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ʚʘʢʫʫʤʘ ʫʩʪʘʥʦʚʣʝʥʘ ʪʝʤʧʝʨʘʪʫʨʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʢʨʘʝʚʳʭ ʫʛʣʦʚ ʩʤʘʯʠʚʘʥʠʷ ɗ(ʊ) ʧʦʣʠʨʦʚʘʥʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ 

ʢʦʥʩʪʨʫʢʮʠʦʥʥʦʡ ʥʝʨʞʘʚʝʶʱʝʡ ʩʪʘʣʠ 12ʍ18ʅ9ʊ ʞʠʜʢʠʤ ʦʣʦʚʦʤ ʚ ʠʥʪʝʨʚʘʣʝ ʪʝʤʧʝʨʘʪʫʨ 510ï920 ʂ. ʅʘ 

ʧʦʣʠʪʝʨʤʝ ɗ(ʊ) ʠʟʫʯʝʥʥʦʡ ʩʠʩʪʝʤʳ ʦʙʥʘʨʫʞʝʥʘ ʢʨʠʪʠʯʝʩʢʘʷ ʪʝʤʧʝʨʘʪʫʨʘ ʩʤʘʯʠʚʘʝʤʦʩʪʠ, ʨʘʚʥʘʷ ʦʢʦʣʦ 870 ʂ. 

ʇʦ ʤʥʝʥʠʶ ʘʚʪʦʨʦʚ, ʧʦʷʚʣʝʥʠʝ ʢʨʠʪʠʯʝʩʢʦʡ ʪʝʤʧʝʨʘʪʫʨʳ ʚ ʦʩʥʦʚʥʦʤ ʦʙʫʩʣʦʚʣʝʥʦ ʠ ʩʚʷʟʘʥʦ ʩ ʥʘʯʘʣʦʤ ʧʨʦʮʝʩʩʦʚ 

ʨʘʩʪʚʦʨʝʥʠʷ ʣʝʛʠʨʫʶʱʠʭ ʵʣʝʤʝʥʪʦʚ ʩʪʘʣʠ 12ʍ18ʅ9ʊ ʚ ʞʠʜʢʦʤ ʦʣʦʚʝ. 
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The temperature dependence of the contact angles ɗ(ʊ) of the polished surface of structural stainless steel 

12Cr18Ni9Ti with liquid tin in the temperature range 510ï920 ʂ was established in experiments on an improved experi-

mental setup using the sessile drop method under vacuum conditions. On the polytherm ɗ(T) of the studied system, a criti-

cal wetting temperature of about 870 K was found. According to the authors, the appearance of the critical temperature is 

mainly due to and associated with the onset of the processes of dissolution of alloying elements of 12Ch18Ni9Ti steel in 

liquid tin. 

 

Keywords: liquid metals, tin, structural steels, edge and contact wetting angles, capillary-porous systems, nuclear 

power plants, plasma, first wall surface protection, interaction of liquid metals with the surface, melting, solubility, corro-

sion. 

 

ɺʚʝʜʝʥʠʝ 

ʉʤʘʯʠʚʘʝʤʦʩʪʴ ʞʠʜʢʠʤʠ ʤʝʪʘʣʣʘʤʠ ʧʦʚʝʨʭʥʦʩʪʝʡ ʩʪʘʣʝʡ ʠ ʪʫʛʦʧʣʘʚʢʠʭ ʤʝʪʘʣʣʦʚ, ʭʘʨʘʢʪʝʨʠʟʫʝ-

ʤʘʷ ʢʨʘʝʚʳʤ ʫʛʣʦʤ ʤʝʞʜʫ ʞʠʜʢʠʤ ʤʝʪʘʣʣʦʤ ʠ ʩʤʘʯʠʚʘʝʤʦʡ ʧʦʚʝʨʭʥʦʩʪʴʶ, ʚʳʟʳʚʘʝʪ ʧʦʚʳʰʝʥʥʳʡ ʥʘ-

ʫʯʥʳʡ ʠ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʡ ʠʥʪʝʨʝʩ ʜʣʷ ʩʦʚʨʝʤʝʥʥʦʡ ʪʝʭʥʠʢʠ ʠ ʪʝʭʥʦʣʦʛʠʠ ʚ ʮʝʣʷʭ ʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥʠʷ 

ʧʨʦʮʝʩʩʦʚ ʣʫʞʝʥʠʷ ʠ ʧʘʡʢʠ, ʧʨʦʧʠʪʢʠ ʢʘʧʠʣʣʷʨʥʦ-ʧʦʨʠʩʪʳʭ ʩʠʩʪʝʤ ʪʝʧʣʦʚʳʭ ʪʨʫʙ ʠ ʟʘʱʠʪʥʳʭ ʧʣʘʩʪʠʥ 

ʧʝʨʚʦʡ ʩʪʝʥʢʠ ʷʜʝʨʥʳʭ ʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʫʩʪʘʥʦʚʦʢ (ʗʕʋ) ʠ ʪ. ʜ. ɺ ʯʘʩʪʥʦʩʪʠ, ʦʣʦʚʦ ʦʙʣʘʜʘʝʪ ʬʠʟʠʢʦ-

ʭʠʤʠʯʝʩʢʠʤʠ ʩʚʦʡʩʪʚʘʤʠ, ʧʦʟʚʦʣʷʶʱʠʝ ʧʨʠʤʝʥʷʪʴ ʝʛʦ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʘʜʛʝʟʠʦʥʥʦ-ʧʨʦʯʥʳʭ ʘʥʪʠʢʦʨʨʦ-

ʟʠʦʥʥʳʭ ʧʦʢʨʳʪʠʡ ʥʘ ʘʣʶʤʠʥʠʠ, ʤʝʜʠ, ʞʝʣʝʟʘ, ʩʪʘʣʷʭ ʠ ʜʨ. ʤʘʪʝʨʠʘʣʘʭ, ʢʦʪʦʨʳʝ ʥʝ ʨʘʟʨʫʰʘʶʪʩʷ ʧʨʠ 

ʠʭ ʤʝʭʘʥʠʯʝʩʢʦʡ ʜʝʬʦʨʤʘʮʠʠ [1ï4]. ɼʦʙʘʚʢʠ ʦʣʦʚʘ ʢ ʨʷʜʫ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚ ʠ ʤʥʦʛʠʤ ʤʝʪʘʣʣʘʤ ʧʨʠʚʦ-
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ʜʷʪ ʢ ʫʣʫʯʰʝʥʠʶ ʬʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʧʦʣʫʯʘʝʤʳʭ ʩʧʣʘʚʦʚ. ɺ ʯʘʩʪʥʦʩʪʠ, ʚ ʩʧʣʘʚʘʭ ʥʘ ʦʩʥʦʚʝ 

ʦʣʦʚʘ ʩ ʣʠʪʠʝʤ ʧʨʦʠʩʭʦʜʠʪ ʧʦʥʠʞʝʥʠʝ ʜʘʚʣʝʥʠʝ ʧʘʨʘ ʣʠʪʠʷ ʚ ʯʠʩʪʦʤ ʚʠʜʝ ʚ ʪʳʩʷʯʫ ʨʘʟ [5, 6], ʯʪʦ ʧʦ-

ʟʚʦʣʷʝʪ ʧʦʚʳʩʠʪʴ ʤʘʢʩʠʤʘʣʴʥʦ-ʜʦʧʫʩʪʠʤʳʝ ʪʝʤʧʝʨʘʪʫʨʳ ʧʨʠ ʠʭ ʵʢʩʧʣʫʘʪʘʮʠʠ ʚ ʫʩʣʦʚʠʷʭ ʥʝʧʦʩʨʝʜʩʪ-

ʚʝʥʥʦʛʦ ʚʦʟʜʝʡʩʪʚʠʷ ʧʣʘʟʤʳ, ʫʜʝʨʞʠʚʘʝʤʦʡ ʚ ʪʦʢʘʤʘʢʘʭ, ʪʝʨʤʦʷʜʝʨʥʳʭ ʨʝʘʢʪʦʨʘʭ ʠ ʪ.ʜ. [5, 7]. ʅʦ ʩ 

ʜʨʫʛʦʡ ʩʪʦʨʦʥʳ, ʞʠʜʢʦʝ ʦʣʦʚʦ ʠ ʝʛʦ ʩʧʣʘʚʳ ʧʨʦʷʚʣʷʶʪ ʟʘʤʝʪʥʫʶ ʘʛʨʝʩʩʠʚʥʦʩʪʴ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʠʭ 

ʚ ʦʙʣʘʩʪʠ ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨ, ʥʘʯʠʥʘʷ ʨʝʘʛʠʨʦʚʘʪʴ ʩ ʥʝʨʞʘʚʝʶʱʠʤʠ ʩʪʘʣʷʤʠ ʠʣʠ ʦʪʜʝʣʴʥʳʤʠ ʪʫʛʦ-

ʧʣʘʚʢʠʤʠ ʤʝʪʘʣʣʘʤʠ, ʚʳʟʳʚʘʷ ʵʨʦʟʠʶ ʧʦʚʝʨʭʥʦʩʪʝʡ ʟʘʱʠʪʥʳʭ ʧʣʘʩʪʠʥ ʧʝʨʚʦʡ ʩʪʝʥʢʠ ʷʜʝʨʥʳʭ ʵʥʝʨʛʝ-

ʪʠʯʝʩʢʠʭ ʫʩʪʘʥʦʚʦʢ (ʗʕʋ), ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʥʝʦʙʭʦʜʠʤʦʩʪʠ ʚʳʥʫʞʜʝʥʥʳʭ ʩʠʩʪʝʤʘʪʠʯʝʩʢʠʭ (ʥʝ ʨʝʞʝ, 

ʯʝʤ ʯʝʨʝʟ ʢʘʞʜʳʝ 2 ʛʦʜʘ) ʟʘʤʝʥ ʠʭ ʥʘ ʥʦʚʳʝ [7ï10].  
ʄʝʞʜʫ ʪʝʤ ʪʝʤʧʝʨʘʪʫʨʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʫʛʣʦʚ ʩʤʘʯʠʚʘʝʤʦʩʪʠ ʞʠʜʢʠʤ ʦʣʦʚʦʤ ʠ ʝʛʦ ʩʧʣʘʚʘʤʠ 

ʢʦʥʩʪʨʫʢʮʠʦʥʥʳʭ ʩʪʘʣʝʡ ʠ ʪʫʛʦʧʣʘʚʢʠʭ ʤʘʪʝʨʠʘʣʦʚ ʠʟʫʯʝʥʳ ʥʝʜʦʩʪʘʪʦʯʥʦ ʧʦʣʥʦ [11ï14]. ʇʦʵʪʦʤʫ ʫʩʧʝʰʥʦʝ 

ʨʝʰʝʥʠʝ ʘʢʪʫʘʣʴʥʦʡ ʧʨʦʙʣʝʤʳ ʦʙʝʩʧʝʯʝʥʠʷ ʭʦʨʦʰʝʡ ʦʜʥʦʨʦʜʥʦʡ ʩʤʘʯʠʚʘʝʤʦʩʪʠ ʞʠʜʢʠʤ ʦʣʦʚʦʤ ʠ ʝʛʦ ʩʧʣʘʚʘʤʠ 

ʪʚʝʨʜʳʭ ʧʦʚʝʨʭʥʦʩʪʝʡ ʪʨʝʙʫʝʪ ʧʨʦʜʦʣʞʝʥʠʷ ʧʨʝʮʠʟʠʦʥʥʳʭ ʠʟʤʝʨʝʥʠʡ ʢʨʘʝʚʳʭ ʫʛʣʦʚ ʩʤʘʯʠʚʘʥʠʷ ʩ ʮʝʣʴʶ ʙʦʣʝʝ 

ʧʦʣʥʦʛʦ ʚʳʷʚʣʝʥʠʷ ʤʝʭʘʥʠʟʤʦʚ ʩʤʘʯʠʚʘʥʠʷ ʠ ʧʦʥʠʤʘʥʠʷ ʬʠʟʠʢʦʭʠʤʠʠ ʧʨʦʮʝʩʩʦʚ ʤʝʞʬʘʟʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ 

ʞʠʜʢʠʭ ʤʝʪʘʣʣʦʚ ʥʘ ʛʨʘʥʠʮʘʭ ʩ ʧʦʚʝʨʭʥʦʩʪʷʤʠ ʨʘʟʣʠʯʥʳʭ ʤʘʪʝʨʠʘʣʦʚ, ʧʨʝʜʥʘʟʥʘʯʝʥʥʳʝ ʜʣʷ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʚ 

ʙʫʜʫʱʠʭ ʪʝʨʤʦʷʜʝʨʥʳʭ ʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʫʩʪʘʥʦʚʢʘʭ ʚ ʢʘʯʝʩʪʚʝ ʟʘʱʠʪʥʳʭ ʧʦʢʨʳʪʠʡ ʤʘʪʝʨʠʘʣʦʚ ʧʝʨʚʳʭ ʩʪʝʥʦʢ. ɺ 

ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʩʪʘʚʠʪʩʷ ʟʘʜʘʯʘ ʠʟʫʯʝʥʠʷ ʪʝʤʧʝʨʘʪʫʨʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ʢʨʘʝʚʳʭ ʫʛʣʦʚ ʩʤʘʯʠʚʘʥʠʷ ʞʠʜʢʠʤ 

ʦʣʦʚʦʤ ʧʦʚʝʨʭʥʦʩʪʠ ʢʦʥʩʪʨʫʢʮʠʦʥʥʦʡ ʩʪʘʣʠ 12X18ʅ9ʊ.  

 

ʄʝʪʦʜʠʢʘ ʵʢʩʧʝʨʠʤʝʥʪʘ  
ʀʟʤʝʨʝʥʠʷ ʪʝʤʧʝʨʘʪʫʨʥʳʭ ʟʘʚʠʩʠʤʦʩʪʝʡ ʢʨʘʝʚʳʭ ʫʛʣʦʚ ʩʤʘʯʠʚʘʥʠʷ ɗ(ʊ) ʧʦʚʝʨʭʥʦʩʪʠ ʢʦʥʩʪʨʫʢʮʠʦʥʥʦʡ 

ʩʪʘʣʠ 12X18ʅ9ʊ ʞʠʜʢʠʤ ʦʣʦʚʦʤ ʦʩʫʱʝʩʪʚʣʝʥʳ ʥʘ ʘʚʪʦʤʘʪʠʟʠʨʦʚʘʥʥʦʡ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʫʩʪʘʥʦʚʢʝ, ʧʦʜʨʦʙʥʦ 

ʦʧʠʩʘʥʥʦʡ ʚ [15, 16], ʙʣʦʢ ʩʭʝʤʘ ʢʦʪʦʨʦʡ ʧʦʢʘʟʘʥʘ ʥʘ ʨʠʩ. 1.  

 
ʈʠʩ. 1. ɹʣʦʢ-ʩʭʝʤʘ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʫʩʪʘʥʦʚʢʠ ʜʣʷ ʠʟʫʯʝʥʠʷ ʪʝʤʧʝʨʘʪʫʨʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ʢʨʘʝʚʳʭ ʫʛʣʦʚ 

ʩʤʘʯʠʚʘʝʤʦʩʪʠ ʧʦʚʝʨʭʥʦʩʪʝʡ ʪʚʝʨʜʳʭ ʪʝʣ ʞʠʜʢʠʤʠ ʤʝʪʘʣʣʘʤʠ ʠ ʩʧʣʘʚʘʤʠ 

 

ʂʨʘʝʚʳʝ ʫʛʣʳ ʩʤʘʯʠʚʘʥʠʷ ɗ(ʊ) ʦʧʨʝʜʝʣʝʥʳ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʦʣʦʚʘ ʩ ʩʦʜʝʨʞʘʥʠʝʤ 99,9999 % ʦʩ-

ʥʦʚʥʦʛʦ ʵʣʝʤʝʥʪʘ ʠʟʚʝʩʪʥʳʤ ʤʝʪʦʜʦʤ ʙʦʣʴʰʦʡ ʢʘʧʣʠ, ʣʝʞʘʱʝʡ ʥʘ ʦʪʧʦʣʠʨʦʚʘʥʥʦʡ ʧʣʦʩʢʦʡ ʧʦʜʣʦʞʢʝ 

ʠʟ ʩʪʘʣʠ 12X18ʅ9ʊ ʨʘʟʤʝʨʘʤʠ 20 ʭ 20 ʭ 2 ʤʤ
3
. ʇʦʛʨʝʰʥʦʩʪʴ ʠʟʤʝʨʝʥʠʡ ɗ(ʊ) ʩʦʩʪʘʚʠʣʘ ʦʢʦʣʦ 1,5 ʫʛʣʦ-

ʚʳʭ ʛʨʘʜʫʩʦʚ. ʊʝʤʧʝʨʘʪʫʨʘ ʧʦʜʣʦʞʢʠ ʩ ʢʘʧʣʝʡ ʦʣʦʚʘ ʢʦʥʪʨʦʣʠʨʦʚʘʣʘʩʴ (ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʝʝ ʘʙʩʦʣʶʪ-

ʥʦʡ ʚʝʣʠʯʠʥʳ) ʩ ʪʦʯʥʦʩʪʴʶ ʦʪ Ñ 0,1 ʂ ʧʨʠ ʥʝʚʳʩʦʢʠʭ ʠ ʜʦ Ñ 1 ʂ ï ʧʨʠ ʊ ~ 1000 ʂ. ʇʝʨʝʜ ʥʘʯʘʣʦʤ ʵʢʩʧʝ-

ʨʠʤʝʥʪʦʚ ʩʪʘʣʴʥʘʷ ʧʦʜʣʦʞʢʘ ʨʘʟʤʝʱʘʣʘʩʴ ʥʘ ʧʨʝʜʤʝʪʥʦʤ ʩʪʦʣʠʢʝ ʚʥʫʪʨʠ ʪʨʫʙʯʘʪʦʡ ʧʝʯʠ ʩ ʪʘʥʪʘʣʦʚʳʤ 

ʥʘʛʨʝʚʘʪʝʣʝʤ, ʩʤʦʥʪʠʨʦʚʘʥʥʳʤʠ ʥʘ ʩʪʘʣʴʥʦʡ ʧʣʠʪʝ ʚʘʢʫʫʤʥʦʛʦ ʚʦʜʦ-ʦʭʣʘʞʜʘʝʤʦʛʦ ʢʦʣʧʘʢʘ. ʇʦʩʣʝ ʵʪʦ-

ʛʦ ʢʘʪʝʪʦʤʝʪʨʦʤ ʂ-670 ʧʨʦʠʟʚʦʜʠʣʘʩʴ ʪʱʘʪʝʣʴʥʘʷ ʶʩʪʠʨʦʚʢʘ ʠ ʞʝʩʪʢʦʝ ʟʘʢʨʝʧʣʝʥʠʝ ʧʦʜʣʦʞʢʠ ʚ ʪʘʢʦʤ 

ʧʦʣʦʞʝʥʠʠ, ʯʪʦʙʳ ʛʝʦʤʝʪʨʠʯʝʩʢʠʡ çʮʝʥʪʨè ʝʝ ʧʦʚʝʨʭʥʦʩʪʠ ʦʢʘʟʘʣʩʷ ʥʝ ʪʦʣʴʢʦ ʚʜʦʣʴ ʛʦʨʠʟʦʥʪʘʣʴʥʦʡ 

ʧʣʦʩʢʦʩʪʠ ʥʘ ʦʜʥʦʡ ʦʧʪʠʯʝʩʢʦʡ ʦʩʠ çʦʩʚʝʪʠʪʝʣʴ ï ʦʙʲʝʢʪʠʚ ʚʠʜʝʦʢʘʤʝʨʳè, ʥʦ ʠ ʯʝʨʝʟ ʥʝʝ ʪʘʢʞʝ ʧʨʦʭʦ-

ʜʠʣʘ ʚʝʨʪʠʢʘʣʴʥʘʷ ʦʩʴ ʢʘʧʠʣʣʷʨʥʦʡ ʢʘʧʝʣʴʥʠʮʳ ʩ ʞʠʜʢʠʤ ʤʝʪʘʣʣʦʤ, ʠʩʧʦʣʴʟʫʝʤʦʡ ʜʣʷ ʧʦʜʘʯʠ ʠ ʬʦʨ-

ʤʠʨʦʚʘʥʠʷ ʢʘʧʣʠ ʦʣʦʚʘ. ɿʘʤʝʪʠʤ, ʯʪʦ ʥʠʞʥʠʡ ʢʦʥʯʠʢ ʢʘʧʝʣʴʥʠʮʳ ʞʠʜʢʦʛʦ ʤʝʪʘʣʣʘ ʪʘʢʞʝ ʜʦʣʞʝʥ ʨʘʩ-

ʧʦʣʘʛʘʪʴʩʷ ʥʘ ʦʧʨʝʜʝʣʝʥʥʦʡ ʚʳʩʦʪʝ ʥʘʜ çʮʝʥʪʨʦʤè ʧʦʣʠʨʦʚʘʥʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʧʦʜʣʦʞʢʠ. ɺ ʦʙʱʝʤ ʩʣʫ-

ʯʘʝ ʵʪʘ ʚʳʩʦʪʘ ʦʙʳʯʥʦ ʩʦʩʪʘʚʣʷʝʪ ʦʢʦʣʦ 2ï10 ʤʤ (ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʢʘʧʠʣʣʷʨʥʦʡ ʧʦʩʪʦʷʥʥʦʡ ʞʠʜʢʦʛʦ ʤʝ-

ʪʘʣʣʘ) ʩ ʪʝʤ, ʯʪʦʙʳ ʦʙʝʩʧʝʯʠʪʴ ʥʘʜʝʞʥʫʶ çʤʷʛʢʫʶ ʧʦʩʘʜʢʫè ʚʳʜʘʚʣʝʥʥʦʡ ʠʟ ʢʘʧʝʣʴʥʠʮʳ ʢʘʧʣʠ ʦʣʦʚʘ ʥʘ 

ʧʣʦʩʢʫʶ ʧʦʜʣʦʞʢʫ ʠ ʠʩʢʣʶʯʠʪʴ ʨʘʟʙʨʳʟʛʠʚʘʥʠʝ ʠʣʠ ʯʨʝʟʤʝʨʥʫʶ ʝʝ ʜʝʬʦʨʤʘʮʠʶ, ʚʳʚʦʜʷʱʫʶ ʟʘ ʧʨʝʜʝʣʳ 

ʣʠʥʠʠ ʧʝʨʠʤʝʪʨʘ ʩʤʘʯʠʚʘʥʠʷ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʛʦ ʨʘʚʥʦʚʝʩʥʦʤʫ ʢʨʘʝʚʦʤʫ ʫʛʣʫ, ʢʦʪʦʨʘʷ ʦʢʦʥʯʘʪʝʣʴʥʦ ʫʩ-

ʪʘʥʘʚʣʠʚʘʝʪʩʷ ʣʠʰʴ ʧʦʩʣʝ ʥʝʩʢʦʣʴʢʠʭ ʧʦʩʣʝʜʫʶʱʠʭ ʟʘʪʫʭʘʶʱʠʭ ʢʦʣʝʙʘʥʠʡ ʢʘʧʣʠ ʧʦʩʣʝ ʝʝ ʢʦʥʪʘʢʪʘ ʩ 

ʧʦʜʣʦʞʢʦʡ. ʇʦʩʣʝ ʟʘʚʝʨʰʝʥʠʷ ʶʩʪʠʨʦʚʢʠ ʚʘʢʫʫʤʥʳʡ ʢʦʣʧʘʢ ʫʩʪʘʥʘʚʣʠʚʘʝʪʩʷ ʥʘ ʤʝʩʪʦ. 
ʅʘʢʦʥʝʮ, ʚʘʞʥʦ ʧʦʜʯʝʨʢʥʫʪʴ, ʯʪʦ ʠʩʧʦʣʴʟʫʝʤʘʷ ʥʘʤʠ ʤʝʪʦʜʠʢʘ ʠ ʧʨʦʮʝʜʫʨʘ ʧʦʜʛʦʪʦʚʢʠ ʠʩʩʣʝʜʫʝʤʳʭ 

ʞʠʜʢʠʭ ʦʙʨʘʟʮʦʚ ʠ ʧʦʜʣʦʞʝʢ ʦʙʝʩʧʝʯʠʚʘʶʪ ʨʘʟʜʝʣʴʥʫʶ ʪʝʨʤʦʚʘʢʫʫʤʥʫʶ ʦʙʨʘʙʦʪʢʫ ʩ ʧʦʤʦɦ ʴʶ ʘʚʪʦʥʦʤʥʳʭ 



ʉʤʘʯʠʚʘʝʤʦʩʪʴ ʧʦʚʝʨʭʥʦʩʪʠ ʩʪʘʣʠ 12ʍ18ʅ9ʊ ʞʠʜʢʠʤ ʦʣʦʚʦʤ   

 

  7 

ʥʘʛʨʝʚʘʪʝʣʝʡ ʩ ʮʝʣʴʶ ʧʨʝʜʦʪʚʨʘʱʝʥʠʷ ʩʘʤʦʧʨʦʠʟʚʦʣʴʥʦʛʦ ʠ ʧʨʝʞʜʝʚʨʝʤʝʥʥʦʛʦ ʧʦʧʘʜʘʥʠʷ ʞʠʜʢʦʛʦ ʦʣʦʚʘ ʧʦʩʣʝ 

ʝʛʦ ʨʘʩʧʣʘʚʣʝʥʠʷ ʥʘ ʧʦʜʣʦʞʢʫ ʜʦ ʧʦʣʥʦʛʦ ʟʘʚʝʨʰʝʥʠʷ ʪʝʨʤʦʚʘʢʫʫʤʥʦʡ ʦʙʨʘʙʦʪʢʠ, ʢʘʢ ʧʦʜʨʦʙʥʦ ʦʧʠʩʘʥʦ ʚ [17]. 

ɹʦʣʝʝ ʪʦʛʦ, ʞʠʜʢʠʡ ʤʝʪʘʣʣ ʝʱʝ ʚ ʟʘʧʨʘʚʦʯʥʦʤ ʙʫʥʢʝʨʝ, ʧʦʩʣʝ ʝʛʦ ʪʝʨʤʦʚʘʢʫʫʤʥʦʡ ʦʙʨʘʙʦʪʢʠ, ʧʨʝʜʚʘʨʠʪʝʣʴʥʦ 

ʦʪʬʠʣʴʪʨʦʚʳʚʘʣʩʷ ʦʪ ʚʦʟʤʦʞʥʳʭ ʧʦʚʝʨʭʥʦʩʪʥʳʭ ʦʢʠʩʣʦʚ ʯʝʨʝʟ ʪʦʥʢʠʝ ʢʘʧʠʣʣʷʨʥʳʝ ʩʫʞʝʥʠʷ ʥʘ ʥʠʞʥʠʭ ʢʦʥʮʘʭ 

ʙʫʥʢʝʨʦʚ ʜʠʘʤʝʪʨʦʤ ʥʝ ʙʦʣʝʝ 0,5 ʤʤ, ʠ ʣʠʰʴ ʧʦʪʦʤ ʧʦʜʘʚʘʣʩʷ ʚ ʢʘʧʝʣʴʥʠʮʫ-ʜʦʟʘʪʦʨ ʜʣʷ ʧʦʜʘʯʠ ʝʛʦ ʥʘ ʧʦʜʣʦʞʫ 

ʧʦʩʣʝ ʥʘʯʘʣʘ ʦʧʳʪʦʚ. ɺʠʜʝʦʠʟʦʙʨʘʞʝʥʠʷ ʧʨʦʬʠʣʷ ʢʘʧʣʠ ʞʠʜʢʦʛʦ ʦʣʦʚʘ ʜʠʘʤʝʪʨʦʤ ʦʢʦʣʦ 1 ʩʤ, ʣʝʞʘʱʝʡ ʥʘ 

ʦʪʧʦʣʠʨʦʚʘʥʥʦʡ ʧʦʜʣʦʞʢʝ ʠʟ ʩʪʘʣʠ 12ʍ18ʅ9ʊ ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʪʝʤʧʝʨʘʪʫʨʘʭ, ʠʩʧʦʣʴʟʫʝʤʳʝ ʜʣʷ ʧʦʩʣʝʜʫʶʱʝʛʦ 

ʦʙʤʝʨʘ ʠ ʦʧʨʝʜʝʣʝʥʠʷ ʢʨʘʝʚʳʭ ʫʛʣʦʚ ʩʤʘʯʠʚʘʝʤʦʩʪʠ ɗ(ʊ) ʥʘ ʙʦʣʴʰʦʤ ʠʟʤʝʨʠʪʝʣʴʥʦʤ ʤʠʢʨʦʩʢʦʧʝ ʋʀʄ-21, 

ʧʦʢʘʟʘʥʳ ʥʘ ʨʠʩ. 2.  

 

 
ʈʠʩ. 2. ɺʠʜʝʦʠʟʦʙʨʘʞʝʥʠʷ ʧʨʦʬʠʣʝʡ ʢʘʧʣʠ ʞʠʜʢʦʛʦ ʦʣʦʚʘ, ʣʝʞʘʱʝʡ ʥʘ ʧʦʜʣʦʞʢʝ 

ʠʟ ʧʦʣʠʨʦʚʘʥʥʦʡ ʩʪʘʣʠ 12ʍ18ʅ9ʊ ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʪʝʤʧʝʨʘʪʫʨʘʭ 

 
ɺ ʩʚʷʟʠ ʩ ʥʝʢʦʪʦʨʦʡ ʥʝʦʧʨʝʜʝʣʝʥʥʦʩʪʴʶ ʚ ʪʝʨʤʠʥʦʣʦʛʠʠ ʧʦ ʩʤʘʯʠʚʘʝʤʦʩʪʠ, ʚʢʣʘʜʳʚʘʝʤʳʝ ʚ ʧʦʥʷʪʠʷ 

çʢʨʠʪʠʯʝʩʢʘʷ ʪʝʤʧʝʨʘʪʫʨʘ ʩʤʘʯʠʚʘʥʠʷè ʠ çʪʝʤʧʝʨʘʪʫʨʥʳʡ ʧʦʨʦʛ ʩʤʘʯʠʚʘʥʠʷè, ʚʩʪʨʝʯʘʶʱʠʝʩʷ ʚ ʦʪʝʯʝʩʪʚʝʥʥʦʡ ʠ 

ʦʩʦʙʝʥʥʦ ʚ ʠʥʦʩʪʨʘʥʥʦʡ ʣʠʪʝʨʘʪʫʨʝ [18, 19, 20], ʧʦʩʚʷʱʝʥʥʦʡ ʠʩʩʣʝʜʦʚʘʥʠʷʤ ʪʝʤʧʝʨʘʪʫʨʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ 

ʢʨʘʝʚʳʭ ʫʛʣʦʚ ʩʤʘʯʠʚʘʝʤʦʩʪʠ ɗ(ʊ), ʩʯʠʪʘʝʤ ʟʜʝʩʴ ʥʝʦʙʭʦʜʠʤʳʤ ʦʙʨʘʪʠʪʴ ʚʥʠʤʘʥʠʝ ʠ ʩʜʝʣʘʪʴ ʥʝʢʦʪʦʨʦʝ 

ʫʪʦʯʥʝʥʠʝ. 

ʊʝʤ ʙʦʣʝʝ, ʯʪʦ ʜʘʣʝʝ ʚ ʵʪʦʡ ʩʪʘʪʴʝ ʵʪʠ ʧʦʥʷʪʠʷ ʙʫʜʫʪ ʥʝʦʜʥʦʢʨʘʪʥʦ ʠʩʧʦʣʴʟʦʚʘʥʳ. ɿʘʨʫʙʝʞʥʳʝ 

ʠʩʩʣʝʜʦʚʘʪʝʣʠ, ʚ ʦʪʣʠʯʠʝ ʦʪ ʦʪʝʯʝʩʪʚʝʥʥʳʭ, ʯʘʩʪʦ ʥʘʟʳʚʘʶʪ çʢʨʠʪʠʯʝʩʢʦʡ ʪʝʤʧʝʨʘʪʫʨʦʡ ʩʤʘʯʠʚʘʥʠʷè ʫʩʣʦʚʥʫʶ 

ʛʨʘʥʠʮʫ ʧʝʨʝʭʦʜʘ ʦʪ çʧʣʦʭʦʡè ʠ/ʠʣʠ çʦʛʨʘʥʠʯʝʥʥʦʡè ʩʤʘʯʠʚʘʝʤʦʩʪʠ ʧʦʚʝʨʭʥʦʩʪʝʡ ʪʚʝʨʜʳʭ ʪʝʣ (ɗ > 90
o
) ʢ 

çʭʦʨʦʰʝʡè ʩʤʘʯʠʚʘʝʤʦʩʪʠ (ɗ < 90
o
), ʪ. ʝ. ʚʝʣʠʯʠʥʫ ɗ = 90

o
 ʫʛʣʦʚʳʭ ʛʨʘʜʫʩʦʚ ʥʘ ʪʝʤʧʝʨʘʪʫʨʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ 

ʢʨʘʝʚʳʭ ʫʛʣʦʚ ʩʤʘʯʠʚʘʥʠʷ, ʢʘʢ ʵʪʦ ʜʝʣʘʶʪ ʘʚʪʦʨʳ [21], ʨʠʩ. 3.  

 

 
 

ʈʠʩ. 3. ʊʝʤʧʝʨʘʪʫʨʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʢʦʥʪʘʢʪʥʳʭ ʫʛʣʦʚ ɗ(ʊ) ʩʤʘʯʠʚʘʥʠʷ  

ʞʠʜʢʠʤ ʣʠʪʠʝʤ ʥʝʦʙʨʘʙʦʪʘʥʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʩʪʘʣʠ [21] 

 
ɺ ʥʘʰʝʡ ʣʠʪʝʨʘʪʫʨʝ ʝʝ ʥʘʟʳʚʘʶʪ çʪʝʤʧʝʨʘʪʫʨʥʳʤ ʧʦʨʦʛʦʤ ʩʤʘʯʠʚʘʥʠʷè (ʊʧʦʨʦʛ.), ʪ. ʝ. ʪʝʤʧʝʨʘʪʫʨʫ, ʧʨʠ ʢʦʪʦʨʦʡ 

ʥʘʯʠʥʘʝʪʩʷ ʧʝʨʝʭʦʜ ʦʪ ʥʝʩʤʘʯʠʚʘʝʤʦʩʪʠ ʢ ʩʤʘʯʠʚʘʝʤʦʩʪʠ (ɗ = 90
o
). ʇʨʠ ʵʪʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʛʨʘʬʠʢ ʟʘʚʠʩʠʤʦʩʪʠ ʥʘ ʨʠʩ. 3 

ʧʝʨʝʩʝʢʘʝʪ ʛʦʨʠʟʦʥʪʘʣʴʥʫʶ ʣʠʥʠʶ, ʧʨʦʭʦʜʷʱʫʶ ʯʝʨʝʟ ʪʦʯʢʫ ɗ =90
ʦ 
ʥʘ ʦʩʠ ɗ, ʧʘʨʘʣʣʝʣʴʥʦ ʦʩʠ ʪʝʤʧʝʨʘʪʫʨ, ʪ. ʝ. ʧʨʠ 

ʧʦʩʪʦʷʥʥʦʤ ʟʥʘʯʝʥʠʠ ɗconst = 90
ʦ
. ʇʨʦʝʢʮʠʷ ʞʝ ʩʘʤʦʡ ʪʦʯʢʠ ʧʝʨʝʩʝʯʝʥʠʷ ɗ(ʊ) ʩ ʛʦʨʠʟʦʥʪʘʣʴʥʦʡ ʧʨʷʤʦʡ ɗconst = 90

ʦ 
ʥʘ ʦʩʴ 

ʪʝʤʧʝʨʘʪʫʨ (ʚʝʨʪʠʢʘʣʴʥʘʷ ʰʪʨʠʭʦʚʘʷ ʣʠʥʠʷ ʥʘ ʨʠʩ. 3) ʠ ʝʩʪʴ ʠʩʢʦʤʘʷ ʧʦʨʦʛʦʚʘʷ ʪʝʤʧʝʨʘʪʫʨʘ ʩʤʘʯʠʚʘʥʠʷ ʊʧʦʨʦʛ., ʢʦʪʦʨʘʷ 

ʚ ʜʘʥʥʦʤ ʩʣʫʯʘʝ ʨʘʚʥʘ 327 
ʦ
ʉ. 

ʊʝʨʤʠʥʦʤ çʢʨʠʪʠʯʝʩʢʘʷ ʪʝʤʧʝʨʘʪʫʨʘ ʩʤʘʯʠʚʘʥʠʷè ʫ ʥʘʩ ʥʘʟʳʚʘʶʪ ʷʚʣʝʥʠʝ ʦʯʝʥʴ ʙʳʩʪʨʦʛʦ (ʠʣʠ 

çʢʘʪʘʩʪʨʦʬʠʯʝʩʢʦʛʦè) ʫʤʝʥʴʰʝʥʠʷ ʢʨʘʝʚʳʭ ʫʛʣʦʚ ɗ(ʊ) ʩʤʘʯʠʚʘʥʠʷ, ʪ. ʝ. ʢʦʛʜʘ ʟʘ ʢʦʨʦʪʢʠʡ ʧʝʨʠʦʜ ʚʨʝʤʝʥʠ ʚ 

ʜʦʩʪʘʪʦʯʥʦ ʫʟʢʠʭ ʠʥʪʝʨʚʘʣʘʭ ʪʝʤʧʝʨʘʪʫʨ ʧʨʦʠʩʭʦʜʠʪ ʩʤʘʯʠʚʘʥʠʝ ʪʚʝʨʜʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʞʠʜʢʦʩʪʴʶ, ʪ. ʝ. ʚʧʣʦʪʴ ʜʦ 

ʥʫʣʝʚʳʭ ʟʥʘʯʝʥʠʡ ɗ. ʉʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʪʝʤʧʝʨʘʪʫʨʳ ʥʘʟʳʚʘʶʪʩʷ ʢʨʠʪʠʯʝʩʢʦʡ ʪʝʤʧʝʨʘʪʫʨʦʡ ʩʤʘʯʠʚʘʥʠʷ ʠ 

ʦʙʦʟʥʘʯʘʶʪʩʷ ʘʙʙʨʝʚʠʘʪʫʨʦʡ (ʂʊʉ). ɺ ʢʘʯʝʩʪʚʝ ʧʨʠʤʝʨʘ ʂʊʉ ʥʘ ʨʠʩ. 4 ʧʦʢʘʟʘʥʘ ʪʝʤʧʝʨʘʪʫʨʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʫʛʣʦʚ 



ɸʣʯʘʛʠʨʦʚ ɹ.ɹ., ʂʘʥʘʤʝʪʦʚʘ ʆ.ʍ., ʍʠʙʠʝʚ ɸ.ʍ., ʂʫʪʫʝʚ ʈ.ɸ., ɼʳʰʝʢʦʚʘ ʌ.ʌ., ʂʘʨʜʘʥʛʫʰʝʚʘ ʆ.ɸ. 
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ʩʤʘʯʠʚʘʥʠʷ ɗ(ʊ) ʩʧʣʘʚʦʤ Pb20Bi80 ʧʦʚʝʨʭʥʦʩʪʠ ʨʝʘʢʪʦʨʥʦʡ ʩʪʘʣʠ 12ʍ18ʅ10ʊ, ʢʦʪʦʨʘʷ ʩʦʩʪʘʚʣʷʝʪ ʦʢʦʣʦ 970 ʂ [22]. 

 

 
ʈʠʩ. 4. ʊʝʤʧʝʨʘʪʫʨʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʫʛʣʦʚ ʩʤʘʯʠʚʘʝʤʦʩʪʠ ʩʧʣʘʚʦʤ Pb20Bi80  

ʧʦʚʝʨʭʥʦʩʪʠ ʩʪʘʣʠ 12ʍ18ʅ10ʊ [22] 

 
ʈʝʟʫʣʴʪʘʪʳ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʠ ʠʭ ʦʙʩʫʞʜʝʥʠʝ 

ʇʦʣʫʯʝʥʥʳʝ ʚ ʦʧʳʪʘʭ ʨʝʟʫʣʴʪʘʪʳ ʠʟʫʯʝʥʠʷ ʪʝʤʧʝʨʘʪʫʨʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ʢʨʘʝʚʳʭ ʫʛʣʦʚ ʩʤʘʯʠʚʘ-

ʥʠʷ ɗ(ʊ) ʧʦʚʝʨʭʥʦʩʪʠ ʩʪʘʣʠ 12X18ʅ9ʊ ʯʠʩʪʳʤ ʞʠʜʢʠʤ ʦʣʦʚʦʤ ʚ ʠʥʪʝʨʚʘʣʝ ʦʪ 510 ʜʦ 920 ʂ, ʛʨʘʬʠʯʝʩʢʠ 

ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʨʠʩ. 5. ʂʘʢ ʚʠʜʥʦ ʥʘ ʨʠʩʫʥʢʝ, ʚ ʜʠʘʧʘʟʦʥʝ ʪʝʤʧʝʨʘʪʫʨ ʦʪ 510 ʜʦ 850 ʂ ʥʘʙʣʶʜʘʝʪʩʷ 

ʤʝʜʣʝʥʥʦʝ (ʬʘʢʪʠʯʝʩʢʠ ʧʦ ʣʠʥʝʡʥʦʤʫ ʟʘʢʦʥʫ) ʫʤʝʥʴʰʝʥʠʝ ʢʨʘʝʚʳʭ ʫʛʣʦʚ ʩʤʘʯʠʚʘʥʠʷ ɗ(ʊ) ʦʪ 120Á ʜʦ 

110Á ʫʛʣʦʚʳʭ ʛʨʘʜʫʩʦʚ. ʅʦ ʜʘʣʴʥʝʡʰʝʝ ʧʦʚʳʰʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ ʢʦʥʪʘʢʪʥʦʡ ʧʘʨʳ çʞʠʜʢʦʝ ʦʣʦʚʦ ï 

ʩʪʘʣʴ 12X18ʅ9ʊè ʜʦ 860 ʂ ʧʨʠʚʦʜʠʪ ʢ ʨʝʟʢʦʤʫ ʫʤʝʥʴʰʝʥʠʶ ʢʨʘʝʚʳʭ ʫʛʣʦʚ ʩʤʘʯʠʚʘʥʠʷ ʦʪ 110Á ʜʦ 10Á ʠ 

ʤʝʥʝʝ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʥʘ ʪʝʤʧʝʨʘʪʫʨʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ɗ(ʊ) ʯʠʩʪʳʤ ʞʠʜʢʠʤ ʦʣʦʚʦʤ ʧʦʚʝʨʭʥʦʩʪʠ ʩʪʘʣʠ 

ʤʘʨʢʠ 12ʍ18ʅ9ʊ ʟʘʬʠʢʩʠʨʦʚʘʥʘ ʦʩʦʙʝʥʥʦʩʪʴ ʚ ʚʠʜʝ ʂʊʉ, ʨʘʚʥʘʷ ʦʢʦʣʦ 870 ʂ.  

 
ʈʠʩ. 5. ʊʝʤʧʝʨʘʪʫʨʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʢʨʘʝʚʳʭ ʫʛʣʦʚ ʩʤʘʯʠʚʘʥʠʷ 

ʞʠʜʢʠʤ ʦʣʦʚʦʤ ʧʦʚʝʨʭʥʦʩʪʠ ʩʪʘʣʠ 12ʍ18ʅ9ʊ 

 

ʂʘʢ ʦʪʤʝʯʘʣʦʩʴ ʚʳʰʝ, ʚ ʣʠʪʝʨʘʪʫʨʝ ʠʤʝʶʪʩʷ ʩʚʝʜʝʥʠʷ ʦ ʧʦʜʦʙʥʳʭ ʢʨʠʪʠʯʝʩʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʩʤʘʯʠ-

ʚʘʝʤʦʩʪʠ, ʦʙʥʘʨʫʞʝʥʥʳʭ ʨʷʜʦʤ ʘʚʪʦʨʦʚ ʜʣʷ ʨʘʟʣʠʯʥʳʭ ʩʠʩʪʝʤ [22ï25], ʚ ʢʦʪʦʨʳʭ ʦʙʩʫʞʜʘʣʠʩʴ ʪʘʢʞʝ ʠ 

ʧʨʠʯʠʥʳ ʧʦʷʚʣʝʥʠʷ ʂʊʉ ʥʘ ʟʘʚʠʩʠʤʦʩʪʷʭ ɗ(ʊ) ʠ ʜʘʚʘʣʠʩʴ ʚʦʟʤʦʞʥʳʝ ʦʙʲʷʩʥʝʥʠʷ ʠ ʠʥʪʝʨʧʨʝʪʘʮʠʠ. 

ʀʟ ʥʠʭ ʩʣʝʜʫʝʪ, ʯʪʦ ʛʣʘʚʥʳʤ ʦʙʨʘʟʦʤ ʂʊʉ ʩʚʷʟʘʥʘ ʩ ʧʨʠʩʫʪʩʪʚʠʝʤ ʦʢʠʩʣʦʚ ʥʘ ʤʝʞʬʘʟʥʳʭ ʛʨʘʥʠ-

ʮʘʭ ʞʠʜʢʠʭ ʤʝʪʘʣʣʦʚ ʩ ʧʦʚʝʨʭʥʦʩʪʴʶ ʪʚʝʨʜʳʭ ʪʝʣ ʠ ʭʠʤʠʯʝʩʢʠʤʠ ʨʝʘʢʮʠʷʤʠ ʩ ʠʭ ʫʯʘʩʪʠʝʤ ʚ ʧʨʦʮʝʩʩʝ 

ʩʤʘʯʠʚʘʥʠʷ, ʧʦʩʢʦʣʴʢʫ ʧʨʠ ʥʝʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʧʦʚʝʨʭʥʦʩʪʠ ʤʝʪʘʣʣʦʚ ʠ ʩʪʘʣʝʡ ʧʦʢʨʳʪʳ ʦʢʩʠʜ-

ʥʳʤʠ ʧʣʝʥʢʘʤʠ, ʥʝʩʤʘʯʠʚʘʝʤʳʝ ʞʠʜʢʠʤʠ ʤʝʪʘʣʣʘʤʠ. ɺ ʯʘʩʪʥʦʩʪʠ, ʇ. ʇʨʦʮʝʥʢʦ ʠ ʜʨ.  [23, 25, 26] ʧʨʠ 

ʠʟʫʯʝʥʠʠ ʩʤʘʯʠʚʘʝʤʦʩʪʠ ʞʠʜʢʠʤ ʯʠʩʪʳʤ ʩʚʠʥʮʦʤ ʧʦʚʝʨʭʥʦʩʪʠ ʥʝʨʞʘʚʝʶʱʝʡ ʤʘʨʪʝʥʩʠʪʥʦʡ ʩʪʘʣʠ ʩ 

ʩʦʜʝʨʞʘʥʠʝʤ 7,5 wt%Cr Pb-0,55Bi ʧʦʣʫʯʠʣʠ ʛʨʘʬʠʢ ʟʘʚʠʩʠʤʦʩʪʠ ʢʨʘʝʚʳʭ ʫʛʣʦʚ ʩʤʘʯʠʚʘʥʠʷ ɗ(ʊ), ʥʘ ʢʦ-

ʪʦʨʦʡ ʧʨʦʩʤʘʪʨʠʚʘʶʪʩʷ ʜʚʝ ʂʊʉ, ʨʠʩ. 6.  
 



ʉʤʘʯʠʚʘʝʤʦʩʪʴ ʧʦʚʝʨʭʥʦʩʪʠ ʩʪʘʣʠ 12ʍ18ʅ9ʊ ʞʠʜʢʠʤ ʦʣʦʚʦʤ   
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ʈʠʩ. 6. ʊʝʤʧʝʨʘʪʫʨʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʢʨʘʝʚʳʭ ʫʛʣʦʚ ʩʤʘʯʠʚʘʥʠʷ ɗ(ʊ) ʯʠʩʪʳʤ ʩʚʠʥʮʦʤ  

ʧʦʚʝʨʭʥʦʩʪʠ ʤʘʨʪʝʥʩʠʪʥʦʡ ʥʝʨʞʘʚʝʶʱʝʡ ʩʪʘʣʠ Feï7.5 wt%Cr,  

ʦʧʨʝʜʝʣʝʥʠʷ ʤʝʪʦʜʦʤ ʣʝʞʘʱʝʡ ʢʘʧʣʠ (cʢʦʨʦʩʪʴ ʥʘʛʨʝʚʘ ï 200 
0
C/ʯʘʩ) [23] 

 

ɼʝʡʩʪʚʠʪʝʣʴʥʦ, ʚ [23] ʤʝʪʦʜʘʤʠ ʩʢʘʥʠʨʫʶʱʝʡ ʵʣʝʢʪʨʦʥʥʦʡ ʤʠʢʨʦʩʢʦʧʠʠ ʠ ʬʦʪʦʵʣʝʢʪʨʦʥʥʦʡ ʩʧʝʢ-

ʪʨʦʩʢʦʧʠʠ ʙʳʣʠ ʠʟʫʯʝʥʳ ʠʟʤʝʥʝʥʠʷ ʭʠʤʠʯʝʩʢʦʛʦ ʩʦʩʪʘʚʘ, ʩʪʨʫʢʪʫʨʳ ʠ ʪʦʣʱʠʥʳ ʦʢʩʠʜʥʳʭ ʧʣʝʥʦʢ ʧʨʠ ʪʝʨ-

ʤʠʯʝʩʢʦʡ ʦʙʨʘʙʦʪʢʝ ʧʦʚʝʨʭʥʦʩʪʠ ʩʪʘʣʝʡ. ʆʢʘʟʘʣʦʩʴ, ʯʪʦ ʥʘ ʦʪʰʣʠʬʦʚʘʥʥʳʭ ʘʣʤʘʟʥʦʡ ʧʘʩʪʦʡ ʧʦʚʝʨʭʥʦʩʪʷʭ 

ʥʝʨʞʘʚʝʶʱʝʡ ʤʘʨʪʝʥʩʠʪʥʦʡ ʩʪʘʣʠ ʩ ʩʦʜʝʨʞʘʥʠʝʤ ʣʝʛʠʨʫʶʱʝʛʦ ʵʣʝʤʝʥʪʘ ʭʨʦʤʘ (7,5 ʤʘʩ. % ʉr), ʦʢʩʠʜʥʳʝ 

ʧʣʝʥʢʠ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʠʤʝʶʪ ʪʦʣʱʠʥʫ ʚ 2ï3 ʥʤ, ʢʦʪʦʨʳʝ ʩ ʧʦʚʳʰʝʥʠʝʤ ʪʝʤʧʝʨʘʪʫʨʳ ʥʘ-

ʯʠʥʘʣʠ ʨʘʟʨʫʰʘʪʴʩʷ. ʇʨʠ ʵʪʦʤ ʢʦʤʧʦʥʝʥʪʦʤ ʩʪʘʣʠ, ʦʧʨʝʜʝʣʷʶʱʠʤ ʩʪʝʧʝʥʴ ʩʪʘʙʠʣʴʥʦʩʪʠ ʦʢʩʠʜʥʦʡ 

ʧʣʝʥʢʠ, ʦʢʘʟʘʣʩʷ ʦʢʩʠʜ ʭʨʦʤʘ, ʧʨʠ 870 ʂ ʥʘʯʠʥʘʶʱʠʡ ʨʝʢʦʤʙʠʥʠʨʦʚʘʪʴ ʚ ʚʘʢʫʫʤʝ ʩ ʭʨʦʤʦʤ ʧʦ ʭʠʤʠ-

ʯʝʩʢʦʡ ʨʝʘʢʮʠʠ: ʉr + ʉr2O3 Ÿ 3ʉrʆ, ʪ. ʝ. ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ ʣʝʪʫʯʝʛʦ ʦʢʩʠʜʘ. ʇʦʵʪʦʤʫ ʚ ʦʙʣʘʩʪʠ ʪʝʤʧʝʨʘ-

ʪʫʨ 870ï920 ʂ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʵʪʠʭ ʩʪʘʣʝʡ ʧʨʦʠʩʭʦʜʷʪ ʧʨʦʮʝʩʩʳ ʨʘʟʨʫʰʝʥʠʷ ʦʢʩʠʜʘ ʭʨʦʤʘ, ʧʨʠʚʦʜʷʱʠʝ 

ʢ ʫʤʝʥʴʰʝʥʠʶ ʫʛʣʦʚ ʩʤʘʯʠʚʘʥʠʷ ʞʠʜʢʠʤ ʤʝʪʘʣʣʦʤ ʩʪʘʣʠ. ʕʪʦ ʙʳʣʦ ʧʦʜʪʚʝʨʞʜʝʥʦ ʪʘʢʞʝ ʚ ʩʧʝʮʠʘʣʴ-

ʥʳʭ ʦʧʳʪʘʭ [26], ʧʦʢʘʟʘʚʰʠʭ, ʯʪʦ ʪʝʨʤʠʯʝʩʢʘʷ ʦʙʨʘʙʦʪʢʘ ʧʦʚʝʨʭʥʦʩʪʠ ʩʪʘʣʠ ʚ ʚʘʢʫʫʤʝ 10
ī4

 ʇʘ ʧʨʠʚʦ-

ʜʠʪ ʢ ʫʪʦʥʴʰʝʥʠʶ ʧʣʝʥʢʠ ʦʢʩʠʜʘ ʭʨʦʤʘ ʜʦ 1,2 ʥʤ. 

ʉ ʜʨʫʛʦʡ ʩʪʦʨʦʥʳ, ʚ ʨʘʙʦʪʝ [7] ʠʤʝʝʪʩʷ ʠʥʬʦʨʤʘʮʠʷ ʦ ʪʦʤ, ʯʪʦ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ ʚʳʰʝ 870 ʂ, ʩʦ-

ʜʝʨʞʘʱʠʝʩʷ ʚ ʢʦʥʩʪʨʫʢʮʠʦʥʥʳʭ ʤʘʪʝʨʠʘʣʘʭ ʣʝʛʠʨʫʶʱʠʝ ʵʣʝʤʝʥʪʳ, ʥʘʯʠʥʘʶʪ ʨʘʩʪʚʦʨʷʪʴʩʷ ʚ ʞʠʜʢʦʤ 

ʦʣʦʚʝ, ʪʘʙʣ. 1.  

 

ʊʘʙʣʠʮʘ 1 

ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʫʩʪʘʥʦʚʣʝʥʥʳʝ ʪʝʤʧʝʨʘʪʫʨʥʳʝ ʛʨʘʥʠʮʳ  

ʩʦʚʤʝʩʪʠʤʦʩʪʠ ʢʦʥʩʪʨʫʢʮʠʦʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʩ ʞʠʜʢʠʤʠ ʤʝʪʘʣʣʘʤʠ [7] 

 

ɾʠʜʢʠʡ ʤʝʪʘʣʣ ʂʦʥʩʪʨʫʢʮʠʦʥʥʳʡ ʤʘʪʝʨʠʘʣ ʊʝʤʧʝʨʘʪʫʨʥʳʡ ʧʦʨʦʛ  

ʨʘʩʪʚʦʨʝʥʠʷ (ÁC) 

ʆʣʦʚʦ 
ʈʘʩʪʚʦʨʝʥʠʝ ʙʦʣʴʰʠʥʩʪʚʘ ʢʦʥʩʪʨʫʢʮʠ-

ʦʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʧʨʠ ʩʤʘʯʠʚʘʥʠʠ 
T >  600 ÁC 

 

ɸ ʵʪʦ ʦʟʥʘʯʘʝʪ, ʯʪʦ ʦʧʨʝʜʝʣʝʥʥʘʷ ʥʘʤʠ ʢʨʠʪʠʯʝʩʢʘʷ ʪʝʤʧʝʨʘʪʫʨʘ ʩʤʘʯʠʚʘʝʤʦʩʪʠ ʦʣʦʚʦʤ ʧʦʚʝʨʭ-

ʥʦʩʪʠ ʩʪʘʣʠ 12ʍ18ʅ9ʊ (ʧʨʠ 600 ÁC (ʠʣʠ 870 ʂ) ʩʦʚʧʘʜʘʝʪ ʩ ʥʘʯʘʣʦʤ ʨʘʩʪʚʦʨʠʤʦʩʪʠ ʦʣʦʚʘ ʩ ʤʘʪʝʨʠʘʣʦʤ 

ʧʦʜʣʦʞʢʠ. ʇʦʵʪʦʤʫ ʤʳ ʩʯʠʪʘʝʤ ʨʘʟʫʤʥʳʤ ʧʨʝʜʧʦʣʦʞʠʪʴ, ʯʪʦ ʢʨʠʪʠʯʝʩʢʘʷ ʪʝʤʧʝʨʘʪʫʨʘ ʩʤʘʯʠʚʘʝʤʦʩʪʠ 

ʂʊʉ ʩʚʷʟʘʥʘ ʪʘʢʞʝ ʩ ʥʘʯʘʣʦʤ ʧʨʦʮʝʩʩʘ ʟʘʤʝʪʥʦʛʦ ʨʘʩʪʚʦʨʝʥʠʷ ʣʝʛʠʨʫʶʱʠʭ ʵʣʝʤʝʥʪʦʚ ʩʪʘʣʠ 12ʍ18ʅ9ʊ 

ʚ ʞʠʜʢʦʤ ʦʣʦʚʝ ʠ ʦʙʫʩʣʦʚʣʝʥʘ ʪʘʢʞʝ ʵʪʠʤ ʦʙʩʪʦʷʪʝʣʴʩʪʚʦʤ.  

 

ɺʳʚʦʜʳ 

1. ʅʘ ʪʝʤʧʝʨʘʪʫʨʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ɗ(ʊ) ʞʠʜʢʠʤ ʦʣʦʚʦʤ ʧʦʚʝʨʭʥʦʩʪʠ ʥʝʨʞʘʚʝʶʱʝʡ ʩʪʘʣʠ ʤʘʨʢʠ 

12ʍ18ʅ9ʊ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʫʩʪʘʥʦʚʣʝʥʦ ʥʘʣʠʯʠʝ ʦʩʦʙʝʥʥʦʩʪʠ ʚ ʚʠʜʝ ʢʨʠʪʠʯʝʩʢʦʡ ʪʝʤʧʝʨʘʪʫʨʳ ʩʤʘ-

ʯʠʚʘʝʤʦʩʪʠ ʂʊʉ, ʨʘʚʥʘʷ ʦʢʦʣʦ 870 ʂ.  
2. ʇʦ ʥʘʰʝʤʫ ʤʥʝʥʠʶ, ʦʙʥʘʨʫʞʝʥʥʘʷ ʂʊʉ ʢʨʠʪʠʯʝʩʢʘʷ ʪʝʤʧʝʨʘʪʫʨʘ ʩʤʘʯʠʚʘʝʤʦʩʪʠ ʥʘ ʟʘʚʠʩʠʤʦʩʪʠ ɗ(ʊ) ʚ 

ʦʩʥʦʚʥʦʤ ʦʙʫʩʣʦʚʣʝʥʘ ʠ ʩʚʷʟʘʥʘ ʩ ʥʘʯʘʣʦʤ ʧʨʦʮʝʩʩʘ ʟʘʤʝʪʥʦʛʦ ʨʘʩʪʚʦʨʝʥʠʷ ʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʣʝʛʠʨʫʶʱʠʭ 

ʵʣʝʤʝʥʪʦʚ ʚ ʩʪʘʣʠ 12ʍ18ʅ9ʊ ʩ ʞʠʜʢʠʤʠ ʦʣʦʚʦʤ. 
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ʈʘʩʩʤʦʪʨʝʥʦ ʢʘʯʝʩʪʚʝʥʥʦʝ ʚʣʠʷʥʠʝ ʬʠʟʠʯʝʩʢʠʭ ʫʩʣʦʚʠʡ ï ʚʥʫʪʨʝʥʥʠʭ ʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʦʣʝʡ ʠ ʧʨʠʧʦ-

ʚʝʨʭʥʦʩʪʥʳʭ ʙʘʨʴʝʨʦʚ ï ʥʘ ʬʦʨʤʠʨʦʚʘʥʠʝ ʧʨʦʮʝʩʩʦʚ ʵʣʝʢʪʨʦʭʨʦʤʥʦʛʦ ʦʢʨʘʰʠʚʘʥʠʷ ʚ ʤʥʦʛʦʩʣʦʡʥʦʡ ʩʠʩʪʝʤʝ: 

ʪʦʥʢʘʷ ʧʣʝʥʢʘ ʦʢʩʠʜʘ ʠʥʜʠʷ, ʣʝʛʠʨʦʚʘʥʥʘʷ ʦʣʦʚʦʤ (JTO)/ʦʢʩʠʜʥʘʷ ʚʦʣʴʬʨʘʤʦʚʘʷ ʙʨʦʥʟʘ 
3MxWO/ʵʣʝʢʪ-

ʨʦʣʠʪ. ʆʧʨʝʜʝʣʷʶʱʠʤ ʬʘʢʪʦʨʦʤ ʦʙʦʟʥʘʯʝʥʳ ʥʘʥʦʤʘʩʰʪʘʙʥʳʝ ʧʝʨʝʭʦʜʥʳʝ ʩʣʦʠ ʚ ʵʪʦʡ ʩʠʩʪʝʤʝ, ʦʙʫʩʣʦʚʣʝʥ-

ʥʳʝ ʛʨʘʜʠʝʥʪʦʤ ʧʦʣʷ, ʥʘʣʦʞʝʥʥʦʛʦ ʚ ʧʨʦʮʝʩʩʝ ʚʘʢʫʫʤʥʦʡ ʢʦʥʮʝʥʪʨʘʮʠʠ, ʚʥʫʪʨʝʥʥʝʛʦ ɻ ʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣ.̫ 

 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʦʢʩʠʜʥʘʷ ʚʦʣʴʬʨʘʤʦʚʘʷ ʙʨʦʥʟʘ, ʤʦʥʦʢʨʠʩʪʘʣʣ, ʪʦʥʢʘʷ ʧʣʝʥʢʘ, ʵʣʝʢʪʨʦʭʨʦʤ-

ʥʳʡ ʵʬʬʝʢʪ, ʘʤʦʨʬʥʘʷ ʩʪʨʫʢʪʫʨʘ. 

 

 

ON THE INFLUENCE OF INTERNAL E LECTRIC FIELDS ON THE ELECTRONIC  

PROCESS IN MULTILAYER NANOSIZED STRUCTURES  

 

Bagov A.M., Khubolov B.M., Zhaboev Zh.Zh. 

 

Kabardino-Balkarian State University 

 

The influence of physical conditions ï internal electric fields and surface barriers ï on the formation of 

electrochromic coloration processes in a multilayer system: a thin film of indium oxide doped with tin (JTO)/oxide 

tungsten bronze 
3MxWO /electrolyte is considered qualitatively. The determining factor is the nanoscale transition 

layers in this system, because of the gradient of the field imposed in the process of vacuum concentration, internal 

electrick field. 

 

Keywords: oxide tungsten bronze, monocrystal, thin film, electrochromic effect, amorphous structure. 

 

ɼʣʷ ʨʘʟʚʠʪʠʷ ʬʠʟʠʯʝʩʢʠʭ ʧʨʝʜʩʪʘʚʣʝʥʠʡ ʦʙ ʵʣʝʢʪʨʦʭʨʦʤʠʟʤʝ ʦʢʩʠʜʥʳʭ ʚʦʣʴʬʨʘʤʦʚʳʭ ʙʨʦʥʟ 

(ʆɺɹ) ʨʘʩʩʤʦʪʨʠʤ ʦʜʥʦ ʠʟ ʦʙʲʝʤʥʳʭ ʩʚʦʡʩʪʚ ï ʧʨʦʚʦʜʠʤʦʩʪʴ. ɺʝʣʠʯʠʥʳ ʠ ʪʝʤʧʝʨʘʪʫʨʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ 

ʵʣʝʢʪʨʦʧʨʦʚʦʜʠʤʦʩʪʠ (ů) ʫ ʆɺɹ ʧʝʨʝʤʝʥʥʦʛʦ ʩʦʩʪʘʚʘ 
3MxWO  (ʛʜʝ M  ï Li , Na, K , Cs, Tl ; 

9,03,0 ¢¢x ) ʦʪʣʠʯʘʶʪʩʷ ʧʦ ʣʠʪʝʨʘʪʫʨʥʳʤ ʜʘʥʥʳʤ ʜʣʷ ʨʘʟʥʳʭ x. ʋ ʙʨʦʥʟ ʩʦʩʪʘʚʘ 
39,0 WONa  ʥʘʙʣʶ-

ʜʘʝʪʩʷ ʚʳʩʦʢʘʷ ʧʨʦʚʦʜʠʤʦʩʪʴ ʤʝʪʘʣʣʠʯʝʩʢʦʛʦ ʪʠʧʘ, ʘ ʩ ʫʤʝʥʴʰʝʥʠʝʤ ʦʥʘ ʤʝʥʷʝʪʩʷ (ʩʥʠʞʘʝʪʩʷ) ʧʦ ʚʝ-

ʣʠʯʠʥʝ ʠ ʩʪʘʥʦʚʠʪʩʷ ʧʨʦʚʦʜʠʤʦʩʪʴʶ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʦʛʦ ʪʠʧʘ ʩ ʵʣʝʢʪʨʦʥʘʤʠ ʚ ʢʘʯʝʩʪʚʝ ʦʩʥʦʚʥʳʭ ʥʦ-

ʩʠʪʝʣʝʡ ʟʘʨʷʜʘ [1]. ʕʪʦ ʝʩʪʝʩʪʚʝʥʥʦ, ʪʘʢ ʢʘʢ ʧʦ ʩʦʩʪʘʚʫ ʦʥʘ ʧʨʠʙʣʠʞʘʝʪʩʷ ʧʨʠ ʵʪʦʤ ʢ ʦʢʩʠʜʫ ʚʦʣʴʬʨʘʤʘ  

( 0x ), ʘ ʤʥʦʛʠʝ ʦʢʩʠʜʳ ʚ ʪʦʡ ʠʣʠ ʠʥʦʡ ʤʝʨʝ ʧʨʦʚʦʜʷʪ ʵʣʝʢʪʨʠʯʝʩʢʠʡ ʪʦʢ ʟʘ ʩʯʝʪ ʧʦʜʚʠʞʥʳʭ ʵʣʝʢ-

ʪʨʦʥʦʚ ʠʣʠ ʜʳʨʦʢ. 

ʆʢʩʠʜʳ ʧʝʨʝʭʦʜʥʳʭ ʤʝʪʘʣʣʦʚ (ʆʇʄ) ʠ, ʚ ʯʘʩʪʥʦʩʪʠ ʦʢʩʠʜʥʳʝ ʚʦʣʴʬʨʘʤʦʚʳʝ ʙʨʦʥʟʳ (ʆɺɹ) [2] 

ʠʥʪʝʥʩʠʚʥʦ ʠʟʫʯʘʶʪʩʷ ʢʘʢ ʤʘʪʝʨʠʘʣʳ ʜʣʷ ʤʥʦʛʠʭ ʦʙʣʘʩʪʝʡ ʩʦʚʨʝʤʝʥʥʦʡ ʵʣʝʢʪʨʦʥʠʢʠ. ʆʜʥʘʢʦ ʤʝʭʘ-

ʥʠʟʤ ʧʦʛʣʦʱʝʥʠʷ ʮʝʥʪʨʘʤʠ ʦʢʨʘʩʢʠ ʥʘʚʦʜʠʤʳʤʠ ʧʨʠʣʦʞʝʥʥʳʤ ʥʘʧʨʷʞʝʥʠʝʤ ʠʣʠ ʧʨʦʧʫʱʝʥʥʳʤ ʪʦʢʦʤ, 

ʦʩʪʘʝʪʩʷ ʜʠʩʢʫʩʩʠʦʥʥʳʤ [3ï5]. ɺʩʝ ʤʦʜʝʣʠ ʵʣʝʢʪʨʦʭʨʦʤʠʟʤʘ ʚ ʪʨʠʦʢʩʠʜʝ ʚʦʣʴʬʨʘʤʘ (
3WO) ʠ ʚ ʦʢʩʠʜʥʳʭ 

ʚʦʣʴʬʨʘʤʦʚʳʭ ʙʨʦʥʟʘʭ (ʆɺɹ), ʚ ʪʦʤ ʯʠʩʣʝ ʠ ʘʥʘʣʠʪʠʯʝʩʢʠʝ [6], ʦʩʥʦʚʳʚʘʣʠʩʴ ʥʘ ʜʚʫʭ ʧʦʣʦʞʝʥʠʷʭ: ï ʵʣʝʢ-

ʪʨʦʭʨʦʤʥʦʝ ʦʢʨʘʰʠʚʘʥʠʝ ʦʙʫʩʣʦʚʣʝʥʦ ʠʥʞʝʢʮʠʝʡ ʧʨʦʪʦʥʦʚ ʠ ʵʣʝʢʪʨʦʥʦʚ ʚ ʵʣʝʢʪʨʦʭʨʦʤʥʳʡ ʤʘʪʝʨʠʘʣ 

(ʕʍʄ); ï ʚʩʣʝʜʩʪʚʠʝ ʪʘʢʦʡ ʠʥʞʝʢʮʠʠ ʦʙʨʘʟʫʝʪʩʷ ʚʦʜʦʨʦʜʥʦ-ʚʦʣʴʬʨʘʤʦʚʘʷ ʙʨʦʥʟʘ, ʦʪʚʝʪʩʪʚʝʥʥʘʷ ʟʘ 

ʵʣʝʢʪʨʦʭʨʦʤʥʳʡ ʵʬʬʝʢʪ. 
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ʆʪʩʶʜʘ ʩʣʝʜʫʝʪ ʥʝʩʢʦʣʴʢʦ ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʭ ʟʘʢʣʶʯʝʥʠʡ ʦ ʪʦʤ, ʯʪʦ ʩʣʝʜʫʝʪ ʦʞʠʜʘʪʴ ʩ ʬʠʟʠʯʝ-

ʩʢʦʡ ʪʦʯʢʠ ʚ ʧʦʚʝʜʝʥʠʠ ʆɺɹ, ʢʦʛʜʘ ʦʥʠ ʠʩʧʦʣʴʟʦʚʘʥʳ ʚ ʢʘʯʝʩʪʚʝ ʵʣʝʢʪʨʦʜʦʚ ʚ ʵʣʝʢʪʨʦʭʨʦʤʥʳʭ ʫʩʪʨʦʡ-

ʩʪʚʘʭ (ʕʍʋ). 

 

ʈʝʟʫʣʴʪʘʪʳ ʠ ʠʭ ʦʙʩʫʞʜʝʥʠʝ 

ʋ ʙʨʦʥʟ ʩ ʤʝʪʘʣʣʠʯʝʩʢʦʡ ʧʨʦʚʦʜʠʤʦʩʪʴʶ ʢʦʥʮʝʥʪʨʘʮʠʷ ʩʚʦʙʦʜʥʳʭ ʵʣʝʢʪʨʦʥʦʚ ʚʝʣʠʢʘ. ʉ ʧʦʟʠʮʠʠ 

ʟʦʥʥʦʡ ʪʝʦʨʠʠ ʟʘʧʨʝʱʝʥʥʘʷ ʟʦʥʘ ʦʪʩʫʪʩʪʚʫʝʪ ʫ ʤʝʪʘʣʣʦʚ ʫʨʦʚʝʥʴ ʌʵʨʤʠ (ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʡ ʧʦʪʝʥʮʠ-

ʘʣ ʵʣʝʢʪʨʦʥʦʚ 
ʝm) ʩʦʚʧʘʜʘʝʪ (ʣʠʙʦ ʙʣʠʟʦʢ) ʩ ʥʠʞʥʝʡ ʛʨʘʥʠʮʝʡ ʟʦʥʳ ʧʨʦʚʦʜʠʤʦʩʪʠ. ʊʘʢʠʝ ʧʨʦʚʦʜʥʠʢʠ ʚ 

ʢʘʯʝʩʪʚʝ ʵʣʝʢʪʨʦʜʦʚ ʦʪʣʠʯʘʶʪʩʷ ʪʝʤ, ʯʪʦ ʚ ʧʨʦʮʝʩʩʘʭ ʵʣʝʢʪʨʦʣʠʟʘ ʵʣʝʢʪʨʠʯʝʩʢʦʝ ʧʦʣʝ ʥʝ ʧʨʦʥʠʢʘʝʪ ʚ 

ʦʙʲʝʤ ʵʣʝʢʪʨʦʜʘ; ʥʘʣʦʞʝʥʥʦʝ ʠʟʚʥʝ ʥʘʧʨʷʞʝʥʠʝ ʤʝʥʷʝʪ ʥʘʧʨʷʞʝʥʥʦʩʪʴ ʧʦʣʷ ʣʠʰʴ ʚ ʜʚʦʡʥʦʤ ʵʣʝʪʨʠʯʝ-

ʩʢʦʤ ʩʣʦʝ ʠ ʦʙʲʝʤʝ ʵʣʝʢʪʨʦʣʠʪʘ. 

ʀʟʤʝʥʝʥʠʝ ʚʝʣʠʯʠʥʳ x  ʚ ʆɺɹ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʝʝ ʩʦʩʪʘʚʘ ʧʨʠʚʦʜʠʪ ʢ ʠʟʤʝʥʝʥʠʶ 
ʝm (ʫʨʦʚʥʷ 

ʌʵʨʤʠ) ʠ, ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʨʘʙʦʪʳ ʚʳʭʦʜʘ ʵʣʝʢʪʨʦʥʘ. ʇʦʵʪʦʤʫ ʢʦʥʪʘʢʪʥʘʷ ʨʘʟʥʦʩʪʴ ʧʦʪʝʥʮʠʘʣʦʚ ʤʦʞʝʪ 

ʚʦʟʥʠʢʘʪʴ ʥʝ ʪʦʣʴʢʦ ʥʘ ʛʨʘʥʠʮʝ ʆɺɹ/ʵʣʝʢʪʨʦʣʠʪ, ʥʦ ʠ ʥʘ ʢʦʥʪʘʢʪʝ ʜʚʫʭ, ʜʘʞʝ ʦʜʥʦʪʠʧʥʳʭ, ʥʦ ʨʘʟʥʳʭ ʧʦ 

ʩʦʩʪʘʚʫ ʙʨʦʥʟ. ɺ ʧʦʩʣʝʜʥʝʤ ʩʣʫʯʘʝ ʛʨʘʜʠʝʥʪ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ ʜʦʣʞʝʥ ʚʦʟʥʠʢʘʪʴ ʚʥʫʪʨʠ (ʚ ʦʙʲʝʤʝ) 

ʪʚʝʨʜʦʛʦ ʪʝʣʘ ʚ ʤʝʩʪʝ ʩʧʘʷ ʜʚʫʭ ʙʨʦʥʟ. ʂʘʢ ʵʪʦ ʤʦʞʝʪ ʧʨʦʷʚʠʪʴʩʷ ʚ ʵʣʝʢʪʨʦʭʨʦʤʠʟʤʝ ʨʘʩʩʤʦʪʨʠʤ ʚ 

ʜʘʣʴʥʝʡʰʝʤ. ʕʣʝʢʪʨʦʭʨʦʤʥʳʡ ʵʬʬʝʢʪ ï ʧʨʦʮʝʩʩ ʠʟʤʝʥʝʥʠʷ ʭʘʨʘʢʪʝʨʘ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʵʣʝʢʪʨʦʤʘʛʥʠʪ-

ʥʦʛʦ ʠʟʣʫʯʝʥʠʷ, ʧʘʜʘʶʱʝʛʦ ʥʘ ʢʦʥʜʝʥʩʠʨʦʚʘʥʥʦʝ ʪʝʣʦ, ʧʨʠ ʠʟʤʝʥʝʥʠʠ ʢʠʥʝʪʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ 

ʵʣʝʢʪʨʦʥʥʦʡ ʧʦʜʩʠʩʪʝʤʳ ʜʘʥʥʦʛʦ ʪʝʣʘ. ʇʨʠ ʵʪʦʤ ʵʣʝʢʪʨʦʣʠʪʠʯʝʩʢʠʡ ʢʦʥʪʘʢʪ ʣʠʰʴ ʦʙʝʩʧʝʯʠʚʘʝʪ ʠʥ-

ʞʝʢʮʠʶ ʜʳʨʦʢ ʠʣʠ ʵʣʝʢʪʨʦʥʦʚ ʚ ʵʣʝʢʪʨʦʭʨʦʤʥʳʡ ʤʘʪʝʨʠʘʣ. ʇʨʠ ʪʘʢʦʤ ʧʦʜʭʦʜʝ ʢ ʵʣʝʢʪʨʦʭʨʦʤʥʦʤʫ 

ʧʨʦʮʝʩʩʫ ʩʪʘʥʦʚʷʪʩʷ ʝʜʠʥʳʤʠ ʠ ʤʝʭʘʥʠʟʤʳ ʪʝʨʤʦʭʨʦʤʠʟʤʘ ʠ ʵʣʝʢʪʨʦʭʨʦʤʠʟʤʘ, ʚ ʢʦʪʦʨʳʭ ʧʘʜʘʶʱʝʝ 

ʠʟʣʫʯʝʥʠʝ ʠʣʠ ʪʝʨʤʦʥʘʛʨʝʚ ʦʙʝʩʧʝʯʠʚʘʶʪ ʠʟʤʝʥʝʥʠʝ ʢʠʥʝʪʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʵʣʝʢʪʨʦʥʥʦʡ ʧʦʜʩʠʩ-

ʪʝʤʳ ʬʦʪʦʭʨʦʤʥʦʛʦ ʠʣʠ ʪʝʨʤʦʭʨʦʤʥʦʛʦ ʤʘʪʝʨʠʘʣʘ. 

ʉ ʪʦʯʢʠ ʟʨʝʥʠʷ ʬʠʟʠʢʠ ʢʦʥʜʝʥʩʠʨʦʚʘʥʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʵʣʝʢʪʨʦʭʨʦʤʥʳʡ ʵʬʬʝʢʪ ʩʦʩʪʦʠʪ ʠʟ ʜʚʫʭ 

ʵʣʝʢʪʨʦʥʥʳʭ ʧʨʦʮʝʩʩʦʚ ʚ ʢʦʥʜʝʥʩʠʨʦʚʘʥʥʦʡ ʩʠʩʪʝʤʝ. ɺʦ-ʧʝʨʚʳʭ, ʠʥʞʝʢʮʠʠ (ʵʢʩʪʨʘʢʮʠʠ) ʵʣʝʢʪʨʦʥʦʚ 

(ʜʳʨʦʢ) ʥʘ ʣʦʢʘʣʠʟʦʚʘʥʥʳʝ ʩʦʩʪʦʷʥʠʷ ʚʙʣʠʟʠ ʫʨʦʚʥʷ ʌʵʨʤʠ ʥʘ ʩʦʩʪʦʷʥʠʷ ʥʘ ʛʨʘʥʠʮʝ ʵʣʝʢʪʨʦʭʨʦʤʥʳʡ 

ʤʘʪʝʨʠʘʣ/ʞʠʜʢʠʡ ʵʣʝʢʪʨʦʣʠʪ (ʪʚʝʨʜʳʡ ʵʣʝʢʪʨʦʣʠʪ). ʃʦʢʘʣʠʟʦʚʘʥʥʳʝ ʩʦʩʪʦʷʥʠʷ ʩʦʟʜʘʶʪʩʷ ʛʨʫʧʧʦʡ 

ʘʪʦʤʦʚ, ʚ ʢʦʪʦʨʫʶ ʚʭʦʜʷʪ ʠʦʥ ʚʦʣʴʬʨʘʤʘ W(+6), ʠʦʥ Li (+1), Na(+1), K (+1), Cs(+1) ʚ ʆɺɹ, ʠʣʠ ʠʦʥ 
H(+1) ʚ ʪʨʠʦʢʩʠʜʝ ʚʦʣʴʬʨʘʤʘ ʠ ʚʘʢʘʥʩʠʷ ʢʠʩʣʦʨʦʜʘ V (O -). ɺʦ-ʚʪʦʨʳʭ, ʵʣʝʢʪʨʦʥʥʦʛʦ ʧʝʨʝʭʦʜʘ: ʚʥʫʪ-

ʨʠʮʝʥʪʨʦʚʦʛʦ dd-  ʧʝʨʝʭʦʜʘ ʠʣʠ ʧʝʨʝʭʦʜʘ ʩ ʧʝʨʝʭʦʜʦʤ ʟʘʨʷʜʘ ʪʠʧʘ ʤʝʪʘʣʣ-ʣʠʯʘʥʜ (ʇɿʄʃ). ʆʙʝʜʥʝʥ-

ʥʳʝ ʧʦ ʱʝʣʦʯʥʦʤʫ ʤʝʪʘʣʣʫ ʆɺɹ ʩ ʥʠʟʢʦʡ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʦʡ ʧʨʦʚʦʜʠʤʦʩʪʴʶ (ʦʩʦʙʝʥʥʦ ʥʘʧʳʣʝʥʥʳʝ 

ʥʘ ʧʦʜʣʦʞʢʫ ʩ JTO ʪʦʥʢʠʝ ʧʣʝʥʢʠ ʙʨʦʥʟ) ʥʝ ʤʦʛʫʪ ʙʳʪʴ ʠʜʝʥʪʠʯʥʳ ʤʝʪʘʣʣʠʯʝʩʢʦʤʫ ʵʣʝʢʪʨʦʜʫ. ʇʨʠ 

ʵʣʝʢʪʨʦʣʠʟʝ ʚʥʝʰʥʝʝ ʥʘʧʨʷʞʝʥʠʝ ʯʘʩʪʠʯʥʦ ʧʘʜʘʝʪ ʥʘ ʩʣʦʡ ʙʨʦʥʟʳ, ʤʝʥʷʷ ʥʘʧʨʷʞʝʥʥʦʩʪʴ ʧʦʣʷ ʚ ʝʝ ʦʙʲ-

ʝʤʝ ʠ ʵʥʝʨʛʠʶ ʟʘʨʷʞʝʥʥʳʭ ʯʘʩʪʠʮ. ʂʘʢ ʩʣʝʜʩʪʚʠʝ ʩʪʘʥʦʚʠʪʩʷ ʚʦʟʤʦʞʥʳʤ ʧʨʦʪʝʢʘʥʠʝ ʭʠʤʠʯʝʩʢʠʭ 

(ʦʢʠʩʣʠʪʝʣʴʥʦ-ʚʦʩʩʪʘʥʦʚʠʪʝʣʴʥʳʭ) ʧʨʦʮʝʩʩʦʚ ʩ ʫʯʘʩʪʠʝʤ ʩʘʤʦʛʦ ʤʘʪʝʨʠʘʣʘ (ʦʢʩʠʜʘ, ʆɺɼ), ʯʪʦ ʭʦʨʦʰʦ 

ʠʟʚʝʩʪʥʦ ʚ ʷʚʣʝʥʠʷʭ ʵʣʝʢʪʨʦʤʠʟʤʘ ʥʘ ʯʠʩʪʳʭ ʦʢʩʠʜʘʭ. ʌʠʟʠʯʝʩʢʠ ʵʪʦ ʦʟʥʘʯʘʝʪ ʟʘʧʦʣʥʝʥʠʝ ʠʣʠ ʦʩʚʦʙʦ-

ʞʜʝʥʠʝ ʦʧʨʝʜʝʣʝʥʥʳʭ ʵʣʝʢʪʨʦʥʥʳʭ ʫʨʦʚʥʝʡ. ʅʘʧʨʠʤʝʨ, ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʝ ʚʦʩʩʪʘʥʦʚʣʝʥʠʝ ʵʢʚʠʚʘ-

ʣʝʥʪʥʦ ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ ʬʠʟʠʢʠ ʟʘʩʝʣʝʥʠʶ ʦʧʨʝʜʝʣʝʥʥʳʭ ʫʨʦʚʥʝʡ ʵʣʝʢʪʨʦʥʘʤʠ. ʂʘʢ ʧʨʘʚʠʣʦ, ʵʪʦ ʩʦʧʨʦ-

ʚʦʞʜʘʝʪʩʷ ʠʟʤʝʥʝʥʠʝʤ ʮʚʝʪʘ, ʪ. ʝ. ʠʟʤʝʥʝʥʠʝʤ ʵʥʝʨʛʠʠ ʵʣʝʢʪʨʦʥʥʳʭ ʧʝʨʝʭʦʜʦʚ, ʯʝʤ ʠ ʦʙʫʩʣʦʚʣʝʥ ʵʣʝʢ-

ʪʨʦʭʨʦʤʠʟʤ ʦʢʩʠʜʦʚ. ʂʨʦʤʝ ʪʦʛʦ, ʭʠʤʠʯʝʩʢʦʝ ʧʨʝʚʨʘʱʝʥʠʝ ʦʢʩʠʜʘ (ʦʢʠʩʣʝʥʠʝ ʠ ʚʦʩʩʪʘʥʦʚʣʝʥʠʝ) ʧʨʠ 

ʥʘʣʦʞʝʥʠʠ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ ʦʟʥʘʯʘʝʪ ʪʘʢʞʝ ʠʟʤʝʥʝʥʠʝ ʩʦʩʪʘʚʘ ʚʝʱʝʩʪʚʘ. ʄʝʥʷʝʪʩʷ ʵʥʝʨʛʠʷ ʯʘʩʪʠʮ 

ʚ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʝʪʢʝ, ʚ ʪʦʤ ʯʠʩʣʝ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʡ ʧʦʪʝʥʮʠʘʣ ʵʣʝʢʪʨʦʥʦʚ, ʪ. ʝ. ʫʨʦʚʝʥʴ ʌʝʨ-

ʤʠ. ʇʦʵʪʦʤʫ ʵʣʝʢʪʨʦʭʨʦʤʥʳʡ ʩʣʦʡ ʩʚʦʝʦʙʨʘʟʝʥ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʦʙʳʯʥʳʤʠ ʧʦʣʫʧʨʦʚʦʜʥʠʢʘʤʠ. ɺ ʥʝʤ 

ʤʝʥʷʶʪʩʷ ʚʦ ʚʨʝʤʝʥʠ ʚʘʞʥʝʡʰʠʝ ʬʠʟʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ (ʫʨʦʚʝʥʴ ʌʝʨʤʠ, ʨʘʙʦʪʘ ʚʳʭʦʜʘ, ʧʨʦʚʦ-

ʜʠʤʦʩʪʴ, ʵʥʝʨʛʠʷ ʧʦʚʝʨʭʥʦʩʪʠ ʠ ʵʥʝʨʛʠʷ ʘʜʩʦʨʙʮʠʠ ʥʘ ʛʨʘʥʠʮʝ ʩ ʵʣʝʢʪʨʦʣʠʪʦʤ) ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʚ ʧʨʦ-

ʮʝʩʩʝ ʦʢʨʘʰʠʚʘʥʠʷ ʠ ʦʙʝʩʮʚʝʯʠʚʘʥʠʷ. ʅʘ ʵʪʦ ʨʘʩʭʦʜʫʝʪʩʷ ʵʥʝʨʛʠʷ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ ʠ ʟʘʨʷʜ, ʘ ʟʘʚʠ-

ʩʠʤʦʩʪʴ ʦʪ ʚʨʝʤʝʥʠ ʧʨʠʚʦʜʠʪ ʢ ʷʚʣʝʥʠʷʤ ʛʠʩʪʝʨʝʟʠʩʘ ʠ ʟʘʧʘʟʜʳʚʘʥʠʷ ʚ ʫʩʪʘʥʦʚʣʝʥʠʠ ʩʪʘʮʠʦʥʘʨʥʦʛʦ 

ʪʦʢʘ, ʧʦʪʝʥʮʠʘʣʘ ʠ ʜʨʫʛʠʭ ʧʘʨʘʤʝʪʨʦʚ (ʥʘʧʨʠʤʝʨ, ʵʩʪʘʥʩʘ, ʪ.ʝ. ʵʥʝʨʛʠʠ ʧʦʚʝʨʭʥʦʩʪʠ) ʧʦʩʣʝ ʥʘʣʦʞʝʥʠʷ 

ʚʥʝʰʥʠʭ ʥʘʧʨʷʞʝʥʠʡ ʚ ʠʤʧʫʣʴʩʥʦʤ ʠʣʠ ʜʠʥʘʤʠʯʝʩʢʦʤ ʨʝʞʠʤʝ. 

ʈʘʩʩʤʦʪʨʠʤ ʥʝʢʦʪʦʨʳʝ ʦʩʦʙʝʥʥʦʩʪʠ ʚ ʧʦʚʝʜʝʥʠʠ ʤʦʥʦʢʨʠʩʪʘʣʣʦʚ ʥʘʪʨʠʡ-ʚʦʣʴʬʨʘʤʦʚʦʡ ʙʨʦʥʟʳ ʚ 

ʠʩʭʦʜʥʦʤ ʩʦʩʪʦʷʥʠʠ ʠ ʧʦʜʚʝʨʛʥʫʪʦʡ ʘʥʦʜʥʦʡ ʦʙʨʘʙʦʪʢʝ. ʆʜʥʦ ʨʘʟʣʠʯʠʝ ʤʝʞʜʫ ʧʦʚʝʨʭʥʦʩʪʴʶ ʠʩʭʦʜʥʦ-

ʛʦ ʤʦʥʦʢʨʠʩʪʘʣʣʘ ʙʨʦʥʟʳ, ʥʝ ʦʙʣʘʜʘʶʱʝʛʦ ʵʣʝʢʪʨʦʭʨʦʤʥʳʤʠ ʩʚʦʡʩʪʚʘʤʠ, ʠ ʝʛʦ ʛʨʘʥʴʶ, ʧʦʜʚʝʨʛʥʫʪʦʡ 

ʘʥʦʜʠʨʦʚʘʥʠʶ, ʚ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʜʦʩʪʘʪʦʯʥʦ ʭʦʨʦʰʦ ʠʟʚʝʩʪʥʦ. ʆʥʦ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʧʦʥʠʞʝʥʥʦʡ ʢʦʥ-

ʮʝʥʪʨʘʮʠʠ ʥʘʪʨʠʷ ʚ ʧʦʚʝʨʭʥʦʩʪʥʦʤ ʩʣʦʝ ʛʨʘʥʠ ʧʦʩʣʝ ʘʥʦʜʠʨʦʚʘʥʠʷ. ʋʩʣʦʚʥʦ ʤʦʞʥʦ ʧʨʝʜʩʪʘʚʠʪʴ ʩʝʙʝ 

ʢʦʥʪʘʢʪ ʦʙʝʜʥʝʥʥʦʛʦ ʧʦ ʥʘʪʨʠʶ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʩʣʦʷ ʩ ʦʙʲʝʤʦʤ ʙʨʦʥʟʳ, ʥʝ ʟʘʪʨʦʥʫʪʳʭ ʘʥʦʜʥʦʡ ʦʙʨʘ-

ʙʦʪʢʦʡ, ʢʘʢ n-r -ʧʝʨʝʭʦʜ. ʈʝʟʢʦʡ ʛʨʘʥʠʮʳ ʤʝʞʜʫ ʩʣʦʝʤ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʠ ʦʙʲʝʤʦʤ ʚ ʦʜʥʦʤ ʢʨʠʩʪʘʣʣʝ 



ɹʘʛʦʚ ɸ.ʄ., ʍʫʙʦʣʦʚ ɹ.ʄ., ɾʘʙʦʝʚ ɾ.ɾ. 
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ʙʳʪʴ ʥʝ ʤʦʞʝʪ, ʠ ʧʝʨʝʭʦʜ ʦʪ ʦʜʥʦʨʦʜʥʦʛʦ ʩʦʩʪʘʚʘ ʙʨʦʥʟʳ ʚ ʦʙʲʝʤʝ ʢ ʧʝʨʝʤʝʥʥʦʤʫ ʚʙʣʠʟʠ ʧʦʚʝʨʭʥʦʩʪʠ, 

ʧʦ ʥʘʰʝʤʫ ʤʥʝʥʠʶ, ʧʦʩʪʝʧʝʥʥʳʡ ʠ ʤʦʥʦʪʦʥʥʳʡ. ʅʝʩʤʦʪʨʷ ʥʘ ʨʘʟʤʳʪʦʩʪʴ ʛʨʘʥʠʮʳ, ʬʠʟʠʯʝʩʢʠ, ʠʟ-ʟʘ 

ʦʪʣʠʯʠʡ ʚ ʝm ʠ ʢʦʥʮʝʥʪʨʘʮʠʠ ʩʚʦʙʦʜʥʳʭ ʵʣʝʢʪʨʦʥʦʚ (ʚ ʦʙʲʝʤʝ ʦʥʠ ʚʳʰʝ) ʚʦʟʥʠʢʘʝʪ ʛʨʘʜʠʝʥʪ ʧʦʪʝʥ-

ʮʠʘʣʘ ʠ ʵʣʝʢʪʨʠʯʝʩʢʦʝ ʧʦʣʝ ʚʥʫʪʨʠ ʦʙʝʜʥʝʥʥʦʛʦ ʩʣʦʷ. ʕʪʦ ʧʦ ʩʫʪʠ ʜʝʣʘ ʚʦʟʥʠʢʥʦʚʝʥʠʝ ʜʠʬʬʫʟʠʦʥʥʦʛʦ 

ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ ʚ ʥʝʨʘʚʥʦʤʝʨʥʦ ʣʝʛʠʨʦʚʘʥʥʦʤ ʧʦʣʫʧʨʦʚʦʜʥʠʢʝ. ʇʨʠ ʵʪʦʤ ʧʦʚʝʨʭʥʦʩʪʴ ʢʨʠʩʪʘʣʣʘ 

ʧʨʠʦʙʨʝʪʘʝʪ ʵʣʝʢʪʨʦʭʨʦʤʥʳʝ ʩʚʦʡʩʪʚʘ. ʉʣʝʜʦʚʘʪʝʣʴʥʦ, ʩʤʳʩʣ ʠ ʟʥʘʯʝʥʠʝ ʘʥʦʜʥʦʡ ʦʙʨʘʙʦʪʢʠ ʟʘʢʣʶʯʘ-

ʝʪʩʷ ʚ ʩʣʝʜʫʶʱʝʤ: ʵʣʝʢʪʨʠʯʝʩʢʦʝ ʧʦʣʝ ʧʝʨʚʦʥʘʯʘʣʴʥʦ ʦʪʩʫʪʩʪʚʫʝʪ ʚ ʢʨʠʩʪʘʣʣʝ ʠ ʥʝ ʧʨʦʥʠʢʘʝʪ ʚ ʥʝʛʦ 

(ʢʘʢ ʠ ʚ ʤʝʪʘʣʣʠʯʝʩʢʠʡ ʵʣʝʢʪʨʦʜ) ʧʨʠ ʩʣʠʰʢʦʤ ʙʦʣʴʰʠʭ ʚʥʝʰʥʠʭ ʥʘʧʨʷʞʝʥʠʷʭ ʚʦ ʚʨʝʤʷ ʵʣʝʢʪʨʦʣʠʟʘ ʠ 

ʵʣʝʢʪʨʦʭʨʦʤʠʟʤ ʦʪʩʫʪʩʪʚʫʝʪ. ʅʦ ʧʦʩʣʝ ʘʥʦʜʠʨʦʚʘʥʠʷ ʧʦʣʝ ʩʫʱʝʩʪʚʫʝʪ ʚ ʧʦʚʝʨʭʥʦʩʪʥʦʤ ʩʣʦʝ ʜʘʞʝ ʚ 

ʦʪʩʫʪʩʪʚʠʠ ʜʘʣʴʥʝʡʰʠʭ ʚʥʝʰʥʠʭ ʚʦʟʜʝʡʩʪʚʠʡ, ʠ ʙʨʦʥʟʘ ʦʢʨʘʰʠʚʘʝʪʩʷ ʠ ʦʙʝʩʮʚʝʯʠʚʘʝʪʩʷ ʧʨʠ ʚʘʨʴʠʨʦ-

ʚʘʥʠʠ ʧʦʪʝʥʮʠʘʣʘ. ʌʠʟʠʯʝʩʢʘʷ ʧʨʠʨʦʜʘ ʵʪʦʡ ʦʩʦʙʝʥʥʦʩʪʠ ʤʦʥʦʢʨʠʩʪʘʣʣʦʚ ʥʘʪʨʠʡ-ʚʦʣʴʬʨʘʤʦʚʦʡ ʙʨʦʥ-

ʟʳ ʩʦʩʪʘʚʘ 
39,0 WONa  ʙʳʣʘ ʠʩʩʣʝʜʦʚʘʥʘ ʥʘʤʠ ʤʝʪʦʜʘʤʠ ʧʨʦʥʦʛʨʘʬʠʠ ʠ ʷʜʝʨʥʳʭ ʨʝʘʢʮʠʡ [7]. 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʧʦʢʘʟʘʣʦ ʠʭ ʚʳʩʦʢʦʝ ʩʪʨʫʢʪʫʨʥʦʝ ʩʦʚʝʨʰʝʥʩʪʚʦ. ʆʙʝʜʥʝʥʠʝ ʧʦ ʥʘʪʨʠʶ ʧʨʠʧʦʚʝʨʭ-

ʥʦʩʪʥʦʛʦ ʩʣʦʷ ʧʨʠʩʫʪʩʪʚʫʝʪ ʠ ʧʨʠ ʢʘʪʦʜʥʦʡ, ʠ ʧʨʠ ʘʥʦʜʥʦʡ ʧʦʣʷʟʘʮʠʠ, ʠ ʛʣʫʙʠʥʘ ʦʙʝʜʥʝʥʠʷ ʨʘʩʪʝʪ ʩ 

ʨʦʩʪʦʤ ʚʨʝʤʝʥʠ ʧʦʣʷʨʠʟʘʮʠʠ ʠ ʚʝʣʠʯʠʥʳ ʥʘʧʨʷʞʝʥʠʷ. 

ʊʝʭʥʦʣʦʛʠʯʝʩʢʠ ʚ ʮʝʣʷʭ ʫʣʫʯʰʝʥʠʷ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʵʣʝʢʪʨʦʭʨʦʤʥʳʭ ʫʩʪʨʦʡʩʪʚ (ʕʍʋ) ʪʦʥʢʠʝ 

ʧʣʝʥʢʠ ʙʨʦʥʟ ʥʘʥʦʩʷʪʩʷ ʧʦʚʝʨʭ ʩʣʦʷ ʧʦʣʫʧʨʦʚʦʜʥʠʢʘ ʩ ʙʦʣʝʝ ʚʳʩʦʢʦʡ ʧʨʦʚʦʜʠʤʦʩʪʴʶ (JTO). ʆʪʣʠʯʠʷ 
ʚ ʩʦʩʪʘʚʝ ʠ ʬʠʟʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚʘʭ ʩʣʦʝʚ ʙʨʦʥʟʳ ʠ ʧʦʣʫʧʨʦʚʦʜʥʠʢʘ (JTO) ʚʝʣʠʢʠ. ʂʦʥʮʝʥʪʨʘʮʠʷ ʧʦʜ-

ʚʠʞʥʳʭ ʵʣʝʢʪʨʦʥʦʚ ʧʨʦʚʦʜʠʤʦʩʪʠ ʚʝʩʴʤʘ ʩʠʣʴʥʦ ʦʪʣʠʯʘʶʪʩʷ. ʉʯʠʪʘʷ ʥʘʧʳʣʝʥʥʫʶ ʙʨʦʥʟʫ ʪʦʞʝ ʵʣʝʢ-

ʪʨʦʥʥʳʤ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʤ, ʤʦʞʥʦ ʩʢʘʟʘʪʴ, ʯʪʦ ʧʨʠ ʝʝ ʥʘʧʳʣʝʥʠʠ ʬʦʨʤʠʨʫʝʪʩʷ ʢʦʥʪʘʢʪ ʜʚʫʭ ʧʦʣʫʧʨʦ-

ʚʦʜʥʠʢʦʚ n -ʪʠʧʘ. ʇʨʠʯʝʤ ʙʦʣʝʝ ʚʳʩʦʢʘʷ ʢʦʥʮʝʥʪʨʘʮʠʷ ʩʚʦʙʦʜʥʳʭ ʵʣʝʢʪʨʦʥʦʚ ʚ ʧʨʦʚʦʜʷʱʝʤ ʩʣʦʝ 

JTO ʩʦʟʜʘʝʪ ʧʦʯʪʠ ʧʦʣʥʫʶ ʘʥʘʣʦʛʠʶ ʢʦʥʪʘʢʪʫ ʦʙʝʜʥʝʥʥʳʡ ʩʣʦʡ/ʦʙʲʝʤ ʙʨʦʥʟʳ ʥʘ ʤʦʥʦʢʨʠʩʪʘʣʣʝ. ʊʘʢ 

ʞʝ, ʢʘʢ ʠ ʪʘʤ, ʚ ʥʘʧʳʣʝʥʥʦʤ ʩʣʦʝ ʙʨʦʥʟʳ ʥʘ ʛʨʘʥʠʮʝ ʩ JTO ʦʙʨʘʟʫʝʪʩʷ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʡ ʟʘʨʷʜ ʠ ʚʦʟ-

ʥʠʢʘʝʪ ʛʨʘʜʠʝʥʪ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ ʚʩʣʝʜʩʪʚʠʝ ʧʝʨʝʭʦʜʘ ʵʣʝʢʪʨʦʥʦʚ ʠʟ JTO ʚ ʙʨʦʥʟʫ. ʆʪʣʠʯʠʝ ʤʦ-

ʞʝʪ ʟʘʢʣʶʯʘʪʴʩʷ ʚ ʦʜʥʦʨʦʜʥʦʤ ʭʠʤʠʯʝʩʢʦʤ ʩʦʩʪʘʚʝ ʥʘʧʳʣʝʥʥʦʛʦ ʩʣʦʷ ʙʨʦʥʟʳ ʧʦ ʪʦʣʱʠʥʝ ʚ ʩʨʘʚʥʝʥʠʠ 

ʩ ʦʙʝʜʥʝʥʥʳʤ ʩʣʦʝʤ ʥʘ ʤʦʥʦʢʨʠʩʪʘʣʣʝ. ɽʩʣʠ ʥʘʧʳʣʝʥʠʝ ʧʨʦʚʝʜʝʥʦ ʢʘʯʝʩʪʚʝʥʥʦ, ʘ ʪʦʣʱʠʥʘ ʙʦʣʴʰʝ ʦʙ-

ʣʘʩʪʠ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʛʦ ʟʘʨʷʜʘ, ʪʦ ʵʣʝʢʪʨʠʯʝʩʢʦʝ ʧʦʣʝ ʤʦʞʝʪ ʙʳʪʴ ʥʝ ʜʠʬʬʫʟʠʦʥʥʦʛʦ ʪʠʧʘ ʠ ʥʝ ʨʘʩ-

ʧʨʦʩʪʨʘʥʷʪʴʩʷ ʥʘ ʚʩʶ ʪʦʣʱʠʥʫ ʥʘʧʳʣʝʥʥʦʛʦ ʩʣʦʷ ʙʨʦʥʟʳ. ʅʦ ʧʨʠʥʮʠʧʠʘʣʴʥʦʛʦ ʟʥʘʯʝʥʠʷ ʪʘʢʦʛʦ ʨʦʜʘ 

ʦʪʣʠʯʠʝ ʥʝ ʠʤʝʝʪ, ʪʘʢ ʢʘʢ ʥʘʧʳʣʝʥʥʳʝ ʧʣʝʥʢʠ ʧʨʠʦʙʨʝʪʘʶʪ ʵʣʝʢʪʨʦʭʨʦʤʥʳʝ ʩʚʦʡʩʪʚʘ ʩʨʘʟʫ ʚ ʧʨʦʮʝʩʩʝ 

ʠʟʛʦʪʦʚʣʝʥʠʷ ʠ ʥʝ ʪʨʝʙʫʶʪ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦʡ ʘʥʦʜʥʦʡ ʦʙʨʘʙʦʪʢʠ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ ʜʦʩʪʘʪʦʯʥʳʤ ʫʩʣʦʚʠʝʤ 

ʜʣʷ ʵʣʝʢʪʨʦʭʨʦʤʥʦʛʦ ʦʢʨʘʰʠʚʘʥʠʷ ʷʚʣʷʝʪʩʷ ʩʫʱʝʩʪʚʦʚʘʥʠʝ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ ʚʥʫʪʨʠ ʘʢʪʠʚʥʦʛʦ ʩʣʦʷ 

ʙʨʦʥʟʳ. 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʵʣʝʢʪʨʦʧʝʨʝʥʦʩʘ ʚ ʙʠʥʘʨʥʳʭ ʤʝʪʘʣʣʠʯʝʩʢʠʭ ʩʠʩʪʝʤʘʭ ʧʨʠ ʢʦʥʪʘʢʪʥʦʤ ʧʣʘʚʣʝʥʠʠ 

ʤʝʪʦʜʦʤ ʵʣʝʢʪʨʦʢʨʠʩʪʘʣʣʠʟʘʮʠʠ, ʪʘʢʞʝ ʧʨʝʜʩʪʘʚʣʷʝʪ ʠʥʪʝʨʝʩ ʜʣʷ ʩʨʘʚʥʠʪʝʣʴʥʦʛʦ ʘʥʘʣʠʟʘ [8, 9]. ʉ ʫʯʝ-

ʪʦʤ ʩʢʘʟʘʥʥʦʛʦ ʤʦʞʥʦ ʦʙʲʷʩʥʠʪʴ ʦʩʥʦʚʥʳʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʨʝʟʫʣʴʪʘʪʳ, ʦʙʳʯʥʦ ʥʘʙʣʶʜʘʶʱʠʝʩʷ ʚ 

ʠʩʩʣʝʜʦʚʘʥʠʷʭ. ʅʘ ʤʦʥʦʢʨʠʩʪʘʣʣʝ ʆɺɹ ʧʦʪʝʥʮʠʦʜʠʥʘʤʠʯʝʩʢʠʝ ʠʟʤʝʨʝʥʠʷ ʦʙʥʘʨʫʞʠʚʘʶʪ ʦʯʝʥʴ ʟʥʘʯʠ-

ʪʝʣʴʥʫʶ ʨʘʟʥʠʮʫ ʚ ʚʝʣʠʯʠʥʘʭ ʪʦʢʘ [10], ʢʦʪʦʨʳʡ ʧʨʦʪʝʢʘʝʪ ʜʦ ʠ ʧʦʩʣʝ ʦʙʨʘʟʦʚʘʥʠʷ ʵʣʝʢʪʨʦʭʨʦʤʥʦʛʦ 

ʩʣʦʷ. ʊʦʢʠ ʚ ʥʝʩʢʦʣʴʢʦ ʨʘʟ ʙʦʣʴʰʝ ʥʘ ʦʢʨʘʰʠʚʘʶʱʝʤʩʷ ʢʨʠʩʪʘʣʣʝ, ʧʨʠʯʝʤ ʩʪʝʧʝʥʴ ʘʥʦʜʠʨʦʚʘʥʠʷ ʦʢʘ-

ʟʳʚʘʝʪ ʚʣʠʷʥʠʝ ʥʘ ʚʦʟʨʘʩʪʘʥʠʝ ʪʦʢʘ. ʕʪʦʪ ʨʝʟʫʣʴʪʘʪ ʤʦʞʥʦ ʦʙʲʷʩʥʠʪʴ, ʫʯʠʪʳʚʘʷ ʦʩʥʦʚʥʦʝ ʫʩʣʦʚʠʝ ʦʢ-

ʨʘʰʠʚʘʥʠʷ ï ʩʫʱʝʩʪʚʦʚʘʥʠʝ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ ʚʥʫʪʨʠ ʵʣʝʢʪʨʦʭʨʦʤʥʦʛʦ ʩʣʦʷ. 

ɺʦ-ʧʝʨʚʳʭ, ʚʥʝʰʥʝʝ ʥʘʧʨʷʞʝʥʠʝ ʜʦʣʞʥʦ ʧʨʝʦʜʦʣʝʚʘʪʴ ʚʣʠʷʥʠʝ ʵʪʦʛʦ ʧʦʣʷ, ʯʪʦʙʳ ʧʦʪʦʢ ʵʣʝʢʪʨʦ-

ʥʦʚ ʤʦʛ ʧʨʦʪʝʢʘʪʴ ʯʝʨʝʟ ʵʣʝʢʪʨʦʭʨʦʤʥʳʡ ʩʣʦʡ. ɼʣʷ ʵʪʦʛʦ ʪʨʝʙʫʝʪʩʷ ʧʝʨʝʬʦʨʤʠʨʦʚʘʥʠʝ ʧʨʦʩʪʨʘʥʩʪʚʝʥ-

ʥʦʛʦ ʟʘʨʷʜʘ ʥʘ ʛʨʘʥʠʮʝ ʩʣʦʡ/ʦʙʲʝʤ ʪʘʢ, ʯʪʦʙʳ ʤʦʛʣʦ ʧʨʦʠʩʭʦʜʠʪʴ ʠʟʤʝʥʝʥʠʝ ʥʘʧʨʷʞʝʥʥʦʩʪʠ ʧʦʣʷ, ʩʦ-

ʦʪʚʝʪʩʪʚʫʶʱʝʝ ʧʨʦʪʝʢʘʥʠʶ ʵʣʝʢʪʨʦʥʦʚ ʚ ʪʫ ʠʣʠ ʠʥʫʶ ʩʪʦʨʦʥʫ. ʅʘ ʧʝʨʝʬʦʨʤʠʨʦʚʘʥʠʝ ʨʘʩʭʦʜʫʝʪʩʷ ʦʧ-

ʨʝʜʝʣʝʥʥʘʷ ʯʘʩʪʴ ʟʘʨʷʜʘ ʟʘ ʩʯʝʪ ʪʦʢʦʚ ʩʤʝʱʝʥʠʷ, ʢʦʪʦʨʳʝ ʫʚʝʣʠʯʠʚʘʶʪ ʦʙʱʠʡ ʪʦʢ. ʏʝʤ ʩʠʣʴʥʝʝ ʘʥʦʜʠ-

ʨʦʚʘʥʠʝ, ʪʝʤ ʛʣʫʙʞʝ ʚ ʢʨʠʩʪʘʣʣ ʧʨʦʥʠʢʘʝʪ ʦʙʝʜʥʝʥʥʳʡ ʩʣʦʡ ʠ, ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʰʠʨʝ ʦʙʣʘʩʪʴ ʵʣʝʢʪʨʠʯʝ-

ʩʢʦʛʦ ʧʦʣʷ ʠ ʪʝʤ ʙʦʣʴʰʝ ʪʦʢʠ ʩʤʝʱʝʥʠʷ. 

ɺʦ-ʚʪʦʨʳʭ, ʰʠʨʦʢʦ ʨʘʩʧʨʦʩʪʨʘʥʝʥʦ ʫʙʝʞʜʝʥʠʝ ʚ ʦʙʨʘʟʦʚʘʥʠʠ ʚʦʜʦʨʦʜʥʦ-ʚʦʣʴʬʨʘʤʦʚʳʭ ʙʨʦʥʟ ʩ 

ʬʦʨʤʫʣʦʡ ʪʠʧʘ 
3WOHNa yx
 ʠʣʠ ʜʘʞʝ 

3WOHx
. ʆʯʝʚʠʜʥʦ, ʥʘʜʦ ʛʦʚʦʨʠʪʴ ʥʝ ʦ ʭʠʤʠʯʝʩʢʠʭ ʩʦʝʜʠʥʝʥʠʷʭ, ʘ 

ʣʠʰʴ ʦ ʩʫʱʝʩʪʚʦʚʘʥʠʠ ʧʨʦʪʦʥʦʚ ʚ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʝʪʢʝ, ʢʦʛʜʘ ʨʝʯʴ ʠʜʝʪ ʦ ʤʦʥʦʢʨʠʩʪʘʣʣʝ 
3WONax
. 

ʇʨʦʪʦʥʳ ï ʜʦʧʦʣʥʠʪʝʣʴʥʳʝ ʵʣʝʢʪʨʦʥʥʳʝ ʫʨʦʚʥʠ, ʦʙʨʘʟʫʶʱʠʝ ʥʝʦʙʭʦʜʠʤʳʝ ʵʥʝʨʛʝʪʠʯʝʩʢʠʝ ʫʩ-

ʣʦʚʠʷ ʜʣʷ ʵʣʝʢʪʨʦʥʥʦʛʦ ʦʢʨʘʰʠʚʘʥʠʷ. ʉ ʥʘʰʠʭ ʧʦʟʠʮʠʡ ʵʪʠ ʫʩʣʦʚʠʷ ʩʦʟʜʘʶʪʩʷ ʵʣʝʢʪʨʠʯʝʩʢʠʤ ʧʦʣʝʤ 

ʚʥʫʪʨʠ ʵʣʝʢʪʨʦʭʨʦʤʥʦʛʦ ʩʣʦʷ. ʉʤʝʱʝʥʠʝ ʧʦʣʷ ʚ ʦʜʥʦʤ ʥʘʧʨʘʚʣʝʥʠʠ (ʢʘʪʦʜʥʦʝ ʩʤʝʱʝʥʠʝ ʧʦʪʝʥʮʠʘʣʘ) 

ʩʧʦʩʦʙʩʪʚʫʝʪ ʧʨʦʥʠʢʥʦʚʝʥʠʶ ʧʨʦʪʦʥʦʚ ʚ ʦʙʲʝʤ ʠ ʥʘʭʦʞʜʝʥʠʶ ʠʭ ʪʘʤ, ʦʙʨʘʪʥʦʝ ʩʤʝʱʝʥʠʝ (ʘʥʦʜʥʦʝ) 

ʧʨʝʧʷʪʩʪʚʫʝʪ ʠ ʟʘʩʪʘʚʣʷʝʪ ʠʭ ʫʜʘʣʷʪʴʩʷ ʚ ʵʣʝʢʪʨʦʣʠʪ. ʇʨʠ ʵʪʦʤ ʧʨʦʮʝʩʩ ʥʘʩʳʱʝʥʠʷ ʩʣʦʷ ʚʦʜʦʨʦʜʦʤ 
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ʫʚʝʣʠʯʠʚʘʝʪ ʚʝʣʠʯʠʥʫ ʪʦʢʘ ʧʦʣʷʨʠʟʘʮʠʠ, ʧʦʪʦʤʫ ʯʪʦ ʥʘ ʵʪʦ, ʪʘʢʞʝ ʢʘʢ ʥʘ ʫʜʘʣʝʥʠʝ ʠʟ ʩʣʦʷ, ʨʘʩʭʦʜʫʝʪʩʷ 

ʟʘʨʷʜ. ʕʪʦ ʚʪʦʨʘʷ ʚʦʟʤʦʞʥʘʷ ʧʨʠʯʠʥʘ ʨʦʩʪʘ ʪʦʢʦʚ ʧʦʩʣʝ ʘʥʦʜʠʨʦʚʘʥʠʷ ʢʨʠʩʪʘʣʣʘ. 

ɺ-ʪʨʝʪʴʠʭ, ʘʥʦʜʥʘʷ ʦʙʨʘʙʦʪʢʘ ʤʦʥʦʢʨʠʩʪʘʣʣʘ, ʠʟʤʝʥʷʝʪ ʩʚʦʡʩʪʚʘ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʩʣʦʷ, ʧʨʠʚʦʜʠʪ 

ʢ ʚʦʟʨʘʩʪʘʥʠʶ ʪʦʢʦʚ ʥʘ ʧʦʪʝʥʮʠʦʜʠʥʘʤʠʯʝʩʢʠʭ j,J  (ʪʦʢ-ʧʦʪʝʥʮʠʘʣ) ï ʢʨʠʚʳʭ ʚʦ ʚʩʝʤ ʠʥʪʝʨʚʘʣʝ ʮʠʢ-

ʣʠʨʦʚʘʥʠʷ ʧʦʪʝʥʮʠʘʣʘ, ʢʨʦʤʝ ʘʥʦʜʥʦʛʦ ʧʨʝʜʝʣʘ. ʊʘʤ ʪʦʢ ʦʩʪʘʝʪʩʷ ʙʣʠʟʢʠʤ ʢ ʥʫʣʶ, ʢʘʢ ʠ ʜʦ ʘʥʦʜʠʨʦʚʘ-

ʥʠʷ, ʪ. ʝ. ʚ ʜʘʥʥʦʤ ʩʣʫʯʘʝ ʚʣʠʷʥʠʝ ʩʬʦʨʤʠʨʦʚʘʥʥʦʛʦ ʵʣʝʪʨʦʭʨʦʤʥʦʛʦ ʩʣʦʷ ʥʝ ʧʨʦʷʚʣʷʝʪʩʷ. ʕʪʦ ʣʝʛʢʦ 

ʧʦʥʷʪʴ, ʫʯʠʪʳʚʘʷ ʩʤʝʱʝʥʠʝ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ, ʩʫʱʝʩʪʚʫʶʱʝʛʦ ʚ ʩʣʦʝ. ʇʨʠ ʘʥʦʜʥʦʡ ʧʦʣʷʨʠʟʘʮʠʠ 

ʧʦʪʝʥʮʠʘʣ ʙʨʦʥʟʳ ʫʚʝʣʠʯʠʚʘʝʪʩʷ, ʠ ʧʝʨʝʭʦʜ ʵʣʝʢʪʨʦʥʦʚ ʜʦʣʞʝʥ ʧʨʦʠʩʭʦʜʠʪʴ ʠʟ ʦʙʝʜʥʝʥʥʦʛʦ ʩʣʦʷ, ʛʜʝ 

ʠʭ ʢʦʥʮʝʥʪʨʘʮʠʷ ʚʳʰʝ. ʉʤʝʱʝʥʠʝ ʧʦʣʷ ʫʚʝʣʠʯʠʚʘʝʪ ʵʣʝʢʪʨʠʯʝʩʢʠʡ ʙʘʨʴʝʨ ʜʣʷ ʧʝʨʝʭʦʜʘ ʵʣʝʢʪʨʦʥʦʚ ʚ 

ʦʙʨʘʪʥʦʤ ʥʘʧʨʘʚʣʝʥʠʠ, ʘ ʜʠʬʬʫʟʠʦʥʥʳʡ ʜʳʨʦʯʥʳʡ ʪʦʢ, ʢʦʪʦʨʳʡ ʤʦʛ ʙʳ ʧʨʦʪʝʢʘʪʴ ʙʝʩʧʨʝʧʷʪʩʪʚʝʥʥʦ, 

ʧʦ-ʚʠʜʠʤʦʤʫ, ʪʘʢʞʝ ʤʘʣ, ʢʘʢ ʠ ʜʣʷ ʘʥʦʜʠʨʦʚʘʥʠʷ ʠʟ-ʟʘ ʥʝʟʥʘʯʠʪʝʣʴʥʦʡ ʢʦʥʮʝʥʪʨʘʮʠʠ ʜʳʨʦʢ ʚ ʦʙʲʝʤʝ 

ʙʨʦʥʟʳ. ɺ ʵʪʠʭ ʫʩʣʦʚʠʷʭ ʚ ʦʙʣʘʩʪʠ ʦʙʲʝʤʥʦʛʦ ʟʘʨʷʜʘ ʚ ʧʦʣʫʧʨʦʚʦʜʥʠʢʝ (ʵʣʝʢʪʨʦʭʨʦʤʥʦʤ ʩʣʦʝ) ʦʙʨʘʟʫ-

ʝʪʩʷ ʦʙʝʜʥʝʥʥʳʡ ʥʦʩʠʪʝʣʷʤʠ ʟʘʨʷʜʘ ʩʣʦʡ ʩ ʧʦʥʠʞʝʥʥʦʡ ʧʨʦʚʦʜʠʤʦʩʪʴʶ (ʪʘʢ ʥʘʟʳʚʘʝʤʳʡ ʟʘʧʦʨʥʳʡ 

ʩʣʦʡ). ʇʨʠ ʚʦʟʜʝʡʩʪʚʠʠ ʚʥʝʰʥʝʛʦ ʧʦʣʷ ʥʘ ʧʦʣʫʧʨʦʚʦʜʥʠʢ ʟʥʘʯʠʪʝʣʴʥʘʷ ʯʘʩʪʴ ʥʘʧʨʷʞʝʥʠʷ ʧʘʜʘʝʪ ʥʘ ʟʘ-

ʧʦʨʥʦʤ ʩʣʦʝ, ʠ ʘʥʦʜʥʳʡ ʪʦʢ ʧʘʜʘʝʪ ʧʦ ʤʝʨʝ ʬʦʨʤʠʨʦʚʘʥʠʷ ʠ ʫʪʦʣʱʝʥʠʷ ʪʘʢʦʛʦ ʩʣʦʷ ʚʤʝʩʪʦ ʪʦʛʦ, ʯʪʦʙʳ 

ʫʚʝʣʠʯʠʚʘʪʴʩʷ ʩ ʨʦʩʪʦʤ ʘʥʦʜʥʦʡ ʧʦʣʷʨʠʟʘʮʠʠ. ɺ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʭ ʠʩʩʣʝʜʦʚʘʥʠʷʭ ʠʥʦʛʜʘ ʥʘʟʳʚʘʶʪ 

ʪʘʢʦʝ ʷʚʣʝʥʠʝ ʧʘʩʩʠʚʠʨʦʚʘʥʠʝʤ, ʥʦ ʥʝ ʚʩʝʛʜʘ ʪʦʯʥʦ ʜʘʶʪ ʬʠʟʠʯʝʩʢʦʝ ʦʧʨʝʜʝʣʝʥʠʝ ʵʪʦʤʫ ʧʦʥʷʪʠʶ. 

ɺ-ʯʝʪʚʝʨʪʳʭ, ʧʨʠ ʦʢʨʘʰʠʚʘʥʠʠ ʥʘʧʳʣʝʥʥʳʭ ʧʣʝʥʦʢ ʙʨʦʥʟʳ, ʥʘʙʣʶʜʘʝʪʩʷ ʙʦʣʴʰʦʝ ʨʘʟʥʦʦʙʨʘʟʠʝ 

ʚ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʮʚʝʪʘ, ʩʢʦʨʦʩʪʠ ʝʛʦ ʧʦʷʚʣʝʥʠʷ ʠ ʠʩʯʝʟʥʦʚʝʥʠʷ, ʚ ʚʝʣʠʯʠʥʘʭ ʥʘʧʨʷʞʝʥʠʡ, ʥʝʦʙʭʦʜʠʤʳʭ 

ʜʣʷ ʦʢʨʘʰʠʚʘʥʠʷ. ʏʘʩʪʦ ʦʪʞʠʛ ʥʘʧʳʣʝʥʥʳʭ ʧʣʝʥʦʢ ʩʧʦʩʦʙʩʪʚʫʝʪ ʫʣʫʯʰʝʥʠʶ ʠʭ ʵʣʝʢʪʨʦʭʨʦʤʥʳʭ ʢʘ-

ʯʝʩʪʚ. ʆʪʤʝʯʘʝʪʩʷ ʚʣʠʷʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ ʧʦʜʣʦʞʢʠ ʚʦ ʚʨʝʤʷ ʥʘʧʳʣʝʥʠʷ ʠ ʜʨʫʛʠʭ ʫʩʣʦʚʠʡ ʬʦʨʤʠʨʦʚʘ-

ʥʠʷ ʧʣʝʥʦʢ ʥʘ ʚʳʰʝʥʘʟʚʘʥʥʳʝ ʧʘʨʘʤʝʪʨʳ. ʊʘʢʦʛʦ ʨʦʜʘ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʬʘʢʪʳ ʣʝʛʯʝ ʦʙʥʘʨʫʞʠʪʴ, 

ʯʝʤ ʦʙʲʷʩʥʠʪʴ. ʊʝʤʧʝʨʘʪʫʨʥʳʝ ʫʩʣʦʚʠʷ ʤʦʛʫʪ ʧʨʠʚʦʜʠʪʴ ʢ ʧʝʨʝʢʨʠʩʪʘʣʣʠʟʘʮʠʠ, ʪʝʢʪʫʨʠʨʦʚʘʥʠʶ ʬʘʟʦ-

ʚʳʤ, ʠ ʭʠʤʠʯʝʩʢʠʤ ʧʨʝʚʨʘʱʝʥʠʷʤ, ʝʩʣʠ ʦʥʠ ʧʦʜʪʚʝʨʞʜʘʶʪʩʷ ʘʥʘʣʠʪʠʯʝʩʢʠ. ʅʦ ʧʨʦʪʝʢʘʥʠʝ ʪʘʢʠʭ ʧʨʦ-

ʮʝʩʩʦʚ ʷʚʣʷʷʩʴ ʧʝʨʚʦʧʨʠʯʠʥʦʡ ʠʟʤʝʥʝʥʠʷ ʵʣʝʢʪʨʦʭʨʦʤʥʳʭ ʩʚʦʡʩʪʚ ʚʩʝ ʞʝ ʥʝ ʦʙʲʷʩʥʷʝʪ ʬʠʟʠʯʝʩʢʫʶ 

ʩʫʱʥʦʩʪʴ ʵʪʦʛʦ ʠʟʤʝʥʝʥʠʷ, ʢʦʪʦʨʘʷ ʟʘʢʣʶʯʘʝʪʩʷ, ʧʨʝʞʜʝ ʚʩʝʛʦ, ʚʦ ʚʥʦʚʴ ʚʦʟʥʠʢʘʶʱʠʭ ʵʥʝʨʛʝʪʠʯʝʩʢʠʭ 

ʫʩʣʦʚʠʷʭ. ɽʩʣʠ ʧʨʦʠʟʦʰʣʠ ʪʝʤʧʝʨʘʪʫʨʥʳʝ ʧʨʦʮʝʩʩʳ, ʥʘʧʨʠʤʝʨ, ʠʩʯʝʟʣʘ ʦʢʨʘʩʢʘ ʥʘʧʳʣʝʥʥʦʡ ʧʣʝʥʢʠ 

ʧʨʠ ʦʪʞʠʛʝ, ʚʦʟʨʦʩʣʘ ʩʢʦʨʦʩʪʴ ʠʣʠ ʢʦʥʪʨʘʩʪʥʦʩʪʴ ʦʢʨʘʰʠʚʘʥʠʷ ʧʨʠ ʚʦʟʜʝʡʩʪʚʠʠ ʚʥʝʰʥʠʭ ʥʘʧʨʷʞʝʥʠʡ 

ʠ ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʩ ʥʘʰʝʡ ʪʦʯʢʠ ʟʨʝʥʠʷ, ʩʪʘʚʰʠʝ ʠʥʳʤʠ ʩʦʩʪʘʚ ʠ ʩʪʨʫʢʪʫʨʘ ʤʝʥʷʶʪ ʵʣʝʢʪʨʦʥʥʳʝ ʩʚʦʡ-

ʩʪʚʘ ʧʣʝʥʦʢ (ʨʘʙʦʪʫ ʚʳʭʦʜʘ, ʢʦʥʮʝʥʪʨʘʮʠʶ ʠ ʧʦʜʚʠʞʥʦʩʪʴ ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ) ʠ, ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʵʥʝʨʛʝ-

ʪʠʯʝʩʢʠʝ ʫʩʣʦʚʠʷ ʥʘ ʢʦʥʪʘʢʪʝ ʧʣʝʥʢʠ ʩ ʧʦʜʣʦʞʢʦʡ (ʩʣʦʝʤ JTO), ʦʪ ʢʦʪʦʨʳʭ ʟʘʚʠʩʠʪ ʢʦʥʪʘʢʪʥʘʷ ʨʘʟ-

ʥʦʩʪʴ ʧʦʪʝʥʮʠʘʣʦʚ ʠ ʬʦʨʤʠʨʦʚʘʥʠʝ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʛʦ ʟʘʨʷʜʘ ʚ ʧʦʣʫʧʨʦʚʦʜʥʠʢʝ. ʇʦʵʪʦʤʫ ʬʠʟʠʯʝʩʢʠʝ 

ʧʘʨʘʤʝʪʨʳ ʚʦʟʥʠʢʘʶʱʝʛʦ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ ʚ ʧʣʝʥʢʘʭ (ʥʘʧʨʷʞʝʥʥʦʩʪʴ, ʛʣʫʙʠʥʘ ʧʨʦʥʠʢʥʦʚʝʥʠʷ) ʤʦ-

ʛʫʪ ʙʳʪʴ ʦʯʝʥʴ ʨʘʟʥʦʦʙʨʘʟʥʳ ʧʦ ʤʥʦʞʝʩʪʚʫ ʧʨʠʯʠʥ. ʂʘʢ ʫʪʚʝʨʞʜʘʣʦʩʴ ʚʳʰʝ, ʟʘʚʠʩʷʪ ʚ ʩʚʦʶ ʦʯʝʨʝʜʴ 

ʵʣʝʢʪʨʦʭʨʦʤʥʳʝ ʩʚʦʡʩʪʚʘ ʧʣʝʥʦʢ. ʇʦʷʩʥʠʤ ʵʪʦ ʥʘ ʧʨʠʤʝʨʘʭ. 

ʇʨʝʜʧʦʣʦʞʠʤ, ʪʦʣʱʠʥʳ ʜʚʫʭ ʦʜʥʦʪʠʧʥʳʭ ʧʦ ʩʦʩʪʘʚʫ ʧʣʝʥʦʢ ʦʪʣʠʯʘʶʪʩʷ, ʘ ʚʥʝʰʥʝʝ ʥʘʧʨʷʞʝʥʠʝ ʥʘ 

ʥʠʭ ʦʜʠʥʘʢʦʚʦ. ʊʦʛʜʘ ʥʘʧʨʷʞʝʥʥʦʩʪʠ ʚʥʝʰʥʠʭ ʧʦʣʝʡ ʚ ʧʣʝʥʢʘʭ ʙʫʜʫʪ ʨʘʟʥʳʤʠ. ʅʘʣʦʞʝʥʠʝ ʠʭ ʥʘ ʢʦʥ-

ʪʘʢʪʥʫʶ ʨʘʟʥʦʩʪʴ ʧʦʪʝʥʮʠʘʣʦʚ ʙʫʜʝʪ ʫʚʝʣʠʯʠʚʘʪʴ ʠʣʠ ʫʤʝʥʴʰʘʪʴ ʩʦʙʩʪʚʝʥʥʳʡ ʧʦʪʝʥʮʠʘʣʴʥʳʡ ʙʘʨʴʝʨ 

ʪʦʞʝ ʥʝ ʦʜʠʥʘʢʦʚʦ. ʆʪʩʶʜʘ ʦʪʣʠʯʠʝ ʚ ʚʝʣʠʯʠʥʘʭ ʪʦʢʘ ʠ, ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʚ ʩʢʦʨʦʩʪʷʭ ʦʢʨʘʰʠʚʘʥʠʷ. 

ɺʨʝʤʷ ʥʘʧʳʣʝʥʠʷ ʧʣʝʥʢʠ ʩʦʩʪʘʚʣʷʝʪ ʦʪ ʦʜʥʦʡ ʜʦ ʥʝʩʢʦʣʴʢʠʭ ʤʠʥʫʪ. ɹʫʜʝʤ ʩʯʠʪʘʪʴ, ʯʪʦ ʦʥʦ 

ʩʣʠʰʢʦʤ ʤʘʣʦ ʜʣʷ ʩʬʦʨʤʠʨʦʚʘʥʠʷ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʛʦ ʟʘʨʷʜʘ ʚ ʧʣʝʥʢʝ ʠʟ-ʟʘ ʥʝʜʦʩʪʘʪʦʯʥʦ ʚʳʩʦʢʦʡ ʪʝʤ-

ʧʝʨʘʪʫʨʳ ʠ ʤʝʜʣʝʥʥʦʡ ʜʠʬʬʫʟʠʠ ʵʣʝʢʪʨʦʥʦʚ. ʊʦʛʜʘ, ʯʪʦʙʳ ʫʩʪʘʥʦʚʠʣʩʷ ʨʘʚʥʦʚʝʩʥʳʡ ʵʣʝʢʪʨʦʥʥʳʡ ʢʦʥ-

ʪʘʢʪ, ʪʨʝʙʫʝʪʩʷ ʜʦʧʦʣʥʠʪʝʣʴʥʦʝ ʚʨʝʤʷ ʠʣʠ ʥʘʛʨʝʚ. ʇʦʵʪʦʤʫ ʦʪʞʠʛ ʤʦʞʝʪ ʧʦʚʣʠʷʪʴ ʥʘ ʵʣʝʢʪʨʦʭʨʦʤʥʳʝ 

ʩʚʦʡʩʪʚʘ ʧʣʝʥʢʠ. 

ʇʨʝʜʧʦʣʦʞʠʤ, ʧʨʠ ʥʘʧʳʣʝʥʠʠ ʧʣʝʥʦʢ ʚ ʦʜʥʦʤ ʩʣʫʯʘʝ ʜʦʧʫʱʝʥʦ ʧʦ ʢʘʢʦʡ-ʣʠʙʦ ʧʨʠʯʠʥʝ ʥʝʟʥʘʯʠ-

ʪʝʣʴʥʦʝ ʦʪʢʣʦʥʝʥʠʝ ʧʦ ʩʦʩʪʘʚʫ, ʥʝ ʢʦʥʪʨʦʣʠʨʫʝʤʦʝ ʠ ʥʝ ʦʙʥʘʨʫʞʠʚʘʝʤʦʝ ʭʠʤʠʯʝʩʢʠʤ ʘʥʘʣʠʟʦʤ. ʇʨʠ-

ʯʠʥʘʤʠ ʤʦʛʫʪ ʙʳʪʴ ʥʝʦʜʥʦʨʦʜʥʦʩʪʴ ʤʘʪʝʨʠʘʣʘ ʜʣʷ ʥʘʧʳʣʝʥʠʷ, ʩʣʫʯʘʡʥʳʝ ʟʘʛʨʷʟʥʝʥʠʷ ʥʘ ʧʦʜʣʦʞʢʝ ʠʣʠ 

ʚ ʚʘʢʫʫʤʥʦʡ ʢʘʤʝʨʝ. ʇʦʩʢʦʣʴʢʫ ʧʣʝʥʢʘ ï ʧʦʣʫʧʨʦʚʦʜʥʠʢ, ʪʦ ʦʪʢʣʦʥʝʥʠʝ ʤʦʞʝʪ ʟʘʤʝʪʥʦ ʩʢʘʟʘʪʴʩʷ ʥʘ 

ʬʠʟʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚʘʭ ʧʣʝʥʢʠ (ʧʨʦʚʦʜʠʤʦʩʪʴ, ʢʦʥʮʝʥʪʨʘʮʠʷ ʥʦʩʠʪʝʣʝʡ, ʟʘʨʷʜ ʧʦʚʝʨʭʥʦʩʪʠ). ʅʝ ʩʣʫʯʘʡ-

ʥʦ ʚ ʪʝʭʥʦʣʦʛʠʠ ʪʦʥʢʦʧʣʝʥʦʯʥʳʭ ʥʘʥʦʩʠʩʪʝʤ ʫʜʝʣʷʶʪ ʦʛʨʦʤʥʦʝ ʚʣʠʷʥʠʝ ʯʠʩʪʦʪʝ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʭ 

ʤʘʪʝʨʠʘʣʦʚ, ʯʪʦʙʳ ʧʦʣʫʯʘʪʴ ʩʪʘʙʠʣʴʥʳʝ ʠ ʥʘʜʝʞʥʳʝ ʵʣʝʢʪʨʦʥʥʦ-ʜʳʨʦʯʥʳʝ ʧʝʨʝʭʦʜʳ ʩ ʨʝʛʫʣʷʨʥʳʤʠ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ. ʅʝʨʝʛʫʣʷʨʥʦʩʪʴ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ï ʦʜʥʘ ʠʟ ʩʘʤʳʭ ʨʘʩʧʨʦʩʪʨʘʥʝʥʥʳʭ çʥʝʧʨʠʷʪʥʦʩʪʝʡè 

ʚ ʩʦʟʜʘʥʠʠ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʭ ʢʦʥʪʘʢʪʦʚ ʩ ʙʦʣʴʰʦʡ ʧʣʦʱʘʜʴʶ. ɺ ʥʘʰʝʤ ʩʣʫʯʘʝ ʦʥʘ ʤʦʞʝʪ ʧʨʠʚʦʜʠʪʴ 

ʢ ʥʝʨʘʚʥʦʤʝʨʥʦʤʫ ʦʢʨʘʰʠʚʘʥʠʶ ʠʣʠ ʢ ʨʘʟʥʦʤʫ ʙʳʩʪʨʦʜʝʡʩʪʚʠʶ ʵʣʝʢʪʨʦʭʨʦʤʥʳʭ ʫʩʪʨʦʡʩʪʚ. 



ɹʘʛʦʚ ɸ.ʄ., ʍʫʙʦʣʦʚ ɹ.ʄ., ɾʘʙʦʝʚ ɾ.ɾ. 
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ʕʣʝʢʪʨʦʭʨʦʤʥʳʝ ʫʩʪʨʦʡʩʪʚʘ, ʷʚʣʷʷʩʴ ʤʥʦʛʦʩʣʦʡʥʳʤʠ ʧʣʘʥʘʨʥʳʤʠ ʥʘʥʦʩʪʨʫʢʪʫʨʘʤʠ, ʙʘʟʠʨʫʶʪʩʷ 

ʥʘ ʥʝʫʧʦʨʷʜʦʯʝʥʥʳʭ ʪʦʥʢʠʭ ʧʣʝʥʢʘʭ ʩʣʦʞʥʳʭ ʦʢʩʠʜʦʚ. ʇʨʠ ʪʦʣʱʠʥʘʭ ʦʪʜʝʣʴʥʳʭ ʩʣʦʝʚ ʚ ʜʝʩʷʪʢʠ ʠ 

ʩʦʪʥʠ ʥʘʥʦʤʝʪʨʦʚ ʠ ʠʩʧʦʣʴʟʫʝʤʳʭ ʨʘʙʦʯʠʭ ʥʘʧʨʷʞʝʥʠʷʭ, ʚʝʣʠʯʠʥʳ ʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʦʣʝʡ, ʢʘʢ ʧʨʘʚʠʣʦ, 

ʣʝʞʘʪ ʚ ʧʨʝʜʧʨʦʙʦʡʥʳʭ ʟʥʘʯʝʥʠʷʭ ʜʣʷ ʠʩʧʦʣʴʟʫʝʤʳʭ ʤʘʪʝʨʠʘʣʦʚ. ʆʜʥʘʢʦ ʰʠʨʦʢʠʡ ʩʧʝʢʪʨ ʚʦʟʤʦʞʥʳʭ 

ʧʨʠʤʝʥʝʥʠʡ ʧʣʘʥʘʨʥʳʭ ʵʣʝʢʪʨʦʭʨʦʤʥʳʭ ʥʘʥʦʩʪʨʫʢʪʫʨ ʦʧʨʘʚʜʳʚʘʝʪ ʣʶʙʳʝ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʝ ʠ ʬʠ-

ʥʘʥʩʦʚʳʝ ʟʘʪʨʘʪʳ ʥʘ ʠʭ ʨʘʟʨʘʙʦʪʢʫ. 
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ʉʪʘʪʴʷ ʷʚʣʷʝʪʩʷ ʧʨʦʜʦʣʞʝʥʠʝʤ ʨʘʙʦʪʳ [1], ʚ ʢʦʪʦʨʦʡ ʨʘʩʩʤʘʪʨʠʚʘʣʦʩʴ ʜʠʥʘʤʠʯʝʩʢʦʝ ʚʘʥ-ʜʝʨ-

ʚʘʘʣʴʩʦʚʦ (ɺɼɺ) ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʤʝʞʜʫ ʟʦʥʜʦʤ ʘʪʦʤʥʦ-ʩʠʣʦʚʦʛʦ ʤʠʢʨʦʩʢʦʧʘ (ɸʉʄ) ʠ ʧʣʦʩʢʠʤ ʦʙʨʘʟ-

ʮʦʤ ʚ ʤʦʜʝʣʠ ʩʧʣʦʰʥʦʡ ʩʨʝʜʳ. ɺ ʵʪʦʪ ʨʘʟ ʘʢʮʝʥʪ ʩʜʝʣʘʥ ʥʘ ʪʝʣʘ ʮʠʣʠʥʜʨʠʯʝʩʢʦʡ ʬʦʨʤʳ (ʥʘʥʦʩʪʝʨʞʥʠ, 

ʥʘʥʦʪʨʫʙʢʠ, ʥʘʥʦʚʠʩʢʝʨʳ ʠ ʪ.ʜ.).  

ʉ ʦʜʥʦʡ ʩʪʦʨʦʥʳ, ʪɻʦ ʚʳʟʚʘʥʦ ʪʝʤ, ʯʪʦ ʪʝʣʘ ʮʠʣʠʥʜʨʠʯʝʩʢʦʡ ʬʦʨʤʳ ʯʘʩʪʦ ʨʘʩʩʤʘʪʨʠʚʘʶʪʩʷ ʚ ʢʘ-

ʯʝʩʪʚʝ ʨʘʙʦʯʠʭ ʵʣʝʤʝʥʪʦʚ ʫʩʪʨʦʡʩʪʚ ʥʘʥʦ- ʠ ʤʠʢʨʦʩʠʩʪʝʤʥʦʡ ʪʝʭʥʠʢʠ. ɺ ʯʘʩʪʥʦʩʪʠ, ʚ ʩʢʘʥʠʨʫʶʱʝʡ 

ʟʦʥʜʦʚʦʡ ʤʠʢʨʦʩʢʦʧʠ̫ ʥʘʥʦʪʨʫʙʢʠ ʫʛʣʝʨʦʜʘ, ʢʘʢ ʧʦʢʘʟʘʥʦ ʚ ʨʘʙʦʪʝ [2] ʤʦʛʫʪ ʙʳʪʴ ʵʬʬʝʢʪʠʚʥʳʤʠ ʯʫʚ-

ʩʪʚʠʪʝʣʴʥʳʤʠ ʵʣʝʤʝʥʪʘʤʠ, ʦʙʝʩʧʝʯʠʚʘʶʱʠʤʠ ʘʪʦʤʘʨʥʦʝ ʨʘʟʨʝʰʝʥʠʝ, ʘ ʚ [3] ʧʦʢʘʟʘʥʦ, ʯʪʦ ʤʦʜʠʬʠʮʠ-

ʨʦʚʘʥʥʳʝ ʫʛʣʝʨʦʜʥʳʝ ʥʘʥʦʪʨʫʙʢʠ ʤʦʛʫʪ ʙʳʪʴ ʭʠʤʠʯʝʩʢʠ ʯʫʚʩʪʚʠʪʝʣʴʥʳʤʠ ʩʝʥʩʦʨʘʤʠ. ʅʝ ʤʝʥʴʰʠʡ ʠʥ-

ʪʝʨʝʩ ʧʨʠ ʵʪʦʤ ʧʨʝʜʩʪʘʚʣʷʶʪ ʠ ʥʝʫʛʣʝʨʦʜʥʳʝ ʥʘʥʦʪʨʫʙʢʠ, ʤʥʦʛʦʯʠʩʣʝʥʥʦʩʪʴ ʤʦʜʠʬʠʢʘʮʠʡ ʢʦʪʦʨʳʭ 

ʭʦʨʦʰʦ ʠʟʚʝʩʪʥʘ [4]. ʇʨʦʩʪʦʪʘ ʛʝʦʤʝʪʨʠʠ ʥʘʥʦʪʨʫʙʢʠ, ʯʘʩʪʠʯʥʦ ʫʧʨʦʱʘʶʱʘʷ ʤʝʪʦʜʳ ʢʦʥʪʨʦʣʷ ʝʝ ʬʦʨ-

ʤʳ ʚ ʩʦʯʝʪʘʥʠʠ ʩ ʫʥʠʢʘʣʴʥʳʤʠ ʤʝʭʘʥʠʯʝʩʢʠʤʠ ʩʚʦʡʩʪʚʘʤʠ ʷʚʣʷʶʪʩʷ ʜʦʧʦʣʥʠʪʝʣʴʥʳʤʠ ʬʘʢʪʦʨʘʤʠ, ʦʧ-

ʨʝʜʝʣʷʶʱʠʤʠ ʧʝʨʩʧʝʢʪʠʚʥʦʩʪʴ ʝʝ ʧʨʠʤʝʥʝʥʠʷ ʚ ʤʝʪʦʜʠʢʘʭ ʩʢʘʥʠʨʫʶʱʝʡ ʟʦʥʜʦʚʦʡ ʤʠʢʨʦʩʢʦʧʠʠ (ʉɿʄ) 

ʚ ʢʘʯʝʩʪʚʝ ʟʦʥʜʠʨʫʶʱʝʛʦ ʵʣʝʤʝʥʪʘ.  

ʉ ʜʨʫʛʦʡ ʩʪʦʨʦʥʳ, ʪʝ ʞʝ ʬʘʢʪʦʨʳ ʠʛʨʘʶʪ ʧʦʣʦʞʠʪʝʣʴʥʫʶ ʨʦʣʴ ʧʨʠ ʨʝʰʝʥʠʠ ʚʦʧʨʦʩʦʚ ʬʫʥʜʘʤʝʥ-

ʪʘʣʴʥʦʛʦ ʭʘʨʘʢʪʝʨʘ, ʩʚʷʟʘʥʥʳʭ ʩ ʤʝʭʘʥʠʟʤʘʤʠ ʚʦʟʥʠʢʥʦʚʝʥʠʷ ʬʣʫʢʪʫʘʮʠʦʥʥʦ-ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʛʦ ʚʟʘʠ-

ʤʦʜʝʡʩʪʚʠʷ ʤʝʞʜʫ ʧʦʢʦʷʱʠʤʠʩʷ ʠ ʜʚʠʞʫʱʠʤʠʩʷ ʜʨʫʛ ʦʪʥʦʩʠʪʝʣʴʥʦ ʜʨʫʛʘ ʪʝʣʘʤʠ.  

ɺ ʩʪʘʪʴʝ ʙʫʜʫʪ ʨʘʩʩʤʘʪʨʠʚʘʪʴʩʷ ʪʝʣʘ ʩʨʘʚʥʠʪʝʣʴʥʦ ʤʘʣʳʭ ʨʘʟʤʝʨʦʚ (ʦʪʥʦʩʠʪʝʣʴʥʦ ʨʘʟʤʝʨʦʚ ʩʝ-

ʨʠʡʥʳʭ ʟʦʥʜʦʚ ɸʉʄ), ʦʜʥʘʢʦ, ʧʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʤʦʛʫʪ ʙʳʪʴ ʧʨʠʤʝʥʝʥʳ ʠ ʜʣʷ ʪʝʣ ʤʠʢʨʦʥʥʳʭ 

ʨʘʟʤʝʨʦʚ, ʧʨʠ ʫʩʣʦʚʠʠ ʢʦʨʨʝʢʪʥʦʛʦ ʫʯʝʪʘ ʵʬʬʝʢʪʦʚ ʟʘʧʘʟʜʳʚʘʥʠʷ. ɺ ʦʪʩʫʪʩʪʚʠʠ ʵʣʝʢʪʨʠʯʝʩʢʠʭ ʠ ʤʘʛ-

ʥʠʪʥʳʭ ʧʦʣʝʡ ʜʣʷ ʥʝʡʪʨʘʣʴʥʳʭ (ʥʝʟʘʨʷʞʝʥʥʳʭ ʠ ʥʝʥʘʤʘʛʥʠʯʝʥʥʳʭ) ʪʝʣ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʦʙʫʩʣʦʚʣʝʥʦ 
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ʜʠʥʘʤʠʯʝʩʢʠʤʠ ʩʠʣʘʤʠ ɺɼɺ. ɺ ʨʝʞʠʤʝ ʣʘʪʝʨʘʣʴʥʦʛʦ ʜʚʠʞʝʥʠʷ, ʢʦʛʜʘ ʧʨʦʙʥʦʝ ʪʝʣʦ ʜʚʠʞʝʪʩʷ ʚʜʦʣʴ 

ʧʦʚʝʨʭʥʦʩʪʠ ʦʙʨʘʟʮʘ, ʚʦʟʥʠʢʘʶʪ ʩʠʣʳ ɺɼɺ ʧʨʠʪʷʞʝʥʠʷ (ɺɼɺʇ) ʠ ʩʠʣʳ ɺɼɺ ʪʨʝʥʠʷ (ɺɼɺʊ).  

ʇʝʨʚʳʝ ʧʨʠʤʝʥʝʥʠʷ ʘʜʜʠʪʠʚʥʦʛʦ ʧʨʠʙʣʠʞʝʥʠʷ ʜʣʷ ʨʘʩʯʝʪʘ ʧʨʠʪʷʛʠʚʘʶʱʠʭ ʩʠʣ ɺɼɺ ʤʝʞʜʫ ʥʘ-

ʥʦʪʨʫʙʢʦʡ ʠ ʧʣʦʩʢʠʤ ʦʙʨʘʟʮʦʤ, ʧʦ-ʚʠʜʠʤʦʤʫ, ʙʳʣʠ ʧʨʝʜʧʨʠʥʷʪʳ ʚ ʨʘʙʦʪʝ [2]. ʇʨʠ ʵʪʦʤ ʨʘʩʩʤʘʪʨʠʚʘ-

ʣʦʩʴ ʪʦʣʴʢʦ ʢʦʥʩʝʨʚʘʪʠʚʥʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ, ʘ ʦʪʪʘʣʢʠʚʘʪʝʣʴʥʘʷ ʯʘʩʪʴ ʧʦʪʝʥʮʠʘʣʘ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʤʦ-

ʜʝʣʠʨʦʚʘʣʘʩʴ ʢʦʤʙʠʥʘʮʠʝʡ ʧʦʪʝʥʮʠʘʣʘ ʄʦʨʟʝ ʠ ʦʪʪʘʣʢʠʚʘʪʝʣʴʥʦʡ ʯʘʩʪʠ ʧʦʪʝʥʮʠʘʣʘ ʃʝʥʥʘʨʜʘ-ɼʞʦʥʩʘ. 

ʋʯʝʪ ʞʝ ʜʠʥʘʤʠʯʝʩʢʠʭ ʵʬʬʝʢʪʦʚ ʥʝ ʧʨʦʚʦʜʠʣʩʷ ʜʦ ʩʠʭ ʧʦʨ. ʂʨʦʤʝ ʪʦʛʦ, ʠʟʚʝʩʪʥʦ, ʯʪʦ ʜʣʷ ʢʘʣʠʙʨʦʚʦʯ-

ʥʳʭ ʮʝʣʝʡ ʚ ɸʉʄ ʠ ʚ ʚʦʧʨʦʩʘʭ ʫʪʦʯʥʝʥʠʷ ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʭ ʤʝʭʘʥʠʟʤʦʚ ɺɼɺ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʢʣʶʯʝ-

ʚʦʝ ʟʥʘʯʝʥʠʝ ʠʤʝʝʪ ʢʦʨʨʝʢʪʥʳʡ ʫʯʝʪ ʥʝ ʪʦʣʴʢʦ ʛʝʦʤʝʪʨʠʠ ʚʟʘʠʤʦʜʝʡʩʪʚʫʶʱʠʭ ʪʝʣ, ʥʦ ʠ ʠʭ ʚʟʘʠʤʥʦʡ 

ʦʨʠʝʥʪʘʮʠʠ. ɺ ʵʪʦʡ ʩʚʷʟʠ ʧʨʝʜʩʪʘʚʣʷʝʪʩʷ ʘʢʪʫʘʣʴʥʦʡ ʟʘʜʘʯʘ ʨʘʟʨʘʙʦʪʢʠ ʪʝʦʨʝʪʠʯʝʩʢʦʡ ʤʦʜʝʣʠ ʜʠʥʘʤʠ-

ʯʝʩʢʦʛʦ ɺɼɺ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʪʝʣ ʮʠʣʠʥʜʨʠʯʝʩʢʦʡ ʬʦʨʤʳ ʩ ʧʣʦʩʢʦʡ ʧʨʦʚʦʜʷʱʝʡ ʧʦʚʝʨʭʥʦʩʪʴʶ ʩ ʫʯʝ-

ʪʦʤ ʠʭ ʦʪʥʦʩʠʪʝʣʴʥʦʛʦ ʜʚʠʞʝʥʠʷ ʠ ʚʟʘʠʤʥʦʡ ʦʨʠʝʥʪʘʮʠʠ.  

ʉʣʝʜʫʷ ʘʣʛʦʨʠʪʤʫ ʨʘʩʩʫʞʜʝʥʠʡ ʨʘʙʦʪʳ [1] ʚʦʩʧʦʣʴʟʫʝʤʩʷ ʦʙʱʠʤ ʚʳʨʘʞʝʥʠʝʤ ʜʣʷ ʜʠʥʘʤʠʯʝʩʢʦʡ 

ʩʠʣʳ ɺɼɺ, ʜʝʡʩʪʚʫʶʱʝʡ ʥʘ ʥʝʡʪʨʘʣʴʥʫʶ ʥʘʥʦʯʘʩʪʠʮʫ, ʜʚʠʞʫʱʫʶʩʷ ʧʘʨʘʣʣʝʣʴʥʦ ʧʦʚʝʨʭʥʦʩʪʠ (ʩʤ. 

ʬʦʨʤʫʣʫ (1) ʚ [1]). ʇʨʠ ʦʜʠʥʘʢʦʚʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʯʘʩʪʠʮʳ ʠ ʦʙʨʘʟʮʘ, ʩʠʣʳ, ʜʝʡʩʪʚʫʶʱʠʝ ʤʝʞʜʫ ʥʠʤʠ, 

ʟʘʧʠʰʫʪʩʷ ʚ ʚʠʜʝ ʜʚʫʭ ʚʳʨʘʞʝʥʠʡ:  
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ʛʜʝ z ï ʨʘʩʩʪʦʷʥʠʝ ʤʝʞʜʫ ʥʘʥʦʯʘʩʪʠʮʝʡ ʠ ʦʙʨʘʟʮʦʤ, V ï ʩʢʦʨʦʩʪʴ ʯʘʩʪʠʮʳ, T ï ʪʝʤʧʝʨʘʪʫʨʘ ʯʘʩʪʠʮʳ ʠ 

ʦʙʨʘʟʮʘ,  ˂ʠ kB ï ʧʦʩʪʦʷʥʥʳʝ ʇʣʘʥʢʘ ʠ ɹʦʣʴʮʤʘʥʘ, Fz ï ʩʠʣʘ ɺɼɺʇ, Fx ï ʩʠʣʘ ɺɼɺʊ, ʘ ʬʫʥʢʮʠʠ Iz(ɤ) ʠ 

Ix(ɤ) ʦʧʨʝʜʝʣʷʶʪʩʷ ʪʘʢ ʞʝ, ʢʘʢ ʠ ʚ [1]. ɺ ʩʠʣʫ ʪʦʛʦ, ʯʪʦ ʨʘʩʩʤʘʪʨʠʚʘʝʤʳʝ ʨʘʩʩʪʦʷʥʠʷ, ʥʘ ʢʦʪʦʨʳʝ ʧʨʦʙ-

ʥʦʝ ʪʝʣʦ ʦʪʜʘʣʝʥʦ ʦʪ ʧʦʚʝʨʭʥʦʩʪʠ ʥʝ ʧʨʝʚʳʰʘʝʪ 100 ʥʤ, ʵʬʬʝʢʪʳ ʟʘʧʘʟʜʳʚʘʥʠʷ ʥʝ ʧʨʠʥʠʤʘʶʪʩʷ ʚ ʨʘʩ-

ʯʝʪ. ʈʘʩʩʫʞʜʘʷ ʜʘʣʝʝ ʪʘʢ ʞʝ, ʢʘʢ ʠ ʚ ʨʘʙʦʪʝ [1] ʧʦʩʣʝ ʠʥʪʝʛʨʠʨʦʚʘʥʠʷ ʧʦ ʦʙʲʝʤʫ ʧʨʦʙʥʦʛʦ ʪʝʣʘ, ʧʦʣʫʯʠʤ 

ʢʦʥʝʯʥʳʝ ʚʳʨʘʞʝʥʠʷ ʜʣʷ ʩʠʣ ɺɼɺʊ ʠ ɺɼɺʇ. ɼʣʷ ʥʘʥʦʪʨʫʙʢʠ ʧʨʠ ʥʦʨʤʘʣʴʥʦʡ ʢ ʧʦʚʝʨʭʥʦʩʪʠ ʦʨʠʝʥʪʘ-

ʮʠʠ (ʅʆ) ʙʫʜʝʤ ʠʤʝʪʴ 
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ʛʜʝ ʛʝʦʤʝʪʨʠʯʝʩʢʠʝ ʬʘʢʪʦʨʳ Gz(z,R,H,d) ʠ Gx(z,R,H,d) ʟʘʚʠʩʷʪ ʪʦʣʴʢʦ ʦʪ ʧʘʨʘʤʝʪʨʦʚ ʛʝʦʤʝʪʨʠʠ ʧʦʣʦʡ 

ʥʘʥʦʪʨʫʙʢʠ ʪʦʣʱʠʥʦʡ d, ʨʘʜʠʫʩʦʤ R ʠ ʜʣʠʥʦʡ H ʠ ʠʤʝʶʪ ʚʠʜ 
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ɿʘʤʝʪʠʤ, ʯʪʦ ʧʦʣʫʯʝʥʥʳʝ ʚʳʨʘʞʝʥʠʷ ʩʧʨʘʚʝʜʣʠʚʳ ʜʣʷ ʧʦʣʳʭ ʥʘʥʦʪʨʫʙʦʢ ʩ ʦʪʢʨʳʪʳʤʠ ʢʦʥʮʘʤʠ ʠ 

ʧʨʠ ʥʝʟʥʘʯʠʪʝʣʴʥʦʡ ʤʦʜʠʬʠʢʘʮʠʠ (3) ʠ (4) ʤʦʛʫʪ ʙʳʪʴ ʧʨʠʤʝʥʝʥʳ ʜʣʷ ʥʘʥʦʪʨʫʙʦʢ ʩ ʟʘʢʨʳʪʳʤʠ ʢʦʥʮʘ-

ʤʠ, ʚ ʪʦʤ ʯʠʩʣʝ ʟʘʧʦʣʥʝʥʥʳʭ ʜʨʫʛʠʤ ʚʝʱʝʩʪʚʦʤ. ʆʪʤʝʪʠʤ ʪʘʢ ʞʝ, ʯʪʦ ʚʳʨʘʞʝʥʠʷ (5) ʠ (6) ʧʦʣʥʦʩʪʴʶ 

ʩʦʛʣʘʩʫʶʪʩʷ ʩ ʨʝʟʫʣʴʪʘʪʘʤʠ, ʩʣʝʜʫʶʱʠʤʠ ʠʟ [5].  

ʇʨʠ ʧʘʨʘʣʣʝʣʴʥʦʡ ʦʨʠʝʥʪʘʮʠʠ (ʇʆ) ʩʠʣʳ ʧʨʠʪʷʞʝʥʠʷ ʠ ʪʨʝʥʠʷ ʧʦʩʣʝ ʠʥʪʝʛʨʠʨʦʚʘʥʠʷ ʧʦ ʦʙʲʝʤʫ 

ʥʘʥʦʪʨʫʙʢʠ ʧʨʠʥʠʤʘʶʪ ʚʠʜ:  
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ɺʳʨʘʞʝʥʠʷ (7)ï(12), ʢʘʢ ʩʣʝʜʫʝʪ ʠʟ ʣʠʪʝʨʘʪʫʨʥʦʛʦ ʦʙʟʦʨʘ, ʨʘʥʝʝ ʥʝ ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʜʨʫʛʠʤʠ ʘʚʪʦ-

ʨʘʤʠ. ʂʘʢ ʠ ʚ [1] ʚ ʢʘʯʝʩʪʚʝ ʤʘʪʝʨʠʘʣʦʚ ʧʨʦʙʥʦʛʦ ʪʝʣʘ ʠ ʦʙʨʘʟʮʘ ʚʳʙʝʨʝʤ ʟʦʣʦʪʦ, ʥʘʥʦʪʨʫʙʢʠ ʠ ʥʘʥʦʩ-

ʪʝʨʞʥʠ ʢʦʪʦʨʦʛʦ ʪʝʦʨʝʪʠʯʝʩʢʠ ʠʩʩʣʝʜʦʚʘʣʠʩʴ ʚ ʨʘʙʦʪʝ [6]. ɺ ʩʠʣʫ ʤʘʣʦʡ ʠʟʫʯʝʥʥʦʩʪʠ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ 

ʩʚʦʡʩʪʚ ʥʘʥʦʩʪʨʫʢʪʫʨ ʟʦʣʦʪʘ, ʚ ʢʘʯʝʩʪʚʝ ʤʦʜʝʣʠ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʜʣʷ ʥʠʭ, ʪʘʢ ʞʝ, ʢʘʢ ʠ 

ʜʣʷ ʦʙʲʝʤʥʦʛʦ ʦʙʨʘʟʮʘ, ʠʩʧʦʣʴʟʫʝʤ ʥʠʟʢʦʯʘʩʪʦʪʥʦʝ ʧʨʠʙʣʠʞʝʥʠʝ (ʩʤ. (4) ʚ [1]), ʧʨʠʯʝʤ ʜʣʷ ʜʠʧʦʣʴʥʦʡ 

ʧʦʣʷʨʠʟʫʝʤʦʩʪʠ Ŭ(ɤ) ʯʘʩʪʠʯʢʠ ʚʝʱʝʩʪʚʘ ʥʘʥʦʪʨʫʙʢʠ ʚʦʩʧʦʣʴʟʫʝʤʩʷ ʢʣʘʩʩʠʯʝʩʢʦʡ ʤʦʜʝʣʴʶ 

2)(

1)(
)( 3

+

-
=

we

we
wa r ,                                                                 (13) 

ʛʜʝ r ï ʨʘʜʠʫʩ ʥʘʥʦʯʘʩʪʠʮʳ, Ů(ɤ) ï ʯʘʩʪʦʪʥʦ ʟʘʚʠʩʠʤʘʷ ʜʠʵʣʝʢʪʨʠʯʝʩʢʘʷ ʧʨʦʥʠʮʘʝʤʦʩʪʴ ʤʘʪʝʨʠʘʣʘ ʥʘ-

ʥʦʪʨʫʙʢʠ. ɺ ʩʪʘʪʴʝ [6] ʧʦʢʘʟʘʥʦ, ʯʪʦ ʩ ʨʦʩʪʦʤ ʯʠʩʣʘ ʘʪʦʤʦʚ ʚ ʥʘʥʦʪʨʫʙʢʝ ʠʟ ʟʦʣʦʪʘ ʝʝ ʩʚʦʡʩʪʚʘ ʩʪʘʥʦ-

ʚʷʪʩʷ ʙʣʠʞʝ ʢ ʩʚʦʡʩʪʚʘʤ ʭʦʨʦʰʠʭ ʧʨʦʚʦʜʥʠʢʦʚ, ʧʦʵʪʦʤʫ ʧʨʠʥʠʤʘʷ ʩ ʫʜʦʚʣʝʪʚʦʨʠʪʝʣʴʥʦʡ ʪʦʯʥʦʩʪʴʶ 

ʩʪʘʪʠʯʝʩʢʫʶ ʧʨʦʚʦʜʠʤʦʩʪʴ ʟʦʣʦʪʘ ʨʘʚʥʦʡ ů=1.85Ŀ10
17

 c
-1
 ʧʦʣʫʯʠʤ, ʯʪʦ ʯʘʩʪʦʪʥʳʝ ʠʥʪʝʛʨʘʣʳ Iz(ɤ) ʠ Ix(ɤ) 

ʜʘʜʫʪ ʟʥʘʯʝʥʠʷ, ʨʘʟʣʠʯʘʶʱʠʝʩʷ ʥʘ 5 ʧʦʨʷʜʢʦʚ ʚʝʣʠʯʠʥʳ, ʧʨʠʯʝʤ ʟʥʘʯʝʥʠʷ Iz(ɤ) ʙʦʣʴʰʝ ʟʥʘʯʝʥʠʡ Ix(ɤ). 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʢʘʢ ʠ ʦʞʠʜʘʣʦʩʴ ʜʣʷ ʚʳʙʨʘʥʥʦʡ ʤʦʜʝʣʠ, ʬʫʥʢʮʠʠ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʩʠ-

ʣʳ ɺɼɺʊ ʙʫʜʫʪ ʟʥʘʯʠʪʝʣʴʥʦ ʩʣʘʙʝʝ ʩʠʣ ɺɼɺʇ. ʇʨʠ T=300 ʂ, V=1 ʤ/ʩ (ʩʢʦʨʦʩʪʠ ʜʚʠʞʝʥʠʷ ʥʘʥʦʪʨʫʙʢʠ 

ʚʳʙʝʨʝʤ ʨʘʚʥʳʤʠ ʪʠʧʠʯʥʳʤ ʩʢʦʨʦʩʪʷʤ ʜʚʠʞʝʥʠʷ ʟʦʥʜʦʚ ɸʉʄ), R=5 ʥʤ, H=50 ʥʤ ʠ d=0.5 ʥʤ, ʧʨʦʚʝʜʝʤ 

ʨʘʩʯʝʪʳ ʜʣʷ ʥʘʥʦʪʨʫʙʢʠ, ʦʨʠʝʥʪʠʨʦʚʘʥʥʦʡ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦ ʧʦʚʝʨʭʥʦʩʪʠ.  

ʈʝʟʫʣʴʪʘʪʳ ʨʘʩʯʝʪʦʚ ʧʨʠʚʝʜʝʥʳ ʚ ʚʠʜʝ ʫʥʠʚʝʨʩʘʣʴʥʳʭ ʟʘʚʠʩʠʤʦʩʪʝʡ ʘʙʩʦʣʶʪʥʳʭ ʟʥʘʯʝʥʠʡ ʩʠʣʳ 

ʦʪ ʦʪʥʦʩʠʪʝʣʴʥʦʛʦ ʨʘʩʩʪʦʷʥʠʷ, ʥʦʨʤʠʨʦʚʘʥʥʦʛʦ ʥʘ ʨʘʜʠʫʩ ʥʘʥʦʪʨʫʙʢʠ (ʨʠʩ. 1ʘ, 1ʙ). ʂʘʢ ʚʠʜʥʦ ʠʟ ʨʠʩ. 1ʘ 

ʘʙʩʦʣʶʪʥʳʝ ʟʥʘʯʝʥʠʷ ʩʠʣ ɺɼɺʊ ʦʯʝʥʴ ʤʘʣʳ ʠ ʧʨʠʤʝʨʥʦ ʥʘ 4 ʧʦʨʷʜʢʘ ʚʝʣʠʯʠʥʳ ʤʝʥʴʰʝ ʩʠʣ ɺɼɺʊ ʜʣʷ 

ʧʨʦʪʷʞʝʥʥʳʭ ʟʦʥʜʦʚ ɸʉʄ ʤʠʢʨʦʥʥʳʭ ʨʘʟʤʝʨʦʚ. ʕʪʦ ʟʥʘʯʠʪ, ʯʪʦ ʠʟʤʝʨʝʥʠʝ ʩʠʣ ɺɼɺʊ ʤʝʞʜʫ ʭʦʨʦʰʦ 

ʧʨʦʚʦʜʷʱʠʤʠ ʥʘʥʦʯʘʩʪʠʮʝʡ ʠ ʦʙʨʘʟʮʦʤ ʝʱʝ ʙʦʣʝʝ ʟʘʪʨʫʜʥʠʪʝʣʴʥʦ, ʯʝʤ ʜʣʷ ʧʨʦʪʷʞʝʥʥʳʭ ʟʦʥʜʦʚ ɸʉʄ.  

 

ʘ                                                                                                 ʙ 

 

ʈʠʩ. 1. ɸʙʩʦʣʶʪʥʳʝ ʟʥʘʯʝʥʠʷ ʩʠʣʳ ɺɼɺ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʦʪʥʦʩʠʪʝʣʴʥʦʛʦ ʨʘʩʩʪʦʷʥʠʷ z/R  

ʤʝʞʜʫ ʥʘʥʦʪʨʫʙʢʦʡ ʠʟ ʟʦʣʦʪʘ (ʅʆ) ʠ ʧʦʚʝʨʭʥʦʩʪʴʶ ʟʦʣʦʪʘ:  

ʘ) ï ʩʠʣʘ ɺɼɺʊ, ʙ) ï ʩʠʣʘ ɺɼɺʇ. R ï ʚʥʝʰʥʠʡ ʨʘʜʠʫʩ ʥʘʥʦʪʨʫʙʢʠ  

 

ɿʥʘʯʝʥʠʷ ʩʠʣ ɺɼɺʇ (ʨʠʩ. 1ʙ) ʥʘʥʦʪʨʫʙʢʠ ʢ ʦʙʨʘʟʮʫ ʤʝʥʴʰʝ ʪʠʧʠʯʥʳʭ ʟʥʘʯʝʥʠʡ ʜʣʷ ʟʦʥʜʦʚ ɸʉʄ 

ʥʘ 2ï3 ʧʦʨʷʜʢʘ ʚʝʣʠʯʠʥʳ. ʊʘʢʦʝ ʨʘʩʭʦʞʜʝʥʠʝ ʤʝʞʜʫ ʚʝʣʠʯʠʥʘʤʠ ʩʠʣ ɺɼɺʊ ʠ ɺɼɺʇ ʧʨʠ ʩʨʘʚʥʝʥʠʠ ʩ 



ʂʘʥʘʤʝʪʦʚ
 
ɸ.ɸ. 
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ʩʠʣʘʤʠ ʥʘ ʧʨʦʪʷʞʝʥʥʦʤ ʟʦʥʜʝ ʦʙʲʷʩʥʷʝʪʩʷ ʨʘʟʥʠʮʝʡ ʚ ʟʥʘʯʝʥʠʷʭ ʬʫʥʢʮʠʡ Iz(ɤ) ʠ Ix(ɤ). ɺ ʮʝʣʦʤ ʞʝ, ʧʦ-

ʣʫʯʝʥʥʳʝ ʟʥʘʯʝʥʠʷ ɺɼɺʇ ʭʦʨʦʰʦ ʩʦʛʣʘʩʫʶʪʩʷ ʩ ʨʝʟʫʣʴʪʘʪʘʤʠ ʜʨʫʛʠʭ ʘʚʪʦʨʦʚ. ʆʪʤʝʪʠʤ, ʯʪʦ ʥʘ ʨʠʩʫʥ-

ʢʘʭ 1ʘ ʠ 1ʙ ʧʦʢʘʟʘʥʳ ʨʝʟʫʣʴʪʘʪʳ ʪʦʣʴʢʦ ʜʣʷ ʅʆ ʥʘʥʦʪʨʫʙʢʠ.  

ʇʨʠ ʨʘʩʩʤʦʪʨʝʥʠʠ ʨʝʟʫʣʴʪʘʪʦʚ ʜʣʷ ʇʆ ʥʠʯʝʛʦ ʧʨʠʥʮʠʧʠʘʣʴʥʦ ʥʦʚʦʛʦ ʥʝ ʥʘʙʣʶʜʘʝʪʩʷ ʠ ʚʩʝ ʚʳʚʦ-

ʜʳ, ʩʜʝʣʘʥʥʳʝ ʜʣʷ ʨʠʩ. 1, ʩʧʨʘʚʝʜʣʠʚʳ ʠ ʚ ʵʪʦʤ ʩʣʫʯʘʝ ʪʦʞʝ. ɽʜʠʥʩʪʚʝʥʥʘʷ ʦʩʦʙʝʥʥʦʩʪʴ ʨʝʟʫʣʴʪʘʪʦʚ 

ʨʘʩʯʝʪʘ ʧʨʠ ʇʆ ʩʦʩʪʦʠʪ ʚ ʪʦʤ, ʯʪʦ ʟʥʘʯʝʥʠʷ ʩʠʣ, ʧʦʣʫʯʝʥʥʳʭ ʜʣʷ ʥʝʝ ʥʝʤʥʦʛʦ (ʧʨʠʤʝʨʥʦ ʥʘ ʧʦʨʷʜʦʢ) 

ʚʳʰʝ ʟʥʘʯʝʥʠʡ ʜʣʷ ʅʆ. ʕʪʦ ʭʦʨʦʰʦ ʚʠʜʥʦ ʠʟ ʨʠʩ. 2, ʥʘ ʢʦʪʦʨʦʤ ʧʦʢʘʟʘʥʦ ʦʪʥʦʰʝʥʠʝ ʩʠʣ ʧʨʠ ʅʆ ʢ ʩʠ-

ʣʘʤ ʧʨʠ ʇʆ ʜʣʷ ɺɼɺʊ (ʘ) ʠ ɺɼɺʇ (ʙ). ʇʨʘʢʪʠʯʝʩʢʠ ʚʦ ʚʩʝʤ ʜʠʘʧʘʟʦʥʝ ʨʘʩʩʪʦʷʥʠʡ ʩʠʣʳ ʧʨʠ ʅʆ ʤʝʥʴ-

ʰʝ ʩʠʣ ʧʨʠ ʇʆ, ʧʨʠʯʝʤ ʥʘ ʨʘʩʩʪʦʷʥʠʷʭ ʧʨʠʤʝʨʥʦ 0,25 ʦʪʥ. ʝʜ. ʥʘʙʣʶʜʘʝʪʩʷ ʤʠʥʠʤʫʤ ʦʪʥʦʰʝʥʠʷ ʠʭ 

ʟʥʘʯʝʥʠʡ, ʘ ʥʘ ʜʘʣʝʢʠʭ ʨʘʩʩʪʦʷʥʠʷʭ, ʦʯʝʚʠʜʥʦ, ʦʥʠ ʩʨʘʚʥʠʚʘʶʪʩʷ ʧʦ ʚʝʣʠʯʠʥʝ.  

 

                   ʘ                                ʙ  

ʈʠʩ. 2. ʆʪʥʦʰʝʥʠʝ ʩʠʣ ɺɼɺ ʧʨʠ ʅʆ ʢ ʩʠʣʘʤ ʧʨʠ ʇʆ ʚ ʟʘʚʠʩʠʤʦʩʪʠ  

ʦʪ ʦʪʥʦʩʠʪʝʣʴʥʦʛʦ ʨʘʩʩʪʦʷʥʠʷ z/R ʤʝʞʜʫ ʥʘʥʦʪʨʫʙʢʦʡ ʠʟ ʟʦʣʦʪʘ ʠ ʧʦʚʝʨʭʥʦʩʪʴʶ ʟʦʣʦʪʘ:  

ʘ) ï ʦʪʥʦʰʝʥʠʝ ʩʠʣ ɺɼɺʊ, ʙ) ï ʦʪʥʦʰʝʥʠʝ ʩʠʣ ɺɼɺʇ. R ï ʚʥʝʰʥʠʡ ʨʘʜʠʫʩ ʥʘʥʦʪʨʫʙʢʠ  

 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʠʟ ʨʝʟʫʣʴʪʘʪʦʚ ʨʘʩʯʝʪʘ ʩʣʝʜʫʝʪ, ʯʪʦ ʚ ʫʩʪʨʦʡʩʪʚʘʭ ʥʘʥʦ ï ʠ ʤʠʢʨʦʩʠʩʪʝʤʥʦʡ ʪʝʭ-

ʥʠʢʠ, ʠ ʚ ʯʘʩʪʥʦʩʪʠ ʚ ʉɿʄ, ʛʜʝ ʧʨʦʚʦʜʷʱʠʝ ʥʘʥʦʪʨʫʙʢʠ ʠʩʧʦʣʴʟʫʶʪʩʷ ʚ ʢʘʯʝʩʪʚʝ ʧʦʜʚʠʞʥʳʭ ʯʫʚʩʪʚʠ-

ʪʝʣʴʥʳʭ ʵʣʝʤʝʥʪʦʚ ʜʠʥʘʤʠʯʝʩʢʠʝ ʩʠʣʳ ɺɼɺʊ ʥʝ ʠʛʨʘʶʪ ʦʱʫʪʠʤʦʡ ʨʦʣʠ. ʆʜʥʘʢʦ, ʢʘʢ ʩʣʝʜʫʝʪ ʠʟ [6], 

ʯʝʤ ʤʝʥʴʰʝ ʘʪʦʤʦʚ ʚ ʥʘʥʦʪʨʫʙʢʝ ʠʟ ʟʦʣʦʪʘ, ʪʝʤ ʙʣʠʞʝ ʝʝ ʩʚʦʡʩʪʚʘ ʢ ʧʦʣʫʧʨʦʚʦʜʥʠʢʘʤ ʠ ʜʠʵʣʝʢʪʨʠʢʘʤ, 

ʘ ʟʥʘʯʠʪ ï ʘʙʩʦʣʶʪʥʳʝ ʟʥʘʯʝʥʠʷ ʩʠʣ ɺɼɺʊ ʤʦʛʫʪ ʟʥʘʯʠʪʝʣʴʥʦ ʚʦʟʨʘʩʪʠ.  
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ɺʚʝʜʝʥʠʝ 

ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʧʨʦʮʝʩʩ ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʚʦʟʜʝʡʩʪʚʠʷ ʥʘ ʙʠʦʣʦʛʠʯʝʩʢʠʝ ʪʢʘʥʠ ʟʘʥʠʤʘʝʪ 

ʫʩʪʦʡʯʠʚʳʝ ʧʦʟʠʮʠʠ ʚ ʩʦʚʨʝʤʝʥʥʦʡ ʙʠʦʪʝʭʥʦʣʦʛʠʠ, ʬʠʟʠʦʣʦʛʠʠ, ʤʝʜʠʮʠʥʝ.  

ʇʨʠ ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʦʤ ʚʦʟʜʝʡʩʪʚʠʠ ʥʘ ʙʠʦʣʦʛʠʯʝʩʢʫʶ ʪʢʘʥʴ ʧʨʦʠʩʭʦʜʠʪ ʠʟʤʝʥʝʥʠʝ ʪʝʤʧʝʨʘ-

ʪʫʨʳ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʠʟʤʝʥʝʥʠʶ ʝʛʦ ʬʠʟʠʯʝʩʢʦʛʦ ʩʦʩʪʦʷʥʠʷ, ʧʨʦʠʩʭʦʜʠʪ ʬʘʟʦʚʳʡ ʧʝʨʝʭʦʜ. ʅʘ ʧʦʚʝʨʭ-

ʥʦʩʪʠ ʬʘʟʦʚʦʛʦ ʧʝʨʝʭʦʜʘ ʚʩʝ ʚʨʝʤʷ ʩʦʭʨʘʥʷʝʪʩʷ ʧʦʩʪʦʷʥʥʘʷ ʪʝʤʧʝʨʘʪʫʨʘ. ʇʨʠ ʜʚʠʞʝʥʠʠ ʧʦʚʝʨʭʥʦʩʪʠ 

ʬʘʟʦʚʦʛʦ ʧʝʨʝʭʦʜʘ ʧʨʦʠʩʭʦʜʠʪ ʚʳʜʝʣʝʥʠʝ ʩʢʨʳʪʦʡ ʪʝʧʣʦʪʳ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ. ʈʝʰʝʥʠʝ ʵʪʦʡ ʧʨʦʙʣʝʤʳ 

ʪʨʝʙʫʝʪ ʦʧʨʝʜʝʣʝʥʠʷ ʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʧʦʣʷ ʚ ʨʘʟʥʳʭ ʯʘʩʪʷʭ ʦʙʣʘʩʪʠ ʙʠʦʣʦʛʠʯʝʩʢʦʡ ʪʢʘʥʠ, ʭʘʨʘʢʪʝʨʠ-

ʟʫʶʱʠʝʩʷ ʨʘʟʣʠʯʥʳʤʠ ʪʝʧʣʦʬʠʟʠʯʝʩʢʠʤʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ. ɺʦʟʥʠʢʘʝʪ ʪʘʢʞʝ ʛʨʘʥʠʮʘ ʨʘʟʜʝʣʘ ʵʪʠʭ 

ʟʦʥ, ʢʦʪʦʨʘʷ ʥʘʟʳʚʘʝʪʩʷ ʩʚʦʙʦʜʥʦʡ (ʧʦʜʚʠʞʥʦʡ) ʛʨʘʥʠʮʝʡ, ʷʚʣʷʶʱʘʷʩʷ ʥʝʠʟʚʝʩʪʥʦʡ ʠ ʪʨʝʙʫʶʱʘʷ ʦʧʨʝ-

ʜʝʣʝʥʠʷ.  

ɺ ʧʨʦʮʝʩʩʝ ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʚʦʟʜʝʡʩʪʚʠʷ ʥʘ ʙʠʦʣʦʛʠʯʝʩʢʫʶ ʪʢʘʥʴ, ʦʙʨʘʟʫʝʪʩʷ ʧʦʣʥʦʩʪʴʶ ʧʦ-

ʨʘʞʝʥʥʳʡ ʦʙʲʝʤ ʪʢʘʥʠ, ʦʛʨʘʥʠʯʝʥʥʳʡ ʠʟʦʪʝʨʤʦʡ ʢʨʠʦʧʦʨʘʞʝʥʠʷ, ʦʙʲʝʤ ʟʘʤʦʨʦʞʝʥʥʦʡ ʪʢʘʥʠ, ʦʛʨʘʥʠ-

ʯʝʥʥʳʡ ʠʟʦʪʝʨʤʘʤʠ ʢʨʠʦʧʦʨʘʞʝʥʠʷ ʠ ʟʘʤʦʨʘʞʠʚʘʥʠʷ, ʦʙʲʝʤ ʦʭʣʘʞʜʝʥʥʦʡ ʪʢʘʥʠ, ʦʛʨʘʥʠʯʝʥʥʦʡ ʠʟʦ-

ʪʝʨʤʘʤʠ ʟʘʤʦʨʘʞʠʚʘʥʠʷ ʠ ʚʣʠʷʥʠʷ ʢʨʠʦʚʦʟʜʝʡʩʪʚʠʷ, ʚʥʝ ʢʦʪʦʨʦʡ ʪʝʧʣʦʚʦʝ ʚʦʟʤʫʱʝʥʠʝ ʦʪʩʫʪʩʪʚʫʝʪ. 

ʆʙʨʘʟʦʚʳʚʘʶʪʩʷ ʬʘʟʳ ʠ ʛʨʘʥʠʮʳ ʨʘʟʜʝʣʘ ʵʪʠʭ ʬʘʟ. ʅʘ ʜʠʥʘʤʠʢʫ ʟʘʤʦʨʘʞʠʚʘʥʠʷ ʚʣʠʷʝʪ ʛʝʦʤʝʪʨʠʷ ʦʭ-

ʣʘʞʜʘʶʱʝʡ ʧʦʚʝʨʭʥʦʩʪʠ ʢʨʠʦʟʦʥʜʘ ʠ ʝʝ ʪʝʤʧʝʨʘʪʫʨʘ, ʪʝʧʣʦʬʠʟʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʟʘʤʦʨʦʞʝʥʥʦʡ 
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ʠ ʥʝʟʘʤʦʨʦʞʝʥʥʦʡ ʙʠʦʣʦʛʠʯʝʩʢʦʡ ʪʢʘʥʠ, ʝʝ ʩʪʨʫʢʪʫʨʘ, ʤʝʪʘʙʦʣʠʯʝʩʢʘʷ ʩʢʦʨʦʩʪʴ ʪʝʧʣʦʦʙʨʘʟʦʚʘʥʠʷ, 

ʩʢʦʨʦʩʪʴ ʢʨʦʚʦʪʦʢʘ, ʪʝʤʧʝʨʘʪʫʨʘ ʢʨʦʚʠ ʠ ʫʩʣʦʚʠʷ ʪʝʧʣʦʦʙʤʝʥʘ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʙʠʦʣʦʛʠʯʝʩʢʦʡ ʪʢʘʥʠ.  

ʇʦʵʪʦʤʫ ʥʘʠʙʦʣʝʝ ʧʦʜʭʦʜʷʱʠʤʠ ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʜʠʥʘʤʠʢʠ ʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʧʦʣʷ, ʜʣʷ ʤʘʪʝʤʘ-

ʪʠʯʝʩʢʠʭ ʨʘʩʯʝʪʦʚ ʠ ʧʨʦʛʥʦʟʠʨʦʚʘʥʠʷ ʷʚʣʷʶʪʩʷ ʟʘʜʘʯʠ ʩʦ ʩʚʦʙʦʜʥʳʤʠ ʛʨʘʥʠʮʘʤʠ (ʟʘʜʘʯʠ ʪʠʧʘ ʉʪʝʬʘ-

ʥʘ, ʟʘʜʘʯʠ ʩ ʬʘʟʦʚʳʤʠ ʧʝʨʝʭʦʜʘʤʠ, ʟʘʜʘʯʠ ʩ ʧʦʜʚʠʞʥʳʤʠ ʛʨʘʥʠʮʘʤʠ), ʦʪʥʦʩʷʱʠʝʩʷ ʢ ʥʘʠʙʦʣʝʝ ʩʣʦʞ-

ʥʤr ʟʘʜʘʯʘʤ ʤʘʪʝʤʘʪʠʯʝʩʢʦʡ ʬʠʟʠʢʠ [1, 2]. 

ʇʦ ʪʝʧʣʦʬʠʟʠʯʝʩʢʦʤʫ ʩʤʳʩʣʫ ʚʦʟʥʠʢʘʶʱʠʝ ʟʘʜʘʯʠ ʭʘʨʘʢʪʝʨʠʟʫʶʪʩʷ ʩʣʝʜʫʶʱʠʤʠ ʦʩʦʙʝʥʥʦʩʪʷ-

ʤʠ: ʩʫʱʝʩʪʚʦʚʘʥʠʝ ʧʨʝʜʝʣʴʥʳʭ ʩʪʘʮʠʦʥʘʨʥʳʭ ʨʝʰʝʥʠʡ, ʤʦʥʦʪʦʥʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʧʦʣʷ 

ʦʪ ʦʜʥʦʡ ʠʟ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʭ ʢʦʦʨʜʠʥʘʪ ʧʨʠ ʬʠʢʩʠʨʦʚʘʥʥʳʭ ʦʩʪʘʣʴʥʳʭ ʢʦʦʨʜʠʥʘʪʘʭ ʠ ʚʨʝʤʝʥʠ; ʚʦʟ-

ʥʠʢʥʦʚʝʥʠʝ ʚʥʫʪʨʝʥʥʠʭ ʠʩʪʦʯʥʠʢʦʚ ʪʝʧʣʘ, ʟʘʚʠʩʷʱʠʭ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ʪʢʘʥʠ. ʉʫʱʝʩʪʚʦʚʘʥʠʝ ʧʨʝʜʝʣʴ-

ʥʳʭ ʩʪʘʮʠʦʥʘʨʥʳʭ ʨʝʰʝʥʠʡ ʜʘʝʪ ʚʦʟʤʦʞʥʦʩʪʴ ʨʘʩʩʤʘʪʨʠʚʘʪʴ ʙʦʣʝʝ ʧʨʦʩʪʳʝ ʩʪʘʮʠʦʥʘʨʥʳʝ ʟʘʜʘʯʠ, ʧʦ-

ʟʚʦʣʷʶʱʠʝ ʦʧʨʝʜʝʣʷʪʴ ʤʘʢʩʠʤʘʣʴʥʳʝ ʨʘʟʤʝʨʳ ʟʦʥ ʢʨʠʦʧʦʨʘʞʝʥʠʷ ʠ ʟʘʤʦʨʘʞʠʚʘʥʠʷ ʙʠʦʣʦʛʠʯʝʩʢʦʡ 

ʪʢʘʥʠ. ʄʦʥʦʪʦʥʥʦʩʪʴ ʜʘʝʪ ʚʦʟʤʦʞʥʦʩʪʴ ʦʩʫʱʝʩʪʚʠʪʴ ʧʝʨʝʭʦʜ ʢ ʧʨʘʢʪʠʯʝʩʢʠ ʙʦʣʝʝ ʧʨʝʜʧʦʯʪʠʪʝʣʴʥʳʤ 

ʧʦʩʪʘʥʦʚʢʘʤ ʟʘʜʘʯ ʩ ʬʘʟʦʚʳʤʠ ʧʝʨʝʭʦʜʘʤʠ ʜʣʷ ʧʦʣʷ ʠʟʦʪʝʨʤ. ɺʦʟʥʠʢʥʦʚʝʥʠʝ ʚʥʫʪʨʝʥʥʠʭ ʠʩʪʦʯʥʠʢʦʚ 

ʪʝʧʣʘ ʧʦʟʚʦʣʷʝʪ ʦʧʠʩʘʪʴ ʵʬʬʝʢʪ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ ʣʦʢʘʣʠʟʘʮʠʠ ʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʧʦʣʷ ʚ ʦʭʣʘʞʜʘʝʤʦʡ 

ʙʠʦʣʦʛʠʯʝʩʢʦʡ ʪʢʘʥʠ. 

ʎʝʣʴ ʨʘʙʦʪʳ ï ʧʦʩʪʨʦʝʥʠʝ ʤʘʪʝʤʘʪʠʯʝʩʢʦʡ ʤʦʜʝʣʠ ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʚʦʟʜʝʡʩʪʚʠʷ ʥʘ ʙʠʦʣʦʛʠ-

ʯʝʩʢʠʝ ʪʢʘʥʠ, ʨʘʟʨʘʙʦʪʢʘ ʤʝʪʦʜʦʚ ʨʝʰʝʥʠʷ ʚʦʟʥʠʢʘʶʱʝʡ ʦʜʥʦʤʝʨʥʦʡ ʟʘʜʘʯʠ ʠ ʧʦʩʪʨʦʝʥʠʝ ʧʨʦʛʨʘʤʤʳ ʥʘ 

ʷʟʳʢʝ Python ʨʘʩʯʝʪʘ ʥʝʠʟʚʝʩʪʥʘʷ ʩʚʦʙʦʜʥʦʡ ʛʨʘʥʠʮʳ, ʛʨʘʥʠʮʳ ʨʘʟʜʝʣʘ ʬʘʟ ʠ ʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʧʦʣʷ. 

ʆʙʲʝʢʪ ʠʩʩʣʝʜʦʚʘʥʠʷ ï ʜʠʥʘʤʠʢʘ ʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʧʦʣʷ ʧʨʠ ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʦʤ ʚʦʟʜʝʡʩʪʚʠʠ ʥʘ 

ʙʠʦʣʦʛʠʯʝʩʢʠʝ ʪʢʘʥʠ ʚ ʤʝʜʠʮʠʥʝ. 

ʇʨʝʜʤʝʪ ʠʩʩʣʝʜʦʚʘʥʠʷ ï ʟʘʜʘʯʠ ʩ ʬʘʟʦʚʳʤʠ ʧʝʨʝʭʦʜʘʤʠ, ʯʠʩʣʝʥʥʳʝ ʤʝʪʦʜʳ ʠ ʧʨʦʛʨʘʤʤʳ ʘʥʘʣʠ-

ʟʘ ʤʘʪʝʤʘʪʠʯʝʩʢʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ. 

ɼʣʷ ʜʦʩʪʠʞʝʥʠʷ ʧʦʩʪʘʚʣʝʥʥʦʡ ʮʝʣʠ ʥʝʦʙʭʦʜʠʤʦ ʨʝʰʠʪʴ ʩʣʝʜʫʶʱʠʝ ʟʘʜʘʯʠ: 

1) ʩʬʦʨʤʫʣʠʨʦʚʘʪʴ ʥʦʚʫʶ ʧʦʩʪʘʥʦʚʢʫ ʟʘʜʘʯʠ ʩ ʬʘʟʦʚʳʤʠ ʧʝʨʝʭʦʜʘʤʠ ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʨʦʮʝʩ-

ʩʦʚ ʢʨʠʦʚʦʟʜʝʡʩʪʚʠʷ ʥʘ ʙʠʦʣʦʛʠʯʝʩʢʠʝ ʪʢʘʥʠ; 

2) ʨʘʟʨʘʙʦʪʘʪʴ ʥʦʚʳʝ ʤʝʪʦʜʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʚʦʟʥʠʢʘʶʱʝʡ ʦʜʥʦʤʝʨʥʦʡ ʟʘʜʘʯʠ ʩ ʬʘʟʦʚʳʤʠ ʧʝʨʝ-

ʭʦʜʘʤʠ ʧʨʠ ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʦʤ ʚʦʟʜʝʡʩʪʚʠʠ ʥʘ ʙʠʦʣʦʛʠʯʝʩʢʠʝ ʪʢʘʥʠ; 

3) ʨʘʟʨʘʙʦʪʘʪʴ ʧʨʦʛʨʘʤʤʳ ʧʨʝʜʣʦʞʝʥʥʳʭ ʚʳʯʠʩʣʠʪʝʣʴʥʳʭ ʘʣʛʦʨʠʪʤʦʚ ʥʘ ʦʩʥʦʚʝ ʧʦʩʪʨʦʝʥʥʳʭ 
ʤʘʪʝʤʘʪʠʯʝʩʢʠʭ ʤʦʜʝʣʝʡ ʠ ʦʩʫʱʝʩʪʚʠʪʴ ʩ ʠʭ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʯʠʩʣʝʥʥʳʝ ʨʘʩʯʝʪʳ ʥʘ ʕɺʄ. 

ɺ ʨʘʙʦʪʝ ʠʩʧʦʣʴʟʦʚʘʥʳ ʤʝʪʦʜʳ ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʳʭ ʫʨʘʚʥʝʥʠʡ, ʠʥʪʝʛʨʘʣʴʥʳʭ ʫʨʘʚʥʝʥʠʡ, ʯʠʩʣʝʥ-

ʥʳʝ ʤʝʪʦʜʳ ʨʝʰʝʥʠʷ ʘʣʛʝʙʨʘʠʯʝʩʢʠʭ ʥʝʣʠʥʝʡʥʳʭ ʫʨʘʚʥʝʥʠʡ, ʩʠʩʪʝʤ ʥʝʣʠʥʝʡʥʳʭ ʫʨʘʚʥʝʥʠʡ.  

ʇʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʥʘʡʜʫʪ ʧʨʠʤʝʥʝʥʠʝ ʚ ʢʨʠʦʤʝʜʠʮʠʥʝ ʜʣʷ ʨʘʩʯʝʪʘ ʨʝʞʠʤʦʚ ʥʠʟʢʦʪʝʤʧʝʨʘ-

ʪʫʨʥʦʛʦ ʚʦʟʜʝʡʩʪʚʠʷ ʥʘ ʙʠʦʣʦʛʠʯʝʩʢʫʶ ʪʢʘʥʴ, ʧʨʠ ʦʧʨʝʜʝʣʝʥʠʠ ʟʥʘʯʝʥʠʡ ʧʘʨʘʤʝʪʨʦʚ ʧʨʦʮʝʩʩʘ ʟʘʤʦʨʘ-

ʞʠʚʘʥʠʷ, ʧʨʠ ʢʦʥʩʪʨʫʠʨʦʚʘʥʠʠ ʠ ʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥʠʠ ʢʨʠʦʠʥʩʪʨʫʤʝʥʪʦʚ, ʚ ʭʠʤʠʯʝʩʢʦʡ ʪʝʭʥʦʣʦʛʠʠ ʜʣʷ 

ʦʧʨʝʜʝʣʝʥʠʷ ʢʦʥʮʝʥʪʨʘʮʠʠ ʚʝʱʝʩʪʚ, ʘ ʪʘʢʞʝ ʚ ʩʪʨʦʠʪʝʣʴʩʪʚʝ, ʚ ʥʝʬʪʝʛʘʟʦʜʦʙʳʯʝ, ʚ ʤʝʪʘʣʣʫʨʛʠʠ, ʚ 

ʢʨʠʦʙʠʦʣʦʛʠʠ ʠ ʚ ʜʨʫʛʠʭ ʦʙʣʘʩʪʷʭ. 

 

I. ʇʦʩʪʘʥʦʚʢʘ ʟʘʜʘʯʠ 

ʇʫʩʪʴ W ï ʤʘʪʝʨʠʘʣʴʥʘʷ ʩʨʝʜʘ, ʛʜʝ ʧʨʦʠʩʭʦʜʠʪ ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʦʝ ʚʦʟʜʝʡʩʪʚʠʝ ʥʘ ʙʠʦʣʦʛʠʯʝ-

ʩʢʫʶ ʪʢʘʥʴ, S ʧʦʚʝʨʭʥʦʩʪʴ, ʦʛʨʘʥʠʯʠʚʘʶʱʘʷ W. ʗʚʣʝʥʠʝ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ, ʧʨʦʠʩʭʦʜʷʱʝʝ ʚ ʤʘʪʝʨʠ-

ʘʣʴʥʦʡ ʩʨʝʜʝ W,  ʦʧʠʩʳʚʘʝʪʩʷ ʩʢʘʣʷʨʥʳʤ ʧʦʣʝʤ ʪʝʤʧʝʨʘʪʫʨʳ ),( tPuu= , ʚʝʢʪʦʨʥʳʤ ʧʦʣʝʤ ʧʦʪʦʢʘ ʪʝ-

ʧʣʘ ),( tPqq= , 0, ²WÍ tP  ʠ ʫʜʝʣʴʥʦʡ ʪʝʧʣʦʚʦʡ ʵʥʝʨʛʠʝʡ ),( tPee= ʕʪʠ ʧʦʣʷ ʧʦʨʦʞʜʘʶʪʩʷ ʠʩʪʦʯ-

ʥʠʢʘʤʠ ʪʝʧʣʘ ),( tPWW=  ʠ ʫʩʣʦʚʠʷʤʠ ʪʝʧʣʦʦʪʚʦʜʘ ʩ ʧʦʚʝʨʭʥʦʩʪʠ S, P: (x,y,z) ï ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʘʷ ʢʦ-

ʦʨʜʠʥʘʪʘ, t ï ʚʨʝʤʷ, ʚ ʪʝʯʝʥʠʠʝ ʢʦʪʦʨʦʛʦ ʧʨʦʠʩʭʦʜʠʪ ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʦʝ ʚʦʟʜʝʡʩʪʚʠʝ ʥʘ ʙʠʦʣʦʛʠʯʝ-

ʩʢʠʝ ʪʢʘʥʠ.  

ɿʘʢʦʥ ʩʦʭʨʘʥʝʥʠʷ ʪʝʧʣʦʚʦʡ ʵʥʝʨʛʠʠ ʜʣʷ ʦʙʣʘʩʪʠ WËw  ʚʳʨʘʞʘʝʪ ʨʘʚʝʥʩʪʚʦ ʵʥʝʨʛʠʠ, ʧʨʦʠʟʚʝ-

ʜʝʥʥʦʡ ʠʩʪʦʯʥʠʢʘʤʠ ʪʝʧʣʘ ʟʘ ʧʨʦʠʟʚʦʣʴʥʳʡ ʧʨʦʤʝʞʫʪʦʢ ʚʨʝʤʝʥʠ 0
12
>-tt , ʩʫʤʤʝ ʵʥʝʨʛʠʡ, ʟʘʪʨʘʯʝʥ-

ʥʳʭ ʥʘ ʧʦʚʳʰʝʥʠʝ ʚʥʫʪʨʝʥʥʝʡ ʵʥʝʨʛʠʠ, ʠ ʵʥʝʨʛʠʠ, ʧʝʨʝʜʘʥʥʦʡ ʯʝʨʝʟ ʧʦʚʝʨʭʥʦʩʪʴ wµ , ʚʥʝʰʥʝʡ ʩʨʝʜʝ, 
ʪ. ʝ.  
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.                  (1) 

ɺ (1) dv ʠ dS ï ʵʣʝʤʝʥʪʳ ʦʙʲʝʤʘ ʠ ʧʦʚʝʨʭʥʦʩʪʠ, n  ï ʦʨʪ ʚʥʝʰʥʝʡ ʥʦʨʤʘʣʠ ʢ wµ . ʀʟ ʠʥʪʝʛʨʘʣʴʥʦ-

ʛʦ ʫʨʘʚʥʝʥʠʷ ʙʘʣʘʥʩʘ ʪʝʧʣʦʚʦʡ ʵʥʝʨʛʠʠ (1), ʚ ʩʠʣʫ ʪʝʦʨʝʤʳ ɻʘʫʩʩʘïʆʩʪʨʦʛʨʘʜʩʢʦʛʦ ʠ ʧʨʦʠʟʚʦʣʴʥʦʩʪʠ 



ɿʘʜʘʯʠ ʩ ʬʘʟʦʚʳʤʠ ʧʝʨʝʭʦʜʘʤʠ ʧʨʠ ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʦʤ ʚʦʟʜʝʡʩʪʚʠʠ ʥʘ ʙʠʦʪʢʘʥʠ   
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ʦʙʣʘʩʪʠ, ʩʦʛʣʘʩʥʦ ʦʩʥʦʚʥʦʡ ʣʝʤʤʝ ʚʘʨʠʘʮʠʦʥʥʦʛʦ ʠʩʯʠʩʣʝʥʠʷ ʩʣʝʜʫʝʪ ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʦʝ ʫʨʘʚʥʝʥʠʝ 

ʙʘʣʘʥʩʘ ʪʝʧʣʦʚʦʡ ʵʥʝʨʛʠʠ ʚ ʪʦʯʢʝ P 

0,, >WÍ=+ tPWeqdiv
t

.                (2) 

ɺʝʣʠʯʠʥʳ Weq ,,  ʚ ʩʣʫʯʘʝ ʘʢʪʠʚʥʳʭ ʩʨʝʜ ʩʚʷʟʘʥʳ ʩʦ ʩʢʘʣʷʨʥʳʤ ʧʦʣʝʤ ʪʝʤʧʝʨʘʪʫʨʳ u(P,t) ʠ 

ʝʛʦ ʛʨʘʜʠʝʥʪʦʤ ʩʦʦʪʥʦʰʝʥʠʷʤʠ, ʟʘʚʠʩʷʱʠʤʠ ʦʪ ʤʘʪʝʨʠʘʣʴʥʦʡ ʩʨʝʜʳ W. ɺ ʦʙʱʝʤ ʩʣʫʯʘʝ ʵʪʠ ʩʚʷʟʠ ʭʘ-

ʨʘʢʪʝʨʠʟʫʶʪʩʷ ʤʘʪʝʨʠʘʣʴʥʳʤʠ ʫʨʘʚʥʝʥʠʷʤʠ ʚʠʜʘ 

 

gradugraduuquWWuee |)|,(),(),( l-=== ,               (3) 

ʛʜʝ lï ʩʢʘʣʷʨʥʘʷ ʚʝʣʠʯʠʥʘ, ʥʘʟʳʚʘʝʤʘʷ ʢʦʵʬʬʠʮʠʝʥʪʦʤ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ ʚ ʩʣʫʯʘʝ )(ull=  ʠ ʪʫʨʙʫ-

ʣʝʥʪʥʳʤ ʢʦʵʬʬʠʮʠʝʥʪʦʤ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ ʚ ʩʣʫʯʘʝ |)(| gradull= , )(ul  ï ʦʛʨʘʥʠʯʝʥʥʘʷ ʧʦʣʦʞʠ-

ʪʝʣʴʥʘʷ ʬʫʥʢʮʠʷ.  

ʉ ʚʚʝʜʝʥʠʝʤ ʚ ʨʘʩʩʤʦʪʨʝʥʠʝ ʚʥʫʪʨʝʥʥʝʡ ʫʜʝʣʴʥʦʡ ʵʥʝʨʛʠʠ ʚʩʝ ʫʩʣʦʚʠʷ ʚʳʪʝʢʘʶʪ ʠʟ ʩʘʤʦʛʦ ʫʨʘʚ-

ʥʝʥʠʷ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ. 

ɹʠʦʣʦʛʠʯʝʩʢʘʷ ʪʢʘʥʴ ʧʨʦʥʠʟʘʥʘ ʨʘʟʚʝʪʚʣʝʥʥʦʡ ʩʝʪʴʶ ʢʘʧʠʣʣʷʨʦʚ, ʢʦʪʦʨʳʝ ʩʥʘʙʞʘʶʪ ʢʨʦʚʴʶ ʦʭ-

ʣʘʞʜʝʥʥʫʶ ʥʝʟʘʤʦʨʦʞʝʥʥʫʶ ʠ ʟʘʤʦʨʦʞʝʥʥʫʶ ʥʝ ʢʨʠʦʧʦʨʘʞʝʥʥʫʶ ʦʙʣʘʩʪʠ ʙʠʦʣʦʛʠʯʝʩʢʦʡ ʪʢʘʥʠ. ʊʝʤ-

ʧʝʨʘʪʫʨʘ ʧʨʦʪʝʢʘʶʱʘʷ ʧʦ ʢʘʧʠʣʣʷʨʘʤ ʢʨʦʚʠ ʷʚʣʷʝʪʩʷ ʬʫʥʢʮʠʝʡ ʢʦʦʨʜʠʥʘʪ ʠ ʚʨʝʤʝʥʠ, ʥʝʠʟʚʝʩʪʥʘ, ʥʦ 

ʚʩʝʛʜʘ ʚʳʰʝ ʪʝʤʧʝʨʘʪʫʨʳ ʦʭʣʘʞʜʝʥʥʦʡ ʪʢʘʥʠ. 

ɺ ʩʨʝʜʘʭ ʩ ʬʘʟʦʚʳʤʠ ʧʝʨʝʭʦʜʘʤʠ )(ul ʪʝʨʧʠʪ ʨʘʟʨʳʚ, ʪ. ʝ. 

lllll -=--+= )0*()0*()]([
*

uuu
u

, 

ʛʜʝ u*  ï ʪʝʤʧʝʨʘʪʫʨʘ ʬʘʟʦʚʦʛʦ ʧʝʨʝʭʦʜʘ.  

ɿʘʚʠʩʠʤʦʩʪʴ e=e(u) ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʦʜʥʦ ʠʟ ʦʩʥʦʚʥʳʭ ʤʘʪʝʨʠʘʣʴʥʳʭ ʫʨʘʚʥʝʥʠʡ ʪʝʧʣʦʧʨʦʚʦʜ-

ʥʦʩʪʠ. ɺ ʟʘʜʘʯʘʭ ʩ ʬʘʟʦʚʳʤʠ ʧʝʨʝʭʦʜʘʤʠ ʪʝʨʧʠʪ ʨʘʟʨʳʚ ʚ ʪʦʯʢʝ u=u*, ʪ.ʝ. 

L=--+= r)0*()0*()]([
*

ueueue
u

,  

ʛʜʝ L ï ʩʢʨʳʪʘʷ ʪʝʧʣʦʪʘ ʬʘʟʦʚʦʛʦ ʧʝʨʝʭʦʜʘ, rï ʧʣʦʪʥʦʩʪʴ ʩʨʝʜʳ.  

ɺ ʦʙʱʝʤ ʩʣʫʯʘʝ e=e(u) ʥʝʣʠʥʝʡʥʦ, ʥʝʦʜʥʦʟʥʘʯʥʦ, ʪ. ʝ. ʤʦʞʝʪ ʠʤʝʪʴ ʤʝʩʪʦ ʛʠʩʪʝʨʝʟʠʩ, ʢʦʛʜʘ ʩ ʫʚʝ-

ʣʠʯʝʥʠʝʤ u ʵʥʝʨʛʠʷ ʚʦʟʨʘʩʪʘʝʪ ʧʦ ʚʦʩʭʦʜʷʱʝʡ ʢʨʠʚʦʡ, ʘ ʧʨʠ ʫʤʝʥʴʰʝʥʠʠ ï ʫʙʳʚʘʝʪ ʧʦ ʥʠʩʭʦʜʷʱʝʡ. ɺ 

ʟʘʜʘʯʘʭ ʩ ʬʘʟʦʚʳʤʠ ʧʝʨʝʭʦʜʘʤʠ ʠʩʧʦʣʴʟʫʝʪʩʷ ʪʦʣʴʢʦ ʧʨʝʜʝʣʴʥʳʡ ʩʣʫʯʘʡ ʛʠʩʪʝʨʝʟʠʩʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ e 

ʦʪ u, ʢʦʛʜʘ ʰʠʨʠʥʘ ʛʠʩʪʝʨʝʟʠʩʥʦʡ ʧʝʪʣʠ ʩʪʷʛʠʚʘʝʪʩʷ ʚ ʪʦʯʢʫ, ʘ ʚʳʩʦʪʘ ʨʘʚʥʘ ʚʝʣʠʯʠʥʝ L=rp .  

ʊʝʧʣʦʚʳʝ ʧʨʦʮʝʩʩʳ ʚ ʘʢʪʠʚʥʳʭ ʥʝʠʥʝʨʪʥʳʭ ʩʨʝʜʘʭ ʩʦʧʨʦʚʦʞʜʘʶʪʩʷ ʚʦʟʥʠʢʥʦʚʝʥʠʝʤ ʚʥʫʪʨʝʥʥʠʭ 

ʠʩʪʦʯʥʠʢʦʚ ʠʣʠ ʩʪʦʢʦʚ ʪʝʧʣʘ, ʩʫʱʝʩʪʚʝʥʥʦ ʟʘʚʠʩʷʱʠʭ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ, ʪ. ʝ. )(uWW °= . ʊʘʢʠʝ ʟʘʚʠʩʠ-

ʤʦʩʪʠ ʥʝʦʙʭʦʜʠʤʦ ʫʯʠʪʳʚʘʪʴ ʧʨʠ ʦʭʣʘʞʜʝʥʠʠ ʠ ʟʘʤʦʨʘʞʠʚʘʥʠʠ ʙʠʦʣʦʛʠʯʝʩʢʠʭ ʪʢʘʥʝʡ, ʧʨʠ ʚʦʟʥʠʢʥʦ-

ʚʝʥʠʠ ʬʘʟʦʚʳʭ ʧʝʨʝʭʦʜʦʚ. ɺ ʨʷʜʝ ʩʣʫʯʘʝʚ ʦʥʠ ʠʟʤʝʥʷʶʪ ʥʝ ʪʦʣʴʢʦ ʢʦʣʠʯʝʩʪʚʝʥʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ 

ʧʨʦʮʝʩʩʦʚ, ʥʦ ʠ ʢʘʯʝʩʪʚʝʥʥʫʶ ʢʘʨʪʠʥʫ ʠʭ ʧʨʦʪʝʢʘʥʠʷ, ʧʦʟʚʦʣʷʷ ʦʧʠʩʘʪʴ ʩʦʚʝʨʰʝʥʥʦ ʥʝʚʦʟʤʦʞʥʳʝ ʚ 

ʨʘʤʢʘʭ ʣʠʥʝʡʥʦʡ ʪʝʦʨʠʠ ʵʬʬʝʢʪʳ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦ-ʚʨʝʤʝʥʥʦʡ ʣʦʢʘʣʠʟʘʮʠʠ ʪʝʧʣʦʚʳʭ ʚʦʟʤʫʱʝʥʠʡ. 
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ʂʫʜʘʝʚʘ ʌ.ʍ. 
 

 

 24 
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u  ï ʢʘʞʫʱʘʷʩʷ ʩʢʦʨʦʩʪʴ ʜʚʠʞʝʥʠʷ ʧʦʚʝʨʭʥʦʩʪʠ ʚ ʥʘʧʨʘʚʣʝʥʠʠ ʚʥʝʰʥʝʡ ʥʦʨʤʘʣʠ.  

ʇʝʨʚʦʝ ʠʟ ʫʩʣʦʚʠʡ (7) ʚʳʨʘʞʘʝʪ ʥʝʧʨʝʨʳʚʥʦʩʪʴ ʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʧʦʣʷ, ʘ ʚʪʦʨʦʝ ʚʳʪʝʢʘʝʪ ʠʟ ʫʨʘʚ-

ʥʝʥʠʷ (5) ʧʦʩʣʝ ʠʥʪʝʛʨʠʨʦʚʘʥʠʷ ʧʦ ʮʠʣʠʥʜʨʠʯʝʩʢʦʡ ʦʙʣʘʩʪʠ 
e
w, ʩʦʜʝʨʞʘʱʝʡ ʧʨʦʠʟʚʦʣʴʥʫʶ ʯʘʩʪʴ ʧʦ-

ʚʝʨʭʥʦʩʪʠ ʨʘʟʜʝʣʘ ʌ*(P,t)=0, ʠ ʧʝʨʝʭʦʜʘ ʢ ʧʨʝʜʝʣʫ, ʢʦʛʜʘ 
e
w  ʚʳʨʦʞʜʘʝʪʩʷ ʚ ʵʪʫ ʧʦʚʝʨʭʥʦʩʪʴ, ʪ. ʝ.  
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ʦʪʢʫʜʘ ʩʦʛʣʘʩʥʦ ʦʩʥʦʚʥʦʡ ʣʝʤʤʝ ʚʘʨʠʘʮʠʦʥʥʦʛʦ ʠʩʯʠʩʣʝʥʠʷ ʠ ʩʣʝʜʫʝʪ ʚʪʦʨʦʝ ʫʩʣʦʚʠʝ ʩʦʧʨʷʞʝʥʠʷ (7), 

ʠʟʚʝʩʪʥʦʝ ʢʘʢ ʫʩʣʦʚʠʝ ʉʪʝʬʘʥʘ. 

ɼʣʷ ʦʜʥʦʟʥʘʯʥʦʛʦ ʦʧʨʝʜʝʣʝʥʠʷ ʧʨʦʮʝʩʩʘ ʥʝʦʙʭʦʜʠʤʦ ʟʘʜʘʪʴ ʝʱʝ ʥʝʢʦʪʦʨʳʝ ʜʦʧʦʣʥʠʪʝʣʴʥʳʝ ʫʩ-

ʣʦʚʠʷ. ɼʦʧʦʣʥʠʪʝʣʴʥʳʝ ʫʩʣʦʚʠʷ ʜʦʣʞʥʳ ʦʙʝʩʧʝʯʠʚʘʪʴ ʩʫʱʝʩʪʚʦʚʘʥʠʝ ʨʝʰʝʥʠʷ, ʪ. ʝ. ʟʘʜʘʯʘ ʥʝ ʜʦʣʞʥʘ 

ʙʳʪʴ ʧʝʨʝʦʧʨʝʜʝʣʝʥʥʦʡ ʠ ʥʝ ʜʦʣʞʥʘ ʙʳʪʴ ʥʝʜʦʦʧʨʝʜʝʣʝʥʥʦʡ. ɽʱʝ ʦʜʥʠʤ ʠʟ ʫʩʣʦʚʠʡ, ʢʦʪʦʨʦʝ ʜʦʣʞʥʦ 

ʚʳʧʦʣʥʷʪʴʩʷ ʷʚʣʷʝʪʩʷ ʫʩʣʦʚʠʝ ʫʩʪʦʡʯʠʚʦʩʪʠ ʨʝʰʝʥʠʷ, ʢʦʪʦʨʦʝ ʙʳʚʘʝʪ ʜʘʣʝʢʦ ʥʝ ʚʩʝʛʜʘ. 

ɼʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʧʦʣʷ ʚ ʪʝʣʝ W, ʦʛʨʘʥʠʯʝʥʥʦʤ ʧʦʚʝʨʭʥʦʩʪʴʶ S ʚ ʣʶʙʦʡ ʤʦʤʝʥʪ 

ʚʨʝʤʝʥʠ, ʥʝʦʙʭʦʜʠʤʦ ʟʘʜʘʪʴ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ ʚ ʥʝʤ ʚ ʥʘʯʘʣʴʥʳʡ ʤʦʤʝʥʪ ʚʨʝʤʝʥʠ ʠ ʟʘʢʦʥ 

ʪʝʧʣʦʚʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʧʦʚʝʨʭʥʦʩʪʠ S  ʩ ʦʢʨʫʞʘʶʱʝʡ ʩʨʝʜʦʡ, ʪ. ʝ. ʥʝʦʙʭʦʜʠʤʦ ʟʘʜʘʪʴ ʥʘʯʘʣʴʥʦʝ ʠ 

ʢʨʘʝʚʳʝ ʫʩʣʦʚʠʷ. ʇʨʦʩʪʝʡʰʠʝ ʢʨʘʝʚʳʝ ʫʩʣʦʚʠʷ ʩʦʩʪʦʷʪ ʚ ʟʘʜʘʥʠʠ ʥʘ S ʪʝʤʧʝʨʘʪʫʨʳ ʠʣʠ ʧʦʪʦʢʘ ʪʝʧʣʘ 

ʢʘʢ ʬʫʥʢʮʠʠ ʢʦʦʨʜʠʥʘʪʳ ʧʦʚʝʨʭʥʦʩʪʠ ʠ ʚʨʝʤʝʥʠ. 

ʅʘʯʘʣʴʥʳʝ ʫʩʣʦʚʠʷ ʦʧʨʝʜʝʣʷʶʪ ʩʦʩʪʦʷʥʠʝ ʩʠʩʪʝʤʳ ʚ ʥʝʢʦʪʦʨʳʡ ʚʳʜʝʣʝʥʥʳʡ ʤʦʤʝʥʪ ʚʨʝʤʝʥʠ, ʢʦʪʦ-

ʨʳʡ ʩʯʠʪʘʝʪʩʷ çʥʘʯʘʣʴʥʳʤè, ʪ. ʝ. ʫʩʣʦʚʠʝ ʧʨʠ t=0. ʋʨʘʚʥʝʥʠʷ ʧʘʨʘʙʦʣʠʯʝʩʢʦʛʦ ʪʠʧʘ ʩʦʜʝʨʞʘʪ ʧʝʨʚʫʶ ʧʨʦ-

ʠʟʚʦʜʥʫʶ ʧʦ ʚʨʝʤʝʥʠ, ʧʦʵʪʦʤʫ ʜʣʷ ʥʝʛʦ ʩʪʘʚʠʪʩʷ ʦʜʥʦ ʥʘʯʘʣʴʥʦʝ ʫʩʣʦʚʠʝ, ʥʘʢʣʘʜʳʚʘʝʤʦʝ ʥʘ ʨʝʰʝʥʠʝ.  

ɻʨʘʥʠʯʥʳʝ ʠʣʠ ʢʨʘʝʚʳʝ ʫʩʣʦʚʠʷ ʦʧʨʝʜʝʣʷʶʪ ʩʦʩʪʦʷʥʠʝ ʨʝʰʝʥʠʷ ʥʘ ʛʨʘʥʠʮʝ ʦʙʣʘʩʪʠ, ʚ ʢʦʪʦʨʦʡ 

ʠʱʝʪʩʷ ʨʝʰʝʥʠʝ.  

ɼʣʷ ʘʧʧʨʦʢʩʠʤʘʮʠʠ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʛʦ ʦʧʨʝʜʝʣʝʥʠʷ ʙʦʣʝʝ ʫʜʦʙʥʳʤ ʷʚʣʷʝʪʩʷ ʬʫʥʢʮʠʦʥʘʣʴʥʘʷ 

ʟʘʚʠʩʠʤʦʩʪʴ ʧʣʦʪʥʦʩʪʠ ʧʦʪʦʢʘ ʪʝʧʣʘ ʯʝʨʝʟ ʠʟʦʪʝʨʤʠʯʝʩʢʫʶ ʧʦʚʝʨʭʥʦʩʪʴ, ʚʳʜʝʣʷʝʤʦʛʦ ʙʠʦʣʦʛʠʯʝʩʢʦʡ 

ʪʢʘʥʴʶ, ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ. ʇʦʪʦʢ ʪʝʧʣʘ ʷʚʣʷʝʪʩʷ ʥʝʧʨʝʨʳʚʥʦʡ ʠ ʤʦʥʦʪʦʥʥʦ ʫʙʳʚʘʶʱʝʡ ʬʫʥʢʮʠʝʡ ʪʝʤʧʝ-

ʨʘʪʫʨʳ.  
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ɺ ʩʠʩʪʝʤʝ ʢʦʦʨʜʠʥʘʪ, ʩʚʷʟʘʥʥʦʡ ʩ ʠʟʦʪʝʨʤʠʯʝʩʢʠʤʠ ʧʦʚʝʨʭʥʦʩʪʷʤʠ ʠ ʥʦʨʤʘʣʷʤʠ ʢ ʥʠʤ, ʫʨʘʚʥʝ-

ʥʠʝ (2) ʧʨʠʥʠʤʘʝʪ ʚʠʜ 
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II.  ʆʜʥʦʤʝʨʥʘʷ ʟʘʜʘʯʘ ʩ ʬʘʟʦʚʳʤʠ ʧʝʨʝʭʦʜʘʤʠ 

ʈʘʩʩʤʦʪʨʠʤ ʦʜʥʦʤʝʨʥʫʶ ʟʘʜʘʯʫ ʩ ʬʘʟʦʚʳʤʠ ʧʝʨʝʭʦʜʘʤʠ ʪʠʧʘ ʉʪʝʬʘʥʘ [3ï5] 

,0),(*,1),(

,0),(,0),(,0),(

,0,0,0)](),([),(

,0)0();0(0,0)0,(

,0),(0),()]1()([

>==

>===

>==--

=¢¢=

><<=-+-

ttxxtxu

ttsxtxutxu

txtutxuHtxu

ssxxu

ttsxufuupuku

x

cx

txx
d

       (13) 

ʛʜʝ ,),()(),()( 2

e

P
puWufuauk === -  

~

)(*)(

2

|*)(

)]}([{
)(

uvTTTTT
eTT

uvT
ua

--=
-

=
l

, T(P,t) ï ʪʝʤʧʝʨʘʪʫʨʥʦʝ ʧʦʣʝ, 

v(P,t) ï ʙʝʟʨʘʟʤʝʨʥʘʷ ʪʝʤʧʝʨʘʪʫʨʘ, H(P) ï ʢʦʵʬʬʠʮʠʝʥʪ ʪʝʧʣʦʦʙʤʝʥʘ ʩ ʦʢʨʫʞʘʶʱʝʡ ʩʨʝʜʦʡ, )(tu
c

 ï 

ʪʝʤʧʝʨʘʪʫʨʘ ʚʥʝʰʥʝʡ ʩʨʝʜʳ (ʘʧʧʣʠʢʘʪʦʨʘ ʢʨʠʦʟʦʥʜʘ), s(t) ï ʥʝʠʟʚʝʩʪʥʘʷ ʩʚʦʙʦʜʥʘʷ ʛʨʘʥʠʮʘ, x*( t) ï ʛʨʘ-

ʥʠʮʘ ʨʘʟʜʝʣʘ ʬʘʟ, t-ʚʨʝʤʷ (ʩ), x ï ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʘʷ ʧʝʨʝʤʝʥʥʘʷ (ʤʤ), ,C3C0*T,C7,36T ooo -·==  

we,,l  ï ʨʘʟʤʝʨʥʳʝ ʤʥʦʞʠʪʝʣʠ. 



ʂʫʜʘʝʚʘ ʌ.ʍ. 
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ʉʪʘʮʠʦʥʘʨʥʘʷ ʟʘʜʘʯʘ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʘʷ (13) ʠʤʝʝʪ ʚʠʜ 
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ʇʨʠ f(u)= 1 ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ u(x), s ʠ x*  ʧʦʣʫʯʘʝʤ 
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ʛʜʝ u(0) ï ʧʦʣʦʞʠʪʝʣʴʥʳʡ ʢʦʨʝʥʴ ʫʨʘʚʥʝʥʠʷ (16). 

ʉʦʩʪʘʚʣʝʥʘ ʧʨʦʛʨʘʤʤʘ ʥʘ ʷʟʳʢʝ Python ʦʧʨʝʜʝʣʝʥʠʷ u(x), s ʠ x* ʜʣʷ f(u)=1. ʇʨʠ ʪʝʤʧʝʨʘʪʫʨʝ ʘʧ-

ʧʣʠʢʘʪʦʨʘ = ʠ ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ ʢʦʵʬʬʠʮʠʝʥʪʘ ʪʝʧʣʦʦʙʤʝʥʘ H ʟʥʘʯʝʥʠʝ ʩʚʦʙʦʜʥʦʡ ʛʨʘʥʠʮʳ ʫʚʝ-

ʣʠʯʠʚʘʝʪʩʷ, ʘ ʛʨʘʥʠʮʘ ʨʘʟʜʝʣʘ ʬʘʟ ʤʝʥʷʝʪʩʷ ʥʝʟʥʘʯʠʪʝʣʴʥʦ. ɼʠʥʘʤʠʢʘ ʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʧʦʣʷ ʧʨʠ 

=  , ʅ=0.15, s=3, 99,0=b  ʠ 001,0=b  ʧʨʝʜʩʪʘʚʣʝʥʘ ʥʘ ʨʠʩ. 1. 

 
ʈʠʩ. 1. ɿʘʚʠʩʠʤʦʩʪʴ ʪʝʤʧʝʨʘʪʫʨʳ ʦʪ ʢʦʦʨʜʠʥʘʪʳ ʦʙʣʘʩʪʠ  

ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʚʦʟʜʝʡʩʪʚʠʷ (0 < x < s): 1 ï ɓ = 0.99, 2 ï ɓ = 0.001 

 

ʂʘʢ ʚʠʜʥʦ ʠʟ ʨʠʩ. 1, ʩ ʫʚʝʣʠʯʝʥʠʝʤ ɓ ʧʨʦʠʩʭʦʜʠʪ ʫʩʢʦʨʝʥʠʝ ʜʠʥʘʤʠʢʠ ʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʧʦʣʷ ʢ 

ʩʪʘʮʠʦʥʘʨʥʦʤʫ ʩʦʩʪʦʷʥʠʶ.  

 

ɿʘʢʣʶʯʝʥʠʝ 

ʇʨʦʚʝʜʝʥʥʳʝ ʚ ʨʘʙʦʪʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʫʣʫʯʰʠʣʠ ʧʦʥʠʤʘʥʠʝ ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʚʦʟʜʝʡʩʪʚʠʷ ʥʘ 

ʙʠʦʣʦʛʠʯʝʩʢʠʝ ʪʢʘʥʠ, ʘ ʧʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʤʦʛʫʪ ʙʳʪʴ ʧʨʠʤʝʥʝʥʳ ʢ ʨʘʩʯʝʪʫ ʨʝʞʠʤʦʚ ʥʠʟʢʦʪʝʤʧʝ-

ʨʘʪʫʨʥʦʛʦ ʚʦʟʜʝʡʩʪʚʠʷ ʥʘ ʙʠʦʣʦʛʠʯʝʩʢʫʶ ʪʢʘʥʴ, ʦʧʨʝʜʝʣʝʥʠʶ ʟʥʘʯʝʥʠʷ ʧʘʨʘʤʝʪʨʦʚ ʧʨʦʮʝʩʩʘ ʟʘʤʦʨʘ-

ʞʠʚʘʥʠʷ, ʘ ʪʘʢʞʝ ʧʨʠ ʢʦʥʩʪʨʫʠʨʦʚʘʥʠʠ ʠ ʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥʠʠ ʢʨʠʦʠʥʩʪʨʫʤʝʥʪʦʚ. 
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We consider the Frankl-Moravec problem for a mixed hyperbolic-parabolic equation, which describes 

the flow inside the Laval nozzle. The proof of the existence and uniqueness of the solution of the problem is pre-
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ɺʚʝʜʝʥʠʝ 

ɹʣʘʛʦʜʘʨʷ ʥʦʚʳʤ ʧʨʠʣʦʞʝʥʠʷʤ ʫʨʘʚʥʝʥʠʡ ʩʤʝʰʘʥʥʦʛʦ ʪʠʧʘ ʪʝʦʨʠʷ ʢʨʘʝʚʳʭ ʟʘʜʘʯ ʜʣʷ ʥʠʭ ʧʦʣʫʯʠ-

ʣʘ ʚ ʧʦʩʣʝʜʥʝʝ ʚʨʝʤʷ ʥʦʚʳʡ ʠʤʧʫʣʴʩ ʨʘʟʚʠʪʠʷ. ʇʨʠ ʵʪʦʤ ʚʘʞʥʫʶ ʨʦʣʴ ʚ ʧʨʠʣʦʞʝʥʠʷʭ ʟʘʥʠʤʘʶʪ ʢʨʘʝʚʳʝ 

ʟʘʜʘʯʠ ʜʣʷ ʫʨʘʚʥʝʥʠʡ ʛʠʧʝʨʙʦʣʘ ï ʧʘʨʘʙʦʣʠʯʝʩʢʦʛʦ ʪʠʧʘ [1, 2]. ʋʨʘʚʥʝʥʠʷ ʩʤʝʰʘʥʥʦʛʦ ʛʠʧʝʨʙʦʣʘ-ʧʘ-

ʨʘʙʦʣʠʯʝʩʢʦʛʦ ʪʠʧʘ ʚʦʟʥʠʢʘʶʪ ʧʨʠ ʤʘʪʝʤʘʪʠʯʝʩʢʦʤ ʤʦʜʝʣʠʨʦʚʘʥʠʠ ʨʘʟʣʠʯʥʳʭ ʧʨʦʮʝʩʩʦʚ ʝʩʪʝʩʪʚʦʟʥʘ-

ʥʠʷ, ʥʘʧʨʠʤʝʨ, ʧʨʠ ʠʟʫʯʝʥʠʠ ʜʚʠʞʝʥʠʷ ʛʘʟʘ ʠʣʠ ʤʘʣʦʩʞʠʤʘʝʤʦʡ ʞʠʜʢʦʩʪʠ ʚ ʢʘʥʘʣʝ, ʦʢʨʫʞʝʥʥʦʡ ʧʦʨʠʩ-

ʪʦʡ ʩʨʝʜʦʡ. ɺ ʢʘʥʘʣʝ ʛʘʟʦʜʠʥʘʤʠʯʝʩʢʦʝ ʜʘʚʣʝʥʠʝ ʞʠʜʢʦʩʪʠ ʠʣʠ ʛʘʟʘ ʫʜʦʚʣʝʪʚʦʨʷʝʪ ʚʦʣʥʦʚʦʤʫ ʫʨʘʚʥʝʥʠʶ, 

ʘ ʚ ʧʦʨʠʩʪʦʡ ʩʨʝʜʝ ʦʧʠʩʳʚʘʝʪʩʷ ʫʨʘʚʥʝʥʠʝʤ ʬʠʣʴʪʨʘʮʠʠ, ʢʦʪʦʨʦʝ ʩʦʚʧʘʜʘʝʪ ʩ ʫʨʘʚʥʝʥʠʝʤ ʜʠʬʬʫʟʠʠ. ʄʘ-

ʪʝʤʘʪʠʯʝʩʢʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʥʘʧʨʷʞʝʥʥʦʩʪʠ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʚ ʥʝʦʜʥʦʨʦʜʥʦʡ ʩʨʝʜʝ, ʩʦʩʪʦʷʱʝʡ 

ʠʟ ʜʠʵʣʝʢʪʨʠʢʘ ʠ ʧʨʦʚʦʜʷʱʝʡ ʩʨʝʜʳ, ʧʨʠʚʦʜʠʪ ʢ ʩʠʩʪʝʤʝ, ʩʦʩʪʦʷʱʝʡ ʠʟ ʚʦʣʥʦʚʦʛʦ ʫʨʘʚʥʝʥʠʷ ʠ ʫʨʘʚʥʝʥʠʷ 

ʜʠʬʬʫʟʠʠ. ʄʥʦʛʠʝ ʟʘʜʘʯʠ ʪʝʧʣʦʦʙʤʝʥʘ ʚ ʩʨʝʜʘʭ ʩ ʨʘʟʣʠʯʥʳʤ ʚʨʝʤʝʥʝʤ ʨʝʣʘʢʩʘʮʠʠ ʠ ʤʘʩʩʦʦʙʤʝʥʘ ʚ ʢʘ-

ʧʠʣʣʷʨʥʦ-ʧʦʨʠʩʪʳʭ ʩʨʝʜʘʭ ʪʘʢʞʝ ʩʚʦʜʷʪʩʷ ʢ ʟʘʜʘʯʘʤ ʜʣʷ ʛʠʧʝʨʙʦʣʘ-ʧʘʨʘʙʦʣʠʯʝʩʢʠʭ ʫʨʘʚʥʝʥʠʡ. 

ɿʘʜʘʯʘ ʌʨʘʥʢʣʷ [3] ʠ ʝʝ ʘʥʘʣʦʛʠ ʜʣʷ ʩʤʝʰʘʥʥʳʭ ʛʠʧʝʨʙʦʣʘ ï ʧʘʨʘʙʦʣʠʯʝʩʢʠʭ ʫʨʘʚʥʝʥʠʡ ʤʘʣʦ 

ʠʟʫʯʝʥʳ. ɼʦʢʘʟʘʪʴ ʦʜʥʦʟʥʘʯʥʫʶ ʨʘʟʨʝʰʠʤʦʩʪʴ ʪʘʢʠʭ ʟʘʜʘʯ ʥʝ ʚʩʝʛʜʘ ʫʜʘʝʪʩʷ.  

 

1. ʇʦʩʪʘʥʦʚʢʘ ʟʘʜʘʯʠ 

ʇʫʩʪʴ W ʢʦʥʝʯʥʘʷ, ʦʜʥʦʩʚʷʟʥʘʷ ʦʙʣʘʩʪʴ ʧʣʦʩʢʦʩʪʠ yx0  ʦʛʨʘʥʠʯʝʥʥʘʷ: 

1) ʦʪʨʝʟʢʘʤʠ 
0000

,, BABBAA  ʧʨʷʤʳʭ 0=x , 1=x , 1=y , ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʣʝʞʘʱʠʭ ʚ ʧʦʣʫʧʣʦʩ-

ʢʦʩʪʠ 0>y , 

2) ʤʦʥʦʪʦʥʥʦʡ ʢʨʠʚʦʡ )(: xy m-=G , lx¢¢0 , ʨʘʩʧʦʣʦʞʝʥʥʦʡ ʚʥʫʪʨʠ ʭʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʦʛʦ 

ʪʨʝʫʛʦʣʴʥʠʢʘ ABC ʠ ʠʤʝʶʱʝʡ ʝʜʠʥʩʪʚʝʥʥʫʶ ʦʙʱʫʶ ʪʦʯʢʫ ʩ ʭʘʨʘʢʪʝʨʠʩʪʠʢʦʡ AC, ʠ ʚʳʭʦʜʷʱʝʡ ʠʟ 
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ɺ ʩʠʣʫ ʝʜʠʥʩʪʚʝʥʥʦʩʪʠ ʨʝʰʝʥʠʷ ʟʘʜʘʯʠ ʌʄ ʩʣʝʜʫʝʪ ʙʝʟʫʩʣʦʚʥʘʷ ʨʘʟʨʝʰʠʤʦʩʪʴ ʫʨʘʚʥʝʥʠʷ (55). 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʚ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʨʘʩʩʤʦʪʨʝʥ ʘʥʘʣʦʛ ʟʘʜʘʯʠ ʌʨʘʥʢʣʷ ï ʄʦʨʘʚʝʮ, ʧʦʜ ʫʛʣʦʤ ʦʙʦʙ-

ʱʝʥʠʷ ʟʘʜʘʯʠ ʊʨʠʢʦʤʠ ʠ ʧʨʠʤʝʥʝʥʠʷ ʢ ʨʝʰʝʥʠʶ ʧʨʷʤʦʡ ʟʘʜʘʯʠ ʪʝʦʨʠʠ ʩʦʧʣʘ ʃʘʚʘʣʷ [3], ʜʣʷ ʫʨʘʚʥʝʥʠʷ 

ʛʠʧʝʨʙʦʣʘ ï ʧʘʨʘʙʦʣʠʯʝʩʢʦʛʦ ʪʠʧʘ. ʄʝʪʦʜʦʤ abc ʜʦʢʘʟʘʥʘ ʝʜʠʥʩʪʚʝʥʥʦʩʪʴ ʨʝʰʝʥʠʷ ʧʦʩʪʘʚʣʝʥʥʦʡ ʟʘʜʘ-

ʯʠ. ʉʫʱʝʩʪʚʦʚʘʥʠʝ ʨʝʰʝʥʠʷ ʵʢʚʠʚʘʣʝʥʪʥʦ ʨʝʜʫʮʠʨʦʚʘʥʦ ʢ ʠʥʪʝʛʨʘʣʴʥʦʤʫ ʫʨʘʚʥʝʥʠʶ ʌʨʝʜʛʦʣʴʤʘ ʚʪʦ-

ʨʦʛʦ ʨʦʜʘ, ʙʝʟʫʩʣʦʚʥʘʷ ʨʘʟʨʝʰʠʤʦʩʪʴ ʢʦʪʦʨʦʡ ʩʣʝʜʫʝʪ ʠʟ ʝʜʠʥʩʪʚʝʥʥʦʩʪʠ ʨʝʰʝʥʠʷ. 
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ɺʚʝʜʝʥʠʝ 

ɾʠʜʢʠʝ ʩʮʠʥʪʠʣʣʷʪʦʨʳ ʠʛʨʘʶʪ ʟʥʘʯʠʪʝʣʴʥʫʶ ʨʦʣʴ ʚ ʩʦʚʨʝʤʝʥʥʦʡ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʘʩʪʨʦʬʠ-

ʟʠʢʝ ʯʘʩʪʠʮ, ʚ ʦʩʦʙʝʥʥʦʩʪʠ ʚ ʥʝʡʪʨʠʥʥʦʡ ʬʠʟʠʢʝ, ʢʦʪʦʨʳʝ ʧʦʜʪʚʝʨʞʜʝʥʳ ʨʘʙʦʪʦʡ [1], ʵʢʩʧʝʨʠʤʝʥʪʘʤʠ 

KamLAND [2] ʠ Borexino [3], ʢʦʪʦʨʳʝ ʷʚʣʷʶʪʩʷ ʞʠʜʢʦʩʮʠʥʪʠʣʣʷʮʠʦʥʥʳʤʠ ʜʝʪʝʢʪʦʨʘʤʠ. ʕʪʘ ʵʧʦʭʘ ʧʨʦ-

ʜʦʣʞʠʣʘʩʴ ʵʢʩʧʝʨʠʤʝʥʪʘʤʠ ʩ ʨʝʘʢʪʦʨʥʳʤʠ ʘʥʪʠʥʝʡʪʨʠʥʦ Double Chooz [4], Daya Bay [5] ʠ RENO [6]. ʉʝʛʦ-

ʜʥʷ ʧʨʦʚʦʜʷʪ ʢʨʫʧʥʦʤʘʩʰʪʘʙʥʳʝ ʵʢʩʧʝʨʠʤʝʥʪʳ ʩ 20 ʢʪ [7], ʨʘʟʨʘʙʘʪʳʚʘʝʪʩʷ ʧʨʦʝʢʪ ʩ 50 ʢʪ ʞʠʜʢʠʤ 

ʩʮʠʥʪʠʣʣʷʪʦʨʦʤ LENA ʰʘʭʪʝ ʇʶʭʘʩʘʣʤʠ ʚ ʌʠʥʣʷʥʜʠʠ [8]. ʇʨʦʚʦʜʠʪʩʷ ʨʷʜ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʧʦ ʧʦʠʩʢʫ 

ʩʪʝʨʠʣʴʥʳʭ ʥʝʡʪʨʠʥʦ (NEUTRINO-4 [9], NEOS [10]).  

ʋʌ-ʩʧʝʢʪʨʦʬʦʪʦʤʝʪʨʠʷ ʷʚʣʷʝʪʩʷ ʰʠʨʦʢʦ ʠʩʧʦʣʴʟʫʝʤʳʤ ʘʥʘʣʠʪʠʯʝʩʢʠʤ ʤʝʪʦʜʦʤ ʜʣʷ ʢʦʣʠʯʝʩʪ-

ʚʝʥʥʦʛʦ ʦʧʨʝʜʝʣʝʥʠʷ ʤʠʢʨʦʵʣʝʤʝʥʪʦʚ ʚ ʨʘʟʣʠʯʥʳʭ ʦʙʨʘʟʮʘʭ, ʚʢʣʶʯʘʷ ʚʦʜʥʳʝ ʨʘʩʪʚʦʨʳ. ɺ ʜʘʥʥʦʡ ʨʘʙʦ-

ʪʝ ʧʨʝʜʩʪʘʚʣʝʥ ʤʝʪʦʜ ʦʧʨʝʜʝʣʝʥʠʷ ʩʦʜʝʨʞʘʥʠʷ ʥʝʦʜʠʤʘ ʚ ʞʠʜʢʦʩʪʠ ʩ ʧʦʤʦʱʴʶ ʋʌ-ʩʧʝʢʪʨʦʬʦʪʦʤʝʪʨʘ 

ʧʫʪʝʤ ʠʟʤʝʨʝʥʠʷ ʩʧʝʢʪʨʦʚ ʧʦʛʣʦʱʝʥʠʷ ʚʦʜʥʦʛʦ ʨʘʩʪʚʦʨʘ NdCl3. 

ʆʙʳʯʥʦ ʚ ʞʠʜʢʠʭ ʩʮʠʥʪʠʣʣʷʪʦʨʘʭ ʚ ʢʘʯʝʩʪʚʝ ʦʩʥʦʚʥʦʛʦ ʨʘʩʪʚʦʨʠʪʝʣʷ ʠʩʧʦʣʴʟʫʶʪ ʘʨʦʤʘʪʠʯʝʩʢʠʝ 

ʫʛʣʝʚʦʜʦʨʦʜʳ [3, 5-10] ʠʣʠ ʩʤʝʩʴ ʧʨʝʜʝʣʴʥʳʭ ʫʛʣʝʚʦʜʦʨʦʜʦʚ ʠ ʘʨʦʤʘʪʠʯʝʩʢʠʭ [12, 14]. 
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ɺ ʢʘʯʝʩʪʚʝ ʦʩʥʦʚʥʦʛʦ ʨʘʩʪʚʦʨʠʪʝʣʷ ʜʣʷ ʩʦʟʜʘʥʠʷ ʩʮʠʥʪʠʣʣʷʪʦʨʦʚ ʚ ʨʘʙʦʪʝ ʠʩʧʦʣʴʟʫʝʪʩʷ ʩʠʥʪʠʥ 

(ʢʘʨʙʶʨʠʟʘʪʦʨ ʜʣʷ ʛʘʟʦʚʦʡ ʮʝʤʝʥʪʘʮʠʠ ʩʪʘʣʠ), ʢʦʪʦʨʳʡ ʚʧʝʨʚʳʝ ʧʨʝʜʣʦʞʝʥ ʚ ʨʘʙʦʪʝ [11]. ʍʠʤʠʯʝʩʢʠʡ ʩʦ-

ʩʪʘʚ ʩʠʥʪʠʥʘ (çʢʦʤʧʦʥʝʥʪ-ʨʝʘʢʪʠʚè), ʝʛʦ ʧʨʦʟʨʘʯʥʦʩʪʴ (ʜʣʠʥʘ ʦʩʣʘʙʣʝʥʠʷ ʩʚʝʪʘ) ʠ ʩʚʝʪʦʚʳʭʦʜ ʩʮʠʥʪʠʣʣʷ-

ʪʦʨʘ ʥʘ ʦʩʥʦʚʝ ʩʠʥʪʠʥʘ ʠʩʩʣʝʜʦʚʘʥ ʚ ʨʘʙʦʪʝ [12]. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʚ ʩʦʩʪʘʚ ʩʠʥʪʠʥʘ ʚʭʦʜʠʪ ʚʩʝʛʦ 0,01 ʤʦʣʴ/ʣ 

ʘʨʦʤʘʪʠʯʝʩʢʠʭ ʫʛʣʝʚʦʜʦʨʦʜʦʚ, ʧʦʵʪʦʤʫ ʦʪʥʦʩʠʪʝʣʴʥʳʡ ʩʚʝʪʦʚʳʭʦʜ ʩʠʥʪʠʥʘ ʩʦʩʪʘʚʣʷʝʪ 33 % (ʪʘʢʦʡ ʞʝ, 

ʢʘʢ ʫ ʤʠʥʝʨʘʣʴʥʦʛʦ ʤʘʩʣʘ (ʄʆ)), ʥʦ ʩʠʥʪʠʥ, ʪʘʢʞʝ ʢʘʢ ʄʆ, ʤʦʞʝʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥ ʜʣʷ ʩʦʟʜʘʥʠʷ 

ʩʮʠʥʪʠʣʣʷʪʦʨʦʚ ʩ ʜʦʙʘʚʢʘʤʠ ʘʨʦʤʘʪʠʯʝʩʢʠʭ ʫʛʣʝʚʦʜʦʨʦʜʦʚ, ʪʘʢʠʭ ʢʘʢ ʧʩʝʚʜʦʢʫʤʦʣ. ʀʩʩʣʝʜʦʚʘʥʠʷ [13] 

ʧʦʢʘʟʘʣʠ, ʯʪʦ ʜʦʙʘʚʣʝʥʠʝ ʘʨʦʤʘʪʠʯʝʩʢʠʭ ʫʛʣʝʚʦʜʦʨʦʜʦʚ ʚ ʞʠʜʢʠʝ ʩʮʠʥʪʠʣʣʷʪʦʨʳ ʤʦʞʝʪ ʟʥʘʯʠʪʝʣʴʥʦ 

ʫʚʝʣʠʯʠʪʴ ʩʚʝʪʦʦʪʜʘʯʫ. ʆʙʥʘʨʫʞʠʣʠ, ʯʪʦ ʜʦʙʘʚʣʝʥʠʝ ʥʘʬʪʘʣʠʥʘ ʚ ʞʠʜʢʠʡ ʩʮʠʥʪʠʣʣʷʪʦʨ ʥʘ ʦʩʥʦʚʝ ʣʠ-

ʥʝʡʥʦʛʦ ʘʣʢʠʣʙʝʥʟʦʣʘ (ʃɸɹ) ʫʚʝʣʠʯʠʚʘʝʪ ʩʚʝʪʦʦʪʜʘʯʫ ʜʦ 1,5 ʨʘʟ. ɸʚʪʦʨʳ ʩʚʷʟʳʚʘʶʪ ʵʪʦ ʫʚʝʣʠʯʝʥʠʝ ʩ 

ʧʝʨʝʜʘʯʝʡ ʚʦʟʙʫʞʜʝʥʠʷ ʦʪ ʥʘʬʪʘʣʠʥʘ ʢ ʚʦʟʙʫʞʜʝʥʥʦʤʫ ʩʦʩʪʦʷʥʠʶ ʤʦʣʝʢʫʣ ʩʮʠʥʪʠʣʣʷʪʦʨʘ.  

ʂʨʦʤʝ ʪʦʛʦ, ʠʟʚʝʩʪʥʦ, ʯʪʦ ʩʚʝʪʦʚʳʭʦʜ ʩʮʠʥʪʠʣʣʷʪʦʨʦʚ ʫʚʝʣʠʯʠʚʘʶʪ ʜʦʙʘʚʢʠ ʧʦʣʠʮʠʢʣʠʯʝʩʢʠʭ 

ʘʨʦʤʘʪʠʯʝʩʢʠʭ ʩʦʝʜʠʥʝʥʠʡ, ʧʨʦʩʪʝʡʰʠʤʠ ʠʟ ʢʦʪʦʨʳʭ ʷʚʣʷʶʪʩʷ ʥʘʬʪʘʣʠʥ ʠ ʝʛʦ ʧʨʦʠʟʚʦʜʥʳʝ (ʜʠʠʟʦ-

ʧʨʦʧʠʣʥʘʬʪʘʣʠʥ (DIN), 2-ʤʝʪʠʣʥʘʬʪʘʣʠʥ ʠ ʜʨ.) ʆʜʥʘ ʠʟ ʧʦʩʣʝʜʥʠʭ ʨʘʙʦʪ, ʚ ʢʦʪʦʨʳʭ ʜʣʷ ʫʣʫʯʰʝʥʠʷ 

ʩʚʦʡʩʪʚ ʩʮʠʥʪʠʣʣʷʪʦʨʘ ʧʨʠʤʝʥʷʶʪʩʷ ʥʘʬʪʘʣʠʥ ʠ DIN ï ʨʘʙʦʪʘ ɸ.ʇ. ʉʝʨʝʙʨʦʚʘ [14].  

ɺ ʘʨʦʤʘʪʠʯʝʩʢʠʭ ʫʛʣʝʚʦʜʦʨʦʜʘʭ ʚ ʢʦʣʴʮʘʭ ʠʟ ʫʛʣʝʨʦʜʥʳʭ ʘʪʦʤʦʚ ʯʝʨʝʜʫʶʪʩʷ ʦʜʠʥʘʨʥʳʝ ʠ ʜʚʦʡ-

ʥʳʝ ʩʚʷʟʠ. ʆʥʠ ʦʙʣʘʜʘʶʪ ʚʳʩʦʢʠʤʠ ʢʚʘʥʪʦʚʳʤʠ ʚʳʭʦʜʘʤʠ ʣʶʤʠʥʝʩʮʝʥʮʠʠ ʠ ʤʦʛʫʪ ʧʝʨʝʜʘʚʘʪʴ ʚʦʟʙʫʞ-

ʜʝʥʠʝ ʜʨʫʛʠʤ ʤʦʣʝʢʫʣʘʤ, ʫʚʝʣʠʯʠʚʘʷ ʩʚʝʪʦʦʪʜʘʯʫ. ɼʦʙʘʚʣʝʥʠʝ ʘʨʦʤʘʪʠʯʝʩʢʠʭ ʫʛʣʝʚʦʜʦʨʦʜʦʚ ʚ ʞʠʜʢʠʝ 

ʩʮʠʥʪʠʣʣʷʪʦʨʳ ʧʦʟʚʦʣʷʝʪ ʫʣʫʯʰʠʪʴ ʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ, ʪʘʢ ʢʘʢ ʦʥʠ ʜʝʡʩʪʚʫʶʪ ʢʘʢ ʩʝʥʩʠʙʠʣʠʟʘʪʦʨʳ, 

ʧʦʛʣʦʱʘʷ ʵʥʝʨʛʠʶ ʠʟ ʚʦʟʙʫʞʜʝʥʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʩʮʠʥʪʠʣʣʷʪʦʨʘ ʠ ʧʝʨʝʚʦʜʷ ʝʝ ʚ ʙʦʣʝʝ ʥʠʟʢʦʵʥʝʨʛʝʪʠʯʝ-

ʩʢʦʝ ʩʦʩʪʦʷʥʠʝ, ʢʦʪʦʨʦʝ ʠʟʣʫʯʘʝʪ ʩʚʝʪ.  

ʇʨʠ ʜʦʙʘʚʣʝʥʠʠ ʘʨʦʤʘʪʠʯʝʩʢʠʭ ʫʛʣʝʚʦʜʦʨʦʜʦʚ ʚ ʞʠʜʢʠʝ ʩʮʠʥʪʠʣʣʷʪʦʨʳ ʧʝʨʝʜʘʯʘ ʵʥʝʨʛʠʠ ʤʦʞʝʪ 

ʩʪʘʪʴ ʙʦʣʝʝ ʵʬʬʝʢʪʠʚʥʦʡ, ʯʪʦ ʧʨʠʚʝʜʝʪ ʢ ʫʚʝʣʠʯʝʥʠʶ ʩʚʝʪʦʦʪʜʘʯʠ. ʇʨʠ ʜʦʙʘʚʣʝʥʠʠ ʚ ʞʠʜʢʠʡ ʩʮʠʥʪʠʣ-

ʣʷʪʦʨ ʘʨʦʤʘʪʠʯʝʩʢʠʭ ʫʛʣʝʚʦʜʦʨʦʜʦʚ ʚʳʭʦʜ ʣʶʤʠʥʝʩʮʝʥʮʠʠ ʫʚʝʣʠʯʠʚʘʝʪʩʷ. ʕʪʦ ʷʚʣʝʥʠʝ ʧʨʦʠʩʭʦʜʠʪ 

ʙʣʘʛʦʜʘʨʷ ʤʝʭʘʥʠʟʤʫ ʧʝʨʝʥʦʩʘ ʵʥʝʨʛʠʠ, ʢʦʪʦʨʳʡ ʚʢʣʶʯʘʝʪ ʧʝʨʝʜʘʯʫ ʵʥʝʨʛʠʠ ʦʪ ʚʦʟʙʫʞʜʝʥʥʦʡ ʬʣʫʦ-

ʨʝʩʮʝʥʪʥʦʡ ʤʦʣʝʢʫʣʳ ʢ ʘʨʦʤʘʪʠʯʝʩʢʠʤ ʫʛʣʝʚʦʜʦʨʦʜʘʤ.  

ʇʨʦʮʝʩʩ ʧʝʨʝʜʘʯʠ ʵʥʝʨʛʠʠ ʤʦʞʥʦ ʦʙʲʷʩʥʠʪʴ ʩ ʧʦʤʦʱʴʶ ʪʝʦʨʠʠ ʌʦʨʩʪʝʨʘ, ʪʘʢʞʝ ʠʟʚʝʩʪʥʦʡ ʢʘʢ 

ʪʝʦʨʠʷ ʨʝʟʦʥʘʥʩʥʦʡ ʧʝʨʝʜʘʯʠ ʵʥʝʨʛʠʠ, ʩʦʛʣʘʩʥʦ ʢʦʪʦʨʦʡ ʧʝʨʝʜʘʯʘ ʵʥʝʨʛʠʠ ʧʨʦʠʩʭʦʜʠʪ ʧʦʩʨʝʜʩʪʚʦʤ ʙʝ-

ʟʳʟʣʫʯʘʪʝʣʴʥʦʛʦ ʧʨʦʮʝʩʩʘ, ʢʦʛʜʘ ʵʥʝʨʛʠʷ ʧʝʨʝʜʘʝʪʩʷ ʦʪ ʤʦʣʝʢʫʣʳ-ʜʦʥʦʨʘ (ʬʣʫʦʨʝʩʮʝʥʪʥʦʡ ʤʦʣʝʢʫʣʳ) ʢ 

ʤʦʣʝʢʫʣʝ-ʘʢʮʝʧʪʦʨʫ (ʘʨʦʤʘʪʠʯʝʩʢʠʡ ʫʛʣʝʚʦʜʦʨʦʜ) ʧʦʩʨʝʜʩʪʚʦʤ ʜʠʧʦʣʴ-ʜʠʧʦʣʴʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ. 

ʕʬʬʝʢʪʠʚʥʦʩʪʴ ʧʝʨʝʥʦʩʘ ʵʥʝʨʛʠʠ ʟʘʚʠʩʠʪ ʦʪ ʨʘʩʩʪʦʷʥʠʷ ʤʝʞʜʫ ʤʦʣʝʢʫʣʘʤʠ ʜʦʥʦʨʘ ʠ ʘʢʮʝʧʪʦʨʘ, ʠʭ 

ʦʨʠʝʥʪʘʮʠʠ ʠ ʩʧʝʢʪʨʘʣʴʥʦʛʦ ʧʝʨʝʢʨʳʪʠʷ ʤʝʞʜʫ ʩʧʝʢʪʨʦʤ ʠʟʣʫʯʝʥʠʷ ʜʦʥʦʨʘ ʠ ʩʧʝʢʪʨʦʤ ʧʦʛʣʦʱʝʥʠʷ ʘʢʮʝʧ-

ʪʦʨʘ. ɼʣʷ ʵʬʬʝʢʪʠʚʥʦʡ ʧʝʨʝʜʘʯʠ ʵʥʝʨʛʠʠ ʨʘʩʩʪʦʷʥʠʝ ʤʝʞʜʫ ʜʦʥʦʨʦʤ ʠ ʘʢʮʝʧʪʦʨʦʤ ʜʦʣʞʥʦ ʙʳʪʴ ʚ ʧʨʝʜʝʣʘʭ 

ʢʨʠʪʠʯʝʩʢʦʛʦ ʨʘʩʩʪʦʷʥʠʷ, ʥʘʟʳʚʘʝʤʦʛʦ ʨʘʜʠʫʩʦʤ ʌʦʨʩʪʝʨʘ, ʢʦʪʦʨʦʝ ʦʙʳʯʥʦ ʩʦʩʪʘʚʣʷʝʪ ʤʝʥʝʝ 10 ʥʤ. 

ɺ ʩʣʫʯʘʝ ʞʠʜʢʠʭ ʩʮʠʥʪʠʣʣʷʪʦʨʦʚ ʜʦʙʘʚʣʝʥʥʳʝ ʘʨʦʤʘʪʠʯʝʩʢʠʝ ʫʛʣʝʚʦʜʦʨʦʜʳ ʜʝʡʩʪʚʫʶʪ ʢʘʢ ʤʦ-

ʣʝʢʫʣʳ-ʘʢʮʝʧʪʦʨʳ, ʘ ʬʣʫʦʨʝʩʮʝʥʪʥʳʝ ʤʦʣʝʢʫʣʳ ʜʝʡʩʪʚʫʶʪ ʢʘʢ ʤʦʣʝʢʫʣʳ-ʜʦʥʦʨʳ. ʂʦʛʜʘ ʠʦʥʠʟʠʨʫʶ-

ʱʝʝ ʠʟʣʫʯʝʥʠʝ ʧʦʧʘʜʘʝʪ ʚ ʩʮʠʥʪʠʣʣʷʪʦʨ, ʦʥʦ ʚʦʟʙʫʞʜʘʝʪ ʬʣʫʦʨʝʩʮʝʥʪʥʫʶ ʤʦʣʝʢʫʣʫ, ʢʦʪʦʨʘʷ ʟʘʪʝʤ ʧʝ-

ʨʝʜʘʝʪ ʩʚʦʶ ʵʥʝʨʛʠʶ ʜʦʙʘʚʣʝʥʥʦʤʫ ʘʨʦʤʘʪʠʯʝʩʢʦʤʫ ʫʛʣʝʚʦʜʦʨʦʜʫ ʧʦʩʨʝʜʩʪʚʦʤ ʧʝʨʝʥʦʩʘ ʵʥʝʨʛʠʠ. 

ʉʮʠʥʪʠʣʣʷʮʠʷ ʩʪʘʥʦʚʠʪʩʷ ʚʦʟʤʦʞʥʦʡ ʙʣʘʛʦʜʘʨʷ ʥʘʣʠʯʠʶ ʚ ʘʨʦʤʘʪʠʯʝʩʢʠʭ ʤʦʣʝʢʫʣʘʭ ʜʝʣʦʢʘʣʠ-

ʟʦʚʘʥʥʳʭ ʵʣʝʢʪʨʦʥʦʚ. ʇʨʠ sp
2
-ʛʠʙʨʠʜʠʟʘʮʠʠ ʦʜʥʘ p-ʦʨʙʠʪʘʣʴ ʦʩʪʘʝʪʩʷ ʥʝʠʟʤʝʥʥʦʡ, ʪʦʛʜʘ ʢʘʢ ʜʚʝ ʜʨʫ-

ʛʠʭ p-ʦʨʙʠʪʘʣʠ ʠ ʦʜʥʘ s-ʦʨʙʠʪʘʣʴ ʩʤʝʰʠʚʘʶʪʩʷ ʠ ʦʙʨʘʟʫʶʪ ʧʣʦʩʢʦʩʪʴ, ʢʦʪʦʨʘʷ ʦʨʪʦʛʦʥʘʣʴʥʘ ʥʝʠʟʤʝ-

ʥʝʥʥʦʡ p-ʦʨʙʠʪʘʣʠ. ʊʘʢʦʝ ʨʘʩʧʦʣʦʞʝʥʠʝ ʷʚʣʷʝʪʩʷ ʦʩʥʦʚʦʡ ʜʣʷ ʦʙʨʘʟʦʚʘʥʠʷ ʛʝʢʩʘʛʦʥʘʣʴʥʦʡ ʢʦʣʴʮʝʚʦʡ 

ʩʪʨʫʢʪʫʨʳ ʤʦʣʝʢʫʣʳ ʙʝʥʟʦʣʘ (C6H6). ʕʪʦ ʧʨʠʚʦʜʠʪ ʢ ʫʚʝʣʠʯʝʥʠʶ ʚʳʭʦʜʘ ʣʶʤʠʥʝʩʮʝʥʮʠʠ, ʯʪʦ ʧʦʚʳʰʘ-

ʝʪ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴ ʩʮʠʥʪʠʣʣʷʪʦʨʘ ʢ ʠʟʣʫʯʝʥʠʶ. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʤʝʭʘʥʠʟʤ ʧʝʨʝʥʦʩʘ ʵʥʝʨʛʠʠ ʠʛʨʘʝʪ ʨʝʰʘʶʱʫʶ ʨʦʣʴ ʚ ʫʚʝʣʠʯʝʥʠʠ ʚʳʭʦʜʘ ʣʶʤʠ-

ʥʝʩʮʝʥʮʠʠ ʚ ʞʠʜʢʠʭ ʩʮʠʥʪʠʣʣʷʪʦʨʘʭ ʧʨʠ ʜʦʙʘʚʣʝʥʠʠ ʘʨʦʤʘʪʠʯʝʩʢʠʭ ʫʛʣʝʚʦʜʦʨʦʜʦʚ.  

 

ʄʘʪʝʨʠʘʣʳ ʠ ʤʝʪʦʜʳ 

ʆʧʠʩʘʥʠʝ ʧʨʠʙʦʨʦʚ ʠ ʦʙʦʨʫʜʦʚʘʥʠʷ 

ʉʧʝʢʪʨʦʬʦʪʦʤʝʪʨ ʇʕ-3000ʋʌ. ʀʩʩʣʝʜʦʚʘʥʠʝ ʧʨʦʟʨʘʯʥʦʩʪʠ ʩʠʥʪʠʥʘ, ʧʝʨʝʜ ʧʨʠʛʦʪʦʚʣʝʥʠʝʤ 

ʩʮʠʥʪʠʣʣʷʪʦʨʘ ʥʘ ʝʛʦ ʦʩʥʦʚʝ, ʧʨʦʚʦʜʠʣʦʩʴ ʥʘ ʩʧʝʢʪʨʦʬʦʪʦʤʝʪʨʝ ʇʕ-3000ʋʌ. 

ʃʶʤʠʥʝʩʮʝʥʪʥʳʡ ʩʧʝʢʪʨʦʤʝʪʨ PerkinElmer LS 55 ʧʨʝʜʥʘʟʥʘʯʝʥ ʜʣʷ ʨʝʛʠʩʪʨʘʮʠʠ ʩʪʘʮʠʦʥʘʨʥʳʭ 

ʩʧʝʢʪʨʦʚ ʬʣʫʦʨʝʩʮʝʥʮʠʠ ʦʙʨʘʟʮʦʚ ʚ ʨʘʟʣʠʯʥʳʭ ʘʛʨʝʛʘʪʥʳʭ ʩʦʩʪʦʷʥʠʷʭ. ʇʨʠʙʦʨ ʤʦʞʝʪ ʨʘʙʦʪʘʪʴ ʚ ʦʜ-

ʥʦʤ ʠʟ ʯʝʪʳʨʝʭ ʨʝʞʠʤʦʚ ï ʬʣʫʦʨʝʩʮʝʥʮʠʷ, ʬʦʩʬʦʨʝʩʮʝʥʮʠʷ, ʭʝʤʠ ï ʠ ʙʠʦʣʶʤʠʥʝʩʮʝʥʮʠʷ. ʀʩʧʦʣʴʟʦʚʘ-

ʥʠʝ ʣʶʤʠʥʝʩʮʝʥʪʥʦʛʦ ʩʧʝʢʪʨʦʬʦʪʦʤʝʪʨʘ ʧʦʟʚʦʣʷʝʪ ʢʘʯʝʩʪʚʝʥʥʦ ʠ ʢʦʣʠʯʝʩʪʚʝʥʥʦ ʦʮʝʥʠʪʴ ʦʩʦʙʝʥʥʦʩʪʠ 

ʨʘʩʪʚʦʨʦʚ ʞʠʜʢʠʭ ʩʮʠʥʪʠʣʣʷʪʦʨʦʚ, ʘ ʪʘʢʞʝ ʧʨʝʜʦʩʪʘʚʣʷʝʪ ʠʥʬʦʨʤʘʮʠʶ ʜʣʷ ʦʧʪʠʤʠʟʘʮʠʠ ʠʭ ʭʘʨʘʢʪʝʨʠ-

ʩʪʠʢ. ʋʧʨʘʚʣʝʥʠʝ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʩ ʧʝʨʩʦʥʘʣʴʥʦʛʦ ʢʦʤʧʴʶʪʝʨʘ ʩ ʧʦʤʦʱʴʶ ʧʨʦʛʨʘʤʤʳ FL WinLab. 
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ʃʶʤʠʥʝʩʮʝʥʪʥʳʡ ʩʧʝʢʪʨʦʬʦʪʦʤʝʪʨ ʠʟʤʝʨʷʝʪ ʩʚʝʪʦʚʳʝ ʩʧʝʢʪʨʳ, ʦʙʨʘʟʦʚʘʥʥʳʝ ʚ ʧʨʦʮʝʩʩʝ ʧʝʨʝʭʦʜʦʚ 

ʤʝʞʜʫ ʵʥʝʨʛʝʪʠʯʝʩʢʠʤʠ ʫʨʦʚʥʷʤʠ ʤʦʣʝʢʫʣ ʞʠʜʢʠʭ ʩʮʠʥʪʠʣʣʷʪʦʨʦʚ. ʕʪʦ ʧʦʟʚʦʣʷʝʪ ʘʥʘʣʠʟʠʨʦʚʘʪʴ ʨʘʟʣʠʯʥʳʝ 

ʩʚʦʡʩʪʚʘ ʵʪʠʭ ʚʝʱʝʩʪʚ, ʪʘʢʠʝ ʢʘʢ ʵʥʝʨʛʝʪʠʯʝʩʢʠʝ ʫʨʦʚʥʠ, ʰʠʨʠʥʫ ʣʠʥʠʡ ʩʧʝʢʪʨʘ, ʦʪʥʦʩʠʪʝʣʴʥʳʡ ʩʚʝʪʦʚʳʭʦʜ ʠ 

ʜʨʫʛʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ. ʇʨʠʙʦʨ LS 55 ʦʩʥʘʱʝʥ ʢʩʝʥʦʥʦʚʦʡ ʣʘʤʧʦʡ ʚ ʢʘʯʝʩʪʚʝ ʠʩʪʦʯʥʠʢʘ ʚʦʟʙʫʞʜʝʥʠʷ. ʃʘʤʧʘ 

ʠʟʣʫʯʘʝʪ ʩʚʝʪ ʩ ʨʘʟʣʠʯʥʦʡ ʜʣʠʥʦʡ ʚʦʣʥʳ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʚʳʙʨʘʥʥʦʛʦ ʜʠʘʧʘʟʦʥʘ ʜʣʠʥ ʚʦʣʥ. 

ʀʩʩʣʝʜʫʝʤʳʡ ʦʙʨʘʟʝʮ ʧʦʤʝʱʘʣʠ ʚ ʢʶʚʝʪʫ, ʟʘʪʝʤ ʚ ʜʝʨʞʘʪʝʣʴ ʦʙʨʘʟʮʘ ʧʨʠʙʦʨʘ. ʇʦʩʣʝ ʵʪʦʛʦ ʧʨʠ-

ʙʦʨ ʢʘʣʠʙʨʦʚʘʣʠ ʩ ʧʦʤʦʱʴʶ ʭʦʣʦʩʪʦʛʦ ʨʘʩʪʚʦʨʠʪʝʣʷ, ʯʪʦʙʳ ʫʙʝʜʠʪʴʩʷ, ʯʪʦ ʣʶʙʦʡ ʬʦʥʦʚʳʡ ʩʠʛʥʘʣ ʚʳ-

ʯʠʪʘʝʪʩʷ ʠʟ ʩʠʛʥʘʣʘ, ʧʦʣʫʯʝʥʥʦʛʦ ʦʪ ʦʙʨʘʟʮʘ. 

ɼʣʷ ʧʦʣʫʯʝʥʠʷ ʩʧʝʢʪʨʘ ʣʶʤʠʥʝʩʮʝʥʮʠʠ ʦʙʨʘʟʮʘ ʧʨʠʙʦʨ ʙʳʣ ʥʘʩʪʨʦʝʥ ʥʘ ʩʢʘʥʠʨʦʚʘʥʠʝ ʠʥʪʝʨʝ-

ʩʫʶʱʝʛʦ ʜʠʘʧʘʟʦʥʘ ʜʣʠʥ ʚʦʣʥ, ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʧʘʨʘʤʝʪʨʘʤʠ ʚ Setup: Start 275 nm, End 450 nm ʠ ʩʢʦ-

ʨʦʩʪʴ ʩʢʘʥʠʨʦʚʘʥʠʷ 100 nm/min. ɼʣʠʥʘ ʚʦʣʥʳ ʬʦʪʦʚʦʟʙʫʞʜʝʥʠʷ ʙʳʣʘ ʫʩʪʘʥʦʚʣʝʥʘ ʥʘ ʬʠʢʩʠʨʦʚʘʥʥʦʝ 

ʟʥʘʯʝʥʠʝ Emission 270 nm ʚ ʦʙʣʘʩʪʠ ʋʌ. ʑʝʣʠ ʚʦʟʙʫʞʜʝʥʠʷ ʠ ʠʟʣʫʯʝʥʠʷ ʠʤʝʣʠ ʩʦʦʪʚʝʪʩʪʚʫʶʱʫʶ ʰʠ-

ʨʠʥʫ ExSlit nm 15, EmSlit nm 20, ʦʙʝʩʧʝʯʠʚʘʷ ʜʦʩʪʘʪʦʯʥʦʝ ʦʪʥʦʰʝʥʠʝ ʩʠʛʥʘʣ/ʰʫʤ. 

ɺʦ ʚʨʝʤʷ ʠʟʤʝʨʝʥʠʷ ʚʦʟʙʫʞʜʘʶʱʠʡ ʩʚʝʪ ʬʦʢʫʩʠʨʦʚʘʣʩʷ ʥʘ ʦʙʨʘʟʮʝ, ʘ ʨʝʟʫʣʴʪʠʨʫʶʱʝʝ ʣʶʤʠʥʝʩ-

ʮʝʥʪʥʦʝ ʠʟʣʫʯʝʥʠʝ ʦʙʨʘʟʮʘ ʩʦʙʠʨʘʣʦʩʴ ʠ ʠʟʤʝʨʷʣʦʩʴ ʩ ʧʦʤʦʱʴʶ ʬʦʪʦʫʤʥʦʞʠʪʝʣʷ (ʌʕʋ). ʌʕʋ ʧʨʝʦʙ-

ʨʘʟʦʚʳʚʘʣ ʩʦʙʨʘʥʥʳʡ ʩʚʝʪ ʚ ʵʣʝʢʪʨʠʯʝʩʢʠʡ ʩʠʛʥʘʣ, ʢʦʪʦʨʳʡ ʟʘʪʝʤ ʫʩʠʣʠʚʘʣʩʷ, ʦʙʨʘʙʘʪʳʚʘʣʩʷ ʠ ʟʘʧʠ-

ʩʳʚʘʣʩʷ ʧʨʦʛʨʘʤʤʥʳʤ ʦʙʝʩʧʝʯʝʥʠʝʤ ʧʨʠʙʦʨʘ. ʇʦʣʫʯʝʥʥʳʡ ʨʝʟʫʣʴʪʘʪ ʙʳʣ ʧʨʝʜʩʪʘʚʣʝʥ ʚ ʚʠʜʝ ʛʨʘʬʠʢʘ 

ʟʘʚʠʩʠʤʦʩʪʠ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʠʟʣʫʯʝʥʠʷ ʣʶʤʠʥʝʩʮʝʥʮʠʠ ʦʙʨʘʟʮʘ. 

ɺʝʩʳ ʘʥʘʣʠʪʠʯʝʩʢʠʝ ALC-210d4Acculab ï ʮʝʥʘ ʜʝʣʝʥʠʷ 0,0001 ʛ, ʧʨʝʜʝʣ ʚʟʚʝʰʠʚʘʥʠʷ 110 ʛ.  

ʇʨʠʛʦʪʦʚʣʝʥʠʝ ʨʘʩʪʚʦʨʦʚ ʥʘʬʪʘʣʠʥʘ ʚ ʩʠʥʪʠʥʝ. ʅʘʬʪʘʣʠʥ (ʙʠʮʠʢʣʦ-[4.4.0]-ʜʝʢʘ-1,3,5,7,9-ʧʝʥʪʘ-

ʝʥ, ʛʝʢʩʘʣʝʥ, ʘʥʪʠʤʠʪ) ï ʦʨʛʘʥʠʯʝʩʢʦʝ ʩʦʝʜʠʥʝʥʠʝ ʩʦʩʪʘʚʘ C10H8, ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʪʚʸʨʜʦʝ ʢʨʠʩʪʘʣ-

ʣʠʯʝʩʢʦʝ ʚʝʱʝʩʪʚʦ ʩ ʭʘʨʘʢʪʝʨʥʳʤ ʟʘʧʘʭʦʤ. ɺ ʚʦʜʝ ʤʘʣʦ ʨʘʩʪʚʦʨʠʤ. ʍʦʨʦʰʦ ʨʘʩʪʚʦʨʠʤ ʚ ʙʝʥʟʦʣʝ, ʵʬʠ-

ʨʝ, ʩʧʠʨʪʝ, ʭʣʦʨʦʬʦʨʤʝ [15]. 

 

ʄʝʪʦʜʠʢʘ ʧʨʦʚʝʜʝʥʠʷ ʠʩʩʣʝʜʦʚʘʥʠʡ 

ɺ ʭʦʜʝ ʨʘʙʦʪʳ ʧʨʠʛʦʪʦʚʠʣʠ ʨʷʜ ʨʘʩʪʚʦʨʦʚ ʨʘʟʣʠʯʥʦʡ ʢʦʥʮʝʥʪʨʘʮʠʠ ʥʘʬʪʘʣʠʥʘ ʚ ʩʠʥʪʠʥʝ. ɼʣʷ 

ʵʪʦʛʦ ʥʝʦʙʭʦʜʠʤʦʝ ʢʦʣʠʯʝʩʪʚʦ ʥʘʬʪʘʣʠʥʘ ʚʟʚʝʰʠʚʘʣʠ ʥʘ ʘʥʘʣʠʪʠʯʝʩʢʠʭ ʚʝʩʘʭ ʠ ʧʝʨʝʥʦʩʠʣʠ ʚ ʤʝʨʥʫʶ 

ʢʦʣʙʫ ʥʘ 50 ʤʣ, ʜʦʙʘʚʣʷʣʠ ʩʠʥʪʠʥ ʠ ʨʘʩʪʚʦʨʷʣʠ. ʇʨʦʮʝʩʩ ʨʘʩʪʚʦʨʝʥʠʷ ʥʘʬʪʘʣʠʥʘ ʚ ʩʠʥʪʠʥʝ ʚʦʟʤʦʞʝʥ 

ʧʨʠ ʥʝʙʦʣʴʰʠʭ ʢʦʥʮʝʥʪʨʘʮʠʷʭ, ʥʦ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʢʦʥʮʝʥʪʨʘʮʠʠ ʨʘʩʪʚʦʨʷʝʪʩʷ ʪʦʣʴʢʦ ʧʨʠ ʥʝʙʦʣʴʰʦʤ 

ʥʘʛʨʝʚʘʥʠʠ ʥʘ ʚʦʜʷʥʦʡ ʙʘʥʝ ʜʦ 60 
ʦ
ʉ. ʇʨʠ ʢʦʥʮʝʥʪʨʘʮʠʷʭ 15 ʤʛ/ʤʣ ʠ 20 ʤʛ/ʤʣ ʥʘʬʪʘʣʠʥ ʧʨʠ ʥʘʛʨʝʚʘʥʠʠ 

ʨʘʩʪʚʦʨʠʣʩʷ ʚ ʩʠʥʪʠʥʝ, ʥʦ ʧʦʩʣʝ ʦʭʣʘʞʜʝʥʠʷ ʨʘʩʪʚʦʨʘ ʢʨʠʩʪʘʣʣʳ ʚʥʦʚʴ ʚʳʧʘʣʠ ʚ ʦʩʘʜʦʢ. ʊʘʢʠʤ ʦʙʨʘ-

ʟʦʤ, ʜʣʷ ʜʘʣʴʥʝʡʰʠʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʛʦʪʦʚʠʣʠ ʨʘʩʪʚʦʨʳ ʥʘʬʪʘʣʠʥʘ ʚ ʩʠʥʪʠʥʝ ʢʦʥʮʝʥʪʨʘʮʠʠ ʥʝ ʙʦʣʝʝ  

10 ʤʛ/ʤʣ, ʩʦʛʣʘʩʥʦ ʪʘʙʣ. 1. 

 

ʊʘʙʣʠʮʘ 1  

ʂʦʥʮʝʥʪʨʘʮʠʷ ʨʘʩʪʚʦʨʦʚ ʥʘʬʪʘʣʠʥʘ ʚ ʩʠʥʪʠʥʝ 

 ̄ ʆʙʲʝʤ ʨʘʩʪʚʦʨʘ, ʤʣ ʂʦʥʮʝʥʪʨʘʮʠʷ ʨʘʩʪʚʦʨʘ, ʤʛ/ʤʣ 

1  

 

50 ʤʣ 

4 

2 5 

3 6 

4 7 

5 8 

6 10 

 

ʇʦʩʣʝ ʜʦʙʘʚʣʝʥʠʷ ʥʘʬʪʘʣʠʥʘ ʢ ʞʠʜʢʦʤʫ ʩʮʠʥʪʠʣʣʷʪʦʨʫ ʨʘʩʪʚʦʨ ʪʱʘʪʝʣʴʥʦ ʧʝʨʝʤʝʰʠʚʘʣʠ ʚ ʪʝʯʝ-

ʥʠʝ ʥʝʩʢʦʣʴʢʠʭ ʯʘʩʦʚ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʜʣʷ ʦʙʝʩʧʝʯʝʥʠʷ ʧʦʣʥʦʛʦ ʨʘʩʪʚʦʨʝʥʠʷ. ɿʘʪʝʤ, ʧʦʣʫ-

ʯʝʥʥʳʡ ʨʘʩʪʚʦʨ ʠʩʩʣʝʜʦʚʘʣʠ ʧʦ ʝʛʦ ʩʮʠʥʪʠʣʣʷʮʠʦʥʥʳʤ ʩʚʦʡʩʪʚʘʤ ʠ ʩʪʘʙʠʣʴʥʦʩʪʠ, ʯʪʦʙʳ ʦʙʝʩʧʝʯʠʪʴ 

ʜʦʩʪʠʞʝʥʠʝ ʞʝʣʘʝʤʦʡ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʩʮʠʥʪʠʣʣʷʮʠʠ. 

 

ʈʝʟʫʣʴʪʘʪʳ ʠ ʠʭ ʦʙʩʫʞʜʝʥʠʝ 

ʇʦʣʫʯʝʥʥʳʡ ʨʘʩʪʚʦʨ ʩʮʠʥʪʠʣʣʷʪʦʨʘ ʠʩʩʝʜʫʝʪʩʷ ʨʘʟʣʠʯʥʳʤʠ ʤʝʪʦʜʘʤʠ, ʚ ʪʦʤ ʯʠʩʣʝ ʬʦʪʦʣʶʤʠ-

ʥʝʩʮʝʥʪʥʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʝʡ, ʠʟʤʝʨʝʥʠʷʤʠ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʩʮʠʥʪʠʣʣʷʮʠʠ ʠ ʵʥʝʨʛʝʪʠʯʝʩʢʦʛʦ ʨʘʟʨʝʰʝ-

ʥʠʷ. ʊʘʢʞʝ ʧʨʦʚʦʜʠʪʩʷ ʪʝʩʪʠʨʦʚʘʥʠʝ ʥʘ ʩʪʘʙʠʣʴʥʦʩʪʴ ʠ ʫʩʪʦʡʯʠʚʦʩʪʴ ʢ ʩʪʘʨʝʥʠʶ. ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʦʧ-

ʨʝʜʝʣʷʶʪʩʷ ʦʧʪʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʩʮʠʥʪʠʣʣʷʪʦʨʘ ʤʝʪʦʜʦʤ ʬʦʪʦʣʶʤʠʥʝʩʮʝʥʪʥʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ. 



ʇʰʫʢʦʚ ɸ.ʄ., ʂʦʢʦʝʚʘ ɸ.ɸ. 
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ɼʦʙʘʚʣʝʥʠʝ ʥʘʬʪʘʣʠʥʘ ʢ ʞʠʜʢʠʤ ʩʮʠʥʪʠʣʣʷʪʦʨʘʤ ʤʦʞʝʪ ʚʳʟʳʚʘʪʴ ʥʝʢʦʪʦʨʳʝ ʦʛʨʘʥʠʯʝʥʠʷ, ʪʘʢʠʝ ʢʘʢ 

ʩʥʠʞʝʥʠʝ ʩʚʝʪʦʚʳʭʦʜʘ ʧʨʠ ʚʳʩʦʢʠʭ ʢʦʥʮʝʥʪʨʘʮʠʷʭ, ʧʦʥʠʞʝʥʠʝ ʧʨʦʟʨʘʯʥʦʩʪʠ ʠ ʫʚʝʣʠʯʝʥʠʝ ʚʷʟʢʦʩʪʠ. ʇʦ-

ʵʪʦʤʫ ʜʣʷ ʜʦʩʪʠʞʝʥʠʷ ʞʝʣʘʝʤʳʭ ʩʮʠʥʪʠʣʣʷʮʠʦʥʥʳʭ ʩʚʦʡʩʪʚ ʥʝʦʙʭʦʜʠʤʦ ʦʧʪʠʤʠʟʠʨʦʚʘʪʴ ʢʦʥʮʝʥʪʨʘʮʠʶ ʠ 

ʪʠʧ ʧʨʦʠʟʚʦʜʥʳʭ ʥʘʬʪʘʣʠʥʘ. ʊʘʢʞʝ ʚʘʞʥʦ, ʯʪʦʙʳ ʧʨʦʠʟʚʦʜʥʳʡ ʥʘʬʪʘʣʠʥ ʙʳʣ ʩʦʚʤʝʩʪʠʤ ʩ ʦʩʥʦʚʥʳʤ ʨʘʩ-

ʪʚʦʨʝʥʥʳʤ ʚʝʱʝʩʪʚʦʤ ʠ ʣʶʙʳʤʠ ʜʦʙʘʚʢʘʤʠ, ʠʩʧʦʣʴʟʫʝʤʳʤʠ ʚ ʞʠʜʢʦʤ ʩʮʠʥʪʠʣʣʷʪʦʨʝ. ɺʳʭʦʜ ʣʶʤʠʥʝʩ-

ʮʝʥʮʠʠ ʢʘʞʜʦʛʦ ʦʙʨʘʟʮʘ ʩʮʠʥʪʠʣʣʷʪʦʨʘ ʠʟʤʝʨʷʣʩʷ ʧʨʠ ʧʦʤʦʱʠ ʣʶʤʠʥʝʩʮʝʥʪʥʦʛʦ ʩʧʝʢʪʨʦʬʦʪʦʤʝʪʨʘ. 

ɼʣʷ ʢʦʣʠʯʝʩʪʚʝʥʥʦʡ ʦʮʝʥʢʠ ʠʟʤʝʥʝʥʠʷ ʦʪʥʦʩʠʪʝʣʴʥʦʛʦ ʢʚʘʥʪʦʚʦʛʦ ʚʳʭʦʜʘ ʬʣʶʦʨʝʩʮʠʨʫʶʱʝʛʦ 

ʨʘʩʪʚʦʨʘ ʧʨʠ ʬʦʪʦʚʦʟʙʫʞʜʝʥʠʠ ʥʘ ʜʣʠʥʝ ʚʦʣʥʳ 270 ʥʤ ʙʳʣ ʠʩʧʦʣʴʟʦʚʘʥ ʬʘʢʪ ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʦʩʪʠ ʟʥʘ-

ʯʝʥʠʷ ʢʦʵʬʬʠʮʠʝʥʪʘ ʢʚʘʥʪʦʚʦʛʦ ʚʳʭʦʜʘ (ʂɺ) ʧʣʦʱʘʜʠ ʧʦʜ ʧʠʢʘʤʠ ʩʧʝʢʪʨʘ ʠʟʣʫʯʝʥʠʷ.  

ɺ ʪʘʙʣ. 2 ʧʨʠʚʝʜʝʥʳ ʚʝʣʠʯʠʥʳ ʧʣʦʱʘʜʝʡ ʧʦʜ ʧʠʢʘʤʠ ʩʧʝʢʪʨʦʚ ʠʟʣʫʯʝʥʠʷ ʫʢʘʟʘʥʥʳʭ ʦʙʨʘʟʮʦʚ. 

ʀʥʪʝʛʨʠʨʦʚʘʥʠʝ ʙʘʟʦʚʦʡ ʣʠʥʠʠ ʧʨʦʠʟʚʦʜʠʪʩʷ ʚ ʜʠʘʧʘʟʦʥʝ ʦʪ 310 ʥʤ ʜʦ 480 ʥʤ.  

 

ʊʘʙʣʠʮʘ 2 

ʉʧʝʢʪʨʳ ʠʟʣʫʯʝʥʠʷ ʩʮʠʥʪʠʣʣʷʪʦʨʘ ʠ ʨʝʟʫʣʴʪʘʪʳ ʧʣʦʱʘʜʠ ʧʦʜ ʧʠʢʦʤ ʩ ʚʳʯʝʪʦʤ çʧʦʜʣʦʞʢʠè 

 ̄ ʉʮʠʥʪʠʣʣʷʪʦʨ ʅʘʯʘʣʴʥʘʷ ʜʣʠʥʘ ʚʦʣʥʳ, ʥʤ ʂʦʥʝʯʥʘʷ ʜʣʠʥʘ ʚʦʣʥʳ, 

ʥʤ 

ʇʣʦʱʘʜʴ ʧʦʜ 

ʧʠʢʦʤ 

1 ʉʠʥʪʠʥ-

ʥʘʬʪʘʣʠʥ 10 ʤʛ/ʤʣ 

310,00 480,00 

1747,7 

2 ʉʠʥʪʠʥ-ʥʘʬʪʘʣʠʥ 

8 ʤʛ/ʤʣ 

1492,8 

3 ʉʠʥʪʠʥ-

ʥʘʬʪʘʣʠʥ 7 ʤʛ/ʤʣ 

1410,0 

4 ʉʠʥʪʠʥ-ʥʘʬʪʘʣʠʥ  

6 ʤʛ/ʤʣ 

923,1 

5 ʉʠʥʪʠʥ-ʥʘʬʪʘʣʠʥ  

5 ʤʛ/ʤʣ 

811,3 

6 ʉʠʥʪʠʥ-ʥʘʬʪʘʣʠʥ  

4 ʤʛ/ʤʣ 

651,4 

7 ʉʠʥʪʠʥ ʯʠʩʪʳʡ 296,1 

 

ʅʘ ʨʠʩ. 1 ʧʨʝʜʩʪʘʚʣʝʥʳ ʩʧʝʢʪʨʳ ʠʟʣʫʯʝʥʠʷ ʩʮʠʥʪʠʣʣʷʪʦʨʦʚ ʥʘ ʦʩʥʦʚʝ ʩʠʥʪʠʥʘ ʩ ʨʘʟʣʠʯʥʦʡ ʢʦʥʮʝʥʪʨʘ-

ʮʠʝʡ ʥʘʬʪʘʣʠʥʘ ʜʦ 10 ʤʛ/ʤʣ. ʉ ʫʚʝʣʠʯʝʥʠʝʤ ʩʦʜʝʨʞʘʥʠʷ ʥʘʬʪʘʣʠʥʘ ʥʘʙʣʶʜʘʝʪʩʷ ʫʚʝʣʠʯʝʥʠʝ ʤʘʢʩʠʤʘʣʴʥʦʡ 

ʚʳʩʦʪʳ ʩʧʝʢʪʨʘ ʠʟʣʫʯʝʥʠʷ ʠ ʫʚʝʣʠʯʝʥʠʷ ʧʣʦʱʘʜʠ ʧʦʜ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʤ ʧʠʢʦʤ, ʩ ʚʳʯʝʪʦʤ çʧʦʜʣʦʞʢʠè. 

 

 
ʈʠʩ. 1. ʉʧʝʢʪʨʳ ʠʟʣʫʯʝʥʠʷ ʩʮʠʥʪʠʣʣʷʪʦʨʘ ʥʘ ʦʩʥʦʚʝ ʩʠʥʪʠʥʘ ʩ ʜʦʙʘʚʢʦʡ ʥʘʬʪʘʣʠʥʘ 



ʀʩʩʣʝʜʦʚʘʥʠʝ ʦʧʪʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʞʠʜʢʦʛʦ ʦʨʛʘʥʠʯʝʩʢʦʛʦ ʩʮʠʥʪʠʣʣʷʪʦʨʘé   
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ʅʘ ʨʠʩ. 2 ʠʟʦʙʨʘʞʝʥʘ ʟʘʚʠʩʠʤʦʩʪʴ ʦʪʥʦʩʠʪʝʣʴʥʦʛʦ ʢʚʘʥʪʦʚʦʛʦ ʚʳʭʦʜʘ ʦʪ ʧʨʦʮʝʥʪʥʦʛʦ ʩʦʜʝʨʞʘʥʠʷ 

ʥʘʬʪʘʣʠʥʘ ʚ ʨʘʩʪʚʦʨʝ. ʅʘ ʦʩʠ ʦʨʜʠʥʘʪ ʦʪʢʣʘʜʳʚʘʝʪʩʷ ʦʪʥʦʰʝʥʠʝ ʧʣʦʱʘʜʠ ʧʦʜ ʩʧʝʢʪʨʦʤ ʠʟʣʫʯʝʥʠʷ ʩʠʥʪʠʥʘ 

ʢ ʧʣʦʱʘʜʠ ʧʦʜ ʩʧʝʢʪʨʦʤ ʠʟʣʫʯʝʥʠʷ ʩʠʥʪʠʥʘ, ʦʙʦʛʘʱʝʥʥʦʛʦ ʥʘʬʪʘʣʠʥʦʤ. ʀʟ ʛʨʘʬʠʢʘ ʚʠʜʥʦ, ʯʪʦ ʜʦʙʘʚʣʝʥʠʝ 

ʥʘʬʪʘʣʠʥʘ ʚ ʩʠʥʪʠʥ ʩʫʱʝʩʪʚʝʥʥʦ ʫʚʝʣʠʯʠʚʘʝʪ ʚʳʭʦʜ ʣʶʤʠʥʝʩʮʝʥʮʠʠ. ʄʘʢʩʠʤʘʣʴʥʳʡ ʵʬʬʝʢʪ ʜʦʩʪʠʛʘʝʪʩʷ 

ʧʨʠ ʢʦʥʮʝʥʪʨʘʮʠʠ ʘʨʦʤʘʪʠʯʝʩʢʠʭ ʫʛʣʝʚʦʜʦʨʦʜʦʚ ʧʦʨʷʜʢʘ 10 ʤʛ/ʤʣ ʧʦ ʦʙʲʝʤʫ. ɼʦʙʘʚʣʝʥʠʝ ʩʦʦʪʚʝʪʩʪʚʫʶʱʝ-

ʛʦ ʢʦʣʠʯʝʩʪʚʘ ʥʘʬʪʘʣʠʥʘ ʢ ʩʠʥʪʠʥʫ ʧʨʠʚʦʜʠʪ ʢ ʫʚʝʣʠʯʝʥʠʶ ʚʳʭʦʜʘ ʣʶʤʠʥʝʩʮʝʥʮʠʠ ʙʦʣʝʝ ʯʝʤ ʚ 5,9 ʨʘʟ. 

ʆʜʥʘʢʦ ʜʘʣʴʥʝʡʰʝʝ ʫʚʝʣʠʯʝʥʠʝ ʢʦʥʮʝʥʪʨʘʮʠʠ ʥʘʬʪʘʣʠʥʘ ʚʝʜʝʪ ʢ ʝʛʦ ʦʪʣʦʞʝʥʠʶ ʚ ʦʩʘʜʦʢ. 
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ʈʠʩ. 2. ɿʘʚʠʩʠʤʦʩʪʴ ʦʪʥʦʩʠʪʝʣʴʥʦʛʦ ʢʚʘʥʪʦʚʦʛʦ ʚʳʭʦʜʘ ʦʪ ʩʦʜʝʨʞʘʥʠʷ ʥʘʬʪʘʣʠʥʘ ʚ ʨʘʩʪʚʦʨʝ 

 

ʋʚʝʣʠʯʝʥʠʝ ʚʳʭʦʜʘ ʣʶʤʠʥʝʩʮʝʥʮʠʠ ʧʨʠ ʜʦʙʘʚʣʝʥʠʠ ʘʨʦʤʘʪʠʯʝʩʢʠʭ ʫʛʣʝʚʦʜʦʨʦʜʦʚ ʤʦʞʥʦ ʦʙʲ-

ʷʩʥʠʪʴ ʥʝʩʢʦʣʴʢʠʤʠ ʬʘʢʪʦʨʘʤʠ.  

ɺʦ-ʧʝʨʚʳʭ, ʘʨʦʤʘʪʠʯʝʩʢʠʝ ʫʛʣʝʚʦʜʦʨʦʜʳ ʠʤʝʶʪ ʙʦʣʝʝ ʚʳʩʦʢʠʡ ʧʦʢʘʟʘʪʝʣʴ ʧʨʝʣʦʤʣʝʥʠʷ ʧʦ ʩʨʘʚ-

ʥʝʥʠʶ ʩ ʨʘʩʪʚʦʨʠʪʝʣʷʤʠ, ʠʩʧʦʣʴʟʫʝʤʳʤʠ ʚ ʩʤʝʩʠ ʩʮʠʥʪʠʣʣʷʪʦʨʦʚ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʫʚʝʣʠʯʝʥʠʶ ʚʝʨʦʷʪ-

ʥʦʩʪʠ ʧʦʛʣʦʱʝʥʠʷ ʩʚʝʪʘ ʤʦʣʝʢʫʣʦʡ ʩʮʠʥʪʠʣʣʷʪʦʨʘ. 

ɺʦ-ʚʪʦʨʳʭ, ʘʨʦʤʘʪʠʯʝʩʢʠʝ ʫʛʣʝʚʦʜʦʨʦʜʳ ʦʙʣʘʜʘʶʪ ʚʳʩʦʢʠʤ ʢʚʘʥʪʦʚʳʤ ʚʳʭʦʜʦʤ ʬʣʫʦʨʝʩʮʝʥʮʠʠ, 

ʯʪʦ ʫʚʝʣʠʯʠʚʘʝʪ ʢʦʣʠʯʝʩʪʚʦ ʬʦʪʦʥʦʚ, ʠʩʧʫʩʢʘʝʤʳʭ ʤʦʣʝʢʫʣʦʡ ʩʮʠʥʪʠʣʣʷʪʦʨʘ. 

ʂʨʦʤʝ ʪʦʛʦ, ʧʨʠʩʫʪʩʪʚʠʝ ʘʨʦʤʘʪʠʯʝʩʢʠʭ ʫʛʣʝʚʦʜʦʨʦʜʦʚ ʤʦʞʝʪ ʫʤʝʥʴʰʠʪʴ ʦʙʨʘʟʦʚʘʥʠʝ ʙʝʟʳʟʣʫ-

ʯʘʪʝʣʴʥʳʭ ʧʫʪʝʡ ʧʝʨʝʥʦʩʘ ʵʥʝʨʛʠʠ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʫʚʝʣʠʯʝʥʠʶ ʚʳʭʦʜʘ ʣʶʤʠʥʝʩʮʝʥʮʠʠ. 

 

ɿʘʢʣʶʯʝʥʠʝ 

ɺ ʭʦʜʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʙʳʣʦ ʚʳʷʚʣʝʥʦ, ʯʪʦ ʜʦʙʘʚʣʝʥʠʝ ʥʘʬʪʘʣʠʥʘ ʚ ʞʠʜʢʠʡ ʩʮʠʥʪʠʣʣʷʪʦʨ ʩʠʥʪʠʥ 

ʧʨʠʚʦʜʠʪ ʢ ʩʫʱʝʩʪʚʝʥʥʦʤʫ ʫʚʝʣʠʯʝʥʠʶ ʚʳʭʦʜʘ ʧʦ ʣʶʤʠʥʝʩʮʝʥʮʠʠ. ʅʘʠʙʦʣʝʝ ʦʧʪʠʤʘʣʴʥʘʷ ʢʦʥʮʝʥʪʨʘ-

ʮʠʷ ʘʨʦʤʘʪʠʯʝʩʢʠʭ ʫʛʣʝʚʦʜʦʨʦʜʦʚ ʩʦʩʪʘʚʣʷʝʪ ʦʢʦʣʦ 10 ʤʛ/ʤʣ ʚ ʦʙʲʝʤʝ. ɼʣʷ ʙʦʣʝʝ ʪʦʯʥʦʛʦ ʧʦʜʪʚʝʨʞʜʝ-

ʥʠʷ ʚʦʟʤʦʞʥʦʩʪʠ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʨʘʩʪʚʦʨʘ ʥʘʬʪʘʣʠʥʘ ʚ ʩʠʥʪʠʥʝ ʚ ʢʘʯʝʩʪʚʝ ʩʮʠʥʪʠʣʷʪʦʨʘ ʪʨʝʙʫʶʪʩʷ ʜʦ-

ʧʦʣʥʠʪʝʣʴʥʳʝ ʣʘʙʦʨʘʪʦʨʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ.  

ɼʘʣʴʥʝʡʰʠʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʤʦʛʫʪ ʙʳʪʴ ʥʘʧʨʘʚʣʝʥʳ ʥʘ ʦʧʪʠʤʠʟʘʮʠʶ ʫʩʣʦʚʠʡ ʚʢʣʶʯʝʥʠʷ ʘʨʦʤʘʪʠ-

ʯʝʩʢʠʭ ʫʛʣʝʚʦʜʦʨʦʜʦʚ ʚ ʞʠʜʢʠʝ ʩʮʠʥʪʠʣʣʷʪʦʨʳ ʥʘ ʦʩʥʦʚʝ ʩʠʥʪʠʥʘ, ʘ ʪʘʢʞʝ ʥʘ ʠʩʩʣʝʜʦʚʘʥʠʷ ʩʪʘʙʠʣʴʥʦ-

ʩʪʠ ʩʮʠʥʪʠʣʣʷʮʠʦʥʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʪʘʢʠʭ ʩʤʝʩʝʡ.  

 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʚ ʨʘʤʢʘʭ ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʛʦ ʟʘʜʘʥʠʷ ʄʠʥʠʩʪʝʨʩʪʚʘ ʥʘʫʢʠ ʠ ʚʳʩʰʝʛʦ ʦʙʨʘʟʦ-

ʚʘʥʠʷ ʈʦʩʩʠʡʩʢʦʡ ʌʝʜʝʨʘʮʠʠ, ʤʥʝʤʦʢʦʜ FZZR-2022-0004. 
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ʯʝʩʢʦʝ ʧʨʠʤʝʥʝʥʠʝ ʥʘʰʣʠ ʠ ʜʨʫʛʠʝ ʘʤʦʨʬʥʳʝ ʩʠʩʪʝʤʳ, ʚ ʯʘʩʪʥʦʩʪʠ ʦʢʩʠʜʳ. ʀʭ ʠʩʩʣʝʜʦʚʘʥʠʝ ʢʘʢ ʥʦ-

ʚʳʭ ʤʘʪʝʨʠʘʣʦʚ ʜʣʷ ʦʧʪʦʵʣʝʢʪʨʦʥʠʢʠ ʘʢʪʫʘʣʴʥʦ. ɺʘʞʥʳʤ ʤʦʤʝʥʪʦʤ ʚ ʪʘʢʠʭ ʠʩʩʣʝʜʦʚʘʥʠʷʭ ʷʚʣʷʝʪʩʷ 

ʫʩʪʘʥʦʚʣʝʥʠʝ ʚʟʘʠʤʦʩʚʷʟʠ ʤʝʞʜʫ ʨʝʘʣʴʥʦʡ ʩʪʨʫʢʪʫʨʦʡ ʠ ʵʣʝʢʪʨʠʯʝʩʢʠʤʠ ʩʚʦʡʩʪʚʘʤʠ ʘʤʦʨʬʥʦʛʦ ʦʢ-

ʩʠʜʘ. ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʩʦʦʙʱʘʝʪʩʷ ʦ ʨʝʟʫʣʴʪʘʪʘʭ ʠʩʩʣʝʜʦʚʘʥʠʷ ʘʤʦʨʬʥʦʡ ʩʪʨʫʢʪʫʨʳ ʪʦʥʢʠʭ ʧʣʝʥʦʢ 

ʩʣʦʞʥʳʭ ʦʢʩʠʜʦʚ ʧʝʨʝʭʦʜʥʳʭ ʤʝʪʘʣʣʦʚ (ʦʢʩʠʜʥʳʭ ʚʦʣʴʬʨʘʤʦʚʳʭ ʙʨʦʥʟ) Na0,3WO3, K0,3WO3, ʧʦʣʫʯʝʥʥʳʭ 

ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʧʦʜʣʦʞʢʠ, ʠ ʤʝʭʘʥʠʟʤʘʭ ʵʣʝʢʪʨʦʥʥʦʛʦ ʧʝʨʝʥʦʩʘ ʚ ʥʠʭ ʧʨʠ ʥʘʛʨʝʚʝ ʠ ʦʭ-

ʣʘʞʜʝʥʠʠ ʚ ʚʘʢʫʫʤʝ ʠ ʧʦʩʣʝʜʫʶʱʝʤ ʥʘʛʨʝʚʝ ʠ ʦʭʣʘʞʜʝʥʠʠ ʚ ʢʠʩʣʦʨʦʜʝ. 

 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʦʢʩʠʜʥʘʷ ʚʦʣʴʬʨʘʤʦʚʘʷ ʙʨʦʥʟʘ, ʤʦʥʦʢʨʠʩʪʘʣʣ, ʪʦʥʢʘʷ ʧʣʝʥʢʘ, ʵʣʝʢʪʨʦʭʨʦʤ-

ʥʳʡ ʵʬʬʝʢʪ, ʘʤʦʨʬʥʘʷ ʩʪʨʫʢʪʫʨʘ. 
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The most studied amorphous system is amorphous silicon; however, other amorphous systems, in partic-

ular oxides, have also found wide practical application. Their study as new materials for optoelectronics is top-

ical. An important point in such studies is the establishment of the relationship between the real structure and 

the electrical properties of the amorphous oxide. This paper reports on the results of a study of the amorphous 

structure of thin films of complex transition metal oxides (oxide tungsten bronzes) Na0,3WO3, K0,3WO3, obtained 

at different substrate temperatures, and the mechanisms of electron transfer in them during heating and cooling 

in vacuum and subsequent heating and cooling in oxygen. 
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ɸʤʦʨʬʥʳʝ ʪʦʥʢʠʝ ʧʣʝʥʢʠ ʦʢʩʠʜʥʳʭ ʚʦʣʴʬʨʘʤʦʚʳʭ ʙʨʦʥʟ (Ŭ-ʊʇ ʆɺɹ) ʷʚʣʷʶʪʩʷ ʠʥʪʝʨʝʩʥʳʤʠ 

ʦʙʲʝʢʪʘʤʠ ʢʘʢ ʜʣʷ ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʭ (ʵʣʝʢʪʨʦʥʥʘʷ ʩʪʨʫʢʪʫʨʘ, ʪʠʧ ʩʚʷʟʠ, ʤʦʜʝʣʠ ʜʝʬʝʢʪʘ, ʤʝʭʘʥʠʟʤ ʧʝ-

ʨʝʥʦʩʘ ʠ ʛʝʥʝʨʘʮʠʠ ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ), ʪʘʢ ʠ ʜʣʷ ʧʨʠʢʣʘʜʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ (ʥʦʚʳʝ ʤʘʪʝʨʠʘʣʳ ʜʣʷ ʦʧʪʦ-

ʵʣʝʢʪʨʦʥʥʳʭ, ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʭ ʜʘʪʯʠʢʦʚ, ʩʠʣʴʥʦʪʦʯʥʦʡ ʵʣʝʢʪʨʦʥʠʢʠ). ʇʨʠ ʧʦʣʫʯʝʥʠʠ Ŭ-ʊʇ ʤʝʪʦʜʦʤ 

ʚʘʢʫʫʤʥʦʡ ʢʦʥʜʝʥʩʘʮʠʠ ʩʪʘʙʠʣʴʥʦʩʪʠ ʪʝʭ ʠʣʠ ʠʥʳʭ ʩʚʦʡʩʪʚ ʧʦʣʫʯʘʝʤʳʭ ʪʦʥʢʠʭ ʧʣʝʥʦʢ, ʠʭ ʚʦʩʧʨʦʠʟ-

ʚʦʜʠʤʦʩʪʴ, ʢʘʢ ʠʟʚʝʩʪʥʦ, ʯʘʩʪʦ ʦʧʨʝʜʝʣʷʝʪʩʷ ʦʯʝʥʴ ʤʥʦʛʠʤʠ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʤʠ ʧʘʨʘʤʝʪʨʘʤʠ. ʆʧʪʠ-

ʤʘʣʴʥʳʡ ʚʳʙʦʨ ʥʘʙʦʨʘ ʪʘʢʠʭ ʧʘʨʘʤʝʪʨʦʚ ʪʨʫʜʥʦ ʦʙʦʩʥʦʚʘʪʴ ʜʘʞʝ ʵʤʧʠʨʠʯʝʩʢʠ, ʘ ʪʝʦʨʝʪʠʯʝʩʢʦʝ ʦʙʦʩ-

ʥʦʚʘʥʠʝ ʟʘʚʠʩʠʤʦʩʪʠ ʩʚʦʡʩʪʚ ʧʦʣʫʯʘʝʤʳʭ ʪʦʥʢʠʭ ʧʣʝʥʦʢ ʦʪ ʥʘʙʦʨʘ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ ʚʳ-

ʧʦʣʥʝʥʦ, ʚʦʟʤʦʞʥʦ, ʜʣʷ ʝʜʠʥʠʯʥʳʭ ʩʣʫʯʘʝʚ. ʈʦʣʴ ʦʪʜʝʣʴʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʠʟ ʪʘʢʦʛʦ ʥʘʙʦʨʘ ʥʝʦʜʠʥʘʢʦʚʘ 

ʧʦ ʩʪʝʧʝʥʠ ʚʣʠʷʥʠʷ ʥʘ ʚʦʩʧʨʦʠʟʚʦʜʠʤʦʩʪʴ ʩʚʦʡʩʪʚ Ŭ-ʊʇ. 

ʅʘʠʙʦʣʝʝ ʚʘʞʥʳʤ ʧʘʨʘʤʝʪʨʦʤ ʷʚʣʷʝʪʩʷ ʪʝʤʧʝʨʘʪʫʨʘ ʧʦʜʣʦʞʢʠ, ʥʘ ʢʦʪʦʨʫʶ ʢʦʥʜʝʥʩʠʨʫʝʪʩʷ ʪʦʥ-

ʢʘʷ ʧʣʝʥʢʘ. ʕʪʦ ʠʣʣʶʩʪʨʠʨʫʝʪ ʢʣʘʩʩʠʯʝʩʢʠʡ ʧʨʠʤʝʨ ʟʘʚʠʩʠʤʦʩʪʠ ʩʪʨʫʢʪʫʨʳ ʢʨʝʤʥʠʷ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ 

ʧʦʜʣʦʞʢʠ ʧʨʠ ʝʛʦ ʦʩʘʞʜʝʥʠʠ ʥʘ ʢʨʝʤʥʠʝʚʫʶ ʧʦʜʣʦʞʢʫ ʚ ʚʳʩʦʢʦʤ ʚʘʢʫʫʤʝ [1]. ʇʨʠ ʪʝʤʧʝʨʘʪʫʨʝ ʧʦʜ-

ʣʦʞʢʠ 1073 ʂ ʢʦʥʜʝʥʩʠʨʦʚʘʥʥʘʷ ʧʣʝʥʢʘ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʩʦʚʝʨʰʝʥʥʳʡ ʤʦʥʦʢʨʠʩʪʘʣ. 
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ʇʨʠ ʪʝʤʧʝʨʘʪʫʨʝ ʧʦʜʣʦʞʢʠ 773 ʂ ʧʣʝʥʢʘ ʢʦʥʜʝʥʩʠʨʫʝʪʩʷ ʚ ʤʦʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʫʶ ʩʪʨʫʢʪʫʨʫ, ʦʜ-

ʥʘʢʦ, ʧʣʦʪʥʦʩʪʴ ʜʝʬʝʢʪʦʚ ʫʧʘʢʦʚʢʠ ʚ ʥʝʡ ʦʯʝʥʴ ʚʳʩʦʢʘ. ʇʨʠ 593 ʂ ʢʦʥʜʝʥʩʠʨʦʚʘʥʥʘʷ ʧʣʝʥʢʘ ʫʞʝ ʧʦʣʠ-

ʢʨʠʩʪʘʣʣʠʯʝʩʢʘʷ, ʘ ʧʨʠ 298 ʂ ï ʘʤʦʨʬʥʘ.  

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʤʦʨʬʦʣʦʛʠʠ ʠ ʩʪʨʫʢʪʫʨʳ ʪʦʥʢʠʭ ʧʣʝʥʦʢ ʦʢ-

ʩʠʜʥʳʭ ʚʦʣʴʬʨʘʤʦʚʳʭ ʙʨʦʥʟ: ʥʘʪʨʠʡ-ʚʦʣʴʬʨʘʤʦʚʦʡ ʙʨʦʥʟʳ ʪʝʪʨʘʛʦʥʘʣʴʥʦʡ ʩʪʨʫʢʪʫʨʳ ʩʦʩʪʘʚʘ Na0,3WO3 ʠ 

ʢʘʣʠʡ-ʚʦʣʴʬʨʘʤʦʚʦʡ ʙʨʦʥʟʳ ʛʝʢʩʘʛʦʥʘʣʴʥʦʡ ʩʪʨʫʢʪʫʨʳ ʩʦʩʪʘʚʘ K0,3WO3, ʚʘʢʫʫʤʥʦʢʦʥʜʝʥʩʠʨʦʚʘʥʥʳʭ ʥʘ 

ʧʦʜʣʦʞʢʠ ʩ ʨʘʟʣʠʯʥʦʡ ʪʝʤʧʝʨʘʪʫʨʦʡ. ʀʩʭʦʜʥʳʤ ʤʘʪʝʨʠʘʣʦʤ ʜʣʷ ʚʘʢʫʫʤʥʦʡ ʢʦʥʜʝʥʩʘʮʠʠ Ŭ-ʊʇ ʩʣʫʞʠʣʠ 

ʧʦʨʦʰʢʠ ʪʝʪʨʘʛʦʥʘʣʴʥʦʡ Na0,3WO3 ʠ ʛʝʢʩʘʛʦʥʘʣʴʥʦʡ K0,3WO3 ʙʨʦʥʟ, ʧʦʣʫʯʝʥʥʳʝ ʥʘʤʠ ʵʣʝʢʪʨʦʣʠʟʦʤ ʨʘʩ-

ʧʣʘʚʣʝʥʥʳʭ ʩʦʣʝʡ, ʩʦʛʣʘʩʥʦ ʠʟʚʝʩʪʥʦʡ ʤʝʪʦʜʠʢʝ [2]. ɼʣʷ ʢʦʥʜʝʥʩʘʮʠʠ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʤʝʪʦʜ ʚʟʨʳʚʥʦʛʦ ʠʩ-

ʧʘʨʝʥʠʷ ʠʩʭʦʜʥʦʛʦ ʚʝʱʝʩʪʚʘ ʧʨʠ ʜʠʩʢʨʝʪʥʦʡ ʧʦʜʘʯʝ ʝʛʦ ʤʠʢʨʦʜʦʟ ʥʘ ʤʦʣʠʙʜʝʥʦʚʳʡ ʠʩʧʘʨʠʪʝʣʴ [3]. 

ʇʦʜʦʙʥʳʡ ʤʝʪʦʜ ʦʙʝʩʧʝʯʠʚʘʣ ʩʦʩʪʘʚ ʪʦʥʢʠʭ ʧʣʝʥʦʢ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʡ ʠʩʭʦʜʥʦʤʫ ʤʘʪʝʨʠʘʣʫ, ʯʪʦ 

ʢʦʥʪʨʦʣʠʨʦʚʘʣʦʩʴ ʨʝʥʪʛʝʥʦʚʩʢʠʤ ʤʠʢʨʦʘʥʘʣʠʟʦʤ. ʊʦʣʱʠʥʘ ʧʣʝʥʦʢ ʩʦʩʪʘʚʣʷʣʘ 0,2-0,3 ʤʢʤ. ʇʣʝʥʢʠ, ʧʦ-

ʣʫʯʘʝʤʳʝ ʧʦ ʧʦʜʦʙʥʦʡ ʪʝʭʥʦʣʦʛʠʠ, ʙʳʣʠ ʜʦʩʪʘʪʦʯʥʦ ʠʥʝʨʪʥʳ ʢ ʦʢʨʫʞʘʶʱʝʡ ʘʪʤʦʩʬʝʨʝ ʠ ʧʦʪʦʤʫ ʥʝ 

ʪʨʝʙʦʚʘʣʠ ʩʧʝʮʠʘʣʴʥʳʭ ʤʝʨ ʟʘʱʠʪʳ ʧʨʠ ʧʝʨʝʥʦʩʝ ʥʘ ʜʨʫʛʠʝ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʝ ʫʩʪʘʥʦʚʢʠ. ʊʦʥʢʠʝ 

ʧʣʝʥʢʠ ʆɺɹ, ʢʦʥʜʝʥʩʠʨʦʚʘʥʥʳʝ ʥʘ ʤʦʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʝ ʧʦʜʣʦʞʢʠ KCL, ʥʘʧʨʘʚʣʷʣʠʩʴ ʥʘ ʠʩʩʣʝʜʦʚʘ-

ʥʠʝ ʠʭ ʩʪʨʫʢʪʫʨʳ ʠ ʤʦʨʬʦʣʦʛʠʠ ʤʝʪʦʜʘʤʠ ʜʠʬʨʘʢʮʠʠ ʤʝʜʣʝʥʥʳʭ ʵʣʝʢʪʨʦʥʦʚ (ɼʄʕ) ʠ ʨʘʩʪʨʦʚʦʡ ʵʣʝʢ-

ʪʨʦʥʥʦʡ ʤʠʢʨʦʩʢʦʧʠʠ (ʈʕʄ). ʇʣʝʥʢʠ, ʢʦʥʜʝʥʩʠʨʦʚʘʥʥʳʝ ʥʘ ʩʠʪʘʣʣʦʚʳʝ ʧʦʜʣʦʞʢʠ ʩ ʟʦʣʦʪʳʤʠ ʢʦʥʪʘʢ-

ʪʘʤʠ, ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʪʝʤʧʝʨʘʪʫʨʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ʧʨʦʚʦʜʠʤʦʩʪʠ, ʘ ʧʣʝʥʢʠ, ʢʦʥʜʝʥ-

ʩʠʨʦʚʘʥʥʳʝ ʥʘ ʩʪʝʢʣʷʥʥʳʝ ʧʦʜʣʦʞʢʠ, ʧʦʢʨʳʪʳʝ ʪʦʥʢʠʤ ʩʣʦʝʤ ʦʢʩʠʜʘ ʠʥʜʠʷ, ʣʝʛʠʨʦʚʘʥʥʦʛʦ ʦʣʦʚʦʤ 

(JTO) ʦʪʧʨʘʚʣʷʣʠʩʴ ʥʘ ʵʣʝʢʪʨʦʦʧʪʠʯʝʩʢʠʝ ʠ ʵʣʝʢʪʨʦʭʨʦʤʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ.  

 

ʈʝʟʫʣʴʪʘʪʳ ʠ ʠʭ ʦʙʩʫʞʜʝʥʠʝ 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʤʦʨʬʦʣʦʛʠʠ ʠ ʩʪʨʫʢʪʫʨʳ ʪʦʥʢʠʭ ʧʣʝʥʦʢ 

ʦʢʩʠʜʥʳʭ ʚʦʣʴʬʨʘʤʦʚʳʭ ʙʨʦʥʟ Na0,3WO3 ʠ K0,3WO3, ʚʘʢʫʫʤʥʦʢʦʥʜʝʥʩʠʨʦʚʘʥʥʳʭ ʧʨʠ ʪʨʝʭ ʪʝʤʧʝʨʘʪʫ-

ʨʘʭ ʧʦʜʣʦʞʢʠ (373 K, 473 K, 573 K). ɺʘʢʫʫʤʥʘʷ ʢʦʥʜʝʥʩʘʮʠʷ ʧʨʦʠʟʚʦʜʠʣʘʩʴ ʚ ʦʩʪʘʪʦʯʥʦʡ ʘʪʤʦʩʬʝʨʝ  

(1ï5) 10
-5 
ʤʤ ʨʪ.ʩʪ. 

ʀʩʩʣʝʜʦʚʘʥʠʷ ʪʦʥʢʠʭ ʧʣʝʥʦʢ Na0,3WO3 ʠ K0,3WO3 ʤʝʪʦʜʦʤ ɼʄʕ ʧʨʦʚʦʜʠʣʦʩʴ ʥʘ ʫʩʪʘʥʦʚʢʝ, ʧʦʟʚʦʣʷʶ-

ʱʝʡ ʚʳʧʦʣʥʠʪʴ ʨʘʩʪʨʦʚʫʶ ʵʣʝʢʪʨʦʥʥʫʶ ʬʦʪʦʛʨʘʬʠʶ ʠʩʩʣʝʜʫʝʤʦʛʦ ʫʯʘʩʪʢʘ, ʵʣʝʢʪʨʦʥʥʫʶ ʜʠʬʨʘʢʪʦʛʨʘʤʤʫ 

(ʆɼ) ʵʪʦʛʦ ʞʝ ʫʯʘʩʪʢʘ, ʵʣʝʢʪʨʦʥʥʫʶ ʤʠʢʨʦʜʠʬʨʘʢʪʦʛʨʘʤʤʫ ʚʳʙʨʘʥʥʦʛʦ ʤʠʢʨʦʢʨʠʩʪʘʣʣʘ, ʦʪʞʠʛ ʵʪʦʛʦ ʫʯʘʩʪʢʘ 

ʪʦʥʢʦʡ ʧʣʝʥʢʠ ʵʣʝʢʪʨʦʥʥʳʤ ʧʫʯʢʦʤ ʤʘʣʦʡ ʠʣʠ ʙʦʣʴʰʦʡ ʠʥʪʝʥʩʠʚʥʦʩʪʠ. ʕʣʝʢʪʨʦʥʥʳʝ ʜʠʬʨʘʢʪʦʛʨʘʤʤʳ ʪʦʥ-

ʢʠʭ ʧʣʝʥʦʢ ʆɺɹ, ʧʨʝʜʩʪʘʚʣʝʥʥʳʝ ʥʘ ʨʠʩ. 1ï3 ʦʜʥʦʟʥʘʯʥʦ ʫʢʘʟʳʚʘʶʪ ʥʘ ʪʦ, ʯʪʦ ʧʦʣʫʯʝʥʥʳʝ ʧʨʠ ʚʩʝʭ ʪʝʤʧʝʨʘ-

ʪʫʨʘʭ ʧʦʜʣʦʞʢʠ ʧʣʝʥʢʠ ʘʤʦʨʬʥʳ. ʆʜʥʘʢʦ, ʧʨʦʚʝʜʝʥʥʳʝ ʥʘ ʧʘʨʘʣʣʝʣʴʥʦ ʠʟʛʦʪʦʚʣʝʥʥʳʭ ʦʙʨʘʟʮʘʭ ʠʩʩʣʝʜʦʚʘ-

ʥʠ̫ ʪʝʤʧʝʨʘʪʫʨʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ʧʨʦʚʦʜʠʤʦʩʪʠ [4], ʫʢʘʟʳʚʘʣʠ ʥʘ ʥʝʦʜʠʥʘʢʦʚʦʩʪʴ ʵʣʝʢʪʨʦʬʠʟʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ 

Ŭ-ʊʇ ʆɺɹ, ʥʘʧʳʣʝʥʥʳʭ ʧʨʠ ʨʘʟʥʳʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʧʦʜʣʦʞʢʠ. ʇʦʜʦʙʥʳʡ ʨʝʟʫʣʴʪʘʪ ʙʳʣ ʧʦʣʫʯʝʥ ʠ ʜʨʫʛʠʤʠ ʠʩ-

ʩʣʝʜʦʚʘʪʝʣʷʤʠ ʥʘ ʜʨʫʛʠʭ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʭ ʪʦʥʢʠʭ ʧʣʝʥʢʘʭ: ʧʨʠ ʦʜʠʥʘʢʦʚʳʭ ʜʘʥʥʳʭ ɼʄʕ ʠ ʈʌʕʉ-ʠʩʩʣʝ-

ʜʦʚʘʥʠʡ ʦʙʨʘʟʮʳ ʪʦʥʢʠʭ ʧʣʝʥʦʢ ʜʘʚʘʣʠ ʦʪʣʠʯʥʳʝ ʵʣʝʢʪʨʦʬʠʟʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ. 
 

 
ʈʠʩ. 1. ʕʣʝʢʪʨʦʥʥʘʷ ʜʠʬʨʘʢʪʦʛʨʘʤʤʘ ʪʦʥʢʦʡ ʧʣʝʥʢʠ K0,3WO3, ʢʦʥʜʝʥʩʠʨʦʚʘʥʥʦʡ  

ʥʘ ʤʦʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʫʶ ʧʦʜʣʦʞʢʫ KCL, ʪʝʨʤʦʩʪʘʪʠʨʦʚʘʥʥʦʡ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 373 K 

 

 
ʈʠʩ. 2. ʕʣʝʢʪʨʦʥʥʘʷ ʜʠʬʨʘʢʪʦʛʨʘʤʤʘ ʪʦʥʢʦʡ ʧʣʝʥʢʠ Na0,3WO3, ʢʦʥʜʝʥʩʠʨʦʚʘʥʥʦʡ  

ʥʘ ʤʦʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʫʶ ʧʦʜʣʦʞʢʫ KCL, ʪʝʨʤʦʩʪʘʪʠʨʦʚʘʥʥʦʡ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 473 K 
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ʈʠʩ. 3. ʕʣʝʢʪʨʦʥʥʘʷ ʜʠʬʨʘʢʪʦʛʨʘʤʤʘ ʪʦʥʢʦʡ ʧʣʝʥʢʠ Na0,3WO3, ʢʦʥʜʝʥʩʠʨʦʚʘʥʥʦʡ  

ʥʘ ʤʦʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʫʶ ʧʦʜʣʦʞʢʫ KCL, ʪʝʨʤʦʩʪʘʪʠʨʦʚʘʥʥʦʡ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 573 K 

 

ʉʣʝʜʫʶʱʠʤ ʰʘʛʦʤ ʚ ʚʳʷʩʥʝʥʠʠ ʨʦʣʠ ʪʝʤʧʝʨʘʪʫʨʳ ʧʦʜʣʦʞʢʠ ʥʘ Ŭ-ʊʇ ʆɺɹ ʙʳʣʦ ʠʩʩʣʝʜʦʚʘʥʠʝ ʚʣʠʷ-

ʥʠʷ ʦʪʞʠʛʘ ʢʦʥʜʝʥʩʠʨʦʚʘʥʥʳʭ ʪʦʥʢʠʭ ʧʣʝʥʦʢ ʵʣʝʢʪʨʦʥʥʳʤ ʣʫʯʦʤ ʤʘʣʦʡ ʠ ʙʦʣʴʰʦʡ ʠʥʪʝʥʩʠʚʥʦʩʪʠ. ʆʪʞʠʛ 

ʚʳʟʳʚʘʣ ʙʳʩʪʨʫʶ ʠ ʤʝʜʣʝʥʥʫʶ ʢʨʠʩʪʘʣʣʠʟʘʮʠʶ ʘʤʦʨʬʥʳʭ ʧʣʝʥʦʢ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʧʨʠ ʙʦʣʴʰʠʭ ʠ ʤʘʣʳʭ 

ʠʥʪʝʥʩʠʚʥʦʩʪʷʭ ʵʣʝʢʪʨʦʥʥʦʛʦ ʧʫʯʢʘ. ʇʨʠ ʙʳʩʪʨʦʤ ʦʪʞʠʛʝ ʬʦʪʦʛʨʘʬʠʠ ʈʕʄ ʜʝʤʦʥʩʪʨʠʨʫʶʪ ʤʝʣʢʦʢʨʠʩʪʘʣ-

ʣʠʯʝʩʢʫʶ ʦʜʥʦʨʦʜʥʫʶ ʩʪʨʫʢʪʫʨʫ, ʧʨʠ ʤʝʜʣʝʥʥʦʤ ʦʪʞʠʛʝ ï ʢʨʫʧʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʫʶ (ʨʠʩ. 4). 

 

 
ʈʠʩ. 4. ʈʘʩʪʨʦʚʘʷ ʵʣʝʢʪʨʦʥʥʘʷ ʤʠʢʨʦʩʢʦʧʠʷ ʠʟʦʙʨʘʞʝʥʠʷ ʩʦʩʝʜʥʠʭ ʫʯʘʩʪʢʦʚ K0,3WO3,  

ʧʦʜʚʝʨʛʥʫʪʳʭ ʙʳʩʪʨʦʡ ʠ ʤʝʜʣʝʥʥʦʡ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ 

 

ʅʘ ʨʠʩ. 5 ʠ 6 ʧʨʠʚʝʜʝʥʳ ʜʠʬʨʘʢʪʦʛʨʘʤʤʳ ʟʘʢʨʠʩʪʘʣʠʟʦʚʘʥʥʦʡ ʧʦʩʣʝ ʦʪʞʠʛʘ ʵʣʝʢʪʨʦʥʥʳʤ ʣʫʯʦʤ 

ʪʦʥʢʦʡ ʧʣʝʥʢʠ K0,3WO3 c Tʧʦʜʣ.=373 K ʠ Na0,3WO3 ʩ Tʧʦʜʣ.=573 K 

 

 
ʈʠʩ.5. ʕʣʝʢʪʨʦʥʥʘʷ ʜʠʬʨʘʢʪʦʛʨʘʤʤʘ ʟʘʢʨʠʩʪʘʣʣʠʟʦʚʘʥʥʦʡ ʧʦʩʣʝ ʦʪʞʠʛʘ ʵʣʝʢʪʨʦʥʥʳʤ ʣʫʯʦʤ  

ʪʦʥʢʦʡ ʧʣʝʥʢʠ K0,3WO3 ʩ ʪʝʤʧʝʨʘʪʫʨʦʡ ʧʦʜʣʦʞʢʠ 373 K 

 

 
ʈʠʩ. 6. ʕʣʝʢʪʨʦʥʥʘʷ ʜʠʬʨʘʢʪʦʛʨʘʤʤʘ ʟʘʢʨʠʩʪʘʣʠʟʦʚʘʥʥʦʡ ʧʦʩʣʝ ʦʪʞʠʛʘ ʵʣʝʢʪʨʦʥʥʳʤ ʣʫʯʦʤ  

ʪʦʥʢʦʡ ʧʣʝʥʢʠ Na0,3WO3 ʩ ʪʝʤʧʝʨʘʪʫʨʦʡ ʧʦʜʣʦʞʢʠ 573 K 



ʍʫʙʦʣʦʚ ɹ.ʄ., ɹʘʛʦʚ ɸ.ʄ., ɾʘʙʦʝʚ ɾ.ɾ. 
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ʅʘʩʢʦʣʴʢʦ ʦʙʦʩʥʦʚʘʥʳ ʜʘʥʥʳʝ ʧʦ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ Ŭ-ʊʇ Na0,3WO3 ʠ K0,3WO3? ʇʦ ʥʘʰʝʤʫ ʫʙʝʞʜʝ-

ʥʠʶ, ʢʦʥʜʝʥʩʘʮʠʷ ʤʥʦʛʦʢʦʤʧʦʥʝʥʪʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʠʜʝʪ ʦʙʷʟʘʪʝʣʴʥʦ ʧʦ ʧʫʪʠ ʦʧʪʠʤʠʟʘʮʠʠ ʵʥʝʨʛʝʪʠʢʠ 

ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʛʦ ʧʦʩʪʨʦʝʥʠʷ ʪʦʥʢʠʭ ʧʣʝʥʦʢ. ʈʘʟʙʨʦʩ ʧʦ ʫʛʣʫ ʩʚʷʟʠ ʘʙʩʦʨʙʠʨʦʚʘʥʥʦʛʦ ʚʦʣʴʬʨʘʤʦʢʠʩ-

ʣʦʨʦʜʥʦʛʦ ʦʢʪʘʵʜʨʘ ʥʝ ʤʦʞʝʪ ʙʳʪʴ ʦʩʫʱʝʩʪʚʣʝʥ ʠ ʧʨʝʚʳʰʘʪʴ ʥʝʢʫʶ ʜʦʧʫʩʪʠʤʫʶ ʢʨʠʪʠʯʝʩʢʫʶ ʚʝʣʠʯʠ-

ʥʫ. ɺʝʣʠʯʠʥʘ ʫʛʣʘ ʩʚʷʟʠ W-O-W ʦʧʨʝʜʝʣʷʝʪʩʷ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝʤ ʦʨʙʠʪʘʣʝʡ ʣʠʛʘʥʜʘ ʢʠʩʣʦʨʦʜʘ ʩ ʦʨʙʠʪʘ-

ʣʷʤʠ ʚʦʣʴʬʨʘʤʘ. 

ɽʩʪʝʩʪʚʝʥʥʦ ʧʨʝʜʧʦʣʦʞʠʪʴ, ʯʪʦ ʜʣʷ ʚʩʝʭ ʤʘʪʝʨʠʘʣʦʚ, ʩʪʨʦʷʱʠʭʩʷ ʠʟ ʚʦʣʴʬʨʘʤʦʦʢʩʠʜʥʳʭ ʦʢʪʘ-

ʵʜʦʚ WO6, ʢʦʦʨʜʠʥʠʨʫʶʱʠʡ ʫʛʦʣ ʩʚʷʟʠ W-O-W ʙʫʜʝʪ ʦʜʠʥ ʠ ʪʦʪ ʞʝ. ʉʣʝʜʦʚʘʪʝʣʴʥʦ, ʧʨʠ ʧʨʦʛʨʝʚʝ ʢʦʥ-

ʜʝʥʩʠʨʦʚʘʥʥʦʡ ʘʤʦʨʬʥʦʡ ʧʣʝʥʢʠ ʫʧʦʨʷʜʦʯʝʥʠʝ ʝʝ ʩʪʨʫʢʪʫʨʳ ʙʫʜʝʪ ʠʜʪʠ ʧʦ ʧʫʪʠ ʩʥʷʪʠʷ ʦʪʢʣʦʥʝʥʠʡ ʦʪ 

ʢʦʦʨʜʠʥʠʨʫʶʱʝʛʦ ʫʛʣʘ ʩʚʷʟʠ W-O-W, ʪ. ʝ. ʠ Ŭ-ʊʇ Na0,3WO3 ʠ ʣʶʙʘʷ ʠʥʘʷ Ŭ-ʊʇ Mx WO3 ʙʫʜʝʪ ʩʪʨʝ-

ʤʠʪʴʩʷ ʢ ʪʝʪʨʘʛʦʥʘʣʴʥʦʡ, ʛʝʢʩʘʛʦʥʘʣʴʥʦʡ ʠʣʠ ʤʦʥʦʢʣʠʥʥʦʡ ʩʪʨʫʢʪʫʨʝ. ʈʦʣʴ ʞʝ ʢʘʪʠʦʥʘ M ʚ ʪʫʥʥʝʣʷʭ 

ʤʝʞʜʫ ʦʢʪʘʵʜʨʘʤʠ WO6 ʙʫʜʝʪ ʚʪʦʨʠʯʥʘ. 

ʉʦʛʣʘʩʥʦ ʠʩʩʣʝʜʦʚʘʥʠʷʤ ʜʨʫʛʠʭ ʘʚʪʦʨʦʚ [5], ʪʦʥʢʠʝ ʧʣʝʥʢʠ ʦʢʩʠʜʘ ʚʦʣʴʬʨʘʤʘ WO3 ʵʣʝʢʪʨʦʭʨʦʤ-

ʥʳ ʪʦʣʴʢʦ ʚ ʘʤʦʨʬʥʦʤ ʩʦʩʪʦʷʥʠʠ ʧʨʠ ʠʭ ʢʦʥʜʝʥʩʘʮʠʠ ʚ ʚʦʩʩʪʘʥʦʚʠʪʝʣʴʥʦʡ ʘʪʤʦʩʬʝʨʝ ʠ ʚ ʧʨʠʩʫʪʩʪʚʠʠ 

ʧʘʨʦʚ ʚʦʜʳ. ɺʦʦʙʱʝ ʩʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʧʦ ʜʘʥʥʳʤ ʤʥʦʛʦʯʠʩʣʝʥʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʠ ʧʦ ʥʘʰʠʤ ʩʦʙ-

ʩʪʚʝʥʥʳʤ, ʠʤʝʥʥʦ ʘʤʦʨʬʥʳʝ ʧʣʝʥʢʠ ʦʢʩʠʜʦʚ, ʘ ʪʘʢʞʝ ʵʣʝʤʝʥʪʘʨʥʳʭ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚ, ʪʘʢʠʭ ʢʘʢ Se 

ʠʣʠ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚ ʪʠʧʘ AmBn, ʦʧʪʠʯʝʩʢʠ ʘʢʪʠʚʥʳ: ʦʙʣʘʜʘʶʪ ʣʠʙʦ ʬʦʪʦʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴʶ, ʣʠʙʦ 

ʘʥʦʤʘʣʴʥʦʡ ʬʦʪʦʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴʶ, ʣʠʙʦ ʬʦʪʦʭʨʦʤʠʟʤʦʤ ʠʣʠ ʵʣʝʢʪʨʦʭʨʦʠʟʤʦʤ. ɺʪʦʨʳʤ ʬʘʢʪʦʨʦʤ, 

ʧʨʠʜʘʶʱʠʤ ʵʪʠʤ ʪʚʝʨʜʦʪʝʣʴʥʳʤ ʩʠʩʪʝʤʘʤ ʦʧʪʠʯʝʩʢʫʶ ʘʢʪʠʚʥʦʩʪʴ, ʷʚʣʷʶʪʩʷ ʣʝʛʠʨʫʶʱʠʝ ʧʨʠʤʝʩʠ: 

ʢʠʩʣʦʨʦʜ, ʚʦʜʦʨʦʜ, ʭʘʣʴʢʦʛʝʥʠʜʳ ʠ ʪ. ʜ. 

ʌʠʟʠʯʝʩʢʠ ʦʯʝʚʠʜʥʦ, ʯʪʦ ʘʤʦʨʬʥʦʝ ʩʦʩʪʦʷʥʠʝ, ʙʫʜʫʯʠ ʥʝʫʧʦʨʷʜʦʯʝʥʥʳʤ ʠ ʥʝʨʘʚʥʦʚʝʩʥʳʤ, ʩʧʦ-

ʩʦʙʥʦ ʦʙʣʘʜʘʪʴ ʚʳʩʦʢʦʡ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴʶ ʢ ʩʣʘʙʳʤ ʚʥʝʰʥʠʤ ʚʦʟʜʝʡʩʪʚʠʷʤ. ɸʤʦʨʬʥʳʝ ʪʦʥʢʠʝ ʧʣʝʥ-

ʢʠ (Ŭ-ʊʇ) ʧʦ ʩʫʪʠ ʩʚʦʝʡ ʷʚʣʷʶʪʩʷ ʥʘʥʦʩʪʨʫʢʪʫʨʥʳʤʠ ʦʙʲʝʢʪʘʤʠ ʚ ʦʪʣʠʯʠʝ ʦʪ ʤʦʥʦʢʨʠʩʪʘʣʣʦʚ.  

ɺ ʩʘʤʦʤ ʜʝʣʝ ʚ ʤʦʥʦʢʨʠʩʪʘʣʣʝ ʤʳ ʥʝ ʠʤʝʝʤ ʷʨʢʦ ʚʳʨʘʞʝʥʥʳʭ ʥʘʥʦʩʪʨʫʢʪʫʨ ʚʩʣʝʜʩʪʚʠʝ ʪʨʘʥʩʣʷ-

ʮʠʦʥʥʦʡ ʩʠʤʤʝʪʨʠʠ. ʏʪʦʙʳ ʧʦʣʫʯʘʪʴ ʠ ʠʩʩʣʝʜʦʚʘʪʴ ʥʘʥʦʩʪʨʫʢʪʫʨʫ ʤʦʥʦʢʨʠʩʪʘʣʣʘ ʤʳ ʜʦʣʞʥʳ ʫʤʝʥʴ-

ʰʠʪʴ ʛʝʦʤʝʪʨʠʯʝʩʢʠʝ ʢʦʦʨʜʠʥʘʪʳ ʜʦ ~10 ʥʤ, ʪ. ʝ. ʧʦʣʫʯʘʷ ʣʠʙʦ ʪʦʥʢʠʝ ʧʣʝʥʢʠ, ʣʠʙʦ ʪʦʥʢʠʝ ʥʠʪʠ. 

ʊʦʥʢʠʝ ʧʣʝʥʢʠ ʭʘʨʘʢʪʝʨʠʟʫʶʪʩʷ ʪʦʣʱʠʥʘʤʠ ʧʦʨʷʜʢʘ 10-10
4
 ʥʤ. ʆʧʪʠʯʝʩʢʠ ʘʢʪʠʚʥʳʝ ʪʦʥʢʠʝ 

ʧʣʝʥʢʠ ï ʵʣʝʢʪʨʦʭʨʦʤʥʳʝ ʠ ʬʦʪʦʭʨʦʤʥʳʝ ï ʠʤʝʶʪ ʪʦʣʱʠʥʳ ʦʪ 10 ʜʦ 100 ʥʤ. ɺ ʥʝʫʧʦʨʷʜʦʯʝʥʥʳʭ ʪʦʥ-

ʢʠʭ ʧʣʝʥʢʘʭ ʥʘʥʦʩʪʨʫʢʪʫʨʥʳʤ ʬʘʢʪʦʨʦʤ ʷʚʣʷʝʪʩʷ ʥʝ ʪʦʣʴʢʦ ʛʝʦʤʝʪʨʠʷ ʦʙʲʝʢʪʘ, ʥʦ ʠ ʬʠʟʠʢʘ, ʚ ʯʘʩʪʥʦ-

ʩʪʠ, ʥʘʨʫʰʝʥʠʝ ʙʣʠʞʥʝʛʦ ʧʦʨʷʜʢʘ ʟʘ ʩʯʝʪ ʠʩʢʘʞʝʥʠʷ ʭʠʤʠʯʝʩʢʠʭ ʩʚʷʟʝʡ. ʕʪʦ ʚʝʜʝʪ, ʢʘʢ ʠʟʚʝʩʪʥʦ, ʢ ʥʘ-

ʨʫʰʝʥʠʶ ʪʨʘʥʩʣʷʮʠʦʥʥʦʡ ʩʠʤʤʝʪʨʠʠ ʠ ʧʦʷʚʣʝʥʠʶ ʚ ʘʤʦʨʬʥʦʤ ʪʝʣʝ ʩʪʨʫʢʪʫʨʥʳʭ ʝʜʠʥʠʮ ʨʘʟʤʝʨʦʤ ~1ς
20 ʥʤ (10ï200 ¡). ʈʘʟʤʝʨʥʳʡ ʵʬʬʝʢʪ ʧʨʠ ʵʪʦʤ ʧʨʦʷʚʣʷʝʪʩʷ ʦʯʝʥʴ ʩʠʣʴʥʦ. ʄʦʞʥʦ ʧʨʠʚʝʩʪʠ ʚ ʵʪʦʡ ʩʚʷʟʠ 

ʠ ʪʦʪ ʬʘʢʪ, ʯʪʦ ʘʤʦʨʬʠʟʘʮʠʷ ʵʧʠʪʘʢʩʠʘʣʴʥʳʭ ʧʣʝʥʦʢ ʢʨʝʤʥʠʷ ʥʘ ʩʘʧʬʠʨʝ ʤʝʪʦʜʦʤ ʠʦʥʥʦʡ ʠʤʧʣʘʥʪʘʮʠʠ 

ʩ ʧʦʩʣʝʜʫʶʱʝʡ ʨʝʢʨʠʩʪʘʣʣʠʟʘʮʠʝʡ ʠ ʧʨʠʤʝʥʝʥʠʝʤ ʪʝʨʤʠʯʝʩʢʦʛʦ ʠ ʣʘʟʝʨʥʦʛʦ ʦʪʞʠʛʦʚ ʫʤʝʥʴʰʘʝʪ ʢʦʥ-

ʮʝʥʪʨʘʮʠʶ ʩʪʨʫʢʪʫʨʥʳʭ ʜʝʬʝʢʪʦʚ [6] ʠ, ʢʘʢ ʩʣʝʜʩʪʚʠʝ, ʫʣʫʯʰʝʥʠʝ ʬʠʟʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ ʤʠʢʨʦʩʭʝʤ. 

ɺ ʵʣʝʢʪʨʦʭʨʦʤʥʦ ʯʫʚʩʪʚʠʪʝʣʴʥʦʤ ʤʘʪʝʨʠʘʣʝ ʥʘʙʣʶʜʘʝʤ ʧʝʨʝʭʦʜ ʵʣʝʢʪʨʦʥʥʦʡ ʩʪʨʫʢʪʫʨʳ ʪʚʝʨʜʦʛʦ 

ʪʝʣʘ ʠʟ ʦʜʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʚ ʜʨʫʛʦʝ (ʬʘʟʦʚʳʡ ʧʝʨʝʭʦʜ). ɼʣʷ ʤʘʪʝʨʠʘʣʦʚ, ʨʘʩʩʤʘʪʨʠʚʘʝʤʳʭ ʚ ʢʘʯʝʩʪʚʝ 

ʵʣʝʢʪʨʦʭʨʦʤʥʳʭ ʆɺɹ (ʦʢʩʠʜʥʳʝ ʚʦʣʴʬʨʘʤʦʚʳʝ ʙʨʦʥʟʳ), ʭʘʨʘʢʪʝʨʥʦ ʥʘʣʠʯʠʝ ʧʝʨʝʭʦʜʦʚ: ʠʟʦʣʷʪʦʨ-

ʤʝʪʘʣʣ (ʬʘʟʦʚʳʡ ʧʝʨʝʭʦʜ). ʇʨʠʯʝʤ ʪʘʢʦʡ ʧʝʨʝʭʦʜ ʭʘʨʘʢʪʝʨʝʥ ʠ ʜʣʷ ʤʦʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʩʦʩʪʦʷʥʠʷ. 

ʅʦ ʪʘʢʦʡ ʧʝʨʝʭʦʜ ʪʝʤ ʣʝʛʯʝ ʦʩʫʱʝʩʪʚʠʪʴ, ʯʝʤ ʩʠʣʴʥʝʝ ʣʝʛʠʨʦʚʘʥʠʝ ʤʦʥʦʢʨʠʩʪʘʣʣʘ, ʪ. ʝ. ʯʝʤ ʙʦʣʝʝ ʝʛʦ 

ʜʝʬʝʢʪʥʦʩʪʴ. ʇʦʵʪʦʤʫ ʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʠʝ ʤʘʪʝʨʠʘʣʳ ʥʝ ʬʦʪʦʯʫʚʩʪʚʠʪʝʣʴʥʳ, ʥʝ ʵʣʝʢʪʨʦʭʨʦʤʥʦ ʯʫʚʩʪ-

ʚʠʪʝʣʴʥʳ. ɺ ʩʦʩʪʦʷʥʠʠ ʜʝʬʝʢʪʥʦʛʦ ʠʟʦʣʷʪʦʨʘ ʤʳ ʠʤʝʝʤ ʬʦʪʦʤʘʪʝʨʠʘʣ. ɺ ʩʦʩʪʦʷʥʠʠ ʜʝʬʝʢʪʥʦʛʦ ʧʨʦ-

ʚʦʜʥʠʢʘ ʤʳ ʠʤʝʝʤ ʵʣʝʢʪʨʦʭʨʦʤʥʳʡ ʤʘʪʝʨʠʘʣ. ʇʨʠʯʝʤ ʵʪʦ ʥʝ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠ, ʘ ʬʫʥʜʘʤʝʥʪʘʣʴʥʦ. ʊʝʭ-

ʥʦʣʦʛʠʯʝʩʢʠ ʵʪʠ ʢʘʯʝʩʪʚʘ ʤʦʛʫʪ ʙʳʪʴ ʚʳʨʘʞʝʥʳ ʚ ʢʦʥʢʨʝʪʥʦʡ ʩʠʩʪʝʤʝ ʦʯʝʥʴ ʩʣʘʙʦ. ɼʝʬʝʢʪʥʦʩʪʠ ʤʦʥʦ-

ʢʨʠʩʪʘʣʣʦʚ ʆɺɹ ʤʳ ʜʦʩʪʠʛʘʝʤ ʵʣʝʢʪʨʦʭʨʦʤʠʯʝʩʢʦʡ ʧʦʣʷʨʠʟʘʮʠʝʡ. ʕʪʦ ʧʦʢʘʟʘʥʦ ʥʘʤʠ ʧʨʦʪʦʥʦʛʨʘʬʠʯʝ-

ʩʢʠʤʠ ʠʩʩʣʝʜʦʚʘʥʠʷʤʠ [7]. ɿʘʨʝʛʠʩʪʨʠʨʦʚʘʥʦ ʦʙʝʜʥʝʥʠʝ ʧʦ Na ʠ ʠʩʢʘʞʝʥʠʷ ʩʪʨʫʢʪʫʨʳ ʚʦʣʴʬʨʘʤʦʚʦʡ 

ʧʦʜʨʝʰʝʪʢʠ. 

ʈʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʠʟʤʝʥʝʥʠʷ ʫʜʝʣʴʥʦʡ ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʠ (T) ʘʤʦʨʬʥʳʭ ʪʦʥʢʠʭ ʧʣʝʥʦʢ 

[8] ʚ ʧʣʘʥʝ ʦʮʝʥʢʠ ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʭ ʧʨʦʮʝʩʩʦʚ ʚ ʆɺɹ ʢʘʢ ʤʘʪʝʨʠʘʣʘ ʩ ʧʝʨʝʭʦʜʦʤ çʠʟʦʣʷʪʦʨïʤʝʪʘʣʣè 

ʫʢʘʟʳʚʘʶʪ ʥʘ ʥʘʣʠʯʠʝ ʘʢʪʠʚʘʮʠʦʥʥʳʭ ʠ ʧʝʨʝʩʢʦʢʦʚʳʭ ʤʝʭʘʥʠʟʤʦʚ ʠʥʠʮʠʘʮʠʠ ʧʨʦʚʦʜʠʤʦʩʪʠ ʚ ʘʤʦʨʬ-

ʥʳʭ ʩʦʩʪʦʷʥʠʷʭ. ʅʘʣʠʯʠʝ ʞʝ ʙʘʨʴʝʨʦʚ ʚ ʪʘʢʦʡ ʧʣʝʥʢʝ, ʩ ʥʘʰʝʡ ʪʦʯʢʠ ʟʨʝʥʠʷ, ʭʦʨʦʰʦ ʠʥʪʝʨʧʨʝʪʠʨʫʝʪʩʷ 

ʚ ʨʘʤʢʘʭ ʤʦʜʝʣʠ ʬʣʫʢʪʫʠʨʫʶʱʠʭ ʧʣʦʪʥʦʩʪʝʡ ʥʝʦʩʥʦʚʥʳʭ ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ ʚ ʪʚʝʨʜʳʭ ʪʝʣʘʭ ʩ ʛʣʫʙʦʢʠ-

ʤʠ ʭʚʦʩʪʘʤʠ ʧʣʦʪʥʦʩʪʠ ʩʦʩʪʦʷʥʠʡ.  

ʇʦʚʝʜʝʥʠʝ ʫʜʝʣʴʥʦʡ ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʠ ʪʦʥʢʠʭ ʧʣʝʥʦʢ, ʠʟʤʝʨʷʝʤʦʡ ʥʘ ʧʦʩʪʦʷʥʥʦʤ ʠ ʧʝʨʝʤʝʥ-

ʥʦʤ ʪʦʢʘʭ, ʠʩʩʣʝʜʫʝʤʳʭ ʪʨʝʭ ʛʨʫʧʧ ʧʣʝʥʦʢ ʪʝʨʤʦʩʪʘʪʠʨʦʚʘʥʥʳʭ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ 373, 473 ʠ 573 ʂ, 

ʧʨʠ ʠʭ ʦʪʞʠʛʝ ʚ ʚʘʢʫʫʤʝ ʠʤʝʣʦ ʦʙʱʠʝ ʯʝʨʪʳ ʠ ʚʧʦʣʥʝ ʫʢʣʘʜʳʚʘʣʦʩʴ ʚ ʨʘʤʢʠ ʨʘʥʝʝ ʧʦʣʫʯʝʥʥʳʭ ʀʚʢʠ-
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ʥʳʤ ʠ ʂʦʣʦʤʠʡʮʝʤ ʨʝʟʫʣʴʪʘʪʦʚ ʜʣʷ ʘʤʦʨʬʥʦʛʦ As2 Se3 [9] ʠʣʠ ʜʣʷ ʘʤʦʨʬʥʦʛʦ ʛʝʨʤʘʥʠʷ [10], ʭʦʪʷ ʤʦ-

ʜʝʣʴʥʘʷ ʠʥʪʝʨʧʨʝʪʘʮʠʷ ʪʘʢʦʛʦ ʧʦʚʝʜʝʥʠʷ 6 ʧʦ ʧʨʝʞʥʝʤʫ ʦʩʪʘʝʪʩʷ ʥʝʦʜʥʦʟʥʘʯʥʦʡ ʟʘʜʘʯʝʡ. ʇʦʚʝʜʝʥʠʝ ʞʝ 

ʫʜʝʣʴʥʦʡ ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʠ ʧʨʠ ʧʦʩʣʝʜʫʶʱʝʤ ʦʪʞʠʛʝ ʚ ʢʠʩʣʦʨʦʜʝ ʚʩʝʭ ʪʨʝʭ ʛʨʫʧʧ Ŭ-ʊʇ ʜʘʝʪ ʩʦʚʝʨ-

ʰʝʥʥʦ ʥʝʦʞʠʜʘʥʥʳʡ ʨʝʟʫʣʴʪʘʪ, ʥʝ ʚʩʪʨʝʯʘʚʰʠʡʩʷ ʥʘʤʠ ʚ ʜʘʥʥʳʭ ʜʨʫʛʠʭ ʘʚʪʦʨʦʚ. ʇʦʩʣʝ ʦʪʞʠʛʘ ʚ ʢʠ-

ʩʣʦʨʦʜʝ ʧʨʠ ʜʘʚʣʝʥʠʠ P~10
-3 
ʤʤ ʨʪ.ʩʪ. ʫʜʝʣʴʥʘʷ ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʴ ʧʦ ʧʦʩʪʦʷʥʥʦʤʫ ʪʦʢʫ ʠ ʧʝʨʝʤʝʥ-

ʥʦʤʫ ʪʦʢʫ ʧʨʠʭʦʜʷʪ ʚʦ ʚʩʝʭ ʪʨʝʭ ʛʨʫʧʧʘʭ Ŭ-ʊʇ ʢ ʦʜʥʦʡ ʚʝʣʠʯʠʥʝ ʠ ʩʘʤʠ ʢʨʠʚʳʝ 6(10
3
/T) ʧʦʣʥʦʩʪʴʶ 

ʩʦʚʧʘʜʘʶʪ. ʀʩʩʣʝʜʦʚʘʥʠʝ ʵʣʝʢʪʨʦʧʝʨʝʥʦʩʘ ʚ ʙʠʥʘʨʥʳʭ ʤʝʪʘʣʣʠʯʝʩʢʠʭ ʩʠʩʪʝʤʘʭ ʧʨʠ ʢʦʥʪʘʢʪʥʦʤ ʧʣʘʚ-

ʣʝʥʠʠ ʤʝʪʦʜʦʤ ʵʣʝʢʪʨʦʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʪʘʢʞʝ ʧʨʝʜʩʪʘʚʣʷʝʪ ʠʥʪʝʨʝʩ ʜʣʷ ʩʨʘʚʥʠʪʝʣʴʥʦʛʦ ʘʥʘʣʠʟʘ [11, 12]  

ʇʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʠʥʪʝʨʧʨʝʪʠʨʦʚʘʥʳ ʥʘʤʠ ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ: 

ï ʪʘʢ ʢʘʢ ʟʘ ʧʨʦʮʝʩʩʳ ʧʝʨʝʥʦʩʘ ʦʪʚʝʯʘʝʪ ʜʘʣʴʥʠʡ ʧʦʨʷʜʦʢ, ʪʦ ʚ ʪʦʥʢʠʭ ʧʣʝʥʢʘʭ ʩʣʦʞʥʦʛʦ ʦʢʩʠʜʘ 

ʚʦʣʴʬʨʘʤʘ (ʦʢʩʠʜʥʘʷ ʚʦʣʴʬʨʘʤʦʚʘʷ ʙʨʦʥʟʘ) Mx WO3, ʧʦʣʫʯʝʥʥʳʭ ʥʘʤʠ ʚʘʢʫʫʤʥʦʡ ʢʦʥʜʝʥʩʘʮʠʝʡ ʥʘ 

ʧʦʜʣʦʞʢʘʭ, ʥʘʭʦʜʷʱʠʭʩʷ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ 373, 473, 573 ʂ ʠ ʦʩʪʘʶʱʠʭʩʷ ʘʤʦʨʬʥʳʤʠ, ʩʦʭʨʘʥʷʝʪʩʷ ʥʝ-

ʢʠʡ ʜʘʣʴʥʠʡ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦ-ʵʥʝʨʛʝʪʠʯʝʩʢʠʡ ʧʦʨʷʜʦʢ ʥʘʥʦʩʪʨʫʢʪʫʨ ʩ ʣʠʥʝʡʥʳʤʠ ʨʘʟʤʝʨʘʤʠ  

~10ï30 ʥʤ, ʦʙʨʘʟʫʶʱʠʭ ʚʝʩʴ ʤʘʩʩʠʚ ʧʣʝʥʢʠ, 

ï ʫʢʘʟʘʥʥʳʝ ʥʘʥʦʩʪʨʫʢʪʫʨʳ ʥʝ ʦʙʨʘʟʫʶʪ ʢʨʠʩʪʘʣʣʠʪʥʫʶ ʤʘʢʨʦʩʪʨʫʢʪʫʨʫ ʩ ʤʝʞʢʨʠʩʪʘʣʣʠʪʥʳʤʠ 
ʛʨʘʥʠʮʘʤʠ (ʄɻʂ), ʤʘʣʦʝ ʯʠʩʣʦ ʦʙʦʨʚʘʥʥʳʭ ʩʚʷʟʝʡ, ʧʦ ʜʘʥʥʳʤ ʈʌʕʉ, ʫʢʘʟʳʚʘʝʪ ʩʢʦʨʝʝ ʥʘ ʥʘʣʠʯʠʝ ʥʝ-

ʧʨʝʨʳʚʥʦʡ ʩʣʫʯʘʡʥʦʡ ʩʝʪʢʠ. 

ʀʤʝʥʥʦ ʥʘʥʦʩʪʨʫʢʪʫʨʥʳʝ ʦʙʨʘʟʦʚʘʥʠʷ ʚ ʵʪʠʭ Ŭ-ʊʇ ʦʧʨʝʜʝʣʷʶʪ ʵʣʝʢʪʨʦʥʥʳʝ ʩʚʦʡʩʪʚʘ (ʘ ʠʥʦʛʦ 

ʙʳʪʴ ʠ ʥʝ ʤʦʞʝʪ), ʚ ʯʘʩʪʥʦʩʪʠ, ʫʜʝʣʴʥʫʶ ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʴ ʠ ʭʘʨʘʢʪʝʨ ʝʝ ʠʟʤʝʥʝʥʠʷ. 
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ʀʩʩʣʝʜʦʚʘʥʳ ʧʦʚʝʨʭʥʦʩʪʥʳʝ ʩʦʩʪʦʷʥʠʷ, ʬʠʢʩʠʨʦʚʘʥʥʳʡ ʟʘʨʷʜ ʚ ʦʢʩʠʜʝ ʠ ʧʣʦʪʥʦʩʪʴ ʟʘʭʚʘʯʝʥʥʳʭ 

ʜʳʨʦʢ ʥʘ ʦʙʝʠʭ ʧʦʚʝʨʭʥʦʩʪʷʭ ʨʘʟʜʝʣʘ ʩʢʨʳʪʦʛʦ ʦʢʩʠʜʥʦʛʦ ʩʣʦʷ ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʟʥʘʯʝʥʠʷʭ ʜʦʟʳ ʠʟʣʫʯʝ-

ʥʠʷ, ʩʤʝʱʝʥʠʷ ʥʘ ʧʦʜʣʦʞʢʝ ʠ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ. ʇʨʦʚʝʜʝʥʘ ʦʮʝʥʢʘ ʚʣʠʷʥʠʷ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ 

ʠʟʣʫʯʝʥʠʷ ʥʘ ʩʜʚʠʛ ʥʘʧʨʷʞʝʥʠʷ ʜʣʷ ʪʨʘʥʟʠʩʪʦʨʦʚ ʩ ʢʘʥʘʣʦʤ, ʦʙʨʘʟʦʚʘʥʥʳʤ ʩʢʨʳʪʳʤ ʦʢʩʠʜʦʤ, ʧʨʠ ʦʙ-

ʣʫʯʝʥʠʠ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʜʦʟʳ ʦʙʣʫʯʝʥʠʷ. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʜʣʷ ʧʦʚʝʨʭʥʦʩʪʠ ʨʘʟʜʝʣʘ ʧʣʝʥʢʘ/ʦʢʩʠʜ ʩʤʝ-

ʝɦʥʠʝ ʚʳʟʳʚʘʝʪ ʫʤʝʥʴʰʝʥʠʝ ʧʣʦʪʥʦʩʪʠ ʟʘʭʚʘʯʝʥʥʦʛʦ ʟʘʨʷʜʘ, ʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘ ʧʨʠʦʙʨʝʪʘʝʪ ʣʠʥʝʡ-

ʥʫʶ ʟʘʚʠʩʠʤʦʩʪʴ ʦʪ ʜʦʟʳ, ʘ ʩʥʠʞʝʥʠʝ ʰʠʨʠʥʳ ʢʘʥʘʣʘ ʩʦʧʨʦʚʦʞʜʘʝʪʩʷ ʨʦʩʪʦʤ ʨʘʜʠʘʮʠʦʥʥʦʡ ʯʫʚʩʪ-

ʚʠʪʝʣʴʥʦʩʪʠ. ʇʦʢʘʟʘʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʩʚʠʜʝʪʝʣʴʩʪʚʫʶʪ ʦ ʪʦʤ, ʯʪʦ ʫʩʪʦʡʯʠʚʦʩʪʴ ʩʢʨʳʪʳʭ ʦʢʩʠʜʦʚ 

ʢ ʚʦʟʜʝʡʩʪʚʠʶ ʥʘʢʦʧʣʝʥʥʦʡ ʜʦʟʳ ʠʟʣʫʯʝʥʠʷ ʟʘʤʝʪʥʦ ʚʦʟʨʘʩʪʘʝʪ ʧʨʠ ʧʦʜʘʯʝ ʥʘ ʧʦʜʣʦʞʢʫ ʚ ʧʨʦʮʝʩʩʝ 

ʦʙʣʫʯʝʥʠʷ ʦʪʨʠʮʘʪʝʣʴʥʦʛʦ ʥʘʧʨʷʞʝʥʠʷ ʩʤʝʰʝʥʠʷ.  
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With varying levels of radiation dose, displacement on the substrate, and technological parameters, the 

characteristics of the outer layer, the static charge in the oxide, and the number of confined holes on both sides 

of the internal oxide layer were examined. Based on the amount of radiation absorbed, the voltage shift of tran-

sistors with a channel made by a latent oxide when exposed to X-rays was investigated. An assessment was 

made of the effect of X-ray radiation on the voltage shift for transistors with an oxide channel created by latent 

oxide during radiation, depending on the radiation dose. Additionally, an increase in radiation sensitivity is 

mirrored by a decrease in channel width. The study demonstrated that the protection from radiation of latent 

oxides significantly increases when a negative voltage is applied to the substrate during irradiation. 
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channel, oxide, band gap, interface, mixing voltages. 

 

ɺʚʝʜʝʥʠʝ 

ʂʘʢ ʠʟʚʝʩʪʥʦ [1ï5], ʠʥʪʝʛʨʘʣʴʥʳʝ ʩʭʝʤʳ ʂʄʆʇ ʢʨʝʤʥʠʡ-ʥʘ-ʠʟʦʣʷʪʦʨʝ (ʂʅʀ) ʠʤʝʶʪ ʨʷʜ 

ʧʨʝʠʤʫʱʝʩʪʚ ʧʝʨʝʜ ʦʙʳʯʥʳʤʠ ʂʄʆʇ ʠʥʪʝʛʨʘʣʴʥʳʤʠ ʩʭʝʤʘʤʠ: ʩʭʝʤʳ ʟʘʱʠʱʝʥʳ ʦʪ ʧʝʨʝʭʦʜʘ ʚ ʨʝʞʠʤ 

çʟʘʱʝʣʢʠè, ʯʪʦ ʨʝʟʢʦ ʧʦʚʳʰʘʝʪ ʠʭ ʥʘʜʝʞʥʦʩʪʴ ʚ ʨʷʜʝ ʵʢʩʪʨʝʤʘʣʴʥʳʭ ʩʣʫʯʘʝʚ, ʦʥʠ ʠʤʝʶʪ ʧʦʚʳʰʝʥʥʦʝ 

ʙʳʩʪʨʦʜʝʡʩʪʚʠʝ ʠʟ-ʟʘ ʫʤʝʥʴʰʝʥʥʦʡ ʝʤʢʦʩʪʠ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʭ ʧʝʨʝʭʦʜʦʚ, ʧʦʚʳʰʝʥʥʫʶ ʩʪʦʡʢʦʩʪʴ ʧʦ 

ʦʪʥʦʰʝʥʠʶ ʢ ʚʦʟʜʝʡʩʪʚʠʶ ʤʦʱʥʦʩʪʠ ʜʦʟʳ ʠ ʚʦʟʜʝʡʩʪʚʠʶ ʝʜʠʥʠʯʥʳʭ ʯʘʩʪʠʮ. ɺʤʝʩʪʝ ʩ ʪʝʤ ʧʨʠ 

ʚʦʟʜʝʡʩʪʚʠʠ ʥʘ ʧʨʠʙʦʨʳ ʂʅʀ ʥʘʢʦʧʣʝʥʥʦʡ ʜʦʟʳ ʛʘʤʤʘ ʠʟʣʫʯʝʥʠʷ, ʧʦʣʦʞʠʪʝʣʴʥʳʝ ʟʘʨʷʜʳ 

ʟʘʭʚʘʪʳʚʘʶʪʩʷ ʦʢʠʩʥʳʤʠ ʧʣʝʥʢʘʤʠ. ʀʟ-ʟʘ ʵʪʠʭ ʟʘʭʚʘʯʝʥʥʳʭ ʟʘʨʷʜʦʚ, n-ʢʘʥʘʣʴʥʳʝ ʄʆʇ ʧʦʣʝʚʳʝ 

ʪʨʘʥʟʠʩʪʦʨʳ ʤʦʛʫʪ ʫʚʝʣʠʯʠʚʘʪʴ ʪʦʢʠ ʫʪʝʯʢʠ ʠʟ-ʟʘ ʧʦʚʳʰʝʥʠʷ ʧʨʦʚʦʜʠʤʦʩʪʠ ʦʙʨʘʪʥʳʭ ʢʘʥʘʣʦʚ, ʧʨʠ 
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ʵʪʦʤ n- ʠ ʨ-ʢʘʥʘʣʴʥʳʝ ʪʨʘʥʟʠʩʪʦʨʳ ʙʫʜʫʪ ʠʤʝʪʴ ʧʦʚʳʰʝʥʥʦʝ ʩʤʝʱʝʥʠʝ ʧʦʨʦʛʦʚʦʛʦ ʥʘʧʨʷʞʝʥʠʷ ʥʘ 

ʧʝʨʝʜʥʠʭ ʠ ʦʙʨʘʪʥʳʭ ʟʘʪʚʦʨʘʭ. ɽʩʣʠ ʵʪʦʪ ʵʬʬʝʢʪ ʟʥʘʯʠʪʝʣʴʥʦ ʩʥʠʟʠʪʴ ʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥʠʝʤ 

ʢʦʥʩʪʨʫʢʮʠʠ, ʪʦʛʜʘ ʂʅʀ-ʧʨʠʙʦʨʳ ʙʫʜʫʪ ʠʤʝʪʴ ʚʳʩʦʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʩʪʦʡʢʦʩʪʠ ʧʦ ʦʪʥʦʰʝʥʠʶ ʢ 

ʚʦʟʜʝʡʩʪʚʠʶ ʦʙʣʫʯʝʥʠʷ, ʠ ʥʘʜʝʞʥʦʩʪʴ ʠʭ ʚ ʫʩʣʦʚʠʷʭ ʦʙʣʫʯʝʥʠʷ ʙʫʜʝʪ ʚʦʟʨʘʩʪʘʪʴ. ʕʪʦ ʢʨʘʡʥʝ ʚʘʞʥʘʷ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʘ ʂʅʀ-ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʭ ʠʥʪʝʛʨʘʣʴʥʳʭ ʩʭʝʤ ʠ ʜʣʷ ʠʭ ʦʮʝʥʢʠ ʥʘʜʝʞʥʦʩʪʠ ʚʘʞʥʳ 

ʧʨʦʚʝʨʢʠ ʩʪʦʡʢʦʩʪʠ ʵʪʠʭ ʠʥʪʝʛʨʘʣʴʥʳʭ ʩʭʝʤ ʢ ʚʦʟʜʝʡʩʪʚʠʶ ʥʘʢʦʧʣʝʥʥʦʡ ʜʦʟʳ ʛʘʤʤʘ ʠʟʣʫʯʝʥʠʷ.  

 

ʈʝʟʫʣʴʪʘʪʳ ʠ ʦʙʩʫʞʜʝʥʠʝ 

ʇʨʠ ʩʦʟʜʘʥʠʠ ʨʘʜʠʘʮʠʦʥʥʦ-ʩʪʦʡʢʠʭ ʠʥʪʝʛʨʘʣʴʥʳʭ ʩʭʝʤ ʰʠʨʦʢʦʝ ʧʨʠʤʝʥʝʥʠʝ ʥʘʭʦʜʠʪ SIMOX-ʪʝʭʥʦ-

ʣʦʛʠʷ, ʦʩʥʦʚʘʥʥʘʷ ʥʘ ʬʦʨʤʠʨʦʚʘʥʠʠ ʦʢʩʠʜʥʦʛʦ ʩʣʦʷ ʠʤʧʣʘʥʪʘʮʠʝʡ
 
ʠʦʥʦʚ ʢʠʩʣʦʨʦʜʘ [6, 7]. ɺ ʨʘʙʦʪʝ ʠʩ-

ʩʣʝʜʦʚʘʥʳ ʧʦʚʝʨʭʥʦʩʪʥʳʝ ʩʦʩʪʦʷʥʠʷ, ʬʠʢʩʠʨʦʚʘʥʥʳʡ ʟʘʨʷʜ ʚ ʦʢʩʠʜʝ ʠ ʧʣʦʪʥʦʩʪʴ ʟʘʭʚʘʯʝʥʥʳʭ ʜʳʨʦʢ 

ʥʘ ʦʙʝʠʭ ʧʦʚʝʨʭʥʦʩʪʷʭ ʨʘʟʜʝʣʘ ʩʢʨʳʪʦʛʦ ʦʢʩʠʜʥʦʛʦ ʩʣʦʷ ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʟʥʘʯʝʥʠʷʭ ʜʦʟʳ ʠʟʣʫʯʝʥʠʷ, 

ʩʤʝʱʝʥʠʷ ʥʘ ʧʦʜʣʦʞʢʝ ʠ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ. ʀʤʧʣʘʥʪʘʮʠʶ ʠʦʥʦʚ ʢʠʩʣʦʨʦʜʘ ʩ ʵʥʝʨʛʠʝʡ  

150ï160 ʢʵɺ, ʜʦʟʦʡ 1,8Ŀ10
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 ʩʤ
-2
 ʧʨʦʚʦʜʠʣʠ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 600ï650 Áʉ ʩ ʧʦʩʣʝʜʫʶʱʠʤ ʦʪʞʠʛʦʤ ʧʣʘ-

ʩʪʠʥʳ ʢʨʝʤʥʠʷ n-ʪʠʧʘ (ʫʜʝʣʴʥʦʝ ʩʦʧʨʦʪʠʚʣʝʥʠʝ 4,5 ʆʤĿʩʤ) ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 1300 Áʉ ʚ ʪʝʯʝʥʠʝ  

4-ʭ ʯʘʩʦʚ ʚ ʘʪʤʦʩʬʝʨʝ N2/ʆ2 [8]. ʆʙʣʫʯʝʥʠʝ ʧʨʦʚʦʜʠʣʠ ʨʝʥʪʛʝʥʦʚʩʢʠʤ ʠʟʣʫʯʝʥʠʝʤ ʩ ʵʥʝʨʛʠʝʡ 10 ʢʵɺ ʩ 

ʥʘʢʦʧʣʝʥʥʦʡ ʜʦʟʦʡ ʦʪ 10 ʢʨʘʜ ʜʦ 1 ʄʨʘʜ (Si). ɺ ʧʨʦʮʝʩʩʝ ʦʙʣʫʯʝʥʠʷ ʥʘ ʧʦʜʣʦʞʢʫ ʧʦʜʘʚʘʣʠ ʥʘʧʨʷʞʝʥʠʝ 

ʩʤʝʰʝʥʠʷ ʦʪ ï5 ʜʦ +5 ɺ. ʅʘ ʚʝʨʭʥʠʡ ʟʘʪʚʦʨ ʨ ï ʠ n-ʢʘʥʘʣʴʥʳʭ ʪʨʘʥʟʠʩʪʦʨʦʚ ʧʦʜʘʚʘʣʠ ʥʘʧʨʷʞʝʥʠʝ ʩʤʝ-

ʰʝʥʠʷ ï5 ʠ +5 ɺ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʉʨʘʟʫ ʧʦʩʣʝ ʦʙʣʫʯʝʥʠʷ ʠʟʤʝʨʷʣʠ ʧʦʨʦʛʦʚʦʝ ʥʘʧʨʷʞʝʥʠʝ ʠ ʥʘʢʣʦʥ 

ʢʨʠʚʳʭ ʚ ʧʦʜʧʦʨʦʛʦʚʦʡ ʦʙʣʘʩʪʠ, ʧʦʩʣʝ ʯʝʛʦ ʩʥʠʤʘʣʠ ʚʦʣʴʪ ï ʬʘʨʘʜʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ.  

ɺʣʠʷʥʠʝ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ ʥʘ ʩʜʚʠʛ ʥʘʧʨʷʞʝʥʠʷ ʜʣʷ ʪʨʘʥʟʠʩʪʦʨʦʚ ʩ ʢʘʥʘʣʦʤ, ʦʙʨʘʟʦʚʘʥ-

ʥʤr ʩʢʨʳʪʳʤ ʦʢʩʠʜʦʤ, ʧʨʠ ʟʘʟʝʤʣʝʥʥʦʡ ʧʦʜʣʦʞʢʝ ʠ ʩʤʝʝɦʥʠʠ ʥʘ ʧʦʜʣʦʞʢʝ ï5 ɺ ʧʨʠ ʦʙʣʫʯʝʥʠʠ ʚ ʟʘ-

ʚʠʩʠʤʦʩʪʠ ʦʪ ʜʦʟʳ ʦʙʣʫʯʝʥʠʷ ʧʦʢʘʟʘʥʦ ʥʘ ʨʠʩ. 1.  

 
ʈʠʩ. 1. ɺʣʠʷʥʠʝ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ ʥʘ ʩʜʚʠʛ ʥʘʧʨʷʞʝʥʠʷ ʜʣʷ ʪʨʘʥʟʠʩʪʦʨʦʚ ʚ ʟʘʚʠʩʠʤʦʩʪʠ 

ʦʪ ʜʦʟʳ ʦʙʣʫʯʝʥʠʷ: 1- ʠ 3 ï ʩʜʚʠʛ ʥʘʧʨʷʞʝʥʠʷ ʚ ʩʝʨʝʜʠʥʝ ʰʠʨʠʥʳ ʟʘʧʨʝʱʝʥʥʦʡ ʟʦʥʳ ʧʨʠ ʦʙʣʫʯʝʥʠʠ,  

2- ʠ 4 ï ʩʜʚʠʛ ʧʦʨʦʛʦʚʦʛʦ ʥʘʧʨʷʞʝʥʠʷ ʜʣʷ n ï ʠ ʨ ï ʢʘʥʘʣʴʥʳʭ ʪʨʘʥʟʠʩʪʦʨʦʚ 

 

ʇʨʠ ʚʦʟʜʝʡʩʪʚʠʠ ʠʦʥʠʟʠʨʫʶʱʠʭ ʠʟʣʫʯʝʥʠʡ ʥʝʡʪʨʘʣʴʥʳʡ ʫʨʦʚʝʥʴ, ʨʘʟʜʝʣʷʶʱʠʡ ʜʦʥʦʨʥʳʝ ʠ ʘʢ-

ʮʝʧʪʦʨʥʳʝ ʣʦʚʫʰʢʠ, ʥʘʭʦʜʠʪʩʷ ʥʘ ʨʘʩʩʪʦʷʥʠʠ ʚʩʝʛʦ ʥʝʩʢʦʣʴʢʠʭ ʚʝʣʠʯʠʥ kT/q ʦʪ ʩʝʨʝʜʠʥʳ ʟʘʧʨʝʱʝʥʥʦʡ 

ʟʦʥʳ, ʧʦʵʪʦʤʫ ʧʘʨʘʤʝʪʨ ʩʜʚʠʛ ʥʘʧʨʷʞʝʥʠʷ ʚ ʩʝʨʝʜʠʥʝ ʰʠʨʠʥʳ ʟʘʧʨʝʱʝʥʥʦʡ ʟʦʥʳ ʧʨʠ ʦʙʣʫʯʝʥʠʠ ʚ ʟʘ-

ʚʠʩʠʤʦʩʪʠ ʦʪ ʜʦʟʳ ʦʙʣʫʯʝʥʠʷ ʤʦʞʝʪ ʭʦʨʦʰʦ ʘʧʧʨʦʢʩʠʤʠʨʦʚʘʪʴ ʩʜʚʠʛ ʥʘʧʨʷʞʝʥʠʷ, ʦʙʫʩʣʦʚʣʝʥʥʳʡ 

ʪʦʣʴʢʦ ʟʘʨʷʜʦʤ ʦʢʩʠʜʘ [9]. ʉ ʜʨʫʛʦʡ ʩʪʦʨʦʥʳ, ʜʣʷ ʧʦʣʝʚʳʭ ʄɼʇ ʪʨʘʥʟʠʩʪʦʨʦʚ ʧʦʨʦʛʦʚʦʝ ʥʘʧʨʷʞʝʥʠʷ 

V t ʩʚʷʟʘʥʦ ʩ ʩʫʤʤʘʨʥʳʤ ʟʘʨʷʜʦʤ ʦʢʩʠʜʘ ʠ ʧʣʦʪʥʦʩʪʴʶ ʧʦʚʝʨʭʥʦʩʪʥʳʭ ʣʦʚʫʰʝʢ ʩ ʵʥʝʨʛʝʪʠʯʝʩʢʠʤ ʫʨʦʚ-

ʥʝʤ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʤ ʥʘʯʘʣʫ ʠʥʚʝʨʩʠʠ. ʇʦʵʪʦʤʫ ʦʪʤʝʯʘʝʪʩʷ ʭʦʨʦʰʘʷ ʢʦʨʨʝʣʷʮʠʷ ʚʝʣʠʯʠʥ ʩʜʚʠʛʘ ʧʦ-

ʨʦʛʦʚʦʛʦ ʥʘʧʨʷʞʝʥʠʷ ʠ V t, ʧʨʠʯʝʤ ʧʨʠ ʵʪʦʤ ʚʦʟʥʠʢʘʝʪ ʥʝʟʥʘʯʠʪʝʣʴʥʦʝ ʯʠʩʣʦ ʣʦʚʫʰʝʢ ʥʘ ʛʨʘʥʠʮʝ ʨʘʟ-

ʜʝʣʘ. ʇʦʜʘʯʘ ʦʪʨʠʮʘʪʝʣʴʥʦʛʦ ʩʤʝʱʝʥʠʷ ʧʨʠ ʦʙʣʫʯʝʥʠʠ (ʦʩʦʙʝʥʥʦ ʩ ʜʦʟʦʡ ʙʦʣʝʝ 100 ʢʨʘʜ) ʧʨʠʚʦʜʠʪ ʢ 

ʩʥʠʞʝʥʠʶ ʯʠʩʣʘ ʟʘʭʚʘʯʝʥʥʳʭ ʜʳʨʦʢ.  

ʍʘʨʘʢʪʝʨ ʟʘʚʠʩʠʤʦʩʪʝʡ ʚʝʣʠʯʠʥʳ ʟʘʭʚʘʯʝʥʥʦʛʦ ʟʘʨʷʜʘ ʦʪ ʜʦʟʳ ʦʙʣʫʯʝʥʠʷ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʪʦʤ, 

ʯʪʦ ʧʨʠ ʥʫʣʝʚʦʤ ʩʤʝʱʝʥʠʠ ʧʣʦʪʥʦʩʪʴ ʟʘʭʚʘʯʝʥʥʦʛʦ ʟʘʨʷʜʘ ʧʨʠʤʝʨʥʦ ʦʜʠʥʘʢʦʚʘ ʥʘ ʦʙʝʠʭ ʧʦʚʝʨʭʥʦʩʪʷʭ 

ʨʘʟʜʝʣʘ, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʧʨʠ ʩʤʝʱʝʥʠʠ ï5 ɺ ʟʘʭʚʘʪ ʜʳʨʦʢ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʨʘʟʜʝʣʘ ʧʦʜʣʦʞʢʘ/ʦʢʩʠʜ ʟʘ-

ʤʝʪʥʦ ʫʩʠʣʠʚʘʝʪʩʷ ʜʘʞʝ ʧʨʠ ʜʦʟʝ ʚʩʝʛʦ 10 ʢʨʘʜ (Si).  



ʏʝʨʢʝʩʦʚʘ ʅ.ɺ., ʄʫʩʪʘʬʘʝʚ ɻ.ɸ., ʄʫʩʪʘʬʘʝʚ ɸ.ɻ. 
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ɼʣʷ ʧʦʚʝʨʭʥʦʩʪʠ ʨʘʟʜʝʣʘ ʧʣʝʥʢʘ/ʦʢʩʠʜ ʩʤʝʝɦʥʠʝ ï5 ɺ ʚʳʟʳʚʘʝʪ ʫʤʝʥʴʰʝʥʠʝ ʧʣʦʪʥʦʩʪʠ ʟʘʭʚʘʯʝʥʥʦʛʦ 

ʟʘʨʷʜʘ, ʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘ ʧʨʠʦʙʨʝʪʘʝʪ ʣʠʥʝʡʥʫʶ ʟʘʚʠʩʠʤʦʩʪʴ ʦʪ ʜʦʟʳ. ɼʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʦʙʣʘʩʪʠ, ʛʜʝ ʟʘʭʚʘʪ 

ʟʘʨʷʜʘ, ʤʠʥʠʤʘʣʴʥʳʡ, ʧʦʩʪʨʦʠʣʠ ʟʘʚʠʩʠʤʦʩʪʴ ʧʦʨʦʛʦʚʳʭ ʥʘʧʨʷʞʝʥʠʡ ʦʪ ʩʤʝʱʝʥʠʷ ʥʘ ʧʦʜʣʦʞʢʝ ʧʨʠ ʜʦʟʝ 

ʦʙʣʫʯʝʥʠʷ 100 ʢʨʘʜ. ɺʝʣʠʯʠʥʳ ʧʦʨʦʛʦʚʳʭ ʥʘʧʨʷʞʝʥʠʡ n- ʠ ʨ-ʢʘʥʘʣʴʥʳʭ ʧʨʠʙʦʨʦʚ ʤʠʥʠʤʘʣʴʥʳ ʧʨʠ ʩʤʝʝɦ-

ʥʠʠ ï3 ʠ ï2 ɺ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʘ ʚʝʣʠʯʠʥʘ ʩʜʚʠʛʘ ʥʘʧʨʷʞʝʥʠʷ ʚ ʩʝʨʝʜʠʥʝ ʰʠʨʠʥʳ ʟʘʧʨʝʱʝʥʥʦʡ ʟʦʥʳ ʧʨʠ 

ʦʙʣʫʯʝʥʠʠ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʜʦʟʳ ʦʙʣʫʯʝʥʠʷ, ʧʨʘʢʪʠʯʝʩʢʠ ʥʝʠʟʤʝʥʥʘ ʚ ʠʥʪʝʨʚʘʣʘ ʦʪ ï2 ʜʦ ï4 ɺ.  

ʄʠʥʠʤʘʣʴʥʦʝ ʟʥʘʯʝʥʠʝ ʜʦʩʪʠʛʘʝʪʩʷ, ʢʘʢ ʨʝʟʫʣʴʪʘʪ ʜʝʡʩʪʚʠʷ ʪʨʝʭ ʦʜʥʦʚʨʝʤʝʥʥʦ ʜʝʡʩʪʚʫʶʱʠʭ 

ʵʬʬʝʢʪʦʚ: ʩʥʠʞʝʥʠʷ ʜʦʣʠ ʨʝʢʦʤʙʠʥʠʨʦʚʘʥʥʳʭ ʧʘʨ ʵʣʝʢʪʨʦʥ-ʜʳʨʢʘ, ʛʝʥʝʨʠʨʦʚʘʥʥʳʭ ʫ ʧʦʚʝʨʭʥʦʩʪʠ 

ʨʘʟʜʝʣʘ, ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ (ʪ. ʝ. ʫʚʝʣʠʯʝʥʠʷ ʯʠʩʣʘ ʟʘʭʚʘʯʝʥʥʳʭ ʜʳʨʦʢ), ʫʜʘʣʝʥʠʷ 

ʜʳʨʦʢ ʩ ʧʦʚʝʨʭʥʦʩʪʠ ʨʘʟʜʝʣʘ ʧʣʝʥʢʘ/ʦʢʩʠʜ ʧʦ ʤʝʨʝ ʚʦʟʨʘʩʪʘʥʠʷ ʦʪʨʠʮʘʪʝʣʴʥʦʛʦ ʩʤʝʱʝʥʠʷ ʠ ʦʙʨʘʪʥʦʛʦ 

ʩʦʦʪʥʦʰʝʥʠʷ ʤʝʞʜʫ ʧʦʧʝʨʝʯʥʳʤ ʩʝʯʝʥʠʝʤ ʟʘʭʚʘʪʘ ʥʦʩʠʪʝʣʝʡ ʠ ʚʝʣʠʯʠʥʦʡ ʧʨʠʣʦʞʝʥʥʦʛʦ ʧʦʣʷ. ʇʨʠ 

ʵʪʦʤ ʚʩʝʛʜʘ ʜʣʷ ʜʘʥʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʨʘʟʜʝʣʘ ʠʤʝʝʪʩʷ ʪʘʢʦʝ ʧʦʣʝ, ʧʨʠ ʢʦʪʦʨʦʤ ʧʣʦʪʥʦʩʪʴ ʟʘʭʚʘʯʝʥʥʦʛʦ 

ʟʘʨʷʜʘ ʤʠʥʠʤʘʣʴʥʘʷ. 

ʀʟʚʝʩʪʥʦ [6], ʯʪʦ ʧʣʦʪʥʦʩʪʴ ʵʣʝʢʪʨʠʯʝʩʢʠ ʘʢʪʠʚʥʳʭ ʜʝʬʝʢʪʦʚ, ʩʦʟʜʘʥʥʳʭ ʧʨʠ ʚʥʝʜʨʝʥʠʠ ʠʦʥʦʚ 

ʢʠʩʣʦʨʦʜʘ, ʜʦ ʦʙʣʫʯʝʥʠʷ ʥʘʤʥʦʛʦ ʚʳʰʝ ʚ ʧʣʝʥʢʝ ʠ ʫ ʧʦʚʝʨʭʥʦʩʪʠ ʨʘʟʜʝʣʘ ʧʣʝʥʢʘ/ʦʢʩʠʜ, ʯʝʤ ʚ ʧʦʜʣʦʞʢʝ 

ʠ ʫ ʧʦʚʝʨʭʥʦʩʪʠ ʨʘʟʜʝʣʘ ʧʦʜʣʦʞʢʘ/ʦʢʩʠʜ ï ʧʦʚʝʨʭʥʦʩʪʠ ʨʘʟʜʝʣʘ. ʕʢʩʧʝʨʠʤʝʥʪʳ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʦʙʣʫʯʝ-

ʥʠʝ ʩ ʜʦʟʦʡ 100 ʢʨʘʜ ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʩʤʝʝɦʥʠʷʭ ʥʘ ʧʦʜʣʦʞʢʝ ʧʨʠʚʦʜʠʪ ʢ ʠʟʤʝʥʝʥʠʶ ʧʣʦʪʥʦʩʪʠ ʟʘʭʚʘ-

ʯʝʥʥʦʛʦ ʟʘʨʷʜʘ ʥʘ ʦʙʝʠʭ ʧʦʚʝʨʭʥʦʩʪʷʭ ʨʘʟʜʝʣʘ. ʇʨʠ ʥʘʧʨʷʞʝʥʠʷʭ ʩʤʝʝɦʥʠʷ, ʚʳʟʳʚʘʶʱʠʭ ʧʨʠʪʷʛʠʚʘ-

ʥʠʝ ʜʳʨʦʢ ʢ ʧʦʚʝʨʭʥʦʩʪʠ ʨʘʟʜʝʣʘ, ʩʢʦʨʦʩʪʴ ʚʩʪʨʘʠʚʘʥʠʷ ʟʘʨʷʜʘ ʜʣʷ ʧʦʚʝʨʭʥʦʩʪʠ ʨʘʟʜʝʣʘ ʧʦʜʣʦʞ-

ʢʘ/ʦʢʩʠʜ ʩʦʩʪʘʚʣʷʝʪ 3,9Ŀ10
11

 ʩʤ
-2
ɺ

-1
. ʕʪʦ ʦʟʥʘʯʘʝʪ, ʯʪʦ, ʥʝʩʤʦʪʨʷ ʥʘ ʙʦʣʝʝ ʚʳʩʦʢʠʝ ʟʥʘʯʝʥʠʷ ʧʣʦʪʥʦʩʪʠ 

ʬʠʢʩʠʨʦʚʘʥʥʦʛʦ ʟʘʨʷʜʘ ʠ ʧʦʚʝʨʭʥʦʩʪʥʳʭ ʩʦʩʪʦʷʥʠʡ ʜʦ ʦʙʣʫʯʝʥʠʷ ʚ ʧʝʨʚʦʤ ʩʣʫʯʘʝ, ʦʙʫʩʣʦʚʣʝʥʥʦʝ ʦʙ-

ʣʫʯʝʥʠʝʤ ʯʠʩʣʦ ʜʳʨʦʯʥʳʭ ʣʦʚʫʰʝʢ ʧʨʘʢʪʠʯʝʩʢʠ ʦʜʠʥʘʢʦʚʦʝ ʜʣʷ ʦʙʝʠʭ ʧʦʚʝʨʭʥʦʩʪʝʡ. ʆʜʥʘʢʦ ʧʨʠ ʦʪ-

ʪʘʣʢʠʚʘʥʠʠ ʜʳʨʦʢ ʦʪ ʧʦʚʝʨʭʥʦʩʪʠ ʨʘʟʜʝʣʘ ʥʘ ʧʦʚʝʨʭʥʦʩʪʴ ʨʘʟʜʝʣʘ ʧʦʜʣʦʞʢʘ/ʦʢʩʠʜ ʟʘʭʚʘʪʳʚʘʝʪʩʷ 

ʤʝʥʴʰʝʝ ʢʦʣʠʯʝʩʪʚʦ ʜʳʨʦʢ, ʯʝʤ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʨʘʟʜʝʣʘ ʧʣʝʥʢʘ/ʦʢʩʠʜ, ʧʦʩʢʦʣʴʢʫ ʚ ʧʝʨʚʦʤ ʩʣʫʯʘʝ ʤʠ-

ʥʠʤʘʣʴʥʘʷ ʚʝʣʠʯʠʥʘ QOt ʥʠʞʝ. ʇʦʩʢʦʣʴʢʫ ʦʩʪʨʦʚʢʠ ʢʨʝʤʥʠʷ ʦʙʥʘʨʫʞʝʥʳ ʚ ʩʢʨʳʪʦʤ ʦʢʩʠʜʝ ʪʦʣʴʢʦ ʫ 

ʧʦʚʝʨʭʥʦʩʪʠ ʨʘʟʜʝʣʘ ʧʦʜʣʦʞʢʘ/ʦʢʩʠʜ, ʤʦʞʥʦ ʦʞʠʜʘʪʴ, ʯʪʦ ʵʪʘ ʧʦʚʝʨʭʥʦʩʪʴ ʨʘʟʜʝʣʘ ʙʫʜʝʪ ʩʦʜʝʨʞʘʪʴ ʠ 

ʙʦʣʴʰʝʝ ʯʠʩʣʦ ʣʦʚʫʰʝʢ. 

ɿʘʪʝʤ ʩʭʝʤʳ ʦʙʣʫʯʘʣʠʩʴ ʨʝʥʪʛʝʥʦʚʩʢʠʤ ʠʟʣʫʯʝʥʠʝʤ ʩ ʵʥʝʨʛʠʝʡ 160 ʢʵɺ. ʄʦʱʥʦʩʪʴ ʜʦʟʳ 

ʦʙʣʫʯʝʥʠʷ ʜʣʷ ʚʩʝʭ ʦʙʣʫʯʘʚʰʠʭʩʷ ʦʙʨʘʟʮʦʚ ʙʳʣʘ 85 ʨʘʜ ʧʦ ʢʨʝʤʥʠʶ ʚ ʩʝʢ. ɺʩʝ ʦʙʨʘʟʮʳ ʦʙʣʫʯʘʣʠʩʴ ʚ 

ʪʝʯʝʥʠʝ 30 ʤʠʥʫʪ. 

ʇʝʨʝʜ ʦʙʣʫʯʝʥʠʝʤ ʧʦʨʦʛʦʚʦʝ ʥʘʧʨʷʞʝʥʠʝ ʦʙʨʘʪʥʦʛʦ ʟʘʪʚʦʨʘ ʩʦʩʪʘʚʣʷʣʦ 22Ñ2 ɺ. ʇʦʨʦʛʦʚʳʝ 

ʥʘʧʨʷʞʝʥʠʷ ʦʙʳʯʥʦʛʦ, ʧʝʨʝʜʥʝʛʦ ʟʘʪʚʦʨʘ ʩʦʩʪʘʚʣʷʣʠ ʜʣʷ n-ʢʘʥʘʣʘ ʦʢʦʣʦ 0,5Ñ0,1 ɺ ʠ ʜʣʷ ʨ -ʢʘʥʘʣʴʥʦʛʦ 

ʪʨʘʥʟʠʩʪʦʨʘ ï0,7Ñ0,1 ɺ. ʊʦʢʠ ʫʪʝʯʢʠ ʢʨʘʝʚʳʭ ʪʨʘʥʟʠʩʪʦʨʦʚ ʙʳʣʠ ʧʝʨʝʜ ʦʙʣʫʯʝʥʠʝʤ ʧʦʨʷʜʢʘ 0,1 ʧɸ/ʤʢʤ 

ʰʠʨʠʥʳ ʢʘʥʘʣʘ. ʉʨʝʜʥʝʝ ʟʥʘʯʝʥʠʝ ʧʦʜʚʠʞʥʦʩʪʠ ʥʦʩʠʪʝʣʝʡ ʙʳʣʦ ʜʣʷ ʧ-ʢʘʥʘʣʴʥʳʭ ʪʨʘʥʟʠʩʪʦʨʦʚ 900 ʠ  

400 ʩʤ
2
/ɺÖʩ ʜʣʷ ʨ-ʢʘʥʘʣʴʥʳʭ ʪʨʘʥʟʠʩʪʦʨʦʚ.  

ʇʦʩʣʝ ʦʙʣʫʯʝʥʠʷ ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʩʤʝʱʝʥʠʷʭ 5,0 ʠ ï5 ɺ ʜʦ ʜʦʟʳ 10 ʢʨʘʜ ʧʦ ʢʨʝʤʥʠʶ ʥʝ 

ʥʘʙʣʶʜʘʣʦʩʴ ʟʘʤʝʪʥʦʛʦ ʫʚʝʣʠʯʝʥʠʷ ʧʦʨʦʛʦʚʦʛʦ ʥʘʧʨʷʞʝʥʠʷ ʦʙʦʠʭ ʪʠʧʦʚ ʪʨʘʥʟʠʩʪʦʨʦʚ ʦʙʨʘʪʥʦʛʦ 

ʟʘʪʚʦʨʘ. ʇʨʠ ʫʚʝʣʠʯʝʥʠʠ ʜʦʟʳ ʦʙʣʫʯʝʥʠʷ ʧʦʨʦʛʦʚʦʝ ʥʘʧʨʷʞʝʥʠʝ ʥʘʯʠʥʘʝʪ ʩʠʣʴʥʦ ʫʚʝʣʠʯʠʚʘʪʴʩʷ. ʇʨʠ 

ʥʘʢʦʧʣʝʥʥʦʡ ʜʦʟʝ ʧʦʨʷʜʢʘ 200ï300 ʢʨʘʜ ʜʣʷ n-ʢʘʥʘʣʴʥʦʛʦ ʪʨʘʥʟʠʩʪʦʨʘ ʦʥʦ ʧʨʝʚʳʰʘʝʪ ï100 ɺ ʜʣʷ 

ʩʤʝʱʝʥʠʷ + 5 ɺ, ʦʢʦʣʦ ï80 ɺ ʜʣʷ ʩʤʝʱʝʥʠʷ 0 ɺ ʠ ʦʢʦʣʦ ï40 ɺ ʜʣʷ ʩʤʝʱʝʥʠʷ ï5 ɺ. ʅʝʩʢʦʣʴʢʦ ʤʝʥʴʰʝ 

ʩʤʝʱʝʥʠʝ ʧʦʨʦʛʦʚʦʛʦ ʥʘʧʨʷʞʝʥʠʷ ʜʣʷ ʨ-ʢʘʥʘʣʴʥʦʛʦ ʪʨʘʥʟʠʩʪʦʨʘ. ʆʥʦ ʪʘʢʞʝ ʥʝʚʝʣʠʢʦ ʜʣʷ ʜʦʟʳ 10 ʢʨʘʜ, 

ʠ ʚʦʟʨʘʩʪʘʝʪ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʚʦʟʜʝʡʩʪʚʠʷ ʜʦʟʳ ʧʦʨʷʜʢʘ 200 ʢʨʘʜ ʩʤʝʱʝʥʠʝ ʩʦʩʪʘʚʣʷʝʪ ʥʘ ʤʥʦʛʦ ʙʦʣʴʰʝ ï

100 ɺ ʜʣʷ ʩʤʝʱʝʥʠʷ +5 ɺ, ʦʢʦʣʦ ï60 ɺ, ʧʨʠ ʩʤʝʱʝʥʠʠ 0 ɺ; ʦʢʦʣʦ ï50 ɺ ʧʨʠ ʩʤʝʱʝʥʠʠ ï5 ɺ. ɺʦ ʚʩʝʭ 

ʩʣʫʯʘʷʭ ʦʪʨʠʮʘʪʝʣʴʥʦʝ ʩʤʝʱʝʥʠʝ ʚʳʟʳʚʘʝʪ ʤʝʥʴʰʝʝ ʩʤʝʱʝʥʠʝ ʧʦʨʦʛʦʚʦʛʦ ʥʘʧʨʷʞʝʥʠʷ ʦʙʨʘʪʥʦʛʦ 

ʢʘʥʘʣʘ. ʇʦʣʦʞʠʪʝʣʴʥʦʝ ʩʤʝʱʝʥʠʝ ʚʳʟʳʚʘʝʪ ʧʦʚʳʰʝʥʥʦʝ ʩʤʝʱʝʥʠʝ ʧʦʨʦʛʦʚʦʛʦ ʥʘʧʨʷʞʝʥʠʷ ʟʘʭʚʘʪʦʤ 

ʜʳʨʦʢ. ʕʪʦ ʭʘʨʘʢʪʝʨʥʦ ʜʣʷ ʨʘʟʥʳʭ ʩʪʨʫʢʪʫʨ ʄʆʇ ʧʨʠʙʦʨʦʚ.  

ɺʦʣʴʪʘʤʧʝʨʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʄʆʇ ʧʨʠʙʦʨʦʚ ʚ ʩʣʫʯʘʝ ʧʦʣʦʞʠʪʝʣʴʥʦʛʦ ʩʤʝʱʝʥʠʷ ʦʙʨʘʪʥʦʛʦ 

ʟʘʨʷʜʘ (+5 ɺ) ʧʨʠʚʝʜʝʥʳ ʥʘ ʨʠʩ. 2. ɺ ʩʚʷʟʠ ʩ ʧʨʠʩʫʪʩʪʚʠʝʤ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ ʚ ʧʦʛʨʫʞʝʥʥʦʤ ʦʢʩʠʜʝ, 

ʜʳʨʢʠ ʟʘʭʚʘʪʳʚʘʶʪʩʷ ʚʙʣʠʟʠ ʦʙʨʘʪʥʦʛʦ ʧʝʨʝʭʦʜʘ, ʯʪʦ ʚʳʟʳʚʘʝʪ ʩʙʦʨ ʵʣʝʢʪʨʦʥʦʚ ʥʘ ʢʨʝʤʥʠʝʚʦʡ ʧʣʝʥʢʝ, 

ʢʘʢ ʵʪʦ ʧʦʢʘʟʘʥʦ ʥʘ ʨʠʩ. 3.  
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ʈʠʩ. 2. ɺʦʣʴʪʘʤʧʝʨʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʄʆʇ ʧʨʠʙʦʨʦʚ ʚ ʩʣʫʯʘʝ ʧʦʣʦʞʠʪʝʣʴʥʦʛʦ ʩʤʝʱʝʥʠʷ  

ʦʙʨʘʪʥʦʛʦ ʟʘʨʷʜʘ (+5 ɺ): 1 ï Vg = ï 2 ɺ, 2 ï Vg = -3 ɺ, 3 ï Vg = ï 4 ɺ 

 

 

 
ʈʠʩ. 3. ʉʙʦʨ ʵʣʝʢʪʨʦʥʦʚ ʥʘ ʢʨʝʤʥʠʝʚʦʡ ʧʣʝʥʢʝ: 1 ï ʛʝʥʝʨʠʨʦʚʘʥʠʝ ʜʳʨʦʢ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ (ʥʘ ʛʨʘʥʠʮʝ) 

ʦʢʠʩʥʦʡ ʧʣʝʥʢʠ; 2 ï ʟʘʭʚʘʪ ʜʳʨʦʢ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ (ʛʨʘʥʠʮʝ) ʦʙʨʘʪʥʦʛʦ ʧʝʨʝʭʦʜʘ; 3 ï ʩʙʦʨ ʵʣʝʢʪʨʦʥʦʚ  

ʥʘ ʦʙʨʘʪʥʦʡ ʩʪʦʨʦʥʝ ʢʨʝʤʥʠʷ; 4 ï ʫʤʝʥʴʰʝʥʠʝ ʦʙʣʘʩʪʠ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʟʘʨʷʜʘ 

 

ʊʨʘʥʟʠʩʪʦʨʳ ʧʦʜʚʝʨʛʘʣʠʩʴ ʦʙʣʫʯʝʥʠʶ ʦʪ ʠʩʪʦʯʥʠʢʘ ʧʨʠ ʥʘʧʨʷʞʝʥʠʠ ʥʘ ʟʘʪʚʦʨʝ +5 ɺ. ʅʘ ʨʠʩ. 4 

ʧʨʝʜʩʪʘʚʣʝʥʘ ʟʘʚʠʩʠʤʦʩʪʴ ʦʪʥʦʰʝʥʠʷ ʩʜʚʠʛʘ ʧʦʨʦʛʦʚʦʛʦ ʥʘʧʨʷʞʝʥʠʷ ʧʨʠ ʦʙʣʫʯʝʥʠʠ ʢ ʜʦʟʝ ʦʙʣʫʯʝʥʠʷ 

ʦʪ ʰʠʨʠʥʳ ʢʘʥʘʣʘ ʠ ʪʦʣʱʠʥʝ ʧʦʜʟʘʪʚʦʨʥʦʛʦ ʦʢʠʩʣʘ tʦʭ =35 ʥʤ. 

 
ʈʠʩ. 4. ɿʘʚʠʩʠʤʦʩʪʴ ʦʪʥʦʰʝʥʠʷ ʩʜʚʠʛʘ ʧʦʨʦʛʦʚʦʛʦ ʥʘʧʨʷʞʝʥʠʷ  

ʧʨʠ ʦʙʣʫʯʝʥʠʠ ʢ ʜʦʟʝ ʦʙʣʫʯʝʥʠʷ (DVʊ /ʜʦʟʘ [ʤɺ/ʂʨʘʜ]) ʦʪ ʰʠʨʠʥʳ ʢʘʥʘʣʘ 

 

ɺʠʜʥʦ, ʯʪʦ, ʥʘʯʠʥʘʷ ʩ 4 ʤʢʤ ʩʥʠʞʝʥʠʝ ʰʠʨʠʥʳ ʢʘʥʘʣʘ ʩʦʧʨʦʚʦʞʜʘʝʪʩʷ ʙʳʩʪʨʳʤ ʨʦʩʪʦʤ ʨʘʜʠʘʮʠ-

ʦʥʥʦʡ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʠ. ʕʪʦʪ ʵʬʬʝʢʪ ʩʣʝʜʫʝʪ ʫʯʠʪʳʚʘʪʴ ʧʨʠ ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʦʡ ʤʠʥʠʘʪʶʨʠʟʘʮʠʠ 

ʄʆʇ-ʩʪʨʫʢʪʫʨ, ʧʨʝʜʥʘʟʥʘʯʝʥʥʳʭ ʜʣʷ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʚ ʨʘʜʠʘʮʠʦʥʥʦ-ʩʪʦʡʢʠʭ ʩʚʝʨʭʙʦʣʴʰʠʭ ʀʉ. 


