPaKaTeNIbHON CIIOCOOHOCTH ANIEKTPHUYECKUX CIIOEB.
C noMo1IbI0 MOZIETTMPOBAHHUS CIIEKTPOB B riporpamme RefF 1T momyueHsl AUCTICPCHH TTOKA3aTeIs MPeIOMIICHHS A1-
IEKTPUUYECKUX CIIOEB HA KDEMHMHU. YCTAHOBIIEHO, UTO 1ocie YP-BO3eHCTBUS I0KA3ATEIb IIPEIOMIICHUS IIEHOK
SiN, u SiO, ysenmuusaercs B cpeneM Ha An = 0,03-0,09, Torna kak noxasarens npenomienns mienku SiO, N,
npakTruecku He m3mensercs (An < 0,01). CTaOnIpbHOCTD MJICHKH OKCHHUTPHJIA KPEMHHUS, BEPOSITHEE BCETO,
00ycIIOBJIeHa MEeHbIIIEH KOHIIEHTpanuel cBsi3eil Si— H. BrisBneHHbIE 3aKOHOMEPHOCTH MOTYT OBITh ITOJIE3HBI
pY BEIOOpE IMAIEKTPUKOB Ha OCHOBE KPEMHHUSI IS TPHOOPOB, PAa0OTAOLINX B YCIOBUSIX OTKPBITOIO KOCMOCA.
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MUKPOCTPYKTYPA U MUKPOTBEPAOCTD
CIIAABA Al-Si, AETUPOBAHHOTI'O Mg, Mn, Fe, Nj, Cu,
ITP BBICOKOCKOPOCTHOM 3ATBEPAEBAHNUN

0. B. T'YCAKOBA", B. I. LIEITEJIEBHY?

1)Meofcdyﬂapoc)iiblL? eocyoapemeennblil sxonocuyeckutl uncmumym um. A. /. Caxapoea BI'Y,
yi. [{oneobpoockas, 23/1, 220070, e. Munck, Berapyce
2)Eeﬂ0pyca<ud eocyoapcmeennwlil ynusepcumem, np. Hezasucumocmu, 4, 220030, . Munck, Berapyco

HcenenoBaHo BIMSHNE BBICOKOCKOPOCTHOIO 3aTBEPAEBAHMS HA MUKPOCTPYKTYPY, 36PEHHYIO CTPYKTYpY, TEKCTYpY
Y MHKPOTBEPJIOCTH CIIaBOB cucTeMbl Al — Si, ternpoBanHbIX MeTauiamMu. [1oka3zaHo, 4TO TIPH MTOCTOSIHCTBE IIEMEHTHOTO
COCTaBa 110 TOJIIMHE (OJIbra KIMEET CIIOUCTYI0 MUKPOCTPYKTYPY, KOTopast GOPMHUPYETCs B pe3yJibTare pa3inuHbIX yCIOBUI
3aTBepAEBaHMs. YCTaHOBJICHO, UTO B CJIO€, MPMJIETAOIIEM K KPUCTAIIIN3aTOPY, 3aTBEpIeBaHNE IPOTEKAeT ¢ 00pa3oBaHUEM
HAHOPA3MEPHBIX YaCTHUI] JIBYX BHJIOB: TNIOOYJSPHBIX YaCTHUIl KPEMHUSI, CPEAHUI pa3Mep KOTOpbIX cocramisieT 110 HM,
U HeTIOOYJISIPHBIX YaCTHII, COAEPIKAIINX METaIbl M uMeronmx pasmep 1o 30 HM. [Ipoanann3upoBaHbl IPUUIUHEI TOBBI-
LIEHHS] MUKPOTBEPAOCTHU CILIABA 3@ CYET AOIMNOJHUTEILHOIO TOPMOKEHMSI CKOIB3AIIUX AUCIOKALMI HA HEKOT€PEHTHBIX
yacTunax rno Mexannmsmy OpoBaHa B 3aBHCUMOCTH OT 0OBEMHOM A0S KpeMHHs. OTMeueHa BO3MOKHOCTh YBEIIUUCHHS
MHUKPOTBEPIOCTH CHIIYMHHA, JIETHPOBaHHOTO MeTaiuiamu, 10 2 ['Tla, uto B 4 pa3a mpeBbIlIaeT MUKPOTBEPAOCTh JINTOTO
CHIIYMHHA, TIOJTy4YeHHOTO NPU KBa3UPAaBHOBECHOM 3aTBep/ieBaHUM. Pa3paboTaHHbIe CIUIaBBI SBISIOTCS HEPCIIEKTHBHBIM
HCXOJHBIM MaTepUaIOM JJIsl IOPOLIKOBOM METAJLIYPIUH IIPU U3TOTOBJIICHUU U3JEIINN IIPECCOBAHUEM.

Knrouegvle cnosa: cunyMuHbl; IETHPOBaHUE METAJNIaMU; BBICOKOCKOPOCTHOE 3aTBEPEBAHUE; MUKPOCTPYKTYpa; MUKPO-
TBEPAOCTb.

MICROSTRUCTURE AND MICROHARDNESS
OF Al-Si ALLOY DOPED BY Mg, Mn, Fe, Ni, Cu
AT HIGH-SPEED SOLIDIFICATION
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The influence of high-speed solidification on the microstructure, grain structure, texture and microhardness of Al — Si
system alloys doped by metals has been studied. It is shown that, with a constant elemental composition in thickness, the
foil has a layered microstructure, which is formed as a result of various solidification conditions. It has been established
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that in the foil layer adjacent to the crystalliser, solidification proceeds with the formation of nanosized particles of two
types: globular silicon particles with an average size of 110 nm and non-globular particles containing metals with a size
of up to 30 nm. The reasons of increasing the microhardness of the alloy due to additional braking of gliding dislocations
on incoherent particles according to the Orowan mechanism are analysed depending on the volume fraction of silicon.
The possibility of increasing the microhardness of silumin alloyed with metals to 2 GPa has been noted, which is 4 times
higher than the microhardness of cast silumin obtained during quasi-equilibrium solidification. The developed alloys are
promising starting materials for powder metallurgy in the manufacture of pressed products.

Keywords: silumins; alloying with metals; high-speed solidification; microstructure; microhardness.

BBenenue

CrutaBbl Ha OCHOBE aIIFOMHHUS, B TOM YKciie CHITYMHUHBI (Al — Si), IIMPOKO HCHONB3YIOTCS B CHITY XOPOIINX
(YHKIIMOHANBHBIX CBOUCTB. [Ipn HU3KKMX 3HAYEHHSX YACTBHOM INIOTHOCTH M KO PUIIUESHTA THHEHHOTO PaCcIliu-
peHust OHU 00JIa/IaI0T BHICOKOH pacTeKaeMOCTbIO, IPOYHOCTHIO U KOPPO3HOHHOMU CTOMKOCTEIO [ 1; 2]. TBepmocTh
CHJIyMHMHOB PacTeT C yBEJIMYCHUEM KOHLEHTpaluu KpeMHus. OJHAKO NPU PaBHOBECHOHN KpUCTAIIM3ALUN
KpEMHUH 3aTBEpAEBAET B BH/I€ KPYITHBIX IIJIACTHH, KOTOPBIE CTAHOBATCS KOHIIEHTPATOPaMHU HANIPSKEHUH TTPU
nedopMannu, 9YTo NPUBOIUT K pacTpeckuBanuio. [1o 3Toil nmpuunHe ynyyiieHue QyHKIHOHAIBHBIX XapakK-
TEPUCTUK CHJIYMHUHOB B IIEPBYIO OYEPE/Ib CBSI3aHO C YMEHBLICHHEM Pa3MepOB U U3MEHEHHEM (POPMBI 4acTHUI]
KpeMHHUS C IJIACTHHYATON Ha PaBHOOCHYIO MITN pa3BeTBIeHHYIO [3; 4]. B HacTosmmee Bpems pazpabaTsiBaloTCs
JIBa OCHOBHBIX CII0cO0a MOoaU(HUKAIIMK KPEMHHUS: BBEICHHE B paciuiaB MOAU(DUIUPYIOIIUX 100aBOK [5; 6]
U HCIONB30BAHAE TEXHONOTHH BHICOKOCKOPOCTHOIO 3aTBEPIEBAHMS. 3arBep/ieBaHuE TIPHU BBICOKHUX CKOPO-
CTAX OXJIaXAeHHs paciuiasa (10 10° K/c) peanusyercst Ipu TUTbE O JABICHHEM, THTHE B OXJIAXKIACMBIE
¢dopmsbl [7; 8]. YcTaHOBIIEHO, YTO NMPHU TAKUX CKOPOCTAX OXJIAXKICHHS PacillaBa MHOTHE JIETHPYIOLIUE 3Je-
MEHTHI OKa3bIBAIOT KaK MOJIOKUTENbHOE, TaK M OTPHUIATENIbHOE BIUSHNE HAa (DyHKIIMOHAIbHBIE CBONCTBA
crutaBoB [9; 10]. Ouenb 3¢ peKTUBHBIM cnoco60M U3MENBYEHHS CTPYKTYPHBIX COCTABILAIOLINX ABIACTCA
HCIIONB30BaHHE 6OJTee BHICOKHX CKOPOCTEH oXmaxcaenns pacruiasa (10 10° K/c), kotopsie focTHraroTes npiu 06-
paloTKe MOBEPXHOCTH BHICOKOAHEPI€THUECKIUMH TOTOKAMH ILIa3MBbl U 3JIEKTPOHOB, @ TAKXKE IIPH CBEPXOBICTPOI
3akanke u3 pacriasa [ 11-13]. B nacTosmee BpeMs oKa3aHo, YTO METOJ] CBEPXOBICTPO 3aKaJIKi U3 pacIuiaBa
o0ecreunBaeT U3MEIBICHUE MUKPOCTPYKTYPBI M YIYUIICHHE MEXaHHUECKUX CBOHCTB JJOOBTEKTUUECKUX U 3a-
IBTEKTHUYECKHUX CHIIYMHHOB, B TOM UHUCJIE COJIEPIKAIIUX OTAEIbHBIE JIETUpYIoLIye 31eMeHTHl [14—19]. Menee
N3yYEHHBIMH OCTAIOTCSl CHIIYMUHBI S3BTEKTHYECKOTO U OKOJIOIBTEKTHUYECKOIO COCTAaBOB. B naHHOI cTarke npex-
CTaBJIEHBI PE3YJIBTATHl UCCIIEIOBAHMS BIMSHUS KOMIUIEKCHOTO JIESTUPOBAHMUS METaJIaMH HA MUKPOCTPYKTYPY
1 MEXaHUYeCKue cBoMcTBa crutaBa Al — Si JOBTEKTHUECKOTO U BTEKTHYECKOTO COCTaBOB.

MarepuaJjbl 1 METOAbI HCCJIEIOBAHUS

B xone pa®oThl ncciienoBanuch MUKPOCTPYKTYPA, JIEMEHTHBIH COCTaB, 3€pEHHAsl CTPYKTypa, TEKCTypa
1 MHKPOTBEPAOCTh TpoMmbItieHHoro craBa AK12o4 (crimaB Ne 1) U mosmydeHHBIX Ha €ro OCHOBE CIUIaBOB
Al — Si — (Mg, Mn, Fe, Ni, Cu) (crutaBer Ne 2—4). KoHlieHTpanus 5IeMEHTOB B IaHHBIX CIUIaBaxX MPHUBEACHA
B Tab. 1.

Ta6numa 1
CocTaB HcclIeyeMbIX CIIIAaBOB
Table 1
Composition of the studied alloys
Homep Konnenrparms nemMeHToB, Mac. %
crasa Al Si Mg Mn Fe Ni Cu
1 87,6 12,2 - - 0,2 - -
2 83,0 12,5 0,8 0,4 0,7 0,9 1,7
3 84,8 11,1 0,6 0,4 0,6 0,8 1,7
4 88,6 7,7 0,4 0,3 0,9 0,3 1,8

Caavasa ocymecTBIsuIoCh npurorosienue cmiaBoB AK12ou — Mg, AK1209 — Mn, AK120u — Fe,
AK1209 — Ni, AK12049 — Cu myrem nerupoBanus criaBa AK12049 ameMeHTOM COOTBETCTBYIOMICH MacChl
(marmpumep, 98 T AK120u + 2 r Cu). 3aremM OHHU CIUTaBISUIMCH B PABHBIX JOJSIX MPHU TEMIIEPAType BBIIIE TEM-
neparypsl 3BTEKTHKH. J[71s1 M3MEeHEHHsI KOHIEHTPAaLUN KPEMHUS T00aBIIsIICs aloMUHUE Mapku A995 nim no-
POLIOK MOHOKPUCTAJUINYECKOTO KpeMHUs. OKOHYATEeNbHBII COCTaB CIIJIaBa ONpeeIIsiIcs SKCIEPUMEHTAIbHO
METOJIOM PEHTI€HOCIEKTPAIbHOTO MUKPOAHAIN3A.
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Juist u3rotoBiieHust (GOITBIH UCTIONB30BAJICS MACCUBHBIN 00pasel], OIyYeHHBIH TPU OXJIAXKICHUN pacIiiaBa
Ha BO3/IyXe B TpaUTOBOM M3NOKHUIIE pasMepoM 15 X 5 x 3 mm. C nmpruMeHEeHneM MeTo/1a CBEpXObICTPOil 3aKali-
KM W3 paciuiaBa Kyco4ek o0pasiia pacrijIaBisuicsl U BbUIMBAJICS Ha BHYTPEHHIOIO TMOJUPOBAHHYIO TIOBEPXHOCTD
BpalamoIerocss MexHoro dapadana — KpucTaumsaropa. BayTpennuii paguyc 6apadana cocrapisit 20 mwm,
JIMHEIHAs CKOPOCTh BpallleHus paBHsutachk 15 m/c. [1pu nonajaniy Ha KPUCTAIUTA3ATOP PACIUIAB Pa3/IelisuIcs Ha
OT/ICJIbHBIC KAIlIH, KaXK/1asi U3 KOTOPBIX pacTeKalach TOHKUM CIIOEM U 3aTBepjieBaa B Buje Gonbru. TommmHa
(donbru 3aBucena oT o0ObeMa Karui U Haxoauiack B npeaenax ot 30 go 180 mkMm. B pabote mpencrapieHsl
pe3ynbrathl uccnenoBanus Gonbru TonmpHoi 100 MkM. CpenHsisi CKOPOCTh OXJIaXKACHUS pacIuiaBa Mpu TaKoH
ToumHe (opr oueHnBaetcs pasroii 10° K/c [19].

J1g nccnenoBanus MUKPOCTPYKTYPBI IPUMEHSJICS CKaHUPYIONNH 37eKTpOoHHbIN MuKpockort LEO-1455VP
(Carl Zeiss, I'epmanus). LLnudsl npoaoinbHOro (apauieIbHO MOBEPXHOCTH) U MOMEPEYHOT0 CeUCHUN (POIbru
W3rOTaBJIMBAJIMCH Ha MOJUPOBaABbHOM ycTaHoBke TegraPol-25 (Struers, Jlanust) ¢ ucnoib30BaHUEM PEaKTHBOB
Y METOJIKH MOJIMPOBKH AJTFOMUHHEBBIX CIIIABOB (DUPMBI-TIPOU3BOIUTENS. DIEMEHTHBIN COCTAB U pacIipe/ielicHUe
AIIEMEHTOB M3yYaJINCh METOJIOM PEHTTEHOCTICKTPAILHOTO MHKPOaHAIN3a C TOMOIIBIO SHEPTOTUCTIEPCHOHHOTO
cnekrpomerpa Aztec Energy Advanced X-Max 80 (Oxford Instruments, BenukoOputanusi). 3epeHHast CTPYKTY-
pa ucclieioBanach METOJIOM TUPPaKIUKA 00paTHOOTPAKEHHBIX JICKTPOHOB € IIPUMEHEHHEM JTUPPAKITUOHHON
NPUCTaBKH (Ha30BOTO aHAIN3A.

W3MepeHust MUKPOTBEPAOCTH MPOBOMINCH Ha MUKpOTBepaoMepe 735SMVA (Shenzhen Pride Instrument, Ku-
Tai) moclie TMpeABapUTEIILHON MOJMPOBKY 00pa3iioB. Bennunna Harpys3ku cocrasisuia S0 r. MccnenoBanus
BBITTOJTHSJIMCH Ha TPEX 00pas3iax KakIoTo CIulaBa: Ha MOBEPXHOCTH (DOITBTH, IPUIIETAIOIIESH K KPUCTAIUIU3ATOPY
(moBepxHOCTH A), CBOOOTHO 3aTBEP/IEBAIOIIEH TOBEPXHOCTH (ITOBEPXHOCTH B), a TaK’Ke MOBEPXHOCTH MOMIEPEIHOTO
ceuennsi. Ha kaxxiom oOpasiie 066110 omydeHo o 10 orreyatkoB. MakcumaibHast OrpelHOCTb ITPU ONPe/IeICHUH
BEJIMYUHBI MUKPOTBEPJIOCTH He MpeBsIIaeT 9 %.

Pe3yabTarhl 1 HX 00CyKI1eHUE

Ha puc. 1 npencraBneno nzo0paxenne MUKpPOCTPYKTYpPBI hobru cruiaBoB Ne 2—4 B [OIIEpPEeYHOM CEUEHHH.
YcraHoBieHo, 4To ObIcTpo3aTBepAeBLIas Gobra criaBoB cucTeMbl Al — Si IMeeT CI0MCTYI0 MUKPOCTPYKTYPY,
KoTOpast 00ycJIoBIeHa U3MEHEHHEM TEPMOAMHAMMYECKUX YCIOBUH Ha TpaHuIe pasaena a3 TBepaoe TeIo —
pacrmiaB, Ipu 3TOM cocTaB (OJIbIH 10 TOIIIUHE He n3Mensiercs [20; 21].

MukpocTpykTypa cioeB ominuaercs. Cinoi A, mpuiieralomyii K TOBepxXHOCTH A4, GopMHUpyeTcs B ycio-
BUsIX HauOoJjee TIIyOOKOro MepeoxIaKICHHS U MIPH MaKCUMaJIbHOH CKOPOCTH TeriooTBoga. OH COCTOMT M3
JUCTIEPCHBIX BKJIIOUEHHH B MaTpule amtoMuHMs. B crimaBe Ne 1 mpuCYTCTBYIOT OJHOPOAHO pacIpeesIeHHbIE
JUcCIiepcHbIe BKIIoUeHus: KpemHus [22]. Ha puc. 2, 6, npencTaBieH y4acTOK MUKPOCTPYKTYPHI ¢J10sl A cIuia-
Ba No 2, pacCMOTPEHHBIN TOCIE TIIyOOKOTO TpaBJICHUs, HAPABICHHOTO Ha yAaJeHUEe MaTPUIbl allOMHHUS.
BrLsBrieHsI 1Ba THIIA BKIIOYEHUH: II00YIApHBIE BKIIIOYEHHS KDEMHUS, CPETHUI pa3Mep KOTOPBIX COCTaBIISIET
110 HM, 1 HerOOYIISIpHbIE BKIIOUYEHUS, pa3Mep KOTOPbIX He npeBbiaeT 30 HM (MOKa3aHbl CTpeKaMu). JTH
BKJIIOYEHHUS, TIO-BUANMOMY, COZIEPKaT JIETUPYIOLINE IEMEHTHI.

ala o/b

Puc. 1. MUKPOCTPYKTypa MOMEPEIHOTO CeUeHHsT (POIBTH UCCIIELYEMbIX CILIABOB:
a —cmnaB Ne 4; 6 — crutaB Ne 3; ¢ — crutaB Ne 2

Fig. 1. Microstructure of the cross section of the foil of the studied alloys:
a — alloy No. 4; b —alloy No. 3; ¢ — alloy No. 2
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[To Mepe BbIIETIEHHS CKPBITOM TETUIOTHI KPUCTALTU3AIIMN YMEHbBIIIAETCs TepeoxyakieHune paciiasa. Kpo-
M€ TOr0, YXyALIaeTcs! TeIIO0TBO, HOCKOJIbKY OH OCYILIECTBIISICTCS Uepe3 3aTBEpACBILUI ciloi Gonbru. 1o
MPUBOJUT K CHIJKEHHIO CKOPOCTH 3aTBEPACBaHUs U 00pPa30BaHMIO XapaKTEPHBIX JJIsl aHOMAIBbHON IBTEKTUKH
cucteMsl Al — Si nepBUYHBIX AEHIPUTOB i-Al 1 cMecH amOMUHHS ¥ KPEMHUSI B MEXICHAPUTHOM IIPOCTPaH-
ctBe. Cioii C sBISIeTCs] HEPEXOAHBIM CIIOEM OT CJI0sI A K CIIOI0 B, IpuileraroieMy K oBepxXHoCTu B, u o0nagaer
0COOCHHOCTSIMH MUKPOCTPYKTYPBI B 3aBUCUMOCTH OT KOHIIEHTPAMK KpeMHUsL. [Ipr HU3KOM KOHLICHTPAIU KpeM-
HUS B TOPBTEKTUICCKUX CHITYMHHAX OH MIMEET STUCHCTYI0 MUKPOCTPYKTYPY [21], IpH KOHIICHTpAITH KPEMHUS,
OJM3KOH K PBTEKTHKE, — JCHAPUTHO-IYEHCTYIO [22; 23]. TUnuuHbBIE MUKPOCTPYKTYPHI ClIOeB A U B 1 KapTa
pacnpeneneHust KpeMHus aisl crutaBa Ne 2 mpuBeJeHbl Ha puc. 2. B MUKpOCTpYKType ciiost B BBISBIISIIOTCS
[EPBUYHBIE JCHAPUTHI AIFOMUHUS (TIOKAa3aHbI CTPEJIKOM ), CBETIIbIE BKIIFOUCHNUS HA TPAHULIAX BETBEH AEHAPUTOB
COOTBETCTBYIOT HHTEPMETAJUINYECKUM COCANHEHHUSIM.

ala

2ld

Puc. 2. MUKpOCTPYKTypa U KapTa pacrpeaeiIcHus KpeMHHUS B CI0sIX Gosbru criasa Ne 2:
a, 6 — MUKPOCTPYKTYpa 10 A IPU Pa3INYHOM YBEIMYEHUH; 6 — MUKPOCTPYKTYpa ciiost B;
2 — pacrpezielieH’e KpeMHus B clioe B

Fig. 2. Microstructure and map of silicon distribution in the foil layers of alloy No. 2:
a, b — microstructure of layer 4 at different magnifications; ¢ — microstructure of layer B;
d —silicon distribution in layer B

B nccnemyeMbix crutaBax 0CHOBHBIM DJIEMEHTOM SIBIISICTCSI amtfoMuHUHA. Ero koHneHTparnus cocrasmuset ot 83,0
1o 88,6 mac. %. M3 npucyrcTByronmx B cruiaBax (a3 (aJIOMUHNN, KPEMHUH U MHTEPMETAJUINIECKUE COCIH-
HEHUs) UIMEHHO aJIFOMUHUI 0071a/1aeT HAMMEHBIIECH TBEPJIOCThI0 U HAMOOJBIICH TUTACTUYHOCTEI0. 1o ATOM
npuarHe aedopmanus, 00yCIOBICHHAS ABHKCHUEM JUCIOKAIMH, JTOJHDKHA HAYMHATHCS M Pa3BUBAThCs B (ase
ATFOMHHUSA. B CBS3M ¢ 9THM WHTEpeC NMPECTABISIOT UCCIIETOBAaHIE 36PEHHON CTPYKTYPHI AIFOMUHUS U OTpe-
JIeJICHHe OpUeHTaluu 3epeH. Ha puc. 3 npuBeneHbl KapThl 3¢PEHHON CTPYKTYPbI AJIFOMHUHHSI, MTOJTyYCHHBIC
¢ noBepxHocTei A u B posbru cruaBa Ne 1. Cxema OKpacku 3epeH IpejicTaBIeHa Ha puc. 3, 6.

[TomyueHHBIE TaHHBIE CBHJIETENHLCTBYIOT O MUKPOKPHUCTAIITNIECKOH 3epeHHOM cTpyKType. CpenHue 3Haqe-
HUS TApaMEeTPOB 36PEHHOM CTPYKTYPHI (Pa3MepoB 3€peH, YHUCIIa COCEAHNUX 3€PEH U OTHOIICHUSI [UIMHBI K IIU-
pyHE) Ha OBEPXHOCTAX A u B donbru cruraBoB Ne 1—-4 npuBesieHBI B Ta0II. 2.

JUJ1 ONMUKPUCTAIIIIOB CYIIECTBEHHOE BIIMSIHAE Ha MHUKPOTBEPIOCTh MOXKET OKa3aTh HAJMYWE MPEHMYIIIe-
CTBEHHOW OpUEHTALlMM M B3aMMHOW pa3opHeHTalMu 3epeH B Gonbre. Ha puc. 4 npuBeneHbl 1aHHBIE O pa3o-
PHUEHTAINN COCEIHNX U CIy4aifHO BBIOpaHHBIX 3epeH nmoBepxHocteil 4 u B crasa Ne 1. [lomydeHnble 1aHHbBIE
TOBOPSIT 00 OTCYTCTBUH KOPPEJSAIIUH B OPHEHTAIIMY CITy4YaiiHO BEIOPAHHBIX 3€peH (ITyHKTUpPHAs JIMHUS COOTBET-
CTBYET PAacueTHON KPUBOM pa3OpHEHTAH HEKOPPEIUPYIOIMX 3epeH). Hannune Makcumyma J10JIM COCeTHUX
3epeH B HU3KOYIIIOBOW OONAaCTH CBHJIETENHCTBYET O TOBBIINIEHHOW TUIOTHOCTH MaJOYTJIOBBIX TPaHUI] HA TIO-
BEPXHOCTH A.
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Tabnauna 2
IlapameTpsl 3epeHHOIi CTPYKTYPBI (oJIbIH HCCIe1yeMBbIX CILIABOB
Table 2
Parameters of the grain structure of the foil of the studied alloys
Homep Pa3Mepsbl 3epeH, MKM Uwco coceHuX 3epeH OTHOIIEHNE IITHHBI K MIAPUHE
Crmaea | TTopepxuocts 4 | IToBepxHocth B | IToBepxHocts 4 | IToBepxHocts B | IToBepxHocts 4 | IToBepxHOCTH B
1 6,2 4,2 5,0 5,2 2,0 1,7
2 34 3,8 4,9 4,8 1,6 1,5
3 33 4,0 5,0 4,9 1,7 1,6
4 33 3.9 4,9 5,0 1,6 1,7

Puc. 3. 3epennas crpykrypa ¢oinbru cruiasa Ne 1:
a — TIOBEPXHOCTh A; 6 — IOBEPXHOCTh B
Fig. 3. Grain structure of the foil of alloy No. 1:
a — surface 4; b — surface B

ala o/b
0,055 0,045 F
0,050 | 0,040 | i
5 0,045 5 0,035 A
- 0,040 = 0,030 -
5 0,035 ) 0.025
§ 0,030 = 0,025
20,025 80,020 - %
= = S
= 0,020 2 0,015}
~ 0015 ~ o010
0,010 , \\
0,005 0,005 |- = .\
0775710 15 20 25 30 35 40 45 50 55 60 0775710 15 20 25 30 35 40 45 50 55 60
Yron pa3opueHTanun 3epeH, rpaj VYroi pa3opueHTaly 3epeH, rpaj

mm Cocennue 3epHa B8 CrydaifHo BRIOpaHHBIE 3epHA

Puc. 4. Pazopuenranms 3epeH B (ombre crutaBa Ne 1:
a — TIOBEPXHOCTh A; 6 — IOBEPXHOCTb B

Fig. 4. Misorientation of grains in the foil of alloy No. 1:
a — surface 4; b — surface B
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AHanM3 TEKCTYpHI 3epeH, POBE/ICHHBIN ¢ UCIIOIB30BaHUEM MeToIa TU(PAKIIUH 00paTHOOTPaKEHHBIX JJIEKT-
POHOB, MO3BOJISIET YTBEPKAATh, YTO B HCCIEAYEMBIX CIUIABAX OTCYTCTBYET KaK TEKCTypa 3apOXKICHHMS, TaK
U TeKCTypa pocta. Ha puc. 5 mpuBeaeHb! OMOCHBIE PUTYPBI, TOCTPOEHHBIE [Isl MPOEKIUH mockocTtH (111),
SIBJISIFOILIEHICS ITIOCKOCTBIO JIETKOTO CKOJIBKEHHMS aJIFOMHUHUS, Ha IIOCKOCTH ITOBEpXHOCTEN 4 U B donbru cria-
Ba Ne 3. B onbre crimaBoB Ne 1, 2 1 4 npeuMyIIeCTBEHHOM OPUEHTAIMY 3€PEH TaKKe HE OOHAPYKEHO.

Ha puc. 6 npuBeneHsl 3Ha4eHUsI MUKPOTBEpIOCTH B ci0siX A, C 1 B ponbru craBoB Ne 1-4.

Puc. 5. TlomtocHble INIOTHOCTH NPOEKLUH I1ocKocTH (111)
Ha IUIOCKOCTH IOoBepXHOCTe! 4 1 B onbru crtaBa Ne 3

Fig. 5. Pole densities of the projection of the plane (111)
on the planes of surface 4 and B of the foil of alloy No. 3
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Puc. 6. MuKpoTBEpI0CTb UCCIIEAYEMBIX CILIABOB
Fig. 6. Microhardness of the studied alloys

MuxkpotepaocTs Goibru ciutasa Ne 1 B 2 paza npeBsIiaeT MEKPOTBEPAOCTH JIUTOTO 00pas3iia, MoIy4eHHO-
T'O B KBa3UPaBHOBECHKIX yciioBusix (490 Mlla), a jononHUTEIBHOE MHOTOKOMITOHEHTHOE JISTHPOBAHUE IPUBO-
AT K YBEIIMUEHUIO MUKPOTBEPIOCTH B 3—4 pasa.

MuKkpoTBEpIOCTh CILIaBa ONMPENEISIETCA MO pa3Mepy OTIEUaTKa U XapaKTepU3yeT YNPYrue U IIaCTUUECKUE
cBo¥icTBa Marepuana. B cTpykrype orrnedarka He 0OHapyKEHO TPEIIUH. DTO MO3BOJISET YTBEPKIAATh, YTO OH MOJTY-
YeH B pe3ylbTare IacTuaecko aedopmarmm marepruaia. [lockonbKy (obru UMEIOT CIOMCTYI0 MHUKPOCTPYKTYPY,
TO MHKPOTBEPAOCTD JIOJDKHA aHATM3UPOBATHCSI C YUETOM CTPYKTYPHO-(Pa30BOTO COCTOSIHHS KasKI0TO CIIOSL.

B cioe A cimaBa Ne 1, kxpoMe CONPOTUBIIEHUS PEIIETKH, JAOMOJHUTEIBHBIM MPENATCTBUEM JUIS IBHXKEHHUS
CKOJIB3SIIHMX JUCIOKAIMHN SIBJISTFOTCS CPOPMUPOBABIIUECS B 00beMe 3epHa TIIOOYIISIPHBIC HEKOTEPEHTHBIE MaTPH-
e Hee(hoOpMHUPYEMbIe BKITIOUCHHS KPeMHHUsI. Peanu3ytoTcst pasanuHble MEXaHU3Mbl B3aUMOICHCTBHS CIIBUTO-
00pa3yrIUX JTUCIOKANNN ¢ BKIIFOYCHUSMH, TIPUBOIAIINE K 00Pa30BaHUIO CETKH HETIOJIBU)KHBIX JTUCTIOKAIIHIA,
410 obecreurBaeT Jie(hOpMAMOHHOE YIIpouHeHue Marepuaia. [Ipu HeOombImuX JAeGopMarusix MPEUMYIIECT-
BEHHBIN BKJIAJI B YIIPOYHEHUE BHOCAT MPU3MATUIECKUE TUCIOKAIIMOHHBIE TIETIIH, KOTOphle 00pa3yroTcs npu
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B/IaBIIMBaHMH YaCTHIl ¥ HEPOBHOCTEH MmoBepxHOCTH. [Ipn B3aMMOJEHCTBUM C IIOOYISPHBIMHA BKIFOYCHUSIMH
KPEMHUSI CKOJIB3SIIUE TUCIIOKAI[MM OrM0al0T KX, OCTaBJIsIsA 3a co0oi Kosbiia OpoBaHa [24]. JlononHUTENbHOE
HampspKeHHe, Heo0X0IMMOe JJIs MMPEOIONICHUS JUCTOKanel moOyisipHO# wacTuilbl (HanpsprkeHue OpoBaHa),
B 00IIIeM CiTydae MpH HEeOOIBIIIOM pa3Mepe YacTHIl OTIPEeNIesieTCs BhIpaXKeHUEM
o Gb
Or N >
rae G — MOynb C/IBUTa MaTpHiibl; b — BekTop broprepca; A — paccTosiHie MEXAy YaCTUIIAMH.

[Ipu 10CcTaTOUYHO KPYIMHBIX YACTHIIAX HEOOXOAMMO YUYHUTHIBATH UX OOBEMHYIO JOJIO (() U pa3Mepbl. DKC-
NEPUMEHTAIBHO YCTaHOBJICHHBIC pa3Mepbl YaCTHIl KPEMHHUS cl1ab0 3aBHUCAT OT KOHILIEHTPAIIMK KPEMHHUsI B HC-
CJIC/IOBaHHBIX CIIaBax U HaxodsTces B ipeaenax 110—120 um (cpeanuit paguyc & = 55 um). OjHaKO CHUKEHUE
KOHLIEHTPALUKY KPEMHUsI MPUBOJUT K YBEIMUYECHUIO CPETHEr0 PAcCTOSHUS MexIy yacTHuamu (Ag;). 3Hade-
HHE Ag; OlIpesiensieTcs o Gopmyie

7\.81 = RS - 0,5“6,
21 .
e R;=9 3— — CpeJIHEE PACCTOSIHUE MKy LICHTPAMHU YaCTHIl, 3aBUCSIIEE OT 00BEMHOM JIOJIH YACTHIl U UX

pasmepos [24].

Paccunrannsie s crutaBoB Ne 1-4 3HaueHus Ag; coctapisitor 144; 145; 153 u 214 HM COOTBETCTBEHHO.
VYBenuueHue Ag; ¢ YMEHbLICHUEM KOHLIGHTPALUN KPEMHUS 03Ha4aeT CHI)KEHHE BKJIaJa YaCTULl KPEMHUS B e-
(hopManmoHHOE YIIPOIHEHHUE MaTepHraia mo Mmexanusmy OpoBaHa.

Jucnoxarmonnsie konbiia OpoBaHa HakarumBarotcs. [Tocie oOpa3oBanms netens OpoBaHa CKOMTB3AIIAS AHUCIIO-
KaIysi TOPMO3UTCS Ha BKITIOUEHNH, pa3Mep KOTOPOTO YBETMYMBACTCS HA pa3Mep OKPYKAIOMINX €T0 TUCTOKAIFIOHHBIX
rietenb. [lpy mocTmkeHnn KPUTHIECKON TIOTHOCTH JUCIOKAIIMHA MOTYT 00pa30BBIBATHCS TUCIOKAIIMOHHBIE TTH-
TIOJIH — JIBE KPAeBBIE AVCIIOKAIIMH PAa3HBIX 3HAKOB. OHHU pPaCcIIONaraloTcsi B COCEIHUX IIOCKOCTAX U IIPEICTABIISIOT
€000 yCTOMUHBYIO cuCTEMY, d((EKTUBHO MPENSATCTBYIONIYIO TBH)KEHHIIO CKONB3SAIIIX TUCIOKAIIHIA.

[ToMuMoO TIOOYISIPHBIX BKITIOUEHUH KpeMHHs, B crutaBax No 2—4 mpuCyTCTBYIOT HAaHOpa3MEpHBIE BKITIOYE-
HUS, B COCTaB KOTOPBIX BXOIAT JIETUPYIOMIHe MeTambl. OObeMHYIO OO0 TaKUX BKIIFOYEHUH TPYIHO OIICHUTH
MIPaKTHYECKH, TaK KaK OHU PEHTTeHOAaMOP(HBI M K TOMY K€ YaCTh METAJIJIOB pacTBOpsieTcs B KpeMHnU. Kpome
TOTO, JJIs1 OTIPE/IeTICHHS IPOCTPAHCTBEHHOTO PACTIOIOKEHHSI HAHOPAa3MEPHBIX BKIIOYCHUH HEOOXOANMO TIPOBO-
JIUTH JTOTIOJTHUTENbHBIE nccieaoBanusa. OJHAKO OYE€BHIHO, UTO IIPH MPOYHX PaBHBIX MapameTpax ciuiasa Ne 1
1 JICTHPOBAHHBIX CIJIABOB (OJM3KME 3HAUYEHUS Pa3MEPOB 3€PEH, BKITIOUCHHH KPEMHHS, OJHOPOIHBIN XapakTep
pacnpenenenrs BKIIOYSHHH) PUCYTCTBIE HAHOPA3MEPHBIX YACTHII, COAEPIKAINX METAIIIBI, M PACTBOPEH-
HBIX 2JIEMEHTOB ITPUBOANT K CYIIIECTBEHHOMY YBEIMUEHHIO MUKPOTBEPIOCTH KaK 3a CUET TBEPOPACTBOPHOTO
MEXaHHU3Ma TOPMOXKCHHSI CKOJIB3SAIINX ITUCIOKAIMI, TaK ¥ 32 CYET HAJIWYHS JOMOTHUTEIBHBIX MPETSITCTBUN
B BHJIE HAHOPa3MEPHBIX YacTHIl. BMecTe ¢ TeM HeKOTepeHTHBIE MaTpHIle HAHOPAa3MEPHBIE YaCTHIIbI SABJISIOTCS
3 (PEKTUBHBIM HCTOUHUKOM 1T 0Opa30BaHUS IMPU3MATHICCKHUX TIETENb [24], a Taoke koierr OpoBaHa.

Bennnta KpUTHYECKOI IIIOTHOCTH JIUCIIOKALHIA (pP,,) 3aBUCHT OT COOTHOLICHHUs CPEJIHETO pajiuyca Jac-
THIl KPEMHUS U PACCTOSTHUS MEX Iy HUMH [25]:

60
pr }\'2 7582
Si
4

PesynbpTaThl MI3MEpEeHH TEOMETPUUECKUX MMapaMeTPOB MUKPOCTPYKTYPHBIX COCTaBISIONINX U PAaCYeTOB

KPUTHICCKOH TIOTHOCTH JUCIIOKAIIMNA ITPUBEICHBI B Ta0II. 3.

Tabnanma 3
I'eomeTpuyeckune nmapaMeTpbl MUKPOCTPYKTYPHBIX COCTABJISIIOIMX
U KPUTHYECKAs INIOTHOCTB AucjJoKkanuii OpoBana
Table 3
Geometric parameters of microstructural components
and critical Orowan dislocation density
. CpenHee paccTosHHE Kpurnaeckas
Howmep Oo6bemHas noist Cpennuii paauyc PEAHEE P P .
MEXKIy 9aCTUIIAMH | IUIOTHOCTB JAUCIOKALUH
CIIaBa | 9acTHUIl KPEMHUS, OTH. €. | JacCTHI[ KPEMHHS, HM 2.2
KpPEMHUS, HM OpoBana, 10 M
0,12 55 144 33
2 0,11 55 153 3,1
0,70 55 214 1.4
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[TomyueHHbIE OLIEHOYHBIE PE3YABTATH MMOKA3bIBAIOT, YTO MPU KOMHATHOW TeMIlepaType yBeJIMYeHHE pac-
CTOSTHUS M@Ky YaCTUIIAMH ITPUBOIUT K CHIDKEHHUIO TUIOTHOCTH JICIIOKAITHA.

[IpenstcTBHEM U1 IBUKEHUS JUCIOKAIIMN ABISIOTCS TakKe rpaHULbl 3epeH. [Ipy HakaruIMBaHUM CKOJIb-
3SIMIUX TACIOKAIINH Y TPaHHUIIBI 3epHa CO3/IaeTCsl HAMPSKEHUE, KOTOPOe TPHUBOIUT K JBMYKEHUIO CKOJB3SATITIX
JUCIIOKallui B cocesiHeM 3epHe. [Ipu BcTpede ckob3sIiel JUcIoKaluy ¢ MaJIOyJIOBOM I'paHUIIel 3epHa BO3-
MOYKEH HENOCPEICTBEHHBIN MMPOPHIB AUCIOKAINY Yepe3 rpanuily. CTOUT OTMETHUTH, YTO B ci10e A Ha IpaHUIax
3epeH He BBISIBIICHO CKOTIJICHHS BBIICTICHHI KPEMHHUSI 1 HHTEPMETAIUTMUECKAX COSTUHEHUH.

OKCIepUMEHTAIILHO YCTaHOBIICHO, YTO JUISl BCEX CIUIABOB HAOIIONAETCs HEOOIBIIOE MOBBIICHHE MUKPO-
TBeprocTH B cioe C. OTIMYNTENEHON 0COOCHHOCTHI0 MUKPOCTPYKTYPHI ciiosi C SIBISETCS KaK MPUCYTCTBHE
JHCIIEPCHBIX YacTUIl B 00beMe, TaK M MX BBLICICHUE Ha TPaHMLAX S4YeeK W 3epeH. BriroueHus: gacTuil Ha
TpaHUIax 3epeH ABIAIOTCS 2(PPEKTHBHBIM MPENATCTBUEM UIA MTepeadyl HapspKeHUs 13 1e()opMHUPOBAHHOTO
3epHa B COCE/IHEE 3EPHO, CHIDKAIOT MOABMKHOCTh TPAaHUIl 3€PEH, 3aTPYAHAIOT pa3BuTHe Aedopmanuii mo rpa-
HUIIaM, TEM CaMbIM IOBBIIIAs MUKPOTBEPAOCTH CIIJIaBa.

Croit B conepKuT HeOOIBIITYIO IO IEPBUYHBIX JICHIPUTOB amfoMuHNs. OCHOBHON 00heM 3aHUMAeT CMECh
TOHKHUX Pa3BETBIEHHBIX IIACTHH 3BTEKTUYECKOTO KPEMHMSI U aJTIOMUHHS B MEXJAECHPUTHOM IPOCTPAHCTBE.
[TmacTunbI KpeMHNS ABISAIOTCA 3 (HEeKTHBHBIM YIIpOdHSOIHM (pakropoM. Kak mokaszanu pe3yasTaTsl peHTIeHO-
CTPYKTYPHOTO MHUKpoOaHaiu3a, 10 70 % Jerupyommx MeTauioB JOKaJIH30BaHbl B 00beMe (Das3bl amfOMUHUS
B BHJIE TBEPJIOTO PACTBOPA M HAHOPA3MEPHBIX YACTHUI] MHTEPMETAITMYECKUX COeAUHEHHH [22], 4TO MPUBOANUT
K JIOTIOJTHUTEIILHOMY (ITO CPaBHEHHIO cO criaBoM Ne 1) TOPMOXKEHHUIO CKONB3SIIUX Juciokanmii. Kpome toro,
Ha rpaHuIaX JACHIPUTHBIX 3epeH 00pa3yloTCs CPABHUTENBHO KPYIHbIE HHTEpMETAIIIMYECKHUE BKIIIOUEHUS, SB-
JISFOITHECS HeMTPEOIOIUMBIM MIPETIITCTBUEM ISl CKONB3SAIINX AUCIOKAIINH.

3aKiIroueHune

Taxum 0Opa3oM, yCTaHOBJIEHO, YTO MoiydeHue cruraBa Al — Si MeTosoM cBepXOBbICTPO 3aKajlKu U3 pac-
IJIaBa IPUBOJAUT K YBEJINYEHUIO MUKpOTBepAocTH (onbru criaBa AK1204 B 2 pa3a o cpaBHEHHUIO C MUKPO-
TBEPJOCTHI0 MACCHBHOTO 00pa3iia 3a cueT u3MelbieHus ha3bl KpeMHUsI, YMEHBIICHHUST pa3mMepa 3epeH U 00-
pa3oBaHusI IOOYISIPHBIX HAHOPa3MEPHBIX YaCTHII.

B cmnasax, nerupoBannabix Mg, Mn, Fe, Ni u Cu, poct koHueHTpanuu KkpemHust B ponsre ¢ 7 1o 12 mac. %
CIOCOOCTBYET YBEIMUEHUIO MUKPOTBepAocTH Ha 15-20 %.

JlononMHUTENbHOE JISTUPOBAHME METAJUIAMU TOBBIIIAET MUKPOTBEPIOCTD (OJIBIH MO CPABHEHHIO C MUKPO-
TBEPIOCTHIO MACCHBHOTO HEJICTHPOBAHHOTO CHITYMHHA B 3—4 pa3a, a 110 CPABHEHHUIO C MUKPOTBEPIOCTHIO (POJIBTH
criaBa AK1204 B 2 pasa, uto 00ycioBiIeHO pOPMHPOBAHUEM TBEPIOTO PacTBOPa HA OCHOBE AIOMHHUS, 00-
pa3oBaHKeM HaHOPa3MEPHBIX YaCTHII, COACPIKAIIUX METAIUIbI, MPUCYTCTBUEM YaCTUI] B 00beMe U Ha TpaHuIax
SYeeK, a TAK)Ke HAJTMIMEM BKIIOYCHHI HHTEPMETAJUIMUCCKUX COCAMHEHUH Ha TPAHUIIAX 3E€PeH.
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THEORETICAL PHYSICS

VIK 530.1; 514.84
OAHOMEPHASA OBOBIIEHHAA KYAOHOBCKASA 3AAAYA

A. H. TABPEHOBY, H. A. TJABPEHOB”

1)l~7eflopyccf<uﬁ 2ocyoapemeennblil nedazoeuyeckutl yrugepcumem um. Maxcuma Tawmka,
yn. Cogemckas, 18, 220030, 2. Munck, benapyce
DOxmonuon mexnonodoicu, ya. Anxu Kynanwi, 25, 220030, e. Munck, berapyco

PaccMoTpeHa KBaHTOBO-MEXaHWIECKas KyJIOHOBCKasI 3aja4a, YCIO)KHEHHAs B JIByX HarpaBieHusx. [lepsoe 0600mie-
HHE CBA3aHO C MEPEX0/I0M U3 €BKJIMI0BA IPOCTPAHCTBA HyJIEBONH KPUBHU3HBI B OqHOMepHBIe reoMeTpun Kanu — Kreitna,

a BTOpOC — C )Z[O6aBJ'IeHI/IeM K KYJIOHOBCKOMY MOTCHUHATY CUHTYJIAPHOTO YJICHA % Ero moxHo paccMarpuBarb Kak I10-
X

termman Kamnomxkepo — CasepieHaa, KOTOPBIA 0OBIYHO HCIOIB3YETCS ISl OMMUCAHUS aHUOHOB, MATHUTHBIX MOHOITOJICH,
JUOHOB U T. 1. [IoMHMO METOIOTIOTHYECKOTO acIieKTa, MPeCTaBIeHHAs 3aa4a OyJeT moje3Ha KaK YaCTHBIM claydail Tak
Ha3bIBAEMOW MOJIETN C KOOPAMHATHO-3aBUCUMON MAaccOM MpU ONMMCAHUM HAHOCTPYKTYP B KBAaHTOBBIX TOUKaX WMJIM Ha
TUIOCKOCTH, & TAKIKE METAaMaTePUaJIOB M aCTPOHOMUYECKNUX OOBEKTOB B CHJIBHBIX MArHUTHBIX MOJISIX. Ha moiokurensHoM
KOOPJIMHATHOH ITOJyOCH OHAa IpeBpamaeTcs B 0000MICHIEe MOICH ¢ IMoTeHIanoM Kpariepa, KOTOPBIH TpaaIuilioHHO
WCTIONIB3YETCS TSI OIMCAHUS MOJICKYIIIPHOIN SHEPTHU M CTPYKTYPBI, B3aUMOACHCTBUHA MEXIY pa3IHYHBIMU MOJIEKYa-
MU U HecBs3aHHBIMU aToMamu. C MOMOIIBI0 MeTOo/Ia (PaKTOPHU3AIUH HAIEHBI CIICKTP SHEPTUU U BOJHOBBIC (DYHKIIUU
CTAaLMOHAPHBIX COCTOSHUHN, IMEIOIINE KPUBU3HY IIPOCTPAHCTBA B KauecTBe mapamerpa. @opmyna 1 ypoBHEH SHEPTHH CO-
JIEPKUT JIBa ciuaraeMbIxX. [lepBoe ciaraemMoe Jaet CeKTp SHEPTUU OOBIYHON OJTHOMEPHOH KyJIOHOBCKOU 3a/1auH, a BTOPOE

CJIaraéMoc€ B ABHOM BHUJIC 3aBUCUT OT HAJIMYUA KPUBU3HBI K OTBEHYACT 3a CIICKTP YaCTULIBI HA OKPY’KHOCTH Sl (j) Koncranra
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CBsI3M g, XapakTepusyrommas noreHuuan Kamomkepo — CasepiieHaa, BXOAUT B 00a ClaraeMbIX HEJIMHEHHO 4epe3 Benlu-
uuHy B ( g'= Bo ([30 - l)), MIPE/ICTABISIIOLIYI0 COOO0I a/UIMTHBHYIO MOMPABKY K MOPSAKOBOMY HOMEpPY SHEPreTHYEeCKOTO

ypoBHs. B 4acTHOM cilydae 4rcTO KyJIOHOBCKOTO TIOJIS TTOJYYEHHbIE PE3yIbTaThl COBIIA/IAIOT C paHee Oy OIMKOBAHHBIMA
pe3yJabTaTaMH.

Kntouegvie cnoga: 06001IeHHAs KyITOHOBCKas 3a/1a4a; KPUBU3HA; IPOCTPAHCTBO TOCTOSIHHON KPUBHU3HBI, T€OMETPUH
Komu — Kneiina; meron pakropusanum; oqHOMEPHOE IPOCTPAHCTBO.

ONE-DIMENSIONAL GENERALISED COULOMB PROBLEM

A. N. LAVRENOV®, I. A. LAVRENOV"®

*Belarusian State Pedagogical University named after Maxim Tank,
18 Savieckaja Street, Minsk 220030, Belarus
®Octonion Technology, 25 Janki Kupaly Street, Minsk 220030, Belarus

Corresponding author: A. N. Lavrenov (lanin0777@mail.ru)

The quantum-mechanical Coulomb problem, complicated in two directions, is considered in this article. The first
generalisation is associated with the transition from Euclidean space to one-dimensional Cayley — Klein geometries,
g

and the second one is connected with the addition of a singular term = to the Coulomb potential. It can be considered

as a Calogero — Sutherland potential, which is used to describe anyons, magnetic monopoles, dyons, etc. In addition to
the methodological aspect, the problem under consideration will also be useful as a special case of the so-called coordi-
nate-dependent mass model when describing nanostructures in quantum dots or on a plane, metamaterials and astronomical
objects in strong magnetic fields. On the positive coordinate semiaxis, it turns into a certain generalisation of the model
with the Kratzer potential, which is used to describe molecular energy and structure, interactions between molecules and
non-bounded atoms. Using the factorisation method, the energy spectrum and wave functions of stationary states are found,
having the curvature of space as a parameter. The formula for energy levels contains two terms. The first term gives the
energy spectrum of the one-dimensional Coulomb problem, and the second term explicitly depends on the presence of

curvature and is responsible for the spectrum of the particle on the circle S, ( Jj ) The coupling constant g of Calogero —
Sutherland potential is non-linearly contained in both terms through a variable B, (g*= Bo(Bo — 1)) representing an additive

correction to the number of the energy level. In the special case of a purely Coulomb field, the results obtained coincide
with the results published earlier.

Keywords: generalised Coulomb problem; curvature; space of constant curvature; Cayley — Klein geometries; factori-
sation method; one-dimensional space.

BBenenue

[Towck TouHO pemraeMbIx MoOzeNeil — ofHa 13 HanOoJee aKTyallbHBIX 3a7[a4 B 00JACTH TeOpeTHIeCKoi (u-
3UKH, OJJHAKO TOJYyYEHHE TOUYHBIX PEUICHUI BO3MOXKHO HE BO BCEX CIyyasx, NPEICTaBISIOUIMX HCCIEA0BaA-
TEJIbCKUI nHTEepec. [ 3TO# 1esin 4acTo MCIOJB3YT MeTO (hakTopu3aiuu [ 1], CBOASIINN TUHAMHYECKOES
YpaBHEHHNE UCXOIHOW CHCTEMBI K TIPOCTOMY YpaBHEHHIO, C KOTOPBIM JIerde padoTaTh.

B pamkax HepelsITUBUCTCKONM KBAaHTOBOM MeXxaHUKH ypaBHeHUE LIIpéqunrepa TOUHO ONMUCHIBAET AUHAMUKY
3aMKHYTOH KBaHTOBOW CUCTEMBI, 00ecIieunBasi BCIO HH(POPMAIIUIO O €€ CBOHCTBaX. B 3TOM KOHTEKCTe IpuBeieM
TOJIBKO J1BA IPKHUX IIPUMEpa TOYHO PelIaeMbIX MOJIeJIel — MO/Ie b TaApMOHHUYECKOTO OCIIUIUIATOPA U KYJIOHOBCKYIO
3amaqy. OHE UMEIOT P (PU3UUECKUX MPHIIOKEHUIA M KOMITOHEHT KOHIETIINH CKPBHITON (JIMHAMHYECKOW) CHM-
metpun. [t npobiemsr Kerurepa cymecTByloT pa3nuyHble 0600meHus. [loMuMo 04eBHIHOTO TTOMCKA MHOTO-
MEpPHBIX aHaJIOTOB, B paboTax [2; 3] KyJIOHOBCKHI IIEHTP CHCTEMBI OBLT 3aMEHEH JUPAKOBCKUM JHOHOM (DIIEK-
TPUUYECKH 3apsDKEHHBIM MoHoMoNeM Jlupaka) ¢ Jo06aBieHrueM K KYyJIOHOBCKOMY MTOTEHIHATY clieliu(ruyecKoro

LEHTPOOEKHOTO U CHHTYJISIPHOTO WicHa % CornacHo crarbe [4] mo100HbBIe CUCTEMBI €CTECTBEHHBIM 00pa3oM
X

BO3HUKAIOT B I’paHy.]'IHpOBaHHOﬁ KBaHTOBOM MaTepuu.
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IIpu nepexone B ypaBuernu [lIpéaunrepa B HICKpUBIEHHOE IPOCTPAHCTBO MOTyYaeM BO3MOXKHOCTD H3YUCHUS
TOIOJIOTUYECKUX JC(PEKTOB, B YACTHOCTH, B PaMKaxX rpaBUTALUU (KOCMHUYECKHE CTPYHBI, JOMEHHBIC TPaHH-
1bI U Jp.) [5] ¥ (PM3UKK KOHIEHCHPOBAHHOTO COCTOSIHUS (TUCIIOKAINH, BUXPH B CBEPXITPOBOJHUKAX U T. 11.) [6; 7].

HenaBnwmii porpecc B 00JaCTH HAHOTEXHOJOTHI U UCCIIEIOBAaHUN MaTepHaNIoB clenal (KBa3H)oHOMED-
HBIE CHCTEMBI BAJKHOM 9acThIO COBpeMeHHOU Gu3uku [§]. [loMrMO METOIO0IOTHYECKOTO acTieKkTa (KaK HyJIeBoe
MIPHOMIMKEHNE JUTS 1IEJIOTO psfa IBYMEPHBIX U TPEXMEPHBIX 3a/1a4, HapuMmep, ¢ moTernuaiom Kparnepa s
OTICaHUST MOJICKYJSIPHON PHEPTUH U CTPYKTYPHI, B3AUMOJCHCTBUN MEXIY pa3INIHBIMH MOJICKYJIAMH U He-
CBSI3aHHBIMH aTOMaMH), OHH MPEJICTABIISIFOT OOJIBIIION WHTEPEC IS YUCHBIX B CBSI3U C MMOCTOSIHHO PAaCTYyIUM
KOJIMYEeCTBOM (DPM3MYECKUX TPUIOKECHUH, BKIIIOYAsT «KYJIOHOBCKOE» B3aMMOJICHCTBUE IPHU OMHUCAHUU HAHO-
CTPYKTYp B KBAHTOBBIX TOUKaX WJIM Ha IDIOCKOCTH, a TAK)KE METaMaTepPHUaIoB M aCTPOHOMHUYECKUX 0OBEKTOB
B CWJIBHBIX MAarHUTHBIX TOJISIX [9—13].

TaxuMm 06pa3om, IeNTbI0 HACcTOSIIIEH PaboTHI SABIISETCS pelIeHne 0000IeHHOH KyIoHOBCKO# 3amaun (OK3)

cpasy Il TpeX ONHOMePHBIX reoMmerpuii Komm — Knelina §) ( j) C TIOMOIIIBIO MeToa (haKTOPU3AIIIH, KOTOPBII

He OBUI 710 KOHIIAa peanu3oBaH B ctarbe [14]. 3mece OK3 moHmMMaeTcs kak KBaHTOBO-MEXaHMYECKas 3ajiada
C TIOTEHITNAJIOM, TIPEJCTABIISIONIAM COOOW CyMMY KYyJIOHOBCKOTO TOTEHIMajia W moTeHnuaiga Kamomxepo —
Cazepnenga. C y4eToM IMOHMCKA €€ PemieH s TOIHKO B OJHOMEPHOM MPOCTPAHCTBE Pa3HOM TOIMOJIOTHH Jajiee
OymeM ucrnob30BaTh TepMuH «ogaoMepHas OK3» (OOK3).

B pabGorax [15; 16] ObLT IpeIORKEH IPYToi, YHUBEPCAIBHBIH, MOIX0J] K TOYHO PEIIaeMbIM 3ajiayaM Ha
MIPOCTPAHCTBAX MOCTOSIHHON KPUBU3HBI, HO HAYMHAS C ABYMEpHOro cirydas. [l moinHoTh Oubauorpaduye-
CKOTO OITUCAHUI TEKYIIEro COCTOSHUS aHATTM3UPYEeMOH MPOOIIEMbI OTMETHUM €1Ile TOIBKO padoTs [17-19], roe
Ha S| u H, KylloHOBCKas 3a7ja4ya B sSIBHOM BUJIE PELICHA aHATUTHYECKUM CIIOCOOOM.

[anee moguepkHeM, 9TO B UCTOPHYECKOM aCMEKTe 10 JaHHOW TeMaThke OOBIYHO MPUHATO BHAYAJE BCIO-
muHaTh padoTel J. [lp&nunrepa 1940 r. [20] u JI. Uadensna ¢ A. unpaom 1945 1. [21], a 3aTtem paboTh
IT. V. Xurrca 1979 r. [22]. OHu paccMOTpenIu aToM BOJOPO/Ia B TPEXMEPHOM IIPOCTPAHCTBE IMOCTOSTHHOU MOJI0-
JKUTEIBHOU U OTPULIATEIBHOM KPUBU3HBL, & TAKIKE CKPBITYI0 CUMMETPHUIO JJIsI KYJIOHOBCKOU M OCLHUJUISTOPHOM
3aJ1ad B POCTPAHCTBE MOCTOSHHOM KPUBHU3HBI TPOU3BOILHON pasMepHOCTH N > 2 COOTBETCTBEHHO. B mocnes-
HEM CiIy4ae aBTOp Hallel aHajoru BekTopa Pynre — Jlenna (kymoHOBckuii moreHInan) u Teasopa Opankuna
(TmoTeHIaI rapMOHUYECKOTO OCITMILTATOPA) TUIOCKOTO TTpocTpancTBa. CiemyeT OTMETHTD, 9TO B 1979 I. ObIn
oIyOITMKOBaHbI pabOoThI M IPYTUX aBTOPOB 1O JIaHHOH Temaruke [23; 24].

Mogneas OOK3 B reomerpusax Kyin — Kueitna

st ynoOcTBa cpaBHEHUSI MOMYYCHHBIX PE3YyNbTaTOB U C Y4eTOoM cTaThH [14] Oymem paccmarpuBaTh cpasy
Tpu ofgHoMepHble reoMeTpuu Kanu — Kielina S, ( J ), KOTOPBIE PEAIN3YIOTCS HA NIOJIyOKPY)KHOCTH

N_f2, 22 p2
Sl(])—{uo + jui =R°, u, >0},
rae j =1, 1, i, a L eCTh HIJIBIIOTCHTHAS €IUHUIA TaKas, 9To 1 # 0, HO * = 0. 3nauenue j =1 coorBeTcTBYET
SIUIMNTUYECKON FEOMETPUH S| (1) = S| Ha IPSIMOM € MOCTOSTHHOM MOJI0KUTENBHON KPUBU3HOM, IIPH j = | UMEEM
TUNEePOOIHUECKYIO MPSIMYIO Sl(i) = H| ¢ IOCTOSIHHON OTPULATEIILHOW KPUBU3HOM, a B Ipeaene R — o0 Win

IpU j = 1 I0JIyyaeM OOBIYHYIO €BKIIUIOBY NPSIMYIO S| (l) = E, C HyJIeBOI KPUBHU3HOM.
Ucxons u3 pesynasraToB padoThl [ 14], mpu BBoze 6e3pa3MepHBIX BETHINH

2m

E=ox, p=aR, szocqz,oc:—

7
6y,Z[€M HUMCTb cneuy}oumﬁ BHUJ Oo1ieparopa ]_Hpéz[I/IHrepa JJId KYJIOHOBCKOTI'O IMOTCHIIMAJId, JOIIOJIHECHHOI'O CUH-
TYJISAPHBIM YJICHOM % Ha Sl( j ):
X
N ho 28 )d 2E)d 0
H(s )= 1425 | L1 2o | L2, 8 (1)
2 p’ )de p*)de g ¢

JL1st HaXOXKAeHUS €T0 COOCTBEHHBIX 3HAYCHUH MCTIONb3yeM MeTo (pakropusanuu. C 3TOH IENBI0 BEIPA3UM OTIe-
parop (1) gepe3 omepaTop poXKICHUS a+( J ) U OIIEpaTOp YHUUTOKEHUS a_( J ):

H(g;j)z%‘”[zw(j)a-(j)m], )
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e

[Moncranoska ¢opmyn (3) B BeipakeHue (2) u cpaBHeHHE ¢ ornieparopoM (1) maer ciieayromue ycioBus Ha

g Pui: 5
g’ =B(/)(B(/)~1), 2By=0"en(y), A(j)=-v*(j) + B(j);—z
OcCHOBHOE COCTOSTHHE B paccMaTpuBaeMoit 3aaade 11 mogenu OOK3 nHaiineM u3 ycinoBus

a ()% (& /)=0,

T. €
282 d .
Uuﬁi—sz—éw—g]%(gu):o. 4)
Pemenne ypaBHeHus (4) UMeET CIEIYIONIIUI BHI:
B(/)
Yo(& Jj)= Co(j)éﬁ( (1 + = & j ’ exp{ 1w arctg(p.éﬂ. 5
p J

[Ipu ydere cuuBaHus pemeHui ypaBHeHus (5) Ha TOJIOKNATENBHOM U OTPHUIIATEIbHOM 0071aCTAX YUCTOBON
OCH TOJTyYUM YETHBIE U HEUETHBIE PEIICHHs, YTO B YUCTO KYJIOHOBCKOM IIOJI€ MPHUBOAUT K JIByKPAaTHOW BBI-
POXIEHHOCTH YPOBHEH SHEPTHH.

Hanee ctpoum nenouky oneparopos lIpénunrepa

N B
Hn+1(]):

26 (16 () + 1] =52 205 (i) + 2 ()] ©

TAC O1nepaTophbl pOXACHUA U YHUUTOKCHUS BBIPAKAKOTCS CIICAYIOIMIUM 06pa30M:

a,:(f)%(—(uﬁj—i]di&w(j)—@}

2a;(j)a;(j):|:—[1+j2§—zj{d§[l+Jza j:& Ba(z )} +(W(]’%%T],
) { (8 ]MH jzi—sz%Janzz(f)}r[ (e P é<j)ﬂ.

N3 nenouku oneparopos Llpénunrepa (6) noiaydaem cCucTeMy ypaBHEHUN

[B,-1() + B,(/) ][ B.(/) ~ B,os(4) - 1] =0,
(J

)+
1.(J) = BBn(]))Yn 1(/)s
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Ee pemrenus nmpencTapistoTes CIEAYIOMNUM 00pa3oM:

B, (7)=Bo(j)+n

N Bo()
Yn(])_ ( ) ( )

PR 10) 1 €) RPi FT R
by =2+ 15(J) - o)+ T pz[(Bo(]) ) Bo(])}

e HyJIEBbIE TIApaMeTphl OTNpenetstoTes popmynamMmu

.2
2 =By(Bo—1), 482(/)12(/)=0"% Ao=—12 + Bo’—z.
ho

Takum 00pazoM, UMeeM CIIEAYIONIYI0 YHH(OUIUPOBAHHYIO (POPMYITY JJIst ypOBHeH sHepruu E ( ) =— 5 —A ( )
monesm OOK3 na reomerpusax Komm — Kineiina S, ( ]) B pPa3MEpHBIX BEJIUUYHHAX:

4 2 .2
. mq e 2
E(j)=—————=+ (Bo+7)" = Bo(Bo—1) |
252 2" m R2
(B + 1)
3nech mpu B, = 1 BOCIPOU3BOAUM pe3yibTaT padoTsl [14], cienoBareabHO, IEPBOE ClaraeéMoe JaeT CICKT
0
SHEpPTUH OOBIYHON OTHOMEPHON KYJIOHOBCKOM 3a/1a4r, a BTOPOE ClIaracMo€ B SIBHOM BHJIC 3aBUCHUT OT HATHYHS
KPUBU3HBI U OTBEYAET 32 CIEKTP YaCTULIBI HA OKPY>KHOCTH S1( j )

IIpeanonaras yBenuueHue ypoBHeil sHepruu ¢ poctoM n (E=E,< E, < E, < ... < E,), Ioiy4yaeM ycJoBHUE

2 2 4
E -E,_ 1—(ZBO+2n+1){h S mQ }>0

2m R* 21 (B + m + 1)2 (B, + n)2

OHO naeT OrpaHMYEHHOCTh JUCKPETHOTO SHEPreTHUECKOIo CIIEKTPa Ha TMIepOoInyecKol IpsMoi, rae j = i.
TakuMm 00Opa3oM, Ha THIIEPOOINUECKON NPSIMON MaKCUMaJIbHOE YUCIO (71, ) JUCKPETHBIX YPOBHEH OyaeT on-
penensaThCs LeI0UYUCICHHBIMY 3HAYEHNUIMU HEPABEHCTBA

4 2 2R4
2n,. <—1—2B,+ ,/1+%.

EnuHCTBEHHOE CBSI3HOE COCTOSIHUE MOIYYUM IIPU qu2 = BO(BO + l)h2 ¢ pHepruei
qz([}g + 2B, + 2) mq4([3§ + 2B, + 2)
2RBy(By +1) 2182 (By+1)

Jpyrumu crioBamu, sHepreTudeckuil criektp st Mmogenu OOK3 OyneT pa3auyHbIM B 3aBUCHMOCTH OT Ha-
JIMYUs KPUBU3HBL.
W3 nenouku oneparopos lIpéaunrepa (6) cienyroT cruleTaroIue COOTHOLICHUS AJIs OIepaTopoB I,

a,())H,(j)=H,.1(J)a, ()
H,(j)a,(7)=a,(j)H, ()
YuutbiBas ux, Jist COOCTBEHHON (DYHKIIMU TaMUJIbTOHHaHa ‘Pn(E,; j ) = En(X;; j )‘I’n(&; j ) JIETKO TIOTy9IUM
¥, (& 1) =45 (7)ai (7) a2 (7)1 () ¥ (& 1)

3nech BOIHOBas (DYyHKITHS ‘I’ (é ]) SIBIISIETCsl COOCTBEHHOW (PyHKIMEH raMuiibToHHaHa H, (& ]) ”)(g; j) =

max

0=

= En(é, ])‘I’(g (&, ]) W HaXOJHUTCS U3 YCIOBHS
a, (J)¥" (& /)=
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T. €.
2
1+ 725 ey, - Be el )0 )
p

Pemenne ypaBuenus (7) UMeeT CIEIYIONIUI BHUI:

B (/)

) 2Y 2 1 i
e 01+ 22) o] M 1]

B wactHOCTH, /U TIEPBOTO BO30YK/IEHHOTO YPOBHA 72 = | MOIydnm

1) AP
e - ()%

W (& /) =as () ¥ (& /) =ag (j)g"V) 1+j2p—2

W i
7/ _p2

2 2y, + 1 . PR e 10

‘P1(§;j)=C1(j) €| 2B, + ;_2 _[0—&] ng(]) 1+j2% J

JeiicTBys aHAJIOTUYHBIM 00pa30M, MOKHO HAWTH BOJTHOBBIC (DYHKIMH APYTHX BO30YKACHHBIX COCTOSHHMA.

3akiIroueHune

B cratbe paccMoTpeHa KBaHTOBO-MEXaHHUECKas 3a7a4a B oqHoMepHOH reomerpun Kanu — Kieiina c pe-
3YABTUPYIOUINM TOTCHIIUAIOM, TPEACTABISIONIMM COO00H CyMMY KYJIOHOBCKOTO IMOTCHI[MANIA W MOTCHIUAIA

Kanomxkepo — CaseprieHza B BHjie CHHIYISIPHOTO WieHa - [TocaeHuil 4acTo HCIONb3yeTCst Ul TeOpeTHYe-
X

CKOI'0 OIIMCAHUsl aHUOHOB, MAarHUTHBIX MOHOIIOJIEH, TMOHOB U T. [,

B MeTononornueckom miaHe npeyiokKeHHast 3a7a4a sIBISIeTCSl YACTHBIM CIy4aeM TaK Ha3bIBA€MOM MOJIENN
C KOOPJMHATHO-3aBUCUMON MacCOW M MOYKET OBITH TIOJI€3HA IIPU OMMMCAHNU HAHOCTPYKTYP B KBAHTOBBIX TOUKAX
WJIH Ha TUIOCKOCTH, METaMaTepHaIoB U aCTPOHOMUYECKHUX OOBEKTOB B CHIIBHBIX MarHUTHBIX IOJISAX, a TAKKe
(Ha MTOMOKUTETFHONW KOOPIUHATHOM MOTyOCH) JIUIsl ONTMCAHHS MOJIEKYJISIPHON SHEPTUN U CTPYKTYPBI, B3aUMO-
JEUCTBUI MEXAY PA3NMYHBIMU MOJIEKYJIaMHU U HECBSI3AHHBIMU aTOMaMH.

Merton paxTopu3anuy MO3BOINI HANTH YHEPTETHUECKHH CIIEKTP U BOJTHOBbIE ()YHKIINY CTAllMOHAPHBIX CO-
CTOSTHUH paccMmarpuBaeMoil 3aaaun. [lomyueHnast popmysna st ypoBHEH SHEPTUM UMEET afINTUBHBINA BKIIAJ
KaK OT CTeKTpa YHEPTHH OOBIYHOI OHOMEPHOW KYJTOHOBCKOM 3aJaqM, TaK M OT CIIEKTPa YaCTUIIBI HA OKPYXK-

HOCTH Sl(]) C SIBHOHM 3aBHCHMOCTBIO OT KPHUBU3HEI. Taxxe umeercs alIMTUBHAsA IOIIPaBKa K NOPAJKOBOMY
HOMEPY SHCPTCTUYCCKOTO YPOBHS B BU/IC BEJIMYUHBI BO’ KOTOpas 4€pe3 COOTHOIICHUC g2 = BO (BO - 1) OImpeacIaeT

BITUSTHHE KOHCTAHTHI CBSI3U g OT moTeHInana Kamomkepo — CazepieHaa Ha HCKOMBIH pe3yibTaT. BocponsBo-
TISITCSL paHee OMyOITMKOBAHHBIC PE3YIbTaThl IS YUCTO KyJTOHOBCKOTO TIOJISI.

Kparko 06cynum nampHEHTIIEe BO3MOKHBIC HAPABICHUS UCCIICIOBAHIN TSI 000OIICHMSI TTOJTYICHHBIX pe-
3ynmbTatoB. llepBoe HampaBiieHHe JOCTaTOuHO oueBHAHO. OHO MpEIIoiaracT pacCMOTPEHNE TIPOOIEMBI TTPH
YBEITMYCHUHU pa3sMepHOCTH N OTIepaTOPHOTO MPOCTPAHCTBA WU IIPH JIFOOOM ee 3HaueHUH. BTopoe HarpaBieHne
MOJKHO CBSI3aTh C TaK Ha3bIiBaeMoi Monenbio Jlankisa — Kyiona, riie BMecTo 0OBIIHOM TPOU3BOIHON BBOJIUTCS
npousBojHas JJaHkiis1, coepxkanias oneparop OTpaXeHus OT COOTBETCTBYIOIIEH TUIEPIIIIOCKOCTH.
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