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ɺɺɽɼɽʅʀɽ 
 

 

 

ɺʩʝʨʦʩʩʠʡʩʢʘʷ ʥʘʫʯʥʘʷ ʰʢʦʣʘ-ʩʝʤʠʥʘʨ çɺʟʘʠʤʦʜʝʡʩʪʚʠʝ 

ʩʚʝʨʭʚʳʩʦʢʦʯʘʩʪʦʪʥʦʛʦ, ʪʝʨʘʛʝʨʮʦʚʦʛʦ ʠ ʦʧʪʠʯʝʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ ʩ 

ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʤʠ ʤʠʢʨʦ- ʠ ʥʘʥʦʩʪʨʫʢʪʫʨʘʤʠ, ʤʝʪʘʤʘʪʝʨʠʘʣʘʤʠ ʠ 

ʙʠʦʦʙʲʝʢʪʘʤʠè ʧʦʩʚʷʱʝʥʘ 60-ʣʝʪʠʶ ʧʝʨʚʦʛʦ ʧʦʣʸʪʘ ʯʝʣʦʚʝʢʘ ʚ ʢʦʩʤʦʩ ʠ 

ʛʦʜʫ ʥʘʫʢʠ ʠ ʪʝʭʥʦʣʦʛʠʡ ʚ ʈʦʩʩʠʡʩʢʦʡ ʌʝʜʝʨʘʮʠʠ. 

ɺ ʜʦʢʣʘʜʘʭ ʚʦʩʴʤʦʡ ʰʢʦʣʳ-ʩʝʤʠʥʘʨʘ ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ 

ʧʝʨʩʧʝʢʪʠʚʥʳʭ ʨʘʟʨʘʙʦʪʦʢ ʧʦ ʥʘʧʨʘʚʣʝʥʠʷʤ ʠʩʩʣʝʜʦʚʘʥʠʷ ʬʦʪʦʥʥʳʭ 

ʢʨʠʩʪʘʣʣʦʚ ʠ ʤʝʪʘʤʘʪʝʨʠʘʣʦʚ, ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʦʡ ʤʠʢʨʦ- ʠ 

ʥʘʥʦʵʣʝʢʪʨʦʥʠʢʝ, ʪʚʝʨʜʦʪʝʣʴʥʦʡ ʉɺʏ-ʵʣʝʢʪʨʦʥʠʢʝ, ʪʝʨʘʛʝʨʮʦʚʳʤ 

ʪʝʭʥʦʣʦʛʠʷʤ, ʧʦ ʧʨʦʙʣʝʤʘʤ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʛʦ ʠʟʣʫʯʝʥʠʷ 

ʩ ʤʝʜʠʢʦ-ʙʠʦʣʦʛʠʯʝʩʢʠʤʠ ʩʠʩʪʝʤʘʤʠ. 

ɺ 2021 ʛʦʜʫ 146 ʫʯʘʩʪʥʠʢʘʤʠ ʧʨʝʜʩʪʘʚʣʝʥʦ 58 ʜʦʢʣʘʜʦʚ ʠʟ 12 

ʛʦʨʦʜʦʚ ʈʦʩʩʠʠ ʠ ʜʨʫʛʠʭ ʩʪʨʘʥ. ʀʟʚʝʩʪʥʳʝ ʩʧʝʮʠʘʣʠʩʪʳ ʚ ʦʙʣʘʩʪʠ 

ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʦʡ, ʉɺʏ-, ʤʠʢʨʦ-, ʥʘʥʦ- ʠ ʦʧʪʦʵʣʝʢʪʨʦʥʠʢʠ ʧʨʝʜʩʪʘʚʠʣʠ 

ʣʝʢʮʠʠ ʜʣʷ ʤʦʣʦʜʳʭ ʫʯʝʥʳʭ, ʘʩʧʠʨʘʥʪʦʚ ʠ ʩʪʫʜʝʥʪʦʚ ʧʦ ʩʦʚʨʝʤʝʥʥʳʤ 

ʧʨʦʙʣʝʤʘʤ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʩ 

ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʤʠ ʤʠʢʨʦ-, ʥʘʥʦʩʪʨʫʢʪʫʨʘʤʠ, ʤʝʪʘʤʘʪʝʨʠʘʣʘʤʠ ʠ 

ʙʠʦʦʙʲʝʢʪʘʤʠ, ʠ ʧʨʠʤʝʥʝʥʠʶ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʬʠʟʠʯʝʩʢʠʭ ʵʬʬʝʢʪʦʚ ʚ 

ʩʦʚʨʝʤʝʥʥʦʡ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʦʡ ʤʠʢʨʦ- ʠ ʥʘʥʦʵʣʝʢʪʨʦʥʠʢʝ, ʚ ʩʠʩʪʝʤʘʭ 

ʨʘʜʠʦʣʦʢʘʮʠʠ, ʤʝʜʠʮʠʥʩʢʦʡ ʪʝʭʥʠʢʝ ʠ ʫʩʪʨʦʡʩʪʚʘʭ ʥʝʨʘʟʨʫʰʘʶʱʝʛʦ 

ʢʦʥʪʨʦʣʷ. 



 
9 

60-ʃɽʊʀʖ ʇɽʈɺʆɻʆ ʇʆʃɪʊɸ ʏɽʃʆɺɽʂɸ ɺ ʂʆʉʄʆʉ 

 

ʂʆʉʄʀʏɽʉʂʀɽ ʉʊʈɸʅʀʎʓ ɹʀʆɻʈɸʌʀʁ 

ɺʓʇʋʉʂʅʀʂʆɺ ʉɸʈɸʊʆɺʉʂʆɻʆ ʋʅʀɺɽʈʉʀʊɽʊɸ 

 
ɺ. ʄ. ɸʥʠʢʠʥ 

ʉʘʨʘʪʦʚʩʢʠʡ ʥʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ 

ʫʥʠʚʝʨʩʠʪʝʪ ʠʤʝʥʠ ʅ. ɻ. ʏʝʨʥʳʰʝʚʩʢʦʛʦ 

E-mail: AnikinVM @sgu.ru 

 
 ʇʨʠʚʦʜʷʪʩʷ ʜʘʥʥʳʝ ʦ ʚʳʧʫʩʢʥʠʢʘʭ ʬʠʟʠʯʝʩʢʦʛʦ ʬʘʢʫʣʴʪʝʪʘ ʉʘʨʘʪʦʚʩʢʦʛʦ 

ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʛʦ ʫʥʠʚʝʨʩʠʪʝʪʘ ʠʤʝʥʠ ʅ. ɻ. ʏʝʨʥʳʰʝʚʩʢʦʛʦ, ʧʨʠʥʠʤʘʚʰʠʭ 

ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦʝ ʫʯʘʩʪʠʝ ʚ ʩʬʝʨʝ ʢʦʩʤʠʯʝʩʢʠʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʠ ʨʘʟʨʘʙʦʪʦʢ. ʉʨʝʜʠ ʥʠʭ 

ï ʩʦʪʨʫʜʥʠʮʘ ʆʩʦʙʦʛʦ ʢʦʥʩʪʨʫʢʪʦʨʩʢʦʛʦ ʙʶʨʦ ʆʂɹ-1 ʧʦʜ ʨʫʢʦʚʦʜʩʪʚʦʤ ʉ. ʇ. ʂʦʨʦʣʝʚʘ 

ʕ. ɸ. ʃʫʢʴʷʥʦʚʘ, ʢʦʩʤʦʥʘʚʪ-ʠʩʩʣʝʜʦʚʘʪʝʣʴ ɸʅ ʉʉʉʈ ʆ. ʇ. ʂʦʣʦʤʠʡʮʝʚ, ʢʦʥʩʪʨʫʢʪʦʨ 

ʩʧʫʪʥʠʢʦʚʦʛʦ ʦʙʦʨʫʜʦʚʘʥʠʷ ʖ. ɸ. ʉʢʣʷʨʦʚ, ʠʥʠʮʠʘʪʦʨ ʨʘʜʠʦʘʩʪʨʦʥʦʤʠʯʝʩʢʠʭ 

ʠʩʩʣʝʜʦʚʘʥʠʡ ʉʦʣʥʮʘ ɸ. ɺ. ʍʦʭʣʦʚ, ʚʳʧʦʣʥʠʚʰʠʝ ʨʘʙʦʪʳ ʚ ʦʙʣʘʩʪʠ ʢʦʩʤʠʯʝʩʢʦʛʦ 

ʤʘʪʝʨʠʘʣʦʚʝʜʝʥʠʷ ɼ. ɸ. ʋʩʘʥʦʚ, ɸʣ. ɺ. ʉʢʨʠʧʘʣʴ ʠ ʩʦʪʨʫʜʥʠʢʠ ʢʘʬʝʜʨʳ ʬʠʟʠʢʠ 

ʪʚʝʨʜʦʛʦ ʪʝʣʘ, ʩʦʪʨʫʜʥʠʢʠ ʣʘʙʦʨʘʪʦʨʠʠ ʘʩʪʨʦʥʦʤʠʠ ʠ ʛʝʦʬʠʟʠʢʠ ʅʀʀ ʤʝʭʘʥʠʢʠ ʠ 

ʬʠʟʠʢʠ ʉɻʋ.  

 ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʉʘʨʘʪʦʚʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ, ʬʠʟʠʯʝʩʢʠʡ ʬʘʢʫʣʴʪʝʪ, ʅʀʀ 

ʤʝʭʘʥʠʢʠ ʠ ʬʠʟʠʢʠ ʉɻʋ, ʢʦʩʤʠʯʝʩʢʠʝ ʨʘʟʨʘʙʦʪʢʠ ʠ ʠʩʩʣʝʜʦʚʘʥʠʷ. 

 

 ʆʩʥʦʚʘʥʥʳʡ ʚ 1945 ʛ. ʌʠʟʠʯʝʩʢʦʡ ʬʘʢʫʣʴʪʝʪ ʉʘʨʘʪʦʚʩʢʦʛʦ 

ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʛʦ ʫʥʠʚʝʨʩʠʪʝʪʘ ʠʤʝʥʠ ʅ. ɻ. ʏʝʨʥʳʰʝʚʩʢʦʛʦ ʟʘ 75 ʣʝʪ 

ʧʦʜʛʦʪʦʚʠʣ ʜʝʩʷʪʢʠ ʪʳʩʷʯ ʩʧʝʮʠʘʣʠʩʪʦʚ ʧʦ ʘʢʪʫʘʣʴʥʳʤ ʜʣʷ ʩʚʦʝʛʦ 

ʚʨʝʤʝʥʠ ʥʘʧʨʘʚʣʝʥʠʷʤ ʬʠʟʠʢʠ ʠ ʪʝʭʥʠʢʠ. ɺʳʧʫʩʢʥʠʢʠ ʬʘʢʫʣʴʪʝʪʘ 

ʩʦʩʪʘʚʠʣʠ, ʧʨʝʞʜʝ ʚʩʝʛʦ, ʦʩʥʦʚʥʦʡ ʢʘʜʨʦʚʳʡ ʩʦʩʪʘʚ ʧʨʝʜʧʨʠʷʪʠʡ ʠ 

ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʭ ʦʨʛʘʥʠʟʘʮʠʡ ʉʘʨʘʪʦʚʘ, ʟʘʩʣʫʞʠʚʰʝʛʦ ʪʠʪʫʣ 

çʵʣʝʢʪʨʦʥʥʦʡ ʩʪʦʣʠʮʳè ʩʪʨʘʥʳ. ʂʨʦʤʝ ʪʦʛʦ, ʤʝʩʪʘ ʨʘʩʧʨʝʜʝʣʝʥʠʷ 

ʚʳʧʫʩʢʥʠʢʦʚ ʬʘʢʫʣʴʪʝʪʘ ʥʘ ʨʘʙʦʪʫ ʦʪʣʠʯʘʣʠʩʴ ʰʠʨʦʢʦʡ ʛʝʦʛʨʘʬʠʝʡ. ʀ 

ʚʝʟʜʝ ʦʥʠ ʥʘʭʦʜʠʣʠ ʫʩʧʝʰʥʦʝ ʧʨʠʣʦʞʝʥʠʝ ʩʚʦʠʤ ʟʥʘʥʠʷʤ, ʜʦʩʪʠʛʘʣʠ 

ʧʨʦʠʟʚʦʜʩʪʚʝʥʥʳʭ ʠ ʥʘʫʯʥʳʭ ʚʳʩʦʪ, ʚ ʯʘʩʪʥʦʩʪʠ, ʚ ʦʙʣʘʩʪʠ ʘʪʦʤʥʦʡ 

ʧʨʦʤʳʰʣʝʥʥʦʩʪʠ, ʬʠʟʠʢʠ ʪʚʝʨʜʦʛʦ ʪʝʣʘ, ʪʝʦʨʝʪʠʯʝʩʢʦʡ ʬʠʟʠʢʠ, ʦʧʪʠʢʠ ʠ 

ʣʘʟʝʨʥʦʡ ʬʠʟʠʢʠ, ʭʠʤʠʯʝʩʢʦʡ ʬʠʟʠʢʠ ʠ ʪ.ʜ. (ʩʤ. ʙʠʙʣʠʦʛʨʘʬʠʶ ʚ [1ï3]). 

 ɺ ʛʦʜ 60-ʣʝʪʠʷ ʧʝʨʚʦʛʦ ʧʠʣʦʪʠʨʫʝʤʦʛʦ ʢʦʩʤʠʯʝʩʢʦʛʦ ʧʦʣʝʪʘ, 

ʩʦʚʝʨʰʝʥʥʦʛʦ ʖ. ɸ. ɻʘʛʘʨʠʥʳʤ, ʝʩʪʝʩʪʚʝʥʥʦ ʚʩʧʦʤʥʠʪʴ ʚʳʧʫʩʢʥʠʢʦʚ 

ʉʘʨʘʪʦʚʩʢʦʛʦ ʫʥʠʚʝʨʩʠʪʝʪʘ, ʟʘʩʣʫʞʠʚʰʠʭ ʧʨʠʟʥʘʥʠʝ ʚ ʩʬʝʨʝ ʜʝʷʪʝʣʴʥʦʩʪʠ 

ʧʦ ʦʩʚʦʝʥʠʶ ʠ ʠʩʩʣʝʜʦʚʘʥʠʶ ʢʦʩʤʠʯʝʩʢʦʛʦ ʧʨʦʩʪʨʘʥʩʪʚʘ.  

  

ʇʨʦʝʢʪʠʨʦʚʘʥʠʝ ʙʘʣʣʠʩʪʠʯʝʩʢʠʭ ʨʘʢʝʪ 

ʠ ʢʦʩʤʠʯʝʩʢʠʭ ʘʧʧʘʨʘʪʦʚ. 

ʕʣʴʚʠʨʘ ɸʣʝʢʩʘʥʜʨʦʚʥʘ ʃʫʢʴʷʥʦʚʘ (ɸʨʙʫʟʦʚʘ) ʧʨʦʨʘʙʦʪʘʣʘ ʚ 

ʢʦʩʤʠʯʝʩʢʦʡ ʦʪʨʘʩʣʠ ʦʢʦʣʦ 60 ʣʝʪ. ʇʦ ʝʝ ʙʠʦʛʨʘʬʠʠ ʤʦʞʥʦ ʧʨʦʩʣʝʜʠʪʴ 

ʚʝʭʠ ʠʩʪʦʨʠʠ ʢʦʩʤʠʯʝʩʢʠʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʚ ʥʘʰʝʡ ʩʪʨʘʥʝ. ʈʦʜʠʣʘʩʴ ʦʥʘ 22 
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ʤʘʨʪʘ 1931 ʛ. ʚ ʧʦʩ. ʈʦʚʥʦʝ (ʙʳʚʰ. ɿʝʣʴʤʘʥ) ʉʘʨʘʪʦʚʩʢʦʡ ʦʙʣʘʩʪʠ. ɺ 1948ï

1953 ʛʦʜʘʭ ʫʯʠʣʘʩʴ ʥʘ ʬʠʟʠʯʝʩʢʦʤ ʬʘʢʫʣʴʪʝʪʝ ï I, ʥʘ ʢʘʬʝʜʨʝ ʦʙʱʝʡ 

ʬʠʟʠʢʠ, ʩʧʝʮʠʘʣʠʟʠʨʦʚʘʣʘʩʴ ʧʦ ʪʝʧʣʦʬʠʟʠʢʝ ʫ ʟʘʚʝʜʫʶʱʝʛʦ ʣʘʙʦʨʘʪʦʨʠʝʡ 

ʤʦʣʝʢʫʣʷʨʥʦʡ ʬʠʟʠʢʠ ʉʪʝʧʘʥʘ ʀʚʘʥʦʚʠʯʘ ʉʦʨʦʢʠʥʘ. ʇʦ ʦʢʦʥʯʘʥʠʠ ʉɻʋ 

ʧʦʣʫʯʠʣʘ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʚ ʇʦʜʤʦʩʢʦʚʴʝ, ʚ ʅʀʀ-88. ɺ ʩʦʩʪʘʚ ʅʀʀ-88 

ʚʭʦʜʠʣʦ ʢʦʥʩʪʨʫʢʪʦʨʩʢʦʝ ʙʶʨʦ ʆʂɹ-1 (ʨʫʢʦʚʦʜʠʪʝʣʴ ï ʉʝʨʛʝʡ ʇʘʚʣʦʚʠʯ 

ʂʦʨʦʣʝʚ), ʧʨʝʦʙʨʘʟʦʚʘʥʥʦʝ ʚʧʦʩʣʝʜʩʪʚʠʠ ʚ ʎʝʥʪʨʘʣʴʥʦʝ ʢʦʥʩʪʨʫʢʪʦʨʩʢʦʝ 

ʙʶʨʦ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʛʦ ʤʘʰʠʥʦʩʪʨʦʝʥʠʷ (ʎʂɹʕʄ), ʟʘʪʝʤ ï ʚ ʅʇʆ 

çʕʥʝʨʛʠʷè ʠʤʝʥʠ ʉ. ʇ. ʂʦʨʦʣʝʚʘ, ʘ ʚ 1994 ʛ. ï ʚ ʈʘʢʝʪʥʦ-ʢʦʩʤʠʯʝʩʢʘʷ 

ʢʦʨʧʦʨʘʮʠʶ çʕʥʝʨʛʠʷè ʠʤ. ʉ.ʇ. ʂʦʨʦʣʝʚʘ (ʈʂʂ çʕʥʝʨʛʠʷè). ʉ ʘʚʛʫʩʪʘ 

1953 ʛ. ʕʣʴʚʠʨʘ ɸʣʝʢʩʘʥʜʨʦʚʥʘ ʥʘʯʘʣʘ ʨʘʙʦʪʘʪʴ ʠʥʞʝʥʝʨʦʤ-ʪʝʧʣʦʬʠʟʠʢʦʤ 

ʚ 3-ʤ ʦʪʜʝʣʝ ʆʂɹ-1, ʢʦʪʦʨʳʡ ʙʳʣ ʦʩʥʦʚʥʳʤ ʧʨʦʝʢʪʥʳʤ ʦʪʜʝʣʦʤ ʧʦ 

ʨʘʢʝʪʘʤ-ʥʦʩʠʪʝʣʷʤ ʠ ʛʦʣʦʚʥʳʤ ʯʘʩʪʷʤ.  

ʕ. ɸ. ʃʫʢʴʷʥʦʚʘ ʧʨʠʥʠʤʘʣʘ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦʝ ʫʯʘʩʪʠʝ ʚ 

ʧʨʦʝʢʪʠʨʦʚʘʥʠʠ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʦʪʨʘʙʦʪʢʝ ʇʝʨʚʦʛʦ ʠʩʢʫʩʩʪʚʝʥʥʦʛʦ 

ʩʧʫʪʥʠʢʘ ɿʝʤʣʠ (1957), ʢʦʩʤʠʯʝʩʢʦʛʦ ʢʦʨʘʙʣʷ çɺʦʩʪʦʢè (1961), ʛʦʣʦʚʥʳʭ 

ʯʘʩʪʝʡ ʙʘʣʣʠʩʪʠʯʝʩʢʠʭ ʨʘʢʝʪ-ʥʦʩʠʪʝʣʝʡ 8ʂ11, 8ʂ11ʌʄ, 8ʂ51, 8ʂ71. 

          ʀʤʝʥʥʦ ʦʥʘ ʨʘʩʩʯʠʪʳʚʘʣʘ ʪʝʧʣʦʟʘʱʠʪʫ 

ʩʧʫʩʢʘʝʤʦʛʦ ʘʧʧʘʨʘʪʘ ʢʦʨʘʙʣʷ çɺʦʩʪʦʢè ʩ ʧʝʨʚʳʤ 

ʢʦʩʤʦʥʘʚʪʦʤ ʤʠʨʘ ʖʨʠʝʤ ɸʣʝʢʩʝʝʚʠʯʝʤ 

ɻʘʛʘʨʠʥʳʤ ʥʘ ʙʦʨʪʫ. ɺ ʪʦ ʚʨʝʤʷ ʦʥʘ ʨʘʙʦʪʘʣʘ ʚ 

ʦʪʜʝʣʝ, ʨʫʢʦʚʦʜʠʤʦʤ ɺ. ʌ. ʈʦʱʠʥʳʤ ʠ ɸ. ɻ. 

ʈʝʰʝʪʠʥʳʤ. ɺ ʮʝʣʷʭ ʦʙʝʩʧʝʯʝʥʠʷ ʛʘʨʘʥʪʠʨʦʚʘʥʥʦʡ 

ʙʝʟʦʧʘʩʥʦʩʪʠ ʧʦʣʝʪʘ ʙʳʣʠ ʧʨʦʩʯʠʪʘʥʳ ʜʚʘ ʚʘʨʠʘʥʪʘ 

ʪʝʧʣʦʦʙʤʝʥʥʳʭ ʨʝʞʠʤʦʚ ï ʧʨʠ ʣʘʤʠʥʘʨʥʦʤ ʠ 

ʪʫʨʙʫʣʝʥʪʥʦʤ ʭʘʨʘʢʪʝʨʝ ʦʙʪʝʢʘʥʠʠ ʚʦʟʜʫʭʦʤ 

ʩʧʫʩʢʘʝʤʦʛʦ ʘʧʧʘʨʘʪʘ. ɿʘ ʪʚʦʨʯʝʩʢʠʡ ʠ ʛʨʘʤʦʪʥʳʡ 

ʧʦʜʭʦʜ ʢ ʜʝʣʫ ʕ. ɸ. ʃʫʢʴʷʥʦʚʘ ʠ ʝʝ ʢʦʣʣʝʛʘ ɸ. ɸ. 

ʄʠʭʝʝʚʘ ʧʦʣʫʯʠʣʠ ʧʦʭʚʘʣʫ ʣʠʯʥʦ ʦʪ 

ʉ. ʇ. ʂʦʨʦʣʝʚʘ: çʂʘʢʠʝ ʞʝ ʚʳ ʫ ʤʝʥʷ ʫʤʥʠʮʳ!è. 

 

 
ʕ. ɸ. ʃʫʢʴʷʥʦʚʘ ʥʘ 

ʧʨʘʟʜʥʦʚʘʥʠʠ 

10-ʣʝʪʠʷ ʩʦ ʜʥʷ 

ʟʘʧʫʩʢʘ ʧʝʨʚʦʛʦ ʀʉɿ, 

1967 
 

ʕʣʴʚʠʨʘ ɸʣʝʢʩʘʥʜʨʦʚʥʘ ʟʘʥʠʤʘʣʘʩʴ ʪʘʢʞʝ ʧʨʦʝʢʪʠʨʦʚʘʥʠʝʤ ʠ 

ʫʯʘʩʪʚʦʚʘʣʘ ʚ ʩʪʝʥʜʦʚʳʭ ʠ ʣʝʪʥʦ-ʢʦʥʩʪʨʫʢʪʦʨʩʢʠʭ ʠʩʧʳʪʘʥʠʷʭ ʨʘʢʝʪʳ-

ʥʦʩʠʪʝʣʷ ʅ1 (110 ʤ, 2500 ʪ, ʧʦ çʣʫʥʥʦʡè ʧʨʦʛʨʘʤʤʝ ʃ3) ʠ ʤʥʦʛʦʨʘʟʦʚʦʡ 

ʢʦʩʤʠʯʝʩʢʦʡ ʪʨʘʥʩʧʦʨʪʥʦʡ ʩʠʩʪʝʤʳ (ʄʊʂʉ) çʕʥʝʨʛʠʷ-ɹʫʨʘʥè. ɺ 

çʧʦʩʣʫʞʥʦʤ ʩʧʠʩʢʝè ʕʣʴʚʠʨʳ ɸʣʝʢʩʘʥʜʨʦʚʥʳ ï ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦʝ ʫʯʘʩʪʠʝ 

ʚ ʧʨʦʝʢʪʠʨʦʚʘʥʠʠ ʠ ʚ ʩʪʝʥʜʦʚʳʭ ʠ ʣʝʪʥʦ-ʢʦʥʩʪʨʫʢʪʦʨʩʢʠʭ ʠʩʧʳʪʘʥʠʷʭ 

ʢʠʩʣʦʨʦʜʥʦ-ʚʦʜʦʨʦʜʥʳʭ ʨʘʟʛʦʥʥʳʭ ʙʣʦʢʦʚ ʉ ʠ ʉʈ, ʨʘʟʛʦʥʥʳʭ ʙʣʦʢʦʚ ɼʄ 

(ʧʦ 10ʨʦʛʨʘʤʤʤʘʤ ʃ1, ʃ3), ɼʄ-SL (ʧʦ ʧʨʦʛʨʘʤʤʝ ʧʣʘʚʘʶʱʝʛʦ ʢʦʩʤʦʜʨʦʤʘ 

çʄʦʨʩʢʦʡ ʉʪʘʨʪè ï çSea Launchè), ɼʄ-SLɹ (ʧʦ ʧʨʦʛʨʘʤʤʝ çʅʘʟʝʤʥʳʡ 

ʉʪʘʨʪè).  

ɿʘ 60-ʣʝʪʥʶʶ ʨʘʙʦʪʫ ʚ ʆʂɹ-1 / ʎʂɹʕʄ / ʅʇʆ çʕʥʝʨʛʠʷè / ʈʂʂ 

çʕʥʝʨʛʠʷè ʠ ʣʠʯʥʳʝ ʜʦʩʪʠʞʝʥʠʷ ʚ ʨʘʟʚʠʪʠʠ ʨʘʢʝʪʥʦ-ʢʦʩʤʠʯʝʩʢʦʡ ʪʝʭʥʠʢʠ 
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ʕʣʴʚʠʨʘ ɸʣʝʢʩʘʥʜʨʦʚʥʘ ʃʫʢʴʷʥʦʚʘ ʥʘʛʨʘʞʜʝʥʘ ʆʨʜʝʥʦʤ ɼʨʫʞʙʳ, 

ʤʝʜʘʣʷʤʠ çɿʘ ʪʨʫʜʦʚʦʝ ʦʪʣʠʯʠʝè ʠ çɿʘ ʜʦʙʣʝʩʪʥʳʡ ʪʨʫʜè, ʇʦʯʝʪʥʦʡ 

ʛʨʘʤʦʪʦʡ ʌʝʜʝʨʘʣʴʥʦʛʦ ʢʦʩʤʠʯʝʩʢʦʛʦ ʘʛʝʥʪʩʪʚʘ (ʈʦʩʢʦʩʤʦʩʘ), ʫʜʦʩʪʦʝʥʘ 

ʟʚʘʥʠʡ çɺʝʪʝʨʘʥ ʪʨʫʜʘè, çɿʘʩʣʫʞʝʥʥʳʡ ʩʧʝʮʠʘʣʠʩʪ ʅʇʆ çʕʥʝʨʛʠʷè, 

ʟʘʥʝʩʝʥʘ ʚ ʂʥʠʛʫ ʧʦʯʝʪʘ ʈʂʂ çʕʥʝʨʛʠʷè.  

ʄʫʞ ʕʣʴʚʠʨʳ ɸʣʝʢʩʘʥʜʨʦʚʥʳ, ʃʫʢʴʷʥʦʚ ʅʠʥʝʣʴ ɸʣʝʢʩʘʥʜʨʦʚʠʯ, 

ʪʘʢʞʝ ʷʚʣʷʝʪʩʷ ʚʳʧʫʩʢʥʠʢʦʤ ʉʘʨʘʪʦʚʩʢʦʛʦ ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʛʦ ʫʥʠʚʝʨʩʠʪʝʪʘ 

ʠʤʝʥʠ ʅ. ɻ. ʏʝʨʥʳʰʝʚʩʢʦʛʦ: ʦʥ ʚ 1951 ʛ. ʦʢʦʥʯʠʣ ʢʘʬʝʜʨʫ ʛʘʟʦʚʦʡ 

ʜʠʥʘʤʠʢʠ, ʢʦʪʦʨʦʡ ʟʘʚʝʜʦʚʘʣ ʧʨʦʬʝʩʩʦʨ ʉ. ɺ. ʌʘʣʴʢʦʚʠʯ, ʠ ʙʳʣ ʥʘʧʨʘʚʣʝʥ 

ʚ ʅʀʀ-88. ɺ 1956 ʛ. ʟʘʱʠʪʠʣ ʜʠʩʩʝʨʪʘʮʠʶ ʥʘ ʩʦʠʩʢʘʥʠʝ ʫʯʝʥʦʡ ʩʪʝʧʝʥʠ 

ʢʘʥʜʠʜʘʪʘ ʪʝʭʥʠʯʝʩʢʠʭ ʥʘʫʢ. 

 ɺ 1956 ʛ. ʥʝʢʦʪʦʨʳʝ ʚʳʧʫʩʢʥʠʢʠ ʬʠʟʠʯʝʩʢʦʛʦ ʬʘʢʫʣʴʪʝʪʘïII  ʙʳʣʠ 

ʨʘʩʧʨʝʜʝʣʝʥʳ ʚ ʧʦʜʤʦʩʢʦʚʥʳʡ ʅʀʀ-4 ʄʠʥʠʩʪʝʨʩʪʚʘ ʦʙʦʨʦʥʳ ʉʉʉʈ. 

ʉʨʝʜʠ ʥʠʭ ʙʳʣʠ ɻʝʦʨʛʠʡ ʗʢʦʚʣʝʚʠʯ ʂʫʟʥʝʮʦʚ ʠ ɸʣʝʢʩʘʥʜʨ ʌʝʜʦʨʦʚʠʯ 

ɻʦʣʫʙʝʥʮʝʚ (1933ï2003), ʙʫʜʫʱʠʡ ʧʨʦʬʝʩʩʦʨ ʠ ʟʘʚʝʜʫʶʱʠʡ ʢʘʬʝʜʨʦʡ 

ʬʠʟʠʯʝʩʢʦʛʦ ʬʘʢʫʣʴʪʝʪʘ ʉʘʨʘʪʦʚʩʢʦʛʦ ʫʥʠʚʝʨʩʠʪʝʪʘ [4]. ʇʦʩʪʘʥʦʚʣʝʥʠʝʤ 

ʉʦʚʝʪʘ ʄʠʥʠʩʪʨʦʚ ʉʉʉʈ ʦʪ 3 ʩʝʥʪʷʙʨʷ 1956 ʛʦʜʘ ʅʀʀ-4 ʙʳʣ ʦʧʨʝʜʝʣʸʥ 

ʛʦʣʦʚʥʦʡ ʦʨʛʘʥʠʟʘʮʠʝʡ ʧʦ ʩʦʟʜʘʥʠʶ ʢʦʤʘʥʜʥʦ-ʠʟʤʝʨʠʪʝʣʴʥʦʛʦ ʢʦʤʧʣʝʢʩʘ 

ʠ ʙʘʣʣʠʩʪʠʯʝʩʢʦʛʦ ʦʙʝʩʧʝʯʝʥʠʷ ʟʘʧʫʩʢʦʚ ʠʩʢʫʩʩʪʚʝʥʥʳʭ ʩʧʫʪʥʠʢʦʚ ɿʝʤʣʠ 

(ʀʉɿ) [5]. ɺʩʢʦʨʝ ʥʘ ʙʘʟʝ ʠʥʩʪʠʪʫʪʘ ʙʳʣ ʩʦʟʜʘʥ ʧʝʨʚʳʡ ʎʋʇ ï ʮʝʥʪʨ 

ʫʧʨʘʚʣʝʥʠʷ ʧʦʣʝʪʘʤʠ.  

 

ʂʦʩʤʠʯʝʩʢʦʝ ʤʘʪʝʨʠʘʣʦʚʝʜʝʥʠʝ. 

ɺ 1980-ʭ ʛʦʜʘʭ ʚ ʉɻʋ ʙʳʣ ʧʨʦʚʝʜʸʥ ʢʦʤʧʣʝʢʩ 

ʅʀʈ (ʆʂʈ) ʧʦ ʨʘʟʨʘʙʦʪʢʝ ʤʝʪʦʜʦʚ ʥʝʨʘʟʨʫʰʘʶʱʝʛʦ 

ʢʦʥʪʨʦʣʷ ʵʨʦʟʠʦʥʥʦʩʪʦʡʢʦʛʦ ʧʦʢʨʳʪʠʷ ʥʘ 

ʪʝʧʣʦʟʘʱʠʪʥʦʤ ʩʣʦʝ ʢʦʩʤʠʯʝʩʢʦʛʦ ʢʦʨʘʙʣʷ 

ʤʥʦʛʦʨʘʟʦʚʦʛʦ ʠʩʧʦʣʴʟʦʚʘʥʠʷ çɹʫʨʘʥè ʠ 

ʠʥʬʦʨʤʘʮʠʦʥʥʦ-ʠʟʤʝʨʠʪʝʣʴʥʦʡ ʩʠʩʪʝʤʳ ʜʣʷ 

ʦʧʨʝʜʝʣʝʥʠʷ ʧʘʨʘʤʝʪʨʦʚ ʩʦʙʩʪʚʝʥʥʦʡ ʚʥʝʰʥʝʡ 

ʘʪʤʦʩʬʝʨʳ ʢʦʩʤʠʯʝʩʢʠʭ ʘʧʧʘʨʘʪʦʚ. ʅʘʫʯʥʳʡ 

ʨʫʢʦʚʦʜʠʪʝʣʴ ʨʘʙʦʪ ï ʟʘʩʣʫʞʝʥʥʳʡ ʜʝʷʪʝʣʴ ʥʘʫʢʠ ʈʌ, 

ʟʘʩʣʫʞʝʥʥʳʡ ʠʟʦʙʨʝʪʘʪʝʣʴ ʈʌ, ʟʘʚʝʜʫʶʱʠʡ ʢʘʬʝʜʨʦʡ 

ʬʠʟʠʢʠ ʪʚʸʨʜʦʛʦ ʪʝʣʘ ɼʤʠʪʨʠʡ ɸʣʝʢʩʘʥʜʨʦʚʠʯ ʋʩʘʥʦʚ 

(1943ï2019), ʦʪʚʝʪʩʪʚʝʥʥʳʡ ʠʩʧʦʣʥʠʪʝʣʴ ʨʘʙʦʪ ï 

ʧʨʦʬʝʩʩʦʨ ʢʘʬʝʜʨʳ ʬʠʟʠʢʠ ʪʚʸʨʜʦʛʦ ʪʝʣʘ ɸʣʝʢʩʘʥʜʨ 

ɺʣʘʜʠʤʠʨʦʚʠʯ ʉʢʨʠʧʘʣʴ. 

 

 
 

ɼʤʠʪʨʠʡ 

ɸʣʝʢʩʘʥʜʨʦʚʠʯ 

ʋʩʘʥʦʚ 

ʈʘʙʦʪʳ ʟʘʚʝʨʰʠʣʠʩʴ ʨʘʟʨʘʙʦʪʢʦʡ ʉɺʏ-ʠʟʤʝʨʠʪʝʣʝʡ ʜʣʷ ʢʦʥʪʨʦʣʷ 

ʪʦʣʱʠʥʳ ʵʨʦʟʠʦʥʥʦʩʪʦʡʢʠʭ ʧʦʢʨʳʪʠʡ, ʦʧʨʝʜʝʣʝʥʠʷ ʢʦʥʜʝʥʩʠʨʦʚʘʥʥʦʡ ʠ 

ʟʘʨʷʞʝʥʥʦʡ ʩʦʩʪʘʚʣʷʶʱʠʭ ʩʦʙʩʪʚʝʥʥʦʡ ʚʥʝʰʥʝʡ ʘʪʤʦʩʬʝʨʳ ʢʦʩʤʠʯʝʩʢʠʭ 

ʘʧʧʘʨʘʪʦʚ ʚ ʩʪʝʥʜʦʚʳʭ ʠ ʦʨʙʠʪʘʣʴʥʳʭ ʫʩʣʦʚʠʷʭ, ʢʦʥʪʨʦʣ ̫ ʫʨʦʚʥ ̫

ʚʠʙʨʘʮʠʦʥʥʳʭ ʠ ʜʝʬʦʨʤʘʮʠʦʥʥʳʭ ʥʘʛʨʫʟʦʢ ʧʨʠ ʠʩʧʳʪʘʥʠʷʭ ʵʣʝʤʝʥʪʦʚ 

ʢʦʥʪʫʨʘ ʦʭʣʘʞʜʝʥʠʷ ʢʦʩʤʠʯʝʩʢʠʭ ʘʧʧʘʨʘʪʦʚ.  
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ʈʝʟʫʣʴʪʘʪʳ ʨʘʙʦʪ ʙʳʣʠ ʚʥʝʜʨʝʥʳ ʚ ʛʦʣʦʚʥʦʤ ʨʘʟʨʘʙʦʪʯʠʢʝ ʢʦʨʘʙʣʷ 

çɹʫʨʘʥè ï ʅʇʆ çʄʦʣʥʠʷè (ʛ. ʄʦʩʢʚʘ) ʠ ʚ ʅʇʆ çʕʥʝʨʛʠʷè (ʛ. ʂʦʨʦʣʝʚ). ɿʘ 

ʫʩʧʝʰʥʫʶ ʜʝʷʪʝʣʴʥʦʩʪʴ ɼ ɸ. ʋʩʘʥʦʚʫ ʠ ɸ. ɺ. ʉʢʨʠʧʘʣʶ ʙʳʣʠ ʚʨʫʯʝʥʳ 

ʥʘʛʨʫʜʥʳʝ ʟʥʘʢʠ çʀʟʦʙʨʝʪʘʪʝʣʴ ʉʉʉʈè. 

 

ʂʦʩʤʦʥʘʚʪ ɸʢʘʜʝʤʠʠ ʥʘʫʢ ʉʉʉʈ. 

ʆʨʜʠʥʘʨʜ ʇʘʥʪʝʣʝʡʤʦʥʦʚʠʯ ʂʦʣʦʤʠʡʮʝʚ (29.01.1933ï16.07.2012) ï 

ʦʜʠʥ ʠʟ ʥʝʤʥʦʛʠʭ ʣʶʜʝʡ, ʧʨʦʰʝʜʰʠʭ ʧʦʜʛʦʪʦʚʢʫ ʢ ʢʦʩʤʠʯʝʩʢʦʤʫ ʧʦʣʝʪʫ 

ʢʘʢ ʢʦʩʤʦʥʘʚʪ ɸʢʘʜʝʤʠʠ ʥʘʫʢ ʉʉʉʈ, ʯʝʣʦʚʝʢ ʫʥʠʢʘʣʴʥʦʡ ʙʠʦʛʨʘʬʠʠ [6,7]. 

ʆʥ ʦʢʦʥʯʠʣ ʬʠʟʠʯʝʩʢʠʡ ʬʘʢʫʣʴʪʝʪïII (ʨʘʜʠʦʬʠʟʠʯʝʩʢʠʡ ʬʘʢʫʣʴʪʝʪ) 

ʉʘʨʘʪʦʚʩʢʦʛʦ ʫʥʠʚʝʨʩʠʪʝʪʘ ʚʤʝʩʪʝ ʩʦ ʩʚʦʝʡ ʞʝʥʦʡ ɻ. ʀ. ʈʳʞʘʢʠʥʦʡ ʚ 1956 

ʛ. ʇʦ ʨʘʩʧʨʝʜʝʣʝʥʠʶ ʂʦʣʦʤʠʡʮʝʚʳ ʙʳʣʠ ʥʘʧʨʘʚʣʝʥʳ ʚ ʅʘʫʯʥʦ-

ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʠʥʩʪʠʪʫʪ ʟʝʤʥʦʛʦ ʤʘʛʥʝʪʠʟʤʘ ʧʦʜ ʄʦʩʢʚʦʡ (ʥrʥʝ 

ʀʥʩʪʠʪʫʪ ʟʝʤʥʦʛʦ ʤʘʛʥʝʪʠʟʤʘ, ʠʦʥʦʩʬʝʨʳ ʠ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʨʘʜʠʦʚʦʣʥ 

ʠʤ. ʅ. ɺ. ʇʫʰʢʦʚʘ ʈɸʅ (ʛ. ʊʨʦʠʮʢ). ɿʜʝʩʴ ʆ. ʇ. ʂʦʣʦʤʠʡʮʝʚ ʧʨʦʰʝʣ ʧʫʪʴ 

ʦʪ ʤʣʘʜʰʝʛʦ ʥʘʫʯʥʦʛʦ ʩʦʪʨʫʜʥʠʢʘ ʜʦ ʜʦʢʪʦʨʘ ʬʠʟʠʢʦ-ʤʘʪʝʤʘʪʠʯʝʩʢʠʭ 

ʥʘʫʢ, ʧʨʦʬʝʩʩʦʨʘ, ʫʯʝʥʦʛʦ ʩʝʢʨʝʪʘʨʷ ʀɿʄʀʈɸʅ, ʛʣʘʚʥʦʛʦ ʥʘʫʯʥʦʛʦ 

ʩʦʪʨʫʜʥʠʢʘ.  

ɺ ʧʝʨʚʳʡ ʞʝ ʤʝʩʷʮ ʩʚʦʝʡ ʨʘʙʦʪʳ ʆ. ʇ. ʂʦʣʦʤʠʡʮʝʚ ʙʳʣ 

ʢʦʤʘʥʜʠʨʦʚʘʥ ʚ ʧʨʠʧʦʣʷʨʥʳʡ ʉʘʣʝʭʘʨʜ ʜʣʷ ʫʩʪʘʥʦʚʢʠ ʩʪʘʥʮʠʠ 

ʠʦʥʦʩʬʝʨʥʳʭ ʥʘʙʣʶʜʝʥʠʡ. ɸ ʚʩʢʦʨʝ ʆ. ʇ. ʠ ɻ. ʀ. ʂʦʣʦʤʠʡʮʝʚʳ ʩʪʘʣʠ 

ʫʯʘʩʪʥʠʢʘʤʠ ʧʨʦʛʨʘʤʤʳ ʄʝʞʜʫʥʘʨʦʜʥʦʛʦ ʛʝʦʬʠʟʠʯʝʩʢʦʛʦ ʛʦʜʘ, 

ʧʨʦʚʦʜʠʚʰʝʛʦʩʷ ʩ 1 ʠʶʣʷ 1957 ʛ. ʧʦ 31 ʜʝʢʘʙʨʷ 1958 ʛ., ʠ ʧʦʩʣʝʜʦʚʘʚʰʠʭ 

ʟʘʪʝʤ ʘʥʪʘʨʢʪʠʯʝʩʢʠʭ ʵʢʩʧʝʜʠʮʠʡ. ɺ 1957ï1963 ʛʛ. ʆʨʜʠʥʘʨʜ 

ʇʘʥʪʝʣʝʡʤʦʥʦʚʠʯ ʧʨʠʥʷʣ ʫʯʘʩʪʠʝ ʚ ʪʨʝʭ ʘʥʪʘʨʢʪʠʯʝʩʢʠʭ ʵʢʩʧʝʜʠʮʠʷʭ ï 

ʪʨʝʪʴʝʡ, ʧʷʪʦʡ ʠ ʚʦʩʴʤʦʡ ʦʙʱʝʡ ʧʨʦʜʦʣʞʠʪʝʣʴʥʦʩʪʴʶ 4 ʛʦʜʘ ʠ 4 ʤʝʩʷʮʘ. 

ʆʥ ʟʠʤʦʚʘʣ ʥʘ ʚʥʫʪʨʠʢʦʥʪʠʥʝʥʪʘʣʴʥʦʡ ʩʪʘʥʮʠʠ çɺʦʩʪʦʢè, ʨʘʩʧʦʣʦʞʝʥʥʦʡ 

ʚ ʮʝʥʪʨʝ ʤʘʪʝʨʠʢʘ ʥʘ ʚʳʩʦʪʝ 3500 ʤʝʪʨʦʚ, ʩʘʤʦʡ ʩʣʦʞʥʦʡ ʧʦ ʧʨʠʨʦʜʥʳʤ 

ʫʩʣʦʚʠʷʤ ʠʟ ʘʥʪʘʨʢʪʠʯʝʩʢʠʭ ʩʪʘʥʮʠʡ, ʛʜʝ ʙʳʣ ʦʪʤʝʯʝʥ ʨʝʢʦʨʜ 

ʦʪʨʠʮʘʪʝʣʴʥʳʭ ʪʝʤʧʝʨʘʪʫʨ (ʤʠʥʫʩ 89,7 ʛʨʘʜʫʩʘ). ʆʨʠʛʠʥʘʣʴʥʳʝ 

ʨʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʡ ʠʦʥʦʩʬʝʨʳ, ʧʨʦʚʝʜʝʥʥʳʭ ʂʦʣʦʤʠʡʮʝʚʳʤ ʥʘ 

ʩʪʘʥʮʠʠ çɺʦʩʪʦʢè ï ʛʝʦʤʘʛʥʠʪʥʦʤ ʧʦʣʶʩʝ ɿʝʤʣʠ, ʩʦʩʪʘʚʠʣʠ ʚʧʦʩʣʝʜʩʪʚʠʠ 

ʩʦʜʝʨʞʘʥʠʝ ʝʛʦ ʢʘʥʜʠʜʘʪʩʢʦʡ ʜʠʩʩʝʨʪʘʮʠʠ. 

ɺ ʤʘʝ 1967 ʛ., ʧʦʩʣʝ ʞʝʩʪʦʯʘʡʰʝʛʦ ʤʝʜʠʮʠʥʩʢʦʛʦ ʦʪʙʦʨʘ (ʠʟ 1000 

ʧʨʝʪʝʥʜʝʥʪʦʚ ʝʛʦ ʧʨʦʰʣʠ 4 ʯʝʣʦʚʝʢʘ), ʆ. ʇ. ʂʦʣʦʤʠʡʮʝʚ ʙʳʣ ʟʘʯʠʩʣʝʥ ʚ 

ʦʪʨʷʜ ʢʦʩʤʦʥʘʚʪʦʚ ɸʢʘʜʝʤʠʠ ʥʘʫʢ ʉʉʉʈ. ʕʪʦʪ ʦʪʨʷʜ ʙʳʣ ʩʦʟʜʘʥ ʜʣʷ 

ʦʙʝʩʧʝʯʝʥʠʷ, ʚ ʯʘʩʪʥʦʩʪʠ, ʧʨʦʬʝʩʩʠʦʥʘʣʴʥʦʡ ʨʘʙʦʪʳ ʚ ʦʙʣʘʩʪʠ ʩʦʣʥʝʯʥʦ-

ʟʝʤʥʦʡ ʬʠʟʠʢʠ ʧʨʠ ʦʩʫʱʝʩʪʚʣʝʥʠʠ ʜʦʣʛʦʚʨʝʤʝʥʥʳʭ ʢʦʩʤʠʯʝʩʢʠʭ ʧʦʣʝʪʦʚ. 

ɺ ʎʝʥʪʨʝ ʧʦʜʛʦʪʦʚʢʠ ʢʦʩʤʦʥʘʚʪʦʚ ʜʣʷ ʢʦʩʤʠʯʝʩʢʠʭ ʥʦʚʦʙʨʘʥʮʝʚ ʯʠʪʘʣʠʩʴ 

ʣʝʢʮʠʠ ʧʦ ʨʘʢʝʪʥʦ-ʢʦʩʤʠʯʝʩʢʦʡ ʪʝʭʥʠʢʝ, ʧʨʦʚʦʜʠʣʠʩʴ ʩʣʦʞʥʳʝ 

ʪʨʝʥʠʨʦʚʢʠ. 
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ʆ. ʇ. ʂʦʣʦʤʠʡʮʝʚ ʧʝʨʝʜ ʧʨʳʞʢʦʤ ʩ ʧʘʨʘʰʶʪʦʤ 

 

ʇʨʦʛʨʘʤʤʘ ʟʘʥʷʪʠʡ ʤʘʣʦ ʯʝʤ ʫʩʪʫʧʘʣʘ ʧʨʦʛʨʘʤʤʝ ʧʦʜʛʦʪʦʚʢʠ 

ʢʦʩʤʦʥʘʚʪʦʚ çʛʘʛʘʨʠʥʩʢʦʛʦ ʦʪʨʷʜʘè: ʢʨʝʩʣʦ ʂʦʨʠʦʣʠʩʘ, ʢʘʯʝʣʠ ʂ. ʃ. 

ʍʠʣʦʚʘ, ʙʘʨʦʢʘʤʝʨʘ (ʚ ʪʦʤ ʯʠʩʣʝ ʩ ʵʬʬʝʢʪʦʤ ʨʘʟʛʝʨʤʝʪʠʟʘʮʠʠ), 

ʪʝʨʤʦʢʘʤʝʨʘ, ʩʫʨʜʦʢʘʤʝʨʘ, ʢʘʪʘʧʫʣʴʪʘ, ʮʝʥʪʨʠʬʫʛʘ, ʧʦʣʝʪʳ ʥʘ 

ʥʝʚʝʩʦʤʦʩʪʴ, ʧʨʳʞʢʠ ʩ ʧʘʨʘʰʶʪʦʤ ʠ ʤʥʦʛʦʝ ʜʨʫʛʦʝ.  

ʋ ʆ. ʇ. ʂʦʣʦʤʠʡʮʝʚʘ ʩʣʦʞʠʣʠʩʴ ʜʨʫʞʝʩʢʠʝ ʦʪʥʦʰʝʥʠʷ ʩ ʖʨʠʝʤ 

ɸʣʝʢʩʝʝʚʠʯʝʤ ɻʘʛʘʨʠʥʳʤ, ʧʘʤʷʪʠ ʢʦʪʦʨʦʛʦ ʠ ʩʚʦʝʡ ʞʝʥʳ ɻʘʣʠʥʳ 

ʀʣʴʠʥʠʯʥʳ ʦʥ ʧʦʩʚʷʪʠʣ ʢʥʠʛʫ çɸʥʪʘʨʢʪʠʢʘ ï ʂʦʩʤʦʥʘʚʪʠʢʘ: 

ʕʢʩʪʨʝʤʘʣʴʥʘʷ ʪʦʥʘʣʴʥʦʩʪʴ ʞʠʟʥʠè [6]. ʂʘʢ ʦʪʤʝʯʘʣ ʆ. ʇ. ʂʦʣʦʤʠʡʮʝʚ, 

ʛʦʜʳ ʦʙʫʯʝʥʠʷ ʚ ʉɻʋ (1951ï1956) ʦʢʘʟʘʣʠʩʴ ʜʣʷ ʥʝʛʦ ʙʝʩʮʝʥʥʳʤʠ, 

ʦʧʨʝʜʝʣʠʣʠ çʩʫʪʴ ʠ ʦʩʦʙʝʥʥʦʩʪʠè ʝʛʦ ʞʠʟʥʠ ʠ ʥʘʚʩʝʛʜʘ ʦʩʪʘʣʠʩʴ ʚ ʧʘʤʷʪʠ 

ʢʘʢ çʣʫʯʰʠʝ ʛʦʜʳ ʤʦʣʦʜʦʩʪʠ ʠ ʚʦʟʤʫʞʘʥʠʷ, ʧʦʥʠʤʘʥʠʷ ʞʠʟʥʠ ʠ ʩʚʦʝʛʦ 

ʤʝʩʪʘ ʚ ʥʝʡè. 

 

 ʀʩʩʣʝʜʦʚʘʥʠ ̫ʠʦʥʦʩʬʝʨʳ  

ʠ ʦʢʦʣʦʟʝʤʥʦʛʦ ʢʦʩʤʠʯʝʩʢʦʛʦ ʧʨʦʩʪʨʘʥʩʪʚʘ. 

ʇʦ ʨʘʟʥʳʤ ʧʨʠʯʠʥʘʤ ʢʦʩʤʦʥʘʚʪʘʤ ɸʢʘʜʝʤʠʠ ʥʘʫʢ ʥʝ ʫʜʘʣʦʩʴ 

ʦʩʫʱʝʩʪʚʠʪʴ ʢʦʩʤʠʯʝʩʢʠʝ ʧʦʣʝʪʳ. ʆ. ʇ. ʂʦʣʦʤʠʡʮʝʚ ʚ 1969 ʛ. ʟʘʱʠʪʠʣ 

ʢʘʥʜʠʜʘʪʩʢʫʶ ʜʠʩʩʝʨʪʘʮʠʶ, ʘ ʚ 1994 ʛ. ʩʪʘʣ ʜʦʢʪʦʨʦʤ ʬʠʟʠʢʦ-

ʤʘʪʝʤʘʪʠʯʝʩʢʠʭ ʥʘʫʢ ʧʦʩʣʝ ʟʘʱʠʪʳ ʜʠʩʩʝʨʪʘʮʠʠ çʈʘʩʩʣʦʝʥʠʝ ʚʝʨʭʥʝʡ 

ʵʢʚʘʪʦʨʠʘʣʴʥʦʡ ʠʦʥʦʩʬʝʨʳ ʠ ʝʛʦ ʚʣʠʷʥʠʝ ʥʘ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʝ 

ʜʝʮʠʤʝʪʨʦʚʳʭ ʚʦʣʥè (ʩʧʝʮʠʘʣʴʥʦʩʪ ɹ ʛʝʦʬʠʟʠʢʘ). ʂ ʯʠʩʣʫ ʩʚʦʠʭ 

çʧʠʦʥʝʨʩʢʠʭè ʨʘʙʦʪ ʆ. ʇ. ʂʦʣʦʤʠʡʮʝʚ ʦʪʥʦʩʠʣ [8]: ʠʩʩʣʝʜʦʚʘʥʠʝ ʚʣʠʷʥʠʷ 

ʩʝʢʪʦʨʥʦʡ ʩʪʨʫʢʪʫʨʳ ʤʝʞʧʣʘʥʝʪʥʦʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʥʘ ʵʣʝʢʪʨʦʥʥʫʶ 

ʢʦʥʮʝʥʪʨʘʮʠʶ ʚʝʨʭʥʝʡ ʠʦʥʦʩʬʝʨʳ ɿʝʤʣʠ ʚ ʧʣʘʥʝʪʘʨʥʦʤ ʤʘʩʰʪʘʙʝ; 

ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ ʧʦʛʣʦʱʝʥʠʷ ʢʦʨʦʪʢʦʚʦʣʥʦʚʦʛʦ 

ʠʟʣʫʯʝʥʠʷ ʉʦʣʥʮʘ ʚ ʚʝʨʭʥʝʡ ʘʪʤʦʩʬʝʨʝ ʧʦ ʠʟʤʝʨʝʥʠʷʤ ʩ ʙʦʨʪʘ 

ʠʩʢʫʩʩʪʚʝʥʥʦʛʦ ʩʧʫʪʥʠʢʘ ɿʝʤʣʠ (ʀʉɿ) ʚ ʨʘʩʯʝʪʘʭ ʢʦʥʮʝʥʪʨʘʮʠʠ 

ʩʦʩʪʘʚʣʷʶʱʠʭ ʥʝʡʪʨʘʣʴʥʦʡ ʘʪʤʦʩʬʝʨʳ; ʠʩʩʣʝʜʦʚʘʥʠʷ ʥʝʦʜʥʦʨʦʜʥʳʭ 

ʜʦʣʛʦʞʠʚʫʱʠʭ ʢʨʫʧʥʦʤʘʩʰʪʘʙʥʳʭ ʦʙʨʘʟʦʚʘʥʠʡ ʚ ʠʦʥʦʩʬʝʨʥʦʡ ʧʣʘʟʤʝ ʩ 

ʧʦʥʠʞʝʥʥʦʡ ʵʣʝʢʪʨʦʥʥʦʡ ʢʦʥʮʝʥʪʨʘʮʠʝʡ ï ʠʦʥʦʩʬʝʨʥʳʭ ʜʳʨ, ʠʭ 

ʜʠʘʛʥʦʩʪʠʢʘ (ʘʵʨʦʥʦʤʠʯʝʩʢʠʡ ʠ ʨʘʜʠʦʬʠʟʠʯʝʩʢʠʡ ʘʩʧʝʢʪʳ); ʠʟʫʯʝʥʠʝ 
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ʧʨʦʙʣʝʤ rʚʣʠʷʥʠʷ ʩʦʣʥʝʯʥʦʡ ʘʢʪʠʚʥʦʩʪʠ ʥʘ ʚʘʨʠʘʮʠʠ ʧʣʦʪʥʦʩʪʠ ʚʝʨʭʥʝʡ 

ʘʪʤʦʩʬʝʨʳ ɿʝʤʣʠ. ʇʦʨʘʙʦʪʘʣ ʆ. ʇ. ʂʦʣʦʤʠʡʮʝʚ ʚ 2001 ʛ. ʠ ʚ ʎʝʥʪʨʝ 

ʫʧʨʘʚʣʝʥʠʷ ʧʦʣʝʪʘʤʠ, ʢʦʛʜʘ ʨʝʰʘʣʘʩʴ ʩʣʦʞʥʘʷ ʟʘʜʘʯʘ ʟʘʚʝʨʰʝʥʠʷ 

ʦʨʙʠʪʘʣʴʥʦʛʦ ʧʦʣʝʪʘ ʧʠʣʦʪʠʨʫʝʤʦʛʦ ʢʦʤʧʣʝʢʩʘ çʄʠʨè.  

ɺ 1957 ʛ. ʚ ʉɻʋ ʙʳʣʘ ʦʨʛʘʥʠʟʦʚʘʥʘ ʉʪʘʥʮʠʷ 

ʥʘʙʣʶʜʝʥʠʷ ʠʩʢʫʩʩʪʚʝʥʥʳʭ ʩʧʫʪʥʠʢʦʚ ɿʝʤʣʠ 

(  ̄1044) [9]. ɽʸ ʚʦʟʛʣʘʚʠʣ ʇʘʚʝʣ ɺʘʩʠʣʴʝʚʠʯ ɺʴʶʰʢʦʚ 

(1900ï1969), ʚʳʧʫʩʢʥʠʢ ʠ ʩʦʪʨʫʜʥʠʢ ʫʥʠʚʝʨʩʠʪʝʪʘ ʩ 

1921 ʛ., ʜʦʣʛʠʝ ʛʦʜʳ ʧʨʦʨʘʙʦʪʘʚʰʠʡ ʥʘ ʢʘʬʝʜʨʝ 

ʘʩʪʨʦʥʦʤʠʠ, ʝʸ ʟʘʚʝʜʫʶʱʠʡ ʚ 1930ï1954 ʛʛ. [10]. 

ʇ. ɺ. ɺʴʶʰʢʦʚʫ ʧʨʠʥʘʜʣʝʞʠʪ ʠʜʝʷ ʦʨʠʛʠʥʘʣʴʥʦʛʦ 

ʠʟʤʝʨʠʪʝʣʷ ʩʦʣʥʝʯʥʦʡ ʵʥʝʨʛʠʠ (ʧʠʨʛʝʣʠʦʤʝʪʨʘ), 

ʢʦʪʦʨʘʷ ʥʘʰʣʘ ʧʨʘʢʪʠʯʝʩʢʦʝ ʚʦʧʣʦʱʝʥʠʝ. ɺ 1969 ʛ. 

ʥʘʯʘʣʴʥʠʢʦʤ ʩʪʘʥʮʠʠ ʥʘʙʣʶʜʝʥʠʷ ʀʉɿ ʩʪʘʣ ʖʨʠʡ 

ɸʥʜʨʝʝʚʠʯ ʉʢʣʷʨʦʚ (1931ï2014), ʫʯʝʥʠʢ ʇ. ɺ. 

ɺʴʶʰʢʦʚʘ, ʩ ʦʪʣʠʯʠʝʤ ʦʢʦʥʯʠʚʰʠʡ ʬʠʟʠʯʝʩʢʠʡ 

ʬʘʢʫʣʴʪʝʪ ʚ 1953 ʛ. ʧʦ ʩʧʝʮʠʘʣʴʥʦʩʪʠ ʘʩʪʨʦʥʦʤʠʷ. 

ʉʦ ʚʨʝʤʝʥʝʤ ʩʪʘʥʮʠʷ ʥʘʙʣʶʜʝʥʠʷ ʀʉɿ ʙʳʣʘ 

ʧʨʝʦʙʨʘʟʦʚʘʥʘ ʚ ʣʘʙʦʨʘʪʦʨʠʶ ʘʩʪʨʦʥʦʤʠʠ ʠ 

ʛʝʦʬʠʟʠʢʠ ʅʀʀ ʤʝʭʘʥʠʢʠ ʠ ʬʠʟʠʢʠ ʉɻʋ, ʚ ʯʠʩʣʦ 

ʩʦʪʨʫʜʥʠʢʦʚ ʢʦʪʦʨʦʡ ʚʭʦʜʠʣʠ, ʚ ʯʘʩʪʥʦʩʪʠ, ʄʠʭʘʠʣ 

ɹʦʨʠʩʦʚʠʯ ɹʦʛʜʘʥʦʚ, ʖʨʠʡ ʀʚʘʥʦʚʠʯ ɹʨʠʯʢʦʚ (1946ï

2008), ʃʝʦʥʠʜ ʅʠʢʦʣʘʝʚʠʯ ɹʝʨʜʥʠʢʦʚ, ɸʨʪʫʨ 

ɺʝʥʠʘʤʠʥʦʚʠʯ ʍʦʭʣʦʚ.  

ʇʦʜ ʨʫʢʦʚʦʜʩʪʚʦʤ ʖ. ɸ. ʉʢʣʷʨʦʚʘ ʨʘʟʚʝʨʥʫʣʠʩʴ 

ʘʩʪʨʦʤʝʪʨʠʯʝʩʢʠʝ, ʘʩʪʨʦʬʠʟʠʯʝʩʢʠʝ ʠ ʛʝʦʬʠʟʠʯʝʩʢʠʝ 

ʠʩʩʣʝʜʦʚʘʥʠʷ, ʨʘʙʦʪʳ ʚ ʦʙʣʘʩʪʠ ʧʠʨʛʝʣʠʦʤʝʪʨʠʠ ʠ 

ʘʢʪʠʥʦʤʝʪʨʠʠ.  

 

 
ʇʘʚʝʣ ɺʘʩʠʣʴʝʚʠʯ 

ɺʴʶʰʢʦʚ 

 

 
ʖʨʠʡ ɸʥʜʨʝʝʚʠʯ 

ʉʢʣʷʨʦʚ 

ʇʨʦʚʦʜʠʣʦʩʴ ʢʦʥʩʪʨʫʠʨʦʚʘʥʠʝ ʠʟʤʝʨʠʪʝʣʴʥʦʡ ʘʧʧʘʨʘʪʫʨʳ ʜʣʷ 

ʠʩʩʣʝʜʦʚʘʥʠʷ ʩʦʣʥʝʯʥʦʡ ʨʘʜʠʘʮʠʠ ʠ ʨʘʜʠʘʮʠʦʥʥʦʛʦ ʙʘʣʘʥʩʘ ɿʝʤʣʠ: ʚ 1980-

ʭ ʛʦʜʘʭ ʥʘ ʦʜʥʦʤ ʠʟ ʩʧʫʪʥʠʢʦʚ ʩʝʨʠʠ çʂʦʩʤʦʩè ʨʘʙʦʪʘʣ çʩʢʣʷʨʦʚʩʢʠʡè 

ʠʟʤʝʨʠʪʝʣʴ ʩʦʣʥʝʯʥʦʡ ʧʦʩʪʦʷʥʥʦʡ (ʀʉʇ); ʚ 1990-ʝ ʛʦʜʳ ʥʘ ʩʧʫʪʥʠʢʘʭ 

çʄʝʪʝʦʨ-2è, çʈʝʩʫʨʩ-01è ˉ 4 ʙʳʣʠ ʫʩʪʘʥʦʚʣʝʥʳ ʨʘʜʠʦʤʝʪʨʳ ï ʠʟʤʝʨʠʪʝʣʠ 

ʢʦʨʦʪʢʦʚʦʣʥʦʚʦʡ ʦʪʨʘʞʝʥʥʦʡ ʨʘʜʠʘʮʠʠ ʀʂʆʈ; ʥʘ ʟʘʧʫʱʝʥʥʳʭ ʚ ʩʝʥʪʷʙʨʝ 

2009 ʛ. ʠ ʚ ʠʶʣʝ 2014 ʛ. ʀʉɿ çʄʝʪʝʦʨ-ʄè ˉ1 ʠ ˉ 2 ʚ ʩʦʩʪʘʚ ʘʧʧʘʨʘʪʫʨʳ 

ʛʝʣʠʦʛʝʦʬʠʟʠʯʝʩʢʦʛʦ ʢʦʤʧʣʝʢʩʘ ʚʦʰʣʠ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʝ ʨʘʜʠʦʤʝʪʨʳ ï 

ʠʟʤʝʨʠʪʝʣʠ ʢʦʨʦʪʢʦʚʦʣʥʦʚʦʡ ʦʪʨʘʞʝʥʥʦʡ ʨʘʜʠʘʮʠʠ ʀʂʆʈ-ʄ [11, 12].  

ʉ 1974 ʛ. ʧʦ ʠʥʠʮʠʘʪʠʚʝ ɸʨʪʫʨʘ ɺʝʥʠʘʤʠʥʦʚʠʯʘ ʍʦʭʣʦʚʘ, ʙʫʜʫʱʝʛʦ 

ʧʨʦʬʝʩʩʦʨʘ ʢʘʬʝʜʨʳ ʨʘʜʠʦʬʠʟʠʢʠ, ʧʨʠ ʧʦʜʜʝʨʞʢʝ ʖ. ɸ. ʉʢʣʷʨʦʚʘ 

ʥʘʯʘʣʘʩʴ ʨʘʟʨʘʙʦʪʢʘ ʨʘʜʠʦʬʠʟʠʯʝʩʢʠʭ ʤʝʪʦʜʦʚ ʠʩʩʣʝʜʦʚʘʥʠʷ ʩʦʣʥʝʯʥʦʡ 

ʘʢʪʠʚʥʦʩʪʠ. ʈʘʜʠʦʥʘʙʣʶʜʝʥʠʷ ʉʦʣʥʮʘ ʧʨʦʚʦʜʠʣʠʩʴ ʩ 1979 ʛ. ʥʘ ʙʘʟʝ 

ʩʦʟʜʘʥʥʦʡ ʦʨʠʛʠʥʘʣʴʥʦʡ ʘʧʧʘʨʘʪʫʨʳ ʠ ʦʨʠʛʠʥʘʣʴʥʦʛʦ ʤʝʪʦʜʘ, 

ʦʙʝʩʧʝʯʠʚʘʶʱʠʭ ʘʚʪʦʤʘʪʠʯʝʩʢʦʝ ʥʘʚʝʜʝʥʠʝ ʘʥʪʝʥʥ ʤʘʣʳʭ 
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ʨʘʜʠʦʪʝʣʝʩʢʦʧʦʚ ʥʘ ʉʦʣʥʮʝ. ɸ. ɺ. ʍʦʭʣʦʚʳʤ ʙʳʣ ʨʘʟʨʘʙʦʪʘʥ 

ʦʨʠʛʠʥʘʣʴʥʳʡ ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʦ-ʢʦʤʤʫʪʘʮʠʦʥʥʳʡ ʤʝʪʦʜ 

ʨʘʜʠʦʧʦʣʷʨʠʤʝʪʨʠʠ, ʦʪʣʠʯʘʶʱʠʡʩʷ ʚʳʩʦʢʦʡ ʪʦʯʥʦʩʪʴʶ, ʯʪʦ ʧʦʟʚʦʣʷʣʦ 

ʧʦʣʫʯʘʪʴ ʝʞʝʜʥʝʚʥʳʝ ʨʷʜʳ ʟʥʘʯʝʥʠʡ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʩʦʣʥʝʯʥʦʛʦ 

ʨʘʜʠʦʠʟʣʫʯʝʥʠʷ, ʚʳʷʚʠʪʴ ʝʛʦ ʤʥʦʛʦʯʠʩʣʝʥʥʳʝ ʚʩʧʣʝʩʢʠ, ʩʦʦʪʥʝʩʪʠ 

ʧʦʣʫʯʝʥʥʳʝ ʜʘʥʥʳʝ ʩ ʬʠʟʠʯʝʩʢʠʤʠ ʧʨʦʮʝʩʩʘʤʠ, ʧʨʦʠʩʭʦʜʷʱʠʤʠ ʥʘ 

ʉʦʣʥʮʝ ʠ ʚ ʦʢʦʣʦʟʝʤʥʦʤ ʢʦʩʤʠʯʝʩʢʦʤ ʧʨʦʩʪʨʘʥʩʪʚʝ [13]. 
 

 
 

ʂʦʣʣʝʢʪʠʚ ʣʘʙʦʨʘʪʦʨʠʠ ʘʩʪʨʦʥʦʤʠʠ ʠ ʛʝʦʬʠʟʠʢʠ ʅʀʀ ʤʝʭʘʥʠʢʠ ʠ ʬʠʟʠʢʠ ʉɻʋ, 1977 ʛ. 

 

ʃʠʮʝʥʟʠʷ ʈʦʩʢʦʩʤʦʩʘ. 

ɺ 2007 ʛ. ʉʘʨʘʪʦʚʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ ʧʦʣʫʯʠʣ ʣʠʮʝʥʟʠʶ ʌʝʜʝʨʘʣʴʥʦʛʦ 

ʢʦʩʤʠʯʝʩʢʦʛʦ ʘʛʝʥʪʩʪʚʘ (ˉ 622ʂ ʦʪ 19 ʤʘʨʪʘ 2007 ʛ.) ʥʘ ʧʨʘʚʦ 

ʦʩʫʱʝʩʪʚʣʝʥʠʷ ʢʦʩʤʠʯʝʩʢʦʡ ʜʝʷʪʝʣʴʥʦʩʪʠ ʚ ʪʝʯʝʥʠʝ 5 ʣʝʪ.  
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1 ʇʆʃʋʇʈʆɺʆɼʅʀʂʆɺɸʗ 

ʄʀʂʈʆ- ʀ ʅɸʅʆʕʃɽʂʊʈʆʅʀʂɸ 

 

 
ʉʂɸʅʀʈʋʖʑɸʗ ɿʆʅɼʆɺɸʗ ʄʀʂʈʆʉʂʆʇʀʗ ʀ 

ʉʇɽʂʊʈʆʉʂʆʇʀʗ ʅɸʅʆʄɽʊʈʆɺʆɻʆ ʇʈʆʉʊʈɸʅʉʊɺɽʅʅʆɻʆ 

ʈɸɿʈɽʐɽʅʀʗ ï ʆʊ ʀʉʉʃɽɼʆɺɸʅʀʗ ʉʊʈʋʂʊʋʈ 

ʅɸʅʆʕʃɽʂʊʈʆʅʀʂʀ ʀ ʄɸʊɽʈʀɸʃʆɺɽɼɽʅʀʗ ɼʆ 

ʄʆʃɽʂʋʃʗʈʅʆʁ ɼʀɸɻʅʆʉʊʀʂʀ ɺ ɹʀʆʃʆɻʀʀ ʀ ʄɽɼʀʎʀʅɽ 

 
ɺ.ɸ. ɹʳʢʦʚ

1,2
, ɸʥ.ɺ. ɹʳʢʦʚ

1
, ʖ.ɸ.ɹʦʙʨʦʚ

1
, ɺ.ɺ.ʂʦʪʦʚ

1
, ʉ.ʀ. ʃʝʝʩʤʝʥʪ

1
, 

ɺ.ɺ. ʇʦʣʷʢʦʚ
1 

1
ʅʊ-ʄɼʊ ʉʧʝʢʪʨʫʤ ʀʥʩʪʨʫʤʝʥʪʩ, ʛ. ʄʦʩʢʚʘ 

2
ʌɻɸʆʋ ɺʆ çʄʦʩʢʦʚʩʢʠʡ ʬʠʟʠʢʦ-ʪʝʭʥʠʯʝʩʢʠʡ ʠʥʩʪʠʪʫʪ (ʥʘʮʠʦʥʘʣʴʥʳʡ 

ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ)è 

E-mail: vbykov@ntmdt-si.com 

 
ʀʟʣʦʞʝʥʳ ʩʦʚʨʝʤʝʥʥʳʝ ʚʦʟʤʦʞʥʦʩʪʠ ʩʢʘʥʠʨʫʶʱʠʭ ʟʦʥʜʦʚʳʭ ʤʠʢʨʦʩʢʦʧʦʚ ʜʣʷ 

ʠʩʩʣʝʜʦʚʘʥʠʷ ʩʚʦʡʩʪʚ ʠ ʤʝʪʨʦʣʦʛʠʯʝʩʢʦʛʦ ʢʦʥʪʨʦʣʷ ʧʦʚʝʨʭʥʦʩʪʝʡ ʠ ʥʘʥʦʩʪʨʫʢʪʫʨ, ʚ 

ʪʦʤ ʯʠʩʣʝ, ʠʟʜʝʣʠʡ ʤʠʢʨʦ ʠ ʥʘʥʦʵʣʝʢʪʨʦʥʠʢʠ ʠ ʥʘʥʦʩʪʨʫʢʪʫʨ, ʜʣʷ ʜʠʘʛʥʦʩʪʠʢʠ ʠ 

ʠʟʫʯʝʥʠʷ ʩʚʦʡʩʪʚ ʞʠʚʳʭ ʢʣʝʪʦʢ ʠ ʚʠʨʫʩʦʚ, ʜʣʷ ʤʝʜʠʮʠʥʩʢʦʡ ʜʠʘʛʥʦʩʪʠʢʠ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʩʢʘʥʠʨʫʶʱʠʡ ʟʦʥʜʦʚʳʡ ʤʠʢʨʦʩʢʦʧ, ʉɿʄ, ʉʊʄ, ɸʉʄ, 

ʢʦʤʙʠʥʘʮʠʦʥʥʦʝ ʨʘʩʩʝʷʥʠʝ, ʈʘʤʘʥʦʚʩʢʘʷ ʩʧʝʢʪʨʦʩʢʦʧʠʷ, ʈʘʤʘʥʦʚʩʢʘʷ ʤʠʢʨʦʩʢʦʧʠʷ 

ʩʚʝʨʭʚʳʩʦʢʦʛʦ ʨʘʟʨʝʰʝʥʠʷ, ʙʣʠʞʥʝʧʦʣʴʥʘʷ ʦʧʪʠʯʝʩʢʘʷ ʤʠʢʨʦʩʢʦʧʠʷ (ɹʆʄ), 

ʙʝʟʘʧʝʨʪʫʨʥʘʷ ʩʢʘʥʠʨʫʶʱʘʷ ʟʦʥʜʦʚʘʷ ʤʠʢʨʦʩʢʦʧʠʷ ʙʣʠʞʥʝʛʦ ʧʦʣʷ, ʢʘʥʪʠʣʝʚʝʨ, 

ʥʘʥʦʪʝʭʥʦʣʦʛʠʷ, ʤʝʪʨʦʣʦʛʠʷ, ʥʘʥʦʤʝʪʨʦʣʦʛʠʷ, ʥʘʥʦʵʣʝʢʪʨʦʥʠʢʘ, ʤʝʜʠʮʠʥʘ, 

ʜʠʘʛʥʦʩʪʠʢʘ, ʦʥʢʦʣʦʛʠʷ, ʚʠʨʫʩʳ. 

ɺʚʝʜʝʥʠʝ 

ʂ ʥʘʩʪʦʷʱʝʤʫ ʚʨʝʤʝʥʠ ʩʢʘʥʠʨʫʶʱʘʷ ʟʦʥʜʦʚʘʷ ʤʠʢʨʦʩʢʦʧʠʷ ʚʦʰʣʘ ʚ 

ʩʦʩʪʘʚ ʢʣʘʩʩʠʯʝʩʢʠʭ ʤʝʪʦʜʦʚ ʠʩʩʣʝʜʦʚʘʥʠʷ ʥʘʥʦʩʪʨʫʢʪʫʨ ʠ ʰʠʨʦʢʦ 

ʠʩʧʦʣʴʟʫʝʪʩʷ ʜʣʷ ʢʘʯʝʩʪʚʝʥʥʦʡ ʦʮʝʥʢʠ ʬʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʠʭ, 

ʛʝʦʤʝʪʨʠʯʝʩʢʠʭ, ʵʣʝʢʪʨʠʯʝʩʢʠʭ, ʤʘʛʥʠʪʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʧʦʚʝʨʭʥʦʩʪʝʡ, 

ʙʠʦʣʦʛʠʯʝʩʢʠʭ ʦʙʲʝʢʪʦʚ, ʚ ʪʦʤ ʯʠʩʣʝ, ʞʠʚʳʭ ʢʣʝʪʦʢ ʠ ʠʭ ʨʝʘʢʮʠʶ ʥʘ 

ʩʦʩʪʘʚ ʠ ʧʘʨʘʤʝʪʨʳ ʦʢʨʫʞʘʶʱʝʡ ʩʨʝʜʳ.  

ʀʥʪʝʨʝʩ ʢ ʤʝʪʦʜʘʤ ʉɿʄ ʦʙʫʩʣʦʚʣʝʥ ʪʝʤ, ʯʪʦ ʢʨʦʤʝ ʪʦʧʦʛʨʘʬʠʠ 

ʚʳʩʦʢʦʛʦ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʛʦ ʨʘʟʨʝʰʝʥʠʷ, ʩʢʘʥʠʨʫʶʱʠʝ ʟʦʥʜʦʚʳʝ 

ʤʠʢʨʦʩʢʦʧʳ ʧʦʟʚʦʣʷʶʪ ʠʟʤʝʨʷʪʴ ʮʝʣʳʡ ʨʷʜ ʬʠʟʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ 

ʧʦʚʝʨʭʥʦʩʪʥʳʭ ʩʪʨʫʢʪʫʨ: 

mailto:vbykov@ntmdt-si.com
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ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʩʠʣ ʪʨʝʥʠʷ ʤʝʞʜʫ ʟʦʥʜʦʤ ʠ ʧʦʚʝʨʭʥʦʩʪʴʶ ʚ ʧʨʦʮʝʩʩʝ 

ʩʢʘʥʠʨʦʚʘʥʠʷ; ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʪʝʥʮʠʘʣʘ 

(ʂʝʣʴʚʠʥ-ʤʦʜʘ); 

ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʧʦʚʝʨʭʥʦʩʪʥʦʡ ʧʨʦʚʦʜʠʤʦʩʪʠ; ʨʘʩʧʨʝʜʝʣʝʥʠʝ 

ʵʣʝʢʪʨʠʯʝʩʢʦʡ ʝʤʢʦʩʪʠ ʩʠʩʪʝʤʳ ʟʦʥʜ-ʧʦʚʝʨʭʥʦʩʪʴ ʉ (x,y), ʘ ʪʘʢʞʝ  dC/dz, 

dC/dV; 

ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʤʘʛʥʠʪʥʳʭ ʩʠʣ ʚ ʩʠʩʪʝʤʝ ʟʦʥʜ ʩ ʟʘʜʘʥʥʦʡ 

ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʴʶ ï ʧʦʚʝʨʭʥʦʩʪʴ; 

ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʧʴʝʟʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ; ʨʘʩʧʨʝʜʝʣʝʥʠʝ 

ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ; 

ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʤʝʭʘʥʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ (ʤʦʜʫʣʷ ʖʥʛʘ, ʪʚʝʨʜʦʩʪʠ); 

ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʘʜʛʝʟʠʦʥʥʳʭ ʩʚʦʡʩʪʚ; 

ʠʩʩʣʝʜʦʚʘʪʴ ʵʣʝʢʪʨʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʧʦʚʝʨʭʥʦʩʪʝʡ, ʧʣʦʪʥʦʩʪʴ 

ʧʦʚʝʨʭʥʦʩʪʥʳʭ ʩʦʩʪʦʷʥʠʡ; 

ʠʩʩʣʝʜʦʚʘʪʴ ʩʪʨʦʝʥʠʝ ʠ ʩʚʦʡʩʪʚʘ ʧʨʠʧʦʚʝʨʭʥʦʩʪʥʳʭ ʜʚʦʡʥʳʭ ʩʣʦʝʚ 

ʥʘ ʛʨʘʥʠʮʝ ï ʠʟʫʯʘʝʤʳʡ ʦʙʲʝʢʪ, ʘʜʩʦʨʙʠʨʦʚʘʥʥʳʡ ʥʘ ʪʚʝʨʜʦʡ ʧʦʜʣʦʞʢʝ ï 

ʧʨʦʚʦʜʷʱʘʷ ʞʠʜʢʦʩʪʴ; 

ʠʟʫʯʘʪʴ ʠ ʜʠʘʛʥʦʩʪʠʨʦʚʘʪʴ ʞʠʚʳʝ ʢʣʝʪʢʠ ʠ ʦʙʨʘʟʮʳ ʪʢʘʥʝʡ, ʠʟʫʯʘʪʴ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʚʠʨʫʩʦʚ ʠ ʣʝʢʘʨʩʪʚʝʥʥʳʭ ʧʨʝʧʘʨʘʪʦʚ ʩ ʢʣʝʪʢʘʤʠ 

ʢʦʥʢʨʝʪʥʦʛʦ ʦʨʛʘʥʠʟʤʘ; 

ʠʟʫʯʘʪʴ ʩ ʨʘʟʨʝʰʝʥʠʝʤ, ʟʥʘʯʠʪʝʣʴʥʦ ʧʨʝʚʳʰʘʶʱʠʤ ʜʠʬʨʘʢʮʠʦʥʥʳʡ 

ʧʨʝʜʝʣ ʦʧʪʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʧʦʚʝʨʭʥʦʩʪʝʡ, ʧʨʦʚʦʜʠʪʴ ʠʩʩʣʝʜʦʚʘʥʠʷ ʚ 

ʨʝʞʠʤʘʭ ʈʘʤʘʥʦʚʩʢʦʡ, ʠʥʬʨʘʢʨʘʩʥʦʡ, ʪʝʨʘʛʝʨʮʦʚʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ 

ʧʦʚʝʨʭʥʦʩʪʝʡ ʩ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʤ ʨʘʟʨʝʰʝʥʠʝʤ ʜʦ 10 ʥʤ; 

ʤʝʪʦʜʘʤʠ ʙʝʟʘʧʝʨʪʫʨʥʦʡ ɹʆʄ ʨʝʛʠʩʪʨʠʨʦʚʘʪʴ ʠ ʠʜʝʥʪʠʬʠʮʠʨʦʚʘʪʴ 

ʧʦʚʝʨʭʥʦʩʪʥʳʝ ʬʫʥʢʮʠʦʥʘʣʴʥʳʡ ʛʨʫʧʧʳ; 

ʧʨʦʠʟʚʦʜʠʪʴ ʤʦʜʠʬʠʢʘʮʠʶ ʧʦʚʝʨʭʥʦʩʪʠ, ʟʘʤʝʱʘʪʴ ʭʠʤʠʯʝʩʢʠʝ 

ʬʫʥʢʮʠʦʥʘʣʴʥʳʝ ʛʨʫʧʧʳ ʚ ʨʝʞʠʤʘʭ ʉɿʄ ʣʠʪʦʛʨʘʬʠʠ.  

ɼʣʷ ʨʝʘʣʠʟʘʮʠʠ ʵʪʠʭ ʚʦʟʤʦʞʥʦʩʪʝʡ ʠʥʪʝʥʩʠʚʥʦ ʨʘʟʚʠʚʘʶʪʩʷ ʪ.ʥ. 

ʢʦʤʙʠʥʠʨʦʚʘʥʥʳʝ ʤʝʪʦʜʳ, ʧʦʟʚʦʣʷʶʱʠʝ ʦʜʥʦʚʨʝʤʝʥʥʦ ʨʘʙʦʪʘʪʴ ʚ 

ʨʝʞʠʤʘʭ ʘʪʦʤʥʦ ʩʠʣʦʚʦʡ ʤʠʢʨʦʩʢʦʧʠʠ ʠ ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʢʦʤʙʠʥʘʮʠʦʥʥʦʛʦ 

ʨʘʩʩʝʷʥʠʷ (ʈʘʤʘʥʦʚʩʢʫʶ), ʣʶʤʠʥʝʩʮʝʥʪʥʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ, ʙʝʟʘʧʝʨʪʫʨʥʦʡ 

ʙʣʠʞʥʝʧʦʣʴʥʦʡ ʤʠʢʨʦʩʢʦʧʠʠ ʩ ʚʦʟʤʦʞʥʦʩʪʴʶ ʚʠʟʫʘʣʠʟʘʮʠʠ 

ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʤʦʜʫʣʠʨʦʚʘʥʥʦʛʦ ʚʠʙʨʠʨʫʶʱʠʤ ʟʦʥʜʦʤ ʨʘʩʩʝʷʥʥʦʛʦ 

ʠʟʣʫʯʝʥʠʷ ʚ ʚʠʜʠʤʦʤ, ʀʂ ʠ ʪʝʨʘʛʝʨʮʦʚʦʤ ʜʠʘʧʘʟʦʥʘʭ ʜʣʠʥ ʚʦʣʥ ʩ 

ʨʘʟʨʝʰʝʥʠʝʤ ʜʦ 10 ʥʤ. 

ɺ ʨʝʟʫʣʴʪʘʪʝ ʠʥʪʝʥʩʠʚʥʦʛʦ ʨʘʟʚʠʪʠʷ ʤʠʢʨʦʵʣʝʢʪʨʦʥʠʢʠ ʧʦʷʚʠʣʠʩʴ 

ʥʦʚʳʝ, ʤʦʱʥʳʝ ʤʠʢʨʦʧʨʦʮʝʩʩʦʨʳ, ʧʨʦʛʨʘʤʤʠʨʫʝʤʳʝ ʣʦʛʠʯʝʩʢʠʝ 

ʠʥʪʝʛʨʘʣʴʥʳʝ ʩʭʝʤʳ, ʧʦʷʚʣʷʶʪʩʷ ʩʭʝʤʳ ʘʜʘʧʪʠʚʥʦʡ ʣʦʛʠʢʠ, ʧʦʟʚʦʣʷʶʱʠʝ 

ʩʦʟʜʘʚʘʪʴ ʧʨʠʙʦʨʳ ʩ ʵʣʝʤʝʥʪʘʤʠ ʠʩʢʫʩʩʪʚʝʥʥʦʛʦ ʠʥʪʝʣʣʝʢʪʘ, ʯʪʦ 

ʩʫʱʝʩʪʚʝʥʥʦ ʩʥʠʞʘʝʪ ʪʨʝʙʦʚʘʥʠʷ ʢ ʫʨʦʚʥʶ ʧʦʣʴʟʦʚʘʪʝʣʷ ʧʨʠʙʦʨʦʚ. ʋʞʝ ʚ 

ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʚ ʬʫʥʢʮʠʷʭ ʧʨʠʙʦʨʦʚ ʚʚʝʜʝʥʘ ʚʦʟʤʦʞʥʦʩʪʴ ʙʳʩʪʨʦʛʦ, 
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ʘʚʪʦʤʘʪʠʯʝʩʢʦʛʦ ʧʦʜʙʦʨʘ ʧʘʨʘʤʝʪʨʦʚ ʩʢʘʥʠʨʦʚʘʥʠʷ ʚ çʊʝʧʧʠʥʛè ʤʦʜʝ, ʯʪʦ 

ʜʝʣʘʝʪ ʘʪʦʤʥʦ-ʩʠʣʦʚʳʝ ʤʠʢʨʦʩʢʦʧʳ ʥʘʰʝʡ ʢʦʤʧʘʥʠʠ ʜʦʩʪʫʧʥʳʤʠ ʜʣʷ 

ʪʝʭʥʦʣʦʛʦʚ, ʤʘʪʝʨʠʘʣʦʚʝʜʦʚ ʠ, ʜʘʞʝ, ʰʢʦʣʴʥʠʢʦʚ, ʜʘʝʪ ʚʦʟʤʦʞʥʦʩʪʴ 

ʧʦʣʫʯʘʪʴ ʚʳʩʦʢʦʢʘʯʝʩʪʚʝʥʥʦʝ ʠʟʦʙʨʘʞʝʥʠʝ ʪʦʧʦʛʨʘʬʠʠ ʧʦʚʝʨʭʥʦʩʪʠ. 

ʇʦʷʚʠʚʰʘʷʩʷ ʥʦʚʘʷ ʵʣʝʤʝʥʪʥʘʷ ʙʘʟʘ ʧʦʟʚʦʣʠʣʘ ʩʜʝʣʘʪʴ ʢʦʥʪʨʦʣʣʝʨʳ, 

ʦʙʝʩʧʝʯʠʚʘʶʱʠʝ ʩʢʦʨʦʩʪʴ ʩʢʘʥʠʨʦʚʘʥʠʷ ʜʦ 20 ɻʮ, ʘ ʥʘ ʯʘʩʪʦʪʘʭ 

ʩʢʘʥʠʨʦʚʘʥʠʷ 2 ɻʮ ʥʘ ʩʪʨʦʢʫ ʨʝʛʠʩʪʨʠʨʦʚʘʪʴ ʩʠʣʦʚʳʝ ʢʨʠʚʳʝ ʠʟ 3000 

ʠʟʤʝʨʝʥʠʡ ʚ ʢʘʞʜʦʡ ʪʦʯʢʝ. ʈʝʘʣʠʟʘʮʠʷ ʵʪʦʡ ʚʦʟʤʦʞʥʦʩʪʠ ʠ ʧʦʟʚʦʣʠʣʘ 

ʨʝʘʣʠʟʦʚʘʪʴ ʨʝʞʠʤ ʩʢʘʥʠʨʫʶʱʝʡ ʟʦʥʜʦʚʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ ï HybriD
TM

 

mode ï ʇʨʳʞʢʦʚʘʷ ɸʉʄ, ʯʪʦ ʧʦʟʚʦʣʠʣʦ ʦʜʥʦʚʨʝʤʝʥʥʦ, ʟʘ ʦʜʥʦ 

ʩʢʘʥʠʨʦʚʘʥʠʝ ʠʟʤʝʨʷʪʴ: ʨʝʣʴʝʬ ʧʦʚʝʨʭʥʦʩʪʠ ʚ ʨʝʞʠʤʘʭ ʧʨʠʪʷʞʝʥʠʷ ʠ 

ʦʪʪʘʣʢʠʚʘʥʠʷ; ʤʦʜʫʣʴ ʖʥʛʘ; ʘʜʛʝʟʠʶ ʠ ʨʘʙʦʪʫ ʘʜʛʝʟʠʠ; ʧʨʦʚʦʜʠʤʦʩʪʴ; 

ʣʘʪʝʨʘʣʴʥʳʡ ʠ ʚʝʨʪʠʢʘʣʴʥʳʡ ʧʴʝʟʦʦʪʢʣʠʢ; ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨ rʠ 

ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ; ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ; ʵʣʝʢʪʨʦʩʪʘʪʠʯʝʩʢʠʝ 

ʩʚʦʡʩʪʚʘ: ʧʦʪʝʥʮʠʘʣ ʧʦʚʝʨʭʥʦʩʪʠ, ʨʘʙʦʪʫ ʚʳʭʦʜʘ, ʜʠʵʣʝʢʪʨʠʯʝʩʢʫʶ 

ʧʨʦʥʠʮʘʝʤʦʩʪʴ ʠ ʪ.ʜ. 

ɼʘʣʴʥʝʡʰʝʝ ʨʘʟʚʠʪʠʝ HybriD
TM

 mode ʧʦʟʚʦʣʠʣʦ ʩʦʟʜʘʪʴ ʥʦʚʳʝ, 

ʦʯʝʥʴ ʠʥʬʦʨʤʘʪʠʚʥʦ-ʝʤʢʠʝ ʤʝʪʦʜʳ, ʧʦʟʚʦʣʷʶʱʠʝ ʠʟʤʝʨʷʪʴ 

ʧʴʝʟʦʵʣʝʢʪʨʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʤʘʪʝʨʠʘʣʦʚ. ɺ ʵʪʦʤ ʨʝʞʠʤʝ ʚ ʧʨʦʮʝʩʩʝ 

ʠʟʤʝʨʝʥʠʷ ʩʠʣʦʚʦʡ ʢʨʠʚʦʡ ʚ ʥʫʞʥʳʡ ʤʦʤʝʥʪ ʤʝʞʜʫ ʟʦʥʜʦʤ ʠ ʦʙʨʘʟʮʦʤ 

ʧʦʜʘʝʪʩʷ ʧʝʨʝʤʝʥʥʳʡ ʵʣʝʢʪʨʠʯʝʩʢʠʡ ʩʠʛʥʘʣ ʟʘʜʘʥʥʦʡ ʘʤʧʣʠʪʫʜʳ ʠ 

ʯʘʩʪʦʪʳ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʠʩʩʣʝʜʦʚʘʪʴ ʧʴʝʟʦʵʣʝʢʪʨʠʯʝʩʢʠʝ ʤʘʪʝʨʠʘʣʳ. 

ʇʦʩʢʦʣʴʢʫ ʟʦʥʜ ɸʉʄ ʦʪʚʦʜʠʪʩʷ ʦʪ ʧʦʚʝʨʭʥʦʩʪʠ ʚ ʢʘʞʜʦʡ ʪʦʯʢʝ 

ʩʢʘʥʠʨʦʚʘʥʠʷ, ʩʠʣʘ ʣʘʪʝʨʘʣʴʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʟʦʥʜʘ ʠ ʦʙʨʘʟʮʘ 

ʟʥʘʯʠʪʝʣʴʥʦ ʫʤʝʥʴʰʘʝʪʩʷ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʦʙʳʯʥʳʤ ʢʦʥʪʘʢʪʥʳʤ ʤʝʪʦʜʦʤ. 
 

 
 

ʈʠʩʫʥʦʢ. 1. çʇʨʳʞʢʦʚʘʷè ɸʉʄ ʧʴʝʟʦʦʪʢʣʠʢʘ 

 

ɼʘʣʴʥʝʡʰʝʝ ʨʘʟʚʠʪʠʝ HybriD
TM

 mode ʧʦʟʚʦʣʠʣʦ ʩʦʟʜʘʪʴ ʥʦʚʳʝ, 

ʦʯʝʥʴ ʠʥʬʦʨʤʘʪʠʚʥʦ-ʝʤʢʠʝ ʤʝʪʦʜʳ, ʧʦʟʚʦʣʷʶʱʠʝ ʠʟʤʝʨʷʪʴ 

ʧʴʝʟʦʵʣʝʢʪʨʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʤʘʪʝʨʠʘʣʦʚ (ʈʠʩ.1). ɺ ʵʪʦʤ ʨʝʞʠʤʝ ʚ 
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ʧʨʦʮʝʩʩʝ ʠʟʤʝʨʝʥʠʷ ʩʠʣʦʚʦʡ ʢʨʠʚʦʡ ʚ ʥʫʞʥʳʡ ʤʦʤʝʥʪ ʤʝʞʜʫ ʟʦʥʜʦʤ ʠ 

ʦʙʨʘʟʮʦʤ ʧʦʜʘʝʪʩʷ ʧʝʨʝʤʝʥʥʳʡ ʵʣʝʢʪʨʠʯʝʩʢʠʡ ʩʠʛʥʘʣ ʟʘʜʘʥʥʦʡ ʘʤʧʣʠʪʫʜʳ 

ʠ ʯʘʩʪʦʪʳ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʠʩʩʣʝʜʦʚʘʪʴ ʧʴʝʟʦʵʣʝʢʪʨʠʯʝʩʢʠʝ ʤʘʪʝʨʠʘʣʳ. 

ʇʦʩʢʦʣʴʢʫ ʟʦʥʜ ɸʉʄ ʦʪʚʦʜʠʪʩʷ ʦʪ ʧʦʚʝʨʭʥʦʩʪʠ ʚ ʢʘʞʜʦʡ ʪʦʯʢʝ 

ʩʢʘʥʠʨʦʚʘʥʠʷ, ʩʠʣʘ ʣʘʪʝʨʘʣʴʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʟʦʥʜʘ ʠ ʦʙʨʘʟʮʘ 

ʟʥʘʯʠʪʝʣʴʥʦ ʫʤʝʥʴʰʘʝʪʩʷ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʦʙʳʯʥʳʤ ʢʦʥʪʘʢʪʥʳʤ ʤʝʪʦʜʦʤ. 

ʕʪʦ ʜʘʝʪ ʥʦʚʳʝ ʚʦʟʤʦʞʥʦʩʪʠ ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʡ ʧʴʝʟʦʦʪʢʣʠʢʘ ʤʷʛʢʠʭ, 

ʧʣʦʭʦ ʟʘʢʨʝʧʣʝʥʥʳʭ ʠ ʭʨʫʧʢʠʭ ʦʙʲʝʢʪʦʚ, ʪʘʢʠʭ ʢʘʢ ʙʠʦʣʦʛʠʯʝʩʢʠʝ 

ʦʙʨʘʟʮʳ, ʥʘʥʦʯʘʩʪʠʮʳ ʠ ʪ.ʜ. 

ʂʨʦʤʝ ʪʦʛʦ, ʩʪʘʥʦʚʠʪʩʷ ʚʦʟʤʦʞʥʳʤ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʟʦʥʜʘ ɸʉʄ ʩ 

ʙʦʣʝʝ ʚʳʩʦʢʦʡ ʞʝʩʪʢʦʩʪʴʶ ʠ ʨʝʟʦʥʘʥʩʥʦʡ ʯʘʩʪʦʪʦʡ. ɹʣʘʛʦʜʘʨʷ ʵʪʦʤʫ ʙʳʣʘ 

ʨʝʘʣʠʟʦʚʘʥʘ ʚʦʟʤʦʞʥʦʩʪʴ ʜʚʫʭʧʨʦʭʦʜʥʳʭ ʨʝʟʦʥʘʥʩʥʳʭ 

ʵʣʝʢʪʨʦʩʪʘʪʠʯʝʩʢʠʭ ʠʟʤʝʨʝʥʠʡ: ʂʝʣʴʚʠʥ-ʟʦʥʜʦʚʘʷ ʉʠʣʦʚʘʷ ʄʠʢʨʦʩʢʦʧʠʷ 

ʠʣʠ ʕʣʝʢʪʨʦʩʪʘʪʠʯʝʩʢʘʷ ʉʠʣʦʚʘʷ ʄʠʢʨʦʩʢʦʧʠʷ ʤʦʛʫʪ ʠʩʧʦʣʴʟʦʚʘʪʴʩʷ 

ʦʜʥʦʚʨʝʤʝʥʥʦ ʩ ʠʟʤʝʨʝʥʠʷʤʠ ʨʝʣʴʝʬʘ, ʘʜʛʝʟʠʠ, ʤʦʜʫʣʷ ʫʧʨʫʛʦʩʪʠ ʠ 

ʠʩʩʣʝʜʦʚʘʥʠʷʤʠ ʧʴʝʟʦʦʪʢʣʠʢʘ. 

 

ʂʘʧʠʣʣʷʨʥʘʷ ʤʠʢʨʦʩʢʦʧʠʷ 

 

ɽʱʝ 1989 ʛʦʜʫ ʘʤʝʨʠʢʘʥʩʢʠʤ ʬʠʟʠʢʦʤ, ʧʨʦʬʝʩʩʦʨʦʤ ʇʘʫʣʝʤ ʍʘʥʩʤʘ 

ʙʳʣʦ ʧʨʝʜʣʦʞʝʥʦ ʧʨʠ ʠʩʩʣʝʜʦʚʘʥʠʷʭ ʧʦʚʝʨʭʥʦʩʪʝʡ ʚ ʨʘʩʪʚʦʨʘʭ 

ʵʣʝʢʪʨʦʣʠʪʘ ʚ ʢʘʯʝʩʪʚʝ ʟʦʥʜʘ ʠʩʧʦʣʴʟʦʚʘʪʴ ʢʘʧʠʣʣʷʨ ʩ ʚʥʫʪʨʝʥʥʠʤ 

ʵʣʝʢʪʨʦʜʦʤ. ʀʟʤʝʨʷʝʪʩʷ ʠʦʥʥʳʡ ʪʦʢ ʤʝʞʜʫ ʵʣʝʢʪʨʦʜʦʤ, ʧʦʤʝʱʝʥʥʳʤ 

ʚʥʫʪʨʴ ʢʘʧʠʣʣʷʨʘ ʩ ʠʟʦʣʠʨʫʶʱʠʤʠ ʩʪʝʥʢʘʤʠ ʠ ʵʣʝʢʪʨʦʜʦʤ ʚ ʨʘʩʪʚʦʨʝ 

ʵʣʝʢʪʨʦʣʠʪʘ. 

ʇʨʠ ʵʪʦʤ ʠʦʥʳ ï ʧʝʨʝʥʦʩʯʠʢʠ ʪʦʢʘ, ʧʨʦʭʦʜʷʪ ʪʦʣʴʢʦ ʯʝʨʝʟ ʢʦʥʯʠʢ 

ʢʘʧʠʣʣʷʨʘ (ʤʘʪʝʨʠʘʣʦʤ ʢʘʧʠʣʣʷʨʘ ʷʚʣʷʝʪʩʷ ʜʠʵʣʝʢʪʨʠʢ, ʢʘʢ ʧʨʘʚʠʣʦ, 

ʩʪʝʢʣʦ) ʜʠʘʤʝʪʨ ʢʦʪʦʨʦʛʦ ʤʦʞʝʪ ʙʳʪʴ ʜʦ ʝʜʠʥʠʮ ʥʘʥʦʤʝʪʨʦʚ. ʇʨʠ 

ʧʨʠʙʣʠʞʝʥʠʠ ʢ ʠʩʩʣʝʜʫʝʤʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʠʦʥʥʳʡ ʪʦʢ ʥʘʯʠʥʘʝʪ 

ʠʟʤʝʥʷʪʴʩʷ. ʉʢʘʥʠʨʦʚʘʥʠʝ ʧʨʦʠʟʚʦʜʠʪʩʷ ʚ ʧʣʦʩʢʦʩʪʠ ʦʙʨʘʟʮʘ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʩʠʩʪʝʤʳ ʦʙʨʘʪʥʦʡ ʩʚʷʟʠ ʧʨʠ ʧʦʤʦʱʠ 3-ʭ ʢʦʦʨʜʠʥʘʪʥʦʛʦ 

ʩʢʘʥʝʨʘ ʩ ʧʦʜʜʝʨʞʘʥʠʝʤ ʠʟʤʝʥʝʥʠʷ ʪʦʢʘ ʥʘ ʟʘʜʘʥʥʦʤ ʫʨʦʚʥʝ (ʢʘʢ ʧʨʘʚʠʣʦ 

ʠʟʤʝʥʝʥʠʝ ʪʦʢʘ ʩʦʩʪʘʚʣʷʝʪ ʜʦʣʠ ʧʨʦʮʝʥʪʘ, ʘ ʩʘʤ ʪʦʢ ʧʦʨʷʜʢʘ ʧʠʢʦʘʤʧʝʨʘ). 

ʕʣʝʢʪʨʦʜʳ ʤʦʛʫʪ ʙʳʪʴ, ʢʘ ʧʨʘʚʠʣʦ, ʭʣʦʨʩʝʨʝʙʨʷʥʳʝ ʠʣʠ ʧʣʘʪʠʥʦʚʳʝ. ɺ 

ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʨʘʙʦʪʳ ʧʦ ʢʘʧʠʣʣʷʨʥʦʡ ʤʠʢʨʦʩʢʦʧʠʠ ʧʦʣʫʯʠʣʠ ʩʝʨʴʝʟʥʦʝ 

ʨʘʟʚʠʪʠʝ ʙʣʘʛʦʜʘʨʷ ʨʘʙʦʪʘʤ ʛʨʫʧʧʳ ʩʧʝʮʠʘʣʠʩʪʦʚ ʧʦʜ ʨʫʢʦʚʦʜʩʪʚʦʤ ʧʨʦʬ. 

ʖ. ɽ. ʂʦʨʯʝʚʘ. ʂʘʧʠʣʣʷʨʥʘʷ ʤʠʢʨʦʩʢʦʧʠʷ ʩʪʘʥʦʚʠʪʩʷ ʤʦʱʥʳʤ ʤʝʪʦʜʦʤ 

ʠʩʩʣʝʜʦʚʘʥʠʷ, ʧʦʟʚʦʣʷʶʱʠʤ ʨʘʙʦʪʘʪʴ, ʚ ʪʦʤ ʯʠʩʣʝ, ʩ çʞʠʚʳʤʠè ʦʙʲʝʢʪʘʤʠ 

ʠ ʧʨʠ ʵʪʦʤ ʚʣʠʷʪʴ ʥʘ ʥʠʭ. 

ʂ ʥʘʩʪʦʷʱʝʤʫ ʚʨʝʤʝʥʠ ʧʨʠ ʧʦʜʜʝʨʞʢʝ ʬʦʥʜʘ ʩʦʜʝʡʩʪʚʠʷ 

ʠʥʥʦʚʘʮʠʷʤ ʨʘʟʨʘʙʦʪʘʥʘ ʩʠʩʪʝʤʘ NTEGRA Marlin (https://www.ntmdt-

si.ru/products/features/ntegra-marlin). 
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ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʨʘʟʨʘʙʦʪʘʥʘ ʤʝʪʦʜʠʢʘ ʙʳʩʪʨʦʛʦ ʠ ʥʘʜʝʞʥʦʛʦ 

ʠʟʛʦʪʦʚʣʝʥʠʷ ʢʘʧʠʣʣʷʨʥʳʭ ʩʠʩʪʝʤ ʜʣʷ ʉʄʀʇ ʩ ʜʠʘʤʝʪʨʦʤ ʚʳʭʦʜʥʦʛʦ 

ʦʪʚʝʨʩʪʠʷ 10 ï 20 ʥʤ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʩ ʚʳʩʦʢʠʤ ʨʘʟʨʝʰʝʥʠʝʤ ʧʨʦʚʦʜʠʪʴ 

ʠʟʤʝʨʝʥʠʷ. 
 

      
ʈʠʩ.2. ʈʉʄʀʇ ʠʟʦʙʨʘʞʝʥʠʷ ʥʝʡʨʦʥʘ ʠʟ ʛʠʧʧʦʢʘʤʧʘ ʤʳʰʠ (10ʭ10ʭ6,3ʤʢʤ) ʠ 

ʠʟʦʙʨʘʞʝʥʠʝ ʨʝʣʴʝʬʘ ʨʠʥʦʚʠʨʫʩʘ (200ʭ200ʭ100ʥʤ), ʧʦʣʫʯʝʥʥʳʭ ʤʝʪʦʜʘʤʠ 

ʢʘʧʠʣʣʷʨʥʦʡ ʤʠʢʨʦʩʢʦʧʠʠ ( https://www.ntmdt-si.ru/products/features/ntegra-marlin). 

 

ʂʦʤʙʠʥʘʮʠʷ ʉʄʀʇ ʠ HybriDÊ ʤʝʪʦʜʘ ɸʉʄ ʨʘʩʰʠʨʷʝʪ ʦʙʣʘʩʪʴ 

ʧʨʠʤʝʥʠʤʦʩʪʠ ʢʦʣʠʯʝʩʪʚʝʥʥʦʛʦ ʥʘʥʦʤʝʭʘʥʠʯʝʩʢʦʛʦ ʢʘʨʪʠʨʦʚʘʥʠʷ ʤʦʜʫʣʷ 

ʫʧʨʫʛʦʩʪʠ ʚ ʨʝʘʣʴʥʦʤ ʚʨʝʤʝʥʠ ʜʦ 10 ʧʦʨʷʜʢʦʚ (ʦʪ ʝʜʠʥʠʮ ʇʘ ʜʦ ʜʝʩʷʪʢʦʚ 

ɻʇʘ), ʩʦʭʨʘʥʷʷ ʚʦʟʤʦʞʥʦʩʪʴ ʧʨʦʚʝʜʝʥʠʷ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʦʜʥʦʪʦʯʝʯʥʦʡ ʩʠʣʦʚʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ. ʉʣʘʙʦʝ ʠʣʠ ʥʝʠʥʚʘʟʠʚʥʦʝ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʦʩʪʨʠʷ ʟʦʥʜʘ ʩ ʦʙʨʘʟʮʦʤ ʧʦʟʚʦʣʷʝʪ ʠʩʩʣʝʜʦʚʘʪʴ ʤʷʛʢʠʝ 

ʙʠʦʣʦʛʠʯʝʩʢʠʝ ʠ ʛʝʣʝʦʙʨʘʟʥʳʝ ʦʙʨʘʟʮʳ, ʚ ʪ.ʯ. ʩʣʘʙʦ ʧʨʠʢʨʝʧʣʝʥʥʳʝ ʢ 

ʩʫʙʩʪʨʘʪʫ. 

 

ʉʢʘʥʠʨʫʶʱʘʷ ʤʥʦʛʦʬʫʥʢʮʠʦʥʘʣʴʥʘʷ ʩʧʝʢʪʨʦʩʢʦʧʠʷ ʢʦʤʙʠʥʘʮʠʦʥʥʦ-

ʛʦ ʨʘʩʩʝʷʥʠʷ (ʈʘʤʘʥʦʚʩʢʘʷ) ʚ ʢʦʤʙʠʥʘʮʠʠ ʩ ɸʉʄ. 

 

ʇʨʝʜʩʪʘʚʣʷʝʪ ʠʩʢʣʶʯʠʪʝʣʴʥʳʡ ʠʥʪʝʨʝʩ ʠʥʪʝʛʨʠʨʦʚʘʪʴ ɸʉʄ ʠ 

ʤʝʪʦʜʳ ʩʧʝʢʪʨʦʩʢʦʧʠʠ. ɼʣʷ ʨʝʘʣʠʟʘʮʠʠ ʵʪʦʡ ʠʜʝʠ ʩ ʢʦʥʮʘ 90-ʭ ʛʦʜʦʚ 

ʥʘʰʝʡ ʛʨʫʧʧʦʡ ʢʦʤʧʘʥʠʡ ʙʳʣʠ ʧʨʝʜʧʨʠʥʷʪʳ ʨʘʟʨʘʙʦʪʢʠ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ 

ʩʠʩʪʝʤ ï ʙʳʣʠ ʩʦʟʜʘʥʳ ʧʨʠʙʦʨʳ ʣʠʥʠʠ ʉɿʄ ʉʇɽʂʊʈɸ, ʚʢʣʶʯʘʶʱʠʝ ʢʘʢ 

ʘʪʦʤʥʦ-ʩʠʣʦʚʫʶ, ʪʘʢ ʠ ʩʢʘʥʠʨʫʶʱʫʶ ʈʘʤʘʥʦʚʩʢʫʶ ʠ ʣʶʤʠʥʝʩʮʝʥʪʥʫʶ 

ʩʧʝʢʪʨʦʩʢʦʧʠʶ. ʈʘʟʨʘʙʦʪʢʘ ʟʦʥʜʦʚ ʩʦ ʩʧʝʮʠʘʣʴʥʳʤʠ ʧʦʢʨʳʪʠʷʤʠ, 

ʩʧʦʩʦʙʥʳʤʠ ʢʦʥʮʝʥʪʨʠʨʦʚʘʪʴ ʦʧʪʠʯʝʩʢʠʝ ʧʣʘʟʤʦʥʳ, ʧʦʟʚʦʣʠʣʦ ʩʦʟʜʘʪʴ 

ʧʨʠʙʦʨʳ ʥʘ ʦʩʥʦʚʝ ʵʬʬʝʢʪʘ ʛʠʛʘʥʪʩʢʦʛʦ ʫʩʠʣʝʥʠʷ ʈʘʤʘʥʦʚʩʢʦʛʦ ʨʘʩʩʝʷʥʠʷ 

ï ʩʦʟʜʘʪʴ ʤʝʪʦʜʳ Tip Enhanced Raman Scatterings (TERS). 

 

https://www.ntmdt-si.ru/products/features/ntegra-marlin
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ʈʠʩ.4. ʉʭʝʤʘ ʠ ʬʦʪʦʛʨʘʬʠʷ ʩʠʩʪʝʤʳ ʉɿʄ ʉʇɽʂʊʈɸ II  ʨʘʟʨʘʙʦʪʢʠ ʠ ʧʨʦʠʟʚʦʜʩʪʚʘ ʅʊ-

ʄɼʊ ʉʧʝʢʪʨʫʤ ʀʥʩʪʨʫʤʝʥʪʩ 

 

 
 

ʈʠʩ.5. ʉʭʝʤʘ ʠ ʬʦʪʦʛʨʘʬʠʷ ʩʠʩʪʝʤʳ ʀʊʈɽɻʈɸ ʀʂ ʨʘʟʨʘʙʦʪʢʠ ʠ ʧʨʦʠʟʚʦʜʩʪʚʘ ʅʊ-ʄɼʊ 

ʉʧʝʢʪʨʫʤ ʀʥʩʪʨʫʤʝʥʪʩ 

 

ɺʳʚʦʜʳ 

ʄʦʞʥʦ ʫʚʝʨʝʥʥʦ ʢʦʥʩʪʘʪʠʨʦʚʘʪʴ, ʯʪʦ ʢ ʥʘʩʪʦʷʱʝʤʫ ʚʨʝʤʝʥʠ ʚ 

ʈʦʩʩʠʠ ʚʳʧʦʣʥʝʥʳ ʨʘʟʨʘʙʦʪʢʠ ʠ ʦʨʛʘʥʠʟʦʚʘʥʦ ʧʨʦʠʟʚʦʜʩʪʚʦ ʧʨʘʢʪʠʯʝʩʢʠ 

ʧʦʣʥʦʛʦ, ʟʘ ʠʩʢʣʶʯʝʥʠʝʤ ʩʚʝʨʭʚʳʩʦʢʦʚʘʢʫʫʤʥʳʭ ʉɿʄ, ʢʦʤʧʣʝʢʩʘ 

ʧʨʠʙʦʨʦʚ ʠ ʤʝʪʦʜʦʚ ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʤʠʢʨʦ ʠ ʥʘʥʦʩʪʨʫʢʪʫʨ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʩʢʘʥʠʨʫʶʱʠʭ ʟʦʥʜʦʚʳʭ ʤʠʢʨʦʩʢʦʧʦʚ. ɼʣʷ ʣʘʙʦʨʘʪʦʨʠʡ ï 

ʩʦʟʜʘʥʳ ʧʨʠʙʦʨʳ ʣʠʥʠʠ ʀʅʊɽɻʈɸ, ʜʣʷ ʩʠʩʪʝʤʳ ʦʙʨʘʟʦʚʘʥʠʷ ʚ ʰʢʦʣʘʭ ʠ 

ʢʦʣʝʜʞʘʭ  - ʙʶʜʞʝʪʥʳʝ, ʥʦ ʜʦʩʪʘʪʦʯʥʦ ʤʦʱʥʳʝ ʅɸʅʆʕɼʔʖʂɸʊʆʈʳ ʠ 

ʉʆʃɺɽʈ-ʅɸʅʆ (https://www.ntmdt-si.ru/products ) , ʘ ʜʣʷ 

ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʭ ʨʘʙʦʪ ï ʧʨʠʙʦʨʳ ʢʨʘʪʢʦ ʦʧʠʩʘʥʥʳʝ ʚ ʥʘʩʪʦʷʱʝʡ ʩʪʘʪʴʝ. 

ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʨʘʟʚʠʪʠʝ ʥʘʥʦʵʣʝʢʪʨʦʥʠʢʠ, ʩʦʟʜʘʥʠʝ ʥʦʚʦʡ 

ʵʣʝʤʝʥʪʥʦʡ ʙʘʟʳ ʜʘʶʪ ʚʦʟʤʦʞʥʦʩʪʴ ʜʘʣʴʥʝʡʰʝʛʦ ʩʦʚʝʨʰʝʥʩʪʚʦʚʘʘʥʠʷ 

ʧʨʠʙʦʨʦʚ, ʚʩʝ ʙʦʣʝʝ ʠ ʙʦʣʝʝ ʚʥʝʜʨʷʪʴ ʩʠʩʪʝʤʳ ʠʩʢʫʩʪʚʝʥʥʦʛʦ ʠʥʪʝʣʣʝʢʪʘ ʚ 

ʧʨʦʨʘʤʥʦʝ ʦʙʝʩʧʝʯʝʥʠʝ ʩ ʨʘʩʢʨʳʪʠʝʤ ʚʦʟʤʦʞʥʦʩʪʝʡ ʨʘʟʚʠʚʘʶʱʝʡʩʷ 

ʵʣʝʤʝʥʪʥʦʡ ʙʘʟʳ ʢʦʥʪʨʦʣʣʝʨʦʚ ʩʨʦʢ ʤʦʨʘʣʴʥʦʛʦ ʩʪʘʨʝʥʠʷ ʢʦʪʦʨʳʭ ʩʝʛʦʜʥʷ 

ʩʦʩʪʘʚʣʷʝʪ ʦʢʦʣʦ 5 ʣʝʪ. 

ʂ ʥʘʩʪʦʷʱʝʤʫ ʚʨʝʤʝʥʠ ʙʦʣʝʝ 4000 ʩʠʩʪʝʤ ʨʘʟʨʘʙʦʪʢʠ ʠ ʧʨʦʠʟʚʦʜʩʪʚʘ 

ʢʦʤʥʘʥʠʠ ʫʩʧʝʰʥʦ ʨʘʙʦʪʘʶʪ ʚ ʙʦʣʝʝ, ʯʝʤ 60 ʩʪʨʘʥʘʭ ʧʦ ʚʩʝʤʫ ʤʠʨʫ 

(https://www.ntmdt-si.ru/about). ʉʧʝʮʠʬʠʢʘ ʙʠʟʥʝʩʘ ʜʝʣʘʝʪ ʥʝʦʙʭʦʜʠʤʳʤ 

ʧʦʩʪʦʷʥʥʦ ʨʘʟʨʘʙʘʪʳʚʘʪʴ ʠ ʩʦʟʜʘʚʘʪʴ ʩʠʪʝʤʳ ʩ ʥʦʚʳʤʠ ʚʦʟʤʦʞʥʦʩʪʷʤʠ, 

ʯʪʦ ʠ ʜʝʣʘʝʪ ʵʪʦʪ ʙʠʟʥʝʩ ʪʝʩʥʦ ʩʚʷʟʘʥʥʳʤ ʩ ʫʥʠʚʝʨʩʠʪʝʪʘʤʠ ʠ 

ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʤʠ ʮʝʥʪʨʘʤʠ ʧʦ ʚʩʝʤʫ ʤʠʨʫ.  
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ʅɸʅʆʇʈʆʌʀʃʆʄɽʊʈʀʗ ʇʈʀ ʊʆʂʆɺʆʁ ʄʆɼʋʃʗʎʀʀ 

ʃɸɿɽʈʅʆɻʆ ɸɺʊʆɼʀʅɸ 

 
ɸ.ɺ. ɼʞʘʬʘʨʦʚ, ʄ.ɻ. ʀʥʢʠʥ, ʉ.ʖ. ɼʦʙʜʠʥ, ɸ.ɺ. ʉʢʨʠʧʘʣʴ 

ʉʘʨʘʪʦʚʩʢʠʡ ʥʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ  

ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʠʤ. ʅ.ɻ. ʏʝʨʥʳʰʝʚʩʢʦʛʦ 

E-mail: skripalav@info.sgu.ru 

 
ɺ ʨʘʙʦʪʝ ʘʥʘʣʠʟʠʨʫʝʪʩʷ ʘʚʪʦʜʠʥʥʳʡ ʤʝʪʦʜ ʠʟʤʝʨʝʥʠʷ ʨʝʣʴʝʬʘ ʧʦʚʝʨʭʥʦʩʪʠ ʧʨʠ 

ʯʘʩʪʦʪʥʦʡ ʤʦʜʫʣʷʮʠʠ ʣʘʟʝʨʥʦʛʦ ʘʚʪʦʜʠʥʘ. ʈʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʩʣʫʯʘʡ ʫʯʝʪʘ ʠʟʤʝʥʝʥʠʷ 

ʬʘʟʳ ʚʦ ʚʥʝʰʥʝʤ ʨʝʟʦʥʘʪʦʨʝ ʣʘʟʝʨʥʦʛʦ ʘʚʪʦʜʠʥʘ ʠ ʩʧʝʢʪʨʘʣʴʥʦʛʦ ʧʨʝʜʩʪʘʚʣʝʥʠʷ 

ʘʚʪʦʜʠʥʥʦʛʦ ʩʠʛʥʘʣʘ. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʥʘ ʨʘʩʩʪʦʷʥʠʷʭ ʦʪ ʘʢʪʠʚʥʦʡ ʩʨʝʜʳ ʣʘʟʝʨʥʦʛʦ 

ʘʚʪʦʜʠʥʘ ʜʦ ʦʪʨʘʞʘʶʱʝʡ ʧʦʚʝʨʭʥʦʩʪʠ, ʥʘ ʢʦʪʦʨʳʭ ʚʳʧʦʣʥʷʝʪʩʷ ʫʩʣʦʚʠʝ ʨʘʚʝʥʩʪʚʘ 

ʮʝʣʦʛʦ ʢʦʣʠʯʝʩʪʚʘ ʧʦʣʫʚʦʣʥ ʜʣʠʥʝ ʚʥʝʰʥʝʛʦ ʨʝʟʦʥʘʪʦʨʘ ʢʘʢ ʥʘ ʥʠʞʥʝʡ, ʪʘʢ ʠ ʚʝʨʭʥʝʡ 

ʛʨʘʥʠʮʘʭ ʜʠʘʧʘʟʦʥʘ ʜʝʚʠʘʮʠʠ ʜʣʠʥʳ ʚʦʣʥʳ ʣʘʟʝʨʥʦʛʦ ʜʠʦʜʘ, ʥʘʙʣʶʜʘʝʪʩʷ ʣʠʥʝʡʥʘʷ 

ʟʘʚʠʩʠʤʦʩʪʴ ʘʤʧʣʠʪʫʜ ʩʧʝʢʪʨʘʣʴʥʳʭ ʩʦʩʪʘʚʣʷʶʱʠʭ ʦʪ ʚʝʣʠʯʠʥʳ ʥʘʥʦʩʤʝʱʝʥʠʡ 

ʧʦʚʝʨʭʥʦʩʪʠ. ʂʦʤʧʴʶʪʝʨʥʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʧʦʢʘʟʘʣʦ, ʯʪʦ, ʟʘʜʘʚʘʷ ʧʦʛʨʝʰʥʦʩʪʴ 

ʠʟʤʝʨʝʥʠʷ ʘʤʧʣʠʪʫʜ ʩʧʝʢʪʨʘʣʴʥʳʭ ʩʦʩʪʘʚʣʷʶʱʠʭ ʨʘʚʥʫʶ 10%, ʤʘʢʩʠʤʘʣʴʥʘʷ ʪʦʯʥʦʩʪʴ 

ʠʟʤʝʨʝʥʠʷ ʥʘʥʦʩʤʝʱʝʥʠʡ ʚ ʵʪʦʤ ʩʣʫʯʘʝ ʥʝ ʭʫʞʝ 10 ʥʤ.  

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʣʘʟʝʨʥʳʡ ʘʚʪʦʜʠʥ, ʣʘʟʝʨʥʘʷ ʠʥʪʝʨʬʝʨʦʤʝʪʨʠʷ, 

ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʡ ʣʘʟʝʨ, ʯʘʩʪʦʪʥʘʷ ʤʦʜʫʣʷʮʠʷ, ʥʘʥʦʧʨʦʬʠʣʦʤʝʪʨʠʷ, ʩʧʝʢʪʨʘʣʴʥʳʡ 

ʘʥʘʣʠʟ. 

 

ʀʟʤʝʨʝʥʠʷ ʚʝʣʠʯʠʥ ʥʘʥʦʩʤʝʱʝʥʠʡ ʠ ʚʳʩʦʪ ʥʝʨʦʚʥʦʩʪʝʡ ʧʦʚʝʨʭʥʦʩʪʠ 

ʚ ʥʘʥʦʜʠʘʧʘʟʦʥʝ ʘʢʪʫʘʣʴʥʦ ʜʣʷ ʨʘʟʣʠʯʥʳʭ ʦʙʣʘʩʪʝʡ ʧʨʠʤʝʥʝʥʠʷ ʣʘʟʝʨʥʳʭ 

ʘʚʪʦʜʠʥʦʚ: ʠʟʤʝʨʝʥʠʝ ʥʘʧʨʷʞʝʥʠʡ ʚ ʢʨʝʤʥʠʝʚʳʭ ʪʨʘʥʟʠʩʪʦʨʘʭ ʧʦʩʣʝʜʥʝʛʦ 

ʧʦʢʦʣʝʥʠʷ [1], ʬʘʟʦʚʘʷ ʠʥʪʝʨʬʝʨʦʤʝʪʨʠʯʝʩʢʘʷ ʚʠʟʫʘʣʠʟʘʮʠʷ ʯʘʩʪʠʮ ʠ 

ʠʟʤʝʥʝʥʠʡ ʠʭ ʨʘʟʤʝʨʦʚ ʚ ʥʘʥʦʨʘʟʤʝʨʥʦʤ ʤʘʩʰʪʘʙʝ [2], ʥʘʥʦʨʘʟʤʝʨʥʘʷ 

ʪʦʧʦʛʨʘʬʠʷ ʠ ʠʟʤʝʨʝʥʠʝ ʠʟʤʝʥʷʶʱʝʡʩʷ ʚʦ ʚʨʝʤʝʥʠ ʬʘʟʦʚʦʡ ʟʘʜʝʨʞʢʠ 

ʞʠʜʢʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʷʯʝʝʢ [3], ʢʦʥʪʨʦʣʴ ʧʨʦʮʝʩʩʦʚ ʠʟʛʦʪʦʚʣʝʥʠʷ 

ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚ ʚ ʨʝʘʣʴʥʦʤ ʚʨʝʤʝʥʠ ʩ ʥʘʥʦʤʝʪʨʦʚʳʤ ʨʘʟʨʝʰʝʥʠʝʤ [4]. 

ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʘʢʪʫʘʣʴʥʦ ʨʘʟʚʠʪʠʝ ʟʦʥʜʦʚʳʭ ʣʘʟʝʨʥʳʭ 

ʧʨʦʬʠʣʦʤʝʪʨʦʚ ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ ʚʦʟʤʦʞʥʦʩʪʠ ʠʭ ʩʦʚʤʝʱʝʥʠʷ ʩ ʉɺʏ 

ʟʦʥʜʦʚʳʤʠ ʤʝʪʦʜʘʤʠ, ʢʦʪʦʨʳʝ ʦʢʘʟʳʚʘʶʪʩʷ ʯʫʚʩʪʚʠʪʝʣʴʥʳʤʠ ʥʝ ʪʦʣʴʢʦ ʢ 

ʚʳʩʦʪʥʳʤ ʨʘʟʤʝʨʘʤ ʧʨʦʬʠʣʷ ʧʦʚʝʨʭʥʦʩʪʠ, ʥʦ ʠ ʥʝʦʜʥʦʨʦʜʥʦʩʪʷʤ 

ʤʘʪʝʨʠʘʣʘ ʠ ʝʛʦ ʚʥʫʪʨʝʥʥʝʡ ʩʪʨʫʢʪʫʨʳ. ɺ ʨʘʙʦʪʘʭ [5,6] ʧʦʢʘʟʘʥʦ, ʯʪʦ ʪʘʢʦʝ 

ʩʦʚʤʝʱʝʥʠʝ ʤʦʞʝʪ ʙʳʪʴ ʨʝʘʣʠʟʦʚʘʥʦ ʯʘʩʪʦʪʥʦʡ ʤʦʜʫʣʷʮʠʝʡ ʩʠʛʥʘʣʘ 

ʣʘʟʝʨʥʦʛʦ ʜʠʦʜʘ ʧʦ ʛʘʨʤʦʥʠʯʝʩʢʦʤʫ ʟʘʢʦʥʫ.  

ɹʦʣʝʝ ʧʝʨʩʧʝʢʪʠʚʥʳʤ ʷʚʣʷʝʪʩʷ ʤʝʪʦʜ ʯʘʩʪʦʪʥʦʡ ʤʦʜʫʣʷʮʠʠ ʩʠʛʥʘʣʘ 

ʣʘʟʝʨʥʦʛʦ ʘʚʪʦʜʠʥʘ ʧʦ ʪʨʝʫʛʦʣʴʥʦʤʫ ʟʘʢʦʥʫ, ʚ ʩʧʝʢʪʨʝ ʢʦʪʦʨʦʛʦ ʯʘʩʪʦʪʘ 

ʠʥʪʝʨʬʝʨʝʥʮʠʦʥʥʦʛʦ ʩʠʛʥʘʣʘ [7] ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʘ ʨʘʩʩʪʦʷʥʠʶ ʜʦ 

ʦʪʨʘʞʘʶʱʝʡ ʧʦʚʝʨʭʥʦʩʪʠ.  

ɺ ʨʘʙʦʪʝ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʚʦʟʤʦʞʥʦʩʪʴ ʜʦʩʪʠʞʝʥʠʷ ʥʘʥʦʤʝʪʨʦʚʦʡ 

ʪʦʯʥʦʩʪʠ ʠʟʤʝʨʝʥʠʷ ʚʳʩʦʪ ʨʝʣʴʝʬʘ ʧʦʚʝʨʭʥʦʩʪʠ ʧʦ ʧʨʷʤʳʤ ʠʟʤʝʨʝʥʠʷʤ 

ʘʤʧʣʠʪʫʜ ʩʧʝʢʪʨʘʣʴʥʳʭ ʩʦʩʪʘʚʣʷʶʱʠʭ ʘʚʪʦʜʠʥʥʦʛʦ ʩʠʛʥʘʣʘ ʧʨʠ 

ʤʦʜʫʣʷʮʠʠ ʪʦʢʘ ʧʠʪʘʥʠʷ ʣʘʟʝʨʥʦʛʦ ʜʠʦʜʘ ʧʦ ʪʨʝʫʛʦʣʴʥʦʤʫ ʟʘʢʦʥʫ. 
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ʈʘʩʯʝʪ ʩʧʝʢʪʨʘ ʘʚʪʦʜʠʥʥʦʛʦ ʩʠʛʥʘʣʘ 

 

ɺʳʨʘʞʝʥʠʝ ʜʣʷ ʘʚʪʦʜʠʥʥʦʛʦ ʩʠʛʥʘʣʘ ʧʨʠ ʤʦʜʫʣʷʮʠʠ ʪʦʢʘ ʧʠʪʘʥʠʷ 

ʣʘʟʝʨʥʦʛʦ ʜʠʦʜʘ ʤʦʞʝʪ ʙʳʪʴ ʧʨʝʜʩʪʘʚʣʝʥʦ ʚ ʚʠʜʝ [8]: 

()( ) ()( ) ()( )( )tw+= tjPtjPtjP cos21    ,  (1) 

ʛʜʝ ()( )tjP1  ʩʦʩʪʘʚʣʷʶʱʘʷ ʤʦʱʥʦʩʪʠ, ʥʝʟʘʚʠʩʷʱʘʷ ʦʪ ʬʘʟʳ ʣʘʟʝʨʥʦʛʦ 

ʠʟʣʫʯʝʥʠʷ, 2P  ï ʘʤʧʣʠʪʫʜʘ ʠʥʪʝʨʬʝʨʝʥʮʠʦʥʥʳʭ ʦʩʮʠʣʣʷʮʠʡ ʘʚʪʦʜʠʥʥʦʛʦ 

ʩʠʛʥʘʣʘ, t ï ʚʨʝʤʷ ʦʙʭʦʜʘ ʣʘʟʝʨʥʳʤ ʠʟʣʫʯʝʥʠʝʤ ʚʥʝʰʥʝʛʦ ʨʝʟʦʥʘʪʦʨʘ, 

ʦʙʨʘʟʦʚʘʥʥʦʛʦ ʦʙʣʘʩʪʴʶ ʤʝʞʜʫ ʘʢʪʠʚʥʦʡ ʩʨʝʜʦʡ ʣʘʟʝʨʥʦʛʦ ʘʚʪʦʜʠʥʘ ʠ 

ʦʪʨʘʞʘʶʱʝʡ ʧʦʚʝʨʭʥʦʩʪʴʶ, ()( )tjw ï ʤʛʥʦʚʝʥʥʘʷ ʮʠʢʣʠʯʝʩʢʘʷ ʯʘʩʪʦʪʘ 

ʠʟʣʫʯʝʥʠʷ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʦʛʦ ʣʘʟʝʨʘ, ʟʘʚʠʩʷʱʘʷ ʦʪ ʧʣʦʪʥʦʩʪʠ ʪʦʢʘ 

ʥʘʢʘʯʢʠ ()tj .  

  ɺ ʘʚʪʦʜʠʥʥʦʤ ʩʠʛʥʘʣʝ ʤʦʞʥʦ ʚʳʜʝʣʠʪʴ ʩʣʝʜʫʶʱʫʶ ʥʦʨʤʠʨʦʚʘʥʥʫʶ 

ʚʝʣʠʯʠʥʫ, ʟʘʚʠʩʷʱʫʶ ʪʦʣʴʢʦ ʦʪ ʬʘʟʳ ʘʚʪʦʜʠʥʥʦʛʦ ʩʠʛʥʘʣʘ:  

(),cosq=p       (2) 

ʛʜʝ ( )t)(w=q tj   ï ʬʘʟʘ ʘʚʪʦʜʠʥʥʦʛʦ ʩʠʛʥʘʣʘ. ʇʨʠ ʤʦʜʫʣʷʮʠʠ ʪʦʢʘ ʧʠʪʘʥʠʷ 

ʣʘʟʝʨʘ ()tj , ʚʦ ʚʥʝʰʥʝʤ ʨʝʟʦʥʘʪʦʨʝ ʘʚʪʦʜʠʥʘ ʤʦʛʫʪ ʚʳʧʦʣʥʷʪʴʩʷ ʫʩʣʦʚʠʷ 

ʨʘʚʝʥʩʪʚʘ ʮʝʣʦʛʦ ʢʦʣʠʯʝʩʪʚʘ ʧʦʣʫʚʦʣʥ ʜʣʠʥʝ ʚʥʝʰʥʝʛʦ ʨʝʟʦʥʘʪʦʨʘ 

ʣʘʟʝʨʥʦʛʦ ʜʠʦʜʘ, ʩʦʚʧʘʜʘʶʱʝʡ ʩ ʨʘʩʩʪʦʷʥʠʝʤ ʦʪ ʘʢʪʠʚʥʦʡ ʩʨʝʜʳ ʣʘʟʝʨʥʦʛʦ 

ʘʚʪʦʜʠʥʘ ʜʦ ʦʪʨʘʞʘʶʱʝʡ ʧʦʚʝʨʭʥʦʩʪʠ. ʂʘʢ ʙʳʣʦ ʧʦʢʘʟʘʥʦ ʨʘʥʝʝ 

ʩʫʱʝʩʪʚʫʶʪ ʪʘʢ ʥʘʟʳʚʘʝʤʳʝ ʨʘʚʥʦʬʘʟʥʳʝ ʨʘʩʩʪʦʷʥʠʷ, ʪʦʯʥʦʩʪʴ ʠʟʤʝʨʝʥʠʷ 

ʚ ʢʦʪʦʨʳʭ ʠʤʝʝʪ ʤʘʢʩʠʤʘʣʴʥʫʶ ʚʝʣʠʯʠʥʫ [9]. ʕʪʠ ʨʘʩʩʪʦʷʥʠʷ 

ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʫʩʣʦʚʠʷʤ ʨʘʚʝʥʩʪʚʘ ʢʦʣʠʯʝʩʪʚʘ ʧʦʣʫʚʦʣʥ ï ʜʣʠʥʝ ʚʥʝʰʥʝʛʦ 

ʨʝʟʦʥʘʪʦʨʘ ʠ ʦʧʨʝʜʝʣʷʶʪʩʷ ʩʦʦʪʥʦʰʝʥʠʝʤ  

nL Ö
lD

l
=

4

2

       (3) 

ʛʜʝ lD  ï ʜʝʚʠʘʮʠʠ ʜʣʠʥʳ ʚʦʣʥʳ ʣʘʟʝʨʘ, n  ï ʢʦʣʠʯʝʩʪʚʦ 

ʠʥʪʝʨʬʝʨʝʥʮʠʦʥʥʳʭ ʤʘʢʩʠʤʫʤʦʚ ʥʘ ʚʝʣʠʯʠʥʝ ʜʝʚʠʘʮʠʠ.  

 ʈʘʩʯʝʪ ʘʚʪʦʜʠʥʥʦʛʦ ʩʠʛʥʘʣʘ ʠ ʝʛʦ ʩʧʝʢʪʨʘ ʧʨʦʚʦʜʠʣʩʷ ʧʨʠ 

ʪʨʝʫʛʦʣʴʥʦʡ ʬʦʨʤʝ ʠʟʤʝʥʝʥʠʷ ()( )tjP1  ʩʦʩʪʘʚʣʷʶʱʝʡ ʤʦʱʥʦʩʪʠ ʣʘʟʝʨʥʦʛʦ 

ʘʚʪʦʜʠʥʘ ʠ ()( )tjw  ʯʘʩʪʦʪʳ ʠʟʣʫʯʝʥʠʷ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʦʛʦ ʣʘʟʝʨʘ, ʘ ʪʘʢʞʝ 

ʩʣʝʜʫʶʱʠʭ ʧʘʨʘʤʝʪʨʘʭ: ʜʣʠʥʘ ʚʦʣʥʳ ʣʘʟʝʨʥʦʛʦ ʠʟʣʫʯʝʥʠʷ l=650 ʥʤ, 

ʜʝʚʠʘʮʠʷ ʯʘʩʪʦʪʳ ʠʟʣʫʯʝʥʠʷ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʦʛʦ ʣʘʟʝʨʥʦʛʦ ʜʠʦʜʘ 

07.0=lD  ʥʤ.  

ʇʨʠ n=32 ʩʦʦʪʥʦʰʝʥʠʝ (7) ʜʘʝʪ ʜʣʷ ʨʘʚʥʦʬʘʟʥʦʛʦ ʨʘʩʩʪʦʷʥʠʷ 

ʩʣʝʜʫʶʱʫʶ ʚʝʣʠʯʠʥʫ 3.48=L  ʤʤ. ʇʨʠ ʯʘʩʪʦʪʝ ʤʦʜʫʣʷʮʠʠ ʣʘʟʝʨʘ f

=170 ɻʮ ʥʘ ʨʠʩ.1. ʧʨʠʚʝʜʝʥʳ ʩʧʝʢʪʨʳ ʘʚʪʦʜʠʥʥʦʛʦ ʩʠʛʥʘʣʘ ʥʘ ʨʘʚʥʦʬʘʟʥʦʤ 

ʨʘʩʩʪʦʷʥʠʠ (7) ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʬʘʟʘʭ dq, ʛʜʝ dq ï ʬʘʟʘ ʠʟ ʦʩʥʦʚʥʦʛʦ 

ʠʥʪʝʨʚʘʣʘ ʠʟʤʝʥʝʥʠʷ ʬʘʟ ʘʚʪʦʜʠʥʥʦʛʦ ʩʠʛʥʘʣʘ q: 
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dq+p=q m2 , ʧʨʠ ...3,2,1,0=m . 

ʇʨʠ ʬʘʟʝ dq=0 ʚ ʩʧʝʢʪʨʝ ʘʚʪʦʜʠʥʥʦʛʦ ʩʠʛʥʘʣʘ (ʨʠʩ.1 ʘ) ʥʘʙʣʶʜʘʝʪʩʷ 

ʠʥʪʝʨʬʝʨʝʥʮʠʦʥʥʘʷ ʩʧʝʢʪʨʘʣʴʥʘʷ ʩʦʩʪʘʚʣʷʶʱʘʷ 
0

S, ʯʘʩʪʦʪʘ ʢʦʪʦʨʦʡ 

ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʯʘʩʪʦʪʝ ʠʟʤʝʥʝʥʠʷ ʠʥʪʝʨʬʝʨʝʥʮʠʦʥʥʳʭ ʦʩʮʠʣʣʷʮʠʡ 

ʘʚʪʦʜʠʥʥʦʛʦ ʩʠʛʥʘʣʘ. ʇʨʠ ʬʘʟʘʭ p=dq 2.0  ʠ p=dq 4.0  ʚ ʩʧʝʢʪʨʝ (ʨʠʩ.1 b,c) 

ʧʦʷʚʣʷʶʪʩʷ ʩʘʪʝʣʣʠʪʳ ʠʥʪʝʨʬʝʨʝʥʮʠʦʥʥʦʡ ʩʦʩʪʘʚʣʷʶʱʝʡ ʩʧʝʢʪʨʘ 

ʘʚʪʦʜʠʥʥʦʛʦ ʩʠʛʥʘʣʘ, ʯʪʦ ʦʙʫʩʣʦʚʣʝʥʦ ʩʚʦʡʩʪʚʘʤʠ ʬʫʨʴʝ-ʩʧʝʢʪʨʘ ʧʨʠ 

ʠʟʤʝʥʝʥʠʠ ʥʘʯʘʣʴʥʦʡ ʬʘʟʳ ʘʚʪʦʜʠʥʥʦʛʦ ʩʠʛʥʘʣʘ. 

 
a 

 
b 

 
c 

ʈʠʩʫʥʦʢ 1. ʉʧʝʢʪʨʳ ʘʚʪʦʜʠʥʥʦʛʦ ʩʠʛʥʘʣʘ ʥʘ ʨʘʚʥʦʬʘʟʥʦʤ ʨʘʩʩʪʦʷʥʠʠ ʧʨʠ 

ʨʘʟʣʠʯʥʳʭ ʬʘʟʘʭdq: ʘ ï dq =0, b ï dq =0.2 p, c ï dq =0.4 p 

 

ɿʘʚʠʩʠʤʦʩʪʴ ʘʤʧʣʠʪʫʜ ʩʧʝʢʪʨʘʣʴʥʳʭ ʩʦʩʪʘʚʣʷʶʱʠʭ S0, S1, S2 ʦʪ ʬʘʟʳ 

ʘʚʪʦʜʠʥʥʦʛʦ ʩʠʛʥʘʣʘ dq ʧʨʝʜʩʪʘʚʣʝʥʘ ʥʘ ʨʠʩ. 2. ʂʘʢ ʚʠʜʥʦ ʠʟ ʨʠʩ.2, 

ʥʘʙʣʶʜʘʝʪʩʷ ʥʝʣʠʥʝʡʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʵʪʠʭ ʘʤʧʣʠʪʫʜ ʦʪ ʬʘʟʳ ʘʚʪʦʜʠʥʥʦʛʦ 

ʩʠʛʥʘʣʘ.  
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ʈʠʩʫʥʦʢ 2. ɿʘʚʠʩʠʤʦʩʪʴ ʘʤʧʣʠʪʫʜ ʩʧʝʢʪʨʘʣʴʥʳʭ ʩʦʩʪʘʚʣʷʶʱʠʭ S0, S1, S2 ʦʪ 

ʬʘʟʳ dq 
 

ʅʘ ʨʠʩ. 3 ʧʨʠʚʝʜʝʥʘ ʟʘʚʠʩʠʤʦʩʪʴ ʨʘʟʥʦʩʪʠ ʩʧʝʢʪʨʘʣʴʥʳʭ 

ʩʦʩʪʘʚʣʷʶʱʠʭ ( )2/
210

SSS +-  ʦʪ ʬʘʟʳ dq. 

 

 
 

ʈʠʩʫʥʦʢ 3. ɿʘʚʠʩʠʤʦʩʪʴ ʨʘʟʥʦʩʪʠ ʩʧʝʢʪʨʘʣʴʥʳʭ ʩʦʩʪʘʚʣʷʶʱʠʭ  

( )2/
210

SSS +-  ʦʪ ʬʘʟʳ dq 

 

ʂʘʢ ʩʣʝʜʫʝʪ ʠʟ ʨʠʩ. 3, ʨʘʟʥʦʩʪʴ ʘʤʧʣʠʪʫʜ ʩʧʝʢʪʨʘʣʴʥʳʭ 

ʩʦʩʪʘʚʣʷʶʱʠʭ ( )2/
210

SSS +-  ʣʠʥʝʡʥʦ ʟʘʚʠʩʠʪ ʦʪ ʬʘʟʳ ʘʚʪʦʜʠʥʥʦʛʦ 

ʩʠʛʥʘʣʘ ʠ, ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʦʪ ʨʘʩʩʪʦʷʥʠʷ ʜʦ ʦʪʨʘʞʘʶʱʝʡ ʧʦʚʝʨʭʥʦʩʪʠ. 

ʂʦʤʧʴʶʪʝʨʥʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʧʦʢʘʟʘʣʦ, ʯʪʦ, ʟʘʜʘʚʘʷ ʧʦʛʨʝʰʥʦʩʪʴ 

ʠʟʤʝʨʝʥʠʷ ʘʤʧʣʠʪʫʜ ʩʧʝʢʪʨʘʣʴʥʳʭ ʩʦʩʪʘʚʣʷʶʱʠʭ ʨʘʚʥʫʶ 10%, 

ʤʘʢʩʠʤʘʣʴʥʘʷ ʪʦʯʥʦʩʪʴ ʠʟʤʝʨʝʥʠʷ ʥʘʥʦʩʤʝʱʝʥʠʡ ʚ ʵʪʦʤ ʩʣʫʯʘʝ ʥʝ ʭʫʞʝ 10 

ʥʤ.  
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ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ ʧʦʜʜʝʨʞʢʝ ʈʦʩʩʠʡʩʢʦʛʦ ʥʘʫʯʥʦʛʦ 

ʬʦʥʜʘ (ʧʨʦʝʢʪ ˉ 19-79-00122). 
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ʇʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥʳ ʩʧʝʢʪʨʳ ʦʪʨʘʞʝʥʠʷ ʧʣʝʥʦʢ ʠ ʩʣʦʝʚ ʦʩʘʞʜʝʥʥʳʭ ʯʘʩʪʠʮ 

InSb ʠ ʧʨʦʘʥʘʣʠʟʠʨʦʚʘʥʳ ʠʭ ʦʩʦʙʝʥʥʦʩʪʠ. ʇʦʢʘʟʘʥʦ ʚʣʠʷʥʠʝ ʧʦʜʣʦʞʢʠ ʥʘ ʧʦʛʣʦʱʝʥʠʝ 

ʠ ʦʪʨʘʞʝʥʠʝ ʚ ʜʣʠʥʥʦʚʦʣʥʦʚʦʡ ʠʥʬʨʘʢʨʘʩʥʦʡ ʦʙʣʘʩʪʠ ʩʧʝʢʪʨʘ ʠ ʘʥʘʣʦʛʠʯʥʦʝ ʚʣʠʷʥʠʝ 

ʦʙʦʣʦʯʢʠ ʥʘʥʦʯʘʩʪʠʮ.  

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʝ ʧʣʝʥʢʠ, ʥʘʥʦʯʘʩʪʠʮʳ, ʧʣʘʟʤʝʥʥʦʝ 

ʦʪʨʘʞʝʥʠʝ.  

 

ʆʜʥʦʡ ʠʟ ʦʩʦʙʝʥʥʦʩʪʝʡ ʧʦʣʫʯʝʥʠʷ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʧʣʝʥʦʢ InSb 

ʪʝʨʤʠʯʝʩʢʠʤ ʥʘʧʳʣʝʥʠʝʤ ʠʟ ʤʝʭʘʥʠʯʝʩʢʠ ʠʟʤʝʣʴʯʝʥʥʳʭ ʤʦʥʦʢʨʠʩʪʘʣʣʦʚ 

ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʪʦʤ, ʯʪʦ, ʩʚʦʡʩʪʚʘ ʠʩʭʦʜʥʦʛʦ ʤʦʥʦʢʨʠʩʪʘʣʣʘ ʙʫʜʫʪ 

ʧʝʨʝʜʘʥʳ ʯʘʩʪʠʮʘʤ ʩʦʟʜʘʚʘʝʤʦʛʦ ʧʦʨʦʰʢʘ. ɺ ʜʘʥʥʦʤ ʩʣʫʯʘʝ ʜʣʷ 

ʠʟʤʝʣʴʯʝʥʠʷ ʙʳʣ ʚʳʙʨʘʥ ʤʦʥʦʢʨʠʩʪʘʣʣ InSb n-ʪʠʧʘ ʧʨʦʚʦʜʠʤʦʩʪʠ ʩ 

ʢʦʥʮʝʥʪʨʘʮʠʝʡ ʥʦʩʠʪʝʣʝʡ 5Ŀ10
17

 ʩʤ
-3
. ʊʘʢʘʷ ʢʦʥʮʝʥʪʨʘʮʠʷ ʧʦʟʚʦʣʷʝʪ 

ʥʘʙʣʶʜʘʪʴ ʩʧʝʢʪʨ ʦʪʨʘʞʝʥʠʷ ʩ ʬʦʨʤʦʡ ʭʘʨʘʢʪʝʨʥʦʡ ʜʣʷ ʧʣʘʟʤʝʥʥʦʛʦ 

ʨʝʟʦʥʘʥʩʘ ʚ ʩʨʝʜʥʝʡ ʠʥʬʨʘʢʨʘʩʥʦʡ ʦʙʣʘʩʪʠ (ʨʠʩ.1). ʇʦʜʦʙʥʘʷ ʭʘʨʘʢʪʝʨʥʘʷ 

ʬʦʨʤʘ ʩʧʝʢʪʨʘ ʦʪʨʘʞʝʥʠʷ ʧʦʟʚʦʣʷʝʪ ʥʝ ʪʦʣʴʢʦ ʧʦʣʫʯʠʪʴ ʧʨʝʜʩʪʘʚʣʝʥʠʝ ʦ 

ʚʘʞʥʳʭ ʩʚʦʡʩʪʚʘʭ ʤʦʥʦʢʨʠʩʪʘʣʣʘ, ʥʦ ʠ ʥʘʛʣʷʜʥʦ ʧʦʢʘʟʘʪʴ ʥʘʩʢʦʣʴʢʦ 

ʤʝʥʷʝʪʩʷ ʩʧʝʢʪʨ ʦʪʨʘʞʝʥʠʷ ʧʨʠ ʠʟʤʝʣʴʯʝʥʠʠ ʤʦʥʦʢʨʠʩʪʘʣʣʘ ʥʘ ʰʘʨʦʚʦʡ 

ʤʝʣʴʥʠʮʝ. ʀʟ ʨʠʩ.1 ʚʠʜʥʦ, ʯʪʦ ʢʦʨʦʪʢʦʚʦʣʥʦʚʘʷ ʯʘʩʪʴ ʩʧʝʢʪʨʘ ʦʪʨʘʞʝʥʠʷ 

ʠʟʤʝʣʴʯʝʥʥʦʛʦ ʤʦʥʦʢʨʠʩʪʘʣʣʘ InSb ʩʪʘʣʘ ʩʫʱʝʩʪʚʝʥʥʦ ʙʦʣʴʰʝ 

ʜʣʠʥʥʦʚʦʣʥʦʚʦʡ, ʯʝʛʦ ʥʝ ʥʘʙʣʶʜʘʣʦʩʴ ʜʦ ʠʟʤʝʣʴʯʝʥʠʷ. 
 

 
ʈʠʩʫʥʦʢ 1. ʉʧʝʢʪʨ ʦʪʨʘʞʝʥʠʷ, ʠʟʤʝʣʴʯʝʥʥʦʛʦ ʚ ʧʦʨʦʰʦʢ (1) 

 ʠ ʠʩʭʦʜʥʦʛʦ ʤʦʥʦʢʨʠʩʪʘʣʣʘ InSb (2). 

 

ʆʙʨʘʟʮʳ ʧʣʝʥʦʢ InSb ʪʦʣʱʠʥʦʡ 550 ʥʤ ʧʦʣʫʯʘʣʠ ʪʝʨʤʠʯʝʩʢʠʤ 

ʠʩʧʘʨʝʥʠʝʤ ʧʦʨʦʰʢʘ ʫʢʘʟʘʥʥʦʛʦ ʤʘʪʝʨʠʘʣʘ ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʤʝʪʦʜʠʢʦʡ, 
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ʦʧʠʩʘʥʥʦʡ ʚ [1], ʥʘ ʩʪʝʢʣʝ ʠ ʥʘ ʤʦʥʦʢʨʠʩʪʘʣʣʝ CdS, ʦʙʣʘʜʘʶʱʝʤ 

ʧʨʦʟʨʘʯʥʦʩʪʴʶ ʜʦ 17 ʤʢʤ ʠ ʥʝ ʠʤʝʶʱʝʤ ʧʦʣʦʩ ʦʩʪʘʪʦʯʥʳʭ ʣʫʯʝʡ ʜʦ 30 

ʤʢʤ. ʈʘʥʝʝ ʙʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʧʦʣʫʯʝʥʠʝ ʧʣʝʥʦʢ InSb ʥʘ ʪʘʢʠʭ ʧʦʜʣʦʞʢʘʭ 

ʤʦʞʝʪ ʩʧʦʩʦʙʩʪʚʦʚʘʪʴ ʠʭ ʧʘʩʩʠʚʘʮʠʠ [2]. ʅʘ ʨʠʩ. 2. ʧʨʝʜʩʪʘʚʣʝʥʳ ʩʧʝʢʪʨ 

ʦʪʨʘʞʝʥʠʷ ʠʩʭʦʜʥʦʛʦ ʤʦʥʦʢʨʠʩʪʘʣʣʘ InSb, ʩʧʝʢʪʨ ʦʪʨʘʞʝʥʠʷ ʧʣʝʥʢʠ InSb 

ʥʘ CdS ʠ ʩʧʝʢʪʨ ʨʘʟʥʦʩʪʠ ʟʥʘʯʝʥʠʡ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʦʪʨʘʞʝʥʠʷ ʜʣʷ ʧʣʝʥʢʠ 

InSb ʥʘ ʩʪʝʢʣʷʥʥʦʡ ʧʦʜʣʦʞʢʝ ʠ ʩʘʤʦʡ ʧʦʜʣʦʞʢʠ (DR=RInSb-Rʩʪʝʢʣʦ). 
 

 
ʈʠʩʫʥʦʢ 2. ʉʧʝʢʪʨ ʦʪʨʘʞʝʥʠʷ ʤʦʥʦʢʨʠʩʪʘʣʣʘ InSb (1); ʩʧʝʢʪʨ ʨʘʟʥʦʩʪʠ ʟʥʘʯʝʥʠʡ DR 

ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʦʪʨʘʞʝʥʠʷ ʜʣʷ ʧʣʝʥʢʠ InSb ʥʘ ʩʪʝʢʣʝ ʠ ʩʘʤʦʡ ʩʪʝʢʣʷʥʥʦʡ ʧʦʜʣʦʞʢʠ 

(ʣʠʥʠʷ DR=0 ʦʙʦʟʥʘʯʝʥʘ ʜʣʷ ʪʦʛʦ ʯʪʦʙʳ ʧʦʢʘʟʘʪʴ, ʠʟʣʫʯʝʥʠʝ ʢʘʢʠʭ ʜʣʠʥ ʚʦʣʥ ʧʣʝʥʢʘ 

ʧʦʛʣʦʱʘʝʪ) (2); ʩʧʝʢʪʨ ʦʪʨʘʞʝʥʠʷ ʧʣʝʥʢʠ InSb ʥʘ CdS (3) 

 

ʌʦʨʤʘ ʧʨʝʜʩʪʘʚʣʝʥʠʷ ʧʦʩʣʝʜʥʝʛʦ ʩʧʝʢʪʨʘ ʙʳʣʘ ʦʙʫʩʣʦʚʣʝʥʘ 

ʩʣʦʞʥʦʡ ʬʦʨʤʦʡ ʜʠʩʧʝʨʩʠʠ ʢʦʵʬʬʠʮʠʝʥʪʘ ʦʪʨʘʞʝʥʠʷ ʩʪʝʢʣʘ, ʧʨʠ ʵʪʦʤ 

ʦʪʨʠʮʘʪʝʣʴʥʳʝ ʫʯʘʩʪʢʠ ʛʨʘʬʠʢʘ (14-17 ʤʢʤ ʠ 20-25 ʤʢʤ), ʦʯʝʚʠʜʥʦ, 

ʩʚʷʟʘʥʳ ʩ ʧʦʛʣʦʱʝʥʠʝʤ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʚ ʧʣʝʥʢʝ. ʀʟ ʨʠʩ.2 ʚʠʜʥʦ, ʯʪʦ ʜʣʷ 

ʧʣʝʥʦʢ InSb ʥʘ ʩʪʝʢʣʝ (ʢʨʠʚʘʷ 2) ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʤʦʥʦʢʨʠʩʪʘʣʣʦʤ InSb 

(ʢʨʠʚʘʷ 1) ʧʦʷʚʠʣʩʷ ʜʦʧʦʣʥʠʪʝʣʴʥʳʡ ʤʠʥʠʤʫʤ ʚ ʜʠʘʧʘʟʦʥʝ 14-17 ʤʢʤ; ʚ ʪʦ 

ʞʝ ʚʨʝʤʷ ʜʣʷ ʧʣʝʥʦʢ InSb ʥʘ CdS ʢʦʵʬʬʠʮʠʝʥʪ ʦʪʨʘʞʝʥʠʷ ʧʦʩʣʝ 15 ʤʢʤ 

ʥʘʯʠʥʘʝʪ ʨʝʟʢʦ ʨʘʩʪʠ (ʢʨʠʚʘʷ 3). ɺ ʩʦʚʦʢʫʧʥʦʩʪʠ ʵʪʦ ʥʘʧʦʤʠʥʘʝʪ ʩʧʝʢʪʨ 

ʦʪʨʘʞʝʥʠʷ, ʭʘʨʘʢʪʝʨʥʳʡ ʜʣʷ ʧʣʘʟʤʝʥʥʦʛʦ ʨʝʟʦʥʘʥʩʘ ʚ ʤʦʥʦʢʨʠʩʪʘʣʣʘʭ, 

ʥʘʧʨʠʤʝʨ, ʜʣʷ ʪʦʛʦ ʞʝ ʤʦʥʦʢʨʠʩʪʘʣʣʘ InSb (ʢʨʠʚʘʷ 1), ʛʜʝ ʧʣʘʟʤʝʥʥʳʡ 

ʨʝʟʦʥʘʥʩ ʥʘʙʣʶʜʘʣʩʷ ʚ ʦʙʣʘʩʪʠ ʜʣʠʥ ʚʦʣʥ ʙʦʣʝʝ 22 ʤʢʤ.  
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ɼʣʷ ʩʨʘʚʥʝʥʠʷ ʩ ʧʣʝʥʢʘʤʠ InSb ʧʦ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʤ ʩʧʝʢʪʨʘʤ 

ʦʪʨʘʞʝʥʠʷ ʦʮʝʥʠʚʘʣʦʩʴ ʧʦʛʣʦʱʝʥʠʝ ʩʣʦʝʚ (ʧʦ ʫʧʨʦʱʝʥʥʦʡ ʬʦʨʤʫʣʝ A= - 

ȹR=Rʦʙʨʘʟʝʮ-Rʩʪʝʢʣʦ) ʦʩʘʞʜʝʥʥʳʭ ʠʟ ʢʦʣʣʦʠʜʥʦʛʦ ʨʘʩʪʚʦʨʘ ʯʘʩʪʠʮ InSb ʙʝʟ 

ʦʙʦʣʦʯʢʠ, ʘ ʪʘʢʞʝ InSb ʚ ʦʙʦʣʦʯʢʝ InP ʠ CdS, ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ ʚ 

ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ [3]. ʈʘʟʤʝʨ ʯʘʩʪʠʮ, ʦʧʨʝʜʝʣʝʥʥʳʡ ʤʝʪʦʜʦʤ ʜʠʥʘʤʠʯʝʩʢʦʛʦ 

ʨʘʩʩʝʷʥʠʷ, ʥʘʭʦʜʠʣʩʷ ʚ ʠʥʪʝʨʚʘʣʝ 10-50 ʥʤ, ʧʨʠʯʝʤ ʥʘʠʙʦʣʴʰʝʝ ʯʠʩʣʦ 

ʯʘʩʪʠʮ ʠʤʝʣʦ ʨʘʟʤʝʨ ʧʦʨʷʜʢʘ 20 ʥʤ. ʅʘ ʨʠʩ.3, ʛʜʝ ʧʨʝʜʩʪʘʚʣʝʥʘ ʥʘʠʙʦʣʝʝ 

ʠʥʪʝʨʝʩʥʘʷ ʜʣʷ ʧʣʝʥʦʢ InSb ʦʙʣʘʩʪʴ ʩʧʝʢʪʨʘ 10 ï 20 ʤʢʤ, ʚʠʜʥʦ, ʯʪʦ 

ʧʦʛʣʦʱʝʥʠʝ ʜʣʷ ʩʣʦʝʚ ʯʘʩʪʠʮ InSb ʠ InSb ï InP ʙʳʣʦ ʚʳʰʝ, ʯʝʤ ʫ ʯʠʩʪʦʡ 

ʧʦʜʣʦʞʢʠ. ʇʨʠ ʵʪʦʤ ʥʝʦʙʭʦʜʠʤʦ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʧʨʠ ʜʣʠʥʘʭ ʚʦʣʥ ʢʦʨʦʯʝ 10 

ʤʢʤ ʜʣʷ ʵʪʠʭ ʦʙʨʘʟʮʦʚ (ʥʘ ʨʠʩ.3 ʥʝ ʧʦʢʘʟʘʥʳ), ʩʧʝʢʪʨ ʦʙʨʘʟʮʦʚ 

ʧʨʘʢʪʠʯʝʩʢʠ ʧʦʣʥʦʩʪʴʶ ʦʧʨʝʜʝʣʷʣʩʷ ʩʧʝʢʪʨʦʤ ʧʦʜʣʦʞʢʠ. ʅʘʧʨʦʪʠʚ, ʩʣʦʶ 

ʯʘʩʪʠʮ InSb - CdS ʚ ʫʢʘʟʘʥʥʦʡ ʦʙʣʘʩʪʠ ʩʧʝʢʪʨʘ ʩʦʦʪʚʝʪʩʪʚʦʚʘʣʦ 

ʦʪʨʠʮʘʪʝʣʴʥʦʝ ʧʦʛʣʦʱʝʥʠʝ, ʪ.ʝ. ʢʦʵʬʬʠʮʠʝʥʪ ʦʪʨʘʞʝʥʠʷ ʦʪ ʜʘʥʥʦʛʦ ʩʣʦʷ 

ʙʳʣ ʚʳʰʝ, ʯʝʤ ʫ ʧʦʜʣʦʞʢʠ. 
 

 
ʈʠʩʫʥʦʢ 3. Cʧʝʢʪʨ ʨʘʟʥʦʩʪʠ ʟʥʘʯʝʥʠʡ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʦʪʨʘʞʝʥʠʷ DR ʜʣʷ ʩʣʦʝʚ ʯʘʩʪʠʮ 

InSb (1), InSb ï InP (2) ʠ InSb ï CdS (3) 

 

ʋʢʘʟʘʥʥʳʝ ʦʩʦʙʝʥʥʦʩʪʠ ʦʧʪʠʯʝʩʢʠʭ ʩʧʝʢʪʨʦʚ ʨʘʟʥʳʭ ʧʦ ʩʚʦʝʡ 

ʩʪʨʫʢʪʫʨʝ ʠ ʤʝʪʦʜʘʤ ʧʦʣʫʯʝʥʠʷ ʦʙʨʘʟʮʦʚ, ʧʦʟʚʦʣʷʶʪ ʛʦʚʦʨʠʪʴ ʦ ʥʘʣʠʯʠʠ 

ʦʧʨʝʜʝʣʝʥʥʦʡ ʟʘʢʦʥʦʤʝʨʥʦʩʪʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʢʨʠʩʪʘʣʣʠʪʦʚ InSb ʩ 

ʠʟʣʫʯʝʥʠʝʤ ʜʣʠʥʥʦʚʦʣʥʦʚʦʛʦ ʠʥʬʨʘʢʨʘʩʥʦʛʦ ʜʠʘʧʘʟʦʥʘ. ʇʦ ʘʥʘʣʦʛʠʠ ʩ 

ʧʣʝʥʢʘʤʠ InSb, ʚ ʩʣʦʷʭ ʥʘ ʦʩʥʦʚʝ ʦʩʘʞʜʝʥʥʳʭ ʯʘʩʪʠʮ InSb ʧʨʠʩʫʪʩʪʚʠʝ 

ʢʦʤʧʦʥʝʥʪʳ CdS (ʚ ʜʘʥʥʦʤ ʩʣʫʯʘʝ ʚ ʚʠʜʝ ʦʙʦʣʦʯʢʠ) ʧʨʠʚʦʜʠʪ ʢ 

ʩʫʱʝʩʪʚʝʥʥʦʤʫ ʠʟʤʝʥʝʥʠʶ ʦʪʨʘʞʝʥʠʷ ʚ ʦʙʣʘʩʪʠ ʜʣʠʥ ʚʦʣʥ 10-20 ʤʢʤ.  

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʧʦʜʜʝʨʞʢʝ ʈʌʌʀ ʛʨʘʥʪ ˉ 19-07-00595 ʘ. 
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ʧʦʟʚʦʣʷʶʱʠʝ ʟʥʘʯʠʪʝʣʴʥʦ ʧʦʚʳʩʠʪʴ ʩʢʦʨʦʩʪʴ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʮʠʬʨʦʚʳʭ ʩʭʝʤ, 

ʩʦʜʝʨʞʘʱʠʭ ʪʘʢʠʝ ʵʣʝʤʝʥʪʳ. ʅʘ ʦʩʥʦʚʝ ʧʨʝʜʣʦʞʝʥʥʳʭ ʤʦʜʝʣʝʡ ʩʢʦʥʩʪʨʫʠʨʦʚʘʥʦ 

ʘʨʠʬʤʝʪʠʢʦ-ʣʦʛʠʯʝʩʢʦʝ ʫʩʪʨʦʡʩʪʚʦ ʪʨʦʠʯʥʦʛʦ ʧʨʦʮʝʩʩʦʨʘ. ɺʳʧʦʣʥʝʥ ʜʝʡʩʪʚʫʶʱʠʡ 

ʤʘʢʝʪ ʨʘʟʨʘʙʦʪʘʥʥʦʛʦ ʘʨʠʬʤʝʪʠʢʦ-ʣʦʛʠʯʝʩʢʦʛʦ ʫʩʪʨʦʡʩʪʚʘ ʥʘ ʪʠʧʦʚʳʭ ʜʠʩʢʨʝʪʥʳʭ 

ʵʣʝʢʪʨʦʥʥʳʭ ʢʦʤʧʦʥʝʥʪʘʭ, ʧʦʜʪʚʝʨʜʠʚʰʠʡ ʢʦʨʨʝʢʪʥʦʩʪʴ ʠ ʵʬʬʝʢʪʠʚʥʦʩʪʴ 

ʨʘʟʨʘʙʦʪʘʥʥʳʭ ʤʦʜʝʣʝʡ ʵʣʝʤʝʥʪʦʚ ʪʨʦʠʯʥʦʡ ʣʦʛʠʢʠ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʣʦʛʠʯʝʩʢʠʝ ʵʣʝʤʝʥʪʳ, ʪʨʦʠʯʥʘʷ ʣʦʛʠʢʘ, ʪʨʦʠʯʥʳʡ ʣʦʛʠʯʝʩʢʠʡ 

ʙʘʟʠʩ, ʮʠʬʨʦʚʳʝ ʤʦʜʝʣʠ, ʧʦʚʳʰʝʥʠʝ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʠ, ʘʨʠʬʤʝʪʠʢʦ-ʣʦʛʠʯʝʩʢʦʝ 

ʫʩʪʨʦʡʩʪʚʦ, ʤʠʢʨʦʧʨʦʮʝʩʩʦʨ. 

 

ʊʘʢʪʦʚʳʝ ʯʘʩʪʦʪʳ ʩʦʚʨʝʤʝʥʥʳʭ ʤʠʢʨʦʧʨʦʮʝʩʩʦʨʦʚ ʫʩʧʝʰʥʦ 

ʧʨʝʦʜʦʣʝʣʠ ʙʘʨʴʝʨ ʚ 5 ɻɻʮ, ʘ ʨʘʟʨʘʙʦʪʯʠʢʠ ʠ ʧʨʦʠʟʚʦʜʠʪʝʣʠ ʫʚʝʨʝʥʥʦ 

ʧʨʦʜʚʠʛʘʶʪʩʷ ʢ ʚʟʷʪʠʶ ʩʣʝʜʫʶʱʝʛʦ ʙʘʨʴʝʨʘ ʚ 6 ɻɻʮ [1-3]. ɽʱʸ 

ʩʨʘʚʥʠʪʝʣʴʥʦ ʥʝʜʘʚʥʦ ʪʘʢʠʝ ʮʠʬʨʳ ʧʨʝʜʩʪʘʚʣʷʣʠʩʴ ʬʘʥʪʘʩʪʠʢʦʡ ð 

ʥʠʞʥʠʡ ʢʨʘʡ ʜʠʘʧʘʟʦʥʘ ʉɺʏ, ʜʣʠʥʳ ʚʦʣʥ 6é5 ʩʤ! ʊʝʤ ʥʝ ʤʝʥʝʝ, ʫʞʝ 

ʩʝʛʦʜʥʷ ʤʦʞʥʦ ʚʠʜʝʪʴ, ʯʪʦ ʙʳʩʪʨʦʜʝʡʩʪʚʠʝ ʤʠʢʨʦʧʨʦʮʝʩʩʦʨʦʚ 

ʧʨʠʙʣʠʞʘʝʪʩʷ ʢ ʩʚʦʝʤʫ ʧʨʝʜʝʣʫ. ʅʘʨʘʱʠʚʘʪʴ ʪʘʢʪʦʚʫʶ ʯʘʩʪʦʪʫ 

ʤʠʢʨʦʧʨʦʮʝʩʩʦʨʦʚ ʠ ʧʦʚʳʰʘʪʴ ʙʳʩʪʨʦʜʝʡʩʪʚʠʝ ʚʭʦʜʷʱʠʭ ʚ ʠʭ ʩʦʩʪʘʚ 

ʪʨʘʥʟʠʩʪʦʨʦʚ ʟʘ ʩʯʝʪ ʫʤʝʥʴʰʝʥʠʷ ʠʭ ʨʘʟʤʝʨʦʚ ʩʪʘʥʦʚʠʪʩʷ ʚʩʝ ʩʣʦʞʥʝʝ ʠʟ-

ʟʘ ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʭ ʬʠʟʠʯʝʩʢʠʭ ʦʛʨʘʥʠʯʝʥʠʡ [4]. ʈʘʟʚʠʪʠʝ ʞʝ ʚ ʨʘʤʢʘʭ 

ʘʨʭʠʪʝʢʪʫʨʳ ʤʠʢʨʦʧʨʦʮʝʩʩʦʨʘ, ʢʦʪʦʨʦʝ ʚʦ ʤʥʦʛʦʤ ʦʧʠʨʘʝʪʩʷ ʥʘ ʧʨʠʥʮʠʧʳ 

ʨʘʩʧʘʨʘʣʣʝʣʠʚʘʥʠʷ, ʦʛʨʘʥʠʯʝʥʦ, ʧʦʩʢʦʣʴʢʫ ʩʫʤʤʘʨʥʦʝ ʚʨʝʤʷ ʚʳʧʦʣʥʝʥʠʷ 

ʨʘʟʜʝʣʝʥʥʦʡ ʥʘ ʬʨʘʛʤʝʥʪʳ ʟʘʜʘʯʠ ʥʝ ʤʦʞʝʪ ʙʳʪʴ ʤʝʥʴʰʝ ʚʨʝʤʝʥʠ 

ʚʳʧʦʣʥʝʥʠʷ ʩʘʤʦʛʦ ʤʝʜʣʝʥʥʦʛʦ ʬʨʘʛʤʝʥʪʘ [5]. 

ɺʦʟʤʦʞʥʳʝ ʩʧʦʩʦʙʳ ʧʦʚʳʰʝʥʠʷ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʠ 

ʤʠʢʨʦʧʨʦʮʝʩʩʦʨʦʚ ʤʦʛʫʪ ʙʳʪʴ ʥʘʡʜʝʥʳ ʥʘ ʧʫʪʷʭ ʚʥʝʜʨʝʥʠʷ 
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ʧʨʠʥʮʠʧʠʘʣʴʥʦ ʥʦʚʳʭ ʤʘʪʝʨʠʘʣʦʚ ʠ ʪʝʭʥʦʣʦʛʠʡ, ʯʪʦ ʩʚʷʟʘʥʦ ʩ 

ʥʝʦʙʭʦʜʠʤʦʩʪʴʶ ʯʘʩʪʠʯʥʦʛʦ ʠʣʠ ʧʦʣʥʦʛʦ ʦʪʢʘʟʘ ʦʪ ʩʦʚʨʝʤʝʥʥʦʡ 

ʪʝʭʥʦʣʦʛʠʠ ʧʨʦʠʟʚʦʜʩʪʚʘ ʵʣʝʢʪʨʦʥʥʳʭ ʢʦʤʧʦʥʝʥʪʦʚ [6,7]. ʅʦ ʩʫʱʝʩʪʚʫʝʪ ʠ 

ʚʘʨʠʘʥʪ, ʧʦʟʚʦʣʷʶʱʠʡ ʧʦʚʳʩʠʪʴ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʴ ʤʠʢʨʦʧʨʦʮʝʩʩʦʨʦʚ 

ʙʝʟ ʦʪʢʘʟʘ ʦʪ ʧʨʠʚʳʯʥʳʭ ʠ ʦʪʣʘʞʝʥʥʳʭ ʪʝʭʥʦʣʦʛʠʡ, ʢʘʢ ʚ ʦʙʣʘʩʪʠ 

ʩʦʟʜʘʥʠʷ ʠʥʪʝʛʨʘʣʴʥʳʭ ʩʭʝʤ, ʪʘʢ ʠ ʤʠʢʨʦʘʨʭʠʪʝʢʪʫʨʳ. 

ʇʝʨʝʭʦʜ ʮʠʬʨʦʚʦʡ ʪʝʭʥʠʢʠ ʦʪ ʜʚʦʠʯʥʦʡ ʦʩʥʦʚʳ ʢ ʪʨʦʠʯʥʦʡ ʩʠʩʪʝʤʝ 

ʩʯʠʩʣʝʥʠʷ, ʪʦ ʝʩʪʴ ʠʩʧʦʣʴʟʦʚʘʥʠʶ ʚ ʨʘʤʢʘʭ ʦʜʥʦʛʦ ʨʘʟʨʷʜʘ ʪʨʸʭ 

ʚʦʟʤʦʞʥʳʭ ʩʦʩʪʦʷʥʠʡ ð ʣʦʞʴ/ʥʝʦʧʨʝʜʝʣʝʥʥʦʩʪʴ/ʠʩʪʠʥʘ ð ʪʦ ʝʩʪʴ ï1, 0 ʠ 

1, ʧʦʟʚʦʣʷʝʪ ʧʦʣʫʯʠʪʴ ʮʝʣʳʡ ʨʷʜ ʧʨʝʠʤʫʱʝʩʪʚ: ʙʦʣʝʝ ʧʣʦʪʥʫʶ ʟʘʧʠʩʴ 

ʠʥʬʦʨʤʘʮʠʠ, ʧʨʦʩʪʦʝ ʠ ʝʩʪʝʩʪʚʝʥʥʦʝ ʧʨʝʜʩʪʘʚʣʝʥʠʝ ʦʪʨʠʮʘʪʝʣʴʥʳʭ ʯʠʩʝʣ, 

ʫʩʢʦʨʝʥʥʦʝ ʚʳʧʦʣʥʝʥʠʝ ʦʧʝʨʘʮʠʡ ʚʝʪʚʣʝʥʠʷ ʠ ʩʣʦʞʝʥʠʷ, ʘ ʪʘʢʞʝ 

ʩʦʢʨʘʱʝʥʠʝ ʢʦʣʠʯʝʩʪʚʘ ʤʝʞʩʦʝʜʠʥʝʥʠʡ, ʯʪʦ ʚ ʮʝʣʦʤ ʜʦʣʞʥʦ ʧʦʚʳʩʠʪʴ 

ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʴ ʤʠʢʨʦʧʨʦʮʝʩʩʦʨʘ ʧʨʠ ʧʨʦʯʠʭ ʨʘʚʥʳʭ ʫʩʣʦʚʠʷʭ. 

ʇʨʝʠʤʫʱʝʩʪʚʘ ʪʨʦʠʯʥʦʡ ʩʠʩʪʝʤʳ ʠʟʚʝʩʪʥʳ ʜʘʚʥʦ [8], ʥʦ ʰʠʨʦʢʦʝ ʝʸ 

ʧʨʠʤʝʥʝʥʠʝ ʩʜʝʨʞʠʚʘʣʦʩʴ ʦʪʩʫʪʩʪʚʠʝʤ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠ ʫʜʘʯʥʳʭ 

ʩʭʝʤʦʪʝʭʥʠʯʝʩʢʠʭ ʨʝʰʝʥʠʡ ʜʣʷ ʙʘʟʦʚʳʭ ʣʦʛʠʯʝʩʢʠʭ ʵʣʝʤʝʥʪʦʚ, ʯʪʦ ʚ 

ʟʥʘʯʠʪʝʣʴʥʦʡ ʤʝʨʝ ʙʳʣʦ ʩʚʷʟʘʥʦ ʩ ʥʝʩʦʚʝʨʰʝʥʩʪʚʦʤ ʪʝʭʥʦʣʦʛʠʠ 

ʧʨʦʠʟʚʦʜʩʪʚʘ ʢʦʤʧʣʝʤʝʥʪʘʨʥʳʭ ʄʆʇïʪʨʘʥʟʠʩʪʦʨʦʚ, ʢʦʪʦʨʳʝ ʣʝʞʘʪ ʚ 

ʦʩʥʦʚʝ ʩʦʚʨʝʤʝʥʥʦʡ ʤʠʢʨʦʧʨʦʮʝʩʩʦʨʥʦʡ ʪʝʭʥʠʢʠ. ʊʘʢ ʚ ʠʟʚʝʩʪʥʳʭ 

ʢʦʥʩʪʨʫʢʮʠʷʭ [9,10] ʥʝ ʫʜʘʚʘʣʦʩʴ ʠʩʧʦʣʴʟʦʚʘʪʴ ʄʆʇïʪʨʘʥʟʠʩʪʦʨʳ 

ʦʙʦʛʘʱʝʥʥʦʛʦ ʪʠʧʘ ʩ ʥʝʦʙʭʦʜʠʤʳʤʠ ʧʦʨʦʛʘʤʠ ʧʝʨʝʢʣʶʯʝʥʠʷ, ʭʦʪʷ 

ʩʭʝʤʦʪʝʭʥʠʢʘ ʪʨʦʠʯʥʳʭ ʣʦʛʠʯʝʩʢʠʭ ʵʣʝʤʝʥʪʦʚ ʙʳʣʘ ʧʨʦʨʘʙʦʪʘʥʘ ʥʘ 

ʚʧʦʣʥʝ ʧʨʠʝʤʣʝʤʦʤ ʜʣʷ ʧʨʘʢʪʠʯʝʩʢʦʛʦ ʧʨʠʤʝʥʝʥʠʷ ʫʨʦʚʥʝ. 

ɿʜʝʩʴ ʩʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʧʨʦʮʝʩʩ ʨʘʟʨʘʙʦʪʢʠ ʠ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ʮʠʬʨʦʚʳʭ ʩʠʩʪʝʤ ʥʘ ʦʩʥʦʚʝ ʵʣʝʤʝʥʪʦʚ ʪʨʦʠʯʥʦʡ ʣʦʛʠʢʠ ʩʜʝʨʞʠʚʘʝʪʩʷ 

ʪʘʢʞʝ ʦʪʩʫʪʩʪʚʠʝʤ ʨʘʙʦʪʦʩʧʦʩʦʙʥʳʭ ʤʦʜʝʣʝʡ ʪʘʢʠʭ ʵʣʝʤʝʥʪʦʚ ʚ 

ʨʘʩʧʨʦʩʪʨʘʥʝʥʥʳʭ ʧʦʧʫʣʷʨʥʳʭ ʧʘʢʝʪʘʭ ʉɸʇʈ. 

ʉʦʚʨʝʤʝʥʥʳʡ ʫʨʦʚʝʥʴ ʨʘʟʚʠʪʠʷ ʪʝʭʥʦʣʦʛʠʠ ʧʨʦʠʟʚʦʜʩʪʚʘ 

ʢʦʤʧʣʝʤʝʥʪʘʨʥʳʭ ʄʆʇïʪʨʘʥʟʠʩʪʦʨʦʚ ʢʘʢ ʦʙʝʜʥʝʥʥʦʛʦ, ʪʘʢ ʠ 

ʦʙʦʛʘʱʝʥʥʦʛʦ ʪʠʧʘ ʧʦʟʚʦʣʷʝʪ ʩʦʟʜʘʚʘʪʴ ʚ ʝʜʠʥʦʤ ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʤ 

ʧʨʦʮʝʩʩʝ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʝ ʧʨʠʙʦʨʳ ʩ ʥʝʦʙʭʦʜʠʤʳʤʠ ʟʘʜʘʥʥʳʤʠ 

ʧʘʨʘʤʝʪʨʘʤʠ [11]. ʕʪʦ ʜʘʣʦ ʥʘʤ ʚʦʟʤʦʞʥʦʩʪʴ ʜʝʪʘʣʴʥʦ ʨʘʟʨʘʙʦʪʘʪʴ 

ʘʥʘʣʦʛʦʚʳʝ ʤʦʜʝʣʠ ʪʨʦʠʯʥʳʭ ʣʦʛʠʯʝʩʢʠʭ ʵʣʝʤʝʥʪʦʚ, ʧʦʟʚʦʣʷʶʱʠʝ 

ʦʙʲʝʢʪʠʚʥʦ ʠʩʩʣʝʜʦʚʘʪʴ ʦʩʦʙʝʥʥʦʩʪʠ ʨʘʙʦʪʳ ʨʝʘʣʴʥʳʭ ʫʩʪʨʦʡʩʪʚ ʥʘ ʠʭ 

ʦʩʥʦʚʝ: ʧʨʦʮʝʩʩʳ ʧʝʨʝʢʣʶʯʝʥʠʷ, ʭʘʨʘʢʪʝʨʥʳʝ ʟʘʜʝʨʞʢʠ, ʥʘʛʨʫʟʦʯʥʫʶ 

ʩʧʦʩʦʙʥʦʩʪʴ, ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʣʦʛʠʯʝʩʢʠʭ ʵʣʝʤʝʥʪʦʚ ʠ ʠʭ ʩʣʦʞʥʫʶ 

ʜʠʥʘʤʠʢʫ ʚ ʤʥʦʛʦʵʣʝʤʝʥʪʥʳʭ ʮʠʬʨʦʚʳʭ ʩʭʝʤʘʭ. 

ɺ ʠʭ ʦʩʥʦʚʫ ʙʳʣʠ ʟʘʣʦʞʝʥʳ ʩʧʝʮʠʘʣʴʥʦ ʨʘʟʨʘʙʦʪʘʥʥʳʝ SPICE-

ʤʦʜʝʣʠ ʪʨʘʥʟʠʩʪʦʨʦʚ, ʠʜʝʥʪʠʯʥʳʝ ʨʝʘʣʴʥʳʤ ʄʆʇïʪʨʘʥʟʠʩʪʦʨʘʤ, 

ʧʨʠʤʝʥʷʝʤʳʤ ʚ ʠʥʪʝʛʨʘʣʴʥʳʭ ʩʪʨʫʢʪʫʨʘʭ ʣʦʛʠʯʝʩʢʠʭ ʤʠʢʨʦʩʭʝʤ. 
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ʊʨʦʠʯʥʳʝ ʣʦʛʠʯʝʩʢʠʝ ʵʣʝʤʝʥʪʳ, ʧʦʩʪʨʦʝʥʥʳʝ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʜʘʥʥʳʭ 

ʤʦʜʝʣʝʡ, ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʣʠ ʩʧʦʩʦʙʥʦʩʪʴ ʨʘʙʦʪʘʪʴ ʥʘ ʝʤʢʦʩʪʥʫʶ 

ʥʘʛʨʫʟʢʫ ʚ 10..50 ʧʌ ʙʝʟ ʟʘʤʝʪʥʦʛʦ ʠʩʢʘʞʝʥʠʷ ʬʦʨʤʳ ʚʳʭʦʜʥʦʛʦ ʩʠʛʥʘʣʘ, 

ʦʙʝʩʧʝʯʠʚʘʷ ʧʨʠ ʵʪʦʤ ʚʳʭʦʜʥʦʡ ʪʦʢ ʧʦʨʷʜʢʘ 1 ʤɸ, ʯʪʦ ʩʦʦʪʚʝʪʩʪʚʫʝʪ 

ʩʪʘʥʜʘʨʪʥʳʤ ʧʘʨʘʤʝʪʨʘʤ ʣʦʛʠʯʝʩʢʠʭ ʵʣʝʤʝʥʪʦʚ ʂʄʆʇ ʨʘʩʧʨʦʩʪʨʘʥʝʥʥʳʭ 

ʜʚʦʠʯʥʳʭ ʩʝʨʠʡ. 

ɹʳʣʠ ʨʝʘʣʠʟʦʚʘʥʳ ʩʣʝʜʫʶʱʠʝ ʤʦʜʝʣʠ ʪʨʦʠʯʥʳʭ ʣʦʛʠʯʝʩʢʠʭ 

ʵʣʝʤʝʥʪʦʚ: ʠʥʚʝʨʪʦʨ ʠʣʠ ʬʫʥʢʮʠʷ ʪʨʦʠʯʥʦʛʦ ʦʪʨʠʮʘʥʠʷ, çʀ-ʅɽè (ʚ 

ʧʨʠʚʳʯʥʦʡ ʪʝʨʤʠʥʦʣʦʛʠʠ, ʠʣʠ çINV-MINè ð ʚ ʥʝʫʩʪʦʷʚʰʝʡʩʷ 

ʦʢʦʥʯʘʪʝʣʴʥʦ ʪʝʨʤʠʥʦʣʦʛʠʠ ʪʨʦʠʯʥʦʡ ʣʦʛʠʢʠ), çʀʃʀ-ʅɽè (çINV-MAXè), 

ʵʣʝʤʝʥʪʳ ʮʠʢʣʠʯʝʩʢʦʛʦ ʪʨʦʠʯʥʦʛʦ ʦʪʨʠʮʘʥʠʷ, ʘ ʪʘʢʞʝ ʭʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʠʝ 

ʣʦʛʠʯʝʩʢʠʝ ʬʫʥʢʮʠʠ. ɼʘʥʥʳʡ ʥʘʙʦʨ ʬʫʥʢʮʠʡ ʚ ʪʨʦʠʯʥʦʡ ʣʦʛʠʢʝ ʦʙʨʘʟʫʝʪ 

ʙʘʟʠʩʥʫʶ ʩʠʩʪʝʤʫ, ʦʙʣʘʜʘʶʱʫʶ ʩʚʦʡʩʪʚʦʤ ʧʦʣʥʦʪʳ, ʪʦ ʝʩʪʴ ʠʭ 

ʩʫʧʝʨʧʦʟʠʮʠʷ ʧʦʟʚʦʣʷʝʪ ʧʦʣʫʯʠʪʴ ʣʶʙʫʶ ʜʨʫʛʫʶ ʪʨʦʠʯʥʫʶ ʣʦʛʠʯʝʩʢʫʶ 

ʬʫʥʢʮʠʶ. 

ʅʘ ʨʠʩ. 1 ʧʨʠʚʝʜʝʥʘ ʧʨʠʥʮʠʧʠʘʣʴʥʘʷ ʵʣʝʢʪʨʠʯʝʩʢʘʷ ʩʭʝʤʘ ʵʣʝʤʝʥʪʘ 

çINV-MINè ʠ ʦʩʮʠʣʣʦʛʨʘʤʤʘ ʝʛʦ ʚʳʭʦʜʥʦʛʦ ʩʠʛʥʘʣʘ ʧʨʠ ʚʦʟʜʝʡʩʪʚʠʠ ʥʘ 

ʦʜʠʥ ʠʟ ʚʭʦʜʦʚ ʥʘʧʨʷʞʝʥʠʷ ʩʠʤʤʝʪʨʠʯʥʦʡ ʧʠʣʦʦʙʨʘʟʥʦʡ ʬʦʨʤʳ ʠ ʧʦʜʘʯʝ 

ʣʦʛʠʯʝʩʢʦʡ ʝʜʠʥʠʮʳ ʥʘ ʚʪʦʨʦʡ ʚʭʦʜ. 

 

  

ʈʠʩʫʥʦʢ 1. ʇʨʠʥʮʠʧʠʘʣʴʥʘʷ ʵʣʝʢʪʨʠʯʝʩʢʘʷ ʩʭʝʤʘ ʪʨʦʠʯʥʦʛʦ 

ʣʦʛʠʯʝʩʢʦʛʦ ʵʣʝʤʝʥʪʘ çINV-MINè (ʘ) ʠ ʦʩʮʠʣʣʦʛʨʘʤʤʘ ʝʛʦ 

ʚʳʭʦʜʥʦʛʦ ʩʠʛʥʘʣʘ (ʙ) 

ʅʘ ʦʩʥʦʚʝ ʘʥʘʣʦʛʦʚʳʭ ʤʦʜʝʣʝʡ ʙʳʣʠ ʫʩʧʝʰʥʦ ʨʘʟʨʘʙʦʪʘʥʳ ʪʨʦʠʯʥʳʝ 

ʩʭʝʤʳ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʥʦʡ ʣʦʛʠʢʠ: ʪʨʠʛʛʝʨʳ (ʚ ʪʦʤ ʯʠʩʣʝ ʠ 

ʜʚʫʭʩʪʫʧʝʥʯʘʪʳʝ), ʨʝʛʠʩʪʨʳ, ʩʯʝʪʯʠʢʠ. ʀʩʩʣʝʜʦʚʘʥʳ ʧʝʨʝʭʦʜʥʳʝ ʧʨʦʮʝʩʩʳ 

ʠʭ ʧʝʨʝʢʣʶʯʝʥʠʷ, ʫʩʣʦʚʠʷ ʚʦʟʥʠʢʥʦʚʝʥʠʷ çʠʛʦʣʦʢè ʠ ʣʦʛʠʯʝʩʢʠʭ çʛʦʥʦʢè. 

ɺʳʷʚʣʝʥʳ ʨʝʞʠʤʳ ʫʩʪʦʡʯʠʚʦʡ ʨʘʙʦʪʳ ʠ ʩʧʦʩʦʙʳ ʫʩʪʨʘʥʝʥʠʷ 

ʥʝʞʝʣʘʪʝʣʴʥʳʭ ʩʦʩʪʦʷʥʠʡ. 
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ʅʝʩʤʦʪʨʷ ʥʘ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʘʥʘʣʦʛʦʚʳʭ ʤʦʜʝʣʝʡ ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ 

ʦʙʲʝʢʪʠʚʥʦʛʦ ʦʪʨʘʞʝʥʠʷ ʨʘʙʦʪʳ ʨʝʘʣʴʥʳʭ ʫʩʪʨʦʡʩʪʚ, ʧʨʦʮʝʩʩ ʠʭ 

ʩʠʤʫʣʷʮʠʷ ʚ ʨʝʘʣʴʥʦʤ ʚʨʝʤʝʥʠ ʧʨʝʜʲʷʚʣʷʝʪ ʚʳʩʦʢʠʝ ʪʨʝʙʦʚʘʥʠʷ ʢ 

ʚʳʯʠʩʣʠʪʝʣʴʥʦʡ ʤʦʱʥʦʩʪʠ, ʧʦʩʢʦʣʴʢʫ ʧʨʠ ʨʘʩʯʝʪʝ ʬʦʨʤʠʨʫʝʪʩʷ ʩʣʦʞʥʘʷ 

ʩʠʩʪʝʤʘ ʥʝʣʠʥʝʡʥʳʭ ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʳʭ ʫʨʘʚʥʝʥʠʡ, ʨʝʰʘʝʤʘʷ 

ʯʠʩʣʝʥʥʳʤʠ ʤʝʪʦʜʘʤʠ. ʊʘʢ ʢʘʢ ʦʩʦʙʝʥʥʦʩʪʠ ʧʦʚʝʜʝʥʠʷ ʫʩʪʨʦʡʩʪʚ 

ʪʨʦʠʯʥʦʡ ʣʦʛʠʢʠ ʙʳʣʠ ʥʘʤʠ ʧʦʜʨʦʙʥʦ ʠʩʩʣʝʜʦʚʘʥʳ ʥʘ ʦʩʥʦʚʝ ʘʥʘʣʦʛʦʚʳʭ 

ʤʦʜʝʣʝʡ, ʙʳʣʦ ʧʨʠʥʷʪʦ ʨʝʰʝʥʠʝ ʧʝʨʝʡʪʠ ʢ ʮʠʬʨʦʚʳʤ ʤʦʜʝʣʷʤ, ʢʦʪʦʨʳʝ 

ʧʦʣʥʦʩʪʴʶ ʦʪʨʘʞʘʶʪ ʣʦʛʠʢʫ ʨʘʙʦʪʳ ʪʨʦʠʯʥʳʭ ʵʣʝʤʝʥʪʦʚ, ʦʧʫʩʢʘʷ ʠʟ 

ʨʘʩʩʤʦʪʨʝʥʠʷ ʧʦʜʨʦʙʥʦʩʪʠ ʩʭʝʤʦʪʝʭʥʠʢʠ ʫʩʪʨʦʡʩʪʚ ʠ ʘʥʘʣʦʛʦʚʳʝ 

ʧʝʨʝʭʦʜʥʳʝ ʧʨʦʮʝʩʩʳ ʧʝʨʝʢʣʶʯʝʥʠʷ. 

ɼʣʷ ʩʦʟʜʘʥʠʷ ʮʠʬʨʦʚʳʭ ʤʦʜʝʣʝʡ ʙʳʣ ʚʳʙʨʘʥ ʧʘʢʝʪ ʉɸʇʈ çProteusè 

ʢʦʤʧʘʥʠʠ Labcenter Electronics [12], ʦʪʣʠʯʠʪʝʣʴʥʦʡ ʯʝʨʪʦʡ ʢʦʪʦʨʦʛʦ 

ʷʚʣʷʝʪʩʷ ʚʦʟʤʦʞʥʦʩʪʴ ʨʘʟʨʘʙʦʪʢʠ ʩʦʙʩʪʚʝʥʥʳʭ ʤʦʜʝʣʝʡ ʵʣʝʤʝʥʪʦʚ ʥʘ 

ʫʨʦʚʥʝ ʦʪʢʨʳʪʦʛʦ ʧʨʦʛʨʘʤʤʥʦʛʦ ʠʥʪʝʨʬʝʡʩʘ. ʆʩʥʦʚʦʡ ʮʠʬʨʦʚʳʭ ʤʦʜʝʣʝʡ 

ʚ ʜʘʥʥʦʤ ʧʘʢʝʪʝ ʷʚʣʷʝʪʩʷ ʜʠʥʘʤʠʯʝʩʢʘʷ ʙʠʙʣʠʦʪʝʢʘ, ʦʧʠʩʳʚʘʶʱʘʷ ʣʦʛʠʢʫ 

ʨʘʙʦʪʳ ʩʘʤʦʡ ʤʦʜʝʣʠ, ʨʝʘʣʠʟʫʝʤʦʡ ʧʨʦʛʨʘʤʤʥʦ ʥʘ ʷʟʳʢʝ C++. 

ɼʣʷ ʮʠʬʨʦʚʳʭ ʤʦʜʝʣʝʡ ʪʨʦʠʯʥʳʭ ʵʣʝʤʝʥʪʦʚ, ʨʘʟʨʘʙʦʪʘʥʥʳʭ ʚ 

ʨʘʤʢʘʭ ʜʘʥʥʦʛʦ ʧʘʢʝʪʘ ʉɸʇʈ, ʙʳʣʦ ʥʘʡʜʝʥʦ ʦʨʠʛʠʥʘʣʴʥʦʝ ʠ ʵʣʝʛʘʥʪʥʦʝ 

ʨʝʰʝʥʠʝ ʨʝʘʣʠʟʘʮʠʠ ʥʝʦʧʨʝʜʝʣʝʥʥʦʛʦ ʣʦʛʠʯʝʩʢʦʛʦ ʩʦʩʪʦʷʥʠʷ ð 

ʠʩʧʦʣʴʟʦʚʘʪʴ ʚ ʢʘʯʝʩʪʚʝ ʪʨʦʠʯʥʦʛʦ ʣʦʛʠʯʝʩʢʦʛʦ ç0è ʩʦʩʪʦʷʥʠʝ çʮʠʬʨʦʚʦʡ 

ʢʦʥʬʣʠʢʪè (CON ð contention). ʕʪʦ ʩʦʩʪʦʷʥʠʝ ʪʨʘʢʪʫʝʪʩʷ ʢʘʢ ʩʨʝʜʥʝʝ (Mid 

voltage) ʤʝʞʜʫ ʜʚʦʠʯʥʳʤ ç0è ʠ ʜʚʦʠʯʥʦʡ ç1è, ʢʦʪʦʨʦʝ ʷʜʨʦ ʩʠʤʫʣʷʪʦʨʘ, 

ʪʝʤ ʥʝ ʤʝʥʝʝ, ʫʤʝʝʪ ʨʘʩʧʦʟʥʘʚʘʪʴ ʢʘʢ ʣʦʛʠʯʝʩʢʠʡ ʫʨʦʚʝʥʴ, ʨʘʚʥʦʧʨʘʚʥʳʡ ʩ 

ʪʦʯʢʠ ʟʨʝʥʠʷ ʧʨʦʛʨʘʤʤʳ ʩ ʫʨʦʚʥʷʤʠ ʜʚʦʠʯʥʳʭ ç0è ʠ ç1è. 

ɼʣʷ ʚʳʙʨʘʥʥʦʛʦ ʧʘʢʝʪʘ ʉɸʇʈ ʙʳʣʦ ʨʘʟʨʘʙʦʪʘʥʦ 27 ʮʠʬʨʦʚʳʭ 

ʤʦʜʝʣʝʡ ʪʨʦʠʯʥʳʭ ʣʦʛʠʯʝʩʢʠʭ ʤʠʢʨʦʩʭʝʤ, ʚ ʥʘʟʚʘʥʠʠ ʢʦʪʦʨʳʭ ʪʘʤ, ʛʜʝ ʵʪʦ 

ʙʳʣʦ ʚʦʟʤʦʞʥʦ, ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʧʦʨʷʜʦʢ, ʭʘʨʘʢʪʝʨʥʳʡ ʜʣʷ ʩʫʱʝʩʪʚʫʶʱʠʭ 

ʤʠʢʨʦʩʭʝʤ ʜʚʦʠʯʥʦʡ ʣʦʛʠʢʠ ʩʝʨʠʠ 74HC. ʊʘʢ ʝʩʣʠ 74HC00 ï 4 ʜʚʦʠʯʥʳʭ 

ʵʣʝʤʝʥʪʘ ʪʠʧʘ çʀ-ʅɽè, ʪʦ 30HC00 ï ʝʛʦ ʪʨʦʠʯʥʳʡ ʘʥʘʣʦʛ, ʩʦʜʝʨʞʘʱʠʡ 4 

ʪʨʦʠʯʥʳʭ ʵʣʝʤʝʥʪʘ çINV-MINè. ʇʦʜʦʙʥʘʷ ʤʘʨʢʠʨʦʚʢʘ ʜʦʣʞʥʘ ʧʦʟʚʦʣʠʪʴ 

ʨʘʟʨʘʙʦʪʯʠʢʘʤ, ʥʝʟʥʘʢʦʤʳʤ ʩ ʪʨʦʠʯʥʦʡ ʣʦʛʠʢʦʡ, ʫʚʝʨʝʥʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʚ 

ʩʚʦʠʭ ʢʦʥʩʪʨʫʢʮʠʷʭ ʪʨʦʠʯʥʳʝ ʵʣʝʤʝʥʪʳ, ʠʩʭʦʜʷ ʠʟ ʩʭʦʜʩʪʚʘ ʩ ʠʭ 

ʜʚʦʠʯʥʳʤʠ ʘʥʘʣʦʛʘʤʠ. 

ɸʥʘʣʠʟ ʤʦʜʝʣʠ ʩʫʤʤʘʪʦʨʘ, ʨʘʟʨʘʙʦʪʘʥʥʦʛʦ ʥʘʤʠ ʥʘ ʦʩʥʦʚʝ 

ʘʥʘʣʦʛʦʚʳʭ ʤʦʜʝʣʝʡ ʪʨʦʠʯʥʳʭ ʵʣʝʤʝʥʪʦʚ, ʧʦʢʘʟʘʣ, ʯʪʦ ʨʘʩʯʝʪ ʚ 

ʘʥʘʣʦʛʦʚʦʡ ʬʦʨʤʝ ʩʭʝʤʳ ʧʦʜʦʙʥʦʡ ʩʣʦʞʥʦʩʪʠ, ʩʦʜʝʨʞʘʱʝʡ ʚ 

ʩʦʚʦʢʫʧʥʦʩʪʠ 314 ʪʨʘʥʟʠʩʪʦʨʦʚ, ʥʘʭʦʜʠʪʩʷ ʥʘ ʧʨʝʜʝʣʝ ʚʦʟʤʦʞʥʦʩʪʝʡ 

ʧʘʢʝʪʘ ʉɸʇʈ. ʇʦʵʪʦʤʫ, ʫʯʠʪʳʚʘʷ ʧʦʣʦʞʠʪʝʣʴʥʳʡ ʨʝʟʫʣʴʪʘʪ ʧʨʦʚʝʜʝʥʥʦʛʦ 

ʨʘʩʯʝʪʘ, ʩʭʝʤʫ ʧʦʣʥʦʛʦ ʦʜʥʦʨʘʟʨʷʜʥʦʛʦ ʪʨʦʠʯʥʦʛʦ ʘʨʠʬʤʝʪʠʢʦ-

ʣʦʛʠʯʝʩʢʦʛʦ ʫʩʪʨʦʡʩʪʚʘ (ɸʃʋ) ʙʳʣʦ ʨʝʰʝʥʦ ʨʘʟʨʘʙʦʪʘʪʴ ʥʘ ʦʩʥʦʚʝ 
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ʧʨʝʜʣʦʞʝʥʥʳʭ ʮʠʬʨʦʚʳʭ ʤʦʜʝʣʝʡ. ʊʘʢʦʡ ʧʝʨʝʭʦʜ ʚʧʦʣʥʝ ʢʦʨʨʝʢʪʝʥ ʚ ʩʠʣʫ 

ʪʦʛʦ, ʯʪʦ ɸʃʋ ʷʚʣʷʝʪʩʷ ʫʩʪʨʦʡʩʪʚʦʤ ʢʦʤʙʠʥʘʮʠʦʥʥʦʡ ʣʦʛʠʢʠ, ʘ ʢʘʢʠʭ-

ʣʠʙʦ ʥʝʦʙʳʯʥʳʭ ʦʩʦʙʝʥʥʦʩʪʝʡ ʧʦʚʝʜʝʥʠʷ ʫ ʚʭʦʜʷʱʠʭ ʚ ʝʛʦ ʩʦʩʪʘʚ ʤʦʜʝʣʝʡ 

ʪʨʦʠʯʥʳʭ ʣʦʛʠʯʝʩʢʠʭ ʵʣʝʤʝʥʪʦʚ ʨʘʥʝʝ ʚʳʷʚʣʝʥʦ ʥʝ ʙʳʣʦ. 

ɸʃʋ ʷʚʣʷʝʪʩʷ ʩʝʨʜʮʝʤ ʪʨʦʠʯʥʦʛʦ ʧʨʦʮʝʩʩʦʨʘ ʠ ʧʨʝʜʥʘʟʥʘʯʝʥʦ ʜʣʷ 

ʚʳʧʦʣʥʝʥʠʷ ʘʨʠʬʤʝʪʠʯʝʩʢʠʭ ʠ ʣʦʛʠʯʝʩʢʠʭ ʦʧʝʨʘʮʠʡ ʥʘʜ ʜʘʥʥʳʤʠ ʚ 

ʪʨʦʠʯʥʦʡ ʬʦʨʤʝ. ɺ ʤʦʜʝʣʠ ɸʃʋ ʙʳʣʠ ʨʝʘʣʠʟʦʚʘʥʳ ʩʣʝʜʫʶʱʠʝ ʪʨʦʠʯʥʳʝ 

ʬʫʥʢʮʠʠ: ʦʪʨʠʮʘʥʠʝ çNOTè, ʢʦʥʲʶʥʢʮʠʷ çMINè, ʜʠʟʲʶʥʢʮʠʷ çMAXè, 

ʩʪʨʦʛʘʷ ʜʠʟʲʶʥʢʮʠʷ (ʘʥʘʣʦʛ ʜʚʦʠʯʥʦʛʦ çXORè), ʩʫʤʤʠʨʦʚʘʥʠʝ, ʜʚʘ 

ʮʠʢʣʠʯʝʩʢʠʭ ʦʪʨʠʮʘʥʠʷ (çRotate Upè ʠ çRotate Downè), ʩʫʤʤʠʨʦʚʘʥʠʝ ʧʦ 

ʤʦʜʫʣʶ 3. ʆʪʜʝʣʴʥʘʷ ʩʭʝʤʘ ʬʠʢʩʠʨʦʚʘʣʘ ʧʨʠʟʥʘʢʠ (çʬʣʘʛʠè) ʨʝʟʫʣʴʪʘʪʘ: 

çʟʥʘʢ ʨʝʟʫʣʴʪʘʪʘ ï Signè, çʥʫʣʝʚʦʡ ʨʝʟʫʣʴʪʘʪ ï Zeroè, çʧʝʨʝʥʦʩ ʚ ʩʪʘʨʰʠʡ 

ʨʘʟʨʷʜ ï Carryè. 

ʈʘʟʨʘʙʦʪʘʥʥʦʝ ʫʩʪʨʦʡʩʪʚʦ ʥʘʛʣʷʜʥʦ ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʣʦ 

ʧʨʝʠʤʫʱʝʩʪʚʘ ʪʨʦʠʯʥʦʡ ʩʠʩʪʝʤʳ: ʧʝʨʝʥʦʩ ʚ ʩʪʘʨʰʠʡ ʨʘʟʨʷʜ ʚ ʪʨʦʠʯʥʦʤ 

ʩʫʤʤʘʪʦʨʝ ʧʨʦʠʩʭʦʜʠʪ ʪʦʣʴʢʦ ʚ 8 ʩʣʫʯʘʷʭ ʠʟ 27, ʘ ʥʝ ʚ 4 ʠʟ 8, ʢʘʢ ʚ 

ʜʚʦʠʯʥʦʤ. ʊʘʢʞʝ ʦʥ ʩʧʦʩʦʙʝʥ ʚʳʧʦʣʥʷʪʴ ʦʧʝʨʘʮʠʠ ʩ ʦʪʨʠʮʘʪʝʣʴʥʳʤʠ 

ʯʠʩʣʘʤʠ, ʥʝ ʧʨʠʙʝʛʘʷ ʢ ʜʦʧʦʣʥʠʪʝʣʴʥʦʤʫ ʠʣʠ ʦʙʨʘʪʥʦʤʫ ʢʦʜʠʨʦʚʘʥʠʶ: 

ʦʧʝʨʘʮʠʷ ʚʳʯʠʪʘʥʠʷ ʚʳʧʦʣʥʷʝʪʩʷ ʩʫʤʤʠʨʦʚʘʥʠʝʤ, ʝʩʣʠ ʦʜʠʥ ʠʟ 

ʘʨʛʫʤʝʥʪʦʚ ʧʦʨʘʟʨʷʜʥʦ ʠʥʚʝʨʪʠʨʦʚʘʪʴ. 

ʄʦʜʝʣʴ ʪʨʦʠʯʥʦʛʦ ɸʃʋ ʙʳʣʘ ʧʨʦʪʝʩʪʠʨʦʚʘʥʘ ʥʘ ʤʘʢʝʪʝ ʩ 

ʧʨʠʤʝʥʝʥʠʝʤ ʘʥʘʣʦʛʦʚʳʭ ʤʫʣʴʪʠʧʣʝʢʩʦʨʦʚ ʚ ʢʘʯʝʩʪʚʝ ʵʣʝʤʝʥʪʥʦʡ ʙʘʟʳ, 

ʧʦʩʢʦʣʴʢʫ ʥʘ ʪʨʦʠʯʥʦʤ ʤʫʣʴʪʠʧʣʝʢʩʦʨʝ ç3 ʚ 1è ʚʦʟʤʦʞʥʦ ʨʝʘʣʠʟʦʚʘʪʴ 

ʣʶʙʫʶ ʪʨʦʠʯʥʫʶ ʬʫʥʢʮʠʶ ʦʪ ʦʜʥʦʛʦ ʘʨʛʫʤʝʥʪʘ, ʠʩʧʦʣʴʟʫʷ ʯʝʪʳʨʝ 

ʤʫʣʴʪʠʧʣʝʢʩʦʨʘ ç3 ʚ 1è ʤʦʞʥʦ ʨʝʘʣʠʟʦʚʘʪʴ ʣʶʙʫʶ ʪʨʦʠʯʥʫʶ ʬʫʥʢʮʠʶ ʦʪ 

ʜʚʫʭ ʘʨʛʫʤʝʥʪʦʚ. 

ʊʝʩʪʠʨʦʚʘʥʠʝ ʜʝʡʩʪʚʫʶʱʝʛʦ ʤʘʢʝʪʘ ʪʨʦʠʯʥʦʛʦ ɸʃʋ 

ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʣʦ ʝʛʦ ʧʦʣʥʦʝ ʩʦʦʪʚʝʪʩʪʚʠʝ ʩʚʦʝʡ ʮʠʬʨʦʚʦʡ ʤʦʜʝʣʠ. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʨʝʟʫʣʴʪʘʪʳ ʧʨʦʜʝʣʘʥʥʦʡ ʨʘʙʦʪʳ ʧʦʟʚʦʣʠʣʠ ʥʝ 

ʪʦʣʴʢʦ ʧʨʘʢʪʠʯʝʩʢʠ ʫʙʝʜʠʪʴʩʷ ʚ ʢʦʨʨʝʢʪʥʦʩʪʠ ʠ ʵʬʬʝʢʪʠʚʥʦʩʪʠ 

ʨʘʟʨʘʙʦʪʘʥʥʳʭ ʤʦʜʝʣʝʡ ʪʨʦʠʯʥʳʭ ʣʦʛʠʯʝʩʢʠʭ ʵʣʝʤʝʥʪʦʚ, ʥʦ ʠ ʩʦʟʜʘʪʴ ʥʘ 

ʠʭ ʦʩʥʦʚʝ ʮʝʥʪʨʘʣʴʥʳʡ ʙʣʦʢ ʪʨʦʠʯʥʦʛʦ ʧʨʦʮʝʩʩʦʨʘ ð ʘʨʠʬʤʝʪʠʢʦ-

ʣʦʛʠʯʝʩʢʦʝ ʫʩʪʨʦʡʩʪʚʦ. 
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ʉʘʨʘʪʦʚʩʢʠʡ ʥʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ 

ʫʥʠʚʝʨʩʠʪʝʪ ʠʤʝʥʠ ʅ.ɻ. ʏʝʨʥʳʰʝʚʩʢʦʛʦ 

E-mail semicond@yandex.ru 

 
ʈʘʟʨʘʙʦʪʘʥʘ ʢʦʣʦʜʢʘ ʜʣʷ ʢʦʥʪʨʦʣʷ ʢʘʯʝʩʪʚʘ, ʨʘʟʨʘʙʦʪʢʠ ʧʨʦʰʠʚʢʠ, ʘ ʪʘʢʞʝ 

ʫʧʨʦʱʝʥʠʷ ʪʝʩʪʠʨʦʚʘʥʠʷ ʠ ʩʦʢʨʘʱʝʥʠʷ ʟʘʪʨʘʪ ʚʨʝʤʝʥʠ ʥʘ ʧʨʦʛʨʘʤʤʠʨʦʚʘʥʠʝ 

ʫʩʪʨʦʡʩʪʚʘ ʛʝʦʧʦʟʠʮʠʦʥʠʨʦʚʘʥʠʷ, ʠʩʧʦʣʴʟʫʶʱʝʛʦ ʪʝʭʥʦʣʦʛʠʶ LoRaWAN. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʉɺʏ ʠʟʣʫʯʝʥʠʝ, ʛʝʦʧʦʟʠʮʠʦʥʠʨʦʚʘʥʠʝ. 

 

ʂʦʣʝʙʘʪʝʣʴʥʳʤ ʠ ʚʦʣʥʦʚʳʤ ʧʨʦʮʝʩʩʘʤ ʫʞʝ ʜʦʩʪʘʪʦʯʥʦ ʜʘʚʥʦ 

ʫʜʝʣʷʝʪʩʷ ʚʥʠʤʘʥʠʝ ʧʨʠ ʧʦʜʛʦʪʦʚʢʝ ʩʪʫʜʝʥʪʦʚ ʚ ʉʘʨʘʪʦʚʩʢʦʤ 

ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʤ ʫʥʠʚʝʨʩʠʪʝʪʝ ʠʤʝʥʠ ʅ.ɻ. ʏʝʨʥʳʰʝʚʩʢʦʛʦ (ʉɻʋ) ʥʘ 

ʧʨʘʢʪʠʯʝʩʢʠʭ ʠ ʣʘʙʦʨʘʪʦʨʥʳʭ ʟʘʥʷʪʠʷʭ ʧʦ ʬʠʟʠʢʝ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚ ʠ 

ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʭ ʧʨʠʙʦʨʦʚ [1ï7] ʠʣʠ ʚ ʩʦʚʨʝʤʝʥʥʦʤ ʧʨʦʯʪʝʥʠʠ ï ʧʦ 

ʬʠʟʠʯʝʩʢʠʤ ʦʩʥʦʚʘʤ ʪʚʝʨʜʦʪʝʣʴʥʦʡ ʵʣʝʢʪʨʦʥʠʢʠ [8ï10].  

ʎʝʣʴʶ ʜʘʥʥʦʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ ʙʳʣʦ ʩʦʟʜʘʥʠʝ ʜʣʷ ʫʩʪʨʦʡʩʪʚʘ 

ʛʝʦʧʦʟʠʮʠʦʥʠʨʦʚʘʥʠʷ [11ï14] ʢʦʣʦʜʢʠ ʜʣʷ ʨʘʟʚʠʪʠʷ ʫʩʪʨʦʡʩʪʚʘ ʚ 

ʧʝʨʩʧʝʢʪʠʚʝ ʠ ʠʟʛʦʪʦʚʣʝʥʠʷ ʧʨʦʜʫʢʪʘ ʚ ʤʝʣʢʦʩʝʨʠʡʥʦʤ ʧʨʦʠʟʚʦʜʩʪʚʝ. 

ɼʣʷ ʢʦʥʪʨʦʣʷ ʢʘʯʝʩʪʚʘ ʫʩʪʨʦʡʩʪʚʘ, ʨʘʟʨʘʙʦʪʢʠ ʧʨʦʰʠʚʢʠ, ʫʧʨʦʱʝʥʠʷ 

ʪʝʩʪʠʨʦʚʘʥʠʷ ʠ ʩʦʢʨʘʱʝʥʠʷ ʟʘʪʨʘʪ ʚʨʝʤʝʥʠ ʥʘ ʧʨʦʛʨʘʤʤʠʨʦʚʘʥʠʝ ʙʳʣʘ 

ʨʘʟʨʘʙʦʪʘʥʘ ʜʦʧʦʣʥʠʪʝʣʴʥʘʷ ʧʣʘʪʘ ʩ ʢʦʨʧʫʩʦʤ ʜʣʷ ʟʘʢʨʝʧʣʝʥʠʷ ʦʩʥʦʚʥʦʡ 

ʧʣʘʪʳ ʫʩʪʨʦʡʩʪʚʘ (ʨʠʩ. 1). 
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ʈʠʩʫʥʦʢ 1. ʆʩʥʦʚʥʘʷ ʧʣʘʪʘ ʫʩʪʨʦʡʩʪʚʘ ʛʝʦʧʦʟʠʮʠʦʥʠʨʦʚʘʥʠʷ 

 

ʆʩʥʦʚʥʘʷ ʩʣʦʞʥʦʩʪʴ ʚʦʟʥʠʢʣʘ ʧʨʠ ʚʳʙʦʨʝ ʢʦʥʪʘʢʪʦʚ ʜʣʷ ʧʨʦʰʠʚʢʠ: 

ʩʠʩʪʝʤʘ ʢʨʝʧʣʝʥʠʷ ʜʦʣʞʥʘ ʙʳʣʘ ʦʙʝʩʧʝʯʠʪ ɹ ʥʘʜʸʞʥʳʡ ʢʦʥʪʘʢʪ ʤʝʞʜʫ 

ʧʨʦʛʨʘʤʤʘʪʦʨʦʤ, ʢʦʤʧʦʥʝʥʪʘʤʠ ʜʣʷ ʪʝʩʪʠʨʦʚʘʥʠʷ, ʘʢʢʫʤʫʣʷʪʦʨʦʤ ʠ ʩʘʤʦʡ 

ʧʣʘʪʦʡ. ɹʳʣʦ ʨʝʰʝʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʧʦʜʧʨʫʞʠʥʝʥʥʳʡ ʢʦʥʪʘʢʪ (ʨʠʩ. 2).  

 
ʈʠʩʫʥʦʢ. 2. ʇʦʜʧʨʫʞʠʥʝʥʥʳʡ ʢʦʥʪʘʢʪ 

 

ʈʘʟʨʘʙʦʪʘʥʘ ʢʦʥʮʝʧʮʠʷ ʧʣʘʪʳ ʜʣʷ ʢʦʣʦʜʢʠ ʩ USB-TTL ʢʦʥʚʝʨʪʦʨʦʤ 

ʠ ʢʥʦʧʢʦʡ ʧʝʨʝʢʣʶʯʝʥʠʷ ʨʝʞʠʤʦʚ ʨʘʙʦʪʳ ʠ ʧʨʦʰʠʚʢʠ (ʨʠʩ. 3).  

 

 
ʈʠʩʫʥʦʢ  3. ɹʣʦʢ ʩʭʝʤʘ ʢʦʣʦʜʢʠ 
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ɺ ʩʠʩʪʝʤʝ ʧʨʦʝʢʪʠʨʦʚʘʥʠʷ ʧʝʯʘʪʥʳʭ ʧʣʘʪ çAltium designerè ʙʳʣʘ 

ʩʧʨʦʝʢʪʠʨʦʚʘʥʘ ʠ ʚʳʧʦʣʥʝʥʘ ʪʨʘʩʩʠʨʦʚʢʘ ʧʣʘʪʳ ʜʣʷ ʢʦʣʦʜʢʠ (ʨʠʩ. 4, ʘ), ʥʘ 

ʦʩʥʦʚʝ ʢʦʪʦʨʦʡ ʙʳʣʘ ʩʦʟʜʘʥʘ 3D ʤʦʜʝʣʴ ʢʦʨʧʫʩʘ ʜʣʷ ʧʨʦʰʠʚʢʠ (ʨʠʩ. 4, ʙ). 

 

    
ʈʠʩʫʥʦʢ  4. ʊʨʘʩʩʠʨʦʚʢʘ ʧʣʘʪʳ (ʘ) ʠ ʢʦʨʧʫʩ ʜʣʷ ʧʨʦʰʠʚʢʠ (ʙ) 

 

ɺ ʨʝʟʫʣʴʪʘʪʝ ʙʳʣʦ ʠʟʛʦʪʦʚʣʝʥʦ ʫʩʪʨʦʡʩʪʚʦ, ʧʦʟʚʦʣʷʶʱʠʝ ʧʨʦʚʦʜʠʪʴ 

ʧʨʦʰʠʚʢʫ ʧʣʘʪʳ ʜʣʷ ʫʩʪʨʦʡʩʪʚʘ ʛʝʦʧʦʟʠʮʠʦʥʠʨʦʚʘʥʠʷ (ʨʠʩ. 5). 

 

 
 

ʈʠʩʫʥʦʢ  5. ʂʦʣʦʜʢʘ ʚ ʩʙʦʨʝ 

 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ ʧʦʜʜʝʨʞʢʝ ʈʌʌʀ (ʧʨʦʝʢʪ ˉ 11-
07-00233). 
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ʊʋʅʅɽʃʀʈʆɺɸʅʀʗ ʅɸ ʄʅʆɻʆʗʄʅʓʍ ɹɸʈʔɽʈʅʓʍ 

ʇʆʊɽʅʎʀɸʃɸʍ 

 
ʄ. ɺ. ɼʘʚʠʜʦʚʠʯ

1
, ʆ. ɽ. ɻʣʫʭʦʚʘ

1,2
, ʀ. ʉ. ʅʝʬʝʜʦʚ

1
, ʄ. ʄ. ʉʣʝʧʯʝʥʢʦʚ

1
 

1
ʉʘʨʘʪʦʚʩʢʠʡ ʥʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ 

ʠʤ. ʅ.ɻ. ʏʝʨʥʳʰʝʚʩʢʦʛʦ 
2
ʇʝʨʚʳʡ ʄʦʩʢʦʚʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʤʝʜʠʮʠʥʩʢʠʡ  

ʫʥʠʚʝʨʩʠʪʝʪ ʠʤ. ʀ.ʄ. ʉʝʯʝʥʦʚʘ 

 
ʈʘʩʩʤʦʪʨʝʥʳ ʦʩʦʙʝʥʥʦʩʪʠ ʦʜʥʦʤʝʨʥʦʛʦ ʪʫʥʥʝʣʠʨʦʚʘʥʠʷ ʠ ʚʳʯʠʩʣʝʥʠʷ 

ʪʫʥʥʝʣʴʥʦʛʦ ʪʦʢʘ ʚ ʙʘʨʴʝʨʥʳʭ ʢʚʘʥʪʦʚʳʭ ʩʪʨʫʢʪʫʨʘʭ ʩ ʦʜʥʦʡ ʠ ʜʚʫʤʷ ʧʦʪʝʥʮʠʘʣʴʥʳʤʠ 

ʷʤʘʤʠ. ɼʚʫʭʷʤʥʘʷ ʩʪʨʫʢʪʫʨʘ ʩ ʜʚʦʡʥʦʡ ʩʝʪʢʦʡ ʧʦʟʚʦʣʷʝʪ ʧʦʣʫʯʘʪʴ ʧʦʣʥʦʝ ʨʝʟʦʥʘʥʩʥʦʝ 

ʪʫʥʥʝʣʠʨʦʚʘʥʠʝ ʠ ʥʘ ʧʦʨʷʜʢʠ ʫʚʝʣʠʯʠʪʴ ʪʫʥʥʝʣʴʥʳʡ ʪʦʢ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʨʝʟʦʥʘʥʩʥʦʝ ʪʫʥʥʝʣʠʨʦʚʘʥʠʝ, ʫʨʘʚʥʝʥʠʝ ʐʨʝʜʠʥʛʝʨʘ 

 

ʆʜʥʦʷʤʥʳʝ ʙʘʨʴʝʨʥʳʝ ʧʦʪʝʥʮʠʘʣʳ ʨʠʩ. 1 ʚʦʟʥʠʢʘʶʪ ʚ ʨʷʜʝ 

ʦʜʥʦʤʝʨʥʳʭ ʟʘʜʘʯ ʢʚʘʥʪʦʚʦʛʦ ʪʫʥʥʝʣʠʨʦʚʘʥʠʷ, ʜʠʬʨʘʢʮʠʠ ʧʣʦʩʢʠʭ 

ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʳʭ ʚʦʣʥ ʥʘ ʩʣʦʠʩʪʳʭ ʩʪʨʫʢʪʫʨʘʭ, ʚ ʤʦʜʝʣʷʭ ʨʝʟʦʥʘʥʩʥʦ-

ʪʫʥʥʝʣʴʥʳʭ ʜʠʦʜʦʚ [1 3], ʪʨʘʥʟʠʩʪʦʨʦʚ ʠ ʢʚʘʥʪʦʚʦ-ʢʘʩʢʘʜʥʳʭ ʣʘʟʝʨʦʚ. 

ɺʘʢʫʫʤʥʳʝ ʪʫʥʥʝʣʴʥʳʝ ʥʘʥʦʪʨʠʦʜʳ ʷʚʣʷʶʪʩʷ ʠʥʪʝʨʝʩʥʳʤʠ ʦʙʲʝʢʪʘʤʠ 

ʠʩʩʣʝʜʦʚʘʥʠʷ ʜʣʷ ʚʘʢʫʫʤʥʦʡ ʤʠʢʨʦʵʣʝʢʪʨʦʥʠʢʠ [4], ʧʦʩʢʦʣʴʢʫ ʥʝ ʪʨʝʙʫʶʪ 

ʜʣʷ ʨʘʙʦʪʳ ʥʘʢʘʣʘ, ʘ ʵʤʠʩʩʠʦʥʥʘʷ ʩʪʨʫʢʪʫʨʘ ʤʦʞʝʪ ʙʳʪʴ ʚʝʩʴʤʘ ʢʦʤʧʘʢʪʥʦʡ 

ʠ ʧʨʠ ʵʪʦʤ ʩʦʟʜʘʚʘʪʴ ʚʝʩʴʤʘ ʙʦʣʴʰʠʝ ʥʝʦʙʭʦʜʠʤʳʝ ʜʣʷ ʨʘʙʦʪʳ ʧʨʠʙʦʨʦʚ 

ʪʦʢʠ. ʇʨʠ ʧʨʦʣʝʪʥʦʡ ʜʣʠʥʝ ʜʦ ʩʦʪʝʥ ʥʤ (ʩʫʱʝʩʪʚʝʥʥʦ ʤʝʥʴʰʝʡ ʜʣʠʥʳ 

ʩʚʦʙʦʜʥʦʛʦ ʧʨʦʙʝʛʘ ʵʣʝʢʪʨʦʥʦʚ ʚ ʚʦʟʜʫʭʝ) ʠ ʥʘʧʨʷʞʝʥʠʷʭ ʧʦʨʷʜʢʘ 10 20 ɺ 

ʦʥʠ ʤʦʛʫʪ ʨʘʙʦʪʘʪʴ ʢʘʢ ʘʢʪʠʚʥʳʝ ʊɻʮ ʫʩʪʨʦʡʩʪʚʘ ʙʝʟ ʚʘʢʫʫʤʘ. ɺʘʢʫʫʤʥʳʝ 

ʘʚʪʦʵʤʠʩʩʠʦʥʥʳʝ ʠʩʪʦʯʥʠʢʠ ʙʝʟ ʩʝʪʦʢ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʙʦʣʴʰʦʡ ʧʣʦʪʥʦʩʪʠ 

ʪʦʢʘ ʪʨʝʙʫʶʪ ʚʝʩʴʤʘ ʙʦʣʴʰʠʭ ʧʦʣʝʡ (ʩʫʱʝʩʪʚʝʥʥʦ ʙʦʣʴʰʝ ʚʝʣʠʯʠʥʳ 10
10

 

ɺ/ʤ). ʇʨʠ ʪʘʢʠʭ ʧʦʣʷʭ ʠʤʝʝʪ ʤʝʩʪʦ ʨʘʟʦʛʨʝʚ ʢʘʪʦʜʘ, ʦʙʨʘʪʥʘʷ ʙʦʤʙʘʨʜʠʨʦʚʢʘ, 

ʚʟʨʳʚʥʘʷ ʵʤʠʩʩʠʷ, ʩʠʣʴʥʦʝ ʧʦʥʜʝʨʦʤʦʪʦʨʥʦʝ ʚʦʟʜʝʡʩʪʚʠʝ ʥʘ ʧʦʚʝʨʭʥʦʩʪʴ 

[5,6]. ʇʨʠ ʵʪʦʤ ʢʦʵʬʬʠʮʠʝʥʪ ʧʨʦʟʨʘʯʥʦʩʪʠ ( )kD E+  ʚʩʝ ʝʱʝ ʩʫʱʝʩʪʚʝʥʥʦ 

ʤʝʥʴʰʝ ʝʜʠʥʠʮʳ, ʘ ʠʥʪʝʛʨʘʣʴʥʘʷ ʧʣʦʪʥʦʩʪʴ ʪʦʢʘ ʩʫʱʝʩʪʚʝʥʥʦ ʤʝʥʴʰʝ 

ʧʨʝʜʝʣʴʥʦ ʜʦʩʪʠʞʠʤʳʭ ʟʥʘʯʝʥʠʡ ʧʦʨʷʜʢʘ J~10
15

 ɸ/ʤ
2
 [5,6] (ʜʣʷ ʚʘʢʫʫʤʥʦʛʦ 

ʪʫʥʥʝʣʠʨʦʚʘʥʠʷ ʠʟ ʤʝʪʘʣʣʦʚ). ʈʝʟʦʥʘʥʩʥʦʝ ʪʫʥʥʝʣʠʨʦʚʘʥʠʝ (ʈʊ) ʧʦʟʚʦʣʷʝʪ 

ʧʦʣʫʯʠʪʴ ʟʥʘʯʝʥʠʷ ( )1E =+

kD  ʧʨʠ ʥʝʢʦʪʦʨʳʭ ʢʠʥʝʪʠʯʝʩʢʠʭ ʵʥʝʨʛʠʷʭ kE  

ʥʘʙʝʛʘʶʱʠʭ ʥʘ ʙʘʨʴʝʨ ʵʣʝʢʪʨʦʥʦʚ [1 3,7] ʠ ʪʝʤ ʩʘʤʳʤ ʧʨʠʙʣʠʟʠʪʴʩʷ ʢ 

ʧʨʝʜʝʣʴʥʦ ʜʦʩʪʠʞʠʤʦʡ ʧʣʦʪʥʦʩʪʠ ʪʦʢʘ ʧʨʠ ʟʥʘʯʝʥʠʷʭ ʥʦʨʤʘʣʴʥʦʡ 

ʢʦʤʧʦʥʝʥʪʳ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ 1010<xE  ɺ/ʤ [5,7]. ɸʥʘʣʠʟ ʪʫʥʥʝʣʠʨʦʚʘʥʠʷ 

ʯʝʨʝʟ ʙʘʨʴʝʨʥʳʝ ʧʨʦʬʠʣʠ ʢʚʘʥʪʦʚʦʛʦ ʧʦʪʝʥʮʠʘʣʘ ()xV  ʚʘʞʝʥ ʜʣʷ ʩʦʟʜʘʥʠʷ 

ʩʠʣʴʥʦʪʦʯʥʳʭ ʘʚʪʦʵʤʠʩʩʠʦʥʥʳʭ ʠʩʪʦʯʥʠʢʦʚ ʩ ʪʷʥʫʱʝʡ ʩʝʪʢʦʡ. 
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ʈʠʩʫʥʦʢ  1. ʄʦʜʝʣʴʥʳʡ ʚʠʜ ʦʜʥʦʷʤʥʦʛʦ ʙʘʨʴʝʨʥʦʛʦ ʧʦʪʝʥʮʠʘʣʘ ʚ ʚʘʢʫʫʤʥʦʤ 

ʥʘʥʦʪʨʠʦʜʝ 

 

ɺ ʦʜʥʦʤʝʨʥʦʤ ʩʣʫʯʘʝ ʚ ʘʚʪʦʵʤʠʩʩʠʦʥʥʦʡ ʵʣʝʢʪʨʦʥʠʢʝ ʨʝʰʘʝʪʩʷ 

ʩʪʘʮʠʦʥʘʨʥʦʝ ʫʨʘʚʥʝʥʠʝ ʐʨʝʜʠʥʛʝʨʘ (ʋʐ) ()( )() 022 =-+µ- xExV kx ym> , ʚ 

ʢʦʪʦʨʦʤ em2=m , em   ʤʘʩʩʘ ʵʣʝʢʪʨʦʥʘ, ()( )xVkp kxx -==µ= EĔ m>>   ʝʛʦ 

ʠʤʧʫʣʴʩ, ʘ ʚʦʣʥʦʚʘʷ ʬʫʥʢʮʠʷ ʧʨʝʜʩʪʘʚʣʷʝʪʩʷ ʩʫʧʝʨʧʦʟʠʮʠʝʡ ʧʣʦʩʢʠʭ ʚʦʣʥ 

() ( )ikxax °= expy  [1 13]. ʅʝʦʜʥʦʨʦʜʥʳʡ ʧʦʪʝʥʮʠʘʣ ʧʨʠʚʦʜʠʪ ʢ ʥʘʣʠʯʠʶ 

ʚʦʣʥ ʦʙʦʠʭ ʥʘʧʨʘʚʣʝʥʠʡ ʚ ʢʘʞʜʦʡ ʪʦʯʢʝ, ʧʨʠ ʵʪʦʤ ʚ ʦʙʣʘʩʪʠ ʙʘʨʴʝʨʦʚ 

()xVk <E  ʠʤʧʫʣʴʩ ʩʪʘʥʦʚʠʪʩʷ ʤʥʠʤʳʤ. ɺ ʧʦʪʝʥʮʠʘʣʴʥʦʤ ʧʦʣʝ ʤʦʞʥʦ 

ʚʚʝʩʪʠ ʩʠʣʫ () () () ()xUexeExVxF xxx µ=-=-µ= , ʛʜʝ () ()exVxU /-=   

ʵʣʝʢʪʨʦʩʪʘʪʠʯʝʩʢʠʡ ʧʦʪʝʥʮʠʘʣ, 19106022.1 -Ö=e  ʂ  ʟʘʨʷʜ ʵʣʝʢʪʨʦʥʘ. ʇʨʠ 

ʚʘʢʫʫʤʥʦʤ ʪʫʥʥʝʣʠʨʦʚʘʥʠʠ ʧʦʪʝʥʮʠʘʣʴʥʳʡ ʙʘʨʴʝʨ ʠ ʵʣʝʢʪʨʦʩʪʘʪʠʯʝʩʢʠʡ 

ʧʦʪʝʥʮʠʘʣ ʦʧʨʝʜʝʣʷʶʪʩʷ ʤʝʪʦʜʦʤ ʤʥʦʛʦʢʨʘʪʥʳʭ ʠʟʦʙʨʘʞʝʥʠʡ 

ʦʪʥʦʩʠʪʝʣʴʥʦ ʧʦʚʝʨʭʥʦʩʪʝʡ ʵʣʝʢʪʨʦʜʦʚ [8 10]. ʋʯʝʪ ʧʦʪʝʥʮʠʘʣʘ 

ʵʣʝʢʪʨʦʥʥʦʛʦ ʧʫʯʢʘ ʢʘʢ ʨʝʰʝʥʠʝ ʫʨʘʚʥʝʥʠʷ ʇʫʘʩʩʦʥʘ ʧʨʠʚʦʜʠʪ ʢ 

ʠʟʤʝʥʝʥʠʶ ()xV . ʊʘʢʦʝ ʨʝʰʝʥʠʝ ʮʝʣʝʩʦʦʙʨʘʟʥʦ ʧʨʠ ʙʦʣʴʰʦʡ ʧʣʦʪʥʦʩʪʠ 

ʧʫʯʢʘ. ʇʨʠʤʝʨ ʪʦʯʥʦʛʦ ʚʳʯʠʩʣʝʥʠʷ ʧʨʦʬʠʣʷ ʙʘʨʴʝʨʦʚ ʤʝʪʦʜʦʤ 

ʠʟʦʙʨʘʞʝʥʠʡ ʜʘʥ ʥʘ ʨʠʩ. 2. ʉʪʨʦʛʦʝ ʨʝʰʝʥʠʝ ʋʐ ʧʦʣʫʯʘʝʤ ʤʝʪʦʜʦʤ 

ʤʘʪʨʠʮ ʧʝʨʝʜʘʯʠ (ʧʝʨʝʥʦʩʘ). ʇʨʦʬʠʣʴ ʙʘʨʴʝʨʘ ʙʣʠʟʦʢ ʢ ʪʨʘʧʝʮʝʠʜʘʣʴʥʦʤʫ 

ʩ ʪʨʘʧʝʮʠʝʡ ʚ ʚʠʜʝ ʪʨʝʫʛʦʣʴʥʠʢʘ ʥʘ ʧʨʷʤʦʫʛʦʣʴʥʦʤ ʦʩʥʦʚʘʥʠʠ. 
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ʋʚʝʣʠʯʝʥʠʝ ʥʘʧʨʷʞʝʥʠʡ ʥʘ ʵʣʝʢʪʨʦʜʘʭ ʚʩʝ ʙʦʣʝʝ ʧʨʠʙʣʠʞʘʝʪ ʧʨʦʬʠʣʠ 

ʙʘʨʴʝʨʦʚ ʢ ʪʨʝʫʛʦʣʴʥʳʤ. ɼʣʷ ʘʥʘʣʠʪʠʯʝʩʢʦʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ ʟʘʤʝʥʠʤ 

ʩʣʦʞʥʳʝ ʙʘʨʴʝʨʳ ʧʨʷʤʦʫʛʦʣʴʥʳʤʠ, ʧʦʜʙʠʨʘʷ ʠʭ ʚʳʩʦʪʫ ʪʘʢ, ʯʪʦʙʳ 

ʩʦʭʨʘʥʷʣʘʩʴ ʧʣʦʱʘʜʴ. ʇʨʠ ʪʫʥʥʝʣʠʨʦʚʘʥʠʠ ʦʜʥʦʡ ʯʘʩʪʠʮʳ ʫʜʦʙʥʘ 

ʥʦʨʤʠʨʦʚʢʘ ʚʦʣʥʦʚʦʡ ʬʫʥʢʮʠʠ ʥʘ ʜʝʣʴʪʘ-ʬʫʥʢʮʠʶ [11,13]. ɺ ʟʘʜʘʯʘʭ ʞʝ 

ʵʤʠʩʩʠʦʥʥʦʡ ʵʣʝʢʪʨʦʥʠʢʠ ʦʙʳʯʥʦ ʠʤʝʝʪʩʷ ʧʘʜʘʶʱʠʡ ʧʦʪʦʢ ʯʘʩʪʠʮ, 

ʦʧʠʩʳʚʘʝʤʳʡ ʚʦʣʥʦʚʦʡ ʬʫʥʢʮʠʝʡ () () ( )xikxax 0exp=+y , ʧʦʵʪʦʤʫ ʤʦʞʥʦ 

ʚʚʝʩʪʠ ʧʣʦʪʥʦʩʪʴ ʪʦʢʘ ()xJ+  ʯʝʨʝʟ ʧʣʦʪʥʦʩʪʴ ʧʦʪʦʢʘ ʚʝʨʦʷʪʥʦʩʪʠ [1 3]. ɺʥʝ 

ʙʘʨʴʝʨʥʦʡ ʩʪʨʫʢʪʫʨʳ () 0=xV , >/0 kEk m= , constaa == 0 , ʠ ʫʜʦʙʥʘ 

ʥʦʨʤʠʨʦʚʢʘ ʥʘ ʧʘʜʘʶʱʠʡ ʧʦʪʦʢ ʩ ʝʜʠʥʠʯʥʦʡ ʧʣʦʪʥʦʩʪʴʶ ʯʘʩʪʠʮ 

() () 12

0

2

=== ++ axx yr , 0<x  [1 3,8 12]. ʇʦʩʢʦʣʴʢʫ ʦʪ ʩʪʨʫʢʪʫʨʳ ʝʩʪʴ 

ʦʪʨʘʞʝʥʥʘʷ ʚʦʣʥʘ, ʧʦʣʥʘʷ ʧʣʦʪʥʦʩʪʴ ʩʣʝʚʘ ʦʪ ʙʘʨʴʝʨʘ 

() ( ) ( ) ( )RxkRRxikRxikx jr -++=-+= 0

22

00 2cos21expexp . ɿʜʝʩʴ ʚʚʝʜʝʥʳ ʬʘʟʘ Rj  

ʠ ʤʦʜʫʣʴ R  ʢʦʵʬʬʠʮʠʝʥʪʘ ʦʪʨʘʞʝʥʠʷ. ʇʨʠ ʈʊ ʚʦʟʤʦʞʝʥ ʥʫʣʝʚʦʡ 

ʢʦʵʬʬʠʮʠʝʥʪ ʦʪʨʘʞʝʥʠʷ R. ʅʘʣʠʯʠʝ ʙʦʣʴʰʦʡ ʧʣʦʪʥʦʩʪʠ ʵʣʝʢʪʨʦʥʦʚ ʚ 

ʦʙʣʘʩʪʠ ʩʪʨʫʢʪʫʨʳ ʪʨʝʙʫʝʪ ʨʝʰʝʥʠʷ ʪʘʤ ʫʨʘʚʥʝʥʠʷ ʇʫʘʩʩʦʥʘ 

() () 0

2 /erxexx =Fµ . ʈʝʟʫʣʴʪʘʪ ʨʝʰʝʥʠʷ ʩʣʝʜʫʝʪ ʥʘʣʘʛʘʪʴ ʥʘ ʵʣʝʢʪʨʠʯʝʩʢʠʡ 

ʧʦʪʝʥʮʠʘʣ: () () ()xxUxU F+=
~

. 

ɿʘʤʝʪʠʤ, ʯʪʦ ʋʐ ʝʩʪʴ, ʧʦ ʩʫʪʠ, ʫʨʘʚʥʝʥʠʝ ɻʝʣʴʤʛʦʣʴʮʘ, ʠ ʢʚʘʥʪʦʚʦʝ 

ʪʫʥʥʝʣʠʨʦʚʘʥʠʝ ʵʢʚʠʚʘʣʝʥʪʥʦ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʤʫ ʨʘʩʩʝʷʥʠʶ ʧʣʦʩʢʦʡ 

ʚʦʣʥʳ ʥʘ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʝ ʩ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʴʶ 

(ɼʇ) () () kxVx E/1-=e  [12]. ʉʣʫʯʘʡ 0=V  ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʜʚʠʞʝʥʠʶ ʚʦʣʥʳ ʩ 

ʯʘʩʪʦʪʦʡ >/Ek=w  ʚ ʚʘʢʫʫʤʝ. ʉʣʫʯʘʡ ()xVk <E  (ʨʘʩʩʝʷʥʠʝ ʥʘ ʷʤʝ ʠʣʠ ʥʘʜ 

ʙʘʨʴʝʨʦʤ) ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʜʚʠʞʝʥʠʶ ʯʝʨʝʟ ʙʝʩʩʪʦʣʢʥʦʚʠʪʝʣʴʥʫʶ ʧʣʘʟʤʫ ʩ 

() 0<xe  ʧʨʠ pww< , ʘ ʩʣʫʯʘʡ ()xVk >E   ʜʚʠʞʝʥʠʶ ʯʝʨʝʟ ʩʣʦʡ ʜʠʵʣʝʢʪʨʠʢʘ 

() 0>xe . ʇʫʩʪʴ  ʙʘʨʴʝʨ ʩʠʤʤʝʪʨʠʯʥʳʡ ʨʠʩ. 1, a. ʊʫʥʥʝʣʠʨʦʚʘʥʠʷ ʩ ʢʘʪʦʜʘ ʠ 

ʘʥʦʜʘ ʦʜʠʥʘʢʦʚʳ, ʧʦʵʪʦʤʫ ʧʦʣʥʳʡ ʪʦʢ ʨʘʚʝʥ ʥʫʣʶ. ʊʦʢ ʩ ʢʘʪʦʜʘ ʚʦʟʥʠʢʘʝʪ 

ʧʨʠ ʧʦʣʦʞʠʪʝʣʴʥʦʤ ʥʘʧʨʷʞʝʥʠʠ eVU aa /-=  ʥʘ ʘʥʦʜʝ ʜʣʷ ʥʝʩʠʤʤʝʪʨʠʯʥʦʡ 

ʩʪʨʫʢʪʫʨ r(ʨʠʩ. 1, b, c). ʅʘʙʝʛʘʶʱʫʶ ʥʘ ʙʘʨʴʝʨ ʚʦʣʥʦʚʫʶ ʬʫʥʢʮʠʶ ʧʦʪʦʢʘ 

ʵʣʝʢʪʨʦʥʦʚ ʦʙʦʟʥʘʯʠʤ ʢʘʢ () ( )xikax 000 exp=+y , ʘ ʧʨʦʰʝʜʰʠʡ ʥʘ ʘʥʦʜ ʧʦʪʦʢ 

ʢʘʢ () ( )( )dxikTax aa -=+ exp0y , ʛʜʝ ( )>/E aka Vk += m . ʇʨʦʰʝʜʰʠʝ ʙʘʨʴʝʨʳ 

ʵʣʝʢʪʨʦʥʳ ʥʝ ʪʝʨʷʶʪ ʵʥʝʨʛʠʶ, ʦʜʥʘʢʦ ʧʨʠ ʧʦʧʘʜʘʥʠʠ ʥʘ ʘʥʦʜ ʦʥʠ 

ʜʚʠʞʫʪʩʷ ʢʣʘʩʩʠʯʝʩʢʠ ʠ ʫʩʢʦʨʷʶʪʩʷ. ʀʟʙʳʪʦʯʥʫʶ ʵʥʝʨʛʠʶ aeU  ʦʥʠ 

ʧʝʨʝʜʘʶʪ ʬʦʥʦʥʘʤ ʢʨʠʩʪʘʣʣʘ ʢʘʪʦʜʘ ʥʘ ʤʘʣʦʡ ʜʣʠʥʝ ʩʚʦʙʦʜʥʦʛʦ ʧʨʦʙʝʛʘ, 

ʧʨʠʦʙʨʝʪʘʷ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʵʥʝʨʛʠʠ ʧʦ ʌʝʨʤʠ ʥʘ ʘʥʦʜʝ. ɼʣʷ ʧʘʜʘʶʱʠʭ ʥʘ 

ʧʦʚʝʨʭʥʦʩʪʴ ʘʥʦʜʘ ʠʟ ʝʛʦ ʛʣʫʙʠʥʳ ʵʣʝʢʪʨʦʥʦʚ ʧʨʦʟʨʘʯʥʦʩʪʴ ʙʘʨʴʝʨʘ ʧʨʠ 

ʩʫʱʝʩʪʚʝʥʥʦʤ ʥʘʧʨʷʞʝʥʠʠ Ua ʵʢʩʧʦʥʝʥʮʠʘʣʴʥʦ ʤʝʥʴʰʝ ( ) ( )kk EDED +- << , ʠ 

ʦʙʨʘʪʥʳʡ ʪʦʢ ʥʠʯʪʦʞʥʦ ʤʘʣ ʧʨʠ ʘʥʦʜʥʳʭ ʥʘʧʨʷʞʝʥʠʷʭ ʧʦʨʷʜʢʘ ɺʦʣʴʪ. 
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ɺʚʝʜʝʤ ʠʤʧʝʜʘʥʩʳ 00 /1 kz = , 
nn kz /1= , gg kz /1= , 

aa kz /1=  (ʦʪʤʝʪʠʤ, ʯʪʦ ʚ [7] 

ʟʘ ʠʤʧʝʜʘʥʩʳ ʚʟʷʪʳ ʦʙʨʘʪʥʳʝ ʠʤ ʚʝʣʠʯʠʥʳ) ʠ ʦʙʦʟʥʘʯʠʤ ( )nnn tktan=q , 

( )ggg tktan=q . ɿʜʝʩʴ 
nt   ʰʠʨʠʥʳ ʙʘʨʴʝʨʦʚ, ʢʦʪʦʨʳʝ ʤʦʛʫʪ ʚ ʦʙʱʝʤ ʩʣʫʯʘʝ 

ʙʳʪʴ ʨʘʟʥʳʤʠ, ʘ gt   ʰʠʨʠʥʘ ʷʤʳ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʘʷ ʦʙʣʘʩʪʠ ʩʝʪʢʠ. ɼʣʷ 

ʩʠʤʤʝʪʨʠʯʥʦʛʦ ʩʣʫʯʘʷ tt =2,1  ʠʟ ʫʩʣʦʚʠʷ ʦʪʩʫʪʩʪʚʠʷ ʢʦʵʬʬʠʮʠʝʥʪʘ 

ʦʪʨʘʞʝʥʠʷ 0=R  ʠʣʠ ʨʘʚʝʥʩʪʚʘ ʚʭʦʜʥʦʛʦ ʥʦʨʤʠʨʦʚʘʥʥʦʛʦ ʠʤʧʝʜʘʥʩʘ 

ʝʜʠʥʠʮʝ ʩʣʝʜʫʝʪ ( )21/2 ZZg +=qq , ʠʣʠ ʩ ʦʙʦʟʥʘʯʝʥʠʝʤ hikkzzZ -=== // 00  

ʪʨʘʥʩʮʝʥʜʝʥʪʥʦʝ ʫʨʘʚʥʝʥʠʝ [7]. ʆʧʨʝʜʝʣʷʷ ʤʘʪʨʠʮʫ ʧʝʨʝʜʘʯʠ, ʦʥʦ 

ʧʨʠʦʙʨʝʪʘʝʪ ʚʠʣ 
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ʅʘʣʠʯʠʝ ʢʦʨʥʝʡ 0E >n  ʫʨʘʚʥʝʥʠʷ (1) ʦʟʥʘʯʘʝʪ ʈʊ ʯʝʨʝʟ ʩʠʤʤʝʪʨʠʯʥʳʡ 

ʙʘʨʴʝʨ ʧʨʠ ʩʦʚʧʘʜʝʥʠʠ ʢʠʥʝʪʠʯʝʩʢʦʡ ʵʥʝʨʛʠʠ ʩ ʫʨʦʚʥʝʤ: nk EE = .  

 ʇʨʠ ʢʚʘʥʪʦʚʦʤ ʪʫʥʥʝʣʠʨʦʚʘʥʠʠ ʵʣʝʢʪʨʦʥʳ ʥʘʙʝʛʘʶʪ ʠʟ ʛʣʫʙʠʥʳ 

ʢʘʪʦʜʘ ʥʘ ʛʨʘʥʠʮʫ ʧʦʜ ʚʩʝʚʦʟʤʦʞʥʳʤʠ ʫʛʣʘʤʠ, ʥʦ ʦʧʨʝʜʝʣʷʝʪʩʷ ʧʣʦʪʥʦʩʪʴ 

ʵʣʝʢʪʨʦʥʦʚ, ʠʤʝʶʱʠʭ ʟʥʘʯʝʥʠʝ ʥʦʨʤʘʣʴʥʦʡ ʢʦʤʧʦʥʝʥʪʳ ʩʢʦʨʦʩʪʠ ʚ 

ʟʘʜʘʥʥʳʭ ʧʨʝʜʝʣʘʭ () ( ) xxFxex dvvvvmhvn 22332 -= -p  [5]. ʇʨʠ ʈʊ ʫʩʣʦʚʠʝ 0=R  

ʧʨʠʚʦʜʠʪ ʢ ʚʦʟʥʠʢʥʦʚʝʥʠʶ ʵʣʝʢʪʨʦʥʥʳʭ ʚʦʣʥ ʚʜʦʣʴ ʧʦʚʝʨʭʥʦʩʪʝʡ, ʝʩʣʠ 

ʧʨʝʜʧʦʣʦʞʠʪʴ ʧʦʧʝʨʝʯʥʫʶ ʥʝʦʛʨʘʥʠʯʝʥʥʦʩʪʴ ʩʪʨʫʢʪʫʨʳ, ʥʦ ʵʪʠ ʚʦʣʥʳ 

ʜʚʠʞʫʪʩʷ ʧʦʜ ʚʩʝʚʦʟʤʦʞʥʳʤʠ ʫʛʣʘʤʠ. ʇʨʠ ʪʫʥʥʝʣʠʨʦʚʘʥʠʠ ʧʦʧʝʨʝʯʥʳʝ 

ʢʦʤʧʦʥʝʥʪʳ ʩʢʦʨʦʩʪʠ ʤʘʣʳ, ʧʦʩʢʦʣʴʢʫ ʦʥʦ ʠʜʝʪ ʚ ʦʩʥʦʚʥʦʤ ʜʣʷ ʙʦʣʴʰʠʭ 

ʥʦʨʤʘʣʴʥʳʭ ʢʦʤʧʦʥʝʥʪ ʩʢʦʨʦʩʪʠ. ʇʨʠ ʈʊ ʚʦʟʤʦʞʥʦ ʫʚʝʣʠʯʝʥʠʝ ʨʘʟʙʨʦʩʘ 

ʵʣʝʢʪʨʦʥʦʚ ʧʦ ʧʦʧʝʨʝʯʥʳʤ ʩʢʦʨʦʩʪʷʤ. 

 
ʈʠʩʫʥʦʢ  2. ʇʨʦʬʠʣʠ ʩʣʦʞʥʳʭ ʙʘʨʴʝʨʦʚ (ʵɺ) ʚ ʜʚʫʷʤʥʳʭ (ʢʨʠʚʳʝ 1, 2, 4) ʠ ʦʜʥʦʷʤʥʦʡ 

(3) ʩʪʨʫʢʪʫʨʘʭ ʩ ʜʚʫʤʷ ʩʝʪʢʘʤʠ ʧʦʜ ʦʜʠʥʘʢʦʚʳʤ ʧʦʪʝʥʮʠʘʣʦʤ. ʇʘʨʘʤʝʪʨʳ ʩʪʨʫʢʪʫʨ 

(ʵɺ): Vg = 10, Va = 5 (ʢʨʠʚʳʝ 1, 2); Vg = 15, Va = 10 (3, 4); Wk=3, Wg=4 (ʢʨʠʚʳʝ 1, 3, 4); 

Wk=3.6, Wg=3 (2); t1=t2=t3=2 ʥʤ, tg=1 ʥʤ (1, 2, 4); t1=t2 =3 ʥʤ, tg=2 ʥʤ (3); Wa=4.5 
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ʈʘʩʩʤʦʪʨʝʥʥʳʝ ʚʳʰʝ ʤʦʜʝʣʴʥʳʝ ʟʘʜʘʯʠ ʧʦʟʚʦʣʷʶʪ ʢʘʯʝʩʪʚʝʥʥʦ 

ʦʮʝʥʠʚʘʪʴ ʪʫʥʥʝʣʠʨʦʚʘʥʠʝ. ɹʣʠʟʢʠʝ ʢ ʨʝʘʣʴʥʳʤ ʙʘʨʴʝʨʥʳʝ ʩʪʨʫʢʪʫʨʳ ()xV  

ʧʦʣʫʯʘʶʪʩʷ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʝʪʦʜʘ ʤʥʦʛʦʢʨʘʪʥʳʭ ʠʟʦʙʨʘʞʝʥʠʡ [8 10]. 

ʇʨʦʬʠʣʠ ʧʦʪʝʥʮʠʘʣʘ ʩ ʦʜʥʦʡ ʠ ʜʚʫʤʷ ʷʤʘʤʠ ʜʣʷ ʩʪʨʫʢʪʫʨʳ ʢʘʪʦʜ-ʩʝʪʢʘ-

ʘʥʦʜ ʠ ʢʘʪʦʜ-ʩʝʪʢʘ-ʩʝʪʢʘ-ʘʥʦʜ ʧʨʠʚʝʜʝʥʳ ʥʘ ʨʠʩ. 2. ɼʣʷ ʠʭ ʚʳʯʠʩʣʝʥʠʷ 

ʠʩʧʦʣʴʟʦʚʘʥ ʧʦʜʭʦʜ, ʠʟʣʦʞʝʥʥʳʡ ʚ [9,10] ʠ ʫʯʠʪʳʚʘʶʱʠʡ ʨʘʙʦʪʳ ʚʳʭʦʜʘ 

ʠʟ ʵʣʝʢʪʨʦʜʦʚ (ʢʘʪʦʜʘ, ʘʥʦʜʘ ʠ ʩʝʪʦʢ). ʈʘʙʦʪʘ ʚʳʭʦʜʘ ʩ ʢʘʪʦʜʘ 

ʦʧʨʝʜʝʣʷʝʪʩʷ ʢʘʢ ( )kk eW dpe0
2 16/= . ɿʜʝʩʴ ʤʘʣʳʡ ʨʘʟʤʝʨ dk (ʧʦʨʷʜʢʘ ᴠ) 

ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʨʘʩʩʪʦʷʥʠʶ, ʥʘ ʢʦʪʦʨʦʤ ʧʝʨʝʩʪʘʶʪ ʜʝʡʩʪʚʦʚʘʪʴ ʩʠʣʳ 

ʠʟʦʙʨʘʞʝʥʠʡ ʠʟ-ʟʘ ʘʪʦʤʥʦʡ ʩʪʨʫʢʪʫʨʳ ʚʝʱʝʩʪʚʘ. ʆʥ ʭʦʨʦʰʦ ʢʦʨʨʝʣʠʨʫʝʪ ʩ 

ʨʘʜʠʫʩʦʤ ʠʦʥʘ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʝʪʢʠ ʚ ʩʣʫʯʘʝ, ʢʦʛʜʘ ʦʜʠʥ ʘʪʦʤ ʦʪʜʘʝʪ 

ʦʜʠʥ ʵʣʝʢʪʨʦʥ ʚ ʟʦʥʫ ʧʨʦʚʦʜʠʤʦʩʪʠ. ɺ ʧʨʠʚʝʜʝʥʥʳʭ ʧʨʠʤʝʨʘʭ  ʨʠʩ. 2, 3 

ʠʩʧʦʣʴʟʦʚʘʥʳ ʨʘʟʣʠʯʘʶʱʠʝʩʷ ʨʘʙʦʪʳ ʚʳʭʦʜʘ ʩ ʢʘʪʦʜʘ Wk, ʘʥʦʜʘ Wa ʠ ʠʟ 

ʤʘʪʝʨʠʘʣʘ ʩʝʪʢʠ Wg. ɺ ʦʙʣʘʩʪʷʭ ʩʝʪʦʢ, ʢʘʪʦʜʘ ʠ ʘʥʦʜʘ ʧʦʪʝʥʮʠʘʣ 

ʧʦʩʪʦʷʥʝʥ, ʘ ʤʝʞʜʫ ʥʠʤʠ ʧʦʷʚʣʷʶʪʩʷ ʙʘʨʴʝʨʳ. ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ 

ʚʳʩʦʪʘ ʙʘʨʴʝʨʘ ʟʘʚʠʩʠʪ ʥʝ ʪʦʣʴʢʦ ʦʪ ʨʘʙʦʪ ʚʳʭʦʜʘ, ʥʦ ʠ ʦʪ ʝʛʦ 

ʧʨʦʪʷʞʝʥʥʦʩʪʠ, ʘ ʠʤʝʥʥʦ ʫʤʝʥʴʰʘʝʪʩʷ ʧʨʠ ʩʙʣʠʞʝʥʠʠ ʵʣʝʢʪʨʦʜʦʚ. ɺ 

ʩʣʫʯʘʝ, ʢʦʛʜʘ ʧʦʪʝʥʮʠʘʣ ʩʝʪʢʠ ʙʦʣʴʰʝ ʧʦʪʝʥʮʠʘʣʘ ʘʥʦʜʘ, ʝʡ ʩʦʦʪʚʝʪʩʪʚʫʝʪ 

ʷʤʘ, ʧʨʠ ʵʪʦʤ ʚʦʟʤʦʞʥʦ ʈʊ ʨʠʩ. 3. ʈʘʩʯʝʪ ʪʫʥʥʝʣʠʨʦʚʘʥʠʷ ʧʨʦʠʟʚʝʜʝʥ 

ʤʘʪʨʠʯʥʳʤ ʤʝʪʦʜʦʤ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʘʪʨʠʮ ʧʝʨʝʜʘʯʠ (ʧʝʨʝʥʦʩʘ). 

  
ʈʠʩʫʥʦʢ  3. ʂʦʵʬʬʠʮʠʝʥʪ ʪʫʥʥʝʣʠʨʦʚʘʥʠʷ ʩ ʢʘʪʦʜʘ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʢʠʥʝʪʠʯʝʩʢʦʡ 

ʵʥʝʨʛʠʠ ʵʣʝʢʪʨʦʥʦʚ (ʵɺ) ʚ ʦʜʥʦʷʤʥʳʭ ʩʪʨʫʢʪʫʨʘʭ (ʢʨʠʚʳʝ 1 4) ʠ ʜʚʫʭʷʤʥʦʡ ʩʪʨʫʢʪʫʨʝ 

(5) ʦʜʠʥʘʢʦʚʦʡ ʜʣʠʥʳ 8 ʥʤ. ʇʘʨʘʤʝʪʨʳ ʩʪʨʫʢʪʫʨ (ʚ ʵɺ): Wk=3, Wg=4 ʵɺ, Wa=4.5; Va=5 

(ʢʨʠʚʳʝ 1, 4, 5); Va=10 (2, 3); Vg=25 (1, 2, 5); Vg=25 (3); Vg=45 (4) 
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ʅʘ ʨʠʩ. 3 ʧʨʠʚʝʜʝʥʳ ʨʘʩʯʝʪʳ ʧʨʦʟʨʘʯʥʦʩʪʠ ()ED+  ʜʣʷ ʦʜʥʦʷʤʥʦʛʦ ʠ 

ʜʚʫʭʷʤʥʦʛʦ ʧʦʪʝʥʮʠʘʣʦʚ. ɼʚʫʭʷʤʥʳʡ ʧʦʪʝʥʮʠʘʣ ʩʦʟʜʘʝʪʩʷ ʜʚʦʡʥʦʡ 

ʩʝʪʢʦʡ, ʵʣʝʢʪʨʦʜʳ ʢʦʪʦʨʦʡ ʨʘʟʜʝʣʝʥʳ ʚʘʢʫʫʤʥʳʤ ʠʣʠ ʟʘʧʦʣʥʝʥʥʳʤ 

ʜʠʵʣʝʢʪʨʠʢʦʤ ʟʘʟʦʨʦʤ ʠ ʥʘʭʦʜʷʪʩʷ ʧʨʠ ʦʜʠʥʘʢʦʚʦʤ ʧʦʪʝʥʮʠʘʣʝ eUV gg /-= . 

ʋʜʦʙʥʦ ʟʘʜʘʚʘʪʴ ag UU > . ʅʘʣʠʯʠʝ ʚʪʦʨʦʡ ʷʤʳ ʧʨʠʚʦʜʠʪ ʢ ʫʜʚʦʝʥʠʶ 

ʫʨʦʚʥʝʡ [7] ʠ ʢ ʫʚʝʣʠʯʝʥʠʶ ʧʦʣʥʦʛʦ ʪʦʢʘ. ʅʘʣʠʯʠʝ ʢʚʘʟʠʧʝʨʠʦʜʠʯʝʩʢʦʡ 

ʛʝʪʝʨʦʩʪʨʫʢʪʫʨʳ ʤʦʞʝʪ ʧʨʠʚʝʩʪʠ ʢ ʚʦʟʥʠʢʥʦʚʝʥʠʶ ʟʦʥ, ʩʦʜʝʨʞʘʱʠʭ ʤʥʦʛʦ 

ʙʣʠʟʢʦ ʨʘʩʧʦʣʦʞʝʥʥʳʭ ʫʨʦʚʥʝʡ. ʆʜʥʘʢʦ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʪʘʢʠʭ ʩʪʨʫʢʪʫʨ 

ʦʛʨʘʥʠʯʝʥʦ ʪʝʤ ʦʙʩʪʦʷʪʝʣʴʩʪʚʦʤ, ʯʪʦ ʠʭ ʦʙʱʘʷ ʜʣʠʥʘ ʜʦʣʞʥʘ ʙʳʪʴ 

ʩʫʱʝʩʪʚʝʥʥʦ ʤʝʥʴʰʝ ʜʣʠʥʳ ʩʚʦʙʦʜʥʦʛʦ ʧʨʦʙʝʛʘ ʚ ʤʘʪʝʨʠʘʣʝ ʩʝʪʢʠ, 

ʧʦʵʪʦʤʫ ʞʝʣʘʪʝʣʴʥʳ ʩʚʝʨʭʥʠʟʢʠʝ ʪʝʤʧʝʨʘʪʫʨʳ.  

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ ʧʦʜʜʝʨʞʢʝ ʈʦʩʩʠʡʩʢʦʛʦ ʥʘʫʯʥʦʛʦ 

ʬʦʥʜʘ (ʧʨʦʝʢʪ  ̄21-19-00226). 
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ʄʝʪʦʜʦʤ ʦʩʘʞʜʝʥʠʷ ʠʟ ʧʘʨʦʚʦʡ ʬʘʟʳ ʙʳʣʠ ʚʳʨʘʱʝʥʳ ʥʠʪʝʚʠʜʥʳʝ 

ʥʘʥʦʢʨʠʩʪʘʣʣʳ ʜʠʦʢʩʠʜʘ ʦʣʦʚʘ ʠ ʩʦʟʜʘʥʳ ʥʘ ʠʭ ʦʩʥʦʚʝ ʛʘʟʦʯʫʚʩʪʚʠʪʝʣʴʥʳʝ ʩʝʥʩʦʨʳ. 

ʀʩʩʣʝʜʦʚʘʥʘ ʢʦʥʮʝʥʪʨʘʮʠʦʥʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʛʘʟʦʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʠ ʧʦʣʫʯʝʥʥʳʭ 

ʩʝʥʩʦʨʦʚ ʢ ʧʘʨʘʤ ʧʨʦʧʘʥʦʣ-2 ʧʨʠ ʨʘʟʥʳʭ ʪʝʤʧʝʨʘʪʫʨʘʭ. ʇʨʦʠʟʚʝʜʝʥ ʨʘʩʯʝʪ ʧʦʣʦʞʝʥʠʷ 

ʚ ʟʘʧʨʝʱʝʥʥʦʡ ʟʦʥʝ ʜʦʥʦʨʥʦʛʦ ʫʨʦʚʥʷ ʧʨʦʧʘʥʦʣ-2 ʦʪʥʦʩʠʪʝʣʴʥʦ ʘʢʮʝʧʪʦʨʥʦʛʦ ʫʨʦʚʥʷ 

ʢʠʩʣʦʨʦʜʘ, ʣʦʢʘʣʠʟʦʚʘʥʥʳʭ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ SnO2.  

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʥʠʪʝʚʠʜʥʳʝ ʥʘʥʦʢʨʠʩʪʘʣʣʳ, ʜʠʦʢʩʠʜ ʦʣʦʚʘ, ʩʝʥʩʦʨʳ ʛʘʟʘ, 

ʛʘʟʦʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴ, ʨʘʩʧʦʟʥʘʚʘʥʠʝ ʛʘʟʦʚ. 

 

ʉʦʟʜʘʥʠʝ ʧʨʦʩʪʳʭ ʩʠʩʪʝʤ ʜʣʷ ʨʘʩʧʦʟʥʘʚʘʥʠʷ ʛʘʟʦʚ ʷʚʣʷʝʪʩʷ ʦʜʥʦʡ ʠʟ 

ʚʘʞʥʳʭ ʟʘʜʘʯ ʚ ʦʙʣʘʩʪʠ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʭ ʩʝʥʩʦʨʦʚ [1-2]. ʅʘʨʷʜʫ ʩ 

ʧʦʜʭʦʜʦʤ, ʦʩʥʦʚʘʥʥʳʤ ʥʘ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʤʫʣʴʪʠʩʝʥʩʦʨʥʳʭ ʩʠʩʪʝʤ, 

ʧʝʨʩʧʝʢʪʠʚʥʳʤ ʥʘʧʨʘʚʣʝʥʠʝʤ ʷʚʣʷʝʪʩʷ ʨʝʘʣʠʟʘʮʠʷ ʚʠʨʪʫʘʣʴʥʦʡ 

ʤʫʣʴʪʠʩʝʥʩʦʨʥʦʡ ʩʠʩʪʝʤʳ ʥʘ ʦʩʥʦʚʝ ʦʜʥʦʛʦ ʩʝʥʩʦʨʘ, ʨʘʙʦʪʘʶʱʝʛʦ ʚ 

ʨʝʞʠʤʝ ʚʘʨʠʘʮʠʠ ʨʘʙʦʯʝʡ ʪʝʤʧʝʨʘʪʫʨʳ, ʠʟʤʝʨʠʪʝʣʴʥʦʛʦ ʥʘʧʨʷʞʝʥʠʷ ʠ 

ʪ.ʧ. [3]. 

ɺ ʨʘʙʦʪʝ [4] ʧʦʢʘʟʘʥʦ, ʯʪʦ ʥʘ ʦʩʥʦʚʝ ʠʟʤʝʨʝʥʠʷ ʢʦʥʮʝʥʪʨʘʮʠʦʥʥʦʡ 

ʟʘʚʠʩʠʤʦʩʪʠ ʧʨʦʚʦʜʠʤʦʩʪʠ ʩʝʥʩʦʨʘ ʚ ʘʪʤʦʩʬʝʨʝ ʛʘʟʦʚ-ʚʦʩʩʪʘʥʦʚʠʪʝʣʝʡ 

ʤʦʞʥʦ ʦʧʨʝʜʝʣʠʪʴ ʵʥʝʨʛʠʶ ʜʝʩʦʨʙʮʠʠ ʯʘʩʪʠʮ ʛʘʟʘ-ʚʦʩʩʪʘʥʦʚʠʪʝʣʷ dW, ʘ 

ʪʘʢʞʝ ʧʦʣʦʞʝʥʠʝ ʜʦʥʦʨʥʦʛʦ ʫʨʦʚʥʷ ʛʘʟʘ-ʚʦʩʩʪʘʥʦʚʠʪʝʣʷ ʦʪʥʦʩʠʪʝʣʴʥʦ 

ʘʢʮʝʧʪʦʨʥʦʛʦ ʫʨʦʚʥʷ ʢʠʩʣʦʨʦʜʘ dE [4].  

ɺ ʣʠʪʝʨʘʪʫʨʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʧʘʨʦʚ ʩʧʠʨʪʦʚ ʩ ʘʜʩʦʨʙʠʨʦʚʘʥʥʳʤʠ 

ʯʘʩʪʠʮʘʤʠ ʢʠʩʣʦʨʦʜʘ ʦʧʠʩʳʚʘʝʪʩʷ ʭʠʤʠʯʝʩʢʦʡ ʨʝʘʢʮʠʝʡ, ʚ ʨʝʟʫʣʴʪʘʪʝ 

ʢʦʪʦʨʦʡ ʧʨʦʠʩʭʦʜʠʪ ʜʝʩʦʨʙʮʠʷ ʧʨʦʜʫʢʪʦʚ ʨʝʘʢʮʠʠ, ʩʦʧʨʦʚʦʞʜʘʶʱʘʷʩʷ 

ʚʦʟʚʨʘʱʝʥʠʝʤ ʣʦʢʘʣʠʟʦʚʘʥʥʦʛʦ ʥʘ ʯʘʩʪʠʮʝ ʢʠʩʣʦʨʦʜʘ ʵʣʝʢʪʨʦʥʘ ʚ ʟʦʥʫ 

ʧʨʦʚʦʜʠʤʦʩʪʠ. ʕʪʦʪ ʧʨʦʮʝʩʩ ʤʦʞʥʦ ʨʘʩʩʤʦʪʨʝʪʴ ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ 

ʬʦʨʤʠʨʦʚʘʥʠʷ ʜʦʥʦʨʥʳʭ ʧʦʚʝʨʭʥʦʩʪʥʳʭ ʮʝʥʪʨʦʚ, ʭʘʨʘʢʪʝʨʠʟʫʶʱʠʭʩʷ 

ʛʣʫʙʠʥʦʡ ʟʘʣʝʛʘʥʠʷ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʚʦʟʥʠʢʘʝʪ ʚʦʟʤʦʞʥʦʩʪʴ ʨʘʩʧʦʟʥʘʚʘʪʴ 

ʜʦʥʦʨʥʳʡ ʛʘʟ ʧʫʪʝʤ ʦʧʨʝʜʝʣʝʥʠʷ ʵʪʦʛʦ ʧʘʨʘʤʝʪʨʘ. 

ʎʝʣʴʶ ʜʘʥʥʦʡ ʨʘʙʦʪʳ ʷʚʣʷʝʪʩʷ ʦʧʨʝʜʝʣʝʥʠʝ ʵʥʝʨʛʝʪʠʯʝʩʢʠʭ 

ʧʘʨʘʤʝʪʨʦʚ ʧʦʚʝʨʭʥʦʩʪʥʳʭ ʩʦʩʪʦʷʥʠʡ, ʠʥʜʫʮʠʨʦʚʘʥʥʳʭ 

ʘʜʩʦʨʙʠʨʦʚʘʥʥʳʤʠ ʯʘʩʪʠʮʘʤʠ ʢʠʩʣʦʨʦʜʘ ʠ ʧʨʦʧʘʥʦʣ-2, ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ 

ʥʠʪʝʚʠʜʥʳʭ ʥʘʥʦʢʨʠʩʪʘʣʣʦʚ ʜʠʦʢʩʠʜʘ ʦʣʦʚʘ. 
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ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ ʯʘʩʪʴ 

ɺ ʢʘʯʝʩʪʚʝ ʦʙʲʝʢʪʘ ʠʩʩʣʝʜʦʚʘʥʠʷ ʙʳʣ ʠʩʧʦʣʴʟʦʚʘʥ ʩʝʥʩʦʨ ʛʘʟʘ ʥʘ 

ʦʩʥʦʚʝ ʥʠʪʝʚʠʜʥʳʭ ʥʘʥʦʢʨʠʩʪʘʣʣʦʚ ʜʠʦʢʩʠʜʘ ʦʣʦʚʘ [5].  

ɻʘʟʦʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴ ʩʝʥʩʦʨʘ ʠʩʩʣʝʜʦʚʘʣʘʩʴ ʩ ʧʦʤʦʱʴʶ 

ʘʚʪʦʤʘʪʠʟʠʨʦʚʘʥʥʦʛʦ ʠʟʤʝʨʠʪʝʣʴʥʦʛʦ ʢʦʤʧʣʝʢʩʘ, ʫʧʨʘʚʣʝʥʠʝ ʢʦʪʦʨʳʤ 

ʦʩʫʱʝʩʪʚʣʷʣʦʩʴ ʧʨʠ ʧʦʤʦʱʠ ʧʨʦʛʨʘʤʤʳ ʨʘʟʨʘʙʦʪʘʥʥʦʡ ʚ LabVIEW [6]. 

ʌʦʨʤʠʨʦʚʘʥʠʝ ʧʨʦʙʳ ʧʨʦʠʩʭʦʜʠʣʦ ʧʫʪʝʤ ʙʘʨʙʦʪʠʨʦʚʘʥʠʷ ʧʨʦʧʘʥʦʣ-2 

ʩʫʭʠʤ ʚʦʟʜʫʭʦʤ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 40 ÁC. ʂʦʥʮʝʥʪʨʘʮʠʷ ʧʨʦʙʳ ʠʟʤʝʨʷʣʘʩʴ ʚ 

ʧʨʦʮʝʥʪʘʭ ʦʪ ʥʘʩʳʱʝʥʥʦʛʦ ʧʘʨʘ.  

ɹʳʣʠ ʠʟʤʝʨʝʥʳ ʢʦʥʮʝʥʪʨʘʮʠʦʥʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʧʨʦʚʦʜʠʤʦʩʪʠ 

ʩʝʥʩʦʨʘ ʛʘʟʘ ʧʨʠ ʚʦʟʜʝʡʩʪʚʠʠ ʧʘʨʦʚ ʧʨʦʧʘʥʦʣ-2 ʧʨʠ ʨʘʟʥʳʭ ʪʝʤʧʝʨʘʪʫʨʘʭ. 

ʅʘ ʨʠʩʫʥʢʝ 1 ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʠʟʤʝʨʝʥʠʷ, ʛʜʝ 

ʛʘʟʦʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴ ʩʝʥʩʦʨʘ S ʨʘʩʩʯʠʪʳʚʘʣʘʩʴ: 

Ὓ
Ὃ̐  Ὃ̃

Ὃ̃
ȟ 

(1) 

ʛʜʝ Gʧ ï ʧʨʦʚʦʜʠʤʦʩʪʴ ʩʝʥʩʦʨʘ ʧʨʠ ʚʦʟʜʝʡʩʪʚʠʠ ʧʨʦʙʳ, ʉʤ; Gʚ ï

 ʧʨʦʚʦʜʠʤʦʩʪʴ ʩʝʥʩʦʨʘ ʚ ʯʠʩʪʦʤ ʚʦʟʜʫʭʝ, ʉʤ. 

 
 

ʈʠʩʫʥʦʢ 1. ʂʦʥʮʝʥʪʨʘʮʠʦʥʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʛʘʟʦʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʠ 

ʩʝʥʩʦʨʘ ʢ ʧʘʨʘʤ ʧʨʦʧʘʥʦʣ-2 ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʨʘʙʦʯʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ 

 

ʀʟ ʛʨʘʬʠʢʘ ʚʠʜʥʦ, ʯʪʦ ʫʚʝʣʠʯʝʥʠʝ ʢʦʥʮʝʥʪʨʘʮʠʠ ʧʨʦʧʘʥʦʣ-2 

ʧʨʠʚʦʜʠʪ ʢ ʩʫʙʣʠʥʝʡʥʦʤʫ ʨʦʩʪʫ ʛʘʟʦʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʠ. ʇʦʚʳʰʝʥʠʝ 

ʨʘʙʦʯʝʡ ʪʝʤʧʝʨʘʪʫʨʳ ʩʝʥʩʦʨʘ ʪʘʢʞʝ ʧʨʠʚʦʜʠʪ ʢ ʫʚʝʣʠʯʝʥʠʶ 

ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʠ. 

ɼʣʷ ʨʘʩʯʝʪʘ ʧʘʨʘʤʝʪʨʘ dE, ʢʘʢ ʧʦʢʘʟʘʥʦ ʚ [5], ʧʦʣʫʯʝʥʥʳʝ ʜʘʥʥʳʝ 
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ʙʳʣʠ ʧʝʨʝʩʪʨʦʝʥʳ ʚ ʩʧʨʷʤʣʷʶʱʠʭ ʢʦʦʨʜʠʥʘʪʘʭ (ʨʠʩ. 2):  

ὢ
ρ

ὅ
ȟ 

(2) 

ὣ
ρ

ὛϽὛ ρ
ȟ 

(3) 

ʛʜʝ X ʠ Y ï ʥʦʚʳʝ ʧʝʨʝʤʝʥʥʳʝ ʚ ʩʧʨʷʤʣʷʶʱʠʭ ʢʦʦʨʜʠʥʘʪʘʭ; 

ʉ ï ʢʦʥʮʝʥʪʨʘʮʠʷ, %. 

 
ʈʠʩʫʥʦʢ. 2. ʂʦʥʮʝʥʪʨʘʮʠʦʥʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʧʨʦʚʦʜʠʤʦʩʪʠ ʩʝʥʩʦʨʘ ʢ ʧʘʨʘʤ 

ʧʨʦʧʘʥʦʣʘ ʚ ʩʧʨʷʤʣʷʶʱʠʭ ʢʦʦʨʜʠʥʘʪʘʭ, ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʨʘʙʦʯʠʭ 

ʪʝʤʧʝʨʘʪʫʨʘʭ 

 

ʀʟ ʨʠʩʫʥʢʘ 2 ʚʠʜʥʦ, ʯʪʦ ʜʘʥʥʳʝ ʘʧʧʨʦʢʩʠʤʘʮʠʠ ʫʜʦʚʣʝʪʚʦʨʠʪʝʣʴʥʦ 

ʦʧʠʩʳʚʘʶʪʩʷ ʤʦʜʝʣʴʶ  ὣ ὦϽὢ ὥ. ʂʦʵʬʬʠʮʠʝʥʪ ʢʦʨʨʝʣʷʮʠʠ Ὑ  

ʩʦʩʪʘʚʠʣ 0,99. ʈʘʩʯʝʪ ʭʘʨʘʢʪʝʨʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʧʦʣʦʞʝʥʠʷ ʜʦʥʦʨʥʦʛʦ 

ʫʨʦʚʥʷ ʦʪʥʦʩʠʪʝʣʴʥʦ ʘʢʮʝʧʪʦʨʥʦʛʦ ʫʨʦʚʥʷ ʢʠʩʣʦʨʦʜʘ dE ʧʨʦʠʟʚʝʜʝʤ ʧʦ 

ʬʦʨʤʫʣʝ: 

Ä% ÌÎ ‏ϽὥϽὯϽὝȟ (4) 

ʛʜʝ k ï ʧʦʩʪʦʷʥʥʘʷ ɹʦʣʴʮʤʘʥʘ, ɼʞ/ʂ; 

ʊ ï ʪʝʤʧʝʨʘʪʫʨʘ, K; 

a ï ʢʦʵʬʬʠʮʠʝʥʪ, ʧʦʣʫʯʘʝʤʳʡ ʠʟ ʫʨʘʚʥʝʥʠʷ ʧʨʷʤʦʡ; 

‏
Ͻ

Ͻ
 ï ʜʠʩʧʝʨʩʥʦʩʪʴ ʤʘʪʝʨʠʘʣʘ; 

Ns ï ʢʦʥʮʝʥʪʨʘʮʠʷ ʮʝʥʪʨʦʚ ʘʜʩʦʨʙʮʠʠ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʥʠʪʝʚʠʜʥʳʭ 

ʥʘʥʦʢʨʠʩʪʘʣʣʦʚ, 1/ʤ
2
; 

Nd ï ʢʦʥʮʝʥʪʨʘʮʠʷ ʜʦʥʦʨʦʚ ʚ ʦʙʲʝʤʝ ʧʦʣʫʧʨʦʚʦʜʥʠʢʘ, 1/ʤ
3
; 

R ï ʨʘʜʠʫʩ ʥʠʪʝʚʠʜʥʳʭ ʥʘʥʦʢʨʠʩʪʘʣʣʦʚ. 

ʀʩʭʦʜʷ ʠʟ ʧʦʣʫʯʝʥʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ, ʧʦ ʬʦʨʤʫʣʝ 4 ʙʳʣʦ ʨʘʩʩʯʠʪʘʥʦ 
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ʧʦʣʦʞʝʥʠʝ ʜʦʥʦʨʥʦʛʦ ʫʨʦʚʥʷ ʦʪʥʦʩʠʪʝʣʴʥʦ ʘʢʮʝʧʪʦʨʥʦʛʦ ʫʨʦʚʥʷ 

ʢʠʩʣʦʨʦʜʘ ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʪʝʤʧʝʨʘʪʫʨʘʭ (ʨʠʩ. 3). 

 
 

ʈʠʩʫʥʦʢ. 3. ɻʨʘʬʠʢ ʟʘʚʠʩʠʤʦʩʪʠ ʧʦʣʦʞʝʥʠʷ ʜʦʥʦʨʥʦʛʦ ʫʨʦʚʥʷ ʦʪʥʦʩʠʪʝʣʴʥʦ 

ʘʢʮʝʧʪʦʨʥʦʛʦ ʫʨʦʚʥʷ ʢʠʩʣʦʨʦʜʘ ʦʪ ʨʘʙʦʯʝʡ ʪʝʤʧʝʨʘʪʫʨʳ ʩʝʥʩʦʨʘ 

 

ʀʟ ʛʨʘʬʠʢʘ ʚʠʜʥʦ, ʯʪʦ ʧʦʣʦʞʝʥʠʝ ʜʦʥʦʨʥʦʛʦ ʫʨʦʚʥʷ ʦʪʥʦʩʠʪʝʣʴʥʦ 

ʘʢʮʝʧʪʦʨʥʦʛʦ ʫʨʦʚʥʷ ʢʠʩʣʦʨʦʜʘ ʩʣʘʙʦ ʟʘʚʠʩʠʪ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ʠ 

ʩʦʩʪʘʚʣʷʝʪ ρ πȟπυ ʵɺ.  

ʇʦʢʘʟʘʥʦ, ʯʪʦ ʧʦʣʦʞʝʥʠʝ ʜʦʥʦʨʥʦʛʦ ʫʨʦʚʥʷ ʦʪʥʦʩʠʪʝʣʴʥʦ 

ʘʢʮʝʧʪʦʨʥʦʛʦ ʫʨʦʚʥʷ ʢʠʩʣʦʨʦʜʘ ʧʨʠ ʘʜʩʦʨʙʮʠʠ ʧʨʦʧʘʥʦʣ-2 ʩʣʘʙʦ ʟʘʚʠʩʠʪ 

ʦʪ ʨʘʙʦʯʝʡ ʪʝʤʧʝʨʘʪʫʨʳ ʩʝʥʩʦʨʘ ʠ ʵʪʦʪ ʧʘʨʘʤʝʪʨ ʤʦʞʝʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥ 

ʧʨʠ ʨʘʩʧʦʟʥʘʚʘʥʠʠ ʩʦʨʪʘ ʛʘʟʘ. 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʚʳʧʦʣʥʝʥʦ ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ ʧʦʜʜʝʨʞʢʝ ʈʌʌʀ ʚ 

ʨʘʤʢʘʭ ʥʘʫʯʥʦʛʦ ʧʨʦʝʢʪʘ ˉ 20-07-00602. 
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ʄʝʪʦʜʘʤʠ ʤʘʪʝʤʘʪʠʯʝʩʢʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʥʘʡʜʝʥʳ ʥʘʠʙʦʣʝʝ ʚʳʛʦʜʥʳʝ ʘʪʦʤʥʳʝ 

ʩʪʨʫʢʪʫʨʳ ʢʦʤʧʦʟʠʪʦʚ, ʧʨʝʜʩʪʘʚʣʷʶʱʠʭ ʩʦʙʦʡ ʛʨʘʬʝʥʦʚʳʝ ʤʦʥʦʩʣʦʠ ʩ ʚʝʨʪʠʢʘʣʴʥʦ 

ʦʨʠʝʥʪʠʨʦʚʘʥʥʳʤʠ ʦʜʥʦʩʣʦʡʥʳʤʠ ʫʛʣʝʨʦʜʥʳʤʠ ʥʘʥʦʪʨʫʙʢʘʤʠ ʩ ʠʥʜʝʢʩʘʤʠ 

ʢʠʨʘʣʴʥʦʩʪʠ (12,6), (16,0), (14,4), (11,10), (6,5). ɼʣʷ ʨʘʩʩʤʦʪʨʝʥʥʳʭ ʩʦʝʜʠʥʝʥʠʡ 

ʦʧʨʝʜʝʣʝʥʘ ʟʘʚʠʩʠʤʦʩʪʴ ʵʥʝʨʛʝʪʠʯʝʩʢʦʛʦ ʧʨʦʬʠʣʷ ʨʦʩʪʘ ʦʪ ʨʘʟʤʝʨʦʚ ʵʣʝʤʝʥʪʘʨʥʳʭ 

ʷʯʝʝʢ. ʇʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʤʦʛʫʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥʳ ʜʣʷ ʵʬʬʝʢʪʠʚʥʦʛʦ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʛʦ ʩʠʥʪʝʟʘ 3D-ʢʦʤʧʦʟʠʪʦʚ ʥʘ ʦʩʥʦʚʝ ʫʛʣʝʨʦʜʥʳʭ ʥʘʥʦʪʨʫʙʦʢ ʠ 

ʥʘʥʦʩʝʪʯʘʪʦʛʦ ʛʨʘʬʝʥʘ.  

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʦʜʥʦʩʣʦʡʥʳʝ ʫʛʣʝʨʦʜʥʳʝ ʥʘʥʦʪʨʫʙʢʠ, ʧʦʨr ʥʘʥʦʩʝʪʯʘʪʦʛʦ 

ʛʨʘʬʝʥʘ 

 

ɺ ʧʦʩʣʝʜʥʝʝ ʚʨʝʤʷ ʚʩʝ ʙʦʣʴʰʫʶ ʧʦʧʫʣʷʨʥʦʩʪʴ ʧʨʠʦʙʨʝʪʘʝʪ 

ʛʠʙʨʠʜʥʳʡ 3D-ʤʘʪʝʨʠʘʣ, ʧʨʝʜʩʪʘʚʣʷʶʱʠʡ ʩʦʙʦʡ ʛʨʘʬʝʥʦʚʳʝ ʤʦʥʦʩʣʦʠ ʩ 

ʚʝʨʪʠʢʘʣʴʥʦ ʦʨʠʝʥʪʠʨʦʚʘʥʥʳʤʠ ʦʜʥʦʩʣʦʡʥʳʤʠ ʫʛʣʝʨʦʜʥʳʤʠ 

ʥʘʥʦʪʨʫʙʢʘʤʠ (ʛʨʘʬʝʥ/ɺʆʋʅʊ). ʉʠʥʝʨʛʠʷ ʛʨʘʬʝʥʘ ʠ ʋʅʊ ʦʙʝʩʧʝʯʠʚʘʝʪ 

ʜʘʥʥʳʡ ʤʘʪʝʨʠʘʣ ʩʚʦʡʩʪʚʘʤʠ, ʚʦʩʪʨʝʙʦʚʘʥʥʳʤʠ ʚ ʩʫʧʝʨʢʦʥʜʝʩʘʪʦʨʘʭ, 

ʙʠʦʩʝʥʩʦʨʘʭ, ʘ ʪʘʢʞʝ ʚ ʫʩʪʨʦʡʩʪʚʘʭ ʥʘʥʦʵʣʝʢʪʨʦʥʠʢʠ ʠ ʪʝʨʤʦʪʨʘʥʩʧʦʨʪʘ 

[1-4]. ɺʤʝʩʪʝ ʩ ʪʝʤ ʢʦʤʧʦʟʠʪ ʛʨʘʬʝʥ/ɺʆʋʅʊ ʷʚʣʷʝʪʩʷ ʝʱʝ ʥʝʜʦʩʪʘʪʦʯʥʦ 

ʠʩʩʣʝʜʦʚʘʥʥʳʤ, ʚ ʩʚʷʟʠ ʩ ʯʝʤ ʘʢʪʫʘʣʴʥʦʡ ʟʘʜʘʯʝʡ ʷʚʣʷʝʪʩʷ ʦʮʝʥʢʘ 

ʧʦʪʝʥʮʠʘʣʴʥʦʡ ʚʦʟʤʦʞʥʦʩʪʠ ʨʦʩʪʘ ʚʝʨʪʠʢʘʣʴʥʦ ʦʨʠʝʥʪʠʨʦʚʘʥʥʳʭ 

ʦʜʥʦʩʣʦʡʥʳʭ ʥʘʥʦʪʨʫʙʦʢ ʨʘʟʣʠʯʥʳʭ ʢʠʨʘʣʴʥʦʩʪʝʡ ʚ ʦʪʚʝʨʩʪʠʷʭ 

ʥʘʥʦʩʝʪʯʘʪʦʛʦ ʛʨʘʬʝʥʘ ʩ ʙʝʩʰʦʚʥʳʤ ʪʠʧʦʤ ʩʦʝʜʠʥʝʥʠʷ.  

ɺ ʥʘʰʝʤ ʠʩʩʣʝʜʦʚʘʥʠʠ ʢʦʤʧʦʥʝʥʪʘʤʠ ʘʪʦʤʠʩʪʠʯʝʩʢʠʭ ʩʪʨʫʢʪʫʨ 

ʛʨʘʬʝʥ/ɺʆʋʅʊ ʚʳʩʪʫʧʠʣʠ ʛʨʘʬʝʥʦʚʘʷ ʥʘʥʦʯʘʩʪʠʮʘ ʨʘʟʤʝʨʘʤʠ 34x34 ¡
2
, ʘ 

ʪʘʢʞʝ ʋʅʊ ʩ ʠʥʜʝʢʩʘʤʠ ʢʠʨʘʣʴʥʦʩʪʠ (12,6), (16,0), (14,4), (11,10), (6,5) ʢʘʢ 

ʥʘʠʙʦʣʝʝ ʯʘʩʪʦ ʩʠʥʪʝʟʠʨʫʝʤʳʝ [5-6]. ɼʣʷ ʩʦʟʜʘʥʠʷ ʙʝʩʰʦʚʥʳʭ ʩʦʝʜʠʥʝʥʠʡ 

ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʦʨʠʛʠʥʘʣʴʥʳʡ ʤʝʪʦʜ ʧʦʩʪʨʦʝʥʠʷ ʘʪʦʤʠʩʪʠʯʝʩʢʠʭ ʤʦʜʝʣʝʡ 

ʨʘʟʚʝʪʚʣʝʥʥʳʭ ʢʦʥʩʪʨʫʢʮʠʡ ʙʝʩʰʦʚʥʳʭ ʩʦʝʜʠʥʝʥʠʡ ʠʟ ʫʛʣʝʨʦʜʥʳʭ 

ʥʘʥʦʩʪʨʫʢʪʫʨ [7]. ʈʘʩʩʤʦʪʨʠʤ ʧʨʦʮʝʩʩ ʧʦʩʪʨʦʝʥʠʷ ʘʪʦʤʥʳʭ ʩʫʧʝʨʲʷʯʝʝʢ ʥʘ 

ʧʨʠʤʝʨʝ ʙʝʩʰʦʚʥʦʛʦ ʩʦʝʜʠʥʝʥʠʷ ʛʨʘʬʝʥ/ʋʅʊ (14,4). ʅʘ ʥʘʯʘʣʴʥʦʤ ʵʪʘʧʝ ʚ 

ʛʨʘʬʝʥʦʚʦʡ ʥʘʥʦʯʘʩʪʠʮʝ ʚʳʨʝʟʘʣʦʩʴ ʦʪʚʝʨʩʪʠʝ ʚ ʚʠʜʝ ʵʣʣʠʧʩʘ ʩ ʦʩʷʤʠ 2a = 

18.5 ¡ ʠ 2b = 19.64 ¡. ɺ ʦʙʣʘʩʪʠ ʧʦʣʫʯʝʥʥʦʛʦ ʦʪʚʝʨʩʪʠʷ, ʘ ʪʘʢʞʝ ʥʘ ʢʦʥʮʝ 

ʧʨʠʩʦʝʜʠʥʷʝʤʦʡ ʋʅʊ ʚʳʜʝʣʷʣʠʩʴ ʠʤʝʶʱʠʝ ʜʚʝ ʢʦʚʘʣʝʥʪʥʳʝ ʩʚʷʟʠ ʘʪʦʤʳ 
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(ʨʠʩ. 1ʘ), ʤʝʞʜʫ ʢʦʪʦʨʳʤʠ ʩʣʫʯʘʡʥʳʤ ʦʙʨʘʟʦʤ ʛʝʥʝʨʠʨʦʚʘʣʠʩʴ ʢʦʦʨʜʠʥʘʪʳ 

ʥʦʚʳʭ ʘʪʦʤʦʚ (ʨʠʩ. 1ʙ). ʇʦʩʣʝ ʵʪʦʛʦ ʢʦʦʨʜʠʥʘʪʳ ʧʦʣʫʯʝʥʥʦʡ ʩʪʨʫʢʪʫʨʳ 

ʫʪʦʯʥʷʣʠʩʴ ʤʝʪʦʜʦʤ SCC DFTB [8], ʩ ʧʦʤʦʱʴʶ ʢʦʪʦʨʦʛʦ ʠ ʧʨʦʚʦʜʠʣʠʩʴ 

ʜʘʣʴʥʝʡʰʠʝ ʨʘʩʯʝʪʳ ʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ. ɼʣʷ ʢʘʞʜʦʛʦ ʩʦʝʜʠʥʝʥʠʷ 

ʙʳʣʦ ʧʦʩʪʨʦʝʥʦ 5 ʚʘʨʠʘʥʪʦʚ ʘʪʦʤʥʦʛʦ ʩʢʝʣʝʪʘ, ʠʟ ʢʦʪʦʨʳʭ ʜʣʷ ʜʘʣʴʥʝʡʰʠʭ 

ʨʘʩʯʝʪʦʚ ʙʳʣʦ ʚʳʙʨʘʥʦ ʧʦ ʦʜʥʦʤʫ ï ʩ ʤʠʥʠʤʘʣʴʥʦʡ ʵʥʝʨʛʠʝʡ.  

 

 
ʘ ʙ ʚ 

 
ʈʠʩʫʥʦʢ 1. ʇʨʦʮʝʩʩ ʧʦʩʪʨʦʝʥʠʷ ʙʝʩʰʦʚʥʳʭ ʩʦʝʜʠʥʝʥʠʡ ʛʨʘʬʝʥ/ɺʆʋʅʊ (14,4): ʘ) 

ʚʳʜʝʣʝʥʠʝ ʘʪʦʤʦʚ ʩ ʜʚʫʤʷ ʢʦʚʘʣʝʥʪʥʳʤʠ ʩʚʷʟʷʤʠ ʥʘ ʢʦʥʮʝ ʋʅʊ ʠ ʚ ʨʘʡʦʥʝ ʦʪʚʝʨʩʪʠʷ 

ʛʨʘʬʝʥʘ; ʙ) ʛʝʥʝʨʘʮʠʷ ʘʪʦʤʦʚ ʚ ʧʨʦʩʪʨʘʥʩʪʚʝ ʤʝʞʜʫ ʋʅʊ ʠ ʛʨʘʬʝʥʦʤ; ʚ) ʢʦʥʝʯʥʳʡ ʚʠʜ 

ʩʫʧʝʨʲʷʯʝʡʢʠ ʧʦʩʣʝ ʦʧʪʠʤʠʟʘʮʠʠ ʤʝʪʦʜʦʤ SCC DFTB. 

 

ʅʘ ʩʣʝʜʫʶʱʝʤ ʵʪʘʧʝ ʧʨʦʚʦʜʠʣʦʩʴ ʧʦʩʪʨʦʝʥʠʝ ʵʥʝʨʛʝʪʠʯʝʩʢʦʛʦ 

ʧʨʦʬʠʣʷ ʨʦʩʪʘ ʟʘʜʘʥʥʳʭ ʩʦʝʜʠʥʝʥʠʡ ʩ ʧʦʤʦʱʴʶ ʨʘʟʨʘʙʦʪʘʥʥʦʡ ʘʚʪʦʨʘʤʠ 

ʤʝʪʦʜʠʢʠ ñʚʠʨʪʫʘʣʴʥʦʛʦ ʚʳʨʘʱʠʚʘʥʠʷò, ʢʦʪʦʨʘʷ ʙʳʣʘ ʨʘʥʝʝ ʫʩʧʝʰʥʦ 

ʘʧʨʦʙʠʨʦʚʘʥʘ ʜʣʷ ʙʝʩʰʦʚʥʳʭ ʩʦʝʜʠʥʝʥʠʡ ʥʘ ʦʩʥʦʚʝ ʥʘʥʦʩʝʪʯʘʪʦʛʦ 

ʛʨʘʬʝʥʘ ʠ ʋʅʊ ʪʠʧʘ çʢʨʝʩʣʦè [9]. ɼʣʷ ʵʪʦʛʦ ʩ ʢʦʥʮʘ ʋʅʊ, ʚʭʦʜʷʱʝʡ ʚ 

ʩʦʩʪʘʚ ʢʦʤʧʦʟʠʪʘ, ʰʘʛ ʟʘ ʰʘʛʦʤ ʫʜʘʣʷʣʩʷ ʚʝʨʭʥʠʡ ʩʣʦʡ ʘʪʦʤʦʚ ʫʛʣʝʨʦʜʘ, 

ʧʦʢʘ ʩʪʨʫʢʪʫʨʘ ʥʝ ʧʨʠʥʠʤʘʣʣʘ ʬʦʨʤʫ ʠʩʭʦʜʥʦʛʦ ʥʘʥʦʩʝʪʯʘʪʦʛʦ ʛʨʘʬʝʥʘ, 

ʦʙʣʘʜʘʶʱʝʛʦ ʵʥʝʨʛʠʝʡ E0. ʈʠʩ 2 ʜʝʤʦʥʩʪʨʠʨʫʝʪ ʟʘʢʣʶʯʠʪʝʣʴʥʳʝ ʵʪʘʧʳ 

ʫʜʘʣʝʥʠʷ ʚʝʨʭʥʠʭ ʩʣʦʝʚ ʘʪʦʤʠʩʪʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ ʛʨʘʬʝʥ/ɺʆʋʅʊ (14,4). 

ʅʘ ʢʘʞʜʦʤ ʰʘʛʝ ʩʪʨʫʢʪʫʨʘ ʨʝʦʧʪʠʤʠʟʠʨʦʚʘʣʘʩʴ ʤʝʪʦʜʦʤ SCC DFTB ʠ 

ʨʘʩʩʯʠʪʳʚʘʣʘʩʴ ʵʥʝʨʛʠʷ ʥʘ ʘʪʦʤ Ei. ɺ ʠʪʦʛʝ ʧʦʩʣʝ ʫʜʘʣʝʥʠʷ ʢʘʞʜʦʛʦ ʥʦʚʦʛʦ 

ʩʣʦʷ ʵʥʝʨʛʠʷ E0-Eiʠʟʦʙʨʘʞʘʣʘʩʴ ʥʘ ʜʠʘʛʨʘʤʤʝ ɻ ʥʝʨʛʝʪʠʯʝʩʢʦʛʦ ʧʨʦʬʠʣʷ 

ʨʦʩʪʘ ʛʨʘʬʝʥ/ɺʆʋʅʊ (ʈʠʩ. 3). ʂʘʢ ʚʠʜʥʦ ʠʟ ʈʠʩ. 3, ʬʦʨʤʠʨʦʚʘʥʠʝ ʚʩʝʭ 

ʨʘʩʩʤʦʪʨʝʥʥʳʭ ʩʦʝʜʠʥʝʥʠʡ ʷʚʣʷʝʪʩʷ ʵʥʝʨʛʝʪʠʯʝʩʢʠ ʚʳʛʦʜʥʳʤ, ʪʘʢ ʢʘʢ E0-

Ei ʥʠ ʚ ʦʜʥʦʤ ʠʟ ʩʣʫʯʘʝʚ ʥʝ ʧʨʝʚʳʰʘʝʪ ʥʫʣʷ. ɺ ʤʦʤʝʥʪ ʟʘʚʝʨʰʝʥʠʷ 

ʬʦʨʤʠʨʦʚʘʥʠʷ 3-5 ʩʣʦʝʚ ʢʦʤʧʦʟʠʪʦʚ ʦʪʤʝʯʘʝʪʩʷ ʚʩʧʣʝʩʢ ʵʥʝʨʛʠʠ, ʦʜʥʘʢʦ 

ʟʘʪʝʤ ʵʥʝʨʛʠʷ ʫʙʳʚʘʝʪ.  
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ʀʩʭʦʜʥʘʷ ʩʪʨʫʢʪʫʨʘ 

 

1ʡ ʩʣʦʡ 2ʡ ʩʣʦʡ 

 
 

 

 

 

3ʡ ʩʣʦʡ 4ʡ ʩʣʦʡ 5 ʩʣʦʡ 

ʈʠʩʫʥʦʢ 2. çɺʠʨʪʫʘʣʴʥʦʝ ʚʳʨʘʱʠʚʘʥʠʝè ʢʦʤʧʦʟʠʪʘ ʛʨʘʬʝʥ/ɺʆʋʅʊ(14,4). ɺʳʜʝʣʝʥʳ 

ʘʪʦʤʳ, ʦʪʥʦʩʷʱʠʝʩʷ ʢ ʥʦʚʦʤʫ ʜʦʙʘʚʣʝʥʥʦʤʫ ʩʣʦʶ. 

 

ʉ ʮʝʣʴʶ ʧʦʠʩʢʘ ʦʧʪʠʤʘʣʴʥʳʭ ʨʘʟʤʝʨʦʚ ʩʫʧʝʨʲʷʯʝʡʢʠ ʙʳʣʠ 

ʜʦʧʦʣʥʠʪʝʣʴʥʦ ʧʦʩʪʨʦʝʥʳ ʵʥʝʨʛʝʪʠʯʝʩʢʠʝ ʧʨʦʬʠʣʠ ʨʦʩʪʘ ʘʪʦʤʠʩʪʠʯʝʩʢʠʭ 

ʩʪʨʫʢʪʫʨ ʛʨʘʬʝʥ/ɺʆʋʅʊ(14,4) ʨʘʟʤʝʨʘʤʠ 44x44 ʠ 50x50 ¡
2
 (ʈʠʩ. 3ʙ). ʂʘʢ 

ʚʠʜʥʦ ʠʟ ʨʠʩʫʥʢʘ, ʨʦʩʪ ʢʦʤʧʦʟʠʪʦʚ ʩ ʪʘʢʠʤʠ ʨʘʟʤʝʨʘʤʠ ʩʫʧʝʨʲʷʯʝʡʢʠ 

ʪʘʢʞʝ ʷʚʣʷʝʪʩʷ ʚʦʟʤʦʞʥʳʤ, ʦʜʥʘʢʦ ʤʝʥʝʝ ʵʥʝʨʛʝʪʠʯʝʩʢʠ ʚʳʛʦʜʥʳʤ ʚ 

ʩʨʘʚʥʝʥʠʠ ʩʦ ʩʣʫʯʘʝʤ ç34ʭ34è. ʕʪʦ ʦʙʲʷʩʥʷʝʪʩʷ ʪʝʤ, ʯʪʦ ʜʣʷ 

ʥʘʥʦʩʝʪʯʘʪʦʛʦ ʛʨʘʬʝʥʘ ʩ ʨʘʟʤʝʨʘʤʠ ç34ʭ34è ʟʘʨʷʜʳ ʧʦ ʄʘʣʣʠʢʝʥʫ ʥʘ 

ʘʪʦʤʘʭ ʚʙʣʠʟʠ ʦʪʚʝʨʩʪʠʷ ʟʥʘʯʠʪʝʣʴʥʦ ʧʨʝʚʳʰʘʶʪ ʟʘʨʷʜʳ ʥʘ ʘʪʦʤʘʭ ʚʙʣʠʟʠ 

ʦʪʚʝʨʩʪʠʷ ʥʘʥʦʩʝʪʯʘʪʦʛʦ ʛʨʘʬʝʥʘ ʩ ʙʦʣʴʰʠʤʠ ʨʘʟʤʝʨʘʤʠ. ʉʣʝʜʦʚʘʪʝʣʴʥʦ, 

ʜʘʥʥʳʝ ʘʪʦʤʳ ʷʚʣʷʶʪʩʷ ʙʦʣʝʝ ʭʠʤʠʯʝʩʢʠ ʘʢʪʠʚʥʳʤʠ, ʯʪʦ ʠ ʦʙʲʷʩʥʷʝʪ 

ʙʦʣʝʝ ʚʳʛʦʜʥʳʡ ʨʦʩʪ ɺʆʋʅʊ(14,4) ʠʤʝʥʥʦ ʠʟ ʥʘʥʦʩʝʪʯʘʪʦʛʦ ʛʨʘʬʝʥʘ ʩ 

ʪʘʢʠʤʠ ʨʘʟʤʝʨʘʤʠ. 
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ʘ ʙ 

 
ʈʠʩʫʥʦʢ 3. ʕʥʝʨʛʝʪʠʯʝʩʢʠʝ ʧʨʦʬʠʣʠ ʨʦʩʪʘ ʢʦʤʧʦʟʠʪʦʚ: a) ʛʨʘʬʝʥ/ɺʆʋʅʊ ʩ 

ʥʘʥʦʪʨʫʙʢʘʤʠ ʨʘʟʣʠʯʥʳʭ ʢʠʨʘʣʴʥʦʩʪʝʡ: (16,0), (14,4), (11,10), (12,6), (6,5); ʙ) 

ʛʨʘʬʝʥ/ɺʆʋʅʊ(14,4) ʩ ʨʘʟʣʠʯʥʳʤʠ ʚʝʢʪʦʨʘʤʠ ʪʨʘʥʩʣʷʮʠʠ. 

 

ʉʜʝʣʘʥʥʳʝ ʚ ʨʝʟʫʣʴʪʘʪʝ ʧʨʦʚʝʜʝʥʥʦʡ ʨʘʙʦʪʳ ʚʳʚʦʜʳ ʤʦʛʫʪ ʙʳʪʴ 

ʠʩʧʦʣʴʟʦʚʘʥʳ ʵʢʩʧʝʨʠʤʝʥʪʘʪʦʨʘʤʠ, ʩʠʥʪʝʟʠʨʫʶʱʠʤʠ 3D-ʤʘʪʝʨʠʘʣʳ ʥʘ 

ʦʩʥʦʚʝ ʥʘʥʦʩʝʪʯʘʪʦʛʦ ʛʨʘʬʝʥʘ ʠ ʫʛʣʝʨʦʜʥʳʭ ʥʘʥʦʪʨʫʙʦʢ.  

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ ʧʦʜʜʝʨʞʢʝ ʄʠʥʠʩʪʝʨʩʪʚʘ 

ʦʙʨʘʟʦʚʘʥʠʷ ʠ ʥʘʫʢʠ ʈʦʩʩʠʡʩʢʦʡ ʌʝʜʝʨʘʮʠʠ ʚ ʨʘʤʢʘʭ ʚʳʧʦʣʥʝʥʠʷ 

ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʛʦ ʟʘʜʘʥʠʷ (ʧʨʦʝʢʪ ˉ FSRR-2020-0004). 
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ʇʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʡ ʪʝʤʧʝʨʘʪʫʨʥʳʭ ʟʘʚʠʩʠʤʦʩʪʝʡ 

ʛʘʟʦʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʠ ʪʦʥʢʦʡ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʦʡ ʥʘʥʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʦʡ ʧʣʸʥʢʠ SnO2 

ʢ ʧʘʨʘʤ ʦʨʛʘʥʠʯʝʩʢʠʭ ʚʝʱʝʩʪʚ ʨʘʟʣʠʯʥʦʡ ʢʦʥʮʝʥʪʨʘʮʝʡ. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʚ ʠʩʩʣʝʜʫʝʤʦʤ 

ʪʝʤʧʝʨʘʪʫʨʥʦʤ ʜʠʘʧʘʟʦʥʝ ʤʘʢʩʠʤʘʣʴʥʘʷ ʛʘʟʦʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴ ʧʣʝʥʢʠ ʜʠʦʢʩʠʜʘ ʦʣʦʚʘ 

ʢ ʧʘʨʘʤ ʠʟʦʧʨʦʧʘʥʦʣʘ ʜʦʩʪʠʛʘʝʪʩʷ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 350 Áʉ. ʇʦʣʫʯʝʥʥʳʝ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʠʥʪʝʨʧʨʝʪʠʨʫʶʪʩʷ ʚ ʨʘʤʢʘʭ ʤʦʜʝʣʠ ʜʠʩʩʦʮʠʘʪʠʚʥʦʡ 

ʘʜʩʦʨʙʮʠʠ ʢʠʩʣʦʨʦʜʘ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʧʦʣʫʧʨʦʚʦʜʥʠʢʘ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʡ ʩʝʥʩʦʨ, ʪʦʥʢʠʝ ʥʘʥʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʝ 

ʧʣʝʥʢʠ, ʛʘʟʦʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴ, ʜʠʦʢʩʠʜ ʦʣʦʚʘ, ʟʦʣʴ-ʛʝʣʴ ʤʝʪʦʜ, ʜʠʩʩʦʮʠʘʪʠʚʥʘʷ 

ʘʜʩʦʨʙʮʠʷ.  

 

ɼʠʦʢʩʠʜ ʦʣʦʚʘ ʷʚʣʷʝʪʩʷ ʰʠʨʦʢʦʟʦʥʥʳʤ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʤ ʩ 

ʵʣʝʢʪʨʦʥʥʳʤ ʪʠʧʦʤ ʧʨʦʚʦʜʠʤʦʩʪʠ, ʦʙʣʘʜʘʶʱʠʡ ʛʘʟʦʯʫʚʩʪʚʠʪʝʣʴʥʳʤʠ 

ʩʚʦʡʩʪʚʘʤʠ [1-5]. ɺʚʠʜʫ ʩʦʯʝʪʘʥʠʷ ʫʥʠʢʘʣʴʥʳʭ ʬʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʠʭ 

ʩʚʦʡʩʪʚ, ʜʠʦʢʩʠʜ ʦʣʦʚʘ ʰʠʨʦʢʦ ʠʩʧʦʣʴʟʫʝʪʩʷ ʚ ʧʨʦʠʟʚʦʜʩʪʚʝ 

ʛʘʟʦʘʥʘʣʠʪʠʯʝʩʢʠʭ ʩʝʥʩʦʨʦʚ ʠ ʫʩʪʨʦʡʩʪʚ ʥʘ ʠʭ ʦʩʥʦʚʝ [6-8]. 

ɼʝʪʝʢʪʠʨʦʚʘʥʠʝ ʛʘʟʦʚ, ʢʘʢ ʧʨʘʚʠʣʦ, ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʧʨʠ ʧʦʚʳʰʝʥʥʳʭ 

ʨʘʙʦʯʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ~300 Áʉ. ʕʪʦ ʩʚʷʟʘʥʦ ʩ ʥʝʦʙʭʦʜʠʤʦʩʪʴʶ ʘʢʪʠʚʘʮʠʠ 

ʛʝʪʝʨʦʛʝʥʥʳʭ ʭʠʤʠʯʝʩʢʠʭ ʨʝʘʢʮʠʠ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʛʘʟʦʯʫʚʩʪʚʠʪʝʣʴʥʦʛʦ 

ʩʣʦʷ ʩʝʥʩʦʨʘ, ʘ ʪʘʢʞʝ ʧʨʦʮʝʩʩʦʚ ʜʝʩʦʨʙʮʠʠ ʧʨʦʜʫʢʪʦʚ ʨʝʘʢʮʠʠ ʩ ʠʭ 

ʧʦʚʝʨʭʥʦʩʪʠ [4]. ʇʦʵʪʦʤʫ, ʫʩʪʘʥʦʚʣʝʥʠʝ ʢʨʠʪʝʨʠʝʚ ʚʳʙʦʨʘ ʨʘʙʦʯʝʡ 

ʪʝʤʧʝʨʘʪʫʨʳ ʩʝʥʩʦʨʘ ʷʚʣʷʝʪʩʷ ʚʘʞʥʦʡ ʥʘʫʯʥʦ-ʧʨʠʢʣʘʜʥʦʡ ʟʘʜʘʯʝʡ. 

ɻʘʟʦʯʫʚʩʪʚʠʪʝʣʴʥʳʝ ʦʙʨʘʟʮʳ ʪʦʥʢʠʭ ʧʣʝʥʦʢ ʜʠʦʢʩʠʜʘ ʦʣʦʚʘ 

ʬʦʨʤʠʨʦʚʘʣʠʩʴ ʟʦʣʴ-ʛʝʣʴ ʤʝʪʦʜʦʤ: ʠʟʦʧʨʦʧʠʣʦʚʳʡ ʩʧʠʨʪ (ʦʙʲʸʤ 12 ʤʣ) 

ʧʨʝʜʚʘʨʠʪʝʣʴʥʦ ʥʘʛʨʝʚʘʣʩʷ ʜʦ 80 Áʉ, ʘ ʟʘʪʝʤ ʩʤʝʰʠʚʘʣʩʷ ʩ ʧʦʨʦʰʢʦʤ 

ʭʣʦʨʠʜʘ ʦʣʦʚʘ ὛὲὅὰϽςὌὕ  ʤʘʩʩʦʡ 1,2 ʛ. ɺ ʧʨʦʮʝʩʩʝ ʭʠʤʠʯʝʩʢʦʡ 

ʨʝʘʢʮʠʠ ʩʠʥʪʝʟʠʨʦʚʘʣʩʷ ʨʘʩʪʚʦʨ ʦʣʦʚʦʦʨʛʘʥʠʯʝʩʢʦʛʦ ʵʬʠʨʘ: 
Ὓὲὅὰ ὅὌὕ O  ὛὲὅὌὕ ςὌὅὰ. (1) 
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ʈʝʛʫʣʠʨʦʚʘʥʠʝ ʢʠʩʣʦʪʥʦʩʪʠ (pH) ʧʦʣʫʯʝʥʥʦʛʦ ʨʘʩʪʚʦʨʘ 

ʦʩʫʱʝʩʪʚʣʷʣʦʩʴ ʧʫʪʝʤ ʥʝʡʪʨʘʣʠʟʘʮʠʠ ʩʦʣʷʥʦʡ ʢʠʩʣʦʪʳ ʚʦʜʥʳʤ ʨʘʩʪʚʦʨʦʤ 

ʘʤʤʠʘʢʘ (ʦʙʲʝʤ 3,75 ʤʣ): 
ὔὌὕὌ  Ὄὅὰ O  ὔὌὅὰ  Ὄὕ. (2) 

ʇʦʣʫʯʝʥʥʳʡ ʨʘʩʪʚʦʨ ʧʝʨʝʤʝʰʠʚʘʣʩʷ ʩ ʧʦʤʦʱʴʶ ʤʘʛʥʠʪʥʦʡ ʤʝʰʘʣʢʠ 

ʚ ʪʝʯʝʥʠʝ 20 ʤʠʥʫʪ ʜʦ ʬʦʨʤʠʨʦʚʘʥʠʷ ʟʦʣʷ, ʢʦʪʦʨʳʡ ʩʦʟʨʝʚʘʣ ʧʨʠ 

ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʚ ʪʝʯʝʥʠʝ 24 ʯʘʩʦʚ. ʂʠʩʣʦʪʥʦʩʪʴ ʧʦʣʫʯʝʥʥʦʛʦ 

ʨʘʩʪʚʦʨʘ ʧʨʝʢʫʨʩʦʨʘ ʢʦʥʪʨʦʣʠʨʦʚʘʣʘʩʴ ʫʥʠʚʝʨʩʘʣʴʥʳʤ ʠʥʜʠʢʘʪʦʨʦʤ ʠ 

ʩʦʩʪʘʚʣʷʣʘ pH = 7. ʇʦʣʫʯʝʥʥʳʡ ʛʝʣʴ ʤʝʪʦʜʦʤ ʮʝʥʪʨʠʬʫʛʠʨʦʚʘʥʠʷ 

ʥʘʥʦʩʠʣʩʷ ʥʘ ʧʦʜʣʦʞʢʫ ʧʦʣʠʨʦʚʘʥʥʦʡ ʧʣʘʩʪʠʥʳ ʧʦʣʠʢʦʨʘ ʩ ʧʦʩʣʝʜʫʶʱʠʤ 

ʦʪʞʠʛʦʤ ʚ ʘʪʤʦʩʬʝʨʝ ʢʠʩʣʦʨʦʜʘ ʧʨʠ 500 Áʉ ʚ ʪʝʯʝʥʠʝ 1 ʯʘʩʘ. ʇʦ ʜʘʥʥʳʤ 

ʩʢʘʥʠʨʫʶʱʝʡ ʵʣʝʢʪʨʦʥʥʦʡ ʤʠʢʨʦʩʢʦʧʠʠ (ʉʕʄ) ʧʣʸʥʢʘ ʜʠʦʢʩʠʜʘ ʦʣʦʚʘ 

ʩʦʩʪʦʷʣʘ ʠʟ ʘʛʣʦʤʝʨʘʪʦʚ ʯʘʩʪʠʮ ʵʣʣʠʧʩʦʠʜʘʣʴʥʦʡ ʬʦʨʤʳ ʥʘʥʦʤʝʪʨʦʚʳʭ 

ʨʘʟʤʝʨʦʚ. ʉʕʄ-ʠʟʦʙʨʘʞʝʥʠʝ ʧʦʚʝʨʭʥʦʩʪʠ ʧʦʣʫʯʝʥʥʳʭ ʧʣʸʥʦʢ SnO2 

ʧʨʝʜʩʪʘʚʣʝʥʦ ʥʘ ʨʠʩʫʥʢʝ 1. 

 

 
 

 
ʈʠʩʫʥʦʢ 1 ï ʉʕʄ-ʠʟʦʙʨʘʞʝʥʠʝ 

ʧʦʚʝʨʭʥʦʩʪʠ ʪʦʥʢʦʡ ʧʣʝʥʢʠ ʜʠʦʢʩʠʜʘ 

ʦʣʦʚʘ, ʩʠʥʪʝʟʠʨʦʚʘʥʥʦʡ ʟʦʣʴ-ʛʝʣʴ 

ʤʝʪʦʜʦʤ 

ʈʠʩʫʥʦʢ 2 ï ʉʭʝʤʘ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ 

ʫʩʪʘʥʦʚʢʠ ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ʛʘʟʦʯʫʚʩʪʚʠʪʝʣʴʥʳʭ ʩʚʦʡʩʪʚ ʦʙʨʘʟʮʦʚ 

 

ʂʦʥʪʘʢʪʥʘʷ ʩʠʩʪʝʤʘ ʛʘʟʦʚʦʛʦ ʩʝʥʩʦʨʘ ʬʦʨʤʠʨʦʚʘʣʘʩʴ ʤʝʪʦʜʦʤ 

ʪʝʨʤʠʯʝʩʢʦʛʦ ʠʩʧʘʨʝʥʠʷ ʩʧʣʘʚʘ ʍ20ʅ80 ʩ ʧʦʩʣʝʜʫʶʱʠʤ ʦʩʘʞʜʝʥʠʝʤ ʯʝʨʝʟ 

ʤʘʩʢʫ ʤʘʪʝʨʠʘʣʘ ʢʦʥʪʘʢʪʦʚ ʥʘ ʧʦʣʠʢʦʨʦʚʫʶ ʧʦʜʣʦʞʢʫ ʩ ʥʘʥʝʩʝʥʥʳʤ ʩʣʦʝʤ 

ʜʠʦʢʩʠʜʘ ʦʣʦʚʘ. 

ʀʩʩʣʝʜʦʚʘʥʠʷ ʪʝʤʧʝʨʘʪʫʨʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ʧʨʦʚʦʜʠʤʦʩʪʠ ʪʦʥʢʦʡ 

ʥʘʥʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʦʡ ʧʣʝʥʢʠ ʜʠʦʢʩʠʜʘ ʦʣʦʚʘ ʠ ʚʣʠʷʥʠʷ ʧʘʨʦʚ 

ʦʨʛʘʥʠʯʝʩʢʠʭ ʚʝʱʝʩʪʚ ʥʘ ʝʸ ʧʨʦʚʦʜʠʤʦʩʪʴ ʦʩʫʱʝʩʪʚʣʷʣʠʩʴ ʩ ʧʦʤʦʱʴʶ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʫʩʪʘʥʦʚʢʠ [5], ʩʭʝʤʘ ʢʦʪʦʨʦʡ ʠʟʦʙʨʘʞʝʥʘ ʥʘ ʨʠʩʫʥʢʝ 2. 

ʋʩʪʘʥʦʚʢʘ ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʛʘʟʦʯʫʚʩʪʚʠʪʝʣʴʥʳʭ ʩʚʦʡʩʪʚ ʩʦʩʪʦʠʪ ʠʟ  

ʙʘʣʣʦʥʘ ʩ ʩʠʥʪʝʪʠʯʝʩʢʠʤ ʚʦʟʜʫʭʦʤ ï 1, ʨʝʛʫʣʷʪʦʨʦʚ ʨʘʩʭʦʜʘ ʛʘʟʘ ï 2, 
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ʙʘʨʙʦʪʸʨʘ ï 3, ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʛʦ ʢʣʘʧʘʥʘ ï 4, ʨʘʙʦʯʝʡ ʢʘʤʝʨʳ ï 5, ʩʝʥʩʦʨʘ 

ï 6, ʨʘʩʧʦʣʦʞʝʥʥʦʛʦ ʚ ʤʠʢʨʦʪʝʨʤʦʩʪʘʪʝ, ʤʫʣʴʪʠʤʝʪʨʘ ï 7, ʢʦʤʧʴʶʪʝʨʘ ï 8. 

ʀʟ ʙʘʣʣʦʥʘ 1 ʧʨʠ ʧʦʤʦʱʠ ʨʝʛʫʣʷʪʦʨʦʚ ʨʘʩʭʦʜʘ ʛʘʟʘ 2 ʧʦʜʘʚʘʣʩʷ 

ʩʠʥʪʝʪʠʯʝʩʢʠʡ ʚʦʟʜʫʭ ʚ ʛʘʟʦʧʨʦʚʦʜʥʫʶ ʩʠʩʪʝʤʫ ʠʟʤʝʨʠʪʝʣʴʥʦʡ ʫʩʪʘʥʦʚʢʠ. 

ɼʣʷ ʧʦʣʫʯʝʥʠʷ ʛʘʟʦʚʳʭ ʧʨʦʙ ʩʠʥʪʝʪʠʯʝʩʢʠʡ ʚʦʟʜʫʭ ʧʦʩʪʫʧʘʣ ʚ ʙʘʨʙʦʪʝʨ 3, 

ʛʜʝ ʧʫʟʳʨʴʢʠ ʚʦʟʜʫʭʘ ʥʘʩʳʱʘʣʠʩʴ ʧʘʨʘʤʠ ʠʟʦʧʨʦʧʘʥʦʣʘ. ʏʝʨʝʟ 

ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʳʡ ʢʣʘʧʘʥ 4 ʧʘʨʦ-ʚʦʟʜʫʰʥʘʷ ʩʤʝʩʴ (ʛʘʟʦʚʘʷ ʧʨʦʙʘ) 

ʧʦʩʪʫʧʘʣʘ ʚ ʨʘʙʦʯʫʶ ʢʘʤʝʨʫ 5, ʚ ʢʦʪʦʨʦʡ ʨʘʩʧʦʣʘʛʘʣʩʷ ʛʘʟʦʚʳʡ ʩʝʥʩʦʨ. 

ʊʝʤʧʝʨʘʪʫʨʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʧʨʦʚʦʜʠʤʦʩʪʠ ʧʣʸʥʢʠ ʜʠʦʢʩʠʜʘ ʦʣʦʚʘ ʚ 

ʘʪʤʦʩʬʝʨʝ ʩʠʥʪʝʪʠʯʝʩʢʦʛʦ ʚʦʟʜʫʭʘ ʧʨʝʜʩʪʘʚʣʝʥʘ ʥʘ ʨʠʩʫʥʢʝ 3. ʅʘ 

ʪʝʤʧʝʨʘʪʫʨʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ʥʘʙʣʶʜʘʣʩʷ ʣʦʢʘʣʴʥʳʡ ʤʠʥʠʤʫʤ ʚ ʜʠʘʧʘʟʦʥʝ 

ʨʘʙʦʯʠʭ ʪʝʤʧʝʨʘʪʫʨ 300é350 
o
C, ʯʪʦ ʤʦʞʝʪ ʙʳʪʴ ʩʚʷʟʘʥʦ ʩ 

ʪʝʨʤʦʘʢʪʠʚʠʨʦʚʘʥʥʦʡ ʜʠʩʩʦʮʠʘʪʠʚʥʦʡ ʘʜʩʦʨʙʮʠʝʡ ʢʠʩʣʦʨʦʜʘ ʚ ʘʪʦʤʘʨʥʦʡ 

ʬʦʨʤʝ [6]: 
ὕ ʛʘʟςὩ ᵮςὕʘʜʩ (3) 

 

 

 

 

ʈʠʩʫʥʦʢ 3 ï ʊʝʤʧʝʨʘʪʫʨʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ 

ʧʨʦʚʦʜʠʤʦʩʪʠ ʧʣʸʥʢʠ ʜʠʦʢʩʠʜʘ ʦʣʦʚʘ ʚ 

ʘʪʤʦʩʬʝʨʝ ʩʠʥʪʝʪʠʯʝʩʢʦʛʦ ʚʦʟʜʫʭʘ 

ʈʠʩʫʥʦʢ 4 ï ɼʠʥʘʤʠʢʘ ʠʟʤʝʥʝʥʠʷ 

ʧʨʦʚʦʜʠʤʦʩʪʠ ʧʣʝʥʢʠ ʜʠʦʢʩʠʜʘ ʦʣʦʚʘ ʧʨʠ 

ʥʘʧʫʩʢʝ ʛʘʟʦʚʦʡ ʧʨʦʙʳ, ʩʦʜʝʨʞʘʱʝʡ ʧʘʨʳ 

ʠʟʦʧʨʦʧʠʣʦʚʦʛʦ ʩʧʠʨʪʘ ʩ ʢʦʥʮʝʥʪʨʘʮʠʝʡ 

30% ʦʪ ʥʘʩʳʱʝʥʥʦʛʦ ʧʘʨʘ 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʚʣʠʷʥʠʷ ʧʘʨʦʚ ʠʟʦʧʨʦʧʘʥʦʣʘ ʥʘ ʧʨʦʚʦʜʠʤʦʩʪʴ ʧʣʝʥʢʠ 

ʜʠʦʢʩʠʜʘ ʦʣʦʚʘ ʧʨʦʚʦʜʠʣʦʩʴ ʧʫʪʸʤ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʳʭ ʥʘʧʫʩʢʦʚ ʧʨʦʙʳ 

ʟʘʜʘʥʥʦʡ ʢʦʥʮʝʥʪʨʘʮʠʠ ʚ ʠʟʤʝʨʠʪʝʣʴʥʫʶ ʢʘʤʝʨʫ ʚ ʪʝʯʝʥʠʝ 3 ʤʠʥʫʪ. ʇʦʩʣʝ 

ʢʘʞʜʦʛʦ ʥʘʧʫʩʢʘ ʛʘʟʦʚʦʡ ʧʨʦʙʳ ʦʩʫʱʝʩʪʚʣʷʣʘʩʴ ʧʨʦʜʫʚʢʘ ʠʟʤʝʨʠʪʝʣʴʥʦʡ 

ʢʘʤʝʨʳ ʩʠʥʪʝʪʠʯʝʩʢʠʤ ʚʦʟʜʫʭʦʤ ʜʦ ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ ʧʨʦʚʦʜʠʤʦʩʪʠ 

ʦʙʨʘʟʮʘ. ʅʘ ʨʠʩʫʥʢʝ 4 ʠʟʦʙʨʘʞʝʥ ʬʨʘʛʤʝʥʪ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ ʧʦ 

ʜʠʥʘʤʠʢʝ ʠʟʤʝʥʝʥʠʷ ʧʨʦʚʦʜʠʤʦʩʪʠ ʧʣʸʥʢʠ SnO2 ʧʨʠ ʥʘʧʫʩʢʝ ʛʘʟʦʚʦʡ 

ʧʨʦʙʳ, ʩʦʜʝʨʞʘʱʝʡ ʧʘʨʳ ʠʟʦʧʨʦʧʘʥʦʣʘ. 



 
57 

ʆʪʢʣʠʢ ʛʘʟʦʯʫʚʩʪʚʠʪʝʣʴʥʦʛʦ ʦʙʨʘʟʮʘ S ʥʘ ʚʦʟʜʝʡʩʪʚʠʷ ʛʘʟʦʚʳʭ ʧʨʦʙ 

ʦʧʨʝʜʝʣʷʣʩʷ ʢʘʢ ʦʪʥʦʩʠʪʝʣʴʥʦʝ ʠʟʤʝʥʝʥʠʝ ʝʛʦ ʧʨʦʚʦʜʠʤʦʩʪʠ: 

S=
Ὃ Ὃ

Ὃ
, (4) 

ʛʜʝ Ὃ ï ʧʨʦʚʦʜʠʤʦʩʪʴ ʦʙʨʘʟʮʘ ʚ ʩʠʥʪʝʪʠʯʝʩʢʦʤ ʚʦʟʜʫʭʝ; Ὃ ï ʩʪʘʮʠʦʥʘʨʥʦʝ 

ʟʥʘʯʝʥʠʝ ʧʨʦʚʦʜʠʤʦʩʪʠ ʦʙʨʘʟʮʘ ʧʨʠ ʥʘʧʫʩʢʝ ʛʘʟʦʚʦʡ ʧʨʦʙʳ ʚ 

ʠʟʤʝʨʠʪʝʣʴʥʫʶ ʢʘʤʝʨʫ. 

ʀʟʤʝʨʝʥʠʷ ʢʦʥʮʝʥʪʨʘʮʠʦʥʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ʛʘʟʦʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʠ 

ʧʣʝʥʢʠ ʜʠʦʢʩʠʜʘ ʦʣʦʚʘ ʧʨʦʠʟʚʦʜʠʣʠʩʴ ʧʨʠ ʨʘʙʦʯʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ 

150é400 Áʉ ʚ ʜʠʘʧʘʟʦʥʝ ʢʦʥʮʝʥʪʨʘʮʠʡ ʧʨʦʙ ʦʪ 5% ʜʦ 90% ʥʘʩʳʱʝʥʥʦʛʦ 

ʧʘʨʘ. ʈʝʟʫʣʴʪʘʪʳ ʠʟʤʝʨʝʥʠʡ ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʨʠʩʫʥʢʝ 5. 
 

  
ʈʠʩʫʥʦʢ 5 ï ʂʦʥʮʝʥʪʨʘʮʠʦʥʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʦʪʢʣʠʢʘ ʧʣʝʥʦʢ ʜʠʦʢʩʠʜʘ ʦʣʦʚʘ ʢ ʧʘʨʘʤ 

ʠʟʦʧʨʦʧʘʥʦʣʘ ʧʨʠ ʨʘʟʥʦʡ ʨʘʙʦʯʝʡ ʪʝʤʧʝʨʘʪʫʨʝ 

 
ɸʥʘʣʠʟ ʧʦʣʫʯʝʥʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ ʧʦʢʘʟʘʣ, ʯʪʦ 

ʤʘʢʩʠʤʘʣʴʥʳʝ ʟʥʘʯʝʥʠʷ ʦʪʢʣʠʢʘ ʛʘʟʦʯʫʚʩʪʚʠʪʝʣʴʥʳʭ ʦʙʨʘʟʮʦʚ ʚ 

ʠʩʩʣʝʜʫʝʤʦʤ ʪʝʤʧʝʨʘʪʫʨʥʦʤ ʜʠʘʧʘʟʦʥʝ ʜʦʩʪʠʛʘʶʪʩʷ ʧʨʠ ʨʘʙʦʯʝʡ 

ʪʝʤʧʝʨʘʪʫʨʝ ~ 350 Áʉ. ʇʦ-ʚʠʜʠʤʦʤʫ, ʚʳʩʦʢʘʷ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴ ʧʨʠ 

ʜʘʥʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʦʙʫʩʣʦʚʣʝʥʘ ʧʨʝʦʙʣʘʜʘʥʠʝʤ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʧʣʝʥʢʠ 

ʜʠʦʢʩʠʜʘ ʦʣʦʚʘ ʭʝʤʦʩʦʨʙʠʨʦʚʘʥʥʦʛʦ ʢʠʩʣʦʨʦʜʘ ʚ ʘʪʦʤʘʨʥʦʡ ʬʦʨʤʝ [7]. 

ʇʨʠ ʥʘʧʫʩʢʝ ʛʘʟʦʚʦʡ ʧʨʦʙʳ ʩʦʜʝʨʞʘʱʝʡ ʧʘʨʳ ʠʟʦʧʨʦʧʘʥʦʣʘ, ʥʘ 

ʧʦʚʝʨʭʥʦʩʪʠ ʛʘʟʦʯʫʚʩʪʚʠʪʝʣʴʥʦʡ ʧʣʝʥʢʠ ʜʠʦʢʩʠʜʘ ʦʣʦʚʘ ʧʨʦʠʩʭʦʜʠʪ 

ʜʝʛʠʜʨʠʨʦʚʘʥʠʝ ʘʜʩʦʨʙʠʨʦʚʘʥʥʳʭ ʯʘʩʪʠʮ ʠʟʦʧʨʦʧʘʥʦʣʘ: 

ὅὌὕʘʜʩO ὅὌὕʛʘʟὌ ʘʜʩ. (5) 

ɿʘʪʝʤ ʚʦʜʦʨʦʜ ʚʩʪʫʧʘʝʪ ʚ ʭʠʤʠʯʝʩʢʫʶ ʨʝʘʢʮʠʶ ʩ ʘʜʩʦʨʙʠʨʦʚʘʥʥʳʤ 

ʢʠʩʣʦʨʦʜʦʤ ʚ ʤʦʣʝʢʫʣʷʨʥʦʡ ʠ ʘʪʦʤʘʨʥʦʡ ʬʦʨʤʘʭ: 

ὕ ʘʜʩ ςὌ ʘʜʩO ςὌὕʛʘʟὩ  

ςὕʘʜʩ ςὌ ʘʜʩO ςὌὕʛʘʟςὩ  
(6) 

ʋʚʝʣʠʯʝʥʠʝ ʨʘʙʦʯʝʡ ʪʝʤʧʝʨʘʪʫʨʳ ʛʘʟʦʯʫʚʩʪʚʠʪʝʣʴʥʦʛʦ ʦʙʨʘʟʮʘ 

ʚʳʰʝ 350
 o
C ʧʨʠʚʦʜʠʪ ʢ ʜʝʩʦʨʙʮʠʠ ʢʠʩʣʦʨʦʜʘ ʩ ʝʛʦ ʧʦʚʝʨʭʥʦʩʪʠ. ʇʨʠ ʵʪʦʤ 
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ʚ ʦʙʲʝʤʝ ʟʸʨʝʥ ʧʣʝʥʢʠ ʦʙʨʘʟʫʝʪʩʷ ʰʫʥʪʠʨʫʶʱʠʡ ʧʨʦʚʦʜʷʱʠʡ ʢʘʥʘʣ, ʯʪʦ 

ʧʨʠʚʦʜʠʪ ʢ ʩʥʠʞʝʥʠʶ ʝʸ ʛʘʟʦʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʠ. 

ʇʨʦʚʝʜʝʥʥʳʝ ʚ ʨʘʙʦʪʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʚʳʧʦʣʥʝʥʳ ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ 

ʧʦʜʜʝʨʞʢʝ ʈʌʌʀ ʚ ʨʘʤʢʘʭ ʥʘʫʯʥʦʛʦ ʧʨʦʝʢʪʘ ˉ 20-07-00602. 
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ʀʟʫʯʝʥʘ ʧʨʦʙʣʝʤʘ ʥʠʟʢʦʡ ʨʘʟʨʝʰʘʶʱʝʡ ʩʧʦʩʦʙʥʦʩʪʠ ʩʚʝʪʦʘʜʨʝʩʫʝʤʳʭ 

ʧʦʪʝʥʮʠʦʤʝʪʨʠʯʝʩʢʠʭ ʜʘʪʯʠʢʦʚ ʠ ʧʨʝʜʣʘʛʘʝʤʳʝ ʧʫʪʠ ʝʸ ʨʝʰʝʥʠʷ, ʘ ʪʘʢʞʝ ʦʙʦʩʥʦʚʘʥʘ 

ʚʦʟʤʦʞʥʦʩʪʴ ʨʝʰʝʥʠʷ ʫʢʘʟʘʥʥʦʡ ʧʨʦʙʣʝʤʳ ʧʦʩʨʝʜʩʪʚʦʤ ʧʨʠʤʝʥʝʥʠʷ ʘʤʦʨʬʥʦʛʦ 

ʢʨʝʤʥʠʷ ʚ ʢʘʯʝʩʪʚʝ ʚʝʨʭʥʝʛʦ ʩʣʦʷ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷ ʩʠʛʥʘʣʘ. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʫʚʝʣʠʯʝʥʠʝ 

ʜʣʠʪʝʣʴʥʦʩʪʠ ʨʝʣʘʢʩʘʮʠʠ ʟʘʨʷʜʘ ʧʦʚʝʨʭʥʦʩʪʥʳʭ ʵʣʝʢʪʨʦʥʥʳʭ ʩʦʩʪʦʷʥʠʡ ʧʦʩʣʝ 

ʚʳʢʣʶʯʝʥʠʷ ʦʩʚʝʱʝʥʠʷ, ʜʦʩʪʠʛʥʫʪʦʝ ʧʨʠ ʬʦʨʤʠʨʦʚʘʥʠʠ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ 

ʤʦʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ n-Si ʥʘʥʦʨʘʟʤʝʨʥʦʛʦ ʩʣʦʷ a-Si ʧʦʟʚʦʣʷʝʪ ʧʨʦʚʦʜʠʪʴ 

ʬʦʪʦʩʪʠʤʫʣʷʮʠʶ ʜʦ ʧʦʛʨʫʞʝʥʠʷ ʚ ʨʘʩʪʚʦʨ ʧʦʣʠʵʣʝʢʪʨʦʣʠʪʘ, ʯʪʦ ʘʢʪʫʘʣʴʥʦ ʧʨʠ 

ʥʝʦʙʭʦʜʠʤʦʩʪʠ ʣʦʢʘʣʴʥʦʡ ʬʦʪʦʩʪʠʤʫʣʷʮʠʠ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʦʡ ʧʦʜʣʦʞʢʠ, ʧʦʩʢʦʣʴʢʫ 

ʠʩʢʣʶʯʘʝʪ ʨʘʩʩʝʷʥʠʝ ʩʚʝʪʦʚʦʛʦ ʣʫʯʘ ʨʘʩʪʚʦʨʦʤ ʵʣʝʢʪʨʦʣʠʪʘ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʩʚʝʪʦʘʜʨʝʩʫʝʤʳʡ ʙʠʦʩʝʥʩʦʨ, ʘʤʦʨʬʥʳʡ ʢʨʝʤʥʠʡ, 

ʬʦʪʦʩʪʠʤʫʣʠʨʦʚʘʥʥʘʷ ʘʜʩʦʨʙʮʠʷ. 

 

ʅʝʩʤʦʪʨʷ ʥʘ ʜʦʩʪʘʪʦʯʥʦ ʭʦʨʦʰʦ ʨʘʟʨʘʙʦʪʘʥʥʫʶ ʪʝʦʨʠʶ 

ʬʦʪʦʧʨʦʚʦʜʠʤʦʩʪʠ ʥʝʦʨʛʘʥʠʯʝʩʢʠʭ ʠ ʦʨʛʘʥʠʯʝʩʢʠʭ ʤʘʪʝʨʠʘʣʦʚ ʠ ʩʪʨʫʢʪʫʨ 

ʥʘ ʠʭ ʦʩʥʦʚʝ, ʧʨʦʜʦʣʞʘʝʪʩʷ ʨʘʙʦʪʘ ʥʘʜ ʩʦʟʜʘʥʠʝʤ ʥʦʚʳʭ 

ʬʦʪʦʯʫʚʩʪʚʠʪʝʣʴʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʠ ʧʨʠʙʦʨʦʚ. ɺ ʯʘʩʪʥʦʩʪʠ, ʘʢʪʫʘʣʴʥʦʡ 

ʷʚʣʷʝʪʩʷ ʧʨʦʙʣʝʤʘ ʩʦʟʜʘʥʠʷ ʩʚʝʪʦʘʜʨʝʩʫʝʤʳʭ ʧʦʪʝʥʮʠʦʤʝʪʨʠʯʝʩʢʠʭ 

ʜʘʪʯʠʢʦʚ (ʉɸʇɼ) ʠ ʩʝʢʚʝʥʘʪʦʨʦʚ ʩ ʚʳʩʦʢʠʤ ʨʘʟʨʝʰʝʥʠʝʤ [1]. ʇʦʜ 

ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʤ ʨʘʟʨʝʰʝʥʠʝʤ ʟʜʝʩʴ ʧʦʥʠʤʘʝʪʩʷ ʨʘʩʩʪʦʷʥʠʝ ʤʝʞʜʫ 

ʩʦʩʝʜʥʠʤʠ ʫʯʘʩʪʢʘʤʠ-ʤʠʰʝʥʷʤʠ ʥʘ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʦʤ ʵʣʝʢʪʨʦʥʥʦʤ 

ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʝ, ʜʣʷ ʢʦʪʦʨʦʛʦ ʚʦʟʤʦʞʥʦ ʨʘʟʜʝʣʝʥʠʝ ʩʠʛʥʘʣʘ ʦʪ ʦʪʜʝʣʴʥʳʭ 

ʦʙʣʘʩʪʝʡ. ɼʚʫʤʷ ʦʩʥʦʚʥʳʤʠ ʬʘʢʪʦʨʘʤʠ, ʦʛʨʘʥʠʯʠʚʘʶʱʠʤʠ ʨʘʟʨʝʰʝʥʠʝ 

ʉɸʇɼ, ʷʚʣʷʶʪʩʷ ʙʦʢʦʚʘʷ ʜʠʬʬʫʟʠʷ ʥʝʦʩʥʦʚʥʳʭ ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ ʠʟ 

ʦʩʚʝʱʝʥʥʦʡ ʦʙʣʘʩʪʠ ʚ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʦʡ ʧʦʜʣʦʞʢʝ ʠ ʢʘʯʝʩʪʚʦ ʩʚʝʪʦʚʦʛʦ 

ʬʦʢʫʩʘ ʜʣʷ ʚʦʟʙʫʞʜʝʥʠʷ ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ. ɺ ʜʘʥʥʦʤ ʠʩʩʣʝʜʦʚʘʥʠʠ ʙʳʣʘ 

ʠʟʫʯʝʥʘ ʧʨʦʙʣʝʤʘ ʥʠʟʢʦʡ ʨʘʟʨʝʰʘʶʱʝʡ ʩʧʦʩʦʙʥʦʩʪʠ ʉɸʇɼ ʠ 

ʧʨʝʜʣʘʛʘʝʤʳʝ ʧʫʪʠ ʝʸ ʨʝʰʝʥʠʷ, ʘ ʪʘʢʞʝ ʦʙʦʩʥʦʚʘʥʘ ʚʦʟʤʦʞʥʦʩʪʴ ʨʝʰʝʥʠʷ 

ʫʢʘʟʘʥʥʦʡ ʧʨʦʙʣʝʤʳ ʧʦʩʨʝʜʩʪʚʦʤ ʧʨʠʤʝʥʝʥʠʷ ʘʤʦʨʬʥʦʛʦ ʢʨʝʤʥʠʷ ʚ 

ʢʘʯʝʩʪʚʝ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷ ʩʠʛʥʘʣʘ. 

ʅʘ ʨʠʩ. 1 ʧʨʝʜʩʪʘʚʣʝʥʘ ʢʣʘʩʩʠʬʠʢʘʮʠʷ ʤʝʪʦʜʦʚ, ʧʨʝʜʣʘʛʘʝʤʳʭ ʚ 

ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʜʣʷ ʨʝʰʝʥʠʷ ʧʨʦʙʣʝʤʳ ʥʠʟʢʦʛʦ ʨʘʟʨʝʰʝʥʠʷ ʉɸʇɼ. 

ʂʘʞʜʘʷ ʛʨʫʧʧʘ ʤʝʪʦʜʦʚ ʠʤʝʝʪ ʩʚʦʶ ʩʧʝʮʠʬʠʢʫ. ʊʘʢ ʠʩʧʦʣʴʟʦʚʘʥʠʝ 

ʩʝʪʯʘʪʦʛʦ ʨʘʙʦʯʝʛʦ ʵʣʝʢʪʨʦʜʘ ʧʦʟʚʦʣʷʝʪ ʩʜʝʨʞʠʚʘʪʴ ʙʦʢʦʚʫʶ ʜʠʬʬʫʟʠʶ ʠ 

ʧʦʚʳʰʘʪʴ ʩʪʘʙʠʣʴʥʦʩʪʴ ʩʠʛʥʘʣʘ, ʥʦ ʧʨʠ ʵʪʦʤ ʩʢʦʨʦʩʪʴ ʠʟʤʝʥʝʥʠʷ ʬʦʪʦʪʦʢʘ 

ʟʘʤʝʜʣʷʝʪʩʷ ʚ 2,5 ï 3,7 ʨʘʟʘ ʠ ʧʨʦʠʩʭʦʜʠʪ ʩʫʱʝʩʪʚʝʥʥʦʝ ʫʤʝʥʴʰʝʥʠʝ 

ʘʤʧʣʠʪʫʜʳ ʬʦʪʦʪʦʢʘ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʧʦʪʝʨʝ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʠ [2]. ʇʨʠ 
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ʫʤʝʥʴʰʝʥʠʠ ʪʦʣʱʠʥʳ Si ʦʪ 300 ʜʦ 5 ʤʢʤ ʤʦʞʥʦ ʫʣʫʯʰʠʪʴ 

ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʝ ʨʘʟʨʝʰʝʥʠʝ ʦʪ 500 ʜʦ 0,5 ʤʢʤ. ʅʦ ʧʣʘʩʪʠʥʘ Si ʪʦʥʴʰʝ 

100 ʤʢʤ ʷʚʣʷʝʪʩʷ ʚʝʩʴʤʘ ʭʨʫʧʢʦʡ. ʇʨʦʙʣʝʤʘ ʭʨʫʧʢʦʩʪʠ ʨʝʰʘʝʪʩʷ 

ʩʦʟʜʘʥʠʝʤ ʩʪʨʫʢʪʫʨʳ ʪʠʧʘ çʢʨʝʤʥʠʡ ʥʘ ʩʘʧʬʠʨʝè, ʢʦʪʦʨʘʷ ʧʦʤʠʤʦ ʵʪʦʛʦ 

ʦʙʝʩʧʝʯʠʚʘʝʪ ʚʳʩʦʢʠʡ ʢʦʵʬʬʠʮʠʝʥʪ ʧʨʦʧʫʩʢʘʥʠʷ ʩʚʝʪʘ ʠ 

ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʝ ʨʘʟʨʝʰʝʥʠʝ ʜʦ 1,5 ʤʢʤ ʥʘ ʜʣʠʥʝ ʚʦʣʥʳ 405 ʥʤ [3]. ʅʦ 

ʥʝʩʦʦʪʚʝʪʩʪʚʠʝ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʪʝʧʣʦʚʦʛʦ ʨʘʩʰʠʨʝʥʠʷ Si ʠ ʩʘʧʬʠʨʘ 

ʧʨʠʚʦʜʠʪ ʢ ʚʳʩʦʢʦʡ ʧʣʦʪʥʦʩʪʠ ʧʦʚʝʨʭʥʦʩʪʥʳʭ ʩʦʩʪʦʷʥʠʡ ʠ ʚʳʩʦʢʠʤ ʪʦʢʘʤ 

ʫʪʝʯʢʠ. 

 
ʈʠʩʫʥʦʢ 1. ʄʝʪʦʜʳ ʫʣʫʯʰʝʥʠʷ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʛʦ ʨʘʟʨʝʰʝʥʠʷ ʉɸʇɼ 

 

ɼʣʷ ʨʝʰʝʥʠʷ ʵʪʦʡ ʧʨʦʙʣʝʤʳ ʚ ʠʟʦʣʠʨʫʶʱʠʡ ʩʣʦʡ ʧʨʝʜʣʘʛʘʶʪ ʟʘʤʝʥʠʪʴ 

ʭʦʨʦʰʠʤ ʦʢʩʠʜʦʤ ʠʣʠ ʩʘʤʦʦʨʛʘʥʠʟʫʶʱʠʤʩʷ ʤʦʥʦʩʣʦʝʤ. ɸʚʪʦʨʳ [4] 

ʧʨʝʜʣʦʞʠʣʠ ʠʩʧʦʣʴʟʦʚʘʪʴ ʦʢʩʠʜ ʠʥʜʠʷ-ʦʣʦʚʘ (ITO) ʥʘ ʩʪʝʢʣʝ. 

ʅʝʩʦʤʥʝʥʥʳʤʠ ʜʦʩʪʦʠʥʩʪʚʘʤʠ ʨʘʟʨʘʙʦʪʢʠ ʷʚʣʷʶʪʩʷ ʥʠʟʢʘʷ ʩʪʦʠʤʦʩʪʴ, 

ʥʘʜʝʞʥʦʩʪʴ, ʩʪʘʙʠʣʴʥʦʩʪʴ ʠ ʧʨʦʩʪʦʪʘ ʤʦʜʠʬʠʢʘʮʠʠ. ʇʨʦʩʪʨʘʥʩʪʚʝʥʥʦʝ 

ʨʘʟʨʝʰʝʥʠʝ ʜʦʩʪʠʛʘʝʪ ʟʜʝʩʴ 2,3 ʤʢʤ ʥʘ ʜʣʠʥʝ ʚʦʣʥʳ 405 ʥʤ. ʅʦ ʩʝʥʩʦʨʳ ʥʘ 

ʩʪʝʢʣʝ ʩ ʧʦʢʨʳʪʠʝʤ ITO ʦʙʣʘʜʘʶʪ ʩʚʝʨʭʥʝʨʥʩʪʦʚʩʢʦʡ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴʶ 

ʢ ʨʅ, ʯʪʦ ʩʫʱʝʩʪʚʝʥʥʦ ʫʭʫʜʰʘʝʪ ʩʦʦʪʥʦʰʝʥʠʝ ʩʠʛʥʘʣ/ʰʫʤ. ʂʨʦʤʝ ʪʦʛʦ, 
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ʩʦʛʣʘʩʥʦ [1], ʩʝʣʝʢʪʠʚʥʦʩʪʴ ʪʘʢʦʡ ʩʪʨʫʢʪʫʨʳ ʢ ʠʦʥʘʤ ʧʦʢʘ ʥʝ ʧʨʦʚʝʨʷʣʘʩʴ.  

ɸʚʪʦʨʳ [5] ʧʨʝʜʣʦʞʠʣʠ ʠʩʧʦʣʴʟʦʚʘʪʴ ʤʘʩʩʠʚ ʥʘʥʦʩʪʝʨʞʥʝʡ ZnO ʚ 

ʢʘʯʝʩʪʚʝ ʩʝʥʩʦʨʥʦʡ ʧʦʜʣʦʞʢʠ. ɼʣʠʥʘ ʜʠʬʬʫʟʠʠ ʥʝʦʩʥʦʚʥʳʭ ʥʦʩʠʪʝʣʝʡ 

ʟʘʨʷʜʘ ʚ ZnO ʩʦʩʪʘʚʣʷʝʪ 0,13 ï 0,44 ʤʢʤ, ʯʪʦ ʥʘ ʥʝʩʢʦʣʴʢʦ ʧʦʨʷʜʢʦʚ 

ʤʝʥʴʰʝ, ʯʝʤ ʚ Si. ɼʠʘʤʝʪʨ ʥʘʥʦʩʪʝʨʞʥʝʡ ZnO ʟʥʘʯʠʪʝʣʴʥʦ ʤʝʥʴʰʠʡ, ʯʝʤ 

ʜʣʠʥʘ ʚʦʣʥʳ ʩʚʝʪʘ, ʯʪʦ ʜʝʣʘʝʪ ʧʨʝʥʝʙʨʝʞʠʤʦ ʤʘʣʳʤ ʵʬʬʝʢʪ ʨʘʩʩʝʷʥʠʷ 

ʩʚʝʪʘ ʠ ʧʨʠʚʦʜʠʪ ʢ ʣʫʯʰʝʤʫ ʨʘʟʨʝʰʝʥʠʶ ï ʜʦ 2 ʤʢʤ.  

ʇʦʧʳʪʢʘ ʧʨʠʤʝʥʠʪʴ ʚʳʩʦʢʦʣʝʛʠʨʦʚʘʥʥʳʝ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʝ 

ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʠ ʩʠʛʥʘʣʘ ʧʨʠʚʝʣʘ ʢ ʫʚʝʣʠʯʝʥʠʶ ʩʢʦʨʦʩʪʠ ʨʝʢʦʤʙʠʥʘʮʠʠ 

ʥʝʦʩʥʦʚʥʳʭ ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ, ʛʝʥʝʨʠʨʦʚʘʥʥʳʭ ʦʩʚʝʱʝʥʠʝʤ. ʕʪʦ 

ʫʤʝʥʴʰʠʣʦ ʜʠʬʬʫʟʠʦʥʥʫʶ ʜʣʠʥʫ ʠ ʜʘʣʦ ʥʝʟʥʘʯʠʪʝʣʴʥʦʝ ʫʣʫʯʰʝʥʠʝ 

ʨʘʟʨʝʰʝʥʠʷ (< 30 ʤʢʤ) [1]. ʅʦ ʚʳʩʦʢʘʷ ʩʢʦʨʦʩʪʴ ʨʝʢʦʤʙʠʥʘʮʠʠ 

ʦʜʥʦʚʨʝʤʝʥʥʦ ʚʝʜʝʪ ʢ ʩʥʠʞʝʥʠʶ ʬʦʪʦʪʦʢʘ ʠ, ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʢ ʥʠʟʢʦʡ 

ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʠ [3]. ɹʳʣʘ ʧʨʝʜʧʨʠʥʷʪʘ ʧʦʧʳʪʢʘ ʠʩʧʦʣʴʟʦʚʘʥʠʷ 

ʤʘʪʝʨʠʘʣʦʚ ʩ ʢʦʨʦʪʢʦʡ ʜʠʬʬʫʟʠʦʥʥʦʡ ʜʣʠʥʦʡ (GaAs, GaN). ʊʘʢ ʥʘ 

ʵʧʠʪʘʢʩʠʘʣʴʥʦʤ ʩʣʦʝ GaAs ʪʦʣʱʠʥʦʡ 8 ʤʢʤ ʙʳʣʦ ʜʦʩʪʠʛʥʫʪʦ 

ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʝ ʨʘʟʨʝʰʝʥʠʝ 3,1 ʤʢʤ.  

ɿʥʘʯʠʪʝʣʴʥʦʝ ʢʦʣʠʯʝʩʪʚʦ ʨʘʙʦʪ ʧʦʩʚʷʱʝʥʦ ʩʧʦʩʦʙʘʤ ʫʤʝʥʴʰʝʥʠʷ 

ʨʘʟʤʝʨʘ ʧʷʪʥʘ ʠʩʪʦʯʥʠʢʘ ʩʚʝʪʘ, ʢʘʢ ʧʨʷʤʦʤʫ ʩʧʦʩʦʙʫ ʧʦʚʳʩʠʪʴ ʨʘʟʨʝʰʝʥʠʝ 

ʉɸʇɼ [6]. ɺ ʯʘʩʪʥʦʩʪʠ, ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʙʣʠʞʥʝʛʦ ʠʥʬʨʘʢʨʘʩʥʦʛʦ 

ʦʙʣʫʯʝʥʠʷ ʩ ʪʳʣʴʥʦʡ ʩʪʦʨʦʥʳ ʢʨʝʤʥʠʝʚʳʭ ʧʦʜʣʦʞʝʢ ʪʦʣʱʠʥʦʡ ʜʦ 20 ʤʢʤ 

ʧʦʟʚʦʣʷʝʪ ʧʦʣʫʯʠʪʴ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʝ ʨʘʟʨʝʰʝʥʠʝ ʤʝʥʝʝ 10 ʤʢʤ. 

ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʜʦʧʦʣʥʠʪʝʣʴʥʦʡ ʧʦʜʩʚʝʪʢʠ ʬʠʢʩʠʨʦʚʘʥʥʦʡ ʠʥʪʝʥʩʠʚʥʦʩʪʠ 

ʚ ʬʦʨʤʝ ʢʦʣʴʮʘ, ʧʨʝʜʣʘʛʘʝʤʦʝ ʘʚʪʦʨʘʤʠ [3] ʜʣʷ ʢʨʝʤʥʠʝʚʳʭ ʧʦʜʣʦʞʝʢ 

ʪʦʣʱʠʥʦʡ ʜʦ 200 ʤʢʤ, ʫʚʝʣʠʯʠʚʘʝʪ ʢʦʥʮʝʥʪʨʘʮʠʶ ʬʦʪʦʥʦʩʠʪʝʣʝʡ, ʘ 

ʫʩʠʣʝʥʥʘʷ ʨʝʢʦʤʙʠʥʘʮʠʷ ʚʜʦʣʴ ʢʦʣʴʮʘ ʙʣʦʢʠʨʫʝʪ ʙʦʢʦʚʫʶ ʜʠʬʬʫʟʠʶ, 

ʠʥʜʫʮʠʨʦʚʘʥʥʫʶ ʤʦʜʫʣʠʨʦʚʘʥʥʳʤ ʩʚʝʪʦʤ ʟʦʥʜʘ. ʀʩʧʦʣʴʟʦʚʘʥʠʝ 

ʢʦʨʦʪʢʦʛʦ ʩʚʝʪʦʚʦʛʦ ʠʤʧʫʣʴʩʘ ʩ ʚʳʩʦʢʦʡ ʠʥʪʝʥʩʠʚʥʦʩʪʴʶ ʪʘʢʞʝ ʤʦʞʝʪ 

ʵʬʬʝʢʪʠʚʥʦ ʫʩʪʨʘʥʷʪʴ ʚʣʠʷʥʠʝ ʨʘʩʩʝʷʥʥʳʭ ʬʦʪʦʥʦʩʠʪʝʣʝʡ, ʘ ʙʦʣʝʝ 

ʢʦʨʦʪʢʦʝ ʚʨʝʤʷ ʠʥʪʝʛʨʠʨʦʚʘʥʠʷ ʩʚʝʪʦʚʦʛʦ ʠʤʧʫʣʴʩʘ ʩʧʦʩʦʙʩʪʚʫʝʪ 

ʫʣʫʯʰʝʥʠʶ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʛʦ ʨʘʟʨʝʰʝʥʠʷ ʚ 6 ʠ ʙʦʣʝʝ ʨʘʟ. ʕʪʦʪ ʤʝʪʦʜ 

ʪʘʢʞʝ ʧʨʠʚʦʜʠʪ ʢ ʙʦʣʝʝ ʥʠʟʢʦʤʫ ʦʪʥʦʰʝʥʠʶ ʩʠʛʥʘʣ/ʰʫʤ. ɸʚʪʦʨʳ [3] 

ʪʘʢʞʝ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʫʣʫʯʰʝʥʠʝ ʨʘʟʨʝʰʝʥʠʷ ʜʦ 0,8 ʤʢʤ ʚʦʟʤʦʞʥʦ ʧʨʠ 

ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʜʚʫʭʬʦʪʦʥʥʦʛʦ ʵʬʬʝʢʪʘ ʧʨʠ ʚʦʟʙʫʞʜʝʥʠʠ ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ 

ʬʝʤʪʦʩʝʢʫʥʜʥʳʤ ʣʘʟʝʨʦʤ ʩ ʜʣʠʥʦʡ ʚʦʣʥʳ 1250 ʥʤ. 

ɺ ʜʦʧʦʣʥʝʥʠʝ ʢ ʫʢʘʟʘʥʥʳʤ ʩʧʦʩʦʙʘʤ ʥʘʤʠ ʧʨʝʜʣʦʞʝʥ ʩʧʦʩʦʙ 

ʫʤʝʥʴʰʝʥʠʷ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʛʦ ʨʘʟʨʝʰʝʥʠʷ ʉɸʇɼ ʟʘ ʩʯʝʪ ʬʦʨʤʠʨʦʚʘʥʠʷ 

ʩʫʙʤʠʢʨʦʥʥʳʭ ʧʦʣʠʵʣʝʢʪʨʦʣʠʪʥʳʭ ʦʙʣʘʩʪʝʡ-ʤʠʰʝʥʝʡ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ 

ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʦʛʦ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʬʦʪʦʩʪʠʤʫʣʠʨʦʚʘʥʥʦʛʦ ʦʩʘʞʜʝʥʠʷ [7]. ʏʪʦʙʳ ʣʫʯ ʩʚʝʪʘ ʥʝ ʨʘʩʩʝʠʚʘʣʩʷ 

ʨʘʩʪʚʦʨʦʤ ʵʣʝʢʪʨʦʣʠʪʘ, ʧʨʝʜʣʘʛʘʝʪʩʷ ʤʝʪʦʜ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦʡ (ʜʦ 

ʧʦʛʨʫʞʝʥʠʷ ʚ ʨʘʩʪʚʦʨ) ʬʦʪʦʩʪʠʤʫʣʷʮʠʠ ʧʨʦʮʝʩʩʘ ʘʜʩʦʨʙʮʠʠ 

ʧʦʣʠʵʣʝʢʪʨʦʣʠʪʥʳʭ ʤʦʣʝʢʫʣ, ʚ ʨʝʟʫʣʴʪʘʪʝ ʢʦʪʦʨʦʡ ʧʨʦʠʩʭʦʜʠʪ 
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ʧʝʨʝʟʘʨʷʜʢʘ ʧʦʚʝʨʭʥʦʩʪʥʳʭ ʵʣʝʢʪʨʦʥʥʳʭ ʩʦʩʪʦʷʥʠʡ ʚ Si ʥʘ ʦʩʚʝʱʘʝʤʳʭ 

ʩʫʙʤʠʢʨʦʥʥʳʭ ʫʯʘʩʪʢʘʭ, ʩʦʭʨʘʥʷʶʱʘʷʩʷ ʜʣʠʪʝʣʴʥʦʝ ʚʨʝʤʷ. ʈʝʘʣʠʟʦʚʘʪʴ 

ʤʝʪʦʜ ʧʦʟʚʦʣʠʣ ʩʣʦʡ ʘʤʦʨʬʥʦʛʦ ʢʨʝʤʥʠʷ (a-Si) ʪʦʣʱʠʥʦʡ 100 ʥʤ ʥʘ 

ʧʦʚʝʨʭʥʦʩʪʠ ʤʦʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʧʣʘʩʪʠʥʳ Si. a-Si ʫʚʝʣʠʯʠʚʘʝʪ ʚʨʝʤʷ 

ʨʝʣʘʢʩʘʮʠʠ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʧʦʪʝʥʮʠʘʣʘ ʩʪʨʫʢʪʫʨʳ Si/a-Si ʧʦʩʣʝ ʝʸ 

ʦʩʚʝʱʝʥʠʷ (ʨʠʩ. 2) ʠ ʠʟʤʝʥʷʝʪ ʚʣʠʷʥʠʝ ʦʩʚʝʱʝʥʠʷ ʥʘ ʨʝʟʫʣʴʪʘʪ ʥʘʥʝʩʝʥʠʷ 

ʥʘ ʝʸ ʧʦʚʝʨʭʥʦʩʪʴ ʟʘʨʷʞʝʥʥʳʭ ʧʦʣʠʵʣʝʢʪʨʦʣʠʪʥʳʭ ʤʦʣʝʢʫʣ [8]. ɺʨʝʤʷ 

ʨʝʣʘʢʩʘʮʠʠ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʧʦʪʝʥʮʠʘʣʘ ʢʨʝʤʥʠʝʚʳʭ ʧʦʜʣʦʞʝʢ ʧʦʩʣʝ 

ʚʳʢʣʶʯʝʥʠʷ ʦʩʚʝʱʝʥʠʷ ʦʮʝʥʠʚʘʣʦʩʴ ʧʦ ʠʟʤʝʥʝʥʠʶ ʢʦʥʪʘʢʪʥʦʡ ʨʘʟʥʦʩʪʠ 

ʧʦʪʝʥʮʠʘʣʦʚ (◖ʂʈʇ), ʠʟʤʝʨʝʥʥʦʡ ʤʝʪʦʜʦʤ ʟʦʥʜʘ ʂʝʣʴʚʠʥʘ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʩʝʪʯʘʪʦʛʦ ʟʦʣʦʪʦʛʦ ʵʣʝʢʪʨʦʜʘ. 
 

 
ʈʠʩʫʥʦʢ 2 ʀʟʤʝʥʝʥʠʝ ʂʈʇ ʜʣʷ ʩʪʨʫʢʪʫʨ ʥʘ ʦʩʥʦʚʝ n- ʠ p-Si ʙʝʟ ʩʣʦʷ a-Si (ʘ) ʠ ʩʦ ʩʣʦʝʤ 

a-Si (ʙ) ʧʨʠ ʚʢʣʶʯʝʥʠʠ (ʜʠʘʧʘʟʦʥ ʚʨʝʤʝʥʠ I) ʠ ʚʳʢʣʶʯʝʥʠʠ (ʜʠʘʧʘʟʦʥ II) ʦʩʚʝʱʝʥʠʷ 

 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʫʚʝʣʠʯʝʥʠʝ ʜʣʠʪʝʣʴʥʦʩʪʠ ʨʝʣʘʢʩʘʮʠʠ ʟʘʨʷʜʘ 

ʧʦʚʝʨʭʥʦʩʪʥʳʭ ʵʣʝʢʪʨʦʥʥʳʭ ʩʦʩʪʦʷʥʠʡ ʧʦʩʣʝ ʚʳʢʣʶʯʝʥʠʷ ʦʩʚʝʱʝʥʠʷ 

(ʨʠʩ. 2ʙ), ʜʦʩʪʠʛʥʫʪʦʝ ʧʨʠ ʬʦʨʤʠʨʦʚʘʥʠʠ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʩʪʨʫʢʪʫʨʳ n-

Si/SiO2 ʥʘʥʦʨʘʟʤʝʨʥʦʛʦ ʩʣʦʷ a-Si ʧʦʟʚʦʣʷʝʪ ʧʨʦʚʦʜʠʪʴ ʬʦʪʦʩʪʠʤʫʣʷʮʠʶ 

ʢʨʝʤʥʠʝʚʦʡ ʧʦʜʣʦʞʢʠ ʜʦ ʧʦʛʨʫʞʝʥʠʷ ʚ ʨʘʩʪʚʦʨ ʧʦʣʠʵʣʝʢʪʨʦʣʠʪʘ, ʯʪʦ 

ʘʢʪʫʘʣʴʥʦ ʧʨʠ ʥʝʦʙʭʦʜʠʤʦʩʪʠ ʣʦʢʘʣʴʥʦʡ ʬʦʪʦʩʪʠʤʫʣʷʮʠʠ 

ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʦʡ ʧʦʜʣʦʞʢʠ, ʧʦʩʢʦʣʴʢʫ ʠʩʢʣʶʯʘʝʪ ʨʘʩʩʝʷʥʠʝ ʩʚʝʪʦʚʦʛʦ 

ʣʫʯʘ ʨʘʩʪʚʦʨʦʤ ʵʣʝʢʪʨʦʣʠʪʘ. 
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ʀʩʩʣʝʜʦʚʘʥʘ ʢʠʥʝʪʠʢʘ ʩʧʘʜʘ ʬʦʪʦʧʨʦʚʦʜʠʤʦʩʪʠ ʚ ʣʝʛʠʨʦʚʘʥʥʳʭ ʢʨʠʩʪʘʣʣʘʭ 

TlGaSe2 ʠ TlInS2 ʨʘʟʣʠʯʥʳʤʠ ʧʨʠʤʝʩʷʤʠ. ʋʩʪʘʥʦʚʣʝʥʦ ʧʨʦʷʚʣʝʥʠʝ ʨʘʟʣʠʯʠʡ ʚʳʩʦʢʦʛʦ 

ʠ ʥʠʟʢʦʛʦ ʫʨʦʚʥʝʡ ʚʦʟʙʫʞʜʝʥʠʷ ʚ ʢʠʥʝʪʠʢʘʭ ʬʦʪʦʧʨʦʚʦʜʠʤʦʩʪʠ, ʦʙʨʘʟʦʚʘʥʠʝ 

ʧʨʠʤʝʩʥʳʭ ʢʘʥʘʣʦʚ ʨʝʢʦʤʙʠʥʘʮʠʠ, ʦʧʠʩʳʚʘʝʤʳʭ ʤʦʜʝʣʴʶ ʐʦʢʣʠ-ʈʠʜʘ-ʍʦʣʣʘ, ʯʝʨʝʟ 

ʧʨʠʤʝʩʠ: ʵʨʙʠʡ, ʪʝʨʙʠʡ, ʞʝʣʝʟʦ (ʛʣʫʙʦʢʠʡ ʮʝʥʪʨ), ʚʦʟʥʠʢʥʦʚʝʥʠʝ ʮʝʥʪʨʦʚ ʧʨʠʣʠʧʘʥʠʷ 

ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ ʚ ʢʨʠʩʪʘʣʣʘʭ, ʣʝʛʠʨʦʚʘʥʥʳʭ ʙʦʨʦʤ, ʫʤʝʥʴʰʝʥʠʝ ʚʨʝʤʷ ʞʠʟʥʠ 

ʥʝʨʘʚʥʦʚʝʩʥʳʭ ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ ʜʦ 0,65 ʤʩ ʧʨʠ 70 ʂ ʠ ʜʦ 2 ʤʢʩ ʧʨʠ 295 ʂ ʧʨʠ 

ʣʝʛʠʨʦʚʘʥʠʠ ʦʙʨʘʟʮʦʚ TlGaSe2 ʞʝʣʝʟʦʤ 0,1 % ʚʩʣʝʜʩʪʚʠʝ ʚʦʟʥʠʢʥʦʚʝʥʠʷ 

ʜʦʧʦʣʥʠʪʝʣʴʥʦʛʦ ʢʘʥʘʣʘ ʨʝʢʦʤʙʠʥʘʮʠʠ ʐʦʢʣʠ-ʈʠʜʘ-ʍʦʣʣʘ ʯʝʨʝʟ ʛʣʫʙʦʢʠʝ ʮʝʥʪʨʳ, 

ʦʙʨʘʟʦʚʘʥʥʳʝ ʧʨʠʤʝʩʴʶ ʞʝʣʝʟʘ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʪʨʦʡʥʳʝ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʝ ʩʦʝʜʠʥʝʥʠʷ TlGaSe2, TlInS2, 

ʢʠʥʝʪʠʢʘ ʩʧʘʜʘ ʬʦʪʦʧʨʦʚʦʜʠʤʦʩʪʠ, ʨʝʢʦʤʙʠʥʘʮʠʷ ʐʦʢʣʠ-ʈʠʜʘ-ʍʦʣʣʘ, ʚʨʝʤʷ ʞʠʟʥʠ 

ʥʝʨʘʚʥʦʚʝʩʥʳʭ ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ 

 

ʀʩʩʣʝʜʦʚʘʥʠʷ ʤʘʪʝʨʠʘʣʦʚ TlGaSe2 ʠ TlInS2 ʚʝʜʫʪʩʷ ʜʦʩʪʘʪʦʯʥʦ 

ʠʥʪʝʥʩʠʚʥʦ ʚ ʩʠʣʫ ʫʥʠʢʘʣʴʥʦʩʪʠ ʠʭ ʦʧʪʠʯʝʩʢʠʭ ʠ ʵʣʝʢʪʨʦʬʠʟʠʯʝʩʢʠʭ 

ʩʚʦʡʩʪʚ ʠ ʟʥʘʯʠʪʝʣʴʥʳʭ ʧʝʨʩʧʝʢʪʠʚ ʠʭ ʧʨʘʢʪʠʯʝʩʢʦʛʦ ʠʩʧʦʣʴʟʦʚʘʥʠʷ [1]. 

ɸʢʪʠʚʥʦ ʠʩʩʣʝʜʫʝʪʩʷ ʚʣʠʷʥʠʝ ʜʝʬʝʢʪʥʦ-ʧʨʠʤʝʩʥʦʡ ʧʦʜʩʠʩʪʝʤʳ 

https://www.sciencedirect.com/science/article/abs/pii/S0925400518304787#!
https://www.sciencedirect.com/science/article/abs/pii/S0925400518304787#!
https://www.sciencedirect.com/science/article/abs/pii/S0925400518304787#!
https://www.sciencedirect.com/science/article/abs/pii/S0925400518304787#!
https://www.elibrary.ru/item.asp?id=37481271
https://www.elibrary.ru/item.asp?id=37481271
https://www.elibrary.ru/item.asp?id=37481271
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ʢʨʠʩʪʘʣʣʦʚ ʥʘ ʩʧʝʮʠʬʠʢʫ ʠʭ ʬʠʟʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʠ ʦʩʦʙʝʥʥʦʩʪʠ 

ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʳʭ ʬʘʟʦʚʳʭ ʧʝʨʝʭʦʜʦʚ. 

ʆʜʥʘʢʦ ʩʚʝʜʝʥʠʡ ʦ ʚʣʠʷʥʠʠ ʢʦʥʢʨʝʪʥʳʭ ʣʝʛʠʨʫʶʱʠʭ ʧʨʠʤʝʩʝʡ ʥʘ 

ʩʚʦʡʩʪʚʘ ʪʘʢʠʭ ʤʘʪʝʨʠʘʣʦʚ ʥʝʜʦʩʪʘʪʦʯʥʦ. ɺ ʩʚʷʟʠ ʩ ʵʪʠʤ ʮʝʣʴʶ ʜʘʥʥʦʡ 

ʨʘʙʦʪʳ ʷʚʣʷʣʦʩʴ ʠʩʩʣʝʜʦʚʘʥʠʝ ʢʠʥʝʪʠʢʠ ʩʧʘʜʘ ʢʦʥʮʝʥʪʨʘʮʠʠ 

ʥʝʨʘʚʥʦʚʝʩʥʳʭ ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ ʧʨʠ ʠʤʧʫʣʴʩʥʦʤ ʦʧʪʠʯʝʩʢʦʤ 

ʚʦʟʙʫʞʜʝʥʠʠ, ʘ ʪʘʢʞʝ ʤʝʪʦʜʦʤ ʥʝʩʪʘʮʠʦʥʘʨʥʦʛʦ ʬʦʪʦʪʦʢʘ ʧʨʠ ʉɺʏ 

ʟʦʥʜʠʨʦʚʘʥʠʠ. 

ʀʟʤʝʨʝʥʠʝ ʚʨʝʤʝʥʠ ʞʠʟʥʠ ʥʝʨʘʚʥʦʚʝʩʥʳʭ ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ 

ʧʨʦʚʦʜʠʣʦʩʴ ʥʘ ʢʨʠʩʪʘʣʣʘʭ TlGaSe2 ʠ TlInS2 ʨʘʟʥʦʡ ʩʪʝʧʝʥʠ ʣʝʛʠʨʦʚʘʥʠʷ 

ʧʦ ʢʠʥʝʪʠʢʝ ʩʧʘʜʘ ʬʦʪʦʧʨʦʚʦʜʠʤʦʩʪʠ. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʬʫʥʢʮʠʷ 

ʢʠʥʝʪʠʢʠ ʩʧʘʜʘ ʢʦʥʮʝʥʪʨʘʮʠʠ ʥʝʨʘʚʥʦʚʝʩʥʳʭ ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ ʚ 

ʢʨʠʩʪʘʣʣʘʭ TlGaSe ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ 70 K ʠ 295 ʂ ʙʣʠʟʢʘ ʢ 

ʛʠʧʝʨʙʦʣʠʯʝʩʢʦʡ. 

ʈʘʩʩʯʠʪʘʥʥʦʝ ʠʟ ʥʘʙʦʨʘ ʢʠʥʝʪʠʢ ʩʧʘʜʘ ʠʟʙʳʪʦʯʥʦʡ ʧʨʦʚʦʜʠʤʦʩʪʠ 

ʚʨʝʤʷ ʞʠʟʥʠ ʥʝʨʘʚʥʦʚʝʩʥʳʭ ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ, ʢʘʢ ʬʫʥʢʮʠʷ ʥʝʨʘʚʥʦʚʝʩʥʦʡ 

ʢʦʥʮʝʥʪʨʘʮʠʠ, ʧʦʢʘʟʘʣʦ, ʯʪʦ ʚʨʝʤʷ ʞʠʟʥʠ ʥʝʨʘʚʥʦʚʝʩʥʳʭ ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ 

ʠʟʤʝʥʷʝʪʩʷ ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʦ 2nD  ʧʨʠ ʢʦʥʮʝʥʪʨʘʮʠʷʭ ʩʚʦʙʦʜʥʳʭ 

ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ ʚʳʰʝ 2Ö10
16

 ʩʤ
-3
, ʯʪʦ ʭʘʨʘʢʪʝʨʥʦ ʜʣʷ ʆʞʝ-ʨʝʢʦʤʙʠʥʘʮʠʠ. 

ɺ ʦʙʣʘʩʪʠ ʥʠʟʢʦʛʦ ʫʨʦʚʥʷ ʚʦʟʙʫʞʜʝʥʠʷ (ȹn < 10
16

 ʩʤ
-3
) ʢʠʥʝʪʠʢʘ 

ʩʧʘʜʘ ʥʝʨʘʚʥʦʚʝʩʥʳʭ ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ ʜʘʝʪ ʟʥʘʯʝʥʠʝ ʚʨʝʤʝʥʠ ʞʠʟʥʠ 

ʥʝʨʘʚʥʦʚʝʩʥʳʭ ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ 5-7 ʤʩ ʜʣʷ 70 ʂ ʠ 10ï15 ʤʢʩ ʜʣʷ 295 ʂ. 

ʃʝʛʠʨʦʚʘʥʠʝ ʦʙʨʘʟʮʦʚ TlGaSe2 ʞʝʣʝʟʦʤ ʥʘ ʧʦʨʷʜʦʢ ʫʤʝʥʴʰʘʝʪ 

ʚʨʝʤʷ ʞʠʟʥʠ ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ ʜʦ 0,65 ʤʩ ʧʨʠ 70 ʂ (ʨʠʩ. 5.13,ʙ) ʠ ʜʦ 2 ʤʢʩ 

ʧʨʠ 295 ʂ ʠ ʫʨʦʚʥʝ ʚʦʟʙʫʞʜʝʥʠʷ ʤʝʥʝʝ 10
15

 ʩʤ
-3 

 (ʨʠʩ. 1,ʘ), ʯʪʦ 

ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʚʦʟʥʠʢʥʦʚʝʥʠʠ ʜʦʧʦʣʥʠʪʝʣʴʥʦʛʦ ʢʘʥʘʣʘ ʨʝʢʦʤʙʠʥʘʮʠʠ 

ʐʦʢʣʠ-ʈʠʜʘ-ʍʦʣʣʘ ʯʝʨʝʟ ʛʣʫʙʦʢʠʝ ʮʝʥʪʨʳ, ʦʙʨʘʟʦʚʘʥʥʳʝ ʧʨʠʤʝʩʴʶ Fe. 

ʆʜʥʘʢʦ ʥʘ ʚʨʝʤʷ ʞʠʟʥʠ ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ ʩʫʱʝʩʪʚʝʥʥʦʝ ʚʣʠʷʥʠʝ ʤʦʛʫʪ 

ʦʢʘʟʳʚʘʪʴ ʧʨʦʮʝʩʩʳ, ʩʚʷʟʘʥʥʳʝ ʩ ʫʨʦʚʥʝʤ ʧʨʠʣʠʧʘʥʠʷ.  

 
             ʘ          ʙ 
ʈʠʩʫʥʦʢ 1 ï ʂʠʥʝʪʠʢʠ ʩʧʘʜʘ ʥʝʨʘʚʥʦʚʝʩʥʳʭ ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ ʚ ʢʨʠʩʪʘʣʣʘʭ TlGaSe2: ʘ ï 

ʜʣʷ ʊ = 295 ʂ; ʙ ï ʜʣʷ ʊ =70 ʂ. 
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ɺ ʵʪʦʤ ʩʣʫʯʘʝ ʫʚʝʣʠʯʝʥʠʝ ʢʦʥʮʝʥʪʨʘʮʠʠ ʥʝʨʘʚʥʦʚʝʩʥʳʭ ʥʦʩʠʪʝʣʝʡ 

ʟʘʨʷʜʘ ʤʦʞʝʪ ʧʨʠʚʝʩʪʠ ʢ ʦʛʨʘʥʠʯʝʥʠʶ ʚʣʠʷʥʠʷ ʮʝʥʪʨʦʚ ʧʨʠʣʠʧʘʥʠʷ. ʕʪʠʤ 

ʠ ʦʙʲʷʩʥʷʝʪʩʷ ʩʠʣʴʥʦʝ ʫʤʝʥʴʰʝʥʠʝ ʚʨʝʤʝʥʠ ʞʠʟʥʠ ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ ʜʦ 8 

ʥʩ ʚ ʦʙʣʘʩʪʠ ʚʦʟʙʫʞʜʝʥʠʷ ʙʦʣʝʝ 2.10
15

 ʩʤ
-3
 ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ, 

(ʨʠʩ. 1,ʘ). 

ʆʪʩʫʪʩʪʚʠʝ ʧʦʜʦʙʥʦʛʦ ʧʨʦʮʝʩʩʘ ʧʨʠ 70 ʂ, (ʩʤ. ʨʠʩ. 1,ʙ) ʤʦʞʥʦ 

ʦʙʲʷʩʥʠʪʴ ʥʝʦʙʭʦʜʠʤʦʩʪʴʶ ʧʨʝʦʜʦʣʝʥʠʷ ʧʦʪʝʥʮʠʘʣʴʥʦʛʦ ʙʘʨʴʝʨʘ ʜʳʨʢʦʡ, 

ʯʪʦʙʳ ʧʦʧʘʩʪʴ ʥʘ ʮʝʥʪʨ ʨʝʢʦʤʙʠʥʘʮʠʠ. ʇʨʠ ʥʠʟʢʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʪʝʧʣʦʚʦʡ 

ʵʥʝʨʛʠʠ ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ ʜʣʷ ʪʘʢʦʛʦ ʧʨʦʮʝʩʩʘ ʥʝʜʦʩʪʘʪʦʯʥʦ. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʚʨʝʤʷ ʞʠʟʥʠ ʥʝʨʘʚʥʦʚʝʩʥʳʭ ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ ʚ 

ʥʝʣʝʛʠʨʦʚʘʥʥʳʭ ʢʨʠʩʪʘʣʣʘʭ ʧʨʠ ʚʳʩʦʢʠʭ ʫʨʦʚʥʷʭ ʚʦʟʙʫʞʜʝʥʠʷ (> 10
16

 ʩʤ
-

3
) ʦʧʨʝʜʝʣʷʝʪʩʷ ʆʞʝ-ʧʨʦʮʝʩʩʘʤʠ, ʘ ʧʨʠ ʥʠʟʢʠʭ ï ʨʝʢʦʤʙʠʥʘʮʠʝʡ ʯʝʨʝʟ 

ʣʦʢʘʣʴʥʳʝ ʮʝʥʪʨʳ. ʇʨʠ ʵʪʦʤ, ʣʝʛʠʨʦʚʘʥʠʝ ʢʨʠʩʪʘʣʣʦʚ TlGaSe2 ʞʝʣʝʟʦʤ 

ʧʨʠʚʦʜʠʪ ʢ ʧʦʷʚʣʝʥʠʶ ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ ʛʣʫʙʦʢʠʭ ʣʦʚʫʰʝʢ, ʷʚʣʷʶʱʠʭʩʷ 

ʵʬʬʝʢʪʠʚʥʳʤʠ ʮʝʥʪʨʘʤʠ ʨʝʢʦʤʙʠʥʘʮʠʠ. 

ʂʨʦʤʝ ʫʢʘʟʘʥʥʳʭ ʠʟʤʝʨʝʥʠʡ ʚʨʝʤʝʥʠ ʞʠʟʥʠ ʥʝʨʘʚʥʦʚʝʩʥʳʭ 

ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ ʧʦ ʢʠʥʝʪʠʢʝ ʩʧʘʜʘ ʬʦʪʦʧʨʦʚʦʜʠʤʦʩʪʠ ʙʝʩʢʦʥʪʘʢʪʥʳʤ 

ʩʧʦʩʦʙʦʤ, ʚʨʝʤʷ ʞʠʟʥʠ ʪʘʢʞʝ ʦʧʨʝʜʝʣʷʣʦʩʴ ʤʝʪʦʜʦʤ ʥʝʩʪʘʮʠʦʥʘʨʥʦʛʦ 

ʬʦʪʦʪʦʢʘ ʧʨʠ ʉɺʏ ʟʦʥʜʠʨʦʚʘʥʠʠ [2, 3]. 

ʈʝʟʫʣʴʪʘʪʳ ʠʟʤʝʨʝʥʠʷ ʚʨʝʤʝʥ ʞʠʟʥʠ ʠʟ ʥʘʯʘʣʴʥʳʭ (ʙʳʩʪʨʳʭ) Ű1 ʠ 

ʘʩʠʤʧʪʦʪʠʯʝʩʢʠʭ (ʜʣʠʥʥʦʚʨʝʤʝʥʥʳʭ) Ű2 ʢʦʤʧʦʥʝʥʪ ʢʠʥʝʪʠʢ ʩʧʘʜʘ 

ʥʝʩʪʘʮʠʦʥʘʨʥʦʛʦ ʬʦʪʦʪʦʢʘ ʧʨʠ ʜʣʠʥʘʭ ʚʦʣʥ ʚʦʟʙʫʞʜʘʶʱʝʛʦ ʩʚʝʪʘ 532 ʥʤ 

ʠ 1064 ʥʤ ʚ ʣʝʛʠʨʦʚʘʥʥʳʭ ʢʨʠʩʪʘʣʣʘʭ TlGaSe2 ʠ TlInS2 ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ 

ʨʠʩ. 2 ï 4. 
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ʈʠʩʫʥʦʢ 2 ʅʘʯʘʣʴʥʳʝ ʢʦʤʧʦʥʝʥʪʳ ʢʠʥʝʪʠʢʠ ʩʧʘʜʦʚ ʥʝʩʪʘʮʠʦʥʘʨʥʦʛʦ ʬʦʪʦʪʦʢʘ ʚ 

ʢʨʠʩʪʘʣʣʘʭ TlGaSe2, ʣʝʛʠʨʦʚʘʥʥʳʭ ʙʦʨʦʤ (1), ʘʣʶʤʠʥʠʝʤ (2), ʩʝʨʝʙʨʦʤ (3), ʪʝʨʙʠʝʤ (4) 

ʠ ʥʝʦʜʠʤʦʤ (5) 
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ʈʠʩʫʥʦʢ 3 ʅʘʯʘʣʴʥʳʝ ʢʦʤʧʦʥʝʥʪʳ ʢʠʥʝʪʠʢʠ ʩʧʘʜʦʚ ʥʝʩʪʘʮʠʦʥʘʨʥʦʛʦ ʬʦʪʦʪʦʢʘ ʚ 

ʢʨʠʩʪʘʣʣʘʭ TlInS2, ʣʝʛʠʨʦʚʘʥʥʳʭ ʙʦʨʦʤ (1), ʪʝʨʙʠʝʤ (2) ʠ ʵʨʙʠʝʤ (3) 

 

ʆʩʥʦʚʥʦʡ ʧʨʠʯʠʥʦʡ ʥʘʣʠʯʠʷ ʜʣʠʥʥʦʚʨʝʤʝʥʥʦʛʦ ʩʧʘʜʘ ʷʚʣʷʝʪʩʷ 

ʧʨʠʩʫʪʩʪʚʠʝ ʚ ʠʩʩʣʝʜʫʝʤʦʤ ʤʘʪʝʨʠʘʣʝ ʮʝʥʪʨʦʚ ʧʨʠʣʠʧʘʥʠʷ ʥʦʩʠʪʝʣʝʡ 

ʟʘʨʷʜʘ. 

ʆʧʨʝʜʝʣʝʥʥʳʝ ʥʘ ʦʩʥʦʚʝ ʵʪʠʭ ʠʟʤʝʨʝʥʠʡ ʥʝʩʪʘʮʠʦʥʘʨʥʳʝ ʚʨʝʤʝʥʘ 

ʞʠʟʥʠ ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ ʧʨʠʚʝʜʝʥʳ ʚ ʪʘʙʣ.1.  
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ʈʠʩʫʥʦʢ 4 ɸʩʠʤʧʪʦʪʠʯʝʩʢʘʷ (ʜʦʣʛʦʚʨʝʤʝʥʥʘʷ) ʢʦʤʧʦʥʝʥʪʘ ʩʧʘʜʘ ʥʝʨʘʚʥʦʚʝʩʥʦʡ 

ʧʨʦʚʦʜʠʤʦʩʪʠ  ʚ TlInS2 ʩ  ʧʨʠʤʝʩʴʶ ʙʦʨʘ. 

 

ʊʘʙʣʠʮʘ 1 ɺʨʝʤʝʥʘ ʞʠʟʥʠ ʥʦʩʠʪʝʣʝʡ, ʦʧʨʝʜʝʣʝʥʥʳʝ ʠʟ ʢʠʥʝʪʠʢ ʩʧʘʜʘ ʥʝʩʪʘʮʠʦʥʘʨʥʦʛʦ 

ʬʦʪʦʪʦʢʘ ʧʨʠ ʉɺʏ ʟʦʥʜʠʨʦʚʘʥʠʠ 

ʕʣʝʤʝʥʪ Al  B Tb Ag Nd Er 

TlGaSe2 

Ű1 (ʥʩ) 3.8 5 5.5 11 11 - 

Ű2 (ʥʩ)   7,3 380 9100  

TlInS2 

Ű1 (ʥʩ) - 5 1.2 - - 0.8 

Ű2 (ʥʩ) - 30 - - - - 
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ɸʥʘʣʠʟʠʨʫʷ ʢʠʥʝʪʠʢʠ ʩʧʘʜʦʚ ʥʝʨʘʚʥʦʚʝʩʥʦʡ ʧʨʦʚʦʜʠʤʦʩʪʠ, ʤʦʞʥʦ 

ʩʜʝʣʘʪʴ ʩʣʝʜʫʶʱʝʝ ʟʘʢʣʶʯʝʥʠʝ. ɺ ʢʨʠʩʪʘʣʣʘʭ TlInS2, ʣʝʛʠʨʦʚʘʥʥʳʭ Er ʠ 

Tb, ʥʘʙʣʶʜʘʶʪʩʷ ʜʝʬʝʢʪʳ ʩ ʧʨʠʤʝʨʥʦ ʦʜʠʥʘʢʦʚʳʤʠ ʵʥʝʨʛʝʪʠʯʝʩʢʠʤʠ 

ʫʨʦʚʥʷʤʠ ʠ ʥʘʙʣʶʜʘʶʪʩʷ ʙʣʠʟʢʠʝ ʢʠʥʝʪʠʢʠ ʩʧʘʜʘ ʥʝʨʘʚʥʦʚʝʩʥʦʡ 

ʧʨʦʚʦʜʠʤʦʩʪʠ ʠ ʚʨʝʤʝʥʘ Ű1 ʨʘʚʥʳ 1,2 ʥʩ ʠ 8 ʥʩ ʜʣʷ TlInS2, ʣʝʛʠʨʦʚʘʥʥʦʛʦ 

Tb ʠ Er ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʇʨʠ ʵʪʦʤ ʜʣʠʥʥʦʚʨʝʤʝʥʥʘʷ ʢʦʤʧʦʥʝʥʪʘ ʢʠʥʝʪʠʢʠ 

ʚ ʜʘʥʥʦʤ ʪʠʧʝ ʢʨʠʩʪʘʣʣʦʚ ʦʪʩʫʪʩʪʚʫʝʪ. ɼʣʷ TlInS2, ʣʝʛʠʨʦʚʘʥʥʦʛʦ ʙʦʨʦʤ, 

ʥʘʙʣʶʜʘʝʪʩʷ ʙʦʣʝʝ ʰʠʨʦʢʠʡ ʩʧʝʢʪʨ ʫʨʦʚʥʝʡ ʜʝʬʝʢʪʦʚ, ʯʪʦ ʠ 

ʦʙʫʩʣʘʚʣʠʚʘʝʪ ʥʘʣʠʯʠʝ ʢʘʢ ʙʳʩʪʨʦʡ, ʪʘʢ ʤʝʜʣʝʥʥʦʡ ʢʦʤʧʦʥʝʥʪʳ ʩʧʘʜʘ 

ʥʝʨʘʚʥʦʚʝʩʥʦʡ ʧʨʦʚʦʜʠʤʦʩʪʠ.  

ʄʦʞʥʦ ʢʦʥʩʪʘʪʠʨʦʚʘʪʴ, ʯʪʦ ʨʝʢʦʤʙʠʥʘʮʠʦʥʥʳʝ ʧʘʨʘʤʝʪʨʳ 

ʣʝʛʠʨʦʚʘʥʥʳʭ ʨʘʟʥʳʤʠ ʧʨʠʤʝʩʷʤʠ ʦʙʨʘʟʮʦʚ TlGaSe2 ʠ TlInS2 ʜʦʩʪʘʪʦʯʥʦ 

ʩʠʣʴʥʦ ʨʘʟʣʠʯʘʶʪʩʷ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʫʨʦʚʥʷ ʚʦʟʙʫʞʜʝʥʠʷ ʠ ʣʝʛʠʨʫʶʱʝʡ 

ʧʨʠʤʝʩʠ. 

ɺʨʝʤʷ ʞʠʟʥʠ ʥʝʨʘʚʥʦʚʝʩʥʳʭ ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ ʧʨʠ ʚʳʩʦʢʠʭ 

ʫʨʦʚʥʷʭ ʚʦʟʙʫʞʜʝʥʠʷ (> 10
16

 ʩʤ
-3
) ʦʧʨʝʜʝʣʷʝʪʩʷ ʆʞʝ-ʧʨʦʮʝʩʩʘʤʠ, ʘ ʧʨʠ 

ʥʠʟʢʠʭ ï ʨʝʢʦʤʙʠʥʘʮʠʝʡ ʯʝʨʝʟ ʣʦʢʘʣʴʥʳʝ ʮʝʥʪʨʳ. ʇʨʠ ʵʪʦʤ ʣʝʛʠʨʦʚʘʥʠʝ 

ʢʨʠʩʪʘʣʣʦʚ TlGaSe2 ʞʝʣʝʟʦʤ ʧʨʠʚʦʜʠʪ ʢ ʧʦʷʚʣʝʥʠʶ ʛʣʫʙʦʢʠʭ ʮʝʥʪʨʦʚ, 

ʷʚʣʷʶʱʠʭʩʷ ʵʬʬʝʢʪʠʚʥʳʤʠ ʢʘʥʘʣʘʤʠ ʨʝʢʦʤʙʠʥʘʮʠʠ. ɺ ʢʨʠʩʪʘʣʣʘʭ TlInS2, 

ʣʝʛʠʨʦʚʘʥʥʳʭ Er ʠ Tb, ʠʜʝʪ ʨʝʢʦʤʙʠʥʘʮʠʷ ʯʝʨʝʟ ʣʦʢʘʣʴʥʳʝ ʮʝʥʪʨʳ. ɺ 

ʢʨʠʩʪʘʣʣʘʭ, ʣʝʛʠʨʦʚʘʥʥʳʭ ʙʦʨʦʤ, ʧʦʤʠʤʦ ʵʪʦʛʦ ʧʦʷʚʣʷʶʪʩʷ ʜʦʩʪʘʪʦʯʥʦ 

ʵʬʬʝʢʪʠʚʥʳʝ ʮʝʥʪʨʳ ʧʨʠʣʠʧʘʥʠʷ ʧʨʠʨʦʜʘ ʢʦʪʦʨʳʭ ʧʦʢʘ ʥʝʠʟʚʝʩʪʥʘ. ʕʪʦ 

ʤʦʞʝʪ ʙʳʪʴ ʩʚʷʟʘʥʦ ʩ ʚʦʟʥʠʢʥʦʚʝʥʠʝʤ ʜʦʤʝʥʥʳʭ ʦʙʨʘʟʦʚʘʥʠʡ 

(ʘʚʪʦʩʦʣʠʪʦʥʦʚ) ʚʙʣʠʟʠ ʬʦʪʦʩʪʠʤʫʣʠʨʦʚʘʥʥʦʛʦ ʬʘʟʦʚʦʛʦ ʧʝʨʝʭʦʜʘ 

ʚʩʣʝʜʩʪʚʠʝ ʩʠʣʴʥʦʛʦ ʚʟʘʠʤʥʦʛʦ ʚʣʠʷʥʠʷ ʵʣʝʢʪʨʦʥʥʦʡ ʠ ʨʝʰʝʪʦʯʥʦʡ 

ʧʦʜʩʠʩʪʝʤ, ʧʨʦʷʚʣʷʶʱʝʝʩʷ ʚ ʬʦʨʤʠʨʦʚʘʥʠʠ ʤʦʱʥʳʭ ʫʨʦʚʥʝʡ ʧʨʠʣʠʧʘʥʠʷ 

[4]. 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʧʦʜʜʝʨʞʢʝ ʄʠʥʦʙʨʥʘʫʢʠ ʈʦʩʩʠʠ ʚ ʨʘʤʢʘʭ 

ʚʳʧʦʣʥʝʥʠʷ ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʛʦ ʟʘʜʘʥʠʷ 8.7628.2017/ɹʏ. 
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ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʠʩʩʣʝʜʫʶʪʩʷ ʤʦʨʬʦʣʦʛʠʷ ʠ ʩʪʨʫʢʪʫʨʘ ʧʣʝʥʦʯʥʳʭ ʦʙʨʘʟʮʦʚ CdS, 

ʣʝʛʠʨʦʚʘʥʥʳʭ ʘʪʦʤʘʤʠ ʞʝʣʝʟʘ ʠʟ ʦʛʨʘʥʠʯʝʥʥʦʛʦ ʠʩʪʦʯʥʠʢʘ ʧʦʩʨʝʜʩʪʚʦʤ ʪʝʨʤʠʯʝʩʢʦʛʦ 

ʦʪʞʠʛʘ. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʧʦʣʫʯʝʥʥʳʡ ʤʘʪʝʨʠʘʣ CdS:Fe ʠʤʝʝʪ ʬʝʨʨʦʤʘʛʥʠʪʥʳʝ 

ʥʘʥʦʨʘʟʤʝʨʥʳʝ ʬʘʟʳ 2-ʭ ʪʠʧʦʚ: ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ - ɔ-Fe2O3, ʠ ʚ ʦʙʲʸʤʝ - FeS. ɿʘ ʩʯʝʪ 

ʥʘʣʠʯʠʷ ʦʜʥʦʪʠʧʥʳʭ ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʨʝʰʝʪʦʢ ʫ CdS ʠ FeS ʠ ʤʘʣʦʡ ʨʘʩʪʚʦʨʠʤʦʩʪʠ 

ʢʦʤʧʦʥʝʥʪ ʦʙʨʘʟʦʚʘʥʠʝ ʬʝʨʨʦʤʘʛʥʠʪʥʳʭ ʬʘʟ ʚ CdS ʦʢʘʟʳʚʘʝʪ ʤʠʥʠʤʘʣʴʥʦʝ ʚʣʠʷʥʠʝ ʥʘ 

ʬʦʪʦʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴ ʧʦʣʫʯʝʥʥʦʛʦ ʤʘʪʝʨʠʘʣʘ ʚ ʚʠʜʠʤʦʤ ʜʠʘʧʘʟʦʥʝ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʧʦʣʫʤʘʛʥʠʪʥʳʡ ʤʘʪʝʨʠʘʣ, ʩʫʣʴʬʠʜʳ ʢʘʜʤʠʷ ʠ ʞʝʣʝʟʘ, 

ʢʨʠʩʪʘʣʣʠʯʝʩʢʘʷ ʩʪʨʫʢʪʫʨʘ, ʬʝʨʨʦʤʘʛʥʠʪʥʳʝ ʚʢʣʶʯʝʥʠʷ, ʤʘʛʥʠʪʦ-ʩʠʣʦʚʘʷ 

ʤʠʢʨʦʩʢʦʧʠʷ. 

 

ʈʘʟʚʠʪʠʝ ʵʣʝʢʪʨʦʥʠʢʠ ʪʝʩʥʦ ʩʚʷʟʘʥʦ ʩ ʧʨʠʚʣʝʯʝʥʠʝʤ ʥʦʚʳʭ 

ʤʘʪʝʨʠʘʣʦʚ. ɼʣʷ ʨʘʟʣʠʯʥʳʭ ʦʙʣʘʩʪʝʡ ʧʨʠʤʝʥʝʥʠʷ ʪʨʝʙʫʶʪʩʷ ʤʘʪʝʨʠʘʣʳ ʩ 

ʨʘʟʣʠʯʥʳʤ ʥʘʙʦʨʦʤ ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʩʚʦʡʩʪʚ, ʥʝʢʦʪʦʨʳʝ ʠʟ ʢʦʪʦʨʳʭ 

ʤʦʛʫʪ ʙʳʪʴ ʫʥʠʢʘʣʴʥʳʤʠ. ʇʦʣʫʤʘʛʥʠʪʥʳʝ ʤʘʪʝʨʠʘʣʳ, ʧʨʦʛʥʦʟʠʨʫʝʤʳʝ ʢ 

ʧʨʠʤʝʥʝʥʠʶ ʚ ʩʦʚʨʝʤʝʥʥʦʡ ʧʨʦʤʳʰʣʝʥʥʦʩʪʠ, ʦʜʥʦʚʨʝʤʝʥʥʦ ʠʥʪʝʨʝʩʥʳ ʠ 

ʜʣʷ ʥʘʫʢʠ ʙʣʘʛʦʜʘʨʷ ʤʥʦʛʦʦʙʨʘʟʠʶ ʧʨʦʷʚʣʝʥʠʡ ʠʭ ʩʚʦʡʩʪʚ. ɺ ʥʘʩʪʦʷʱʝʝ 

ʚʨʝʤʷ ʘʢʪʠʚʥʦ ʨʘʟʨʘʙʘʪʳʚʘʶʪʩʷ ʧʦʣʫʤʘʛʥʠʪʥʳʝ ʤʘʪʝʨʠʘʣʳ ʥʘ ʦʩʥʦʚʝ 

ʭʘʣʴʢʦʛʝʥʠʜʦʚ ʢʘʜʤʠʷ, ʣʝʛʠʨʦʚʘʥʥʳʭ ʘʪʦʤʘʤʠ ʤʘʛʥʠʪʥʳʭ ʤʝʪʘʣʣʦʚ, ʚ 

ʦʩʥʦʚʥʦʤ ʘʪʦʤʘʤʠ ʤʘʨʛʘʥʮʘ, ʠʤʝʶʱʝʤʫ ʚʳʩʦʢʫʶ ʨʘʩʪʚʦʨʠʤʦʩʪʴ ʚ CdS ʚ 

ʪʚʝʨʜʦʤ ʩʦʩʪʦʷʥʠʠ [1]. ʃʝʛʠʨʦʚʘʥʠʝ ʘʪʦʤʘʤʠ ʞʝʣʝʟʘ ʧʨʝʜʩʪʘʚʣʷʝʪ ʥʝ 

ʤʝʥʴʰʠʡ ʠʥʪʝʨʝʩ [2,3], ʪ.ʢ. ʨʘʩʪʚʦʨʠʤʦʩʪʴ ʞʝʣʝʟʘ ʚ CdS, ʥʘʧʨʦʪʠʚ, ʥʝ 

ʚʝʣʠʢʘ ʠ ʩʦʩʪʘʚʣʷʝʪ ʥʝ ʙʦʣʝʝ 20 %, ʯʪʦ ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʤʦʜʝʣʴʥʳʤʠ 

ʧʨʝʜʩʪʘʚʣʝʥʠʷʤʠ ʜʦʣʞʥʦ ʧʨʠʚʝʩʪʠ ʢ ʦʙʨʘʟʦʚʘʥʠʶ ʛʝʪʝʨʦʛʝʥʥʳʭ 

ʥʘʥʦʨʘʟʤʝʨʥʳʭ ʩʪʨʫʢʪʫʨ ʥʘ ʦʩʥʦʚʝ ʬʦʪʦʯʫʚʩʪʚʠʪʝʣʴʥʦʡ ʤʘʪʨʠʮʳ ʩ 

ʬʝʨʨʦʤʘʛʥʠʪʥʳʤʠ ʚʢʣʶʯʝʥʠʷʤʠ, ʢʦʪʦʨʳʝ ʦʙʨʘʟʫʶʪʩʷ ʚ ʨʝʟʫʣʴʪʘʪʝ 

ʧʨʦʮʝʩʩʦʚ ʩʘʤʦʦʨʛʘʥʠʟʘʮʠʠ, ʨʘʩʧʘʜʘ ʠ ʦʢʠʩʣʝʥʠʷ ʧʝʨʝʩʳʱʝʥʥʦʛʦ ʪʚʸʨʜʦʛʦ 

ʨʘʩʪʚʦʨʘ CdxFe1-xS [4]. ʉʫʣʴʬʠʜ ʢʘʜʤʠʷ ʚ ʢʘʯʝʩʪʚʝ ʦʩʥʦʚʳ ʜʣʷ ʧʦʣʫʯʝʥʠʷ 

ʧʦʣʫʤʘʛʥʠʪʥʦʡ ʛʝʪʝʨʦʛʝʥʥʦʡ ʩʪʨʫʢʪʫʨʳ ʧʝʨʩʧʝʢʪʠʚʝʥ ʚʚʠʜʫ 

ʪʝʭʥʦʣʦʛʠʯʥʦʩʪʠ ʠ ʚʳʩʦʢʦʡ ʬʦʪʦʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʠ, ʧʦʟʚʦʣʷʶʱʝʡ 

ʫʧʨʘʚʣʷʪʴ ʩʚʦʡʩʪʚʘʤʠ ʩʪʨʫʢʪʫʨʳ ʩ ʧʦʤʦʱʴʶ ʠʟʣʫʯʝʥʠʷ ʚʠʜʠʤʦʛʦ 

ʜʠʘʧʘʟʦʥʘ [5,6].  

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʦʣʫʤʘʛʥʠʪʥʳʝ ʬʦʪʦʯʫʚʩʪʚʠʪʝʣʴʥʳʝ 

ʧʦʣʫʧʨʦʚʦʜʥʠʢʠ ʠʥʪʝʨʝʩʥʳ ʙʣʘʛʦʜʘʨʷ ʟʥʘʯʠʪʝʣʴʥʦʡ ʫʧʨʘʚʣʷʝʤʦʩʪʠ 

ʤʘʛʥʠʪʥʳʭ ʠ ʦʧʪʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʵʪʠʭ ʤʘʪʝʨʠʘʣʦʚ ʠ ʤʘʛʥʠʪʥʳʤ ʧʦʣʝʤ, ʠ 

ʦʩʚʝʱʝʥʠʝʤ, ʯʪʦ ʤʦʞʝʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥʦ ʜʣʷ ʩʦʟʜʘʥʠʷ 

ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʭ ʧʨʠʙʦʨʦʚ ʬʦʪʦʥʠʢʠ ʠ ʩʧʠʥʪʨʦʥʠʢʠ. ʂ ʪʘʢʠʤ 
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ʧʨʠʙʦʨʘʤ ʦʪʥʦʩʷʪʩʷ ʜʘʪʯʠʢʠ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʠ ʪʦʢʘ, ʟʘʧʦʤʠʥʘʶʱʠʝ ʠ 

ʣʦʛʠʯʝʩʢʠʝ ʵʣʝʤʝʥʪʳ, ʩʧʠʥʦʚʳʝ ʪʨʘʥʟʠʩʪʦʨʳ, ʘ ʪʘʢʞʝ 

ʤʘʛʥʠʪʦʫʧʨʘʚʣʷʝʤʳʝ ʦʧʪʠʯʝʩʢʠʝ ʵʣʝʤʝʥʪʳ, ʠʩʧʦʣʴʟʫʝʤʳʝ ʚ ʦʧʪʠʯʝʩʢʦʤ 

ʜʠʘʧʘʟʦʥʝ. 

ʆʯʝʚʠʜʥʦ, ʯʪʦ ʥʘ ʤʘʛʥʠʪʥʳʝ ʠ ʬʦʪʦʵʣʝʢʪʨʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ 

ʧʦʣʫʤʘʛʥʠʪʥʦʛʦ ʤʘʪʝʨʠʘʣʘ ʪʠʧʘ CdS:Fe ʙʫʜʝʪ ʦʢʘʟʳʚʘʪʴ ʚʣʠʷʥʠʝ 

ʢʨʠʩʪʘʣʣʠʯʝʩʢʘʷ ʩʪʨʫʢʪʫʨʘ ʠ ʤʦʨʬʦʣʦʛʠʷ ʧʦʚʝʨʭʥʦʩʪʠ ʧʦʣʫʯʝʥʥʳʭ 

ʩʪʨʫʢʪʫʨ, ʠʟʫʯʝʥʠʝ ʢʦʪʦʨʳʭ ʷʚʣʷʝʪʩʷ ʮʝʣʴʶ ʜʘʥʥʦʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ.  

ʇʣʝʥʦʯʥʳʝ ʦʙʨʘʟʮʳ CdS, ʣʝʛʠʨʦʚʘʥʥʳʝ ʘʪʦʤʘʤʠ ʞʝʣʝʟʘ ʙʳʣʠ 

ʧʦʣʫʯʝʥʳ ʠʟ ʦʛʨʘʥʠʯʝʥʥʦʛʦ ʠʩʪʦʯʥʠʢʘ (ʥʘʥʦʨʘʟʤʝʨʥʦʡ ʧʣʝʥʢʠ) 

ʧʦʩʨʝʜʩʪʚʦʤ ʪʝʨʤʠʯʝʩʢʦʛʦ ʦʪʞʠʛʘ ʧʨʠ 550 Ñ 5 Á C, ʘ ʠʟʤʝʥʝʥʠʷ ʩʚʦʡʩʪʚ, 

ʤʦʨʬʦʣʦʛʠʠ ʠ ʩʪʨʫʢʪʫʨʳ ʠʟʫʯʘʣʦʩʴ ʚ ʩʨʘʚʥʝʥʠʠ ʩ ʥʝʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʤ 

ʦʙʨʘʟʮʦʤ, ʧʦʣʫʯʝʥʥʳʤ ʚ ʪʝʭ ʞʝ ʫʩʣʦʚʠʷʭ. 

ʉʫʱʝʩʪʚʫʝʪ ʜʚʝ ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʝ ʤʦʜʠʬʠʢʘʮʠʠ ʧʣʝʥʢʠ CdS: 

ʛʝʢʩʘʛʦʥʘʣʴʥʘʷ ʠ ʢʫʙʠʯʝʩʢʘʷ ʩʪʨʫʢʪʫʨʳ. ʉ ʧʦʤʦʱʴʶ 

ʨʝʥʪʛʝʥʦʜʠʬʨʘʢʮʠʦʥʥʦʛʦ ʤʝʪʦʜʘ (XRD) ʙʳʣʘ ʦʧʨʝʜʝʣʝʥʘ ʢʨʠʩʪʘʣʣʠʯʝʩʢʘʷ 

ʩʪʨʫʢʪʫʨʘ ʠʩʩʣʝʜʫʝʤʦʡ ʧʣʝʥʢʠ CdS (ʨʠʩ.1).  

 

 
ʈʠʩʫʥʦʢ 1. ɼʠʬʨʘʢʪʦʛʨʘʤʤʘ ʩʪʨʫʢʪʫʨʳ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ 

ʧʣʝʥʢʠ CdS ʧʦʩʣʝ ʦʪʞʠʛʘ ʧʣʝʥʢʠ ʧʨʠ 550 Ñ 5 Á C ʚ ʪʝʯʝʥʠʝ 15 ʤʠʥ 

 

ʇʦ ʜʘʥʥʳʤ [7], ʘ ʪʘʢʞʝ ʩʦʛʣʘʩʥʦ ʧʦʣʦʞʝʥʠʶ ʧʠʢʦʚ ʥʘ 

ʜʠʬʨʘʢʪʦʛʨʘʤʤʝ ʨʠʩʫʥʢʘ 1, ʢʨʠʩʪʘʣʣʠʪʳ CdS ʠʤʝʶʪ ʩʪʨʫʢʪʫʨʫ ʚʶʨʮʠʪʘ, 

ʪʦ ʝʩʪʴ ʛʝʢʩʘʛʦʥʘʣʴʥʫʶ ʛʝʦʤʝʪʨʠʶ ʨʘʩʧʦʣʦʞʝʥʠʷ ʘʪʦʤʦʚ ʚ ʵʣʝʤʝʥʪʘʨʥʦʡ 

ʷʯʝʡʢʝ. ʊʠʧʠʯʥʳʝ ʧʠʢʠ ʜʣʷ ʢʫʙʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ, ʪʘʢʠʝ ʢʘʢ 26,51Á ʩ 

ʦʨʠʝʥʪʘʮʠʝʡ (111), 30,71Á ʩ ʦʨʠʝʥʪʘʮʠʝʡ (200), 43,9Á (220), 52,10Á (311) ʥʝ 

ʥʘʙʣʶʜʘʣʠʩʴ ʜʣʷ ʦʪʦʞʞʝʥʥʦʡ ʧʣʝʥʢʠ CdS. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʣʝʥʢʘ 

ʷʚʣʷʝʪʩʷ ʦʜʥʦʨʦʜʥʦʡ ʧʦ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʤʫ ʩʪʨʦʝʥʠʶ, ʘ ʘʥʘʣʠʟ 
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ʜʠʬʨʘʢʪʦʛʨʘʤʤ ʧʦʢʘʟʳʚʘʝʪ ʥʘʣʠʯʠʝ ʛʝʢʩʘʛʦʥʘʣʴʥʦʡ ʬʘʟʳ CdS ʩ 

ʧʘʨʘʤʝʪʨʘʤʠ ʷʯʝʡʢʠ ʘ = 4,11 ¡, ʩ = 6,66 ¡[8]. 

ʇʨʠ ʘʥʘʣʠʟʝ ʦʞʝ-ʩʧʝʢʪʨʦʚ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʦʡ ʧʣʸʥʢʠ CdS, 

ʣʝʛʠʨʦʚʘʥʥʦʡ Fe, ʦʪʯʝʪʣʠʚʦ ʥʘʙʣʶʜʘʣʠʩʴ ʧʠʢʠ ʞʝʣʝʟʘ, ʘ ʪʘʢʞʝ ʧʠʢ ʦʢʩʠʜʘ 

ʞʝʣʝʟʘ (ʨʠʩ.2).  

 
ʈʠʩʫʥʦʢ 2. ʆʞʝ-ʩʧʝʢʪʨ ʦʪʦʞʞʝʥʥʦʛʦ ʧʣʝʥʦʯʥʦʛʦ ʦʙʨʘʟʮʘ CdS, 

ʣʝʛʠʨʦʚʘʥʥʦʛʦ Fe ʚ ʧʨʦʮʝʩʩʝ ʦʪʞʠʛʘ 

 

ɼʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʭʠʤʠʯʝʩʢʠʭ ʩʦʝʜʠʥʝʥʠʡ, ʦʙʨʘʟʦʚʘʥʥʳʭ ʚ ʧʣʝʥʢʝ ʚ 

ʧʨʦʮʝʩʩʝ ʦʪʞʠʛʘ, ʙʳʣ ʧʨʦʚʝʜʝʥ ʧʦʣʫʢʦʣʠʯʝʩʪʚʝʥʥʳʡ ʘʥʘʣʠʟ ʦʞʝ-ʩʧʝʢʪʨʘ. 

ʅʘʯʘʣʴʥʦʝ ʧʨʝʜʧʦʣʦʞʝʥʠʝ ʟʘʢʣʶʯʘʣʦʩʴ ʚ ʪʦʤ, ʯʪʦ ʩʝʨʘ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ 

ʦʙʨʘʟʫʝʪ ʭʠʤʠʯʝʩʢʠʝ ʩʦʝʜʠʥʝʥʠʷ ʪʦʣʴʢʦ ʩ ʢʘʜʤʠʝʤ. ʀʟʙʳʪʦʢ ʘʪʦʤʦʚ 

ʢʘʜʤʠʷ ʠ ʧʠʢ ʢʠʩʣʦʨʦʜʘ ʩʚʠʜʝʪʝʣʴʩʪʚʫʶʪ ʦ ʪʦʤ, ʯʪʦ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʝʩʪʴ 

ʪʘʢʞʝ ʬʘʟʘ CdO. ʂʦʣʠʯʝʩʪʚʦ ʘʪʦʤʦʚ ʞʝʣʝʟʘ ʩʦʦʪʥʦʩʠʪʩʷ ʩ ʠʥʪʝʥʩʠʚʥʦʩʪʴʶ 

ʧʠʢʦʚ ʢʠʩʣʦʨʦʜʘ, ʢʘʢ 2 ʢ 3, ʯʪʦ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʬʘʟʝ Fe2O3. ʆʜʥʘ ʠʟ 

ʧʦʣʠʤʦʨʬʥʳʭ ʤʦʜʠʬʠʢʘʮʠʡ ʜʘʥʥʦʛʦ ʦʢʩʠʜʘ -  ɔ-Fe2O3 - ʠʟʚʝʩʪʥʘ ʢʘʢ 

ʤʘʪʝʨʠʘʣ, ʠʩʧʦʣʴʟʫʝʤʳʡ ʚ ʢʘʯʝʩʪʚʝ ʨʘʙʦʯʝʡ ʩʨʝʜʳ ʜʣʷ ʤʘʛʥʠʪʥʦʡ ʟʘʧʠʩʠ 

ʠʥʬʦʨʤʘʮʠʠ [9]. 

ɼʣʷ ʠʟʫʯʝʥʠʷ ʛʝʪʝʨʦʛʝʥʥʦʩʪʠ ʧʣʝʥʢʠ CdS, ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʦʡ Fe, ʠ 

ʦʜʥʦʚʨʝʤʝʥʥʦ ʦʧʨʝʜʝʣʝʥʠʷ ʤʘʛʥʠʪʥʳʭ ʩʚʦʡʩʪʚ ʵʪʦʛʦ ʤʘʪʝʨʠʘʣʘ ʙʳʣʘ 

ʧʨʠʤʝʥʝʥʘ ʤʘʛʥʠʪʦ-ʩʠʣʦʚʘʷ ʤʠʢʨʦʩʢʦʧʠʷ (ʄʉʄ). ʀʟʤʝʨʝʥʠʷ ʧʨʦʚʦʜʠʣʠʩʴ 

ʧʦ ʜʚʫʭʧʨʦʭʦʜʥʦʡ ʤʝʪʦʜʠʢʝ. ʅʘ ʨʠʩʫʥʢʝ 3 ʧʨʝʜʩʪʘʚʣʝʥ ʛʨʘʬʠʢ, ʥʘ ʢʦʪʦʨʦʤ 

ʧʦʢʘʟʘʥʦ ʩʨʘʚʥʝʥʠʝ ʨʝʣʴʝʬʘ ʧʦʚʝʨʭʥʦʩʪʠ ʚ ʨʝʞʠʤʝ ʘʪʦʤʥʦ-ʩʠʣʦʚʦʡ 

ʤʠʢʨʦʩʢʦʧʠʠ ʠ ʠʟʤʝʥʝʥʠʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʟʦʥʜ-ʦʙʨʘʟʝʮ ʚ ʨʝʞʠʤʝ ʄʉʄ 

ȹű ʧʨʠ ʧʨʠʣʦʞʝʥʠʠ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʚ 500 ʕ.  

ʀʟ ʧʨʝʜʩʪʘʚʣʝʥʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ ʥʘ ʨʠʩʫʥʢʝ 3 ʤʦʞʥʦ ʦʪʤʝʪʠʪʴ, ʯʪʦ 

ʥʘʠʙʦʣʴʰʘʷ ʨʘʟʥʦʩʪʴ ʚ ʩʠʛʥʘʣʝ ʄʉʄ ʧʨʠ ʧʨʠʣʦʞʝʥʠʠ ʚʥʝʰʥʝʛʦ 
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ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʠ ʙʝʟ ʥʝʛʦ ʥʘʙʣʶʜʘʝʪʩʷ ʚ ʤʝʩʪʘʭ ʤʠʥʠʤʫʤʘ ʨʝʣʴʝʬʘ, ʪʦ 

ʝʩʪʴ ʥʘ ʛʨʘʥʠʮʘʭ ʢʨʠʩʪʘʣʣʠʪʦʚ, ʛʜʝ ʠ ʧʨʦʠʩʭʦʜʠʪ ʟʘʤʝʱʝʥʠʝ ʘʪʦʤʦʚ 

ʢʘʜʤʠʷ ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ FeS ʠʣʠ ʦʢʠʩʣʝʥʠʝ ʞʝʣʝʟʘ. ʇʦʩʣʦʡʥʦʝ 

ʠʩʩʣʝʜʦʚʘʥʠʝ ʤʘʪʝʨʠʘʣʘ ʧʦʢʘʟʘʣʦ, ʯʪʦ ʧʨʦʮʝʩʩʳ ʦʢʠʩʣʝʥʠʷ ʧʨʝʦʙʣʘʜʘʶʪ 

ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʧʣʝʥʢʠ, ʘ ʟʘʤʝʱʝʥʠʷ ʩʝʨʳ ï ʚ ʦʙʲʸʤʝ. 

 
ʈʠʩʫʥʦʢ 3. ʉʨʘʚʥʝʥʠʝ ʨʝʣʴʝʬʘ ʧʦʚʝʨʭʥʦʩʪʠ ʩ ʨʘʟʥʦʩʪʴʶ ʩʠʛʥʘʣʦʚ ʄʉʄ 

ʧʨʠ ʚʥʝʰʥʝʤ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ ʠ ʙʝʟ ʥʝʛʦ ʦʙʨʘʟʮʦʚ CdS:Fe 

 
ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʤʦʞʥʦ ʦʞʠʜʘʪʴ, ʯʪʦ ʤʘʪʝʨʠʘʣ CdS:Fe ʙʫʜʝʪ 

ʜʝʤʦʥʩʪʨʠʨʦʚʘʪʴ ʩʚʦʡʩʪʚʘ ʧʦʣʫʤʘʛʥʠʪʥʦʛʦ ʤʘʪʝʨʠʘʣʘ, ʥʦ ʩ ʨʘʩʰʠʨʝʥʥʳʤ 

ʬʫʥʢʮʠʦʥʘʣʦʤ ʟʘ ʩʯʝʪ ʥʘʣʠʯʠʷ ʬʝʨʨʦʤʘʛʥʠʪʥʳʭ ʥʘʥʦʨʘʟʤʝʨʥʳʭ ʬʘʟ 2-ʭ 

ʪʠʧʦʚ: ʩʫʱʝʩʪʚʦʚʘʥʠʝ ʦʜʥʦʡ ʬʝʨʨʦʤʘʛʥʠʪʥʦʡ ʬʘʟʳ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ɔ-

Fe2O3, ʘ ʜʨʫʛʦʡ ï ʚ ʦʙʲʸʤʝ FeS [10]. ʊʘʢʞʝ, ʤʦʞʥʦ ʧʨʝʜʧʦʣʦʞʠʪʴ, ʯʪʦ ʟʘ 

ʩʯʝʪ ʥʘʣʠʯʠʷ ʦʜʥʦʪʠʧʥʳʭ ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʨʝʰʝʪʦʢ ʫ CdS ʠ FeS (ʠʤʝʶʪ 

ʛʝʢʩʘʛʦʥʘʣʴʥʫʶ ʨʝʰʝʪʢʫ, CdS ʩ ʧʘʨʘʤʝʪʨʘʤʠ ʷʯʝʡʢʠ ʘ = 4,11 ¡, ʩ = 6,66 ¡, 

FeS ʩ ʧʘʨʘʤʝʪʨʘʤʠ ʷʯʝʡʢʠ ʘ = 3,43 ¡, ʩ = 5,79 ¡ [11]), ʣʝʛʠʨʦʚʘʥʠʝ CdS 

ʘʪʦʤʘʤʠ ʞʝʣʝʟʘ, ʦʢʘʞʝʪ ʤʠʥʠʤʘʣʴʥʦʝ ʚʣʠʷʥʠʝ [12] ʥʘ 

ʬʦʪʦʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴ ʧʦʣʫʯʝʥʥʦʛʦ ʛʝʪʝʨʦʬʘʟʥʦʛʦ ʤʘʪʝʨʠʘʣʘ. 
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ɺ ʩʪʘʪʴʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʢʦʤʧʣʝʢʩʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʩʪʨʫʢʪʫʨʳ ʠ 

ʢʦʣʝʙʘʪʝʣʴʥʦʛʦ ʀʂ ʩʧʝʢʪʨʘ 2-ʙʝʥʟʠʣʬʝʥʦʣʘ. ɺ ʦʙʣʘʩʪʠ 400 ï 4000 ʩʤ
-1 
ʚ ʠʥʪʝʨʚʘʣʝ 

ʪʝʤʧʝʨʘʪʫʨ 11 ï 335 ʂ ʚ ʩʪʘʙʠʣʴʥʦʡ ʤʝʪʘʩʪʘʙʠʣʴʥʦʡ ʠ ʞʠʜʢʦʡ ʬʘʟʘʭ ʠʟʤʝʨʝʥʳ ʀʂ 

ʩʧʝʢʪʨʳ 2-ʙʝʥʟʠʣʬʝʥʦʣʘ. ʉ ʧʦʤʦʱʴʶ ʤʝʪʦʜʘ ʪʝʦʨʠʠ ʬʫʥʢʮʠʦʥʘʣʘ ʧʣʦʪʥʦʩʪʠ ɺ3LYP/6-

31g(d) ʧʦʩʪʨʦʝʥʳ ʩʪʨʫʢʪʫʨʥʦ-ʜʠʥʘʤʠʯʝʩʢʠʝ ʤʦʜʝʣʠ ʤʦʣʝʢʫʣʳ 2-ʙʝʥʟʠʣʬʝʥʦʣʘ ʚ 

ʛʘʨʤʦʥʠʯʝʩʢʦʤ ʠ ʘʥʛʘʨʤʦʥʠʯʝʩʢʦʤ ʧʨʠʙʣʠʞʝʥʠʷʭ. ʇʨʦʚʝʜʝʥʦ ʩʨʘʚʥʝʥʠʝ ʨʘʩʩʯʠʪʘʥʥʳʭ 

ʠ ʠʟʤʝʨʝʥʥʳʭ ʩʧʝʢʪʨʦʚ ʠ ʜʘʥʘ ʠʭ ʠʥʪʝʨʧʨʝʪʘʮʠʷ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: 2-ʙʝʥʟʠʣʬʝʥʦʣ, ʀʂ ʩʧʝʢʪʨ, ʩʪʨʫʢʪʫʨʘ, ʤʦʣʝʢʫʣʘ, 

ʤʦʣʝʢʫʣʷʨʥʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ, ʥʦʨʤʘʣʴʥʦʝ ʢʦʣʝʙʘʥʠʝ, ʯʘʩʪʦʪʘ, ʠʥʪʝʥʩʠʚʥʦʩʪʴ 

 

2-ʙʝʥʟʠʣʬʝʥʦʣ ʥʘ ʧʨʦʪʷʞʝʥʠʠ ʨʷʜʘ ʣʝʪ ʷʚʣʷʝʪʩʷ ʦʙʲʝʢʪʦʤ 

ʪʝʦʨʝʪʠʯʝʩʢʠʭ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ, ʧʨʝʜʤʝʪ ʢʦʪʦʨʳʭ 

ʨʘʟʥʦʦʙʨʘʟʝʥ. ɽʛʦ ʚʚʦʜʷʪ ʚ ʩʦʩʪʘʚ ʩʫʧʨʘʤʦʣʝʢʫʣʷʨʥʳʭ ʘʥʩʘʤʙʣʝʡ, ʩ 

ʧʦʤʦʱʴʶ ʢʦʪʦʨʳʭ ʨʘʩʧʦʟʥʘʶʪ ʮʝʟʠʡ [1]: ʵʢʩʧʝʨʠʤʝʥʪʳ ʧʦ ʵʢʩʪʨʘʢʮʠʠ 

ʧʦʢʘʟʳʚʘʶʪ, ʯʪʦ 2-ʙʝʥʟʠʣʬʝʥʦʣ ʷʚʣʷʝʪʩʷ ʵʬʬʝʢʪʠʚʥʳʤ ʠ ʩʝʣʝʢʪʠʚʥʳʤ 

https://elibrary.ru/contents.asp?titleid=7918
https://elibrary.ru/contents.asp?titleid=7918
https://elibrary.ru/contents.asp?id=33273780&selid=11666772
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ʵʢʩʪʨʘʛʝʥʪʦʤ ʮʝʟʠʷ. ʉʪʨʫʢʪʫʨʘ ʠ ʀʂ ʩʧʝʢʪʨʳ 2-ʙʝʥʟʠʣʬʝʥʦʣʘ 

ʠʩʩʣʝʜʦʚʘʣʠʩʴ ʚ ʨʘʙʦʪʝ [2]: ʧʦʢʘʟʘʥʦ, ʯʪʦ ʚ ʪʚʝʨʜʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʬʘʟʝ 

ʢʦʥʬʦʨʤʘʮʠʷ ʤʦʣʝʢʫʣʳ 2-ʙʝʥʟʠʣʬʝʥʦʣʘ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʦʜʥʦʤʫ ʠʟ ʯʝʪʳʨʝʭ 

ʤʠʥʠʤʫʤʦʚ ʧʦʪʝʥʮʠʘʣʴʥʦʡ ʵʥʝʨʛʠʠ, ʧʨʝʜʩʢʘʟʘʥʥʳʭ ʥʝʵʤʧʠʨʠʯʝʩʢʠʤʠ 

ʢʚʘʥʪʦʚʦ-ʭʠʤʠʯʝʩʢʠʤʠ ʨʘʩʯʝʪʘʤʠ ʜʣʷ ʠʟʦʣʠʨʦʚʘʥʥʦʡ ʤʦʣʝʢʫʣʳ. ɺ ʨʘʙʦʪʝ 

[3] ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʠʩʩʣʝʜʦʚʘʥʳ ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʡ ʧʦʣʠʤʦʨʬʠʟʤ ʠ 

ʚʦʜʦʨʦʜʥʘʷ ʩʚʷʟʴ ʚ 2-ʙʝʥʟʠʣʬʝʥʦʣʝ. 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʚʧʝʨʚʳʝ ʨʝʰʝʥʘ ʟʘʜʘʯʘ ʧʦʩʪʨʦʝʥʠʷ ʩʪʨʫʢʪʫʨʥʦ-

ʜʠʥʘʤʠʯʝʩʢʠʭ ʤʦʜʝʣʝʡ ʤʦʣʝʢʫʣʳ 2-ʙʝʥʟʠʣʬʝʥʦʣʘ ʚ ʛʘʨʤʦʥʠʯʝʩʢʦʤ ʠ 

ʘʥʛʘʨʤʦʥʠʯʝʩʢʦʤ ʧʨʠʙʣʠʞʝʥʠʷʭ ʩ ʮʝʣʴʶ ʦʧʪʠʤʠʟʘʮʠʠ ʨʝʟʫʣʴʪʘʪʦʚ 

ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʠ ʧʨʝʜʣʦʞʝʥʘ ʠʥʪʝʨʧʨʝʪʘʮʠʷ ʠʟʤʝʨʝʥʥʦʛʦ ʀʂ ʩʧʝʢʪʨʘ 

ʵʪʦʛʦ ʩʦʝʜʠʥʝʥʠʷ. ʀʩʩʣʝʜʦʚʘʥʠʷ ʥʦʩʠʣʠ ʢʦʤʧʣʝʢʩʥʳʡ ʭʘʨʘʢʪʝʨ ʠ 

ʦʩʥʦʚʳʚʘʣʠʩʴ ʥʘ ʤʝʪʦʜʘʭ ʢʚʘʥʪʦʚʦʡ ʭʠʤʠʠ ʠ ʢʦʣʝʙʘʪʝʣʴʥʦʡ ʀʂ 

ʩʧʝʢʪʨʦʩʢʦʧʠʠ (ʵʢʩʧʝʨʠʤʝʥʪ, ʪʝʦʨʠʷ). 

ʀʂ ʩʧʝʢʪʨʳ 2-ʙʝʥʟʠʣʬʝʥʦʣʘ ʠʟʤʝʨʝʥʳ ʚ ʦʙʣʘʩʪʠ 400 ï 4000 ʩʤ
-1 
ʚ 

ʠʥʪʝʨʚʘʣʝ ʪʝʤʧʝʨʘʪʫʨ 11 ï 335 ʂ ʚ ʩʪʘʙʠʣʴʥʦʡ ʤʝʪʘʩʪʘʙʠʣʴʥʦʡ ʠ ʞʠʜʢʦʡ 

ʬʘʟʘʭ. ɺ ʤʦʜʝʣʠʨʦʚʘʥʠʠ ʠʩʧʦʣʴʟʦʚʘʥ ʤʝʪʦʜ ʪʝʦʨʠʠ ʬʫʥʢʮʠʦʥʘʣʘ 

ʧʣʦʪʥʦʩʪʠ, ʊʌʇ, ɺ3LYP/6-31g(d) [4,5], ʨʝʘʣʠʟʦʚʘʥʥʳʡ ʚ ʧʨʦʛʨʘʤʤʥʦʤ 

ʧʘʢʝʪʝ GAUSSIANô09. ʄʠʥʠʤʠʟʠʨʦʚʘʥʘ ʵʥʝʨʛʠʷ, ʦʧʪʠʤʠʟʠʨʦʚʘʥʘ 

ʛʝʦʤʝʪʨʠʷ, ʚʳʯʠʩʣʝʥʳ ʤʝʭʘʥʠʯʝʩʢʠʝ ʠ ʵʣʝʢʪʨʦʦʧʪʠʯʝʩʢʠʝ ʧʘʨʘʤʝʪʨʳ 

ʤʦʣʝʢʫʣʳ  2-ʙʝʥʟʠʣʬʝʥʦʣʘ, ʨʘʩʩʯʠʪʘʥʳ ʯʘʩʪʦʪʳ ʠ ʬʦʨʤʳ ʝʝ ʥʦʨʤʘʣʴʥʳʭ 

ʢʦʣʝʙʘʥʠʡ ʠ ʠʭ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʚ ʀʂ ʩʧʝʢʪʨʝ.  

ʄʠʥʠʤʠʟʠʨʦʚʘʥʥʘʷ ʵʥʝʨʛʠʷ ʤʦʣʝʢʫʣʳ ʩʦʩʪʘʚʠʣʘ 806,87963952 

ʍʘʨʪʨʠ. ʉʪʨʦʝʥʠʝ ʤʦʣʝʢʫʣʳ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʝ ʵʪʦʡ ʵʥʝʨʛʠʠ ʧʨʠʚʝʜʝʥʦ ʥʘ 

ʨʠʩ. 1. ɻʝʦʤʝʪʨʠʯʝʩʢʠʝ ʧʘʨʘʤʝʪʨʳ ʤʦʣʝʢʫʣʳ ʥʘʭʦʜʷʪʩʷ ʚ ʧʨʝʜʝʣʘʭ, 

ʫʩʪʘʥʦʚʣʝʥʥʳʭ ʩʪʨʫʢʪʫʨʥʦʡ ʭʠʤʠʝʡ ʠ ʩʦʛʣʘʩʫʶʪʩʷ ʩ ʜʘʥʥʳʤʠ ʨʘʙʦʪʳ [2]. 

 

 
 

ʈʠʩʫʥʦʢ.1. ʉʪʨʦʝʥʠʝ ʤʦʣʝʢʫʣʳ 2-ʙʝʥʟʠʣʬʝʥʦʣʘ 
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ʈʠʩʫʥʦʢ 2. ʀʂ ʩʧʝʢʪʨʳ 2-ʙʝʥʟʠʣʬʝʥʦʣʘ: ʠʟʤʝʨʝʥʥʳʡ -1; ʨʘʩʩʯʠʪʘʥʥʳʝ ʚ 

ʛʘʨʤʦʥʠʯʝʩʢʦʤ ï 2 ʠ ʘʥʛʘʨʤʦʥʠʯʝʩʢʦʤ ï 3 ʧʨʠʙʣʠʞʝʥʠʷʭ  

 

ʆʩʥʦʚʥʦʝ ʚʥʠʤʘʥʠʝ ʚ ʠʩʩʣʝʜʦʚʘʥʠʠ ʙʳʣʦ ʫʜʝʣʝʥʦ ʘʥʘʣʠʟʫ 
ʠʟʤʝʨʝʥʥʳʭ ʠ ʨʘʩʩʯʠʪʘʥʥʳʭ ʀʂ ʩʧʝʢʪʨʦʚ 2-ʙʝʥʟʠʣʬʝʥʦʣʘ, ʚ ʢʦʪʦʨʳʭ 
ʦʪʨʘʞʝʥʳ ʦʩʦʙʝʥʥʦʩʪʠ ʩʪʨʫʢʪʫʨʳ ʠ ʘʥʛʘʨʤʦʥʠʟʤ ʢʦʣʝʙʘʥʠʡ. ʀʟʤʝʨʝʥʥʳʡ 
ʚ ʪʚʝʨʜʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʘʙʠʣʴʥʦʡ ʬʘʟʝ ʚ ʦʙʣʘʩʪʠ 400 -4000 ʩʤ

-1 
ʠ 

ʨʘʩʩʯʠʪʘʥʥʳʝ ʀʂ ʩʧʝʢʪʨʳ 2-ʙʝʥʟʠʣʬʝʥʦʣʘ ʧʨʠʚʝʜʝʥʳ ʥʘ ʨʠʩ. 2. ʀʭ 
ʧʨʝʜʚʘʨʠʪʝʣʴʥʳʡ ʘʥʘʣʠʟ ʫʢʘʟʳʚʘʝʪ ʚ ʮʝʣʦʤ ʥʘ ʬʘʢʪ ʟʥʘʯʠʪʝʣʴʥʦʛʦ 
ʫʣʫʯʰʝʥʠʷ ʩʦʛʣʘʩʠʷ ʠʟʤʝʨʝʥʥʦʛʦ ʩʧʝʢʪʨʘ ʩ ʨʘʩʩʯʠʪʘʥʥʳʤ ʧʨʠ ʫʯʝʪʝ 
ʘʥʛʘʨʤʦʥʠʟʤʘ ʢʦʣʝʙʘʥʠʡ. ɹʦʣʝʝ ʜʝʪʘʣʴʥʦ ʵʪʦʪ ʬʘʢʪ ʧʨʦʷʚʣʷʝʪʩʷ ʧʨʠ 
ʘʥʘʣʠʟʝ ʀʂ ʩʧʝʢʪʨʦʚ ʧʦ ʢʦʥʢʨʝʪʥʳʤ ʦʙʣʘʩʪʷʤ. 

 
ʈʠʩʫʥʦʢ 3. ʀʟʤʝʨʝʥʥʳʡ-1 ʠ ʨʘʩʩʯʠʪʘʥʥʳʝ -2, 3 ʀʂ ʩʧʝʢʪʨʳ  

2-ʙʝʥʟʠʣʬʝʥʦʣʘ ʚ ʦʙʣʘʩʪʷʭ 1100-1600 ʠ 2850-3250 ʩʤ
-1
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ʅʘ ʨʠʩ. 3. ʧʨʠʚʝʜʝʥʳ ʠʟʤʝʨʝʥʥʳʡ ʠ ʨʘʩʩʯʠʪʘʥʥʳʝ ʀʂ ʩʧʝʢʪʨʳ ʚ ʜʚʫʭ 

ʦʙʣʘʩʪʷʭ: 1100-1600 ʠ 2850-3250 ʩʤ
-1
. ʀʟ ʘʥʘʣʠʟʘ ʵʪʠʭ ʦʙʣʘʩʪʝʡ ʀʂ 

ʩʧʝʢʪʨʘ ʚʠʜʥʦ, ʯʪʦ ʩʫʱʝʩʪʚʝʥʥʳʝ ʫʣʫʯʰʝʥʠʷ ʠʤʝʶʪ ʤʝʩʪʦ ʚ ʦʙʣʘʩʪʠ 

ʧʨʦʷʚʣʝʥʠʷ ʢʦʣʝʙʘʥʠʡ ʣʝʛʢʠʭ ʘʪʦʤʦʚ (ʚʘʣʝʥʪʥʳʝ ʢʦʣʝʙʘʥʠʷ ʩʚʷʟʝʡ ʉ-ʅ) 

2850-3250 ʩʤ
-1
. ɿʜʝʩʴ ʩʜʚʠʛʠ ʯʘʩʪʦʪ ʚ ʜʣʠʥʥʦʚʦʣʥʦʚʫʶ ʩʪʦʨʦʥʫ ʜʦʩʪʠʛʘʶʪ 

150 ï 200 ʩʤ
-1
. ʀʥʪʝʥʩʠʚʥʦʩʪʠ ʪʘʢʞʝ ʠʟʤʝʥʷʶʪʩʷ, ʥʦ ʥʝ ʩʪʦʣʴ ʟʥʘʯʠʪʝʣʴʥʦ, 

ʢʘʢ, ʥʘʧʨʠʤʝʨ, ʚ ʦʙʣʘʩʪʠ 1100 - 1600 ʩʤ
-1
. ɺ ʫʢʘʟʘʥʥʦʡ ʦʙʣʘʩʪʠ 

ʧʨʦʷʚʣʷʶʪʩʷ ʚʘʣʝʥʪʥʳʝ ʢʦʣʝʙʘʥʠʷ ʬʝʥʠʣʴʥʳʭ ʢʦʣʝʮ, ʩʤʝʰʘʥʥʳʝ ʩ 

ʜʝʬʦʨʤʘʮʠʦʥʥʳʤʠ ʧʣʦʩʢʠʤʠ ʢʦʣʝʙʘʥʠʷʤʠ, ʥʦʨʤʘʣʴʥʳʝ ʢʦʣʝʙʘʥʠʷ ʩʠʣʴʥʦ 

ʜʝʣʦʢʘʣʠʟʦʚʘʥʳ. ʀʭ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʟʥʘʯʠʪʝʣʴʥʦ ʠʟʤʝʥʷʶʪʩʷ, ʯʘʩʪʦʪʳ 

ʩʜʚʠʛʘʶʪʩʷ ʚ ʜʣʠʥʥʦʚʦʣʥʦʚʫʶ ʦʙʣʘʩʪʴ, ʥʦ ʥʝ ʩʪʦʣʴ ʟʥʘʯʠʪʝʣʴʥʦ ʧʦ 

ʩʨʘʚʥʝʥʠʶ ʯʘʩʪʦʪʘʤʠ ʚ ʦʙʣʘʩʪʠ 2850-3250 ʩʤ
-1
: ʘʥʛʘʨʤʦʥʠʟʤ ʟʘʪʨʘʛʠʚʘʝʪ 

ʠʭ ʚ ʤʝʥʴʰʝʡ ʩʪʝʧʝʥʠ. ʉʧʝʢʪʨ, ʨʘʩʩʯʠʪʘʥʥʳʡ ʩ ʫʯʝʪʦʤ ʘʥʛʘʨʤʦʥʠʟʤʘ, 

ʛʦʨʘʟʜʦ ʙʣʠʞʝ ʢ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʤʫ. 

ɺ ʠʟʤʝʨʝʥʥʦʤ ʀʂ ʩʧʝʢʪʨʝ ʦʙʨʘʱʘʝʪ ʥʘ ʩʝʙʷ ʚʥʠʤʘʥʠʝ ʰʠʨʦʢʘʷ 

ʧʦʣʦʩʘ, ʠʥʪʝʨʧʨʝʪʠʨʦʚʘʪʴ ʢʦʪʦʨʫʶ ʥʝ ʫʜʘʝʪʩʷ ʥʘ ʦʩʥʦʚʝ ʨʝʟʫʣʴʪʘʪʦʚ 

ʧʨʦʚʝʜʝʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ. ʆʥʘ ʧʨʦʷʚʣʷʝʪʩʷ ʚ ʚʠʜʝ ʰʠʨʦʢʦʛʦ ʢʦʥʪʫʨʘ 

ʘʥʦʤʘʣʴʥʦ ʙʦʣʴʰʦʡ ʠʥʪʝʥʩʠʚʥʦʩʪʠ. ɽʝ ʮʝʥʪʨ ʪʷʞʝʩʪʠ ʩʦʦʪʚʝʪʩʪʚʫʝʪ 

ʧʦʣʦʞʝʥʠʶ º3200 ʩʤ
-1
. ɽʝ ʥʘʣʠʯʠʝ ʚ ʩʧʝʢʪʨʝ ʫʢʘʟʳʚʘʝʪ ʥʘ ʦʙʨʘʟʦʚʘʥʠʝ ʚ 

ʦʙʨʘʟʮʝ 2-ʙʝʥʟʠʣʬʝʥʦʣʘ ʢʦʤʧʣʝʢʩʦʚ ʩ ʚʦʜʦʨʦʜʥʦʡ ʩʚʷʟʴʶ. ʉʦʛʣʘʩʥʦ 

ʜʘʥʥʳʤ ʨʘʙʦʪʳ [1] ʚ ʪʚʝʨʜʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʤ ʦʙʨʘʟʮʝ ʤʦʛʫʪ 

ʨʝʘʣʠʟʦʚʳʚʘʪʴʩʷ ʅ-ʢʦʤʧʣʝʢʩʳ ʚ ʚʠʜʝ ʪʝʪʨʘʤʝʨʦʚ. ɺ ʨʘʙʦʪʝ [3] ʥʘ ʦʩʥʦʚʝ 

ʘʥʘʣʠʟʘ ʠʟʤʝʨʝʥʥʳʭ ʀʂ ʩʧʝʢʪʨʦʚ ʚʳʩʢʘʟʘʥʦ ʧʨʝʜʧʦʣʦʞʝʥʠʝ ʦ 

ʚʦʟʤʦʞʥʦʩʪʠ ʦʙʨʘʟʦʚʘʥʠʷ ʮʝʧʦʯʝʯʥʳʭ ʅ-ʘʩʩʦʮʠʘʪʦʚ. ʆʙʨʘʟʦʚʘʥʠʝ ʅ-

ʢʦʤʧʣʝʢʩʦʚ ʚ 2-ʙʝʥʟʠʣʬʝʥʦʣʝ ʧʨʠʚʦʜʠʪ ʢ ʩʫʱʝʩʪʚʝʥʥʦʤʫ ʩʜʚʠʛʫ ʧʦʣʦʩʳ, 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʡ ʚʘʣʝʥʪʥʦʤʫ ʢʦʣʝʙʘʥʠʶ ʩʚʷʟʠ ʆ-ʅ, ʚ ʜʣʠʥʥʦʚʦʣʥʦʚʫʶ 

ʩʪʦʨʦʥʫ ʩʧʝʢʪʨʘ. ɺ ʩʦʦʪʚʝʪʩʪʚʠʝ ʩ ʨʘʩʯʝʪʦʤ ʯʘʩʪʦʪʘ ʵʪʦʛʦ ʢʦʣʝʙʘʥʠʷ ʚ 

ʤʦʣʝʢʫʣʝ ʩʦʩʪʘʚʣʷʝʪ 3760 ʠʣʠ 3570 ʩʤ
-1
 (ʚ ʛʘʨʤʦʥʠʯʝʩʢʦʤ ʠʣʠ 

ʘʥʛʘʨʤʦʥʠʯʝʩʢʦʤ ʧʨʠʙʣʠʞʝʥʠʠ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ). ɸʥʘʣʠʟ ʵʪʦʡ ʦʙʣʘʩʪʠ 

ʩʧʝʢʪʨʘ ʪʨʝʙʫʝʪ ʧʨʠʚʣʝʯʝʥʠʷ ʜʘʥʥʳʭ ʤʦʣʝʢʫʣʷʨʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ 2-

ʙʝʥʟʠʣʬʝʥʦʣʘ ʩ ʫʯʝʪʦʤ ʚʦʜʦʨʦʜʥʦʡ ʩʚʷʟʠ. ʕʪʘ ʟʘʜʘʯʘ ʧʦʩʪʘʚʣʝʥʘ ʥʘʤʠ ʠ 

ʙʫʜʝʪ ʨʝʰʝʥʘ ʚ ʙʣʠʞʘʡʰʝʝ ʚʨʝʤʷ. 

ʆʩʥʦʚʥʦʡ ʚʳʚʦʜ, ʩʣʝʜʫʶʱʠʡ ʠʟ ʨʝʟʫʣʴʪʘʪʦʚ ʧʨʦʚʝʜʝʥʥʳʭ 

ʠʩʩʣʝʜʦʚʘʥʠʡ, ʩʦʩʪʦʠʪ ʚ ʪʦʤ, ʯʪʦ ʧʦʩʪʨʦʝʥʠʝ ʩʪʨʫʢʪʫʨʥʦ-ʜʠʥʘʤʠʯʝʩʢʦʡ 

ʤʦʜʝʣʠ 2-ʙʝʥʟʠʣʬʝʥʦʣʘ ʚ ʘʥʛʘʨʤʦʥʠʯʝʩʢʦʤ ʧʨʠʙʣʠʞʝʥʠʠ ʦʢʘʟʘʣʩʷ 

ʚʦʟʤʦʞʥʳʤ ʠ ʵʬʬʝʢʪʠʚʥʳʤ. ʆʥ ʧʦʟʚʦʣʠʣ ʧʨʠʙʣʠʟʠʪʴ ʨʘʩʩʯʠʪʘʥʥʳʡ ʀʂ 

ʩʧʝʢʪʨ ʤʦʣʝʢʫʣʳ ʢ ʩʧʝʢʪʨʫ ʠʟʤʝʨʝʥʥʦʛʦ ʦʙʨʘʟʮʘ ʠ ʠʟʙʝʞʘʪʴ ʯʘʩʪʦ 

ʠʩʧʦʣʴʟʫʝʤʦʡ ʚ ʧʦʜʦʙʥʦʡ ʩʠʪʫʘʮʠʠ ʧʨʦʮʝʜʫʨʳ ʤʘʩʰʪʘʙʠʨʦʚʘʥʠʷ 

ʨʘʩʩʯʠʪʘʥʥʳʭ ʯʘʩʪʦʪ, ʫʣʫʯʰʘʶʱʝʡ ʠʭ ʩʦʛʣʘʩʠʝ ʩ ʠʟʤʝʨʝʥʥʳʤʠ ʯʘʩʪʦʪʘʤʠ, 

ʥʦ ʣʠʰʝʥʥʦʡ ʬʠʟʠʯʝʩʢʦʛʦ ʩʤʳʩʣʘ. 
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ʇʨʦʚʝʜʝʥʦ ʠʩʩʣʝʜʦʚʘʥʠʝ ʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʩʧʝʢʪʨʦʚ ʵʣʝʢʪʨʦʥʦʚ ʢʚʘʥʪʦʚʳʭ ʷʤ 

(ʂʗ) ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʨʦʛʨʘʤʤʥʦʛʦ ʧʘʢʝʪʘ Comsol Multiphysics. ʇʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ 

ʜʘʥʥʦʡ ʤʦʜʝʣʠ ʤʦʞʥʦ ʘʥʘʣʠʟʠʨʦʚʘʪʴ ʵʥʝʨʛʝʪʠʯʝʩʢʠʝ ʫʨʦʚʥʠ ʵʣʝʢʪʨʦʥʘ ʧʨʦʚʦʜʠʤʦʩʪʠ ʚ 

ʧʨʷʤʦʫʛʦʣʴʥʦʡ ʢʚʘʥʪʦʚʦʡ ʷʤʝ ʩ ʤʦʜʫʣʠʨʫʝʤʳʤ ʧʦʪʝʥʮʠʘʣʦʤ. ʏʘʩʪʦʪʘ ʤʦʜʫʣʷʮʠʠ 

ʚʳʙʨʘʥʘ ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʧʦʩʪʦʷʥʥʦʡ ʨʝʰʸʪʢʠ InSb (Ḑ6.45 ¡). ʈʘʩʩʤʦʪʨʝʥʳ ʜʚʘ ʩʣʫʯʘʷ 
ʣʦʢʘʣʠʟʘʮʠʠ ʧʨʠʤʝʩʥʳʭ ʘʪʦʤʦʚ ʚ ʂʗ: ʚ ʮʝʥʪʨʝ ʂʗ ʠ ʚʙʣʠʟʠ ʧʦʚʝʨʭʥʦʩʪʠ ʂʗ (ʫ ʢʨʘʷ 

ʷʤʳ). 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʢʚʘʥʪʦʚʳʝ ʪʦʯʢʠ, ʢʚʘʥʪʦʚʘʷ ʷʤʘ, ʘʥʪʠʤʦʥʠʜ ʠʥʜʠʷ. 

 

ʕʣʝʢʪʨʦʥʥʳʝ ʠ ʦʧʪʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʭ ʂʊ ʠ ʩʦ-

ʜʝʨʞʘʱʠʭ ʠʭ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʭ ʤʘʢʨʦʦʙʲʝʢʪʦʚ (ʚ ʯʘʩʪʥʦʩʪʠ, ʜʣʠʥʘ ʚʦʣ-

ʥʳ ʠʟʣʫʯʝʥʠʷ ʠ ʧʦʛʣʦʱʝʥʠʷ, ʢʦʵʬʬʠʮʠʝʥʪ ʵʢʩʪʠʥʢʮʠʠ) ʩʫʱʝʩʪʚʝʥʥʦ ʟʘʚʠ-

ʩʷʪ ʦʪ ʤʘʪʝʨʠʘʣʘ, ʭʘʨʘʢʪʝʨʥʳʭ ʨʘʟʤʝʨʦʚ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʭ ʂʊ ʠ ʠʭ ʬʦʨ-

ʤ  r[1]. ʉ ʧʨʘʢʪʠʯʝʩʢʦʡ ʪʦʯʢʠ ʟʨʝʥʠʷ ʚʘʞʥʳʝ ʦʧʪʠʯʝʩʢʠʝ ʜʠʘʧʘʟʦʥʳ - ʚʠ-

ʜʠʤʳʡ 400-750 ʥʤ, ʙʣʠʞʥʠʡ ʀʂ 800-900 ʥʤ - ʦʢʥʦ ʧʨʦʟʨʘʯʥʦʩʪʠ ʢʨʦʚʠ, 

1300-1550 ʥʤ ï ʪʝʣʝʢʦʤʤʫʥʠʢʘʮʠʦʥʥʳʡ ʜʠʘʧʘʟʦʥ. 

ʆʯʝʚʠʜʥʦ, ʯʪʦ ʚʳʙʦʨ ʤʘʪʝʨʠʘʣʘ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʭ ʂʊ ʠ 

ʭʘʨʘʢʪʝʨʥʦʛʦ ʨʘʟʤʝʨʘ (ʚ ʩʣʫʯʘʝ ʦʧʨʝʜʝʣʝʥʥʦʡ ʬʦʨʤʳ) ʙʫʜʝʪ ʩʫʱʝʩʪʚʝʥʥʦ 

ʚʣʠʷʪʴ ʥʘ ʵʥʝʨʛʝʪʠʯʝʩʢʠʡ ʩʧʝʢʪʨ ʵʣʝʢʪʨʦʥʦʚ ʧʨʦʚʦʜʠʤʦʩʪʠ ʠ, 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʥʘ ʦʧʪʠʯʝʩʢʠʝ ʠ ʵʣʝʢʪʨʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʵʪʠʭ 

ʥʘʥʦʦʙʲʝʢʪʦʚ ʠ ʩʦʜʝʨʞʘʱʠʭ ʠʭ ʩʪʨʫʢʪʫʨ. ɺ ʨʷʜʝ ʨʘʙʦʪ [2, 3] ʫʢʘʟʳʚʘʝʪʩʷ, 

ʯʪʦ ʨʘʟʣʠʯʥʦʛʦ ʨʦʜʘ ʜʝʬʝʢʪʳ, ʚ ʯʘʩʪʥʦʩʪʠ, ʘʪʦʤʳ ʧʨʠʤʝʩʠ, ʪʘʢʞʝ 

ʦʢʘʟʳʚʘʝʪ ʩʫʱʝʩʪʚʝʥʥʦʝ ʚʣʠʷʥʠʝ ʥʘ ʩʧʝʢʪʨ ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ [4]. 

ʂʚʘʥʪʦʚʳʝ ʪʦʯʢʠ ʥʘ ʦʩʥʦʚʝ InSb ʚʳʟʳʚʘʶʪ ʦʩʦʙʳʡ ʠʥʪʝʨʝʩ 

ʙʣʘʛʦʜʘʨʷ ʫʥʠʢʘʣʴʥʳʤ ʩʚʦʡʩʪʚʘʤ ʘʥʪʠʤʦʥʠʜʘ ʠʥʜʠʷ: ʚʳʩʦʢʘʷ 

ʧʦʜʚʠʞʥʦʩʪʴ ʵʣʝʢʪʨʦʥʦʚ (78000 ʩʤ
2
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ʩ
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), ʧʨʷʤʘʷ ʠ ʫʟʢʘʷ ʟʘʧʨʝʱʝʥʥʘʷ 
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ʟʦʥʘ (0.17 ʵɺ), ʤʘʣʘʷ ʵʬʬʝʢʪʠʚʥʘʷ ʤʘʩʩʘ ʵʣʝʢʪʨʦʥʦʚ ( 0.013 m0, m0 ïʤʘʩʩʘ 

ʩʚʦʙʦʜʥʦʛʦ ʵʣʝʢʪʨʦʥʘ) [5], ʙʦʣʴʰʘʷ ʜʣʠʥʘ ʚʦʣʥʳ ʜʝ ɹʨʦʡʣʷ ï ʜʦ 55 ʥʤ. ɺʩʝ 

ʵʪʦ ʧʦʟʚʦʣʷʝʪ ʠʩʧʦʣʴʟʦʚʘʪʴ ʜʘʥʥʳʡ ʤʘʪʝʨʠʘʣ ʚ ʨʘʟʥʦʦʙʨʘʟʥʳʭ ʫʩʪʨʦʡʩʪʚʘʭ 

ʦʧʪʦʵʣʝʢʪʨʦʥʠʢʠ: ʪʨʘʥʟʠʩʪʦʨʘʭ, ʩʝʥʩʦʨʘʭ, ʀʂ ʜʝʪʝʢʪʦʨʘʭ ʠ ʜʨ. 

ɺ ʧʝʨʚʦʤ ʧʨʠʙʣʠʞʝʥʠʠ ʵʥʝʨʛʠʷ ʢʚʘʥʪʘ ʧʦʛʣʦʱʝʥʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʚ 

ʢʚʘʥʪʦʚʦʡ ʪʦʯʢʝ ʤʦʞʝʪ ʙʳʪʴ ʧʨʝʜʩʪʘʚʣʝʥʘ ʚ ʚʠʜʝ: 

 ‐ ‐Ϛ ‐ϛ ‐ϛ, (1) 

ʛʜʝ ‐  ï ʵʥʝʨʛʠʷ ʢʚʘʥʪʘ ʚ ʦʙʣʘʩʪʠ ʤʘʢʩʠʤʫʤʘ ʧʦʛʣʦʱʝʥʠʷ, ‐Ϛ ï ʰʠʨʠʥʘ 

ʟʘʧʨʝʱʝʥʥʦʡ ʟʦʥʳ ʦʙʲʝʤʥʦʛʦ ʤʘʪʝʨʠʘʣʘ, ‐ϛ ï ʚʝʣʠʯʠʥʘ ʧʝʨʚʦʛʦ ʫʨʦʚʥʷ 

ʵʥʝʨʛʠʠ ʵʣʝʢʪʨʦʥʘ ʢʚʘʥʪʦʚʦʡ ʪʦʯʢʠ, ʦʪʩʯʠʪʳʚʘʝʤʦʡ ʦʪ ʜʥʘ ʟʦʥʳ 

ʧʨʦʚʦʜʠʤʦʩʪʠ ʦʙʲʝʤʥʦʛʦ ʤʘʪʝʨʠʘʣʘ, ‐ϛ - ʚʝʣʠʯʠʥʘ ʧʝʨʚʦʛʦ ʫʨʦʚʥʷ 

ʵʥʝʨʛʠʠ ʜʳʨʢʠ, ʦʪʩʯʠʪʳʚʘʝʤʦʡ ʦʪ ʧʦʪʦʣʢʘ ʚʘʣʝʥʪʥʦʡ ʟʦʥʳ ʦʙʲʝʤʥʦʛʦ 

ʤʘʪʝʨʠʘʣʘ. 

ɺ ʜʠʘʧʘʟʦʥʝ ʠʟʤʝʥʷʝʤʳʭ ʨʘʟʤʝʨʦʚ ʂʊ ʦʪ 25 ʜʦ 5 ʥʤ ʚʝʣʠʯʠʥʘ 

ʵʥʝʨʛʝʪʠʯʝʩʢʦʛʦ ʟʘʟʦʨʘ ‐ϛï‐ϛ ʩ ʫʯʝʪʦʤ ʰʠʨʠʥʳ ʟʘʧʨʝʱʝʥʥʦʡ ʟʦʥʳ 

ʦʙʲʝʤʥʦʛʦ ʤʘʪʝʨʠʘʣʘ ʙʫʜʝʪ ʠʟʤʝʥʷʪʴʩʷ ʚ ʜʠʘʧʘʟʦʥʝ ʦʪ 0.3 ʜʦ 2.8 ʵɺ (ʠʣʠ 

ʧʦʣʦʞʝʥʠʝ ʤʘʢʩʠʤʫʤʘ ʢʦʵʬʬʠʮʠʝʥʪʘ ʧʦʛʣʦʱʝʥʠʷ ʠʣʠ ʣʶʤʠʥʝʩʮʝʥʮʠʠ ʦʪ 

1.2 ʜʦ 4.1 ʤʢʤ). ʕʪʦ ʧʦʟʚʦʣʷʝʪ ʦʙʦʩʥʦʚʘʥʥʦ ʧʨʝʜʧʦʣʘʛʘʪʴ ʚʦʟʤʦʞʥʦʩʪʴ 

ʟʥʘʯʠʪʝʣʴʥʦʛʦ ʚʣʠʷʥʠʷ ʥʘ ʦʧʪʠʯʝʩʢʠʝ ʠ ʵʣʝʢʪʨʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʂʊ InSb ʚ 

ʰʠʨʦʢʦʤ ʜʠʘʧʘʟʦʥʝ ʧʨʠ ʫʧʨʘʚʣʷʝʤʦʤ ʠʟʤʝʥʝʥʠʠ ʭʘʨʘʢʪʝʨʥʳʭ ʨʘʟʤʝʨʦʚ 

ʂʊ. 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʩʧʝʢʪʨʦʚ ʵʣʝʢʪʨʦʥʦʚ ʂʗ ʧʨʦʚʝʜʝʥʦ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʧʨʦʛʨʘʤʤʥʦʛʦ ʧʘʢʝʪʘ Comsol Multiphysics, ʙʘʟʠʨʫʶʱʝʛʦʩʷ ʥʘ ʤʝʪʦʜʝ 

ʢʦʥʝʯʥʳʭ ʵʣʝʤʝʥʪʦʚ [6]. ʇʨʦʛʨʘʤʤʘ çdouble boundè ʠʟ ʙʠʙʣʠʦʪʝʢ Comsol 

Multiphysics ʧʦʟʚʦʣʷʝʪ ʨʝʰʘʪʴ ʦʜʥʦʤʝʨʥʫʶ ʟʘʜʘʯʫ ʧʦ ʥʘʭʦʞʜʝʥʠʶ 

ʧʦʣʦʞʝʥʠʷ ʢʚʘʥʪʦʚʳʭ ʜʠʩʢʨʝʪʥʳʭ ʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʫʨʦʚʥʝʡ ʠ ʠʭ ʚʦʣʥʦʚʳʭ 

ʬʫʥʢʮʠʡ ʜʣʷ ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ. 

ʇʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʜʘʥʥʦʡ ʤʦʜʝʣʠ ʤʦʞʥʦ ʘʥʘʣʠʟʠʨʦʚʘʪʴ 

ʵʥʝʨʛʝʪʠʯʝʩʢʠʝ ʫʨʦʚʥʠ ʵʣʝʢʪʨʦʥʘ ʧʨʦʚʦʜʠʤʦʩʪʠ ʚ ʧʨʷʤʦʫʛʦʣʴʥʦʡ 

ʢʚʘʥʪʦʚʦʡ ʷʤʝ ʩ ʤʦʜʫʣʠʨʫʝʤʳʤ ʧʦʪʝʥʮʠʘʣʦʤ. ʏʘʩʪʦʪʘ ʤʦʜʫʣʷʮʠʠ ʚʳʙʨʘʥʘ 

ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʧʦʩʪʦʷʥʥʦʡ ʨʝʰʸʪʢʠ InSb (Ḑ6.45 ¡) [7]. ɺʳʩʦʪʘ ʦʙʣʘʩʪʠ 
(5 ʵɺ) ʚʳʙʨʘʥʘ ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩʦ ʟʥʘʯʝʥʠʝʤ ʨʘʙʦʪʳ ʚʳʭʦʜʘ ʵʣʝʢʪʨʦʥʦʚ ʠʟ 

ʦʙʲʸʤʥʦʛʦ ʤʘʪʝʨʠʘʣʘ. ʐʠʨʠʥʘ ʷʤʳ 4.6 ʥʤ. ʈʘʩʩʤʦʪʨʝʥʳ ʜʚʘ ʩʣʫʯʘʷ 

ʣʦʢʘʣʠʟʘʮʠʠ ʧʨʠʤʝʩʥʦʛʦ ʘʪʦʤʘ ʚ ʂʗ: ʚ ʩʝʨʝʜʠʥʝ ʂʗ ʠ ʚʙʣʠʟʠ ʧʦʚʝʨʭʥʦʩʪʠ 

ʂʗ (ʫ ʢʨʘʷ ʷʤʳ). 

ʇʦʩʢʦʣʴʢʫ ʤʘʢʩʠʤʫʤ ʚʦʣʥʦʚʦʡ ʬʫʥʢʮʠʠ ʜʣʷ ʧʝʨʚʦʛʦ 

ʵʥʝʨʛʝʪʠʯʝʩʢʦʛʦ ʜʠʩʢʨʝʪʥʦʛʦ ʫʨʦʚʥʷ ʨʘʩʧʦʣʦʞʝʥ ʚ ʮʝʥʪʨʝ ʷʤʳ, ʨʦʩʪ 

ʧʦʪʝʥʮʠʘʣʴʥʦʛʦ ʙʘʨʴʝʨʘ, ʩʦʟʜʘʚʘʝʤʦʛʦ ʧʨʠʤʝʩʥʳʤ ʘʪʦʤʦʤ, ʜʝʡʩʪʚʫʝʪ ʥʘ 

ʥʝʛʦ, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʚʪʦʨʦʡ ʫʨʦʚʝʥʴ ʦʩʪʘʝʪʩʷ ʥʝʠʟʤʝʥʥʳʤ. ʕʥʝʨʛʠʷ 

ʧʝʨʚʦʛʦ ʫʨʦʚʥʷ ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʥʘ 0.3 ʵɺ ʧʨʠ ʚʚʝʜʝʥʠʠ ʚ ʮʝʥʪʨ ʢʚʘʥʪʦʚʦʡ 
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ʷʤʳ ʧʨʠʤʝʩʠ, ʢʦʪʦʨʘʷ ʩʦʟʜʘʸʪ ʜʣʷ ʵʣʝʢʪʨʦʥʦʚ ʧʨʦʚʦʜʠʤʦʩʪʠ ʪʫʥʥʝʣʴʥʦ-

ʧʨʦʟʨʘʯʥʳʡ ʧʦʪʝʥʮʠʘʣʴʥʳʡ ʙʘʨʴʝʨ ʚʝʣʠʯʠʥʦʡ 3 ʵɺ. 

ɺʚʝʜʝʥʠʝ ʜʦʧʦʣʥʠʪʝʣʴʥʦʛʦ ʘʪʦʤʘ ʚʙʣʠʟʠ ʢʨʘʷ ʷʤʳ ʠʩʢʫʩʩʪʚʝʥʥʦ 

ʫʤʝʥʴʰʘʝʪ ʰʠʨʠʥʫ ʂʗ ʠ, ʢʘʢ ʩʣʝʜʩʪʚʠʝ, ʫʚʝʣʠʯʠʚʘʝʪ ʵʥʝʨʛʠʶ ʵʣʝʢʪʨʦʥʦʚ. 

ʕʥʝʨʛʠʷ 1-ʛʦ ʢʚʘʥʪʦʚʦʛʦ ʫʨʦʚʥʷ ʨʘʩʪʸʪ ʥʘ 0.2 ʵɺ, ʵʥʝʨʛʠʷ ʚʪʦʨʦʛʦ 

ʢʚʘʥʪʦʚʦʛʦ ʫʨʦʚʥʷ ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʥʘ 0.5 ʵɺ ʧʨʠ ʚʚʝʜʝʥʠʠ ʚʙʣʠʟʠ ʢʨʘʷ ʷʤʳ 

ʧʨʠʤʝʩʠ, ʢʦʪʦʨʘʷ ʩʦʟʜʘʸʪ ʜʣʷ ʵʣʝʢʪʨʦʥʦʚ ʧʨʦʚʦʜʠʤʦʩʪʠ ʪʫʥʥʝʣʴʥʦ-

ʧʨʦʟʨʘʯʥʳʡ ʧʦʪʝʥʮʠʘʣʴʥʳʡ ʙʘʨʴʝʨ ʚʝʣʠʯʠʥʦʡ 3 ʵɺ (ʨʠʩ. 1). 

 

 
ʈʠʩʫʥʦʢ 1. ʉʧʝʢʪʨ ʵʣʝʢʪʨʦʥʦʚ ʧʨʦʚʦʜʠʤʦʩʪʠ ʚ ʧʨʷʤʦʫʛʦʣʴʥʦʡ ʂʗ ʘʥʪʠʤʦʥʠʜʘ ʠʥʜʠʷ 

 

ʇʨʠʚʝʜʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʧʦʢʘʟʳʚʘʶʪ ʟʘʤʝʪʥʦʝ ʚʣʠʷʥʠʝ ʧʨʠʤʝʩʥʦʛʦ 

ʘʪʦʤʘ ʥʘ ʵʥʝʨʛʝʪʠʯʝʩʢʠʡ ʩʧʝʢʪʨ ʵʣʝʢʪʨʦʥʦʚ ʚ ʂʗ InSb, ʢʦʪʦʨʦʝ ʤʦʞʝʪ ʙʳʪʴ 

ʦʙʥʘʨʫʞʝʥʦ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʜʦʩʪʫʧʥʦʛʦ 

ʠʥʩʪʨʫʤʝʥʪʘʨʠʷ. ɽʩʪʴ ʦʩʥʦʚʘʥʠʷ ʧʦʣʘʛʘʪʴ, ʯʪʦ ʠ ʜʣʷ ʂʊ InSb ʪʘʢʦʝ 

ʚʣʠʷʥʠʝ ʜʦʣʞʥʦ ʙʳʪʴ ʥʝ ʤʝʥʝʝ (ʘ, ʤʦʞʝʪ, ʠ ʙʦʣʝʝ) ʟʥʘʯʠʤʳʤ. ʕʪʠ ʜʘʥʥʳʝ 

ʛʦʚʦʨʷʪ ʪʘʢʞʝ ʠ ʦ ʪʦʤ, ʯʪʦ ʢʦʥʪʨʦʣʠʨʫʝʤʦʝ ʚʚʝʜʝʥʠʝ ʧʨʠʤʝʩʥʦʛʦ ʘʪʦʤʘ ʚ 

ʂʊ InSb ʤʦʞʥʦ ʨʘʩʩʤʘʪʨʠʚʘʪʴ ʢʘʢ ʵʬʬʝʢʪʠʚʥʳʡ ʩʧʦʩʦʙ ʫʧʨʘʚʣʝʥʠʷ 

ʵʥʝʨʛʝʪʠʯʝʩʢʠʤʠ ʩʧʝʢʪʨʘʤʠ ʂʊ ʠ ʠʥʪʝʛʨʘʣʴʥʳʤʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ 

ʩʦʜʝʨʞʘʱʠʭ ʠʭ ʤʘʢʨʦʦʙʲʝʢʪʦʚ, ʠʩʧʦʣʴʟʫʝʤʳʭ ʚ ʨʝʘʣʴʥʳʭ ʧʨʠʙʦʨʘʭ ʠ 

ʫʩʪʨʦʡʩʪʚʘʭ ʥʘʥʦ- ʠ ʦʧʪʦʵʣʝʢʪʨʦʥʠʢʠ. 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ ʧʦʜʜʝʨʞʢʝ ʛʨʘʥʪʘ ʈʌʌʀ ˉ19-

07-00086. 
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ʄʝʪʦʜʦʤ ʪʝʦʨʠʠ ʬʫʥʢʮʠʦʥʘʣʘ ʧʣʦʪʥʦʩʪʠ B3LYP/6-31G(d) ʧʨʦʚʝʜʝʥʦ 

ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʩʪʨʫʢʪʫʨʳ ʠ ʢʦʣʝʙʘʪʝʣʴʥʳʭ ʩʧʝʢʪʨʦʚ ʜʠʤʝʨʦʚ ʤʦʣʝʢʫʣ 

ʜʠʛʠʜʨʦʢʩʠʙʝʥʟʦʡʥʦʡ ʢʠʩʣʦʪʳ: ʨʘʩʩʯʠʪʘʥʳ ʤʠʥʠʤʘʣʴʥʘʷ ʵʥʝʨʛʠʷ, ʛʝʦʤʝʪʨʠʯʝʩʢʘʷ 

ʩʪʨʫʢʪʫʨʘ, ʩʦʩʪʘʚʣʷʶʱʠʝ ʜʠʧʦʣʴʥʦʛʦ ʤʦʤʝʥʪʘ, ʯʘʩʪʦʪʳ ʥʦʨʤʘʣʴʥʳʭ ʢʦʣʝʙʘʥʠʡ, ʠʭ 

ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʚ ʀʂ ʩʧʝʢʪʨʝ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʜʠʛʠʜʨʦʢʩʠʙʝʥʟʦʡʥʘʷ ʢʠʩʣʦʪʘ, ʤʦʜʝʣʠʨʦʚʘʥʠʝ, ʤʝʪʦʜ ʪʝʦʨʠʠ 

ʬʫʥʢʮʠʦʥʘʣʘ ʧʣʦʪʥʦʩʪʠ, ʀʂ ʩʧʝʢʪʨ, ʢʦʣʝʙʘʪʝʣʴʥʳʡ ʩʧʝʢʪʨ, ʯʘʩʪʦʪʘ, ʠʥʪʝʥʩʠʚʥʦʩʪʴ. 

 

ɼʠʛʠʜʨʦʢʩʠʙʝʥʟʦʡʥʳʝ ʢʠʩʣʦʪʳ (ɼɻʆɹʂ) ʷʚʣʷʶʪʩʷ ʧʦʜʢʣʘʩʩʦʤ 

ʛʠʜʨʦʢʩʠʙʝʥʟʦʡʥʳʭ ʢʠʩʣʦʪ, ʦʙʣʘʜʘʶʱʠʭ ʜʚʫʤʷ ʛʠʜʨʦʢʩʠʣʴʥʳʤʠ 

ʛʨʫʧʧʘʤʠ, ʦʪʥʦʩʠʪʝʣʴʥʦʝ ʧʦʣʦʞʝʥʠʝ ʢʦʪʦʨʳʭ ʦʧʨʝʜʝʣʷʝʪ ʩʚʦʡʩʪʚʘ 

ʤʦʣʝʢʫʣ. ʉʫʱʝʩʪʚʫʝʪ 6 ʩʪʨʫʢʪʫʨʥʳʭ ʠʟʦʤʝʨʦʚ ɼɻʆɹʂ, ʦʪʣʠʯʘʶʱʠʭʩʷ 

ʧʦʣʦʞʝʥʠʝʤ OH-ʛʨʫʧʧ: 2,3-ɼɻʆɹʂ (ʧʠʨʦʢʘʪʝʭʦʚʘʷ ʢʠʩʣʦʪʘ), 2,4-ɼɻʆɹʂ 

(ɓ-ʨʝʟʦʨʮʠʣʦʚʘʷ ʢʠʩʣʦʪʘ), 2,5-ɼɻʆɹʂ (ʛʝʥʪʠʟʠʥʦʚʘʷ ʢʠʩʣʦʪʘ), 2,6-ɼɻʆɹʂ 

(ɔ-ʨʝʟʦʨʮʠʣʦʚʘʷ ʢʠʩʣʦʪʘ), 3,4-ɼɻʆɹʂ (ʧʨʦʪʦʢʘʪʝʭʦʚʘʷ ʢʠʩʣʦʪʘ), 3,5-
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ɼɻʆɹʂ (Ŭ-ʨʝʟʦʨʮʠʣʦ-ʚʘʷ ʢʠʩʣʦʪʘ). ʉʪʨʫʢʪʫʨʘ ʤʦʣʝʢʫʣ ɼɻʆɹʂ ʧʦʢʘʟʘʥʘ ʥʘ 

ʨʠʩ. 1. 

 

ʈʠʩʫʥʦʢ 1. ʉʪʨʫʢʪʫʨʥʳʝ ʬʦʨʤʫʣʳ ɼɻʆɹʂ (I, II , III , IV, V ʠ VI) ʩ 

ʫʢʘʟʘʥʠʝʤ ʘʪʦʤʥʦʡ ʤʘʨʢʠʨʦʚʢʠ ʠ ʠʭ ʪʨʠʚʠʘʣʴʥʳʭ ʥʘʟʚʘʥʠʡ [1] 

ɼʘʥʥʳʝ ʢʠʩʣʦʪʳ ʠʤʝʶʪ ʰʠʨʦʢʦʝ ʧʨʠʤʝʥʝʥʠʝ ʚ ʨʘʟʣʠʯʥʳʭ ʦʙʣʘʩʪʷʭ: 

ʦʪ ʧʠʱʝʚʦʡ ʩʬʝʨʳ ʠ ʢʦʩʤʝʪʠʯʝʩʢʦʡ ʧʨʦʤʳʰʣʝʥʥʦʩʪʠ, ʜʦ ʧʨʦʠʟʚʦʜʩʪʚʘ 

ʧʣʘʩʪʤʘʩʩ ʠ ʬʘʨʤʘʮʠʠ, ʧʦʵʪʦʤʫ ʪʘʢ ʚʘʞʥʦ ʟʥʘʪʴ ʩʚʦʡʩʪʚʘ ʨʘʟʣʠʯʥʳʭ 

ʠʟʦʤʝʨʦʚ ʵʪʦʡ ʢʠʩʣʦʪʳ ʠ ʫʤʝʪʴ ʧʨʝʜʫʛʘʜʳʚʘʪʴ ʠʭ ʠʩʭʦʜʷ ʠʟ ʨʝʟʫʣʴʪʘʪʦʚ 

ʢʦʤʧʴʶʪʝʨʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ.  

ʊʘʢ ʢʘʢ ʚ ʧʨʠʨʦʜʝ ʤʦʥʦʤʝʨʳ ʵʪʠʭ ʢʠʩʣʦʪ ʚʩʪʨʝʯʘʶʪʩʷ ʢʫʜʘ ʨʝʞʝ 

ʜʠʤʝʨʦʚ, ʮʝʣʝʩʦʦʙʨʘʟʥʦ ʧʦʩʪʨʦʝʥʠʝ ʩʪʨʫʢʪʫʨʥʦ-ʜʠʥʘʤʠʯʝʩʢʠʭ ʤʦʜʝʣʝʡ ʠʭ 

ʅ-ʢʦʤʧʣʝʢʩʦʚ, ʧʨʝʜʩʪʘʚʣʝʥʥʳʭ ʜʠʤʝʨʘʤʠ ʤʦʣʝʢʫʣ ɼɻʆɹʂ, 

ʦʙʨʘʟʦʚʘʚʰʠʭʩʷ ʩ ʧʦʤʦʱʴʶ ʚʥʝʰʥʠʭ ʚʦʜʦʨʦʜʥʳʭ ʩʚʷʟʝʡ. ʇʨʠ 

ʦʙʨʘʟʦʚʘʥʠʠ ʢʦʤʧʣʝʢʩʘ ʢʘʨʙʦʢʩʠʣʴʥʳʝ ʛʨʫʧʧʳ ʜʚʫʭ ʤʦʥʦʤʝʨʦʚ 

ʩʦʝʜʠʥʷʶʪʩʷ ʚ ʧʣʦʩʢʦʝ ʜʠʤʝʨʥʦʝ ʢʦʣʴʮʦ, ʷʚʣʷʶʱʝʝʩʷ ʦʙʷʟʘʪʝʣʴʥʳʤ 

ʫʩʣʦʚʠʝʤ ʦʙʨʘʟʦʚʘʥʠʷ ʜʠʤʝʨʘ. ʄʦʜʝʣʠʨʦʚʘʥʠʝ ʧʨʦʚʦʜʠʣʦʩʴ ʩ ʧʦʤʦʱʴʶ 

ʧʨʦʛʨʘʤʤʥʦʛʦ ʢʦʤʧʣʝʢʩʘ GAUSSIAN [2] ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʝʪʦʜʘ ʪʝʦʨʠʠ 

ʬʫʥʢʮʠʦʥʘʣʘ ʧʣʦʪʥʦʩʪʠ (ʊʌʇ), ʘ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ ʬʫʥʢʮʠʦʥʘʣʘ ʧʣʦʪʥʦʩʪʠ 

B3LYP, ʠ ʙʘʟʠʩʘ 6-31G(d) [3, 4]. ʇʨʠ ʤʦʜʝʣʠʨʦʚʘʥʠʠ ʨʘʩʩʯʠʪʳʚʘʣʠʩʴ 

ʦʩʥʦʚʥʳʝ ʧʘʨʘʤʝʪʨʳ ʤʦʣʝʢʫʣ: ʤʠʥʠʤʠʟʠʨʦʚʘʥʥʳʝ ʵʥʝʨʛʠʠ, ʛʝʦʤʝʪʨʠʠ, 

ʜʠʧʦʣʴʥʳʝ ʤʦʤʝʥʪʳ, ʢʦʣʝʙʘʪʝʣʴʥʳʝ ʩʧʝʢʪʨʳ, ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʚ 

ʠʥʬʨʘʢʨʘʩʥʦʤ (ʀʂ) ʩʧʝʢʪʨʝ. ʀʟʤʝʨʝʥʥʳʝ ʚ ʨʝʟʫʣʴʪʘʪʝ ʵʢʩʧʝʨʠʤʝʥʪʘ 

ʩʧʝʢʪʨʳ ʙʳʣʠ ʚʟʷʪʳ ʠʟ ʙʘʟʳ ʜʘʥʥʳʭ ʩʧʝʢʪʨʦʚ ʦʨʛʘʥʠʯʝʩʢʠʭ ʚʝʱʝʩʪʚ, 

ʧʨʠʥʘʜʣʝʞʘʱʝʡ ʷʧʦʥʩʢʦʤʫ ʅʘʮʠʦʥʘʣʴʥʦʤʫ ʠʥʩʪʠʪʫʪʫ ʧʝʨʝʜʦʚʦʡ ʥʘʫʢʠ ʠ 

ʪʝʭʥʦʣʦʛʠʠ (ʘʥʛʣʠʡʩʢʘʷ ʘʙʙʨʝʚʠʘʪʫʨʘ ï çAISTè) [5]. 

ɼʠʧʦʣʴʥʳʝ ʤʦʤʝʥʪʳ ʠ ʤʠʥʠʤʠʟʠʨʦʚʘʥʥʳʝ ʵʥʝʨʛʠʠ ʜʠʤʝʨʦʚ ɼɻʆɹʂ 

ʧʨʠʚʝʜʝʥʳ ʚ ʪʘʙʣʠʮʝ 1. ʅʘ ʨʠʩ. 2 ʧʨʠʚʝʜʝʥʦ ʩʪʨʦʝʥʠʝ ʷʜʝʨ ʅ-ʢʦʤʧʣʝʢʩʦʚ 

ɼɻʆɹʂ, ʦʙʨʘʟʦʚʘʥʥʳʭ ʚ ʨʝʟʫʣʴʪʘʪʝ ʦʙʲʝʜʠʥʝʥʠʷ ʤʦʣʝʢʫʣ ʚ ʜʠʤʝʨʳ ʟʘ ʩʯʝʪ 

ʦʙʦʙʱʝʩʪʚʣʝʥʠʷ ʧʨʦʪʦʥʦʚ ʢʘʨʙʦʢʩʠʣʴʥʳʭ ʛʨʫʧʧ, ʠ ʫʢʘʟʘʥʳ ʠʭ 

ʨʘʩʩʯʠʪʘʥʥr ʝ ʛʝʦʤʝʪʨʠʯʝʩʢʠʝ ʧʘʨʘʤʝʪʨʳ. ɼʦʧʦʣʥʠʪʝʣʴʥʦ ʧʨʦʚʝʜʝʥʦ 
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ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʜʠʤʝʨʘ ʢʦʥʬʦʨʤʝʨʘ 2,5-ɼɻʆɹʂ', ʦʪʣʠʯʘʶʱʝʛʦʩʷ ʦʪ 

ʠʩʭʦʜʥʦʡ ʤʦʣʝʢʫʣʳ. 

  

ʈʠʩʫʥʦʢ. 2. ʂʦʤʧʣʝʢʩʳ ʢʘʨʙʦʢʩʠʣʴʥʳʭ ʛʨʫʧʧ ʠ ʛʝʦʤʝʪʨʠʯʝʩʢʠʝ ʧʘʨʘʤʝʪʨʳ ʜʠʤʝʨʦʚ 

ɼɻʆɹʂ: ʘ) 2,3-ɼɻʆɹʂ, ʙ) 2,4-ɼɻʆɹʂ, ʚ) 2,5-ɼɻʆɹʂ, ʛ) 2,5-ɼɻʆɹʂ' (ʢʦʥʬʦʨʤʝʨ), ʜ) 2,6-

ɼɻʆɹʂ, ʝ) 3,4-ɼɻʆɹʂ, ʞ) 3,5-ɼɻʆɹʂ 

 

2,5-ɼɻʆɹʂ ʧʦʚʦʨʦʪʦʤ ʩʚʷʟʠ O1-H4 ʧʦ ʥʘʧʨʘʚʣʝʥʠʶ ʢ ʘʪʦʤʫ ʢʠʩʣʦʨʦʜʘ O4 

(ʧʦʤʝʯʝʥ ʰʪʨʠʭʦʤ ') ʠ ʦʙʨʘʟʦʚʘʥʠʝʤ ʚʥʫʪʨʝʥʥʝʡ ʚʦʜʦʨʦʜʥʦʡ ʩʚʷʟʠ, ʯʪʦ 

ʷʨʢʦ ʧʨʦʷʚʣʷʝʪʩʷ ʚ ʩʧʝʢʪʨʝ ʚ ʦʙʣʘʩʪʠ ʩʚʳʰʝ 3000 ʩʤ
-1
. ʆʪʣʠʯʠʷ ʩʪʨʫʢʪʫʨ 

2,5-ɼɻʆɹʂ ʠ ʢʦʥʬʦʨʤʝʨʘ 2,5-ɼɻʆɹʂ' ʧʦʢʘʟʘʥʳ ʥʘ ʨʠʩ. 4. 

 
ʊʘʙʣʠʮʘ 1. ɼʠʧʦʣʴʥʳʝ ʤʦʤʝʥʪʳ ʠ ʵʥʝʨʛʠʠ ʜʠʤʝʨʦʚ ɼɻʆɹʂ 

ɼʠʤʝʨ dx dy dz dtotal E, ʍʘʨʪʨʠ 

2,3-ɼɻʆɹʂ 0,0012 -0,0001 0,0006 0,0013 -1142,56595091 

2,4-ɼɻʆɹʂ 0,0035 -0,0003 -0,0008 0,0036 -1142,57065622 

2,5-ɼɻʆɹʂ 0,0004 -0,0006 -0,0001 0,0007 -1142,52202446 

2,5-ɼɻʆɹʂ' 0,0005 0,0001 -0,0001 0,0005 -1142,55719452 

2,6-ɼɻʆɹʂ -0,0010 -0,0001 0,0004 0,0011 -1142,55081695 

3,4-ɼɻʆɹʂ 0,0012 0,0001 0,0008 0,0014 -1142,54440461 

3,5-ɼɻʆɹʂ 0,0007 -0,0001 0,0001 0,0007 -1142,54047583 
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ʈʠʩʫʥʦʢ. 3. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ (1) ʠ ʨʘʩʩʯʠʪʘʥʥʳʝ (2,3) ʠʥʪʝʥʩʠʚʥʦʩʪʠ 

ʚ ʀʂ ʩʧʝʢʪʨʝ ʜʠʤʝʨʦʚ ɼɻʆɹʂ: ʘ) 2,3-ɼɻʆɹʂ; ʙ) 2,4-ɼɻʆɹʂ; ʚ) 2,5-

ɼɻʆɹʂ (2) ʠ ʝʸ ʢʦʥʬʦʨʤʝʨʘ (3); ʛ) 2,6-ɼɻʆɹʂ; ʜ) 3,4-ɼɻʆɹʂ; ʝ) 3,5-

ɼɻʆɹʂ 

 

 
ʈʠʩʫʥʦʢ. 4. ʉʪʨʫʢʪʫʨʳ ʤʦʣʝʢʫʣ 2,5-ɼɻʆɹʂ (ʘ) ʠ ʢʦʥʬʦʨʤʝʨʘ 2,5-ɼɻʆɹʂ' (ʙ) 
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ʉ ʧʦʤʦʱʴʶ ʧʨʦʮʝʜʫʨʳ ʤʘʩʰʪʘʙʠʨʦʚʘʥʠʷ ʨʘʩʩʯʠʪʘʥʥʳʭ ʯʘʩʪʦʪ, 

ʰʠʨʦʢʦ ʠʩʧʦʣʴʟʫʝʤʦʡ ʚ ʤʠʨʦʚʦʡ ʧʨʘʢʪʠʢʝ, ʩʤ., ʥʘʧʨʠʤʝʨ, [6], 

ʤʠʥʠʤʠʟʠʨʦʚʘʥʳ ʨʘʩʭʦʞʜʝʥʠʷ ʤʝʞʜʫ ʠʟʤʝʨʝʥʥʳʤʠ ʠ ʨʘʩʩʯʠʪʘʥʥʳʤʠ 

ʯʘʩʪʦʪʘʤʠ, ʦʙʫʩʣʦʚʣʝʥʥʳʝ ʦʛʨʘʥʠʯʝʥʥʦʩʪʴʶ ʛʘʨʤʦʥʠʯʝʩʢʦʛʦ 

ʧʨʠʙʣʠʞʝʥʠʷ. ɺ ʜʠʘʧʘʟʦʥʝ ʦʪ 3000 ʩʤ
-1
 ʠ ʚʳʰʝ ʨʘʩʩʯʠʪʘʥʥʳʝ ʯʘʩʪʦʪʳ 

ʢʦʣʝʙʘʥʠʡ ʧʨʝʚʳʰʘʶʪ ʠʟʤʝʨʝʥʥʳʝ ʥʘ 150-200 ʩʤ
-1
, ʠ ʤʘʩʰʪʘʙʠʨʫʶʱʠʡ 

ʤʥʦʞʠʪʝʣʴ ʜʣʷ ʵʪʦʡ ʦʙʣʘʩʪʠ ʨʘʚʝʥ 0,95. ʄʘʩʰʪʘʙʠʨʦʚʘʥʠʝ ʨʘʩʩʯʠʪʘʥʥʳʭ 

ʯʘʩʪʦʪ ʧʦʟʚʦʣʠʣʦ ʫʩʪʨʘʥʠʪʴ ʦʙʫʩʣʦʚʣʝʥʥʫʶ ʛʘʨʤʦʥʠʯʝʩʢʠʤ 

ʧʨʠʙʣʠʞʝʥʠʝʤ ʩʠʩʪʝʤʘʪʠʯʝʩʢʫʶ ʦʰʠʙʢʫ, ʥʝʷʚʥʦ ʫʯʪʷ ʤʝʭʘʥʠʯʝʩʢʠʡ 

ʘʥʛʘʨʤʦʥʠʟʤ. ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʤʘʩʰʪʘʙʠʨʦʚʘʥʠʷ ʧʨʠʟʥʘʥʦ ʮʝʣʝʩʦʦʙʨʘʟʥʳʤ 

ʚ ʤʠʨʦʚʦʤ ʥʘʫʯʥʦʤ ʩʦʦʙʱʝʩʪʚʝ: ʦʥʦ ʜʝʣʘʝʪ ʫʜʦʙʥʳʤ ʘʥʘʣʠʟ ʠ ʩʨʘʚʥʝʥʠʝ 

ʠʟʤʝʨʝʥʥʦʛʦ ʠ ʨʘʩʩʯʠʪʘʥʥʦʛʦ ʩʧʝʢʪʨʦʚ, ʩ ʮʝʣʴʶ ʠʥʪʝʨʧʨʝʪʘʮʠʠ ʩʧʝʢʪʨʦʚ 

ʩʦʝʜʠʥʝʥʠʡ ʛʦʤʦʣʦʛʠʯʝʩʢʦʛʦ ʨʷʜʘ ʢʘʢʦʛʦ-ʣʠʙʦ ʩʦʝʜʠʥʝʥʠʷ ʠʣʠ ʨʷʜʘ ʝʛʦ 

ʟʘʤʝʱʸʥʥʳʭ. 

ʈʝʟʫʣʴʪʘʪʳ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʷʚʥʦ ʧʦʢʘʟʳʚʘʶʪ ʩʠʣʴʥʦʝ ʚʣʠʷʥʠʝ ʥʘ ʀʂ 

ʩʧʝʢʪʨ ʦʙʨʘʟʦʚʘʚʰʠʭʩʷ ʚ ʜʠʤʝʨʥʦʤ ʢʦʣʴʮʝ ʤʝʞʤʦʣʝʢʫʣʷʨʥʳʭ ʚʦʜʦʨʦʜʥʳʭ 

ʩʚʷʟʝʡ H6--O8 ʠ H12--O4, ʧʨʦʷʚʣʷʶʱʠʭʩʷ ʚ ʘʥʦʤʘʣʴʥʦʤ ʫʰʠʨʝʥʠʠ ʧʦʣʦʩ 

ʠ ʫʚʝʣʠʯʝʥʠʠ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʦʪ 4888 ʢʤ/ʤʦʣʴ ʚ ʜʠʤʝʨʝ 3,4-ɼɻʆɹʂ ʜʦ 6071 

ʢʤ/ʤʦʣʴ ʚ ʜʠʤʝʨʝ 2,6-ɼɻʆɹʂ. ʏʘʩʪʦʪʳ ʢʦʣʝʙʘʥʠʡ OH-ʩʚʷʟʝʡ ʜʠʤʝʨʦʚ 

ʤʦʣʝʢʫʣ ɼɻʆɹʂ ʦʪʣʠʯʘʶʪʩʷ ʜʨʫʛ ʦʪ ʜʨʫʛʘ ʥʝʟʥʘʯʠʪʝʣʴʥʦ, ʥʘʭʦʜʷʩʴ ʚ 

ʜʠʘʧʘʟʦʥʝ 3050Ñ35 ʩʤ
-1
. ʅʘ ʬʦʨʤʠʨʦʚʘʥʠʝ ʩʪʨʫʢʪʫʨʳ ʧʦʣʦʩ ʠʟʤʝʨʝʥʥʳʭ 

ʀʂ ʩʧʝʢʪʨʦʚ ʚ ʜʘʥʥʦʡ ʦʙʣʘʩʪʠ ʚʣʠʷʶʪ ʠ ʚʥʫʪʨʝʥʥʠʝ ʚʦʜʦʨʦʜʥʳʝ ʩʚʷʟʠ H4-

-O4. ʀʭ ʥʘʣʠʯʠʝ ʧʨʦʷʚʣʷʝʪʩʷ ʚ ʩʧʝʢʪʨʘʭ ʜʠʤʝʨʦʚ 2,3-, 2,4-, 2,6-ɼɻʆɹʂ ʠ 

2,5-ɼɻʆɹʂ' ʤʝʥʝʝ ʰʠʨʦʢʠʤʠ ʧʦʣʦʩʘʤʠ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʧʦʣʦʩʘʤʠ, 

ʦʙʫʩʣʦʚʣʝʥʥʳʤʠ ʚʥʝʰʥʠʤʠ OH-ʩʚʷʟʷʤʠ, ʥʦ ʪʦʞʝ ʜʦʚʦʣʴʥʦ ʟʘʤʝʪʥʳʤʠ ʧʦ 

ʠʥʪʝʥʩʠʚʥʦʩʪʠ ï ʦʪ 226 ʢʤ/ʤʦʣʴ ʫ 2,6-ɼɻʆɹʂ ʜʦ 421 ʢʤ/ʤʦʣʴ ʫ 2,3-

ɼɻʆɹʂ. 

ʀʩʭʦʜʷ ʠʟ ʧʦʣʫʯʝʥʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ ʤʦʞʥʦ ʩʜʝʣʘʪʴ ʚʳʚʦʜ, ʯʪʦ 

ʨʘʟʣʠʯʥʳʝ ʠʟʦʤʝʨʳ ɼɻʆɹʂ ʤʦʞʥʦ ʠʜʝʥʪʠʬʠʮʠʨʦʚʘʪʴ ʥʘ ʦʩʥʦʚʝ ʘʥʘʣʠʟʘ 

ʠʭ ʀʂ ʩʧʝʢʪʨʦʚ ʠ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʵʪʦʛʦ ʧʨʝʜʧʦʣʘʛʘʪʴ ʚʦʟʤʦʞʥʳʝ 

ʩʚʦʡʩʪʚʘ ʪʦʡ ʠʣʠ ʠʥʦʡ ʤʦʣʝʢʫʣʳ, ʘ ʪʘʢʞʝ ʝʸ ʜʘʣʴʥʝʡʰʝʝ ʧʨʠʤʝʥʝʥʠʝ ʚ 

ʨʘʟʣʠʯʥʳʭ ʦʙʣʘʩʪʷʭ. 
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ʇʈʆʗɺʃɽʅʀɽ ʂʆʅʌʆʈʄɸʎʀʆʅʅʆʁ ʇʆɼɺʀɾʅʆʉʊʀ, 

ɺʆɼʆʈʆɼʅʆʁ ʉɺʗɿʀ ʀ ɸʅɻɸʈʄʆʅʀɿʄɸ ʂʆʃɽɹɸʅʀʁ 

 ɺ ʀʂ ʉʇɽʂʊʈɸʍ ʊʈʀʌɽʅʀʃʌʆʉʌʀʊɸ 
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1
ʉʘʨʘʪʦʚʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʠʤ. ʅ.ɻ. ʏʝʨʥʳʰʝʚʩʢʦʛʦ 

2
ʀʥʩʪʠʪʫʪ ʬʠʟʠʢʠ ʅɸʅ ʋʢʨʘʠʥʳ, ʂʠʝʚ 

E-mail:Irine09@yandex.ru 

 
ʀʟʤʝʨʝʥʳ ʀʂ ʩʧʝʢʪʨʳ ʪʨʠʬʝʥʠʣʬʦʩʬʠʪʘ ʚ ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ (ʩʪʘʙʠʣʴʥʦʤ ʠ 

ʤʝʪʘʩʪʘʙʠʣʴʥʦʤ), "ʛʣʘʩʩʠʘʣ", ʘʤʦʨʬʥʦʤ ʠ ʞʠʜʢʦʤ ʩʦʩʪʦʷʥʠʷʭ ʧʨʠ 12 ʠ 320 ʂ. ʄʝʪʦʜʦʤ 

B3LYP/6-31G(d) ʧʦʩʪʨʦʝʥʳ ʩʪʨʫʢʪʫʨʥʦ-ʜʠʥʘʤʠʯʝʩʢʠʝ ʤʦʜʝʣʠ ʥʘʠʙʦʣʝʝ ʫʩʪʦʡʯʠʚʳʭ 

ʝʛʦ ʢʦʥʬʦʨʤʝʨʦʚ ʠ ʜʠʤʝʨʘ, ʦʙʨʘʟʦʚʘʥʥʦʛʦ ʚʦʜʦʨʦʜʥʦʡ ʩʚʷʟʴʶ. ʋʩʪʘʥʦʚʣʝʥʦ ʥʘʣʠʯʠʝ ʚ 

ʦʙʨʘʟʮʝ ʩʧʝʢʪʨʘʣʴʥʦ ʨʘʟʣʠʯʠʤʳʭ ʢʦʥʬʦʨʤʝʨʦʚ, ʢʦʤʧʣʝʢʩʦʚ ʩʦ ʩʣʘʙʦʡ ʅ-ʩʚʷʟʴʶ. ʅʘ 

ʦʩʥʦʚʝ ʨʝʟʫʣʴʪʘʪʦʚ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʧʨʦʚʝʜʸʥ ʢʦʣʝʙʘʪʝʣʴʥʳʡ ʘʥʘʣʠʟ ʠʟʤʝʨʝʥʥʳʭ 

ʩʧʝʢʪʨʦʚ. ɼʘʥʘ ʠʭ ʠʥʪʝʨʧʨʝʪʘʮʠʷ. ɺʳʜʝʣʝʥʳ ʦʙʝʨʪʦʥʳ ʠ ʩʦʩʪʘʚʥʳʝ ʯʘʩʪʦʪʳ ʚ 

ʠʟʤʝʨʝʥʥʳʭ ʀʂ ʩʧʝʢʪʨʘʭ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʪʨʠʬʝʥʠʣʬʦʩʬʠʪ, ʀʂ ʩʧʝʢʪʨ, ʢʦʥʬʦʨʤʝʨ, ʚʦʜʦʨʦʜʥʘʷ ʩʚʷʟʴ, 

ʤʦʣʝʢʫʣʷʨʥʦʝ  ʤʦʜʝʣʠʨʦʚʘʥʠʝ, ʥʦʨʤʘʣʴʥʦʝ ʢʦʣʝʙʘʥʠʝ, ʯʘʩʪʦʪʘ, ʠʥʪʝʥʩʠʚʥʦʩʪʴ, 

ʦʙʝʨʪʦʥ, ʩʦʩʪʘʚʥʘʷ ʯʘʩʪʦʪʘ 

 

ʊʨʠʬʝʥʠʣʬʦʩʬʠʪ (ʈ(ʆʉ6ʅ5)3, ʩʦʢʨʘʱʸʥʥʦ ï ʊʌʌ) ʦʙʣʘʜʘʝʪ ʥʘʙʦʨʦʤ 

ʫʥʠʢʘʣʴʥʳʭ ʩʚʦʡʩʪʚ, ʠʟ-ʟʘ ʯʝʛʦ ʦʥ ʩʪʘʣ ʦʙʝʢʪʦʤ ʠʩʩʣʝʜʦʚʘʥʠʡ, ʧʨʝʜʤʝʪʦʤ 

ʢʦʪʦʨʳʭ ʷʚʠʣʠʩʴ ʩʪʨʫʢʪʫʨʘ, ʧʦʣʠʤʦʨʬʠʟʤ, ʬʘʟʦʚʳʝ ʧʝʨʝʭʦʜʳ, 

ʢʦʥʬʦʨʤʘʮʠʦʥʥʘʷ ʧʦʜʚʠʞʥʦʩʪʴ [1-5] ʠ ʪ.ʜ. ɺ ʠʩʩʣʝʜʦʚʘʥʠʷʭ 

ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʢʘʢ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʤʝʪʦʜʳ (ʨʝʥʪʛʝʥʦʩʪʨʫʢʪʫʨʥʳʡ 

ʘʥʘʣʠʟ, ʥʝʡʪʨʦʥʦʛʨʘʬʠʷ, ʢʦʣʝʙʘʪʝʣʴʥʘʷ ʩʧʝʢʪʨʦʩʢʦʧʠʷ), ʪʘʢ ʠ 

ʪʝʦʨʝʪʠʯʝʩʢʠʝ, ʚ ʯʘʩʪʥʦʩʪʠ, ʤʝʪʦʜ ʪʝʦʨʠʠ ʬʫʥʢʮʠʦʥʘʣʘ ʧʣʦʪʥʦʩʪʠ (ʊʌʇ). 

ɺ ʨʘʙʦʪʘʭ [3-5] ʜʦʩʪʘʪʦʯʥʦ ʦʙʩʪʦʷʪʝʣʴʥʦ ʠʩʩʣʝʜʦʚʘʥʦ ʚʣʠʷʥʠʝ 

ʢʦʥʬʦʨʤʘʮʠʦʥʥʳʭ ʠʟʤʝʥʝʥʠʡ ʠ ʚʦʜʦʨʦʜʥʦʡ ʩʚʷʟʠ ʥʘ ʀʂ ʩʧʝʢʪʨ ʊʌʌ.ɺ 

ʧʨʦʚʝʜʸʥʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʷʭ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʊʌʌ ʬʠʨʤʳ  Aldrich, 

ʦʯʠʱʝʥʥʳʡ ʜʦ 99%. ʀʂ ʩʧʝʢʪʨʳ ʦʙʨʘʟʮʦʚ ʚ ʞʠʜʢʦʤ, ʩʪʝʢʣʦʬʘʟʝ, 

"ʛʣʘʩʩʠʘʣ" ʠ ʜʚʫʭ ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ (ʤʦʥʦʢʣʠʥʥʦʡ, ʤʝʪʘʩʪʘʙʠʣʴʥʦʡ ʠ 

ʛʝʢʩʘʛʦʥʘʣʴʥʦʡ, ʩʪʘʙʠʣʴʥʦʡ) ʩʦʩʪʦʷʥʠʷʭ ʠʟʤʝʨʝʥʳ ʚ ʦʙʣʘʩʪʠ 600 - 4000 ʩʤ
-

1
 ʥʘ ʌʫʨʴʝ-ʩʧʝʢʪʨʦʤʝʪʨʝ ʤʦʜʝʣʠ IFS-88 ʬʠʨʤʳ Bruker ʩ ʨʘʟʨʝʰʝʥʠʝʤ 2 ʩʤ

-

1
. ʄʝʪʦʜʦʤ ʊʌʇ B3LYP/6-31G(d) [6,7], ʨʝʘʣʠʟʦʚʘʥʥʳʤ ʚ ʧʨʦʛʨʘʤʤʥʦʤ 

ʢʦʤʧʣʝʢʩʝ GAUSSIAN-03 [8], ʙʳʣʠ ʧʦʩʪʨʦʝʥʳ ʩʪʨʫʪʫʨʥʦ-ʜʠʥʘʤʠʯʝʩʢʠʝ 

ʤʦʜʝʣʠ ʧʷʪʠ ʢʦʥʬʦʨʤʝʨʦʚ ʠ ʅ-ʢʦʤʧʣʝʢʩʘ ʊʌʌ, ʧʨʝʜʩʪʘʚʣʝʥʥʦʛʦ ʜʠʤʝʨʦʤ 

ʤʦʣʝʢʫʣ, ʫʩʪʦʡʯʠʚʳʤ ʚ ʊʂ ʤʦʜʠʬʠʢʘʮʠʠ. ʅʘ ʨʠʩ.1 ʧʨʠʚʝʜʝʥʦ ʩʪʨʦʝʥʠʝ 

ʢʦʥʬʦʨʤʝʨʘ ʤʦʣʝʢʫʣʳ ʊʌʌ, ʠ ʜʠʤʝʨʘ, ʦʙʨʘʟʦʚʘʥʥʦʛʦ ʟʘ ʩʯʸʪ ʢʦʥʪʘʢʪʘ 
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ʘʪʦʤʦʚ ʚʦʜʦʨʦʜʘ ʩʚʷʟʠ ʉ-ʅ ʬʝʥʠʣʴʥʦʛʦ ʢʦʣʴʮʘ ʦʜʥʦʡ ʤʦʣʝʢʫʣʳ ʠ 

ʢʠʩʣʦʨʦʜʘ ʆ4 ʛʨʫʧʧʳ ʈʆ3 ï ʜʨʫʛʦʡ. ɺʳʯʠʩʣʝʥʳ ʧʘʨʘʤʝʪʨʳ ʘʜʠʘʙʘʪʠʯʝʩʢʠʭ 

ʧʦʪʝʥʮʠʘʣʦʚ ʢʦʥʬʦʨʤʝʨʦʚ ʠ ʜʠʤʝʨʘ: ʤʠʥʠʤʫʤʳ ʵʥʝʨʛʠʡ, 

ʦʧʪʠʤʠʟʠʨʦʚʘʥʥʳʝ ʛʝʦʤʝʪʨʠʠ, ʩʠʣʦʚʳʝ ʧʦʩʪʦʷʥʥʳʝ ʠ ʜʠʧʦʣʴʥʳʝ ʤʦʤʝʥʪʳ, 

ʠʩʧʦʣʴʟʦʚʘʥʥʳʝ ʧʨʠ ʨʝʰʝʥʠʠ ʤʝʭʘʥʠʯʝʩʢʦʡ ʠ ʵʣʝʢʪʨʦʦʧʪʠʯʝʩʢʦʡ ʟʘʜʘʯ. 

 
ʈʠʩʫʥʦʢ 1. ʉʪʨʦʝʥʠʝ ʠʟʦʣʠʨʦʚʘʥʥʦʡ ʤʦʣʝʢʫʣʳ ʠ ʜʠʤʝʨʘ ʊʌʌ 

 

ʈʘʩʩʯʠʪʘʥʳ ʯʘʩʪʦʪʳ ʠ ʬʦʨʤʳ ʥʦʨʤʘʣʴʥʳʭ ʢʦʣʝʙʘʥʠʡ ʚ 

ʛʘʨʤʦʥʠʯʝʩʢʦʤ ʧʨʠʙʣʠʞʝʥʠʠ ʠ ʠʭ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʚ ʀʂ ʩʧʝʢʪʨʝ.  

ɺʳʯʠʩʣʝʥʥʳʝ ʛʝʦʤʝʪʨʠʯʝʩʢʠʝ ʧʘʨʘʤʝʪʨʳ ʢʦʥʬʦʨʤʝʨʦʚ ʠ ʜʠʤʝʨʘ, ʢʘʢ 

ʙʳʣʦ ʫʩʪʘʥʦʚʣʝʥʦ, ʣʝʞʘʪ ʚ ʧʨʝʜʝʣʘʭ, ʜʦʧʫʩʪʠʤʳʭ ʩʪʨʫʢʪʫʨʥʦʡ ʭʠʤʠʝʡ, 

ʩʦʛʣʘʩʫʶʪʩʷ ʩ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ ʟʥʘʯʝʥʠʷʤʠ ʠʟ [1] ʠ ʨʘʩʩʯʠʪʘʥʥʳʤʠ ʚ 

[2]. ʀʟʤʝʥʝʥʠʷ ʜʣʠʥ ʩʚʷʟʝʡ ʧʨʠ ʧʝʨʝʭʦʜʝ ʦʪ ʦʜʥʦʛʦ ʢʦʥʬʦʨʤʝʨʘ ʢ ʜʨʫʛʦʤʫ 

ʥʝ ʧʨʝʚʳʰʘʝʪ 0,03 ¡ (ʚ ʯʘʩʪʥʦʩʪʠ, ʜʣʷ ʩʚʷʟʠ ʈ1-ʆ4). ʕʥʝʨʛʠʷ ʚʦʜʦʨʦʜʥʦʡ 

ʩʚʷʟʠ ʩʦʩʪʘʚʠʣʘ 1,3 ʢʢʘʣ/ʤʦʣʴ, ʯʪʦ ʭʘʨʘʢʪʝʨʥʦ ʜʣʷ ʩʣʘʙʦʛʦ ʝʝ ʪʠʧʘ. ɽʸ 

ʚʣʠʷʥʠʝ ʥʘ ʛʝʦʤʝʪʨʠʶ ʤʦʣʝʢʫʣ ʊʌʌ, ʦʙʨʘʟʫʶʱʠʭ ʜʠʤʝʨ, ʥʝ ʚʝʣʠʢʦ ʠ 

ʩʢʘʟʳʚʘʝʪʩʷ ʣʠʰʴ ʥʘ ʦʢʨʝʩʪʥʦʩʪʠ ʚʦʜʦʨʦʜʥʦʛʦ ʤʦʩʪʠʢʘ ʉ-ʅ
é..
ʆ4, ʜʣʠʥʘ 

ʢʦʪʦʨʦʛʦ ʩʦʩʪʘʚʣʷʝʪ 2,963 ¡. ʉʦʛʣʘʩʠʝ ʠʟʤʝʨʝʥʥʳʭ ʠ ʨʘʩʩʯʠʪʘʥʥʳʭ 

ʩʧʝʢʪʨʦʚ ʚ ʮʝʣʦʤ ʫʜʦʚʣʝʪʚʦʨʠʪʝʣʴʥʦʝ, ʩ ʫʯʝʪʦʤ ʪʦʛʦ ʬʘʢʪʘ, ʯʪʦ ʨʘʩʯʸʪ 

ʧʨʦʚʝʜʸʥ ʜʣʷ ʠʟʦʣʠʨʦʚʘʥʥʦʡ ʤʦʣʝʢʫʣʳ ʚ ʛʘʨʤʦʥʠʯʝʩʢʦʤ ʧʨʠʙʣʠʞʝʥʠʠ. 

ʀʤʝʝʪ ʤʝʩʪʦ ʭʘʨʘʢʪʝʨʠʩʪʠʯʥʦʩʪʴ ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʭ ʢʦʣʝʙʘʥʠʡ ʬʝʥʠʣʴʥʳʭ 

ʢʦʣʝʮ ʧʦ ʯʘʩʪʦʪʝ, ʬʦʨʤʝ ʠ ʩʤʝʱʝʥʠʷʤ, ʪʠʧʠʯʥʘʷ ʜʣʷ ʤʦʥʦʟʘʤʝʱʸʥʥʦʛʦ 

ʙʝʥʟʦʣʘ. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʢʦʥʬʦʨʤʝʨʳ ʊʌʌ ʩʧʝʢʪʨʘʣʴʥʦ ʨʘʟʣʠʯʠʤʳ, ʘ 

ʚʦʜʦʨʦʜʥʘʷ ʩʚʷʟʴ ʥʝ ʩʠʣʴʥʦ, ʥʦ ʚʣʠʷʝʪ ʥʘ ʠʭ ʀʂ ʩʧʝʢʪʨʳ. ɺʳʜʝʣʝʥʳ 

ʩʧʝʢʪʨʘʣʴʥʦ-ʩʪʨʫʢʪʫʨʥʳʝ ʧʨʠʟʥʘʢʠ ʊʌʌ. ʕʪʦ - ʧʦʣʦʩʳ ʀʂʉ ʚ ʦʙʣʘʩʪʷʭ 

700-750, 860-880, 1180-1220 ʩʤ
-1
, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʢʦʣʝʙʘʥʠʷʤ ʬʨʘʛʤʝʥʪʘ 

ʈ(ʆʉ)3 ʤʦʣʝʢʫʣʳ. ʉʪʨʫʢʪʫʨʘ ʵʪʠʭ ʧʦʣʦʩ ʩʣʦʞʥʘʷ.  ɺʣʠʷʥʠʝ ʚʦʜʦʨʦʜʥʦʡ 

ʩʚʷʟʠ ʥʘ ʢʦʣʝʙʘʥʠʷ ʜʘʥʥʦʛʦ ʬʨʘʛʤʝʥʪʘ ʚ ʫʢʘʟʘʥʥʳʭ ʦʙʣʘʩʪʷʭ
 
ʥʝ ʚʝʣʠʢʦ ʜʣʷ 

ʯʘʩʪʦʪ ʠ ʙʦʣʝʝ ʟʘʤʝʪʥʦ ʜʣʷ ʠʥʪʝʥʩʠʚʥʦʩʪʝʡ. ɸʥʘʣʠʟ ʩʧʝʢʪʨʦʚ ʧʨʠʚʦʜʠʪ ʢ 

ʟʘʢʣʶʯʝʥʠʶ ʦ ʪʦʤ, ʯʪʦ ʠʟʤʝʨʝʥʥʳʝ ʀʂ ʩʧʝʢʪʨʳ ʞʠʜʢʦʩʪʠ, ʩʪʝʢʣʘ, 

"ʛʣʘʩʩʠʘʣ" ʠ ʊʂ ʬʘʟ ʷʚʣʷʶʪʩʷ ʩʫʧʝʨʧʦʟʠʮʠʝʡ ʩʧʝʢʪʨʦʚ ʢʦʥʬʦʨʤʝʨʦʚ ʠ 

ʜʠʤʝʨʦʚ.  ʆʙʣʘʩʪʴ 3000-3100 ʩʤ
-1
 ʧʨʝʜʩʪʘʚʣʷʝʪ ʠʥʪʝʨʝʩ ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ 
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ʚʣʠʷʥʠʷ ʅ-ʩʚʷʟʠ ʥʘ ʀʂ ʩʧʝʢʪʨ ʊʌʌ. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʦʙʨʘʟʦʚʘʥʠʝ ʜʠʤʝʨʘ 

ʩʦʧʨʦʚʦʞʜʘʝʪʩʷ ʥʝʙʦʣʴʰʠʤ ʩʜʚʠʛʦʤ ʯʘʩʪʦʪʳ ʚʘʣʝʥʪʥʦʛʦ ʢʦʣʝʙʘʥʠʷ ʉ-ʅ ʚ 

ʥʠʟʢʦʯʘʩʪʦʪʥʫʶ ʩʪʦʨʦʥʫ ʠ ʢ ʚʦʟʨʘʩʪʘʥʠʶ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʙʦʣʝʝ, ʯʝʤ ʚ ʧʷʪʴ 

ʨʘʟ. ʉʜʚʠʛ ʯʘʩʪʦʪʳ, ʧʫʩʪʴ ʠ ʥʝʙʦʣʴʰʦʡ, ʠ ʩʠʣʴʥʦʝ ʫʚʝʣʠʯʝʥʠʝ 

ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʩʦʛʣʘʩʫʝʪʩʷ ʩ ʚʳʚʦʜʦʤ ʦ ʥʘʣʠʯʠʠ ʩʣʘʙʦʡ ʚʦʜʦʨʦʜʥʦʡ ʩʚʷʟʠ 

ʚ ʦʙʨʘʟʮʝ, ʩʜʝʣʘʥʥʦʤ ʥʘ ʦʩʥʦʚʝ ʨʝʟʫʣʴʪʘʪʦʚ ʢʚʘʥʪʦʚʦ-ʤʝʭʘʥʠʯʝʩʢʦʛʦ 

ʨʘʩʯʸʪʘ ʧʘʨʘʤʝʪʨʦʚ ʘʜʠʘʙʘʪʠʯʝʩʢʠʭ ʧʦʪʝʥʮʠʘʣʦʚ ʤʦʥʦʤʝʨʘ ʠ ʜʠʤʝʨʘ ʊʌʌ.  

 
ʈʠʩʫʥʦʢ. 1. ʀʂ ʩʧʝʢʪʨʳ ʊʌʌ ʚ ʦʙʣʘʩʪʷʭ 1700-1900 ʠ 2800-3000 ʩʤ

-1
: 

ʩʥʠʟʫ- ʩʪʘʙʠʣʴʥʘʷ, ʩʚʝʨʭʫ ï ʤʝʪʘʩʪʘʙʠʣʴʥʘʷ ʬʘʟʳ 

 

ʇʦʣʦʩʳ ʩʣʘʙʦʡ ʠ ʩʨʝʜʥʝʡ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʚ ʦʙʣʘʩʪʷʭ 1730-1900 ʠ 
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2830-3000 ʩʤ
-1
 ʠʟʤʝʨʝʥʥʦʛʦ ʀʂ ʩʧʝʢʪʨʘ (ʨʠʩ.1) ʥʝ ʦʪʥʦʩʷʪʩʷ ʢ 

ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʤ ʢʦʣʝʙʘʥʠʷʤ. ʀʭ ʧʨʦʠʩʭʦʞʜʝʥʠʝ ʤʦʞʝʪ ʙʳʪʴ ʧʦʥʷʪʦ, 

ʝʩʣʠ ʚʳʡʪʠ ʟʘ ʨʘʤʢʠ ʛʘʨʤʦʥʠʯʝʩʢʦʛʦ ʧʨʠʙʣʠʞʝʥʠʷ. ʀʟʚʝʩʪʥʦ, ʯʪʦ 

ʤʝʭʘʥʠʟʤʦʤ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʢʦʣʝʙʘʥʠʡ ʷʚʣʷʝʪʩʷ ʘʥʛʘʨʤʦʥʠʟʤ, ʙʣʘʛʦʜʘʨʷ 

ʢʦʪʦʨʦʤʫ ʚ ʩʧʝʢʪʨʝ ʚʦʟʥʠʢʘʶʪ ʧʦʣʦʩʳ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʦʙʝʨʪʦʥʘʤ, 

ʢʦʣʝʙʘʥʠʷʤ ʩ ʩʦʩʪʘʚʥʳʤʠ ʯʘʩʪʦʪʘʤʠ ʠ ʨʝʟʦʥʘʥʩʘʤ. ʉ ʧʦʟʠʮʠʡ ʵʪʦʡ ʤʦʜʝʣʠ 

ʧʨʦʚʝʜʝʥ ʢʦʣʝʙʘʪʝʣʴʥʳʡ ʘʥʘʣʠʟ ʚ ʫʢʘʟʘʥʥʳʭ ʦʙʣʘʩʪʷʭ ʠʟʤʝʨʝʥʥʦʛʦ ʀʂʉ. 

ʈʝʟʫʣʴʪʘʪʦʤ ʘʥʘʣʠʟʘ ʩʪʘʣʘ ʠʥʪʝʨʧʨʝʪʘʮʠʷ ʧʦʣʦʩ ʚ ʜʘʥʥʳʭ ʦʙʣʘʩʪʷʭ ʀʂ 

ʩʧʝʢʪʨʘ ʊʌʌ (ʩʤ. ʪʘʢʞʝ ʨʠʩ. 1): 

 
1705ʦ.ʩʣ.=2³851ʧʣ.(2ʭɜ43); 1735ʩʣ.=2ʭ869ʦ.ʩ.(2ʭɜ43); 1780ʩʣ.=2³879ʦ.ʩ.(2ʭɜ44); 

1796ʩʣ.=879ʦ.ʩ.+914ʦ.ʩ.(ɜ44+ɜ48); 1812ʩʣ.=2³909ʩ.(2ʭɜ48);   

1850ʩʣ.=687ʩ.+1173ʩ.(ɜ30+ɜ67); 1870ʩʣ.= 693ʩ.+1184ʦ.ʩ.(ɜ31+ɜ70); 1900ʩʣ.= 

693ʩ.+1212ʦ.ʩ. (ɜ31+ ɜ71);  2845ʩʨ. = 1225ʩʨ.+1605ʦ.ʩ.(ɜ72+ ɜ89); 

2874ʦ.ʩʣ.= 4³717ʩʨ.(4ʭ ɜ34); 2892ʦ.ʩʣ.=2ʭ1451ʩʨ.(2ʭ ɜ79); 2902ʦ.ʩʣ.=2ʭ1451ʩʨ. 

(2ʭ ɜ79); 2920ʩʨ.=2³1455ʩʨ. (2ʭɜ81); 

2950ʦ.ʩʣ. = 2³1483ʦ.ʩ. (2ʭɜ82) ʠʣʠ (ʠ) 1494ʦ.ʩ.+1455 ʩʨ. (ɜ83+ ɜ81). 

 

ɹʦʣʝʝ ʦʙʦʩʥʦʚʘʥʥʫʶ ʠʥʪʝʨʧʨʝʪʘʮʠʶ ʵʪʦʡ ʦʙʣʘʩʪʠ ʩʧʝʢʪʨʘ ʤʦʞʥʦ 

ʙʳʣʦ ʙʳ ʜʘʪʴ ʥʘ ʦʩʥʦʚʝ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʀʂ ʩʧʝʢʪʨʘ ʢʦʥʬʦʨʤʝʨʘ ʊʌʌ ʚ 

ʘʥʛʘʨʤʦʥʠʯʝʩʢʦʤ ʧʨʠʙʣʠʞʝʥʠʠ. ʕʪʘ ʟʘʜʘʯʘ ʪʝʭʥʠʯʝʩʢʠ ʧʦʢʘ ʪʨʫʜʥʦ 

ʚʳʧʦʣʥʠʤʘ. 

ɺr ʚʦʜ ʦʙʦʙʱʘʶʱʝʛʦ ʭʘʨʘʢʪʝʨʘ, ʩʣʝʜʫʶʱʠʡ ʠʟ ʘʥʘʣʠʟʘ ʨʝʟʫʣʴʪʘʪʦʚ 

ʧʨʦʚʝʜʝʥʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʩʪʨʫʢʪʫʨʳ ʠ ʀʂ ʩʧʝʢʪʨʦʚ ʊʌʌ, ʟʘʢʣʶʯʘʝʪʩʷ ʚ 

ʪʦʤ, ʯʪʦ ʝʛʦ ʦʙʨʘʟʮʳ ʚ ʞʠʜʢʦʤ, ʘʤʦʨʬʥʦʤ, "ʛʣʘʩʩʠʘʣ" ʩʦʩʪʦʷʥʠʷʭ ʠ ʚ ʊʂ 

ʤʦʜʠʬʠʢʘʮʠʷʭ (ʤʦʥʦʢʣʠʥʥʦʡ ʠ ʛʝʢʩʘʛʦʥʘʣʴʥʦʡ) ʷʚʣʷʶʪʩʷ ʩʤʝʩʴʶ ʪʨʸʭ 

ʩʧʝʢʪʨʘʣʴʥʦ ʨʘʟʣʠʯʠʤʳʭ ʫʩʪʦʡʯʠʚʳʭ ʢʦʥʬʦʨʤʝʨʦʚ, ʧʝʨʝʭʦʜʷʱʠʭ ʜʨʫʛ ʚ 

ʜʨʫʛʘ, ʠ ʠʭ ʅ-ʢʦʤʧʣʝʢʩʦʚ ʩʦ ʩʣʘʙʦʡ ʚʦʜʦʨʦʜʥʦʡ ʩʚʷʟʴʶ (ʜʠʤʝʨʦʚ ʠ, 

ʚʦʟʤʦʞʥʦ, ʪʨʠʤʝʨʦʚ). ʅʘʣʠʯʠʝ ʢʦʥʬʦʨʤʝʨʦʚ, ʩʣʘʙʘʷ ʚʦʜʦʨʦʜʥʘʷ ʩʚʷʟʴ ʠ 

ʘʥʛʘʨʤʦʥʠʟʤ ʢʦʣʝʙʘʥʠʡ ʚ ʊʌʌ ʬʦʨʤʠʨʫʝʪ ʝʛʦ ʀʂ ʩʧʝʢʪʨʳ.  
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ɺ ʨʘʙʦʪʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ʟʘʚʠʩʠʤʦʩʪʠ ʯʘʩʪʦʪʳ ʚʳʭʦʜʥʦʛʦ ʩʠʛʥʘʣʘ ʧʣʘʥʘʨʥʳʭ ʩʪʨʫʢʪʫʨ ʧʦʣʫʠʟʦʣʠʨʫʶʱʝʛʦ GaAs 

ʩ ʦʤʠʯʝʩʢʠʤʠ ʢʦʥʪʘʢʪʘʤʠ ʦʪ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʦʩʚʝʱʝʥʠʷ. ʇʨʦʚʝʜʝʥʘ ʦʮʝʥʢʘ 

ʜʠʥʘʤʠʯʝʩʢʦʛʦ ʜʠʘʧʘʟʦʥʘ ʧʝʨʝʩʪʨʦʡʢʠ ʯʘʩʪʦʪʳ ʚʳʭʦʜʥʦʛʦ ʩʠʛʥʘʣʘ. ʊʘʢʞʝ ʧʨʦʚʝʜʝʥʘ 

ʦʮʝʥʢʠ ʚʣʠʷʥʠʷ ʦʩʚʝʱʝʥʠʷ ʦʙʨʘʟʮʘ ʥʘ ʚʦʣʴʪ-ʬʘʨʘʜʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʩʪʨʫʢʪʫʨʳ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʧʦʣʫʠʟʦʣʠʨʫʶʱʠʡ ʘʨʩʝʥʠʜ ʛʘʣʣʠʷ, ʦʪʨʠʮʘʪʝʣʴʥʘʷ 

ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʘʷ ʧʨʦʚʦʜʠʤʦʩʪʴ, ʨʝʢʦʤʙʠʥʘʮʠʦʥʥʘʷ ʥʝʫʩʪʦʡʯʠʚʦʩʪʴ ʪʦʢʘ, 

ʬʫʥʢʮʠʦʥʘʣʴʥʘʷ ʵʣʝʢʪʨʦʥʠʢʘ. 

 

ʌʫʥʢʮʠʦʥʘʣʴʥʘʷ ʤʠʢʨʦʵʣʝʢʪʨʦʥʠʢʘ, ʦʩʥʦʚʘʥʥʘʷ ʥʘ ʠʩʧʦʣʴʟʦʚʘʥʠʠ 

ʜʠʥʘʤʠʯʝʩʢʠʭ ʥʝʦʜʥʦʨʦʜʥʦʩʪʝʡ, ʚʟʘʠʤʦʜʝʡʩʪʚʠʠ ʧʦʪʦʢʦʚ ʵʣʝʢʪʨʦʥʦʚ ʩ 

ʚʦʣʥʦʚʳʤʠ ʧʨʦʮʝʩʩʘʤʠ ʚ ʪʚʝʨʜʳʭ ʪʝʣʘʭ, ʩʚʦʡʩʪʚʘʭ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚ, 

ʜʠʵʣʝʢʪʨʠʢʦʚ, ʤʘʛʥʝʪʠʢʦʚ ʠ ʩʚʝʨʭʧʨʦʚʦʜʥʠʢʦʚ ʚ ʵʣʢʪʨʠʯʝʩʢʦʤ ʠ 

ʤʘʛʥʠʪʥʦʤ ʧʦʣʷʭ ʠ ʜʨ. ʦʙʝʩʧʝʯʠʚʘʝʪ ʥʝʩʭʝʤʦʪʝʭʥʠʯʝʩʢʠʝ ʧʨʠʥʮʠʧʳ 

ʨʘʙʦʪʳ ʫʩʪʨʦʡʩʪʚ ʠ ʷʚʣʷʝʪʩʷ ʦʜʥʠʤ ʠʟ ʧʝʨʩʧʝʢʪʠʚʥʳʭ ʥʘʧʨʘʚʣʝʥʠʡ 

ʩʦʚʨʝʤʝʥʥʦʡ ʤʠʢʨʦʵʣʝʢʪʨʦʥʠʢʠ [1]. ʇʦʣʫʠʟʦʣʠʨʫʶʱʠʡ n-GaAs ʠʥʪʝʨʝʩʝʥ 

ʢʘʢ ʷʨʢʠʡ ʧʨʝʜʩʪʘʚʠʪʝʣʴ ʤʘʪʝʨʠʘʣʦʚ ʬʫʥʢʮʠʦʥʘʣʴʥʦʡ ʵʣʝʢʪʨʦʥʠʢʠ, ʚ 

ʢʦʪʦʨʦʤ ʚʦʟʤʦʞʥʦ ʥʘʙʣʶʜʝʥʠʝ ʭʘʨʘʢʪʝʨʥʦʡ ʥʝʫʩʪʦʡʯʠʚʦʩʪʠ ʪʦʢʘ, 

ʦʙʫʩʣʦʚʣʝʥʥʦʡ ʤʝʭʘʥʠʟʤʦʤ ʟʘʭʚʘʪʘ ʵʣʝʢʪʨʦʥʦʚ ʛʣʫʙʦʢʠʤʠ ʧʨʠʤʝʩʥʳʤʠ 

ʮʝʥʪʨʘʤʠ ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʩʠʣʴʥʦʛʦ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ ï 

ʨʝʢʦʤʙʠʥʘʮʠʦʥʥʦʡ ʥʝʫʩʪʦʡʯʠʚʦʩʪʠ ʪʦʢʘ [2-5]. 

ʈʘʥʝʝ ʙʳʣʦ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʚ ʧʣʘʥʘʨʥʳʭ ʵʧʠʪʘʢʩʠʘʣʴʥʳʭ 

ʩʪʨʫʢʪʫʨʘʭ ʥʘ ʦʩʥʦʚʝ ʚʳʩʦʢʦʦʤʥʦʛʦ GaAs ʩ ʦʤʠʯʝʩʢʠʤʠ ʢʦʥʪʘʢʪʘʤʠ ʧʨʠ 

ʧʦʨʦʛʦʚʦʡ ʥʘʧʨʷʞʝʥʥʦʩʪʠ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ ʧʦʨʷʜʢʘ 4000 ɺ/ʩʤ 
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ʚʦʟʥʠʢʘʶʪ ʪʦʢʦʚʳʝ ʢʦʣʝʙʘʥʠʷ ʙʦʣʴʰʦʡ ʘʤʧʣʠʪʫʜʳ, ʯʘʩʪʦʪʘ ʢʦʪʦʨʳʭ 

ʚʦʟʨʘʩʪʘʝʪ ʧʨʠ ʦʩʚʝʱʝʥʠʠ ʤʝʞʢʦʥʪʘʢʪʥʦʡ ʦʙʣʘʩʪʠ ʩʪʨʫʢʪʫʨʳ [6]. ʊʘʢʞʝ 

ʜʣʷ ʜʘʥʥʳʭ ʩʪʨʫʢʪʫʨ ʙʳʣʘ ʫʩʪʘʥʦʚʣʝʥʘ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴ ʢ ʤʘʛʥʠʪʥʦʤʫ 

ʧʦʣʶ [7]. 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʦʧʨʝʜʝʣʝʥ ʜʠʥʘʤʠʯʝʩʢʠʡ ʜʠʘʧʘʟʦʥ ʧʝʨʝʩʪʨʦʡʢʠ 

ʯʘʩʪʦʪʳ ʚʳʭʦʜʥʦʛʦ ʩʠʛʥʘʣʘ ʧʣʘʥʘʨʥʳʭ ʩʪʨʫʢʪʫʨ ʧʦʣʫʠʟʦʣʠʨʫʶʱʝʛʦ GaAs 

ʩ ʦʤʠʯʝʩʢʠʤʠ ʢʦʥʪʘʢʪʘʤʠ ʦʪ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʦʩʚʝʱʝʥʠʷ ʤʝʞʢʦʥʪʘʢʪʥʦʡ 

ʦʙʣʘʩʪʠ ʩʪʨʫʢʪʫʨʳ ʚʝʣʠʯʠʥʦʡ 60 ʤʢʤ ʣʘʟʝʨʥʳʤ ʜʠʦʜʦʤ ʩ ʜʣʠʥʦʡ ʚʦʣʥʳ 

650 ʥʤ (ʨʠʩ. 1). ʉʦʛʣʘʩʥʦ ʧʦʣʫʯʝʥʥʳʤ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤ ʜʘʥʥʳʤ, 

ʜʠʘʧʘʟʦʥ ʧʝʨʝʩʪʨʦʡʢʠ ʟʘʚʠʩʠʪ ʦʪ ʧʨʠʣʦʞʝʥʥʦʛʦ ʥʘʧʨʷʞʝʥʠʷ ʠ ʢʘʯʝʩʪʚʘ 

ʧʦʚʝʨʭʥʦʩʪʠ ʤʝʞʢʦʥʪʘʢʪʥʦʡ ʦʙʣʘʩʪʠ ʠ ʤʦʞʝʪ ʜʦʩʪʠʛʘʪʴ 20-ʪʠ ʢʨʘʪʥʦʛʦ 

ʟʥʘʯʝʥʠʷ. ʉʘʤʘ ʞʝ ʟʘʚʠʩʠʤʦʩʪʴ ʭʦʨʦʰʦ ʘʧʧʨʦʢʩʠʤʠʨʫʝʪʩʷ ʣʠʥʝʡʥʦʡ 

ʬʫʥʢʮʠʝʡ (ʨʠʩ. 2).  

 
ʈʠʩʫʥʦʢ 1. ʀʟʦʙʨʘʞʝʥʠʝ ʠʩʩʣʝʜʫʝʤʦʡ ʧʣʘʥʘʨʥʦʡ ʩʪʨʫʢʪʫʨʳ 

ʧʦʣʫʠʟʦʣʠʨʫʶʱʝʛʦ GaAs ʠ ʠʟʤʝʨʠʪʝʣʴʥʦʡ ʩʭʝʤʳ. 

 

 
ʈʠʩʫʥʦʢ 2. ɿʘʚʠʩʠʤʦʩʪʠ ʯʘʩʪʦʪʳ ʪʦʢʦʚʳʭ ʢʦʣʝʙʘʥʠʡ ʠʩʩʣʝʜʫʝʤʳʭ 

ʧʣʘʥʘʨʥʳʭ ʩʪʨʫʢʪʫʨ ʦʪ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʦʩʚʝʱʝʥʠʷ ʤʝʞʢʦʥʪʘʢʪʥʦʡ 

ʦʙʣʘʩʪʠ ʧʨʠ ʨʘʟʥʳʭ ʧʨʠʣʦʞʝʥʥʳʭ ʥʘʧʨʷʞʝʥʠʷʭ. 
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ʇʨʦʚʝʜʝʥʘ ʦʮʝʥʢʘ ʟʘʚʠʩʠʤʦʩʪʠ ʥʝʩʪʘʙʠʣʴʥʦʩʪʠ ʯʘʩʪʦʪʳ ʪʦʢʦʚʳʭ 

ʢʦʣʝʙʘʥʠʡ ʦʪ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʦʩʚʝʱʝʥʠʷ. ʉʦʛʣʘʩʥʦ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤ 

ʜʘʥʥʳʤ, ʵʪʦʪ ʧʘʨʘʤʝʪʨ ʠʤʝʝʪ ʪʝʥʜʝʥʮʠʶ ʢ ʫʤʝʥʴʰʝʥʠʶ ʠ ʩ ʨʦʩʪʦʤ 

ʦʩʚʝʱʝʥʠʷ ʫʤʝʥʴʰʘʝʪʩʷ ʦʪ 0,1 ʜʦ 0,03 ʦʪʥʦʩʠʪʝʣʴʥʳʭ ʝʜʠʥʠʮ (ʨʠʩ. 3). 

 

 
ʈʠʩʫʥʦʢ 3. ɿʘʚʠʩʠʤʦʩʪʠ ʥʝʩʪʘʙʠʣʴʥʦʩʪʠ ʯʘʩʪʦʪʳ ʪʦʢʦʚʳʭ ʢʦʣʝʙʘʥʠʡ ʦʪ 

ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʦʩʚʝʱʝʥʠʷ ʤʝʞʢʦʥʪʘʢʪʥʦʡ ʦʙʣʘʩʪʠ ʠʩʩʣʝʜʫʝʤʦʡ 

ʩʪʨʫʢʪʫʨʳ 

 

ɺ ʨʘʙʦʪʝ ʪʘʢʞʝ ʧʨʦʚʦʜʠʣʘʩʴ ʦʮʝʥʢʘ ʚʣʠʷʥʠʷ ʦʩʚʝʱʝʥʠʷ 

ʤʝʞʢʦʥʪʘʢʪʥʦʡ ʦʙʣʘʩʪʠ ʩʪʨʫʢʪʫʨʳ ʣʘʟʝʨʥʳʤ ʜʠʦʜʦʤ ʩ ʜʣʠʥʦʡ ʚʦʣʥʳ 650 

ʥʤ ʥʘ ʝʝ ʚʦʣʴʪ-ʬʘʨʘʜʥʫʶ ʭʘʨʘʢʪʝʨʠʩʪʠʢʫ. ʋʩʪʘʥʦʚʣʝʥʦ ʯʪʦ ʧʨʠ 

ʥʘʧʨʷʞʝʥʠʠ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʤ ʫʯʘʩʪʢʫ ʦʪʨʠʮʘʪʝʣʴʥʦʡ ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʦʡ 

ʧʨʦʚʦʜʠʤʦʩʪʠ (ʆɼʇ), ʥʘ ʚʦʣʴʪ-ʘʤʧʝʨʥʦʡ ʭʘʨʘʢʪʝʨʠʩʪʠʢʝ ʧʨʦʠʩʭʦʜʠʪ 

ʨʝʟʢʠʡ ʨʦʩʪ ʦʙʱʝʡ ʝʤʢʦʩʪʠ ʩʪʨʫʢʪʫʨʳ, ʯʪʦ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦʙ 

ʦʙʨʘʟʦʚʘʥʠʠ ʜʦʤʝʥʘ ʩʠʣʴʥʦʛʦ ʧʦʣʷ. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʧʨʠ ʜʦʧʦʨʦʛʦʚʦʤ 

ʥʘʧʨʷʞʝʥʠʠ ʥʘ ʩʪʨʫʢʪʫʨʝ ʚʦʟʜʝʡʩʪʚʠʝ ʦʩʚʝʱʝʥʠʷ ʥʝʤʦʥʦʪʦʥʥʦ ʚʣʠʷʝʪ ʥʘ 

ʝʤʢʦʩʪʴ ʩʪʨʫʢʪʫʨʳ (ʨʠʩ. 4), ʘ ʧʨʠ ʥʘʧʨʷʞʝʥʠʠ ʙʣʠʟʢʦʤ ʢ ʧʦʨʦʛʦʚʦʤʫ 

ʧʨʠʚʦʜʠʪ ʢ ʦʙʨʘʟʦʚʘʥʠʶ ʜʦʤʝʥʘ ʠ ʨʝʟʢʦʤʫ ʨʦʩʪʫ ʝʤʢʦʩʪʠ, ʯʪʦ, ʚʝʨʦʷʪʥʝʝ 

ʚʩʝʛʦ, ʩʚʷʟʘʥʦ ʩʦ ʩʜʚʠʛʦʤ ʧʦʨʦʛʦʚʦʛʦ ʥʘʧʨʷʞʝʥʠʷ ʚ ʤʝʥʴʰʫʶ ʩʪʦʨʦʥʫ. 

ʅʘʣʠʯʠʝ ʤʘʢʩʠʤʫʤʘ ʥʘ ʟʘʚʠʩʠʤʦʩʪʠ, ʧʨʠʚʝʜʝʥʥʦʡ ʥʘ ʨʠʩ. 4, ʚʝʨʦʷʪʥʦ 

ʩʚʷʟʘʥʦ ʩ ʧʝʨʝʨʘʩʧʨʝʜʝʣʝʥʠʝʤ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ ʚ ʤʝʞʢʦʥʪʘʢʪʥʦʡ 

ʦʙʣʘʩʪʠ ʩʪʨʫʢʪʫʨʳ ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʩʚʝʪʘ. ʇʨʠ ʦʩʚʝʱʝʥʠʠ ʚ ʨʝʟʫʣʴʪʘʪʝ 

ʦʙʨʘʟʦʚʘʥʠʷ ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ ʥʦʩʠʪʝʣʝʡ ʧʨʦʠʩʭʦʜʠʪ ʠʟʤʝʥʝʥʠʝ ʩʫʤʤʘʨʥʦʡ 

ʝʤʢʦʩʪʠ ʜʚʫʭ n-i ʧʝʨʝʭʦʜʦʚ, ʦʙʨʘʟʦʚʘʥʥʳʭ ʢʦʥʪʘʢʪʘʤʠ n-ʦʙʣʘʩʪʝʡ 

ʦʤʠʯʝʩʢʠʭ ʢʦʥʪʘʢʪʦʚ ʢ ʚʳʩʦʢʦʦʤʥʦʡ ʧʦʜʣʦʞʢʝ GaAs (ʨʠʩ.1), ʦʜʠʥ ʠʟ 

ʢʦʪʦʨʳʭ ʧʨʠ ʥʘʣʠʯʠʠ ʚʥʝʰʥʝʛʦ ʥʘʧʨʷʞʝʥʠʷ ʩʤʝʱʝʥ ʚ ʧʨʷʤʦʤ, ʘ ʚʪʦʨʦʡ ʚ 

ʦʙʨʘʪʥʦʤ ʥʘʧʨʘʚʣʝʥʠʠ. 
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ʈʠʩʫʥʦʢ 4. ɿʘʚʠʩʠʤʦʩʪʠ ʝʤʢʦʩʪʠ ʩʪʨʫʢʪʫʨʳ ʦʪ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʦʩʚʝʱʝʥʠʷ 

ʤʝʞʢʦʥʪʘʢʪʥʦʡ ʦʙʣʘʩʪʠ ʧʨʠ ʨʘʟʥʳʭ ʧʨʠʣʦʞʝʥʥʳʭ ʥʘʧʨʷʞʝʥʠʷʭ. 

 

ʇʦʣʫʯʝʥʥʳʝ ʜʘʥʥʳʝ ʤʦʛʫʪ ʧʦʤʦʯʴ ʚ ʜʘʣʴʥʝʡʰʝʤ ʧʨʠ ʠʟʫʯʝʥʠʠ 

ʚʣʠʷʥʠʷ ʚʥʝʰʥʠʭ ʬʘʢʪʦʨʦʚ ʥʘ ʥʝʫʩʪʦʡʯʠʚʦʩʪʠ ʪʦʢʘ, ʚʦʟʥʠʢʘʶʱʠʝ ʚ 

ʧʣʘʥʘʨʥʳʭ ʵʧʠʪʘʢʩʠʘʣʴʥʳʭ ʩʪʨʫʢʪʫʨʘʭ ʥʘ ʦʩʥʦʚʝ ʚʳʩʦʢʦʦʤʥʦʛʦ GaAs ʩ 

ʦʤʠʯʝʩʢʠʤʠ ʢʦʥʪʘʢʪʘʤʠ. ʇʦʜʦʙʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʠʤʝʶʪ ʢʘʢ ʚʳʩʦʢʦʡ 

ʥʘʫʯʥʳʡ, ʪʘʢ ʠ ʧʨʠʢʣʘʜʥʦʡ ʠʥʪʝʨʝʩ. 
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ʢʨʝʤʥʠʷ, ʧʦʣʫʯʝʥʥʳʭ ʤʝʪʦʜʦʤ ʘʥʦʜʥʦʛʦ ʪʨʘʚʣʝʥʠʷ ʥʘ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦ ʣʝʛʠʨʦʚʘʥʥʳʭ 

ʧʦʜʣʦʞʢʘʭ. ʇʦʣʫʯʝʥ ʧʨʦʪʦʪʠʧ ʩʦʣʥʝʯʥʦʛʦ ʵʣʝʤʝʥʪʘ ʩ ʘʥʪʠʦʪʨʘʞʘʶʱʠʤ ʧʦʢʨʳʪʠʝʤ ʥʘ 

ʦʩʥʦʚʝ ʩʣʦʝʚ ʧʦʨʠʩʪʦʛʦ ʢʨʝʤʥʠʷ n-ʪʠʧʘ, ʠʩʩʣʝʜʦʚʘʥʳ ʝʛʦ ʪʝʤʥʦʚʘʷ ʠ ʩʚʝʪʦʚʘʷ ʚʦʣʴʪ-

ʘʤʧʝʨʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ. ʇʦ ʩʚʝʪʦʚʦʡ ʚʦʣʴʪ-ʘʤʧʝʨʥʦʡ ʨʘʩʩʯʠʪʘʥʘ ʚʦʣʴʪ-ʚʘʪʪʥʘʷ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʘ, ʦʧʨʝʜʝʣʝʥʳ ʤʘʢʩʠʤʘʣʴʥʘʷ ʤʦʱʥʦʩʪʴ, ʂʇɼ ʠ ʬʘʢʪʦʨ ʟʘʧʦʣʥʝʥʠʷ ʜʣʷ 

ʧʦʣʫʯʝʥʥʳʭ ʩʪʨʫʢʪʫʨ. ʇʦ ʪʝʤʥʦʚʦʡ ʚʦʣʴʪ-ʘʤʧʝʨʥʦʡ ʭʘʨʘʢʪʝʨʠʩʪʠʢʝ ʦʧʨʝʜʝʣʝʥ 

ʢʦʵʬʬʠʮʠʝʥʪ ʥʝʠʜʝʘʣʴʥʦʩʪʠ ʠ ʥʘʠʙʦʣʝʝ ʚʝʨʦʷʪʥʳʝ ʤʝʭʘʥʠʟʤʳ ʨʝʢʦʤʙʠʥʘʮʠʠ 

ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʦʚ ʚ ʧʦʣʫʯʝʥʥʳʭ ʩʪʨʫʢʪʫʨʘʭ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʧʦʨʠʩʪʳʡ ʢʨʝʤʥʠʡ, ʘʥʪʠʦʪʨʘʞʘʶʱʝʝ ʧʦʢʨʳʪʠʝ, 

ʬʦʪʦʚʦʣʴʪʘʠʢʘ, ʩʦʣʥʝʯʥʳʡ ʵʣʝʤʝʥʪ. 

 

ʅʝʩʤʦʪʨʷ ʥʘ ʫʩʧʝʰʥʦʝ ʨʘʟʚʠʪʠʝ ʨʷʜʘ ʘʣʴʪʝʨʥʘʪʠʚʥʳʭ ʪʝʭʥʦʣʦʛʠʡ ʩ 

ʧʨʠʤʝʥʝʥʠʝʤ ʜʨʫʛʠʭ ʤʘʪʝʨʠʘʣʦʚ, ʚ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʪʨʘʜʠʮʠʦʥʥʳʝ 

ʩʦʣʥʝʯʥʳʝ ʵʣʝʤʝʥʪʳ ʥʘ ʤʦʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʤ ʢʨʝʤʥʠʠ ʧʨʦʜʦʣʞʘʶʪ 

ʟʘʥʠʤʘʪʴ ʚʝʜʫʱʝʝ ʤʝʩʪʦ ʥʘ ʤʠʨʦʚʦʤ ʨʳʥʢʝ [1,2]. ʇʦʩʢʦʣʴʢʫ ʧʦʢʘʟʘʪʝʣʴ 

ʧʨʝʣʦʤʣʝʥʠʷ ʧʦʣʠʨʦʚʘʥʥʦʛʦ ʤʦʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʢʨʝʤʥʠʷ ʩʦʩʪʘʚʣʷʝʪ 

3,5, ʬʦʨʤʠʨʦʚʘʥʠʝ ʥʘ ʬʨʦʥʪʘʣʴʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʧʦʢʨʳʪʠʷ, ʫʤʝʥʴʰʘʶʱʝʛʦ 

ʧʦʪʝʨʠ ʥʘ ʦʪʨʘʞʝʥʠʝ, ʷʚʣʷʝʪʩʷ ʦʙʷʟʘʪʝʣʴʥʳʤ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʤ ʧʨʦʮʝʩʩʦʤ 

ʚ ʧʨʦʠʟʚʦʜʩʪʚʝ ʩʦʣʥʝʯʥʳʭ ʵʣʝʤʝʥʪʦʚ. ʊʨʘʜʠʮʠʦʥʥʳʤ ʨʝʰʝʥʠʝʤ ʷʚʣʷʝʪʩʷ 

ʦʩʘʞʜʝʥʠʝ ʧʣʝʥʦʢ ʨʷʜʘ ʦʢʩʠʜʦʚ (SiO2, TiO2, Ta2O5, SnO2, ZnO) ʠʣʠ Si3N4 

ʧʣʘʟʤʦʭʠʤʠʯʝʩʢʠʤ ʠ ʤʘʛʥʝʪʨʦʥʥʳʤ ʤʝʪʦʜʘʤʠ. ɹʣʘʛʦʜʘʨʷ ʵʬʬʝʢʪʫ çmoth-

eyeè (ʘʥʛʣ. çʛʣʘʟ ʤʦʪʳʣʴʢʘè), ʩʦʟʜʘʶʱʝʤʫ ʛʨʘʜʠʝʥʪ ʧʦʢʘʟʘʪʝʣʷ 

ʧʨʝʣʦʤʣʝʥʠʷ ʚ ʥʘʥʦʨʘʟʤʝʨʥʦʤ ʧʦʨʠʩʪʦʤ ʤʘʪʝʨʠʘʣʝ ʦʪ 1 (ʚʦʟʜʫʭ) ʜʦ 3,5 

(ʤʦʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʡ ʢʨʝʤʥʠʡ), ʧʦʨʠʩʪʳʡ ʢʨʝʤʥʠʡ ʷʚʣʷʝʪʩʷ ʦʜʥʠʤ ʠʟ 

ʧʝʨʩʧʝʢʪʠʚʥʳʭ ʠ ʵʢʦʥʦʤʠʯʥʳʭ ʨʝʰʝʥʠʡ ʧʨʦʙʣʝʤʳ ʧʦʪʝʨʴ ʥʘ ʦʪʨʘʞʝʥʠʝ ʠ, 

ʪʝʤ ʩʘʤʳʤ, ʧʦʚʳʰʝʥʠʷ ʂʇɼ ʩʦʣʥʝʯʥʳʭ ʵʣʝʤʝʥʪʦʚ, ʚ ʪʦʤ ʯʠʩʣʝ ʥʘ ʛʠʙʢʠʭ 

ʧʦʜʣʦʞʢʘʭ. 

ɺ ʢʘʯʝʩʪʚʝ ʠʩʭʦʜʥʳʭ ʧʦʜʣʦʞʝʢ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʤʦʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʡ 

ʢʨʝʤʥʠʡ p-ʪʠʧʘ, ʣʝʛʠʨʦʚʘʥʥʳʡ ʙʦʨʦʤ ʩ ʫʜʝʣʴʥʳʤ ʩʦʧʨʦʪʠʚʣʝʥʠʝʤ 4,5 
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ʆʤĬʩʤ. ʉ ʮʝʣʴʶ ʩʦʟʜʘʥʠʷ pïn-ʧʝʨʝʭʦʜʘ ʜʣʷ ʧʦʣʫʯʝʥʠʷ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʛʦ ʦʙʨʘʟʮʘ ʩʦʣʥʝʯʥʦʛʦ ʵʣʝʤʝʥʪʘ ʦʜʥʘ ʠʟ ʩʪʦʨʦʥ 

ʧʦʜʣʦʞʢʠ ʙʳʣʘ ʣʝʛʠʨʦʚʘʥʘ ʬʦʩʬʦʨʦʤ. ɼʣʷ ʵʪʦʛʦ ʤʝʪʦʜʦʤ ʘʥʦʜʥʦʛʦ 

ʦʢʠʩʣʝʥʠʷ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʢʨʝʤʥʠʷ ʙʳʣʘ ʚʳʨʘʱʝʥʘ ʣʝʛʠʨʫʶʱʘʷ ʘʥʦʜʥʘʷ 

ʦʢʩʠʜʥʘʷ ʧʣʝʥʢʘ, ʧʨʝʜʩʪʘʚʣʷʶʱʘʷ ʩʦʙʦʡ ʩʣʦʡ SiO2 ʩ ʚʢʣʶʯʝʥʠʷʤʠ P2O5 ʠ 

ʵʣʝʤʝʥʪʘʨʥʦʛʦ P. ɸʥʦʜʥʦʝ ʦʢʠʩʣʝʥʠʝ ʧʨʦʠʩʭʦʜʠʣʦ ʚ ʪʝʯʝʥʠʝ 40 ʤʠʥʫʪ ʧʨʠ 

ʧʣʦʪʥʦʩʪʠ ʪʦʢʘ 5 ʤɸ/ʩʤ
2
 ʚ ʵʣʝʢʪʨʦʣʠʪʝ 10% H3PO4:H2C6O2 (1:1). 

ʊʝʨʤʠʯʝʩʢʘʷ ʜʠʬʬʫʟʠʷ ʬʦʩʬʦʨʘ ʠʟ ʧʣʝʥʢʠ ʚ ʧʦʜʣʦʞʢʫ ʧʨʦʚʦʜʠʣʘʩʴ ʧʨʠ 

1100ᴈ ʚ ʧʝʯʠ ʚ ʪʝʯʝʥʠʝ 60 ʤʠʥʫʪ. ɻʣʫʙʠʥʘ ʟʘʣʝʛʘʥʠʷ p-n ʧʝʨʝʭʦʜʘ 

ʩʦʩʪʘʚʠʣʘ 0,7Ñ0,1 ʤʢʤ. ɿʘʪʝʤ, ʥʘ ʣʝʛʠʨʦʚʘʥʥʳʭ ʧʦʜʣʦʞʢʘʭ ʤʝʪʦʜʦʤ 

ʘʥʦʜʥʦʛʦ ʪʨʘʚʣʝʥʠʷ ʩ ʢʦʥʪʨʦʣʝʤ in situ [3] ʙʳʣ ʧʦʣʫʯʝʥ ʩʣʦʡ ʧʦʨʠʩʪʦʛʦ 

ʢʨʝʤʥʠʷ ʧʨʠ ʧʣʦʪʥʦʩʪʠ ʪʦʢʘ 10 ʤɸ/ʩʤ
2
 ʚ ʵʣʝʢʪʨʦʣʠʪʝ 48% HF:C3H8O (1:1). 

ɺʨʝʤʷ ʪʨʘʚʣʝʥʠʷ ʚʘʨʴʠʨʦʚʘʣʦʩʴ ʦʪ 2 ʜʦ 10 ʤʠʥʫʪ. ʊʦʣʱʠʥʘ ʧʦʣʫʯʝʥʥʳʭ 

ʧʦʨʠʩʪʳʭ ʩʣʦʝʚ ʥʘʭʦʜʠʣʘʩʴ ʚ ʜʠʘʧʘʟʦʥʝ 0,5-4 ʤʢʤ ʠ ʙʳʣʘ ʧʨʷʤʦ 

ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʘ ʚʨʝʤʝʥʠ ʪʨʘʚʣʝʥʠʷ. 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʦʧʪʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʧʨʦʚʦʜʠʣʦʩʴ ʥʘ ʩʧʝʢʪʨʦʬʦʪʦʤʝʪʨʝ 

ʉʌ-2000 ʚ ʜʠʘʧʘʟʦʥʝ ʜʣʠʥ ʚʦʣʥ 400ï1100 ʥʤ. 

 
ʈʠʩʫʥʦʢ 1. ʉʧʝʢʪʨʳ ʟʝʨʢʘʣʴʥʦʛʦ ʦʪʨʘʞʝʥʠʷ ʩʣʦʝʚ ʧʦʨʠʩʪʦʛʦ ʢʨʝʤʥʠʷ, 

ʧʦʣʫʯʝʥʥʳʭ ʥʘ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦ ʣʝʛʠʨʦʚʘʥʥʳʭ ʧʦʜʣʦʞʢʘʭ. ɸ) ʉʣʦʡ ʩʦ 

ʚʨʝʤʝʥʝʤ ʪʨʘʚʣʝʥʠʷ t = 2 ʤʠʥ.; ɹ) ʉʣʦʡ ʩʦ ʚʨʝʤʝʥʝʤ ʪʨʘʚʣʝʥʠʷ t = 10 

ʤʠʥ. 

 

ʇʦʣʫʯʝʥʳ ʩʧʝʢʪʨʳ ʟʝʨʢʘʣʴʥʦʛʦ ʦʪʨʘʞʝʥʠʷ ʧʦʜ ʫʛʣʦʤ ʧʘʜʝʥʠʷ ʚ 20Á ʠ 

ʫʛʣʦʤ 20Á ʜʣʷ ʦʪʨʘʞʝʥʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʦʪʥʦʩʠʪʝʣʴʥʦ ʥʦʨʤʘʣʠ ʢ ʧʦʜʣʦʞʢʝ, 

ʧʨʠʚʝʜʝʥʥʳʝ ʥʘ ʨʠʩ. 1. ʀʩʩʣʝʜʦʚʘʥʠʷ ʦʧʪʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʧʨʦʚʦʜʠʣʠ 

ʦʪʥʦʩʠʪʝʣʴʥʦ ʢʨʝʤʥʠʝʚʦʛʦ ʵʪʘʣʦʥʘ (ʠʩʭʦʜʥʦʡ ʢʨʝʤʥʠʝʚʦʡ ʧʦʜʣʦʞʢʠ). 

ɿʘʚʠʩʠʤʦʩʪʴ ʩʧʝʢʪʨʘʣʴʥʦʛʦ ʢʦʵʬʬʠʮʠʝʥʪʘ ʦʪʨʘʞʝʥʠʷ ʜʣʷ ʦʙʨʘʟʮʘ ʩʦ 
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ʚʨʝʤʝʥʝʤ ʪʨʘʚʣʝʥʠʷ 10 ʤʠʥʫʪ ʠʤʝʝʪ ʠʥʪʝʨʬʝʨʝʥʮʠʦʥʥʳʡ ʭʘʨʘʢʪʝʨ. 

ʀʥʪʝʨʬʝʨʝʥʮʠʷ ʤʦʞʝʪ ʙʳʪʴ ʦʙʫʩʣʦʚʣʝʥʘ ʥʘʣʠʯʠʝʤ ʙʦʣʴʰʦʛʦ ʯʠʩʣʘ 

ʮʝʥʪʨʦʚ ʨʘʩʩʝʷʥʠʷ, ʥʘʧʨʠʤʝʨ, ʥʘ ʛʨʘʥʠʮʘʭ: ʚʦʟʜʫʭ-ʢʨʝʤʥʠʡ, ʢʨʝʤʥʠʡ-

ʦʢʠʩʴ ʢʨʝʤʥʠʷ, ʣʝʛʠʨʦʚʘʥʥʳʡ ʢʨʝʤʥʠʡ- ʤʦʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʘʷ ʧʦʜʣʦʞʢʘ. 

ʇʦʣʫʯʘʝʤʳʡ ʩʣʦʡ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʣʦʞʥʫʶ ʢʦʤʧʦʟʠʪʥʫʶ ʥʝʫʧʦʨʷʜʦʯʝʥʥʫʶ 

ʩʨʝʜʫ ʩʦʜʝʨʞʘʱʫʶ ʭʘʦʪʠʯʥʦ ʨʘʩʧʨʝʜʝʣʝʥʥʳʝ: ʦʩʪʨʦʚʢʠ ʢʨʝʤʥʠʷ, ʦʢʩʠʜʘ 

ʢʨʝʤʥʠʷ, ʘʤʦʨʬʥʦʛʦ ʢʨʝʤʥʠʷ, ʚʢʨʘʧʣʝʥʠʡ ʚʦʟʜʫʭʘ ʠ ʦʩʪʘʪʢʦʚ ʧʨʦʜʫʢʪʦʚ 

ʭʠʤʠʯʝʩʢʦʡ ʨʝʘʢʮʠʠ ʘʥʦʜʥʦʛʦ ʪʨʘʚʣʝʥʠʷ. 

ɼʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʵʣʝʢʪʨʦʬʠʟʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʥʘ ʨʘʙʦʯʝʡ ʠ ʪʳʣʴʥʦʡ 

ʩʪʦʨʦʥʘʭ ʦʙʨʘʟʮʦʚ ʙʳʣʠ ʩʬʦʨʤʠʨʦʚʘʥʳ ʦʤʠʯʝʩʢʠʝ ʢʦʥʪʘʢʪʳ. ʅʘ ʨʠʩ. 2 

ʧʨʝʜʩʪʘʚʣʝʥʳ ʭʘʨʘʢʪʝʨʥʳʝ ʪʝʤʥʦʚʳʝ ʠ ʩʚʝʪʦʚʳʝ ɺɸʍ ʦʙʨʘʟʮʦʚ. 

 

 
ʈʠʩʫʥʦʢ 2. ɺɸʍ ʧʨʦʪʦʪʠʧʘ ʩʦʣʥʝʯʥʦʛʦ ʵʣʝʤʝʥʪʘ 
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ʈʠʩʫʥʦʢ 3. ʇʨʷʤʘʷ ʚʝʪʚʴ ʪʝʤʥʦʚʦʡ ɺɸʍ ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʢʦʵʬʬʠʮʠʝʥʪʘ 

ʥʝʠʜʝʘʣʴʥʦʩʪʠ 

 

ʅʘ ʨʠʩ. 3. ʧʨʝʜʩʪʘʚʣʝʥʘ ʧʨʷʤʘʷ ʚʝʪʚʴ ʪʝʤʥʦʚʦʡ ɺɸʍ ʩʪʨʫʢʪʫʨ, 

ʧʦʟʚʦʣʠʚʰʘʷ ʦʧʨʝʜʝʣʠʪʴ ʢʦʵʬʬʠʮʠʝʥʪ ʥʝʠʜʝʘʣʴʥʦʩʪʠ ʠ ʧʨʦʚʝʩʪʠ ʘʥʘʣʠʟ 

ʥʘʠʙʦʣʝʝ ʚʝʨʦʷʪʥʳʭ ʤʝʭʘʥʠʟʤʦʚ ʨʝʢʦʤʙʠʥʘʮʠʠ ʚ ʧʦʣʫʯʝʥʥʳʭ ʩʪʨʫʢʪʫʨʘʭ 

(ʨʠʩ. 3). ʇʨʷʤʫʶ ʚʝʪʚʴ ʪʝʤʥʦʚʦʡ ɺɸʍ ʤʦʞʥʦ ʨʘʟʜʝʣʠʪʴ ʥʘ 3 ʣʠʥʝʡʥʦ 

ʘʧʧʨʦʢʩʠʤʠʨʫʝʤʳʭ ʫʯʘʩʪʢʘ ʩ ʚʝʣʠʯʠʥʘʤʠ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʜʝʪʝʨʤʠʥʘʮʠʠ 

R
2
1 = 0,968, R

2
2 = 0,992 ʠ R

2
3 = 0,999. ʇʝʨʚʳʡ ʫʯʘʩʪʦʢ ʥʘʭʦʜʠʪʩʷ ʚ 

ʜʠʘʧʘʟʦʥʝ ʥʘʧʨʷʞʝʥʠʡ 0-0,025 ɺ, ʝʛʦ ʢʦʵʬʬʠʮʠʝʥʪ ʥʝʠʜʝʘʣʴʥʦʩʪʠ n1 = 

0,35, ʯʪʦ ʤʦʞʝʪ ʩʚʠʜʝʪʝʣʴʩʪʚʦʚʘʪʴ ʦ ʜʠʬʬʫʟʠʦʥʥʦʤ ʤʝʭʘʥʠʟʤʝ ʧʨʦʪʝʢʘʥʠʷ 

ʪʦʢʘ ʯʝʨʝʟ p-n ʧʝʨʝʭʦʜ. ɺʦʟʤʦʞʥʦʩʪʴ ʩʫʱʝʩʪʚʦʚʘʥʠʷ n < 1 ʫ ʩʦʣʥʝʯʥʳʭ 

ʵʣʝʤʝʥʪʦʚ ʚ ʜʠʘʧʘʟʦʥʝ 0-0,05 ɺ ʦʪʤʝʯʘʣʘʩʴ ʚ ʨʘʙʦʪʝ [4]. ɺʪʦʨʦʡ ʫʯʘʩʪʦʢ ʩ 

n2 = 1,08 ʣʝʞʠʪ ʚ ʜʠʘʧʘʟʦʥʝ 0,025-0,05 ɺ. ɼʘʥʥʳʡ ʫʯʘʩʪʦʢ ʧʦ ʩʚʦʠʤ 

ʩʚʦʡʩʪʚʘʤ ʙʣʠʟʦʢ ʢ ʤʦʜʝʣʠ ʠʜʝʘʣʴʥʦʛʦ ʜʠʦʜʘ ʐʦʢʣʠ ʠ ʜʦʤʠʥʠʨʫʶʱʠʤ 

ʤʝʭʘʥʠʟʤʦʤ ʨʝʢʦʤʙʠʥʘʮʠʠ ʥʘ ʥʝʤ ʷʚʣʷʝʪʩʷ ʨʝʢʦʤʙʠʥʘʮʠʷ ʚ ʥʝʡʪʨʘʣʴʥʳʭ 

ʦʙʣʘʩʪʷʭ (ʚʥʝ ʦʙʝʜʥʝʥʥʦʛʦ ʩʣʦʷ). ʊʨʝʪʠʡ ʫʯʘʩʪʦʢ ʩ n3 = 2,86 ʥʘʭʦʜʠʪʩʷ ʚ 

ʜʠʘʧʘʟʦʥʝ 0,05-0,4 ɺ, ʪʘʢ ʢʘʢ n > 2, ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʳʤ ʤʝʭʘʥʠʟʤʦʤ ʝʛʦ 

ʨʝʢʦʤʙʠʥʘʮʠʠ ʷʚʣʷʝʪʩʷ ʧʦʚʝʨʭʥʦʩʪʥʘʷ ʨʝʢʦʤʙʠʥʘʮʠʷ [5]. 

ɼʣʷ ʧʦʣʫʯʝʥʥʳʭ ʩʪʨʫʢʪʫʨ ʧʦ ʟʘʚʠʩʠʤʦʩʪʠ ʚʳʭʦʜʥʦʛʦ ʪʦʢʘ ʦʪ 

ʥʘʧʨʷʞʝʥʠʷ ʙʳʣʠ ʦʧʨʝʜʝʣʝʥʳ ʥʘʧʨʷʞʝʥʠʝ ʭʦʣʦʩʪʦʛʦ ʭʦʜʘ Voc = 0,372 ɺ ʠ 

ʪʦʢ ʢʦʨʦʪʢʦʛʦ ʟʘʤʳʢʘʥʠʷ Isc = 0,321 ʤɸ (ʩʤ. ʨʠʩ. 4). ʇʦ ʧʦʣʫʯʝʥʥʦʡ ɺɸʍ 

ʬʦʪʦʪʦʢʘ ʙʳʣʘ ʨʘʩʩʯʠʪʘʥʘ ʚʦʣʴʪ-ʚʘʪʪʥʘʷ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘ ʠ ʦʧʨʝʜʝʣʝʥʘ 

ʪʦʯʢʘ ʤʘʢʩʠʤʘʣʴʥʦʡ ʤʦʱʥʦʩʪʠ, ʢʦʪʦʨʘʷ ʩʦʩʪʘʚʠʣʘ Pm = 4,58Ĭ10
-2
 ʤɺʪ ʧʨʠ 

ʥʘʧʨʷʞʝʥʠʠ Um = 0,201 ɺ ʠ ʧʣʦʪʥʦʩʪʠ ʪʦʢʘ jm = 0,247 ʤɸ/ʩʤ
2
. 

ʇʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʧʦʟʚʦʣʠʣʠ ʨʘʩʩʯʠʪʘʪʴ ʂʇɼ ʠ ʬʘʢʪʦʨ ʟʘʧʦʣʥʝʥʠʷ, 

ʢʦʪʦʨʳʝ ʩʦʩʪʘʚʠʣʠ ɖ = 5,19% ʠ FF = 0,384. 
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ʈʠʩʫʥʦʢ 4. ɿʘʚʠʩʠʤʦʩʪʴ ʚʳʭʦʜʥʦʛʦ ʪʦʢʘ ʦʪ ʥʘʧʨʷʞʝʥʠʷ ʠ ʚʦʣʴʪ-ʚʘʪʪʥʘʷ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʘ ʧʨʦʪʦʪʠʧʘ ʩʦʣʥʝʯʥʦʛʦ ʵʣʝʤʝʥʪʘ 

 

ʇʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʩʚʠʜʝʪʝʣʴʩʪʚʫʶʪ ʦ ʧʝʨʩʧʝʢʪʠʚʥʦʩʪʠ 

ʧʨʠʤʝʥʝʥʠʷ ʧʦʨʠʩʪʦʛʦ ʢʨʝʤʥʠʷ ʚ ʢʘʯʝʩʪʚʝ ʤʘʪʝʨʠʘʣʘ ʜʣʷ 

ʘʥʪʠʦʪʨʘʞʘʶʱʝʛʦ ʧʦʢʨʳʪʠʷ ʩʦʣʥʝʯʥʳʭ ʵʣʝʤʝʥʪʦʚ [6]. ɺʘʞʥʦʡ ʟʘʜʘʯʝʡ 

ʜʘʣʴʥʝʡʰʠʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʷʚʣʷʝʪʩʷ ʦʧʪʠʤʠʟʘʮʠʷ ʛʣʫʙʠʥʳ ʟʘʣʝʛʘʥʠʷ pïn-

ʧʝʨʝʭʦʜʘ ʠ ʪʦʣʱʠʥʳ ʩʣʦʷ ʧʦʨʠʩʪʦʛʦ ʢʨʝʤʥʠʷ ʜʣʷ ʧʦʚʳʰʝʥʠʷ ʬʘʢʪʦʨʘ 

ʟʘʧʦʣʥʝʥʠʷ ʠ ʂʇɼ ʩʣʝʜʫʶʱʠʭ ʧʨʦʪʦʪʠʧʦʚ ʩʦʣʥʝʯʥʳʭ ʵʣʝʤʝʥʪʦʚ. 
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2 ʌʆʊʆʅʅʓɽ ʂʈʀʉʊɸʃʃʓ 

ʀ ʄɽʊɸʄɸʊɽʈʀɸʃʓ 
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ɺ ʨʘʙʦʪʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ 

ʥʝʧʣʘʥʘʨʥʦʡ ʤʠʢʨʦʧʦʣʦʩʢʦʚʦʡ ʣʠʥʠʠ. ʆʧʠʩʘʥ ʤʝʪʦʜ ʫʧʨʦʱʝʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ 

ʧʝʨʠʦʜʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ ʥʘ ʦʩʥʦʚʝ ʥʝʧʣʘʥʘʨʥʦʡ ʤʠʢʨʦʧʦʣʦʩʢʦʚʦʡ ʣʠʥʠʠ ʚ ʧʨʦʛʨʘʤʤʝ 

Mathcad. ʇʨʦʚʝʜʝʥ ʩʨʘʚʥʠʪʝʣʴʥʳʡ ʘʥʘʣʠʟ ʨʝʟʫʣʴʪʘʪʦʚ ʧʦʣʥʦʛʦ ʠ ʫʧʨʦʱʝʥʥʦʛʦ ʤʝʪʦʜʦʚ 

ʤʦʜʝʣʠʨʦʚʘʥʠʷ, ʘ ʪʘʢʞʝ ʧʨʠʚʦʜʷʪʩʷ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʢʦʤʧʴʶʪʝʨʥʳʭ ʤʦʜʝʣʝʡ 

ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ ʥʝʧʣʘʥʘʨʥʦʡ ʧʝʨʠʦʜʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ ʜʣʷ ʨʘʟʥʳʭ ʪʠʧʦʚ ʣʠʥʠʡ 

ʧʝʨʝʜʘʯ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʥʝʧʣʘʥʘʨʥʳʝ ʤʠʢʨʦʧʦʣʦʩʢʦʚʳʝ ʣʠʥʠʠ, ʧʝʨʠʦʜʠʯʝʩʢʠʝ 

ʩʪʨʫʢʪʫʨʳ, ʙʨʵʛʛʦʚʩʢʠʝ ʩʪʨʫʢʪʫʨʳ, ʩʝʥʩʦʨʠʢʘ, ʯʫʚʩʪʚʠʪʝʣʴʥʳʡ ʵʣʝʤʝʥʪ. 

 

ʉɺʏ ʫʩʪʨʦʡʩʪʚʘ, ʢʦʪʦʨʳʝ ʤʦʞʥʦ ʦʙʦʙʱʠʪʴ ʦʧʨʝʜʝʣʝʥʠʝʤ ʩʪʨʫʢʪʫʨʳ 

ʩ ʧʝʨʠʦʜʠʯʝʩʢʠʤʠ ʥʝʦʜʥʦʨʦʜʥʦʩʪʷʤʠ, ʰʠʨʦʢʦ ʠʟʚʝʩʪʥʳ ʚ ʪʝʦʨʠʠ ʠ 

ʪʝʭʥʠʢʝ ʥʘʧʨʘʚʣʷʶʱʠʭ ʠ ʠʟʣʫʯʘʶʱʠʭ ʩʠʩʪʝʤ. ʇʦʜʦʙʥʳʝ ʫʩʪʨʦʡʩʪʚʘ, 

ʧʨʠʥʮʠʧ ʜʝʡʩʪʚʠʷ ʢʦʪʦʨʳʭ ʦʩʥʦʚʘʥ ʥʘ ʨʝʟʦʥʘʥʩʥʦʤ ʚʟʘʠʤʦʜʝʡʩʪʚʠʠ 

ʧʨʷʤʳʭ ʠ ʤʥʦʛʦʢʨʘʪʥʦ ʦʪʨʘʞʝʥʥʳʭ ʦʪ ʥʝʦʜʥʦʨʦʜʥʦʩʪʝʡ 

ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʳʭ ʚʦʣʥ, ʥʘʰʣʠ ʧʨʠʤʝʥʝʥʠʝ ʧʨʠ ʩʦʟʜʘʥʠʠ ʬʠʣʴʪʨʫʶʱʠʭ 

ʩʭʝʤ, ʬʦʨʤʠʨʦʚʘʪʝʣʝʡ ʠ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʝʡ ʨʘʜʠʦʯʘʩʪʦʪʥʳʭ ʩʠʛʥʘʣʦʚ. ɺ 

ʧʦʩʣʝʜʥʝʝ ʚʨʝʤʷ ʠʥʪʝʨʝʩ ʢ ʧʦʜʦʙʥʳʤ ʩʪʨʫʢʪʫʨʘʤ ʚʦʟʦʙʥʦʚʠʣʩʷ ʚ ʩʚʷʟʠ ʩ 

ʨʘʟʚʠʪʠʝʤ ʥʦʚʳʭ ʥʘʧʨʘʚʣʝʥʠʡ ʠʭ ʧʨʠʤʝʥʝʥʠʷ [1]. ʇʦʜʦʙʥʳʝ ʩʪʨʫʢʪʫʨʳ ʧʦ 

ʘʥʘʣʦʛʠʠ ʩ ʦʧʪʠʯʝʩʢʠʤʠ ʘʥʘʣʦʛʘʤʠ ʥʘʯʘʣʠ ʥʘʟʳʚʘʪʴ ʙʨʵʛʛʦʚʩʢʠʤʠ ʉɺʏ-

ʩʪʨʫʢʪʫʨʘʤʠ ʠʣʠ ʬʦʪʦʥʥʳʤʠ ʉɺʏ ʢʨʠʩʪʘʣʣʘʤʠ [1,2]. ɹʨʵʛʛʦʚʩʢʠʝ ʉɺʏ-

ʩʪʨʫʢʪʫʨʳ ï ʵʪʦ ʧʝʨʠʦʜʠʯʝʩʢʠʝ ʛʝʦʤʝʪʨʠʠ, ʧʦʩʪʨʦʝʥʥʳʝ ʧʫʪʝʤ ʧʦʚʪʦʨʝʥʠʷ 

ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ ʠʣʠ ʢʦʥʩʪʨʫʢʪʠʚʥʦʛʦ ʵʣʝʤʝʥʪʘ ʚ ʦʜʥʦʤ, ʜʚʫʭ ʠʣʠ 

ʪʨʝʭ ʠʟʤʝʨʝʥʠʷʭ. ʊʘʢʠʝ ʩʠʩʪʝʤʳ ʥʘʟʳʚʘʶʪ ʦʜʥʦʤʝʨʥʳʤʠ, ʜʚʫʭʤʝʨʥʳʤʠ ʠ 

ʪʨʝʭʤʝʨʥʳʤʠ ʬʦʪʦʥʥʳʤʠ ʢʨʠʩʪʘʣʣʘʤʠ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʕʣʝʢʪʨʠʯʝʩʢʠʝ 

ʨʘʟʤʝʨʳ ʪʘʢʠʭ ʷʯʝʝʢ ʩʨʘʚʥʠʤʳ ʩ ʜʣʠʥʦʡ ʚʦʣʥʳ ʚ ʉɺʏ ʜʠʘʧʘʟʦʥʝ. 

ʅʘʠʙʦʣʴʰʝʝ ʧʨʠʤʝʥʝʥʠʝ ʥʘʰʣʠ ʦʜʥʦʤʝʨʥʳʝ ʙʨʵʛʛʦʚʩʢʠʝ ʉɺʏ-ʩʪʨʫʢʪʫʨʳ. 

ʆʜʥʠʤ ʠʟ ʧʝʨʩʧʝʢʪʠʚʥʳʭ ʥʘʧʨʘʚʣʝʥʠʡ ʚ ʦʙʣʘʩʪʠ ʠʭ ʧʨʘʢʪʠʯʝʩʢʦʛʦ 

ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʩʪʘʥʦʚʠʪʩʷ ʠʟʤʝʨʠʪʝʣʴʥʘʷ ʪʝʭʥʠʢʘ ʠ, ʚ ʯʘʩʪʥʦʩʪʠ, 
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ʫʩʪʨʦʡʩʪʚʘ ʜʣʷ ʠʟʤʝʨʝʥʠʷ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ ʤʘʪʝʨʠʘʣʦʚ ʠ ʩʨʝʜ 

[1,2]. 

ʇʣʘʥʘʨʥʳʝ ʣʠʥʠʠ ʧʝʨʝʜʘʯʠ, ʩʦʟʜʘʚʘʝʤʳʝ ʥʘ ʦʩʥʦʚʝ ʧʝʯʘʪʥʳʭ 

ʪʝʭʥʦʣʦʛʠʡ, ʧʦʣʫʯʠʣʠ ʰʠʨʦʢʦʝ ʧʨʠʤʝʥʝʥʠʝ ʚ ʫʩʪʨʦʡʩʪʚʘʭ ʉɺʏ ʜʠʘʧʘʟʦʥʘ. 

ʕʪʦʤʫ ʧʦʩʧʦʩʦʙʩʪʚʦʚʘʣʠ ʤʘʣʳʝ ʛʘʙʘʨʠʪʥʳʝ ʨʘʟʤʝʨʳ, ʥʝʟʥʘʯʠʪʝʣʴʥʘʷ 

ʤʘʩʩʘ, ʚʦʟʤʦʞʥʦʩʪʴ ʫʥʠʬʠʢʘʮʠʠ, ʘ ʪʘʢʞʝ ʦʙʝʩʧʝʯʝʥʠʝ ʠʥʪʝʛʨʘʮʠʠ ʩ 

ʘʢʪʠʚʥʳʤʠ ʵʣʝʤʝʥʪʘʤʠ ʉɺʏ ʩʦ ʩʦʩʨʝʜʦʪʦʯʝʥʥʳʤʠ ʧʘʨʘʤʝʪʨʘʤʠ. ʂ 

ʧʣʘʥʘʨʥʳʤ ʦʪʥʦʩʷʪ ʨʘʟʥʳʝ ʚʠʜʳ ʤʠʢʨʦʧʦʣʦʩʢʦʚʳʭ ʠ ʱʝʣʝʚʳʭ ʣʠʥʠʡ 

ʧʝʨʝʜʘʯ, ʘ ʪʘʢʞʝ ʢʦʤʧʣʘʥʘʨʥʫʶ ʣʠʥʠʶ. ʆʜʥʘʢʦ ʧʣʘʥʘʨʥʳʤ ʣʠʥʠʷʤ 

ʧʝʨʝʜʘʯʠ ʩʚʦʡʩʪʚʝʥʥʳ ʥʝʢʦʪʦʨʳʝ ʥʝʜʦʩʪʘʪʢʠ, ʢʦʪʦʨʳʝ ʩʚʷʟʘʥʳ ʩ 

ʠʟʣʫʯʝʥʠʝʤ ʚ ʦʪʢʨʳʪʦʝ ʧʨʦʩʪʨʘʥʩʪʚʦ, ʦʩʦʙʝʥʥʦ ʚ ʦʙʣʘʩʪʠ ʩʘʥʪʠʤʝʪʨʦʚʳʭ ʠ 

ʤʠʣʣʠʤʝʪʨʦʚʳʭ ʜʣʠʥ ʚʦʣʥ. ʇʦʣʦʩʢʦʚʳʝ ʙʨʵʛʛʦʚʩʢʠʝ ʩʪʨʫʢʪʫʨʳ ʚ ʢʘʯʝʩʪʚʝ 

ʜʘʪʯʠʢʦʚ ʜʣʷ ʠʟʤʝʨʝʥʠʷ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʠʤʝʶʪ ʨʷʜ 

ʧʨʝʠʤʫʱʝʩʪʚ, ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʜʨʫʛʠʤʠ ʣʠʥʠʷʤʠ ʧʝʨʝʜʘʯʠ, ʪʘʢʠʝ ʢʘʢ 

ʧʨʦʩʪʦʪʘ ʠʟʛʦʪʦʚʣʝʥʠʷ, ʧʦʣʫʦʪʢʨʳʪʘʷ ʢʦʥʬʠʛʫʨʘʮʠʷ, ʩʧʦʩʦʙʥʦʩʪʴ 

ʘʥʘʣʠʟʠʨʦʚʘʪʴ ʧʣʦʩʢʠʝ ʦʙʲʝʢʪʳ [3]. ʊʝʤ ʥʝ ʤʝʥʝʝ, ʢʦʛʜʘ ʨʘʙʦʯʠʝ ʯʘʩʪʦʪʳ 

ʩʪʘʥʦʚʷʪʩʷ ʦʪʥʦʩʠʪʝʣʴʥʦ ʥʝʙʦʣʴʰʠʤʠ (0,7-3 ɻɻʮ) ʣʠʥʝʡʥʳʝ ʨʘʟʤʝʨʳ 

ʜʘʪʯʠʢʦʚ ʥʘ ʦʩʥʦʚʝ ʧʝʨʠʦʜʠʯʝʩʢʠʭ ʧʣʘʥʘʨʥʳʭ ʩʪʨʫʢʪʫʨ ʤʦʛʫʪ ʩʪʘʥʦʚʠʪʩʷ 

ʥʝʜʦʧʫʩʪʠʤʦ ʙʦʣʴʰʠʤʠ.  

ɼʣʷ ʧʨʝʦʜʦʣʝʥʠʷ ʵʪʦʡ ʧʨʦʙʣʝʤʳ ʚ ʨʘʙʦʪʝ ʧʨʝʜʣʘʛʘʝʪʩʷ 

ʢʦʥʬʠʛʫʨʘʮʠʷ ʥʝʧʣʘʥʘʨʥʦʡ ʧʦʣʦʩʢʦʚʦʡ ʩʪʨʫʢʪʫʨʳ, ʚ ʢʦʪʦʨʦʡ ʫʤʝʥʴʰʝʥʠʝ 

ʧʨʦʜʦʣʴʥʳʭ ʨʘʟʤʝʨʦʚ ʧʨʦʠʩʭʦʜʠʪ ʟʘ ʩʯʝʪ ʚʦʣʥʦʦʙʨʘʟʥʦʡ ʬʦʨʤʳ ʣʠʥʠʠ. 

ɺʥʝʰʥʠʡ ʚʠʜ ʠʩʩʣʝʜʫʝʤʦʡ ʩʪʨʫʢʪʫʨʳ ʧʨʝʜʩʪʘʚʣʝʥ ʥʘ ʨʠʩ. 1.  

 

 
ʈʠʩʫʥʦʢ 1. ɺʥʝʰʥʠʡ ʚʠʜ ʥʝʧʣʘʥʘʨʥʦʡ ʙʨʵʛʛʦʚʩʢʦʡ ʉɺʏ-ʩʪʨʫʢʪʫʨʳ 

 

ʇʨʠʩʫʱʘʷ ʪʘʢʦʡ ʣʠʥʠʠ ʧʝʨʠʦʜʠʯʥʦʩʪʴ ʧʨʠʚʦʜʠʪ ʢ ʬʦʨʤʠʨʦʚʘʥʠʶ 

ʩʣʘʙʦ ʚʳʨʘʞʝʥʥʳʭ ʙʨʵʛʛʦʚʩʢʠʭ ʨʝʟʦʥʘʥʩʦʚ. ʂʦʤʧʴʶʪʝʨʥʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ 

ʩʪʨʫʢʪʫʨʳ ʙʳʣʦ ʨʝʘʣʠʟʦʚʘʥʦ ʥʘ ʙʘʟʝ ʧʨʦʛʨʘʤʤʳ CST Studio Suite. 

ʏʘʩʪʦʪʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʩʪʨʫʢʪʫʨʳ ʧʨʠʚʝʜʝʥʳ ʥʘ ʨʠʩ. 2.  
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ʈʠʩʫʥʦʢ 2. ʏʘʩʪʦʪʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʢʦʵʬʬʠʮʠʝʥʪʘ ʧʝʨʝʜʘʯʠ ʠ ʢʦʵʬʬʠʮʠʝʥʪʘ ʦʪʨʘʞʝʥʠʷ 

ʥʝʧʣʘʥʘʨʥʦʡ ʙʨʵʛʛʦʚʩʢʦʡ ʉɺʏ-ʩʪʨʫʢʪʫʨʳ 

 

ʇʨʠʤʝʥʝʥʠʝ ʧʦʜʦʙʥʦʡ ʩʪʨʫʢʪʫʨʳ ʧʨʠ ʠʟʤʝʨʝʥʠʠ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ 

ʧʘʨʘʤʝʪʨʦʚ ʧʣʦʩʢʦʛʦ ʦʙʲʝʢʪʘ, ʢʦʛʜʘ ʝʛʦ ʧʦʚʝʨʭʥʦʩʪʴ ʢʘʩʘʝʪʩʷ 

ʢʨʠʚʦʣʠʥʝʡʥʳʭ ʫʯʘʩʪʢʦʚ ʣʠʥʠʠ, ʧʨʠʚʦʜʠʪ ʢ ʫʩʠʣʝʥʠʶ ʙʨʵʛʛʦʚʩʢʠʭ 

ʨʝʟʦʥʘʥʩʦʚ, ʬʦʨʤʘ ʢʦʪʦʨʳʭ ʤʦʞʝʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥʘ ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ 

ʠʩʢʦʤʳʭ ʧʘʨʘʤʝʪʨʦʚ (ʨʠʩ.3). 

 

 
 

ʈʠʩʫʥʦʢ 3. ʄʦʜʝʣʴ ʧʨʠʤʝʥʝʥʠʷ ʥʝʧʣʘʥʘʨʥʦʡ ʙʨʵʛʛʦʚʩʢʦʡ ʉɺʏ-ʩʪʨʫʢʪʫʨʳ ʜʣʷ 

ʦʧʨʝʜʝʣʝʥʠʷ ʧʘʨʘʤʝʪʨʦʚ ʜʠʵʣʝʢʪʨʠʢʦʚ ʠ ʝʝ ʯʘʩʪʦʪʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʢʦʵʬʬʠʮʠʝʥʪʘ 

ʦʪʨʘʞʝʥʠʷ ʠ ʢʦʵʬʬʠʮʠʝʥʪʘ ʧʝʨʝʜʘʯʠ 

 

 

ʉʣʦʞʥʦʩʪʴ ʬʦʨʤʳ ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʡ ʩʪʨʫʢʪʫʨʳ, ʦʙʣʘʜʘʶʱʝʡ 

ʢʨʠʚʦʣʠʥʝʡʥʳʝ ʛʨʘʥʠʮʳ, ʧʨʠʚʦʜʠʪ ʢ ʟʥʘʯʠʪʝʣʴʥʳʤ ʚʳʯʠʩʣʠʪʝʣʴʥʳʤ 

ʟʘʪʨʘʪʘʤ ʧʨʠ ʨʘʩʯʝʪʝ ʚ ʧʨʦʛʨʘʤʤʘʭ ʯʠʩʣʝʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ. ɽʱʝ ʦʜʥʠʤ 

ʥʝʜʦʩʪʘʪʢʦʤ ʧʨʠ ʢʦʤʧʴʶʪʝʨʥʦʤ ʤʦʜʝʣʠʨʦʚʘʥʠʠ ʚʩʝʡ ʩʪʨʫʢʪʫʨʳ ʷʚʣʷʝʪʩʷ 

ʩʣʦʞʥʦʩʪʴ ʘʥʘʣʠʟʘ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʚʦʣʥ ʚ ʪʘʢʠʭ ʣʠʥʠʷʭ, ʦʩʦʙʝʥʥʦ 

ʚʳʷʚʣʝʥʠʝ ʧʘʨʘʟʠʪʥʳʭ ʩʚʷʟʝʡ ʤʝʞʜʫ ʨʘʩʧʦʣʦʞʝʥʥʳʤʠ ʨʷʜʦʤ ʦʙʣʘʩʪʷʤʠ. 

ɼʣʷ ʨʝʰʝʥʠʷ ʵʪʦʡ ʟʘʜʘʯʠ ʙʳʣʘ ʧʦʩʪʨʦʝʥʘ ʤʘʪʝʤʘʪʠʯʝʩʢʘʷ ʤʦʜʝʣʴ 

ʧʦʜʦʙʥʦʡ ʩʪʨʫʢʪʫʨʳ ʚ ʩʨʝʜʝ Mathcad. ɿʘ ʦʩʥʦʚʫ ʙʳʣʠ ʚʟʷʪʳ ʨʝʟʫʣʴʪʘʪʳ 

ʚʳʯʠʩʣʝʥʠʡ CST Studio Suite ʜʣʷ ʝʜʠʥʠʯʥʦʡ çʷʯʝʡʢʠè ʤʠʢʨʦʧʦʣʦʩʢʦʚʦʡ 

ʥʝʧʣʘʥʘʨʥʦʡ ʙʨʵʛʛʦʚʩʢʦʡ ʩʪʨʫʢʪʫʨʳ ʩ ʧʦʜʚʦʜʷʱʠʤʠ ʣʠʥʠʷʤʠ. ɺ 

ʧʨʦʛʨʘʤʤʝ Mathcad ʙʳʣʘ ʩʬʦʨʤʠʨʦʚʘʥʘ S-ʤʘʪʨʠʮʘ ʨʘʩʩʝʷʥʠʷ ʜʣʷ 

ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ ʧʫʪʝʤ ʠʩʢʣʶʯʝʥʠʷ ʧʦʜʚʦʜʷʱʠʭ ʣʠʥʠʡ. ɼʣʷ 

ʧʨʦʚʝʜʝʥʠʷ ʚʳʯʠʩʣʝʥʠʡ ʢʘʩʢʘʜʥʦʡ ʩʪʨʫʢʪʫʨʳ ʟʘ ʦʩʥʦʚʫ ʙʳʣ ʚʟʷʪ ʤʝʪʦʜ 

ABCD-ʤʘʪʨʠʮ, ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʙʳʣʠ ʧʨʦʚʝʜʝʥʳ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʠʟ S-

ʤʘʪʨʠʮʳ ʚ ABCD-ʤʘʪʨʠʮʫ, ʘ ʧʦʩʣʝ ʢʘʩʢʘʜʥʦʛʦ ʫʤʥʦʞʝʥʠʷ ʤʘʪʨʠʮ ʦʙʨʘʪʥʦ 

ʠʟ ABCD ʤʘʪʨʠʮʳ ʚ S-ʤʘʪʨʠʮʫ. ʇʦʩʣʝ ʚʩʝʭ ʧʨʝʦʙʨʘʟʦʚʘʥʠʡ ʙʳʣʠ 
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ʧʨʦʚʝʜʝʥʳ ʩʨʘʚʥʝʥʠʷ ʨʘʩʩʯʠʪʘʥʥʦʡ ʩʪʨʫʢʪʫʨʳ ʚ ʩʨʝʜʝ Mathcad ʠ ʤʦʜʝʣʠ 

ʧʝʨʠʦʜʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ ʠʟ CST Studio Suite. ɻʨʘʬʠʢ ʩʨʘʚʥʝʥʠʷ ʧʨʠʚʝʜʝʥ 

ʥʘ ʨʠʩ. 5.  
 

 
ʈʠʩʫʥʦʢ 5. ɻʨʘʬʠʢ ʩʨʘʚʥʝʥʠʷ ʯʘʩʪʦʪʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ 

 

ʈʝʟʫʣʴʪʘʪʳ ʧʦʢʘʟʘʣʠ ʚʳʩʦʢʫʶ ʪʦʯʥʦʩʪʴ ʤʝʪʦʜʘ, ʦʩʥʦʚʘʥʥʦʛʦ ʥʘ 

ʠʩʧʦʣʴʟʦʚʘʥʠʠ ABCD ʤʘʪʨʠʮ, ʚ ʚʳʩʦʢʦʯʘʩʪʦʪʥʦʡ ʦʙʣʘʩʪʠ 

ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʛʦ ʜʠʘʧʘʟʦʥʘ. ʈʘʩʭʦʞʜʝʥʠʝ ʚ ʥʠʞʥʝʡ ʯʘʩʪʠ ʜʠʘʧʘʟʦʥʘ 

ʦʙʲʷʩʥʷʝʪʩʷ ʥʘʣʠʯʠʝʤ ʧʘʨʘʟʠʪʥʳʭ ʩʚʷʟʝʡ ʚ ʣʠʥʠʠ. ʉʣʝʜʦʚʘʪʝʣʴʥʦ, ʧʨʠ 

ʤʘʪʨʠʯʥʦʤ ʨʘʩʯʝʪʝ ʥʝʧʣʘʥʘʨʥʳʭ ʙʨʵʛʛʦʚʩʢʠʭ ʩʪʨʫʢʪʫʨ ʪʨʝʙʫʝʪʩʷ ʚʚʝʜʝʥʠʝ 

ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ ʩʚʝʜʝʥʠʡ ʦʙ ʵʬʬʝʢʪʘʭ ʚʟʘʠʤʥʳʭ ʩʚʷʟʝʡ. 

ʇʨʦʚʝʜʝʤ ʨʘʩʩʤʦʪʨʝʥʠʝ ʦʩʦʙʝʥʥʦʩʪʝʡ ʵʣʝʤʝʥʪʘʨʥʳʭ ʷʯʝʝʢ 

ʠʩʩʣʝʜʫʝʤʳʭ ʩʪʨʫʢʪʫʨ. ʇʨʠ ʢʦʤʧʴʶʪʝʨʥʦʤ ʤʦʜʝʣʠʨʦʚʘʥʠʠ, ʦʧʠʩʘʥʥʳʤ 

ʚʳʰʝ, ʠʩʧʦʣʴʟʦʚʘʣʩʷ Time Domain Setup Solver (ɺʨʝʤʝʥʥʦʡ ʨʝʰʘʪʝʣʴ). 

ʆʩʦʙʝʥʥʦʩʪʴʶ ʜʘʥʥʦʛʦ ʨʝʰʘʪʝʣʷ ʷʚʣʷʝʪʩʷ ʥʝʚʦʟʤʦʞʥʦʩʪʴ ʨʘʩʧʦʣʦʞʝʥʠʷ 

ʠʟʣʫʯʘʶʱʠʭ ʧʦʨʪʦʚ ʥʝ ʦʨʪʦʛʦʥʘʣʴʥʦ ʧʦ ʦʪʥʦʰʝʥʠʶ ʢ ʦʩʷʤ. ɼʣʷ ʨʝʰʝʥʠʷ 

ʜʘʥʥʦʛʦ ʚʦʧʨʦʩʘ ʙʳʣʦ ʨʝʰʝʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʯʘʩʪʦʪʥʳʡ ʨʝʰʘʪʝʣʴ 

(Frequency Domaine Setup Solver). ɼʣʷ ʙʦʣʝʝ ʛʣʫʙʦʢʦʛʦ ʧʦʥʠʤʘʥʠʷ 

ʧʨʦʭʦʜʷʱʠʭ ʧʨʦʮʝʩʩʦʚ ʚ ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʡ ʩʪʨʫʢʪʫʨʝ, ʙʳʣʠ 

ʧʨʦʘʥʘʣʠʟʠʨʦʚʘʥʳ ʪʘʢʞʝ ʢʦʤʧʣʘʥʘʨʥʘʷ ʣʠʥʠʷ ʙʝʟ ʟʝʤʣʷʥʦʛʦ ʧʨʦʚʦʜʥʠʢʘ ʠ 

ʢʦʤʧʣʘʥʘʨʥʘʷ ʣʠʥʠʷ ʩ ʟʝʤʣʷʥʳʤ ʧʨʦʚʦʜʥʠʢʦʤ. ʂʦʵʬʬʠʮʠʝʥʪ ʦʪʨʘʞʝʥʠʷ ʠ 

ʧʝʨʝʜʘʯʠ ʜʣʷ ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ ʥʝʧʣʘʥʘʨʥʦʡ ʧʝʨʠʦʜʠʯʝʩʢʦʡ 

ʩʪʨʫʢʪʫʨʳ, ʘ ʪʘʢʞʝ ʤʦʜʝʣʠ ʨʘʩʩʤʘʪʨʠʚʘʝʤʳʭ ʣʠʥʠʡ ʧʝʨʝʜʘʯ ʧʨʠʚʝʜʝʥʳ ʥʘ 

ʨʠʩ. 6.  

 
ʂʦʤʧʴʶʪʝʨʥʘʷ ʤʦʜʝʣʴ 

ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ 
ʂʦʵʬʬʠʮʠʝʥʪ ʦʪʨʘʞʝʥʠʷ ʠ ʧʝʨʝʜʘʯʠ 

ʘ)   
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ʙ)   

ʚ)   

ʈʠʩʫʥʦʢ 6. ʉʨʘʚʥʝʥʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʨʘʟʥʳʭ ʤʦʜʝʣʝʡ ʵʣʝʤʝʥʪʘʨʥʳʭ ʷʯʝʝʢ 

ʥʝʧʣʘʥʘʨʥʦʡ ʩʪʨʫʢʪʫʨʳ: ʘ ï ʵʣʝʤʝʥʪʘʨʥʘʷ ʷʯʝʡʢʘ ʥʘ ʦʩʥʦʚʝ ʤʠʢʨʦʧʦʣʦʩʢʦʚʦʡ ʣʠʥʠʠ;  

ʙ ï ʢʦʤʧʣʘʥʘʨʥʘʷ ʣʠʥʠʷ ʙʝʟ ʟʝʤʣʷʥʦʛʦ ʧʨʦʚʦʜʥʠʢʘ; ʚ ï ʢʦʤʧʣʘʥʘʨʥʘʷ ʣʠʥʠʷ ʩ 

ʟʝʤʣʷʥʳʤ ʧʨʦʚʦʜʥʠʢʦʤ 

 

ʀʟ ʧʦʣʫʯʝʥʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ, ʧʨʝʜʩʪʘʚʣʝʥʥʳʭ ʥʘ ʨʠʩ. 6 ʤʦʞʥʦ 

ʫʪʚʝʨʞʜʘʪʴ, ʯʪʦ ʵʣʝʤʝʥʪʘʨʥʘʷ ʷʯʝʡʢʘ ʥʘ ʦʩʥʦʚʝ ʢʦʤʧʣʘʥʘʨʥʦʡ ʣʠʥʠʠ ʩ 

ʟʝʤʣʷʥʳʤ ʧʨʦʚʦʜʥʠʢʦʤ ʧʦʢʘʟʳʚʘʝʪ ʤʠʥʠʤʘʣʴʥʦʝ ʦʪʨʘʞʝʥʠʝ. 

ʂʦʵʬʬʠʮʠʝʥʪ ʦʪʨʘʞʝʥʠʷ ʥʝ ʧʨʝʚʳʰʘʝʪ ʤʠʥʫʩ 30 ʜɹ. ʄʠʥʠʤʘʣʴʥʦʝ 

ʦʪʨʘʞʝʥʠʝ ʦʪ ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ ʷʚʣʷʝʪʩʷ ʦʜʥʠʤ ʠʟ ʪʨʝʙʦʚʘʥʠʡ ʜʣʷ 

ʫʤʝʥʴʰʝʥʠʷ ʚʣʠʷʥʠʷ ʧʘʨʘʤʝʪʨʦʚ ʩʪʨʫʢʪʫʨʳ ʥʘ ʬʦʨʤʠʨʦʚʘʥʠʝ 

ʙʨʵʛʛʦʚʩʢʦʛʦ ʨʝʟʦʥʘʥʩʘ ʧʨʠ ʢʘʩʘʥʠʠ ʠʩʩʣʝʜʫʝʤʦʛʦ ʧʣʦʩʢʦʛʦ ʜʠʵʣʝʢʪʨʠʢʘ ʩ 

ʥʝʧʣʘʥʘʨʥʦʡ ʉɺʏ-ʩʪʨʫʢʪʫʨʦʡ. 
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ɹʨʵʛʛʦʚʩʢʠʝ ʉɺʏ ʩʪʨʫʢʪʫʨʳ ʚ ʢʦʘʢʩʠʘʣʴʥʦʡ ʣʠʥʠʠ ʥʘʰʣʠ ʧʨʠʤʝʥʝʥʠʝ ʚ 

ʢʘʯʝʩʪʚʝ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʴʥʳʭ ʵʣʝʤʝʥʪʦʚ ʫʩʪʨʦʡʩʪʚ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʢʦʥʪʨʦʣʷ. ɺ 

ʜʦʢʣʘʜʝ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʤʦʜʠʬʠʢʘʮʠʷ ʢʦʥʩʪʨʫʢʮʠʠ ʙʨʵʛʛʦʚʩʢʦʡ ʩʪʨʫʢʪʫʨʳ, 

ʟʘʢʣʶʯʘʶʱʘʷʩʷ ʚ ʟʘʤʝʥʝ ʩʧʣʦʰʥʦʛʦ ʚʥʝʰʥʝʛʦ ʧʨʦʚʦʜʥʠʢʘ ʩʦʚʦʢʫʧʥʦʩʪʴʶ ʧʨʦʜʦʣʴʥʳʭ 

ʩʪʝʨʞʥʝʡ. ʇʦ ʨʝʟʫʣʴʪʘʪʘʤ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʙʨʵʛʛʦʚʩʢʠʭ ʉɺʏ ʩʪʨʫʢʪʫʨ ʬʦʨʤʠʨʫʶʪʩʷ 

ʨʝʢʦʤʝʥʜʘʮʠʠ ʢ ʧʦʩʪʨʦʝʥʠʶ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʴʥʳʭ ʵʣʝʤʝʥʪʦʚ ʥʘ ʠʭ ʦʩʥʦʚʝ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʙʨʵʛʛʦʚʩʢʠʝ ʉɺʏ ʩʪʨʫʢʪʫʨʳ, ʢʦʘʢʩʠʘʣʴʥʘʷ ʣʠʥʠʷ, ʉɺʏ 

ʜʘʪʯʠʢʠ, ʜʠʵʣʝʢʪʨʠʯʝʩʢʘʷ ʧʨʦʥʠʮʘʝʤʦʩʪʴ, ʤʝʪʦʜ ʤʦʤʝʥʪʦʚ. 
 

ɺ ʟʘʜʘʯʘʭ ʠʟʤʝʨʝʥʠʷ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ ʤʘʪʝʨʠʘʣʦʚ ʠ 

ʚʝʱʝʩʪʚ ʥʘʭʦʜʷʪ ʰʠʨʦʢʦʝ ʧʨʠʤʝʥʝʥʠʝ ʧʝʨʠʦʜʠʯʝʩʢʠʝ ʉɺʏ ʩʪʨʫʢʪʫʨʳ ʚ 

ʢʦʘʢʩʠʘʣʴʥʳʭ ʣʠʥʠʷʭ ʧʨʠ ʘʥʘʣʠʟʝ ʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʚ ʜʠʘʧʘʟʦʥʝ ʯʘʩʪʦʪ 

ʙʨʵʛʛʦʚʩʢʦʛʦ ʨʘʩʩʝʷʥʠʷ [1,2]. ʀʟʤʝʨʠʪʝʣʴʥʳʡ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʴ ʚ ʚʠʜʝ 

ʙʨʵʛʛʦʚʩʢʦʡ ʉɺʏ ʩʪʨʫʢʪʫʨʳ ʧʨʝʜʧʦʣʘʛʘʝʪ ʢʦʩʚʝʥʥʦʝ ʦʧʨʝʜʝʣʝʥʠʝ 

ʧʘʨʘʤʝʪʨʦʚ ʤʘʪʝʨʠʘʣʦʚ ʧʦ ʠʟʤʝʨʝʥʥʦʤʫ ʧʝʨʚʠʯʥʦʤʫ ʠʥʬʦʨʤʘʮʠʦʥʥʦʤʫ 

ʩʠʛʥʘʣʫ, ʚ ʢʘʯʝʩʪʚʝ ʢʦʪʦʨʦʛʦ ʤʦʛʫʪ ʚʳʩʪʫʧʘʪʴ ʤʦʜʫʣʴ ʠʣʠ ʬʘʟʘ 

ʢʦʵʬʬʠʮʠʝʥʪʘ ʦʪʨʘʞʝʥʠʷ ʠʣʠ ʧʝʨʝʜʘʯʠ ʩʪʨʫʢʪʫʨʳ. ɼʦʩʪʠʞʝʥʠʝ ʪʨʝʙʫʝʤʦʡ 

ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʠ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʧʨʠʚʦʜʠʪ ʢ ʥʝʦʙʭʦʜʠʤʦʩʪʠ ʟʘʧʦʣʥʝʥʠʷ 

ʣʠʥʠʠ ʠʣʠ ʝʸ ʯʘʩʪʠ ʠʩʩʣʝʜʫʝʤʦʡ ʩʨʝʜʦʡ. ɼʣʷ ʚʚʝʜʝʥʠʷ ʠʩʩʣʝʜʫʝʤʦʛʦ 

ʚʝʱʝʩʪʚʘ ʚ ʯʫʚʩʪʚʠʪʝʣʴʥʫʶ ʦʙʣʘʩʪʴ ʜʘʪʯʠʢʘ ʧʨʝʜʣʘʛʘʝʪʩʷ ʠʩʧʦʣʴʟʦʚʘʥʠʝ 

ʦʪʚʝʨʩʪʠʡ ʚʦ ʚʥʝʰʥʝʤ ʧʨʦʚʦʜʥʠʢʝ. ʅʘ ʚʳʙʦʨ ʬʦʨʤʳ ʠ ʨʘʟʤʝʨʦʚ ʦʪʚʝʨʩʪʠʡ 

ʚʣʠʷʝʪ ʚʝʣʠʯʠʥʘ ʚʦʟʤʫʱʝʥʠʷ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʚ ʣʠʥʠʠ, ʫʨʦʚʝʥʴ 

ʧʘʨʘʟʠʪʥʦʛʦ ʠʟʣʫʯʝʥʠʷ, ʦʙʝʩʧʝʯʝʥʠʝ ʙʝʩʧʨʝʧʷʪʩʪʚʝʥʥʦʛʦ ʟʘʧʦʣʥʝʥʠʷ ʠ 

ʚʳʩʚʦʙʦʞʜʝʥʠʷ ʠʩʩʣʝʜʫʝʤʦʛʦ ʚʝʱʝʩʪʚʘ. ɸʣʴʪʝʨʥʘʪʠʚʦʡ ʤʘʣʳʤ ʦʪʚʝʨʩʪʠʷʤ 

ʚʦ ʚʥʝʰʥʝʤ ʧʨʦʚʦʜʥʠʢʝ ʷʚʣʷʝʪʩʷ ʧʦʣʫʦʪʢʨʳʪʘʷ ʢʦʘʢʩʠʘʣʴʥʘʷ ʣʠʥʠʷ, 

ʩʦʩʪʦʷʱʘʷ ʠʟ ʚʥʝʰʥʝʛʦ ʧʨʦʚʦʜʥʠʢʘ ʚ ʚʠʜʝ ʧʨʦʜʦʣʴʥʦ ʨʘʩʧʦʣʦʞʝʥʥʳʭ 

ʧʨʦʚʦʜʷʱʠʭ ʩʪʝʨʞʥʝʡ. ɺ ʪʘʢʦʡ ʣʠʥʠʠ ʪʘʢʞʝ, ʢʘʢ ʠ ʚ ʢʦʘʢʩʠʘʣʴʥʦʡ, ʙʫʜʝʪ 

ʩʫʱʝʩʪʚʦʚʘʪʴ ʦʩʥʦʚʥʦʡ ʪʠʧ ʚʦʣʥʳ ʚ ʚʠʜʝ ʧʣʦʩʢʦʡ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʡ 

ʚʦʣʥʳ (ʊɽʄ-ʚʦʣʥʳ). ʇʨʠ ʦʪʥʦʩʠʪʝʣʴʥʦ ʙʦʣʴʰʦʤ ʢʦʣʠʯʝʩʪʚʝ ʩʪʝʨʞʥʝʡ 

ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʝ ʧʦʣʝ ʥʝ ʟʥʘʯʠʪʝʣʴʥʦ ʦʪʣʠʯʘʝʪʩʷ ʦʪ ʧʦʣʷ ʚ ʟʘʢʨʳʪʦʡ 

ʢʦʘʢʩʠʘʣʴʥʦʡ ʣʠʥʠʠ, ʧʦʵʪʦʤʫ ʧʨʠʯʠʩʣʝʥʠʝ ʪʘʢʠʭ ʚʦʣʥʦʚʦʜʥʳʭ ʩʠʩʪʝʤ ʢ 

ʢʦʘʢʩʠʘʣʴʥʳʤ ʦʧʨʘʚʜʘʥʦ. ʆʩʥʦʚʥʦʡ ʪʨʫʜʥʦʩʪʴʶ ʧʨʠ ʧʨʦʝʢʪʠʨʦʚʘʥʠʠ 

ʙʨʵʛʛʦʚʩʢʠʭ ʉɺʏ ʩʪʨʫʢʪʫʨ ʩ ʚʥʝʰʥʠʤ ʧʨʦʚʦʜʥʠʢʦʤ ʚ ʚʠʜʝ ʩʪʝʨʞʥʝʡ 

ʷʚʣʷʝʪʩʷ ʥʝʦʙʭʦʜʠʤʦʩʪʴ ʨʘʩʯʝʪʘ ʚʦʣʥʦʚʦʛʦ ʩʦʧʨʦʪʠʚʣʝʥʠʷ ʚʦʟʤʫʱʝʥʥʦʡ 

ʢʦʘʢʩʠʘʣʴʥʦʡ ʣʠʥʠʠ. ɺʦʣʥʦʚʦʝ ʩʦʧʨʦʪʠʚʣʝʥʠʝ ʟʘʢʨʳʪʦʡ ʢʦʘʢʩʠʘʣʴʥʦʡ 

ʣʠʥʠʠ ʦʧʨʝʜʝʣʷʝʪʩʷ ʠʟʚʝʩʪʥʳʤ ʚʳʨʘʞʝʥʠʝʤ: 

mailto:aydar.nasybullin@mail.ru
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ὤ ÌÎ ȟ    (1) 

ʛʜʝ Õ0 ï ʤʘʛʥʠʪʥʘʷ ʧʦʩʪʦʷʥʥʘʷ, Ů0 ï ʵʣʝʢʪʨʠʯʝʩʢʘʷ ʧʦʩʪʦʷʥʥʘʷ, Ůr ï 

ʜʠʵʣʝʢʪʨʠʯʝʩʢʘʷ ʧʨʦʥʠʮʘʝʤʦʩʪʴ ʥʝ ʤʘʛʥʠʪʥʦʛʦ ʜʠʵʣʝʢʪʨʠʢʘ ʢʦʘʢʩʠʘʣʴʥʦʡ 

ʣʠʥʠʠ, b ï ʚʥʫʪʨʝʥʥʠʡ ʨʘʜʠʫʩ ʚʥʝʰʥʝʛʦ ʧʨʦʚʦʜʥʠʢʘ, a ï ʨʘʜʠʫʩ 

ʮʝʥʪʨʘʣʴʥʦʛʦ ʧʨʦʚʦʜʥʠʢʘ. ɽʩʣʠ ʜʠʵʣʝʢʪʨʠʢ ʚ ʣʠʥʠʠ ʠʤʝʝʪ ʧʦʪʝʨʠ, ʪʦ Ůr 

ʩʪʘʥʦʚʠʪʩʷ ʢʦʤʧʣʝʢʩʥʦʡ ʚʝʣʠʯʠʥʦʡ. ʅʘ ʨʠʩ. 1ʘ ʧʦʢʘʟʘʥʦ ʧʦʧʝʨʝʯʥʦʝ 

ʩʝʯʝʥʠʝ ʟʘʢʨʳʪʦʡ ʢʦʘʢʩʠʘʣʴʥʦʡ ʣʠʥʠʠ ʩ ʦʙʦʟʥʘʯʝʥʠʝʤ ʚʩʝʭ ʚʥʫʪʨʝʥʥʠʭ 

ʧʘʨʘʤʝʪʨʦʚ. 

 
ʈʠʩʫʥʦʢ 1. ʇʦʧʝʨʝʯʥʦʝ ʩʝʯʝʥʠʝ ʢʦʘʢʩʠʘʣʴʥʳʭ ʣʠʥʠʡ: ʘ) ï ʟʘʢʨʳʪʘʷ ʢʦʘʢʩʠʘʣʴʥʘʷ 

ʣʠʥʠʷ, ʙ) ï ʧʦʣʫʦʪʢʨʳʪʘʷ ʢʦʘʢʩʠʘʣʴʥʘʷ ʣʠʥʠʷ ʩ ʚʥʝʰʥʠʤ ʧʨʦʚʦʜʥʠʢʦʤ ʚ ʚʠʜʝ 

ʩʪʝʨʞʥʝʡ 

 

ʈʘʩʩʤʦʪʨʠʤ ʢʦʥʬʠʛʫʨʘʮʠʶ ʧʦʧʝʨʝʯʥʦʛʦ ʩʝʯʝʥʠʷ ʢʦʘʢʩʠʘʣʴʥʦʡ 

ʣʠʥʠʠ ʩʦ ʩʪʝʨʞʥʷʤʠ (ʨʠʩ. 1ʙ), ʚ ʢʦʪʦʨʦʡ ʚʩʝ ʩʪʝʨʞʥʠ ʠʜʝʥʪʠʯʥʳ. 

ɽʩʪʝʩʪʚʝʥʥʦ ʧʨʝʜʧʦʣʦʞʠʪʴ, ʯʪʦ ʚʦʣʥʦʚʦʝ ʩʦʧʨʦʪʠʚʣʝʥʠʝ ʪʘʢʦʡ ʣʠʥʠʠ 

ʙʫʜʝʪ ʟʘʚʠʩʝʪʴ ʦʪ ʨʘʜʠʫʩʘ ʮʝʥʪʨʘʣʴʥʦʛʦ ʧʨʦʚʦʜʥʠʢʘ a, ʨʘʩʩʪʦʷʥʠʷ ʦʪ 

ʮʝʥʪʨʘ ʣʠʥʠʠ ʜʦ ʢʨʘʷ ʩʪʝʨʞʥʝʡ b, ʨʘʜʠʫʩʘ ʩʪʝʨʞʥʷ d, ʢʦʣʠʯʝʩʪʚʘ ʩʪʝʨʞʥʝʡ 

N ʠ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʚʥʫʪʨʝʥʥʝʛʦ ʜʠʵʣʝʢʪʨʠʢʘ Ůr, ʛʨʘʥʠʮʳ 

ʢʦʪʦʨʦʛʦ ʧʨʦʩʪʠʨʘʶʪʩʷ ʜʦ ʙʝʩʢʦʥʝʯʥʦʩʪʠ. ɺʳʚʝʩʪʠ ʪʦʯʥʫʶ ʬʦʨʤʫʣʫ ʜʣʷ 

ʨʘʩʯʝʪʘ ʚʦʣʥʦʚʦʛʦ ʩʦʧʨʦʪʠʚʣʝʥʠʷ, ʟʘʚʠʩʷʱʝʛʦ ʦʪ ʵʪʠʭ ʧʘʨʘʤʝʪʨʦʚ, ʥʘ 

ʧʦʜʦʙʠʠ ʚʳʨʘʞʝʥʠʷ (1) ʢʨʘʡʥʝ ʪʨʫʜʥʦ. ʇʦʵʪʦʤʫ ʦʙʳʯʥʦ ʥʘʭʦʜʷʪ 

ʧʨʠʙʣʠʞʝʥʥʦʝ ʚʳʨʘʞʝʥʠʝ ʜʣʷ ʚʦʣʥʦʚʦʛʦ ʩʦʧʨʦʪʠʚʣʝʥʠʷ ʥʘ ʦʩʥʦʚʝ 

ʯʠʩʣʝʥʥʳʭ ʠʣʠ ʯʠʩʣʝʥʥʦ-ʘʥʘʣʠʪʠʯʝʩʢʠʭ ʨʘʩʯʝʪʦʚ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʳʭ 

ʧʘʨʘʤʝʪʨʦʚ ʪʘʢʠʭ ʣʠʥʠʡ.  

ɺ ʨʘʙʦʪʝ [3] ʧʨʝʜʣʘʛʘʝʪʩʷ ʯʠʩʣʝʥʥʳʡ ʨʘʩʯʝʪ ʧʦʣʫʦʪʢʨʳʪʦʡ 

ʢʦʘʢʩʠʘʣʴʥʦʡ ʣʠʥʠʠ  ʩʦ ʩʪʝʨʞʥʷʤʠ ʤʝʪʦʜʦʤ ʤʦʤʝʥʪʦʚ. ɺ [3] ʧʦʢʘʟʘʥʦ, ʯʪʦ 

ʧʨʠ ʨʘʚʝʥʩʪʚʝ ʨʘʜʠʫʩʘ b ʚʥʝʰʥʝʛʦ ʧʨʦʚʦʜʥʠʢʘ ʟʘʢʨʳʪʦʛʦ ʢʦʘʢʩʠʘʣʘ 

ʨʘʩʩʪʦʷʥʠʶ b ʦʪ ʮʝʥʪʨʘ ʜʦ ʢʨʘʷ ʩʪʝʨʞʥʷ  ʜʣʷ ʢʦʘʢʩʠʘʣʘ ʩʦ ʩʪʝʨʞʥʷʤʠ, ʪʦ 

ʚʦʣʥʦʚʦʝ ʩʦʧʨʦʪʠʚʣʝʥʠʝ ʧʦʩʣʝʜʥʝʛʦ ʙʫʜʝʪ ʚʩʝʛʜʘ ʙʦʣʴʰʝ ʚʦʣʥʦʚʦʛʦ 

ʩʦʧʨʦʪʠʚʣʝʥʠʷ ʟʘʢʨʳʪʦʛʦ ʢʦʘʢʩʠʘʣʘ. ʕʪʦ ʟʥʘʯʠʪ, ʯʪʦ ʣʠʥʠʷ ʩʦ ʩʪʝʨʞʥʷʤʠ 

ʵʢʚʠʚʘʣʝʥʪʥʘ ʟʘʢʨʳʪʦʡ ʢʦʘʢʩʠʘʣʴʥʦʡ ʣʠʥʠʠ ʩ ʨʘʜʠʫʩʦʤ bʵʢʚ ʥʝʩʢʦʣʴʢʦ 

ʙʦʣʴʰʠʤ, ʯʝʤ b ʫ ʣʠʥʠʠ ʩʦ ʩʪʝʨʞʥʷʤʠ.  

ʈʘʜʠʫʩ ʵʢʚʠʚʘʣʝʥʪʥʦʡ ʟʘʢʨʳʪʦʡ ʢʦʘʢʩʠʘʣʴʥʦʡ ʣʠʥʠʠ ʟʘʚʠʩʠʪ ʦʪ 

ʢʦʣʠʯʝʩʪʚʘ ʩʪʝʨʞʥʝʡ N, ʘ ʠʤʝʥʥʦ ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ N ʨʘʜʠʫʩ bʵʢʚ 

ʵʢʚʠʚʘʣʝʥʪʥʦʡ ʣʠʥʠʠ ʧʨʠʙʣʠʞʘʝʪʩʷ ʢ b ʣʠʥʠʠ ʩʦ ʩʪʝʨʞʥʷʤʠ. ʊʘʢʞʝ ʤʦʞʥʦ 

ʥʘʙʣʶʜʘʪʴ, ʯʪʦ ʩʫʱʝʩʪʚʫʝʪ ʟʘʚʠʩʠʤʦʩʪʴ bʵʢʚ ʦʪ b. ʇʨʠ ʥʝʠʟʤʝʥʥʦʤ N ʧʨʠ 
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ʫʚʝʣʠʯʝʥʠʠ b ʚʠʜʥʦ, ʯʪʦ bʵʢʚ ʧʦʩʪʝʧʝʥʥʦ ʫʚʝʣʠʯʠʚʘʝʪʩʷ, ʵʪʦ ʥʘʙʣʶʜʘʝʪʩʷ 

ʢʘʢ ʦʪʢʣʦʥʝʥʠʝ ʬʦʨʤʳ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʭʘʨʘʢʪʝʨʥʦʡ ʜʣʷ ʟʘʢʨʳʪʦʡ ʣʠʥʠʠ 

ʧʨʠ ʙʦʣʴʰʠʭ b. ʇʨʠ ʵʪʦʤ ʜʣʷ ʤʘʣʦʛʦ b ʬʦʨʤʳ ʟʘʚʠʩʠʤʦʩʪʝʡ ʧʦʯʪʠ 

ʩʦʚʧʘʜʘʶʪ. 

ʊʘʢ ʢʘʢ ʭʘʨʘʢʪʝʨ ʟʘʚʠʩʠʤʦʩʪʠ ʚʦʣʥʦʚʦʛʦ ʩʦʧʨʦʪʠʚʣʝʥʠʷ 

ʧʦʣʫʦʪʢʨʳʪʦʡ ʢʦʘʢʩʠʘʣʴʥʦʡ ʣʠʥʠʠ ʦʪ ʦʪʥʦʰʝʥʠʷ b/a ʠʤʝʝʪ ʩʭʦʞʝʩʪʴ ʩ 

ʘʥʘʣʦʛʠʯʥʦʡ ʟʘʚʠʩʠʤʦʩʪʴʶ ʜʣʷ ʟʘʢʨʳʪʦʡ ʣʠʥʠʠ, ʪʦ ʧʨʠʙʣʠʞʝʥʥʫʶ 

ʬʦʨʤʫʣʫ ʜʣʷ ʚʦʣʥʦʚʦʛʦ ʩʦʧʨʦʪʠʚʣʝʥʠʷ Zopen ʤʦʞʥʦ ʟʘʜʘʪʴ ʚ ʚʠʜʝ ʩʫʤʤʳ 

ʚʳʨʘʞʝʥʠʷ (1) ʩ ʜʦʧʦʣʥʠʪʝʣʴʥʳʤ ʩʣʘʛʘʝʤʳʤ, ʚʳʨʘʞʘʶʱʠʤ ʟʘʚʠʩʠʤʦʩʪʴ 

ʦʪ ʧʘʨʘʤʝʪʨʦʚ ʣʠʥʠʠ ʠ ʧʨʝʜʩʪʘʚʣʷʶʱʠʤ ʩʦʙʦʡ, ʧʨʝʜʩʪʘʚʣʝʥʥʳʤ, 

ʥʘʧʨʠʤʝʨ, ʚ ʚʠʜʝ ʧʦʣʠʥʦʤʘ: 

ὤ ÌÎ ὃ ὃ ὃὔ ὃὔ ὃ ὃ

ὃὔ ȟ (2) 

ʛʜʝ ɸ0, ɸ1, ɸ2, ɸ3, ɸ4, ɸ5, ɸ6 ï ʧʦʩʪʦʷʥʥʳʝ ʢʦʵʬʬʠʮʠʝʥʪʳ, ʦʧʨʝʜʝʣʷʝʤʳʝ ʧʦ 

ʨʝʟʫʣʴʪʘʪʘʤ ʚʳʯʠʩʣʠʪʝʣʴʥʦʛʦ ʵʢʩʧʝʨʠʤʝʥʪʘ. 

ʆʙʣʘʜʘʷ ʟʥʘʯʝʥʠʝʤ ʚʦʣʥʦʚʦʛʦ ʩʦʧʨʦʪʠʚʣʝʥʠʷ ʜʣʷ ʧʦʣʫʦʪʢʨʳʪʦʡ 

ʢʦʘʢʩʠʘʣʴʥʦʡ ʣʠʥʠʠ, ʤʦʞʥʦ ʧʨʦʠʟʚʦʜʠʪʴ ʨʘʩʯʝʪʳ ʙʨʵʛʛʦʚʩʢʠʭ ʉɺʏ-

ʩʪʨʫʢʪʫʨ, ʨʝʘʣʠʟʦʚʘʥʥʳʭ ʥʘ ʠʭ ʦʩʥʦʚʝ. ɼʣʷ ʵʪʦʛʦ ʫʜʦʙʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ 

ʤʦʜʝʣʠ, ʧʨʝʜʩʪʘʚʣʷʶʱʠʝ ʩʦʙʦʡ ʢʘʩʢʘʜʥʦʝ ʩʦʝʜʠʥʝʥʠʝ ʦʪʨʝʟʢʦʚ ʣʠʥʠʡ 

ʧʝʨʝʜʘʯʠ ʩ ʨʘʟʣʠʯʥʳʤ ʚʦʣʥʦʚʳʤ ʩʦʧʨʦʪʠʚʣʝʥʠʝʤ. ʆʙʳʯʥʦ ʩ ʧʦʤʦʱʴʶ 

ʧʝʨʝʯʠʩʣʝʥʥʳʭ ʤʝʪʦʜʦʚ ʦʧʠʩʳʚʘʶʪ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʝ ʦʩʥʦʚʥʦʡ ʚʦʣʥʳ ʚ 

ʚʦʣʥʦʚʦʜʥʦʡ ʣʠʥʠʠ, ʥʝ ʫʯʠʪʳʚʘʷ ʧʨʠ ʵʪʦʤ ʚʳʩʰʠʭ ʨʘʩʧʨʦʩʪʨʘʥʷʶʱʠʭʩʷ 

ʪʠʧʦʚ ʚʦʣʥ. ʅʘʟʦʚʝʤ ʪʘʢʠʝ ʤʦʜʝʣʠ ʦʜʥʦʚʦʣʥʦʚʳʤʠ. ʈʘʩʯʝʪ ʭʘʨʘʢʪʝʨʠʩʪʠʢ 

ʙʨʵʛʛʦʚʩʢʦʡ ʩʪʨʫʢʪʫʨʳ ʙʳʣ ʧʨʦʚʝʜʝʥ ʨʝʢʫʨʨʝʥʪʥʳʤ ʤʝʪʦʜʦʤ (ʤʝʪʦʜʦʤ 

ʪʨʘʥʩʬʦʨʤʘʮʠʠ ʠʤʧʝʜʘʥʩʘ). ʆʪʤʝʪʠʤ, ʯʪʦ ʚ ʥʝʤ ʚʦʟʤʦʞʥʦ ʫʯʠʪʳʚʘʪʴ 

ʦʪʨʝʟʢʠ ʣʠʥʠʡ ʧʝʨʝʜʘʯʠ, ʟʘʧʦʣʥʝʥʥʳʝ ʜʠʵʣʝʢʪʨʠʢʦʤ ʩ ʧʦʪʝʨʷʤʠ, 

ʧʦʩʨʝʜʩʪʚʦʤ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʢʦʤʧʣʝʢʩʥʦʛʦ ʚʦʣʥʦʚʦʛʦ ʩʦʧʨʦʪʠʚʣʝʥʠʷ. ɺ 

ʩʣʫʯʘʝ ʢʦʘʢʩʠʘʣʴʥʦʡ ʣʠʥʠʠ ʩ ʚʥʝʰʥʠʤ ʧʨʦʚʦʜʥʠʢʦʤ ʚ ʚʠʜʝ ʨʷʜʘ ʩʪʝʨʞʥʝʡ 

ʦʥʦ ʙʫʜʝʪ ʟʘʜʘʚʘʪʴʩʷ ʬʦʨʤʫʣʦʡ (2), ʚ ʢʦʪʦʨʦʡ Ůr ʙʫʜʝʪ ʦʧʨʝʜʝʣʷʪʴʩʷ 

ʜʠʵʣʝʢʪʨʠʢʦʤ ʚ ʩʝʢʮʠʠ ʙʨʵʛʛʦʚʩʢʦʡ ʩʪʨʫʢʪʫʨʳ. 

ɹʨʵʛʛʦʚʩʢʘʷ ʩʪʨʫʢʪʫʨʘ ʤʦʞʝʪ ʧʨʝʜʩʪʘʚʣʷʪʴ ʩʦʙʦʡ ʣʠʥʠʶ ʩ 

ʧʝʨʠʦʜʠʯʝʩʢʠʤ ʩʢʘʯʢʦʦʙʨʘʟʥʳʤ ʠʟʤʝʥʝʥʠʝʤ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ 

ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʟʘʧʦʣʥʝʥʠʷ. ɺ ʢʘʯʝʩʪʚʝ ʧʦʚʪʦʨʷʶʱʝʡʩʷ ʷʯʝʡʢʠ 

ʙʨʵʛʛʦʚʩʢʦʡ ʩʪʨʫʢʪʫʨʳ ʚʳʙʝʨʝʤ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦ ʩʦʝʜʠʥʝʥʥʳʝ ʩʝʢʮʠʠ, 

ʟʘʧʦʣʥʝʥʥʳʝ ʜʠʵʣʝʢʪʨʠʢʦʤ ʠ ʚʦʟʜʫʭʦʤ, ʛʜʝ ʚ ʢʘʯʝʩʪʚʝ ʜʠʵʣʝʢʪʨʠʢʘ ʙʫʜʝʪ 

ʚʳʩʪʫʧʘʪʴ ʬʪʦʨʦʧʣʘʩʪ. ɺ ʜʘʥʥʦʤ ʩʣʫʯʘʝ ʜʣʠʥʘ ʷʯʝʡʢʠ ʙʫʜʝʪ ʷʚʣʷʪʴʩʷ 

ʧʝʨʠʦʜʦʤ ʙʨʵʛʛʦʚʩʢʦʡ ʩʪʨʫʢʪʫʨʳ. ɸʥʘʣʠʟʠʨʫʷ ʠʟʤʝʥʝʥʠʝ ʯʘʩʪʦʪʥʳʭ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʩʪʨʫʢʪʫʨʳ ʦʧʨʝʜʝʣʷʶʪʩʷ ʠʩʢʦʤʳʝ ʧʘʨʘʤʝʪʨʳ. ɺʥʝʰʥʠʡ ʚʠʜ 

ʩʪʨʫʢʪʫʨʳ ʧʦʢʘʟʘʥ ʥʘ ʨʠʩ. 2. 
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ʈʠʩʫʥʦʢ 2. ɺʥʝʰʥʠʡ ʚʠʜ ʚ ʨʘʟʨʝʟʝ ʙʨʵʛʛʦʚʩʢʦʡ ʢʦʘʢʩʠʘʣʴʥʦʡ ʩʪʨʫʢʪʫʨʳ  

ʩ ʢʫʩʦʯʥʦ-ʦʜʥʦʨʦʜʥʦ ʟʘʧʦʣʥʝʥʠʝʤ 

 

ʇʨʦʚʝʜʝʤ ʩʨʘʚʥʝʥʠʝ ʨʝʟʫʣʴʪʘʪʦʚ ʦʜʥʦʚʦʣʥʦʚʦʛʦ ʨʘʩʯʝʪʘ 

ʢʦʵʬʬʠʮʠʝʥʪʘ ʦʪʨʘʞʝʥʠʷ ʙʨʵʛʛʦʚʩʢʦʡ ʩʪʨʫʢʪʫʨʳ ʨʝʢʫʨʨʝʥʪʥʳʤ ʤʝʪʦʜʦʤ ʠ 

ʧʦʣʥʦʚʦʣʥʦʚʦʛʦ ʨʘʩʯʝʪʘ ʚ CST STUDIO SUITE. ʅʘ ʨʠʩ. 3 ʧʦʢʘʟʘʥʳ 

ʨʝʟʫʣʴʪʘʪʳ ʦʙʦʠʭ ʨʘʩʯʝʪʦʚ. 

 
ʈʠʩʫʥʦʢ 3. ʉʨʘʚʥʝʥʠʝ ʦʜʥʦʚʦʣʥʦʚʦʛʦ ʠ ʧʦʣʥʦʚʦʣʥʦʚʦʛʦ ʨʘʩʯʝʪʘ ʢʦʵʬʬʠʮʠʝʥʪʘ 

ʦʪʨʘʞʝʥʠʷ ʢʦʘʢʩʠʘʣʴʥʦʡ ʙʨʵʛʛʦʚʩʢʦʡ ʩʪʨʫʢʪʫʨʳ ʩ ʥʝʦʜʥʦʨʦʜʥʦʩʪʷʤʠ ʜʠʵʣʝʢʪʨʠʢʘ 

 

ʀʟ ʛʨʘʬʠʢʦʚ ʚʠʜʥʦ, ʯʪʦ ʭʦʨʦʰʘʷ ʩʭʦʜʠʤʦʩʪʴ ʫ ʛʨʘʬʠʢʦʚ ʥʘ ʯʘʩʪʦʪʘʭ 

ʧʝʨʚʦʛʦ ʨʝʟʦʥʘʥʩʘ ʙʨʵʛʛʦʚʩʢʦʡ ʩʪʨʫʢʪʫʨʳ, ʥʦ ʧʨʠ ʜʘʣʴʥʝʡʰʝʤ ʫʚʝʣʠʯʝʥʠʠ 

ʯʘʩʪʦʪʳ ʩʢʘʟʳʚʘʶʪʩʷ ʵʬʬʝʢʪʳ ʚʦʟʥʠʢʥʦʚʝʥʠʷ ʚʳʩʰʠʭ ʚʦʣʥ ʠ ʠʟʣʫʯʝʥʠʷ ʠʟ 

ʣʠʥʠʠ ʚʦ ʚʥʝʰʥʝʝ ʧʨʦʩʪʨʘʥʩʪʚʦ, ʯʪʦ ʦʙʫʩʣʘʚʣʠʚʘʝʪ ʨʘʟʣʠʯʠʝ ʤʝʞʜʫ 

ʛʨʘʬʠʢʘʤʠ. 

ʈʘʩʩʤʦʪʨʠʤ ʩʣʝʜʫʶʱʠʡ ʚʘʨʠʘʥʪ ʙʨʵʛʛʦʚʩʢʦʡ ʉɺʏ ʩʪʨʫʢʪʫʨʳ, 

ʦʩʥʦʚʘʥʥʦʡ ʥʘ ʧʦʣʫʦʪʢʨʳʪʦʡ ʢʦʘʢʩʠʘʣʴʥʦʡ ʣʠʥʠʠ ʠ ʦʙʣʘʜʘʶʱʝʡ 

ʩʪʫʧʝʥʯʘʪʳʤʠ ʥʝʦʜʥʦʨʦʜʥʦʩʪʷʤʠ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʟʘʧʦʣʥʝʥʠʷ ʠ 

ʩʪʫʧʝʥʯʘʪʳʤʠ ʥʝʨʝʛʫʣʷʨʥʦʩʪʷʤʠ ʨʘʜʠʫʩʘ ʮʝʥʪʨʘʣʴʥʦʛʦ ʧʨʦʚʦʜʥʠʢʘ. ɼʣʷ 

ʵʪʦʛʦ ʚ ʨʘʥʝʝ ʨʘʩʩʤʦʪʨʝʥʥʫʶ ʩʪʨʫʢʪʫʨʫ ʚʚʝʜʝʤ ʩʢʘʯʢʦʦʙʨʘʟʥʦʝ 

ʫʚʝʣʠʯʝʥʠʝ ʨʘʜʠʫʩʘ ʮʝʥʪʨʘʣʴʥʦʛʦ ʧʨʦʚʦʜʥʠʢʘ ʚ ʩʝʢʮʠʷʭ ʩ ʚʦʟʜʫʭʦʤ. 

ɺʥʝʰʥʠʡ ʚʠʜ ʢʦʘʢʩʠʘʣʴʥʦʡ ʙʨʵʛʛʦʚʩʢʦʡ ʩʪʨʫʢʪʫʨʳ ʚ ʨʘʟʨʝʟʝ ʧʦʢʘʟʘʥ ʥʘ 

ʨʠʩ. 4. 

 

 
ʈʠʩʫʥʦʢ 4. ɺʥʝʰʥʠʡ ʚʠʜ ʚ ʨʘʟʨʝʟʝ ʙʨʵʛʛʦʚʩʢʦʡ ʢʦʘʢʩʠʘʣʴʥʦʡ 

ʩʪʨʫʢʪʫʨʳ ʩ ʥʝʦʜʥʦʨʦʜʥʦʩʪʷʤʠ ʜʠʵʣʝʢʪʨʠʢʘ ʠ ʥʝʨʝʛʫʣʷʨʥʦʩʪʷʤʠ 

ʮʝʥʪʨʘʣʴʥʦʛʦ ʧʨʦʚʦʜʥʠʢʘ 
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ɸʥʘʣʦʛʠʯʥʦ ʧʨʝʜʳʜʫʱʝʤʫ ʩʣʫʯʘʶ ʧʨʦʚʝʜʝʤ ʩʨʘʚʥʝʥʠʝ 

ʦʜʥʦʚʦʣʥʦʚʦʛʦ ʨʘʩʯʝʪʘ ʢʦʵʬʬʠʮʠʝʥʪʘ ʦʪʨʘʞʝʥʠʷ ʨʝʢʫʨʨʝʥʪʥʳʤ ʤʝʪʦʜʦʤ ʠ 

ʧʦʣʥʦʚʦʣʥʦʚʦʛʦ ʨʘʩʯʝʪʘ ʚ CST STUDIO SUITE. ʅʘ ʨʠʩ. 5 ʧʦʢʘʟʘʥʳ 

ʨʝʟʫʣʴʪʘʪʳ ʦʙʦʠʭ ʨʘʩʯʝʪʦʚ. 

 
ʈʠʩʫʥʦʢ 5. ʉʨʘʚʥʝʥʠʝ ʦʜʥʦʚʦʣʥʦʚʦʛʦ ʠ ʧʦʣʥʦʚʦʣʥʦʚʦʛʦ ʨʘʩʯʝʪʘ ʢʦʵʬʬʠʮʠʝʥʪʘ 

ʦʪʨʘʞʝʥʠʷ ʢʦʘʢʩʠʘʣʴʥʦʡ ʙʨʵʛʛʦʚʩʢʦʡ ʩʪʨʫʢʪʫʨʳ ʩ ʥʝʦʜʥʦʨʦʜʥʦʩʪʷʤʠ ʜʠʵʣʝʢʪʨʠʢʘ ʠ 

ʥʝʨʝʛʫʣʷʨʥʦʩʪʷʤʠ ʮʝʥʪʨʘʣʴʥʦʛʦ ʧʨʦʚʦʜʥʠʢʘ 

 

ʀʟ ʨʠʩ. 5 ʤʦʞʥʦ ʥʘʙʣʶʜʘʪʴ, ʯʪʦ ʨʘʟʣʠʯʠʝ ʥʘʙʣʶʜʘʝʪʩʷ ʫʞʝ ʩ ʯʘʩʪʦʪ 

ʧʝʨʚʦʛʦ ʨʝʟʦʥʘʥʩʘ. ʕʪʦ ʦʙʲʷʩʥʷʝʪʩʷ ʪʝʤ, ʯʪʦ ʥʝʨʝʛʫʣʷʨʥʦʩʪʠ ʮʝʥʪʨʘʣʴʥʦʛʦ 

ʧʨʦʚʦʜʥʠʢʘ ʧʨʠʚʦʜʷʪ ʢ ʚʦʟʙʫʞʜʝʥʠʶ ʚʳʩʰʠʭ ʤʦʜ, ʢʦʪʦʨʳʝ ʥʝ 

ʫʯʠʪʳʚʘʣʠʩʴ ʚ ʦʜʥʦʚʦʣʥʦʚʦʤ ʧʨʠʙʣʠʞʝʥʠʠ. 

 
ɹʠʙʣʠʦʛʨʘʬʠʯʝʩʢʠʡ ʩʧʠʩʦʢ 
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ʆʇʊʆʄɽʍɸʅʀʂɸ ɺʆʃʆʂʆʅʅʓʍ ɼɸʊʏʀʂʆɺ ɼɸɺʃɽʅʀʗ ɼʃʗ 
ʆʎɽʅʂʀ ʇʆʃʆɾɽʅʀʗ ʇɸʎʀɽʅʊɸ ɺ ʀʅɺɸʃʀɼʅʆʁ ʂʆʃʗʉʂɽ 
ʅɸ ʆʉʅʆɺɽ ʃʀʅɽʁʅʆ-ʏʀʈʇʀʈʆɺɸʅʅʓʍ ʈɽʐɽʊʆʂ ɹʈʕɻɻɸ  
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ʂʘʟʘʥʩʢʠʡ ʥʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʪʝʭʥʠʯʝʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ  

ʠʤ. ɸ.ʅ. ʊʫʧʦʣʝʚʘ-ʂɸʀ  
E-mail: OGMorozov@kai.ru 

 
ɺ ʨʘʙʦʪʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʧʨʦʝʢʪʠʨʦʚʘʥʠʷ ʩʠʩʪʝʤʳ ʩʙʦʨʘ ʠʥʬʦʨʤʘʮʠʠ, 

ʧʨʝʜʥʘʟʥʘʯʝʥʥʦʡ ʜʣʷ ʧʨʝʜʦʪʚʨʘʱʝʥʠʷ ʧʨʦʣʝʞʥʝʡ ʫ ʧʘʮʠʝʥʪʦʚ, ʙʦʣʴʰʫʶ ʯʘʩʪʴ 
ʚʨʝʤʝʥʠ, ʥʘʭʦʜʷʱʠʭʩʷ ʚ ʠʥʚʘʣʠʜʥʦʡ ʢʦʣʷʩʢʝ. ɺ ʦʩʥʦʚʝ ʩʝʥʩʦʨʥʦʡ ʯʘʩʪʠ ʩʠʩʪʝʤʳ 
ʠʩʧʦʣʴʟʫʶʪʩʷ ʜʘʪʯʠʢʠ ʜʘʚʣʝʥʠʷ ʥʘ ʦʩʥʦʚʝ ʣʠʥʝʡʥʦ-ʯʠʨʧʠʨʦʚʘʥʥʳʭ ʚʦʣʦʢʦʥʥʳʭ 
ʙʨʵʛʛʦʚʩʢʠʭ ʨʝʰʝʪʦʢ. ʇʨʠʤʝʥʝʥʠʝ ʪʘʢʠʭ ʨʝʰʝʪʦʢ ʠ ʨʘʜʠʦʬʦʪʦʥʥʳʭ ʧʦʜʩʠʩʪʝʤ ʠʭ 
ʦʧʨʦʩʘ ʩ ʧʦʤʦʱʴʶ ʃʏʄ-ʟʦʥʜʠʨʦʚʘʥʠʷ ʧʦʟʚʦʣʠʪ ʩʥʠʟʠʪʴ ʩʪʦʠʤʦʩʪʴ ʩʠʩʪʝʤʳ ʚ ʮʝʣʦʤ, 
ʢʦʪʦʨʘʷ ʦʛʨʘʥʠʯʠʚʘʝʪ ʧʨʠʤʝʥʝʥʠʝ ʚʦʣʦʢʦʥʥʦ-ʦʧʪʠʯʝʩʢʠʭ ʩʠʩʪʝʤ ʫʢʘʟʘʥʥʦʛʦ 
ʥʘʟʥʘʯʝʥʠʷ ʚ ʤʝʜʠʮʠʥʩʢʦʡ ʧʨʘʢʪʠʢʝ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʠʥʚʘʣʠʜʥʘʷ ʢʦʣʷʩʢʘ, ʧʨʦʣʝʞʥʠ, ʩʠʩʪʝʤʘ ʢʦʥʪʨʦʣʷ ʩʦʩʪʦʷʥʠʷ 
ʧʘʮʠʝʥʪʘ, ʜʘʪʯʠʢ ʜʘʚʣʝʥʠʷ, ʣʠʥʝʡʥʦ-ʯʠʨʧʠʨʦʚʘʥʥʘʷ ʚʦʣʦʢʦʥʥʘʷ ʙʨʵʛʛʦʚʩʢʘʷ ʨʝʰʝʪʢʘ, 
ʩʠʩʪʝʤʘ ʃʏʄ-ʦʧʨʦʩʘ ʜʘʪʯʠʢʦʚ. 

 
ɺʚʝʜʝʥʠʝ. ʇʨʝʜʣʦʞʝʥʥʘʷ ʚ [1] ʩʠʩʪʝʤʘ ʢʦʥʪʨʦʣʷ ʩʦʩʪʦʷʥʠʷ 

ʧʘʮʠʝʥʪʦʚ ʚʢʣʶʯʘʝʪ ʰʝʩʪʴ ʜʘʪʯʠʢʦʚ ʜʘʚʣʝʥʠʷ ʥʘ ʦʩʥʦʚʝ ʢʣʘʩʩʠʯʝʩʢʦʡ 
ʚʦʣʦʢʦʥʥʦʡ ʙʨʵʛʛʦʚʩʢʦʡ ʨʝʰʝʪʢʠ (ɺɹʈ), ʫʩʪʘʥʦʚʣʝʥʥʳʭ ʚ ʫʧʨʫʛʦʡ ʢʘʧʩʫʣʝ 
ʪʨʘʥʩʬʦʨʤʘʮʠʠ ʧʨʠʣʦʞʝʥʥʦʛʦ ʜʘʚʣʝʥʠʷ ʚ ʣʠʥʝʡʥʫʶ ʜʝʬʦʨʤʘʮʠʶ ʜʣʠʥʳ 
ʨʝʰʝʪʢʠ. ʂʘʧʩʫʣʳ ʟʘʢʨʝʧʣʝʥʳ ʚ ʩʪʨʘʪʝʛʠʯʝʩʢʠʭ ʟʦʥʘʭ ʠʥʚʘʣʠʜʥʦʡ ʢʦʣʷʩʢʠ 
ʩ ʦʙʝʠʭ ʩʪʦʨʦʥ (ʩʧʠʥʢʘ ï ʟʦʥʘ ʣʦʧʘʪʢʠ, ʩʠʜʝʥʴʝ ï ʩʝʜʘʣʠʱʥʘʷ ʟʦʥʘ ʠ 
ʧʦʜʩʪʘʚʢʘ ʜʣʷ ʥʦʛ ï ʟʦʥʘ ʧʷʪʦʢ) ʠ ʩʦʝʜʠʥʝʥʳ ʩʦ ʩʧʝʢʪʨʘʣʴʥʳʤ ʦʧʪʠʢʦ-
ʵʣʝʢʪʨʦʥʥʳʤ ʠʥʪʝʨʨʦʛʘʪʦʨʦʤ (ʉʆʕʀ). ʀʥʬʦʨʤʘʮʠʷ, ʧʦʣʫʯʝʥʥʘʷ ʩ 
ʧʦʤʦʱʴʶ ʩʠʩʪʝʤʳ, ʧʦʟʚʦʣʷʝʪ ʢʦʥʪʨʦʣʠʨʦʚʘʪʴ ʜʘʚʣʝʥʠʝ, ʩ ʢʦʪʦʨʳʤ 
ʧʘʮʠʝʥʪ ʜʘʚʠʪ ʥʘ ʫʢʘʟʘʥʥʳʝ ʟʦʥʳ ʢʦʣʷʩʢʠ, ʜʣʠʪʝʣʴʥʦʩʪʴ ʥʘʭʦʞʜʝʥʠʷ ʚ 
ʢʦʣʷʩʢʝ, ʜʚʠʞʝʥʠʷ ʧʘʮʠʝʥʪʘ ʠ, ʢʨʦʤʝ ʪʦʛʦ, ʦʮʝʥʠʪʴ ʯʘʩʪʦʪʫ ʜʳʭʘʥʠʷ, 
ʚʦʟʤʦʞʥʫʶ ʧʦʪʝʨ ʁ ʩʦʟʥʘʥʠʷ ʠ ʜʨʫʛʫʶ ʠʥʬʦʨʤʘʮʠ ʁ ʜʣʷ ʨʘʥʥʝʛʦ 
ʚʳʷʚʣʝʥʠʷ ʧʨʦʣʝʞʥʝʡ ʠ ʜʨʫʛʠʭ ʜʠʩʬʫʥʢʮʠʡ ʦʨʛʘʥʠʟʤʘ. 

ɺ [2, 3] ʥʘʤʠ ʙʳʣʦ ʧʨʝʜʣʦʞʝʥʦ ʚ ʪʘʢʠʭ ʩʠʩʪʝʤʘʭ ʠʩʧʦʣʴʟʦʚʘʪʴ ʚ 
ʢʘʯʝʩʪʚʝ ʜʘʪʯʠʢʦʚ ʜʘʚʣʝʥʠʷ ʣʠʥʝʡʥʦ ʯʠʨʧʠʨʦʚʘʥʥʳʝ ɺɹʈ (ʃʏɺɹʈ), ʚ ʩʠʣʫ 
ʨʷʜʘ ʠʭ ʢʦʥʩʪʨʫʢʪʠʚʥʳʭ ʧʨʝʠʤʫʱʝʩʪʚ ʠ ʚʦʟʤʦʞʥʦʩʪʠ ʧʦʣʫʯʝʥʠʷ ʙʦʣʝʝ 
ʚʳʩʦʢʠʭ ʤʝʪʨʦʣʦʛʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ, ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ɺɹʈ [4].  ʂʨʦʤʝ 
ʪʦʛʦ, ʙʳʣʠ ʧʦʢʘʟʘʥʳ ʨʘʜʠʦʬʦʪʦʥʥʳʝ ʧʨʠʥʮʠʧʳ ʠʥʪʝʨʨʦʛʘʮʠʠ ʝʜʠʥʠʯʥʳʭ 
ʃʏɺɹʈ, ʢʦʪʦʨʳʝ ʩʫʱʝʩʪʚʝʥʥʦ ʜʝʰʝʚʣʝ, ʧʨʦʱʝ ʢʦʥʩʪʨʫʢʪʠʚʥʦ ʠ ʠʤʝʶʪ 
ʙʦʣʝʝ ʥʠʟʢʠʡ ʚʝʩ ʠ ʤʝʥʴʰʠʝ ʛʘʙʘʨʠʪʥʳʝ ʧʦʢʘʟʘʪʝʣʠ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ 
ʉʆʕʀ.  

ʄʦʜʝʣʴʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʝ ʦʧʪʦʤʝʭʘʥʠʢʠ ʃʏɺɹʈ.  ɼʣʷ ʤʦʜʝʣʴʥʳʭ 
ʠʩʩʣʝʜʦʚʘʥʠʡ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʜʚʘ ʩʪʨʫʢʪʫʨʥʳʭ ʦʧʠʩʘʥʠʷ ʃʏɺɹʈ: 
ʜʠʩʢʨʝʪʥʦ-ʵʣʝʤʝʥʪʥʳʡ (ʨʠʩ. 1,ʘ) ʠ ʜʠʩʢʨʝʪʥʦ-ʩʝʢʮʠʦʥʥʳʡ  (ʨʠʩ. 1,ʙ). 
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ʈʠʩʫʥʦʢ 1. ʉʪʨʫʢʪʫʨʘ ʃʏɺɹʈ, ʦʧʠʩʳʚʘʝʤʘʷ ʜʠʩʢʨʝʪʥʦ-ʵʣʝʤʝʥʪʥʦʡ (ʘ)  
ʠ ʜʠʩʢʨʝʪʥʦ-ʩʝʢʮʠʦʥʥʦʡ (ʙ) ʤʦʜʝʣʷʤʠ 

 
ɼʠʩʢʨʝʪʥʦ-ʵʣʝʤʝʥʪʥʘʷ ʤʦʜʝʣʴ ʧʦʜʨʘʟʫʤʝʚʘʝʪ, ʯʪʦ ʢʘʞʜʳʡ ʵʣʝʤʝʥʪ 

ʨʝʰʝʪʢʠ ʦʪʨʘʞʘʝʪ ʩʚʦʶ ʙʨʵʛʛʦʚʩʢʫʶ ʜʣʠʥʫ ʚʦʣʥʳ ʠ ʦʙʱʠʡ ʩʧʝʢʪʨ 
ʦʪʨʘʞʝʥʠʷ ʃʏɺɹʈ ʷʚʣʷʝʪʩʷ ʩʫʤʤʘʨʥʳʤ ʨʝʟʫʣʴʪʘʪʦʤ ʦʪʨʘʞʝʥʠʷ ʦʪ ʢʘʞʜʦʛʦ 
ʫʯʘʩʪʢʘ. ɼʠʩʢʨʝʪʥʦ-ʩʝʢʮʠʦʥʥʘʷ ʤʦʜʝʣʴ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʮʝʧʦʯʢʫ N 
ʦʜʥʦʨʦʜʥʳʭ ɺɹʈ (ʩʝʢʮʠʡ), ʢʘʞʜʘʷ ʠʟ ʢʦʪʦʨʳʭ ʠʤʝʝʪ ʨʘʟʣʠʯʥʫʶ 
ʙʨʵʛʛʦʚʩʢʫʶ ʜʣʠʥʫ ʚʦʣʥʳ ʠ ʥʝ ʠʤʝʝʪ ʚʥʫʪʨʝʥʥʠʭ ʩʚʷʟʝʡ ʤʝʞʜʫ ʩʝʢʮʠʷʤʠ. 

ʆʙʱʠʡ ʩʧʝʢʪʨ ʃʏɺɹʈ ʜʣʷ ʚʪʦʨʦʡ ʤʦʜʝʣʠ ʤʦʞʝʪ ʙʳʪʴ ʧʦʣʫʯʝʥ ʧʫʪʝʤ 
ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʛʦ ʧʝʨʝʤʥʦʞʝʥʠʷ ʩʧʝʢʪʨʦʚ ʦʪʨʘʞʝʥʠʷ ʢʘʞʜʦʡ ʩʝʢʮʠʠ: 

5

1

1 [1 ( ) ,]LCFBG i

i

R R
=

= - - lÔ                                               (1) 

ʛʜʝ i ï ʥʦʤʝʨ ʩʝʢʮʠʠ ï ʦʜʥʦʨʦʜʥʦʡ ɺɹʈ. 
ʀʟ ʫʨʘʚʥʝʥʠʷ (1) ʚʠʜʥʦ, ʯʪʦ ʚʟʘʠʤʦʩʚʷʟʴ ʤʝʞʜʫ ʢʘʞʜʳʤ ʠʟ ʩʣʦʝʚ, 

ʩʦʩʪʘʚʣʷʶʱʠʭ ʨʝʰʝʪʢʫ ʦʪʩʫʪʩʪʚʫʝʪ.  
ʄʘʪʝʤʘʪʠʯʝʩʢʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʧʨʦʚʦʜʠʣʦʩʴ ʚ ʧʨʦʛʨʘʤʤʥʦʡ ʩʨʝʜʝ 

Mathcad 15. ɹʳʣʠ ʚʳʙʨʘʥʳ ʩʣʝʜʫʶʱʠʝ ʧʘʨʘʤʝʪʨʳ ʩʝʢʮʠʡ ʃʏɺɹʈ: 
ʬɻʬʝʢʪʠʚʥʳʡ ʧʦʢʘʟʘʪʝʣʴ ʧʨʝʣʦʤʣʝʥʠʷ ʦʩʥʦʚʥʦʡ ʤʦʜʳ ʠ ʢʦʵʬʬʠʮʠʝʥʪ 
ʩʚʷʟʠ ʢʘʞʜʦʡ ʠʟ ʩʝʢʮʠʡ ʃʏɺɹʈ ʙʳʣʠ ʚʳʙʨʘʥʳ ʨʘʚʥʳʤʠ neff = 1.5, k = 400. 
ʇʝʨʠʦʜ ʧʝʨʚʦʡ ʩʝʢʮʠʠ ʃʏɺɹʈ ȿ1 ʩʦʩʪʘʚʣʷʝʪ 0.5 ʤʢʤ, ʯʪʦ ʩʦʦʪʚʝʪʩʪʚʫʝʪ 
ʮʝʥʪʨʘʣʴʥʦʡ ʜʣʠʥʝ ʚʦʣʥʳ ʧʝʨʚʦʡ ʩʝʢʮʠʠ ɚɺ,1 = 1500 ʥʤ. ʇʝʨʠʦʜ ʢʘʞʜʦʡ 
ʩʣʝʜʫʶʱʝʡ ʩʝʢʮʠʠ ʃʏɺɹʈ ʫʚʝʣʠʯʠʚʘʣʩʷ ʦʪ ʧʨʝʜʳʜʫʱʝʡ ʥʘ 0.067 ʥʤ, ʯʪʦ 
ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʩʤʝʱʝʥʠʶ ʮʝʥʪʨʘʣʴʥʦʡ ʜʣʠʥʳ ʚʦʣʥʳ ʩʝʢʮʠʡ ʃʏɺɹʈ ʥʘ 0.2 
ʥʤ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʙʳʣʠ ʧʨʠʥʷʪʳ ʩʣʝʜʫʶʱʠʝ ʟʥʘʯʝʥʠʷ ʧʝʨʠʦʜʘ ʠ 
ʮʝʥʪʨʘʣʴʥʦʡ ʜʣʠʥʳ ʚʦʣʥʳ ʧʷʪʠ ʩʝʢʮʠʡ ʏɺɹʈ (ʪʘʙʣ. 1). 

 
ʊʘʙʣ. 1. ʇʘʨʘʤʝʪʨʳ ʩʝʢʮʠʡ ʃʏɺɹʈ 

ˉ ʩʝʢʮʠʠ ʇʝʨʠʦʜ, ȿ (ʤʢʤ) ɼʣʠʥʘ ʚʦʣʥʳ, ɚ (ʥʤ) 

1 0.5 1500 

2 0.500067 1500.2 

3 0.500133 1500.4 

4 0.5002 1500.6 

5 0.500267 1500.8 

 
ʅʘ ʨʠʩ. 2 ʧʨʝʜʩʪʘʚʣʝʥ rʧʨʦʬʠʣʠ ʩʧʝʢʪʨʘ ʦʪʨʘʞʝʥʠʷ ʩʝʢʮʠʡ (ʘ) ʠ 

ʃʏɺɹʈ (ʙ). 
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ʈʠʩʫʥʦʢ 2. ʇʨʦʬʠʣʠ ʩʧʝʢʪʨʘ ʦʪʨʘʞʝʥʠʷ ʩʝʢʮʠʡ (ʘ) ʠ ʃʏɺɹʈ (ʙ) 
 

ʀʟ [4] ʠʟʚʝʩʪʥʦ, ʯʪʦ ʢʦʵʬʬʠʮʠʝʥʪ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʠ ʃʏɺɹʈ ʟʘʚʠʩʠʪ 
ʦʪ ʩʣʦʞʥʦʩʪʠ ʠʟʛʦʪʦʚʣʝʥʠʷ ʘʙʩʦʣʶʪʥʦ ʠʜʝʥʪʠʯʥʳʭ ʩʝʢʮʠʡ ʜʘʪʯʠʢʦʚ, 
ʧʦʵʪʦʤʫ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴ ʚ ʨʘʟʥʳʭ ʟʦʥʘʭ ʩʦʧʨʠʢʦʩʥʦʚʝʥʠʷ ʪʝʣʘ ʧʘʮʠʝʥʪʘ 
ʩ ʧʦʚʝʨʭʥʦʩʪʴʶ ʜʘʪʯʠʢʘ ʤʦʞʝʪ ʦʪʣʠʯʘʪʴʩʷ, ʪʝʤ ʥʝ ʤʝʥʝʝ ʵʪʦ ʥʝ ʚʣʠʷʝʪ ʥʘ 
ʦʢʦʥʯʘʪʝʣʴʥʳʝ ʨʝʟʫʣʴʪʘʪʳ, ʪʘʢ ʢʘʢ ʚ ʠʪʦʛʝ ʢʘʞʜʘʷ ʩʝʢʮʠʷ ʢʘʣʠʙʨʫʝʪʩʷ 
ʠʥʜʠʚʠʜʫʘʣʴʥʦ ʧʝʨʝʜ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ. ʉʜʚʠʛ ʮʝʥʪʨʘʣʴʥʦʡ ʜʣʠʥʳ ʚʦʣʥʳ 
ʃʏɺɹʈ ʧʨʠ ʚʦʟʜʝʡʩʪʚʠʠ ʜʘʚʣʝʥʠʷ ʚ ʭʦʜʝ ʨʘʩʯʝʪʦʚ ʩʦʩʪʘʚʠʣʘ 18 ʧʤ/ʢʇʘ. 

ʆʧʨʦʩ ʜʘʪʯʠʢʦʚ ʦʜʥʦʛʦ ʧʣʝʯʘ ʩʠʩʪʝʤʳ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝ 
ʟʦʥʜʠʨʫʶʱʝʛʦ ʃʏʄ ʩʠʛʥʘʣʘ. ʉʪʨʫʢʪʫʨʥʘʷ ʩʭʝʤʘ ʦʧʨʦʩʘ ʦʜʥʦʛʦ ʜʘʪʯʠʢʘ 
ʧʨʝʜʩʪʘʚʣʝʥʘ ʥʘʤʠ ʚ [2, 3] ʠ ʦʧʠʨʘʣʘʩʴ ʥʘ ʨʝʰʝʥʠʷ, ʧʦʣʫʯʝʥʥʳʝ ʚ [5]. 

ɺ ʣʘʟʝʨʥʦʤ ʜʠʦʜʝ ʛʝʥʝʨʠʨʫʝʪʩʷ ʃʏʄ-ʠʟʣʫʯʝʥʠʝ, ʢʦʪʦʨʦʝ ʧʦʩʪʫʧʘʝʪ 
ʥʘ ʯʝʪʳʨʝ ʠʜʝʥʪʠʯʥʳʝ ʃʏɺɹʈ, ʛʜʝ ʧʝʨʚʘʷ ʃʏɺɹʈ ʠʩʧʦʣʴʟʫʝʪʩʷ ʚ ʢʘʯʝʩʪʚʝ 
ʦʧʦʨʥʦʡ (2), ʘ ʚʪʦʨʘʷ-ʯʝʪʚʝʨʪʘʷ (4) ï ʜʘʪʯʠʢʠ ʜʘʚʣʝʥʠʷ, ʫʩʪʘʥʦʚʣʝʥʥʳʝ 
ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ ʚ ʟʦʥʘʭ ʧʷʪʢʠ, ʩʝʜʘʣʠʱʘ ʠ ʣʦʧʘʪʢʠ. ɺʩʝ ʨʝʰʝʪʢʠ 
ʠʜʝʥʪʠʯʥʳ ʧʦ ʩʪʨʫʢʪʫʨʝ ʠ ʧʦʣʦʩʝ ʦʪʨʘʞʝʥʠʷ. ʆʪʣʠʯʠʝ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʠʭ 
ʢʦʵʬʬʠʮʠʝʥʪʘʭ ʦʪʨʘʞʝʥʠʷ, ʢʦʪʦʨʳʝ ʨʘʚʥʳ 25, 50, 75 ʠ 100% 
ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʯʪʦ ʤʦʞʝʪ ʙʳʪʴ ʜʦʩʪʠʛʥʫʪʦ ʧʨʠ ʨʘʟʣʠʯʥʦʤ ʚʨʝʤʝʥʠ 
ʟʘʧʠʩʠ (ʨʠʩ. 3,ʘ).  

 
 

ʘ ʙ 
ʈʠʩʫʥʦʢ 3. ʇʨʦʬʠʣʠ ʩʧʝʢʪʨʘ ʦʪʨʘʞʝʥʠʷ ʥʝʩʤʝʱʝʥʥʳʭ ʠ ʯʝʪʚʝʨʪʦʛʦ ʩʤʝʱʝʥʥʦʛʦ 
(40 ʢʇʘ) ʜʘʪʯʠʢʦʚ (ʘ) ʠ ʟʘʚʠʩʠʤʦʩʪʴ ʮʝʥʪʨʘʣʴʥʦʡ ʜʣʠʥʳ ʚʦʣʥʳ ʣʶʙʦʛʦ ʠʟ ʪʨʝʭ 
ʠʟʤʝʨʠʪʝʣʴʥʳʭ ʜʘʪʯʠʢʦʚ ʧʨʠ ʨʘʚʥʦʤʝʨʥʦʤ ʧʨʠʣʦʞʝʥʠʠ ʜʘʚʣʝʥʠʷ ʥʘ ʃʏɺɹʈ (ʙ) 

ʃʏɺɹʈ4 

ʃʏɺɹʈ3 

ʃʏɺɹʈ2 

ʃʏɺɹʈ1 
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ʆʪʨʘʞʝʥʠʝ ʃʏʄ ʠʟʣʫʯʝʥʠʷ ʦʪ ʯʝʪʳʨʝʭ ʃʏɺɹʈ ʧʨʠʚʦʜʠʪ ʢ 

ʬʦʨʤʠʨʦʚʘʥʠʶ ʯʝʪʳʨʝʭ ʦʪʨʘʞʝʥʥʳʭ ʃʏʄ ʩʠʛʥʘʣʦʚ (3), (5) ʩ ʨʘʟʣʠʯʥʦʡ 

ʘʤʧʣʠʪʫʜʦʡ ʠ ʟʘʜʝʨʞʢʦʡ ʚʦ ʚʨʝʤʝʥʠ (4), ʢʦʪʦʨʳʝ ʜʘʣʝʝ ʯʝʨʝʟ ʮʠʨʢʫʣʷʪʦʨ 

ʧʦʩʪʫʧʘʶʪ ʥʘ ʬʦʪʦʜʝʪʝʢʪʦʨ ʌɼ. ʅʘ ʚʳʭʦʜʝ ʌɼ ʛʝʥʝʨʠʨʫʪʁʩʷ ʪʨʠ 

ʤʠʢʨʦʚʦʣʥʦʚʳʭ ʩʠʛʥʘʣʘ ʙʠʝʥʠʡ (6) ʩ ʯʘʩʪʦʪʘʤʠ (7), ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʦʡ 

ʨʘʟʥʠʮʝ ʚʦ ʚʨʝʤʝʥʠ ʟʘʜʝʨʞʢʠ ʤʝʞʜʫ ʯʝʪʳʨʴʤʷ ʦʪʨʘʞʝʥʥʳʤʠ ʩʠʛʥʘʣʘʤʠ, 

ʢʦʪʦʨʘʷ ʤʝʥʷʝʪʩʷ ʦʪ ʩʚʦʝʛʦ ʥʘʯʘʣʴʥʦʛʦ ʟʥʘʯʝʥʠʷ ʧʨʠ ʩʜʚʠʛʝ ʮʝʥʪʨʘʣʴʥʦʡ 

ʜʣʠʥʳ ʚʦʣʥʳ ʩʝʢʮʠʡ ʧʦʜ ʚʦʟʜʝʡʩʪʚʠʝʤ ʜʘʚʣʝʥʠʷ (8).  

ʉʠʩʪʝʤʘ ʩʠʛʥʘʣʦʚ ʜʣʷ ʦʧʠʩʘʥʠʷ ʧʨʦʮʝʩʩʘ ʟʦʥʜʠʨʦʚʘʥʠʷ ʜʘʪʯʠʢʦʚ 

ʧʨʝʜʩʪʘʚʣʝʥʘ ʥʠʞʝ: 

()1 0 ,t tw =w -a                                                  (2) 

() ( )( )2

1 1 0 0exp 1 2 ,E t A j t tè ø= w + a +j
ê ú

                            (3) 

() ( ) 11 10 ,  2,3,4, 2i i i ii nL ct t -- -w ==w +a - tt =                       (4) 

() ( )( )( )( )2

1 0 1 1 0p ,ex 1 2i i iE t A j t t- -
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ʇʫʪʝʤ ʠʟʤʝʨʝʥʠʷ ʩ ʧʦʤʦʱʴʶ ʵʣʝʢʪʨʦʥʥʦʛʦ ʚʝʢʪʦʨʥʦʛʦ ʘʥʘʣʠʟʘʪʦʨʘ 

ʩʧʝʢʪʨʘ (ʕɺɸʉ) ʩʜʚʠʛʘ ʯʘʩʪʦʪʳ ʩʠʛʥʘʣʘ ʙʠʝʥʠʡ (8), ʚʳʟʚʘʥʥʦʛʦ 

ʠʟʤʝʥʝʥʠʝʤ ʚʨʝʤʝʥʥʦʡ ʟʘʜʝʨʞʢʠ (9) ʤʦʞʥʦ ʦʧʨʝʜʝʣʠʪʴ ʚʝʣʠʯʠʥʫ 

ʧʨʠʣʦʞʝʥʥʦʡ ʜʝʬʦʨʤʘʮʠʠ De ʠ ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʤʫ ʝʡ ʜʘʚʣʝʥʠʷ ʩ ʢʘʢʠʤ 

ʧʘʮʠʝʥʪ ʦʧʠʨʘʝʪʩʷ ʥʘ ʢʦʥʪʨʦʣʴʥʳʝ ʟʦʥʳ ʢʦʣʷʩʢʠ:  

( )0 chirp2 1 / .en P cCDt= l - De                                   (9) 

ɼʦʧʦʣʥʠʪʝʣʴʥʳʤ ʧʨʝʠʤʫʱʝʩʪʚʦʤ ʷʚʣʷʝʪʩʷ ʪʦʪ ʬʘʢʪ, ʯʪʦ ʩʭʝʤʘ ʥʝ 

ʯʫʚʩʪʚʠʪʝʣʴʥʘ ʢ ʪʝʤʧʝʨʘʪʫʨʝ, ʚ ʩʠʣʫ ʙʣʠʟʢʦʛʦ ʨʘʩʧʦʣʦʞʝʥʠʷ ʨʝʰʝʪʦʢ ʜʨʫʛ 

ʢ ʜʨʫʛʫ [5]. 

ʅʘ ʨʠʩ. 3,ʙ ʧʨʝʜʩʪʘʚʣʝʥʘ ʟʘʚʠʩʠʤʦʩʪʴ ʩʜʚʠʛʘ ʮʝʥʪʨʘʣʴʥʦʡ ʜʣʠʥʳ 

ʚʦʣʥʳ ʜʘʪʯʠʢʦʚ, ʧʨʠ ʨʘʚʥʦʤʝʨʥʦʤ ʚʦʟʜʝʡʩʪʚʠʠ ʜʘʚʣʝʥʠʷ ʥʘ ʚʩʝ ʩʝʢʮʠʠ 

ʃʏɺɹʈ. ʇʨʠ ʧʦʣʥʦʤ ʚʝʩʝ ʯʝʣʦʚʝʢʘ ʚ 320 ʢʇʘ ʦʪʢʣʠʢ ʌɼ ʣʝʞʠʪ ʚ 

ʪʝʨʘʛʝʨʮʦʚʦʡ ʦʙʣʘʩʪʠ. ʆʜʥʘʢʦ, ʚ ʨʝʘʣʴʥʦʡ ʩʠʪʫʘʮʠʠ ʠʟʤʝʥʝʥʠʝ ʜʘʚʣʝʥʠʷ 

ʩʦʩʪʘʚʣʷʝʪ °20 ʢʇʘ, ʯʪʦ ʧʦ ʧʦʣʦʩʝ ʩʦʩʪʘʚʣʷʝʪ ʦʢʦʣʦ 100 ɻɻʮ, ʘ ʩʘʤ ʌɼ 

ʤʦʞʝʪ ʙʳʪʴ ʨʝʘʣʠʟʦʚʘʥ ʥʘ ʩʪʘʥʜʘʨʪʥʦʤ ʪʝʣʝʢʦʤʤʫʥʠʢʘʮʠʦʥʥʦʤ ʨʝʩʠʚʝʨʝ. 
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ɿʘʢʣʶʯʝʥʠʝ 

ʅʝʩʤʦʪʨʷ ʥʘ ʧʦʣʫʯʝʥʥʳʝ ʧʨʝʠʤʫʱʝʩʪʚʘ ʩʭʝʤʳ ʨʘʜʠʦʬʦʪʦʥʥʦʡ 

ʠʥʪʝʨʨʦʛʘʮʠʠ ʠ ʚʦʟʤʦʞʥʦʩʪʴʶ ʧʦʣʫʯʠʪʴ ʧʦʛʨʝʰʥʦʩʪʴ ʠʟʤʝʨʝʥʠʷ ʜʘʚʣʝʥʠʷ 

ʩ ʨʘʟʨʝʰʝʥʠʝʤ 0,25 me ʧʦ ʚʳʟʚʘʥʥʦʡ ʠʤ  ʜʝʬʦʨʤʘʮʠʠ, ʩʭʝʤʘ ʜʦʩʪʘʪʦʯʥʦ 

ʩʣʦʞʥʘ ʚ ʨʝʘʣʠʟʘʮʠʠ ʠ ʢʦʥʩʪʨʫʢʪʠʚʥʦ ʧʦʟʚʦʣʷʝʪ ʦʧʨʘʰʠʚʘʪʴ ʪʦʣʴʢʦ ʦʜʠʥ 

ʜʘʪʯʠʢ.  

ɺ ʨʘʙʦʪʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʧʨʦʝʢʪʠʨʦʚʘʥʠʷ ʩʠʩʪʝʤʳ ʩʙʦʨʘ 

ʠʥʬʦʨʤʘʮʠʠ, ʧʨʝʜʥʘʟʥʘʯʝʥʥʦʡ ʜʣʷ ʧʨʝʜʦʪʚʨʘʱʝʥʠʷ ʧʨʦʣʝʞʥʝʡ ʫ 

ʧʘʮʠʝʥʪʘ, ʥʘʭʦʜʷʱʠʭʩʷ ʚ ʠʥʚʘʣʠʜʥʦʡ ʢʦʣʷʩʢʝ. ɺ ʦʩʥʦʚʝ ʩʝʥʩʦʨʥʦʡ ʯʘʩʪʠ 

ʩʠʩʪʝʤʳ ʚʧʝʨʚʳʝ ʠʩʧʦʣʴʟʫʶʪʩʷ ʜʘʪʯʠʢʠ ʜʘʚʣʝʥʠʷ ʥʘ ʦʩʥʦʚʝ ʃʏɺɹʈ. 

ʇʨʠʤʝʥʝʥʠʝ ʪʘʢʠʭ ʨʝʰʝʪʦʢ ʠ ʨʘʟʨʘʙʦʪʘʥʥʳʭ ʨʘʜʠʦʬʦʪʦʥʥʳʭ ʃʏʄ-

ʤʝʪʦʜʦʚ ʠʭ ʦʧʨʦʩʘ ʧʦʟʚʦʣʠʣʦ ʢʘʢ ʫʚʝʣʠʯʠʪʴ ʪʦʯʥʦʩʪʴ ʢʦʥʪʨʦʣʷ ʧʦʣʦʞʝʥʠʷ 

ʧʘʮʠʝʥʪʘ, ʪʘʢ ʠ ʩʥʠʟʠʪʴ ʩʪʦʠʤʦʩʪʴ ʩʠʩʪʝʤʳ ʦʧʨʦʩʘ ʜʘʪʯʠʢʦʚ ʥʘ 2-3 

ʧʦʨʷʜʢʘ.  

ʂʣʶʯʝʚʳʝ ʦʩʦʙʝʥʥʦʩʪʠ ʧʨʝʜʣʘʛʘʝʤʦʛʦ ʧʦʜʭʦʜʘ - ʚʳʩʦʢʘ ̫ʩʢʦʨʦʩʪʴ, 

ʚʳʩʦʢʦʝ ʨʘʟʨʝʰʝʥʠʝ ʠ ʚʳʩʦʢʘ ̫ʩʪʘʙʠʣʴʥʦʩʪʴ ʨʘʙʦʪʳ. ʂʨʦʤʝ ʪʦʛʦ, ʯʘʩʪʦʪʘ 

ʙʠʝʥʠʡ ʟʘʚʠʩʠʪ ʪʦʣʴʢʦ ʦʪ ʨʘʟʥʠʮʳ ʚʦ ʚʨʝʤʝʥʠ ʟʘʜʝʨʞʢʠ ʤʝʞʜʫ ʧʘʨʘʤʠ 

ʃʏɺɹʈ, ʘ ʘʙʩʦʣʶʪʥʦʝ ʨʘʩʩʪʦʷʥʠʝ ʤʦʞʝʪ ʙʳʪʴ ʙʦʣʴʰʠʤ, ʯʪʦ ʜʝʣʘʝʪ ʧʦʜʭʦʜ 

ʧʨʠʛʦʜʥʳʤ ʜʣʷ ʜʠʩʪʘʥʮʠʦʥʥʦʛʦ ʟʦʥʜʠʨʦʚʘʥʠʷ ʩ ʤʠʥʠʤʫʤʦʤ ʧʝʨʝʢʨʝʩʪʥʳʭ 

ʠʩʢʘʞʝʥʠʡ iÀ. 

ʅʝʩʤʦʪʨʷ ʥʘ ʫʢʘʟʘʥʥʳʝ ʧʨʝʠʤʫʱʝʩʪʚʘ ʜʘʥʥʦʛʦ ʨʘʜʠʦʬʦʪʦʥʥʦʛʦ 

ʤʝʪʦʜʘ ʦʧʨʦʩʘ, ʝʩʪʴ ʠ ʩʫʱʝʩʪʚʝʥʥʳʝ ʥʝʜʦʩʪʘʪʢʠ, ʢ ʢʦʪʦʨʳʤ ʤʦʞʥʦ ʦʪʥʝʩʪʠ 

ʰʠʨʦʢʫʶ ʧʦʣʦʩʫ ʧʨʦʧʫʩʢʘʥʠʷ ʧʨʠʝʤʥʠʢʘ, ʥʘʣʠʯʠʝ ʧʝʨʝʢʨʝʩʪʥʳʭ 

ʚʳʩʦʢʦʯʘʩʪʦʪʥʳʭ ʩʦʩʪʘʚʣʷʶʱʠʭ ʚ ʩʧʝʢʪʨʝ ʙʠʝʥʠʡ, ʥʘʣʠʯʠʝ ʥʝʣʠʥʝʡʥʳʭ 

ʠʩʢʘʞʝʥʠʡ ʚ ʬʦʨʤʠʨʫʝʤʦʤ ʰʠʨʦʢʦʧʦʣʦʩʥʦʤ ʟʦʥʜʠʨʫʶʱʝʤ ʠʟʣʫʯʝʥʠʠ. 
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ɺ ʦʩʥʦʚʝ ʩʝʥʩʦʨʥʦʡ ʯʘʩʪʠ ʩʠʩʪʝʤʳ ʩʙʦʨʘ ʠʥʬʦʨʤʘʮʠʠ, ʧʨʝʜʥʘʟʥʘʯʝʥʥʦʡ ʜʣʷ 

ʧʨʝʜʦʪʚʨʘʱʝʥʠʷ ʧʨʦʣʝʞʥʝʡ ʫ ʥʝʧʦʜʚʠʞʥʳʭ ʧʘʮʠʝʥʪʦʚ, ʥʘʭʦʜʷʱʠʭʩʷ ʚ ʠʥʚʘʣʠʜʥʦʡ 

ʢʦʣʷʩʢʝ, ʚʧʝʨʚʳʝ ʠʩʧʦʣʴʟʫʶʪʩʷ ʜʘʪʯʠʢʠ ʜʘʚʣʝʥʠʷ ʥʘ ʦʩʥʦʚʝ ʜʠʩʢʨʝʪʥʦ-ʩʝʢʮʠʦʥʥʳʭ 

ʣʠʥʝʡʥʦ-ʯʠʨʧʠʨʦʚʘʥʥʳʭ ʚʦʣʦʢʦʥʥʳʭ ʙʨʵʛʛʦʚʩʢʠʭ ʨʝʰʝʪʦʢ ʩ ʬʘʟʦʚʳʤʠ p-ʩʜʚʠʛʘʤʠ. 

ʇʨʠʤʝʥʝʥʠʝ ʪʘʢʠʭ ʩʠʩʪʝʤ ʧʦʟʚʦʣʠʪ ʨʝʰʠʪʴ ʧʨʦʙʣʝʤʳ ʚʳʩʦʢʠʭ ʧʦ ʩʪʦʠʤʦʩʪʠ ʦʧʪʠʢʦ-

ʵʣʝʢʪʨʦʥʥʳʭ ʠʥʪʝʨʨʦʛʘʪʦʨʦʚ ʠ ʩʣʦʞʥʳʭ ʚ ʨʝʘʣʠʟʘʮʠʠ ʨʘʜʠʦʬʦʪʦʥʥʳʭ ʠʥʪʝʨʨʦʛʘʪʦʨʦʚ 

ʩ ʃʏʄ ʦʧʨʦʩʦʤ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʠʥʚʘʣʠʜʥʘʷ ʢʦʣʷʩʢʘ, ʧʨʦʣʝʞʥʠ, ʩʠʩʪʝʤʘ ʢʦʥʪʨʦʣʷ ʩʦʩʪʦʷʥʠʷ 

ʧʘʮʠʝʥʪʘ, ʜʘʪʯʠʢ ʜʘʚʣʝʥʠʷ, ʣʠʥʝʡʥʦ-ʯʠʨʧʠʨʦʚʘʥʥʘʷ ʚʦʣʦʢʦʥʥʘʷ ʙʨʵʛʛʦʚʩʢʘʷ ʨʝʰʝʪʢʘ ʩ 

ʬʘʟʦʚʳʤ ʩʜʚʠʛʦʤ, ʩʠʩʪʝʤʘ ʰʠʨʦʢʦʧʦʣʦʩʥʦʛʦ ʦʧʨʦʩʘ ʜʘʪʯʠʢʦʚ. 

 

ɺʚʝʜʝʥʠʝ 

ʇʨʦʣʝʞʥʠ ʷʚʣʷʶʪʩʷ ʩʝʨʴʝʟʥʦʡ ʧʨʦʙʣʝʤʦʡ ʜʣʷ ʣʶʜʝʡ ʩ ʪʨʘʚʤʘʤʠ 

ʩʧʠʥʥʦʛʦ ʤʦʟʛʘ (ʊʉʄ). ʉʪʘʪʠʩʪʠʢʘ ʧʦʢʘʟʳʚʘʝʪ, ʯʪʦ ʙʦʣʝʝ 50% ʣʶʜʝʡ ʩ 

ʊʉʄ ʩʪʨʘʜʘʶʪ ʦʪ ʧʨʦʣʝʞʥʝʡ ʚ ʧʝʨʠʦʜ ʠʭ ʞʠʟʥʠ [1]. ʉʥʠʟʠʪʴ ʩʪʦʠʤʦʩʪʴ 

ʣʝʯʝʥʠʷ ʠ ʫʣʫʯʰʠʪʴ ʢʘʯʝʩʪʚʦ ʞʠʟʥʠ ʣʶʜʝʡ ʩ ʊʉʄ, ʤʦʞʥʦ ʩ ʧʦʤʦʱʴʶ 

ʧʨʦʬʠʣʘʢʪʠʯʝʩʢʠʭ ʠ ʤʦʥʠʪʦʨʠʥʛʦʚʳʭ ʤʝʨʦʧʨʠʷʪʠʡ.  

ʇʨʝʜʣʦʞʝʥʥʳʝ ʥʝʜʘʚʥʦ ʩʠʩʪʝʤʳ ʥʘ ʢʣʘʩʩʠʯʝʩʢʠʭ ʚʦʣʦʢʦʥʥʳʭ 

ʙʨʵʛʛʦʚʩʢʠʭ ʨʝʰʝʪʢʘʭ (ɺɹʈ) [1] ʠ ʣʠʥʝʡʥʦ-ʯʠʨʧʠʨʦʚʘʥʥʳʭ (ʃʏɺɹʈ) [2, 3] 

ʧʦʟʚʦʣʷʶʪ ʯʘʩʪʠʯʥʦ ʨʝʰʠʪʴ ʫʢʘʟʘʥʥʳʝ ʧʨʦʙʣʝʤʳ. ʆʜʥʘʢʦ, ʚ ʠʭ ʘʨʩʝʥʘʣʝ 

ʧʨʠʩʫʪʩʪʚʫʶʪ ʣʠʙʦ ʩʣʦʞʥʳʡ ʠ ʜʦʨʦʛʦʡ ʦʧʪʠʢʦ-ʵʣʝʢʪʨʦʥʥʳʡ ʠʥʪʝʨʨʦʛʘʪʦʨ 

(ʆʕʀ), ʣʠʙʦ ʩʣʦʞʥʘʷ ʩ ʚʳʩʦʢʠʤ ʫʨʦʚʥʝʤ ʥʝʣʠʥʝʡʥʦʩʪʠ ʠ ʧʝʨʝʢʨʝʩʪʥʳʭ 

ʠʩʢʘʞʝʥʠʡ ʧʦʜʩʠʩʪʝʤʘ ʃʏʄ-ʦʧʨʦʩʘ ʨʘʜʠʦʬʦʪʦʥʥʦʛʦ ʠʥʪʝʨʨʦʛʘʪʦʨʘ 

(ʈʌʀ). ɼʘʞʝ ʜʣʷ ʰʝʩʪʠ ʠʟʤʝʨʠʪʝʣʴʥʳʭ ʜʘʪʯʠʢʦʚ ʜʘʚʣʝʥʠʷ, ʫʩʪʘʥʦʚʣʝʥʥʳʭ 

ʚ ʟʦʥʘʭ ʣʦʧʘʪʦʢ, ʩʝʜʘʣʠʱʘ, ʧʷʪʦʢ ʩ ʦʙʝʠʭ ʩʪʦʨʦʥ ʪʝʣʘ, ʠ ʜʚʫʭ ʦʧʦʨʥʳʭ 

ʨʝʰʝʪʦʢ ʚ ʢʘʞʜʦʤ ʠʟ ʢʘʥʘʣʦʚ ʥʘʙʣʶʜʘʝʪʩʷ ʩʫʱʝʩʪʚʝʥʥʦʝ ʢʦʣʠʯʝʩʪʚʦ 

ʢʦʣʣʠʟʠʡ ʧʦ ʦʧʨʝʜʝʣʝʥʠʶ ʮʝʥʪʨʘʣʴʥʦʡ ʜʣʠʥʳ ʚʦʣʥʳ ʢʘʞʜʦʡ ʠʟ ʨʝʰʝʪʦʢ 

[1-3]. 

ɺ ʜʘʥʥʦʡ ʩʪʘʪʴʝ ʙʫʜʫʪ ʠʩʩʣʝʜʦʚʘʥʳ ʧʨʠʥʮʠʧʳ ʧʦʩʪʨʦʝʥʠʷ ʠ ʨʘʙʦʪʳ 

ʛʠʙʨʠʜʥʦʡ ʩʠʩʪʝʤʳ, ʢʦʪʦʨʘʷ ʩʦʜʝʨʞʠʪ ʰʠʨʦʢʦʧʦʣʦʩʥʳʡ ʠʩʪʦʯʥʠʢ 

ʟʦʥʜʠʨʫʶʱʝʛʦ ʠʟʣʫʯʝʥʠʷ ʠʟ ʆʕʀ, ʠ ʧʨʠʥʮʠʧʳ ʠʟʤʝʨʝʥʠʷ ʜʘʚʣʝʥʠʷ ʥʘ 

ʨʘʜʠʦʯʘʩʪʦʪʘʭ ʙʠʝʥʠʡ ʦʧʪʠʯʝʩʢʠʭ ʢʦʤʧʦʥʝʥʪ, ʧʦʣʫʯʝʥʥʳʭ ʩ ʢʘʞʜʦʛʦ 

ʠʟʤʝʨʠʪʝʣʴʥʦʛʦ ʜʘʪʯʠʢʘ ʠ ʦʧʦʨʥʦʡ ʨʝʰʝʪʢʠ. ʊʘʢʘʷ ʩʠʩʪʝʤʘ ʩʪʘʥʦʚʠʪʩʷ 
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ʨʝʘʣʠʟʫʝʤʦʡ, ʝʩʣʠ ʚ ʢʘʯʝʩʪʚʝ ʜʘʪʯʠʢʦʚ ʙʫʜʫʪ ʠʩʧʦʣʴʟʦʚʘʥʳ ʜʠʩʢʨʝʪʥʦ-

ʩʝʢʮʠʦʥʥʳʝ ʃʏɺɹʈ, ʢʦʪʦʨʳʝ ʧʦʟʚʦʣʷʶʪ ʟʘʧʠʩʘʪʴ ʬʘʟʦʚʳʡ ˊ-ʩʜʚʠʛ, ʚ 

ʣʶʙʦʡ ʩʝʢʮʠʠ [4]. 

ʉʝʥʩʦʨʥʘʷ ʯʘʩʪʴ 

ɼʣʷ ʨʝʘʣʠʟʘʮʠʠ ʚ ʜʘʪʯʠʢʘʭ ʜʘʚʣʝʥʠʷ ʨʘʜʠʦʬʦʪʦʥʥʳʭ ʧʨʠʥʮʠʧʦʚ 

ʠʟʤʝʨʝʥʠʡ ʧʨʠ ʟʘʧʠʩʠ ʃʏɺɹʈ ʥʝʦʙʭʦʜʠʤʦ ʧʨʝʜʫʩʤʦʪʨʝʪʴ ʟʘʧʠʩʴ ʬʘʟʦʚʳʭ 

ʩʜʚʠʛʦʚ ʩ ʨʘʟʥʦʩʪʥʦʡ ʯʘʩʪʦʪʦʡ ʤʝʞʜʫ ʥʠʤʠ, ʣʝʞʘʱʝʡ ʚ ʤʠʢʨʦʚʦʣʥʦʚʦʤ 

ʜʠʘʧʘʟʦʥʝ. ɺʝʣʠʯʠʥʘ ʵʪʦʡ ʨʘʟʥʦʩʪʥʦʡ ʯʘʩʪʦʪʳ ʤʦʞʝʪ ʦʪʣʠʯʘʪʴʩʷ ʦʪ 

ʜʘʪʯʠʢʘ ʢ ʜʘʪʯʠʢʫ ʧʨʠ ʟʘʧʠʩʠ ʬʘʟʦʚʦʛʦ ʩʜʚʠʛʘ, ʥʘʧʨʠʤʝʨ, ʚ ʧʝʨʚʦʡ, ʚʪʦʨʦʡ 

ʠ ʯʝʪʚʝʨʪʦʡ ʩʝʢʮʠʷʭ ʧʷʪʠʩʝʢʮʠʦʥʥʦʡ ʨʝʰʝʪʢʠ ʠʣʠ ʜʘʞʝ ʵʢʚʠʜʠʩʪʘʥʪʦ, ʢʘʢ 

ʧʦʢʘʟʘʥʦ ʥʘ ʨʠʩ. 1,ʘ, ʧʦʩʢʦʣʴʢʫ ʜʦʧʦʣʥʠʪʝʣʴʥʦ ʙʫʜʝʪ ʚʚʝʜʝʥʘ ʘʤʧʣʠʪʫʜʥʘʷ 

ʜʠʩʢʨʠʤʠʥʘʮʠʷ ʩʦʩʪʘʚʣʷʶʱʠʭ, ʢʘʢ ʧʦʢʘʟʘʥʦ ʥʘ ʨʠʩ. 1,ʙ. ʇʨʠ ʵʪʦʤ ʪʘʢʘʷ 

ʜʠʩʢʨʠʤʠʥʘʮʠʷ ʤʦʞʝʪ ʙʳʪʴ ʨʝʘʣʠʟʦʚʘʥʘ ʩ ʧʦʤʦʱʴʶ ʣʠʥʝʡʥʦʛʦ 

ʥʘʢʣʦʥʥʦʛʦ ʬʠʣʴʪʨʘ, ʣʠʙʦ ʩ ʧʦʤʦʱʴʶ ʟʘʧʠʩʠ ʬʘʟʦʚʳʭ ʩʜʚʠʛʦʚ ʨʘʟʣʠʯʥʦʡ 

ʚʝʣʠʯʠʥʳ ï ˊ, 3ˊ/4, ˊ/2, ˊ/4. 

 

 
                           ʘ                                                                        ʙ 

 

ʈʠʩʫʥʦʢ 1. ʉʧʝʢʪʨ ʠʟʣʫʯʝʥʠʷ ʥʘ ʚʭʦʜʝ ʌɼ ʦʪ ʦʧʦʨʥʦʡ ʠ ʪʨʝʭ ʠʟʤʝʨʠʪʝʣʴʥʳʭ 

ʨʝʰʝʪʦʢ ʙʝʟ (ʘ) ʠ ʩ (ʙ) ʘʤʧʣʠʪʫʜʥʦʡ ʜʠʩʢʨʠʤʠʥʘʮʠʝʡ 

 

ʉʪʨʫʢʪʫʨʥʘʷ ʩʭʝʤʘ ʩʠʩʪʝʤʳ 

 

ʅʘ ʨʠʩ. 2 ʧʨʠʚʝʜʝʥʘ ʦʧʪʠʢʦ-ʵʣʝʢʪʨʦʥʥʘʷ ʩʭʝʤʘ ʩʠʩʪʝʤʳ ʩʙʦʨʘ 

ʠʥʬʦʨʤʘʮʠʠ ʦ ʧʦʣʦʞʝʥʠʠ ʧʘʮʠʝʥʪʘ, ʚʢʣʶʯʘʶʱʝʛʦ ʚ ʩʝʙʷ ʚʥʝʰʥʠʡ ʤʦʜʫʣʴ, 

ʫʩʪʘʥʘʚʣʠʚʘʝʤʳʝ ʧʦʜ ʩʠʜʝʥʴʝʤ ʢʦʣʷʩʢʠ, ʠ ʩʝʥʩʦʨʥʫʶ ʯʘʩʪʴ 

ʠʟʤʝʨʠʪʝʣʴʥʦʛʦ ʟʦʥʜʘ ʩ ʜʘʪʯʠʢʘʤʠ. ɼʘʪʯʠʢʠ ʦʙʲʝʜʠʥʝʥʳ ʚ ʜʚʘ ʢʘʥʘʣʘ ʧʦ 

ʪʨʠ 5.1, 5.2 ʠ 5.N, ʢʘʞʜʳʡ ʧʦ ʤʝʩʪʫ ʨʘʩʧʦʣʦʞʝʥʠʷ ï ʚ ʦʙʣʘʩʪʠ ʣʦʧʘʪʦʢ, 

ʩʝʜʘʣʠʱʘ ʠ ʧʷʪʦʢ, ʠ ʦʜʥʦʡ ʦʧʦʨʥʦʡ ʨʝʰʝʪʢʠ 4.  
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ʈʠʩʫʥʦʢ 2. ʉʪʨʫʢʪʫʨʥʘʷ ʩʭʝʤʘ ʦʜʥʦʛʦ ʢʘʥʘʣʘ ʩʠʩʪʝʤʳ 

 

ʅʘ ʨʠʩ. 3, ʘ ʧʨʠʚʝʜʝʥʳ ʩʧʝʢʪʨʘʣʴʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʚʳʭʦʜʥʦʛʦ 
ʩʠʛʥʘʣʘ ʬʦʪʦʧʨʠʝʤʥʠʢʘ ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ ʫʩʠʣʠʷ ʧʨʠʞʠʤʘ. ɸʣʛʦʨʠʪʤ 
ʦʙʨʘʙʦʪʢʠ ʠʥʬʦʨʤʘʮʠʠ, ʟʘʣʦʞʝʥʥʳʡ ʚ ʢʦʥʪʨʦʣʣʝʨʝ ʦʧʨʝʜʝʣʝʥʠʷ ʫʩʠʣʠʷ 
ʧʨʠʞʠʤʘ, ʧʨʝʜʩʪʘʚʣʝʥ ʥʘ ʨʠʩ. 3, ʘ.  

 
ʈʠʩʫʥʦʢ 3. ʉʧʝʢʪʨʘʣʴʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʚʳʭʦʜʥʦʛʦ ʩʠʛʥʘʣʘ ʬʦʪʦʧʨʠʝʤʥʠʢʘ  
ʧʨʠ ʨʘʚʥʦʤʝʨʥʦʤ ʫʚʝʣʠʯʝʥʠʠ ʫʩʠʣʠʷ ʧʨʠʞʠʤʘ 0 (ʘ), 73 (ʙ), 122 (ʚ), 220 (ʛ) ʢʇʘ  

ʠ ʘʣʛʦʨʠʪʤ ʦʙʨʘʙʦʪʢʠ ʠʥʬʦʨʤʘʮʠʠ (ʜ). 

ʜ) 
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ʅʘ ʨʠʩ. 4 ʧʨʠʚʝʜʝʥʘ ʟʘʚʠʩʠʤʦʩʪʴ ʯʘʩʪʦʪʥʳ ʙʠʝʥʠʡ ʩʠʛʥʘʣʦʚ ʦʪ 

ʢʘʞʜʦʛʦ ʠʟ ʜʘʪʯʠʢʦʚ 51, 52, 5N ʠ ʦʧʦʨʥʦʡ ʨʝʰʝʪʢʦʡ ʧʨʠ ʚʦʟʜʝʡʩʪʚʠʠ ʫʩʠʣʠʷ 

ʧʨʠʞʠʤʘ ʧʘʮʠʝʥʪʘ ʨʘʟʣʠʯʥʦʡ ʚʝʣʠʯʠʥʳ ʦʪ 0 ʜʦ 220 ʢʇʘ. 
 

 
 

ʈʠʩʫʥʦʢ 4 ï ɿʘʚʠʩʠʤʦʩʪʴ ʯʘʩʪʦʪʳ ʙʠʝʥʠʡ ʜʣʷ ʜʘʪʯʠʢʦʚ 51, 52, 5N  

ʧʨʠ ʨʘʚʥʦʤʝʨʥʦʤ ʫʚʝʣʠʯʝʥʠʠ ʚʝʣʠʯʠʥʳ ʫʩʠʣʠʷ ʧʨʠʞʠʤʘ Q 

 

ʄʘʪʝʤʘʪʠʯʝʩʢʘʷ ʤʦʜʝʣʴ ʜʘʪʯʠʢʘ 

ɸʥʘʣʠʪʠʯʝʩʢʦʝ ʚʳʨʘʞʝʥʠʝ ʜʣʷ ʢʦʵʬʬʠʮʠʝʥʪʘ ʧʨʦʧʫʩʢʘʥʠʷ ɺɹʈ ʩ 

ʬʘʟʦʚʳʤ ʩʜʚʠʛʦʤ, ʢʘʢ ʩʝʢʮʠʠ ʃʏɺɹʈ, ʤʦʞʥʦ ʦʧʠʩʘʪʴ ʢʘʢ [5]: 

()
( ) ( ){ } ( )

4

2

1 1 2 2

,
1 2cos sin

T
D D D D

g
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G + -G -G - Dj + -G Djè ø è øê ú ê ú

      (1) 

ʛʜʝ g, G, D1, D2 ï ʩʪʨʫʢʪʫʨʥʳʝ ʧʘʨʘʤʝʪʨʳ ʨʝʰʝʪʢʠ, ʘ Dj ï ʟʥʘʯʝʥʠʝ 

ʬʘʟʦʚʦʛʦ ʩʜʚʠʛʘ. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʘʥʘʣʠʪʠʯʝʩʢʦʝ ʚʳʨʘʞʝʥʠʝ ʜʣʷ ʜʠʩʢʨʝʪʥʦ-

ʩʝʢʮʠʦʥʥʦʡ ʃʏɺɹʈ ʩ ʬʘʟʦʚʳʤ ʩʜʚʠʛʦʤ ʚ ʦʜʥʦʡ ʠʟ ʩʝʢʮʠʡ ʠʤʝʝʪ ʚʠʜ: 
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ä                               (2) 

ʛʜʝ ( )iT l ï ʢʦʵʬʬʠʮʠʝʥʪ ʧʨʦʧʫʩʢʘʥʠʷ ʢʘʞʜʦʡ ʩʝʢʮʠʠ ʃʏɺɹʈ ʙʝʟ ʬʘʟʦʚʳʭ 

ʩʜʚʠʛʦʚ, ʢʦʪʦʨʳʡ ʠʤʝʝʪ ʚʠʜ: 
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ʛʜʝ ʠʩʧʦʣʴʟʦʚʘʥʳ ʩʪʨʫʢʪʫʨʥʳʝ ʧʘʨʘʤʝʪʨʳ ʨʝʰʝʪʦʢ [5]. 

ʅʘ ʨʠʩ. 5 ʧʨʝʜʩʪʘʚʣʝʥ ʩʧʝʢʪʨ ʧʨʦʧʫʩʢʘʥʠʷ ʃʏɺɹʈ ʩ ʬʘʟʦʚʳʤ ˊ-

ʩʜʚʠʛʦʤ, ʩʦʩʪʦʷʱʠʡ ʠʟ ʧʷʪʠ ʩʝʢʮʠʠ ʢʣʘʩʩʠʯʝʩʢʠʭ ɺɹʈ ʚ ʮʝʥʪʨʘʣʴʥʦʡ 

ʩʝʢʮʠʠ ʢʦʪʦʨʳʭ ʚʥʝʩʝʥ ʬʘʟʦʚʳʡ ʩʜʚʠʛ, ʨʘʚʥʳʡ ˊ. 
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ʈʠʩʫʥʦʢ 5. ʉʧʝʢʪʨ ʧʨʦʧʫʩʢʘʥʠʷ ʃʏɺɹʈ ʩ ʚʥʝʩʝʥʥʳʤ  

ʬʘʟʦʚʳʤ ˊ-ʩʜʚʠʛʦʤ ʚ ʝʝ ʮʝʥʪʨʘʣʴʥʫʶ ʩʝʢʮʠʶ 

 

ʄʘʪʝʤʘʪʠʯʝʩʢʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʧʦʢʘʟʘʣʦ, ʯʪʦ ʧʨʠ ʧʨʠʣʦʞʝʥʠʠ 

ʜʘʚʣʝʥʠʷ ʥʘ ʩʝʥʩʦʨʥʳʝ ʃʏɺɹʈ ʧʨʦʠʩʭʦʜʠʪ ʣʠʥʝʡʥʦʝ ʩʤʝʱʝʥʠʝ 

ʨʘʜʠʦʯʘʩʪʦʪʥʦʛʦ ʩʠʛʥʘʣʘ ʥʘ ʚʳʭʦʜʝ ʬʦʪʦʧʨʠʝʤʥʠʢʘ, ʢʘʢ ʧʦʢʘʟʘʥʦ ʥʘ ʨʠʩ. 

4.  

ɺʦʟʤʦʞʥʳʤ ʥʝʜʦʩʪʘʪʢʦʤ ʨʘʟʨʘʙʦʪʘʥʥʦʡ ʩʠʩʪʝʤʳ ʤʦʞʥʦ ʩʯʠʪʘʪʴ 

ʥʝʦʙʭʦʜʠʤʦʩʪʴ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʰʠʨʦʢʦʧʦʣʦʩʥʦʛʦ ʬʦʪʦʜʝʪʝʢʪʦʨʘ. ʇʨʠ 

ʧʦʣʥʦʤ ʚʝʩʝ ʯʝʣʦʚʝʢʘ ʚ 320 ʢʇʘ ʦʪʢʣʠʢ ʌɼ ʣʝʞʠʪ ʚ ʦʙʣʘʩʪʠ 100 ɻɻʮ. 

ʆʜʥʘʢʦ, ʚ ʨʝʘʣʴʥʦʡ ʩʠʪʫʘʮʠʠ ʠʟʤʝʥʝʥʠʝ ʜʘʚʣʝʥʠʷ ʩʦʩʪʘʚʣʷʝʪ °20 ʢʇʘ, ʯʪʦ 

ʧʦ ʧʦʣʦʩʝ ʩʦʩʪʘʚʣʷʝʪ ʦʢʦʣʦ 10 ɻɻʮ. 

 

ɿʘʢʣʶʯʝʥʠʝ 

ɺ ʨʘʙʦʪʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʧʨʦʝʢʪʠʨʦʚʘʥʠʷ ʩʠʩʪʝʤʳ ʩʙʦʨʘ 

ʠʥʬʦʨʤʘʮʠʠ, ʧʨʝʜʥʘʟʥʘʯʝʥʥʦʡ ʜʣʷ ʧʨʝʜʦʪʚʨʘʱʝʥʠʷ ʧʨʦʣʝʞʥʝʡ ʫ 

ʧʘʮʠʝʥʪʘ, ʥʘʭʦʜʷʱʠʭʩʷ ʚ ʠʥʚʘʣʠʜʥʦʡ ʢʦʣʷʩʢʝ. ɺ ʦʩʥʦʚʝ ʩʝʥʩʦʨʥʦʡ ʯʘʩʪʠ 

ʩʠʩʪʝʤʳ ʚʧʝʨʚʳʝ ʠʩʧʦʣʴʟʫʶʪʩʷ ʜʘʪʯʠʢʠ ʜʘʚʣʝʥʠʷ ʥʘ ʦʩʥʦʚʝ ʜʠʩʢʨʝʪʥʦ-

ʩʝʢʮʠʦʥʥʳʭ ʃʏɺɹʈ ʩ ʬʘʟʦʚʳʤ ʩʜʚʠʛʦʤ. ɺ ʢʘʞʜʦʤ ʜʘʪʯʠʢʝ ʬʘʟʦʚʳʡ ʩʜʚʠʛ 

ʧʨʦʧʠʩʳʚʘʝʪʩʷ ʚ ʦʪʣʠʯʥʦʡ ʦʪ ʜʨʫʛʦʛʦ ʩʝʢʮʠʠ. ʇʨʠʤʝʥʝʥʠʝ ʪʘʢʠʭ ʨʝʰʝʪʦʢ 

ʠ ʨʘʟʨʘʙʦʪʘʥʥʳʭ ʨʘʜʠʦʬʦʪʦʥʥʳʭ ʤʝʪʦʜʦʚ ʠʭ ʦʧʨʦʩʘ ʧʨʠ ʧʨʦʩʪʦʤ 

ʰʠʨʦʢʦʧʦʣʦʩʥʦʤ ʟʦʥʜʠʨʦʚʘʥʠʠ, ʬʘʢʪʠʯʝʩʢʠ ʦʩʚʝʱʝʥʠʠ ʨʝʰʝʪʦʢ, 

ʧʦʟʚʦʣʠʣʦ ʦʙʝʩʧʝʯʠʪʴ ʢʘʢ ʦʧʨʦʩ ʠ ʠʜʝʥʪʠʬʠʢʘʮʠʶ ʢʘʞʜʦʛʦ ʜʘʪʯʠʢʘ ʚ 

ʟʦʥʘʭ ʣʦʧʘʪʦʢ, ʩʝʜʘʣʠʱʘ ʠ ʧʷʪʦʢ ʧʘʮʠʝʥʪʘ, ʪʘʢ ʠ ʩʫʱʝʩʪʚʝʥʥʦ ʩʥʠʟʠʪʴ 

ʩʪʦʠʤʦʩʪʴ ʠʥʪʝʨʨʦʛʘʪʦʨʘ. ʂʨʦʤʝ ʵʪʦʛʦ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʧʨʦʩʪʝʡʰʝʡ ʩʠʩʪʝʤʳ 

ʧʨʠʝʤʘ ʠ ʦʙʨʘʙʦʪʢʠ ʠʥʬʦʨʤʘʮʠʠ ʧʦʟʚʦʣʷʝʪ ʢʨʝʧʠʪʴ ʝʝ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʥʘ 

ʢʦʣʷʩʢʝ ʠ ʦʙʝʩʧʝʯʠʪʴ ʪʝʨʤʦʩʪʘʪʠʨʦʚʘʥʠʝ ʃʏɺɹʈ1, ʩʜʝʣʘʚ ʝʝ ʦʧʦʨʥʦʡ ʜʣʷ 

ʚʩʝʡ ʠʥʬʦʨʤʘʮʠʦʥʥʦ-ʠʟʤʝʨʠʪʝʣʴʥʦʡ ʩʠʩʪʝʤʳ. 
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ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʦʙʥʘʨʫʞʝʥʦ ʚʦʟʥʠʢʥʦʚʝʥʠʝ ʘʥʘʣʦʛʦʚ ʬʦʪʦʥʥʳʭ ʪʘʤʤʦʚʩʢʠʭ 

ʨʝʟʦʥʘʥʩʦʚ ʚ ʧʝʨʚʦʡ ʠ ʚʪʦʨʦʡ ʟʘʧʨʝʱʝʥʥʳʭ ʟʦʥʘʭ ʦʜʥʦʤʝʨʥʦʛʦ ʉɺʏ ʬʦʪʦʥʥʦʛʦ 
ʢʨʠʩʪʘʣʣʘ, ʢʦʥʪʘʢʪʠʨʫʶʱʝʛʦ ʩʦ ʩʣʦʝʤ ʧʦʣʷʨʥʦʡ ʞʠʜʢʦʩʪʠ, ʭʘʨʘʢʪʝʨʠʟʫʶʱʝʡʩʷ 
ʧʦʣʦʞʠʪʝʣʴʥʦʡ ʚʝʣʠʯʠʥʦʡ ʜʝʡʩʪʚʠʪʝʣʴʥʦʡ ʯʘʩʪʠ ʢʦʤʧʣʝʢʩʥʦʡ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ 
ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʠ ʟʥʘʯʠʪʝʣʴʥʦʡ ʚʝʣʠʯʠʥʦʡ ʤʥʠʤʦʡ ʯʘʩʪʠ ʢʦʤʧʣʝʢʩʥʦʡ 
ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʬʦʪʦʥʥʳʝ ʪʘʤʤʦʚʩʢʠʝ ʨʝʟʦʥʘʥʩʳ, ʉɺʏ ʬʦʪʦʥʥʳʡ ʢʨʠʩʪʘʣʣ, 
ʧʦʣʷʨʥʘʷ ʞʠʜʢʦʩʪʴ, ʢʦʤʧʣʝʢʩʥʘʷ ʜʠʵʣʝʢʪʨʠʯʝʩʢʘʷ ʧʨʦʥʠʮʘʝʤʦʩʪʴ 

 
ʀʟʚʝʩʪʥʦ, ʯʪʦ ʧʦʚʝʨʭʥʦʩʪʥʳʝ ʵʣʝʢʪʨʦʥʥʳʝ ʩʦʩʪʦʷʥʠʷ ʊʘʤʤʘ 

ʧʦʷʚʣʷʶʪʩʷ ʥʘ ʛʨʘʥʠʮʝ ʧʦʣʫʙʝʩʢʦʥʝʯʥʦʛʦ ʢʨʠʩʪʘʣʣʘ ʠ ʭʘʨʘʢʪʝʨʠʟʫʶʪʩʷ 
ʜʠʩʢʨʝʪʥʳʤ ʵʥʝʨʛʝʪʠʯʝʩʢʠʤ ʩʧʝʢʪʨʦʤ ʠ ʚʦʣʥʦʚʳʤʠ ʬʫʥʢʮʠʷʤʠ, ʢʦʪʦʨʳʝ 
ʵʢʩʧʦʥʝʥʮʠʘʣʴʥʦ ʟʘʪʫʭʘʶʪ ʧʦ ʤʝʨʝ ʫʜʘʣʝʥʠʷ ʦʪ ʧʦʚʝʨʭʥʦʩʪʠ ʚ ʛʣʫʙʠʥʫ 
ʢʨʠʩʪʘʣʣʘ ʠ ʚ ʧʨʦʩʪʨʘʥʩʪʚʦ ʚʥʝ ʝʛʦ [1].  

ʇʦ ʘʥʘʣʦʛʠʠ ʩ ʧʦʚʝʨʭʥʦʩʪʥʳʤʠ ʪʘʤʤʦʚʩʢʠʤʠ ʩʦʩʪʦʷʥʠʷʤʠ ʚ 
ʪʚʝʨʜʦʤ ʪʝʣʝ, ʚ ʬʦʪʦʥʥʳʭ ʢʨʠʩʪʘʣʣʘʭ, ʩʦʩʪʦʷʱʠʭ ʠʟ ʧʝʨʠʦʜʠʯʝʩʢʠ 
ʯʝʨʝʜʫʶʱʠʭʩʷ ʤʘʢʨʦʩʢʦʧʠʯʝʩʢʠʭ ʵʣʝʤʝʥʪʦʚ, ʚʦʟʤʦʞʥʦ ʥʘʙʣʶʜʝʥʠʝ, ʪʘʢ 
ʥʘʟʳʚʘʝʤʳʭ, ʬʦʪʦʥʥʳʭ ʪʘʤʤʦʚʩʢʠʭ ʩʦʩʪʦʷʥʠʡ. 

ɺʦʟʥʠʢʥʦʚʝʥʠʝ ʧʦʚʝʨʭʥʦʩʪʥʳʭ ʪʘʤʤʦʚʩʢʠʭ ʩʦʩʪʦʷʥʠʡ ʚʦʟʤʦʞʥʦ ʥʘ 
ʢʦʥʪʘʢʪʝ ʜʚʫʭ ʩʦʝʜʠʥʝʥʥʳʭ ʬʦʪʦʥʥʳʭ ʢʨʠʩʪʘʣʣʦʚ ʩ ʨʘʟʣʠʯʥʳʤʠ 
ʨʘʟʤʝʨʘʤʠ ʵʣʝʤʝʥʪʘʨʥʳʭ ʷʯʝʝʢ ʧʨʠ ʧʝʨʝʢʨʳʪʠʠ ʟʘʧʨʝʱʝʥʥʳʭ ʟʦʥ ʵʪʠʭ 
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ʜʚʫʭ ʢʨʠʩʪʘʣʣʦʚ [2ï4].  
ʌʦʪʦʥʥʳʝ ʪʘʤʤʦʚʩʢʠʝ ʩʦʩʪʦʷʥʠʷ ʥʘʙʣʶʜʘʶʪʩʷ ʪʘʢʞʝ ʥʘ ʛʨʘʥʠʮʝ 

ʬʦʪʦʥʥʦʛʦ ʢʨʠʩʪʘʣʣʘ ʠ ʦʜʥʦʨʦʜʥʦʛʦ ʩʣʦʷ ʠʣʠ ʩʣʦʷ 
ʤʝʪʘʣʣʦʜʠʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʥʘʥʦʢʦʤʧʦʟʠʪʘ, ʭʘʨʘʢʪʝʨʠʟʫʶʱʠʭʩʷ 
ʦʪʨʠʮʘʪʝʣʴʥʦʡ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʴʶ (ʧʨʦʚʦʜʷʱʘʷ ʩʨʝʜʘ ʥʘ 
ʯʘʩʪʦʪʘʭ ʥʠʞʝ ʧʣʘʟʤʝʥʥʦʡ) ʠ ʪʨʘʢʪʫʝʪʩʷ ʢʘʢ ʧʦʚʝʨʭʥʦʩʪʥʦʝ ʪʘʤʤʦʚʩʢʦʝ 
ʧʣʘʟʤʦʥ-ʧʦʣʷʨʠʪʦʥʥʦʝ ʩʦʩʪʦʷʥʠʝ ʚ ʜʦʚʦʣʴʥʦ ʙʦʣʴʰʦʤ ʯʠʩʣʝ ʨʘʙʦʪ ʧʨʠ 
ʨʘʩʩʤʦʪʨʝʥʠʠ ʩʚʦʡʩʪʚ ʬʦʪʦʥʥʳʭ ʢʨʠʩʪʘʣʣʦʚ ʚ ʦʧʪʠʯʝʩʢʦʤ ʜʠʘʧʘʟʦʥʝ 
ʯʘʩʪʦʪ [5ï7]. 

ɺʦ ʚʩʝʭ ʨʘʩʩʤʦʪʨʝʥʥʳʭ ʚʳʝh ʩʣʫʯʘʷʭ ʬʦʪʦʥʥʦʝ ʪʘʤʤʦʚʩʢʦʝ 
ʩʦʩʪʦʷʥʠʝ ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ ʣʦʢʘʣʠʟʘʮʠʝʡ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ 
ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʡ ʚʦʣʥʳ ʥʘ ʚʥʫʪʨʝʥʥʝʡ ʠʣʠ ʚʥʝʰʥʝʡ ʛʨʘʥʠʮʘʭ ʬʦʪʦʥʥʦʛʦ 
ʢʨʠʩʪʘʣʣʘ, ʧʨʠ ʵʪʦʤ ʝʩʣʠ ʘʤʧʣʠʪʫʜʘ ʚ ʧʫʯʥʦʩʪʷʭ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ ʥʘ 
ʯʘʩʪʦʪʝ ʨʝʟʦʥʘʥʩʘ ʊʘʤʤʘ ʚ ʧʝʨʚʦʡ ʟʘʧʨʝʱʝʥʥʦʡ ʟʦʥʝ ʤʦʥʦʪʦʥʥʦ 
ʫʤʝʥʴʰʘʝʪʩʷ ʧʦ ʤʝʨʝ ʫʜʘʣʝʥʠʷ ʦʪ ʛʨʘʥʠʮʳ ʬʦʪʦʥʥʦʛʦ ʢʨʠʩʪʘʣʣʘ ʩ 
ʧʨʦʚʦʜʷʱʠʤ ʥʘʥʦʩʣʦʝʤ ʚʥʫʪʨʠ ʬʦʪʦʥʥʦʛʦ ʢʨʠʩʪʘʣʣʘ ʥʘ ʧʨʦʪʷʞʝʥʠʠ ʚʩʝʡ 
ʝʛʦ ʜʣʠʥʳ ʧʦ ʟʘʢʦʥʫ, ʙʣʠʟʢʦʤʫ ʢ ʣʠʥʝʡʥʦʤʫ, ʪʦ ʩ ʚʥʝʰʥʝʡ ʩʪʦʨʦʥʳ 
ʧʨʦʚʦʜʷʱʝʛʦ ʩʣʦʷ ʥʘʧʨʷʞʝʥʥʦʩʪʴ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ ʨʝʟʢʦ ʫʙʳʚʘʝʪ ʥʘ 
ʨʘʩʩʪʦʷʥʠʠ ʩʨʘʚʥʠʤʳʤ ʩ ʪʦʣʱʠʥʦʡ ʧʨʦʚʦʜʷʱʝʛʦ ʩʣʦʷ ʠ ʩʪʘʥʦʚʠʪʩʷ 
ʥʝʟʥʘʯʠʪʝʣʴʥʦʡ [8]. 

ʇʨʠ ʵʪʦʤ ʨʝʟʢʦʝ ʫʙʳʚʘʥʠʝ ʥʘʧʨʷʞʝʥʥʦʩʪʠ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ 
ʦʙʝʩʧʝʯʠʚʘʝʪʩʷ ʢʘʢ ʚʩʣʝʜʩʪʚʠʝ ʦʪʨʠʮʘʪʝʣʴʥʦʡ ʚʝʣʠʯʠʥʳ ʜʝʡʩʪʚʠʪʝʣʴʥʦʡ 
ʯʘʩʪʠ ʢʦʤʧʣʝʢʩʥʦʡ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʢʦʥʪʘʢʪʥʦʛʦ ʩʣʦʷ, ʪʘʢ 
ʠ ʟʥʘʯʠʪʝʣʴʥʦʡ ʚʝʣʠʯʠʥʳ ʤʥʠʤʦʡ ʝʸ ʯʘʩʪʠ. 

ɺ ʩʚʷʟʠ ʩ ʵʪʠʤ ʧʨʝʜʩʪʘʚʣʷʝʪ ʠʥʪʝʨʝʩ ʠʩʩʣʝʜʦʚʘʥʠʝ ʚʦʟʤʦʞʥʦʩʪʠ 
ʚʦʟʥʠʢʥʦʚʝʥʠʷ ʘʥʘʣʦʛʦʚ ʬʦʪʦʥʥʳʭ ʪʘʤʤʦʚʩʢʠʭ ʩʦʩʪʦʷʥʠʡ ʧʨʠ ʢʦʥʪʘʢʪʝ 
ʬʦʪʦʥʥʦʛʦ ʢʨʠʩʪʘʣʣʘ ʩʦ ʩʨʝʜʦʡ, ʭʘʨʘʢʪʝʨʠʟʫʶʱʝʡʩʷ ʧʦʣʦʞʠʪʝʣʴʥʦʡ 
ʚʝʣʠʯʠʥʦʡ ʜʝʡʩʪʚʠʪʝʣʴʥʦʡ ʯʘʩʪʠ ʢʦʤʧʣʝʢʩʥʦʡ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ 
ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʠ ʟʥʘʯʠʪʝʣʴʥʦʡ ʚʝʣʠʯʠʥʦʡ ʤʥʠʤʦʡ ʯʘʩʪʠ ʢʦʤʧʣʝʢʩʥʦʡ 
ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ. ʂ ʪʘʢʠʤ ʩʨʝʜʘʤ ʦʪʥʦʩʷʪʩʷ ʧʦʣʷʨʥʳʝ 
ʞʠʜʢʦʩʪʠ [9]. 

ʇʦʩʢʦʣʴʢʫ ʧʨʠ ʠʩʩʣʝʜʦʚʘʥʠʠ ʉɺʏ ʬʦʪʦʥʥʳʭ ʢʨʠʩʪʘʣʣʦʚ, 
ʢʦʥʪʘʢʪʠʨʫʶʱʠʭ ʩ ʧʦʣʷʨʥʳʤʠ ʞʠʜʢʦʩʪʷʤʠ, ʩʣʝʜʫʝʪ ʫʯʠʪʳʚʘʪʴ, ʯʪʦ ʢʘʢ 
ʜʝʡʩʪʚʠʪʝʣʴʥʘʷ, ʪʘʢ ʠ ʤʥʠʤʘʷ ʯʘʩʪʠ ʠʭ ʢʦʤʧʣʝʢʩʥʦʡ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ 
ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʩʫʱʝʩʪʚʝʥʥʦ ʟʘʚʠʩʷʪ ʦʪ ʯʘʩʪʦʪʳ ʟʦʥʜʠʨʫʶʱʝʛʦ ʉɺʏ-
ʩʠʛʥʘʣʘ, ʪʦ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʚʳʙʦʨʘ ʢʦʥʢʨʝʪʥʦʡ ʦʙʣʘʩʪʠ ʉɺʏ-ʜʠʘʧʘʟʦʥʘ 
ʜʣʷ ʜʦʩʪʠʞʝʥʠʷ ʦʧʨʝʜʝʣʝʥʥʳʭ ʟʥʘʯʝʥʠʡ ʢʘʢ ʜʝʡʩʪʚʠʪʝʣʴʥʦʡ, ʪʘʢ ʠ ʤʥʠʤʦʡ 
ʯʘʩʪʝʡ ʠʭ ʢʦʤʧʣʝʢʩʥʦʡ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʩʣʝʜʫʝʪ ʚʳʙʠʨʘʪʴ 
ʦʧʨʝʜʝʣʝʥʥʦʡ ʪʠʧ ʧʦʣʷʨʥʦʡ ʞʠʜʢʦʩʪʠ. ʊʘʢ, ʥʘʧʨʠʤʝʨ, ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ 
ʟʦʥʜʠʨʫʶʱʝʛʦ ʠʟʣʫʯʝʥʠʷ ʪʨʝʭʩʘʥʪʠʤʝʪʨʦʚʦʛʦ ʉɺʏ-ʜʠʘʧʘʟʦʥʘ 
ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʧʦʣʷʨʥʳʭ ʞʠʜʢʦʩʪʝʡ ʩ ʙʦʣʴʰʠʤʠ ʚʨʝʤʝʥʘʤʠ ʫʩʪʘʥʦʚʣʝʥʠʷ 
ʜʠʧʦʣʴʥʦʡ ʧʦʣʷʨʠʟʘʮʠʠ, ʢ ʢʦʪʦʨʳʤ ʦʪʥʦʩʷʪʩʷ ʪʘʢʠʝ ʧʦʣʷʨʥʳʝ ʞʠʜʢʦʩʪʠ 
ʢʘʢ ʩʧʠʨʪʳ, ʥʝ ʷʚʣʷʝʪʩʷ ʦʧʪʠʤʘʣʴʥʳʤ. ɺ ʜʠʘʧʘʟʦʥʝ ʯʘʩʪʦʪ ʦʪ 8 ɻɻʮ ʜʦ 12 
ɻɻʮ, ʤʥʠʤʘʷ ʯʘʩʪʴ ʢʦʤʧʣʝʢʩʥʦʡ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ, 
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ʥʘʧʨʠʤʝʨ, ʵʪʠʣʦʚʦʛʦ ʩʧʠʨʪʘ ʥʝ ʧʨʝʚʳʰʘʝʪ 5 ʝʜʠʥʠʮ. 
ɺ ʢʘʯʝʩʪʚʝ ʧʦʣʷʨʥʦʡ ʞʠʜʢʦʩʪʠ, ʠʩʧʦʣʴʟʫʝʤʦʡ, ʥʘʧʨʠʤʝʨ, ʚ ʢʘʯʝʩʪʚʝ 

ʧʦʛʣʦʱʘʶʱʝʡ ʩʨʝʜʳ ʚ ʪʨʝʭʩʘʥʪʠʤʝʪʨʦʚʦʤ ʉɺʏ-ʜʠʘʧʘʟʦʥʝ ʠ 
ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʢʦʪʦʨʦʡ ʜʦʩʪʘʪʦʯʥʦ ʭʦʨʦʰʦ ʠʩʩʣʝʜʦʚʘʥʳ ʤʦʞʥʦ 
ʠʩʧʦʣʴʟʦʚʘʪʴ ʚʦʜʫ, ʚʨʝʤʝʥʘ ʫʩʪʘʥʦʚʣʝʥʠʷ ʜʠʧʦʣʴʥʦʡ ʧʦʣʷʨʠʟʘʮʠʠ ʤʦʣʝʢʫʣ 
ʢʦʪʦʨʦʡ ʩʦʩʪʘʚʣʷʶʪ ~10

ï11
ʩ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ, ʧʨʠ ʵʪʦʤ 

ʚʝʣʠʯʠʥʘ ʤʥʠʤʦʡ ʯʘʩʪʠ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʜʦʩʪʠʛʘʝʪ 
ʟʥʘʯʝʥʠʡ ʦʪ 25 ʜʦ 30 ʝʜʠʥʠʮ ʚ ʜʠʘʧʘʟʦʥʝ ʯʘʩʪʦʪ ʦʪ 8 ɻɻʮ ʜʦ 12 ɻɻʮ. 

ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʠʩʩʣʝʜʦʚʘʣʩʷ ʬʦʪʦʥʥʳʡ ʢʨʠʩʪʘʣʣ, ʩʦʩʪʦʷʱʠʡ ʠʟ 
ʦʜʠʥʥʘʜʮʘʪʠ ʩʣʦʝʚ ʚ ʜʠʘʧʘʟʦʥʝ ʯʘʩʪʦʪ 7ï13 ɻɻʮ. ʅʝʯʝʪʥʳʝ ʩʣʦʠ ʙʳʣʠ 

ʚʳʧʦʣʥʝʥʳ ʠʟ ʧʦʣʠʢʦʨʘ (e = 9.6), ʯʝʪʥʳʝ ʚʳʧʦʣʥʝʥʳ ʠʟ ʬʪʦʨʦʧʣʘʩʪʘ 

(e = 2.0). ɼʣʠʥʳ ʥʝʯʝʪʥʳʭ ʠ ʯʝʪʥʳʭ ʦʪʨʝʟʢʦʚ ʩʦʩʪʘʚʣʷʣʠ 0.5 ʠ 18 ʤʤ 
ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. 

ɼʣʷ ʧʨʦʚʝʜʝʥʠʷ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʙʳʣʘ ʠʟʛʦʪʦʚʣʝʥʘ 
ʢʶʚʝʪʘ ʠʟ ʧʦʣʠʤʝʨʥʦʛʦ ʜʠʵʣʝʢʪʨʠʢʘ ʩ ʦʪʥʦʩʠʪʝʣʴʥʦʡ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ 
ʧʨʦʥʠʮʘʝʤʦʩʪʴʶ ʨʘʚʥʦʡ 2.45 ʝʜʠʥʠʮ, ʢʦʪʦʨʘʷ ʧʨʠʤʳʢʘʣʘ ʢ ʧʦʩʣʝʜʥʝʤʫ 
ʩʣʦʶ ʬʦʪʦʥʥʦʛʦ ʢʨʠʩʪʘʣʣʘ. ʂʶʚʝʪʘ ʧʦʣʥʦʩʪʴʶ ʟʘʧʦʣʥʷʣʘ ʧʦʧʝʨʝʯʥʦʝ 
ʩʝʯʝʥʠʝ ʚʦʣʥʦʚʦʜʘ (23ʭ10 ʤʤ

2
). ʂʶʚʝʪʘ ʧʦʣʥʦʩʪʴʶ ʟʘʧʦʣʥʷʣʘʩʴ 

ʠʩʩʣʝʜʫʝʤʦʡ ʞʠʜʢʦʩʪʴʶ (ʜʠʩʪʠʣʣʠʨʦʚʘʥʥʘʷ ʚʦʜʘ). ʊʦʣʱʠʥʘ ʩʣʦʷ ʚʦʜʳ 
ʩʦʩʪʘʚʣʷʣʘ 0.8 ʤʤ. 

ʏʘʩʪʦʪʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʦʪʨʘʞʝʥʠʷ R (ʢʨʠʚʘʷ 1) ʠ 
ʧʨʦʭʦʞʜʝʥʠʷ D (ʢʨʠʚʘʷ 2) ʬʦʪʦʥʥʦʛʦ ʢʨʠʩʪʘʣʣʘ, ʢʦʥʪʘʢʪʠʨʫʶʱʝʛʦ ʩʦ 
ʩʣʦʝʤ ʜʠʩʪʠʣʣʠʨʦʚʘʥʥʦʡ ʚʦʜʳ, ʠ ʬʦʪʦʥʥʦʛʦ ʢʨʠʩʪʘʣʣʘ ʧʨʠ ʦʪʩʫʪʩʪʚʠʠ 
ʢʶʚʝʪʳ ʩ ʜʠʩʪʠʣʣʠʨʦʚʘʥʥʦʡ ʚʦʜʦʡ (ʢʨʠʚʘʷ 3) ʧʨʝʜʩʪʘʚʣʝʥʥʳʝ ʥʘ ʨʠʩ. 1, 
ʠʩʩʣʝʜʦʚʘʣʠʩʴ ʩ ʧʦʤʦʱʴʶ ʚʝʢʪʦʨʥʦʛʦ ʘʥʘʣʠʟʘʪʦʨʘ ʮʝʧʝʡ Agilent PNA-X 
Network Analyzer N5242A ʚ ʜʠʘʧʘʟʦʥʝ ʯʘʩʪʦʪ 7 ï 13 ɻɻʮ. 

 
ʈʠʩʫʥʦʢ 1. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʯʘʩʪʦʪʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʦʪʨʘʞʝʥʠʷ 

(ʢʨʠʚʘʷ 1) ʠ ʧʨʦʭʦʞʜʝʥʠʷ (ʢʨʠʚʘʷ 2) ʬʦʪʦʥʥʦʛʦ ʢʨʠʩʪʘʣʣʘ, ʢʦʥʪʘʢʪʠʨʫʶʱʝʛʦ ʩʦ ʩʣʦʝʤ 

ʜʠʩʪʠʣʣʠʨʦʚʘʥʥʦʡ ʚʦʜʳ, ʠ ʬʦʪʦʥʥʦʛʦ ʢʨʠʩʪʘʣʣʘ ʧʨʠ ʦʪʩʫʪʩʪʚʠʠ ʢʶʚʝʪʳ ʩ 

ʜʠʩʪʠʣʣʠʨʦʚʘʥʥʦʡ ʚʦʜʦʡ (ʢʨʠʚʘʷ 3) 
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ʂʘʢ ʩʣʝʜʫʝʪ ʠʟ ʨʝʟʫʣʴʪʘʪʦʚ ʵʢʩʧʝʨʠʤʝʥʪʘ ʧʨʠ ʢʦʥʪʘʢʪʝ ʉɺʏ 

ʬʦʪʦʥʥʦʛʦ ʢʨʠʩʪʘʣʣʘ ʩʦ ʩʣʦʝʤ ʜʠʩʪʠʣʣʠʨʦʚʘʥʥʦʡ ʚʦʜʳ ʥʘ ʢʨʘʶ ʢʘʢ 

ʧʝʨʚʦʡ, ʪʘʢ ʠ ʚʪʦʨʦʡ ʟʘʧʨʝʱʝʥʥʳʭ ʟʦʥ ʚʦʟʥʠʢʘʶʪ ʜʦʩʪʘʪʦʯʥʦ ʚʳʨʘʞʝʥʥʳʝ 

ʨʝʟʦʥʘʥʩʳ. ʈʝʟʦʥʘʥʩ ʚ ʧʝʨʚʦʡ ʟʘʧʨʝʱʝʥʥʦʡ ʟʦʥʝ ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ ʥʠʟʢʠʤ 

ʟʥʘʯʝʥʠʝʤ ʢʦʵʬʬʠʮʠʝʥʪʘ ʦʪʨʘʞʝʥʠʷ ʨʘʚʥʳʤ ï18 ʜɹ. 

ʉ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʝʪʦʜʘ ʤʘʪʨʠʮʳ ʧʝʨʝʜʘʯʠ ʙʳʣʠ ʚʳʧʦʣʥʝʥʳ 

ʨʘʩʯʝʪʳ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʦʪʨʘʞʝʥʠʷ R ʠ ʧʨʦʭʦʞʜʝʥʠʷ D ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʡ 

ʚʦʣʥʳ, ʚʟʘʠʤʦʜʝʡʩʪʚʫʶʱʝʡ ʩ ʬʦʪʦʥʥʳʤ ʢʨʠʩʪʘʣʣʦʤ, ʢʦʥʪʘʢʪʠʨʫʶʱʠʤ ʩ 

ʢʶʚʝʪʦʡ, ʢʦʪʦʨʘʷ ʙʳʣʘ ʟʘʧʦʣʥʝʥʘ ʜʠʩʪʠʣʣʠʨʦʚʘʥʥʦʡ ʚʦʜʦʡ. ɼʣʷ ʦʧʠʩʘʥʠʷ 

ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ E(z) ʚ ʦʜʥʦʤʝʨʥʦʤ ʬʦʪʦʥʥʦʤ 

ʢʨʠʩʪʘʣʣʝ ʙʳʣʦ ʠʩʧʦʣʴʟʦʚʘʥʦ ʚʦʣʥʦʚʦʝ ʫʨʘʚʥʝʥʠʝ [10, 11]. 

ʈʝʟʫʣʴʪʘʪʳ ʢʦʤʧʴʶʪʝʨʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʘʤʧʣʠʪʫʜʥʦ-ʯʘʩʪʦʪʥʳʭ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʬʦʪʦʥʥʦʛʦ ʢʨʠʩʪʘʣʣʘ ʭʦʨʦʰʦ ʩʦʛʣʘʩʫʝʪʩʷ ʩ ʨʝʟʫʣʴʪʘʪʘʤʠ 

ʵʢʩʧʝʨʠʤʝʥʪʘ ʠ ʧʦʜʪʚʝʨʞʜʘʶʪ ʚʦʟʤʦʞʥʦʩʪʴ ʩʫʱʝʩʪʚʦʚʘʥʠʝʤ ʬʦʪʦʥʥʦʛʦ 

ʪʘʤʤʦʚʩʢʦʛʦ ʩʦʩʪʦʷʥʠʷ ʥʘ ʛʨʘʥʠʮʝ ʉɺʏ ʬʦʪʦʥʥʦʛʦ ʢʨʠʩʪʘʣʣʘ ʧʨʠ ʝʛʦ 

ʢʦʥʪʘʢʪʝ ʩʦ ʩʣʦʝʤ ʜʠʩʪʠʣʣʠʨʦʚʘʥʥʦʡ ʚʦʜʳ. 

ʊʘʢʞʝ ʚ ʨʝʟʫʣʴʪʘʪʝ ʢʦʤʧʴʶʪʝʨʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʙʳʣʦ 

ʧʦʜʪʚʝʨʞʜʝʥʦ, ʯʪʦ ʚʦʟʥʠʢʘʶʱʝʝ ʨʝʟʦʥʘʥʩʥʦʝ ʩʦʩʪʦʷʥʠʝ ʚ ʟʘʧʨʝʱʝʥʥʦʡ 

ʟʦʥʝ ʬʦʪʦʥʥʦʛʦ ʢʨʠʩʪʘʣʣʘ ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ ʣʦʢʘʣʠʟʘʮʠʝʡ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ 

ʧʦʣʷ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʡ ʚʦʣʥʳ ʉɺʏ-ʜʠʘʧʘʟʦʥʘ ʚʥʫʪʨʠ ʬʦʪʦʥʥʦʛʦ 

ʢʨʠʩʪʘʣʣʘ ʚʙʣʠʟʠ ʛʨʘʥʠʮʳ ʬʦʪʦʥʥʦʛʦ ʢʨʠʩʪʘʣʣʘ ʠ ʩʣʦʷ ʜʠʩʪʠʣʣʠʨʦʚʘʥʥʦʡ 

ʚʦʜʳ, ʯʪʦ ʭʘʨʘʢʪʝʨʥʦ ʜʣʷ ʪʘʤʤʦʚʩʢʦʛʦ ʩʦʩʪʦʷʥʠʷ, ʚʦʟʥʠʢʘʶʱʝʛʦ, 

ʥʘʧʨʠʤʝʨ, ʧʨʠ ʢʦʥʪʘʢʪʝ ʬʦʪʦʥʥʦʛʦ ʢʨʠʩʪʘʣʣʘ ʩ ʧʨʦʚʦʜʷʱʠʤ ʥʘʥʦʩʣʦʝʤ [8]. 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʧʦʜʜʝʨʞʢʝ ʄʠʥʦʙʨʥʘʫʢʠ ʈʦʩʩʠʠ ʚ ʨʘʤʢʘʭ 

ʚʳʧʦʣʥʝʥʠʷ ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʛʦ ʟʘʜʘʥʠʷ (ʧʨʦʝʢʪ ˉ FSRR-2020-0005). 
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ʊʝʦʨʝʪʠʯʝʩʢʠ ʦʙʦʩʥʦʚʘʥʘ ʠ ʧʦʜʪʚʝʨʞʜʝʥʘ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ, ʚʦʟʤʦʞʥʦʩʪʴ 

ʚʦʟʥʠʢʥʦʚʝʥʠʷ ʪʘʤʤʦʚʩʢʠʭ ʨʝʟʦʥʘʥʩʦʚ ʚ ʧʝʨʚʦʡ ʠ ʚʪʦʨʦʡ ʟʘʧʨʝʱʝʥʥʳʭ ʟʦʥʘʭ 

ʦʜʥʦʤʝʨʥʦʛʦ ʉɺʏ ʬʦʪʦʥʥʦʛʦ ʢʨʠʩʪʘʣʣʘ, ʛʨʘʥʠʯʘʱʝʛʦ ʩ ʤʝʪʘʣʣʠʯʝʩʢʠʤ ʥʘʥʦʩʣʦʝʤ ʢʘʢ 

ʧʨʠ ʥʘʣʠʯʠʠ, ʪʘʢ ʠ ʧʨʠ ʦʪʩʫʪʩʪʚʠʠ ʙʫʬʝʨʥʦʛʦ ʩʣʦʷ ʤʝʞʜʫ ʬʦʪʦʥʥʳʤ ʢʨʠʩʪʘʣʣʦʤ ʠ 

ʥʘʥʦʩʣʦʝʤ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʪʘʤʤʦʚʩʢʠʝ ʨʝʟʦʥʘʥʩʳ, ʉɺʏ ʬʦʪʦʥʥʳʡ ʢʨʠʩʪʘʣʣ, ʙʫʬʝʨʥʳʡ 

ʩʣʦʡ, ʤʝʪʘʣʣʠʯʝʩʢʠʡ ʥʘʥʦʩʣʦʡ 

 

ʇʦ ʘʥʘʣʦʛʠʠ ʩ ʧʦʚʝʨʭʥʦʩʪʥʳʤʠ ʪʘʤʤʦʚʩʢʠʤʠ ʩʦʩʪʦʷʥʠʷʤʠ ʚ ʪʚʝʨʜʦʤ 

ʪʝʣʝ, ʚ ʬʦʪʦʥʥʳʭ ʢʨʠʩʪʘʣʣʘʭ, ʩʦʩʪʦʷʱʠʭ ʠʟ ʧʝʨʠʦʜʠʯʝʩʢʠ ʯʝʨʝʜʫʶʱʠʭʩʷ 

ʤʘʢʨʦʩʢʦʧʠʯʝʩʢʠʭ ʵʣʝʤʝʥʪʦʚ, ʚʦʟʤʦʞʥʦ ʥʘʙʣʶʜʝʥʠʝ, ʪʘʢ ʥʘʟʳʚʘʝʤʳʭ, 

ʬʦʪʦʥʥʳʭ ʪʘʤʤʦʚʩʢʠʭ ʩʦʩʪʦʷʥʠʡ [1, 2]. 

ɺʦʟʥʠʢʥʦʚʝʥʠʝ ʧʦʚʝʨʭʥʦʩʪʥʳʭ ʪʘʤʤʦʚʩʢʠʭ ʩʦʩʪʦʷʥʠʡ ʚʦʟʤʦʞʥʦ ʥʘ 

ʛʨʘʥʠʮʝ ʬʦʪʦʥʥʦʛʦ ʢʨʠʩʪʘʣʣʘ ʠ ʦʜʥʦʨʦʜʥʦʛʦ ʤʝʪʘʣʣʠʯʝʩʢʦʛʦ ʥʘʥʦʩʣʦʷ ʠʣʠ 

ʩʣʦʷ ʤʝʪʘʣʣʦʜʠʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʥʘʥʦʢʦʤʧʦʟʠʪʘ ʭʘʨʘʢʪʝʨʠʟʫʶʱʠʭʩʷ 

ʦʪʨʠʮʘʪʝʣʴʥʦʡ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʴʶ (ʧʨʦʚʦʜʷʱʘʷ ʩʨʝʜʘ ʥʘ 

ʯʘʩʪʦʪʘʭ ʥʠʞʝ ʧʣʘʟʤʝʥʥʦʡ) ʠ ʪʨʘʢʪʫʝʪʩʷ ʢʘʢ ʧʦʚʝʨʭʥʦʩʪʥʦʝ ʪʘʤʤʦʚʩʢʦʝ 

ʧʣʘʟʤʦʥ-ʧʦʣʷʨʠʪʦʥʥʦʝ ʩʦʩʪʦʷʥʠʝ ʚ ʜʦʚʦʣʴʥʦ ʙʦʣʴʰʦʤ ʯʠʩʣʝ ʨʘʙʦʪ ʧʨʠ 

ʨʘʩʩʤʦʪʨʝʥʠʠ ʩʚʦʡʩʪʚ ʬʦʪʦʥʥʳʭ ʢʨʠʩʪʘʣʣʦʚ ʚ ʦʧʪʠʯʝʩʢʦʤ ʜʠʘʧʘʟʦʥʝ 

ʯʘʩʪʦʪ [3, 4] ʠ ʚ ʉɺʏ-ʜʠʘʧʘʟʦʥʝ [5, 6]. 
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ɺʦʟʥʠʢʘʶʱʝʝ ʬʦʪʦʥʥʦʝ ʪʘʤʤʦʚʩʢʦʝ ʩʦʩʪʦʷʥʠʝ ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ 

ʣʦʢʘʣʠʟʘʮʠʝʡ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʡ ʚʦʣʥʳ ʚʥʫʪʨʠ 

ʬʦʪʦʥʥʦʛʦ ʢʨʠʩʪʘʣʣʘ ʚʙʣʠʟʠ ʛʨʘʥʠʮʳ ʬʦʪʦʥʥʦʛʦ ʢʨʠʩʪʘʣʣʘ ʠ 

ʚʳʩʦʢʦʧʨʦʚʦʜʷʱʝʛʦ ʥʘʥʦʩʣʦʷ. ʇʦʩʢʦʣʴʢʫ ʩ ʚʥʝʰʥʝʡ ʩʪʦʨʦʥʳ ʧʨʦʚʦʜʷʱʝʛʦ 

ʩʣʦʷ ʥʘʧʨʷʞʝʥʥʦʩʪʴ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ ʥʝʟʥʘʯʠʪʝʣʴʥʘ, ʪʦ ʥʘʠʙʦʣʝʝ 

ʵʬʬʝʢʪʠʚʥʦ ʫʧʨʘʚʣʝʥʠʝ ʪʘʤʤʦʚʩʢʠʤ ʩʦʩʪʦʷʥʠʝʤ ʚʦʟʤʦʞʥʦ ʧʨʠ ʠʟʤʝʥʝʥʠʠ 

ʧʘʨʘʤʝʪʨʦʚ ʙʫʬʝʨʥʦʛʦ ʩʣʦʷ, ʨʘʩʧʦʣʦʞʝʥʥʦʛʦ ʤʝʞʜʫ ʬʦʪʦʥʥʳʤ ʢʨʠʩʪʘʣʣʦʤ 

ʠ ʚʳʩʦʢʦʧʨʦʚʦʜʷʱʠʤ ʥʘʥʦʩʣʦʝʤ [7]. 

ɺ ʩʚʷʟʠ ʩ ʵʪʠʤ ʧʨʝʜʩʪʘʚʣʷʝʪ ʠʥʪʝʨʝʩ ʠʩʩʣʝʜʦʚʘʥʠʝ ʚʦʟʥʠʢʘʶʱʠʭ 

ʪʘʤʤʦʚʩʢʠʭ ʨʝʟʦʥʘʥʩʦʚ ʚ ʦʜʥʦʤʝʨʥʦʤ ʉɺʏ ʬʦʪʦʥʥʦʤ ʢʨʠʩʪʘʣʣʝ, 

ʛʨʘʥʠʯʘʱʝʤ ʩ ʤʝʪʘʣʣʠʯʝʩʢʠʤ ʥʘʥʦʩʣʦʝʤ, ʧʨʠ ʥʘʣʠʯʠʠ ʙʫʬʝʨʥʦʛʦ ʩʣʦʷ 

ʤʝʞʜʫ ʉɺʏ ʬʦʪʦʥʥʳʤ ʢʨʠʩʪʘʣʣʦʤ ʠ ʤʝʪʘʣʣʠʯʝʩʢʠʤ ʥʘʥʦʩʣʦʝʤ. 

ɺ ʜʠʘʧʘʟʦʥʝ ʯʘʩʪʦʪ 7ï13 ɻɻʮ ʠʩʩʣʝʜʦʚʘʥ ʉɺʏ-ʬʦʪʦʥʥʳʡ ʢʨʠʩʪʘʣʣ ʥʘ 

ʦʩʥʦʚʝ ʧʨʷʤʦʫʛʦʣʴʥʦʛʦ ʚʦʣʥʦʚʦʜʘ ʩ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʤ ʟʘʧʦʣʥʝʥʠʝʤ ʚ ʚʠʜʝ 

ʧʝʨʠʦʜʠʯʝʩʢʠ ʯʝʨʝʜʫʶʱʠʭʩʷ ʩʣʦʝʚ ʜʚʫʭ ʪʠʧʦʚ ʜʠʵʣʝʢʪʨʠʢʦʚ ʩ ʨʘʟʥʳʤʠ 

ʟʥʘʯʝʥʠʷʤʠ ʪʦʣʱʠʥʳ ʠ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ. ʌʦʪʦʥʥʳʡ 

ʢʨʠʩʪʘʣʣ ʩʦʩʪʦʠʪ ʠʟ 11 ʩʣʦʝʚ. 

ʅʝʯʝʪʥʳʝ ʩʣʦʠ ʙʳʣʠ ʠʟʛʦʪʦʚʣʝʥʳ ʠʟ ʢʝʨʘʤʠʢʠ Al2O3 (e = 9,6), ʯʝʪʥʳʝ 

ï ʠʟ ʪʝʬʣʦʥʘ (e = 2,0). ɼʣʠʥʘ ʥʝʯʝʪʥʦʛʦ ʠ ʯʝʪʥʦʛʦ ʩʝʛʤʝʥʪʦʚ ʩʦʩʪʘʚʣʷʣʘ 0,5 

ʤʤ ʠ 18 ʤʤ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʅʘʥʦʤʝʪʨʦʚʳʡ ʤʝʪʘʣʣʠʯʝʩʢʠʡ ʩʣʦʡ ʙʳʣ 

ʥʘʥʝʩʝʥ ʥʘ ʢʨʘʡʥʠʡ ʢʝʨʘʤʠʯʝʩʢʠʡ ʩʣʦʡ Al2O3. 

ʂʦʵʬʬʠʮʠʝʥʪʳ ʦʪʨʘʞʝʥʠʷ R ʠ ʧʨʦʭʦʞʜʝʥʠʷ D ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʡ 

ʚʦʣʥʳ, ʚʟʘʠʤʦʜʝʡʩʪʚʫʶʱʝʡ ʩʦ ʩʣʦʠʩʪʦʡ ʩʪʨʫʢʪʫʨʦʡ, ʦʧʨʝʜʝʣʷʣʠ ʯʝʨʝʟ 

ʵʣʝʤʝʥʪʳ ʤʘʪʨʠʮʳ ʧʝʨʝʜʘʯʠ TN ʩ ʧʦʤʦʱʴʶ ʩʦʦʪʥʦʰʝʥʠʡ 
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ʤʘʪʨʠʮʘ ʧʝʨʝʜʘʯʠ ʩʣʦʠʩʪʦʡ ʩʪʨʫʢʪʫʨʳ, ʩʦʩʪʦʷʱʝʡ ʠʟ N ʩʣʦʝʚ. 

ɼʣʷ ʦʧʠʩʘʥʠʷ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ E(z) ʚ ʦʜʥʦʤʝʨʥʦʤ 

ʬʦʪʦʥʥʦʤ ʢʨʠʩʪʘʣʣʝ ʙʳʣʦ ʠʩʧʦʣʴʟʦʚʘʥʦ ʚʦʣʥʦʚʦʝ ʫʨʘʚʥʝʥʠʝ ʚʠʜʘ: 
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ʛʜʝ g(z) ï ʧʦʩʪʦʷʥʥʘʷ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʡ ʚʦʣʥʳ. 

ɹʳʣʠ ʚʳʧʦʣʥʝʥʳ ʨʘʩʯʝʪʳ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʧʨʦʭʦʞʜʝʥʠʷ ʠ ʦʪʨʘʞʝʥʠʷ 

ʧʨʠ ʧʘʜʝʥʠʠ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʡ ʚʦʣʥʳ ʥʘ ʬʦʪʦʥʥʳʡ ʢʨʠʩʪʘʣʣ ʩʦ ʩʪʦʨʦʥʳ, 

ʧʨʦʪʠʚʦʧʦʣʦʞʥʦʡ ʛʨʘʥʠʮʝ ʬʦʪʦʥʥʦʛʦ ʢʨʠʩʪʘʣʣʘ ʩ ʥʘʥʦʤʝʪʨʦʚʳʤ 

ʤʝʪʘʣʣʠʯʝʩʢʠʤ ʩʣʦʝʤ. 
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ʈʠʩʫʥʦʢ 1. ɸʏʍ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʦʪʨʘʞʝʥʠʷ (ʢʨʠʚʳʝ 1) ʠ ʧʨʦʭʦʞʜʝʥʠʷ (ʢʨʠʚʳʝ 2) 

ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʡ ʚʦʣʥʳ ʧʨʠ ʪʦʣʱʠʥʝ ʥʘʥʦʤʝʪʨʦʚʦʛʦ ʤʝʪʘʣʣʠʯʝʩʢʦʛʦ ʩʣʦʷ ʨʘʚʥʦʡ 76 

ʥʤ ʩ ʫʜʝʣʴʥʦʡ ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʴʶ 0.5Ö10
6
 ʆʤ

ï1
ʤ
ï1

 ʧʨʠ ʥʘʣʠʯʠʠ (ʩʧʣʦʰʥʳʝ ʢʨʠʚʳʝ) ʠ 

ʦʪʩʫʪʩʪʚʠʠ (ʧʫʥʢʪʠʨʥʳʝ ʢʨʠʚʳʝ) ʙʫʬʝʨʥʦʛʦ ʩʣʦʷ ʠ ɸʏʍ ʢʦʵʬʬʠʮʠʝʥʪʘ ʧʨʦʭʦʞʜʝʥʠʷ 

ʬʦʪʦʥʥʦʛʦ ʢʨʠʩʪʘʣʣʘ ʙʝʟ ʤʝʪʘʣʣʠʯʝʩʢʦʛʦ ʥʘʥʦʩʣʦʷ (ʢʨʠʚʘʷ 3) 

 

ʈʝʟʫʣʴʪʘʪʳ ʨʘʩʯʝʪʦʚ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʧʨʦʭʦʞʜʝʥʠʷ ʠ ʦʪʨʘʞʝʥʠʷ 

ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʡ ʚʦʣʥʳ ʧʨʠ ʪʦʣʱʠʥʝ ʥʘʥʦʤʝʪʨʦʚʦʛʦ ʤʝʪʘʣʣʠʯʝʩʢʦʛʦ 

ʩʣʦʷ ʨʘʚʥʦʡ 76 ʥʤ ʩ ʫʜʝʣʴʥʦʡ ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʴʶ 0.5Ö10
6
 ʆʤ

ï1
ʤ
ï1

 ʧʨʠ 

ʥʘʣʠʯʠʠ ʠ ʦʪʩʫʪʩʪʚʠʠ ʙʫʬʝʨʥʦʛʦ ʩʣʦʷ ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʨʠʩ. 1. ʅʘ ʵʪʦʤ ʞʝ 

ʨʠʩʫʥʢʝ ʧʨʠʚʝʜʝʥʳ ʨʘʩʯʝʪʳ ɸʏʍ ʢʦʵʬʬʠʮʠʝʥʪʘ ʧʨʦʭʦʞʜʝʥʠʷ ʬʦʪʦʥʥʦʛʦ 

ʢʨʠʩʪʘʣʣʘ ʙʝʟ ʤʝʪʘʣʣʠʯʝʩʢʦʛʦ ʥʘʥʦʩʣʦʷ. 

ʂʘʢ ʩʣʝʜʫʝʪ ʠʟ ʨʝʟʫʣʴʪʘʪʦʚ ʨʘʩʯʝʪʘ ʥʘ ɸʏʍ ʢʦʵʬʬʠʮʠʝʥʪʘ 

ʦʪʨʘʞʝʥʠʷ ʬʦʪʦʥʥʦʡ ʩʪʨʫʢʪʫʨʳ ʥʘ ʢʨʘʶ ʢʘʢ ʧʝʨʚʦʡ, ʪʘʢ ʠ ʚʪʦʨʦʡ 

ʟʘʧʨʝʱʝʥʥʳʭ ʟʦʥ ʥʘ ʯʘʩʪʦʪʘʭ fTamm1=7.51 ɻɻʮ ʠ fTamm2=12.46 ɻɻʮ ʚʦʟʥʠʢʘʶʪ 

ʷʨʢʦ ʚʳʨʘʞʝʥʥʳʝ ʨʝʟʦʥʘʥʩʳ, ʦʙʫʩʣʦʚʣʝʥʥʳʝ ʩʫʱʝʩʪʚʦʚʘʥʠʝʤ ʬʦʪʦʥʥʦʛʦ 

ʪʘʤʤʦʚʩʢʦʛʦ ʩʦʩʪʦʷʥʠʷ ʥʘ ʛʨʘʥʠʮʝ ʬʦʪʦʥʥʦʛʦ ʢʨʠʩʪʘʣʣʘ ʩ ʤʝʪʘʣʣʠʯʝʩʢʠʤ 

ʥʘʥʦʩʣʦʝʤ. 

ɿʘʚʠʩʠʤʦʩʪʠ ʢʦʵʬʬʠʮʠʝʥʪʘ ʦʪʨʘʞʝʥʠʷ öRö
2
 ʥʘ ʯʘʩʪʦʪʘʭ fTamm1 ʠ fTamm2 

ʠ ʯʘʩʪʦʪ fTamm1 ʠ fTamm2 ʦʪ ʪʦʣʱʠʥʳ ʙʫʬʝʨʥʦʛʦ ʩʣʦʷ L ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʨʠʩ. 

2. ʂʦʵʬʬʠʮʠʝʥʪ ʦʪʨʘʞʝʥʠʷ ʥʘ ʯʘʩʪʦʪʝ fTamm1=7.51 ɻɻʮ ʜʦʩʪʠʛʘʝʪ 

ʤʠʥʠʤʘʣʴʥʦʛʦ ʟʥʘʯʝʥʠʷ öRminö
2
 = ï40.0 ʜɹ ʧʨʠ ʪʦʣʱʠʥʝ ʙʫʬʝʨʥʦʛʦ ʩʣʦʷ L= 

0 ʤʤ ʠ ʥʘ ʯʘʩʪʦʪʝ fTamm2=11.27 ɻɻʮ öRminö
2
 = ï42.0 ʜɹ ʧʨʠ ʪʦʣʱʠʥʝ 

ʙʫʬʝʨʥʦʛʦ ʩʣʦʷ L= 3.75 ʤʤ. 
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ʈʠʩʫʥʦʢ 2. ɿʘʚʠʩʠʤʦʩʪʠ ʢʦʵʬʬʠʮʠʝʥʪʘ ʦʪʨʘʞʝʥʠʷ öRö
2
 ʥʘ ʯʘʩʪʦʪʘʭ fTamm1 (ʢʨʠʚʘʷ 1) ʠ 

fTamm2 (ʢʨʠʚʘʷ 2) ʠ ʯʘʩʪʦʪ fTamm1 (ʢʨʠʚʘʷ 3) ʠ fTamm2 (ʢʨʠʚʘʷ 4) ʦʪ ʪʦʣʱʠʥʳ ʙʫʬʝʨʥʦʛʦ 

ʩʣʦʷ L 
 

ʈʝʟʫʣʴʪʘʪʳ ʨʘʩʯʝʪʘ ʥʘʧʨʷʞʝʥʥʦʩʪʠ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ 

ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʡ ʚʦʣʥʳ ʥʘ ʯʘʩʪʦʪʝ fTamm1 ʜʝʤʦʥʩʪʨʠʨʫʶʪ ʯʝʨʝʜʦʚʘʥʠʝ 

ʫʟʣʦʚ ʠ ʧʫʯʥʦʩʪʝʡ ʚʥʫʪʨʠ ʬʦʪʦʥʥʦʡ ʩʪʨʫʢʪʫʨʳ ʚʜʦʣʴ ʥʘʧʨʘʚʣʝʥʠʷ ʝʝ 

ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ. ʇʨʠ ʵʪʦʤ ʥʘʙʣʶʜʘʝʪʩʷ ʣʦʢʘʣʠʟʦʚʘʥʥʘʷ ʥʘ ʛʨʘʥʠʮʝ 

ʬʦʪʦʥʥʦʛʦ ʢʨʠʩʪʘʣʣʘ ʩ ʤʝʪʘʣʣʠʯʝʩʢʠʤ ʥʘʥʦʩʣʦʝʤ ʚ ʦʙʣʘʩʪʠ ʙʫʬʝʨʥʦʛʦ 

ʩʣʦʷ ʧʫʯʥʦʩʪʴ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʡ 

ʚʦʣʥʳ ʩ ʤʘʢʩʠʤʘʣʴʥʦʡ ʥʘʧʨʷʞʝʥʥʦʩʪʴʶ.  

ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʠʩʩʣʝʜʦʚʘʣʩʷ ʬʦʪʦʥʥʳʡ ʢʨʠʩʪʘʣʣ, ʩʦʟʜʘʥʥʳʡ ʚ 

ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʦʧʠʩʘʥʥʦʡ ʚʳʰʝ ʤʦʜʝʣʴʶ ʠ ʩʦʩʪʦʷʱʠʡ ʠʟ ʦʜʠʥʥʘʜʮʘʪʠ 

ʩʣʦʝʚ ʚ ʜʠʘʧʘʟʦʥʝ ʯʘʩʪʦʪ 7ï13 ɻɻʮ. ʅʝʯʝʪʥʳʝ ʩʣʦʠ ʙʳʣʠ ʚʳʧʦʣʥʝʥʳ ʠʟ 

ʧʦʣʠʢʦʨʘ (e = 9.6), ʯʝʪʥʳʝ ʚʳʧʦʣʥʝʥʳ ʠʟ ʬʪʦʨʦʧʣʘʩʪʘ (e = 2.0). ɼʣʠʥʳ 

ʥʝʯʝʪʥʳʭ ʠ ʯʝʪʥʳʭ ʦʪʨʝʟʢʦʚ ʩʦʩʪʘʚʣʷʣʠ 0.5 ʠ 18 ʤʤ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. 

ɼʣʷ ʧʨʦʚʝʜʝʥʠʷ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʢʨʘʡʥʷʷ 

ʧʦʣʠʢʦʨʦʚʘʷ (Al 2O3) ʧʣʘʩʪʠʥʘ ʬʦʪʦʥʥʦʛʦ ʢʨʠʩʪʘʣʣʘ ʙʳʣʘ ʚʳʧʦʣʥʝʥʘ ʩ 

ʥʘʥʝʩʝʥʠʝʤ ʩʧʣʦʰʥʦʛʦ ʧʨʦʚʦʜʷʱʝʛʦ ʩʣʦʷ ʥʠʭʨʦʤʘ (NiCr) ʪʦʣʱʠʥʦʡ 76 ʥʤ. 

ʊʦʣʱʠʥʘ ʙʫʬʝʨʥʦʛʦ ʩʣʦʷ ʚʘʨʴʠʨʦʚʘʣʘʩʴ ʚ ʜʠʘʧʘʟʦʥʝ 0 ï8 ʤʤ. 

ʏʘʩʪʦʪʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʦʪʨʘʞʝʥʠʷ ʠ ʧʨʦʭʦʞʜʝʥʠʷ 

ʬʦʪʦʥʥʳʭ ʢʨʠʩʪʘʣʣʦʚ ʩ ʥʘʥʝʩʝʥʥʳʤ ʩʧʣʦʰʥʳʤ ʥʘʥʦʩʣʦʝʤ ʧʨʠ ʥʘʣʠʯʠʠ ʠ 

ʦʪʩʫʪʩʪʚʠʠ ʙʫʬʝʨʥʦʛʦ ʩʣʦʷ ʠʩʩʣʝʜʦʚʘʣʠʩʴ ʩ ʧʦʤʦʱʴʶ ʚʝʢʪʦʨʥʦʛʦ 

ʘʥʘʣʠʟʘʪʦʨʘ ʮʝʧʝʡ Agilent PNA-X Network Analyzer N5242A ʚ ʜʠʘʧʘʟʦʥʝ 

ʯʘʩʪʦʪ 7 ï 13 ɻɻʮ. 

ʈʝʟʫʣʴʪʘʪʳ ʵʢʩʧʝʨʠʤʝʥʪʘ ʭʦʨʦʰʦ ʩʦʛʣʘʩʫʝʪʩʷ ʩ ʨʝʟʫʣʴʪʘʪʘʤʠ 

ʢʦʤʧʴʶʪʝʨʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʠ ʧʦʜʪʚʝʨʞʜʘʶʪ ʚʦʟʤʦʞʥʦʩʪʴ 
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ʩʫʱʝʩʪʚʦʚʘʥʠʝʤ ʬʦʪʦʥʥʦʛʦ ʪʘʤʤʦʚʩʢʦʛʦ ʩʦʩʪʦʷʥʠʷ ʥʘ ʛʨʘʥʠʮʝ ʉɺʏ 

ʬʦʪʦʥʥʦʛʦ ʢʨʠʩʪʘʣʣʘ ʧʨʠ ʝʛʦ ʢʦʥʪʘʢʪʝ ʩ ʥʘʥʝʩʝʥʥʳʤ ʩʧʣʦʰʥʳʤ 

ʤʝʪʘʣʣʠʯʝʩʢʠʤ ʥʘʥʦʩʣʦʝʤ ʢʘʢ ʧʨʠ ʥʘʣʠʯʠʠ, ʪʘʢ ʧʨʠ ʠ ʦʪʩʫʪʩʪʚʠʠ 

ʙʫʬʝʨʥʦʛʦ ʩʣʦʷ. 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʧʦʜʜʝʨʞʢʝ ʄʠʥʦʙʨʥʘʫʢʠ ʈʦʩʩʠʠ ʚ ʨʘʤʢʘʭ 

ʚʳʧʦʣʥʝʥʠʷ ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʛʦ ʟʘʜʘʥʠʷ (ʧʨʦʝʢʪ ˉ FSRR-2020-0005). 
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ʇʨʦʚʝʜʝʥ ʤʦʜʝʣʴʥʳʡ ʵʢʩʧʝʨʠʤʝʥʪ ʧʦ ʦʧʨʝʜʝʣʝʥʠʶ ʧʘʨʘʤʝʪʨʦʚ ʤʘʛʥʠʪʥʦʡ 

ʞʠʜʢʦʩʪʠ ʧʦ ʟʘʚʠʩʠʤʦʩʪʠ ʘʤʧʣʠʪʫʜʳ ʧʠʢʘ ʧʨʦʧʫʩʢʘʥʠʷ ʉɺʏ ʠʟʣʫʯʝʥʠʷ, ʧʨʦʭʦʜʷʱʝʛʦ 

ʯʝʨʝʟ ʬʦʪʦʥʥʳʡ ʢʨʠʩʪʘʣʣ ʩ ʥʘʨʫʰʝʥʠʝʤ ʚ ʚʠʜʝ ʪʦʥʢʦʛʦ ʩʣʦʷ ʤʘʛʥʠʪʥʦʡ ʞʠʜʢʦʩʪʠ, ʦʪ 

ʚʝʣʠʯʠʥʳ ʧʨʠʣʦʞʝʥʥʦʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ.  

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʉɺʏ ʬʦʪʦʥʥʳʡ ʢʨʠʩʪʘʣʣ, ʤʘʛʥʠʪʥʘʷ ʞʠʜʢʦʩʪʴ, ʜʝʬʝʢʪʥʘʷ 

ʤʦʜʘ, ʫʧʨʘʚʣʝʥʠʝ ʤʘʛʥʠʪʥʳʤ ʧʦʣʝʤ 

 

ʌʦʪʦʥʥʳʝ ʢʨʠʩʪʘʣʣʳ ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʠʩʢʫʩʩʪʚʝʥʥʦ ʩʦʟʜʘʥʥʳʝ 

ʧʝʨʠʦʜʠʯʝʩʢʠʝ ʛʝʪʝʨʦʛʝʥʥʳʝ ʩʨʝʜʳ ʠ ʦʪʥʦʩʷʪʩʷ ʢ ʢʣʘʩʩʫ ʤʝʪʘʤʘʪʝʨʠʘʣʦʚ. 

ʇʝʨʠʦʜʠʯʝʩʢʠʝ ʬʦʪʦʥʥʳʝ ʩʪʨʫʢʪʫʨʳ ʉɺʏ-ʜʠʘʧʘʟʦʥʘ ʥʘʭʦʜʷʪ ʚʘʞʥʦʝ 

ʧʨʘʢʪʠʯʝʩʢʦʝ ʧʨʠʤʝʥʝʥʠʝ ʚ ʩʠʩʪʝʤʘʭ ʩʚʷʟʠ ʠ ʪʝʣʝʢʦʤʤʫʥʠʢʘʮʠʠ, ʧʨʠ 

ʩʦʟʜʘʥʠʠ ʘʥʪʝʥʥ, ʨʘʜʘʨʥʦʡ ʪʝʭʥʠʢʠ ʠ ʠʟʤʝʨʠʪʝʣʴʥʦʛʦ ʦʙʦʨʫʜʦʚʘʥʠʷ [1,2]. 

ɺʦʟʤʦʞʥʦʩʪʴ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʫʧʨʘʚʣʝʥʠʷ ʘʤʧʣʠʪʫʜʥʦ-ʯʘʩʪʦʪʥʳʤʠ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ ʉɺʏ ʬʦʪʦʥʥʳʭ ʢʨʠʩʪʘʣʣʦʚ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ 

ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥʘ ʚ [3]. ɺ [4] ʧʦʢʘʟʘʥʘ ʚʦʟʤʦʞʥʦʩʪʴ ʚʣʠʷʥʠʷ 

ʧʨʠʣʦʞʝʥʥʦʛʦ ʢ ʥʘʨʫʰʝʥʥʦʤʫ ʩʣʦʶ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʥʘ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ 

ʬʦʪʦʥʥʦʛʦ ʢʨʠʩʪʘʣʣʘ ʪʘʢʠʝ ʢʘʢ ʢʦʵʬʬʠʮʠʝʥʪ ʧʨʦʧʫʩʢʘʥʠʷ ʌʂ ʠ ʠʟʤʝʥʝʥʠʝ 

ʘʤʧʣʠʪʫʜʳ ʠ ʯʘʩʪʦʪʳ ʧʠʢʘ. ʇʨʠʣʦʞʝʥʠʝ ʢ ʥʘʨʫʰʝʥʥʦʤʫ ʩʣʦʶ ʤʘʛʥʠʪʥʦʛʦ 

ʧʦʣʷ ʧʦʟʚʦʣʷʝʪ ʫʧʨʘʚʣʷʪʴ ʰʠʨʠʥʦʡ ʟʘʧʨʝʱʝʥʥʦʡ ʟʦʥʳ ʬʦʪʦʥʥʦʛʦ 

ʢʨʠʩʪʘʣʣʘ. 

ɺ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʠʩʩʣʝʜʦʚʘʣʘʩʴ ʚʦʟʤʦʞʥʦʩʪʴ ʦʧʨʝʜʝʣʝʥʠʷ 

ʧʘʨʘʤʝʪʨʦʚ ʤʘʛʥʠʪʥʦʡ ʞʠʜʢʦʩʪʠ ʧʦ ʟʘʚʠʩʠʤʦʩʪʠ ʘʤʧʣʠʪʫʜʳ ʧʠʢʘ 

ʧʨʦʧʫʩʢʘʥʠʷ ʉɺʏ ʠʟʣʫʯʝʥʠʷ, ʧʨʦʭʦʜʷʱʝʛʦ ʯʝʨʝʟ ʬʦʪʦʥʥʳʡ ʢʨʠʩʪʘʣʣ ʩ 

ʥʘʨʫʰʝʥʠʝʤ ʚ ʚʠʜʝ ʩʣʦʷ ʤʘʛʥʠʪʥʦʡ ʞʠʜʢʦʩʪʠ, ʦʪ ʚʝʣʠʯʠʥʳ ʧʨʠʣʦʞʝʥʥʦʛʦ 

ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ.  

ɹʳʣʘ ʧʦʩʪʨʦʝʥʘ ʤʦʜʝʣʴ ʬʦʪʦʥʥʦʛʦ ʢʨʠʩʪʘʣʣʘ, ʧʨʦʪʦʪʠʧ ʢʦʪʦʨʦʛʦ 

ʧʦʜʨʦʙʥʦ ʦʧʠʩʳʚʘʣʩʷ ʚ ʨʘʙʦʪʝ [5]. ʈʘʩʩʤʘʪʨʠʚʘʣʠʩʴ ʯʘʩʪʦʪʥʳʝ 

ʟʘʚʠʩʠʤʦʩʪʠ ʢʦʵʬʬʠʮʠʝʥʪʘ ʧʨʦʧʫʩʢʘʥʠʷ ʉɺʏ ʠʟʣʫʯʝʥʠʷ ʚ ʜʠʘʧʘʟʦʥʝ 8-

12 ɻɻʮ ʯʝʨʝʟ ʉɺʏ-ʬʦʪʦʥʥʳʡ ʢʨʠʩʪʘʣʣ, ʩʦʩʪʦʷʱʠʡ ʠʟ 11 ʩʣʦʝʚ: ʚʦʟʜʫʭ 

(13 ʤʤ) ï ʧʦʣʠʢʦʨ (1 ʤʤ) ʩ ʮʝʥʪʨʘʣʴʥʳʤ ʥʘʨʫʰʝʥʥʳʤ ʩʣʦʝʤ. ʅʘʨʫʰʝʥʥʳʡ 

ʩʣʦʡ ʧʨʝʜʩʪʘʚʣʷʣ ʩʦʙʦʡ ʪʨʝʭʩʣʦʡʥʫʶ ʩʪʨʫʢʪʫʨʫ: ʵʧʦʢʩʠʜʥʳʡ ʩʣʦʡ ï ʩʣʦʡ 

ʤʘʛʥʠʪʥʦʡ ʞʠʜʢʦʩʪʠ ï ʵʧʦʢʩʠʜʥʳʡ ʩʣʦʡ. ʊʦʣʱʠʥʘ ʢʘʞʜʦʛʦ ʵʧʦʢʩʠʜʥʦʛʦ 

ʩʣʦʷ 1.4 ʤʤ, ʜʠʵʣʝʢʪʨʠʯʝʩʢʘʷ ʧʨʦʥʠʮʘʝʤʦʩʪʴ 3, ʪʦʣʱʠʥʘ ʩʣʦʷ ʤʘʛʥʠʪʥʦʡ 

ʞʠʜʢʦʩʪʠ 1.9 ʤʤ. ɹʳʣʠ ʚʳʙʨʘʥʳ ʩʣʝʜʫʶʱʠʝ ʧʘʨʘʤʝʪʨʳ ʤʘʛʥʠʪʥʦʡ 
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ʞʠʜʢʦʩʪʠ: ʨʘʜʠʫʩ ʯʘʩʪʠʮ 8 ʥʤ, ʦʙʲʝʤʥʘʷ ʜʦʣʷ ʪʚʝʨʜʦʡ ʬʘʟʳ 0.144, 

ʜʠʵʣʝʢʪʨʠʯʝʩʢʘʷ ʧʨʦʥʠʮʘʝʤʦʩʪʴ 3.58. 

 
ʈʠʩʫʥʦʢ 1. ʉʭʝʤʘ ʟʘʧʦʣʥʝʥʠʷ ʚʦʣʥʦʚʦʜʘ ʠʩʩʣʝʜʫʝʤʦʡ ʩʪʨʫʢʪʫʨʦʡ: 1 ð ʩʣʦʠ 

ʧʦʣʠʢʦʨʘ ʪʦʣʱʠʥʦʡ 1.0 ʤʤ, 2 - ʩʣʦʠ ʚʦʟʜʫʭʘ ʪʦʣʱʠʥʦʡ 13.0 ʤʤ, 3 ð ʩʣʦʡ ʵʧʦʢʩʠʜʥʦʡ 

ʩʤʦʣʳ ʪʦʣʱʠʥʦʡ 1.4 ʤʤ, 4 ð ʩʣʦʡ ʤʘʛʥʠʪʥʦʡ ʞʠʜʢʦʩʪʠ ʪʦʣʱʠʥʦʡ 1.9 ʤʤ 

 

ɺ ʫʩʣʦʚʠʷʭ ʤʦʜʝʣʴʥʦʛʦ ʵʢʩʧʝʨʠʤʝʥʪʘ ʜʣʷ ʯʘʩʪʦʪʥʳʭ ʟʘʚʠʩʠʤʦʩʪʝʡ 

ʢʦʵʬʬʠʮʠʝʥʪʘ ʧʨʦʧʫʩʢʘʥʠʷ ʉɺʏ ʠʟʣʫʯʝʥʠʷ ʯʝʨʝʟ ʬʦʪʦʥʥʳʡ ʢʨʠʩʪʘʣʣ 

ʙʳʣʘ ʟʘʜʘʥʘ 5% ʧʦʛʨʝʰʥʦʩʪʴ ʠʟʤʝʨʝʥʠʷ ʢʦʵʬʬʠʮʠʝʥʪʘ ʧʨʦʧʫʩʢʘʥʠʷ. ɺ 

ʭʦʜʝ ʨʘʙʦʪʳ ʙʳʣʘ ʦʧʨʝʜʝʣʝʥʘ ʜʠʵʣʝʢʪʨʠʯʝʩʢʘʷ ʧʨʦʥʠʮʘʝʤʦʩʪʴ ʤʘʛʥʠʪʥʦʡ 

ʞʠʜʢʦʩʪʠ ʜʚʫʤʷ ʩʧʦʩʦʙʘʤʠ. 

ʇʝʨʚʳʡ ʩʧʦʩʦʙ ʟʘʢʣʶʯʘʣʩʷ ʚ ʦʧʨʝʜʝʣʝʥʠʠ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ 

ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʧʦ ʯʘʩʪʦʪʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ʢʦʵʬʬʠʮʠʝʥʪʘ ʧʨʦʧʫʩʢʘʥʠʷ 

ʉɺʏ ʠʟʣʫʯʝʥʠʷ ʚ ʦʙʣʘʩʪʠ ʧʠʢʘ ʧʨʦʧʫʩʢʘʥʠʷ ʚ ʭʦʜʝ ʨʝʰʝʥʠʷ ʦʙʨʘʪʥʦʡ 

ʟʘʜʘʯʠ. ʅʘ ʨʘʩʧʦʣʦʞʝʥʠʝ ʧʠʢʘ ʧʨʦʧʫʩʢʘʥʠʷ ʧʦʤʠʤʦ ʠʩʩʣʝʜʫʝʤʳʭ 

ʧʘʨʘʤʝʪʨʦʚ ʦʢʘʟʳʚʘʶʪ ʚʣʠʷʥʠʝ ʨʘʟʣʠʯʥʳʝ ʩʠʩʪʝʤʘʪʠʯʝʩʢʠʝ ʧʦʛʨʝʰʥʦʩʪʠ. 

ʇʦʛʨʝʰʥʦʩʪʴ ʧʨʠ ʦʧʨʝʜʝʣʝʥʠʠ ʪʦʣʱʠʥʳ ʩʣʦʝʚ ʠʟʤʝʨʷʝʤʦʡ ʩʪʨʫʢʪʫʨʳ 

ʧʨʠʚʦʜʠʪ ʢ ʩʤʝʱʝʥʠʶ ʧʠʢʘ ʧʨʦʧʫʩʢʘʥʠʷ ʧʦ ʘʤʧʣʠʪʫʜʝ ʠ ʯʘʩʪʦʪʝ (ʨʠʩ. 2), 

ʯʪʦ ʷʚʣʷʝʪʩʷ ʠʩʪʦʯʥʠʢʦʤ ʜʦʧʦʣʥʠʪʝʣʴʥʦʡ ʧʦʛʨʝʰʥʦʩʪʠ ʧʨʠ ʦʧʨʝʜʝʣʝʥʠʠ 

ʧʘʨʘʤʝʪʨʦʚ ʠʩʩʣʝʜʫʝʤʦʛʦ ʤʘʪʝʨʠʘʣʘ. 

 
ʈʠʩʫʥʦʢ 2. ʏʘʩʪʦʪʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʢʦʵʬʬʠʮʠʝʥʪʘ ʧʨʦʧʫʩʢʘʥʠʷ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʛʦ 

ʠʟʣʫʯʝʥʠʷ ʉɺʏ ʜʠʘʧʘʟʦʥʘ, ʧʨʦʭʦʜʷʱʝʛʦ ʯʝʨʝʟ ʠʩʩʣʝʜʫʝʤʫʶ ʩʪʨʫʢʪʫʨʫ: ʩʧʣʦʰʥʘʷ 

ʢʨʠʚʘʷ ï ʪʝʦʨʝʪʠʯʝʩʢʘʷ ʟʘʚʠʩʠʤʦʩʪʴ, ʧʫʥʢʪʠʨʥʘʷ ʢʨʠʚʘʷ ï ʩʤʦʜʝʣʠʨʦʚʘʥʥʘʷ 

ʟʘʚʠʩʠʤʦʩʪʴ ʩ ʫʯʝʪʦʤ ʩʠʩʪʝʤʘʪʠʯʝʩʢʦʡ ʧʦʛʨʝʰʥʦʩʪʠ ʧʨʠ ʠʟʤʝʨʝʥʠʠ ʪʦʣʱʠʥʳ 

ʩʣʦʝʚ Ñ 10ʤʢʤ. 

ɺʪʦʨʦʡ ʩʧʦʩʦʙ ʦʩʥʦʚʘʥ ʥʘ ʦʧʨʝʜʝʣʝʥʠʠ ʧʘʨʘʤʝʪʨʦʚ ʧʦ ʟʘʚʠʩʠʤʦʩʪʠ 
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ʘʤʧʣʠʪʫʜʳ ʧʠʢʘ ʧʨʦʧʫʩʢʘʥʠʷ ʦʪ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ. ʅʘ ʨʠʩ. 3. ʧʨʝʜʩʪʘʚʣʝʥʳ 

ʪʝʦʨʝʪʠʯʝʩʢʠʝ ʩʧʝʢʪʨʳ ʢʦʵʬʬʠʮʠʝʥʪʘ ʧʨʦʧʫʩʢʘʥʠʷ ʉɺʏ ʠʟʣʫʯʝʥʠʷ ʧʨʠ 

ʧʨʠʣʦʞʝʥʠʠ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʩ ʨʘʟʣʠʯʥʦʡ ʥʘʧʨʷʞʝʥʥʦʩʪʴʶ. 

 
ʈʠʩʫʥʦʢ 3. ʏʘʩʪʦʪʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʢʦʵʬʬʠʮʠʝʥʪʘ ʧʨʦʧʫʩʢʘʥʠʷ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʛʦ 

ʠʟʣʫʯʝʥʠʷ ʉɺʏ ʜʠʘʧʘʟʦʥʘ, ʧʨʦʭʦʜʷʱʝʛʦ ʯʝʨʝʟ ʠʩʩʣʝʜʫʝʤʫʶ ʩʪʨʫʢʪʫʨʫ ʧʨʠ ʧʨʠʣʦʞʝʥʠʠ 

ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʩ ʥʘʧʨʷʞʝʥʥʦʩʪʴʶ 1 ʢɻʩ, 2 ʢɻʩ, 3.2 ʢɻʩ, 4 ʢɻʩ 

 

ɿʘʚʠʩʠʤʦʩʪʠ ʘʤʧʣʠʪʫʜʳ ʧʠʢʘ ʧʨʦʧʫʩʢʘʥʠʷ ʦʪ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʜʣʷ 

ʨʘʟʣʠʯʥʳʭ ʟʥʘʯʝʥʠʡ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʤʘʛʥʠʪʥʦʡ ʞʠʜʢʦʩʪʠ 

ʧʦʢʘʟʘʥʳ ʥʘ ʨʠʩ. 4. 

 
ʈʠʩʫʥʦʢ 4. ɿʘʚʠʩʠʤʦʩʪʴ ʘʤʧʣʠʪʫʜʳ ʧʠʢʘ ʧʨʦʧʫʩʢʘʥʠʷ ʉɺʏ ʠʟʣʫʯʝʥʠʷ ʦʪ ʤʘʛʥʠʪʥʦʛʦ 

ʧʦʣʷ ʜʣʷ ʟʥʘʯʝʥʠʡ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʤʘʛʥʠʪʥʦʡ ʞʠʜʢʦʩʪʠ:  

3.0, 3.25, 3.5, 3.75, 4.0 

 

ɿʘʚʠʩʠʤʦʩʪʠ ʦʪʥʦʩʠʪʝʣʴʥʳʭ ʧʦʛʨʝʰʥʦʩʪʝʡ ʦʧʨʝʜʝʣʝʥʠʷ 

ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʤʘʛʥʠʪʥʦʡ ʞʠʜʢʦʩʪʠ ʦʪ ʚʝʣʠʯʠʥʳ 

ʩʠʩʪʝʤʘʪʠʯʝʩʢʦʡ ʧʦʛʨʝʰʥʦʩʪʠ ʜʣʷ ʜʚʫʭ ʩʧʦʩʦʙʦʚ ʧʦʢʘʟʘʥʳ ʥʘ ʨʠʩ. 5. 



 
129 

 
ʈʠʩʫʥʦʢ 5. ɿʘʚʠʩʠʤʦʩʪ ɹʦʪʥʦʩʠʪʝʣʴʥʦʡ ʧʦʛʨʝʰʥʦʩʪʠ ʦʧʨʝʜʝʣʝʥʠʷ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ 

ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʤʘʛʥʠʪʥʦʡ ʞʠʜʢʦʩʪʠ ʦʪ ʚʝʣʠʯʠʥʳ ʩʠʩʪʝʤʘʪʠʯʝʩʢʦʡ ʧʦʛʨʝʰʥʦʩʪʠ: 

ʩʧʣʦʰʥʘʷ ʢʨʠʚʘʷ ï ʦʧʨʝʜʝʣʝʥʠʝ ʧʘʨʘʤʝʪʨʦʚ ʧʦ ʩʧʝʢʪʨʫ ʧʨʦʧʫʩʢʘʥʠʷ, ʧʫʥʢʪʠʨʥʘʷ 

ʢʨʠʚʘʷ ï ʦʧʨʝʜʝʣʝʥʠʝ ʧʘʨʘʤʝʪʨʦʚ ʧʦ ʟʘʚʠʩʠʤʦʩʪʠ ʘʤʧʣʠʪʫʜʳ ʧʠʢʘ ʧʨʦʧʫʩʢʘʥʠʷ ʦʪ 

ʚʝʣʠʯʠʥʳ ʥʘʧʨʷʞʝʥʥʦʩʪʠ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ 

 

ɺ ʨʝʟʫʣʴʪʘʪʝ ʤʦʜʝʣʴʥʦʛʦ ʵʢʩʧʝʨʠʤʝʥʪʘ ʙʳʣʘ ʦʧʨʝʜʝʣʝʥʘ 

ʜʠʵʣʝʢʪʨʠʯʝʩʢʘʷ ʧʨʦʥʠʮʘʝʤʦʩʪʴ ʤʘʛʥʠʪʥʦʡ ʞʠʜʢʦʩʪʠ. ʇʦʢʘʟʘʥʦ, ʯʪʦ 

ʩʧʦʩʦʙ ʦʧʨʝʜʝʣʝʥʠʷ ʧʘʨʘʤʝʪʨʦʚ ʧʨʠ ʨʝʰʝʥʠʠ ʦʙʨʘʪʥʦʡ ʟʘʜʘʯʠ ʧʦ 

ʟʘʚʠʩʠʤʦʩʪʠ ʧʠʢʘ ʧʨʦʧʫʩʢʘʥʠʷ ʦʪ ʚʝʣʠʯʠʥʳ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʷʚʣʷʝʪʩʷ 

ʙʦʣʝʝ ʫʩʪʦʡʯʠʚʳʤ ʢ ʩʠʩʪʝʤʘʪʠʯʝʩʢʠʤ ʧʦʛʨʝʰʥʦʩʪʷʤ ʩʤʝʱʝʥʠʷ ʤʘʢʩʠʤʫʤʘ 

ʧʠʢʘ ʧʨʦʧʫʩʢʘʥʠʷ ʧʦ ʚʝʣʠʯʠʥʝ ʠ ʯʘʩʪʦʪʝ, ʯʝʤ ʩʧʦʩʦʙ ʦʧʨʝʜʝʣʝʥʠʷ 

ʧʘʨʘʤʝʪʨʦʚ ʧʦ ʯʘʩʪʦʪʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ. 
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3 ʄɽɼʀʂʆ-ɹʀʆʃʆɻʀʏɽʉʂʀɽ 

ʉʀʉʊɽʄʓ ʀ ʊɽʍʅʆʃʆɻʀʀ 

 

ɸʅɸʃʀɿ ʄɽʍɸʅʀɿʄʆɺ ʄɽɾʄʆʃɽʂʋʃʗʈʅʆɻʆ 

ɺɿɸʀʄʆɼɽʁʉʊɺʀʗ ʇʆʃʀʕʃɽʂʊʈʆʃʀʊʅʓʍ ʂɸʇʉʋʃ ʉ 

ʄʀʊʆʂʉɸʅʊʈʆʅʆʄ ɺ ʍʆɼɽ ɽɻʆ ɸɼʈɽʉʅʆʁ ɼʆʉʊɸɺʂʀ 

 
ɸ.ɸ. ʅʘʫʤʦʚ, ɸ.ɸ. ɿʘʭʘʨʦʚ, ʀ.ʃ. ʇʣʘʩʪʫʥ 

ʉʘʨʘʪʦʚʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʪʝʭʥʠʯʝʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ ʠʤʝʥʠ ɻʘʛʘʨʠʥʘ ʖ.ɸ. 
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ʅʘ ʦʩʥʦʚʝ ʪʝʦʨʠʠ ʬʫʥʢʮʠʦʥʘʣʘ ʧʣʦʪʥʦʩʪʠ ʠʩʩʣʝʜʫʶʪʩʷ ʤʦʣʝʢʫʣʷʨʥʳʝ 

ʤʝʭʘʥʠʟʤʳ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʤʥʦʛʦʩʣʦʡʥʳʭ ʧʦʣʠʵʣʝʢʪʨʦʣʠʪʥʳʭ ʢʘʧʩʫʣ ʩ 

ʧʨʦʪʠʚʦʦʧʫʭʦʣʝʚʳʤ ʣʝʢʘʨʩʪʚʝʥʥʳʤ ʧʨʝʧʘʨʘʪʦʤ ʤʠʪʦʢʩʘʥʪʨʦʥʦʤ ʩ ʮʝʣʴʶ ʦʧʪʠʤʠʟʘʮʠʠ 

ʫʩʣʦʚʠʡ ʝʛʦ ʜʦʩʪʘʚʢʠ. ɺ ʢʘʯʝʩʪʚʝ ʠʩʩʣʝʜʫʝʤʳʭ ʦʙʲʝʢʪʦʚ ʨʘʩʩʤʘʪʨʠʚʘʣʠʩʴ ʧʦʣʠʤʝʨʳ 

ʧʦʣʠʘʨʛʠʥʠʥ ʠ ʜʝʢʩʪʨʘʥ ʩʫʣʴʬʘʪ ʚʭʦʜʷʱʠʝ ʚ ʩʦʩʪʘʚ ʢʘʧʩʫʣ, ʘ ʪʘʢʞʝ ʣʝʢʘʨʩʪʚʝʥʥʳʡ 

ʧʨʝʧʘʨʘʪ ʤʠʪʦʢʩʘʥʪʨʦʥ. ʄʦʜʝʣʠʨʦʚʘʥʠʝ ʧʨʦʚʦʜʠʣʦʩʴ ʥʘ ʦʩʥʦʚʝ ʨʘʩʯʝʪʘ ʤʦʣʝʢʫʣʷʨʥʳʭ 

ʩʪʨʫʢʪʫʨ ʠ ʀʂ-ʩʧʝʢʪʨʦʚ ʩ ʧʦʩʣʝʜʫʶʱʠʤ ʘʥʘʣʠʟʦʤ ʧʘʨʘʤʝʪʨʦʚ ʦʙʨʘʟʫʶʱʠʭʩʷ 

ʚʦʜʦʨʦʜʥʳʭ ʩʚʷʟʝʡ ʢʘʢ ʦʩʥʦʚʥʦʡ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʢʦʤʧʣʝʢʩʦʦʙʨʘʟʦʚʘʥʠʷ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʄʠʪʦʢʩʘʥʪʨʦʥ, ʧʦʣʠʘʨʛʠʥʠʥ, ʜʝʢʩʪʨʘʥ ʩʫʣʴʬʘʪ, 

ʤʦʣʝʢʫʣʷʨʥʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ, ʀʂ-ʩʧʝʢʪʨ, ʪʝʦʨʠʷ ʬʫʥʢʮʠʦʥʘʣʘ ʧʣʦʪʥʦʩʪʠ 

 

ʇʨʠʤʝʥʝʥʠʝ ʥʘʥʦʯʘʩʪʠʮ ʜʣʷ ʜʠʘʛʥʦʩʪʠʢʠ ʠ ʪʘʨʛʝʪʥʦʡ ʪʝʨʘʧʠʠ 

ʨʘʟʣʠʯʥʳʭ ʟʘʙʦʣʝʚʘʥʠʡ ʚ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʷʚʣʷʝʪʩʷ ʦʜʥʠʤ ʠʟ ʥʘʠʙʦʣʝʝ 

ʠʥʪʝʥʩʠʚʥʦ ʨʘʟʚʠʚʘʶʱʠʭʩʷ ʥʘʧʨʘʚʣʝʥʠʡ ʚ ʙʠʦʬʠʟʠʢʝ ʠ ʤʝʜʠʮʠʥʝ. ɺ 

ʯʘʩʪʥʦʩʪʠ, ʦʩʦʙʦʝ ʚʥʠʤʘʥʠʝ ʧʨʠʚʣʝʢʘʶʪ ʢ ʩʝʙʝ ʙʠʦʨʘʟʣʘʛʘʝʤʳʝ 

ʧʦʣʠʵʣʝʢʪʨʦʣʠʪʥʳʝ ʢʘʧʩʫʣʳ, ʩʦʩʪʦʷʱʠʝ ʠʟ ʧʦʣʠʘʨʛʠʥʠʥʘ ʠ ʜʝʢʩʪʨʘʥ 

ʩʫʣʴʬʘʪʘ, ʢʦʪʦʨʳʝ ʤʦʛʫʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥʳ ʚ ʢʘʯʝʩʪʚʝ ʩʠʩʪʝʤʳ ʜʦʩʪʘʚʢʠ 

ʜʠʘʛʥʦʩʪʠʯʝʩʢʠʭ ʠ ʣʝʢʘʨʩʪʚʝʥʥʳʭ ʧʨʝʧʘʨʘʪʦʚ [1]. 

ʎʝʣʴʶ ʜʘʥʥʦʡ ʨʘʙʦʪʳ ʷʚʣʷʝʪʩʷ ʠʩʩʣʝʜʦʚʘʥʠʝ ʤʝʭʘʥʠʟʤʦʚ 

ʤʝʞʤʦʣʝʢʫʣʷʨʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʧʨʦʪʠʚʦʦʧʫʭʦʣʝʚʦʛʦ ʣʝʢʘʨʩʪʚʝʥʥʦʛʦ 

ʧʨʝʧʘʨʘʪʘ ʤʠʪʦʢʩʘʥʪʨʦʥ ʩ ʚʝʱʝʩʪʚʘʤʠ ʧʦʣʠʤʝʨʥʦʡ ʧʦʣʠʵʣʝʢʪʨʦʣʠʪʥʦʡ 

ʢʘʧʩʫʣʳ ʥʘ ʦʩʥʦʚʝ ʧʦʣʠʘʨʛʠʥʠʥʘ ʠ ʜʝʢʩʪʨʘʥ ʩʫʣʴʬʘʪʘ ʧʨʠʤʝʥʷʝʤʦʡ ʜʣʷ 

ʜʦʩʪʘʚʢʠ ʵʪʦʛʦ ʧʨʝʧʘʨʘʪʘ ʩ ʮʝʣʴʶ ʩʥʠʞʝʥʠʷ ʧʦʙʦʯʥʳʭ ʵʬʬʝʢʪʦʚ.  

ʄʦʣʝʢʫʣʷʨʥʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʠ ʨʘʩʯʝʪ ʩʧʝʢʪʨʦʚ ʤʦʣʝʢʫʣ ʠ ʠʭ 

ʢʦʤʧʣʝʢʩʦʚ ʧʨʦʚʦʜʠʣʠʩʴ ʥʘ ʦʩʥʦʚʝ ʤʝʪʦʜʘ ʪʝʦʨʠʠ ʬʫʥʢʮʠʦʥʘʣʘ ʧʣʦʪʥʦʩʪʠ 

(ʊʌʇ) [2] ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʬʫʥʢʮʠʦʥʘʣʘ B3LYP [2,3] ʠ ʙʘʟʠʩʥʦʛʦ ʥʘʙʦʨʘ 

6-31G(d). 

ʇʦʩʢʦʣʴʢʫ ʧʦʣʠʘʨʛʠʥʠʥ ʷʚʣʷʝʪʩʷ ʙʦʣʴʰʦʡ ʤʦʣʝʢʫʣʦʡ ʩ 

ʧʦʚʪʦʨʷʶʱʠʤʠʩʷ ʬʨʘʛʤʝʥʪʘʤʠ ʪʦ ʚ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʤʳ ʙʫʜʝʤ ʨʘʩʩʤʘʪʨʠʚʘʪʴ 

ʤʝʞʤʦʣʝʢʫʣʷʨʥʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʦʜʥʦʛʦ ʟʚʝʥʘ ʧʦʣʠʘʨʛʠʥʠʥʘ, ʘ ʠʤʝʥʥʦ 

ʘʨʛʠʥʠʥʘ. 
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ʅʘ ʨʠʩʫʥʢʝ 1 ʜʝʤʦʥʩʪʨʠʨʫʝʪʩʷ ʨʘʩʩʯʠʪʘʥʥʘʷ ʩʪʨʫʢʪʫʨʘ ʠ 
ʨʘʩʩʯʠʪʘʥʥʳʡ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʡ ʀʂ ʩʧʝʢʪʨ ʤʠʪʦʢʩʘʥʪʨʦʥʘ. ɺ ʩʧʝʢʪʨʝ 
ʤʠʪʦʢʩʘʥʪʨʦʥʘ ʯʘʩʪʦʪʳ ʚʘʣʝʥʪʥʳʭ ʢʦʣʝʙʘʥʠʡ ʩʚʷʟʝʡ ʩ ʫʯʘʩʪʠʝʤ -NH ʠ -OH 
ʛʨʫʧʧ ʧʨʦʷʚʣʷʶʪʩʷ ʥʘ ʯʘʩʪʦʪʘʭ 3597 ʩʤ

-1
 (ʨʠʩ. 1ʙ ˉ1), 3557 ʩʤ

-1
 (ʨʠʩ. 1ʙ 

ˉ2,3),3573 ʩʤ
-1
 (ʨʠʩ. 1ʙ ˉ4), 3309 ʩʤ

-1
 (ʨʠʩ. 1ʙ ˉ5), 3290 ʩʤ

-1
 (ʨʠʩ. 1ʙ 

ˉ6,7) ʠ 3311 ʩʤ
-1
 (ʨʠʩ. 1ʙ ˉ8), ʯʪʦ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʚʳʩʦʢʦʯʘʩʪʦʪʥʦʡ ʦʙʣʘʩʪʠ 

ʩʧʝʢʪʨʘ. ɸʢʪʠʚʥʳʤʠ ʮʝʥʪʨʘʤʠ ʤʠʪʦʢʩʘʥʪʨʦʥʘ ʷʚʣʷʶʪʩʷ ʩʚʷʟʠ ʩ ʘʟʦʪʦʤ ʠ 
ʢʠʩʣʦʨʦʜʦʤ, ʢʦʪʦʨʳʝ ʠʤʝʶʪ ʧʦʪʝʥʮʠʘʣʴʥʫʶ ʚʦʟʤʦʞʥʦʩʪʴ ʦʙʨʘʟʦʚʘʥʠʷ N-
HĿĿĿO, N-HĿĿĿN ʠʣʠ O-HĿĿĿO, O-HĿĿĿN ʩʚʷʟʝʡ ʩ ʚʦʜʦʨʦʜʦʤ, ʧʨʠʭʦʜʷʱʠʤ ʦʪ 
ʘʨʛʠʥʠʥʘ ʠ ʜʝʢʩʪʨʘʥ ʩʫʣʴʬʘʪʘ. 

 
 

ʘ) ʙ) 
ʈʠʩʫʥʦʢ 1. ʈʘʩʩʯʠʪʘʥʥʘʷ ʩʪʨʫʢʪʫʨʘ (ʘ) ʠ ʀʂ-ʩʧʝʢʪʨʳ ʤʠʪʦʢʩʘʥʪʨʦʥʘ  
(ʙ (I) ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʡ - ʠʟ ʩʪʘʪʴʠ [4], (II) ʨʘʩʩʯʠʪʘʥʥʳʡ)  

 

ʅʘ ʨʠʩʫʥʢʝ 2 ʜʝʤʦʥʩʪʨʠʨʫʝʪʩʷ ʨʘʩʩʯʠʪʘʥʥʘʷ ʩʪʨʫʢʪʫʨʘ ʠ 
ʨʘʩʩʯʠʪʘʥʥʳʡ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʡ ʀʂ ʩʧʝʢʪʨ ʘʨʛʠʥʠʥʘ. ɺ ʩʧʝʢʪʨʝ 
ʘʨʛʠʥʠʥʘ ʯʘʩʪʦʪʳ ʚʘʣʝʥʪʥʳʭ ʢʦʣʝʙʘʥʠʡ ʩʚʷʟʝʡ ʩ ʫʯʘʩʪʠʝʤ -NH ʠ -OH 
ʛʨʫʧʧ ʧʨʦʷʚʣʷʶʪʩʷ ʥʘ ʯʘʩʪʦʪʘʭ 3311 ʩʤ

-1
 ʠ 3372 ʩʤ

-1
 (ʨʠʩ. 2ʙ ˉ1,3 

ʩʠʤʤʝʪʨʠʯʥʳʝ ʢʦʣʝʙʘʥʠʷ), 3342 ʩʤ
-1
, 3403 ʩʤ

-1
, 3563 ʩʤ

-1
 (ʨʠʩ. 2ʙ ˉ2,4,6 

ʚʘʣʝʥʪʥʳʝ ʢʦʣʝʙʘʥʠʷ), ʠ 3472 ʩʤ
-1
 (ʨʠʩ. 2ʙ ˉ5 ʘʥʪʠʩʠʤʤʝʪʨʠʯʥʳʝ 

ʢʦʣʝʙʘʥʠʷ), ʯʪʦ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʚʳʩʦʢʦʯʘʩʪʦʪʥʦʡ ʦʙʣʘʩʪʠ ʩʧʝʢʪʨʘ. 
ɸʢʪʠʚʥʳʤʠ ʮʝʥʪʨʘʤʠ ʘʨʛʠʥʠʥʘ ʷʚʣʷʶʪʩʷ ʫʟʣʳ, ʩ ʘʟʦʪʦʤ ʠ ʢʠʩʣʦʨʦʜʦʤ, 
ʢʦʪʦʨʳʝ ʠʤʝʶʪ ʧʦʪʝʥʮʠʘʣʴʥʫʶ ʚʦʟʤʦʞʥʦʩʪʴ ʦʙʨʘʟʦʚʘʥʠʷ N-HĿĿĿO, N-
HĿĿĿN ʠʣʠ O-HĿĿĿO, O-HĿĿĿN ʩʚʷʟʝʡ ʩ ʚʦʜʦʨʦʜʦʤ, ʧʨʠʭʦʜʷʱʠʤ ʦʪ ʜʝʢʩʪʨʘʥʘ 
ʩʫʣʴʬʘʪʘ ʠ ʤʠʪʦʢʩʘʥʪʨʦʥʘ. 

 
 

ʘ) ʙ) 
ʈʠʩʫʥʦʢ 2. ʈʘʩʩʯʠʪʘʥʥʘʷ ʩʪʨʫʢʪʫʨʘ (ʘ) ʠ ʀʂ-ʩʧʝʢʪʨʳ ʘʨʛʠʥʠʥʘ  

(ʙ (I) ʨʘʩʩʯʠʪʘʥʥʳʡ, (II) ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʡ - ʠʟ ʤʝʞʜʫʥʘʨʦʜʥʦʡ ʙʘʟʳ ʜʘʥʥʳʭ 
ʭʠʤʠʯʝʩʢʠʭ ʩʦʝʜʠʥʝʥʠʡ ʠ ʩʤʝʩʝʡ (PubChem) [5]) 
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ʅʘ ʨʠʩʫʥʢʝ 3 ʜʝʤʦʥʩʪʨʠʨʫʝʪʩʷ ʨʘʩʩʯʠʪʘʥʥʘʷ ʩʪʨʫʢʪʫʨʘ ʠ 

ʨʘʩʩʯʠʪʘʥʥʳʡ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʡ ʀʂ ʩʧʝʢʪʨ ʜʝʢʩʪʨʘʥ ʩʫʣʴʬʘʪʘ. ɺ 

ʩʧʝʢʪʨʝ ʜʝʢʩʪʨʘʥ ʩʫʣʴʬʘʪʘ ʯʘʩʪʦʪʳ ʚʘʣʝʥʪʥʳʭ ʢʦʣʝʙʘʥʠʡ ʩʚʷʟʝʡ ʩ ʫʯʘʩʪʠʝʤ 

-NH ʛʨʫʧʧ ʧʨʦʷʚʣʷʶʪʩʷ ʥʘ ʯʘʩʪʦʪʘʭ 3411 ʩʤ
-1
 (ʨʠʩ. 3ʙ ˉ1 ʩʠʤʤʝʪʨʠʯʥʳʝ 

ʢʦʣʝʙʘʥʠʷ) ʠ 3502 ʩʤ
-1
 (ʨʠʩ. 3ʙ ˉ2 ʘʥʪʠʩʠʤʤʝʪʨʠʯʥʳʝ ʢʦʣʝʙʘʥʠʷ), ʯʪʦ 

ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʚʳʩʦʢʦʯʘʩʪʦʪʥʦʡ ʦʙʣʘʩʪʠ ʩʧʝʢʪʨʘ. ɸʢʪʠʚʥʳʤ ʮʝʥʪʨʦʤ 

ʜʝʢʩʪʨʘʥ ʩʫʣʴʬʘʪʘ ʷʚʣʷʝʪʩʷ ʫʟʝʣ, ʩ ʘʟʦʪʦʤ, ʢʦʪʦʨʳʡ ʠʤʝʝʪ ʧʦʪʝʥʮʠʘʣʴʥʫʶ 

ʚʦʟʤʦʞʥʦʩʪʴ ʦʙʨʘʟʦʚʘʥʠʷ N-HĿĿĿO ʠʣʠ N-HĿĿĿN ʩʚʷʟʠ ʩ ʚʦʜʦʨʦʜʦʤ 

ʧʨʠʭʦʜʷʱʠʤ ʦʪ ʘʨʛʠʥʠʥʘ ʠʣʠʤʠʪʦʢʩʘʥʪʨʦʥʘ. 

 

 
ʘ) ʙ) 

ʈʠʩʫʥʦʢ 3. ʈʘʩʩʯʠʪʘʥʥʘʷ ʩʪʨʫʢʪʫʨʘ (ʘ) ʠ ʀʂ-ʩʧʝʢʪʨʳ ʜʝʢʩʪʨʘʥ ʩʫʣʴʬʘʪʘ  

(ʙ (I) ʨʘʩʩʯʠʪʘʥʥʳʡ, (II) ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʡ - ʠʟ ʤʝʞʜʫʥʘʨʦʜʥʦʡ ʙʘʟʳ ʜʘʥʥʳʭ 

ʭʠʤʠʯʝʩʢʠʭ ʩʦʝʜʠʥʝʥʠʡ ʠ ʩʤʝʩʝʡ (PubChem) [6]) 

 

ʅʘ ʨʠʩʫʥʢʝ 4 ʜʝʤʦʥʩʪʨʠʨʫʶʪʩʷ ʨʘʩʩʯʠʪʘʥʥʳʝ ʩʪʨʫʢʪʫʨʘ ʠ ʀʂ ʩʧʝʢʪʨ 

ʤʦʣʝʢʫʣʷʨʥʦʛʦ ʢʦʤʧʣʝʢʩʘ ʤʠʪʦʢʩʘʥʪʨʦʥ ï ʘʨʛʠʥʠʥ ï ʜʝʢʩʪʨʘʥ ʩʫʣʴʬʘʪ. ʂʘʢ 

ʚʠʜʥʦ ʠʟ ʨʠʩʫʥʢʘ ʯʘʩʪʦʪʘ 3175 ʩʤ
-1 
(ʨʠʩ. 4ʙ ˉ1) ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʚʘʣʝʥʪʥʳʤ 

ʢʦʣʝʙʘʥʠʷʤ ʩʚʷʟʠ O-H ʚ ʘʨʛʠʥʠʥʝ, ʵʪʘ ʩʚʷʟʴ ʫʯʘʩʪʚʫʝʪ ʚ ʦʙʨʘʟʦʚʘʥʠʠ 

ʚʦʜʦʨʦʜʥʦʡ ʩʚʷʟʠ ʩ ʤʠʪʦʢʩʘʥʪʨʦʥʦʤ. ʏʘʩʪʦʪʘ 3449 ʩʤ
-1
 (ʨʠʩ. 4ʙ ˉ2) 

ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʚʘʣʝʥʪʥʳʤ ʢʦʣʝʙʘʥʠʷʤ O-H ʚ ʤʠʪʦʢʩʘʥʪʨʦʥʝ, ʵʪʘ ʩʚʷʟʴ 

ʫʯʘʩʪʚʫʝʪ ʚ ʦʙʨʘʟʦʚʘʥʠʠ ʚʦʜʦʨʦʜʥʦʡ ʩʚʷʟʠ ʩ ʜʝʢʩʪʨʘʥ ʩʫʣʴʬʘʪʦʤ. 

  

ʘ) ʙ) 
ʈʠʩʫʥʦʢ 4. ʈʘʩʩʯʠʪʘʥʥʳʝ ʩʪʨʫʢʪʫʨʘ ʠ ʀʂ-ʩʧʝʢʪʨ ʤʦʣʝʢʫʣʷʨʥʦʛʦ ʢʦʤʧʣʝʢʩʘ 

ʤʠʪʦʢʩʘʥʪʨʦʥ ï ʘʨʛʠʥʠʥ - ʜʝʢʩʪʨʘʥ ʩʫʣʴʬʘʪ 
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ʊʘʙʣʠʮʘ 1 ʈʘʩʩʯʠʪʘʥʥʳʝ ʧʘʨʘʤʝʪʨʳ ʚʦʜʦʨʦʜʥʳʭ ʩʚʷʟʝʡ ʤʦʣʝʢʫʣʷʨʥʦʛʦ ʢʦʤʧʣʝʢʩʘ 

ʤʠʪʦʢʩʘʥʪʨʦʥ - ʘʨʛʠʥʠʥ - ʜʝʢʩʪʨʘʥ ʩʫʣʴʬʘʪ 

 ̄ʊʠʧ ʩʚʷʟʠ 

ɼʣʠʥʘ 

ʚʦʜʦʨʦʜʥ

ʦʡ ʩʚʷʟʠ, 

R ¡ 

ɼʣʠʥʘ 

ʚʦʜʦʨʦʜʥʦʛʦ 

ʤʦʩʪʠʢʘ 

ʏʘʩʪʦʪʘ, 

n, cm
-1

 

ʏʘʩʪʦʪʥʳʡ 

ʩʜʚʠʛ 

Dn, cm-1 

ʕʥʝʨʛʠʷ 

ʩʚʷʟʠ 

-DH, 

ʢʢʘʣ/ 

ʤʦʣʴ 

ʀʥʪʝʥʩʠʚʥʦʩʪʴ 

I IR, km/mol 

1 O-HĀĀĀN 1.95 2.90 3175 388 5.59 930 

2 O-HĀĀĀO 1.88 2.83 3449 148 3.11 898 

 

ʅʘ ʦʩʥʦʚʝ ʨʝʟʫʣʴʪʘʪʦʚ ʤʦʣʝʢʫʣʷʨʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʨʘʟʣʠʯʥʳʭ 

ʚʘʨʠʘʥʪʦʚ ʢʦʤʧʣʝʢʩʦʦʙʨʘʟʦʚʘʥʠʷ ʤʠʪʦʢʩʘʥʪʨʦʥʘ ʩ ʚʝʱʝʩʪʚʘʤʠ 

ʧʦʣʠʤʝʨʥʦʡ ʢʘʧʩʫʣʳ ʧʦʣʠʘʨʛʠʥʠʥʦʤ ʠ ʜʝʢʩʪʨʘʥ ʩʫʣʴʬʘʪʦʤ ʤʦʞʥʦ ʩʜʝʣʘʪʴ 

ʚʳʚʦʜ ʦ ʪʦʤ, ʯʪʦ ʜʝʢʩʪʨʘʥ ʩʫʣʴʬʘʪ ʦʙʨʘʟʫʝʪ ʩʣʘʙʳʝ ʚʦʜʦʨʦʜʥʳʝ ʩʚʷʟʠ ʢʘʢ 

ʩ ʧʦʣʠʘʨʛʠʥʠʥʦʤ, ʪʘʢ ʠ ʩ ʤʠʪʦʢʩʘʥʪʨʦʥʦʤ, ʘ ʤʝʞʜʫ ʤʠʪʦʢʩʘʥʪʨʦʥʦʤ ʠ 

ʧʦʣʠʘʨʛʠʥʠʥʦʤ ʚʦʜʦʨʦʜʥʳʝ ʩʚʷʟʠ ʩʠʣʴʥʳʝ ʠ ʙʣʠʟʢʠʝ ʢ ʩʠʣʴʥʳʤ. ʕʪʦ ʜʘʝʪ 

ʚʦʟʤʦʞʥʦʩʪʴ ʩʢʘʟʘʪʴ, ʯʪʦ ʚʝʜʫʱʫʶ ʨʦʣʴ ʚ ʜʦʩʪʘʚʢʝ ʣʝʢʘʨʩʪʚ ʠʛʨʘʝʪ 

ʧʦʣʠʘʨʛʠʥʠʥ ʢʘʢ ʚʝʱʝʩʪʚʦ, ʫʜʝʨʞʠʚʘʶʱʝʝ ʤʠʪʦʢʩʘʥʪʨʦʥ ʚ ʢʘʧʩʫʣʝ, ʘ 

ʜʝʢʩʪʨʘʥ ʩʫʣʴʬʘʪ ʠʛʨʘʝʪ ʨʦʣʴ ʙʫʬʝʨʥʦʛʦ ʚʝʱʝʩʪʚʘ, ʢʦʪʦʨʦʝ ʥʝ ʫʯʘʩʪʚʫʝʪ ʚ 

ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʠ ʣʝʢʘʨʩʪʚʘ ʚ ʦʨʛʘʥʠʟʤʝ, ʥʦ ʦʙʝʩʧʝʯʠʚʘʝʪ ʦʩʚʦʙʦʞʜʝʥʠʝ 

ʣʝʢʘʨʩʪʚʘ ʧʦʨʮʠʷʤʠ ʧʦ ʭʦʜʫ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʢʘʧʩʫʣʳ. 
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ʄʝʪʦʜʘʤʠ ʢʚʘʥʪʦʚʦʭʠʤʠʯʝʩʢʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʠʩʩʣʝʜʫʶʪʩʷ ʤʦʣʝʢʫʣʷʨʥʳʝ 

ʤʝʭʘʥʠʟʤʳ ʙʘʢʪʝʨʠʘʣʴʥʦʛʦ ʩʠʥʪʝʟʘ ʥʘʥʦʯʘʩʪʠʮ ʩʫʣʴʬʠʜʘ ʩʝʨʝʙʨʘ. ʆʩʦʙʝʥʥʦʩʪʴʶ 

ʧʦʣʫʯʝʥʠʷ ʜʘʥʥʳʭ ʥʘʥʦʯʘʩʪʠʮ ʤʝʪʦʜʦʤ ʙʠʦʩʠʥʪʝʟʘ ʩ ʧʦʤʦʱʴʶ ʙʘʢʪʝʨʠʡ Bacillus 

subtilis 168 ʷʚʣʷʝʪʩʷ ʪʦ, ʯʪʦ ʝʜʠʥʩʪʚʝʥʥʳʤ ʙʝʣʢʦʤ, ʫʯʘʩʪʚʫʶʱʠʤ ʚ ʧʨʦʮʝʩʩʝ ʩʠʥʪʝʟʘ ʠ 

ʘʜʩʦʨʙʠʨʫʶʱʠʤʩʷ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʯʘʩʪʠʮ, ʷʚʣʷʝʪʩʷ ʙʝʣʦʢ ʬʣʘʛʝʣʣʠʥ. ɹʳʣʦ 

ʦʙʥʘʨʫʞʝʥʦ, ʯʪʦ ʤʝʪʠʣʣʠʟʠʥ, ʚʭʦʜʷʱʠʡ ʚ ʩʦʩʪʘʚ ʬʣʘʛʝʣʣʠʥʘ ʦʙʨʘʟʫʝʪ ʜʦʩʪʘʪʦʯʥʦ 

ʫʩʪʦʡʯʠʚʳʝ ʤʦʣʝʢʫʣʷʨʥʳʝ ʢʦʤʧʣʝʢʩʳ ʩ ʥʠʪʨʘʪʦʤ ʩʝʨʝʙʨʘ ʠ ʪʠʦʩʫʣʴʬʘʪʦʤ ʥʘʪʨʠʷ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʩʫʣʴʬʠʜ ʩʝʨʝʙʨʘ, ʤʝʪʠʣʣʠʟʠʥ, ʤʦʣʝʢʫʣʷʨʥʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ, 

ʵʣʝʢʪʨʦʥʥʘʷ ʧʣʦʪʥʦʩʪʴ, ʚʦʜʦʨʦʜʥʳʝ ʩʚʷʟʠ, ʥʘʥʦʤʘʪʝʨʠʘʣʳ 

 

ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʥʘʥʦʯʘʩʪʠʮ ʜʣʷ ʜʠʘʛʥʦʩʪʠʢʠ ʠ ʪʘʨʛʝʪʥʦʡ ʪʝʨʘʧʠʠ 

ʦʥʢʦʣʦʛʠʯʝʩʢʠʭ ʟʘʙʦʣʝʚʘʥʠʡ ʚ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʷʚʣʷʝʪʩʷ ʦʜʥʠʤ ʠʟ 

ʥʘʠʙʦʣʝʝ ʧʦʧʫʣʷʨʥʳʭ ʥʘʧʨʘʚʣʝʥʠʡ ʚ ʙʠʦʬʠʟʠʢʝ ʠ ʤʝʜʠʮʠʥʝ. ɺ ʯʘʩʪʥʦʩʪʠ, 

ʙʦʣʴʰʠʝ ʧʝʨʩʧʝʢʪʠʚʳ ʚ ʩʬʝʨʝ ʙʠʦʬʠʟʠʢʠ ʠ ʤʝʜʠʮʠʥʝ ʤʦʛʫʪ ʠʤʝʪʴ 

ʥʘʥʦʯʘʩʪʠʮʳ ʩʫʣʴʬʠʜʘ ʩʝʨʝʙʨʘ, ʧʦʣʫʯʘʝʤʳʝ ʩ ʧʦʤʦʱʴʶ ʙʠʦʩʠʥʪʝʟʘ ʥʘ 

ʦʩʥʦʚʝ ʛʨʘʤʧʦʣʦʞʠʪʝʣʴʥʳʭ ʠ ʛʨʘʤʦʪʨʠʮʘʪʝʣʴʥʳʭ ʙʘʢʪʝʨʠʡ [1]. 

ʇʦʣʫʯʘʝʤʳʝ ʯʘʩʪʠʮʳ ʦʙʣʘʜʘʶʪ ʚʳʩʦʢʦʡ ʩʪʝʧʝʥʴʶ ʙʠʦʩʦʚʤʝʩʪʠʤʦʩʪʠ ʟʘ 

ʩʯʸʪ ʙʝʣʢʦʚʦʡ ʦʙʦʣʦʯʢʠ, ʘ ʤʘʣʳʡ ʨʘʟʤʝʨ ʧʦʟʚʦʣʷʝʪ ʠʭ ʠʩʧʦʣʴʟʦʚʘʪʴ ʚ 

ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʭ ʪʝʭʥʦʣʦʛʠʷʭ ʚ ʢʘʯʝʩʪʚʝ ʢʚʘʥʪʦʚʳʭ ʪʦʯʝʢ, ʘ ʪʘʢʞʝ ʚ 

ʙʠʦʤʝʜʠʮʠʥʝ ʢʘʢ ʬʣʫʦʨʝʩʮʝʥʪʥʳʝ ʤʝʪʢʠ ʜʣʷ ʧʨʠʞʠʟʥʝʥʥʦʡ ʚʠʟʫʘʣʠʟʘʮʠʠ 

ʨʘʟʣʠʯʥʳʭ ʙʠʦʧʨʦʮʝʩʩʦʚ. 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʧʨʦʠʟʚʦʜʠʪʩʷ ʠʩʩʣʝʜʦʚʘʥʠʝ ʤʝʭʘʥʠʟʤʦʤ 

ʤʝʞʤʦʣʝʢʫʣʷʨʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʙʝʣʢʦʚʳʭ ʩʪʨʫʢʪʫʨ ʩ ʩʦʣʷʤʠ ʨʘʙʦʯʝʛʦ 

ʨʘʩʪʚʦʨʘ, ʠʩʧʦʣʴʟʫʝʤʦʛʦ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʥʘʥʦʯʘʩʪʠʮ ʩʫʣʴʬʠʜʘ ʩʝʨʝʙʨʘ, ʘ 

ʠʤʝʥʥʦ ï ʩ ʚʦʜʥʳʤʠ ʨʘʩʪʚʦʨʘʤʠ ʩʦʣʝʡ ʥʠʪʨʘʪʘ ʩʝʨʝʙʨʘ AgNO3 ʠ 

ʪʠʦʩʫʣʴʬʘʪʘ ʥʘʪʨʠʷ Na2S2O3. ɺ ʢʘʯʝʩʪʚʝ ʠʩʩʣʝʜʫʝʤʦʛʦ ʙʝʣʢʘ 

ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʙʘʢʪʝʨʠʘʣʴʥʳʡ ʙʝʣʦʢ ʬʣʘʛʝʣʣʠʥ, ʧʦʩʢʦʣʴʢʫ, ʢʘʢ ʧʦʢʘʟʘʥʦ 

ʚ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʤ ʠʩʩʣʝʜʦʚʘʥʠʠ [2], ʧʨʠ ʙʠʦʩʠʥʪʝʟʝ ʩ ʧʦʤʦʱʴʶ 

ʛʨʘʤʧʦʣʦʞʠʪʝʣʴʥʳʭ ʙʘʢʪʝʨʠʡ Bacillus subtilis 168 ʪʦʣʴʢʦ ʵʪʦʪ ʙʝʣʦʢ 

ʩʦʨʙʠʨʫʝʪʩʷ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʥʘʥʦʯʘʩʪʠʮ ʩʫʣʴʬʠʜʘ ʩʝʨʝʙʨʘ Ag2S ʠ, ʪʘʢʠʤ 

ʦʙʨʘʟʦʤ, ʷʚʣʷʝʪʩʷ ʦʜʥʦʡ ʠʟ ʚʘʞʥʝʡʰʠʭ ʩʦʩʪʘʚʣʷʶʱʠʭ ʧʨʦʮʝʩʩʘ 

ʙʘʢʪʝʨʠʘʣʴʥʦʛʦ ʩʠʥʪʝʟʘ. 

ʄʦʣʝʢʫʣʷʨʥʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʧʨʦʠʟʚʦʜʠʣʦʩʴ ʧʨʠ ʧʦʤʦʱʠ 

ʧʨʦʛʨʘʤʤʥʦʛʦ ʢʦʤʧʣʝʢʩʘ Gaussian 09 [3] (ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʜʣʷ ʦʧʪʠʤʠʟʘʮʠʠ 

ʩʪʨʫʢʪʫʨ ʠ ʨʘʩʯʸʪʘ ʀʂ-ʩʧʝʢʪʨʦʚ). DFTB+ (ʧʨʠʤʝʥʷʣʩʷ ʜʣʷ ʨʘʩʯʸʪʘ 
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ʦʪʥʦʩʠʪʝʣʴʥʦʡ ʵʣʝʢʪʨʦʥʥʦʡ ʧʣʦʪʥʦʩʪʠ), ʚ ʦʩʥʦʚʝ ʢʦʪʦʨʦʛʦ ʣʝʞʠʪ ʤʝʪʦʜ 

ʧʣʦʪʥʦʛʦ ʩʚʷʟʳʚʘʥʠʷ ʥʘ ʦʩʥʦʚʝ ʬʫʥʢʮʠʦʥʘʣʘ ʧʣʦʪʥʦʩʪʠ (DFTB).  

ʂʘʢ ʧʦʢʘʟʘʣʠ ʨʘʩʯʸʪʳ, ʜʣʷ ʪʠʦʩʫʣʴʬʘʪʘ ʥʘʪʨʠʷ Na2S2O3 (ʈʠʩ. 1), ʪʘʢ ʠ 

ʜʣʷ ʥʠʪʨʘʪʘ ʩʝʨʝʙʨʘ AgNO3 (ʈʠʩ. 3) ʩʫʱʝʩʪʚʫʝʪ ʥʝʩʢʦʣʴʢʦ ʨʘʟʣʠʯʥʳʭ 

ʚʘʨʠʘʥʪʦʚ ʧʨʠʩʦʝʜʠʥʝʥʠʷ ʢ ʤʦʣʝʢʫʣʝ ʤʝʪʠʣʣʠʟʠʥʘ.  

 

  
ʘ ʙ 

 
 

ʚ ʛ 
ʈʠʩʫʥʦʢ 1. ʈʘʩʩʯʠʪʘʥʥʳʝ ʩʪʨʫʢʪʫʨʳ (a,ʚ) ʠ ʀʂ ʩʧʝʢʪʨʳ (ʙ,ʛ) ʜʣʷ ʜʚʫʭ ʨʘʟʣʠʯʥʳʭ 

ʚʘʨʠʘʥʪʦʚ (1-ʘ.ʙ), (2-ʚ,ʛ) ʢʦʤʧʣʝʢʩʦʦʙʨʘʟʦʚʘʥʠʷ ʪʠʦʩʫʣʴʬʘʪʘ ʥʘʪʨʠʷ Na2S2O3 ʩ 

ʤʝʪʠʣʣʠʟʠʥʦʤ ʩ ʦʙʦʟʥʘʯʝʥʥʳʤʠ O-H ʩʚʷʟʷʤʠ (1) 

 

ɼʣʷ ʪʠʦʩʫʣʴʬʘʪʘ ʥʘʪʨʠʷ Na2S2O3 ʙʳʣʠ ʨʘʩʩʤʦʪʨʝʥʳ ʪʨʠ ʚʘʨʠʘʥʪʘ 

ʢʦʤʧʣʝʢʩʦʦʙʨʘʟʦʚʘʥʠʷ, ʚ ʜʚʫʭ ʠʟ ʢʦʪʦʨʳʭ ʦʙʨʘʟʫʶʪʩʷ ʚʦʜʦʨʦʜʥʳʝ ʩʚʷʟʠ 

ʩʨʝʜʥʝʡ ʩʠʣʳ (ʊʘʙʣʠʮʘ 1). ɹʳʣ ʧʨʦʠʟʚʝʜʝʥ ʨʘʩʯʸʪ ʦʪʥʦʩʠʪʝʣʴʥʦʡ 

ʵʣʝʢʪʨʦʥʥʦʡ ʧʣʦʪʥʦʩʪʠ (ʈʠʩ. 2), ʚʳʷʩʥʠʣʦʩʴ, ʯʪʦ ʧʦʩʣʝ ʜʦʙʘʚʣʝʥʠʷ 

ʪʠʦʩʫʣʴʬʘʪʘ ʥʘʪʨʠʷ ʧʨʦʠʩʭʦʜʠʪ ʠʟʤʝʥʝʥʠʝ ʵʣʝʢʪʨʦʥʥʦʡ ʧʣʦʪʥʦʩʪʠ 

ʤʝʪʠʣʣʠʟʠʥʘ, ʦʥʘ ʚʦʟʨʘʩʪʘʝʪ, ʯʪʦ ʤʦʞʝʪ ʛʦʚʦʨʠʪʴ ʦʙ ʫʚʝʣʠʯʝʥʠʠ ʩʠʣ ʩʚʷʟʝʡ 

ʚ ʦʙʨʘʟʦʚʘʥʥʦʤ ʢʦʤʧʣʝʢʩʝ. ʊʘʢʞʝ ʩʪʦʠʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʤʘʢʩʠʤʘʣʴʥʦʝ 

ʟʥʘʯʝʥʠʝ ʵʣʝʢʪʨʦʥʥʦʡ ʧʣʦʪʥʦʩʪʠ ʚʳʰʝ ʚ ʚʘʨʠʘʥʪʝ ʢʦʤʧʣʝʢʩʘ ʩ ʙʦʣʝʝ 

ʩʠʣʴʥʦʡ ʚʦʜʦʨʦʜʥʦʡ ʩʚʷʟʴʶ. 

 
ʊʘʙʣʠʮʘ 1. ʈʘʩʩʯʠʪʘʥʥʳʝ ʧʘʨʘʤʝʪʨʳ ʚʦʜʦʨʦʜʥʳʭ ʩʚʷʟʝʡ ʜʣʷ ʜʚʫʭ ʚʘʨʠʘʥʪʦʚ 

ʤʦʣʝʢʫʣʷʨʥʦʛʦ ʢʦʤʧʣʝʢʩʘ Na2S2O3 ïʤʝʪʠʣʣʠʟʠʥ 

ʅʦʤʝʨ 

ʚʘʨʠʘʥʪʘ 

ɼʣʠʥʘ 

ʚʦʜʦʨʦʜʥʦʛʦ 

ʤʦʩʪʠʢʘ  

ROH---O, ¡ 

ʏʘʩʪʦʪʘ, 

n, ʩʤ
-1
  

ʏʘʩʪʦʪʥʳʡ 

ʩʜʚʠʛ  

Dn,  

ʩʤ
-1
 

ʕʥʝʨʛʠʷ 

ʩʚʷʟʠ 

 -DH,  

ʢʢʘʣ/ʤʦʣʴ 

ʀʥʪʝʥʩʠʚʥʦʩʪʴ 

IIR, ʢʤ/ʤʦʣʴ 

1 2.83 3256 132 2.87 228 

2 2.63 2782 743 8.01 3956 
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ʈʠʩʫʥʦʢ 2. ʆʪʥʦʩʠʪʝʣʴʥʘʷ ʵʣʝʢʪʨʦʥʥʘʷ ʧʣʦʪʥʦʩʪʴ (a - ɺʘʨʠʘʥʪ 1, ʙ ï 

ɺʘʨʠʘʥʪ 2) ʜʣʷ ʜʚʫʭ ʨʘʟʣʠʯʥʳʭ ʚʘʨʠʘʥʪʦʚ ʢʦʤʧʣʝʢʩʦʦʙʨʘʟʦʚʘʥʠʷ 

ʪʠʦʩʫʣʴʬʘʪʘ ʥʘʪʨʠʷ Na2S2O3 ʩ ʤʝʪʠʣʣʠʟʠʥʦʤ 

 

ʅʘ ʨʠʩʫʥʢʝ. 3 ʧʨʝʜʩʪʘʚʣʝʥʳ ʜʚʘ ʚʘʨʠʘʥʪʘ ʥʘʠʙʦʣʝʝ ʩʠʣʴʥʦʛʦ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʥʠʪʨʘʪʘ ʩʝʨʝʙʨʘ AgNO3 ʩ ʤʝʪʠʣʣʠʟʠʥʦʤ. ʈʘʩʩʯʠʪʘʥʥʳʝ 

ʧʘʨʘʤʝʪʨʳ ʚʦʜʦʨʦʜʥʳʭ ʩʚʷʟʝʡ ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ ʪʘʙʣʠʮʝ 2.  

 
 

ʘ ʙ 

 
 

ʚ ʛ 
ʈʠʩ. 3. ʈʘʩʩʯʠʪʘʥʥʳʝ ʩʪʨʫʢʪʫʨʳ (a,ʚ,) ʠ ʀʂ ʩʧʝʢʪʨʳ (ʙ,ʛ) ʜʣʷ ʜʚʫʭ 

ʚʘʨʠʘʥʪʦʚ ʢʦʤʧʣʝʢʩʦʦʙʨʘʟʦʚʘʥʠʷ (1-ʘ.ʙ), (2-ʚ,ʛ), ʥʠʪʨʘʪʘ ʩʝʨʝʙʨʘ AgNO3 

ʩ ʤʝʪʠʣʣʠʟʠʥʦʤ ʩ ʦʙʦʟʥʘʯʝʥʥʳʤʠ O-H ʩʚʷʟʷʤʠ 

ʘ 

ʙ 
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ʂʘʢ ʠ ʚ ʩʣʫʯʘʝ ʤʦʣʝʢʫʣʷʨʥʦʛʦ ʢʦʤʧʣʝʢʩʘ ʪʠʦʩʫʣʴʬʘʪ ʥʘʪʨʠʷ ï 

ʤʝʪʠʣʣʠʟʠʥ, ʙʳʣ ʧʨʦʠʟʚʝʜʝʥ ʨʘʩʯʸʪ ʦʪʥʦʩʠʪʝʣʴʥʦʡ ʵʣʝʢʪʨʦʥʥʦʡ ʧʣʦʪʥʦʩʪʠ 

(ʈʠʩ. 4) ʢʦʤʧʣʝʢʩʘ ʥʠʪʨʘʪ ʩʝʨʝʙʨʘ - ʤʝʪʠʣʣʠʟʠʥ, ʦʜʥʘʢʦ, ʧʦʩʣʝ ʜʦʙʘʚʣʝʥʠʷ 

ʥʠʪʨʘʪʘ ʩʝʨʝʙʨʘ ʠʟʤʝʥʝʥʠʝ ʵʣʝʢʪʨʦʥʥʦʡ ʧʣʦʪʥʦʩʪʠ ʤʝʪʠʣʣʠʟʠʥʘ 

ʧʨʘʢʪʠʯʝʩʢʠ ʥʝ ʧʨʦʠʩʭʦʜʠʪ, ʥʦ ʝʩʣʠ ʦʙʨʘʪʠʪʴ ʚʥʠʤʘʥʠʝ ʥʘ ʵʣʝʢʪʨʦʥʥʫʶ 

ʧʣʦʪʥʦʩʪʴ O-H ʩʚʷʟʠ, ʪʦ ʤʦʞʥʦ ʧʨʦʩʣʝʜʠʪʴ ʟʘʚʠʩʠʤʦʩʪʴ ʩʠʣʳ ʩʚʷʟʠ ʦʪ 

ʚʝʣʠʯʠʥʳ ʦʪʥʦʩʠʪʝʣʴʥʦʡ ʵʣʝʢʪʨʦʥʥʦʡ ʧʣʦʪʥʦʩʪʠ. 

 

 
ʈʠʩʫʥʦʢ 4. ʆʪʥʦʩʠʪʝʣʴʥʘʷ ʵʣʝʢʪʨʦʥʥʘʷ ʧʣʦʪʥʦʩʪʴ (a - ɺʘʨʠʘʥʪ 1, ʙ ï 

ɺʘʨʠʘʥʪ 2) ʜʣʷ ʜʚʫʭ ʨʘʟʣʠʯʥʳʭ ʚʘʨʠʘʥʪʦʚ ʢʦʤʧʣʝʢʩʦʦʙʨʘʟʦʚʘʥʠʷ 

ʥʠʪʨʘʪʘ ʩʝʨʝʙʨʘ AgNO3 ʩ ʤʝʪʠʣʣʠʟʠʥʦʤ 

 

ʊʘʢʞʝ ʧʨʦʠʟʚʝʜʝʥʦ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʜʚʫʭ ʤʦʣʝʢʫʣ 

ʩʦʣʝʡ, AgNO3 ʠ Na2S2O3 ʩ ʤʝʪʠʣʣʠʟʠʥʦʤ (ʈʠʩ 5).  ɹʳʣʦ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ 

ʦʙʨʘʟʫʶʪʩʷ ʜʚʝ ʩʚʷʟʠ, ʙʣʠʟʢʠʝ ʢ ʩʚʷʟʷʤ ʩʨʝʜʥʝʡ ʩʠʣʳ, ʩ ʯʘʩʪʦʪʥʳʤʠ 

ʩʜʚʠʛʘʤʠ 316 ʩʤ
-1
 ʠ 228 ʩʤ

-1 
ʠ ʵʥʝʨʛʠʷʤʠ ʚ 4.98 ʢʢʘʣ/ʤʦʣʴ, 4.11 ʢʢʘʣ/ʤʦʣʴ 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. 

 
ʊʘʙʣʠʮʘ 2. ʈʘʩʩʯʠʪʘʥʥʳʝ ʧʘʨʘʤʝʪʨʳ ʚʦʜʦʨʦʜʥʳʭ ʩʚʷʟʝʡ ʜʣʷ ʜʚʫʭ ʚʘʨʠʘʥʪʦʚ 

ʤʦʣʝʢʫʣʷʨʥʦʛʦ ʢʦʤʧʣʝʢʩʘ AgNO3 ïʤʝʪʠʣʣʠʟʠʥ 

ʅʦʤʝʨ 

ʚʘʨʠʘʥʪʘ 

ɼʣʠʥʘ 

ʚʦʜʦʨʦʜʥʦʛʦ 

ʤʦʩʪʠʢʘ  

ROH---O, ¡ 

ʏʘʩʪʦʪʘ, 

n, ʩʤ
-1
  

ʏʘʩʪʦʪʥʳʡ 

ʩʜʚʠʛ  

Dn,  

ʩʤ
-1
 

ʕʥʝʨʛʠʷ 

ʉʚʷʟʠ  

-DH, 

ʢʢʘʣ/ʤʦʣʴ 

ʀʥʪʝʥʩʠʚʥʦʩʪʴ 

IIR, ʢʤ/ʤʦʣʴ 

1 2,2 3552 440 6,01 1375 

2 2,59 3231 282 4,67 725 

 

ʘ 

ʙ 
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ʈʠʩʫʥʦʢ 5. ʈʘʩʩʯʠʪʘʥʥʘʷ ʩʪʨʫʢʪʫʨʘ ʠ ʀʂ ʩʧʝʢʪʨ ʤʦʣʝʢʫʣʷʨʥʦʛʦ 

ʢʦʤʧʣʝʢʩʘ AgNO3-ʤʝʪʠʣʣʠʟʠʥ-Na2S2O3 

 

ʅʘ ʦʩʥʦʚʝ ʨʝʟʫʣʴʪʘʪʦʚ ʤʦʣʝʢʫʣʷʨʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʨʘʟʣʠʯʥʳʭ 

ʚʘʨʠʘʥʪʦʚ ʢʦʤʧʣʝʢʩʦʦʙʨʘʟʦʚʘʥʠʷ ʤʝʪʠʣʣʠʟʠʥʘ ʩ ʩʦʣʷʤʠ ʥʠʪʨʘʪʘ ʩʝʨʝʙʨʘ 

AgNO3 ʠ ʪʠʦʩʫʣʴʬʘʪʘ ʥʘʪʨʠʷ Na2S2O3, ʠ ʧʦʩʣʝʜʫʶʱʝʛʦ ʘʥʘʣʠʟʘ 

ʧʘʨʘʤʝʪʨʦʚ ʦʙʨʘʟʫʶʱʠʭʩʷ ʚʦʜʦʨʦʜʥʳʭ ʩʚʷʟʝʡ, ʘ ʪʘʢʞʝ ʨʘʩʧʨʝʜʝʣʝʥʠʷ 

ʟʘʨʷʜʘ ʙʳʣʘ ʫʩʪʘʥʦʚʣʝʥʘ ʚʦʟʤʦʞʥʦʩʪʴ ʠ ʦʮʝʥʝʥʘ ʩʪʝʧʝʥʴ 

ʢʦʤʧʣʝʢʩʦʦʙʨʘʟʦʚʘʥʠʷ. ɹʳʣʦ ʚʳʷʩʥʝʥʦ, ʯʪʦ ʚ ʤʦʣʝʢʫʣʷʨʥʳʭ ʢʦʤʧʣʝʢʩʘʭ 

Na2S2O3-ʤʝʪʠʣʣʠʟʠʥ ʧʦʩʣʝ ʜʦʙʘʚʣʝʥʠʷ ʪʠʦʩʫʣʴʬʘʪʘ ʥʘʪʨʠʷ ʧʨʦʠʩʭʦʜʠʪ 

ʠʟʤʝʥʝʥʠʝ ʦʪʥʦʩʠʪʝʣʴʥʦʡ ʵʣʝʢʪʨʦʥʥʦʡ ʧʣʦʪʥʦʩʪʠ ʤʝʪʠʣʣʠʟʠʥʘ, ʯʪʦ ʤʦʞʝʪ 

ʛʦʚʦʨʠʪʴ ʦʙ ʫʚʝʣʠʯʝʥʠʠ ʩʠʣ ʚʦʜʦʨʦʜʥʳʭ ʩʚʷʟʝʡ ʚ ʦʙʨʘʟʦʚʘʥʥʳʭ 

ʢʦʤʧʣʝʢʩʘʭ. ʂʨʦʤʝ ʪʦʛʦ, ʥʝʦʙʭʦʜʠʤʦ ʦʪʤʝʪʠʪʴ ʦʩʦʙʦʝ ʚʣʠʷʥʠʝ ʧʨʦʮʝʩʩʘ 

ʤʝʪʠʣʠʟʘʮʠʠ ʣʠʟʠʥʘ, ʙʣʘʛʦʜʘʨʷ ʢʦʪʦʨʦʤʫ ʩʪʝʧʝʥʴ ʝʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʚ 

ʩʦʩʪʘʚʝ ʬʣʘʛʝʣʣʠʥʘ ʩʫʱʝʩʪʚʝʥʥʦ ʧʦʚʳʰʘʝʪʩʷ, ʯʪʦ ʩʧʦʩʦʙʩʪʚʫʝʪ 

ʦʙʨʘʟʦʚʘʥʠʶ ʙʦʣʝʝ ʧʨʦʯʥʦʡ ʦʨʛʘʥʠʯʝʩʢʦʡ ʦʙʦʣʦʯʢʠ ʩʠʥʪʝʟʠʨʫʝʤʳʭ 

ʥʘʥʦʯʘʩʪʠʮ.  

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʤʦʞʥʦ ʩʢʘʟʘʪʴ, ʯʪʦ ʤʝʪʠʣʣʠʟʠʥ ʦʙʨʘʟʫʝʪ ʜʦʩʪʘʪʦʯʥʦ 

ʫʩʪʦʡʯʠʚʳʝ ʤʦʣʝʢʫʣʷʨʥʳʝ ʢʦʤʧʣʝʢʩʳ ʩ ʪʠʦʩʫʣʴʬʘʪʦʤ ʥʘʪʨʠʷ ʠ ʥʠʪʨʘʪʦʤ 

ʩʝʨʝʙʨʘ ʥʘ ʦʩʥʦʚʝ ʚʦʜʦʨʦʜʥʳʭ ʩʚʷʟʝʡ ʩʨʝʜʥʝʡ ʩʠʣʳ ʠ ʙʣʠʟʢʠʤ ʢ ʩʠʣʴʥʳʤ, 

ʯʪʦ ʜʘʸʪ ʚʦʟʤʦʞʥʦʩʪʴ ʛʦʚʦʨʠʪʴ ʦ ʝʛʦ ʩʫʱʝʩʪʚʝʥʥʦʤ ʚʢʣʘʜʝ ʚ ʧʨʦʮʝʩʩ 

ʦʙʨʘʟʦʚʘʥʠʷ ʥʘʥʦʯʘʩʪʠʮ ʩʫʣʴʬʠʜʘ ʩʝʨʝʙʨʘ ʤʝʪʦʜʦʤ ʙʠʦʩʠʥʪʝʟʘ ʩ ʧʦʤʦʱʴʶ 

ʛʨʘʤʧʦʣʦʞʠʪʝʣʴʥʳʭ ʙʘʢʪʝʨʠʡ Bacillus subtilis 168. 

 
ɹʠʙʣʠʦʛʨʘʬʠʯʝʩʢʠʡ ʩʧʠʩʦʢ 

1. ɺʦʝʡʢʦʚʘ ʊ.ɸ., ʐʝʙʘʥʦʚʘ ɸ.ʉ., ʀʚʘʥʦʚ ʖ.ɼ.ʠ ʜʨ. ʈʦʣʴ ʙʝʣʢʦʚ ʚʥʝʰʥʝʡ ʤʝʤʙʨʘʥʳ 
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ʄɽʊʆɼʓ ʉʀʅʊɽɿɸ ʂʆʄʇʆɿʀʊʅʓʍ ʄɸʊɽʈʀɸʃʆɺ ɼʃʗ 

ʈɽɻɽʅɽʈɸʊʀɺʅʆʁ ʄɽɼʀʎʀʅʓ  

 
ʅ.ɺ. ʂʦʨʦʥʝʚʩʢʠʡ, ɽ.ɸ. ʈʷʙʦʚ, ʈ.ɸ. ʑʠʧʮʦʚ, ʂ.ɸ. ɿʳʢʦʚ, ɺ.ɸ. ʂʠʣʴʜʠʰʝʚʘ,  

ʀ.ɺ. ʍʘʡʨʫʰʝʚ, ɸ.ɸ. ɸʥʜʨʝʝʚ, ʀ.ʉ. ɺʝʣʠʢʘʥʦʚ, ɹ.ɺ. ʉʝʨʛʝʝʚʘ 

ʉʘʨʘʪʦʚʩʢʠʡ ʥʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ 

ʫʥʠʚʝʨʩʠʪʝʪ ʠʤʝʥʠ ʅ.ɻ. ʏʝʨʥʳʰʝʚʩʢʦʛʦ 

E-mail: Kaskad_94@mail.ru 

 

ɺ ʩʪʘʪʴʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʤʝʪʦʜʳ ʩʠʥʪʝʟʘ ʢʦʤʧʦʟʠʪʥʳʭ ʤʘʪʝʨʠʘʣʦʚ, ʩʦʩʪʦʷʱʠʭ ʠʟ 

ʤʠʢʨʦʯʘʩʪʠʮ ʢʘʨʙʦʥʘʪʘ ʢʘʣʴʮʠʷ, ʚʳʨʘʱʝʥʥʳʭ ʥʘ ʦʨʛʘʥʠʯʝʩʢʠʭ ʚʦʣʦʢʥʘʭ ʠ 

ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʭ ʥʘʥʦʯʘʩʪʠʮʘʤʠ ʤʘʛʥʝʪʠʪʘ. ʇʦʣʫʯʝʥʥʳʡ ʢʦʤʧʦʟʠʪʥʳʡ ʤʘʪʝʨʠʘʣ 

ʤʦʞʝʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥ ʚ ʢʘʯʝʩʪʚʝ ʪʢʘʥʝʠʥʞʝʥʝʨʥʦʛʦ ʢʘʨʢʘʩʘ ʜʣʷ ʨʝʛʝʥʝʨʘʮʠʦʥʥʦʡ 

ʤʝʜʠʮʠʥʳ. ɺʥʝʜʨʝʥʠʝ ʥʘʥʦʯʘʩʪʠʮ ʤʘʛʥʝʪʠʪʘ ʜʝʣʘʝʪ ʤʘʪʝʨʠʘʣ ʯʫʚʩʪʚʠʪʝʣʴʥʳʤ ʢ 

ʤʘʛʥʠʪʥʦʤʫ ʧʦʣʶ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʪʢʘʥʝʠʥʞʝʥʝʨʥʳʡ ʢʘʨʢʘʩ, ʥʘʥʦʚʦʣʦʢʥʘ, ʤʠʢʨʦʯʘʩʪʠʮʳ 

ʢʘʨʙʦʥʘʪʘ ʢʘʣʴʮʠʷ 

 

ʆʜʥʘ ʠʟ ʟʘʜʘʯ ʩʦʚʨʝʤʝʥʥʦʛʦ ʤʘʪʝʨʠʘʣʦʚʝʜʝʥʠʷ ï ʩʠʥʪʝʟ 

ʢʦʤʧʦʟʠʪʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʠʟ ʨʘʟʥʦʨʦʜʥʳʭ ʢʦʤʧʦʥʝʥʪʦʚ, ʩʧʦʩʦʙʥʳʭ ʤʝʥʷʪʴ 

ʩʚʦʠ ʩʪʨʫʢʪʫʨʫ ʠ ʩʚʦʡʩʪʚʘ ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʦʙʣʘʩʪʴʶ ʧʨʠʤʝʥʝʥʠʷ ʠ 

ʫʩʣʦʚʠʷʤʠ ʵʢʩʧʣʫʘʪʘʮʠʠ. ʅʘʠʙʦʣʴʰʠʡ ʠʥʪʝʨʝʩ ʚʳʟʳʚʘʶʪ 

ʩʣʦʞʥʦʩʦʩʪʘʚʥʳʝ ʤʘʪʝʨʠʘʣʳ, ʩʦʩʪʦʷʱʠʝ ʠʟ ʜʚʫʭ ʠ ʙʦʣʝʝ ʚʝʱʝʩʪʚ. 

ʆʩʦʙʝʥʥʦʩʪʴ ʜʘʥʥʦʛʦ ʢʣʘʩʩʘ ʤʘʪʝʨʠʘʣʦʚ ʚ ʪʦʤ, ʯʪʦ ʦʜʠʥ ʠʟ ʤʘʪʝʨʠʘʣʦʚ 

ʩʦʟʜʘʝʪ ʩʪʘʙʠʣʴʥʫʶ ʤʘʪʨʠʮʫ, ʷʯʝʡʢʠ ʢʦʪʦʨʦʡ ʟʘʧʦʣʥʷʶʪ ʦʩʪʘʣʴʥʳʝ 

ʚʝʱʝʩʪʚʘ. 

ʄʠʢʨʦʯʘʩʪʠʮʳ ʢʘʨʙʦʥʘʪʘ ʢʘʣʴʮʠʷ ʘʢʪʠʚʥʦ ʠʩʧʦʣʴʟʫʶʪʩʷ ʚ ʤʝʜʠʮʠʥʝ 

ʚ ʢʘʯʝʩʪʚʝ ʤʠʢʨʦʢʦʥʪʝʡʥʝʨʦʚ ʜʣʷ ʘʜʨʝʩʥʦʡ ʜʦʩʪʘʚʢʠ ʣʝʢʘʨʩʪʚʝʥʥʳʭ 

ʧʨʝʧʘʨʘʪʦʚ [1]. ɺʦʟʤʦʞʥʦʩʪʴ ʚʩʪʨʘʠʚʘʥʠʷ ʥʘʥʦʯʘʩʪʠʮ ʤʘʛʥʝʪʠʪʘ ʚ ʦʙʲʝʤ 

ʩʬʝʨʠʯʝʩʢʠʭ ʷʜʝʨ ʢʘʨʙʦʥʘʪʘ ʢʘʣʴʮʠʷ (CaCO3) [2] ʧʦʟʚʦʣʷʝʪ ʫʧʨʘʚʣʷʪʴ 

ʧʦʣʫʯʝʥʥʳʤʠ ʩʪʨʫʢʪʫʨʘʤʠ ʩ ʧʦʤʦʱʴʶ ʚʥʝʰʥʝʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ [3]. 

ʄʘʛʥʠʪʥʳʝ ʥʘʥʦʯʘʩʪʠʮʳ, ʚ ʯʘʩʪʥʦʩʪʠ ʥʘʥʦʯʘʩʪʠʮʳ ʦʢʩʠʜʦʚ ʞʝʣʝʟʘ, 

ʰʠʨʦʢʦ ʠʩʧʦʣʴʟʫʶʪʩʷ ʚ ʙʠʦʤʝʜʠʮʠʥʩʢʠʭ ʮʝʣʷʭ invivo, ʥʘʧʨʠʤʝʨ, ʜʣʷ 

ʫʩʠʣʝʥʠʷ ʢʦʥʪʨʘʩʪʠʨʦʚʘʥʠʷ ʠ ʧʦʚʳʰʝʥʠʷ ʜʠʘʛʥʦʩʪʠʯʝʩʢʦʡ 

ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʠ ʚ ʤʘʛʥʠʪʥʦʡ ʨʝʟʦʥʘʥʩʥʦʡ ʪʦʤʦʛʨʘʬʠʠ [4], ʛʠʧʝʨʪʝʨʤʠʠ ʩ 

ʧʦʤʦʱʴʶ ʧʝʨʝʤʝʥʥʦʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ [5], ʪʢʘʥʝʚʦʡ ʠʥʞʝʥʝʨʠʠ [6]. 

ʆʜʠʥ ʠʟ ʛʣʘʚʥʳʭ ʚʦʧʨʦʩʦʚ ʢʦʩʪʥʦʡ ʨʝʛʝʥʝʨʘʮʠʦʥʥʦʡ ʤʝʜʠʮʠʥʳ ï 

ʧʦʠʩʢ ʘʣʴʪʝʨʥʘʪʠʚʥʳʭ ʨʝʰʝʥʠʡ ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ ʩʢʝʣʝʪʥʳʭ ʫʚʝʯʠʡ [7]. ʅʘ 

ʜʘʥʥʳʡ ʤʦʤʝʥʪ ʠʟʚʝʩʪʥʦ, ʯʪʦ ʢʫʣʴʪʠʚʠʨʦʚʘʥʠʝ ʢʣʝʪʦʢ ʣʫʯʰʝ ʧʨʦʚʦʜʠʪʴ ʥʘ 

ʧʦʜʣʦʞʢʘʭ, ʠʤʠʪʠʨʫʶʱʠʭ ʥʘʪʫʨʘʣʴʥʳʡ ʚʥʝʢʣʝʪʦʯʥʳʡ ʤʘʪʨʠʢʩ ʢʦʩʪʠ [8]. 

ʇʨʠ ʵʪʦʤ ʩʫʱʝʩʪʚʫʝʪ ʧʨʦʙʣʝʤʘ ʩʦʟʜʘʥʠʷ ʤʘʪʨʠʮ ʩ ʧʦʚʝʨʭʥʦʩʪʴʶ, 

ʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʦʡ ʥʘ ʤʠʢʨʦ- ʠ ʥʘʥʦʫʨʦʚʥʷʭ, ʧʦʜʦʙʥʦ ʝʩʪʝʩʪʚʝʥʥʦʤʫ 

ʚʥʝʢʣʝʪʦʯʥʦʤʫ ʤʘʪʨʠʢʩʫ. 
ʉʫʱʝʩʪʚʫʝʪ ʤʥʦʞʝʩʪʚʦ ʥʘʧʨʘʚʣʝʥʠʡ ʤʦʜʠʬʠʢʘʮʠʠ ʤʘʪʨʠʢʩʦʚ, ʪʘʢʠʭ 

ʢʘʢ: ʬʠʟʠʯʝʩʢʘʷ ʠ/ʠʣʠ ʭʠʤʠʯʝʩʢʘʷ ʦʙʨʘʙʦʪʢʘ ʚʦʣʦʢʦʥ (ʥʘʧʨʠʤʝʨ, 
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ʪʝʨʤʠʯʝʩʢʘʷ ʦʙʨʘʙʦʪʢʘ); ʚʚʝʜʝʥʠʝ ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʜʦʙʘʚʦʢ ʚ ʨʘʩʪʚʦʨ 
ʧʦʣʠʤʝʨʘ (ʙʠʦʣʦʛʠʯʝʩʢʠ ʘʢʪʠʚʥʳʝ ʚʝʱʝʩʪʚʘ, ʣʝʢʘʨʩʪʚʝʥʥʳʝ ʧʨʝʧʘʨʘʪʳ, 
ʥʘʥʦ- ʠ ʤʠʢʨʦʯʘʩʪʠʮʳ ʠ ʜʨ.) [9]. ɺ ʨʘʙʦʪʝ [10] ʦʧʠʩʘʥ ʧʨʦʮʝʩʩ ʧʦʢʨʳʪʠʷ 
ʤʠʢʨʦʯʘʩʪʠʮʘʤʠ CaCO3 ʚʦʣʦʢʦʥ ʧʦʣʠʢʘʧʨʦʣʘʢʪʦʥʘ (ʇʂʃ).  

ɻʣʘʚʥʦʡ ʮʝʣʴʶ ʜʘʥʥʦʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ ʷʚʣʷʝʪʩʷ ʨʘʟʨʘʙʦʪʢʘ 
ʢʦʤʧʦʟʠʪʥʦʛʦ ʤʘʪʝʨʠʘʣʘ ʜʣʷ ʧʨʠʤʝʥʝʥʠʷ ʚ ʨʝʛʝʥʝʨʘʪʠʚʥʦʡ ʢʦʩʪʥʦʡ 
ʤʝʜʠʮʠʥʝ. ʉʠʥʪʝʟʠʨʫʝʤʳʡ ʤʘʪʝʨʠʘʣ ʩʦʩʪʦʠʪ ʠʟ ʚʦʣʦʢʦʥ ʧʦʣʠʢʘʧʨʦʣʘʢʪʦʥʘ 
(ʦʩʥʦʚʥʦʡ ʤʘʪʨʠʯʥʳʡ ʤʘʪʝʨʠʘʣ), ʤʠʢʨʦʯʘʩʪʠʮ CaCO3, ʠʩʧʦʣʴʟʫʶʱʠʭʩʷ ʚ 
ʢʘʯʝʩʪʚʝ ʢʦʥʪʝʡʥʝʨʦʚ [11-14], ʘ ʪʘʢ ʞʝ ʥʘʥʦʯʘʩʪʠʮ ʤʘʛʥʝʪʠʪʘ (Fe3O4) ʚ 
ʢʘʯʝʩʪʚʝ ʯʫʚʩʪʚʠʪʝʣʴʥʦʛʦ ʢ ʧʝʨʝʤʝʥʥʦʤʫ ʤʘʛʥʠʪʥʦʤʫ ʧʦʣʶ ʤʘʪʝʨʠʘʣʘ, 
ʧʨʠʤʝʥʷʝʤʦʛʦ ʢʘʢ ʜʣʷ ʩʪʠʤʫʣʷʮʠʠ ʧʨʦʮʝʩʩʘ ʟʘʞʠʚʣʝʥʠʷ [15], ʪʘʢ ʠ 
ʠʤʤʫʥʥʦʡ ʩʠʩʪʝʤʳ [16]. 

ɿʘ ʦʩʥʦʚʥʦʡ ʤʝʪʦʜ ʩʠʥʪʝʟʘ ʙʳʣ ʚʳʙʨʘʥ ʘʣʛʦʨʠʪʤ ʬʦʨʤʠʨʦʚʘʥʠʷ 
ʤʠʢʨʦʯʘʩʪʠʮ ʢʘʨʙʦʥʘʪʘ ʢʘʣʴʮʠʷ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʦʨʛʘʥʠʯʝʩʢʠʭ ʚʦʣʦʢʦʥ 
ʧʦʣʠʢʘʧʨʦʣʘʢʪʦʥʘ, ʧʨʝʜʣʦʞʝʥʥʳʡ ʚ ʨʘʙʦʪʘʭ [10, 17, 18]. ɺ ʧʨʦʙʠʨʢʫ, 
ʩʦʜʝʨʞʘʱʫʶ ʥʘʥʦʚʦʣʦʢʥʘ ʇʂʃ, ʜʦʙʘʚʣʷʶʪʩʷ ʨʘʩʪʚʦʨʳ ʩʦʣʝʡ ʭʣʦʨʠʜʘ 
ʢʘʣʴʮʠʷ (CaCl2) ʠ ʢʘʨʙʦʥʘʪʘ ʥʘʪʨʠʷ (Na2CO3) ʚ ʵʢʚʠʤʦʣʷʨʥʳʭ ʧʨʦʧʦʨʮʠʷʭ. 
ʇʦʣʫʯʝʥʥʫʶ ʩʠʩʪʝʤʫ ʧʦʜʚʝʨʛʘʶʪ ʦʙʨʘʙʦʪʢʝ ʫʣʴʪʨʘʟʚʫʢʦʤ ʯʘʩʪʦʪʦʡ 35 ʢɻʮ 
ʚ ʪʝʯʝʥʠʝ 1 ʤʠʥʫʪʳ. ʇʦʩʣʝ ʟʘʚʝʨʰʝʥʠʷ ʭʠʤʠʯʝʩʢʠʭ ʨʝʘʢʮʠʡ ʦʙʨʘʟʝʮ 
ʠʟʳʤʘʝʪʩʷ, ʧʨʦʤʳʚʘʝʪʩʷ ʜʝʠʦʥʠʟʦʚʘʥʥʦʡ ʚʦʜʦʡ ʠ ʧʦʤʝʱʘʝʪʩʷ ʚ 
ʩʫʰʠʣʴʥʳʡ ʰʢʘʬ ʥʘ 10  15 ʤʠʥʫʪ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 46 ÁC. 

ɺ ʠʩʩʣʝʜʦʚʘʥʠʠ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʚʦʣʦʢʥʘ ʧʦʣʠʢʘʧʨʦʣʘʢʪʦʥʘ, 
ʧʦʣʫʯʝʥʥʳʝ ʤʝʪʦʜʦʤ ʵʣʝʢʪʨʦʩʧʠʥʠʥʛʘ, ʜʠʘʤʝʪʨʦʤ 100 Ñ 50 ʥʤ. 

ɼʣʷ ʘʥʘʣʠʟʘ ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ ʦʙʨʘʟʮʦʚ ʠʩʧʦʣʴʟʦʚʘʣʘʩʴ ʨʘʩʪʨʦʚʘʷ 
ʵʣʝʢʪʨʦʥʥʘʷ ʤʠʢʨʦʩʢʦʧʠʷ (ʘʥʘʣʠʪʠʯʝʩʢʠʡ ʢʦʤʧʣʝʢʩ ʥʘ ʙʘʟʝ ʨʘʩʪʨʦʚʦʛʦ 
ʵʣʝʢʪʨʦʥʥʦʛʦ ʤʠʢʨʦʩʢʦʧʘ ʚʳʩʦʢʦʛʦ ʨʘʟʨʝʰʝʥʠʷ Mira II  LMU ʬʠʨʤʳ 
çTESCANè), ʰʠʨʦʢʦ ʧʨʠʤʝʥʷʝʤʘʷ ʜʣʷ ʚʠʟʫʘʣʠʟʘʮʠʠ ʦʙʲʝʢʪʦʚ ʤʠʢʨʦ- ʠ 
ʥʘʥʦʤʘʩʰʪʘʙʘ. ʄʦʨʬʦʣʦʛʠʷ ʧʦʣʫʯʝʥʥʳʭ ʦʙʨʘʟʮʦʚ ʧʨʦʚʦʜʠʣʘʩʴ ʚ ʨʝʞʠʤʝ 
ʜʝʪʝʢʪʠʨʦʚʘʥʠʷ ʚʪʦʨʠʯʥʳʭ ʵʣʝʢʪʨʦʥʦʚ, ʥʘʠʙʦʣʝʝ ʯʫʚʩʪʚʠʪʝʣʴʥʳʭ ʢ 
ʨʝʣʴʝʬʫ ʧʦʚʝʨʭʥʦʩʪʠ. ʋʩʢʦʨʷʶʱʝʝ ʥʘʧʨʷʞʝʥʠʝ ʩʦʩʪʘʚʣʷʣʦ 30 ʢɺ, ʜʠʘʤʝʪʨ 
ʧʫʯʢʘ ï 3,2 ʥʤ. ɺ ʨʘʙʦʪʝ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʨʘʩʪʚʦʨ ʥʘʥʦʯʘʩʪʠʮ ʤʘʛʥʝʪʠʪʘ, 
ʧʦʣʫʯʝʥʥʳʭ ʤʝʪʦʜʦʤ ʭʠʤʠʯʝʩʢʦʛʦ ʩʦʦʩʘʞʜʝʥʠʷ, ʢʦʥʮʝʥʪʨʘʮʠʝʡ 0,4 ʤʛ/ʤʣ 
ʠ ʨʘʟʤʝʨʘʤʠ 16 Ñ 4 ʥʤ. 

ɹʳʣʠ ʨʘʟʨʘʙʦʪʘʥʳ ʪʨʠ ʦʩʥʦʚʥʳʭ ʘʣʛʦʨʠʪʤʘ ʩʠʥʪʝʟʘ ʤʠʢʨʦʯʘʩʪʠʮ 
ʢʘʨʙʦʥʘʪʘ ʢʘʣʴʮʠʷ, ʩʦʜʝʨʞʘʱʠʭ ʥʘʥʦʯʘʩʪʠʮʳ ʤʘʛʥʝʪʠʪʘ, ʥʘ ʦʨʛʘʥʠʯʝʩʢʠʭ 
ʚʦʣʦʢʥʘʭ ʧʦʣʠʢʘʧʨʦʣʘʢʪʦʥʘ. 

ʄʝʪʦʜ ʢʦʧʨʠʮʠʧʠʪʘʮʠʠ ʩʦʣʝʡ ʩ ʤʘʛʥʝʪʠʪʦʤ ʟʘʢʣʶʯʘʝʪʩʷ ʚ 
ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʩʤʝʩʝʡ ʨʘʩʪʚʦʨʦʚ ʩʦʣʝʡ ʭʣʦʨʠʜʘ ʢʘʣʴʮʠʷ ʠ ʢʘʨʙʦʥʘʪʘ 
ʥʘʪʨʠʷ ʩ ʨʘʩʪʚʦʨʦʤ ʥʘʥʦʯʘʩʪʠʮ ʤʘʛʥʝʪʠʪʘ. ʈʝʟʫʣʴʪʘʪʳ ʩʠʥʪʝʟʘ 
ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʨʠʩʫʥʢʝ 1. 

ʄʝʪʦʜ ʫʣʴʪʨʘʟʚʫʢʦʚʦʡ ʦʙʨʘʙʦʪʢʠ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʚʳʜʝʨʞʠʚʘʥʠʠ 
ʥʘʥʦʚʦʣʦʢʦʥ ʧʦʣʠʢʘʧʨʦʣʘʢʪʦʥʘ ʚ ʨʘʩʪʚʦʨʝ ʤʘʛʥʝʪʠʪʘ ʚ ʪʝʯʝʥʠʝ 1 ʤʠʥʫʪʳ 
ʧʝʨʝʜ ʜʦʙʘʚʣʝʥʠʝʤ ʨʘʩʪʚʦʨʦʚ ʩʦʣʝʡ ʭʣʦʨʠʜʘ ʢʘʣʴʮʠʷ ʠ ʢʘʨʙʦʥʘʪʘ ʥʘʪʨʠʷ. 
ʈʝʟʫʣʴʪʘʪʳ ʩʠʥʪʝʟʘ ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʨʠʩʫʥʢʝ 2. 
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ʈʠʩʫʥʦʢ. 1. ʉʕʄ ʠʟʦʙʨʘʞʝʥʠʷ ʦʙʨʘʟʮʦʚ, ʧʦʣʫʯʝʥʥʳʭ ʤʝʪʦʜʦʤ ʢʦʧʨʠʮʠʧʠʪʘʮʠʠ ʩʦʣʝʡ 

ʠ ʤʘʛʥʝʪʠʪʘ ʧʦʩʣʝ ʧʨʦʚʝʜʝʥʠʷ: a ï 1ῐʦʛʦ ʊʎ, b ï 2ῐʦʛʦ ʊʎ, c ï 3ῐʦʛʦ ʊʎ 

 

   
ʈʠʩʫʥʦʢ. 2. ʉʕʄ ʠʟʦʙʨʘʞʝʥʠʷ ʦʙʨʘʟʮʦʚ, ʧʦʣʫʯʝʥʥʳʭ ʤʝʪʦʜʦʤ ʫʣʴʪʨʘʟʚʫʢʦʚʦʡ 

ʦʙʨʘʙʦʪʢʠ ʧʦʩʣʝ ʧʨʦʚʝʜʝʥʠʷ: a ï 1ῐʦʛʦ ʊʎ, b ï 2ῐʦʛʦ ʊʎ, c ï 3ῐʦʛʦ ʊʎ 

 

ʄʝʪʦʜ ʘʜʩʦʨʙʮʠʠ, ʠʥʜʫʮʠʨʦʚʘʥʥʦʡ ʢʨʠʩʪʘʣʣʠʟʘʮʠʝʡ, ʦʩʥʦʚʘʥ ʥʘ 

ʤʝʪʦʜʝ, ʧʨʝʜʩʪʘʚʣʝʥʥʦʤ ʚ [19]. ʅʘʥʦʯʘʩʪʠʮʳ ʤʘʛʥʝʪʠʪʘ ʚʜʘʚʣʠʚʘʶʪʩʷ ʚ 

ʤʠʢʨʦʯʘʩʪʠʮʳ CaCO3 ʚʳʨʘʱʝʥʥʳʝ ʥʘ ʦʨʛʘʥʠʯʝʩʢʠʭ ʚʦʣʦʢʥʘʭ 

ʧʦʣʠʢʘʧʨʦʣʘʢʪʦʥʘ ʬʨʦʥʪʦʤ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʚ ʧʨʦʮʝʩʩʝ ʟʘʤʦʨʘʞʠʚʘʥʠʷ 

ʧʦʣʫʯʝʥʥʦʡ ʩʠʩʪʝʤʳ. ʅʘ ʨʠʩʫʥʢʝ 3 ʧʦʢʘʟʘʥʳ ʨʝʟʫʣʴʪʘʪʳ ʧʨʦʚʝʜʝʥʥʦʛʦ 

ʵʢʩʧʝʨʠʤʝʥʪʘ. 

   
ʈʠʩ. 3. ʉʕʄ ʠʟʦʙʨʘʞʝʥʠʷ ʤʠʢʨʦʯʘʩʪʠʮ ʢʘʨʙʦʥʘʪʘ ʢʘʣʴʮʠʷ, ʚʳʨʘʱʝʥʥʳʭ ʥʘ 

ʦʨʛʘʥʠʯʝʩʢʠʭ ʚʦʣʦʢʥʘʭ, a ï ʜʦ ʠ b ï ʧʦʩʣʝ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʤʝʪʦʜʘ ʘʜʩʦʨʙʮʠʠ, 

ʠʥʜʫʮʠʨʦʚʘʥʥʦʡ ʢʨʠʩʪʘʣʣʠʟʘʮʠʝʡ 
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