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ABSTRACT 

Murmantsev O.O. Spectroscopy of electric discharge plasma with metal vapor 

impurities. Qualification scientific paper: a manuscript. 

Thesis submitted for obtaining the Doctor of Philosophy degree in Natural 

Sciences, Speciality 105 3 Applied physics and nanomaterials. 3 Faculty of 

Radiophysics, Electronics and Computer Systems, Taras Shevchenko National 

University of Kyiv, Kyiv, 2025. 

The thesis presents the results of spectroscopic studies of the plasma of electric 

arc and underwater electric spark discharges. The main attention is paid to the 

methods of optical emission spectroscopy, which are a powerful tool for studying the 

spectral characteristics of plasma and determining its main parameters, such as 

temperature, number density of electrons and emitting particles, etc.  

Special attention is paid to the development of an improved approach for 

estimating the number density of atoms of elements of electrode origin using the 

method of absolute intensities of spectral lines. Aspects of calibration of spectral 

instruments, measurement accuracy and analysis of registered spectra are considered. 

An improved methodology for studying the plasma of electric arc discharges with 

metal vapour admixtures is proposed, namely, a method for determining the 

population number density of energy levels and the total number density of metal 

atoms from the absolute values of the intensity of the spectral lines emission of 

elements of electrode origin. To implement this approach, a spectral device based on 

a spectrograph with a diffraction grating and RGB CMOS-matrix as a photosensitive 

detector was used. 

The possibility of realizing the equilibrium population of the energy levels of 

copper atoms (in accordance with Boltzmann distribution) was established as a result 

of applying this method to the study of the plasma of electric arc discharges between 

single-component electrodes in an air atmosphere and an argon stream. As a result of 

approbation of the proposed method, it can be concluded that the calculations are 

correct and that it is advisable to use the Boltzmann plot technique based on the 
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absolute values of the spectral lines intensity to determine the number density of 

atoms of vapours of the material of electrode origin in the plasma of electric arc 

discharges. The ability to simultaneously measure the spatial distributions of both the 

plasma temperature and the number density of atoms of various elements is the 

advantage of this method. 

The expediency of using the number density of atoms of elements of electrode 

origin as an input parameter for calculating the equilibrium plasma composition with 

metal vapour admixtures has been confirmed as a result of a combination of 

experimental studies and numerical simulation of the radiation spectra of electric arc 

discharge plasma with copper vapour admixtures,. 

Using the improved method of absolute intensities, the thermal plasma of 

electric arc discharges between electrodes made of Cu-W50 vol.% composite 

materials using the technology of shock sintering at temperatures of 750, 850, 950, 

and 1050°C at the Frantsevich Institute for Problems of Materials Science of the 

National Academy of Sciences of Ukraine was studied. The optical spectra of the 

plasma emission of electric arc discharges with spatial resolution between each type 

of composite electrodes were investigated. The radial distributions of plasma 

temperature and number densities of metal atoms of electrode origin were determined 

by the Boltzmann plot technique using absolute values of the emission intensity of 

both copper (Cu I) and tungsten (W I) spectral lines. The equilibrium plasma 

composition, metal vapour content, and thermodynamic parameters were calculated 

using the experimentally obtained plasma parameters. The erosion resistance of each 

type of material was estimated indirectly, by comparing the content of metal vapour 

admixtures in the plasma and the thermodynamic parameters of such a plasma 

depending on the temperature of impact pressing as a technological parameter for the 

manufacture of such materials,.  

For the first time, the dependence of the erosion intensity of components of Cu-

W composite materials on their manufacturing technology, in particular, the 

temperature of impact sintering as a technological parameter, was determined by 
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optical emission spectroscopy. It has been shown that this parameter determines the 

total content of metal vapour admixtures in the plasma and, as a result, determines the 

erosion resistance of composite materials. In particular, the results of calculating the 

equilibrium plasma composition and its thermodynamic properties under the LTE 

assumption revealed that composite materials made at a temperature of 1050°C are 

the most resistant to erosion. However, electrode materials made at 950°C can also 

provide effective energy dissipation, with slightly worse erosion performance. 

In addition, the time evolution of the plasma parameters of breaking electric 

arc discharges was studied with a current of 4, 50, and 104 A between both single-

component Cu and composite Cu-W electrodes made by the technology of impact 

sintering at a temperature of 750 °C. Optical emission spectroscopy of such a plasma 

was realized by using a spectral device with high spectral and temporal resolution. In 

particular, the temperature of such a plasma was determined by the Boltzmann plot 

technique using the emission intensity of the Cu I spectral lines, and the electron 

density was determined from the contour width of the Cu I 515.3 nm spectral line. 

These plasma parameters, averaged over the volume of the breaking arc, were used as 

initial ones to calculate the temporal evolution of the plasma composition and the 

content of metal vapour admixtures in the discharge gap. It is shown that the 

registration of emission spectra averaged over the volume both from the positive arc 

column and from the near-electrode regions leads to significant inaccuracies in the 

calculations of the plasma composition. It has been suggested that local 

thermodynamic equilibrium cannot be realized in the plasma of breaking arcs with a 

current of 4 A, as indicated by the anomalous behaviour of the results of calculations 

of metal vapour impurities. 

The methods of controlling the input energy and plasma parameters in the 

discharge chamber during the generation of metal complexes in aqueous medium 

were approbated. The energy input to the discharge chamber was controlled by 

changing the switching phase of the thyristor. The analysis of electrical parameters, 

including the current and voltage waveform showed that a decrease in the switching 
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phase leads to an increase in the total energy input to the reactor with zinc granules 

immersed in water. In addition, a correlation was established between the electrical 

parameters and characteristics of the underwater discharge plasma with zinc vapour 

admixtures. In particular, it was found that a change in the switching phase as one of 

the main parameters of the discharge control scheme directly affects the electron 

density and plasma emission intensity. It was found that a decrease in the switching 

phase in the range from 145° to 135° increases the erosion of the granules material. 

The parameters of the underwater discharge plasma between single-component 

iron granules and molybdenum granules were investigated. It was found that plasma 

emission with molybdenum vapour admixtures is characterized by continuous 

radiation in the visible range. It can be concluded that the cause of this phenomenon 

is thermal radiation due to the formation of heated complexes of metals and their 

oxides in the nano- and micro-sized phase in an underwater electric spark discharge 

between molybdenum granules. 

It is proposed to approximate the radiation in a narrow spectral range (465-

505 nm), which consists of a large number of spectral lines, by convolving the 

contours of each of them. This approach makes it possible to correctly determine both 

the radiation intensity and the width of all spectral lines in the considered range. 

The excitation temperature of atoms of the corresponding kind was determined 

using Boltzmann plot technique based on the emission intensity of the spectral lines 

of metal atoms and the hydrogen spectral lines of the Balmer series. The electron 

density in such a plasma was determined from the widths of the spectral lines of 

hydrogen and individual metals, assuming that the Stark effect is the dominant 

broadening mechanism. 

It is proposed to use the ratio between the electron density and the excitation 

temperature as a parameter for evaluating possible channels of energy dissipation and 

its efficiency in the process of generating metal complexes. It has been found that the 

mode corresponding to the value of the voltage of 140 V applied to the chamber for 

underwater discharge between molybdenum or iron granules (
ý�� = 7,3 · 1019 and 



11 5,7 · 1019  �23� , respectively) is the most optimal mode of underwater discharge for 

the evaporation of granular material. 

The parameters of the underwater discharge plasma between single-component 

copper and molybdenum granules, and copper with molybdenum with a volume ratio 

of 50% have been investigated. For the first time, the equilibrium population of the 

energy levels of copper and molybdenum atoms in accordance with the Boltzmann 

distribution was determined by optical spectroscopy in the underwater discharge 

plasma with metal vapour admixtures, indicating the possibility of realization of the 

thermodynamic equilibrium in such a plasma. In particular, this result was obtained 

using copperized molybdenum granules during the generation of a colloidal solution 

with metal complexes consisting of two metals simultaneously.  

It was found that when using the same volumes of copper and molybdenum 

granules, the number density of copper atoms is approximately 30-50 times higher 

than that of molybdenum atoms. In the case of copperized molybdenum, the number 

density of copper atoms is still higher (about three times). It can be concluded that 

granules made from materials with a lower melting point and better thermal and 

electrical conductivity (in this case, copper) are subject to more intense erosion even 

with very small amounts of them in the composition of metal granules. 

Key words: plasma, optical emission spectroscopy, electric arc discharge, 

underwater electric spark discharge, metal vapours admixtures, Cu-W composite 

materials, copper-tungsten, copper-doped molybdenum. 
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between consumable electrodes. In Proceedings of the Symposium on Plasma 

Physics and Technology (Vol. 11, No. 2, p. 33). Prague, Czech Republic. 

�EB5<EF<= 6A9EB> ;8B5G64K4: B5DB5>4 F4 4A4?V; 9>EC9D<@9AF4?ьAB 

BFD<@4A<I 84A<I (K4EB64 96B?NJVO EC9>FDV6 6<CDB@VAN64AAO C?4;@<, 

BEJ<?B7D4@ EFDG@G F4 A4CDG7<), 6<;A4K9AAO F9@C9D4FGD< F4 >BAJ9AFD4JVW 

9?9>FDBAV6, DB;D4IGAB> DV6AB64:AB7B E>?48G C?4;@<, CV87BFB6>4 F9>EFG 

CG5?V>4JVW. 

21. Murmantsev, O.O., Ninyovskij, V.V., Veklich, A.M., Boretskij, V.F., & 

Apanasenko, V.P. (2024, August 21-24). Optical emission spectroscopy of 

underwater discharge plasma with admixtures of metal vapor. In Proceedings of 

the 12th International Research and Practice Conference: Nanotechnology and 

Nanomaterials NANO 2024 (p. 156). Uzhhorod, Ukraine. 

�EB5<EF<= 6A9EB> ;8B5G64K4: GK4EFь G CDB6989AAV 9>EC9D<@9AF4?ьA<I 

8BE?V8:9Aь, B5DB5>4 F4 4A4?V; EC9>FDV6 6<CDB@VAN64AAO C?4;@< CV86B8AB7B 

DB;DO8G @V: 7D4AG?4@< @V8V ; @B?V589AB@ F4 B5@V8A9AB7B @B?V589AG, 
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F<CG DB;DO8V6, DB;D4IGAB> ECV66V8ABL9AAO >BAJ9AFD4JV= >B@CBA9AFV6 
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#5@5;V: C<>2=8E ?>7=0G5=ь, A8<2>;V2, >48=8Fь, A:>@>G5=ь V B5@<V=V2 

 

�&$ 3 ;>:0;ь=0 B5@<>48=0<VG=0 @V2=>2030; 

"�% 3 >?B8G=0 5<VAV9=0 A?5:B@>A:>?VO; 

#�� 3 ?@8AB@V9 V7 70@O4>28< 72’O7:><; 

CMOS (� "!) 3 :><?;5<5=B0@=0 AB@C:BC@0 <5B0;->:A84-

=0?V2?@>2V4=8:; 

FWHM 3 ?>2=0 H8@8=0 =0 ?>;>28=V 28A>B8 (full width at half 

maximum); 

�+& 3 01A>;NB=> G>@=5 BV;>; 

���% 3 ;075@=>-V=4C:>20=0 5<VAV9=0 A?5:B@>A:>?VO. 
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�%&'# 

 

�1ґ@C=BC20==O 281>@C B5<8 4>A;V465==O.  
%5@54 1030Bь>E ?@>1;5< C DV78FV ?;07<8 4>A;V465==O 270є<>4VW ?;07<8 7 

?>25@E=5N @V7=8E <0B5@V0;V2 є =0@V6=8< V =5 2B@0G0є A2>єW 0:BC0;ь=>ABV 

4>B5?5@. $>7C<V==O B0 :>=B@>;ь ?@>F5AV2 2 ?;07<V, O:0 :>=B0:BCє 7 ?>25@E=5N 

<5B0;V2, <0NBь DC=40<5=B0;ь=5 7=0G5==O C 30;C7V B5@<>O45@=>3> A8=B57C, 

5;5:B@>5=5@35B8:8, A8=B57C =0=>@>7<V@=8E AB@C:BC@ (:><?;5:AV2) B>I>. 

"4=0 7 =091V;ьH =030;ь=8E ?@>1;5< C 270є<>4VW ?;07<8 7 ?>25@E=5N 

28=8:0є ?@8 4>A;V465==V B5@<>O45@=>3> A8=B57C, 7>:@5<0 2 ?@8AB@>OE 

<03=VB=>3> CB@8<0==O, B0:8E O: B>:0<0:8 B0 AB5;0@0B>@8. � ?@>F5AV 

5:A?;C0B0FVW C 7>=V :>=B0:BC ?;07<8 7 <0B5@V0;0<8 :>=AB@C:FV9 @50:B>@V2 

B5@<>O45@=>3> A8=B57C 2V41C20єBьAO WE G0AB:>20 5@>7VO, I> ?@872>48Bь 4> 

?>B@0?;O==O ?0@V2 <5B0;C C ?;07<C B0 ACBBє2> 2?;820є =0 WW ?0@0<5B@8. �<VAB 

4><VH>: ?0@V2 <5B0;V2 2 ?;07<V <>65 7=0G=>N <V@>N 7<V=N20B8 5=5@35B8G=89 

10;0=A @50:B>@0, 28:;8:0NG8 @04V0FV9=V 2B@0B8 B0 ?>B5=FV9=> ?@872>4OG8 4> 

>E>;>465==O ?;07<8. *5 =0:;040є A5@9>7=V 28<>38 4> <5B>4V2 4V03=>AB8:8 B0 

:>=B@>;N =0O2=>ABV B0:8E 4><VH>:. &><C =5>1EV4=>N AB0є >?B8<V70FVO B0 

C4>A:>=0;5==O <5B>4V2 4V03=>AB8:8 ?;07<8 7 4><VH:0<8 ?0@V2 <5B0;V2 7 <5B>N 

B>G=>3> 287=0G5==O WE :>=F5=B@0FVW C ?;07<V B0 :>@83C20==O @568<V2 @>1>B8 

@50:B>@0; <>=VB>@8=3C 5@>7V9=8E ?@>F5AV2 4825@B>@0 B0 ?5@H8E ABV=>:, I> 

4>72>;Oє 70?>1V30B8 ?5@54G0A=><C 7=>AC :>=AB@C:FV9=8E <0B5@V0;V2; 

4>A;V465==O @04V0FV9=8E 2B@0B B0 WE=ь>3> 2?;82C =0 5=5@35B8G=89 10;0=A 

?;07<8. 

�@V< B>3>, ?@>4>26CNBьAO 4>A;V465==O =530B82=>3> 2?;82C ?;07<8 ?V4 

G0A WW 270є<>4VW 7 <0B5@V0;0<8 :>=B0:BV2 B0 5;5:B@>4V2 :><CB0FV9=8E ?@8AB@>W2. 

/: 2V4><>, ?V4 G0A 70<8:0==O/@>7<8:0==O 5;5:B@8G=8E :V; (=0?@8:;04, 2 

5;5307>28E 28<8:0G0E 4;O 28A>:>- B0 A5@54=ь>2>;ьB=>3> >1;04=0==O, 2 

:>;5:B>@=8E 4283C=0E, 35=5@0B>@0E, 5;5:B@>?>W740E, 2 ?5@5<8:0G0E 
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@>7?>4V;ь=8E A8AB5< A5@54=ь>3> B0 28A>:>3> ABC?5=O =020=B065==O B>I>) 

28=8:0є 5;5:B@8G=0 4C30, O:0 A?@8G8=Oє 7=0G=C 5@>7VN :>=B0:B=8E <0B5@V0;V2. 

&0:89 ?@>F5A, ?@8@>4=>, ?@872>48Bь 4> 7<5=H5==O AB@>:C 5:A?;C0B0FVW, 

7=865==O 5D5:B82=>ABV @>1>B8 B0 =87:8 V=H8E =530B82=8E =0A;V4:V2 2 B0:8E 

?@8AB@>OE. 

�2060NG8 =0 FN >1AB028=C, 7=0G=89 V=B5@5A 28:;8:0є 4>A;V465==O 

DV78G=8E ?@>F5AV2, O:V 2V41C20NBьAO 2 ?;07<>2><C A5@54>28IV B0:8E ?@8AB@>W2 

?V4 G0A :><CB0FVW B0 =0 @>1>G8E ?>25@E=OE :>=B0:BV2. �>A;V465==O ?;07<8 

5;5:B@>4C3>2>3> @>7@O4C 7 4><VH:0<8 ?0@V2 <5B0;V2 5;5:B@>4=>3> ?>E>465==O 

<>6CBь A?@8OB8 7=865==N V=B5=A82=>ABV 5@>7VW 5;5:B@>4V2 70 @0EC=>: 

>?B8<V70FVW A:;04C <0B5@V0;V2 V @>7@>1:8 =>28E B5E=>;>3V9 WE 283>B>2;5==O. 

"G5284=>, I> =0 5B0?V 283>B>2;5==O =>28E <0B5@V0;V2 =5<>6;82> 70740;53V4ь 

B>G=> 287=0G8B8 WE 5D5:B82=VABь 2 @568<V 5:A?;C0B0FVW, 0 28:>@8AB0==O WE C 

@50;ь=8E ?@8AB@>OE <>65 ?@8725AB8 4> 28E>4C 7 ;04C >AB0==VE 7 ?>40;ьH8<8 

@5AC@A=8<8 70B@0B0<8. %0<5 B><C 28=8:0є ?>B@510 2 ?>?5@54=VE AB5=4>28E 

4>A;V465==OE B0:8E <0B5@V0;V2 H;OE>< B5@<VG=>W >1@>1:8 ?;07<>N 

5;5:B@>4C3>2>3> @>7@O4C.  

�D5:B 270є<>4VW ?;07<8 7 ?>25@E=5N <5B0;V2 70AB>A>2CєBьAO C 30;C7V 

A8=B57C :>;>W4=8E @>7G8=V2 7 :><?;5:A0<8 <5B0;V2. �>:@5<0, H8@>:> 

28:>@8AB>2CєBьAO 5@>7V9=89 <5B>4, 2 >A=>2V O:>3> ;568Bь 28:>@8AB0==O 

@>7@O4=>W ?;07<8 4;O ?;02;5==O B0 28?0@>2C20==O <0B5@V0;V2 3@0=C;, 70=C@5=8E 

C @V4:5 A5@54>28I5. #@8@>4=>, I> 4;O >45@60==O :>;>W4=8E @>7G8=V2 7 

=0=>G0AB8=:0<8 7 =0?5@54 287=0G5=8<8 E0@0:B5@8AB8:0<8 B0 2;0AB82>ABO<8 

=5>1EV4=> 4>A;V46C20B8 157?>A5@54=ь> ?@>F5A8, O:V 2V41C20NBьAO ?@8 

CB2>@5==V =0=>G0AB8=>:. � A0<5, ?@>F5AV2, O:V 2V41C20NBьAO 2 ?;07<V @>7@O4V2 

<V6 3@0=C;0<8, I> 28:>@8AB>2CNBьAO O: 465@5;> :><?;5:AV2 <5B0;V2 2 

>B@8<0=8E @>7G8=0E. !091V;ьH ?@840B=8< ?V4E>4>< 4;O B0:>3> 

4>A;V465==O є >?B8G=0 5<VAV9=0 A?5:B@>A:>?VO. � >4=>3> 1>:C, F59 <5B>4 

4>72>;Oє 7 4>AB0B=ь>N B>G=VABN >B@8<0B8 >A=>2=V ?0@0<5B@8 ?;07<8, B0:V 
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O: B5<?5@0BC@0 B0 :>=F5=B@0FVO 5;5:B@>=V2, O:V <>6CBь 2V4475@:0;N20B8 

?@>F5A8 CB2>@5==O =0=>G0AB8=>:. � V=H>3> 1>:C, B0:89 <5B>4 4V03=>AB8:8 

=5 71C@Nє ?;07<C V =5 <>65 2?;8=CB8 =0 2;0AB82>ABV >45@6C20=>3> 

?@>4C:BC. 

 

�2'O7>: @>1>B8 7 =0C:>28<8 ?@>3@0<0<8 B0 B5<0<8.  
�8A5@B0FV9=C @>1>BC 28:>=0=> 2V4?>2V4=> 4> B5<0B8:8 4>A;V465=ь, 

I> ?@>2>48;8Aь =0 D0:C;ьB5BV @04V>DV78:8, 5;5:B@>=V:8 B0 :><?'NB5@=8E 

A8AB5< �8W2Aь:>3> =0FV>=0;ь=>3> C=V25@A8B5BC V<5=V &0@0A0 ,52G5=:0, 2 

@0<:0E 28:>=0==O ?;0=>28E 1N465B=8E =0C:>2>-4>A;V4=8E @>1VB B0 3@0=BV2: 

ý №  /31 «&5@<VG=0 Ni-Cu ?;07<0 C 28A>:>B5E=>;>3VG=8E 70AB>AC20==OE», 

�8W2Aь:89 =0FV>=0;ь=89 C=V25@A8B5B V<5=V &0@0A0 ,52G5=:0, 16.11.2021-

31.12.2021, № 45@6@5єAB@0FVW: 0121U113947. 

ý №  /30 «�@>7V9=0 ABV9:VABь :><?>78B=8E <0B5@V0;V2 Cu-W ?@8 270є<>4VW 

7 ?;07<>N», �8W2Aь:89 =0FV>=0;ь=89 C=V25@A8B5B V<5=V &0@0A0 

,52G5=:0, 16.11.2021-31.12.2021, № 45@6@5єAB@0FVW: 0121U113948. 

ý №  /29 «&5@<VG=0 Ni-Cu ?;07<0 C 28A>:>B5E=>;>3VG=8E 70AB>AC20==OE», 

�8W2Aь:89 =0FV>=0;ь=89 C=V25@A8B5B V<5=V &0@0A0 ,52G5=:0, 01.06.2022-

30.09.2022, № 45@6@5єAB@0FVW: 0122U200094. 

ý №  /42 «�@>7V9=0 ABV9:VABь :><?>78B=8E <0B5@V0;V2 Cu-W ?@8 270є<>4VW 

7 ?;07<>N», �8W2Aь:89 =0FV>=0;ь=89 C=V25@A8B5B V<5=V &0@0A0 

,52G5=:0, 01.06.2022-31.07.2022, № 45@6@5єAB@0FVW: 0122U200095. 

ý «(V78G=V >A=>28 B5E=>;>3VG=8E 70AB>AC20=ь =87ь:>B5<?5@0BC@=>W 

?;07<8», �8W2Aь:89 =0FV>=0;ь=89 C=V25@A8B5B V<5=V &0@0A0 ,52G5=:0, 

02.2022-12.2024, № 45@6@5єAB@0FVW: 0122U001695. 

ý «#@8:;04=V 70AB>AC20==O 5;5:B@>@>7@O4=>W ?;07<8 7 :>=45=A>20=>N 

48A?5@A=>N D07>N», �8W2Aь:89 =0FV>=0;ь=89 C=V25@A8B5B V<5=V &0@0A0 

,52G5=:0, 03.2021-12.2022, № 45@6@5єAB@0FVW: 0121U109864. 

https://nddkr.ukrintei.ua/view/ok/8b4581ffc3edad89176b445daeae60eb
https://nddkr.ukrintei.ua/view/ok/898d4048d0780ebd07876a93a36f69c8
https://nddkr.ukrintei.ua/view/ok/ac092117fa15f254498759e403af979e
https://nddkr.ukrintei.ua/view/ok/d2769078e82fdb22b377bb6bfe1f797d
https://nddkr.ukrintei.ua/view/ok/c646d8a0013f51d687985d68ec6f245a
https://nddkr.ukrintei.ua/view/ok/e3babce101cc651dc9f047d419214a42
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ý № 167/0169 «"A>1;82>ABV DV78G=8E ?@>F5AV2 2 ?;07<V 307>28E @>7@O4V2 

?@8 270є<>4VW 7 =>2VB=V<8 :><?>78FV9=8<8 <0B5@V0;0<8», �8W2Aь:89 

=0FV>=0;ь=89 C=V25@A8B5B V<5=V &0@0A0 ,52G5=:0, 2024-2026, № 

45@6@5єAB@0FVW: 0225U000202. 

ý �>3>2V@ EURO 3 5/21-22 2V4 27.07.2023 @. =0 28:>=0==O �@0=B>2>W C3>48 

№101052200 2V4 07.12.2021 2 @0<:0E #@>3@0<8 :>=A>@FVC<C EUROfusion 

70 ?@>3@0<8 EURATOM - HORIZON EUROPE. 

ý �>3>2V@ EURO 3 5/23-24 2V4 22.01.2024 @. =0 28:>=0==O �@0=B>2>W C3>48 

№101052200 2V4 07.12.2021 2 @0<:0E #@>3@0<8 :>=A>@FVC<C EUROfusion 

70 ?@>3@0<8 EURATOM - HORIZON EUROPE. 

 

�5B0 V 70240==O 4>A;V465==O.  
�>A;V465==O B5@<>48=0<VG=>3> AB0=C ?;07<8 5;5:B@8G=8E @>7@O4V2 ?@8 

270є<>4VW 7 ?>25@E=5N <0B5@V0;V2, C B><C G8A;V :><?>78B=8E. 

�;O 4>AO3=5==O FVєW <5B8 1C;> AD>@<C;ь>20=> 9 @>72’O70=> B0:V 70240==O: 

- '4>A:>=0;8B8 B0 @50;V7C20B8 <5B>4 01A>;NB=8E V=B5=A82=>AB59 4;O 

287=0G5==O @04V0;ь=8E @>7?>4V;V2 O: B5<?5@0BC@8 ?;07<8, B0: V 

:>=F5=B@0FVW 28?@><V=NNG8E 0B><V2, 2 ?;07<V 5;5:B@>4C3>28E 

@>7@O4V2. �?@>1C20B8 <5B>4, 28:>@8AB02H8 9>3> ?@8 4>A;V465==V 

?;07<8 5;5:B@>4C3>28E @>7@O4V2 2 0B<>AD5@V ?>2VB@O B0 ?>B>FV 0@3>=C. 

- $>7@0EC20B8 @V2=>206=89 A:;04 ?;07<8 5;5:B@>4C3>28E @>7@O4V2 <V6 

>4=>:><?>=5=B=8<8 <V4=8<8 5;5:B@>40<8. 

- �7 28:>@8AB0==O< <5B>4C 01A>;NB=8E V=B5=A82=>AB59 4>A;V48B8 

B5@<VG=C ?;07<C 5;5:B@>4C3>28E @>7@O4V2 <V6 5;5:B@>40<8, 

283>B>2;5=8<8 V7 :><?>78B=8E <0B5@V0;V2 Cu-W 70 B5E=>;>3VєN 

C40@=>3> A?V:0==O ?@8 @V7=8E B5<?5@0BC@0E, B0 >FV=8B8 WE 5@>7V9=C 

ABV9:VABь. 

- �>A;V48B8 G0A>2C 52>;NFVN @V2=>206=>3> A:;04C ?;07<8 @>7@82=8E 

5;5:B@>4C3>28E @>7@O4V2 <V6 :><?>78B=8<8 <0B5@V0;0<8 Cu-W. 

https://nddkr.ukrintei.ua/view/ok/0bc805238cfc43ddb7bff1d3f240adc3
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- �?@>1C20B8 <5B>48 :>=B@>;N 2EV4=>W 5=5@3VW B0 ?0@0<5B@V2 ?;07<8 2 

@>7@O4=V9 :0<5@V ?@8 35=5@0FVW :><?;5:AV2 <5B0;V2 C 2>4=><C 

A5@54>28IV. #@>0=0;V7C20B8 5;5:B@8G=V ?0@0<5B@8 @>7@O4C B0 

?0@0<5B@8 ?;07<8 ?V42>4=8E 5;5:B@>VA:@>28E @>7@O4V2 7 4><VH:0<8 

?0@V2 F8=:C. 

- �>A;V48B8 B5@<>48=0<VG=89 AB0= ?;07<8 5;5:B@>VA:@>28E ?V42>4=8E 

@>7@O4V2 7 4><VH:0<8 :V;ь:>E A>@BV2 <5B0;V2. 

 

�1’є:B 4>A;V465==O 3 ?@>F5A8, O:V <0NBь <VAF5 2 ?;07<V 5;5:B@8G=8E 

@>7@O4V2 V O:V 287=0G0NBь WW B5@<>48=0<VG=89 AB0=. 

 

�@54<5B 4>A;V465=ь 3 ?;07<0 5;5:B@>4C3>28E B0 ?V42>4=8E 

5;5:B@>VA:@>28E @>7@O4V2. 

 

�5B>48 4>A;V465=ь. #;07<C 5;5:B@8G=8E @>7@O4V2 4>A;V465=> 
<5B>40<8 >?B8G=>W 5<VAV9=>W A?5:B@>A:>?VW. �>:@5<0, @50;V7>20=> >?B8G=C 

AE5<C 4;O @5єAB@0FVW A?5:B@0;ь=>3> 28?@><V=N20==O ?;07<8 5;5:B@>4C3>28E 

@>7@O4V2 7 28:>@8AB0==O< A?5:B@>3@0D0 B0 CMOS-<0B@8FV (RGB-40BG8:). 

#@>2545=> ?>?5@54=є :0;V1@C20==O B0:>W AE5<8 70 4>?><>3>N 5B0;>==>3> 

465@5;0 =5?5@5@2=>3> 28?@><V=N20==O 7 <5B>N 287=0G5==O A?5:B@0;ь=>W 

GCB;82>ABV @5єAB@CNG>3> ?@8;04C 2 01A>;NB=8E 7=0G5==OE OA:@02>ABV. 

 5B>4>< 4V03@0< �>;ьF<0=0 V7 70;CG5==O< 01A>;NB=8E V=B5=A82=>AB59 

A?5:B@0;ь=8E ;V=V9 <5B0;V2 (Cu I B0 W I) 287=0G5=> B5<?5@0BC@C 70A5;5==O 

5=5@35B8G=8E @V2=V2 0B><V2 <5B0;V2 B0 :>=F5=B@0FVW 0B><V2 <0B5@V0;C 

5;5:B@>4=>3> ?>E>465==O 2 ?;07<V :207VAB0FV>=0@=8E 5;5:B@>4C3>28E 

@>7@O4V2. � <5B>N 0?@>10FVW 40=>3> <5B>4C ?@>2545=> <>45;N20==O A?5:B@V2 

28?@><V=N20==O ?;07<8 =0 >A=>2V @V2=O==O ?5@5=5A5==O 28?@><V=N20==O 

B0 <V=V<V70FVW ?>B5=FV0;C �V11A0. 



27 

"FV=:C 5@>7V9=>W ABV9:>ABV :><?>78B=8E 5;5:B@>4V2 28:>=0=> 2 =5?@O<89 

A?>AV1 H;OE>< @>7@0EC=:C 2<VABC ?0@V2 <5B0;V2 2 ?;07<V 5;5:B@>4C3>28E 

@>7@O4V2 B0 WW B5@<>48=0<VG=8E ?0@0<5B@V2 2 ?@8?CI5==V ;>:0;ь=>W 

B5@<>48=0<VG=>W @V2=>2038. 

' 28?04:C ?;07<8 ?V42>4=8E 5;5:B@>VA:@>28E @>7@O4V2 B5<?5@0BC@C 

70A5;5==O 5=5@35B8G=8E @V2=V2 0B><V2 287=0G5=> <5B>4>< 4V03@0< �>;ьF<0=0 V7 

70;CG5==O< 2V4=>A=8E V=B5=A82=>AB59 28?@><V=N20==O A?5:B@0;ь=8E ;V=V9 

<5B0;V2 (Fe I, Cu I, Mo I). �>=F5=B@0FVW 5;5:B@>=V2 2 B0:V9 ?;07<V @>7@0E>20=> V7 

H8@8=8 A?5:B@0;ь=8E ;V=V9 O: 0B><V2 <5B0;V2, B0: V A?5:B@0;ь=8E ;V=V9 

A:;04>28E ?;07<>2>3> A5@54>28I0 (2>4=528E ;V=V9 A5@VW �0;ь<5@0).  

 

�0C:>20 =>287=0 >B@8<0=8E @57C;ьB0BV2  

1. '4>A:>=0;5=> B0 @50;V7>20=> <5B>4 287=0G5==O 70A5;5=>ABV 

5=5@35B8G=8E @V2=V2 B0 :>=F5=B@0FVW 0B><V2 <5B0;V2 V7 01A>;NB=8E 

V=B5=A82=>AB59 A?5:B@0;ь=8E ;V=V9 :><?>=5=B 5;5:B@>4C3>2>W B5@<VG=>W 

?;07<8. #5@5203>N 28:>@8AB0==O 40=>3> <5B>4C є <>6;82VABь >4=>G0A=>3> 

28<V@N20==O ?@>AB>@>28E @>7?>4V;V2 O: B5<?5@0BC@8 ?;07<8, B0: V :>=F5=B@0FVW 

0B><V2 @V7=8E 5;5<5=BV2. 

2. �?5@H5 A?5:B@>A:>?VG=8<8 4>A;V465==O<8 2AB0=>2;5=> @V2=>206=5 

70A5;5==O 5=5@35B8G=8E @V2=V2 0B><V2 <V4V B0 2>;ьD@0<C 73V4=> 7 @>7?>4V;>< 

�>;ьF<0=0 2 ?;07<V 4C3>28E @>7@O4V2 <V6 :><?>78B=8<8 Cu-W 5;5:B@>40<8, 

283>B>2;5=8<8 70 B5E=>;>3VєN C40@=>3> A?V:0==O ?@8 @V7=8E B5<?5@0BC@0E.  

3. �?5@H5 <5B>40<8 >?B8G=>W 5<VAV9=>W A?5:B@>A:>?VW 2AB0=>2;5=> 

70;56=VABь V=B5=A82=>ABV 5@>7VW :><?>=5=BV2 :><?>78FV9=8E <0B5@V0;V2 Cu-W 

2V4 WE B5E=>;>3VW 283>B>2;5==O, 7>:@5<0, B5<?5@0BC@8 C40@=>3> A?V:0==O O: 

B5E=>;>3VG=>3> ?0@0<5B@C. #>:070=>, I> F59 ?0@0<5B@ 287=0G0є 7030;ь=89 

2<VAB 4><VH>: ?0@V2 <5B0;V2 C ?;07<V V, O: =0A;V4>:, 287=0G0є 5@>7V9=C ABV9:VABь 

:><?>78FV9=8E <0B5@V0;V2. �>:@5<0, @57C;ьB0B0<8 @>7@0EC=:C @V2=>206=>3> 

A:;04C ?;07<8 B0 WW B5@<>48=0<VG=8E 2;0AB82>AB59 C ?@8?CI5==V �&$ 
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28O2;5=>, I> :><?>78B=V <0B5@V0;8, 283>B>2;5=V ?@8 B5<?5@0BC@V 1050°C, є 

=091V;ьH ABV9:8<8 4> 5@>7VW. 

4. �?5@H5 4>A;V465=> :0=0; 48A8?0FVW 5=5@3VW 2 ?;07<V ?V42>4=8E @>7@O4V2 

<V6 3@0=C;0<8 70;V70 B0 <>;V145=C. %?5:B@>A:>?VG=8<8 4>A;V465==O<8 

2AB0=>2;5=>, I> =091V;ьH >?B8<0;ь=8< @568<>< ?V42>4=>3> @>7@O4C 4;O 

28?0@>2C20==O 3@0=C;ь>20=>3> <0B5@V0;C є @568<, O:89 2V4?>2V40є ?@8:;045=V9 
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@9FB84@< BCF<GABW EC9>FDBE>BCVW 6EF4AB6?9AB DV6AB64:A9 ;4E9?9AAO 

9A9D79F<GA<E DV6AV6 4FB@V6 @V8V F4 @B?V589AG 6V8CB6V8AB 8B DB;CB8V?G 

�B?ьF@4A4, IB 6>4;Gє A4 @B:?<6VEFь VEAG64AAO F9D@B8<A4@VGABW DV6AB647< 6 

F4>V= C?4;@V. ЗB>D9@4, F9= D9;G?ьF4F B89D:4AB V; 6<>BD<EF4AAO@ 7D4AG? 

B5@V8A9AB7B @B?V589AG CV8 G4E 79A9D4FVW >B?BW8AB7B DB;G<AG ; >B@C?9>E4@< 

@9F4?V6, IB E>?484NFьEO B8ABG4EAB ; 86BE @9F4?V6  

 

�@0:B8G=5 7=0G5==O >B@8<0=8E @57C;ьB0BV2.  
'4>A:>=0;5==O <5B>4V2 4V03=>AB8:8 ?;07<8 7 4><VH:0<8 ?0@V2 <5B0;V2 є 

:>@8A=8<8 ?@0:B8G=>-<5B>48G=8<8 =0?@0FN20==O<8. �>=8 ACBBє2> @>7H8@OBь 

A?5:B@ <>6;82>AB59 4>A;V465==O ?@>F5AV2, I> <0NBь <VAF5 2 ?;07<V 

5;5:B@8G=8E @>7@O4V2, 7 <5B>N =5 ;8H5 ?@8:;04=8E 70AB>AC20=ь, 0 9 >B@8<0==N 

=>28E =0C:>2> >1ґ@C=B>20=8E @57C;ьB0BV2 (4>A;V465==O B5@<>48=0<VG=>3> AB0=C 

?;07<8, 5D5:B82=>ABV 5;5<5=B0@=8E ?@>F5AV2, B0:8E O:: V>=V70FVO, 71C465==O 

5=5@35B8G=8E @V2=V2 0B><V2 B>I>). 

'4>A:>=0;5=V 2 @>1>BV <5B>48 4V03=>AB8:8 <>6CBь 1CB8 28:>@8AB0=V 4;O 

287=0G5==O 5@>7V9=>W ABV9:>ABV =>2VB=VE :><?>78FV9=8E <0B5@V0;V2 ?V4 4VєN 

B5?;>28E ?>B>:V2 @>7@O4=>W ?;07<8. $57C;ьB0B8 B0:>W >FV=:8 4>72>;OBь 
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@>7@>1=8:0<-<0B5@V0;>7=02FO< (7>:@5<0 7 �=AB8BCBC ?@>1;5< <0B5@V0;>7=02AB20 

V<. (@0=F528G0 !�! ':@0W=8) >?B8<V7C20B8 A:;04 B0:8E =>2VB=VE <0B5@V0;V2 4;O 

28@>1=8FB20 :>=B0:BV2, :><CB0B>@V2, 5;5:B@>4V2 B>I> 4;O 5;5:B@>B5E=VG=8E 

70AB>AC20=ь 7 ?@>;>=3>20=8< B5@<V=>< DC=:FV>=C20==O. �@V< B>3>, <5B>48 

>?B8G=>W A?5:B@>A:>?VW, 70?@>?>=>20=V 2 Fь><C 4>A;V465==V, 1C4CBь :>@8A=8<8 

4;O =0C:>28E є2@>?59Aь:8E B0 2VBG87=O=8E :>;5:B82V2 7 B>G:8 7>@C WE 

28:>@8AB0==O 2 4V03=>AB8FV 28A>:>B5<?5@0BC@=>W ?;07<8 7 4><VH:0<8 ?0@V2 

<5B0;V2 (7>:@5<0, )0@:V2Aь:>3> DV78:>-B5E=VG=>3> V=AB8BCBC 2 @0<:0E ?@>3@0<8 

EUROfusion). 

 

�A>18AB89 2=5A>: 74>1C20G0.  
� @>1>B0E [1-3, 5-7, 9, 12-18, 21] 74>1C20G 1@02 157?>A5@54=N CG0ABь C 

?@>2545==V 5:A?5@8<5=B0;ь=8E 4>A;V465=ь. 

� @>1>B0E [1, 2, 4-6, 8-14, 16, 18, 20] 74>1C20G ?>2=VABN 28:>=C202 

>1@>1:C >B@8<0=8E 5:A?5@8<5=B0;ь=8E 40=8E, 287=0G5==O ?0@0<5B@V2 ?;07<8; 

48A5@B0=BC =0;560Bь @57C;ьB0B8, >B@8<0=V 2 F8E @>1>B0E. 

�4>1C202 28:>=C202 ?V43>B>2:C B5:ABC B0:8E ?C1;V:0FV9 [1-18, 20, 21], B0 

?@54AB02;O2 4>?>2V4V =0 :>=D5@5=FVOE [9-11, 14, 18, 21] 

� @>1>B0E [3, 21] 74>1C20GC =0;560Bь >1@>1:0 B0 0=0;V7 A?5:B@V2 

28?@><V=N20==O ?;07<8 ?V42>4=>3> @>7@O4C <V6 3@0=C;0<8 <V4V 7 <>;V145=>< 

B0 >1<V4=5=>3> <>;V145=C, 287=0G5==O B5<?5@0BC@8 B0 :>=F5=B@0FVW 5;5:B@>=V2 

B0 @>7@0EC=>: A?V22V4=>H5==O :>=F5=B@0FV9 :><?>=5=BV2 2 ?;07<V 2V4?>2V4=8E 

B8?V2 @>7@O4V2. 

� @>1>B0E [7, 16] 74>1C20G 28:>=C202 @>7@0EC=>: B0 ?V43>B>2:C 2EV4=8E 

?0@0<5B@V2, 7>:@5<0 287=0G02 B5<?5@0BC@C ?;07<8, :>=F5=B@0FV9 0B><V2 <V4V B0 

2>;ьD@0<C, @>7@0E>2C202 @V2=>206=89 A:;04 ?;07<8 5;5:B@>4C3>28E @>7@O4V2 

<V6 :>6=8< B8?>< :><?>78B=8E 5;5:B@>4V2. 
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А?@>10FVO <0B5@V0;V2 48A5@B0FVW. $57C;ьB0B8 48A5@B0FV9=>W @>1>B8 

?@>9H;8 0?@>10FVN =0 B0:8E :>=D5@5=FVOE: 

ý XVII International Scientific Conference «Electronics and Applied Physics» 

October, 19-23, 2021, Kyiv, Ukraine. 

ý 10
th

 International research and practice conference: Nanotechnology and 

Nanomaterials NANO 2022, August, 25-27, 2022, Lviv, Ukraine. 

ý XVIII International Scientific Conference «Electronics and Applied Physics» 

October, 18-22, 2022, Kyiv, Ukraine. 

ý XXIII International Young Scientists Conference on Applied Physics (ICAP 

2023), May, 16-20, 2023, Kyiv, Ukraine. 

ý 11
th

 International research and practice conference: Nanotechnology and 

Nanomaterials NANO 2023, August, 16-19, 2023, Bukovel, Ukraine. 

ý 24
th

 Symposium on Physics of Switching Arc (FSO). September, 4-8, 2023, 

Ski Hotel Vysocina, Nove Mesto na Morave, Czech Republic. 

ý XXIII International Conference on Gas Discharges and their Applications 

(GD 2023). September, 10-15, 2023, Greifswald, Germany. 

ý XIX International Scientific Conference «Electronics and Applied Physics» 

October, 17-21, 2023, Kyiv, Ukraine. 

ý XXIV International Young Scientists Conference on Applied Physics (ICAP 

2024), May, 21-24, 2024, Kyiv, Ukraine. 

ý 30
th

 Symposium on Plasma Physics and Technology, June, 17-20, 2024, 

Prague, Czech Republic. 

ý 12
th

 International research and practice conference: Nanotechnology and 

Nanomaterials NANO 2024, August, 21-24, 2024, Uzhhorod, Ukraine. 

 

�C1;V:0FVW. $57C;ьB0B8 48A5@B0FV9=>W @>1>B8 >?C1;V:>20=V 2 21 @>1>BV: 

8 AB0B59 C D0E>28E =0C:>28E 6C@=0;0E, 0 B0:>6 13 B570E B0 ?@0FOE 70 

<0B5@V0;0<8 4>?>2V459 =0 :>=D5@5=FVOE. 
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>A=>2=>3> B5:ABC 123 AB>@V=>:. %?8A>: 28:>@8AB0=8E 465@5; A:;040єBьAO 7 

97 =09<5=C20=ь B0 709<0є 13 AB>@V=>:. 
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1. %#��&$"%�"#�/ #��� � � �" �,�� � #�$��  �&����. 

%'+�%!�� %&�! �"%�����!Ь 

 

1.1 �70є<>4VO ?;07<8 7 ?>25@E=5N :><?>78B=8E <0B5@V0;V2 <V4ь-

2>;ьD@0< 

 

/: 707=0G0;>Aь @0=VH5, 270є<>4VO B5@<VG=>W ?;07<8 7 ?>25@E=5N 

<0B5@V0;V2 :>=B0:BV2 B0 5;5:B@>4V2 C :><CB0FV9=8E ?@8AB@>OE 2V4V3@0є 

287=0G0;ь=C @>;ь 2 ?@>F5AV 5:A?;C0B0FVW B0:8E ?@8AB@>W2. /: 2V4><>, ?V4 G0A 

70<8:0==O/@>7<8:0==O 5;5:B@8G=8E :V; (=0?@8:;04, 2 5;5307>28E 28<8:0G0E 4;O 

28A>:>- B0 A5@54=ь>2>;ьB=>3> >1;04=0==O, 2 :>;5:B>@=8E 4283C=0E, 

35=5@0B>@0E, 5;5:B@>?>W740E, 2 ?5@5<8:0G0E @>7?>4V;ь=8E A8AB5< A5@54=ь>3> B0 

28A>:>3> ABC?5=O =020=B065==O B>I>) 28=8:0є 5;5:B@8G=0 4C30, O:0 A?@8G8=Oє 

7=0G=C 5@>7VN :><CB0FV9=8E <0B5@V0;V2. &0:89 ?@>F5A, ?@8@>4=>, ?@872>48Bь 4> 

7<5=H5==O AB@>:C 5:A?;C0B0FVW, 7=865==O 5D5:B82=>ABV @>1>B8 B0 =87:8 V=H8E 

=530B82=8E =0A;V4:V2 2 B0:8E ?@8AB@>OE. 

�2060NG8 =0 FN >1AB028=C 7=0G=89 V=B5@5A 28:;8:0є 4>A;V465==O 

DV78G=8E ?@>F5AV2, O:V 2V41C20NBьAO 2 ?;07<>2><C A5@54>28IV B0:8E ?@8AB@>W2 

?V4 G0A :><CB0FVW B0 =0 @>1>G8E ?>25@E=OE :>=B0:BV2. �>A;V465==O ?;07<8 

5;5:B@>4C3>2>3> @>7@O4C 7 4><VH:0<8 ?0@V2 <5B0;V2 5;5:B@>4=>3> ?>E>465==O 

<>6CBь A?@8OB8 7=865==N V=B5=A82=>ABV 5@>7VW 5;5:B@>4V2 70 @0EC=>: 

>?B8<V70FVW A:;04C <0B5@V0;V2 V @>7@>1:8 =>28E B5E=>;>3V9 WE 283>B>2;5==O. 

"4=8< V7 B0:8E <0B5@V0;V2 є :><?>78B =0 >A=>2V <V4V B0 2>;ьD@0<C, O:89 B0:>6 

=07820NBь 1V<5B0;528< :><?>78B>< Cu-W (01> W-Cu 70;56=> 2V4 

A?V22V4=>H5==O <5B0;V2 C A:;04V) G5@57 WE 270є<=C =5@>7G8==VABь, I> 

?@872>48Bь 4> E0@0:B5@=>W 270є<>?@>=8:=>W AB@C:BC@8 7 G5@3C20==O< 

BC3>?;02:>3> W V 5;5:B@>?@>2V4=>W Cu [1]. �>;ьD@0< <0є =0928IC B5<?5@0BC@C 

?;02;5==O A5@54 <5B0;V2, 7024O:8 G><C 2V4V3@0є 287=0G=C @>;ь ?@8 70AB>AC20==V 

2 05@>:>A<VG=V9 30;C7V, ?>2’O70=V9 7 ?;07<>N, :>=AB@C:FV9=8E <0B5@V0;V2 4;O 
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@50:B>@V2 ?>4V;C B0 B5@<>O45@=>3> A8=B57C [2-5] B>I>.  V4ь, 2 A2>N G5@3C, 

H8@>:> 28:>@8AB>2CєBьAO 2 B5E=>;>3VOE, 45 ?>B@V1=V 28A>:0 B5?;>- B0 

5;5:B@>?@>2V4=VABь, ABV9:VABь 4> :>@>7VW B0 ?@>AB>B0 283>B>2;5==O 7 =87ь:>N 

20@BVABN. �>=0 є =570<V==>N 4;O 28:>@8AB0==O O: :>=B0:BV2 G8 5;5:B@>4V2 2 

:><CB0FV9=8E ?@8AB@>OE 2 A8AB5<0E @V7=>3> ABC?5=O =020=B065==O. *59 

<0B5@V0; <0є 30@=V 5;5:B@8G=V 2;0AB82>ABV B0 =87ь:C 20@BVABь, B><C 9>3> 

28:>@8AB>2CNBь C B0:8E ?@8AB@>OE B0 :><?>=5=B0E O: <V:@>E28;ь>2V B0 

20:CC<=V ?@8AB@>W; :><?>=5=B8 >E>;>465==O <V:@>AE5< 28A>:>3> ABC?5=O 

V=B53@0FVW B>I> [6-8]. 

%0<V 6 :><?>78B=V <0B5@V0;8 <V4ь-2>;ьD@0< є =04728G09=> FV:028<8 7 

B>G:8 7>@C 70AB>AC20==O 7024O:8 WE=V< C=V:0;ь=8< <5E0=VG=8< V DV78G=8< 

2;0AB82>ABO<, I> 70157?5GCє =570<V==5 28:>@8AB0==O O: 5;5:B@>4V2 4;O 

5;5:B@>5@>7V9=>W >1@>1:8 (Electrical Discharge Machining) [9, 10], 

DC=:FV>=0;ь=> 3@04C9>20=8E <0B5@V0;V2 (Functional Graded Materials) [11-13], 

5;5:B@>==8E ?0:C20;ь=8E <0B5@V0;V2 (Electronic Packaging Materials) [14], 

28A>:>2>;ьB=8E 5;5:B@8G=8E :>=B0:BV2 [15-17], <0B5@V0;V2 4;O B5?;>2V42545==O 

[18], ?5=5B@0B>@8 :V=5B8G=>W 5=5@3VW [19] B>I> [1]. 

�><?>78B8 W3Cu 28:>@8AB>2CNBьAO C 4825@B>@0E C  V6=0@>4=><C 

B5@<>O45@=><C 5:A?5@8<5=B0;ь=><C @50:B>@V (ITER) V <091CB=ь><C 

45<>=AB@0FV9=><C B5@<>O45@=><C @50:B>@V (DEMO). &0:V <0B5@V0;8 70728G09 

=07820NBь <0B5@V0;0<8 7 DC=:FV>=0;ь=8< 3@04CN20==O< (FGM) 7 ?>ABC?>28< 

?5@5E>4>< 2V4 G8AB>3> 2>;ьD@0<C 4> 28A>:>3> 2<VABC <V4V. �>=8 ?@87=0G5=V 4;O 

@>7<VI5==O 2 ?@>H0@:C <V6 <0B5@V0;0<8, I> :>=B0:BCNBь 7 ?;07<>N (Plasma 

Face Materials) (1;>: 2>;ьD@0<C) V <0B5@V0;0<8 B5?;>2V42>4C (<V4ь B0 A?;028 7 

=5N) (482. $8A. 1.1), 7 <5B>N 7<5=H5==O B5@<VG=>3> 2?;82C, O:89 є @57C;ьB0B>< 

25;8:>W =52V4?>2V4=>ABV :>5DVFVє=B0 B5?;>2>3> @>7H8@5==O B0 <>4C;O .=30 <V6 

W V Cu [12]. �><?>78B W3Cu 7 DC=:FV>=0;ь=8< 3@04CN20==O< <>65 7=0G=> 

7<5=H8B8 <5E0=VG=5 B0 B5@<VG=5 =020=B065==O, 7>A5@5465=5 =0 <560E W/Cu ?V4 

G0A 4VW 28A>:8E B5?;>28E =020=B065=ь, ?@83=VGCNG8 @>7B@VA:C20==O, 
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@>7H0@C20==O <V6 <0B5@V0;0<8, I> :>=B0:BCNBь 7 ?;07<>N, B0 @04V0B>@>< [11]. 

#@>B5 A:;04=V ?@>F5A8 283>B>2;5==O, 157?5@5@2=89 3@04Vє=B=89 :>=B@>;ь 

A:;04C B0 2V4=>A=> ?@>AB0 35><5B@VO B>?>;>3VW 70;8H0NBьAO >A=>2=>N 

?@>1;5<>N WE ?@0:B8G=>3> 70AB>AC20==O [13]. 

 

 

$8AC=>: 1.1 3 �;>: 2>;ьD@0<C V7 DC=:FV>=0;ь=> 3@04C9>20=8< <0B5@V0;>< 

C 2=CB@VH=V9 G0AB8=V [12] 

 

' 30;C7V ?5@540GV 5;5:B@>5=5@3VW, O:0 2?;820є =0 ?>2AO:45==5 68BBO 

:>6=>3>, :><?>78B8 W3Cu B0:>6 H8@>:> 28:>@8AB>2CNBьAO O: :>=B0:B8 4;O 

02B><0B8G=8E 28<8:0GV2, I> ?@0FNNBь 2 <0A;V, 5;5307>2><C 5DV@V 01> C 20:CC<V 

[15-17]. �><?>78B=V <0B5@V0;8 W3Cu 2V4V3@0NBь 206;82C @>;ь C ?5@5<8:0==V 

5;5:B@8G=>3> :>;0 O: 28A>:>2>;ьB=V 5;5:B@8G=V :>=B0:B8. � C<>20E 5:A?;C0B0FVW 

:>=B0:B8 ?>28==V 28B@8<C20B8 ?>2B>@N20=V <5E0=VG=V =020=B065==O, 0 B0:>6 

28A>:>B5<?5@0BC@=C 4C3>2C 5@>7VN [20]. &@820;VABь G0AC 270є<>4VW <V6 4C3>N V 

<0B5@V0;0<8 70728G09 AB0=>28Bь :V;ь:0 <V;VA5:C=4. !5A?@02=VABь :>=B0:BV2 є 

@57C;ьB0B>< =04<V@=>W B5@<VG=>W 4VW 4C38 B0 H284:>3> 7=865==O <VF=>ABV ?V4 

2?;82>< 28A>:>G0AB>B=>3> @>7<8:0==O-70<8:0==O. �@V< B>3>, 7 157?5@5@2=8< 

@>728B:>< :><CB0B>@V2 4;O 1V;ьH 28A>:>W =0?@C38, 1V;ьH>W є<=>ABV B0 
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<V=V0BN@870FVW, =5>1EV4=V =>2V :><?>78B8 W3Cu 7 ?>:@0I5=8<8 

E0@0:B5@8AB8:0<8, 7>:@5<0 7 1V;ьH>N 5@>7V9=>N ABV9:VABN. 

%:;04>2V D078 5;5<5=BV2 <0B5@V0;C 45<>=AB@CNBь GVB:C AC<VH 42>E 

:@8AB0;VG=8E AB@C:BC@, B>1B> >1’є<=>F5=B@>20=>W :C1VG=>W 4;O W B0 

3@0=5F5=B@>20=>W :C1VG=>W 4;O Cu. �@V< B>3>, 25;8:0 @>71V6=VABь C 7=0G5==OE 

B5<?5@0BC@8 ?;02;5==O (W 3 3422°C, Cu 3 1085°C), 5;5:B@>=530B82=>ABV (W 3

 2,36, Cu 3 1,9), 3CAB8=8 (W 3 19,32 3/A<3
, Cu 3 8,96 3/A<3

).), 0B><=>3> @04VCAC 

(W 3 2,02 Å, Cu 3 1,57 Å), :>5DVFVє=B0 B5?;>2>3> @>7H8@5==O (W 3 4,5×10
6
 K

1
, 

Cu 3 16,6×10
6
 K

1), <>4C;O .=30 (W 3 411 �#0, Cu 3 145 �#0) ?>@CHCNBь 

2V4><V ?@028;0 .<0-$>B5@V [21]. &><C <0B5@V0;8 W-Cu 206:> 283>B>28B8 

B@048FV9=8< <5B>4>< ;8BBO [1]. �><?>78B8 W3Cu 70728G09 283>B>2;ONBьAO 

<5B>40<8 ?>@>H:>2>W <5B0;C@3VW. "4=0: 25;8:0 @V7=8FO B5<?5@0BC@ ?;02;5==O 

~2300 K <V6 2>;ьD@0<>< V <V44N >7=0G0є 2V4ACB=VABь ?5@5:@8BBO 

B5<?5@0BC@=>3> 2V:=0 A?V:0==O, I> CA:;04=Nє 283>B>2;5==O ?>2=VABN IV;ь=>3> 

B0 ?>2=>3> :><?>78FV9=>3> @>7?>4V;C <0B5@V0;C. !5>1EV4=0 5D5:B82=VABь 

<V:@>AB@C:BC@8 7=0G=>N <V@>N 70;568Bь 2V4 ?@89=OB8E <5B>4V2 283>B>2;5==O, 

3>;>2=8< G8=>< 2:;NG0NG8 A?V:0==O 2 @V4:V9 D07V, 0:B82>20=5 A?V:0==O B0 

V=DV;ьB@0FVN. �;O >B@8<0==O 28A>:>W IV;ь=>ABV, 28A>:>W G8AB>B8 7 >4=>@V4=>N 

<V:@>AB@C:BC@>N ?@8 =87ь:V9 B5<?5@0BC@V A?V:0==O 157 H:>48 4;O 9>3> 

?@>2V4=>ABV =5>1EV4=V =>2V 01> 24>A:>=0;5=V <5B>48 283>B>2;5==O. 

�;0AB82>ABV <0B5@V0;V2 <>6=0 >?B8<V7C20B8 H;OE>< =0;0HBC20==O 

E0@0:B5@8AB8: <V:@>AB@C:BC@8, I>1 7@>18B8 WE 040?B>20=8<8 4> H8@>:>3> 

A?5:B@C <>6;828E 70AB>AC20=ь. ->1 >B@8<0B8 28A>:>IV;ь=C B0 >4=>@V4=C 

<V:@>AB@C:BC@C, 7 25;8:8<8 7CA8;;O<8 ?V4V1@0=V @V7=V ?0@0<5B@8, 2:;NG0NG8 

?>G0B:>2V E0@0:B5@8AB8:8 G0AB8=>: W [22], B5E=V:C 48A?5@AVW ?>@>H:C [23], 

B5<?5@0BC@C A?V:0==O [24], H284:VABь A?V:0==O [25], B8A: A?V:0==O [26] B0/01> 

28:>@8AB0==O =0ABC?=8E >?5@0FV9 4>?@5AC20==O, ?>2B>@=>3> A?V:0==O, 

?@>:0B:8, 30@OG>3> V7>AB0B8G=>3> ?@5AC20==O B>I> [27]. 
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"4=VєN V7 <>6;828E 20@V0FV9 є <5B>4 C40@=>3> ?@5AC20==O [27], O:89 

4>72>;Oє >B@8<0B8 28A>:>IV;ь=V :><?>78B=V <0B5@V0;8 ?@8 ?>@V2=O=> =87ь:8E 

B5<?5@0BC@0E B0 :>@>B:8E 28B@8<:0E, I> 7=0G=> 7=86Cє 20@BVABь 283>B>2;5==O 

B0:8E <0B5@V0;V2. � @>1>BV [27] 7@07:8 283>B>2;O;8 <5B>4>< C40@=>3> A?V:0==O 

=0 5:A?5@8<5=B0;ь=V9 CAB0=>2FV, I> є :><1V=0FVєN H284:>4VNG>3> 

307>3V4@02;VG=>3> <>;>B0 V =03@V20;ь=>3> ?@8AB@>N, 2 O:><C =03@V20==O 

74V9A=NєBьAO ?@O<8< ?@>?CA:0==O< AB@C<C G5@57 3@0DVB>2C 2BC;:C 7 

@>7B0H>20=8< 2A5@548=V 7@07:><. +0A CIV;ь=5==O 7 >4=>G0A=>N 

B5@<><5E0=VG=>N >1@>1:>N ?>?5@54=ь> =03@VB>W 703>B>2:8 AB0=>282 (4-8)·10
-3

 A. 

%?@5A>20=V 1@8:5B8 7020=B06C20;8 2 :0<5@C CAB0=>2:8, =03@V20;8 4> 7040=>W 

B5<?5@0BC@8 V 28B@8<C20;8 ?@>BO3>< 20 E2, ?VA;O G>3> CIV;ь=N20;8 WE C 

70:@8BV9 <0B@8FV. %?V:0==O B0 ?@5AC20==O 1@8:5BV2 ?@>2>48;8 C 20:CC<V 

0,0133 #0, B8A: ?@5AC20==O AB0=>282 ~1200  #0. &5<?5@0BC@C B5@<VG=>W 

>1@>1:8 20@VN20;8 2 <560E 900-1050°%. � @57C;ьB0BV 0=0;V7C <V:@>D>B>3@0DV9 

?>25@E=V >45@60=>3> ?@8 @V7=8E C<>20E <0B5@V0;C, <>48DV:>20=>W 2=0A;V4>: 

7;0<C B0 5;5:B@>5@>7V9=>W >1@>1:8, 2AB0=>2;5=>, I> <5B>4 C40@=>3> A?V:0==O 

4>72>;Oє >B@8<0B8 IV;ь=V 7@07:8 7 4>A;V46C20=>W :><?>78FVW B25@4>D07=8< 

A?V:0==O< C 20:CC<V ?@8 & f 1000°%. 

� 28I5>?8A0=>3> 7@>7C<V;>, I> @>7@>1FV <5B>4V2 283>B>2;5==O, WE 

C4>A:>=0;5==N B0 4>A;V465==N 2;0AB82>AB59 :><?>78FV9=8E <0B5@V0;V2 Cu-W 

?@8A2OG5=> 25;8:C :V;ь:VABь @>1VB, I> @07>< 7 H8@>:8< A?5:B@>< <>6;82>AB59 

70AB>AC20==O B0:8E <0B5@V0;V2, =5 70;8H0є AC<=V2C 2 WE 70B@51C20=>ABV B0 

0:BC0;ь=>ABV. #@>B5, 2 F8E @>1>B0E @>73;O40;8Aь ?8B0==O ?5@5206=> 

2;0AB82>AB59 <0B5@V0;V2 O: B0:8E. !0@07V є =525;8:0 :V;ь:VABь 4>A;V465=ь, O:V 1 

1C;8 A?@O<>20=V =0 282G5==O ?>254V=:8 B0:8E <0B5@V0;V2 2 A5@54>28IV WE 

@50;ь=8E 70AB>AC20=ь [28-35]. �>:@5<0, <>20 945 ?@> 28:>@8AB0==O :><?>78BV2 

Cu-W O: :>=B0:B=8E <0B5@V0;V2, I> 270є<>4VNBь 7 ?;07<>N 5;5:B@>4C3>28E 

@>7@O4V2, O:V 28=8:0NBь ?V4 G0A ?5@5<8:0==O :><CB0FV9=8E ?@8AB@>W2 @V7=>3> 

ABC?5=O =020=B065==O. 
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"G5284=>, I> ?@8 283>B>2;5==V =>28E <0B5@V0;V2 =5<>6;82> 70740;53V4ь 

B>G=> 287=0G8B8 WE 5D5:B82=VABь, 0 28:>@8AB0==O WE C @50;ь=8E ?@8AB@>OE <>65 

?@8725AB8 4> 28E>4C 7 ;04C >AB0==VE 7 ?>40;ьH8<8 @5AC@A=8<8 70B@0B0<8. %0<5 

B><C 28=8:0є ?>B@510 2 ?>?5@54=VE AB5=4>28E 4>A;V465==OE B0:8E <0B5@V0;V2 

H;OE>< B5@<VG=>W >1@>1:8 ?;07<>N 5;5:B@>4C3>2>3> @>7@O4C.  

� V=H>3> 1>:C, 2 ?@>F5AV 5:A?;C0B0FVW 2>;ьD@0<C C 7>=V :>=B0:BC ?;07<8 7 

<0B5@V0;0<8 :>=AB@C:FV9 B5@<>O45@=8E @50:B>@V2 2V41C20єBьAO 9>3> G0AB:>20 

5@>7VO, I> ?@872>48Bь 4> ?>B@0?;O==O ?0@V2 2>;ьD@0<C C ?;07<C B0 ACBBє2> 

2?;820є =0 WW ?0@0<5B@8. �<VAB 4><VH>: 2>;ьD@0<C 2 ?;07<V <>65 7=0G=>N 

<V@>N 7<V=N20B8 5=5@35B8G=89 10;0=A @50:B>@0, 28:;8:0NG8 @04V0FV9=V 2B@0B8 

B0 ?>B5=FV9=> ?@872>4OG8 4> >E>;>465==O ?;07<8. *5 =0:;040є A5@9>7=V 28<>38 

4> <5B>4V2 4V03=>AB8:8 B0 :>=B@>;N B0:8E 4><VH>:. �D5:B82=0 4V03=>AB8:0 

:>=F5=B@0FVW 2>;ьD@0<C C ?;07<V є :@8B8G=> 206;82>N 4;O 70157?5G5==O 

AB01V;ь=>ABV @50:B>@V2 B5@<>O45@=>3> A8=B57C B0 ?V428I5==O 5D5:B82=>ABV 

WE=ь>W @>1>B8 [2-5]. &><C =5>1EV4=>N AB0є >?B8<V70FVO B0 C4>A:>=0;5==O <5B>4V2 

4V03=>AB8:8 ?;07<8 7 4><VH:0<8 ?0@V2 2>;ьD@0<C 4;O B>G=>3> 287=0G5==O 

:>=F5=B@0FVW 9>3> 4><VH>: C ?;07<V 7 <5B>N :>@83C20==O @568<V2 @>1>B8 

@50:B>@0; <>=VB>@8=3C 5@>7V9=8E ?@>F5AV2 4825@B>@0 B0 ?5@H8E ABV=>:, I> 

4>72>;Oє 70?>1V30B8 ?5@54G0A=><C 7=>AC :>=AB@C:FV9=8E <0B5@V0;V2; 

4>A;V465==O @04V0FV9=8E 2B@0B B0 WE=ь>3> 2?;82C =0 5=5@35B8G=89 10;0=A 

?;07<8. 

%CG0A=V <5B>48 4V03=>AB8:8, 7>:@5<0 >?B8G=0 5<VAV9=0 A?5:B@>A:>?VO, 

?>B@51CNBь C4>A:>=0;5==O WE ?@>AB>@>2>W B0 A?5:B@0;ь=>W @>74V;ь=>W 740B=>ABV, 

0 B0:>6 B>G=>ABV C 287=0G5==V :>=F5=B@0FVW 2>;ьD@0<C 2 ?;07<V. $>7@>1:0 =>28E 

<5B>4V2 B0 24>A:>=0;5==O VA=CNG8E A?@8OB8<5 ?V428I5==N 5D5:B82=>ABV B0 

=04V9=>ABV B5@<>O45@=8E @50:B>@V2, 70157?5GCNG8 WE=N AB01V;ь=C @>1>BC B0 

4>23>2VG=VABь :>=AB@C:FV9. �V03=>AB8:0 B0:>W ?;07<8 4>72>;Oє 287=0G8B8 =87:C 

E0@0:B5@8AB8: 28:>@8AB>2C20=8E <0B5@V0;V2, B0:8E O: @50:FVN =0 B5@<VG=C 4VN 
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?;07<8, 5@>7V9=V 2;0AB82>ABV, ABV9:VABь, 5;5:B@>- B0 B5?;>?@>2V4=VABь, 

B@0=A?>@B=V 2;0AB82>ABV B>I>.  

 

1.2 %?5:B@>A:>?VO ?;07<8 7 4><VH:0<8 ?0@V2 2>;ьD@0<C 

 

�06;828< ?@8 4V03=>AB8FV ?;07<8 7 4><VH:0<8 ?0@V2 <5B0;V2 є 

287=0G5==O WW >A=>2=8E ?0@0<5B@V2, 7>:@5<0 B5<?5@0BC@8 B0 :>=F5=B@0FVW 

5;5:B@>=V2. �87=0G5==O B0:8E ?0@0<5B@V2 4>72>;Oє 2 ?>40;ьH><C @>7@0EC20B8 

2<VAB <0B5@V0;C 5;5:B@>4=>3> ?>E>465==O 2 ?;07<V B0 2AB0=>28B8 ABC?V=ь 

@C9=C20==O <0B5@V0;C, O:89 :>=B0:BCє V7 ?;07<>N. !091V;ьH 

28:>@8AB>2C20=8<8 <5B>40<8 4;O 4>A;V465==O ?>254V=:8 <0B5@V0;V2, I> 

:>=B0:BCNBь 7 ?;07<>N є >?B8G=0 5<VAV9=0 A?5:B@>A:>?VO ("�%) B0 ;075@=>-

V=4C:>20=0 5<VAV9=0 A?5:B@>A:>?VO (���%).  

�>:@5<0, 2 @>1>BV [36] <5B>4 ���% 28:>@8AB0=> 4;O 4>A;V465==O B25@4>ABV 

@V7=8E <0@>: 206:8E A?;02V2 2>;ьD@0<C. #>25@E=520 B25@4VABь V 

<V:@>AB@C:BC@=V 2;0AB82>ABV є 206;828<8 ?0@0<5B@0<8 <0B5@V0;C, I> :>=B0:BCє 

7 ?;07<>N, V 2V4V3@0NBь :;NG>2C @>;ь C 4>23>B@820;V9 @>1>BV B5@<>O45@=>3> 

@50:B>@0. �AB0=>2;5=>, I> @V7=8FO 2 B25@4>ABV ?>OA=NєBьAO @>7<V@>< 75@=0, 

@>7<V@>< :@8AB0;0, IV;ь=VABN 48A;>:0FV9 V H8@8=>N 701>@>=5=>W 7>=8 

<0B5@V0;V2. *V 2;0AB82>ABV <V:@>AB@C:BC@8 B0 5;5:B@>==>W AB@C:BC@8 

157?>A5@54=ь> 2?;820NBь =0 B5<?5@0BC@C 5;5:B@>=V2 C ?;07<V, CB2>@5=V9 

;075@><. &5<?5@0BC@0 5;5:B@>=V2 2 ?;07<V, 287=0G5=0 <5B>4>< 4V03@0< 

�>;ьF<0=0, 1C;0 2 4V0?07>=V 2V4 1,76 ± 0,01 4> 1,90 ± 0,02 5�. �>=F5=B@0FVO 

5;5:B@>=V2 >B@8<0=0 7 FWHM ?@>DV;N A?5:B@0;ь=>W ;V=VW W I 429,47 =<. 

"B@8<0=> ?@O<89 72'O7>: <V6 :>=F5=B@0FVO<8 V>=V2 B0 0B><V2 (W II/W I) V 

B25@4VABN <0B5@V0;C. �0=C 70;56=VABь 02B>@8 @>1>B8 ?>OA=NNBь 71V;ьH5==O< 

7=0G5==O B5<?5@0BC@8 5;5:B@>=V2. ,8@8=0 701>@>=5=>W 7>=8 F8E <VH5=59 7 

2>;ьD@0<>2>3> 206:>3> A?;02C AB0=>28;0 2V4 3,24 4> 3,59 5�, :>;8 B25@4VABь 

71V;ьHCєBьAO 2V4 314 ± 2,2 4> 354 ± 1,1. $57C;ьB0B8 ?>:070;8, I> H8@8=0 
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701>@>=5=>W 7>=8 F8E <VH5=59 71V;ьHCєBьAO 7 B25@4VABN B0 <0є ?@O<89 72’O7>: 7 

B5<?5@0BC@>N 5;5:B@>=V2 2 ?;07<V. �D5:B82=VABь 01;OFVW B0:>6 28<V@N20;0AO O: 

DC=:FVO ;075@=>3> >?@><V=5==O 70 4>?><>3>N 0=0;V7C 3;818=8 :@0B5@0. 

$57C;ьB0B8 ?>:070;8, I> A5@54=O H284:VABь 01;OFVW 7=86CєBьAO 2V4 <’O:>3> 

<0B5@V0;C 4> B25@4>3>. 

 

 

$8AC=>: 1.2 3 (a) #@>DV;ь A?5:B@0;ь=>W ;V=VW 28?@><V=N20==O W I ?@8 

429,5 =< B0 (1) 7<V=0 :>=F5=B@0FVW 5;5:B@>=V2 70;56=> 2V4 B25@4>ABV ?>25@E=V 

[36] 

 

�0@B> 707=0G8B8, I> 2 40=V9 @>1>BV =5 70157?5G5=> ?@>AB>@>2C @>74V;ь=C 

740B=VABь. &><C 28<V@O;8Aь CA5@54=5=V ?> ?@>AB>@C V=B5=A82=>ABV 

28?@><V=N20==O (B>1B> OA:@02VABь), I> <>65 2?;820B8 =0 B>G=VABь >B@8<0=8E 

40=8E. �@V< B>3>, ?@8 @>7@0EC=:C :>=F5=B@0FVW 5;5:B@>=V2 7 FWHM =5 

2@0E>2C20;8 0?0@0B=C DC=:FVN A?5:B@><5B@0 (482. $8A. 1.2, 0). &>1B> 7=0G5==O 

:>=F5=B@0FVW 5;5:B@>=V2 є =5 7>2AV< :>@5:B=8<8. #@>B5 1V;ьH89 V=B5@5A 

AB0=>28Bь 2V4=>A=89 EV4 70;56=>ABV, I> 4>72>;Oє >FV=8B8 7030;ь=V B5=45=FVW 

7<V=8 :>=F5=B@0FVW 5;5:B@>=V2 C ?;07<V 70;56=> 2V4 E0@0:B5@8AB8: <VH5=V (482 

$8A. 1.2, 1). !572060NG8 =0 28I5A:070=5, 40=0 @>1>B0 45<>=AB@Cє <>6;82VABь 
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70AB>AC20==O A?5:B@>A:>?VG=8E <5B>48: 7 <5B>N 4>A;V465==O 270є<>4VW ?;07<8 

7 <0B5@V0;>< B0 0=0;V7C 2;0AB82>AB59 B0:8E <0B5@V0;V2. 

' @>1>BV [37] 4>A;V465=> <>6;82VABь 28:>@8AB0==O =0=>- (ns) B0 ?V:> 

A5:C=4=>3> (ps) <5B>4C ���% 4;O E0@0:B5@8AB8:8 ?>25@E=V <0B5@V0;V2 =0 >A=>2V 

W 4;O <091CB=ь>W 4V03=>AB8:8 <0B5@V0;V2, ?>2’O70=8E V7 B5@<>O45@=8< 

A8=B57><. %?5:B@8 ���%, @5єAB@C20;8 ?VA;O >?@><V=5==O ;075@=8< V<?C;ьA>< 

B@820;VABN ~30 ?A V 5 =A 7@07:0 :><?>78BC W-Cu. &0:V A?5:B@8 70@5єAB@>20=V 7 

G0A>< 70B@8<:8 100 =A, 150 =A, 200 =A V 300 =A 4;O ?V:>A5:C=4=>3> @568<C B0 

200 =A, 300 =A, 500 =A V 1000 =A 4;O =0=>A5:C=4=>3> @568<C. "FV=:C 

B5<?5@0BC@8 ?@>2>48;8 V7 70;CG5==O< <5B>4C 4V03@0< �>;ьF<0=0, 0 

:>=F5=B@0FVN 5;5:B@>=V2 3 7 @V2=O==O %0E0, 28:>@8AB>2CNG8 >B@8<0=C 

B5<?5@0BC@C 5;5:B@>=V2 O: 2EV4=>3> ?0@0<5B@0. �@V< B>3>, 4;O @568<C ns 4;O 

?5@5E@5A=>W ?5@52V@:8 :>=F5=B@0FVN 5;5:B@>=V2 >FV=5=> 70 FWHM 

A?>AB5@56C20=8E A?5:B@0;ь=8E ;V=V9 N I 742,36 =< V 744,23 =< B0 ;V=VW Hα 

(>AB0==O ;8H5 4;O >AB0==ь>W 70B@8<:8 1000 =A), @>7H8@5=8E 2=0A;V4>: 5D5:BC 

,B0@:0. 

/: V 2 @>1>BV [36] ?@>AB>@>20 @>74V;ь=0 740B=VABь 2 4>A;V465==OE =5 

70157?5G5=0, I> B0:>6 <>65 ?@872>48B8 4> 45O:8E =5B>G=>AB59. #@>B5, 20@B> 

2V47=0G8B8, I> 02B>@8 @>1>B8 [37] 28:>@8AB>2C20;8 <5B>4 4V03@0< %0E0-

�>;ьF<0=0 V7 70;CG5==O< O: A?5:B@0;ь=8E ;V=V9 0B><V2 2>;ьD@0<C B0 <V4V, B0: V 

A?5:B@0;ь=8E ;V=V9 WE V>=V2 (482. $8A. 1.3). �@V< B>3>, =0 2V4<V=C 2V4 @>1>B8 [36] 

?@8 287=0G5==V :>=F5=B@0FVW 5;5:B@>=V2 2 ?;07<V 2@0E>20=> H8@8=C :>=BC@C 

0?0@0B=>W DC=:FVW A?5:B@><5B@0, ?@8 Fь><C =5EBCNG8 @>7H8@5==O< 

A?5:B@0;ь=8E ;V=V9 2=0A;V4>: 5D5:BC �>??;5@0. 

�0?@>?>=>20=89 2 @>1>BV ?V4EV4 157:0;V1@C20;ь=>3> ���% 28:>@8AB0=> 

4;O @>7@0EC=:C 5;5<5=B=>3> A:;04C 7@07:0. �AB0=>2;5=>, I> 40=89 <5B>4 

4>72>;Oє 287=0G8B8 A?V22V4=>H5==O <0B5@V0;V2 2 ?;07<V, O:5 71V30єBьAO 7 

=><V=0;ь=8< A:;04><, 70O2;5=8< 28@>1=8:>< (W70%-Cu). #>:070=>, I> 

:V;ь:VA=5 287=0G5==O <0B5@V0;C =0 >A=>2V W 70 0B<>AD5@=>3> B8A:C є 1V;ьH 
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B>G=8< 4;O ;075@0 30 ?A, =V6 4;O ;075@0 2 @568<V ns. *5 A?>AB5@565==O є 

206;828<, >A:V;ь:8 70AB>AC20==O ?V:>A5:C=4=>3> ;075@0 ?@872>48Bь 4> <5=H>W 

H284:>ABV 01;OFVW, 0 >B65, 4> 28I>W @>74V;ь=>W 740B=>ABV 4;O :V;ь:VA=>3> 

287=0G5==O. 

 

 

$8AC=>: 1.3 3 �V03@0<8 %0E0-�>;ьF<0=0 4;O G0AC 70B@8<:8 100, 150, 200 

B0 300 =A (ps @568<) [37] 

 

' @>1>BV [38] 4>A;V465=> 2?;82 B8A:C 307C =0 48=0<V:C D0:5;C B0 

A?5:B@0;ь=5 28?@><V=N20==O 2>;ьD@0<>2>W ?;07<8, AB2>@5=>W ;075@><, 4;O 

70AB>AC20==O ���% C 4V03=>AB8FV ABV=>: B>:0<0:V2. �>A;V465=> >A>1;82>ABV 

@>7H8@5==O D0:5;C, G0A>2C 52>;NFVN >?B8G=8E 28?@><V=N20=ь, 3;818=C 

01;OFVW B0 E0@0:B5@8AB8:8 ?0@0<5B@V2 ?;07<8 ?@8 B8A:C 2V4 10-3
 #0 4> 

0B<>AD5@=>3>. 'A5@54=5=V 2 G0AV B0 ?@>AB>@V B5<?5@0BC@C B0 :>=F5=B@0FVN 
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5;5:B@>=V2 287=0G0;8 V7 70;CG5==O< A?5:B@0;ь=8E ;V=V9 2>;ьD@0<C <5B>40<8 

4V03@0< �>;ьF<0=0 B0 %0E0-�>;ьF<0=0, 2V4?>2V4=>. ,284:VA=0 D>B>3@0DVO B0 

>?B8G=5 28?@><V=N20==O ?>:07CNBь, I> 2?;82>< =02:>;8H=ь>3> 307C =0 

@>7H8@5==O ?;07<>2>3> D0:5;C B0 >?B8G=5 28?@><V=N20==O <>6=0 7=5EBC20B8, 

:>;8 B8A: 307C =86G5 1 #0. �AB0=>2;5=>, I> 42V >1;0ABV B8A:C (=86G5 B0 28I5 

~3·10
3
 #0) @>7@V7=ONBь ?>A8;5=89 72’O7>: ;075@-?;07<0 01> 7<5=H5=89 ;075@-

<VH5=ь 70 4>?><>3>N 20@V0FVW 3;818=8 01;OFVW 7 D>=>28< B8A:>< 307C [38]. �<V=0 

3;818=8 01;OFVW 70;56=> 2V4 B8A:C 307C B0:>6 2:07Cє =0 B5, I> =02:>;8H=V9 307 

<>6=0 28:>@8AB>2C20B8 4;O :>=B@>;N @>74V;ь=>W 740B=>ABV 0=0;V7C 3;818=8 

>A0465=>3> H0@C =0 2=CB@VH=V9 ABV=FV ?@8AB@>W2 O45@=>3> A8=B57C. $57C;ьB0B8 

40=>W @>1>B8 =040NBь :>@8A=C V=D>@<0FVN I>4> 28:>@8AB0==O 

A?5:B@>A:>?VG=8E <5B>48: 4;O 4>A;V465==O 2?;82C ?;07<8 =0 <0B5@V0; ABV=>: 2 

B>:0<0:0E, 7>:@5<0 5:A?5@8<5=B0;ь=>3> 24>A:>=0;5=>3> =04?@>2V4=>3> 

B>:0<0:C (Experimental Advanced Superconducting Tokamak 3 EAST). 

' @>1>BV [39] B0:>6 4>A;V465=> ?;07<C, O:0 :>=B0:BCє 7 ?>25@E=5N 

<0B5@V0;C ABV=:8 4825@B>@0 2 EAST, <5B>4>< ���%. �>:@5<0, 5:A?5@8<5=B0;ь=> 

4>A;V465=> 2?;82 ?>G0B:>2>W B5<?5@0BC@8 7@07:0 Ts =0 28?@><V=N20==O ?;07<8 

B25@4>3> A?;02C Mo-30W. �AB0=>2;5=>, I> >?B8G=5 28?@><V=N20==O 

V=4C:>20=>W ;075@>< ?;07<8 A8;ь=> 70;568Bь 2V4 Ts ?@8 0B<>AD5@=><C B8A:C. /: 

V 2 ?>?5@54=VE @>1>B0E, 70@5єAB@>20=> CA5@54=5=V C G0AV A?5:B@8 

28?@><V=N20==O ?;07<8 (482. $8A. 1.4, 0), I> 40;> 7<>3C 287=0G8B8 B5<?5@0BC@C 

70A5;5==O B0 :>=F5=B@0FVN 5;5:B@>=V2 C ?;07<V. �;O Fь>3> 70AB>A>20=>, 

2V4?>2V4=> <5B>48 4V03@0< �>;ьF<0=0 B0 %0E0-�>;ьF<0=0. $57C;ьB0B8 

287=0G5==O 40;8 7<>3C @>7@0EC20B8 B5>@5B8G=V 7=0G5==O A?V22V4=>H5==O 

V=B5=A82=>ABV A?5:B@0;ь=8E ;V=V9 Mo I B0 W I, 28:>@8AB>2CNG8 AB5EV><5B@8G=5 

A?V22V4=>H5==O :>=F5=B@0FVW 5;5<5=BV2 A?;02C. "B@8<0=V 7=0G5==O 

A?V22V4=>H5==O V=B5=A82=>ABV 4>1@5 C73>46CNBьAO 7 5:A?5@8<5=B0;ь=8<8 

7=0G5==O<8 (482. $8A. 1.4, 1). 
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4 5 

$8AC=>: 1.4 3 (0) ���% A?5:B@8 ?;07<8, O:0 :>=B0:BCє 7 ?>25@E=5N 

<>;V145=-2>;ьD@0<>2>3> A?;02C ?@8 @V7=8E B5<?5@0BC@0E 7@07:0 Ts B0 (1) 

5:A?5@8<5=B0;ь=5 B0 B5>@5B8G=5 A?V22V4=>H5==O V=B5=A82=>AB59 A?5:B@0;ь=8E 

;V=V9 Mo I B0 W I O: DC=:FVO B5<?5@0BC@8 7@07:0 [39] 

 

�0@B> 707=0G8B8, I> B5<?5@0BC@C 70A5;5==O 287=0G0;8 V7 70;CG5==O< 

;8H5 A?5:B@0;ь=8E ;V=V9 Mo I. �8:>@8AB0==O A?5:B@0;ь=8E ;V=V9 W I, 

0=0;>3VG=> 4> @>1>B8 [37], 4>72>;8;> 1 7@>18B8 ?>?5@54=V ?@8?CI5==O I>4> 

@50;V70FVW AB0=C ;>:0;ь=>W B5@<>48=0<VG=>W @V2=>2038 2 B0:V9 ?;07<V, 0 >B65 V 

4>FV;ь=>ABV 28:>@8AB0==O 70?@>?>=>20=8E <5B>48:. �@V< B>3>, 02B>@8 @>1>B8 

28:>@8AB0;8 ;8H5 B@8 A?5:B@0;ь=V ;V=VW <>;V145=C 7 =0O2=8E C A?5:B@V (482. 

$8A. 1.4, 0). �0;CG5==O 1V;ьH>W :V;ь:>ABV A?5:B@0;ь=8E ;V=V9 4>72>;8;> 1 

7<5=H8B8 ?>E81:C 28<V@N20==O B0 ?V428I8B8 B>G=VABь >B@8<0=8E @57C;ьB0BV2. 

&8< =5 <5=H, @>1>B0 45<>=AB@Cє, I> 20@V0FV9=V :>5DVFVє=B8 2V43C:C 4;O @V7=8E 

B5<?5@0BC@ 7@07:0 (B>1B> ?>B5=FV9=8E ABV=>: 2 B>:0<0:0E) 1C4CBь :>@8A=8<8 

4;O ?>:@0I5==O :V;ь:VA=>3> 0=0;V7C 4><VH>: (<5B>4>< ���%) 7 28A>:8< 2<VAB>< 

206:8E <5B0;V2 C B>:0<0:C EAST. 

' @>1>BV [40] ?@>2545=> ?>@V2=O;ь=89 G0A>289 0=0;V7 V=4C:>20=>W ;075@>< 

?;07<8 7 <5B>N 4>A;V465==O 2?;82C @V7=8E =02:>;8H=VE 307V2 (?>2VB@O B0 0@3>=) 

V 7 @V7=8<8 ;075@=8<8 ?>B>:0<8 =0 A0<>?>3;8=0==O A?5:B@0;ь=8E ;V=V9 2 

?;07<V. %0<>?>3;8=0==O V=4C:>20=>W ;075@>< ?;07<8 AB2>@Nє ?@>1;5<C 4;O 
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@>7@0EC=:C :>=F5=B@0FV9 5;5:B@>=V2 7 V=B5=A82=>ABV 28?@><V=N20==O, I> є 

>4=8< V7 >A=>2=8E A;01:8E <VAFь C :V;ь:VA=8E 28<V@N20==OE ;075@=>-

V=4C:>20=>W 5<VAV9=>W A?5:B@>A:>?VW. �2B>@0<8 @>1>B8 [40] 70 4>?><>3>N 

=0=>A5:C=4=>3> V=D@0G5@2>=>3> (1064 =<) ;075@=>3> V<?C;ьAC 2 4V0?07>=V 2V4 

2,9 4> 18,2 �6/A<2
 4>A;V465=> 2?;82 0B<>AD5@8 B0 ;075@=>3> ?>B>:C =0 

7<5=H5==O A0<>?>3;8=0==O @57>=0=A=8E ;V=V9 <V4V 2 ?;07<V, V=4C:>20=>W 7 

<VH5=V 7V A?;02C W-Cu. �7 <5B>N 287=0G5==O CA5@54=5=>W ?> >1’є<C ?;07<8 

B5<?5@0BC@8 5;5:B@>=V2 28:>@8AB0=> <5B>4 4V03@0< �>;ьF<0=0 V7 70;CG5==O< 

G>B8@ь>E A?5:B@0;ь=8E ;V=V9 <V4V, O:V 28?@><V=NNBь C 2848<><C 4V0?07>=V 

(@57>=0=A=V ;V=VW =5 4>;CG0;8Aь). �>=F5=B@0FVN 5;5:B@>=V2 2 B0:V9 ?;07<V 

287=0G0;8 V7 FWHM A?5:B@0;ь=>W ;V=VW 465,1 =< 7 2@0EC20==O< H8@8=8 

?@>DV;N V=AB@C<5=B0;ь=>W DC=:FVW A?5:B@><5B@0. ,8@8=0 ;V=V9 2=0A;V4>: 

@>7H8@5==O �>??;5@0 >FV=5=0 O: 0,6 ?<, I> 4>72>;8;> 7=5EBC20B8 F8< 5D5:B>< 

?V4 G0A @>7@0EC=:V2. �0@B> 707=0G8B8, I> B5<?5@0BC@C 5;5:B@>=V2 287=0G0;8 

;8H5 V7 70AB>AC20==O< A?5:B@0;ь=8E ;V=V9 <V4V, ;V=VW 2>;ьD@0<C =5 4>;CG0;8Aь. 

�@V< B>3>, 5D5:B A0<>?>3;8=0==O 4>A;V46C20;8 ;8H5 @57>=0=A=8E ;V=V9 <V4V, 

E>G0 @57>=0=A=V ;V=VW 2>;ьD@0<C B0:>6 =0O2=V C ?@54AB02;5=><C A?5:B@V. 

"A:V;ь:8 ?;07<0 2 B5@<>O45@=8E @50:B>@0E 1V;ьH>N <V@>N :>=B0:BCє 7V 

ABV=:0<8 A0<5 V7 2>;ьD@0<C, 4>@5G=8< 1C;> 1 ?@>25AB8 4>A;V465==O 

A0<>?>3;8=0==O B0:>6 V 2 A?5:B@0;ь=8E ;V=VOE W I. 

&8< =5 <5=H, @57C;ьB0B8 @>1>B8 є 4C65 :>@8A=8<8 4;O >?B8<V70FVW 

<>=VB>@8=3C ?@>F5AV2 C ?;07<V, I> :>=B0:BCє 7 <0B5@V0;0<8 ABV=>: B>:0<0:V2. 

�>:@5<0, 2 @57C;ьB0BV 5:A?5@8<5=B0;ь=8E 4>A;V465=ь 2AB0=>2;5=>, I> 5D5:B 

A0<>?>3;8=0==O <>65 1CB8 7=0G=> 7<5=H5=89 H;OE>< 71V;ьH5==O 5=5@3VW 

;075@=>3> V<?C;ьAC. �B<>AD5@0 0@3>=C 1V;ьH >?B8<0;ь=0 4;O 7<5=H5==O 

A0<>?>3;8=0==O. �V03=>AB8:0 A?5:B@V2 28?@><V=N20==O 7 @>74V;ь=>N 740B=VABN 

2 G0AV =0 @0==V9 AB04VW CB2>@5==O ?;07<8 є 4C65 5D5:B82=>N 4;O 70?>1V30==O 

A0<>?>3;8=0==N 4;O ?>:@0I5==O 0=0;VB8G=8E E0@0:B5@8AB8: ���%. 
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� 0=0;V7C ;VB5@0BC@=8E 465@5;, >?8A0=8E 28I5, <>6=0 ?><VB8B8, I> 

@>73;O=CBV @>1>B8 7 4>A;V465==O ;075@=>-V=4C:>20=>W ?;07<8 4;O 0=0;V7C 

<0B5@V0;V2 ABV=>: B5@<>O45@=8E @50:B>@V2 =5 70157?5GCNBь ?@>AB>@>2>W 

@>74V;ь=>W 740B=>ABV. *5 є ACBBє28< >1<565==O<, >A:V;ь:8 CA5@54=5==O 

V=B5=A82=>ABV 28?@><V=N20==O ?> 2Aь><C >1'є<C ?;07<8 <>65 ?@872>48Bь 4> 

2B@0B8 206;82>W V=D>@<0FVW ?@> =5>4=>@V4=>ABV ?;07<>2>3> 465@5;0. 

#@>AB>@>20 @>74V;ь=0 740B=VABь є 206;82>N 4;O :>@5:B=>3> 287=0G5==O 

@>7?>4V;C B5<?5@0BC@8, :>=F5=B@0FVW 5;5:B@>=V2 B0 G0AB8=>: C @V7=8E 7>=0E 

?;07<8, I> >A>1;82> 0:BC0;ь=> 4;O 0=0;V7C 5@>7VW B0 2V4:;045=ь =0 ABV=:0E 

@50:B>@0. �@V< B>3>, =54>AB0B=ь> C2038 ?@84V;5=> @50;V70FVW ;>:0;ь=>W 

B5@<>48=0<VG=>W @V2=>2038 2 4>A;V46C20=V9 ?;07<V. �>:@5<0 @50;V70FVW 

70A5;5==O 5=5@35B8G=8E @V2=V2 2V4?>2V4=> 4> @>7?>4V;C �>;ьF<0=0, =0 O:><C 

ґ@C=BCNBьAO >?8A0=V <5B>48 287=0G5==O B5<?5@0BC@8. #>?5@54=V 28A=>2:8 

I>4> @50;V70FVW <>6=0 @>18B8 ?>@V2=NNG8 B5<?5@0BC@8 70A5;5==O 

5=5@35B8G=8E @V2=V2, 287=0G5=8E <5B>4>< 4V03@0< �>;ьF<0=0 V7 70;CG5==O< 

A?5:B@0;ь=8E ;V=V9 @V7=8E A>@BV2 G0AB8=>:. 

�@V< B>3>, 2AV =02545=V 4>A;V465==O ?>78FV>=CNBь ���% O: in situ <5B>4, 

>A:V;ь:8 2V= =5 ?>B@51Cє ?V43>B>2:8 7@07:V2 V <>65 1CB8 28:>@8AB0=89 

157?>A5@54=ь> =0 ?>25@E=V <0B5@V0;V2. #@>B5, G5@57 5:AB@5<0;ь=V C<>28 

2A5@548=V B5@<>O45@=8E @50:B>@V2 (28A>:V B5<?5@0BC@8, V=B5=A82=5 

28?@><V=N20==O, <03=VB=V ?>;O), 1V;ьHVABь ?>B>G=8E 70AB>AC20=ь C ?@>є:B0E 

ITER, EAST V DEMO 70;8H0NBьAO ;01>@0B>@=8<8 (ex situ), 0 =5 4V9A=> in situ. 

#5@A?5:B82=8<8 =0?@O<0<8 є @>7@>1:0 B5E=>;>3V9 48AB0=FV9=>3> :5@C20==O 

;075@=8< ?@><5=5< B0 >?B8G=8E A8AB5<, O:V 4>72>;OBь ?@>2>48B8 ���%-0=0;V7 
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3 3>@87>=B0;ь=0 2EV4=0 IV;8=0 A?5:B@>3@0D0; 4 3 :>;V<0B>@ 7 D>:CA=>N 

2V4AB0==N F2; 5 3 475@:0;>; 6 3 48D@0:FV9=0 ґ@0B:0; 7 3 >1’є:B82 7 D>:CA=>N 

2V4AB0==N F3; 8 3 ?@8AB@V9 @5єAB@0FVW (CMOS-<0B@8FO); 9 3 5B0;>==0 ;0<?0 7 

465@5;>< 682;5==O UL 

 

�:A?5@8<5=B0;ь=C CAB0=>2:C, 7>1@065=C =0 $8A. 2.1, 2V4:0;V1@>20=> 2 

5=5@35B8G=8E >48=8FOE A?5:B@0;ь=>W OA:@02>ABV (?V4 O:>N A;V4 @>7C<VB8 

5=5@3VN, O:0 ?@>E>48Bь G5@57 >48=8FN ?;>IV 70 >48=8FN G0AC 2 <560E 

>48=8G=>3> BV;5A=>3> :CB0, ?5@?5=48:C;O@=>3> 4> 281@0=>W ?;>I8=8) V7 

28:>@8AB0==O< 10=4-;0<?8 B8?C %�-8-300 [74] V7 2>;ьD@0<>2>N AB@VG:>N 

@>760@N20==O. %?>AB5@56C20=V 7=0G5==O OA:@02>ABV obs
Iü , >B@8<0=V 70 

4>?><>3>N A?5:B@0;ь=>3> ?@8;04C, 2V4@V7=ONBьAO 2V4 7=0G5=ь OA:@02>ABV 

28?@><V=N20==O *
Iü , O:5 ?>B@0?;Oє =0 A2VB;>GCB;8289 5;5<5=B, =0ABC?=8< 

G8=><: 
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*

*
,

obs
I

I t ü
ü

üc
  (2.1) 

45 t 3 F5 G0A @5єAB@0FVW (5:A?>78FVO CMOS <0B@8FV), 0 *

üc 3 A?5:B@0;ь=0 

GCB;82VABь A5=A>@0 [2*]. 

/:I> A?5:B@0;ь=C OA:@02VABь 465@5;0 28?@><V=N20==O ?>7=0G8B8 O: I¼, 

B> ?@8 B0:V9 :>=DV3C@0FVW >?B8G=>W AE5<8 A?5:B@0;ь=C OA:@02VABь, O:0 

@5єAB@CєBьAO 40BG8:><, <>6=0 28@078B8 =0ABC?=8< G8=><: 

 
* ,I Iü ü ô  (2.2) 

45 Ω 3 BV;5A=89 :CB, ?V4 O:8< 48A?5@3CNG89 5;5<5=B 6 284=> 7 2EV4=>W IV;8=8 

3. Τ 3 7030;ь=89 :>5DVFVє=B ?@>?CA:0==O >?B8G=>W AE5<8, O:89 2:;NG0є 

:>5DVFVє=B8 ?@>?CA:0==O >1’є:B82V2 2 V 7, :>;V<0B>@0 4 B0 2AV V=HV <>6;82V 

2B@0B8. &>4V 7 C@0EC20==O< @V2=O==O (2.2) 2 (2.1) <>6=0 >B@8<0B8 @V2=O==O (2.3): 

 *
,

obs
I

I
t

ü
ü

üc


ô  (2.3) 

45 χ¼ 3 A?5:B@0;ь=0 GCB;82VABь A?5:B@0;ь=>3> ?@8;04C: 

 
* .

obs
I

I t

ü
ü ü

ü

c c ô   (2.4) 

%?5:B@0;ь=0 OA:@02VABь I¼ <>65 1CB8 @>7@0E>20=0 B5>@5B8G=>, 0 
obs

Iü  3 

70@5єAB@>20=0 70 4>?><>3>N 5B0;>==>3> 465@5;0 28?@><V=N20==O. �@0E>2CNG8 

B5<?5@0BC@C 2>;ьD@0<C, A?5:B@0;ь=0 OA:@02VABь, 28?@><V=N20=0 A<C3>N 

5B0;>==>W 10=4-;0<?8, <>65 1CB8 @>7@0E>20=0 O:: 

 , , , ,
T T T

I I Bü ü ü ü ü    (2.5) 

45 Ç¼ 3 :>5DVFVє=B ?@>?CA:0==O 2V:=0 ;0<?8, ε¼,T 3 :>5DVFVє=B 28?@><V=N20==O 

(28?@><V=N20;ь=0 740B=VABь) 2>;ьD@0<C O: «AV@>3> BV;0» ?@8 B5<?5@0BC@V T, B¼,T 

3 A?5:B@0;ь=0 OA:@02VABь 28?@><V=N20==O �+& ?@8 VAB8==V9 B5<?5@0BC@V T. 

�V4?>2V4=> 4> 70:>=C 28?@><V=N20==O #;0=:0: 

 

1
2

, 2 5

2
1 .B

hc

k T

T

ВF hc
B e

@ A@ ED
ü

ü ü

ý
ö öù ù

 ý÷ ÷ú ú ÷ ÷ û û ø ø
 (2.6) 
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"A:V;ь:8 2>;ьD@0<>20 AB@VG:0 @>760@N20==O =5 є 01A>;NB=> G>@=8< 

BV;><, B> :0;V1@C20==O 5B0;>==>W ;0<?8 (70728G09 <5B>4>< >?B8G=>W ?V@><5B@VW) 

74V9A=NNBь 2V4?>2V4=> 4> WW OA:@02VA=>W B5<?5@0BC@8 Tbr. /A:@02VA=0 

B5<?5@0BC@0 BV;0 2V4?>2V40є B5<?5@0BC@V �+&, ?@8 O:V9 9>3> OA:@02VABь 

28?@><V=N20==O =0 4>268=V E28;V ¼0 = 650 =< 4>@V2=Nє OA:@02>ABV 

28?@><V=N20==O BV;0 7 VAB8==>N B5<?5@0BC@>N =0 BV9 65 4>268=V E28;V. 

�AB8==0 B5<?5@0BC@0 Т ?>2’O70=0 V7 OA:@02VA=>N B5<?5@0BC@>N Tbr 

A?V22V4=>H5==O<: 

  0 0

,
ln

br

B br T

hcT
T

k T hcü  


û
 (2.7) 

01> 

 ø ù
1

4

0 0,

1
1.041 10 lg .

T

br

T
T

 
ý

ýö ö
  û÷ ÷

ø ø
 (2.8) 

' @V2=O==OE (2.7) B0 (2.8) Ç0 3 F5 :>5DVFVє=B ?@>?CA:0==O 2V:=0 ;0<?8 =0 

4>268=V E28;V 650 =<, 0 ε0,T 3 F5 :>5DVFVє=B 28?@><V=N20==O 2>;ьD@0<C ?@8 

B5<?5@0BC@V T =0 BV9 65 4>268=V E28;V. 

�0;V1@C20;ь=0 :@820 40=>W 5B0;>==>W 2>;ьD@0<>2>W 10=4-;0<?8 

(70;56=VABь Tbr 2V4 A8;8 AB@C<C @>760@N20==O I) =02545=0 =0 $8A. 2.2. ' 40=><C 

4>A;V465==V A8;0 AB@C<C AB0=>28;0 21,7 �, I> 2V4?>2V40є OA:@02VA=V9 

B5<?5@0BC@V 2175 �. &5<?5@0BC@0 2>;ьD@0<C, @>7@0E>20=0 73V4=> 7 @V2=O==O< 

(2.8), AB0=>28Bь 2400 �. %?5:B@0;ь=V @>7?>4V;8 :>5DVFVє=BV2 ?@>?CA:0==O A:;0 

2V:=0 ;0<?8 (#%-5) B0 28?@><V=N20==O 2>;ьD@0<C ?@8 B5<?5@0BC@V 2400 � 

=02545=V =0 $8A. 2.3 (0) B0 (1), 2V4?>2V4=> [2*]. 

"A:V;ь:8 O: 45B5:B>@ 28:>@8AB>2CєBьAO F8D@>20 D>B>:0<5@0, B> >B@8<0=V 

7>1@065==O A?5:B@V2 28?@><V=N20==O ?>B@51CNBь 4>40B:>2>W >1@>1:8 7 <5B>N 

;V=50@870FVW @>7?>4V;C :>;ь>@>28E B5B@04 A2VB;>DV;ьB@V2 (AE5<8 �09є@0) 2 

@>7?>4V; ?V:A5;V2 7 RGB :><?>=5=B0<8 B0 ?>40;ьH>3> WE :0;V1@C20==O O: ?> 

4>268=V E28;V, B0: V ?> ?@>AB>@>2V9 :>>@48=0BV. � FVєN <5B>N 70@5єAB@>20=V 

7>1@065==O, >B@8<0=V C D>@<0BV *.NEF (157 AB8A=5==O B0 F8D@>2>W >1@>1:8) 7 
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@>74V;ь=>N 740B=VABN 6036×4020 ?V:A5;V2 B0 3;818=>N :>;ь>@C 12 1VB, 

:>=25@BC20;8Aь 2 3@040FVW AV@>3> V7 70;CG5==O< ?0:5BC ?@8:;04=8E ?@>3@0< 

MATLAB [76, 2*]. 

 

 

$8AC=>: 2.2 3 �0;V1@C20;ь=0 :@820 5B0;>==>W ;0<?8 V7 2>;ьD@0<>2>N 

AB@VG:>N @>760@N20==O [2*] 

 

4 5 

$8AC=>: 2.3 3 %?5:B@0;ь=89 @>7?>4V; (0) ?@>?CA:0==O A:;0 #%-5 [74] B0 

(1) 28?@><V=N20;ь=>W 740B=>ABV 2>;ьD@0<C ?@8 B5<?5@0BC@V 2400 � [75, 2*] 

8 10 12 14 16 18 20 22 24

1000

1200

1400

1600

1800

2000

2200

2400

I, A

Tbr, K

300 400 500 600 700 800 900 1000 1100

0.0

0.2

0.4

0.6

0.8

1.0

ü, nm

ü, a.u.

0 500 1000 1500 2000 2500 3000 3500

0.15

0.20

0.25

0.30

0.35

0.40

0.45

0.50

ü, nm

ü,T, a.u.
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4 5 

$8AC=>: 2.4 3 %?>AB5@56C20=V A?5:B@8 28?@><V=N20==O ?;07<8 4C3>2>3> 

@>7@O4C <V6 >4=>:><?>=5=B=8<8 <V4=8< B0 =V:5;528< 5;5:B@>40<8: (0) 

2V4?>2V4=> 4> =><5@0 ?V:A5;O B0 (1) 7 2V4:0;V1@>20=>N 4>268=>N E28;V [2*] 

 

�;O :0;V1@C20==O A?5:B@0;ь=>W :>>@48=0B8 @5єAB@CNG>3> ?@8;04C 

>B@8<0=> B0 28:>@8AB0=> A?5:B@ 28?@><V=N20==O (Registered spectrum) ?;07<8 

5;5:B@>4C3>2>3> @>7@O4C <V6 >4=>:><?>=5=B=8<8 <V4=8< B0 =V:5;528< 

5;5:B@>40<8 ($8A. 2.4, 0). �81V@ 5;5:B@>4V2 >1C<>2;5=89 B8<, I> A?5:B@ <V4V є 

4>1@5 4>A;V465=8<, 0 A?5:B@ =V:5;N <VAB8Bь 25;8:C :V;ь:VABь A?5:B@0;ь=8E 

;V=V9, O:V <>6CBь 1CB8 28:>@8AB0=V O: >?>@=V B>G:8 4;O :0;V1@C20==O. 

�=D>@<0FVN I>4> 4>268= E28;ь A?5:B@0;ь=8E ;V=V9 Cu I B0 Ni I 27OB> 7 1078 

40=8E !0FV>=0;ь=>3> V=AB8BCBC AB0=40@BV2 B0 B5E=>;>3V9 (National Institute of 

Standards and Technology) NIST [77] (NIST data for Cu I B0 NIST data for Ni I, 

2V4?>2V4=>). 

!0 ?5@HV9 VB5@0FVW :0;V1@C20==O A?5:B@0;ь=>W 70;56=>ABV V45=B8DV:>20=> 

A?5:B@0;ь=V ;V=VW <V4V Cu I 510,5; 515,3 B0 521,8 =< B0 ?@>2545=> ;V=V9=C 

V=B5@?>;OFVN 7=0G5=ь 4>268= E28;ь. "45@60=0 2 B0:89 A?>AV1 70;56=VABь 

4>268=8 E28;V 2V4 =><5@C ?V:A5;O (Pixel number) 70;8H0єBьAO =5 4>AB0B=ь> 

B>G=>N, >A:V;ь:8 48A?5@AVO 48D@0:FV9=>W ґ@0B:8 є =5;V=V9=>N. &><C, ?@8 

=0ABC?=V9 VB5@0FVW 287=0G5=> ?>;>65==O 2AVE >?>@=8E 4>268= E28;ь, 7=0G5==O 

0 1000 2000 3000 4000
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O:8E 27OBV 7 1078 40=8E NIST (482. $8A. 2.4, 1), B0 ?@>2545=> V=B5@?>;OFVN 

4>268= E28;ь ?>;V=><>< 4@C3>3> ABC?5=O. "B@8<0=0 2 B0:89 A?>AV1 

:0;V1@C20;ь=0 :@820 (Calibration curve) VAB8==>W 4>268=8 E28;V (Real 

wavelength) 2V4 =><5@0 ?V:A5;O B0 :>5DVFVє=B8 V=B5@?>;OFVW ?>;V=><>< 4@C3>3> 

ABC?5=O (Interpolation) ?>:070=V =0 $8A. 2.5. 

 

 

$8AC=>: 2.5 3 "45@60=0 :0;V1@C20;ь=0 :@820 A?5:B@0;ь=>3> ?@8AB@>N 

@5єAB@0FVW B0 :>5DVFVє=B8 V=B5@?>;OFVW ?>;V=><>< 4@C3>3> ABC?5=O [2*] 

 

"45@60=V 7=0G5==O 4>268=8 E28;V 4;O :>6=>3> ?V:A5;O B0 VAB8==>W 

B5<?5@0BC@8 28?@><V=N20==O 28:>@8AB0=> 4;O @>7@0EC=:C A?5:B@0;ь=>3> 

@>7?>4V;C OA:@02>ABV 28?@><V=N20==O �+& B¼,T (Radiance of BB radiation) B0 

2>;ьD@0<C I¼ (Radiance of tungsten radiation) 7 @V2=O=ь (2.6) B0 (2.5), 2V4?>2V4=> 

($8A. 2.6). 

�0@5єAB@>20=5 7 28B@8<:>N 0,1 A RGB 7>1@065==O A?5:B@C 

28?@><V=N20==O 2>;ьD@0<>2>W AB@VG:8 5B0;>==>W ;0<?8 ?@8 B5<?5@0BC@V 2400 � 

?>:070=5 =0 $8A. 2.7. 
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 Real wavelength
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ü, nm

Interpolation:

y=y0+ax+bx2

y0=333.96

a=0.11

b=-3.00E-6
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$8AC=>: 2.6 3 %?5:B@ 28?@><V=N20==O �+& B0 2>;ьD@0<>2>W AB@VG:8 

5B0;>==>W ;0<?8 ?@8 B5<?5@0BC@V 2400 � [2*] 

 

 

$8AC=>: 2.7 3 RGB 7>1@065==O A?5:B@C 28?@><V=N20==O 2>;ьD@0<>2>W 

AB@VG:8 5B0;>==>W ;0<?8 ?@8 B5<?5@0BC@V 2400 � (G0A 28B@8<:8 100 <A) [2*] 

 

%?>AB5@56C20=89 A?5:B@ 28?@><V=N20==O 7 ?@>AB>@>2>N @>74V;ь=>N 

740B=VABN B0 :>=25@B>20=8<8 2 3@040FVW AV@>3> 7=0G5==O<8 V=B5=A82=>ABV 

28?@><V=N20==O ?>:070=89 =0 $8A. 2.8, 0. %?>AB5@56C20=89 A?5:B@ 

28?@><V=N20==O 2 F5=B@V 2>;ьD@0<>2>W AB@VG:8 @>760@5==O (Registered 

spectrum) ?>:070=89 =0 $8A. 2.8, 1. � <5B>N CAC=5==O HC<V2, A?@8G8=5=8E 

300 350 400 450 500 550 600 650 700 750
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 Radiance of BB radiation
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D;C:BC0FVO<8 CMOS-<0B@8FV 2=0A;V4>: =03@V20==O, A?5:B@ 28?@><V=N20==O 

4>40B:>2> 73;046C20;8 O: ?>:070=> =0 $8A. 2.8, 1 (Smoothing curve). 

 

4 5 

$8AC=>: 2.8 3 %?>AB5@56C20=89 A?5:B@ 28?@><V=N20==O (0) 7 

?@>AB>@>2>N @>74V;ь=>N 740B=VABN (?@>AB>@>20 :>>@48=0B0 ?@54AB02;5=0 2 

=><5@0E ?V:A5;V2) B0 (1) A?>AB5@56C20=89 A?5:B@ 28?@><V=N20==O 2 F5=B@V 

2>;ьD@0<>2>W AB@VG:8 @>760@N20==O [2*] 

 

"B@8<0=0 2V4?>2V4=> 4> @V2=O==O (2.4) A?5:B@0;ь=0 GCB;82VABь 

70?@>?>=>20=>3> A?5:B@0;ь=>3> ?@8;04C ?>:070=0 =0 $8A. 2.9. 

� ?>254V=:8 A?5:B@0;ь=>W GCB;82>ABV 284=>, I> 28:>@8AB0==O 40=>3> 

A?5:B@0;ь=>3> ?@8;04C є :>@5:B=8< 2 4V0?07>=V 4>268= E28;ь 430-650 =<. 

"A:V;ь:8 70 <560<8 Fь>3> 4V0?07>=C A?5:B@0;ь=0 GCB;82VABь ?@O<Cє 4> =C;O, WW 

28:>@8AB0==O 2 F8E >1;0ABOE A?5:B@C ?@872545 4> ACBBє2>W ?>E81:8 287=0G5==O 

V=B5=A82=>ABV. 
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$8AC=>: 2.9 3 %?5:B@0;ь=0 GCB;82VABь ?@8AB@>N @5єAB@0FVW 

28?@><V=N20==O [2*] 

 

 

2.1.2. �:A?5@8<5=B0;ь=0 CAB0=>2:0 4;O 4>A;V465==O ?;07<8 @>7@82=8E 

4C3>28E @>7@O4V2 

 

�:A?5@8<5=B0;ь=V 4>A;V465==O ?;07<8 @>7@82=8E 5;5:B@>4C3>28E 

@>7@O4V2 ?@>2545=> 2 �01>@0B>@VW 28A>:8E AB@C<V2 &5E=>;>3VG=>3> C=V25@A8B5BC 

�@=> (BUT), +5EVO, 45 28:>=CNBьAO 5:A?5@8<5=B8 7 @>7@>1:8 B0 B5ABC20==O 

H8@>:>3> A?5:B@C :><CB0FV9=8E ?@8AB@>W2 28A>:>W ?>BC6=>ABV. %E5<0 682;5==O 

B0 5;5<5=B8 28<V@N20==O 5;5:B@8G=8E ?0@0<5B@V2 ?>:070=> =0 $8A. 2.10. 

%8=E@>==89 35=5@0B>@ G, 70E8I5=89 20:CC<=8< @>7<8:0G5< VB, 

28:>@8AB>2CєBьAO O: ?>BC6=5 465@5;> ?>ABV9=>3> AB@C<C 4> 5 :� (G5@57 

>1<565=C :V;ь:VABь 4>A;V46C20=8E 7@07:V2, 4;O 70?>1V30==O =04<V@=>W 5@>7VW 

<0B5@V0;C 4>A;V465==O E0@0:B5@8AB8: 5;5:B@>4C3>28E @>7@O4V2 2 40=V9 @>1>BV 

300 350 400 450 500 550 600 650 700 750

0
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15000
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25000
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?@>2>48;>Aь ?@8 7=0G5==OE A8;8 AB@C<C 4, 50 B0 104 �). �><CB0FVO AB@C<C 

:5@CєBьAO 1;>:>< B8@8AB>@V2 TH1. !5>1EV4=V 7=0G5==O AB@C<C B0 ?>ABV9=8E G0AC 

<>6CBь 1CB8 A:>@53>20=V 2V4?>2V4=8<8 =020=B065==O<8: C 28?04:C A5@54=VE 

=0?@C3 3 :>BCH:0<8 Lvn B0 @578AB>@0<8 Rvn; 0 C 28?04:C =87ь:8E =0?@C3 3 

:>BCH:>N Lnn2 B0 @578AB>@>< Rnn2). !0?@C30 35=5@0B>@0 6 :� @53C;NєBьAO 4> 

=5>1EV4=>3> @V2=O B@0=AD>@<0B>@>< :>@>B:>3> 70<8:0==O V7 ?>A;V4>2=> 

?V4:;NG5=8<8 V<?C;ьA=8<8 28?@O<;OG0<8 TT2 V Dyn1. �8:>@8AB0=89 2 @>1>BV 

5;5:B@>4=89 2C7>; 2AB0=>2;NєBьAO =0 ?;0BD>@<C ZS2. !0?@C30 B0 AB@C< 

28<V@NNBьAO 0?0@0BC@>N 71>@C 40=8E (DAQ) V7 G0AB>B>N 48A:@5B870FVW 50 :�F 

[44]. 

 

 

$8AC=>: 2.10 3 %E5<0 682;5==O B0 5;5<5=B8 28<V@N20==O 5;5:B@8G=8E 

?0@0<5B@V2 [44] 

 

�;5:B@>4=89 2C7>; (482. $8A. 2.11) 2:;NG02 25@E=V9 =5@CE><89 B@8<0G 

:0B>40 B0 =86=V9 @CE><89 B@8<0G 4;O 0=>40, O:89 ?@82>482AO 2 4VN 

?=52<0B8G=8< ?@82>4><. #5@54 :>6=8< B5AB>< 5;5:B@>48 70<8:0;8, 0 

?=52<0B8G=89 ?@82V4 4>72>;O2 V=VFVN20B8 @>7@82=89 4C3>289 @>7@O4 H;OE>< 

?5@5<VI5==O 5;5:B@>4V2 V7 70<:=CB>3> AB0=C =0 2V4AB0=ь 10 << 70 G0A 31,5 <A. 

�:B820FVO ?=52<0B8G=>3> ?@82>4C 2V41C;0AO ?@81;87=> G5@57 60 <A ?VA;O 

?>G0B:C 5:A?5@8<5=BC, V=VFVNNG8 ?>G0B>: ?@>F5AC 3>@V==O 4C38 2 @>7@O4=><C 

?@><V6:C. #@>BO3>< CAь>3> ?5@V>4C 3>@V==O @>7@O4C 157?5@5@2=> @5єAB@C20;8AO 

A?5:B@8 28?@><V=N20==O ?;07<8. &8?>2V >AF8;>3@0<8 =0?@C38 V AB@C<C 7 

?>7=0G5=8<8 ?5@V>40<8 @5єAB@0FVW A?5:B@V2 (Period of spectra registration) V 
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@>1>B8 ?=52<>?@82>4C (Period of pneumatic drive operation) =02545=V =0 

$8A. 2.12. 

 

 

$8AC=>: 2.11 3 %E5<0 5;5:B@>4=>3> 2C7;0 4;O 4>A;V465==O @>7@82=8E 

5;5:B@>4C3>28E @>7@O4V2 [44, 45] 

 

%?5:B@8 28?@><V=N20==O ?;07<8 70@5єAB@>20=> 7 28:>@8AB0==O< 

>?B8G=>3> 2>;>:=0 4V0<5B@>< 600 <:<. "?B>2>;>:=> 2AB0=>2;5=> =0 2V4AB0=V 

?@81;87=> 1,5 < 2V4 4C3>2>3> @>7@O4C, I> 4>72>;8;> 70@5єAB@C20B8 

28?@><V=N20==O 2Aь>3> @>7@O4=>3> ?@><V6:C. �8:>@8AB>2C202AO A?5:B@>3@0D 

28A>:>W @>74V;ь=>W 740B=>ABV Andor Shamrock 500i, >A=0I5=89 48D@0:FV9=>N 

ґ@0B:>N 1200 <<-1, B0 4>268=>N E28;V =0;0HBC20==O 500 =< C 2C7ь:><C 

A?5:B@0;ь=><C 4V0?07>=V 40 =< [78]. /: ?@8AB@V9 @5єAB@0FVW 28:>@8AB0=> #��-

:0<5@0 Newton DU940P-BU [79]. #>2=0 H8@8=0 =0 ?>;>28=V 28A>B8 (FWHM) 

0?0@0B=>W DC=:FVW 287=0G5=> 70 4>?><>3>N @BCB=>-0@3>=>2>3> (Hg-Ar) 465@5;0 
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28?@><V=N20==O V 4>@V2=Nє 0,045 =< (H8@8=0 2EV4=>W IV;8=8 AB0=>28;0 

15 <:<). �>65= 5:A?5@8<5=B ?5@5410G02 70?8A 25 A?5:B@V2 7 G0A>< 5:A?>78FVW 

(28B@8<:>N) 2,68 <A B0 V=B5@20;>< <V6 >:@5<8<8 70?8A0<8 A?5:B@V2 0,32 <A. 

�0@B> 707=0G8B8, I> ?><VB=5 28?@><V=N20==O A?5:B@0;ь=8E ;V=V9 

@5єAB@C20;>AO ?@81;87=> 7 12-W <V;VA5:C=48. #@8G8=0 2 B><C, I> @5єAB@0FVO 

A?5:B@V2 ?5@54C20;0 <><5=BC 2:;NG5==O ?=52<>?@82>4C (482. $8A. 2.12). ' 

Fь><C 4>A;V465==V @5єAB@C20;8 28?@><V=N20==O C A?5:B@0;ь=><C 4V0?07>=V 2V4 

505 4> 545 =<. 

 

 

$8AC=>: 2.12 3 "AF8;>3@0<8 =0?@C38 V AB@C<C 5;5:B@>4C3>28E @>7@O4V2 

<V6 :><?>78B=8<8 Cu-W 5;5:B@>40<8 [8*] 
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2.1.3. $>7@0EC=>: @V2=>206=>3> A:;04C ?;07<8 B0 WW B5@<>48=0<VG=8E 

?0@0<5B@V2 

 

"FV=:0 5@>7V9=>W ABV9:>ABV :><?>78B=8E <0B5@V0;V2 B0 2?;82 =0 =5W 

B5E=>;>3VG=8E ?0@0<5B@V2 283>B>2;5==O B0:8E <0B5@V0;V2 (=0?@8:;04 

B5<?5@0BC@8 A?V:0==O) 28:>=CєBьAO 2 =5?@O<89 A?>AV1. �;O Fь>3> 

@>7@0E>2CєBьAO B0 ?>@V2=NєBьAO 2<VAB ?0@V2 <5B0;V2 2 ?@><V6:0E @>7@O4V2 <V6 

5;5:B@>40<8 :>6=>3> B8?C :><?>78B=>3> <0B5@V0;C. � A2>N G5@3C, 2<VAB ?0@V2 

<5B0;V2 @>7@0E>2CєBьAO C ?@8?CI5==V �&$ =0 >A=>2V 5:A?5@8<5=B0;ь=> 

287=0G5=8E ?0@0<5B@V2 ?;07<8, 7>:@5<0 B5<?5@0BC@8 70A5;5==O 5=5@35B8G=8E 

@V2=V2 0B><V2 <5B0;V2 (O:0 C ?@8?CI5==V �&$ 4>@V2=Nє B5<?5@0BC@V ?;07<8), 

:>=F5=B@0FVW 5;5:B@>=V2 01> :>=F5=B@0FVW 0B><V2 28?@><V=NNG8E 4><VH>:.  

 5B>N 287=0G5==O A:;04C ?;07<8 є @>7@0EC=>: :>=F5=B@0FVW :><?>=5=BV2 

?>2VB@O, B>1B> 0B><V2 V <>;5:C; :8A=N (�þ, �þ2), 07>BC (�ý, �ý2) B0 <>;5:C;8 

>:A84C 07>BC (�ýþ), 0B><0@=8E V>=V2 <V4V B0 2>;ьD@0<C (���+, ��+), :8A=N 

(�þ+), 07>BC (�ý+), <>;5:C;O@=8E V>=V2 >:A84C 07>BC (�ýþ+) B0 :>=F5=B@0FV9 

0B><V2 <5B0;V2 (���, �� ?@8 2V4><V9 :>=F5=B@0FVW 5;5:B@>=V2) 01> :>=F5=B@0FVW 

5;5:B@>=V2 (�� ?@8 2V4><8E :>=F5=B@0FVOE 0B><V2 <5B0;V2). ' 28?04:C @50;V70FVW 

�&$ <>6=0 @>73;O=CB8 =0ABC?=C A8AB5<C @V2=O=ь: 

$V2=O==O %0E0 4;O <V4V, 2>;ьD@0<C, :8A=N, 07>BC B0 <>;5:C; >:A84C 07>BC: 

 

3

2

2

22
,

Cu

B

E E

e k TCu e B Cu

Cu Cu

n n m k T
e

n h

û û
ý

ýóö ö ÷ ÷ óø ø
 (2.9) 

 

3

2

2

22
,

W

B

E E

e k TW e B W

W W

n n m k T
e

n h

û û
ý

ýóö ö ÷ ÷ óø ø  (2.10) 

 

3

2

2

22
,

N

B

E E

e k TN e B N

N N

n n m k T
e

n h

û û
ý

ýóö ö ÷ ÷ óø ø  (2.11) 
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3

2

2

22
,

O

B

E E

e k TO e B O

O O

n n m k T
e

n h

û û
ý

ýóö ö ÷ ÷ óø ø  (2.12) 

 

3

2

2

22
.

NO

B

E E

e k TNO e B NO

NO NO

n n m k T
e

n h

û û
ý

ýóö ö ÷ ÷ óø ø
 (2.13) 

$V2=O==O 5;5:B@>=59B@0;ь=>ABV: 

 .
e Cu W N O NO

n n n n n nû û û û û û û û û  (2.14) 

$V2=O==O V450;ь=>3> 307C: 

 2 2
2 .

e N O Cu W N O NO

B

P
n n n n n n n n

k T
 û û û û û û û  (2.15) 

$V2=O==O 48A>FV0FVW <>;5:C; N2, O2 B0 NO [80]: 

 

2

2 2

3
22

2

2

2
.

N

N B

E

k TN e B

N N B

n m k T P
e

n k Th

 ýóö ö ÷ ÷ óø ø  (2.16) 

 

2

2 2

3
22

2

2

2
.

O

O B

E

k TO e B

O O B

n m k T P
e

n k Th

 ýóö ö ÷ ÷ óø ø  (2.17) 

 

3

2

2

2
.

NO

B

E

k TN O e B N O

NO NO B

n n m k T P
e

n k Th

 ýó óö ö ÷ ÷ óø ø  (2.18) 

$V2=O==O A?V22V4=>H5==O :>=F5=B@0FVW G0AB8=>: 07>BC B0 :8A=N 2 

0B<>AD5@V ?>2VB@O [73]: 

 ø ù ø ù ø ù
2 2

2 3.72 2 2.72 .
N N O O NON O NO

n n n n n n n nû û ûû û  û û û û  (2.19) 

' @V2=O==OE (2.9)-(2.19) 28:>@8AB>2CNBьAO B0:V ?>7=0G5==O: h 3 AB0;0 

#;0=:0, kB 3 AB0;0 �>;ьF<0=0, me 3 <0A0 5;5:B@>=0, ��, ��+, Ei B0 Ej 3 2V4?>2V4=> 

AB0B8AB8G=V AC<8 0B><V2, V>=V2 B0 <>;5:C;, 5=5@3VO V>=V70FVW i-3> 5;5<5=B0 (i = Cu, 

W, N, O, NO) B0 5=5@3VO 48A>FV0FVW j-W <>;5:C;8 (j = N2, O2, NO), ∆E 3 7=865==O 

?>B5=FV0;C V>=V70FVW [73], P 3 B8A: 307C. ∆E 28@060єBьAO O:: 

 ø ù
1

7 3 3[ ] 6,9 10 .
e

E 9В n E@ý ýù ù   û û  (2.20) 
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$>72’O7>: @V2=O=ь (2.9)-(2.20) 28:>=CєBьAO V7 70;CG5==O< ?>?5@54=ь> 

287=0G5=8E 5:A?5@8<5=B0;ь=> @04V0;ь=8E @>7?>4V;V2 B5<?5@0BC@8 ?;07<8 T(r) 

B0 :>=F5=B@0FVW 0B><V2 <5B0;V2 nCu(r), nW(r) <5B>4>< 01A>;NB=8E 

V=B5=A82=>AB59. ' 28?04:C, :>;8 :>=F5=B@0FVW 0B><V2 <5B0;V2 =5<>6;82> 

287=0G8B8, O: 2EV4=89 ?0@0<5B@ 28:>@8AB>2CєBьAO @04V0;ь=89 @>7?>4V; 

:>=F5=B@0FVW 5;5:B@>=V2 ne(r) B0 A?V22V4=>H5==O :>=F5=B@0FV9 0B><V2 <5B0;V2, 

O:5 @>7@0E>2CєBьAO 7V A?V22V4=>H5==O V=B5=A82=>ABV A?5:B@0;ь=8E ;V=V9 

28?@><V=N20==O 2V4?>2V4=8E V-3> B0 j-3> 5;5<5=BV2: 

 .

i j

B

E E

i i j j k Ti

j j j i i

I A gn
e

n I A g

ü
ü

ý

õ  (2.21) 

45 I, λ, A B0 g 3 F5, 2V4?>2V4=>, V=B5=A82=VABь, 4>268=0 E28;V 28?@><V=N20==O, 

9<>2V@=VABь ?5@5E>4C B0 AB0B8AB8G=0 2030 2V4?>2V4=8E 5=5@35B8G=8E @V2=V2. 

$>7@0E>20=89 @V2=>206=89 A:;04 ?;07<8 28:>@8AB>2C202AO 4;O 

287=0G5==O 2<VABC ?0@V2 <5B0;V2 C B0:89 A?>AV1: 

 ,
Cu Cu

Cu

j

j

n n
X

n

ûû


õ  (2.22) 

 
,

W W

W

j

j

n n
X

n

ûû


õ  (2.23) 

45 j→Cu, Cu+
, W, W

+
, N, N

+
, O, O

+
, N2, O2, NO, NO

+
. 

$04V0;ь=V @>7?>4V;8 B5<?5@0BC@8 B0 @V2=>206=89 A:;04 ?;07<8 

28:>@8AB0=> O: 2EV4=V ?0@0<5B@8 4> A8AB5<8 @V2=O=ь 4;O 287=0G5==O 

B5@<>48=0<VG=8E ?0@0<5B@V2 ?;07<8 [7*]: 

 0A>20 3CAB8=0 A8AB5<8 ρ [:3/<3
]: 

 ,
N

i i

i i

n M


 õ  (2.24) 

45 ni 3 F5 <>;O@=0 :>=F5=B@0FVO [<>;ь/<3
] V-3> 5;5<5=B0 (4>@V2=Nє 

:>=F5=B@0FVO< G0AB8=>:, @>7@0E>20=8E 7 @V2=O=ь (2.9)-(2.20)), 0 Mi 3 F5 <>;O@=0 

<0A0 [:3/<>;ь] V-3> 5;5<5=B0. 
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 >;O@=0 :>=F5=B@0FVO A8AB5<8 n [<>;ь/<3
]: 

 .
N

i

i i

n n


 õ  (2.25) 

 >;O@=0 <0A0 A8AB5<8 M [:3/<>;ь]: 

 ø ù, .M p T
n


  (2.26) 

#8B><0 5=B0;ь?VO h [�6/:3]: 

 ø ù ø ùø ù, ,

1
, ,

ref ref

N

i f i T i T

i i

h p T n H H T


 



  û õ  (2.27) 

45 , reff i T
H

  3 F5 AB0=40@B=0 <>;O@=0 5=B0;ь?VO CB2>@5==O V-3> 5;5<5=B0, 0 

ø ù, refi T
H T

  3 F5 7<V=0 AB0=40@B=>W <>;O@=>W 5=B0;ь?VW V-3> 5;5<5=B0: 

 ø ù ø ù ø ù, .
refi T i i ref

H T H T H T
    ý  (2.28) 

#8B><0 5=B@>?VO s [�6/:3/K]: 

 ø ù ø ùø ù1
, ln ln( ) ,

N

ref i i i

i i

R n
s p T p n S T R n

M p  

ö ö
 û ý÷ ÷

ø ø
õ  (2.29) 

45 R 3 F5 C=V25@A0;ь=0 307>20 AB0;0, 0 ø ùi
S T


 3 F5 AB0=40@B=0 <>;O@=0 5=B@>?VO 

V-3> 5;5<5=B0. 

#8B><0 B5?;>є<=VABь ?@8 ?>ABV9=><C B8A:C cp [�6/:3/K]: 

 ø ù ø ù ø ù
ref ref, , ,

1
,

N N
i

p f i T i T i p i

i i i i

n
c p T H H n C T

T
 

 

öù ù
  û  ûú úöû û

õ õ  (2.30) 

45 ø ù,p i
C T


 3 F5 AB0=40@B=0 B5?;>є<=VABь V-3> 5;5<5=B0. 

%B0=40@B=V B5@<>48=0<VG=V DC=:FVW , reff i T
H

 , ø ù, refi T
H T

 , ø ùi
S T


 B0 

ø ù,p i
C T


 27OB> 7 B5@<>EV<VG=8E B01;8Fь NIST-JANAF [81] 4;O Tref = 298,15 � B0 

p = pref = 1 0B<. 
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2.1.4.  5B>4 01A>;NB=8E V=B5=A82=>AB59 

 

/: 707=0G0;>Aь @0=VH5, V=B5=A82=VABь 5@>7VW <0B5@V0;V2 5;5:B@>4V2, 

A?@8G8=5=C B5@<VG=>N 4VєN =0 =8E ?;07<8 5;5:B@>4C3>28E @>7@O4V2, 

287=0G0NBь C =5?@O<89 A?>AV1, @>7@0E>2CNG8 2<VAB ?0@V2 <5B0;V2 C 

?>78B82=><C AB>2?V ?;07<8 7 WW @V2=>206=>3> A:;04C [82, 83]. #@8 B0:><C 

<5B>4V =5>1EV4=> 5:A?5@8<5=B0;ь=> 287=0G8B8 ?0@0<5B@8 ?;07<8, B0:V O: 

B5<?5@0BC@0 B0 :>=F5=B@0FVO 5;5:B@>=V2. !09?>H8@5=VH8< ?V4E>4>< 4;O 

287=0G5==O :>=F5=B@0FVW 5;5:B@>=V2 є ?@O<89 @>7@0EC=>: 7 H8@8=8 :>=BC@V2 

A?5:B@0;ь=8E ;V=V9 [84], 28:>@8AB0==O O:>3> <0є 45O:V >1<565==O. �>:@5<0, O: 

1C;> A:070=> 28I5, 40=89 ?V4EV4 ?>B@51Cє 28:>@8AB0==O A?5:B@0;ь=>3> ?@8;04C 

28A>:>W @>74V;ь=>W 740B=>ABV 4;O 45B0;ь=>3> A?>AB5@565==O D>@<8 :>=BC@V2 

A?5:B@0;ь=8E ;V=V9 28?@><V=N20==O, >A>1;82> 4;O 28?@><V=N20==O 

5;5:B@>4C3>28E @>7@O4V2 =87ь:>3> AB@C<C O: <>45;ь=8E 465@5; ?;07<8. /: 

?@028;>, H8@8=0 :>=BC@V2 A?5:B@0;ь=8E ;V=V9 B0:8E ?;07<>28E 465@5; є 

<5=H>N C ?>@V2=O==V 7 V=AB@C<5=B0;ь=8< :>=BC@>< A?5:B@0;ь=8E ?@8;04V2. 

&><C 2 40=V9 @>1>BV 70?@>?>=>20=> <5B>4 287=0G5==O :>=F5=B@0FVW 0B><V2 

?0@V2 <5B0;V2 2 @>7@O4=><C ?@><V6:C O: 0;ьB5@=0B82=89 ?0@0<5B@ 4;O 

?>40;ьH>3> @>7@0EC=:C @V2=>206=>3> A:;04C ?;07<8. � A0<5, 70?@>?>=>20=> B0 

@50;V7>20=> <5B>4 01A>;NB=8E V=B5=A82=>AB59 28?@><V=N20==O A?5:B@0;ь=8E 

;V=V9. 

�=B5=A82=VABь 28?@><V=N20==O (28?@><V=N20;ь=0 740B=VABь 01> 

:>5DVFVє=B 28?@><V=N20==O) A?5:B@0;ь=>W ;V=VW A;V4 @>73;O40B8 O: 5=5@3VN, O:0 

28?@><V=NєBьAO 70 1 A 2 1 <3
 2 <560E :>=BC@C A?5:B@0;ь=>W ;V=VW [73]. &>4V 

?>2=89 :>5DVFVє=B 28?@><V=N20==O A?5:B@0;ь=>W ;V=VW εL <>6=0 28@078B8 O:: 

 , ,
4

L L ki k

Line

hc
d A nü  ü

ü
   (2.31) 

45 ε¼,L 3 F5 A?5:B@0;ь=89 @>7?>4V; :>5DVFVє=B0 28?@><V=N20==O A?5:B@0;ь=>W 

;V=VW, h 3 AB0;0 #;0=:0, c 3 H284:VABь A2VB;0, ¼ 3 4>268=0 E28;V 2 F5=B@V 
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A?5:B@0;ь=>W ;V=VW, Aki 3 9<>2V@=VABь ?5@5E>4C 5;5:B@>=0 7 k-3> (25@E=ь>3>) =0  

i-9 (=86=V9) 5=5@35B8G=89 @V25=ь (:>5DVFVє=B �9=HB59=0 4;O A?>=B0==>3> 

28?@><V=N20==O), nk 3 :>=F5=B@0FVO 28?@><V=NNG8E G0AB8=>: 01> 70A5;5=VABь 

k-3> @V2=O. 

�=B5=A82=VABь εL <>6=0 287=0G8B8 V7 OA:@02>ABV A?5:B@0;ь=8E ;V=V9, O:0 

<>65 1CB8 >45@60=0 5:A?5@8<5=B0;ь=>. #V4 OA:@02VABN A;V4 @>7C<VB8 5=5@3VN, 

O:0 ?@>E>48Bь G5@57 >48=8FN ?;>IV 70 >48=8FN G0AC 2 <560E >48=8G=>3> 

BV;5A=>3> :CB0, ?5@?5=48:C;O@=>3> 4> >1@0=>W ?;>I8=8. 

�;O V7>B@>?=>W, >?B8G=> B>=:>W B0 >4=>@V4=>W ?;07<8 28?@><V=N20;ь=0 

740B=VABь A?5:B@0;ь=>W ;V=VW εL 70;568Bь 2V4 WW OA:@02>ABV IL O: εL = IL/d, 45 d 3 F5 

H8@8=0 28?@><V=NNG>3> H0@C [73]. 

' 28?04:C >?B8G=> B>=:>W =5>4=>@V4=>W ?;07<8, O:0 E0@0:B5@87CєBьAO 

F8;V=4@8G=>N A8<5B@VєN (=0?@8:;04, ?;07<0 4C3>2>3> 5;5:B@8G=>3> @>7@O4C), 

70;56=VABь =01C20є 283;O4C: 

 ø ù ø ù

ø ù

0

1
2 2 2

1
,

r

r

I x dx
r

x r





 ý

ý
  (2.32) 

45 ε(r) 3 V=B5=A82=VABь 28?@><V=N20==O =0 2V4AB0=V r 2V4 >AV A8<5B@VW 465@5;0 

28?@><V=N20==O (@04V0;ь=89 @>7?>4V; :>5DVFVє=B0 28?@><V=N20==O), r0 3 

?@>AB>@>20 <560 28?@><V=N20==O (7=0G5==O ?@8 O:><C OA:@02VABь 

?5@5B2>@NєBьAO =0 =C;ь), I’(x) 3 ?>EV4=0 ?@>AB>@>2>3> @>7?>4V;C OA:@02>ABV, 

V=B53@>20=>W 274>26 ?@><5=O 7>@C =0 2V4AB0=V x 2V4 >AV 465@5;0 

28?@><V=N20==O. �=B53@0;ь=5 @V2=O==O B8?C (2.32) 2V4><5 O: V=B53@0; �15;O. 

"48= V7 <5B>4V2 9>3> G8A;>2>3> @>72’O7:C 70?@>?>=>20=> �>:0AB5=>< [85], I> 

40є 7<>3C 287=0G0B8 7=0G5==O V=B5=A82=>ABV 28?@><V=N20==O (;>:0;ь=V 

7=0G5==O) A?5:B@0;ь=8E ;V=V9 ?@8 2V4><8E 7=0G5==OE WE OA:@02>ABV 

(A?>AB5@56C20=V 7=0G5==O). 
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"A:V;ь:8 01A>;NB=V 7=0G5==O ?>2=>W 28?@><V=N20;ь=>W 740B=>ABV 

A?5:B@0;ь=>W ;V=VW <>6=0 287=0G8B8 5:A?5@8<5=B0;ь=>, B> 70A5;5=VABь k-3> 

5=5@35B8G=>3> @V2=O <>6=0 @>7@0EC20B8 B0:8< G8=><: 

 
4

.
k L

ki

n
hcA

ü  (2.33) 

�0A5;5=VABь k-3> 5=5@35B8G=>3> @V2=O ?>2’O70=0 7 ?>2=>N :>=F5=B@0FVєN 

28?@><V=NNG8E 0B><V2 n 2V4?>2V4=> 4> @>7?>4V;C �>;ьF<0=0: 

 ,

k

B

E

k Tk

k

a

g
n ne

ý


ó  (2.34) 

45 gk 3 AB0B8AB8G=0 2030 k-3> 5=5@35B8G=>3> @V2=O, Σa 3 AB0B8AB8G=0 AC<0 0B><V2 

28?@><V=NNG8E G0AB8=>:, Ek 3 5=5@3VO k-3> @V2=O, kB 3 AB0;0 �>;ьF<0=0, T 3 

B5<?5@0BC@0 70A5;5==O. �5@CG8 4> C2038 @V2=O==O (2.34) 2 (2.31) 70;56=VABь 

i=B5=A82=>ABi 2i4 B5<?5@0BC@8 i :>=F5=B@0FVW 0B><V2 28?@><V=NNG>3> 5;5<5=B0 

n 287=0G0єBьAO O:: 

 .
4

k

B

E

k Tki k

L

a

A ghc
ne

ü

ý


ó  (2.35) 

�V=50@870FVO @V2=O==O (2.35) ?@872>48Bь 4> ;V=V9=>3> @V2=O==O 283;O4C 

y = ax+b: 

 ln ln ,
4

kL

ki k B a

E hc n

A g k T

 ü


ö ö ö ö
 ý û÷ ÷ ÷ ÷óø ø ø ø

 (2.36) 

45 ln L

ki k

y
A g

 üö ö
 ÷ ÷

ø ø
, k

x E , 
1

B

a
k T

 ý , ln
4

a

hc n
b


ö ö

 ÷ ÷óø ø
. 

�8:>@8AB>2CNG8 <5B>4 4V03@0< �>;ьF<0=0 V7 70;CG5==O< V=B5=A82=>AB59 

28?@><V=N20==O ?@8=09<=V 42>E A?5:B@0;ь=8E ;V=V9, B5<?5@0BC@C 70A5;5==O T 

<>6=0 287=0G8B8 O:: 

 
1

.
B

T
k a

 ý  (2.37) 

"B@8<0=0 B5<?5@0BC@0 4>72>;Oє 287=0G8B8 AB0B8AB8G=C AC<C 0B><V2: 



78 

 .

m

B

E

k T

a m

m

g e
ý

ó  õ  (2.38) 

�8E>4OG8 7 Fь>3>, <>6=0 @>7@0EC20B8 :>=F5=B@0FVN G0AB8=>: 

28?@><V=NNG>3> 5;5<5=B0 7 @V2=O==O: 

 
4

.
b

a
e

n
hc

ó
  (2.39) 

' 28?04:C 2V4><>W A8;8 >AF8;OB>@0 fik, 2V4?>2V4=> 4> 70;56=>ABV: 

 

2 2

2

8
,i

ki ik

ke

ge
A f

gm c


ü

  (2.40) 

@V2=O==O (2.36) <>6=0 ?>40B8 C 283;O4V: 

 

3 22
ln ln .kL

ik i B e a

E e h n

f g k T m

 ü ö ö ö ö
 ý û÷ ÷ ÷ ÷óø ø ø ø

 (2.41) 

&>4V :>=F5=B@0FVN 28?@><V=NNG8E G0AB8=>: <>6=0 287=0G8B8 O:: 

 2
.

2

b

e a
e m

n
e h
ó

  (2.42) 

&0:8< G8=><, 4;O 287=0G5==O 70A5;5=>ABV 5=5@35B8G=8E @V2=V2 V, 

2V4?>2V4=>, :>=F5=B@0FVW 0B><V2 28?@><V=NNG>3> 5;5<5=B0 4>AB0B=ь> 

287=0G8B8 01A>;NB=V 7=0G5==O V=B5=A82=>ABV A?5:B@0;ь=8E ;V=V9. 

�;O 20;V40FVW <5B>4C 28:>@8AB0=> 4C3>289 @>7@O4 A8;>N AB@C<C 3,5 � 2 

?>B>FV 0@3>=C (28B@0B0 307C 7 ;/E2) <V6 >4=>:><?>=5=B=8<8 <V4=8<8 

5;5:B@>40<8 [2*, 13*]. 

�8?@><V=N20==O ?;07<8 B0:>3> @>7@O4C 70@5єAB@>20=> V7 70;CG5==O< 

>?B8G=>W AE5<8, =02545=>W =0 $8A. 2.1. �0@5єAB@>20=5 RGB 7>1@065==O 

A?5:B@0;ь=>3> 28?@><V=N20==O ?;07<8 7 4><VH:0<8 ?0@V2 <V4V =02545=> =0 

$8A 2.13. *5 7>1@065==O :>=25@B>20=> 2 3@040FVW AV@>3> 7 2@0EC20==O< 

A?5:B@0;ь=>W GCB;82>ABV (482. $8A. 2.9). "B@8<0=89 B0:8< G8=>< A?5:B@ 

28?@><V=N20==O ?;07<8 V7 @>74V;ь=>N 740B=VABN ?> ?@>AB>@>2V9 :>>@48=0BV 

=02545=> =0 $8A. 2.14. 
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$8AC=>: 2.13 3 RGB 7>1@065==O 28?@><V=N20==O ?;07<8 (G0A 5:A?>78FVW 

2 <A) [2*] 

 

 

$8AC=>: 2.14 3 %?5:B@ 28?@><V=N20==O ?;07<8 7 @>74V;ь=>N 740B=VABN 

?> ?@>AB>@>2V9 :>>@48=0BV (2@0E>20=> A?5:B@0;ь=C GCB;82VABь ?@8;04C) [2*] 

 

 56V 28?@><V=N20==O A?5:B@0;ь=8E ;V=V9 r0 287=0G0;8 70 ?@>AB>@>2>N 

:>>@48=0B>N 4;O :>6=>W 70@5єAB@>20=>W A?5:B@0;ь=>W ;V=VW <V4V, 0 A0<5 510,5, 

515,3, 521,8 B0 578,2 =<. "B@8<0=V ?@>AB>@>2V V=B5@20;8 @>74V;8;8 =0 9 

5:2V48AB0=B=8E ?@><V6:V2. &0:8< G8=><, 4;O ?>40;ьH8E @>7@0EC=:V2 

28:>@8AB0=> 10 ?@>AB>@>28E B>G>:, :>6=0 7 O:8E <VAB8;0 A?5:B@0;ь=89 
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@>7?>4V; OA:@02>ABV. �;O 287=0G5==O OA:@02>ABV 2V4?>2V4=8E ;V=V9 28:>@8AB0=> 

0?@>:A8<0FVN :>=BC@V2 A?5:B@0;ь=8E ;V=V9 �0CAAV0=><, O: ?>:070=> =0 $8A. 2.15 

(Approximation by Gaussian). #@>AB>@>2V @>7?>4V;8 OA:@02>ABV I(x) ($8A. 2.16, 

0) >B@8<0=> H;OE>< ?>2B>@5==O >?8A0=>W ?@>F54C@8 4;O :>6=>W ?@>AB>@>2>W 

B>G:8 B0 :>6=>W A?5:B@0;ь=>W ;V=VW Cu I. *V @>7?>4V;8 0?@>:A8<>20=> DC=:FVєN 

�0CAA0 4;O >B@8<0==O 3;04:>W DC=:FVW, O:0 28:>@8AB>2CєBьAO 4;O @>7@0EC=:C 

@04V0;ь=8E @>7?>4V;V2 V=B5=A82=>ABV 28?@><V=N20==O A?5:B@0;ь=8E ;V=V9 ε(r) 

73V4=> 7 @V2=O==O< (2.32) 70 <5B>4>< �>:0AB5=0 [85] (482. $8A. 2.16, 1). 

 

 

$8AC=>: 2.15 3 &8?>20 0?@>:A8<0FVO �0CAAV0=>< :>=BC@C A?5:B@0;ь=>W 

;V=VW Cu I 510,5 =<, 70@5єAB@>20=>W 274>26 4V0<5B@0 @>7@O4=>3> :0=0;C (x = 0) 

[2*] 

 

"B@8<0=V 7=0G5==O V=B5=A82=>ABV 28?@><V=N20==O :>6=>W A?5:B@0;ь=>W 

;V=VW 28:>@8AB0=> 4;O 287=0G5==O @04V0;ь=8E @>7?>4V;V2 70A5;5=>ABV 25@E=VE 

5=5@35B8G=8E @V2=V2 nk(r) 2V4?>2V4=8E A?5:B@0;ь=8E ?5@5E>4V2 ($8A. 2.17) 7 

28:>@8AB0==O< @V2=O==O (2.33). 

510.0 510.5 511.0

0

50

100

150

200

250

300

350

 Experimental dots at x = 0 mm

 Approximation by Gaussian

ü, nm

Iü, W/m2/nm
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4 5 

$8AC=>: 2.16 3 (0) #@>AB>@>2V @>7?>4V;8 OA:@02>ABV (HB@8E>2V ;V=VW 3 

WE 0?@>:A8<0FVO DC=:FVєN �0CAA0) B0 (1) @04V0;ь=V @>7?>4V;8 V=B5=A82=>ABV 

28?@><V=N20==O A?5:B@0;ь=8E ;V=V9 <V4V [2*] 

 

 

$8AC=>: 2.17 3 $04V0;ь=V @>7?>4V;8 70A5;5=>ABV 5=5@35B8G=8E @V2=V2 

0B><V2 <V4V [2*, 13*] 

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0

0
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20
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40

50

 Cu I 510.5 nm

 Cu I 515.3 nm

 Cu I 521.8 nm

 Cu I 578.2 nm

x, mm

I(x), W/m2

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0

0

2000

4000

6000

8000

10000

12000  Cu I 510.5 nm

 Cu I 515.3 nm

 Cu I 521.8 nm

 Cu I 578.2 nm

r, mm

(r), W/m3

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5

1E13

1E14

1E15

1E16

1E17

1E18

1E19

1E20

r, mm

 3d104p 2p3/2 (Cu I 510.5 nm)

 3d104d 2D3/2 (Cu I 515.3 nm)

 3d104d 2D5/2 (Cu I 521.8 nm)

 3d104p 2p1/2 (Cu I 578.2 nm)

nk(r), m
-3
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�7 70;CG5==O< 01A>;NB=8E 7=0G5=ь V=B5=A82=>ABV 28?@><V=N20==O 

A?5:B@0;ь=8E ;V=V9 Cu I 70AB>A>20=> 2V4?>2V4=> 4> @V2=O==O (2.41) <5B>4 

4V03@0< �>;ьF<0=0. &8?>2V 4V03@0<8 �>;ьF<0=0 V7 70;CG5==O< V=B5=A82=>ABV 

28?@><V=N20==O A?5:B@0;ь=8E ;V=V9 Cu I 510,5, 515,3, 521,8 V 578,2 =<, 

?>1C4>20=V 4;O @V7=8E @04V0;ь=8E B>G>: 28?@><V=N20==O ?;07<8, ?>:070=V 

=0 $8A. 2.18 (0). �8:>@8AB>2CNG8 A?V22V4=>H5==O (2.37) >B@8<0=> 

@04V0;ь=89 @>7?>4V; B5<?5@0BC@8 70A5;5==O (482. $8A. 2.18, 1). 

�>=F5=B@0FVN 6 0B><V2 <V4V 287=0G5=> 7 @V2=O==O (2.42), 2 O:5 2E>48Bь 

@>7@0E>20=0 2V4?>2V4=> 4> @V2=O==O (2.38) AB0B8AB8G=0 AC<0. �>40B:>2>, 

@04V0;ь=V @>7?>4V;8 :>=F5=B@0FV9 @>7@0E>2C20;8Aь 2V4?>2V4=> 4> @>7?>4V;C 

�>;ьF<0=0 (2.34) V7 @04V0;ь=8E @>7?>4V;V2 70A5;5=>ABV 5=5@35B8G=8E @V2=V2 

0B><0 <V4V ($8A. 2.17).  

 

4 5 

$8AC=>: 2.18 3 (0) &8?>2V 4V03@0<8 �>;ьF<0=0 V7 70;CG5==O< 

01A>;NB=8E V=B5=A82=>AB59 28?@><V=N20==O A?5:B@0;ь=8E ;V=V9 <V4V 4;O 

@V7=8E @04V0;ь=8E B>G>: B0 (1) @04V0;ь=89 @>7?>4V; B5<?5@0BC@8 70A5;5==O 

[2*, 13*] 

 

$04V0;ь=V @>7?>4V;8 :>=F5=B@0FV9, >B@8<0=V @V7=8<8 A?>A>10<8, 

?>:070=V =0 $8A. 2.19.  >6=0 ?>10G8B8 =5ACBBє2C @V7=8FN <V6 @>7?>4V;0<8, 

3.5 4.0 4.5 5.0 5.5 6.0 6.5

24

26

28

30

32

510.5

515.3

521.8

578.2

ln(ørùü3/gf)

 r = 0 mm

 r = 1.5 mm

 r = 3.4 mm

E, eV

0.0 0.5 1.0 1.5 2.0 2.5 3.0

4000

4500

5000

5500

6000

r, mm

T(r), K



83 

@>7@0E>20=8<8 157?>A5@54=ь> V7 70A5;5=>ABV 5=5@35B8G=8E @V2=V2, B0 

@>7?>4V;C, >B@8<0=>3> <5B>4>< 4V03@0< �>;ьF<0=0. $>7:84 ?>E81>: 4;O 

>AB0==ь>3> ?>1C4>20=> C ?@8?CI5==V, I> B>G=VABь <5B>4C AB0=>28Bь =5 

<5=H5 80%. /: 284=>, B0:5 ?@8?CI5==O A?@0254;825 4;O 2V4AB0=V 2V4 >AV 

4C38 4> 2 <<. 

 

 

$8AC=>: 2.19 3 $04V0;ь=V @>7?>4V;8 :>=F5=B@0FV9, >B@8<0=V <5B>4>< 

4V03@0< �>;ьF<0=0 (?>:070=> 7 @>7:84>< ?>E81:8 20%) B0 @>7@0E>20=V 

157?>A5@54=ь> V7 70A5;5=>ABV 5=5@35B8G=8E @V2=V2 0B><V2 <V4V [2*, 13*] 

 

�>40B:>2>, 4;O 20;V40FVW <5B>4C 01A>;NB=8E V=B5=A82=>AB59 

4>A;V465=> ?;07<C 4C3>2>3> @>7@O4C A8;>N AB@C<C 3,5 � <V6 

>4=>:><?>=5=B=8<8 <V4=8<8 5;5:B@>40<8 2 0B<>AD5@V ?>2VB@O [6*, 15*, 

17*]. "4=>G0A=> 7 5:A?5@8<5=B0;ь=8<8 4>A;V465==O<8 28:>=0=> 

<>45;N20==O A?5:B@V2, O:V 2V4?>2V40NBь 5:A?5@8<5=B0;ь=> >45@60=8< 

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5

1E20

1E21

r, mm

 Cu I 510.5 nm

 Cu I 515.3 nm

 Cu I 521.8 nm

 Cu I 578.2 nm

 Boltzmann plot

n(r), m-3
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274>26 ?@><5=O 7>@C A?5:B@0< V7 28:>@8AB0==O< CAB0=>2:8, =02545=>W =0 

$8A. 2.1.  

$04V0;ь=V @>7?>4V;8 B5<?5@0BC@8 ?;07<8 B0 :>=F5=B@0FVW 0B><V2 <V4V 

($8A. 2.20) 287=0G5=V <5B>4>< 4V03@0< �>;ьF<0=0 V7 70;CG5==O< 01A>;NB=8E 

V=B5=A82=>AB59 A?5:B@0;ь=8E ;V=V9 Cu I 510,5 B0 521,8 =<. $04V0;ь=V 

@>7?>4V;8 ?0@0<5B@V2 ?;07<8, =02545=8E =0 $8A. 2.20 28:>@8AB0=> O: 2EV4=V 

?0@0<5B@8 4;O @>72’O7:C A8AB5<8 @V2=O=ь (2.9)-(2.20) C @>7@0EC=:C 

@V2=>206=>3> A:;04C B0:>W ?;07<8 (7<V==V �� B0 ��+ 28;CG5==V 7 

@>7@0EC=:C, >A:V;ь:8 2 40=><C 4>A;V465==V 28:>@8AB0=> >4=>:><?>=5=B=V 

<V4=V 5;5:B@>48, 0 7<V==V �ýþ B0 �ýþ+ 28;CG5==V C ?@8?CI5==V, I> WE 

2?;82>< =0 @V2=>206=89 A:;04 <>6=0 7=5EBC20B8). 

 

4 5 

$8AC=>: 2.20 3 $04V0;ь=V @>7?>4V;8 (0) B5<?5@0BC@8 ?;07<8 B0 (1) 

:>=F5=B@0FVW 0B><V2 <V4V 

 

$>7@0E>20=89 @V2=>206=89 A:;04 ?;07<8 28:>@8AB>2C202AO 4;O 

287=0G5==O <>;O@=8E G0AB>: 0B><V2 ( ��) B0 V>=V2 <V4V ( ��+) O:: 
 ,Cu

Cu

j

j

n
X

n


õ  (2.43) 

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6

4000

4500

5000

5500

6000

6500

7000

r, mm

T(r), K

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6

1.2E+21

1.6E+21

2E+21

2.4E+21

2.8E+21

r, mm

nCu(r), m
-3
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 ,Cu

Cu

j

j

n
X

n

û

û 
õ  (2.44) 

45 j→Cu, Cu+
, N, N

+
, O, O

+
, N2, O2. %:;04 ?;07<8 B0 <>;O@=V G0AB:8 ?@54AB02;5=V 

=0 $8A. 2.21. 

 

4 5 

$8AC=>: 2.21 3 (0) $04V0;ь=V @>7?>4V;8 @V2=>206=>3> A:;04C ?;07<8 B0 (1) 

<>;O@=8E G0AB>: 0B><V2 B0 V>=V2 <V4V [17*] 

 

�:A?5@8<5=B0;ь=> 287=0G5=V @>7?>4V;8 B5<?5@0BC@8 B0 <>;O@=>W G0AB:8 

<V4V 28:>@8AB>2CNBьAO O: ?>G0B:>25 ?@8?CI5==O 4;O <>45;N20==O A?5:B@V2 

274>26 ?@><5=O 7>@C. �<V=0 A?5:B@0;ь=>W V=B5=A82=>ABV 28?@><V=N20==O I¼ 

274>26 ?@><5=O 7>@C 2 =0?@O<:C s >?8ACєBьAO @V2=O==O< ?5@5=>AC 

28?@><V=N20==O ($#�), O:5 C 28?04:C 2V4ACB=>ABV @>7AVO==O 70?8ACєBьAO O: 

[86]: 

 ,
dI

B I
ds

ü
ü ü ü üû û ý  (2.45) 

45 »¼ 3 A?5:B@0;ь=89 :>5DVFVє=B ?>3;8=0==O, B¼ 3 DC=:FVO #;0=:0. $>7@0EC=>: 

A?5:B@0;ь=>3> :>5DVFVє=B0 ?>3;8=0==O 28:>@8AB>2Cє A:;04 ?;07<8 B0 2=5A>: 

28?@><V=N20==O 2 4V0?07>=V 4>268= E28;ь (430-650) =< 73V4=> 7 5:A?5@8<5=B><. 
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�@0E>20=> :>=B8=CC<, A?@8G8=5=89 30;ь<V2=8< 28?@><V=N20==O<, 0 B0:>6 

0B><=V B0 V>==V A?5:B@0;ь=V ;V=VW. $>73;O=CB> 40=V 4;O 1772 A?5:B@0;ь=8E ;V=V9, 7 

O:8E 57 є A?5:B@0;ь=8<8 ;V=VO<8 Cu I [77].  

 

 

$8AC=>: 2.22 3  >;O@=V G0AB:8 @5G>28= C ?;07<V 5;5:B@>4C3>2>3> @>7@O4C 

2 0B<>AD5@V ?>2VB@O <V6 >4=>:><?>=5=B=8<8 <V4=8<8 5;5:B@>40<8, 

@>7@0E>20=V <5B>4>< <V=V<V70FVW ?>B5=FV0;C �V11A0 2 F5=B@V 4C3>2>3> @>7@O4C 

(r = 0 <<) [17*] 

 

�0AB>A>20=> VB5@0FV9=89 <5B>4, O:89 28:>@8AB>2Cє 45B0;ь=5 <>45;N20==O 

?@>DV;V2 A?5:B@0;ь=8E ;V=V9 0B><V2. �2060єBьAO, I> 4><V=CNG89 <5E0=V7< 

@>7H8@5==O 7C<>2;5=89 5D5:B>< ,B0@:0. "4=0: V=AB@C<5=B0;ь=89 :>=BC@ 

28:>@8AB0=>3> A?5:B@0;ь=>3> ?@8;04C =5 4>72>;82 287=0G8B8 H8@8=C 

A?5:B@0;ь=8E ;V=V9, 7C<>2;5=C F8< 5D5:B><. �0@B> 707=0G8B8, I> A?5:B@0;ь=V 

;V=VW <0NBь D>@<C �0CAA0 7 H8@8=>N 0,13 =<, I> 2V4?>2V40є V=AB@C<5=B0;ь=><C 

?@>DV;N ?@8;04C.  
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�0;V @04V0;ь=89 @>7?>4V; B5<?5@0BC@8, >B@8<0=89 5:A?5@8<5=B0;ь=>, B0 

7=0G5==O <>;O@=>W G0AB:8 <V4V, >B@8<0=>W 7 @V2=O=ь (2.43) V (2.44), 28:>@8AB0=> 

4;O @>7@0EC=:C :><?>=5=B=>3> A:;04C ?;07<8 <5B>4>< <V=V<V70FVW ?>B5=FV0;C 

�V11A0 [87, 88]. &0:89 A:;04 ?;07<8 ?>:070=89 =0 $8A. 2.22 4;O B5<?5@0BC@8, I> 

2V4?>2V40є F5=B@0;ь=V9 B>GFV ?;07<8 (r = 0) V B8A:C 1 0B<. "A=>2=8<8 

:><?>=5=B0<8 ?;07<8 є <>;5:C;8 N2, 0B><8 O V N (:>=F5=B@0FVO ?>=04 10%), 

<>;5:C;8 NO (:V;ь:0 2V4A>B:V2). !0O2=VABь <>;5:C;8 >:A84C 07>BC C A:;04V, 

@>7@0E>20=>3> <5B>4>< <V=V<V70FVW ?>B5=FV0;C �V11A0 ($8A. 2.22), є >A=>2=>N 

2V4<V==VABN C ?>@V2=O==V 7 A:;04>< ?;07<8, 287=0G5=8< 5:A?5@8<5=B0;ь=> 

($8A. 2.21). 

!0 $8A. 2.23 =02545=V 5:A?5@8<5=B0;ь=> A?>AB5@56C20=V :>=BC@8 

A?5:B@0;ь=8E ;V=V9 (Experiment) Cu I 510,5 B0 521,8, WE 2V4?>2V4=V 0?@>:A8<0FVW 

DC=:FVєN �0CAA0 (Gaussian fit) B0 7<>45;ь>20=V 73V4=> V7 @V2=O==O< (2.45) 

:>=BC@8 (Simulation) F8E ;V=V9 =0 :V;ь:>E 2V4AB0=OE d 2V4 >AV 4C38. 

�:A?5@8<5=B0;ь=89 V 7<>45;ь>20=89 A?5:B@8 45<>=AB@CNBь 30@=89 71V3. !0 

$8A. 2.24 (0) ?@54AB02;5=V :>=BC@8 A?5:B@0;ь=>W ;V=VW Cu I 570,0 4;O :V;ь:>E 

2V4AB0=59 d. /: 284=>, 7<>45;ь>20=0 V=B5=A82=VABь A?5:B@0;ь=>W ;V=VW є 

1;87ь:>N 01> 45I> 28I>N C ?>@V2=O==V 7 5:A?5@8<5=B0;ь=> >45@60=>N. � 

A2>N G5@3C, 7<>45;ь>20=89 :>=BC@ A?5:B@0;ь=>W ;V=VW Cu I 578,2 =< є =02?0:8 

45I> =86G8< 70 5:A?5@8<5=B0;ь=89 ($8A. 2.24, 1). 

&0:8< G8=><, @V7=8FO 2 5:A?5@8<5=B0;ь=> 287=0G5=8E V 7<>45;ь>20=8E 

V=B5=A82=>ABOE 28?@><V=N20==O <>65 4>AO30B8 30% 4;O 45O:8E ;V=V9. �;O 

2AB0=>2;5==O 2?;82C B0:>W @>71V6=>ABV 287=0G5=> :>=F5=B@0FVW 0B><V2 <V4V 

<5B>4>< 4V03@0< �>;ьF<0=0 V7 70;CG5==O< V=B5=A82=>ABV 28?@><V=N20==O, 

@>7@0E>20=>W V7 7<>45;ь>20=8E ?@>DV;V2 A?5:B@0;ь=8E ;V=V9 Cu I 510,5, 515,3, 

521,8, 570,0 V 578,2 =<. 
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4 

5 

$8AC=>: 2.23 3 %?>AB5@56C20=V ?@>DV;V A?5:B@0;ь=8E ;V=V9 Cu I (0) 

510,5 =< V (1) 521,8 =<, >45@60=V 5:A?5@8<5=B0;ь=> <5B>40<8 "�% B0 

7<>45;ь>20=V 4;O @V7=8E 2V4AB0=59 d [6*, 15*] 

 

!0 $8A. 2.25 =02545=> :>=F5=B@0FVW 0B><V2 <V4V, 287=0G5=V <5B>4>< 4V03@0< 

�>;ьF<0=0 V7 70;CG5==O< 5:A?5@8<5=B0;ь=> >45@60=>W (Experiment) B0 

7<>45;ь>20=>W (Simulation) V=B5=A82=>ABV A?5:B@0;ь=8E ;V=V9. �84=>, I> 

:>=F5=B@0FVO, 287=0G5=0 V7 70;CG5==O< 7<>45;ь>20=>W V=B5=A82=>ABV 71V30єBьAO 7 

5:A?5@8<5=B0;ь=> >45@60=>N 2 <560E ?>E81:8 10% 2 B>GFV r = 0 (2VAь 4C38). ' 

B>G:0E r = 0,68 << V r = 1,5 << A?>AB5@V30єBьAO ?><VB=5, 0;5 2A5 I5 2 <560E 
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>4=>3> ?>@O4:C, 2V4E8;5==O @>7@0EC=:>2>3> 7=0G5==O 2V4 5:A?5@8<5=B0;ь=> 

>B@8<0=>3>.  >6;82>N ?@8G8=>N B0:>W @>71V6=>ABV є 1V;ьH 45B0;V7>20=89 

@>7@0EC=>: @V2=>206=>3> A:;04C ?;07<8 <5B>4>< <V=V<V70FVW ?>B5=FV0;C �V11A0 

(7>:@5<0 2@0EC20==O <>;5:C; NO) C ?>@V2=O==V 7 1V;ьH A?@>I5=8< (482. 

@V2=O==O (2.9)-(2.20)). 

 

4 

5 

$8AC=>: 2.24 3 %?>AB5@56C20=V ?@>DV;V A?5:B@0;ь=8E ;V=V9 Cu I (0) 

570,0 =< V (1) 578,2 =<, >45@60=V 5:A?5@8<5=B0;ь=> <5B>40<8 "�% B0 

7<>45;ь>20=V 4;O @V7=8E 2V4AB0=59 d [6*, 15*] 
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$8AC=>: 2.25 3 #>@V2=O==O :>=F5=B@0FVW 0B><V2 <V4V, >45@60=8E 

5:A?5@8<5=B0;ь=> (G>@=V :204@0B8) V H;OE>< <>45;N20==O (G5@2>=V :@C65G:8) 

 

&0:8< G8=><, 28:>=0==V <>45;N20==O 40NBь ?V4AB028 @5:><5=4C20B8 

<5B>4 01A>;NB=8E V=B5=A82=>AB59 4;O 4>A;V465==O B5@<VG=>W ?;07<8 4C3>28E 

@>7@O4V2 7 4><VH:0<8 ?0@V2 <5B0;V2. 

 

 

2.2. �:A?5@8<5=B0;ь=0 CAB0=>2:0 4;O 4>A;V465==O ?;07<8 2 ?@>F5AV 

35=5@0FVW :><?;5:AV2 <5B0;V2 

 

�>A;V465==O ?;07<8 5;5:B@>VA:@>28E ?V42>4=8E @>7@O4V2 28:>=C20;8 =0 

107V 5:A?5@8<5=B0;ь=>W CAB0=>2:8 (482. $8A. 2.26), A?5FV0;ь=> @>7@>1;5=>W 4;O 

A8=B57C :><?;5:AV2 <5B0;V2 C @V4:><C A5@54>28IV. 'AB0=>2:0 A:;040;0AO 7 

@>7@O4=>W :0<5@8 (Discharge chamber), 70?>2=5=>W 45V>=V7>20=>N 2>4>N, 2 O:C 

?><VI0;8 F8;V=4@8G=V <5B0;52V 3@0=C;8 (Metal granules) 4V0<5B@>< ?@81;87=> 

5 <<. $>7@O4=C :0<5@C ?V4:;NG5=> 4> 35=5@0B>@0 V<?C;ьAV2 (Impulse generator), 
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O:89 6828BьAO 2V4 >4=>D07=>W <5@56V 7<V==>3> AB@C<C 220 � G0AB>B>N 50 �F. 

!0?@C30 682;5==O 28?@O<;O;8 V DV;ьB@C20;8 70 4>?><>3>N :><1V=0FVW (Phase 

rectifier) A8;>28E 4V>4V2 (VD1 V VD2) V B8@8AB>@V2 (VD3 V VD4). �EV4=0 5=5@3VO 

=0:>?8GC20;0AO 2 @>1>G><C :>=45=A0B>@V (%1) є<=VABN 50 <:(. 

 

 

$8AC=>: 2.26 3 �:A?5@8<5=B0;ь=0 CAB0=>2:0 4;O 4>A;V465==O V<?C;ьA=>3> 

?V42>4=>3> 5;5:B@8G=>3> @>7@O4C [71] 

 

�A:@>2V <V:@>@>7@O48 <V6 28?04:>28<8 ?0́@0<8 3@0=C; <5B0;V2 

V=VFVN20;8AO H284:8< ?5@5<8:0==O< B8@8AB>@0 VD5.  ><5=B ?5@5<8:0==O 

Fь>3> B8@8AB>@0 :5@C202AO ?V2?5@V>4>< 2V;ь=8E :>;820=ь :>;820;ь=>3> :>=BC@C 

LC2 (Oscillating circuit). #5@5410G5=> :5@C20==O A8;>28<8 B8@8AB>@0<8 70 

4>?><>3>N ?;0B8 C?@02;V==O (Control board): @53C;N20==O =0?@C38, G0AB>B8 B0 

H?0@C20B>ABV V<?C;ьAV2. � B0:89 A?>AV1 70157?5GCєBьAO B>G=5 :5@C20==O 

?@>F5A>< @>7@O4C. 

%B>E0AB8G=5 ?5@5<8:0==O @>7@O4V2 C :0<5@V ?@872>48;> 4> 5@>7VW G0AB8=8 

3@0=C; <5B0;V2, I> ?@872>48;> 4> CB2>@5==O 5;5:B@>?@>2V4=>W ?0@>2>W D078 
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1V;O WE ?>25@E=V. #@8 :>=B0:BV 7 2>4>N FV ?0@8́ H284:> >E>;>46C20;8Aь, 

CB2>@NNG8 :><?;5:A8 <5B0;V2. �8?@><V=N20==O ?;07<8, O:0 35=5@CєBьAO 2 

?@>F5AV 3>@V==O @>7@O4C, <>6=0 A?>AB5@V30B8 G5@57 :20@F>25 2V:=>, 2AB0=>2;5=5 

2 ABV=FV @>7@O4=>W :0<5@8.  

!0?@C30, I> ?>40єBьAO =0 @>7@O4=C :0<5@C, @53C;N20;0AO D07>N 

?V2?5@V>4C :>;820;ь=>3> :>=BC@C, O:0 2V4?>2V40є <><5=BC ?5@5<8:0==O 

B8@8AB>@0 VD5. $8A. 2.27 V;NAB@Cє 420 28?04:8 7V 7<V==8<8 D070<8.  >6=0 

A?>AB5@V30B8, I> ?@8 D07V 100° G5@2>=0 >1;0ABь 1V;ьH0, =V6 ?@8 140°. &0:8< 

G8=><, @53C;NNG8 D07C =0 ?;0BV :5@C20==O, <>6=0 :>=B@>;N20B8 7030;ь=C 

5=5@3VN, O:0 2:;040єBьAO 2 @>7@O4=C :0<5@C. 

 

4 5 

$8AC=>: 2.27 3 �;NAB@0FVO ?@8:;045=>W =0?@C38, I> @53C;NєBьAO D07>N: 

4;O D07 (0) 100° B0 (1) 140° [5*, 10*, 12*] 

 

%?5:B@8 28?@><V=N20==O @5єAB@CNBьAO A?5:B@><5B@>< Solar LS SDH-IV 2 

4V0?07>=V 4>268= E28;ь 2V4 440 4> 910 =<. �8:>@8AB>2CєBьAO ;V=V9=89 #��-

40BG8: Toshiba TCD 1304 AP (3648 ?V:A5;V2 @>7<V@>< 8×200 <:<). 

�=AB@C<5=B0;ь=C DC=:FVN A?5:B@><5B@0 287=0G0;8 V7 70;CG5==O< @BCB=>W �+-

;0<?8 O: 465@5;0 5B0;>==>3> 28?@><V=N20==O 7 FWHM :>=BC@V2 A?5:B@0;ь=8E 

;V=V9 Hg I 546,1; 577,0 B0 579,1 =<. �87=0G5=0 2 B0:89 A?>AV1 0?0@0B=0 DC=:FVO 
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AB0=>28;0 0,33 =<. %?5:B@0;ь=C GCB;82VABь ?@8AB@>N 287=0G0;8, 70AB>A>2CNG8 

@V2=O=ь (2.4)-(2.8), V7 28:>@8AB0==O< 5B0;>==>3> 465@5;0 28?@><V=N20==O 3 

10=4-;0<?8 %�-8-300 V7 2>;ьD@0<>2>N AB@VG:>N @>760@N20==O. "B@8<0=0 

A?5:B@0;ь=0 GCB;82VABь ?@8;04C ?@54AB02;5=0 =0 $8A. 2.28. 

 

 

$8AC=>: 2.28 3 %?5:B@0;ь=0 GCB;82VABь A?5:B@><5B@0 Solar LS SDH-IV 

[4*, 10*] 

 

�;O 287=0G5==O 2?;82C 7<V=8 D078 =0 5;5:B@8G=V ?0@0<5B@8 @>7@O4C B0 =0 

?0@0<5B@8 ?;07<8 (7>:@5<0 :>=F5=B@0FVW 5;5:B@>=V2) C 40=><C @>74V;V 

4>A;V465=> ?;07<C ?V42>4=8E @>7@O4V2 <V6 3@0=C;0<8 F8=:C ?@8 B@ь>E @V7=8E 

7=0G5==OE D078 ?5@5<8:0==O B8@8AB>@0, 0 A0<5 145°, 140° B0 135°. +0AB>B0 

@>7@O4V2 A:;040;0 100 �F, 0 H?0@C20BVABь 2EV4=>3> A83=0;C 3 1%. 
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4 5 

6 

$8AC=>: 2.29 3 &8?>2V 70@5єAB@>20=V A?5:B@8 28?@><V=N20==O ?;07<8 

?V42>4=>3> @>7@O4C <V6 3@0=C;0<8 F8=:C ?@8 7=0G5==OE D078 ?5@5<8:0==O 

B8@8AB>@0 (0) 145°, (1) 140° B0 (2) 135° [5*, 10*, 12*] 

 

%?5:B@8 28?@><V=N20==O ?;07<8 ?V42>4=>3> @>7@O4C <V6 3@0=C;0<8 

F8=:C, 70@5єAB@>20=8E ?@8 @V7=8E 7=0G5==OE D078, ?>:070=> =0 $8A. 2.29. �84=>, 

I> =02VBь ?@8 1V;ьH B@820;><C G0AV @5єAB@0FVW 5:A?>78FVW (500 <A), 

V=B5=A82=VABь (Intensity) 28?@><V=N20==O A?5:B@0;ь=8E ;V=V9 F8=:C Zn I B0 

Zn II 7=0G=> <5=H0 ?@8 D07V 145° ?>@V2=O=> 7 V=H8<8 28?04:0<8. *5 A2V4G8Bь 

?@> B5, I> :>=F5=B@0FVO G0AB8=>: <5B0;C ?@8@>4=8< G8=>< 7@>AB0є 7V 

7<5=H5==O< D078 ?5@5<8:0==O B8@8AB>@0. 
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4 5 6 

$8AC=>: 2.30 3 �0@5єAB@>20=V >AF8;>3@0<8 AB@C<C, =0?@C38 B0 @>7@0E>20=V 

?>BC6=>ABV ?@8 7=0G5==OE D078 (0) 145°, (1) 140° B0 (2) 135° [5*, 10*, 12*] 

4 5 6 

$8AC=>: 2.31 3 �0@5єAB@>20=V >:@5<V V<?C;ьA8 AB@C<C, =0?@C38 B0 

@>7@0E>20=V ?>BC6=>ABV ?@8 7=0G5==OE D078 (0) 145°, (1) 140° B0 (2) 135° [5*, 

10*, 12*] 

 

�;O :>6=>3> 7=0G5==O D078 70@5єAB@>20=> >AF8;>3@0<8 AB@C<C V =0?@C38  

B0 @>7@0E>20=> ?>BC6=VABь, ?@8:;045=C 4> @>7@O4=>W :0<5@8. "AF8;>3@0<8 

AB@C<C (Current), =0?@C38 (Voltage) B0 ?>BC6=>ABV (Power) ?@8 7=0G5==OE D078 
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?5@5<8:0==O (Phase) 145°, 140° B0 135° ?>:070=> =0 $8A. 2.30. /: 284=>, G0AB>B0 

V<?C;ьAV2 70;8H0єBьAO ?>ABV9=>N 3 100 �F. 

�@V< B>3>, >:@5<V V<?C;ьA8 AB@C<C, =0?@C38 B0 ?>BC6=>ABV ?>:070=V =0 

$8A. 2.31 4;O 2AVE 4>A;V465=8E 7=0G5==OE D078. "G5284=>, I> 7<5=H5==O D078 

(71V;ьH5==O 5=5@3>2=5A:C), ?@872>48Bь 4> 1V;ьH 28A>:8E ?V:>28E 7=0G5=ь O: 

AB@C<C, B0: V =0?@C38, 0 >B65, V 71V;ьH5==O ?>BC6=>ABV V<?C;ьAC. 

 

 

$8AC=>: 2.32 3 &8?>2V V<?C;ьA8 =0?@C38 4;O @V7=8E 7=0G5=ь D078 [5*, 10*, 

12*] 

 

"AF8;>3@0<8 5;5:B@8G=8E ?0@0<5B@V2 @>7@O4C =040NBь FV==C 

V=D>@<0FVN, 7>:@5<0 4;O >FV=:8 E0@0:B5@8AB8G=>3> >?>@C @>7@O4=>W :0<5@8. ' 

28?04:C є<=VA=>3> @>7@O4C V<?C;ьA8 =0?@C38 45<>=AB@CNBь 5:A?>=5=FV0;ь=89 
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A?04. &><C >?V@ <>6=0 @>7@0EC20B8, 287=0G82H8 ?>ABV9=C G0AC Ç RC-:>=BC@C B0 

?>4V;82H8 9>3> 7=0G5==O =0 7=0G5==O є<=>ABV :>=45=A0B>@0. 

�;O @>7@0EC=:C E0@0:B5@8AB8G=>3> >?>@C @>7@O4=>W :0<5@8 

V45=B8DV:>20=> ?V:>2V 7=0G5==O =0?@C38 B0 287=0G5=> <><5=B G0AC, :>;8 

<0:A8<0;ь=0 =0?@C30 7<5=HCєBьAO 2 e-t/Ç
 @07 ?@8 t = Ç (482. $8A. 3.32). $V7=8FO 

<V6 F8< <><5=B>< V <><5=B>< <0:A8<0;ь=>3> 7=0G5==O 2V4?>2V40є 7=0G5==N Ç. 

$>7@0E>20=V E0@0:B5@8AB8G=V >?>@8 AB0=>28;8 2V4 0,03 4> 0,3 "<, I> 2:07Cє =0 

B5, I> 1V;ьH0 G0AB8=0 5=5@3VW, O:0 2:;040єBьAO C @>7@O4=C :0<5@C, 28B@0G0єBьAO 

A0<5 =0 ?V4B@8<0==O @>7@O4C. �0=V, 28:>@8AB0=V 4;O @>7@0EC=:C 

E0@0:B5@8AB8G=>3> >?>@C @>7@O4=>W :0<5@8, ?@54AB02;5=V 2 B01;8FV 2.1. 

 

&01;8FO 2.1 3 �0=V 4;O @>7@0EC=:C E0@0:B5@8AB8G=>3> >?>@C @>7@O4=>W 

:0<5@8. Upeak 3 F5 ?V:>25 7=0G5==O =0?@C38, tmax 3 G0A, I> 2V4?>2V40є Fь><C 

?V:>2><C 7=0G5==N, Upeak∙e-t/Ç
 3 F5 =0?@C30, 7<5=H5=0 2 e @07V2, Ç 3 ?>ABV9=0 G0AC 

RC-:>=BC@C [5*, 10*, 12*] 

Phase, ° 135 140 145 

Upeak, � 280 240 190 

tmax, <:A 1,3 1,4 1,9 

Upeak∙e-t/Ç
, � 100 90 70 

Ç, <:A 11,3 14,0 1,6 

 

%;V4 707=0G8B8, I> E>G0 є<=VA=89 @>7@O4 B5>@5B8G=> >?8ACєBьAO 

5:A?>=5=FV0;ь=8< A?040==O< =0?@C38 =0 RC-;0=FV, =0 ?@0:B8FV AB>E0AB8G=89 

E0@0:B5@ @>7@O4V2 (7>:@5<0 WE=V 7<V==V :V;ь:VABь V ?>;>65==O 2 @>7@O4=V9 :0<5@V, 

7AC2 A0<8E 3@0=C; B>I>) ?@872>48Bь 4> 7<V=8 2 G0AV >?>@C @>7@O4=>W :0<5@8. 

&><C <>6=0 ?@8?CAB8B8, I> C 28?04:C D078 145° @>7@O48 70BCE0NBь H284H5 V, 

>B65, <0NBь <5=HC B@820;VABь 270є<>4VW 7 ?>25@E=5N 3@0=C;. 

�=5@3VN, 2:;045=C 2 @>7@O4 ?V4 G0A ?5@5<8:0==O B8@8AB>@0, 287=0G5=> 

H;OE>< V=B53@C20==O ?>BC6=>ABV 70 2AN B@820;VABь :>6=>3> V<?C;ьAC ?@8 

:>6=><C 7=0G5==V D078 (482. $8A. 2.33). �84=>, I> 7030;ь=0 2EV4=0 5=5@3VO 
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7@>AB0є, :>;8 D070 :5@C20==O B8@8AB>@0<8 7<5=HCєBьAO. $>7@0E>20=V ?V:>2V 

7=0G5==O AB@C<C, =0?@C38 B0 ?>BC6=>ABV ?@54AB02;5=V 2 B01;8FV 2.2. 

 

 

$8AC=>: 2.33 3 #>254V=:0 ?>BC6=>ABV 2 G0AV 4;O @V7=8E 7=0G5=ь D078 [5*, 

10*, 12*] 

 

�@V< B>3>, ?@>2545=> >FV=:C 2?;82C 71V;ьH5==O 5=5@3VW =0 7=0G5==O 

:>=F5=B@0FVW 5;5:B@>=V2 2 ?;07<V ?V42>4=>3> @>7@O4C. �>=F5=B@0FVO 5;5:B@>=V2 2 

B0:V9 ?;07<V <>65 1CB8 287=0G5=0 7 FWHM A?5:B@0;ь=8E ;V=V9 Hα, Hβ B0 45O:8E 

;V=V9 <5B0;V2 2V4?>2V4=> 4> 4><V=CNG>3> <5E0=V7<C @>7H8@5==O A?5:B@0;ь=8E 

;V=V9 2=0A;V4>: 5D5:BC ,B0@:0 [84, 89]: 
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4;O Hα: 
1.47135

3 23 FWHM[nm]
,[m ] 10

1.098
e

n
ý ö ö ÷ ÷

ø ø
 (2.46) 

4;O Hβ: 
1.46808

3 23 FWHM[nm
,

]
[m ] 10

4.8
e

n
ý ö ö ÷ ÷

ø ø
 (2.47) 

4;O <5B0;V2: 3 23 FWHM[nm]
[m ] 10 ,

e
n

K

ý   (2.48) 

45 K 3 F5 ?0@0<5B@ CH8@5==O :>=:@5B=>W A?5:B@0;ь=>W ;V=VW <5B0;C 2=0A;V4>: 

:204@0B8G=>3> 5D5:BC ,B0@:0. 

�>=F5=B@0FVN 5;5:B@>=V2 C ?;07<V 7 4><VH:0<8 ?0@V2 F8=:C <>6=0 

287=0G8B8 7 FWHM A?5:B@0;ь=8E ;V=V9 Zn I 472,2 B0 481,1 =<. #0@0<5B@8 K 

@>7H8@5==O F8E A?5:B@0;ь=8E ;V=V9 1C;8 27OBV 7 [90]. &8?>2V 7=0G5==O 

:>=F5=B@0FV 5;5:B@>=V2 4;O :>6=>3> 28?04:C =02545=V 2 B01;8FV 2.2. 

 

&01;8FO 2.2 3 #V:>2V 7=0G5==O AB@C<C Ipeak, =0?@C38 Upeak V ?>BC6=>ABV 

Ppeak, G0AC 70@O4:8 tcharging, B@820;>ABV tduration V @>7@O4:8 tdischarging, 2:;045=>W 

5=5@3VW E B0 :>=F5=B@0FVW 5;5:B@>=V2 ne ?@8 @V7=8E 7=0G5==OE D078 ?5@5<8:0==O 

[5*, 10*, 12*] 

Phase, ° 135 140 145 

Ipeak, � 680 340 320 

Upeak, � 280 240 190 

Ppeak, :�B 170 90 60 

tcharging, <:A 2,1 1,5 1,9 

tduration, <:A 25,4 29,2 5,1 

tdischarging, <:A 23,3 27,7 3,2 

E, �6 1,22 0,74 0,06 

ne, <-3 1,5·1023
 1,1·1023

 5,5·1022
 

 

�84=>, I> :>=F5=B@0FVO 5;5:B@>=V2 2 @>7@O4V 7@>AB0є 7V 7<5=H5==O< D078 

?5@5<8:0==O (0 A0<5, 71V;ьH5==O< 5=5@3>2=5A:C). *59 D0:B 4>72>;Oє 

?@8?CAB8B8, I> 7<5=H5==O D078 2 <560E 145-135 ° ?@872>48Bь 4> 5D5:B82=VH>W 

5@>7VW <0B5@V0;C (7>:@5<0 F8=:C) V, O: =0A;V4>:, 1V;ьH 5D5:B82=>W 35=5@0FVW 

=0=>G0AB8=>: C ?;07<V F8E @>7@O4V2. 
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�8A=>2:8 4> @>74V;C 2 

 

� 40=><C @>74V;V 70?@>?>=>20=> C4>A:>=0;5=C <5B>48:C 4>A;V465==O 

?;07<8 5;5:B@>4C3>28E @>7@O4V2 7 4><VH:0<8 ?0@V2 <5B0;V2, 0 A0<5 <5B>4 

287=0G5==O 70A5;5=>ABV 5=5@35B8G=8E @V2=V2 B0 ?>2=>W :>=F5=B@0FVW 0B><V2 

<5B0;V2 V7 01A>;NB=8E 7=0G5=ь V=B5=A82=>ABV 28?@><V=N20==O A?5:B@0;ь=8E 

;V=V9 2V4?>2V4=8E 5;5<5=BV2. �;O Fь>3> 28:>@8AB0=> A?5:B@0;ь=89 ?@8;04 =0 

>A=>2V A?5:B@>3@0D0 V7 48D@0:FV9=>N ґ@0B:>N B0 RGB CMOS-<0B8F5N O: 

A2VB;>GCB;82>3> 45B5:B>@0. 

' @57C;ьB0BV 0?@>10FVW 40=>W <5B>48:8 ?@8 4>A;V465==V ?;07<8 

5;5:B@>4C3>2>3> @>7@O4C <V6 <V4=8<8 5;5:B@>40<8 2AB0=>2;5=>, I> 

5=5@35B8G=V @V2=V 0B><V2 <V4V 70A5;5=V 2V4?>2V4=> 4> @>7?>4V;C �>;ьF<0=0. *5 

A2V4G8Bь ?@> :>@5:B=VABь @>7@0EC=:V2 B0 70AB>A>2=>ABV <5B>4C 4V03@0< 

�>;ьF<0=0 V7 70;CG5==O< 01A>;NB=8E 7=0G5=ь V=B5=A82=>ABV A?5:B@0;ь=8E ;V=V9 

4;O 287=0G5==O :>=F5=B@0FVW 0B><V2 ?0@V2 <0B5@V0;C 5;5:B@>4=>3> ?>E>465==O 

2 ?;07<V 5;5:B@>4C3>28E @>7@O4V2. 

#V4B25@465=> 4>FV;ь=VABь 28:>@8AB0==O ?@>AB>@>2>3> @>7?>4V;C 

:>=F5=B@0FVW 0B><V2 5;5<5=BV2 5;5:B@>4=>3> ?>E>465==O O: 2EV4=>3> ?0@0<5B@0 

4;O @>7@0EC=:C @V2=>206=>3> A:;04C ?;07<8 7 4><VH:0<8 ?0@V2 <5B0;V2. &0:8< 

G8=><, >45@60=V @57C;ьB0B8 C Fь><C @>74V;V 1C4CBь 28:>@8AB0=V 4;O >FV=:8 (C 

=5?@O<89 A?>AV1) 5@>7V9=>W ABV9:>ABV H8@>:>3> :;0AC :><?>78B=8E <0B5@V0;V2 

4> B5@<VG=>W 4VW ?;07<8 5;5:B@>4C3>28E @>7@O4V2. 

&0:>6 4>A;V465=> <5B>48 :>=B@>;N 2EV4=>W 5=5@3VW B0 ?0@0<5B@V2 ?;07<8 

2 @>7@O4=V9 :0<5@V ?@8 35=5@0FVW :><?;5:AV2 <5B0;V2 C 2>4=><C A5@54>28IV. 

�>=B@>;ь 5=5@3VW, 2:;045=>W 2 @>7@O4=C :0<5@C, 2V41C202AO H;OE>< 7<V=8 D078 

?5@5<8:0==O B8@8AB>@0. �=0;V7 5;5:B@8G=8E ?0@0<5B@V2, 2:;NG0NG8 D>@<8 

AB@C<C B0 =0?@C38, ?>:0702, I> 7<5=H5==O D078 ?5@5<8:0==O ?@8725;> 4> 
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71V;ьH5==O 7030;ь=>3> 5=5@3>2=5A:C 2 @50:B>@, 70?>2=5=89 70=C@5=8<8 C 2>4C 

F8=:>28<8 3@0=C;0<8. �@V< B>3>, A?>AB5@V30;0AO :>@5;OFVO <V6 5;5:B@8G=8<8 

?0@0<5B@0<8 B0 E0@0:B5@8AB8:0<8 ?;07<8 2 ?;07<V ?V42>4=>3> @>7@O4C 7 ?0@0́<8 

F8=:C. �>:@5<0, 28O2;5=>, I> 7<V=0 D078 ?5@5<8:0==O O: >4=>3> 7 >A=>2=8E 

?0@0<5B@V2 AE5<8 :5@C20==O @>7@O4>< 157?>A5@54=ь> 2?;820є =0 :>=F5=B@0FVN 

5;5:B@>=V2 B0 V=B5=A82=VABь 28?@><V=N20==O ?;07<8. �AB0=>2;5=>, I> 

7<5=H5==O D078 ?5@5<8:0==O 2 4V0?07>=V 2V4 145° 4> 135° ?>A8;Nє 5@>7VN 

<0B5@V0;C 3@0=C;. 
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3. $��'�Ь&�&� �"%�����!Ь &�$ �+!"� #��� � 

����&$"�'�"��) $"�$/��� 

 

�0=89 @>74V; ?@8A2OG5=89 4>A;V465==N B5@<VG=>W ?;07<8 5;5:B@>4C3>28E 

@>7@O4V2 <V6 5;5:B@>40<8, 283>B>2;5=8<8 2 �=AB8BCBV ?@>1;5< 

<0B5@V0;>7=02AB20 V<. (@0=F528G0 !�! ':@0W=8 V7 :><?>78B=8E <0B5@V0;V2 Cu-

W50 >1.% 70 B5E=>;>3VєN C40@=>3> A?V:0==O ?@8 B5<?5@0BC@0E 750, 850, 950 V 

1050°% [27]. �>:@5<0, C ?V4@>74V;V 3.1 =02545=> @57C;ьB0B8 4>A;V465=ь ?;07<8 

:207VAB0FV>=0@=8E 4C3>28E @>7@O4V2 0B<>AD5@=>3> B8A:C A8;>N AB@C<C 3,5 �. � 

=5?@O<89 A?>AV1, H;OE>< ?>@V2=O==O 2<VABV2 4><VH>: ?0@V2 <5B0;V2 2 ?;07<V B0 

B5@<>48=0<VG=8E ?0@0<5B@V2 B0:>W ?;07<8, >FV=5=> 5@>7V9=C ABV9:VABь :>6=>3> 

B8?C <0B5@V0;C B0 2?;82 =0 =5W B5<?5@0BC@8 C40@=>3> ?@5AC20==O O: 

B5E=>;>3VG=>3> ?0@0<5B@0 283>B>2;5==O B0:8E <0B5@V0;V2. �<VAB ?0@V2 <5B0;V2 

@>7@0E>20=> V7 28:>@8AB0==O< @04V0;ь=8E @>7?>4V;V2 B5<?5@0BC@8 ?;07<8 B0 

:>=F5=B@0FVW 0B><V2 <5B0;V2, 287=0G5=8E <5B>4>< 4V03@0< �>;ьF<0=0 V7 

70;CG5==O< 01A>;NB=8E 7=0G5=ь V=B5=A82=>ABV 28?@><V=N20==O A?5:B@0;ь=8E 

;V=V9 O: <V4V (Cu I), B0: V 2>;ьD@0<C (W I). 

' ?V4@>74V;V 3.2 =02545=> @57C;ьB0B8 4>A;V465=ь ?;07<8 @>7@82=8E 

5;5:B@>4C3>28E @>7@O4V2 A8;>N AB@C<C 4, 50 B0 104 � <V6 O: 

>4=>:><?>=5=B=8<8 Cu, B0: V :><?>78B=8<8 Cu-W 5;5:B@>40<8, 283>B>2;5=8<8 

70 B5E=>;>3VєN C40@=>3> A?V:0==O ?@8 B5<?5@0BC@V 750°C. "?B8G=0 5<VAV9=0 

A?5:B@>A:>?VO B0:>W ?;07<8 @50;V7>20=0 H;OE>< 28:>@8AB0==O A?5:B@0;ь=>3> 

?@8;04C V7 28A>:>N A?5:B@0;ь=>N B0 G0A>2>N @>74V;ь=>N 740B=VABN. 

�>A;V465=> G0A>2V 52>;NFVW ?0@0<5B@V2 ?;07<8, 0 A0<5 B5<?5@0BC@8 (<5B>4>< 

4V03@0< �>;ьF<0=0 V7 70;CG5==O< V=B5=A82=>ABV 28?@><V=N20==O A?5:B@0;ь=8E 

;V=V9 Cu I) B0 :>=F5=B@0FVW 5;5:B@>=V2 (287=0G5=>W 7 H8@8=8 :>=BC@C 

A?5:B@0;ь=>W ;V=VW Cu I 515,3 =<). *V ?>G0B:>2V ?0@0<5B@8 ?;07<8, CA5@54=5=V ?> 

>1’є<C @>7@82=>W 4C38, 28:>@8AB0=> 4;O @>7@0EC=:C G0A>2>W 52>;NFVW A:;04C 

?;07<8 B0 2<VABC 4><VH>: ?0@V2 <5B0;V2 2 @>7@O4=><C ?@><V6:C. 
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3.1. %?5:B@>A:>?VO ?;07<8 :207VAB0FV>=0@=8E 4C3>28E @>7@O4V2 

 

�5@B8:0;ь=> >@Vє=B>20=89 2V;ь=>VA=CNG89 4C3>289 @>7@O4 A8;>N AB@C<C 

3,5 � V=VFVN202AO 2 0B<>AD5@V ?>2VB@O <V6 B>@F528<8 ?>25@E=O<8 

=5>E>;>46C20=8E :><?>78B=8E 5;5:B@>4V2, 283>B>2;5=8E =0 >A=>2V <V4V B0 

2>;ьD@0<C (7 >1’є<=8< A?V22V4=>H5==O< 50%) <5B>4>< C40@=>3> A?V:0==O ?@8 

B5<?5@0BC@0E 750, 850, 950 V 1050°C [9*, 11*]. �8:>@8AB>2C20;8 AB@86=52V 

5;5:B@>48 :204@0B=>3> ?5@5@V7C (5×5 <<). $>7@O4=89 ?@><V6>: C 2AVE 

4>A;V465==OE Fь>3> 5:A?5@8<5=BC AB0=>282 8 <<. �8?@><V=N20==O 2 

A5@54=ь><C ?5@5@V7V B0:>W ?;07<8 @5єAB@C20;8 70 4>?><>3>N 5:A?5@8<5=B0;ь=>W 

CAB0=>2:8, AE5<0 O:>W ?>:070=0 =0 $8A. 2.1. 

�0@5єAB@>20=V RGB 7>1@065==O 28?@><V=N20==O ?>78B82=>3> AB>2?0 

?;07<8 5;5:B@>4C3>28E @>7@O4V2 <V6 :><?>78B=8<8 Cu-W 5;5:B@>40<8, O:V 

283>B>2;O;8Aь ?@8 B5<?5@0BC@0E 750°%, 850°%, 950°% B0 1050°%, ?>:070=> =0 

$8A. 3.1. +0A 5:A?>78FVW AB0=>282 2,5 <A. �84=>, I> C A?5:B@V 28?@><V=N20==O 

?;07<8 B0:8E @>7@O4V2 <V6 :>6=8< B8?>< :><?>78B=>3> <0B5@V0;C =0O2=V O: 

>:@5<V A?5:B@0;ь=V ;V=VW, B0: V :>=B8=CC<.  >6=0 ?@8?CAB8B8, I> <0B5@V0; 

:><?>78BV2, 7>:@5<0 2>;ьD@0<, ?>B@0?;Oє 2 @>7@O4=89 ?@><V6>: =5 ;8H5 2 

?0@>2V9 D07V, 0 9 C 283;O4V :@0?5;ь @>7?;02;5=>3> <0B5@V0;C. �0=89 28A=>2>: 

?V4B25@46CєBьAO @57C;ьB0B0<8 @>1VB [50, 51, 91-93]. 

�>6=5 70@5єAB@>20=5 RGB 7>1@065==O :>=25@BC20;8 C 3@040FVW AV@>3> 7 

2@0EC20==O< A?5:B@0;ь=>W GCB;82>ABV @5єAB@CNG>3> ?@8AB@>N ($8A. 2.9) B0 

2V4:0;V1@>20=8<8 O: A?5:B@0;ь=>N, B0: V ?@>AB>@>2>N :>>@48=0B0<8. 

&0:8< G8=><, >B@8<0=> ?@>AB>@>2V @>7?>4V;8 A?5:B@V2 28?@><V=N20==O 

(2 01A>;NB=8E 7=0G5==OE V=B5=A82=>ABV) ?>78B82=>3> AB>2?0 ?;07<8 

5;5:B@>4C3>2>3> @>7@O4C <V6 :><?>78B=8<8 Cu-W 5;5:B@>40<8, O:V 

283>B>2;O;8Aь ?@8 @V7=8E B5<?5@0BC@0E C40@=>3> ?@5AC20==O. �V4?>2V4=V 

A?5:B@8 28?@><V=N20==O ?>:070=V =0 $8A. 3.2. 
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4 

5 

6 

7 

$8AC=>: 3.1 3 �0@5єAB@>20=V RGB 7>1@065==O A?5:B@C 28?@><V=N20==O 

?>78B82=>3> AB>2?0 ?;07<8 5;5:B@>4C3>28E @>7@O4V2 <V6 :><?>78B=8< Cu-W 

5;5:B@>40<8, O:V 283>B>2;O;8Aь ?@8 B5<?5@0BC@V (0) 750°%, (1) 850°%, (2) 950°% 

B0 (3) 1050°% [1*] 
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4 5 

6 7 

$8AC=>: 3.2 3 #@>AB>@>2V @>7?>4V;8 A?5:B@V2 28?@><V=N20==O (2 

01A>;NB=8E 7=0G5==OE V=B5=A82=>ABV) ?>78B82=>3> AB>2?0 ?;07<8 

5;5:B@>4C3>2>3> @>7@O4C <V6 :><?>78B=8<8 Cu-W 5;5:B@>40<8, O:V 

283>B>2;O;8Aь ?@8 B5<?5@0BC@V (0) 750°%, (1) 850°%, (2) 950°% B0 (3) 1050°% [1*] 

 

� A?5:B@0E 28?@><V=N20==O ($8A. 3.2) V45=B8DV:>20=> A?5:B@0;ь=V ;V=VW 

0B><V2 <5B0;V2, 0 A0<5: Cu I 510,5; 515,3; 521,8; 578,2 =< B0 W I 468,1; 484,4; 

488,7; 498,3; 500,6; 501,5; 522,5 B0 551, =< (482. B01;8FN 3.1). �;O :>6=>W 

A?5:B@0;ь=>W ;V=VW 287=0G0;8 ?@>AB>@>2C <56C WW 28?@><V=N20==O, ?VA;O G>3> 

>18@0;8 45AOBь B>G>: 274>26 @04VCA0 @>7@O4=>3> :0=0;C 7 <5B>N ?>40;ьH>3> 

28:>@8AB0==O >15@=5=>3> ?5@5B2>@5==O �15;O <5B>4>< �>:0AB5=0 [85]. �>=BC@ 
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:>6=>W V7 ?@54AB02;5=8E A?5:B@0;ь=8E ;V=V9 0?@>:A8<C20;8 DC=:FVєN (>9EB0 

4;O >B@8<0==O V=B53@>20=8E 7=0G5=ь OA:@02>ABV I(x) 274>26 ?@><5=V2 7>@C =0 

@V7=8E 2V4AB0=OE 2V4 >AV 4C3>2>3> @>7@O4C. ' B0:89 A?>AV1 >B@8<0=> ?@>AB>@>2V 

@>7?>4V;8 OA:@02>ABV 28?@><V=N20==O :>6=>W V45=B8DV:>20=>W A?5:B@0;ь=>W 

;V=VW. 

 

&01;8FO 3.1 3 %?5:B@0;ь=V ;V=VW 0B><V2 <V4V Cu I [90] B0 2>;ьD@0<C W I 

[77], V45=B8DV:>20=V 7V A?5:B@V2 B0 281@0=V 4;O 4V03=>AB8:8 ?;07<8. 

�V=VO ü, =< 
#5@5EV4 k→i 

�>=DV3C@0FVO &5@< 
gk gi Ek, 5� Ei, 5� gifik Akigk 

Cu I 510,5 3d
10

4p 
2
P3/2→3d9

4s
2
 
2
D5/2 4 6 3,82 1,39 0,020 5,04·106

 

Cu I 515,3 3d
10

4d 
2
D3/2→3d10

4p 
2
P1/2 4 2 6,19 3,79 1,647 4,14·108

 

Cu I 521,8 3d
10

4d 
2
D5/2→3d10

4p 
2
P3/2 6 4 6,19 3,82 1,972 4,83·108

 

Cu I 578,2 3d
10

4p 
2
P1/2→3d9

4s
2
 
2
D3/2 2 4 3,79 1,64 0,013 2,59·106

 

W I 468,1 5d
4
6s6p 

7
D3→5d4

6s
2
 
5
D3 7 7 3,25 0,60 0,032 9,80·106

 

W I 484,4 5d
4
6s6p 

7
D2→5d4

6s
2
 
5
D2 5 5 2,97 0,41 0,033 9,50·106

 

W I 488,7 5d
4
6s6p 

7
F5→5d4

6s
2
 
5
D4 11 9 3,31 0,77 0,032 8,90·106

 

W I 498,3 5d
4
6s6p 

7
F1→5d4

6s
2
 
5
D0 3 1 2,49 0,00 0,005 1,25·106

 

W I 500,6 5d
4
6s6p 

7
D3→5d4

6s2 
5
D4 7 9 3,25 0,77 0,032 8,40·106

 

W I 501,5 5d
4
6s6p 

7
F4→5d4

6s
2
 
5
D3 9 7 3,07 0,60 0,019 4,90·106

 

W I 522,5 5d
4
6s6p 

7
D2→5d4

6s
2
 
5
D3 5 7 2,97 0,60 0,025 6,00·106

 

W I 551,5 5d
4
6s6p 

7
D1→5d4

6s
2
 
5
D2 3 5 2,66 0,41 0,010 2,20·106

 

 

!0 $8A. 3.3, 3.5, 3.7 B0 3.9 (0) ?>:070=V ?@>AB>@>2V @>7?>4V;8 OA:@02>ABV 

28?@><V=N20==O A?5:B@0;ь=8E ;V=V9 B0 WE 0?@>:A8<0FVW DC=:FVєN �0CAA0 Cu I 

510,5; 515,3; 521,8 B0 578,2 =< 2 ?>78B82=><C AB>2?V ?;07<8 4C3>2>3> @>7@O4C 

<V6 5;5:B@>40<8, O:V 283>B>2;O;8Aь ?@8 B5<?5@0BC@0E 750, 850, 950 B0 1050°%. 

&8?>2V ?@>AB>@>2V @>7?>4V;8 OA:@02>ABV 28?@><V=N20==O 45O:8E A?5:B@0;ь=8E 

;V=V9 2>;ьD@0<C (W I 484,4; 498,3; 522,5 B0 551,5 =<) C 2V4?>2V4=8E @568<0E 
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3>@V==O 4C3>28E @>7@O4V2 ?>:070=V =0 $8A. 3.4, 3.6, 3.8 B0 3.10 (0). !0 =0ABC?=><C 

5B0?V @04V0;ь=V @>7?>4V;8 OA:@02>ABV 28?@><V=N20==O ?5@5B2>@N20;8Aь =0 

2V4?>2V4=V @>7?>4V;8 V=B5=A82=>ABV 28?@><V=N20==O �(r) 70@5єAB@>20=8E 

A?5:B@0;ь=8E ;V=V9 H;OE>< >15@=5=>3> ?5@5B2>@5==O �15;O (@V2=O==O (2.32)) 

<5B>4>< �>:0AB5=0 [85]. $04V0;ь=V @>7?>4V;8 V=B5=A82=>ABV 28?@><V=N20==O 

A?5:B@0;ь=8E ;V=V9 Cu I 510,5; 515,3; 521,8 B0 578,2 =< 2 ?>78B82=><C AB>2?V 

?;07<8 4C3>2>3> @>7@O4C <V6 5;5:B@>40<8, O:V 283>B>2;O;8Aь ?@8 B5<?5@0BC@0E 

750, 850, 950 B0 1050°%, ?>:070=V =0 $8A. 3.3, 3.5, 3.7 B0 3.9 (1). &8?>2V @04V0;ь=V 

@>7?>4V;8 V=B5=A82=>ABV 28?@><V=N20==O >:@5<8E A?5:B@0;ь=8E ;V=V9 

2>;ьD@0<C C 2V4?>2V4=8E @568<0E 3>@V==O 4C3>28E @>7@O4V2 ?>:070=V =0 

$8A. 3.4, 3.6, 3.8 B0 3.10 (1). 

 

4 5 

$8AC=>: 3.3 3 �?@>:A8<>20=V (0) ?@>AB>@>2V @>7?>4V;8 OA:@02>ABV B0 (1) 

@04V0;ь=V @>7?>4V;8 V=B5=A82=>ABV 28?@><V=N20==O A?5:B@0;ь=8E ;V=V9 Cu I 2 

?>78B82=><C AB>2?V ?;07<8 5;5:B@>4C3>2>3> @>7@O4C <V6 :><?>78B=8<8 Cu-W 

5;5:B@>40<8, O:V 283>B>2;O;8Aь ?@8 B5<?5@0BC@V 750°%  

 

0.0 0.5 1.0 1.5 2.0 2.5 3.0

0

20

40

60

80

100

120

140

 Cu I 510.5 nm

 Cu I 515.3 nm

 Cu I 521.8 nm

 Cu I 578.2 nm

Approximations:

 Cu I 510.5 nm

 Cu I 515.3 nm

 Cu I 521.8 nm

 Cu I 578.2 nm

x, mm

Iøxù, W/m2

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6

0

10000

20000

30000

40000

50000

60000

(r), W/m3

r, mm

 Cu I 510.5 nm

 Cu I 515.3 nm

 Cu I 521.8 nm

 Cu I 578.2 nm
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4 5 

$8AC=>: 3.4 3 �?@>:A8<>20=V (0) ?@>AB>@>2V @>7?>4V;8 OA:@02>ABV B0 (1) 

@04V0;ь=V @>7?>4V;8 V=B5=A82=>ABV 28?@><V=N20==O A?5:B@0;ь=8E ;V=V9 W I 2 

?>78B82=><C AB>2?V ?;07<8 5;5:B@>4C3>2>3> @>7@O4C <V6 :><?>78B=8<8 Cu-W 

5;5:B@>40<8, O:V 283>B>2;O;8Aь ?@8 B5<?5@0BC@V 750°% 

 

4 5 

$8AC=>: 3.5 3 �?@>:A8<>20=V (0) ?@>AB>@>2V @>7?>4V;8 OA:@02>ABV B0 (1) 

@04V0;ь=V @>7?>4V;8 V=B5=A82=>ABV 28?@><V=N20==O A?5:B@0;ь=8E ;V=V9 Cu I 2 

?>78B82=><C AB>2?V ?;07<8 5;5:B@>4C3>2>3> @>7@O4C <V6 :><?>78B=8<8 Cu-W 

5;5:B@>40<8, O:V 283>B>2;O;8Aь ?@8 B5<?5@0BC@V 850°% [1*] 

 

0.0 0.5 1.0 1.5 2.0 2.5 3.0

0

20

40

60

80

100

120
I(x), W/m2

 W I 484.4 nm

 W I 498.3 nm

 W I 522.5 nm

 W I 551.5 nm

Approximations:

 W I 484.4 nm

 W I 498.3 nm

 W I 522.5 nm

 W I 551.5 nm

x, mm

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6

0

10000

20000

30000

40000

50000

60000

(r), W/m3

r, mm

 W I 484.4 nm

 W I 498.3 nm

 W I 522.5 nm

 W I 551.5 nm

0.0 0.5 1.0 1.5 2.0 2.5 3.0

0

20

40

60

80

100

120

140

160  Cu I 510.5 nm

 Cu I 515.3 nm

 Cu I 521.8 nm

 Cu I 578.2 nm

Approximations:

 Cu I 510.5 nm

 Cu I 515.3 nm

 Cu I 521.8 nm

 Cu I 578.2 nm

x, mm

I(x), W/m2

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6

0

10000

20000

30000

40000

50000

60000

70000

(r), W/m3

 Cu I 510.5 nm

 Cu I 515.3 nm

 Cu I 521.8 nm

 Cu I 578.2 nm

r, mm
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4 5 

$8AC=>: 3.6 3 �?@>:A8<>20=V (0) ?@>AB>@>2V @>7?>4V;8 OA:@02>ABV B0 (1) 

@04V0;ь=V @>7?>4V;8 V=B5=A82=>ABV 28?@><V=N20==O A?5:B@0;ь=8E ;V=V9 W I 2 

?>78B82=><C AB>2?V ?;07<8 5;5:B@>4C3>2>3> @>7@O4C <V6 :><?>78B=8<8 Cu-W 

5;5:B@>40<8, O:V 283>B>2;O;8Aь ?@8 B5<?5@0BC@V 850°% [1*] 

 

4 5 

$8AC=>: 3.7 3 �?@>:A8<>20=V (0) ?@>AB>@>2V @>7?>4V;8 OA:@02>ABV B0 (1) 

@04V0;ь=V @>7?>4V;8 V=B5=A82=>ABV 28?@><V=N20==O A?5:B@0;ь=8E ;V=V9 Cu I 2 

?>78B82=><C AB>2?V ?;07<8 5;5:B@>4C3>2>3> @>7@O4C <V6 :><?>78B=8<8 Cu-W 

5;5:B@>40<8, O:V 283>B>2;O;8Aь ?@8 B5<?5@0BC@V 950°% 

 

0.0 0.5 1.0 1.5 2.0 2.5 3.0

0

20

40

60

80

100
I(x), W/m2

 W I 484.4 nm

 W I 498.3 nm

 W I 522.5 nm

 W I 551.5 nm

Approximations:

 W I 484.4 nm

 W I 498.3 nm

 W I 522.5 nm

 W I 551.5 nm

x, mm

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6

10000

20000

30000

40000

(r), W/m3

 W I 484.4 nm

 W I 498.3 nm

 W I 522.5 nm

 W I 551.5 nm

r, mm

0 1 2 3 4

0

20

40

60

80

100

120

140

160

 Cu I 510.5 nm

 Cu I 515.3 nm

 Cu I 521.8 nm

 Cu I 578.2 nm

Approximations:

 Cu I 510.5 nm

 Cu I 515.3 nm

 Cu I 521.8 nm

 Cu I 578.2 nm

x, mm

I(x), W/m2

0.0 0.5 1.0 1.5 2.0

0

10000

20000

30000

40000

50000

60000

70000

(r), W/m3

 Cu I 510.5 nm

 Cu I 515.3 nm

 Cu I 521.8 nm

 Cu I 578.2 nm

r, mm
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4 5 

$8AC=>: 3.8 3 �?@>:A8<>20=V (0) ?@>AB>@>2V @>7?>4V;8 OA:@02>ABV B0 (1) 

@04V0;ь=V @>7?>4V;8 V=B5=A82=>ABV 28?@><V=N20==O A?5:B@0;ь=8E ;V=V9 W I 2 

?>78B82=><C AB>2?V ?;07<8 5;5:B@>4C3>2>3> @>7@O4C <V6 :><?>78B=8<8 Cu-W 

5;5:B@>40<8, O:V 283>B>2;O;8Aь ?@8 B5<?5@0BC@V 950°% 

 

4 5 

$8AC=>: 3.9 3 �?@>:A8<>20=V (0) ?@>AB>@>2V @>7?>4V;8 OA:@02>ABV B0 (1) 

@04V0;ь=V @>7?>4V;8 V=B5=A82=>ABV 28?@><V=N20==O A?5:B@0;ь=8E ;V=V9 Cu I 2 

?>78B82=><C AB>2?V ?;07<8 5;5:B@>4C3>2>3> @>7@O4C <V6 :><?>78B=8<8 Cu-W 

5;5:B@>40<8, O:V 283>B>2;O;8Aь ?@8 B5<?5@0BC@V 1050°% 

 

0 1 2 3

0

20

40

60

80

I(x), W/m2

 W I 484.4 nm

 W I 498.3 nm

 W I 522.5 nm

 W I 551.5 nm

Approximations:

 W I 484.4 nm

 W I 498.3 nm

 W I 522.5 nm

 W I 551.5 nm

x, mm

0.0 0.5 1.0 1.5 2.0

0

5000

10000

15000

20000

25000

30000

35000  W I 484.4 nm

 W I 498.3 nm

 W I 522.5 nm

 W I 551.5 nm

(r), W/m3

r, mm

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5

0

20

40

60

80

100
 Cu I 510.5 nm

 Cu I 515.3 nm

 Cu I 521.8 nm

 Cu I 578.2 nm

Approximations:

 Cu I 510.5 nm

 Cu I 515.3 nm

 Cu I 521.8 nm

 Cu I 578.2 nm

I(x), W/m2

x, mm

0.0 0.5 1.0 1.5 2.0 2.5

0

5000

10000

15000

20000

25000

30000

35000

(r), W/m3

 Cu I 510.5 nm

 Cu I 515.3 nm

 Cu I 521.8 nm

 Cu I 578.2 nm

r, mm
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4 5 

$8AC=>: 3.10 3 �?@>:A8<>20=V (0) ?@>AB>@>2V @>7?>4V;8 OA:@02>ABV B0 (1) 

@04V0;ь=V @>7?>4V;8 V=B5=A82=>ABV 28?@><V=N20==O A?5:B@0;ь=8E ;V=V9 W I 2 

?>78B82=><C AB>2?V ?;07<8 5;5:B@>4C3>2>3> @>7@O4C <V6 :><?>78B=8<8 Cu-W 

5;5:B@>40<8, O:V 283>B>2;O;8Aь ?@8 B5<?5@0BC@V 1050°% 

 

$04V0;ь=V @>7?>4V;8 V=B5=A82=>ABV 28?@><V=N20==O A?5:B@0;ь=8E ;V=V9 

<V4V B0 2>;ьD@0<C, ?@54AB02;5=V =0 $8A. 3.3-3.10 (1), 28:>@8AB0=> 4;O ?>1C4>28 

4V03@0< �>;ьF<0=0. &8?>2V 4V03@0<8 �>;ьF<0=0 V7 70;CG5==O< 01A>;NB=>W 

V=B5=A82=>ABV A?5:B@0;ь=8E ;V=V9 Cu I 510,5; 515,3; 521,8 B0 578,2 =<, 

70@5єAB@>20=8E 2 ?>78B82=><C AB>2?V ?;07<8 4C3>28E @>7@O4V2 <V6 

:><?>78B=8<8 Cu-W 5;5:B@>40<8, O:V 283>B>2;O;8Aь ?@8 B5<?5@0BC@0E 750, 

850, 950 B0 1050°%, ?@54AB02;5=V =0 $8A. 3.11-3.14 (0), 2V4?>2V4=>. � A2>N G5@3C, 

=0 $8A. 3.11-3.14 (1) ?>:070=V 4V03@0<8 �>;ьF<0=0, ?>1C4>20=V V7 70;CG5==O< 

01A>;NB=8E V=B5=A82=>AB59 A?5:B@0;ь=8E ;V=V9 W I 468,1; 484,4; 488,7; 498,7; 

500,6; 501,5; 522,5 B0 551,5 =<. 

 

0.0 0.5 1.0 1.5 2.0 2.5

0

20

40

60

80

100
I(x), W/m2

 W I 484.4 nm

 W I 498.3 nm

 W I 522.5 nm

 W I 551.5 nm

Approximations:

 W I 484.4 nm

 W I 498.3 nm

 W I 522.5 nm

 W I 551.5 nm

r, mm

0.0 0.5 1.0 1.5 2.0 2.5

5000

10000

15000

20000

25000

30000

(r), W/m3

r, mm

 W I 484.4 nm

 W I 498.3 nm

 W I 522.5 nm

 W I 551.5 nm



112 

4 5 

$8AC=>: 3.11 3 �V03@0<8 �>;ьF<0=0, ?>1C4>20=V V7 70;CG5==O< 

01A>;NB=8E V=B5=A82=>AB59 28?@><V=N20==O A?5:B@0;ь=8E ;V=V9 (0) Cu I B0 (1) 

W I, 70@5єAB@>20=8E 2 ?>78B82=><C AB>2?V ?;07<8 5;5:B@>4C3>2>3> @>7@O4C <V6 

:><?>78B=8<8 Cu-W 5;5:B@>40<8, O:V 283>B>2;O;8Aь ?@8 B5<?5@0BC@V 750°% 

 

4 5 

$8AC=>: 3.12 3 �V03@0<8 �>;ьF<0=0 V7 70;CG5==O< 01A>;NB=8E 

V=B5=A82=>AB59 28?@><V=N20==O A?5:B@0;ь=8E ;V=V9 (0) Cu I B0 (1) W I, 

70@5єAB@>20=8E 2 ?>78B82=><C AB>2?V ?;07<8 5;5:B@>4C3>2>3> @>7@O4C <V6 

:><?>78B=8<8 Cu-W 5;5:B@>40<8, O:V 283>B>2;O;8Aь ?@8 B5<?5@0BC@V 850°% 

[1*] 

 

4 5 6

26

28

30

32

34

510.5

515.3

521.8

578.2

ln(Iü3/gf)

 r = 0 mm

 r = 0.7 mm

 r = 1.5 mm

E, eV

2.4 2.6 2.8 3.0 3.2 3.4
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31.0

31.5

32.0

32.5

33.0

33.5

34.0

34.5

468.1
484.4

488.7

498.7

500.6

501.5
522.5

551.5

ln(Iü3/gf)

 r = 0 mm

 r = 0.7 mm

 r = 1.5 mm

E, eV

4 5 6

26

28

30

32

34

510.5

515.3

521.8

578.2

ln(Iü3/gf)

 r = 0 mm

 r = 0.7 mm

 r = 1.5 mm

E, eV

2.4 2.6 2.8 3.0 3.2 3.4

30.5

31.0

31.5

32.0

32.5

33.0

33.5

34.0

34.5

468.1484.4

488.7

498.7

500.6

501.5
522.5

551.5

 r = 0 mm

 r = 0.7 mm

 r = 1.5 mm

ln(Iü3/gf)

E, eV
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4 5 

$8AC=>: 3.13 3 �V03@0<8 �>;ьF<0=0 V7 70;CG5==O< 01A>;NB=8E 

V=B5=A82=>AB59 28?@><V=N20==O A?5:B@0;ь=8E ;V=V9 (0) Cu I B0 (1) W I, 

70@5єAB@>20=8E 2 ?>78B82=><C AB>2?V ?;07<8 5;5:B@>4C3>2>3> @>7@O4C <V6 

:><?>78B=8<8 Cu-W 5;5:B@>40<8, O:V 283>B>2;O;8Aь ?@8 B5<?5@0BC@V 950°% 

 

4 5 

$8AC=>: 3.14 3 �V03@0<8 �>;ьF<0=0 V7 70;CG5==O< 01A>;NB=8E 

V=B5=A82=>AB59 28?@><V=N20==O A?5:B@0;ь=8E ;V=V9 (0) Cu I B0 (1) W I, 

70@5єAB@>20=8E 2 ?>78B82=><C AB>2?V ?;07<8 5;5:B@>4C3>2>3> @>7@O4C <V6 

:><?>78B=8<8 Cu-W 5;5:B@>40<8, O:V 283>B>2;O;8Aь ?@8 B5<?5@0BC@V 1050°% 

 

4 5 6

26

28

30

32

34

510.5

515.323
521.8

578.2

 r = 0 mm

 r = 0.9 mm

 r = 1.9 mm

ln(Iü3/gf)

E, eV

2.4 2.6 2.8 3.0 3.2 3.4

30.0

30.5

31.0

31.5

32.0

32.5

33.0

33.5

34.0

468.1

484.4

488.7

498.7

500.6

501.5522.5

551.5

 r = 0 mm

 r = 0.9 mm

 r = 1.9 mm

ln(Iü3/gf)

E, eV

4 5 6

26

28

30

32

34

510.5

521.819

578.2

 r = 0 mm

 r = 0.9 mm

 r = 2.0 mm

ln(Iü3/gf)

Е, eV
2.4 2.6 2.8 3.0 3.2 3.4

30.0

30.5

31.0

31.5

32.0

32.5

33.0

33.5

468.1

484.4

488.7

498.3

501.5

505.3

522.5

551.5

 r = 0 mm

 r = 0.9 mm

 r = 2.0 mm

ln(Iü3/gf)

E, eV
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�84=>, I> B>G:8 =0 4V03@0<0E 71V30NBьAO 7 0?@>:A8<CNG>N ?@O<>N 7 

4>AB0B=ь>N B>G=VABN. &0:8< G8=><, ?>E81:0 287=0G5==O B5<?5@0BC@8 B0 

:>=F5=B@0FVW 0B><V2 <5B0;V2 =5 ?5@528ICє 5% ?@8 28:>@8AB0==V A?5:B@0;ь=8E 

;V=V9 Cu I B0 10% 3 ?@8 28:>@8AB0==V A?5:B@0;ь=8E ;V=V9 W I. 

&0:0 ?>E81:0 287=0G5==O B5<?5@0BC@8 70A5;5==O ?>2’O70=0 V7 @V7=8F5N 2 

7=0G5==OE 5=5@3V9 <V6 25@E=V<8 @V2=O<8 A?5:B@0;ь=8E ?5@5E>4V2 (482. 

B01;8FN 3.1). �V4><> [51], I> 2V4=>A=0 ?>E81:0 287=0G5==O B5<?5@0BC@8, 7>:@5<0 

<5B>4>< 2V4=>A=8E V=B5=A82=>AB59 (O:89 є >:@5<8< 28?04:>< <5B>4C 4V03@0< 

�>;ьF<0=0), >15@=5=> ?@>?>@FV9=0 4> @V7=8FV 5=5@3V9 <V6 25@E=V<8 @V2=O<8. /: 

284=>, 4;O A?5:B@0;ь=8E ;V=V9 <V4V FO @V7=8FO AB0=>28Bь ~2,4 5� 2 B>9 G0A, O: 4;O 

;V=V9 2>;ьD@0<C F5 7=0G5==O ~0,8 5�. &8< =5 <5=H, =02VBь ?@8 B0:V9 ?>@V2=O=> 

=57=0G=V9 @V7=8FV 5=5@3V9, B>G:8 =0 4V03@0<V �>;ьF<0=0 (O:V 2V4?>2V40NBь 

:>=:@5B=8< A?5:B@0;ь=8< ;V=VO<) 4>1@5 C73>46CNBьAO V7 0?@>:A8<CNG>N ?@O<>N. 

 

4 5 

$8AC=>: 3.15 3 $04V0;ь=V @>7?>4V;8 (0) B5<?5@0BC@8 ?;07<8 B0 (1) 

:>=F5=B@0FVW 0B><V2 <5B0;V2, 287=0G5=V <5B>4>< 4V03@0< �>;ьF<0=0 V7 

70;CG5==O< 01A>;NB=8E 7=0G5=ь V=B5=A82=>ABV 28?@><V=N20==O A?5:B@0;ь=8E 

;V=V9 Cu I B0 W I 2 ?>78B82=><C AB>2?V ?;07<8 4C3>2>3> @>7@O4C <V6 Cu-W 

:><?>78B0<8, 283>B>2;5=8<8 ?@8 B5<?5@0BC@V 750°% [1*] 
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T(r), K
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 nW

n(r), m-3
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!0 $8A. 3.15-3.18 ?>:070=V, 2V4?>2V4=> (0) B0 (1), @04V0;ь=V @>7?>4V;8 

B5<?5@0BC@8 70A5;5==O 5=5@35B8G=8E @V2=V2 (O:C C ?@8?CI5==V �&$ <>6=0 

22060B8 B5<?5@0BC@>N ?;07<8) B0 :>=F5=B@0FVW 0B><V2 <5B0;V2, 287=0G5=V 

<5B>4>< 4V03@0< �>;ьF<0=0 V7 70;CG5==O< 01A>;NB=8E V=B5=A82=>AB59 

28?@><V=N20==O A?5:B@0;ь=8E ;V=V9 O: Cu I, B0: V W I. 

 

4 5 

$8AC=>: 3.16 3 $04V0;ь=V @>7?>4V;8 (0) B5<?5@0BC@8 ?;07<8 B0 (1) 

:>=F5=B@0FVW 0B><V2 <5B0;V2, 287=0G5=V <5B>4>< 4V03@0< �>;ьF<0=0 V7 

70;CG5==O< 01A>;NB=8E 7=0G5=ь V=B5=A82=>ABV 28?@><V=N20==O A?5:B@0;ь=8E 

;V=V9 Cu I B0 W I 2 ?>78B82=><C AB>2?V ?;07<8 4C3>2>3> @>7@O4C <V6 Cu-W 

:><?>78B0<8, 283>B>2;5=8<8 ?@8 B5<?5@0BC@V 850°% [1*] 

 

� $8A. 3.15-3.18 (0) 284=>, I> @>7?>4V;8 B5<?5@0BC@8, 287=0G5=V V7 

70;CG5==O< V=B5=A82=>ABV 28?@><V=N20==O A?5:B@0;ь=8E ;V=V9 O: <V4V, B0: V 

2>;ьD@0<C, 71V30NBьAO (C <560E ?>E81:8 28<V@N20=ь) 274>26 CAь>3> @04VCAC 

?>78B82=>3> AB>2?0 ?;07<8. � Fь>3> <>6=0 ?@8?CAB8B8, I> 2 ?;07<V 7 

4><VH:0<8 ?0@V2 <V4V B0 2>;ьD@0<C <>65 @50;V7C20B8Aь B5@<>48=0<VG=0 

@V2=>2030 (7>:@5<0, @50;V7CєBьAO @V2=>206=5 70A5;5==O 5=5@35B8G=8E @V2=V2 

0B><V2 <5B0;V2 2V4?>2V4=> 4> @>7?>4V;C �>;ьF<0=0). 
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 nW
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4 5 

$8AC=>: 3.17 3 $04V0;ь=V @>7?>4V;8 (0) B5<?5@0BC@8 ?;07<8 B0 (1) 

:>=F5=B@0FVW 0B><V2 <5B0;V2, 287=0G5=V <5B>4>< 4V03@0< �>;ьF<0=0 V7 

70;CG5==O< 01A>;NB=8E 7=0G5=ь V=B5=A82=>ABV 28?@><V=N20==O A?5:B@0;ь=8E 

;V=V9 Cu I B0 W I 2 ?>78B82=><C AB>2?V ?;07<8 4C3>2>3> @>7@O4C <V6 Cu-W 

:><?>78B0<8, 283>B>2;5=8<8 ?@8 B5<?5@0BC@V 950°% [1*] 

 

4 5 

$8AC=>: 3.18 3 $04V0;ь=V @>7?>4V;8 (0) B5<?5@0BC@8 ?;07<8 B0 (1) 

:>=F5=B@0FVW 0B><V2 <5B0;V2, 287=0G5=V <5B>4>< 4V03@0< �>;ьF<0=0 V7 

70;CG5==O< 01A>;NB=8E 7=0G5=ь V=B5=A82=>ABV 28?@><V=N20==O A?5:B@0;ь=8E 

;V=V9 Cu I B0 W I 2 ?>78B82=><C AB>2?V ?;07<8 4C3>2>3> @>7@O4C <V6 Cu-W 

:><?>78B0<8, 283>B>2;5=8<8 ?@8 B5<?5@0BC@V 1050°% [1*] 
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� @04V0;ь=8E @>7?>4V;V2 :>=F5=B@0FV9 0B><V2 <5B0;V2 ($8A. 3.15-3.18, 1) 

284=>, I> :V;ь:VABь 0B><V2 <V4V 2 ?>78B82=><C AB>2?V ?;07<8 ?5@528ICє 

:V;ь:VABь 0B><V2 2>;ьD@0<C 274>26 CAVєW @>73;O=CB>W 4V;O=:8 @>7@O4=>3> 

:0=0;C, I> <>65 2:07C20B8 =0 V=B5=A82=VHC 5@>7VN A0<5 <V4=>W :><?>=5=B8 

:><?>78B=8E 5;5:B@>4V2. �0=5 O28I5 ?@8B0<0==5 4;O ?;07<8 5;5:B@>4C3>28E 

@>7@O4V2 <V6 @V7=8<8 B8?0<8 4>A;V465=8E :><?>78B=8E 5;5:B@>4V2 <V4ь-

2>;ьD@0<, I> є ?@8@>4=8<, 72060NG8 =0 28IC B5<?5@0BC@C ?;02;5==O 

2>;ьD@0<C O: BC3>?;02:>W :><?>=5=B8 40=>3> <0B5@V0;C (3422°% ?>@V2=O=> 7 

1085°% C <V4V). 

�;O >FV=:8 V=B5=A82=>ABV 5@>7VW, 70;56=> 2V4 B8?C 28:>@8AB>2C20=>3> 

:><?>78B=>3> <0B5@V0;C, >:@5<> ?>:070=V @04V0;ь=V @>7?>4V;8 :>=F5=B@0FVW 

0B><V2 <V4V ($8A. 3.19, 0) B0 2>;ьD@0<C ($8A. 3.19, 1). 

 

4 5 

$8AC=>: 3.19 3 $04V0;ь=V @>7?>4V;8 :>=F5=B@0FVW 0B><V2 (0) <V4V B0 (1) 

2>;ьD@0<C 2 ?>78B82=><C AB>2?V ?;07<8 5;5:B@>4C3>28E @>7@O4V2 <V6 

:><?>78B=8<8 Cu-W 5;5:B@>40<8, 283>B>2;5=8<8 ?@8 B5<?5@0BC@0E C40@=>3> 

?@5AC20==O 750°%, 850°%, 950°% B0 1050°% [1*] 

 

� $8A. 3.19 284=>, I> :>=F5=B@0FVO 0B><V2, O: <V4V, B0: V 2>;ьD@0<C є 

<5=H>N 2 ?>78B82=><C AB>2?V ?;07<8 5;5:B@>4C3>2>3> @>7@O4C <V6 

0.0 0.5 1.0 1.5 2.0
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r, mm
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5;5:B@>40<8, O:V 283>B>2;O;8Aь ?@8 B5<?5@0BC@V 1050°C. �>=F5=B@0FVO 6 

2>;ьD@0<C C @>7@O4=><C ?@><V6:C <V6 5;5:B@>40<8, O:V 283>B>2;O;8Aь ?@8 

B5<?5@0BC@V 750°C є =091V;ьH>N. #@8 Fь><C, :>=F5=B@0FVO 0B><V2 <V4V 2 

?>78B82=><C AB>2?V @>7@O4C <V6 5;5:B@>40<8, O:V ?@5AC20;8Aь ?@8 

B5<?5@0BC@0E 750, 850, 950°C, ACBBє2> =5 2V4@V7=ONBьAO.  >6=0 ?@8?CAB8B8, I> 

=091V;ьH ABV9:8<8 4> B5@<VG=>W 4VW 4C3>2>3> @>7@O4C є Cu-W 5;5:B@>48, O:V 

283>B>2;O;8Aь 70 B5E=>;>3VєN C40@=>3> ?@5AC20==O ?@8 B5<?5@0BC@V 1050°C. 

#@8G8=>N Fь>3> <>65 1CB8 @V7=8FO 2 7=0G5==OE B5<?5@0BC@8 ?;02;5==O <V4V B0 

2>;ьD@0<C. 

&0:8< G8=><, <>6=0 7@>18B8 ?@8?CI5==O, I> B5<?5@0BC@0 C40@=>3> 

?@5AC20==O O: B5E=>;>3VG=89 ?0@0<5B@ 283>B>2;5==O <0B5@V0;V2 2?;820є =0 

V=B5=A82=VABь 5@>7VW :><?>=5=BV2 Fь>3> :><?>78BC. #@8=09<=V, 40=89 2?;82 

=091V;ьH ?><VB=89 ?@8 71V;ьH5==V B5<?5@0BC@8 283>B>2;5==O 4> 7=0G5==O 

B5<?5@0BC@8 ?;02;5==O >4=>3> 7 :><?>=5=BV2 :><?>78BC. �0@B> 707=0G8B8, I> 

40=5 ?@8?CI5==O 7@>1;5=5 =0 >A=>2V 0=0;V7C 287=0G5=8E :>=F5=B@0FV9 ;8H5 

0B><V2 <5B0;V2. �;O ?>2=>3> 0=0;V7C =5>1EV4=> 2@0EC20B8 B0:>6 9 WE V>==C 

:><?>=5=BC 2 ?;07<V. 

�;O ?5@52V@:8 Fь>3> ?@8?CI5==O @>7@0E>20=> @V2=>206=89 A:;04 (482. 

$8A. 3.20) ?;07<8 :>6=>3> 7 B8?V2 @>7@O4C B0, 2V4?>2V4=>, 2<VAB ?0@V2 <5B0;V2 

($8A. 3.21) 2 B0:V9 ?;07<V, 28:>@8AB>2CNG8 A8AB5<C @V2=O=ь (2.9)-(2.20). 

�0@B> 707=0G8B8, I> @V2=>206=89 A:;04 ?;07<8 @>7@O4V2 <V6 @V7=8<8 

B8?0<8 5;5:B@>4V2 @>7@0E>2C202AO =0 ?@>AB>@>28E 2V4@V7:0E <5=H8E, =V6 

5:A?5@8<5=B0;ь=> 287=0G5=V B5<?5@0BC@8 B0 :>=F5=B@0FVW 0B><V2 <5B0;V2. *5 

?>2’O70=> 7 >A>1;82>ABO<8 @>7@0EC=:C A8AB5<8 @V2=O=ь (2.9)-(2.20), 2EV4=8<8 

?0@0<5B@0<8 4;O 28@VH5==O O:>W 2 40=><C 28?04:C 1C;8 @04V0;ь=V @>7?>4V;8 

B5<?5@0BC@8 T(r), :>=F5=B@0FVW 0B><V2 <V4V nCu(r) B0 2>;ьD@0<C nW(r). "A:V;ь:8 

?>E81:0 287=0G5==O B5<?5@0BC@8 ?;07<8 <5B>4>< 4V03@0< �>;ьF<0=0 V7 

70;CG5==O< V=B5=A82=>ABV 28?@><V=N20==O A?5:B@0;ь=8E ;V=V9 Cu I <5=H0 C 
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?>@V2=O==V V7 BVєN, ?@8 287=0G5==V O:>W 70;CG0;8Aь A?5:B@0;ь=V ;V=VW W I, B> A0<5 

F59 @>7?>4V; V 1C2 >1@0=89 O: 2EV4=89 ?0@0<5B@ T(r).  

 

4 5 

6 7 

$8AC=>: 3.20 3 $04V0;ь=V @>7?>4V;8 @V2=>206=>3> A:;04C ?;07<8 2 

?>78B82=><C AB>2?V ?;07<8 5;5:B@>4C3>28E @>7@O4V2 <V6 :><?>78B=8<8 Cu-W 

5;5:B@>40<8, 283>B>2;5=8<8 ?@8 B5<?5@0BC@0E C40@=>3> ?@5AC20==O (0) 750°%, 

(1) 850°%, (2) 950°% B0 (3) 1050°% [18*] 

 

$04V0;ь=V @>7?>4V;8 :>=F5=B@0FVW 0B><V2 2>;ьD@0<C, 7>1@065=8E =0 

$8A. 3.19 (1), @>7@0E>20=> 2V4?>2V4=> 4> B5<?5@0BC@, 287=0G5=8E <5B>4>< 

4V03@0< �>;ьF<0=0 V7 70;CG5==O< V=B5=A82=>ABV 28?@><V=N20==O A0<5 

A?5:B@0;ь=8E ;V=V9 W I. &><C, 4;O 2V4?>2V4=>ABV 2AVE ?0@0<5B@V2 @04V0;ь=89 

@>7?>4V; :>=F5=B@0FVW 0B><V2 2>;ьD@0<C nW(r) @>7@0E>2C202AO C ?@8?CI5==V 
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1E21

1E22

1E23

1E24

r, mm

 ne

 nCu

 nCu+

 nW

 nW+

 nN

 nN+

 nO

 nO+

 nN2

 nO2

nj(r), m
-3
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�&$ 157?>A5@54=ь> V7 70;CG5==O< @04V0;ь=>3> @>7?>4V;C 01A>;NB=>W 

V=B5=A82=>ABV A?5:B@0;ь=>W ;V=VW W I 501,5 =< B0 B5<?5@0BC@8 ?;07<8, 

287=0G5=>W V7 70;CG5==O< A?5:B@0;ь=8E ;V=V9 <V4V. �81V@ A0<5 FVєW A?5:B@0;ь=>W 

;V=VW ?>2’O70=89 7 ?>@V2=O=> =87ь:>N ?>E81:>N (?@81;87=> 15%) 287=0G5==O WW 

A?5:B@>A:>?VG=8E :>=AB0=B (gifik), O:0 2:070=0 2 107V 40=8E NIST [77]. $57C;ьB0B8 

@>7@0EC=:C 28O28;8, I> A8AB5<0 @V2=O=ь (2.9)-(2.20) =5 <0;0 DV78G=>3> 

@>72’O7:C =0 2V4AB0=OE 1V;ьH8E 70 0,72 << B0 1,2 << 4;O ?;07<8 5;5:B@>4C3>28E 

@>7@O4V2 <V6 5;5:B@>40<8, O:V 283>B>2;O;8Aь ?@8 750°% B0 950, 1050°%, 

2V4?>2V4=>. �V4ACB=VABь @>72’O7:C A8AB5<8 @V2=O=ь 2:07Cє =0 =54>FV;ь=VABь 

?@8?CI5==O I>4> @50;V70FVW �&$ 2 ?;07<V B0:8E @>7@O4V2 (?@8 ?5@528I5==V 

?52=>W ?@>AB>@>2>W <56V). 

 

4 5 

$8AC=>: 3.21 3 $04V0;ь=V @>7?>4V;8 2<VABC ?0@V2 (0) <V4V B0 (1) 2>;ьD@0<C 

2 ?>78B82=><C AB>2?V ?;07<8 5;5:B@>4C3>28E @>7@O4V2 <V6 :><?>78B=8<8 Cu-W 

5;5:B@>40<8, 283>B>2;5=8<8 ?@8 B5<?5@0BC@0E C40@=>3> ?@5AC20==O 750°%, 

850°%, 950°% B0 1050°% [7*, 16*] 

 

$04V0;ь=V @>7?>4V;8 2<VABC ?0@V2 <V4V XCu(r) B0 2>;ьD@0<C XW(r), 

@>7@0E>20=V 7 @V2=>206=8E A:;04V2 ?;07<8 4C3>28E @>7@O4V2 <V6 @V7=8<8 B8?0<8 

:><?>78B=8E 5;5:B@>4V2 Cu-W ($8A. 3.20), ?>:070=V =0 @8AC=:C 3.21 (0) B0 (1), 

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6

0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

r, mm

 Cu (T = 750°C)

 Cu (T = 850°C)

 Cu (T = 950°C)

 Cu (T = 1050°C)

XCu(r), %

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6

0.00

0.05

0.10

0.15

0.20

XW(r), %

r, mm

 W (T = 750°C)

 W (T = 850°C)

 W (T = 950°C)

 W (T = 1050°C)
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2V4?>2V4=>. $57C;ьB0B8 @>7@0EC=:V2 2<VABC ?0@V2 <5B0;V2 ?V4B25@46CNBь 

?>?5@54=є ?@8?CI5==O ?@> B5, I> B5<?5@0BC@0 A?V:0==O (O: ?0@0<5B@ 

B5E=>;>3VW 283>B>2;5==O :><?>78FV9=8E <0B5@V0;V2) 2?;820є =0 AC<0@=89 2<VAB 

4><VH>: ?0@V2 <5B0;V2 C ?;07<V V, O: =0A;V4>:, 287=0G0є 5@>7V9=C ABV9:VABь 

:><?>78FV9=8E <0B5@V0;V2. 

� 0=0;V7C @04V0;ь=8E @>7?>4V;V2 ?0@V2 <V4V, ?>:070=8E =0 $8A. 3.21 (0), 

<>6=0 7@>18B8 28A=>2>:, I> :><?>78B=V <0B5@V0;8, O:V ?@5AC20;8Aь ?@8 

B5<?5@0BC@V 1050°C, 45<>=AB@CNBь :@0IC ABV9:VABь 4> 5@>7VW, B>4V O: BV, I> 

A?@5A>20=V ?@8 850°C 3 =093V@HC. "A:V;ь:8 B5<?5@0BC@0 1050°% 4C65 1;87ь:0 

4> B5<?5@0BC@8 ?;02;5==O <V4V (1085°%), B> <>6=0 ?@8?CAB8B8, I> C40@=5 

A?V:0==O ?@8 B0:V9 B5<?5@0BC@V ?@872>48Bь 4> G0AB:>2>3> ?;02;5==O <V4V V, 

2V4?>2V4=>, ?V428I5==O WW ?;0AB8G=>ABV. *5, C A2>N G5@3C, A?@8Oє 1V;ьH 

IV;ь=><C 270є<=><C ?@>=8:=5==N <V4V C 2>;ьD@0<>2C :><?>=5=BC B0 

7<5=H5==N ?>@8AB>ABV >45@6C20=>3> ?@>4C:BC [27]. �@V< B>3>, ?V428I5==O 

B5<?5@0BC@8 A?@8Oє :@0IV9 48DC7VW <0B5@V0;C, I> B0:>6 ?@872>48Bь 4> 

7<5=H5==O ?>@8AB>ABV. -> AB>ACєBьAO @04V0;ь=>3> @>7?>4V;C 2<VABC ?0@V2 

2>;ьD@0<C (3.21, 1) 3 28A=>2:8 =5 B0:V >4=>7=0G=V. � >4=>3> 1>:C, >G5284=>, I> 

=0 >AV 4C3>2>3> @>7@O4C (r = 0 <<) 2<VAB ?0@V2 2>;ьD@0<C 2 ?;07<V <V6 

5;5:B@>40<8, O:V ?@5AC20;8Aь ?@8 B5<?5@0BC@V 750°%, 1V;ьH89 ?>@V2=O=> 7 

V=H8<8 B8?0<8 5;5:B@>4V2. #@>B5 7V 71V;ьH5==O< 2V4AB0=V 2V4 >AV WE :V;ь:VABь 2 

?;07<V @>7@O4C <V6 5;5:B@>40<8, O:V ?@5AC20;8Aь ?@8 750°C, 7=0G=> 

7<5=HCєBьAO V AB0є <5=H8< C ?>@V2=O==V 7 5;5:B@>40<8, ?@5A>20=8<8 ?@8 850, 

950 01> =02VBь 1050°C. 

� >3;O4C =0 28I5A:070=5, є 4>FV;ь=8< ?@>0=0;V7C20B8 @04V0;ь=89 @>7?>4V; 

7030;ь=>3> 2<VABC ?0@V2 <5B0;V2 XCu+XW ($8A. 3.22).  >6=0 7@>18B8 28A=>2>:, 

I> ?;07<0 @>7@O4C <V6 :><?>78B0<8, 283>B>2;5=8<8 ?@8 B5<?5@0BC@V 1050°C, 

<VAB8Bь <5=HC :>=F5=B@0FVN <0B5@V0;V2 5;5:B@>4=>3> ?>E>465==O, I> A2V4G8Bь 

?@> WE ?>B5=FV9=> 28IC 5@>7V9=C ABV9:VABь. 
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$8AC=>: 3.22 3 $04V0;ь=V @>7?>4V;8 2<VABC ?0@V2 <5B0;V2 C ?>78B82=><C 

AB>2?V ?;07<8 5;5:B@>4C3>28E @>7@O4V2 <V6 :><?>78B=8<8 Cu-W 5;5:B@>40<8 

[7*, 16*] 

 

 

$8AC=>: 3.23 3 $04V0;ь=V @>7?>4V;8 <>;O@=>W <0A8 ?;07<8 5;5:B@>4C3>28E 

@>7@O4V2 <V6 :><?>78B=8<8 Cu-W 5;5:B@>40<8 [7*, 16*] 

 

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6

0.0

0.1

0.2

0.3

0.4

0.5

r, mm

 T = 750°C

 T = 850°C

 T = 950°C

 T = 1050°C

XCu(r)+XW(r), %

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6
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22.0

22.5

23.0

23.5

24.0

24.5
 T = 750°C

 T = 850°C

 T = 950°C

 T = 1050°C

r, mm

M(r), g/mol



123 

$04V0;ь=V @>7?>4V;8 2<VABC ?0@V2 <V4V B0 2>;ьD@0<C =040;V 28:>@8AB0=> 

4;O 287=0G5==O @04V0;ь=8E @>7?>4V;V2 B5@<>48=0<VG=8E ?0@0<5B@V2 ?;07<8 

5;5:B@>4C3>28E @>7@O4V2 <V6 :>6=8< B8?>< 5;5:B@>4V2 V7 A8AB5<8 @V2=O=ь 

(2.24)-(2.30). �>:@5<0, =0 $8A. 3.23-3.25 ?>:070=> @04V0;ь=V @>7?>4V;8 <>;O@=>W 

<0A8 M(r), ?8B><>W 5=B0;ь?VW h(r) B0 ?8B><>W 5=B@>?VW s(r), 2V4?>2V4=>. 

� $8A. 3.23 284=>, I> @04V0;ь=V @>7?>4V;8 <>;O@=8E <0A @>7@O4=>W ?;07<8 

?V4B25@46CNBь ?>?5@54=V 28A=>2:8 I>4> :V;ь:VA=>W ?>254V=:8 ?0@V2 <5B0;V2 2 

?;07<V. �@0E>2CNG8, I> <>;O@=V <0A8 <V4V B0 2>;ьD@0<C (63,6 V 183,8, 

2V4?>2V4=>) 7=0G=> 28IV, =V6 C G0AB8=>: ?>2VB@O, 71V;ьH5==O <>;O@=>W <0A8 

?;07<8 2:07Cє =0 28IC :>=F5=B@0FVN <0B5@V0;C 2 @>7@O4=><C ?@><V6:C. "B65, 

<>6=0 7@>18B8 28A=>2>:, I> 5;5:B@>48, O:V 283>B>2;O;8Aь ?@8 B5<?5@0BC@V 

1050°C, 28O2;ONBь :@0IC ABV9:VABь 4> 5@>7VW, >A:V;ь:8 ?;07<0 @>7@O4C <V6 

B0:8<8 5;5:B@>40<8 <VAB8Bь =09<5=HC :V;ь:VABь <0B5@V0;C 5;5:B@>4=>3> 

?>E>465==O. 

 

 

$8AC=>: 3.24 3 $04V0;ь=V @>7?>4V;8 ?8B><>W 5=B0;ь?VW ?;07<8 

5;5:B@>4C3>28E @>7@O4V2 <V6 :><?>78B=8<8 Cu-W 5;5:B@>40<8 [7*, 16*] 

 

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6

1.0E+07

1.1E+07

1.2E+07

1.3E+07

1.4E+07

1.5E+07

1.6E+07

 T = 750°C

 T = 850°C

 T = 950°C

 T = 1050°C

r, mm

h(r), J/kg



124 

$04V0;ь=V @>7?>4V;8 ?8B><>W 5=B0;ь?VW ?;07<8, 7>1@065=V =0 $8A. 3.24, 

40NBь CO2;5==O ?@> 5D5:B82=VABь =03@V20==O ?;07<8. *O V=D>@<0FVO 4>72>;Oє 

>FV=8B8, =0A:V;ь:8 5D5:B82=> 5;5:B@>48 @>7AVNNBь B5?;> V ?5@540NBь 9>3> 

?;07<V, I> 2 :V=F52><C ?V4AC<:C A?@8Oє WE 7030;ь=><C >?>@C. !0 >A=>2V 

$8A. 3.24 <>6=0 7@>18B8 28A=>2>:, I> 5;5:B@>48, O:V 283>B>2;O;8Aь ?@8 

B5<?5@0BC@V 1050°C, 45<>=AB@CNBь 1V;ьH 5D5:B82=89 ?@>F5A =03@V2C ?;07<8. 

�;O >FV=:8 5D5:B82=>ABV =03@V2C ?;07<8 =5>1EV4=> ?>2’O70B8 5=B0;ь?VN V7 

?>2=>N 5=5@3VєN (?>BC6=VABN), @>7AVO=>W 2 4C3>2><C @>7@O4V, O:0 2:;NG0є 

2=5A:8 2V4 5;5:B@>4V2 V =03@V2C ?;07<8, 2B@0B8 =0 28?@><V=N20==O [94] B>I>. 

&8?>2V 7=0G5==O A8;8 AB@C<C 4C3>2>3> @>7@O4C I, ?@8:;045=>W =0?@C38 U V 

@>7@0E>20=V ?>BC6=>ABV P, O:V @>7AVNNBьAO 2 @>7@O40E <V6 @V7=8<8 B8?0<8 

5;5:B@>4V2, =02545=V 2 B01;8FV 3.2. 

 

&01;8FO 3.2 3 &8?>2V 7=0G5==O A8;8 AB@C<C 4C3>28E @>7@O4V2 I, 

?@8:;045=>W =0?@C38 U B0 @>7@0E>20=>W ?>BC6=>ABV P, O:0 @>7AVNєBьAO 2 ?;07<V 

@>7@O4V2 <V6 @V7=8<8 B8?0<8 5;5:B@>4V2 [7*, 16*] 

&8? 5;5:B@>4V2 

(B5<?5@0BC@0 ?@5AC20==O ) 
I, � U, � P, �B 

750°% 3,5 55 192,5 

850°% 3,5 55 192,5 

950°% 3,5 54 189,0 

1050°% 3,5 65 227,5 

 

�84=>, I> =091V;ьH0 @>7AVO=0 ?>BC6=VABь A?>AB5@V30єBьAO 2 @>7@O4V <V6 

5;5:B@>40<8, O:V 283>B>2;O;8Aь ?@8 1050°C, I> 4>1@5 C73>46CєBьAO 7 

@04V0;ь=8< @>7?>4V;>< 5=B0;ь?VW. �@V< B>3>, @>7@0E>20=0 ?>BC6=VABь, @>7AVO=0 2 

?;07<V @>7@O4C <V6 5;5:B@>40<8, 283>B>2;5=8<8 ?@8 750 V 850°C, >4=0:>20, B>4V 

O: 2V4?>2V4=V @04V0;ь=V @>7?>4V;8 5=B0;ь?VW 45<>=AB@CNBь =57=0G=V 2V4<V==>ABV. 

' 28?04:C 5;5:B@>4V2, 283>B>2;5=8E ?@8 950°C, @>7@0E>20=0 @>7AVO=0 
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?>BC6=VABь 71V30єBьAO 7 42><0 ?>?5@54=V<8 B8?0<8, 0;5 7=0G5==O 5=B0;ь?VW 

274>26 @04VCA0 ?><VB=> 28IV. 

!0 >A=>2V F8E A?>AB5@565=ь <>6=0 ?@8?CAB8B8, I> 5D5:B82=VABь 

@>7AVN20==O 5=5@3VW 2 @>7@O4V <V6 5;5:B@>40<8, 283>B>2;5=8<8 ?@8 950°C, <>65 

1CB8 ?>@V2=O=0 7 5D5:B82=VABN 5;5:B@>4V2, 283>B>2;5=8E ?@8 1050°C. )>G0 

5=5@3VO, I> ?5@540єBьAO 157?>A5@54=ь> 2 ?;07<C, 45<>=AB@Cє =57=0G=V 

2V4<V==>ABV, ?>BC6=VABь, I> @>7AVNєBьAO 2 @>7@O4V, ?><VB=> =86G5 (189 V 

227,5 �B, 2V4?>2V4=>). #@>B5, O: ?>:070=> =0 $8A. 3.21-3.23, 5;5:B@>48, 

283>B>2;5=V ?@8 950°C, 45<>=AB@CNBь 45I> 28IC 5@>7VN ?>@V2=O=> 7 

5;5:B@>40<8, 283>B>2;5=8<8 ?@8 1050°C. 

 

 

$8AC=>: 3.25 3 $04V0;ь=V @>7?>4V;8 ?8B><>W 5=B@>?VW ?;07<8 

5;5:B@>4C3>28E @>7@O4V2 <V6 :><?>78B=8<8 Cu-W 5;5:B@>40<8, 283>B>2;5=8<8 

?@8 B5<?5@0BC@0E C40@=>3> ?@5AC20==O 750°%, 850°%, 950°% B0 1050°% [7*, 16*] 

 

/: 28?;820є 7 $8A. 3.25, @04V0;ь=V @>7?>4V;8 5=B@>?VW ?>2=VABN :>@5;NNBь 

V7 @04V0;ь=8<8 @>7?>4V;0<8 5=B0;ь?VW ($8A. 3.24). �=B@>?VO 2V4>1@060є 

5D5:B82=VABь @>7AVN20==O 5=5@3VW, B>1B> 28B@0B8 5=5@3VW =0 ?@>F5A8, O:V <0NBь 

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6

11200

11400

11600

11800

12000

12200

12400

 T = 750°C

 T = 850°C

 T = 950°C

 T = 1050°C

r, mm

s(r), J/kg/K
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<VAF5 157?>A5@54=ь> 2 ?;07<V (V>=V70FVO, 71C465==O, @5:><1V=0FVO B>I>), 0 =5 =0 

?@>F5A 5@>7VW 5;5:B@>4V2. &0:8< G8=><, ?5@5203C (2 B5@<V=0E 5@>7V9=>W ABV9:>ABV 

<0B5@V0;V2) A;V4 2V44020B8 5;5:B@>40<, O:V 283>B>2;O;8Aь <5B>4>< C40@=>3> 

?@5AC20==O ?@8 B5<?5@0BC@0E 950 B0 1050°%. 

 

3.2. %?5:B@>A:>?VO ?;07<8 @>7@82=8E 4C3>28E @>7@O4V2 

 

+0A>2C 52>;NFVN ?0@0<5B@V2 ?;07<8 @>7@82=8E 4C3>28E @>7@O4V2 <V6 

:><?>78B=8<8 Cu-W 5;5:B@>40<8, O:V 283>B>2;O;8Aь <5B>4>< C40@=>3> 

?@5AC20==O ?@8 B5<?5@0BC@V 750°%, 4>A;V46C20;8 V7 70;CG5==O< 

5:A?5@8<5=B0;ь=>W CAB0=>2:8 V7 5;5:B@>4=8< 2C7;><, 7>1@065=8< =0 $8A. 2.11.  

 

 

$8AC=>: 3.26 3 &8?>20 G0A>20 52>;NFVO A?5:B@V2 28?@><V=N20==O ?;07<8 

@>7@82=>3> 4C3>2>3> @>7@O4C A8;>N AB@C<C 104 � <V6 :><?>78B=8<8 

5;5:B@>40<8 Cu-W, O:V 283>B>2;O;8Aь ?@8 750°% [8*, 20*] 
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�;O Fь>3> 4>A;V465==O A?5:B@><5B@ =0;0HB>20=> =0 4>268=C E28;V 

525 =<, I> 70157?5GCє A?5:B@0;ь=89 4V0?07>= 28<V@N20=ь 2V4 505 4> 545 =< 

(482. ?V4@>74V; 2.1.2). *5 4>72>;8;> 70@5єAB@C20B8 1V;ьHVABь A?5:B@0;ь=8E ;V=V9 

<V4V B0 45O:8E ;V=V9 2>;ьD@0<C (482. B01;8FN 3.1). &8?>20 G0A>20 52>;NFVO 

A?5:B@V2 28?@><V=N20==O, 70@5єAB@>20=8E C ?;07<V @>7@82=>3> 4C3>2>3> 

@>7@O4C A8;>N AB@C<C 104 � <V6 :><?>78B=8<8 5;5:B@>40<8 Cu-W, ?>:070=0 =0 

$8A. 3.26. 

 

 

$8AC=>: 3.27 3 &8?>289 ?@>DV;ь A?5:B@0;ь=>W ;V=VW Cu I 515,3 B0 9>3> 

0?@>:A8<0FVO DC=:FVєN (>9EB0. #@>DV;ь 70@5єAB@>20=> =0 45-9 <V;VA5:C=4V 

3>@V==O 4C38 A8;>N AB@C<C 4 � <V6 :><?>78B=8<8 5;5:B@>40<8 Cu-W, O:V 

283>B>2;O;8Aь ?@8 750°% [8*, 20*] 

 

"A:V;ь:8 40=0 CAB0=>2:0 =5 70157?5GCє ?@>AB>@>2C @>74V;ь=C 740B=VABь, 

70;CG5==O <5B>4C 01A>;NB=8E V=B5=A82=>AB59 є =5<>6;828<. #@>B5 28A>:0 

A?5:B@0;ь=0 @>74V;ь=0 740B=VABь ?@8;04C (0?0@0B=0 DC=:FVO 0,045 =<) 

514.8 515.0 515.2 515.4 515.6

0

20

40

60

80

100

120

ü, nm

I, a.u.

 Registered data

 Approximation by 

         Voigt function

         üG = 0.045 nm

         üL = 0.028 nm 
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4>72>;8;0 4>A;V48B8 ?@>DV;V A?5:B@0;ь=8E ;V=V9 7 4>AB0B=ь>N B>G=VABN. &0:8< 

G8=><, 2 @0<:0E 40=>3> 4>A;V465==O O: 2EV4=V ?0@0<5B@8 4;O 28@VH5==O 

A8AB5<8 @V2=O=ь (2.9)-(2.20) 28:>@8AB0=> B5<?5@0BC@8 T B0 :>=F5=B@0FVW 

5;5:B@>=V2 ne (WE 52>;NFVW 2 G0AV). +0A>2V 52>;NFVW :>=F5=B@0FVW 5;5:B@>=V2 

287=0G5=> V7 FWHM A?5:B@0;ь=>W ;V=VW Cu I 515,3 =< V7 70;CG5==O< @V2=O==O 

(2.48). &8?>289 ?@>DV;ь A?5:B@0;ь=>W ;V=VW Cu I 515,3, 70@5єAB@>20=>W 2 ?;07<V 

4C3>2>3> @>7@O4C A8;>N AB@C<C 4 � (Registered data), 0 B0:>6 9>3> 

0?@>:A8<0FVO DC=:FVєN (>9EB0 (Approximation by Voigt function), ?>:070=V =0 

$8A. 3.27. 

�;O 287=0G5==O B5<?5@0BC@8 ?;07<8 (CA5@54=5=>W ?> >1’є<C) @>7@82=>W 

4C38 28:>@8AB0=> <5B>4 4V03@0< �>;ьF<0=0 V7 70;CG5==O< OA:@02>ABV 

28?@><V=N20==O A?5:B@0;ь=8E ;V=V9 Cu I 510,5; 515,3 B0 521,8 =<. ' Fь><C 

A?5:B@0;ь=><C 4V0?07>=V (505-545 =<) B0:>6 V45=B8DV:>20=> A?5:B@0;ь=V ;V=VW 

W I 505,3 B0 522,5 =<. #@>B5 OA:@02>ABV F8E ;V=V9 28?@><V=N20==O =5 

70;CG0;8Aь 4> 287=0G5==O B5<?5@0BC@8, >A:V;ь:8 @V7=8FO (~0,31 5�) 2 5=5@3VOE 

WE=VE 25@E=VE @V2=V2 =5 4>72>;Oє 30@0=BC20B8 ?@89=OB=C B>G=VABь WW 287=0G5==O. 

�5@CG8 4> C2038 @57C;ьB0B8, >45@60=V 4;O ?;07<8 :207VAB0FV>=0@=8E 4C3>28E 

@>7@O4V2 (482. @>74. 3.1), <>6=0 ?@8?CAB8B8, I> V 2 ?;07<V @>7@82=8E @>7@O4V2 

<>65 @50;V7C20B8Aь B5@<>48=0<VG=0 @V2=>2030 (7>:@5<0, @50;V7CєBьAO 

@V2=>206=5 70A5;5==O 5=5@35B8G=8E @V2=V2 0B><V2 <5B0;V2 2V4?>2V4=> 4> 

@>7?>4V;C �>;ьF<0=0) [19*]. 

+0A>20 52>;NFVO @>7?>4V;C B5<?5@0BC@, 287=0G5=0 <5B>4>< 4V03@0< 

�>;ьF<0=0 V7 70;CG5==O< A?5:B@0;ь=8E ;V=V9 Cu I, C ?;07<V @>7@82=8E 4C3 

A8;>N AB@C<C І 4, 50 B0 104 � <V6 :><?>78B=8<8 5;5:B@>40<8 Cu-W, ?>:070=0 

=0 $8A. 3.28. +0A>2V 52>;NFVW :>=F5=B@0FVW 5;5:B@>=V2, 287=0G5=V 7 FWHM (∆¼L) 

A?5:B@0;ь=>W ;V=VW Cu I 515,3 =< (482. $8A. 3.29) 70 B8E A0<8E C<>2 @>7@O4C, 

?>:070=V =0 $8A. 3.30. 
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$8AC=>: 3.28 3 +0A>20 52>;NFVO B5<?5@0BC@8 ?;07<8 4C3>28E @>7@O4V2 

A8;>N AB@C<C 4, 50 B0 104 � <V6 :><?>78B=8<8 Cu-W 5;5:B@>40<8, O:V 

283>B>2;O;8Aь ?@8 750°% [8*, 20*] 

 

 

$8AC=>: 3.29 3 +0A>20 52>;NFVO FWHM A?5:B@0;ь=>W ;V=VW Cu I 515,3 =< 

28?@><V=N20==O ?;07<8 4C3>28E @>7@O4V2 A8;>N AB@C<C 4, 50 B0 104 � <V6 

:><?>78B=8<8 Cu-W 5;5:B@>40<8, O:V 283>B>2;O;8Aь ?@8 750°% [8*, 20*] 
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$8AC=>: 3.30 3 +0A>20 52>;NFVO :>=F5=B@0FVW 5;5:B@>=V2 C ?;07<V 4C3>28E 

@>7@O4V2 A8;>N AB@C<C 4, 50 B0 104 � <V6 :><?>78B=8<8 Cu-W 5;5:B@>40<8, O:V 

283>B>2;O;8Aь ?@8 750°% [8*, 20*] 

 

�84=>, I> O: B5<?5@0BC@0, B0: V :>=F5=B@0FVO 5;5:B@>=V2 =5 707=0NBь 

VAB>B=8E 7<V= ?@8 71V;ьH5==V A8;8 AB@C<C 4C38 2V4 50 4> 104 �. #@>B5 ?@8 

71V;ьH5==V A8;8 AB@C<C 2V4 4 4> 50 � A?>AB5@V30єBьAO 7=0G=5 7@>AB0==O >1>E 

F8E ?0@0<5B@V2. %;V4 B0:>6 707=0G8B8, I> 7=0G5==O :>=F5=B@0FVW 5;5:B@>=V2 C 

?;07<V @>7@82=>3> 4C3>2>3> @>7@O4C A8;>N AB@C<C 4 � ACBBє2> 2V4@V7=ONBьAO 

2V4 >B@8<0=8E C :207VAB0FV>=0@=V9 4C7V ?>ABV9=>3> AB@C<C 3,5 � (482. 

@>74V; 3.1). *O 2V4<V==VABь <>65 1CB8 ?>2'O70=0 7 B8<, I> 4>A;V465==O 

:207VAB0FV>=0@=>W 4C38 70157?5G5=V ?@>AB>@>2>N @>74V;ь=>N 740B=VABN 2 

A5@54=ь><C ?5@5@V7V 4C3>2>3> @>7@O4C. � A2>N G5@3C, 2 Fь><C 4>A;V465==V 

@5єAB@C20;8 2A5 V=B53@0;ь=5 28?@><V=N20==O ?;07<8, O:5 ?>B@0?;O;> 4> 

0?5@BC@8 >?B8G=>3> 2>;>:=0. &0:8< G8=><, @5єAB@CєBьAO 28?@><V=N20==O =5 

;8H5 7 ?>78B82=>3> AB>2?0 ?;07<8, 0;5 B0:>6 7 ?@85;5:B@>4=8E >1;0AB59, 2 

O:8E :>=F5=B@0FVO 5;5:B@>=V2 28I0. !5>4=>@V4=VABь ?;07<8 =5 2@0E>2C20;0Aь. 
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+0A>20 52>;NFVO @V2=>206=>3> A:;04C ?;07<8 2 4C3>28E @>7@O40E A8;>N 

AB@C<C 4, 50 B0 104 �, @>7@0E>20=0 =0 >A=>2V >45@60=8E 7=0G5=ь :>=F5=B@0FVW 

5;5:B@>=V2 B0 B5<?5@0BC@8 2 ?@8?CI5==V �&$, ?>:070=V =0 $8A. 3.31. 

� $8A. 3.31 284=>, I> 4;O 4C3>2>3> @>7@O4C A8;>N AB@C<C 4 A, 

?;07<>B2V@=89 307 A:;040єBьAO ?5@5206=> 7 <>;5:C; 07>BC (N2) B0 :8A=N (O2). 

�@V< B>3>, 7V 71V;ьH5==O< AB@C<C V, O: =0A;V4>:, B5<?5@0BC@8 ?;07<8 

2V41C20єBьAO 48A>FV0FVO <>;5:C;, V ?;07<>B2V@=89 307 A:;040єBьAO 2 >A=>2=><C 7 

0B><V2 07>BC (N) B0 :8A=N (O). #@>2V4=VABь ?;07<8 @>7@O4C A8;>N AB@C<C 4 � 2 

?5@HC G5@3C 287=0G0єBьAO V>=V70FVєN 0B><V2 <5B0;C. �V 71V;ьH5==O< AB@C<C 

V>=V70FVO 0B><V2 07>BC V :8A=N AB0є 1V;ьH ?><VB=>N, 0 <>;5:C;8 >:A84C 07>BC 

(NO) =5 40NBь VAB>B=>3> 2=5A:C 2 V>=V70FVN ?;07<8 @>7@82=8E @>7@O4V2 =V A8;>N 

AB@C<C 4 �, =V 50 � B0 100 �. +0A>2V 52>;NFVW 2<VABC 4><VH>: ?0@V2 <V4V B0 

2>;ьD@0<C ?>:070=V =0 $8A. 3.32. 
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5 

6 

$8AC=>: 3.31 3 +0A>20 52>;NFVO @V2=>206=>3> A:;04C ?;07<V 4C3>28E 

@>7@O4V2 A8;>N AB@C<C (0) 4, (1) 50 B0 (2) 104 � <V6 :><?>78B=8<8 Cu-W 

5;5:B@>40<8, O:V 283>B>2;O;8Aь ?@8 750°% [8*, 20*] 

 

� 0=0;V7C 2<VABC 4><VH>: ?0@V2 <5B0;V2 C ?;07<V (482. $8A. 3.32) 284=>, I> 

7030;ь=89 2<VAB <V4V B0 2>;ьD@0<C 2 @>7@O40E A8;>N AB@C<C O: 50 A, B0: V 104 A 
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AB@C<C 4 � AC<0@=89 2<VAB <5B0;V2 <>65 4>AO30B8 25-35%, I> є =04728G09=> 

28A>:8< 4;O 4C3>28E @>7@O4V2 7 B0:>N A8;>N AB@C<C. 

 

4 5 

$8AC=>: 3.32 3 +0A>2V 52>;NFVW 2<VABC ?0@V2 (0) <V4V B0 (1) 2>;ьD@0<C 2 

?;07<V 4C3>28E @>7@O4V2 A8;>N AB@C<C 4, 50 B0 104 � <V6 :><?>78B=8<8 Cu-W 

5;5:B@>40<8, O:V 283>B>2;O;8Aь ?@8 750°% [8*, 20*] 

 

 >6=0 ?@8?CAB8B8, I> 2 ?;07<V @>7@82=>W 4C38 A8;>N AB@C<C 4 � �&$ 

2A5 6 B0:8 =5 @50;V7CєBьAO, 0 >B65, B5<?5@0BC@C, 287=0G5=C <5B>4>< 4V03@0< 

�>;ьF<0=0, =5 <>6=0 22060B8 B5<?5@0BC@>N ?;07<8. *5 ?>OA=NєBьAO 

?>є4=0==O< 28A>:8E :>=F5=B@0FV9 5;5:B@>=V2 V 2V4=>A=> =87ь:8E B5<?5@0BC@. 

&><C <>45;ь �&$, =0 O:V9 107CєBьAO A8AB5<0 @V2=O=ь 4;O @>7@0EC=:C 

@V2=>206=>3> A:;04C ?;07<8, <>65 1CB8 28?@0240=0 ;8H5 ?@8 «HBCG=>» 

7028I5=8E :>=F5=B@0FVOE <5B0;V2. 

�;O ?V4B25@465==O FVєW 3V?>B578 ?@>2545=> 0=0;>3VG=V 4>A;V465==O 

?;07<8 @>7@82=8E 4C3>28E @>7@O4V2 A8;>N AB@C<C 4, 50 B0 104 � <V6 

>4=>:><?>=5=B=8<8 <V4=8<8 5;5:B@>40<8. !0 $8A. 3.33 B0 3.34 7>1@065=> 

G0A>2V 52>;NFVW, 2V4?>2V4=>, B5<?5@0BC@8 V :>=F5=B@0FVW 5;5:B@>=V2 ?;07<8 

4C3>28E @>7@O4V2 <V6 B0:8<8 5;5:B@>40<8. �84=>, I> ?>254V=:0 F8E ?0@0<5B@V2 
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7V 71V;ьH5==O< AB@C<C 4C38 2V4>1@060є ?>254V=:C ?;07<8 2 4C3>28E @>7@O40E 

<V6 :><?>78B=8<8 5;5:B@>40<8. 

 

 

$8AC=>: 3.33 3 +0A>20 52>;NFVO B5<?5@0BC@8 ?;07<8 4C3>28E @>7@O4V2 

A8;>N AB@C<C 4, 50 B0 104 � <V6 >4=>:><?>=5=B=8<8 <V4=8<8 5;5:B@>40<8 

[8*, 20*] 

 

+0A>2V 52>;NFVW @V2=>206=>3> A:;04C B0 4><VH>: ?0@V2 <V4V 2 ?;07<V 

@>7@82=8E 4C3>28E @>7@O4V2 ?@8 7040=8E 7=0G5==OE AB@C<C <V6 

4>A;V46C20=8<8 5;5:B@>40<8 ?@54AB02;5=V =0 $8A. 3.35 B0 3.36, 2V4?>2V4=>. 

$57C;ьB0B0<8 @>7@0EC=:V2 A:;04C 2 ?@><V6:8 G0AC 2V4 30 4> 60 <A (482. 

$8A. 3.36) ?>:070=>, I> 2<VAB 4><VH>: ?0@V2 <V4V 2 ?;07<V 4C3>2>3> @>7@O4C 

A8;>N AB@C<C 4 � <>65 4>AO30B8 90-99%. "B65, ?;07<0 2 >A=>2=><C 

A:;040єBьAO 7 ?0@V2 <V4V. /: 28?;820є 7 @57C;ьB0BV2 ?>?5@54=VE 4>A;V465=ь, B0:0 

?>254V=:0 :><?>=5=BV2 5;5:B@>4=>3> ?>E>465==O C ?;07<V 4C3>28E @>7@O4V2 ?@8 

707=0G5=V9 A8;V AB@C<C є 0=><0;ь=> 28A>:>N [90, 95]. 
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$8AC=>: 3.34 3 +0A>20 52>;NFVO :>=F5=B@0FVW 5;5:B@>=V2 C ?;07<V 4C3>28E 

@>7@O4V2 A8;>N AB@C<C 4, 50 B0 104 � <V6 >4=>:><?>=5=B=8<8 <V4=8<8 

5;5:B@>40<8 [8*, 20*] 
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$8AC=>: 3.35 3 +0A>20 52>;NFVO @V2=>206=>3> A:;04C ?;07<8 4C3>28E 

@>7@O4V2 A8;>N AB@C<C (0) 4, (1) 50 B0 (2) 104 � <V6 >4=>:><?>=5=B=8<8 

<V4=8<8 5;5:B@>40<8 [8*, 20*] 
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$8AC=>: 3.36 3 +0A>2V 52>;NFVW 2<VABC ?0@V2 <V4V 2 ?;07<V 4C3>28E 

@>7@O4V2 A8;>N AB@C<C 4, 50 B0 104 � <V6 >4=>:><?>=5=B=8<8 <V4=8<8 

5;5:B@>40<8 [8*, 20*] 

 

*5 >7=0G0є, I> <>45;ь �&$, =0 >A=>2V O:>W ґ@C=BCNBьAO @>7@0EC=:8, 1C45 

A?@0254;820 4;O B0:8E 7=0G5=ь :>=F5=B@0FVW 5;5:B@>=V2 B0 B5<?5@0BC@8 ?;07<8 

B>4V V ;8H5 B>4V, :>;8 ?;07<>B2V@=89 307 A:;040єBьAO ;8H5 7 0B><V2 

5;5:B@>4=>3> ?>E>465==O, I>, =0 =0HC 4C<:C, є <0;>9<>2V@=8<. "B65, <>6=0 

7@>18B8 28A=>2>:, I> 4>2545==O @50;V70FVW ;>:0;ь=>W B5@<>48=0<VG=>W 

@V2=>2038 2 ?;07<V @>7@82=8E 4C3>28E @>7@O4V2 ?>B@51Cє ?>40;ьH8E 4>A;V465=ь 

V7 70157?5G5==O< ?@>AB>@>2>W @>74V;ь=>W 740B=>ABV. !52@0EC20==O 

=5>4=>@V4=>ABV ?;07<8, 0 B0:>6 @5єAB@0FVW A?5:B@V2 28?@><V=N20==O, 

CA5@54=5=>3> O: V7 ?>78B82=>3> AB>2?0 4C38, B0: V 7 ?@85;5:B@>4=8E >1;0AB59, 

?@872>48Bь 4> ACBBє28E =5B>G=>AB59 C @>7@0EC=:0E A:;04C ?;07<8. &0:8< 

G8=><, >B@8<0=V @57C;ьB0B8 =5 <>6=0 22060B8 01A>;NB=> 4>AB>2V@=8<8, ?@>B5 
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2>=8 4C65 :>@8A=V 4;O >FV=:8 AB0=C ?;07<8 B0 @50;V70FVW ;>:0;ь=>W 

B5@<>48=0<VG=>W @V2=>2038. 

 

�8A=>2:8 4> @>74V;C 3 

 

�>A;V465=> 28?@><V=N20==O ?;07<8 5;5:B@>4C3>28E @>7@O4V2 

:><?>78B=8<8 5;5:B@>40<8 Cu-W50 >1.%, 283>B>2;5=8E 70 B5E=>;>3VєN 

C40@=>3> A?V:0==O ?@8 B5<?5@0BC@0E 750, 850, 950 V 1050°C. 

�AB0=>2;5=>, I> VA=Cє 70;56=VABь <V6 V=B5=A82=VABN 5@>7VW :><?>=5=BV2 

:><?>78FV9=8E <0B5@V0;V2 (<V4V B0 2>;ьD@0<C) B0 B5E=>;>3VєN 283>B>2;5==O, 

7>:@5<0, B5<?5@0BC@>N C40@=>3> A?V:0==O. &0:0 ?>254V=:0 5@>7VW 

A?>AB5@V30єBьAO, ?@8=09<=V, ?@8 ?V428I5==V B5<?5@0BC@8 C40@=>3> A?V:0==O 4> 

7=0G5==O B5<?5@0BC@8 ?;02;5==O >4=>3> 7 :><?>=5=BV2 :><?>78BC (2 40=><C 

28?04:C <V4V). �>:@5<0, =09<5=H0 :>=F5=B@0FVO 0B><V2 <5B0;C 5;5:B@>4=>3> 

?>E>465==O A?>AB5@V30єBьAO 2 ?>78B82=><C AB>2?V ?;07<8 5;5:B@>4C3>28E 

@>7@O4V2 <V6 Cu-W :><?>78B0<8, 283>B>2;5=8<8 ?@8 B5<?5@0BC@V C40@=>3> 

A?V:0==O 1050°% 3 =091;86G>W 4> B5<?5@0BC@8 ?;02;5==O <V4V (1085°%). &0:8< 

G8=><, F5 40є ?V4AB028 22060B8, I> :><?>78B=V <0B5@V0;8, 283>B>2;5=V ?@8 

B5<?5@0BC@V 1050°C, 45<>=AB@CNBь =0928IC ABV9:VABь 4> 5@>7VW B0 5D5:B82=VABь 

@>7AVN20==O 5=5@3VW. #@>B5 <0B5@V0;8 5;5:B@>4V2, 283>B>2;5=V ?@8 950°C, B0:>6 

<>6CBь 70157?5G8B8 5D5:B82=5 @>7AVN20==O 5=5@3VW, ?@8 45I> 28I8E 

?>:07=8:0E 5@>7VW. $57C;ьB0B8 4>A;V465==O ?V4:@5A;NNBь 206;82VABь 2?;82C 

B5<?5@0BC@8 A?V:0==O (O: ?0@0<5B@0 2 B5E=>;>3VW 28@>1=8FB20 :><?>78B=8E 

<0B5@V0;V2 Cu-W) =0 5@>7V9=C ABV9:VABь :V=F52>3> ?@>4C:BC. 

�>A;V465==O A?5:B@0;ь=>3> 28?@><V=N20==O ?;07<8 @>7@82=8E 4C3>28E 

@>7@O4V2 <V6 :><?>78B=8<8 Cu-W 5;5:B@>40<8 40;> FV==C V=D>@<0FVN ?@> 

?>254V=:C ?;07<8 70 @V7=8E C<>2. �AB0=>2;5=>, I> @5єAB@0FVW A?5:B@V2 

28?@><V=N20==O, CA5@54=5=>3> O: V7 ?>78B82=>3> AB>2?0 4C38, B0: V 7 

?@85;5:B@>4=8E >1;0AB59, ?@872>48Bь 4> ACBBє28E =5B>G=>AB59 C @>7@0EC=:0E 
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A:;04C ?;07<8. *5 ?>2’O70=> 7 B8<, I> ;>:0;ь=0 B5@<>48=0<VG=0 @V2=>2030 =5 

<>65 1CB8 @50;V7>20=0 2 ?;07<V @>7@82=8E 4C3 A8;>N AB@C<C 4 �, =0 I> 2:07Cє 

0=><0;ь=0 ?>254V=:0 >B@8<0=8E @57C;ьB0BV2 @>7@0EC=:V2 4><VH>: ?0@V2 <5B0;V2. 

' ?V4AC<:C 20@B> 707=0G8B8, I> 4>2545==O <>6;82>ABV @50;V70FVW ;>:0;ь=>W 

B5@<>48=0<VG=>W @V2=>2038 2 ?;07<V @>7@82=8E 4C3>28E @>7@O4V2 ?>B@51Cє 

?>40;ьH8E 4>A;V465=ь V7 70157?5G5==O< ?@>AB>@>2>W @>74V;ь=>W 740B=>ABV. 
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4. ��!�$�*�/ �" #���%��  �&����: $��'�Ь&�&� �"%�����!Ь 

$"�$/�!"� #��� � 

 

�0=89 @>74V; ?@8A2OG5=89 4V03=>AB8FV ?;07<8 ?V42>4=8E 5;5:B@>VA:@>28E 

@>7@O4V2. �>:@5<0, C ?V4@>74V;V 4.1 ?@54AB02;5=V @57C;ьB0B8 4>A;V465=ь ?;07<8 

B0:8E @>7@O4V2 <V6 3@0=C;0<8 <>;V145=C B0 70;V70. #V4@>74V; 4.2 ?@8A2OG5=89 

4>A;V465==N ?0@0<5B@V2 ?;07<8  ?V42>4=>3> @>7@O4C <V6 >4=>:><?>=5=B=8<8 

3@0=C;0<8 <V4V B0 >:@5<> <>;V145=C, >1<V4=5=>3> <>;V145=C B0 <V4V 7 

<>;V145=>< 7 >1'є<=8< A?V22V4=>H5==O< 50%. "?B8G=0 5<VAV9=0 A?5:B@>A:>?VO 

28:>@8AB0=0 4;O 4>A;V465==O B0:>W ?;07<8 ?V42>4=8E 5;5:B@8G=8E VA:@>28E 

@>7@O4V2 <V6 :>6=8< 284>< 3@0=C;. � A0<5, B5<?5@0BC@C 70A5;5==O 287=0G0;8 

<5B>4>< 4V03@0< �>;ьF<0=0 V7 70;CG5==O< V=B5=A82=>ABV 28?@><V=N20==O 

A?5:B@0;ь=8E ;V=V9 0B><V2 <5B0;V2 B0 A?5:B@0;ь=8E ;V=V9 3V4@>35=C A5@VW 

�0;ь<5@0. �>=F5=B@0FVN 5;5:B@>=V2 287=0G0;8 7 H8@8=8 A?5:B@0;ь=8E ;V=V9 

2>4=N B0 45O:8E <5B0;V2 C ?@8?CI5==V, I> 5D5:B ,B0@:0 є 4><V=CNG8< 

<5E0=V7<>< @>7H8@5==O. 

 

 

4.1. %?5:B@>A:>?VO ?;07<8 ?V42>4=8E 5;5:B@>VA:@>28E @>7@O4V2 7 

4><VH:0<8 ?0@V2 <>;V145=C B0 70;V70 

 

�>A;V465==O ?;07<8 ?V42>4=8E 5;5:B@>VA:@>28E @>7@O4V2 7 4><VH:0<8 

?0@V2 70;V70 B0 >:@5<> <>;V145=C ?@>2>48;8Aь V7 70;CG5==O< 5:A?5@8<5=B0;ь=>W 

CAB0=>2:8, =02545=>W =0 $8A. 2.26, 2 4-E @V7=8E @568<0E V<?C;ьA=>3> 35=5@0B>@0. 

�;5:B@8G=V ?0@0<5B@8 4;O :>6=>3> 7 @568<V2 =02545=V 2 B01;8FV 4.1. �0@B> 

707=0G8B8, I> є<=VABь :>=45=A0B>@0 C1 AB0=>28;0 100 <:(. 
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&01;8FO 4.1 3 �=0G5==O =0?@C38 U B0 5=5@3VW E, ?@8:;045=>W 4> @>7@O4=>W 

:0<5@8 4;O @V7=8E @568<V2, :5@>20=8E 7<V==>N D07>N Ç [4*] 

$568< № 1 2 3 4 

Ç, ° 110 65 50 40 

U, � 70 120 140 150 

E, �6 0.22 0.71 0.94 1.06 

 

 

$8AC=>: 4.1 3 �0@5єAB@>20=89 A?5:B@ 28?@><V=N20==O ?V42>4=>3> @>7@O4C 

<V6 3@0=C;0<8 <>;V145=C B0 7<>45;ь>20=5 B5?;>25 28?@><V=N20==O <>;V145=C 

[4*] 

 

&8?>2V A?5:B@8 28?@><V=N20==O ?;07<8 ?V42>4=>3> @>7@O4C <V6 

3@0=C;0<8 <>;V145=C ?>:070=V =0 $8A. 4.1 (G>@=0 ;V=VO 3 Registered spectrum). 

/: ?@8:;04 ?>:070=V ;8H5 A?5:B@8 28?@><V=N20==O ?;07<8 ?V42>4=>3> @>7@O4C 

2 @568<V 1, A?5:B@0;ь=0 GCB;82VABь 2@0E>20=0. +VB:> 284=>, I> 28?@><V=N20==O 

?;07<8 7 4><VH:0<8 ?0@V2 <>;V145=C E0@0:B5@87CєBьAO =0O2=8< =5?5@5@2=8< 

28?@><V=N20==O< (:>=B8=CC<><) 2 A8=V9 >1;0ABV A?5:B@0. *5 O28I5 <>65 1CB8 

28:;8:0=5 @V7=8<8 ?@8G8=0<8, O:V @>73;O40;8AO C ?;07<V 2V;ь=>-VA=CNG>3> 

450 500 550 600 650 700 750 800 850 900

0

1000

2000

3000

4000

5000

6000

ü, nm

 Registered spectrum

 Simulated black-body 

         radiation  

I, a.u.
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4C3>2>3> @>7@O4C 2 0B<>AD5@V ?>2VB@O [96]. ' Fь><C 28?04:C <>6=0 ?@8?CAB8B8, 

I> F5 B5?;>25 28?@><V=N20==O 2=0A;V4>: CB2>@5==O =03@VB8E =0=>G0AB8=>: 

>:A84V2 <>;V145=C. 

' @>1>BV [96] 2AB0=>2;5=>, I> :>=B8=CC<, 7<>45;ь>20=89 73V4=> V7 

70:>=>< #;0=:0, 71V30єBьAO V7 @50;ь=8<8 >B@8<0=8<8 A?5:B@0<8. ' 72'O7:C 7 

F8< C Fь><C 4>A;V465==V ?@>2545=> 0=0;>3VG=5 <>45;N20==O 

28?@><V=N20==O G>@=>3> BV;0 O: ?>:070=> =0 $8A. 4.1 (G5@2>=0 ;V=VO 3 

Simulated black-body radiation). �84=>, I> @>7?>4V; V=B5=A82=>ABV Fь>3> 

28?@><V=N20==O 71V30єBьAO 7 :>=B8=CC<>< C A?>AB5@56C20=><C A?5:B@V.  

->1 2@0EC20B8 2=5A>: Fь>3> :>=B8=CC<C 2 V=B5=A82=VABь 

28?@><V=N20==O A?5:B@0;ь=8E ;V=V9 =0 =0ABC?=><C 5B0?V >1@>1:8 A?5:B@C, 

V7 70@5єAB@>20=>3> A?5:B@C 1C;> 28;CG5=> 7<>45;ь>20=5 B5?;>25 

28?@><V=N20==O. "B@8<0=89 A:>@83>20=89 A?5:B@ =02545=> =0 $8A. 4.2 

(G>@=0 ;V=VO 3 Real spectrum). 

 

 

$8AC=>: 4.2 3 %?5:B@ 28?@><V=N20==O 7 28;CG5=8< B5?;>28< 

28?@><V=N20==O< B0 7<>45;ь>20=8< A?5:B@>< 7 28:>@8AB0==O< 40=8E, 27OB8E 7 

1078 40=8E NIST [77] (Data from NIST) [4*] 

450 500 550 600 650 700 750 800 850 900

0

1000

2000

3000

4000

5000

Mo I 603.1

Mo I 557

Mo I 553.3

Mo I 550.6

ü, nm

 Real spectrum

 Data from NIST

I, a.u.

Mo I 476

Mo I 473.1

O I 777.1

Ha 656.3
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&8?>289 A?5:B@ 28?@><V=N20==O ?;07<8 ?V42>4=>3> @>7@O4C <V6 

3@0=C;0<8 70;V70 2 @568<V 1 V7 2@0E>20=>N A?5:B@0;ь=>N GCB;82VABN B0 

7<>45;ь>20=8< A?5:B@>< 7 28:>@8AB0==O< 40=8E, 27OB8E 7 1078 40=8E NIST 

?>:070=89 =0 $8A. 4.1 (G>@=0 ;V=VO 3 Real spectrum). /: 284=>, A?5:B@ 

28?@><V=N20==O B0:>W ?;07<8, ?>@V2=O=> 7 ?;07<>N 7 4><VH:0<8 ?0@V2 

<>;V145=C, =5 E0@0:B5@87CєBьAO =0O2=VABN =5?5@5@2=>3> 28?@><V=N20==O. 

 

 

$8AC=>: 4.3 3 �0@5єAB@>20=89 A?5:B@ 28?@><V=N20==O ?V42>4=>3> 

@>7@O4C <V6 3@0=C;0<8 70;V70 B0 7<>45;ь>20=8< A?5:B@>< 7 28:>@8AB0==O< 

40=8E, >B@8<0=8E 7 1078 40=8E NIST [77] (Data from NIST) [4*] 

 

� <5B>N V45=B8DV:0FVW A?5:B@0;ь=8E ;V=V9 Mo I 01> Fe I 7<>45;ь>20=> 

A?5:B@8 70 4>?><>3>N 40=8E, 27OB8E 7 1078 40=8E NIST [77], O: ?>:070=> =0 

$8A. 4.2 B0 4.3 (G>@=V B>G:8 3 Data from NIST). �84=>, I> 28?@><V=N20==O 

?;07<8 ?V42>4=>3> @>7@O4C <V6 3@0=C;0<8 <>;V145=C 01> 70;V70 A:;040єBьAO 

?5@5206=> V7 A?5:B@0;ь=8E ;V=V9 Mo I 01> Fe I (2V4<VG5=V =091V;ьH 

V=B5=A82=V A?5:B@0;ь=V ;V=VW) B0 Hα 7 B@8?;5B>< O I 777,1 =<, I> є 

?@8@>4=8< 4;O @>7@O4V2, V=VFV9>20=8E C 2>4V [71]. 

450 500 550 600 650 700 750 800 850 900

0

2000

4000

6000

8000

Fe I 561.5

Fe I 558.6

 Real spectrum

 Data from NIST

O I 777.1

ü, nm

I, a.u.

Ha 656.3

Fe I 557.2

Fe I 523.2

Fe I 516.7

Fe I 495.7

Fe I 492

Fe I 489.1
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/: 284=> 7 $8A. 4.2, ?VA;O 28;CG5==O B5?;>2>3> 28?@><V=N20==O 7V 

A?5:B@V2 28?@><V=N20==O ?;07<8 7 4><VH:0<8 ?0@V2 <>;V145=C, C A?5:B@V 

2A5 I5 A?>AB5@V30єBьAO 45O:5 VAB>B=5 «D>=>25» 28?@><V=N20==O 2 

A?5:B@0;ь=><C 4V0?07>=V 465-505 =<. "A:V;ь:8 B5?;>25 28?@><V=N20==O 

28;CG5=>, B> <>6=0 ?@8?CAB8B8, I> 40=5 28?@><V=N20==O ?>2’O70=5 7 

25;8:>N :V;ь:VABN A?5:B@0;ь=8E ;V=V9 Mo I, ?@>DV;V O:8E ?5@5:@820NBьAO. 

�;O 45<>=AB@0FVW Fь>3> 5D5:BC 7@>1;5=> @5:>=AB@C:FVN 2Aь>3> 2:070=>3> 

A?5:B@0;ь=>3> 4V0?07>=C O: ?>:070=> =0 $8A. 4.4, 0 A0<5, :>65= ?V:, O:89 

A?>AB5@V30єBьAO 2 Fь><C 4V0?07>=V (G>@=V B>G:8 3 Experimental dots), 

>4=>G0A=> 0?@>:A8<>20=> DC=:FVєN (>9EB0. 

 

 

$8AC=>: 4.4 3 �?@>:A8<0FVO 281@0=>3> A?5:B@0;ь=>3> 4V0?07>=C 7 

VAB>B=8< «D>=>28<» 28?@><V=N20==O< [4*] 

 

�AB0=>2;5=>, I> @5:>=AB@C9>20=89 70 0?@>:A8<0FVєN 27 ?V:V2 

@>7?>4V; V=B5=A82=>ABV 28?@><V=N20==O ?>2=VABN 71V30єBьAO 7 

28?@><V=N20==O< C Fь><C A?5:B@0;ь=><C 4V0?07>=V (A8=O :@820 3 

Reconstructed emission intensity distribution). *5 2:07Cє =0 B5, I> 40=5 

470 475 480 485 490 495 500

0

500

1000

1500

2000
 Experimental dots

 Data from NIST

 Reconstructed emission 

         intensity distribution

ü, nm

I, a.u.
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«D>=>25» 28?@><V=N20==O 28:;8:0=5 =0:;045==O< :>=BC@V2 A?5:B@0;ь=8E 

;V=V9 B0 WE 270є<=8< 2?;82>< >48= =0 >4=>3>. 

%;V4 7@>18B8 28A=>2>:, I> A?5:B@0;ь=89 4V0?07>=, O:89 A:;040єBьAO 7 

25;8:>W :V;ь:>ABV A?5:B@0;ь=8E ;V=V9, =5>1EV4=> 0?@>:A8<C20B8 7 

>4=>G0A=8< 2@0EC20==O< 2?;82C :>6=>W 7 =8E. &0:89 ?V4EV4 4>72>;Oє 

C=8:=CB8 =0O2=>ABV E81=>3> «D>=>2>3>» 28?@><V=N20==O V, O: =0A;V4>:, 

=54>>FV=5==O V=B5=A82=>ABV A?5:B@0;ь=8E ;V=V9. *5, C A2>N G5@3C, 4>72>;Oє 

:>@5:B=> 287=0G8B8 B5<?5@0BC@C 70A5;5==O 5=5@35B8G=8E @V2=V2 2 0B><V.  

�>=F5=B@0FVN 5;5:B@>=V2 C ?;07<V 287=0G5=> 7 ?>2=>W H8@8=8 =0 

?>;>28=V 28A>B8 A?5:B@0;ь=>W ;V=VW Hα, C ?@8?CI5==V, I> 5D5:B ,B0@:0 є 

4><V=CNG8< <5E0=V7<>< @>7H8@5==O FVєW ;V=VW. !0 Fь><C 5B0?V 4V03=>AB8:8 

?>AB0;> 9 ?8B0==O 0?@>:A8<0FVW, ?@> O:5 9H;>AO 28I5 (482. $8A. 4.4). � A0<5, 

=5<>6;82> 4>AO3B8 ?>2=>3> 71V3C 0?@>:A8<CNG>W :@82>W 7 :>=BC@>< 

A?5:B@0;ь=>W ;V=VW (Experimental dots). �AB0=>2;5=>, I> 2 A?5:B@0;ь=><C 

4V0?07>=V, 2 O:><C 28?@><V=NєBьAO ;V=VO Hα (620-700 =<), <>6CBь B0:>6 

28?@><V=N20B8 :V;ь:0 A?5:B@0;ь=8E ;V=V9 <>;V145=C (482 $8A. 4.5, Data from 

NIST). ' 72'O7:C 7 F8<, O: V @0=VH5, 28:>@8AB0=> 0?@>:A8<0FVN 45:V;ь:><0 

?V:0<8, 2 @57C;ьB0BV G>3>, 4>AO3=CB> =09:@0I>3> 71V3C 0?@>:A8<CNG>W :@82>W 7 

?@>DV;5< A?5:B@0;ь=>W ;V=VW Hα (4;O ?@8:;04C ?@>45<>=AB@>20=> 4;O @568<C 1, 

482. $8A. 4.5). 

&8?>20 0?@>:A8<0FVO A?5:B@0;ь=>W ;V=VW Hα >4=>?V:>28< <5B>4>< 2 ?;07<V 

7 4><VH:0<8 ?0@V2 70;V70 ?>:070=0 =0 $8A. 4.6 (4;O ?@8:;04C ?>:070=> ;8H5 

@568< 1). �>=F5=B@0FVO 5;5:B@>=V2 >45@60=0 2V4?>2V4=> 4> @V2=O==O (2.46), 

2 O:><C HB0@:V2Aь:0 H8@8=0 wS ?@8@V2=O=0 4> ;>@5=FV2Aь:>W H8@8=8 wL O: 

?0@0<5B@0 DC=:FVW (>9EB0. �=AB@C<5=B0;ь=C DC=:FVN 2@0E>2C20;8 O: 

30CAAV2Aь:C A:;04>2C H8@8=8 wG DC=:FVW (>9EB0 (482. $8A. 4.5 B0 4.6). 
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$8AC=>: 4.5 3 &8?>20 0?@>:A8<0FVO :>=BC@C A?5:B@0;ь=>W ;V=VW Hα, 

70@5єAB@>20=>W 2 ?;07<V ?V42>4=>3> @>7@O4C 7 4><VH:0<8 ?0@V2 <>;V145=C 2 

@568<V 1 [4*] 

 

 

$8AC=>: 4.6 3 &8?>20 0?@>:A8<0FVO :>=BC@C A?5:B@0;ь=>W ;V=VW Hα, 

70@5єAB@>20=>W 2 ?;07<V ?V42>4=>3> @>7@O4C 7 4><VH:0<8 ?0@V2 70;V70 2 

@568<V 1 [4*] 

620 640 660 680 700

0

1000

2000

3000

4000

5000  Experimental dots

 Data from NIST 

         wG=0.26 nm

         wL=wS=3.33 nm

         Ne=5×1023 m-3

ü, nm

I, a.u.

635 640 645 650 655 660 665 670 675

0

1000

2000

3000

4000

5000

6000

I, a.u.

 Experimental dots

         wG=0.26 nm

         wL=wS=1.58 nm

         Ne=1.7×1023 m-3

ü, nm



147 

&5<?5@0BC@C 70A5;5==O 0B><V2 <>;V145=C 2 ?;07<V ?V42>4=8E @>7@O4V2 

287=0G0;8 <5B>4>< 4V03@0< �>;ьF<0=0 V7 70;CG5==O< V=B5=A82=>ABV 

28?@><V=N20==O ?>?5@54=ь> 2V4V1@0=8E A?5:B@0;ь=8E ;V=V9 Mo I 473,1; 476,0; 

550,6; 553,3; 557,0 B0 603,1 =< [97]. &8?>2V 4V03@0<8 �>;ьF<0=0 V7 707=0G5=8<8 

B5<?5@0BC@0<8 70A5;5==O B0 :>=F5=B@0FVO<8 5;5:B@>=V2, >45@60=8E 2 @V7=8E 

@568<0E @>7@O4V2 7 4><VH:0<8 ?0@V2 <>;V145=C, =02545=V =0 $8A. 4.7. 

%?5:B@>A:>?VG=V :>=AB0=B8 A?5:B@0;ь=8E ;V=V9 0B><V2 <>;V145=C Mo I B0 70;V70 

Fe I [77], V45=B8DV:>20=8E 7V A?5:B@V2 B0 281@0=8E 4;O 4V03=>AB8:8 ?;07<8 

?V42>4=8E @>7@O4V2, =02545=V 2 B01;8FV 4.2. 

 

&01;8FO 4.2 3 %?5:B@0;ь=V ;V=VW 0B><V2 <>;V145=C Mo I B0 70;V70 Fe I [77], 

V45=B8DV:>20=V 7V A?5:B@V2 B0 281@0=V 4;O 4V03=>AB8:8 ?;07<8 ?V42>4=8E @>7@O4V2. 

�V=VO ü, =< 
#5@5EV4 k→i 

�>=DV3C@0FVO &5@< 
gk gi Ek, 5� Ei, 5� gifik Akigk 

Mo I 473,1 4d
5
5p 

3
H5→4d5

5s 
3
G4 11 9 5,24 2,62 1,66 4,49·107 

Mo I 476,0 4d
5
5p 

3
H6→4d5

5s 
3
G5 13 11 5,25 2,65 2,06 4,67·107

 

Mo I 550,6 4d
5
5p 

5
P3→4d5

5s 
5
S2 7 5 3,59 1,34 1,15 3,61·107

 

Mo I 553,3 4d
5
5p 

5
P2→4d5

5s 
5
S2 5 5 3,58 1,34 0,85 3,72·107

 

Mo I 557,0 4d
5
5p 

5
P1→d5

5s 
5
S2 3 5 3,56 1,34 0,46 3,3·107

 

Mo I 603,1 4d
5
5p 

5
P3→4d4

5s
2
 
5
D4 7 9 3,59 1,53 0,30 7,86·106

 

Fe I 489,1 3d
6
4s5s 

7
D3→3d6

4s4p 
7
F4 7 9 5,39 2,85 0,77 3,08·107

 

Fe I 492,0 3d
6
4s5s 

7
D4→3d6

4s4p 
7
F5 9 11 5,35 2,83 1,17 3,58·107

 

Fe I 495,7 3d
6
4s5s 

7
D5→3d6

4s4p 
7
F6 11 13 5,31 2,81 1,71 4,22·107

 

Fe I 516,7 3d
6
4s4p 

3
D3→3d7

4s 
3
F4 7 9 3,88 1,49 0,08 2,72·106

 

Fe I 523,2 3d
6
4s5s 

7
D5→3d6

4s4p 
7
P4 11 9 5,31 2,94 0,88 1,94·107

 

Fe I 557,2 3d
6
4s5s 

5
D2→3d6

4s4p 
5
F3 5 7 5,62 3,40 0,53 2,28·107

 

Fe I 558,6 3d
6
4s5s 

5
D3→3d6

4s4p 
5
F4 7 9 5,59 3,37 0,72 2,19·107

 

Fe I 561,5 3d
6
4s5s 

5
D4→3d6

4s4p 
5
F5 9 11 5,54 3,33 1,12 2,64·107
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4 5 

6 7 

$8AC=>: 4.7 3 &8?>2V 4V03@0<8 �>;ьF<0=0 V7 70;CG5==O< V=B5=A82=>ABV 

28?@><V=N20==O A?5:B@0;ь=8E ;V=V9 Mo I, >B@8<0=V 4;O @568<V2: (0) 1, (1) 2, 

(2) 3 B0 (3) 4 (482. B01;8FN 4.1) [4*] 

 

�;O 287=0G5==O B5<?5@0BC@8 70A5;5==O 5=5@35B8G=8E @V2=V2 2 0B><V 

70;V70 4;O :>6=>3> 7 @568<V2 @>7@O4C 28:>@8AB0=> A?5:B@0;ь=V ;V=VW Fe I 

489,1; 492,0; 495,7; 516,7; 523,2; 557,2; 558,6; 561,5 =<. &8?>2V 4V03@0<8 

�>;ьF<0=0 V7 70;CG5==O< V=B5=A82=>ABV 28?@><V=N20==O 28I573040=8E 

A?5:B@0;ь=8E ;V=V9 B0 V7 707=0G5=8<8 B5<?5@0BC@0<8 70A5;5==O B0 

:>=F5=B@0FVO<8 5;5:B@>=V2 ?>:070=V =0 $8A. 4.8. 

3.4 3.6 3.8 4.0 4.2 4.4 4.6 4.8 5.0 5.2 5.4

-37.0

-36.5

-36.0

-35.5

-35.0

473.1

476

550.6
553.3

557

603.1

ln(Iü/Ag)

E, eV

  T=(12800±1700) K; Ne=5.1E+23 m-3 

3.4 3.6 3.8 4.0 4.2 4.4 4.6 4.8 5.0 5.2 5.4

-39

-38

-37

-36

-35

473.1
476

550.6

553.3
557

603.1

 T=(11000±1400) K;  Ne=4.5E+23 m-3

 T=(11500±1500) K;  Ne=5.5E+23 m-3

 T=(11000±800) K;  Ne=3.8E+23 m-3

E, eV

ln(Iü/gA)

3.4 3.6 3.8 4.0 4.2 4.4 4.6 4.8 5.0 5.2 5.4

-38.5

-38.0

-37.5

-37.0

-36.5

-36.0

-35.5

-35.0

473.1
476

550.6
553.3

557
603.1

ln(Iü/gA)

 T=(10700±1600) K;  Ne=9.1E+23 m-3

 T=(9600±700) K;  Ne=4.1E+23 m-3

 T=(11000±1200) K;  Ne=1E+24 m-3

E, eV

3.4 3.6 3.8 4.0 4.2 4.4 4.6 4.8 5.0 5.2 5.4

-38.5

-38.0

-37.5

-37.0

-36.5

-36.0

-35.5

-35.0

473.1
476

550.6
553.3

557

603.1

ln(Iü/gA)

 T=(10500±1400) K;  Ne=4.5E+23 m-3

 T=(10400±1000) K;  Ne=3.7E+23 m-3

 T=(10300±1400) K;  Ne=6.2E+23 m-3

E, eV
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4 5 

6 7 

$8AC=>: 4.8 3 &8?>2V 4V03@0<8 �>;ьF<0=0 V7 70;CG5==O< V=B5=A82=>ABV 

28?@><V=N20==O A?5:B@0;ь=8E ;V=V9 Fe I, >B@8<0=V 4;O @568<V2: (0) 1, (1) 2, 

(2) 3 B0 (3) 4 (482. B01;8FN 4.1) [4*] 

 

' 40=><C @>74V;V ?@>2545=> >FV=:C =091V;ьH >?B8<0;ь=>3> @568<C 

@>1>B8 @>7@O4C 4;O A8=B57C =0=>G0AB8=>: =0 >A=>2V 5:A?5@8<5=B0;ь=> 

>B@8<0=8E ?0@0<5B@V2 ?;07<8 ?V42>4=>3> @>7@O4C <V6 3@0=C;0<8 <>;V145=C 

01> 70;V70, 0 A0<5 B5<?5@0BC@8 70A5;5==O 5=5@35B8G=8E @V2=V2 0B><V2 <5B0;V2 

B0 :>=F5=B@0FVW 5;5:B@>=V2. �>:@5<0, A?V22V4=>H5==O <V6 5;5:B@>==>N 

:>=F5=B@0FVєN B0 B5<?5@0BC@>N 70A5;5==O 28:>@8AB>2CєBьAO O: ?0@0<5B@ 

3.8 4.0 4.2 4.4 4.6 4.8 5.0 5.2 5.4 5.6 5.8

-8

-7

-6

-5

-4

-3

489.1

492

495.7

516.7

523.2
557.2

558.6
561.5

ln(Iü/gA)

 T=(6300±1300) K; Ne=2.0E+23

 T=(6600±1200) K; Ne=2.3E+23

 T=(6200±1100) K; Ne=1.7E+23

E, eV

3.5 4.0 4.5 5.0 5.5 6.0

-9

-8

-7

-6

-5

-4

489.1
492

495.7

516.7

523.2
557.2

558.6
561.5

 T=(6800±1400) K; Ne=3.1E+23 m-3

 T=(6200±1000) K; Ne=2.0E+23 m-3

ln(Iü/gA)

E, eV

3.5 4.0 4.5 5.0 5.5 6.0

-9

-8

-7

-6

-5

-4

-3

489.1
492

495.7

516.7

523.2 557.2

558.6
561.5

 T=(7300±1300) K; Ne=5.5E+23 m-3

 T=(6500±900) K; Ne=2.5E+23 m-3

ln(Iü/gA)

E, eV

3.8 4.0 4.2 4.4 4.6 4.8 5.0 5.2 5.4 5.6 5.8

-9

-8

-7

-6

-5

-4

489.1

492

495.7

516.7

523.2

557.2

558.6

561.5

 T=(7300±1700) K; Ne=2.3E+23 m-3

 T=(6800±1200) K; Ne=1.7E+23 m-3

E, eV

ln(Iü/gA)
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4;O >FV=:8 >?B8<0;ь=>W 5D5:B82=>ABV 48A8?0FVW 5=5@3VW 2 @>7@O4V 2 ?@>F5AV 

35=5@0FVW :><?;5:AV2 <5B0;V2. �>=F5=B@0FVO 5;5:B@>=V2 C ?;07<V є ?@O<8< 

?>:07=8:>< AB@C<C, O:89 <>65 @50;V7C20B8AO C :0=0;V @>7@O4C. � V=H>3> 

1>:C, 71V;ьH5==O AB@C<C A2V4G8Bь ?@> 71V;ьH5==O 5=5@3VW, O:0 ?@8:;040єBьAO 

4> 3@0=C; <5B0;V2, V, >G5284=>, 71V;ьH5==O 9<>2V@=>ABV @C9=C20==O 3@0=C; 

<5B0;V2 V 35=5@0FVW :><?;5:AV2 <5B0;V2. � V=H>3> 1>:C, 7=865==O 

B5<?5@0BC@8 70A5;5==O A2V4G8Bь ?@> 71V;ьH5==O ?0@V2 <5B0;C 2 @>7@O4=><C 

:0=0;V. *59 D0:B <>65 A2V4G8B8 ?@> B5, I> =0 28?0@>2C20==O <0B5@V0;C 

3@0=C; 28B@0G0єBьAO ?>@V2=O=> 1V;ьH5 5=5@3VW. &0:8< G8=><, <>6=0 

?@8?CAB8B8, I> G8< 1V;ьH5 7=0G5==O Fь>3> ?0@0<5B@0, B8< 5D5:B82=VH5 

28B@0G0єBьAO 5=5@3VO =0 28?0@>2C20==O <0B5@V0;C 3@0=C;8. $57C;ьB0B8 B0:>W 

>FV=:8 =02545=V 2 B01;8FV 4.3. 

 

&01;8FO 4.3 3 %?V22V4=>H5==O :>=F5=B@0FVW 5;5:B@>=V2 V B5<?5@0BC@8 

70A5;5==O 4;O @V7=8E @568<V2 35=5@0FVW ?V42>4=>3> @>7@O4C [4*] 

$56
8< № 

ý�� , м23К  4;O ?;07<8 7 
?0@0<8 <>;V145=C 

ý�� , м23К  4;O ?;07<8 7 
?0@0<8 70;V70 

1 3,9·1019 
3,1·1019

 

2 4,1·1019
 3,9·1019

 

3 7,3·1019
 5,7·1019

 

4 4,6·1019
 2,8·1019

 

 

�84=>, I> B0:5 2V4=>H5==O 4>AO30є A2>3> <0:A8<0;ь=>3> 7=0G5==O 4;O 

@568<C 3 (U = 140 �, E = 0,94 �6) O: 4;O ?;07<8 ?V42>4=>3> @>7@O4C <V6 

3@0=C;0<8 <>;V145=C, B0: V 70;V70. &0:8< G8=><, <>6=0 7@>18B8 28A=>2>: 73V4=> 

7 28I573040=8< ?@8?CI5==O<, I> =091V;ьH ?5@5206=8< V >?B8<0;ь=8< 

@568<>< ?V42>4=>3> @>7@O4C 4;O 28?0@>2C20==O 3@0=C;ь>20=>3> <0B5@V0;C є 

@568< 3 4;O ?V42>4=>3> @>7@O4C <V6 3@0=C;0<8 70;V70 V <>;V145=C. 
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4.2. %?5:B@>A:>?VO ?;07<8 ?V42>4=8E 5;5:B@>VA:@>28E @>7@O4V2 7 

4><VH:0<8 ?0@V2 <V4V B0 <>;V145=C 

 

%?5:B@8 28?@><V=N20==O ?;07<8 ?V42>4=>3> @>7@O4C 7 4><VH:0<8 ?0@V2 

<V4V B0/01> <>;V145=C @5єAB@C20;8 B0: A0<> V7 28:>@8AB0==O< A?5:B@><5B@0 

Solar LS SDH-IV 2 A?5:B@0;ь=><C 4V0?07>=V 2V4 440 4> 910 =< B0 0?0@0BC@=>N 

DC=:FVєN 0,33 =<. %?5:B@8 28?@><V=N20==O @5єAB@C20;8AO ?@>BO3>< G0AC. 

&5<?5@0BC@C 70A5;5==O 5=5@35B8G=8E @V2=V2 0B><V2 <5B0;V2 2 ?;07<V 287=0G0;8 

<5B>4>< 4V03@0< �>;ьF<0=0 V7 70;CG5==O< V=B5=A82=>ABV 28?@><V=N20==O 

A?5:B@0;ь=8E ;V=V9 Cu I 465,1; 510,5; 515,3; 570,0; 578,2; 809,3 =<, Mo I 470,7; 

473,1; 476,0; 550,7; 553,3; 557,0; 568,9; 575.1; 592.9; 603.1 =< B0 A?5:B@0;ь=8E 

;V=V9 2>4=N A5@VW �0;ь<5@0, 0 A0<5 Hα 656,3 B0 Hβ 486,1 =<. 

&5<?5@0BC@8 70A5;5==O 5=5@35B8G=8E @V2=V2 2 0B><0E <V4V (G>@=V B>G:8 3 

Cu I), <>;V145=0 (A8=V B>G:8 3 Mo I) B0 2>4=N (G5@2>=V B>G:8 3 Balmer series) 2 

?;07<V ?V42>4=>3> @>7@O4C <V6 @V7=8< B8?>< 3@0=C;, ?>:070=V =0 $8A. 4.9. 

�84=>, I> 4;O @568<C >1<V4=5=89 �> B5<?5@0BC@8 70A5;5==O, 287=0G5=V 

V7 70;CG5==O< V=B5=A82=>AB59 28?@><V=N20==O A?5:B@0;ь=8E ;V=V9 Cu I, Mo I B0 

A?5:B@0;ь=8E ;V=V9 A5@VW �0;ь<5@0, 71V30NBьAO 2 <560E ?>E81:8 ($8A. 4.9, 0). 

&0:8< G8=><, <>6=0 ?@8?CAB8B8, I> ;>:0;ь=0 B5@<>48=0<VG=0 @V2=>2030 <>65 

@50;V7C20B8Aь 2 ?;07<V ?V42>4=8E 5;5:B@>VA:@>28E @>7@O4V2 <V6 >1<V4=5=8<8 

3@0=C;0<8 <>;V145=C. �;O @568<C Cu&Mo50 ($8A. 4.9, 2) B5<?5@0BC@0 

70A5;5==O @V2=V2 0B><V2 <>;V145=C V7 70;CG5==O< V=B5=A82=>ABV 28?@><V=N20==O 

A?5:B@0;ь=8E ;V=V9 Mo I =5 @>7@0E>2C20;0AO G5@57 2V4ACB=VABь 

=87ь:>V=B5=A82=8E A?5:B@0;ь=8E ;V=V9 Mo I (470,7; 473,1; 476,0 =<). "B65, 

<>6=0 7@>18B8 28A=>2>:, I> ?@8 B0:><C A?V22V4=>H5==V 3@0=C; (1:1) 

V=B5=A82=VH5 @C9=CNBьAO BV, O:V <0NBь =86GC B5<?5@0BC@C ?;02;5==O V :@0IC 

5;5:B@>?@>2V4=VABь (2 40=><C 28?04:C <V4ь). 
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4 5 

6 7 

$8AC=>: 4.9 3 $>7?>4V; B5<?5@0BC@8 70A5;5==O 2 G0AV 4;O @568<V2: (0) 

>1<V4=5=89 Mo, (1) Mo, (2) Cu&Mo50 B0 (3) Cu [3*, 21*] 

 

�87=0G5=0 70 4>?><>3>N @V2=O=ь (2.46)-(2.48) :>=F5=B@0FVO 5;5:B@>=V2 C 

?;07<V ?V42>4=>3> @>7@O4C 4;O 2AVE @568<V2 =02545=0 =0 $8A. 4.10. 

�84=>, I> O: B5<?5@0BC@0 70A5;5==O, B0: V :>=F5=B@0FVO 5;5:B@>=V2 =5 

7<V=NNBьAO ACBBє2> 7 G0A><, ;8H5 =0 @V2=V D;C:BC0FV9. �@V< B>3>, A5@54=є 

7=0G5==O O: B5<?5@0BC@8, B0: V :>=F5=B@0FVW 70;8H0єBьAO >4=0:>28< 4;O 2AVE 

@568<V2. &0:8< G8=><, <>6=0 7@>18B8 28A=>2>:, I> A5@54=є 7=0G5==O 

B5<?5@0BC@8 70A5;5==O (O:0 4>@V2=Nє B5<?5@0BC@V ?;07<8 2 ?@8?CI5==V 

@50;V70FVW �&$) B0 :>=F5=B@0FVW 5;5:B@>=V2 2 B0:8E B8?0E ?;07<8 =5 70;560Bь 2V4 

0 1 2 3 4 5 6 7 8 9
0

3

6

9

12

15  Cu I

 Mo I

 Balmer series

t, s

T, kK

0 5 10 15 20 25 30
0

2

4

6

8

10

12

14

16  Mo I

 Balmer series

t, s

T, kK

0 2 4 6 8
5

6

7

8

9

10

11

12

 Cu I

t, s

T, kK

0 2 4 6 8 10 12
2

4

6

8

10

12

14

16

18

 Cu I

t, s

T, kK
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B8?C 3@0=C;, 70=C@5=8E C @>7@O4=C :0<5@C. $V7=8FN <>6=0 ?>10G8B8 ;8H5 2 

V=B5=A82=>ABV 5@>7VW <0B5@V0;V2 V, 2V4?>2V4=>, 2 01A>;NB=V9 V=B5=A82=>ABV 

28?@><V=N20==O 2V4?>2V4=8E A?5:B@0;ь=8E ;V=V9. 

 

4 5 

$8AC=>: 4.10 3 $>7?>4V; :>=F5=B@0FVW 5;5:B@>=V2, 287=0G5=>W 7 FWHM 

A?5:B@0;ь=8E ;V=V9 Cu I 515,3 =<, Hα 656,3 B0 Hβ 486,1 =<, 2 G0AV 4;O @568<V2: 

(0) Cu&Mo50 B0 >1<V4=5=89 Mo, (1) Mo V Cu [3*, 21*] 

 

�;O 4>A;V465==O :0=0;V2 48A8?0FVW 2 CAVE 4>A;V46C20=8E @568<0E 

@>7@O4C 1C;> @>7@0E>20=> A?V22V4=>H5==O :>=F5=B@0FV9 0B><V2 <5B0;V2 V 2>4=N 

(C ?@8?CI5==V @50;V70FVW �&$). !0 >A=>2V 5:A?5@8<5=B0;ь=> 287=0G5=8E 

B5<?5@0BC@8 70A5;5==O B0 V=B5=A82=>ABV 28?@><V=N20==O A?5:B@0;ь=8E ;V=V9 

Cu I 510,5 =<, Mo I 553,3 =<, Hα 656,3 =< B0 O I 777 =< V7 28:>@8AB0==O 

@V2=O==O (2.21) @>7@0E>20=> B0:V A?V22V4=>H5==O: nH/nCu, (1) nH/nMo, (2) nO/nCu, (3) 

nO/nMo, (4) nCu/nMo B0 (5) nH/nO (482. $8A. 4.11). 

0 2 4 6 8 10
1E22

1E23

1E24

 Cu&Mo50 (FWHM of Cu I 515.3 nm) 

 Cu&Mo50 (FWHM of Ha 656.3 nm)

 Copperized Mo (FWHM of Cu I 515.3 nm)

 Copperized Mo (FWHM of Ha 656.3 nm)

 Copperized Mo (FWHM of Hb 486.1 nm)

t, s

ne, m
-3

0 5 10 15 20 25
1E22

1E23

1E24

 Mo (FWHM of Ha 656.3 nm)

 Mo (FWHM of Hb 486.1 nm)

 Cu (FWHM of Cu I 515.3 nm)

 Cu (FWHM of Ha 656.3 nm)

t, s

ne, m
-3
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4 5 

6 7 

8 9 

$8AC=>: 4.11 3 $>7?>4V; A?V22V4=>H5=ь :>=F5=B@0FVW 0B><V2 <5B0;V2 B0 

?>EV4=8E 2>48 2 G0AV 4;O @V7=8E @568<V2: (0) nH/nCu, (1) nH/nMo, (2) nO/nCu, (3) 

nO/nMo, (4) nCu/nMo B0 (5) nH/nO [3*, 21*] 

0 2 4 6 8 10 12

1E+01

1E+02

1E+03

1E+04

1E+05

1E+06

1E+07

nH/nCu

t, s

 Cu&Mo50

 Copperized Mo

 Cu

0 4 8 12 16 20 24 28

1E+02

1E+03

1E+04

1E+05

1E+06

1E+07

1E+08

1E+09

nH/nMo

t, s

 Cu&Mo50

 Copperized Mo

 Mo

0 2 4 6 8 10 12

1E+00

1E+01

1E+02

1E+03

1E+04

1E+05

1E+06

1E+07

nO/nCu

t, s

 Mo&Cu50

 Copperized Mo

 Cu

0 4 8 12 16 20 24 28

1E+01

1E+02

1E+03

1E+04

1E+05

1E+06

1E+07

1E+08

1E+09

nO/nMo

t, s

 Mo&Cu50

 Copperized Mo

 Mo

0 2 4 6 8 10

1E+00

1E+01

1E+02

1E+03

nCu/nMo

t, s

 Cu&Mo50

 Copperized Mo

0 4 8 12 16 20 24 28

1E-01

1E+00

1E+01

1E+02

nH/nO

t, s

 Mo&Cu50

 Copperized Mo

 Mo

 Cu
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/: 284=>, :>=F5=B@0FVO 0B><V2 <V4V ?@81;87=> 2 30-50 @07V2 ?5@528ICє 

:>=F5=B@0FVN 0B><V2 <>;V145=C ?@8 28:>@8AB0==V @V2=8E >1'є<V2 3@0=C; F8E 

<5B0;V2 ($8A. 4.11, 4). ' 28?04:C 28:>@8AB0==O >1<V4=5=>3> <>;V145=C 

:>=F5=B@0FVO 0B><V2 <V4V 2A5 I5 1V;ьH0 (?@81;87=> 2B@8GV).  >6=0 2V47=0G8B8, 

I> 5=5@3VO 2 CAVE @568<0E 28B@0G0єBьAO 7451V;ьH>3> =0 48A>FV0FVN <>;5:C; 

2>4=N O: :><?>=5=B0 2>48 B0 ?>40;ьHC 9>3> 0B><V70FVN, ?@> I> A2V4G8Bь 

:>=F5=B@0FVO 0B><V2 2>4=N (=0 4-7 ?>@O4:V2 1V;ьH5 :>=F5=B@0FVW 0B><V2 <5B0;C). 

 

�8A=>2:8 4> @>74V;C 4 

 

�AB0=>2;5=>, I> 28?@><V=N20==O ?;07<8 7 4><VH:0<8 ?0@V2 <>;V145=C 

E0@0:B5@87CєBьAO =5?5@5@2=8< 28?@><V=N20==O< C 2848<><C 4V0?07>=V.  >6=0 

?@8?CAB8B8, I> ?@8G8=>N B0:>3> O28I0 є B5?;>25 28?@><V=N20==O 2=0A;V4>: 

CB2>@5==O =03@VB8E :><?;5:AV2 <5B0;V2 B0 WE >:A84V2 2 =0=>- B0 <V:@>@>7<V@=V9 

D07V 2 ?V42>4=><C 5;5:B@>VA:@>2><C @>7@O4V <V6 3@0=C;0<8 <>;V145=C. 

' A?5:B@0;ь=><C 4V0?07>=V (465-505 =<), O:89 A:;040єBьAO 7 25;8:>W 

:V;ь:>ABV A?5:B@0;ь=8E ;V=V9, 70?@>?>=>20=> 0?@>:A8<C20B8 28?@><V=N20==O 

73>@B:>N WE :>=BC@V2. &0:89 ?V4EV4 4>72>;Oє :>@5:B=> 287=0G8B8 O: 

V=B5=A82=>ABV 28?@><V=N20==O, B0: V H8@8=8 2AVE A?5:B@0;ь=8E ;V=V9 C 

@>73;O=CB><C 4V0?07>=V. 

�>A;V465=> :0=0; 48A8?0FVW 5=5@3VW 2 ?;07<V ?V42>4=8E @>7@O4V2 <V6 

3@0=C;0<8 70;V70 B0 <>;V145=C. �0?@>?>=>20=> 28:>@8AB0B8 A?V22V4=>H5==O 

<V6 :>=F5=B@0FVєN 5;5:B@>=V2 B0 B5<?5@0BC@>N 70A5;5==O 5=5@35B8G=8E @V2=V2 

0B><V2 <5B0;V2 O: ?0@0<5B@ 4;O >FV=:8 <>6;828E :0=0;V2 48A8?0FVW 5=5@3VW B0 WW 

5D5:B82=>ABV 2 ?@>F5AV 35=5@0FVW :><?;5:AV2 <5B0;V2. �AB0=>2;5=>, I> 

=091V;ьH >?B8<0;ь=8< @568<>< ?V42>4=>3> @>7@O4C 4;O 28?0@>2C20==O 

3@0=C;ь>20=>3> <0B5@V0;C є @568< 3, O:89 2V4?>2V40є ?@8:;045=V9 4> :0<5@8 
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=0?@C38 140 �, 4;O ?V42>4=>3> @>7@O4C <V6 3@0=C;0<8 <>;V145=C 01> 70;V70 

(
ý�� = 7,3 · 1019 B0 5,7 · 1019  м23К , 2V4?>2V4=>). 

�>A;V465=> ?;07<C ?V42>4=8E 5;5:B@8G=8E @>7@O4V2 <V6 3@0=C;0<8 

<5B0;V2. �8:>@8AB0=> G>B8@8 @V7=V B8?8 3@0=C;, 0 A0<5 <V4ь 7 <>;V145=>< 

(>1. 50%), >1<V4=5=V <>;V145=>2V 3@0=C;8, <V4=V 3@0=C;8 B0 <>;V145=>2V 

3@0=C;8. �AB0=>2;5=> <>6;82VABь @50;V70FVW B5@<>48=0<VG=>W @V2=>2038 

(7>:@5<0 70A5;5==O 5=5@35B8G=8E @V2=V2 0B><V2 2V4?>2V4=> 4> @>7?>4V;C 

�>;ьF<0=0) 2 ?;07<V @>7@O4V2 <V6 >1<V4=5=8<8 3@0=C;0<8 <>;V145=C. !0 F5 

2:07Cє 71V3 (2 <560E ?>E81:8) B5<?5@0BC@ 70A5;5==O, 287=0G5=8E <5B>4>< 

4V03@0< �>;ьF<0=0 V7 70;CG5==O< V=B5=A82=>AB59 28?@><V=N20==O O: 

A?5:B@0;ь=8E ;V=V9 0B><V2 <5B0;V2 (Cu I, Mo I), B0: V A?5:B@0;ь=8E ;V=V9 2>4=N 

A5@VW �0;ь<5@0 (Hα 656,3 B0 Hβ 486,1 =<). 

 >6=0 7@>18B8 28A=>2>:, I> A5@54=V 7=0G5==O O: B5<?5@0BC@8 70A5;5==O 

(9000 �), B0: V :>=F5=B@0FVO 5;5:B@>=V2 (1·10
23

 <-3) C ?;07<V B0:8E ?V42>4=8E 

@>7@O4V2 =5 70;560Bь 2V4 B8?C 3@0=C;, 70=C@5=8E C @>7@O4=C :0<5@C. $V7=8FN 

<>6=0 ?>10G8B8 ;8H5 2 V=B5=A82=>ABV 28?@><V=N20==O 2V4?>2V4=8E 

A?5:B@0;ь=8E ;V=V9, 0 >B65 V 2 V=B5=A82=>ABV 5@>7VW <0B5@V0;V2. 

�AB0=>2;5=>, I> ?@8 28:>@8AB0==V >4=0:>28E >1'є<V2 3@0=C; <V4V V 

<>;V145=C :>=F5=B@0FVO 0B><V2 <V4V ?@81;87=> 2 30-50 @07V2 1V;ьH0, C 

?>@V2=O==V 7 0B><0<8 <>;V145=C. ' 28?04:C 28:>@8AB0==O >1<V4=5=>3> 

<>;V145=C :>=F5=B@0FVO 0B><V2 <V4V 2A5 I5 1V;ьH0 (?@81;87=> 2B@8GV).  >6=0 

7@>18B8 28A=>2>:, I> 3@0=C;8, 283>B>2;5=V 7 <0B5@V0;V2 7 =86G>N 

B5<?5@0BC@>N ?;02;5==O B0 :@0I>N B5?;>- B0 5;5:B@>?@>2V4=VABN (2 40=><C 

28?04:C <V4ь), ?V440NBьAO 1V;ьH V=B5=A82=V9 5@>7VW =02VBь ?@8 4C65 <0;8E WE 

:V;ь:>ABOE C A:;04V <5B0;528E 3@0=C;. 
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' 48A5@B0FV9=V9 @>1>BV 28@VH5=0 =0C:>20 7040G0 4>A;V465==O 

B5@<>48=0<VG=>3> AB0=C ?;07<8 5;5:B@8G=8E @>7@O4V2 ?@8 270є<>4VW 7 

?>25@E=5N <0B5@V0;V2, 2 B><C G8A;V :><?>78B=8E. 

 

"45@60=> B0:V >A=>2=V =0C:>2V @57C;ьB0B8: 

1. '4>A:>=0;5=> B0 @50;V7>20=> <5B>4 287=0G5==O 70A5;5=>ABV 

5=5@35B8G=8E @V2=V2 B0 :>=F5=B@0FVW 0B><V2 <5B0;V2 V7 01A>;NB=8E 

V=B5=A82=>AB59 A?5:B@0;ь=8E ;V=V9 :><?>=5=B 5;5:B@>4C3>2>W B5@<VG=>W 

?;07<8. #5@5203>N 40=>3> <5B>4C є <>6;82VABь >4=>G0A=>3> 28<V@N20==O 

?@>AB>@>28E @>7?>4V;V2 O: B5<?5@0BC@8 ?;07<8, B0: V :>=F5=B@0FVW 0B><V2 

@V7=8E 5;5<5=BV2. 

2. !0 ?@8:;04V 4>A;V465==O ?;07<8 5;5:B@>4C3>28E @>7@O4V2 A8;>N 

AB@C<C 3,5 � O: <V6 >4=>:><?>=5=B=8<8 <V4=8<8, B0: V :><?>78B=8<8 Cu-W 

5;5:B@>40<8, 2AB0=>2;5=> @V2=>206=5 70A5;5==O 5=5@35B8G=8E @V2=V2 0B><V2 

<V4V/2>;ьD@0<C 73V4=> 7 @>7?>4V;>< �>;ьF<0=0. *5 ?V4B25@46Cє =0O2=VABь 

>4=>3> V7 :@8B5@VW2 @50;V70FVW ;>:0;ь=>W B5@<>48=0<VG=>W @V2=>2038 2 ?;07<V 

B0:8E @>7@O4V2.  

3. �?5@H5 <5B>40<8 >?B8G=>W 5<VAV9=>W A?5:B@>A:>?VW 2AB0=>2;5=> 

70;56=VABь V=B5=A82=>ABV 5@>7VW :><?>=5=BV2 :><?>78FV9=8E <0B5@V0;V2 Cu-W 

2V4 WE B5E=>;>3VW 283>B>2;5==O, 7>:@5<0, B5<?5@0BC@8 C40@=>3> A?V:0==O O: 

B5E=>;>3VG=>3> ?0@0<5B@C. #>:070=>, I> F59 ?0@0<5B@ 287=0G0є 7030;ь=89 

2<VAB 4><VH>: ?0@V2 <5B0;V2 C ?;07<V V, O: =0A;V4>:, 287=0G0є 5@>7V9=C ABV9:VABь 

:><?>78FV9=8E <0B5@V0;V2. �>:@5<0, @57C;ьB0B0<8 @>7@0EC=:C @V2=>206=>3> 

A:;04C ?;07<8 B0 WW B5@<>48=0<VG=8E 2;0AB82>AB59 C ?@8?CI5==V �&$ 

28O2;5=>, I> :><?>78B=V <0B5@V0;8, 283>B>2;5=V ?@8 B5<?5@0BC@V 1050°C, є 

=091V;ьH ABV9:8<8 4> 5@>7VW. 
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4. �?5@H5 4>A;V465=> :0=0; 48A8?0FVW 5=5@3VW 2 ?;07<V ?V42>4=8E @>7@O4V2 

<V6 3@0=C;0<8 70;V70 B0 <>;V145=C. %?5:B@>A:>?VG=8<8 4>A;V465==O<8 

2AB0=>2;5=>, I> =091V;ьH >?B8<0;ь=8< @568<>< ?V42>4=>3> @>7@O4C 4;O 

28?0@>2C20==O 3@0=C;ь>20=>3> <0B5@V0;C є @568<, O:89 2V4?>2V40є ?@8:;045=V9 

4> :0<5@8 =0?@C38 140 � (D070 :5@C20==O 50°). ' Fь><C @568<V ?0@0<5B@ ý��  

=01C20є <0:A8<0;ь=8E 7=0G5=ь: 7,3 · 1019  м23К  4;O <>;V145=C B0 5,7 · 1019  м23К  

4;O 70;V70. 

5. �C9DH9 6 C?4;@V CV86B8A<E DB;DO8V6 ; 8B@VH>4@< C4DV6 @9F4?V6 

@9FB84@< BCF<GABW EC9>FDBE>BCVW 6EF4AB6?9AB DV6AB64:A9 ;4E9?9AAO 

9A9D79F<GA<E DV6AV6 4FB@V6 @V8V F4 @B?V589AG 6V8CB6V8AB 8B DB;CB8V?G 

�B?ьF@4A4, IB 6>4;Gє A4 @B:?<6VEFь VEAG64AAO ?B>4?ьABW F9D@B8<A4@VGABW 

DV6AB647< 6 F4>V= C?4;@V. ЗB>D9@4, F9= D9;G?ьF4F B89D:4AB V; 6<>BD<EF4AAO@ 

7D4AG? B5@V8A9AB7B @B?V589AG CV8 G4E 79A9D4FVW >B?BW8AB7B DB;G<AG ; 

>B@C?9>E4@< @9F4?V6, IB E>?484єFьEO B8ABG4EAB ; 86BE @9F4?V6  
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