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ɸʥʥʦʪʘʮʠʷ 

ɹʦʣʴʰʠʥʩʪʚʦ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʦʙʲʝʢʪʦʚ ʧʨʝʜʧʨʠʷʪʠʡ ʥʝʬʪʝʛʘʟʦʚʦʡ ʦʪʨʘʩʣʠ ʠʤʝʶʪ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʝ 

ʨʘʩʧʨʝʜʝʣʝʥʠʝ. ʇʦʵʪʦʤʫ ʩʦʚʨʝʤʝʥʥʳʡ ʧʦʜʭʦʜ ʢ ʘʚʪʦʤʘʪʠʟʘʮʠʠ ʪʘʢʠʭ ʧʨʝʜʧʨʠʷʪʠʡ ʧʦʜʨʘʟʫʤʝʚʘʝʪ ʰʠʨʦ-

ʢʦʝ ʧʨʠʤʝʥʝʥʠʝ ʛʝʦʠʥʬʦʨʤʘʮʠʦʥʥʳʭ ʩʠʩʪʝʤ. ʅʝʦʙʭʦʜʠʤʦ ʚʳʷʩʥʠʪʴ ʥʘʩʢʦʣʴʢʦ ʵʬʬʝʢʪʠʚʥʦ ʠ ʧʦʣʝʟʥʦ ʠʩ-

ʧʦʣʴʟʦʚʘʥʠʝ ɻʀʉ ʚ ʩʦʚʨʝʤʝʥʥʦʤ ʤʠʨʝ.  

Abstract 

Most of the technological facilities of the oil and gas industry have a spatial distribution. Therefore, the mod-

ern approach to the automation of such enterprises implies the widespread use of geographic information systems. 

It is necessary to find out how effective and useful the use of GIS is in the modern world. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ɻʝʦʠʥʬʦʨʤʘʮʠʦʥʥʳʝ ʩʠʩʪʝʤʳ, ʪʝʭʥʦʣʦʛʠʷ, ʨʦʣʴ, ʥʝʬʪʝʛʘʟʦʚʦʝ ʜʝʣʦ. 

Keywords: Geographic information systems, technology, role, oil and gas industry. 

 

ɺʚʝʜʝʥʠʝ 
ɹʦʣʴʰʠʥʩʪʚʦ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʦʙʲʝʢʪʦʚ ʧʨʝʜ-

ʧʨʠʷʪʠʡ ʥʝʬʪʝʛʘʟʦʚʦʡ ʦʪʨʘʩʣʠ ʠʤʝʶʪ ʧʨʦʩʪʨʘʥ-

ʩʪʚʝʥʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ. ʇʦʵʪʦʤʫ ʩʦʚʨʝʤʝʥʥʳʡ 

ʧʦʜʭʦʜ ʢ ʘʚʪʦʤʘʪʠʟʘʮʠʠ ʪʘʢʠʭ ʧʨʝʜʧʨʠʷʪʠʡ ʧʦʜʨʘ-

ʟʫʤʝʚʘʝʪ ʰʠʨʦʢʦʝ ʧʨʠʤʝʥʝʥʠʝ ʛʝʦʠʥʬʦʨʤʘʮʠʦʥ-

ʥʳʭ ʩʠʩʪʝʤ. ʀʥʪʝʛʨʘʮʠʷ ɻʀʉ ʩ ʜʘʥʥʳʤʠ ʜʠʩʪʘʥʮʠ-

ʦʥʥʦʛʦ ʟʦʥʜʠʨʦʚʘʥʠʷ ɿʝʤʣʠ ʠ GPS-ʠʟʤʝʨʝʥʠʷʤʠ 

ʧʦʟʚʦʣʷʝʪ ʧʦʣʫʯʘʪʴ ʦʧʝʨʘʪʠʚʥʫʶ ʠ ʜʦʩʪʦʚʝʨʥʫʶ 

ʠʥʬʦʨʤʘʮʠʶ ʧʨʠ ʨʝʰʝʥʠʠ ʤʥʦʛʠʭ ʧʨʘʢʪʠʯʝʩʢʠʭ 

ʟʘʜʘʯ ï ʦʪ ʫʧʨʘʚʣʝʥʠʷ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʤ ʦʙʲʝʢʪʦʤ 

ʜʦ ʦʙʦʩʥʦʚʘʥʠʷ ʠʥʚʝʩʪʠʮʠʦʥʥʳʭ ʟʘʪʨʘʪ. 

ʄʘʪʝʨʠʘʣʳ ʠ ʤʝʪʦʜʳ 

ʀʩʪʦʨʠʯʝʩʢʘʷ ʩʧʨʘʚʢʘ. ʇʦʥʷʪʠʝ ɻʀʉ ʠ ʝʝ 

ʟʘʜʘʯʠ 

ɻʝʦʛʨʘʬʠʯʝʩʢʠʝ ʠʥʬʦʨʤʘʮʠʦʥʥʳʝ ʩʠʩʪʝʤʳ 

(ɻʀʉ) ʢʘʢ ʦʙʣʘʩʪʴ ʠʥʬʦʨʤʘʮʠʦʥʥʳʭ ʪʝʭʥʦʣʦʛʠʡ ʟʘ-

ʨʦʜʠʣʠʩʴ ʚ ʢʦʥʮʝ 1960-ʭ ʛʦʜʦʚ. ʆʜʥʘʢʦ ʤʘʩʰʪʘʙʥʦʝ 

ʚʥʝʜʨʝʥʠʝ ʵʪʠʭ ʩʠʩʪʝʤ ʩʜʝʨʞʠʚʘʣ ʥʝʜʦʩʪʘʪʦʯʥʳʡ 

ʫʨʦʚʝʥʴ ʨʘʟʚʠʪʠʷ ʚʳʯʠʩʣʠʪʝʣʴʥʦʡ ʪʝʭʥʠʢʠ. ʊʦʣʴʢʦ 

ʩ ʩʝʨʝʜʠʥʳ 1980-ʭ ʛʦʜʦʚ ʥʘʯʘʣʩʷ ʙʫʨʥʳʡ ʨʦʩʪ ʵʪʦʡ 

IT-ʦʙʣʘʩʪʠ, ʦʙʫʩʣʦʚʣʝʥʥʳʡ ʥʝʙʳʚʘʣʳʤʠ ʪʝʤʧʘʤʠ 

ʨʘʟʚʠʪʠʷ ʢʦʤʧʴʶʪʝʨʥʦʡ ʠʥʜʫʩʪʨʠʠ. 

ɻʝʦʛʨʘʬʠʯʝʩʢʘʷ ʠʥʬʦʨʤʘʮʠʦʥʥʘʷ ʩʠʩʪʝʤʘ ï 

ʧʨʦʛʨʘʤʤʥʦ-ʘʧʧʘʨʘʪʥʳʡ ʢʦʤʧʣʝʢʩ, ʦʩʫʱʝʩʪʚʣʷʶ-

ʱʠʡ ʩʙʦʨ, ʦʪʦʙʨʘʞʝʥʠʝ, ʦʙʨʘʙʦʪʢʫ, ʘʥʘʣʠʟ ʠ ʨʘʩ-

ʧʨʦʩʪʨʘʥʝʥʠʝ ʠʥʬʦʨʤʘʮʠʠ ʦ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦ ʨʘʩ-

ʧʨʝʜʝʣʝʥʥʳʭ ʦʙʲʝʢʪʘʭ ʠ ʷʚʣʝʥʠʷʭ ʥʘ ʦʩʥʦʚʝ ʵʣʝʢ-

ʪʨʦʥʥʳʭ ʢʘʨʪ, ʩʚʷʟʘʥʥʳʭ ʩ ʥʠʤʠ ʙʘʟ ʜʘʥʥʳʭ ʠ 

ʩʦʧʫʪʩʪʚʫʶʱʠʭ ʤʘʪʝʨʠʘʣʦʚ. 

ɺ ʦʙʱʝʤ ʩʣʫʯʘʝ ɻʀʉ ʧʦʟʚʦʣʷʶʪ ʨʝʰʘʪʴ ʚ ʪʨʠ 

ʢʣʘʩʩʘ ʟʘʜʘʯ: 

1. ʠʥʬʦʨʤʘʮʠʦʥʥʦ ï ʩʧʨʘʚʦʯʥʳʝ; 

2. ʩʝʪʝʚʦʡ ʘʥʘʣʠʟ; 

3. ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʡ ʘʥʘʣʠʟ ʠ 

ʤʦʜʝʣʠʨʦʚʘʥʠʝ. 

ʆʩʥʦʚʥʘʷ ʠʜʝʷ ɻʀʉ 

ʌʘʢʪʠʯʝʩʢʠ ɻʀʉ - ʵʪʦ ʠʥʬʦʨʤʘʮʠʦʥʥʳʝ ʩʠ-

ʩʪʝʤʳ ʩ ʛʝʦʛʨʘʬʠʯʝʩʢʠ ʦʨʛʘʥʠʟʦʚʘʥʥʦʡ ʠʥʬʦʨʤʘ-

ʮʠʝʡ. ɺ ʧʨʦʩʪʝʡʰʝʤ ʚʘʨʠʘʥʪʝ ʛʝʦʠʥʬʦʨʤʘʮʠʦʥʥʳʝ 

ʩʠʩʪʝʤʳ - ʵʪʦ ʩʦʯʝʪʘʥʠʝ ʦʙʳʯʥʳʭ ʙʘʟ ʜʘʥʥʳʭ ʩ 
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ʵʣʝʢʪʨʦʥʥʳʤʠ ʢʘʨʪʘʤʠ ʠ ʧʣʘʥʘʤʠ, ʪʦ ʝʩʪʴ ʤʦʱ-

ʥʳʤʠ ʛʨʘʬʠʯʝʩʢʠʤʠ ʩʨʝʜʩʪʚʘʤʠ. ʆʩʥʦʚʥʘʷ ʠʜʝʷ 

ɻʀʉ - ʩʦʝʜʠʥʠʪʴ ʜʘʥʥʳʝ ʥʘ ʢʘʨʪʝ ʠ ʚ ʦʙʳʯʥʦʡ ʙʘʟʝ 

ʜʘʥʥʳʭ. ʇʨʠ ʵʪʦʤ ʧʨʦʷʚʣʷʝʪʩʷ ʦʜʥʦʟʥʘʯʥʦʝ ʩʦʦʪ-

ʚʝʪʩʪʚʠʝ ʢʘʞʜʦʛʦ ʦʪʜʝʣʴʥʦʛʦ ʚʝʢʪʦʨʥʦʛʦ ʵʣʝʤʝʥʪʘ 

ʥʘ ʵʣʝʢʪʨʦʥʥʦʡ ʢʘʨʪʝ ʩ ʦʪʜʝʣʴʥʦʡ ʩʪʨʦʢʦʡ ʚ ʪʘʙ-

ʣʠʮʝ ɹɼ. 

ʄʥʦʛʠʝ ɻʀʉ-ʘʥʘʣʠʪʠʢʠ ʫʪʚʝʨʞʜʘʶʪ, ʯʪʦ ʜʦ 

80% ʠʥʬʦʨʤʘʮʠʠ, ʩʚʷʟʘʥʥʦʡ ʩ ʜʝʷʪʝʣʴʥʦʩʪʴʶ ʯʝʣʦ-

ʚʝʢʘ, ʠʤʝʝʪ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʠ, 

ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʣʝʞʠʪ ʚ ʦʙʣʘʩʪʠ ʢʦʤʧʝʪʝʥʮʠʠ ɻʀʉ. 

ɺʥʝ ʧʨʝʜʝʣʦʚ ɻʀʉ-ʘʥʘʣʠʟʘ ʣʝʞʠʪ ʦʩʪʘʚʰʘʷʩʷ ʯʘʩʪʴ 

ʠʥʬʦʨʤʘʮʠʦʥʥʦʛʦ ʧʨʦʩʪʨʘʥʩʪʚʘ, ʥʝ ʠʤʝʶʱʘʷ ʧʨʦ-

ʩʪʨʘʥʩʪʚʝʥʥʦʡ ʧʨʠʚʷʟʢʠ, ʥʘʧʨʠʤʝʨ, ʙʫʭʛʘʣʪʝʨʠʷ 

ʧʨʝʜʧʨʠʷʪʠʷ. 

ɻʀʉ ʚ ʩʦʚʨʝʤʝʥʥʦʤ ʤʠʨʝ. ʅʦʚʳʝ ʥʘʧʨʘʚʣʝʥʠʷ. 

ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʥʘʤʝʪʠʣʦʩʴ ʥʦʚʦʝ ʥʘʧʨʘʚ-

ʣʝʥʠʝ ʨʘʟʚʠʪʠʷ ɻʀʉ ʚ ʢʘʯʝʩʪʚʝ ʧʝʨʝʜʥʝʛʦ ʠʥʪʝʨ-

ʬʝʡʩʘ, ʠʥʪʝʛʨʠʨʫʶʱʝʛʦ ʪʘʢʠʝ ʠʥʬʦʨʤʘʮʠʦʥʥʳʝ 

ʩʠʩʪʝʤʳ, ʢʘʢ ʉʋɹɼ, ɸʉʋ ʊʇ, ERP. ʆʩʦʙʝʥʥʦ ʵʪʦ 

ʷʨʢʦ ʧʨʦʷʚʣʷʝʪʩʷ ʚ ʧʨʝʜʧʨʠʷʪʠʷʭ ʥʝʬʪʝʛʘʟʦʚʦʡ ʦʪ-

ʨʘʩʣʠ, ʥʘʭʦʜʷʱʠʭʩʷ ʥʘ ʦʩʪʨʠʝ ʨʘʟʚʠʪʠʷ ʠ ʚʥʝʜʨʝ-

ʥʠʷ ʧʝʨʝʯʠʩʣʝʥʥʳʭ ʠʥʬʦʨʤʘʮʠʦʥʥʳʭ ʩʠʩʪʝʤ. 

ɽʩʣʠ ʨʘʩʩʤʘʪʨʠʚʘʪʴ ɻʀʉ ʧʦ ʩʬʝʨʘʤ ʧʨʠʤʝʥʝ-

ʥʠʷ, ʪʦ ʦʩʥʦʚʥʳʤʠ ʥʘʧʨʘʚʣʝʥʠʷʤʠ ʧʨʠʤʝʥʝʥʠʷ 

ɻʀʉ ʚ ʧʨʝʜʧʨʠʷʪʠʷʭ ʥʝʬʪʝʛʘʟʦʚʦʡ ʦʪʨʘʩʣʠ ʷʚʣʷ-

ʶʪʩʷ ʩʣʝʜʫʶʱʠʝ: 

¶ ɻʝʦʣʦʛʠʷ ʠ ʛʝʦʬʠʟʠʢʘ, ʨʘʟʚʝʜʢʘ ʥʝʜʨ; 

¶ ʇʨʦʝʢʪʠʨʦʚʘʥʠʝ ʠ ʧʨʦʢʣʘʜʢʘ 

ʪʨʫʙʦʧʨʦʚʦʜʦʚ; 

¶ ʈʝʰʝʥʠʝ ʩʝʪʝʚʳʭ ʢʦʤʤʫʥʠʢʘʮʠʦʥʥʳʭ 

ʟʘʜʘʯ; 

¶ ʋʧʨʘʚʣʝʥʠʝ ʠʤʫʱʝʩʪʚʦʤ ʠ ʪʝʨʨʠʪʦʨʠʷʤʠ, 
ʢʦʥʪʨʦʣʴ ʟʘ ʩʦʩʪʦʷʥʠʝʤ ʦʙʦʨʫʜʦʚʘʥʠʷ ʠ ʪʨʫʙʦʧʨʦ-

ʚʦʜʦʚ; 

¶ ʕʢʦʣʦʛʠʷ (ʢʦʥʪʨʦʣʴ ʨʘʟʣʠʚʦʚ ʥʝʬʪʠ, 

ʦʮʝʥʢʘ ʫʱʝʨʙʘ, ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʠ ʪ.ʧ.); 

¶ ʋʧʨʘʚʣʝʥʯʝʩʢʠʝ ʟʘʜʘʯʠ, ʧʣʘʥʠʨʦʚʘʥʠʝ. 

ʇʨʠʤʝʨʳ ʧʨʠʤʝʥʝʥʠʷ ɻʀʉ 

ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʫʞʝ ʥʘʭʦʜʠʪ ʧʨʘʢʪʠʯʝʩʢʦʝ 

ʧʨʠʤʝʥʝʥʠʝ ʥʘ ʧʨʝʜʧʨʠʷʪʠʷʭ ʥʝʬʪʝʛʘʟʦʚʦʛʦ ʢʦʤ-

ʧʣʝʢʩʘ ɻʀʉ-ʪʝʭʥʦʣʦʛʠʡ ʠʥʪʝʛʨʠʨʦʚʘʥʥʳʭ ʩ ʜʘʥ-

ʥʳʤʠ ɼɿɿ ʠ GPS. ʅʘʧʨʠʤʝʨ: 

1. ɻʨʫʧʧʘ ʂʦʤʧʘʥʠʡ BG Transco (ɺʝʣʠʢʦʙʨʠ-

ʪʘʥʠʷ) ʦʪʚʝʯʘʝʪ ʟʘ ʦʙʩʣʫʞʠʚʘʥʠʝ ʙʦʣʝʝ ʯʝʤ 10000 

ʢʤ ʧʦʜʟʝʤʥʳʭ ʛʘʟʦʧʨʦʚʦʜʦʚ. ʏʪʦʙʳ ʠʟʙʝʞʘʪʴ ʫʪʝ-

ʯʝʢ ʛʘʟʘ, ʦʯʝʥʴ ʚʘʞʥʦ ʧʨʦʬʠʣʘʢʪʠʯʝʩʢʦʝ ʦʙʩʣʫʞʠ-

ʚʘʥʠʝ ʪʨʫʙʦʧʨʦʚʦʜʦʚ. ʕʪʠ ʞʝ ʤʝʪʦʜʳ ʠʩʧʦʣʴʟʫ-

ʶʪʩʷ ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʤʝʩʪʦʧʦʣʦʞʝʥʠʷ ʩʦʦʨʫʞʝ-

ʥʠʡ, ʥʝʦʙʭʦʜʠʤʦʛʦ ʧʨʠ ʦʮʝʥʢʝ ʧʦʪʝʥʮʠʘʣʴʥʦ 

ʦʧʘʩʥʳʭ ʦʙʣʘʩʪʝʡ ʚʙʣʠʟʠ ʛʘʟʦʧʨʦʚʦʜʘ ʚ ʩʣʫʯʘʝ ʢʨʠ-

ʪʠʯʝʩʢʠʭ ʩʠʪʫʘʮʠʡ. 

ɼʣʷ ʘʥʘʣʠʟʘ ʙʫʬʝʨʥʳʭ ʟʦʥ ʚ ʦʙʣʘʩʪʷʭ ʩ ʚʳʩʦ-

ʢʦʡ ʧʣʦʪʥʦʩʪʴʶ ʥʘʩʝʣʝʥʠʷ ʩʧʝʮʠʘʣʠʩʪʳ BG 

Transco ʠʩʧʦʣʴʟʦʚʘʣʠ ʧʘʥʭʨʦʤʘʪʠʯʝʩʢʦʝ ʩʧʫʪʥʠʢʦ-

ʚʦʝ ʠʟʦʙʨʘʞʝʥʠʝ ʩ ʨʘʟʨʝʰʝʥʠʝʤ ʥʘ ʤʝʩʪʥʦʩʪʠ 1 ʤ. 

ʀʟʦʙʨʘʞʝʥʠʝ ʙʳʣʦ ʧʨʠʚʷʟʘʥʦ ʧʦ ʦʧʦʨʥʳʤ ʪʦʯʢʘʤ, 

ʧʦʣʫʯʝʥʥʳʤ ʩ ʧʦʤʦʱʴʶ GPS-ʧʨʠʝʤʥʠʢʘ. ʅʘ ʠʟʦʙ-

ʨʘʞʝʥʠʝ ʙʳʣʘ ʥʘʣʦʞʝʥʘ ʠ ʚʳʯʠʩʣʝʥʘ 200-ʤʝʪʨʦʚʘʷ 

ʙʫʬʝʨʥʘʷ ʟʦʥʘ ʧʦʪʝʥʮʠʘʣʴʥʦʛʦ ʨʠʩʢʘ ʠ ʚʩʝ ʦʙʲ-

ʝʢʪʳ, ʥʘʭʦʜʷʱʠʝʩʷ ʚ ʥʝʡ. 

2. ʈɸʆ ñʈʦʩʥʝʬʪʝʛʘʟʩʪʨʦʡò ʧʣʘʥʠʨʦʚʘʣʦ ʧʦ-

ʩʪʨʦʡʢʫ ʤʘʛʠʩʪʨʘʣʴʥʦʛʦ ʥʝʬʪʝʧʨʦʚʦʜʘ ʧʨʦʪʷʞʝʥ-

ʥʦʩʪʴʶ 450 ʢʤ ʚ ʅʝʥʝʮʢʦʤ ɸʚʪʦʥʦʤʥʦʤ ʦʢʨʫʛʝ. ɺ 

ʨʘʤʢʘʭ ʧʨʦʝʢʪʘ ʨʝʰʘʣʘʩʴ ʟʘʜʘʯʘ ʩʦʟʜʘʥʠʷ ɻʀʉ, 

ʦʙʝʩʧʝʯʠʚʘʶʱʝʡ ʧʨʦʚʝʜʝʥʠʝ ʧʦʣʥʦʛʦ ʧʨʦʩʪʨʘʥ-

ʩʪʚʝʥʥʦʛʦ ʘʥʘʣʠʟʘ ʜʘʥʥʳʭ ʧʨʠ ʨʝʰʝʥʠʠ ʢʘʢ ʦʙʱʠʭ, 

ʪʘʢ ʠ ʯʘʩʪʥʳʭ ʧʨʠʢʣʘʜʥʳʭ ʟʘʜʘʯ ʥʘ ʚʩʝʭ ʫʨʦʚʥʷʭ ï 

ʦʪ ʦʙʦʩʥʦʚʘʥʠʷ ʠʥʚʝʩʪʠʮʠʦʥʥʳʭ ʟʘʪʨʘʪ ʜʦ ʵʢʩʧʣʫ-

ʘʪʘʮʠʠ ʦʙʲʝʢʪʘ. 

ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʜʘʥʥʳʭ ʪʦʧʦʛʨʘʬʠʯʝʩʢʠʭ ʢʘʨʪ 

ʵʪʦʛʦ ʨʝʛʠʦʥʘ ʦʢʘʟʘʣʦʩʴ ʥʝʚʦʟʤʦʞʥʳʤ ʠʟ-ʟʘ ʠʭ ʥʠʟ-

ʢʦʡ ʜʦʩʪʦʚʝʨʥʦʩʪʠ, ʦʙʫʩʣʦʚʣʝʥʥʦʡ ʩʫʱʝʩʪʚʝʥʥʳʤʠ 

ʚʳʰʝʥʘʟʚʘʥʥʳʤʠ ʠʟʤʝʥʝʥʠʷʤʠ ʧʨʦʠʩʰʝʜʰʠʤʠ ʩ 

ʤʦʤʝʥʪʘ ʠʟʜʘʥʠʷ ʵʪʠʭ ʢʘʨʪ. ʇʦʵʪʦʤʫ ʚ ʢʘʯʝʩʪʚʝ 

ʛʣʘʚʥʦʛʦ ʠʩʪʦʯʥʠʢʘ ʠʥʬʦʨʤʘʮʠʠ ʙʳʣʠ ʠʩʧʦʣʴʟʦ-

ʚʘʥʳ ʩʥʠʤʢʠ ʂɸ Landsat. ʅʘ ʦʩʥʦʚʝ ʮʠʬʨʦʚʦʡ ʤʦ-

ʜʝʣʠ ʨʝʣʴʝʬʘ ʙʳʣʠ ʩʦʟʜʘʥʳ ʮʠʬʨʦʚʳʝ ʤʦʜʝʣʠ ʪʝʨ-

ʨʠʪʦʨʠʠ ʧʣʘʥʠʨʫʝʤʦʛʦ ʦʙʲʝʢʪʘ, ʚʳʧʦʣʥʝʥʳ ʨʘʩ-

ʯʝʪʳ ʫʛʣʦʚ ʧʦʚʦʨʦʪʘ, ʚʝʣʠʯʠʥʳ ʠ ʥʘʧʨʘʚʣʝʥʠʷ 

ʫʢʣʦʥʦʚ ʧʦ ʪʨʘʩʩʝ ʥʝʬʪʝʧʨʦʚʦʜʘ. 

ɿʘʢʣʶʯʝʥʠʝ 

ʋʩʪʦʡʯʠʚʳʡ ʨʦʩʪ ʧʨʠʤʝʥʝʥʠʷ ʛʝʦʠʥʬʦʨʤʘʮʠ-

ʦʥʥʳʭ ʪʝʭʥʦʣʦʛʠʡ ʥʘ ʧʨʝʜʧʨʠʷʪʠʷʭ ʥʝʬʪʝʛʘʟʦʚʦʛʦ 

ʢʦʤʧʣʝʢʩʘ, ʥʘʤʝʪʠʚʰʠʡʩʷ ʚ ʧʦʩʣʝʜʥʝʝ ʚʨʝʤʷ, ʦʙʫ-

ʩʣʦʚʣʝʥ ʥʝ ʪʦʣʴʢʦ ʨʘʟʚʠʪʠʝʤ ʚʦʟʤʦʞʥʦʩʪʝʡ ʩʘʤʠʭ 

ɻʀʉ, ʥʦ ʠ ʪʝʩʥʦʡ ʠʥʪʝʛʨʘʮʠʝʡ ʜʘʥʥʳʭ ʠʥʬʦʨʤʘʮʠ-

ʦʥʥʳʭ ʩʠʩʪʝʤ ʩ GPS-ʪʝʭʥʦʣʦʛʠʷʤʠ ʠ ʪʝʭʥʦʣʦʛʠʷʤʠ 

ʧʦʣʫʯʝʥʠʷ ʠ ʦʙʨʘʙʦʪʢʠ ʜʘʥʥʳʭ ɼɿɿ. ʂʦʤʧʘʥʠʷ 

ñʇʨʘʡʤɻʨʫʧò ʧʨʠʤʝʥʷʝʪ ʢʦʤʧʣʝʢʩʥʳʡ ʧʦʜʭʦʜ ʢ ʩʦ-

ʟʜʘʥʠʶ ɻʀʉ ʟʘʢʘʟʯʠʢʘ, ʠʩʧʦʣʴʟʫʷ ʚʩʝ ʧʝʨʝʯʠʩʣʝʥ-

ʥʳʝ ʤʝʪʦʜʳ ʩʙʦʨʘ ʠ ʦʙʨʘʙʦʪʢʠ ʠʥʬʦʨʤʘʮʠʠ, ʦʩʫ-

ʱʝʩʪʚʣʷʷ ʰʠʨʦʢʠʡ ʢʦʤʧʣʝʢʩ ʫʩʣʫʛ ʧʦ ʩʦʟʜʘʥʠʶ 

ɻʀʉ-ʨʝʰʝʥʠʡ ʚ ʦʙʣʘʩʪʷʭ ʦʪ ʵʢʦʣʦʛʠʯʝʩʢʦʛʦ ʤʦʥʠ-

ʪʦʨʠʥʛʘ ʠ ʧʨʦʝʢʪʥʳʭ ʨʘʙʦʪ ʜʦ ʧʨʠʤʝʥʝʥʠʷ ɻʀʉ ʚ 

ʩʠʩʪʝʤʘʭ ʫʧʨʘʚʣʝʥʠʷ ʠʤʫʱʝʩʪʚʦʤ ʠ ʩʠʩʪʝʤʘʭ ʧʦ 

ʧʦʜʜʝʨʞʢʝ ʧʨʠʥʷʪʠʷ ʨʝʰʝʥʠʡ. 
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ɸʥʥʦʪʘʮʠʷ 

ɺ ʜʘʥʥʦʡ ʩʪʘʪʴʝ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʘʥʘʣʠʟ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʨʘʟʨʘʙʦʪʢʠ ɹʘʚʣʠʥʩʢʦʛʦ ʤʝʩʪʦʨʦʞʜʝʥʠʷ. 

ʆʧʠʩʳʚʘʝʪʩʷ ʜʠʥʘʤʠʢʘ ʧʦʢʘʟʘʪʝʣʝʡ ʨʘʟʨʘʙʦʪʢʠ, ʦʩʥʦʚʥʳʝ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʝ ʧʦʢʘʟʘʪʝʣʠ. ʈʘʩʩʤʘʪʨʠʚʘʶʪʩʷ 

ʤʝʪʦʜʳ ʚʦʟʜʝʡʩʪʚʠʷ ʥʘ ʧʨʠʟʘʙʦʡʥʫʶ ʟʦʥʫ ʧʣʘʩʪʘ. 
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Abstract 

This article discusses the analysis of the efficiency of the development of the Bavlinskoye field. The dynamics 

of development indicators and the main technological indicators are described. Methods of impact on the bottom-

hole zone of the formation are considered. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʨʘʟʨʘʙʦʪʢʘ, ʜʠʥʘʤʠʢʘ ʧʦʢʘʟʘʪʝʣʝʡ ʨʘʟʨʘʙʦʪʢʠ, ʜʝʙʠʪ ʥʝʬʪʠ, ʩʢʚʘʞʠʥʘ, 

ʤʝʩʪʦʨʦʞʜʝʥʠʝ. 

Keywords: development, dynamics of development indicators, oil flow rate, well, field. 

 

ɺʚʝʜʝʥʠʝ 

ɹʘʚʣʠʥʩʢʦʝ ʥʝʬʪʷʥʦʝ ʤʝʩʪʦʨʦʞʜʝʥʠʝ ʨʘʩʧʦʣʦ-

ʞʝʥʦ ʚ ʶʛʦ-ʚʦʩʪʦʯʥʦʡ ʯʘʩʪʠ ʈʝʩʧʫʙʣʠʢʠ ʊʘʪʘʨʩʪʘʥ, 

ʶʛʦ-ʚʦʩʪʦʯʥʝʝ ʈʦʤʘʰʢʠʥʩʢʦʛʦ ʤʝʩʪʦʨʦʞʜʝʥʠʷ. 

ʆʪʢʨʳʪʦ ʚ 1946 ʛ. ɿʘ ʚʨʝʤʷ ʨʘʟʨʘʙʦʪʢʠ ʩ ʦʩʥʦʚʥʦʡ 

ʟʘʣʝʞʠ ʙʦʙʨʠʢʦʚʩʢʦʛʦ ʛʦʨʠʟʦʥʪʘ ʦʪʦʙʨʘʥʦ ï 64,8 

ʤʣʥ. ʪ ʥʝʬʪʠ. ʊʝʢʫʱʠʡ ʢʦʵʬʬʠʮʠʝʥʪ ʥʝʬʪʝʦʪʜʘʯʠ 

ʩʦʩʪʘʚʠʣ 0,578. ʆʙʚʦʜʥʝʥʥʦʩʪʴ ʜʦʙʳʚʘʝʤʦʡ ʧʨʦ-

ʜʫʢʮʠʠ ʜʦʩʪʠʛʣʘ 83,3 % ʠ ʩʪʘʙʠʣʠʟʠʨʦʚʘʣʘʩʴ. 

ʄʘʪʝʨʠʘʣʳ ʠ ʤʝʪʦʜʳ 

ʅʘ ʤʝʩʪʦʨʦʞʜʝʥʠʠ ʚʳʜʝʣʝʥʦ ʪʨʠ ʦʩʥʦʚʥʳʭ 

ʦʙʲʝʢʪʘ ʨʘʟʨʘʙʦʪʢʠ: ʢʠʟʝʣʦʚʩʢʠʡ, ʙʦʙʨʠʢʦʚʩʢʠʡ ʠ 

ʜʝʚʦʥʩʢʠʡ. ʆʩʥʦʚʥʳʤʠ ʥʝʬʪʝʩʦʜʝʨʞʘʱʠʤʠ 

ʢʦʤʧʣʝʢʩʘʤʠ ʷʚʣʷʶʪʩʷ: ʪʝʨʨʠʛʝʥʥʳʝ ʦʪʣʦʞʝʥʠʷ 

ʚʝʨʭʥʝʛʦ ʜʝʚʦʥʘ ʟʘʣʝʛʘʶʪ ʥʘ ʛʣʫʙʠʥʝ 1700 ʤ. ʇʦʜ 

ʥʠʤʠ ʟʘʣʝʛʘʶʪ ʪʝʨʨʠʛʝʥʥʳʝ ʦʪʣʦʞʝʥʠʷ ʩʨʝʜʥʝʛʦ 

ʜʝʚʦʥʘ. ʕʎʅ ʩʧʫʩʢʘʶʪʩʷ ʥʘ ʛʣʫʙʠʥʫ 1400 ï 1500 ʤ; 

ʪʝʨʨʠʛʝʥʥʳʝ ʠ ʢʘʨʙʦʥʘʪʥʳʝ ʧʨʦʜʫʢʪʠʚʥʳʝ 

ʦʪʣʦʞʝʥʠʷ ʥʠʞʥʝʛʦ ʢʘʨʙʦʥʘ ʟʘʣʝʛʘʶʪ ʚ ʠʥʪʝʨʚʘʣʝ 

ʛʣʫʙʠʥ 1000 ï 1200 ʤ. ʕʎʅ ʩʧʫʩʢʘʶʪʩʷ ʥʘ ʛʣʫʙʠʥʫ 

900 ï 1200 ʤ; ʚ ʩʢʚʘʞʠʥʘʭ, ʧʨʦʙʫʨʝʥʥʳʭ ʥʘ ʟʘʣʝʞʠ 

ʩʨʝʜʥʝʛʦ ʢʘʨʙʦʥʘ, ʋʕʎʅ ʥʝ ʠʩʧʦʣʴʟʫʶʪʩʷ, ʧʦʪʦʤʫ 

ʯʪʦ ʤʘʣʘʷ ʧʨʦʜʫʢʪʠʚʥʦʩʪʠ ʧʣʘʩʪʦʚ ʠ ʚʳʩʦʢʘʷ 

ʚʷʟʢʦʩʪʴ ʥʝʬʪʠ.  

ɺ ʮʝʣʦʤ, ʥʘ ʪʝʨʨʠʪʦʨʠʠ ɹʘʚʣʠʥʩʢʦʛʦ ʤʝʩʪʦ-

ʨʦʞʜʝʥʠʷ ʚʳʜʝʣʷʝʪʩʷ ʧʷʪʴ ʩʪʨʫʢʪʫʨʥʦ-ʤʦʨʬʦʣʦʛʠ-

ʯʝʩʢʠ ʦʙʦʩʦʙʣʝʥʥʳʭ ʫʯʘʩʪʢʦʚ: ʩʦʙʩʪʚʝʥʥʦ ɹʘʚʣʠʥ-

ʩʢʠʡ (ʆʩʥʦʚʥʘʷ ʟʘʣʝʞʴ), ɾʤʘʢʠʥʩʢʠʡ, ʩʝʚʝʨʦ-ʚʦ-

ʩʪʦʯʥʳʡ, Hoʚo-ɹʘʚʣʠʥʩʢʠʡ ʠ ʂʨʳʤ-ʉʘʨʘʡʩʢʠʡ. 

ʆʩʘʜʦʯʥʘʷ ʪʦʣʱʘ ʧʨʝʜʩʪʘʚʣʝʥʘ ʦʪʣʦʞʝʥʠʷʤʠ ʜʝ-

ʚʦʥʩʢʦʡ, ʢʘʤʝʥʥʦʫʛʦʣʴʥʦʡ, ʧʝʨʤʩʢʦʡ ʠ ʯʝʪʚʝʨʪʠʯ-

ʥʦʡ ʩʠʩʪʝʤ. 

ʅʘʠʙʦʣʝʝ ʧʨʦʜʫʢʪʠʚʝʥ ʧʘʰʠʡʩʢʠʡ ʛʦʨʠʟʦʥʪ ʥʘ 

ʪʨʝʭ ʧʣʦʱʘʜʷʭ ɹʘʚʣʠʥʩʢʦʛʦ ʤʝʩʪʦʨʦʞʜʝʥʠʷ - ʩʦʙ-

ʩʪʚʝʥʥʦ ɹʘʚʣʠʥʩʢʦʡ, ʩʝʚʝʨʦ-ʚʦʩʪʦʯʥʦʡ, Hoʚo-ɹʘʚ-

ʣʠʥʩʢʦʡ (ʨʠʩ. 1). 

ɺ ʦʪʣʦʞʝʥʠʷʭ ʧʘʰʠʡʩʢʦʛʦ ʛʦʨʠʟʦʥʪʘ ʚʳʜʝ-

ʣʝʥʦ ʰʝʩʪʴ ʟʘʣʝʞʝʡ ʥʝʬʪʠ, ʚ ʮʝʣʦʤ ʦʢʦʥʪʫʨʝʥʥʳʭ 

ʠʟʦʛʠʧʩʦʡ ʤʠʥʫʩ 1490 ʤ ʠ ʦʪʣʠʯʘʶʱʠʭʩʷ ʧʦ ʩʚʦʠʤ 

ʨʘʟʤʝʨʘʤ ʠ ʘʤʧʣʠʪʫʜʝ. ʊʘʢ, ʥʘʠʙʦʣʝʝ ʢʨʫʧʥʘʷ ʠʟ 

ʥʠʭ ʩʦʙʩʪʚʝʥʥʦ ɹʘʚʣʠʥʩʢʘʷ ʧʣʘʩʪʦʚʦ-ʩʚʦʜʦʚʘʷ ʟʘ-

ʣʝʞʴ ʠʤʝʝʪ ʨʘʟʤʝʨʳ 10Ĭ15 ʢʤ ʠ ʚʳʩʦʪʫ ʦʢʦʣʦ 25 ʤ. 

ʉʨʝʜʥʷʷ ʘʙʩʦʣʶʪʥʘʷ ʦʪʤʝʪʢʘ ɺʅʂ ʟʘʣʝʞʠ ʨʘʚʥʘ 

ʤʠʥʫʩ 1488,3 ʤ. ʉʨʝʜʥʷʷ ʥʝʬʪʝʥʘʩʳʱʝʥʥʘʷ ʪʦʣ-

ʱʠʥʘ - 10,6 ʤ. ʆʥʠ ʭʘʨʘʢʪʝʨʠʟʫʶʪʩʷ ʜʦʩʪʘʪʦʯʥʦʡ 

ʩʪʝʧʝʥʴʶ ʦʜʥʦʨʦʜʥʦʩʪʠ (ʢʦʵʬʬʠʮʠʝʥʪ ʨʘʩʯʣʝʥʝʥ-

ʥʦʩʪʠ ʩʦʩʪʘʚʣʷʝʪ 2, ʢʦʵʬʬʠʮʠʝʥʪ ʧʝʩʯʘʥʠʩʪʦʩʪʠ - 

0,853) ʠ ʚ ʩʨʝʜʥʝʤ ʚʳʩʦʢʠʤʠ ʟʥʘʯʝʥʠʷʤʠ ʢʦʣʣʝʢ-

ʪʦʨʩʢʠʭ ʩʚʦʡʩʪʚ (ʧʦʨʠʩʪʦʩʪʴ - 20,4%, ʧʨʦʥʠʮʘʝ-

ʤʦʩʪʴ - 0,649 ʤʢʤ2, ʥʝʬʪʝʥʘʩʳʱʝʥʥʦʩʪʴ - 0,85) [1]. 

 

  

ʈʠʩʫʥʦʢ 1 - ʉʪʨʫʢʪʫʨʥʘʷ ʢʘʨʪʘ ʧʣʘʩʪʘ ɼ1 ʧʘʰʠʡʩʢʦʛʦ ʛʦʨʠʟʦʥʪʘ ʆʩʥʦʚʥʦʡ ʟʘʣʝʞʠ 

 

ʈʘʟʙʫʨʠʚʘʥʠʝ ʦʙʲʝʢʪʦʚ ʨʘʟʨʘʙʦʪʢʠ 

ʧʨʝʜʫʩʤʦʪʨʝʥʦ ʧʦ ʩʝʪʢʝ 400Ĭ400 ʤ. ɺ ʮʝʣʦʤ ʧʦ 

ʤʝʩʪʦʨʦʞʜʝʥʠʶ ʧʨʦʝʢʪʥʳʡ ʬʦʥʜ ʩʢʚʘʞʠʥ, 

ʥʘʤʝʯʝʥʥʳʭ ʢ ʙʫʨʝʥʠʶ, ʩʦʩʪʘʚʠʣ 235 ʩʢʚʘʞʠʥʫ, ʠʟ 

ʥʠʭ 134 ʜʦʙʳʚʘʶʱʘʷ) ʠ 102 ʥʘʛʥʝʪʘʪʝʣʴʥʳʭ. 

ʆʙʱʠʡ ʬʦʥʜ (ʩ ʫʯʝʪʦʤ ʧʨʦʙʫʨʝʥʥʳʭ) ʫʪʚʝʨʞʜʝʥ ʚ 

ʢʦʣʠʯʝʩʪʚʝ 301 ʩʢʚʘʞʠʥʳ. 

ɺ ʦʙʱʝʤ ʦʙʲʝʤʝ ʜʦʙʳʯʠ ʥʝʬʪʠ 38,4 % ʜʦʙʳʪʦ 

ʠʟ ʢʠʟʝʣʦʚʩʢʦʛʦ ʛʦʨʠʟʦʥʪʘ, 25,6 % ï ʠʟ 

ʙʦʙʨʠʢʦʚʩʢʦʛʦ, 20,8 % ï ʠʟ ʧʘʰʠʡʩʢʦʛʦ, 7,7 % ï ʠʟ 

ʚʦʨʦʙʴʝʚʩʢʦʛʦ, 6,3 % ï ʠʟ ʘʨʜʘʪʦʚʩʢʦʛʦ, 0,8 % ï ʠʟ 

ʟʘʚʦʣʞʩʢʦʛʦ, 0,4 % ï ʠʟ ʜʘʥʢʦʚʦ-ʣʝʙʝʜʷʥʩʢʦʛʦ. 

ʈʘʩʩʤʦʪʨʠʤ ʦʩʦʙʝʥʥʦʩʪʠ ʨʘʟʨʘʙʦʪʢʠ 

ʵʢʩʧʣʫʘʪʘʮʠʦʥʥʳʭ ʦʙʲʝʢʪʦʚ ʤʝʩʪʦʨʦʞʜʝʥʠʷ [2, 3, 

4]. 

ɺ ʮʝʣʦʤ ʧʦ ʤʝʩʪʦʨʦʞʜʝʥʠʶ ʧʦ ʩʦʩʪʦʷʥʠʶ ʥʘ 

2016 ʛʦʜʘ ʜʦʙʳʪʦ 2,288 ʤʣʥ. ʪ ʥʝʬʪʠ, ʯʪʦ ʩʦʩʪʘʚʣʷʝʪ 

46,9 % ʦʪ ʅʀɿ. ʊʝʢʫʱʠʡ ʂʀʅ ï 0,104. ʅʘʢʦʧʣʝʥʥʘʷ 

ʜʦʙʳʯʘ ʞʠʜʢʦʩʪʠ 14254,6 ʪʳʩ. ʪ. ʉʫʤʤʘʨʥʳʡ 

ʚʦʜʦʥʝʬʪʷʥʦʡ ʬʘʢʪʦʨ ʚ ʮʝʣʦʤ ʧʦ ʤʝʩʪʦʨʦʞʜʝʥʠʶ 

ʩʦʩʪʘʚʠʣ 2,64. ʆʪʤʝʯʝʥʦ, ʯʪʦ ʚʝʩʴʤʘ ʚʳʩʦʢʠʡ ɺʅʌ 

(9,6 ʜʦʣʠ ʝʜ.) ʥʘ ʧʘʰʠʡʩʢʦʤ ʛʦʨʠʟʦʥʪʝ, ʥʘ 

ʦʩʪʘʣʴʥʳʭ ʛʦʨʠʟʦʥʪʘʭ ï ʦʪ 0,5 ʜʦ 2,2. 

ʇʨʝʜʚʘʨʠʪʝʣʴʥʳʡ ʘʥʘʣʠʟ ʧʦʢʘʟʳʚʘʝʪ, ʯʪʦ (ʩ 

ʫʯʝʪʦʤ ʫʩʣʦʚʠʡ ʵʬʬʝʢʪʠʚʥʦʛʦ ʧʨʠʤʝʥʝʥʠʷ, 

ʦʛʨʘʥʠʯʝʥʠʡ, ʧʨʠʥʮʠʧʦʚ, ʥʘʢʦʧʣʝʥʥʦʛʦ ʦʧʳʪʘ ʠ 

ʧʨʝʜʝʣʦʚ ʨʝʥʪʘʙʝʣʴʥʦʛʦ ʧʨʠʤʝʥʝʥʠʷ ʪʝʭʥʦʣʦʛʠʡ) 

ʧʨʠ ʨʘʟʨʘʙʦʪʢʝ ʪʝʨʨʠʛʝʥʥʳʭ ʠ ʢʘʨʙʦʥʘʪʥʳʭ 

ʧʣʘʩʪʦʚ ɹʘʚʣʠʥʩʢʦʛʦ ʤʝʩʪʦʨʦʞʜʝʥʠʷ 

ʮʝʣʝʩʦʦʙʨʘʟʥʦ ʧʨʠʤʝʥʝʥʠʝ ʪʝʭʥʦʣʦʛʠʡ, ʢʨʘʪʢʦʝ 

ʦʧʠʩʘʥʠʝ ʢʦʪʦʨʳʭ ʧʨʠʚʝʜʝʥʦ ʥʠʞʝ [5, 6]. 

ɼʣʷ ʚʦʟʜʝʡʩʪʚʠʷ ʥʘ ʧʣʘʩʪʳ ʩ ʮʝʣʴʶ 

ʫʚʝʣʠʯʝʥʠʷ ʧʨʦʜʫʢʪʠʚʥʦʩʪʠ ʧʨʝʜʫʩʤʘʪʨʠʚʘʝʪʩʷ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʤʝʪʦʜʦʚ ʩʪʠʤʫʣʷʮʠʠ ʜʦʙʳʚʘʶʱʠʭ 



8 The scientific heritage No 64 (2021) 

ʩʢʚʘʞʠʥ. ɺ ʢʘʯʝʩʪʚʝ ʤʝʪʦʜʘ ʩʪʠʤʫʣʷʮʠʠ ʩʢʚʘʞʠʥ ʚ 

ʪʝʨʨʠʛʝʥʥʳʭ ʦʪʣʦʞʝʥʠʷʭ ʧʘʰʠʡʩʢʦʛʦ, 

ʘʨʜʘʪʦʚʩʢʦʛʦ ʠ ʚʦʨʦʙʴʝʚʩʢʦʛʦ ʛʦʨʠʟʦʥʪʦʚ 

ʧʨʝʜʣʘʛʘʝʪʩʷ ʘʢʫʩʪʠʢʦ-ʭʠʤʠʯʝʩʢʦʝ ʚʦʟʜʝʡʩʪʚʠʝ 

(ɸʍɺ), ʢʠʩʣʦʪʥʳʡ ʧʦʚʝʨʭʥʦʩʪʥʦ-ʘʢʪʠʚʥʳʡ ʩʦʩʪʘʚ 

(ʂʇɸʉ), ʢʠʩʣʦʪʥʳʡ ʩʦʩʪʘʚ ʢʦʤʧʣʝʢʩʥʦʛʦ ʜʝʡʩʪʚʠʷ 

(ʂʉʇʕʆ-4), ʢʦʤʧʣʝʢʩʥʦʝ ʭʠʤʠʢʦ-ʜʝʧʨʝʩʩʠʦʥʥʦʝ 

ʚʦʟʜʝʡʩʪʚʠʝ (ʂʍɼɺ).  

ʇʨʠ ʨʘʟʨʘʙʦʪʢʝ ʟʘʣʝʞʝʡ ʥʝʬʪʠ ʚ 

ʥʠʟʢʦʧʨʦʥʠʮʘʝʤʳʭ ʪʝʨʨʠʛʝʥʥʳʭ ʢʦʣʣʝʢʪʦʨʘʭ ʚ 

ʢʘʯʝʩʪʚʝ ʧʝʨʚʦʥʘʯʘʣʴʥʦʛʦ ʩʧʦʩʦʙʘ 

ʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥʠʷ ʟʘʚʦʜʥʝʥʠʷ ʧʨʝʜʣʘʛʘʝʪʩʷ 

ʟʘʢʘʯʢʘ ʚʦʜʦʨʘʩʪʚʦʨʠʤʳʭ ʧʦʚʝʨʭʥʦʩʪʥʦ-ʘʢʪʠʚʥʳʭ 

ʚʝʱʝʩʪʚ (ʪʠʧʘ ʆʇ-10) ʧʨʠ ʧʝʨʚʠʯʥʦʤ ʚʳʪʝʩʥʝʥʠʠ 

ʥʝʬʪʠ [7-10]. 

ɼʣʷ ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ ʧʨʠʝʤʠʩʪʦʩʪʠ 

ʥʘʛʥʝʪʘʪʝʣʴʥʳʭ ʩʢʚʘʞʠʥ ʪʝʨʨʠʛʝʥʥʦʛʦ ʜʝʚʦʥʘ 

ʨʝʢʦʤʝʥʜʫʝʪʩʷ ʵʤʫʣʴʩʠʦʥʥʳʡ ʢʠʩʣʦʪʥʳʡ ʩʦʩʪʘʚ 

ʂʉʇʕʆ-ʈ. ɺ ʢʘʯʝʩʪʚʝ ʤʝʪʦʜʘ ʩʪʠʤʫʣʷʮʠʠ ʩʢʚʘʞʠʥ 

ʚ ʪʝʨʨʠʛʝʥʥʳʭ ʢʦʣʣʝʢʪʦʨʘʭ ʙʦʙʨʠʢʦʚʩʢʦʛʦ 

ʛʦʨʠʟʦʥʪʘ ʨʝʢʦʤʝʥʜʫʝʪʩʷ ʚʦʟʜʝʡʩʪʚʠʝ ʥʘ 

ʧʨʠʟʘʙʦʡʥʫʶ ʟʦʥʫ ʧʣʘʩʪʘ ʢʠʩʣʦʪʥʳʤ 

ʧʦʚʝʨʭʥʦʩʪʥʦ-ʘʢʪʠʚʥʳʤ ʩʦʩʪʘʚʦʤ (ʂʇɸʉ), ʫʜʘʨʥʦ-

ʜʝʧʨʝʩʩʠʦʥʥʦʝ ʚʦʟʜʝʡʩʪʚʠʝ (ʋɼɺ), ʦʙʨʘʙʦʪʢʠ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʢʠʩʣʦʪʥʳʭ ʩʦʩʪʘʚʦʚ ʂʉʇʕʆ-4, 

ʂʉʇʕʆ-ʈ  

ɺ ʢʘʯʝʩʪʚʝ ʤʝʪʦʜʘ ʚʦʜʦʦʛʨʘʥʠʯʝʥʠʷ ʩʢʚʘʞʠʥ 

ʙʦʙʨʠʢʦʚʩʢʦʛʦ ʠ ʧʘʰʠʡʩʢʦʛʦ ʛʦʨʠʟʦʥʪʦʚ 

ʧʨʝʜʣʘʛʘʝʪʩʷ ʧʨʠʤʝʥʝʥʠʝ ʤʝʪʦʜʘ ʥʘ ʦʩʥʦʚʝ ʟʘʢʘʯʝʢ 

ʚʷʟʢʦʫʧʨʫʛʠʭ  

ʩʦʩʪʘʚʦʚ (ɺʋʉ). ʅʘ ʢʘʨʙʦʥʘʪʥʳʝ ʧʣʘʩʪʳ 

ʢʠʟʝʣʦʚʩʢʦʛʦ ʛʦʨʠʟʦʥʪʘ ʧʨʠ ʜʦʩʪʠʞʝʥʠʠ ʩʨʝʜʥʝʡ 

ʩʪʘʜʠʠ ʚʳʨʘʙʦʪʘʥʥʦʩʪʠ ʟʘʣʝʞʝʡ ʥʝʬʪʠ 

ʧʨʝʜʣʘʛʘʝʪʩʷ ʧʨʦʚʝʜʝʥʠʝ ʛʣʫʙʦʢʦʛʦ ʩʦʣʷʥʦ-

ʢʠʩʣʦʪʥʦʛʦ ʚʦʟʜʝʡʩʪʚʠʷ (ɻʉʂɺ) ʥʘ ʧʨʠʟʘʙʦʡʥʫʶ 

ʟʦʥʫ ʧʣʘʩʪʘ, ʢʠʩʣʦʪʥʦ-ʠʤʧʣʦʟʠʦʥ-ʥʦʛʦ ʚʦʟʜʝʡʩʪʚʠʷ 

(ʂʀɺ), ʢʦʤʧʣʝʢʩʥʦʛʦ ʭʠʤʠʢʦ-ʜʝʧʨʝʩʩʠʦʥʥʦʛʦ 

ʚʦʟʜʝʡʩʪʚʠʷ (ʂʍɼɺ). 

ɼʣʷ ʠʥʪʝʥʩʠʬʠʢʘʮʠʠ ʜʦʙʳʯʠ ʥʝʬʪʠ ʠ 

ʦʩʚʦʝʥʠʷ ʩʢʚʘʞʠʥ ʚ ʢʘʨʙʦʥʘʪʥʳʭ ʢʦʣʣʝʢʪʦʨʘʭ 

ʢʠʟʝʣʦʚʩʢʦʛʦ ʛʦʨʠʟʦʥʪʘ ʧʨʝʜʣʘʛʘʝʪʩʷ ʟʘʢʘʯʢʘ 

ʢʦʤʧʦʟʠʮʠʠ ɼʅ-9010. 

ɺ ʢʘʯʝʩʪʚʝ ʤʝʪʦʜʘ ʩʪʠʤʫʣʷʮʠʠ ʢʘʨʙʦʥʘʪʥʳʭ 

ʧʣʘʩʪʦʚ ʟʘʚʦʣʞʩʢʦʛʦ ʠ ʢʠʟʝʣʦʚʩʢʦʛʦ ʛʦʨʠʟʦʥʪʦʚ 

ʧʨʝʜʣʘʛʘʝʪʩʷ ʧʨʦʚʝʜʝʥʠʝ ʥʘʧʨʘʚʣʝʥʥʦʛʦ ʩʦʣʷʥʦ-

ʢʠʩʣʦʪʥʦʛʦ ʚʦʟʜʝʡʩʪʚʠʷ (ʅʉʂɺ) ʥʘ ʧʨʠʟʘʙʦʡʥʫʶ 

ʟʦʥʫ ʧʣʘʩʪʘ. ʅʘ ʟʘʣʝʞʠ ʟʘʚʦʣʞʩʢʦʛʦ ʛʦʨʠʟʦʥʪʘ 

ʧʨʝʜʣʘʛʘʝʪʩʷ ʫʜʘʨʥʦ-ʜʝʧʨʝʩʩʠʦʥʥʦʝ ʚʦʟʜʝʡʩʪʚʠʝ 

(ʋɼɺ) ʥʘ ʧʨʠʟʘʙʦʡʥʫʶ ʟʦʥʫ ʧʣʘʩʪʘ. [11]. 

ɼʣʷ ʨʝʰʝʥʠʷ ʚʦʧʨʦʩʦʚ ʨʘʮʠʦʥʘʣʴʥʦʡ ʨʘʟʨʘ-

ʙʦʪʢʠ ʥʝʬʪʷʥʳʭ ʠ ʛʘʟʦʚʳʭ ʟʘʣʝʞʝʡ ʧʨʠʤʝʥʷʶʪʩʷ 

ʦʩʥʦʚʥʳʝ ʟʘʢʦʥʳ ʧʦʜʟʝʤʥʦʡ ʛʠʜʨʦʤʝʭʘʥʠʢʠ. ʂʘʢ 

ʧʨʘʚʠʣʴʥʦ ʨʘʩʩʪʘʚʠʪʴ ʩʢʚʘʞʠʥʳ ʚ ʜʘʥʥʦʤ ʧʣʘʩʪʝ, 

ʩʢʦʣʴʢʦ ʩʢʚʘʞʠʥ ʠ ʚ ʢʘʢʦʡ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ 

ʥʘʜʦ ʚʚʦʜʠʪʴ ʚ ʧʣʘʩʪ; ʢʘʢʦʡ ʨʝʞʠʤ ʨʘʙʦʪʳ ʚ ʥʠʭ 

ʧʦʜʜʝʨʞʠʚʘʪʴ, ʢʘʢʦʡ ʨʘʙʦʯʠʡ ʘʛʝʥʪ ï ʚʦʜʫ ʠʣʠ ʛʘʟ - 

ʩʣʝʜʫʝʪ ʥʘʛʥʝʪʘʪʴ ʚ ʧʣʘʩʪ ʜʣʷ ʧʦʜʜʝʨʞʘʥʠʷ ʜʘʚʣʝ-

ʥʠʷ ʠ ʚ ʢʘʢʦʤ ʢʦʣʠʯʝʩʪʚʝ, ʢʘʢ ʨʝʛʫʣʠʨʦʚʘʪʴ ʠ 

ʥʘʧʨʘʚʣʷʪʴ ʜʚʠʞʝʥʠʝ ʞʠʜʢʦʩʪʠ ʠʣʠ ʛʘʟʘ ʚ ʧʣʘʩʪʝ ï 

ʵʪʠ ʠ ʤʥʦʛʠʝ ʜʨʫʛʠʝ ʚʦʧʨʦʩʳ ʨʝʰʘʶʪʩʷ ʩʝʡʯʘʩ ʥʘ 

ʦʩʥʦʚʝ ʧʦʜʟʝʤʥʦʡ ʛʠʜʨʘʚʣʠʢʠ [12-18]. 

ɺʳʙʦʨ ʩʠʩʪʝʤʳ ʨʘʟʨʘʙʦʪʢʠ ʤʝʩʪʦʨʦʞʜʝʥʠʷ ʠ 

ʨʝʞʠʤ ʵʢʩʧʣʫʘʪʘʮʠʠ ʩʢʚʘʞʠʥ, ʢʦʪʦʨʳʝ ʙʳʣʠ ʙʳ 

ʥʘʠʙʦʣʝʝ ʨʘʮʠʦʥʘʣʴʥʳ ʜʣʷ ʜʘʥʥʳʭ ʧʣʘʩʪʦʚʳʭ ʫʩʣʦ-

ʚʠʡ, ʷʚʣʷʝʪʩʷ ʚʘʞʥʝʡʰʝʡ ʟʘʜʘʯʝʡ ʪʝʭʥʦʣʦʛʠʠ 

ʥʝʬʪʝʜʦʙʳʯʠ ʠ ʜʦʙʳʯʠ ʛʘʟʘ. 

ʈʝʟʫʣʴʪʘʪʳ 

ɼʠʥʘʤʠʢʘ ʧʦʢʘʟʘʪʝʣʝʡ ʨʘʟʨʘʙʦʪʢʠ ɹʘʚʣʠʥ-

ʩʢʦʛʦ ʤʝʩʪʦʨʦʞʜʝʥʠʷ ʧʨʝʜʩʪʘʚʣʝʥʘ ʥʘ ʨʠʩʫʥʢʝ 2. 

ɺ ʮʝʣʦʤ ʧʦ ʤʝʩʪʦʨʦʞʜʝʥʠʶ ʜʦʙʳʪʦ 2,288 ʤʣʥ. 

ʪ ʥʝʬʪʠ, ʯʪʦ ʩʦʩʪʘʚʣʷʝʪ 46,9 % ʦʪ ʅʀɿ. ʊʝʢʫʱʠʡ 

ʂʀʅ ï 0,104. ʅʘʢʦʧʣʝʥʥʘʷ ʜʦʙʳʯʘ ʞʠʜʢʦʩʪʠ 

14254,6 ʪʳʩ. ʪ. ʉʫʤʤʘʨʥʳʡ ʚʦʜʦʥʝʬʪʷʥʦʡ ʬʘʢʪʦʨ ʚ 

ʮʝʣʦʤ ʧʦ ʤʝʩʪʦʨʦʞʜʝʥʠʶ ʩʦʩʪʘʚʠʣ 2,64. ʆʪʤʝʯʝʥʦ, 

ʯʪʦ ʚʝʩʴʤʘ ʚʳʩʦʢʠʡ ɺʅʌ (9,6 ʜʦʣʠ ʝʜ.) ʥʘ ʧʘʰʠʡ-

ʩʢʦʤ ʛʦʨʠʟʦʥʪʝ, ʥʘ ʦʩʪʘʣʴʥʳʭ ʛʦʨʠʟʦʥʪʘʭ ï ʦʪ 0,5 

ʜʦ 2,2. 

ɿʘ ʧʦʩʣʝʜʥʠʝ ʛʦʜʳ ʪʨʝʪʠʯʥʳʤʠ ʤʝʪʦʜʘʤʠ ʇʅʇ 

ʠ ʆʇɿ ʙʳʣʘ ʦʙʨʘʙʦʪʘʥʘ 403 ʩʢʚʘʞʠʥʘ ʤʝʩʪʦʨʦʞʜʝ-

ʥʠʷ, ʧʨʦʮʝʥʪ ʫʩʧʝʰʥʦʩʪʠ ʩʦʩʪʘʚʠʣ 93,4 %, ʵʬʬʝʢʪ 

ʚ ʜʦʙʳʯʝ ʥʝʬʪʠ ï 2150659,8 ʪ, ʥʘʢʦʧʣʝʥʥʳʡ ʵʬʬʝʢʪ 

ʧʦ ʤʝʩʪʦʨʦʞʜʝʥʠʶ ʚ ʮʝʣʦʤ ï 1105503,8 ʪ. 
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ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʦ ʧʦʢʘʟʘʪʝʣʷʤ ʨʘʟʨʘʙʦʪʢʠ 

ɹʘʚʣʠʥʩʢʦʛʦ ʤʝʪʦʨʦʞʜʝʥʠʷ, ʤʦʞʥʦ ʩʜʝʣʘʪʴ ʚʳʚʦʜ 

ʦ ʪʦʤ, ʯʪʦ ʜʘʣʴʥʝʡʰʘʷ ʵʢʩʧʣʫʘʪʘʮʠʷ 

ʤʝʩʪʦʨʦʞʜʝʥʠʷ ʮʝʣʝʩʦʦʙʨʘʟʥʘ ʠ ʵʬʬʝʢʪʠʚʥʘ.  

ɿʘʢʣʶʯʝʥʠʝ 

ɿʥʘʯʠʪʝʣʴʥʦʝ ʨʘʟʥʦʦʙʨʘʟʠʝ ʦʩʦʙʝʥʥʦʩʪʝʡ ʛʝʦ-

ʣʦʛʠʯʝʩʢʦʛʦ ʩʪʨʦʝʥʠʷ ʥʝʬʪʷʥʳʭ ʤʝʩʪʦʨʦʞʜʝʥʠʡ ʥʝ 

ʜʘʝʪ ʚʦʟʤʦʞʥʦʩʪʠ ʠʩʧʦʣʴʟʦʚʘʪʴ ʝʜʠʥʳʡ ʫʥʠʚʝʨ-

ʩʘʣʴʥʳʡ ʩʧʦʩʦʙ ʠʣʠ ʪʝʭʥʦʣʦʛʠʶ ʨʘʟʨʘʙʦʪʢʠ ʥʝʬʪʷ-

ʥʳʭ ʤʝʩʪʦʨʦʞʜʝʥʠʡ. ʈʝʰʝʥʠʝ ʧʨʦʙʣʝʤʳ ʧʦʚʳʰʝ-

ʥʠʷ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʨʘʟʨʘʙʦʪʢʠ ʥʝʬʪʷʥʳʭ ʤʝʩʪʦ-

ʨʦʞʜʝʥʠʡ ʩʚʷʟʘʥʦ ʩ ʧʨʦʛʥʦʟʠʨʦʚʘʥʠʝʤ ʠ 

ʧʨʝʜʦʪʚʨʘʱʝʥʠʝʤ ʧʨʠʯʠʥ ʬʦʨʤʠʨʦʚʘʥʠʷ ʪʨʫʜʥʦʠʟ-

ʚʣʝʢʘʝʤʦʡ ʦʩʪʘʪʦʯʥʦʡ ʥʝʬʪʠ ʚ ʨʘʟʣʠʯʥʳʭ ʛʝʦʣʦʛʦ-

ʬʠʟʠʯʝʩʢʠʭ ʫʩʣʦʚʠʷʭ ʠ ʩʪʘʜʠʷʭ ʵʢʩʧʣʫʘʪʘʮʠʠ ʤʝ-

ʩʪʦʨʦʞʜʝʥʠʷ [19-23]. ɺʳʷʚʣʝʥʠʝ ʤʝʭʘʥʠʟʤʘ ʜʦʩʪʠ-

ʞʝʥʠʷ ʚʳʩʦʢʠʭ ʟʥʘʯʝʥʠʡ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʚʳʪʝʩʥʝ-

ʥʠʷ ʠ ʦʭʚʘʪʘ ʜʨʝʥʠʨʦʚʘʥʠʝʤ ʧʨʦʜʫʢʪʠʚʥʳʭ ʦʪʣʦ-

ʞʝʥʠʡ ʩ ʩʦʟʜʘʥʠʝʤ ʥʘ ʵʪʦʡ ʦʩʥʦʚʝ ʥʦʚʳʭ 

ʪʝʭʥʦʣʦʛʠʡ ʷʚʣʷʝʪʩʷ ʦʜʥʦʡ ʠʟ ʥʘʠʙʦʣʝʝ ʘʢʪʫʘʣʴʥʳʭ 

ʟʘʜʘʯ, ʥʘʧʨʘʚʣʝʥʥʳʭ ʥʘ ʧʦʚʳʰʝʥʠʝ ʵʬʬʝʢʪʠʚʥʦʩʪʠ 

ʨʘʟʨʘʙʦʪʢʠ ʥʝʬʪʷʥʳʭ ʤʝʩʪʦʨʦʞʜʝʥʠʡ.  
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ʥʠʝʤ. ɺ ʩʪʘʪʴʝ ʦʩʦʙʦʝ ʚʥʠʤʘʥʠʝ ʫʜʝʣʷʝʪʩʷ ʥʘʛʣʷʜʥʦʩʪʠ. 

Abstract 

The results of solving the cosmological problem formulated by A. A. Friedman, J. Lemaitre, and G. A. Gamov 

are presented. The author seeks to identify the characteristic facets of the movement of the universe with expan-

sion. The article pays special attention to clarity. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʨʝʣʠʢʪʦʚʦʝ ʠʟʣʫʯʝʥʠʝ, ʤʦʜʝʣʴ ɺʩʝʣʝʥʥʦʡ, ʬʠʟʠʯʝʩʢʠʝ ʟʘʢʦʥʳ ʠʟʣʫʯʝʥʠʷ, ʧʣʘʥʢʦʚ-

ʩʢʠʝ ʚʝʣʠʯʠʥʳ, ʵʧʦʭʘ ʇʣʘʥʢʘ, ʷʜʝʨʥʳʝ ʨʝʘʢʮʠʠ, ʵʣʝʤʝʥʪʘʨʥʳʡ ʢʚʘʥʪ ʜʝʡʩʪʚʠʷ. 

Keywords: relict radiation, model of the universe, physical laws of radiation, Planck quantities, Planck epoch, 

nuclear reactions, elementary quantum of action. 

 

ɺ ʧʨʝʜʠʩʣʦʚʠʠ ʢ ʨʫʩʩʢʦʤʫ ʠʟʜʘʥʠʶ ʢʥʠʛʠ [1] 

ʖ.ʊ. ʈʫʙʘʥʠʢ ʦʪʤʝʯʘʝʪ: çʃʶʜʠ ʥʠʢʦʛʜʘ ʥʝ ʚʠʜʷʪ 

çʯʠʩʪʦʡè, çʠʩʪʠʥʥʦʡè ʨʝʘʣʴʥʦʩʪʠ. ɺʠʜʝʥʠʝ ʠ ʧʦʥʠ-
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ʪʠʡʥʳʤʠ ʬʠʣʴʪʨʘʤʠ (ʤʝʥʪʘʣʴʥʳʤʠ ʤʦʜʝʣʷʤʠ), ʪʦ 

ʝʩʪʴ ʢʦʥʮʝʧʮʠʷʤʠ, ʧʨʝʜʩʪʘʚʣʝʥʠʷʤʠ, ʟʘʣʦʞʝʥʥʳʤʠ 

ʚ ʥʘʩ ʚ ʭʦʜʝ ʚʦʩʧʠʪʘʥʠʷ, ʦʙʨʘʟʦʚʘʥʠʷ ʠ ʥʘʨʘʙʦʪʘʥ-

ʥʳʤʠ ʥʘʤʠ ʩʘʤʦʩʪʦʷʪʝʣʴʥʦ ʚ ʧʨʦʮʝʩʩʝ ʞʠʟʥʠè. ʏʝ-

ʣʦʚʝʢʫ ʥʝʣʴʟʷ ʦʪʢʘʟʘʪʴ ʚ ʝʛʦ ʩʪʨʝʤʣʝʥʠʠ ʫʣʦʚʠʪʴ 

ʩʫʱʝʩʪʚʝʥʥʦʝ ʚ ʠʟʤʝʥʯʠʚʦʩʪʠ ʦʢʨʫʞʘʶʱʠʭ ʝʛʦ ʬʠ-

ʟʠʯʝʩʢʠʭ ʩʠʩʪʝʤ. ʇʨʠʨʦʜʘ ʥʘʤ ʦ ʩʝʙʝ ʩʦʦʙʱʘʝʪ ʥʘ 

ʷʟʳʢʝ ʤʘʪʝʤʘʪʠʢʠ. ɾʝʣʘʪʝʣʴʥʦ, ʯʪʦʙʳ ʜʘʥʥʳʡ ʷʟʳʢ 

ʙʳʣ ʧʨʦʱʝ, ʪʦʯʥʝʝ, ʘ ʪʘʢʞʝ ʠ ʥʘʛʣʷʜʥʝʝ. 

ʅʘʙʣʶʜʘʝʤʦʝ ʩʚʦʡʩʪʚʦ ɺʩʝʣʝʥʥʦʡ ʤʦʞʥʦ ʚʳ-

ʨʘʟʠʪʴ ʣʘʢʦʥʠʯʥʦʡ ʬʦʨʤʫʣʦʡ: ɺʩʝʣʝʥʥʘʷ ʨʘʩʰʠʨʷ-

ʝʪʩʷ ʩ ʦʭʣʘʞʜʝʥʠʝʤ. ʆʙ ʵʪʦʤ ʩʚʠʜʝʪʝʣʴʩʪʚʫʶʪ ʨʝ-

ʟʫʣʴʪʘʪʳ ʘʥʘʣʠʪʠʯʝʩʢʦʛʦ ʨʝʰʝʥʠʷ (ɸ.ɸ. ʌʨʠʜʤʘʥ, 

1922 ʛ.), ʧʦʣʫʯʝʥʥʳʝ ʧʨʠ ʠʩʩʣʝʜʦʚʘʥʠʠ ʫʨʘʚʥʝʥʠʡ 

ʆʊʆ ɸ. ʕʡʥʰʪʝʡʥʘ (1917 ʛ.); ʢʨʘʩʥʦʝ ʩʤʝʱʝʥʠʝ ʣʠ-

ʥʠʡ ʚ ʩʧʝʢʪʨʘʭ ʚʥʝʛʘʣʘʢʪʠʯʝʩʢʠʭ ʪʫʤʘʥʥʦʩʪʝʡ (ʕ. 

ʍʘʙʙʣ, 1929 ʛ.), ʠʥʪʝʨʧʨʝʪʠʨʦʚʘʥʥʦʝ ʢʘʢ ʨʘʟʙʝʛʘ-

ʥʠʝ ʛʘʣʘʢʪʠʢ ʦʪ ʥʘʩ; ʩʫʱʝʩʪʚʦʚʘʥʠʝ ʠ ʩʚʦʡʩʪʚʘ ʨʝ-

ʣʠʢʪʦʚʦʛʦ ʬʦʪʦʥʥʦʛʦ ʠʟʣʫʯʝʥʠʷ [2]. ɻʠʧʦʪʝʟʫ ʦ ʩʫ-

ʱʝʩʪʚʦʚʘʥʠʠ ʦʩʪʘʪʦʯʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʚʳʩʢʘʟʘʣ ɻ.ɸ. 

ɻʘʤʦʚ (1946 ʛ.). ɺ 1950 ï ʭ ʛʦʜʘʭ ʦʥ ʧʨʝʜʣʦʞʠʣ 

ʠʜʝʶ ʛʦʨʷʯʝʡ ɺʩʝʣʝʥʥʦʡ, ʧʨʠʤʝʥʠʚ ʚ ʢʦʩʤʦʣʦʛʠʠ 

ʠʜʝʠ ʷʜʝʨʥʦʡ ʬʠʟʠʢʠ ʠ ʪʝʨʤʦʜʠʥʘʤʠʢʠ. ʇʦ ɻʘʤʦʚʫ, 

ʚ ʛʦʨʷʯʝʤ ʠ ʧʣʦʪʥʦʤ ʚʝʱʝʩʪʚʝ ʨʘʥʥʝʡ ɺʩʝʣʝʥʥʦʡ 

ʜʦʣʞʥʳ ʙʳʣʠ ʧʨʦʠʩʭʦʜʠʪʴ ʪʝʨʤʦʷʜʝʨʥʳʝ ʨʝʘʢʮʠʠ, 

ʢʦʪʦʨʳʝ ʧʨʠʚʦʜʷʪ ʢ ʥʘʙʣʶʜʘʝʤʦʤʫ ʚ ʤʠʨʝ ʦʙʠʣʠʶ 

ʭʠʤʠʯʝʩʢʠʭ ʵʣʝʤʝʥʪʦʚ [3]. ɺ ʣʠʪʝʨʘʪʫʨʝ ʦʪʤʝʯʘ-

ʶʪʩʷ ʜʦʩʪʘʪʦʯʥʦ ʚʳʩʦʢʦʝ ʩʦʛʣʘʩʠʝ ʨʝʟʫʣʴʪʘʪʦʚ ʨʘʩ-

ʯʝʪʘ ʧʨʦʜʫʢʪʦʚ ʨʘʥʥʠʭ ʷʜʝʨʥʳʭ ʨʝʘʢʮʠʡ ʩ ʥʘʙʣʶ-

ʜʘʝʤʳʤ ʧʨʠʩʫʪʩʪʚʠʝʤ ʭʠʤʠʯʝʩʢʠʭ ʵʣʝʤʝʥʪʦʚ, 

ʚʝʩʴʤʘ ʙʣʠʟʢʘʷ ʢ ʘʙʩʦʣʶʪʥʦʤʫ ʥʫʣʶ ʪʝʤʧʝʨʘʪʫʨʘ 

ʨʝʣʠʢʪʦʚʦʛʦ ʠʟʣʫʯʝʥʠʷ (Ὕ = 2,725  πȟππς K), ʘ 

ʪʘʢʞʝ ʤʘʣʘʷ ʚʝʣʠʯʠʥʘ ʝʛʦ ʦʙʲʝʤʥʦʡ ʧʣʦʪʥʦʩʪʠ 

ʵʥʝʨʛʠʠ (ό  = ρπ ˑ̇ϳ̍ ). 

ɺ ʢʦʩʤʦʣʦʛʠʠ, ʢʦʪʦʨʫʶ ʘʚʪʦʨʳ [4] ʭʘʨʘʢʪʝʨʠ-

ʟʫʶʪ ʢʘʢ ʥʘʫʢʫ ʦʙ ʠʟʤʝʨʝʥʠʠ ʬʠʟʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝ-

ʨʠʩʪʠʢ ʢʦʩʤʠʯʝʩʢʠʭ ʦʙʲʝʢʪʦʚ, ʯʠʩʣʦ ʧʫʙʣʠʢʘʮʠʡ 

ʥʘʨʘʩʪʘʝʪ ʛʦʜ ʦʪ ʛʦʜʘ, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʢʦʣʠʯʝʩʪʚʦ 

ʦʙʲʝʢʪʠʚʥʳʭ ʩʚʠʜʝʪʝʣʴʩʪʚ ʚ ʧʦʣʴʟʫ ʨʘʩʰʠʨʝʥʠʷ 

ɺʩʝʣʝʥʥʦʡ ʩ ʦʭʣʘʞʜʝʥʠʝʤ ʫʞʝ ʜʣʠʪʝʣʴʥʦʝ ʚʨʝʤʷ 

ʩʦʭʨʘʥʷʝʪʩʷ ʥʝʠʟʤʝʥʥʳʤ, ʥʦ ʜʘʥʥʳʡ ʥʝʜʦʩʪʘʪʦʢ, 

ʧʦʞʘʣʫʡ, ʫʩʪʨʘʥʠʤ. 

ʆʩʥʦʚʥʦʡ ʮʝʣʴʶ ʜʘʥʥʦʡ ʨʘʙʦʪʳ ʷʚʣʷʝʪʩʷ ʘʥʘ-

ʣʠʟ ʠ ʧʦʠʩʢ ʟʘʢʦʥʦʤʝʨʥʦʩʪʝʡ ʚ ʝʩʪʝʩʪʚʝʥʥʦʡ ʜʣʷ 

ʧʨʠʨʦʜʳ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ çʵʧʦʭʘ ʇʣʘʥʢʘ ï 

ʵʧʦʭʘ ʷʜʝʨʥʳʭ ʨʝʘʢʮʠʡ ï ɻ ʧʦʭʘ ʘʜʠʘʙʘʪʥʦʛʦ ʨʘʩʰʠ-

ʨʝʥʠʷ ɺʩʝʣʝʥʥʦʡè. 

ɼʦʩʪʦʚʝʨʥʦ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʩʧʝʢʪʨ ʢʦʩʤʠʯʝ-

ʩʢʦʛʦ ʨʝʣʠʢʪʦʚʦʛʦ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʩ 

ʧʦʨʘʟʠʪʝʣʴʥʦ ʚʳʩʦʢʦʡ ʪʦʯʥʦʩʪʴʶ ʩʦʚʧʘʜʘʝʪ ʩ ʧʣʘʥ-

ʢʦʚʩʢʠʤ ʩʧʝʢʪʨʦʤ ʠʟʣʫʯʝʥʠʷ ʘʙʩʦʣʶʪʥʦ ʯʝʨʥʦʛʦ 

ʪʝʣʘ [5]. ʈʝʣʠʢʪʦʚʳʝ ʬʦʪʦʥʳ ʨʘʚʥʦʤʝʨʥʦ ʧʨʠʩʫʪ-

ʩʪʚʫʶʪ ʚʦ ʚʩʝʭ ʥʘʧʨʘʚʣʝʥʠʷʭ ʥʝʙʝʩʥʦʡ ʩʬʝʨʳ. ɺ 

ʥʘʰʠ ʜʥʠ ʦʩʦʙʦʝ ʚʥʠʤʘʥʠʝ ʫʜʝʣʷʝʪʩʷ ʪʱʘʪʝʣʴʥʦʤʫ 

ʠʟʤʝʨʝʥʠʶ ʬʣʫʢʪʫʘʮʠʡ ʨʝʣʠʢʪʦʚʦʛʦ ʠʟʣʫʯʝʥʠʷ. 

ʆʜʥʘʢʦ ʙʦʛʘʪʩʪʚʦ ʢʦʩʤʦʣʦʛʠʯʝʩʢʦʡ ʠʥʬʦʨʤʘʮʠʠ, 
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ʢʦʪʦʨʦʝ ʩʚʦʡʩʪʚʝʥʥʦ ʨʝʛʠʩʪʨʠʨʫʝʤʦʤʫ ʢʦʩʤʠʯʝ-

ʩʢʦʤʫ ʤʠʢʨʦʚʦʣʥʦʚʦʤʫ ʬʦʥʫ, ʝʛʦ ʘʥʠʟʦʪʨʦʧʠʝʡ ʜʘ-

ʣʝʢʦ ʥʝ ʠʩʯʝʨʧʳʚʘʝʪʩʷ. 

ʅʘ ʥʘʰ ʚʟʛʣʷʜ, ʨʝʟʝʨʚʳ ʩʣʝʜʫʝʪ ʠʩʢʘʪʴ ʚ ʯʝʨ-

ʥʦʪʝʣʴʥʦʤ ʭʘʨʘʢʪʝʨʝ ʧʣʘʥʢʦʚʩʢʦʛʦ ʩʧʝʢʪʨʘ, ʘ ʪʦʯ-

ʥʝʝ ʚ ʠʥʪʝʨʧʨʝʪʘʮʠʠ ʬʠʟʠʯʝʩʢʠʭ ʟʘʢʦʥʦʚ ʬʦʪʦʥ-

ʥʦʛʦ ʠʟʣʫʯʝʥʠʷ, ʢʦʪʦʨʳʝ ʫʩʪʘʥʦʚʣʝʥʳ ʠʤʝʥʥʦ ʜʣʷ 

ʠʟʣʫʯʝʥʠʷ ʘʙʩʦʣʶʪʥʦ ʯʝʨʥʦʛʦ ʪʝʣʘ. ɺ ʜʘʥʥʦʡ ʩʚʷʟʠ 

ʦʩʦʙʦ ʚʳʜʝʣʷʝʤ ʬʦʨʤʫʣʫ ʇʣʘʥʢʘ ʜʣʷ ʩʧʝʢʪʨʘ ʠʟʣʫ-

ʯʝʥʠʷ ʘʙʩʦʣʶʪʥʦ ʯʝʨʥʦʛʦ ʪʝʣʘ [6] 

 

 = 
̆ ϳ  ,  (1) 

(ɜ ï ʯʘʩʪʦʪʘ ʚʦʣʥʳ, ʘ T - ʪʝʤʧʝʨʘʪʫʨʘ ʠʟʣʫʯʝ-

ʥʠʷ), ʘ ʪʘʢʞʝ ʟʘʢʦʥ ʉʪʝʬʘʥʘ ï ɹʦʣʴʮʤʘʥʘ ʜʣʷ ʦʙʲ-

ʝʤʥʦʡ ʧʣʦʪʥʦʩʪʠ ʵʥʝʨʛʠʠ ̄́̈́ ̏̓̏̎̏̃̕ ό υȡ 

ό   Ὕȟ   (2) 

ʯʪʦ ʫʞʝ ʦʙʩʫʞʜʘʣʦʩʴ ʥʘʤʠ ʨʘʥʝʝ [7ï 9 ʠ ʜʨ.]. 

ʀʥʪʝʨʝʩ ʧʨʝʜʩʪʘʚʣʷʝʪ ʠ ʚʝʩʴʤʘ ʭʘʨʘʢʪʝʨʥʘʷ 

ʛʨʘʥʴ [10]: ʤʥʦʛʠʝ ʫʨʘʚʥʝʥʠʷ, ʩ ʢʦʪʦʨʳʤʠ ʢʦʩʤʦ-

ʣʦʛʠ ʨʘʙʦʪʘʶʪ ʧʨʠ ʦʧʠʩʘʥʠʠ ʨʘʥʥʝʡ ɺʩʝʣʝʥʥʦʡ, ʟʘ-

ʧʠʩʘʥʳ ʚ ʧʣʘʥʢʦʚʩʢʠʭ ʝʜʠʥʠʮʘʭ, ʯʪʦ ʟʥʘʯʠʪʝʣʴʥʦ 

ʫʧʨʦʱʘʝʪ ʟʘʧʠʩʴ ʠ ʧʦʟʚʦʣʷʝʪ ʚʳʯʣʝʥʠʪʴ ʬʠʟʠʯʝ-

ʩʢʠʡ ʩʤʳʩʣ ʟʘʜʘʯʠ. ʊʝʤ ʩʘʤʳʤ, ʥʘʣʠʮʦ ʩʚʠʜʝʪʝʣʴ-

ʩʪʚʦ ʚ ʧʦʣʴʟʫ ʚʳʩʦʢʦʡ ʟʥʘʯʠʤʦʩʪʠ ʧʣʘʥʢʦʚʩʢʠʭ ʚʝ-

ʣʠʯʠʥ ʜʣʷ ʢʦʩʤʦʣʦʛʠʯʝʩʢʦʡ ʠʩʪʦʨʠʠ ɺʩʝʣʝʥʥʦʡ. 

ɽʩʣʠ ʬʠʟʠʯʝʩʢʠʝ ʟʘʢʦʥʳ ʠʟʣʫʯʝʥʠʷ (1) ʠ (2) ʚʳʨʘ-

ʞʝʥʳ ʯʝʨʝʟ ʪʨʠ ʤʠʨʦʚʳʝ ʢʦʥʩʪʘʥʪʳ: c ï ʩʢʦʨʦʩʪʴ 

ʩʚʝʪʘ ʚ ʚʘʢʫʫʤʝ, h ï ʧʦʩʪʦʷʥʥʘʷ ʇʣʘʥʢʘ, ʘ Ὧ  ï ʧʦ-

ʩʪʦʷʥʥʘʷ ɹʦʣʴʮʤʘʥʘ, ʪʦ ʧʨʠ ʟʘʧʠʩʠ ʧʣʘʥʢʦʚʩʢʠʭ ʚʝ-

ʣʠʯʠʥ ʜʣʠʥʳ ὒ  
Ͻ Ⱦ

, ʦʙʲʝʤʘ ὠ  ὒ

 ρπ  ̍ , ʤʘʩʩʳ ά  
Ͻ Ⱦ

 ρπ ̋ ,̄ ʵʥʝʨ-

ʛʠʠ Ὗ  ά ὧ  ρπ ˑ ,̇ ʪʝʤʧʝʨʘʪʫʨʳ Ὕ

  
Ͻ

Ͻ

Ⱦ

 ρπ +, ʚʨʝʤʝʥʠ ὸ  
Ͻ Ⱦ

 ρπ  Ã, ʯʘʩʪʦʪʳ ’  ὸ  ρπ ὧ ʫʧʦʨ ʚʧʦʣʥʝ 

ʦʙʦʩʥʦʚʘʥʥʦ ʜʝʣʘʝʪʩʷ ʠ ʥʘ ʛʨʘʚʠʪʘʮʠʦʥʥʫʶ ʧʦʩʪʦ-

ʷʥʥʫʶ ʅʴʶʪʦʥʘ G. 

ʉʦ ʚʨʝʤʝʥ ʅʴʶʪʦʥʘ ʪʝʦʨʠʷ ʦʧʠʩʳʚʘʝʪ ʥʘʙʣʶ-

ʜʘʝʤʳʝ ʬʠʟʠʯʝʩʢʠʝ ʧʨʦʮʝʩʩʳ (ʷʚʣʝʥʠʷ) ʠ ʥʘʯʘʣʴ-

ʥʳʝ ʜʘʥʥʳʝ, ʢʦʪʦʨʳʝ ʥʝʦʙʭʦʜʠʤʳ ʜʣʷ ʦʜʥʦʟʥʘʯ-

ʥʦʛʦ ʨʝʰʝʥʠʷ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʫʨʘʚʥʝʥʠʡ. 

ʅʘʯʘʣʴʥʳʝ ʜʘʥʥʳʝ ʧʦ ʚʦʟʤʦʞʥʦʩʪʠ ʠʟʤʝʨʷʶʪʩʷ ʩʦ-

ʚʦʢʫʧʥʦʩʪʴʶ ʧʨʠʙʦʨʦʚ, ʦʪʦʞʜʝʩʪʚʣʷʝʤʳʭ ʩ ʦʧʨʝ-

ʜʝʣʝʥʥʦʡ ʩʠʩʪʝʤʦʡ ʦʪʩʯʝʪʘ. ʀ ʟʜʝʩʴ ʨʘʩʩʤʘʪʨʠʚʘʝ-

ʤʘʷ ʥʘʤʠ ʟʘʜʘʯʘ ʥʝ ʷʚʣʷʝʪʩʷ ʠʩʢʣʶʯʝʥʠʝʤ. ʉʣʝʜʫʝʤ 

ʨʝʢʦʤʝʥʜʘʮʠʷʤ ʄ. ʇʣʘʥʢʘ, ʩʦʛʣʘʩʥʦ ʢʦʪʦʨʳʤ ʝʛʦ 

ʝʩʪʝʩʪʚʝʥʥʳʝ ʝʜʠʥʠʮʳ ʠʟʤʝʨʝʥʠʷ ʜʣʠʥʳ, ʤʘʩʩʳ, 

ʚʨʝʤʝʥʠ, ʪʝʤʧʝʨʘʪʫʨʳ ʩʧʨʘʚʝʜʣʠʚʳ çʜʣʷ ʣʶʙʳʭ 

ʤʝʩʪ ʠ ʚʨʝʤʝʥè. ɿʘ ʪʝʣʦ ʦʪʩʯʝʪʘ ʧʨʠʥʠʤʘʝʤ ʤʘʪʝ-

ʨʠʶ ɺʩʝʣʝʥʥʦʡ ʥʘ ʧʣʘʥʢʦʚʩʢʠʡ ʤʦʤʝʥʪ ʚʨʝʤʝʥʠ 

ὸ, ʘ ʟʘ ʥʘʧʨʘʚʣʝʥʠʷ ʢʦʦʨʜʠʥʘʪ ï ʥʘʧʨʘʚʣʝʥʠʷ ʠʟ-

ʤʝʥʯʠʚʦʩʪʠ ʙʝʟʨʘʟʤʝʨʥʳʭ ʧʣʘʥʢʦʚʩʢʠʭ ʚʝʣʠʯʠʥ; 

ʩʪʨʝʣʘ ʢʦʩʤʦʣʦʛʠʯʝʩʢʦʛʦ ʚʨʝʤʝʥʠ t ʦʨʠʝʥʪʠʨʦʚʘʥʘ 

ʚ ʥʘʧʨʘʚʣʝʥʠʝ ʨʘʩʧʘʜʘ ʥʝʩʪʘʙʠʣʴʥʳʭ ʵʣʝʤʝʥʪʘʨ-

ʥʳʭ ʯʘʩʪʠʮ. ʊʦʛʜʘ ʚ ʩʠʩʪʝʤʝ ʦʪʩʯʝʪʘ, ʦʪʚʝʯʘʶʱʝʡ 

ʨʘʟʚʠʪʠʶ ʧʨʠʨʦʜʥʦʛʦ ʘʙʩʦʣʶʪʥʦ ʯʝʨʥʦʛʦ ʪʝʣʘ, ʟʘ-

ʢʦʥ ʉʪʝʬʘʥʘ ï ɹʦʣʴʮʤʘʥʘ (2) ʧʨʠʥʠʤʘʝʪ ʬʦʨʤʫ: 

ό   =  .   (3) 

ʀʟ (3) ʩʣʝʜʫʝʪ ʢʦʩʤʦʣʦʛʠʯʝʩʢʠʡ ʩʤʳʩʣ ʫʩʪʘ-

ʥʦʚʣʝʥʥʦʛʦ ʁ. ʉʪʝʬʘʥʦʤ ʚ ʣʘʙʦʨʘʪʦʨʥʦʤ ʵʢʩʧʝʨʠ-

ʤʝʥʪʝ ʬʠʟʠʯʝʩʢʦʛʦ ʟʘʢʦʥʘ ʠʟʣʫʯʝʥʠʷ: ʦʙʲʝʤʥʘʷ 

ʧʣʦʪʥʦʩʪʴ ʵʥʝʨʛʠʠ ʬʦʪʦʥʥʦʛʦ ʠʟʣʫʯʝʥʠʷ, ʚʳʨʘʞʝʥ-

ʥʘʷ ʚ ʙʝʟʨʘʟʤʝʨʥʳʭ ʝʜʠʥʠʮʘʭ ʇʣʘʥʢʘ, ʨʘʚʥʘ ʪʝʤʧʝ-

ʨʘʪʫʨʝ ʠʟʣʫʯʝʥʠʷ ʚ ʪʝʭ ʞʝ ʝʜʠʥʠʮʘʭ, ʚʟʷʪʦʡ ʚ ʯʝʪ-

ʚʝʨʪʦʡ ʩʪʝʧʝʥʠ. ɼʣʷ ʚʳʭʦʜʘ ʥʘ ʫʨʘʚʥʝʥʠʝ (3) ʜʦʩʪʘ-

ʪʦʯʥʦ ʫʯʝʩʪʴ ʬʠʟʠʯʝʩʢʠʡ ʩʤʳʩʣ (2): ό  θὝ, ʘ 
ʜʘʣʝʝ ʧʦʜʝʣʠʪʴ ό  θὝ  ʥʘ ʚʳʨʘʞʝʥʠʝ ό   θὝ , 

ʢʦʪʦʨʦʝ ʦʪʚʝʯʘʝʪ ʧʨʝʜʧʦʩʳʣʢʝ ʧʦʷʚʣʝʥʠʷ ʵʣʝʢʪʨʦ-

ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ɺʩʝʣʝʥʥʦʡ. 

ɿʘʧʠʩʴ ʚʠʜʘ (3) ʦʪʨʘʞʘʝʪ ʦʙʲʝʢʪʠʚʥʫʶ ʩʚʷʟʴ 

ʤʝʞʜʫ ʵʥʝʨʛʝʪʠʯʝʩʢʠʤʠ ʧʘʨʘʤʝʪʨʘʤʠ ʠ, ʪʝʤ ʩʘʤʳʤ, 

ʚʳʜʚʠʛʘʝʪ ʩʝʙʷ ʥʘ ʨʦʣʴ ʩʚʦʝʦʙʨʘʟʥʦʡ ʬʠʟʠʯʝʩʢʦʡ 

ʤʦʜʝʣʠ ʵʥʝʨʛʝʪʠʢʠ ʬʦʪʦʥʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʚʦ ɺʩʝ-

ʣʝʥʥʦʡ. ʗʚʣʷʷʩʴ ʟʘʢʦʥʦʤ ʬʠʟʠʢʠ, ʜʘʥʥʘʷ ʤʦʜʝʣʴ 

ʥʘʭʦʜʠʪʩʷ ʚ ʦʙʲʝʢʪʠʚʥʦʤ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʠʟʫʯʘʝʤʦʡ 

ɺʩʝʣʝʥʥʦʡ ʢʘʢ ʬʠʟʠʯʝʩʢʦʡ ʩʠʩʪʝʤʦʡ, ʠ ʩʧʦʩʦʙʥʘ 

ʟʘʤʝʱʘʪʴ ʝʝ (ʚ ʦʧʨʝʜʝʣʝʥʥʳʭ ʦʪʥʦʰʝʥʠʷʭ), ʯʪʦ ʨʘʩ-

ʰʠʨʷʝʪ ʚʦʟʤʦʞʥʦʩʪʠ ʧʦʣʫʯʝʥʠʷ ʜʦʧʦʣʥʠʪʝʣʴʥʦʡ 

ʠʥʬʦʨʤʘʮʠʠ ʦ ʤʦʜʝʣʠʨʫʝʤʦʤ ʦʙʲʝʢʪʝ. 

ʉ ʫʯʝʪʦʤ ʧʨʦʩʪʦʛʦ ʤʥʝʤʦʥʠʯʝʩʢʦʛʦ ʧʨʘʚʠʣʘ 

ʜʣʷ ʩʨʝʜʥʝʡ ʵʥʝʨʛʠʠ ʝʜʠʥʠʯʥʦʛʦ ʬʦʪʦʥʘ: Ὗ
 ὯὝ [11] ʧʨʠ ʫʩʣʦʚʠʠ Ὗ  ὯὝ ʠʟ (3) ʩʣʝʜʫʶʪ 

ʫʨʘʚʥʝʥʠʷ ʜʣʷ 

- ʦʙʲʝʤʥʦʡ ʢʦʥʮʝʥʪʨʘʮʠʠ ʬʦʪʦʥʦʚ 

ὲ   =  ,  (4) 

- ʯʠʩʣʘ ʬʦʪʦʥʦʚ 

ὔ   .   (5) 

ɺ ʥʘʰʠ ʜʥʠ  ̃ʢʦʩʤʦʣʦʛʠʠ ʟʘʜʘʯʠ c ʧʝʨʝʤʝʥ-

ʥʳʤʠ ʚʦ ʚʨʝʤʝʥʠ ʚʝʣʠʯʠʥʘʤʠ ὔȟὠ ̉ Ὕ ʥʝ ʨʝʰʘ-
ʶʪʩʷ. ʂʘʞʜʘʷ ʠʟ ʚʭʦʜʷʱʠʭ ʚ ʫʨʘʚʥʝʥʠʷ (3) ï (5) ʧʝ-

ʨʝʤʝʥʥʳʭ ʧʦ ʤʝʨʝ ʜʚʠʞʝʥʠʷ ɺʩʝʣʝʥʥʦʡ ʠʟʤʝʥʷʝʪʩʷ 

ʚ ʩʚʦʠʭ ʰʠʨʦʢʠʭ ʝʩʪʝʩʪʚʝʥʥʳʭ ʧʨʝʜʝʣʘʭ ʦʪ ʚʝʣʠ-

ʯʠʥ, ʭʘʨʘʢʪʝʨʥʳʭ ʜʣʷ ʥʘʯʘʣʘ ʵʧʦʭʠ ʷʜʝʨʥʳʭ ʨʝʘʢ-

ʮʠʡ, ʜʦ ʯʠʩʣʦʚʳʭ ʟʥʘʯʝʥʠʡ, ʢʦʪʦʨʳʝ ʦʪʚʝʯʘʶʪ 

ʥʘʩʪʦʷʱʝʤʫ ʚʨʝʤʝʥʠ: 

ὠ  ὠ  ὠȠ   (6) 

Ὕ  Ὕ  Ὕ = 2,725 K;   (7) 

Ὗ  Ὗ  Ὗ  Ὗ Ƞ   (8) 

ὔ  ὔ  ὔ  ὔ Ȣ              ω 

ɿʜʝʩʴ ʧʦʜʩʪʨʦʯʥʳʡ ʠʥʜʝʢʩ n ʩʦʦʪʥʦʩʠʪ ʧʘʨʘ-

ʤʝʪʨʳ ʢ ʥʘʰʝʡ ʵʧʦʭʝ, ʘ ʠʥʜʝʢʩ o ʦʪʚʝʯʘʝʪ ʤʦʤʝʥʪʫ 

ʦʢʦʥʯʘʥʠʷ ʷʜʝʨʥʳʭ ʨʝʘʢʮʠʡ. ʗʜʝʨʥʳʝ ʨʝʘʢʮʠʠ ʚʩʝ-

ʛʜʘ ʩʦʧʨʦʚʦʞʜʘʶʪʩʷ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʳʤ ʠʟʣʫʯʝ-

ʥʠʝʤ. ʀ ʨʦʩʪ ʯʠʩʣʘ ʥʳʥʝ ʨʝʣʠʢʪʦʚʳʭ ʬʦʪʦʥʦʚ ὔ, ʠ 
ʨʦʩʪ ʵʥʝʨʛʠʠ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʛʦ ʠʟʣʫʯʝʥʠʷ Ὗ ɺʩʝ-

ʣʝʥʥʦʡ ʠʤʝʶʪ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦʝ ʦʪʥʦʰʝʥʠʝ ʢ 

ʵʧʦʭʝ ʷʜʝʨʥʳʭ ʨʝʘʢʮʠʡ, ʘ ʪʘʢʞʝ ʢ ʵʥʝʨʛʝʪʠʯʝʩʢʠʤ 

ʟʘʧʘʩʘʤ ʢʦʩʤʠʯʝʩʢʦʛʦ ʚʘʢʫʫʤʘ, ʚ ʢʦʪʦʨʳʡ ʚʦʪ ʫʞʝ 

ʧʨʠʤʝʨʥʦ ʜʝʩʷʪʴ ʪʳʩʷʯ ʤʠʣʣʠʦʥʦʚ ʣʝʪ ʨʘʩʰʠʨʷʝʪʩʷ 

ʥʘʰʘ ɺʩʝʣʝʥʥʘʷ (ὸ  ρπ ̒. ʇʨʠʚʝʜʝʥʥʳʝ ʚʳʰʝ 
ʚʳʨʘʞʝʥʠʷ ʦʜʥʦʟʥʘʯʥʦ ʦʪʚʝʯʘʶʪ ʤʦʜʝʣʠ ʨʘʩʰʠʨʷ-

ʶʱʝʡʩʷ ʩ ʦʭʣʘʞʜʝʥʠʝʤ ɺʩʝʣʝʥʥʦʡ ʠ, ʙʦʣʝʝ ʪʦʛʦ, 

ʜʦʧʦʣʥʠʪʝʣʴʥʦ ʩʚʠʜʝʪʝʣʴʩʪʚʫʶʪ ʚ ʝʝ ʧʦʣʴʟʫ. ɺ ʧʨʠ-

ʥʷʪʳʭ ʥʘʤʠ ʦʙʦʟʥʘʯʝʥʠʷʭ Ὗ  ̉ ὔ   ʩʦʦʪʚʝʪ-

ʩʪʚʝʥʥʦ ʜʦʣʠ ʧʦʣʥʦʡ ʧʣʘʥʢʦʚʩʢʦʡ ʵʥʝʨʛʠʠ Ὗ  ʠ 

ʧʦʣʥʦʛʦ ʯʠʩʣʘ ʧʝʨʚʠʯʥʳʭ ʢʚʘʥʪʦʚ ὔ  ʚ ʵʧʦʭʫ 

ʇʣʘʥʢʘ, ʛʦʪʦʚʳʝ ʚʟʷʪʴ ʥʘ ʩʝʙʷ ʦʧʨʝʜʝʣʝʥʥʫʶ ʦʪʚʝʪ-
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ʩʪʚʝʥʥʦʩʪʴ ʟʘ ʨʝʘʣʠʟʦʚʘʥʥʫʶ ʵʥʝʨʛʝʪʠʢʫ ʬʦʪʦʥ-

ʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ɺʩʝʣʝʥʥʦʡ. ʅʘʣʠʯʠʝ ʦʛʨʦʤʥʦʛʦ 

ʯʠʩʣʘ ʧʝʨʚʠʯʥʳʭ ʢʚʘʥʪʦʚ ʚ ʵʧʦʭʫ ʇʣʘʥʢʘ ʜʝʣʘʝʪ 

ʧʦʥʷʪʠʝ ʧʣʘʥʢʦʚʩʢʦʡ ʪʝʤʧʝʨʘʪʫʨʳ Ὕ  ʦʙʦʩʥʦʚʘʥ-

ʥʳʤ. 

ʀʟ ʫʨʘʚʥʝʥʠʷ (5) ʩʣʝʜʫʝʪ, ʯʪʦ ʚ ʵʧʦʭʫ ʷʜʝʨʥʳʭ 

ʨʝʘʢʮʠʡ (ʧʦ ʤʝʨʝ ʩʥʠʞʝʥʠʷ ʪʝʤʧʝʨʘʪʫʨʳ ʦʪ ʧʣʘʥ-

ʢʦʚʩʢʦʡ Ὕ  = ρπ + ʜʦ ʨʫʙʝʞʥʦʡ Ὕ = ρπ K) ʨʦʩʪ 

ʯʠʩʣʘ ʬʦʪʦʥʦʚ (ʚ ʦʙʲʝʤʝ ɺʩʝʣʝʥʥʦʡ) ὔ ʨʝʘʣʠʟʫ-

ʝʪʩʷ ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʦ ʨʦʩʪʫ ʩʘʤʦʛʦ ʦʙʲʝʤʘ V. ɺʦ 

ɺʩʝʣʝʥʥʦʡ ʵʧʦʭʘ ʷʜʝʨʥʳʭ ʨʝʘʢʮʠʡ ʩʤʝʥʷʝʪʩʷ ʵʧʦ-

ʭʦʡ ʝʸ ʘʜʠʘʙʘʪʥʦʛʦ ʨʘʩʰʠʨʝʥʠʷ. ɺ ʧʦʣʴʟʫ ʵʪʦʛʦ 

ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʪʦʪ ʬʘʢʪ, ʯʪʦ ʧʨʠ ʬʠʢʩʠʨʦʚʘʥʥʦʡ 

ʚʝʣʠʯʠʥʝ ʯʠʩʣʘ ʥʳʥʝ ʨʝʣʠʢʪʦʚʳʭ ʬʦʪʦʥʦʚ 

̐̑ ̉ὔ  = const) ʠʟ (4) ʠ (5) ʩʣʝʜʫʝʪ ʫʨʘʚʥʝʥʠʝ 

ʘʜʠʘʙʘʪʳ ʬʦʪʦʥʥʦʛʦ ʛʘʟʘ: VὝ  = const [12, 13], ʘ 

ʪʘʢʞʝ ʟʘʢʦʥ ʧʘʜʝʥʠʷ ʪʝʤʧʝʨʘʪʫʨʳ ʠʟʣʫʯʝʥʠʷ ʧʨʠ 

ʘʜʠʘʙʘʪʥʦʤ ʨʘʩʰʠʨʝʥʠʠ ɺʩʝʣʝʥʥʦʡ [14]: T  θὙ . 

ɺʟʘʠʤʦʩʚʷʟʠ ʚʠʜʘ VὝ  = const ʠ T  θὙ ʙʳʣʠ ʫʩʪʘ-

ʥʦʚʣʝʥʳ ɻʘʤʦʚʳʤ ʤʝʪʦʜʦʤ ʪʝʨʤʦʜʠʥʘʤʠʢʠ ʧʨʠ 

ʪʝʦʨʝʪʠʯʝʩʢʦʤ ʧʨʝʜʩʢʘʟʘʥʠʠ ʚʝʣʠʯʠʥʳ ʪʝʤʧʝʨʘ-

ʪʫʨʳ ʦʩʪʘʪʦʯʥʦʛʦ ʬʦʪʦʥʥʦʛʦ ʠʟʣʫʯʝʥʠʷ. 

ʇʦ ʜʘʥʥʳʤ ʨʘʙʦʪʳ [15], ʢ ʥʘʩʪʦʷʱʝʤʫ ʚʨʝʤʝʥʠ 

ʝʩʪʴ ʫʙʝʜʠʪʝʣʴʥʳʝ ʘʨʛʫʤʝʥʪʳ ʚ ʧʦʣʴʟʫ ʪʦʛʦ, ʯʪʦ 

ʯʠʩʣʦ ʨʦʞʜʝʥʥʳʭ ʠʟ ʚʘʢʫʫʤʘ ʧʝʨʚʠʯʥʳʭ ʯʘʩʪʠʮ ʜʦ-

ʩʪʘʪʦʯʥʦ ʜʣʷ ʦʙʲʷʩʥʝʥʠʷ ʥʘʙʣʶʜʘʝʤʦʡ ʤʘʪʝʨʠʠ ʚʦ 

ɺʩʝʣʝʥʥʦʡ, ʚʢʣʶʯʘʷ ʨʝʣʠʢʪʦʚʦʝ ʠʟʣʫʯʝʥʠʝ ʠ ʙʘʨʠ-

ʦʥʥʫʶ ʤʘʪʝʨʠʶ. ɺʤʝʩʪʝ ʩ ʪʝʤ, ʝʩʪʴ ʤʥʝʥʠʝ [ʪʘʤ ʞʝ, 

ʩ. 21], ʯʪʦ ʧʨʠ ʵʢʩʪʨʘʧʦʣʷʮʠʠ ʚ ʧʨʦʰʣʦʝ ʥʘ ʤʦʤʝʥʪ, 

ʢʦʛʜʘ çʩʨʝʜʥʷʷ ʜʣʠʥʘ ʚʦʣʥʳ ʨʝʣʠʢʪʦʚʦʛʦ ʬʦʪʦʥʘ, 

ʨʘʚʥʘʷ 1ʤʤ, ʩʦʚʧʘʜʘʝʪ ʩ ʨʘʟʤʝʨʦʤ ɺʩʝʣʝʥʥʦʡ, r(ᾀ) 

Ễ  1 ʤʤ, ʠʩʯʝʟʘʝʪ ʩʘʤʦ ʧʦʥʷʪʠʝ ʪʝʤʧʝʨʘʪʫʨʳ 
ʬʦʪʦʥʘè. ʆʜʥʘʢʦ, ʝʩʣʠ ʩʣʝʜʦʚʘʪʴ ʟʘʢʦʥʦʤʝʨʥʦʩʪʷʤ 

(1) ï (5), ʪʦ ʬʦʪʦʥʥʦʝ ʠʟʣʫʯʝʥʠʝ ʚʦʟʥʠʢʣʦ ʩʨʘʟʫ ʞʝ 

ʚʩʣʝʜ ʟʘ ʧʣʘʥʢʦʚʩʢʠʤ ʚʨʝʤʝʥʝʤ ὸ, ʢʦʛʜʘ ʭʘʨʘʢʪʝʨ-

ʥʳʡ ʨʘʟʤʝʨ ɺʩʝʣʝʥʥʦʡ ʣʠʰʴ ʩʣʝʛʢʘ ʧʨʝʚʳʩʠʣ ʧʣʘʥ-

ʢʦʚʩʢʫʶ ʣʠʥʝʡʥʫʶ ʚʝʣʠʯʠʥʫ ὒ  ρπ  ʤ. 

ɿʘʢʦʥ ʇʣʘʥʢʘ (1), ʫʩʪʘʥʦʚʣʝʥʥʳʡ ʪʝʦʨʝʪʠʯʝ-

ʩʢʠ ʚ ʩʦʛʣʘʩʠʝ ʩ ʜʘʥʥʳʤʠ ʣʘʙʦʨʘʪʦʨʥʦʛʦ ʵʢʩʧʝʨʠ-

ʤʝʥʪʘ, ʪʘʢʞʝ ʠʤʝʝʪ ʚʠʜ [9]: 

 = 
Ͻ
  

̆Ͻ Ͻϳ  .  (10) 

ʇʨʠ ʠʟʤʝʥʝʥʠʠ ʬʦʨʤʳ ʘʥʘʣʠʪʠʯʝʩʢʦʛʦ ʚʳʨʘ-

ʞʝʥʠʷ ʦʙʲʝʢʪʠʚʥʦʡ ʩʚʷʟʠ (1) ʝʝ ʬʠʟʠʯʝʩʢʦʝ ʩʦʜʝʨ-

ʞʘʥʠʝ ʩʦʭʨʘʥʷʝʪʩʷ. ɺʤʝʩʪʝ ʩ ʪʝʤ, ʦʪʦʙʨʘʞʝʥʠʝ ʟʘ-

ʢʦʥʘ ʬʦʪʦʥʥʦʛʦ ʠʟʣʫʯʝʥʠʷ (1) ʯʝʨʝʟ ʧʣʘʥʢʦʚʩʢʠʝ 

ʚʝʣʠʯʠʥʳ ʵʥʝʨʛʠʠ Ὗ , ʦʙʲʝʤʘ ὠ  ʠ ʯʘʩʪʦʪʳ ’  

ʦʙʝʩʧʝʯʠʚʘʝʪ ʚʦʟʤʦʞʥʦʩʪʴ ʨʝʘʣʠʟʘʮʠʠ ʧʨʦʩʪʦʛʦ 

ʨʝʢʦʛʥʦʩʮʠʨʦʚʦʯʥʦʛʦ ʪʝʦʨʝʪʠʯʝʩʢʦʛʦ ʧʨʠʝʤʘ, ʧʦʟ-

ʚʦʣʷʶʱʝʛʦ, ʩʢʦʨʝʝ ʚʩʝʛʦ, ʧʨʝʜʫʛʘʜʘʪʴ ʧʦʜʭʦʜ ʢ ʠʩ-

ʢʦʤʦʤʫ ʨʝʰʝʥʠʶ ʢʦʩʤʦʣʦʛʠʯʝʩʢʦʡ ʟʘʜʘʯʠ.  

ɼʣʷ ʤʠʨʦʚʦʡ ʢʦʥʩʪʘʥʪʳ h ʬʦʨʤʫʣʳ (1) ʠ (10) 

ʧʦʟʚʦʣʷʶʪ ʟʘʧʠʩʘʪʴ ʧʨʦʩʪʫʶ ʬʦʨʤʫʣʫ: 

h =  ,    (11) 

ʘ ʜʣʷ ʩʢʦʨʦʩʪʠ ʩʚʝʪʘ ʚ ʚʘʢʫʫʤʝ ʩ - ʚʳʨʘʞʝʥʠʝ: 

c = ὒ Ͻ’ .    (12) 

ɿʜʝʩʴ, ʧʦʞʘʣʫʡ, ʝʩʪʴ ʩʤʳʩʣ ʦʙʨʘʪʠʪʴ ʚʥʠʤʘʥʠʝ 

ʠ ʥʘ ʦʜʥʦ ʠʟ ʨʝʰʝʥʠʡ, ʧʦʣʫʯʝʥʥʳʭ ʚ ʧʨʦʪʠʚʦʚʝʩ 

ʤʥʝʥʠʶ ʦ ʪʦʤ, ʯʪʦ ʥʘ ʧʣʘʥʢʦʚʩʢʦʤ ʤʘʩʰʪʘʙʝ ʧʦʥʷ-

ʪʠʷ çʧʨʦʩʪʨʘʥʩʪʚʦè ʠ çʚʨʝʤʷè ʫʪʨʘʯʠʚʘʶʪ ʩʚʦʡ ʬʠ-

ʟʠʯʝʩʢʠʡ ʩʤʳʩʣ (ʩ ʜʘʥʥʳʤ ʩʫʞʜʝʥʠʝʤ ʤʳ ʚʩʪʨʝʯʘ-

ʝʤʩʷ ʠ ʚ ʫʯʝʙʥʦʡ ʣʠʪʝʨʘʪʫʨʝ). 

ɼʣʷ ʤʠʨʦʚʦʡ ʢʦʥʩʪʘʥʪʳ h ʠʥʪʝʨʝʩʥʘʷ ʬʠʟʠʯʝ-

ʩʢʘʷ ʟʘʜʘʯʘ ʧʦʩʪʘʚʣʝʥʘ ʄ. ʇʣʘʥʢʦʤ [6, ʩ. 286 - 287], 

ʢʦʪʦʨʳʡ ʧʨʝʜʣʦʞʠʣ ʜʚʦʡʥʦʡ ʠʥʪʝʛʨʘʣ ʜʣʷ ʢʦʥʝʯ-

ʥʦʡ ʵʣʝʤʝʥʪʘʨʥʦʡ ʦʙʣʘʩʪʠ ʨʘʚʥʦʡ ʚʝʨʦʷʪʥʦʩʪʠ: 

ḀὨήὨὴὬȟ   (13) 

ʛʜʝ q - ʦʜʥʘ ʠʟ ʥʝʟʘʚʠʩʠʤʳʭ ʦʙʦʙʱʝʥʥʳʭ ʢʦʦʨ-

ʜʠʥʘʪ ʬʠʟʠʯʝʩʢʦʡ ʩʠʩʪʝʤʳ; 

p ï çʩʦʦʪʚʝʪʩʪʚʫʶʱʠʡ ʵʪʦʡ ʢʦʦʨʜʠʥʘʪʝ ʠʤ-

ʧʫʣʴʩ (ʤʦʤʝʥʪ)è; 

ὨήὨὴ ï ʙʝʩʢʦʥʝʯʥʦ ʤʘʣʘʷ ʦʙʣʘʩʪʴ ʨʘʚʥʦʡ ʚʝʨʦ-

ʷʪʥʦʩʪʠ; 

h - çʵʣʝʤʝʥʪʘʨʥʳʡ ʢʚʘʥʪ ʜʝʡʩʪʚʠʷè, ʷʚʣʷʝʪʩʷ 

ʫʥʠʚʝʨʩʘʣʴʥʦʡ ʧʦʩʪʦʷʥʥʦʡ ʩ ʨʘʟʤʝʨʥʦʩʪʴʶ ʵʥʝʨʛʠʷ 

 ʚʨʝʤʷè. 

ʀʥʪʝʛʨʘʣ (13) ʩʬʦʨʤʫʣʠʨʦʚʘʥ ʝʱʝ ʚ 1911 ʛʦʜʫ, 

ʥʦ ʚ ʢʦʩʤʦʣʦʛʠʯʝʩʢʦʡ ʪʝʦʨʠʠ ʝʛʦ ʩʫʪʴ ʥʝ ʦʙʩʫʞʜʘ-

ʝʪʩʷ. ʆʯʝʚʠʜʥʦ, ʯʪʦ ʧʨʠʤʝʥʝʥʠʝ ʠʥʪʝʛʨʘʣʘ (13) ʚ 

ʮʝʣʷʭ ʦʧʠʩʘʥʠʷ ʵʧʦʭʠ ʇʣʘʥʢʘ, ʧʨʝʜʧʦʣʘʛʘʝʪ ʥʝʦʙ-

ʭʦʜʠʤʦʩʪʴ ʟʥʘʥʠʷ ʢʘʢ ʬʠʟʠʯʝʩʢʠʭ ʚʝʣʠʯʠʥ 

ή ̉ ὴȟ̓ ́ ̋̉ ʠʭ ʢʦʥʝʯʥʳʭ ʠ ʥʘʯʘʣʴʥʳʭ ʯʠʩʣʦʚʳʭ 
ʟʥʘʯʝʥʠʡ. 

ʇʨʠʥʠʤʘʝʤ ʩʠʩʪʝʤʫ ʦʪʩʯʝʪʘ, ʚ ʢʦʪʦʨʦʡ ʪʝʣʦʤ 

ʦʪʩʯʝʪʘ ʩʣʫʞʠʪ ʤʘʪʝʨʠʷ ɺʩʝʣʝʥʥʦʡ ʚ ʝʝ ʚʝʩʴʤʘ ʩʞʘ-

ʪʦʤ ʩʦʩʪʦʷʥʠʠ, ʯʪʦ ʦʪʚʝʯʘʝʪ ʥʫʣʝʚʦʤʫ ʤʦʤʝʥʪʫ 

ʚʨʝʤʝʥʠ t = 0. ʅʘ ʵʪʦ ʤʛʥʦʚʝʥʠʝ ʫʞʝ ʟʘʚʝʨʰʠʣʩʷ 

ʮʠʢʣ ʧʨʝʜʳʜʫʱʝʛʦ ʩʞʘʪʠʷ ʤʠʨʘ ʠ ʝʱʝ ʣʠʰʴ ʪʦʣʴʢʦ 

ʧʨʝʜʩʪʦʠʪ ʨʘʩʰʠʨʷʪʴʩʷ ʥʘʰʝʡ ɺʩʝʣʝʥʥʦʡ, ʢʦʪʦʨʘʷ 

ʦʢʨʫʞʝʥʘ ʧʨʦʩʪʦʨʘʤʠ ʧʦʢʘ ʙʝʟʫʯʘʩʪʥʦʛʦ ʢʦʩʤʠʯʝ-

ʩʢʦʛʦ ʚʘʢʫʫʤʘ. ɺʩʝʣʝʥʥʘʷ ʛʫʩʪʦ ʟʘʩʝʣʝʥʘ ʧʝʨʚʠʯ-

ʥʳʤʠ ʢʚʘʥʪʘʤʠ. ʉʦʩʪʦʷʥʠʝ ʤʘʪʝʨʠʠ ʚ ʵʧʦʭʫ ʇʣʘʥʢʘ 

ʭʘʨʘʢʪʝʨʠʟʫʶʪʩʷ ʠʟʤʝʥʷʶʱʠʤʠʩʷ ʚʦ ʚʨʝʤʝʥʠ ʦʙʲ-

ʝʤʦʤ V, ʪʝʤʧʝʨʘʪʫʨʦʡ T, ʚʥʫʪʨʝʥʥʝʡ ʵʥʝʨʛʠʝʡ U = 

ὯὝ, ʜʘʚʣʝʥʠʝʤ p =  , ʯʘʩʪʦʪʦʡ ɜ. ʍʘʨʘʢʪʝʨʠʩʪʠʯʝ-

ʩʢʦʡ ʞʝ ʤʝʨʦʡ ʚʨʝʤʝʥʠ, ʧʦ ʠʩʪʝʯʝʥʠʠ ʢʦʪʦʨʦʡ 

ʵʧʦʭʘ ʇʣʘʥʢʘ ʩʤʝʥʷʝʪʩʷ ʵʧʦʭʦʡ ʷʜʝʨʥʳʭ ʨʝʘʢʮʠʡ, 

ʩʣʫʞʠʪ ʧʣʘʥʢʦʚʩʢʦʝ ʚʨʝʤʷ ὸ. ʇʨʠ t = 0 ʤʳ ʥʘʙʣʶ-

ʜʘʝʤ ʩʣʝʜʫʶʱʠʝ ʭʘʨʘʢʪʝʨʥʳʝ ʦʩʦʙʝʥʥʦʩʪʠ: 

- ʚ ʦʛʨʦʤʥʦʤ ʩʚʦʝʤ ʧʨʝʜʩʪʘʚʠʪʝʣʴʩʪʚʝ ʧʦʜʘʚ-

ʣʷʶʱʝʝ ʙʦʣʴʰʠʥʩʪʚʦ ʧʝʨʚʠʯʥʳʭ ʢʚʘʥʪʦʚ ʥʝʧʦ-

ʜʚʠʞʥʦ, 

- ʯʠʩʣʦ ʩʧʦʩʦʙʦʚ ὡ̎ ́,̘ ʢʦʪʦʨʳʤʠ ʨʝʘʣʠʟʦʚʘʥʦ 

ʥʘʯʘʣʴʥʦʝ ʩʦʩʪʦʷʥʠʝ ʠʟʫʯʘʝʤʦʡ ʥʘʤʠ ʫʥʠʢʘʣʴʥʦʡ 

ʬʠʟʠʯʝʩʢʦʡ ʩʠʩʪʝʤʳ ʧʦʨʷʜʢʘ ʝʜʠʥʠʮʳ: ὡ̎ ́ ̘ ρ (ʚ 
ʦʙʨʘʱʝʥʥʦʡ ʬʦʨʤʝ çʧʨʠʥʮʠʧʘ ɹʦʣʴʮʤʘʥʘè W = 

̆ϳ  ʤʦʞʥʦ ʧʨʠʥʷʪʴ Ὓ̘̎́ πȟ 
- ʪʝʤʧʝʨʘʪʫʨʘ Ὕ̎́ ̘ʧʝʨʚʠʯʥʦʡ ʤʘʪʝʨʠʠ ʙʣʠʟʢʘ ʢ 

ʘʙʩʦʣʶʪʥʦʤʫ ʥʦʣʶ ʠ, ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʙʣʠʟʢʘ ʢ 

ʥʫʣʶ ʠ ʚʥʫʪʨʝʥʥʷʷ ʵʥʝʨʛʠʷ Ὗ̎ ́.̘ 

ʉʞʘʪʦʝ ʩʦʩʪʦʷʥʠʝ ʥʝ ʷʚʣʷʝʪʩʷ ʫʩʪʦʡʯʠʚʳʤ ʠ, 

ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʤʘʪʝʨʠʷ ʧʨʠʭʦʜʠʪ ʚ ʜʚʠʞʝʥʠʝ, ʧʨʠ 

ʢʦʪʦʨʦʤ ʢʦʣʠʯʝʩʪʚʦ ʢʚʘʥʪʦʚ ʩʦʭʨʘʥʷʝʪʩʷ. (ʇʨʠ 

ʦʧʠʩʘʥʠʠ ʤʳ ʩʦʭʨʘʥʷʝʤ ʧʨʠʥʷʪʳʝ ʚ (13) ʇʣʘʥʢʦʤ 

ʦʙʦʟʥʘʯʝʥʠʷ, ʥʦ ʥʝ ʦʪʢʘʟʳʚʘʝʤʩʷ ʦʪ ʦʙʱʝʧʨʠʥʷʪʦʛʦ 

ʦʙʦʟʥʘʯʝʥʠʷ ʜʘʚʣʝʥʠʷ ʯʝʨʝʟ p). ʅʝʟʘʚʠʩʠʤʦʡ ʦʙʦʙ-

ʱʝʥʥʦʡ ʢʦʦʨʜʠʥʘʪʦʡ q ʜʣʷ ʥʘʰʝʡ ɺʩʝʣʝʥʥʦʡ ʚ ʝʸ 

ʥʘʯʘʣʴʥʫʶ, ʧʣʘʥʢʦʚʩʢʫʶ ʵʧʦʭʫ ʩʣʫʞʠʪ ʝʸ ʦʙʲʝʤ V, 

ʘ ʜʘʥʥʦʡ ʢʦʦʨʜʠʥʘʪʝ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʠʤʧʫʣʴʩ ʜʘʚʣʝ-

ʥʠʷ pt. ʇʨʠ ʚʝʣʠʯʠʥʘʭ Ὠ᷿ή = ὠ  ὠ̘̎́
 ὠ  ̉ ᷿Ὠὴ = ὴ Ͻὸ  ὴ̎ ́Ͻ̘π = ὴ Ͻὸ

 ὸ ̑ʝʰʝʥʠʝ ʠʥʪʝʛʨʘʣʘ ʇʣʘʥʢʘ (13) ʦʩʦʙʳʭ ʟʘ-

ʪʨʫʜʥʝʥʠʡ ʥʝ ʚʳʟʳʚʘʝʪ: 
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ḀὨήὨὴ = ᷿ Ὠή᷿Ὠὴ = ὠ Ͻ ὸ Ὗ Ͻὸ

 
Ͻ

Ⱦ
Ͻ Ⱦ

 h. (14) 

ʂʘʢ ʚʠʜʠʤ, ʧʦ ʩʚʦʝʤʫ ʬʠʟʠʯʝʩʢʦʤʫ ʩʤʳʩʣʫ ʧʦ-
ʩʪʦʷʥʥʘʷ ʇʣʘʥʢʘ h ʝʩʪʴ ʧʨʦʠʟʚʝʜʝʥʠʝ ʧʣʘʥʢʦʚʩʢʦʡ 

ʦʙʲʝʤʥʦʡ ʧʣʦʪʥʦʩʪʠ ʵʥʝʨʛʠʠ 
 
 ʥʘ ʧʣʘʥʢʦʚʩʢʦʝ 

ʧʨʦʩʪʨʘʥʩʪʚʦ ï ʚʨʝʤʷ ὠ ϽὸȢ 

ʊʝʤ ʩʘʤʳʤ, ʥʘ ʚʟʘʠʤʦʩʚʷʟʴ ʚʠʜʘ h =  = 

Ὗ Ͻὸ  6.625Ͻρπ  ɼʞϽ̒ ʤʦʞʥʦ ʚʳʡʪʠ ʢʘʢ ʥʘ 

ʦʩʥʦʚʝ ʬʦʨʤʫʣʳ ʇʣʘʥʢʘ ʜʣʷ ʩʧʝʢʪʨʘ ʯʝʨʥʦʪʝʣʴʥʦʛʦ 
ʠʟʣʫʯʝʥʠʷ, ʪʘʢ ʠ ʚ ʩʦʛʣʘʩʠʝ ʩ ʠʥʪʝʛʨʘʣʦʤ ʇʣʘʥʢʘ 
ʜʣʷ çʵʣʝʤʝʥʪʘʨʥʦʛʦ ʢʚʘʥʪʘ ʜʝʡʩʪʚʠʷè. ʇʦʣʫʯʝʥʥʘʷ 
ʚ ʩʪʨʦʛʦʡ ʪʝʦʨʠʠ ʬʦʨʤʫʣʘ ʇʣʘʥʢʘ ʚ ʝʸ ʘʨʭʠʪʝʢʪʫ-
ʨʘʭ (1) ʠ (10) ʧʦʟʚʦʣʷʝʪ ʧʦʩʪʘʚʠʪʴ çʵʣʝʤʝʥʪʘʨʥʳʡ 
ʢʚʘʥʪ ʜʝʡʩʪʚʠʷè h ʚ ʦʧʨʝʜʝʣʝʥʥʦʝ ʩʦʛʣʘʩʠʝ ʩ ʨʝ-
ʟʫʣʴʪʘʪʘʤʠ ʧʨʝʮʠʟʠʦʥʥʳʭ ʘʩʪʨʦʥʦʤʠʯʝʩʢʠʭ ʠʟʤʝ-
ʨʝʥʠʡ ʧʘʨʘʤʝʪʨʦʚ ʦʩʪʘʪʦʯʥʦʛʦ ʬʦʪʦʥʥʦʛʦ ʠʟʣʫʯʝ-
ʥʠʷ. ɺ ʥʘʧʨʘʚʣʝʥʠʠ ʧʦʣʝʪʘ ʢʦʩʤʦʣʦʛʠʯʝʩʢʦʡ 
ʩʪʨʝʣʳ ʚʨʝʤʝʥʠ ʚʳʭʦʜ ʥʘ ʪʦʪ ʞʝ ʢʚʘʥʪ ʜʝʡʩʪʚʠʷ h 
ʥʝ ʠʩʢʣʶʯʘʝʪ ʠ ʠʥʪʝʛʨʘʣ ʇʣʘʥʢʘ ʚ ʝʛʦ ʧʨʦʝʢʮʠʠ ʥʘ 
ʜʚʠʞʝʥʠʝ ʤʘʪʝʨʠʠ ɺʩʝʣʝʥʥʦʡ ʚ ʵʧʦʭʫ ʇʣʘʥʢʘ. ʇʦ-
ʜʦʙʥʦʝ ʩʦʛʣʘʩʠʝ ʚʨʷʜ ʣʠ ʷʚʣʷʝʪʩʷ ʩʣʫʯʘʡʥʳʤ. 
ɸ. ʕʜʜʠʥʛʪʦʥ [16], ʩ ʦʜʥʦʡ ʩʪʦʨʦʥʳ, ʧʦʜ ʤʠʨʦ-

ʚʦʡ ʢʦʥʩʪʘʥʪʦʡ h ʧʦʥʠʤʘʝʪ ʪʘʢʦʝ ʢʦʣʠʯʝʩʪʚʦ ʜʝʡ-
ʩʪʚʠʷ, çʤʝʥʴʰʝ ʢʦʪʦʨʦʛʦ ʫʞʝ ʥʝ ʩʫʱʝʩʪʚʫʝʪè, ʘ ʩ 
ʜʨʫʛʦʡ, ʧʨʠʥʮʠʧ ʥʘʠʤʝʥʴʰʝʛʦ ʜʝʡʩʪʚʠʷ ʚʳʨʘʞʘʝʪ 
ʢʘʢ ʧʨʠʥʮʠʧ ʥʘʠʙʦʣʴʰʝʡ ʚʝʨʦʷʪʥʦʩʪʠ. ʄʳ ʧʦʜʭʦ-
ʜʠʤ ʢ ʦʧʠʩʘʥʠʶ ʨʘʟʚʠʪʠʷ ʢʦʩʤʦʣʦʛʠʯʝʩʢʠʭ ʩʦʙʳ-
ʪʠʡ ʩ ʧʦʟʠʮʠʠ ʚʥʝʰʥʝʛʦ ʥʘʙʣʶʜʘʪʝʣʷ. ʅʝʦʙʭʦʜʠʤʦ 
ʪʘʢʞʝ ʠ ʜʝʪʘʣʴʥʦʝ ʠʟʫʯʝʥʠʝ ʚʥʫʪʨʝʥʥʠʭ ʦʩʦʙʝʥʥʦ-
ʩʪʝʡ ʜʚʠʞʝʥʠʷ ʤʘʪʝʨʠʠ ɺʩʝʣʝʥʥʦʡ. ɿʜʝʩʴ ʩ ʥʘʰʝʡ 
ʩʪʦʨʦʥʳ ʚʦʟʤʦʞʥʘ ʥʝ ʙʦʣʝʝ ʢʘʢ ʨʝʢʦʤʝʥʜʘʮʠʷ. ʊʘʢ, 
ʝʩʣʠ ʟʘ ʵʧʦʭʦʡ ʇʣʘʥʢʘ ʩʣʝʜʫʝʪ ʵʧʦʭʘ ʷʜʝʨʥʳʭ ʨʝʘʢ-
ʮʠʡ, ʪʦ ʚʦ ʚʨʝʤʝʥʘ ʧʣʘʥʢʦʚʩʢʦʡ ʵʧʦʭʠ (ʪʦ ʝʩʪʴ ʚ ʫʟ-
ʢʦʤ ʠʥʪʝʨʚʘʣʝ ʢʦʩʤʦʣʦʛʠʯʝʩʢʦʛʦ ʚʨʝʤʝʥʠ: 0 ὸ 
 ὸ  ρπ ̒ ʩʣʝʜʫʝʪ ʦʜʥʦʟʥʘʯʥʦ ʠʩʢʣʶʯʠʪʴ ʚʦʟ-
ʤʦʞʥʦʩʪʴ ʩʣʫʯʘʡʥʦʛʦ ʨʘʟʚʠʪʠʷ ʩʦʙʳʪʠʡ. 
ɺ ʟʘʢʣʶʯʝʥʠʝ ʦʪʤʝʪʠʤ ʩʣʝʜʫʶʱʝʝ. çʀʩʭʦʜ-

ʥʳʡ ʪʦʣʯʦʢ, ʢʦʪʦʨʳʡ ʧʨʠʚʝʣ ʢ ʩʦʟʜʘʥʠʶ ʥʘʰʝʡ ʘʩʪ-
ʨʦʥʦʤʠʯʝʩʢʠ ʙʦʣʴʰʦʡ ɺʩʝʣʝʥʥʦʡ ʠʟ ʤʠʢʨʦʩʢʦʧʠ-
ʯʝʩʢʠ ʤʘʣʦʛʦ ʠ ʪʝʩʥʦʛʦ ʥʘʯʘʣʴʥʦʛʦ ʩʦʩʪʦʷʥʠʷè [17] 
ʫʞʝ ʜʣʠʪʝʣʴʥʦʝ ʚʨʝʤʷ ʧʨʠʚʣʝʢʘʝʪ ʚʥʠʤʘʥʠʝ ʠʩʩʣʝ-
ʜʦʚʘʪʝʣʝʡ. ʅʘ ʥʘʰ ʚʟʛʣʷʜ, ʧʨʠʚʝʜʝʥʥʦʝ ʚʳʰʝ ʨʝʰʝ-
ʥʠʝ ʠʥʪʝʛʨʘʣʘ ʇʣʘʥʢʘ ʥʝ ʪʦʣʴʢʦ ʧʦʟʚʦʣʷʝʪ ʣʫʯʰʝ 
ʧʦʯʫʚʩʪʚʦʚʘʪʴ ʢʦʩʤʦʣʦʛʠʯʝʩʢʫʶ ʟʥʘʯʠʤʦʩʪʴ ʧʣʘʥ-
ʢʦʚʩʢʠʭ ʚʝʣʠʯʠʥ, ʥʦ ʠ ʘʢʪʫʘʣʠʟʠʨʫʝʪ ʚʦʧʨʦʩ ʬʦʨ-
ʤʠʨʦʚʘʥʠʷ ʜʠʥʘʤʠʯʥʦʡ ʠ ʥʝʩʪʘʙʠʣʴʥʦʡ ʝ ï ʩʪʨʫʢ-
ʪʫʨʳ ʢ ʧʣʘʥʢʦʚʩʢʦʤʫ ʤʛʥʦʚʝʥʠʶ ʚʨʝʤʝʥʠ. ɾ. ʃʝ-
ʤʝʪʨ (1931 ʛ.) ʧʦʣʘʛʘʣ, ʯʪʦ ɺʩʝʣʝʥʥʘʷ ʧʨʦʠʟʚʝʜʝʥʘ 
ʧʦʩʨʝʜʩʪʚʦʤ ʨʘʩʧʘʜʘ ʧʝʨʚʦʥʘʯʘʣʴʥʦʛʦ ʚʝʩʴʤʘ ʤʘʩ-
ʩʠʚʥʦʛʦ ʘʪʦʤʘ. ʉʦʛʣʘʩʥʦ ʤʦʜʝʣʠ, ʧʨʝʜʣʦʞʝʥʥʦʡ 
ʃʝʤʝʪʨʦʤ, çɺʩʝʣʝʥʥʘʷ ʥʘʯʠʥʘʣʘʩʴ ʩ éʘʪʦʤʘéʢʦ-
ʪʦʨʳʡéʙʳʣ ʯʨʝʟʚʳʯʘʡʥʦ ʨʘʜʠʦʘʢʪʠʚʥʳʤ. ʆʥ 
ʤʛʥʦʚʝʥʥʦ ʨʘʩʧʘʣʩʷ ʥʘ ʯʘʩʪʠ, ʢʦʪʦʨʳʝ ʧʨʝʪʝʨʧʝʣʠ 
ʜʘʣʴʥʝʡʰʠʡ ʨʘʩʧʘʜ, ʨʘʩʧʘʜʳ ʧʨʦʜʦʣʞʘʣʠʩʴ, ʠ ʨʘ-
ʜʠʦʘʢʪʠʚʥʦʩʪʴ, ʢʦʪʦʨʫʶ ʤʳ ʥʘʙʣʶʜʘʝʤ ʩʝʡʯʘʩ, 
ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʧʨʦʩʪʦ ʦʩʪʘʪʢʠ ʥʘʯʘʣʴʥʦʡ ʨʘ-
ʜʠʦʘʢʪʠʚʥʦʩʪʠè. ɸ ʜʘʣʝʝ ʧʦ ʪʝʢʩʪʫ ʇ. ɼʠʨʘʢ ʦʪʤʝ-
ʯʘʝʪ [18, ʩ. 179]: çʇʨʝʜʣʦʞʝʥʥʘʷ ʩʭʝʤʘ ʜʦʚʦʣʴʥʦ 
ʢʨʘʩʠʚʘè. 
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Abstract 

This work is devoted to the study of the electronic structure, optical properties and electric resistance of the 

epitaxial layers CoSi2/Si produced in the ultrahigh vacuum conditions (p=10-7 Pa) by the molecular beam epitaxial 

method on Si surface (111). It has been shown that the forbidden zone width of solid CoSi2 films is 0.5-0.6 eV and 

there are two maximal of the electron state density in the valence zone. These films have the low specific resistance 

(p=20-25 Õɋ.cm). 

Keywords: silicon, epitaxial, structure, vacuum, electron, zone, temperature, spectroscopy, CoSi2, molecular 

beam epitaxial method, electron-spectroscopic, silicide, peaks, spectra, films. 

 

1. Introduction   
The good structural concordance of Si, CoSi2, 

CaF2 and hence the growing of multi-layer systems 

from the layers of those materials combination are the 

first prerequisite to create devices wits unique specifi-

cations. The creation of the Si-CoSi2-Si epitaxial struc-

ture allows the manufacturing of new type of ultrahigh 

frequency devices, e.g., transistors with metallic and 

permeable base. The main principle of such transistors 

creating is based on the change of the semiconductor 

base to the material having low electric resistance close 

to the metal one. In this respect, the more suitable ma-

terial proved to be CoSi2 films [1-4]. 

By now the regularities of the CoSi2 film epitaxial 

growth on the Si single crystal surface have been stud-

ied. The optimal conditions of producing the uniform 

films have been determined, the type and parameters of 

the lattice, as well as the electric physical properties of 

these films have been investigated. 

In the article the results of epitaxial CoSi2 / Si 

(111) formed by MBE, TFE and RA. Cobalt silicide 

layers grown on substrates such as Si doped by phos-

phorus-4,5, Si doped by boron -7.5, Si doped by boron 

-10. The growth of the films produced in ultrahigh vac-

uum MBE installation. Before epitaxial growth surface 

of the substrates were subjected to chemical cleaning 

and special cleaning vacuum. Detailed description of 

the installation of the MBE and purification methods 

contained in [5]. The thickness of the deposited cobalt 

in all cases was 100 Ȕ, meanwhile, CoSi2 film with 

thickness about 380 Ȕ was formed. The one-step pro-

cesses were studied and a two-step growth. With two-

stage increase in the growth of the film took place in 

two stages with different modes of growth.  

This work is devoted to the study of the electronic 

structure, optimal properties and electric resistance of 

the epitaxial CoSi2/Si layers produced in the ultrahigh 

vacuum conditions (p=10-7 Pa) by the molecular beam 

epitaxial method on Si surface (111). The optimal 

growth temperature is T=850 K and the optimal ratio of 

flows SiCo is 2:1. The films of the thickness d=50-500 

Ȕ have been studied [5]. The studies were conducted 

by Auger electron spectroscopy (AES), secondary ion 

mass spectrometry (SIMS), photoelectron spectroscopy 

(PES) and high energy electron diffraction (HEED). 

2. RESULTS AND DISCUSSION 

Before the measurement of the CoSi2 films were 

annealed in the ultrahigh vacuum conditions (p=10-7 

Pa) at T=900-1000 K for 3-4 hours. After the treatment 

on the HEED pictures taken for the films with d>150 Ȕ 

the bright sharp point reflexes on Laue arcs were de-

tected, that corresponds to the pure atomic smooth sur-

faces. 

The photoelectrons spectra for the Si (111) and 

CoSi2 films (d=200 Ȕ) measured at hɜ=10.8 eV are 

given in fig. 1.  
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Fig 1. The photoelectrons spectra for the Si (111) and CoSi2 films (d=200 Ȕ) measured at hɜ=10.8 eV. 

 

The abscissa axis is the electron binding energy Eb 

taken relative to the Fermi level EF. It is seen that the 

shape and position of the main peaks for Si and silicide 

are visible distinguished from each other. In the pure Si 

case the presence of peaks (B, C, E) is explained by the 

electron excitation from 3p, 3s states of valence elec-

trons and from the surface states. Both the 3p electrons 

and the surface states apparently take part in the for-

mation of peak A. In the CoSi2 case the presence of 

peak B is connected with the electron excitation from 

the generalized (3p-Si and 3d-Co) state, and peak C 

from the 3s state of Si. 

The parameters of the energy zones for Si and 

CoSi2 defined according to the photoelectron spectra 

(fig. 1) are given in table 1.  

 

Table 1. 

Zone and energy parameters of Si and CoSi2. 

Sample 
Zone parameters, eV 

 f ű Eg ɢ Vs 

Si 5.1 4.7 1.1 4.0 0.3 

CoSi2 4.9 4.9 0.5 4.4 ï 

 

It can be seen from table I that from Si to CoSi2 the 

decreasing (2 times) of the forbidden zone width Eg, the 

straightening of the zone band and some increasing of 

the electron affinity value occur. 

The value of the both photoelectron f and thermo 

electron ű work functions for Si and CoSi2 do not sharp 

differ from each other. For CoSi2 Fåű. So it can be sup-

posed that CoSi2 is the degenerated semiconductor with 

the whole conductivity. The high electric conductivity 

of Co silicide can be due to this fact. 

The electric resistance of the CoSi2 films was de-

fined by the 4- probes method [6]. The experimental re-

sult had been showed that in the case of the very thin 

films (d>100 Ȕ) the specific r®sistance value depends 

on both thickness and temperature of the film formation 

and in the solid films case (d>100-150 Ȕ) it depends 

mainly, on the formation temperature. The value of ɟ 

for the CoSi2 films growing at the different T are given 

in table 2. 

Table 2. 

The dependence of ɟ on the temperature formation for CoSi2. 

T, K 
ɟ, Õɋ.cm 

då60 Ȕ då200 Ȕ 

600 250 110 

750 ï 50 

900 150 20 

1000 120 20 

1100 ï 40 

1200 120 70 

 



The scientific heritage No 64 (2021) 17 

So for the film width då60 Ȕ the value of ɟ be-

comes higher and even at the optimal formation tem-

peratures it is about 120-150 Õɋ.cm. That is mainly due 

to the fact that the film is not solid. The solid films 

(då200 Ȕ) growing at T<700-750 K also have the high 

resistance. This fact is explained by insufficient order-

ing of the structure and by the high density of the point 

defects. The temperature increases of the film growth 

up to 900-1000 K results the sharp ɟ decreasing (20-25 

Õɋ.cm), that is connected with the essential crystal per-

fection improvement of CoSi2 film. The further for-

mation temperature increases (T>1100 K) is accompa-

nied by the specific resistance increasing. That can be 

due to both the island film formation and the enrich-

ment of the surface with silicon owing to silicon diffu-

sion through the film. 

The optical properties of CoSi2/Si (100) films have 

been also studied. For the example the dependence of 

the light reflection coefficient on the light wave length 

for the 200 Ȕ thickness film is given in Fig.2. It was 

shown that within the whole studied range of light wave 

length ɚ the k value increases with the ɚ increasing. 

However, for ɚ<2-2.5 Õ the increasing is small and 

its value do not exceed 10-15%. The considerable k in-

creasing occurs beginning with ɚ=2.5Õ, that approxi-

mately coincides with the edge of fundamental absorp-

tion CoSi2. At ɚ>2.5 Õ the hɜ value becomes less than 

the forbidden zone width (Egå0.5 eV) of CoSi2 and 

hence the absorption coefficient sharply decreases. Ap-

parently, that results in some increasing of the light re-

flection coefficient. 

 

 
Fig 2. The dependence of the light reflection coefficient on the light wave length for the 200 Ȕ thickness film 

 

3. CONCLUSIONS 

1. The true information about the electron states 

density distribution in the valence zone and the energy 

parameters for CoSi2/ Si films has been obtained. 

2. It was shown that the electric resistance of CoSi2 

film produced by the molecular beam epitaxy method 

mainly depends on the thickness and temperature of the 

film formation. CoSi2 is supposed to be a degenerated 

semiconductor with whole conductivity. High electric 

conductivity of Co silicide is explained by that fact. 

3. The considerable increasing of the light reflec-

tion coefficient beginning with ɚ=2-2.5 Õ was ex-

plained by the inter-zone transitions absence (funda-

mental absorption) in CoSi2 at ɚ>2-2.5 Õ. 
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ɸʥʥʦʪʘʮʠʷ 

ʍʦʪʷ ʩʧʦʩʦʙʳ ʧʦʣʫʯʝʥʠʷ ʥʘʥʦʩʪʨʫʢʪʫʨʥʳʭ ʧʦʢʨʳʪʠʡ ʜʦʚʦʣʴʥʦ ʨʘʟʥʦʦʙʨʘʟʥʳ, ʥʦ ʚʩʝ ʦʥʠ ʦʩʥʦʚʘʥʳ 

ʥʘ ʤʝʭʘʥʠʟʤʝ ʠʥʪʝʥʩʠʚʥʦʡ ʜʠʩʩʠʧʘʮʠʠ ʵʥʝʨʛʠʠ, ʦʙʦʙʱʝʥʥʦʡ ʚ ʪʨʝʭ ʩʪʘʜʠʷʭ ʬʦʨʤʠʨʦʚʘʥʠʷ. ʅʘ ʧʝʨʚʦʡ 

ʩʪʘʜʠʠ ʠʜʝʪ ʧʨʦʮʝʩʩ ʟʘʨʦʜʳʰʝʦʙʨʘʟʦʚʘʥʠʷ. ɺʪʦʨʘʷ ʩʪʘʜʠʷ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʬʦʨʤʠʨʦʚʘʥʠʝ ʚʦʢʨʫʛ ʥʘʥʦ-

ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʟʘʨʦʜʳʰʝʡ ʘʤʦʨʬʥʳʭ ʢʣʘʩʪʝʨʦʚ, ʢʦʪʦʨʳʝ - ʥʘ ʪʨʝʪʴʝʡ ʩʪʘʜʠʠ - ʦʙʲʝʜʠʥʷʶʪʩʷ ʚ ʤʝʞʢʨʠ-

ʩʪʘʣʣʠʪʥʫʶ ʬʘʟʫ ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ ʜʠʩʩʠʧʘʪʠʚʥʦʡ ʩʪʨʫʢʪʫʨʳ. ʇʨʠʤʝʥʠʪʝʣʴʥʦ ʢ ʥʘʰʠʤ ʟʘʜʘʯʘʤ, ʤʳ ʠʩʧʦʣʴ-

ʟʦʚʘʣʠ ʨʝʰʝʥʠʝ ʟʘʜʘʯʠ ʉʪʝʬʘʥʘ ʧʫʪʝʤ ʟʘʤʝʥʳ ʧʦʪʦʢʘ ʵʣʝʢʪʨʦʥʦʚ ʥʘ ʧʦʪʦʢ ʘʜʘʪʦʤʦʚ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʧʦʜ-

ʣʦʞʢʠ. ʊʦʛʜʘ ʜʣʷ ʧʣʦʪʥʦʩʪʠ ʧʦʪʦʢʘ ʘʪʦʤʦʚ ʠʣʠ ʠʦʥʦʚ, ʬʦʨʤʠʨʫʶʱʠʭ ʧʦʢʨʳʪʠʡ, ʤʳ ʧʦʣʫʯʠʣʠ ʫʨʘʚʥʝʥʠʝ, 

ʚʢʣʶʯʘʶʱʝʝ ʬʫʥʢʮʠʶ ɹʝʩʩʝʣʷ ʥʫʣʝʚʦʛʦ ʧʦʨʷʜʢʘ, ʢʦʪʦʨʦʝ ʧʦʢʘʟʳʚʘʝʪ, ʯʪʦ ʧʨʦʮʝʩʩ ʬʦʨʤʠʨʦʚʘʥʠʷ ʠʦʥʥʦ-

ʧʣʘʟʤʝʥʥʳʭ ʧʦʢʨʳʪʠʡ ʩʦʛʣʘʩʫʝʪʩʷ ʩ ʦʩʪʨʦʚʢʦʚʦʡ ʤʦʜʝʣʴʶ. ɺ ʨʘʙʦʪʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʠʩʩʣʝʜʦʚʘʥʦ ʚʣʠ-

ʷʥʠʝ ʥʘ ʩʪʨʫʢʪʫʨʫ ʠ ʬʠʟʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʧʦʢʨʳʪʠʡ ʩʣʝʜʫʶʱʠʭ ʧʘʨʘʤʝʪʨʦʚ: ʜʘʚʣʝʥʠʝ ʨʝʘʢʮʠʦʥʥʦʛʦ ʛʘʟʘ 

ʚ ʨʘʙʦʯʝʡ ʢʘʤʝʨʝ; ʧʦʪʝʥʮʠʘʣ ʦʩʥʦʚʳ; ʪʦʢ ʨʘʟʨʷʜʘ ʜʫʛʠ; ʩʚʦʡʩʪʚʘ ʤʘʪʝʨʠʘʣʘ ʢʘʪʦʜʘ; ʪʝʤʧʝʨʘʪʫʨʘ ʧʦʜʣʦʞʢʠ. 

ʆʧʨʝʜʝʣʝʥʳ ʠʭ ʦʧʪʠʤʘʣʴʥʳʝ ʟʥʘʯʝʥʠʷ ʧʨʠ ʛʝʥʝʨʘʮʠʠ ʤʥʦʛʦʢʦʤʧʦʥʝʥʪʥʳʭ ʧʦʪʦʢʦʚ. ʇʦʢʘʟʘʥʦ ʪʘʢʞʝ, ʯʪʦ 

ʤʠʢʨʦʪʚʝʨʜʦʩʪʴ ʠ ʤʦʜʫʣʴ ʖʥʛʘ ʫʤʝʥʴʰʘʶʪʩʷ ʩ ʫʤʝʥʴʰʝʥʠʝʤ ʬʨʘʢʪʘʣʴʥʦʡ ʨʘʟʤʝʨʥʦʩʪʠ ʩʪʨʫʢʪʫʨʳ ʠʦʥʥʦ-

ʧʣʘʟʤʝʥʥʦʛʦ ʧʦʢʨʳʪʠʷ. 

Abstract 
Although the methods for obtaining nanostructured coatings are quite diverse, they are all based on the mech-

anism of intense energy dissipation, generalized in three stages of formation. At the first stage, the nucleation 

process takes place. The second stage is the formation of amorphous clusters around the nanocrystalline nuclei, 

which, in the third stage, are combined into an intercrystalline phase with the formation of a dissipative structure. 

In relation to our problems, we used the solution of the Stefan problem by replacing the electron flux with the 

adatom flux on the substrate surface. Then, for the flux density of atoms or ions forming the coatings, we obtained 

an equation that includes the zero-order Bessel function, which shows that the process of formation of ion-plasma 

coatings is consistent with the island model. The work experimentally investigated the effect on the structure and 

physical properties of coatings of the following parameters: pressure of the reaction gas in the working chamber; 
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base potential; arc discharge current; properties of the cathode material; substrate temperature. Their optimal val-

ues for the generation of multicomponent flows have been determined. It is also shown that the microhardness and 

Young's modulus decrease with a decrease in the fractal dimension of the structure of the ion-plasma coating. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʥʘʥʦʢʨʠʩʪʘʣʣ, ʧʦʢʨʳʪʠʝ, ʜʠʩʩʠʧʘʮʠʷ, ʟʘʜʘʯʘ ʉʪʝʬʘʥʘ, ʤʠʢʨʦʪʚʝʨʜʦʩʪʴ, ʬʨʘʢʪʘʣʣ. 

Keywords: nanocrystal, coating, dissipation, Stefan problem, microhardness, fractal. 

 

Introduction  

Among the methods of applying protective coat-

ings based on the action of high-energy particle and 

quantum fluxes on the surface of a part, vacuum ion-

plasma methods are attracting great attention [1-4]. 

Their characteristic feature is the direct conversion of 

electrical energy into the energy of technological im-

pact, based on structural-phase transformations in the 

condensate deposited on the surface or in the very sur-

face layer of a part placed in a vacuum chamber. 

The main advantage of these methods is the possi-

bility of creating a very high level of physical and me-

chanical properties of materials in thin surface layers, 

the application of dense coatings from refractory chem-

ical compounds, as well as diamond-like ones, which 

cannot be obtained by traditional methods. In addition, 

these methods allow you to: 

- to ensure high adhesion of the coating to the sub-

strate; 

- uniformity of coating thickness over a large area; 

- vary the composition of the coating in a wide 

range, within one technological cycle; 

- to obtain a high purity of the coating surface; 

- ecological cleanliness of the production cycle. 

1. Formation of ion-plasma coatings 

To improve the operational properties of parts of 

mechanisms and machines, special steels and alloys are 

used, the volume of world production of which is stead-

ily declining. This is due to both their high cost and the 

development of new technologies that make it possible 

to increase the hardness, wear resistance and other 

properties of parts made of cheaper grades of steel. 

Such technologies include methods of chemical-ther-

mal treatment of parts and the application of special 

coatings to them. One of the methods of chemical-ther-

mal treatment of steel parts is the method of ion-plasma 

nitriding. In recent years, this method has been actively 

studied both theoretically and experimentally. A num-

ber of industrial installations for ion-plasma nitriding 

have been created in different countries. Although the 

methods for obtaining nanostructured materials and 

coatings are quite diverse [5], they are all based on the 

mechanism of intense energy dissipation, generalized 

in three stages of formation. At the first stage, the pro-

cess of nucleation takes place, which, due to the lack of 

appropriate thermodynamic conditions, does not trans-

form into mass crystallization. The second stage is the 

formation of amorphous clusters around the nanocrys-

talline nuclei, which, in the third stage, are combined 

into an intercrystalline phase with the formation of a 

dissipative structure. 

Each of these stages is a complex process. Suffice 

it to point out the process of formation of new phase 

embryos, the theory of which has been developing for 

more than 100 years and the basic provisions of which 

were laid down by Gibbs and then developed by 

Volmer, Becker and Dºring, Stransky and Kaishev, 

Frenkel, Zel'dovich [6]. 

Despite various modifications and refinements of 

the classical theory of nucleation and its completely 

correct qualitative description of the process of nuclea-

tion of crystallization centers, it is still far from the 

agreement of the experimental and theoretical data. 

This is due to the following circumstances: 

- the theory is based on the rough assumption that 

microscopic clusters of atoms have macroscopic char-

acteristics (in particular ů) and, in general, equilibrium 

thermodynamic parameters; 

- practically, in all works devoted to the initial 

stage of the emergence of a new phase (including works 

of recent years), the formation of a metastable phase is 

considered instantaneous; 

- the theory (and its modifications) contains a 

number of parameters that do not have a strictly quan-

titative solution. 

With regard to our problems, we modified the 

cluster formation model proposed in [7]. For the equi-

librium number of atoms in a cluster, we obtained: 
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Let us estimate the number of particles in a cluster 

for coating titanium nitride: GÁ å 410 kJ/mol; ʩ å 0.001; 

ln(n0)/n0 å 0.02; k = 1.38 10-23, T = 300 K. Then N0 å 

60 titanium atoms. The value obtained by us correlates 

with the number of atoms N in the nucleus during the 

homogeneous formation of nanoclusters of various 

metals. In this case, the cluster size is r å 1 nm. 

The third stage of coating formation is even more 

complicated, when the growth of the film is determined 

by the conditions at the mobile interface. Problems of 

this kind are called the ñStefan problemò [8]. From a 

mathematical point of view, boundary value problems 

of this type are fundamentally different from classical 

problems [9]. Due to the dependence of the size of the 

flow transfer region on time, the classical methods of 

separation of variables and integral Fourier transforms 

are inapplicable to this type of problems, since, while 

remaining within the framework of classical methods 

of mathematical physics, it is not possible to coordinate 

the solution of the equation with the motion of the 

phase interface. 

Any attempts to analytically obtain an exact solu-

tion to a generalized boundary value problem in a do-

main with a boundary moving according to an arbitrary 

law led to a system of Voltaire integral equations of the 

second kind, which could not be solved due to the com-

plexity of the kernels of the equation of the system [9]. 

An overview of modern achievements in solving the 

Stefan problem is given in the monograph [10]. 

With regard to our problems, we used the solution 

of the Stefan problem proposed in [11], replacing the 

electron flux with the adatom flux on the substrate sur-

face. Then, for the flux density of atoms or ions forming 
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the coatings, we obtain the following equation: 
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where J0 is the zero-order Bessel function; r - cur-

rent coordinate; R is the geometric size of the substrate; 

ɓ(t) is the speed of the phase separation. The graph of 

the function ɟ(r) is shown in Figure 1. 

 
Figure 1 - Graph of the function ɟ(r) for r > 0 

 

From Figure 1 and formula (2) it follows that the 

flux of atoms forming the coating disintegrates, form-

ing "islands". Our result is consistent with the island 

model of the formation of ion-plasma coatings [12]. It 

also follows from formula (2) that with an increase in 

the growth rate of the coating ɓ (t), the atomic flux den-

sity decreases and this leads to a deterioration in the 

quality of the coating. This situation is typical when the 

thermophysical parameters of the substrate and the ap-

plied material are very different. To remedy this situa-

tion, it is necessary to use composite (multiphase) cath-

odes for coating. 

Let's make one more remark. Taking into account 

the surface tension at the interface leads to a significant 

change in the kinetics of the formation of coatings. Fig-

ures 2 and 3 show the structure of two multiphase coat-

ings with different surface tension. 

In the first case (Figure 2) we observe open dissi-

pative structures, and in the second (Figure 3) - a glob-

ular structure. We will discuss in more detail the effect 

of surface tension on the structure of coatings below. 

Within the framework of the Stefan problem, we know 

of only one work [13], in which the role of surface ten-

sion is taken into account. 

 
 

Figure 2 ï  

AFM image of the surface of the Fe-Al coating 

Figure 3 ï 

 AFM image of the surface of the Zn-Al coating 

 

2. Influence of technological parameters on the 

structure of ion-plasma coatings 

The following parameters have a direct effect on 

the structure and physical properties of coatings ob-

tained by ion-plasma deposition [1-4, 12]: pressure of 

the reaction gas in the working chamber; base potential; 

arc discharge current; properties of the cathode mate-

rial; substrate temperature. Figures 4 and 5, as an ex-

ample, show electron microscopic and AFM images of 

composite coatings at substrate temperatures of 350 

and 450 ÁC. 
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350 ÁC     450 ÁC 

Figure 4 - Electron microscopic image Zn-Al coatings 

 

 
350 ÁC 

 
450 ÁC 

Figure 5 - AFM image of the Zn-Al coating 

 

Figure 4 shows that at a temperature of 450 ÁC, the 

zinc phase coagulates into larger fragments, while the 

rest (most part) becomes more uniform. This is clearly 

seen in the AFM image (Figure 5). A similar situation 

is observed for other coatings. 

The optimum substrate temperature for all compo-

site coatings was found to be about 400 ÁC. The refine-

ment of the grain structure of the coating material with 

an increase in the substrate temperature is accompanied 

by an increase in hardness to a certain critical average 

nanograin size. A decrease in hardness with a further 

decrease in the average grain size in the coating is due 

to slippage along grain boundaries (rotational effect). 

In this case, to further increase the hardness, it is re-

quired to slow down the sliding process along grain 

boundaries. Such deceleration can be achieved through 

the formation of a corresponding nanostructure with 

strengthening of grain boundaries using multicompo-

nent flows. 

Figure 6 shows an electron microscopic image of 

a Cr-Mn-Si-Cu-Fe-Al + Ti coating in an argon atmos-

phere. Titanium grains with a size of 1 to 10 microns in 

diameter are clearly visible. Materials with such a grain 

size are usually called coarse-crystalline [1]. 
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Figure 6 - Electron microscopic  

image of the Cr-Mn-Si-Cu-Fe-Al + Ti  

coating in argon 

Figure 7 - Electron microscopic image of the  

Cr-Mn-Si-Cu-Fe-Al + Ti  

coating in a nitrogen atmosphere 

 

The results of quantitative XPS analysis showed 

that the content of Mn, Si, Cu and Al is less than 1 wt. 

%. In a nitrogen environment, the structure of the coat-

ing changes dramatically (Figure 7) due to the for-

mation of titanium nitride. In this case, the average 

grain size is (100-150) nm. Such coatings are called 

submicrocrystalline [1]. The results of a quantitative 

XPS analysis of the Cr-Mn-Si-Cu-Fe-Al + Ti coating 

in a nitrogen atmosphere showed that the contents of 

chromium, titanium, and nitrogen are close to each 

other. This suggests that in addition to the formation of 

titanium nitride, the process of formation of chromium 

nitride is also taking place. Figure 7 shows that micro-

crystallites of titanium and chromium nitrides have a 

preferred orientation (presumably in the (200) direc-

tion), which is also different from the spherical sym-

metry of pure titanium microcrystallites (Figure 6). 

An increase in the arc discharge current leads to an 

increase in the thickness of the coating; however, with 

an increase in the current above 130 A, the perfection 

of the structure decreases and the amount of the droplet 

phase sharply increases, which is the reason for a de-

crease in the adhesion strength of the substrate to the 

coating (Figure 8). At a low discharge power (arc cur-

rent < 20-30 A), due to a decrease in the ionization co-

efficient of the plasma, neutral particles of the reaction 

gas and cathode are "walled in" into the film, which 

contributes to an increase in the concentration of coat-

ing defects (Figure 9).

 

  
Figure 8 - The appearance of a droplet phase with 

an increase in current over 130 A for a composite 

coating Cr-Mn-Si-Cu-Fe-Al (AFM image) 

Figure 9 - Increase in the concentration of defects in 

the Mn-Fe-Cu-Al coating at low discharge power 

(AFM image) 

 

We have investigated the dependence of the prop-

erties of composite coatings on the nitrogen pressure in 

the working chamber; in this case, the current strength, 

reference voltage, cathode material, conditions of fix-

ing and heat removal, and the time of cleaning and 

spraying processes remained constant. Table 1 shows 

the results for microhardness. 
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Table .1 

Dependence of coating microhardness on gas pressure in the chamber 

Residual gas pressure 

in the chamber, mm. hg. art. 

Vickers microhardness, HV 

Al -Fe Zn-Cu-Al  Zn-Al  Al -Fe 

10-8 0,662 - - 0509 

10-7 0,660 - - 0,512 

10-6 0,600 0,573 0,569 0,514 

10-5 0,610 0,600 0,520 0,470 

 

At a nitrogen pressure P = (0.058-0.81) Pa, a fine 

dense texture is formed, close to the stoichiometric 

composition, which is characterized by the optimal, 

from the point of view of metallic properties, the ratio 

of the metallic and ionic components of the bond. In 

this case, the content of the droplet phase decreases, and 

the number of pores and delamination increases. With 

a further increase in pressure, a large number of free 

ions leads to a sharp increase in the number of pores 

and delamination. 

After analyzing the results of the study, we can 

conclude that the samples obtained at a nitrogen pres-

sure P = (0.081-0.81) Pa have the most uniformly dis-

tributed fine dense structure, the minimum content of 

the droplet phase, pores, sagging, exfoliation and the 

highest values of microhardness. 

3. Fractal structures of multiphase coatings 

To show that the structure under consideration is 

fractal, it is possible to use the ratio of the perimeter and 

area of planar figures in relation to the structures 

formed in the surface layer of the material. It is known 

[14] that for each family of flat geometric figures, the 

ratio of the perimeter L to the area S: 

 
2/1S

L
=g  (3) 

remains constant and does not depend on the size 

of the figure. 

However, if the structure is fractal, then, as shown 

in [15], it should be replaced by: 

 
2/1

D/1

D
)(S

)(L

^

^
=g , (4) 

where D is the Hausdorff fractal dimension of the 

structure under consideration. 

Ratio (4) does not depend on the size of the fractal 

structure, but depends on the choice of the standard of 

length ǎ, since the length of the self-similar boundary 

of the fractal L(ǎ) depends on the length of the standard 

with which it is measured and L(ǎ) Ÿ Ð as ǎ Ÿ 0. The 

fractal area remains finite as ǎ Ÿ 0 and is defined as: 

 
2N)(S ^^= , (5) 

where N is the number of cells with area ǎ2 re-

quired to cover a flat fractal. 

In general, fractal structures with self-similar 

boundaries satisfy the perimeter-area ratio [14]: 

 [ ]2/DD1 )(SC)(L ^^^ -= , (6) 

where C is the coefficient of proportionality. 

Relation (6) is observed for any standard of length 

ǎ, small enough to measure the smallest of the fractal 

sets. We calculated fractal dimensions from AFM im-

ages at the height of the median plane (Figure 10). The 

lower the value of the fractal dimension Dk of the con-

tours, the more large-scale structures are present in the 

material. The value of the fractal dimension of the 

structure determines its spatial character. Accordingly, 

the lower the Ds value, the more ñislandò the structure 

has.  

  
  

Cr-Mn-Si-Cu-Fe-Al Zn-Al Mn-Fe-Cu-Al Al-Fe 

Figure 10 - Fractal structures of multiphase coatings 

 

Table 2 shows the measured values of physical 

quantities for coatings with a globular structure. Table 

2 shows that microhardness and Young's modulus de-

crease with decreasing fractal dimension of the coating 

structure. Note also that the fractal dimension of the 

coating structure is lower than the fractal dimension of 

the metal substrate structure. 
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Table 2 

Values of microhardness and elastic modulus for coatings with different fractal dimensions 

Composite coating 
Microhardness, 

GPa 

Young's modulus, 

GPa 

Fractal 

dimension 

structures Ds 

Cr-Mn-Si-Cu-Fe-Al  55,0 0,6 1,89 

Zn-Al  42,0 0,5 1,81 

Mn-Fe-Cu-Al  36,0 0,3 1,79 

 

Conclusion 

The main results obtained in this article are as fol-

lows: 

- from the experimental data given in the article, it 

follows that before using the cathode for ion-plasma 

treatment of a material, it is necessary to investigate its 

microstructure and make sure that this cathode is a solid 

solution; 

- it is shown that the XPS method makes it possi-

ble to determine the composition of the coating with 

high accuracy, which is very important for the directed 

synthesis of composite coatings with desired proper-

ties; 

- it has been shown that the AFM method makes it 

possible to build a bridge between the atomic structure 

of the coating and its macroscopic properties; 

- the influence of the following parameters on the 

structure and physical properties of coatings obtained 

by the method of ion-plasma deposition was experi-

mentally investigated: pressure of the reaction gas in 

the working chamber; base potential; arc discharge cur-

rent; properties of the cathode material; substrate tem-

perature. Their optimal values for the generation of 

multicomponent flows have been determined; 

- it is shown that microhardness and Young's mod-

ulus decrease with decreasing fractal dimension of the 

coating structure. Note also that the fractal dimension 

of the coating structure is lower than the fractal dimen-

sion of the metal substrate structure. 
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ɸbstract 

To determine the average time and time distribution function for the successful implementation of a computer 

"DDoS attack " on the elements of the telecommunications network of railway transport (TCNRT). Methods: To 

solve the problem, the methods of general systems theory, information security theory, probability theory, queuing 

theory, as well as the method of topological transformation of stochastic networks were used. The calculations 

were performed using the MathCAD software package. Results: We propose a mathematical model of the process 

of implementation by the violator of the "DDoS attack" on TCNRT and finding the probabilistic-temporal charac-

teristics of the cyber action system of the violator, the purpose of which is to disrupt the transportation management 

process. Practical relevance: The proposed model provides for finding the initial data for a comprehensive as-

sessment of the stability of the functioning of the TCNRT, functioning in the conditions of the cyber impact of the 

intruder on the network elements of the TCNRT. It has been established that this model adequately reflects the 

modeled process, is sensitive to changes in input data, allows obtaining results consistent with logic, as well as 

identifying appropriate directions for ensuring the cybersecurity of TCNRT. 

Keywords: Computer attack, DDoS attacks, topological transformation of stochastic networks, equivalent 

function, two moment approximation method. 

 

1 Introduction  

At present, in many countries of the world, includ-

ing the states of the European Union and the eastern 

countries and the Commonwealth of Independent 

States countries, there is a growing understanding of 

the importance of solving global problems of transport 

complexes. This is primarily due to the requirements to 

improve the safety and efficiency of transportation, 

with the growth of the mobility of society, the need to 

reduce the impact of transport on the environment and 

others. In solving these problems, the most important 

place is occupied by the creation and use of intelligent 

transport systems [1-4]. They accumulate and integrate 

the advanced achievements of modern research and de-

velopment in the field of telecommunications, infor-

mation technology, intelligent systems methods, and 

satellite positioning technologies, transport information 

and telecommunication systems. 

Intelligent railway transport systems require close 

communication between operators (passengers) and the 

infrastructure and railway trains, which exchange infor-

mation based on a telecommunication network and au-

tomated information processing and control systems 

(AIPCS). The complexity of ensuring the stable opera-

tion of a modern telecommunications network of rail-

way transport has recently increased due to an increase 

in the frequency of information impacts on its elements. 

Information influences are carried out by an attacker 

through computer attacks (CA), the purpose of which 

is the main production process implemented at the tar-

get object. The result of the impact of computer attacks 

is blocking of control information, violation of the es-

tablished operating modes of systems for collecting, 

processing and transmitting information to AIPCS, fail-

ures, failures in the operation of telecommunication 

networks of railway transport (TCNRT) [5, 6]. The 

works [7-12] present the most known types of computer 

attacks at present, of which ñDDoS attacksò (Distrib-

uted Denial of Service) occupy a special place. The 

prevalence of this type of computer attack is due to the 

simplicity of their implementation and the severe con-

sequences after its completion. 

Thus, the task of assessing the capabilities of an 

attacker to carry out a "DDoS attack" on the elements 

of the telecommunication network of railway transport, 

which is one of the main components of intelligent sys-

tems of railway transport, is actualized. This article dis-

cusses a model of the process of carrying out a com-

puter attack of the "Distributed denial of service" type 

on the elements of TCNRT and provides an example of 

calculation. The model makes it possible to assess not 

only the potential capabilities of the attacker, but also 

the time spent by him on the implementation of a 

"DDoS attackò on the network elements of the TCNRT. 

2 DDoS attack process model to Telecommuni-

cation network 

There is TCNRT, which includes routers, 

switches, servers, modems and multifunctional sub-

scriber terminals. Let us assume that the network ele-

ments of the TCNRT function in the conditions of 

"DDOS attacks" by an organized attacker (fig.1). 
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Figure 1. The place of the telecommunications network in the management of railway transport and DDoS at-

tack on its elements 

 

To implement a "DDOS attack", the intruder con-

figures and launches a program that generates and 

sends requests in an average time 1t , with a time dis-

tribution function ( )W t . Then he proceeds to deter-

mine the active elements of the attacked TCNRT, types 

or versions of operating systems, as well as network 

services for an average time 2t , 
3t , 4t , with distribu-

tion functions ( )M t , ( )D t , ( )L t . The intruder per-

forms these actions successfully with probabilities
1P , 

2P  ʠ 3P and accordingly. The calculation2P , 3P  ʠ 4P

is carried out using [13-17]. If at least one of the listed 

private processes failed to be implemented by the orga-

nized intruder, then they are resumed with probabilities

1(1 )P- , 2(1 )P-  and 3(1 )P- , accordingly, after an 

average time 5t  with the distribution function ( )Z t . 

Next, the intruder analyzes the received data and deter-

mines the vulnerabilities of the elements of the attacked 

network for an average time 6t  with a time distribution 

function ( )K t . After the successful implementation of 

the above private processes, the intruder sends requests 

to connect to the servers of the attacked TCNRT, in an 

average time 7t  with a time distribution function ( )Y t

. The ability to connect to the attacked server is charac-

terized by probability 
ʧʦʜ.ʩP , and receiving a response 

about its state occurs after an average time 8t  with a 

time distribution function ( )U t . If access is not ob-

tained, the intruder sends a repeated request for an av-

erage time 
9t  with a time distribution function ( )V t . 

In case of successful implementation of all private pro-

cesses, an organized intruder sends a large number of 

anonymous false connection requests and due to an 

overflow of RAM (random access memory), the server 

equipment of the TCNRT will not be able to process 

requests from legitimate users. This blocking of servers 

is carried out in average time 10t with the distribution 

function ( )N t . It is required to determine the average 

time and the time distribution function ( )F t  for an at-

tacker to implement a ñDDoS attackò. Let us represent 

the process described in the problem statement in the 

form of a stochastic network in Fig. 2. The random time 

of implementation of private processes is characterized 

by an exponential distribution. The probabilities 

1 2 3 4 nP P P P P= = = = take on the same values. 
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Figure 2. Stochastic network of the "DDoS attack" process 

 

Let's assume that in a stochastic network:
 

( )w s , 

( )m s , ( )z s , ( )d s , ( )l s , ( )k s , ( )y s , ( )v s , ( )u s

and ( )n s  ï and is the Laplace-Stieltjes transform of the 

corresponding distribution functions, in the specified 

formulation of the problem, defined as 

0

( ) exp( ) [ ( )] i
i i

i

r
r s st d R t

r s

¤

= - =
+ñ

 
In order to determine the equivalent function (Fig. 

2), we close the input and output of the stochastic net-

work with a fictitious branch 
1

( )
( )

aQ s
Q s
=  and list the 

loops of the first and second orders [18]. 

First order hinges: 

- n( ) (1 ) ( )m s P z sÖ - Ö; 

-
n n( ) ( ) (1 ) ( )m s d s P P z sÖ Ö Ö - Ö; 

-
2

n n( ) ( ) ( ) (1 ) ( )m s d s l s P P z sÖ Ö Ö Ö - Ö; 

-
n( ) (1 ) ( )y s P v sÖ - Ö. 

Second order loops: 

-
2

n( ) (1 ) ( ) ( ) ( )m s P z s y s v sÖ - Ö Ö Ö; 

-
2

n n( ) ( ) (1 ) ( ) ( ) ( )m s d s P P z s y s v sÖ Ö Ö - Ö Ö Ö; 

- 
2 2

n n( ) ( ) ( ) (1 ) ( ) ( ) ( )m s d s l s P P z s y s v sÖ Ö Ö Ö - Ö Ö Ö. 

Using Mason's equation 

1

1 ( 1) ( ) 0
k

k

k

i

H Q s
=

= + - Ö =ä , where are ( )kQ s  the 

equivalent first-order k -loop functions, we define the 

equivalent stochastic network function: 
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(1) 

 

Since (1), by definition, is a characteristic func-

tion, its differentiation makes it possible to find the first 

and second initial moments of the random time of real-

ization of the modeled process: 

n
1 n

n 0
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2 n 2

n 0
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( , )
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Hence, the average time to implement a "DDOS" 

attack is: 

n
ʨ n

n 0

( , )
( )

( 0, )
s

d Q s P
t P

ds Q s P
=

è ø
=- é ù

=ê ú 
 

The dispersion of the implementation time of the 

"DDOS attack" defined as the second central moment 

ʨ( )D t , is represented by the expression 

2
2

n n
ʨ 2

n n0 0

( , ) ( , )
( )

( 0, ) ( 0, )
s s

d Q s P d Q s P
D t

ds Q s P ds Q s P
= =

ë ûè ø è øî î
= - -ì üé ù é ù

= =î îê ú ê úí ý 

Calculation of the mathematical expectation and 

variance allows, with sufficient accuracy for engineer-

ing calculations, to determine the distribution function 

of the time of the successful implementation of a 

"DDoS" attack as an incomplete Gamma function [18]: 
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Where is the 
2

ʨ n

ʨ

[ ( )]

( )

t P

D t
a= - shape parameter; 

ʨ n

ʨ

( )

( )

t P

D t
m= - is the scale parameter. 

3 Results 

Calculations were made using formula (2), the re-

sults of which are shown in Fig. 3. The following values 

of the average time of implementation of private pro-

cesses were used as the initial data:

1 2 3 42min., 7min., 5min., 6min.t t t t= = = =  
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(min)t

 
Figure 3. The function of distributing the time of the "DDoS attack" 

 

4 Conclusions 

The analysis of the obtained results shows that the 

developed model of the process of implementation by 

the intruder of the "DDoS attack " on the elements of 

TCNRT is sensitive to changes in the initial data, al-

lows obtaining results that do not contradict logic, ade-

quately reflects the process of a computer attack and 

allows the probabilistic-temporal characteristics of the 

intruder's cyber impact system. Probabilistic-temporal 

characteristics can be used as initial data for a compre-

hensive assessment of the stability of the functioning of 

the TCNRT using models [17, 19]. The simulation re-

sults show that the main influence on the success of an 

intruder in a DDoS attack on the elements of TCNRT 

is exerted by the parameters reflecting its accessibility 

to network elements, the methods of identification and 

authentication of legitimate users used in TCNRT, as 

well as the level of training (qualification) of the viola-

tor. To increase the security of the TCNRT from the 

cyber impact of the intruder, it is advisable to imple-

ment the organizational and technical measures out-

lined in [20]. 
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ɸʥʥʦʪʘʮʠʷ 
ʉʪʘʪʴʷ ʧʦʩʚʷʱʝʥʘ ʠʟʫʯʝʥʠʶ ʦʩʥʦʚʥʳʭ ʧʦʢʘʟʘʪʝʣʝʡ ʵʣʝʢʪʨʠʯʝʩʢʦʡ ʵʥʝʨʛʠʠ. ʅʘʠʙʦʣʝʝ ʧʦʜʨʦʙʥʦ ʨʘʩ-

ʩʤʦʪʨʝʥ ʚʦʧʨʦʩ ʩʥʠʞʝʥʠʷ ʥʝʩʠʤʤʝʪʨʠʠ ʥʘʧʨʷʞʝʥʠʷ ʚ ʩʝʪʷʭ 0,4 ʢɺ. 

Abstract 

The article is devoted to the study of the main indicators of electrical energy. The most detailed consideration 

is the issue of reducing voltage unbalance in 0.4 kV networks. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʵʣʝʢʪʨʠʯʝʩʢʘʷ ʵʥʝʨʛʠʷ, ʢʘʯʝʩʪʚʦ ʵʣʝʢʪʨʠʯʝʩʢʦʡ ʵʥʝʨʛʠʠ, ʧʦʢʘʟʘʪʝʣʠ ʢʘʯʝʩʪʚʘ, 

ʥʝʩʠʤʤʝʪʨʠʷ ʥʘʧʨʷʞʝʥʠʷ, ʢʦʵʬʬʠʮʠʝʥʪ ʥʝʩʠʤʤʝʪʨʠʠ ʥʘʧʨʷʞʝʥʠʷ. 

Keywords: electrical energy, quality of electrical energy, quality indicators, voltage unbalance, voltage un-

balance coefficient. 
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ʉʦʛʣʘʩʥʦ ɻʆʉʊ 32144-2013 çʅʦʨʤʳ ʢʘʯʝʩʪʚʘ 

ʵʣʝʢʪʨʠʯʝʩʢʦʡ ʵʥʝʨʛʠʠ ʚ ʩʠʩʪʝʤʘʭ ʵʣʝʢʪʨʦʩʥʘʙʞʝ-

ʥʠʷ ʦʙʱʝʛʦ ʥʘʟʥʘʯʝʥʠʷè ʫʩʪʘʥʘʚʣʠʚʘʶʪʩʷ ʩʣʝʜʫʶ-

ʱʠʝ ʧʦʢʘʟʘʪʝʣʠ ʢʘʯʝʩʪʚʘ [1]: 

Å ʦʪʢʣʦʥʝʥʠʝ ʯʘʩʪʦʪʳ;  

Å ʤʝʜʣʝʥʥʳʝ ʠʟʤʝʥʝʥʠʷ ʥʘʧʨʷʞʝʥʠʷ;  

Å ʢʦʣʝʙʘʥʠʷ ʥʘʧʨʷʞʝʥʠʷ ʠ ʬʣʠʢʝʨ;  

Å ʥʝʩʠʥʫʩʦʠʜʘʣʴʥʦʩʪʴ ʥʘʧʨʷʞʝʥʠʷ;  

Å ʥʝʩʠʤʤʝʪʨʠʷ ʥʘʧʨʷʞʝʥʠʷ;  

Å ʧʨʝʨʳʚʘʥʠʷ ʥʘʧʨʷʞʝʥʠʷ;  

Å ʧʨʦʚʘʣʳ ʥʘʧʨʷʞʝʥʠʷ;  

Å ʧʝʨʝʥʘʧʨʷʞʝʥʠʷ;  

Å ʠʤʧʫʣʴʩʥʳʝ ʥʘʧʨʷʞʝʥʠʷ.  

ʅʝʩʠʤʤʝʪʨʠʷ ʥʘʧʨʷʞʝʥʠʡ ʷʚʣʷʝʪʩʷ ʦʜʥʠʤ ʠʟ 

ʦʩʥʦʚʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʢʘʯʝʩʪʚʘ ʵʣʝʢʪʨʦʵʥʝʨʛʠʠ. 

ʊʨʝʭʬʘʟʥʦʝ ʥʘʧʨʷʞʝʥʠʝ ʷʚʣʷʝʪʩʷ ʩʠʤʤʝʪʨʠʯʥʳʤ, 

ʝʩʣʠ ʦʥʦ ʠʤʝʝʪ ʦʜʠʥʘʢʦʚʫʶ ʚʝʣʠʯʠʥʫ ʠ ʥʘʭʦʜʠʪʩʷ 

ʚ ʬʘʟʥʦʤ ʩʤʝʱʝʥʠʠ ʚ 1200. ɺ ʦʙʨʘʪʥʦʤ ʩʣʫʯʘʝ ï 

ʥʘʧʨʷʞʝʥʠʝ ʥʝʩʠʤʤʝʪʨʠʯʥʦ. ʇʨʠʯʠʥʘ ʚʦʟʥʠʢʥʦʚʝ-

ʥʠʷ ʥʝʩʠʤʤʝʪʨʠʠ ʥʘʧʨʷʞʝʥʠʡ ï ʵʪʦ ʧʦʪʨʝʙʠʪʝʣʴ ʩ 

ʥʝʩʠʤʤʝʪʨʠʯʥʦʡ ʥʘʛʨʫʟʢʦʡ, ʪ.ʝ. ʧʦʪʨʝʙʠʪʝʣʴ ʩ ʥʝ-

ʨʘʚʥʦʤʝʨʥʦʡ ʟʘʛʨʫʟʢʦʡ ʧʦ ʬʘʟʘʤ.  

ʈʘʟʣʠʯʥʳʝ ʤʝʪʦʜʳ ʠ ʪʝʭʥʠʯʝʩʢʠʝ ʩʨʝʜʩʪʚʘ ʨʘʟ-

ʨʘʙʦʪʘʥʳ ʜʣʷ ʩʥʠʞʝʥʠʷ ʥʝʩʠʤʤʝʪʨʠʠ ʥʘʧʨʷʞʝʥʠʡ 

ʚ ʩʝʪʷʭ ʥʘʧʨʷʞʝʥʠʝʤ 0,4 ʢɺ, ʢʦʪʦʨʳʝ ʨʘʟʣʠʯʘʶʪʩʷ 

ʧʦ ʩʣʦʞʥʦʩʪʠ, ʩʪʦʠʤʦʩʪʠ, ʵʢʦʥʦʤʠʯʥʦʩʪʠ, ʧʨʦʜʫʢ-

ʪʠʚʥʦʩʪʠ, ʧʨʠʥʮʠʧʫ ʜʝʡʩʪʚʠʷ ʠ ʜʦʩʪʫʧʥʦʩʪʠ ʜʣʷ 

ʪʝʭ ʣʠʙʦ ʜʨʫʛʠʭ ʢʘʪʝʛʦʨʠʡ ʧʦʪʨʝʙʠʪʝʣʝʡ. ʆʥʠ ʚʩʝ 

ʧʦ ʧʫʪʠ ʨʝʘʣʠʟʘʮʠʠ ʫʩʣʦʚʥʦ ʨʘʟʜʝʣʷʶʪʩʷ ʥʘ ʪʝʭʥʠ-

ʯʝʩʢʠʝ ʠ ʦʨʛʘʥʠʟʘʮʠʦʥʥʳʝ, ʦʜʥʘʢʦ ʨʷʜ ʠʟ ʥʠʭ ʤʦʛʫʪ 

ʨʝʘʣʠʟʦʚʳʚʘʪʴʩʷ ʦʜʥʦʚʨʝʤʝʥʥʦ ʢʘʢ ʦʜʥʠʤ, ʪʘʢ ʠ 

ʠʥʳʤ ʤʝʪʦʜʦʤ [2]. 

ʆʩʥʦʚʥʳʤʠ ʧʦʩʣʝʜʩʪʚʠʷʤʠ ʥʝʩʠʤʤʝʪʨʠʠ 

ʥʘʧʨʷʞʝʥʠʡ ʷʚʣʷʶʪʩʷ:  

Å ʜʦʧʦʣʥʠʪʝʣʴʥʳʝ ʧʦʪʝʨʠ ʤʦʱʥʦʩʪʠ,  

Å ʥʝʥʦʨʤʘʣʴʥʘʷ ʨʘʙʦʪʘ ʜʚʠʛʘʪʝʣʷ,  

Å ʩʥʠʞʝʥʠʝ ʞʠʟʥʝʥʥʦʛʦ ʮʠʢʣʘ ʦʙʦʨʫʜʦʚʘ-
ʥʠʷ,  

Å ʚʦʟʜʝʡʩʪʚʠʝ ʥʘ ʨʘʙʦʪʫ ʨʝʣʝ,  

Å ʥʝʪʦʯʥʳʝ ʠʟʤʝʨʝʥʠʷ,  

Å ʚʦʟʜʝʡʩʪʚʠʝ ʥʘ ʨʘʙʦʪʫ ʪʨʘʥʩʬʦʨʤʘʪʦʨʘ,  

Å ʧʦʚʳʰʝʥʠʝ ʥʝʩʠʤʤʝʪʨʠʠ ʥʘʧʨʷʞʝʥʠʡ ʧʨʠ 
ʧʦʚʨʝʞʜʝʥʠʠ ʥʝʡʪʨʘʣʴʥʦʛʦ ʧʨʦʚʦʜʘ.  

ʏʝʤ ʚʳʰʝ ʢʦʵʬʬʠʮʠʝʥʪ ʥʝʩʠʤʤʝʪʨʠʠ ʥʘʧʨʷ-

ʞʝʥʠʡ, ʪʝʤ ʙʦʣʴʰʝ ʨʘʩʩʝʠʚʘʝʤʘʷ ʤʦʱʥʦʩʪʴ. ʕʪʦ 

ʧʨʠʚʦʜʠʪ ʚ ʢʦʥʝʯʥʦʤ ʠʪʦʛʝ ʢ ʧʦʚʳʰʝʥʥʳʤ ʟʘʪʨʘ-

ʪʘʤ ʧʨʠ ʦʧʣʘʪʝ ʟʘ ʵʣʝʢʪʨʠʯʝʩʢʫʶ ʵʥʝʨʛʠʶ [3], 

ʥʘʛʨʝʚʘʥʠʶ ʦʙʤʦʪʦʢ ʜʚʠʛʘʪʝʣʷ, ʯʪʦ ʤʦʞʝʪ ʧʨʠʚʝ-

ʩʪʠ ʢ ʨʘʟʨʫʰʝʥʠʶ ʠʭ ʠʟʦʣʷʮʠʠ. 

ʂʣʘʩʩʠʬʠʢʘʮʠʷ ʩʧʦʩʦʙʦʚ ʫʣʫʯʰʝʥʠʷ ʢʘʯʝʩʪʚʘ 

ʵʣʝʢʪʨʠʯʝʩʢʦʡ ʵʥʝʨʛʠʠ ʧʦ ʫʨʦʚʥʶ ʥʝʩʠʤʤʝʪʨʠʠ 

ʥʘʧʨʷʞʝʥʠʡ ʧʨʝʜʩʪʘʚʣʝʥʘ ʥʘ ʨʠʩʫʥʢʝ 1.  

 
ʈʠʩʫʥʦʢ 1 - ʂʣʘʩʩʠʬʠʢʘʮʠʷ ʩʧʦʩʦʙʦʚ ʩʥʠʞʝʥʠʷ ʥʝʩʠʤʤʝʪʨʠʠ ʥʘʧʨʷʞʝʥʠʡ 

 

ʉʥʠʞʝʥʠʝ ʫʨʦʚʥʷ ʥʝʩʠʤʤʝʪʨʠʠ ʥʘʧʨʷʞʝʥʠʡ ʚ 

ʩʝʪʷʭ 0,4 ʢɺ ʤʦʞʝʪ ʙʳʪʴ ʦʩʫʱʝʩʪʚʣʝʥʦ ʩʣʝʜʫʶ-

ʱʠʤʠ ʩʧʦʩʦʙʘʤʠ:  

Å ʧʨʠʤʝʥʝʥʠʝʤ ʟʘʤʢʥʫʪʳʭ ʩʭʝʤ ʨʘʩʧʨʝʜʝʣʠ-
ʪʝʣʴʥʳʭ ʩʝʪʝʡ 0,4 ʢɺ;  

Å ʧʝʨʝʨʘʩʧʨʝʜʝʣʝʥʠʝʤ (ʨʘʚʥʦʤʝʨʥʳʤ ʨʘʩ-

ʧʨʝʜʝʣʝʥʠʝʤ) ʥʘʛʨʫʟʦʢ ʧʦ ʬʘʟʘʤ ʩʝʪʠ;  

Å ʩʥʠʞʝʥʠʝʤ ʩʦʧʨʦʪʠʚʣʝʥʠʷ ʥʫʣʝʚʦʡ ʧʦʩʣʝ-

ʜʦʚʘʪʝʣʴʥʦʩʪʠ ʩʝʪʠ;  

Å ʫʩʪʨʘʥʝʥʠʝʤ ʩʦʩʪʘʚʣʷʶʱʠʭ ʥʫʣʝʚʦʡ ʠ ʦʙ-
ʨʘʪʥʦʡ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʝʡ ʪʨʝʭʬʘʟʥʦʛʦ ʥʘʧʨʷʞʝ-

ʥʠʷ ʩʝʪʠ. 

ʇʨʠ ʧʨʦʝʢʪʠʨʦʚʘʥʠʠ ʪʨʝʭʬʘʟʥʳʭ ʯʝʪʳʨʝʭʧʨʦ-

ʚʦʜʥʳʭ ʵʣʝʢʪʨʠʯʝʩʢʠʭ ʩʝʪʝʡ ʩʪʘʨʘʶʪʩʷ ʨʘʩʧʨʝʜʝ-

ʣʷʪʴ ʠʤʝʶʱʠʭʩʷ ʦʜʥʦʬʘʟʥʳʭ ʧʦʪʨʝʙʠʪʝʣʝʡ ʩ ʫʯʝ-

ʪʦʤ ʠʭ ʤʦʱʥʦʩʪʠ ʧʦ ʬʘʟʘʤ ʢʘʢ ʤʦʞʥʦ ʙʦʣʝʝ ʨʘʚʥʦ-

ʤʝʨʥʦ, ʯʪʦʙʳ ʜʦʩʪʠʛʥʫʪʴ ʩʠʤʤʝʪʨʠʠ ʪʦʢʦʚ. ʊʘʢʞʝ 

ʧʦʩʪʫʧʘʶʪ ʠ ʧʨʠ ʚʚʦʜʝ ʥʦʚʳʭ ʧʦʪʨʝʙʠʪʝʣʝʡ ʚ ʩʫʱʝ-

ʩʪʚʫʶʱʫʶ ʩʝʪʴ [4]. ʅʦ ʥʘʛʨʫʟʢʘ, ʢʦʪʦʨʘʷ ʩʦʟʜʘʝʪʩʷ 

ʢʘʞʜʳʤ ʦʜʥʦʬʘʟʥʳʤ ʧʦʪʨʝʙʠʪʝʣʝʤ, ʷʚʣʷʝʪʩʷ ʧʝʨʝ-

ʤʝʥʥʦʡ ʚʝʣʠʯʠʥʦʡ, ʟʘʚʠʩʷʱʝʡ ʦʪ ʚʨʝʤʝʥʠ ʩʫʪʦʢ ʠ 

ʩʝʟʦʥʘ ʠ ʯʘʩʪʦ ʠʤʝʶʱʝʡ ʪʝʥʜʝʥʮʠʶ ʢ ʨʦʩʪʫ ʠʟ ʛʦʜʘ 

ʚ ʛʦʜ (ʚ ʦʩʦʙʝʥʥʦʩʪʠ ʚ ʩʣʫʯʘʝ ʠʥʜʠʚʠʜʫʘʣʴʥʳʭ ʞʠ-

ʣʳʭ ʜʦʤʦʚ), ʠʟ-ʟʘ ʯʝʛʦ ʚ ʧʨʦʮʝʩʩʝ ʵʢʩʧʣʫʘʪʘʮʠʠ ʤʦ-

ʞʝʪ ʚʦʟʥʠʢʘʪʴ ʪʘʢ ʥʘʟʳʚʘʝʤʘʷ ʚʝʨʦʷʪʥʦʩʪʥʘʷ 

ʥʝʩʠʤʤʝʪʨʠʷ ʥʘʧʨʷʞʝʥʠʡ.  

ɿʘ ʜʣʠʪʝʣʴʥʳʡ ʧʨʦʤʝʞʫʪʦʢ ʚʨʝʤʝʥʠ ʩ ʙʦʣʴ-

ʰʦʡ ʚʝʨʦʷʪʥʦʩʪʴʶ ʠʟʥʘʯʘʣʴʥʦ ʩʠʤʤʝʪʨʠʯʥʘʷ ʩʠ-

ʩʪʝʤʘ ʥʘʛʨʫʟʦʢ ʩʝʪʠ ʧʨʝʚʨʘʪʠʪʩʷ ʚ ʩʪʘʙʠʣʴʥʦ 
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ʥʝʩʠʤʤʝʪʨʠʯʥʫʶ ʩʠʩʪʝʤʫ. ʆʜʥʦʚʨʝʤʝʥʥʦ ʚ ʪʝʯʝ-

ʥʠʝ ʩʝʟʦʥʘ ʭʘʨʘʢʪʝʨ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʪʦʢʦʚ ʧʦ ʬʘʟʘʤ 

ʤʦʞʝʪ ʙʳʪʴ ʦʪʥʦʩʠʪʝʣʴʥʦ ʩʪʘʙʠʣʝʥ. ʉʣʝʜʦʚʘ-

ʪʝʣʴʥʦ, ʧʦ ʠʪʦʛʘʤ ʠʟʤʝʨʝʥʠʡ ʪʦʢʦʚ ʚ ʬʘʟʘʭ ʣʠʥʠʠ 

ʚʦ ʚʨʝʤʷ ʤʘʢʩʠʤʘʣʴʥʳʭ ʥʘʛʨʫʟʦʢ ʤʦʞʥʦ ʧʝʨʠʦʜʠ-

ʯʝʩʢʠ, ʥʦ ʥʝ ʨʝʞʝ, ʯʝʤ ʨʘʟ ʚ ʰʝʩʪʴ ʤʝʩʷʮʝʚ, ʧʝʨʝ-

ʨʘʩʧʨʝʜʝʣʷʪʴ ʥʘʛʨʫʟʢʠ ʧʦ ʬʘʟʘʤ ʜʣʷ ʦʙʝʩʧʝʯʝʥʠʷ 

ʙʦʣʴʰʝʡ ʨʘʚʥʦʤʝʨʥʦʩʪʠ, ʦʙʝʩʧʝʯʠʚʘʷ ʪʝʤ ʩʘʤʳʤ 

ʫʤʝʥʴʰʝʥʠʝ ʥʝʩʠʤʤʝʪʨʠʠ ʪʦʢʦʚ ʠ ʥʘʧʨʷʞʝʥʠʡ.  

ʆʯʝʚʠʜʥʳʤ ʥʝʜʦʯʝʪʦʤ ʩʧʦʩʦʙʘ ʩʥʠʞʝʥʠʷ 

ʫʨʦʚʥʷ ʥʝʩʠʤʤʝʪʨʠʠ ʥʘʧʨʷʞʝʥʠʡ ʟʘ ʩʯʝʪ ʧʝʨʠʦʜʠ-

ʯʝʩʢʦʛʦ ʧʝʨʝʨʘʩʧʨʝʜʝʣʝʥʠʷ ʥʘʛʨʫʟʦʢ ʧʦ ʬʘʟʘʤ ʚ 

ʨʫʯʥʦʤ ʣʠʙʦ ʘʚʪʦʤʘʪʠʯʝʩʢʦʤ ʨʝʞʠʤʝ ʷʚʣʷʝʪʩʷ ʪʦ, 

ʯʪʦ ʚ ʩʠʣʫ ʧʝʨʝʤʝʥʥʦʛʦ ʭʘʨʘʢʪʝʨʘ ʥʘʛʨʫʟʢʠ, ʧʦʣʫ-

ʯʝʥʥʳʡ ʚ ʠʪʦʛʝ ʧʨʦʚʝʜʝʥʥʳʭ ʦʧʝʨʘʮʠʡ, ʨʝʟʫʣʴʪʘʪ 

ʥʝ ʦʩʪʘʝʪʩʷ ʩʪʘʙʠʣʴʥʳʤ, ʚ ʦʩʦʙʝʥʥʦʩʪʠ ʚ ʤʘʩʰʪʘʙʝ 

ʤʘʣʳʭ ʧʝʨʠʦʜʦʚ ʥʘʙʣʶʜʝʥʠʷ (ʚ ʧʝʨʝʜʝʣʘʭ ʥʝʩʢʦʣʴ-

ʢʠʭ ʯʘʩʦʚ). ʂʨʦʤʝ ʪʦʛʦ, ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʵʪʦʛʦ ʩʧʦ-

ʩʦʙʘ ʦʯʝʥʴ ʩʠʣʴʥʦ ʟʘʚʠʩʠʪ ʦʪ ʚʳʙʨʘʥʥʦʡ ʤʝʪʦʜʠʢʠ 

ʠ ʧʦʨʷʜʢʘ ʠʟʤʝʨʝʥʠʡ.  

ɺ ʠʪʦʛʝ ʥʘʫʯʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ [5] ʚʳʷʚʣʝʥʦ, 

ʯʪʦ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʧʦʣʥʦʩʪʴʶ ʣʠʙʦ ʯʘʩʪʠʯʥʦ ʟʘ-

ʤʢʥʫʪʳʭ ʩʭʝʤ ʚ ʵʣʝʢʪʨʠʯʝʩʢʠʭ ʩʝʪʷʭ (ʢ ʧʨʠʤʝʨʫ, 

ʣʠʥʠʠ ʩ ʜʚʫʭʩʪʦʨʦʥʥʠʤ ʧʠʪʘʥʠʝʤ) ʜʘʝʪ ʚʦʟʤʦʞ-

ʥʦʩʪʴ ʫʣʫʯʰʠʪʴ ʠʭ ʨʝʞʠʤ ʨʘʙʦʪʳ, ʯʪʦ ʚʳʨʘʞʘʝʪʩʷ 

ʚ ʫʤʝʥʴʰʝʥʠʠ ʧʦʪʝʨʴ ʤʦʱʥʦʩʪʠ ʠ ʥʘʧʨʷʞʝʥʠʷ, 

ʩʥʠʞʝʥʠʠ ʫʨʦʚʥʷ ʥʝʩʠʤʤʝʪʨʠʠ ʥʘʧʨʷʞʝʥʠʡ ʚ ʩʝʪʠ. 

ʇʦʩʣʝʜʥʝʝ ʚ ʪʘʢʠʭ ʩʝʪʷʭ ʩʣʫʯʘʝʪʩʷ ʧʦʪʦʤʫ, ʯʪʦ 

ʥʘʛʨʫʟʢʠ ʥʝʢʦʪʦʨʳʭ ʬʘʟ ʚʳʨʘʚʥʠʚʘʶʪʩʷ.  

ʀʩʩʣʝʜʦʚʘʥʠʷ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʚ ʨʝʞʠʤʝ ʩʦʝʜʠʥʝ-

ʥʠʷ ʜʚʫʭ ʣʠʥʠʡ ʩʝʪʠ ʚʝʣʠʯʠʥʘ ʤʘʪʝʤʘʪʠʯʝʩʢʦʛʦ 

ʦʞʠʜʘʥʠʷ ʥʘʧʨʷʞʝʥʠʷ ʥʫʣʝʚʦʡ ʣʠʙʦ ʦʙʨʘʪʥʦʡ ʧʦ-

ʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ ʥʘ 33% ʤʝʥʴʰʝ ʤʘʢʩʠʤʘʣʴʥʦ 

ʥʘʙʣʶʜʘʝʤʦʡ ʚ ʥʝʩʦʝʜʠʥʝʥʥʳʭ ʨʘʜʠʘʣʴʥʳʭ ʣʠ-

ʥʠʷʭ.  

ʅʝʜʦʯʝʪʦʤ ʦʧʠʩʘʥʥʦʛʦ ʩʧʦʩʦʙʘ ʤʦʞʥʦ ʥʘʟʚʘʪʴ 

ʪʦ, ʯʪʦ ʨʝʘʣʠʟʘʮʠʷ ʝʛʦ ʜʦʩʪʘʪʦʯʥʦ ʩʣʦʞʥʘ ʠ ʟʘʪʨʫʜ-

ʥʠʪʝʣʴʥʘ ʚ ʩʝʣʴʩʢʠʭ ʩ ʢʦʤʤʫʥʘʣʴʥʦ-ʙʳʪʦʚʦʡ 

ʥʘʛʨʫʟʢʦʡ ʨʘʩʧʨʝʜʝʣʠʪʝʣʴʥʳʭ ʩʝʪʷʭ, ʢʦʪʦʨʳʝ ʭʘ-

ʨʘʢʪʝʨʠʟʫʶʪʩʷ ʙʦʣʴʰʦʡ ʧʨʦʪʷʞʝʥʥʦʩʪʴʶ, ʥʘʣʠ-

ʯʠʝʤ ʦʛʨʦʤʥʦʛʦ ʢʦʣʠʯʝʩʪʚʘ ʦʪʚʝʪʚʣʝʥʠʡ ʠ ʥʝʧʦʣ-

ʥʦʬʘʟʥʳʭ ʫʯʘʩʪʢʦʚ, ʠ ʪʨʝʙʫʝʪ ʯʘʩʪʦ ʥʝʤʘʣʳʭ ʢʘʧʠ-

ʪʘʣʴʥʳʭ ʚʣʦʞʝʥʠʡ.  

ɸ ʪʘʢʞʝ, ʚ ʟʘʤʢʥʫʪʳʭ ʩʭʝʤʘʭ ʫʩʣʦʞʥʷʝʪʩʷ ʚʳ-

ʧʦʣʥʝʥʠʝ ʩʠʩʪʝʤ ʟʘʱʠʪ ʣʠʥʠʡ ʩʝʪʠ ʦʪ ʪʦʢʦʚ ʢʦʨʦʪ-

ʢʦʛʦ ʟʘʤʳʢʘʥʠʷ, ʪʘʢ ʢʘʢ ʪʨʝʙʫʶʪʩʷ ʩʧʝʮʠʘʣʴʥʳʝ 

ʤʝʨʳ ʠ ʪʝʭʥʠʯʝʩʢʠʝ ʩʨʝʜʩʪʚʘ.  

ʅʝʩʠʤʤʝʪʨʠʷ ʥʘʧʨʷʞʝʥʠʡ, ʢʦʪʦʨʘʷ ʚʦʟʥʠʢʘʝʪ 

ʚ ʨʝʟʫʣʴʪʘʪʝ ʦʪʥʦʩʠʪʝʣʴʥʦ ʚʳʩʦʢʦʛʦ ʟʥʘʯʝʥʠʷ ʩʦ-

ʧʨʦʪʠʚʣʝʥʠʷ ʥʫʣʝʚʦʡ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ ʩʝʪʠ ʠ 

ʩʫʱʝʩʪʚʝʥʥʦʛʦ ʦʪʣʠʯʠʷ ʚʝʣʠʯʠʥ ʥʘʛʨʫʟʦʢ ʧʦ ʬʘʟʘʤ 

ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ ʥʘʣʠʯʠʝʤ ʚ ʬʘʟʥʳʭ ʥʘʧʨʷʞʝʥʠʷʭ 

ʩʦʩʪʘʚʣʷʶʱʠʭ ʥʘʧʨʷʞʝʥʠʷ ʥʫʣʝʚʦʡ ʧʦʩʣʝʜʦʚʘʪʝʣʴ-

ʥʦʩʪʠ, ʢʦʪʦʨʳʝ ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʪʨʠ ʩʭʦʞʠʭ ʧʦ 

ʤʦʜʫʣʶ ʠ ʥʘʧʨʘʚʣʝʥʠʶ ʚʝʢʪʦʨʘ ʥʘʧʨʷʞʝʥʠʷ, ʧʨʠ-

ʙʘʚʣʝʥʥʳʭ ʢʘʞʜʳʡ ʢ ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʡ ʩʦʩʪʘʚʣʷʶ-

ʱʝʡ ʧʨʷʤʦʡ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ. ɺ ʠʪʦʛʝ, ʝʩʣʠ ʚʳ-

ʜʝʣʠʪʴ ʵʪʠ ʩʦʩʪʘʚʣʷʶʱʠʝ ʠ ʛʝʦʤʝʪʨʠʯʝʩʢʠ ʠʭ ʦʪ-

ʥʷʪʴ ʠʟ ʬʘʟʥʳʭ ʥʘʧʨʷʞʝʥʠʡ ʥʝʩʠʤʤʝʪʨʠʯʥʦʡ 

ʪʨʝʭʬʘʟʥʦʡ ʩʠʩʪʝʤʳ, ʪʦ ʤʦʞʥʦ ʧʦʣʫʯʠʪʴ ʩʠʤʤʝʪ-

ʨʠʯʥʫʶ ʩʠʩʪʝʤʫ ʥʘʧʨʷʞʝʥʠʡ. ʇʦʣʫʯʝʥʠʝ ʞʝ ʪʝʭʥʠ-

ʯʝʩʢʠʤ ʧʫʪʝʤ ʩʦʩʪʘʚʣʷʶʱʠʭ ʥʘʧʨʷʞʝʥʠʷ ʥʫʣʝʚʦʡ 

ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ ʦʩʥʦʚʳʚʘʝʪʩʷ ʥʘ ʪʦʤ, ʯʪʦ ʛʝʦ-

ʤʝʪʨʠʯʝʩʢʘʷ ʩʫʤʤʘ ʬʘʟʥʳʭ ʥʘʧʨʷʞʝʥʠʡ Ēɸ, Ēɺ ʠ 

Ēʉ ʥʝʩʠʤʤʝʪʨʠʯʥʦʡ ʪʨʝʭʬʘʟʥʦʡ ʩʠʩʪʝʤʳ ʨʘʚʥʘ 

ʫʪʨʦʝʥʥʦʤʫ ʟʥʘʯʝʥʠʶ ʥʘʧʨʷʞʝʥʠʷ ʥʫʣʝʚʦʡ ʧʦʩʣʝ-

ʜʦʚʘʪʝʣʴʥʦʩʪʠ Ē0: 

Ēɸ + Ēɺ + Ēʉ = 3ĿĒ0.  (1) 

ʇʨʠʚʝʜʝʥʥʳʝ ʫʪʚʝʨʞʜʝʥʠʷ ʤʦʞʥʦ ʧʨʦʠʣʣʶ-

ʩʪʨʠʨʦʚʘʪʴ ʩ ʧʦʤʦʱʴʶ ʚʝʢʪʦʨʥʦʡ ʜʠʘʛʨʘʤʤʳ 

(ʨʠʩ. 2). 

 
ʈʠʩʫʥʦʢ 2 - ʉʚʦʡʩʪʚʘ ʥʝʩʠʤʤʝʪʨʠʯʥʦʡ ʩʠʩʪʝʤʳ ʥʘʧʨʷʞʝʥʠʡ 

 

ɺʦʣʴʪʦʜʦʙʘʚʦʯʥʳʡ ʧʨʠʥʮʠʧ ʚ ʩʠʩʪʝʤʘʭ ʧʝʨʝ-

ʤʝʥʥʦʛʦ ʩʠʥʫʩʦʠʜʘʣʴʥʦʛʦ ʪʦʢʘ ʢʘʢ ʨʘʟ ʠ ʦʩʥʦʚʳʚʘ-

ʝʪʩʷ ʥʘ ʛʝʦʤʝʪʨʠʯʝʩʢʦʤ ʩʣʦʞʝʥʠʠ ʥʘʧʨʷʞʝʥʠʡ 

ʦʧʨʝʜʝʣʝʥʥʦʡ ʚʝʣʠʯʠʥʳ ʠ ʥʘʯʘʣʴʥʦʡ ʬʘʟʳ ʩ ʢʦʨ-

ʨʝʢʪʠʨʫʝʤʳʤ ʥʘʧʨʷʞʝʥʠʝʤ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʟʘʜʘʥ-

ʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʵʪʦʛʦ ʥʘʧʨʷʞʝʥʠʷ. ʈʝʘʣʠʟʫʝʪʩʷ 

ʵʪʦʪ ʧʨʠʥʮʠʧ ʧʦʩʨʝʜʩʪʚʦʤ ʪʨʘʥʩʬʦʨʤʘʪʦʨʦʚ, ʚʪʦ-

ʨʠʯʥʳʝ ʦʙʤʦʪʢʠ ʢʦʪʦʨʳʭ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʤ ʦʙʨʘ-

ʟʦʤ ʚʢʣʶʯʘʶʪʩʷ ʚ ʨʘʟʨʳʚ ʬʘʟʥʳʭ ʧʨʦʚʦʜʦʚ. ʅʘ ʨʠ-

ʩʫʥʢʝ 3 ʧʨʝʜʩʪʘʚʣʝʥʘ ʧʨʠʥʮʠʧʠʘʣʴʥʘʷ ʩʭʝʤʘ 

ʫʩʪʨʦʡʩʪʚʘ ʩʠʤʤʝʪʨʠʨʦʚʘʥʠʷ ʥʘʧʨʷʞʝʥʠʡ (ʋʉʅ), 

ʢʦʪʦʨʘʷ ʟʘʱʠʱʝʥʘ ʧʘʪʝʥʪʦʤ ʥʘ ʠʟʦʙʨʝʪʝʥʠʝ RU 

2552377 ʉ2 ʦʪ 18.07.2013 [6]. 

 


