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ABSTRACT 

Chepela L.I. Features of thermophysical properties of nanoscale composites with a 

developed interface. 3 Qualifying scientific work on the rights of a manuscript. 

Thesis for obtaining the Doctor of Philosophy degree in the specialty 104 3 "Physics 

and Astronomy" (10 3Natural Sciences) 3 Taras Shevchenko National University of Kyiv, 

Kyiv, 2024. 

In the introduction, was substantiated the relevance, formulated the purpose, object 

and subject of the study, indicated the scientific novelty of the results and their practical 

significance. The methods of research used in the thesis and the personal contribution of the 

applicant are indicated, as well as data on the approbation of the work and the author's 

publications. 

The first chapter analyzes photoacoustic and photothermal phenomena as key tools 

for studying the physical properties of nanomaterials. The main regularities of these 

phenomena, their peculiarities according to the materials under study, and research methods 

for obtaining information on the thermal and acoustic characteristics of nanomaterials, such 

as photoacoustic microscopy and Raman scattering, are described. Also, familiar methods 

for producing nanostructures, such as disrupted silicon and nanofibers, are reviewed, with a 

focus on methods such as chemical etching and the vapor-liquid-solid method. A review of 

the literature on the physical characteristics of photoacoustic conversion in nanostructures 

and the effect of heating on the Raman spectra of porous silicon samples is given. The 

importance of conducting our own experimental studies of heat transfer in such 

nanocomposites as porous silicon with liquid fillers, silicon nanowires, and silicon 

multilayer structures using photoacoustic methods and Raman scattering is highlighted. 
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The second chapter of the thesis was discussed the stages of manufacturing, structure, 

and characterization of the studied nanostructured materials. The fabrication of structural 

modifications, in particular, etching of mesoporous silicon, formation of multilayer silicon 

(with or without mechanical mixing of the chemical solution), silicon nanostructures and 

arrays of silicon nanowires, as well as the synthesis of ionic liquids and the creation of a 

porous matrix/liquid nanocomposite are described. 

The morphological structure of the porous silicon matrix was characterized using such 

methods as scanning electron microscopy, which provides important data on the shape and 

size of the pores in the matrix. This is important for determining the main parameters of the 

matrix, which have an influence on the physical properties and the possibility of interaction 

with other components of the nanocomposite. The density and specific heat capacity of ionic 

liquids were determined. 

The procedures for filling the porous matrix with liquid are described. For 

multilayered samples of modified silicon, a non-volatile liquid (industrial oil) was chosen, 

and for samples of meso-porous silicon, two imidazolium and one ammonium ionic liquids 

were used. The degree of filling of the porous matrix with liquid was at least 95%. 

In the third chapter, the features of photothermal conversion in multilayer porous 

silicon systems are investigated. The experiments were performed using samples with a 

periodic distribution of optical properties. The model was proposed for determining the 

spatial distribution of heat sources and temperature during the absorption of modulated light, 

showing that the depth of heat source generation depends on the porosity and dielectric 

characteristics of individual silicon layers and other factors. The experimental amplitude-

frequency dependence was fitted to the developed model to obtain the thermal conductivity 

of multilayered structures. This approach was successfully used at several excitation 

wavelengths, which helped to minimize deviations and improve the accuracy of the obtained 

values. 
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In the fourth chapter, it was characterized two imidazolium and one ammonium ionic 

liquids using differential scanning calorimetry and the photoacoustic method with 

piezoelectric recording.  The amplitude-frequency characteristics of the photoacoustic signal 

were experimentally determined using the gas microphone method in composites based on 

porous silicon filled with imidazolium and ammonium ionic liquids. The critical frequency 

method was used to determine the thermal conductivity of these composites and porous 

silicon without additional fillers. 

In the fifth chapter, the dependence of the thermophysical parameters of silicon 

nanoribbons was studied using the method of Raman scattering. In this context, the relation 

between the position of the silicon spectral line, the change in sample temperature, and the 

laser power is determined. A model of heat transfer in an array of quantum wires on a single-

crystal silicon substrate is proposed, and the results of numerical calculations are presented 

for the anisotropic and isotropic approximations. The thermal resistance and thermal 

conductivity coefficients of the silicon nanowire arrays were experimentally determined 

taking into account their physical characteristics, such as morphology, surface orientation, 

doping, and electrical resistance of the wafer. A model of heat transfer in an array of silicon 

quantum nanowires based on numerical calculations for various approximations of the 

thermal conductivity distribution has been developed. This model allows us to better 

understand the temperature distribution in the samples and determine the thermal resistance 

depending on the thermal conductivity coefficients.The obtained experimental data were 

used to correct the initial parameters of the model calculations and compare them with 

theoretical values. 

In conclusion, eight main conclusions are presented that fully represent the main 

results and scientific novelty of the research performed in this thesis.  

Key words: silicon, nanosystems, nanocomposites, thermal conductivity, 

photoacoustic and photothermal phenomena, photoacoustic technique, ionic liquids, 

porous matrix, laser, laser-induced excitation, Raman scattering. 
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B5?;>28<8 E0@0:B5@8AB8:0<8. &0:V A8AB5<8 <>6CBь 7=09B8 70AB>AC20==O O: A5=A>@8 

@V48=8, 7>:@5<0, 1V>A5=A>@8, A8AB5<8 B0@35B=>W 4>AB02:8 ;V:V2, :><V@:8 4;O 715@V30==O 

B0 ?5@5B2>@5==O B5?;>2>W 5=5@3VW, 7>:@5<0, 7 28:>@8AB0==O< D07>7<V==8E <0B5@V0;V2 

O: =0?>2=N20GV2. 

 

"A>18AB89 2=5A>: 74>1C20G0:  

"B@8<0=V @57C;ьB0B8 4>A;V465=ь 70 157?>A5@54=ь>W CG0ABV 02B>@:8 =02545=> C 

@>1>B0E [1-7]. #>AB0=>2:0 B0 >1ґ@C=BC20==O 7040G 4>A;V465==O, 281V@ >1'є:BV2 

4>A;V465==O B0 <5B>48 WE 4>A;V465==O, >13>2>@5==O B0 C7030;ь=5==O >45@60=8E 

@57C;ьB0BV2 74V9A=N20;>AO 74>1C20G5< @07>< V7 =0C:>28< :5@V2=8:>< �>@>28<  .". 

%0<>ABV9=> ?@>2>48;0 0=0;V7 ;VB5@0BC@=8E 465@5; ?> B5<V 48A5@B0FVW. (>@<C;N20==O 

FV;59 4>A;V465==O, >13>2>@5==O >B@8<0=8E @57C;ьB0BV2 B0 WE ?>@V2=O==O 7 

5:A?5@8<5=B0;ь=8<8 @57C;ьB0B0<8 1C;> 28:>=0=> 74>1C20G5< @07>< 0A8AB5=B>< 

:0D54@8 7030;ь=>W DV78:8 �VIC:>< #.". B0 =0C:>28< A?V2@>1VB=8:>< CNRS 

�A0є28<  .�. [1-7]. $>7@>1:0 D>B>0:CAB8G=>3> AB5=4C, 283>B>2;5==O B0 NABC20==O 

E0@0:B5@8AB8: D>B>0:CAB8G=8E :><V@>: 4;O 307><V:@>D>==>3> B0 ?’є7>5;5:B@8G=>3> 

<5B>4V2 4>A;V465=ь 74>1C20G:0 ?@>2>48;0 @07>< V7 0A8AB5=B>< :0D54@8 7030;ь=>W 

DV78:8 �VIC:>< #.". [1-7] B0 AB0@H8< =0C:>28< A?V2@>1VB=8:>< �C7ь<8G5< �.�. [1-

7]. $>7@>1:C B5>@5B8G=8E <>45;59 ?@>AB>@>2>3> @>7?>4V;C 465@5; B5?;>284V;5==O 

71C465=8E 5;5:B@><03=VB=8< 28?@><V=N20==O< 4;O D>B>0:CAB8G=>3> 2V43C:C B0 

<>45;N20==O <5B>4>< :V=F528E 5;5<5=BV2 A5@54=ь>W B5<?5@0BC@8 ?@8 @V7=8E 
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7=0G5==OE B5?;>?@>2V4=>ABV 4;O >B@8<0==O 3@0DV:C 70;56=>ABV B5?;>2>3> >?>@C 2V4 

B5?;>?@>2V4=>ABV 74>1C20G:0 ?@>2>48;0 @07>< V7 =0C:>28< A?V2@>1VB=8:>< CNRS 

�A0є28<  .�. [1,2,5,6].  �2B>@:>N ?@>2>48;8AO 5:A?5@8<5=B0;ь=V 4>A;V465==O 

?0@0<5B@V2 0<?;VBC4=>-G0AB>B=8E E0@0:B5@8AB8: <C;ьB8H0@>2>3> ?>@C20B>3> 

:@5<=VN, =0=>:><?>78BV2 «?>@C20B89 :@5<=V9/@V48=0» 307><V:@>D>==8< <5B>4><, 

@V48= (#�� - 400 B0 V>==8E @V48=) ?’є7>5;5:B@8G=8< <5B>4>< B0 4>A;V465==O 

:@5<=Vє28E =0=>AB@C:BC@ <5B>4>< :><1V=0FV9=>3> @>7AVN20==O A2VB;0.  

 

�?@>10FVO @57C;ьB0BV2 @>1>B8:  

 0B5@V0;8 48A5@B0FV9=>W @>1>B8 1C;8 ?@54AB02;5=V =0 <V6=0@>4=8E =0C:>28E 

:>=D5@5=FVOE: 

Lishchuk P., Chepela L., Polishchuk E., Shevchenko V., Kuryliuk V., Borovyi M., 

Lacroix D., Isaiev M. Investigation of Thermal Transport Properties of Multilayer Porous 

Silicon Based Hybrid Nano-structures by Photo-acoustic Technique. 2022 IEEE 12th 

International Conference <Nanomaterials: Applications & Properties= (IEEE NAP-2022), 

Sept. 11-16, 2022, Krakow, Poland; 

 Chepela L., Lishchuk P., Shevchenko V., Kuryliuk V., Polishchuk E., Kuzmich A., 

Teselko P., Matushko I., Borovyi M. Fabrication and Photoacoustic Characterization of 

Multilayered Structures Based on Porous Silicon. 2022 IEEE 41st International Conference 

on Electronics and Nanotechnology (ELNANO), October 10 3 14, 2022 in Kyiv, Ukraine 

2022;  

Chepela L., Lishchuk P., Kuryliuk V., Kuzmich A., Borovyi M. Photothermal 

transformation in the porous silicon-based brag mirrors. 31st International Materials 

Research Congress 2023, August 13 3 18, Cancun, Mexico; 

 Chepela L., Lishchuk P., Kuzmich A., Borovyi M., Isaiev M. Photothermal 

transformation in silicon based nanomaterials. 2023 11th International Conference 
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<Nanotechnology and nanomaterials= (NANO-2023), August 16 3 19, Bukovel, Ukraine 

2022;  

Chepela L., Lishchuk P., Vashchuk A., Rogalsky S., Borovyi M., Lacroix D., Isaiev 

M. Thermal conductivity study of nanocomposite system «porous silicon and liquid» 

Workshop on Digitalization and Automation Boost Energy Materials Research 2024, 

January 24 – 25, Rome, Italy. 

 

#C1;V:0FVW: @57C;ьB0B8 48A5@B0FV9=>W @>1>B8 >?C1;V:>20=> 4 AB0BBOE 2 D0E>28E 
=0C:>28E 2840==OE 2 3 B570E <V6=0@>4=8E =0C:>28E :>=D5@5=FV9: 

1. K. Dubyk, L. Chepela, P. Lishchuk, A. Belarouci, D. Lacroix, M. Isaiev.  Features 

of photothermal transformation in porous silicon based multilayered structures. 

Applied Physics Letters 3 2019 3 Vol. 115(2). 3 021902 (:20@B8;ь Q1) 

doi:10.1063/1.5099010   

https://jnep.sumdu.edu.ua/en/full_article/3084  

 

2. L. Chepela, P. Lishchuk, V. Shevchenko, V. Kuryliuk, E. Polishchuk, 

A. Kuzmich, P. Teselko, I. Matushko, M. Borovyi. Fabrication and Photoacoustic 

Characterization of Multilayered Structures Based on Porous Silicon. "2022 IEEE 

41st International Conference on Electronics and Nanotechnology (ELNANO), 

Kyiv, Ukraine, 2022, pp. 178-181,  

doi: 10.1109/ELNANO54667.2022.9927023, 

https://ieeexplore.ieee.org/document/9927023  

 

3. P. Lishchuk, L. Chepela, E. Polishchuk, V. Shevchenko, V. Kuryliuk, M. Borovyi, 

D. Lacroix, M. Isaiev. Investigation of Thermal Transport Properties of Multilayer 

Porous Silicon Based Hybrid Nanostructures by Photoacoustic Technique. 2022 

https://jnep.sumdu.edu.ua/en/full_article/3084
https://ieeexplore.ieee.org/document/9927023
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IEEE 12th International Conference Nanomaterials: Applications & Properties 

(NAP), Krakow, Poland, 2022, pp. 01-04,  

doi: 10.1109/NAP55339.2022.9934682,  

https://ieeexplore.ieee.org/document/9934682  

 

4. P. Lishchuk, A. Vashchuk, S. Rogalsky, L. Chepela, M. Borovyi, D. Lacroix, 

Isaiev M. Thermal transport properties of porous silicon filled by ionic liquid 

nanocomposite system. Scientific Reports 3 2023 3 Vol. 13(1). 3 5889. 

(:20@B8;ь Q1) 

doi: 10.1038/s41598-023-32834-8. PMID: 37041312; PMCID: PMC10090056, 

https://pubmed.ncbi.nlm.nih.gov/37041312/  

 

!0C:>2V ?@0FV, O:V 70A2V4GCNBь 0?@>10FVN <0B5@V0;V2 48A5@B0FVW: 
5. Photothermal transformation in the porous silicon-based brag mirrors. L. Chepela, 

P. Lishchuk, V. Kuryliuk, A. Kuzmich, M. Borovyi. 31st International Materials 

Research Congress, August 13 3 18, 2023 Cancun, Mexico, Book of abstracts, 

$.2-3. 

 

6. Photothermal transformation in silicon based nanomaterials.  L. Chepela, 

P. Lishchuk, A. Kuzmich, M. Borovyi, M. Isaiev. 11th International Conference 

<Nanotechnology and nanomaterials= (NANO-2023), August 16 3 19, Bukovel, 

Ukraine, Book of abstracts, $.182. 

 

7. Thermal conductivity study of nanocomposite system «porous silicon and liquid». 

L. Chepela, P. Lishchuk, A. Vashchuk, S. Rogalsky, M. Borovyi, D. Lacroix, 

M. Isaiev. Workshop on Digitalization and Automation Boost Energy Materials 

Research 2024, January 24 – 25, Rome, Italy, Book of abstracts, $.22. 

https://ieeexplore.ieee.org/document/9934682
https://pubmed.ncbi.nlm.nih.gov/37041312/
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%B@C:BC@0 B0 >1AO3 48A5@B0FVW. �8A5@B0FV9=0 @>1>B0 A:;040єBьAO 7V 2ABC?C, 5 
@>74V;V2, 8 28A=>2:V2, A?8A:C 28:>@8AB0=8E 465@5; B0 4>40B:C. �8A5@B0FVO <VAB8Bь 40 

@8AC=:V2, 10 B01;8Fь B0 A?8A>: 28:>@8AB0=8E 465@5; V7 120 =09<5=C20=ь. �030;ь=89 
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#�$���� #"�!�+�!Ь &� %�"$"+�!Ь 

 

(� D>B>0:CAB8G=89; 

(& D>B>B5@<VG=89; 

�+) 0<?;VBC4=>-G0AB>B=0 E0@0:B5@8AB8:0; 

(+) D07>-G0AB>B=0 E0@0:B5@8AB8:0; 

VLS <5E0=V7< ?0@03@V48=03B25@45 BV;>; 

VSS ?0@03B25@45 BV;>3B25@45 BV;>; 

 %)& <5B0;>-AB8<C;ь>20=5 EV<VG=5 B@02;5==O; 

�$% :><1V=0FV9=5 @>7AVO==O A2VB;0; 

�$ V>==0 @V48=0; 

�! :@5<=Vє2V =0=>=8B:8; 

#� ?>@C20B89 :@5<=V9; 

<#� <C;ьB8H0@>289 ?>@C20B89  :@5<=V9; 

%�  A:0=C20;ь=89 5;5:B@>==89 <V:@>A:>?; 

#�� 400 ?>;V5B8;5=3;V:>;ь 400; 

[BMIm][TFSI] 1-1CB8;-3-<5B8;V<V407>;VN 1VA(B@8D>@><5B8;AC;ьD>=V;)-
V<V4C; 

[TEA][TFSI] B@85B8;0<>=V9 1VA(B@8DB>@<5B8;AC;ьD>=V;)-V<V4C; 

[Im] [BEHP] V<V407>;VN 1VA(2-5B8;35:A8;)D>AD0BC; 
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$"���� 1 
"%"����"%&� ("&"��'%&�+!�) &� ("&"&�$ �+!�) /��- � 

!�!"�" #"��&!�) %�%&� �) 

("��/� ��&�$�&'$�) 
 

1.1. (>B>B5@<VG=V B0 D>B>0:CAB8G=V O28I0 
 

(>B>B5@<VG=89 5D5:B - F5 DV78G=5 O28I5, O:5 28=8:0є ?@8 >?@><V=5==V 

<0B5@V0;C A2VB;><. #V4 2?;82>< A2VB;0 2V41C20єBьAO ?>3;81;5=5 ?>3;8=0==O 

D>B>=V2, 70728G09 2 >1<565=V9 >1;0ABV ?V4 ?>25@E=5N <0B5@V0;C. *5 ?@872>48Bь 

4> =03@V20==O B>=:>3> H0@C 1;87ь:> ?>25@E=V <0B5@V0;C. �;818=0 ?@>=8:=5==O 

A2VB;0 70;568Bь 2V4 2;0AB82>AB59 <0B5@V0;C B0 4>268=8 E28;V A2VB;0. 

�;O 35=5@0FVW D>B>B5@<VG=>3> 5D5:BC 28:>@8AB>2CєBьAO ?>;VE@><0B8G=5 

A2VB;> H8@>:>3> A?5:B@0;ь=>3> 4V0?07>=C 01> ;075@=5 A2VB;> 7 2C7ь:>N 

A?5:B@0;ь=>N ;V=VєN (=0?@8:;04, B0:5, O: 2 @0<0=V2Aь:V9 A?5:B@>A:>?VW 7 

=03@V20==O< 7@07:V2). ' G0AV A2VB;>289 ?>BV: <>65 1CB8 =5?5@5@2=8<, 0<?;VBC4=>-

<>4C;ь>20=8< 7 ?52=8<8 G0AB>B0<8 <>4C;OFVW 01> V<?C;ьA=8< 7 7040=>N 

4>268=>N B0 :>5DVFVє=B>< 70?>2=5==O. #V428I5==O B5<?5@0BC@8 ?>25@E=V 7@07:0 

?V4 G0A D>B>B5@<VG=>3> ?@>F5AC <>6=0 282G0B8 G5@57 @V7=V DV78G=V O28I0, B0:V O: 

0:CAB8G=89 A83=0; C D>B>0:CAB8G=8E <5B>40E [1-3], B5?;>25 28?@><V=N20==O 

?>25@E=V [4], 7<V=0 5;5:B@8G=>3> >?>@C [5], 7AC2 2 A?5:B@V B0 7<V=8 >?B8G=8E 

2;0AB82>AB59 ?>25@E=V [6,7]. �030;><, E0@0:B5@8AB8:8 D>B>B5@<VG=>3> 5D5:BC 

287=0G0NBьAO B0:8<8 ?0@0<5B@0<8, O: V=B5=A82=VABь B0 G0A>20 <>4C;OFVO A2VB;0, 

G0A =03@V20==O B0 B5@<>DV78G=V E0@0:B5@8AB8:8 7@07:0. (>B>B5@<VG=89 5D5:B 

7=09H>2 H8@>:5 70AB>AC20==O C 1V>V<5468=3C [8], >FV=FV 45D5:BV2 <0B5@V0;V2 [9], 

D>B>B5@<VG=V9 A?5:B@>A:>?VW 4;O 7>=4C20==O 307V2 B0 28<V@N20==V B5@<>DV78G=8E 

2;0AB82>AB59 [6,10]. � CAVE F8E <5B>48:0E >B@8<CNBь B5?;>2V ?0@0<5B@8 
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<0B5@V0;V2 @V7=>W ?@8@>48 70 287=0G5==O< E0@0:B5@8AB8: ?@>F5AC ?5@540GV B5?;0 

2 7@07>: ?@8 >?@><V=5==V D>B>=0<8 B0 9>3> @>7?>2AN465==O C 7@07:C. &0:8<8 

B5@<>DV78G=8<8 ?0@0<5B@0<8 є B5?;>?@>2V4=VABь (χ), ?8B><0 B5?;>є<=VABь (cp) B0 

B5?;>20 48DC7VO (³). 

 

1.1.1. (>B>0:CAB8G=89 B0 D>B>B5@<VG=89 5D5:B8 ?@8 ;075@=><C 
>?@><V=5==V  

 

":@5<> <>6=0 284V;8B8 3@C?C 157:>=B0:B=8E <5B>4V2 D>B>0:CAB8G=>W 

((�) V D>B>B5@<VG=>W 4V03=>AB8:8  7 28:>@8AB0==O< ;075@>3> 28?@><V=5==O. 'AV 

2>=8 2:;NG0NBь ?>25@E=5289 ;075@=89 =03@V2 V 28:>@8AB>2CNBь V=D>@<0FVN ?@> 

B5<?5@0BC@C ?>25@E=V 4;O 287=0G5==O B5?;>DV78G=8E 2;0AB82>AB59 

4>A;V46C20=>3> <0B5@V0;C. &0:V <5B>48, 7>:@5<0, 5D5:B82=V 4;O B5@<VG=>3> 

7>=4C20==O 1030B>H0@>2>W AB@C:BC@8 ?V4 ?>25@E=5N. 

�<?;VBC4=>-<>4C;ь>20=5 ;075@=5 28?@><V=5==O 28ABC?0є 465@5;>< 5=5@3VW 

4;O =03@V20==O 7@07:0 2V4 9>3> ?>25@E=V. #@>BO3>< :>6=>3> F8:;C =03@V20==O 

?>25@E=O 7@07:0 ?>3;8=0є 5=5@3VN ?040NG>3> D>B>=0 B0 284V;Oє B5?;>. ' 28?04:C, 

O:I> B5?;>?@>2V4=VABь 7@07:0 7=0G=> 28I0, =V6 C =02:>;8H=ь><C 307V, B5?;> 2 

>A=>2=><C ?5@540єBьAO 274>26 9>3> B>2I8=8 4> >A=>28 (@8A.1.1). &5?;>20 

@50:FVO ?>25@E=V =0 C<>28 =03@V20==O, 2:;NG0NG8 G0A>2C 70B@8<:C B0 0<?;VBC4C, 

70;568Bь 2V4 B5?;>DV78G=8E 2;0AB82>AB59 B0 <V6D07=>W B5?;>?@>2V4=>ABV ?> 2AV9 

3;818=V =03@V2C 7@07:0.  
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$8A.1.1.  (V78G=V AE5<8 <5B>4V2 (A/(T [11] 

 

->1 >FV=8B8 B5?;>DV78G=V 2;0AB82>ABV H0@C ?V4 ?>25@E=5N, <>6=0 

:>=B@>;N20B8 3;818=C =03@V20==O, 7<V=NNG8 G0AB>BC <>4C;OFVW A2VB;0. ' A2>N 

G5@3C, ?5@V>48G=5 B5?;>25 @>7H8@5==O =03@VB>W ?>25@E=V 4Vє =0 ACAV4=V9 307 [12] V 

28:;8:0є 7<V=8 72C:>2>W E28;V/B8A:C, O:V <>6CBь 1CB8 28O2;5=V C D>@<V 

0:CAB8G=>3> A83=0;C ((� <5B>4) [13-15]. (& <5B>4 4>40є 28<V@N20==O H;OE>< 

157?>A5@54=ь>3> B5?;>2>3> 28?@><V=N20==O 2V4 =03@VB>W ?>25@E=V [16-18]. 

 >4C;ь>20=89 ;075@ D>:CACєBьAO 25;8:>N ?;O<>N =0 ?>25@E=V 7@07:0, I>1 

30@0=BC20B8, I> 4>268=0 B5?;>2>W 48DC7VW O: C 307V, B0: V 2 7@07:C є =01030B> 

<5=H>N 70 4V0<5B@ A2VB;>2>W ?;O<8. (� <5B>48:0 28:>@8AB>2Cє <V:@>D>= 4;O 

28O2;5==O 72C:>28E E28;ь, B>4V O: (& <5B>48:0 28:>@8AB>2Cє V=D@0G5@2>=89 

45B5:B>@ 4;O 28O2;5==O 7<V=8 B5<?5@0BC@8 =0 ?>25@E=V H;OE>< 28<V@N20==O 

B5?;>2>3> 28?@><V=N20==O.  

' ?>40;ьH><C 0:CAB8G=89/B5?;>289 A83=0; @5єAB@CєBьAO A8=E@>=V7>20=8< 

?V4A8;N20G5<, V ;8H5 G0AB>B=>-DV:A>20=89 A83=0; 70?8ACєBьAO 4;O ?>40;ьH>3> 

B5?;>2>3> 0=0;V7C. (V78G=0 <>45;ь 4;O >?8AC B5?;>?5@540GV 2 (� <5B>48FV 1C;0 

2?5@H5 @>7@>1;5=0 �. $>75=:2093>< V �. �5@H> 4;O 7>1@065==O 7<V=8 

B5<?5@0BC@8, 2 O:V9 @>73;O40;8AO ;8H5 B5?;>DV78G=V 2;0AB82>ABV :>6=>3> 

H0@C [1]. ,0@8, ?@>=C<5@>20=V 2V4 1 4> N, є 7@07:>28<8 H0@0<8 <V6 ?V4:;04:>N 

(H0@ 0) V H0@>< 307C (H0@ N + 1) (@8A.1.1). 
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�>65= H0@ (=0?@8:;04, H0@ i) <0є B>2I8=C Li=li−li−1. �=HV B5?;>DV78G=V 

2;0AB82>ABV H0@C i ?>7=0G0NBьAO O:: B5?;>?@>2V4=VABь χi, ?8B><0 B5?;>є<=VABь cp,i, 

:>5DVFVє=B B5<?5@0BC@>?@>2V4=>ABV αi B0 :>5DVFVє=B >?B8G=>3> ?>3;8=0==O βi. 

&5@<VG=89 :>=B0:B=89 >?V@ <V6 H0@>< i B0 (i + 1) AB0=>28Bь Ri,i+1. �=H8<8 

?0@0<5B@0<8, =5>1EV4=8<8 C DV78G=V9 <>45;V, є 4>268=0 B5?;>2>W 48DC7VW Ā =√Āÿ/ÿĄ V :>5DVFVє=B B5?;>2>W 48DC7VW ³i=1/¼i, 45 f ?>7=0G0є G0AB>BC <>4C;OFVW 

?040NG>3> ;075@0. "A=>2=5 @V2=O==O 4;O 1D B5@<VG=>W 48DC7VW 2 H0@V i <>6=0 

28@078B8 O:: 

 Ā2�ÿĀ�2 = 1Āÿ Ā�ÿĀā 2 āÿą02ýÿ ă(∑ 2�þ=�+1 Āþ�þ) × ăĀ�(�2Ă�)(1 + ăĀÿā) , (1.1) 

 

45 θi =Ti−Tн 3 ?V428I5==O B5<?5@0BC@8 H0@C i, 0 Tн 3 B5<?5@0BC@0 =02:>;8H=ь>3> 

A5@54>28I0, ω 3 :CB>20 G0AB>B0 (2πf), I> 2V4?>2V40є G0AB>BV <>4C;OFVW f. 

�5B0;ь=89 28A=>2>: 4;O @>72’O70==O @V2=O==O (1.1) 1C;> ?@54AB02;5=> 

02B>@0<8 [12]. 

$57C;ьBCNG5 ?V428I5==O B5<?5@0BC@8 θi <0є B@8 :><?>=5=B8: ?5@5EV4=89 

:><?>=5=B θi,t, O:89 1C45 9B8 4> =C;O ?VA;O B>3>, O: ?>25@E=O 7@07:0 4>AO3=5 

AB0FV>=0@=>3> AB0=C, AB0;89 :><?>=5=B ?>ABV9=>3> AB@C<C θi,s B0 AB0;89 

:><?>=5=B 7<V==>3> AB@C<C θi,s, O:89 1C45 7<V=N20B8AO 7 G0AB>B>N <>4C;OFVW. 

&0:8< G8=><, A8=E@>=V7>20=89 ?V4A8;N20G 718@0B8<5 ;8H5 θi,s. 

�030;ь=5 @VH5==O <0є 28@07 O:: 

 ��,Ā� = [ýÿă��(�2Ă�) + þÿă2��(�2Ă�) 2 āÿăĀ�(�2Ă�)]ăĀÿā , (1.2) 
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45 Ai V Bi є 42><0 206;828<8 :>5DVFVє=B0<8, I> =5ACBь V=D>@<0FVN ?@> B5?;>2V 

B0 >?B8G=V 2;0AB82>ABV 7@07:0. �>=8 282>4OBьAO 7 <V6D07=>W <0B@8FV ?@>?CA:0==O 

=03@V20==O U B0 <0B@8FV ?>3;8=0==O A2VB;0 4;O :>=:@5B=8E AC<V6=8E H0@V2.  

"A:V;ь:8 28O2;5=5 B5?;>25 28?@><V=N20==O ?>E>48Bь 2V4 ?>25@E=52>3> 

H0@C 307C (H0@ N+ 1), 28O2;5=5 ?V428I5==O B5<?5@0BC@8 <0є :V=F5289 28@07 C 

283;O4V: 

 ��+1,Ā� =þ�+1ă2��+1�ăĀÿā , (1.3) 

 

  

1.1.2. (>B>0:CAB8G=89 307><V:@>D>==89 <5B>4 
 

(>B>0:CAB8G=89 <5B>4 7 307><V:@>D>==>N @5єAB@0FVєN є >4=8< V7 

=09?>H8@5=VH8E =87ь:>G0AB>B=8E <5B>4V2 45B5:BC20==O (� A83=0;C. 

(>@<C20==O (� 2V43C:C 2 307><V:@>D>==V9 :><V@FV 2V41C20єBьAO 70 4>?><>3>N 

:V;ь:>E <5E0=V7<V2. /: ?@028;>, >A=>2=89 <5E0=V7< ?@8 :>=DV3C@0FVW >A2VB;5==O 

?5@54=ь>W B0 704=ь>W ?>25@E>=ь =07820єBьAO 307>?>@H=52>N <>45;;N. �3V4=> 7 

FVєN <>45;;N, D>B>V=4C:>20=5 B5?;> A?@8G8=Nє V=HV ?@>F5A8, ?V4 G0A O:8E 

5=5@3VO 28B@0G0єBьAO 157 28?@><V=5==O A2VB;0, V FV ?@>F5A8 AC?@>2>46CNBьAO 

35=5@0FVєN H284:>730A0NG>W B5?;>2>W E28;V. )28;O ?>H8@NєBьAO G5@57 

?>25@E=N @>74V;C 2 ACAV4=V9 V7>;ь>20=89 307 2A5@548=V (� :><V@:8 (482. @8A.1.2). 

#>BV< B5?;>20 E28;O 7030A0є 2 B>=:><C H0@V 307C, I> ?@8;O30є 4> 7@07:0, 

28:;8:0NG8 ?5@V>48G=V :>;820==O B5<?5@0BC@8, I> 2V4?>2V40NBь <>4C;OFVW 

;075@=>3> 28?@><V=N20==O. &0:8< G8=><, ?5@V>48G=5 =03@V20==O 307C, I> 

28:;8:0є 9>3> @>7H8@5==O B0 AB8A=5==O, ?@872>48Bь 4> AB8A=5==O B0 @>7H8@5==O 

@5HB8 307C 2 (� :><V@FV; >AB0==є @5єAB@CєBьAO  21C4>20=8< <V:@>D>=>< O: (� 

A83=0;.  
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$8A.1.2. %E5<0B8G=5 7>1@065==O ?>?5@5G=>3> ?5@5@V7C (� :><V@:8 C 28?04:C 

>?@><V=5==O D@>=B0;ь=>W ?>25@E=V 42>H0@>2>W AB@C:BC@8 

 

)0@0:B5@=>N >A>1;82VABN =87ь:>G0AB>B=8E D>B>0:CAB8G=8E <5B>4V2 є 

<>6;82VABь >FV=8B8 B5?;>DV78G=V V >?B8G=V 2;0AB82>ABV 7@07:V2 =0 >A=>2V 

0<?;VBC4=>-G0AB>B=>3> (�+)) V D07>G0AB>B=>3> ((+)) 0=0;V7C :>;820=ь B8A:C. 

"?8H5<> D>@<C20==O B5<?5@0BC@=>W E28;V 2 7@07:C ?V4 G0A >?@><V=5==O 

?5@V>48G=> <>4C;ь>20=8< A2VB;>< 2 >4=>28<V@=><C 28?04:C 2 :>=DV3C@0FVW 

>A2VB;5==O ?5@54=ь>W ?>25@E=V. $>73;O4 3D-:>=DV3C@0FVW ?>:07Cє, I> 2>=0 <>65 

1CB8 72545=0 4> >4=>28<V@=>3> =01;865==O, O:I> @04VCA 465@5;0 71C465==O 

=01030B> 1V;ьH89 70 4>268=C B5?;>2>W 48DC7VW. $>73;O=5<> 28?04>:, :>;8 2A5 

A2VB;>25 28?@><V=N20==O ?>3;8=0єBьAO V =03@V20є 7@07>: G5@57 

15728?@><V=N20;ь=V <5E0=V7<8 @5;0:A0FVW. #@8 <>4C;OFVW AC<0@=>W V=B5=A82=>ABV 

(I0) 71C46C20;ь=>3> 28?@><V=N20==O 70 30@<>=VG=8< 70:>=>< WW G0A>2C 

70;56=VABь <>6=0 ?>40B8 C 283;O4V: 

 ą0 (1 + cos (ÿā))2  , (1.4) 

 

45 ω 3 F8:;VG=0 G0AB>B0 <>4C;OFVW >?@><V=5==O.  
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/:I> :>5DVFVє=B >?B8G=>3> ?>3;8=0==O 2 4>A;V46C20=><C 7@07:C 

?>7=0G8B8  ³, B> 3CAB8=0 ?>BC6=>ABV 465@5;0 B5?;0 ?@8 ?>3;8=0==V 28?@><V=5==O 

2 7@07:C <>65 1CB8 >?8A0=0 =0ABC?=8< G8=><: 

 ÿ(�, ā) = 12 ą0Āăÿ�(1 + cos (ÿā)) , (1.5) 

 

' Fь><C 28?04:C 7<V==C A:;04>2C B5?;>2>3> 71C@5==O 2 7@07:C <>6=0 

>?8A0B8 =0 >A=>2V @V2=O==O B5?;>?@>2V4=>ABV: 

 āĀĀĀ ĀăĀ�ÿĀā = �Ā Ā2ăĀ�ÿĀ�2 + 12 ą0Āāă ∙ ăÿÿā , (1.6) 

 

45 Ä χ  3 B5?;>є<=VABь, 3CAB8=0 V B5?;>?@>2V4=VABь 4>A;V46C20=>3> 7@07:0 

2V4?>2V4=>. �=45:A «s» >7=0G0є, I> 2V4?>2V4=0 25;8G8=0 2V4=>A8BьAO 4> 7@07:0, 0 

25@E=V9 V=45:A «А%» B5<?5@0BC@8 >7=0G0є, I> @>72’O7>: Fь>3> @V2=O==O є 

@57C;ьB0B>< 4VW 7<V==>W A:;04>2>W 71C46CNG>3> 28?@><V=N20==O. &@048FV9=89 

?V4EV4, O:89 28:>@8AB>2CєBьAO 4;O >?8AC DV78G=8E A8AB5< ?@8 7>2=VH=ь><C 

30@<>=VG=><C 71C465==V, ?>;O30є 2 @>73;O4V A8AB5<8 2 :><?;5:A=V9 ?;>I8=V: 

 āĀĀĀ Ā�ĀĀā = �Ā Ā2�ĀĀ�2 + 12 ą0Ā ∙ ăÿ� ∙ ăÿÿā , (1.7) 

 

45 θ 3 0=0;VB8G=5 @>7H8@5==O TAC =0 :><?;5:A=C ?;>I8=C TAC = Re(θ). &0:8< 

G8=><, @>72'O7>: @V2=O==O <>6=0 ?@54AB028B8 C 283;O4V: ă(�, ā) = ă0 + ăĀÿ + āă(�(�, ā)) , (1.8) 
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45 T0 3 ?>G0B:>20 B5<?5@0BC@0 4>A;V46C20=>3> 7@07:0 B0 A5@54>28I0 2A5@548=V 

:><V@:8 (�, TDC 3 2AB0=>2;5=0 A5@54=O B5<?5@0BC@0 ?>25@E=V 7@07:0 ?V4 G0A 9>3> 

>?@><V=5==O. �;O >B@8<0==O ?@>AB>@>2>3> @>7?>4V;C 7<V==>W A:;04>2>W 

B5?;>2>3> 71C@5==O θ(x) 28:>@8AB>2CєBьAO ?V4AB0=>2:0 θ(x,t) = θ(x)eiωt, 0 ?VA;O 

A?@>I5==O @V2=O==O (1.7) <>6=0 >B@8<0B8: 

 Ā2�ĀĀā2 2 ÿÿĀĀ �Ā = 212 ą0ĀĀĀ ∙ ăÿ� , (1.9) 

 

45 χ Ä  3 :>5DVFVє=B B5<?5@0BC@>?@>2V4=>ABV 7@07:0. �V4?>2V4=V @V2=O==O 

<>6=0 B0:>6 >B@8<0B8 4;O ?@>AB>@>2>3> @>7?>4V;C 7<V==>W A:;04>2>W 

B5<?5@0BC@=>3> 71C@5==O 2 307V (θ ), O:89 ?@0:B8G=> =5 ?>3;8=0є 71C46CNG5 

28?@><V=N20==O, 0 B0:>6 2 <0B5@V0;V ?V4:;04:8 (θ ): 

 

{  
  Ā2�gĀā2 2 ÿÿĀg �g = 0Ā2�ĀĂĀĀā2 2 ÿÿĀĀĂĀ �ĀĂĀ = 0 , (1.10) 

 

45  V  3 :>5DVFVє=B8 B5<?5@0BC@>?@>2V4=>ABV 307C B0 ?V4:;04:8 2V4?>2V4=>. 

&0:8< G8=><, ?@>AB>@>289 @>7?>4V; 71C@5==O B5<?5@0BC@8 2 :><V@FV (� <>6=0 

?@54AB028B8 B0:: 

 

�(�) = { �g(�) = ýă2�g�  ,   þg > � > 0�Ā(�) = þă2�Ā� + ÿă�Ā� 2 �ă,   2þĀ < � < 0�ĀĂĀ(�) = �ă�ĀĂĀ�, 2(þĀ + þĀĂĀ) < � < 2þĀ  , (1.11) 
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45  V  - :><?;5:A=V :>=AB0=B8; lg, ls, lsub 3 B>2I8=0 H0@V2 307C, 7@07:0 B0 

<0B5@V0;C ?V4:;04:8 2V4?>2V4=>; lg >> ls, lsub >> ls; �Ā = (1 + ÿ):ÿ/(2ĀĀ) , 45 
V=45:A j 2V4=>A8BьAO 4> H0@V2 307C, 7@07:0 B0 <0B5@V0;C ?V4:;04:8 2V4?>2V4=>; � =ą0Ā/2�Ā(Ā2 2 �Ā2). 

"A:V;ь:8 307 2A5@548=V (� :><V@:8 =5 ?>3;8=0є 28?@><V=5==O 71C465==O, 

B> =0O2=VABь =5@V2=>206=>3> B5<?5@0BC@=>3> 71C@5==O (�g) ?>2’O70=0 7 9>3> 
=03@V20==O< 2=0A;V4>: B5?;>2>3> ?>B>:C 2V4 ?>25@E=V 4>A;V46C20=>W AB@C:BC@8. 

&><C ?0@0<5B@8 B0:8E 71C@5=ь 1C4CBь 70;560B8 ;8H5 2V4 B5?;>DV78G=8E 

E0@0:B5@8AB8: 7@07:0. #@>0=0;V7Cє<> ?@>AB>@>289 @>7?>4V; 7<V==>W A:;04>2>W 

B5<?5@0BC@8 2 307>2><C H0@V, I> ?@8;O30є 4> 7@07:0 (�g). �5;8G8=0 �g 

5:A?>=5=FV9=> 7<5=HCєBьAO 7 G0A><, 4>AO30NG8 4>268=8 B5?;>2>W 48DC7VW (Āg�g ), 0 ?>BV< >AF8;Nє 7 ?5@V>4>< 2Ã/Im(�g . +5@57 >AF8;NNGC ?@8@>4C 

7<V==>W A:;04>2>W B5?;>2>3> 71C@5==O 2 @0<:0E D>@<0;V7<C «B5?;>E28;ь>2>3> 

?V4E>4C». *5 ?>OA=NєBьAO B8<, I> 7<V==0 A:;04>20 71C@5==O ?>2>48BьAO O: 

H284:> 730A0NG0 E28;O, O:0 <0є 4>268=C, ?@>?>@FV9=C E0@0:B5@=V9 3;818=V 

730A0==O ( �g �g
 

1.1.3. (>@<C20==O D>B>0:CAB8G=>3> A83=0;C 2 B25@48E BV;0E 
?’є7>5;5:B@8G=8< <5B>4>< 

 

#>G=5<> 7 @>73;O4C ?V4E>4C 4> 4>A;V465==O B5?;>?@>2V4=>ABV B25@48E BV;, 

70?@>?>=>20=>3> 2 [19]. �2B>@8 @>73;O40;8 F8;V=4@8G=89 7@07>: B>2I8=>N L, 

@04VCA>< R, B5?;>?@>2V4=VABN χ, 3CAB8=>N ρ V B5?;>є<=VABN c. �5@E=O AB>@>=0 

AB@C:BC@8  = L/2 ?5@V>48G=> >A2VB;N20;0AO <>4C;ь>20=8< 28?@><V=N20==O<, 0 

?’є7>5;5:B@8G=89 ?5@5B2>@N20G :@V?82AO 4> =86=ь>W G0AB8=8 7@07:0 (  = −L/2) 

(482. @8A 1.3). 
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$8A. 1.3.  �5><5B@VO 4>A;V46C20=>W AB@C:BC@8 

 

#@>AB>@>289 @>7?>4V; 7<V==>W A:;04>2>W B5<?5@0BC@8 C 7@07:C B0:>6 

<>6=0 >B@8<0B8 2 @0<:0E B5@<>E28;ь>2>3> ?V4E>4C. �>:@5<0, @V2=O==O 

B5?;>?5@540GV 4;O :><?>=5=B0 7<V==>W B5<?5@0BC@8 2 B@ь>E 28<V@0E <>6=0 

70?8A0B8 B0:8< G8=><: 

 ÿ2�(ā, �, �) 2 1ÿ Ă�(ā,�,�)Ăā = 2 Ā(ā,�,�)� ă2ÿÿā  ,  (1.12) 

 

45 Ā(ā, �, �) 3 >1’є<=0 3CAB8=0 465@5; B5?;0, ω 3 G0AB>B0 F8:;VG=>W <>4C;OFVW 

71C46CNG>3> 28?@><V=N20==O. 

#>H8@5==O B5?;>2>W E28;V 2 7@07:C 28:;8:0є ?@C6=V =0?@C38 2=0A;V4>: 

B5?;>2>3> @>7H8@5==O. �V4?>2V4=5 7<VI5==O 7@07:0 AB2>@Nє @V7=8FN ?>B5=FV0;V2 

C ?’є7>5;5:B@8G=><C ?5@5B2>@N20GV. �;O 28@VH5==O ?@>1;5<8 B5@<>?@C6=>ABV 

28:>@8AB>2CєBьAO B5>@VO B>=:8E ?;0AB8= V ?5@5410G0єBьAO, I> @04VCA ?;0AB8=8 

7@07:0 7=0G=> ?5@528ICє WW B>2I8=C. �@0E>2CNG8 70;56=VABь <V6 45D>@<0FVєN, 

=0?@C65==O<8 B0 3@0=8G=8<8 C<>20<8 =0 AB>@>=0E 7@07:0, 28@07 4;O AC<8 

=0?@C65=ь C 42>E =0?@O<:0E, CA5@54=5=8E ?> ?;>IV 7@07:0 +Āā + Ā�, , <>6=0 

70?8A0B8 B0:: 
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 +Āā + Ā�, = 2ÿ∫ (Āā + Ā�)āĂā = 2Āă(+�0, + �+ÿ,)ā
0 , 

+�0, = 1�∫ +ă(ā, �),�22�2 Ă�, 
+ÿ, = 12�3 ∫ +ă(ā, �),�22�2 Ă�, 

(1.13) 

 

45 ¸R V ¸θ 3 45D>@<0FVW 2 =0?@O<:0E r V θ 2V4?>2V4=>, ³T 3 :>5DVFVє=B B5?;>2>3> 

@>7H8@5==O 7@07:0.  

#@8 A8;ь=><C >?B8G=><C ?>3;8=0==V =0?@C30 U =0 >1:;048=:0E 

?'є7>5;5:B@8G=>3> ?5@5B2>@N20G0 287=0G0єBьAO O:: 

 Ą = ă�ĀĂ +Āā, + +Ā�, = 22ÿĀă���2 (1 + 3(1 2 ā/(��))�2�Ā/(��) ) , (1.14) 

 ÿ = 2ÿąĀ2 ăþĀĂ , (1.15) 

 

45 e 3 ?’є7><>4C;ь, ¸ 3 4V5;5:B@8G=0 ?@>=8:=VABь, S 3 ?;>I0 ?>25@E=V 

?’є7>5;5:B@8G=>3> ?5@5B2>@N20G0, � = √ÿÿ/Ā, D 3 :>5DVFVє=B 

B5<?5@0BC@>?@>2V4=>ABV, I 3 V=B5=A82=VABь ?040NG>3> 28?@><V=5==O, b 3 @04VCA 

?CG:0, l 3 B>2I8=0 ?’є7>5;5:B@8G=>3> ?5@5B2>@N20G0.  

$V2=O==O (1.14) >?8ACє 70;56=VABь 0<?;VBC48 =0?@C38 =0 >1:;048=:0E 

:>=45=A0B>@0 2V4 G0AB>B8 <>4C;OFVW 71C46CNG>3> 28?@><V=5==O. �07=0G8<>, I>, 

=572060NG8 =0 2V4=>A=C ?@>AB>BC, @57C;ьB0B8 FVєW <>45;V 4>1@5 C73>46CNBьAO 7 

@57C;ьB0B0<8, >?8A0=8<8 2 [20], B0 7 5:A?5@8<5=B0;ь=8<8 40=8<8.  
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�0C2068<>, I> 4;O @>7@0EC=:C B5?;>28E ?>;V2 C FV9 <>45;V 

28:>@8AB>2C20;>AO 04V010B8G=5 =01;865==O (2V4ACB=VABь 2V4B>:C B5?;0 2V4 

4>A;V46C20=>W A8AB5<8), O:5 є :>@5:B=8<, >A:V;ь:8 2V4BV: B5?;0 2V4 ?>25@E=V 

<0B5@V0;C ACBBє2> =5 2?;820є =0 >B@8<0=V @57C;ьB0B8 [21,22]. 

!54>;V:>< >?8A0=>3> ?V4E>4C є @>73;O4 ?’є7>5;5:B@8G=>3> ?5@5B2>@N20G0, 

O:89 28:>@8AB>2C202AO 4;O >?8AC ?0@0<5B@V2 2V43C:C (�, C =01;865==O, I> 9>3> 

B>2I8=0 7=0G=> <5=H0 70 B>2I8=C 4>A;V46C20=>3> 7@07:0. "B65, @>73;O40єBьAO 

28?04>:, :>;8 7@07>: 2V;ь=> :>;820єBьAO V ?’є7>5;5:B@8G=89 ?5@5B2>@N20G =5 

2?;820є =0 B0:V :>;820==O. *5 ?@8?CI5==O є =5:>@5:B=8< C 28?04:0E, :>;8 

B>2I8=0 ?’є7>:5@0<VG=>3> H0@C A?V2<V@=0 01> 1V;ьH0 70 B>2I8=C 7@07:0. &><C 

28:>@8AB0==O B0:>3> ?V4E>4C 4;O 0=0;V7C 5:A?5@8<5=B0;ь=8E 40=8E ?@8 

4>A;V465==V =5>4=>@V4=8E =0?V2?@>2V4=8:>28E AB@C:BC@, =0?@8:;04, B0:8E, O: 

AB@C:BC@8 7V 7<V=5=8<8 2;0AB82>ABO<8 ?>25@E=52>3> H0@C B0 ?>@8ABV 

=0?V2?@>2V4=8:8, ?@>1;5<0B8G=>. #@8 Fь><C A?V22V4=>H5==O 35><5B@8G=8E 

@>7<V@V2 A8AB5<8 «?’є7>5;5:B@8G=89 ?5@5B2>@N20G 3 7@07>:» VAB>B=> 2?;820є =0 

D>@<C20==O 2V43C:C (� [23].  

&5>@5B8G=0 <>45;ь D>@<C20==O 2V4?>2V4V (� C 42>H0@>2V9 AB@C:BC@V 

@>7@>1;5=0 2 [24]. �2B>@8 5:A?5@8<5=B0;ь=> 4>A;V46C20;8 2?;82 

?’є7>5;5:B@8G=>3> ?5@5B2>@N20G0 =0 :>;820==O 7@07:0 ?V4 4VєN ?5@V>48G=> 

<>4C;ь>20=>3> 28?@><V=N20==O. �0?@>?>=>20=89 ?V4EV4 @>7H8@82 <56V 

?@0:B8G=>3> 70AB>AC20==O <5B>4C (� 7 ?’є7>5;5:B@8G=8< 45B5:BC20==O< ?@8 

4>A;V465==V B>2AB8E 7@07:V2 [25] 01> =56>@AB:8E <0B5@V0;V2 (=0?@8:;04, 

>@30=VG=8E =0?V2?@>2V4=8:V2 [26]) V 1V>;>3VG=8E B:0=8= [27].  
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1.1.4.  5B>4 :><1V=0FV9=>3> @>7AVN20==O A2VB;0 
 

#@8 270є<>4VW A2VB;0 7 @5G>28=>N 7<V==5 5;5:B@><03=VB=5 ?>;5 71C@Nє 

@>7?>4V; 70@O4C 2 @5G>28=V, A?@8G8=ONG8 5;5:B@>==V 71C465==O,  <>;5:C;O@=V 

:>;820==O 01> >15@B0;ь=V :>;820==O 2 @V48=0E V 3070E, 5;5:B@>==V 71C465==O V 

>?B8G=V D>=>=8 2 B25@48E BV;0E V 5;5:B@>==>-?;07<>2V :>;820==O 2 ?;07<V [28]. 

�2060NG8 =0 270є<>4VN D>B>=0 7 :@8AB0;VG=>N 3@0B:>N 01> <>;5:C;>N, 

28=8:0є <>6;82VABь @>7AVN20==O A2VB;0 - O: ?@C6=>3>, B0: V =5?@C6=>3>. #@C6=5 

@>7AVN20==O (@>7AVN20==O $5;5O) 2V41C20єBьAO, :>;8 5=5@3VO @>7AVO=>3> D>B>=0 

4>@V2=Nє 5=5@3VW =0;VB0NG>3> D>B>=0. � V=H>3> 1>:C, =5?@C6=5 @>7AVN20==O 

A2VB;0 (5D5:B $0<0=0) 2V4><5 B8<, I> 5=5@3VO @>7AVO=>3> D>B>=0 =5 4>@V2=Nє 

5=5@3VW 2EV4=>3> D>B>=0 [29]. *59 =5?@C6=89 ?@>F5A 70;8H0є <>;5:C;C 2 

71C465=><C >15@B0;ь=>-:>;820;ь=><C AB0=V. 

' 28?04:C :@8AB0;VG=>W 3@0B:8 ?5@540G0 5=5@3VW AB2>@Nє :20=B :>;820==O 2 

3@0BFV - :207VG0AB8=:C D>=>=. �><1V=0FV9=5 @>7AVN20==O 2 :@8AB0;0E B0:>6 <>65 

?@872>48B8 4> AB2>@5==O ?0@0<03=VB=8E V>=V2, ?>25@E=528E ?;07<>=V2 B0 

A?V=>28E E28;ь. �<VI5==O :CB>2>W G0AB>B8 @>7AVO=>3> A2VB;0 <>6=0 >?8A0B8 

=0ABC?=8< @V2=O==O<: 

 ÿĀāÿā = ÿĆ ±ÿąĀā  , (1.16) 

 

45 V=45:A8 «osc» ?>7=0G0NBь :>;820==O @5HVB:8 01> <>;5:C;8, «p» ?>7=0G0є 

?040NG89 D>B>=, 0 «scat» ?>7=0G0є @>7AVO=5 A2VB;>. �>;8 5=5@3VO @>7AVO=>3> 

D>B>=0 =86G0, =V6 5=5@3VO ?040NG>3> D>B>=0 (G5@2>=89 7AC2), ?@>F5A 

=07820NBь AB>:A>28< :><1V=0FV9=8< @>7AVN20==O<, 0 :>;8 5=5@3VO @>7AVO=>3> 

D>B>=0 28I0 70 5=5@3VN ?040NG>3> D>B>=0 (A8=V9 7AC2), ?@>F5A 
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=07820NBь 0=B8AB>:A>28< :><1V=0FV9=8< @>7AVN20==O<. ' ?@>F5AV 

:><1V=0FV9=>3> @>7AVN20==O 715@V30єBьAO V<?C;ьA A8AB5<8: 

 ýĀāÿā⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗ = ýĆ⃗⃗⃗⃗ ± ′þ ⃗⃗⃗  , (1.17) 

 

45 ýĀāÿā⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗, ýĆ⃗⃗⃗⃗  B0 þ  E28;ь>2V 25:B>@8 @>7AVO=>3> A2VB;0, ?040NG>3> A2VB;0 B0 D>=>=0 
01> <>;5:C;O@=>3> >15@B0;ь=>3> :>;820==O 2V4?>2V4=>. 

' <>;5:C;0E V :@8AB0;0E @>7?>4V; 70@O4V2 <0є @V2=>206=89 AB0=. �>2=VH=є 

?@8:;045=5 5;5:B@8G=5 ?>;5 <>65 7<V=8B8 @>7?>4V; 70@O4C. �;O :>;820=ь 

:@8AB0;VG=>W @5HVB:8 @>73;O=5<> 25:B>@ ?>;O@870FVW <0B5@V0;C ÿ⃗ . /:I> V=45:A8 
j V k ?O2;ONBь A>1>N :><?>=5=B8 25:B>@0 2 =0?@O<:0E x, y V z, j-9 :><?>=5=B ÿ⃗  
?>2’O70=89 25:B>@>< =0?@C65=>ABV 7<V==>3> 5;5:B@8G=>3> ?>;O A2VB;>2>W E28;V 

5;5:B@8G=>3> ?>;O  ā⃗ : 
 ÿĀ(ÿ , ā, Ă⃗ )= 12 Ā0ĂĂ (Ā�Āā(1)(ýĆ⃗⃗⃗⃗ , ÿĆ)ĀĂĂ )Ă⃗⃗ =0 Ă⃗ (þ , ÿąĀā)ā⃗ (ýĆ⃗⃗⃗⃗ , ÿĆ)× {cos[(ýĆ⃗⃗⃗⃗ + þ ) ∙ ÿ 2 (ÿĆ +ÿąĀā)ā]+ cos[(ýĆ⃗⃗⃗⃗ 2 þ ) ∙ ÿ 2 (ÿĆ 2ÿąĀā)ā]}, 

(1.18) 

 

*59 :><?>=5=B <VAB8Bь AC<0@=C (0=B8AB>:A>2C) B0 @V7=8F52C (AB>:A>2C) 

G0AB>B8 B0 45<>=AB@Cє 715@565==O V<?C;ьAC 2V4?>2V4=> 4> @V2=O=ь (1.16) V (1.17). 

&0:5 D>@<C;N20==O 2V4?>2V40є :;0A8G=><C >?8AC :><1V=0FV9=>3> @>7AVN20==O 

A2VB;0 [28]. 

�3V4=> 7 :20=B>2>-<5E0=VG=89 >?8A>< ?@>F5AC :><1V=0FV9=>3> @>7AVN20==O 

>15@B0;ь=>-:>;820;ь=0 5=5@3VO <>;5:C;/D>=>=V2 =01C20є 48A:@5B=8E 7=0G5=ь. !0 
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@8A. 1.4 ?>:070=0 4V03@0<0 5=5@35B8G=8E @V2=V2, I> V;NAB@Cє ?@>F5A8 

:><1V=0FV9=>3> @>7AVN20==O 7V AB>:A>28< 28?@><V=N20==O< ?@8 ωS V 

0=B8AB>:A>28< 28?@><V=N20==O< ?@8 ωAS. 

 

 

$8A. 1.4. #@>F5A ?5@540GV 5=5@3VW C :><1V=0FV9=><C @>7AVN20=V 70 AB>:A>28< (0) B0 

0=B8AB>:A>28< (1) :0=0;0<8 [28] 

 

' :><1V=0FV9=><C @>7AVN20==V ?@><V6=V AB0=8 71C@5==O, 28:;8:0=>3> 

=0;VB0NG8< D>B>=>< | r 〉V | l 〉 =0 @8A. 1.4 70728G09 =5 2V4?>2V40NBь 

5;5:B@>==8< AB0=0< A8AB5<8 V =07820NBьAO 2V@BC0;ь=8<8 5=5@35B8G=8<8 

AB0=0<8.  

$0<0=V2Aь:89 A83=0; AB>:A0 4;O <>;5:C; 1V;ьH V=B5=A82=89, =V6 

0=B8AB>:AV2 A83=0;, >A:V;ь:8 70A5;5=VABь 5=5@35B8G=8E AB0=V2 @53C;NєBьAO 

B5<?5@0BC@=>N AB0B8AB8:>N. �;O 1>7>==8E A8AB5<, B0:8E O: D>=>=8 2 :@8AB0;0E, 

9<>2V@=VABь B>3>, I> @>7AVNNG0 <VH5=ь 709<0є 40=89 2V1@0FV9=89 :20=B>289 

5=5@35B8G=89 AB0=, 7040єBьAO AB0B8AB8:>N �>75-�9=HB59=0. �0 =5@57>=0=A=>3> 

:><1V=0FV9=>3> @>7AVN20==O B0 B5?;>2>W @V2=>2038 2V4=>H5==O V=B5=A82=>ABV 

0=B8AB>:A>2>3> B0 AB>:A>2>3> @>7AVN20==O 287=0G0єBьAO O: [28]: 
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 ą�ĂąĂ = (ÿĆ +ÿąĀāÿĆ 2ÿąĀā)4 ă(2ℏÿ�Āāāă ), (1.19) 

 

45 IS B0 IAS 3 V=B5=A82=VABь AB>:A>2>3> B0 0=B8AB>:A>2>3> A2VB;0, 2V4?>2V4=>, ℏ 3

AB0;0 #;0=:0, ?>4V;5=0 =0 2 π, k 3 AB0;0 �>;ьF<0=0, 0 T 3 B5<?5@0BC@0. *5 

@V2=O==O V=>4V 28:>@8AB>2CєBьAO 4;O 28<V@N20==O B5<?5@0BC@8 A8AB5<8 70 

4>?><>3>N @0<0=V2Aь:>W A?5:B@>A:>?VW [30]. 

 

1.2. !0=>:><>78B=V A8AB5<8 B0 WE DV78G=V 2;0AB82>ABV 
 

!0=>:><?>78B8 =0;560Bь 4> 1030B>D07=8E <0B5@V0;V2, 2 O:8E >4=0 7 D07 <0є 

;V=V9=89 @>7<V@ 2 >4=><C, 42>E G8 B@ь>E 28<V@0E, <5=H89 100 =0=><5B@V2 (=<). 

�@V< B>3>, =0=>:><?>78B0<8 є AB@C:BC@8 7 =0=><0AHB01=8<8 ?>2B>@N20=8<8 

2V4AB0=O<8 <V6 @V7=8<8 D070<8, I> A:;040NBь <0B5@V0; [31]. "4=8< 7 206;828E 

B8?V2 =0=>:><?>78BV2 є <0B5@V0;8 =0 >A=>2V ?>@C20B>W <0B@8FV, 45 =0=>G0AB8=:8 

01> =0=>AB@C:BC@8 @>7B0H>20=V 2 ?>@8ABV9 <0B@8FV 7 C=V:0;ь=8<8 2;0AB82>ABO<8.  

(V78G=V 2;0AB82>ABV =0=>:><?>78BV2 287=0G0NBьAO WE=ь>N <>@D>;>3VєN B0 

0B><=>-?@>AB>@>2>N AB@C:BC@>N, 0 B0:>6 270є<>4VєN <V6 :><?>=5=B0<8. ' 

28?04:C ?>@C20B8E <0B@8Fь, AB@C:BC@0 <>65 AB2>@N20B8 A?5F8DVG=C ?>@8ABVABь, 

I> 2?;820є =0 DV78G=V 2;0AB82>ABV <0B5@V0;C, 7>:@5<0, ?>:@0I5=V <5E0=VG=V B0 

B5@<VG=V E0@0:B5@8AB8:8. 

�0 @>7<V@>< ?>@ ?>@C20BV <0B@8FV ?>4V;ONBь =0: 

  V:@>?>@8ABV (4V0<5B@ ?>@ < 2 =<). 

  57>?>@8ABV (4V0<5B@ ?>@ 2V4 2 4> 50 =<). 

  0:@>?>@8ABV (4V0<5B@ ?>@ > 50 =<). 

$>7?>4V;5==O ?>@ 2 <0B@8FV <>65 ?@872>48B8 4> @V7=8E 35><5B@V9 

>1<56C20;ь=>W <0B@8FV 7 >1<565==O< 2 1-, 2- 01> 3-28<V@0E [32,33]. �>=DV3C@0FVO 
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?>@ 2 <0B@8FV <>65 1CB8 B@828<V@=>N, :>;8 ?>@8 21C4>20=V 3;81>:> 2 <0B@8FN, 

42>28<V@=>N - :>;8 ?>@8 @>7B0H>20=V 2 :0=0;0E 7 >4=8< 2V4:@8B8< :V=F5<, 01> 

>4=>28<V@=>N - :>;8 >1<565=89 <0B5@V0; CB2>@Nє H0@8 <V6 42><0 ?>25@E=O<8 

($8A.1.5). $V7=V :>=DV3C@0FVW ?>@8AB8E <0B@8Fь <0NBь 01> @53C;O@=C B0 

2?>@O4:>20=C >1<565=C 35><5B@VN (F5>;VB8, ?>@8AB89 :@5<=V9, 2C3;5F52V 

=0=>B@C1:8 B>I>), 01> =52?>@O4:>20=C >1<565=C 35><5B@VN (?>@8ABV AB5:;0, 

?>@8ABV >:A848 B>I>). �0@VN20==O :>=DV3C@0FV9 4>72>;Oє 24>A:>=0;N20B8 

DV78G=V 2;0AB82>ABV =0=>:><?>78BV2 =0 >A=>2V ?>@C20B>W <0B@8FV B0 

28:>@8AB>2C20B8 WE C @V7=><0=VB=8E >1;0ABOE, 2:;NG0NG8 5;5:B@>=V:C, :0B0;V7, 

A5=A>@8, B0 V=HV 30;C7V [34]. 

 

$8A.1.5. �>=DV3C@0FVW ?>@C20B8E <0B@8Fь: 0) 3 3D 70<:=CBV :@0?;V, 1) 3 2D 

>1<565=V 157?5@5@2=V ?>@8, I> ?@>E>4OBь G5@57 25Aь >1’є< 7@07:0, 

AB@86=V I> =5 ?5@5B8=0NBьAO, 2)  3  1D >1<565=V H0@8 01> ?;V2:8 

 

#>@8AB89 :@5<=V9 4 C=V25@A0;ь=89 <0B5@V0; V7 @V7=><0=VB=>N 

<>@D>;>3VєN ?>@, AC<VA=89 V7 ACG0A=8<8 <V:@>- B0 =0=>B5E=>;>3VO<8, 

?@54AB02;Oє V=B5@5A 4;O @O4C ?@0:B8G=8E 70AB>AC20=ь 2 DV78G=><C 

<0B5@V0;>7=02AB2V, ?@8;04>1C4C20==V, 1V>;>3VW B0 <548F8=V. �5;8:0 ?;>I0 

?>25@E=V Fь>3> <0B5@V0;C (=0=>?>@8AB89 :@5<=V9 ~1000 <2/A<3 , <57>?>@8AB89 

:@5<=V9 ~100 <2/A<3 , <0:@>?>@8AB89 :@5<=V9 ~1 <2/A<3 ) @>18Bь 9>3> ?@840B=8< 

4;O 70?>2=5==O ?>@ V=H8<8 @5G>28=0<8 (O: ?@028;>, @V48=0<8), I> ?@872>48Bь 
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4> @V7:>W 7<V=8 DV78G=8E 2;0AB82>AB59 B0:8E :><?>78B=8E A8AB5<. �>:@5<0, B0:V 

5D5:B8 <>6CBь 1CB8 28:>@8AB0=V ?@8 AB2>@5==V @V7=>3> B8?C 40BG8:V2, 2 O:8E 

V=48:0FVO ґ@C=BCєBьAO, =0?@8:;04, =0 7<V=0E ?>:07=8:0 70;><;5==O, @>1>B8 

28E>4C, 4V5;5:B@8G=>W ?@>=8:=>ABV, ?8B><>3> >?>@C 01> 28?@><V=N20==O A2VB;0, 

28:;8:0=>3> @V7=8<8 EV<VG=8<8 @5G>28=0<8, 70?>2=5=8<8 2 

?>@8 [35].  >;5:C;8, O:V 270є<>4VNBь 7 2=CB@VH=ь>N ?>25@E=5N ?>@8AB>W 

:@5<=Vє2>W <0B@8FV, <>6CBь 30A8B8 ;N<V=5AF5=FVN H;OE>< ?>A8;5==O ?@>F5AV2 

15728?@><V=N20;ь=>W @5:><1V=0FVW [36]. �@V< B>3>, ?>@8AB89 :@5<=V9 7024O:8 

A2>W9 =87ь:V9 B>:A8G=>ABV є ?5@A?5:B82=8< <0B5@V0;>< 4;O 1V><548G=8E 

70AB>AC20=ь V 28:>@8AB>2CєBьAO O: =>AV9 :>@8A=>3> =020=B065==O< 2 B5@0?VW B0 

4V03=>AB8FV. �>:@5<0, 1V><>;5:C;8 01> <>;5:C;8 ;V:V2 <>6CBь 1CB8 72’O7C20B8AO 

7 2=CB@VH=V<8 ABV=:0<8 ?>@ H;OE>< :>20;5=B=>3> ?@8є4=0==O, DV78G=>3> 

70E>?;5==O B0 04A>@1FVW [37]. �0E>?;5==O =0=>G0AB8=>: (=0?@8:;04, Fe3O4) 

H;OE>< >:8A;5==O ?>@8AB>W :@5<=Vє2>W <0B@8FV @50;V7CєBьAO H;OE>< 7<5=H5==O 

4V0<5B@V2 ?>@ 2=0A;V4>: >:8A;5==O ABV=>: ?>@ V 2:;NG5==O <0B5@V0;C 2 

?>@8. +5@57 <>48DV:0FVN ?>25@E=V ?>@, =0?@8:;04, H;OE>< >:8A;5==O, WW ?@8@>40 

<>65 7<V=8B8AO 7 3V4@>D>1=>W 01> 3V4@>DV;ь=>W.  SiO 2 AB2>@Nє =530B82=89 70@O4 

?>25@E=V ?>@, B><C :C;>=V2Aь:V A8;8 <>6CBь ?@8BO3C20B8 ?>78B82=V V>=8 [37,38]. 

*5 >7=0G0є, I> ?@8@>40 EV<VG=>3> A:;04C ?>25@E=V ?>@ <>65 2?;820B8 =0 

<VF=VABь ?@8є4=0==O <>;5:C;8 4> ?>25@E=V ?>@8AB>3> :@5<=VN. 

�V>@>7:;040=VABь =0=>AB@C:BC@>20=>3> :@5<=VN @>18Bь F59 <0B5@V0; 

?5@A?5:B82=8< 4;O <548G=8E 70AB>AC20=ь, B0:8E, O: :>=B@>;ь>20=0 4>AB02:0 

;V:V2, 21C4>2C20==O ?52=8E ?>682=8E @5G>28= C DC=:FV>=0;ь=C W6C B0 

>@B>?54VO [39]. &01;5B:8 7 =0=>AB@C:BC@>20=8< ?>@8AB8< :@5<=Vє< 

28:>@8AB>2CNBьAO 4;O ?5@5=5A5==O :>:B59;N 7 ;V:V2 01> ?>682=8E @5G>28=, O:V 

1C4CBь 4>AB02;5=V 2 >@30=V7< C 287=0G5=89 G0A, 0 G5@57 H:V@=V V<?;0=B0B8 7 
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?>@8AB>3> :@5<=VN 7 @04V>0:B82=8< 2<VAB>< <>6CBь 70157?5G8B8 >?@><V=5==O 

?CE;8==8E :;VB8= [37]. 

�@V< B>3>, :><?>78FV9=V <0B5@V0;8 7 ?>@8AB>3> :@5<=VN AB2>@NNBьAO 

H;OE>< V<?@53=C20==O <5B0;V2 V ?@>2V4=8E ?>;V<5@V2 C ?>@8, I> <0є =0 <5BV 

?>:@0I5==O 5;5:B@8G=>3> :>=B0:BC ?@8 @>7@>1FV 5;5:B@>;N<V=VAF5=B=8E 

?@8AB@>W2, 0 B0:>6 28:>@8AB>2CєBьAO 4;O 2?;82C =0 5D5:B82=VABь 

5;5:B@>;N<V=5AF5=FVW. ' 1V;ьH>ABV 28?04:V2 >A0465==O <5B0;C 2 ?>@8 ACBBє2> 

2?;820є =0 ;N<V=5AF5=FVN ?>@C20B>3> :@5<=VN, 0 G0AB> ?@872>48Bь V 4> WW 

30AV==O [40]. $O4 4>A;V465=ь 1C;> 28:>=0=> 4;O ?>HC:C <>6;828E 70AB>AC20=ь 

?>@C20B>3> :@5<=VN ?@8 @>7@>1FV 5;5:B@>==8E ?@8AB@>W2 [41]. �>:@5<0, 7 

28:>@8AB0==O< D5@><03=VB=8E <0B5@V0;V2 2 ?>@0E 287=0G0;8AO <03=VB=V 

E0@0:B5@8AB8:8 :@5<=Vє28E :><?>78B=8E A8AB5< [42].   

 

1.2.1.  5B>48 283>B>2;5==O B0 E0@0:B5@870FVO ?>@C20B>3> :@5<=VN 

 

#>@8AB89 :@5<=V9 <>6=0 >B@8<0B8 H;OE>< 28:>@8AB0==O <>:@>3> 01> 

ACE>3> B@02;5==O. "AB0==є 2V4><5 O: @50:B82=5 V>==5 B@02;5==O, є 2:@09 

?>?C;O@=8< C ACG0A=8E B5E=>;>3VOE <V:@>5;5:B@>=V:8.  >:@5 EV<VG=5 B@02;5==O 

:@5<=VN <>65 1CB8 ?@>2545=5 2 ;C6=8E @>7G8=0E, O:V 2 >A=>2=><C 

28:>@8AB>2CNBьAO 4;O 0=V7>B@>?=>3> B@02;5==O, 01> 2 :8A;8E @>7G8=0E, O:V 

V7>B@>?=> @>7G8=ONBь :@5<=V9. �>4020==O >:8A=N20GV2 4> 5;5:B@>;VBV2 є 

AB0=40@B=>N ?@>F54C@>N 4;O ?V428I5==O H284:>ABV B@02;5==O. ' 1030Bь>E 

28?04:0E 28:>@8AB>2CNBьAO 2>4=V @>7G8=8 HF 01> 7<VH0=C HF 7 

5B0=>;><  [43,44]. 

(>@<C20==O ?>@8AB>3> :@5<=VN, O: ?@028;>, 28:>=CєBьAO 0=>4C20==O< 

:@5<=Vє2>W ?;0AB8=8, ?@8 Fь><C 28:>@8AB>2CNBьAO @V7=V B8?8 :>=DV3C@0FV9 

5;5:B@>;VB8G=8E :><V@>: [45].  
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�8:>@8AB0==O< @V7=8E ;53>20=8E :@5<=Vє28E ?V4:;048=>: B0 20@VN20==O< 

5;5:B@>EV<VG=8E ?0@0<5B@V2 <>6=0 4>AO3B8 4V0<5B@V2 ?>@ C H8@>:><C 4V0?07>=V 

2V4 2 =< 4> :V;ь:>E 45AOB8 <V:@>=. !0 <>@D>;>3VN #�-AB@C:BC@ B0:>6 2?;820NBь 

:@8AB0;VG=0 >@Vє=B0FVO ?V4:;04:8, @568< 0=>4C20==O, :>=DV3C@0FVO 

5;5:B@>;VB8G=>W :><V@:8, 0 B0:>6 ?>?5@54=O B0 =0ABC?=0 >1@>1:0 7@07:0.  

 57>?>@8 28=8:0NBь H;OE>< B@02;5==O n + /p + :@5<=VN V7 70AB>AC20==O< 

28A>:>W 3CAB8=8 AB@C<C 2=0A;V4>: ;028==>3> ?@>@82C. �030;>< FV ?>@8 @>ABCBь 

45=4@8B=8< A?>A>1>< V G5@57 @V7=V H284:>ABV @>ABC >A=>2=V ?>@8 @>7B0H>20=V 

274>26 (100), 0 1VG=V ?>@8 3 274>26 (111).  

'B2>@5==O <0:@>?>@ <>6=0 ?>OA=8B8 ?5@5=5A5==O< 70@O4C G5@57 

:@5<=V9/5;5:B@>;VB=89 10@’є@ ,>BB:V, O:I> @>73;O40B8 =5?;>A:C <56C 

?>@ [46]. �83>B>2;5==O <0:@>?>@ C :@5<=VW n-B8?C, O:5 =0 Aь>3>4=VH=V9 45=ь є 

=092V4><VH8<, 4>AO30єBьAO 70 4>?><>3>N 72>@>B=>3> >A2VB;5==O 4;O AB2>@5==O 

>B2>@V2 =0 :V=G8:0E ?>@. *59 B8? ?>@ є =091V;ьH 4>A:>=0;8<, 2@0E>2CNG8 

3;04:VABь ABV=>: ?>@ B0 ?>ABV9=89 4V0<5B@ ?> 2AV9 3;818=V ?>@ [43].  0:@>?>@8 

70728G09 D>@<CNBьAO 70 4>?><>3>N ;VB>3@0DVW [47]. �V4><> 1030B> @V7=8E 

?@>F54C@ CB2>@5==O ?>@ ?@8 28:>@8AB0==V 2>4=8E, =52>4=8E 01> >@30=VG=8E 

5;5:B@>;VBV2 V @V7=8E B8?V2 >A2VB;5==O ?V4 G0A 0=>4C20==O, 0 B0:>6 <>45;59 @>ABC 

?>@ [46,48-50]. 

' @>1>BV [51] ?@54AB02;5=> B5>@5B8G=89 >?8A 70@>465==O ?>@ V D>@<C20==O 

48DC7V9=>3> H0@C ?@8 2@0EC20==V B0:8E ?0@0<5B@V2, O: :>=F5=B@0FVO ;53CNG>W 

4><VH:8, :>=F5=B@0FVO 5;5:B@>;VBC, 3CAB8=0 AB@C<C, ?@8:;045=89 ?>B5=FV0;, 

V=B5=A82=VABь >A2VB;5==O, ?>25@E=520 5=5@3VO, 0 B0:>6 B@0=A?>@BC 4V@>: C 

:@5<=Vє2V9 ?;0AB8=V B0 B@0=A?>@B V>=V2 C ?;0AB8=V. � @57C;ьB0BV <>6CBь 1CB8 

>B@8<0=V 7=0G5==O 2V4AB0=V <V6 ?>@0<8 4;O :>=:@5B=8E 5:A?5@8<5=B0;ь=> 

287=0G5=8E ?0@0<5B@V2. �V;ь:VA=C >FV=:C <>@D>;>3VW ?>@ <>6=0 >B@8<0B8 2 

@0<:0E <>45;V [52], O:0 @>73;O40є 28=8:=5==O 10@’є@C ,>BB:V <V6 ?>25@E=5N 
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@>74V;C :@5<=V9/5;5:B@>;VB 2=0A;V4>: ?>25@E=528E AB0=V2, ?@>BV:0==O AB@C<C 

G5@57 10@’є@ 70 <5E0=V7<>< BC=5;N20==O 5;5:B@>=V2 (:@5<=V9 V7 A8;ь=8< 

;53C20==O<) B0 ?5@5206=5 @>7G8=5==O :@5<=VN 2 :V=G8:0E ?>@ 70 @0EC=>: 

?V428I5=>W =0?@C65=>ABV 5;5:B@8G=>3> ?>;O 2 B0:8E CB2>@5==OE. � B>9 65 G0A, 

@O4 <>45;59, (=0?@8:;04, C @>1>BV [53], I> 107CєBьAO =0 >?8AV @>7?>4V;C 

5;5:B@8G=>3> ?>;O =0 :V=G8:0E ?>@ [54], O:0 ?5@5410G0є 5D5:B :20=B>2>3> 

>1<565==O [55,56]), I> @>73;O40NBь :><1V=0FVN 70@>465==O V ?>40;ьH>3> 

7@>AB0==O ?>@, =5 <>6CBь 40B8 704>2V;ь=89 >?8A CB2>@5==O ?>@8AB>3> :@5<=VN 7 

9>3> G8A;5==8<8 >A>1;82>ABO<8. 

 

1.2.2.  5B>48 283>B>2;5==O :@5<=Vє28E =0=>=8B>: 

 

 5E0=V7< ?0@03@V48=03B25@45 BV;> (VLS), 70?@>?>=>20=89 02B>@0<8 [57] C 

I5 A5@548=V 1960-E @>:V2, є :;NG>28< 4;O @>ABC :@5<=Vє28E =0=>=8B>: [58]. �>=8 

AD>@<C;N20;8 42V C<>28: =5>1EV4=VABь 4>4020==O <5B0;528E 4><VH>: 4;O @>ABC 

:@5<=Vє28E =8B>: B0 =0O2=VABь =525;8:8E 3;>1C; 4><VH>: =0 :V=G8:C =8B:8 ?V4 

G0A WW @>ABC. �2B>@8 [57] 7@>18;8 28A=>2>:, I> 3;>1C;0 =0 :V=G8:C =8B:8 

270є<>4Vє 7 0B><0<8 :@5<=VN, 28:>=CNG8 @>;ь ":@0I>3> ?>3;8=0G0" G8, 

<>6;82>, :0B0;V70B>@0 EV<VG=>3> ?@>F5AC. !0?@8:;04, :>;8 7>;>B> =0=>A8BьAO =0 

:@5<=Vє2C ?V4:;048=:C V FO ?V4:;04:0 =03@V20єBьAO 4> B5<?5@0BC@8 28I5 363 0% 

=0 WW ?>25@E=V D>@<CNBьAO :@0?;V @V4:>3> A?;02C Au-Si. #V4:;04:C ?V440NBь 4VW  

307>?>4V1=8<8 A?>;C:0<8 :@5<=VN, B0:8<8 O: B5B@0E;>@84 :@5<=VN (SiCl4) 01> 

A8;0= (SiH4), ?@872>48Bь 4> @>7:;040==O <>;5:C; F8E A?>;C: =0 ?>25@E=V 

:@0?5;ь A?;02C Au3Si. #VA;O Fь>3> 0B><8 :@5<=VN 21C4>2CNBьAO 2 @V4:C :@0?;N. 

!046>465==O :@5<=VN 7 307>2>W D078 ?@872>48Bь 4> =0A8G5==O :@0?;V :@5<=Vє< 

4> B>3> <><5=BC, ?>:8 :@5<=V9 =5 28:840єBьAO =0 V=B5@D59AV <V6 :@0?;5N V 
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:@5<=Vє<. !040;V F59 ?@>F5A ?@872>48Bь 4> 7@>AB0==O 4@>BC 7 :@0?;5N A?;02C, 

O:89 @CE0єBьAO 23>@C 274>26 @>ABCG>3> 4@>BC [57].  

!0720 <5E0=V7<C VLS ?>E>48Bь 2V4 B>3>, I> :@5<=V9 ?5@5E>48Bь 7 ?0@8 

G5@57 :@0?;N @V48=8 V, =0@5HBV, ?5@5B2>@NєBьAO =0 B25@4C @5G>28=C. #0@0;5;ь=> 

VA=CNBь V=HV <5E0=V7<8 @>ABC, B0:V, O: <5E0=V7< ?0@03B25@45 BV;>3B25@45 BV;> 

(VSS), 45 @VAB =8B:8 ?@8A:>@NєBьAO A0<5 B25@4>N G0AB8=:>N :0B0;V70B>@0 [59]. 

�81V@ <V6 VLS V VSS <5E0=V7<V2 70;568Bь 2V4 <0B5@V0;C :0B0;V70B>@0 B0 

B5<?5@0BC@8. "4=0: G0AB> A:;04=> 287=0G8B8, O:89 <5E0=V7< ?5@52060є V ;8H5 

>AB0B>G=0 D>@<0 G0AB8=:8 :0B0;V70B>@0 <>65 =040B8 ?V4:07:C. �V47=0G0єBьAO, I> 

?@8 28@>IC20==V =8B:8 VLS @04VCA (R) :@0?;V :0B0;V70B>@0 ?5@528ICє @04VCA (r) 

=0=>=8=:8. &>4V 2 AB0=V @V2=>2038 28:>=CєBьAO A?V22V4=>H5==O [60]. 

 ā = ÿ:1/ (1 2 (�рт/�р)2) , (1.21) 

 

 

45 σ@ V σ@B -:>5DVFVє=B8 ?>25@E=52>3> =0BO3C @V4:>3> :0B0;V70B>@0 B0 ?>25@E=V 

@>74V;C @V48=0/B25@45 BV;> 2V4?>2V4=>. �06;820 ?5@52030 <5E0=V7<C VLS ?>;O30є 

C B><C, I> 2V= 4>1@5 ?@0FNє 2 H8@>:><C 4V0?07>=V @>7<V@V2 3 2V4 =8B>: B>2I8=>N 

:V;ь:0 A>B5=ь <V:@><5B@V2 4> =0=>=8B>: 4V0<5B@>< ;8H5 :V;ь:0 =0=><5B@V2. 

"4=8< 7 ?>?C;O@=8E <5B>4V2 A8=B57C :@5<=Vє28E =0=>=8B>: B0:>6 є <5B>4 

<5B0;>-AB8<C;ь>20=>3> EV<VG=>3> B@02;5==O ( %)&) [61,62].  5B>4  %)& 

?5@5410G0є 42>5B0?=89 ?@>F5A, I> 2:;NG0є >A0465==O B0 B@02;5==O. !0 ?5@H><C 

5B0?V ?@>2>48BьAO =530;ь20=VG=5 >A0465==O, O:5 A?@8G8=OєBьAO >4=>G0A=8<8 

@50:FVO<8 C 2>4=><C @>7G8=V, =5 28<030NG8 7>2=VH=ь>3> 465@5;0 AB@C<C. 

�0728G09 4;O >A0465==O 28:>@8AB>2CNBьAO G0AB8=:8 =V:5;N, A@V1;0 01> 7>;>B0. 

!0?@8:;04, Ag, 1C4CG8 1V;ьH 5;5:B@>=530B82=8<,  2V4BO3Cє 5;5:B@>=8 2V4 Si,  

A?@8ONG8 9>3> >:8A;5==N. /: ?@8:;04, 28:>@8AB0=> AC<VH AgNO3 (0,5 < ) B0 
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HF (40%) (4,8  ) 4;O >A0465==O =0 :@5<=Vє2V9 ?;0AB8=V 7 ?8B><8< >?>@>< 

2000 "<∙A< [61]. �0;V 4;O  >B@8<0==O �! @>7@V70;8 ?;0AB8=C Si =0 :204@0B8 

2 A< x 2 A<, O:V >G8IC20;8 C;ьB@072C:>< 2 5B0=>;V B0 0F5B>=V. #>BV< 70=C@N20;8 

7@07>: C @>7G8= 4;O >A0465==O, I> <VAB82 Ag. #VA;O >A0465==O ?@>2>48;>AO 

B@02;5==O, AB2>@NNG8 @>7G8= V7 HF (4,6  ) B0 H2O2 (30%) (0,5  ). &@02;5==O Si 

2V41C20;>AO H284:> 9 5D5:B82=> ?@8 :V<=0B=V9 B5<?5@0BC@V, D>@<CNG8 

<0A828 �!. 

 

1.3. "A>1;82>ABV D>B>0:CAB8G>3> ?5@5B2>@5==O 2 ?>@C20B8E 
=0=>:><?>78B=8E A8AB5<0E 

 

1.3.1. &5?;>289 B@0=A?>@B C =0=>A8AB5<0E 7 @V48=0<8  

 

�2545==O =0=>G0AB8=>: C @V48=8 <>65 ACBBє28< G8=>< 7<V=8B8 

B5?;>B@0=A?>@B=V 2;0AB82>ABV CB2>@5=8E :><?>78B=8E A8AB5<. �>:@5<0, <>6;82> 

CB2>@5==O 42>D07=8E A5@54>28I, O:V A:;040NBьAO 7 >A=>2=>W @V48=8 (2>40, <0A;> 

V B>I>), B0 B25@48E G0AB8=>: =0=>@>7<V@V2. ' 28?04:C AB01V;ь=8E :>;>W4=8E 

@>7G8=V2 =0=>G0AB8=>:, @>7<V@ O:8E <5=H5 100 =<, A8AB5<8 >B@8<0;8 =072C 

«=0=>D;NW48» [63,64]. 

�:A?5@8<5=B0;ь=> 4>A;V46C20;0AO B5?;>?@>2V4=VABь =0=>@V48= 7 

28:>@8AB0==O< @V7=8E <5B>4V2, B0:8E, O: <5B>4 «30@OG>3> 4@>BC», <5B>4 30@OG8E 

48A:V2 [65], <5B>4 0=0;V70B>@0 B5?;>28E :>=AB0=B [66], AB0FV>=0@=89 <5B>4 

?0@0;5;ь=8E ?;0AB8= [67], <5B>4 :>;820=ь B5<?5@0BC@8 [68], <5B>48 

F8;V=4@8G=>W :><V@:8 B0 B5?;>289 :><?0@0B>@ [69]. $57C;ьB0B8 ?>:07CNBь, I> 

B5?;>?@>2V4=VABь =0=>D;NW4V2 C ?>@V2=O==V 7 G8AB8<8 @V48=0<8 7@>AB0є 70;56=> 

2V4 B5?;>?@>2V4=>ABV >A=>2=>W @V48=8, <0B5@V0;C =0=>G0AB8=>:, >1'є<=>W G0AB:8, 

?;>IV ?>25@E=V B0 D>@<8 =0=>G0AB8=>: C @V48=V. �;O ?>OA=5==O B0:>3> 7@>AB0==O 
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1C;> 70?@>?>=>20=> @V7=V <5E0=V7<8 B5?;>?5@540GV, B0:V, O: 1@>C=V2Aь:89 @CE 

=0=>G0AB8=>:, 2?;82 2V4=>H5==O ?;>IV ?>25@E=V 4> >1'є<C =0=>G0AB8=>: [70], 

2?;82 @>7<V@C =0=>G0AB8=>: [71] V V=HV. 

"4=0:, 548=>W B5>@VW, O:0 1 ?>A;V4>2=0 ?>OA=N20;0 AC:C?=VABь 2V4><8E 

5:A?5@8<5=B0;ь=8E 40=8E, =0 Aь>3>4=V =5<0є. &><C 70;8H0єBьAO 0:BC0;ь=8< 

?8B0==O, O:0 A0<5 7 B5>@5B8G=8E <>45;59 =091V;ьH B>G=> >?8ACє 7@>AB0==O 

B5?;>?@>2V4=>ABV9 =0=>D;NW4V2. 

%5@54 2V4><8E 5:A?5@8<5=B0;ь=8E 4>A;V465=ь =0=>D;NW4V2 20@B> 

2V47=0G8B8 @>1>BC [72], 2 O:V9 287=0G0;0AO B5?;>?@>2V4=VABь =0=>@V48= =0 >A=>2V 

2C3;5FN 2 107>28E @V48=0E, B0:8E, O: 2>40, ?>;V5B8;5=3;V:>;ь B0 >;VW. 

�>A;V465==O 28:>=C20;8AO D>B>0:CAB8G=8< <5B>4>< 7 ?'є7>5;5:B@8G=>N 

@5єAB@0FVєN. /: 707=0G0;>AO 2 ?.?. 1.1.1 - 1.1.3, D>B>0:CAB8G=89 <5B>4 ?>;O30є 2 

35=5@0FVW 72C:>28E E28;ь C 7@07:C ?V4 2?;82>< <>4C;ь>20=>3> >?B8G=>3> 

28?@><V=N20==O. &0:89 ?V4EV4 4>72>;Oє 4>A;V46C20B8 B5?;>2V 2;0AB82>ABV 

<0B5@V0;V2, 28<V@NNG8 0<?;VBC4=>- B0 D07>G0AB>B=V E0@0:B5@8AB8:8 =0 G0AB>BV 

<>4C;OFVW 71C465==O. $>7@0EC=>: B5@<>?@C6=8E ?0@0<5B@V2 ?@>2>48BьAO =0 

>A=>2V B5>@5B8G=>W <>45;V D>@<C20==O D>B>0:CAB8G=>3> 2V43C:C, 7 ?>@V2=O==O< 

5:A?5@8<5=B0;ь=8E 40=8E ($8A. 1.3). 
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$8A.1.6. �<?;VBC4=>- B0 D07>G0AB>B=V E0@0:B5@8AB8:8 D>B>0:CAB8G=>3> 2V43C:C 

1030B>H0@>2>W A8AB5<8 7 5B0;>==>N @V48=>N (2>4>N). �>;> B0 :204@0B - 

40=V 5:A?5@8<5=BC, ;V=VO - <>45;N20==O 

 

*59 <5B>4 28:>@8AB>2C202AO 4;O >FV=:8 B5?;>?@>2V4=>ABV ?52=8E 

AB0=40@B=8E @V48=, V >B@8<0=V @57C;ьB0B8 A2V4G0Bь ?@> B5, I> WE=V 7=0G5==O 240;> 

C73>46CNBьAO 7 2V4><8<8 2 ;VB5@0BC@V 40=8<8. 

 

1.3.2. &5?;>DV78G=V 2;0AB82>ABV =0=>@>7<V@=8E :><?>78BV2  
 

&5?;>DV78G=V 2;0AB82>ABV є 206;828<8 E0@0:B5@8AB8:0<8 <0B5@V0;V2, O:V 

287=0G0NBьAO WE=ь>N ?>254V=:>N ?@8 7<V=V B5<?5@0BC@8. �>A;V465==O B0:8E 

B5?;>DV78G=8E ?0@0<5B@V2, O: :>5DVFVє=B8 B5?;>?@>2V4=>ABV, B5?;>є<=>ABV B0 

B5<?5@0BC@>?@>2V4=>ABV, 4>72>;Oє 7@>7C<VB8 V >FV=8B8 O:VABь <0B5@V0;C [13]. 

&5?;>?@>2V4=VABь C B25@48E BV;0E 2V41C20єBьAO, 73V4=> 7 :20=B>2>N B5>@VєN, G5@57 

:>;5:B82=V :>;820==O :@8AB0;VG=>W 3@0B:8, O:V< 2V4?>2V40є @CE :207VG0AB8=>:  

D>=>=V2. 

 0B5@V0;8, O:V <0NBь ?>@8 @V7=>W <>@D>;>3VW, B0 V=HV =0=><0B5@V0;8, O:V 

<0NBь 287=0G5=C AB@C:BC@C, ?@825@B0NBь 7=0G=C C203C O: >1’є:B8 4>A;V465=ь 

G5@57 ?5@A?5:B828 WE=ь>3> 70AB>AC20==O 2 @V7=8E 30;C7OE, B0:8E O: >?B>-, 

=0=>5;5:B@>=V:0, A5=A>@8:0, 1V>;>3VO B0 <548F8=0 B>I>. �>=B@>;ь @>7<V@V2 ?>@ 

4>72>;Oє 20@VN20B8 2;0AB82>ABV <0B5@V0;C.  0B5@V0;8, O:V A:;040NBьAO 7 ?>@ B0 

B25@4>BV;ь=>W <0B@8FV, 1C4CBь <0B8 @V7=><0=VB=C <>@D>;>3VG=C AB@C:BC@C, O:0 

2?;820є =0 WE 2;0AB82>ABV. !0?@8:;04 B5?;>?@>2V4=VABь ?>@8AB>3> :@5<=VN 1C45 

=87ь:>N G5@57 <0;C 2V4AB0=ь 2V;ь=>3> ?@>1V3C D>=>=V2 2 @>730;C465=V9 A8AB5<V 

B0 =0O2=VABь 307C (?>2VB@O) 2 ?>@0E, I> <0є =87ь:C ?@>2V4=VABь. 
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&0:, C @>1>BV [73] 28:>@8AB>2C20;0AO D>B>0:CAB8G=0 <5B>48:0, O:0 

>4=>G0A=> 4>72>;Oє >FV=N20B8 B5?;>?@>2V4=VABь B0 >?B8G=5 ?>3;8=0==O 

?>@8AB8E <0B5@V0;V2. *5 4>72>;Oє ?>4>;0B8 =5287=0G5=VABь, ?>2'O70=C V7 

4>A;V645==O< :>5DVFVє=B0 >?B8G=>3> ?>3;8=0==O 2 A5@54>28IV 7 A8;ь=8< 

@>7AVO==O< A2VB;0. 

&0:>6 C 4>A;V465==OE D>B>B5@<VG=>3> ?5@5B2>@5==O 2 

=0=>AB@C:BC@>20=8E A8AB5<0E 7 ?’є7>5;5:B@8G=>N @5єAB@0FVєN 0:CAB8G=>3> 

2V43C:C [74] 1C;> ?@>2545=> <0B5<0B8G=5 <>45;N20==O Fь>3> ?@>F5AC ?@8 

?5@V>48G=>-<>4C;ь>20=><C >?@><V=5==V 7@07:0. #V4EV4 ?>;O30є 2 ?>@V2=O==V 

0<?;VBC4 =0?@C38 =0 @V7=8E B8?0E 7@07:V2: ?@8 C<>2V 4>4020==O ?>25@E=52>3> 

H0@C @V48=8 (:><?>78B) B0 157 40=>W @V48=8, I> 4>72>;Oє >FV=8B8 B5?;>є<=VABь 

B0 B5?;>?@>2V4=VABь 7@07:0 ($8A.1.7). 

 

 

$8A. 1.7. "AF8;>3@0<8 D>B>0:CAB8G=8E 2V43C:V2 4;O 7@07:V2 ?>@C20B>3> :@5<=VN 

157 =0?>2=N20G0 (0) B0 :><?>78BV2 «?>@C20B89 :@5<=V9-@V48=0» (1) 2 

70;56=>ABV 2V4 7=0G5==O ?>@C20B>ABV, >B@8<0=V ?@8 ?5@V>48G=>-

<>4C;ь>20=><C >?@><V=5==V =0 G0AB>BV <>4C;OFVW 400 �F 
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 ' @>1>BV [74] 1C;> 287=0G5=> 2?;82 @V48==>3> =0?>2=N20G0 2 ?>@C20BV9 

:@5<=Vє2V9 <0B@8FV =0 7<V=C B5?;>DV78G=8E E0@0:B5@8AB8: 7@07:0 7 @V7=>N 

:>=DV3C@0FVєN ?>@. #@>45<>=AB@>20=>, I> ?@8 2:;NG5==V  @V48=8 C ?>@8 A8AB5< 

7 D@0:B0;ь=>N <>@D>;>3VєN ?@8@VAB B5?;>?@>2V4=>ABV 28I89 2 ?>@V2=O=V 7 

2?>@O4:>20=>N AB@C:BC@>N. 

"B65, 28:@8AB0==O =0=><0B5@V0;V2 O: >A=>28 :><?>78B=8E A8AB5< 4;O 

AB2>@5==O V=B5@D59AV2 7 @V48=0<8, I> 4>72>;8Bь <>48DV:C20B8 WE 2;0AB82>ABV є 

?5@A?5:B82=8< =0?@O<:>< C =0CFV. 

 

1.3.3. �?;82 =03@V2C ?>@C20B8E 7@07:V2 :@5<=VN =0 A?5:B@ 
:><1V=0FV9=>3> @>7AVO==O A2VB;0   

 

� @>1>B0E   [75,76-81] 1C;> 4>A;V465=> 2?;82 =03@V2C =0=>AB@C:BC@>20=8E 

<0B5@V0;V2, B0:8E O: #� B0 �!, 0 B0:>6  <>=>:@8AB0;VG=>3> Si =0 D>@<C A?5:B@V2 

�$%. �>:@5<0, 2 [75,77-79] =03@V2 7@07:V2 74V9A=N202AO 70 4>?><>3>N 465@5;0 

B5?;0 (<>=>E@><0B8G=>3> A2VB;0). %?5:B@8 �$% 28<V@N20;8AO ?@8 =87ь:V9 

V=B5=A82=>ABV ;075@0, I> 4>72>;8;> C=8:=CB8 4>40B:>2>3> =03@V2C 7@07:V2. �C;> 

70@5єAB@>20=> 2?;82 =03@V20==O =0 ?>;>65==O AB>:A>2>3> :><?>=5=B0 

>4=>D>=>==>3> ?V:C �$% 7 E28;ь>28< G8A;>< 520 A<⁻¹. �@07:8 �!, O:V 1C;8 

28:>@8AB0=V 2 @>1>B0E, <0;8 3;04:C B0 H5@H02C ?>25@E=N. $57C;ьB0B8 

4>A;V465=ь ?>:070;8, I> 25;8G8=0 A?5:B@0;ь=>3> 7AC2C ?V:C �$% #� [75] B0 �!  

[77,78], I> 2V4?>2V40є @V7=V9 B5<?5@0BC@V =03@V2C 7@07:V2, =5 2V4@V7=OєBьAO 2V4 

B0:>W 4;O <>=>:@8AB0;VG=>3> :@5<=VN. !0 $8A.1.8 =02545=0 70;56=VABь ?>;>65==O 

AB>:A>2>3> ?V:C �$% 4;O c-Si 2V4 9>3> B5<?5@0BC@8. 
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$8A. 1.8. %?5:B@0;ь=5 ?>;>65==O AB>:A>2>3> :><?>=5=B0 �$% 2 70;56=>ABV 2V4 

B5<?5@0BC@8 4;O c-Si ?@8 ?>BC6=>ABV ;075@0 PL = 10 mW [75]  

 

!572060NG8 =0 B5, I> D>B>V=4C:>20=89 =03@V2 :@8AB0;VG=>3> :@5<=VN 

?@8=F8?>2> <>65 7<V=N20B8 9>3> A?5:B@ �$%, V=B5=A82=VABь ;075@=>3> 

28?@><V=N20==O, O:5 70728G09 28:>@8AB>2CєBьAO 2 A?5:B@>A:>?VW �$%, 

=54>AB0B=O 4;O 7=0G=>3> =03@V2C G5@57 2V4=>A=> 28A>:C B5?;>?@>2V4=VABь 

:@8AB0;VG=>3> :@5<=VN (?@81;87=> 150 �B/(<∙�) ?@8 :V<=0B=V9 B5<?5@0BC@V) [75]. 

!02?0:8, 4>A;V465==O A?5:B@V2 �$% 4;O =0=>AB@C:BC@ :@5<=VN ?@8 @V7=8E 

V=B5=A82=>ABOE ;075@=>3> 28?@><V=5==O C 2848<><C 4V0?07>=V 4>268= E28;ь 

A2V4G8Bь ?@> B5, I> 2>=8 <>6CBь VAB>B=> =03@V20B8AO [75,76,78-81,82]. �5;8G8=C 

D>B>V=4C:>20=>3> =03@V2C 7@07:V2 <>6=0 287=0G8B8, ?>@V2=NNG8 V=B5=A82=>ABV 

AB>:A>2>3> V 0=B8AB>:A>2>3> :><?>=5=BV2 [76,79-82], 01> A?5:B@0;ь=89 7AC2 ?V:C 

�$% [75,76]. ' @>1>BV [76] B5<?5@0BC@0 =0=>AB@C:BC@ :@5<=VN 1C;0 287=0G5=0 

>1><0 <5B>40<8, V >B@8<0=V @57C;ьB0B8 :>@5;N20;8 <V6 A>1>N. �@V< B>3>, 

25;8G8=0 =03@V2C, 287=0G5=0 70 4>?><>3>N A?5:B@>A:>?VW �$%, 

28:>@8AB>2C20;0AO 4;O >FV=:8 :>5DVFVє=B0 B5?;>?@>2V4=>ABV 45O:8E 

=0=>AB@C:BC@ :@5<=VN [75,83]. "B@8<0=V @57C;ьB0B8 ?V4B25@46CNBь, I> 
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A?5:B@>A:>?VO �$% є 7@CG=8< V 157:>=B0:B=8< <5B>4>< 287=0G5==O B5?;>28E 

2;0AB82>AB59 :@5<=Vє28E =0=>AB@C:BC@. 

' @>1>B0E  [76,80-82] 1C;> 2AB0=>2;5=>, I> C =0=>=8B:0E  D>B>V=4C:>20=89 

=03@V2 B0 7AC2 ?V:C �$% C �! 71V;ьHCNBьAO ?@>?>@FV9=> 7@>AB0==N ?>BC6=>ABV 

;075@0. &0:>6 5:A?5@8<5=B0;ь=> ?V4B25@465=>, I> 7AC2 A?5:B@0 �$% 7@>AB0є ?@8 

7<V=V 4>268=8 E28;V ;075@0 2V4 514 =< 4> 785 =< (482. @8A.1.9) G5@57 1V;ьH 

5D5:B82=5 ?>3;8=0==O A2VB;0 =0=>=8B:0<8 [79].  

 

$8A. 1.9. �5@E=V9 3@0DV: 3 A?5:B@8 

:><1V=0FV9=>3> @>7AVN20==O �! 

?@8 @V7=8E 4>268=0E E28;ь, 

=86=V9 3@0DV: 3 ?>@V2=O==O 

A?5:B@V2 �! 7 <>=>:@8AB0;VG=8< 

:@5<=Vє<, 28<V@O=8E ?@8 >4=><C 

7=0G5==V ?>BC6=>ABV 4;O 4>268=8 

E28;V 514 =<, 633 =< B0 

785 =< [79].  

 

 

�8A=>2:8 4> @>74V;C 1 
1. �8:>=0=> 0=0;V7 D>B>0:CAB8G=8E B0 D>B>B5@<VG=8E O28I, O:V є 206;828<8 

V=AB@C<5=B0<8 4;O 4>A;V465==O DV78G=8E 2;0AB82>AB59 =0=><0B5@V0;V2. 

$>73;O=CB> >A=>2=V ?@8=F8?8 F8E O28I, WE >A>1;82>ABV 70;56=> 2V4 

<0B5@V0;V2, I> є >1’є:B0<8 282G5==O. "?8A0=V <5B>48 4>A;V465==O, B0:V O: 

(� 7 307><V:@>D>==>N B0 ?’є7>5;5:B@8G=>N @5єAB@0FVєN A83=0;V2, 0 B0:>6  
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:><1V=0FV9=5 @>7AVO==O A2VB;0, O:V 4>72>;ONBь >B@8<0B8 V=D>@<0FVN ?@> 

B5?;>2V B0 0:CAB8G=V E0@0:B5@8AB8:8 =0=><0B5@V0;V2. 

2. $>73;O=CB> 2V4><V 2 ;VB5@0BC@V <5B>48 >B@8<0==O =0=>AB@C:BC@, 7>:@5<0, 

?>@C20B>3> :@5<=VN, =0=>=8B>: B0 =0=>:><?>78BV2 B0 WE >A=>2V. �@>1;5=> 

0:F5=B =0 B0:8E <5B>40E, O: EV<VG=5 B@02;5==O B0 <5B>4 ?0@03@V48=03B25@45 

BV;>, O:V 28:>@8AB>2CNBьAO 4;O AB2>@5==O =0=>AB@C:BC@ 7 =5>1EV4=8<8 

DV78G=8<8 B0 EV<VG=8<8 E0@0:B5@8AB8:0<8. 

3. #@54AB02;5=> 2V4><V ;VB5@0BC@=V 40=V I>4> DV78G=8E E0@0:B5@8AB8: ?@>F5AC 

D>B>0:CAB8G=>3> ?5@5B2>@5==O 2 =0=>AB@C:BC@0E 7 @>728=CB8< 

V=B5@D59A><. #@>0=0;V7>20=> 2?;82 @>7<V@V2 B0 D>@<8 =0=>AB@C:BC@, 0 

B0:>6 270є<>4VN V=B5@D59AC 7 D>B>0:CAB8G=8<8 ?@>F5A0<8.  �V47=0G5=>, I> 

=572060NG8 =0 28A>:C V=D>@<0B82=VABь (�-<5B>4C C 287=0G5==V 

B5?;>DV78G=8E E0@0:B5@8AB8: =0=>:><?>78BV2, B0:V 4>A;V465==O 28:>=0=> 

BV;ь:8 4;O 45:V;ь:>E A8AB5< 3 ?>@C20B0 A8AB5<0 7 4>4020==O< ?>25@E=52>3> 

H0@C @V48=8 4>4020==O ?>25@E=52>3> H0@C @V48=8 B0 ?>@C20B0 <0B@8FO 7 

2:;NG5==O< @V48=8 C ?>@8. &><C 7@>1;5=> 28A=>2>: ?@> 0:BC0;ь=VABь 

28:>=0==O 2;0A=>3> 5:A?5@8<5=B0;ь=>3> 4>A;V465==O ?@>F5AV2 

B5?;>?5@5=>AC 2 =0=>:><?>78B0E =0 >A=>2V ?>@C20B>3> :@5<=VN 7 @V48==8<8 

=0?>2=N20G0<8, :@5<=Vє28E =0=>=8B>: B0 :@5<=Vє28E <C;ьB8H0@>28E 

AB@C:BC@ <5B>40<8 D>B>B5@<>0:CAB8G=>W <V:@>A:>?VW B0 :><1V=0FV9=>3> 

@>7AVN20==O A2VB;0. 
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$"���� 2 

 �&"���� ���"&"���!!/ �$����� 

 

� 48A5@B0FV9=V9 @>1>BV 1C;> 4>A;V465=> B0:V <0B5@V0;8, O: V>==V @V48=8, 

?>@C20B89 :@5<=V9, ?>@C20B89 :@5<=V9 7 =0?>2=N20G5<, <C;ьB8H0@>289 

?>@C20B89 :@5<=V9 B0 :@5<=Vє2V =0=>=8B:8, O:V CB2>@NNBь =0=>:><?>78B=V 

A8AB5<8 7 @>728=CB8< V=B5@D59A><. � 40=><C @>74V;V @>73;O=CBV 5B0?8 

283>B>2;5==O, AB@C:BC@0 B0 E0@0:B5@8AB8:0 4>A;V46C20=8E =0=>AB@C:BC@=8E 

<0B5@V0;V2. 

 

2.1. �83>B>2;5==O =0=>=8B>: B0 :@5<=Vє28E =0=>AB@C:BC@   
 

�;O 283>B>2;5==O =0=>=8B>: B0 :@5<=Vє28E =0=>AB@C:BC@ (=0 >A=>2V 

03@53>20=8E =0=>=8B>:) 28:>@8AB>2C20;8 <5B>4 EV<VG=>3> B@02;5==O 70 

4>?><>3>N <5B0;C ( %)&) 7 ?;0AB8= :@5<=VN 7 @V7=8<8 3 :@8AB0;>3@0DVG=>N 

>@Vє=B0FVєN ?>25@E=V, >?>@>< B0 B8?>< ;53C20==O, O:89 7C<>2;Nє p- G8 n-B8? 

?@>2V4=>ABV. (482. &01. 2.1). �@5<=Vє2V ?;0AB8=8 1C;8 >G8I5=V H;OE>< 

?@><820==O 2 0F5B>=V ?@>BO3>< 2 E28;8=, 70 O:8< A;V4C20;> ?@><820==O 

5B0=>;>< ?@>BO3>< =0ABC?=8E 2 E28;8=. �;O 2840;5==O ?@8@>4=>3> >:A84C 

:@5<=VN (SiO2) ?;0AB8=8 ?V44020;8AO :>@>B:><C 70=C@5==N 2 40% @>7G8= 

DB>@8AB>2>4=52>W :8A;>B8 (HF) 7 ?>40;ьH8< ?@><820==O< 2% HF ?@>BO3>< 1 

E28;8=8. !0?@8:V=FV 7@07:8 ?@><820;8AO C 45V>=V7>20=V9 2>4V B0 28ACHC20;8Aь 

D5=><. !0ABC?=8< :@>:>< 1C;> >A0465==O =0 ?V4:;04:C ?>;V:@8AB0;VG=8E 

=0=>G0AB8=>: A@V1;0 (Ag) @V7=>W <>@D>;>3VW H;OE>< 70=C@5==O ?V4:;04:8 C 

2>4=89 @>7G8= 0,01  =VB@0BC A@V1;0 (AgNO3) V 5  HF 2 >1’є<=><C 

A?V22V4=>H5==V 1:1 =0 15 A5:C=4 ($8A.2.1). �@5<=Vє2C ?V4:;04:C, 2:@8BC 
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=0=>G0AB8=:0<8 Ag, 70=C@N20;8 =0 20 E28;8= 2 @>7G8= C B5D;>=>2V9 ?>AC48=V, 

I> <VAB82 5  HF B0 30% H2O2 2 >1’є<=><C A?V22V4=>H5==V 10:1. 'AV 5B0?8 

B@02;5==O ?@>2>48;8 ?@8 B5<?5@0BC@V =02:>;8H=ь>3> A5@54>28I0. #VA;O 

B@02;5==O 7@07:8 ?@><820;8AO 45V>=V7>20=>N 2>4>N B0 28ACHC20;8 ?@8 

:V<=0B=V9 B5<?5@0BC@V. �AV AD>@<>20=V <0A828 �! 1C;8 ?V440=V 4>40B:>2><C 

70=C@5==N 2 :>=F5=B@>20=C (65%) 07>B=C :8A;>BC (HNO3) ?@>BO3>< 15 E28;8= 7 

<5B>N 5D5:B82=>3> 2840;5==O 70;8H:V2 =0=>G0AB8=>: Ag V7 AB@C:BC@ �!. 

&>2I8=8 7@07:V2 1C;> 287=0G5=> 70 4>?><>3>N A:0=C20;ь=>W 5;5:B@>==>W 

<V:@>A:>?VW. 

 

 

$8A. 2.1.  %E5<0B8G=5 7>1@065==O ?@>F54C@8  %)& 

 

 

10 

11 

20 30 

21 31 
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$8A. 2.2.  %�  7>1@065==O 283>B>2;5=8E 7@07:V2 <0A82V2 =0=>=8B>: B0 :@5<=Vє28E 

=0=>AB@C:BC@: V=45:A «0» - 283;O4  7@07:V2 725@EC, V=45:A «1» -283;O4 

71>:C 

&01;8FO 2.1.  

#0@0<5B@8 28EV4=8E ?;0AB8= :@5<=VN, B@02;5==O B0 283>B>2;5=8E :@5<=Vє28E 

=0=>=8B>: 

�@07>: № #V4:;04:0 "@Vє=B0FVO �53C20==O "?V@ Si 
?;0AB8=8, 
"<·A<

%5@. 
B>2I8=0 
H0@C �!, 

<:<
1 n-Si 111 As 0,00130,002 ~3

2 n-Si 101 Sb 0,01530,020 ~4,5

3 p-Si 100 B <0,005 ~2,6

4 p-Si 100 B 10320 ~4

5 n-Si 100 P 0,00530,02 ~5

6 n-Si 111 P <0,005 ~5

 

2.2. �83>B>2;5==O ?>@C20B>W <0B@8FV :@5<=VN  
 

� @>1>BV 28:>@8AB>2C20;8AO 7@07:8 <>48DV:>20=>3> :@5<=VN O: 28EV4=>W 

?>@C20B>W <0B@8FV 4;O @V48=. �83>B>2;5==O <57>?>@C20B>3> :@5<=VN (#�) 

40 50 60 

41 51 61 
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2V41C20;>AO 70 4>?><>3>N <5B>4C 5;5:B@>EV<VG=>3> B@02;5==O [84,85]. /: 

?@8:;04, <>=>:@8AB0;VG=C ?;0AB8=C @+ B8?C ?@>2V4=>ABV, <100>->@Vє=B0FVW B0 

;53>20=C 1>@>< (?8B><89 >?V@ 0,01-0,02 "<·A<, B>2I8=0 ?;0AB8=8 - 510±15 <:<) 

70=C@N20;8 C 2% @>7G8= ?;02:>2>W ?;028:>2>W :8A;>B8 (HF) ?@>BO3>< 1 E2 4;O 

>G8I5==O ?>25@E=V 2V4 >:A84C :@5<=VN. �;5:B@>EV<VG=0 :><V@:0, I> 7>1@065=0 

=0 @8AC=:C 2.3, A:;040єBьAO 7 42>E 5;5:B@>4V2 (<5B0;52V ?@>2V4=8:8), O:V 

7=0E>4OBьAO 2 ?>ABV9=><C :>=B0:BV 7 V>==8< ?@>2V4=8:>< (@V4:8< 5;5:B@>;VB><), 

B0 :>@?CAC, 283>B>2;5=>3> 7 B5D;>=C (<0B5@V0;, I> ABV9:89 4> 4VW :8A;>B). �0B>4 

4;O 0=>4C20==O 283>B>2;5=89 7 ?;0B8=8, 0 ?>25@E=O :@5<=VN 28:>=Cє DC=:FVN 

0=>40 ?V4 G0A B@02;5==O. !86=O AB>@>=0 :@5<=Vє2>W ?;0AB8=8 :>=B0:BCє 7 

A5@54=ь>N ?V4:;04:>N. &@02;5==O ?>25@E=V ?;0AB8=8 ?;>I5N 1A<2 ?@>2>48;8 2 

5;5:B@>;VBV =0 >A=>2V 49% HF V G8AB>3> 5B0=>;C (%2H6O) C >1’є<=><C 

A?V22V4=>H5==V 1:1.  

 

 

$8A. 2.3. %E5<0B8G=5 7>1@065==O 

?@>F54C@8 283>B>2;5==O #� 

5;5:B@>EV<VG=8< B@02;5==O< 

 

#V4 G0A ?@>F54C@8 0=>4C20==O #� ?@>BO3>< 2Aь>3> G0AC B@02;5==O 

:>=B@>;N20;8 3CAB8=>N AB@C<C 0=>4C20==O B0 G0A 4;O 4>AO3=5==O 65% 

?>@C20B>ABV B0 50 <:< B>2I8=8 <0B5@V0;C.  0A0 28;CG5=>3> :@5<=VN 
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4>@V2=N20;0 20 <3 (2038, I> 1C;8 28:>@8AB0=V 2 Fь><C 5:A?5@8<5=BV, <0;8 

@>74V;ь=C 740B=VABь 0,1 <3). 

 

 

$8A. 2.4.  %�  7>1@065==O 

283>B>2;5=>3> ?>@C20B>3> 

:@5<=VN, I> <0є 65% 

?>@C20BVABь 

 

 

#>A;V4>2=> 28:>=CNG8 5;5:B@>EV<VG=5 B@02;5==O ?@>BO3>< 7040=8E 

V=B5@20;V2 G0AC 7 >1@0=>N 3CAB8=>N AB@C<C =0 :>6=><C G0A>2><C V=B5@20;V, 

<>6=0 AB2>@8B8  1030B>H0@>2C ?>@8ABC AB@C:BC@C :@5<=VN [86] 7V 7<V==>N 

B>2I8=>N B0 ?>@C20BVABN. *5 4>72>;8Bь >B@8<0B8 1030B>H0@>2V B>=:V ?;V2:8 7 

@53C;ь>20=8<8 >?B8G=8<8 B0 B5?;>28<8 2;0AB82>ABO<8 [87]. 

�;O >B@8<0==O <#� A5@VW � 28:>@8AB>2C202AO <5B>4, O:89 1C2 >?8A0=89 

28I5. #V4 G0A ?@>F5AC B@02;5==O 1C;> 28:>@8AB0=> AB@81:>?>4V1=V 7<V=8 

IV;ь=>ABV AB@C<C 0=>4C20==O. *V 7<V=8 ?5@V>48G=> 74V9A=N20;8AO 70 

28:>@8AB0==O< 465@5;0 682;5==O ?>ABV9=>3> AB@C<C 7 <5B>N >B@8<0==O 30  ?0@ 

H0@V2 @V7=>W ?>@C20B>ABV. �AV 5B0?8 28:>=C20;8AO 70 :V<=0B=>W B5<?5@0BC@8. 

�030;ь=0 B>2I8=0 CB2>@5=>W 1030B>H0@>2>W ?>@C20B>W A8AB5<8, @>7B0H>20=>W =0 

<>=>:@8AB0;VG=V9 ?V4:;04FV :@5<=VN, 0 B0:>6 7=0G5==O WW ?>@8AB>ABV 7<V=N20;8Aь 

70;56=> 2V4 G0AC B@02;5==O H0@V2 B0 3CAB8=8 ?@8:;045=>3> 

AB@C<C (482. B01;. 2.2). 

%B@C:BC@=V 4>A;V465==O 7@07:V2 ?@>2>48;8 C <VABV �V>= ((@0=FVO) 70 

4>?><>3>N A:0=C20;ь=>3> 5;5:B@>==>3> <V:@>A:>?0  MIRA3 LMH (482. @8A. 2.5). 

/: 284=> 7 @8AC=:V2, =0 <>=>:@8AB0;VG=V9 ?V4:;04FV A?>AB5@V30єBьAO GVB:89 
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?5@V>48G=89 @>7?>4V; H0@V2 ?>@C20B>3> :@5<=VN ?52=8E B>2I8= 7 @V7=>N 

25;8G8=>N ?>@C20B>ABV. �=0G5==O ?>@8AB>ABV, O:V :>=B@>;N20;8 3CAB8=>N 

?@8:;045=>3> AB@C<C B@02;5==O, @>7@0E>2C20;8AO 7 28:>@8AB0==O< ?>?5@54=ь> 

2AB0=>2;5=8E :0;V1@C20;ь=8E :@828E. 

 

&01;8FO.2.2. 

�@07:8 <C;ьB8H0@>2>3> :@5<=VN: t1 3 G0A B@02;5==O ?5@H>3> H0@C, t2 3 G0A 

B@02;5==O 4@C3>3> H0@C, j1 3 3CAB8=0 AB@C<C B@02;5==O ?5@H>3> H0@C, j2 3 

3CAB8=0 AB@C<C B@02;5==O 4@C3>3> H0@C, @1 3 ?>@8ABVABь ?5@H>3> H0@C, @2 3 

?>@8ABVABь 4@C3>3> H0@C, l1 3 B>2I8=0 ?5@H>3> H0@C, l2 3 B>2I8=0 4@C3>3> H0@C 

 

�@07>: 

№  

t1, c t2, c j1, 

<�/A<2 

j2, 

<�/A<2 

@1, % @2, % l1,=< l2,=< 

1� 10 4 10 40 46 61 101 115 

2� 10 4 10 80 46 72 101 192 

3� 10 4 7,5 50 44 64 82 136 

 

   

(0) (1) (2) 

$8A. 2.5.  %� -7>1@065==O 283>B>2;5=>3> <C;ьB8H0@>2>3> :@5<=VN, I> <0є 30 ?0@ 

H0@V2 0 3 1�, 1 3 2�, 2 3 3� 
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�@07:8 <#� A5@VW � 4;O ?>40;ьH>3> V=:>@?>@C20==O @V48=8 2 A5@548=C 

?>@C20B>W <0B@8FV 1C;8 283>B>2;5=V 70 ?@>F54C@>N 0=>4C20==O 7 ?5@V>48G=>N 

7<V=>N 3CAB8=8 AB@C<C B@02;5==O <V6 20 B0 130 <�/A<2. %B2>@N20;0AO 

<>48DV:0FVO :@5<=VN, O:0 <0є 42>H0@>289 5;5<5=B 7 H0@0<8 @V7=>W ?>@8AB>ABV, 

O:89 ?>2B>@NєBьAO 2 <560E 1030B>H0@>2>W A8AB5<8. �V;ь:VABь B@0=A;OFV9 2 

1030B>H0@>2V9 AB@C:BC@V AB0=>28;0 83 B0:8E 42>H0@>28E 5;5<5=BV2 4;O 7@07:V2 

1� B0 2�. �@07>: 1� 1C2 283>B>2;5=89 7V 7<VHC20==O< 5;5:B@>;VBC 70 4>?><>3>N 

C;ьB@072C:C, 0 7@07>: 2� 3 157 7<VHC20==O. +0A B@02;5==O :>6=>3> ?>@8AB>3> 

H0@C <#� 1C2 287=0G5=89 B0:8< G8=><, I>1 AB@C:BC@0 A:;040;0AO 7 

AC1<V:@>==8E H0@V2 ?>@8AB>3> :@5<=VN 7 @V7=8< ABC?5=5< ?>@8AB>ABV. �;O 2AVE 

7@07:V2, =570;56=> 2V4 28:>@8AB0==O, G8 =5 28:>@8AB0==O 7<VHC20G0, G0A 

B@02;5==O :>6=>3> H0@C 1C2 >4=0:>28<. #@>F5A B@02;5==O CAVE 7@07:V2 

2V41C202AO 2 ?5@V>48G=><C V<?C;ьA=><C @568<V, 2:;NG0NG8 0=>4C20==O 

?@>BO3>< 2 A5:C=4, 70 O:8< A;V4C20;> 28<8:0==O AB@C<C =0 2 A5:C=48.  5B0 Fь>3> 

3 7<5=H8B8 A:;04=89 @CE @5035=BV2 V ?@>4C:BV2 @50:FVW C =0=>?>@0E :@5<=Vє2>W 

<0B@8FV. �87=0G5==O 7030;ь=>W B>2I8=8 :><?>78BC 28:>=C20;>AO 70 0=0;V7>< 

7>1@065=ь ?>?5@5G=8E ?5@5@V7V2 7@07:V2, O:V 1C;8 >B@8<0=V 70 4>?><>3>N 

>?B8G=>3> <V:@>A:>?0 Axio Observer A1M Carl Zeiss. 

 

 

$8A. 2.6. "?B8G=V 7>1@065==O ?>?5@5G=8E 

?5@5@V7V2 1030B>H0@>28E 7@07:V2: 0) 7@07>:  

1� 7 28:>@8AB0==O< 7<VHC20G0; 1) 7@07>: 

2� 157 28:>@8AB0==O 7<VHC20G0 

 

1 0 
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�;O ?@>2545==O >FV=:8 B>2I8=8 AC1<V:@>==8E <>=>H0@V2 ?>@8AB>3> 

:@5<=VN C 1030B>H0@>2V9 A8AB5<V 1C;> 28:>@8AB0=> A:0=C20;ь=89 5;5:B@>==89 

<V:@>A:>? Vega 3 Tescan (482. @8A.2.7). 

 

 

$8A. 2.7.  %�  7>1@065==O ?>?5@5G=>3> 

?5@5@V7C 7@07:0 1�, O:5 45<>=AB@Cє 

?5@V>48G=5 G5@3C20==O H0@V2 7 @V7=>N 

?>@C20BVABN 

 

 

#>@C20BVABь <#� 1C;0 287=0G5=0 70 <5B>4>< 3@02V<5B@VW, 0 7=0G5==O 

?>@8AB>ABV 4;O :>6=>3> H0@C 2 A8AB5<V 1C;8 @>7@0E>20=V =0 >A=>2V F8E 40=8E, 

2@0E>2CNG8 :0;V1@C20;ь=V :@82V, >B@8<0=V 2 @57C;ьB0BV B@02;5==O B5AB>28E 

<>=>H0@V2 #� 7 2V4><>N ?>@8ABVABN =0 :@5<=Vє28E ?;0AB8=0E. &01;8FO 2.3 

<VAB8Bь ?0@0<5B@8 A8=B57>20=8E AB@C:BC@. &@510 70C2068B8, I> 2V4ACB=VABь 

7<VHC20G0 2 5;5:B@>;VBV ?V4 G0A B@02;5==O A?@8Oє 71V;ьH5==N H284:>ABV ?@>F5AC 

B@02;5==O B0 ?>@8AB>ABV 1030B>H0@>2>W A8AB5<8, O: 2:070=> 2 B01;8FV. 

�;O @>7@0EC=:C 5D5:B82=>W 3CAB8=8 1030B>H0@>2>W AB@C:BC@8 1C;> 

28:>@8AB0=> =0ABC?=5 @V2=O==O: 

 Ā9ф = ĀĂÿ (12Ć1)Ă1+(12Ć2)Ă2Ă1+Ă2  , (2.1) 
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45  3 ?>@8ABVABь; l 3 B>2I8=0 (V=45:A8 1, 2 2V4?>2V40NBь 2V4?>2V4=> ?5@H><C B0 

4@C3><C ?>@8AB><C H0@C); Ā9ф 3 5D5:B82=0 3CAB8=0 <C;ьB8H0@>2>3> :><?>78BC, ĀĂ  4 3CAB8=0 >1’є<=>3> :@5<=VN 

&01;8FO 2.3. 

%B@C:BC@=V E0@0:B5@8AB8:8 <C;ьB8H0@>2>3> :@5<=VN 

 p 3 ?>@C20BVABь 7@07:0, l 3 B>2I8=0 2Aь>3> ?>@C20B>3> H0@C. 

�@07>: p1, % l1, <:< p2, % l2, <:< �V;ь:VABь 

?0@ 

l, <:< p, % Ā9ффк7/<  

1 ~60 0,166 ~40 0,123 83 24 ~50 1130 

2 ~70 0,177 ~50 0,1317 25,66 ~60 900 

 

2.3. %8=B57 V>==8E @V48= 

 

�>==V @V48=8, O:V O2;ONBь A>1>N :;0A >@30=VG=8E A>;59 7 B5<?5@0BC@0<8 

?;02;5==O =86G5 100 °C, є >1'є:B>< 7=0G=>W C2038 4>A;V4=8:V2. %5@54 WE 

E0@0:B5@8AB8:, O:V A;V4 284V;8B8, ?@0:B8G=> =C;ь>20 28?0@>2C20=VABь, 

=53>@NGVABь, 28A>:0 V>==0 ?@>2V4=VABь, B5@<VG=0 B0 @04V0FV9=0 AB01V;ь=VABь 2 

H8@>:><C B5<?5@0BC@=><C 4V0?07>=V, 0 B0:>6 ABV9:VABь 4> :>@>7VW B0 <>6;82VABь 

2B>@8==>3> 28:>@8AB0==O [88]. !5 <5=H 206;828< є B>9 D0:B, I> DV78:>-EV<VG=V 

E0@0:B5@8AB8:8 �$ <>6CBь 1CB8 ;53:> <>48DV:>20=V H;OE>< 28:>@8AB0==O @V7=8E 

:><1V=0FV9 :0BV>=V2 G8 0=V>=V2, I> @>18Bь WE 2V4><8<8 O: "48709=5@Aь:V 

@>7G8==8:8" [89,90].  

%8=B57 1-1CB8;-3-<5B8;V<V407>;VN 1VA(B@8D>@><5B8;AC;ьD>=V;)-V<V4C 

([BMIm][TFSI]). �V4@>D>1=0 0?@>B8G=0 V>==0 @V48=0 [BMIm][TFSI] 1C;0 

A8=B57>20=0 70 AE5<>N 1, ?@54AB02;5=>N =0  $8A. 2.8. %C<VH 1-<5B8;V<V407>;C (10 

3, 0,12 <>;ь) V 1-1@><1CB0=C (25,5 3, 0,13 <>;ь) ?5@5<VHC20;8 ?@8 100 °C ?@>BO3>< 
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2 3>4. #VA;O >E>;>465==O 2'O7:C @V48=C >G8I0;8 ?@><820==O< 5B8;0F5B0B>< 

(3×50 <;). �0;8H:8 @>7G8==8:0 2840;O;8 ?V4 20:CC<>< 15 <V;V10@ ?@8 60 °C.  

 

$8A. 2.8.   %8=B57 ?@>B>==>W V>==>W @V48=8 [BMIm][TFSI] 

  

�> ?5@5<VH0=>3> @>7G8=C =5>G8I5=>3> 1@><V4C 1-1CBV;V<V407>;VN 2 100 <; 

2>48 4>4020;8 2>4=89 @>7G8= 1VA(B@8DB>@<5B8;AC;ьD>=V;)-V<V4C ;VBVN (29 3, 0,1 

<>;ь/100 <;). %C<VH ?5@5<VHC20;8 ?@>BO3>< 1 3>48=8, V CB2>@5=89 H0@, O:89 =5 

7<VHCєBьAO 7 2>4>N, 5:AB@03C20;8 <5B8;5=E;>@84>< (2×150 <;). $>7G8= ACH8;8 

AC;ьD0B>< =0B@VN ?@>BO3>< 12 3>48=.  5B8;5=E;>@84 ?5@530=O;8, 70;8H:>289 

@>7G8==8: 2840;O;8 ?V4 20:CC<>< 5 <V;V10@ ?@8 70 °C ?@>BO3>< 12 3>48=. �C;> 

>B@8<0=> @V4:89 ?@>4C:B A2VB;>-:>@8G=52>3> :>;ь>@C.  

%8=B57 B@85B8;0<>=V9 1VA(B@8DB>@<5B8;AC;ьD>=V;)-V<V4C ([TEA][TFSI]). 

�V4@>D>1=C ?@>B>==C V>==C @V48=C [TEA][TFSI] 3>BC20;8 70 AE5<>N 2, 

=02545=>N =0 @8A. 2.9. �> ?5@5<VH0=>3> 2>4=>3> @>7G8=C B@85B8;0<V= 

3V4@>E;>@84C (10 3, 0,07 <>;ь/50 <;) 4>4020;8 2>4=89 @>7G8= 

1VA(B@8DB>@<5B8;AC;ьD>=V;)V<V4C ;VBVN (21 3, 0,07 <>;ь/100 <;). %C<VH 

?5@5<VHC20;8 ?@>BO3>< 2 3>48= V CB2>@5=89 H0@, O:89 =5 7<VHCєBьAO 7 2>4>N, 

5:AB@03C20;8 <5B8;5=E;>@84>< (2×150 <;). "1'є4=0=89 >@30=VG=89 @>7G8= 

ACH8;8 AC;ьD0B>< =0B@VN. );>@8AB89 <5B8;5= ?5@530=O;8, 70;8H:>289 

@>7G8==8: 2840;O;8 ?V4 20:CC<>< 5 <10@ ?@8 70 °C. "B@8<0;8 ?@>7>@89 @V4:89 

?@>4C:B.  
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$8A. 2.9.  %8=B57 ?@>B>==>W V>==>W @V48=8 [TEA][TFSI] 
 

%8=B57 V<V407>;VN 1VA(2-5B8;35:A8;)D>AD0BC ([Im][BEHP]). �V4@>DV;ь=C 

?@>B>==C V>==C @V48=C [Im] [BEHP] 3>BC20;8 ?5@5<VHC20==O< AC<VHV V<V407>;C 

(5 3, 0,07 <>;ь) V 1VA(2-5B8;35:A8;)D>AD0BC (23,5 3, 0,07 <>;ь) ?@8 50 °C ?@>BO3>< 

6 3>48= (AE5<0 3, @8A.2. 10).  

 

 

$8A. 2.10.  %8=B57 ?@>B>==>W V>==>W @V48=8 [Im][BEHP] 
 

�;O ?V4B25@465==O AB@C:BC@8 A8=B57>20=8E A?>;C: 28:>@8AB>2C20;8 

A?5:B@>A:>?VN ?@>B>==>3> O45@=>3> <03=VB=>3> @57>=0=AC (/ $ 1!). %?5:B@8 

70?8AC20;8 =0 / $-A?5:B@><5B@V Varian Gemini-2000 (400  �F). 

 

2.4.   5B>48 4>A;V465==O DV78G=8E 2;0AB82>AB59 @V48= O: 
=0?>2=N20GV2 ?>@C20B>W <0B@8FV 

 

' ACG0A=><C 4>A;V465==V DV78G=8E 2;0AB82>AB59 @V48=, >A>1;82> 2 

:>=B5:ABV 287=0G5==O WE B5?;>?@>2V4=>ABV <5B>40<8 D>B>0:CAB8:8, ACBBє2>3> 

7=0G5==O =01C20є 287=0G5==O WE 3CAB8=8 B0 B5?;>є<=>ABV. %?V22V4=>H5==O <V6 
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3CAB8=>N B0 B5?;>є<=VABN 206;825 4;O @>73;O4C 5D5:B82=>ABV ?5@540GV B5?;0 2 

@V48=0E, >A>1;82> 2 C<>20E, :>;8 270є<>4VO A2VB;0 V7 @V48=>N ?>@>46Cє B5?;>2V 

E28;V. �>A;V465==O B5?;>є<=>ABV @V48= B0:>6 206;825 4;O @>7C<V==O WE 740B=>ABV 

?>3;8=0B8 B5?;> B0 2?;820B8 =0 @>7?>4V; B5?;0 C A8AB5<V, >A>1;82> ?@8 

28:>@8AB0==V <5B>4V2 D>B>0:CAB8:8, 45 270є<>4VO A2VB;0 V7 @V48=>N ?>@>46Cє 

0:CAB8G=V B0 B5?;>2V E28;V. �><?;5:A=89 0=0;V7 DV78G=8E ?0@0<5B@V2 @V48= =5 

;8H5 4>72>;Oє B>G=> 287=0G8B8 WE B5?;>?@>2V4=VABь, 0;5 9 =040є 3;81H5 

@>7C<V==O DV78G=8E ?@>F5AV2 =0 <>;5:C;O@=><C @V2=V. *5 2V4:@820є <>6;82>ABV 

4;O =>28E =0C:>28E 4>A;V465=ь V B5E=>;>3VG=8E 70AB>AC20=ь C AD5@V 

B5?;>?5@540GV. 

�CAB8=0 �$ 287=0G0;0AO O: 2V4=>H5==O <0A8 @V48=8 4> WW >1'є<C ?@8   

28<V@N20==OE =0 0=0;VB8G=8E 2030E 7 B>G=VABN 4> 1 <3  (70 :V<=0B=>W 

B5<?5@0BC@8). �CAB8=0 287=0G0;0AO =0 >A=>2V 7206C20==O, ?@8 Fь><C  

2@0E>2C202AO >1'є<, O:89 709<0;0 @V48=0 ?V4 G0A B0:>3> ?@>F5AC Ā = ÿą , (2.2) 

  

45 ρ -  3CAB8=0 @V48=8, m -  <0A0, V -  >1’є<. 

"B@8<0=V @57C;ьB0B8 =02545=> C B01;. 2.4. 

 

 

&01;8FO 2.4. 

 0A>2V B0 >1’є<=V ?0@0<5B@8 @V48=, ?>@V2=O==O 5:A?5@8<5=B0;ь=8E B0 

;VB5@0BC@=8E 40=8E 

 

$V48=0 "1’є<, <;   0A0, 3 �CAB8=0, :3/<3 �CAB8=0, :3/<3 

(;VB.465@5;0) 

�>40  4 3,828 987 990 
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[BMIm][TFSI] 4 3,968 992 1030 

[TEA][TFSI] 4 5,512 1378 1430 

[Im][TFSI] 4 5,524 1381 1430 

 

�87=0G5==O ?8B><>W B5?;>є<=>ABV @V48= ?@>2>48;8 <5B>4>< 

48D5@5=FV0;ь=>W :0;>@8<5B@VW. �8:>@8AB>2C20;8AO 42V B5@<>V7>;ь>20=V 

?>AC48=8, 283>B>2;5=V 7 0;N<V=VN, 4;O <5=H8E 2B@0B 5=5@3VW C =02:>;8H=є 

A5@54>28I5. � ?5@HV9 ?>AC48=V 7=0E>48;0AO @V48=0 7 2V4><8<8 ?0@0<5B@0<8 

(2>40), 0 2 V=HV9 4>A;V46C20=0 @V48=0. � :>6=><C @575@2C0@V 7=0E>48;>AO ?> 6 <; 

@V48=8. !03@V2 @V48= 46>C;528< B5?;><, O:5 284V;O;>AO ?@8 ?@>E>465==V AB@C<C 

G5@57 =VE@><>2V A?V@0;V, >4=>G0A=> 1C;8 70=C@5=V 2 ?>AC48=8 7 @V48=0<8. �0 

70:>=>< �6>C;O-�5=F0 <>6=0 287=0G8B8 :V;ь:VABь B5?;>B8, I> 284V;8;0AO 2 

?@>2V4=8:C V 1C;0 ?5@540=0 A8AB5<V: 

 Ā = ą2Rt , (2.3) 

 

89 - :V;ь:VABь B5?;>B8,  I> =040єBьAO A8AB5<V, ą  -  A8;0 AB@C<C, R -  >?V@ 

?@>2V4=8:0, t  - G0A ?@>E>465==O AB@C<C.
&0: O: 42V =VE@><>2V A?V@0;V <0NBь >4=0:>289 >?V@ V 7’є4=0=V ?>A;V4>2=>, <V6 

42><0 ?>AC48=0<8 2AB0=>2;NєBьAO 7 G0A>< B5?;>20 @V2=>2030: 

 Ā1 j Ā2 , (2.4) 

  

45 Ā1 4 :V;ь:VABь B5?;>B8 2 ?>AC48=V 7 2V4><>N @V48=>N, Ā2 4 :V;ь:VABь B5?;>B8 

2 ?>AC48=V 7 4>A;V46C20=>N @V48=>N. 
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�V;ь:VABь B5?;>B8, O:C ?>3;8=0є @V48=0 2 ?5@HV9 B0 4@C3V9 ?>AC48=V ?V4 G0A 

?@>E>465==O AB@C<C G5@57 =VE@><>2V A?V@0;V <>6=0 287=0G8B8 70 D>@<C;0<8: 

 Ā1 = (ā�Ăÿ�Ă1 + ā6ÿ6)(ā2-ā1) , (2.5) 

  Ā2 = (ā�Ăÿ�Ă2 + āрÿр)(ā4-ā3) , (2.6) 

  

�<V=8 B5<?5@0BC@8 DV:AC20;8AO 70 4>?><>3>N 42>:0=0;ь=>3> B5@<><5B@0 7 

42><0 B5@<>?0@0<8 �-B8?C, 7 @>74V;ь=>N 740B=VABN 0,1°C C H8@>:><C 4V0?07>=V 

A:0=C20==O B5<?5@0BC@8. �8<V@N20==O ?@>2>48;>AO 2 4V0?07>=V 2V4 20°C 4> 35°C 

?@>BO3>< 4 E28;8=. 

 

 

 

$8A. 2.11. %E5<0B8G=89 283;O4 5:A?5@8<5=B0;ь=>W CAB0=>2:8 4;O 28<V@N20==O 

B5?;>є<=>ABV @V48= 
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(0) (1) 

  

(2) (3) 

 

$8A.2.12. �0;56=>ABV B5<?5@0BC@8 2V4 G0AC 4>A;V46C20=8E @V48=: 0) 5B0;>==89 

7@07>: (#��-400), 1-3) V>==V @V48=8 

 

� @V2=O=ь (2.5) B0 (2.6) <>6=0 >B@8<0B8 28@07 4;O B5?;>є<=>ABV 

4>A;V46C20=>W @V48=8: 

 āр = 1ÿр [(ā�Ăÿ�Ă1 + ā6ÿ6)(ā2-ā1) (ā4-ā3) ] 2 ā�Ăÿ�Ă2 (2.7) 

  



69 

 

45 ā6 B0 ÿ6  4 ?8B><0 B5?;>є<=VABь V <0A0 2>48 2 ?5@HV9 ?>AC48=V; ā�Ă1 B0 ÿ��1 

4 ?8B><0 B5?;>є<=VABь V <0A0  ?5@H>W ?>AC48=8; ā1 B0 ā2 4 ?>G0B:>20 B0 :V=F520 

B5<?5@0BC@0 2>48 2 ?>AC48=V; āр B0 ÿр  4 ?8B><0 B5?;>є<=VABь V <0A0 

4>A;V46C20=>W @V48=8 2 4@C3V9 ?>AC48=V; ā�Ă2 B0 ÿ�Ă2 4?8B><0 B5?;>є<=VABь V 

<0A0 4@C3>W ?>AC48=8; ā3 B0 ā4 4 ?>G0B:>20 B0 :V=F520 B5<?5@0BC@0 4>A;V46C20=>W 

@V48=8 2 ?>AC48=V. 

 5B>48:0 2V4?@0Fь>20=0 =0 5B0;>==8E 7@07:0E 3 2>40 B0 #��-400, ?@8 

Fь><C 1C;> >B@8<0=> 7=0G5==O ?8B><>W B5?;>є<=>ABV, I> :>@5;Nє 7 

;VB5@0BC@=8<8 40=8<8 (4;O #�� 400 ;VB5@0BC@=5 7=0G5==O ?8B><>W B5?;>є<=>ABV 

A:;040є  2350 �6 /(:3∙°C)) [91]. �=0G5==O B5?;>є<=>ABV  4;O 4>A;V465=8E �$ 

?@54AB02;5=V C B01;8FV 2.5 "B@8<0=V 7=0G5==O ?8B><>W B5?;>є<=>ABV �$ 
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B5?;>?5@540GC B0 @>7?>4V; B5?;0 2 =0=>:><?>78B=8E A8AB5<0E. �=0;V7 >:@5<8E 
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=0 =0=>@V2=V,  B0 287=0G5==O WE  B5?;>B@0=A?>@B=8E E0@0:B5@8AB8: 2V4:@820є 
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?>2’O70=8E 7 V=AB@C<5=B0;ь=8< D0:B>@><, ?5@54 >A=>2=8<8 28<V@N20==O<8 (�-

:><V@:0 1C;0 2V4:0;V1@>20=0 =0 B5AB>28E 7@07:0E =0 >A=>2V A06V 7 A8;ь=8< 

?>25@E=528< ?>3;8=0==O< A2VB;0 (@8A. 3.3.). *59 ?V4EV4 4>72>;Oє 70157?5G8B8 
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#5@H8< :@>:>< 4;O <>45;N20==O D>B>0:CAB8G=>3> 2V43C:C є 287=0G5==O 
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4V5;5:B@8G=>N ?@>=8:=VAB. >?8ACєBьAO @V2=O==O<:  
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 
  

  , (3.1) 

 

45 p 3 ?>@C20BVABь, ¸ – :><?;5:A=0 4V5;5:B@8G=0 ?@>=8:=VABь 

<>=>:@8AB0;VG=>3> :@5<=VN, ¸PS 3 :><?;5:A=0 4V5;5:B@8G=0 ?@>=8:=VABь 

?>@C20B>3> :@5<=VN. 

$V2=O==O (3.1) 4>72>;Oє 70 2V4><8<8 7=0G5==O<8 4V9A=>W (õ  ) B0 CO2=>W (õ  ) 

G0AB8= 4V5;5:B@8G=>W ?@>=8:=>ABV <>=>:@8AB0;VG=>3> :@5<=VN >1G8A;8B8 

2V4?>2V4=V ?0@0<5B@8 4V5;5:B@8G=>W ?@>=8:=>ABV ?>@C20B>3> :@5<=VN (
PS
õ  , 

PS
õ   ). 

*5 0:BC0;ь=> 4;O AB@C:BC@ 7 2V4><8< 2V4A>B:>28< 7=0G5==O ?>@C20B>ABV 70 ?52=>W 

4>268=8 E28;V >?@><V=5==O [74]. !0 @8A. 3.4 =02545=V @57C;ьB0B8 @>7@0EC=:V2 

25;8G8= 
PS
õ  , 
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õ   70;56=> 2V4 ?>@C20B>ABV :@5<=VN 7 28:>@8AB0==O< @V2=O==O (3.1) 
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4>268= E28;ь: 430 =<, 532 =<, 680 =<, I> 28:>@8AB>2CNBьAO 2 
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�;O 287=0G5==O 5D5:B82=>W B5?;>?@>2V4=>ABV ?>@C20B8E B0 ?>@C20B8E 

V=:>@?>@>20=8E @V48=>N 7@07:V2 28:>@8AB0=> >4=>28<V@=C <>45;ь 

D>B>0:CAB8G=>3> ?5@5B2>@5==O 2 42>H0@>2V9 AB@C:BC@V: 

 

 
Ă2�Ă�2 2 ÿÿāĀĀĀ��Ā = 2 ąĀĀ�Ā ă2ÿĀ�, 0 < � < þĀ, (3.2) 

 

 
Ă2�Ă�2 2 ÿÿāĀĂĀĀĀĂĀ��ĀĂĀ = 0, þĀ < � < þĀĂĀ , (3.3) 

 

45 ω=2π  3 :CB>20 G0AB>B0;  f 3 G0AB>B0 <>4C;OFVW A2VB;0,  cs, ρs, χs 3 ?8B><0 

B5?;>є<=VABь, 3CAB8=0, B5?;>?@>2V4=VABь ?>@C20B>3> <C;ьB8H0@>2>3> H0@C, 

2V4?>2V4=>;  I 3 V=B5=A82=VABь ?>3;8=CB>3> 28?@><V=N20==O; ³ 3 :>5DVFVє=B 

>?B8G=>3> ?>3;8=0==O, csub, ρsub, χsub 3 ?8B><0 B5?;>є<=VABь, 3CAB8=0, 

B5?;>?@>2V4=VABь <>=>:@8AB0;VG=>W ?V4:;04:8, ls 3 B>2I8=0 ?>@8AB>3> H0@C, lsub 3

B>2I8=0 2AVєW AB@C:BC@8.  

' FV9 <>45;V ?@>AB>@>289 @>7?>4V; 7<V==>3> :><?>=5=B0 B5<?5@0BC@8 θ(z), 

28:;8:0=89 ?5@V>48G=8< =03@V20==O< AB@C:BC@8 ?@8 A2VB;>2><C >?@><V=5==V, 

>?8ACєBьAO @V2=O==O<8 B5?;>?@>2V4=>ABV 7 2V4?>2V4=8<8 3@0=8G=8<8 C<>20<8: 

 

 

Ā�Ā�|� = 0 = 0 �|� =ĂĀ20 = �|� =ĂĀ+0         , �Ā Ā�Ā�|� =ĂĀ20 = �Ā Ā�Ā�|� =ĂĀ+0  
(3.4) 
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 Ā�Ā�|� = ĂĀĂĀ = 0, 
 

$>72’O7>: @V2=O=ь (3.2 3 3.4) <>6=0 70?8A0B8 C 283;O4V: 

 

� = {ýă2�Ā� + þă�Ā� 2 ąĀĀă2ÿĀ��Ā(ĀĀ2 2 �Ā2) , 0 < � < þĀ ,ÿă2�ý� + Āă+�ý�,   þĂ < � < þÿ ,  (3.5) 

 

 �Ā,ĀĂĀ = :ÿÿāĀ,ĀĂĀĀĀ,ĀĂĀ�Ā,ĀĂĀ , (3.6) 

 

�><?;5:A=V :>=AB0=B8 A, B, C V D <>6=0 287=0G8B8 V7 3@0=8G=8E C<>2 (3.4). 

�:A?5@8<5=B0;ь=V 40=V >1@>1;O;8 70 4>?><>3>N ?V4E>4C, 70?@>?>=>20=>3> 

�. $>75=F2593>< B0 �. �5@H> [1]. �C;> ?@89=OB>, I> F59 ?V4EV4 70A=>20=89 =0 

@>73;O4V >4=>28<V@=>W <>45;V 2 =0?@O<:C 274>26 ?>?5@5G=>3> ?5@5@V7C 7@07:0 =0 

>A=>2V @VH5==O @V2=O=ь B5?;>?@>2V4=>ABV, O:V <>6CBь 1CB8 70AB>A>20=V ?@8 0=0;V7V 

O28I0 =03@V20==O, O:5 28:;8:0є 35=5@0FVN 0:CAB8G=>3> A83=0;C 2A5@548=V 

(A :><V@:8 [95]: 

 

 ÿ(ÿ) = ∫ �(�, ÿ)Ă� = 2�(0)∞0 : �ąÿÿāąĀą ,  (3.7) 

 

3.3.  >45;N20==O 465@5; B5?;>284V;5==O  
 

#@>0=0;V7Cє<> ?@>AB>@>289 @>7?>4V; 465@5; B5?;>284V;5==O, O:89 1C;> 

>B@8<0=> O: @57C;ьB0B @>72'O7:C A8AB5<8 @V2=O=ь  0:A25;;0 <5B>4>< :V=F528E 

5;5<5=BV2. �>:@5<0, @V2=O==O  0:A25;;0, O:V >?8ACNBь @>7?>2AN465==O 
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5;5:B@><03=VB=>W E28;V 2 @5G>28=V 7  ?@>2V4=VABN �, 4V5;5:B@8G=>N B0 <03=VB=>N 
?@>=8:=>ABO<8 Ā B0 Ā,  =01C20NBь 283;O4C [97,98]: 

 

 ∇⃗⃗ × Ą⃗⃗ = �ā⃗ + ÿÿĀā⃗  , (3.10) 

 

 ∇⃗⃗ × ā⃗ = 2ÿÿĀĄ ⃗⃗⃗⃗  , (3.11) 

 

45 ÿ- :CB>20 G0AB>B0 A2VB;0, 1i   . 

�V5;5:B@8G=0 ?@>=8:=VABь õ  2:;NG0є 2 A515 4V9A=C G0AB8=C õ  , O:0 

E0@0:B5@87Cє ?>;O@870FVN A5@54>28I0 2 7>2=VH=ь><C 5;5:B@8G=><C ?>;V B0 

5=5@3VN E28;V 2 <0B5@V0;V, 0 B0:>6 CO2=C G0AB8=C õ  - :>5DVFVє=B 4V5;5:B@8G=8E 

2B@0B, I> E0@0:B5@87Cє ?>3;8=0==O 5;5:B@><03=VB=>W E28;V 2 <0B5@V0;V, 

0/õ ó õ   : 

 

 iõ õ õ   , (3.10) 

 

�CAB8=0 AB@C<C 2 <0B5@V0;V ?@8 @>7?>2AN465==V 2 =ь><C 5;5:B@><03=VB=>W 

E28;V: 

 

 0 0( )
r r

J E j Eó õ õ  õ õ    , (3.11) 

 

45 - IV;ь=VABь AB@C<C. 

%:;04>20 4V5;5:B@8G=8E 2B@0B: 

 

 
0 r

J Eõ õ  , (3.12) 
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�V4=>H5==O :>5DVFVє=B0 4V5;5:B@8G=8E 2B@0B 4> 4V5;5:B@8G=>W 

?@>=8:=>ABV ( r
õ  / r

õ  ) =07820єBьAO B0=35=A>< :CB0 4V5;5:B@8G=8E 2B@0B 

0/ ( )tgô ó õ õ   01> :>5DVFVє=B>< @>7AVN20==O, ?0@0<5B@><, O:89, 7>:@5<0, 

E0@0:B5@87Cє 35=5@0FVN B5?;0 2 <0B5@V0;V ?@8 ?@>E>465==V 5;5:B@><03=VB=>W 

E28;V. &>4V, ?>BC6=VABь B5?;>284V;5==O  2 >48=8FV >1’є<C <0B5@V0;C ( VP ) 70 

@0EC=>: 4V5;5:B@8G=8E 2B@0B 287=0G0єBьAO AB5?5=528< @V2=O==O< [97] : 

 

 2 2

0 0V r r
P tg E Eõ õ ô õ õ    , (3.15) 

 

' =02545=8E 28I5 @V2=O==OE E, ω 3  ?0@0<5B@8 7>2=VH=ь>W 

5;5:B@><03=VB=>W E28;V, B>4V O: 25;8G8=8 r
õ  , r

õ  , tg· 287=0G0NBьAO DV78G=8<8 

2;0AB82>ABO<8 <0B5@V0;V2, I> 4>A;V46CNBьAO. /: ?@8:;04, =0 @8A. 3.5 =02545=> 

B8?>289 283;O4 @>7?>4V;C B5?;0 2 <C;ьB8H0@>2V9 AB@C:BC@V A5@VW � ?@8 

71C465==V A2VB;>< 7 4>268=>N E28;V 532 =<.  

 

 

$8A. 3.5.  C;ьB8H0@>20 :>=AB@C:FVO B0 @>7?>4V; B5?;0 2 =V9. #5@5EV4 2V4 

G5@2>=>3> 4> A8=ь>3> :>;ь>@C H0@V2 2V4>1@06Cє ?>=865==O B5<?5@0BC@8 
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#@>AB>@>289 @>7?>4V; 465@5; B5?;0, O:V 28=8:0NBь ?@8 >?@><V=5==V 

A2VB;>< ?@8 4>268=0E E28;OE 430, 532, 680 =< 4;O 7@07:0 №1� 7>1@065=> =0 @8A. 

3.6. /: 284=> 7 @8AC=:0, 3;818=0 35=5@0FVW B5?;>28E 465@5; ACBBє2> 7@>AB0є 7V 

71V;ьH5==O< 4>268=8 71C46CNG>3> A2VB;0. "B65, 70?@>?>=>20=89 <5B>4 

4>72>;Oє 287=0G8B8 3CAB8=C ?>BC6=>ABV B5?>284V;5==O O: DC=:FVN 3;818=8 B0 

4>268=0 A2VB;0. 

 

  

(0) (1) 

  

(2) 

 

$8A. 3.6. #@>AB>@>289 @>7?>4V; 465@5; B5?;>284V;5==O 4>268=>N E28;V: 430 =< 

(0), 532 =< (1) B0 680 =< (2) 4;O 7@07:0 №1 
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�;O ?>@V2=O==O 7 D>B>0:CAB8G=8<8 5:A?5@8<5=B0<8 B0:>6 @>73;O40;>AO 

=03@V20==O 7@07:0 7 28:>@8AB0==O< ?5@V>48G=>3> 465@5;0 B5?;0. ' Fь><C 28?04:C 

@V2=O==O 5=5@35B8G=>3> 10;0=AC 4;O <0B5@V0;C =01C20є 283;O4C: 

 

 
ĀĀ� (� Ā�Ā�) 2 āĀÿÿ� = ÿă , (3.14) 

   

BCB � 3 B5<?5@0BC@0, χ 3 B5?;>?@>2V4=VABь, c 3 B5?;>є<=VABь, Ā 3 IV;ь=VABь, ÿ 3 

:CB>20 G0AB>B0. #@>AB>@>289 @>7?>4V; B5?;>?@>2V4=>ABV @>73;O402AO =0ABC?=8< 

G8=><: 

 

 � = { �ăĄĄ , 0 < � < þÿĂÿ  �Ăÿ  ,   þÿĂÿ < � < þĂÿ  , (3.17) 

 

45 �ăĄĄ 3 5D5:B82=0 B5?;>?@>2V4=VABь 4>A;V46C20=>W 1030B>H0@>2>W A8AB5<8, 0 �Ăÿ = 110 �B/(<·�) 3 :>5DVFVє=B B5?;>?@>2V4=>ABV 28A>:>;53>20=>W ?V4:;04:8 
:@8AB0;VG=>3> :@5<=VN [99], þĂÿ - F5 7030;ь=0 B>2I8=0 A8AB5<8. $V2=O==O (3.14) 

1C;> 4>?>2=5=> 3@0=8G=8<8 C<>20<8, O:V DV:ACNBь 2V4ACB=VABь 2V4B>:C B5?;0 2V4 

25@E=ь>W B0 =86=ь>W ?>25@E>=ь 7@07:0. �@07>: =03@V202AO 2 @57C;ьB0BV ?>O28 

>1’є<=>3> 465@5;0 (?@020 G0AB8=0 @V2=O==O (3.14)), >1’є<=0 ?>BC6=VABь O:>3> 

1C;0 @>7@0E>20=0 70 @V2=O==O< (3.13). &>4V =0?@C30 U, I> @5єAB@CєBьAO 

<V:@>D>=><, 73V4=> 7 <>45;;N $>75=F25930-�5@H> [73,74] ?@>?>@FV9=0 B8A:C p 

«307>2>3> ?>@H=O» C D>B>0:CAB8G=V9 :><V@FV (482. ?.?. 1.1.2): 

 

   ĄĀÿă(ÿ)  ̴ ý  ̴∫ �(0)ăĀg�Ă� = �(0)2∞0 /: �gÿÿāgĀg , (3.18) 
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BCB �(0) 3 B5<?5@0BC@0 =0 ?>25@E=V 7@07:0, ā , Ā  V χ  2V4?>2V4=> ?8B><0 

B5?;>є<=VABь, 3CAB8=0 V B5?;>?@>2V4=VABь 307C 2 D>B>0:CAB8G=V9 :><V@FV.  

�;O 287=0G5==O 5D5:B82=>3> :>5DVFVє=B0 B5?;>?@>2V4=>ABV ?>@C20B8E 

AB@C:BC@  70;56=> 2V4 ?0@0<5B@V2 WE 283>B>2;5==O 5:A?5@8<5=B0;ь=> 287=0G0;8AO  

�+) (� 2V43C:C 7@07:V2 1�, 2�, 3� (482. ?.?. 2.2) 2 4V0?07>=V G0AB>B 20-1100 �F 

(@8A.3.7). "B@8<0=V �+) 1C;8 0?@>:A8<>20=V 70;56=>ABO<8, >B@8<0=8<8 2 

@57C;ьB0BV <>45;ь=8E @>7@0EC=:V2.  0:A8<0;ь=5 =01;865==O D>@<8 

B5>@5B8G=>3> (� A83=0;C 4> 5:A?5@8<5=B0;ь=8E 7=0G5=ь D>@<C20;>AO H;OE>< 

20@VN20==O 25;8G8=8 5D5:B82=>W B5?;>?@>2V4=>ABV ?@8 7040=V9 3CAB8=V B0 

4>268=V ?>@C20B>W <C;ьB8H0@>2>W AB@C:BC@8, 0 B0:>6 3CAB8=8 ?>BC6=>ABV 

B5?;>284V;5==O VP  ?@8 >?@><V=5==V 7@07:0 A2VB;>< 7 @V7=8<8 4>268=0<8 E28;ь. 

 >45;N20==O (� 2V43C:C 28:>=C20;>Aь 7 28:>@8AB0==O< @V2=O==O (3.16).  

�:A?5@8<5=B0;ь=> >B@8<0=V B0 7<>45;ь>20=V 0<?;VBC4=>-G0AB>B=V 

70;56=>ABV (� 2V43C:C 4;O @V7=8E 7=0G5=ь :>5DVFVє=BC B5?;>?@>2V4=>ABV 7@07:V2 

1�, 2�, 3� =02545=V =0 @8A. 3.7.  ' B01;8FV 3.1 =02545=> 7=0G5==O B>2I8=8 

<C;ьB8H0@>2>W AB@C:BC@8, WW 5D5:B82=C 3CAB8=C B0 :>5DVFVє=B B5?;>?@>2V4=>ABV. 

  

(0) (1) 
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(2) 

 

$8A. 3.7. �:A?5@8<5=B0;ь=V 0<?;VBC4=>-G0AB>B=V E0@0:B5@8AB8:8 

D>B>0:CAB8G=>3> A83=0;C 7@07:V2 1� (0), 2� (1), 3� (2), 28<V@O=V 2 

B@048FV9=V9 307><V:@>D>==V9 :>=DV3C@0FVW ?@8 ;075@=><C 71C465==V =0 

@V7=8E A?5:B@0;ь=8E 4>268=0E E28;ь: DV>;5B>289 3 430 =<; 75;5=89 3 532 

=<; G5@2>=89 3 680 =<. �>;0 ?>7=0G0NBь 28<V@N20==O, ACFV;ь=V ;V=VW 4 

A8<C;OFVN. ' B01;8FV 3.1. =02545=> 4>268=C <C;ьB8H0@>2>W AB@C:BC@8, 

5D5:B82=C 3CAB8=C B0 :>5DVFVє=B B5?;>?@>2V4=>ABV 

 

  �;O 287=0G5==O 3CAB8=8 ?>@C20B>3> H0@C 1C;> 28:>@8AB0=> D>@<C;C [100]: 

 

 Ā = (1 2 ý)ĀĂ�, (3.17) 

 

45 p 3 :>5DVFVє=B ?>@C20B>ABV,  ĀĂ� 3 3CAB8=0 :@5<=VN.  
 

&01;8FO 3.1.    

   �=0G5==O 4>268=8 <C;ьB8H0@>2>W AB@C:BC@8, 5D5:B82=0 3CAB8=0 B0 

:>5DVFVє=B B5?;>?@>2V4=>ABV. 
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�@07>: L, <:< ĀăĄĄ, :3/<3 �ăĄĄ�B/(<∙�) 
1 6,480 1071,24 0,8 

2 7,980 881,66 0,4 

3 6,540 1013,21 0,65 

 

&>4V 5D5:B82=0 3CAB8=0 <C;ьB8H0@>2>3> :><?>78B0 287=0G0єBьAO 

5D5:B82=>N 3CAB8=>N ?0@8 ACAV4=VE H0@V2 7 @V7=>N ?>@C20BVABN: 

 

 +Ā9ф, = Ā1þ1 + Ā2þ2þ1 + þ2  , (3.18) 

 

45 Ā1 3 3CAB8=0 ?>@C20B>3> ?5@H>3> H0@C, Ā2 - 4@C3>3> V=H>3> H0@C, þ1- 4>268=0 

?5@H>3> H0@C, þ2- 4>268=0 4@C3>3> H0@C. 

�<>45;ь>20=V 0<?;VBC4=>-G0AB>B=V 70;56=>ABV (� 2V43C:C 7@07:0 1� 4;O 

@V7=8E 7=0G5=ь B5?;>?@>2V4=>ABV =02545=> =0 @8A. 3.8. "?B8G=V ?0@0<5B@8 7@07:0 

№1 2V4?>2V40NBь 71C46CNG><C A2VB;C 7 4>268=>N E28;V 532 =<. /: 284=>, 

20@VN20==O :>5DVFVє=BC B5?;>?@>2V4=>ABV <C;ьB8H0@>2>W A8AB5<8 ACBBє2> 

2?;820є =0 283;O4 �+), I> 2V4:@820є <>6;82VABь 5:A?5@8<5=B0;ь=>3> 

287=0G5==O 5D5:B82=>W B5?;>?@>2V4=>ABV.  
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$8A. 3.8. �<?;VBC4=>-G0AB>B=V 70;56=>ABV 4;O @V7=8E 7=0G5=ь B5?;>?@>2V4=>ABV 

 

�2545<> ?0@0<5B@ G O: 2V4=>H5==O 0<?;VBC48 (� A83=0;C 4> 0<?;VBC48 

;075@=>3> 71C465==O : 

 

 ă(�ăĄĄ , ÿÿ , Ą) = Ą(�ăĄĄ , ÿÿ , Ą)Ą(�ăĄĄ , ÿg, Ą) , (3.19) 

 

45 Ą(�ăĄĄ, ÿÿ, Ą) 3 0<?;VBC4=>-G0AB>B=0 70;56=VABь D>B>0:CAB8G=>3> 2V43C:C, 

71C465=>3> A2VB;>< =0 4>268=V E28;V ÿÿ, �ăĄĄ3 B5?;>?@>2V4=VABь 1030B>H0@>2>W 
AB@C:BC@8 =0 >A=>2V ?>@8AB>3> :@5<=VN.  

#5@52038 28:>@8AB0==O 71C46CNG>3> 28?@><V=5==O 45:V;ь:>E 4>268= 

E28;ь 4;O 287=0G5==O B5?;>?@>2V4=>ABV <C;ьB8H0@>28E A8AB5< <>6=0 10G8B8, 

2@0E>2CNG8 7<V=8 ?0@0<5B@0 G O: DC=:FVW G0AB>B8 (@8A. 3.9). 

 

 

$8A. 3.9.  #0@0<5B@ G(�ăĄĄ, ÿÿ, Ą) 4;O @V7=8E :>5DVFVє=BV2 B5?;>?@>2V4=>ABV B0 4;O 

:V;ь:>E 4>268= E28;ь 71C465==O (» = 430, 532, 680 =<), 7@07>: 1� 
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/: 284=>, 28:>@8AB0==O @V7=8E 4>268= E28;ь 40є 4>40B:>289 ABC?V=ь 

2V;ь=>ABV 4;O ?V428I5==O B>G=>ABV >FV=:8 B5?;>?@>2V4=>ABV. �<>45;ь>20=V 

0<?;VBC4=>-G0AB>B=V 70;56=>ABV 4;O 465@5; 71C465==O 7 4>268=0<8 E28;ь 2V4 

300 =< 4> 1000 =< ?@54AB02;5=V =0 @8A. 3.10. 

 

 

$8A. 3.10. �<>45;ь>20=V 0<?;VBC4=>-G0AB>B=V 70;56=>ABV D>B>0:CAB8G=>3> 

A83=0;C (7@07>: 1�) ?@8 71C465==V ;075@=8<8 465@5;0<8 7 @V7=8<8 

A?5:B@0;ь=8<8 4>268=0<8 E28;ь (400 3 1000  =<) 

 

�0;56=>ABV @>7@0E>2C20;8AO 4;O >4=0:>2>W ?>3;8=5=>W 5=5@3VW, I> 4>72>;Oє 

?@>45<>=AB@C20B8 7<V=C 7030;ь=>W D>@<8 :@82>W, 0 =5 25;8G8=8 A83=0;C, O:C 

G0AB> 4C65 206:> :>=B@>;N20B8 2 @50;ь=8E 5:A?5@8<5=B0;ь=8E C<>20E. 

�<?;VBC40 (� A83=0;C, 7<>45;ь>20=0 70 4>?><>3>N @V2=O==O 3.16 4;O 

7040=>W 4>268=8 E28;V 71C465==O, @>73;O40;0AO 40;V O: DC=:FVO 5D5:B82=>W 

B5?;>?@>2V4=>ABV 4>A;V46C20=>W 1030B>H0@>2>W AB@C:BC@8. $>71V6=VABь   

@57C;ьB0BV2 5:A?5@8<5=BC B0 <>45;N20==O 287=0G0;0AO AC<>N :204@0BV2 @V7=8Fь 

0<?;VBC4 A83=0;V2: 
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 Ă(�ăĄĄ) =∑(ĄĀÿă�
ÿ=1 (ÿÿ , �ăĄĄ) 2 ĄĀÿă(ÿÿ))2 , (3.20) 

 

45 {ÿÿ} - G0AB>B8 A2VB;0, =0 O:8E 28<V@O=> 0<?;VBC4=>-G0AB>B=V 70;56=>ABV (� 

A83=0;C.  V=V<V70FVO =52’O7>: 28:>=C20;0AO >4=>G0A=> 4;O B@ь>E 4>268= A2VB;0 

 

 
ÿ(Ăg + Ăÿ + ĂĀ)δ�ăĄĄ = 0 , (3.21) 

 

45 Ă , Ă  V Ă  є AC<0<8 =09<5=H8E :204@0BV2 4;O 75;5=>3>, G5@2>=>3> B0 A8=ь>3> 

;075@=8E 465@5; 2V4?>2V4=> 2V4?>2V4=> 4> @V2=O==O. 3.20. 

�0 4>?><>3>N >?8A0=>W 28I5 <5B>48:8 1C;> 287=0G5=> 5D5:B82=C 

B5?;>?@>2V4=VABь 1030B>H0@>2>W ?>@8AB>W A8AB5<8. "B@8<0=V C B0:89 A?>AV1 

7=0G5==O B5?;>?@>2V4=>ABV ?@54AB02;5=V 2 B01;8FV 3.2. 4;O :>6=>3> 7@07:0. 

�06;82> ?>@V2=OB8 FV 7=0G5==O 7 B5?;>?@>2V4=VABN <C;ьB8H0@>2>3> <0B5@V0;C, 

287=0G5=>N 70 5;5:B@>B5@<VG=>N 0=0;>3VєN, 70 O:>N B5?;>289 >?V@ ?@8 

?>A;V4>2=><C @>7B0HC20==V H0@V2 є AC<>N B5?;>28E >?>@V2 >:@5<8E H0@V2 [95] : 

 

 
1 2 1 2

1 2

l l l l

ó ó ó


  , (3.22) 

 

45 l1,  l2 3 B>2I8=8 ?5@H>3> V 4@C3>3> ?>@8AB>3> H0@C 42>H0@>2>W A8AB5<8, 

0 χ1 V χ2 3 :>5DVFVє=B B5?;>?@>2V4=>ABV B0:8E H0@V2. 

�8E>4OG8 7 2V4><8E 7=0G5=ь B5?;>?@>2V4=>ABV H0@V2 ?>@8AB>3> :@5<=VN, 

O:V A:;040NBь 4;O ?>@8AB>AB59 1 = 44%, 2 = 64% 2V4?>2V4=> χ1=2,5 �B/(<∙�) B0 

χ2=1,35 �B/(<∙�) [74,101], 73V4=> 7 @V2=O==O< (3.22) <>6=0 1C;> >GV:C20B8, I> 

:>5DVFVє=B B5?;>?@>2V4=>ABV 4>A;V465=8E <C;ьB8H0@>28E A8AB5< <0є A:;040B8 
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2V4 1,46 4> 1,73 �B/(<·�). #@>B5 5:A?5@8<5=B0;ь=> >FV=5=V 7=0G5==O χeff (482. B01;. 

3.2) 28O28;8AO C 2 - 4 @078 <5=H8<8 (482. B01;. 3.2). #5@5410G0єBьAO, I> 

?>E>465==O B0:8E @>71V6=>AB59 ?>2’O70=5 7 =0O2=VABN <V6D07=>3> B5?;>2>3> 

>?>@C. "B@8<0=89 2=CB@VH=V9 <V6D07=89 >?V@ <>6=0 >FV=8B8 =0 >A=>2V 

=0ABC?=>3> @V2=O==O 

 

&01;8FO 3.2.  

�D5:B82=0 B5?;>?@>2V4=VABь 1030B>H0@>28E AB@C:BC@ ?>@8AB>3> :@5<=VN 

B0 <V6D07=89 B5@<VG=89 >?V@ <V6 ?>@8AB8<8 H0@0<8 

 

 

3.4. (>B>0:CAB8G=0 E0@0:B5@8AB8:0 <C;ьB8H0@>28E AB@C:BC@ =0 
>A=>2V ?>@8AB>3> :@5<=VN 157 =0?>2=N20G0 

 

�;O <C;ьB8H0@>28E 7@07:V2 1 B0 2 A5@VW �, O: V 4;O 7@07:V2 A5@VW �, 1C;> 

28:>=0=> @>7@0EC=:8 @>7?>4V;V2 465@5; B5?;0, V=4C:>20=>3> 5;5:B@><03=VB=8< 

28?@><V=5==O< 4;O 4>268=8 E28;V 405 =< (<5B>4 :V=F528E 5;5<5=BV2, ?.3.3). !0 

@8A. 3.11 =02545=> >B@8<0=C 70;56=VABь ( )VP z  4;O 7@07:0 1�. 

№ � , @V2=. (3.22), �B/(<∙�) �ăĄĄ, �B/(<∙�) R, 10-7 <2∙�/�B 

1 1,73 0,8±0,1 0,73±0,08 

2 1,63 0,40±0,08 1,0±0,10 

3 1,46 0,65±0,05 2,66±0,12 
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$8A. 3.11. #@>AB>@>289 @>7?>4V; 

465@5; B5?;0, V=4C:>20=>3> A2VB;>< 

7 4>268=>N E28;V 405 =<  (7@07>: 1�) 

�;O <C;ьB8H0@>28E A8AB5<, O:V @>73;O40NBьAO C 40=V9 @>1>BV, @>72’O7:8   

@V2=O=ь (3.2-3.4)  ?5@5410G0NBь A8;ь=5 ?>3;8=0==O '(-A2VB;0 C 25@E=ь><C 

?>@8AB><C H0@V @>73;O=CB>W AB@C:BC@8. �>:@5<0, 4;O 7@07:0 1� A2VB;> <0965 

?>2=VABN ?>3;8=0єBьAO =02VBь C <560E ?5@H8E ?>@8AB8E H0@V2 <C;ьB8H0@>2>W 

A8AB5<8, I> 4>72>;Oє =5 2@0E>2C20B8 2V418BBO A2VB;0 =0 <56V <V6 H0@0<8 

?>@8AB>W A8AB5<8. � B>9 65 G0A, O: 284=> 7 @8A. 3.11, 35=5@0FVO B5?;0 70;8H0єBьAO 

?><VB=>N 4> 3;818=8 1000  =<, I> A:;040є 6 3 8 H0@V2 ?>@C20B>3> :@5<=VN. 

/: V 4;O 7@07:V2 A5@VW �, B5?;>?@>2V4=VABь <C;ьB8H0@>28E A8AB5< A5@VW � 

28:>@8AB>2C20;0AO O: ?0@0<5B@, I> 20@VNєBьAO  4;O 4>AO3=5==O =09:@0I>3> 

C73>465==O <V6 5:A?5@8<5=B0;ь=8<8 B0 B5>@5B8G=> @>7@0E>20=8<8  0<?;VBC4=>-

G0AB>B=8<8 E0@0:B5@8AB8:0<8 7@07:V2. "B@8<0=V 2 B0:V9 A?>AV1 G0AB>B=V 

70;56=>ABV 0<?;VBC48 (� A83=0;C, O:V =09:@0I5 =01;865=V 4> 

5:A?5@8<5=B0;ь=8E 7=0G5=ь 0<?;VBC48, ?@54AB02;5=V =0 @8A. 3.12 ACFV;ь=8<8 

;V=VO<8. 
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$8A. 3.12. �:A?5@8<5=B0;ь=V 

0<?;VBC4=>-G0AB>B=V 70;56=>ABV 

A83=0;C (� 4;O 7@07:V2 7 83 

?5@V>40<8 <C;ьB8H0@>28E 

AB@C:BC@. %CFV;ь=V ;V=VW 

2V4?>2V40NBь @>7@0E>20=V9 �+), 

>B@8<0=V9 7 <>45;N20==O 

@>7?>4V;C B5<?5@0BC@8 4;O 

7@07:V2 1� B0 2� 

  

"B@8<0=5 7=0G5==O B5?;>?@>2V4=>ABV 4;O 7@07:0 1� A:;040є χ=0,75 0,10 

�B/(<∙�), 0 4;O 7@07:0  2� χ=0,50 0,05 �B/(<∙�). /: V 4;O 7@07:V2 A5@VW �, B0:V 

7=0G5==O B5?;>?@>2V4=>ABV ACBBє2> <5=HV, <V6 4;O <>=>H0@V2 ?>@8AB>3> :@5<=VN 

(4;O  1 = 50%, 2 = 60% 2V4?>2V4=> χ1=1,95 �B/(<∙�) B0 χ2=1,4 �B/(<∙�) [74,101]). 

*5 A2V4G8Bь ?@> =0O2=VABь B5?;>2>3> >?>@C =0 <560E @>74V;C <V6 H0@0<8 

?>@8AB>3> :@5<=VN 7 @V7=>N ?>@8ABVABN 2 1030B>H0@>2V9 AB@C:BC@V. 

/: 707=0G0;>AO 2 ?.2.2, 7@07>: 2�, =0 2V4<V=C 2V4 7@07:0 1�, 283>B>2;O2AO 157 

?5@5<VHC20==O 5;5:B@>;VBC. �V4ACB=VABь ?5@5<VHC20==O 2 ?@>F5AV B@02;5==O 

VAB>B=> 2?;820є =0 <>@D>;>3VG=V >A>1;82>ABV 7@07:V2 V, O: =0A;V4>:, =0 WE 

B5?;>DV78G=V 2;0AB82>ABV. �>:@5<0, 2AB0=>2;5=>, I> 2V4ACB=VABь ?@>F5AC 

?5@5<VHC20==O 5;5:B@>;VBC 1V;O ?>25@E=V :@5<=VN ?V4 G0A 9>3> 283>B>2;5==O 

71V;ьHCє 9>3> ?>@8ABVABь V B>2I8=C ?>@V2=O=> 7V 7@07:0<8 2 B8E A0<8E C<>20E, 

0;5 7 ?5@5<VHC20==O< 5;5:B@>;VBC. � @57C;ьB0BV D>B>0:CAB8G=89 <5B>4 ?>:0702, 

I>  7@07:8 2� <0NBь 45I> =86GV 7=0G5==O B5?;>?@>2V4=>ABV, =V6 1�. 

&0:V 7<V=8 <>@D>;>3VW <>6=0 ?>OA=8B8 B8<, I> CB2>@5==O ?>@8AB8E H0@V2 

70 2V4ACB=>ABV 7<VHC20G0 CA:;04=Nє @CE @5035=BV2 V ?@>4C:BV2 @50:FVW @07>< V7 

=0:>?8G5==O< =0 ?>25@E=V ?>@8AB>3> H0@C 4>A8Bь 25;8:8E 1C;ь10H>: 2>4=N. *V 
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=530B82=V D0:B>@8 ?@872>4OBь 4> ?5@5@>7?>4V;C AB@C<C =0 ?>25@E=V :@5<=VN V 

;>:0;ь=>3> 71V4=5==O V>=V2 DB>@C ?V4 G0A B@02;5==O, B>I>. #@>F5A AB0є 1V;ьH 

AB>E0AB8G=8<, 0 B><C ?@872>48Bь 4> 35=5@0FVW 3@04Vє=BV2 ?>@8AB>ABV B0 

=5@V2=><V@=>ABV ?>@8AB8E H0@V2 O: =0 ?>25@E=V, B0: V 2 3;818=V, I> ?>B@51Cє 

?>40;ьH>3> 45B0;ь=>3> 0=0;V7C. �@V< B>3>, <>6=0 ?@8?CAB8B8, I> FV  ?@>F5A8 

?@872>4OBь 4> 1V;ьH>W 9<>2V@=>ABV ?>@CH5==O FV;VA=>ABV A8AB5<8, CB2>@5==O 

45D5:BV2 V G0AB:>2>W 2B@0B8 B5?;>2>3> :>=B0:BC <V6 ?>@8AB8<8 H0@0<8 ?V4 G0A WE 

28A8E0==O. 

 

3.5. (>B>0:CAB8G=0 E0@0:B5@870FVO <C;ьB8H0@>28E AB@C:BC@ =0 
>A=>2V ?>@8AB>3> :@5<=VN 7 =0?>2=N20G5< 

 

(>B>0:CAB8G=89 <5B>4  1C2 70AB>A>20=89 4;O 287=0G5==O B5?;>?@>2V4=>ABV 

<C;ьB8H0@>28E AB@C:BC@ "<#�/@V48=0" =0 >A=>2V ?>@8AB>3> :@5<=VN 7 @V48==8< 

=0?>2=N20G5< (B5E=VG=5 <0A;>). !0 @8A. 3.13 ?@54AB02;5=> 5:A?5@8<5=B0;ь=V 

0<?;VBC4=>-G0AB>B=V 70;56=>ABV (� A83=0;C, 0 B0:>6 @57C;ьB0B8 <>45;N20==O 

�+) 4;O 7@07:0 1�, B5>@5B8G=> 287=0G5=V 70 <5B>48:>N, 28:;045=>N C ?. 3.4. 

"45@60=V 7=0G5==O B5?;>?@>2V4=>ABV <C;ьB8H0@>28E :><?>78BV2 =02545=V 2 

B01;8FV 3.3. /: 284=> 7 B01;8FV, 7=0G5==O :>5DVFVє=BC B5?;>?@>2V4=>ABV 

:><?>78BV2 7 @V48==8< =0?>2=N20G5< =0 40 3 45% 28I5, =V6 4;O B0:8E 65 

:><?>78BV2 157 =0?>2=N20G0. �@V< B>3>, @V7=8FO B5?;>?@>2V4=>AB59 

«<#�/@V48=0» B0 <#� 45I> ?5@528ICє 2;0A=5 :>5DVFVє=B0 B5?;>?@>2V4=>ABV 

B5E=VG=>3> <0A;0  �#-12 (χ = 0,15 �B/(<·�)) V 71V;ьHCєBьAO 7V 71V;ьH5==O< 

?>@8AB>ABV 7@07:V2. 
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(0) (1) 

$8A. 3.13. �:A?5@8<5=B0;ь=V 0<?;VBC4=>-G0AB>B=V 70;56=>ABV A83=0;C PA 4;O 

7@07:V2 <#� B0 :><?>78B=8E A8AB5< «<#�/@V48=0» (?>@>6=V B0 

70D0@1>20=V B>G:8 2V4?>2V4=>), 7@07>: 1�. %CFV;ь=V ;V=VW 2V4?>2V40NBь 

@>7@0E>20=8< �+), >B@8<0=8< V7 <>45;N20==O @>7?>4V;C B5<?5@0BC@8 

2 AB@C:BC@0E 

 

&01;8FO 3.3. 

�87=0G5=89 :>5DVFVє=B B5?;>?@>2V4=>ABV 7@07:V2 <#� B0 "<#�/@V48=0" 

�@07>: #>@C20BVABь, % χ, �B/(<∙�) 

<#� " <#�/@V48=0" 

1� ̴ 60 0,38±0,03 0,55±0,03 

2� ̴ 50 0,7±0,1 1,00±0,05 

"B@8<0=89 @57C;ьB0B <>6=0 ?>OA=8B8 ?>:@0I5=8< B5?;>28< :>=B0:B>< 

<V6 :@8AB0;VB0<8 :@5<=VN B0 22545=>N @V48=>N, ?@> I> ?>2V4><;O;>AO 

@0=VH5 [74]. #@8 Fь><C A;V4 2@0E>2C20B8, I> 7=0G5==O B5?;>?@>2V4=>ABV B0:8E 

AB@C:BC@ 70;8H0NBьAO 7=0G=> =86G8<8 2V4 >B@8<0=8E 70 5;5:B@>B5@<VG=>N 

0=0;>3VєN =02VBь ?VA;O 70?>2=5==O A8AB5<8 @V48=>N. &0:8< G8=><, 2>=8 740B=V 

715@53B8 A2>N 2;0AB82VABь 1CB8 5D5:B82=8< B5?;>V7>;OFV9=8< <0B5@V0;><. 
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�8A=>2:8 4> 3 @>74V;C 
 

1. �0?@>?>=>20=> <>45;ь D>B>B5@<VG=>3> ?5@5B2>@5==O 2 <C;ьB8H0@>28E 

:@5<=Vє28E :><?>78B0E, O:0 4>72>;Oє 287=0G8B8 ?@>AB>@>289 @>7?>4V; 

465@5; B5?;>284V;5==O B0 B5<?5@0BC@8 ?@8 ?>3;8=0==V ?@O<>:CB=> 

<>4C;ь>20=>3> A2VB;0 7 @V7=8<8 4>268=0<8 E28;ь <C;ьB8H0@>2>N 

AB@C:BC@>N 7 ?5@V>48G=8< G5@3C20==O< H0@V2 :@5<=VN @V7=>W ?>@C20B>ABV. 

�AB0=>2;5=>, I> 3;818=0 35=5@0FVW 465@5; 70;568Bь 2V4 ?>@C20B>ABV B0 

4V5;5:B@8G=8E E0@0:B5@8AB8: >:@5<8E H0@V2 :@5<=VN, 0 B0:>6 2V4 4>268=8 

E28;V, >1<56CNG8Aь 6 3 10 H0@0<8 :@5<=VN 4;O A2VB;0 7 4>268=>N E28;V 430 

=< B0 4>AO30NG8 40 3 60 H0@V2 4;O 4>268=8 E28;V 680 =<. 

 

2. !0 >A=>2V >B@8<0=8E ?@>AB>@>28E B5<?5@0BC@=8E @>7?>4V;V2 28:>=0=> 

<>45;N20==O D>B>0:CAB8G=>3> 2V43C:C 2 <C;ьB8H0@>2><C :@5<=Vє2><C 

:><?>78BV, I> 4>72>;8;> 287=0G0B8 ?0@0<5B@8 0<?;VBC4=>-G0AB>B=8E 

E0@0:B5@8AB8: D>B>0:CAB8G=>3> A83=0;C 70;56=> 2V4 B>2I8=8 B0 ?>@C20B>ABV 

>:@5<8E H0@V2, WE 4V5;5:B@8G=8E E0@0:B5@8AB8:, 4>268=8 E28;V 71C46CNG>3> 

A2VB;0 B0 5D5:B82=>W B5?;>?@>2V4=>ABV <C;ьB8H0@>2>3> :><?>78B0. 

 

3. �:A?5@8<5=B0;ь=> 287=0G5=> 0<?;VBC4=>-G0AB>B=V E0@0:B5@8AB8:8 

D>B>0:CAB8G=>3> A83=0;C 307><V:@>D>==8< <5B>4>< C 7@07:0E 

<C;ьB8H0@>28E :><?>78BV2 ?>@C20B>3> :@5<=VN, O:V <VABOBь 30 B0 83 ?0@8 

H0@V2 7 @V7=>N ?>@C20BVABN B0 @V7=8<8 A?V22V4=>H5==O<8 B>2I8=.  �;O 

287=0G5==O 5D5:B82=>W B5?;>?@>2V4=>ABV <C;ьB8H0@>2>3> :><?>78B0 

70?@>?>=>20=0 ?@>F54C@0 <V=V<V70FVW 2V4E8;5=ь 5:A?5@8<5=B0;ь=8E B0 

@>7@0E>20=8E 7=0G5=ь 0<?;VBC48 D>B>0:CAB8G=>3> A83=0;C 2 CAь><C 



96 

 

5:A?5@8<5=B0;ь=><C 4V0?07>=V G0AB>B A83=0;C G5@57 20@V0FVN 5D5:B82=>W 

B5?;>?@>2V4=>ABV O: 7<V==>3> ?0@0<5B@0 B5>@5B8G=>W <>45;V. 

 

4. �AB0=>2;5=>, I> :>5DVFVє=B B5?;>?@>2V4=>ABV <C;ьB8H0@>28E :><?>78BV2 C 

2 3 4 @078 <5=H0 70 :>5DVFVє=B B5?;>?@>2V4=>ABV, 287=0G5=C O: AC<C B5?;>28E 

>?>@V2 >:@5<8E :><?>=5=BV2 (5;5:B@>B5@<VG=0 0=0;>3VO). "B@8<0=89 

@57C;ьB0B A2V4G8Bь ?@> 28=8:=5==O 7=0G=>3> 4>40B:>2>3> B5?;>2>3> >?>@C, 

O:89 ACBBє2> 7<V=Nє B5?;>2V E0@0:B5@8AB8:8 :><?>78BC. &0:89 >?V@ 

287=0G0єBьAO AB0=>< B5?;>2>3> :>=B0:BC ?>25@E>=ь ACAV4=VE H0@V2 :@5<=VN 7 

@V7=>N ?>@C20BVABN B0 >A>1;82>ABO<8 AB@C:BC@8 :>6=>3> ?>@C20B>3> H0@C, 

2V4 O:8E 70;568Bь B5@<VG=89 >?V@ <V6 >:@5<8<8 =0=>:@8AB0;VB0<8 <0B@8FV 

:@5<=VN. 

 

5. #>:070=>, I> ?@8 70?>2=5==V <C;ьB8H0@>28E :><?>78BV2 @V48=>N B5E=VG=8< 

<0A;>< :>5DVFVє=B B5?;>?@>2V4=>ABV B0:8E 3V1@84=8E A8AB5< 7@>AB0є =0 

40 3 45%  ?>@V2=O=> 7 =570?>2=5=8<8 :><?>78B0<8. �@>AB0==O 

B5?;>?@>2V4=>ABV 7C<>2;5=5 4>40B:>2>N B5?;>?@>2V4=VABN @V48=8 ?@8 

70?>2=5==V ?>@ B0 ?>:@0I5==O< B5?;>2>3> :>=B0:BC <V6 @V48=>N B0 

=0=>:@8AB0;VB0<8 2 >1’є<V ?>@C20B8E H0@V2. 

 

6. "B@8<0=V @57C;ьB0B8 A2V4G0Bь, I> B5?;>?@>2V4=VABь :@5<=Vє28E :><?>78BV2 

<>6=0 ACBBє2> 7<V=N20B8 20@VN20==O< O: :V;ь:>ABV, @>7<V@V2 B0 ?>@C20B>ABV 

>:@5<8E :@5<=Vє28E H0@V2, B0: V 28:>@8AB0==O< @V48==8E =0?>2=N20GV2 7 

7040=8<8 B5?;>DV78G=8<8 E0@0:B5@8AB8:0<8. �@V< B>3>, D>B>0:CAB8G=89 

<5B>4 є GCB;828< 4;O @5єAB@0FVW 7<V= B5?;>DV78G=8E E0@0:B5@8AB8: 

:@5<=Vє28E  :><?>78BV2 ?@8 WE 28:>@8AB0==V O: @V48==8E A5=A>@V2. 
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$"���� 4  
&�#�"&$�!%#"$&!� ���%&��"%&� !�!"%&$'�&'$!�) 

�" #"��&�� !� "%!"�� #"$'��&"�" �$� !�. � �"!!� � 
$���!� �  

� 40=><C @>74V;V ?@54AB02;5=> @57C;ьB0B8 4>A;V465==O ?@>F5AV2 

B5?;>?5@5=>AC 2 =0=>:><?>78B=8E A8AB5<0E, I> A:;040NBьAO 7 ?>@8AB>W 

:@5<=Vє2>W <0B@8FV (?>@C20BVABь 65%), 70?>2=5=>W V>==8<8 @V48=0<8. 

&5?;>?@>2V4=VABь 42>E V<V407>;Vє28E V >4=VєW 0<>=V9=>W V>==8E @V48= 287=0G0;0AO 

D>B>0:CAB8G=8< <5B>4>< 7 ?’є7>5;5:B@8G=>N @5єAB@0FVєN, 0 WE B5?;>є<=VABь 3 

<5B>4>< 48D5@5=FV0;ь=>W A:0=C20;ь=>W :0;>@8<5B@VW (482. ?.?. 2.4.2.). 

&5?;>B@0=A?>@B=V 2;0AB82>ABV :><?>78B=>W A8AB5<8 «V>==0 @V48=0 2A5@548=V 

?>@8AB>W :@5<=Vє2>W <0B@8FV»  4>A;V46C20;8AO  D>B>0:CAB8G=8< <5B>4>< 7 

307><V:@>D>==>N @5єAB@0FVєN.  

 

4.1. (>B>0:CAB8G=0 :><V@:0 4;O ?’є7>5;5:B@8G=>W @5єAB@0FVW 
A83=0;V2  

 

�;O 4>A;V465==O B5?;>28E E0@0:B5@8AB8: V>==8E @V48= 1C;> >1@0=> 

D>B>0:CAB8G=89 ?'є7>5;5:B@8G=89 <5B>4 O: 5D5:B82=89 B0 =5@C9=V2=89 70AV1 4;O 

287=0G5==O B5?;>28E E0@0:B5@8AB8: <0B5@V0;V2 [102,103]. "A=>2>N Fь>3> <5B>4C 

є D>B>0:CAB8G=89 5D5:B, O:89 28=8:0є 2=0A;V4>: 35=5@0FVW 72C:>28E E28;ь C 

<0B5@V0;V ?@8 4VW <>4C;ь>20=>3> >?B8G=>3> 28?@><V=N20==O (482. ?.?. 1.1.1)  

' :>=DV3C@0FVW, O:0 28:>@8AB0=0 2 5:A?5@8<5=BV, D>B>0:CAB8G=0 :><V@:0 

>?@><V=N20;0AO <>4C;ь>20=8< ;075@=8< 28?@><V=5==O< 7 4>268=>N E28;V 405 

=< (@8A. 4.1). �><V@:0 O2;Oє A>1>N 1030B>H0@>2C AB@C:BC@C 7 =0ABC?=8<8 

B>2I8=0<8 H0@V2: ls = 100 <:< (@V48=0), la = 900 <:< (0;N<V=V9), lb = 1000 <:< 



98 

 

(1CD5@), lstr = 700 <:< (?’є7>5;5:B@8G=89 ?5@5B2>@N20G). �8?@><V=5==O 

?>3;8=0;>AO 2 01A>@1CNG><C H0@V, 0 B5?;>20 5=5@3VO, I> 2 =ь><C 284V;O;0AO, 

?5@54020;0AO G5@57 @V48=C 4> <5B0;52>W ?;0AB8=8, 28@>1;5=>W 7 0;N<V=VN. #@8 

Fь><C ?;0AB8=0 ?V4B@8<C20;0 IV;ь=89 :>=B0:B 7 ?'є7>5;5:B@8G=8< 

?5@5B2>@N20G5<. +0A>20 70B@8<:0 <V6 ?>G0B:>< ?@>F5AC =03@V20==O V 

45D>@<0FVєN ?’є7>?5@5B2>@N20G0 157?>A5@54=ь> ?>2'O70=0 7 B5?;>?@>2V4=VABN 

@V48=8. &><C 4;O 287=0G5==O FVєW 25;8G8=8 <>6=0 28:>@8AB>2C20B8 G0A>2V B0 

G0AB>B=V 70;56=>ABV =0?@C38 =0 5;5:B@>40E ?’є7>?5@5B2>@N20G0. ' FV;><C 

D>B>0:CAB8G=89 AB5=4 ?@54AB02;5=> 2 ?. 3.1. 

 

$8A. 4.1. (A :><V@:0 7 ?'є7>5;5:B@8G=>N @5єAB@0FVєN 

 

4.2.  >45;N20==O D>B>0:CAB8G=>3> A83=0;C ?’є7>5;5:B@8G=8< 
<5B>4>< 4;O @V48= 

 

$>73;O=5<> D>@<C20==O (� A83=0;C 2 =02545=V9 28I5 ?’є7>5;5:B@8G=V9 

:><V@FV. /:I> A8;C, ?@8:;045=C 4> >4=>@V4=>W ?@C6=>W ?;0AB8=8 2 B>GFV s  =0 >AV 

z , ?@54AB028B8 45;ьB0-DC=:FVєN ( )A z sô   ( A  - @>7<V@=0 AB0;0), B> 2 ?;0AB8=V 
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28=8:0є 2V4=>A=0 45D>@<0FVO, ?@>AB>@>289 @>7?>4V; O:>W 7040єBьAO ;V=V9=>N 

DC=:FVєN :>>@48=0B8 [104]:  

 

a bzõ   ,       (4.1) 

 

45 a V b 3 :>=AB0=B8, I> 70;560Bь 2V4 ?@C6=8E 2;0AB82>AB59 V 35><5B@8G=8E 

@>7<V@V2 A8AB5<8. �06;82>, I> @>7?>4V; (4.1), >B@8<0=89 4;O >4=>@V4=>W 

?;0AB8=8 [105],  <>65 1CB8 70AB>A>20=89 V 4> 35B5@>35==>W A8AB5<8. � Fь><C 

28?04:C C :207VAB0FV>=0@=><C =01;865==V @>7?>4V; ?@C6=8E =0?@C3 (σ) 274>26 

>AV z <>6=0 ?@54AB028B8 C  283;O4V[100]: 

 

 �(�)Ă� = ā(�)1 2 Ā(�) (ÿ + Ā�)2 ýÿ(� 2  Ā), (4.2) 

   

45 E(z) B0 Ā(z) 4 ?@>AB>@>2V @>7?>4V;8 <>4C;O .=30 V :>5DVFVє=B0 #C0AA>=0 

2V4?>2V4=>. '<>28 @V2=>2038 4;O A8; B0 <><5=BV2 A8; <0NBь 283;O4: 

 

 ∫�(�)Ă� = 0Ă
0 ;   ∫�(�)�Ă� = 0Ă

0  , (4.3) 

 

45 l 3 B>2I8=0 2AVєW A8AB5<8.   

� C<>2 (4.3) <>6=0 287=0G8B8 =52V4><V ?0@0<5B@8 a V b: 

 

 ÿ = ý ÿ2 2 Āÿ1ÿ0ÿ2 2ÿ12 ;   Ā = ý Āÿ0 2ÿ1ÿ0ÿ2 2ÿ12 , (4.4) 
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 ÿÿ = ∫ ā(�)1 2 Ā(�) �ÿĂ�Ă
0  , (4.5) 

 

�030;><, ?@>AB>@>289 @>7?>4V; ?@C6=8E =0?@C3 ( )zó  2 4>A;V46C20=V9 

A8AB5<V ?@8 4>2V;ь=><C @>7?>4V;V =0?@C3 465@5;0 ( )s zó , ;>:0;V7>20=>3> 2 B0:V9 

A8AB5<V, <0є 283;O4 [23] 

 

 �(�) = ā(�)1 2 Ā(�)∫ ă(�, Ā)�Ā(Ā)ĂĀ,ĂĀāÿ
0  (4.6) 

 

 ă(�, Ā) = Ā(�, Ā)ý = ÿ2 2 �ÿ1 2 Ā(ÿ1 2 �ÿ0)ÿ0ÿ2 2ÿ12  , (4.7) 

 

45 lstr 3 B>2I8=0 4>A;V46C20=>W :>=AB@C:FVW.  

�06;82>, I> ?@8 D>@<C20==O D>B>0:CAB8G=>3> A83=0;C ?’є7>5;5:B@8G=8< 

<5B>4>< 465@5;> ( )s zó  <>6=0 ?@54AB028B8 O: B5@<>?@C6=C A8;C: 

 

 �Ā(Ā, ÿ) = Āă(Ā)ā(Ā)�(Ā, ÿ)1 2 Ā(Ā) , (4.8) 

 

45 ³T 3 :>5DVFVє=B B5?;>2>3> @>7H8@5==O 4>A;V46C20=>3> <0B5@V0;C, θ(s,ω) 3 

@>7?>4V;  B5<?5@0BC@8 ?@8 G0AB>BV A2VB;0 ω. �8@07 4;O θ 2V4><89 2 ;VB5@0BC@V O: 

4;O >4=>@V4=8E [106], B0: V 4;O =5>4=>@V4=8E [13,107,108] AB@C:BC@. ' 40=V9 

@>1>BV <8 28:>@8AB>2Cє<> FV 28@078 70 C<>28 A8;ь=>3> ?>3;8=0==O A2VB;0 B0 

2V4ACB=>ABV 2V4B>:C B5?;0 2V4 ?>25@E>=ь :>=AB@C:FVW (z = 0, lstr). 

"1’є4=CNG8 @V2=O==O (4.6) B0 (4.8), <>6=0 70?8A0B8 28@07 4;O =0?@C38, O:0 

AB2>@NєBьAO =0 5;5:B@>40E ?'є7>5;5:B@8G=>3> ?5@5B2>@N20G0 [103]: 
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Ą(ÿ)~ ∫ �(�)Ă� = ∫ ā(�)1 2 Ā(�) ∫ Āăā�(Ā, ÿ)1 2 Ā(Ā) ă(�, Ā)ĂĀĂ�Ăÿ
ĂĀ

ĂĀāÿ
ĂĀ

ĂĀāÿ
ĂĀ  (4.9) 

 

45 lb  3 :>>@48=0B0 25@E=ь>W ?>25@E=V ?’є7>5;5:B@8G=>3> ?5@5B2>@N20G0 (lstr – lb 3 

B>2I8=0 ?5@5B2>@N20G0). #@8 Fь><C ?>:;040єBьAO 2V4ACB=VABь B5@<>?@C6=>3> 

465@5;0 O: 2 1CD5@=><C H0@V, B0: V 2 ?'є7>5;5:B@8G=><C ?5@5B2>@N20GV. &0:0 

C<>20 <>65 1CB8 @50;V7>20=0 ?@8 28:>@8AB0==V 4;O 1CD5@=>3> H0@C <0B5@V0;C 7 

=87ь:8<8 7=0G5==O<8 B5?;>?@>2V4=>ABV B0 :>5DVFVє=B0 B5?;>2>3> @>7H8@5==O, 

=0?@8:;04, ?;0AB8=8 7V A:;>:5@0<V:8. 

 

4.3. &5?;>DV78G=V E0@0:B5@8AB8:8 V>==8E @V48= ?@8 ?’є7>5;5:B@8G=V9 
@5єAB@0FVW D>B>0:CAB8G=8E A83=0;V2 

 

� @>1>BV 4;O @O4C @V48=, O: AB0=40@B=8E (B5AB>2V 7@07:8), B0: V V>==8E,  1C;> 

287=0G5=> 0<?;VBC4=>-G0AB>B=V E0@0:B5@8AB8:8 (� A83=0;C ?@8 

?’є7>5;5:B@8G=V9 @5єAB@0FVW 2 4V0?07>=V G0AB>B 5 3 18 �F. �:A?5@8<5=B0;ь=V 

0<?;VBC4=>-G0AB>B=V 70;56=>ABV <>45;N20;8AO =0 >A=>2V @V2=O==O (4.9), ?@8 

Fь><C 7<V==8< ?0@0<5B@>< 4;O 4>AO3=5==O =09:@0I>3> 71V3C @>7@0E>20=8E �+)  

7 5:A?5@8<5=B0;ь=8<8 1C;8 7=0G5==O B5?;>?@>2V4=>ABV @V48=. !0 @8A. 4.2. 

?@54AB02;5=> B8?>2V 0<?;VBC4=>-G0AB>B=V 70;56=>ABV (� A83=0;C 4;O B5AB>28E 

@V48= 3 2>48 B0 #��400, 0 2 B01;8FV 4.1 3 287=0G5=V 7=0G5==O WE B5?;>?@>2V4=>ABV. 

!5>1EV4=> 2V47=0G8B8,  I> FV 7=0G5==O 4>1@5 C73>46CNBьAO 7 ;VB5@0BC@=8<8 

40=8<8, I> A2V4G8Bь ?@> 5D5:B82=VABь V B>G=VABь 70?@>?>=>20=>W (� <5B>48:8 

287=0G5==O B5?;>?@>2V4=>ABV @V48=.  
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(0) (1) 

 

$8A. 4.2. �<?;VBC4=>-G0AB>B=V E0@0:B5@8AB8:8 (� A83=0;C B5AB>28E @V48= ?@8 

?’є7>5;5:B@8G=V9 @5єAB@0FVW: 2>40 (0) B0 #�� 400 (1). �@C6:8 3 

5:A?5@8<5=B0;ь=V 40=V, ;V=VW 3 <>45;N20==O (� A83=0;C ?@8 @V7=8E 

7=0G5==OE B5?;>?@>2V4=>ABV @V48=8 

&01;8FO 4.1.  

�=0G5==O :>5DVFVє=B0 B5?;>?@>2V4=>ABV B5AB>28E B0 V>==8E @V48= 

 

$V48=0 �>40 #��-400 [BMIm][TFSI] [TEA][TFSI] [Im][BEHP] 

χ, �B/(<∙�) 0,6 0,01 

0,6 [109] 

0,2 0,02 0,12 0,02 0,12 0,02 0,15 0,02 

 

� ?>40;ьH><C 1C;> 5:A?5@8<5=B0;ь=> >B@8<0=> �+) V>==8E @V48= B0 

28:>=0=> WE <>45;N20==O (4.9) 7V 7<V==8<8 7=0G5==O<8 B5?;>?@>2V4=>ABV 

(@8A. 4.3). �AB0=>2;5=>, I> 7=0G5==O B5?;>?@>2V4=>ABV 28:>@8AB0=8E V>==8E 

@V48= 7=0E>4OBьAO 2 4V0?07>=V 0,12 3 0,15 �B/(<·�) (482. B01;. 4.1), I> E0@0:B5@=> 

4;O F8E @5G>28= [92,93].  
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(0) (1) 

 

(2) 

$8A.4.3. �<?;VBC4=>-G0AB>B=V E0@0:B5@8AB8:8 1030B>H0@>2>W A8AB5<8 7 �$: 

[Im][BEHP] (0), [BMIm][TFSI] (1)  B0 [TEA][TFSI] (2). �@C6:8 3 

5:A?5@8<5=B0;ь=V 40=V, ;V=VW 3 <>45;N20==O (� A83=0;C ?@8 @V7=8E 

7=0G5==OE B5?;>?@>2V4=>ABV @V48=8 

$>73;O=CB89 28I5 <5B>4 287=0G5==O B5?;>?@>2V4=>ABV H;OE>< 20@VN20==O 

Fь>3> ?0@0<5B@0 4;O 70157?5G5==O =09:@0I>3> 71V3C 5:A?5@8<5=B0;ь=8E �+) 7 

B5>@5B8G=> @>7@0E>20=8<8 (4.9) <>65 1CB8 70AB>A>20=89 V 4;O 287=0G5==O V=H8E 

DV78G=8E E0@0:B5@8AB8: <0B5@V0;C, I> 4>A;V46CєBьAO. !0?@8:;04, ?>:;040NG8 

2V4><8< 7=0G5==O :>5DVFVє=BC B5?;>?@>2V4=>ABV, <>6=0 28:>=0B8 20@VN20==O 

B5?;>є<=>ABV 7@07:0. !0 @8A. 4.4 ?@54AB02;5=> @57C;ьB0B @>7@0EC=:V2 �+) @V48=8 

[TEA][TFSI] ?@8 @V7=8E 7=0G5==OE WW B5?;>є<=>ABV B0 265 287=0G5=><C 7=0G5==V 
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:>5DVFVє=B0 B5?;>?@>2V4=>ABV (ó   0,15 0,02)  �B/(<∙�). /: 284=> 7 @8AC=:0, 

=09:@0I5 C73>465==O @>7@0E>20=8E 0<?;VBC4=>-G0AB>B=8E 70;56=>AB59 7 

5:A?5@8<5=B0;ь=8<8 B>G:0<8 4>AO30єBьAO ?@8 1380c   �6/(:3∙�), I> 4>1@5 

C73>46CєBьAO 7V 7=0G5==O< 1343c   �6/(:3∙�), O:5 @0=VH5 1C;> >B@8<0=> ?@8 

28<V@N20==V <5B>4>< 48D5@5=FV0;ь=>W :0;>@8<5B@VW (?.?. 2.4.1). 

 

$8A. 4.4. �<?;VBC4=>-G0AB>B=V E0@0:B5@8AB8:0  ?@8 @V7=8E 7=0G5=ь B5?;>є<=>ABV 

4;O 7@07:0 [TEA][TFSI] 

 

4.4. &5?;>?@>2V4=VABь :><?>78B=8E A8AB5< «?>@C20B89 
:@5<=V9 – V>==0 @V48=0» 

 

�;O 28<V@N20==O B5?;>?@>2V4=>ABV :><?>78B=8E A8AB5< «?>@C20B89 

:@5<=V9 3 V>==0 @V48=0» 1C;> 28:>@8AB0=> (� <5B>4 7 307><V:@>D>==>N 

@5єAB@0FVєN (482. ?. 3.1). �<?;VBC4=>-G0AB>B=V 70;56=>ABV (� A83=0;C 

4>A;V46C20;8AO 2 4V0?07>=V G0AB>B 40 3 1000 �F, I> 2V4?>2V40є @>1>G><C 

4V0?07>=C G0AB>B @5єAB@0FVW (� 2V43C:C 307><V:@>D>==8< <5B>4>< C 

=5@57>=0=A=><C @568<V. "B@8<0=V 70;56=>ABV 1C;> ?@>0=0;V7>20=> <5B>4>< 
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":@8B8G=>W G0AB>B8" [74]. �0=89 <5B>4 <>45;Nє B5?;>2V 71C@5==O, I> 28=8:;8 

2=0A;V4>: >?@><V=5==O 7@07:0 <>4C;ь>20=8< A2VB;><,  V O:V ?>@>46CNBь H284:> 

730A0NGV B5?;>2V E28;V. �06;828<8 E0@0:B5@8AB8:0<8 ?@>F5AC @>7?>2AN465==O 

B5?;>28E E28;ь є 4>268=0 B5?;>2>W 48DC7VW C 7@07:C ( )&  B0 :>5DVFVє=B 

B5<?5@0BC@>?@>2V4=>ABV 7@07:0 ( )&D  [74]:  

 ÿ� = √Ā� (⁄ ÿĄ), (4.10) 

 

45  f  3  G0AB>B0 <>4C;OFVW A2VB;0. 

!5>1EV4=> 2V47=0G8B8, I> :@5<=Vє289 :><?>78B O2;Oє A>1>N AB@C:BC@C, I> 

A:;040єBьAO 7 42>E H0@V2: 25@E=V9  H0@ 3 ?>@8AB89 :@5<=V9 7 ?>@>6=V<8 ?>@0<8 

01> ?>@0<8, 70?>2=5=8<8 �$,   =86=V9 H0@ 3 <>=>:@8AB0;VG=89 :@5<=V9 

(?V4:;04:0). !0 �+) :><?>78B0 ?@8 ?52=V9 G0AB>BV (:@8B8G=0 G0AB>B0) 

A?>AB5@V30єBьAO 7<V=0 :CBC =0E8;C 0<?;VBC4=>-G0AB>B=>W 70;56=>ABV. &0:0 G0AB>B0 

2V4?>2V40є A8BC0FVW, :>;8 4>268=0 B5?;>2>W 48DC7VW 71V30єBьAO 7 B>2I8=>N 

25@E=ь>3> H0@C ( & l  ), @>74V;ONG8 �+) =0 42V E0@0:B5@=V G0AB>B=V >1;0ABV. ' 

Fь><C 28?04:C B5?;>?@>2V4=VABь 25@E=ь>3> H0@C <>6=0 287=0G8B8, 2@0E>2CNG8 

2V4><89 28@07 4;O :>5DVFVє=B0 B5<?5@0BC@>?@>2V4=>ABV [74]: 

 Ā� = �āĀ, (4.11) 

 

B0 C<>2C & l  , 70  O:>W 73V4=> (4.10): 

 Ā� = ÿĄāþ2, (4.12) 
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45 fc  3 :@8B8G=0 G0AB>B0, �, ā, Ā 2 B5?;>?@>2V4=VABь, ?8B><0 B5?;>є<=VABь V 
3CAB8=0 7@07:0. "B65,  

 

2
cc f ló ð ò  ,     (4.13) 

 

#@8 287=0G5==V B5?;>є<=>AB59 28EV4=>3> ?>@C20B>3> :@5<=VN, ?>@C20B>3> 

:@5<=VN, 70?>2=5=>3> V>==>N @V48=>N B0 <>=>:@8AB0;VG=>3> :@5<=VN >1'є<=0 

B5?;>є<=VABь ( / / )c cm V C Vò    7@07:V2 287=0G0;0Aь 70 =0ABC?=>N 

D>@<C;>N  [100]: 

 āĀ = āĂÿĀĂÿ(1 2 ý), (4.14) 

 āÿĂ/��ĀÿĂ/�� = āĂÿĀĂÿ(1 2 ý) + ā��Ā��ý�, (4.15) 

  

45 āĀ, āÿĂ/��ĀÿĂ/�� 3 >1’є<=0 B5?;>є<=VABь 28EV4=>3> B0 70?>2=5=>3> @V48=>N 
?>@C20B>3> H0@C 2V4?>2V4=>, āĂÿĀĂÿ - B5?;>є<=VABь <>=>:@8AB0;VG=>3> :@5<=VN, ā��Ā�� - B5?;>є<=VABь @V48=8, ý 3 ?>@C20BVABь, � 3 ABC?V=ь 70?>2=5==O ?>@ @V48=>N. 

�<?;VBC4=>-G0AB>B=V 70;56=>ABV A83=0;C (� 4;O :><?>78BV2 #� B0 

«#�/�$», ?@54AB02;5=> =0 @8A. 4.5. !5>1EV4=> 2V47=0G8B8, I> =0 2AVE =02545=8E 

70;56=>ABOE A?>AB5@V30NBьAO B>G:8 ?5@538=C, O:8< 2V4?>2V40NBь :@8B8G=V 

G0AB>B8. �;O :><?>78BV2 #� B0 «#�/�$» 465@5;> A2VB;0 28:>@8AB>2C202AO 

C;ьB@0DV>;5B>289 ;075@ 7  4>268=>N E28;V  λ=405 =< B0 28EV4=>N >?B8G=>N 

?>BC6=VABN 80 <�B. 
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(0) (1) 

 

(2) 

 

$8A. 4.5 �<?;VBC4=>-G0AB>B=V E0@0:B5@8AB8:8 #� B0 «#�/�$» :><?>78B=V A8AB5<8 

7 �$: [BMIm][TFSI] (0), [TEA][TFSI] (1), [Im][BEHP] (2). %B@V;:8 

2:07CNBь G0AB>BC 2838=C B0 7=0G5==O :@8B8G=>W G0AB>B8 

 

#@8 =87ь:8E G0AB>B0E 4>268=0 B5?;>2>W 48DC7VW (4.10) ?5@528ICє B>2I8=C 

H0@C <0B5@V0;C, O:89 C Fь><C 28?04:C @>73;O40єBьAO O: B5@<VG=> "B>=:89". �0 

B0:>W C<>28 B5?;>20 E28;O 4>AO30є ?V4:;04:8 V 70E>48Bь 2 =5W. �V 71V;ьH5==O< 

G0AB>B8 <>4C;OFVW A2VB;0 4>268=0 B5?;>2>W 48DC7VW 7<5=HCєBьAO. !0 G0AB>B0E, I> 

?5@528ICNBь :@8B8G=5 7=0G5==O G0AB>B8, B5?;>20 E28;O @>7AVNєBьAO 265 

2A5@548=V ?>@8AB>3> H0@C, I> ?@872>48Bь 4> B>3>, I> H0@ AB0є B5@<VG=> 
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«#�/�$».  

'A5@54=5=V 7=0G5==O B5?;>?@>2V4=>ABV 4>A;V465=8E V>==8E @V48=, 28EV4=8E 
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?>@V2=O=> 7 <>=>:@8AB0;VG=8< :@5<=Vє< [74,110,111].  

 



110 

 

 

$8A. 4.7. %�  7>1@065==O ?>?5@5G=>3> ?5@5@V7C #�: =0 284V;5=8E 

4V;O=:0E 3 >A>1;82>ABV <>@D>;>3VW ?>@8AB>W AB@C:BC@8 :@5<=VN, 

2=87C 3 AE5<0B8G=89 283;O4 CA5@54=5=>3> 70 @>7<V@>< =0=>:@8AB0;0 Si 
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111 

 

#@8 <>45;N20==V :><?>78BC @>73;O40;0AO AB@C:BC@0 7 2V4><8<8 
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�>65= A?5:B@0;ь=89 :>=BC@ 1C;> 0?@>:A8<>20=> DC=:FVєN �0CAA0, I> 

4>72>;8;> 287=0G8B8 ?0@0<5B@8 ?V:0, 7>:@5<0, 9>3> E28;ь>25 G8A;>, 

V=B5=A82=VABь B0 H8@8=C. � @57C;ьB0BV ?@>2545=8E 28<V@N20=ь >B@8<0=> 

70;56=>ABV 7AC2C <0:A8<C<C ?V:0 :><1V=0FV9=>3> @>7AVN20==O 2V4 ?>BC6=>ABV 

;075@0 4;O :>6=>3> 7V 7@07:V2, I> 4>A;V46CNBьAO (@8A. 5.4). �0;56=>ABV 1C;8 

;V=V9=> 0?@>:A8<>20=V. � ?>40;ьH><C 2>=8 28:>@8AB>2C20;8AO 4;O 0=0;V7C 

B5?;>2>3> >?>@C =0=>AB@C:BC@>20=8E 7@07:V2 :@5<=VN.  
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(0) (1) 

 

$8A. 5.4.  �0;56=VABь ?>;>65==O <0:A8<C<C ?V:C :><1V=0FV9=>3> @>7AVN20==O 

A2VB;0 2V4 ?>BC6=>ABV ;075@0 4;O 7@07:0 �! B>2I8=>N 5 <:<: 0) 2V4 

1V;ьH>3> 7=0G5==O ?>BC6=>ABV 4> <5=H>3>, (´ = -0,01086 ± 

0,0003 A<- 1/<�B); 1) 2V4 <5=H>3> 4> 1V;ьH>3> (´ =-0,01156 ± 0,0002 

A<- 1/<�B) 

�;O >FV=:8 ?V428I5==O B5<?5@0BC@8 28:>@8AB>2C202AO ;V=V9=89 

:>5DVFVє=B 70;56=>ABV ?>;>65==O <0:A8<C<C ?V:0 :><1V=0FV9=>3> @>7AVN20==O 

2V4 B5<?5@0BC@8, O:89 4;O :@5<=VN A:;040є ³ = -0,023 ± 0,002 A<-1/K [117]. 

�87=0G5=V C B0:89 A?>AV1 7=0G5==O B5<?5@0BC@8 C @V7=8E B>G:0E 7@07:0 @07>< 7 

70;56=>ABO<8 ( )f P  4>72>;8;8 287=0G8B8 B5?;>289 >?V@ 4;O :>6=>3> 7@07:0, 

=040NG8 206;8289 V=AB@C<5=B 0=0;V7C B5?;>?5@540GV C <0A820E :@5<=Vє28E 

=0=>=8B>:. 

 ā = �/ÿ, (5.1) 

  

 

45 � - ?V428I5==O B5<?5@0BC@8, 0 P - ?>BC6=VABь ;075@0. 

 

5.2.  "?B8G=V 2;0AB82>ABV <0A82V2 :@5<=Vє28E :@5<=Vє28E =0=>=8B>: 
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�;O 0=0;V7C >?B8G=8E 2;0AB82>AB59 <0B5@V0;V2, 7>:@5<0, :@5<=Vє28E 

=0=>=8B>:, <>65 1CB8 28:>@8AB0=> <5B>4 V=B53@CNG>W AD5@8 [118-120]. 

�=B53@CNG0 AD5@0 O2;Oє A>1>N AD5@8G=C ?>@>6=8ABC :0<5@C, 2A5@548=V ?>:@8BC 

<0B5@V0;>< 7 28A>:8< :>5DVFVє=B>< 2V41820==O A2VB;0, I> 70157?5GCє 

@>7AVN20==O 2Aь>3> 2EV4=>3> A2VB;0 2A5@545=V :0<5@8. %E5<0 CAB0=>2:8 ?> 7 

28:>@8AB0==O< V=B53@CNG>W AD5@8 =02545=0 =0 @8A. 5.5. 

 

$8A. 5.5. %E5<0 CAB0=>2:8 7 V=B53@CNG>N AD5@>N 2 @568<V 28<V@N20==O ?>2=>3> 

2V418BBO 

 

�8?@><V=5==O, ?>B@0?;ONG8 2 V=B53@CNGC AD5@C, >?@><V=Nє 7@07>: V ?VA;O 

2V41820==O 2V4 =ь>3> ?V440єBьAO G8A;5==8< 48DC7=8< 2V41820==O< 2V4 

2=CB@VH=ь>W ?>25@E=V AD5@8. �024O:8 Fь><C 28?@><V=5==O @V2=><V@=> 

@>7?>4V;OєBьAO ?> 2AV9 2=CB@VH=V9 ?>25@E=V AD5@8. $57C;ьBCNG0 V=B5=A82=VABь 

@>7AVO=>3> A2VB;0 70;568Bь 2V4 V=B5=A82=>ABV 2EV4=>3> ?>B>:C V <>65 1C48 

28<V@O=0 70 4>?><>3>N 22545=>3> 2 AD5@C 45B5:B>@0. ' 40=V9 @>1>BV 1C;> 

28:>@8AB0=> 5:A?5@8<5=B0;ь=C CAB0=>2:C V=B53@CNG>W AD5@8 UPG-150-ART 

4V0<5B@>< 15 A<, I> 2A5@548=V ?>:@8B0 7>;>B><. �;O 45B5:BC20==O A2VB;0 

28:>@8AB>2C202AO >E>;>46C20=89 @V4:8< 07>B>< HgCdTe 45B5:B>@ FTIR-22-1.00, 
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O: A?5:B@><5B@ 1C;> 70AB>A>20=> ?@8;04 VERTEX 80v FT-IR. �;O <0A82V2 �!, 

O:V 4>A;V46CNBьAO 2 @>1>BV, 1C;> 287=0G5=> :>5DVFVє=B8 2V41820==O A2VB;0 =0 

4>268=V E28;V 532 =<, 7=0G5==O O:8E =02545=> C B01;. 5.1. 

 

&01;8FO 5.1.  

�>5DVFVє=B8 48DC7=>3> 2V41820==O A2VB;0 4;O @V7=8E 7@07:V2 �! 

�@07>: №  1  2 3 4 5 6  

�>5DVFVє=B 
2V418BBO 0,1345  0,1073  0,1040  0,1602  0,1288  0,1062  

 

5.3.    >45;N20==O B5?;>?5@5=>AC 2 <0A820E :@5<=Vє28E =0=>=8B>: 

�;O 287=0G5==O :>5DVFVє=BV2 B5?;>?@>2V4=>ABV <0A82V2 :@5<=Vє28E 

:@5<=Vє28E =0=>=8B>: 70 40=8<8 5:A?5@8<5=BV2 7 @0<0=V2Aь:>3> @>7AVN20==O 

A2VB;0 1C;0 28:>@8AB0=0 B5>@5B8G=0 <>45;ь, 2 @0<:0E O:>W @>73;O40;0AO 

42>H0@>20 :@5<=Vє20 AB@C:BC@0 «:@5<=Vє2V =0=>=8B:8 3 ?V4:;04:0». �1V;ьH5==O 

B5<?5@0BC@8, 28:;8:0=5 ;075@=8< 28?@><V=N20==O<, HC:0;>AO O: @>72’O7>: 

AB0FV>=0@=>3> @V2=O==O B5?;>?@>2V4=>ABV. $>73;O4 ?@>2>482AO 2 F8;V=4@8G=V9 

A8AB5<V :>>@48=0B, I> 4>72>;O;> 5D5:B82=> 0=0;V7C20B8 B5?;>?5@540GC 2 A8AB5<V 

25@B8:0;ь=8E :@5<=Vє28E =0=>=8B>:.  

%B0FV>=0@=5 @V2=O==O B5?;>?@>2V4=>ABV 70?8AC20;>AO C 283;O4V [117]:  

 

 ∇⃗⃗ (�̂∇⃗⃗ θ) + Ā(ÿ ) = 0, (5.2) 

   

45 �̂ 3 <0B@8FO :>5DVFVє=BV2 B5?;>?@>2V4=>ABV, Ā(ÿ ) 3 B5?;>20 ?>BC6=VABь 465@5;0      
=03@V2C. 

 $V2=O==O (5.2) 4>72>;Oє >1G8A;8B8 B5?;>2V ?>B>:8 B0 @>7?>4V; B5<?5@0BC@8 

2 A8AB5<V 70;56=> 2V4 2;0AB82>AB59 <0B5@V0;C, I> 4>A;V46CєBьAO, B0 5=5@3VW 
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;075@=>3> 28?@><V=5==O.  0B@8FO :>5DVFVє=BV2 B5?;>?@>2V4=>AB59 ?>@C20B>W 

<0B@8FV C 45:0@B>2V9 A8AB5<V :>>@48=0B <>65 1CB8 ?@54AB02;5=0 C 283;O4V: 

 

 �̂ = (�ÿĄ2Ć 0 00 �ÿĄ2Ć 00 0 �āÿ2Ć), (5.3) 

 

45 �āÿ2Ć V �ÿĄ2Ć 3 :>5DVFVє=B8 B5?;>?@>2V4=>ABV, O:V E0@0:B5@87CNBь ?>H8@5==O 

B5?;0 274>26 >AV  Z V 2 ?5@?5=48:C;O@=><C =0?@O<:C (274>26 ÿ ). 
#@8?CA:0;>AO, I> B5?;> =5 2V42>48BьAO 2V4 25@E=ь>W ?>25@E=V, 0 =86=O 

?>25@E=O ?V4B@8<CєBьAO ?@8 AB0;V9 B5<?5@0BC@V: 

 

 {(�̂∇⃗⃗ θ, Ā⃗ )|�=0 = 0�|�=Ă = 0 , (5.4) 

 

45 Ā⃗  3 >48=8G=89 25:B>@ =>@<0;V 4> ?>25@E=V 7@07:0, d – B>2I8=0 7@07:0. 

"A:V;ь:8 @>73;O40єBьAO B>G:>25 465@5;0 B5?;0, B> 4;O 5D5:B82=>3> >?8AC 

B5?;>?5@5=>AC 28:>@8AB>2C20;0AO F8;V=4@8G=0 A8AB5<0 :>>@48=0B 7 ?>G0B:>< =0 

?>25@E=V 7@07:0 2 F5=B@V :@C30 ;075@=>3> 28?@><V=5==O. �@0E>2CNG8 D>@<C 

>?5@0B>@V2 3@04Vє=B0 B0 4825@35=FVW C 281@0=V9 F8;V=4@8G=V9 A8AB5<V :>>@48=0B, 

AB0FV>=0@=5 @V2=O==O B5?;>?@>2V4=>ABV 70?8ACєBьAO =0ABC?=8< G8=><: 

 

 
1Ā ĀĀĀ (Ā�ÿĄ2Ć Ā�ĀĀ) + ĀĀ� (�āÿ2Ć Ā�Ā�) + Ā(ÿ ) = 0 , (5.5) 

 

' @>73;O=CB><C 28?04:C >1’є<=5 465@5;> B5?;0 <>6=0 28@078B8 B0: [117]: 
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 Ā(ÿ ) = 2ÿ0ÿĀ2 Āă2ÿ�ă22Ā2 Ā2⁄
, (5.6) 

 

45 P0 3 ?>BC6=VABь ;075@=>3> 28?@><V=N20==O, b – @04VCA ;075@=>3> ?CG:0, α 3 

:>5DVFVє=B >?B8G=>3> ?>3;8=0==O. 

�@0E>2CNG8 @V2=O==O (5.6) B0 (5.5), AB0FV>=0@=5 @V2=O==O B5?;>?@>2V4=>ABV 

4;O >?8AC :@5<=Vє2>W =0=>=8B:8 (F8;V=4@8G=0 A8<5B@VO) =01C20є 283;O4C: 

 1Ā ĀĀĀ (Ā�ÿĄ2Ć Ā�ĀĀ) + ĀĀ� (�āÿ2Ć Ā�Ā�) + 2ÿ0ÿĀ2 Āă2ÿ�ă22Ā2 Ā2⁄ = 0 , (5.7) 

 

�@0=8G=V C<>28 (5.4) 1C;> 4>?>2=5=> 28<>3>N 2V4ACB=>ABV B5<?5@0BC@=8E 

71C@5=ь =0 7=0G=V9 2V4AB0=V (R) 2V4 F5=B@C ;075@=>3> 465@5;0:

 �(Ā = ā, �) = 0, ā ≫ Ā , (5.8) 

   

5.4. &5?;>2V ?0@0<5B@8 <0A82V2 :@5<=Vє28E =0=>=8B>:  

 

$>72’O7>: @V2=O==O (5.7) 4>72>;Oє 287=0G8B8 @>7?>4V;8 B5<?5@0BC@8 C 

7@07:0E <0A82V2 :@5<=Vє28E =0=>=8B>: ( , )zñ ò  ?@8 @V7=8E ?>BC6=>ABOE A2VB;0 

;075@=>3> 465@5;0. �>:@5<0, =0 @8A. 5.6 =02545=> @>7@0E>20=V @>7?>4V;8 

B5<?5@0BC@8 7@07:V2 1 3 6 C @04V0;ь=><C =0?@O<:C (@8A. 5.60) B0 70 3;818=>N 

(@8A. 5.6 1) ?@8 ?>BC6=>ABV 28?@><V=5==O $ = 10 <�B B0 4>268=V E28;V A2VB;0 

532 =<. &0:V @>7?>4V;8 1C;> 28:>@8AB0=> 4;O >1G8A;5==O A5@54=ь>W B5<?5@0BC@8 

=0 ?>25@E=V 7@07:0 7 3@0=8G=>N C<>2>N (5.8) 

 

 < � >= ∫�(0, ý) ∙ exp (22Ā2Ā2 )  ĀĂĀ∫ exp (22Ā2Ā2 )  ĀĂĀ  , (5.9) 
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(0) (1) 

 

$8A. 5.6.   &5<?5@0BC@=V ?@>DV;V: 0) =0 ?>25@E=V 7@07:V2 �!; 1) 23;818=C 7@07:V2 �!  

 

�;O @V7=8E ?>BC6=>AB59 A2VB;>2>3> ?CG:0 1C;> >1G8A;5=> A5@54=N 

B5<?5@0BC@C (5.9) 4;O 0=V7>B@>?=>3> (χin-p ≠ χcr-p) B0 V7>B@>?=>3> (χin-p = χcr-p) 

=01;865=ь 7 28:>@8AB0==O< <5B>4C :V=F528E 5;5<5=BV2. *5 4>72>;8;> 4;O 

:>6=>3> 7@07:0 �! 2V4><>W B>2I8=8 (482. B01;. 2.1) @>7@0EC20B8 70;56=VABь 

B5?;>2>3> >?>@C 2V4 :>5DVFVє=BV2 B5?;>?@>2V4=>ABV  /R l ó  (@8A. 5.7.). �C;> 

28:>@8AB0=>: @04VCA ;075@=>3> ?CG:0 10,5 <:<, :>5DVFVє=B >?B8G=>3> ?>3;8=0==O 

4;O <0A82C �! 287=0G02AO 70 @V2=O==O< ³ = ³Si (1 – @), 45 @ 3 ?>@C20BVABь 7@07:0, 0 

³Si = 7,85 × 103 A<-1 3 :>5DVFVє=B >?B8G=>3> ?>3;8=0==O :@8AB0;VG=>3> :@5<=VN. 
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$8A. 5.7.  �0;56=>ABV B5?;>2>3> >?>@C 7@07:V2 �! 2V4 WE B5?;>?@>2V4=>ABV 

 

�=0G5==O :>5DVFVє=BV2 B5?;>?@>2V4=>ABV 7@07:V2 287=0G0;8AO 70 

5:A?5@8<5=B0;ь=> >B@8<0=8<8 B5?;>28<8 >?>@0<8 (5.1)  O: 157?>A5@54=ь> 

exp exp/l Ró  , B0: V 70 287=0G5=8<8 70 <>45;ь=8<8 @>7@0EC=:0<8 (@8A. 5.7). 

�87=0G5=V 5:A?5@8<5=B0;ь=V 7=0G5==O :>5DVFVє=BV2 B5?;>?@>2V4=>AB59 

70;CG0;8AO 4> :>@53C20==O 28EV4=8E ?0@0<5B@V2 <>45;ь=8E @>7@0EC=:V2. 

"B@8<0=> =0ABC?=V 7=0G5==O :>5DVFVє=BV2 B5?;>?@>2V4=>AB59 7@07:V2 1 3 6 

<0A82V2 :@5<=Vє28E =0=>=8B>: (B01;. 5.2). 

 

&01;8FO 5.2 

�:A?5@8<5=B0;ь=V 7=0G5==O :>5DVFVє=BV2 B5?;>?@>2V4=>ABV  
7@07:V2 <0A82V2 �! 

 

№ l, <:< χ, �B/(<‧�)
1 ~ 3 0,88 ±0,08 

2 ~ 4,5 4,18 ±0,63 

3 ~ 2,6 2,06 ±0,64 

4 ~ 4 7,5 ±1,58 

5 ~ 5 8,1 ±1,8 

6 ~ 5 2,14 ±0,41 
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/: 284=> 7 B01;. 5.2, =0928IV 7=0G5==O :>5DVFVє=BV2 B5?;>?@>2V4=>ABV 

A?>AB5@V30NBьAO 2 7@07:0E 2, 4, 5, O:V <0NBь =091V;ьH 4>A:>=0;C 1C4>2C <0A82V2 

:@5<=Vє28E =0=>=8B>: (482. @8A. 2.2, %� -7>1@065==O 20,1; 40,1; 50,1). �;O F8E 

<0A82V2 E0@0:B5@=0 ACBBє20 0=V7>B@>?VO ?@>AB>@>2>W AB@C:BC@8 <V6 @04V0;ь=8< B0  

?>;O@=8< =0?@O<:0<8, >B65, V 0=V7>B@>?VO :>5DVFVє=BV2 B5?;>?@>2V4=>ABV �āÿ2Ć >  �ÿĄ2Ć, O:0 70:;040;0AO 2 @>7@0EC=>: (5.7) (@8A. 5.7). �;O 7@07:V2 3 B0 6 
7=0G5==O :>5DVFVє=BV2 B5?;>?@>2V4=>ABV C 2 3 4 @078 <5=HV, =V6 4;O 7@07:V2 2, 4, 

5. %� -7>1@065==O F8E 7@07:V2 (30,1; 60,1) 45<>=AB@CNBь ?><VB=> 3V@HC O:VABь 

WE 1C4>28 V 7<5=H5==O 2V4<V==>AB59 <V6 @04V0;ь=8< B0 ?>;O@=8< =0?@O<:0<8. 

�>:@5<0, 7@07>: 6 ?@8 @>7@0EC=:0E ?>:;0402AO V7>B@>?=V<  �āÿ2Ć =  �ÿĄ2Ć, I> 
4>72>;8;> =01;878B8 7=0G5==O 9>3> @>7@0E>20=>3> :>5DVFVє=B0 B5?;>?@>2V4=>ABV 

4> 5:A?5@8<5=B0;ь=> 287=0G5=>3>. !0@5HBV, C 7@07:C 1 28O28;0AO =09<5=H0 

B5?;>?@>2V4=VABь.  %� -7>1@065==O Fь>3> 7@07:0 (10,1) A2V4G0Bь ?@> 2V4<V==VABь 

9>3> <>@D>;>3VW 2V4 1C4>28 V=H8E 7@07:V2 3 :@5<=Vє2V =0=>=8B:8 283;O40NBь 

1V;ьH B>=:8<8 V @>7B0H>2CNBьAO =0 ?V4:;04FV ACBBє2> IV;ь=VH5 C ?>@V2=O==V 7 

V=H8<8 7@07:0<8. �@V< B>3>, =0 ?>25@E=V <0A82C ?><VB=> CB2>@5==O 4>A8Bь 

:@C?=8E >1;0AB59 7;8BBO =0=>=8B>:. �06:> >FV=8B8 9 ABC?V=ь 0=V7>B@>?VW 7@07:0, 

B>1B> 2V4<V==VABь :>5DVFVє=BV2 �āÿ2Ć B0  �ÿĄ2Ć.  �25@B0є =0 A515 C203C V B5, I> 
7@07>: <0є 0=><0;ь=> =87ь:89 ?8B><89 5;5:B@8G=89 >?V@ (C 5 3 103 @07V2) 

?;0AB8=8 :@5<=VN, 7 O:>W 2V= 283>B>2;O2AO, ?>@V2=O=> 7 V=H8<8 7@07:0<8. &><C 

<0A828 :@5<=Vє28E =0=>=8B>:, B0:V, O: 7@07>: 1, ?>B@51CNBь ?>40;ьH8E 

4>A;V465=ь <>@D>;>3VW B0 B5?;>28E E0@0:B5@8AB8:. 

 

�8A=>2:8 4> @>74V;C 5  
 

1.  5B>4 :><1V=0FV9=>3> @>7AVN20==O A2VB;0 70AB>A>20=> 4;O 287=0G5==O 

B5?;>DV78G=8E ?0@0<5B@V2 <0A82V2 :@5<=Vє28E =0=>=8B>:. �AB0=>2;5=> 72’O7>: 
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<V6 A?5:B@0;ь=8< ?>;>65==O< ;V=VW D :@5<=VN ( f = 521 A<-1), 7<V=>N 

B5<?5@0BC@8 7@07:0 B0 ?>BC6=VABN ?CG:0 71C46CNG>3> ;075@=>3> 

28?@><V=5==O. #>:070=0 <>6;82VABь 4>AB>2V@=>3> 287=0G5==O B5?;>2>3> >?>@C 

B0 :>5DVFVє=BV2 B5?;>?@>2V4=>ABV <0A82V2 :@5<=Vє28E =0=>=8B>: <5B>4>< �$%.  

 

2. �0?@>?>=>20=> <>45;ь B5?;>?5@5=>AC 2 <0A82V :@5<=Vє28E =0=>=8B>: =0 

<>=>:@8AB0;VG=V9 :@5<=Vє2V9 ?V4:;04FV. +8A5;ь=89 @>72’O7>: AB0FV>=0@=>3> 

@V2=O==O B5?;>?@>2V4=>ABV 7 3@0=8G=8<8 C<>20<8, O:V 287=0G0NBьAO 

35><5B@VєN <0A82C, 1C;> >B@8<0=> <5B>4>< :V=F528E 5;5<5=BV2 O: 2 

V7>B@>?=><C ( zòó ó ), B0: V 0=V7>B@>?=><C ( zòó ó ) =01;865==OE @>7?>4V;C 

7=0G5=ь @04V0;ь=8E B0 ?>;O@=8E :>5DVFVє=BV2 B5?;>?@>2V4=>AB59. �;O :>6=>3> 

7V 7@07:V2 >B@8<0=> @04V0;ь=89 B0 ?>;O@=89 @>7?>4V;8 B5<?5@0BC@8 2V4=>A=> 

F5=B@C ?;O<8 ;075@=>3> ?CG:0 =0 ?>25@E=V, @>7@0E>20=> 70;56=>ABV B5?;>2>3> 

>?>@C 2V4 :>5DVFVє=BV2 B5?;>?@>2V4=>ABV, O:V 70;CG5=> 4;O 0=0;V7C 

5:A?5@8<5=B0;ь=8E @57C;ьB0BV2.  

 

3.  5B>4>< :><1V=0FV9=>3> @>7AVN20==O A2VB;0 5:A?5@8<5=B0;ь=> 287=0G5=> 

B5?;>289 >?V@ B0 :>5DVFVє=B8 B5?;>?@>2V4=>ABV <0A82V2 :@5<=Vє28E =0=>=8B>: 
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