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ʧʨʦʬʝʩʩʦʨ ɺ. ɸ. ʄʘʢʘʨʦʚ, ʧʨʦʬʝʩʩʦʨ ʇ. ɺ. ʂʦʨʦʣʝʥʢʦ, 

ʧʨʦʬʝʩʩʦʨ ɸ. ɺ. ɸʥʜʨʝʝʚ 
  



ʃʆʄʆʅʆʉʆɺʉʂʀɽ ʏʊɽʅʀʗ ï 2024 10 

ʐʀʈʆʂʆɼʀɸʇɸɿʆʅʅʓɽ ʌɽʄʊʆʉɽʂʋʅɼʅʓɽ ʀʂ ʃɸɿɽʈʅʓɽ 

 ʀʉʊʆʏʅʀʂʀ ʅʆɺʆɻʆ ʇʆʂʆʃɽʅʀʗ ɺ ɿɸɼɸʏɸʍ ʅɽʃʀʅɽʁʅʆʁ 

ʆʇʊʀʂʀ ʂʆʅɼɽʅʉʀʈʆɺɸʅʅʓʍ ʀ ʇʃʆʊʅʓʍ ɻɸɿʆɺʓʍ ʉʈɽɼ 

ɼʦʮ. ʇʦʪʸʤʢʠʥ ʌ.ɺ. 

ʉ ʤʦʤʝʥʪʘ ʩʦʟʜʘʥʠʷ ʧʝʨʚʦʛʦ ʣʘʟʝʨʘ ʚ 60-ʭ ʛʦʜʘʭ XX ʚʝʢʘ ʣʘʟʝʨʥʘʷ 

ʪʝʭʥʠʢʘ ʙʳʩʪʨʦ ʨʘʟʚʠʚʘʣʘʩʴ ʢʘʢ ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ ʩʦʢʨʘʱʝʥʠʷ ʜʣʠʪʝʣʴʥʦʩʪʠ, 

ʪʘʢ ʠ ʥʘʨʘʱʠʚʘʥʠʷ ʵʥʝʨʛʠʠ ʣʘʟʝʨʥʳʭ ʠʤʧʫʣʴʩʦʚ [1]. ʕʪʦʤʫ ʩʧʦʩʦʙʩʪʚʦʚʘʣ 

ʧʦʠʩʢ ʥʦʚʳʭ ʧʝʨʩʧʝʢʪʠʚʥʳʭ ʠ ʰʠʨʦʢʦʧʦʣʦʩʥʳʭ ʣʘʟʝʨʥʳʭ ʩʨʝʜ, ʧʦʟʚʦ-

ʣʷʶʱʠʭ ʛʝʥʝʨʠʨʦʚʘʪʴ ʠ ʫʩʠʣʠʚʘʪʴ ʠʟʣʫʯʝʥʠʝ ʬʝʤʪʦʩʝʢʫʥʜʥʦʡ (1 ʬʩ = 10
-15

 

ʩ) ʜʣʠʪʝʣʴʥʦʩʪʠ ʚ ʨʘʟʣʠʯʥʳʭ ʩʧʝʢʪʨʘʣʴʥʳʭ ʜʠʘʧʘʟʦʥʘʭ ʦʪ ʫʣʴʪʨʘʬʠʦʣʝʪʦ-

ʚʦʛʦ (ʋʌ) ʜʦ ʠʥʬʨʘʢʨʘʩʥʦʛʦ (ʀʂ). ʅʘʩʪʦʷʱʠʤ ʧʨʦʨʳʚʦʤ ʚ ʬʝʤʪʦʩʝʢʫʥʜ-

ʥʦʡ ʪʝʭʥʠʢʝ ʷʚʠʣʦʩʴ ʠʟʦʙʨʝʪʝʥʠʝ ʤʝʪʦʜʘ ʫʩʠʣʝʥʠʷ ʯʠʨʧʠʨʦʚʘʥʥʳʭ ʠʤ-

ʧʫʣʴʩʦʚ (ʋʏʀ), ʠʟʚʝʩʪʥʦʛʦ ʚ ʘʥʛʣʦʷʟʳʯʥʦʡ ʣʠʪʝʨʘʪʫʨʝ ʢʘʢ CPA (ʘʥʛʣ. 

chirped pulse amplification), ʟʘ ʯʪʦ ʝʸ ʠʟʦʙʨʝʪʘʪʝʣʠ ɾ. ʄʫʨʫ ʠ ɼ. ʉʪʨʠʢʣʝʥʜ 

ʚ 2018 ʛʦʜʫ ʙʳʣʠ ʫʜʦʩʪʦʝʥʳ ʅʦʙʝʣʝʚʩʢʦʡ ʧʨʝʤʠʠ. ʉʦʟʜʘʥʠʝ ʬʝʤʪʦʩʝʢʫʥʜ-

ʥʳʭ ʠʩʪʦʯʥʠʢʦʚ ʙʣʠʞʥʝʛʦ ʠ ʩʨʝʜʥʝʛʦ ʀʂ ʜʠʘʧʘʟʦʥʦʚ ʩ ʚʳʩʦʢʦʡ ʧʠʢʦʚʦʡ ʠ 

ʩʨʝʜʥʝʡ ʤʦʱʥʦʩʪʴʶ ʚʘʞʥʦ ʜʣʷ ʨʘʟʚʠʪʠʷ ʤʝʞʜʠʩʮʠʧʣʠʥʘʨʥʳʭ ʥʘʫʯʥʳʭ ʥʘ-

ʧʨʘʚʣʝʥʠʡ ʥʘ ʩʪʳʢʝ ʣʘʟʝʨʥʦʡ ʬʠʟʠʢʠ, ʥʝʣʠʥʝʡʥʦʡ ʦʧʪʠʢʠ, ʬʠʟʠʢʠ ʢʦʥʜʝʥ-

ʩʠʨʦʚʘʥʥʦʛʦ ʩʦʩʪʦʷʥʠʷ, ʬʠʟʠʯʝʩʢʦʡ ʭʠʤʠʠ ʠ ʬʠʟʠʢʠ ʚʳʩʦʢʠʭ ʵʥʝʨʛʠʡ. 

ʅʘʠʙʦʣʝʝ ʘʢʪʠʚʥʦ ʚ ʤʠʨʝ ʨʘʟʚʠʚʘʶʪʩʷ ʧʦʜʭʦʜʳ, ʦʩʥʦʚʘʥʥʳʝ ʥʘ ʪʠʪʘʥ-

ʩʘʧʬʠʨʦʚʳʭ (ʜʣʠʥʘ ʚʦʣʥʳ 0,8 ʤʢʤ) ʠ ʠʪʪʝʨʙʠʝʚʳʭ (1,03 ʤʢʤ ʠ 1,05 ʤʢʤ) 

ʬʝʤʪʦʩʝʢʫʥʜʥʳʭ ʣʘʟʝʨʘʭ ʠ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʩʭʝʤʘʭ ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʛʦ 

ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʜʣʷ ʛʝʥʝʨʘʮʠʠ ʬʝʤʪʦʩʝʢʫʥʜʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʚ ʜʨʫʛʠʭ ʩʧʝʢ-

ʪʨʘʣʴʥʳʭ ʜʠʘʧʘʟʦʥʘʭ. ʆʜʥʘʢʦ ʥʘʣʠʯʠʝ ʜʚʫʭʬʦʪʦʥʥʦʛʦ ʧʦʛʣʦʱʝʥʠʷ ʚ 

ʙʦʣʴʰʠʥʩʪʚʝ ʪʨʦʡʥʳʭ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʭ ʥʝʣʠʥʝʡʥʦ-ʦʧʪʠʯʝʩʢʠʭ ʢʨʠ-

ʩʪʘʣʣʦʚ ʥʝ ʧʦʟʚʦʣʷʝʪ ʠʩʧʦʣʴʟʦʚʘʪʴ ʪʘʢʦʡ ʩʧʦʩʦʙ ʥʘʢʘʯʢʠ ʜʣʷ ʨʘʩʰʠʨʝʥʠʷ 

ʩʧʝʢʪʨʘʣʴʥʦʛʦ ʜʠʘʧʘʟʦʥʘ ʛʝʥʝʨʘʮʠʠ ʧʘʨʘʤʝʪʨʠʯʝʩʢʠʭ ʠʩʪʦʯʥʠʢʦʚ [2]. ʃʘ-

ʟʝʨʥʘʷ ʩʨʝʜʘ ʥʘ ʭʨʦʤ-ʬʦʨʩʪʝʨʠʪʝ, ʩʧʝʢʪʨ ʣʶʤʠʥʝʩʮʝʥʮʠʠ ʢʦʪʦʨʦʡ ʧʦʜ-

ʜʝʨʞʠʚʘʝʪ ʫʩʠʣʝʥʠʝ ʬʝʤʪʦʩʝʢʫʥʜʥʳʭ ʣʘʟʝʨʥʳʭ ʠʤʧʫʣʴʩʦʚ ʥʘ ʮʝʥʪʨʘʣʴʥʦʡ 

ʜʣʠʥʝ ʚʦʣʥʳ 1,24ï1,25 ʤʢʤ, ʨʘʩʩʤʘʪʨʠʚʘʣʘʩʴ ʢʘʢ ʧʦʜʭʦʜʷʱʠʡ ʢʘʥʜʠʜʘʪ 

ʜʣʷ ʫʭʦʜʘ ʦʪ ʵʪʠʭ ʧʨʦʙʣʝʤ. ɺ 2002 ʛʦʜʫ ʚ ʄɻʋ ʚʧʝʨʚʳʝ ʚ ʈʦʩʩʠʠ ʙʳʣ ʩʦʟ-

ʜʘʥ ʭʨʦʤ-ʬʦʨʩʪʝʨʠʪʦʚʳʡ ʛʝʥʝʨʘʪʦʨ ʬʝʤʪʦʩʝʢʫʥʜʥʳʭ ʠʤʧʫʣʴʩʦʚ [3], ʘ ʫʞʝ 

ʯʝʨʝʟ ʯʝʪʳʨʝ ʛʦʜʘ ʥʘ ʝʛʦ ʦʩʥʦʚʝ ʙʳʣ ʨʘʟʨʘʙʦʪʘʥ ʬʝʤʪʦʩʝʢʫʥʜʥʳʡ ʣʘʟʝʨʥʳʡ 

ʢʦʤʧʣʝʢʩ, ʛʝʥʝʨʠʨʫʶʱʠʡ ʚʳʩʦʢʦʠʥʪʝʥʩʠʚʥʦʝ (ʜʦ 10
16

 ɺʪ/ʩʤ
2
) ʠʟʣʫʯʝʥʠʝ ʚ 

ʙʣʠʞʥʝʤ ʀʂ-ʜʠʘʧʘʟʦʥʝ (1,24 ʤʢʤ). ʇʦʟʜʥʝʝ, ʥʝʩʤʦʪʨʷ ʥʘ ʩʪʨʝʤʠʪʝʣʴʥʦʝ 

ʨʘʟʚʠʪʠʝ ʠʪʪʝʨʙʠʝʚʳʭ ʣʘʟʝʨʥʳʭ ʠʩʪʦʯʥʠʢʦʚ, ʧʦʣʫʯʝʥʠʝ ʩʚʝʨʭʢʦʨʦʪʢʠʭ ʣʘ-

ʟʝʨʥʳʭ ʠʤʧʫʣʴʩʦʚ ʚ ʪʘʢʠʭ ʩʠʩʪʝʤʘʭ ʙʳʣʦ ʟʘʪʨʫʜʥʝʥʦ, ʯʪʦ ʩʦʭʨʘʥʠʣʦ ʠʥʪʝ-

ʨʝʩ ʠʩʩʣʝʜʦʚʘʪʝʣʝʡ ʢ ʭʨʦʤ-ʬʦʨʩʪʝʨʠʪʦʚʦʡ ʪʝʭʥʦʣʦʛʠʠ, ʘ ʜʦʩʪʠʞʝʥʠʝ ʪʝʨʘ-

ʚʘʪʪʥʦʛʦ ʫʨʦʚʥʷ ʧʠʢʦʚʦʡ ʤʦʱʥʦʩʪʠ ʧʦʟʚʦʣʠʣʦ ʨʘʩʰʠʨʠʪʴ ʢʣʘʩʩ ʨʝʰʘʝʤʳʭ 

ʥʘʫʯʥʳʭ ʟʘʜʘʯ [4]. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʦʧʨʝʜʝʣʠʣʩʷ ʧʦʪʝʥʮʠʘʣ ʧʦʜʦʙʥʳʭ ʩʠʩ-

ʪʝʤ ʜʣʷ ʩʦʟʜʘʥʠʷ ʥʘ ʠʭ ʦʩʥʦʚʝ ʚʳʩʦʢʦʵʬʬʝʢʪʠʚʥʳʭ ʠ ʚʳʩʦʢʦʵʥʝʨʛʝʪʠʯʥʳʭ 
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ʧʘʨʘʤʝʪʨʠʯʝʩʢʠʭ ʠʩʪʦʯʥʠʢʦʚ ʬʝʤʪʦʩʝʢʫʥʜʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʚ ʩʨʝʜʥʝʤ ʀʂ-

ʜʠʘʧʘʟʦʥʝ. ʉʠʩʪʝʤʥʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ ʛʝʥʝʨʘʮʠʦʥʥʳʭ ʠ ʫʩʠʣʠʪʝʣʴʥʳʭ 

ʩʚʦʡʩʪʚ ʣʘʟʝʨʥʦʡ ʩʨʝʜʳ ʥʘ ʭʨʦʤ-ʬʦʨʩʪʝʨʠʪʝ, ʦʧʪʠʤʠʟʘʮʠʷ ʚʳʭʦʜʥʳʭ ʧʘ-

ʨʘʤʝʪʨʦʚ ʩʦʟʜʘʥʥʦʡ ʣʘʟʝʨʥʦʡ ʩʠʩʪʝʤʳ ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ ʫʚʝʣʠʯʝʥʠʷ ʚʳʭʦʜ-

ʥʦʡ ʵʥʝʨʛʠʠ ʠ ʨʘʩʰʠʨʝʥʠʝ ʝʸ ʚʦʟʤʦʞʥʦʩʪʝʡ ʧʨʠ ʩʦʟʜʘʥʠʠ ʥʦʚʳʭ ʩʭʝʤ 

ʩʪʨʝʪʯʠʨʦʚʘʥʠʷ ʠ ʢʦʤʧʨʝʩʩʠʠ, ʜʦʩʪʠʞʝʥʠʷ ʧʠʢʦʚʦʡ ʤʦʱʥʦʩʪʠ ~100 ɻɺʪ 

ʧʨʠ ʦʜʥʦʚʨʝʤʝʥʥʦʤ ʩʦʢʨʘʱʝʥʠʠ ʜʣʠʪʝʣʴʥʦʩʪʠ, ï ʚʩʸ ʵʪʦ ʦʧʨʝʜʝʣʠʣʦ ʚʝʢ-

ʪʦʨ ʠʩʩʣʝʜʦʚʘʥʠʷ ʥʝʣʠʥʝʡʥʦ-ʦʧʪʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʦʚ, ʧʨʦʠʩʭʦʜʷʱʠʭ ʧʨʠ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʠ ʚʳʩʦʢʦʠʥʪʝʥʩʠʚʥʦʛʦ (ʙʦʣʝʝ 1 ʊɺʪ/ʩʤ
2
) ʣʘʟʝʨʥʦʛʦ ʠʟʣʫʯʝ-

ʥʠʷ ʩ ʢʦʥʜʝʥʩʠʨʦʚʘʥʥʳʤʠ ʠ ʛʘʟʦʚʳʤʠ ʩʨʝʜʘʤʠ. 

ʇʦʚʳʰʝʥʠʝ ʧʠʢʦʚʦʡ ʤʦʱʥʦʩʪʠ ʣʘʟʝʨʥʳʭ ʠʩʪʦʯʥʠʢʦʚ ʚ ʙʣʠʞʥʝʤ ʠ 

ʩʨʝʜʥʝʤ ʀʂ ʜʠʘʧʘʟʦʥʘʭ ʚʘʞʥʦ ʜʣʷ ʫʚʝʣʠʯʝʥʠʷ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʥʝʣʠʥʝʡʥʦ-

ʦʧʪʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʦʚ ʠ ʜʦ ʩʠʭ ʧʦʨ ʨʝʘʣʠʟʦʚʳʚʘʣʦʩʴ ʩ ʧʨʠʤʝʥʝʥʠʝʤ ʪʝʭ-

ʥʦʣʦʛʠʡ ʦʧʪʠʯʝʩʢʦʛʦ ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʛʦ ʫʩʠʣʝʥʠʷ ʯʠʨʧʠʨʦʚʘʥʥʳʭ ʠʤʧʫʣʴ-

ʩʦʚ, ʪʝʭʥʠʢ ʜʚʦʡʥʦʛʦ ʯʠʨʧʠʨʦʚʘʥʠʷ, ʣʠʙʦ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʦʱʥʳʭ CO2 

ʛʘʟʦʚʳʭ ʫʩʠʣʠʪʝʣʝʡ [5]. ʕʪʠ ʥʘʧʨʘʚʣʝʥʠʷ ʘʢʪʠʚʥʦ ʨʘʟʚʠʚʘʣʠʩʴ ʚ ʄɻʋ ʠʤʝ-

ʥʠ ʄ.ɺ. ʃʦʤʦʥʦʩʦʚʘ ʥʘ ʢʘʬʝʜʨʝ ʚʦʣʥʦʚʳʭ ʧʨʦʮʝʩʩʦʚ, ʚʧʦʩʣʝʜʩʪʚʠʠ ʪʨʘʥʩ-

ʬʦʨʤʠʨʦʚʘʚʰʝʡʩʷ ʚ ʢʘʬʝʜʨʫ ʦʙʱʝʡ ʬʠʟʠʢʠ ʠ ʚʦʣʥʦʚʳʭ ʧʨʦʮʝʩʩʦʚ. ʊʘʢ, 

ʙʳʣʠ ʧʨʝʜʣʦʞʝʥʳ ʠ ʨʝʘʣʠʟʦʚʘʥʳ ʢʦʥʢʨʝʪʥʳʝ ʩʭʝʤʳ ʧʘʨʘʤʝʪʨʠʯʝʩʢʠʭ ʛʝ-

ʥʝʨʘʪʦʨʦʚ ʠ ʫʩʠʣʠʪʝʣʝʡ ʩʚʝʪʘ, ʨʘʟʚʠʪʳ ʪʝʦʨʝʪʠʢʦ-ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʤʝ-

ʪʦʜʳ ʩʦʟʜʘʥʠʷ ʵʬʬʝʢʪʠʚʥʳʭ ʩʭʝʤ ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʡ ʛʝʥʝʨʘʮʠʠ ʚʙʣʠʟʠ 

ʛʨʫʧʧʦʚʳʭ ʩʠʥʭʨʦʥʠʟʤʦʚ ʚ ʥʝʣʠʥʝʡʥʳʭ ʢʨʠʩʪʘʣʣʘʭ [6]; ʦʩʦʙʳʡ ʠʥʪʝʨʝʩ 

ʩʚʷʟʳʚʘʣʩʷ ʩ ʦʙʣʘʩʪʴʶ 10 ʤʢʤ [7] ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ ʛʝʥʝʨʘʮʠʠ ʩʚʝʨʭʤʦʱʥʳʭ 

ʧʠʢʦʩʝʢʫʥʜʥʳʭ ʣʘʟʝʨʥʳʭ ʠʤʧʫʣʴʩʦʚ ʜʘʣʴʥʝʛʦ ʀʂ ʜʠʘʧʘʟʦʥʘ. ʇʦʜʭʦʜʳ ʦʧ-

ʪʠʯʝʩʢʦʛʦ ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʛʦ ʫʩʠʣʝʥʠʷ ʯʠʨʧʠʨʦʚʘʥʥʳʭ ʠʤʧʫʣʴʩʦʚ, ʨʘʟʚʠ-

ʚʘʝʤʳʝ ʚ ʤʠʨʝ, ʩʨʘʟʫ ʧʦʢʘʟʘʣʠ ʩʚʦʶ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ ʥʘʨʘ-

ʱʠʚʘʥʠʷ ʚʳʭʦʜʥʦʡ ʵʥʝʨʛʠʠ ʣʘʟʝʨʥʳʭ ʠʤʧʫʣʴʩʦʚ, ʦʜʥʘʢʦ ʪʨʝʙʦʚʘʣʠ ʧʠʢʦ-

ʩʝʢʫʥʜʥʳʭ ʠʩʪʦʯʥʠʢʦʚ ʥʘʢʘʯʢʠ ʩ ʧʨʘʢʪʠʯʝʩʢʠ ʠʜʝʘʣʴʥʳʤʠ ʧʨʦʩʪʨʘʥʩʪʚʝʥ-

ʥr ʤʠ ʠ ʚʨʝʤʝʥʥʳʤʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ. ɺʳʭʦʜʥʘʷ ʵʥʝʨʛʠʷ ʠ ʧʝʨʝʩʪʨʦʡʢʘ 

ʧʦ ʜʣʠʥʝ ʚʦʣʥʳ ʙʳʣʘ ʦʛʨʘʥʠʯʝʥʘ ʠʟ-ʟʘ ʘʧʝʨʪʫʨʥʳʭ ʵʬʬʝʢʪʦʚ ʧʨʠ ʠʩʧʦʣʴ-

ʟʦʚʘʥʠʠ çʜʣʠʥʥʳʭè ʥʝʣʠʥʝʡʥʦ-ʦʧʪʠʯʝʩʢʠʭ ʢʨʠʩʪʘʣʣʦʚ. ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʛʘ-

ʟʦʚʳʭ CO2 ʣʘʟʝʨʦʚ ʙʳʣʦ ʚʳʛʦʜʥʦ ʧʦ ʧʨʠʯʠʥʝ ʦʪʩʫʪʩʪʚʠʷ ʦʛʨʘʥʠʯʝʥʠʷ ʥʘ 

ʜʦʩʪʠʛʘʝʤʫʶ ʚʳʭʦʜʥʫʶ ʵʥʝʨʛʠʶ ʠʟ-ʟʘ ʧʨʦʩʪʦʪʳ ʫʚʝʣʠʯʝʥʠʷ ʘʧʝʨʪʫʨʳ çʘʢ-

ʪʠʚʥʳʭ ʛʘʟʦʚʳʭ ʵʣʝʤʝʥʪʦʚè, ʥʦ ʥʝʜʦʩʪʘʪʦʯʥʘʷ ʧʦʣʦʩʘ ʫʩʠʣʝʥʠʷ, ʢʦʥʩʪʨʫʢ-

ʪʠʚʥʘʷ ʛʨʦʤʦʟʜʢʦʩʪʴ ʠ ʩʣʦʞʥʦʩʪʴ ʵʣʝʢʪʨʠʯʝʩʢʦʡ ʥʘʢʘʯʢʠ ʦʩʪʘʥʘʚʣʠʚʘʣʠ 

ʠʭ ʰʠʨʦʢʦʝ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʝ. ʈʘʟʨʘʙʦʪʘʥʥʳʝ A2B6 ʭʘʣʴʢʦʛʝʥʠʜʥʳʝ ʣʘʟʝʨ-

ʥʳʝ ʢʨʠʩʪʘʣʣʳ ʙʳʩʪʨʦ ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʣʠ ʩʚʦʠ ʚʦʟʤʦʞʥʦʩʪʠ ʧʦ ʧʦʣʫʯʝ-

ʥʠʶ ʥʘʥʦʩʝʢʫʥʜʥʦʛʦ, ʤʠʢʨʦʩʝʢʫʥʜʥʦʛʦ ʠ ʥʝʧʨʝʨʳʚʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʚ ʩʨʝʜ-

ʥʝʤ ʀʂ-ʜʠʘʧʘʟʦʥʝ [8]. ʌʝʤʪʦʩʝʢʫʥʜʥʘʷ ʛʝʥʝʨʘʮʠʷ ʥʠʟʢʦʵʥʝʨʛʝʪʠʯʥʳʭ ʣʘ-

ʟʝʨʥʳʭ ʠʤʧʫʣʴʩʦʚ ʙʳʣʘ ʧʦʣʫʯʝʥʘ ʨʘʥʝʝ ʥʘ ʢʨʠʩʪʘʣʣʘʭ ʩʝʣʝʥʠʜʘ ʮʠʥʢʘ, ʣʝ-

ʛʠʨʦʚʘʥʥʦʛʦ ʠʦʥʘʤʠ ʭʨʦʤʘ (Cr:ZnSe), ʚ ʩʧʝʢʪʨʘʣʴʥʦʤ ʜʠʘʧʘʟʦʥʝ 2ï3 ʤʢʤ ʚ 

ʨʝʞʠʤʝ ʩʠʥʭʨʦʥʠʟʘʮʠʠ ʤʦʜ. ɼʘʣʴʥʝʡʰʝʤʫ ʧʨʦʜʚʠʞʝʥʠʶ ʚ ʦʙʣʘʩʪʴ ʙʦʣʴ-
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ʰʠʭ (4ï5 ʤʢʤ) ʜʣʠʥ ʚʦʣʥ ʠ ʧʦʣʫʯʝʥʠʶ ʤʦʱʥʳʭ ʠ ʚʳʩʦʢʦʵʥʝʨʛʝʪʠʯʥʳʭ 

ʬʝʤʪʦʩʝʢʫʥʜʥʳʭ ʣʘʟʝʨʥʳʭ ʠʤʧʫʣʴʩʦʚ ʚ ʵʪʦʤ ʜʠʘʧʘʟʦʥʝ ʜʣʠʥ ʚʦʣʥ ʥʘ ʦʩ-

ʥʦʚʝ ʪʚʝʨʜʦʪʝʣʴʥʳʭ ʣʘʟʝʨʥʳʭ ʩʨʝʜ ʧʨʝʧʷʪʩʪʚʦʚʘʣʘ ʥʝʭʚʘʪʢʘ ʟʥʘʥʠʡ ʦ ʛʝ-

ʥʝʨʘʮʠʦʥʥʳʭ ʠ ʫʩʠʣʠʪʝʣʴʥʳʭ ʩʚʦʡʩʪʚʘʭ ʭʘʣʴʢʦʛʝʥʠʜʥʳʭ ʩʨʝʜ, ʣʝʛʠʨʦʚʘʥ-

ʥʳʭ ʠʦʥʘʤʠ ʞʝʣʝʟʘ, ʢʦʪʦʨʳʝ ʢ ʪʦʤʫ ʞʝ ʩʠʣʴʥʦ ʟʘʚʠʩʝʣʠ ʦʪ ʚʳʙʦʨʘ ʤʘʪʨʠ-

ʮ,r ʫʨʦʚʥʷ ʣʝʛʠʨʦʚʘʥʠʷ ʠʦʥʘʤʠ ʘʢʪʠʚʘʪʦʨʘ ʠ ʪʝʤʧʝʨʘʪʫʨʳ ʘʢʪʠʚʥʦʛʦ ʵʣʝ-

ʤʝʥʪʘ. ʇʨʦʮʝʩʩʳ ʟʘʪʨʫʜʥʷʣʠʩʴ ʪʘʢʞʝ ʦʪʩʫʪʩʪʚʠʝʤ ʤʦʱʥʳʭ 3-ʤʢʤ ʣʘʟʝʨ-

ʥʳʭ ʠʩʪʦʯʥʠʢʦʚ ʥʘʥʦʩʝʢʫʥʜʥʦʡ ʜʣʠʪʝʣʴʥʦʩʪʠ ʠ ʧʦʪʝʨʝʡ ʚ 90-ʭ ʛʦʜʘʭ ʧʨʦ-

ʰʣʦʛʦ ʩʪʦʣʝʪʠʷ ʥʝʨʘʟʨʳʚʥʦʡ ʩʚʷʟʠ ʤʝʞʜʫ ʨʦʩʪʦʚʳʤʠ ʠ ʣʘʟʝʨʥʳʤʠ ʣʘʙʦʨʘ-

ʪʦʨʠʷʤʠ. ʈʝʰʝʥʠʝ ʵʪʠʭ ʟʘʜʘʯ ʦʧʨʝʜʝʣʠʣʦ ʥʘʧʨʘʚʣʝʥʠʝ ʠʩʩʣʝʜʦʚʘʥʠʡ ʧʝʨ-

ʚʦʡ ʯʘʩʪʠ ʧʨʝʜʩʪʘʚʣʝʥʥʦʡ ʨʘʙʦʪʳ. 

ʅʘʯʠʥʘʷ ʩ ʧʠʦʥʝʨʩʢʠʭ ʨʘʙʦʪ ʧʦ ʥʝʣʠʥʝʡʥʦʡ ʦʧʪʠʢʝ ʈ.ɺ. ʍʦʭʣʦʚʘ, 

ʉ.ɸ. ɸʭʤʘʥʦʚʘ ʠ ʇ. ʌʨʘʥʢʝʥʘ [9,10] ʫʚʝʣʠʯʝʥʠʝ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʥʝʣʠʥʝʡ-

ʥʦ-ʦʧʪʠʯʝʩʢʠʭ ʧʨʝʦʙʨʘʟʦʚʘʥʠʡ ʩʪʘʣʦ ʧʨʝʜʤʝʪʦʤ ʠʥʪʝʥʩʠʚʥʳʭ ʠʩʩʣʝʜʦʚʘ-

ʥʠʡ. ʕʪʦ ʜʠʢʪʫʝʪʩʷ ʠʥʪʝʨʝʩʦʤ ʢ ʩʦʟʜʘʥʠʶ ʷʨʢʠʭ ʠʩʪʦʯʥʠʢʦʚ ʢʦʛʝʨʝʥʪʥʦʛʦ 

ʠʟʣʫʯʝʥʠʷ ʚ ʩʚʝʨʭʰʠʨʦʢʦʤ ʜʠʘʧʘʟʦʥʝ ʜʣʠʥ ʚʦʣʥ ʦʪ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʜʦ ʊɻʮ 

ʜʠʘʧʘʟʦʥʘ. ʉ ʧʨʠʢʣʘʜʥʦʡ ʪʦʯʢʠ ʟʨʝʥʠʷ ʵʪʦ ʚʘʞʥʦ ʜʣʷ ʨʘʟʚʠʪʠʷ ʩʦʚʨʝʤʝʥ-

ʥʳʭ ʤʝʪʦʜʦʚ ʤʫʣʴʪʠʩʧʝʢʪʨʘʣʴʥʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ, ʚ ʪʦʤ ʯʠʩʣʝ ʩ ʚʨʝʤʝʥ-

ʥʳʤ ʨʘʟʨʝʰʝʥʠʝʤ, ʢʦʪʦʨʳʝ ʧʦʚʳʰʘʶʪ ʜʦʩʪʦʚʝʨʥʦʩʪʴ ʧʦʣʫʯʘʝʤʳʭ ʨʝʟʫʣʴ-

ʪʘʪʦʚ. ʉ ʪʦʯʢʠ ʟʨʝʥʠʷ ʬʫʥʜʘʤʝʥʪʘʣʴʥʦʡ ʥʘʫʢʠ ʵʪʦ ʜʘʸʪ ʚʦʟʤʦʞʥʦʩʪʴ ʣʫʯ-

ʰʝ ʧʦʥʷʪʴ ʬʠʟʠʯʝʩʢʠʝ ʤʝʭʘʥʠʟʤʳ, ʢʦʪʦʨʳʝ ʣʝʞʘʪ ʚ ʦʩʥʦʚʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ 

ʩʚʝʨʭʩʠʣʴʥʦʛʦ ʩʚʝʪʦʚʦʛʦ ʧʦʣʷ ʩ ʚʝʱʝʩʪʚʦʤ, ʠ ʦʪʢʨʳʚʘʝʪ ʧʫʪʴ ʢ ʛʝʥʝʨʘʮʠʠ 

ʘʪʪʦʩʝʢʫʥʜʥʳʭ ʠʤʧʫʣʴʩʦʚ [11], ʯʪʦ ʚ 2024 ʛʦʜʫ ʙʳʣʦ ʦʪʤʝʯʝʥʦ ʅʦʙʝʣʝʚ-

ʩʢʠʤ ʢʦʤʠʪʝʪʦʤ ʢʘʢ ʚʳʜʘʶʱʝʝʩʷ ʜʦʩʪʠʞʝʥʠʝ ʧʦ ʬʠʟʠʢʝ. ɼʦ ʩʠʭ ʧʦʨ ʥʝʣʠ-

ʥʝʡʥʦ-ʦʧʪʠʯʝʩʢʠʝ ʧʨʦʮʝʩʩʳ ʚ ʙʦʣʴʰʝʡ ʩʪʝʧʝʥʠ ʠʩʩʣʝʜʦʚʘʣʠʩʴ ʩ ʠʩʧʦʣʴʟʦ-

ʚʘʥʠʝʤ ʰʠʨʦʢʦ ʨʘʩʧʨʦʩʪʨʘʥʸʥʥʦʛʦ ʪʠʪʘʥ-ʩʘʧʬʠʨʦʚʦʛʦ ʣʘʟʝʨʥʦʛʦ ʠʩʪʦʯʥʠ-

ʢʘ. ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʠʩʪʦʯʥʠʢʦʚ ʩʨʝʜʥʝʛʦ ʀʂ ʜʠʘʧʘʟʦʥʘ ʧʨʝʜʧʦʯʪʠʪʝʣʴʥʝʝ 

ʧʦ ʨʷʜʫ ʧʨʠʯʠʥ: ʚʦ-ʧʝʨʚʳʭ, ʧʦʥʜʝʨʦʤʦʪʦʨʥʘʷ ʵʥʝʨʛʠʷ ʵʣʝʢʪʨʦʥʘ ʫʚʝʣʠʯʠ-

ʚʘʝʪʩʷ ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʦ ʢʚʘʜʨʘʪʫ ʜʣʠʥʳ ʚʦʣʥʳ; ʚʦ-ʚʪʦʨʳʭ, ʜʠʩʧʝʨʩʠʷ ʛʘ-

ʟʦʚ ʚ ʩʨʝʜʥʝʤ ʀʂ-ʜʠʘʧʘʟʦʥʝ ʫʤʝʥʴʰʘʝʪʩʷ; ʚ-ʪʨʝʪʴʠʭ, ʧʦʷʚʣʷʝʪʩʷ ʚʦʟʤʦʞ-

ʥʦʩʪʴ ʠʩʧʦʣʴʟʦʚʘʪʴ ʨʝʟʦʥʘʥʩʳ ʤʦʣʝʢʫʣʷʨʥʳʭ ʛʘʟʦʚ, ʙʦʣʴʰʘʷ ʯʘʩʪʴ ʢʦʪʦ-

ʨʳʭ ʩʦʙʨʘʥʘ ʠʤʝʥʥʦ ʚ ʵʪʦʤ ʜʠʘʧʘʟʦʥʝ ʜʣʠʥ ʚʦʣʥ. ʕʪʠ ʧʨʝʜʧʦʩʳʣʢʠ ʧʦʩʣʫ-

ʞʠʣʠ ʦʩʥʦʚʦʡ ʜʣʷ ʨʘʟʚʠʪʠʷ ʚʪʦʨʦʡ ʯʘʩʪʠ ʠʩʩʣʝʜʦʚʘʥʠʡ. 

ʉ ʬʠʟʠʢʦʡ ʩʚʝʨʭʩʠʣʴʥʦʛʦ ʩʚʝʪʦʚʦʛʦ ʧʦʣʷ ʥʝʨʘʟʨʳʚʥʦ ʩʚʷʟʘʥʘ ʟʘʜʘʯʘ 

ʧʦʣʫʯʝʥʠʷ ʵʢʩʪʨʝʤʘʣʴʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʚʝʱʝʩʪʚʘ [12]. ʆʩʪʨʘʷ ʬʦʢʫʩʠʨʦʚʢʘ 

ʬʝʤʪʦʩʝʢʫʥʜʥʦʛʦ ʣʘʟʝʨʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʚ ʦʙʲʸʤ ʢʦʥʜʝʥʩʠʨʦʚʘʥʥʦʡ ʩʨʝʜʳ 

ʧʦʟʚʦʣʷʝʪ ʩʦʟʜʘʚʘʪʴ ʪʘʢʠʝ ʩʦʩʪʦʷʥʠʷ ʚ ʣʘʙʦʨʘʪʦʨʥʳʭ ʫʩʣʦʚʠʷʭ [13]. ʆʩʦ-

ʙʳʡ ʠʥʪʝʨʝʩ ʩ ʬʫʥʜʘʤʝʥʪʘʣʴʥʦʡ ʪʦʯʢʠ ʟʨʝʥʠʷ ʧʨʝʜʩʪʘʚʣʷʝʪ ʵʚʦʣʶʮʠʷ ʣʘ-

ʟʝʨʥʦ-ʠʥʜʫʮʠʨʦʚʘʥʥʦʛʦ ʵʢʩʪʨʝʤʘʣʴʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʚʝʱʝʩʪʚʘ, ʢʦʪʦʨʘʷ ʤʦ-

ʞʝʪ ʚʢʣʶʯʘʪʴ ʙʳʩʪʨʳʝ ʬʘʟʦʚʳʝ ʧʝʨʝʭʦʜʳ, ʥʝʜʦʩʪʠʞʠʤʳʝ ʚ ʩʪʘʮʠʦʥʘʨʥʳʭ 

ʫʩʣʦʚʠʷʭ. ɹʦʣʴʰʘʷ ʯʘʩʪʴ ʠʩʩʣʝʜʦʚʘʥʠʡ ʚ ʤʠʨʝ ʣʠʙʦ ʥʘʧʨʘʚʣʝʥʘ ʥʘ ʠʩʩʣʝ-

ʜʦʚʘʥʠʝ ʤʦʨʬʦʣʦʛʠʠ ʦʩʪʘʪʦʯʥʳʭ ʤʠʢʨʦʤʦʜʠʬʠʢʘʮʠʡ, ʣʠʙʦ ʟʘʪʨʘʛʠʚʘʝʪ 
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ʥʘʯʘʣʴʥʫʶ ʩʪʘʜʠʶ ʩʦʟʜʘʥʠʷ ʩʚʦʙʦʜʥʳʭ ʵʣʝʢʪʨʦʥʦʚ ʧʨʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʠ 

ʚʳʩʦʢʦʠʥʪʝʥʩʠʚʥʦʛʦ ʣʘʟʝʨʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʩ ʚʝʱʝʩʪʚʦʤ. ɼʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ʩʪʨʫʢʪʫʨʥʦʡ ʧʝʨʝʩʪʨʦʡʢʠ ʤʘʪʝʨʠʘʣʘ ʯʘʱʝ ʚʩʝʛʦ ʠʩʧʦʣʴʟʫʶʪʩʷ ʨʝʥʪʛʝʥʦʚ-

ʩʢʠʝ ʤʝʪʦʜʳ, ʧʨʠʯʸʤ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʠʥʬʦʨʤʘʮʠʠ ʦ ʧʝʨʝʭʦʜʥʳʭ ʧʨʦʮʝʩʩʘʭ 

ʪʨʝʙʫʶʪʩʷ ʫʩʪʘʥʦʚʢʠ ʢʣʘʩʩʘ çʤʝʛʘʩʘʡʝʥʩè ï ʣʘʟʝʨʳ ʥʘ ʩʚʦʙʦʜʥʳʭ ʵʣʝʢʪʨʦ-

ʥʘʭ ʠ ʠʩʪʦʯʥʠʢʠ ʩʠʥʭʨʦʪʨʦʥʥʦʛʦ ʠʟʣʫʯʝʥʠʷ, ʯʪʦ ʦʛʨʘʥʠʯʠʚʘʝʪ ʦʙʱʥʦʩʪʴ ʠ 

ʫʥʠʚʝʨʩʘʣʴʥʦʩʪʴ ʧʦʜʭʦʜʦʚ ʜʣʷ ʨʝʰʝʥʠʷ ʪʘʢʠʭ ʟʘʜʘʯ. ʈʘʟʚʠʪʠʝ ʣʘʟʝʨʥʳʭ 

ʤʝʪʦʜʦʚ ʩʦʟʜʘʥʠʷ ʠ ʜʠʘʛʥʦʩʪʠʢʠ ʵʢʩʪʨʝʤʘʣʴʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʚʝʱʝʩʪʚʘ, ʨʘ-

ʙʦʪʘʶʱʠʭ ʚ ʰʠʨʦʢʦʤ ʚʨʝʤʝʥʥʦʤ ʦʢʥʝ (ʦʪ ʬʝʤʪʦʩʝʢʫʥʜ ʜʦ ʥʘʥʦʩʝʢʫʥʜ) ʠ 

ʧʨʠʤʝʥʠʤʳʭ ʜʣʷ ʰʠʨʦʢʦʛʦ ʢʣʘʩʩʘ ʩʨʝʜ (ʜʠʵʣʝʢʪʨʠʢʠ, ʧʦʣʫʧʨʦʚʦʜʥʠʢʠ), 

ʦʧʨʝʜʝʣʠʣʦ ʠ ʨʘʩʰʠʨʠʣʦ ʥʘʧʨʘʚʣʝʥʠʝ ʠʩʩʣʝʜʦʚʘʥʠʡ ʚʪʦʨʦʡ ʯʘʩʪʠ ʨʘʙʦʪʳ. 

ʆʩʥʦʚʥʦʡ ʮʝʣʴʶ ʨʘʙʦʪʳ ʷʚʣʷʣʘʩʴ ʨʘʟʨʘʙʦʪʢʘ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ 

ʧʦʜʭʦʜʦʚ ʢ ʛʝʥʝʨʘʮʠʠ ʤʦʱʥʳʭ ʰʠʨʦʢʦ ʧʝʨʝʩʪʨʘʠʚʘʝʤʳʭ ʦʪ ʙʣʠʞʥʝʛʦ ʜʦ 

ʩʨʝʜʥʝʛʦ ʀʂ ʜʠʘʧʘʟʦʥʘ ʬʝʤʪʦʩʝʢʫʥʜʥʳʭ ʣʘʟʝʨʥʳʭ ʠʤʧʫʣʴʩʦʚ ʠ ʠʭ ʧʨʠʤʝ-

ʥʝʥʠʝ ʢ ʠʩʩʣʝʜʦʚʘʥʠʶ ʥʝʣʠʥʝʡʥʳʭ ʧʨʦʮʝʩʩʦʚ, ʠʥʠʮʠʠʨʫʝʤʳʭ ʚ ʢʦʥʜʝʥʩʠ-

ʨʦʚʘʥʥʳʭ ʠ ʧʣʦʪʥʳʭ ʛʘʟʦʚʳʭ ʩʨʝʜʘʭ ʧʨʠ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʙʦʣʝʝ 1 ʊɺʪ/ʩʤ
2
. 

ɼʣʷ ʜʦʩʪʠʞʝʥʠʷ ʦʩʥʦʚʥʦʡ ʮʝʣʠ ʙʳʣʠ ʧʦʩʪʘʚʣʝʥʳ ʩʣʝʜʫʶʱʠʝ ʟʘʜʘʯʠ: 

ʉʦʟʜʘʥʠʝ ʥʘ ʦʩʥʦʚʝ ʥʦʚʳʭ ʘʢʪʠʚʥʳʭ ʩʨʝʜ ʵʬʬʝʢʪʠʚʥʳʭ (ʜʦ 10%) 

ʬʝʤʪʦʩʝʢʫʥʜʥʳʭ ʣʘʟʝʨʥʳʭ ʠʩʪʦʯʥʠʢʦʚ ʥʦʚʦʛʦ ʧʦʢʦʣʝʥʠʷ ʙʣʠʞʥʝʛʦ (1ï2 

ʤʢʤ) ʠ ʩʨʝʜʥʝʛʦ (4ï5 ʤʢʤ) ʀʂ ʜʠʘʧʘʟʦʥʦʚ ʩ ʧʠʢʦʚʦʡ ʤʦʱʥʦʩʪʴʶ ʧʦʨʷʜʢʘ ʠ 

ʙʦʣʝʝ 10
9 
ɺʪ. 

ʈʘʟʨʘʙʦʪʢʘ ʵʬʬʝʢʪʠʚʥʳʭ ʤʝʪʦʜʦʚ ʫʧʨʘʚʣʝʥʠʷ ʩʧʝʢʪʨʘʣʴʥʦ-

ʚʨʝʤʝʥʥʳʤʠ ʩʚʦʡʩʪʚʘʤʠ ʤʫʣʴʪʠʛʠʛʘʚʘʪʪʥʦʛʦ ʬʝʤʪʦʩʝʢʫʥʜʥʦʛʦ ʀʂ ʠʟʣʫ-

ʯʝʥʠʷ ʚ ʠʥʪʝʨʝʩʘʭ ʩʦʟʜʘʥʠʷ ʰʠʨʦʢʦʜʠʘʧʘʟʦʥʥʦʛʦ ʠʩʪʦʯʥʠʢʘ ʫʣʴʪʨʘʢʦʨʦʪ-

ʢʠʭ ʠʤʧʫʣʴʩʦʚ ʚ ʜʠʘʧʘʟʦʥʝ ʜʣʠʥ ʚʦʣʥ ʦʪ ʋʌ ʜʦ ʊɻʮ ʥʘ ʦʩʥʦʚʝ ʢʦʥʜʝʥʩʠ-

ʨʦʚʘʥʥʳʭ ʠ ʧʣʦʪʥʳʭ ʛʘʟʦʚʳʭ ʩʨʝʜ. 

ʆʧʪʠʤʠʟʘʮʠʷ ʵʥʝʨʛʦʚʢʣʘʜʘ ʠ ʜʠʘʛʥʦʩʪʠʢʘ ʵʢʩʪʨʝʤʘʣʴʥʦʛʦ ʩʦʩʪʦʷʥʠʷ 

ʚʝʱʝʩʪʚʘ, ʠʥʠʮʠʠʨʫʝʤʦʛʦ ʚ ʦʙʲʸʤʝ ʢʦʥʜʝʥʩʠʨʦʚʘʥʥʦʡ ʩʨʝʜʳ ʚ ʦʙʣʘʩʪʠ ʝʸ 

ʧʨʦʟʨʘʯʥʦʩʪʠ ʧʦʜ ʚʦʟʜʝʡʩʪʚʠʝʤ ʬʝʤʪʦʩʝʢʫʥʜʥʦʛʦ ʣʘʟʝʨʥʦʛʦ ʠʟʣʫʯʝʥʠʷ 

ʙʣʠʞʥʝʛʦ ʠ ʩʨʝʜʥʝʛʦ ʀʂ ʜʠʘʧʘʟʦʥʘ ʩ ʠʥʪʝʥʩʠʚʥʦʩʪʴʶ ʙʦʣʝʝ 1 ʊɺʪ/ʩʤ
2
. 

ʆʩʥʦʚʥʳʝ ʨʝʟʫʣʴʪʘʪʳ, ʧʦʣʫʯʝʥʥʳʝ ʚ ʨʘʤʢʘʭ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʳ, 

ʤʦʞʥʦ ʩʬʦʨʤʫʣʠʨʦʚʘʪʴ ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ. 

ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʛʨʫʧʧʦʚʳʭ ʩʠʥʭʨʦʥʠʟʤʦʚ ʚʟʘʠʤʦʜʝʡʩʪʚʫʶʱʠʭ ʠʤ-

ʧʫʣʴʩʦʚ ʚ ʥʝʣʠʥʝʡʥʳʭ ʢʨʠʩʪʘʣʣʘʭ (ʜʠʜʝʡʪʝʨʦʘʨʩʝʥʘʪʘ ʮʝʟʠʷ, ʪʨʠʙʦʨʘʪʘ 

ʣʠʪʠʷ), ʯʠʨʧʠʨʦʚʘʥʥʳʭ ʠʤʧʫʣʴʩʦʚ ʥʘʢʘʯʢʠ, ʘ ʪʘʢʞʝ ʷʚʣʝʥʠʷ ʬʠʣʘʤʝʥʪʘ-

ʮʠʠ ʣʘʟʝʨʥʳʭ ʧʫʯʢʦʚ ʚ ʫʩʣʦʚʠʷʭ ʨʘʩʭʦʜʷʱʝʛʦʩʷ ʚʦʣʥʦʚʦʛʦ ʬʨʦʥʪʘ ʠʟʣʫʯʝ-

ʥʠʷ ʥʘʢʘʯʢʠ, ʧʦʟʚʦʣʠʣʦ ʨʝʘʣʠʟʦʚʘʪʴ ʛʝʥʝʨʘʮʠʶ ʤʦʱʥʳʭ (ʜʦ 20 ʄɺʪ) ʬʝʤ-

ʪʦʩʝʢʫʥʜʥʳʭ ʩʫʧʝʨʢʦʥʪʠʥʫʫʤʦʚ ʚ ʙʣʠʞʥʝʤ ʀʂ-ʜʠʘʧʘʟʦʥʝ ʩʦ ʩʧʝʢʪʨʘʣʴʥʦʡ 

ʰʠʨʠʥʦʡ ʜʦ 450 ʥʤ, ʢʦʪʦʨʳʝ ʙʳʣʠ ʠʩʧʦʣʴʟʦʚʘʥʳ ʧʨʠ ʩʦʟʜʘʥʠʠ ʚʳʩʦʢʦʩʪʘ-

ʙʠʣʴʥʳʭ ʠʩʪʦʯʥʠʢʦʚ ʟʘʪʨʘʚʦʯʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʧʘʨʘʤʝʪʨʠʯʝʩʢʠʭ ʫʩʠʣʠʪʝʣʝʡ 

ʩʚʝʪʘ (ʨʠʩ. 1 ʙ). 
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ʈʘʟʨʘʙʦʪʘʥʳ ʧʦʜʭʦʜʳ ʠ ʨʝʘʣʠʟʦʚʘʥʳ ʩʭʝʤʳ ʵʬʬʝʢʪʠʚʥʦʡ (ʜʦ 10%) 

ʛʝʥʝʨʘʮʠʠ ʬʝʤʪʦʩʝʢʫʥʜʥʦʛʦ ʣʘʟʝʨʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʙʣʠʞʥʝʛʦ ʀʂ ʜʠʘʧʘʟʦʥʘ 

(l=1,24 ʤʢʤ) ʤʫʣʴʪʠʛʠʛʘʚʘʪʪʥʦʡ ʧʠʢʦʚʦʡ ʠ ʚʘʪʪʥʦʡ ʩʨʝʜʥʝʡ ʤʦʱʥʦʩʪʠ ʥʘ 

ʦʩʥʦʚʝ ʢʨʠʩʪʘʣʣʘ ʭʨʦʤ-ʬʦʨʩʪʝʨʠʪʘ ʠ ʧʦʩʣʝʜʫʶʱʝʛʦ ʝʛʦ ʵʬʬʝʢʪʠʚʥʦʛʦ (1-

10%) ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʚ ʜʣʠʥʥʦʚʦʣʥʦʚʦʝ ʬʝʤʪʦʩʝʢʫʥʜʥʦʝ ʠʟʣʫʯʝʥʠʝ (~1-8 

ʤʢʤ) ʚ ʩʭʝʤʘʭ ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʛʦ ʫʩʠʣʝʥʠʷ ʥʘ ʙʘʟʝ ʥʝʦʢʩʠʜʥʳʭ ʥʝʣʠʥʝʡʥʦ-

ʦʧʪʠʯʝʩʢʠʭ ʢʨʠʩʪʘʣʣʦʚ (ʪʠʦʛʘʣʣʘʪʘ ʩʝʨʝʙʨʘ, ʪʠʦʛʘʣʣʘʪʘ ʣʠʪʠʷ) (ʨʠʩ. 1 ʚ). 

ʇʨʝʜʣʦʞʝʥʳ ʠ ʨʝʘʣʠʟʦʚʘʥʳ ʥʦʚʳʝ ʩʭʝʤʳ ʛʝʥʝʨʘʮʠʠ ʤʦʱʥʦʛʦ  ʬʝʤ-

ʪʦʩʝʢʫʥʜʥʦʛʦ ʣʘʟʝʨʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʩʨʝʜʥʝʛʦ ʀʂ ʜʠʘʧʘʟʦʥʘ (4-5 ʤʢʤ) ʥʘ ʦʩ-

ʥʦʚʝ ʩʝʤʝʡʩʪʚʘ ʭʘʣʴʢʦʛʝʥʠʜʥʳʭ ʩʨʝʜ ʩ ʫʧʨʘʚʣʷʝʤʳʤʠ ʩʧʝʢʪʨʦʣʶʤʠʥʝʩ-

ʮʝʥʪʥʳʤʠ ʩʚʦʡʩʪʚʘʤʠ ʧʨʠ ʠʭ ʥʘʢʘʯʢʝ ʚʳʩʦʢʦʵʥʝʨʛʠʯʥʳʤʠ (ʜʦ 50 ʤɼʞ) 

ʤʦʱʥʳʤʠ (~ʄɺʪ) ʣʘʟʝʨʥʳʤʠ ʥʘʥʦʩʝʢʫʥʜʥʳʤʠ ʠʤʧʫʣʴʩʘʤʠ ʚ 3-ʤʢʤ ʜʠʘʧʘ-

ʟʦʥʝ ʜʣʠʥ ʚʦʣʥ ʩ ʧʣʦʪʥʦʩʪʴʶ ʵʥʝʨʛʠʠ ~1 ɼʞ/ʩʤ
2
. ʈʘʟʨʘʙʦʪʘʥʥʳʡ ʧʦʜʭʦʜ 

ʧʦʟʚʦʣʠʣ ʩʦʟʜʘʪʴ ʫʥʠʢʘʣʴʥʫʶ ʬʝʤʪʦʩʝʢʫʥʜʥʫʶ ʣʘʟʝʨʥʫʶ ʩʠʩʪʝʤʫ, ʨʘʙʦ-

ʪʘʶʱʫʶ ʥʘ ʵʪʦʤ ʧʨʠʥʮʠʧʝ ʚ ʩʨʝʜʥʝʤ ʀʂ-ʜʠʘʧʘʟʦʥʝ ʠ ʛʝʥʝʨʠʨʫʶʱʫʶ ʠʤ-

ʧʫʣʴʩʳ ʩ ʧʠʢʦʚʦʡ ʤʦʱʥʦʩʪʴʶ ʙʦʣʝʝ 20 ɻɺʪ (ʨʠʩ. 1 ʘ). 

 

 

  

 

ʈʠʩ. 1. (ʘ) ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ ʩʭʝʤʘ ʬʝʤʪʦʩʝʢʫʥʜʥʦʡ ʣʘʟʝʨʥʦʡ ʩʠʩʪʝʤʳ ʥʘ ʦʩʥʦʚʝ ʫʩʠ-

ʣʝʥʠʷ ʯʠʨʧʠʨʦʚʘʥʥʥʳʭ ʠʤʧʫʣʴʩʦʚ ʩʨʝʜʥʝʛʦ ʀʂ ʜʠʘʧʘʟʦʥʘ ʚ ʢʨʠʩʪʘʣʣʝ Fe:ZnSe. (ʙ) 

ʉʧʝʢʪʨ ʚʳʭʦʜʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʛʦ ʫʩʠʣʠʪʝʣʷ (ʇʋ) ʥʘ ʦʩʥʦʚʝ ʢʨʠʩʪʘʣʣʦʚ 

DCDA (q =710, j=450, ʪʦʣʱʠʥʘ 8 ʤʤ) ʠ Lɺʆ(I) (q=880, j=00, ʪʦʣʱʠʥʘ 4 ʤʤ) ʩ ʥʘʢʘʯ-

ʢʦʡ ʚʪʦʨʦʡ ʛʘʨʤʦʥʠʢʦʡ (l=0,62 ʤʢʤ) ʭʨʦʤ-ʬʦʨʩʪʝʨʠʪʦʚʦʛʦ ʣʘʟʝʨʘ. ʅʘ ʚʩʪʘʚʢʝ ʧʦʢʘʟʘʥʳ 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʧʝʨʝʩʪʨʦʝʯʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʇʋ. (ʚ) ʉʧʝʢʪʨ ʭʦʣʦʩʪʦʛʦ ʠʤʧʫʣʴʩʦʚ ʥʘ 

ʚʳʭʦʜʝ ʪʨʸʭʢʘʩʢʘʜʥʦʛʦ ʬʝʤʪʦʩʝʢʫʥʜʥʦʛʦ ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʛʦ ʫʩʠʣʠʪʝʣʷ ʥʘ ʢʨʠʩʪʘʣʣʝ 

ʪʠʦʛʘʣʣʘʪʘ ʣʠʪʠʷ (LGS) ʩ ʥʘʢʘʯʢʦʡ ʭʨʦʤ-ʬʦʨʩʪʝʨʠʪʦʚʳʤ ʣʘʟʝʨʦʤ. 

 

(ʘ) 

(ʙ) (ʚ) 
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ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʙʠʥʘʨʥʘʷ ʛʘʟʦʚʘʷ ʩʤʝʩʴ, ʩʦʩʪʦʷʱʘʷ 

ʠʟ ʠʥʝʨʪʥʦʛʦ ʠ ʤʦʣʝʢʫʣʷʨʥʦʛʦ ʛʘʟʦʚ, ʷʚʣʷʝʪʩʷ ʧʝʨʩʧʝʢʪʠʚʥʦʡ ʥʝʣʠʥʝʡʥʦ-

ʦʧʪʠʯʝʩʢʦʡ ʩʨʝʜʦʡ, ʥʝʣʠʥʝʡʥʳʤʠ ʠ ʜʠʩʧʝʨʩʠʦʥʥʳʤʠ ʩʚʦʡʩʪʚʘʤʠ ʢʦʪʦʨʦʡ 

ʤʦʞʥʦ ʥʝʟʘʚʠʩʠʤʦ ʫʧʨʘʚʣʷʪʴ ʟʘ ʩʯʸʪ ʠʟʤʝʥʝʥʠʷ ʧʘʨʮʠʘʣʴʥʦʛʦ ʜʘʚʣʝʥʠʷ 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʛʦ ʛʘʟʘ ʚ ʩʤʝʩʠ ʠ ʥʘʣʠʯʠʷ ʩʧʝʢʪʨʘʣʴʥʦ ʙʣʠʟʢʦʡ ʧʦʣʦʩʳ ʧʦ-

ʛʣʦʱʝʥʠʷ, ʩʧʦʩʦʙʩʪʚʫʶʱʝʡ ʧʦʚʳʰʝʥʠʶ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʥʝʣʠʥʝʡʥʦ-

ʦʧʪʠʯʝʩʢʠʭ ʧʨʝʦʙʨʘʟʦʚʘʥʠʡ ʬʝʤʪʦʩʝʢʫʥʜʥʦʛʦ ʣʘʟʝʨʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʩʨʝʜ-

ʥʝʛʦ ʀʂ ʜʠʘʧʘʟʦʥʘ (l=4,6 ʤʢʤ). ʈʝʘʣʠʟʦʚʘʥʘ ʛʝʥʝʨʘʮʠʷ ʛʘʨʤʦʥʠʢ ʦʩʥʦʚʥʦ-

ʛʦ ʠʟʣʫʯʝʥʠʷ ʣʘʟʝʨʥʦʡ ʩʠʩʪʝʤʳ ʥʘ ʢʨʠʩʪʘʣʣʝ Fe:ZnSe (l=4,6 ʤʢʤ, t=160 

ʬc, I=1.8Ŀ10
13

 ɺʪ/ʩʤ
2
) ʚ Xe-CO2 ʛʘʟʦʚʦʡ ʩʤʝʩʠ (pXe=45 ʘʪʤ, pCO2=1 ʘʪʤ) ʩ 

ʵʬʬʝʢʪʠʚʥʦʩʪʴʶ 1% ʚ ʪʨʝʪʴʶ (l=1,53 ʤʢʤ), 0,3% ʚ ʧʷʪʫʶ (l=0,92 ʤʢʤ) ʠ 

ʩʫʤʤʘʨʥʦ 0,5% ʚ ʚʳʩʦʢʠʝ ʦʧʪʠʯʝʩʢʠʝ ʛʘʨʤʦʥʠʢʠ ʚʧʣʦʪʴ ʜʦ 11-ʦʡ. ʆʩʫʱʝ-

ʩʪʚʣʝʥʦ ʨʘʚʥʦʤʝʨʥʦʝ ʨʘʩʰʠʨʝʥʠʝ ʢʦʨʦʪʢʦʚʦʣʥʦʚʦʛʦ (< 4 ʤʢʤ) ʠ ʜʣʠʥʥʦ-

ʚʦʣʥʦʚʦʛʦ (> 5 ʤʢʤ) ʢʨʳʣʴʝʚ ʩʧʝʢʪʨʘ ʤʦʱʥʦʛʦ (>10 ɻɺʪ) ʀʂ ʠʤʧʫʣʴʩʘ ʚ 

ʛʘʟʦʚʦʡ ʩʤʝʩʠ Kr-O2 ʚʳʩʦʢʦʛʦ ʜʘʚʣʝʥʠʷ (pKr=20 ʘʪʤ, pO2=10 ʘʪʤ) ʩ ʧʦʩʣʝ-

ʜʫʶʱʝʡ ʢʦʤʧʨʝʩʩʠʝʡ ʬʝʤʪʦʩʝʢʫʥʜʥʳʭ 4-ʤʢʤ ʣʘʟʝʨʥʳʭ ʠʤʧʫʣʴʩʦʚ ʜʦ ʜʣʠ-

ʪʝʣʴʥʦʩʪʠ 62 ʬʩ, ʯʪʦ ʙʣʠʟʢʦ ʢ ʯʝʪʳʨʸʤ ʦʧʪʠʯʝʩʢʠʤ ʮʠʢʣʘʤ ʧʦʣʷ, ʧʨʠ ʧʠʢʦ-

ʚʦʡ ʤʦʱʥʦʩʪʠ ʙʦʣʝʝ 30 ɻɺʪ (ʈʠʩ. 2 ʘ-ʛ, ʝ). 

ʇʨʝʜʣʦʞʝʥʳ, ʦʙʦʩʥʦʚʘʥʳ ʠ ʨʝʘʣʠʟʦʚʘʥʳ ʵʬʬʝʢʪʠʚʥʳʝ (1-10%) ʥʝ-

ʣʠʥʝʡʥʳʝ ʤʝʪʦʜʳ ʫʧʨʘʚʣʝʥʠʷ ʩʧʝʢʪʨʘʣʴʥʦ-ʚʨʝʤʝʥʥʳʤʠ ʩʚʦʡʩʪʚʘʤʠ ʤʦʱ-

ʥʦʛʦ ʬʝʤʪʦʩʝʢʫʥʜʥʦʛʦ ʣʘʟʝʨʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʙʣʠʞʥʝʛʦ (l=1,24 ʤʢʤ) ʠ 

ʩʨʝʜʥʝʛʦ (l=4,6 ʤʢʤ) ʀʂ ʜʠʘʧʘʟʦʥʦʚ ʚ ʢʦʥʜʝʥʩʠʨʦʚʘʥʥʳʭ ʠ ʧʣʦʪʥʳʭ ʛʘʟʦ-

ʚʳʭ ʩʨʝʜʘʭ, ʧʦʟʚʦʣʠʚʰʠʝ ʩʦʟʜʘʪʴ ʥʦʚʳʝ ʠʩʪʦʯʥʠʢʠ ʢʦʛʝʨʝʥʪʥʦʛʦ ʠʟʣʫʯʝ-

ʥʠʷ ʫʣʴʪʨʘʢʦʨʦʪʢʦʡ ʜʣʠʪʝʣʴʥʦʩʪʠ ʚ ʰʠʨʦʢʦʤ ʜʠʘʧʘʟʦʥʝ ʜʣʠʥ ʚʦʣʥ (ʦʪ ʋʌ 

ʜʦ ʊɻʮ) (ʈʠʩ. 2 ʘ-ʝ). 

ʇʨʝʜʣʦʞʝʥʳ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʦʙʦʩʥʦʚʘʥʳ ʧʦʜʭʦʜʳ ʢ ʫʧʨʘʚʣʝ-

ʥʠʶ ʵʥʝʨʛʦʚʢʣʘʜʦʤ ʧʨʠ ʬʦʢʫʩʠʨʦʚʢʝ ʬʝʤʪʦʩʝʢʫʥʜʥʦʛʦ ʣʘʟʝʨʥʦʛʦ ʠʟʣʫʯʝ-

ʥʠʷ ʚ ʦʙʲʝʤ ʧʦʣʫʧʨʦʚʦʜʥʠʢʘ ʥʘ ʧʨʠʤʝʨʝ ʤʦʥʦʢʨʠʩʪʘʣʣʘ ʢʨʝʤʥʠʷ. ʇʦʢʘʟʘ-

ʥʦ, ʯʪʦ ʫʚʝʣʠʯʝʥʠʝ ʜʣʠʪʝʣʴʥʦʩʪʠ (ʦʪ 0,1 ʧʩ ʜʦ 0,8 ʧʩ) ʣʘʟʝʨʥʦʛʦ ʠʤʧʫʣʴʩʘ 

ʙʣʠʞʥʝʛʦ ʀʂ ʜʠʘʧʘʟʦʥʘ (l=1,24 ʤʢʤ) ʧʦʟʚʦʣʷʝʪ ʫʤʝʥʴʰʠʪʴ ʚʣʠʷʥʠʝ ʣʘ-

ʟʝʨʥʦïʠʥʜʫʮʠʨʦʚʘʥʥʦʡ ʧʣʘʟʤʳ ʥʘ ʧʨʦʮʝʩʩ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʣʘʟʝʨʥʦʛʦ 

ʠʤʧʫʣʴʩʘ ʠ ʧʦʚʳʩʠʪʴ ʵʥʝʨʛʦʚʢʣʘʜ ʜʦ ~0,7 ʢɼʞ/ʩʤ
3
, ʘ ʤʥʦʛʦʬʦʪʦʥʥʦʝ ʧʦ-

ʛʣʦʱʝʥʠʝ ʦʩʪʨʦʩʬʦʢʫʩʠʨʦʚʘʥʥʦʛʦ (NA=0,86) ʬʝʤʪʦʩʝʢʫʥʜʥʦʛʦ (t=160 

ʬʩ) ʣʘʟʝʨʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʩʨʝʜʥʝʛʦ ʀʂ ʜʠʘʧʘʟʦʥʘ (l=4,6 ʤʢʤ) ʧʦʟʚʦʣʷʝʪ 

ʜʦʩʪʠʯʴ ʚʝʣʠʯʠʥʳ ʦʙʲʸʤʥʦʛʦ ʵʥʝʨʛʦʚʢʣʘʜʘ ʙʦʣʝʝ 5 ʢɼʞ/ʩʤ
3
, ʯʪʦ ʦʙʝʩʧʝ-

ʯʠʚʘʝʪ ʦʙʲʸʤʥʫʶ ʤʠʢʨʦʤʦʜʠʬʠʢʘʮʠʶ ʢʨʝʤʥʠʷ ʚ ʨʝʞʠʤʝ ʦʜʥʦʢʨʘʪʥʦʛʦ 

ʚʦʟʜʝʡʩʪʚʠʷ (ʈʠʩ. 2 ʞ). 

ʇʨʝʜʣʦʞʝʥʳ ʠ ʨʝʘʣʠʟʦʚʘʥʳ ʥʦʚʳʝ ʧʦʜʭʦʜʳ ʢ ʫʧʨʘʚʣʝʥʠʶ ʵʥʝʨʛʦʚʢ-

ʣʘʜʦʤ ʧʨʠ ʚʦʟʜʝʡʩʪʚʠʠ ʦʩʪʨʦʩʬʦʢʫʩʠʨʦʚʘʥʥʦʛʦ ʬʝʤʪʦʩʝʢʫʥʜʥʦʛʦ ʣʘʟʝʨ-

ʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʩ ʠʥʪʝʥʩʠʚʥʦʩʪʴʶ ʙʦʣʝʝ 1 ʊɺʪ/ʩʤ
2
 ʥʘ ʦʙʲʸʤ ʜʠʵʣʝʢʪʨʠʯʝ-

ʩʢʠʭ ʠ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʭ ʩʨʝʜ ʚ ʦʙʣʘʩʪʠ ʠʭ ʧʨʦʟʨʘʯʥʦʩʪʠ, ʯʪʦ ʚ ʩʦʯʝʪʘ-

ʥʠʠ ʩ ʨʘʟʨʘʙʦʪʘʥʥʳʤʠ ʤʝʪʦʜʘʤʠ ʜʠʘʛʥʦʩʪʠʢʠ ʧʣʘʟʤʳ ʠ ʵʚʦʣʶʮʠʠ ʣʘʟʝʨʥʦ-
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ʠʥʜʫʮʠʨʦʚʘʥʥʦʛʦ ʵʢʩʪʨʝʤʘʣʴʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʚʝʱʝʩʪʚʘ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʥʝʣʠʥʝʡʥʦ-ʦʧʪʠʯʝʩʢʦʛʦ ʤʝʪʦʜʘ ʤʠʢʨʦʩʢʦʧʠʠ ʥʘ ʦʩʥʦʚʝ ʧʨʦʮʝʩʩʘ ʛʝʥʝʨʘ-

ʮʠʠ ʪʨʝʪʴʝʡ ʛʘʨʤʦʥʠʢʠ ʧʦʟʚʦʣʷʝʪ ʩʦʟʜʘʚʘʪʴ ʠ ʨʝʛʠʩʪʨʠʨʦʚʘʪʴ ʜʠʥʘʤʠʯʝ-

ʩʢʠʝ ʠ ʩʪʘʮʠʦʥʘʨʥʳʝ ʣʘʟʝʨʥʦ-ʠʥʜʫʮʠʨʦʚʘʥʥʳʝ ʬʘʟʦʚʳʝ ʧʝʨʝʭʦʜʳ. 

 

 

 

 

 

ʈʠʩ. 2. ʆʛʠʙʘʶʱʘʷ ʠ ʩʧʝʢʪʨʘʣʴʥʘʷ ʬʘʟʘ ʣʘʟʝʨʥʳʭ ʠʤʧʫʣʴʩʦʚ ʩʨʝʜʥʝʛʦ ʀʂ ʜʠʘʧʘʟʦʥʘ, 

ʨʝʛʠʩʪʨʠʨʫʝʤʳʝ ʩ ʧʦʤʦʱʴʶ ʰʠʨʦʢʦʧʦʣʦʩʥʦʛʦ ʦʧʪʠʯʝʩʢʦʛʦ ʩʪʨʦʙʠʨʦʚʘʥʠʷ ʩ ʨʘʟʨʝʰʝ-

ʥʠʝʤ ʧʦ ʯʘʩʪʦʪʝ ʥʘ ʦʩʥʦʚʝ ʩʫʤʤʘʨʥʦʛʦ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʥʘ ʚʳʭʦʜʝ ʢʦʨʦʪʢʦʡ 17-

ʩʘʥʪʠʤʝʪʨʦʚʦʡ ʛʘʟʦʚʦʡ ʷʯʝʡʢʠ (ʘ), (ʙ) ʠ ʜʣʠʥʥʦʡ 32-ʩʘʥʪʠʤʝʪʨʦʚʦʡ ʛʘʟʦʚʦʡ ʷʯʝʡʢʠ (ʚ), 

(ʛ), ʟʘʧʦʣʥʝʥʥʳʭ ʩʤʝʩʴʶ ʛʘʟʦʚ Kr-O2. ʏʸʨʥʳʝ ʣʠʥʠʠ ʧʦʢʘʟʳʚʘʶʪ ʦʛʠʙʘʶʱʠʝ (ʚʝʨʭʥʠʡ 

ʨʷʜ), ʢʨʘʩʥʳʝ ʣʠʥʠʠ ï ʩʧʝʢʪʨʳ (ʥʠʞʥʠʡ ʨʷʜ), ʩʠʥʠʝ ʧʫʥʢʪʠʨʥʳʝ ʣʠʥʠʠ ï ʩʦʦʪʚʝʪʩʪ-

ʚʫʶʱʠʝ ʬʘʟʳ ʣʘʟʝʨʥʳʭ ʠʤʧʫʣʴʩʦʚ ʩʨʝʜʥʝʛʦ ʀʂ ʜʠʘʧʘʟʦʥʘ. (ʜ) ʉʧʝʢʪʨ ʊɻʮ ʠʟʣʫʯʝʥʠʷ, 

ʛʝʥʝʨʠʨʫʝʤʦʛʦ ʚ ʦʨʛʘʥʠʯʝʩʢʠʭ ʢʨʠʩʪʘʣʣʘʭ (BNA, OH1, DSTMS, DAST) ʧʨʠ ʠʭ ʥʘʢʘʯʢʝ 

ʤʫʣʴʪʠʛʠʛʘʚʘʪʪʥʦʡ ʭʨʦʤ-ʬʦʨʩʪʝʨʠʪʦʚʦʡ ʣʘʟʝʨʥʦʡ ʩʠʩʪʝʤʦʡ; (ʝ) ʉʧʝʢʪʨ ʦʧʪʠʯʝʩʢʠʭ 

ʛʘʨʤʦʥʠʢ, ʛʝʥʝʨʠʨʫʝʤʳʭ ʚ ʩʤʝʩʠ Xe-CO2 ʧʨʠ ʚʦʟʜʝʡʩʪʚʠʠ ʚʳʩʦʢʦʠʥʪʝʥʩʠʚʥʦʛʦ ʣʘʟʝʨ-

ʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʩʨʝʜʥʝʛʦ ʀʂ ʜʠʘʧʘʟʦʥʘ (l=4,6 ʤʢʤ). (ʞ) ʇʨʦʬʠʣʴ ʤʠʢʨʦʤʦʜʠʬʠʢʘʮʠʠ, 

ʨʝʛʠʩʪʨʠʨʫʝʤʳʡ ʤʝʪʦʜʦʤ ʤʠʢʨʦʩʢʦʧʠʠ ʥʘ ʦʩʥʦʚʝ ʧʨʦʮʝʩʩʘ ʛʝʥʝʨʘʮʠʠ ʪʨʝʪʴʝʡ ʦʧʪʠʯʝ-

ʩʢʦʡ ʛʘʨʤʦʥʠʢʠ (l=1,53 ʤʢʤ) ʧʨʠ ʦʩʪʨʦʡ ʬʦʢʫʩʠʨʦʚʢʝ (NA=0,86) ʬʝʤʪʦʩʝʢʫʥʜʥʦʛʦ ʠʟ-

ʣʫʯʝʥʠʷ ʩʨʝʜʥʝʛʦ ʀʂ ʜʠʘʧʘʟʦʥʘ (l=4,6 ʤʢʤ) ʚ ʦʙʲʝʤ ʢʨʝʤʥʠʷ. 

 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʚ ʨʘʙʦʪʝ ʠʟʫʯʝʥʳ ʠ ʨʘʟʨʘʙʦʪʘʥʳ ʥʦʚʳʝ ʤʝʪʦʜʳ ʛʝʥʝ-

ʨʘʮʠʠ ʤʫʣʴʪʠʛʠʛʘʚʘʪʪʥʳʭ, ʩʠʥʭʨʦʥʠʟʠʨʦʚʘʥʥʳʭ ʧʦ ʚʨʝʤʝʥʠ, ʬʝʤʪʦʩʝ-

ʢʫʥʜʥʳʭ ʣʘʟʝʨʥʳʭ ʠʤʧʫʣʴʩʦʚ ʙʣʠʞʥʝʛʦ ʠ ʩʨʝʜʥʝʛʦ ʀʂ ʜʠʘʧʘʟʦʥʦʚ, ʯʪʦ ʚ 

ʩʦʯʝʪʘʥʠʠ ʩ ʧʨʝʜʣʦʞʝʥʥʳʤʠ ʥʝʣʠʥʝʡʥʳʤʠ ʤʝʪʦʜʘʤʠ ʫʧʨʘʚʣʝʥʠʷ ʩʧʝʢ-

ʪʨʘʣʴʥʦ-ʚʨʝʤʝʥʥʳʤʠ ʩʚʦʡʩʪʚʘʤʠ ʵʪʦʛʦ ʠʟʣʫʯʝʥʠʷ ʜʝʤʦʥʩʪʨʠʨʫʝʪ ʩʦʟʜʘʥʠʝ 

ʰʠʨʦʢʦʜʠʘʧʘʟʦʥʥʳʭ ʬʝʤʪʦʩʝʢʫʥʜʥʳʭ ʀʂ ʣʘʟʝʨʥʳʭ ʠʩʪʦʯʥʠʢʦʚ ʥʦʚʦʛʦ ʧʦ-

(ʜ) 

(ʝ) (ʞ) 
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ʢʦʣʝʥʠʷ. ɻʝʥʝʨʠʨʫʝʤʦʝ ʠʤʠ ʢʦʛʝʨʝʥʪʥʦʝ ʠ ʧʝʨʝʩʪʨʘʠʚʘʝʤʦʝ ʦʪ ʋʌ ʜʦ ʊɻʮ 

ʜʠʘʧʘʟʦʥʘ ʠʟʣʫʯʝʥʠʝ ʫʣʴʪʨʘʢʦʨʦʪʢʦʡ ʜʣʠʪʝʣʴʥʦʩʪʠ ʤʦʞʝʪ ʙʳʪʴ ʧʦʣʝʟʥʦ 

ʜʣʷ ʧʨʠʤʝʥʝʥʠʷ ʚ ʦʙʣʘʩʪʠ ʥʝʣʠʥʝʡʥʦʡ ʦʧʪʠʢʠ ʠ ʬʠʟʠʢʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ 

ʠʟʣʫʯʝʥʠʷ ʩ ʚʝʱʝʩʪʚʦʤ. ʀʩʩʣʝʜʦʚʘʥʥʳʝ ʵʬʬʝʢʪʳ ʵʢʩʪʨʝʤʘʣʴʥʦʛʦ ʚʦʟʜʝʡ-

ʩʪʚʠʷ ʣʘʟʝʨʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʥʘ ʦʙʲʸʤ ʧʨʦʟʨʘʯʥʦʡ ʢʦʥʜʝʥʩʠʨʦʚʘʥʥʦʡ ʩʨʝʜʳ 

ʤʦʛʫʪ ʣʝʯʴ ʚ ʦʩʥʦʚʫ ʩʦʟʜʘʥʠʷ ʣʘʟʝʨʥʦ-ʠʥʜʫʮʠʨʦʚʘʥʥʳʭ ʬʘʟ ʚʝʱʝʩʪʚʘ ʠ ʤʝ-

ʪʦʜʦʚ ʦʙʲʸʤʥʦʛʦ ʤʠʢʨʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥʠʷ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʠ ʧʦʣʫʧʨʦʚʦʜ-

ʥʠʢʦʚʳʭ ʤʘʪʝʨʠʘʣʦʚ, ʯʪʦ ʚʘʞʥʦ ʜʣʷ ʨʘʟʚʠʪʠʷ ʵʣʝʤʝʥʪʥʦʡ ʙʘʟʳ ʩʦʚʨʝʤʝʥ-

ʥʦʡ ʀʂ ʬʦʪʦʥʠʢʠ. 
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ʆʇʊʀʏɽʉʂʀɽ ʀʉʉʃɽɼʆɺɸʅʀʗ ʇʆʈʌʀʈɸɿʀʅʆɺʓʍ  

ʀ ʌʊɸʃʆʎʀɸʅʀʅʆɺʓʍ ʌʆʊʆʉɽʅʉʀɹʀʃʀɿɸʊʆʈʆɺ  

ʇʈʀ ʈɸɿʃʀʏʅʓʍ ʌɸʂʊʆʈɸʍ 

ɸʩʧ. ɸ.ʈ. ʂʨʦʪ, ʜʦʮ. ʀ.ɸ. ʉʝʨʛʝʝʚʘ 

ɺ ʨʘʙʦʪʝ ʧʨʝʜʩʪʘʚʣʝʥʦ ʠʩʩʣʝʜʦʚʘʥʠʝ ʦʧʪʠʯʝʩʢʠʤʠ ʤʝʪʦʜʘʤʠ ʜʚʫʭ 

ʢʣʘʩʩʦʚ ʥʘʥʦʯʘʩʪʠʮ ʬʦʪʦʩʝʥʩʠʙʠʣʠʟʘʪʦʨʦʚ: ʧʦʚʝʨʭʥʦʩʪʥʦ-ʘʢʪʠʚʥʳʭ ʛʠʜ-

ʨʦʬʦʙʥʳʭ ʥʘʥʦʯʘʩʪʠʮ ʩ ʘʤʬʠʬʠʣʴʥʳʤ ʧʦʣʠʤʝʨʦʤ ï ʧʦʣʠʚʠʥʠʣʧʠʨʨʦʣʠ-

ʜʦʥʦʤ [1], ʘ ʪʘʢʞʝ ʬʦʪʦʩʝʥʩʠʙʠʣʠʟʘʪʦʨʳ, ʷʚʣʷʶʱʠʝʩʷ ʘʤʬʠʬʠʣʴʥʦʡ ʤʘʪ-

ʨʠʮʝʡ, ʩ ʧʘʩʩʠʚʥʳʤ ʥʦʩʠʪʝʣʝʤ ʧʦʣʠʚʠʥʠʣʧʠʨʨʦʣʠʜʦʥʦʤ ʠ ʙʝʟ ʩʦʦʪʚʝʪʩʪ-

ʚʝʥʥʦ [2].  

ɺʧʝʨʚʳʝ ʤʝʪʦʜʦʤ ʜʠʥʘʤʠʯʝʩʢʦʛʦ ʨʘʩʩʝʷʥʠʷ ʩʚʝʪʘ ʙʳʣʠ ʧʦʣʫʯʝʥʳ 

ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʠʭ ʨʘʜʠʫʩʦʚ ʜʣʷ ʢʘʞʜʦʛʦ ʠʟ ʦʙʨʘʟʮʦʚ ʚ 

ʦʪʜʝʣʴʥʦʩʪʠ, ʘ ʪʘʢʞʝ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʠʟʤʝʥʝʥʠʷ ʨʘʩʧʨʝʜʝʣʝʥʠʡ ʜʣʷ ʤʥʦ-

ʛʦʢʦʤʧʦʥʝʥʪʥʳʭ ʩʠʩʪʝʤ ʧʨʠ ʥʘʣʠʯʠʠ ʩʳʚʦʨʦʪʦʯʥʦʛʦ ʘʣʴʙʫʤʠʥʘ. ʉ ʫʯʸʪʦʤ 

ʩʧʝʮʠʬʠʢʠ ʩʚʦʡʩʪʚ ʨʘʟʣʠʯʥʳʭ ʢʣʘʩʩʦʚ ʬʦʪʦʩʝʥʩʠʙʠʣʠʟʘʪʦʨʦʚ ʨʝʘʣʠʟʦʚʘʥʳ 

ʧʦʜʭʦʜʳ ʧʦ ʦʧʪʠʤʘʣʴʥʦʤʫ ʧʦʜʙʦʨʫ ʢʦʥʮʝʥʪʨʘʮʠʡ ʜʣʷ ʜʦʩʪʦʚʝʨʥʦʛʦ ʦʧʨʝ-

ʜʝʣʝʥʠʷ ʨʘʟʤʝʨʦʚ ʥʘʥʦʯʘʩʪʠʮ, ʘ ʪʘʢʞʝ ʧʨʠʤʝʥʸʥ ʩʪʘʪʠʩʪʠʯʝʩʢʠʡ ʤʝʪʦʜ ʦʙ-

ʨʘʙʦʪʢʠ, ʘʜʘʧʪʠʨʦʚʘʥʥʳʡ ʢ ʙʠʦʣʦʛʠʯʝʩʢʠʤ ʦʙʨʘʟʮʘʤ, ʘʥʘʣʦʛʠʯʥʦ ʤʝʪʦʜʫ 

Raynals [3]. ɼʣʷ ʫʩʪʘʥʦʚʣʝʥʠʷ ʩʚʦʡʩʪʚ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʥʘʥʦʯʘʩʪʠʮ ʩ ʩʳʚʦ-

ʨʦʪʦʯʥʳʤ ʘʣʴʙʫʤʠʥʦʤ ʧʨʠʤʝʥʷʣʠʩʴ ʤʝʪʦʜʳ ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʠ ʬʣʫʦʨʠʤʝʪ-

ʨʠʠ.  

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʙʳʣ ʚʳʨʘʙʦʪʘʥ ʧʦʜʭʦʜ ʧʦ ʠʩʧʦʣʴʟʦʚʘʥʠʶ ʦʧʪʠʯʝ-

ʩʢʠʭ ʤʝʪʦʜʦʚ ʜʣʷ ʥʝʦʙʭʦʜʠʤʦʛʦ ʠ ʜʦʩʪʘʪʦʯʥʦʛʦ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦʛʦ in vitro 

ʘʥʘʣʠʟʘ ʧʨʝʜʩʪʘʚʣʝʥʥʳʭ ʢʣʘʩʩʦʚ ʬʦʪʦʩʝʥʩʠʙʠʣʠʟʘʪʦʨʦʚ, ʘ ʪʘʢʞʝ ʠʭ ʭʘʨʘʢ-

ʪʝʨʠʩʪʠʢʠ: ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʠʝ ʨʘʜʠʫʩʳ ʥʘʥʦʯʘʩʪʠʮ ʚ ʩʘʤʦʩʪʦʷʪʝʣʴʥʦʤ 

ʚʠʜʝ ʠ ʦʪ ʢʦʥʮʝʥʪʨʘʮʠʡ ʘʤʬʠʬʠʣʴʥʦʛʦ ʧʦʣʠʤʝʨʘ, ʚʨʝʤʝʥʥʘʷ ʫʩʪʦʡʯʠʚʦʩʪʴ 

ʠ ʩʪʘʙʠʣʴʥʦʩʪʴ ʚ ʧʨʠʩʫʪʩʪʚʠʠ ʩʳʚʦʨʦʪʦʯʥʦʛʦ ʘʣʴʙʫʤʠʥʘ. ʇʦʣʫʯʝʥʥʳʝ 

ʩʚʦʡʩʪʚʘ ʚʳʷʚʠʣʠ ʚʦʟʤʦʞʥʦʩʪʴ ʨʝʘʣʠʟʘʮʠʠ ʧʨʠʥʮʠʧʠʘʣʴʥʦ ʦʪʣʠʯʠʪʝʣʴʥʳʭ 

ʩʧʦʩʦʙʦʚ ʧʘʩʩʠʚʥʦʡ ʜʦʩʪʘʚʢʠ ʥʘʥʦʯʘʩʪʠʮ: ʢʘʢ ʧʨʠ ʥʘʣʠʯʠʠ ʚʟʘʠʤʦʜʝʡʩʪ-

ʚʠʷ ʩ ʦʩʥʦʚʥʳʤ ʪʨʘʥʩʧʦʨʪʥʳʤ ʙʝʣʢʦʤ ʢʨʦʚʠ ï ʪʘʢ ʠ ʧʨʠ ʧʦʣʥʦʤ ʝʛʦ ʦʪʩʫʪ-

ʩʪʚʠʠ. 
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ɺʚʝʜʝʥʠʝ 

ʉʧʣʘʚʳ ʧʝʨʤʘʣʣʦʷ (NiFe) ʧʦʣʫʯʠʣʠ ʰʠʨʦʢʫʶ ʠʟʚʝʩʪʥʦʩʪʴ ʚʚʠʜʫ 

ʩʚʦʠʭ ʫʥʠʢʘʣʴʥʳʭ ʩʚʦʡʩʪʚ, ʪʘʢʠʭ ʢʘʢ ʤʘʣʘʷ ʢʦʵʨʮʠʪʠʚʥʘʷ ʩʠʣʘ, ʚʳʩʦʢʘʷ 

ʤʘʛʥʠʪʥʘʷ ʧʨʦʥʠʮʘʝʤʦʩʪʴ, ʤʘʣʘʷ ʤʘʛʥʠʪʥʘʷ ʘʥʠʟʦʪʨʦʧʠʷ ʠ ʧʨʦʯʠʝ [1]. 

ʇʝʨʤʘʣʣʦʡ ʠʩʧʦʣʴʟʫʶʪ ʚ ʨʘʟʣʠʯʥʳʭ ʦʙʣʘʩʪʷʭ ʥʘʫʢʠ ʠ ʪʝʭʥʦʣʦʛʠʡ, ʥʘʧʨʠ-

ʤʝʨ, ʙʠʦʩʝʥʩʦʨʘʭ [2], ʩʧʠʥʪʨʦʥʥʳʭ [3], ʤʘʛʥʠʪʦʧʣʘʟʤʦʥʥʳʭ [4] ʫʩʪʨʦʡʩʪ-

ʚʘʭ ʠ ʤʥʦʛʠʭ ʜʨʫʛʠʭ ʧʨʠʣʦʞʝʥʠʷʭ. ʈʘʥʝʝ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʯʘʩʪʠʯʥʦʝ ʦʢʠʩʣʝ-

ʥʠʝ ʥʘʥʦʧʣʸʥʦʢ ʧʝʨʤʘʣʣʦʷ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ ʦʪʞʠʛʘ 300 - 475 ęʉ ʩʫʱʝʩʪ-

ʚʝʥʥʦ ʤʝʥʷʝʪ ʠʭ ʩʪʨʫʢʪʫʨʥʳʝ, ʤʘʛʥʠʪʥʳʝ ʠ ʤʘʛʥʠʪʦʦʧʪʠʯʝʩʢʠʝ (ʄʆ) ʩʚʦʡ-

ʩʪʚʘ [5]. ʆʢʩʠʜʠʨʦʚʘʥʠʝ ʠʩʭʦʜʥʦ ʛʣʘʜʢʠʭ ʘʤʦʨʬʥʳʭ ʥʘʥʦʧʣʸʥʦʢ ʧʨʠʚʦʜʠʪ 

ʢ ʨʦʩʪʫ ʦʢʩʠʜʥʦʛʦ ʩʣʦʷ ʠ ʩʫʱʝʩʪʚʝʥʥʦʤʫ ʫʚʝʣʠʯʝʥʠʶ ʰʝʨʦʭʦʚʘʪʦʩʪʠ ʝʛʦ 

ʧʦʚʝʨʭʥʦʩʪʠ ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ ʤʘʩʩʠʚʦʚ ʥʘʥʦʯʘʩʪʠʮ, ʧʨʠ ʵʪʦʤ ʩʚʦʡʩʪʚʘ ʥʘ-

ʥʦʧʣʝʥʢʠ ʠʟʤʝʥʷʶʪʩʷ ʦʪ ʤʘʛʥʠʪʦ-ʤʷʛʢʠʭ ʢ ʤʘʛʥʠʪʦ-ʞʝʩʪʢʠʤ. ɼʣʷ ʦʢʠʩ-

ʣʝʥʥʳʭ ʥʘʥʦʧʣʸʥʦʢ ʧʝʨʤʘʣʣʦʷ ʙʳʣʦ ʧʦʣʫʯʝʥʦ ʟʥʘʯʠʪʝʣʴʥʦʝ ʫʩʠʣʝʥʠʝ ʵʬ-

ʬʝʢʪʘ ʌʘʨʘʜʝʷ ʚ ʙʣʠʞʥʝʤ ʠʥʬʨʘʢʨʘʩʥʦʤ ʜʠʘʧʘʟʦʥʝ ʩʧʝʢʪʨʘ.  

ʇʦʣʷʨʠʟʘʮʠʦʥʥʳʝ ʦʩʦʙʝʥʥʦʩʪʠ ʪʘʢʠʭ ʦʢʠʩʣʝʥʥʳʭ ʧʣʝʥʦʢ ʧʝʨʤʘʣʣʦʷ 

ʪʦʣʱʠʥʦʡ 20 - 40 ʥʤ ʨʘʥʝʝ ʠʩʩʣʝʜʦʚʘʣʠʩʴ ʤʝʪʦʜʦʤ ʵʣʣʠʧʩʦʤʝʪʨʠʠ [6]. ʅʘ-

ʙʣʶʜʘʣʠʩʴ ʦʩʦʙʝʥʥʦʩʪʠ ʚ ʫʛʣʦʚʳʭ ʩʧʝʢʪʨʘʭ ʧʦʣʷʨʠʟʦʚʘʥʥʦʛʦ ʩʚʝʪʘ ï ʪ.ʥ. 

ʧʦʣʷʨʠʟʘʮʠʦʥʥʳʝ ʫʛʣʳ (ʧʩʝʚʜʦ-ʫʛʣʳ ɹʨʶʩʪʝʨʘ), ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʠʥʪʝʨ-

ʬʝʨʝʥʮʠʦʥʥʳʤ ʤʠʥʠʤʫʤʘʤ ʚ ʩʧʝʢʪʨʘʭ ʦʪʨʘʞʝʥʠʷ p-ʧʦʣʷʨʠʟʦʚʘʥʥʦʛʦ ʩʚʝ-

ʪʘ. ɼʣʷ ʦʙʲʷʩʥʝʥʠʷ ʜʘʥʥʦʛʦ ʵʬʬʝʢʪʘ ʚ [6] ʙʳʣʘ ʨʘʟʨʘʙʦʪʘʥʘ ʪʝʦʨʝʪʠʯʝʩʢʘʷ 

ʤʦʜʝʣʴ ʩʫʙʚʦʣʥʦʚʦʡ ʜʚʫʭʩʣʦʡʥʦʡ ʧʣʸʥʢʠ, ʢʦʪʦʨʘʷ ʦʙʲʷʩʥʷʝʪ ʧʦʣʷʨʠʟʘʮʠ-

ʦʥʥʳʡ ʵʬʬʝʢʪ ʦʜʥʦʚʨʝʤʝʥʥʳʤ ʚʳʧʦʣʥʝʥʠʝʤ ʫʩʣʦʚʠʡ ʬʘʟʦʚʦʛʦ ʩʠʥʭʨʦ-

ʥʠʟʤʘ ʠ ʨʘʚʝʥʩʪʚʦʤ ʘʙʩʦʣʶʪʥʳʭ ʟʥʘʯʝʥʠʡ ʘʤʧʣʠʪʫʜ ʚʪʦʨʠʯʥʳʭ ʚʦʣʥ ʜʣʷ 

ʦʜʥʦʡ ʠʟ ʧʦʣʷʨʠʟʘʮʠʦʥʥʳʭ ʢʦʤʧʦʥʝʥʪ. ɼʘʥʥʘʷ ʨʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʚ ʧʨʦ-

ʜʦʣʞʝʥʠʝ ʵʪʠʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʠ ʧʦʩʚʷʱʝʥʘ ʤʦʜʝʣʠʨʦʚʘʥʠʶ ʄʆ ʩʚʦʡʩʪʚ 

ʜʚʫʭʩʣʦʡʥʦʡ ʧʣʸʥʢʠ ʜʣʷ ʦʧʠʩʘʥʥʦʡ ʚʳʰʝ ʩʝʨʠʠ ʥʘʥʦʧʣʝʥʦʢ ʧʝʨʤʘʣʣʦʷ ʩ 
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ʨʘʟʥʦʡ ʩʪʝʧʝʥʴʶ ʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʦʪʞʠʛʘ, ʧʨʠ ʵʪʦʤ ʫʯʪʝʥ ʛʨʘʜʠʝʥʪ ʨʘʩʧʨʝ-

ʜʝʣʝʥʠʷ ʄʆ ʧʘʨʘʤʝʪʨʦʚ ʧʦ ʛʣʫʙʠʥʝ ʦʢʠʩʣʝʥʥʦʛʦ ʩʣʦʷ ʧʝʨʤʘʣʣʦʷ.  

 

ʄʘʪʝʨʠʘʣʳ ʠ ʤʝʪʦʜʳ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ʀʩʭʦʜʥʳʝ ʥʘʥʦʧʣʝʥʢʠ ʥʘʥʦʩʠʣʠʩʴ ʥʘ ʧʦʜʣʦʞʢʫ ʠʟ ʩʪʝʢʣʘ ʪʦʣʱʠʥʦʡ 

1 ʤʤ (Deltalab) ʤʝʪʦʜʦʤ ʤʘʛʥʝʪʨʦʥʥʦʛʦ ʥʘʧʳʣʝʥʠʷ ʠʟ ʤʠʰʝʥʠ 79ʅʄ (ʨʦʩ-

ʩʠʡʩʢʠʡ ɻʆʉʊ), ʩʦʩʪʦʷʱʝʡ ʠʟ 78,5ï80,0 % Ni, 13,73ï16,80 % Fe, 3,8ï4,1 % 

Mo, 0,6ï1,1 % Mn, 0,3ï0,5 % Si, ʜʦ 0,2 % Cu, ʜʦ 0,15 % Ti, ʜʦ 0,15 % Al, ʜʦ 

0,03 % C, ʜʦ 0,02 % S, ʜʦ 0,02 % P. ʂʦʤʧʣʝʢʩʥʳʝ ʧʦʢʘʟʘʪʝʣʠ ʧʨʝʣʦʤʣʝʥʠʷ 

ʜʣʷ ʠʩʭʦʜʥʳʭ ʥʘʥʦʧʣʝʥʦʢ ʧʝʨʤʘʣʣʦʷ ʙʳʣʠ ʨʘʩʩʯʠʪʘʥʳ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ ʩʧʝʢʪʨʦʚ ʦʪʨʘʞʝʥʠʷ, ʧʨʝʣʦʤʣʝʥʠʷ ʠ ʵʣʣʠʧʩʦ-

ʤʝʪʨʠʠ. ʅʝʜʠʘʛʦʥʘʣʴʥʳʝ ʢʦʤʧʦʥʝʥʪʳ ʪʝʥʟʦʨʘ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝ-

ʤʦʩʪʠ (ʚʝʢʪʦʨʘ ʛʠʨʘʮʠʠ) ʙʳʣʠ ʧʦʣʫʯʝʥʳ, ʠʩʭʦʜʷ ʠʟ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʠʟ-

ʤʝʨʝʥʥʦʛʦ ʫʛʣʘ ʬʘʨʘʜʝʝʚʩʢʦʛʦ ʚʨʘʱʝʥʠʷ ʠ ʨʘʩʩʯʠʪʘʥʥʳʭ ʜʠʘʛʦʥʘʣʴʥʳʭ 

ʢʦʤʧʦʥʝʥʪ ʪʝʥʟʦʨʘ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ.   

ɺ ʢʘʯʝʩʪʚʝ ʢʦʦʨʜʠʥʘʪʥʦʡ ʦʩʠ z ʚʳʙʨʘʥʦ ʥʘʧʨʘʚʣʝʥʠʝ ʥʦʨʤʘʣʠ ʢ 

ʧʣʦʩʢʦʩʪʠ ʦʙʨʘʟʮʘ. ʂʦʤʧʦʥʝʥʪʳ ʪʝʥʟʦʨʘ ʢʦʤʧʣʝʢʩʥʦʡ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ 

ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʩ ʫʯʝʪʦʤ ʛʠʨʦʪʨʦʧʥʦʩʪʠ ʩʨʝʜʳ ʚ ʵʪʦʤ ʩʣʫʯʘʝ ʟʘʧʠʩʳʚʘʶʪʩʷ 

ʢʘʢ:  Ⱡ╜  
‐ Ὥ‐ π
Ὥ‐ ‐ π
π π ‐

, ʛʜʝ ╜ ï ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʴ ʩʨʝʜʳ ʚʜʦʣʴ ʥʦʨʤʘʣʠ ʢ 

ʧʣʦʩʢʦʩʪʠ ʦʙʨʘʟʮʘ, ‐ὭὮ╜  ‐ὭὮ╜ . ɺ ʩʣʫʯʘʝ ʩʨʝʜʳ ʩ ʧʦʛʣʦʱʝʥʠʝʤ ʵʬ-

ʬʝʢʪ ʌʘʨʘʜʝʷ ʦʧʠʩʳʚʘʝʪʩʷ ʢʦʤʧʣʝʢʩʥʳʤ ʧʘʨʘʤʝʪʨʦʤ Ὂl. ɽʛʦ ʜʝʡʩʪʚʠ-

ʪʝʣʴʥʘʷ ʯʘʩʪʴ ʠʤʝʝʪ ʩʤʳʩʣ ʫʜʝʣʴʥʦʛʦ ʫʛʣʘ ʬʘʨʘʜʝʝʚʩʢʦʛʦ ʚʨʘʱʝʥʠʷ  

Ὂ ὙὩ Ὂl

Ὤ
, ʛʜʝ Ὤ - ʪʦʣʱʠʥʘ ʧʣʝʥʢʠ. ʋʜʝʣʴʥʘʷ ʤʥʠʤʘʷ ʯʘʩʪʴ Ὂ

Ὅά Ὂl

Ὤ
 ʩʚ̫ʟʘʥʘ ʩ ʵʣʣʠʧʪʠʯʥʦʩʪʴʶ ʚʳʭʦʜʷʱʝʛʦ ʩʚʝʪʦʚʦʛʦ ʧʫʯʢʘ Ὂ

ÔÁÎÈὊὬȢ ɺ ʵʣʝʢʪʨʦʜʠʧʦʣʴʥʦʤ ʧʨʠʙʣʠʞʝʥʠʠ ʫʜʝʣʴʥʦʝ ʬʘʨʘʜʝʝʚʩʢʦʝ 

ʚʨʘʱʝʥʠʝ ʤʦʞʝʪ ʙʳʪʴ ʚʳʯʠʩʣʝʥʦ ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ:  Ὂ = 

̒  
ὲ‐  Ὧ‐ ȟ  

̒  
Ὧ‐  ὲ‐ , ʛʜʝ  

ὲ  
ρ

ς
ὲ
 
 ὲ ȟὯ  

ρ

ς
Ὧ
 
 Ὧ ȟ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʚʝʣʠʯʠʥʳ ʚʚʦʜʷʪʩʷ 

ʯʝʨʝʟ ʢʦʤʧʦʥʝʥʪʳ ʢʦʤʧʣʝʢʩʥʦʡ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ: ὔ

 ὲ ὭὯȟ̄ ̅ ̆ ὔ
ς
 ‐ρρ ‐ρς. 

ʇʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʠ ʦʙʩʫʞʜʝʥʠʝ 

ɼʣʷ ʩʣʫʯʘʷ ʠʩʭʦʜʥʦʡ ʛʣʘʜʢʦʡ ʦʜʥʦʨʦʜʥʦʡ ʠʟʦʪʨʦʧʥʦʡ ʧʣʝʥʢʠ ʪʦʣ-

ʱʠʥʦʡ 30 ʥʤ ʧʫʪʝʤ ʨʝʰʝʥʠʷ ʦʙʨʘʪʥʦʡ ʟʘʜʘʯʠ ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʩʧʝʢʪʨʘʣʴ-

ʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʥʝʜʠʘʛʦʥʘʣʴʥʳʭ ʢʦʤʧʦʥʝʥʪ ʪʝʥʟʦʨʘ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ 

ʧʨʦʥʠʮʘʝʤʦʩʪʠ, ʢʦʪʦʨʳʝ ʢʘʯʝʩʪʚʝʥʥʦ ʭʦʨʦʰʦ ʢʦʨʨʝʣʠʨʫʶʪ ʩ ʣʠʪʝʨʘʪʫʨ-

ʥʳʤʠ ʜʘʥʥʳʤʠ [7]. ʈʘʩʯʝʪʳ ʄʆ ʦʪʢʣʠʢʘ ʦʢʠʩʣʝʥʥʳʡ ʥʘʥʦʧʣʝʥʦʢ ʧʝʨʤʘʣ-

ʣʦʷ ʩ ʫʯʝʪʦʤ ʥʘʨʘʩʪʘʶʱʝʛʦ ʦʢʠʩʣʝʥʥʦʛʦ ʩʣʦʷ ʷʚʣʷʶʪʩʷ ʥʝʪʨʠʚʠʘʣʴʥʦʡ ʟʘ-

ʜʘʯʝʡ, ʠ ʜʣʷ ʝʝ ʨʝʰʝʥʠʷ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʧʨʦʛʨʘʤʤʥʳʡ ʧʘʢʝʪ ANSYS 

Lumerical FDTD. ʉʣʦʞʥʦʩʪʴ ʩʦʩʪʦʠʪ ʚ ʪʦʤ, ʯʪʦ, ʩʦʛʣʘʩʥʦ ʣʠʪʝʨʘʪʫʨʥʳʤ ʠ 
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ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤ ʜʘʥʥʳʤ, ʥʘʥʦʧʣʝʥʢʘ ʠʤʝʝʪ ʛʨʘʜʠʝʥʪʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ 

ʦʢʠʩʣʝʥʥʳʭ ʬʘʟ ʧʦ ʛʣʫʙʠʥʝ. ʇʦʩʣʝ ʦʪʞʠʛʘ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ ʥʠʞʝ 450 Áʉ 

ʠʩʭʦʜʥʳʡ ʧʝʨʤʘʣʣʦʡ ʚʙʣʠʟʠ ʧʦʜʣʦʞʢʠ ʠ NiFe2O4 ʥʘ ʛʨʘʥʠʮʝ ʨʘʟʜʝʣʘ ʩ ʚʦʟ-

ʜʫʭʦʤ ʨʘʟʜʝʣʝʥʳ ʪʦʥʢʠʤ ʦʢʠʩʣʝʥʥʳʤ ʩʣʦʝʤ NiFeOx, ʩʦʩʪʦʷʱʠʤ ʠʟ ʩʤʝʩʠ 

ʦʢʩʠʜʦʚ Ni, Fe, Mo, Mn, Cu, Ti ʠ Al, ʠ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʣʝʛʠʨʦʚʘʥʥʳʭ ʬʘʟ 

ʥʘ ʦʩʥʦʚʝ ʠʦʥʦʚ [8]. ʇʨʠ ʵʪʦʤ ʠʟʚʝʩʪʥʦ, ʯʪʦ NiFe2O4 ʥʝ ʚʥʦʩʠʪ ʚʢʣʘʜ ʚ ʄʆ 

ʦʪʢʣʠʢ. ɺ ʨʘʟʨʘʙʦʪʘʥʥʦʡ ʨʘʥʥʝʝ ʤʦʜʝʣʠ ʜʚʫʩʣʦʡʥʦʡ ʥʘʥʦʧʣʝʥʢʠ, ʦʪʦ-

ʞʞʸʥʥʦʡ ʧʨʠ 425 ęʉ, ʙʳʣʠ ʨʘʩʩʯʠʪʘʥʳ ʜʠʘʛʦʥʘʣʴʥʳʝ ʢʦʤʧʦʥʝʥʪʳ ʪʝʥʟʦʨʘ 

ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʜʣʷ ʥʠʞʥʝʛʦ ʥʝʦʢʠʩʣʸʥʥʦʛʦ ʠ ʚʝʨʭʥʝʛʦ 

ʯʘʩʪʠʯʥʦ ʦʢʠʩʣʝʥʥʦʛʦ ʩʣʦʝʚ. 

ɺ ʥʘʰʝʡ ʨʘʙʦʪʝ ʜʣʷ ʨʘʩʯʸʪʘ ʄʆ ʦʪʢʣʠʢʘ ʥʠʞʥʝʛʦ ʩʣʦʷ ʙʳʣʠ ʠʩʧʦʣʴ-

ʟʦʚʘʥʳ ʟʥʘʯʝʥʠʷ ‐ρς ʠʩʭʦʜʥʦʡ (ʥʝʦʢʠʩʣʝʥʥʦʡ) ʧʣʝʥʢʠ NiFe. ɼʣʷ ʚʝʨʭʥʝʛʦ 
ʩʣʦʷ ʠʩʧʦʣʴʟʦʚʘʥʦ ʛʨʘʜʠʝʥʪʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʥʝʜʠʘʛʦʥʘʣʴʥʳʭ ʢʦʤʧʦʥʝʥʪ 

ʪʝʥʟʦʨʘ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ‐ρςᾀȟ ʠʟʤʝʥʷʶʱʠʭʩʷ ʥʘ ʢʘʞʜʦʤ 
ʰʘʛʝ ʩʝʪʢʠ ʧʦ ʢʦʦʨʜʠʥʘʪʝ z, ʯʪʦ ʙʳʣʦ ʜʦʩʪʠʛʥʫʪʦ ʧʫʪʝʤ ʣʦʢʘʣʴʥʦʛʦ ʧʨʦ-

ʩʪʨʘʥʩʪʚʝʥʥʦʛʦ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʨʘʩʯʝʪʥʦʡ ʩʝʪʢʠ. ɻʨʘʥʠʯʥʳʝ ʫʩʣʦʚʠʷ ʥʘ 

ʧʦʚʝʨʭʥʦʩʪʠ ʦʢʠʩʣʝʥʥʦʛʦ ʩʣʦʷ ‐ρςᾀ πᴼπ. ʈʝʟʫʣʴʪʘʪʳ ʯʠʩʣʝʥʥʳʭ ʨʘʩ-

ʯʝʪʦʚ ʩʧʝʢʪʨʦʚ ʌʘʨʘʜʝʝʚʩʢʦʛʦ ʚʨʘʱʝʥʠʷ ʠʩʭʦʜʥʦʡ ʠ ʦʢʠʩʣʝʥʥʦʡ ʧʣʝʥʦʢ 

ʧʝʨʤʘʣʣʦʷ ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʨʠʩ. 1. ʉʦʧʦʩʪʘʚʣʝʥʠʝ ʨʘʩʯʝʪʥʳʭ ʠ ʵʢʩʧʝʨʠ-

ʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ ʧʦʢʘʟʳʚʘʝʪ ʭʦʨʦʰʝʝ ʢʘʯʝʩʪʚʝʥʥʦʝ ʩʦʚʧʘʜʝʥʠʝ, ʯʪʦ 

ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʚʝʨʥʦʩʪʠ ʠʩʧʦʣʴʟʫʝʤʦʡ ʤʦʜʝʣʠ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʚ ʵʬ-

ʬʝʢʪʠʚʥʦʤ ʥʝʦʜʥʦʨʦʜʥʦʤ ʦʢʠʩʣʝʥʥʦʤ ʩʣʦʝ ʜʦʤʠʥʠʨʫʶʱʠʡ ʚʢʣʘʜ ʚ ʥʝʜʠʘ-

ʛʦʥʘʣʴʥʳʝ ʢʦʤʧʦʥʝʥʪʳ ʪʝʥʟʦʨʘ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ, ʚʝʨʦʷʪ-

ʥʦ, ʚʥʦʩʷʪ ʥʝ ʜʦ ʢʦʥʮʘ ʦʢʠʩʣʝʥʥʳʝ ʯʘʩʪʠʮʳ ʧʝʨʤʘʣʣʦʷ. 

 

 
ʈʠʩʫʥʦʢ 1 ï ɿʘʚʠʩʠʤʦʩʪʴ ʫʛʣʘ ʌʘʨʘʜʝʝʚʩʢʦʛʦ ʚʨʘʱʝʥʠʷ ʦʪ ʜʣʠʥʳ ʚʦʣʥʳ ʩʚʝʪʘ ʧʨʠ ʥʦʨ-

ʤʘʣʴʥʦʤ ʧʘʜʝʥʠʠ ʟʦʥʜʠʨʫʶʱʝʛʦ ʠʟʣʫʯʝʥʠʷ ʜʣʷ ʥʘʥʦʧʣʸʥʦʢ ʧʝʨʤʘʣʣʦʷ ï (ʘ) ʵʢʩʧʝʨʠ-

ʤʝʥʪʘʣʴʥʳʝ [5] ʠ (ʙ) ʨʘʩʯʝʪʥʳʝ ʜʘʥʥʳʝ. ɺʩʪʘʚʢʠ ʥʘ ʛʨʘʬʠʢʘʭ ʜʝʤʦʥʩʪʨʠʨʫʶʪ ʨʘʟʥʦʩʪʴ 

ʵʣʣʠʧʪʠʯʥʦʩʪʠ ʜʣʷ ʠʩʭʦʜʥʦʡ ʠ ʦʪʦʞʞʸʥʥʦʡ ʧʨʠ 425ęʉ ʥʘʥʦʧʣʸʥʦʢ ʧʝʨʤʘʣʣʦʷ. ʕʢʩʧʝ-

ʨʠʤʝʥʪʘʣʴʥʳʝ ʜʘʥʥʳʝ ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʧʨʠ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ H=3.8 ʢʕ.  

ʘ) ʙ) 
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ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʨʘʟʨʘʙʦʪʘʥʥʘʷ ʤʦʜʝʣʴ ʜʚʫʩʣʦʡʥʦʡ ʥʘʥʦʧʣʸʥʢʠ ʦʪʦ-

ʞʞʝʥʥʦʛʦ ʧʝʨʤʘʣʣʦʷ ʩ ʛʨʘʜʠʝʥʪʥʳʤ ʨʘʩʧʨʝʜʝʣʝʥʠʝʤ ʚʜʦʣʴ ʥʦʨʤʘʣʠ ʢ ʧʦ-

ʚʝʨʭʥʦʩʪʠ ʦʙʨʘʟʮʘ ʚʝʢʪʦʨʘ ʛʠʨʘʮʠʠ ʦʢʠʩʣʝʥʥʦʛʦ ʩʣʦʷ ʢʘʯʝʩʪʚʝʥʥʦ ʦʧʠʩʳ-

ʚʘʝʪ ʩʧʝʢʪʨʘʣʴʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʫʛʣʘ ʚʨʘʱʝʥʠʷ ʧʣʦʩʢʦʩʪʠ ʧʦʣʷʨʠʟʘʮʠʠ ʠ 

ʵʣʣʠʧʪʠʯʥʦʩʪʠ ʧʨʠ ʵʬʬʝʢʪʝ ʌʘʨʘʜʝʷ. 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʧʦʜʜʝʨʞʢʝ ʈʦʩʩʠʡʩʢʦʛʦ ʥʘʫʯʥʦʛʦ ʬʦʥʜʘ, 

ʛʨʘʥʪ ˉ 21-72-10103. 
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ʂɺɸʅʊʆɺʓɽ ʌɸɿʆɺʓɽ ʇʆʈʊʈɽʊʓ ɺ ʍʆɼɽ ʈɽɸʃʀɿɸʎʀʀ  

ʇɸʈɸʄɽʊʈʀʏɽʉʂʆɻʆ ʇʈʆʎɽʉʉɸ, ɻɽʅɽʈɸʎʀʀ ʉʋʄʄɸʈʅʓʍ  

ʏɸʉʊʆʊ ʀ ɹɽɿ ʇʈʀɹʃʀɾɽʅʀʗ ɿɸɼɸʅʅʆʁ ʅɸʂɸʏʂʀ  

ɺ ʈɼʉ-ʂʈʀʉʊɸʃʃɽ 

ʌʠʟʠʢ ʉʠʥʛʭ ʈ., ʚʝʜ. ʥʘʫʯʥ. ʩʦʪʨ. ɹʝʣʠʥʩʢʠʡ ɸ.ɺ. 

ʀʥʪʝʨʝʩ ʢ ʛʝʥʝʨʘʮʠʠ ʥʝʢʣʘʩʩʠʯʝʩʢʠʭ ʟʘʧʫʪʘʥʥʳʭ ʩʦʩʪʦʷʥʠʡ ʩʚʝʪʘ ʠ 

ʠʭ ʧʨʠʤʝʥʝʥʠʶ ʚ ʨʘʟʣʠʯʥʳʭ ʟʘʜʘʯʘʭ ʢʚʘʥʪʦʚʦʡ ʠʥʬʦʨʤʘʪʠʢʠ ʠ ʢʚʘʥʪʦʚʳʭ 

ʬʘʥʪʦʤʥʳʭ ʠʟʦʙʨʘʞʝʥʠʡ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʢʨʠʩʪʘʣʣʦʚ ʩ ʨʝʛʫʣʷʨʥʦ-

ʜʦʤʝʥʥʦʡ ʩʪʨʫʢʪʫʨʦʡ (ʈɼʉ-ʢʨʠʩʪʘʣʣʦʚ) ʨʘʩʪʝʪ [1-5]. ʕʪʦ ʩʚʷʟʘʥʦ ʩ ʪʝʤ, 

ʯʪʦ ʪʘʢʠʝ ʢʨʠʩʪʘʣʣʳ ʧʦʟʚʦʣʷʶʪ ʵʬʬʝʢʪʠʚʥʦ ʨʝʘʣʠʟʦʚʘʪʴ ʥʝ ʦʜʠʥ ʥʝʣʠʥʝʡ-
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ʥʳʡ ʧʨʦʮʝʩʩ, ʘ ʥʝʩʢʦʣʴʢʦ, ʥʘʧʨʠʤʝʨ, ʧʘʨʘʤʝʪʨʠʯʝʩʢʠʡ ʧʨʦʮʝʩʩ, ʛʝʥʝʨʘʮʠʶ 

ʩʫʤʤʘʨʥʳʭ ʯʘʩʪʦʪ ʠ ʜʨʫʛʠʭ ʩ ʨʘʟʣʠʯʥʳʤʠ ʧʦʣʷʨʠʟʘʮʠʷʤʠ ʚʟʘʠʤʦʜʝʡʩʪ-

ʚʫʶʱʠʭ ʤʦʜ.  

ʊʝʦʨʝʪʠʯʝʩʢʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ ʢʚʘʥʪʦʚʳʭ ʩʪʘʪʠʩʪʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʩʚʝ-

ʪʘ ʦʩʫʱʝʩʪʚʣʝʥʦ ʚ ʧʨʠʙʣʠʞʝʥʠʤ ʟʘʜʘʥʥʦʛʦ ʧʦʣʷ ʥʘʢʘʯʢʠ [1-4] ʠ ʙʝʟ ʥʝʛʦ 

[5]. ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʤʳ ʠʩʩʣʝʜʦʚʘʣʠ ʢʚʘʥʪʦʚʳʝ ʩʚʦʡʩʪʚʘ ʩʚʝʪʘ ʩ ʧʦʤʦʱʴʶ 

ʬʫʥʢʮʠʠ ɺʠʛʥʝʨʘ ʚ ʩʣʫʯʘʝ, ʢʦʛʜʘ ʥʘʢʘʯʢʘ ʚʪʦʨʦʡ ʛʘʨʤʦʥʠʢʠ ʷʚʣʷʝʪʩʷ ʢʚʘʥ-

ʪʦʚʦʡ, ʘ ʦʩʪʘʣʴʥʳʝ ʥʘʭʦʜʷʪʩʷ ʚ ʩʦʩʪʦʷʥʠʠ ʚʘʢʫʫʤʘ ʥʘ ʚʭʦʜʝ ʈɼʉ-

ʢʨʠʩʪʘʣʣʘ. ʈʘʩʧʨʝʜʝʣʝʥʠʷ ɺʠʛʥʝʨʘ ʜʘʶʪ ʧʦʣʥʫʶ ʠʥʬʦʨʤʘʮʠʶ ʦ ʢʚʘʥʪʦʚʳʭ 

ʩʚʦʡʩʪʚʘʭ ʩʚʝʪʘ. ʉ ʧʦʤʦʱʴʶ ʬʫʥʢʮʠʠ ʢʚʘʟʠʚʝʨʦʷʪʥʦʩʪʥʦʛʦ ʨʘʩʧʨʝʜʝʣʝʥʠʷ 

ɺʠʛʥʝʨʘ ʤʦʞʥʦ ʚʠʟʫʘʣʠʟʠʨʦʚʘʪʴ ʦʜʥʦʚʨʝʤʝʥʥʦ ʢʚʘʥʪʦʚʳʝ ʬʣʫʢʪʫʘʮʠʠ 

ʦʙʝʠʭ ʢʚʘʜʨʘʪʫʨ ʥʘ ʬʘʟʦʚʦʡ ʧʣʦʩʢʦʩʪʠ. ʂʚʘʥʪʦʚʳʝ ʬʘʟʦʚʳʝ ʧʦʨʪʨʝʪʳ ʠʣ-

ʣʶʩʪʨʠʨʫʶʪ ʠʥʪʝʨʬʝʨʝʥʮʠʶ ʤʝʞʜʫ ʩʦʩʪʦʷʥʠʷʤʠ, ʥʝʛʘʫʩʩʦʚʫ (ʩ ʦʪʨʠʮʘ-

ʪʝʣʴʥʦʡ ʚʝʨʦʷʪʥʦʩʪʴʶ) [6] ʩʪʨʫʢʪʫʨʫ ʢʚʘʥʪʦʚʦʛʦ ʩʦʩʪʦʷʥʠʷ ʩʚʝʪʘ ʥʘ ʢʘʯʝ-

ʩʪʚʝʥʥʦʤ ʫʨʦʚʥʝ. 

ʆʙʘ ʧʨʦʮʝʩʩʘ (ʧʘʨʘʤʝʪʨʠʯʝʩʢʠʡ ʧʨʦʮʝʩʩ ʠ ʦʙʱʘʷ ʛʝʥʝʨʘʮʠʷ) ʤʦʛʫʪ 

ʙʳʪʴ ʵʬʬʝʢʪʠʚʥʦ ʨʝʘʣʠʟʦʚʘʥʳ ʚ ʈɼʉ-ʢʨʠʩʪʘʣʣʝ [1-5]. ɻʘʤʠʣʴʪʦʥʠʘʥ ʚʟʘʠ-

ʤʦʜʝʡʩʪʚʠʷ ʤʦʜ ὥρȟ ὥς, ὥσ ʥʘ ʯʘʩʪʦʪʘʭ ‫ȟ ςσ-ʩ ʥʝʦʙʳʢʥʦʚʝʥʥʦʡ ʧʦʣʷ ‫ ,‫

ʨʠʟʘʮʠʝʡ ʨʘʩʧʨʦʩʪʨʘʥʷʶʪʩʷ ʢʦʣʣʠʥʝʘʨʥʦ ʚʥʫʪʨʠ ʈɼʉ-ʢʨʠʩʪʘʣʣʘ ʠ ʠʤʝʝʪ 

ʚʠʜ [2-5] 

 

ὌὭὲὸ ᴐ‎ρὥρ
ςὥς ‎ςὥρὥςὥσ ὯȢὧȢ, 

 

ʛʜʝ ‎ρ ʠ ‎ς ï ʢʦʵʬʬʠʮʠʝʥʪʳ ʩʚʷʟʠ ʥʝʣʠʥʝʡʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʧʘ-

ʨʘʤʝʪʨʠʯʝʩʢʦʛʦ ʧʨʦʮʝʩʩʘ ʠ ʛʝʥʝʨʘʮʠʠ ʩʫʤʤʘʨʥʦʡ ʛʘʨʤʦʥʠʢʠ. 

 

ʉʦʙʩʪʚʝʥʥʳʝ ʟʥʘʯʝʥʠʷ ʠ ʩʦʙʩʪʚʝʥʥʳʝ ʚʝʢʪʦʨʳ ʛʘʤʠʣʴʪʦʥʠʘʥʘ ʚʟʘʠ-

ʤʦʜʝʡʩʪʚʠʷ ʙʳʣʠ ʥʘʡʜʝʥʳ ʯʠʩʣʝʥʥʦ [5]. ʅʘ ʦʩʥʦʚʝ ʧʦʣʫʯʝʥʥʳʭ ʩʦʙʩʪʚʝʥ-

ʥʳʭ ʟʥʘʯʝʥʠʡ ʠ ʚʝʢʪʦʨʦʚ ʙʳʣʘ ʥʘʡʜʝʥʘ ʤʘʪʨʠʮʘ ʧʣʦʪʥʦʩʪʠ, ʢʦʛʜʘ ʤʦʜʘ ὥς 
ʥʘʭʦʜʠʣʘʩʴ ʚ ʢʦʛʝʨʝʥʪʥʦʤ ʩʦʩʪʦʷʥʠʠ ʩʦ ʩʨʝʜʥʠʤ ʯʠʩʣʦʤ ʬʦʪʦʥʦʚ 12, ʘ ʦʩ-

ʪʘʣʴʥʳʝ ï ʚ ʚʘʢʫʫʤʥʦʤ ʩʦʩʪʦʷʥʠʠ [5]: 

 

”‒ Ὗ‒”πὟ ‒, 

 

ʛʜʝ Ὗ‒ ὩὼὴὭὌὭὲὸ‒Ⱦᴐ, ”π ‪π ‪π ï ʤʘʪʨʠʮʘ ʧʣʦʪʥʦʩʪʠ ʥʘ-

ʯʘʣʴʥʦʛʦ ʩʦʩʪʦʷʥʠʷ. ȿ‪π ȿπρȿ‌ςȿπσ, ‒ ‎ὸ ï ʧʨʠʚʝʜʝʥʥʘʷ ʜʣʠʥʘ ʚʟʘʠ-

ʤʦʜʝʡʩʪʚʠʷ. 

 

ʌʫʥʢʮʠʷ ɺʠʛʥʝʨʘ ʤʦʜʳ ʚʳʯʠʩʣʷʝʪʩʷ ʩ ʧʦʤʦʱʴʶ ʬʦʨʤʫʣʳ [8] 
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ʛʜʝ ”ρ‒ ὝὶςὝὶσ”‒ , ”ς‒ ὝὶρὝὶσ”‒  , 

”σ‒ ὝὶρὝὶς”‒  ï ʨʝʜʫʮʠʨʦʚʘʥʥʘʷ ʤʘʪʨʠʮʘ ʧʣʦʪʥʦʩʪʠ ʤʦʜʳ ὥρȟ ὥς, 

ὥσ. ὼὮ ὙὩὥὮȟ ὴὮ ὍάὥὮ. 

ʂʦʥʢʨʝʪʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʨʘʩʯʝʪʘ ʬʫʥʢʮʠʠ ɺʠʛʥʝʨʘ ὡὮὼὮȟὴὮȟ‒ ʜʣʷ 

ʚʩʝʭ ʪʨʝʭ ʤʦʜ ʧʦʢʘʟʘʥʳ ʥʘ ʨʠʩ. 1 ʠ 2.  

 
ʈʠʩ. 1. ʌʘʟʦʚʳʡ ʧʦʨʪʨʝʪ ʤʦʜ ὥȟ ὥ, ὥ ʙʝʟ ʧʨʠʙʣʠʞʝʥʠʷ ʟʘʜʘʥʥʦʡ ʥʘʢʘʯʢʠ ʚ ʈɼʉ-

ʢʨʠʩʪʘʣʣʝ. ʄʦʜʘ ʥʘʢʘʯʢʠ ὥ ʥʘʭʦʜʠʣʘʩʴ ʚ ʢʦʛʝʨʝʥʪʥʦʤ ʩʦʩʪʦʷʥʠʠ, ʘ ʦʩʪʘʣʴʥʳʝ ï ʚ ʚʘ-

ʢʫʫʤʥʦʤ ʧʨʠ ‒ πȟττφτ, ȿ‌ȿ ρς, • π. 

 

 
ʈʠʩ. 2. ʌʘʟʦʚʳʡ ʧʦʨʪʨʝʪ ʤʦʜ ὥȟ ὥ, ὥ ʙʝʟ ʧʨʠʙʣʠʞʝʥʠʷ ʟʘʜʘʥʥʦʡ ʥʘʢʘʯʢʠ ʚ ʈɼʉ-

ʢʨʠʩʪʘʣʣʝ. ʄʦʜʘ ʥʘʢʘʯʢʠ ὥ ʥʘʭʦʜʠʪʩʷ ʚ ʢʦʛʝʨʝʥʪʥʦʤ ʩʦʩʪʦʷʥʠʠ, ʘ ʦʩʪʘʣʴʥʳʝ - ʚ ʚʘʢʫ-

ʫʤʥʦʤ ʧʨʠ ‒ πȟυσςψ, ȿ‌ȿ ρς, • π. 
 

ʀʟ ʨʠʩ. 1 ʚʠʜʥʦ, ʯʪʦ ʩʦʩʪʦʷʥʠʷ ʤʦʜ ὥρ ʠ ὥσ ʩʪʘʥʦʚʷʪʩʷ ʥʝʛʘʫʩʩʦʚʳʤʠ, 
ʘ ʬʫʥʢʮʠʷ ɺʠʛʥʝʨʘ ʤʝʥʷʝʪ ʟʥʘʢ ʧʨʠ ʦʧʨʝʜʝʣʝʥʥʦʡ ʜʣʠʥʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ. 

ʅʘ ʨʠʩ. 2 ʧʦʢʘʟʘʥʦ, ʯʪʦ ʚ ʭʦʜʝ ʵʚʦʣʶʮʠʠ ʩʦʩʪʦʷʥʠʝ ʤʦʜʳ ὥρ ʧʝʨʝʩʪʘʝʪ 
ʙʳʪʴ ʥʝʛʘʫʩʩʦʚʳʤ, ʘ ʩʦʩʪʦʷʥʠʝ ʤʦʜʳ ὥσ ʩʪʘʥʦʚʠʪʩʷ ʙʦʣʝʝ ʥʝʛʘʫʩʩʦʚʳʤ. 
ʅʝʛʘʫʩʩʦʚʳ ʩʦʩʪʦʷʥʠʷ ʤʦʛʫʪ ʙʳʪʴ ʧʦʣʝʟʥʳʤʠ ʜʣʷ ʟʘʜʘʯ ʢʚʘʥʪʦʚʦʡ ʩʝʥʩʦ-

ʨʠʢʠ, ʪʦ ʝʩʪʴ, ʤʦʞʥʦ ʫʣʫʯʰʠʪʴ ʢʚʘʥʪʦʚʫʶ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴ ʠʥʪʝʨʬʝʨʦ-

ʤʝʪʨʘ ʄʘʭʘ-ʎʝʥʜʝʨʘ, ʢʦʛʜʘ ʥʝʦʙʭʦʜʠʤʦ ʠʟʤʝʨʠʪʴ ʬʘʟʦʚʫʶ ʟʘʜʝʨʞʢʫ ʚ 

ʧʣʝʯʝ ʠʥʪʝʨʬʝʨʦʤʝʪʨʘ [7,8]. 
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ScxY1-xVO4:Eu
3+

 

ʄʣ. ʥʘʫʯʥ. ʩʦʪʨ. ɺʦʟʥʷʢ ɺ.ʉ., ʩʪ. ʥʘʫʯʥ. ʩʦʪʨ. ʉʧʘʩʩʢʠʡ ɼ.ɸ
1
. 

1
ʅʀʀʗʌ ʄɻʋ ʠʤ. ʄ.ɺ. ʃʦʤʦʥʦʩʦʚʘ  

ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʪʚʝʨʜʦʛʦ ʨʘʩʪʚʦʨʘ ʷʚʣʷʝʪʩʷ ʦʜʥʠʤ ʠʟ ʚʦʟʤʦʞʥʳʭ ʧʫ-

ʪʝʡ ʩʦʟʜʘʥʠʷ ʥʦʚʳʭ ʤʘʪʝʨʠʘʣʦʚ ʩ ʟʘʜʘʥʥʳʤ ʥʘʙʦʨʦʤ ʩʚʦʡʩʪʚ. ɺ ʟʘʚʠʩʠʤʦ-

ʩʪʠ ʦʪ ʦʪʥʦʩʠʪʝʣʴʥʦʡ ʢʦʥʮʝʥʪʨʘʮʠʠ ʢʦʤʧʦʥʝʥʪʦʚ ʨʘʩʪʚʦʨʘ ʧʨʦʠʩʭʦʜʠʪ ʠʟ-

ʤʝʥʝʥʠʝ ʝʛʦ ʩʪʨʫʢʪʫʨʥʳʭ, ʦʧʪʠʯʝʩʢʠʭ ʠ ʣʶʤʠʥʝʩʮʝʥʪʥʳʭ ʩʚʦʡʩʪʚ. ʇʨʠ 

ʵʪʦʤ ʠʟʤʝʥʝʥʠʷ ʤʦʛʫʪ ʧʨʦʠʩʭʦʜʠʪʴ ʢʘʢ ʣʠʥʝʡʥʦ (ʟʘʢʦʥ ɺʝʛʘʨʜʘ), ʪʘʢ ʠ ʥʝ-

ʣʠʥʝʡʥʦ. ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʜʣʷ ʮʝʣʦʛʦ ʨʷʜʘ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ ʫʞʝ ʙʳʣʦ 

ʧʦʢʘʟʘʥʦ ʥʝʣʠʥʝʡʥʦʝ ʠʟʤʝʥʝʥʠʝ ʩʚʝʪʦʚʦʛʦ ʚʳʭʦʜʘ, ʪʝʤʧʝʨʘʪʫʨʥʦʡ ʩʪʘ-

ʙʠʣʴʥʦʩʪʠ, ʢʠʥʝʪʠʢʠ ʟʘʪʫʭʘʥʠʷ ʣʶʤʠʥʝʩʮʝʥʮʠʠ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʪʘʢʦʚʳʤ 

ʜʣʷ ʩʦʝʜʠʥʝʥʠʡ, ʩʦʩʪʘʚʣʷʶʱʠʭ ʪʚʝʨʜʳʡ ʨʘʩʪʚʦʨ [1]. ɿʘʯʘʩʪʫʶ ʫʜʘʝʪʩʷ 

ʫʣʫʯʰʠʪʴ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʩʦʝʜʠʥʝʥʠʷ ʧʦʩʣʝ ʜʦʙʘʚʣʝʥʠʷ ʚʪʦʨʦʛʦ ʢʘʪʠʦʥʘ ʚ 

ʤʘʪʨʠʮʫ. ʇʦ ʵʪʦʡ ʧʨʠʯʠʥʝ ʠʩʩʣʝʜʦʚʘʥʠʝ ʥʦʚʳʭ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ ʧʨʝʜ-

ʩʪʘʚʣʷʝʪ ʠʥʪʝʨʝʩ ʜʣʷ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʠʭ ʚ ʢʘʯʝʩʪʚʝ ʤʝʪʦʜʘ ʦʧʪʠʤʠʟʘʮʠʠ 

ʫʞʝ ʠʟʚʝʩʪʥʳʭ ʣʶʤʠʥʝʩʮʝʥʪʥʳʭ ʩʚʦʡʩʪʚ ʚ ʢʦʥʢʨʝʪʥʳʭ ʩʦʝʜʠʥʝʥʠʷʭ. 

ɼʘʥʥʘʷ ʨʘʙʦʪʘ ʧʦʩʚʷʱʝʥʘ ʠʩʩʣʝʜʦʚʘʥʠʶ ʚʣʠʷʥʠʷ ʩʦʩʪʘʚʘ ʪʚʝʨʜʳʭ 

ʨʘʩʪʚʦʨʦʚ ScxY1-xVO4:1ʤʦʣ%Eu
3+

 (ʭ=0, 0.1, 0.3, 0.5, 0.7, 0.9, 1) ʥʘ ʠʭ ʣʶʤʠ-

ʥʝʩʮʝʥʪʥʳʝ ʩʚʦʡʩʪʚʘ, ʚ ʯʘʩʪʥʦʩʪʠ, ʥʘ ʪʝʤʧʝʨʘʪʫʨʥʫʶ ʩʪʘʙʠʣʴʥʦʩʪʴ ʣʶʤʠ-

ʥʝʩʮʝʥʮʠʠ. ɺ ʭʦʜʝ ʨʘʙʦʪʳ ʙʳʣʘ ʠʜʝʥʪʠʬʠʮʠʨʦʚʘʥʘ ʧʨʠʨʦʜʘ ʣʶʤʠʥʝʩʮʝʥ-

ʮʠʠ ʠ ʤʝʭʘʥʠʟʤ ʧʝʨʝʥʦʩʘ ʵʥʝʨʛʠʠ ʥʘ ʮʝʥʪʨʳ ʢʘʢ ʧʨʠʤʝʩʥʦʛʦ, ʪʘʢ ʠ ʩʦʙʩʪ-

ʚʝʥʥʦʛʦ ʩʚʝʯʝʥʠʷ ʤʘʪʨʠʮʳ ʚʘʥʘʜʘʪʦʚ. ʀʟʤʝʨʝʥʠʝ ʩʧʝʢʪʨʦʚ ʣʶʤʠʥʝʩʮʝʥ-

ʮʠʠ ʧʨʠ ʘʟʦʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʧʦʢʘʟʘʣʦ, ʯʪʦ ʧʦʣʦʞʝʥʠʝ ʧʦʣʦʩʳ ʩʦʙʩʪʚʝʥʥʦ-

ʛʦ ʩʚʝʯʝʥʠʷ ʤʘʪʨʠʮʳ ʟʘʚʠʩʠʪ ʦʪ ʩʦʩʪʘʚʘ ʪʚʝʨʜʦʛʦ ʨʘʩʪʚʦʨʘ, ʠʥʪʝʥʩʠʚʥʦʩʪʴ 

ʣʶʤʠʥʝʩʮʝʥʮʠʠ ʢʦʪʦʨʦʛʦ ʚ ʮʝʣʦʤ ʟʘʚʠʩʠʪ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ. ʋʚʝʣʠʯʝʥʠʝ 

ʢʦʥʮʝʥʪʨʘʮʠʠ Sc ʚ ʜʘʥʥʦʡ ʩʝʨʠʠ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ ʧʨʠʚʦʜʠʪ ʢ ʥʝʣʠʥʝʡ-

ʥʦʤʫ ʠʟʤʝʥʝʥʠʶ ʪʝʤʧʝʨʘʪʫʨʳ ʪʫʰʝʥʠʷ ʩʦʙʩʪʚʝʥʥʦʡ ʣʶʤʠʥʝʩʮʝʥʮʠʠ 

(ʫʤʝʥʴʰʝʥʠʝ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʩʚʝʯʝʥʠʷ ʚ 2 ʨʘʟʘ). ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʪʝʤʧʝʨʘ-

ʪʫʨʥʘʷ ʩʪʘʙʠʣʴʥʦʩʪʴ ʩʦʙʩʪʚʝʥʥʦʡ ʣʶʤʠʥʝʩʮʝʥʮʠʠ ʚ ʪʚʝʨʜʦʤ ʨʘʩʪʚʦʨʝ ʧʦ-

ʚʳʰʘʝʪʩʷ (ʤʘʢʩʠʤʫʤ ʜʣʷ ʭ=0.3). ʇʨʦʮʝʩʩ ʪʫʰʝʥʠʷ ʩʦʙʩʪʚʝʥʥʦʛʦ ʩʚʝʯʝʥʠʷ 

ʩʦʧʨʦʚʦʞʜʘʝʪʩʷ ʫʩʠʣʝʥʠʝʤ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʧʨʠʤʝʩʥʦʛʦ ʩʚʝʯʝʥʠʷ Eu
3+

 ʚ ʠʥ-
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ʪʝʨʚʘʣʝ ʦʪ 80ʂ ʜʦ 270-300ʂ. ʉʪʦʠʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʚ ʦʙʨʘʟʮʝ YVO4:Eu
3+ 
ʦʪ-

ʩʫʪʩʪʚʫʝʪ ʜʘʣʴʥʝʡʰʝʝ ʪʝʤʧʝʨʘʪʫʨʥʦʝ ʪʫʰʝʥʠʝ ʚ ʦʙʣʘʩʪʠ 300-500ʂ. ʆʜʥʘʢʦ 

ʧʦʩʣʝ 300ʂ ʩ ʫʚʝʣʠʯʝʥʠʝ ʢʦʥʮʝʥʪʨʘʮʠʠ Sc ʚ ʪʚʝʨʜʦʤ ʨʘʩʪʚʦʨʝ ʪʝʤʧʝʨʘʪʫʨ-

ʥʦʝ ʪʫʰʝʥʠʝ ʧʨʠʤʝʩʥʦʡ ʣʶʤʠʥʝʩʮʝʥʮʠʠ Eu ʩʪʘʥʦʚʠʪʩʷ ʙʦʣʝʝ ʚʳʨʘʞʝʥʦ.  

ʀʩʩʣʝʜʦʚʘʥʠʝ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ ʚʘʥʘ-

ʜʘʪʦʚ ʧʨʦʚʦʜʠʣʦʩʴ ʥʘ ʜʠʬʨʘʢʪʦʤʝʪʨʝ Bruker D8 Advance. ʀʩʩʣʝʜʦʚʘʥʠʝ 

ʣʶʤʠʥʝʩʮʝʥʪʥʳʭ ʩʚʦʡʩʪʚ, ʚ ʪʦʤ ʯʠʩʣʝ ʪʝʤʧʝʨʘʪʫʨʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ, ʙʳʣʦ 

ʧʨʦʚʝʜʝʥʦ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʣʘʙʦʨʘʪʦʨʥʦʡ ʫʩʪʘʥʦʚʢʠ ʥʘ ʦʩʥʦʚʝ ʩʧʝʢʪʨʦ-

ʛʨʘʬʘ LOT-Oriel MSï257. ʋʩʪʘʥʦʚʢʘ ʧʦʟʚʦʣʷʝʪ ʨʝʛʠʩʪʨʠʨʦʚʘʪʴ ʩʧʝʢʪʨʳ 

ʣʶʤʠʥʝʩʮʝʥʮʠʠ ʚ ʦʙʣʘʩʪʠ 300 ï 1050 ʥʤ ʠ ʩʧʝʢʪʨʳ ʚʦʟʙʫʞʜʝʥʠʷ ʣʶʤʠ-

ʥʝʩʮʝʥʮʠʠ ʦʙʨʘʟʮʦʚ ʚ ʦʙʣʘʩʪʠ 220 ï 500 ʥʤ ʚ ʜʠʘʧʘʟʦʥʝ 80-500 ʂ.   

ʄʦʩʢʚʘ, ʈʦʩʩʠʷ 

Eïmail: levushkina@physics.msu.ru 

ʃʠʪʝʨʘʪʫʨʘ 

Belsky A.N., Gektin A.V., Vasilev A.N. // IEEE Trans. Nucl. Sc. 2014. Vol.61. 
P.262-270. 
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ʅʆɺʓɽ ʌʆʊʆʅʅʓɽ ʉʊʈʋʂʊʋʈʀʈʆɺɸʅʅʓɽ ʄɸʊɽʈʀɸʃʓ 

ɼʃʗ ɿɸɼɸʏ ʇʈʗʄʆʁ ʀ ʆɹʈɸʊʅʆʁ ʄɸɻʅʀʊʆʆʇʊʀʂʀ 

ʉʪ. ʥʘʫʯ. ʩʦʪʨ. ʂʘʣʠʰ ɸ.ʅ., ʜʦʮʝʥʪ ɹʝʣʦʪʝʣʦʚ ɺ.ʀ. 

 

ɺ ʧʦʩʣʝʜʥʠʝ ʛʦʜʳ ʙʦʣʴʰʦʝ ʚʥʠʤʘʥʠʝ ʫʜʝʣʷʝʪʩʷ ʠʩʩʣʝʜʦʚʘʥʠʶ ʤʘʛʥʠ-

ʪʦʬʦʪʦʥʥʳʭ ʩʪʨʫʢʪʫʨ, ʚ ʢʦʪʦʨʳʭ ʦʧʪʠʯʝʩʢʠʝ ʨʝʟʦʥʘʥʩʳ ʧʨʠʚʦʜʷʪ ʢ ʫʚʝʣʠ-

ʯʝʥʠʶ ʤʘʛʥʠʪʦʦʧʪʠʯʝʩʢʠʭ ʵʬʬʝʢʪʦʚ. ɺ ʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʭ ʩʨʝʜʘʭ ʚʦʟ-

ʤʦʞʥʦ ʥʝ ʪʦʣʴʢʦ ʫʩʠʣʝʥʠʝ ʠʟʚʝʩʪʥʳʭ ʤʘʛʥʠʪʦʦʧʪʠʯʝʩʢʠʭ ʵʬʬʝʢʪʦʚ, ʥʦ ʠ 

ʧʦʷʚʣʝʥʠʝ ʥʦʚʳʭ, ʢʦʪʦʨʳʝ ʦʪʩʫʪʩʪʚʫʶʪ ʚ ʦʜʥʦʨʦʜʥʳʭ ʩʨʝʜʘʭ [1,2]. ʇʦ-

ʩʢʦʣʴʢʫ ʵʪʠ ʵʬʬʝʢʪʳ ʩʚʷʟʘʥʳ ʩ ʚʦʟʙʫʞʜʝʥʠʝʤ ʦʧʪʠʯʝʩʢʠʭ ʤʦʜ ʩʪʨʫʢʪʫʨ, 

ʦʥʠ ʥʦʩʷʪ ʨʝʟʦʥʘʥʩʥʳʡ ʭʘʨʘʢʪʝʨ ʠ, ʩʪʘʣʦ ʙʳʪʴ, ʷʚʣʷʶʪʩʷ ʩʧʝʢʪʨʘʣʴʥʦ ʫʟ-

ʢʦʧʦʣʦʩʥʳʤʠ. ʂʨʦʤʝ ʪʦʛʦ, ʩʠʤʤʝʪʨʠʷ ʩʪʨʫʢʪʫʨ ʥʘʢʣʘʜʳʚʘʝʪ ʦʛʨʘʥʠʯʝʥʠʷ 

ʥʘ ʚʦʟʤʦʞʥʳʝ ʤʘʛʥʠʪʦʦʧʪʠʯʝʩʢʠʝ ʵʬʬʝʢʪʳ. 

ɺ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʨʘʩʩʤʘʪʨʠʚʘʶʪʩʷ ʥʝʩʢʦʣʴʢʦ ʪʠʧʦʚ ʤʘʛʥʠʪʦʬʦʪʦʥ-

ʥʳʭ ʩʪʨʫʢʪʫʨ, ʚ ʢʦʪʦʨʳʭ ʵʪʠ ʦʛʨʘʥʠʯʝʥʠʷ ʤʦʛʫʪ ʙʳʪʴ ʩʥʷʪʳ. ɺ ʯʘʩʪʥʦʩʪʠ, 

ʜʣʷ ʜʦʩʪʠʞʝʥʠʷ ʰʠʨʦʢʦʧʦʣʦʩʥʳʭ ʤʘʛʥʠʪʦʦʧʪʠʯʝʩʢʠʭ ʵʬʬʝʢʪʦʚ ʧʨʝʜʣʦ-

ʞʝʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʤʘʛʥʠʪʦʧʣʘʟʤʦʥʥʳʝ ʢʚʘʟʠʢʨʠʩʪʘʣʣʳ, ʢʦʪʦʨʳʝ ʧʨʝʜ-

ʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʤʘʛʥʠʪʥʫʶ ʧʣʝʥʢʫ ʩ ʥʘʥʝʩʝʥʥʦʡ ʥʘ ʥʝʡ ʢʚʘʟʠʧʝʨʠʦʜʠʯʝ-

ʩʢʦʡ ʤʝʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʝʪʢʦʡ [3]. ɺ ʪʘʢʠʭ ʩʪʨʫʢʪʫʨʘʭ ʚʦʟʙʫʞʜʘʶʪʩʷ ʙʣʦ-

ʭʦʚʩʢʠʝ ʧʣʘʟʤʦʥʥʳʝ ʤʦʜʳ, ʜʠʩʧʝʨʩʠʷ ʢʦʪʦʨʳʭ ʣʠʥʝʡʥʦ ʟʘʚʠʩʠʪ ʦʪ ʧʦʧʝ-

ʨʝʯʥʦʡ ʧʣʦʩʢʦʩʪʥʦʡ ʢʦʤʧʦʥʝʥʪʳ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʩʪʨʫʢʪʫʨʳ. ʕʪʘ ʟʘʚʠ-

ʩʠʤʦʩʪʴ ʦʙʫʩʣʘʚʣʠʚʘʝʪ ʫʩʠʣʝʥʠʝ ʵʢʚʘʪʦʨʠʘʣʴʥʦʛʦ ʤʘʛʥʠʪʦʦʧʪʠʯʝʩʢʦʛʦ 

ʵʬʬʝʢʪʘ ʂʝʨʨʘ. ʇʦʩʢʦʣʴʢʫ ʩʧʝʢʪʨʘʣʴʥʘʷ ʧʣʦʪʥʦʩʪʴ ʦʧʪʠʯʝʩʢʠʭ ʤʦʜ ʢʚʘʟʠ-

ʧʝʨʠʦʜʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ ʚʳʰʝ, ʯʝʤ ʜʣʷ ʧʝʨʠʦʜʠʯʝʩʢʦʡ ʩ ʘʥʘʣʦʛʠʯʥʳʤʠ 

ʧʘʨʘʤʝʪʨʘʤʠ, ʪʦ ʤʘʛʥʠʪʦʦʧʪʠʯʝʩʢʠʡ ʵʬʬʝʢʪ ʧʨʠʦʙʨʝʪʘʝʪ ʤʫʣʴʪʠʨʝʟʦʥʘʥʩ-

ʥʳʡ ʭʘʨʘʢʪʝʨ. 

ɼʣʷ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʛʦ ʥʘʙʣʶʜʝʥʠʷ ʙʳʣʠ ʨʘʩʩʤʦʪʨʝʥʳ ʩʪʨʫʢʪʫʨʳ ʩʦ 

ʩʣʝʜʫʶʱʠʤʠ ʧʘʨʘʤʝʪʨʘʤʠ. ɺ ʢʘʯʝʩʪʚʝ ʤʘʛʥʠʪʥʦʛʦ ʜʠʵʣʝʢʪʨʠʢʘ ʚʟʷʪ ʞʝʣʝ-

ʟʦ-ʠʪʪʨʠʝʚʳʡ ʛʨʘʥʘʪ ʩʦʩʪʘʚʘ Bi1.5Gd1.5Fe4.5Al 0.5O12 ʪʦʣʱʠʥʦʡ 110 ʥʤ ʥʘ 

ʧʦʜʣʦʞʢʝ ʛʘʜʦʣʠʥʠʡ-ʛʘʣʣʠʝʚʦʛʦ ʛʨʘʥʘʪʘ. ʇʨʠ ʪʘʢʦʡ ʪʦʣʱʠʥʝ ʚ ʩʣʦʝ ʥʝ 

ʚʦʟʥʠʢʘʝʪ ʚʦʣʥʦʚʦʜʥʳʭ ʤʦʜ. ʆʜʥʦʤʝʨʥʘʷ ʤʝʪʘʣʣʠʯʝʩʢʘʷ ʨʝʰʝʪʢʘ ʦʙʨʘʟʦ-

ʚʘʥʘ ʧʦʣʦʩʢʘʤʠ ʠʟ ʟʦʣʦʪʘ ʰʠʨʠʥʦʡ 600 ʥʤ ʠ ʱʝʣʷʤʠ ʤʝʞʜʫ ʥʠʤʠ ʰʠʨʠʥʦʡ 

80 ʥʤ. ɺʳʩʦʪʘ ʨʝʰʝʪʢʠ ʩʦʩʪʘʚʣʷʝʪ 80 ʥʤ. ʇʦʨʷʜʦʢ ʯʝʨʝʜʦʚʘʥʠʷ ʧʦʣʦʩʦʢ ʠ 

ʱʝʣʝʡ ʦʙʨʘʟʫʝʪ ʣʠʙʦ ʧʝʨʠʦʜʠʯʝʩʢʫʶ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʴ, ʣʠʙʦ ʢʚʘʟʠʧʝ-

ʨʠʦʜʠʯʝʩʢʫʶ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʫʶ ʙʠʥʘʨʥʦʡ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ ʌʠʙʦʥʘʯ-

ʯʠ. ɺʥʝʰʥʝʝ ʤʘʛʥʠʪʥʦʝ ʧʦʣʝ ʩʦʩʪʘʚʣʷʣʦ 200 ʤʊʣ ʜʣʷ ʜʦʩʪʠʞʝʥʠʷ ʤʘʛʥʠʪ-

ʥʦʛʦ ʥʘʩʳʱʝʥʠʷ. ɹʳʣʘ ʨʘʩʩʯʠʪʘʥʘ ʜʠʩʧʝʨʩʠʷ ʧʣʘʟʤʦʥʥʳʭ ʤʦʜ. ʕʢʩʧʝʨʠ-

ʤʝʥʪʘʣʴʥʦ ʧʦʜʪʚʝʨʞʜʝʥʦ, ʯʪʦ ʚ ʧʦʣʦʩʝ ʜʣʠʥ ʚʦʣʥ ʦʪ 750 ʜʦ 1000 ʥʤ ʚ ʧʝ-



ʇʦʜʩʝʢʮʠʷ çʌʦʪʦʥʥʳʝ ʠ ʢʚʘʥʪʦʚʳʝ ʪʝʭʥʦʣʦʛʠʠ. ʎʠʬʨʦʚʘʷ ʤʝʜʠʮʠʥʘè  29 

ʨʠʦʜʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʝ ʚʦʟʙʫʞʜʘʝʪʩʷ ʪʦʣʴʢʦ ʦʜʠʥ ʧʣʘʟʤʦʥʥʳʡ ʨʝʟʦʥʘʥʩ, ʘ 

ʚ ʢʚʘʟʠʧʝʨʠʦʜʠʯʝʩʢʦʡ ð ʪʨʠ. ʅʘ ʵʪʠʭ ʨʝʟʦʥʘʥʩʘʭ ʧʨʦʠʩʭʦʜʠʪ ʠ ʫʚʝʣʠʯʝ-

ʥʠʝ ʵʢʚʘʪʦʨʠʘʣʴʥʦʛʦ ʵʬʬʝʢʪʘ ʂʝʨʨʘ, ʢʦʪʦʨʳʡ, ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʩʪʘʥʦʚʠʪʩʷ 

ʤʫʣʴʪʠʨʝʟʦʥʘʥʩʥʳʤ. ɺʘʞʥʦ, ʯʪʦ ʧʦʜʙʦʨʦʤ ʧʘʨʘʤʝʪʨʦʚ ʢʚʘʟʠʢʨʠʩʪʘʣʣʠʯʝ-

ʩʢʦʡ ʩʪʨʫʢʪʫʨʳ ʤʦʞʥʦ ʜʦʩʪʠʯʴ ʣʶʙʦʛʦ ʥʘʧʝʨʝʜ ʟʘʜʘʥʥʦʛʦ ʩʧʝʢʪʨʘʣʴʥʦʛʦ 

ʧʦʣʦʞʝʥʠʷ ʦʧʪʠʯʝʩʢʠʭ ʠ ʤʘʛʥʠʪʦʦʧʪʠʯʝʩʢʠʭ ʨʝʟʦʥʘʥʩʦʚ. ʇʨʠ ʙʣʠʟʢʦʤ 

ʨʘʩʧʦʣʦʞʝʥʠʠ ʦʧʪʠʯʝʩʢʠʭ ʨʝʟʦʥʘʥʩʦʚ ʦʥʠ ʥʘʯʠʥʘʶʪ ʧʝʨʝʢʨʳʚʘʪʴʩʷ ʠ 

ʬʦʨʤʠʨʦʚʘʪʴ ʰʠʨʦʢʦʧʦʣʦʩʥʳʡ ʦʧʪʠʯʝʩʢʠʡ ʦʪʢʣʠʢ. 

ɼʨʫʛʠʤ ʨʘʩʩʤʦʪʨʝʥʥʳʤ ʢʣʘʩʩʦʤ ʤʘʛʥʠʪʦʬʦʪʦʥʥʳʭ ʥʘʥʦʩʪʨʫʢʪʫʨ ʷʚʣʷ-

ʶʪʩʷ ʤʘʛʥʠʪʦʧʣʘʟʤʦʥʥʳʝ ʩʪʨʫʢʪʫʨʳ ʩ ʥʘʨʫʰʝʥʥʦʡ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ 

ʩʠʤʤʝʪʨʠʝʡ. ʅʘʣʠʯʠʝ ʟʝʨʢʘʣʴʥʦʡ ʩʠʤʤʝʪʨʠʠ ʦʪʥʦʩʠʪʝʣʴʥʦ ʧʣʦʩʢʦʩʪʠ, 

ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦʡ ʧʣʦʩʢʦʩʪʠ ʤʘʛʥʠʪʥʦʡ ʧʣʝʥʢʠ, ʧʨʠʚʦʜʠʪ ʢ ʟʘʧʨʝʪʫ ʥʘ 

ʥʝʯʝʪʥʳʝ ʧʦ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʤʘʛʥʠʪʦʦʧʪʠʯʝʩʢʠʝ ʵʬʬʝʢʪʳ, ʩʚʷʟʘʥʥʳʝ ʩ 

ʧʣʦʩʢʦʩʪʥʦʡ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʴʶ, ʚ ʢʦʥʬʠʛʫʨʘʮʠʠ ʥʦʨʤʘʣʴʥʦʛʦ ʧʘʜʝʥʠʷ. 

ʊʘʢʠʤʠ ʵʬʬʝʢʪʘʤʠ ʷʚʣʷʶʪʩʷ, ʚ ʯʘʩʪʥʦʩʪʠ, ʵʢʚʘʪʦʨʠʘʣʴʥʳʡ ʠ ʤʝʨʠʜʠʦ-

ʥʘʣʴʥʳʡ ʵʬʬʝʢʪʳ ʂʝʨʨʘ, ʢʦʪʦʨʳʝ ʦʙʨʘʱʘʶʪʩʷ ʚ ʥʫʣʴ ʧʨʠ ʥʦʨʤʘʣʴʥʦʤ ʧʘ-

ʜʝʥʠʠ ʩʚʝʪʘ. ʊʝʦʨʝʪʠʯʝʩʢʠ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʠʟʫʯʝʥʳ ʦʜʥʦʤʝʨʥʳʝ ʤʘʛ-

ʥʠʪʦʧʣʘʟʤʦʥʥʳʝ ʢʨʠʩʪʘʣʣʳ, ʚ ʢʦʪʦʨʳʭ ʥʘʨʫʰʝʥʠʝ ʩʠʤʤʝʪʨʠʠ ʤʝʪʘʣʣʠʯʝ-

ʩʢʦʡ ʨʝʰʝʪʢʠ ʜʦʩʪʠʛʘʝʪʩʷ ʟʘ ʩʯʝʪ ʣʠʙʦ ʚʘʨʠʘʮʠʠ ʰʠʨʠʥʳ ʧʦʣʦʩ ʠ ʱʝʣʝʡ, 

ʣʠʙʦ ʠʟʤʝʥʝʥʥʦʡ ʬʦʨʤʦʡ ʧʦʣʦʩ (ʚ ʚʠʜʝ ʟʫʙʯʠʢʦʚ) [4,5]. ɺ ʪʘʢʠʭ ʩʪʨʫʢʪʫ-

ʨʘʭ ʧʨʠ ʥʦʨʤʘʣʴʥʦʤ ʧʘʜʝʥʠʠ ʚʦʟʙʫʞʜʘʶʪʩʷ ʚʩʪʨʝʯʥʳʝ ʥʝʵʢʚʠʚʘʣʝʥʪʥʳʝ 

ʧʣʘʟʤʦʥʥʳʝ ʤʦʜʳ, ʧʦʵʪʦʤʫ ʚʢʣʘʜ ʚ ʤʘʛʥʠʪʦʦʧʪʠʯʝʩʢʠʡ ʵʬʬʝʢʪ ʦʪ ʥʠʭ ʥʝ 

ʢʦʤʧʝʥʩʠʨʫʝʪʩʷ. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ ʩʪʝʧʝʥʠ ʥʝʩʠʤʤʝʪʨʠʯʥʦ-

ʩʪʠ ʵʢʚʘʪʦʨʠʘʣʴʥʳʡ ʵʬʬʝʢʪ ʂʝʨʨʘ ʧʨʠ ʥʦʨʤʘʣʴʥʦʤ ʧʘʜʝʥʠʠ ʫʚʝʣʠʯʠʚʘʝʪ-

ʩʷ. 

ʂʨʦʤʝ ʪʦʛʦ, ʚ ʨʘʙʦʪʝ ʨʘʩʩʤʘʪʨʠʚʘʶʪʩʷ ʤʘʛʥʠʪʦʬʦʪʦʥʥʳʝ ʩʪʨʫʢʪʫʨʳ 

ʜʣʷ ʫʩʠʣʝʥʠʷ ʦʙʨʘʪʥʳʭ ʤʘʛʥʠʪʦʦʧʪʠʯʝʩʢʠʭ ʵʬʬʝʢʪʦʚ. ʈʘʩʩʤʦʪʨʝʥʘ ʪʝʦʨʝ-

ʪʠʯʝʩʢʘʷ ʟʘʜʘʯʘ ʦ ʬʘʟʝ ʦʧʪʠʯʝʩʢʦʛʦ ʧʦʣʷ ʩʪʦʷʯʝʡ ʚʦʣʥʳ ʚ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʤ 

ʩʣʦʝ, ʛʨʘʥʠʯʘʱʝʤ ʩ ʤʝʪʘʣʣʦʤ ʣʠʙʦ ʬʦʪʦʥʥʳʤ ʢʨʠʩʪʘʣʣʦʤ. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʚ 

ʩʣʫʯʘʝ ʬʦʪʦʥʥʦʛʦ ʢʨʠʩʪʘʣʣʘ ʬʘʟʘ ʧʦʣʷ ʩʫʱʝʩʪʚʝʥʥʦ ʟʘʚʠʩʠʪ ʦʪ ʜʣʠʥʳ ʚʦʣ-

ʥʳ, ʯʪʦ ʦʙʝʩʧʝʯʠʚʘʝʪ ʣʝʛʢʦ ʧʝʨʝʩʪʨʘʠʚʘʝʤʫʶ ʢʦʥʬʠʛʫʨʘʮʠʶ ʧʦʣʷ. ɽʩʣʠ 

ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʡ ʩʣʦʡ ʷʚʣʷʝʪʩʷ ʤʘʛʥʠʪʥʳʤ, ʪʦ ʧʦʣʝ ʦʙʨʘʪʥʦʛʦ ʵʬʬʝʢʪʘ 

ʌʘʨʘʜʝʷ ʪʘʢʞʝ ʩʪʘʥʦʚʠʪʩʷ ʥʝʦʜʥʦʨʦʜʥʳʤ ʩ ʧʝʨʝʩʪʨʘʠʚʘʝʤʦʡ ʬʘʟʦʡ, ʠ ʵʪʦ 

ʦʙʩʪʦʷʪʝʣʴʩʪʚʦ ʧʦʟʚʦʣʷʝʪ ʩʝʣʝʢʪʠʚʥʦ ʚʦʟʙʫʞʜʘʪʴ ʩʪʦʷʯʠʝ ʩʧʠʥʦʚʳʝ ʚʦʣʥʳ 

ʨʘʟʣʠʯʥʳʭ ʧʦʨʷʜʢʦʚ [6]. 

ʇʨʝʜʣʦʞʝʥʘ ʥʦʚʘʷ ʤʘʛʥʠʪʦʬʦʪʦʥʥʘʷ ʩʪʨʫʢʪʫʨʘ, ʧʨʝʜʩʪʘʚʣʷʶʱʘʷ ʩʦʙʦʡ 

ʤʘʛʥʠʪʥʳʡ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʡ ʩʣʦʡ ʤʝʞʜʫ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʤʠ ʙʨʵʛʛʦʚʩʢʠʤʠ 

ʨʝʟʦʥʘʥʩʘʤʠ, ʧʨʠʯʝʤ ʪʦʣʱʠʥʘ ʩʣʦʷ ʣʦʢʘʣʴʥʦ ʫʤʝʥʴʰʝʥʘ [7]. ɹʣʘʛʦʜʘʨʷ 
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ʵʪʦʤʫ ʧʨʠ ʚʦʟʙʫʞʜʝʥʠʠ ʨʝʟʦʥʘʪʦʨʥʦʡ ʤʦʜʳ ʦʧʪʠʯʝʩʢʦʝ ʧʦʣʝ ʣʦʢʘʣʠʟʫʝʪʩʷ 

ʥʝ ʪʦʣʴʢʦ ʚ ʧʦʧʝʨʝʯʥʦʤ ʥʘʧʨʘʚʣʝʥʠʠ, ʥʦ ʠ ʚ ʧʣʦʩʢʦʩʪʠ ʩʣʦʷ. ʊʘʢʠʤ ʦʙʨʘ-

ʟʦʤ ʩʦʟʜʘʝʪʩʷ ʵʬʬʝʢʪʠʚʥʦʝ ʧʦʣʝ ʦʙʨʘʪʥʦʛʦ ʵʬʬʝʢʪʘ ʌʘʨʘʜʝʷ ʚ ʦʛʨʘʥʠʯʝʥ-

ʥʦʡ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ ʦʙʣʘʩʪʠ. ɺʝʣʠʯʠʥʘ ʧʦʣʷ ʠ ʝʛʦ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʘʷ 

ʢʦʥʬʠʛʫʨʘʮʠʷ ʩʫʱʝʩʪʚʝʥʥʦ ʟʘʚʠʩʷʪ ʦʪ ʛʝʦʤʝʪʨʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ ʩʪʨʫʢ-

ʪʫʨʳ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʨʝʜʣʦʞʝʥʥʘʷ ʩʪʨʫʢʪʫʨʘ ʷʚʣʷʝʪʩʷ ʩʪʘʙʠʣʴʥʳʤ ʢʦʤ-

ʧʘʢʪʥʳʤ ʧʝʨʝʩʪʨʘʠʚʘʝʤʳʤ ʠʩʪʦʯʥʠʢʦʤ ʩʧʠʥʦʚʳʭ ʚʦʣʥ. ʇʦʨʷʜʦʢ ʩʣʦʝʚ ʚ 

ʨʘʩʩʤʦʪʨʝʥʥʦʡ ʩʪʨʫʢʪʫʨʝ ʙʳʣ ʪʘʢʠʤ: [4x(SiO2/TiO2)]/[ʤʘʛʥʠʪʥʳʡ 

ʩʣʦʡ]/[4x (TiO2/SiO2)]/[GGG]. ʉʣʦʠ SiO2 ʠ TiO2 ʠʤʝʶʪ ʧʦʩʪʦʷʥʥʫʶ ʪʦʣ-

ʱʠʥʫ, ʨʘʚʥʫʶ 98 ʥʤ ʠ 80 ʥʤ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʋʤʝʥʴʰʝʥʠʝ ʪʦʣʱʠʥʳ ʤʘʛ-

ʥʠʪʥʦʛʦ ʩʣʦʷ ʚʳʧʦʣʥʷʝʪʩʷ ʚ ʚʠʜʝ ʜʠʩʢʘ ʜʠʘʤʝʪʨʦʤ 1ï4 ʤʢʤ. ʚ ʚʠʜʝ ʵʣʣʠʧʩʘ 

ʠʣʠ ʚʦʦʙʱʝ ʩ ʥʝʨʦʚʥʳʤʠ ʛʨʘʥʠʮʘʤʠ. ʊʦʣʱʠʥʘ ʫʜʘʣʷʝʤʦʛʦ ʩʣʦʷ ʤʘʛʥʝʪʠʢʘ 

ʚʘʨʠʴʠʨʫʝʪʩʷ ʦʪ 0 ʜʦ 50 ʥʤ. ʊʘʢʦʝ ʩʦʦʪʥʦʰʝʥʠʝ ʚʳʩʦʪʳ ʫʜʘʣʷʝʤʦʛʦ ʩʣʦʷ ʢ 

ʝʛʦ ʜʠʘʤʝʪʨʫ ʧʦʟʚʦʣʷʝʪ ʩʚʝʩʪʠ ʢ ʤʠʥʠʤʫʤʫ ʚʣʠʷʥʠʝ ʢʨʘʝʚʳʭ ʵʬʬʝʢʪʦʚ, 

ʧʨʠʚʦʜʷʱʠʭ ʢ ʠʩʢʘʞʝʥʠʶ ʩʚʝʪʦʚʦʛʦ ʠ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʝʡ. ɼʣʷ ʨʘʟʣʠʯʥʳʭ 

ʟʥʘʯʝʥʠʡ ʜʠʘʤʝʪʨʘ ʘʧʝʨʪʫʨʳ ʠ ʛʣʫʙʠʥʳ ʪʨʘʚʣʝʥʠʷ ʤʘʛʥʠʪʥʦʛʦ ʩʣʦʷ ʙʳʣʠ 

ʨʘʩʩʯʠʪʘʥʳ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʵʬʬʝʢʪʠʚʥʦʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʦʙʨʘʪʥʦʛʦ ʵʬ-

ʬʝʢʪʘ ʌʘʨʘʜʝʷ ʠ ʟʘʪʝʤ ʨʘʩʩʯʠʪʘʥʳ ʧʘʨʘʤʝʪʨʳ ʧʨʝʮʝʩʩʠʠ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ 

ʚ ʦʙʨʘʟʮʝ. ɸʥʘʣʠʟ ʧʦʣʫʯʝʥʥʳʭ ʜʘʥʥʳʭ ʧʦʢʘʟʳʚʘʝʪ, ʯʪʦ ʯʝʤ ʙʦʣʝʝ ʥʝʦʜʥʦ-

ʨʦʜʥʳʤ ʚ ʨʘʜʠʘʣʴʥʦʤ ʥʘʧʨʘʚʣʝʥʠʠ ʙʫʜʝʪ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ, 

ʪʝʤ ʙʦʣʴʰʫʶ ʘʤʧʣʠʪʫʜʫ ʙʫʜʝʪ ʠʤʝʪʴ ʧʨʝʮʝʩʩʠʷ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʚ ʤʘʛ-

ʥʠʪʥʦʤ ʩʣʦʝ. 
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ʂʆʄɹʀʅɸʎʀʆʅʅʆɻʆ ʈɸʉʉɽʗʅʀʗ ʉɺɽʊɸ 

ɺʝʜ. ʥʘʫʯ. ʩʦʪʨ. ʆʩʤʠʥʢʠʥʘ ʃ.ɸ., ʘʩʧʠʨʘʥʪ ʉʦʙʠʥʘ ʀ.ʆ., 

ʥʘʫʯ. ʩʦʪʨ. ɻʦʥʯʘʨ ʂ.ɸ., ʩʪʫʜʝʥʪ ɻʶʧʧʝʥʝʥ ʆ.ɼ., 

ʤʣ.ʥʘʫʯ.ʩʦʪʨ. ʇʝʨʚʫʰʠʥ ʅ.ɺ., (ʌʌʄ), ʤʣ. ʥʘʫʯ. ʩʦʪʨ. ʏʝʯʝʭʠʥ ɺ.ʀ., 

(ʌʌʄ); ʚʝʜ. ʥʘʫʯ. ʩʦʪʨ. ʂʫʜʨʷʚʮʝʚ ɸ.ɸ. (ʀʊʕɹ ʈɸʅ); 

ʜʦʮʝʥʪ ɽʣʠʩʝʝʚ ɸ.ɸ. (ʌʅʄ), ʜʦʮʝʥʪ ʊʶʨʠʥ-ʂʫʟʴʤʠʥ ʇ.ɸ. (ʌʌʄ) 

ɺ ʩʦʚʨʝʤʝʥʥʦʡ ʙʠʦʤʝʜʠʮʠʥʝ ʨʘʟʨʘʙʦʪʢʘ ʥʦʚʳʭ ʤʝʪʦʜʦʚ ʦʧʪʠʯʝʩʢʦʛʦ 

ʘʥʘʣʠʟʘ ʤʦʣʝʢʫʣʷʨʥʦʛʦ ʩʦʩʪʘʚʘ ʢʣʝʪʦʢ ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʘʢʪʫʘʣʴʥʫʶ ʟʘ-

ʜʘʯʫ. ʊʦʯʥʦʩʪʴ ʠ ʩʢʦʨʦʩʪʴ ʘʥʘʣʠʟʘ ʦʪʜʝʣʴʥʳʭ ʢʣʝʪʦʢ ʷʚʣʷʶʪʩʷ ʨʝʰʘʶʱʠ-

ʤʠ ʬʘʢʪʦʨʘʤʠ, ʦʩʦʙʝʥʥʦ ʚ ʜʠʘʛʥʦʩʪʠʢʝ ʠ ʣʝʯʝʥʠʠ ʨʘʢʘ. ɼʘʥʥʦʝ ʠʩʩʣʝʜʦʚʘ-

ʥʠʝ ʧʦʩʚʷʱʝʥʦ ʨʘʟʨʘʙʦʪʢʝ ʢʦʤʧʦʟʠʪʥʳʭ ʤʘʪʝʨʠʘʣʦʚ - ʢʨʝʤʥʠʝʚʳʭ ʤʠʢʨʦ-

ʠʛʣ (SiMNs), ʫʢʨʘʰʝʥʥʳʭ ʥʘʥʦʯʘʩʪʠʮʘʤʠ ʟʦʣʦʪʘ (Au) - ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ʙʠʦʣʦʛʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʦʚ ʥʘ ʤʦʣʝʢʫʣʷʨʥʦʤ ʫʨʦʚʥʝ ʚ ʦʪʜʝʣʴʥʳʭ ʨʘʢʦʚʳʭ 

ʢʣʝʪʢʘʭ ʩ ʧʦʤʦʱʴʶ ʤʝʪʦʜʘ ʛʠʛʘʥʪʩʢʦʛʦ ʢʦʤʙʠʥʘʮʠʦʥʥʦʛʦ ʨʘʩʩʝʷʥʠʷ (ɻʂʈ, 

ʘʥʛʣ. Surface enhanced Raman scattering, SERS). SiMNs ʙʳʣʠ ʩʠʥʪʝʟʠʨʦʚʘ-

ʥʳ ʤʝʪʦʜʦʤ ʛʣʫʙʦʢʦʛʦ ʨʝʘʢʪʠʚʥʦ-ʠʦʥʥʦʛʦ ʪʨʘʚʣʝʥʠʷ (DRIE) ʥʘ ʧʣʘʩʪʠʥʘʭ 

c-Si ʠ ʟʘʪʝʤ ʧʦʢʨʳʪʳ ʥʘʥʦʯʘʩʪʠʮʘʤʠ ʟʦʣʦʪʘ ʜʣʷ ʦʙʝʩʧʝʯʝʥʠʷ ʘʢʪʠʚʥʦʩʪʠ 

ɻʂʈ.  

 

 
 

ʈʠʩʫʥʦʢ 1. ʉʧʝʢʪʨʳ ɻʂʈ ʢʣʝʪʦʢ MDA-231 ʧʦʩʣʝ 24 ʯʘʩʦʚ ʠʥʢʫʙʘʮʠʠ ʥʘ 

Au@SiMNs (ʩʧʨʘʚʘ) ʠ 2D-ʢʘʨʪʳ, ʠʣʣʶʩʪʨʠʨʫʶʱʠʝ ʦʙʣʘʩʪʠ ʫʩʠʣʝʥʠʷ ʩʠʛʥʘʣʘ 

ʜʣʷ ʧʠʢʘ ʢʣʝʪʦʢ ʥʘ 1541 ʩʤ-ĭ (ʩʣʝʚʘ). 
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ʆʙʥʘʨʫʞʝʥʦ, ʯʪʦ ʢʣʝʪʢʠ ʨʘʢʘ ʤʦʣʦʯʥʦʡ ʞʝʣʝʟʳ MDA-231 ʠ ʩʪʚʦʣʦ-

ʚʳʝ ʢʣʝʪʢʠ ʄʉʂ ʜʝʤʦʥʩʪʨʠʨʫʶʪ ʥʘʜʝʞʥʫʶ ʘʜʛʝʟʠʶ ʠ ʠʤʤʦʙʠʣʠʟʘʮʠʶ ʥʘ 

Au@SiMNs ʚ ʪʝʯʝʥʠʝ 72 ʯʘʩʦʚ ʠʥʢʫʙʘʮʠʠ. ʕʪʦ, ʚ ʩʦʯʝʪʘʥʠʠ ʩ ʠʟʫʯʝʥʥʳʤ ʚ 

ʨʘʙʦʪʝ ʦʪʩʫʪʩʪʚʠʝʤ ʮʠʪʦʪʦʢʩʠʯʥʦʩʪʠ ʤʠʢʨʦʠʛʣ, ʧʦʢʘʟʘʥʦ ʦʪʢʨʳʚʘʝʪ ʚʦʟ-

ʤʦʞʥʦʩʪʴ ʠʟʫʯʝʥʠʷ ʤʦʣʝʢʫʣʷʨʥʦʛʦ ʩʦʩʪʘʚʘ ʢʦʥʢʨʝʪʥʦʡ ʞʠʚʦʡ ʢʣʝʪʢʠ ʩ 

ʧʦʤʦʱʴʶ ɻʂʈ ʩʧʝʢʪʨʦʩʢʦʧʠʠ. ʂʨʦʤʝ ʪʦʛʦ, Au@SiMNs ʠʩʧʦʣʴʟʫʶʪʩʷ ʜʣʷ 

ʜʦʩʪʘʚʢʠ ʜʦʢʩʦʨʫʙʠʮʠʥʘ ʚ ʢʣʝʪʢʠ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʥʘʙʣʶʜʘʪʴ ʫʩʠʣʝʥʠʝ ʩʠʛ-

ʥʘʣʘ ʠ ʦʪʩʣʝʞʠʚʘʪʴ ʠʟʤʝʥʝʥʠʷ ʤʦʣʝʢʫʣʷʨʥʦʛʦ ʩʦʩʪʘʚʘ ʢʣʝʪʦʢ ʩ ʪʝʯʝʥʠʝʤ 

ʚʨʝʤʝʥʠ ʧʨʠ ʚʦʟʜʝʡʩʪʚʠʠ ʣʝʢʘʨʩʪʚ-ʮʠʪʦʩʪʘʪʠʢʦʚ. 

 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʚʳʧʦʣʥʝʥʦ ʧʨʠ ʧʦʜʜʝʨʞʢʝ ʧʨʦʛʨʘʤʤʳ ʨʘʟʚʠʪʠʷ ʄʝʞ-

ʜʠʩʮʠʧʣʠʥʘʨʥʦʡ ʥʘʫʯʥʦ-ʦʙʨʘʟʦʚʘʪʝʣʴʥʦʡ ʰʢʦʣʳ ʄɻʋ ʠʤʝʥʠ ʄ.ɺ. ʃʦʤʦ-

ʥʦʩʦʚʘ "ʌʦʪʦʥʠʢʘ ʠ ʢʚʘʥʪʦʚʳʝ ʪʝʭʥʦʣʦʛʠʠ. ʎʠʬʨʦʚʘʷ ʤʝʜʠʮʠʥʘ". 
 

 

 

ʈɸɿʈɸɹʆʊʂɸ ʉʈɽɼʉʊɺ ʈɽɸɹʀʃʀʊɸʎʀʀ ʉʃʋʍɸ 

ɺʝʜ. ʩʧʝʮ.ʉʘʣʴʥʠʢʦʚ ʂ.ʉ; ʩʪ. ʥʘʫʯ. ʩʦʪʨ., ʀʚʘʥʝʥʢʦ ʀ.ʇ.; 

ʜʦʮʝʥʪ ʊʫʞʠʣʠʥʘ ʂ.ɺ. (ʌʌʄ); ʟʘʚ. ʢʘʬʝʜʨʦʡ, ʉʳʩʦʝʚ ʅ.ʅ. 

ʎʝʣʴʶ ʜʘʥʥʦʛʦ ʜʦʢʣʘʜʘ ʷʚʣʷʝʪʩʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʚ ʦʙʣʘʩʪʠ ʧʨʠʢʣʘʜʥʦʡ 

ʬʠʟʠʢʠ, ʘ ʠʤʝʥʥʦ ʧʨʠʤʝʥʝʥʠʷ ʨʝʟʫʣʴʪʘʪʦʚ ʥʘʫʯʥʳʭ ʧʦʠʩʢʦʚʳʭ ʵʢʩʧʝʨʠ-

ʤʝʥʪʘʣʴʥʳʭ ʠ ʪʝʦʨʝʪʠʯʝʩʢʠʭ ʠʩʩʣʝʜʦʚʘʥʠʡ, ʥʘʫʯʥʦ-ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʭ ʠ 

ʦʧʪrʥʦ-ʢʦʥʩʪʨʫʢʪʦʨʩʢʠʭ ʨʘʙʦʪ, ʘ ʪʘʢʞʝ ʨʘʟʣʠʯʥʳʭ ʪʝʭʥʦʣʦʛʠʡ ʠ ʤʝʪʦʜʦʚ 

ʜʣʷ ʩʦʟʜʘʥʠʷ ʩʨʝʜʩʪʚ ʨʝʘʙʠʣʠʪʘʮʠʠ ʩʣʫʭʘ. 

 

ʈʠʩ. 1. ʆʨʛʘʥʳ ʩʣʫʭʘ ʯʝʣʦʚʝʢʘ 



ʇʦʜʩʝʢʮʠʷ çʌʦʪʦʥʥʳʝ ʠ ʢʚʘʥʪʦʚʳʝ ʪʝʭʥʦʣʦʛʠʠ. ʎʠʬʨʦʚʘʷ ʤʝʜʠʮʠʥʘè  33 

ʅʘʨʫʰʝʥʠʝ ʩʣʫʭʘ ʤʦʞʝʪ ʙʳʪʴ: 

¶ ʂʦʥʜʫʢʪʠʚʥʳʤ (ʥʘʨʫʰʝʥʠʝ ʚ ʟʚʫʢʦʧʨʦʚʦʜʷʱʝʡ ʩʠʩʪʝʤʝ); 

ɺʳʟʳʚʘʝʪʩʷ ʧʨʝʧʷʪʩʪʚʠʝʤ ʥʘ ʧʫʪʠ ʧʨʦʚʝʜʝʥʠʷ ʠ ʫʩʠʣʝʥʠʷ ʟʚʫʢʘ. ʇʨʝ-

ʧʷʪʩʪʚʠʝ ʚʦʟʥʠʢʘʝʪ ʥʘ ʫʨʦʚʥʝ ʥʘʨʫʞʥʦʛʦ ʫʭʘ (ʧʦʨʦʢʠ ʨʘʟʚʠʪʠʷ, ʩʝʨʥʳʝ 

ʧʨʦʙʢʠ, ʦʧʫʭʦʣʠ, ʥʘʨʫʞʥʳʡ ʦʪʠʪ) ʠʣʠ ʩʨʝʜʥʝʛʦ ʫʭʘ (ʪʨʘʚʤʘʪʠʯʝʩʢʦʝ ʧʦ-

ʚʨʝʞʜʝʥʠʝ ʙʘʨʘʙʘʥʥʦʡ ʧʝʨʝʧʦʥʢʠ ʠ ʩʣʫʭʦʚʳʭ ʢʦʩʪʦʯʝʢ, ʩʨʝʜʥʠʡ ʦʪʠʪ, ʘʜ-

ʛʝʟʠʚʥʳʡ ʦʪʠʪ, ʪʫʙʦʦʪʠʪ, ʦʪʦʩʢʣʝʨʦʟ). 

¶ ʉʝʥʩʦʥʝʚʨʘʣʴʥʳʤ (ʧʦʨʘʞʝʥʠʝ ʵʣʝʤʝʥʪʦʚ ʟʚʫʢʦʚʦʩʧʨʠʷʪʠʷ); 

ʅʘ ʫʨʦʚʥʝ ʚʥʫʪʨʝʥʥʝʛʦ ʫʭʘ ʤʝʭʘʥʠʯʝʩʢʠʝ ʢʦʣʝʙʘʥʠʷ ʧʨʝʦʙʨʘʟʫʶʪʩʷ ʚ 

ʵʣʝʢʪʨʠʯʝʩʢʠʝ ʠʤʧʫʣʴʩʳ. ɻʠʙʝʣʴ ʚʦʣʦʩʢʦʚʳʭ ʢʣʝʪʦʢ ʩʪʘʥʦʚʠʪʩʷ ʧʨʠʯʠʥʦʡ 

ʥʘʨʫʰʝʥʠʷ ʵʪʦʛʦ ʧʨʦʮʝʩʩʘ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʚʦʩʧʨʠʷʪʠʝ ʟʚʫʢʦʚ ʫʭʫʜʰʘʝʪʩʷ ʠ 

ʠʩʢʘʞʘʝʪʩʷ. ʇʨʠ ʥʝʡʨʦʩʝʥʩʦʨʥʦʡ ʪʫʛʦʫʭʦʩʪʠ ʯʘʩʪʦ ʥʘʙʣʶʜʘʝʪʩʷ ʩʥʠʞʝʥʠʝ 

ʙʦʣʝʚʦʛʦ ʧʦʨʦʛʘ ʟʚʫʢʦʚʦʩʧʨʠʷʪʠʷ. ɼʣʷ ʟʜʦʨʦʚʦʛʦ ʯʝʣʦʚʝʢʘ ʙʦʣʝʚʦʡ ʧʦʨʦʛ 

ʧʨʠ ʚʦʩʧʨʠʷʪʠʠ ʟʚʫʢʦʚ ʩʦʩʪʘʚʣʷʝʪ ʧʨʠʤʝʨʥʦ 100 ʜɹ. ʇʘʮʠʝʥʪʳ ʩ ʥʝʡʨʦʩʝʥ-

ʩʦʨʥʦʡ ʪʫʛʦʫʭʦʩʪʴʶ ʤʦʛʫʪ ʠʩʧʳʪʳʚʘʪʴ ʙʦʣʴ ʧʨʠ ʚʦʩʧʨʠʷʪʠʠ ʟʚʫʢʦʚ, ʥʝ-

ʟʥʘʯʠʪʝʣʴʥʦ ʧʨʝʚʳʰʘʶʱʠʭ ʧʦʨʦʛ ʩʣʳʰʠʤʦʩʪʠ. ʅʝʡʨʦʩʝʥʩʦʨʥʘʷ ʪʫʛʦ-

ʫʭʦʩʪʴ ʤʦʞʝʪ ʨʘʟʚʠʪʴʩʷ ʧʨʠ ʤʠʢʨʦʮʠʨʢʫʣʷʪʦʨʥʳʭ ʥʘʨʫʰʝʥʠʷʭ ʚʦ ʚʥʫʪ-

ʨʝʥʥʝʤ ʫʭʝ, ʙʦʣʝʟʥʠ ʄʝʥʴʝʨʘ (ʧʦʚʳʰʝʥʠʠ ʜʘʚʣʝʥʠʷ ʞʠʜʢʦʩʪʠ ʚʦ ʚʥʫʪʨʝʥ-

ʥʝʤ ʫʭʝ), ʧʘʪʦʣʦʛʠʠ ʩʣʫʭʦʚʦʛʦ ʥʝʨʚʘ ʠ ʪ.ʜ. ʇʨʠʯʠʥʦʡ ʥʝʡʨʦʩʝʥʩʦʨʥʦʡ ʛʣʫ-

ʭʦʪʳ ʤʦʛʫʪ ʩʪʘʪʴ ʥʝʢʦʪʦʨʳʝ ʠʥʬʝʢʮʠʦʥʥʳʝ ʟʘʙʦʣʝʚʘʥʠʷ (ʢʦʨʴ, ʤʝʥʠʥʛʠʪ, 

ʵʧʠʜʝʤʠʯʝʩʢʠʡ ʧʘʨʦʪʠʪ ʠ ʜʨ.). ʂʨʘʡʥʝ ʨʝʜʢʦ ʢ ʨʘʟʚʠʪʠʶ ʥʝʡʨʦʩʝʥʩʦʨʥʦʡ 

ʪʫʛʦʫʭʦʩʪʠ ʧʨʠʚʦʜʷʪ ʘʫʪʦʠʤʤʫʥʥʳʝ ʟʘʙʦʣʝʚʘʥʠʷ (ʛʨʘʥʫʣʝʤʘʪʦʟ ɺʝʛʝʥʝʨʘ).  

¶ ʉʤʝhʘʥʥʳʤ (ʨʝʟʢʦʝ ʠʣʠ ʧʦʩʪʝʧʝʥʥʦʝ ʩʥʠʞʝʥʠʝ ʩʣʫʭʘ, ʚʩʣʝʜʩʪʚʠʝ 
ʧʦʨʘʞʝʥʠʷ ʠ ʟʚʫʢʦʧʨʦʚʦʜʷʱʝʡ, ʠ ʟʚʫʢʦʧʨʠʥʠʤʘʶʱʝʡ ʯʘʩʪʝʡ 

ʫʭʘ).  

ʅʘʧʨʠʤʝʨ, ʫ ʯʝʣʦʚʝʢʘ ʩ ʚʨʦʞʜʝʥʥʦʡ ʪʫʛʦʫʭʦʩʪʴʶ ʤʦʞʝʪ ʧʨʦʠʟʦʡʪʠ ʝʱʝ 

ʙʦʣʴʰʝʝ ʩʥʠʞʝʥʠʝ ʩʣʫʭʘ ʠʟ-ʟʘ ʧʝʨʝʥʝʩʝʥʥʦʛʦ ʭʨʦʥʠʯʝʩʢʦʛʦ ʠʣʠ ʦʩʪʨʦʛʦ 

ʦʪʠʪʘ, ʘ ʪʘʢʞʝ ʦʙʨʘʟʦʚʘʥʠʷ ʩʝʨʥʦʡ ʧʨʦʙʢʠ ʚ ʩʣʫʭʦʚʦʤ ʢʘʥʘʣʝ. ʄʦʞʝʪ ʚʦʟ-

ʥʠʢʘʪʴ ʚ ʨʝʟʫʣʴʪʘʪʝ ʩʤʝʰʘʥʥʦʡ ʬʦʨʤʳ ʦʪʦʩʢʣʝʨʦʟʘ, ʭʨʦʥʠʯʝʩʢʦʛʦ ʦʪʠʪʘ ʠ 

ʜʨ. 

 
ʄʝʞʜʫʥʘʨʦʜʥʘʷ ʢʣʘʩʩʠʬʠʢʘʮʠʷ ʪʫʛʦʫʭʦʩʪʠ 

 

ʍʘʨʘʢʪʝʨ ʧʦʨʘʞʝʥʠʷ ʇʦʨʦʛʠ ʩʣʫʭʦʚʦʛʦ 

ʚʦʩʧʨʠʷʪʠʷ, ʜɹ 

ʊʷʞʝʩʪʴ ʧʦʨʘʞʝʥʠʷ 

ʉʪʝʧʝʥʴ ʪʫʛʦʫʭʦʩʪʠ 1 26-40 ʜɹ ʃʝʛʢʘʷ (ʪʨʫʜʥʦʩʪʠ ʚʦʩʧʨʠʷʪʠʷ ʰʝʧʦʪʘ) 

ʉʪʝʧʝʥʴ ʪʫʛʦʫʭʦʩʪʠ 2 41-55 ʜɹ ʉʨʝʜʥʷʷ (ʪʨʫʜʥʦʩʪʠ ʚʦʩʧʨʠʷʪʠʷ ʨʝʯʠ) 

ʉʪʝʧʝʥʴ ʪʫʛʦʫʭʦʩʪʠ 3 56-70 ʜɹ ʉʨʝʜʥʝʪʷʞʝʣʘʷ (ʩʣʳʰʠʪ ʪʦʣʴʢʦ ʛʨʦʤʢʫʶ 

ʨʝʯʴ) 

ʉʪʝʧʝʥʴ ʪʫʛʦʫʭʦʩʪʠ4 71-90 ʜɹ ʊʷʞʝʣʘʷ (ʩʣʳʰʠʪ ʢʨʠʢ) 

ɻʣʫʭʦʪʘ ʙʦʣʝʝ 90 ʜɹ ʅʝ ʩʣʳʰʠʪ 
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ɺ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʚʳʰʝʧʝʨʝʯʠʩʣʝʥʥʳʭ ʢʣʘʩʠʬʠʢʘʮʠʡ ʧʨʠʤʝʥʷʶʪʩʷ 

ʨʘʟʣʠʯʥʳʝ ʚʠʜʳ ʣʝʯʝʥʠʷ ʠ ʨʝʘʙʠʣʠʪʘʮʠʠ.  

ʇʨʠ ʢʦʥʜʫʢʪʠʚʥʦʤ ʥʘʨʫʰʝʥʠʠ ʩʣʫʭʘ ʚ ʦʩʥʦʚʥʦʤ ʧʨʠʤʝʥʷʶʪʩʷ ʩʣʫʭʦ-

ʚʳʝ ʘʧʧʘʨʘʪʳ ʜʣʷ ʫʩʠʣʝʥʠʷ ʫʨʦʚʥʷ ʟʚʫʢʦʚʦʛʦ ʜʘʚʣʝʥʠʷ ʋɿɼ ʜʦ ʥʝʦʙʭʦʜʠ-

ʤʳʭ ʚʝʣʝʯʠʥ ʯʪʦʙʳ ʚʦʟʜʝʡʩʪʚʦʚʘʪʴ ʥʘʧʨʷʤʫʶ ʥʘ ʦʚʘʣʴʥʦʝ ʦʪʚʝʨʩʪʠʝ ʫʣʠʪ-

ʢʠ. ɺ ʥʝʢʦʪʦʨʳʭ ʩʣʫʯʘʷʭ ʧʦʢʘʟʘʥʳ ʦʧʝʨʘʪʠʚʥʦʝ ʚʤʝʰʘʪʝʣʴʩʪʚʦ ʧʨʠ ʩʦʛʣʘ-

ʩʠʝ ʧʘʮʠʝʥʪʦʚ, ʢʦʪʦʨʦʝ ʟʘʢʣʶʯʘʶʪʩʷ ʚ ʚʦʩʪʘʥʦʚʣʝʥʠʠ ʟʚʫʢʦʧʨʦʚʦʜʷʱʠʭ 

ʦʨʛʘʥʦʚ: ʙʘʨʘʙʘʥʥʦʡ ʧʝʨʝʧʦʥʢʠ ʠ ʮʝʧʠ ʩʣʫʭʦʚʳʭ ʢʦʩʪʦʯʝʢ. ɼʣʷ ʜʘʥʥʳʭ 

ʦʧʝʨʘʮʠʡ ʠʩʧʦʣʴʟʫʶʪʩʷ 2 ʚʠʜʘ ʧʨʦʪʝʟʦʚ: ʘʣʣʦʧʣʘʩʪʠʯʝʩʢʠʝ (ʠʩʩʢʫʩʪʚʝʥ-

ʥʳʝ) ʠ ʘʫʪʦʧʨʦʪʝʟʳ. 

ʇʨʠ ʧʦʨʘʞʝʥʠʠ ʙʘʨʘʙʘʥʥʦʡ ʧʝʨʝʧʦʥʢʠ ʠʩʧʦʣʴʟʫʶʪʩʷ ʢʘʢ ʩʦʙʩʪʚʝʥʥʳʝ 

ʪʢʘʥʠ ʪʘʢ ʠ ʠʩʩʢʫʩʪʚʝʥʥʳʝ. ɹʳʣʠ ʧʨʦʚʝʜʝʥʳ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʠʩʩʣʝʜʦ-

ʚʘʥʠʷ ʚʦʟʤʦʞʥʦʩʪʠ ʧʝʯʘʪʠ ʙʘʨʘʙʘʥʥʦʡ ʧʝʨʝʧʦʥʢʠ ʥʘ ʙʠʦʧʨʠʥʪʝʨʝ Dr. 

INVIVO 4D2.  

ʆʧʨʦʙʠʨʦʚʘʥʳ ʨʘʟʣʠʯʥʳʝ ʢʦʤʧʦʟʠʮʠʦʥʥʳʝ ʩʦʩʪʘʚʳ invivogel, ʢʦʪʦʨʳʝ 

ʚʢʣʶʯʘʣʠ ʚ ʩʝʙʷ ʞʝʣʘʪʠʥ, ʛʠʘʣʫʨʦʥʦʚʫʶ ʢʠʩʣʦʪʫ, ʛʫʤʘʪʝʠʥ, ʨʘʟʣʠʯʥʳʝ ʚʠ-

ʜʳ ʛʠʜʨʦʛʝʣʝʡ ʠ ʜʨʫʛʠʝ ʙʠʦʩʦʤʝʩʪʠʤʳʝ ʤʘʪʝʨʠʘʣʳ. ʂʦʤʙʠʥʘʮʠʷ ʤʘʪʝʨʠʘ-

ʣʦʚ ʜʣʷ ʩʦʟʜʘʥʠʷ ʧʦʜʭʦʜʷʱʝʛʦ ʢʦʤʧʦʟʠʪʥʦʛʦ ʤʘʪʝʨʠʘʣʘ ʠʤʝʝʪ ʨʝʰʘʶʱʝʝ 

ʟʥʘʯʝʥʠʝ ʜʣʷ ʙʠʦʩʦʚʤʝʩʪʠʤʦʩʪʠ, ʤʠʛʨʘʮʠʠ ʢʣʝʪʦʢ, ʚʘʩʢʫʣʷʨʠʟʘʮʠʠ ʠ ʪ. ʜ. 

ɺ ʩʣʫʯʘʝ ʨʝʢʦʥʩʪʨʫʢʮʠʠ ʮʝʧʠ ʩʣʫʭʦʚʳʭ ʢʦʩʪʦʯʝʢ ʧʨʠ ʘʥʘʣʠʟʝ ʨʝʟʫʣʴʪʘ-

ʪʦʚ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʠʩʢʫʩʩʪʚʝʥʥʳʭ ʠ ʘʫʪʦʧʨʦʪʝʟʦʚ ʥʝ ʦʪʤʝʯʝʥʦ ʬʫʥʢʮʠʦ-

ʥʘʣʴʥʳʭ ʨʘʟʣʠʯʠʡ. ɺ ʪʦ ʞʝ ʚʨʝʤʷ ʧʨʠ ʥʝʠʩʧʦʣʴʟʦʚʘʥʠʠ ʘʫʪʦʭʨʷʱʝʚʦʛʦ 

ʧʨʠʢʨʳʪʠʷ ʠʩʢʫʩʩʪʚʝʥʥʦʛʦ ʧʨʦʪʝʟʘ ʚ 6 ʨʘʟ ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʝʛʦ ʩʤʝʱʝʥʠʝ. ɺ 

ʪʦ ʞʝ ʚʨʝʤʷ ʘʫʪʦʧʨʦʪʝʟʳ ʠʟ ʥʘʢʦʚʘʣʴʥʠ, ʢʦʨʪʠʢʘʣʴʥʦʡ ʢʦʩʪʠ, ʠʟ ʭʨʷʱʘ ʠʣʠ 

ʢʦʟʝʣʢʘ ʫʰʥʦʡ ʨʘʢʦʚʠʥʳ, ʚʩʣʝʜʩʪʚʠʝ ʠʭ ʩʪʘʙʠʣʴʥʦʩʪʠ, ʦʪʩʫʪʩʪʚʠʷ ʨʝʘʢʮʠʠ 

ʥʘ ʪʨʘʥʩʧʣʘʥʪʘʪ ʠ ʦʪʩʫʪʩʪʚʠʷ ʟʘʪʨʘʪ ʥʘ ʧʨʠʦʙʨʝʪʝʥʠʝ ʧʨʦʪʝʟʦʚ, ʠʤʝʶʪ 

ʧʨʝʠʤʫʱʝʩʪʚʘ. ʇʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʜʨʫʛʠʭ ʧʨʦʪʝʟʦʚ ʦʪʤʝʯʝʥʘ ʠʭ ʥʝʩʪʘ-

ʙʠʣʴʥʦʩʪʴ, ʵʢʩʪʨʫʟʠʷ (ʜʦ 3-13%) ʠ ʨʝʘʢʮʠʷ ʦʢʨʫʞʘʶʱʠʭ ʪʢʘʥʝʡ ʩ ʨʘʟʣʠʯ-

ʥʦʡ ʩʪʝʧʝʥʴʶ ʙʠʦʜʝʛʨʘʜʘʮʠʠ ʠʤʧʣʘʥʪʘʪʦʚ. ɼʣʷ ʨʝʢʦʥʩʪʨʫʢʮʠʠ ʜʝʬʝʢʪʘ 

ʮʝʧʠ ʩʣʫʭʦʚʳʭ ʢʦʩʪʦʯʝʢ ʥʝʢʦʪʦʨʳʝ ʠʩʧʦʣʴʟʫʶʪ ʙʠʦʣʦʛʠʯʝʩʢʠʡ ʮʝʤʝʥʪ ʠ 

ʣʘʟʝʨʥʫʶ ʩʚʘʨʢʫ. 

ʅʝʩʤʦʪʨʷ ʥʘ ʚʳʰʝʧʝʨʝʯʠʩʣʝʥʥʳʝ ʧʨʝʠʤʫʱʝʩʪʚʘ ʘʫʪʦʭʨʷʱʝʚʳʭ ʧʨʦʪʝ-

ʟʦʚ, ʦʥʠ ʠʤʝʶʪ ʨʷʜ ʚʝʩʦʤʳʭ ʥʝʜʦʩʪʘʪʢʦʚ, ʪʘʢʠʭ ʢʘʢ ʥʝʧʨʝʜʩʢʘʟʫʝʤʘʷ ʜʝ-

ʛʨʘʜʘʮʠʷ ʠ ʧʦʪʝʨʷ ʩʪʘʙʠʣʴʥʦʩʪʠ ʬʦʨʤʳ ʚ ʪʝʯʝʥʠʠ ʚʨʝʤʝʥʠ, ʟʥʘʯʠʪʝʣʴʥʘʷ 

ʤʷʛʢʦʩʪʴ ʜʣʷ ʧʦʛʣʦʱʝʥʠʷ ʟʚʫʢʘ, ʘ ʪʘʢʞʝ ʟʘʪʨʘʪʘ ʜʦʧʦʣʥʠʪʝʣʴʥʦʛʦ ʚʨʝʤʝʥʠ 

ʥʘ ʟʘʙʦʨ ʤʘʪʝʨʠʘʣʘ ʠ ʝʛʦ ʧʦʜʛʦʪʦʚʢʫ ʚʦ ʚʨʝʤʷ ʦʧʝʨʘʮʠʠ. ɺʩʝ ʵʪʦ ʧʨʠʚʦʜʠʪ 

ʢ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʶ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʘʣʣʦʧʣʘʩʪʠʯʝʩʢʠʭ ʤʘʪʝʨʠʘʣʦʚ, ʘ ʚ ʥʝʢʦ-

ʪʦʨʳʭ ʩʣʫʯʘʷʭ ʩʫʱʝʩʪʚʫʝʪ ʧʨʘʢʪʠʢʘ ʢʦʤʙʠʥʠʨʦʚʘʥʥʦʛʦ ʠʩʧʦʣʴʟʦʚʘʥʠʷ. 
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ʇʨʦʚʝʜʝʥʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʥʘʠʙʦʣʝʝ ʨʘʩʧʨʦʩʪʨʘʥʝʥʥʳʭ ʩʨʝʜʠ ʠʩʢʫʩʩʪ-

ʚʝʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʨʘʟʣʠʯʥʳʭ ʚʠʜʦʚ ʪʠʪʘʥʘ: 

¶ ʪʠʪʘʥ (ʜʠʦʢʩʠʜ ʪʠʪʘʥʘ), 

¶ ʪʠʪʘʥʦʚʳʝ ʩʧʣʘʚʳ (ʥʠʢʝʣʠʜ ʪʠʪʘʥʘ, ʙʝʪʪʘ-Ti3Au),  

¶ ʤʦʜʠʬʠʢʘʮʠʠ ʪʠʪʘʥʘ (ʥʘʧʨʠʤʝʨ ʘʥʘʪʘʟ - ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʘʷ 

ʤʦʜʠʬʠʢʘʮʠʷ ʜʠʦʢʩʠʜʘ ʪʠʪʘʥʘ). 

ɹʳʣʠ ʠʩʩʣʝʜʦʚʘʥʳ ʢʦʥʩʪʨʫʢʪʠʚʥʳʝ ʦʩʦʙʝʥʥʦʩʪʠ ʠ ʤʝʭʘʥʠʟʤʳ ʧʝʨʝʜʘʯʠ 

(ʫʩʠʣʝʥʠʷ) ʟʚʫʢʦʚʳʭ ʢʦʣʝʙʘʥʠʡ ʦʪ ʙʘʨʘʙʘʥʥʦʡ ʧʝʨʝʧʦʥʢʠ ʢ ʦʚʘʣʴʥʦʤʫ ʦʢ-

ʥʫ ʩ ʧʦʤʦʱʴʶ ʪʠʪʘʥʦʚʳʭ ʧʨʦʪʝʟʦʚ. ʈʘʟʨʘʙʦʪʘʥʳ ʨʘʟʣʠʯʥʳʝ ʤʦʜʠʬʠʢʘʮʠʠ 

ʧʨʦʪʝʟʦʚ ʩʣʫʭʦʚʳʭ ʢʦʪʦʯʝʢ, ʘ ʪʘʢʞʝ ʦʧʨʦʙʠʨʦʚʘʥʳ ʪʝʭʥʦʣʦʛʠʠ ʠ ʧʨʦʮʝʩʩʳ 

ʦʙʨʘʙʦʪʢʠ ʪʠʪʘʥʦʚʳʭ ʧʨʦʪʝʟʦʚ. 

 

 

     
 

 

ʈʠʩ 2. ʆʙʨʘʙʦʪʢʘ ʥʘ ʣʘʟʝʨʥʦʤ ʢʦʤʧʣʝʢʩʝ ʧʨʝʮʠʟʠʦʥʥʦʡ ʤʠʢʨʦʦʙʨʘʙʦʪʢʠ ʄʠʢʨʦʩʝʪ-ʈɸ 

ʩ ʧʦʜʦʙʨʘʥʥʳʤʠ ʦʧʪʠʤʘʣʴʥʳʤʠ ʧʘʨʘʤʝʪʨʘʤʠ 
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ʇʦʜʩʝʢʮʠʷ çʌʦʪʦʥʥʳʝ ʠ ʢʚʘʥʪʦʚʳʝ ʪʝʭʥʦʣʦʛʠʠ. ʎʠʬʨʦʚʘʷ ʤʝʜʠʮʠʥʘè  37 

ʇʦʤʠʤʦ ʚʳʰʝʦʧʠʩʘʥʥʳʭ ʧʨʦʮʝʩʩʦʚ ʦʙʨʘʙʦʪʢʠ ʪʠʪʘʥʦʚʳʭ ʧʨʦʪʝʟʦʚ ʥʘ-

ʧʨʘʚʣʝʥʥʳʭ ʥʘ ʘʢʪʠʚʠʟʘʮʠʶ ʧʨʦʨʘʩʪʘʥʠʷ ʪʢʘʥʠ ʚʥʫʪʨʴ ʠʤʧʣʘʥʪʘʪʘ, ʠ ʩʦʟ-

ʜʘʥʠʷ  ʤʠʢʨʦ ʠ ʥʘʥʦʨʝʣʴʝʬʘ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʢʦʪʦʨʳʡ ʩʧʦʩʦʙʩʪʚʫʝʪ ʘʜʛʝʟʠʠ 

ʙʝʣʢʦʚ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʠ ʦʙʣʝʛʯʘʝʪ ʩʮʝʧʣʝʥʠʝ ʢʣʝʪʦʢ ʥʘ ʩʝʛʦʜʥʷʰʥʠʡ ʜʝʥʴ 

ʩʫʱʝʩʪʚʫʝʪ ʥʝʩʢʦʣʴʢʦ ʩʧʦʩʦʙʦʚ ʧʦ ʫʣʫʯʰʝʥʠʶ ʧʨʦʮʝʩʩʘ ʦʩʪʝʦʠʥʪʝʛʨʘʮʠʠ 

ʠ ʧʦʚʳʰʝʥʠʶ ʙʠʦʩʦʚʤʝʩʪʠʤʦʩʪʠ ʪʠʪʘʥʦʚʦʛʦ ʠʤʧʣʘʥʪʘʪʘ ʚ ʦʨʛʘʥʠʟʤʝ ʧʘ-

ʮʠʝʥʪʘ, ʘ ʠʤʝʥʥʦ: 

1. ʥʘʧʳʣʝʥʠʝ ʙʠʦʘʢʪʠʚʥʳʭ ʤʘʪʝʨʠʘʣʦʚ, ʪʘʢʠʭ ʢʘʢ ʢʘʣʴʮʠʡ ʬʦʩʬʘʪ-

ʥʳʝ ʩʦʝʜʠʥʝʥʠʷ (ʢ ʧʨʠʤʝʨʫ, ʛʠʜʨʦʢʩʠʘʧʘʪʠʪ), ʥʘʥʦʫʛʣʝʨʦʜʥʳʝ 

ʧʣʝʥʢʠ, ʘ ʪʘʢʞʝ ʦʩʪʨʦʚʢʦʚʳʝ ʥʘʥʦʧʣʝʥʢʠ ʩʝʨʝʙʨʘ; 

ʍʠʤʠʯʝʩʢʠʡ ʩʦʩʪʘʚ ʥʘʥʝʩʝʥʥʳʭ ʧʣʝʥʦʢ ʢʦʥʪʨʦʣʠʨʦʚʘʣʩʷ ʩ ʧʦʤʦʱʴʶ 

EDS ʧʨʠʩʪʘʚʢʠ ʥʘ ʵʣʝʢʪʨʦʥʥʦʤ ʤʠʢʨʦʩʢʦʧʝ, ʢ ʧʨʠʤʝʨʫ, ʩʦʩʪʘʚ ʧʣʝʥʢʠ 

ɻɸʇ ʧʨʝʜʩʪʘʚʣʝʥ ʥʘ ʨʠʩʫʥʢʝ 5. 

 

 
 

ʈʠʩ. 5. ʕɼʉ ʘʥʘʣʠʟ ʦʙʨʘʟʮʘ ʩʠʥʪʝʟʠʨʦʚʘʥʥʦʛʦ ɻɸʇ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʪʠʪʘʥʦʚʦʛʦ ʤʠʢʨʦ-

ʠʤʧʣʘʥʪʘʪʘ. 

  

 

2. ʠʩʧʦʣʴʟʦʚʘʥʠʝ PTFE ʧʣʝʥʦʢ ʚ ʢʘʯʝʩʪʚʝ ʩʦʩʪʘʚʥʳʭ ʵʣʝʤʝʥʪʦʚ ʠʤ-

ʧʣʘʥʪʘʪʘ ʠʣʠ ʚ ʢʘʯʝʩʪʚʝ ʧʦʢʨʳʪʠʷ; 

3. ʩʦʟʜʘʥʠʝ ʥʘʥʦʢʨʠʩʪʘʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ ʜʠʦʢʩʠʜʘ ʪʠʪʘʥʘ (ʘʥʘ-

ʪʘʟ) ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʤ ʠʣʠ ʘʪʦʤʥʦ-ʩʣʦʝʚʳʤ ʦʩʘʞʜʝʥʠʝʤ; 
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4. ʧʨʠʜʘʥʠʝ ʧʦʚʝʨʭʥʦʩʪʠ ʛʠʜʨʦʬʠʣʴʥʳʭ ʩʚʦʡʩʪʚ ʧʫʪʝʤ ʧʣʘʟʤʝʥʥʦʡ 

ʦʙʨʘʙʦʪʢʠ ʠʣʠ ʧʫʪʝʤ ʥʘʥʝʩʝʥʠʷ ʙʠʦʩʦʚʤʝʩʪʠʤʳʭ ʧʦʣʠʤʝʨʥʳʭ 

ʩʦʩʪʘʚʦʚ. 

 

ɺ ʨʘʤʢʘʭ ʜʘʥʥʦʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ ʙʳʣ ʧʨʦʚʝʜʝʥ ʜʝʪʘʣʴʥʳʡ ʘʥʘʣʠʟ ʣʫʯ-

ʰʠʭ ʤʠʨʦʚʳʭ ʧʨʘʢʪʠʢ ʧʦ ʧʦʣʫʯʝʥʠʶ ʠ ʦʩʘʞʜʝʥʠʶ ʨʘʟʣʠʯʥʳʭ ʚʠʜʦʚ ʧʦ-

ʢʨʳʪʠʡ ʥʘ ʪʠʪʘʥʦʚʳʭ ʠʟʜʝʣʠʷʭ ʠʤʧʣʘʥʪʠʨʫʝʤʳʭ ʯʝʣʦʚʝʢʫ, ʘ ʪʘʢʞʝ ʙʳʣʠ 

ʘʧʨʦʙʠʨʦʚʘʥʳ ʠ ʜʦʨʘʙʦʪʘʥʳ ʥʝʢʦʪʦʨʳʝ ʤʝʪʦʜʠʢʠ ʥʘʥʝʩʝʥʠʷ ʙʠʦʘʢʪʠʚʥʳʭ 

ʤʘʪʝʨʠʘʣʦʚ.  
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ʂɺɸʅʊʆɺɸʗ ʆʇʊʀʂʆ-ʊɽʈɸɻɽʈʎʆɺɸʗ ʌʆʊʆʅʀʂɸ 

ʉʪ. ʥʘʫʯ.ʩʦʪʨ. ʂʫʟʥʝʮʦʚ ʂ.ɸ., ʜʦʮʝʥʪ ʇʨʫʜʢʦʚʩʢʠʡ ʇ.ɸ., 

ʧʨʦʬʝʩʩʦʨ ʂʠʪʘʝʚʘ ɻ.ʍ. 

ʇʘʨʘʤʝʪʨʠʯʝʩʢʘʷ ʛʝʥʝʨʘʮʠʷ ʪʝʨʘʛʝʨʮʦʚʦʛʦ ʠʟʣʫʯʝʥʠʷ ʚ ʥʝʣʠʥʝʡʥʳʭ 

ʢʨʠʩʪʘʣʣʘʭ ʩ ʚʳʩʦʢʠʤ ʢʦʵʬʬʠʮʠʝʥʪʦʤ ʫʩʠʣʝʥʠʷ, ʥʘʧʨʘʚʣʝʥʥʘʷ ʥʘ ʩʦʟʜʘ-

ʥʠʝ ʤʦʱʥʳʭ ʠʩʪʦʯʥʠʢʦʚ ʠʤʧʫʣʴʩʦʚ, ʜʘʚʥʦ ʠ ʠʥʪʝʥʩʠʚʥʦ ʠʩʩʣʝʜʫʝʪʩʷ ʨʘʟ-

ʣʠʯʥʳʤʠ ʥʘʫʯʥʳʤʠ ʛʨʫʧʧʘʤʠ [1]. ɺ ʦʪʩʫʪʩʪʚʠʝ ʢʘʢʦʡ-ʣʠʙʦ ʚʥʝʰʥʝʡ çʟʘ-

ʪʨʘʚʢʠè  ʦʧʪʠʯʝʩʢʠʝ ʩʠʛʥʘʣʴʥʳʝ ʬʦʪʦʥʳ ʥʘ ʩʪʦʢʩʦʚʦʡ ʯʘʩʪʦʪʝ ʠ ʧʘʨʥʳʝ ʠʤ 

ʪʝʨʘʛʝʨʮʦʚʳʝ ʬʦʪʦʥʳ ʷʚʣʷʶʪʩʷ ʪʘʢ ʥʘʟʳʚʘʝʤʳʤʠ çʙʠʬʦʪʦʥʘʤʠè, ʯʪʦ ʧʦʜ-

ʨʘʟʫʤʝʚʘʝʪ ʟʘʧʫʪʘʥʥʦʝ ʢʚʘʥʪʦʚʦʝ ʩʦʩʪʦʷʥʠʝ. ʂʚʘʥʪʦʚʳʝ ʩʚʦʡʩʪʚʘ ʙʠʬʦʪʦ-

ʥʦʚ ʥʘʠʙʦʣʝʝ ʷʨʢʦ ʧʨʦʷʚʣʷʶʪʩʷ ʚ ʨʝʞʠʤʝ ʤʘʣʦʛʦ ʫʩʠʣʝʥʠʷ, ʥʘʟʳʚʘʝʤʳʤ 

ʪʘʢʞʝ ʩʧʦʥʪʘʥʥʳʤ ʧʘʨʘʤʝʪʨʠʯʝʩʢʠʤ ʨʘʩʩʝʷʥʠʝʤ (ʉʇʈ) [2]. ʇʘʨʳ ʚʟʘʠʤ-

ʥʳʭ ʬʦʪʦʥʦʚ ʧʨʠ ʉʇʈ ʛʝʥʝʨʠʨʫʶʪʩʷ ʚ ʰʠʨʦʢʦʤ ʩʧʝʢʪʨʘʣʴʥʦʤ ʜʠʘʧʘʟʦʥʝ 

ʦʪ ʥʫʣʝʚʦʡ ʯʘʩʪʦʪʳ ʚʧʣʦʪʴ ʜʦ ʯʘʩʪʦʪʳ ʥʘʢʘʯʢʠ. ʅʘʠʙʦʣʝʝ ʠʟʚʝʩʪʥʳʤʠ ʠʟ 

ʥʠʭ ʷʚʣʷʶʪʩʷ ʦʧʪʠʯʝʩʢʠʝ ʙʠʬʦʪʦʥʳ, ʠʟʣʫʯʘʝʤʳʝ ʥʘ ʩʨʘʚʥʠʤʳʭ ʧʦ ʧʦʨʷʜʢʫ 

ʚʝʣʠʯʠʥʳ ʦʧʪʠʯʝʩʢʠʭ ʯʘʩʪʦʪʘʭ. ɺʦ ʤʥʦʛʦʤ ʥʘ ʦʩʥʦʚʝ ʧʠʦʥʝʨʩʢʠʭ ʨʘʙʦʪ  

ɼ.ʅ. ʂʣʳʰʢʦ ʠ ɸ.ʅ. ʇʝʥʠʥʘ [3,4], ʚʳʧʦʣʥʝʥʥʳʭ ʚ  ʄɻʋ ʠʤ.  ʄ.ɺ. ʃʦʤʦ-

ʥʦʩʦʚʘ, ʦʧʪʠʯʝʩʢʠʝ ʙʠʬʦʪʦʥʳ ʰʠʨʦʢʦ ʠʩʧʦʣʴʟʫʶʪʩʷ ʚ ʨʘʟʣʠʯʥʳʭ ʢʚʘʥʪʦ-

ʚʦ-ʦʧʪʠʯʝʩʢʠʭ ʪʝʭʥʦʣʦʛʠʷʭ, ʪʘʢʠʭ ʢʘʢ: ʢʚʘʥʪʦʚʘʷ ʩʚʷʟʴ, ʢʚʘʥʪʦʚʳʝ ʚʳʯʠʩ-

ʣʝʥʠʷ, ʤʝʪʨʦʣʦʛʠʷ, ʚʠʟʫʘʣʠʟʘʮʠʷ ʠ ʩʝʥʩʦʨʠʢʘ [5]. ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʚʳ-

ʟʳʚʘʶʪ ʩʫʱʝʩʪʚʝʥʥʳʡ ʥʘʫʯʥʳʡ ʠʥʪʝʨʝʩ ʦʧʪʠʢʦ-ʪʝʨʘʛʝʨʮʦʚʳʝ ʙʠʬʦʪʦʥʳ, 

ʩʦʩʪʦʷʱʠʝ ʠʟ ʬʦʪʦʥʦʚ, ʨʘʟʣʠʯʘʶʱʠʭʩʷ ʧʦ ʯʘʩʪʦʪʝ ʥʘ ʜʚʘ ʠ ʙʦʣʝʝ ʧʦʨʷʜʢʘ 

[6,7]. ɼʣʷ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʢʚʘʥʪʦʚʳʭ ʪʝʭʥʦʣʦʛʠʡ ʚ ʪʝʨʘʛʝʨʮʦʚʳʡ ʜʠʘʧʘ-

ʟʦʥ, ʥʘʤʠ ʙʳʣʠ ʚʳʧʦʣʥʝʥʳ ʨʘʙʦʪʳ ʚ ʦʙʣʘʩʪʠ ʪʝʨʘʛʝʨʮʦʚʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ 

[8-10] ʠ ʩʝʥʩʦʨʠʢʠ [11,12], ʢʦʨʨʝʣʷʮʠʦʥʥʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʠ ʬʦʪʦʤʝʪʨʠʠ 

[13-15]. 

ɺʦʟʤʦʞʥʦʩʪʴ ʦʙʥʘʨʫʞʝʥʠʷ ʩʣʘʙʳʭ ʧʦʪʦʢʦʚ ʬʦʪʦʥʦʚ ʊɻʮ-ʯʘʩʪʦʪ, ʛʝʥʝ-

ʨʠʨʫʝʤʳʭ ʧʨʠ ʉʇʈ ʩ ʥʠʟʢʠʤ ʢʦʵʬʬʠʮʠʝʥʪʦʤ ʫʩʠʣʝʥʠʷ, ʥʘʤʠ ʙʳʣʘ ʧʨʦʜʝ-

ʤʦʥʩʪʨʠʨʦʚʘʥʘ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʙʦʣʦʤʝʪʨʘ ʥʘ ʛʦʨʷʯʠʭ ʵʣʝʢʪʨʦʥʘʭ [9]. 

ɹʳʣʠ ʧʨʦʘʥʘʣʠʟʠʨʦʚʘʥʳ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʤʦʱʥʦʩʪʠ ʊɻʮ-

ʠʟʣʫʯʝʥʠʷ ʦʪ ʫʛʣʘ ʦʙʥʘʨʫʞʝʥʠʷ ʠ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʥʘʢʘʯʢʠ. ɺ ʨʘʙʦʪʝ [10] 

ʙʳʣʠ ʠʩʩʣʝʜʦʚʘʥʳ ʯʘʩʪʦʪʥʦ-ʫʛʣʦʚʳʝ ʩʧʝʢʪʨʳ ʩʠʣʴʥʦ ʥʝʚʳʨʦʞʜʝʥʥʦʛʦ 

ʉʇʈ ʚ ʰʠʨʦʢʦʤ ʜʠʘʧʘʟʦʥʝ ʪʝʤʧʝʨʘʪʫʨ ʦʪ 300 ʂ ʜʦ 4.2 ʂ. ʊʝʤʧʝʨʘʪʫʨʥʳʝ 

ʟʘʚʠʩʠʤʦʩʪʠ ʤʦʱʥʦʩʪʠ ʩʠʛʥʘʣʘ ʘʥʘʣʠʟʠʨʫʶʪʩʷ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʪʝʦʨʝʪʠ-

ʯʝʩʢʠʭ ʧʨʝʜʩʢʘʟʘʥʠʡ ʧʦʜʭʦʜʘ ʂʣʳʰʢʦ-ʂʠʨʭʛʦʬʘ. ʍʦʪʷ ʚʩʝ ʠʟʤʝʨʝʥʠʷ ʧʨʦ-

ʚʝʜʝʥʳ ʚ ʦʧʪʠʯʝʩʢʦʤ ʜʠʘʧʘʟʦʥʝ, ʧʦʢʘʟʘʥʦ ʯʪʦ ʪʘʢʦʡ ʘʥʘʣʠʟ ʧʦʟʚʦʣʷʝʪ 

ʧʨʝʜʩʢʘʟʘʪʴ ʪʝʤʧʝʨʘʪʫʨʥʦʝ ʧʦʚʝʜʝʥʠʝ ʦʙʱʝʛʦ ʯʠʩʣʘ ʛʝʥʝʨʠʨʫʝʤʳʭ ʭʦʣʦ-

ʩʪʳʭ ʬʦʪʦʥʦʚ ʚ ʊɻʮ ʜʠʘʧʘʟʦʥʝ, ʘ ʪʘʢʞʝ ʪʝʤʧʝʨʘʪʫʨʥʦʝ ʠʟʤʝʥʝʥʠʝ ʦʧʪʠʢʦ-

ʪʝʨʘʛʝʨʮʦʚʦʡ ʙʠʬʦʪʦʥʥʦʡ ʢʦʨʨʝʣʷʮʠʦʥʥʦʡ ʬʫʥʢʮʠʠ. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʥʘʯʠ-

ʥʘʷ ʩ ʢʦʤʥʘʪʥʳʭ ʪʝʤʧʝʨʘʪʫʨ ʠ ʚʧʣʦʪʴ ʜʦ ʪʝʤʧʝʨʘʪʫʨ ~50 ʂ ʧʦʜʘʚʣʷʶʱʠʡ 

ʚʢʣʘʜ ʚ ʥʝʥʦʨʤʠʨʦʚʘʥʥʫʶ ʢʦʨʨʝʣʷʮʠʦʥʥʫʶ ʬʫʥʢʮʠʶ ʚʥʦʩʷʪ ʬʣʫʢʪʫʘʮʠʠ 
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ʪʝʧʣʦʚʦʛʦ ʧʦʣʷ. ʇʨʠ ʜʘʣʴʥʝʡʰʝʤ ʦʭʣʘʞʜʝʥʠʠ ʚʣʠʷʥʠʝ ʢʚʘʥʪʦʚʦʛʦ ʚʢʣʘʜʘ 

ʚʦʟʨʘʩʪʘʝʪ ʠ ʥʦʨʤʠʨʦʚʘʥʥʘʷ ʙʠʬʦʪʦʥʥʘʷ ʢʦʨʨʝʣʷʮʠʦʥʥʘʷ ʬʫʥʢʮʠʷ ʜʦʩʪʠ-

ʛʘʝʪ ʩʚʦʝʛʦ ʤʘʢʩʠʤʫʤʘ. 

ʋʧʨʘʚʣʝʥʠʷ ʩʧʝʢʪʨʘʣʴʥʳʤʠ ʠ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʤʠ ʩʚʦʡʩʪʚʘʤʠ ʥʝʢʣʘʩ-

ʩʠʯʝʩʢʠʭ ʧʦʣʝʡ ʦʧʪʠʯʝʩʢʦʛʦ ʪʝʨʘʛʝʨʮʦʚʦʛʦ ʜʠʘʧʘʟʦʥʘ, ʛʝʥʝʨʠʨʫʝʤʳʭ ʧʨʠ 

ʩʠʣʴʥʦ ʥʝʚʳʨʦʞʜʝʥʥʦʤ ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʤ ʨʘʩʩʝʷʥʠʠ, ʥʘʤʠ ʤʦʞʥʦ ʵʢʩʧʝ-

ʨʠʤʝʥʪʘʣʴʥʦ ʦʩʫʰʝʩʪʚʣʷʪʴ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʥʝʣʠʥʝʡʥʳʭ ʠʥʪʝʨʬʝʨʦʤʝʪ-

ʨʦʚ ʖʥʛʘ [11] ʠ ʄʘʭʘ-ʎʝʥʜʝʨʘ [12]. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʠʥʪʝʨʬʝʨʦʤʝʪʨʳ ʤʦʛʫʪ 

ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥʳ ʜʣʷ ʠʟʤʝʨʝʥʠʷ ʜʠʩʧʝʨʩʠʦʥʥʳʭ ʩʚʦʡʩʪʚ ʨʘʟʣʠʯʥʳʭ ʤʘ-

ʪʝʨʠʘʣʦʚ ʚ ʪʝʨʘʛʝʨʮʦʚʦʤ ʜʠʘʧʘʟʦʥʝ ʯʘʩʪʦʪ. ʂʣʶʯʝʚʳʤ ʤʦʤʝʥʪʦʤ ʨʘʟʚʠʪʳʭ 

ʧʦʜʭʦʜʦʚ ʷʚʣʷʝʪʩʷ ʪʦ ʦʙʩʪʦʷʪʝʣʴʩʪʚʦ, ʯʪʦ ʩʧʝʢʪʨʦʩʢʦʧʠʯʝʩʢʘʷ ʠʥʬʦʨʤʘʮʠʷ 

ʚ ʪʝʨʘʛʝʨʮʦʚʦʤ ʜʠʘʧʘʟʦʥʝ ʠʟʚʣʝʢʘʝʪʩʷ ʠʟ ʠʟʤʝʨʝʥʠʡ ʚ ʦʧʪʠʯʝʩʢʦʤ ʢʘʥʘʣʝ 

ʙʣʘʛʦʜʘʨʷ ʩʠʣʴʥʳʤ ʯʘʩʪʦʪʥʦ-ʫʛʣʦʚʳʤ ʢʦʨʨʝʣʷʮʠʷʤ ʤʝʞʜʫ ʦʧʪʠʯʝʩʢʠʤʠ ʠ 

ʪʝʨʘʛʝʨʮʦʚʳʤʠ ʬʦʪʦʥʘʤʠ. ʊʝʦʨʝʪʠʯʝʩʢʠʡ ʧʦʜʭʦʜ ʠʩʧʦʣʴʟʫʝʪʩʷ ʜʣʷ ʧʨʦ-

ʛʥʦʟʠʨʦʚʘʥʠʷ ʩʚʦʡʩʪʚ ʦʧʪʠʯʝʩʢʠʭ ʪʝʨʘʛʝʨʮʦʚʳʭ ʧʦʣʝʡ ʠ ʢʦʨʨʝʣʷʮʠʡ ʬʦʪʦ-

ʥʦʚ ʚ ʨʘʟʣʠʯʥʳʭ ʨʝʞʠʤʘʭ ʩʠʣʴʥʦ ʥʝʚʳʨʦʞʜʝʥʥʦʛʦ ʧʦ ʯʘʩʪʦʪʝ ʧʘʨʘʤʝʪʨʠ-

ʯʝʩʢʦʛʦ ʨʘʩʩʝʷʥʠʷ. ʈʘʩʩʤʘʪʨʠʚʘʝʤʳʝ ʠʥʪʝʨʬʝʨʦʤʝʪʨʳ ʷʚʣʷʝʪʩʷ ʧʝʨʩʧʝʢ-

ʪʠʚʥʳʤʠ ʠʩʪʦʯʥʠʢʘʤʠ ʪʝʨʘʛʝʨʮʦʚʳʭ ʧʦʣʝʡ ʩ ʥʦʚʳʤʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ ʠ 

ʯʘʩʪʦʪʥʦ-ʬʠʣʴʪʨʦʚʘʥʥʳʤʠ ʪʝʨʘʛʝʨʮʦʚʳʤʠ ʤʦʜʘʤʠ ʐʤʠʜʪʘ. 

ɹʳʣʠ ʠʩʩʣʝʜʦʚʘʥʳ ʩʪʘʪʠʩʪʠʯʝʩʢʠʝ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʘʥʘʣʦʛʦʚʳʭ ʧʦʢʘʟʘ-

ʥʠʡ ʪʝʨʘʛʝʨʮʦʚʦʛʦ ʩʚʝʨʭʧʨʦʚʦʜʷʱʝʛʦ ʙʦʣʦʤʝʪʨʘ ʩ ʘʥʪʝʥʥʦʡ ʧʨʠ ʦʩʦʙʦʤ 

ʪʠʧʝ ʦʙʣʫʯʝʥʠʷ ʥʠʟʢʦʵʥʝʨʛʝʪʠʯʝʩʢʠʤʠ ʧʦʪʦʢʘʤʠ ʪʝʨʘʛʝʨʮʦʚʳʭ ʬʦʪʦʥʦʚ ʩʦ 

ʩʪʘʪʠʩʪʠʢʦʡ ʇʫʘʩʩʦʥʘ ʠ ʢʦʥʪʨʦʣʠʨʫʝʤʳʤ ʩʨʝʜʥʠʤ ʯʠʩʣʦʤ ʬʦʪʦʥʦʚ [13]. 

ʌʦʪʦʥʳ ʛʝʥʝʨʠʨʦʚʘʣʠʩʴ ʩ ʧʦʤʦʱʴʶ ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʛʦ ʨʘʩʩʝʷʥʠʷ ʩ ʠʤ-

ʧʫʣʴʩʥʦʡ ʥʘʢʘʯʢʦʡ ʚ ʢʨʠʩʪʘʣʣʝ Mg:LiNbO3, ʧʦʤʝʱʝʥʥʦʤ ʚ ʦʭʣʘʞʜʘʝʤʳʡ 

ʢʨʠʦʩʪʘʪ ʚʤʝʩʪʝ ʩ ʪʝʨʘʛʝʨʮʦʚʳʤ ʙʦʣʦʤʝʪʨʦʤ. ʈʝʟʫʣʴʪʘʪʳ ʯʠʩʣʝʥʥʦʡ ʘʧ-

ʧʨʦʢʩʠʤʘʮʠʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʛʠʩʪʦʛʨʘʤʤ ʩʚʠʜʝʪʝʣʴʩʪʫʶʪ ʦ ʜʠʩʢʨʝʪ-

ʥʦʤ ʭʘʨʘʢʪʝʨʝ ʜʝʪʝʢʪʠʨʦʚʘʥʠʷ ʚ ʪʝʨʘʛʝʨʮʦʚʦʤ ʜʠʘʧʘʟʦʥʝ ʩʚʝʨʭʧʨʦʚʦʜʷ-

ʱʠʤʠ ʙʦʣʦʤʝʪʨʘʤʠ, ʯʪʦ  ʦʪʢʨʳʚʘʶʪ ʧʫʪʴ ʜʣʷ ʠʟʫʯʝʥʠʷ ʠʭ ʢʚʘʥʪʦʚʳʭ ʭʘ-

ʨʘʢʪʝʨʠʩʪʠʢ. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʧʦʢʘʟʘʥʠʷ ʙʦʣʦʤʝʪʨʘ ʟʘ ʠʤʧʫʣʴʩ ʩʦʩʪʦʷʪ ʠʟ 

ʜʠʩʢʨʝʪʥʳʭ ʦʪʩʯʝʪʦʚ (çʦʜʠʥʦʯʥʳʭ ʩʦʙʳʪʠʡè), ʧʨʠ ʵʪʦʤ ʠʭ ʩʨʝʜʥʝʝ ʯʠʩʣʦ 

ʣʠʥʝʡʥʦ ʟʘʚʠʩʠʪ ʦʪ ʢʦʣʠʯʝʩʪʚʘ ʚʭʦʜʥʳʭ ʬʦʪʦʥʦʚ. ɺʢʣʘʜ ʦʪʜʝʣʴʥʳʭ ʦʪʩʯʝ-

ʪʦʚ ʚ ʦʙʱʝʝ ʘʥʘʣʦʛʦʚʦʝ ʟʥʘʯʝʥʠʝ ʩʪʘʪʠʩʪʠʯʝʩʢʠ ʨʘʩʧʨʝʜʝʣʝʥ ʚ ʩʦʦʪʚʝʪʩʪ-

ʚʠʠ ʩ ʥʦʨʤʘʣʴʥʳʤ ʟʘʢʦʥʦʤ. ʇʨʝʜʣʦʞʝʥʘ ʦʙʱʘʷ ʬʦʨʤʫʣʘ ʜʣʷ ʦʧʠʩʘʥʠʷ 

ʚʩʚʷʟʠ ʤʝʞʜʫ ʥʝʧʨʝʨʳʚʥʳʤ ʩʪʘʪʠʩʪʠʯʝʩʢʠʤ ʨʘʩʧʨʝʜʝʣʝʥʠʝʤ ʧʦʢʘʟʘʥʠʡ 

ʙʦʣʦʤʝʪʨʘ ʠ ʜʠʩʢʨʝʪʥʦʡ ʢʚʘʥʪʦʚʦʡ ʩʪʘʪʠʩʪʠʢʦʡ ʧʘʜʘʶʱʠʭ ʬʦʪʦʥʦʚ. 

ʊʘʢʞʝ ʥʘʤʠ ʙʳʣʘ ʧʨʝʜʣʦʞʝʥʘ ʠ ʚʧʝʨʚʳʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʨʝʘʣʠʟʦʚʘʥʘ 

ʩʭʝʤʘ ʧʨʷʤʦʛʦ ʠʟʤʝʨʝʥʠʷ ʢʦʨʨʝʣʷʮʠʦʥʥʦʡ ʬʫʥʢʮʠʠ ʚʪʦʨʦʛʦ ʧʦʨʷʜʢʘ g
(2)

 

ʦʧʪʠʢʦ-ʪʝʨʘʛʝʨʮʦʚʳʭ ʙʠʬʦʪʦʥʦʚ, ʛʝʥʝʨʠʨʫʝʤʳʭ ʧʨʠ ʩʧʦʥʪʘʥʥʦʤ ʧʘʨʘʤʝʪ-

ʨʠʯʝʩʢʦʤ ʨʘʩʩʝʷʥʠʠ ʩʚʝʪʘ [14]. ʇʦʣʫʯʝʥʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ g
(2)

 ʦʪ ʤʦʱʥʦʩʪʠ 

ʦʧʪʠʯʝʩʢʦʡ ʥʘʢʘʯʢʠ ʩʦʛʣʘʩʫʶʪʩʷ ʩ ʨʝʟʫʣʴʪʘʪʘʤʠ ʪʝʦʨʝʪʠʯʝʩʢʠʭ ʨʘʩʯʝʪʦʚ. 

ʇʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʦʪʢʨʳʚʘʶʪ ʚʦʟʤʦʞʥʦʩʪʠ ʜʣʷ ʨʘʟʚʠʪʠʷ ʢʚʘʥʪʦʚʦ-
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ʦʧʪʠʯʝʩʢʠʭ ʪʝʭʥʦʣʦʛʠʡ ʚ ʪʝʨʘʛʝʨʮʦʚʦʤ ʜʠʘʧʘʟʦʥʝ, ʢʘʣʠʙʨʦʚʢʠ ʢʚʘʥʪʦʚʦʡ 

ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʪʝʨʘʛʝʨʮʦʚʳʭ ʜʝʪʝʢʪʦʨʦʚ, ʘ ʪʘʢʞʝ ʤʦʛʫʪ ʙʳʪʴ ʧʦʣʝʟʥʳ ʜʣʷ 

ʧʦʩʪʨʦʝʥʠʷ ʠʟʦʙʨʘʞʝʥʠʡ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʦʜʥʦʧʠʢʩʝʣʴʥʳʭ ʪʝʨʘʛʝʨʮʦʚʳʭ 

ʜʝʪʝʢʪʦʨʦʚ ʠ ʨʘʟʨʘʙʦʪʢʠ ʥʦʚʳʭ ʤʝʪʦʜʦʚ ʢʚʘʥʪʦʚʦʡ ʚʠʟʫʘʣʠʟʘʮʠʠ ʪʝʨʘʛʝʨ-

ʮʦʚʦʛʦ ʠʟʣʫʯʝʥʠʷ. 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ ʧʦʜʜʝʨʞʢʝ ʈʦʩʩʠʡʩʢʦʛʦ ʥʘʫʯʥʦʛʦ 

ʬʦʥʜʘ, ʛʨʘʥʪ ˉ 22-12-00055. 
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ʆʇʊʀʂɸ ʕʅɼʆɻɽʅʅʓʍ ʌʃʋʆʈʆʌʆʈʆɺ: 

ʌʆʊʆʌʀɿʀʏɽʉʂʀɽ ʇʈʆʎɽʉʉʓ ʀ ʇʈʀʄɽʅɽʅʀɽ ɼʃʗ ɹʀʆʄɽɼʀ-

ʎʀʅʉʂʆʁ ɼʀɸɻʅʆʉʊʀʂʀ 

ɼʦʮ. ʐʠʨʰʠʥ ɽ.ɸ. 

ʆʙʣʘʜʘʷ ʨʷʜʦʤ ʧʨʠʥʮʠʧʠʘʣʴʥʳʭ ʧʨʝʠʤʫʱʝʩʪʚ, ʦʧʪʠʯʝʩʢʠʝ ʤʝʪʦʜʳ 

ʥʘʰʣʠ ʰʠʨʦʢʦʝ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʝ ʚ ʠʩʩʣʝʜʦʚʘʥʠʠ ʞʠʚʳʭ ʩʠʩʪʝʤ [1]. ʉ ʧʦ-

ʤʦʱʴʶ ʤʝʪʦʜʦʚ ʦʧʪʠʯʝʩʢʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʠ ʤʠʢʨʦʩʢʦʧʠʠ ʠʟʫʯʘʶʪʩʷ 

ʤʝʞʤʦʣʝʢʫʣʷʨʥʳʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ, ʧʨʦʮʝʩʩʳ ʚ ʢʣʝʪʢʘʭ ʠ ʙʠʦʪʢʘʥʷʭ, ʘ 

ʪʘʢʞʝ ʩʦʟʜʘʶʪʩʷ ʨʘʟʣʠʯʥʳʝ ʩʝʥʩʦʨʥʳʝ ʩʠʩʪʝʤʳ. ɺ ʪʦ ʞʝ ʚʨʝʤʷ ʠʩʧʦʣʴʟʦ-

ʚʘʥʠʝ ʦʧʪʠʯʝʩʢʦʡ ʜʠʘʛʥʦʩʪʠʢʠ ʚ ʨʝʰʝʥʠʠ ʟʘʜʘʯ ʢʣʠʥʠʯʝʩʢʦʡ ʧʨʘʢʪʠʢʠ ʟʘ-

ʪʨʫʜʥʝʥʦ ʧʦ ʜʚʫʤ ʧʨʠʯʠʥʘʤ. ɺʦ-ʧʝʨʚʳʭ, ʛʣʫʙʠʥʘ ʦʧʪʠʯʝʩʢʦʛʦ ʟʦʥʜʠʨʦʚʘ-

ʥʠʷ ʙʠʦʪʢʘʥʝʡ ʦʪʥʦʩʠʪʝʣʴʥʦ ʤʘʣʘ ʠ ʚʘʨʴʠʨʫʝʪʩʷ ʦʪ ʜʝʩʷʪʳʭ ʜʦʣʝʡ ʜʦ ʥʝ-

ʩʢʦʣʴʢʠʭ ʝʜʠʥʠʮ ʤʠʣʣʠʤʝʪʨʦʚ, ʚ ʠʩʢʣʶʯʠʪʝʣʴʥʳʭ ʩʣʫʯʘʷʭ ʜʦʩʪʠʛʘʷ ʥʝ-

ʩʢʦʣʴʢʠʭ ʩʘʥʪʠʤʝʪʨʦʚ. ʆʜʥʘʢʦ ʜʘʥʥʳʡ ʬʘʢʪʦʨ ʥʝ ʷʚʣʷʝʪʩʷ ʣʠʤʠʪʠʨʫʶʱʠʤ 

ʧʨʠ ʨʝʰʝʥʠʠ ʰʠʨʦʢʦʛʦ ʢʨʫʛʘ ʟʘʜʘʯ: ʠʩʩʣʝʜʦʚʘʥʠʷ ʤʝʞʤʦʣʝʢʫʣʷʨʥʳʭ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ ʠ ʩʪʨʫʢʪʫʨʥʦʡ ʜʠʥʘʤʠʢʠ ʤʦʣʝʢʫʣ ʚ ʨʘʩʪʚʦʨʘʭ, ʘʥʘʣʠʟʘ 

ʙʠʦʞʠʜʢʦʩʪʝʡ, ʠʥʪʨʘʦʧʝʨʘʮʠʦʥʥʦʡ ʜʠʘʛʥʦʩʪʠʢʠ, ʥʝʠʥʚʘʟʠʚʥʦʡ ʜʠʘʛʥʦʩʪʠ-

ʢʠ ʨʷʜʘ ʬʠʟʠʦʣʦʛʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ. 

ɺʦ-ʚʪʦʨʳʭ, ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʚʥʝʰʥʠʭ (ʵʢʟʦʛʝʥʥʳʭ) ʤʝʪʦʢ, ʯʘʩʪʦ ʧʨʠ-

ʤʝʥʷʝʤʳʭ ʚ ʥʘʫʯʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʷʭ ʜʣʷ ʧʦʚʳʰʝʥʠʷ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʠ ʠ 

ʩʧʝʮʠʬʠʯʥʦʩʪʠ ʦʧʪʠʯʝʩʢʠʭ ʤʝʪʦʜʦʚ, ʟʘʪʨʫʜʥʝʥʦ ʧʨʠ ʠʟʤʝʨʝʥʠʷʭ ʥʘ ʣʶʜʷʭ 

in vivo ʠ, ʙʦʣʝʝ ʪʦʛʦ, ʤʦʞʝʪ ʚʣʠʷʪʴ ʥʘ ʠʩʩʣʝʜʫʝʤʳʡ ʧʨʦʮʝʩʩ ï ʧʨʠ ʪʦʤ, ʯʪʦ 

ʠʤʝʥʥʦ ʩʦʟʜʘʥʠʝ ʥʦʚʳʭ ʪʠʧʦʚ ʤʝʪʦʢ ʧʨʠʚʝʣʦ ʢ ʧʨʦʨʳʚʫ ʚ ʠʩʩʣʝʜʦʚʘʥʠʠ 

ʞʠʚʳʭ ʩʠʩʪʝʤ ʩ ʧʦʤʦʱʴʶ ʦʧʪʠʢʠ [2]. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʠʥʪʝʨʝʩ ʧʨʝʜʩʪʘʚʣʷ-

ʝʪ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʵʥʜʦʛʝʥʥʦʛʦ ʢʦʥʪʨʘʩʪʘ ï ʦʧʪʠʯʝʩʢʦʛʦ ʩʠʛʥʘʣʘ ʦʪ ʤʦʣʝʢʫʣ 

ʠ ʩʠʩʪʝʤ ʤʦʣʝʢʫʣ, ʫʞʝ ʧʨʠʩʫʪʩʪʚʫʶʱʠʭ ʚ ʦʙʨʘʟʮʝ (ʢʣʝʪʢʝ, ʙʠʦʞʠʜʢʦʩʪʠ, 

ʪʢʘʥʠ).  

ʅʘ ʥʘʩʪʦʷʱʠʡ ʤʦʤʝʥʪ ʙʦʣʴʰʠʥʩʪʚʦ ʧʨʠʢʣʘʜʥʳʭ ʟʘʜʘʯ ʙʠʦʤʝʜʠʮʠʥ-

ʩʢʦʡ ʦʧʪʠʯʝʩʢʦʡ ʜʠʘʛʥʦʩʪʠʢʠ ï ʢʣʘʩʩʠʬʠʢʘʮʠʷ ʪʢʘʥʝʡ ʠʣʠ ʦʧʨʝʜʝʣʝʥʠʝ 

ʙʠʦʣʦʛʠʯʝʩʢʠ ʨʝʣʝʚʘʥʪʥʦʛʦ ʧʘʨʘʤʝʪʨʘ ï ʨʝʰʘʶʪʩʷ ʩʪʘʪʠʩʪʠʯʝʩʢʠʤʠ ʤʝʪʦ-
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ʜʘʤʠ ʧʫʪʸʤ ʠʩʩʣʝʜʦʚʘʥʠʷ ʬʝʥʦʤʝʥʦʣʦʛʠʯʝʩʢʦʡ ʩʚʷʟʠ ʦʧʪʠʯʝʩʢʦʛʦ ʦʪʢʣʠʢʘ 

ʩ ʠʩʩʣʝʜʫʝʤʦʡ ʮʝʣʝʚʦʡ ʧʝʨʝʤʝʥʥʦʡ, ʙʝʟ ʧʦʩʪʨʦʝʥʠʷ ʬʠʟʠʯʝʩʢʦʡ ʤʦʜʝʣʠ ʠ 

ʩʝʣʝʢʪʠʚʥʦʛʦ ʚʳʜʝʣʝʥʠʷ ʚʢʣʘʜʦʚ ʦʪ ʵʥʜʦʛʝʥʥʳʭ ʤʦʣʝʢʫʣ-ʨʝʧʦʨʪʝʨʦʚ ʠ 

ʦʮʝʥʢʠ ʠʭ ʬʦʪʦʬʠʟʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ. ʊʘʢ ʤʦʛʫʪ ʙʳʪʴ ʢʣʘʩʩʠʬʠʮʠʨʦʚʘʥʳ 

ʟʜʦʨʦʚʳʝ ʠ ʧʘʪʦʣʦʛʠʯʝʩʢʠʝ ʪʢʘʥʠ ʧʨʠ ʠʥʪʨʘʦʧʝʨʘʮʠʦʥʥʦʡ ʜʠʘʛʥʦʩʪʠʢʝ, 

ʧʨʦʘʥʘʣʠʟʠʨʦʚʘʥʳ ʦʙʨʘʟʮʳ ʙʠʦʞʠʜʢʦʩʪʝʡ ʠʣʠ ʢʣʘʩʩʠʬʠʮʠʨʦʚʘʥʳ ʩʫʙʧʦ-

ʧʫʣʷʮʠʠ ʢʣʝʪʦʢ. ʂʦʥʩʪʨʫʠʨʦʚʘʥʠʝ ʧʨʠʟʥʘʢʦʚʦʛʦ ʦʧʠʩʘʥʠʷ, ʜʦʩʪʘʪʦʯʥʦʛʦ 

ʜʣʷ ʫʩʧʝʰʥʦʛʦ ʨʝʰʝʥʠʷ ʜʠʘʛʥʦʩʪʠʯʝʩʢʦʡ ʟʘʜʘʯʠ, ʚʦʟʤʦʞʥʦ ʩ ʨʘʟʚʠʪʠʝʤ 

ʥʦʚʳʭ ʤʝʪʦʜʦʚ ʦʧʪʠʯʝʩʢʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʙʣʘʛʦʜʘʨʷ ʠʩʩʣʝʜʦʚʘʥʠʶ ʬʦʪʦ-

ʬʠʟʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʦʚ ʠ ʦʪʙʦʨʫ ʯʫʚʩʪʚʠʪʝʣʴʥʳʭ ʬʦʪʦʬʠʟʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪ-

ʨʦʚ ʠʩʩʣʝʜʫʝʤʳʭ ʩʠʩʪʝʤ. ʊʘʢ, ʯʫʚʩʪʚʠʪʝʣʴʥʳʤʠ ʦʢʘʟʳʚʘʶʪʩʷ ʧʘʨʘʤʝʪʨʳ 

ʨʝʣʘʢʩʘʮʠʠ ʚʦʟʙʫʞʜʝʥʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʬʣʫʦʨʦʬʦʨʦʚ ʥʘ ʜʠʘʧʘʟʦʥʝ ʚʨʝʤʝʥ 

ʦʪ ʜʦʣʝʡ ʧʠʢʦʩʝʢʫʥʜ ʜʦ ʝʜʠʥʠʮ ʥʘʥʦʩʝʢʫʥʜ ʟʘ ʩʯʸʪ ʪʦʛʦ, ʯʪʦ ʠʭ ʩʚʦʡʩʪʚʘ 

ʩʚʷʟʘʥʳ ʩ ʨʘʩʧʨʝʜʝʣʝʥʠʝʤ ʵʣʝʢʪʨʦʥʥʦʡ ʧʣʦʪʥʦʩʪʠ ʤʦʣʝʢʫʣ, ʟʘʚʠʩʷʱʠʤ ʦʪ 

ʩʪʨʫʢʪʫʨʳ ʬʣʫʦʨʦʬʦʨʦʚ ʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʩ ʣʦʢʘʣʴʥʳʤ ʦʢʨʫʞʝʥʠʝʤ [3]. ɺ 

ʨʷʜʝ ʟʘʜʘʯ ʯʫʚʩʪʚʠʪʝʣʴʥʳʤʠ ʦʢʘʟʳʚʘʶʪʩʷ ʢʘʢ ʩʧʝʢʪʨʘʣʴʥʘʷ, ʪʘʢ ʠ ʚʨʝʤʝʥ-

ʥʘʷ ʢʦʤʧʦʥʝʥʪʘ ʬʣʫʦʨʝʩʮʝʥʪʥʦʛʦ ʦʪʢʣʠʢʘ, ʩʚʷʟʘʥʥʘʷ ʩ ʵʬʬʝʢʪʠʚʥʦʩʪʴʶ 

ʵʣʝʢʪʨʦʥʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʧʦʜʩʠʩʪʝʤ.  

ɼʘʥʥʘʷ ʢʦʥʮʝʧʮʠʷ ʣʝʞʠʪ ʚ ʦʩʥʦʚʝ ʤʫʣʴʪʠʤʦʜʘʣʴʥʳʭ ʤʝʪʦʜʦʚ, ʢʦʛʜʘ 

ʧʨʦʠʟʚʦʜʠʪʩʷ ʦʜʥʦʚʨʝʤʝʥʥʦʝ ʠʟʤʝʨʝʥʠʝ ʨʘʟʣʠʯʥʳʭ ʦʧʪʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪ-

ʨʦʚ ʩʠʩʪʝʤʳ ï ʥʘʧʨʠʤʝʨ, ʚ ʩʣʫʯʘʝ ʤʥʦʛʦʬʦʪʦʥʥʦʡ ʪʦʤʦʛʨʘʬʠʠ (ʄʌʊ), ʥʘ-

ʰʝʜʰʝʡ ʧʨʠʤʝʥʝʥʠʝ ʚ ʦʧʪʠʯʝʩʢʦʡ ʙʠʦʧʩʠʠ, ʪʘʢʠʤʠ ʧʘʨʘʤʝʪʨʘʤʠ ʩʣʫʞʘʪ 

ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʛʝʥʝʨʘʮʠʠ ʦʧʪʠʯʝʩʢʠʭ ʛʘʨʤʦʥʠʢ, ʩʧʝʢʪʨʘʣʴʥʳʝ ʧʘʨʘʤʝʪʨʳ, 

ʚʨʝʤʷ ʞʠʟʥʠ ʠ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʬʣʫʦʨʝʩʮʝʥʮʠʠ [4]. ʎʝʣʴʶ ʧʨʝʜʩʪʘʚʣʝʥʥʦʡ 

ʨʘʙʦʪʳ ʷʚʣʷʣʦʩʴ ʬʫʥʜʘʤʝʥʪʘʣʴʥʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ ʤʝʭʘʥʠʟʤʦʚ ʬʦʨʤʠʨʦʚʘ-

ʥʠʷ ʦʧʪʠʯʝʩʢʦʛʦ ʦʪʢʣʠʢʘ ʵʥʜʦʛʝʥʥʳʭ ʬʣʫʦʨʦʬʦʨʦʚ ʠ ʨʝʰʝʥʠʝ ʦʙʨʘʪʥʦʡ 

ʟʘʜʘʯʠ ʜʠʘʛʥʦʩʪʠʢʠ ʠ ʚʠʟʫʘʣʠʟʘʮʠʠ ʢʦʤʧʦʥʝʥʪʦʚ ʞʠʚʳʭ ʩʠʩʪʝʤ ʩ ʠʩʧʦʣʴ-

ʟʦʚʘʥʠʝʤ ʵʪʦʛʦ ʦʪʢʣʠʢʘ ʥʘ ʧʨʠʤʝʨʝ ʘʥʘʣʠʟʘ ʩʪʨʫʢʪʫʨ ʚ ʢʦʞʝ ʤʝʪʦʜʦʤ 

ʄʌʊ, ʩʦʚʤʝʱʝʥʥʦʡ ʩ ʚʠʟʫʘʣʠʟʘʮʠʝʡ ʚʨʝʤʝʥʠ ʞʠʟʥʠ ʬʣʫʦʨʝʩʮʝʥʮʠʠ (fluo-

rescence lifetime imaging, FLIM). 

ɺ ʩʚʷʟʠ ʩʦ ʩʚʦʝʡ ʜʦʩʪʫʧʥʦʩʪʴʶ ʜʣʷ ʠʟʤʝʨʝʥʠʡ ʠ ʩʨʘʚʥʠʪʝʣʴʥʦ ʤʘʣʦʡ 

ʛʣʫʙʠʥʦʡ ʧʨʦʥʠʢʥʦʚʝʥʠʷ ʦʧʪʠʯʝʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ ʚ ʙʠʦʣʦʛʠʯʝʩʢʠʝ ʪʢʘʥʠ 

ʢʦʞʘ ʷʚʣʷʝʪʩʷ ʦʜʥʠʤ ʠʟ ʦʩʥʦʚʥʳʭ ʦʙʲʝʢʪʦʚ ʠʩʩʣʝʜʦʚʘʥʠʷ in vivo ʜʣʷ ʙʠʦ-

ʬʦʪʦʥʠʢʠ. ɺ ʨʘʙʦʪʝ ʙʳʣ ʨʘʩʩʤʦʪʨʝʥ ʚʦʧʨʦʩ ʦ ʚʦʟʤʦʞʥʦʩʪʠ ʚʠʟʫʘʣʠʟʘʮʠʠ 

ʤʠʢʨʦʩʦʩʫʜʦʚ (ʢʘʧʠʣʣʷʨʦʚ) ʩ ʧʦʤʦʱʴʶ ʄʌʊ ʠ ʵʥʜʦʛʝʥʥʦʛʦ ʢʦʥʪʨʘʩʪʘ, ʯʪʦ 

ʨʘʥʝʝ ʨʝʘʣʠʟʦʚʘʥʦ ʥʝ ʙʳʣʦ. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʢʘʧʠʣʣʷʨʳ ʤʦʛʫʪ ʙʳʪʴ ʚʠʟʫʘʣʠ-

ʟʠʨʦʚʘʥʳ ʧʦ ʩʠʛʥʘʣʫ ʵʥʜʦʛʝʥʥʦʡ ʬʣʫʦʨʝʩʮʝʥʮʠʠ ʩ ʙʳʩʪʨʳʤ (<100 ʧʩ) ʟʘ-

ʪʫʭʘʥʠʝʤ ʬʣʫʦʨʝʩʮʝʥʮʠʠ [5]. ɼʘʣʝʝ ʙʳʣ ʠʩʩʣʝʜʦʚʘʥ ʤʝʭʘʥʠʟʤ ʬʦʨʤʠʨʦʚʘ-

ʥʠʷ ʜʘʥʥʦʛʦ ʩʠʛʥʘʣʘ, ʧʦʢʘʟʘʥʦ, ʯʪʦ ʦʥ ʷʚʣʷʝʪʩʷ ʩʣʝʜʩʪʚʠʝʤ ʦʙʨʘʟʦʚʘʥʠʷ 

ʬʣʫʦʨʝʩʮʝʥʪʥʳʭ ʬʦʪʦʧʨʦʜʫʢʪʦʚ ʛʝʤʦʛʣʦʙʠʥʘ [6-7]. ʉ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʨʘʟ-

ʨʘʙʦʪʘʥʥʦʛʦ ʧʦʜʭʦʜʘ ʠʩʩʣʝʜʦʚʘʥ ʚʦʧʨʦʩ ʦ ʩʚʦʡʩʪʚʘʭ ʦʙʣʘʩʪʠ ʚ ʢʦʞʝ ʚʦ-

ʢʨʫʛ ʢʘʧʠʣʣʷʨʦʚ ï ʧʝʨʠʚʘʩʢʫʣʷʨʥʦʡ ʟʦʥʳ [8-9].  



ʇʦʜʩʝʢʮʠʷ çʌʦʪʦʥʥʳʝ ʠ ʢʚʘʥʪʦʚʳʝ ʪʝʭʥʦʣʦʛʠʠ. ʎʠʬʨʦʚʘʷ ʤʝʜʠʮʠʥʘè  45 

ʄʥʦʛʦʬʦʪʦʥʥʘʷ ʚʠʟʫʘʣʠʟʘʮʠʷ ʢʦʞʠ ʄʌʊ-FLIM in vivo ʙʳʣʘ ʚʳʧʦʣ-

ʥʝʥʘ ʩ ʧʦʤʦʱʴʶ ʩʠʩʪʝʤʳ, ʚ ʢʦʪʦʨʦʡ ʚ ʢʘʯʝʩʪʚʝ ʥʘʢʘʯʢʠ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʪʠ-

ʪʘʥ-ʩʘʧʬʠʨʦʚʳʡ ʣʘʟʝʨ ʩ ʜʣʠʪʝʣʴʥʦʩʪʴʶ ʠʤʧʫʣʴʩʦʚ 100 ʬʩ ʠ ʯʘʩʪʦʪʦʡ ʩʣʝ-

ʜʦʚʘʥʠʷ ʠʤʧʫʣʴʩʦʚ 80 ʄɻʮ. ɺʦʟʙʫʞʜʝʥʠʝ ʦʩʫʱʝʩʪʚʣʷʣʦʩʴ ʥʘ ʜʣʠʥʝ ʚʦʣʥʳ 

760 ʥʤ, ʩʠʛʥʘʣ ʜʝʪʝʢʪʠʨʦʚʘʣʩʷ ʚ ʜʚʫʭ ʩʧʝʢʪʨʘʣʴʥʳʭ ʢʘʥʘʣʘʭ: 410ï680 ʥʤ 

ʜʣʷ ʕʌ ʠ <400 ʥʤ ʜʣʷ ʩʠʛʥʘʣʘ ʛʝʥʝʨʘʮʠʠ ʚʪʦʨʦʡ ʛʘʨʤʦʥʠʢʠ (ɻɺɻ). ʈʝʧʨʝ-

ʟʝʥʪʘʪʠʚʥʦʝ ʠʟʦʙʨʘʞʝʥʠʝ, ʧʦʣʫʯʝʥʥʦʝ ʤʝʪʦʜʦʤ ɼʌʊ-FLIM ʚ ʦʙʣʘʩʪʠ ʥʦʛ-

ʪʝʚʦʛʦ ʣʦʞʘ ʧʨʠʚʝʜʝʥʦ ʥʘ ʨʠʩ. 1. ʊʦʛʜʘ ʢʘʢ ʥʘ ʠʟʦʙʨʘʞʝʥʠʷʭ, ʧʦʣʫʯʝʥʥʳʭ 

ʢʘʨʪʠʨʦʚʘʥʠʝʤ ʩʠʛʥʘʣʦʚ ɻɺɻ ʠ ɸʌ ʩʪʨʫʢʪʫʨ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʢʘʧʠʣʣʷ-

ʨʘʤ, ʚ ʷʚʥʦʤ ʚʠʜʝ ʥʝ ʥʘʙʣʶʜʘʝʪʩʷ (ʨʠʩ. 1ɸ-ɹ), ʤʠʢʨʦʩʦʩʫʜʳ ʚʠʜʥʳ ʥʘ ʠʟʦ-

ʙʨʘʞʝʥʠʷʭ, ʧʦʣʫʯʝʥʥʳʭ ʤʝʪʦʜʦʤ FLIM (ʨʠʩ. 1ɺ). ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʦʙʣʘʩ-

ʪʠ ʢʘʧʠʣʣʷʨʦʚ ʭʘʨʘʢʪʝʨʠʟʫʶʪʩʷ ʢʦʨʦʪʢʠʤ ʚʨʝʤʝʥʝʤ ʟʘʪʫʭʘʥʠʷ Ű1 < 200 ʧʩ 

(ʨʠʩ. 1ɺ-ɻ) ʠ ʜʦʤʠʥʠʨʫʶʱʠʤ ʚʢʣʘʜʦʤ ʙʳʩʪʨʦʡ ʢʦʤʧʦʥʝʥʪʳ ʢʠʥʝʪʠʢʠ ʨʝ-

ʣʘʢʩʘʮʠʠ ʬʣʫʦʨʝʩʮʝʥʮʠʠ (a1/a2 > 9). 
 

 

ʈʠʩ. 1. ʀʟʦʙʨʘʞʝʥʠʝ ʦʙʣʘʩʪʠ ʥʦʛʪʝʚʦʛʦ ʣʦʞʘ, ʧʦʣʫʯʝʥʥʦʝ ʥʘ ʛʣʫʙʠʥʝ 100 ʤʢʤ ʤʝʪʦʜʦʤ 

ɼʌʊ-FLIM, ʥʘ ʢʦʪʦʨʳʭ ʢʘʨʪʠʨʦʚʘʥʳ ɸ) ʠʥʪʝʥʩʠʚʥʦʩʪʴ ɻɺɻ, ɹ) ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʜʚʫʭʬʦ-

ʪʦʥʥʦʡ ʕʌ, ɺ) ʚʨʝʤʷ ʨʝʣʘʢʩʘʮʠʠ ʬʣʫʦʨʝʩʮʝʥʮʠʠ Ű1. ɻ) ʉʦʚʤʝʱʝʥʥʦʝ ʠʟʦʙʨʘʞʝʥʠʝ ʠʥ-

ʪʝʥʩʠʚʥʦʩʪʠ ɻɺɻ (ʢʨʘʩʥʳʡ ʮʚʝʪ) ʠ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʘʤʧʣʠʪʫʜʳ ʙʳʩʪʨʦʡ ʢʦʤʧʦʥʝʥʪʳ a1 

(ʙʠʨʶʟʦʚʳʡ ʮʚʝʪ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʦʪʩʝʯʢʝ a1/a2 > 9).  

 

ɼʘʣʝʝ ʙʳʣ ʠʟʫʯʝʥ ʤʝʭʘʥʠʟʤ ʚʦʟʥʠʢʥʦʚʝʥʠʷ ʩʠʛʥʘʣʘ ʩ ʙʳʩʪʨʳʤ (Ű1 < 100 

ʧʩ) ʟʘʪʫʭʘʥʠʝʤ ʬʣʫʦʨʝʩʮʝʥʮʠʠ, ʥʘʙʣʶʜʘʝʤʳʤ ʠʟ ʦʙʣʘʩʪʠ ʢʘʧʠʣʣʷʨʘ, ʜʣʷ 

ʯʝʛʦ ʙʳʣʘ ʠʩʩʣʝʜʦʚʘʥʘ ʢʠʥʝʪʠʢʘ ʟʘʪʫʭʘʥʠʷ ʬʣʫʦʨʝʩʮʝʥʮʠʷ ʦʩʥʦʚʥʳʭ ʢʦʤ-

ʧʦʥʝʥʪʦʚ ʢʨʦʚʠ ï ʵʨʠʪʨʦʮʠʪʦʚ, ʣʝʡʢʦʮʠʪʦʚ ʠ ʧʣʘʟʤʳ ʢʨʦʚʠ. ɹʳʣʦ ʧʦʢʘʟʘ-

ʥʦ, ʯʪʦ ʢʠʥʝʪʠʢʘ ʟʘʪʫʭʘʥʠʷ ʬʣʫʦʨʝʩʮʝʥʮʠʠ ʵʨʠʪʨʦʮʠʪʦʚ ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ 

ʧʘʨʘʤʝʪʨʘʤʠ ʟʘʪʫʭʘʥʠʷ, ʘʥʘʣʦʛʠʯʥʳʤʠ ʠʟʤʝʨʝʥʥʳʤ ʜʣʷ ʦʙʣʘʩʪʠ ʢʘʧʠʣʣʷʨʘ 

in vivo (ʨʠʩ. 2ɸ-ɹ). ʇʨʠ ʦʜʥʦʬʦʪʦʥʥʦʤ ʚʦʟʙʫʞʜʝʥʠʠ (402 ʥʤ) ʫ ʵʨʠʪʨʦʮʠ-

ʪʦʚ ʪʘʢʞʝ ʥʘʙʣʶʜʘʣʘʩʴ ʬʣʫʦʨʝʩʮʝʥʮʠʷ, ʭʘʨʘʢʪʝʨʠʟʫʶʱʘʷʩʷ ʩʚʝʨʭʙʳʩʪʨʳʤ 

ʟʘʪʫʭʘʥʠʝʤ ʠ ʥʠʟʢʦʡ ʠʥʪʝʥʩʠʚʥʦʩʪʴʶ ʚ ʩʨʘʚʥʝʥʠʠ ʩ ʜʨʫʛʠʤʠ ʢʦʤʧʦʥʝʥʪʘ-

ʤʠ ʢʨʦʚʠ (ʨʠʩ. 2ɸ).  

ɹʳʣʦ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʜʚʫʭʬʦʪʦʥʥʦʡ ʬʣʫʦʨʝʩʮʝʥʮʠʠ 

ʵʨʠʪʨʦʮʠʪʦʚ ʠʤʝʝʪ ʧʨʘʢʪʠʯʝʩʢʠ ʣʠʥʝʡʥʫʶ ʟʘʚʠʩʠʤʦʩʪʴ ʦʪ ʚʨʝʤʝʥʠ ʦʙʣʫ-

ʯʝʥʠʷ (ʨʠʩ. 2ɺ). ʉʢʦʨʦʩʪʴ ʨʦʩʪʘ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʕʌ, ʨʘʩʩʯʠʪʘʥʥʘʷ ʧʫʪʝʤ 

ʣʠʥʝʡʥʦʡ ʘʧʧʨʦʢʩʠʤʘʮʠʠ ʟʘʚʠʩʠʤʦʩʪʠ ʜʚʫʭʬʦʪʦʥʥʦʡ ʬʣʫʦʨʝʩʮʝʥʮʠʠ ʦʪ 

ʚʨʝʤʝʥʠ, ʢʚʘʜʨʘʪʠʯʥʦ ʟʘʚʠʩʝʣʘ ʦʪ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʥʘʢʘʯʢʠ. ʆʙʥʘʨʫʞʝʥʥʦʝ 

ʧʦʚʝʜʝʥʠʝ ʜʚʫʭʬʦʪʦʥʥʦʡ ʬʣʫʦʨʝʩʮʝʥʮʠʠ ʵʨʠʪʨʦʮʠʪʦʚ ʤʦʞʥʦ ʦʙʲʷʩʥʠʪʴ 

ʥʘʢʦʧʣʝʥʠʝʤ ʬʣʫʦʨʝʩʮʠʨʫʶʱʝʛʦ ʬʦʪʦʧʨʦʜʫʢʪʘ, ʚʦʟʥʠʢʘʶʱʝʛʦ ʚ ʨʝʟʫʣʴʪʘ-



ʃʆʄʆʅʆʉʆɺʉʂʀɽ ʏʊɽʅʀʗ ï 2024 46 

ʪʝ ʧʨʦʮʝʩʩʘ ʜʚʫʭʬʦʪʦʥʥʦʛʦ ʧʦʛʣʦʱʝʥʠʷ. ʊʘʢʞʝ ʙʳʣ ʜʦʢʘʟʘʥ ʥʝʦʙʨʘʪʠʤʳʡ 

ʭʘʨʘʢʪʝʨ ʦʙʨʘʟʦʚʘʥʠʷ ʬʦʪʦʧʨʦʜʫʢʪʦʚ ʧʫʪʝʤ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʛʦ ʠʟʤʝʨʝʥʠʷ 

ʬʣʫʦʨʝʩʮʝʥʪʥʳʭ ʠʟʦʙʨʘʞʝʥʠʡ ʦʙʣʫʯʝʥʥʦʡ ʦʙʣʘʩʪʠ ʩʫʩʧʝʥʟʠʠ ʵʨʠʪʨʦʮʠ-

ʪʦʚ. 
 

 
ʈʠʩ. 2. ɸ) ʈʘʩʧʨʝʜʝʣʝʥʠʝ ʩʨʝʜʥʝʛʦ ʚʨʝʤʝʥʠ ʞʠʟʥʠ ʬʣʫʦʨʝʩʮʝʥʮʠʠ ʜʣʷ ʵʨʠʪʨʦʮʠʪʦʚ, 

ʧʣʘʟʤʳ ʢʨʦʚʠ, ʥʝʡʪʨʦʬʠʣʦʚ ʠ ʵʦʟʠʥʦʬʠʣʦʚ. ɹ) FLIM-ʠʟʦʙʨʘʞʝʥʠʝ ʩʫʩʧʝʥʟʠʠ ʵʨʠʪʨʦ-

ʮʠʪʦʚ, ʧʦʣʫʯʝʥʥʦʝ ʧʨʠ ʜʚʫʭʬʦʪʦʥʥʦʤ ʚʦʟʙʫʞʜʝʥʠʠ ʥʘ ʜʣʠʥʝ ʚʦʣʥʳ 760 ʥʤ, ʮʚʝʪʦʤ 

ʢʘʨʪʠʨʦʚʘʥʦ ʩʨʝʜʥʝʝ ʚʨʝʤʷ ʟʘʪʫʭʘʥʠʷ ʬʣʫʦʨʝʩʮʝʥʮʠʠ. ɺ) ɿʘʚʠʩʠʤʦʩʪʴ ʠʥʪʝʥʩʠʚʥʦʩʪʠ 

ʜʚʫʭʬʦʪʦʥʥʦʡ ʬʣʫʦʨʝʩʮʝʥʮʠʠ ʵʨʠʪʨʦʮʠʪʦʚ ʦʪ ʚʨʝʤʝʥʠ ʦʙʣʫʯʝʥʠʷ ʧʨʠ ʨʘʟʥʳʭ ʤʦʱʥʦ-

ʩʪʷʭ ʥʘʢʘʯʢʠ (ʜʣʠʥʘ ʚʦʣʥʳ ʚʦʟʙʫʞʜʝʥʠʷ 760 ʥʤ).  

 

ʕʢʩʧʝʨʠʤʝʥʪʳ, ʚʳʧʦʣʥʝʥʥʳʝ ʩ ʨʘʩʪʚʦʨʦʤ ʛʝʤʦʛʣʦʙʠʥʘ, ʦʩʥʦʚʥʦʛʦ 

ʭʨʦʤʦʬʦʨʘ ʚ ʵʨʠʪʨʦʮʠʪʘʭ, ʧʦʢʘʟʘʣʠ, ʯʪʦ ʜʣʷ ʥʝʛʦ ʪʘʢʞʝ ʥʘʙʣʶʜʘʝʪʩʷ ʥʝʦʙ-

ʨʘʪʠʤʦʝ ʦʙʨʘʟʦʚʘʥʠʝ ʬʦʪʦʧʨʦʜʫʢʪʘ. ʅʝʩʤʦʪʨʷ ʥʘ ʪʦ, ʯʪʦ ʛʝʤʦʛʣʦʙʠʥ ʥʝ 

ʬʣʫʦʨʝʩʮʠʨʫʝʪ ʠʟ-ʟʘ ʩʚʝʨʭʙʳʩʪʨʦʛʦ ʧʝʨʝʥʦʩʘ ʵʣʝʢʪʨʦʥʘ ʤʝʞʜʫ ʧʦʨʬʠʨʠ-

ʥʦʤ ʠ ʠʦʥʦʤ ʞʝʣʝʟʘ, ʚ ʨʝʟʫʣʴʪʘʪʝ ʝʛʦ ʦʜʥʦ- ʠ ʜʚʫʭʬʦʪʦʥʥʦʛʦ ʚʦʟʙʫʞʜʝʥʠʷ 

ʦʙʨʘʟʫʝʪʩʷ ʬʣʫʦʨʝʩʮʠʨʫʶʱʠʡ ʬʦʪʦʧʨʦʜʫʢʪ, ʢʦʪʦʨʳʡ ʤʦʞʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ 

ʚ ʢʘʯʝʩʪʚʝ ʵʥʜʦʛʝʥʥʦʛʦ ʢʦʥʪʨʘʩʪʘ ʧʨʠ ʚʠʟʫʘʣʠʟʘʮʠʠ ʩʦʩʫʜʦʚ ʤʝʪʦʜʦʤ 

ʄʌʊ-FLIM. 

ʄʝʪʦʜ ʄʌʊ-FLIM ʜʘʣʝʝ ʙʳʣ ʧʨʠʤʝʥʝʥ ʜʣʷ ʠʥʪʝʨʧʨʝʪʘʮʠʠ ʨʝʟʫʣʴʪʘʪʦʚ 

ʦʧʪʠʯʝʩʢʦʡ ʢʘʧʠʣʣʷʨʦʩʢʦʧʠʠ. ʅʘ ʨʠʩ. 3ɸ ʧʦʢʘʟʘʥʦ ʪʠʧʠʯʥʦʝ ʠʟʦʙʨʘʞʝʥʠʝ 

ʢʘʧʠʣʣʷʨʦʚ ʥʦʛʪʝʚʦʛʦ ʣʦʞʘ ʟʜʦʨʦʚʦʛʦ ʯʝʣʦʚʝʢʘ, ʧʦʣʫʯʝʥʥʦʝ ʩ ʧʦʤʦʱʴʶ 

ʮʠʬʨʦʚʦʛʦ ʢʘʧʠʣʣʷʨʦʩʢʦʧʘ ʩ ʫʚʝʣʠʯʝʥʠʝʤ 400Ĭ, ʧʨʠ ʵʪʦʤ ʥʘʙʣʶʜʘʝʪʩʷ ʭʘ-

ʨʘʢʪʝʨʥʘʷ ʦʙʣʘʩʪʴ ʚʦʢʨʫʛ ʢʘʧʠʣʣʷʨʦʚ, ʧʦʣʫʯʠʚʰʘʷ ʥʘʟʚʘʥʠʝ ʧʝʨʠʚʘʩʢʫ-

ʣʷʨʥʦʡ ʟʦʥʳ (ʇɿ, ʦʪʤʝʯʝʥʘ ʥʘ ʨʠʩ. 3ɸ ʢʨʘʩʥʦʡ ʩʪʨʝʣʢʦʡ). ɹʳʣʦ ʧʨʦʚʝʜʝʥʦ 

ʠʩʩʣʝʜʦʚʘʥʠʝ, ʢʦʪʦʨʦʝ ʧʦʢʘʟʘʣʦ, ʯʪʦ ʨʘʟʤʝʨ ʇɿ ʤʦʞʝʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥ ʚ 

ʢʘʯʝʩʪʚʝ ʜʠʘʛʥʦʩʪʠʯʝʩʢʦʛʦ ʧʘʨʘʤʝʪʨʘ ʧʨʠ ʦʮʝʥʢʝ ʪʷʞʝʩʪʠ ʭʨʦʥʠʯʝʩʢʦʡ 

ʩʝʨʜʝʯʥʦʡ ʥʝʜʦʩʪʘʪʦʯʥʦʩʪʠ (ʍʉʅ), ʦʧʨʝʜʝʣʝʥʥʦʡ ʩʦʛʣʘʩʥʦ ʢʣʘʩʩʠʬʠʢʘʮʠʠ 

ʅʴ-ʁʡʦʨʢʩʢʦʡ ʂʘʨʜʠʦʣʦʛʠʯʝʩʢʦʡ ɸʩʩʦʮʠʘʮʠʠ, ð ʜʘʥʥʳʡ ʧʘʨʘʤʝʪʨ ʫʚʝʣʠ-

ʯʠʚʘʝʪʩʷ ʩ ʚʦʟʨʘʩʪʘʥʠʝʤ ʢʣʘʩʩʘ ʍʉʅ (ʨʠʩ. 3ɺ) [8].  

ʈʝʧʨʝʟʝʥʪʘʪʠʚʥʦʝ ʠʟʦʙʨʘʞʝʥʠʝ ʇɿ, ʧʦʣʫʯʝʥʥʦʝ ʤʝʪʦʜʦʤ ɼʌʊ-FLIM ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʩʠʛʥʘʣʘ ɻɺɻ (ʢʨʘʩʥʳʡ ʮʚʝʪ) ʠ ʜʚʫʭʬʦʪʦʥʥʦʡ ʬʣʫʦʨʝʩʮʝʥ-

ʮʠʠ (ʟʝʣʝʥʳʡ ʮʚʝʪ), ʧʨʝʜʩʪʘʚʣʝʥʦ ʥʘ ʨʠʩ. 3ɹ. ɹʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʦʙʣʘʩʪʴ 

ʦʪ ʛʨʘʥʠʮʳ ʢʘʧʠʣʣʷʨʘ, ʢʦʪʦʨʳʡ ʤʦʞʥʦ ʚʠʟʫʘʣʠʟʠʨʦʚʘʪʴ ʣʠʙʦ ʧʦ ʙʳʩʪʨʦʤʫ 



ʇʦʜʩʝʢʮʠʷ çʌʦʪʦʥʥʳʝ ʠ ʢʚʘʥʪʦʚʳʝ ʪʝʭʥʦʣʦʛʠʠ. ʎʠʬʨʦʚʘʷ ʤʝʜʠʮʠʥʘè  47 

ʟʘʪʫʭʘʥʠʶ ʬʣʫʦʨʝʩʮʝʥʮʠʠ ʤʝʪʦʜʦʤ FLIM, ʣʠʙʦ ʢʘʢ ʪʝʤʥʫʶ çʧʝʪʣʝʦʙʨʘʟ-

ʥʫʶè ʦʙʣʘʩʪʴ ʥʘ ʠʟʦʙʨʘʞʝʥʠʷʭ ɻɺɻ, ʜʦ ʛʨʘʥʠʮʳ ʇɿ, ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʞʠʚʦʤʫ 

ʵʧʠʜʝʨʤʠʩʫ ð ʪʦ ʝʩʪʴ, ʦʙʣʘʩʪʠ ʜʦ ʨʦʛʦʚʦʛʦ ʩʣʦʷ ʢʦʞʠ. ʇʨʷʤʳʝ ʠʟʤʝʨʝʥʠʷ, 

ʚʳʧʦʣʥʝʥʥʳʝ ʤʝʪʦʜʘʤʠ ʦʧʪʠʯʝʩʢʦʡ ʢʘʧʠʣʣʷʨʦʩʢʦʧʠʠ ʠ ʄʌʊ-FLIM ʥʘ ʦʜ-

ʥʠʭ ʠ ʪʝʭ ʞʝ ʢʘʧʠʣʣʷʨʘʭ (ʨʠʩ. 3. ɸïɹ), ʧʦʜʪʚʝʨʜʠʣʠ ʚʳʰʝʫʢʘʟʘʥʥʫʶ ʛʠʧʦ-

ʪʝʟʫ.  
 

 

ʈʠʩ. 3. ɸ) ʀʟʦʙʨʘʞʝʥʠʝ ʢʘʧʠʣʣʷʨʘ, ʧʦʣʫʯʝʥʥʦʝ ʤʝʪʦʜʦʤ ʰʠʨʦʢʦʧʦʣʴʥʦʡ ʤʠʢʨʦʩʢʦʧʠʠ 

(ʢʘʧʠʣʣʷʨʦʩʢʦʧʠʠ) ʚ ʙʝʣʦʤ ʩʚʝʪʝ ʥʘ ʦʪʨʘʞʝʥʠʝ. ɹ) ʀʟʦʙʨʘʞʝʥʠʝ ʪʦʛʦ ʞʝ ʢʘʧʠʣʣʷʨʘ, ʯʪʦ 

ʠ ʥʘ ʧʘʥʝʣʠ ɸ, ʧʦʣʫʯʝʥʥʦʝ ʤʝʪʦʜʦʤ ɼʌʊ-FLIM. ʂʨʘʩʥʳʡ ʮʚʝʪ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʩʠʛʥʘʣʫ 

ɻɺɻ, ʟʝʣʝʥʳʡ ʠ ʩʠʥʠʡ ï ʜʚʫʭʬʦʪʦʥʥʦʡ ʵʥʜʦʛʝʥʥʦʡ ʬʣʫʦʨʝʩʮʝʥʮʠʠ. ɺ) ʈʘʩʧʨʝʜʝʣʝʥʠʝ 

ʠʩʧʳʪʫʝʤʳʭ ʚ ʢʦʥʪʨʦʣʴʥʦʡ ʠ ʍʉʅ-ʛʨʫʧʧʘʭ ʧʦ ʨʘʟʤʝʨʫ ʇɿ. 
 

 

ɼʘʣʝʝ ʥʘ ʦʩʥʦʚʝ ɼʌʊ-FLIM ʩ ʵʥʜʦʛʝʥʥʳʤ ʢʦʥʪʨʘʩʪʦʤ ʙʳʣʘ ʨʘʟʨʘʙʦʪʘ-

ʥʘ ʤʝʪʦʜʦʣʦʛʠʷ ʜʣʷ ʚʠʟʫʘʣʠʟʘʮʠʠ ʠ ʘʥʘʣʠʟʘ ʩʪʨʫʢʪʫʨ ʚ ʙʠʦʣʦʛʠʯʝʩʢʠʭ ʪʢʘ-

ʥʷʭ in vivo, ʢʦʪʦʨʳʝ ʜʨʫʛʠʤʠ ʤʝʪʦʜʘʤʠ ʚ ʘʥʘʣʦʛʠʯʥʳʭ ʫʩʣʦʚʠʷʭ ʠʩʩʣʝʜʦ-

ʚʘʪʴ ʟʘʪʨʫʜʥʠʪʝʣʴʥʦ ʠʣʠ ʥʝʚʦʟʤʦʞʥʦ. ʊʝʭʥʠʯʝʩʢʠ, ʦʜʥʦʡ ʠʟ ʦʩʥʦʚʥʳʭ ʟʘ-

ʜʘʯ ʤʝʪʦʜʘ FLIM ʩ ʵʥʜʦʛʝʥʥʳʤ ʢʦʥʪʨʘʩʪʦʤ ʷʚʣʷʝʪʩʷ ʧʦʠʩʢ ʩʫʙʧʦʧʫʣʷʮʠʡ 

ʢʣʝʪʦʢ ʩ ʨʘʟʣʠʯʥʳʤ ʤʝʪʘʙʦʣʠʯʝʩʢʠʤ ʩʪʘʪʫʩʦʤ, ʢʦʪʦʨʳʡ ʧʨʦʷʚʣʷʝʪʩʷ ʚ ʟʥʘ-

ʯʝʥʠʷʭ ʧʘʨʘʤʝʪʨʦʚ ʬʣʫʦʨʝʩʮʝʥʪʥʦʛʦ ʦʪʢʣʠʢʘ ʬʣʫʦʨʝʩʮʝʥʪʥʦʡ ʤʦʣʝʢʫʣʳ 

(ʢʦʬʘʢʪʦʨ) ʅɸɼʅ. ʈʘʟʣʠʯʠʷ ʚ ʧʘʨʘʤʝʪʨʘʭ ʟʘʪʫʭʘʥʠʷ ʕʌ ʧʨʠ ʚʦʟʜʝʡʩʪʚʠʷʭ 

ʥʘ ʢʣʝʪʢʫ ʤʦʛʫʪ ʙʳʪʴ ʜʦʩʪʘʪʦʯʥʦ ʤʘʣʳʤʠ, ʥʘ ʫʨʦʚʥʝ 100-200 ʧʩ ʜʣʷ ʟʥʘʯʝ-

ʥʠʡ ʩʨʝʜʥʝʛʦ ʚʨʝʤʝʥʠ ʞʠʟʥʠ ʬʣʫʦʨʝʩʮʝʥʮʠʠ. ɺ ʩʚʷʟʠ ʩ ʵʪʠʤ ʙʳʣ ʠʟʫʯʝʥ 

ʚʦʧʨʦʩ ʦ ʪʦʤ, ʥʘʩʢʦʣʴʢʦ ʩʠʣʴʥʦ ʜʦʣʞʥʳ ʦʪʣʠʯʘʪʴʩʷ ʧʘʨʘʤʝʪʨʳ ʟʘʪʫʭʘʥʠʷ 

ʬʣʫʦʨʝʩʮʝʥʮʠʠ ʚ ʩʫʙʧʦʧʫʣʷʮʠʷʭ ʢʣʝʪʦʢ, ʯʪʦʙʳ ʠʭ ʤʦʞʥʦ ʙʳʣʦ ʜʦʩʪʦʚʝʨʥʦ 

ʨʘʟʜʝʣʠʪʴ, ʘ ʪʘʢʞʝ ʢʘʢʠʝ ʤʝʪʦʜʳ ʘʥʘʣʠʟʘ ʜʘʥʥʳʭ FLIM ʷʚʣʷʶʪʩʷ ʥʘʠʙʦʣʝʝ 

ʯʫʚʩʪʚʠʪʝʣʴʥʳʤʠ ʢ ʥʘʣʠʯʠʶ ʩʫʙʧʦʧʫʣʷʮʠʡ [10]. ɼʣʷ ʵʪʦʛʦ ʩ ʧʦʤʦʱʴʶ 

ʢʦʤʧʴʶʪʝʨʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʛʝʥʝʨʠʨʦʚʘʣʠʩʴ ʜʘʥʥʳʝ FLIM ʜʣʷ ʙʦʣʴʰʦ-

ʛʦ ʯʠʩʣʘ ʦʙʲʝʢʪʦʚ (ʢʣʝʪʦʢ), ʚ ʢʦʪʦʨʳʝ ʟʘʢʣʘʜʳʚʘʣʦʩʴ ʥʘʣʠʯʠʝ ʩʫʙʧʦʧʫʣʷ-

ʮʠʡ, ʦʪʣʠʯʘʶʱʠʭʩʷ ʨʘʩʧʨʝʜʝʣʝʥʠʝʤ ʧʘʨʘʤʝʪʨʦʚ ʬʣʫʦʨʝʩʮʝʥʮʠʠ.  

ɼʣʷ ʦʮʝʥʢʠ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʠ ʨʘʟʣʠʯʥʳʭ ʤʝʪʦʜʦʚ ʘʥʘʣʠʟʘ ʜʘʥʥʳʭ 

FLIM ʧʨʠʤʝʥʷʣʩʷ ʩʣʝʜʫʶʱʠʡ ʧʦʜʭʦʜ. ʄʦʜʝʣʠʨʦʚʘʣʘʩʴ ʛʝʪʝʨʦʛʝʥʥʘʷ ʧʦ-

ʧʫʣʷʮʠʷ ʢʣʝʪʦʢ, ʠʤʝʶʱʘʷ ʜʚʝ ʩʫʙʧʦʧʫʣʷʮʠʠ ʩ ʨʘʟʣʠʯʥʳʤʠ ʧʘʨʘʤʝʪʨʘʤʠ 

ʟʘʪʫʭʘʥʠʷ ʬʣʫʦʨʝʩʮʝʥʮʠʠ. ʋʧʨʘʚʣʷʶʱʠʤʠ ʧʘʨʘʤʝʪʨʘʤʠ ʤʦʜʝʣʠʨʦʚʘʥʠʷ 

ʩʣʫʞʠʣʠ, ʜʦʣʷ ʢʣʝʪʦʢ ʚ ʦʜʥʦʡ ʠʟ ʩʫʙʧʦʧʫʣʷʮʠʡ, ʠ æŰm, ʨʘʟʥʠʮʘ ʤʝʞʜʫ 
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ʩʨʝʜʥʠʤʠ ʟʥʘʯʝʥʠʷʤʠ ʨʘʩʧʨʝʜʝʣʝʥʠʡ ʩʨʝʜʥʝʛʦ ʚʨʝʤʝʥʠ ʞʠʟʥʠ Űm ʚ ʜʚʫʭ 

ʩʫʙʧʦʧʫʣʷʮʠʷʭ. ɺ ʢʘʯʝʩʪʚʝ ʦʮʝʥʦʯʥʦʡ ʤʝʪʨʠʢʠ ʙʳʣ ʚʳʙʨʘʥ ʠʥʜʝʢʩ ʙʠʤʦ-

ʜʘʣʴʥʦʩʪʠ (BI, bimodality index), ʭʘʨʘʢʪʝʨʠʟʫʶʱʠʡ ʩʨʝʜʥʝʝ ʨʘʩʩʪʦʷʥʠʝ 

ʤʝʞʜʫ ʮʝʥʪʨʘʤʠ ʢʣʘʩʪʝʨʦʚ, ʚʳʜʝʣʝʥʥʳʭ ʚ ʨʝʟʫʣʴʪʘʪʝ ʘʧʧʨʦʢʩʠʤʘʮʠʠ ʨʘʩ-

ʧʨʝʜʝʣʝʥʠʷ ʩʤʝʩʴʶ ʜʚʫʭ ʛʘʫʩʩʦʚʳʭ ʨʘʩʧʨʝʜʝʣʝʥʠʡ, ʢ ʛʝʦʤʝʪʨʠʯʝʩʢʦʤʫ 

ʩʨʝʜʥʝʤʫ ʟʥʘʯʝʥʠʡ ʩʪʘʥʜʘʨʪʥʦʛʦ ʦʪʢʣʦʥʝʥʠʷ ʧʘʨʘʤʝʪʨʘ ʚ ʢʘʞʜʦʡ ʠʟ ʩʫʙ-

ʧʦʧʫʣʷʮʠʡ (ʨʠʩ. 4). 
 

 

ʈʠʩ. 4. ʉʭʝʤʘʪʠʯʝʩʢʦʝ ʠʟʦʙʨʘʞʝʥʠʝ ʙʠʤʦʜʘʣʴʥʳʭ ʨʘʩʧʨʝʜʝʣʝʥʠʡ ɸ) ʚʨʝʤʝʥʠ ʞʠʟʥʠ 

ʬʣʫʦʨʝʩʮʝʥʮʠʠ Űm, ʧʦʣʫʯʘʝʤʦʛʦ ʚ ʨʝʟʫʣʴʪʘʪʝ ʘʧʧʨʦʢʩʠʤʘʮʠʠ ʢʨʠʚʳʭ ʤʝʪʦʜʦʤ ʥʝʣʠ-

ʥʝʡʥʳʭ ʥʘʠʤʝʥʴʰʠʭ ʢʚʘʜʨʘʪʦʚ ʩ ʫʯʸʪʦʤ ʩʚʝʨʪʢʠ ʩ ʬʫʥʢʮʠʝʡ ʦʪʢʣʠʢʘ ʜʝʪʝʢʪʦʨʘ, ɹ) ʟʥʘ-

ʯʝʥʠʡ ʧʘʨʘʤʝʪʨʦʚ C-, S-, ʧʦʣʫʯʘʝʤʳʭ ʧʨʠ ʘʥʘʣʠʟʝ ʤʝʪʦʜʦʤ ʬʘʟʦʚʳʭ ʜʠʘʛʨʘʤʤ, ɺ) ʢʠʥʝ-

ʪʠʢ ʟʘʪʫʭʘʥʠʷ ʬʣʫʦʨʝʩʮʝʥʮʠʠ, ʢʣʘʩʪʝʨʠʟʫʝʤʳʭ ʩ ʧʦʤʦʱʴʶ ʤʝʪʦʜʘ ʂ-ʩʨʝʜʥʠʭ.  

 

ʀʥʜʝʢʩ ʙʠʤʦʜʘʣʴʥʦʩʪʠ ʙʳʣ ʨʘʩʩʯʠʪʘʥ ʜʣʷ ʨʘʩʧʨʝʜʝʣʝʥʠʡ ʧʘʨʘʤʝʪʨʦʚ, 

ʧʦʣʫʯʘʝʤʳʭ ʚ ʨʝʟʫʣʴʪʘʪʝ ʨʘʙʦʪʳ ʪʨʝʭ ʤʝʪʦʜʦʚ ʘʥʘʣʠʟʘ FLIM: (1) ʜʣʷ ʩʨʝʜ-

ʥʝʛʦ ʚʨʝʤʝʥʠ ʟʘʪʫʭʘʥʠʷ ʬʣʫʦʨʝʩʮʝʥʮʠʠ, ʧʦʣʫʯʘʝʤʦʛʦ ʚ ʨʝʟʫʣʴʪʘʪʝ ʥʝʣʠ-

ʥʝʡʥʦʡ ʘʧʧʨʦʢʩʠʤʘʮʠʠ ʟʘʪʫʭʘʥʠʷ ʬʣʫʦʨʝʩʮʝʥʮʠʠ ʩ ʫʯʸʪʦʤ ʩʚʸʨʪʢʠ ʩ 

ʬʫʥʢʮʠʝʡ ʦʪʢʣʠʢʘ, (2) ʜʣʷ ʉ- ʠ S- ʧʘʨʘʤʝʪʨʦʚ, ʧʦʣʫʯʘʝʤʳʭ ʚ ʨʝʟʫʣʴʪʘʪʝ 

ʘʥʘʣʠʟʘ ʩ ʧʦʤʦʱʴʶ ʤʝʪʦʜʘ ʬʘʟʦʚʳʭ ʜʠʘʛʨʘʤʤ, (3) ʜʣʷ ʢʨʠʚʳʭ ʟʘʪʫʭʘʥʠʷ 

ʬʣʫʦʨʝʩʮʝʥʮʠʠ, ʧʦʣʫʯʘʝʤʳʭ ʚ ʨʝʟʫʣʴʪʘʪʝ ʢʣʘʩʪʝʨʠʟʘʮʠʠ ʤʝʪʦʜʦʤ ʂ-

ʩʨʝʜʥʠʭ (ʨʠʩ. 4ɸ-ɺ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ). 

ʋʢʘʟʘʥʥʳʝ ʤʝʪʦʜʳ ʘʥʘʣʠʟʘ ʧʨʠʤʝʥʷʣʠʩʴ ʢ ʢʠʥʝʪʠʢʘʤ ʟʘʪʫʭʘʥʠʷ ʬʣʫʦ-

ʨʝʩʮʝʥʮʠʠ, ʧʦʣʫʯʘʝʤʳʤ ʜʣʷ ʤʦʜʝʣʠʨʫʝʤʳʭ FLIM-ʠʟʦʙʨʘʞʝʥʠʡ. ʇʦʢʘʟʘʥʦ, 

ʯʪʦ ʧʨʠ ʟʥʘʯʠʪʝʣʴʥʦʤ ʨʘʟʣʠʯʠʠ ʧʘʨʘʤʝʪʨʦʚ ʟʘʪʫʭʘʥʠʷ ʬʣʫʦʨʝʩʮʝʥʮʠʠ ʚ 

ʢʣʘʩʪʝʨʘʭ (~300 ʧʩ) ʚʩʝ ʪʨʠ ʤʝʪʦʜʘ ʘʥʘʣʠʟʘ ʜʝʤʦʥʩʪʨʠʨʫʶʪ ʩʨʘʚʥʠʤʫʶ 

ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴ ʜʝʪʝʢʪʠʨʦʚʘʥʠʷ ʩʫʙʧʦʧʫʣʷʮʠʡ ʢʣʝʪʦʢ, ʦʜʥʘʢʦ ʧʨʠ ʤʘʣʳʭ 



ʇʦʜʩʝʢʮʠʷ çʌʦʪʦʥʥʳʝ ʠ ʢʚʘʥʪʦʚʳʝ ʪʝʭʥʦʣʦʛʠʠ. ʎʠʬʨʦʚʘʷ ʤʝʜʠʮʠʥʘè  49 

ʦʪʣʠʯʠʷʭ  ʪʦʯʥʦʩʪʴ ʤʝʪʦʜʦʚ ʟʥʘʯʠʪʝʣʴʥʦ ʦʪʣʠʯʘʝʪʩʷ. ʊʘʢ, ʧʨʠ ʧʨʝʦʙʣʘ-

ʜʘʥʠʠ ʢʣʝʪʦʢ ʚ ʦʜʥʦʤ ʠʟ ʢʣʘʩʪʝʨʦʚ (ˊ = 90%) ʪʦʯʥʦʩʪʴ 90% ʜʦʩʪʠʛʘʝʪʩʷ 

ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʢʣʘʩʪʝʨʠʟʘʮʠʠ ʤʝʪʦʜʦʤ ʂ-ʩʨʝʜʥʠʭ ʜʣʷ ʟʥʘʯʝʥʠʡ ʧʘʨʘ-

ʤʝʪʨʘ æ ʥʘ 100 ʧʩ ʤʝʥʴʰʠʭ, ʯʝʤ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʘʥʘʣʠʟʘ ʨʘʩʧʨʝʜʝʣʝ-

ʥʠʷ ʧʘʨʘʤʝʪʨʦʚ ʟʘʪʫʭʘʥʠʷ ʬʣʫʦʨʝʩʮʝʥʮʠʠ ʥʘ ʬʘʟʦʚʦʡ ʧʣʦʩʢʦʩʪʠ.  

ɺʦʟʤʦʞʥʦʩʪʴ ʢʣʘʩʩʠʬʠʢʘʮʠʠ ʢʣʝʪʦʢ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ɼʌʊ-FLIM ʙr -

ʣʘ ʜʘʣʝʝ ʠʩʧʦʣʴʟʦʚʘʥʘ ʜʣʷ ʘʥʘʣʠʟʘ ʢʣʝʪʦʢ ʚ ʢʦʞʝ in vivo. ɸ ʠʤʝʥʥʦ, ʘʥʘʣʠ-

ʟʠʨʦʚʘʣʠʩʴ ʢʣʝʪʢʠ ʜʚʫʭ ʪʠʧʦʚ: ʤʘʢʨʦʬʘʛʠ [11] ʠ ʪʫʯʥʳʝ ʢʣʝʪʢʠ [12], ʘ ʪʘʢ-

ʞʝ ʠʭ ʩʫʙʧʦʧʫʣʷʮʠʠ.  

ɹʳʣʠ ʠʩʩʣʝʜʦʚʘʥʳ ʦʪʣʠʯʠʷ ʤʘʢʨʦʬʘʛʦʚ in vitro, ʜʠʬʬʝʨʝʥʮʠʨʦʚʘʥʥʳʭ ʚ 

ʨʘʟʣʠʯʥʳʝ ʬʝʥʦʪʠʧʳ (ʄ1, ʧʨʦʚʦʩʧʘʣʠʪʝʣʴʥʳʡ, ʠ ʄ2, ʧʨʦʪʠʚʦʚʦʩʧʘʣʠ-

ʪʝʣʴʥʳʡ) ʠʟ ʤʦʥʦʮʠʪʦʚ, ʘ ʪʘʢʞʝ ʤʘʢʨʦʬʘʛʦʚ, ʠʟʦʣʠʨʦʚʘʥʥʳʭ ʠʟ ʢʦʞʠ ʯʝ-

ʣʦʚʝʢʘ. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʩʨʝʜʥʝʝ ʚʨʝʤʷ ʟʘʪʫʭʘʥʠʷ ʬʣʫʦʨʝʩʮʝʥʮʠʠ ʫ ʤʘʢ-

ʨʦʬʘʛʦʚ ʬʝʥʦʪʠʧʘ M1 ʢʦʨʦʯʝ, ʯʝʤ ʫ M2 (ʨʠʩ. 5ɸ). ɼʘʣʝʝ ʥʘ ʠʟʦʙʨʘʞʝʥʠʷʭ, 

ʧʦʣʫʯʝʥʥʳʭ ʤʝʪʦʜʦʤ ɼʌʊ-FLIM ʜʣʷ ʙʠʦʧʪʘʪʦʚ ʢʦʞʠ ʯʝʣʦʚʝʢʘ, ʚʳʜʝʣʷ-

ʣʠʩʴ ʦʙʣʘʩʪʠ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʧʦ ʤʦʨʬʦʣʦʛʠʠ ʠ ʧʘʨʘʤʝʪʨʘʤ ʟʘʪʫʭʘʥʠʷ 

ʬʣʫʦʨʝʩʮʝʥʮʠʠ ʤʘʢʨʦʬʘʛʦʚ in vitro, ʢʦʪʦʨʳʝ ʟʘʪʝʤ ʠʜʝʥʪʠʬʠʮʠʨʦʚʘʣʠʩʴ ʩ 

ʧʦʤʦʱʴʶ ʠʤʤʫʥʦʛʠʩʪʦʭʠʤʠʯʝʩʢʦʡ ʦʢʨʘʩʢʠ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʘʥʪʠʪʝʣ 

CD68 ʠ CD163, ʩʧʝʮʠʬʠʯʥʳʭ ʢ ʄ1 ʠ ʄ2 ʤʘʢʨʦʬʘʛʘʤ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ (ʨʠʩ. 

5ɹ-ɺ).  
 

 

ʈʠʩ. 5. ɸ) ɺʠʟʫʘʣʠʟʘʮʠʷ ʧʘʨʘʤʝʪʨʦʚ ʟʘʪʫʭʘʥʠʷ ʬʣʫʦʨʝʩʮʝʥʮʠʠ ʢʣʝʪʦʢ ʥʘ ʬʘʟʦʚʦʡ ʧʣʦʩ-

ʢʦʩʪʠ. ɹ) ʈʝʧʨʝʟʝʥʪʘʪʠʚʥʦʝ ɼʌʊ-FLIM ʠʟʦʙʨʘʞʝʥʠʝ ʢʨʠʦʩʨʝʟʘ ʙʠʦʧʪʘʪʘ ʢʦʞʠ ʯʝʣʦʚʝ-

ʢʘ. ʆʨʘʥʞʝʚʳʤʠ ʵʣʣʠʧʩʘʤʠ ʦʪʤʝʯʝʥʳ ʦʙʣʘʩʪʠ, ʧʦ ʧʘʨʘʤʝʪʨʘʤ ʟʘʪʫʭʘʥʠʷ ʬʣʫʦʨʝʩʮʝʥ-

ʮʠʠ, ʩʦʚʧʘʜʘʶʱʠʝ ʩ ʤʘʢʨʦʬʘʛʘʤʠ ʬʝʥʦʪʠʧʘ ʄ1. ɺ) ʀʟʦʙʨʘʞʝʥʠʝ ʪʦʛʦ ʞʝ ʦʙʨʘʟʮʘ, ʯʪʦ ʠ 

ʥʘ ʧʘʥʝʣʠ ɸ, ʧʦʣʫʯʝʥʥʦʝ ʧʦʩʣʝ ʛʠʩʪʦʭʠʤʠʯʝʩʢʦʡ ʦʢʨʘʩʢʠ CD68-ʘʥʪʠʪʝʣʦʤ, ʩʧʝʮʠʬʠʯ-

ʥʳʤ ʢ ʤʘʢʨʦʬʘʛʘʤ ʬʝʥʦʪʠʧʘ ʄ1. ʂʨʘʩʥʳʤ ʢʚʘʜʨʘʪʦʤ (28ʭ28 ʤʢʤ
2
) ʧʦʢʘʟʘʥʘ ʦʙʣʘʩʪʴ, 

ʚʳʞʠʛʘʝʤʘʷ ʣʘʟʝʨʥʳʤ ʠʟʣʫʯʝʥʠʝʤ, ʠʩʧʦʣʴʟʫʝʤʘʷ ʜʣʷ ʩʦʧʦʩʪʘʚʣʝʥʠʷ ʠʟʦʙʨʘʞʝʥʠʡ 

ʄʌʊ-FLIM ʠ ʩ ʛʠʩʪʦʭʠʤʠʯʝʩʢʦʡ ʦʢʨʘʩʢʦʡ.  

 

ɼʘʣʝʝ ʤʝʪʦʜ ʄʌʊ-FLIM ʙʳʣ ʧʨʠʤʝʥʝʥ ʜʣʷ ʜʝʪʝʢʪʠʨʦʚʘʥʠʷ ʤʘʢʨʦʬʘʛʦʚ 

ʚ ʢʦʞʝ ʟʜʦʨʦʚʳʭ ʜʦʙʨʦʚʦʣʴʮʝʚ in vivo. ʀʟ ʜʘʥʥʳʭ ʛʠʩʪʦʣʦʛʠʯʝʩʢʦʛʦ ʠʩʩʣʝ-

ʜʦʚʘʥʠʷ ʙʳʣʦ ʦʮʝʥʝʥʦ, ʯʪʦ ʢʦʥʮʝʥʪʨʘʮʠʷ ʤʘʢʨʦʬʘʛʦʚ ʚ ʢʦʞʝ ʩʦʩʪʘʚʣʷʝʪ 

>100 ʢʣʝʪʦʢ / ʤʤĮ, ʪʦ ʝʩʪʴ, ʚ ʧʦʣʝ ʩʢʘʥʠʨʦʚʘʥʠʷ ʄʌʊ-FLIM (~200ʭ200 



ʃʆʄʆʅʆʉʆɺʉʂʀɽ ʏʊɽʅʀʗ ï 2024 50 

ʤʢʤ
2
)
 
ʜʦʣʞʥʘ ʚ ʩʨʝʜʥʝʤ ʥʘʭʦʜʠʪʴʩʷ ʦʜʥʘ ʢʣʝʪʢʘ. ʀʩʩʣʝʜʦʚʘʥʠʷ ʥʘ 25 ʜʦʙ-

ʨʦʚʦʣʴʮʘʭ, ʧʦʟʚʦʣʠʣʠ ʠʜʝʥʪʠʬʠʮʠʨʦʚʘʪʴ 35 ʠ 25 ʢʣʝʪʦʢ ʩ ʧʘʨʘʤʝʪʨʘʤʠ ʟʘ-

ʪʫʭʘʥʠʷ ʬʣʫʦʨʝʩʮʝʥʮʠʠ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʤʠ M1 ʠ M2 ʤʘʢʨʦʬʘʛʘʤ, ʩʦʦʪ-

ʚʝʪʩʪʚʝʥʥʦ. ʈʘʟʨʘʙʦʪʘʥʥʳʡ ʘʣʛʦʨʠʪʤ ʠʜʝʥʪʠʬʠʢʘʮʠʠ ʄ1 ʠ ʄ2 ʤʘʢʨʦʬʘʛʦʚ 

ʧʦʟʚʦʣʠʣ ʦʪʣʠʯʠʪʴ ʠʭ ʦʪ ʜʨʫʛʠʭ ʢʣʝʪʦʢ ʚ ʜʝʨʤʝ ʩ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴʶ 81% 

ʠ ʩʧʝʮʠʬʠʯʥʦʩʪʴʶ 80%. ɺʪʦʨʳʤ ʪʠʧʦʤ ʠʩʩʣʝʜʦʚʘʥʥʳʭ ʢʣʝʪʦʢ ʷʚʣʷʣʠʩʴ 

ʪʫʯʥʳʝ ʢʣʝʪʢʠ (ʊʂ). ʊʂ ʷʚʣʷʶʪʩʷ ʤʥʦʛʦʬʫʥʢʮʠʦʥʘʣʴʥʳʤʠ ʢʣʝʪʢʘʤʠ ʠʤ-

ʤʫʥʥʦʡ ʩʠʩʪʝʤʳ. ʆʙʱʘʷ ʩʭʝʤʘ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʧʦ ʚʠʟʫʘʣʠʟʘʮʠʠ ʠ ʘʥʘʣʠʟʫ 

ʩʦʩʪʦʷʥʠʷ ʊʂ ʚ ʜʝʨʤʝ ʤʝʪʦʜʦʤ ɼʌʊ-FLIM ʙʳʣʘ ʘʥʘʣʦʛʠʯʥʘ ʠʩʧʦʣʴʟʦʚʘʥ-

ʥʦʡ ʚ ʩʣʫʯʘʝ ʘʥʘʣʠʟʘ ʤʘʢʨʦʬʘʛʦʚ. ʀʟʤʝʨʝʥʠʷ, ʧʨʦʚʝʜʝʥʥʳʝ ʜʣʷ 10 ʙʠʦ-

ʧʩʠʡʥʳʭ ʦʙʨʘʟʮʦʚ, ʧʦʢʘʟʘʣʠ, ʯʪʦ ʩʧʝʮʠʬʠʯʥʦʩʪʴ ʜʝʪʝʢʪʠʨʦʚʘʥʠʷ ʊʂ ʚ ʢʦ-

ʞʝ ʤʝʪʦʜʦʤ ʄʌʊ-FLIM ʩʦʩʪʘʚʣʷʝʪ 85%. 

 

ʈʠʩ. 6. ɸ) ʂʘʨʪʘ ʩʨʝʜʥʝʛʦ ʚʨʝʤʝʥʠ ʟʘʪʫʭʘʥʠʷ ʠ (ɹ) ʢʦʨʨʝʣʷʮʠʷ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʬʣʫʦʨʝʩ-

ʮʝʥʪʥʦʛʦ ʦʪʢʣʠʢʘ ʠ ʩʨʝʜʥʝʛʦ ʚʨʝʤʝʥʠ ʟʘʪʫʭʘʥʠʷ ʬʣʫʦʨʝʩʮʝʥʮʠʠ (ɹ) ʜʣʷ ʫʯʘʩʪʢʦʚ ʢʦʞʠ, 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʤʘʢʩʠʤʘʣʴʥʦʡ ʢʦʥʮʝʥʪʨʘʮʠʠ ʤʝʣʘʥʠʥʘ ʧʨʠ ʜʚʫʭʬʦʪʦʥʥʦʤ ʚʦʟʙʫʞʜʝ-

ʥʠʠ ʥʘ 760 ʥʤ. ɺ) ɿʘʚʠʩʠʤʦʩʪʴ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʬʣʫʦʨʝʩʮʝʥʪʥʦʛʦ ʦʪʢʣʠʢʘ ʦʪ ʤʛʥʦʚʝʥʥʦʡ 

ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʥʘʢʘʯʢʠ ʥʘ 800 ʥʤ ʜʣʷ ʤʝʣʘʥʠʥʘ ʠ ʬʣʫʦʨʝʩʮʝʠʥʘ.  

 

ʄʝʪʦʜ ʄʌʊ-FLIM ʙʳʣ ʪʘʢʞʝ ʤʦʜʠʬʠʮʠʨʦʚʘʥ ʜʣʷ ʜʠʘʛʥʦʩʪʠʢʠ ʤʝʣʘ-

ʥʠʥʘ ʢʘʢ ʛʝʪʝʨʦʛʝʥʥʦʡ ʩʠʩʪʝʤʳ ʬʣʫʦʨʦʬʦʨʦʚ. ʄʝʣʘʥʠʥ ʚ ʢʦʞʝ ʩʦʩʨʝʜʦʪʦ-

ʯʝʥ, ʚ ʦʩʥʦʚʥʦʤ, ʚ ʦʙʣʘʩʪʠ ʙʘʟʘʣʴʥʦʡ ʤʝʤʙʨʘʥʳ, ʪʦʛʜʘ ʢʘʢ ʠʥʪʝʨʝʩʥʳʤ ʷʚ-

ʣʷʝʪʩʷ ʚʦʧʨʦʩ ʦ ʝʛʦ ʜʝʛʨʘʜʘʮʠʠ ʠ ʥʘʢʦʧʣʝʥʠʠ ʚ ʜʨʫʛʠʭ ʩʣʦʷʭ ʢʦʞʠ. ɺʠʟʫʘ-

ʣʠʟʘʮʠʷ ʤʝʣʘʥʠʥʘ ʦʩʫʱʝʩʪʚʣʷʣʘʩʴ ʩ ʧʦʤʦʱʴʶ ʄʌʊ-FLIM ʧʦ ʩʚʝʨʭʙʳʩʪ-

ʨʦʤʫ ʟʘʪʫʭʘʥʠʶ ʬʣʫʦʨʝʩʮʝʥʮʠʠ ʠ ʚʳʩʦʢʦʡ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʩʠʛʥʘʣʘ ʬʣʫʦ-

ʨʝʩʮʝʥʮʠʠ. ɺ ʨʘʤʢʘʭ ʧʨʦʚʝʜʝʥʥʦʡ ʨʘʙʦʪʳ ʙʳʣʦ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʠʥʪʝʥ-

ʩʠʚʥʦʩʪʴ ʩʠʛʥʘʣʘ ʦʪ ʤʝʣʘʥʠʥʘ (ʚʨʝʤʝʥʘ ʟʘʪʫʭʘʥʠʷ ʤʝʥʝʝ 100 ʧʩ) ʚ ʪʢʘʥʷʭ 

ʪʠʧʠʯʥʦ ʥʘ ʧʦʨʷʜʦʢ ʚʳʰʝ, ʯʝʤ ʦʪ ʜʨʫʛʠʭ ʵʥʜʦʛʝʥʥʳʭ ʬʣʫʦʨʦʬʦʨʦʚ (ʩʨʝʜ-

ʥʝʝ ʚʨʝʤʷ ʞʠʟʥʠ >400 ʧʩ, ʨʠʩ. 6ɸ-ɹ). ɼʘʥʥʳʡ ʬʘʢʪ ʤʦʞʝʪ ʙʳʪʴ ʦʙʲʷʩʥʝʥ 

ʜʚʫʤʷ ʧʨʠʯʠʥʘʤʠ: ʚʳʩʦʢʦʡ ʢʦʥʮʝʥʪʨʘʮʠʝʡ ʬʣʫʦʨʦʬʦʨʦʚ ʚ ʤʝʣʘʥʠʥʝ ʠ ʥʘ-

ʣʠʯʠʝʤ ʫ ʤʝʣʘʥʠʥʘ ʵʣʝʢʪʨʦʥʥʦʛʦ ʧʦʛʣʦʱʝʥʠʷ ʚ ʀʂ ʜʠʘʧʘʟʦʥʝ, ʟʘ ʩʯʝʪ ʢʦ-

ʪʦʨʦʛʦ ʜʚʫʭʬʦʪʦʥʥʘʷ ʬʣʫʦʨʝʩʮʝʥʮʠʷ ʚʦʟʙʫʞʜʘʝʪʩʷ ʨʝʟʦʥʘʥʩʥʦ. ɺ ʩʚʷʟʠ ʩ 

ʫʢʘʟʘʥʥʳʤʠ ʛʠʧʦʪʝʟʘʤʠ, ʙʳʣʘ ʨʘʟʨʘʙʦʪʘʥʘ ʤʝʪʦʜʠʢʘ ʦʮʝʥʢʠ ʘʙʩʦʣʶʪʥʳʭ 

ʟʥʘʯʝʥʠʡ ʜʚʫʭʬʦʪʦʥʥʦʛʦ ʧʦʛʣʦʱʝʥʠʷ ʧʦ ʢʨʠʚʳʤ ʥʘʩʳʱʝʥʠʷ ʜʚʫʭʬʦʪʦʥ-

ʥʦʡ ʬʣʫʦʨʝʩʮʝʥʮʠʠ.  
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ʇʨʠʥʮʠʧʠʘʣʴʥʦ, ʤʝʪʦʜʠʢʘ ʦʩʥʦʚʳʚʘʝʪʩʷ ʥʘ ʪʦʤ, ʯʪʦ ʚ ʩʣʫʯʘʝ, ʢʦʛʜʘ 

ʜʣʠʪʝʣʴʥʦʩʪʴ ʠʤʧʫʣʴʩʦʚ Űp ʚʦʟʙʫʞʜʘʶʱʝʛʦ ʠʟʣʫʯʝʥʠʷ (~100 ʬʩ) ʟʥʘʯʠ-

ʪʝʣʴʥʦ ʤʝʥʴʰʝ ʭʘʨʘʢʪʝʨʥʳʭ ʚʨʝʤʝʥ ʞʠʟʥʠ ʚʦʟʙʫʞʜʝʥʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʦʨʛʘ-

ʥʠʯʝʩʢʠʭ ʬʣʫʦʨʦʬʦʨʦʚ (~0.1õ1 ʥʩ), ʟʘʚʠʩʠʤʦʩʪʴ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʬʣʫʦʨʝʩ-

ʮʝʥʮʠʠ F ʦʪ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʥʘʢʘʯʢʠ I ʦʧʨʝʜʝʣʷʝʪʩʷ ʬʦʨʤʫʣʦʡ, ʫʯʠʪʳʚʘʶ-

ʱʝʡ ʦʙʝʜʥʝʥʠʝ ʦʩʥʦʚʥʦʛʦ ʩʦʩʪʦʷʥʠʷ, ʧʨʠʚʦʜʷʱʝʛʦ ʢ ʥʘʩʳʱʝʥʠʶ ʬʣʫʦʨʝʩ-

ʮʝʥʮʠʠ: 

 

ʛʜʝ  ð ʢʚʘʥʪʦʚʳʡ ʚʳʭʦʜ ʬʣʫʦʨʝʩʮʝʥʮʠʠ,  ð ʩʝʯʝʥʠʝ ʜʚʫʭʬʦʪʦʥʥʦʛʦ 

ʧʦʛʣʦʱʝʥʠʷ, N ð ʢʦʥʮʝʥʪʨʘʮʠʷ ʬʣʫʦʨʦʬʦʨʦʚ.  

ɹʳʣʦ ʧʨʦʚʝʜʝʥʦ ʠʟʤʝʨʝʥʠʝ ʢʨʠʚʳʭ ʥʘʩʳʱʝʥʠʷ ʜʚʫʭʬʦʪʦʥʥʦʡ ʬʣʫʦʨʝʩ-

ʮʝʥʮʠʠ ʤʝʣʘʥʠʥʘ, ʦʙʣʘʜʘʶʱʝʛʦ ʧʦʛʣʦʱʝʥʠʝʤ ʚ ʦʙʣʘʩʪʠ ʜʣʠʥʳ ʚʦʣʥʳ ʥʘ-

ʢʘʯʢʠ, ʠ ʤʦʜʝʣʴʥʳʭ ʩʦʝʜʠʥʝʥʠʡ ð ʢʨʘʩʠʪʝʣʝʡ, ʫ ʢʦʪʦʨʳʭ ʥʘ ʜʣʠʥʝ ʚʦʣʥʳ 

ʥʘʢʘʯʢʠ ʦʜʥʦʬʦʪʦʥʥʦʝ ʧʦʛʣʦʱʝʥʠʝ ʦʪʩʫʪʩʪʚʫʝʪ. ʇʨʠ ʠʥʪʝʥʩʠʚʥʦʩʪʷʭ ʧʘ-

ʜʘʶʱʝʛʦ ʥʘ ʦʙʨʘʟʝʮ ʠʟʣʫʯʝʥʠʷ ʧʦʨʷʜʢʘ 10
12

 ɺʪ/ʩʤ
2
 ʥʘʙʣʶʜʘʝʪʩʷ ʦʪʢʣʦʥʝ-

ʥʠʝ ʟʘʚʠʩʠʤʦʩʪʠ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʜʚʫʭʬʦʪʦʥʥʦʡ ʬʣʫʦʨʝʩʮʝʥʮʠʠ ʦʪ ʢʚʘʜʨʘʪʘ 

ʤʦʱʥʦʩʪʠ ʧʘʜʘʶʱʝʛʦ ʠʟʣʫʯʝʥʠʷ (ʨʠʩ. 6ɺ). ʇʨʠ ʵʪʦʤ ʟʘʚʠʩʠʤʦʩʪʴ ʠʥʪʝʥ-

ʩʠʚʥʦʩʪʠ ʬʣʫʦʨʝʩʮʝʥʮʠʠ ʭʦʨʦʰʦ ʦʧʠʩʳʚʘʣʘʩʴ ʤʦʜʝʣʴʶ ʩ ʫʯʸʪʦʤ ʥʘʩʳʱʝ-

ʥʠʷ. ɹʳʣʦ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʚʝʣʠʯʠʥʘ ʩʝʯʝʥʠʷ ʜʚʫʭʬʦʪʦʥʥʦʛʦ ʧʦʛʣʦʱʝʥʠʷ 

ʠʩʩʣʝʜʦʚʘʥʥʳʭ ʩʠʩʪʝʤ ʚʘʨʴʠʨʫʝʪʩʷ ʚ ʜʠʘʧʘʟʦʥʝ 100ï300 ɻʄ (1 ɻʄ = 10ï

50 ʩʤ
4
c), ʪʦʛʜʘ ʢʘʢ ʩʝʯʝʥʠʝ ʜʚʫʭʬʦʪʦʥʥʦʛʦ ʧʦʛʣʦʱʝʥʠʷ ʤʝʣʘʥʠʥʘ ʩʦʩʪʘʚ-

ʣʷʣʦ 300 ɻʄ, ʯʪʦ ʛʦʚʦʨʠʪ ʦʙ ʦʪʩʫʪʩʪʚʠʠ ʨʝʟʦʥʘʥʩʥʦʛʦ ʚʦʟʙʫʞʜʝʥʠʷ ʬʣʫʦ-

ʨʝʩʮʝʥʮʠʠ ʤʝʣʘʥʠʥʘ ʧʨʠ ʠʩʧʦʣʴʟʫʝʤʳʭ ʫʩʣʦʚʠʷʭ ʚʦʟʙʫʞʜʝʥʠʷ.  

ɼʨʫʛʠʤ ʩʣʝʜʩʪʚʠʝʤ ʠʟ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʧʦ ʥʘʩʳʱʝʥʠʶ ʬʣʫʦʨʝʩʮʝʥʮʠʠ 

ʷʚʠʣʩʷ ʦ ʚʦʧʨʦʩ ʦ ʚʦʟʤʦʞʥʦʩʪʠ ʨʝʘʣʠʟʘʮʠʠ ʜʘʥʥʦʡ ʤʝʪʦʜʠʢʠ ʚ ʚʠʜʝ ʤʝʪʦʜʘ 

ʤʠʢʨʦʩʢʦʧʠʠ, ʚ ʢʦʪʦʨʦʤ ʢʘʨʪʠʨʫʝʪʩʷ ʩʝʯʝʥʠʝ ʜʚʫʭʬʦʪʦʥʥʦʛʦ ʧʦʛʣʦʱʝʥʠʷ 

[13]. ɼʣʷ ʜʝʤʦʥʩʪʨʘʮʠʠ ʚʦʟʤʦʞʥʦʩʪʝʡ ʤʝʪʦʜʠʢʠ ʤʠʢʨʦʩʢʦʧʠʠ ʜʚʫʭʬʦʪʦʥ-

ʥʦʛʦ ʥʘʩʳʱʝʥʠʷ ʙʳʣʠ ʧʨʦʚʝʜʝʥʳ ʠʟʤʝʨʝʥʠʷ ʢʣʝʪʦʢ ʨʘʢʘ ʧʝʯʝʥʠ.  
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ʈʠʩ. 7. ɸ) ʇʨʠʤʝʨ ʢʨʠʚʳʭ ʥʘʩʳʱʝʥʠʷ ʬʣʫʦʨʝʩʮʝʥʮʠʠ (ʩʚʝʨʭʫ) ʜʣʷ ʜʚʫʭ ʦʙʣʘʩʪʝʡ ʦʙ-

ʨʘʟʮʘ, ʜʣʷ ʢʦʪʦʨʳʭ ʢʠʥʝʪʠʢʘ ʟʘʪʫʭʘʥʠʷ ʬʣʫʦʨʝʩʮʝʥʮʠʠ ʥʝ ʨʘʟʣʠʯʘʝʪʩʷ (ʩʥʠʟʫ). ʀʟʦ-

ʙʨʘʞʝʥʠʷ ʢʫʣʴʪʫʨʳ ʢʣʝʪʦʢ Hep G2, ʧʦʣʫʯʝʥʥʳʝ ʤʝʪʦʜʦʤ ʜʚʫʭʬʦʪʦʥʥʦʡ ʤʠʢʨʦʩʢʦʧʠʠ, 

ʥʘ ʢʦʪʦʨʳʭ ʮʚʝʪʦʤ ʢʦʜʠʨʦʚʘʥʦ ɹ) ʩʝʯʝʥʠʝ ʜʚʫʭʬʦʪʦʥʥʦʛʦ ʧʦʛʣʦʱʝʥʠʷ ʠ ɺ) ʩʨʝʜʥʝʝ 

ʚʨʝʤʷ ʞʠʟʥʠ ʬʣʫʦʨʝʩʮʝʥʮʠʠ.  

ʂʘʢ ʚʠʜʥʦ ʠʟ ʨʠʩ. 7, ʠʤʝʶʪʩʷ ʦʙʣʘʩʪʠ ʦʙʨʘʟʮʘ, ʜʣʷ ʢʦʪʦʨʳʭ ʢʨʠʚʳʝ ʥʘ-

ʩʳʱʝʥʠʷ ʬʣʫʦʨʝʩʮʝʥʮʠʠ ʠ, ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʩʝʯʝʥʠʝ ʜʚʫʭʬʦʪʦʥʥʦʛʦ ʧʦʛʣʦ-

ʱʝʥʠʷ, ʦʪʣʠʯʘʶʪʩʷ ʟʘʤʝʪʥʳʤ ʦʙʨʘʟʦʤ, ʪʦʛʜʘ ʢʘʢ ʢʨʠʚʳʝ ʟʘʪʫʭʘʥʠʷ ʬʣʫʦ-

ʨʝʩʮʝʥʮʠʠ ʥʝ ʦʪʣʠʯʘʶʪʩʷ. ɼʘʥʥʳʡ ʬʘʢʪ ʛʦʚʦʨʠʪ ʦ ʪʦʤ, ʯʪʦ ʘʥʘʣʠʟ ʨʘʩʧʨʝ-

ʜʝʣʝʥʠʷ ʩʝʯʝʥʠʷ ʜʚʫʭʬʦʪʦʥʥʦʛʦ ʧʦʛʣʦʱʝʥʠʷ ʧʦ ʦʙʨʘʟʮʫ ʧʦʟʚʦʣʷʝʪ ʨʘʟʣʠ-

ʯʘʪʴ ʦʙʣʘʩʪʠ, ʢʦʪʦʨʳʝ ʤʝʪʦʜʦʤ FLIM ʥʝ ʨʘʟʜʝʣʷʶʪʩʷ.  

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʚ ʨʝʟʫʣʴʪʘʪʝ ʚʳʧʦʣʥʝʥʥʦʡ ʨʘʙʦʪʳ ʚʳʷʚʣʝʥʳ ʤʝʭʘʥʠʟ-

ʤʳ ʧʨʦʪʝʢʘʥʠʷ  ʬʦʪʦʬʠʟʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʦʚ ʚ ʨʷʜʝ ʵʥʜʦʛʝʥʥʳʭ ʬʣʫʦʨʦʬʦ-

ʨʘʭ, ʘ ʪʘʢʞʝ ʩʦʟʜʘʥʳ ʥʦʚʳʝ ʤʝʪʦʜʳ ʜʠʘʛʥʦʩʪʠʢʠ ʠ ʚʠʟʫʘʣʠʟʘʮʠʠ ʩ ʠʩʧʦʣʴ-

ʟʦʚʘʥʠʝʤ ʬʦʪʦʬʠʟʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ ʵʥʜʦʛʝʥʥʳʭ ʬʣʫʦʨʦʬʦʨʦʚ ʢʣʝʪʦʢ ʠ 

ʙʠʦʪʢʘʥʝʡ ʯʝʣʦʚʝʢʘ. 
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ʅɽʃʀʅɽʁʅɸʗ ɼʀʅɸʄʀʂɸ 

ʇʋʏʂʆɺʆ-ʇʃɸɿʄɽʅʅʆʁ ʅɽʋʉʊʆʁʏʀɺʆʉʊʀ 

ɺ ʇʃɸɿʄɽʅʅʆʄ ʉɺʏ ʋʉʀʃʀʊɽʃɽ ʇʈʀ ʅɸʃʀʏʀʀ ʇʆɻʃʆʊʀʊɽʃʗ 

ɼʦʮ. ʂʘʨʪʘʰʦʚ ʀ.ʅ., ʧʨʦʬ. ʂʫʟʝʣʝʚ ʄ.ɺ., ʩʪʫʜʝʥʪ ʊʫʤʘʥʦʚ ɸ.ɺ. 

ʈʘʩʩʤʦʪʨʝʥʘ ʥʝʣʠʥʝʡʥʘʷ ʜʠʥʘʤʠʢʘ ʧʫʯʢʦʚʦ-ʧʣʘʟʤʝʥʥʦʡ ʥʝʫʩʪʦʡʯʠʚʦ-

ʩʪʠ ʚ ʧʣʘʟʤʝʥʥʦʤ ʩʚʝʨʚʳʩʦʢʦʯʘʩʪʦʪʥʦʤ ʫʩʠʣʠʪʝʣʝ ʚ ʛʝʦʤʝʪʨʠʠ [1] ʧʨʠ ʥʘ-

ʣʠʯʠʠ ʧʦʛʣʦʪʠʪʝʣʷ, ʨʘʟʤʝʱʝʥʥʦʛʦ ʚʜʦʣʴ ʩʪʝʥʢʠ ʚʦʣʥʦʚʦʜʘ ʵʣʝʢʪʨʦʜʠʥʘ-

ʤʠʯʝʩʢʦʡ ʩʠʩʪʝʤʳ.  

ɺ ʧʨʝʜʝʣʝ ʙʝʩʢʦʥʝʯʥʦ ʩʠʣʴʥʦʛʦ ʚʥʝʰʥʝʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ, ʥʘʧʨʘʚʣʝʥ-

ʥʦʛʦ ʚʜʦʣʴ ʦʩʠ ʧʣʘʟʤʦʥʘʧʦʣʥʝʥʥʦʛʦ ʚʦʣʥʦʚʦʜʘ, ʚʦʣʥʦʚʳʝ ʨʝʰʝʥʠʷ ʤʦʞʥʦ 

ʧʨʝʜʩʪʘʚʠʪʴ ʚ ʚʠʜʝ ʩʫʧʝʨʧʦʟʠʮʠʠ ʚʦʣʥ E - ʠ B -ʪʠʧʦʚ. ɺʦʣʥʳ E -ʪʠʧʘ ʠʤʝ-

ʶʪ ʥʝʥʫʣʝʚʫʶ ʧʨʦʜʦʣʴʥʫʶ ʩʦʩʪʘʚʣʷʶʱʫʶ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ ʠ ʤʦʛʫʪ 

ʠʤʝʪʴ ʬʘʟʦʚʫʶ ʩʢʦʨʦʩʪʴ ʤʝʥʴʰʝ ʩʢʦʨʦʩʪʠ ʩʚʝʪʘ c. ʊʦʣʴʢʦ ʜʣʷ ʵʪʠʭ ʚʦʣʥ 

ʚʦʟʤʦʞʥʦ ʨʝʟʦʥʘʥʩʥʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʩ ʵʣʝʢʪʨʦʥʥʳʤ ʧʫʯʢʦʤ ʠ ʧʦʵʪʦʤʫ 

ʜʘʣʝʝ ʨʘʩʩʤʘʪʨʠʚʘʶʪʩʷ ʪʦʣʴʢʦ ʚʦʣʥʳ E -ʪʠʧʘ. ʀʟ ʩʠʩʪʝʤʳ ʫʨʘʚʥʝʥʠʡ ʄʘʢ-

ʩʚʝʣʣʘ ʤʦʞʥʦ ʧʦʣʫʯʠʪʴ ʫʨʘʚʥʝʥʠʝ ʜʣʷ z -ʢʦʤʧʦʥʝʥʪʳ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʚʝʢ-

ʪʦʨʘ ɻʝʨʮʘ (ʧʦʣʷʨʠʟʘʮʠʦʥʥʦʛʦ ʧʦʪʝʥʮʠʘʣʘ) [2] 

( ) ( )
2 2 2

2 2 2 2 2

1 1 1
4 4p p p b b br j r r j r r

t r r r r z c t
p d d p d d

j

å õµ µ µ µ µ µå õ
+ + - Y=- - - -æ öæ ö

µ µ µ µ µ µç ÷ç ÷

     (1) 

ʀʟ ʚʝʢʪʦʨʘ ɻʝʨʮʘ ʤʦʞʥʦ ʦʧʨʝʜʝʣʠʪʴ ʚʩʝ ʢʦʤʧʦʥʝʥʪʳ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʠ 

ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʝʡ, ʚ ʯʘʩʪʥʦʩʪʠ 
2 2

2 2 2

1
zE

z c t

å õµ µ
= - Yæ ö
µ µç ÷

,     
21

B
c t r

j

µ Y
=-

µµ
.   (2) 

ɽʩʣʠ ʚ ʦʙʣʘʩʪʠ r R>  ʨʘʩʧʦʣʦʞʝʥ ʧʦʛʣʦʪʠʪʝʣʴ ʩ ʙʦʣʴʰʦʡ ʜʠʵʣʝʢʪʨʠʯʝ-

ʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʴʶ 1e>>, ʧʨʠ ʵʪʦʤ ʛʣʫʙʠʥʘ ʧʨʦʥʠʢʥʦʚʝʥʠʷ ʧʦʣʷ ʚ ʥʝʛʦ 

ʤʘʣʘ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʤ ʧʝʨʠʦʜʦʤ ʧʦʣʷ ʚ ʪʘʥʛʝʥʮʠʘʣʴʥʦʤ 

ʥʘʧʨʘʚʣʝʥʠʠ ( ) 1 /zʩ k uw e w-<< º , ʪʦ ʧʨʠ ar R=  ʤʦʞʥʦ ʩʬʦʨʤʫʣʠʨʦʚʘʪʴ 

ʧʨʠʙʣʠʞʝʥʥʳʝ ʠʤʧʝʜʘʥʩʥʳʝ ʛʨʘʥʠʯʥʳʝ ʫʩʣʦʚʠʷ ʃʝʦʥʪʦʚʠʯʘ [3] 

() ()
1

zE R B Rj
e

=- .    (3) 

ʊʦʢ ʚ ʧʣʘʟʤʝ ʩʚʷʟʘʥ ʩ ʥʘʧʨʷʞʝʥʥʦʩʪʴʶ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ ʫʨʘʚʥʝʥʠ-

ʝʤ 

()
2

4

p p

z p

j
E r

t

w

p

µ
=

µ
,     (4) 

ʢʦʪʦʨʦʝ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʫʨʘʚʥʝʥʠʝ ʜʚʠʞʝʥʠʷ ʵʣʝʢʪʨʦʥʦʚ ʚ ʧʨʠʙʣʠʞʝ-

ʥʠʠ ʭʦʣʦʜʥʦʡ ʛʠʜʨʦʜʠʥʘʤʠʢʠ [2]. 
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ʀʩʭʦʜʥʳʤʠ ʫʨʘʚʥʝʥʠʷʤʠ ʜʣʷ ʦʧʠʩʘʥʠʷ ʜʠʥʘʤʠʢʠ ʵʣʝʢʪʨʦʥʥʦʛʦ ʧʫʯʢʘ ʚ 

ʧʫʯʢʦʚʦ-ʧʣʘʟʤʝʥʥʦʡ ʩʠʩʪʝʤʝ ʷʚʣʷʶʪʩʷ ʫʨʘʚʥʝʥʠʷ ʜʚʠʞʝʥʠʷ ʵʣʝʢʪʨʦʥʦʚ, 

ʛʜʝ ʚ ʢʘʯʝʩʪʚʝ ʥʝʟʘʚʠʩʠʤʦʡ ʧʝʨʝʤʝʥʥʦʡ ʚʳʙʨʘʥʘ ʢʦʦʨʜʠʥʘʪʘ z , 

1

z

dt

dz v
= ,     

()
3/2

2

2
1 z bz z

z

eE rdv v

dz c mv

å õ
= -æ ö
ç ÷

.    (5) 

ʇʣʦʪʥʦʩʪʴ ʪʦʢʘ ʧʫʯʢʘ ʤʦʞʥʦ ʧʨʝʜʩʪʘʚʠʪʴ ʢʘʢ ʩʫʤʤʫ ʚʢʣʘʜʦʚ ʦʪ ʢʘʞʜʦ-

ʛʦ ʦʪʜʝʣʴʥʦʛʦ ʵʣʝʢʪʨʦʥʘ 

( )( )0 0,b bj en u t t z t dtd= -ñ ,     (6) 

ʛʜʝ 0t  ð ʚʨʝʤʷ ʚʣʝʪʘ ʵʣʝʢʪʨʦʥʘ ʚ ʦʙʣʘʩʪʴ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʯʝʨʝʟ ʧʣʦʩʢʦʩʪʴ 

0z= , ( )0,t z t  ð ʨʝʰʝʥʠʝ ʫʨʘʚʥʝʥʠʡ (5), ʪʦ ʝʩʪʴ ʚʨʝʤʷ, ʢʦʛʜʘ ʵʣʝʢʪʨʦʥ, 

ʚʣʝʪʝʚʰʠʡ ʚ ʤʦʤʝʥʪ ʚʨʝʤʝʥʠ 0t , ʦʢʘʞʝʪʩʷ ʚ ʪʦʯʢʝ z. ʋʨʘʚʥʝʥʠʷ (5) ʜʦʧʦʣ-

ʥʷʶʪʩʷ ʫʩʣʦʚʠʷʤʠ ʚʣʝʪʘ ʯʘʩʪʠʮ ʧʨʝʜʩʪʘʚʣʷʶʱʠʤʠ ʩʦʙʦʡ ʫʩʣʦʚʠʝ, ʯʪʦ ʧʫ-

ʯʦʢ ʦʜʥʦʨʦʜʥʳʡ ʧʦ ʧʣʦʪʥʦʩʪʠ ʠ ʤʦʥʦʩʢʦʨʦʩʪʥʦʡ. 

ʄʝʪʦʜʦʤ ʤʝʜʣʝʥʥʦ ʤʝʥʷʶʱʠʭʩʷ ʘʤʧʣʠʪʫʜ ʠʟ ʠʩʭʦʜʥʦʡ ʩʠʩʪʝʤʳ ʫʨʘʚ-

ʥʝʥʠʡ ʧʦʣʫʯʝʥʘ ʩʠʩʪʝʤʘ ʥʝʣʠʥʝʡʥʳʭ ʫʨʘʚʥʝʥʠʡ  

( )Ĕ Ĕ1 p p p b bL j Lja a aq- = ,     
2Ĕ 1 2
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= - ,    (7) 
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L j j e c c

d c

h
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-å õ
è ø= + + -æ öê ú

ç ÷
,   (9) 

( ) 00y yx= = ,     ( )0 0h x= =.     (10) 

ʋʨʘʚʥʝʥʠʝ (7) ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʫʨʘʚʥʝʥʠʝ ʭʦʣʦʜʥʦʡ ʛʠʜʨʦʜʠʥʘʤʠʢʠ 

ʜʣʷ ʵʣʝʢʪʨʦʥʦʚ ʧʣʘʟʤʳ, ʜʚʠʞʫʱʠʭʩʷ ʚ ʩʘʤʦʩʦʛʣʘʩʦʚʘʥʥʦʤ ʧʦʣʝ ʠ ʦʧʨʝʜʝ-

ʣʷʝʪ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʫʶ ʜʠʥʘʤʠʢʫ ʙʝʟʨʘʟʤʝʨʥʦʡ ʘʤʧʣʠʪʫʜʳ ʪʦʢʘ ʧʣʘʟʤʳ 

pj  ʧʦ ʙʝʟʨʘʟʤʝʨʥʦʡ ʢʦʦʨʜʠʥʘʪʝ /z ux w= . ɹʝʟʨʘʟʤʝʨʥʘʷ ʘʤʧʣʠʪʫʜʘ ʪʦʢʘ 

ʵʣʝʢʪʨʦʥʥʦʛʦ ʧʫʯʢʘ bj , ʚʳʯʠʩʣʝʥʥʘʷ ʩʫʤʤʠʨʦʚʘʥʠʝʤ ʚʢʣʘʜʦʚ ʦʪ ʢʨʫʧʥʳʭ 

ʯʘʩʪʠʮ, ʦʧʨʝʜʝʣʷʝʪʩʷ (8). ʋʨʘʚʥʝʥʠʷ (9) ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʫʨʘʚʥʝʥʠʷ 

ʜʚʠʞʝʥʠʷ ʢʨʫʧʥʳʭ ʯʘʩʪʠʮ ʚ ʣʘʛʨʘʥʞʝʚʳʭ ʧʝʨʝʤʝʥʥʳʭ, ʛʜʝ ( )/y t z uw= -  

ʠ ( )/ 1zu v uh= - << ð ʙʝʟʨʘʟʤʝʨʥʳʝ ʣʦʢʘʣʴʥʦʝ ʚʨʝʤʷ ʠ ʠʟʤʝʥʝʥʠʝ ʩʢʦʨʦ-

ʩʪʠ ʯʘʩʪʠʮ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʋʩʣʦʚʠʷ (10) ð ʫʩʣʦʚʠʷ ʚʣʝʪʘ, ʩʦʦʪʚʝʪʩʪʚʫʶ-

ʱʠʝ ʥʝʟʘʤʦʜʫʣʠʨʦʚʘʥʥʦʤʫ ʤʦʥʦʩʢʦʨʦʩʪʥʦʤʫ ʧʫʯʢʫ ʵʣʝʢʪʨʦʥʦʚ. ɺʝʣʠʯʠʥʳ 

,p ba , 
2

,p bk-^ ^ ʠ q ʦʧʨʝʜʝʣʷʶʪʩʷ ʧʘʨʘʤʝʪʨʘʤʠ ʧʫʯʢʦʚʦ-ʧʣʘʟʤʝʥʥʦʡ ʩʠʩʪʝʤʳ. 

ɼʣʷ ʩʠʩʪʝʤʳ ʫʨʘʚʥʝʥʠʡ (7) ï (10) ʚʳʧʦʣʥʷʝʪʩʷ ʟʘʢʦʥ ʩʦʭʨʘʥʝʥʠʷ ʧʦʪʦʢʘ 

ʵʥʝʨʛʠʠ 
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ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʧʦʪʦʢ ʵʥʝʨʛʠʠ ʯʘʩʪʠʮ ʧʫʯʢʘ (ʥʦʨʤʠʨʦʚʘʥʥʳʡ ʥʘ 
2mcg), Q  ʦʧʨʝʜʝʣʷʝʪ ʜʠʩʩʠʧʘʮʠʶ ʵʥʝʨʛʠʠ ʚ ʧʦʛʣʦʪʠʪʝʣʝ, ʘ 
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    (13) 

ʝʩʪʴ ʧʦʪʦʢ ʵʥʝʨʛʠʠ ʚʦʟʙʫʞʜʘʝʤʳʭ ʧʫʯʢʦʤ ʚʦʣʥ. ɺʳʯʠʩʣʝʥʥʘʷ ʚʝʣʠʯʠʥʘ W  

ʜʘʝʪ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʵʥʝʨʛʠʠ ʥʘʧʨʘʚʣʝʥʥʦʛʦ ʜʚʠʞʝʥʠʷ 

ʵʣʝʢʪʨʦʥʥʦʛʦ ʧʫʯʢʘ ʚ ʵʥʝʨʛʠʶ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʳʭ ʢʦʣʝʙʘʥʠʡ. 
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ʥʘʫʯ. ʩʦʪʨ. ɿʘʜʠʨʠʝʚ ʀ.ʀ., ʥʘʫʯ. ʩʦʪʨ. ʅʠʢʦʥʦʚ ɸ.ʄ., 

ʤʣ. ʥʘʫʯ. ʩʦʪʨ. ʐʚʳʜʢʠʡ ɻ.ɺ., ʚʝʜ. ʩʧʝʮ. ɺʘʚʠʣʠʥ ʂ.ɺ. 

ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʚʩʸ ʦʩʪʨʝʝ ʚʩʪʘʸʪ ʚʦʧʨʦʩ ʙʦʣʝʝ ʵʬʬʝʢʪʠʚʥʦʛʦ ʦʩ-

ʚʦʝʥʠʷ ʯʝʣʦʚʝʢʦʤ ʦʢʦʣʦʟʝʤʥʦʛʦ ʢʦʩʤʠʯʝʩʢʦʛʦ ʧʨʦʩʪʨʘʥʩʪʚʘ. ɺ ʩʚʷʟʠ ʩ ʯʝʤ 

ʦʩʦʙʳʡ ʠʥʪʝʨʝʩ ʚʳʟʳʚʘʶʪ ʜʦ ʩʠʭ ʧʦʨ ʥʝ ʦʩʚʦʝʥʥʳʝ ʩʚʝʨʭʥʠʟʢʠʝ ʦʢʦʣʦʟʝʤ-

ʥʳʝ ʦʨʙʠʪʳ (ʉʅʆʆ) (160ï250 ʢʤ). ɼʦʣʛʦʚʨʝʤʝʥʥʳʝ ʧʦʣʸʪʳ ʢʦʩʤʠʯʝʩʢʠʭ 

ʘʧʧʘʨʘʪʦʚ (ʂɸ) ʥʘ ʉʅʆʆ ʧʦʟʚʦʣʷʪ ʨʘʟʚʠʪʴ ʩʚʝʨʭʙʳʩʪʨʳʝ ʢʦʤʤʫʥʠʢʘʮʠʦʥ-

ʥʳʝ ʩʝʪʠ ʧʦ ʚʩʝʡ ʧʣʘʥʝʪʝ, ʚʳʡʪʠ ʥʘ ʥʦʚʳʡ ʫʨʦʚʝʥʴ ʚ ʩʬʝʨʝ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ʧʦʚʝʨʭʥʦʩʪʠ ʠ ʘʪʤʦʩʬʝʨʳ ɿʝʤʣʠ [1] ʠ ʩʥʠʟʠʪʴ ʟʘʪʨʘʪʳ ʥʘ ʚʳʚʦʜ ʩʧʫʪʥʠʢʦʚ 

ʥʘ ʦʨʙʠʪʫ ʥʘ ʧʦʨʷʜʦʢ. ʂɸ, ʠʩʧʦʣʴʟʫʝʤʳʝ ʥʘ ʩʪʦʣʴ ʥʠʟʢʠʭ ʚʳʩʦʪʘʭ, ʩʪʘʥʫʪ 

ʤʝʥʴʰʝ ʠ ʜʝʰʝʚʣʝ, ʥʦ ʢʘʯʝʩʪʚʦ ʧʦʣʫʯʘʝʤʳʭ ʦʪ ʥʠʭ ʜʘʥʥʳʭ ð ʚʳʰʝ, ʩʥʠ-

ʟʷʪʩʷ ʪʨʝʙʦʚʘʥʠʷ ʢ ʨʘʜʠʘʮʠʦʥʥʦʡ ʩʪʦʡʢʦʩʪʠ ʠʩʧʦʣʴʟʫʝʤʦʡ ʥʘ ʙʦʨʪʫ ʵʣʝʢ-

ʪʨʦʥʠʢʠ. 



ʃʆʄʆʅʆʉʆɺʉʂʀɽ ʏʊɽʅʀʗ ï 2024 58 

ʆʜʥʠʤ ʠʟ ʚʘʞʥʝʡʰʠʭ ʘʩʧʝʢʪʦʚ ʨʘʙʦʪʳ ʂɸ ʥʘ ʉʅʆʆ ʷʚʣʷʝʪʩʷ ʥʘʣʠʯʠʝ 

ʦʩʪʘʪʦʯʥʦʡ ʘʪʤʦʩʬʝʨʳ, ʩʦʟʜʘʶʱʝʡ ʟʥʘʯʠʪʝʣʴʥʦʝ ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʦʝ ʪʦʨ-

ʤʦʞʝʥʠʝ, ʩ ʦʜʥʦʡ ʩʪʦʨʦʥʳ ʦʯʠʱʘʶʱʝʝ ʜʘʥʥʳʝ ʦʨʙʠʪʳ ʦʪ ʣʶʙʦʛʦ ʢʦʩʤʠ-

ʯʝʩʢʦʛʦ ʤʫʩʦʨʘ, ʩ ʜʨʫʛʦʡ ð ʚʳʥʫʞʜʘʶʱʝʝ ʠʤʝʪʴ ʥʘ ʙʦʨʪʫ ʧʦʩʪʦʷʥʥʦ ʨʘ-

ʙʦʪʘʶʱʠʡ ʨʝʘʢʪʠʚʥʳʡ ʜʚʠʛʘʪʝʣʴ, ʢʦʤʧʝʥʩʠʨʫʶʱʠʡ ʪʦʨʤʦʟʷʱʫʶ ʩʠʣʫ. 

ʕʬʬʝʢʪʠʚʥʦ ʩʧʨʘʚʠʪʴʩʷ ʩ ʪʘʢʦʡ ʟʘʜʘʯʝʡ ʩʧʦʩʦʙʝʥ ʣʠʰʴ ʵʣʝʢʪʨʦʨʝʘʢʪʠʚ-

ʥʳʡ ʜʚʠʛʘʪʝʣʴ (ʕʈɼ). ʆʜʥʠʤ ʠʟ ʦʩʥʦʚʥʳʭ ʢʘʥʜʠʜʘʪʦʚ ʥʘ ʨʦʣʴ ʪʘʢʦʛʦ ʜʚʠ-

ʛʘʪʝʣʷ ʷʚʣʷʝʪʩʷ ʚʳʩʦʢʦʯʘʩʪʦʪʥʳʡ ʩʝʪʦʯʥʳʡ ʠʦʥʥʳʡ ʜʚʠʛʘʪʝʣʴ (ɺʏʀɼ) ʠʟ-

ʟʘ ʚʳʩʦʢʠʭ ʟʥʘʯʝʥʠʡ ʫʜʝʣʴʥʦʛʦ ʠʤʧʫʣʴʩʘ ʠ ʰʠʨʦʢʠʭ ʚʦʟʤʦʞʥʦʩʪʝʡ ʨʘʟ-

ʜʝʣʴʥʦʛʦ ʨʝʛʫʣʠʨʦʚʘʥʠʷ ʢʘʢ ʚʝʣʠʯʠʥʳ ʫʜʝʣʴʥʦʛʦ ʠʤʧʫʣʴʩʘ, ʪʘʢ ʠ ʚʝʣʠʯʠ-

ʥʳ ʠʟʚʣʝʢʘʝʤʦʛʦ ʠʦʥʥʦʛʦ ʪʦʢʘ. 

ʅʦ ʛʣʘʚʥʳʤ ʜʦʩʪʦʠʥʩʪʚʦʤ ɺʏʀɼ ʚ ʜʘʥʥʦʤ ʢʦʥʪʝʢʩʪʝ ʩʪʘʥʦʚʠʪʩʷ ʧʦ-

ʪʝʥʮʠʘʣʴʥʘʷ ʚʦʟʤʦʞʥʦʩʪʴ ʨʘʙʦʪʳ ʜʚʠʛʘʪʝʣʷ ʥʘ ʣʶʙʦʤ ʨʘʙʦʯʝʤ ʪʝʣʝ, ʚʢʣʶ-

ʯʘʷ ʦʩʪʘʪʦʯʥʳʝ ʘʪʤʦʩʬʝʨʥʳʝ ʛʘʟʳ, ʦʢʨʫʞʘʶʱʠʝ ʂɸ ʧʨʠ ʧʦʣʸʪʝ ʥʘ ʉʅʆʆ. 

ʕʪʦ ʧʦʟʚʦʣʠʪ, ʩʦʟʜʘʚ ʩʦʧʨʷʞʸʥʥʦʝ ʩ ʜʚʠʛʘʪʝʣʝʤ ʫʩʪʨʦʡʩʪʚʦ ʟʘʙʦʨʘ ʘʪʤʦ-

ʩʬʝʨʥʳʭ ʛʘʟʦʚ (ʋɿɸɻ), ʦʙʝʩʧʝʯʠʚʘʶʱʝʝ ʜʦʩʪʘʪʦʯʥʳʡ ʧʦʪʦʢ ʈʊ ʚ ʜʚʠʛʘ-

ʪʝʣʴ ʜʣʷ ʩʦʟʜʘʥʠʷ ʢʦʤʧʝʥʩʠʨʫʶʱʝʡ ʩʦʧʨʦʪʠʚʣʝʥʠʝ ʚʦʟʜʫʭʘ ʪʷʛʠ, ʦʩʫʱʝʩʪ-

ʚʠʪʴ ʩʪʘʙʠʣʴʥʳʡ ʜʦʣʛʦʚʨʝʤʝʥʥʳʡ ʧʦʣʸʪ ʂɸ ʥʘ ʉʅʆʆ ʙʝʟ ʢʦʣʦʩʩʘʣʴʥʳʭ 

ʟʘʧʘʩʦʚ ʨʘʙʦʯʝʛʦ ʪʝʣʘ ʥʘ ʙʦʨʪʫ [2]. ʈʘʙʦʪʳ ʧʦ ʩʦʟʜʘʥʠʶ ʋɿɸɻ ʪʘʢ ʞʝ ʘʢ-

ʪʠʚʥʦ ʚʝʜʫʪʩʷ ʚ ʤʠʨʦʚʦʤ ʥʘʫʯʥʦʤ ʩʦʦʙʱʝʩʪʚʝ. 

ʊʘʢ ʢʘʢ ʠʟʚʝʩʪʥʦ, ʯʪʦ ʥʘ ʚʳʩʦʪʝ ~ 200 ʢʤ ʘʪʤʦʩʬʝʨʘ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ 

ʩʦʩʪʦʠʪ ʠʟ ʘʪʦʤʘʨʥʦʛʦ ʢʠʩʣʦʨʦʜʘ ʠ ʤʦʣʝʢʫʣʷʨʥʦʛʦ ʘʟʦʪʘ [3], ʚ ʜʘʥʥʦʡ ʨʘ-
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ʙʦʪʝ ʙʳʣʘ ʧʦʩʪʘʚʣʝʥʘ ʟʘʜʘʯʘ ʠʟʫʯʠʪʴ ʚʦʟʤʦʞʥʦʩʪʠ ʦʧʪʠʤʠʟʘʮʠʠ ʨʘʙʦʪʳ 

ɺʏ ʀʀ ʥʘ ʘʟʦʪʝ, ʢʠʩʣʦʨʦʜʝ ʠ ʠʭ ʩʤʝʩʠ, ʠʤʠʪʠʨʫʶʱʝʡ ʛʘʟʦʚʫʶ ʩʨʝʜʫ ʥʘ 

ʦʨʙʠʪʝ. ɺ ʢʘʯʝʩʪʚʝ ʤʦʜʝʣʠ ɺʏ ʀʀ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʠʥʜʫʢʪʠʚʥʳʡ ʠʩʪʦʯʥʠʢ 

ʠʦʥʦʚ ʜʠʘʤʝʪʨʦʤ 10 ʩʤ. ɼʣʷ ʫʣʫʯʰʝʥʠʷ ʨʘʙʦʯʠʭ ʧʦʢʘʟʘʪʝʣʝʡ ʜʚʠʛʘʪʝʣʷ ʥʘ 

ʨʘʟʨʷʜ ʥʘʢʣʘʜʳʚʘʣʦʩʴ ʚʥʝʰʥʝʝ ʤʘʛʥʠʪʥʦʝ ʧʦʣʝ ʠ ʚʘʨʴʠʨʦʚʘʣʘʩʴ ʨʘʙʦʯʘʷ 

ʯʘʩʪʦʪʘ ʛʝʥʝʨʘʪʦʨʘ. ʈʝʟʫʣʴʪʘʪʳ ʵʢʩʧʝʨʠʤʝʥʪʘ ʩʦʧʦʩʪʘʚʣʝʥʳ ʩ ʨʘʩʯʸʪʘʤʠ. 

ʅʘ ʨʠʩʫʥʢʝ ʧʨʝʜʩʪʘʚʣʝʥʘ ʟʘʚʠʩʠʤʦʩʪʴ ʠʦʥʥʦʛʦ ʪʦʢʘ, ʠʟʚʣʝʢʘʝʤʦʛʦ ʠʟ 

ʣʘʙʦʨʘʪʦʨʥʦʛʦ ʧʨʦʪʦʪʠʧʘ ɺʏʀɼ ʥʘ ʯʘʩʪʦʪʝ 13,56 ʄɻʮ, ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ 

ʥʘʣʦʞʝʥʥʦʛʦ ʥʘ ʨʘʟʨʷʜ ʩʣʘʙʦʨʘʩʭʦʜʷʱʝʛʦʩʷ ʚʥʝʰʥʝʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʩ 

ʤʘʢʩʠʤʫʤʦʤ ʚ ʨʘʡʦʥʝ ʠʦʥʥʦ-ʦʧʪʠʯʝʩʢʦʡ ʩʠʩʪʝʤʳ ʜʣʷ ʘʟʦʪʘ, ʢʠʩʣʦʨʦʜʘ ʠ 

ʘʨʛʦʥʘ. ʉʧʣʦʰʥʳʤʠ ʣʠʥʠʷʤʠ ʧʦʢʘʟʘʥʳ ʟʥʘʯʝʥʠʷ ʪʦʢʘ, ʧʫʥʢʪʠʨʦʤ ï ʚʣʦ-

ʞʝʥʥʘʷ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʚ ʨʘʟʨʷʜ ʤʦʱʥʦʩʪʴ. ʅʘ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪʯʸʪʣʠʚʦ 

ʚʠʜʥʳ ʜʚʘ ʤʘʢʩʠʤʫʤʘ ʪʦʢʘ, ʦʙʫʩʣʦʚʣʝʥʥʳʝ ʣʫʯʰʠʤ ʚʣʦʞʝʥʠʝʤ ʤʦʱʥʦʩʪʠ 

ʚ ʧʣʘʟʤʫ ʧʨʠ ʨʝʟʦʥʘʥʩʥʳʭ ʟʥʘʯʝʥʠʷʭ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ. ɿʘʚʠʩʠʤʦʩʪʴ ʪʦʢʘ 

ʦʪ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʷʨʯʝ ʚʳʨʘʞʝʥʘ ʥʘ ʙʦʣʴʰʠʭ ʯʘʩʪʦʪʘʭ (27,12 ʄɻʮ) ʠ 

ʩʛʣʘʞʠʚʘʝʪʩʷ ʧʨʠ ʫʤʝʥʴʰʝʥʠʠ ʯʘʩʪʦʪʳ (6,78 ʄɻʮ). 

ʃʠʪʝʨʘʪʫʨʘ 

1. Suvorov M., Syrin S., Khartov S., Popov G. Advances in the Astronautical 
Sciences. 161 (2017). 

2. Larson W. J., Wertz J. R. Space mission analysis and design. (1999). 
3. Cifali G., et al. 32nd International Electric Propulsion Conference. N0. 11ï

15 (2011). 
 
 

ʀɿʄɽʈɽʅʀɽ ʇʆɻʃʆʑɽʅʅʆʁ ʄʆʑʅʆʉʊʀ ɺ ʉɺʏ ʈɸɿʈʗɼɽ ʀʅʀ-

ʎʀʀʈʋɽʄʆʄ ʇʆʃʋɺʆʃʅʆɺʆʁ ɸʅʊɽʅʅʆʁ 

ʀʥʞ. ʂʦʨʥʝʚ ʂ.ʅ., ʤʣ. ʥʘʫʯ. ʩʦʪʨ. ʃʦʛʫʥʦʚ ɸ.ɸ., ʧʨʦʬ. ɼʚʠʥʠʥ ʉ.ɸ., 

ʪʝʭʥʠʢ ʉʫʨʢʦʥʪ ʆ.ʉ., ʩʪʫʜʝʥʪ ɸʙʫʰʘʝʚ ʊ.ʈ., ʩʪʫʜʝʥʪ ɺʦʣʳʥʝʮ ɸ.ʃ. 

ʈʘʟʣʠʯʥʳʝ ʨʘʟʨʷʜʳ ʚ ʚʳʩʦʢʦʩʢʦʨʦʩʪʥʳʭ ʛʘʟʦʚʳʭ ʧʦʪʦʢʘʭ ʠʩʩʣʝʜʫʶʪʩʷ 

ʥʘ ʧʨʦʪʷʞʝʥʠʠ ʧʦʩʣʝʜʥʠʭ ʜʝʩʷʪʠʣʝʪʠʡ ʚ ʨʘʤʢʘʭ ʟʘʜʘʯ ʧʣʘʟʤʝʥʥʦʡ ʘʵʨʦʜʠ-

ʥʘʤʠʢʠ [1]. ʅʝʦʙʭʦʜʠʤʦʩʪʴ ʦʧʨʝʜʝʣʝʥʠʷ ʤʝʭʘʥʠʟʤʦʚ ʚʦʟʜʝʡʩʪʚʠʷ ʧʣʘʟʤʳ 

ʨʘʟʨʷʜʦʚ ʥʘ ʚʳʩʦʢʦʩʢʦʨʦʩʪʥʳʝ ʧʦʪʦʢʠ ʜʣʷ ʥʘʠʙʦʣʝʝ ʵʬʬʝʢʪʠʚʥʦʛʦ ʠʭ ʠʩ-

ʧʦʣʴʟʦʚʘʥʠʷ ʦʙʫʩʣʘʚʣʠʚʘʝʪ ʘʢʪʫʘʣʴʥʦʩʪʴ ʧʨʦʚʦʜʠʤʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ. ɺ ʨʘ-

ʙʦʪʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʠʟʫʯʝʥ ʉɺʏ ʨʘʟʨʷʜ, ʠʥʠʮʠʠʨʫʝʤʳʡ ʥʘ ʦʩʪʨʠʷʭ ʧʦ-

ʣʫʚʦʣʥʦʚʦʡ ʘʥʪʝʥʥʳ, ʧʦʤʝʱʘʝʤʦʡ ʚ ʚʳʩʦʢʦʩʢʦʨʦʩʪʥʳʝ ʛʘʟʦʚʳʝ ʧʦʪʦʢʠ. 

ɸʵʨʦʜʠʥʘʤʠʯʝʩʢʠʡ ʢʘʥʘʣ ʚʨʝʟʘʣʩʷ ʚ ʚʦʣʥʦʚʦʜ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦ ʰʠʨʦʢʦʡ 

ʩʪʝʥʢʝ (ʩʤ. ʨʠʩ.1). ʂʦʥʩʪʨʫʢʪʠʚʥʦ ʫʩʪʘʥʦʚʢʘ ʧʦʩʪʨʦʝʥʘ ʧʦ ʠʟʚʝʩʪʥʦʡ ʩʭʝʤʝ 

ʉɺʏ-ʧʣʘʟʤʦʪʨʦʥʘ [2,3]. ʈʘʟʨʷʜ ʩʦʟʜʘʚʘʣʩʷ ʩ ʧʦʤʦʱʴʶ ʤʘʛʥʝʪʨʦʥʥʦʛʦ ʠʩ-

ʪʦʯʥʠʢʘ ʩ ʯʘʩʪʦʪʦʡ 2.45 ɻɻʮ, ʨʘʩʩʯʠʪʘʥʥʦʛʦ ʜʣʷ ʨʘʙʦʪʳ ʥʘ ʤʦʱʥʦʩʪʷʭ ʜʦ 5 

ʢɺʪ ʚ ʥʝʧʨʝʨʳʚʥʦʤ ʨʝʞʠʤʝ. ʆʙʨʘʟʫʶʱʘʷʩʷ ʚ ʚʦʣʥʦʚʦʜʥʦʤ ʪʨʘʢʪʝ ʧʣʘʟʤʘ 

ʜʣʷ ʧʘʜʘʶʱʝʡ ʥʘ ʥʝʝ ʉɺʏ ʚʦʣʥʳ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʥʝʦʜʥʦʨʦʜʥʦʩʪʴ. ɺ 



ʃʆʄʆʅʆʉʆɺʉʂʀɽ ʏʊɽʅʀʗ ï 2024 60 

ʨʝʟʫʣʴʪʘʪʝ ʧʦʩʪʫʧʘʶʱʘʷ ʦʪ ʤʘʛʥʝʪʨʦʥʘ ʤʦʱʥʦʩʪʴ ʜʝʣʠʪʩʷ ʤʝʞʜʫ ʧʨʦʰʝʜ-

ʰʝʡ ʠ ʦʪʨʘʞʝʥʥʦʡ ʚʦʣʥʘʤʠ, ʘ ʪʘʢʞʝ ʥʝʢʦʪʦʨʘʷ ʝʝ ʯʘʩʪʴ ʧʦʛʣʦʱʘʝʪʩʷ ʚ 

ʧʣʘʟʤʝ ʨʘʟʨʷʜʘ. ɽʩʣʠ ʠʟʚʝʩʪʥʘ ʧʦʩʪʫʧʘʶʱʘʷ ʦʪ ʤʘʛʥʝʪʨʦʥʘ ʤʦʱʥʦʩʪʴ, ʘ 

ʪʘʢʞʝ ʠʟʤʝʨʝʥʳ ʤʦʱʥʦʩʪʠ ʧʨʦʰʝʜʰʝʡ ʠ ʦʪʨʘʞʝʥʥʦʡ ʚʦʣʥ, ʚʦʟʤʦʞʥʦ ʚʳ-

ʯʠʩʣʠʪʴ ʜʦʣʶ ʤʦʱʥʦʩʪʠ, ʧʦʛʣʦʱʝʥʥʫʶ ʚ ʨʘʟʨʷʜʝ, ʯʪʦ ʠ ʙʳʣʦ ʩʜʝʣʘʥʦ ʚ 

ʵʪʦʡ ʨʘʙʦʪʝ. ʄʦʱʥʦʩʪʠ ʠʟʤʝʨʷʣʠʩʴ ʩ ʧʦʤʦʱʴʶ ʜʠʦʜʥʳʭ ʜʝʪʝʢʪʦʨʦʚ. ʇʦ-

ʛʣʦʱʘʝʤʘʷ ʧʣʘʟʤʦʡ ʤʦʱʥʦʩʪʴ ʷʚʣʷʝʪʩʷ ʚʘʞʥʝʡʰʠʤ ʦʧʨʝʜʝʣʷʶʱʠʤ ʝʝ 

ʩʚʦʡʩʪʚʘ ʧʘʨʘʤʝʪʨʦʤ. ʊʘʢʞʝ ʚ ʵʢʩʧʝʨʠʤʝʥʪʝ ʨʝʛʠʩʪʨʠʨʦʚʘʣʘʩʴ ʩʪʨʫʢʪʫʨʘ 

ʉɺʏ ʨʘʟʨʷʜʘ ʠ ʝʛʦ ʦʧʪʠʯʝʩʢʠʡ ʩʧʝʢʪʨ ʚ ʚʠʜʠʤʦʡ ʠ ʙʣʠʞʥʝʡ ʋʌ ʦʙʣʘʩʪʠ. 

ʇʨʠ ʘʥʘʣʠʟʝ ʩʧʝʢʪʨʦʚ ʦʧʨʝʜʝʣʷʣʠʩʴ ʦʩʥʦʚʥʳʝ ʧʘʨʘʤʝʪʨʳ ʧʣʘʟʤʳ ʨʘʟʨʷʜʘ: 

ʢʦʥʮʝʥʪʨʘʮʠʷ ʠ ʪʝʤʧʝʨʘʪʫʨʘ ʵʣʝʢʪʨʦʥʦʚ, ʪʝʤʧʝʨʘʪʫʨʘ ʛʘʟʘ. 

ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʭʘʨʘʢʪʝʨʥʘʷ ʜʦʣʷ ʧʦʛʣʦʱʝʥʥʦʡ ʨʘʟʨʷ-

ʜʦʤ ʤʦʱʥʦʩʪʠ ʩʦʩʪʘʚʠʣʘ 50%, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʜʦʣʷ ʦʪʨʘʞʝʥʥʦʡ ʢ ʤʘʛʥʝʪʨʦ-

ʥʫ ʤʦʱʥʦʩʪʠ ʩʦʩʪʘʚʣʷʣʘ 0-5%, ʘ ʦʩʪʘʣʴʥʘʷ ʤʦʱʥʦʩʪʴ ʧʨʦʭʦʜʠʣʘ ʟʘ ʨʘʟʨʷʜ 

ʠ ʧʦʛʣʦʱʘʣʘʩʴ ʦʢʦʥʝʯʥʦʡ ʩʦʛʣʘʩʦʚʘʥʥʦʡ ʚʦʜʷʥʦʡ ʥʘʛʨʫʟʢʦʡ.  ɺʳʷʩʥʝʥʦ, 

ʯʪʦ ʩʪʨʫʢʪʫʨʘ (ʜʣʠʥʘ ʩʚʝʪʷʱʝʛʦʩʷ ʢʘʥʘʣʘ, ʝʛʦ ʪʦʣʱʠʥʘ, ʠʥʪʝʥʩʠʚʥʦʩʪʴ 

ʩʚʝʯʝʥʠʷ) ʉɺʏ ʨʘʟʨʷʜʘ ʧʨʠ ʬʠʢʩʠʨʦʚʘʥʥʦʡ ʤʦʱʥʦʩʪʠ ʟʘʚʠʩʠʪ ʦʪ ʧʘʨʘʤʝʪ-

ʨʦʚ ʧʦʪʦʢʘ: ʜʘʚʣʝʥʠʷ ʚ ʧʦʪʦʢʝ ʠ ʝʛʦ ʩʢʦʨʦʩʪʠ. ʂʦʵʬʬʠʮʠʝʥʪʳ ʦʪʨʘʞʝʥʠʷ, 

ʧʨʦʭʦʞʜʝʥʠʷ ʠ ʧʦʛʣʦʱʝʥʠʷ ʉɺʏ ʚʦʣʥʳ ʟʘʚʠʩʷʪ ʦʪ ʨʘʟʤʝʨʦʚ ʧʣʘʟʤʝʥʥʦʡ 

ʦʙʣʘʩʪʠ, ʘ ʪʘʢʞʝ ʦʪ ʝʝ ʧʨʦʚʦʜʠʤʦʩʪʠ. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʦʧʨʝʜʝʣʝʥʘ ʢʦʥ-

ʮʝʥʪʨʘʮʠʷ ʵʣʝʢʪʨʦʥʦʚ ne~10
15

 ʩʤ
-3
, ʘ ʪʘʢʞʝ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʧʣʘʟʤʘ ʙʣʠʟʢʘ 

ʢ ʨʘʚʥʦʚʝʩʥʦʤʫ ʩʦʩʪʦʷʥʠʶ ʩʦ ʟʥʘʯʝʥʠʷʤʠ ʵʣʝʢʪʨʦʥʥʦʡ ʠ ʛʘʟʦʚʦʡ ʪʝʤʧʝʨʘ-

ʪʫʨʘʤʠ å5500K, ʯʪʦ ʩʦʛʣʘʩʫʝʪʩʷ ʩ ʨʝʟʫʣʴʪʘʪʘʤʠ ʧʨʦʚʦʜʠʤʳʭ ʨʘʥʝʝ ʠʩʩʣʝ-

ʜʦʚʘʥʠʡ [4]. 
 

 

 

 

 

 

 

 

 

ʈʠʩ. 1. ʉʭʝʤʘ ʚʦʣʥʦʚʦʜʥʦʛʦ 

ʪʨʘʢʪʘ ʜʣʷ ʠʟʤʝʨʝʥʠʷ ʧʦ-

ʛʣʦʱʘʝʤʦʡ ʨʘʟʨʷʜʦʤ ʉɺʏ 

ʤʦʱʥʦʩʪʠ. 
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ʉʇɽʂʊʈʆʄɽʊʈ ʅɸ ʏɸʉʊʆʊʅʋʖ ʆɹʃɸʉʊʔ 2 ï 4 ɻɻʎ ʅɸ ʆʉʅʆɺɽ 

ʇʃɸɿʄɽʅʅʆɻʆ ʈɽʃʗʊʀɺʀʉʊʉʂʆɻʆ ʀʉʊʆʏʅʀʂɸ 

ʉʪ. ʥʘʫʯ. ʩʦʪʨ. ʀʚʘʥʦʚ ʀ.ɽ., ʀʆʌ ʈɸʅ, 

ʤʣ. ʥʘʫʯ. ʩʦʪʨ. ɼʠʘʩ ʄʠʭʘʡʣʦʚʘ ɼ.ɽ., ʀʆʌ ʈɸʅ  

ʉʧʝʢʪʨʦʤʝʪʨ, ʧʨʝʜʩʪʘʚʣʝʥʥʳʡ ʚ ʜʦʢʣʘʜʝ, ʩʦʩʪʦʠʪ ʠʟ ʠʩʪʦʯʥʠʢʘ (ʛʝʥʝʨʘ-

ʪʦʨʘ) ʤʠʢʨʦʚʦʣʥʦʚʦʛʦ ʠʟʣʫʯʝʥʠʷ [1] ʠ ʵʣʝʤʝʥʪʦʚ, ʧʨʝʜʥʘʟʥʘʯʝʥʥʳʭ ʜʣʷ 

ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʵʪʦʛʦ ʠʟʣʫʯʝʥʠʷ ʜʣʷ ʘʥʘʣʠʟʘ ʚʝʱʝʩʪʚ. ʄʠʢʨʦʚʦʣʥʦʚʦʝ ʠʟ-

ʣʫʯʝʥʠʝ, ʠʩʧʦʣʴʟʫʝʤʦʝ ʚ ʩʧʝʢʪʨʦʤʝʪʨʝ, ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʠʤʧʫʣʴʩ ʠʟʣʫ-

ʯʝʥʠʷ ʤʦʱʥʦʩʪʴʶ ʜʦ 150 ʄɺʪ, ʜʣʠʪʝʣʴʥʦʩʪʴʶ ʜʦ 500 ʥʩ, ʢʦʪʦʨʦʝ ʷʚʣʷʝʪʩʷ 

ʰʫʤʦʚʦʡ ʰʠʨʦʢʦʧʦʣʦʩʥʦʡ ʛʝʥʝʨʘʮʠʝʡ ʚ ʜʠʘʧʘʟʦʥʝ 1 ï 8 ɻɻʮ, ʨʠʩ.1. ʉʘʤ 

ʰʫʤʦʚʦʡ ʠʤʧʫʣʴʩ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʭʘʦʪʠʯʝʩʢʫʶ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʴ 

ʮʫʛʦʚ ʢʚʘʟʠʩʠʥʫʩʦʠʜʘʣʴʥʳʭ ʩʠʛʥʘʣʦʚ ʜʣʠʪʝʣʴʥʦʩʪʴʶ 3 ï 5 ʥʩ ʨʘʟʥʦʡ ʠʥ-

ʪʝʥʩʠʚʥʦʩʪʠ, ʯʘʩʪʦʪʥʳʡ ʜʠʘʧʘʟʦʥ ʢʦʪʦʨʳʭ ʧʝʨʝʢʨʳʚʘʝʪ ʦʙʣʘʩʪʴ ʰʠʨʠʥʦʡ 

2 ɻɻʮ ʠ ʙʦʣʝʝ. ɺ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʧʣʦʪʥʦʩʪʠ ʧʣʘʟʤʳ ʧʨʠʤʝʥʷʝʤʦʛʦ ʫʩʪʨʦʡ-

ʩʪʚʘ ʵʪʦʪ ʜʠʘʧʘʟʦʥ ʤʦʞʝʪ ʥʘʭʦʜʠʪʴʩʷ ʚ ʦʙʣʘʩʪʠ 1 ï 8 ɻɻʮ. 

ʇʣʘʟʤʝʥʥʳʡ ʠʩʪʦʯʥʠʢ ʉɺʏ ʠʟʣʫʯʝʥʠʷ ʨʘʙʦʪʘʝʪ ʚ ʨʝʞʠʤʝ ʨʘʟʦʚʳʭ ʠʤ-

ʧʫʣʴʩʦʚ. ʉʧʝʢʪʨ ʠʟʣʫʯʝʥʠʷ ʤʝʥʷʝʪʩʷ ʦʪ ʠʤʧʫʣʴʩʘ ʢ ʠʤʧʫʣʴʩʫ ʢʘʢ ʧʦ ʘʤ-

ʧʣʠʪʫʜʝ, ʪʘʢ ʠ ʧʦ ʬʦʨʤʝ. ʅʘ ʨʠʩ.2 ʧʨʠʚʝʜʝʥʘ ʩʭʝʤʘ ʫʩʪʘʥʦʚʢʠ. ʉʧʝʢʪʨʦ-

ʤʝʪʨ ʩʦʩʪʦʠʪ ʠʟ ʪʨʸʭ ʯʘʩʪʝʡ: 1 ð ʠʩʪʦʯʥʠʢ ʤʠʢʨʦʚʦʣʥʦʚʦʛʦ ʠʟʣʫʯʝʥʠʷ, 2 

ð ʤʥʦʛʦʤʦʜʦʚʘʷ ʚʦʣʥʦʚʦʜʥʘʷ ʩʝʢʮʠʷ ʜʠʘʤʝʪʨʦʤ 30 ʩʤ, ʩ ʧʦʤʦʱʴʶ ʢʦʪʦ-

ʨʦʡ ʰʠʨʦʢʦʧʦʣʦʩʥʦʝ ʠʟʣʫʯʝʥʠʝ ʧʦʜʚʦʜʠʪʩʷ ʢ ʜʠʘʛʥʦʩʪʠʯʝʩʢʦʡ ʦʜʥʦʤʦʜʦ-

ʚʦʡ ʩʝʢʮʠʠ 3. ʆʜʥʦʤʦʜʦʚʘʷ ʩʝʢʮʠʷ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʩʪʘʥʜʘʨʪʥʳʡ ʤʝʜ-

ʥʳʡ ʚʦʣʥʦʚʦʜ ʧʨʷʤʦʫʛʦʣʴʥʦʛʦ ʩʝʯʝʥʠʷ 72 Ĭ 34 ʤʤ, ʚ ʢʦʪʦʨʦʤ ʚ ʜʠʘʧʘʟʦʥʝ 

2,08 ï 4,17 ɻɻʮ ʤʦʞʝʪ ʨʘʩʧʨʦʩʪʨʘʥʷʪʴʩʷ ʪʦʣʴʢʦ ʦʜʥʘ ʤʦʜʘ ʠʟʣʫʯʝʥʠʷ. ʕʪʦ 

ʧʦʟʚʦʣʷʝʪ ʧʨʠʤʝʥʠʪʴ ʠʟʚʝʩʪʥʳʝ ʬʦʨʤʫʣʳ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʚʦʣʥʳ ʜʣʷ ʨʘʩ-

ʯʸʪʘ. ɺ ʚʦʣʥʦʚʦʜʝ ʫʩʪʘʥʦʚʣʝʥʳ ʜʚʝ ʨʝʛʠʩʪʨʠʨʫʶʱʠʝ ʰʪʳʨʝʚʳʝ ʘʥʪʝʥʥʳ ɸ 

ʠ ɹ ʜʣʠʥʦʡ 5 ʤʤ. ɸʥʪʝʥʥʳʝ ʚʚʦʜʳ ʩʜʝʣʘʥʳ ʛʝʨʤʝʪʠʯʥʦ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ 

ʧʨʦʠʟʚʦʜʠʪʴ ʦʪʢʘʯʢʫ ʚʦʣʥʦʚʦʜʘ ʜʦ ʜʝʩʷʪʳʭ ʟʥʘʯʝʥʠʡ ʊʦʨʨ ʜʣʷ ʠʩʩʣʝʜʦʚʘ-

ʥʠʷ ʚʝʱʝʩʪʚʘ, ʧʦʤʝʱʸʥʥʦʛʦ ʚ ʚʦʣʥʦʚʦʜ. ʀʟʣʫʯʝʥʠʝ ʬʠʢʩʠʨʫʝʪʩʷ ʥʘ ʘʥʪʝʥ-

ʥʘʭ ɸ ʠ ɹ ʠ ʧʦʩʪʫʧʘʝʪ ʥʘ ʮʠʬʨʦʚʦʡ ʦʩʮʠʣʣʦʛʨʘʬ Tektronix TDS 7404ʩ ʰʠ-

https://doi.org/10.3390/en11071733
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ʨʠʥʦʡ ʧʦʣʦʩʳ 4 ɻɻʮ. ʀʤʧʫʣʴʩʳ ʠʟʣʫʯʝʥʠʷ ʨʝʛʠʩʪʨʠʨʫʶʪʩʷ ʚ ʨʘʟʦʚʦʤ ʨʝ-

ʞʠʤʝ ʩ ʜʣʠʪʝʣʴʥʦʩʪʴʶ 800 ʥʩ ʧʨʠ ʢʦʣʠʯʝʩʪʚʝ ʦʪʩʯʸʪʦʚ 50000 (ʢʦʣʠʯʝʩʪʚʦ 

ʪʦʯʝʢ ʟʘʧʠʩʠ). ɼʘʣʝʝ ʧʨʦʠʟʚʦʜʠʪʩʷ ʢʦʤʧʴʶʪʝʨʥʘʷ ʦʙʨʘʙʦʪʢʘ ʩʠʛʥʘʣʘ, ʨʘʟ-

ʥʘʷ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʨʝʞʠʤʘ ʧʨʦʚʝʜʝʥʠʷ ʠʟʤʝʨʝʥʠʡ. ʇʝʨʚʳʡ ʨʝʞʠʤ ï ʨʝ-

ʞʠʤ ʩʚʦʙʦʜʥʦʛʦ ʧʨʦʭʦʜʘ ʠʟʣʫʯʝʥʠʷ ʧʦ ʧʨʷʤʦʫʛʦʣʴʥʦʤʫ ʚʦʣʥʦʚʦʜʫ. ɺ ʵʪʦʤ 

ʩʣʫʯʘʝ ʨʝʛʠʩʪʨʠʨʫʶʪʩʷ ʩʠʛʥʘʣʳ ʥʘ ʘʥʪʝʥʥʘʭ ɸ ʠ ɹ ʠ ʧʦ ʦʪʥʦʰʝʥʠʶ ʩʧʝʢ-

ʪʨʦʚ ʵʪʠʭ ʩʠʛʥʘʣʦʚ ʦʧʨʝʜʝʣʷʶʪʩʷ ʧʦʣʦʩʳ ʧʦʛʣʦʱʝʥʠʷ ʚʝʱʝʩʪʚʘ, ʥʘʭʦʜʷ-

ʱʝʛʦʩʷ ʚ ʚʦʣʥʦʚʦʜʝ. ɺʪʦʨʦʡ ʨʝʞʠʤ ð ʨʝʞʠʤ çʛʨʝʙʸʥʢʠè. ɺ ʵʪʦʤ ʩʣʫʯʘʝ ʚ 

ʚʦʣʥʦʚʦʜ, ʚʙʣʠʟʠ ʘʥʪʝʥʥʳ ɹ ʥʘ ʨʘʩʩʪʦʷʥʠʠ ʤʝʥʴʰʝʤ ı ʤʠʥʠʤʘʣʴʥʦʡ ʜʣʠ-

ʥʳ ʚʦʣʥʳ ʚ ʚʦʣʥʦʚʦʜʝ, ʧʦʤʝʰʘʝʪʩʷ ʧʦʨʰʝʥʴ, ʚ ʨʝʟʫʣʴʪʘʪʝ ʯʝʛʦ ʦʙʨʘʟʫʝʪʩʷ 

ʩʪʦʷʯʘʷ ʚʦʣʥʘ. 

 
ʈʠʩ.1.ʉʧʝʢʪʨ ʤʠʢʨʦʚʦʣʥʦʚʦʛʦ ʰʫʤʦʚʦʛʦ ʠʤʧʫʣʴʩʘ, ʟʘʧʠʩʘʥʥʦʛʦ ʥʘ ʦʩʮʠʣʣʦʛʨʘʬʝ ʩ ʰʠ-

ʨʠʥʦʡ ʧʦʣʦʩʳ 16 ɻɻʮ (ʘ) ʠ ʩʧʝʢʪʨ ʧʨʠ ʨʝʛʠʩʪʨʘʮʠʠ ʠʟʣʫʯʝʥʠʷ ʩ ʧʦʤʦʱʴʶ ʷʯʝʡʢʠ ʇʦʢ-

ʢʝʣʴʩʘ (b). 

0,00E+000 2,00E+009 4,00E+009 6,00E+009 8,00E+009 1,00E+010
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ʈʠʩ. 2. ʉʭʝʤʘ ʩʧʝʢʪʨʦʤʝʪʨʘ. 1 ï ʠʟʣʫʯʘʶʱʠʡ ʨʫʧʦʨ, 2 ï ʚʦʣʥʦʚʦʜʥʘʷ ʩʝʢʮʠʷ ʢʨʫʛʣʦʛʦ 

ʩʝʯʝʥʠʷ ʜʠʘʤʝʪʨʦʤ 30 ʩʤ., 3 ï ʤʝʜʥʘʷ ʧʨʷʤʦʫʛʦʣʴʥʘʷ ʚʦʣʥʦʚʦʜʥʘʷ ʩʝʢʮʠʷ 72 Ĭ 34 ʤʤ. 

 

ʅʘ ʨʠʩ. 3 ʧʨʠʚʝʜʸʥ ʧʨʠʤʝʨ çʛʨʝʙʸʥʢʠè (ʩʪʦʷʯʝʡ ʚʦʣʥʳ) ʧʨʠ ʟʘʧʦʣʥʝʥʠʠ 

ʚʦʣʥʦʚʦʜʥʦʡ ʩʝʢʮʠʠ 3 ʧʘʨʘʤʠ ʩʧʠʨʪʘ. 
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      ʏʘʩʪʦʪʘ, ɻɻʮ 

 

ʈʠʩ.3. ʀʟʦʙʨʘʞʝʥʠʝ ʩʪʦʷʯʝʡ ʚʦʣʥʳ ʚ ʚʦʣʥʦʚʦʜʝ ʧʨʠ D = 92 ʩʤ, ʦʙʨʘʟʦʚʘʥʥʦʡ ʧʘʨʘʤʠ 

ʩʧʠʨʪʘ. 

 

ʇʦʣʦʞʝʥʠʝ ʧʠʢʦʚ ʨʘʩʩʯʠʪʳʚʘʝʪʩʷ ʧʦ ʬʦʨʤʫʣʘʤ: 

2 2ʚʦʣʥ

ʢʨ

ʩ
l

n n
=

-
   

2 2

2 2

2
ʢʨ

m n

a b

l =

+

, 

ʘ ʨʘʩʩʪʦʷʥʠʝ ʤʝʞʜʫ ʧʠʢʘʤʠ ȹɜ ʩʪʦʷʯʝʡ ʚʦʣʥʳ ʦʧʨʝʜʝʣʷʝʪʩʷ ʬʦʨʤʫʣʦʡ: 

2 2

2
ʢʨ

ʩ

D
n n n
n

D = - , 

ʛʜʝ ʩ ð ʩʢʦʨʦʩʪʴ ʚʦʣʥʳ ʚ ʩʨʝʜʝ (ʚ ʚʦʣʥʦʚʦʜʝ),  ɜʢʨ ð ʯʘʩʪʦʪʘ ʦʪʩʝʯʢʠ ʚʦʣ-

ʥʦʚʦʜʘ 72 Ĭ 34 ʤʤ, ʨʘʚʥʘʷ 2,08 ɻɻʮ, a ʠ b ð ʩʪʦʨʦʥʳ ʚʦʣʥʦʚʦʜʘ, m ʠ n ð 

ʯʠʩʣʦ ʧʦʣʫʚʦʣʥ ʥʘ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʩʪʦʨʦʥʘʭ ʚʦʣʥʦʚʦʜʘ. ʆʜʥʦʤʦʜʦʚʘʷ 

ʦʙʣʘʩʪʴ ʦʛʨʘʥʠʯʠʚʘʝʪʩʷ ʯʘʩʪʦʪʦʡ 4,17 ɻɻʮ. ɽʩʣʠ ʤʳ ʨʘʩʩʤʘʪʨʠʚʘʝʤ ʚʦʣʥʦ-

ʚʦʜ, ʟʘʧʦʣʥʝʥʥʳʡ ʛʘʟʦʤ, ʪʦ ʧʦʢʘʟʘʪʝʣʴ ʧʨʝʣʦʤʣʝʥʠʷ ʧʨʘʢʪʠʯʝʩʢʠ ʪʘʢʦʡ ʞʝ, 

ʢʘʢ ʠ ʚ ʚʦʟʜʫʭʝ, ʪ.ʝ. n å 1. ʅʦ, ʪʝʤ ʥʝ ʤʝʥʝʝ, ʜʣʷ ʚʦʣʥʦʚʦʜʘ, ʟʘʧʦʣʥʝʥʥʦʛʦ 

ʧʘʨʘʤʠ ʩʧʠʨʪʘ, ʧʦʣʫʯʠʣʠʩʴ ʥʝʟʥʘʯʠʪʝʣʴʥʦʝ ʦʪʣʠʯʠʝ ʦʪ ʝʜʠʥʠʮʳ, ʩʤ. ʊʘʙ-

ʣʠʮʫ 1, ʛʜʝ ʚʝʨʭʥʷʷ ʩʪʨʦʯʢʘ ʟʥʘʯʝʥʠʝ ʯʘʩʪʦʪ ʧʠʢʦʚ ʛʨʝʙʸʥʢʠ ʚ ɻɻʮ, ʘ ʥʠʞ-

ʥʷʷ ð ʟʥʘʯʝʥʠʝ ʧʦʢʘʟʘʪʝʣʷ ʧʨʝʣʦʤʣʝʥʠʷ n ʜʣʷ ʜʘʥʥʳʭ ʯʘʩʪʦʪ. ɺʦʟʤʦʞʥʦ, 

ʵʪʦ ʨʘʩʭʦʞʜʝʥʠʝ ʚʳʟʚʘʥʦ ʥʝʪʦʯʥʳʤ ʦʧʨʝʜʝʣʝʥʠʝʤ ʨʘʩʩʪʦʷʥʠʷ D. 
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ʊʘʙʣʠʮʘ 1 
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ʋʉʀʃɽʅʀɽ ʕʃɽʂʊʈʆʄɸɻʅʀʊʅʓʍ ɺʆʃʅ ɺ ʇʆʇɽʈɽʏʅʆ ʅɽʆɼʅʆ-

ʈʆɼʅʆʄ ʇʃʆʉʂʆʄ ɼʀʕʃɽʂʊʈʀʏɽʉʂʆʄ ɺʆʃʅʆɺʆɼɽ ʉ ʃɽʅʊʆʏ-

ʅʓʄ ʕʃɽʂʊʈʆʅʅʓʄ ʇʋʏʂʆʄ ʂʆʅɽʏʅʆʁ ʊʆʃʑʀʅʓ 

ɸʩʧ. ɽʨʰʦʚ ɸ.ɺ., ʧʨʦʬ. ʂʫʟʝʣʝʚ ʄ.ɺ. 

ʈʘʙʦʪʘ ʧʦʩʚʷʱʝʥʘ ʫʯʝʪʫ ʢʦʥʝʯʥʦʩʪʠ ʪʦʣʱʠʥʳ ʵʣʝʢʪʨʦʥʥʦʛʦ ʧʫʯʢʘ ʚ 

ʪʝʦʨʠʠ ʯʝʨʝʥʢʦʚʩʢʠʭ ʉɺʏ ʫʩʠʣʠʪʝʣʝʡ ʥʘ ʚʦʣʥʦʚʦʜʘʭ ʩ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʤ 

ʟʘʧʦʣʥʝʥʠʝʤ. ʐʠʨʦʢʦ ʠʩʧʦʣʴʟʫʝʤʘʷ ʚ ʪʝʦʨʠʠ ʪʘʢʠʭ ʫʩʠʣʠʪʝʣʝʡ ʤʦʜʝʣʴ 

ʙʝʩʢʦʥʝʯʥʦ ʪʦʥʢʦʛʦ ʧʫʯʢʘ ʧʨʠ ʨʘʩʯʝʪʝ ʫʩʠʣʠʪʝʣʝʡ ʪʝʨʘʛʝʨʮʦʚʦʛʦ ʠʟʣʫʯʝ-

ʥʠʷ ʥʫʞʜʘʝʪʩʷ ʚ ʩʫʱʝʩʪʚʝʥʥʦʡ ʧʝʨʝʨʘʙʦʪʢʝ. 

ʈʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʧʣʦʩʢʠʡ ʚʦʣʥʦʚʦʜ, ʦʙʨʘʟʦʚʘʥʥʳʡ ʜʚʫʤʷ ʧʘʨʘʣʣʝʣʴʥʳ-

ʤʠ ʠʜʝʘʣʴʥʦ ʧʨʦʚʦʜʷʱʠʤʠ ʧʣʦʩʢʦʩʪʷʤʠ 0x=  ʠ x L= , ʢ ʦʜʥʦʡ ʠʟ ʛʨʘʥʠʮ 

ʚʦʣʥʦʚʦʜʘ ʧʨʠʤʳʢʘʝʪ ʦʜʥʦʨʦʜʥʳʡ ʩʣʦʡ ʜʠʵʣʝʢʪʨʠʢʘ ʪʦʣʱʠʥʦʡ 1x, ʠ ʩ ʜʠ-

ʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʴʶ 1e. ʆʩʪʘʣʴʥʦʝ ʧʨʦʩʪʨʘʥʩʪʚʦ ʚʦʣʥʦʚʦʜʘ ʟʘ-

ʧʦʣʥʝʥʦ ʧʫʯʢʦʤ ʧʦʣʥʦʩʪʴʶ ʟʘʤʘʛʥʠʯʝʥʥʳʤ ʩʠʣʴʥʳʤ ʚʥʝʰʥʠʤ ʤʘʛʥʠʪʥʳʤ 

ʧʦʣʝʤ, ʥʘʧʨʘʚʣʝʥʥʳʤ ʚʜʦʣʴ ʦʩʠ z, 0bw  ð ʣʝʥʛʤʶʨʦʚʩʢʘʷ ʯʘʩʪʦʪʘ ʵʣʝʢʪʨʦ-

ʥʦʚ ʧʫʯʢʘ, u  ð ʩʢʦʨʦʩʪʴ ʧʫʯʢʘ. 

ɼʣʷ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʳʭ ʚʦʣʥ ɽ-ʪʠʧʘ ʠʟ ʫʨʘʚʥʝʥʠʡ ʄʘʢʩʚʝʣʣʘ ʧʦʣʫʯʘʝʤ 

ʦʜʥʦ ʫʨʘʚʥʝʥʠʝ ʜʣʷ ʢʦʤʧʦʥʝʥʪʳ 
zE : 

2

( )
( )z

z

dEd x
x E

dx dx

e
e

c

å õ
=æ ö

ç ÷
,    (1) 

ʅʘ ʛʨʘʥʠʮʝ ʨʘʟʜʝʣʘ, ʪ.ʝ. ʚ ʪʦʯʢʝ, ʛʜʝ ʬʫʥʢʮʠʷ ( )xe  ʠʤʝʝʪ ʨʘʟʨʳʚ, ʫʨʘʚ-

ʥʝʥʠʝ (1) ʜʦʧʦʣʥʷʝʪʩʷ ʫʩʣʦʚʠʷʤʠ ʥʝʧʨʝʨʳʚʥʦʩʪʠ ʪʘʥʛʝʥʮʠʘʣʴʥʳʭ ʩʦʩʪʘʚ-

ʣʷʶʱʠʭ ʥʘʧʨʷʞʝʥʥʦʩʪʠ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ zE  ʠ ʠʥʜʫʢʮʠʠ ʤʘʛʥʠʪʥʦʛʦ yB
 

ʧʦʣʝʡ 

{ }
1

1

2

( )
0 , 0z

z x x

x x

dEx
E

dx

e

c=

=

ë û
= =ì ü

í ý
.              (2) 

2,36 2,44 2,53 2,63 2,73 2,84 2,95 3,07 3,19 3,32 3,45 3,58 3,71 3,84 3,98

1,080 1,085 1,085 1,085 1,090 1,090 1,088 1,088 1,085 1,085 1,085 1,080 1,080 1,080 1,077
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ʅʘ ʠʜʝʘʣʴʥʦ ʧʨʦʚʦʜʷʱʠʭ ʛʨʘʥʠʮʘʭ ʚʦʣʥʦʚʦʜʘ ʦʙʨʘʱʘʝʪʩʷ ʚ ʥʦʣʴ ʪʘʥ-

ʛʝʥʮʠʘʣʴʥʘʷ ʢʦʤʧʦʥʝʥʪʘ ʥʘʧʨʷʞʝʥʥʦʩʪʠ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ, ʪ.ʝ. 

(0) ( ) 0z zE E L= =. 

ʋʯʠʪʳʚʘʷ ʛʨʘʥʠʯʥʳʝ ʫʩʣʦʚʠʷ (2) ʚ ʫʨʘʚʥʝʥʠʠ (1), ʧʦʣʫʯʘʝʤ ʜʠʩʧʝʨʩʠ-

ʦʥʥʦʝ ʫʨʘʚʥʝʥʠʝ ʜʣʷ ʢʦʤʧʣʝʢʩʥʳʭ ʯʘʩʪʦʪ (ʠʣʠ ʢʦʤʧʣʝʢʩʥʳʭ ʚʦʣʥʦʚʳʭ ʯʠ-

ʩʝʣ): 

1 1 1 1 1 1 1 1sinh[( ( )]cosh( ) sinh( )cosh[ ( )] 0b b bL x x x L xec k c e c c k- + - =,    (3) 

ʛʜʝ 
2 2 2 2

zk cc w= - , 
2 2 2 2

1 1zk cc e w= - , 
2 2

b bk c e= , ʘ 
2 3 2

01 ( )b b zk ue w g w-= - - ð ʜʠʵʣʝʢʪʨʠʯʝʩʢʘʷ ʧʨʦʥʠʮʘʝʤʦʩʪʴ ʦʜʥʦʨʦʜʥʦʛʦ 

ʧʫʯʢʘ. 

ɽʩʣʠ ʵʣʝʢʪʨʦʥʥʳʡ ʧʫʯʦʢ ʨʘʩʩʤʘʪʨʠʚʘʪʴ ʢʘʢ ʤʘʣʦʝ ʚʦʟʤʫʱʝʥʠʝ, ʯʪʦ ʦʟ-

ʥʘʯʘʝʪ ʚʳʧʦʣʥʝʥʠʝ ʥʝʨʘʚʝʥʩʪʚʘ | 1| 1be- <<, ʪʦ ʜʠʩʧʝʨʩʠʦʥʥʦʝ ʫʨʘʚʥʝʥʠʝ 

(3) ʧʨʝʦʙʨʘʟʫʝʪʩʷ ʢ ʩʪʘʥʜʘʨʪʥʦʤʫ ʚʠʜʫ 

 

0( , ) ( , )( 1)z z bD k kw a w e= -,          (4) 

 

ʛʜʝ 0 1 1 1 1 1 1 1 1( , ) sinh[( ( )]cosh( ) sinh( )cosh[ ( )]zD k L x x x L xw e c c c c c c= - + -. 

ɼʠʩʧʝʨʩʠʦʥʥʘʷ ʬʫʥʢʮʠʷ 0( , )zD kw  ʦʧʨʝʜʝʣʷʝʪ ʩʧʝʢʪʨ ʯʘʩʪʦʪ ʨʘʩʩʤʘʪʨʠ-

ʚʘʝʤʦʛʦ ʚʦʣʥʦʚʦʜʘ, ʘ 1/ ( , )zka w  ʝʩʪʴ ʧʨʦʠʟʚʦʜʥʘʷ ʣʝʚʦʡ ʯʘʩʪʠ ʫʨʘʚʥʝʥʠʷ 

(3) ʧʦ ʚʝʣʠʯʠʥʝ 1be-. ʀʟ ʫʨʘʚʥʝʥʠʷ (4) ʥʝʩʣʦʞʥʦ ʧʦʣʫʯʠʪʴ ʢʦʵʬʬʠʮʠʝʥʪʳ 

ʫʩʠʣʝʥʠʷ ʚʦʣʥ ʚ ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʡ ʩʠʩʪʝʤʝ. ʄʳ ʥʝ ʙʫʜʝʤ ʟʜʝʩʴ ʨʘʩʩʤʘʪʨʠ-

ʚʘʪʴ ʧʨʠʙʣʠʞʝʥʥʦʝ ʫʨʘʚʥʝʥʠʝ (4), ʘ ʦʛʨʘʥʠʯʠʤʩʷ ʯʠʩʣʝʥʥʳʤ ʨʝʰʝʥʠʝʤ 

ʪʦʯʥʦʛʦ ʫʨʘʚʥʝʥʠʷ (3) ʜʣʷ ʩʣʫʯʘʷ, ʢʦʛʜʘ ʵʣʝʢʪʨʦʥʥʳʡ ʧʫʯʦʢ ʥʝʣʴʟʷ ʨʘʩ-

ʩʤʘʪʨʠʚʘʪʴ ʢʘʢ ʤʘʣʦʝ ʚʦʟʤʫʱʝʥʠʝ. 

ʈʝʟʫʣʴʪʘʪ ʨʘʩʯʝʪʘ ʢʦʵʬʬʠʮʠʝʥʪʘ ʫʩʠʣʝʥʠʷ ʧʨʝʜʩʪʘʚʣʝʥ ʥʘ ʈʠʩ. 1. ʇʘ-

ʨʘʤʝʪʨʳ ʩʠʩʪʝʤʳ ʩʣʝʜʫʶʱʠʝ:1 0.1x ʩʤ= , 1 2e= , 
102.2 10 /u ʩʤ ʩ= Ö , 

10

0 9.5 10 /b ʨʘʜ ʩw = Ö . ʂʘʢ ʚʠʜʠʤ, ʢʦʵʬʬʠʮʠʝʥʪʳ ʫʩʠʣʝʥʠʷ ʜʦʩʪʘʪʦʯʥʦ 

ʙʦʣʴʰʠʝ, ʰʠʨʦʢʠʤʠ ʦʢʘʟʳʚʘʶʪʩʷ ʠ ʟʦʥʳ ʫʩʠʣʝʥʠʷ ʨʘʟʣʠʯʥʳʭ ʧʦʧʝʨʝʯʥʳʭ 

ʤʦʜ. ʇʦ ʚʥʝʰʥʝʤʫ ʚʠʜʫ ʢʦʵʬʬʠʮʠʝʥʪʳ ʫʩʠʣʝʥʠʷ ʨʘʟʣʠʯʥʳʭ ʧʦʧʝʨʝʯʥʳʭ 

ʤʦʜ ʥʘ ʈʠʩ. 1 ʧʦʭʦʞʠ ʥʘ ʢʦʵʬʬʠʮʠʝʥʪʳ ʫʩʠʣʝʥʠʷ ʧʨʠ ʢʦʣʣʝʢʪʠʚʥʦʤ ʚʳ-

ʥʫʞʜʝʥʥʦʤ ʵʬʬʝʢʪʝ ʏʝʨʝʥʢʦʚʘ. ʊʘʢʠʝ ʢʦʵʬʬʠʮʠʝʥʪʳ ʫʩʠʣʝʥʠʷ ʨʘʩʩʯʠʪʘʪʴ 

ʤʝʪʦʜʦʤ ʪʝʦʨʠʠ ʚʦʟʤʫʱʝʥʠʷ ʧʦ ʧʫʯʢʫ, ʪ.ʝ. ʠʟ ʫʨʘʚʥʝʥʠʷ (4), ʥʝʣʴʟʷ. ɺ ʩʣʫ-

ʯʘʝ ʩʧʣʦʰʥʦʛʦ ʧʫʯʢʘ ʠʟ-ʟʘ ʫʙʳʚʘʥʠʷ ʚʦʣʥʦʚʦʜʥʦʛʦ ʧʦʣʷ ʚ ʩʪʦʨʦʥʫ ʛʨʘʥʠ-

ʮʳ x L=  çʨʘʙʦʪʘʝʪè ʥʝ ʚʝʩʴ ʧʫʯʦʢ. ʕʪʦ ʧʦʜʪʚʝʨʞʜʘʝʪʩʷ ʥʘ ʈʠʩ. 1ʙ, ʠʟ ʢʦ-

ʪʦʨʦʛʦ ʩʣʝʜʫʝʪ, ʯʪʦ ʫʤʝʥʴʰʝʥʠʝ ʪʦʢʘ ʧʫʯʢʘ ʦʜʥʦʚʨʝʤʝʥʥʦ ʩ ʫʤʝʥʴʰʝʥʠʝʤ 

ʧʘʨʘʤʝʪʨʘ L, ʢ ʟʥʘʯʠʪʝʣʴʥʦʤʫ ʫʤʝʥʴʰʝʥʠʶ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʫʩʠʣʝʥʠʷ ʠ 

ʟʦʥ ʫʩʠʣʝʥʠʷ ʥʝ ʧʨʠʚʦʜʠʪ. 
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ʈʠʩ. 1. ʂʦʵʬʬʠʮʠʝʥʪ ʫʩʠʣʝʥʠʷ ʚ ʧʣʦʩʢʦʤ ʚʦʣʥʦʚʦʜʝ ʩ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʤ ʩʣʦʝʤ ʠ 

ʩʧʣʦʰʥʳʤ ʧʫʯʢʦʤ: ʘ ð ʩʤLkAIb 1,9 == ; ʙ ð ʩʤLkAIb 3.0,2 ==  

 

ʈʘʩʩʤʦʪʨʠʤ ʝʱʝ ʩʣʫʯʘʡ, ʢʦʛʜʘ ʧʫʯʦʢ ʟʘʧʦʣʥʷʝʪ ʧʨʦʩʪʨʘʥʩʪʚʦ ʦʪ ʛʨʘʥʠ-

ʮʳ ʜʠʵʣʝʢʪʨʠʢʘ 1x  ʜʦ 2 4x L< , ʦʩʪʘʣʴʥʘʷ ʯʘʩʪʴ ð ʵʪʦ ʚʘʢʫʫʤ 2 1e=. ɼʠʩ-

ʧʝʨʩʠʦʥʥʦʝ ʫʨʘʚʥʝʥʠʝ ʚ ʵʪʦʤ ʩʣʫʯʘʝ ʧʦʣʫʯʘʝʪʩʷ ʘʥʘʣʦʛʠʯʥʦ ʫʨʘʚʥʝʥʠʶ (3) 

ʠ ʠʤʝʝʪ ʩʣʝʜʫʶʱʠʡ ʚʠʜ: 

2 2 2 2cosh[( ( )] 'sinh[( ( )] 0F L x F L xc c- + - =,    (5) 

ʛʜʝ 

1
1 1 2 1 1 1 2 1

1

cosh( )sinh( ( )) sinh( )cosh( ( ))b b

b

F x x x x x x
e c

c k c k
e c

= - + - 

2 1
1 1 2 1 1 1 2 1

2 1

' cosh( )cosh( ( )) sinh( )sinh( ( ))b

b b

b

F x x x x x x
e c e c

c k c k
e c e c

å õ
= - + -æ ö

æ ö
ç ÷

 

ʇʨʠ 2x L=  ʫʨʘʚʥʝʥʠʝ (5) ʵʢʚʠʚʘʣʝʥʪʥʦ ʫʨʘʚʥʝʥʠʶ (3). ɼʘʣʝʝ ʧʨʝʜʩʪʘʚʣʝʥʦ 

ʯʠʩʣʝʥʥʦʝ ʨʝʰʝʥʠʝ ʫʨʘʚʥʝʥʠʷ (5) ʧʨʠ ʪʝʭ ʞʝ 011 ,,, bLx we , ʯʪʦ ʠ ʧʨʝʞʜʝ ʠ 

ʧʨʠ ʩʤx 3.02 = . 
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ʈʠʩ. 2. ʂʦʵʬʬʠʮʠʝʥʪ ʫʩʠʣʝʥʠʷ ʚ ʧʣʦʩʢʦʤ ʚʦʣʥʦʚʦʜʝ ʩ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʤ ʩʣʦʝʤ ʠ 

ʩʧʣʦʰʥʳʤ ʧʫʯʢʦʤ:2 , 1bI kA L ʩʤ= =  ʩʤx 3.02 =  

 

ʉʨʘʚʥʠʚʘʷ ʈʠʩ.2 ʠ ʈʠʩ.1ʙ ʤʦʞʥʦ ʫʚʠʜʝʪʴ, ʯʪʦ ʢʦʵʬʬʠʮʠʝʥʪʳ ʫʩʠʣʝʥʠʷ 

ʥʝ ʫʤʝʥʴʰʘʶʪʩʷ. ʕʪʦ ʩʥʦʚʘ ʧʦʢʘʟʳʚʘʝʪ, ʯʪʦ ʜʝʡʩʪʚʫʝʪ ʪʦʣʴʢʦ ʯʘʩʪʴ ʧʫʯʢʘ, 

ʥʘʭʦʜʷʱʘʷʩʷ ʙʣʠʟʢʦ ʢ ʜʠʵʣʝʢʪʨʠʢʫ. 
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ɸʂʋʉʊʀʏɽʉʂɸʗ ɻʆʃʆɻʈɸʌʀʗ ɺ ʋʉʃʆɺʀʗʍ ʀʄʇʋʃʔʉʅʓʍ ʀ 

ʅɽʃʀʅɽʁʅʓʍ ʇʆʃɽʁ ɼʃʗ ʍɸʈɸʂʊɽʈʀɿɸʎʀʀ ʀʉʊʆʏʅʀʂʆɺ ʀ 

ʇʈʀɪʄʅʀʂʆɺ ʋʃʔʊʈɸɿɺʋʂɸ 

ɼʦʮ. ʎʳʩʘʨʴ ʉ.ɸ., ʧʨʦʬ. ʉʘʧʦʞʥʠʢʦʚ ʆ.ɸ. 

ʄʥʦʛʠʝ ʧʨʠʣʦʞʝʥʠʷ ʜʠʘʛʥʦʩʪʠʯʝʩʢʦʛʦ (ʩʣʘʙʦʠʥʪʝʥʩʠʚʥʦʛʦ) ʠ ʤʦʱʥʦʛʦ 

ʫʣʴʪʨʘʟʚʫʢʘ (ʋɿ) ʧʨʝʜʲʷʚʣʷʶʪ ʧʦʚʳʰʝʥʥʳʝ ʪʨʝʙʦʚʘʥʠʷ ʢ ʪʦʯʥʦʩʪʠ: ʢʘʯʝ-

ʩʪʚʦ ʫʣʴʪʨʘʟʚʫʢʦʚʦʛʦ ʠʟʦʙʨʘʞʝʥʠʷ, ʩʪʝʧʝʥʴ ʚʦʟʜʝʡʩʪʚʠʷ ʥʘ ʩʨʝʜʫ ʠ ʚʦʟ-

ʤʦʞʥʦʝ ʤʘʥʠʧʫʣʠʨʦʚʘʥʠʝ ʦʙʲʝʢʪʘʤʠ ʟʘʚʠʩʷʪ ʦʪ ʩʪʨʫʢʪʫʨʳ ʚʦʣʥʦʚʦʛʦ ʧʦ-

ʣʷ, ʢʦʪʦʨʫʶ ʥʝʦʙʭʦʜʠʤʦ ʟʥʘʪʴ ʩ ʚʳʩʦʢʦʡ ʪʦʯʥʦʩʪʴʶ. ʄʝʞʜʫ ʪʝʤ, ʚ ʨʷʜʝ 

ʩʣʫʯʘʝʚ ʜʦ ʩʠʭ ʧʦʨ ʰʠʨʦʢʦ ʠʩʧʦʣʴʟʫʶʪʩʷ ʧʨʝʜʧʦʣʦʞʝʥʠʷ ʠ ʘʧʧʨʦʢʩʠʤʘ-

ʮʠʠ (ʧʦʨʰʥʝʚʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ, ʜʘʥʥʳʝ ʧʨʦʩʪʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʤʝʪʦʜʦʤ 

ʢʦʥʝʯʥʳʭ ʵʣʝʤʝʥʪʦʚ ʠ ʪ.ʜ.) ʦ ʭʘʨʘʢʪʝʨʝ ʢʦʣʝʙʘʥʠʡ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷ. ɸʢʫ-

ʩʪʠʯʝʩʢʘʷ ʛʦʣʦʛʨʘʬʠʷ ʧʦʟʚʦʣʷʝʪ ʵʬʬʝʢʪʠʚʥʦ ʚʦʩʩʪʘʥʦʚʠʪʴ ʧʦʣʥʫʶ ʧʨʦ-
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ʩʪʨʘʥʩʪʚʝʥʥʦ-ʚʨʝʤʝʥʥʫʶ ʩʪʨʫʢʪʫʨʫ ʧʦʣʷ ʜʣʷ ʣʶʙʦʛʦ ʨʝʘʣʴʥʦʛʦ ʧʨʝʦʙʨʘʟʦ-

ʚʘʪʝʣʷ, ʩ ʫʯʝʪʦʤ ʚʩʝʭ ʬʘʢʪʦʨʦʚ, ʠʩʢʘʞʘʶʱʠʭ ʧʦʣʝ, ʪʘʢʠʭ ʢʘʢ ʚʦʣʥʳ ʃʵʤʙʘ, 

ʩʢʨʳʪʳʝ ʪʨʝʱʠʥʳ ʠ ʜʨʫʛʠʝ ʤʝʭʘʥʠʯʝʩʢʠʝ ʜʝʬʝʢʪʳ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷ, ʚʳʭʦʜ 

ʠʟ ʩʪʨʦʷ ʦʪʜʝʣʴʥʳʭ ʵʣʝʤʝʥʪʦʚ, ʥʝʫʯʪʝʥʥʳʝ ʬʘʟʦʚʳʝ ʦʪʢʣʦʥʝʥʠʷ ʠ ʤʥʦʛʠʝ 

ʜʨʫʛʠʝ. ʇʦʣʝʚʦʡ ʘʥʘʣʠʟ, ʦʙʝʩʧʝʯʠʚʘʝʤʳʡ ʛʦʣʦʛʨʘʬʠʝʡ, ʦʪʢʨʳʚʘʝʪ ʚʦʟʤʦʞ-

ʥʦʩʪʠ ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʘʢʫʩʪʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ ʩʨʝʜʳ ʚ ʰʠʨʦʢʦʤ ʜʠʘʧʘ-

ʟʦʥʝ ʯʘʩʪʦʪ. ɺ ʨʘʙʦʪʝ ʧʨʠʚʦʜʷʪʩʷ ʨʝʟʫʣʴʪʘʪʳ ʭʘʨʘʢʪʝʨʠʟʘʮʠʠ ʛʠʜʨʦʬʦʥʦʚ, 

ʘ ʪʘʢʞʝ ʜʠʘʛʥʦʩʪʠʯʝʩʢʠʭ ʠ ʪʝʨʘʧʝʚʪʠʯʝʩʢʠʭ ʋɿ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʝʡ ʤʝʛʘʛʝʨ-

ʮʦʚʦʛʦ ʜʠʘʧʘʟʦʥʘ ʯʘʩʪʦʪ, ʨʘʙʦʪʘʶʱʠʭ ʚ ʠʤʧʫʣʴʩʥʳʭ ʠ ʥʝʣʠʥʝʡʥʳʭ ʨʝʞʠ-

ʤʘʭ ʚ ʚʦʜʝ. ʇʦʢʘʟʘʥʘ ʨʘʙʦʪʦʩʧʦʩʦʙʥʦʩʪʴ ʧʨʝʜʣʘʛʘʝʤʦʛʦ ʧʦʜʭʦʜʘ ʜʣʷ ʦʧʨʝ-

ʜʝʣʝʥʠʷ ʯʘʩʪʦʪʥʳʭ ʟʘʚʠʩʠʤʦʩʪʝʡ ʩʢʦʨʦʩʪʠ ʟʚʫʢʘ ʠ ʢʦʵʬʬʠʮʠʝʥʪʘ ʧʦʛʣʦ-

ʱʝʥʠʷ ʨʘʟʣʠʯʥʳʭ ʩʨʝʜ. 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʧʦʜʜʝʨʞʢʝ ʈʅʌ 20-12-00145. 

 

 

ʀʅʌʆʈʄɸʎʀʆʅʅʓʁ ʇʆʈʊɸʃ "ɸʂʋʉʊʀʂɸ". 

ʈʋʉʉʂʆʗɿʓʏʅʓɽ ʀʉʊʆʏʅʀʂʀ 

ʉʪ. ʥʘʫʯ. ʩʦʪʨ. ʐʘʤʘʝʚ ɺ. ɻ., ʥʘʫʯ.ʩʦʪʨ. ɻʦʨʰʢʦʚ ɸ.ɹ., ɻɸʀʐ ʄɻʋ  

ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʤʦʞʥʦ ʛʦʚʦʨʠʪʴ ʪʦʣʴʢʦ ʦ ʧʝʨʚʦʤ ʵʪʘʧʝ ʘʛʨʝʛʠʨʦʚʘ-

ʥʠʷ ʦʩʥʦʚʥʳʭ ʨʫʩʩʢʦʷʟʳʯʥʳʭ ʵʣʝʢʪʨʦʥʥʳʭ ʨʝʩʫʨʩʦʚ. ʈʘʩʩʤʘʪʨʠʚʘʝʪʩʷ 

ʧʨʦʙʣʝʤʘ ʦʪʨʘʞʝʥʠʷ ʨʫʩʩʢʦʷʟʳʯʥʳʭ ʠʩʪʦʯʥʠʢʦʚ ʠʥʬʦʨʤʘʮʠʠ ʚ ʠʥʬʦʨʤʘ-

ʮʠʦʥʥʦʤ ʧʦʣʝ, ʢʦʪʦʨʦʝ ʥʳʥʝ ʪʝʩʥʦ ʩʚʷʟʘʥʦ ʩ ʀʥʪʝʨʥʝʪʦʤ. ɺ ʨʘʙʦʪʝ ʨʘʩ-

ʩʤʘʪʨʠʚʘʶʪʩʷ ʧʦʣʠʪʝʤʘʪʠʯʝʩʢʠʝ ʨʝʩʫʨʩʳ, ʠʟ ʥʠʭ, ʚ ʧʝʨʚʫʶ ʦʯʝʨʝʜʴ ɹʘʥʢ 

ʜʘʥʥʳʭ ɺʀʅʀʊʀ ʈɸʅ, ʅʘʫʯʥʘʷ ʵʣʝʢʪʨʦʥʥʘʷ ʙʠʙʣʠʦʪʝʢʘ ʠ "ʀʩʪʠʥʘ" ʄʦʩ-

ʢʦʚʩʢʦʛʦ ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʛʦ ʫʥ-ʪʘ ʠʤ. ʄ.ɺ. ʃʦʤʦʥʦʩʦʚʘ, ʠ ʥʝʩʢʦʣʴʢʦ ʪʝʤʘ-

ʪʠʯʝʩʢʠʭ.  

ʆʜʥʦʡ ʠʟ ʚʘʞʥʳʭ ʟʘʜʘʯ ʥʘ ʥʳʥʝʰʥʝʤ ʵʪʘʧʝ ʨʘʟʚʠʪʠʷ ʠʥʬʦʨʤʘʮʠʦʥʥʳʭ 

ʪʝʭʥʦʣʦʛʠʡ ʠ ʚʳʧʫʩʢʘ ʠʥʬʦʨʤʘʮʠʦʥʥʳʭ ʧʨʦʜʫʢʪʦʚ ʷʚʣʷʝʪʩʷ ʧʦʣʫʯʝʥʠʝ ʧʦʣ-

ʥʦʡ ʠʥʬʦʨʤʘʮʠʠ ʦ ʨʫʩʩʢʦʷʟʳʯʥʳʭ ʨʘʙʦʪʘʭ, ʢʘʢ ʚ ʥʘʰʝʡ ʩʪʨʘʥʝ, ʪʘʢ ʠ ʚ ʦʢʨʫ-

ʞʘʶʱʝʤ ʥʘʩ ʨʫʩʩʢʦʷʟʳʯʥʦʤ ʧʨʦʩʪʨʘʥʩʪʚʝ. ʇʨʦʙʣʝʤʘ ʜʦʩʪʫʧʘ ʢ ʨʫʩʩʢʦʷʟʳʯ-

ʥʦʡ ʥʘʫʯʥʦʡ ʠʥʬʦʨʤʘʮʠʠ ʚ ʀʥʪʝʨʥʝʪʝ ʥʝ ʥʦʚʘ, ʥʦ ʚ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʧʨʦʭʦ-

ʜʠʪ ʪʦʣʴʢʦ ʧʝʨʚʳʡ ʵʪʘʧ ʘʛʨʝʛʠʨʦʚʘʥʠʷ ʦʩʥʦʚʥʳʭ ʨʫʩʩʢʦʷʟʳʯʥʳʭ ʵʣʝʢʪʨʦʥ-

ʥʳʭ ʨʝʩʫʨʩʦʚ. ɺ ʢʦʥʩʦʣʠʜʠʨʦʚʘʥʥʦʤ ʚʠʜʝ, ʪ. ʝ. ʚ ʧʝʨʚʫʶ ʦʯʝʨʝʜʴ ʧʦʣʥʳʝ 

ʢʦʤʧʣʝʢʪʳ ʥʘʫʯʥʳʭ ʞʫʨʥʘʣʦʚ, ʠʭ ʥʝʪ ʥʠ ʫ ʥʘʩ, ʨʘʟʚʝ ʯʪʦ ʟʘ ʧʦʩʣʝʜʥʠʝ ʧʘʨʫ 

ʜʝʩʷʪʢʦʚ ʣʝʪ ʚ ʅʘʫʯʥʦʡ ʵʣʝʢʪʨʦʥʥʦʡ ʙʠʙʣʠʦʪʝʢʝ, ʥʠ, ʪʝʤ ʙʦʣʝʝ ʟʘ ʨʫʙʝʞʦʤ. 

ʆʪʩʶʜʘ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʠ ʥʠʟʢʠʡ ʠʥʜʝʢʩ ʮʠʪʠʨʦʚʘʥʠʷ ʨʘʙʦʪ ʥʘʰʠʭ ʥʘʫʯʥʳʭ 

ʩʦʪʨʫʜʥʠʢʦʚ, ʢʦʪʦʨʳʝ ʚ ʧʦʜʘʚʣʷʶʱʝʡ ʤʘʩʩʝ ʧʠʰʫʪ ʚ ʥʘʰʠ ʥʝʧʝʨʝʚʦʜʥʳʝ 

ʞʫʨʥʘʣʳ ʠ, ʢʦʥʝʯʥʦ, ʥʘ ʨʫʩʩʢʦʤ ʷʟʳʢʝ. 

ʄʳ ʥʝ ʦʧʠʩʳʚʘʝʤ ʟʘʨʫʙʝʞʥʳʝ ʠʥʬʦʨʤʘʮʠʦʥʥʦ-ʧʦʠʩʢʦʚʳʝ ʩʠʩʪʝʤʳ: 

Web of Science Core Collection, Scopus ʠ ʜʨ. ɼʦʩʪʫʧʘ ʢ ʥʠʤ ʩʝʡʯʘʩ ʥʝʪ, ʭʦʪʷ 

ʥʘʩ ʜʦʣʛʦ ʫʚʝʨʷʣʠ, ʯʪʦ ʥʘʫʢʘ ʚʥʝ ʧʦʣʠʪʠʢʠ. ʇʨʠʚʦʜʠʤ ʦʙʟʦʨ ʚʦʟʤʦʞʥʦʩʪʝʡ 
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ʠ ʘʥʘʣʠʟ ʠʥʪʝʨʬʝʡʩʘ ʩʫʱʝʩʪʚʫʶʱʠʭ ʨʫʩʩʢʦʷʟʳʯʥʳʭ ʠʥʬʦʨʤʘʮʠʦʥʥʳʭ 

ʧʨʦʜʫʢʪʦʚ ʜʣʷ ʥʘʫʯʥʳʭ ʨʘʙʦʪʥʠʢʦʚ ʬʠʟʠʢʦ-ʤʘʪʝʤʘʪʠʯʝʩʢʠʭ ʩʧʝʮʠʘʣʴʥʦ-

ʩʪʝʡ: ɹʘʥʢʘ ʜʘʥʥʳʭ ɺʀʅʀʊʀ ʈɸʅ, ʅʘʫʯʥʦʡ ʵʣʝʢʪʨʦʥʥʦʡ ʙʠʙʣʠʦʪʝʢʠ 

(eLibrary.ru),  "ʀʩʪʠʥʳ" ʄɻʋ (Istina.msu.ru), ʄʘʪʝʤʘʪʠʯʝʩʢʦʛʦ ʧʦʨʪʘʣʘ 

(MathNet.ru) ʠ ʜʨ., ʘ ʪʘʢʞʝ ʩʘʡʪʦʚ ʩ ʘʨʭʠʚʘʤʠ ʥʘʫʯʥʳʭ ʞʫʨʥʘʣʦʚ. ʆʩʦʙʦ 

ʦʙʨʘʱʘʝʤ ʚʥʠʤʘʥʠʝ ʥʘ ʥʝʦʙʭʦʜʠʤʦʩʪʴ ʦʮʠʬʨʦʚʳʚʘʥʠʷ ʘʨʭʠʚʦʚ ʨʦʩʩʠʡ-

ʩʢʠʭ ʥʘʫʯʥʳʭ ʞʫʨʥʘʣʦʚ ʩ ʮʝʣʴʶ ʩʦʭʨʘʥʝʥʠʷ ʦʪʝʯʝʩʪʚʝʥʥʦʛʦ ʥʘʫʯʥʦʛʦ ʥʘ-

ʩʣʝʜʠʷ. ʀʜʝʘʣʴʥʦʡ ʧʨʝʜʩʪʘʚʣʷʝʪʩʷ ʩʠʩʪʝʤʘ, ʧʨʝʜʦʩʪʘʚʣʷʶʱʘʷ ʚʦʟʤʦʞʥʦ-

ʩʪʠ ʧʨʦʩʤʦʪʨʘ ʩʨʘʟʫ ʚʩʝʭ ʨʫʩʩʢʦʷʟʳʯʥʳʭ ʞʫʨʥʘʣʦʚ ʠ ʧʦʠʩʢʘ ʚʥʫʪʨʠ ʵʪʦʡ 

ʩʠʩʪʝʤʳ. ʊʘʢʠʤ ʨʝʩʫʨʩʦʤ ʤʦʛ ʩʪʘʪʴ ɹʘʥʢ ʜʘʥʥʳʭ ɺʀʅʀʊʀ, ʥʦ ʥʝ ʩʪʘʣ.  

ɸʚʪʦʨʘʤʠ ʧʨʝʜʣʘʛʘʝʪʩʷ ʩʭʝʤʘ, ʧʦʣʝʟʥʘʷ ʧʨʠ ʩʦʟʜʘʥʠʠ ʪʘʢʦʡ ʠʥʬʦʨʤʘʮʠ-

ʦʥʥʦʡ ʩʠʩʪʝʤʳ. ʆʧʠʩʳʚʘʝʪʩʷ ʚʦʟʤʦʞʥʳʡ ʢʣʘʩʪʝʨ ʵʪʦʛʦ ʮʝʥʪʨʘ ʥʘ ʧʨʠʤʝʨʝ 

ʘʢʫʩʪʠʯʝʩʢʦʡ ʪʝʤʘʪʠʢʠ, ʫʞʝ ʨʝʘʣʠʟʦʚʘʥʥʳʡ ʥʘ ʢʘʬʝʜʨʝ ʘʢʫʩʪʠʢʠ ʌʠʟʠʯʝʩʢʦ-

ʛʦ ʬʘʢʫʣʴʪʝʪʘ ʄɻʋ ʠʤ. ʄ.ɺ. ʃʦʤʦʥʦʩʦʚʘ ʚ ʬʦʨʤʝ ʧʦʨʪʘʣʘ "ɸʢʫʩʪʠʢʘ". ʈʫʩ-

ʩʢʦʷʟʳʯʥʳʝ ʠʩʪʦʯʥʠʢʠ. ʈʝʩʫʨʩ ʥʘʭʦʜʠʪʩʷ ʚ ʦʪʢʨʳʪʦʤ ʜʦʩʪʫʧʝ ʚ ʀʥʪʝʨʥʝʪʝ. 

ɺʭʦʜʥʳʝ ʪʦʯʢʠ ʧʦʨʪʘʣʘ: ʧʦʣʥʦʪʝʢʩʪʦʚʳʡ ʘʨʭʠʚ "ɸʢʫʩʪʠʯʝʩʢʦʛʦ ʞʫʨʥʘʣʘ" 

AkZh.ru. "ʉʠʛʥʘʣʴʥʘʷ ʠʥʬʦʨʤʘʮʠʷ" ʧʦ ʘʢʫʩʪʠʢʝ AkInfo.ru (ʩʦʜʝʨʞʠʪ ʠʥʬʦʨ-

ʤʘʮʠʶ ʦ ʥʦʚʳʭ ʩʪʘʪʴʷʭ ʠ ʢʥʠʛʘʭ ʧʦ ʘʢʫʩʪʠʢʝ) ʠ çʀʥʬʦʨʤʘʮʠʦʥʥʦ-ʧʦʠʩʢʦʚʘʷ 

ʩʠʩʪʝʤʘ "ɸʢʫʩʪʠʢʘ". ʈʫʩʩʢʦʷʟʳʯʥʳʝ ʠʩʪʦʯʥʠʢʠè AkData.ru (ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦ-

ʙʦʡ ʩʧʝʮʠʘʣʠʟʠʨʦʚʘʥʥʫʶ ʙʘʟʫ ʜʘʥʥʳʭ ʩ ʙʠʙʣʠʦʛʨʘʬʠʯʝʩʢʦʡ ʠʥʬʦʨʤʘʮʠʝʡ ʠ 

ʠʥʪʝʨʬʝʡʩ ʜʣʷ ʨʘʙʦʪʳ ʩ ʥʝʡ).  

ʄʳ ʧʨʠʚʦʜʠʤ ʠʥʪʝʨʬʝʡʩ ʧʦʨʪʘʣʘ ʠ ʘʣʛʦʨʠʪʤ ʨʘʙʦʪʳ ʩ ʥʠʤ (ʨʠʩ. 1).  
 

 

ʈʠʩ. 1. ʇʦʨʪʘʣ AkData.Ru (ɼʘʪʘ ʦʙʨʘʱʝʥʠʷ 01.03.2024). 

 

ʂʨʦʤʝ ʧʨʦʩʪʦʛʦ ʧʨʝʜʦʩʪʘʚʣʝʥʠʷ ʠʥʬʦʨʤʘʮʠʠ ʧʦʨʪʘʣ "ɸʢʫʩʪʠʢʘ" ʧʦʟʚʦ-

ʣʷʝʪ ʧʨʦʚʦʜʠʪʴ ʨʘʙʦʪʳ ʧʦ ʠʟʫʯʝʥʠʶ ʩʦʩʪʦʷʥʠʷ ʘʢʫʩʪʠʢʠ ʥʘ ʪʝʢʫʱʠʡ ʤʦ-
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ʤʝʥʪ ʚʨʝʤʝʥʠ, ʩʥʠʤʘʪʴ ʜʘʥʥʳʝ ʜʣʷ ʧʦʩʣʝʜʫʶʱʝʛʦ ʘʥʘʣʠʟʘ ʪʝʥʜʝʥʮʠʡ ʚ 

ʨʘʟʚʠʪʠʠ ʪʦʡ ʠʣʠ ʠʥʦʡ ʦʙʣʘʩʪʠ ʘʢʫʩʪʠʢʠ, ʧʦʣʫʯʘʪʴ ʜʘʥʥʳʝ ʦʙ ʦʙʣʘʩʪʠ ʠʥ-

ʪʝʨʝʩʦʚ ʪʦʛʦ ʠʣʠ ʠʥʦʛʦ ʩʧʝʮʠʘʣʠʩʪʘ, ʠʩʢʘʪʴ ʠʥʪʝʨʝʩʫʶʱʠʝ ʩʪʘʪʴʠ ʠ ʪ.ʜ. ɺ 

ʢʘʯʝʩʪʚʝ ʧʨʠʤʝʨʘ ʪʘʢʦʡ ʨʘʙʦʪʳ ʧʨʠʚʦʜʠʪʩʷ ʟʘʚʠʩʠʤʦʩʪʴ ʥʘʧʦʣʥʝʥʠʷ ʨʫʙ-

ʨʠʢ ɸʢʫʩʪʠʯʝʩʢʦʛʦ ʞʫʨʥʘʣʘ ʧʦ ʛʦʜʘʤ ʠʟʜʘʥʠʷ. ʇʦʜʦʙʥʳʝ ʜʘʥʥʳʝ ʤʦʞʥʦ 

ʠʩʧʦʣʴʟʦʚʘʪʴ ʠ ʢʘʢ ʩʨʝʜʩʪʚʦ ʠʩʪʦʨʠʯʝʩʢʦʛʦ ʘʥʘʣʠʟʘ ʨʘʟʚʠʪʠʷ ʪʝʭ ʠʣʠ ʠʥʳʭ 

ʠʩʩʣʝʜʦʚʘʥʠʡ, ʠ ʜʣʷ ʠʭ ʧʨʦʛʥʦʟʠʨʦʚʘʥʠʷ. ʉʦʟʜʘʥʥʳʝ ʪʝʭʥʦʣʦʛʠʠ ʧʦʜʛʦ-

ʪʦʚʢʠ ʠʥʬʦʨʤʘʮʠʦʥʥʳʭ ʨʝʩʫʨʩʦʚ ʠ ʩʘʤʠ ʨʝʩʫʨʩʳ ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʟʘ-

ʢʦʥʯʝʥʥʫʶ ʩʠʩʪʝʤʫ ʠʥʬʦʨʤʘʮʠʦʥʥʦʛʦ ʦʙʝʩʧʝʯʝʥʠʷ ʘʢʫʩʪʠʯʝʩʢʠʭ ʠʩʩʣʝʜʦ-

ʚʘʥʠʡ ʧʦ ʨʫʩʩʢʦʷʟʳʯʥʦʤʫ ʩʝʛʤʝʥʪʫ. ʆʥʠ ʪʘʢʞʝ ʧʦʟʚʦʣʷʶʪ ʦʙʝʩʧʝʯʠʪʴ 

ʧʦʣʥʦʝ ʦʪʨʘʞʝʥʠʝ ʨʫʩʩʢʦʷʟʳʯʥʦʡ ʥʘʫʯʥʦʡ ʣʠʪʝʨʘʪʫʨʳ ʜʣʷ ʤʦʥʠʪʦʨʠʥʛʘ ʠ 

ʦʙʲʝʢʪʠʚʥʦʡ ʵʢʩʧʝʨʪʥʦʡ ʦʮʝʥʢʠ ʥʘʫʯʥʦʡ ʜʝʷʪʝʣʴʥʦʩʪʠ ʨʦʩʩʠʡʩʢʠʭ ʫʯʝ-

ʥʳʭ. ʄʳ ʩʯʠʪʘʝʤ, ʯʪʦ ʪʦʣʴʢʦ ʧʨʘʚʠʣʴʥʦ ʦʨʛʘʥʠʟʦʚʘʥʥʦʝ ʠʥʬʦʨʤʘʮʠʦʥʥʦʝ 

ʦʙʝʩʧʝʯʝʥʠʝ ʤʦʞʝʪ ʛʘʨʘʥʪʠʨʦʚʘʪʴ ʯʠʩʪʦʪʫ ʠ ʥʦʚʠʟʥʫ ʥʘʫʯʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ, 

ʣʝʞʘʱʠʭ ʚ ʦʩʥʦʚʝ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʦʛʦ ʧʨʦʮʝʩʩʘ. 

 

 



ʃʆʄʆʅʆʉʆɺʉʂʀɽ ʏʊɽʅʀʗ ï 2024 72 

 

 

 

 

 

 

 

 

 

 

ʇʦʜʩʝʢʮʠʷ: 

ʌʀɿʀʂɸ 

ʂʆʅɼɽʅʉʀʈʆɺɸʅʅʆɻʆ ʉʆʉʊʆʗʅʀʗ 

 

ʉʦʧʨʝʜʩʝʜʘʪʝʣʠ 

ʯʣ.-ʢʦʨʨ. ɼ.ʈ. ʍʦʭʣʦʚ, ʧʨʦʬʝʩʩʦʨ ɺ.ɸ. ʂʫʣɹʙʘʯʠʥʩʢʠʡ, 

ʧʨʦʬʝʩʩʦʨ ʆ.ɺ. ʉʥʠʛʠʨʝʚ 
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ɺʃʀʗʅʀɽ ʈʋʊɽʅʀʗ ʅɸ ʇɸʈɸʄɽʊʈʓ ʄʀʂʈʆʉʊʈʋʂʊʋʈʓ  

ʀ ʊɽʄʇɽʈɸʊʋʈʋ ɼɽɹɸʗ ʇɸʃʃɸɼʀɽɺʓʍ ʉʇʃɸɺʆɺ 

ʅʘʫʯ. ʩʦʪʨ. ɸʢʠʤʦʚʘ ʆ.ɺ., ʥʘʫʯ. ʩʦʪʨ. ʆʚʯʘʨʦʚ ɸ.ɺ. (ʅʀʎ çʂʫʨʯʘʪʦʚʩʢʠʡ 

ʠʥʩʪʠʪʫʪè), ʥʘʫʯ. ʩʦʪʨ. ʂʫʣʠʢʦʚʘ ɽ.ʉ. (ʅʀʎ çʂʫʨʯʘʪʦʚʩʢʠʡ ʠʥʩʪʠʪʫʪè),  

ʤʣ. ʥʘʫʯ. ʩʦʪʨ. ɻʦʨʙʫʥʦʚ ʉ.ɺ. (ʀʥʩʪʠʪʫʪ ʤʝʪʘʣʣʫʨʛʠʠ ʠ ʤʝʪʘʣʣʦʚʝʜʝʥʠʷ ʠʤ. 

ɸ.ɸ. ɹʘʡʢʦʚʘ ʈɸʅ) 

ʇʨʝʜʤʝʪʦʤ ʠʩʩʣʝʜʦʚʘʥʠʷ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʳ ʷʚʣʷʶʪʩʷ ʤʝʤʙʨʘʥʥʳʝ 

ʩʧʣʘʚʳ ʥʘ ʦʩʥʦʚʝ ʧʘʣʣʘʜʠʷ, ʠʟʛʦʪʦʚʣʝʥʥʳʝ ʠʟ ʤʝʪʘʣʣʦʚ, ʩʦʜʝʨʞʘʥʠʝ ʧʨʠ-

ʤʝʩʝʡ ʚ ʢʦʪʦʨʳʭ ʥʝ ʙʦʣʝʝ 0.05% [1]. ɺʦʩʪʨʝʙʦʚʘʥʥʦʩʪʴ ʧʦʜʦʙʥʳʭ ʩʧʣʘʚʦʚ 

ʦʙʫʩʣʦʚʣʝʥʘ ʫʥʠʢʘʣʴʥʦʡ ʠʟʙʠʨʘʪʝʣʴʥʦʡ ʚʦʜʦʨʦʜʦʧʨʦʥʠʮʘʝʤʦʩʪʴʶ ʧʘʣʣʘ-

ʜʠʷ ʠ ʚʦʟʤʦʞʥʦʩʪʴʶ ʧʦʣʫʯʝʥʠʷ ʜʠʬʬʫʟʠʦʥʥʳʤ ʤʝʪʦʜʦʤ ʚʦʜʦʨʦʜʘ ʚʳʩʦ-

ʢʦʡ ʩʪʝʧʝʥʠ ʯʠʩʪʦʪʳ 99.9999%.  

ʃʝʛʠʨʫʶʱʠʝ ʵʣʝʤʝʥʪʳ, ʨʘʩʩʤʘʪʨʠʚʘʝʤʳʝ ʚ ʣʠʪʝʨʘʪʫʨʝ ʢʘʢ ʩʦʩʪʘʚʣʷʶ-

ʱʠʝ ʤʝʤʙʨʘʥʥʳʭ ʩʧʣʘʚʦʚ (Y, Cu, Ag, In, Sm, Co, Lu, Pb, Ru), ʜʦʙʘʚʣʷʶʪʩʷ 

ʢ ʧʘʣʣʘʜʠʶ ʩ ʮʝʣʴʶ ʫʣʫʯʰʝʥʠʷ ʩʪʨʫʢʪʫʨʦʯʫʚʩʪʚʠʪʝʣʴʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ 

ʤʝʤʙʨʘʥʥʳʭ ʬʠʣʴʪʨʦʚ, ʚ ʯʘʩʪʥʦʩʪʠ, ʧʦʢʘʟʘʪʝʣʝʡ ʧʨʦʯʥʦʩʪʠ ʠ ʚʦʜʦʨʦʜʦ-

ʧʨʦʥʠʮʘʝʤʦʩʪʠ (ʊʘʙʣ. 1).  

ʂʣʶʯʝʚʦʡ ʚʦʧʨʦʩ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʘʣʣʘʜʠʝʚʳʭ ʩʧʣʘʚʦʚ ʚ ʥʘʰʠʭ ʨʘʙʦʪʘʭ 

ï ʦʧʨʝʜʝʣʝʥʠʝ ʚʟʘʠʤʦʩʚʷʟʠ ʤʠʢʨʦ ʠ ʤʘʢʨʦʧʨʦʮʝʩʩʦʚ. ʅʝʤʘʣʦʚʘʞʥʘʷ ʟʘʜʘʯʘ 

ʧʦʚʳʰʝʥʠʷ ʥʘʜʝʞʥʦʩʪʠ ʨʘʙʦʪʳ ʤʝʤʙʨʘʥʥʳʭ ʜʠʬʬʫʟʠʦʥʥʳʭ ʬʠʣʴʪʨʦʚ ʚ 

ʧʨʦʮʝʩʩʘʭ ʩʝʧʘʨʘʮʠʠ ʚʦʜʦʨʦʜʘ ʚʳʩʦʢʦʡ ʩʪʝʧʝʥʠ ʯʠʩʪʦʪʳ ʠ ʙʝʟʦʧʘʩʥʦʛʦ 

ʭʨʘʥʝʥʠʷ ʝʛʦ ʚ ʪʚʝʨʜʦʪʝʣʴʥʳʭ ʤʝʪʘʣʣʠʯʝʩʢʠʭ ʘʢʢʫʤʫʣʷʪʦʨʘʭ ʚ ʥʘʩʪʦʷʱʝʝ 

ʚʨʝʤʷ ʜʘʣʝʢʘ ʦʪ ʟʘʚʝʨʰʝʥʠʷ.  

 

ʊʘʙʣʠʮʘ 1. ʀʟʫʯʝʥʥʳʝ ʩʧʣʘʚʳ, ʠʭ ʪʚʝʨʜʦʩʪʴ, ʧʣʘʩʪʠʯʥʦʩʪʴ ʠ ʚʦʜʦʨʦ-

ʜʦʧʨʦʥʠʮʘʝʤʦʩʪʴ ʧʦ ʦʪʥʦʰʝʥʠʶ ʢ ʧʘʣʣʘʜʠʶ [1,2]. 

ʉʦʩʪʘʚ, ʤʘʩʩ. 

% 

ʊʚʝʨ-

ʜʦʩʪʴ, 

HV, 

ʢʛ/ʤʤ
2
 

ʆʪʥʦʩʠʪʝʣʴ-

ʥʦʝ ʫʜʣʠʥʝ-

ʥʠʝ, % 

ɺʦʜʦʨʦʜʦʧʨʦʥʠʮʘʝʤʦʩʪʴ 

ʧʨʠ 350Üʉ, ʥʤ3. ʤʤ ʤ-2 ʯ-

1ẗMʇa-0.5 

ɺʦʜʦʨʦʜʦʧʨʦʥʠʮʘʝʤʦʩʪʴ 

ʧʦ ʦʪʥʦʰʝʥʠʶ ʢ ʧʘʣʣʘ-

ʜʠ ʁ

Pd 40 28 0.8 1 

Pd94Y6 161 18 4.8 6 

Pd93Y7 172 16 3.6 4.5 

Pd94Ru6 142 20 0.71 0.9 

Pd93.5In6Ru0.5 114 26 1.16 1.5 

Pd95Pb5 65 12 1.35 1.7 
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ʉʦʩʪʘʚ, ʤʘʩʩ. 

% 

ʊʚʝʨ-

ʜʦʩʪʴ, 

HV, 

ʢʛ/ʤʤ
2
 

ʆʪʥʦʩʠʪʝʣʴ-

ʥʦʝ ʫʜʣʠʥʝ-

ʥʠʝ, % 

ɺʦʜʦʨʦʜʦʧʨʦʥʠʮʘʝʤʦʩʪʴ 

ʧʨʠ 350Üʉ, ʥʤ3. ʤʤ ʤ-2 ʯ-

1ẗMʇa-0.5 

ɺʦʜʦʨʦʜʦʧʨʦʥʠʮʘʝʤʦʩʪʴ 

ʧʦ ʦʪʥʦʰʝʥʠʶ ʢ ʧʘʣʣʘ-

ʜʠ ʁ

Pd88Pb12 92 13 1.50 1.8 

Pd80Pb20 132 15 1.21 1.5 

 

ɺ ʦʙʣʘʩʪʠ ʵʪʦʡ ʟʘʜʘʯʠ ʩʧʣʘʚʳ Pd-Ru ʧʨʝʜʩʪʘʚʣʷʶʪ ʥʝʩʦʤʥʝʥʥʳʡ ʠʥʪʝ-

ʨʝʩ: ʥʠʟʢʘʷ ʜʠʣʘʪʘʮʠʷ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʝʪʢʠ ʧʘʣʣʘʜʠʷ ʚ ʩʚʷʟʠ ʩ ʙʣʠʟʦ-

ʩʪʴʶ ʨʘʟʤʝʨʦʚ ʘʪʦʤʦʚ ʢʦʤʧʦʥʝʥʪ ʩʧʣʘʚʘ (1.37 ¡ ʠ 1.34 ¡, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ), 

ʠʜʝʥʪʠʯʥʘʷ ʵʣʝʢʪʨʦʦʪʨʠʮʘʪʝʣʴʥʦʩʪʴ ʘʪʦʤʦʚ ʧʘʣʣʘʜʠʷ ʠ ʨʫʪʝʥʠʷ (2.22 ʧʦ 

ʇʦʣʠʥʛʫ [3]), ʰʠʨʦʢʘʷ ʦʙʣʘʩʪʴ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ ʩʦʛʣʘʩʥʦ ʜʠʘʛʨʘʤʤʝ ʩʦ-

ʩʪʦʷʥʠʡ (ʨʠʩ. 1) [4].  

 
ʈʠʩ. 1. ɼʠʘʛʨʘʤʤʘ ʩʦʩʪʦʷʥʠʡ ʤʝʪʘʣʣʠʯʝʩʢʦʡ ʩʠʩʪʝʤʳ ʧʘʣʣʘʜʠʡ-ʨʫʪʝʥʠʡ [4]. 

 

ɺ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʨʘʩʩʤʦʪʨʝʥʦ ʚʣʠʷʥʠʝ ʨʫʪʝʥʠʷ ʥʘ ʠʟʤʝʥʝʥʠʷ ʭʘʨʘʢ-

ʪʝʨʠʩʪʠʯʝʩʢʦʡ ʪʝʤʧʝʨʘʪʫʨʳ ʩʧʣʘʚʘ, ʯʪʦ ʚʟʘʠʤʦʩʚʷʟʘʥʦ ʩ ʠʟʤʝʥʝʥʠʷʤʠ ʘʤ-

ʧʣʠʪʫʜ ʪʝʧʣʦʚʳʭ ʢʦʣʝʙʘʥʠʡ ʘʪʦʤʦʚ ʩʧʣʘʚʘ. ʀʟ ʠʤʝʶʱʠʭʩʷ ʣʠʪʝʨʘʪʫʨʥʳʭ 

ʜʘʥʥʳʭ ʜʣʷ ʩʧʣʘʚʘ ʟʘʜʘʥʥʦʛʦ ʩʦʩʪʘʚʘ ʩʚʝʜʝʥʠʷ ʧʦ ʪʝʤʧʝʨʘʪʫʨʝ ɼʝʙʘʷ ʥʝ 

ʦʙʥʘʨʫʞʝʥʳ. 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʚʳʧʦʣʥʝʥʦ ʥʘ ʦʙʨʘʟʮʘʭ ʩʦʩʪʘʚʘ Pd-6 ʤʘʩʩ.% Ru. ʆʙʨʘʟʮʳ 

ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ ʚʠʜʝ ʬʦʣʴʛ ʪʦʣʱʠʥʘʤʠ 30 ʤʢʤ ʠ ʧʦʣʳʭ ʪʨʫʙʦʯʝʢ ʚʥʝʰʥʝʛʦ 

ʜʠʘʤʝʪʨʘ 0.9 ʤʤ, ʚʥʫʪʨʝʥʥʝʛʦ - 0.1 ʤʤ. ʀʟʛʦʪʦʚʣʝʥʠʝ ʦʙʨʘʟʮʦʚ ʧʨʦʚʦʜʠʣʠ 

ʩʧʣʘʚʣʝʥʠʝʤ ʠʩʭʦʜʥʳʭ ʢʦʤʧʦʥʝʥʪʦʚ ʵʣʝʢʪʨʠʯʝʩʢʦʡ ʜʫʛʦʡ ʚ ʘʪʤʦʩʬʝʨʝ ʘʨ-

ʛʦʥʘ. ɺʳʧʣʘʚʣʝʥʥʳʝ ʟʘʛʦʪʦʚʢʠ ʧʦʜʚʝʨʛʘʣʠʩʴ ʛʦʤʦʛʝʥʠʟʠʨʫʶʱʝʤʫ ʦʪʞʠʛʫ 
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ʚ ʚʘʢʫʫʤʝ. ʄʝʪʦʜʘʤʠ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʜʠʬʨʘʢʮʠʠ, ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʩʧʝʢʪʨʦ-

ʩʢʦʧʠʠ, ʩʢʘʥʠʨʫʶʱʝʡ ʵʣʝʢʪʨʦʥʥʦʡ ʤʠʢʨʦʩʢʦʧʠʠ ʜʣʷ ʦʙʨʘʟʮʦʚ ʫʩʪʘʥʦʚʠʣʠ 

[5,6]:(ʘ)-ʚʳʩʦʢʫʶ ʛʦʤʦʛʝʥʥʦʩʪʴ ʧʦ ʩʦʩʪʘʚʫ (ʨʠʩ. 2), (ʙ)ï

ʥʘʥʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʫʶ ʜʠʩʧʝʨʩʥʫʶ ʩʪʨʫʢʪʫʨʫ [5]; (ʚ)ïʥʠʟʢʦ ʜʝʬʝʢʪʥʳʝ 

ʤʘʣʦʫʛʣʦʚʳʝ ʛʨʘʥʠʮʳ ʟʝʨʝʥ, (ʛ)-ʫʩʪʦʡʯʠʚʦʩʪʴ ʧʦʚʝʨʭʥʦʩʪʠ ʢ ʧʨʦʮʝʩʩʘʤ 

ʘʜʛʝʟʠʠ/ʜʝʢʦʛʝʟʠʠ [6].  

ɼʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʪʝʤʧʝʨʘʪʫʨʳ ɼʝʙʘʷ ʩʧʣʘʚʘ Pd-6 ʤʘʩʩ. % Ru ʩʲʝʤʢʘ 

ʜʠʬʨʘʢʪʦʛʨʘʤʤ ʙʳʣʘ ʧʨʦʚʝʜʝʥʘ ʧʨʠ 100 ʂ ʠ 300 ʂ.  

 

 
 

ʈʠʩ. 2. ʀʟʦʙʨʘʞʝʥʠʝ ʧʦʚʝʨʭʥʦʩʪʠ ʤʝʤʙʨʘʥʥʦʛʦ ʬʠʣʴʪʨʘ-ʬʦʣʴʛʠ, ʧʦʣʫʯʝʥʥʦʝ ʚ ʦʙʨʘʪ-

ʥʦ-ʨʘʩʩʝʷʥʥʳʭ ʵʣʝʢʪʨʦʥʘʭ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʨʘʩʪʨʦʚʦʛʦ ʵʣʝʢʪʨʦʥʥʦ-ʠʦʥʥʦʛʦ ʤʠʢʨʦ-

ʩʢʦʧʘ Helios.  

 

ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʜʦʙʘʚʣʝʥʠʝ ʢ ʧʘʣʣʘʜʠʶ ʨʫʪʝʥʠʷ ʧʦʥʠʟʠʣʦ ʪʝʤʧʝʨʘʪʫ-

ʨʫ ɼʝʙʘʷ ʩʧʣʘʚʘ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʥʝʣʝʛʠʨʦʚʘʥʥʳʤ ʧʘʣʣʘʜʠʝʤ ʜʦ 240 ʂ. ʈʝ-

ʟʫʣʴʪʘʪ ʥʝʦʞʠʜʘʥʥʳʡ. ʆʟʥʘʯʘʝʪ ʚʦʟʨʘʩʪʘʥʠʝ ʩʨʝʜʥʝʢʚʘʜʨʘʪʠʯʥʳʭ ʩʤʝʱʝ-

ʥʠʡ ʘʪʦʤʦʚ ʠʟ ʧʦʣʦʞʝʥʠʷ ʨʘʚʥʦʚʝʩʠʷ. 

ʈʘʙʦʪʘ ʠʤʝʝʪ ʢʘʢ ʧʨʠʢʣʘʜʥʦʝ, ʪʘʢ ʠ ʬʫʥʜʘʤʝʥʪʘʣʴʥʦʝ ʟʥʘʯʝʥʠʝ: ʥʘ ʦʩ-

ʥʦʚʝ ʧʘʣʣʘʜʠʝʚʳʭ ʩʧʣʘʚʦʚ ʠ ʠʭ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʩ ʚʦʜʦʨʦʜʦʤ ʠʜʝʪ ʧʦʠʩʢ 

ʨʝʰʝʥʠʷ ʚʦʧʨʦʩʦʚ ʧʦʣʫʯʝʥʠʷ ʥʦʚʳʭ ʦʩʦʙʳʭ ʩʚʦʡʩʪʚ ʤʝʪʘʣʣʠʯʝʩʢʠʭ ʩʠʩʪʝʤ 

ʠ ʨʘʟʚʠʪʠʷ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʦʚ ʚʦʜʦʨʦʜʥʦʡ ʵʥʝʨʛʝʪʠʢʠ. ʇʨʠʢʣʘʜ-

ʥʦʝ-ʢʘʞʜʳʡ ʵʣʝʤʝʥʪ ʣʝʛʠʨʦʚʘʥʠʷ ʚʥʦʩʠʪ ʚ ʢʨʠʩʪʘʣʣʠʯʝʩʢʫʶ ʨʝʰʝʪʢʫ ʧʘʣ-

ʣʘʜʠʷ ʦʧʨʝʜʝʣʝʥʥʳʝ ʦʩʦʙʝʥʥʦʩʪʠ, ʚʣʠʷʶʱʠʝ ʥʘ ʬʫʥʢʮʠʦʥʘʣʴʥʳʝ ʩʚʦʡʩʪʚʘ 

ʤʝʤʙʨʘʥʥʳʭ ʩʧʣʘʚʦʚ (ʪʘʙʣ. 1). ʌʫʥʜʘʤʝʥʪʘʣʴʥʦʝ-ʫʩʪʘʥʦʚʣʝʥʠʝ ʦʙʱʠʭ ʟʘ-

ʢʦʥʦʤʝʨʥʦʩʪʝʡ, ʦʪʚʝʪʩʪʚʝʥʥʳʭ ʟʘ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʚʦʜʦʨʦʜʘ ʩ ʤʝʪʘʣʣʠʯʝ-

ʩʢʠʤʠ ʩʠʩʪʝʤʘʤʠ, ʨʘʩʰʠʨʝʥʠʝ ʪʝʦʨʝʪʠʯʝʩʢʠʭ ʠ ʢʦʥʮʝʧʪʫʘʣʴʥʳʭ ʧʨʝʜʩʪʘʚ-

ʣʝʥʠʡ ʦ ʚʟʘʠʤʦʩʚʷʟʠ ʤʠʢʨʦ ʠ ʤʘʢʨʦʷʚʣʝʥʠʡ. 
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ɼʦʮ. ɹʨʦʚʢʠʥʘ ɽ.ɸ., ʜʦʮ. ʂʠʩʝʣʝʚʘ ʊ.ʖ., ʧʨʦʬ. ʍʫʥʜʞʫʘ ɸ.ɻ.,  

ʩʪʫʜ. ɼʞʘʚʘʜʦʚ ʈ.ʈ. 

ɺʟʘʠʤʥʘʷ ʨʘʩʪʚʦʨʠʤʦʩʪʴ ʤʝʪʘʣʣʦʚ ʚ ʪʚʝʨʜʦʤ ʩʦʩʪʦʷʥʠʠ ʠʟʤʝʥʷʝʪʩʷ ʚ 

ʰʠʨʦʢʠʭ ʧʨʝʜʝʣʘʭ. ʆʜʥʘʢʦ ʠʟ III  ʥʘʯʘʣʘ ʪʝʨʤʦʜʠʥʘʤʠʢʠ ʩʣʝʜʫʝʪ, ʯʪʦ ʨʘʩ-

ʪʚʦʨʠʤʦʩʪʴ ʧʨʠ ʥʠʟʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʜʦʣʞʥʘ ʨʝʟʢʦ ʧʦʥʠʞʘʪʴʩʷ (ʧʨʠ ʊ ­ 0 

ʂ ʢʦʥʮʝʥʪʨʘʮʠʷ ʨʘʩʪʚʦʨʝʥʥʦʛʦ ʵʣʝʤʝʥʪʘ ʩ­ 0). ʕʪʦ ʦʙʱʘʷ ʪʝʥʜʝʥʮʠʷ ʨʝʘ-

ʣʠʟʫʝʪʩʷ ʥʝʦʜʥʦʟʥʘʯʥʦ: ʚ ʘʨʭʝʦʣʦʛʠʯʝʩʢʠʭ ʥʘʭʦʜʢʘʭ ʤʝʪʘʩʪʘʙʠʣʴʥʳʝ ʬʘʟʳ 

ʩʦʭʨʘʥʷʶʪʩʷ ʩ ʙʨʦʥʟʦʚʦʛʦ ʚʝʢʘ, ʘ ʚ ʜʶʨʘʣʶʤʠʥʠʠ ʥʝʩʢʦʣʴʢʦ ʜʥʝʡ ʝʩʪʝʩʪ-

ʚʝʥʥʦʛʦ ʩʪʘʨʝʥʠʷ ʧʨʠʚʦʜʷʪ ʢ ʚʳʜʝʣʝʥʠʶ ʠʟʙʳʪʦʯʥʳʭ ʬʘʟ ʠ ʩʦʧʨʦʚʦʞʜʘ-

ʶʪʩʷ ʨʝʟʢʠʤʠ ʠʟʤʝʥʝʥʠʷʤʠ ʤʝʭʘʥʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ.  

ʅʝ ʷʚʣʷʝʪʩʷ ʠʩʢʣʶʯʝʥʠʝʤ ʠ ʩʧʣʘʚʳ ʥʘ ʦʩʥʦʚʝ ʥʠʢʝʣʠʜʘ ʪʠʪʘʥʘ. ɺ ʥʘ-

ʰʝʡ ʨʘʙʦʪʝ [1] ʙʳʣʦ ʦʙʥʘʨʫʞʝʥʦ ʠʟʤʝʥʝʥʠʝ ʚ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʭ ʤʘʨʪʝʥʩʠʪ-

ʥʳʭ ʧʨʝʚʨʘʱʝʥʠʡ ɺ2 ­ R, B2 ­ B19¡ ʚ ʩʧʣʘʚʘʭ ʩʠʩʪʝʤ Ti-Ni-V ʠ Ti-Ni-Nb 

ʧʦʩʣʝ 3-ʭ ʠ 6-ʪʠ ʣʝʪ ʝʩʪʝʩʪʚʝʥʥʦʛʦ ʩʪʘʨʝʥʠʷ.  

ɽʩʪʝʩʪʚʝʥʥʦʝ ʩʪʘʨʝʥʠʝ ʥʠʢʝʣʠʜʘ ï ʚʘʞʥʳʡ ʚʦʧʨʦʩ, ʪ.ʢ. ʵʪʦʪ ʤʘʪʝʨʠʘʣ 

ʥʘʰʝʣ ʰʠʨʦʢʦʝ ʧʨʠʤʝʥʝʥʠʝ ʚ ʤʝʜʠʮʠʥʝ (ʚ ʯʘʩʪʥʦʩʪʠ ʚ ʩʝʨʜʝʯʥʦ ʩʦʩʫʜʠ-

ʩʪʦʡ ʭʠʨʫʨʛʠʠ) ʠʤʝʥʥʦ ʙʣʘʛʦʜʘʨʷ ʵʬʬʝʢʪʫ ʧʘʤʷʪʠ ʬʦʨʤʳ. ʀʟʜʝʣʠʷ ʠʟ ʥʠ-

ʢʝʣʠʜʘ ʪʠʪʘʥʘ ʚʞʠʚʣʷʶʪʩʷ ʚ ʦʨʛʘʥʠʟʤ ʥʘ ʤʥʦʛʦʝ ʛʦʜʳ, ʠ ʠʟʤʝʥʝʥʠʷ ʚ 
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ʩʚʦʡʩʪʚʘʭ ʤʦʛʫʪ ʧʨʠʚʝʩʪʠ ʢ ʪʨʘʛʠʯʝʩʢʠʤ ʧʦʩʣʝʜʩʪʚʠʷʤ. ʊʝʤ ʙʦʣʝ ʚʘʞʥʦ 

ʠʩʧʦʣʴʟʦʚʘʪʴ ʚʦʟʤʦʞʥʦʩʪʴ ʩʪʨʫʢʪʫʨʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʪʝʭ ʞʝ ʦʙʨʘʟʮʦʚ, 

ʧʨʦʜʦʣʞʠʪʝʣʴʥʦʩʪʴ ʝʩʪʝʩʪʚʝʥʥʦʛʦ ʩʪʘʨʝʥʠʷ ʢʦʪʦʨʳʭ ʥʘ ʥʘʩʪʦʷʱʠʡ ʤʦʤʝʥʪ 

ʧʨʠʙʣʠʞʘʝʪʩʷ ʢ 50 ʛʦʜʘʤ. 

ɼʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʩʪʨʫʢʪʫʨʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʤʦʞʥʦ ʦʛʨʘʥʠʯʠʪʩʷ ʩʲʝʤʢʦʡ 

ʦʢʨʝʩʪʥʦʩʪʠ ʣʠʥʠʠ (110)ɺ2 ʩ ʥʘʠʙʦʣʝʝ ʠʥʪʝʥʩʠʚʥʳʤʠ ʣʠʥʠʷʤʠ ʤʘʨʪʝʥʩʠʪʦʚ 

R ʠ B19¡. ʇʨʠ ʧʝʨʝʭʦʜʝ ɺ2 ­ R ʣʠʥʠʷ (110)ɺ2 ʫʰʠʨʷʝʪʩʷ ʠ ʧʨʝʚʨʘʱʘʝʪʩʷ ʚ 

ʜʫʙʣʝʪ, ʧʦ ʢʦʪʦʨʦʤʫ ʤʦʞʥʦ ʚʳʯʠʩʣʠʪʴ ʫʛʦʣ a ʨʝʰʝʪʢʠ ʨʦʤʙʦʵʜʨʠʯʝʩʢʦʛʦ 
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ɺ ʢʘʯʝʩʪʚʝ ʤʦʜʝʣʴʥʳʭ ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʚʣʠʷʥʠʷ ʝʩʪʝʩʪʚʝʥʥʦʛʦ ʩʪʘʨʝ-

ʥʠʷ ʥʘ ʩʪʨʫʢʪʫʨʫ ʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʤʘʨʪʝʥʩʠʪʥʳʭ ʧʨʝʚʨʘʱʝʥʠʡ ʙʳʣʠ ʚʳ-

ʙʨʘʥʳ ʩʧʣʘʚʳ Ti48Ni48V4, Ti46Ni46V8 ʠ Ti48Ni48Nb4, Ti46Ni46Nb8, Ti44Ni44Nb12. 

ɿʘʢʘʣʝʥʥʳʝ ʧʦʩʣʝ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʩʧʣʘʚʳ, ʩʦʜʝʨʞʘʱʠʝ 4 ʘʪ. % ʚʘʥʘʜʠʷ ʠ 

ʥʠʦʙʠʷ, ʦʜʥʦʬʘʟʥʳ, ʘ ʦʩʪʘʣʴʥʳʝ ʩʦʜʝʨʞʘʪ ʚ ʥʝʟʥʘʯʠʪʝʣʴʥʦʤ ʢʦʣʠʯʝʩʪʚʝ 

ʚʪʦʨʫʶ ʬʘʟʫ, ʠʜʝʥʪʠʬʠʮʠʨʦʚʘʪʴ ʢʦʪʦʨʫʶ ʥʝ ʫʜʘʣʦʩʴ. ʊʝ ʞʝ ʩʧʣʘʚʳ ʧʦʩʣʝ 

ʟʘʢʘʣʢʠ ʠʟ ʞʠʜʢʦʛʦ ʩʦʩʪʦʷʥʠʷ (ʩʧʠʥʠʥʛʦʚʘʥʠʝ ʨʘʩʧʣʘʚʘ, ʩʢʦʨʦʩʪʴ ʦʭʣʘʞ-

ʜʝʥʠʷ ʦʢʦʣʦ 10
5 
ʂ/ʩ) ï ʦʜʥʦʬʘʟʥʳ.  

ʉʧʣʘʚʳ ʩʠʩʪʝʤʳ TiNi -Nb. ʅʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʧʦʩʣʝ ʟʘʢʘʣʢʠ ʠʟ ʞʠʜʢʦʛʦ 

ʩʦʩʪʦʷʥʠʷ ʤʝʪʦʜʦʤ ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʜʠʬʨʘʢʪʦʤʝʪʨʠʠ 

ʦʙʥʘʨʫʞʝʥʦ, ʯʪʦ ʧʨʠ ʦʭʣʘʞʜʝʥʠʠ ʩʧʣʘʚʘ Ti48Ni48Nb4 ʠʤʝʝʪ ʤʝʩʪʦ ʦʙʨʘʪʠ-

ʤʦʝ ʩ ʛʠʩʪʝʨʝʟʠʩʦʤ ʤʘʨʪʝʥʩʠʪʥʦʝ ʧʨʝʚʨʘʱʝʥʠʝ: B2 ª B2 + B19¡ ª B19¡ ʩ 

ʪʝʤʧʝʨʘʪʫʨʦʡ ʄʥ = 260 °10 ʂ. ɽʩʪʝʩʪʚʝʥʥʦʝ ʩʪʘʨʝʥʠʝ ʩʧʣʘʚʘ Ti48Ni48Nb4 ʚ 

ʪʝʯʝʥʠʝ 6 ʣʝʪ ʧʨʘʢʪʠʯʝʩʢʠ ʥʝ ʧʨʠʚʝʣʦ ʢ ʠʟʤʝʥʝʥʠʶ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʤʘʨʪʝʥ-

ʩʠʪʥʦʛʦ ʧʨʝʚʨʘʱʝʥʠʷ.  

ɺ ʩʧʣʘʚʘʭ Ti46Ni46Nb8 ʠ Ti44Ni44Nb12 ʦʭʣʘʞʜʝʥʠʝ ʚʧʣʦʪʴ ʜʦ 5 ʂ ʥʝ ʧʨʠ-

ʚʦʜʠʪ ʢ ʤʘʨʪʝʥʩʠʪʥʳʤ ʧʨʝʚʨʘʱʝʥʠʷʤ, ʢʘʢ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʧʦʩʣʝ ʩʧʠʥ-

ʥʠʥʛʦʚʘʥʠʷ, ʪʘʢ ʠ ʧʦʩʣʝ 6 ʣʝʪ ʝʩʪʝʩʪʚʝʥʥʦʛʦ ʩʪʘʨʝʥʠʷ. ʅʦ ʧʦʩʣʝ 45 ʣʝʪ ʩʪʘ-

ʨʝʥʠʷ ʠʟʤʝʥʝʥʠʷ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ ʚʠʜʥʳ ʥʝʚʦʦʨʫʞʝʥʥʳʤ ʛʣʘ-

ʟʦʤ: ʠʥʪʝʛʨʘʣʴʥʘʷ ʰʠʨʠʥʘ ʜʠʬʨʘʢʮʠʦʥʥʦʡ ʣʠʥʠʠ (110)ɺ2 ʫʚʝʣʠʯʠʣʘʩʴ 

ʚʪʨʦʝ ʠ ʨʘʚʥʘ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ 0,338̄  ʠ 0,312.̄  

ɺ ʩʧʣʘʚʝ ʞʝ Ti48Ni48Nb4 ʦʥʘ ʧʦ-ʧʨʝʞʥʝʤʫ ʩʦʩʪʘʚʣʷʝʪ 0,105.̄ ʇʨʠʯʠʥʘ 

ʫʰʠʨʝʥʠʷ ʣʠʥʠʡ, ʧʦ-ʚʠʜʠʤʦʤʫ, ʩʚʷʟʘʥʘ ʩ ʜʠʬʬʫʟʠʦʥʥʳʤʠ ʧʨʦʮʝʩʩʘʤʠ ï 

ʨʘʩʩʣʦʝʥʠʝʤ ɺ2-ʪʚʝʨʜʦʛʦ ʨʘʩʪʚʦʨʘ: ʧʨʦʬʠʣʠ ʣʠʥʠʡ ʫʢʘʟʳʚʘʶʪ ʥʘ ʠʭ ʜʫʙ-

ʣʝʪʥʳʡ ʭʘʨʘʢʪʝʨ.  

ʉʧʣʘʚʳ ʩʠʩʪʝʤʳ TiNi -V. ʅʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʧʦʩʣʝ ʟʘʢʘʣʢʠ ʠʟ ʞʠʜʢʦʛʦ 

ʩʦʩʪʦʷʥʠʷ ʦʙʥʘʨʫʞʝʥʦ, ʯʪʦ ʧʨʠ ʦʭʣʘʞʜʝʥʠʠ ʩʧʣʘʚʘ Ti48Ni48V4 ʠʤʝʝʪ ʤʝʩʪʦ 

ʦʙʨʘʪʠʤʳʝ ʤʘʨʪʝʥʩʠʪʥʳʝ ʧʨʝʚʨʘʱʝʥʠʷ: B2 ­ R ­ R + B19¡ ʩ ʪʝʤʧʝʨʘʪʫ-

ʨʦʡ TR = 245 K, ʄʥ = 225°10 ʂ. ɺ ʩʧʣʘʚʝ Ti48Ni48V4 ʠʤʝʝʪ ʤʝʩʪʦ ʦʜʥʦ ʧʨʝ-

ʚʨʘʱʝʥʠʝ B2 ­ R ʩ ʪʝʤʧʝʨʘʪʫʨʦʡ TR = 260 ʂ.  ɽʩʪʝʩʪʚʝʥʥʦʝ ʩʪʘʨʝʥʠʝ 

ʩʧʣʘʚʘ Ti48Ni48V4 ʚ ʪʝʯʝʥʠʝ 6 ʣʝʪ ʧʨʠʚʝʣʦ ʢ ʠʟʤʝʥʝʥʠʶ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʤʘʨ-
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ʪʝʥʩʠʪʥʦʛʦ ʧʨʝʚʨʘʱʝʥʠʷ ï ʪʦʯʢʠ ʧʝʨʝʭʦʜʦʚ ʧʦʚʳʩʠʣʠʩʴ ʜʦ TR = 285 K, ʄʥ 

= 240 °10 ʂ.  

ɺ ʩʧʣʘʚʝ Ti48Ni48V8 ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʧʦʩʣʝ ʟʘʢʘʣʢʠ ʠʟ ʞʠʜʢʦʛʦ ʩʦʩʪʦʷ-

ʥʠʷ ʦʙʥʘʨʫʞʝʥʦ, ʯʪʦ ʧʨʠ ʦʭʣʘʞʜʝʥʠʠ ʩʧʣʘʚʘ Ti46Ni46V8 ʠʤʝʝʪ ʤʝʩʪʦ ʦʜʥʦ 

ʤʘʨʪʝʥʩʠʪʥʦʝ ʧʨʝʚʨʘʱʝʥʠʷ: B2 ­ R ʩ ʪʝʤʧʝʨʘʪʫʨʦʡ TR = 235 K. ɽʩʪʝʩʪ-

ʚʝʥʥʦʝ ʩʪʘʨʝʥʠʝ ʩʧʣʘʚʘ Ti48Ni48V8 ʚ ʪʝʯʝʥʠʝ 6 ʣʝʪ ʧʨʠʚʝʣʦ ʢ ʠʟʤʝʥʝʥʠʶ 

ʪʦʯʢʠ TR = 270 K ʠ ʧʦʷʚʣʝʥʠʶ ʚʪʦʨʦʛʦ ʧʨʝʚʨʘʱʝʥʠʷ R ­ R + B19¡ ʩ ʪʦʯʢʦʡ 

ʄʥ = 220 ʂ.  

ʃʠʪʝʨʘʪʫʨʘ 

ʍʫʥʜʞʫʘ ɸ.ɻ., ɽʩʪʝʩʪʚʝʥʥʦʝ ʩʪʘʨʝʥʠʝ ʩʧʣʘʚʦʚ ʥʘ ʦʩʥʦʚʝ ʥʠʢʝʣʠʜʘ ʪʠ-
ʪʘʥʘ // ʄʘʪʝʨʠʘʣʦʚʝʜʝʥʠʝ, 2000, ˉ8, ʩ.28-30. 
 
 

ʉɸʄʆɸʂʂʆʄʆɼɸʎʀʆʅʅʓɽ ʂʆʄʇʃɽʂʉʓ ɺ ʉʇʃɸɺɸʍ  

ʉ ʄɸʈʊɽʅʉʀʊʅʓʄʀ ʇʈɽɺʈɸʑɽʅʀʗʄʀ  

ɼʀʉʊʆʈʉʀʆʅʅʆɻʆ ʊʀʇɸ 

ʉʪʫʜ. ɼʞʘʚʘʜʦʚ ʈ.ʈ., ʧʨʦʬ. ʍʫʥʜʞʫʘ ɸ.ɻ., ʜʦʮ. ɹʨʦʚʢʠʥʘ ɽ.ɸ.,  

ʜʦʮ. ɺʦʣʦʜʠʥ ɹ.ɸ. 

ʄʘʨʪʝʥʩʠʪʥʳʝ ʧʨʝʚʨʘʱʝʥʠʷ ʚ ʩʧʣʘʚʘʭ ʩ ʵʬʬʝʢʪʘʤʠ ʧʘʤʷʪʠ ʬʦʨʤʳ 

(ʕʇʌ) ʦʙʳʯʥʦ ʩʦʧʨʦʚʦʞʜʘʶʪʩʷ ʬʦʨʤʠʨʦʚʘʥʠʝʤ ʩʘʤʦʘʢʢʦʤʦʜʘʮʠʦʥʥʳʭ 

ʢʦʤʧʣʝʢʩʦʚ (ʉʂ) ï ʛʨʫʧʧʳ ʜʦʤʝʥʦʚ - ʵʢʚʠʚʘʣʝʥʪʥʳʭ ʚʘʨʠʘʥʪʦʚ ʦʨʠʝʥʪʘʮʠ-

ʦʥʥʦʛʦ ʩʦʦʪʥʦʰʝʥʠʷ (ʆʉ), ʨʘʟʜʝʣʝʥʥʳʭ ʧʣʦʩʢʦʩʪʷʤʠ ʜʚʦʡʥʠʢʦʚʘʥʠʷ. ʉʘ-

ʤʦʘʢʢʦʤʦʜʘʮʠʷ ʧʨʝʜʧʦʣʘʛʘʝʪ, ʯʪʦ ʢʦʤʧʣʝʢʩ ʢʨʠʩʪʘʣʣʦʚ ʤʘʨʪʝʥʩʠʪʘ ʦʙʣʘ-

ʜʘʝʪ ʵʣʝʤʝʥʪʘʤʠ ʩʠʤʤʝʪʨʠʠ ʘʫʩʪʝʥʠʪʘ ʢʘʢ ʚʦ ʚʥʫʪʨʝʥʥʝʤ ʜʦʤʝʥʥʦʤ ʩʪʨʦʝ-

ʥʠʠ, ʪʘʢ ʠ ʚʦ ʚʥʝʰʥʝʡ ʦʛʨʘʥʢʝ. 

ʇʦʩʪʨʦʝʥʠʝ ʨʘʟʣʠʯʥʳʭ ʪʠʧʦʚ ʢʦʤʧʣʝʢʩʦʚ ʩʣʝʜʫʝʪ ʥʘʯʘʪʴ ʩ ʧʨʦʩʪʝʡʰʝʛʦ 

ʚʘʨʠʘʥʪʘ ï ʥʘʣʠʯʠʷ ʜʚʫʭ ʧʣʦʩʢʦʩʪʝʡ ʜʚʦʡʥʠʢʦʚʘʥʠʷ ʨʝʰʝʪʢʠ ʤʘʨʪʝʥʩʠʪʘ (ʩ 

ʧʦʤʦʱʴʶ ʦʜʥʦʡ ʧʣʦʩʢʦʩʪʠ ʜʚʦʡʥʠʢʦʚʘʥʠʷ ʤʦʞʥʦ ʧʦʩʪʨʦʠʪʴ ʧʦʣʠʩʠʥʪʝʪʠ-

ʯʝʩʢʠʡ ʜʚʦʡʥʠʢ, ʥʦ ʥʝ ʩʘʤʦʘʢʢʦʤʦʜʘʮʠʦʥʥʳʡ ʢʦʤʧʣʝʢʩ). 

ʅʘʠʙʦʣʝʝ ʙʣʘʛʦʧʨʠʷʪʥʳ ʜʣʷ ʚʳʧʦʣʥʝʥʠʷ ʫʩʣʦʚʠʡ ʧʘʨʘʣʣʝʣʴʥʦʩʪʠ ʩʦʦʪ-

ʚʝʪʩʪʚʫʶʱʠʭ ʧʣʦʩʢʦʩʪʝʡ ʤʘʨʪʝʥʩʠʪʥʳʝ ʧʨʝʚʨʘʱʝʥʠʷ ʜʠʩʪʦʨʩʠʦʥʥʦʛʦ ʪʠ-

ʧʘ. ʄʘʣʘʷ ʜʠʩʪʦʨʩʠʷ ʢʫʙʠʯʝʩʢʦʡ ʨʝʰʝʪʢʠ ʦʩʪʘʚʣʷʝʪ ʧʨʘʢʪʠʯʝʩʢʠ ʧʘʨʘʣ-

ʣʝʣʴʥʳʤʠ ʩʠʩʪʝʤʳ ʧʣʦʩʢʦʩʪʝʡ ʪʠʧʘ {110} ʠ {100} ʚ ʨʝʰʝʪʢʘʭ ʘʫʩʪʝʥʠʪʘ ʠ 

ʤʘʨʪʝʥʩʠʪʘ, ʦʪʢʨʳʚʘʷ ʦʜʥʦʚʨʝʤʝʥʥʦ ʚʦʟʤʦʞʥʦʩʪʴ ʜʚʦʡʥʠʢʦʚʘʥʠʷ ʨʝʰʝʪʢʠ 

ʤʘʨʪʝʥʩʠʪʘ ʧʦ ʥʝʢʦʪʦʨʳʤ ʠʟ ʵʪʠʭ ʧʣʦʩʢʦʩʪʝʡ.  

ɼʣʷ ʦʙʱʝʛʦ ʩʣʫʯʘʷ ʩʦʧʨʷʞʝʥʠʷ ʢʫʙʠʯʝʩʢʦʛʦ ʘʫʩʪʝʥʠʪʘ (ʨʝʰʝʪʢʘ ʘʫʩʪʝ-

ʥʠʪʘ ʚʦ ʚʩʝʭ ʩʧʣʘʚʘʭ ʩ ʕʇʌ ʢʫʙʠʯʝʩʢʘʷ) ʩ ʪʨʠʢʣʠʥʥʦʡ ʨʝʰʝʪʢʦʡ ʤʘʨʪʝʥ-

ʩʠʪʘ ʤʦʞʥʦ ʧʦʩʪʨʦʠʪʴ ʨʝʰʝʥʠʝ [1], ʢʦʪʦʨʦʝ ʙʫʜʝʪ ʣʝʛʢʦ ʘʜʘʧʪʠʨʦʚʘʪʴʩʷ 

ʜʣʷ ʣʶʙʳʭ ʨʝʰʝʪʦʢ ʤʘʨʪʝʥʩʠʪʘ ʩ ʙʦʣʝʝ ʚʳʩʦʢʦʡ ʩʠʤʤʝʪʨʠʝʡ. ʅʝʧʦʩʨʝʜʩʪ-
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ʚʝʥʥʦ ʠʟ ʪʨʠʢʣʠʥʥʦʡ ʤʦʞʥʦ ʧʝʨʝʡʪʠ ʚ ʨʦʤʙʦʵʜʨʠʯʝʩʢʫʶ: a = b = c, a = b = 

g, ʘ ʟʘʪʝʤ ʠ ʚ ʢʫʙʠʯʝʩʢʫʶ, ʧʨʠʨʘʚʥʷʚ ʫʛʣʳ 90.̄ 

ʇʝʨʝʭʦʜ ʢ ʤʦʥʦʢʣʠʥʥʦʤʫ ʤʘʨʪʝʥʩʠʪʫ ʥʝ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʣʦʞʥʦʩʪʠ, ʥʦ 

ʩʣʝʜʫʝʪ ʜʣʷ ʫʧʨʦʱʝʥʠʷ ʜʘʣʴʥʝʡʰʠʭ ʚʳʯʠʩʣʝʥʠʡ ʧʦʣʦʞʠʪʴ aĉ , b̂ c, (a = 

b = 90̄ ), g  ̧90̄ . ʊʦʛʜʘ ʧʝʨʝʭʦʜ ʢ ʛʝʢʩʘʛʦʥʘʣʴʥʦʡ ʨʝʰʝʪʢʝ ʧʨʦʩʪ: ʘ = b ʠ g = 

120̄ ; ʦʪ ʤʦʥʦʢʣʠʥʥʦʡ ʢ ʦʨʪʦʨʦʤʙʠʯʝʩʢʦʡ  g = 90̄  ʠ, ʥʘʢʦʥʝʮ, ʦʪ ʦʨʪʦʨʦʤ-

ʙʠʯʝʩʢʦʡ ʢ ʪʝʪʨʘʛʦʥʘʣʴʥʦʡ: ʘ = b. 

ʇʨʠ ʵʪʦʤ ʢʦʣʠʯʝʩʪʚʦ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʠ ʵʢʚʠʚʘʣʝʥʪʥʳʭ ʚʘʨʠʘʥʪʦʚ ʚ 

ʢʦʤʧʣʝʢʩʝ ʩʦʩʪʘʚʣʷʝʪ ʦʪ ʤʘʢʩʠʤʘʣʴʥʦʛʦ ʟʥʘʯʝʥʠʷ nmax = 24 ʜʦ ʤʠʥʠʤʘʣʴ-

ʥʦʛʦ nmin = 4. 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʧʨʦʙʣʝʤʳ ʩʘʤʦʘʢʢʦʤʦʜʘʮʠʠ ʜʦʣʞʥʦ ʚʢʣʶʯʘʪʴ ʢʘʢ ʧʦ-

ʩʪʨʦʝʥʠʝ ʨʘʟʣʠʯʥʳʭ ʪʠʧʦʚ ʢʦʤʧʣʝʢʩʦʚ ʜʣʷ ʟʘʜʘʥʥʳʭ ʆʉ, ʪʘʢ ʠ ʘʥʘʣʠʟ ʨʝ-

ʣʘʢʩʘʮʠʠ ʫʧʨʫʛʠʭ ʥʘʧʨʷʞʝʥʠʡ ʚ ʵʪʠʭ ʢʦʤʧʣʝʢʩʘʭ. ʉʘʤʦʘʢʢʦʤʦʜʘʮʠʷ ʥʝ-

ʚʦʟʤʦʞʥʘ ʙʝʟ, ʢʘʢ ʤʠʥʠʤʫʤ, ʜʚʫʭ ʧʣʦʩʢʦʩʪʝʡ ʜʚʦʡʥʠʢʦʚʘʥʠʷ ʨʝʰʝʪʢʠ ʤʘʨ-

ʪʝʥʩʠʪʘ, ʧʘʨʘʣʣʝʣʴʥʳʭ ʧʣʦʩʢʦʩʪʷʤ ʩʠʤʤʝʪʨʠʠ ʨʝʰʝʪʢʠ ʘʫʩʪʝʥʠʪʘ, ʯʪʦ ʚ 

ʩʣʫʯʘʝ ʥʠʟʢʦʩʠʤʤʝʪʨʠʯʥʦʡ ʨʝʰʝʪʢʠ ʤʘʨʪʝʥʩʠʪʘ ʚʳʧʦʣʥʷʝʪʩʷ ʜʘʣʝʢʦ ʥʝ 

ʚʩʝʛʜʘ.  

ʀʪʘʢ, ʜʣʷ ʪʨʠʢʣʠʥʥʦʛʦ ʤʘʨʪʝʥʩʠʪʘ (ʩ ʫʯʝʪʦʤ ʜʘʣʴʥʝʡʰʝʡ ʧʝʨʩʧʝʢʪʠʚʳ 

ʧʝʨʝʭʦʜʘ ʢ ʨʦʤʙʦʵʜʨʠʯʝʩʢʦʤʫ ʤʘʨʪʝʥʩʠʪʫ) ʝʩʪʴ ʩʤʳʩʣ ʩʦʚʤʝʩʪʠʪʴ ʥʘʧʨʘʚ-

ʣʝʥʠʷ [111] ʚ ʨʝʰʝʪʢʘʭ ʘʫʩʪʝʥʠʪʘ ʠ ʤʘʨʪʝʥʩʠʪʘ. ʇʨʠ ʵʪʦʤ ʤʘʪʨʠʮʘ ʆʉ ʙʫ-

ʜʝʪ ʠʤʝʪʴ ʦʙʱʠʡ ʚʠʜ, ʘ ʵʣʣʠʧʩʦʠʜ ʜʝʬʦʨʤʘʮʠʠ  ʦʧʠʩʳʚʘʪʴʩʷ  ʫʨʘʚʥʝʥʠʝʤ 

. ʉʘʤʦʘʢʢʦʤʦʜʘʮʠʷ ʩʤʦʞʝʪ ʙʳʪʴ ʨʝʘ-

ʣʠʟʦʚʘʥʥʦʡ ʩ ʫʯʘʩʪʠʝʤ ʜʦʤʝʥʦʚ ʚʩʝʭ 24-ʭ ʪʠʧʦʚ. 

ʉʂ ʨʦʤʙʦʵʜʨʠʯʝʩʢʦʛʦ R-ʤʘʨʪʝʥʩʠʪʘ ʚ ʥʠʢʝʣʠʜʝ ʪʠʪʘʥʘ ʧʨʝʜʩʪʘʚʣʷʝʪ 

ʩʦʙʦʡ ʦʢʪʘʵʜʨ ʠʣʠ ʫʩʝʯʝʥʥʳʡ ʢʫʙ, ʩʨʝʟʘʥʥʳʡ ʪʘʢ, ʯʪʦʙʳ  ʦʙʨʘʟʦʚʘʣʩʷ ʦʢ-

ʪʘʵʜʨ ʩ ʚʝʨʰʠʥʘʤʠ ʚ ʮʝʥʪʨʝ ʛʨʘʥʝʡ ʢʫʙʘ (ɸʨʭʠʤʝʜʦʚʦ ʪʝʣʦ). ɽʩʣʠ ʨʘʩʩʝʯʴ 

ʵʪʦʪ ʦʢʪʘʵʜʨ ʧʦ ʧʣʦʩʢʦʩʪʷʤ ʝʛʦ ʩʠʤʤʝʪʨʠʠ (ʧʘʨʘʣʣʝʣʴʥʳʤ ʛʨʘʥʷʤ ʢʫʙʘ), ʪʦ 

ʤʦʞʥʦ ʧʦʣʫʯʠʪʴ ʧʨʝʜʩʪʘʚʣʝʥʠʝ ʦ ʚʥʫʪʨʝʥʥʝʤ ʫʩʪʨʦʡʩʪʚʝ ʩʘʤʦʘʢʢʦʤʦʜʘ-

ʮʠʦʥʥʦʛʦ ʢʦʤʧʣʝʢʩʘ ʨʦʤʙʦʵʜʨʠʯʝʩʢʦʛʦ R-ʤʘʨʪʝʥʩʠʪʘ ʚ ʥʠʢʝʣʠʜʝ ʪʠʪʘʥʘ. ɺ 

ʨʝʟʫʣʴʪʘʪʝ ʪʘʢʦʛʦ ʩʝʯʝʥʠʷ ʦʢʪʘʵʜʨ ʨʘʩʧʘʜʝʪʩʷ ʥʘ 8 ʜʦʤʝʥʦʚ, ʧʦʧʘʨʥʦ 

ʩʜʚʦʡʥʠʢʦʚʘʥʥʳʭ ʧʦ ʧʣʦʩʢʦʩʪʷʤ, ʧʘʨʘʣʣʝʣʴʥʳʤ ʧʣʦʩʢʦʩʪʷʤ ʘʫʩʪʝʥʠʪʘ ʪʠ-

ʧʘ {100}.  ɺʦʩʴʤʠʜʦʤʝʥʥʳʡ ʢʦʤʧʣʝʢʩ ʩʦʜʝʨʞʠʪ 4 ʚʘʨʠʘʥʪʘ ʆʉ.  

ɺ ʩʣʫʯʘʝ ʤʦʥʦʢʣʠʥʥʦʡ ʜʠʩʪʦʨʩʠʠ ʤʘʪʨʠʮʘ ʆʉ ʠʤʝʝʪ ʚʠʜ:  

                           
ɼʣʷ ʜʘʥʥʦʛʦ ʚʘʨʠʘʥʪʘ ʆʉ ʫʨʘʚʥʝʥʠʝ ʵʣʣʠʧʩʦʠʜʘ ʜʝʬʦʨʤʘʮʠʠ ʤʦʞʥʦ 

ʧʦʣʫʯʠʪʴ, ʧʦʜʩʪʘʚʣʷʷ ʧʨʝʦʙʨʘʟʦʚʘʥʥʳʝ ʢʦʦʨʜʠʥʘʪʳ 

ʚ ʫʨʘʚʥʝʥʠʝ ʩʬʝʨʳ, ʜʣʷ ʜʨʫʛʠʭ ʚʘʨʠʘʥʪʦʚ ʆʉ ʫʨʘʚʥʝʥʠʝ ʵʣʣʠʧʩʦʠʜʘ ʧʦʣʫ-
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ʯʘʝʪʩʷ ʟʘʤʝʥʦʡ ʤʘʪʨʠʮʳ ʥʘ . ɻʨʫʧʧʘ ʦʧʝʨʘʪʦʨʦʚ 

ʩʠʤʤʝʪʨʠʠ ʩʦʜʝʨʞʠʪ 24 ʦʧʝʨʘʪʦʨʘ, ʥʦ ʨʘʟʥʳʭ ʫʨʘʚʥʝʥʠʡ ʵʣʣʠʧʩʦʠʜʦʚ ï 

12 ʧʘʨ. ɸʥʘʣʠʟ ʧʦʢʘʟʳʚʘʝʪ, ʯʪʦ ʩʘʤʦʘʢʢʦʤʦʜʘʮʠʷ ʜʦʩʪʠʛʘʝʪʩʷ ʪʦʣʴʢʦ ʚ 

ʢʦʤʧʣʝʢʩʝ ʠʟ 12 ʨʘʟʥʳʭ ʜʦʤʝʥʦʚ, ʪ.ʝ. ʉʂ ʜʦʣʞʝʥ ʩʦʜʝʨʞʘʪʴ ʚʩʝ ʚʘʨʠʘʥʪʳ 

ʆʉ. ʊʘʢʠʝ ʨʘʩʩʫʞʜʝʥʠʷ ʩʧʨʘʚʝʜʣʠʚʳ ʚ ʦʪʥʦʰʝʥʠʠ ʉʂ ʢʨʠʩʪʘʣʣʦʚ ʤʦʥʦ-

ʢʣʠʥʥʦʛʦ ʤʘʨʪʝʥʩʠʪʘ ʚ ʥʠʢʝʣʠʜʝ ʪʠʪʘʥʘ ʠ ʜʣʷ ʤʘʨʪʝʥʩʠʪʘ 18R ʚ ʩʧʣʘʚʘʭ ʥʘ 

ʦʩʥʦʚʝ ʤʝʜʠ. ʉʪʨʫʢʪʫʨʳ ʤʘʨʪʝʥʩʠʪʦʚ ʚ ʵʪʠʭ ʩʧʣʘʚʘʭ ʦʪʣʠʯʘʶʪʩʷ ʣʠʰʴ ʢʦ-

ʣʠʯʝʩʪʚʦʤ ʧʣʦʪʥʦʫʧʘʢʦʚʘʥʥʳʭ ʩʣʦʝʚ. 

ʃʠʪʝʨʘʪʫʨʘ 

ʍʫʥʜʞʫʘ ɸ.ɻ., ʇʪʠʮʳʥ ɸ.ɻ., ɹʨʦʚʢʠʥʘ ɽ.ɸ. // ɺʝʩʪʥ. ʄʦʩʢ. ʋʥʪ-ʪʘ. ʉʝʨ. 
3. ʌʠʟ. ɸʩʪʨʦʥʦʤ. 2018. ˉ 1. ʩ. 90-95.  

 
 

ʄɸɻʅʀʊʅʓɽ ʀ ʄɸɻʅʀʊʆʊɽʇʃʆɺʓɽ ʉɺʆʁʉʊɺɸ ʄʅʆɻʆʂʆʄʇʆ-

ʅɽʅʊʅʓʍ ʈɽɼʂʆɿɽʄɽʃʔʅʓʍ ʀʅʊɽʈʄɽʊɸʃʃʀʏɽʉʂʀʍ  

ʉʆɽɼʀʅɽʅʀʁ 

ʉʪ.ʧʨʝʧ. ʇʘʥʢʨʘʪʦʚ ʅ.ʖ., ʚʝʜ.ʥʘʫʯ.ʩʦʪʨ. ʀ.ʉ. ʊʝʨʸʰʠʥʘ,  

ʧʨʦʬ. ʉ.ɸ. ʅʠʢʠʪʠʥ 

ʄʘʛʥʠʪʦʪʝʧʣʦʚʳʝ ʷʚʣʝʥʠʷ ï ʵʪʦ ʤʘʛʥʠʪʦʢʘʣʦʨʠʯʝʩʢʠʡ ʵʬʬʝʢʪ, ʠʥʜʫʮʠ-

ʨʦʚʘʥʥʳʡ ʚʥʝʰʥʠʤ ʤʘʛʥʠʪʥʳʤ ʧʦʣʝʤ, ʘʥʦʤʘʣʠʠ ʪʝʧʣʦʝʤʢʦʩʪʠ ʠ ʪʝʧʣʦ-

ʧʨʦʚʦʜʥʦʩʪʠ ʚ ʦʙʣʘʩʪʠ ʤʘʛʥʠʪʥʳʭ ʬʘʟʦʚʳʭ ʧʝʨʝʭʦʜʦʚ, ʘ ʪʘʢʞʝ ʠʟʤʝʥʝʥʠʝ 

ʚʝʣʠʯʠʥʳ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʪʝʧʣʦʚʦʛʦ ʠʤʧʫʣʴʩʘ. ɺʧʝʨʚʳʝ 

ʵʪʠ ʘʥʦʤʘʣʠʠ ʠʩʩʣʝʜʦʚʘʣʘʩʴ ʚ ʞʝʣʝʟʝ ʠ ʚ ʩʧʣʘʚʘʭ ʥʘ ʦʩʥʦʚʝ ʧʝʨʝʭʦʜʥʳʭ 

ʵʣʝʤʝʥʪʦʚ ʛʨʫʧʧʳ ʞʝʣʝʟʘ (3d-ʧʝʨʝʭʦʜʥʳʭ ʤʝʪʘʣʣʦʚ) [1], ʘ ʟʘʪʝʤ, ʧʦʩʣʝ ʦʪ-

ʢʨʳʪʠʷ ʛʠʛʘʥʪʩʢʠʭ ʤʘʛʥʠʪʥʳʭ ʵʬʬʝʢʪʦʚ ʚ ʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʤʝʪʘʣʣʘʭ (ʈɿʄ) 

ʪʘʢʠʝ ʷʚʣʝʥʠʷ ʠʥʪʝʥʩʠʚʥʦ ʠʟʫʯʘʣʠʩʴ ʚ ʈɿʄ [2]. ɺ 70 ʛʦʜʳ ʧʨʦʰʣʦʛʦ ʩʪʦʣʝ-

ʪʠʷ ʚʳʷʩʥʠʣʠ, ʯʪʦ ʤʘʛʥʠʪʦʪʝʧʣʦʚʳʝ ʷʚʣʝʥʠʷ ʢʘʢ ʚ ʦʙʣʘʩʪʠ ʢʦʤʥʘʪʥʳʭ 

ʪʝʤʧʝʨʘʪʫʨ, ʪʘʢ ʠ ʚ ʦʙʣʘʩʪʠ ʥʠʟʢʠʭ ʪʝʤʧʝʨʘʪʫʨ ʚ ʠʥʪʝʨʤʝʪʘʣʣʠʜʘʭ ʥʘ ʦʩ-

ʥʦʚʝ ʈɿʄ ʥʝʦʙʳʯʘʡʥʦ ʚʝʣʠʢʠ ʠ ʯʨʝʟʚʳʯʘʡʥʦ ʨʘʟʥʦʦʙʨʘʟʥʳ [3]. 

ʀʟʫʯʝʥʠʝ ʤʘʛʥʠʪʦʪʝʧʣʦʚʳʭ ʷʚʣʝʥʠʡ ʠʥʪʝʨʝʩʥʦ, ʚʦ-ʧʝʨʚʳʭ, ʩ ʬʫʥʜʘ-

ʤʝʥʪʘʣʴʥʦʡ ʪʦʯʢʠ ʟʨʝʥʠʷ ï ʠʩʩʣʝʜʦʚʘʥʠʝ ʜʘʥʥʳʭ ʩʚʦʡʩʪʚ ʧʦʟʚʦʣʷʝʪ ʧʦʣʫ-

ʯʠʪʴ ʩʚʝʜʝʥʠʷ ʦ ʭʘʨʘʢʪʝʨʝ ʤʘʛʥʠʪʥʳʭ ʩʪʨʫʢʪʫʨ, ʦ ʪʠʧʝ ʤʘʛʥʠʪʥʳʭ ʬʘʟʦʚʳʭ 

ʧʝʨʝʭʦʜʦʚ, ʦ ʚʝʣʠʯʠʥʝ ʦʙʤʝʥʥʳʭ ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ ʚ ʤʘʛʥʝʪʠʢʘʭ. ʉ ʧʨʘʢʪʠ-

ʯʝʩʢʦʡ ʩʪʦʨʦʥʳ ʚ ʧʦʩʣʝʜʥʠʝ ʜʝʩʷʪʠʣʝʪʠʷ ʚ ʦʙʣʘʩʪʠ ʬʠʟʠʢʠ ʢʦʥʜʝʥʩʠʨʦ-

ʚʘʥʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʧʨʦʠʟʚʦʜʠʪʴʩʷ ʠʥʪʝʥʩʠʚʥʳʡ ʧʦʠʩʢ ʤʘʪʝʨʠʘʣʦʚ, ʜʝʤʦʥ-

ʩʪʨʠʨʫʶʱʠʭ ʙʦʣʴʰʠʝ ʤʘʛʥʠʪʦʪʝʧʣʦʚʳʝ ʵʬʬʝʢʪʳ ʢʘʢ ʚ ʦʙʣʘʩʪʠ ʥʠʟʢʠʭ 

ʪʝʤʧʝʨʘʪʫʨ, ʪʘʢ ʠ ʚ ʦʙʣʘʩʪʠ ʢʦʤʥʘʪʥʳʭ ʪʝʤʧʝʨʘʪʫʨ, ʧʨʠʛʦʜʥʳʭ ʜʣʷ ʨʘʟʨʘ-

ʙʦʪʢʠ ʠ ʩʦʟʜʘʥʠʷ ʤʘʛʥʠʪʥʳʭ ʪʚʝʨʜʦʪʝʣʴʥʳʭ ʭʦʣʦʜʠʣʴʥʳʭ ʤʘʰʠʥ. 
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ʇʨʠ ʚʦʟʜʝʡʩʪʚʠʠ ʥʘ ʚʝʱʝʩʪʚʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ, ʚʩʣʝʜʩʪʚʠʝ ʠʟʤʝʥʝʥʠʷ 

ʤʘʛʥʠʪʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʠ, ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʚʥʫʪʨʝʥʥʝʡ ʤʘʛʥʠʪʥʦʡ ʵʥʝʨʛʠʠ, 

ʦʙʨʘʪʠʤʦ ʚʳʜʝʣʷʝʪʩʷ ʠʣʠ ʧʦʛʣʦʱʘʝʪʩʷ ʪʝʧʣʦ. ʕʪʦ ʷʚʣʝʥʠʝ ʧʦʣʫʯʠʣʦ ʥʘ-

ʟʚʘʥʠʝ ʤʘʛʥʠʪʦʢʘʣʦʨʠʯʝʩʢʠʡ ʵʬʬʝʢʪ (ʄʂʕ). ʇʨʠ ʘʜʠʘʙʘʪʠʯʝʩʢʠʭ ʫʩʣʦʚʠ-

ʷʭ, ʥʘʧʨʠʤʝʨ, ʧʨʠ ʙʳʩʪʨʦʤ ʚʢʣʶʯʝʥʠʠ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ, ʄʂʕ ʧʨʦʷʚʣʷʝʪʩʷ 

ʢʘʢ ʧʦʚʳʰʝʥʠʝ ʠʣʠ ʧʦʥʠʞʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ (ȹTad) ʤʘʛʥʝʪʠʢʘ. ʊʘʢʠʤ ʦʙʨʘ-

ʟʦʤ, ʄʂʕ ʦʙʫʩʣʦʚʣʝʥ ʠʟʤʝʥʝʥʠʝʤ ʵʥʪʨʦʧʠʠ ʤʘʛʥʠʪʥʦʡ ʧʦʜʩʠʩʪʝʤʳ (ȹSm). 

ʄʂʕ ʙʳʣ ʦʪʢʨʳʪ ʙʦʣʝʝ ʩʪʘ ʣʝʪ ʪʦʤʫ ʥʘʟʘʜ, ʥʦ ʠ ʚ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʢ ʥʝʤʫ 

ʧʦ-ʧʨʝʞʥʝʤʫ ʧʨʦʷʚʣʷʝʪʩʷ ʦʛʨʦʤʥʳʡ ʠʥʪʝʨʝʩ ʩʦ ʩʪʦʨʦʥʳ ʢʘʢ ʫʯʝʥʳʭ, ʪʘʢ ʠ 

ʪʝʭʥʦʣʦʛʦʚ [3-5]. ɺ ʤʘʛʥʠʪʦʫʧʦʨʷʜʦʯʝʥʥʳʭ ʚʝʱʝʩʪʚʘʭ ʨʘʟʣʠʯʘʶʪ ʜʚʘ ʚʠʜʘ 

ʄʂʕ, ʦʙʫʩʣʦʚʣʝʥʥʳʝ: (1) ʧʘʨʘʧʨʦʮʝʩʩʦʤ (ʠʟʤʝʥʝʥʠʝʤ ʦʙʤʝʥʥʦʡ ʵʥʝʨʛʠʠ) 

ʠ (2) ʧʨʦʮʝʩʩʦʤ ʚʨʘʱʝʥʠʷ ʚʝʢʪʦʨʘ (ʠʟʤʝʥʝʥʠʝʤ ʵʥʝʨʛʠʠ ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦ-

ʪʨʦʧʠʠ). 

ʀʟʥʘʯʘʣʴʥʦ ʦʩʦʙʦʝ ʚʥʠʤʘʥʠʷ ʫʜʝʣʷʣʦʩʴ ʠʩʩʣʝʜʦʚʘʥʠʶ ʄʂʕ ʚʳʩʦʢʦ-

ʯʠʩʪʳʭ ʈɿʄ, ʩʨʝʜʠ ʢʦʪʦʨʳʭ ʦʩʦʙʦʝ ʤʝʩʪʦ ʟʘʥʠʤʘʣ ʛʘʜʦʣʠʥʠʡ ʦʙʣʘʜʘʶʱʝʡ 

ʬʝʨʨʦʤʘʛʥʠʪʥʳʤ ʫʧʦʨʷʜʦʯʝʥʠʝʤ ʩ ʪʝʤʧʝʨʘʪʫʨʦʡ ʂʶʨʠ ʨʘʚʥʦʡ 293 K. ɺ 

ʪʦʞʝ ʚʨʝʤʷ ʧʨʠ ʠʩʩʣʝʜʦʚʘʥʠʠ Dy ʙʳʣ ʦʙʥʘʨʫʞʝʥ ʄʂʕ ʩ ʦʪʨʠʮʘʪʝʣʴʥʳʤ 

ʟʥʘʢʦʤ ȹTad ʚ ʦʙʣʘʩʪʠ ʬʘʟʦʚʦʛʦ ʧʝʨʝʭʦʜʘ ʪʠʧʘ ʧʦʨʷʜʦʢ-ʧʦʨʷʜʦʢ.  

ʄʘʢʩʠʤʘʣʴʥʳʝ ʟʥʘʯʝʥʠʷ ʄʂʕ ʫ ʤʘʛʥʠʪʦʫʧʦʨʷʜʦʯʝʥʥʳʭ ʚʝʱʝʩʪʚ ʥʘ-

ʙʣʶʜʘʶʪʩʷ ʚʙʣʠʟʠ ʪʝʤʧʝʨʘʪʫʨ ʤʘʛʥʠʪʥʳʭ ʬʘʟʦʚʳʭ ʧʝʨʝʭʦʜʦʚ, ʘ ʠʤʝʥʥʦ, 

ʧʝʨʝʭʦʜʦʚ ʪʠʧʘ çʧʦʨʷʜʦʢ-ʙʝʩʧʦʨʷʜʦʢè ʠʣʠ çʧʦʨʷʜʦʢ-ʧʦʨʷʜʦʢè. ɺ ʬʝʨʨʦ-

ʤʘʛʥʝʪʠʢʝ ʤʘʢʩʠʤʫʤ ʄʂʕ ʚ ʪʦʯʢʝ ʂʶʨʠ (ʊʉ), ʦʙʲʷʩʥʷʝʪʩʷ ʪʝʤ, ʯʪʦ ʚʙʣʠʟʠ 

ʊʉ ʧʨʦʠʟʚʦʜʥʘʷ ʦʪ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʧʦ ʪʝʤʧʝʨʘʪʫʨʝ ʜʦʩʪʠʛʘʝʪ ʤʘʢʩʠʤʫʤʘ. 

ɺ ʬʝʨʨʦʤʘʛʥʝʪʠʢʘʭ, ʢʘʢ ʧʨʘʚʠʣʦ, ʄʂʕ ʧʦʣʦʞʠʪʝʣʝʥ.  

ɺ ʬʝʨʨʠʤʘʛʥʝʪʠʢʘʭ ʧʦʚʝʜʝʥʠʝ ʄʂʕ ʟʘʤʝʪʥʦ ʦʪʣʠʯʘʝʪʩʷ ʦʪ ʪʦʛʦ, ʢʦʪʦ-

ʨʦʝ ʥʘʙʣʶʜʘʝʪʩʷ ʚ ʬʝʨʨʦʤʘʛʥʝʪʠʢʘʭ [4].  ʋʩʣʦʞʥʝʥʠʝ ʩʚʷʟʘʥʦ ʩ ʚʣʠʷʥʠʝʤ 

ʈɿ ʧʦʜʨʝʰʝʪʢʠ ʥʘ ʪʝʧʣʦʚʦʝ ʩʦʩʪʦʷʥʠʝ ʬʝʨʨʠʪʘ.  ʀʟʤʝʥʝʥʠʝ ʟʥʘʢʘ ʄʂʕ 

ʚʙʣʠʟʠ ʪʦʯʢʠ ʢʦʤʧʝʥʩʘʮʠʠ (ʊʢ) ʩʚʷʟʘʥʦ ʩ ʧʦʜʨʝʰʝʪʦʯʥʦʡ ʤʘʛʥʠʪʥʦʡ ʩʪʨʫʢ-

ʪʫʨʦʡ: ʢʘʞʜʘʷ ʠʟ ʜʚʫʭ ʧʦʜʨʝʰʝʪʦʢ ʜʘʝʪ ʩʚʦʡ ʚʢʣʘʜ ʚ ʨʝʟʫʣʴʪʠʨʫʶʱʠʡ 

ʄʂʕ ʬʝʨʨʠʪʘ [4-5]. ɺ ʬʝʨʨʠʤʘʛʥʝʪʠʢʝ ʢʦʣʠʯʝʩʪʚʦ ʪʝʧʣʦʪʳ ȹQ, ʚʳʜʝʣʷʝ-

ʤʦʝ ʟʘ ʩʯʝʪ ʄʂʕ ʤʦʞʥʦ ʧʨʝʜʩʪʘʚʠʪʴ ʚ ʚʠʜʝ: 

  (1) 

ʟʜʝʩʴ M1 ʠ ʄ2 ï ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʴ ʧʦʜʨʝʰʝʪʦʢ ʞʝʣʝʟʘ ʠ ʈɿʄ. ʇʨʠ T < Tʢ 

ʚʝʢʪʦʨ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʈɿ ʧʦʜʨʝʰʝʪʢʠ ʥʘʧʨʘʚʣʝʥ ʚʜʦʣʴ ʧʦʣʷ , ʘ ʥʘ-

ʤʘʛʥʠʯʝʥʥʦʩʪʴ ʧʦʜʨʝʰʝʪʢʠ ʞʝʣʝʟʘ ʚ ʧʨʦʪʠʚʦʧʦʣʦʞʝʥʥʫʶ ʩʪʦʨʦʥʫ , 

ʪʦʛʜʘ ʄʂʕ ʧʘʨʘʧʨʦʮʝʩʩʘ ʙʫʜʝʪ ʦʧʨʝʜʝʣʷʪʩʷ ʨʝʟʫʣʴʪʘʪʦʤ ʫʧʦʨʷʜʦʯʝʥʠʷ 

ʤʘʛʥʠʪʥʳʭ ʤʦʤʝʥʪʦʚ ʈɿ ʧʦʜʨʝʰʝʪʢʠ ʧʨʠ ʚʦʟʨʘʩʪʘʥʠʠ ʚʥʝʰʥʝʛʦ ʤʘʛʥʠʪʥʦ-

ʛʦ ʧʦʣʷ. ʇʨʠ  ʩʠʪʫʘʮʠʷ ʦʙʨʘʪʥʘʷ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʴ ʧʦʜʨʝʰʝʪʢʠ Fe 

, ʘ . ɺ ʵʪʦʤ ʩʣʫʯʘʝ ʧʨʠ ʚʦʟʨʘʩʪʘʥʠʠ ʧʦʣʷ ʧʨʦʠʩʭʦʜʠʪ ʩʠʣʴʥʦʝ 

ʨʘʟʫʧʦʨʷʜʦʯʝʥʠʝ ʤʘʛʥʠʪʥʳʭ ʤʦʤʝʥʪʦʚ ʈɿ ʠʦʥʦʚ, ʠ ʩʣʘʙʦ ʚʳʨʘʞʝʥʥʦʝ ʫʧʦ-

ʨʷʜʦʯʝʥʠʝ ʤʦʤʝʥʪʦʚ ʧʦʜʨʝʰʝʪʢʠ ʞʝʣʝʟʘ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʧʦʣʫʯʘʝʪʩʷ ʦʪʨʠʮʘ-
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ʪʝʣʴʥʳʡ ʟʥʘʢ ȹTad. ʆʪʩʶʜʘ ʚʳʪʝʢʘʝʪ ʠʟʤʝʥʝʥʠʝ ʟʥʘʢʘ ʄʂʕ ʧʨʠ . ʉʣʝ-

ʜʦʚʘʪʝʣʴʥʦ, ʫ ʬʝʨʨʠʤʘʛʥʝʪʠʢʦʚ ʤʦʞʝʪ ʚʦʟʥʠʢʘʪʴ ʟʥʘʢʦʧʝʨʝʤʝʥʥʳʡ ʄʂʕ 

ʧʨʠ ʠʟʤʝʥʝʥʠʠ ʪʝʤʧʝʨʘʪʫʨʳ. 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʠʟʫʯʝʥʳ ʠ ʧʨʦʘʥʘʣʠʟʠʨʦʚʘʥʳ ʤʘʛʥʠʪʦʢʘʣʦʨʠʯʝʩʢʠʝ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʥʝʩʢʦʣʴʢʠʭ ʚʘʞʥʝʡʰʠʭ ʩʠʩʪʝʤ ʩ ʟʘʤʝʱʝʥʠʷʤʠ ʚ ʈɿ ʠ 3d-

ʧʦʜʨʝʰʝʪʢʘʭ: RT, RT2 (ʩʦ ʩʪʨʫʢʪʫʨʦʡ ʬʘʟ ʃʘʚʝʩʘ), R2ʊ17 (ʊ = Fe, Co, Al), ʘ 

ʪʘʢʞʝ ʠʭ ʛʠʜʨʠʜʳ, ʢʦʪʦʨʳʝ ʠʤʝʶʪ ʪʦʯʢʫ ʤʘʛʥʠʪʥʦʡ ʢʦʤʧʝʥʩʘʮʠʠ ʠ ʜʝʤʦʥ-

ʩʪʨʠʨʫʶʪ ʟʥʘʢʦʧʝʨʝʤʝʥʥʫʶ ʪʝʤʧʝʨʘʪʫʨʥʫʶ ʟʘʚʠʩʠʤʦʩʪʴ ʄʂʕ. ʊʘʢʠʝ ʤʘ-

ʪʝʨʠʘʣʳ ʤʦʞʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʜʣʷ ʨʘʟʨʘʙʦʪʢʠ ʨʘʟʣʠʯʥʳʭ ʜʘʪʯʠʢʦʚ ʠ ʩʝʥʩʦ-

ʨʦʚ ʜʣʷ ʨʦʙʦʪʦʪʝʭʥʠʢʠ. 

ʄʘʛʥʠʪʦʢʘʣʦʨʠʯʝʩʢʠʡ ʵʬʬʝʢʪ ʚ ʧʩʝʚʜʦʙʠʥʘʨʥʦʤ ʩʦʝʜʠʥʝʥʠʠ 

Gd0.9Dy0.1Ni ʠ ʝʛʦ ʛʠʜʨʠʜʘʭ ʙʳʣ ʪʘʢʞʝ ʦʧʨʝʜʝʣʝʥ ʢʦʩʚʝʥʥʳʤ ʤʝʪʦʜʦʤ ʧʦ 

ʠʟʤʝʥʝʥʠʶ ʤʘʛʥʠʪʥʦʡ ʵʥʪʨʦʧʠʠ ȹSm ʧʨʠ ʠʟʤʝʥʝʥʠʷ ʚʥʝʰʥʝʛʦ ʤʘʛʥʠʪʥʦʛʦ 

ʧʦʣʷ ɛ0ȹH = 5 Tʣ. ʅʘʡʜʝʥʦ, ʯʪʦ ʚʥʝʜʨʝʥʠʝ ʪʨʝʭ ʘʪʦʤʦʚ ʚʦʜʦʨʦʜʘ ʚ ʢʨʠ-

ʩʪʘʣʣʠʯʝʩʢʫʶ ʨʝʰʝʪʢʫ ʠʩʭʦʜʥʳʭ ʩʦʝʜʠʥʝʥʠʡ GdNi ʠ Gd0.9Dy0.1Ni ʦʢʘʟʳʚʘ-

ʝʪ ʩʠʣʴʥʦʝ ʚʣʠʷʥʠʝ ʥʘ ʪʝʤʧʝʨʘʪʫʨʫ ʤʘʛʥʠʪʥʦʛʦ ʫʧʦʨʷʜʦʯʝʥʠʷ, ʩʤʝʱʘʷ ʝʝ 

ʠʟ ʦʙʣʘʩʪʠ ʪʝʤʧʝʨʘʪʫʨ 65-70 K ʚ ʦʙʣʘʩʪʴ ʪʝʤʧʝʨʘʪʫʨ 5-10 K. ʉʨʘʚʥʝʥʠʝ ʨʝ-

ʟʫʣʴʪʘʪʦʚ ʠʩʩʣʝʜʦʚʘʥʠʷ ʚʝʣʠʯʠʥʳ ʄʂʕ, ʢʦʪʦʨʳʡ ʜʝʤʦʥʩʪʨʠʨʫʶʪ ʩʦʝʜʠ-

ʥʝʥʠʷ, ʧʦʢʘʟʳʚʘʝʪ, ʯʪʦ ʯʘʩʪʠʯʥʘʷ ʟʘʤʝʥʘ Gd ʥʘ Dy ʚ ʩʦʝʜʠʥʝʥʠʠ GdNi ʟʥʘ-

ʯʠʪʝʣʴʥʦ ʫʚʝʣʠʯʠʣʘ Mʂʕ.  

ʂʨʠʩʪʘʣʣʠʯʝʩʢʘʷ ʩʪʨʫʢʪʫʨʘ ʟʘʤʝʱʝʥʥʳʭ ʩʦʝʜʠʥʝʥʠʡ R2(Fe,T)17 ʟʘʚʠʩʠʪ 

ʢʘʢ ʦʪ ʪʠʧʘ ʨʝʜʢʦʟʝʤʝʣʴʥʦʛʦ ʤʝʪʘʣʣʘ (ʈɿʄ), ʪʘʢ ʠ ʟʘʤʝʱʘʶʱʝʛʦ ʵʣʝʤʝʥʪʘ 

ʠ ʝʛʦ ʢʦʥʮʝʥʪʨʘʮʠʠ. ɿʘʤʝʱʝʥʥʳʝ ʩʦʩʪʘʚʳ ʪʠʧʘ R2Fe10Al 7 ʩ ʪʷʞʝʣʳʤʠ ʈɿʄ, 

ʦʙʣʘʜʘʶʪ ʩʪʨʫʢʪʫʨʦʡ ʪʠʧʘ Th2Zn17 (ʚ ʦʪʣʠʯʠʝ ʦʪ ʙʠʥʘʨʥʳʭ ʩʦʝʜʠʥʝʥʠʡ 

R2Fe17) ʠ ʬʝʨʨʠʤʘʛʥʠʪʥʳʤ ʫʧʦʨʷʜʦʯʝʥʠʝʤ. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʧʨʠ ʚʳʩʦʢʦʡ 

ʢʦʥʮʝʥʪʨʘʮʠʠ ʘʣʶʤʠʥʠʷ ʧʨʦʠʩʭʦʜʠʪ ʥʝ ʪʦʣʴʢʦ ʫʤʝʥʴʰʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ 

ʂʶʨʠ, ʥʦ ʠ ʫʤʝʥʴʰʝʥʠʝ ʤʘʛʥʠʪʥʦʛʦ ʤʦʤʝʥʪʘ 3d-ʧʦʜʨʝʰʝʪʢʠ, ʥʘʩʪʦʣʴʢʦ, 

ʯʪʦ ʝʛʦ ʚʝʣʠʯʠʥʘ ʩʪʘʥʦʚʠʪʩʷ ʩʨʘʚʥʠʤʘ ʩ ʤʘʛʥʠʪʥʳʤ ʤʦʤʝʥʪʦʤ ʨʝʜʢʦʟʝ-

ʤʝʣʴʥʦʡ ʧʦʜʨʝʰʝʪʢʠ. ʉʦʝʜʠʥʝʥʠʷ R2Fe10Al 7 (R = Tb, Dy ʠ Ho) ʧʨʝʜʩʪʘʚʣʷ-

ʶʪ ʩʦʙʦʡ ʬʝʨʨʠʤʘʛʥʝʪʠʢʠ, ʚ ʢʦʪʦʨʳʭ ʚ ʦʙʣʘʩʪʠ ʥʠʟʢʠʭ ʪʝʤʧʝʨʘʪʫʨ ʤʘʛ-

ʥʠʪʥʳʝ ʤʦʤʝʥʪʳ ʠʦʥʦʚ R
3+

 ʧʨʝʚʳʰʘʶʪ ʤʘʛʥʠʪʥʳʡ ʤʦʤʝʥʪ 3d-ʧʦʜʨʝʰʝʪʢʠ.  

ʉ ʧʦʚʳʰʝʥʠʝʤ ʪʝʤʧʝʨʘʪʫʨʳ ʤʘʛʥʠʪʥʳʡ ʤʦʤʝʥʪ ʈɿ ʧʦʜʨʝʰʝʪʢʠ ʫʙʳʚʘʝʪ 

ʙʳʩʪʨʝʝ, ʯʝʤ ʤʘʛʥʠʪʥʳʡ ʤʦʤʝʥʪ ʧʦʜʨʝʰʝʪʢʠ Fe, ʯʪʦ ʚ ʢʦʥʝʯʥʦʤ ʠʪʦʛʝ ʠ 

ʧʨʠʚʦʜʠʪ ʢ ʠʭ ʨʘʚʝʥʩʪʚʫ (MR = MFe) ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ ʤʘʛʥʠʪʥʦʡ ʢʦʤʧʝʥʩʘ-

ʮʠʠ Tʢ. ʆʪʤʝʪʠʤ, ʯʪʦ ʩʤʝʥʘ ʟʥʘʢʘ ʄʂʕ ʚ ʩʦʝʜʠʥʝʥʠʷʭ Dy2Fe10Al 7 ʠ 

Ho2Fe10Al 7 ʧʨʦʠʩʭʦʜʠʪ ʜʚʘʞʜʳ. ʆʩʥʦʚʥʦʡ ʧʨʠʯʠʥʦʡ ʪʘʢʦʛʦ ʧʦʚʝʜʝʥʠʷ, 

ʙʝʟʫʩʣʦʚʥʦ, ʷʚʣʷʝʪʩʷ ʥʘʣʠʯʠʝ ʪʦʯʢʠ ʤʘʛʥʠʪʥʦʡ ʢʦʤʧʝʥʩʘʮʠʠ, ʚʳʰʝ ʢʦʪʦ-

ʨʦʡ ʥʘʙʣʶʜʘʝʪʩʷ ʦʙʨʘʪʥʳʡ (ʦʪʨʠʮʘʪʝʣʴʥʳʡ) ʵʬʬʝʢʪ, ʘ ʥʠʞʝ Tʢ ʵʬʬʝʢʪ 

ʚʥʦʚʴ ʩʪʘʥʦʚʠʪʩʷ ʧʦʣʦʞʠʪʝʣʴʥʳʤ. 
ʊʝʤʧʝʨʘʪʫʨʘ ʂʶʨʠ ʙʠʥʘʨʥʳʭ ʩʦʝʜʠʥʝʥʠʡ RCo2 ʩʦ ʩʪʨʫʢʪʫʨʦʡ ʬʘʟʳ ʃʘ-

ʚʝʩʘ ʚʘʨʴʠʨʫʝʪʩʷ ʦʪ 4 K ʜʣʷ ʩʦʝʜʠʥʝʥʠʷ ʩ Tm ʜʦ 400 K ʜʣʷ ʩʦʝʜʠʥʝʥʠʷ ʩ 
Gd. ɼʣʷ ʦʙʣʘʩʪʠ ʪʝʤʧʝʨʘʪʫʨ 100<T<300 K ʥʘʠʙʦʣʴʰʠʡ ʠʥʪʝʨʝʩ ʩʨʝʜʠ 
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RCo2 ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʝʜʠʥʝʥʠʷ ʩ ʪʝʨʙʠʝʤ (TC = 230 K). ʀʩʧʦʣʴʟʫʷ ʨʘʟʣʠʯ-
ʥʳʝ ʘʪʦʤʳ ʟʘʤʝʱʝʥʠʷ (ʢʘʢ ʜʣʷ ʨʝʜʢʦʟʝʤʝʣʴʥʦʡ ʧʦʜʨʝʰʝʪʢʠ, ʪʘʢ ʠ ʜʣʷ 
ʧʦʜʨʝʰʝʪʢʠ ʢʦʙʘʣʴʪʘ), ʘ ʪʘʢʞʝ ʘʪʦʤʳ ʚʥʝʜʨʝʥʠʷ ʤʦʞʥʦ ʨʝʛʫʣʠʨʦʚʘʪʴ ʪʝʤ-
ʧʝʨʘʪʫʨʫ ʂʶʨʠ, ʜʦʩʪʠʛʘʷ ʟʘʨʘʥʝʝ ʟʘʜʘʥʥʳʭ ʟʥʘʯʝʥʠʡ. ʄʘʛʥʠʪʦʢʘʣʦʨʠʯʝ-
ʩʢʠʡ ʵʬʬʝʢʪ ʚ TbCo2 ʜʦʩʪʘʪʦʯʥʦ ʚʳʩʦʢʠʡ ʠ ʩʦʩʪʘʚʣʷʝʪ ȹTaʜ ~2 K ʧʨʠ ʠʟ-
ʤʝʥʝʥʠʠ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ Õ0ȹH = 2 ʊʣ. ɸʪʦʤʳ ʟʘʤʝʱʝʥʠʷ ʠ ʚʥʝʜʨʝʥʠʷ 
ʦʢʘʟʳʚʘʪʴ ʚʣʠʷʥʠʝ ʠ ʥʘ ʚʝʣʠʯʠʥʫ ʄʂʕ. ɸʥʘʣʠʟ ʟʘʚʠʩʠʤʦʩʪʠ ʚʝʣʠʯʠʥʳ 
ʄʂʕ ʦʪ ʠʭ ʪʝʤʧʝʨʘʪʫʨ ʂʶʨʠ ʜʣʷ ʥʝʩʢʦʣʴʢʠʭ ʩʠʩʪʝʤ ʧʦʢʘʟʳʚʘʝʪ, ʯʪʦ ʚ ʩʦ-
ʝʜʠʥʝʥʠʠ TbCo2 ʟʘʤʝʱʝʥʠʝ ʘʪʦʤʦʚ ʪʝʨʙʠʷ ʘʪʦʤʘʤʠ ʜʠʩʧʨʦʟʠʷ ʩʧʦʩʦʙʩʪʚʫ-
ʝʪ ʚʦʟʨʘʩʪʘʥʠʶ ʚʝʣʠʯʠʥʳ ʄʂʕ ʠ ʦʜʥʦʚʨʝʤʝʥʥʦʤʫ ʫʤʝʥʴʰʝʥʠʶ ʪʝʤʧʝʨʘ-
ʪʫʨʳ ʂʶʨʠ. ɺ ʪʦ ʞʝ ʩʘʤʦʝ ʚʨʝʤʷ ʯʘʩʪʠʯʥʦʝ ʟʘʤʝʱʝʥʠʝ ʘʪʦʤʦʚ ʢʦʙʘʣʴʪʘ 
ʘʪʦʤʘʤʠ ʞʝʣʝʟʘ ʥʘʧʨʦʪʠʚ, ʧʨʠʚʦʜʠʪ ʢ ʫʚʝʣʠʯʝʥʠʶ ʊʉ ʠ ʩʥʠʞʝʥʠʶ ʚʝʣʠʯʠ-
ʥʳ ʄʂʕ. ɿʘʤʝʪʠʤ, ʯʪʦ ʟʘʤʝʱʝʥʠʷ ʚ 4f- ʠ 3d-ʧʦʜʨʝʰʝʪʢʘʭ ʩʦʝʜʠʥʝʥʠʷ 
TbCo2 ʤʘʛʥʠʪʦʘʢʪʠʚʥʳʤʠ ʠʦʥʘʤʠ (Dy ʠʣʠ Fe) ʧʦʟʚʦʣʷʶʪ ʧʦʣʫʯʠʪʴ ʤʦʥʦ-
ʪʦʥʥʫʶ ʟʘʚʠʩʠʤʦʩʪʴ  ȹSm(TC). ɺʚʝʜʝʥʠʝ ʘʪʦʤʦʚ ʚʦʜʦʨʦʜʘ ʚ ʢʨʠʩʪʘʣʣʠʯʝ-
ʩʢʫʶ ʨʝʰʝʪʢʫ ʩʦʝʜʠʥʝʥʠʷ TbCo2 ʧʨʠʚʦʜʠʪ ʢʘʢ ʢ ʫʤʝʥʴʰʝʥʠʶ ʊʉ, ʪʘʢ ʠ ʢ 
ʫʤʝʥʴʰʝʥʠʶ ʚʝʣʠʯʠʥʳ ʄʂʕ. ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʚʝʣʠʯʠʥʘ ʄʂʕ ʜʣʷ 
ʛʠʜʨʠʜʘ TbCo2H2.4 ʠ ʟʘʤʝʱʝʥʥʦʛʦ ʩʦʩʪʘʚʘ TbCo1.9Fe0.1 ʧʨʘʢʪʠʯʝʩʢʠ ʩʦʚʧʘ-
ʜʘʶʪ. 
ʆʪʣʠʯʠʪʝʣʴʥʦʡ ʦʩʦʙʝʥʥʦʩʪʴʶ ʬʝʨʨʠʤʘʛʥʝʪʠʢʦʚ ʩ ʪʦʯʢʦʡ ʤʘʛʥʠʪʥʦʡ 

ʢʦʤʧʝʥʩʘʮʠʠ ʷʚʣʷʝʪʩʷ ʪʦʪ ʬʘʢʪ, ʯʪʦ ʤʘʛʥʠʪʦʢʘʣʦʨʠʯʝʩʢʠʡ ʵʬʬʝʢʪ ʜʚʘʞʜʳ 
ʤʝʥʷʝʪ ʟʥʘʢ ʧʨʠ ʠʟʤʝʥʝʥʠʠ ʪʝʤʧʝʨʘʪʫʨʳ, ʩ ʧʦʣʦʞʠʪʝʣʴʥʦʛʦ ʥʘ ʦʪʨʠʮʘ-
ʪʝʣʴʥʦʡ ʚʙʣʠʟʠ ʪʦʯʢʠ ʢʦʤʧʝʥʩʘʮʠʠ ʠ ʩ ʦʪʨʠʮʘʪʝʣʴʥʦʛʦ ʥʘ ʧʦʣʦʞʠʪʝʣʴʥʳʡ 
ʧʨʠ ʧʨʠʙʣʠʞʝʥʠʠ ʢ TC. ʇʦʜʦʙʥʳʝ ʤʘʪʝʨʠʘʣʳ ʤʦʛʫʪ ʠʤʝʪʴ ʚʘʞʥʦʝ ʟʥʘʯʝʥʠʝ 
ʧʨʠ ʠʭ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʚ ʜʘʪʯʠʢʘʭ ʪʝʤʧʝʨʘʪʫʨʳ ʠ ʫʩʪʨʦʡʩʪʚʘʭ ʩʪʘʙʠʣʠʟʘ-
ʮʠʠ ʪʝʤʧʝʨʘʪʫʨʳ. 
ɼʝʪʘʣʴʥʦʝ ʠʟʫʯʝʥʠʝ ʠ ʘʥʘʣʠʟ ʦʩʥʦʚʥʳʭ ʤʘʛʥʠʪʦʢʘʣʦʨʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝ-

ʨʠʩʪʠʢ ʬʝʨʨʦ- ʠ ʬʝʨʨʠʤʘʛʥʠʪʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʦʪʢʨʳʚʘʝʪ ʚʦʟʤʦʞʥʦʩʪʴ ʜʣʷ 
ʧʦʠʩʢʘ ʠ ʧʨʦʛʥʦʟʠʨʦʚʘʥʠʷ ʥʦʚʳʭ ʤʘʪʝʨʠʘʣʦʚ ʩ ʟʘʜʘʥʥʳʤ ʢʦʤʧʣʝʢʩʦʤ 
ʩʚʦʡʩʪʚ ʜʣʷ ʧʨʘʢʪʠʯʝʩʢʦʛʦ ʧʨʠʤʝʥʝʥʠʷ. 
ʀʩʩʣʝʜʦʚʘʥʠʝ ʚʳʧʦʣʥʝʥʦ ʟʘ ʩʯʝʪ ʛʨʘʥʪʘ ʈʦʩʩʠʡʩʢʦʛʦ ʥʘʫʯʥʦʛʦ ʬʦʥʜʘ 

(ʧʨʦʝʢʪ ˉ 22-29-00773, https://rscf.ru/project/22-29-00773/, ʄʦʩʢʦʚʩʢʠʡ ʛʦ-
ʩʫʜʘʨʩʪʚʝʥʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʠʤʝʥʠ M.ɺ. ʃʦʤʦʥʦʩʦʚʘ, ʛ ʄʦʩʢʚʘ). 
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ɺ ʈɽɾʀʄɽ ʂʋʃʆʅʆɺʉʂʆʁ ɹʃʆʂɸɼʓ 

ʉʪ. ʥʘʫʯ. ʩʦʪʨ. ʂʣʝʱ ɺ.ʀ., ʧʨʦʬ. ʆʙʨʘʟʮʦʚ ɸ.ʅ. 

ɺ ʩʦʦʙʱʝʥʠʠ ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʛʦ ʠ ʪʝʦʨʝʪʠ-

ʯʝʩʢʦʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ ʵʬʬʝʢʪʦʚ, ʦʙʫʩʣʦʚʣʝʥʥʳʭ ʷʚʣʝʥʠʝʤ ʢʫʣʦʥʦʚʩʢʦʡ 

ʙʣʦʢʘʜʳ, ʢʦʪʦʨʳʝ ʥʘʙʣʶʜʘʣʠʩʴ ʧʨʠ ʘʚʪʦʵʣʝʢʪʨʦʥʥʦʡ ʵʤʠʩʩʠʠ ʠʟ ʥʘʥʦʨʘʟ-

ʤʝʨʥʳʭ ʫʛʣʝʨʦʜʥʳʭ ʩʪʨʫʢʪʫʨ. 

ʈʘʟʣʠʯʥʳʝ ʧʨʦʷʚʣʝʥʠʷ ʦʜʥʦʵʣʝʢʪʨʦʥʥʦʛʦ ʪʫʥʥʝʣʠʨʦʚʘʥʠʷ, ʦʙʫʩʣʦʚʣʝʥ-

ʥʦʛʦ ʜʠʩʢʨʝʪʥʦʩʪʴʶ ʟʘʨʷʜʘ, ʙʳʣʠ ʧʦʜʨʦʙʥʦ ʠʩʩʣʝʜʦʚʘʥʳ ʥʘʯʠʥʘʷ ʩ 1980-ʭ 

ʛʦʜʦʚ ʚ ʪʚʝʨʜʦʪʝʣʴʥʳʭ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʭ ʩʪʨʫʢʪʫʨʘʭ ʠ ʫʩʪʨʦʡʩʪʚʘʭ 

ʤʠʢʨʦʤʝʪʨʦʚʦʛʦ ʤʘʩʰʪʘʙʘ, ʩʦʜʝʨʞʘʱʠʭ ʥʘʥʦʨʘʟʤʝʨʥʳʝ ʢʣʘʩʪʝʨʳ [1]. ʆʜ-

ʥʘʢʦ ʚ ʤʘʢʨʦʩʢʦʧʠʯʝʩʢʠ ʙʦʣʴʰʠʭ ʵʣʝʢʪʨʦʥʥʳʭ ʫʩʪʨʦʡʩʪʚʘʭ, ʢ ʢʦʪʦʨʳʤ ʦʪ-

ʥʦʩʷʪʩʷ ʚʘʢʫʫʤʥʳʝ ʵʣʝʢʪʨʦʥʥʳʝ ʩʠʩʪʝʤʳ, ʩ ʥʘʥʦʨʘʟʤʝʨʥʳʤʠ ʢʣʘʩʪʝʨʘʤʠ, 

ʚʳʧʦʣʥʷʶʱʠʤʠ ʨʦʣʴ ʧʦʣʝʚʦʛʦ ʵʤʠʪʪʝʨʘ ʵʣʝʢʪʨʦʥʦʚ (ʘʚʪʦʢʘʪʦʜʘ), ʜʦ ʥʝ-

ʜʘʚʥʝʛʦ ʚʨʝʤʝʥʠ ʪʘʢʠʝ ʵʬʬʝʢʪʳ ʧʨʘʢʪʠʯʝʩʢʠ ʥʝ ʠʟʫʯʘʣʠʩʴ. ʇʨʠʤʝʨ ʪʘʢʦʡ 

ʩʠʩʪʝʤʳ ʩʭʝʤʘʪʠʯʝʩʢʠ ʧʨʝʜʩʪʘʚʣʝʥ ʥʘ ʈʠʩ. 1ʘ. ɸʚʪʦʢʘʪʦʜ ʟʜʝʩʴ ʧʨʝʜʩʪʘʚ-

ʣʷʝʪ ʩʦʙʦʡ ʥʘʥʦʨʘʟʤʝʨʥʳʡ ʦʙʲʝʢʪ (ʥʘʥʦʵʤʠʪʪʝʨ), ʩʬʦʨʤʠʨʦʚʘʥʥʳʡ ʥʘ 

ʧʨʦʚʦʜʷʱʝʤ ʦʩʪʨʠʝ ʠ ʦʪʜʝʣʝʥʥʳʡ ʦʪ ʥʝʛʦ ʪʦʥʢʠʤ ʠʟʦʣʠʨʫʶʱʝʤ ʩʣʦʝʤ, 

ʩʢʚʦʟʴ ʢʦʪʦʨʳʡ ʵʣʝʢʪʨʦʥʳ ʤʦʛʫʪ ʧʨʦʭʦʜʠʪʴ ʟʘ ʩʯʝʪ ʪʫʥʥʝʣʴʥʦʛʦ ʵʬʬʝʢʪʘ. 

ʇʨʠ ʦʧʨʝʜʝʣʝʥʥʳʭ ʫʩʣʦʚʠʷʭ ʚ ʪʘʢʦʡ ʩʠʩʪʝʤʝ ʤʦʞʝʪ ʚʦʟʥʠʢʘʪʴ ʵʬʬʝʢʪ ʢʫ-

ʣʦʥʦʚʩʢʦʡ ʙʣʦʢʘʜʳ, ʢʘʢ ʩʭʝʤʘʪʠʯʝʩʢʠ ʧʦʢʘʟʘʥʦ ʥʘ ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʡ ʵʥʝʨ-

ʛʝʪʠʯʝʩʢʦʡ ʜʠʘʛʨʘʤʤʝ ʥʘ ʈʠʩ. 1ʙ. ɺ ʵʪʦʤ ʩʣʫʯʘʝ ʪʫʥʥʝʣʠʨʦʚʘʥʠʝ ʵʣʝʢʪʨʦʥʘ 

ʠʟ ʦʩʪʨʠʷ ʥʘ ʥʘʥʦʵʤʠʪʪʝʨ ʵʥʝʨʛʝʪʠʯʝʩʢʠ ʥʝʚʳʛʦʜʥʦ (ʧʦʢʘʟʘʥʦ ʧʝʨʝʯʝʨʢʥʫ-

ʪʦʡ ʩʪʨʝʣʢʦʡ), ʪʘʢ ʢʘʢ ʧʨʠʚʦʜʠʪ ʢ ʩʤʝʱʝʥʠʶ ʫʨʦʚʥʷ ʌʝʨʤʠ ʚ ʤʘʪʝʨʠʘʣʝ 

ʵʤʠʪʪʝʨʘ ʥʘ ʚʝʣʠʯʠʥʫ ʵʥʝʨʛʠʠ ʟʘʨʷʜʢʠ ŭŮ (ʢʘʢ ʧʦʢʘʟʘʥʦ ʧʫʥʢʪʠʨʥʦʡ ʣʠʥʠ-

ʝʡ ʥʘ ʩʭʝʤʝ) ʧʦ ʦʪʥʦʰʝʥʠʶ ʢ ʧʦʣʦʞʝʥʠʶ ʫʨʦʚʥʷ ʌʝʨʤʠ ʚ ʤʘʪʝʨʠʘʣʝ ʦʩʪ-

ʨʠʷ.  
 

 
 

ʈʠʩ. 1. (ʘ) ʉʭʝʤʘʪʠʯʝʩʢʦʝ ʠʟʦʙʨʘʞʝʥʠʝ ʩʠʩʪʝʤʳ ʩ ʥʘʥʦʨʘʟʤʝʨʥʳʤ ʘʚʪʦʵʣʝʢʪʨʦʥʥʳʤ 

ʵʤʠʪʪʝʨʦʤ, ʦʪʜʝʣʝʥʥʳʤ ʦʪ ʢʘʪʦʜʘ ʠʟʦʣʠʨʫʶʱʠʤ ʩʣʦʝʤ. (ʙ) ʕʥʝʨʛʝʪʠʯʝʩʢʘʷ ʜʠʘʛʨʘʤʤʘ, 

ʠʣʣʶʩʪʨʠʨʫʶʱʘʷ ʚʣʠʷʥʠʝ ʵʬʬʝʢʪʘ ʢʫʣʦʥʦʚʩʢʦʡ ʙʣʦʢʘʜʳ ʥʘ ʵʣʝʢʪʨʦʥʥʳʡ ʪʨʘʥʩʧʦʨʪ. 

(ʚ) ʉʭʝʤʘʪʠʯʝʩʢʠʡ ʚʠʜ ʚʦʣʴʪʘʤʧʝʨʥʦʡ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʵʤʠʪʪʝʨʘ. 
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ʇʨʠʣʦʞʝʥʠʝ ʨʘʟʥʦʩʪʠ ʧʦʪʝʥʮʠʘʣʦʚ ʤʝʞʜʫ ʢʘʪʦʜʦʤ ʠ ʘʥʦʜʦʤ ʚ ʵʪʦʡ 

ʩʠʩʪʝʤʝ ʩʤʝʱʘʝʪ ʧʦʣʦʞʝʥʠʝ ʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʫʨʦʚʥʝʡ ʠ ʚʝʨʦʷʪʥʦʩʪʴ ʪʫʥʥʝ-

ʣʠʨʦʚʘʥʠʷ ʦʢʘʟʳʚʘʝʪʩʷ ʟʘʚʠʩʷʱʝʡ ʦʪ ʚʝʣʠʯʠʥʳ ʥʘʧʨʷʞʝʥʠʷ. ʕʪʦ ʧʨʦʷʚʣʷ-

ʝʪʩʷ ʚ ʬʦʨʤʝ ʚʦʣʴʪʘʤʧʝʨʥʦʡ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ, ʢʦʪʦʨʘʷ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ 

ʥʘʣʦʞʝʥʠʝ (ʩʫʤʤʫ) ʩʪʘʥʜʘʨʪʥʦʛʦ ʜʣʷ ʘʚʪʦʵʣʝʢʪʨʦʥʥʦʡ ʵʤʠʩʩʠʠ ʵʢʩʧʦʥʝʥ-

ʮʠʘʣʴʥʦʛʦ ʨʦʩʪʘ ʠ ʧʝʨʠʦʜʠʯʝʩʢʠ ʠʟʤʝʥʷʶʱʝʡʩʷ ʟʘʚʠʩʠʤʦʩʪʠ ʪʦʢʘ ʵʤʠʪʠ-

ʨʦʚʘʥʥʳʭ ʵʣʝʢʪʨʦʥʦʚ ʦʪ ʥʘʧʨʷʞʝʥʠʷ (ʈʠʩ. 1ʚ) [2]. 

ʋʢʘʟʘʥʥʳʝ ʦʩʦʙʝʥʥʦʩʪʠ, ʭʘʨʘʢʪʝʨʥʳʝ ʜʣʷ ʘʚʪʦʵʣʝʢʪʨʦʥʥʦʡ ʵʤʠʩʩʠʠ ʚ 

ʨʝʞʠʤʝ ʢʫʣʦʥʦʚʩʢʦʡ ʙʣʦʢʘʜʳ, ʙʳʣʠ ʦʙʥʘʨʫʞʝʥʳ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʜʣʷ 

ʘʚʪʦʢʘʪʦʜʦʚ ʥʘ ʦʩʥʦʚʝ ʘʣʤʘʟʥʳʭ ʤʠʢʨʦʠʛʣ [3,4] ʠ ʫʛʣʝʨʦʜʥʳʭ ʥʘʥʦʪʨʫʙʦʢ 

[5]. ɺʦʟʥʠʢʥʦʚʝʥʠʝ ʜʘʥʥʳʭ ʦʩʦʙʝʥʥʦʩʪʝʡ ʦʙʲʷʩʥʷʝʪʩʷ ʩʪʨʫʢʪʫʨʥʦʡ ʤʦʜʠ-

ʬʠʢʘʮʠʝʡ ʧʦʚʝʨʭʥʦʩʪʠ ʘʚʪʦʢʘʪʦʜʦʚ, ʧʨʦʠʩʭʦʜʷʱʝʡ ʧʨʠ ʦʧʨʝʜʝʣʝʥʥʳʭ ʫʩ-

ʣʦʚʠʷʭ ʚ ʧʨʦʮʝʩʩʝ ʵʤʠʩʩʠʠ ʵʣʝʢʪʨʦʥʦʚ. ɼʣʷ ʩʣʫʯʘʷ ʵʤʠʪʪʝʨʘ ʥʘ ʦʩʥʦʚʝ ʘʣ-

ʤʘʟʥʦʡ ʤʠʢʨʦʠʛʣʳ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʥʘ ʝʛʦ ʦʩʪʨʠʝ ʬʦʨʤʠʨʫʝʪʩʷ ʩʣʦʡ 

ʘʤʦʨʬʥʦʛʦ ʫʛʣʝʨʦʜʘ, ʦʢʘʥʯʠʚʘʶʱʠʡʩʷ ʧʨʦʪʷʞʝʥʥʳʤ ʥʘʥʦʨʘʟʤʝʨʥʳʤ ʚʳ-

ʩʪʫʧʦʤ ï ʥʘʥʦʧʨʦʚʦʣʦʢʦʡ. ʊʘʢʘʷ ʥʘʥʦʧʨʦʚʦʣʦʢʘ ʠʛʨʘʝʪ ʨʦʣʴ ʥʘʥʦʵʤʠʪʪʝʨʘ, 

ʦʪʜʝʣʝʥʥʦʛʦ ʦʪ ʪʝʣʘ ʠʛʣʳ ʪʫʥʥʝʣʴʥʳʤ ʙʘʨʴʝʨʦʤ, ʘʥʘʣʦʛʠʯʥʦʛʦ ʙʘʨʴʝʨʫ 

ʐʦʪʪʢʠ, ʚʦʟʥʠʢʘʶʱʝʤʫ ʟʘ ʩʯʝʪ ʨʘʟʣʠʯʥʦʡ ʩʪʝʧʝʥʠ ʛʨʘʬʠʪʠʟʘʮʠʠ ʥʘʥʦʧʨʦ-

ʚʦʣʦʢʠ ʠ ʩʣʦʷ ʘʤʦʨʬʥʦʛʦ ʫʛʣʝʨʦʜʘ. ʈʘʩʯʝʪ ʝʤʢʦʩʪʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʵʤʠʪ-

ʪʝʨʘ ʩ ʪʘʢʦʡ ʥʘʥʦʧʨʦʚʦʣʦʢʦʡ ʧʦʢʘʟʳʚʘʝʪ ʢʦʣʠʯʝʩʪʚʝʥʥʦʝ ʩʦʦʪʚʝʪʩʪʚʠʝ ʩʦ 

ʟʥʘʯʝʥʠʷʤʠ, ʧʦʣʫʯʝʥʥʳʤʠ ʚ ʨʝʟʫʣʴʪʘʪʝ ʨʘʩʯʝʪʦʚ ʩ ʧʦʤʦʱʴʶ ʦʩʥʦʚʘʥʥʦʡ 

ʥʘ ʪʨʘʜʠʮʠʦʥʥʳʭ ʧʦʜʭʦʜʘʭ ʢ ʦʧʠʩʘʥʠʶ ʦʜʥʦʵʣʝʢʪʨʦʥʥʳʭ ʵʬʬʝʢʪʦʚ ʚ 

ʪʚʝʨʜʦʪʝʣʴʥʳʭ ʩʪʨʫʢʪʫʨʘʭ ʤʦʜʝʣʠ ʪʨʘʥʩʧʦʨʪʘ ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ ʚ ʩʠʩʪʝʤʝ 

ʩ ʘʚʪʦʵʤʠʩʩʠʦʥʥʳʤ ʠʩʪʦʯʥʠʢʦʤ ʵʣʝʢʪʨʦʥʦʚ [1,2]. ɸʥʘʣʠʟ ʧʦʣʫʯʝʥʥʳʭ ʵʢʩ-

ʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ ʩ ʧʦʤʦʱʴʶ ʧʨʝʜʣʦʞʝʥʥʦʡ ʤʦʜʝʣʠ ʧʦʟʚʦʣʠʣ ʫʩʪʘ-

ʥʦʚʠʪʴ ʧʨʠʯʠʥʳ ʧʦʜʘʚʣʝʥʠʷ ʦʜʥʦʵʣʝʢʪʨʦʥʥʳʭ ʵʬʬʝʢʪʦʚ, ʥʘʙʣʶʜʘʚʰʝʛʦʩʷ 

ʚ ʦʙʣʘʩʪʠ ʚʳʩʦʢʦʛʦ ʥʘʧʨʷʞʝʥʠʷ. ɺ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʤʦʜʝʣʴʶ ʪʘʢʦʝ ʧʦʜʘʚʣʝ-

ʥʠʝ ʦʙʲʷʩʥʷʝʪʩʷ ʨʝʟʠʩʪʠʚʥʳʤ ʨʘʟʦʛʨʝʚʦʤ ʵʤʠʪʪʝʨʘ, ʣʠʙʦ ʟʥʘʯʠʪʝʣʴʥʳʤ 

ʫʚʝʣʠʯʝʥʠʝʤ ʧʨʦʟʨʘʯʥʦʩʪʠ ʪʫʥʥʝʣʴʥʦʛʦ ʙʘʨʴʝʨʘ ʥʘ ʛʨʘʥʠʮʝ ʩ ʚʘʢʫʫʤʦʤ. 

ɹʳʣʦ ʪʘʢʞʝ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʩʪʨʫʢʪʫʨʥʘʷ ʤʦʜʠʬʠʢʘʮʠʷ ʘʣʤʘʟʥʳʭ ʤʠʢʨʦʠʛʣ ʚ 

ʧʨʦʮʝʩʩʝ ʘʚʪʦʵʣʝʢʪʨʦʥʥʦʡ ʵʤʠʩʩʠʠ ʤʦʞʝʪ ʧʨʠʚʦʜʠʪʴ ʥʝ ʪʦʣʴʢʦ ʢ ʚʦʟʥʠʢ-

ʥʦʚʝʥʠʶ ʢʫʣʦʥʦʚʩʢʦʡ ʙʣʦʢʘʜʳ, ʥʦ ʠ ʢ ʵʬʬʝʢʪʫ ʨʝʟʦʥʘʥʩʥʦʛʦ ʪʫʥʥʝʣʠʨʦ-

ʚʘʥʠʷ, ʚʦʟʥʠʢʘʶʱʝʛʦ ʚ ʨʝʟʫʣʴʪʘʪʝ ʢʚʘʥʪʦʚʦʛʦ ʨʘʟʤʝʨʥʦʛʦ ʵʬʬʝʢʪʘ ʚ ʥʘʥʦ-

ʵʤʠʪʪʝʨʝ. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʥʘʙʣʶʜʝʥʠʷ ʚʳʷʚʠʣʠ ʨʝʞʠʤʳ ʵʣʝʢʪʨʦʥʥʦʛʦ 

ʪʨʘʥʩʧʦʨʪʘ, ʚ ʢʦʪʦʨʳʭ ʵʬʬʝʢʪʳ ʢʫʣʦʥʦʚʩʢʦʡ ʙʣʦʢʘʜʳ ʠ ʨʝʟʦʥʘʥʩʥʦʛʦ ʪʫʥ-

ʥʝʣʠʨʦʚʘʥʠʷ ʧʨʦʷʚʣʷʶʪʩʷ ʩʦʚʤʝʩʪʥʦ, ʯʪʦ ʪʘʢʞʝ ʥʘʭʦʜʠʪʩʷ ʚ ʢʘʯʝʩʪʚʝʥʥʦʤ 

ʩʦʛʣʘʩʠʠ ʩ ʧʨʝʜʣʦʞʝʥʥʦʡ ʤʦʜʝʣʴʶ. 

ʀʩʩʣʝʜʦʚʘʥʥʳʝ ʚ ʨʘʙʦʪʝ çʦʜʥʦʵʣʝʢʪʨʦʥʥʳʝè ʘʚʪʦʢʘʪʦʜʳ ʤʦʛʫʪ ʧʨʝʜ-

ʩʪʘʚʣʷʪʴ ʧʨʘʢʪʠʯʝʩʢʠʡ ʠʥʪʝʨʝʩ. ʌʦʨʤʠʨʫʝʤʳʡ ʪʘʢʠʤ ʤʘʢʨʦʩʢʦʧʠʯʝʩʢʠ 

ʙʦʣʴʰʠʤ ʢʘʪʦʜʦʤ ʵʣʝʢʪʨʦʥʥʳʡ ʧʫʯʦʢ ʦʙʣʘʜʘʝʪ ʙʦʣʝʝ ʚʳʩʦʢʦʡ ʧʨʦʩʪʨʘʥʩʪ-

ʚʝʥʥʦʡ ʠ ʚʨʝʤʝʥʥʦʡ ʢʦʛʝʨʝʥʪʥʦʩʪʴʶ, ʘ ʪʘʢʞʝ ʙʦʣʝʝ ʫʟʢʠʤ ʵʥʝʨʛʝʪʠʯʝʩʢʠʤ 

ʩʧʝʢʪʨʦʤ ʵʤʠʪʠʨʦʚʘʥʥʳʭ ʵʣʝʢʪʨʦʥʦʚ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʪʨʘʜʠʮʠʦʥʥʳʤʠ ʘʚ-
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ʪʦʢʘʪʦʜʘʤʠ ʚ ʚʠʜʝ ʧʨʦʚʦʜʷʱʝʛʦ ʦʩʪʨʠʷ. ʕʪʦ ʤʦʞʝʪ ʠʩʧʦʣʴʟʦʚʘʪʴʩʷ ʧʨʠ 

ʨʘʟʨʘʙʦʪʢʝ ʠ ʩʦʟʜʘʥʠʠ ʢʦʛʝʨʝʥʪʥʳʭ ʪʦʯʝʯʥʳʭ ʠʩʪʦʯʥʠʢʦʚ ʵʣʝʢʪʨʦʥʦʚ ʜʣʷ 

ʧʨʠʤʝʥʝʥʠʷ ʚ ʵʣʝʢʪʨʦʥʥʦ-ʣʫʯʝʚʳʭ ʫʩʪʨʦʡʩʪʚʘʭ, ʵʣʝʢʪʨʦʥʥʦʡ ʤʠʢʨʦʩʢʦʧʠʠ 

ʩ ʚʨʝʤʝʥʥʳʤ ʨʘʟʨʝʰʝʥʠʝʤ, ʜʣʷ ʧʨʦʚʝʜʝʥʠʷ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʧʦ ʢʚʘʥʪʦʚʦʡ 

ʦʧʪʠʢʝ ʥʘ ʩʚʦʙʦʜʥʳʭ ʵʣʝʢʪʨʦʥʘʭ ʠ ʥʠʟʢʦʵʥʝʨʛʝʪʠʯʝʩʢʦʡ ʵʣʝʢʪʨʦʥʥʦʡ ʛʦ-

ʣʦʛʨʘʬʠʠ [6,7]. 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʧʦʜʜʝʨʞʢʝ ʛʨʘʥʪʘ ʈʅʌ ˉ 19-72-10067 . 
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ʄɸɻʅʀʊʆʊɽʇʃʆɺʓɽ ʉɺʆʁʉʊɺɸ ʊʗɾɽʃʓʍ ʈɽɼʂʆɿɽʄɽʃʔʅʓʍ 

ʄɽʊɸʃʃʆɺ, ʉʇʃɸɺʆɺ ʅɸ ʆʉʅʆɺɽ FE-RH, ʅɸʅʆʏɸʉʊʀʎ ʌɽʈʈʆ-

ʄɸɻʅʀʊʅʓʍ ʆʂʉʀɼʆɺ ɺ ʆɹʃɸʉʊʀ ʌɸɿʆɺʓʍ ʇɽʈɽʍʆɼʆɺ 

ɼʦʮʝʥʪ ɿʚʝʨʝʚ ɺ.ʀ. 

ʄʘʛʥʠʪʦʪʝʧʣʦʚʳʝ ʩʚʦʡʩʪʚʘ ʤʘʪʝʨʠʘʣʘ (ʤʘʛʥʠʪʦʢʘʣʦʨʠʯʝʩʢʠʡ ʵʬʬʝʢʪ 

(ʄʂʕ), ʤʘʛʥʠʪʥʳʝ ʚʢʣʘʜʳ ʚ ʪʝʧʣʦʝʤʢʦʩʪʴ ʠ ʵʥʪʨʦʧʠʶ, ʫʜʝʣʴʥʘʷ ʤʦʱʥʦʩʪʴ 

ʧʦʛʣʦʱʝʥʠʷ ʠ ʩʦʙʩʪʚʝʥʥʘʷ ʤʦʱʥʦʩʪʴ ʧʦʪʝʨʴ (ʜʣʷ ʤʘʛʥʠʪʥʳʭ ʥʘʥʦʯʘʩʪʠʮ)) 

ʥʝʩʫʪ ʠʥʬʦʨʤʘʮʠʶ ʦ ʢʣʶʯʝʚʳʭ ʩʚʦʡʩʪʚʘʭ ʤʘʛʥʠʪʥʦʛʦ ʤʘʪʝʨʠʘʣʘ. ɿʥʘʥʠʝ 

ʬʠʟʠʯʝʩʢʠʭ ʟʘʚʠʩʠʤʦʩʪʝʡ ʵʪʠʭ ʩʚʦʡʩʪʚ ʦʪ ʚʥʝʰʥʠʭ ʬʘʢʪʦʨʦʚ ʧʦʟʚʦʣʷʝʪ 

ʩʧʨʦʛʥʦʟʠʨʦʚʘʪʴ ʨʝʘʣʴʥʫʶ ʚʦʟʤʦʞʥʦʩʪʴ ʝʛʦ ʧʨʠʤʝʥʝʥʠʷ.  

ʈʘʙʦʪʘ ʧʦʩʚʷʱʝʥʘ ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʤ ʠʩʩʣʝʜʦʚʘʥʠʷʤ ʤʘʛʥʠʪʦʪʝʧʣʦʚʳʭ 

ʩʚʦʡʩʪʚ ʥʝʩʢʦʣʴʢʠʭ ʢʣʘʩʩʦʚ ʤʘʛʥʠʪʥʳʭ ʤʘʪʝʨʠʘʣʦʚ: ʪʷʞʝʣʳʭ ʨʝʜʢʦʟʝ-

ʤʝʣʴʥʳʭ ʤʝʪʘʣʣʦʚ (ʈɿʄ), ʩʝʤʝʡʩʪʚʘ ʙʠʥʘʨʥʳʭ ʠ ʪʨʝʭʢʦʤʧʦʥʝʥʪʥʳʭ ʩʧʣʘ-

ʚʦʚ ʥʘ ʦʩʥʦʚʝ ʞʝʣʝʟʘ ʠ ʨʦʜʠʷ ʠ ʥʘʥʦʯʘʩʪʠʮ ʬʝʨʨʦʤʘʛʥʠʪʥʳʭ ʦʢʩʠʜʦʚ.  

ʇʨʝʜʣʦʞʝʥʘ ʪʝʦʨʝʪʠʯʝʩʢʘʷ ʤʦʜʝʣʴ, ʧʦʟʚʦʣʷʶʱʘʷ ʦʧʨʝʜʝʣʠʪʴ ʤʘʢʩʠ-

ʤʘʣʴʥʫʶ ʚʝʣʠʯʠʥʫ ʄʂʕ ʚ ʤʘʪʝʨʠʘʣʘʭ, ʠʩʧʳʪʳʚʘʶʱʠʭ ʬʘʟʦʚʳʡ ʧʝʨʝʭʦʜ 

ʚʪʦʨʦʛʦ ʨʦʜʘ: 18 ʂ/ʊʣ. ɼʣʷ ʚʩʝʭ ʪʷʞʝʣʳʭ ʣʘʥʪʘʥʦʠʜʦʚ (ʦʪ ʛʘʜʦʣʠʥʠʷ ʜʦ ʪʫ-
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ʣʠʷ) ʧʦʩʪʨʦʝʥʳ ʠʭ ʪʝʦʨʝʪʠʯʝʩʢʠʝ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʤʘʛʥʠʪʥʳʝ ʬʘʟʦ-

ʚʳʝ ʜʠʘʛʨʘʤʤʳ. ʇʨʠ ʵʪʦʤ ʟʘʢʦʥʦʤʝʨʥʦʩʪʠ ʤʘʛʥʠʪʥʦʛʦ ʫʧʦʨʷʜʦʯʝʥʠʷ ʚʦ 

ʚʩʝʤ ʨʷʜʫ ʵʪʠʭ ʈɿʄ ʫʩʪʘʥʦʚʣʝʥʳ ʢʘʢ ʠʟ ʧʝʨʚʳʭ ʧʨʠʥʮʠʧʦʚ, ʪʘʢ ʠ ʚ ʨʘʤʢʘʭ 

ʤʦʜʝʣʠ ʩʨʝʜʥʝʛʦ ʧʦʣʷ. ʊʘʢʞʝ ʚ ʨʘʙʦʪʝ ʢʦʣʠʯʝʩʪʚʝʥʥʦ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ 

ʚʣʠʷʥʠʝ ʧʨʠʤʝʩʝʡ ʥʘ ʩʫʱʝʩʪʚʦʚʘʥʠʝ ʤʘʛʥʠʪʥʳʭ ʩʪʨʫʢʪʫʨ ʚ ʪʷʞʝʣʳʭ ʈɿʄ. 

ɼʣʷ ʙʠʥʘʨʥʦʛʦ ʩʧʣʘʚʘ FeRh ʪʝʦʨʝʪʠʯʝʩʢʠ ʦʙʲʷʩʥʝʥʘ ʧʨʠʯʠʥʘ ʬʘʟʦʚʦʛʦ ʧʝ-

ʨʝʭʦʜʘ I ʨʦʜʘ ʘʥʪʠʬʝʨʨʦʤʘʛʥʝʪʠʟʤ-ʬʝʨʨʦʤʘʛʥʝʪʠʟʤ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʧʨʦʚʝ-

ʜʝʥʥʳʭ ʩʠʩʪʝʤʘʪʠʯʝʩʢʠʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʮʝʣʦʡ ʩʝʨʠʠ ʦʢʦʣʦʵʢʚʠʘʪʦʤʥʳʭ 

ʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʠʭ ʩʦʩʪʘʚʦʚ ʙʠʥʘʨʥʳʭ ʩʧʣʘʚʦʚ FeRh (ʩ ʨʘʟʣʠʯʥʳʤ ʩʦʜʝʨ-

ʞʘʥʠʝʤ ʨʦʜʠʷ) ʧʨʝʜʣʦʞʝʥʘ ʥʘʠʣʫʯʰʘʷ ʪʝʭʥʦʣʦʛʠʷ ʧʨʠʛʦʪʦʚʣʝʥʠʷ ʜʘʥʥʦʛʦ 

ʩʧʣʘʚʘ, ʢʦʪʦʨʘʷ ʧʦʟʚʦʣʷʝʪ ʚʩʝʛʜʘ ʧʦʣʫʯʘʪʴ ʤʘʢʩʠʤʘʣʴʥʦʝ ʠ ʛʘʨʘʥʪʠʨʦʚʘʥʥʦ 

ʚʦʩʧʨʦʠʟʚʦʜʠʤʦʝ ʟʥʘʯʝʥʠʝ ʄʂʕ ʠ ʜʨʫʛʠʭ ʤʘʛʥʠʪʦʪʝʧʣʦʚʳʭ ʩʚʦʡʩʪʚ ʚ 

ʩʧʣʘʚʝ ʩʦʩʪʘʚʘ Fe49Rh51. ʇʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʨʘʩʧʨʦʩʪʨʘʥʷʶʪʩʷ ʪʘʢ-

ʞʝ ʥʘ ʪʨʝʭʢʦʤʧʦʥʝʥʪʥʳʝ ʩʧʣʘʚʳ ʥʘ ʦʩʥʦʚʝ FeRh, ʣʝʛʠʨʦʚʘʥʥʳʝ, ʥʘʧʨʠʤʝʨ, 

Ni, Pd, Ru, Co, Cr. ʈʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʡ ʧʨʘʢʪʠʯʝʩʢʠ ʧʨʠʤʝʥʝʥʳ ʜʣʷ 

ʩʦʟʜʘʥʠʷ ʬʘʨʤʘʮʝʚʪʠʯʝʩʢʠʭ ʢʦʤʧʦʟʠʮʠʡ, ʩʦʜʝʨʞʘʱʠʭ ʤʘʛʥʠʪʥʳʝ ʥʘʥʦʯʘ-

ʩʪʠʮʳ ʈɿʄ ʠʣʠ FeRh, ʜʣʷ ʩʫʱʝʩʪʚʝʥʥʦʛʦ ʧʦʚʳʰʝʥʠʷ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʤʝ-

ʪʦʜʠʢʠ ʤʘʛʥʠʪʥʦʡ ʛʠʧʝʨʪʝʨʤʠʠ ʥʦʚʦʦʙʨʘʟʦʚʘʥʠʡ (ʟʘ ʩʯʝʪ ʜʦʧʦʣʥʠʪʝʣʴʥʦ-

ʛʦ, ʜʦ 30%, ʤʘʛʥʠʪʦʢʘʣʦʨʠʯʝʩʢʦʛʦ ʥʘʛʨʝʚʘ ʦʧʫʭʦʣʠ). ʂʨʦʤʝ ʪʦʛʦ, ʪʝʭʥʦʣʦ-

ʛʠʷ ʩʦʟʜʘʥʠʷ ʠ ʥʘʥʝʩʝʥʠʷ ʫʧʨʘʚʣʷʝʤʦʛʦ ʤʘʛʥʠʪʦʢʘʣʦʨʠʯʝʩʢʦʛʦ ʧʦʢʨʳʪʠʷ 

ʤʝʜʠʮʠʥʩʢʠʭ ʠʤʧʣʘʥʪʘʪʦʚ, ʢʦʪʦʨʦʝ ʧʦʟʚʦʣʷʝʪ ʩʦʭʨʘʥʷʪʴ ʣʝʢʘʨʩʪʚʦ ʠ ʚʳ-

ʩʚʦʙʦʞʜʘʪʴ ʝʛʦ ʚ ʥʫʞʥʳʡ ʤʦʤʝʥʪ ʚʨʝʤʝʥʠ ʚ ʤʝʩʪʝ ʨʘʩʧʦʣʦʞʝʥʠʷ ʠʤʧʣʘʥ-

ʪʘʪʘ, ʘ ʪʘʢʞʝ ʦʙʝʩʧʝʯʠʪʴ ʨʝʛʫʣʠʨʫʝʤʳʡ ʨʝʞʠʤ ʚʳʩʚʦʙʦʞʜʝʥʠʷ ʙʠʦʘʢʪʠʚ-

ʥʦʛʦ ʚʝʱʝʩʪʚʘ ʟʘ ʩʯʝʪ ʠʟʤʝʥʝʥʠʷ ʪʝʤʧʝʨʘʪʫʨʳ ʤʘʛʥʠʪʥʦʡ ʢʦʤʧʦʥʝʥʪʳ ʧʦ-

ʢʨʳʪʠʷ ʠ ʚʳʟʚʘʥʥʦʛʦ ʠʤ ʠʟʤʝʥʝʥʠʷ ʬʘʟʦʚʦʛʦ ʩʦʩʪʦʷʥʠʷ ʧʦʣʠʤʝʨʘ, ʩʦʜʝʨ-

ʞʘʱʝʛʦ ʣʝʢʘʨʩʪʚʦ. 
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ɹʀʆʌʀɿʀʂɸ 

 

ʉʦʧʨʝʜʩʝʜʘʪʝʣʠ 

ʧʨʦʬʝʩʩʦʨ ɺ. ɸ. ʊʚʝʨʜʠʩʣʦʚ, 

ʧʨʦʬʝʩʩʦʨ ʃ. ɺ. ʗʢʦʚʝʥʢʦ 
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ɻʀɼʈʆɼʀʅɸʄʀʏɽʉʂʀɽ ʀ ʄɽʍɸʅʆʍʀʄʀʏɽʉʂʀɽ ʆʉʅʆɺʓ ʈɽɻʋ-

ʃʗʎʀʀ ɸɼɻɽɿʀʀ ʀ ɸɻʈɽɻɸʎʀʀ ʊʈʆʄɹʆʎʀʊʆɺ ʇʈʀ ʊʈɸɺʄɸʍ  

ʀ ɺʆʉʇɸʃɽʅʀʀ ʄʀʂʈʆʉʆʉʋɼʆɺ. 

ʉʪ.ʥʘʫʯ.ʩʦʪʨ. ɹʝʣʷʝʚ ɸ.ɺ. 

ʆʩʦʙʦʝ ʤʝʩʪʦ ʚ ʩʦʚʨʝʤʝʥʥʦʡ ʬʠʟʠʢʝ ʟʘʥʠʤʘʝʪ ʠʩʩʣʝʜʦʚʘʥʠʝ ʧʨʠʥʮʠʧʦʚ 

ʚʦʟʥʠʢʥʦʚʝʥʠʷ ʠ ʵʚʦʣʶʮʠʠ çʞʠʚʦʡè ʤʘʪʝʨʠʠ, ʩʣʦʞʥʦʩʪʴ ʦʨʛʘʥʠʟʘʮʠʠ ʢʦ-

ʪʦʨʦʡ ʦʧʠʨʘʝʪʩʷ ʥʘ ʩʪʨʫʢʪʫʨʥʫʶ ʠʝʨʘʨʭʠʶ, ʜʠʩʢʨʝʪʥʦʩʪʴ, ʥʝʨʘʚʥʦʚʝʩ-

ʥʦʩʪʴ, ʥʝʣʠʥʝʡʥʦʩʪʴ, ʥʘʣʠʯʠʝ ʤʝʞʬʘʟʥʳʭ ʛʨʘʥʠʮ, ʘ ʪʘʢʞʝ ʧʦʥʷʪʠʝ ʩʠʤ-

ʤʝʪʨʠʠ ʠ ʝʝ ʥʘʨʫʰʝʥʠʷ [1]. ʀʟʫʯʝʥʠʝ ʧʨʦʮʝʩʩʦʚ ʩʘʤʦʧʨʦʠʟʚʦʣʴʥʦʛʦ ʩʪʨʫʢ-

ʪʫʨʦʦʙʨʘʟʦʚʘʥʠʷ ʚ ʞʠʚʳʭ ʩʠʩʪʝʤʘʭ, ʘ ʪʘʢʞʝ ʬʠʟʠʯʝʩʢʠʭ ʧʨʠʥʮʠʧʦʚ ʠʭ ʨʝ-

ʛʫʣʷʮʠʠ ʷʚʣʷʝʪʩʷ ʦʜʥʦʡ ʠʟ ʮʝʥʪʨʘʣʴʥʳʭ ʥʘʫʯʥʳʭ ʧʨʦʙʣʝʤ ʩʦʚʨʝʤʝʥʥʦʡ 

ʙʠʦʬʠʟʠʢʠ. ʆʜʥʠʤ ʠʟ ʚʘʞʥʳʭ ʧʨʠʤʝʨʦʚ ʩʘʤʦʨʝʛʫʣʠʨʫʝʤʦʛʦ ʧʨʦʮʝʩʩʘ 

ʩʪʨʫʢʪʫʨʦʦʙʨʘʟʦʚʘʥʠʷ ʚ ʦʨʛʘʥʠʟʤʝ ʤʦʞʝʪ ʩʣʫʞʠʪʴ ʦʙʨʘʟʦʚʘʥʠʝ ʛʝʤʦʩʪʘʪʠ-

ʯʝʩʢʠʭ ʩʛʫʩʪʢʦʚ (ʪʨʦʤʙʦʚ) ʚ ʦʪʚʝʪ ʥʘ ʢʨʦʚʦʪʝʯʝʥʠʝ, ʪʨʘʚʤʫ ʠʣʠ ʚʦʩʧʘʣʝʥʠʝ 

ʩʪʝʥʦʢ ʢʨʦʚʝʥʦʩʥʳʭ ʩʦʩʫʜʘ [2].  

ʆʙʨʘʟʦʚʘʥʠʝ ʛʝʤʦʩʪʘʪʠʯʝʩʢʦʛʦ ʩʛʫʩʪʢʘ (ʪʦ ʝʩʪʴ ʛʝʤʦʩʪʘʟ) ï ʵʪʦ ʤʥʦʛʦ-

ʩʪʘʜʠʡʥʳʡ ʠ ʤʥʦʛʦʤʘʩʰʪʘʙʥʳʡ ʙʠʦʬʠʟʠʯʝʩʢʠʡ ʧʨʦʮʝʩʩ, ʚ ʢʦʪʦʨʳʡ ʚʢʣʶ-

ʯʘʝʪ ʚ ʩʝʙʷ ʜʚʘ ʟʚʝʥʘ: ʧʣʘʟʤʝʥʥʦʝ ʠ ʪʨʦʤʙʦʮʠʪʘʨʥʦʝ (ʢʣʝʪʦʯʥʦʝ).  ʇʣʘʟ-

ʤʝʥʥʦʝ ʟʚʝʥʦ, ʪʘʢʞʝ ʥʘʟʳʚʘʝʤʦʝ ʩʚʝʨʪʳʚʘʥʠʝʤ ʧʣʘʟʤʳ ʢʨʦʚʠ ʠʣʠ ʢʦʘʛʫʣʷ-

ʮʠʝʡ, ʦʩʥʦʚʘʥʦ ʥʘ ʩʣʦʞʥʦʤ ʢʘʩʢʘʜʝ ʙʠʦʭʠʤʠʯʝʩʢʠʭ ʨʝʘʢʮʠʡ ʤʝʞʜʫ ʦʩʦ-

ʙʳʤʠ ʙʝʣʢʘʤʠ - ʬʘʢʪʦʨʘʤʠ ʩʚʝʨʪʳʚʘʥʠʷ. ʀʩʩʣʝʜʦʚʘʥʠʷ ʧʨʦʬʝʩʩʦʨʘ ʌ.ʀ. 

ɸʪʘʫʣʣʘʭʘʥʦʚʘ, ʧʨʦʬʝʩʩʦʨʘ ʄ.ɸ. ʇʘʥʪʝʣʝʝʚʘ ʠ ʜʨ. ʧʦʢʘʟʘʣʠ, ʯʪʦ ʩʠʩʪʝʤʘ 

ʧʣʘʟʤʝʥʥʦʛʦ ʛʝʤʦʩʪʘʟʘ ʦʙʣʘʜʘʝʪ ʥʝʣʠʥʝʡʥʳʤʠ, ʘʚʪʦʚʦʣʥʦʚʳʤʠ ʩʚʦʡʩʪʚʘʤʠ 

[3] ʠ ʩʦʜʝʨʞʠʪ ʚ ʩʝʙʝ ʥʝʩʢʦʣʴʢʦ ʤʦʜʫʣʝʡ, ʦʪʚʝʯʘʶʱʠʭ ʟʘ ʩʣʝʜʫʶʱʠʝ ʩʚʦʡ-

ʩʪʚʘ: ʧʦʨʦʛʦʚʘʷ ʘʢʪʠʚʘʮʠʷ, ʙʳʩʪʨʳʡ çʚʟʨʳʚʥʦʡè ʭʘʨʘʢʪʝʨ ʢʠʥʝʪʠʢʠ, ʢʦʥ-

ʪʨʦʣʴ ʩʢʦʨʦʩʪʠ ʢʨʦʚʦʪʦʢʘ, ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʝ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʝ ʠ ʣʦʢʘʣʠʟʘ-

ʮʠʶ ʬʠʙʨʠʥʦʚʦʛʦ ʛʝʣʷ [4]. ʆʜʥʘʢʦ ʚ ʫʩʣʦʚʠʷʭ ʘʨʪʝʨʠʘʣʴʥʦʛʦ ʠ ʤʠʢʨʦʩʦʩʫ-

ʜʠʩʪʦʛʦ ʢʨʦʚʦʪʦʢʘ ʧʣʘʟʤʝʥʥʦʝ (ʚʪʦʨʠʯʥʦʝ) ʟʚʝʥʦ ʛʝʤʦʩʪʘʟʘ ʧʦʜʘʚʣʷʝʪʩʷ 

ʪʝʯʝʥʠʝʤ ʞʠʜʢʦʩʪʠ, ʠ ʥʘ ʧʝʨʚʳʡ ʧʣʘʥ ʚʳʭʦʜʠʪ ʢʣʝʪʦʯʥʦʝ ʟʚʝʥʦ [5].  ʂʣʝ-

ʪʦʯʥʳʡ (ʧʝʨʚʠʯʥʳʡ) ʛʝʤʦʩʪʘʟ - ʩʠʩʪʝʤʘ ʦʩʪʘʥʦʚʢʠ ʢʨʦʚʦʪʝʯʝʥʠʡ ʟʘ ʩʯʝʪ 

ʘʛʨʝʛʘʮʠʠ ʩʧʝʮʠʘʣʠʟʠʨʦʚʘʥʥʳʭ ʬʦʨʤʝʥʥʳʭ ʵʣʝʤʝʥʪʦʚ ʢʨʦʚʠ (ʪʨʦʤʙʦʮʠ-

ʪʦʚ) ʚ ʤʝʩʪʝ ʧʦʚʨʝʞʜʝʥʠʷ ʢʨʦʚʝʥʦʩʥʦʛʦ ʩʦʩʫʜʘ. ɺ ʥʦʨʤʝ ʬʝʥʦʤʝʥ ʛʝʤʦʩʪʘ-

ʟʘ ʷʚʣʷʝʪʩʷ ʟʘʱʠʪʥʳʤ ʤʝʭʘʥʠʟʤʦʤ, ʥʦ ʚ ʦʧʨʝʜʝʣʝʥʥʳʭ ʩʠʪʫʘʮʠʷʭ ʝʛʦ ʨʘ-

ʙʦʪʘ ʧʨʠʚʦʜʠʪ ʢ ʥʝʞʝʣʘʪʝʣʴʥʳʤ ʠ ʦʧʘʩʥʳʤ ʧʦʩʣʝʜʩʪʚʠʷʤ, ʪʘʢʠʤ ʢʘʢ ʪʨʦʤ-

ʙʦʟ, ʪʨʦʤʙʦʵʤʙʦʣʠʷ, ʟʘʢʫʧʦʨʢʘ ʢʨʦʚʝʥʦʩʥʳʭ ʩʦʩʫʜʦʚ, ʠʥʬʘʨʢʪʳ, ʠʥʩʫʣʴʪʳ 

ʠ ʜʨʫʛʠʝ ʦʧʘʩʥʳʝ ʜʣʷ ʞʠʟʥʠ ʩʦʩʪʦʷʥʠʷ. ɼʦ ʢʦʥʮʘ ʥʝ ʷʩʥʦ, ʢʘʢʠʝ ʬʠʟʠʯʝ-

ʩʢʠʝ ʧʨʠʥʮʠʧʳ ʣʝʞʘʪ ʚ ʦʩʥʦʚʝ ʨʝʛʫʣʷʮʠʠ ʩʠʩʪʝʤʳ ʢʣʝʪʦʯʥʦʛʦ ʛʝʤʦʩʪʘʟʘ. 

ʈʘʟʨʘʙʦʪʢʘ ʥʦʚʳʭ ʤʝʪʦʜʦʚ ʜʠʘʛʥʦʩʪʠʢʠ ʠ ʣʝʯʝʥʠʷ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ 

ʚʘʞʥʝʡʰʫʶ ʟʘʜʘʯʫ ʩʦʚʨʝʤʝʥʥʦʡ ʤʝʜʠʮʠʥʳ. ʆʜʥʘʢʦ ʨʝʰʝʥʠʝ ʵʪʦʡ ʧʨʠ-

ʢʣʘʜʥʦʡ ʟʘʜʘʯʠ ʥʝʚʦʟʤʦʞʥʦ ʙʝʟ ʬʫʥʜʘʤʝʥʪʘʣʴʥʦʛʦ ʪʝʦʨʝʪʠʯʝʩʢʦʛʦ ʧʦʥʠ-

ʤʘʥʠʷ ʧʨʠʨʦʜʳ ʧʨʦʮʝʩʩʦʚ, ʧʨʦʪʝʢʘʶʱʠʭ ʚ çʞʠʚʳʭè ʩʠʩʪʝʤʘʭ.  ʇʨʠ ʵʪʦʤ 
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ʤʝʭʘʥʠʯʝʩʢʠʝ ʧʨʦʮʝʩʩʳ, ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʠʝ ʪʝʯʝʥʠʷ ʠ ʷʚʣʝʥʠʷ ʧʝʨʝʥʦʩʘ 

ʠʛʨʘʶʪ ʚʘʞʥʫʶ ʨʦʣʴ ʠ ʦʢʘʟʳʚʘʶʪ ʩʫʱʝʩʪʚʝʥʥʦʝ ʚʣʠʷʥʠʝ ʢʘʢ ʥʘ ʜʠʥʘʤʠʢʫ 

ʦʙʨʘʟʦʚʘʥʠʷ ʘʛʨʝʛʘʪʦʚ ʠʟ ʢʣʝʪʦʢ ʢʨʦʚʠ (ʪʨʦʤʙʦʮʠʪʦʚ), ʪʘʢ ʠ ʥʘ ʢʦʘʛʫʣʷʮʠʶ 

ʧʣʘʟʤʳ ʢʨʦʚʠ.  

ɺ ʥʘʩʪʦʷʱʝʤ ʜʦʢʣʘʜʝ ʨʝʯʴ ʧʦʡʜʝʪ ʦ ʚʣʠʷʥʠʠ ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʠʭ ʪʝʯʝ-

ʥʠʡ ʥʘ ʠʥʠʮʠʘʮʠʶ ʠ ʜʠʥʘʤʠʢʫ ʪʨʦʤʙʦʮʠʪʘʨʥʦʛʦ ʛʝʤʦʩʪʘʟʘ ʥʘ ʨʘʟʣʠʯʥʳʭ 

ʤʘʩʰʪʘʙʘʭ: ʦʪ ʤʦʣʝʢʫʣʷʨʥʳʭ ʜʦ ʤʘʢʨʦʩʢʦʧʠʯʝʩʢʠʭ. ɹʳʣʦ ʪʝʦʨʝʪʠʯʝʩʢʠ 

ʧʦʢʘʟʘʥʦ, ʯʪʦ ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʠʝ ʩʠʣʳ ʩʦ ʩʪʦʨʦʥʳ ʢʨʦʚʦʪʦʢʘ ʤʦʛʫʪ ʦʧʨʝ-

ʜʝʣʷʪʴ ʢʦʥʝʯʥʳʡ ʨʘʟʤʝʨ ʪʨʦʤʙʘ, ʚʳʟʳʚʘʷ ʧʨʠ ʚʧʦʣʥʝ ʦʧʨʝʜʝʣʝʥʥʳʭ ʫʩʣʦ-

ʚʠʷʭ ʦʩʪʘʥʦʚʢʫ ʝʛʦ ʨʦʩʪʘ [6]. ʉʦʛʣʘʩʥʦ ʧʨʝʜʣʦʞʝʥʥʦʡ ʘʚʪʦʨʦʤ ʤʦʜʝʣʠ, ʚ 

ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʨʘʟʤʝʨʘ ʦʙʣʘʩʪʠ ʧʦʚʨʝʞʜʝʥʠʷ ʥʘ ʩʪʝʥʢʝ ʢʨʦʚʝʥʦʩʥʦʛʦ ʩʦ-

ʩʫʜʘ, ʚʦʟʤʦʞʥʳ ʜʚʘ ʨʘʟʣʠʯʥʳʭ ʨʝʞʠʤʘ ʨʦʩʪʘ ʪʨʦʤʙʘ ʚ ʤʠʢʨʦʩʦʩʫʜʝ. ʊʘʢʞʝ 

ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʨʷʜ ʥʦʚʳʭ ʩʠʩʪʝʤʥʳʭ ʧʦʜʭʦʜʦʚ ʢ ʧʨʝʜʩʢʘʟʘʪʝʣʴʥʦʤʫ 

ʢʦʤʧʴʶʪʝʨʥʦʤʫ ʤʦʜʝʣʠʨʦʚʘʥʠʶ ʘʛʨʝʛʘʮʠʠ ʪʨʦʤʙʦʮʠʪʦʚ ʚ ʤʠʢʨʦʩʦʩʫʜʘʭ ʩ 

ʫʯʝʪʦʤ ʦʩʦʙʝʥʥʦʩʪʝʡ ʠʭ ʜʚʠʞʝʥʠʷ ʚ ʧʦʪʦʢʝ ʚʷʟʢʦʡ ʞʠʜʢʦʩʪʠ ʠ ʠʭ ʚʟʘʠʤʦ-

ʜʝʡʩʪʚʠʡ ʩ ʤʘʢʨʦʤʦʣʝʢʫʣʘʤʠ-ʧʦʩʨʝʜʥʠʢʘʤʠ ʢʣʝʪʦʯʥʦʡ ʘʜʛʝʟʠʠ [7,8]. ʆʩʦ-

ʙʦʝ ʚʥʠʤʘʥʠʝ ʫʜʝʣʷʝʪʩʷ ʤʝʭʘʥʦʭʠʤʠʯʝʩʢʠʤ ʧʨʦʮʝʩʩʘʤ ʠ ʢʦʥʬʦʨʤʘʮʠʦʥ-

ʥʳʤ ʠʟʤʝʥʝʥʠʷʤ ʚ ʩʪʨʫʢʪʫʨʝ ʙʝʣʢʦʚ, ʫʯʘʩʪʚʫʶʱʠʭ ʚ ʩʠʩʪʝʤʝ ʢʣʝʪʦʯʥʦʛʦ 

ʛʝʤʦʩʪʘʟʘ, ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʚʥʝʰʥʠʭ ʤʝʭʘʥʠʯʝʩʢʠʭ ʠ ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʠʭ 

ʩʠʣ. [9,10].  

ʍʘʨʘʢʪʝʨʥʦʡ ʦʩʦʙʝʥʥʦʩʪʴʶ ʠʩʩʣʝʜʫʝʤʳʭ ʩʠʩʪʝʤ ʷʚʣʷʝʪʩʷ ʧʨʦʩʪʨʘʥʩʪ-

ʚʝʥʥʦ-ʚʨʝʤʝʥʥʘʷ ʨʘʟʥʦʤʘʩʰʪʘʙʥʦʩʪʴ ʧʨʦʠʩʭʦʜʷʱʠʭ ʬʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʠʭ 

ʧʨʦʮʝʩʩʦʚ. ʄʘʪʝʤʘʪʠʯʝʩʢʦʝ ʦʧʠʩʘʥʠʝ ʠ ʠʩʩʣʝʜʦʚʘʥʠʝ ʢʣʝʪʦʯʥʦʛʦ ʛʝʤʦʩʪʘ-

ʟʘ ʠ ʪʨʦʤʙʦʟʘ ʜʦʣʞʥʦ ʦʭʚʘʪʳʚʘʪʴ ʨʘʟʣʠʯʘʶʱʠʝʩʷ ʥʘ ʰʝʩʪʴ ʧʦʨʷʜʢʦʚ ʤʘʩ-

ʰʪʘʙʳ ð ʦʪ ʥʘʥʦʤʝʪʨʦʚ (ʦʜʠʥʦʯʥʳʝ ʤʦʣʝʢʫʣʳ) ʜʦ ʤʠʣʣʠʤʝʪʨʦʚ (ʫʯʘʩʪʦʢ 

ʩʦʩʫʜʘ ʩ ʪʨʦʤʙʦʤ). ɹʦʣʴʰʠʝ ʥʘʜʝʞʜʳ ʚ ʵʪʦʡ ʦʙʣʘʩʪʠ ʚʦʟʣʘʛʘʶʪʩʷ ʥʘ ʩʦ-

ʚʨʝʤʝʥʥʳʝ ʧʦʜʭʦʜʳ ʢ ʤʥʦʛʦʤʘʩʰʪʘʙʥʦʤʫ ʢʦʤʧʴʶʪʝʨʥʦʤʫ ʤʦʜʝʣʠʨʦʚʘ-

ʥʠʶ, ʪʘʢʠʝ ʢʘʢ ʢʨʫʧʥʦ-ʟʝʨʥʠʩʪʘʷ ʤʦʣʝʢʫʣʷʨʥʘʷ ʜʠʥʘʤʠʢʘ, ʛʠʙʨʠʜʥʳʝ ʤʦ-

ʜʝʣʠ, ʩʦʯʝʪʘʶʱʠʝ ʢʦʥʪʠʥʫʘʣʴʥʳʡ ʧʦʜʭʦʜ ʩ ʜʠʥʘʤʠʢʦʡ ʯʘʩʪʠʮ, ʘ ʪʘʢʞʝ 

ʤʥʦʛʦʬʘʟʥʳʝ ʤʦʜʝʣʠ ʩʧʣʦʰʥʦʡ ʩʨʝʜʳ. ɼʣʷ ʢʦʨʨʝʢʪʥʦʛʦ ʪʝʦʨʝʪʠʯʝʩʢʦʛʦ 

ʦʧʠʩʘʥʠʷ ʩʠʩʪʝʤʳ ʢʣʝʪʦʯʥʦʛʦ ʛʝʤʦʩʪʘʟʘ ʥʝʦʙʭʦʜʠʤʘ ʤʦʜʝʣʴ, ʷʚʥʦ ʦʧʠʩʳ-

ʚʘʶʱʫʶ ʜʠʥʘʤʠʢʫ ʢʣʝʪʦʢ ʢʨʦʚʠ, ʠʭ ʤʝʭʘʥʠʯʝʩʢʠʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ, ʘ ʪʘʢ-

ʞʝ ʘʜʛʝʟʠʦʥʥʳʝ ʩʠʣʳ. ʂʨʦʤʝ ʪʦʛʦ, ʥʝʦʙʭʦʜʠʤʦ ʧʨʘʚʠʣʴʥʦ ʩʦʧʨʷʛʘʪʴ ʤʘʩ-

ʰʪʘʙʳ ʤʦʜʝʣʠʨʫʝʤʳʭ ʧʨʦʮʝʩʩʦʚ ʠ ʫʯʠʪʳʚʘʪʴ   ʬʠʟʠʯʝʩʢʠʝ ʠ ʤʝʭʘʥʠʯʝʩʢʠʝ 

ʧʨʦʮʝʩʩʳ ʥʘ ʚʩʝʭ ʫʨʦʚʥʷʭ ʦʨʛʘʥʠʟʘʮʠʠ ʩʠʩʪʝʤʳ. ʄʦʜʝʣʠ ʪʘʢʦʛʦ ʫʨʦʚʥʷ ʜʝ-

ʪʘʣʠʟʘʮʠʠ ʪʨʝʙʫʶʪ ʥʝ ʪʦʣʴʢʦ ʚʳʩʦʢʦʧʨʦʠʟʚʦʜʠʪʝʣʴʥʳʭ ʧʘʨʘʣʣʝʣʴʥʳʭ ʚʳ-

ʯʠʩʣʝʥʠʡ, ʘ ʪʘʢʞʝ ʘʢʢʫʨʘʪʥʦʛʦ ʧʦʜʭʦʜʘ ʢ ʤʘʪʝʤʘʪʠʯʝʩʢʦʡ ʬʦʨʤʫʣʠʨʦʚʢʝ ʠ 

ʚʘʣʠʜʘʮʠʠ ʥʘ ʚʩʝʭ ʵʪʘʧʘʭ [11].  

ɺ ʧʨʝʜʩʪʘʚʣʝʥʥʦʡ ʨʘʙʦʪʝ ʨʘʩʩʤʦʪʨʝʥ ʧʨʦʮʝʩʩ ʨʦʩʪʘ ʪʨʦʤʙʘ ʚ ʢʨʦʚʝʥʦʩ-

ʥʦʤ ʤʠʢʨʦʩʦʩʫʜʝ ʠ ʩ ʧʦʤʦʱʴʶ ʤʘʪʝʤʘʪʠʯʝʩʢʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʠʩʩʣʝʜʦ-

ʚʘʥ ʚʦʧʨʦʩ ʦ ʪʦʤ, ʢʘʢʦʝ ʚʣʠʷʥʠʝ ʦʢʘʟʳʚʘʶʪ ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʠʝ ʩʠʣʳ ʩʦ 

ʩʪʦʨʦʥʳ ʢʨʦʚʦʪʦʢʘ ʥʘ ʜʠʥʘʤʠʢʫ ʨʦʩʪʘ ʧʨʠʩʪʝʥʦʯʥʦʛʦ ʪʨʦʤʙʘ. ʇʨʠ ʵʪʦʤ 
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ʚʧʝʨʚʳʝ ʙʳʣʦ ʠʟʫʯʝʥʦ ʚʣʠʷʥʠʝ ʬʦʨʤʳ ʠ ʜʣʠʥʳ ʦʙʣʘʩʪʠ ʧʦʚʨʝʞʜʝʥʠʷ 

ʩʪʝʥʢʠ ʩʦʩʫʜʘ ʥʘ ʵʪʦʪ ʧʨʦʮʝʩʩ. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʠʝ ʵʬʬʝʢʪʳ 

ʩʦ ʩʪʦʨʦʥʳ ʢʨʦʚʦʪʦʢʘ ʤʦʛʫʪ ʦʧʨʝʜʝʣʷʪʴ ʢʦʥʝʯʥʳʡ ʨʘʟʤʝʨ ʪʨʦʤʙʘ, ʚʳʟʳʚʘʷ 

ʧʨʠ ʚʧʦʣʥʝ ʦʧʨʝʜʝʣʝʥʥʳʭ ʫʩʣʦʚʠʷʭ ʦʩʪʘʥʦʚʢʫ ʝʛʦ ʨʦʩʪʘ. ʉʦʛʣʘʩʥʦ ʨʘʟʨʘ-

ʙʦʪʘʥʥʦʡ ʘʚʪʦʨʦʤ ʤʦʜʝʣʠ [6], ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʨʘʟʤʝʨʘ ʦʙʣʘʩʪʠ ʧʦʚʨʝʞ-

ʜʝʥʠʷ ʥʘ ʩʪʝʥʢʝ ʢʨʦʚʝʥʦʩʥʦʛʦ ʩʦʩʫʜʘ, ʚʦʟʤʦʞʥʳ ʜʚʘ ʨʘʟʣʠʯʥʳʭ ʨʝʞʠʤʘ 

ʨʦʩʪʘ ʤʠʢʨʦʩʦʩʫʜʠʩʪʦʛʦ ʪʨʦʤʙʦʟʘ. ʊʘʢ, ʬʦʨʤʠʨʦʚʘʥʠʝ ʥʝʦʢʢʣʶʟʠʚʥʦʛʦ 

ʪʨʦʤʙʘ ʧʨʦʠʩʭʦʜʠʪ, ʝʩʣʠ ʜʣʠʥʘ ʪʨʘʚʤʳ ʥʝ ʧʨʝʚʳʰʘʝʪ ʦʧʨʝʜʝʣʝʥʥʦʝ ʢʨʠ-

ʪʠʯʝʩʢʦʝ ʟʥʘʯʝʥʠʝ, ʠ, ʥʘʧʨʦʪʠʚ, ʧʨʦʠʩʭʦʜʠʪ ʧʦʣʥʘʷ ʦʢʢʣʶʟʠʷ ʩʦʩʫʜʘ ʪʨʦʤ-

ʙʦʤ, ʝʩʣʠ ʜʣʠʥʘ ʪʨʘʚʤʳ ʙʦʣʴʰʝ ʵʪʦʡ ʢʨʠʪʠʯʝʩʢʦʡ ʚʝʣʠʯʠʥʳ.  ʄʘʪʝʤʘʪʠʯʝ-

ʩʢʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʧʦʢʘʟʘʣʦ, ʯʪʦ ʧʝʨʝʢʣʶʯʝʥʠʝ ʤʝʞʜʫ ʵʪʠʤʠ ʨʝʞʠʤʘʤʠ 

ʧʨʦʠʩʭʦʜʠʪ ʯʝʨʝʟ ʤʝʭʘʥʠʟʤ ʩʝʜʣʦʫʟʣʦʚʦʡ ʙʠʬʫʨʢʘʮʠʠ. ʇʨʝʜʩʪʘʚʣʝʥʥʦʝ 

ʠʩʩʣʝʜʦʚʘʥʠʝ ʜʝʤʦʥʩʪʨʠʨʫʝʪ ʦʜʠʥ ʠʭ ʤʝʭʘʥʠʟʤʦʚ ʨʝʛʫʣʠʨʦʚʘʥʠʷ ʪʨʦʤʙʦ-

ʦʙʨʘʟʦʚʘʥʠʷ ʚ ʢʨʦʚʝʥʦʩʥʳʭ ʤʠʢʨʦʩʦʩʫʜʘʭ ʠ ʦʙʲʷʩʥʷʝʪ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ 

ʥʘʙʣʶʜʘʝʤʳʝ ʨʘʟʣʠʯʠʷ ʤʝʞʜʫ ʜʠʥʘʤʠʢʦʡ ʨʦʩʪʘ ʣʘʟʝʨ-ʠʥʜʫʮʠʨʦʚʘʥʥʦʛʦ ʠ 

FeCl3-ʠʥʜʫʮʠʨʦʚʘʥʥʦʛʦ ʪʨʦʤʙʘ. 

ʉʣʝʜʫʶʱʠʤ ʵʪʘʧʦʤ ʙʳʣʦ ʠʟʫʯʝʥʠʝ ʟʘʢʦʥʦʤʝʨʥʦʩʪʝʡ ʪʨʦʤʙʦʟʘ ʚ ʟʘ-

ʩʪʦʡʥʳʭ ʟʦʥʘʭ ʩʠʩʪʝʤʳ ʢʨʦʚʦʦʙʨʘʱʝʥʠʷ ʥʘ ʧʨʠʤʝʨʝ ʤʠʢʨʦʘʥʝʚʨʠʟʤʳ ʩʝʪ-

ʯʘʪʢʠ ʛʣʘʟʘ [7]. ʄʠʢʨʦʘʥʝʚʨʠʟʤʳ ï ʚʳʧʫʢʣʦʩʪʠ ʩʪʝʥʦʢ ʢʨʦʚʝʥʦʩʥʳʭ ʤʠʢ-

ʨʦʩʦʩʫʜʦʚ ï  ʩʯʠʪʘʶʪʩʷ ʩʘʤʳʤ ʨʘʥʥʠʤ ʜʠʘʛʥʦʩʪʠʨʫʝʤʳʤ ʧʨʠʟʥʘʢʦʤ ʜʠʘ-

ʙʝʪʠʯʝʩʢʦʡ ʨʝʪʠʥʦʧʘʪʠʠ ʠ ʷʚʣʷʶʪʩʷ ʦʩʥʦʚʥʦʡ ʧʨʠʯʠʥʦʡ ʫʭʫʜʰʝʥʠʷ ʟʨʝʥʠʷ 

ʠ ʩʣʝʧʦʪʳ ʩʨʝʜʠ ʧʘʮʠʝʥʪʦʚ ʩ ʩʘʭʘʨʥʳʤ ʜʠʘʙʝʪʦʤ ʨʘʟʣʠʯʥʳʭ ʚʦʟʨʘʩʪʥʳʭ 

ʢʘʪʝʛʦʨʠʡ. ʅʝʩʤʦʪʨʷ ʥʘ ʧʨʘʢʪʠʯʝʩʢʫʶ ʚʘʞʥʦʩʪʴ, ʩʫʱʝʩʪʚʫʝʪ ʥʝʜʦʩʪʘʪʦʢ 

ʚʳʯʠʩʣʠʪʝʣʴʥʳʭ ʤʦʜʝʣʝʡ, ʢʦʪʦʨʳʝ ʤʦʛʣʠ ʙʳ ʦʙʲʝʜʠʥʠʪʴ ʘʛʨʝʛʘʮʠʶ ʪʨʦʤ-

ʙʦʮʠʪʦʚ, ʪʦʯʥʫʶ ʙʠʦʨʝʦʣʦʛʠʶ ʠ ʩʚʝʨʪʳʚʘʥʠʝ ʧʣʘʟʤʳ ʢʨʦʚʠ ʚ ʦʜʥʫ ʵʬʬʝʢ-

ʪʠʚʥʫʶ ʧʣʘʪʬʦʨʤʫ ʜʣʷ ʧʨʝʜʩʢʘʟʘʪʝʣʴʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʨʠʩʢʦʚ ʪʨʦʤʙʦʟʘ 

ʫ ʧʘʮʠʝʥʪʦʚ ʩ ʩʘʭʘʨʥʳʤ ʜʠʘʙʝʪʦʤ ʠʣʠ ʥʘʨʫʰʝʥʠʷʤʠ ʩʠʩʪʝʤʳ ʛʝʤʦʩʪʘʟʘ. ɺ 

ʥʘʩʪʦʷʱʝʤ ʠʩʩʣʝʜʦʚʘʥʠʠ ʨʘʩʩʤʦʪʨʝʥʳ ʢʘʢ ʬʠʟʠʯʝʩʢʠʝ, ʪʘʢ ʠ ʙʠʦʭʠʤʠʯʝ-

ʩʢʠʝ ʵʬʬʝʢʪʳ ʧʨʠ ʪʨʦʤʙʦʟʝ ʘʥʝʚʨʠʟʤ ʠ ʟʦʥ ʨʝʮʠʨʢʫʣʷʮʠʠ ʢʨʦʚʠ. ʀʩʧʦʣʴ-

ʟʦʚʘʥʦ ʢʦʥʪʠʥʫʘʣʴʥʦʝ ʦʧʠʩʘʥʠʝ ʩʠʩʪʝʤʳ ʠ ʤʦʜʝʣʴ ʥʘ ʦʩʥʦʚʝ ʫʨʘʚʥʝʥʠʡ ʚ 

ʯʘʩʪʥʳʭ ʧʨʦʠʟʚʦʜʥʳʭ, ʢʦʪʦʨʳʝ ʫʯʠʪʳʚʘʶʪ ʜʠʥʘʤʠʢʫ ʞʠʜʢʦʩʪʠ, ʪʨʘʥʩʧʦʨʪ 

ʪʨʦʤʙʦʮʠʪʦʚ, ʘʜʛʝʟʠʶ ʠ ʘʛʨʝʛʘʮʠʶ, ʘ ʪʘʢʞʝ ʙʠʦʭʠʤʠʯʝʩʢʠʝ ʢʘʩʢʘʜʳ ʧʣʘʟ-

ʤʝʥʥʦʡ ʢʦʘʛʫʣʷʮʠʠ. ʀʩʩʣʝʜʦʚʘʥʠʝ ʩʦʩʨʝʜʦʪʦʯʝʥʦ ʥʘ ʨʦʣʠ ʪʨʘʥʩʧʦʨʪʘ ʠ ʥʘ-

ʢʦʧʣʝʥʠʷ ʢʣʝʪʦʢ ʢʨʦʚʠ, ʚʢʣʶʯʘʷ ʢʦʥʪʘʢʪʥʳʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʤʝʞʜʫ ʪʨʦʤ-

ʙʦʮʠʪʘʤʠ ʠ ʵʨʠʪʨʦʮʠʪʘʤʠ (ʵʨʠʪʨʦʮʠʪʘʤʠ), ʢʘʩʢʘʜ ʢʦʘʛʫʣʷʮʠʠ, ʟʘʧʫʩʢʘʝ-

ʤʳʡ ʘʢʪʠʚʠʨʦʚʘʥʥʳʤʠ ʪʨʦʤʙʦʮʠʪʘʤʠ, ʠ ʛʝʤʘʪʦʢʨʠʪ-ʟʘʚʠʩʠʤʫʶ ʨʝʦʣʦʛʠʶ 

ʢʨʦʚʠ. ʄʦʜʝʣʴ ʙʳʣʘ ʧʨʦʚʝʨʝʥʘ ʥʘ ʩʦʦʪʚʝʪʩʪʚʠʝ ʠʟʚʝʩʪʥʳʤ ʠʟ ʣʠʪʝʨʘʪʫʨʳ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤ ʜʘʥʥʳʤ ʦ ʤʠʢʨʦ-ʪʨʦʤʙʦʟʝ in vitro. ɹʳʣʠ ʠʟʫʯʝʥʳ ʟʘ-

ʢʦʥʦʤʝʨʥʦʩʪʠ ʠ ʜʠʥʘʤʠʢʘ ʬʦʨʤʠʨʦʚʘʥʠʷ ʪʨʦʤʙʘ ʚ ʤʠʢʨʦʘʥʝʚʨʠʟʤʘʭ ʨʘʟ-

ʣʠʯʥʦʡ ʛʝʦʤʝʪʨʠʠ ʠ ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʩʢʦʨʦʩʪʷʭ ʢʨʦʚʦʪʦʢʘ ʚ ʦʩʥʦʚʥʦʤ ʩʦʩʫ-

ʜʝ. ʏʠʩʣʝʥʥʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʫʢʘʟʳʚʘʝʪ ʥʘ ʚʘʞʥʫʶ ʨʦʣʴ ʵʨʠʪʨʦʮʠʪʦʚ ʚ 

ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʤ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʠ ʠ ʚʨʝʤʝʥʥʦʡ ʜʠʥʘʤʠʢʝ ʨʦʩʪʘ ʘʥʝʚʨʠʟ-
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ʤʘʪʠʯʝʩʢʦʛʦ ʪʨʦʤʙʘ. ʃʦʢʘʣʴʥʳʡ ʛʝʤʘʪʦʢʨʠʪ ʦʧʨʝʜʝʣʷʝʪ ʚʷʟʢʦʩʪʴ ʢʨʦʚʠ: ʚ 

ʦʙʣʘʩʪʷʭ, ʙʦʛʘʪʳʭ ʵʨʠʪʨʦʮʠʪʘʤʠ, ʪʝʯʝʥʠʝ ʢʨʦʚʠ ʟʘʤʝʜʣʷʝʪʩʷ, ʯʪʦ ʩʧʦʩʦʙ-

ʩʪʚʫʝʪ ʠ ʘʢʪʠʚʘʮʠʠ ʪʨʦʤʙʦʮʠʪʦʚ, ʠ ʬʦʨʤʠʨʦʚʘʥʠʶ ʬʠʙʨʠʥʦʚʦʛʦ ʛʝʣʷ. ɺ 

ʨʝʟʫʣʴʪʘʪʝ ʚʳʩʦʢʠʡ ʛʝʤʘʪʦʢʨʠʪ ʟʘʤʝʜʣʷʝʪ ʢʨʦʚʦʦʙʨʘʱʝʥʠʝ ʠ ʫʚʝʣʠʯʠʚʘʝʪ 

ʧʨʠʩʫʪʩʪʚʠʝ ʵʨʠʪʨʦʮʠʪʦʚ ʚ ʘʥʝʚʨʠʟʤʝ. ʀʥʪʝʥʩʠʚʥʦʩʪʴ ʢʨʦʚʦʪʦʢʘ ʚ ʩʦʩʫʜʝ, 

ʩʚʷʟʘʥʥʦʤ ʩ ʘʥʝʚʨʠʟʤʦʡ, ʪʘʢʞʝ ʚʣʠʷʝʪ ʥʘ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʪʨʦʤʙʦʮʠʪʦʚ ʚ 

ʩʠʩʪʝʤʝ, ʘ ʪʘʢʞʝ ʥʘ ʫʩʪʦʡʯʠʚʫʶ ʬʦʨʤʫ ʪʨʦʤʙʘ.  

ɺʘʞʥʳʤ ʵʪʘʧʦʤ ʨʘʙʦʪʳ ʙʳʣʦ ʠʟʫʯʝʥʠʝ ʢʦʥʬʦʨʤʘʮʠʦʥʥʳʭ ʠʟʤʝʥʝʥʠʡ ʚ 

ʤʫʣʴʪʠʤʝʨʘʭ ʙʝʣʢʘ ʬʘʢʪʦʨʘ ʬʦʥ ɺʠʣʣʝʙʨʘʥʜʘ (VWF) ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʛʠʜʨʦ-

ʜʠʥʘʤʠʯʝʩʢʠʭ ʩʠʣ ʚ ʩʜʚʠʛʦʚʦʤ ʧʦʪʦʢʝ ʚʷʟʢʦʡ ʞʠʜʢʦʩʪʠ. ʕʪʘ ʤʘʢʨʦʤʦʣʝʢʫ-

ʣʘ ʷʚʣʷʝʪʩʷ çʧʦʩʨʝʜʥʠʢʦʤè ʤʝʞʜʫ ʘʜʛʝʟʠʦʥʥʳʤʠ ʨʝʮʝʧʪʦʨʘʤʠ ʪʨʦʤʙʦʮʠ-

ʪʦʚ ʠ ʧʦʚʨʝʞʜʝʥʥʳʤ ʠʣʠ ʚʦʩʧʘʣʝʥʥʳʤ ʵʥʜʦʪʝʣʠʝʤ, ʘ ʪʘʢʞʝ ʩʧʦʩʦʙʥʘ ʘʜʛʝ-

ʟʠʨʦʚʘʪʴ ʢ ʩʫʙʵʥʜʦʪʝʣʠʘʣʴʥʦʤʫ ʢʦʣʣʘʛʝʥʦʚʦʤʫ ʤʘʪʨʠʢʩʫ [12]. ɺ ʢʨʦʚʦʪʦʢʝ 

ʬʘʢʪʦʨ ɺʠʣʣʝʙʨʘʥʜʘ ʮʠʨʢʫʣʠʨʫʝʪ ʚ ʚʠʜʝ ʣʠʥʝʡʥʳʭ ʤʫʣʴʪʠʤʝʨʦʚ, ʩʦʩʪʦʷ-

ʱʠʭ ʠʟ 10-30 ʧʦʚʪʦʨʷʶʱʠʭʩʷ ʩʫʙʲʝʜʥʠʮ, ʢʘʞʜʘʷ ʠʟ ʢʦʪʦʨʳʭ ʩʦʩʪʦʠʪ ʠʟ 

ʛʣʦʙʫʣʷʨʥʳʭ ʜʦʤʝʥʦʚ, ʩʦʝʜʠʥʝʥʥʳʭ ʥʝʫʧʦʨʷʜʦʯʝʥʥʳʤʠ ʫʯʘʩʪʢʘʤʠ. ʌʠʟʠʦ-

ʣʦʛʠʯʝʩʢʘʷ ʘʢʪʠʚʥʦʩʪʴ VWF ʦʧʨʝʜʝʣʷʝʪʩʷ ʨʘʟʤʝʨʦʤ ʤʫʣʴʪʠʤʝʨʦʚ ʵʪʦʛʦ 

ʙʝʣʢʘ, ʩʠʣʘʤʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʤʝʞʜʫ ʩʪʨʫʢʪʫʨʥʳʤʠ ʯʘʩʪʷʤʠ ʚʥʫʪʨʠ ʜʠʤʝ-

ʨʘ ʠ  ʤʦʣʝʢʫʣʷʨʥʳʤʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷʤʠ ʚʥʫʪʨʠ ʛʣʦʙʫʣʷʨʥʳʭ ʜʦʤʝʥʦʚ. ʇʦ-

ʵʪʦʤʫ ʜʣʷ ʧʦʥʠʤʘʥʠʷ ʙʠʦʬʠʟʠʯʝʩʢʠʭ ʤʝʭʘʥʠʟʤʦʚ, ʣʝʞʘʱʠʭ ʚ ʦʩʥʦʚʝ ʨʝʛʫ-

ʣʷʮʠʠ ʥʘʯʘʣʴʥʳʭ ʵʪʘʧʦʚ ʢʣʝʪʦʯʥʦʛʦ ʛʝʤʦʩʪʘʟʘ ʠ ʘʛʨʝʛʘʮʠʠ ʪʨʦʤʙʦʮʠʪʦʚ, 

ʥʝʦʙʭʦʜʠʤʦ ʫʜʝʣʠʪʴ ʚʥʠʤʘʥʠʝ ʠʟʫʯʝʥʠʶ ʩʪʨʫʢʪʫʨʝ ʵʪʦʡ ʤʘʢʨʦʤʦʣʝʢʫʣʳ ʥʘ 

ʚʩʝʭ ʫʨʦʚʥʷʭ ʠ ʤʘʩʰʪʘʙʘʭ. ʇʨʠʪʷʛʠʚʘʶʱʠʝ ʠ ʦʪʪʘʣʢʠʚʘʶʱʠʝ ʚʟʘʠʤʦʜʝʡ-

ʩʪʚʠʷ ʤʝʞʜʫ ʜʦʤʝʥʘʤʠ ʦʙʫʩʣʘʚʣʠʚʘʶʪ ʤʝʭʘʥʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʵʪʦʛʦ ʙʝʣʢʘ. 

ɺ ʩʠʣʫ ʦʩʦʙʝʥʥʦʩʪʝʡ ʩʪʨʦʝʥʠʷ ʵʪʘ ʤʦʣʝʢʫʣʘ ʦʢʘʟʳʚʘʝʪʩʷ ʯʫʚʩʪʚʠʪʝʣʴʥʦʡ ʢ 

ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʦʤʫ ʩʜʚʠʛʫ ʚ ʢʨʦʚʠ.  VWF ʚʳʩʪʫʧʘʝʪ ʦʜʥʦʚʨʝʤʝʥʥʦ ʚ ʨʦ-

ʣʠ ʠ ʩʝʥʩʦʨʘ, ʠ ʘʜʛʝʟʠʦʥʥʦʛʦ ʩʫʙʩʪʨʘʪʘ ʜʣʷ ʪʨʦʤʙʦʮʠʪʦʚ, ʠʥʠʮʠʠʨʫʷ ʠʭ ʘʛ-

ʨʝʛʘʮʠʶ ʧʨʠ ʧʘʪʦʣʦʛʠʯʝʩʢʠ ʚʳʩʦʢʠʭ ʩʢʦʨʦʩʪʷʭ ʩʜʚʠʛʘ. ɺ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ 

ʠʟʫʯʘʣʘʩʴ ʢʦʥʬʦʨʤʘʮʠʷ ʬʘʢʪʦʨʘ ʬʦʥ ɺʠʣʣʝʙʨʘʥʜʘ ʚ ʨʘʟʣʠʯʥʳʭ ʛʠʜʨʦʜʠ-

ʥʘʤʠʯʝʩʢʠʭ ʫʩʣʦʚʠʷʭ ʚ ʨʘʤʢʘʭ ʢʨʫʧʥʦ-ʟʝʨʥʠʩʪʦʡ ʤʦʜʝʣʠ ʩ ʫʯʝʪʦʤ ʧʨʠʪʷ-

ʛʠʚʘʶʱʠʭ ʥʝʢʦʚʘʣʝʥʪʥʳʭ ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ ʤʝʞʜʫ ʛʣʦʙʫʣʷʨʥʳʤʠ ʜʦʤʝʥʘʤʠ 

D4 ʠ ʉ1-ʉ6 ʵʪʦʛʦ ʙʝʣʢʘ. ʇʨʦʚʦʜʠʣʠʩʴ ʨʘʩʯʝʪʳ ʜʠʥʘʤʠʢʠ ʤʫʣʴʪʠʤʝʨʘ ʜʣʷ 5 

ʨʘʟʣʠʯʥʳʭ ʩʢʦʨʦʩʪʝʡ ʩʜʚʠʛʘ ʜʣʷ ʜʚʫʭ ʥʘʙʦʨʦʚ ʧʘʨʘʤʝʪʨʦʚ, ʭʘʨʘʢʪʝʨʥʳʭ 

ʜʣʷ ʨʘʟʣʠʯʥʳʭ pH ʦʢʨʫʞʘʶʱʝʡ ʞʠʜʢʦʩʪʠ. ʉʪʨʦʠʣʠʩʴ ʟʘʚʠʩʠʤʦʩʪʠ ʜʣʠʥʳ 

ʤʫʣʴʪʠʤʝʨʘ ʦʪ ʚʨʝʤʝʥʠ, ʘ ʪʘʢʞʝ ʛʨʘʬʠʢʠ, ʧʦʢʘʟʳʚʘʶʱʠʝ ʯʠʩʣʦ ʘʢʪʠʚʠʨʦ-

ʚʘʥʥʳʭ ʜʦʤʝʥʦʚ ɸ1 ʠ ʨʘʩʢʨʳʪʳʭ ʜʦʤʝʥʦʚ ɸ2. ʇʨʦʠʟʚʝʜʝʥʦ ʩʨʘʚʥʝʥʠʝ ʨʝ-

ʟʫʣʴʪʘʪʦʚ ʯʠʩʣʝʥʥʦʛʦ ʨʘʩʯʝʪʘ ʩ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ ʜʘʥʥʳʤʠ [13]. ʈʝ-

ʟʫʣʴʪʘʪʳ ʧʦʢʘʟʳʚʘʶʪ, ʯʪʦ ʢʦʥʬʦʨʤʘʮʠʷ ʤʫʣʴʪʠʤʝʨʘ ʬʘʢʪʦʨʘ ʬʦʥ ɺʠʣʣʝʙ-

ʨʘʥʜʘ ʚ ʝʩʪʝʩʪʚʝʥʥʳʭ ʫʩʣʦʚʠʷʭ ʢʨʦʚʦʪʦʢʘ ʥʘʠʣʫʯʰʠʤ ʦʙʨʘʟʦʤ ʩʦʦʪʚʝʪʩʪ-

ʚʫʝʪ ʧʦʣʠʤʝʨʥʦʤʫ ʢʣʫʙʢʫ ʩʦ ʩʣʘʙʳʤʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷʤʠ ʤʝʞʜʫ ʟʚʝʥʴʷʤʠ, 

ʪʦ ʝʩʪʴ ʧʦʯʪʠ ʠʜʝʘʣʴʥʦʡ ʛʘʫʩʩʦʚʦʡ ʮʝʧʠ. ʕʪʦʪ ʨʝʟʫʣʴʪʘʪ ʧʦʟʚʦʣʠʣ ʧʝʨʝ-

ʩʤʦʪʨʝʪʴ ʩʫʱʝʩʪʚʦʚʘʚʰʠʝ ʨʘʥʝʝ ʧʨʝʜʩʪʘʚʣʝʥʠʷ ʦ ʢʦʥʬʦʨʤʘʮʠʠ ʠ, ʢʘʢ ʩʣʝʜ-
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ʩʪʚʠʝ,  ʤʝʭʘʥʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚʘʭ ʤʫʣʴʪʠʤʝʨʦʚ VWF ʚ ʢʨʦʚʦʪʦʢʝ. ʇʨʠ ʵʪʦʤ 

ʩʠʣʴʥʳʝ ʤʝʞʜʦʤʝʥʥʳʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ,ʠʤʝʶʱʠʝ ʭʘʨʘʢʪʝʨ ʧʨʠʪʷʞʝʥʠʷ, 

ʩʫʱʝʩʪʚʝʥʥʦ ʚʣʠʷʶʪ ʥʘ ʢʦʥʬʦʨʤʘʮʠʶ ʠ ʜʠʥʘʤʠʢʫ ʵʪʦʛʦ ʙʝʣʢʘ, ʧʦʵʪʦʤʫ 

ʣʦʢʘʣʴʥʳʝ ʠʟʤʝʥʝʥʠʷ pH ʠ ʠʦʥʥʦʛʦ ʩʦʩʪʘʚʘ ʧʣʘʟʤʳ ʚ ʦʢʨʝʩʪʥʦʩʪʠ ʧʦʚʨʝʞ-

ʜʝʥʥʦʡ ʩʪʝʥʢʠ ʩʦʩʫʜʘ ʤʦʛʫʪ ʠʥʠʮʠʠʨʦʚʘʪʴ ʢʦʥʬʦʨʤʘʮʠʦʥʥʳʝ ʧʝʨʝʭʦʜʳ ʚ 

ʤʫʣʴʪʠʤʝʨʘʭ VWF, ʚʣʠʷʶʱʠʭ ʥʘ ʵʬʬʝʢʪʠʚʥʳʡ ʨʘʟʤʝʨ (ʛʠʜʨʦʜʠʥʘʤʠʯʝ-

ʩʢʠʡ ʨʘʜʠʫʩ) ʠ ʫʧʨʫʛʦʩʪʴ ʵʪʦʡ ʤʘʢʨʦʤʦʣʝʢʫʣʳ [14]. 

ʅʘ ʩʣʝʜʫʶʱʝʤ ʰʘʛʝ ʨʝʟʫʣʴʪʘʪʳ ʤʦʣʝʢʫʣʷʨʥʳʭ ʤʦʜʝʣʝʡ ʙʳʣʠ ʠʩʧʦʣʴʟʦ-

ʚʘʥʳ ʜʣʷ ʤʦʜʠʬʠʢʘʮʠʠ ʤʦʜʝʣʠ ʢʣʝʪʦʯʥʦʛʦ ʤʘʩʰʪʘʙʘ ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʘʜ-

ʛʝʟʠʠ ʪʨʦʤʙʦʮʠʪʦʚ ʢ ʩʣʦʶ ʤʫʣʴʪʠʤʝʨʦʚ ʬʘʢʪʦʨʘ ɺʠʣʣʝʙʨʘʥʜʘ, ʚʳʜʝʣʷʝʤʳʭ 

ʚʦʩʧʘʣʝʥʥʳʤ ʵʥʜʦʪʝʣʠʝʤ ʩʪʝʥʦʢ ʢʨʦʚʝʥʦʩʥʳʭ ʩʦʩʫʜʦʚ. ʀʟʫʯʝʥʠʝ ʢʦʥʬʦʨ-

ʤʘʮʠʦʥʥʳʭ ʠʟʤʝʥʝʥʠʡ VWF ʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ ʝʛʦ ʛʣʦʙʫʣʷʨʥʳʭ ʜʦʤʝʥʦʚ 

ʧʦʟʚʦʣʠʣʦ ʩʬʦʨʤʫʣʠʨʦʚʘʪʴ ʙʦʣʝʝ ʢʨʫʧʥʦ-ʤʘʩʰʪʘʙʥʫʶ, ʥʦ ʜʦʩʪʘʪʦʯʥʦ ʪʦʯ-

ʥʫʶ ʤʦʜʝʣʴ ʵʪʦʛʦ ʙʝʣʢʘ ʩ ʫʯʝʪʦʤ ʤʝʭʘʥʠʯʝʩʢʦʡ ʘʢʪʠʚʘʮʠʠ ʜʦʤʝʥʦʚ ɸ1 ʠ 

ʚʦʟʤʦʞʥʦʩʪʠ ʧʨʦʪʝʦʣʠʟʘ ʜʦʤʝʥʦʚ ɸ2 ʬʝʨʤʝʥʪʦʤ ADAMTS13. ɺ ʤʦʜʝʣʠ 

ʢʣʝʪʦʯʥʦʛʦ ʤʘʩʰʪʘʙʘ ʤʫʣʴʪʠʤʝʨ VWF  ʧʨʝʜʩʪʘʚʣʝʥ ʚ ʚʠʜʝ ʣʠʥʝʡʥʦʡ ʧʦʣʠ-

ʤʝʨʥʦʡ ʤʦʣʝʢʫʣʳ, ʩʦʩʪʦʷʱʝʡ ʠʟ ʰʘʨʠʢʦʚ ʠ ʧʨʫʞʠʥʦʢ, ʧʦʛʨʫʞʝʥʥʦʡ ʚ ʚʷʟ-

ʢʫʶ ʞʠʜʢʦʩʪʴ. ɼʣʷ ʞʠʜʢʦʩʪʠ ʪʘʢʞʝ ʧʨʠʤʝʥʷʝʪʩʷ ʪʝʨʤʘʣʠʟʦʚʘʥʥʘʷ ʢʦʥʪʠ-

ʥʫʘʣʴʥʘʷ ʤʦʜʝʣʴ ʥʘ ʦʩʥʦʚʝ ʤʝʪʦʜʘ ʨʝʰʝʪʦʯʥʳʭ ʫʨʘʚʥʝʥʠʡ ɹʦʣʴʮʤʘʥʘ 

(Lattice Boltzmann, LB). ɼʝʪʘʣʠ ʤʦʜʝʣʠ ʬʘʢʪʦʨʘ ɺʠʣʣʝʙʨʘʥʜʘ ʜʣʷ ʨʘʩʯʝʪʦʚ 

ʢʣʝʪʦʯʥʦʛʦ ʤʘʩʰʪʘʙʘ ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ ʩʪʘʪʴʝ [15]. ʆʛʨʫʙʣʝʥʥʘʷ ʤʦʜʝʣʴ ʬʘʢ-

ʪʦʨʘ ɺʠʣʣʝʙʨʘʥʜʘ, ʧʨʝʜʥʘʟʥʘʯʝʥʥʘʷ ʜʣʷ ʨʘʩʯʝʪʦʚ ʩʠʩʪʝʤ ʤʥʦʛʦʢʣʝʪʦʯʥʦʛʦ 

ʤʘʩʰʪʘʙʘ, ʧʦʢʘʟʘʣʘ ʫʜʦʚʣʝʪʚʦʨʠʪʝʣʴʥʦʝ ʩʦʛʣʘʩʠʝ ʩ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ 

ʜʘʥʥʳʤʠ ʢʘʢ ʜʣʷ ʟʘʢʨʝʧʣʝʥʥʦʛʦ, ʪʘʢ ʠ ʜʣʷ ʩʚʦʙʦʜʥʦ ʜʚʠʞʫʱʝʛʦʩʷ ʤʫʣʴʪʠ-

ʤʝʨʘ [13,16]. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʦʛʨʫʙʣʝʥʠʝ ʠ ʚʘʣʠʜʘʮʠʷ ʤʦʜʝʣʝʡ ʙʳʣʘ ʧʨʦʚʝ-

ʜʝʥʘ ʫʩʧʝʰʥʦ.  

ʇʨʦʚʦʜʠʣʠʩʴ ʨʘʩʯʝʪʳ ʩʢʦʨʦʩʪʠ ʢʘʯʝʥʠʷ ʦʜʠʥʦʯʥʦʛʦ ʪʨʦʤʙʦʮʠʪʘ ʧʦ 

ʩʣʦʶ ʠʤʤʦʙʠʣʠʟʠʨʦʚʘʥʥʦʛʦ ʠ ʘʜʩʦʨʙʠʨʦʚʘʥʥʦʛʦ ʬʘʢʪʦʨʘ ɺʠʣʣʝʙʨʘʥʜʘ ʚ 

ʪʝʯʝʥʠʷʭ ʂʫʵʪʪʘ ʠ ʇʫʘʟʝʡʣʷ ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʟʥʘʯʝʥʠʷʭ ʥʘʧʨʷʞʝʥʠʷ ʩʜʚʠʛʘ ʚ 

ʧʨʠʩʪʝʥʦʯʥʦʤ ʩʣʦʝ ʞʠʜʢʦʩʪʠ. ʆʪʜʝʣʴʥʦ ʨʘʩʩʤʘʪʨʠʚʘʣʠʩʴ ʜʚʘ ʩʣʫʯʘʷ: (ʘ) 

ʧʦʚʨʝʞʜʝʥʥʘʷ ʩʪʝʥʢʘ ʩʦʩʫʜʘ, ʢʦʛʜʘ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʚʳʩʪʫʧʘʣʠ ʤʦʜʝʣʴʥʳʝ 

ʚʦʣʦʢʥʘ ʢʦʣʣʘʛʝʥʘ ʩ ʩʘʡʪʘʤʠ ʩʚʷʟʳʚʘʥʠʷ ʜʣʷ ʬʘʢʪʦʨʘ ɺʠʣʣʝʨʘʥʜʘ; (ʙ) ʚʦʩ-

ʧʘʣʝʥʠʝ ʩʪʝʥʢʠ ʩʦʩʫʜʘ ʙʝʟ ʧʦʚʨʝʞʜʝʥʠʷ, ʢʦʛʜʘ ʥʘ  ʩʪʝʥʢʝ ʙʳʣʠ ʠʤʤʦʙʠʣʠ-

ʟʠʨʦʚʘʥʳ (ʟʘʢʨʝʧʣʝʥʳ ʟʘ ʦʜʠʥ ʠʟ ʢʦʥʮʦʚ) ʤʫʣʴʪʠʤʝʨʳ  ʬʘʢʪʦʨʘ ɺʠʣʣʝʙ-

ʨʘʥʜʘ.  

   ɺ ʧʝʨʚʦʤ ʩʣʫʯʘʝ ʟʘʢʨʝʧʣʝʥʠʝ ʬʘʢʪʦʨʘ ɺʠʣʣʝʙʨʘʥʜʘ ʥʘ ʧʦʚʨʝʞʜʝʥʥʦʡ  

ʩʪʝʥʢʝ  ʧʨʦʠʩʭʦʜʠʣʦ ʧʫʪʝʤ ʝʛʦ ʘʜʩʦʨʙʮʠʠ ʠʟ ʧʦʪʦʢʘ ʞʠʜʢʦʩʪʠ. ɹʳʣʠ ʠʟʫ-

ʯʝʥʳ ʢʦʥʬʦʨʤʘʮʠʦʥʥʳʝ ʠʟʤʝʥʝʥʠʷ ʤʫʣʴʪʠʤʝʨʦʚ VWF ʚ ʧʨʦʮʝʩʩʝ ʝʛʦ ʘʜ-

ʩʦʨʙʮʠʠ ʢ ʢʦʣʣʘʛʝʥʫ. ʀʟ ʨʝʟʫʣʴʪʘʪʦʚ ʢʦʤʧʴʶʪʝʨʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʧʦʣʫ-

ʯʝʥʳ ʜʘʥʥʳʝ ʦ ʩʢʦʨʦʩʪʠ ʢʘʯʝʥʠʷ ʦʜʠʥʦʯʥʦʛʦ ʪʨʦʤʙʦʮʠʪʘ ʚ ʤʦʜʝʣʠ ʦʪ ʧʨʠ-

ʩʪʝʥʦʯʥʳʭ ʩʜʚʠʛʦʚʳʭ ʥʘʧʨʷʞʝʥʠʡ.  ɺʪʦʨʦʡ ʩʣʫʯʘʡ ʩʦʦʪʚʝʪʩʪʚʦʚʘʣ ʩʝʢʨʝ-

ʮʠʠ ʬʘʢʪʦʨʘ ɺʠʣʣʝʙʨʘʥʜʘ ʚ ʢʨʦʚʦʪʦʢ ʚʦʩʧʘʣʝʥʥʳʤ ʵʥʜʦʪʝʣʠʝʤ ʠʟ ʦʩʦʙʳʭ 
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ʛʨʘʥʫʣ (ʪʝʣʴʮʘ ɺʘʡʙʝʣʷ-ʇʘʣʘʜʝ), ʘ ʨʝʟʫʣʴʪʘʪʳ ʧʨʠʤʝʥʝʥʠʷ ʵʪʦʡ ʢʣʝʪʦʯʥʦʡ 

ʤʦʜʝʣʠ ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʘʜʛʝʟʠʠ ʪʨʦʤʙʦʮʠʪʦʚ ʚ ʵʪʦʤ ʩʣʫʯʘʝ ʦʧʫʙʣʠʢʦʚʘ-

ʥʳ ʚ ʥʘʰʝʡ ʩʪʘʪʴʝ [8]. ɺ ʵʪʦʡ ʨʘʙʦʪʝ ʥʝ ʪʦʣʴʢʦ ʫʯʪʝʥʘ ʩʧʦʩʦʙʥʦʩʪʴ ʤʫʣʴ-

ʪʠʤʝʨʦʚ ʬʘʢʪʦʨʘ ɺʠʣʝʙʨʘʥʜʘ ʨʘʟʚʦʨʘʯʠʚʘʪʴʩʷ ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʛʠʜʨʦʜʠʥʘ-

ʤʠʯʝʩʢʠʭ ʩʠʣ, ʫʚʝʣʠʯʠʚʘʷ ʯʠʩʣʦ ʘʢʪʠʚʥʳʭ ʩʘʡʪʦʚ ʩʚʷʟʳʚʘʥʠʷ (ʜʦʤʝʥʦʚ ɸ1) 

ʜʣʷ ʪʨʦʤʙʦʮʠʪʦʚ, ʥʦ ʠ ʦʩʦʙʝʥʥʦʩʪʠ ʤʝʭʘʥʠʢʠ ʙʝʣʢʦʚʳʭ ʢʦʤʧʣʝʢʩʦʚ GPIb 

ʥʘ ʤʝʤʙʨʘʥʘʭ ʪʨʦʤʙʦʮʠʪʦʚ, ʚ ʯʘʩʪʥʦʩʪʠ, ʠʟʫʯʝʥʘ ʚʦʟʤʦʞʥʦʩʪʴ ʤʝʭʘʥʠʯʝ-

ʩʢʦʡ ʘʢʪʠʚʘʮʠʠ ʪʨʦʤʙʦʮʠʪʦʚ ʯʝʨʝʟ ʵʪʦʪ ʨʝʮʝʧʪʦʨ.  ʅʘ ʦʩʥʦʚʘʥʠʠ ʨʝʟʫʣʴʪʘ-

ʪʦʚ ʢʦʤʧʴʶʪʝʨʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʙʳʣʠ ʠʩʩʣʝʜʦʚʘʥʳ ʦʩʦʙʝʥʥʦʩʪʠ ʤʝʭʘ-

ʥʠʢʠ ʙʝʣʢʦʚ VWF ʠ GPIb ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʠʭ ʩʠʣ ʠ ʠʭ ʨʦʣʴ 

ʚ ʧʨʦʮʝʩʩʝ ʧʝʨʚʠʯʥʦʡ ʘʜʛʝʟʠʠ ʪʨʦʤʙʦʮʠʪʦʚ ʢ ʚʦʩʧʘʣʝʥʥʦʤʫ ʵʥʜʦʪʝʣʠʶ 

ʤʠʢʨʦʩʦʩʫʜʦʚ. ɸʥʘʣʠʟ ʩʠʣ, ʜʝʡʩʪʚʫʶʱʠʭ ʥʘ ʨʝʮʝʧʪʦʨʳ GPIb ʧʨʠ ʘʜʛʝʟʠʠ ʢ 

ʬʘʢʪʦʨʫ ʬʦʥ ɺʠʣʣʝʙʨʘʥʜʘ, ʧʦʟʚʦʣʠʣ ʩʜʝʣʘʪʴ ʚʳʚʦʜ ʦ ʚʦʟʤʦʞʥʦʩʪʠ ʤʝʭʘʥʠ-

ʯʝʩʢʦʡ ʘʢʪʠʚʘʮʠʠ ʪʨʦʤʙʦʮʠʪʦʚ ʚʩʣʝʜʩʪʚʠʝ ʜʝʬʦʨʤʘʮʠʠ ʪʨʘʥʩʤʝʤʙʨʘʥʥʳʭ 

ʜʦʤʝʥʦʚ ʵʪʠʭ ʙʝʣʢʦʚ ʧʨʠ ʚʳʩʦʢʠʭ ʥʘʧʨʷʞʝʥʠʷʭ ʩʜʚʠʛʘ ʚ ʧʨʠʩʪʝʥʦʯʥʳʭ 

ʩʣʦʷʭ ʢʨʦʚʦʪʦʢʘ. ʇʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʧʦʟʚʦʣʠʣʠ ʫʪʦʯʥʠʪʴ ʙʠʦʤʝʭʘʥʠ-

ʯʝʩʢʫʶ ʢʘʨʪʠʥʫ ʥʘʯʘʣʴʥʳʭ ʵʪʘʧʦʚ ʢʣʝʪʦʯʥʦʛʦ ʛʝʤʦʩʪʘʟʘ ʠ ʩʬʦʨʤʫʣʠʨʦʚʘʪʴ 

ʤʦʣʝʢʫʣʷʨʥʳʝ çʤʠʰʝʥʠè ʜʣʷ ʥʦʚʳʭ ʘʥʪʠ-ʘʛʨʝʛʘʪʥʳʭ ʠ ʘʥʪʠ-ʪʨʦʤʙʦʟʥʳʭ 

ʧʨʝʧʘʨʘʪʦʚ.  

ɼʘʣʴʥʝʡʰʠʤ ʰʘʛʦʤ ʨʘʙʦʪʳ ʥʘʜ ʧʨʦʝʢʪʦʤ ʙʳʣʦ ʠʟʫʯʝʥʠʝ ʤʝʭʘʥʠʯʝʩʢʦʛʦ 

ʚʣʠʷʥʠʷ ʵʨʠʪʨʦʮʠʪʦʚ ʥʘ ʬʦʨʤʠʨʦʚʘʥʠʝ ʪʨʦʤʙʦʮʠʪʘʨʥʦʛʦ ʘʛʨʝʛʘʪʘ ʚ ʤʠʢʨʦ-

ʩʦʩʫʜʝ ʨʘʟʣʠʯʥʦʛʦ ʜʠʘʤʝʪʨʘ ʩ ʧʦʤʦʱʴʶ ʨʘʟʨʘʙʦʪʘʥʥʦʡ ʘʚʪʦʨʦʤ ʢʦʤʧʴʶ-

ʪʝʨʥʦʡ ʤʦʜʝʣʠ. ʇʦ ʩʨʘʚʥʝʥʠʶ ʩ ʧʨʝʜʩʪʘʚʣʝʥʥʳʤʠ ʚ ʣʠʪʝʨʘʪʫʨʝ ʘʥʘʣʦʛʘʤʠ 

ʚ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʙʳʣʘ ʧʨʦʠʟʚʝʜʝʥʘ ʤʦʜʠʬʠʢʘʮʠʷ ʫʧʨʫʛʦʡ ʤʦʜʝʣʠ ʩʧʝʢʪʨʠ-

ʥʦʚʦʡ ʩʝʪʠ ʚ ʤʝʤʙʨʘʥʝ ʵʨʠʪʨʦʮʠʪʘ. ɺʤʝʩʪʦ ʤʦʜʝʣʠ ʯʝʨʚʝʦʙʨʘʟʥʦʡ ʮʝʧʦʯʢʠ 

(worm-like chain, WLC) ʜʣʷ ʙʝʣʢʘ ʩʧʝʢʪʨʠʥʘ ʙʳʣʘ ʧʨʠʤʝʥʝʥʘ ʢʦʥʝʯʥʦ-

ʨʘʩʪʷʞʠʤʘʷ ʥʝʣʠʥʝʡʥʘʷ ʤʦʜʝʣʴ (finitely extensible nonlinear elastic, FENE), 

ʯʪʦ ʧʦʟʚʦʣʠʣʦ ʧʦʚʳʩʠʪʴ ʯʠʩʣʝʥʥʫʶ ʫʩʪʦʡʯʠʚʦʩʪʴ ʤʦʜʝʣʠ ʧʨʠ ʚʳʩʦʢʠʭ ʥʘ-

ʧʨʷʞʝʥʠʷʭ ʩʜʚʠʛʘ ʠ ʣʫʯʰʝ ʦʧʠʩʘʪʴ ʜʝʬʦʨʤʘʮʠʠ ʦʜʠʥʦʯʥʦʛʦ ʵʨʠʪʨʦʮʠʪʘ 

ʧʨʠ ʨʘʩʪʷʞʝʥʠʠ ʧʘʨʦʡ ʩʠʣ. ʂʨʦʤʝ ʪʦʛʦ, ʚ ʥʦʚʦʡ ʚʝʨʩʠʠ ʤʦʜʝʣʠ ʘʚʪʦʨʦʤ 

ʨʘʟʨʘʙʦʪʘʥʘ ʠ ʧʨʠʤʝʥʝʥʘ ʤʝʪʦʜʠʢʘ ʧʝʨʝʤʘʩʰʪʘʙʠʨʦʚʘʥʠʷ ʢʦʵʬʬʠʮʠʝʥʪʘ 

ʪʨʝʥʠʷ ʜʣʷ ʪʦʛʦ, ʯʪʦʙʳ ʫʯʝʩʪʴ ʢʦʥʪʨʘʩʪ ʤʝʞʜʫ ʚʷʟʢʦʩʪʴʶ ʩʥʘʨʫʞʠ ʠ ʚʥʫʪʨʠ 

ʢʣʝʪʢʠ ʠ ʪʦʯʥʝʝ ʦʧʠʩʘʪʴ ʠʟʤʝʥʝʥʠʷ ʬʦʨʤʳ ʵʨʠʪʨʦʮʠʪʘ ʧʨʠ ʝʛʦ ʜʚʠʞʝʥʠʠ ʚ 

ʤʠʢʨʦʩʦʩʫʜʘʭ. ʌʦʨʤʫʣʘ ʜʣʷ ʧʝʨʝʤʘʩʰʪʘʙʠʨʦʚʘʥʠʷ ʢʦʵʬʬʠʮʠʝʥʪʘ ʪʨʝʥʠʷ 

ʧʦʣʫʯʝʥʘ ʤʝʪʦʜʦʤ, ʘʥʘʣʦʛʠʯʥʳʤ ʪʝʦʨʠʠ ɸʜʘʤʘʨʘ-ʈʳʙʯʠʥʩʢʦʛʦ ʜʣʷ ʜʚʠʞʝ-

ʥʠʷ ʢʘʧʣʠ ʩʬʝʨʠʯʝʩʢʦʡ ʬʦʨʤʳ ʚ ʚʷʟʢʦʡ ʞʠʜʢʦʩʪʠ, ʦʜʥʘʢʦ ʚ ʥʘʰʝʤ ʩʣʫʯʘʝ 

ʨʘʩʩʤʘʪʨʠʚʘʣʘʩʴ ʥʝ ʢʘʧʣʷ, ʘ ʧʣʦʩʢʘʷ ʛʨʘʥʠʮʘ ʨʘʟʜʝʣʘ ʤʝʞʜʫ ʞʠʜʢʦʩʪʷʤʠ ʩ 

ʨʘʟʣʠʯʥʳʤʠ ʢʦʵʬʬʠʮʠʝʥʪʘʤʠ ʚʷʟʢʦʩʪʠ. ʄʦʜʝʣʴ ʧʦʢʘʟʘʣʘ ʘʜʝʢʚʘʪʥʦʝ ʩʦʦʪ-

ʚʝʪʩʪʚʠʝ ʩ ʦʧʫʙʣʠʢʦʚʘʥʥʳʤʠ ʚ ʣʠʪʝʨʘʪʫʨʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ ʠ ʤʦʜʝʣʴ-

ʥʳʤʠ ʜʘʥʥʳʤʠ ʜʨʫʛʠʭ ʥʘʫʯʥʳʭ ʛʨʫʧʧ [17]. ʇʨʦʚʝʜʝʥʳ ʨʘʩʯʝʪʳ ʤʦʜʝʣʠ 

ʫʯʘʩʪʢʘ ʮʠʣʠʥʜʨʠʯʝʩʢʦʛʦ ʤʠʢʨʦʩʦʩʫʜʘ ʩ ʫʯʘʩʪʢʦʤ ʚʦʩʧʘʣʝʥʥʦʛʦ ʵʥʜʦʪʝʣʠʷ, 

ʢʦʪʦʨʳʡ ʩʝʢʨʝʪʠʨʦʚʘʣ ʚ ʧʨʦʩʚʝʪ ʩʦʩʫʜʘ ʤʫʣʴʪʠʤʝʨʳ ʙʝʣʢʘ ʬʘʢʪʦʨ ɺʠʣʣʝʙ-
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ʨʘʥʜʘ.  ʀʩʩʣʝʜʦʚʘʥʳ ʩʣʫʯʘʠ ʤʫʣʴʪʠʤʝʨʦʚ ʨʘʟʣʠʯʥʦʡ ʜʣʠʥʳ, ʘ ʪʘʢʞʝ ʨʘʟ-

ʣʠʯʥʦʡ ʧʦʚʝʨʭʥʦʩʪʥʦʡ ʧʣʦʪʥʦʩʪʠ ʩʝʢʨʝʪʠʨʦʚʘʥʥʳʭ ʙʝʣʢʦʚ ʠ ʨʘʟʣʠʯʥʦʛʦ 

ʨʘʟʤʝʨʘ ʦʙʣʘʩʪʠ ʚʦʩʧʘʣʝʥʥʦʛʦ ʵʥʜʦʪʝʣʠʷ. ɺ ʤʦʜʝʣʠ ʚʘʨʴʠʨʦʚʘʣʩʷ ʧʝʨʝʧʘʜ 

ʜʘʚʣʝʥʠʷ ʥʘ ʢʦʥʮʘʭ ʩʦʩʫʜʘ, ʪʘʢʠʤ ʦʙʨʘʟʦʤ ʙʳʣʠ ʠʩʩʣʝʜʦʚʘʥʳ ʤʝʭʘʥʠʯʝ-

ʩʢʠʝ ʦʩʦʙʝʥʥʦʩʪʠ ʩʠʩʪʝʤʳ ʚ ʨʘʟʣʠʯʥʳʭ ʛʝʤʦʜʠʥʘʤʠʯʝʩʢʠʭ ʫʩʣʦʚʠʷʭ. ɹʳʣʦ 

ʧʦʢʘʟʘʥʦ, ʯʪʦ ʧʨʠ ʯʠʩʣʘʭ ʈʝʡʥʦʣʴʜʩʘ ʧʦʨʷʜʢʘ 0.01-0.1 ʚ ʩʦʩʫʜʝ ʜʠʘʤʝʪʨʦʤ 

16 ʤʠʢʨʦʥ ʙʦʣʴʰʘʷ ʯʘʩʪʴ ʪʨʦʤʙʦʮʠʪʦʚ ʚʳʪʝʩʥʷʝʪʩʷ ʢ ʩʪʝʥʢʝ ʚ ʪʝʯʝʥʠʝ 

ʧʝʨʚʳʭ 200-300 ʤʩ ʤʦʜʝʣʴʥʦʛʦ ʚʨʝʤʝʥʠ. ʊʨʦʤʙʦʮʠʪʳ ʚ ʤʦʜʝʣʠ ʤʦʛʫʪ ʥʘ-

ʣʠʧʘʪʴ ʥʘ ʤʫʣʴʪʠʤʝʨʳ ʬʘʢʪʦʨʘ ʬʦʥ ɺʠʣʣʝʙʨʘʥʜʘ, ʢʦʪʦʨʳʡ ʧʨʠ ʪʘʢʠʭ ʫʩʣʦ-

ʚʠʷʭ ʧʝʨʝʭʦʜʠʪ ʚ ʨʘʟʚʝʨʥʫʪʫʶ ʢʦʥʬʦʨʤʘʮʠʶ ʠ ʯʘʩʪʠʯʥʦ ʘʢʪʠʚʠʨʫʝʪʩʷ, ʝʩ-

ʣʠ ʜʣʠʥʘ ʤʫʣʴʪʠʤʝʨʘ ʙʦʣʴʰʝ 20 ʩʫʙʲʝʜʠʥʠʮ. ʉʪʦʣʢʥʦʚʝʥʠʷ ʩ ʵʨʠʪʨʦʮʠʪʘ-

ʤʠ ʧʨʠʚʦʜʷʪ ʢ ʪʦʤʫ, ʯʪʦ ʪʨʦʤʙʦʮʠʪʳ ʚʜʘʚʣʠʚʘʶʪʩʷ ʚ ʩʣʦʡ ʙʝʣʢʘ ʠ ʦʙʨʘʟʫ-

ʶʪ ʙʦʣʴʰʝʝ ʯʠʩʣʦ ʘʜʛʝʟʠʦʥʥʳʭ ʩʚʷʟʝʡ ʩ ʥʠʤ. ʇʨʠ ʵʪʦʤ ʵʨʠʪʨʦʮʠʪʳ ʪʘʢʞʝ 

ʪʦʣʢʘʶʪ ʫʞʝ ʟʘʢʨʝʧʣʝʥʥʳʝ ʥʘ ʬʘʢʪʦʨʝ ɺʠʣʣʝʙʨʘʥʜʘ ʪʨʦʤʙʦʮʠʪʳ, ʯʪʦ ʧʨʠ-

ʚʦʜʠʪ ʢ ʫʚʝʣʠʯʝʥʠʶ ʢʦʣʠʯʝʩʪʚʘ ʨʘʩʪʷʥʫʪʳʭ ʩʫʙʲʝʜʠʥʠʮ ʬʘʢʪʦʨʘ ɺʠʣʣʝʙ-

ʨʘʥʜʘ, ʘ ʪʘʢʞʝ ʫʩʠʣʠʚʘʝʪ ʨʘʩʪʷʞʝʥʠʝ ʤʝʭʘʥʦʯʫʚʩʪʚʠʪʝʣʴʥʳʭ ʨʝʮʝʧʪʦʨʦʚ 

(GPIb). ʕʪʠ ʤʝʭʘʥʠʯʝʩʢʠʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ, ʢʘʢ ʩʣʝʜʫʝʪ ʠʟ ʤʦʜʝʣʠ, ʤʦʛʫʪ 

ʩʧʦʩʦʙʩʪʚʦʚʘʪʴ ʤʝʭʘʥʠʯʝʩʢʦʡ ʘʢʪʠʚʘʮʠʠ ʪʨʦʤʙʦʮʠʪʦʚ ʚ ʤʠʢʨʦʩʦʩʫʜʘʭ ʤʘ-

ʣʦʛʦ ʜʠʘʤʝʪʨʘ.  

ʊʨʠ ʩʦʩʝʜʥʠʭ ʛʣʦʙʫʣʷʨʥʳʭ ʜʦʤʝʥʘ ɸ1, ɸ2 ʠ ɸ3 ʬʘʢʪʦʨʘ ʬʦʥ ɺʠʣʣʝʙ-

ʨʘʥʜʘ ʧʨʠʚʣʝʢʘʶʪ ʥʘʠʙʦʣʴʰʝʝ ʚʥʠʤʘʥʠʝ, ʧʦʩʢʦʣʴʢʫ ʦʥʠ ʦʙʝʩʧʝʯʠʚʘʶʪ ʦʩ-

ʥʦʚʥʳʝ ʬʫʥʢʮʠʠ ʵʪʦʛʦ ʙʝʣʢʘ, ʩʚʷʟʘʥʥʳʝ ʩ ʘʜʛʝʟʠʝʡ ʠ ʘʛʨʝʛʘʮʠʝʡ ʪʨʦʤʙʦ-

ʮʠʪʦʚ. ɼʦʤʝʥ ɸ2, ʚ ʦʪʣʠʯʠʝ ʦʪ ɸ1 ʠ ɸ3, ʥʝ ʩʦʜʝʨʞʠʪ ʜʠʩʫʣʴʬʠʜʥʳʭ ʩʚʷʟʝʡ 

ʤʝʞʜʫ N- ʠ ʉ-ʢʦʥʮʝʚʳʤʠ ʫʯʘʩʪʢʘʤʠ. ʕʪʦʪ ʜʦʤʝʥ ʪʘʢʞʝ ʩʦʜʝʨʞʠʪ ʫʯʘʩʪʦʢ,  

ʩʢʨʳʪʳʡ ʚʥʫʪʨʠ ʛʣʦʙʫʣʷʨʥʦʡ ʩʪʨʫʢʪʫʨʳ ʠ ʚʦʩʧʨʠʠʤʯʠʚʳʡ ʢ ʧʨʦʪʝʦʣʠʟʫ 

ʬʝʨʤʝʥʪʦʤ ADAMTS13 [18]. ʄʝʭʘʥʠʯʝʩʢʘʷ ʫʩʪʦʡʯʠʚʦʩʪʴ ʜʦʤʝʥʘ ɸ2 ʚʘʞ-

ʥʘ ʜʣʷ ʢʦʥʪʨʦʣʷ ʨʘʟʤʝʨʘ ʤʫʣʴʪʠʤʝʨʦʚ VWF, ʮʠʨʢʫʣʠʨʫʶʱʠʭ ʚ ʢʨʦʚʦʪʦʢʝ. 

ɺ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʠʩʧʦʣʴʟʦʚʘʥʦ ʢʘʢ ʧʦʣʥʦʘʪʦʤʥʦʝ, ʪʘʢ ʠ ʢʨʫʧʥʦʟʝʨʥʠ-

ʩʪʦʝ ʢʦʤʧʴʶʪʝʨʥʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʤʝʭʘʥʠʯʝʩʢʦʛʦ ʘʥ-

ʬʦʣʜʠʥʛʘ ʜʦʤʝʥʘ A2 ʬʘʢʪʦʨʘ ʬʦʥ ɺʠʣʣʝʙʨʘʥʜʘ ʚ ʜʚʫʭ ʨʝʞʠʤʘʭ, ʪʠʧʠʯʥʳʭ 

ʜʣʷ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʫʩʪʘʥʦʚʦʢ: ʦʜʥʦʦʩʥʦʝ ʨʘʩʪʷʞʝʥʠʝ ʩ ʧʦʩʪʦʷʥʥʦʡ 

ʩʠʣʦʡ, ʧʦʜʦʙʥʦʝ ʤʝʪʦʜʫ ʩʠʣʦʚʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʩ ʧʦʤʦʱʴʶ ʟʦʥʜʦʚʦʛʦ 

(ʘʪʦʤʥʦ-ʩʠʣʦʚʦʛʦ) ʤʠʢʨʦʩʢʦʧʘ, ʠ ʨʝʞʠʤ ʩʜʚʠʛʦʚʦʛʦ ʪʝʯʝʥʠʷ ʂʫʵʪʪʘ, ʭʘʨʘʢ-

ʪʝʨʥʦʝ ʜʣʷ ʧʨʠʩʪʝʥʦʯʥʳʭ ʦʙʣʘʩʪʝʡ  ʤʠʢʨʦʬʣʶʠʜʥʳʭ ʧʨʦʪʦʯʥʳʭ ʢʘʤʝʨ ʠ 

ʨʦʪʘʮʠʦʥʥʳʭ ʚʠʩʢʦʟʠʤʝʪʨʦʚ. ʈʘʩʩʤʦʪʨʝʥʳ ʢʘʢ ʠʟʦʣʠʨʦʚʘʥʥʳʡ ʜʦʤʝʥ A2, 

ʪʘʢ ʠ ʪʨʝʭʜʦʤʝʥʥʳʡ ʬʨʘʛʤʝʥʪ A1A2A3 ʤʦʥʦʤʝʨʘ ʬʘʢʪʦʨʘ ʬʦʥ ɺʠʣʣʝʙʨʘʥ-

ʜʘ. ʈʝʟʫʣʴʪʘʪʳ ʧʦʢʘʟʳʚʘʶʪ, ʯʪʦ ʧʫʪʴ ʨʘʟʚʦʨʘʯʠʚʘʥʠʷ ʜʦʤʝʥʘ ɸ2 ʢʦʥʪʨʦʣʠ-

ʨʫʝʪʩʷ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʳʤ ʨʘʟʨʳʚʦʤ ʚʦʜʦʨʦʜʥʳʭ ʩʚʷʟʝʡ ʤʝʞʜʫ ʙʝʪʘ-

ʪʷʞʘʤʠ ʚ ʷʜʨʝ ʛʣʦʙʫʣʳ, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʘʣʴʬʘ-ʩʧʠʨʘʣʠ ʧʨʘʢʪʠʯʝʩʢʠ ʥʝ ʦʢʘ-

ʟʳʚʘʶʪ ʤʝʭʘʥʠʯʝʩʢʦʛʦ ʩʦʧʨʦʪʠʚʣʝʥʠʷ.  ʏʠʩʣʝʥʥʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ, ʦʩʥʦ-

ʚʘʥʥʦʝ ʥʘ ʢʨʫʧʥʦ-ʟʝʨʥʠʩʪʦʡ ʤʦʜʝʣʠ ʙʝʣʢʘ, ʧʦʢʘʟʘʣʦ, ʯʪʦ ʜʣʷ ʥʘʙʣʶʜʝʥʠʷ 

ʟʘ ʘʥʬʦʣʜʠʥʛʦʤ ʦʜʠʥʦʯʥʦʛʦ ʜʦʤʝʥʘ ɸ2 (ʨʘʟʤʝʨʦʤ ʧʦʨʷʜʢʘ 5 ʥʤ) ʚ ʥʘʥʦʩʝ-
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-1
. ʇʨʠ 

ʵʪʠʭ ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʠʭ ʫʩʣʦʚʠʷʭ ʞʠʜʢʦʩʪʴ ʚʦʟʜʝʡʩʪʚʫʝʪ ʥʘ ʙʝʣʦʢ, ʟʘ-

ʩʪʘʚʣʷʷ ʝʛʦ ʚʨʘʱʘʪʴʩʷ ʩ ʯʘʩʪʦʪʦʡ ʧʦʨʷʜʢʘ ʩʢʦʨʦʩʪʠ ʩʜʚʠʛʘ ʠ ʩʦʟʜʘʚʘʷ ʨʘʩ-

ʪʷʛʠʚʘʶʱʝʝ ʤʝʭʘʥʠʯʝʩʢʦʝ ʫʩʠʣʠʝ ʧʦʨʷʜʢʘ 100 ʧʅ. ʕʪʦ ʩʦʛʣʘʩʫʝʪʩʷ ʩ ʪʠ-

ʧʠʯʥʳʤʠ ʟʥʘʯʝʥʠʷʤʠ ʩʠʣ, ʥʝʦʙʭʦʜʠʤʳʭ ʜʣʷ ʦʜʥʦʦʩʥʦʛʦ ʤʝʭʘʥʠʯʝʩʢʦʛʦ 

ʨʘʩʪʷʞʝʥʠʷ ʜʦʤʝʥʘ ɸ2 ʚ ʢʦʤʧʴʶʪʝʨʥʦʡ ʤʦʜʝʣʠ. ɼʣʷ ʪʨʝʭʜʦʤʝʥʥʦʛʦ ʬʨʘʛ-

ʤʝʥʪʘ ɸ1ɸ2ɸ3 ʘʥʬʦʣʜʠʥʛ ʜʦʤʝʥʘ ɸ2 ʚ ʨʝʘʣʠʩʪʠʯʥʳʭ ʫʩʣʦʚʠʷʭ ʧʨʦʠʩʭʦ-

ʜʠʪ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʚʩʣʝʜʩʪʚʠʝ ʨʘʩʪʷʛʠʚʘʶʱʝʛʦ ʦʜʥʦʦʩʥʦʛʦ ʨʘʩʪʷʞʝʥʠʷ 

ʟʘ ʝʛʦ ʢʦʥʮʳ ʩʦ ʩʪʦʨʦʥʳ N- ʠ C-ʢʦʥʮʝʚʳʭ ʣʠʥʢʝʨʦʚ.  ʃʠʥʝʡʥʘʷ ʩʪʨʫʢʪʫʨʘ 

ʤʦʥʦʤʝʨʘ ʙʝʣʢʘ ʬʘʢʪʦʨʘ ʬʦʥ ɺʠʣʣʝʙʨʘʥʜʘ, ʚ ʢʦʪʦʨʦʡ ʢʦʤʧʘʢʪʥʳʝ ʛʣʦʙʫ-

ʣʷʨʥʳʝ ʜʦʤʝʥʳ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦ ʩʦʝʜʠʥʝʥʳ ʥʝʫʧʦʨʷʜʦʯʝʥʥʳʤʠ ʫʯʘʩʪʢʘ-

ʤʠ, ʧʦ ʚʩʝʡ ʚʠʜʠʤʦʩʪʠ, ʩʦʟʜʘʝʪ ʫʩʣʦʚʠʷ ʜʣʷ ʨʘʟʥʦʤʘʩʰʪʘʙʥʳʭ ʠʝʨʘʨʭʠʯʝ-

ʩʢʠʭ ʤʦʣʝʢʫʣʷʨʥʦ-ʤʝʭʘʥʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʦʚ ʫʜʣʠʥʝʥʠʷ ʠ ʘʥʬʦʣʜʠʥʛʘ ʦʪ-

ʜʝʣʴʥʳʭ ʫʯʘʩʪʢʦʚ ʵʪʦʛʦ ʙʝʣʢʘ (ʢʘʢ ʛʣʦʙʫʣʷʨʥʳʭ, ʪʘʢ ʠ ʥʝʫʧʦʨʷʜʦʯʝʥʥʳʭ).  

ʈʝʟʫʣʴʪʘʪʳ ʫʢʘʟʳʚʘʶʪ ʥʘ ʩʫʱʝʩʪʚʝʥʥʫʶ ʨʦʣʴ ʤʝʞʜʦʤʝʥʥʳʭ ʚʟʘʠʤʦʜʝʡʩʪ-

ʚʠʡ ʠ ʜʣʷ ʘʚʪʦʠʥʛʠʙʠʨʦʚʘʥʠʷ ʘʛʨʝʛʘʮʠʦʥʥʦʡ ʘʢʪʠʚʥʦʩʪʠ ʜʦʤʝʥʘ ɸ1, ʠ ʜʣʷ 

ʧʦʜʘʚʣʝʥʠʷ ʧʨʦʪʝʦʣʠʟʘ ʜʦʤʝʥʘ ɸ2. ʂʨʦʤʝ ʪʦʛʦ, ʚʨʘʱʘʪʝʣʴʥʦʝ ʜʚʠʞʝʥʠʝ 

ʙʝʣʢʘ, ʩʚʦʙʦʜʥʦ ʜʚʠʞʫʱʝʛʦʩʷ ʚ ʩʜʚʠʛʦʚʦʤ ʪʝʯʝʥʠʠ, ʧʨʠʚʦʜʠʪ ʢ ʪʦʤʫ, ʯʪʦ 

ʝʛʦ ʢʦʥʬʦʨʤʘʮʠʷ ʧʝʨʠʦʜʠʯʝʩʢʠ ʠʟʤʝʥʷʝʪʩʷ. ɺ ʧʨʝʜʩʪʘʚʣʝʥʥʦʡ ʨʘʙʦʪʝ 

ʚʧʝʨʚʳʝ ʚʥʠʤʘʥʠʝ ʫʜʝʣʷʝʪʩʷ ʜʠʥʘʤʠʢʝ ʜʚʠʞʝʥʠʷ ʪʨʝʭʜʦʤʝʥʥʦʛʦ ʬʨʘʛʤʝʥ-

ʪʘ ɸ1ɸ2ɸ3 ʠ ʤʝʞʜʦʤʝʥʥʳʭ ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ ʚ ʫʩʣʦʚʠʷʭ ʩʜʚʠʛʦʚʦʛʦ ʧʦʪʦʢʘ 

ʚʷʟʢʦʡ ʞʠʜʢʦʩʪʠ. ʉ ʧʦʤʦʱʴʶ ʢʦʤʧʴʶʪʝʨʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʫʜʘʣʦʩʴ 

ʧʨʦʥʘʙʣʶʜʘʪʴ ʢʦʥʬʦʨʤʘʮʠʦʥʥʳʝ ʧʝʨʝʭʦʜʳ, ʦʪʚʝʯʘʶʱʠʝ ʟʘ ʚʘʞʥʳʝ ʨʝʛʫ-

ʣʷʪʦʨʥʳʝ ʧʨʦʮʝʩʩʳ.  ʈʝʟʫʣʴʪʘʪʳ ʧʨʝʜʩʪʘʚʣʝʥʥʦʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ [9] ʨʘʩ-

ʢʨʳʚʘʶʪ ʙʠʦʬʠʟʠʯʝʩʢʠʝ ʤʝʭʘʥʠʟʤʳ ʧʨʦʮʝʩʩʦʚ, ʫʧʨʘʚʣʷʶʱʠʭ ʤʝʭʘʥʦʨʝ-

ʮʝʧʮʠʝʡ ʬʘʢʪʦʨʘ ʬʦʥ ɺʠʣʣʝʙʨʘʥʜʘ ʥʘ ʤʦʣʝʢʫʣʷʨʥʦʤ ʫʨʦʚʥʝ, ʠ ʩʧʦʩʦʙʩʪ-

ʚʫʝʪ ʣʫʯʰʝʤʫ ʧʦʥʠʤʘʥʠʶ ʷʚʣʝʥʠʡ ʘʢʪʠʚʘʮʠʠ ʠ ʘʚʪʦ-ʠʥʛʠʙʠʨʦʚʘʥʠʷ, ʘ 

ʪʘʢʞʝ ʤʝʭʘʥʦʟʘʚʠʩʠʤʦʛʦ ʧʨʦʪʝʦʣʠʟʘ ʵʪʦʛʦ ʙʝʣʢʘ.  

ʆʩʥʦʚʥʳʝ ʧʘʨʘʣʣʝʣʴʥʳʝ ʨʘʩʯʝʪʳ ʧʨʦʚʦʜʠʣʠʩʴ ʥʘ ʩʫʧʝʨʢʦʤʧʴʶʪʝʨʝ 

ʅʀɺʎ ʄɻʋ çʃʦʤʦʥʦʩʦʚ-2è. ʀʩʩʣʝʜʦʚʘʥʠʷ ʚʳʧʦʣʥʝʥʳ ʟʘ ʩʯʝʪ ʛʨʘʥʪʘ ʈʦʩ-

ʩʠʡʩʢʦʛʦ ʥʘʫʯʥʦʛʦ ʬʦʥʜʘ ˉ 24-21-00182 (https://rscf.ru/project/24-21-

00182/). ɺ ʜʦʢʣʘʜʝ ʙʫʜʫʪ ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʘʚʪʦʨʘ, ʢʦʪʦʨʳʝ ʚ ʩʢʦ-

ʨʦʤ ʚʨʝʤʝʥʠ ʩʦʩʪʘʚʷʪ ʦʩʥʦʚʫ ʜʣʷ ʜʠʩʩʝʨʪʘʮʠʠ ʥʘ ʩʦʠʩʢʘʥʠʝ ʫʯʝʥʦʡ ʩʪʝʧʝ-

ʥʠ ʜʦʢʪʦʨʘ ʬʠʟʠʢʦ-ʤʘʪʝʤʘʪʠʯʝʩʢʠʭ ʥʘʫʢ.  
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ɺʃʀʗʅʀɽ ʀʆʅʀɿʀʈʋʖʑɽɻʆ ʀɿʃʋʏɽʅʀʗ ʅɸ ʇʈʆɼʋʂʊʀɺʅʆʉʊʔ 

ʀ ʌʀʊʆʉɸʅʀʊɸʈʅʆɽ ʉʆʉʊʆʗʅʀɽ ʂɸʈʊʆʌɽʃʗ 

ʇʨʦʛʨʘʤʤʠʩʪ 1 ʢʘʪ. ɿʫʙʨʠʮʢʘʷ ʗ.ɺ., ʟʘʚ.ʣʘʙ. ɹʣʠʟʥʶʢ ʋ.ɸ., ʧʨʦʬ. ʏʝʨʥʷʝʚ 

ɸ.ʇ., ʜʦʮ. ɹʦʨʱʝʛʦʚʩʢʘʷ ʇ.ʖ., ʩʪ.ʥʘʫʯ.ʩʦʪʨ. ʖʨʦʚ ɼ.ʉ., ʟʘʤ. ʨʫʢʦʚʦʜʠʪʝʣʷ 

ʧʦ ʥʘʫʯʥʦʡ ʨʘʙʦʪʝ ʄʘʣʶʛʘ ɸ.ɸ., ʚʝʜ.ʥʘʫʯ.ʩʦʪʨ. ʏʫʣʠʢʦʚʘ ʅ.ʉ. (ʉʠʙʅʀʀ-

ɿʠʍ ʉʌʅʎɸ ʈɸʅ), 

ɸʜʘʧʪʘʮʠʷ ʤʝʪʦʜʦʚ ʟʘʱʠʪʳ ʠ ʩʪʠʤʫʣʷʮʠʠ ʨʦʩʪʘ ʩʝʣʴʩʢʦʭʦʟʷʡʩʪʚʝʥʥʳʭ 

ʢʫʣʴʪʫʨ ʚ ʫʩʣʦʚʠʷʭ ʠʟʤʝʥʝʥʠʷ ʢʣʠʤʘʪʘ ʷʚʣʷʝʪʩʷ ʚʘʞʥʦʡ ʟʘʜʘʯʝʡ ʘʛʨʦʥʦ-

ʤʠʯʝʩʢʦʛʦ ʩʝʢʪʦʨʘ ʧʨʦʤʳʰʣʝʥʥʦʩʪʠ [1, 2]. ʈʘʜʠʘʮʠʦʥʥʘʷ ʦʙʨʘʙʦʪʢʘ ʷʚʣʷ-

ʝʪʩʷ ʫʥʠʚʝʨʩʘʣʴʥʳʤ ʤʝʪʦʜʦʤ, ʧʦʟʚʦʣʷʶʱʠʤ ʢʘʢ ʩʪʠʤʫʣʠʨʦʚʘʪʴ, ʪʘʢ ʠ ʠʥ-

ʛʠʙʠʨʦʚʘʪʴ ʨʦʩʪ ʨʘʩʪʝʥʠʡ ʠ ʬʠʪʦʧʘʪʦʛʝʥʦʚ. ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʨʘʩʩʤʘʪʨʠʚʘ-

ʝʪʩʷ ʚʣʠʷʥʠʝ ʠʦʥʠʟʠʨʫʶʱʝʛʦ ʠʟʣʫʯʝʥʠʷ ʥʘ ʧʨʦʜʫʢʪʠʚʥʦʩʪʴ ʠ ʬʠʪʦʩʘʥʠ-

ʪʘʨʥʦʝ ʩʦʩʪʦʷʥʠʝ ʢʫʣʴʪʫʨʳ ʢʘʨʪʦʬʝʣʷ. 

ɺ ʠʩʩʣʝʜʦʚʘʥʠʠ ʢʣʫʙʥʠ ʢʘʨʪʦʬʝʣʷ ʩʦʨʪʘ ʌʠʦʣʝʪʦʚʳʡ ʩ ʝʩʪʝʩʪʚʝʥʥʳʤ 

ʟʘʨʘʞʝʥʠʝʤ ʛʨʠʙʦʤ Rhizoctonia Solani ʙʳʣʠ ʦʙʣʫʯʝʥʳ ʫʩʢʦʨʝʥʥʳʤʠ ʥʠʟʢʦ-

ʵʥʝʨʛʝʪʠʯʥʳʤʠ ʵʣʝʢʪʨʦʥʘʤʠ ʠ ʨʝʥʪʛʝʥʦʚʩʢʠʤ ʠʟʣʫʯʝʥʠʝʤ ʚ ʜʦʟʘʭ ʦʪ 5 ʜʦ 

30 ɻʨ. ʆʙʣʫʯʝʥʠʝ ʧʨʦʚʦʜʠʣʦʩʴ ʥʘ ʣʠʥʝʡʥʦʤ ʫʩʢʦʨʠʪʝʣʝ ʵʣʝʢʪʨʦʥʦʚ ʥʝʧʨʝ-

ʨʳʚʥʦʛʦ ʜʝʡʩʪʚʠʷ ʋʕʃʈ-1-25-T001 ʩ ʵʥʝʨʛʠʝʡ 1 ʄʵɺ ʠ ʨʝʥʪʛʝʥʦʚʩʢʦʤ ʘʧ-

ʧʘʨʘʪʝ 1BPV23-100 ʩ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʪʨʫʙʢʦʡ RAD-100 ʠ ʘʥʦʜʦʤ ʠʟ ʤʦʣʠʙ-

ʜʝʥʘ. ʇʦʩʣʝ ʦʙʣʫʯʝʥʠʷ ʢʣʫʙʥʠ ʚʳʩʘʞʠʚʘʣʠʩʴ ʥʘ ʦʧʳʪʥʦʤ ʧʦʣʝ ʉʌʅʎɸ 

ʈɸʅ ʜʣʷ ʥʘʙʣʶʜʝʥʠʷ ʟʘ ʠʭ ʨʦʩʪʦʤ ʠ ʧʦʣʫʯʝʥʠʷ ʫʨʦʞʘʷ. ʇʦʣʫʯʝʥʥʳʡ ʫʨʦ-

ʞʘʡ ʧʨʦʭʦʜʠʣ ʬʠʪʦʩʘʥʠʪʘʨʥʳʡ ʘʥʘʣʠʟ ʥʘ ʩʪʝʧʝʥʴ ʧʦʨʘʞʝʥʠʷ ʛʨʠʙʥʳʤʠ ʟʘ-

ʙʦʣʝʚʘʥʠʷʤʠ. ʅʘ ʦʩʥʦʚʝ ʜʘʥʥʳʭ ʦ ʢʦʣʠʯʝʩʪʚʝ ʠ ʢʘʯʝʩʪʚʝ ʫʨʦʞʘʷ ʤʦʞʥʦ 

ʙʳʣʦ ʚʳʷʚʠʪʴ ʵʬʬʝʢʪʠʚʥʳʝ ʜʦʟʳ ʦʙʨʘʙʦʪʢʠ ʢʣʫʙʥʝʡ. 

ʆʮʝʥʢʘ ʧʨʦʜʫʢʪʠʚʥʦʩʪʠ ʠ ʬʠʪʦʩʘʥʠʪʘʨʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʢʫʣʴʪʫʨʳ ʧʦʢʘ-

ʟʘʣʘ ʥʝʣʠʥʝʡʥʫʶ ʟʘʚʠʩʠʤʦʩʪʴ ʫʨʦʞʘʡʥʦʩʪʠ ʠ ʟʘʙʦʣʝʚʘʝʤʦʩʪʠ ʢʫʣʴʪʫʨʳ ʦʪ 

ʜʦʟʳ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʠ ʵʣʝʢʪʨʦʥʥʦʛʦ ʠʟʣʫʯʝʥʠʷ. ʆʙʨʘʙʦʪʢʘ ʚʦ ʚʩʝʭ ʧʨʝʜ-

ʩʪʘʚʣʝʥʥʳʭ ʜʦʟʘʭ ʩʥʠʞʘʣʘ ʨʘʩʧʨʦʩʪʨʘʥʸʥʥʦʩʪʴ ʩʝʪʯʘʪʦʛʦ ʥʝʢʨʦʟʘ ʥʘ ʢʣʫʙ-

ʥʷʭ ʥʦʚʦʛʦ ʫʨʦʞʘʷ. ʆʙʣʫʯʝʥʠʝ ʫʩʢʦʨʝʥʥʳʤʠ ʵʣʝʢʪʨʦʥʘʤʠ ʚ ʜʦʟʘʭ 15, 20 ʠ 

30 ɻʨ ʫʚʝʣʠʯʠʣʠ ʢʦʣʠʯʝʩʪʚʦ ʫʨʦʞʘʷ ʥʘ 35, 18 ʠ 58 %, ʘ ʦʙʣʫʯʝʥʠʝ ʚ ʜʦʟʘʭ 

10, 25 ʠ 30 ɻʨ ʙʳʣʦ ʥʘʠʙʦʣʝʝ ʜʝʡʩʪʚʝʥʥʦ ʧʨʦʪʠʚ ʩʝʪʯʘʪʦʛʦ ʥʝʢʨʦʟʘ, ʩʥʠʞʘʷ 

ʝʛʦ ʨʘʩʧʨʦʩʪʨʘʥʸʥʥʦʩʪʴ ʥʘ 36, 16 ʠ 8 %, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʆʙʣʫʯʝʥʠʝ ʨʝʥʪ-

ʛʝʥʦʚʩʢʠʤ ʠʟʣʫʯʝʥʠʝʤ ʚʦ ʚʩʝʭ ʜʦʟʘʭ ʩʥʠʞʘʣʦ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʝ ʩʝʪʯʘʪʦʛʦ 

ʥʝʢʨʦʟʘ, ʙʦʣʝʝ ʯʝʤ ʥʘ 16 %, ʥʦ ʧʨʠ ʵʪʦʤ ʩʥʠʞʘʣʦ ʫʨʦʞʘʡʥʦʩʪʴ ʢʫʣʴʪʫʨʳ. 

ʅʘʠʤʝʥʴʰʝʝ ʩʥʠʞʝʥʠʝ ʫʨʦʞʘʡʥʦʩʪʠ ʥʘʙʣʶʜʘʣʦʩʴ ʧʨʠ ʦʙʣʫʯʝʥʠʠ ʚ ʜʦʟʝ 10 

ɻʨ ʠ ʩʦʩʪʘʚʣʷʣʦ 10 %. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʙʳʣʦ ʧʦʣʫʯʝʥʦ, ʯʪʦ ʦʙʨʘʙʦʪʢʘ ʠʦʥʠʟʠʨʫʶʱʠʤ ʠʟʣʫʯʝ-

ʥʠʝʤ ʢʣʫʙʥʝʡ ʢʘʨʪʦʬʝʣʷ ʩʥʠʞʘʣʘ ʩʪʝʧʝʥʴ ʧʦʨʘʞʝʥʠʷ ʫʨʦʞʘʷ ʬʠʪʦʧʘʪʦ-

ʛʝʥʥʳʤʠ ʛʨʠʙʘʤʠ. ʆʙʣʫʯʝʥʠʝ ʨʝʥʪʛʝʥʦʚʩʢʠʤ ʠʟʣʫʯʝʥʠʝʤ ʵʬʬʝʢʪʠʚʥʝʝ ʙʦ-

ʨʦʣʦʩʴ ʩ ʟʘʙʦʣʝʚʘʥʠʝʤ ʥʘ ʢʣʫʙʥʷʭ, ʦʜʥʘʢʦ ʪʘʢʞʝ ʥʝʛʘʪʠʚʥʦ ʚʣʠʷʣʦ ʥʘ ʫʨʦ-

ʞʘʡʥʦʩʪʴ ʢʫʣʴʪʫʨʳ. ɽʛʦ ʵʬʬʝʢʪʠʚʥʘʷ ʜʦʟʘ ʦʙʣʫʯʝʥʠʷ ʩʦʩʪʘʚʠʣʘ 10 ɻʨ. ʆʙ-
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ʣʫʯʝʥʠʝ ʫʩʢʦʨʝʥʥʳʤʠ ʵʣʝʢʪʨʦʥʘʤʠ ʚ ʜʦʟʘʭ 15, 25 ʠ 30 ɻʨ ʧʦʚʳʩʠʣʦ ʧʨʦ-

ʜʫʢʪʠʚʥʦʩʪʴ ʢʫʣʴʪʫʨʳ ʥʘ 35, 18 ʠ 58 %. ʕʬʬʝʢʪʠʚʥʘʷ ʜʦʟʘ ʦʙʨʘʙʦʪʢʠ ʩʝ-

ʤʝʥʥʦʛʦ ʢʘʨʪʦʬʝʣʷ ʜʣʷ ʫʩʢʦʨʝʥʥʳʭ ʵʣʝʢʪʨʦʥʦʚ ʩʦʩʪʘʚʠʣʘ 30 ɻʨ. 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʙʳʣʦ ʚʳʧʦʣʥʝʥʦ ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ ʧʦʜʜʝʨʞʢʝ ʈʅʌ ʚ ʨʘʤ-

ʢʘʭ ʥʘʫʯʥʦʛʦ ʧʨʦʝʢʪʘ ˉ22-63-00075. 
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ʋʈɸɺʅɽʅʀɽ ʉʆʉʊʆʗʅʀʗ ʉʀʉʊɽʄʓ ʏɸʉʊʀʎ  

ʉ ʅɽʆʊʈʀʎɸʊɽʃʔʅʆ ʆʇʈɽɼɽʃɽʅʅʓʄ  

ʇʆʊɽʅʎʀɸʃʆʄ ɺɿɸʀʄʆɼɽʁʉʊɺʀʗ  

ʇʨʦʬ. ʅʠʢʦʣʘʝʚ ʇ.ʅ. 

ʉʠʩʪʝʤʳ ʯʘʩʪʠʮ ʩ ʥʝʦʪʨʠʮʘʪʝʣʴʥʦ ʦʧʨʝʜʝʣʝʥʥʳʤ ʧʦʪʝʥʮʠʘʣʦʤ ʚʟʘʠʤʦ-

ʜʝʡʩʪʚʠʷ ʥʘʭʦʜʷʪ ʰʠʨʦʢʦʝ ʧʨʠʤʝʥʝʥʠʝ ʚ ʢʘʯʝʩʪʚʝ ʙʘʟʦʚʦʡ ʩʠʩʪʝʤʳ ʚ ʰʠ-

ʨʦʢʦʡ ʦʙʣʘʩʪʠ ʠʟʤʝʥʝʥʠʷ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ [1-5]. ʕʪʦ ʦʪʥʦ-

ʩʠʪʩʷ ʢ ʠʩʩʣʝʜʦʚʘʥʠʶ ʢʘʢ ʨʘʚʥʦʚʝʩʥʳʭ ʩʚʦʡʩʪʚ ʩʠʩʪʝʤ [2-4], ʪʘʢ ʠ ʥʝʨʘʚ-

ʥʦʚʝʩʥʳʭ [1,5]. 

ʉʨʝʜʠ ʧʦʪʝʥʮʠʘʣʦʚ ʜʘʥʥʦʛʦ ʪʠʧʘ ʚʳʜʝʣʷʝʪʩʷ ʩʠʩʪʝʤʘ ʪʚʝʨʜʳʭ ʩʬʝʨ ʢʘʢ 

ʥʘʠʙʦʣʝʝ ʧʨʦʩʪʘʷ. ʀʤʝʥʥʦ ʜʣʷ ʜʘʥʥʦʡ ʩʠʩʪʝʤʳ ʙʳʣʦ ʧʦʩʪʨʦʝʥʦ ʠʟʥʘʯʘʣʴ-

ʥʦ ʢʠʥʝʪʠʯʝʩʢʦʝ ʫʨʘʚʥʝʥʠʝ ɹʦʣʴʮʤʘʥʘ [5], ʢʦʪʦʨʦʝ ʚ ʜʘʣʴʥʝʡʰʝʤ ʙʳʣʦ 

ʦʙʦʙʱʝʥʦ ʥʘ ʩʣʫʯʘʡ ʩʠʩʪʝʤ ʩ ʙʦʣʴʰʝʡ ʧʣʦʪʥʦʩʪʴʶ ʏʝʧʤʝʥʦʤ ʠ ʕʥʩʢʦʛʦʤ 

[1]. ʏʪʦ ʢʘʩʘʝʪʩʷ ʨʘʚʥʦʚʝʩʥʳʭ ʩʚʦʡʩʪʚ, ʪʦ ʤʦʜʝʣʴ ʪʚʝʨʜʳʭ ʩʬʝʨ ʣʝʞʠʪ ʚ 

ʦʩʥʦʚʝ ʥʝ ʪʦʣʴʢʦ ʚ ʦʩʥʦʚʝ ʚʘʥ-ʜʝʨ-ʚʘʘʣʴʩʦʚʩʢʦʡ ʪʝʦʨʠʠ ʞʠʜʢʦʩʪʠ, ʥʦ ʠ ʩʦ-

ʚʨʝʤʝʥʥʦʡ ʪʝʦʨʠʠ ʞʠʜʢʦʛʦ ʩʦʩʪʦʷʥʠʷ [3].  

ʅʝʧʦʩʨʝʜʩʪʚʝʥʥʦʝ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʚ ʩʦʚʨʝʤʝʥʥʳʭ ʩʪʘʪʠʩʪʠʯʝʩʢʠʭ ʪʝʦ-

ʨʠʷʭ ʩʠʩʪʝʤʳ ʪʚʝʨʜʳʭ ʩʬʝʨ ʢʘʢ ʦʩʥʦʚʥʦʛʦ ʧʨʠʙʣʠʞʝʥʠʷ, ʢʘʢ ʧʨʘʚʠʣʦ, ʷʚ-

ʣʷʝʪʩʷ ʩʣʠʰʢʦʤ ʛʨʫʙʳʤ ʧʨʠʙʣʠʞʝʥʠʝʤ. ʇʦʵʪʦʤʫ ʠʩʧʦʣʴʟʫʶʪʩʷ ʙʦʣʝʝ ʨʝʘ-

ʣʠʩʪʠʯʝʩʢʠʝ ʤʦʜʝʣʠ ʥʘ ʢʣʘʩʩʝ ʥʝʦʪʨʠʮʘʪʝʣʴʥʦ ʦʧʨʝʜʝʣʝʥʥʳʭ ʬʫʥʢʮʠʡ. 

ʕʪʠ ʤʦʜʝʣʠ ʪʨʫʜʥʦ ʧʦʜʦʙʨʘʪʴ ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʯʪʦʙʳ ʦʥʠ ʦʜʠʥʘʢʦʚʦ ʭʦʨʦ-

ʰʦ ʧʦʜʭʦʜʠʣʠ ʜʣʷ ʧʨʦʠʟʚʦʣʴʥʳʭ ʧʨʦʮʝʩʩʦʚ ʠ ʚʝʱʝʩʪʚ ʚ ʨʘʟʣʠʯʥʳʭ ʩʦ-

ʩʪʦʷʥʠʷʭ. ʇʦʵʪʦʤʫ ʨʘʟʨʘʙʦʪʘʥʳ ʦʙʱʠʝ ʩʭʝʤʳ ʨʝʰʝʥʠʷ ʜʘʥʥʦʡ ʧʨʦʙʣʝʤʳ 

ʜʣʷ ʜʦʩʪʘʪʦʯʥʦ ʰʠʨʦʢʦʛʦ ʢʣʘʩʩʘ ʧʦʪʝʥʮʠʘʣʦʚ [2]. ʎʝʣʴʶ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦ-

ʪʳ ʷʚʣʷʝʪʩʷ ʧʦʣʫʯʝʥʠʝ ʫʨʘʚʥʝʥʠʡ ʩʦʩʪʦʷʥʠʷ ʩʠʩʪʝʤʳ ʯʘʩʪʠʮ ʜʣʷ ʰʠʨʦʢʦʛʦ 

ʢʣʘʩʩʘ  ʥʝʦʪʨʠʮʘʪʝʣʴʥʦ ʦʧʨʝʜʝʣʝʥʥʳʭ ʧʦʪʝʥʮʠʘʣʦʚ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʥʘ ʦʩ-

ʥʦʚʝ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʨʘʟʣʠʯʥʳʭ ʤʝʪʦʜʦʚ, ʘ ʪʘʢʞʝ ʩʨʘʚʥʝʥʠʝ ʵʬʬʝʢʪʠʚʥʦʩʪʠ 

ʨʘʟʣʠʯʥʳʭ ʧʦʜʭʦʜʦʚ. 

ʇʨʠ ʵʪʦʤ ʥʝʪ ʥʝʦʙʭʦʜʠʤʦʩʪʠ ʧʦʣʥʦʩʪʴʶ ʦʪʢʘʟʳʚʘʪʴʩʷ ʦʪ ʚʝʩʴʤʘ ʪʦʯ-

ʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ, ʧʦʣʫʯʝʥʥʳʭ ʜʣʷ ʩʠʩʪʝʤʳ ʪʚʝʨʜʳʭ ʩʬʝʨ. ʀʭ ʠʩʧʦʣʴʟʫʶʪ 

ʢʘʢ ʦʩʥʦʚʥʦʝ ʧʨʠʙʣʠʞʝʥʠʝ ʜʣʷ ʥʝʦʪʨʠʮʘʪʝʣʴʥʦ ʦʧʨʝʜʝʣʝʥʥʳʭ ʧʦʪʝʥʮʠʘ-

ʣʦʚ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʚʦʟʥʠʢʘʝʪ ʚʦʟʤʦʞʥʦʩʪʴ ʧʦʣʫʯʝʥʠʷ ʫʨʘʚʥʝʥʠʷ ʩʦʩʪʦʷʥʠʷ 

ʩ ʚʝʩʴʤʘ ʚʳʩʦʢʦʡ ʩʪʝʧʝʥʴʶ ʪʦʯʥʦʩʪʠ, ʯʪʦ ʷʚʣʷʝʪʩʷ ʟʘʣʦʛʦʤ ʫʩʧʝʭʘ ʧʨʠ ʧʦ-

ʩʪʨʦʝʥʠʠ ʥʝ ʪʦʣʴʢʦ ʩʪʘʪʠʩʪʠʯʝʩʢʦʡ ʪʝʨʤʦʜʠʥʘʤʠʢʠ ʨʘʚʥʦʚʝʩʥʳʭ ʧʨʦʮʝʩ-

ʩʦʚ, ʥʦ ʠ ʥʝʨʘʚʥʦʚʝʩʥʳʭ. 

ɺ ʪʝʦʨʠʠ ɺʠʢʩʘ-ʏʘʥʜʣʝʨʘ-ɸʥʜʝʨʩʦʥʘ ʥʝʦʪʨʠʮʘʪʝʣʴʥʦ ʦʧʨʝʜʝʣʝʥʥʳʡ 

ʧʦʪʝʥʮʠʘʣ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ, ʠʩʧʦʣʴʟʫʝʤʳʡ ʢʘʢ ʧʦʪʝʥʮʠʘʣ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ 

ʤʝʞʜʫ ʯʘʩʪʠʮʘʤʠ ʙʘʟʦʚʦʡ ʩʠʩʪʝʤʳ, ʩʪʨʦʠʪʩʷ ʥʘ ʦʩʥʦʚʝ ʧʦʪʝʥʮʠʘʣʘ ʃʝʥ-

ʥʘʨʜ-ɼʞʦʥʩʘ [3]. ɸʥʘʣʦʛʠʯʥʳʤ ʦʙʨʘʟʦʤ ʩʪʨʦʷʪʩʷ ʠ ʧʦʜʦʙʥʳʝ ʧʦʪʝʥʮʠʘʣʳ 

ʚ ʧʨʠʙʣʠʞʝʥʠʠ ɹʘʨʢʝʨʘ-ʍʝʥʜʝʨʩʦʥʘ, ʘ ʪʘʢʞʝ ʧʨʠʚʝʜʝʥʥʳʝ ʚ ʨʘʙʦʪʝ [2]. 

ʕʪʦ ʦʙʫʩʣʦʚʣʝʥʦ ʦʩʦʙʝʥʥʦʩʪʷʤʠ ʧʦʩʪʨʦʝʥʠʷ ʪʝʦʨʠʠ ʞʠʜʢʦʛʦ ʩʦʩʪʦʷʥʠʷ. 
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ɺʩʝ ʵʪʠ ʧʦʪʝʥʮʠʘʣʳ ʧʨʠ ʥʠʟʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʜʘʶʪ ʨʝʟʫʣʴʪʘʪʳ, ʩʦʦʪ-

ʚʝʪʩʪʚʫʶʱʠʝ ʨʝʟʫʣʴʪʘʪʘʤ ʜʣʷ ʩʠʩʪʝʤʳ ʪʚʝʨʜʳʭ ʩʬʝʨ. ɼʣʷ ʩʠʩʪʝʤ ʩ ʪʘʢʠʤʠ 

ʧʦʪʝʥʮʠʘʣʘʤʠ ʧʨʠʙʣʠʞʝʥʠʝ ʪʚʝʨʜʳʭ ʩʬʝʨ ʷʚʣʷʝʪʩʷ ʝʩʪʝʩʪʚʝʥʥʳʤ. ɺ ʨʘʙʦ-

ʪʝ [4] ʧʦʣʫʯʝʥʦ ʜʦʩʪʘʪʦʯʥʦ ʪʦʯʥʦʝ ʫʨʘʚʥʝʥʠʝ ʩʦʩʪʦʷʥʠʷ ʜʣʷ ʦʜʥʦʨʦʜʥʦʡ 

ʩʠʩʪʝʤʳ ʪʚʝʨʜʳʭ ʩʬʝʨ ʥʘ ʦʩʥʦʚʝ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʤʝʪʦʜʘ ʕʡʣʝʨʘ ʫʩʢʦʨʝʥʥʦʡ 

ʩʭʦʜʠʤʦʩʪʠ ʜʣʷ ʨʷʜʘ ʧʦ ʩʪʝʧʝʥʷʤ ʧʣʦʪʥʦʩʪʠ. 

ʇʦʪʝʥʮʠʘʣ ʪʚʝʨʜʳʭ ʩʬʝʨ ʷʚʣʷʝʪʩʷ ʯʘʩʪʥʳʤ ʩʣʫʯʘʝʤ ʥʝʦʪʨʠʮʘʪʝʣʴʥʦ 

ʦʧʨʝʜʝʣʝʥʥʦʛʦ ʧʦʪʝʥʮʠʘʣʘ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʤʝʞʜʫ ʯʘʩʪʠʮʘʤʠ. ʕʪʦ ʚʦ ʤʥʦ-

ʛʦʤ ʫʧʨʦʱʘʝʪ ʧʦʩʪʨʦʝʥʠʝ ʩʪʘʪʠʩʪʠʯʝʩʢʦʡ ʪʝʨʤʦʜʠʥʘʤʠʢʠ ʜʣʷ ʧʦʪʝʥʮʠʘʣʦʚ 

ʪʘʢʦʛʦ ʪʠʧʘ, ʢʦʛʜʘ ʩʠʩʪʝʤʘ ʪʚʝʨʜʳʭ ʩʬʝʨ ʠʩʧʦʣʴʟʫʝʪʩʷ ʢʘʢ ʦʩʥʦʚʥʦʝ ʧʨʠ-

ʙʣʠʞʝʥʠʝ [2,4]. ɺ ʨʘʙʦʪʝ [2] ʧʨʝʜʣʦʞʝʥ ʤʝʪʦʜ ʠʩʩʣʝʜʦʚʘʥʠʷ ʬʘʟʦʚʦʛʦ ʧʝ-

ʨʝʭʦʜʘ ʫʧʦʨʷʜʦʯʝʥʥʘʷ - ʦʜʥʦʨʦʜʥʘʷ ʬʘʟʳ ʜʣʷ ʩʠʩʪʝʤ ʯʘʩʪʠʮ ʩ ʥʝʦʪʨʠʮʘ-

ʪʝʣʴʥʦ ʦʧʨʝʜʝʣʝʥʥʳʤ ʧʦʪʝʥʮʠʘʣʦʤ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ. ɼʣʷ ʵʪʦʛʦ ʠʩʧʦʣʴʟʫʝʪ-

ʩʷ ʚʳʨʘʞʝʥʠʝ ʜʣʷ ʩʚʦʙʦʜʥʦʡ ʵʥʝʨʛʠʠ ʩʠʩʪʝʤʳ, ʢʦʪʦʨʦʝ ʚʳʯʠʩʣʷʝʪʩʷ ʥʘ ʦʩ-

ʥʦʚʝ ʠʥʬʦʨʤʘʮʠʠ ʦ ʙʘʟʦʚʦʡ ʩʠʩʪʝʤʝ ʠ ʜʚʫʭʯʘʩʪʠʯʥʦʡ ʧʘʨʘʤʝʪʨʠʟʦʚʘʥʥʦʡ 

ʬʫʥʢʮʠʠ ɹʦʛʦʣʶʙʦʚʘ. 

ɿʜʝʩʴ ʜʣʷ ʚʳʯʠʩʣʝʥʠʷ ʜʚʫʭʯʘʩʪʠʯʥʦʡ ʬʫʥʢʮʠʠ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʦʩʫʱʝʩʪ-

ʚʣʝʥ ʧʝʨʝʭʦʜ ʦʪ ʧʘʨʘʤʝʪʨʠʟʦʚʘʥʥʦʛʦ ʢʦʥʬʠʛʫʨʘʮʠʦʥʥʦʛʦ ʨʘʩʧʨʝʜʝʣʝʥʠʷ 

ɻʠʙʙʩʘ ʢ ʮʝʧʦʯʢʝ ʫʨʘʚʥʝʥʠʡ. ʕʪʦ ʧʦʟʚʦʣʷʝʪ ʥʘʡʪʠ ʬʫʥʢʮʠʠ ʨʘʩʧʨʝʜʝʣʝʥʠʷ 

ʢʘʢ ʨʝʰʝʥʠʝ ʜʘʥʥʦʡ ʮʝʧʦʯʢʠ ʚ ʨʘʤʢʘʭ ʪʝʦʨʠʠ ʚʦʟʤʫʱʝʥʠʡ. ɺʦ ʤʥʦʛʠʭ 

ʩʣʫʯʘʷʭ ʵʪʦ ʙʦʣʝʝ ʧʨʦʩʪʘʷ ʟʘʜʘʯʘ, ʯʝʤ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦʝ ʚʳʯʠʩʣʝʥʠʝ ʢʦʥ-

ʬʠʛʫʨʘʮʠʦʥʥʦʛʦ ʠʥʪʝʛʨʘʣʘ. 

ʇʨʠ ʨʘʩʯʝʪʝ ʬʘʟʦʚʦʡ ʜʠʘʛʨʘʤʤʳ ʩʠʩʪʝʤʳ ʪʚʝʨʜʳʭ ʩʬʝʨ ʚ ʢʘʯʝʩʪʚʝ ʦʩ-

ʥʦʚʥʦʛʦ ʧʨʠʙʣʠʞʝʥʠʷ ʠʩʧʦʣʴʟʫʝʪʩʷ ʨʝʰʝʥʠʝ ʫʨʘʚʥʝʥʠʷ ʩʘʤʦʩʦʛʣʘʩʦʚʘʥʥʦ-

ʛʦ ʧʦʣʷ. ɼʣʷ ʦʜʥʦʨʦʜʥʦʡ ʬʘʟʳ ʨʝʰʝʥʠʝ ʚ ʵʪʦʤ ʩʣʫʯʘʝ ʩʚʦʜʠʪʩʷ ʢ ʚʳʯʠʩʣʝ-

ʥʠʷʤ ʨʷʜʦʚ ʧʦ ʩʪʝʧʝʥʷʤ ʧʣʦʪʥʦʩʪʠ. ɺ ʫʧʦʨʷʜʦʯʝʥʥʦʡ ʬʘʟʝ ʠʩʧʦʣʴʟʫʝʪʩʷ 

ʧʝʨʠʦʜʠʯʝʩʢʦʝ ʨʝʰʝʥʠʝ ʫʨʘʚʥʝʥʠʷ ʩʘʤʦʩʦʛʣʘʩʦʚʘʥʥʦʛʦ ʧʦʣʷ. ɼʣʷ ʦʧʨʝʜʝ-

ʣʝʥʠʷ ʜʚʫʭʯʘʩʪʠʯʥʦʡ ʧʘʨʘʤʝʪʨʠʟʦʚʘʥʥʦʡ ʬʫʥʢʮʠʠ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʠʩʧʦʣʴ-

ʟʫʝʪʩʷ ʨʝʰʝʥʠʝ ʮʝʧʦʯʢʠ ʫʨʘʚʥʝʥʠʡ ʢʘʢ ʨʘʟʣʦʞʝʥʠʝ ʧʦ ʢʦʨʨʝʣʷʮʠʦʥʥʳʤ 

ʠʥʪʝʛʨʘʣʘʤ. 

ʉʠʩʪʝʤʳ ʩ ʙʦʣʝʝ ʩʣʦʞʥʳʤʠ ʥʝʦʪʨʠʮʘʪʝʣʴʥʦ ʦʧʨʝʜʝʣʝʥʥʳʤʠ ʧʦʪʝʥʮʠʘ-

ʣʘʤʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʠʩʩʣʝʜʫʶʪʩʷ ʫʞʝ ʥʘ ʦʩʥʦʚʝ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʩʠʩʪʝʤʳ 

ʪʚʝʨʜʳʭ ʩʬʝʨ ʢʘʢ ʙʘʟʦʚʦʡ. ʕʪʦ ʟʥʘʯʠʪʝʣʴʥʦ ʫʣʫʯʰʘʝʪ ʩʚʦʜʠʤʦʩʪʴ ʨʷʜʦʚ 

ʪʝʦʨʠʠ ʚʦʟʤʫʱʝʥʠʡ ʧʨʠ ʦʧʨʝʜʝʣʝʥʠʠ ʜʚʫʭʯʘʩʪʠʯʥʦʡ ʬʫʥʢʮʠʠ ʨʘʩʧʨʝʜʝʣʝ-

ʥʠʷ, ʘ, ʟʥʘʯʠʪ, ʠ ʩʚʦʙʦʜʥʦʡ ʵʥʝʨʛʠʠ ʩʠʩʪʝʤʳ. 

ɺ ʨʘʙʦʪʝ [2] ʚ ʢʘʯʝʩʪʚʝ ʧʨʠʤʝʨʘ ʧʨʠʤʝʥʝʥʠʷ ʨʘʟʨʘʙʦʪʘʥʥʦʛʦ ʤʝʪʦʜʘ ʠʩ-

ʧʦʣʴʟʫʝʪʩʷ ʥʝʦʪʨʠʮʘʪʝʣʴʥʦ ʦʧʨʝʜʝʣʝʥʥʳʡ ʧʦʪʝʥʮʠʘʣ ʦʙʱʝʛʦ ʚʠʜʘ, ʢʦʪʦ-

ʨʳʡ ʚʢʣʶʯʘʝʪ ʚ ʩʝʙʷ ʢʘʢ ʯʘʩʪʥʳʝ ʩʣʫʯʘʠ ʧʦʪʝʥʮʠʘʣ ɹʘʨʢʝʨʘ-ʍʝʥʜʝʨʩʦʥʘ ʠ 

ʧʦʪʝʥʮʠʘʣ ɺʠʢʩʘ-ʏʘʥʜʣʝʨʘ-ɸʥʜʝʨʩʦʥʘ. ʂʨʦʤʝ ʪʦʛʦ, ʦʥ ʵʬʬʝʢʪʠʚʥʦ ʫʯʠʪʳ-

ʚʘʝʪ ʚ ʦʙʱʝʤ ʩʣʫʯʘʝ ʢʦʣʣʝʢʪʠʚʥʳʝ ʵʬʬʝʢʪʳ ʚ ʩʠʩʪʝʤʘʭ ʤʥʦʛʠʭ ʯʘʩʪʠʮ. 

ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʨʘʟʚʠʪʳʡ ʟʜʝʩʴ ʧʦʜʭʦʜ ʧʨʠʤʝʥʠʤ ʠ ʜʣʷ ʥʝʦʪʨʠ-

ʮʘʪʝʣʴʥʦ ʦʧʨʝʜʝʣʝʥʥʳʭ ʧʦʪʝʥʮʠʘʣʦʚ ʦʙʱʝʛʦ ʚʠʜʘ ʧʨʠ ʫʯʝʪʝ ʢʚʘʥʪʦʚʳʭ 
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ʵʬʬʝʢʪʦʚ. ɼʣʷ ʩʠʩʪʝʤ, ʥʘʭʦʜʷʱʠʭʩʷ ʚʦ ʚʥʝʰʥʠʭ ʧʦʣʷʭ ʠ ʜʣʷ ʩʤʝʩʝʡ ʨʘʟ-

ʣʠʯʥʳʭ ʯʘʩʪʠʮ ʧʨʝʜʣʦʞʝʥʥʳʡ ʤʝʪʦʜ ʜʦʧʫʩʢʘʝʪ ʦʯʝʚʠʜʥʦʝ ʦʙʦʙʱʝʥʠʝ. 

ʕʪʦʪ ʤʝʪʦʜ ʧʨʠʤʝʥʠʤ ʠ ʢ ʥʝʦʪʨʠʮʘʪʝʣʴʥʦ ʦʧʨʝʜʝʣʝʥʥʳʤ ʧʦʪʝʥʮʠʘʣʘʤ, ʧʦ-

ʩʪʨʦʝʥʥʳʤ ʧʦ ʤʝʪʦʜʫ ɺʠʢʩʘ-ʏʘʥʜʣʝʨʘ-ɸʥʜʝʨʩʦʥʘ ʥʘ ʦʩʥʦʚʝ ʧʦʪʝʥʮʠʘʣʘ 

ʄʠ [1], ʢʦʪʦʨʳʡ ʩʦʜʝʨʞʠʪ ʧʦʪʝʥʮʠʘʣ ʃʝʥʥʘʨʜ-ɼʞʦʥʩʘ ʢʘʢ ʯʘʩʪʥʳʡ ʩʣʫ-

ʯʘʡ. ʇʦʪʝʥʮʠʘʣʳ ʜʘʥʥʦʛʦ ʪʠʧʘ ʚ ʨʷʜʝ ʩʣʫʯʘʝʚ ʣʫʯʰʝ ʧʦʜʭʦʜʷʪ ʜʣʷ ʘʧʧʨʦʢ-

ʩʠʤʘʮʠʠ ʫʨʘʚʥʝʥʠʡ ʩʦʩʪʦʷʥʠʷ ʩʠʩʪʝʤʳ ʯʘʩʪʠʮ, ʠʩʧʦʣʴʟʫʝʤʳʭ ʧʨʠ ʦʧʠʩʘ-

ʥʠʠ ʢʠʥʝʪʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʦʚ.   

ʅʘ ʦʩʥʦʚʝ ʧʦʪʝʥʮʠʘʣʘ ʄʠ ʤʦʞʥʦ ʧʦʩʪʨʦʠʪʴ ʥʝʦʪʨʠʮʘʪʝʣʴʥʦ ʦʧʨʝʜʝ-

ʣʝʥʥʳʡ ʧʦʪʝʥʮʠʘʣ ɺʠʢʩʘ-ʏʘʥʜʣʝʨʘ-ɸʥʜʝʨʩʦʥʘ, ʘ ʟʘʪʝʤ ʥʘ ʦʩʥʦʚʝ ʠʤʝʶ-

ʱʠʭʩʷ ʧʘʨʘʤʝʪʨʦʚ ʤʘʢʩʠʤʘʣʴʥʦ ʧʨʠʙʣʠʟʠʪʴ ʝʛʦ ʢ ʧʦʪʝʥʮʠʘʣʫ ʪʚʝʨʜʳʭ 

ʩʬʝʨ. ʇʦʣʫʯʝʥʥʳʡ ʪʘʢʠʤ ʦʙʨʘʟʦʤ ʧʦʪʝʥʮʠʘʣ ʥʘʟʳʚʘʶʪ ʧʦʪʝʥʮʠʘʣʦʤ ʧʩʝʚ-

ʜʦ ʪʚʝʨʜʳʭ ʩʬʝʨ [1]. ɺ ʨʷʜʝ ʩʣʫʯʘʝʚ ʝʛʦ ʫʜʦʙʥʝʝ ʠʩʧʦʣʴʟʦʚʘʪʴ ʜʣʷ ʦʧʠʩʘ-

ʥʠʷ ʥʝʨʘʚʥʦʚʝʩʥʳʭ ʧʨʦʮʝʩʩʦʚ [1,5]. ʇʨʦʚʝʜʝʥʥʳʝ ʨʘʩʯʝʪʳ ʧʦʢʘʟʘʣʠ, ʯʪʦ 

ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʫʨʘʚʥʝʥʠʷ ʦʜʥʦʨʦʜʥʦʡ ʬʘʟʳ ʩʠʩʪʝʤ ʩ ʧʦʪʝʥʮʠʘʣʦʤ ʜʘʥʥʦʛʦ 

ʪʠʧʘ ʤʦʞʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʤʝʪʦʜ, ʧʨʝʜʣʦʞʝʥʥʳʡ ʚ ʨʘʙʦʪʝ [4].  
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ʇʈʀʄɽʅɽʅʀɽ ʉʇɽʎʀɸʃʔʅʆɻʆ ʄɽʊʆɼɸ ɺʓʏʀʉʃɽʅʀʁ  

ɹɽʊɸ-ʌʋʅʂʎʀʀ ɺ ʉʋʇɽʈʉʀʄʄɽʊʈʀʏʅʓʍ ʊɽʆʈʀʗʍ  

ɼʃʗ ʇʈʆɺɽʈʂʀ NSVZ-ʉʆʆʊʅʆʐɽʅʀʗ ɺ SQED  

ʅɸ ʏɽʊʓʈɽʍʇɽʊʃɽɺʆʄ ʋʈʆɺʅɽ 

ɸʩʧ. ʐʠʨʦʢʦʚʘ ɺ.ʖ., ʥʘʫʯ.ʩʦʪʨ. ʐʠʨʦʢʦʚ ʀ.ɽ. 

ʉʫʧʝʨʩʠʤʤʝʪʨʠʯʥʳʝ ʪʝʦʨʠʠ ʠʥʪʝʨʝʩʥʳ ʜʣʷ ʪʝʦʨʝʪʠʯʝʩʢʦʡ ʠ ʵʢʩʧʝ-

ʨʠʤʝʥʪʘʣʴʥʦʡ ʬʠʟʠʢʠ ʙʣʘʛʦʜʘʨʷ ʩʚʦʝʤʫ ʭʦʨʦʰʝʤʫ ʧʦʚʝʜʝʥʠʶ ʚ ʫʣʴʪʨʘ-

ʬʠʦʣʝʪʦʚʦʡ ʦʙʣʘʩʪʠ. ʕʪʦ ʚʦʟʤʦʞʥʦ ʙʣʘʛʦʜʘʨʷ ʥʘʣʠʯʠʶ ʪʘʢ ʥʘʟʳʚʘʝʤʳʭ 

ʪʝʦʨʝʤ ʦ ʥʝʧʝʨʝʥʦʨʤʠʨʦʚʢʝ [1]. ʆʜʥʦʡ ʠʟ ʪʘʢʠʭ ʪʝʦʨʝʤ ʷʚʣʷʝʪʩʷ NSVZ ʩʦ-

ʦʪʥʦʰʝʥʠʝ [2], ʢʦʪʦʨʦʝ ʩʚʷʟʳʚʘʝʪ ʙʝʪʘ-ʬʫʥʢʮʠʶ ʠ ʘʥʦʤʘʣʴʥʫʶ ʨʘʟʤʝʨ-

ʥʦʩʪʴ ʚ ʧʨʝʜʳʜʫʱʠʭ ʧʝʪʣʷʭ.  

ɼʣʷ ʩʫʧʝʨʩʠʤʤʝʪʨʠʯʥʳʭ ʚʳʯʠʩʣʝʥʠʡ ʥʘʠʙʦʣʝʝ ʧʦʜʭʦʜʷʱʝʡ ʷʚʣʷʝʪʩʷ 

ʨʝʛʫʣʷʨʠʟʘʮʠʷ ʚʳʩʰʠʤʠ ʢʦʚʘʨʠʘʥʪʥʳʤʠ ʧʨʦʠʟʚʦʜʥʳʤʠ [3-5]. ɺ ʦʪʣʠʯʠʝ ʦʪ 
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ʨʝʛʫʣʷʨʠʟʘʮʠʠ ʨʘʟʤʝʨʥʦʡ ʨʝʜʫʢʮʠʝʡ [6] ʦʥʘ ʥʝ ʥʘʨʫʰʘʝʪ ʩʫʧʝʨʩʠʤʤʝʪʨʠʶ 

ʚ ʚʳʩʰʠʭ ʧʝʪʣʷʭ. 

ʄʥʦʛʦʧʝʪʣʝʚʳʝ ʩʫʧʝʨʩʠʤʤʝʪʨʠʯʥʳʝ ʚʳʯʠʩʣʝʥʠʷ ʤʦʛʫʪ ʧʦʤʦʯʴ ʚ 

ʠʟʫʯʝʥʠʠ ʨʘʟʣʠʯʥʳʭ ʩʧʝʮʠʬʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʪʝʦʨʠʡ. ʅʦ ʧʦʜʦʙʥʳʝ ʚʳʯʠʩ-

ʣʝʥʠʷ ʷʚʣʷʶʪʩʷ ʜʦʚʦʣʴʥʦ ʩʣʦʞʥʳʤʠ ʠ ʪʨʝʙʫʶʪ ʙʦʣʴʰʠʭ ʚʨʝʤʝʥʥʳʭ ʟʘʪʨʘʪ 

ʠ, ʢʘʢ ʩʣʝʜʩʪʚʠʝ, ʚ ʥʠʭ ʚʝʣʠʢʘ ʚʝʨʦʷʪʥʦʩʪʴ ʦʰʠʙʢʠ. ɼʣʷ ʨʝʰʝʥʠʷ ʵʪʦʡ ʧʨʦ-

ʙʣʝʤʳ ʥʘʫʯ.ʩʦʪʨ. ʐʠʨʦʢʦʚ ʀ.ɽ. ʩʦʟʜʘʣ ʧʨʦʛʨʘʤʤʫ ʥʘ ʷʟʳʢʝ C++ ʜʣʷ ʢʦʤ-

ʧʴʶʪʝʨʥʳʭ ʚʳʯʠʩʣʝʥʠʡ ʚ ʩʫʧʝʨʩʠʤʤʝʪʨʠʯʥʳʭ ʪʝʦʨʠʷʭ [7]. ʅʘ ʜʘʥʥʦʤ ʵʪʘ-

ʧʝ ʧʨʦʛʨʘʤʤʘ ʛʝʥʝʨʠʨʫʝʪ ʩʫʧʝʨʛʨʘʬʳ ʚ ʟʘʜʘʥʥʦʤ ʧʦʨʷʜʢʝ ʪʝʦʨʠʠ ʚʦʟʤʫ-

ʱʝʥʠʡ ʠ ʩʚʦʜʠʪ ʨʝʟʫʣʴʪʘʪ ʢ ʩʪʘʥʜʘʨʪʥʳʤ ʝʚʢʣʠʜʦʚʳʤ ʠʥʪʝʛʨʘʣʘʤ. ʇʦʟʜʥʝʝ 

ʦʥʘ ʙʳʣʘ ʤʦʜʠʬʠʮʠʨʦʚʘʥʘ ʘʩʧ. ʐʠʨʦʢʦʚʦʡ ɺ.ʖ. ʥʘ ʩʣʫʯʘʡ ʚʳʯʠʩʣʝʥʠʡ 

ʚʘʢʫʫʤʥʳʭ ʛʨʘʬʦʚ ʩ ʮʝʣʴʶ ʧʨʠʤʝʥʝʥʠʷ ʩʧʝʮʠʘʣʴʥʦʛʦ ʤʝʪʦʜʘ ʚʳʯʠʩʣʝʥʠʡ 

[8]. ʉʦʛʣʘʩʥʦ ʵʪʦʤʫ ʤʝʪʦʜʫ, ʤʳ ʤʦʞʝʤ ʚʳʯʠʩʣʠʪʴ ʩʧʝʮʠʘʣʴʥʳʤ ʦʙʨʘʟʦʤ 

ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʡ ʚʘʢʫʫʤʥʳʡ ʛʨʘʬ ʚʤʝʩʪʦ ʪʦʛʦ, ʯʪʦʙʳ ʚʳʯʠʩʣʷʪʴ ʛʨʘʬ ʩ 

ʚʥʝʰʥʠʤʠ ʣʠʥʠʷʤʠ, ʯʪʦ ʷʚʣʷʝʪʩʷ ʤʝʥʝʝ ʪʨʫʜʦʸʤʢʦʡ ʟʘʜʘʯʝʡ.  

ɺ ʩʚʦʸʤ ʠʩʩʣʝʜʦʚʘʥʠʠ ʩ ʧʦʤʦʱʴʶ, ʫʧʦʤʷʥʫʪʦʡ ʚʳʰʝ C++ ʧʨʦʛʨʘʤ-

ʤʳ ʤʳ ʧʨʦʚʦʜʠʣʠ ʚʳʯʠʩʣʝʥʠʷ ʯʝʪʳʨʝʭʧʝʪʣʝʚʦʡ ʙʝʪʘ-ʬʫʥʢʮʠʠ ʚ N=1 ʩʫ-

ʧʝʨʩʠʤʤʝʪʨʠʯʥʦʡ ʵʣʝʢʪʨʦʜʠʥʘʤʠʢʝ ʩ Nf ʘʨʦʤʘʪʘʤʠ, ʨʝʛʫʣʷʨʠʟʦʚʘʥʥʦʡ 

ʚʳʩʰʠʤʠ ʢʦʚʘʨʠʘʥʪʥʳʤʠ ʧʨʦʠʟʚʦʜʥʳʤʠ. ɼʝʡʩʪʚʠʝ ʪʝʦʨʠʠ ʠʤʝʝʪ ʩʣʝʜʫʶ-

ʱʠʡ ʚʠʜ:      

 
ʛʜʝ Nf ï ʯʠʩʣʦ ʘʨʦʤʘʪʦʚ ʧʦʣʝʡ ʤʘʪʝʨʠʠ fa ʠ fa. 

 

ʊʘʢʞʝ ʥʝʦʙʭʦʜʠʤʦ ʜʦʙʘʚʠʪʴ ʢ ʜʝʡʩʪʚʠʶ ʪʝʦʨʠʠ ʯʣʝʥ ʩ ʚʳʩʰʠʤʠ ʢʦ-

ʚʘʨʠʘʥʪʥʳʤʠ ʧʨʦʠʟʚʦʜʥʳʤʠ: 

 
ʛʜʝ R(x) ï ʬʫʥʢʮʠʷ ʨʝʛʫʣʷʪʦʨ, ʢʦʪʦʨʘʷ ʨʘʚʥʘ 1 ʧʨʠ x=0 ʠ ʚʦʟʨʘʩʪʘʝʪ 

ʥʘ ʙʝʩʢʦʥʝʯʥʦʩʪʠ. 

ʊʘʢʞʝ ʥʝʦʙʭʦʜʠʤʦ ʜʦʧʦʣʥʠʪʴ ʜʝʡʩʪʚʠʝ ʯʣʝʥʦʤ, ʬʠʢʩʠʨʫʶʱʠʤ ʢʘ-

ʣʠʙʨʦʚʢʫ: 

 
ʈʝʛʫʣʷʨʠʟʘʮʠʷ ʚʳʩʰʠʤʠ ʢʦʚʘʨʠʘʥʪʥʳʤʠ ʧʨʦʠʟʚʦʜʥʳʤʠ ʤʦʞʝʪ ʫʩʪ-

ʨʘʥʠʪʴ ʚʩʝ ʨʘʩʭʦʜʠʤʦʩʪʠ, ʢʨʦʤʝ ʦʜʥʦʧʝʪʣʝʚʳʭ. ɼʣʷ ʫʩʪʨʘʥʝʥʠʷ ʨʘʩʭʦʜʠ-

ʤʦʩʪʝʡ ʚ ʦʜʥʦʧʝʪʣʝʚʦʤ ʧʨʠʙʣʠʞʝʥʠʠ ʥʝʦʙʭʦʜʠʤʦ ʜʦʙʘʚʠʪʴ ʢ ʜʝʡʩʪʚʠʶ ʜʝ-

ʪʝʨʤʠʥʘʥʪ ʇʘʫʣʠ-ɺʠʣʣʘʨʩʘ: 
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ɼʝʡʩʪʚʠʝ ʩʫʧʝʨʧʦʣʝʡ ʇʘʫʣʠ-ɺʠʣʣʘʨʩʘ ʠʤʝʝʪ ʩʣʝʜʫʶʱʠʡ ʚʠʜ: 

 
ʉ ʫʯʸʪʦʤ ʚʳʰʝʩʢʘʟʘʥʥʦʛʦ, ʧʨʦʠʟʚʦʜʷʱʠʡ ʬʫʥʢʮʠʦʥʘʣ ʙʫʜʝʪ ʚʳʛʣʷ-

ʜʝʪʴ ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ: 

 
ʅʝʦʙʭʦʜʠʤʦ ʦʧʨʝʜʝʣʠʪʴ ʨʝʥʦʨʤʛʨʫʧʧʦʚʳʝ ʬʫʥʢʮʠʠ, ʦʧʨʝʜʝʣʸʥʥʳʝ ʚ 

ʪʝʨʤʠʥʘʭ ʛʦʣʳʭ ʢʦʥʩʪʘʥʪ ʩʚʷʟʠ: 

 
ʘ ʪʘʢʞʝ ʚ ʪʝʨʤʠʥʘʭ ʧʝʨʝʥʦʨʤʠʨʦʚʘʥʥʳʭ ʢʦʥʩʪʘʥʪ ʩʚʷʟʠ: 

 
ʇʨʠ ʪʘʢʦʤ ʦʧʨʝʜʝʣʝʥʠʠ ʈɻʌ ʠ ʚ ʩʣʫʯʘʝ ʨʝʛʫʣʷʨʠʟʘʮʠʠ ʚʳʩʰʠʤʠ ʢʦ-

ʚʘʨʠʘʥʪʥʳʤʠ ʧʨʦʠʟʚʦʜʥʳʤʠ ʩʣʫʯʘʝ NSVZ ʩʦʦʪʥʦʰʝʥʠʝ ʧʨʠʤʝʪ ʩʣʝʜʫʶ-

ʱʠʡ ʚʠʜ [9-10]: 

 
 

ɺ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʨʘʙʦʪʦʡ [8] ʜʣʷ ʚʳʯʠʩʣʝʥʠʷ ɓ-ʬʫʥʢʮʠʠ ʥʝʦʙʭʦʜʠʤʦ 

ʚʳʯʠʩʣʠʪʴ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʚʘʢʫʫʤʥʳʝ ʩʫʧʝʨʛʨʘʬʳ. ɼʘʣʝʝ ʥʝʦʙʭʦʜʠʤʦ 

ʧʦʜʝʡʩʪʚʦʚʘʪʴ ʥʘ ʥʠʭ ʩʧʝʮʠʘʣʴʥʦ ʧʦʩʪʨʦʝʥʥʳʤ ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʳʤ ʦʧʝʨʘ-

ʪʦʨʦʤ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʤʳ ʧʦʣʫʯʠʤ ʚʢʣʘʜ ʚ ɓ-ʬʫʥʢʮʠʶ ʚ ʪʝʨʤʠʥʘʭ ʜʚʦʡ-

ʥʳʭ ʧʦʣʥʳʭ ʧʨʦʠʟʚʦʜʥʳʭ. ɺ ʩʪʘʪʴʝ [11] ʵʪʦ ʙʳʣʦ ʩʜʝʣʘʥʦ ʚ ʯʝʪʳʨʸʭʧʝʪʣʝ-

ʚʦʤ ʧʨʠʙʣʠʞʝʥʠʠ. ʇʦʩʣʝ ʚʟʷʪʠʷ ʠʥʪʝʛʨʘʣʦʚ ʧʦʣʫʯʘʝʤ ʚʳʨʘʞʝʥʠʝ ʜʣʷ ɓ-

ʬʫʥʢʮʠʠ, ʦʧʨʝʜʝʣʝʥʥʦʡ ʚ ʪʝʨʤʠʥʘʭ ʛʦʣʦʡ ʢʦʥʩʪʘʥʪʳ ʩʚʷʟʠ:  

 
ʛʜʝ a=M/ȿ ʠ ʢʦʥʩʪʘʥʪʳ A1, A2, D1, D2 ï ʟʘʚʠʩʷʪ ʦʪ ʬʫʥʢʮʠʠ-

ʨʝʛʫʣʷʪʦʨʘ R ʠ ʙʳʣʠ ʚʳʯʠʩʣʝʥʳ ʚ ʩʪʘʪʴʝ [12], ʘ ʪʨʝʭʧʝʪʣʝʚʳʝ ʩʣʘʛʘʝʤʳʝ 

ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʚ [13], ʥʦ ʪʘʢʞʝ ʥʝʟʘʚʠʩʠʤʦ ʙʳʣʠ ʧʝʨʝʧʨʦʚʝʨʝʥʳ ʚ ʨʘʤʢʘʭ 

ʜʘʥʥʦʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ. ɺ ʨʘʙʦʪʝ [12] ʪʘʢʞʝ ʙʳʣʦ ʧʦʣʫʯʝʥʦ ʚʳʨʘʞʝʥʠʝ ʜʣʷ 
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ɓ-ʬʫʥʢʮʠʠ, ʢʦʪʦʨʦʝ ʙʳʣʦ ʥʘʡʜʝʥʦ ʩ ʧʦʤʦʱʴʶ NSVZ-ʩʦʦʪʥʦʰʝʥʠʷ c ʠʩ-

ʧʦʣʴʟʦʚʘʥʠʝʤ ʪʨʝʭʧʝʪʣʝʚʦʡ ʘʥʦʤʘʣʴʥʦʡ ʨʘʟʤʝʨʥʦʩʪʠ. 

 
ɺ ʨʘʤʢʘʭ ʜʘʥʥʦʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ ʤʳ ʩʤʦʛʣʠ ʧʦʣʫʯʠʪʴ ʵʪʦʪ ʨʝʟʫʣʴʪʘʪ 

ʥʝʟʘʚʠʩʠʤʦ ʠ ʪʝʤ ʩʘʤʳʤ ʷʚʥʦ ʧʨʦʚʝʨʠʣʠ ʩʧʨʘʚʝʜʣʠʚʦʩʪʴ NSVZ-

ʩʦʦʪʥʦʰʝʥʠʷ ʚ ʜʘʥʥʦʤ ʧʦʨʷʜʢʝ. 
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ʉʊʈʋʂʊʋʈʓ ʆʊʆ ʀ ʂʀʅʂʆ-ʇʆɼʆɹʅʓɽ ʉʆʃʀʊʆʅʓ ɺ ʉʊʈʋʅʅʆ-

ʄʆʊʀɺʀʈʆɺɸʅʅʓʍ ʊɽʆʈʀʗʍ ʉ ʇʆʊɽʅʎʀɸʃʆʄ    

ʇʨʦʬʝʩʩʦʨ ʂʝʯʢʠʥ ʆ.ɺ. 

ʂʠʥʝʪʠʯʝʩʢʘʷ ʯʘʩʪʴ  

ὒπ
ρ

ς
‬‰ς Ὡς‌‰‬‖ς       (1) 

ʣʘʛʨʘʥʞʠʘʥʘ  

ὒ ὒ ὠ         (2) 
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ʜʠʣʘʪʦʥ-ʘʢʩʠʦʥʥʦʡ ʩʠʩʪʝʤʳ (ʛʜʝ ‰ ï ʜʠʣʘʪʦʥ, ‖ - ʘʢʩʠʦʥ) ʩ ʧʦʩʪʦʷʥʥʦʡ 
ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ‌ π ʠ ʧʦʪʝʥʮʠʘʣʦʤ ὠ ὠ‰ȟ‖ çʠʟʦʤʦʨʬʥʘè ʵʬʬʝʢʪʠʚ-

ʥʦʤʫ ʣʘʛʨʘʥʞʠʘʥʫ ʯʝʪʳʨʸʭʤʝʨʥʦʡ ʩʪʘʮʠʦʥʘʨʥʦʡ ʆʊʆ ʚ ʚʘʢʫʫʤʝ ʠ ʦʙʣʘʜʘ-

ʝʪ ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʡ ʪʨʸʭʧʘʨʘʤʝʪʨʠʯʝʩʢʦʡ ʛʨʫʧʧʦʡ ʠʟʦʪʦʧʠʯʝʩʢʠʭ ʩʠʤ-

ʤʝʪʨʠʡ.   ɺ ʪʝʨʤʠʥʘʭ ʢʦʤʧʣʝʢʩʥʦʛʦ ʧʦʪʝʥʮʠʘʣʘ ʕʨʥʩʪʘ  

Ὁ Ὡ Ὥ‌‖       (3) 

ʵʪʫ ʛʨʫʧʧʫ ʤʦʞʥʦ ʦʧʠʩʘʪʴ ʧʨʠ ʧʦʤʦʱʠ ʪʨʸʭ ʦʜʥʦʧʘʨʘʤʝʪʨʠʯʝʩʢʠʭ ʧʦʜ-

ʛʨʫʧʧ ʧʨʝʦʙʨʘʟʦʚʘʥʠʡ: ʠʟʤʝʥʝʥʠʷ ʤʘʩʰʪʘʙʘ  

ὉᴼὩ Ὁ,         (4) 

ʩʜʚʠʛʘ  

ὉᴼὉ Ὥ‭       (5) 

ʠ ʕʣʝʨʩʘ    

ὉρᴼὉρ Ὥ‭σ       (6) 

ʩ ʧʦʩʪʦʷʥʥʳʤʠ ʚʝʱʝʩʪʚʝʥʥʳʤʠ ʧʘʨʘʤʝʪʨʘʤʠ ‭ȟ‭ ʠ ‭σ. ʉʦʦʪʚʝʪʩʪʚʫʶʱʠʝ 
ʧʨʦʩʪʝʡʰʠʝ ʠʥʚʘʨʠʘʥʪʳ  

Ὅρ
Ὥ

‌
 
Ὁᶻ Ὁ

Ὁᶻ Ὁ
ȟὍς

Ὁᶻ Ὁ

ς
  ʠ   Ὅ  

ᶻ

     (7) 

ʵʪʠʭ ʧʨʝʦʙʨʘʟʦʚʘʥʠʡ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦ ʠʩʧʦʣʴʟʫʶʪʩʷ ʚ ʢʘʯʝʩʪʚʝ ʘʨʛʫʤʝʥʪʘ 

ʜʣʷ ʧʦʪʝʥʮʠʘʣʘȢ  ʊʝʦʨʠʷ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʚ ʜʚʫʭ ʠʟʤʝʨʝʥʠʷʭ ʥʘ ʧʨʦʩʪʨʘʥ-

ʩʪʚʝ ʄʠʥʢʦʚʩʢʦʛʦ ʢʦʛʜʘ, ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʪʝʦʨʝʤʦʡ ɼʝʨʨʠʢʘ, ʦʪʩʫʪʩʪʚʫʝʪ 

ʟʘʧʨʝʪ ʥʘ ʥʘʣʠʯʠʝ ʩʪʘʮʠʦʥʘʨʥʳʭ ʩʦʣʠʪʦʥʦʚ ʚ ʩʧʝʢʪʨʝ ʨʝʰʝʥʠʡ ʝʸ [1]. ɼʣʷ 

ʧʦʩʪʨʦʝʥʠʷ ʢʠʥʢʦ-ʧʦʜʦʙʥʳʭ ʩʦʣʠʪʦʥʦʚ ʠʩʧʦʣʴʟʫʶʪʩʷ ʧʦʪʝʥʮʠʘʣʴʥʳʝ 

ʬʫʥʢʮʠʠ, ʷʚʣʷʶʱʠʝʩʷ çʤʠʥʠʤʘʣʴʥʳʤʠè ʦʙʦʙʱʝʥʠʷʤʠ ʧʦʪʝʥʮʠʘʣʘ ʍʠʛʛʩʘ.  

ɺ ʩʪʘʮʠʦʥʘʨʥʦʤ ʩʣʫʯʘʝ ʪʝʦʨʠʷ ʦʙʣʘʜʘʝʪ ʜʚʫʤʷ ʠʥʪʝʛʨʘʣʘʤʠ ʜʚʠʞʝ-

ʥʠʷ ʠ ʦʢʘʟʳʚʘʝʪʩʷ ʠʥʪʝʛʨʠʨʫʝʤʦʡ ʧʦ ʃʠʫʚʠʣʣʶ. ɺʳʙʦʨ ʧʦʪʝʥʮʠʘʣʘ ʚ ʚʠʜʝ   

ὠ Ὅ ὺ  = Ὡ ‖ ὺ          (8) 

ʧʨʠʚʦʜʠʪ ʢ ʨʝʰʝʥʠʶ ʩ ʧʦʣʷʤʠ  

‖ ‖ÔÁÎÈȟ  ‰ ‰ ÌÏÇρ ȟ     (9) 

ʛʜʝ ʘʩʠʤʧʪʦʪʠʢʠ ʧʨʠ ὼO Њ ʩʚʷʟʘʥʳ ʩʦʦʪʥʦʰʝʥʠʝʤ  

Ὡς‌‰π‖π
ς ὺς.        (10) 

ɺ ʩʣʫʯʘʝ ‖π π (‖π π) ʵʪʦ ʢʠʥʢ (ʘʥʪʠʢʠʥʢ) ʘʢʩʠʦʥʥʦʛʦ ʪʠʧʘ (ʮʝʥʪʨ 

ʢʦʪʦʨʦʛʦ, ʜʣʷ ʦʧʨʝʜʝʣʸʥʦʩʪʠ, ʙʳʣ ʚʳʙʨʘʥ ʧʨʠ ὼ π). ʈʝʰʝʥʠʝ ʷʚʣʷʝʪʩʷ 
ʩʦʣʠʪʦʥʦʤ ʩ çʨʘʜʠʫʩʦʤè  

ὶ ὶ‎ ȟ       (11) 

ʛʜʝ ὶπ ὶπ
ς

‗ὺς
 ʠ ‎ ‌ὺ, ʤʘʩʩʘ ʢʦʪʦʨʦʛʦ ʨʘʚʥʘ  

ὓ ὓ‎ ɩɾ ὓ ,      (12) 

ʛʜʝ  

ὓπ ὓπ
τ

σ

‗

ς
ὺσ,      (13) 
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ʠ 

ɩ‎ ρ ς‎ ÌÏÇρ ‎ ‎ ‎ρ ‎ Ȣ   (14) 

ʇʨʠ ‌ π ʨʝʰʝʥʠʝ ʷʚʣʷʝʪʩʷ ʩʪʘʥʜʘʨʪʥʳʤ ʘʢʩʠʦʥʥʳʤ ʢʠʥ-

ʢʦʤ/ʘʥʪʠʢʠʥʢʦʤ c ‖π ὺ ʥʘ ʧʨʦʠʟʚʦʣʴʥʦʤ ʧʦʩʪʦʷʥʥʦʤ ʜʠʣʘʪʦʥʥʦʤ ʬʦʥʝ 
‰ ‰ ςȢ 

ɺʳʙʦʨ ʧʦʪʝʥʮʠʘʣʘ ʚ ʚʠʜʝ  

ὠ ÌÏÇ Ὅ ‌ὺ         (15) 

ʧʨʠʚʦʜʠʪ, ʚ ʩʣʫʯʘʝ Ὅ Ὅȟ ʢ ʩʪʘʥʜʘʨʪʥʦʤʫ ʧʦʪʝʥʮʠʘʣʫ ʍʠʛʛʩʘ ʜʠʣʘʪʦʥʥʦʛʦ 
ʪʠʧʘ  

ὠ  ‰  ὺ         (16) 

ʠ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʢ ʜʠʣʘʪʦʥʥʦʤʫ ʢʠʥʢʫ/ʘʥʪʠʢʠʥʢʫ ʥʘ ʧʨʦʠʟʚʦʣʴʥʦʤ ʧʦ-

ʩʪʦʷʥʥʦʤ ʘʢʩʠʦʥʥʦʤ ʬʦʥʝ 

‰ ὺÔÁÎÈ ,  ‖ ‖       (17) 

ʩ ʤʘʩʩʦʡ ρσȢ  
ʇʨʝʦʙʨʘʟʦʚʘʥʠʝ  

ὉᴼὉ          (18) 

ʷʚʣʷʝʪʩʷ ʜʠʩʢʨʝʪʥʦʡ ʩʠʤʤʝʪʨʠʝʡ ρȟ ʧʝʨʝʚʦʜʷʱʝʡ Ὅς ʚ Ὅσ, ʦʪʦʙʨʘʞʘʝʪ ʜʠ-

ʣʘʪʦʥʥʳʡ ʧʦʪʝʥʮʠʘʣ ʍʠʛʛʩʘ (16) ʚ ʠʥʚʘʨʠʘʥʪʥʳʡ ʦʪʥʦʩʠʪʝʣʴʥʦ ʧʨʝʦʙʨʘʟʦ-

ʚʘʥʠʷ ʕʣʝʨʩʘ çʧʦʪʝʥʮʠʘʣ ʕʣʝʨʩʘ-ʍʠʛʛʩʘè 

ὠ ÌÏÇὩ ‌‖Ὡ ‌ὺ
 
.     (19) 

ʇʨʠ ʵʪʦʤ ʜʠʣʘʪʦʥʥʳʡ ʢʠʥʢ/ʘʥʪʠʢʠʥʢ (17) ʧʝʨʝʚʦʜʠʪʩʷ ʚ ʩʦʣʠʪʦʥ ʩ 

ʨʘʩʧʨʝʜʝʣʝʥʠʝʤ ʧʦʣʝʡ 

 ‰ ὺÔÁÎÈ ÌÏÇὌȟ ‖   , ʛʜʝ Ὄ  Ὡ
ᶸ

‌‖   (20) 

ʩ ʪʝʤ ʞʝ ʩʘʤʳʤ ʟʥʘʯʝʥʠʝʤ ʤʘʩʩʳ ρσ  [3]. 

 ʀʪʘʢ, ʚ ʨʘʙʦʪʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʩʪʘʮʠʦʥʘʨʥʳʝ ʩʦʣʠʪʦʥʳ ï ʨʝʰʝʥʠʷ 

ʫʨʘʚʥʝʥʠʡ ʜʚʠʞʝʥʠʷ ʩ ʢʦʥʝʯʥʳʤ ʟʥʘʯʝʥʠʝʤ ʤʘʩʩʳ (ʥʸʪʝʨʦʚʩʢʦʛʦ ʠʥʪʝʛʨʘ-

ʣʘ ʵʥʝʨʛʠʠ) ʚ ʜʚʫʤʝʨʥʳʭ ʜʠʣʘʪʦʥ-ʘʢʩʠʦʥʥʳʭ ʤʦʜʝʣʷʭ ʥʘ ʧʣʦʩʢʦʤ ʬʦʥʝ (1), 

(2) ʩ ʧʦʪʝʥʮʠʘʣʦʤ. ɺ ʢʘʯʝʩʪʚʝ ʧʦʪʝʥʮʠʘʣʘ ʙʳʣʠ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦ ʚʟʷʪʳ 

ʬʫʥʢʮʠʠ (8), (16) ʠ (19) ʠʥʚʘʨʠʘʥʪʦʚ (7) ʧʨʝʦʙʨʘʟʦʚʘʥʠʡ ʩʠʤʤʝʪʨʠʠ (4) ï 

(6) ʢʠʥʝʪʠʯʝʩʢʦʡ ʯʘʩʪʠ (1) ʪʝʦʨʠʠ. ʇʨʠ ʵʪʦʤ ʪʝʦʨʠʠ ʩ ʧʦʪʝʥʮʠʘʣʘʤʠ (16) ʠ 

(19) çʜʫʘʣʴʥʳè ʚ ʪʦʤ ʩʤʳʩʣʝ, ʯʪʦ ʠʭ ʧʨʦʩʪʨʘʥʩʪʚʘ ʨʝʰʝʥʠʡ ʧʝʨʝʚʦʜʷʪʩʷ 

ʜʨʫʛ ʚ ʜʨʫʛʘ ʜʠʩʢʨʝʪʥʳʤ ʧʨʝʦʙʨʘʟʦʚʘʥʠʝʤ (18), ʦʙʨʘʟʫʷ ʧʦ ʦʪʥʦʰʝʥʠʶ ʢ 

ʥʝʤʫ ʜʫʙʣʝʪ (ʪʝʦʨʠʷ ʩ ʧʦʪʝʥʮʠʘʣʦʤ (8) ï ʩʠʥʛʣʝʪ ʵʪʦʛʦ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ). 

ʇʦʩʪʨʦʝʥʥʳʝ ʨʝʰʝʥʠʷ ï ʵʪʦ ʘʢʩʠʦʥʥʳʡ ʢʠʥʢ/ʘʥʪʠʢʠʥʢ (9) ï (11) ʩ ʤʘʩʩʦʡ 

(12), (13), ʘ ʪʘʢʞʝ çʜʫʘʣʴʥʳʡè ʩʪʘʥʜʘʨʪʥʦʤʫ ʜʠʣʘʪʦʥʥʦʤʫ ʢʠʥ-

ʢʫ/ʘʥʪʠʢʠʥʢʫ (17) ʩʦʣʠʪʦʥ (20) ʩ ʤʘʩʩʦʡ (13).  

 ʌʦʨʤʘʣʴʥʘʷ ʚʟʘʠʤʦʩʚʷʟʴ ʤʝʞʜʫ ʜʠʣʘʪʦʥ-ʘʢʩʠʦʥʥʦʡ ʩʠʩʪʝʤʦʡ ʠ ʩʪʘ-

ʮʠʦʥʘʨʥʦʡ ʯʝʪʳʨʸʭʤʝʨʥʦʡ ʚʘʢʫʫʤʥʦʡ ʆʊʆ ʦʢʘʟʳʚʘʝʪʩʷ  ʷʚʥʦʡ ʚ ʧʨʝʜʩʪʘʚ-
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ʣʝʥʠʠ ʕʨʥʩʪʘ. ɸ ʠʤʝʥʥʦ, ʟʘʤʝʥʘ ʜʠʣʘʪʦʥʥʦʛʦ ʬʘʢʪʦʨʘ Ὡ‌‰ ʥʘ ʤʝʪʨʠʯʝ-

ʩʢʠʡ ʢʦʵʬʬʠʮʠʝʥʪ  Ὣππ ʯʝʪʳʨʸʭʤʝʨʥʦʡ ʤʝʪʨʠʢʠ Ὣ‘’,  ʘ ʘʢʩʠʦʥʥʦʛʦ ʯʣʝʥʘ 

‌‖ ʥʘ ʚʨʘʱʘʪʝʣʴʥʳʡ ʧʦʪʝʥʮʠʘʣ ʵʪʦʡ ʤʝʪʨʠʢʠ (ʩʤ. [4]) ʧʝʨʝʚʦʜʠʪ (3) ʚ ʧʦ-

ʪʝʥʮʠʘʣ ʕʨʥʩʪʘ ʆʊʆ. ʇʨʝʦʙʨʘʟʦʚʘʥʠʷ (4) ï (6) ï ʵʪʦ ʭʦʨʦʰʦ ʠʟʚʝʩʪʥʳʝ  

ʩʠʤʤʝʪʨʠʠ ʚʘʢʫʫʤʥʦʡ ʆʊʆ ʚ ʩʪʘʮʠʦʥʘʨʥʦʤ ʩʣʫʯʘʝ; ʜʘʥʥʦʝ ʦʙʩʪʦʷʪʝʣʴʩʪʚʦ 

ʦʧʨʘʚʜʳʚʘʝʪ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʡ ʪʝʨʤʠʥʦʣʦʛʠʠ ʚ ʥʘʩʪʦʷʱʝʡ 

ʨʘʙʦʪʝ. 
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ʉʊɸʎʀʆʅɸʈʅʓʁ ʊɽʇʃʆɺʆʁ ʌʈʆʅʊ ɺ ɿɸɼɸʏɽ ɺʆʉʉʊɸʅʆɺʃɽ-

ʅʀʗ ʂʆʕʌʌʀʎʀɽʅʊɸ ʊɽʇʃʆʇʈʆɺʆɼʅʆʉʊʀ ʇʆʃʋʇʈʆɺʆɼʅʀʂɸ 

ʇʆ ɼɸʅʅʓʄ ʄʆɼɽʃʀʈʆɺɸʅʀʗ 

ɼʦʮ. ʄ. ɸ. ɼʘʚʳʜʦʚʘ, ʤʣ. ʥʘʫʯʥ. ʩʦʪʨ. ɻ.ɼ. ʈʫʙʣʝʚ ʀʌɸ ʈɸʅ  

1. ʉʪʘʮʠʦʥʘʨʥʳʡ ʪʝʧʣʦʚʦʡ ʬʨʦʥʪ: ʘʩʠʤʧʪʦʪʠʯʝʩʢʦʝ ʧʨʠʙʣʠʞʝʥʠʝ, 

ʩʫʱʝʩʪʚʦʚʘʥʠʝ ʠ ʫʩʪʦʡʯʠʚʦʩʪʴ ʨʝʰʝʥʠʷ ʩ ʚʥʫʪʨʝʥʥʠʤ ʩʣʦʝʤ. ʈʘʩʩʤʦʪ-

ʨʠʤ ʩʠʥʛʫʣʷʨʥʦ ʚʦʟʤʫʱʝʥʥʫʶ ʤʦʜʝʣʴ ʥʝʣʠʥʝʡʥʦʡ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ ʩ ʪʝ-

ʧʣʦʚʳʤ ʧʦʪʦʢʦʤ ʚʠʜʘ , 0,xW u us s-=- > ʛʜʝ ( )u x - ʙʝʟʨʘʟʤʝʨʥʘʷ ʪʝʤʧʝʨʘʪʫ-

ʨʘ ʚ ʪʦʯʢʝ ʩ ʢʦʦʨʜʠʥʘʪʦʡ x , ( )k u u s-= -ʢʦʵʬʬʠʮʠʝʥʪ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ 

1 2(0 ( ) )k k u k< < <, ʩ ʫʯʝʪʦʤ ʙʦʢʦʚʦʛʦ ʪʝʧʣʦʦʙʤʝʥʘ ʩ ʦʢʨʫʞʘʶʱʝʡ ʩʨʝʜʦʡ ʧʦ 

ʟʘʢʦʥʫ ʅʴʶʪʦʥʘ: 
2

1 2

( ) ( 1) ( , ) 0, (0,1),

(0) (0) 0, (1) (1) 0.

x x

x x

u u u f u x x

u q u u q u

s

s s

e g- - - + = Í

+ = - + =
    (1) 

ɿʜʝʩʴ g-ʢʦʵʬʬʠʮʠʝʥʪ ʙʦʢʦʚʦʛʦ ʪʝʧʣʦʦʙʤʝʥʘ, ( , )f u x -ʤʦʱʥʦʩʪʴ ʨʘʩʧʨʝ-

ʜʝʣʸʥʥʳʭ ʪʝʧʣʦʚʳʭ ʠʩʪʦʯʥʠʢʦʚ, 
iq - ʚʝʣʠʯʠʥʳ, ʚʳʨʘʞʘʶʱʠʝʩʷ ʯʝʨʝʟ 

ʧʣʦʪʥʦʩʪʠ ʪʝʧʣʦʚʳʭ ʧʦʪʦʢʦʚ ʥʘ ʛʨʘʥʠʮʝ ʨʘʩʯʝʪʥʦʡ ʦʙʣʘʩʪʠ. ʅʘʣʠʯʠʝ ʤʘ-

ʣʦʛʦ ʧʘʨʘʤʝʪʨʘ 0 0, : (0, ], 0 1I Ie ee e eÍ = < << ʦʧʨʝʜʝʣʷʝʪ ʩʦʦʪʥʦʰʝʥʠʝ ʤʝʞʜʫ 

ʯʣʝʥʘʤʠ ʫʨʘʚʥʝʥʠʷ ʠʟ ʟʘʜʘʯʠ (1). ɿʘʤʝʪʠʤ, ʯʪʦ ʪʘʢʦʡ ʚʠʜ ʚʳʨʘʞʝʥʠʷ ʧʦʪʦ-

ʢʦʚʳʭ ʯʣʝʥʦʚ ʪʠʧʠʯʝʥ ʜʣʷ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚ, ʧʦʣʠʤʝʨʦʚ, ʚ ʧʦʨʠʩʪʳʭ ʩʨʝ-

ʜʘʭ, ʚ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʤ ʚʦʜʦʨʦʜʝ, ʚ ʥʝʢʦʪʦʨʳʭ ʟʘʜʘʯʘʭ ʭʠʤʠʠ ʠ ʬʠʟʠʢʠ 

ʤʦʨʷ (ʩʤ., ʥʘʧʨ., [1]), ʚ ʟʘʜʘʯʘʭ ʛʦʨʝʥʠʷ (ʩʤ., ʥʘʧʨ., [2]), ʘ ʪʘʢʞʝ ʚ ʟʘʜʘʯʘʭ 

ʧʦʧʫʣʷʮʠʦʥʥʦʡ ʜʠʥʘʤʠʢʠ [3]. ɺ ʦʪʥʦʰʝʥʠʠ ʟʘʜʘʯʠ (1) ʧʨʝʜʧʦʣʦʞʠʤ ʚʳ-

ʧʦʣʥʝʥʠʝ ʩʣʝʜʫʶʱʠʭ ʫʩʣʦʚʠʡ:  

(ʋ1) ʌʫʥʢʮʠʷ ( , )f u x  ʜʦʩʪʘʪʦʯʥʦ ʛʣʘʜʢʘʷ ʧʨʠ [0,1], 0 ,x u I IÍ < Í - 

ʥʝʢʦʪʦʨʳʡ ʠʥʪʝʨʚʘʣ. 

(ʋ2) ɺʳʨʦʞʜʝʥʥʦʝ ʫʨʘʚʥʝʥʠʝ ( 1) ( , ) 0u f u xg - - = ʠʤʝʝʪ ʪʨʠ ʢʦʨʥʷ 

( ) , 1,3iu x I ij= Í =, ʧʨʠʯʸʤ 
1 2 3( ) ( ) ( ), ( ( ), ) ,u ix x x f x xj j j j g< < < ʛʜʝ 

1,3i=  ʠ 
2( ( ), )uf x xj g> .  

ɸʩʠʤʧʪʦʪʠʯʝʩʢʦʝ ʧʨʠʙʣʠʞʝʥʠʝ ʨʝʰʝʥʠʷ ʩ ʚʥʫʪʨʝʥʥʠʤ ʧʝʨʝʭʦʜʦʤ ʩ 

ʢʦʨʥʷ 3( )u xj=  ʥʘ ʢʦʨʝʥʴ 1( )u xj=  ʧʦʣʫʯʝʥʦ ʧʫʪʸʤ 1C -ʩʦʛʣʘʩʦʚʘʥʠʷ ʘʩʠʤ-

ʧʪʦʪʠʢ ʧʦʛʨʘʥʩʣʦʡʥʦʛʦ ʪʠʧʘ: 
( ) ( ) ( ) ( )

( )
Ĕ( , ) ( , ) ( , ) ( , , ),U x u x Q xe e t e x e= +P +      (2) 

( ) ( ) ( ) 2 ( ) ( ) ( )

0 1 2 0 3 0 1

( ) ( ) 2 ( )

( ) 1 ( ) 2 ( ) ( ) ( )

( , ) ( ) ( ) ( ) ..., ( ) ( ), ( ) ( ),

( , ) ( ) ( ) ..., , ( 1) ,

u x u x u x u x u x x u x x

x x

e e e j j

t e e t e t t e t e

- +

- +

= + + + = =

P = P + P + = = -

 
( ) ( ) ( )

0 1
Ĕ Ĕ Ĕ Ĕ( , , ) ( , ) ( , ) ..., ( )Q x Q x Q x x xx e x e x x e= + + = -   (3) 



ʃʆʄʆʅʆʉʆɺʉʂʀɽ ʏʊɽʅʀʗ ï 2024 112 

ʚ ʥʝʢʦʪʦʨʦʡ ʪʦʯʢʝ Ĕ( )xe, ʧʦʣʦʞʝʥʠʝ ʢʦʪʦʨʦʡ ʦʧʨʝʜʝʣʷʝʪʩʷ ʫʩʣʦʚʠʝʤ 

2
Ĕ Ĕ( , ) ( )u x xe j= . 

ʉ ʮʝʣʴʶ ʧʦʩʪʨʦʝʥʠʷ ʘʩʠʤʧʪʦʪʠʯʝʩʢʠʭ ʧʨʠʙʣʠʞʝʥʠʡ (2) ʨʘʩʩʤʦʪʨʝʥʳ 

ʜʚʝ ʚʩʧʦʤʦʛʘʪʝʣʴʥʳʝ ʢʨʘʝʚʳʝ ʟʘʜʘʯʠ ʜʣʷ ʫʨʘʚʥʝʥʠʷ ʠʟ ʟʘʜʘʯʠ (1) ʩ ʛʨʘʥʠʯ-

ʥʳʤʠ ʫʩʣʦʚʠʷʤʠ ʚʠʜʘ: ( )( ) ( ) ( )

1 2
Ĕ Ĕ(0) (0) 0, ( , ) ( )xu q u u x x

s

e j- - -+ = =  ʠ 

( )( ) ( ) ( )

2 2
Ĕ Ĕ( , ) ( ), (1) (1) 0,xu x x u q u

s

e j+ + += - + = ʛʜʝ ʨʘʟʣʦʞʝʥʠʝ Ĕx  ʚ ʨʷʜ ʧʦ ʩʪʝ-

ʧʝʥʷʤ e ʥʝ ʧʨʝʜʧʦʣʘʛʘʝʪʩʷ. ʇʨʠ ʫʩʣʦʚʠʷʭ (ʋ1) ʠ (ʋ2) ʩʫʱʝʩʪʚʫʶʪ ʢʣʘʩʩʠ-

ʯʝʩʢʠʝ ʨʝʰʝʥʠʷ 
( )( , )u xe-

 ʠ 
( )( , )u xe+

 c ʧʦʛʨʘʥʠʯʥʳʤʠ ʩʣʦʷʤʠ (ʜʦʢʘʟʘʥʦ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʝʪʦʜʦʚ [4ï6]), ʘʩʠʤʧʪʦʪʠʯʝʩʢʠʝ ʧʨʠʙʣʠʞʝʥʠʷ ʢʦʪʦʨʳʭ 

ʧʦʣʫʯʝʥʳ ʥʘ ʦʩʥʦʚʝ ʘʣʛʦʨʠʪʤʘ ɸ.ɹ. ɺʘʩʠʣʴʝʚʦʡ [7] ʠ ʠʤʝʶʪ ʚʠʜ ʨʘʟʣʦʞʝ-

ʥʠʡ (2) ʩ ʢʦʵʬʬʠʮʠʝʥʪʘʤʠ ʚ ʷʚʥʦʤ ʚʠʜʝ.  

ʇʨʠ ʧʦʩʪʨʦʝʥʠʠ ʬʦʨʤʘʣʴʥʦʛʦ ʘʩʠʤʧʪʦʪʠʯʝʩʢʦʛʦ ʧʨʠʙʣʠʞʝʥʠʷ ʨʝʰʝʥʠʷ 

ʩ ʚʥʫʪʨʝʥʥʠʤ ʩʣʦʝʤ ʚ ʟʘʜʘʯʝ (1) ʧʦʣʦʞʝʥʠʝ ʪʦʯʢʠ ʩʰʠʚʘʥʠʷ ʠʱʝʪʩʷ ʚ ʚʠʜʝ 

ʨʘʟʣʦʞʝʥʠʷ ʧʦ ʩʪʝʧʝʥʷʤ ʤʘʣʦʛʦ ʧʘʨʘʤʝʪʨʘ Ĕ Ĕ( )x xe= , ʧʨʠ ʵʪʦʤ ʢʦʵʬʬʠʮʠʝʥ-

ʪʳ ʨʘʟʣʦʞʝʥʠʷ (3) ʟʘʚʠʩʷʪ ʦʪ e ʯʝʨʝʟ ʘʨʛʫʤʝʥʪ Ĕ( )xe. ɼʦʩʪʘʪʦʯʥʳʝ ʫʩʣʦʚʠʷ 

ʩʫʱʝʩʪʚʦʚʘʥʠʷ ʪʘʢʦʛʦ ʨʝʰʝʥʠʷ ʬʦʨʤʫʣʠʨʫʶʪʩʷ ʚ ʪʝʨʤʠʥʘʭ ʬʫʥʢʮʠʠ 

( )
3

1

( ) 2

2

( )

( )
( ) : ( 1) ( , ) :

x

x

x
I x f x d

sj

j

j
g m m m

m

å õ
= - - æ ö

ç ÷
ñ   

(ʋ3) ʉʫʱʝʩʪʚʫʝʪ ʟʥʘʯʝʥʠʝ 
0x x=  ʪʘʢʦʝ, ʯʪʦ 

0 0 0( ) 0, ( ) 0, (0,1).I x I x x¡= < Í   

ʇʦʣʘʛʘʷ  
2

0 1 2
Ĕ( ) ...x x x xe e e= + + +,       (5) 

ʦʧʨʝʜʝʣʷʝʤ ʢʦʵʬʬʠʮʠʝʥʪʳ ʨʘʟʣʦʞʝʥʠʷ (5) ʠʟ ʫʩʣʦʚʠʷ 1C -ʩʦʛʣʘʩʦʚʘʥʠʷ 

ʘʩʠʤʧʪʦʪʠʢ (2) ʚ ʪʦʯʢʝ Ĕ Ĕ( )x xe= : 

 
( ) ( )

0 0
1 0

0 0Ĕ

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

(0, ) (0, )
x x

dU x dU x I x I x
x G x

dx dx u x u xx x

e e
e e

+ -

=

å õ¡å õ
- =- + - + + =æ öæ ö æ ö¡ ¡ç ÷ ç ÷

(6) 

ʛʜʝ 
( ) ( )

0 0 0 0
0 0

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

dQ x dQ x
u x G x

d d
x

x x

- +

¡ = = -ʠʟʚʝʩʪʥʦʝ ʟʥʘʯʝʥʠʝ. ʋʨʘʚ-

ʥʝʥʠʝ (6) ʚʳʧʦʣʥʷʝʪʩʷ ʚ ʥʫʣʝʚʦʤ ʧʨʠʙʣʠʞʝʥʠʠ ʚ ʩʠʣʫ ʫʩʣʦʚʠʷ (ʋ3). ʇʨʠ-

ʨʘʚʥʠʚʘʷ ʢ ʥʫʣʶ ʢʦʵʬʬʠʮʠʝʥʪʳ ʧʨʠ ne ʚ ʫʨʘʚʥʝʥʠʠ (6), ʚ ʩʠʣʫ ʫʩʣʦʚʠʷ 

(ʋ3) ʧʦʣʫʯʘʝʤ ʦʜʥʦʟʥʘʯʥʦ ʨʘʟʨʝʰʠʤʳʝ ʫʨʘʚʥʝʥʠʷ ʦʪʥʦʩʠʪʝʣʴʥʦ ʢʦʵʬʬʠ-

ʮʠʝʥʪʦʚ ʨʘʟʣʦʞʝʥʠʷ (5). 

ʉ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʝʪʦʜʦʚ [4ï6] ʦʙʦʩʥʦʚʘʥ ʬʦʨʤʘʣʴʥʳʡ ʘʣʛʦʨʠʪʤ ʧʦ-

ʩʪʨʦʝʥʠʷ ʘʩʠʤʧʪʦʪʠʢʠ (2) ʨʝʰʝʥʠʷ ʩ ʚʥʫʪʨʝʥʥʠʤ ʩʣʦʝʤ ʚ ʟʘʜʘʯʝ (1) ʠ ʠʩ-
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ʩʣʝʜʦʚʘʥʘ ʘʩʠʤʧʪʦʪʠʯʝʩʢʘʷ ʫʩʪʦʡʯʠʚʦʩʪʴ ʧʦ ʃʷʧʫʥʦʚʫ ʵʪʦʛʦ ʨʝʰʝʥʠʷ ʢʘʢ 

ʩʪʘʮʠʦʥʘʨʥʦʛʦ ʨʝʰʝʥʠʷ ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʡ ʧʘʨʘʙʦʣʠʯʝʩʢʦʡ ʟʘʜʘʯʠ. 

2. ɺʦʩʩʪʘʥʦʚʣʝʥʠʝ ʢʦʵʬʬʠʮʠʝʥʪʘ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ ʩ ʦʪʨʠʮʘʪʝʣʴ-

ʥʳʤ ʩʪʝʧʝʥʥʳʤ ʧʦʢʘʟʘʪʝʣʝʤ ʧʦ ʜʘʥʥʳʤ ʤʦʜʝʣʠʨʦʚʘʥʠʷ. ʆʙʨʘʪʥʳʝ ʟʘ-

ʜʘʯʠ ʪʝʧʣʦʦʙʤʝʥʘ ʦʙʳʯʥʦ ʥʝʢʦʨʨʝʢʪʥʳ. ʀʭ ʥʝʢʦʨʨʝʢʪʥʦʩʪʴ, ʚ ʦʩʥʦʚʥʦʤ, 

ʦʙʫʩʣʦʚʣʝʥʘ ʥʝʫʩʪʦʡʯʠʚʦʩʪʴʶ ʨʝʰʝʥʠʷ ʧʦ ʦʪʥʦʰʝʥʠʶ ʢ ʤʘʣʳʤ ʚʦʟʤʫʱʝ-

ʥʠʷʤ ʚʭʦʜʥʳʭ (ʠʟʤʝʨʷʝʤʳʭ) ʜʘʥʥʳʭ. ʕʪʦ ʧʨʠʚʦʜʠʪ ʢ ʥʝʦʙʭʦʜʠʤʦʩʪʠ ʚʳ-

ʜʝʣʝʥʠʷ ʨʝʰʝʥʠʷ ʧʫʪʝʤ ʨʘʟʨʘʙʦʪʢʠ ʩʧʝʮʠʘʣʴʥʳʭ ʨʝʛʫʣʷʨʠʟʠʨʫʶʱʠʭ ʘʣʛʦ-

ʨʠʪʤʦʚ ʧʨʠʙʣʠʞʝʥʥʦʛʦ ʨʝʰʝʥʠʷ [8]. ʇʨʠʤʝʥʝʥʠʝ ʤʝʪʦʜʦʚ ʘʩʠʤʧʪʦʪʠʯʝ-

ʩʢʦʛʦ ʘʥʘʣʠʟʘ ʚ ʧʨʷʤʦʡ ʩʠʥʛʫʣʷʨʥʦ ʚʦʟʤʫʱʝʥʥʦʡ ʟʘʜʘʯʝ ʧʦʟʚʦʣʷʝʪ ʧʦʣʫ-

ʯʠʪʴ ʘʩʠʤʧʪʦʪʠʯʝʩʢʦʝ ʧʨʠʙʣʠʞʝʥʠʝ ʨʝʰʝʥʠʷ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʧʘʨʘʤʝʪʨʦʚ 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʡ ʦʙʨʘʪʥʦʡ ʟʘʜʘʯʠ ʠʣʠ ʚʳʷʚʠʪʴ ʩʚʷʟʠ ʤʝʞʜʫ ʢʦʵʬʬʠʮʠʝʥ-

ʪʘʤʠ ʧʨʷʤʦʡ ʟʘʜʘʯʠ ʠ ʧʘʨʘʤʝʪʨʘʤʠ ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʡ ʦʙʨʘʪʥʦʡ, ʟʘʤʝʥʠʚ, 

ʪʝʤ ʩʘʤʳʤ, ʠʩʭʦʜʥʦʝ ʦʧʝʨʘʪʦʨʥʦʝ ʫʨʘʚʥʝʥʠʝ ʥʘ ʙʣʠʟʢʦʝ (ʚ ʥʝʢʦʪʦʨʦʤ 

ʩʤʳʩʣʝ) ʝʤʫ ʫʨʘʚʥʝʥʠʝ ʚ ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʡ ʢʦʨʨʝʢʪʥʦ ʧʦʩʪʘʥʦʚʣʝʥʥʦʡ ʟʘ-

ʜʘʯʝ [9].  

2.1. ɸʣʛʦʨʠʪʤʫ ʥʘʭʦʞʜʝʥʠʷ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʪʝʤʧʝʨʘʪʫʨʳ ʚʜʦʣʴ ʧʨʷʤʦ-

ʣʠʥʝʡʥʦʛʦ ʥʘʛʨʝʚʘʪʝʣʷ ʤʦʞʥʦ ʩʦʧʦʩʪʘʚʠʪʴ ʦʧʝʨʘʪʦʨ 
2 2 1 2

[0,1] [0,1) (0,1):G R C C C+P Ë ­ Æ Æ , ʢʦʪʦʨʳʡ ʥʘʙʦʨʫ ʧʘʨʘʤʝʪʨʦʚ 

( )
T

X s g=  ʩʪʘʚʠʪ ʚ ʩʦʦʪʚʝʪʩʪʚʠʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ 

[]( , ) : .u x G X ue =  ʆʙʨʘʪʥʘʷ ʟʘʜʘʯʘ ʩʦʩʪʦʠʪ ʚ ʦʧʨʝʜʝʣʝʥʠʠ ʥʝʦʪʨʠʮʘʪʝʣʴ-

ʥʦʛʦ ʥʘʙʦʨʘ ʧʘʨʘʤʝʪʨʦʚ X  ʧʦ ʠʟʚʝʩʪʥʦʡ ʠʥʬʦʨʤʘʮʠʠ ʦ ʨʘʩʧʨʝʜʝʣʝʥʠʠ ʪʝ-

ʧʣʘ ʚʜʦʣʴ ʥʘʛʨʝʚʘʪʝʣʷ ( , )su xe, ʥʘʙʣʶʜʘʝʤʦʛʦ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʩ ʦʰʠʙʢʦʡ 

2

( ,s L
s u u s u- ¢ - ʪʦʯʥʳʝ ʜʘʥʥʳʝ): 

 
2 2

, ,, .s s sG X u X Re e e

+è ø= ÍP Ëê ú      (7) 

ʈʝʰʝʥʠʝ ʦʙʨʘʪʥʦʡ ʟʘʜʘʯʠ (7) ʤʦʞʝʪ ʙʳʪʴ ʥʘʡʜʝʥʦ ʢʘʢ ʵʣʝʤʝʥʪ ʢʦʤ-

ʧʘʢʪʥʦʛʦ ʤʥʦʞʝʩʪʚʘ  
2

1 2 1 2[ , ] [ , ]s s g gP = ³  ʠʟ 2R+, ʨʝʘʣʠʟʫʶʱʠʡ ʤʠʥʠʤʫʤ ʬʫʥʢʮʠʦʥʘʣʘ: 

[] []
2

2

s L
F X G X ue= - .  

ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʘʩʠʤʧʪʦʪʠʯʝʩʢʦʛʦ ʧʨʠʙʣʠʞʝʥʠʷ ʥʫʣʝʚʦʛʦ ʧʦʨʷʜʢʘ ʨʝ-

ʰʝʥʠʷ ʧʦʛʨʘʥʩʣʦʡʥʦʛʦ ʪʠʧʘ ʫʨʘʚʥʝʥʠʷ ʠʟ ʟʘʜʘʯʠ (1) ʩ ʠʩʪʦʯʥʠʢʦʤ 

( , ) 1f u x =, ʢʦʪʦʨʳʡ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʥʘʣʠʯʠʶ ʧʦʩʪʦʷʥʥʦʛʦ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ 

ʪʦʢʘ ʚ ʥʘʛʨʝʚʘʪʝʣʝ, ʩ ʛʨʘʥʠʯʥʳʤʠ ʫʩʣʦʚʠʷʤʠ ʚʠʜʘ: (0, ) 0, (1, ) ,u u ge e¡ = =  

ʛʜʝ g- ʟʘʜʘʥʦ, ʵʢʚʠʚʘʣʝʥʪʥʦ ʪʦʤʫ, ʯʪʦ ʚʤʝʩʪʦ ʪʦʯʥʦʛʦ ʦʧʝʨʘʪʦʨʘ G  ʟʘʜʘ-

ʝʪʩʷ ʦʧʝʨʘʪʦʨ Ge ʩ ʥʝʢʦʪʦʨʦʡ ʦʰʠʙʢʦʡ, ʟʘʚʠʩʷʱʝʡ ʦʪ e. ʉʣʝʜʦʚʘʪʝʣʴʥʦ, 

ʟʘʜʘʯʘ (7) ʢʦʨʨʝʢʪʥʦ ʧʦʩʪʘʚʣʝʥʘ [9].  
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ʈʠʩ. 1 

 

ʈʠʩ. 2 

 

ʇʨʠʤʝʥʝʥʠʝ ʜʘʥʥʦʛʦ ʤʝʪʦʜʘ ʚ ʟʘʜʘʯʝ ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ ʧʨʦʬʠʣʷ ( )k T  ʚ 

ʩʣʫʯʘʝ SiC ʠʣʣʶʩʪʨʠʨʫʝʪ ʨʠʩ. 1, ʛʜʝ ʥʘ ʨʠʩ. 1(ʘ) ʧʨʝʜʩʪʘʚʣʝʥʦ ʩʨʘʚʥʝʥʠʝ 

ʠʩʪʠʥʥʦʛʦ ʠ ʚʦʩʩʪʘʥʦʚʣʝʥʥʦʛʦ ʧʨʦʬʠʣʝʡ ( )k T , ʥʘ ʨʠʩ. 1(ʙ) ï ʩʠʤʫʣʷʮʠʷ 

ʜʘʥʥʳʭ ʥʘʙʣʶʜʝʥʠʡ. 

2.2. ɸʣʛʦʨʠʪʤ ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ ( )k u u s-=  ʧʨʝʜʩʪʘʚʣʷʝʪʩʷ ʝʱʝ ʙʦʣʝʝ 

ʧʨʦʩʪʳʤ, ʝʩʣʠ ʚ ʟʘʜʘʯʝ (1) ʚ ʢʘʯʝʩʪʚʝ ʠʩʪʦʯʥʠʢʘ ( , )f u x  ʚʟʷʪʴ ʥʝʣʠʥʝʡ-

ʥʦʩʪʴ ʪʠʧʘ ʆʣʣʠ [3] ʩ ʥʘʩʳʱʝʥʠʝʤ ʠʩʪʦʯʥʠʢʘ ʠ ʩʪʦʢʘ:  

 
3

1 2( ( )) ( )( ) ,f u x x ua d b d= - - -       

ʛʜʝ 
id-ʧʘʨʘʤʝʪʨʳ ʥʘʩʳʱʝʥʠʷ, , ( ) 0.xa g b> >  ʇʫʩʪʴ ʜʣʷ ʜʘʥʥʦʡ ʟʘʜʘʯʠ 

ʚʳʧʦʣʥʝʥʳ ʫʩʣʦʚʠʷ ʩʫʱʝʩʪʚʦʚʘʥʠʷ ʨʝʰʝʥʠʷ ʩ ʚʥʫʪʨʝʥʥʠʤ ʩʣʦʝʤ ʠ ʩʪʘ-
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ʮʠʦʥʘʨʥʳʡ ʪʝʧʣʦʚʦʡ ʬʨʦʥʪ ʩ ʣʦʢʘʣʠʟʘʮʠʝʡ ʚʥʫʪʨʠ ʦʪʨʝʟʢʘ [ ]0,1  ʤʦʞʥʦ 

ʥʘʙʣʶʜʘʪʴ. 

ɸʣʛʦʨʠʪʤʫ ʦʧʨʝʜʝʣʝʥʠʷ ʧʦʣʦʞʝʥʠʷ ʚʥʫʪʨʝʥʥʝʛʦ ʩʣʦʷ ʤʦʞʥʦ ʩʦʧʦʩʪʘ-

ʚʠʪʴ ʦʧʝʨʘʪʦʨ 1 1 1

(0,1):G R R R+ +P Ë ­ Ë , ʢʦʪʦʨʳʡ ʧʘʨʘʤʝʪʨʫ ʤʦʜʝʣʠ s ʩʪʘ-

ʚʠʪ ʚ ʩʦʦʪʚʝʪʩʪʚʠʝ ʟʥʘʯʝʥʠʝ Ĕ (0,1) :xÍ  [] Ĕ.G xs=  ʆʙʨʘʪʥʘʷ ʟʘʜʘʯʘ ʩʦʩʪʦʠʪ ʚ 

ʦʧʨʝʜʝʣʝʥʠʠ ʥʝʦʪʨʠʮʘʪʝʣʴʥʦʛʦ ʧʘʨʘʤʝʪʨʘ s ʧʦ ʥʘʙʣʶʜʘʝʤʦʤʫ ʩ ʦʰʠʙʢʦʡ 

s ʧʦʣʦʞʝʥʠʶ Ĕ
sx  ʚʥʫʪʨʝʥʥʝʛʦ ʩʣʦʷ 

2

Ĕ( ) :s L
x x s- ¢   

1 1

, ,
Ĕ, ,s s sG x Re e es s +è ø= ÍP Ëê ú      (8) 

ʛʜʝ Ge- ʦʧʝʨʘʪʦʨ, ʟʘʜʘʥʥʳʡ ʚʤʝʩʪʦ G. ɿʘʜʘʯʘ (8) ʤʦʞʝʪ ʙʳʪʴ ʨʝʰʝʥʘ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʫʨʘʚʥʝʥʠʷ 0( ) 0I x = , ʦʧʨʝʜʝʣʷʶʱʝʛʦ ʧʦʣʦʞʝʥʠʝ ʚʥʫʪʨʝʥ-

ʥʝʛʦ ʩʣʦʷ ʚ ʥʫʣʝʚʦʤ ʧʨʠʙʣʠʞʝʥʠʠ. ɼʝʡʩʪʚʠʪʝʣʴʥʦ, ʪ.ʢ. ʚ ʩʠʣʫ (5) 

0
Ĕ ( )x x Oe- = , ʪʦ Ĕ( , ) ( ) ( ).sI x O O ss e= +  ʇʦʵʪʦʤʫ ʟʘʜʘʯʘ (8) ʩʚʦʜʠʪʩʷ ʢ ʯʠʩ-

ʣʝʥʥʦʤʫ ʨʝʰʝʥʠʶ ʫʨʘʚʥʝʥʠʷ ,
Ĕ( , ) 0s sI x es = , ʢʦʪʦʨʦʝ ʦʧʨʝʜʝʣʷʝʪ ʧʘʨʘʤʝʪʨ 

s ʩ ʥʝʢʦʪʦʨʦʡ ʧʦʛʨʝʰʥʦʩʪʴʶ: , ( ) ( )s O O ses s e- = + . ʇʨʠʤʝʥʝʥʠʝ ʜʘʥʥʦʛʦ 

ʤʝʪʦʜʘ ʚ ʟʘʜʘʯʝ ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ ʧʨʦʬʠʣʷ ( )k T  ʚ ʩʣʫʯʘʝ SiC ʠʣʣʶʩʪʨʠʨʫʝʪ 

ʨʠʩ. 2. 
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ʆɹʈɸʊʅɸʗ ɿɸɼɸʏɸ ʈɽʂʆʅʉʊʈʋʂʎʀʀ ʄɸɻʅʀʊʅʓʍ ʇʆʃɽʁ ɻɸ-

ʃɸʂʊʀʏɽʉʂʀʍ ɼɾɽʊʆɺ 

ʖʰʢʦʚ ɽ.ɺ. (ʜʦʢʣʘʜʯʠʢ), ʏʫʤʘʨʠʥ ɻ.ɸ., ʉʦʢʦʣʦʚ ɼ.ɼ. 

ɺ ʜʦʢʣʘʜʝ ʧʦʡʜʝʪ ʨʝʯʴ ʦ ʨʝʢʦʥʩʪʨʫʢʮʠʠ ʤʘʛʥʠʪʥʳʭ ʧʦʣʝʡ ʛʘʣʘʢʪʠʯʝ-

ʩʢʠʭ ʜʞʝʪʦʚ ʧʦ ʘʥʘʣʠʟʫ ʜʝʧʦʣʷʨʠʟʘʮʠʠ ʩʠʥʭʨʦʪʨʦʥʥʦʛʦ ʠʟʣʫʯʝʥʠʷ. ɸʥʘʣʠʟ 

ʜʝʧʦʣʷʨʠʟʘʮʠʠ, ʚ ʦʪʣʠʯʠʠ ʦʪ ʘʥʘʣʠʟʘ ʢʣʘʩʩʠʯʝʩʢʦʛʦ ʵʬʬʝʢʪʘ ɿʝʝʤʘʥʘ, 

ʣʫʯʰʝ ʧʦʜʭʦʜʠʪ ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʜʘʣʝʢʠʭ ʘʩʪʨʦʬʠʟʠʯʝʩʢʠʭ ʦʙʲʝʢʪʦʚ ʩʦ 
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ʩʣʘʙʳʤ ʤʘʛʥʠʪʥʳʤ ʧʦʣʝʤ ʠ ʙʦʣʴʰʠʤ ʚʢʣʘʜʦʤ ʵʬʬʝʢʪʘ ɼʦʧʣʝʨʘ, ʪʘʢ ʢʘʢ 

ʤʘʣʦʩʪʴ ʨʘʟʥʠʮʳ ʤʝʞʜʫ ʧʨʘʚʦ ʠ ʣʝʚʦ-ʧʦʣʷʨʠʟʦʚʘʥʥʳʤʠ ʚʦʣʥʘʤʠ ʩʠʥʭʨʦ-

ʪʨʦʥʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʚ ʩʨʝʜʘʭ ʩ ʤʘʛʥʠʪʥʳʤ ʧʦʣʝʤ ʢʦʤʧʝʥʩʠʨʫʝʪʩʷ ʙʦʣʴʰʠ-

ʤʠ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʤʠ ʨʘʩʩʪʦʷʥʠʷʤʠ. ʆʜʥʘʢʦ ʝʩʪʴ ʠ ʥʝʜʦʩʪʘʪʦʢ ʪʘʢʦʛʦ 

ʘʥʘʣʠʟʘ: ʨʝʣʷʪʠʚʠʩʪʩʢʠʝ ʵʣʝʢʪʨʦʥʳ, ʷʚʣʷʶʱʠʝʩʷ ʠʩʪʦʯʥʠʢʦʤ ʠʟʣʫʯʝʥʠʷ, 

ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦ ʨʘʩʧʨʝʜʝʣʝʥʳ, ʚʜʦʣʴ ʚʩʝʛʦ ʣʫʯʘ ʥʘʙʣʶʜʝʥʠʷ, ʧʦʵʪʦʤʫ 

ʠʪʦʛʦʚʳʡ ʵʬʬʝʢʪ ʷʚʣʷʝʪʩʷ ʠʥʪʝʛʨʘʣʴʥʦʡ ʚʝʣʠʯʠʥʦʡ ʚʢʣʶʯʘʶʱʝʡ ʚ ʩʝʙʷ ʠ 

ʠʟʣʫʯʘʪʝʣʴʥʫʶ ʩʧʦʩʦʙʥʦʩʪʴ ʢʘʞʜʦʡ ʪʦʯʢʠ ʦʙʲʝʢʪʘ, ʠ ʩʧʦʩʦʙʥʦʩʪʴ ʢ ʜʝʧʦ-

ʣʷʨʠʟʘʮʠʠ ʟʘ ʩʯʝʪ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʨʦʙʣʝʤʘ ʨʝʢʦʥʩʪʨʫʢ-

ʮʠʠ ʬʦʨʤʫʣʠʨʫʝʪʩʷ ʚ ʚʠʜʝ ʠʥʪʝʛʨʘʣʴʥʦʛʦ ʫʨʘʚʥʝʥʠʷ ɺʦʣʴʪʝʨʨʘ ʚʪʦʨʦʛʦ 

ʨʦʜʘ ʠ ʷʚʣʷʝʪʩʷ ʦʙʨʘʪʥʦʡ ʥʝʢʦʨʨʝʢʪʥʦ ʧʦʩʪʘʚʣʝʥʥʦʡ ʟʘʜʘʯʝʡ. ɺ ʜʦʢʣʘʜʝ 

ʙʫʜʝʪ ʧʦʢʘʟʘʥ ʚʳʚʦʜ ʤʦʜʝʣʴʥʦʡ ʧʨʦʙʣʝʤʳ, ʝʝ ʩʚʝʜʝʥʠʝ ʢ ʠʥʪʝʛʨʘʣʴʥʦʡ ʟʘ-

ʜʘʯʝ, ʘ ʪʘʢʞʝ ʷʚʥʦʝ ʨʝʰʝʥʠʷ ʧʦʣʫʯʘʝʤʦʛʦ ʠʥʪʝʛʨʘʣʴʥʦʛʦ ʫʨʘʚʥʝʥʠʷ. ʆʩʦ-

ʙʦʝ ʚʥʠʤʘʥʠʝ ʙʫʜʝʪ ʫʜʝʣʝʥʦ ʚʣʠʷʥʠʶ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʦʰʠʙʦʢ ʚ ʠʟʤʝ-

ʨʝʥʠʷʭ ʜʝʧʦʣʷʨʠʟʘʮʠʠ ʥʘ ʢʦʨʨʝʢʪʥʦʩʪʴ ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ ʘʟʠʤʫʪʘʣʴʥʳʭ ʠ 

ʘʢʩʠʘʣʴʥʳʭ ʧʦʣʝʡ ʛʘʣʘʢʪʠʯʝʩʢʠʭ ʜʞʝʪʦʚ. 

 

 

ɼɺʋʄɽʈʅʓɽ ʅɽʉʊɸʎʀʆʅɸʈʅʓɽ ʂʆʅʊʈɸʉʊʅʓɽ ʉʊʈʋʂʊʋʈʓ ɺ 

ʉʈɽɼɽ ʉ ʅɽʉɹɸʃɸʅʉʀʈʆɺɸʅʅʆʁ ʇʃʆʊʅʆʉʊʔʖ ʀʉʊʆʏʅʀʂʆɺ 

ʇʨʦʬ. ɹʳʢʦʚ ɸ. ɸ. 

1. ɺʚʝʜʝʥʠʝ. ʇʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʢʦʥʪʨʘʩʪʥʳʭ 

ʩʪʨʫʢʪʫʨ(ʂʉ), ʚʦʟʥʠʢʘʶʱʠʭ ʧʨʠ ʤʦʜʝʣʠʨʦʚʘʥʠʠ ʜʚʫʤʝʨʥʳʭ ʟʘʜʘʯ 

ʨʝʘʢʮʠʠïʘʜʚʝʢʮʠʠïʜʠʬʬʫʟʠʠ. ʅʘʡʜʝʥʘ ʩʢʦʨʦʩʪʴ ʜʨʝʡʬʘ ʜʠʩʙʘʣʘʥʩʘ, 

ʛʨʘʜʠʝʥʪʥʦʛʦ ʜʨʝʡʬʘ, ʜʨʝʡʬʘ ʢʨʠʚʠʟʥʳ. ɼʘʥʦ ʦʙʦʩʥʦʚʘʥʠʝ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʝʪʦʜʘ ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʳʭ ʥʝʨʘʚʝʥʩʪʚ.  

ʄʳ ʠʟʫʯʘʝʤ ʂʉ, ʚʦʟʥʠʢʘʶʱʠʝ ʧʨʠ ʤʦʜʝʣʠʨʦʚʘʥʠʠ ʧʨʦʮʝʩʩʦʚ ʨʝʘʢʮʠʠ-

ʘʜʚʝʢʮʠʠïʜʠʬʬʫʟʠʠ (ʈɸɼ) ʚ ʜʚʫʤʝʨʥʦʡ ʥʝʦʜʥʦʨʦʜʥʦʡ ʩʨʝʜʝ. ɺ 

ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʤʝʪʦʜʠʢʦʡ ɸ.ʅ.ʊʠʭʦʥʦʚʘ [2], ʨʘʩʩʤʘʪʨʠʚʘʝʤ ʩʠʥʛʫʣʷʨʥʦ 

ʚʦʟʤʫʱʝʥʥʫʶ ʟʘʜʘʯʫ ʩ ʤʘʣʳʤ ʧʘʨʘʤʝʪʨʦʤ ʜʣʷ ʫʨʘʚʥʝʥʠʷ ʈɸɼ: 
2 2= ( ) ( ) ( , , ),t x x y y x x y yu V u V u u u f u x ye e e e k e k¡ ¡ ¡ ¡ ¡ ¡ ¡+ + + -  ( , ) ,x y DÍ  

0> = 0,t t  ʩ 

ʛʨʘʥʠʯʥʳʤʠ ʫʩʣʦʚʠʷ ʚʪʦʨʦʛʦ ʨʦʜʘ ʥʘ Dµ  (ʛʨʘʥʠʮʘ D) ʠ ʩ ʥʘʯʘʣʴʥʳʤ 

ʫʩʣʦʚʠʝʤ 
0 0( , , ) = ( , )u x y t x yy . ʆʧʨʝʜʝʣʠʤ ʧʦʚʝʨʭʥʦʩʪʴ ʨʘʚʥʦʚʝʩʠʷ ( , )jS x y  

ʢʘʢ ʤʥʦʞʝʩʪʚʦ ʪʦʯʝʢ ( , , )u x y , ʜʣʷ ʢʦʪʦʨʳʭ ( ( , ), , ) = 0jf x y x yj . 

ʇʨʝʜʧʦʣʦʞʠʤ, ʯʪʦ ʚʳʧʦʣʥʝʥʳ  

ʋ1. ɺ ʦʙʣʘʩʪʠ ( , , ) ( , )u x y DÍ -¤ +¤ ³ ʠʤʝʝʪʩʷ ʨʦʚʥʦ ʪʨʠ ʧʦʚʝʨʭʥʦʩʪʠ 

ʨʘʚʥʦʚʝʩʠʷ: 1;2;3( , ) = ( , )u x y x yj . ʋ2. ɺ ʦʢʨʝʩʪʥʦʩʪʠ ʢʦʨʥʷ ʌʇʀ 

ʧʨʝʜʩʪʘʚʣʷʝʪʩʷ ʚ ʚʠʜʝ ( , , ) = ( ( , ), , )j jf u x y F u x y x yj-  ʧʨʠ ( , , ) ( )ju x y SÍW , 
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{1;2;3}jÍ , 1;2;3 =0
( , , ) = 0F x y

w
w  ʠ 1;3

=0

( , , )
> 0,

dF x y

d
w

w

w
 2

=0

( , , )
< 0.

dF x y

d w

w

w
 ɿʜʝʩʴ 

(...)W  ʝʩʪʴ ʦʢʨʝʩʪʥʦʩʪʴ ʫʢʘʟʘʥʥʦʛʦ ʦʙʲʝʢʪʘ. ʋ3. ʇʫʩʪʴ 

3

1

( , )
( , ) = ( , , )

( , )

x y
J x y f u x y du

x yj

j
ñ . ʄʳ ʨʘʩʩʤʦʪʨʠʤ ʌʇʀ ʪʘʢʫʶ, ʯʪʦ ʚʥʫʪʨʠ D  

ʝʩʪʴ ʟʘʤʢʥʫʪʘ ʛʣʘʜʢʘʷ ʢʨʠʚʘʷ 0,   ʦʛʨʘʥʠʯʠʚʘʶʱʘʷ ʦʙʣʘʩʪʴ 
0G  ʩ ʛʨʘʥʠʮʝʡ 

0 0= G  µ  ʪʘʢʘʷ, ʯʪʦ 
0

( , ) = 0J x y
 

, ( , ) > 0J x y  ʚʥʫʪʨʠ 
0G  ʠ ( , ) < 0J x y  ʚʥʝ 

0,G  

0

( , )
> 0,

J x y

n  

µ

µ
 n  ʝʩʪʴ ʚʥʝʰʥʷʷ ʥʦʨʤʘʣʴ ʢ 0 . ʅʘʯʘʣʴʥʳʝ ʫʩʣʦʚʠʷ 

ʟʘʜʘʜʠʤ ʚ ʚʠʜʝ 
startG  ð ʩʚʷʟʥʘʷ ʦʙʣʘʩʪʴ ʩ ʛʣʘʜʢʦʡ ʛʨʘʥʠʮʝʡ 

start  , 
startG DË , 

ʨʘʩʩʪʦʷʥʠʝ ʦʪ 
start   ʜʦ Dµ  ʙʦʣʴʰʝ ʥʫʣʷ.  

2. ʕʚʦʣʶʮʠʷ ɺʇʉ. ʏʘʩʪʠʯʥʫʶ ʩʫʤʤʫ ʘʩʠʤʧʪʦʪʠʯʝʩʢʦʛʦ ʨʷʜʘ ʜʣʷ 

ʨʝʰʝʥʠʷ ʟʘʜʘʯʠ ʈɸɼ ʙʫʜʝʤ ʠʩʢʘʪʴ ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ [2], ʬʦʨʤʫ ɺʇʉ 

ʟʘʜʘʜʠʤ ʚ ʚʠʜʝ 0 =1
( ) = ( ) ( )

N k

kk
t t te    +  ä , ʬʫʥʢʮʠʠ ( , ) = ( , ),x t tq f q 

( , ) = ( , )y t tq y q, ʝʩʪʴ ʨʷʜʳ ʧʦ ʩʪʝʧʝʥʷʤ ʧʘʨʘʤʝʪʨʘ e.  

3. ʃʦʢʘʣʴʥʳʝ ʢʦʦʨʜʠʥʘʪʳ. ʇʫʩʪʴ ʟʘʤʢʥʫʪʘʷ ʛʣʘʜʢʘʷ ʢʨʠʚʘʷ ( )t   ʝʩʪʴ 

ʛʨʘʥʠʮʘ ʦʙʣʘʩʪʠ ( )D t  (ʧʷʪʥʦ ʢʦʥʪʨʘʩʪʥʦʡ ʩʪʨʫʢʪʫʨʳ). ɿʘʜʘʜʠʤ ( )t   ʚ 

ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʡ ʬʦʨʤʝ: = ( , )x x tq , = ( , )y y tq , q-ʧʘʨʘʤʝʪʨ, ( , )a bq q qÍ . 

ʈʘʩʩʤʦʪʨʠʤ ʫʨʘʚʥʝʥʠʝ ʈɸɼ ʚ ʦʢʨʝʩʪʥʦʩʪʠ Ĕ , ʢʦʪʦʨʫʶ ʦʙʦʟʥʘʯʠʤ Ĕ( )W  . 

ʅʘ Ĕ  ʚʚʝʜʝʤ ʢʦʦʨʜʠʥʘʪʫ q ʨʘʚʥʫʶ ʜʣʠʥʝ ʜʫʛʠ, ʦʪʩʯʠʪʳʚʘʝʤʫʶ ʦʪ 

ʥʝʢʦʪʦʨʦʡ ʪʦʯʢʠ 0
Ĕ ĔM Í . ɺ ʢʘʞʜʦʡ ʪʦʯʢʝ Ĕ  ʧʦʩʪʨʦʠʤ ʚʥʫʪʨʝʥʥʶʶ 

ʥʦʨʤʘʣʴ n. ʅʘ ʥʦʨʤʘʣʠ ʚʚʝʜʝʤ ʢʦʦʨʜʠʥʘʪʫ s ʪʘʢ, ʯʪʦ 
2 2 2= ,ds dx dy+  ʠ ʥʘ 

Ĕ  ʙʳʣʦ ʚʝʨʥʦ Ĕ= .s s ʆʩʴ s ʥʘʧʨʘʚʣʝʥʘ ʚʜʦʣʴ ʛʨʘʜʠʝʥʪʘ ( , )x yu u¡ ¡ ʬʫʥʢʮʠʠ 

Ĕ( , , )u x y t  ʥʘʨʫʞʫ ʧʦ ʦʪʥʦʰʝʥʠʶ ʢ Ĕ( )D t , ʦʩʴ q ʥʘʧʨʘʚʣʝʥʘ ʚʜʦʣʴ Ĕ  ʚ 

ʧʦʣʦʞʠʪʝʣʴʥʦʤ ʥʘʧʨʘʚʣʝʥʠʠ. ʇʫʩʪʴ ʚʝʨʥʦ ʋ4. ʌʫʥʢʮʠʷ ʙʘʣʘʥʩʘ ( , )J sq  ʜʣʷ 

ʣʶʙʦʛʦ q ʝʩʪʴ ʤʦʥʦʪʦʥʥʘʷ ʚʜʦʣʴ ʧʝʨʝʤʝʥʥʦʡ s ʚ ʥʝʢʦʪʦʨʦʡ ʦʢʨʝʩʪʥʦʩʪʠ 

0( , )s q  ʜʣʷ ʚʩʝʭ q, ʠʤʝʶʱʘʷ ʧʨʦʪʠʚʦʧʦʣʦʞʥʳʝ ʟʥʘʢʠ.  

ʋʨʘʚʥʝʥʠʝ ʈɸɼ ʟʘʧʠʰʝʤ ʚ ʚ ʩʠʩʪʝʤʝ ʢʦʦʨʜʠʥʘʪ ( , )sq  ʚ ʚʠʜʝ 

1 2( )t s su AV u A V uq qe e¡ ¡ ¡+ +  
2

11 12= ( 2ss sA u A uqke ¡¡ ¡¡+  
22 1 2 )sA u B u B uqq q
¡¡ ¡ ¡+ + +  

( , , )f u sq- , ( , ) ( ).sqÍW   ɿʜʝʩʴ 2 2

11 = ( ) ( )x yA s s¡ ¡+ , 12 = x x y yA s sq q¡ ¡ ¡ ¡+ , 

2 2

22 = ( ) ( )x yA q q¡ ¡+ , 1 = xx yyB s s¡¡ ¡¡+ , 2 = xx yyB q q¡¡ ¡¡+ , ( , ) = sinV s Vq q a, 

( , ) = cossV s Vq a, ʛʜʝ = ( ( , ), ( , )),v V x s y sq q  a-ʫʛʦʣ ʤʝʞʜʫ Ox ʠ Os ʚ ʪʦʯʢʝ 

( , )sq .  
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4. ʈʘʟʜʝʣʝʥʠʝ ʤʝʜʣʝʥʥʦʡ ʠ ʙʳʩʪʨʦʡ ʢʦʦʨʜʠʥʘʪ. ʇʫʩʪʴ ( , )sq  ʝʩʪʴ 

ʥʝʢʦʪʦʨʘʷ ʪʦʯʢʘ ʥʘ Ĕ . ɺʳʧʦʣʥʠʤ ʟʘʤʝʥʫ = ,s s ex+  = ,q q h+  = ,t et 

= ,tu ute¡ ¡ = ,su uxe¡ ¡ ʧʦʣʫʯʠʤ ʫʨʘʚʥʝʥʠʝ  

2

11 12 22 1

2

2

= ( 2 )

( , , ).

su V u V u A u A u A u Bu

B u f u s

t x q h xx xh hh x

h

e k e e ek

e k ex q h

¡ ¡ ¡ ¡¡ ¡¡ ¡¡ ¡+ + + + + +

¡+ - + +
 

ɿʘʜʘʯʘ ʥʫʣʝʚʦʛʦ ʧʨʠʙʣʠʞʝʥʠʷ: 

 1 11( , ) = ( , , )su V s Au A u f u st x xxq h k q h¡ ¡ ¡¡+ + - +, 1( , ) = ( , )u sh j q-¤ , 

3( , ) = ( , )u sh j q+¤ . ʈʘʩʩʤʦʪʨʠʤ "ʩʦʧʫʪʩʪʚʫʶʱʫʶ" ʟʘʜʘʯʫ ʚ ʪʦʯʢʝ 

0 0= ( , )M sqÍ : 1 11( , ) = ( , , ),sv V s Av A v f v st x xxq h k q h¡ ¡ ¡¡+ + - + 

1( ) = ( , )v sj q h-¤ +, 3( ) = ( , )v sj q h+¤ +.  

5. ʈʝʰʝʥʠʝ ʚ ʚʠʜʝ ʙʝʛʫʱʝʡ ʢʚʘʟʠʚʦʣʥʳ. ʈʝʰʝʥʠʝ ʙʫʜʝʤ ʠʩʢʘʪʴ ʚ ʚʠʜʝ 

ʙʝʛʫʱʝʡ ʢʚʘʟʠʚʦʣʥʳ: ( , ) = ( ),v wx t c ʛʜʝ = Wc x t- : 

11
Ĕ = ( )Uw A w f wc cck¡ ¡¡- - , 

1( ) = 0w j-¤ +, 
3( ) = 0w j+¤ -, ʛʜʝ 1

Ĕ= sU W AV- , 

ʅʘʡʜʝʤ (À) 
2 1 3

1

Ĕ= [ ( ) ] ( )U w d f w dwc
j

j
c

+¤
-

-¤
¡ñ ñ . ɿʥʘʯʝʥʠʝ ĔU  ʦʜʥʦʟʥʘʯʥʦ 

ʥʘʭʦʜʠʪʩʷ, ʜʣʷ ʵʪʦʛʦ ĔU  ʟʘʜʘʯʘ ʨʘʟʨʝʰʠʤʘ, ʟʥʘʯʝʥʠʝ ĔU  ʥʘʭʦʜʠʪʩʷ ʠʟ (À).  

6. ʉʪʘʮʠʦʥʘʨʥʘʷ ʣʠʥʠʷ ɺʇʉ ʥʫʣʝʚʦʛʦ ʧʦʨʷʜʢʘ. ʇʫʩʪʴ 

( , ) = ( ( , ), ( , ))r t x t y tq q q  ʝʩʪʴ ʨʝʰʝʥʠʝ ʟʘʜʘʯʠ ʂʦʰʠ 

Ĕ= ( , )( ( , ) ( , ( , )))
r

n x y U x y V n x y
t

µ
- +

µ
, ( , ) =n x y  

1 22 2 /
( , )[( ) ( ) ]

y x x y

q q q q

-µ µ µ µ
- +
µ µ µ µ

, 

=
x y

t q

µ µ
ÖW

µ µ
, =

y x

t q

µ µ
- ÖW

µ µ
, ʛʜʝ 

1 22 2 /
= [( ) ( ) ]

x y

q q

-µ µ
W +

µ µ
 

1 22 2 /Ĕ( ( , ) ( )[( ) ( ) ] )x y

y x x y
U x y V V

q q q q

-µ µ µ µ
+ - + +

µ µ µ µ
. ʉʪʘʮʠʦʥʘʨʥʦʝ ʨʝʰʝʥʠʝ 

ʦʧʨʝʜʝʣʷʝʪ ʣʠʥʠʶ ʨʘʚʥʦʚʝʩʠʷ ʥʫʣʝʚʦʛʦ ʧʦʨʷʜʢʘ. ʇʨʠʚʝʜʝʤ ʥʘʡʜʝʥʥʳʝ 

ʯʠʩʣʝʥʥʦ ʣʠʥʠʠ ʨʘʚʥʦʚʝʩʠʷ ʜʣʷ ʩʣʫʯʘʷ ʥʝʦʜʥʦʨʦʜʥʦʡ ʩʨʝʜʳ ʩʦ 

ʟʥʘʢʦʦʧʨʝʜʝʣʝʥʥʦʡ ʬʫʥʢʮʠʝʡ ʙʘʣʘʥʩʘ (ʨʠʩ. 1, 2):  

 

   
                                           ʈʠʩ. 1.                                                    ʈʠʩ. 2. 
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7. ʋʨʘʚʥʝʥʠʝ ʵʡʢʦʥʘʣʘ. ʇʫʩʪʴ q ʝʩʪʴ ʛʝʦʤʝʪʨʠʯʝʩʢʘʷ ʜʣʠʥʘ ʧʫʪʠ 

ʚʜʦʣʴ ʪʨʘʝʢʪʦʨʠʠ ʢʚʘʟʠʣʫʯʘ, 
2 2( ) ( ) = ( , )S W x y-Ð , = ( , )

dr
W x y S

dq
Ð , 

2= ( , )
dr

W x y S
dt

Ð , 1= 2
dx

p
dt

, 2= 2
dy

p
dt

 
2

1 =
dp W

dt x

-µ

µ
, 

2

2 =
dp W

dt y

-µ

µ
, 

1

0 0
[ [

0 1 0 1

( , ) = < , >=
, ] , ]L t L t

S x y S p dx S W dl
t t

-+ +ñ ñ  
0

= 0S
 

. ʇʨʠʚʝʜʝʤ ʜʚʘ 

ʧʨʠʤʝʨʘ ʵʚʦʣʶʮʠʠ ʣʠʥʠʠ ɺʇʉ ʜʣʷ ʥʝʩʪʘʮʠʦʥʘʨʥʦʛʦ ʨʝʰʝʥʠʷ (ʨʠʩ. 3, 4).  

8. ɻʣʘʜʢʠʡ ʬʨʦʥʪ ʚ ʩʨʝʜʝ ʙʝʟ ʘʜʚʝʢʮʠʠ. ɼʣʷ ʟʘʜʘʯʠ ʈɸɼ ʚ ʵʪʦʤ 

ʩʣʫʯʘʝ ʤʦʞʥʦ ʟʘʧʠʩʘʪʴ ʪʦʯʥʦʝ ʷʚʥʦʝ ʨʝʰʝʥʠʝ ʫʨʘʚʥʝʥʠʡ ʥʫʣʝʚʦʛʦ 

ʧʦʨʷʜʢʘ. ʊʝʦʨʝʤʘ. ʇʨʠ ʩʬʦʨʤʫʣʠʨʦʚʘʥʥʳʭ ʫʩʣʦʚʠʷʭ ʋ 1-4 ʥʘʡʜʝʪʩʷ 

ʧʨʦʤʝʞʫʪʦʢ 
0[0, ],t TÍ  

0 > 0,T  ʪʘʢʦʡ, ʯʪʦ ʩʝʤʝʡʩʪʚʦ ( )  ʨʘʟʨʝʰʠʤʦ ʥʘ 

0[0, ],T  ʢʘʞʜʘʷ ʬʫʥʢʮʠʷ ʩʝʤʝʡʩʪʚʘ ( ) = ( ( , ), ( , ))r t x s t y s tq  ʛʣʘʜʢʘʷ ʦʪ t, ʧʨʠ 

ʢʘʞʜʦʤ 
0[0, ]t TÍ  ʬʫʥʢʮʠʷ ʩʝʤʝʡʩʪʚʘ ( ) = ( ( , ), ( , ))

t
r s x s t y s t  ʛʣʘʜʢʘʷ 

ʧʝʨʠʦʜʠʯʝʩʢʘʷ. ʊʦʯʥʘʷ ʦʮʝʥʢʘ ʜʣʷ ʟʥʘʯʝʥʠʷ 
0 :T  

0 0=T W R , 
0R  ʝʩʪʴ 

ʥʘʠʤʝʥʴʰʝʝ ʟʥʘʯʝʥʠʝ ʨʘʜʠʫʩʘ ʢʨʠʚʠʟʥʳ ʬʨʦʥʪʘ ɺʇʉ ʚ ʥʘʯʘʣʴʥʳʡ ʤʦʤʝʥʪ 

ʚʨʝʤʝʥʠ. ɼʦʢʘʟʘʪʝʣʴʩʪʚʦ ʦʩʥʦʚʘʥʦ ʥʘ ʫʨʘʚʥʝʥʠʷʭ ʵʡʢʦʥʘʣʘ.  
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ʉʈɸɺʅʀʊɽʃʔʅʓʁ ɸʅɸʃʀɿ ɸʃɻʆʈʀʊʄʆɺ ʇʆʉʊʈʆɽʅʀʗ 

ɸɼɸʇʊʀɺʅʓʍ ʉɽʊʆʂ ɺ ʆɼʅʆʄɽʈʅʓʍ ʇɸʈɸɹʆʃʀʏɽʉʂʀʍ 

ɿɸɼɸʏɸʍ ʉ ʂʆʅʊʈɸʉʊʅʓʄʀ ʉʊʈʋʂʊʋʈɸʄʀ 

ɸʩʧ. ɹʫʣʘʪʦʚ ʇ. ɽ. 

ʇʦʩʪʘʥʦʚʢʘ ʟʘʜʘʯʠ. ʈʘʩʩʤʦʪʨʠʤ ʦʜʥʦʤʝʨʥʫʶ, ʚʦʦʙʱʝ ʛʦʚʦʨʷ, ʥʝʣʠ-

ʥʝʡʥʫʶ ʠ ʥʝʩʪʘʮʠʦʥʘʨʥʫʶ ʟʘʜʘʯʫ çʨʝʘʢʮʠʷ-ʜʠʬʬʫʟʠʷ-ʘʜʚʝʢʮʠʷè. ɹʝʟ ʦʛ-

ʨʘʥʠʯʝʥʠʷ ʦʙʱʥʦʩʪʠ ʙʫʜʝʤ ʧʦʣʘʛʘʪʴ, ʯʪʦ ʟʘʜʘʥʳ ʛʨʘʥʠʯʥʳʝ ʫʩʣʦʚʠʷ ʅʝʡ-

ʤʘʥʘ, ὄόȟὼȟὸ ʥʝ ʦʙʨʘʱʘʝʪʩʷ ʚ ʥʦʣʴ: 
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ὒόḧὄόȟὼȟὸ
‬ό

‬ὼ
ὃόȟὼȟὸ

‬ό

‬ὼ

‬ό

‬ὸ
ὪόȟὼȟὸȠ 

ὼɴ ὢḧ ὼȟὼ ȟ    ὸɴ ὸȟЊȠ 
‬ό

‬ὼ
ὬὸȠ    

‬ό

‬ὼ
Ὤ ὸȠ 

όὼȟὸ ό ὼȟ    ὼɴ ὢḧ ὼȟὼ Ȣ 

 

(1) 

ɺ ʥʝʢʦʪʦʨʳʭ ʯʘʩʪʥʳʭ ʩʣʫʯʘʷʭ ʨʝʰʝʥʠʝ ʟʘʜʘʯʠ (1) ʩʦʜʝʨʞʠʪ ʢʦʥʪʨʘʩʪ-

ʥʳʝ ʩʪʨʫʢʪʫʨʳ ï ʫʟʢʠʝ ʦʙʣʘʩʪʠ ʢʦʦʨʜʠʥʘʪʳ ʠʣʠ ʚʨʝʤʝʥʠ ʩ ʦʯʝʥʴ ʙʦʣʴʰʠʤ 

ʧʦ ʤʦʜʫʣʶ ʛʨʘʜʠʝʥʪʦʤ. ɼʣʷ ʪʦʛʦ ʯʪʦʙʳ ʧʦʣʫʯʠʪʴ ʥʝʧʨʝʨʳʚʥʦʝ ʯʠʩʣʝʥʥʦʝ 

ʨʝʰʝʥʠʝ ʪʘʢʦʡ ʟʘʜʘʯʠ ʩʣʝʜʫʝʪ ʠʩʧʦʣʴʟʦʚʘʪʴ ʘʜʘʧʪʠʚʥʳʝ ʩʝʪʢʠ, ʪ.ʝ. ʥʝʨʘʚ-

ʥʦʤʝʨʥʳʝ ʩʝʪʢʠ, ʰʘʛ ʥʘ ʢʦʪʦʨʳʭ ʫʤʝʥʴʰʝʥ ʚ ʢʦʥʪʨʘʩʪʥʳʭ ʩʪʨʫʢʪʫʨʘʭ ʠ 

ʫʚʝʣʠʯʝʥ ʪʘʤ, ʛʜʝ ʨʝʰʝʥʠʝ ʤʝʥʷʝʪʩʷ ʩʣʘʙʦ. ʆʯʝʚʠʜʥʦ, ʯʪʦ ʜʣʷ ʢʘʞʜʦʛʦ 

ʩʣʦʷ ʥʫʞʥʘ ʩʚʦʷ ʩʝʪʢʘ ʧʦ ʢʦʦʨʜʠʥʘʪʝ, ʪ.ʢ. ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʝ ʢʦʥʪʨʘʩʪʥʳʝ 

ʩʪʨʫʢʪʫʨʳ ʤʦʛʫʪ ʧʝʨʝʤʝʱʘʪʴʩʷ. ʊʘʢʠʝ ʩʝʪʢʠ ʧʦ ʧʨʦʩʪʨʘʥʩʪʚʫ ʥʘʟʳʚʘʶʪʩʷ 

ʧʦʜʚʠʞʥʳʤʠ. 

ɼʣʷ ʠʥʪʝʛʨʠʨʦʚʘʥʠʷ ʟʘʜʘʯʠ (1) ʥʘ ʘʜʘʧʪʠʚʥʳʭ ʩʝʪʢʘʭ ʠʩʧʦʣʴʟʫʝʤ ʩʭʝʤʫ 

[1]: 

ʛʜʝ ʟʘʜʘʯʘ (2) ʨʝʰʘʝʪʩʷ ʢʦʤʧʣʝʢʩʥʦʡ ʩʭʝʤʦʡ ʈʦʟʝʥʙʨʦʢʘ. ʄʘʪʨʠʮʘ ʗʢʦʙʠ 

ʟʘʜʘʸʪʩʷ ʘʥʘʣʠʪʠʯʝʩʢʠ ʠ ʷʚʣʷʝʪʩʷ ʪʨʸʭʜʠʘʛʦʥʘʣʴʥʦʡ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʨʝʰʘʪʴ 

ʩʠʩʪʝʤʫ ʣʠʥʝʡʥʳʭ ʘʣʛʝʙʨʘʠʯʝʩʢʠʭ ʫʨʘʚʥʝʥʠʡ ʤʝʪʦʜʦʤ ʥʝʤʦʥʦʪʦʥʥʦʡ ʧʨʦ-

ʛʦʥʢʠ [2] ʟʘ ὕὔ  ʜʝʡʩʪʚʠʡ. 

ɸʜʘʧʪʠʚʥʳʝ ʩʝʪʢʠ. ɼʣʷ ʪʦʛʦ, ʯʪʦʙʳ ʥʘʡʪʠ ʨʝʰʝʥʠʝ ʥʘ ʥʦʚʦʤ ʩʣʦʝ, 

ʥʫʞʥʦ ʩʥʘʯʘʣʘ ʧʦʩʪʨʦʠʪʴ ʥʘ ʥʸʤ ʩʝʪʢʫ ὼȟὲ πȟὔ. ʅʦ ʯʪʦʙʳ ʧʦʜʩʪʨʦʠʪʴ 
ʩʝʪʢʫ ʧʦʜ ʨʝʰʝʥʠʝ, ʪʨʝʙʫʝʪʩʷ ʩʥʘʯʘʣʘ ʝʛʦ ʥʘʡʪʠ. ʕʪʦ ʦʟʥʘʯʘʝʪ, ʯʪʦ ʧʨʦʮʝʩʩ 

ʧʦʩʪʨʦʝʥʠʷ ʩʝʪʢʠ ʷʚʣʷʝʪʩʷ ʠʪʝʨʘʮʠʦʥʥʳʤ ʠ ʢʘʞʜʘʷ ʠʪʝʨʘʮʠʷ ʩʦʩʪʦʠʪ ʠʟ 

Ὠό

Ὠὸ
&5ȟ8ȟὸȟὼȟὸǶȟὼȟὸǺ

τὄόȟὼȟὸ
ό ςό ό

ὼ ὼ

ό ό

ὼ ὼ
 

ὄόȟὼȟὸ
ὼ ςὼ ὼ

ὼ ὼ ὼ ὼ

ὼ ὼ

ὸǶὸǺ
ὃόȟὼȟὸ Ὢόȟὼȟὸȟὲ ρȟὔ ρȠ 

ό
ὼ ὼ ό ὼ ὼ ό

ὼ ὼ ςὼ ὼ ὼ

ὼ ὼ ὼ ὼ

ὼ ὼ ςὼ
ὬȠ 

ό
ὼ ὼ ό ὼ ὼ ό

ςὼ ὼ ὼ ὼ ὼ
ὼ ὼ ὼ ὼ

ςὼ ὼ ὼ
ὬȠ 

όȿ ό ὼ ȟ    ὲ πȟὔȟ 

 

(2) 
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ʥʘʭʦʞʜʝʥʠʷ ʨʝʰʝʥʠʷ ʥʘ ʠʟʚʝʩʪʥʦʡ ʩʝʪʢʝ ὼ ʩ ʧʦʤʦʱʴʶ (2) ʠ ʧʦʩʪʨʦʝʥʠʷ ʧʦ 

ʧʦʣʫʯʝʥʥʦʡ ʩʝʪʦʯʥʦʡ ʬʫʥʢʮʠʠ ʩʝʪʢʠ ʥʦʚʦʛʦ ʧʨʠʙʣʠʞʝʥʠʷ ὼ . ɺ ʜʘʥʥʦʡ 

ʨʘʙʦʪʝ ʨʘʩʩʤʘʪʨʠʚʘʶʪʩʷ ʪʨʠ ʤʝʪʦʜʘ ʧʦʩʪʨʦʝʥʠʷ ʩʝʪʢʠ, ʘʜʘʧʪʠʨʦʚʘʥʥʦʡ ʢ 

ʟʘʜʘʥʥʦʡ ʩʝʪʦʯʥʦʡ ʬʫʥʢʮʠʠ: ʧʨʷʤʦʡ ʤʝʪʦʜ, ʵʣʝʢʪʨʦʩʪʘʪʠʯʝʩʢʠʡ ʤʝʪʦʜ ʠ 

ʤʝʪʦʜ ʛʘʫʩʩʠʘʥʦʚ. 

ʇʨʷʤʦʡ ʤʝʪʦʜ ʠʟʣʦʞʝʥ ʚ [3]. ʆʥ ʦʩʥʦʚʘʥ ʥʘ ʤʝʪʦʜʝ ʨʘʚʥʦʨʘʩʧʨʝʜʝʣʝ-

ʥʠʷ ʚʝʩʦʚʦʡ ʬʫʥʢʮʠʠ [4], ʩʫʪʴ ʢʦʪʦʨʦʛʦ ʚ ʪʦʤ, ʯʪʦ ʥʫʞʥʦ ʨʝʰʠʪʴ ʩʠʩʪʝʤʫ 

ʥʝʣʠʥʝʡʥʳʭ ʫʨʘʚʥʝʥʠʡ 

 ‫ ȢϽὼ ὼ ‫ ȢϽὼ ὼ ȟ    ὲ ρȟὔ ρȟ σ 
 

 

ʛʜʝ ‫ Ȣ π ï ʚʝʩ ï ʩʪʘʚʠʪʩʷ ʚ ʩʦʦʪʚʝʪʩʪʚʠʝ ʰʘʛʫ ὼ ὼ. ʏʝʤ ʙʦʣʴʰʝ 
ʚʝʩ, ʪʝʤ ʤʝʥʴʰʝ ʜʦʣʞʝʥ ʙʳʪʴ ʰʘʛ. ɺ [3] ʧʨʝʜʣʘʛʘʶʪʩʷ ʷʚʥʳʝ ʬʦʨʤʫʣʳ ʜʣʷ 

ʢʘʞʜʦʡ ʠʪʝʨʘʮʠʠ. ɼʣʷ ʦʙʝʩʧʝʯʝʥʠʷ ʩʭʦʜʠʤʦʩʪʠ ʠʪʝʨʘʮʠʦʥʥʦʛʦ ʧʨʦʮʝʩʩʘ 

ʧʨʠʤʝʥʷʝʪʩʷ ʨʝʣʘʢʩʘʮʠʷ ð ὼ  ʷʚʣʷʝʪʩʷ ʣʠʥʝʡʥʦʡ ʢʦʤʙʠʥʘʮʠʝʡ ὼ ʠ ʩʝʪ-

ʢʠ, ʧʦʩʪʨʦʝʥʥʦʡ ʧʦ ʷʚʥʦʡ ʬʦʨʤʫʣʝ. ɺ ʢʘʯʝʩʪʚʝ ʚʝʩʘ ʰʘʛʘ ʙʝʨʸʪʩʷ ʤʦʜʫʣʴ 

ʨʘʟʥʦʩʪʠ ʨʝʰʝʥʠʷ: ‫ Ȣ ȿό όȿ. 
ʕʣʝʢʪʨʦʩʪʘʪʠʯʝʩʢʠʡ ʤʝʪʦʜ. ʂʘʞʜʦʤʫ ʫʟʣʫ ʩʝʪʢʠ ʩʦʦʙʱʘʝʪʩʷ ʟʘʨʷʜ, 

ʦʙʨʘʪʥʦ ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʳʡ ʧʨʦʠʟʚʦʜʥʦʡ ʨʝʰʝʥʠʷ ʚ ʵʪʦʤ ʫʟʣʝ. ʅʝʦʙʭʦʜʠ-

ʤʦ ʨʘʩʧʦʣʦʞʠʪʴ ʫʟʣʳ ʪʘʢ, ʯʪʦʙʳ ʩʠʣʳ ʂʫʣʦʥʘ ʙʳʣʠ ʫʨʘʚʥʦʚʝʰʝʥʳ. ʕʪʦʪ 

ʤʝʪʦʜ ʧʨʝʜʧʦʣʘʛʘʝʪ ʨʝʰʝʥʠʝ ʩʠʩʪʝʤʳ ʥʝʣʠʥʝʡʥʳʭ ʘʣʛʝʙʨʘʠʯʝʩʢʠʭ ʫʨʘʚʥʝ-

ʥʠʡ ʠʪʝʨʘʮʠʦʥʥʳʤʠ ʤʝʪʦʜʘʤʠ (ʥʘʧʨʠʤʝʨ, ʅʴʶʪʦʥʘ), ʧʨʠ ʵʪʦʤ ʚ ʚʳʨʘʞʝ-

ʥʠʷʭ ʙʫʜʫʪ ʬʠʛʫʨʠʨʦʚʘʪʴ ʨʘʟʥʦʩʪʥʳʝ ʧʨʦʠʟʚʦʜʥʳʝ ό. ʇʨʠ ʧʦʩʪʨʦʝʥʠʠ 
ʤʘʪʨʠʮʳ ʗʢʦʙʠ ʧʨʠʭʦʜʠʣʦʩʴ ʟʘʤʦʨʘʞʠʚʘʪʴ ʟʘʨʷʜʳ, ʧʦʩʢʦʣʴʢʫ ʫʯʸʪ ʚʪʦʨʦʡ 

ʧʨʦʠʟʚʦʜʥʦʡ ό, ʚʦʟʥʠʢʘʶʱʝʡ ʧʨʠ ʜʠʬʬʝʨʝʥʮʠʨʦʚʘʥʠʠ ʟʘʨʷʜʦʚʦʡ ʬʫʥʢ-

ʮʠʠ, ʧʨʠʚʦʜʠʣ ʢ ʩʨʳʚʫ ʩʯʸʪʘ. 

ʄʝʪʦʜ ʛʘʫʩʩʠʘʥʦʚ. ʈʝʰʘʝʪʩʷ ʩʠʩʪʝʤʘ (3), ʛʜʝ ʚʝʩʦʚʘʷ ʬʫʥʢʮʠʷ ʨʘʚʥʘ 

ʩʫʤʤʝ ʬʫʥʢʮʠʡ ɻʘʫʩʩʘ, ʢʘʞʜʘʷ ʠʟ ʢʦʪʦʨʳʭ çʧʦʢʨʳʚʘʝʪè ʦʜʥʫ ʠʟ ʢʦʥʪʨʘʩʪ-

ʥʳʭ ʩʪʨʫʢʪʫʨ. ʇʨʝʠʤʫʱʝʩʪʚʦʤ ʵʪʦʛʦ ʤʝʪʦʜʘ ʷʚʣʷʝʪʩʷ ʪʦ, ʯʪʦ ό ʥʝ ʧʨʠʥʠ-

ʤʘʝʪ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦʛʦ ʫʯʘʩʪʠʷ ʚ  ʠʪʝʨʘʮʠʦʥʥʦʤ ʧʨʦʮʝʩʩʝ, ʘ ʟʥʘʯʠʪ, ʝʸ 

ʧʦʛʨʝʰʥʦʩʪʴ ʠʣʠ ʧʣʦʭʦʝ ʧʦʚʝʜʝʥʠʝ ʥʝ ʚʣʠʷʝʪ ʥʘ ʩʭʦʜʠʤʦʩʪʴ. ʂʨʦʤʝ ʪʦʛʦ, 

ʝʩʣʠ ʪʦʯʥʦʝ ʨʝʰʝʥʠʝ (3) ʩʠʣʴʥʦ ʦʪʣʠʯʘʝʪʩʷ ʦʪ ʩʝʪʢʠ ʥʘʯʘʣʴʥʦʛʦ ʧʨʠʙʣʠ-

ʞʝʥʠʷ ʠ ʠʟ-ʟʘ ʵʪʦʛʦ ʥʝ ʩʭʦʜʠʪʩʷ ʤʝʪʦʜ ʅʴʶʪʦʥʘ, ʪʦ ʤʦʞʥʦ ʧʨʠʤʝʥʠʪʴ ʤʝ-

ʪʦʜ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʳʭ ʧʨʠʙʣʠʞʝʥʠʡ: ʚ ʭʦʜʝ ʠʪʝʨʘʮʠʦʥʥʦʛʦ ʧʨʦʮʝʩʩʘ ʧʦ-

ʩʪʝʧʝʥʥʦ ʫʤʝʥʴʰʘʪʴ ʰʠʨʠʥʫ ʠ ʫʚʝʣʠʯʠʚʘʪʴ ʚʳʩʦʪʫ ʛʘʫʩʩʠʘʥʦʚ. ʅʝʜʦʩʪʘʪ-

ʢʦʤ ʤʝʪʦʜʘ ʷʚʣʷʝʪʩʷ ʧʦʪʨʝʙʥʦʩʪʴ ʚ ʘʣʛʦʨʠʪʤʘʭ, ʢʦʪʦʨʳʝ ʧʨʦʚʝʨʷʶʪ ʩʝʪʦʯ-

ʥʫʶ ʬʫʥʢʮʠʶ ʥʘ ʢʦʣʠʯʝʩʪʚʦ, ʤʝʩʪʦʧʦʣʦʞʝʥʠʝ ʠ ʰʠʨʠʥʫ ʢʦʥʪʨʘʩʪʥʳʭ 

ʩʪʨʫʢʪʫʨ. ʂʨʦʤʝ ʪʦʛʦ, ʥʝʦʯʝʚʠʜʥʘ ʚʦʟʤʦʞʥʦʩʪʴ ʦʙʦʙʱʝʥʠʷ ʤʝʪʦʜʘ ʥʘ ʤʥʦ-

ʛʦʤʝʨʥʳʝ ʩʣʫʯʘʠ, ʛʜʝ ʢʦʥʪʨʘʩʪʥʳʝ ʩʪʨʫʢʪʫʨʳ ʤʦʛʫʪ ʠʤʝʪʴ ʩʣʦʞʥʫʶ ʬʦʨ-

ʤʫ. 

ʉʝʪʢʘ ʧʦ ʚʨʝʤʝʥʠ ʧʦʜʙʠʨʘʝʪʩʷ ʠʩʭʦʜʷ ʠʟ ʩʢʦʨʦʩʪʠ ʬʦʨʤʠʨʦʚʘʥʠʷ ʠʣʠ 

ʫʥʠʯʪʦʞʝʥʠʷ ʢʦʥʪʨʘʩʪʥʳʭ ʩʪʨʫʢʪʫʨ, ʢʦʪʦʨʫʶ ʤʦʞʥʦ ʟʘʜʘʪʴ ʢʘʢ ʩʢʦʨʦʩʪʴ 

ʠʟʤʝʥʝʥʠʷ ʧʦʣʥʦʡ ʜʣʠʥʳ ʜʫʛʠ ʨʝʰʝʥʠʷ ʥʘ ʩʣʦʝ. ɼʣʷ ʵʪʦʛʦ ʧʨʠʤʝʥʷʣʘʩʴ 
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ʬʦʨʤʫʣʘ ʜʣʷ ὸǶ, ʩʦʜʝʨʞʘʱʘʷ ʩʠʤʤʝʪʨʠʯʥʳʡ ʨʘʟʥʦʩʪʥʳʡ ʦʧʝʨʘʪʦʨ, ʟʘʜʘʶ-

ʱʠʡ ʧʝʨʚʫʶ ʧʨʦʠʟʚʦʜʥʫʶ ʜʣʠʥʳ ʜʫʛʠ ʚ ʤʦʤʝʥʪ ʚʨʝʤʝʥʠ ὸ: 

 

ὸǶ ὸ
†

ρ ɝ
ὒ ὒ

ὸǶ ὸǺ

ȟɝ πȠ  ὒ

ὼ ὼ ό ό Ȣ 

 

(4) 

ɼʣʷ ʪʦʛʦ, ʯʪʦʙʳ ʚʳʯʠʩʣʠʪʴ ὒ, ʥʝʦʙʭʦʜʠʤʦ ʥʘʡʪʠ ό, ʧʨʠʯʸʤ ʥʘ ʜʦʩʪʘ-

ʪʦʯʥʦ ʭʦʨʦʰʝʡ ʩʝʪʢʝ ὼ. ʇʨʦʙʣʝʤʘ ʚ ʪʦʤ, ʯʪʦ ʜʚʠʞʝʥʠʝ ʢʦʥʪʨʘʩʪʥʦʡ ʩʪʨʫʢ-

ʪʫʨʳ ʧʦ ʥʝ ʘʜʘʧʪʠʨʦʚʘʥʥʦʡ ʧʦʜ ʥʝʸ ʩʝʪʢʝ ʙʫʜʝʪ ʩʦʧʨʦʚʦʞʜʘʪʴʩʷ ʩʠʣʴʥʳʤʠ 

ʦʩʮʠʣʣʷʮʠʷʤʠ ʜʣʠʥʳ ʜʫʛʠ, ʪ.ʢ. ʚ ʨʘʟʥʳʝ ʤʦʤʝʥʪʳ ʚʨʝʤʝʥʠ ʚ ʥʝʸ ʙʫʜʝʪ ʧʦ-

ʧʘʜʘʪʴ ʨʘʟʥʦʝ ʢʦʣʠʯʝʩʪʚʦ ʫʟʣʦʚ. ʇʨʝʜʧʨʠʥʠʤʘʣʠʩʴ ʧʦʧʳʪʢʠ ʧʨʠʤʝʥʠʪʴ 

ʙʦʣʝʝ ʪʦʯʥʳʝ ʤʝʪʦʜʳ ʚʳʯʠʩʣʝʥʠʷ ὒ, ʥʘʧʨʠʤʝʨ ʧʦʩʪʨʦʝʥʠʝ ʩʧʣʘʡʥʘ ʠ ʚʳ-

ʯʠʩʣʝʥʠʝ ʝʛʦ ʜʣʠʥʳ ʜʫʛʠ ʥʘ ʢʘʞʜʦʤ ʰʘʛʝ ʩʝʪʢʠ ὼ ʧʫʪʸʤ ʯʠʩʣʝʥʥʦʛʦ ʠʥʪʝʛ-

ʨʠʨʦʚʘʥʠʷ ʧʦ ʬʦʨʤʫʣʝ ʉʠʤʧʩʦʥʘ ʥʘ ʩʝʪʢʝ, ʩʦʟʜʘʚʘʝʤʦʡ ʚʥʫʪʨʠ ʵʪʦʛʦ ʰʘʛʘ, 

ʥʦ ʧʨʦʙʣʝʤʫ ʩʝʪʦʯʥʳʭ ʦʩʮʠʣʣʷʮʠʡ ʨʝʰʠʪʴ ʪʘʢʠʤ ʦʙʨʘʟʦʤ ʥʝ ʫʜʘʣʦʩʴ. ʇʦ-

ʵʪʦʤʫ, ʚʦʦʙʱʝ ʛʦʚʦʨʷ, ʤʦʞʥʦ ʠʩʢʘʪʴ ὸǶ ʤʝʪʦʜʦʤ ʧʨʦʩʪʳʭ ʠʪʝʨʘʮʠʡ, ʥʦ ʝʛʦ 
ʩʭʦʜʠʤʦʩʪʴ ʤʘʣʦʚʝʨʦʷʪʥʘ ʠ ʧʦʵʪʦʤʫ, ʢʘʢ ʧʨʘʚʠʣʦ, ʩʣʝʜʫʝʪ ʦʛʨʘʥʠʯʠʪʴʩʷ 

ʦʜʥʦʢʨʘʪʥʳʤ ʚʳʯʠʩʣʝʥʠʝʤ ὸǶ ʧʦ ʬʦʨʤʫʣʝ (4). ɼʣʷ ʥʘʯʘʣʘ ʩʯʸʪʘ ʩʣʝʜʫʝʪ ʧʦ-

ʣʦʞʠʪʴ ὸ ὸ ὸ ὸ, ʯʪʦ ʜʘʸʪ ʤʘʢʩʠʤʘʣʴʥʫʶ ʪʦʯʥʦʩʪʴ ʦʧʝʨʘʪʦʨʘ. 

ʉʝʪʢʠ ʧʦ ʧʨʦʩʪʨʘʥʩʪʚʫ. ʇʨʷʤʦʡ ʤʝʪʦʜ ʭʦʨʦʰʦ ʨʘʙʦʪʘʝʪ ʚ ʟʘʜʘʯʘʭ, 

ʛʜʝ ʥʘʯʘʣʴʥʦʝ ʫʩʣʦʚʠʝ ʥʝ ʩʦʜʝʨʞʠʪ ʢʦʥʪʨʘʩʪʥʳʭ ʩʪʨʫʢʪʫʨ. ɺ ʧʨʦʪʠʚʥʦʤ 

ʩʣʫʯʘʝ ʥʘʢʘʧʣʠʚʘʶʪʩʷ ʦʰʠʙʢʠ ʤʘʰʠʥʥʦʛʦ ʦʢʨʫʛʣʝʥʠʷ, ʠ ʩʫʤʤʘ ʰʘʛʦʚ 

ʩʠʣʴʥʦ ʦʪʣʠʯʘʝʪʩʷ ʦʪ ʜʣʠʥʳ ʦʪʨʝʟʢʘ. ʕʣʝʢʪʨʦʩʪʘʪʠʯʝʩʢʠʡ ʤʝʪʦʜ ʵʬʬʝʢʪʠ-

ʚʝʥ, ʝʩʣʠ ʢʦʥʪʨʘʩʪʥʳʝ ʩʪʨʫʢʪʫʨʳ ʥʝ ʩʣʠʰʢʦʤ ʨʝʟʢʠʝ, ʧʦʛʨʝʰʥʦʩʪʴ ό ʥʝ-

ʙʦʣʴʰʘʷ, ʠ ʝʸ ʨʘʟʥʦʩʪʥʳʝ ʧʨʦʠʟʚʦʜʥʳʝ ʭʦʨʦʰʦ ʩʝʙʷ ʚʝʜʫʪ. ɺ ʦʪʣʠʯʠʝ ʦʪ 

ʤʝʪʦʜʘ ʛʘʫʩʩʠʘʥʦʚ ʦʥ ʣʝʛʢʦ ʦʧʨʝʜʝʣʷʝʪ ʰʠʨʠʥʫ ʢʦʥʪʨʘʩʪʥʳʭ ʩʪʨʫʢʪʫʨ ʠ ʥʝ 

ʠʟʤʝʣʴʯʘʝʪ ʩʝʪʢʫ ʚ ʠʭ ʦʢʨʝʩʪʥʦʩʪʷʭ. ʄʝʪʦʜ ʛʘʫʩʩʠʘʥʦʚ ʧʦʟʚʦʣʷʝʪ ʨʘʙʦʪʘʪʴ 

ʩ ʪʷʞʸʣʳʤʠ ʩʣʫʯʘʷʤʠ, ʥʦ ʠ ʦʥ ʥʝ ʟʘʩʪʨʘʭʦʚʘʥ ʦʪ ʩʙʦʝʚ: ʜʣʷ ʦʙʝʩʧʝʯʝʥʠʷ 

ʩʭʦʜʠʤʦʩʪʠ ʤʝʪʦʜʘ ʅʴʶʪʦʥʘ ʤʦʞʝʪ ʧʦʪʨʝʙʦʚʘʪʴʩʷ ʙʦʣʴʰʦʝ ʢʦʣʠʯʝʩʪʚʦ 

ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʳʭ ʧʨʠʙʣʠʞʝʥʠʡ, ʯʪʦ ʫʚʝʣʠʯʠʪ ʪʨʫʜʦʸʤʢʦʩʪʴ, ʘ ʦʩʮʠʣʣʷ-

ʮʠʠ ʨʝʰʝʥʠʷ ʤʦʛʫʪ ʚʦʩʧʨʠʥʠʤʘʪʴʩʷ ʢʘʢ ʣʦʞʥʳʝ ʢʦʥʪʨʘʩʪʥʳʝ ʩʪʨʫʢʪʫʨʳ, ʚ 

ʢʦʪʦʨʳʭ ʙʫʜʝʪ ʠʟʤʝʣʴʯʘʪʴʩʷ ʩʝʪʢʘ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʠʩʢʘʞʝʥʠʶ ʨʝʰʝʥʠʷ. 

ʈʘʙʦʪʘ ʧʦʜʜʝʨʞʘʥʘ ʧʨʦʝʢʪʦʤ ʈʅʌ ˉ23-11-00069. 
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ʏʀʉʃɽʅʅʆ-ɸʉʀʄʇʊʆʊʀʏɽʉʂʆɽ ʈɽʐɽʅʀɽ ɿɸɼɸʏ ɻʈɸʅʀʏʅʆɻʆ 

ʋʇʈɸɺʃɽʅʀʗ ɼʃʗ ʋʈɸɺʅɽʅʀʁ ʊʀʇɸ ɹʖʈɻɽʈʉɸ 

ɼʦʮ. ʃʝʚʘʰʦʚʘ ʅ.ʊ., ʜʦʮ. ɺʦʣʢʦʚ ɺ.ʊ., ʘʩʧ. ɹʫʣʘʪʦʚ ʇ.ɽ., 

ʩʪʫʜ. ʏʵʥ ʍʘʥʴ, ʩʪʫʜ. ɺʵʡ ʖʡʩʶʘʥʴ,  

ɸʩʠʤʧʪʦʪʠʯʝʩʢʠʡ ʘʥʘʣʠʟ ʧʨʠʤʝʥʝʥ ʧʨʠ ʨʝʰʝʥʠʠ ʥʝʢʦʪʦʨʦʛʦ ʢʣʘʩʩʘ ʦʙ-

ʨʘʪʥʳʭ ʟʘʜʘʯ ʜʣʷ ʥʝʣʠʥʝʡʥʳʭ ʩʠʥʛʫʣʷʨʥʦ ʚʦʟʤʫʱʝʥʥʳʭ ʫʨʘʚʥʝʥʠʡ ʨʝʘʢ-

ʮʠʷ-ʜʠʬʬʫʟʠʷ-ʘʜʚʝʢʮʠʷ ʩ ʧʝʨʠʦʜʠʯʝʩʢʠʤʠ ʢʦʵʬʬʠʮʠʝʥʪʘʤʠ. ɺ ʯʘʩʪʥʦʩʪʠ, 

ʨʘʩʩʤʦʪʨʝʥʘ ʟʘʜʘʯʘ ʛʨʘʥʠʯʥʦʛʦ ʫʧʨʘʚʣʝʥʠʷ ʜʣʷ ʫʨʘʚʥʝʥʠʷ ʪʠʧʘ ɹʶʨʛʝʨʩʘ ʩ  

ʤʦʜʫʣʴʥʦʡ ʘʜʚʝʢʮʠʝʡ. 

ʈʝʰʝʥʠʷ ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʳʭ ʫʨʘʚʥʝʥʠʡ ʫʢʘʟʘʥʥʦʛʦ ʪʠʧʘ ʤʦʛʫʪ ʩʦʜʝʨ-

ʞʘʪʴ ʫʟʢʠʝ ʧʦʛʨʘʥʠʯʥʳʝ ʠ/ʠʣʠ ʚʥʫʪʨʝʥʥʠʝ ʩʣʦʠ, ʘ ʪʘʢʞʝ ʜʚʠʞʫʱʠʝʩʷ 

ʬʨʦʥʪʳ. ɸʩʠʤʧʪʦʪʠʯʝʩʢʠʡ ʘʥʘʣʠʟ ʧʦʟʚʦʣʷʝʪ ʜʦʢʘʟʘʪʴ ʩʫʱʝʩʪʚʦʚʘʥʠʝ, ʠʩ-

ʩʣʝʜʦʚʘʪʴ ʫʩʪʦʡʯʠʚʦʩʪʴ ʨʝʰʝʥʠʷ ʧʨʷʤʦʡ ʟʘʜʘʯʠ ʠ ʧʦʣʫʯʠʪʴ ʘʩʠʤʧʪʦʪʠʯʝ-

ʩʢʦʝ ʧʨʠʙʣʠʞʝʥʠʝ ʨʝʰʝʥʠʷ. ʂʨʦʤʝ ʪʦʛʦ, ʘʩʠʤʧʪʦʪʠʯʝʩʢʠʡ ʧʦʜʭʦʜ ʜʘʝʪ 

ʚʦʟʤʦʞʥʦʩʪʴ ʩʚʝʩʪʠ ʠʩʭʦʜʥʫʶ ʥʝʣʠʥʝʡʥʫʶ ʩʠʥʛʫʣʷʨʥʦ ʚʦʟʤʫʱʝʥʥʫʶ ʟʘ-

ʜʘʯʫ ʢ ʥʘʙʦʨʫ ʙʦʣʝʝ ʧʨʦʩʪʳʭ ʟʘʜʘʯ, ʧʦʣʫʯʠʚ ʜʦʩʪʘʪʦʯʥʦ ʪʦʯʥʦʝ ʢʘʯʝʩʪʚʝʥ-

ʥʦʝ ʠ ʢʦʣʠʯʝʩʪʚʝʥʥʦʝ ʦʧʠʩʘʥʠʝ ʨʝʰʝʥʠʷ, ʘ ʪʘʢʞʝ ʫʩʪʘʥʦʚʠʪʴ ʙʦʣʝʝ ʧʨʦ-

ʩʪʳʝ ʩʚʷʟʠ ʤʝʞʜʫ ʚʭʦʜʥʳʤʠ ʜʘʥʥʳʤʠ ʠ ʧʘʨʘʤʝʪʨʘʤʠ ʦʙʨʘʪʥʦʡ ʟʘʜʘʯʠ (ʢʦ-

ʵʬʬʠʮʠʝʥʪʳ ʚ ʫʨʘʚʥʝʥʠʠ, ʛʨʘʥʠʯʥʳʝ ʠ ʥʘʯʘʣʴʥʳʝ ʫʩʣʦʚʠʷ ʠ ʪ.ʧ.), ʢʦʪʦʨʳʝ 

ʥʝʦʙʭʦʜʠʤʦ ʦʧʨʝʜʝʣʠʪʴ. 

ɺ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʧʦʣʫʯʠʣʘ ʜʘʣʴʥʝʡʰʝʝ ʨʘʟʚʠʪʠʝ ʢʦʥʮʝʧʮʠʷ ʘʩʠʤ-

ʧʪʦʪʠʯʝʩʢʦʛʦ ʨʝʰʝʥʠʷ ʟʘʜʘʯ ʛʨʘʥʠʯʥʦʛʦ ʠ ʨʘʩʧʨʝʜʝʣʝʥʥʦʛʦ ʫʧʨʘʚʣʝʥʠʷ. 

ʈʘʩʩʤʦʪʨʝʥʘ ʟʘʜʘʯʘ ʜʣʷ ʥʝʣʠʥʝʡʥʦʛʦ ʩʠʥʛʫʣʷʨʥʦ ʚʦʟʤʫʱʝʥʥʦʛʦ ʫʨʘʚʥʝʥʠʷ 

ʪʠʧʘ ɹʶʨʛʝʨʩʘ  ʩ ʤʦʜʫʣʴʥʦʡ ʘʜʚʝʢʮʠʝʡ ʠ ʨʘʟʨʳʚʥʳʤ ʨʝʘʢʪʠʚʥʳʤ ʩʣʘʛʘʝ-

ʤʳʤ, ʠʤʝʶʱʘʷ ʨʝʰʝʥʠʝ ʚʠʜʘ ʜʚʠʞʫʱʝʛʦʩʷ ʬʨʦʥʪʘ. ʇʦʩʪʨʦʝʥʦ ʘʩʠʤʧʪʦʪʠ-

ʯʝʩʢʦʝ ʧʨʠʙʣʠʞʝʥʠʝ ʪʘʢʦʛʦ ʨʝʰʝʥʠʷ, ʜʦʢʘʟʘʥʦ ʩʫʱʝʩʪʚʦʚʘʥʠʝ ʨʝʰʝʥʠʷ ʩ 

ʧʦʩʪʨʦʝʥʥʦʡ ʘʩʠʤʧʪʦʪʠʢʦʡ ʠ ʝʛʦ ʘʩʠʤʧʪʦʪʠʯʝʩʢʘʷ ʫʩʪʦʡʯʠʚʦʩʪʴ ʧʦ ʃʷʧʫ-

ʥʦʚʫ.  

ɿʘʜʘʯʘ ʫʧʨʘʚʣʝʥʠʷ ʧʦʩʪʘʚʣʝʥʘ ʚ ʨʘʤʢʘʭ ʪʝʦʨʝʤʳ ʩʫʱʝʩʪʚʦʚʘʥʠʷ ʨʝʰʝ-

ʥʠʷ ʧʨʷʤʦʡ ʟʘʜʘʯʠ ʠ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʦʧʨʝʜʝʣʝʥʠʠ ʛʨʘʥʠʯʥʦʛʦ ʨʝʞʠʤʘ, ʦʙʝʩ-

ʧʝʯʠʚʘʶʱʝʛʦ ʨʝʘʣʠʟʘʮʠʶ ʟʘʜʘʥʥʦʛʦ ʟʘʢʦʥʘ ʜʚʠʞʝʥʠʷ ʬʨʦʥʪʘ. ʇʦʩʪʨʦʝʥʦ 
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ʘʩʠʤʧʪʦʪʠʯʝʩʢʦʝ ʨʝʰʝʥʠʝ ʟʘʜʘʯʠ ʛʨʘʥʠʯʥʦʛʦ ʫʧʨʘʚʣʝʥʠʷ, ʪ.ʝ. ʦʧʨʝʜʝʣʝʥʠʷ 

ʛʨʘʥʠʯʥʦʛʦ ʫʩʣʦʚʠʷ, ʧʨʠ ʢʦʪʦʨʦʤ ʪʨʝʙʫʝʤʳʡ ʨʝʞʠʤ ʜʚʠʞʝʥʠʷ ʬʨʦʥʪʘ ʜʦʩ-

ʪʠʛʘʝʪʩʷ ʩ ʟʘʜʘʥʥʦʡ ʪʦʯʥʦʩʪʴʶ. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʜʣʷ ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʛʦ ʢʣʘʩ-

ʩʘ ʫʨʘʚʥʝʥʠʡ ʟʘʜʘʯʘ ʛʨʘʥʠʯʥʦʛʦ ʫʧʨʘʚʣʝʥʠʷ ʩʚʦʜʠʪʩʷ ʢ ʘʣʛʝʙʨʘʠʯʝʩʢʠʤ 

ʩʦʦʪʥʦʰʝʥʠʷʤ, ʩʚʷʟʳʚʘʶʱʠʤ ʩ ʟʘʜʘʥʥʦʡ ʪʦʯʥʦʩʪʴʶ ʥʘʙʣʶʜʘʝʤʦʝ ʧʦʣʦ-

ʞʝʥʠʝ ʠ ʩʢʦʨʦʩʪʴ ʜʚʠʞʫʱʝʛʦʩʷ ʬʨʦʥʪʘ ʩ ʢʦʵʬʬʠʮʠʝʥʪʘʤʠ ʚ ʫʨʘʚʥʝʥʠʠ ʠ 

ʛʨʘʥʠʯʥʳʤʠ ʫʩʣʦʚʠʷʤʠ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʝʩʣʠ ʟʘʜʘʥ ʨʝʞʠʤ ʜʚʠʞʝʥʠʷ 

ʬʨʦʥʪʘ ʥʘ ʥʝʢʦʪʦʨʦʤ ʚʨʝʤʝʥʥʦʤ ʦʪʨʝʟʢʝ (ʧʝʨʠʦʜʝ), ʪʦ ʚʦʧʨʦʩ ʦʙ ʦʧʨʝʜʝ-

ʣʝʥʠʠ ʛʨʘʥʠʯʥʦʛʦ ʫʩʣʦʚʠʷ, ʦʙʝʩʧʝʯʠʚʘʶʱʝʛʦ ʨʝʘʣʠʟʘʮʠʶ ʪʨʝʙʫʝʤʦʛʦ ʨʝ-

ʞʠʤʘ ʩ ʟʘʜʘʥʥʦʡ ʪʦʯʥʦʩʪʴʶ, ʩʚʦʜʠʪʩʷ ʢ ʥʘʙʦʨʫ ʧʨʦʩʪʳʭ ʘʣʛʝʙʨʘʠʯʝʩʢʠʭ 

ʦʧʝʨʘʮʠʡ. ʇʦʣʫʯʝʥʘ ʦʮʝʥʢʘ ʧʦʛʨʝʰʥʦʩʪʠ ʤʦʜʝʣʠ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʘʩʠʤ-

ʧʪʦʪʠʯʝʩʢʦʛʦ ʤʝʪʦʜʘ ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʳʭ ʥʝʨʘʚʝʥʩʪʚ. 

ɸʩʠʤʧʪʦʪʠʯʝʩʢʠʡ ʘʥʘʣʠʟ ʧʨʠʤʝʥʝʥ ʧʨʠ ʨʘʟʨʘʙʦʪʢʝ ʘʚʪʦʨʩʢʦʛʦ ʘʣʛʦ-

ʨʠʪʤʘ ʯʠʩʣʝʥʥʦʛʦ ʨʝʰʝʥʠʷ ʟʘʜʘʯʠ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʘʜʘʧʪʠʚʥʦʡ ʩʝʪʢʠ, ʧʦ-

ʩʪʨʦʝʥʥʦʡ ʥʘ ʦʩʥʦʚʝ ʘʧʨʠʦʨʥʦʡ ʠʥʬʦʨʤʘʮʠʠ ʦʙ ʦʩʦʙʝʥʥʦʩʪʷʭ ʨʝʰʝʥʠʷ. 

ʇʨʦʚʝʜʝʥʦ ʯʠʩʣʝʥʥʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ. 

ɸʥʘʣʦʛʠʯʥʳʡ ʧʦʜʭʦʜ ʤʦʞʝʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥ ʪʘʢʞʝ ʜʣʷ ʘʩʠʤʧʪʦʪʠʯʝ-

ʩʢʦʛʦ ʨʝʰʝʥʠʷ ʟʘʜʘʯʠ ʦ ʚʦʩʩʪʘʥʦʚʣʝʥʠʠ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʫʨʘʚʥʝʥʠʷ ʧʦ ʠʟ-

ʚʝʩʪʥʦʡ ʠʥʬʦʨʤʘʮʠʠ ʦ ʥʘʙʣʶʜʘʝʤʦʤ ʨʝʰʝʥʠʠ ʧʨʷʤʦʡ ʟʘʜʘʯʠ ʥʘ ʥʝʢʦʪʦ-

ʨʦʤ ʚʨʝʤʝʥʥʦʤ ʠʥʪʝʨʚʘʣʝ (ʧʝʨʠʦʜʝ). 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ ʧʦʜʜʝʨʞʢʝ ʈʅʌ (ʧʨʦʝʢʪ ˉ 23-11-

00069). 
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ʉʊɸʎʀʆʅɸʈʅʓɽ ʈɽʐɽʅʀʗ ʉʀʉʊɽʄ çʈɽɸʂʎʀʗïɼʀʌʌʋɿʀʗè 

ʊʀʍʆʅʆɺʉʂʆɻʆ ʊʀʇɸ: ʉʃʋʏɸʁ ʉʄɽʅʓ ʋʉʊʆʁʏʀɺʆʉʊʀ 

ʇʨʦʬ. ʅʝʬʝʜʦʚ ʅ. ʅ. 

ʈʘʙʦʪʘ ʧʦʩʚʷʱʝʥʘ ʠʩʩʣʝʜʦʚʘʥʠʶ ʩʫʱʝʩʪʚʦʚʘʥʠʷ ʠ ʫʩʪʦʡʯʠʚʦʩʪʠ ʧʦ ʃʷ-

ʧʫʥʦʚʫ ʩʪʘʮʠʦʥʘʨʥʳʭ ʨʝʰʝʥʠʡ ʥʘʯʘʣʴʥʦ-ʢʨʘʝʚʳʭ ʟʘʜʘʯ ʩ ʛʨʘʥʠʯʥʳʤʠ ʫʩ-

ʣʦʚʠʷʤʠ ɼʠʨʠʭʣʝ ʠ ʅʝʡʤʘʥʘ ʜʣʷ ʩʠʩʪʝʤ ʨʝʘʢʮʠʷïʜʠʬʬʫʟʠʷ ʪʠʭʦʥʦʚʩʢʦʛʦ 

ʪʠʧʘ: 

ʀ
ЋÕ

ЋװØ

ЋװÕ

ЋװÔ
 Ὣόȟὺȟὼȟʀ πȟ 

Ћὺ

Ћὼ

Ћװὺ

ЋװÔ
Ὢόȟὺȟὼȟʀ πȟ π ὼ ρȟ Ô πȟ 

ʛʜʝ ʀ π ð ʤʘʣʳʡ ʧʘʨʘʤʝʪʨ, Ὣ ʠ Ὢð ʜʦʩʪʘʪʦʯʥʦ ʛʣʘʜʢʠʝ ʬʫʥʢʮʠʠ. ʈʘʩ-

ʩʤʦʪʨʝʥ ʩʣʫʯʘʡ ʩʤʝʥʳ ʫʩʪʦʡʯʠʚʦʩʪʠ ʚ ʩʣʝʜʩʪʚʠʝ  ʧʝʨʝʩʝʯʝʥʠʷ ʢʦʨʥʝʡ ʚʳ-

ʨʦʞʜʝʥʥʦʛʦ ʫʨʘʚʥʝʥʠʷ 

Ὣόȟὺȟὼȟπ πȟ 
 

ʇʦʣʫʯʝʥʳ ʫʩʣʦʚʠʷ ʩʫʱʝʩʪʚʦʚʘʥʠʷ ʩʪʘʮʠʦʥʘʨʥʦʛʦ ʨʝʰʝʥʠʷ ʩʦ ʩʣʘʙʳʤ 

ʚʥʫʪʨʝʥʥʠʤ ʩʣʦʝʤ, ʧʦʩʪʨʦʝʥʦ ʝʛʦ ʘʩʠʤʧʪʦʪʠʯʝʩʢʦʝ ʧʨʠʙʣʠʞʝʥʠʝ ʠ ʠʩʩʣʝ-

ʜʦʚʘʥʘ ʝʛʦ ʘʩʠʤʧʪʦʪʠʯʝʩʢʘʷ ʫʩʪʦʡʯʠʚʦʩʪʴ ʧʦ ʃʷʧʫʥʦʚʫ ʢʘʢ ʚ ʩʣʫʯʘʝ ʚʳ-

ʧʦʣʥʝʥʠʷ ʫʩʣʦʚʠʷ ʢʚʘʟʠʤʦʥʦʪʦʥʥʦʩʪʠ, ʪʘʢ  ʠ ʚ ʩʣʫʯʘʝ ʝʛʦ ʥʘʨʫʰʝʥʠʷ. ʈʘ-

ʙʦʪʘ ʷʚʣʷʝʪʩʷ ʜʘʣʴʥʝʡʰʠʤ ʨʘʟʚʠʪʠʝʤ ʘʩʠʤʧʪʦʪʠʯʝʩʢʦʛʦ ʤʝʪʦʜʘ ʜʠʬʬʝʨʝʥ-

ʮʠʘʣʴʥʳʭ ʥʝʨʘʚʝʥʩʪʚ (ʩʤ. [1] ʠ ʩʩʳʣʢʠ ʚ ʵʪʦʡ ʨʘʙʦʪʝ) ʥʘ ʥʦʚʳʝ ʢʣʘʩʩʳ ʩʠʩ-

ʪʝʤ  

ʈʘʙʦʪʘ ʧʦʜʜʝʨʞʘʥʘ ʛʨʘʥʪʦʤ ʈʅʌ ˉ 23-11-00069. 
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ʈʘʩʩʤʦʪʨʠʤ ʩʠʥʛʫʣʷʨʥʦ ʚʦʟʤʫʱʝʥʥʫʶ ʟʘʜʘʯʫ 

 ‐
‬ό

‬ὼ

‬ό

‬ὸ
Ὢόȟὼȟὸ ‐Ὢόȟὼȟὸ πȟὼɴ ρȟρȟ ὸɴ Ὑȟ  
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Ὢόȟὼȟὸȡ
Ὢ όȟὼȟὸȟ όᶰὍȟὼɴ ὼȟρ

Ὢ όȟὼȟὸȟ όᶰὍȟὼɴ ρȟὼ
ȟ 

 
‬ό

‬ὼ
ρȟὸȟ‐ πȟ

‬ό

‬ὼ
ρȟὸȟ‐ πȟ   ὸɴ Ὑȟ 

όὼȟὸȟ‐ όὼȟὸ Ὕȟ‐ȟὼɴ ρȟρȟὸɴ ὙȢ 
˔̝̅̆̒ ‐ɴ πȟ‐ȟ ‐ π ɀ ̍ ̜́̌̊ ̐́̑́̍̆̓̑Ȣ 
ɼʣʷ ʧʦʩʪʘʚʣʝʥʥʦʡ ʧʝʨʠʦʜʠʯʝʩʢʦʡ ʟʘʜʘʯʠ ʧʨʠ ʥʝʢʦʪʦʨʳʭ ʜʦʧʦʣʥʠʪʝʣʴ-

ʥʳʭ ʫʩʣʦʚʠʷʭ ʠʩʩʣʝʜʦʚʘʥʘ ʩʪʨʫʢʪʫʨʘ ʚʥʫʪʨʝʥʥʝʛʦ ʧʝʨʝʭʦʜʥʦʛʦ ʩʣʦʷ ʚ ʩʣʫ-

ʯʘʝ ʩʣʘʙʦʛʦ ʨʘʟʨʳʚʘ ʨʝʘʢʪʠʚʥʦʛʦ ʩʣʘʛʘʝʤʦʛʦ ʚ ʪʦʯʢʝ ὼ. ɼʦʢʘʟʘʥʦ ʩʫʱʝʩʪ-

ʚʦʚʘʥʠʝ ʧʝʨʠʦʜʠʯʝʩʢʠʭ ʧʦ t ʨʝʰʝʥʠʡ ʩ ʚʥʫʪʨʝʥʥʠʤ ʧʝʨʝʭʦʜʥʳʤ ʩʣʦʝʤ 

(ʢʦʥʪʨʘʩʪʥʳʭ ʩʪʨʫʢʪʫʨ), ʠʩʩʣʝʜʦʚʘʥ ʚʦʧʨʦʩ ʦʙ ʠʭ ʫʩʪʦʡʯʠʚʦʩʪʠ, ʧʦʣʫʯʝʥʳ 

ʘʩʠʤʧʪʦʪʠʯʝʩʢʠʝ ʧʨʠʙʣʠʞʝʥʠʷ ʨʝʰʝʥʠʡ ʫʢʘʟʘʥʥʦʛʦ ʪʠʧʘ. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʚ 

ʩʣʫʯʘʝ ʚʳʧʦʣʥʝʥʠʷ ʫʩʣʦʚʠʷ ʙʘʣʘʥʩʘ ʨʝʘʢʮʠʠ ʚ ʪʦʯʢʝ ὼ ʥʘʣʠʯʠʝ ʜʘʞʝ ʩʣʘ-

ʙʦʛʦ (ʘʩʠʤʧʪʦʪʠʯʝʩʢʠ ʤʘʣʦʛʦ) ʨʘʟʨʳʚʘ ʨʝʘʢʮʠʠ ʤʦʞʝʪ ʧʨʠʚʦʜʠʪʴ ʢ ʦʙʨʘʟʦ-

ʚʘʥʠʶ ʢʦʥʪʨʘʩʪʥʳʭ ʩʪʨʫʢʪʫʨ ʢʦʥʝʯʥʦʛʦ ʨʘʟʤʝʨʘ, ʢʘʢ ʫʩʪʦʡʯʠʚʳʭ, ʪʘʢ ʠ 

ʥʝʫʩʪʦʡʯʠʚʳʭ. 

˝́̂̏̓́ ̐ ̏̅̅̆̑̇́̎́ ̄ ̑́̎̓̏̍ ̋ ˚ l23-1100069. 
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ʉ KPZ-ʅɽʃʀʅɽʁʅʆʉʊʔʖ 

ʉʪ. ʥʘʫʯ. ʩʦʪʨ. ʆʨʣʦʚ ɸ. ʆ. 

ɺ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʥʘʯʘʣʴʥʦ-ʢʨʘʝʚʘʷ ʟʘʜʘʯʘ ʜʣʷ ʩʠʥ-

ʛʫʣʷʨʥʦ ʚʦʟʤʫʱʝʥʥʦʛʦ ʧʘʨʘʙʦʣʠʯʝʩʢʦʛʦ ʫʨʘʚʥʝʥʠʷ, ʢʦʪʦʨʦʝ ʦʪʣʠʯʘʝʪʩʷ ʦʪ 

ʢʣʘʩʩʠʯʝʩʢʦʛʦ ʫʨʘʚʥʝʥʠʷ ʨʝʘʢʮʠʷïʜʠʬʬʫʟʠʷïʘʜʚʝʢʮʠʷ (ʩʤ. [1]) ʥʘʣʠʯʠʝʤ 

ʜʦʧʦʣʥʠʪʝʣʴʥʦʛʦ ʥʝʣʠʥʝʡʥʦʛʦ ʩʣʘʛʘʝʤʦʛʦ, ʩʦʜʝʨʞʘʱʝʛʦ ʢʚʘʜʨʘʪ ʛʨʘʜʠʝʥʪʘ 

ʠʩʢʦʤʦʡ ʬʫʥʢʮʠʠ (KPZ-ʥʝʣʠʥʝʡʥʦʩʪʠ). ʇʦʩʪʘʥʦʚʢʘ ʟʘʜʘʯʠ ʠʤʝʝʪ ʚʠʜ: 
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ʋʨʘʚʥʝʥʠʷ ʪʘʢʦʛʦ ʪʠʧʘ ʚʦʟʥʠʢʘʶʪ ʚ ʨʘʟʣʠʯʥʳʭ ʧʨʠʣʦʞʝʥʠʷʭ (ʩʤ ς), ʚ 
ʯʘʩʪʥʦʩʪʠ, ʧʨʠ ʤʦʜʝʣʠʨʦʚʘʥʠʠ ʥʘʧʨʘʚʣʝʥʥʦʛʦ ʨʦʩʪʘ ʧʦʣʠʤʝʨʦʚ, ʚ ʟʘʜʘʯʘʭ 

ʧʦʤʝʭʦʫʩʪʦʡʯʠʚʦʩʪʠ, ʚ ʪʝʦʨʠʠ ʥʝʣʠʥʝʡʥʳʭ ʚʦʣʥ. 

ɺ ʨʘʙʦʪʝ ʧʦʣʫʯʝʥʦ ʘʩʠʤʧʪʦʪʠʯʝʩʢʦʝ ʧʨʠʙʣʠʞʝʥʠʝ ʨʝʰʝʥʠʷ, ʠʤʝʶʱʝʛʦ 

ʚʠʜ ʜʚʠʞʫʱʝʛʦʩʷ ʚʥʫʪʨʝʥʥʝʛʦ ʩʣʦʷ (ʬʨʦʥʪʘ). ʅʘʡʜʝʥʦ ʘʩʠʤʧʪʦʪʠʯʝʩʢʦʝ 

ʧʨʠʙʣʠʞʝʥʠʝ ʜʣʷ ʩʢʦʨʦʩʪʠ ʜʚʠʞʝʥʠʷ. ɼʦʢʘʟʘʪʝʣʴʩʪʚʦ ʪʝʦʨʝʤʳ ʩʫʱʝʩʪʚʦ-

ʚʘʥʠʷ ʠ ʝʜʠʥʩʪʚʝʥʥʦʩʪʠ ʨʝʰʝʥʠʷ ʧʨʦʚʝʜʝʥʦ ʩ ʧʦʤʦʱʴʶ ʘʩʠʤʧʪʦʪʠʯʝʩʢʦʛʦ 

ʤʝʪʦʜʘ ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʳʭ ʥʝʨʘʚʝʥʩʪʚ.  

ʈʘʙʦʪʘ ʧʦʜʜʝʨʞʘʥʘ ʛʨʘʥʪʦʤ ʈʅʌ ˉ 23-11-00069. 
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ʄʅʆɻʆʇɸʈɸʄɽʊʈʀʏɽʉʂɸʗ ʆʇʊʀʄʀɿɸʎʀʗ ɺʆʃʅʆɺʆɼʅʓʍ 

ʊʈɸʅʉʌʆʈʄɸʊʆʈʆɺ ʉ ʂʈʀɺʆʃʀʅɽʁʅʓʄʀ ɻʈɸʅʀʎɸʄʀ  

ʇʨʦʬ. ɹʳʢʦʚ ɸ.ɸ. 

1. ɺʚʝʜʝʥʠʝ. ʇʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʦʧʪʠʤʠʟʘʮʠʠ ʚʦʣʥʦʚʦʜʥʳʭ 

ʪʨʘʥʩʬʦʨʤʘʪʦʨʦʚ ʥʝʩʢʦʣʴʢʠʭ ʢʦʥʬʠʛʫʨʘʮʠʡ ʚ ʥʘʛʨʫʞʝʥʥʳʭ ʚʦʣʥʦʚʦʜʘʭ ʩ 

ʧʨʷʤʦʣʠʥʝʡʥʳʤʠ ʠ ʠʩʢʨʠʚʣʝʥʥʳʤʠ ʛʨʘʥʠʮʘʤʠ. ɺ ʢʘʯʝʩʪʚʝ ʮʝʣʝʚʦʡ 

ʬʫʥʢʮʠʠ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʤʦʱʥʦʩʪʴ, ʧʝʨʝʜʘʥʥʘʷ ʪʨʘʥʩʬʦʨʤʘʪʦʨʦʤ ʚ 

ʟʘʜʘʥʥʫʶ ʤʦʜʫ ʧʨʠʥʠʤʘʶʱʝʛʦ ʚʦʣʥʦʚʦʜʘ (ʦʩʥʦʚʥʫʶ ʠʣʠ ʦʜʥʫ ʠʟ ʚʳʩʰʠʭ). 

ʄʦʜʝʣʴ ʦʩʥʦʚʘʥʘ ʥʘ ʧʨʠʤʝʥʝʥʠʠ ʥʝʧʦʣʥʦʛʦ ʤʝʪʦʜʘ ɻʘʣʝʨʢʠʥʘ, 

ʧʨʠʤʝʥʝʥʠʝ ʢʦʪʦʨʦʛʦ ʚ ʧʨʘʢʪʠʢʝ ʯʠʩʣʝʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʚ ʵʣʝʢʪʨʦ-

ʜʠʥʘʤʠʢʝ ʥʘʯʘʣʦʩʴ ʩʝʨʠʝʡ ʧʫʙʣʠʢʘʮʠʡ ɸ.ɻ.ʉʚʝʰʥʠʢʦʚʘ [1]. ʈʝʰʝʥʠʝ 

ʢʨʘʝʚʦʡ ʟʘʜʘʯʠ ʜʣʷ ʫʨʘʚʥʝʥʠʡ ʄʘʢʩʚʝʣʣʘ ʧʨʝʜʩʪʘʚʣʷʝʪʩʷ ʚ ʚʠʜʝ ʣʠʥʝʡʥʦʡ 

ʢʦʤʙʠʥʘʮʠʠ ʩʠʩʪʝʤʳ ʢʦʦʨʜʠʥʘʪʥʳʭ ʬʫʥʢʮʠʡ ʧʦʧʝʨʝʯʥʦʛʦ ʩʝʯʝʥʠʷ. 

ʂʦʵʬʬʠʮʠʝʥʪʳ ʣʠʥʝʡʥʦʡ ʢʦʤʙʠʥʘʮʠʠ ʥʘʭʦʜʷʪʩʷ ʠʟ ʫʩʣʦʚʠʷ 

ʦʨʪʦʛʦʥʘʣʴʥʦʩʪʠ ʥʝʚʷʟʢʠ ʩʠʩʪʝʤʝ ʧʨʦʝʢʮʠʦʥʥʳʭ ʬʫʥʢʮʠʡ. ɺ ʨʝʟʫʣʴʪʘʪʝ 

ʧʦʣʫʯʘʝʪʩʷ ʢʨʘʝʚʘʷ ʟʘʜʘʯʘ ʜʣʷ ʞʝʩʪʢʦʡ ʩʠʩʪʝʤʳ ʣʠʥʝʡʥʳʭ ʦʙʳʢʥʦʚʝʥʥʳʭ 

ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʳʭ ʫʨʘʚʥʝʥʠʡ ʥʘ ʦʪʨʝʟʢʝ [2].  

2. ʈʝʰʝʥʠʝ ʦʙʦʙʱʝʥʥʦʛʦ ʫʨʘʚʥʝʥʠʷ ɻʝʣʴʤʛʦʣʴʮʘ ʚ ʮʠʣʠʥ-

ʜʨʠʯʝʩʢʦʡ ʦʙʣʘʩʪʠ.  

ʈʘʩʩʤʦʪʨʠʤ ʢʨʘʝʚʫʶ ʟʘʜʘʯʫ ʜʣʷ ʫʨʘʚʥʝʥʠʷ 
2 = 0, = 0,u u uk

S
D +  ʛʜʝ 

2 2 2

2 2 2
= ,

u u u
u

x y z

µ µ µ
D + +

µ µ µ
 ʚ ʦʙʣʘʩʪʠ D ʦʛʨʘʥʠʯʝʥʥʦʡ ʫʭʦʜʷʱʝʡ ʥʘ 

ʙʝʩʢʦʥʝʯʥʦʩʪʴ ʧʦʚʝʨʭʥʦʩʪʴʶ S ʩ ʫʩʣʦʚʠʷʤʠ ʠʟʣʫʯʝʥʠʷ. ʇʫʩʪʴ 
1D  ʝʩʪʴ 

ʧʦʜʚʦʜʷʱʠʡ ʧʦʣʫʙʝʩʢʦʥʝʯʥʳʡ ʦʪʨʝʟʦʢ ʨʝʛʫʣʷʨʥʦʛʦ ʚʦʣʥʦʚʦʜʘ ʩ 

ʧʦʧʝʨʝʯʥʳʤ ʩʝʯʝʥʠʝʤ S1, D3 ï ʧʨʠʥʠʤʘʶʱʠʡ ʩ ʧʦʧʝʨʝʯʥʳʤ ʩʝʯʝʥʠʝʤ S3, 

D2 ʝʩʪʴ ʦʙʣʘʩʪʴ, ʩʦʝʜʠʥʷʶʱʘʷ D1 ʠ D3, 1 2 3D = D D D . ʇʨʦʜʦʣʴʥʫʶ 

ʢʦʦʨʜʠʥʘʪʫ ʚ D1 ʦʙʦʟʥʘʯʠʤ z1 1 ( , ],z aÍ -¤  ʚ D3 ʘʥʘʣʦʛʠʯʥʦ z3 3 [ , ).z bÍ +¤ 
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3z b²  ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, = ( , ),i i iM x y  {1;3},iÍ  
(1){ }nA  ʝʩʪʴ 

ʢʦʤʧʣʝʢʩʥʳʝ ʘʤʧʣʠʪʫʜʳ ʚʦʣʥ, ʦʙʣʫʯʘʶʱʠʭ ʥʝʦʜʥʦʨʦʜʥʳʡ ʫʯʘʩʪʦʢ D2 
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ʩʣʝʚʘ (ʩʦ ʩʪʦʨʦʥʳ D1), 
(3){ }nB  ʪʦ ʞʝ ʩʧʨʘʚʘ (ʩʦ ʩʪʦʨʦʥʳ D3). ʋʩʣʦʚʠʷ 

ʠʟʣʫʯʝʥʠʷ:  
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ɺ ʦʙʣʘʩʪʷʭ D1,2,3 ʚʚʝʜʝʤ ʢʨʠʚʦʣʠʥʝʡʥʫʶ ʩʠʩʪʝʤʫ 
1 2 3( , , )x x x: 
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i j
i j

v
L v g g
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µ µ
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ä  ɺʳʨʘʞʝʥʠʷ 

ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʤʦʞʥʦ ʥʘʡʪʠ ʚ [3].  

3. ʄʝʪʦʜʠʢʘ ʯʘʩʪʠʯʥʦʡ ʜʠʩʢʨʝʪʠʟʘʮʠʠ. ʇʫʩʪʴ { , }n ny m  ʝʩʪʴ 

ʩʦʙʩʪʚʝʥʥʳʝ ʬʫʥʢʮʠʠ ʠ ʟʥʘʯʝʥʠʷ ʟʘʜʘʯʠ ʐʪʫʨʤʘ-ʃʠʫʚʠʣʣʷ 
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ʜʣʷ ʪʦʛʦ ʞʝ ʥʘʙʦʨʘ { }.m  ʊʦʯʥʦʝ ʨʝʰʝʥʠʝ ʝʩʪʴ ʧʨʝʜʝʣ ʚ ʩʨʝʜʥʝʤ ʧʨʠ 

N .­+¤ ʆʧʪʠʤʠʟʘʮʠʷ ʚʢʣʶʯʘʝʪ ʧʨʠʤʝʥʝʥʠʝ ʤʝʪʦʜʘ ʠʥʚʘʨʠʘʥʪʥʦʛʦ 

ʧʦʛʨʫʞʝʥʠʷ [4].  

 

4. ʈʝʟʫʣʴʪʘʪʳ ʤʦʜʝʣʠʨʦʚʘʥʠʷ. 4.1. ʊʨʘʥʩʬʦʨʤʘʪʦʨ ʩ ʢʨʠʚʦʣʠʥʝʡʥʦʡ 

ʛʨʘʥʠʮʝʡ ʨʘʟʜʝʣʘ ʜʚʫʭ ʩʨʝʜ ʚ ʧʣʘʥʘʨʥʦʤ ʚʦʣʥʦʚʦʜʝ: ʤʦʜʘ 1 ʚ ʤʦʜʫ 2. 

ʅʘ ʨʠʩ. 1(ʘ,ʙ) ʧʦʢʘʟʘʥʘ ʬʦʨʤʘ ʦʧʪʠʤʘʣʴʥʦʡ ʛʨʘʥʠʮʳ ʨʘʟʜʝʣʘ ʠ ʢʘʨʪʘ ʧʦʣʷ ʩ 

ʧʘʨʘʤʝʪʨʘʤʠ =1,le  = 6,re  =1.9k p. ɿʥʘʯʝʥʠʝ ʮʝʣʝʚʦʡ ʬʫʥʢʮʠʠ F=0.0003, 

ʪɻʦ ʵʥʝʨʛʠʷ, ʫʰʝʜʥʘʷ ʚ ʩʪʦʨʦʥʥʠʝ ʤʦʜʳ.  
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ʈʠʩ. 1ʘ, ʙ 

 

4.3. ʉʜʚʠʛ ʦʩʝʚʦʡ ʣʠʥʠʠ. ʇʦʢʘʞʝʤ ʨʝʟʫʣʴʪʘʪʳ ʨʘʩʯʝʪʘ ʦʧʪʠʤʘʣʴʥʦʛʦ 

ʫʯʘʩʪʢʘ ʩʜʚʠʛʘʶʱʝʛʦ ʦʩʝʚʫʶ ʣʠʥʠʶ ʥʘ ʟʘʜʘʥʥʦʝ ʨʘʩʩʪʦʷʥʠʝ ʜʣʷ = 4,6k p, 

ʨʠʩ.2. ʇʦʩʣʝ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʢʦʦʨʜʠʥʘʪ ʢʨʠʚʦʣʠʥʝʡʥʦʛʦ ʚʦʣʥʦʚʦʜʘ ( , )x h ʚ 

ʧʨʷʤʦʫʛʦʣʴʥʳʡ ʦʙʣʘʩʪʴ ʟʘʥʠʤʘʝʪ ʧʦʣʦʩʫ ( , ),xÍ -¤ +¤ 
1 2{ , },b bhÍ  

ʦʩʥʦʚʥʦʝ ʫʨʘʚʥʝʥʠʝ ʧʨʠʤʝʪ ʚʠʜ  

11 12 21 22 2 2[ ( )] [ ( )] = 0.
u u u u

g g g g g g g u g uV k r
x x h h x h

µ µ µ µ µ µ
+ + + - +

µ µ µ µ µ µ
  

ʄʝʪʦʜʠʢʫ ʯʠʩʣʝʥʥʦʡ ʨʝʘʣʠʟʘʮʠʠ ʪʨʝʙʫʝʪ ʨʝʰʝʥʠʷ ʨʷʜʘ 

ʧʨʠʥʮʠʧʠʘʣʴʥʦ ʚʘʞʥʳʭ ʧʨʦʙʣʝʤ, ʦʧʠʩʘʥʠʝ ʢʦʪʦʨʳʭ ʤʳ ʦʧʫʩʢʘʝʤ.  

 

 
ʈʠʩ. 2 
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ʅɸʂʆʇʃɽʅʀɽ ʀʅʌʆʈʄɸʎʀʀ ɼʃʗ ɺʓɹʆʈɸ ɹɸʃɸʅʉɸ  

ʄɽɾɼʋ ʉʃʋʏɸʁʅʆʁ ʀ ʉʀʉʊɽʄɸʊʀʏɽʉʂʆʁ ʆʐʀɹʂɸʄʀ  

ɺ ɿɸɼɸʏɸʍ ɹʆʃʔʐʀʍ ɼɸʅʅʓʍ 

ʇʨʦʬ. ɻʦʣʫʙʮʦʚ ʇ.ɺ. 

ɺʚʝʜʝʥʠʝ. ʀʩʩʣʝʜʫʝʪʩʷ ʧʨʦʙʣʝʤʘ ʥʘʢʦʧʣʝʥʠʷ ʠʥʬʦʨʤʘʮʠʠ ʠʟ ʤʥʦʛʦ-

ʯʠʩʣʝʥʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʧʨʠ ʥʝʦʙʭʦʜʠʤʦʩʪʠ ʛʠʙʢʦ ʢʦʥʪʨʦʣʠʨʦʚʘʪʴ ʢʘʢ 

ʩʣʫʯʘʡʥʫʶ, ʪʘʢ ʠ ʩʠʩʪʝʤʘʪʠʯʝʩʢʫʶ ʧʦʛʨʝʰʥʦʩʪʠ ʦʮʝʥʠʚʘʥʠʷ.  

ɺ ʨʘʙʦʪʘʭ [1,2] ʙʳʣʠ ʨʘʩʩʤʦʪʨʝʥʳ ʚʦʟʤʦʞʥʦʩʪʠ ʥʘʢʦʧʣʝʥʠʷ ʠʥʬʦʨ-

ʤʘʮʠʠ ʚ ʟʘʜʘʯʘʭ ʥʝʩʤʝʱʝʥʥʦʛʦ ʣʠʥʝʡʥʦʛʦ ʦʮʝʥʠʚʘʥʠʷ ʠ ʣʠʥʝʡʥʦʛʦ ʦʮʝʥʠ-

ʚʘʥʠʷ ʩ ʘʧʨʠʦʨʥʦʡ ʠʥʬʦʨʤʘʮʠʝʡ. ɹʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ, ʥʝʩʤʦʪʨʷ ʥʘ ʨʘʟʣʠ-

ʯʠʝ ʧʦʩʪʘʥʦʚʦʢ, ʜʣʷ ʦʙʦʠʭ ʪʠʧʦʚ ʵʪʠʭ ʟʘʜʘʯ, ʠʟ ʢʘʞʜʦʛʦ ʠʟʤʝʨʝʥʠʷ ʜʦʩʪʘ-

ʪʦʯʥʦ ʚʳʜʝʣʠʪʴ ʢʘʥʦʥʠʯʝʩʢʫʶ ʠʥʬʦʨʤʘʮʠʶ ʩʧʝʮʠʘʣʴʥʦʛʦ ʚʠʜʘ. ʊʦʛʜʘ 

ʧʦʣʥʘʷ ʠʥʬʦʨʤʘʮʠʷ, ʧʨʝʜʩʪʘʚʣʷʶʱʘʷ ʩʝʨʠʶ ʠʟʤʝʨʝʥʠʡ, ʦʧʨʝʜʝʣʷʝʪʩʷ 

ʩʫʤʤʦʡ ʪʘʢʠʭ ʯʘʩʪʠʯʥʳʭ ʬʨʘʛʤʝʥʪʦʚ ʠʥʬʦʨʤʘʮʠʠ. ʊʘʢʘʷ ʠʥʬʦʨʤʘʮʠʷ 

ʧʦʣʥʦʩʪʴʶ ʟʘʤʝʥʷʝʪ ʜʘʥʥʳʝ ʚʩʝʡ ʩʝʨʠʠ ʠʟʤʝʨʝʥʠʡ, ʧʦʩʢʦʣʴʢʫ ʢʘʢ ʩʘʤʘ 

ʦʮʝʥʢʘ ʠʩʩʣʝʜʫʝʤʦʛʦ ʦʙʲʝʢʪʘ, ʪʘʢ ʠ ʜʝʪʘʣʴʥʦʝ ʦʧʠʩʘʥʠʝ ʝʝ ʪʦʯʥʦʩʪʠ, ʧʦʣ-

ʥʦʩʪʴʶ ʚʳʯʠʩʣʷʶʪʩʷ ʥʘ ʦʩʥʦʚʝ ʥʘʢʦʧʣʝʥʥʦʡ ʢʘʥʦʥʠʯʝʩʢʦʡ ʠʥʬʦʨʤʘʮʠʠ. 

ʂʨʦʤʝ ʪʦʛʦ, ʦʙʲʝʤ, ʟʘʥʠʤʘʝʤʳʡ ʢʘʥʦʥʠʯʝʩʢʦʡ ʠʥʬʦʨʤʘʮʠʝʡ ʬʠʢʩʠʨʦʚʘʥ ʠ 

ʥʝ ʟʘʚʠʩʠʪ ʦʪ ʦʙʲʝʤʘ ʧʨʝʜʩʪʘʚʣʝʥʥʳʭ ʝʶ ʠʟʤʝʨʝʥʠʡ. 

ɺ ʨʘʙʦʪʝ [3] ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʯʘʩʪʥʘʷ ʟʘʜʘʯʘ ʨʝʜʫʢʮʠʠ, ʚ ʢʦʪʦʨʦʡ 

ʢʦʥʪʨʦʣʠʨʫʶʪʩʷ ʢʘʢ ʩʣʫʯʘʡʥʘʷ, ʪʘʢ ʠ ʩʠʩʪʝʤʘʪʠʯʝʩʢʘʷ ʧʦʛʨʝʰʥʦʩʪʠ ʦʮʝ-

ʥʠʚʘʥʠʷ ʠ ʙʘʣʘʥʩ ʤʝʞʜʫ ʥʠʤʠ ʦʧʠʩʳʚʘʝʪʩʷ ʦʧʝʨʘʪʠʚʥʦʡ ʭʘʨʘʢʪʝʨʠʩʪʠʢʦʡ. 

ɺ ʨʝʟʫʣʴʪʘʪʝ ʵʢʩʧʝʨʠʤʝʥʪʘʪʦʨ ʧʦʣʫʯʘʝʪ ʤʦʱʥʳʡ ʠʥʩʪʨʫʤʝʥʪ, ʧʦʟʚʦʣʷʶ-

ʱʠʡ ʠʥʪʝʨʘʢʪʠʚʥʦ ʤʝʥʷʪʴ ʙʘʣʘʥʩ ʤʝʞʜʫ ʵʪʠʤʠ ʧʦʛʨʝʰʥʦʩʪʷʤʠ ʩ ʮʝʣʴʶ 

ʧʦʣʫʯʝʥʠʷ ʥʘʠʣʫʯʰʠʭ ʫʩʣʦʚʠʡ ʜʣʷ ʠʥʪʝʨʧʨʝʪʘʮʠʠ ʨʝʟʫʣʴʪʘʪʦʚ ʵʢʩʧʝʨʠ-

ʤʝʥʪʘ. ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʧʦʜʦʙʥʘʷ ʟʘʜʘʯʘ ʠʩʩʣʝʜʫʝʪʩʷ ʩ ʧʦʟʠʮʠʡ ʧʨʦʙʣʝʤʘ-

ʪʠʢʠ ʙʦʣʴʰʠʭ ʜʘʥʥʳʭ. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʠ ʜʣʷ ʵʪʦʡ, ʙʦʣʝʝ ʛʠʙʢʦʡ ʧʦʩʪʘʥʦʚʢʠ, 

ʜʦʩʪʘʪʦʯʥʦ ʪʘʢʦʡ ʞʝ ʢʘʥʦʥʠʯʝʩʢʦʡ ʠʥʬʦʨʤʘʮʠʠ, ʢʘʢ ʠ ʜʣʷ ʜʚʫʭ ʧʨʦʩʪʝʡ-

ʰʠʭ ʟʘʜʘʯ ʣʠʥʝʡʥʦʛʦ ʦʮʝʥʠʚʘʥʠʷ. 

ʃʠʥʝʡʥʦʝ ʠʟʤʝʨʝʥʠʝ ʠ ʯʘʩʪʥʘʷ ʟʘʜʘʯʘ ʨʝʜʫʢʮʠʠ. ʈʘʩʩʤʦʪʨʠʤ ʩʭʝ-

ʤʫ ʣʠʥʝʡʥʦʛʦ ʠʟʤʝʨʝʥʠʷ [3,4] ʚʝʢʪʦʨʘ  xÍ  ʚʠʜʘ  
 ,y Ax n= +  
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ʛʜʝ yÍ  ï ʨʝʟʫʣʴʪʘʪ ʠʟʤʝʨʝʥʠʷ, :A ­  ï ʣʠʥʝʡʥʳʡ ʦʧʝʨʘʪʦʨ ʠ 

nÍ  ï ʩʣʫʯʘʡʥʳʡ ʚʝʢʪʦʨ ʰʫʤʘ ʩ ʥʫʣʝʚʳʤ ʩʨʝʜʥʠʤ E 0n=  ʠ ʢʦʚʘʨʠʘʮʠ-

ʦʥʥʳʤ ʦʧʝʨʘʪʦʨʦʤ 0S> .  

ɿʘʜʘʯʘ ʣʠʥʝʡʥʦʛʦ ʦʮʝʥʠʚʘʥʠʷ ʚʝʢʪʦʨʘ x  ʩʦʩʪʦʠʪ ʚ ʧʦʩʪʨʦʝʥʠʠ ʪʘʢʦ-

ʛʦ ʣʠʥʝʡʥʦʛʦ ʦʪʦʙʨʘʞʝʥʠʷ :R ­ , ʯʪʦ ʦʮʝʥʢʘ Ĕx Ry=  ʤʘʢʩʠʤʘʣʴʥʦ 

ʙʣʠʟʢʘ ʢ x. ʇʦʩʢʦʣʴʢʫ 

 ( ) ,Ĕx x RA I x Rn- = - + 

ʪʦ Rn ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʣʫʯʘʡʥʫʶ ʧʦʛʨʝʰʥʦʩʪʴ ʦʮʝʥʢʠ, ʘ ( )RA I x-  ï 

ʩʠʩʪʝʤʘʪʠʯʝʩʢʫʶ ʧʦʛʨʝʰʥʦʩʪʴ, ʢʦʪʦʨʘʷ ʟʘʚʠʩʠʪ ʦʪ ʥʝʠʟʚʝʩʪʥʦʛʦ ʩʠʛʥʘʣʘ x. 

ʕʪʠ ʧʦʛʨʝʰʥʦʩʪʠ ʦʧʠʩʳʚʘʶʪʩʷ ʬʫʥʢʮʠʦʥʘʣʘʤʠ 

 () ()
2

trh R R H Rn= =E  

ʠ 

 () ( ) ()
2

tr ,g R RA I x G R= - =E  

ʛʜʝ  

  () ()( )( )
** ,    .H R RSR G R RA I F RA I= = - - (

1) 

ʊʘʢʦʝ ʚʳʨʘʞʝʥʠʝ ʜʣʷ ()g R  ʤʳ ʧʦʣʫʯʠʤ ʝʩʣʠ ʥʝʠʟʚʝʩʪʥʳʡ ʩʠʛʥʘʣ x 

ʠʥʪʝʨʧʨʝʪʠʨʫʝʪʩʷ ʢʘʢ ʩʣʫʯʘʡʥʳʡ ʚʝʢʪʦʨ ʩ ʢʦʨʨʝʣʷʮʠʦʥʥʳʤ ʦʧʝʨʘʪʦʨʦʤ 

0F > . ɿʘʤʝʪʠʤ, ʯʪʦ ʚ ʢʣʘʩʩʠʯʝʩʢʦʡ ʧʦʩʪʘʥʦʚʢʝ [3] ()
2

g R RA I= -E , ʯʪʦ 

ʦʪʚʝʯʘʝʪ ʯʘʩʪʥʦʤʫ ʩʣʫʯʘʶ F I= .   

ʏʘʩʪʥʘʷ ʟʘʜʘʯʘ ʨʝʜʫʢʮʠʠ ʩʪʘʚʠʪʩʷ ʢʘʢ ʟʘʜʘʯʘ ʤʠʥʠʤʠʟʘʮʠʠ ʩʠʩʪʝʤʘ-

ʪʠʯʝʩʢʦʡ ʦʰʠʙʢʠ ʧʨʠ ʦʛʨʘʥʠʯʝʥʥʦʡ ʩʣʫʯʘʡʥʦʡ: 

  () (){ }
:
min |  .
R

g R h R e
­

¢  (

2) 

ɺ ʨʝʟʫʣʴʪʘʪʝ ʧʦʣʫʯʘʝʪʩʷ ʮʝʣʦʝ ʩʝʤʝʡʩʪʚʦ ʦʧʪʠʤʘʣʴʥʳʭ ʦʧʝʨʘʪʦʨʦʚ 

R
e
, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʦʮʝʥʦʢ Ĕx R y

e e
=  ʠ ʧʦʛʨʝʰʥʦʩʪʝʡ g

e
 ʠ h

e
 ʜʣʷ 0e² . 

ʉʚʷʟʴ ʤʝʞʜʫ g
e
 ʠ h

e
 ʜʘʝʪ ʠʩʯʝʨʧʳʚʘʶʱʝʝ ʧʨʝʜʩʪʘʚʣʝʥʠʝ ʦ ʚʦʟʤʦʞʥʦʩʪʷʭ 

ʚʳʙʦʨʘ ʢʦʤʧʨʦʤʠʩʩʘ ʤʝʞʜʫ ʩʠʩʪʝʤʘʪʠʯʝʩʢʦʡ ʠ ʩʣʫʯʘʡʥʦʡ ʧʦʛʨʝʰʥʦʩʪʷʤʠ 

ʠ ʥʘʟʳʚʘʝʪʩʷ ʦʧʝʨʘʪʠʚʥʦʡ ʭʘʨʘʢʪʝʨʠʩʪʠʢʦʡ [3-5]. 

ʅʘʢʦʧʣʝʥʠʝ ʠ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʠʥʬʦʨʤʘʮʠʠ ʜʣʷ ʤʥʦʛʠʭ ʠʟʤʝʨʝ-

ʥʠʡ. ɺ ʢʦʥʪʝʢʩʪʝ ʙʦʣʴʰʠʭ ʜʘʥʥʳʭ ʧʨʦʙʣʝʤʘ ʚʳʭʦʜʠʪ ʥʘ ʥʦʚʳʡ ʫʨʦʚʝʥʴ. 

ʈʘʩʩʤʦʪʨʠʤ ʩʝʨʠʶ ʥʝʟʘʚʠʩʠʤʳʭ ʣʠʥʝʡʥʳʭ ʠʟʤʝʨʝʥʠʡ 
i i i

y A x n= +  ʚʝʢʪʦʨʘ 

xÍ . ɿʜʝʩʴ :
i i

A ­  - ʣʠʥʝʡʥʳʝ ʦʪʦʙʨʘʞʝʥʠʷ, 
i i
nÍ  - ʩʣʫʯʘʡʥʳʝ ʚʝʢ-

ʪʦʨʳ ʩ ʢʦʚʘʨʠʘʮʠʦʥʥʳʤʠ ʦʧʝʨʘʪʦʨʘʤʠ 0
i

S >  ʠ 
i i

y Í  - ʨʝʟʫʣʴʪʘʪʳ ʠʟʤʝ-

ʨʝʥʠʡ. ɺʩʷ çʩʳʨʘʷè ʠʥʬʦʨʤʘʮʠʷ ʦʙ i -ʪʦʤ ʠʟʤʝʨʝʥʠʠ ʧʨʝʜʩʪʘʚʣʝʥʘ ʪʨʦʡʢʦʡ 

ʚʠʜʘ ( ), ,
i i i

y A S . ɼʣʷ ʠʭ ʩʦʚʤʝʩʪʥʦʡ ʦʙʨʘʙʦʪʢʠ ʧʦʪʨʝʙʫʝʪʩʷ ʩʦʙʨʘʪʴ ʩʦʦʪ-

ʚʝʪʩʪʚʫʶʱʠʝ ʜʘʥʥʳʝ ʚ ʦʜʥʦʤ ʤʝʩʪʝ ʠ ʧʨʝʜʩʪʘʚʠʪʴ ʠʭ ʢʘʢ ( ), ,y A S , ʛʜʝ  
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1 1 1

1

0

, : ,   : , .

0

n

i
i

n n n

y A S

y A S

y A S
=

å õ å õ å õ
æ ö æ ö æ ö
= Í = ­ = ­ =
æ ö æ ö æ ö
æ ö æ ö æ ö
ç ÷ ç ÷ ç ÷

Ô  

ʇʨʠ ʙʦʣʴʰʦʤ ʯʠʩʣʝ ʠʟʤʝʨʝʥʠʡ ʨʘʟʤʝʨʥʦʩʪʴ ʦʙʲʝʜʠʥʝʥʥʳʭ ʜʘʥʥʳʭ 

ʤʦʞʝʪ ʩʪʘʪʴ ʢʨʘʡʥʝ ʙʦʣʴʰʦʡ, ʚ ʨʝʟʫʣʴʪʘʪʝ ʯʝʛʦ ʜʘʥʥʳʡ ʧʦʜʭʦʜ ʩʪʘʥʝʪ 

ʧʨʘʢʪʠʯʝʩʢʠ ʥʝʨʝʘʣʠʟʫʝʤʳʤ. ʂʘʢ ʙʳʣʦ ʧʦʢʘʟʘʥʦ ʚ [1,2], ʜʣʷ ʨʘʩʩʤʦʪʨʝʥ-

ʥʳʭ ʪʘʤ ʟʘʜʘʯ ʚʩʷ ʥʝʦʙʭʦʜʠʤʘʷ ʜʣʷ ʜʘʣʴʥʝʡʰʝʡ ʦʙʨʘʙʦʪʢʠ ʠʥʬʦʨʤʘʮʠʷ, 

ʦʪʥʦʩʷʱʘʷʩʷ ʢ i -ʤʫ ʠʟʤʝʨʝʥʠʶ ʤʦʞʝʪ ʙʳʪʴ ʧʨʝʜʩʪʘʚʣʝʥʘ ʧʘʨʦʡ ( ),
i i

u T , ʛʜʝ 
* 1

i i i i
u A S y-= Í  ʠ 

* 1 : ,
i i i i

T A S A-= ­  ï ʥʝʦʪʨʠʮʘʪʝʣʴʥʦ ʦʧʨʝʜʝʣʝʥʥʳʡ 

ʦʧʝʨʘʪʦʨ. ʇʨʠ ʵʪʦʤ, ʦʙʲʝʜʠʥʝʥʥʳʤ ʜʘʥʥʳʤ ʙʫʜʝʪ ʦʪʚʝʯʘʪʴ ʧʘʨʘ 

( ) ( )1
,   ,n

i i i
u T u T

=
=Ä , ʚ ʢʦʪʦʨʦʡ 

1

n

ii
u u

=
=ä  ʠ 

1

n

ii
T T

=
=ä . 

ɹʫʜʝʤ ʥʘʟʳʚʘʪʴ ʧʘʨʫ ( )( )* 1 * 1, ,  u T A S y A S A- -=  ʢʘʥʦʥʠʯʝʩʢʦʡ ʠʥʬʦʨ-

ʤʘʮʠʝʡ ʜʣʷ ʜʘʥʥʳʭ ( ), ,y A S , ʘ ʤʥʦʞʝʩʪʚʦ 

( ){ },  |    : ,    0,   imu T T T u T= ­ ² ÍI  ʚʩʝʭ ʪʘʢʠʭ ʧʘʨ ʢʘʥʦʥʠʯʝʩʢʠʤ ʠʥ-

ʬʦʨʤʘʮʠʦʥʥʳʤ ʧʨʦʩʪʨʘʥʩʪʚʦʤ ʜʣʷ ʟʘʜʘʯʠ ʣʠʥʝʡʥʦʛʦ ʦʮʝʥʠʚʘʥʠʷ ʚʝʢʪʦʨʘ 

ʠʟ ʧʨʦʩʪʨʘʥʩʪʚʘ . 

ʆʢʘʟʳʚʘʝʪʩʷ, ʯʪʦ ʠ ʜʣʷ ʯʘʩʪʥʦʡ ʟʘʜʘʯʠ ʨʝʜʫʢʮʠʠ ʚʩʝ ʩʝʤʝʡʩʪʚʦ ʨʝ-

ʰʝʥʠʡ ʠ ʦʧʝʨʘʪʠʚʥʘʷ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘ ʧʦʣʥʦʩʪʴʶ ʚʳʨʘʞʘʶʪʩʷ ʯʝʨʝʟ ʥʘʢʦʧ-

ʣʝʥʥʫʶ ʢʘʥʦʥʠʯʝʩʢʫʶ ʠʥʬʦʨʤʘʮʠʶ ( ),u T . ɸ ʠʤʝʥʥʦ, ʜʣʷ 0l>  ʨʘʩʩʤʦʪ-

ʨʠʤ ʩʝʤʝʡʩʪʚʦ ʦʮʝʥʦʢ 

 ( )
1

1 .Ĕx T F ul l
-

-= +  

ʉʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʩʠʩʪʝʤʘʪʠʯʝʩʢʘʷ ʠ ʩʣʫʯʘʡʥʘʷ ʧʦʛʨʝʰʥʦʩʪʠ 

tr ,    tr ,g G h H
l l l l
= =  ʛʜʝ 

 ( ) ( )
1 1

2 1 1 1 ,G T F F T Fl l l l
- -

- - -= + +  

 ( ) ( )
1 1

1 1 .H T F T T Fl l l
- -

- -= + +  

ʆʢʘʟʳʚʘʝʪʩʷ, ʦʧʝʨʘʪʦʨʳ G
l
 ʠ H

l
 ʷʚʣʷʶʪʩʷ ʥʝʧʨʝʨʳʚʥʳʤʠ ʠ ʤʦʥʦ-

ʪʦʥʥʳʤʠ ʬʫʥʢʮʠʷʤʠ ʧʘʨʘʤʝʪʨʘ l, ʧʨʠʯʝʤ G G
l m
¢ , ʘ H H

l m
²  ʜʣʷ ʣʶʙʳʭ 

l m> . ʂʘʢ ʩʣʝʜʩʪʚʠʝ, g
l
 ʠ h

l
 ʪʘʢʞʝ ʥʝʧʨʝʨʳʚʥʳʝ, ʤʦʥʦʪʦʥʥʦ ʚʦʟʨʘʩʪʘʶ-

ʱʘʷ ʠ ʫʙʳʚʘʶʱʘʷ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʬʫʥʢʮʠʠ l. ɹʦʣʝʝ ʪʦʛʦ, ʜʣʷ ʣʶʙʳʭ G ʠ 

H ʚʠʜʘ (1) ʥʘʡʜʝʪʩʷ l, ʜʣʷ ʢʦʪʦʨʦʛʦ ()G G R
l
¢  ʠ ()H H R

l
¢ . ʕʪʦ ʦʟʥʘʯʘ-

ʝʪ, ʯʪʦ ʦʮʝʥʢʠ ʠʟ ʩʝʤʝʡʩʪʚʘ Ĕx
l
 ʦʙʣʘʜʘʶʪ ʥʝ ʪʦʣʴʢʦ ʤʠʥʠʤʘʣʴʥʳʤʠ ʟʥʘʯʝ-

ʥʠʷʤʠ ʩʠʩʪʝʤʘʪʠʯʝʩʢʦʡ ʠ ʩʣʫʯʘʡʥʦʡ ʧʦʛʨʝʰʥʦʩʪʝʡ g ʠ h ʥʦ ʦʙʝʩʧʝʯʠʚʘʶʪ 

ʤʠʥʠʤʘʣʴʥʳʝ ʟʥʘʯʝʥʠʷ ʵʪʠʭ ʧʦʛʨʝʰʥʦʩʪʝʡ ʨʘʚʥʦʤʝʨʥʦ ʜʣʷ ʚʩʝʭ ʢʦʤʧʦ-

ʥʝʥʪ ʦʮʝʥʠʚʘʝʤʦʛʦ ʩʠʛʥʘʣʘ x. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʦʧʝʨʘʪʦʨʳ Gl ʠ Hl ʧʨʝʜ-
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ʩʪʘʚʣʷʶʪ ʦʧʝʨʘʪʠʚʥʫʶ ʭʘʨʘʢʪʝʨʠʩʪʠʢʫ ʠʥʬʦʨʤʘʮʠʠ ( ),u T  ʚ ʙʦʣʝʝ ʜʝʪʘʣʴ-

ʥʦʡ ʦʧʝʨʘʪʦʨʥʦʡ ʬʦʨʤʝ. 

ɺ ʧʨʝʜʝʣʝ 0l­+  ʧʦʣʫʯʘʝʤ, ( )1/2 1/2 1/2 1/2
0H F F TF F

-
= , 

1/2 1/2
0G F PF= , ʛʜʝ P ï ʦʨʪʦʛʦʥʘʣʴʥʳʡ ʧʨʦʝʢʪʦʨ ʥʘ ( )1/2 1/2ker F TF . ɺ ʯʘ-

ʩʪʥʦʩʪʠ, ʝʩʣʠ ʥʠʢʘʢʘʷ ʘʧʨʠʦʨʥʘʷ ʠʥʬʦʨʤʘʮʠʷ ʦ ʩʪʨʫʢʪʫʨʝ ʩʠʛʥʘʣʘ ʥʠʢʘʢ 

ʥʝ ʫʯʠʪʳʚʘʝʪʩʷ, ʪ.ʝ. F I= , ʪʦ 
0

H T-= , 
0

G P=  ï ʦʨʪʦʛʦʥʘʣʴʥʳʡ ʧʨʦʝʢʪʦʨ 

ʥʘ kerT, ʧʨʝʜʩʪʘʚʣʷʶʱʠʡ ʧʦʜʧʨʦʩʪʨʘʥʩʪʚʦ ʧʨʦʩʪʨʘʥʩʪʚʘ , ʦ ʢʦʪʦʨʦʤ ʚ 

ʠʟʤʝʨʝʥʠʷʭ ʥʝʪ ʥʠʢʘʢʦʡ ʠʥʬʦʨʤʘʮʠʠ. ʇʨʠ ʵʪʦʤ 
0

trh T-= , 
0

dim kerg T= . 

ʕʪʘ ʧʨʝʜʝʣʴʥʘʷ ʩʠʪʫʘʮʠʷ ʦʪʚʝʯʘʝʪ çʤʘʢʩʠʤʘʣʴʥʦ ʥʝʩʤʝʱʝʥʥʦʡè ʦʮʝʥʢʝ. 

ʊʦʯʥʝʝ, 
0
Ĕx T u-=  ʜʘʝʪ ʥʝʩʤʝʱʝʥʥʫʶ ʦʮʝʥʢʫ ʪʦʡ ʯʘʩʪʠ ʩʠʛʥʘʣʘ, ʦ ʢʦʪʦʨʦʡ 

ʝʩʪʴ ʠʥʬʦʨʤʘʮʠʷ ʚ ʠʟʤʝʨʝʥʠʷʭ, ʚ ʧʦʜʧʨʦʩʪʨʘʥʩʪʚʝ imT  ʠ ʨʘʚʥʘ ʥʫʣʶ ʚ ʝʛʦ 

ʦʨʪʦʛʦʥʘʣʴʥʦʤ ʜʦʧʦʣʥʝʥʠʠ. ɺ ʜʨʫʛʦʤ ʧʨʝʜʝʣʴʥʦʤ ʩʣʫʯʘʝ, l­+¤ ʠʤʝʝʤ, 
0H

¤
= , G F

¤
=  ʠ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, 0h

¤
= , trg F

¤
= . ɺ ʯʘʩʪʥʦʩʪʠ, ʝʩʣʠ ʥʠ-

ʢʘʢʘʷ ʘʧʨʠʦʨʥʘʷ ʠʥʬʦʨʤʘʮʠʷ ʦ ʩʪʨʫʢʪʫʨʝ ʩʠʛʥʘʣʘ ʥʠʢʘʢ ʥʝ ʫʯʠʪʳʚʘʝʪʩʷ, 

ʪ.ʝ. F I= , dimg
¤
= . ʕʪʦ ʦʪʚʝʯʘʝʪ ʧʦʣʥʦʤʫ çʧʦʜʘʚʣʝʥʠʶè ʰʫʤʘ, ʥʦ ʧʦ-

ʣʫʯʝʥʥʘʷ ʦʮʝʥʢʘ Ĕ 0x
¤
=  ʥʝ ʥʝʩʝʪ ʥʠʢʘʢʦʡ ʠʥʬʦʨʤʘʮʠʠ ʦʙ x. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʝʩʣʠ ʚ ʟʘʜʘʯʝ (2) 
0

he< , ʪʦ ʩʫʱʝʩʪʚʫʝʪ ʝʜʠʥʩʪʚʝʥʥʦʝ 

ʟʥʘʯʝʥʠʝ l ʧʨʠ ʢʦʪʦʨʦʤ h
l
. ʇʨʠ 

0
he²  ʦʧʪʠʤʘʣʴʥʦʡ ʦʮʝʥʢʦʡ ʙʫʜʝʪ 

0
Ĕx . 

ɿʘʢʣʶʯʝʥʠʝ. ʂʘʥʦʥʠʯʝʩʢʘʷ ʠʥʬʦʨʤʘʮʠʷ, ʥʘʢʦʧʣʝʥʥʘʷ ʠʟ ʤʥʦʛʠʭ 

ʠʟʤʝʨʝʥʠʡ, ʧʦʟʚʦʣʷʝʪ ʠʟʙʘʚʠʪʴʩʷ ʦʪ ʥʝʦʙʭʦʜʠʤʦʩʪʠ ʭʨʘʥʠʪʴ ʤʥʦʛʦʯʠʩʣʝʥ-

ʥʳʝ ʠʩʭʦʜʥʳʝ ʜʘʥʥʳʝ. ʇʨʠ ʧʦʩʪʫʧʣʝʥʠʠ ʥʦʚʳʭ ʠʟʤʝʨʝʥʠʡ ʜʦʩʪʘʪʦʯʥʦ ʚʳ-

ʜʝʣʠʪʴ ʠʟ ʥʠʭ ʢʘʥʦʥʠʯʝʩʢʫʶ ʠʥʬʦʨʤʘʮʠʶ ʠ ʜʦʙʘʚʠʪʴ ʢ ʥʘʢʦʧʣʝʥʥʦʡ. ʊʘ-

ʢʘʷ ʠʥʬʦʨʤʘʮʠʷ ʷʚʣʷʝʪʩʷ ʚʝʩʴʤʘ ʫʥʠʚʝʨʩʘʣʴʥʦʡ, ʚ ʯʘʩʪʥʦʩʪʠ, ʦʥʘ ʩʦʜʝʨ-

ʞʠʪ ʚʩʝ ʥʝʦʙʭʦʜʠʤʦʝ ʜʣʷ ʧʦʩʪʨʦʝʥʠʷ ʦʧʝʨʘʪʠʚʥʦʡ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʠ ʚʩʝʛʦ 

ʩʝʤʝʡʩʪʚʘ ʦʧʪʠʤʘʣʴʥʳʭ ʦʮʝʥʦʢ. ʇʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʥʘʢʦʧʣʝʥʥʦʡ ʠʥʬʦʨ-

ʤʘʮʠʠ ʤʦʞʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʣʶʙʦʡ ʦʧʝʨʘʪʦʨ F, ʦʪʚʝʯʘʶʱʠʡ ʧʨʝʜʩʪʘʚʣʝ-

ʥʠʷʤ ʵʢʩʧʝʨʠʤʝʥʪʘʪʦʨʘ.  
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ʪʦʨʳʭ ʧʣʘʟʤʘ ʚʳʪʷʥʫʪʘ ʧʦ ʚʝʨʪʠʢʘʣʠ ʚ ʧʦʣʦʠʜʘʣʴʥʦʤ ʩʝʯʝʥʠʠ. ɺʝʨʪʠʢʘʣʴ-

ʥʦʝ ʧʦʣʦʞʝʥʠʝ ʧʣʘʟʤʳ ʚ ʪʘʢʠʭ ʪʦʢʘʤʘʢʘʭ ʷʚʣʷʝʪʩʷ ʥʝʫʩʪʦʡʯʠʚʳʤ, ʧʦʵʪʦʤʫ 

ʜʣʷ ʦʙʝʩʧʝʯʝʥʠʷ ʧʣʘʟʤʝʥʥʳʭ ʨʘʟʨʷʜʦʚ ʚ ʪʘʢʠʭ ʪʦʢʘʤʘʢʘʭ ʧʨʠʤʝʥʷʝʪʩʷ ʩʠʩ-

ʪʝʤʘ ʫʧʨʘʚʣʝʥʠʷ ʩ ʦʙʨʘʪʥʦʡ ʩʚʷʟʴʶ. ɺʦʟʜʝʡʩʪʚʠʝ ʥʘ ʚʝʨʪʠʢʘʣʴʥʦʝ ʧʦʣʦʞʝ-

ʥʠʝ ʧʣʘʟʤʳ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʧʦʩʨʝʜʩʪʚʦʤ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ, ʩʦʟʜʘʚʘʝʤʦʛʦ 

ʪʦʢʦʤ ʚ ʦʙʤʦʪʢʝ ʛʦʨʠʟʦʥʪʘʣʴʥʦʛʦ ʫʧʨʘʚʣʷʶʱʝʛʦ ʧʦʣʷ (ʆɻʋʇ) [1]. ʉʠʩʪʝʤʘ 

ʫʧʨʘʚʣʝʥʠʷ ʚʝʨʪʠʢʘʣʴʥʳʤ ʧʦʣʦʞʝʥʠʝʤ ʧʣʘʟʤʳ ʦʙʝʩʧʝʯʠʚʘʝʪ ʫʩʪʦʡʯʠʚʦʩʪʴ 

ʚʝʨʪʠʢʘʣʴʥʦʛʦ ʧʦʣʦʞʝʥʠʷ ʧʣʘʟʤʳ ʠ ʦʙʝʩʧʝʯʝʥʠʝ ʟʘʜʘʥʥʦʛʦ ʩʮʝʥʘʨʠʷ ʚ ʪʝ-

ʯʝʥʠʝ ʧʣʘʟʤʝʥʥʦʛʦ ʨʘʟʨʷʜʘ. 

ɼʣʷ ʦʮʝʥʢʠ ʨʝʘʣʴʥʦʡ ʦʙʣʘʩʪʠ ʫʧʨʘʚʣʷʝʤʦʩʪʠ [2] ʚʝʨʪʠʢʘʣʴʥʳʤ ʧʦ-

ʣʦʞʝʥʠʝʤ ʧʣʘʟʤʳ ʚ ʂʊʄ ʩ ʆɻʋʇ ʠ ʦʮʝʥʢʠ ʢʘʯʝʩʪʚʘ ʠ ʟʘʧʘʩʦʚ ʨʦʙʘʩʪʥʦʡ 

ʫʩʪʦʡʯʠʚʦʩʪʠ ʩʠʩʪʝʤʳ ʫʧʨʘʚʣʝʥʠʷ ʚʝʨʪʠʢʘʣʴʥʳʤ ʧʦʣʦʞʝʥʠʝʤ ʧʣʘʟʤʳ ʩ 

ʫʯʝʪʦʤ ʠʤʝʶʱʝʛʦʩʷ ʠʩʪʦʯʥʠʢʘ ʧʠʪʘʥʠʷ ʆɻʋʇ ʠ ʮʠʬʨʦʚʦʡ ʘʧʧʘʨʘʪʫʨʳ 

ʙʳʣʘ ʧʦʩʪʘʚʣʝʥʘ ʟʘʜʘʯʘ ʧʦ ʨʘʟʨʘʙʦʪʢʝ ʩʠʩʪʝʤ ʫʧʨʘʚʣʝʥʠʷ ʚʝʨʪʠʢʘʣʴʥʳʤ 

ʧʦʣʦʞʝʥʠʝʤ ʧʣʘʟʤʳ. ʉʠʥʪʝʟ ʟʘʤʢʥʫʪʳʭ ʩʠʩʪʝʤ ʫʧʨʘʚʣʝʥʠʷ ʙʳʣ ʦʩʫʱʝʩʪʚ-

ʣʝʥ ʨʘʟʣʠʯʥʳʤʠ ʧʦʜʭʦʜʘʤʠ ʜʣʷ ʪʦʛʦ, ʯʪʦʙʳ ʚʳʷʚʠʪʴ ʚʦʟʤʦʞʥʦʩʪʠ ʨʘʟʥʳʭ 

ʩʠʩʪʝʤ ʫʧʨʘʚʣʝʥʠʷ ʢ ʫʜʝʨʞʘʥʠʶ ʚʝʨʪʠʢʘʣʴʥʦʛʦ ʧʦʣʦʞʝʥʠʷ ʧʣʘʟʤʳ ʚ ʦʙ-

ʣʘʩʪʠ ʫʧʨʘʚʣʷʝʤʦʩʪʠ ʧʨʠ ʤʘʢʩʠʤʘʣʴʥʦ ʚʦʟʤʦʞʥʦʡ ʚʝʣʠʯʠʥʝ ʪʨʘʥʩʧʦʨʪʥʦ-

ʛʦ ʟʘʧʘʟʜʳʚʘʥʠʷ ʚ ʢʦʥʪʫʨʝ ʦʙʨʘʪʥʦʡ ʩʚʷʟʠ ʙʝʟ ʧʦʪʝʨʠ ʫʩʪʦʡʯʠʚʦʩʪʠ, ʤʘʢ-

ʩʠʤʠʟʘʮʠʠ ʧʦʢʘʟʘʪʝʣʝʡ ʢʘʯʝʩʪʚʘ ʫʧʨʘʚʣʝʥʠʷ ʠ ʤʠʥʠʤʠʟʘʮʠʠ ʪʨʝʙʫʝʤʦʡ 

ʤʦʱʥʦʩʪʠ. ɺ ʭʦʜʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʩʠʥʪʝʟʠʨʦʚʘʥʳ ʮʠʬʨʦʚʳʝ ʩʠʩʪʝʤʳ ʫʧʨʘʚ-

ʣʝʥʠʷ ʩ ʨʝʛʫʣʷʪʦʨʘʤʠ ʩʣʝʜʫʶʱʠʭ ʪʠʧʦʚ: 

¶ ɼʠʩʢʨʝʪʥʳʡ ʇʀɼ-ʨʝʛʫʣʷʪʦʨ, ʥʘʩʪʨʦʝʥʥʳʡ ʤʝʪʦʜʦʤ ʣʠʥʝʡʥʳʭ 

ʤʘʪʨʠʯʥʳʭ ʥʝʨʘʚʝʥʩʪʚ; 

¶ ʅʝʧʨʝʨʳʚʥʳʡ ʇʀɼ-ʨʝʛʫʣʷʪʦʨ, ʥʘʩʪʨʦʝʥʥʳʡ ʤʝʪʦʜʦʤ QFT ʩ 

ʧʦʩʣʝʜʫʶʱʝʡ ʜʠʩʢʨʝʪʠʟʘʮʠʝʡ; 

¶ ʅʝʧʨʝʨʳʚʥʳʡ NCF-ʨʝʛʫʣʷʪʦʨ, ʥʘʩʪʨʦʝʥʥʳʡ ʤʝʪʦʜʦʤ ʚʟʘʠʤʥʦ-

ʧʨʦʩʪʦʡ ʬʘʢʪʦʨʠʟʘʮʠʠ ʧʝʨʝʜʘʪʦʯʥʦʡ ʬʫʥʢʮʠʠ ʤʦʜʝʣʠ ʦʙʲʝʢʪʘ 

ʩ ʧʦʩʣʝʜʫʶʱʝʡ ʜʠʩʢʨʝʪʠʟʘʮʠʝʡ. 
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ʈʠʩ. 1. ʇʦʣʦʠʜʘʣʴʥʦʝ ʩʝʯʝʥʠʝ ʪʦʢʘʤʘʢʘ ʂʊʄ. 

 

ʄʦʜʝʣʠʨʦʚʘʥʠʝ ʢʘʩʢʘʜʥʳʭ ʩʠʩʪʝʤ ʫʧʨʘʚʣʝʥʠʷ ʚʝʨʪʠʢʘʣʴʥʳʤ ʧʦʣʦ-

ʞʝʥʠʝʤ ʧʣʘʟʤʳ ʚ ʂʊʄ ʩ ʠʩʪʦʯʥʠʢʦʤ ʧʠʪʘʥʠʷ ʆɻʋʇ ʚ ʚʠʜʝ ʠʥʚʝʨʪʦʨʘ ʥʘ-

ʧʨʷʞʝʥʠʷ ʚ ʨʝʞʠʤʝ ʰʠʨʦʪʥʦ-ʠʤʧʫʣʴʩʥʦʡ ʤʦʜʫʣʷʮʠʠ ʦʩʫʱʝʩʪʚʣʷʣʦʩʴ ʩ 

ʫʯʝʪʦʤ ʟʘʜʘʥʥʳʭ ʦʛʨʘʥʠʯʝʥʠʡ ʥʘ ʝʛʦ ʧʘʨʘʤʝʪʨʳ: ʫʨʦʚʥʠ ʥʘʧʨʷʞʝʥʠʷ [ï1, 

0, 1] ʢɺ, ʤʘʢʩʠʤʘʣʴʥʳʡ ʪʦʢ 2 ʢA, ʤʘʢʩʠʤʘʣʴʥʘʷ ʤʦʱʥʦʩʪʴ 2 ʄɺʪ. ɺ ʢʘʯʝ-

ʩʪʚʝ ʘʣʴʪʝʨʥʘʪʠʚʥʦʛʦ ʚʘʨʠʘʥʪʘ ʠʩʪʦʯʥʠʢʘ ʧʠʪʘʥʠʷ ʙʳʣ ʨʘʩʩʤʦʪʨʝʥ 12-

ʧʫʣʴʩʥʳʡ ʚʳʧʨʷʤʠʪʝʣʴ ʩ ʤʘʢʩʠʤʘʣʴʥʳʤ ʥʘʧʨʷʞʝʥʠʝʤ 400 ɺ, ʤʘʢʩʠʤʘʣʴ-

ʥʳʤ ʪʦʢʦʤ 2 ʢɸ, ʤʘʢʩʠʤʘʣʴʥʦʡ ʤʦʱʥʦʩʪʴʶ 800 ʢɺʪ [3]. 

ʇʨʠ ʤʦʜʝʣʠʨʦʚʘʥʠʠ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ LPV (Linear Parameter-Varying) 

ʤʦʜʝʣʠ ʚʝʨʪʠʢʘʣʴʥʦʛʦ ʜʚʠʞʝʥʠʷ ʧʣʘʟʤʳ ʩ ʧʝʨʝʤʝʥʥʳʤʠ ʧʘʨʘʤʝʪʨʘʤʠ, ʧʦ-

ʣʫʯʝʥʥʳʝ ʠʟ ʚʦʩʩʪʘʥʦʚʣʝʥʥʦʛʦ ʨʘʚʥʦʚʝʩʠʷ ʧʣʘʟʤʳ ʚ ʂʊʄ, ʨʘʩʩʯʠʪʘʥʥʳʤʠ 

ʜʣʷ: 

1. 42 ʚʨʝʤʝʥʥʳʭ ʪʦʯʝʢ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʛʦ ʨʘʟʨʷʜʘ ˉ5126, ʦʪ 
2,4307 ʜʦ 2,4990 ʩ ʩ ʰʘʛʦʤ 1,67 ʤʩ. 

2. 63 ʚʨʝʤʝʥʥʳʭ ʪʦʯʝʢ ʧʨʦʝʢʪʥʦʛʦ ʨʘʟʨʷʜʘ, ʦʪ 0,28 ʜʦ 0,90 ʩʝʢʫʥ-

ʜʳ ʩ ʰʘʛʦʤ 10 ʤʩ.  

ɼʣʷ ʮʠʬʨʦʚʦʡ ʢʘʩʢʘʜʥʦʡ ʩʠʩʪʝʤʳ ʫʧʨʘʚʣʝʥʠʷ ʩ ʠʥʚʝʨʪʦʨʦʤ ʥʘʧʨʷ-

ʞʝʥʠʷ ʚ ʨʝʞʠʤʝ ʐʀʄ, ʤʘʢʩʠʤʘʣʴʥʦ ʚʦʟʤʦʞʥʦʝ ʚʝʨʪʠʢʘʣʴʥʦʝ ʩʤʝʱʝʥʠʝ 

ʧʣʘʟʤʳ ʧʨʠ ʢʦʪʦʨʦʤ ʩʠʩʪʝʤʘ ʫʧʨʘʚʣʝʥʠʷ ʩʦʭʨʘʥʷʝʪ ʫʩʪʦʡʯʠʚʦʩʪʴ ʩʦʩʪʘʚ-

ʣʷʝʪ 18 ʩʤ ʩ ʤʦʜʝʣʴʶ ʧʨʦʝʢʪʥʦʛʦ ʨʘʟʨʷʜʘ, ʠ 25 ʩʤ ʩ ʤʦʜʝʣʴʶ ʨʘʟʨʷʜʘ 

ˉ5126. ʆʙʘ ʟʥʘʯʝʥʠʷ ʧʝʨʝʢʨʳʚʘʶʪ ʨʝʘʣʴʥʦ ʥʝʦʙʭʦʜʠʤʳʡ ʜʠʘʧʘʟʦʥ ʚʝʨʪʠ-

ʢʘʣʴʥʦʛʦ ʩʤʝʱʝʥʠʷ ʧʣʘʟʤʳ, ʩʦʩʪʘʚʣʷʶʱʠʡ 15 ʩʤ. 

ʄʘʢʩʠʤʘʣʴʥʦʝ ʚʦʟʤʦʞʥʦʝ ʟʘʧʘʟʜʳʚʘʥʠʝ ʚ ʢʦʥʪʫʨʝ ʦʙʨʘʪʥʦʡ ʩʚʷʟʠ ʧʦ 

ʚʝʨʪʠʢʘʣʴʥʦʤʫ ʧʦʣʦʞʝʥʠʶ ʧʣʘʟʤʳ, ʧʨʠ ʢʦʪʦʨʦʤ ʩʦʭʨʘʥʷʝʪʩʷ ʫʩʪʦʡʯʠ-

ʚʦʩʪʴ ʠ ʧʨʠʝʤʣʝʤʦʝ ʢʘʯʝʩʪʚʦ ʫʧʨʘʚʣʝʥʠʷ, ʩʦʩʪʘʚʣʷʝʪ 33 ʤʩ ʩ ʤʦʜʝʣʴʶ ʧʨʦ-
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ʝʢʪʥʦʛʦ ʨʘʟʨʷʜʘ ʠ 12 ʤʩ ʩ ʤʦʜʝʣʴʶ ʨʘʟʨʷʜʘ ˉ5126. ʈʘʟʥʠʮʘ ʵʪʠʭ ʟʥʘʯʝʥʠʡ 

ʦʙʲʷʩʥʷʝʪʩʷ ʪʝʤ, ʯʪʦ ʥʝʫʩʪʦʡʯʠʚʳʡ ʧʦʣʶʩ ʤʦʜʝʣʠ ʨʘʟʨʷʜʘ ˉ5126 ʤʝʥʷʝʪ-

ʩʷ ʟʥʘʯʠʪʝʣʴʥʦ ʙʳʩʪʨʝʝ ʯʝʤ ʚ ʤʦʜʝʣʠ ʧʨʦʝʢʪʥʦʛʦ ʨʘʟʨʷʜʘ.  

ɺʩʝ ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʝ ʠ ʧʨʦʤʦʜʝʣʠʨʦʚʘʥʥʳʝ ʩʠʩʪʝʤʳ ʫʧʨʘʚʣʝʥʠʷ 

ʚʝʨʪʠʢʘʣʴʥʳʤ ʧʦʣʦʞʝʥʠʝʤ ʧʣʘʟʤʳ ʧʦʢʘʟʘʣʠ ʩʝʙʷ ʨʘʙʦʪʦʩʧʦʩʦʙʥʳʤʠ, ʥʦ 

ʚʳʜʝʨʞʠʚʘʶʪ ʨʘʟʥʦʝ ʢʦʣʠʯʝʩʪʚʦ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦ ʩʦʝʜʠʥʝʥʥʳʭ ʟʚʝʥʴʝʚ 

ʪʨʘʥʩʧʦʨʪʥʦʛʦ ʟʘʧʘʟʜʳʚʘʥʠʷ ʙʝʟ ʧʦʪʝʨʠ ʫʩʪʦʡʯʠʚʦʩʪʠ. ɺʳʙʦʨ ʚʘʨʠʘʥʪʘ 

ʩʠʩʪʝʤʳ ʫʧʨʘʚʣʝʥʠʷ ʜʣʷ ʧʨʘʢʪʠʯʝʩʢʦʛʦ ʧʨʠʤʝʥʝʥʠʷ ʩ ʫʯʝʪʦʤ ʩʫʱʝʩʪʚʫʶ-

ʱʝʛʦ ʠʩʪʦʯʥʠʢʘ ʧʠʪʘʥʠʷ ʆɻʋʇ ʠ ʘʧʧʘʨʘʪʥʳʭ ʩʨʝʜʩʪʚ ʜʣʷ ʨʝʘʣʠʟʘʮʠʠ ʨʝ-

ʛʫʣʷʪʦʨʦʚ ʷʚʣʷʝʪʩʷ ʧʨʝʜʤʝʪʦʤ ʜʘʣʴʥʝʡʰʠʭ ʠʩʩʣʝʜʦʚʘʥʠʡ. 
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ʧʣʘʟʤʳ ʚ ʪʦʢʘʤʘʢʝ ʩ ʨʘʟʥʳʤʠ ʠʩʪʦʯʥʠʢʘʤʠ ʧʠʪʘʥʠʷ ʦʙʤʦʪʢʠ ʛʦʨʠʟʦʥʪʘʣʴʥʦʛʦ 
ʫʧʨʘʚʣʷʶʱʝʛʦ ʧʦʣʷ // ɺʦʧʨʦʩʳ ʘʪʦʤʥʦʡ ʥʘʫʢʠ ʠ ʪʝʭʥʠʢʠ. ʉʝʨʠʷ: ʊʝʨʤʦʷʜʝʨ-
ʥʳʡ ʩʠʥʪʝʟ. 2022. ʊ. 45, ʚʳʧ. 3. ʉ. 34-49. 
3. Y.V. Mitrishkin, E.A. Pavlova, E.A. Kuznetsov, K.I. Gaydamaka, ñContinu-
ous, saturation, and discontinuous tokamak plasma vertical position control sys-
temsò, Fusion Engineering and Design, 2016, vol. 108, pp. 35-47.  
 

 

ʇʆʉʊʈʆɽʅʀɽ ʀ ɸʅɸʃʀɿ ʄʆɼɽʃɽʁ ɼɺʀɾɽʅʀʗ ʇʃɸɿʄʓ  

ɺ ʊʆʂɸʄɸʂɽ ʂʊʄ 

ʅʘʫʯ. ʩʦʪʨ. ʂʦʨʝʥʝʚ ʇ.ʉ., ʥʘʫʯ. ʩʦʪʨ. ʂʦʥʴʢʦʚ ɸ.ɽ.  

(ʚʩʝ ʘʚʪʦʨʳ ʠʟ ʀʇʋ ʈɸʅ ʠʤ. ɺ ɸ. ʊʨʘʧʝʟʥʠʢʦʚʘ). 

ʊʦʢʘʤʘʢ (ʊʆʨʦʠʜʘʣʴʥʘʷ ʂɸʤʝʨʘ ʩ ʄɸʛʥʠʪʥʳʤʠ ʂʘʪʫʰʢʘʤʠ) [1] ʵʪʦ 

ʫʩʪʘʥʦʚʢʘ ʜʣʷ ʤʘʛʥʠʪʥʦʛʦ ʫʜʝʨʞʘʥʠʷ ʪʝʨʤʦʷʜʝʨʥʦʡ ʧʣʘʟʤʳ. ʕʪʦ ʘʢʩʠʘʣʴ-

ʥʦ ʩʠʤʤʝʪʨʠʯʥʘʷ ʫʩʪʘʥʦʚʢʘ, ʧʦʵʪʦʤʫ ʜʣʷ ʝʝ ʦʧʠʩʘʥʠʷ ʜʘʣʝʝ ʧʨʠʤʝʥʷʶʪʩʷ 

ʮʠʣʠʥʜʨʠʯʝʩʢʠʝ ʢʦʦʨʜʠʥʘʪʳ (r, z). ɺ ʢʘʤʝʨʝ ʪʦʢʘʤʘʢʘ ʩʦʟʜʘʝʪʩʷ ʧʣʘʟʤʘ ʩ 

ʧʨʦʪʝʢʘʶʱʠʤ ʧʦ ʥʝʡ ʪʦʨʦʠʜʘʣʴʥʳʤ ʪʦʢʦʤ PI  ʩ ʨʘʩʧʨʝʜʝʣʝʥʠʝʤ ʧʣʦʪʥʦʩʪʠ 

ʪʦʢʘ J(r, z). ɺ ʩʦʚʨʝʤʝʥʥʳʭ ʪʦʢʘʤʘʢʘʭ ʩʦʟʜʘʝʪʩʷ ʢʦʥʬʠʛʫʨʘʮʠʷ ʧʣʘʟʤʳ ʩ 

ʚʳʪʷʥʫʪʳʤ ʧʦ ʚʝʨʪʠʢʘʣʠ ʩʝʯʝʥʠʝʤ ʧʣʘʟʤʳ, ʧʦʟʚʦʣʷʶʱʘʷ ʧʦʜʘʚʠʪʴ ʨʷʜ 

ʄɻɼ-ʥʝʫʩʪʦʡʯʠʚʦʩʪʝʡ ʧʣʘʟʤʳ. ɼʣʷ ʧʦʣʫʯʝʥʠʷ ʚʳʪʷʥʫʪʦʡ ʢʦʥʬʠʛʫʨʘʮʠʠ ʚ 

ʚʝʨʭʥʝʡ ʯʘʩʪʠ ʪʦʢʘʤʘʢʘ ʩʦʟʜʘʝʪʩʷ ʤʘʛʥʠʪʥʦʝ ʧʦʣʝ 0rB < , ʧʦʨʦʞʜʘʶʱʝʝ 

ʩʠʣʫ ɸʤʧʝʨʘ 2 0z r

S

F JB dSp
+

+=- >ñ , {( , ) : 0}S r z z+= >, ʪʷʥʫʱʫʶ ʧʣʘʟʤʫ 



ʇʦʜʩʝʢʮʠʷ çʇʨʠʢʣʘʜʥʘʷ ʤʘʪʝʤʘʪʠʢʘ ʠ ʤʘʪ. ʤʦʜʝʣʠʨʦʚʘʥʠʝè  139 

ʚʚʝʨʭ, ʘ ʚ ʥʠʞʥʝʡ ʯʘʩʪʠ ʪʦʢʘʤʘʢʘ ʩʦʟʜʘʝʪʩʷ ʤʘʛʥʠʪʥʦʝ ʧʦʣʝ 0rB > , ʧʦʨʦʞ-

ʜʘʶʱʝʝ ʩʠʣʫ ɸʤʧʝʨʘ 2 0z r

S

F JB dSp
-

-=- <ñ , {( , ) : 0}S r z z-= <, ʪʷʥʫʱʫʶ 

ʧʣʘʟʤʫ ʚʥʠʟ. ɺ ʧʦʣʦʞʝʥʠʠ ʨʘʚʥʦʚʝʩʠʷ ʨʘʩʪʷʛʠʚʘʶʱʠʝ ʧʣʘʟʤʫ ʩʠʣʳ ɸʤʧʝ-

ʨʘ ʫʨʘʚʥʦʚʝʰʠʚʘʶʪ ʜʨʫʛ ʜʨʫʛʘ 0z zF F+ -+ =, ʦʜʥʘʢʦ ʵʪʦ ʨʘʚʥʦʚʝʩʠʝ ʥʝʫʩ-

ʪʦʡʯʠʚʦ: / 0rB zµ µ < ʠ ʧʨʠ ʩʤʝʱʝʥʠʠ ʧʣʘʟʤʳ ʧʦ ʚʝʨʪʠʢʘʣʠ, ʜʝʡʩʪʚʫʶʱʘʷ 

ʥʘ ʧʣʘʟʤʫ ʩʠʣʘ z zF F+ -+  ʩʪʘʥʦʚʠʪʩʷ ʥʝʥʫʣʝʚʦʡ ʠ ʥʘʧʨʘʚʣʝʥʥʦʡ ʦʪ ʧʦʣʦʞʝ-

ʥʠʷ ʨʘʚʥʦʚʝʩʠʷ. ʇʦʵʪʦʤʫ ʜʣʷ ʨʘʙʦʪʳ ʩʦʚʨʝʤʝʥʥʳʭ ʪʦʢʘʤʘʢʦʚ ʥʝʦʙʭʦʜʠʤʘ 

ʩʠʩʪʝʤʘ ʫʧʨʘʚʣʝʥʠʷ, ʨʝʛʫʣʠʨʫʶʱʘʷ ʪʦʢʠ ʚ ʢʘʪʫʰʢʘʭ ʪʦʢʘʤʘʢʘ, ʯʪʦʙʳ ʩʪʘ-

ʙʠʣʠʟʠʨʦʚʘʪʴ ʚʝʨʪʠʢʘʣʴʥʦʝ ʧʦʣʦʞʝʥʠʝ ʧʣʘʟʤʳ. ɼʣʷ ʨʘʟʨʘʙʦʪʢʠ ʪʘʢʦʡ ʩʠʩ-

ʪʝʤʳ ʥʝʦʙʭʦʜʠʤʦ ʠʤʝʪʴ ʤʘʪʝʤʘʪʠʯʝʩʢʫʶ ʤʦʜʝʣʴ, ʦʧʠʩʳʚʘʶʱʫʶ ʢʘʢ ʤʝʥʷ-

ʝʪʩʷ ʧʦʣʦʞʝʥʠʝ ʧʣʘʟʤʳ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʧʦʜʘʚʘʝʤʳʭ ʥʘ ʢʘʪʫʰʢʠ ʥʘʧʨʷ-

ʞʝʥʠʡ. 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʦʧʠʩʘʥʦ ʧʦʩʪʨʦʝʥʠʝ ʠ ʘʥʘʣʠʟ ʤʦʜʝʣʝʡ ʜʚʠʞʝʥʠʷ 

ʧʣʘʟʤʳ ʚ ʪʦʢʘʤʘʢʝ ʂʊʄ (ʂʘʟʘʭʩʪʘʥʩʢʠʡ ʊʦʢʘʤʘʢ ʄʘʪʝʨʠʘʣʦʚʝʜʯʝʩʢʠʡ). 

ʄʦʜʝʣʴ ʧʦʩʪʨʦʝʥʘ ʥʘ ʦʩʥʦʚʝ ʫʨʘʚʥʝʥʠʡ ʂʠʨʭʛʦʬʘ ʜʣʷ ʢʦʥʪʫʨʦʚ ʧʣʘʟʤʳ, 

ʢʘʪʫʰʝʢ ʠ ʵʣʝʤʝʥʪʦʚ ʢʘʤʝʨʳ ʪʦʢʘʤʘʢʘ, ʠ ʫʨʘʚʥʝʥʠʷ ʙʘʣʘʥʩʘ ʩʠʣ, ʜʝʡʩʪ-

ʚʫʶʱʠʭ ʥʘ ʧʣʘʟʤʫ 

 ( , ) , ( , ) 0.
d

I J RI U F I J
dt
Y + = =  (1) 

ɿʜʝʩʴ Ɋ ï ʚʝʢʪʦʨ-ʩʪʦʣʙʝʮ ʧʦʪʦʢʦʚ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʯʝʨʝʟ ʢʦʥʪʫʨʘ ʪʦ-

ʢʦʚ ʚ ʪʦʢʘʤʘʢʝ, , ,
T

T T

PF VV PI I I Iè ø=ê ú ï ʚʝʢʪʦʨ-ʩʪʦʣʙʝʮ ʧʨʦʪʝʢʘʶʱʠʭ ʚ ʢʦʥʪʫ-

ʨʘʭ ʪʦʢʦʚ, ʚʢʣʶʯʘʶʱʠʡ ʚ ʩʝʙʷ ʪʦʢʠ 
PFI  ʚ ʢʘʪʫʰʢʘʭ ʪʦʢʘʤʘʢʘ, ʪʦʢʠ 

VVI  ʚ 

ʢʘʤʝʨʝ ʪʦʢʘʤʘʢʘ ʠ ʪʦʢ ʧʣʘʟʤʳ 
PI , U ï ʚʝʢʪʦʨ-ʩʪʦʣʙʝʮ ʥʘʧʨʷʞʝʥʠʡ, ʧʦʜʘ-

ʚʘʝʤʳʭ ʥʘ ʢʦʥʪʫʨʘ, R ï ʜʠʘʛʦʥʘʣʴʥʘʷ ʤʘʪʨʠʮʘ ʵʣʝʢʪʨʠʯʝʩʢʠʭ ʩʦʧʨʦʪʠʚʣʝ-

ʥʠʡ ʢʦʥʪʫʨʦʚ, F  ï ʨʘʚʥʦʜʝʡʩʪʚʫʶʱʘʷ ʩʠʣ, ʜʝʡʩʪʚʫʶʱʠʭ ʥʘ ʧʣʘʟʤʫ. ɼʣʷ 

ʥʘʭʦʞʜʝʥʠʷ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʚ ʵʪʦʡ ʩʠʩʪʝʤʝ ʥʝʦʙʭʦʜʠʤʦ ʟʥʘʪʴ ʨʘʩʧʨʝʜʝʣʝ-

ʥʠʝ ʧʣʦʪʥʦʩʪʠ ʪʦʢʦʚ J ʚ ʧʣʘʟʤʝ. ʅʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʵʪʦ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʥʝ 

ʠʟʤʝʨʷʝʪʩʷ, ʠ ʜʦʣʞʥʦ ʙʳʪʴ ʦʧʨʝʜʝʣʝʥʦ ʠʟ ʠʤʝʶʱʠʭʩʷ ʩʠʛʥʘʣʦʚ ʤʘʛʥʠʪʥʦʡ 

ʜʠʘʛʥʦʩʪʠʢʠ ʪʦʢʘʤʘʢʘ. ʕʪʘ ʟʘʜʘʯʘ ʠʟʚʝʩʪʥʘ ʢʘʢ ʟʘʜʘʯʘ ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ ʨʘʚ-

ʥʦʚʝʩʠʷ ʧʣʘʟʤʳ ʚ ʪʦʢʘʤʘʢʝ. 

ɼʣʷ ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ ʨʘʚʥʦʚʝʩʠʷ ʧʣʘʟʤʳ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʠʪʝʨʘʮʠʦʥ-

ʥʳʡ ʘʣʛʦʨʠʪʤ FCDI-IT [2]. ʅʘ ʢʘʞʜʦʡ ʠʪʝʨʘʮʠʠ ʧʣʦʪʥʦʩʪʴ ʪʦʢʘ ʧʣʘʟʤʳ J 

ʘʧʧʨʦʢʩʠʤʠʨʦʚʘʣʘʩʴ ʧʦʣʠʥʦʤʘʤʠ ʦʪ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʦʠ-

ʜʘʣʴʥʦʛʦ ʧʦʪʦʢʘ ʧʨʝʜʳʜʫʱʝʡ ʠʪʝʨʘʮʠʠ. ʂʦʵʬʬʠʮʠʝʥʪʳ ʧʦʣʠʥʦʤʦʚ c ʠ 

ʧʨʦʪʝʢʘʶʱʠʝ ʚ ʢʘʤʝʨʝ ʪʦʢʠ 
VVI  ʥʘʭʦʜʠʣʠʩʴ ʤʠʥʠʤʠʟʘʮʠʝʡ ʢʚʘʜʨʘʪʠʯʥʦʛʦ 

ʬʫʥʢʮʠʦʥʘʣʘ ʦʰʠʙʦʢ: 

( ) ( )
222

,
( , ) ) min.

VV
XY VV VV VV VV

c I
W X Y c I W I Ic= - + - ­   
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ɿʜʝʩʴ X ï ʚʝʢʪʦʨ ʧʦʢʘʟʘʥʠʡ ʜʠʘʛʥʦʩʪʠʢʠ ʪʦʢʘʤʘʢʘ, ʚʢʣʶʯʘʶʱʠʡ ʠʟ-

ʤʝʨʝʥʠʷ ʤʘʛʥʠʪʥʳʭ ʧʦʪʦʢʦʚ, ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ, ʪʦʢʦʚ ʧʣʘʟʤʳ ʠ ʢʘʤʝʨʳ ʪʦ-

ʢʘʤʘʢʘ, Y ï ʚʝʢʪʦʨ ʚʦʩʩʪʘʥʦʚʣʝʥʥʳʭ ʟʥʘʯʝʥʠʡ ʧʦʪʦʢʦʚ ʧʦʣʝʡ ʠ ʪʦʢʦʚ, 
XYW  

ʠ 
VVW  ï ʜʠʘʛʦʥʘʣʴʥʳʝ ʤʘʪʨʠʮʳ ʚʝʩʦʚʳʭ ʢʦʵʬʬʠʮʠʝʥʪʦʚ, VVI  ï ʦʮʝʥʢʘ ʥʘ-

ʚʝʜʝʥʥʳʭ ʚ ʢʘʤʝʨʝ ʪʦʢʦʚ, ʨʘʩʩʯʠʪʘʥʥʘʷ ʠʟ ʠʟʤʝʨʝʥʥʳʭ ʪʦʢʦʚ ʢʘʪʫʰʝʢ 
PFI  

ʠ ʧʣʘʟʤʳ 
PI  ʩʦʛʣʘʩʥʦ ʫʨʘʚʥʝʥʠʶ: 

0,VV VV VVPF PF VVP P VV VV

d d d
L I M I M I R I

dt dt dt
+ + + =  

ʛʜʝ 
VVL , 

VVPFM , 
VVPM  ï ʤʘʪʨʠʮʳ ʩʦʙʩʪʚʝʥʥʳʭ ʠ ʚʟʘʠʤʥʳʭ ʠʥʜʫʢʪʠʚ-

ʥʦʩʪʝʡ ʵʣʝʤʝʥʪʦʚ ʢʘʤʝʨʳ, 
VVR  ï ʜʠʘʛʦʥʘʣʴʥʘʷ ʤʘʪʨʠʮʘ ʩʦʧʨʦʪʠʚʣʝʥʠʡ 

ʵʣʝʤʝʥʪʦʚ ʢʘʤʝʨʳ. ʀʩʧʦʣʴʟʫʝʤʦʝ ʚ ʵʪʦʤ ʫʨʘʚʥʝʥʠʠ ʟʥʘʯʝʥʠʝ ʚʟʘʠʤʥʦʡ ʠʥ-

ʜʫʢʪʠʚʥʦʩʪʠ ʤʝʞʜʫ ʢʘʤʝʨʦʡ ʠ ʧʣʘʟʤʦʡ 
VVPM  ʨʘʩʩʯʠʪʘʥʦ ʜʣʷ ʤʦʜʝʣʴʥʦʛʦ 

ʨʘʚʥʦʚʝʩʠʷ ʧʣʘʟʤʳ ʩ ʬʠʢʩʠʨʦʚʘʥʥʳʤ ʧʦʣʦʞʝʥʠʝʤ ʧʣʘʟʤʦʡ ʠ ʷʚʣʷʝʪʩʷ 

ʧʨʠʙʣʠʞʝʥʥʦʡ ʦʮʝʥʢʦʡ, ʧʦʩʢʦʣʴʢʫ ʧʦʣʦʞʝʥʠʝ ʧʣʘʟʤʳ ʠ ʟʘʚʠʩʷʱʠʝ ʦʪ ʥʝʛʦ 

ʠʥʜʫʢʪʠʚʥʦʩʪʠ ʤʦʛʫʪ ʤʝʥʷʪʴʩʷ ʚ ʭʦʜʝ ʨʘʟʨʷʜʘ. 

ʈʝʟʫʣʴʪʘʪʦʤ ʨʘʙʦʪʳ ʘʣʛʦʨʠʪʤʘ FCDI-IT ʷʚʣʷʝʪʩʷ ʨʘʩʧʨʝʜʝʣʝʥʠʝ J 

ʧʣʦʪʥʦʩʪʠ ʪʦʢʘ ʧʣʘʟʤʳ ʅʘʡʜʝʥʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʧʦʟʚʦʣʷʝʪ ʥʘʡʪʠ ʥʝʠʟ-

ʚʝʩʪʥʳʝ ʢʦʵʬʬʠʮʠʝʥʪʳ ʚ ʫʨʘʚʥʝʥʠʷʭ ʤʦʜʝʣʠ (1). ʕʪʠ ʢʦʵʬʬʠʮʠʝʥʪʳ ʥʝʣʠ-

ʥʝʡʥʦ ʟʘʚʠʩʷʪ ʦʪ J, ʠ ʜʣʷ ʫʜʦʙʩʪʚʘ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʤʦʜʝʣʴ (1) ʙʳʣʘ ʣʠʥʝʘ-

ʨʠʟʦʚʘʥʘ ʜʣʷ ʤʘʣʳʭ ʦʪʢʣʦʥʝʥʠʡ ʦʪ ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʛʦ ʨʘʚʥʦʚʝʩʠʷ ʧʣʘʟʤʳ. 

ʇʦʜ ʤʘʣʳʤʠ ʦʪʢʣʦʥʝʥʠʷʤʠ ʦʪ ʨʘʚʥʦʚʝʩʠʷ ʧʦʜʨʘʟʫʤʝʚʘʶʪʩʷ ʦʪʢʣʦʥʝʥʠʷ 

ʪʦʢʦʚ ʚ ʩʠʩʪʝʤʝ Id, ʦʪʢʣʦʥʝʥʠʷ ʧʦʜʘʚʘʝʤʳʭ ʥʘʧʨʷʞʝʥʠʡ Ud  ʠ ʚʘʨʠʘʮʠʠ 

ʧʣʦʪʥʦʩʪʠ ʪʦʢʘ ʧʣʘʟʤʳ, ʧʦʣʫʯʘʝʤʳʝ ʧʨʠ ʩʜʚʠʛʝ ʧʣʘʟʤʳ ʥʘ ʚʝʣʠʯʠʥʫ 

[ ],
T

P P Pr r zd d d= .  

ʃʠʥʝʘʨʠʟʦʚʘʥʥʳʝ ʫʨʘʚʥʝʥʠʷ ʤʦʜʝʣʠ ʠʤʝʶʪ ʚʠʜ 

, 0.P P

P P

d d F F
I r R I U I r

I dt r dt I r
d d d d d d

µY µY µ µ
+ + = + =

µ µ µ µ
  

ʃʠʥʝʡʥʳʤʠ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷʤʠ ʤʦʜʝʣʴ ʧʨʠʚʝʜʝʥʘ ʢ ʩʪʘʥʜʘʨʪʥʦʤʫ 

ʚʠʜʫ ʤʦʜʝʣʠ ʚ ʧʨʦʩʪʨʘʥʩʪʚʝ ʩʦʩʪʦʷʥʠʡ, ʠʩʧʦʣʴʟʫʝʤʦʤʫ ʚ ʪʝʦʨʠʠ ʫʧʨʘʚʣʝ-

ʥʠʷ 

 , , , , , , .
T

T T

P P PF

dx
Ax Bu y Cx x I u U y r I I

dt
d d d d dè ø= + = = = =ê ú  (2) 

ʇʦʣʫʯʝʥʥʘʷ ʤʦʜʝʣʴ ʧʦʟʚʦʣʷʝʪ ʧʨʦʩʣʝʜʠʪʴ ʢʘʢ ʤʝʥʷʶʪʩʷ ʚʳʭʦʜʳ ʤʦ-

ʜʝʣʠ y (ʩʤʝʱʝʥʠʝ ʧʣʘʟʤʳ, ʦʪʢʣʦʥʝʥʠʷ ʪʦʢʦʚ ʧʣʘʟʤʳ ʠ ʢʘʪʫʰʝʢ ʪʦʢʘʤʘʢʘ), 

ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʚʭʦʜʦʚ ʤʦʜʝʣʠ u (ʦʪʢʣʦʥʝʥʠʷ ʥʘʧʨʷʞʝʥʠʡ ʥʘ ʢʘʪʫʰʢʘʭ 

ʪʦʢʘʤʘʢʘ). ɼʠʥʘʤʠʢʘ ʤʦʜʝʣʠ (2) ʦʧʨʝʜʝʣʷʝʪʩʷ ʨʝʰʝʥʠʝʤ ʦʜʥʦʨʦʜʥʦʡ ʯʘʩʪʠ 

ʤʦʜʝʣʠ /dx dt Ax= . ʕʪʦ ʨʝʰʝʥʠʝ ʠʤʝʝʪ ʚʠʜ ʣʠʥʝʡʥʦʡ ʢʦʤʙʠʥʘʮʠʠ ʵʢʩʧʦ-

ʥʝʥʪ, ʢʦʵʬʬʠʮʠʝʥʪʘʤʠ ʚ ʧʦʢʘʟʘʪʝʣʷʭ ʢʦʪʦʨʳʭ ʷʚʣʷʶʪʩʷ ʩʦʙʩʪʚʝʥʥʳʝ ʟʥʘ-

ʯʝʥʠʷ ʤʘʪʨʠʮʳ A. ʇʦʣʫʯʝʥʥʳʝ ʜʣʷ ʪʦʢʘʤʘʢʘ ʂʊʄ ʤʦʜʝʣʠ ʠʤʝʶʪ ʦʜʥʦ ʧʦ-
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ʣʦʞʠʪʝʣʴʥʦʝ ʩʦʙʩʪʚʝʥʥʦʝ ʟʥʘʯʝʥʠʝ g ʤʘʪʨʠʮʳ A, ʦʪʨʘʞʘʶʱʝʝ ʥʝʫʩʪʦʡʯʠ-

ʚʦʩʪʴ ʚʝʨʪʠʢʘʣʴʥʦʛʦ ʧʦʣʦʞʝʥʠʷ ʧʣʘʟʤʳ ʚ ʪʦʢʘʤʘʢʝ, ʠ ʦʢʘʟʳʚʘʶʱʝʝ ʦʧʨʝ-

ʜʝʣʷʶʱʝʝ ʚʣʠʷʥʠʝ ʥʘ ʜʠʥʘʤʠʢʫ ʧʣʘʟʤʳ. 

ɸʥʘʣʠʟ ʤʦʜʝʣʠ (2) ʧʦʟʚʦʣʷʝʪ ʦʮʝʥʠʪʴ ʚ ʢʘʢʠʭ ʧʨʝʜʝʣʘʭ ʩʠʩʪʝʤʘ 

ʫʧʨʘʚʣʝʥʠʷ ʤʦʞʝʪ ʩʤʝʱʘʪʴ ʧʣʘʟʤʫ ʙʝʟ ʧʦʪʝʨʠ ʫʩʪʦʡʯʠʚʦʩʪʠ [3]. ɼʣʷ ʠʭ 

ʥʘʭʦʞʜʝʥʠʷ ʧʨʦʚʝʜʝʤ ʣʠʥʝʡʥʦʝ ʧʨʝʦʙʨʘʟʦʚʘʥʠʝ ʧʨʦʩʪʨʘʥʩʪʚʘ ʩʦʩʪʦʷʥʠʡ x 

ʤʦʜʝʣʠ (2) ʢ ʙʘʟʠʩʫ ʩʦʙʩʪʚʝʥʥʳʭ ʚʝʢʪʦʨʦʚ ʤʘʪʨʠʮʳ A. ɺ ʵʪʦʤ ʙʘʟʠʩʝ ʜʠʥʘ-

ʤʠʢʘ ʥʝʫʩʪʦʡʯʠʚʦʛʦ ʩʦʩʪʦʷʥʠʷ Ĕ
nx ʦʧʠʩʳʚʘʝʪʩʷ ʫʨʘʚʥʝʥʠʝʤ 

[ ]1 1

Ĕ Ĕ Ĕ Ĕ ĔĔ Ĕ Ĕ Ĕ Ĕ Ĕ, ,   ,   ... ,
Tn

n P n n n

d x
x b U z Cx C C c x x x

dt
g d d -

è ø= + = = =
ê ú

 

ʠʟ ʢʦʪʦʨʦʛʦ ʩʣʝʜʫʝʪ, ʯʪʦ ʧʣʘʟʤʘ ʤʦʞʝʪ ʙʳʪʴ ʫʧʨʘʚʣʷʝʤʦʡ ʧʨʠ ʧʦʣʦ-

ʞʝʥʠʷʭ max
ĔĔ /P n nz c b Ud d g< . ɼʣʷ ʪʦʢʘʤʘʢʘ ʂʊʄ ʨʘʩʩʯʠʪʘʥʥʘʷ ʧʦ ʜʘʥʥʳʤ 

ʧʣʘʟʤʝʥʥʦʛʦ ʨʘʟʨʷʜʘ ˉ5126 ʦʙʣʘʩʪʴ ʫʧʨʘʚʣʷʝʤʦʩʪʠ ʩʦʩʪʘʚʠʣʘ Pzd <

42 ʩʤ. ʇʦ ʩʦʦʪʚʝʪʩʪʚʠʶ ʨʘʩʩʯʠʪʘʥʥʦʛʦ ʠʥʪʝʨʚʘʣʘ ʥʘʙʣʶʜʘʶʱʝʤʫʩʷ ʚ ʵʢʩ-

ʧʝʨʠʤʝʥʪʝ ʤʦʞʥʦ ʦʮʝʥʠʪʴ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʠʩʧʦʣʴʟʫʝʤʦʡ ʥʘ ʪʦʢʘʤʘʢʝ ʩʠʩ-

ʪʝʤʳ ʫʧʨʘʚʣʝʥʠʷ. 
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ʋʉʈɽɼʅɽʅʀɽ ʇɸʈɸʄɽʊʈʆɺ ʄɽʊɸʄɸʊɽʈʀɸʃʆɺ  

ɺ ʊʈɽʍʄɽʈʅʓʍ ʉʊʈʋʂʊʋʈɸʍ 

ʇʨʦʬ. ɹʦʛʦʣʶʙʦʚ ɸ.ʅ., ʘʩʧ. ʅʠʢʠʪʯʝʥʢʦ ɸ.ɼ. 

ɺ ʧʦʩʣʝʜʥʠʝ ʚʨʝʤʷ ʤʝʪʘʤʘʪʝʨʠʘʣʳ ʚʳʟʳʚʘʶʪ ʙʦʣʴʰʦʡ ʠʥʪʝʨʝʩ [1]-

[8]. ʕʪʦʪ ʠʥʪʝʨʝʩ ʚʳʟʚʘʥ ʪʝʤ, ʯʪʦ ʤʝʪʘʤʘʪʝʨʠʘʣʳ ʤʦʛʫʪ ʦʙʣʘʜʘʪʴ ʥʝʦʙʳʯ-

ʥʳʤʠ ʦʧʪʠʯʝʩʢʠʤʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ. ʄʝʪʘʤʘʪʝʨʠʘʣʳ ʦʙʣʘʜʘʶʪ ʩʪʨʫʢʪʫ-

ʨʦʡ, ʨʘʟʤʝʨ ʢʦʪʦʨʦʡ ʛʦʨʘʟʜʦ ʤʝʥʴʰʝ ʜʣʠʥʳ ʚʦʣʥʳ ʠʟʣʫʯʝʥʠʷ. ʀʟ-ʟʘ ʵʪʦʛʦ 

ʧʨʷʤʦʝ ʯʠʩʣʝʥʥʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʪʘʢʠʭ ʩʪʨʫʢʪʫʨ, ʩʪʘʥʦʚʠʪʩʷ ʢʨʘʡʥʝ ʟʘ-

ʪʨʫʜʥʠʪʝʣʴʥʳʤ. ʅʘʠʙʦʣʝʝ ʧʨʦʩʪʳʤ ʠ ʦʯʝʚʠʜʥʳʤ ʨʝʰʝʥʠʝʤ ʵʪʦʡ ʧʨʦʙʣʝʤʳ 

ʷʚʣʷʝʪʩʷ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʨʘʟʣʠʯʥʳʭ ʪʝʦʨʠʡ ʫʩʨʝʜʥʝʥʠʷ. ʂʦʥʝʯʥʦʡ ʮʝʣʴʶ 
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ʵʪʠʭ ʪʝʦʨʠʡ ʷʚʣʷʝʪʩʷ ʟʘʤʝʥʘ ʩʣʦʞʥʦʡ ʩʪʨʫʢʪʫʨʳ, ʩʦʩʪʦʷʱʝʡ ʠʟ ʥʝʩʢʦʣʴʢʠʭ 

ʯʘʩʪʝʡ, ʥʘ ʩʧʣʦʰʥʫʶ ʩʨʝʜʫ, ʢʦʪʦʨʘʷ, ʚ ʦʧʨʝʜʝʣʝʥʥʦʤ ʩʤʳʩʣʝ, ʟʘʤʝʥʷʝʪ 

ʩʣʦʞʥʫʶ ʩʪʨʫʢʪʫʨʫ, ʪʝʤ ʩʘʤʳʤ ʫʧʨʦʱʘʷ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʤʝʪʘʤʘʪʝʨʠʘʣʴ-

ʥʳʭ ʩʨʝʜ ʠ ʨʘʩʯʝʪʳ ʩʠʩʪʝʤ ʠ ʫʩʪʨʦʡʩʪʚ ʥʘ ʠʭ ʦʩʥʦʚʝ.  

ʀʟʚʝʩʪʥʳ ʢʣʘʩʩʠʯʝʩʢʠʝ ʧʨʠʝʤʳ ʫʩʨʝʜʥʝʥʠʷ, ʥʘʧʨʠʤʝʨ, ʬʦʨʤʫʣʘ 

ʂʣʘʫʟʠʫʩʘ ð ʄʦʩʩʦʪʪʠ, ʬʦʨʤʫʣʘ ɹʨʶʛʛʝʤʘʥʘ, ʤʦʜʝʣʴ ʄʘʢʩʚʝʣʣʘ ɻʘʨʥʝʪʪʘ 

ʠ ʪ.ʜ.. ʊʘʢʞʝ ʠʟʚʝʩʪʥʳ ʜʨʫʛʠʝ ʤʝʪʦʜʳ ʚʳʯʠʩʣʝʥʠʷ ʵʬʬʝʢʪʠʚʥʳʭ ʧʘʨʘʤʝʪ-

ʨʦʚ, ʥʘʧʨʠʤʝʨ, ʠʟʚʣʝʯʝʥʠʝ S-ʧʘʨʘʤʝʪʨʦʚ ʠ ʤʝʪʦʜ ʧʦʣʝʚʳʭ ʫʩʨʝʜʥʝʥʠʡ. 

ɺ ʩʪʘʪʴʝ M§rio G. Silveirinha [9] ʧʨʝʜʣʘʛʘʝʪʩʷ ʤʝʪʦʜ, ʦʩʥʦʚʘʥʥʳʡ ʥʘ 

ʚʦʟʙʫʞʜʝʥʠʠ ʧʦʣʝʡ ʩ ʧʦʤʦʱʴʶ ʵʣʝʢʪʨʠʯʝʩʢʠʭ ʪʦʢʦʚ ʠ ʚʳʯʠʩʣʝʥʠʠ ʩʧʝʮʠ-

ʘʣʴʥʦʡ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʬʫʥʢʮʠʠ, ʠʟ ʢʦʪʦʨʦʡ ʧʨʠ ʦʧʨʝʜʝʣʝʥʥʳʭ ʫʩʣʦʚʠʷʭ 

ʤʦʞʥʦ ʧʦʣʫʯʠʪʴ ʢʣʘʩʩʠʯʝʩʢʠʝ ʵʬʬʝʢʪʠʚʥʳʝ ʜʠʵʣʝʢʪʨʠʯʝʩʢʫʶ ʧʨʦʥʠʮʘʝ-

ʤʦʩʪʴ ʠ ʤʘʛʥʠʪʥʫʶ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʴ. 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʙʳʣʘ ʧʨʦʚʝʨʝʥʘ ʠ ʧʦʜʪʚʝʨʞʜʝʥʘ ʬʦʨʤʫʣʦʡ ʃʝʚʠʥʘ 

ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʠ ʧʨʠʤʝʥʠʤʦʩʪʴ ʤʝʪʦʜʘ ʨʘʩʯʝʪʘ  ʧʘʨʘʤʝʪʨʦʚ ʤʝʪʘʤʘʪʝʨʠʘ-

ʣʦʚ, ʧʨʝʜʣʦʞʝʥʥʦʛʦ ʚ ʨʘʙʦʪʝ [9], ʜʣʷ ʪʨʝʭʤʝʨʥʳʭ ʩʪʨʫʢʪʫʨ, ʚ ʯʘʩʪʥʦʩʪʠ 

ʜʣʷ ʩʬʝʨʠʯʝʩʢʠʭ ʚʩʪʘʚʦʢ.  
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ɺʝʜ. ʧʨʦʛʨʘʤʤʠʩʪ ʍʣʝʙʥʠʢʦʚ ʌ.ɹ., ʧʨʦʬ. ɹʦʛʦʣʶʙʦʚ ɸ.ʅ., 

ʜʦʮ. ʐʘʧʢʠʥʘ ʅ.ɽ. (ʀʥʩʪʠʪʫʪ ʪʝʦʨʝʪʠʯʝʩʢʦʡ ʠ ʧʨʠʢʣʘʜʥʦʡ ʵʣʝʢʪʨʦʜʠʥʘ-

ʤʠʢʠ ʈɸʅ), ʥʘʫʯ. ʩʦʪʨ. ʂʦʥʷʝʚ ɼ.ɸ. (ʀʥʩʪʠʪʫʪ ʪʝʦʨʝʪʠʯʝʩʢʦʡ ʠ ʧʨʠʢʣʘʜʥʦʡ 

ʵʣʝʢʪʨʦʜʠʥʘʤʠʢʠ ʈɸʅ). 

ʂʦʤʧʘʢʪʥʳʡ ʧʦʣʠʛʦʥ ð ʵʪʦ ʠʟʤʝʨʠʪʝʣʴʥʳʡ ʩʪʝʥʜ, ʨʝʰʘʶʱʠʡ ʚʘʞ-

ʥʫʶ ʧʨʦʙʣʝʤʫ ʧʨʘʢʪʠʯʝʩʢʦʡ ʵʣʝʢʪʨʦʜʠʥʘʤʠʢʠ: ʬʦʨʤʠʨʦʚʘʥʠʝ ʧʣʦʩʢʦʡ 

ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʡ ʚʦʣʥʳ ʚ ʦʧʨʝʜʝʣʸʥʥʦʡ ʦʙʣʘʩʪʠ ʧʨʦʩʪʨʘʥʩʪʚʘ, ʥʘʟʳʚʘʝ-

ʤʦʡ ʨʘʙʦʯʝʡ ʟʦʥʦʡ. ɺʘʞʥʝʡʰʠʤ ʵʣʝʤʝʥʪʦʤ ʪʘʢʦʛʦ ʠʟʤʝʨʠʪʝʣʴʥʦʛʦ ʢʦʤ-

ʧʣʝʢʩʘ ʷʚʣʷʝʪʩʷ ʫʩʪʘʥʦʚʣʝʥʥʳʡ ʚʥʫʪʨʠ ʙʝʟʵʭʦʚʦʡ ʢʘʤʝʨʳ, ʧʦʢʨʳʪʦʡ ʠʟ-

ʥʫʪʨʠ ʨʘʜʠʦʧʦʛʣʦʱʘʶʱʝʤ ʤʘʪʝʨʠʘʣʦʤ, ʢʦʣʣʠʤʘʪʦʨ, ʧʨʝʦʙʨʘʟʫʶʱʠʡ ʠʟ-

ʣʫʯʝʥʠʝ ʦʪ ʪʦʯʝʯʥʦʛʦ ʠʩʪʦʯʥʠʢʘ ʚ ʧʣʦʩʢʫʶ ʚʦʣʥʫ. ʇʦʣʝ ʟʝʨʢʘʣʴʥʦʛʦ ʢʦʣ-

ʣʠʤʘʪʦʨʘ ʧʦʜʚʝʨʞʝʥʦ ʚʣʠʷʥʠʶ ʜʠʬʨʘʢʮʠʦʥʥʳʭ ʵʬʬʝʢʪʦʚ, ʢʦʪʦʨʳʝ ʚʦʟʥʠ-

ʢʘʶʪ ʥʘ ʢʨʦʤʢʝ ʟʝʨʢʘʣʘ ʠ, ʠʩʢʘʞʘʷ ʧʦʣʝ ʚ ʨʘʙʦʯʝʡ ʟʦʥʝ, ʚʥʦʩʷʪ ʩʝʨʴʸʟʥʫʶ 

ʧʦʛʨʝʰʥʦʩʪʴ ʚ ʠʟʤʝʨʝʥʠʷ ʥʘ ʢʦʤʧʘʢʪʥʦʤ ʧʦʣʠʛʦʥʝ [1]. 

ʆʜʥʠʤ ʠʟ ʰʠʨʦʢʦ ʨʘʩʧʨʦʩʪʨʘʥʸʥʥʳʭ ʩʧʦʩʦʙʦʚ ʙʦʨʴʙʳ ʩ ʜʠʬʨʘʢʮʠʝʡ 

ʥʘ ʢʨʘʷʭ ʢʦʣʣʠʤʘʪʦʨʘ ʷʚʣʷʝʪʩʷ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʦʪʦʛʥʫʪʳʭ ʚ ʟʦʥʫ ʪʝʥʠ ʢʨʦ-

ʤʦʢ [2]. ʋ ʪʘʢʦʛʦ ʨʝʰʝʥʠʷ ʝʩʪʴ ʩʚʦʠ ʧʣʶʩʳ ʠ ʤʠʥʫʩʳ: ʩʥʠʞʘʷ ʚʣʠʷʥʠʝ 

ʢʨʘʝʚʳʭ ʵʬʬʝʢʪʦʚ, ʦʥʦ ʦʜʥʦʚʨʝʤʝʥʥʦ ʫʩʠʣʠʚʘʝʪ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʙʦʢʦʚʳʭ 

ʣʫʯʝʡ, ʢʦʪʦʨʳʝ ʠʟʥʘʯʘʣʴʥʦ ʤʦʛʣʠ ʙʳʪʴ ʥʘʧʨʘʚʣʝʥʳ ʚ ʥʘʧʨʘʚʣʝʥʠʠ ʦʪ ʨʘ-

ʙʦʯʝʡ ʟʦʥʳ, ʥʦ ʦʪʨʘʟʠʣʠʩʴ ʦʪ ʩʪʝʥʦʢ ʙʝʟʵʭʦʚʦʡ ʢʘʤʝʨʳ. ʇʨʠ ʠʟʤʝʨʝʥʠʷʭ 

ʪʘʢʠʝ ʣʫʯʠ ʦʙʳʯʥʦ ʚʝʜʫʪ ʩʝʙʷ ʢʘʢ ʤʥʠʤʳʝ ʠʩʪʦʯʥʠʢʠ ʠʟʣʫʯʝʥʠʷ, ʠ ʤʦʛʫʪ 

ʚʥʝʩʪʠ ʩʝʨʴʸʟʥʳʡ ʚʢʣʘʜ ʚ ʥʝʦʜʥʦʨʦʜʥʦʩʪʴ ʧʦʣʷ ʚ ʨʘʙʦʯʝʡ ʟʦʥʝ, ʦʩʦʙʝʥʥʦ ʚ 

ʪʦʤ ʩʣʫʯʘʝ, ʢʦʛʜʘ ʟʝʨʢʘʣʦ ʠʤʝʝʪ ʙʦʣʴʰʠʝ ʨʘʟʤʝʨʳ ʠ ʫʩʪʘʥʦʚʠʪʴ ʝʛʦ ʚ ʦʪʜʘ-

ʣʝʥʠʠ ʦʪ ʩʪʝʥʦʢ ʙʝʟʵʭʦʚʦʡ ʢʘʤʝʨʳ ʥʝ ʧʦʣʫʯʘʝʪʩʷ. 

ʉ ʮʝʣʴʶ ʫʣʫʯʰʝʥʠʷ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʢʦʣʣʠʤʘʪʦʨʦʚ ʩʦ ʩʢʨʫʛʣʸʥʥʳʤʠ 

ʢʨʘʷʤʠ, ʙʳʣ ʨʘʟʨʘʙʦʪʘʥ ʚʳʯʠʩʣʠʪʝʣʴʥʳʡ ʧʨʦʛʨʘʤʤʥʳʡ ʢʦʤʧʣʝʢʩ, ʧʨʝʜʥʘ-

ʟʥʘʯʝʥʥʳʡ ʜʣʷ ʨʝʰʝʥʠʷ ʮʝʣʦʛʦ ʨʷʜʘ ʧʨʷʤʳʭ ʠ ʦʙʨʘʪʥʳʭ ʟʘʜʘʯ ʜʠʬʨʘʢʮʠʠ, 

ʩʚʷʟʘʥʥʳʭ ʩ ʟʝʨʢʘʣʴʥʳʤʠ ʢʦʣʣʠʤʘʪʦʨʘʤʠ ʩ ʠʜʝʘʣʴʥʦ ʧʨʦʚʦʜʷʱʝʡ ʠʣʠ ʠʤ-

ʧʝʜʘʥʩʥʦʡ ʧʦʚʝʨʭʥʦʩʪʴʶ [3]. ɺ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʙʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʨʝʛʫ-

ʣʠʨʦʚʘʪʴ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʙʦʢʦʚʳʭ ʣʫʯʝʡ ʤʦʞʥʦ ʧʨʠ ʧʦʤʦʱʠ ʧʦʢʨʳʪʠʷ 

ʩʢʨʫʛʣʸʥʥʳʭ ʢʨʘʸʚ ʢʦʣʣʠʤʘʪʦʨʘ ʤʘʪʝʨʠʘʣʦʤ, ʵʣʝʢʪʨʦʜʠʥʘʤʠʯʝʩʢʠʝ ʩʚʦʡ-

ʩʪʚʘ ʢʦʪʦʨʦʛʦ ʦʪʣʠʯʘʶʪʩʷ ʦʪ ʩʚʦʡʩʪʚ ʤʝʪʘʣʣʘ, ʠʟ ʢʦʪʦʨʦʛʦ ʩʦʩʪʦʠʪ ʟʝʨʢʘʣʦ. 

ʇʦʢʨʳʪʠʝ ʢʨʘʸʚ ʟʝʨʢʘʣʘ ʧʦʛʣʦʱʘʶʱʠʤ ʤʘʪʝʨʠʘʣʦʤ ʤʦʞʝʪ ʨʝʟʢʦ 

ʩʥʠʟʠʪʴ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʙʦʢʦʚʳʭ ʣʫʯʝʡ, ʥʦ ʚ ʪʦ ʞʝ ʚʨʝʤʷ ʦʥʦ ʫʤʝʥʴʰʘʝʪ ʠ 

ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʩʘʤʠʭ ʩʢʨʫʛʣʸʥʥʳʭ ʢʨʦʤʦʢ, ʧʦʚʳʰʘʷ ʥʝʦʜʥʦʨʦʜʥʦʩʪʴ ʧʦʣʷ 

ʚ ʨʘʙʦʯʝʡ ʟʦʥʝ. ʏʪʦʙʳ ʥʘʡʪʠ ʢʦʤʧʨʦʤʠʩʩʥʦʝ ʟʥʘʯʝʥʠʝ ʠʤʧʝʜʘʥʩʘ ʤʘʪʝʨʠʘ-

ʣʘ, ʙʳʣʘ ʧʦʩʪʘʚʣʝʥʘ ʩʦʦʪʚʝʪʩʪʚʫʶʱʘʷ ʟʘʜʘʯʘ ʩʠʥʪʝʟʘ, ʢʦʪʦʨʘʷ ʙʳʣʘ ʫʩ-

ʧʝʰʥʦ ʨʝʰʝʥʘ ʧʨʠ ʧʦʤʦʱʠ ʤʝʪʦʜʘ ʅʝʣʜʝʨʘ-ʄʠʜʘ [4]. ʅʘʡʜʝʥʥʦʝ ʧʨʠ ʧʦ-

ʤʦɦʠ ʧʨʦʛʨʘʤʤʥʦʛʦ ʢʦʤʧʣʝʢʩʘ ʨʝʰʝʥʠʝ ʧʦʟʚʦʣʷʝʪ ʩʥʠʟʠʪʴ ʠʥʪʝʥʩʠʚʥʦʩʪʴ 
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ʙʦʢʦʚʳʭ ʣʫʯʝʡ, ʦʪʨʘʞʸʥʥʳʭ ʦʪ ʢʦʣʣʠʤʘʪʦʨʘ, ʧʨʠ ʵʪʦʤ ʥʝʦʜʥʦʨʦʜʥʦʩʪʴ ʦʪ-

ʨʘʞʸʥʥʦʛʦ ʧʦʣʷ ʚ ʨʘʙʦʯʝʡ ʟʦʥʝ ʥʝ ʧʨʝʚʳʰʘʝʪ 1 ʜɹ. 
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ɺ ʠʟʚʝʩʪʥʦʡ ʩʭʝʤʝ ñʂʦʩʤʠʯʝʩʢʠʡ ʯʝʪʳʨʝʭʣʠʩʪʥʳʡ ʢʣʝʚʝʨò ɻʨʘʚʠʪʘ-

ʮʠʦʥʥʦʛʦ ʃʠʥʟʠʨʦʚʘʥʠʷ (ɻʃ) ʜʣʷ ʥʘʙʣʶʜʝʥʠʷ ʨʝʥʪʛʝʥʦʚʩʢʠʤ ʪʝʣʝʩʢʦʧʦʤ 

ʏʘʥʜʨʘ ʢʚʘʟʘʨʘ ʥʘ ʨʘʩʩʪʦʷʥʠʠ 11 ʤʣʨʜ. ʩʚ. ʣʝʪ ʤʳ ʠʩʧʦʣʴʟʦʚʘʣʠ ʄʘʪʝʤʘ-

ʪʠʯʝʩʢʠʡ ʄʠʢʨʦʩʢʦʧ (ʄʄ) [1,2].  
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ɻʨʘʚʠʪʘʮʠʦʥʥʦʝ ʃʠʥʟʠʨʦʚʘʥʠʝ ʢʦʩʤʠʯʝʩʢʠʡ ʯʝʪʳʨʝʭʣʠʩʪʥʳʡ 

ʢʣʝʚʝʨ 

 
 

ʈʠʩ. 1. ʉʭʝʤʘ ɻʃ ñʂʦʩʤʠʯʝʩʢʠʡ ʯʝʪʳʨʝʭʣʠʩʪʥʳʡ ʢʣʝʚʝʨò [1] 

 

ʄʘʪʝʤʘʪʠʯʝʩʢʠʡ ʄʠʢʨʦʩʢʦʧ 

ʆʩʥʦʚʥʘʷ ɿʘʜʘʯʘ ʄʄ (ʆɿʄʄ): ɼʘʥʦ: rgb ʮʚʝʪʥʦʝ ʜʠʩʢʨʝʪʥʦʝ ʠʟʦ-

ʙʨʘʞʝʥʠʝ Y|A=[Yr,Yg,Yb] ʠ ʤʥʦʞʝʩʪʚʦ ʜʠʩʢʨʝʪʥʳʭ ʦʙʨʘʪʠʤʳʭ ɼʠʘʛʨʘʤʤ 

ʅʘʧʨʘʚʣʝʥʥʦʩʪʝʡ (ɼʅ) ʠʣʠ ɸʌ {O}. ʊʨʝʙʫʝʪʩʷ ʥʘʡʪʠ ʨʝʰʝʥʠʝ ʤʥʦʞʝʩʪʚʘ 

ʩʠʩʪʝʤ ʣʠʥʝʡʥʳʭ ʘʣʛʝʙʨʘʠʯʝʩʢʠʭ ʫʨʘʚʥʝʥʠʡ ʪʠʧʘ ʩʚʝʨʪʢʠ Y|A={O} X. ɿʘ-

ʤʝʪʠʤ, ʯʪʦ ʤʳ ʥʝ ʟʥʘʝʤ ɼʅ ʠʣʠ ɸʌ A=[Ar,Ag,Ab], ʘ ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʝ 

ʤʥʦʞʝʩʪʚʦ ʜʠʩʢʨʝʪʥʳʭ ʦʙʨʘʪʠʤʳʭ ɸʌ {O} ʝʩʪʴ ʥʘʰʝ ʧʨʝʜʩʪʘʚʣʝʥʠʝ ʦ 

ʪʦʤ, ʢʘʢ ʫʩʪʨʦʝʥʘ ʥʝʠʟʚʝʩʪʥʘʷ ʜʠʩʢʨʝʪʥʘʷ ɸʌ ɸ ʚ ʜʘʥʥʳʭ ʜʠʩʢʨʝʪʥʳʭ ʠʟ-

ʤʝʨʝʥʠʡ Y|A.  

ʈʝʰʝʥʠʝ Y|A={O}ʍ ʫʜʘʝʪʩʷ ʥʘʡʪʠ ʚ ʩʣʝʜʫʶʱʝʤ ʌʠʟʠʯʝʩʢʦʤ ʌʫʥ-

ʜʘʤʝʥʪʘʣʴʥʦʤ ʇʨʝʜʧʦʣʦʞʝʥʠʠ (ʌʌʇ): ʚ ʠʟʦʙʨʘʞʝʥʠʠ ʍ=[Xr,Xg,Xb] ʝʩʪʴ 

ʦʪʜʝʣʴʥʳʝ ʠʟʦʣʠʨʦʚʘʥʥʳʝ ʦʙʲʝʢʪʳ-ʪʦʯʢʠ (ʟʚʝʟʜʳ) ʠʣʠ ʮʚʝʪʥʳʝ DK ʩʠʤʚʦ-

ʣʳ. ʇʦʥʷʪʥʦ, ʯʪʦ ʝʩʣʠ ɼʝʣʴʪʘ-ʂʨʦʥʝʢʝʨʦʚʩʢʠʡ ʩʠʤʚʦʣ DK ʦʜʠʥ ʚ ʍ, ʪʦ 

Y|A=A DK=A, ʪʦ Y|A ʝʩʪʴ ʠʟʦʙʨʘʞʝʥʠʝ ɸʌ ɸ. 

ʈʝʰʝʥʠʝʤ ʆɿʄʄ ʷʚʣʷʝʪʩʷ ʧʘʨʘ: ʦʙʨʘʪʠʤʘʷ ɸʌ O=[Or,Og,Ob]~A ʠ 

ʩʚʝʨʭ ʨʘʟʨʝʰʸʥʥʦʝ ʠʟʦʙʨʘʞʝʥʠʝ ʍ=R Y, R=O
-1
, ʝʩʣʠ ʚ ʨʝʟʫʣʴʪʠʨʫʶʱʝʤ 

ʩʚʝʨʭ ʨʘʟʨʝʰʸʥʥʦʤ ʠʟʦʙʨʘʞʝʥʠʠ X ʜʝʪʝʢʪʠʨʫʝʤ ʦʪʜʝʣʴʥʳʝ (ʧʠʢʩʝʣʳ) ʦʙʲ-

ʝʢʪʳ-ʪʦʯʢʠ, DK ʩʠʤʚʦʣʳ. ɺ ʵʪʦʤ ʩʣʫʯʘʝ ʌʌʇ ʩʪʘʥʦʚʠʪʩʷ ʬʘʢʪʦʤ ʠ ʵʪʦ ʛʦ-

ʚʦʨʠʪ ʦ ʪʦʤ, ʯʪʦ ʦʙʨʘʪʥʫʶ ʟʘʜʘʯʫ ʤʳ ʨʝʰʠʣʠ ʢʦʨʨʝʢʪʥʦ. 

ʇʦʜʨʦʙʥʳʝ ʧʨʠʥʮʠʧʳ ʥʘʩʪʨʦʡʢʠ ʄʄ ʧʦ ʦʙʫʩʣʦʚʣʝʥʥʦʩʪʠ 

DI=1/min|MTF(A)|, ʧʦʩʪʘʥʦʚʢʫ ʟʘʜʘʯʠ ʧʦ ʚʳʙʦʨʫ ɸʌ ɸ ʠʟ {O} ʧʦ ʤʠʥʠʤʫ-

ʤʫ ʨʝʘʢʮʠʠ ʥʘ ʰʫʤ min||R||~DI ʠ ʚʝʣʠʯʠʥʝ ʜʦʩʪʠʛʘʝʤʦʛʦ ʩʚʝʨʭ ʨʘʟʨʝʰʝʥʠʷ 

SR ʤʦʞʥʦ ʥʘʡʪʠ ʚ ʥʘʰʠʭ ʨʘʙʦʪʘʭ [2].  

Credit: X-ray: NASA/CXC/Penn State/G.Chartas et al; 

Illustration: NASA/CXC/M.Weiss 

https://chandra.harvard.edu/photo/2004/h1413/h1413_ill_inset.jpg
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ʇʨʠʤʝʥʝʥʠʝ ʄʄ ʚ ɻʨʘʚʠʪʘʮʠʦʥʥʦʤ ʃʠʥʟʠʨʦʚʘʥʠʠ 

ɺʳʭʦʜʥʳʝ ʜʘʥʥʳʝ (ʠʟʦʙʨʘʞʝʥʠʝ ʢʚʘʟʘʨʘ ʥʘ ʨʘʩʩʪʦʷʥʠʠ 11 ʤʣʨʜ. ʩʚ. 

ʣʝʪ) ʩ ʪʝʣʝʩʢʦʧʘ ʏʘʥʜʨʘ ʤʳ ʠʩʧʦʣʴʟʦʚʘʣʠ ʢʘʢ ʚʭʦʜʥʳʝ ʜʣʷ ʄʘʪʝʤʘʪʠʯʝ-

ʩʢʦʛʦ ʄʠʢʨʦʩʢʦʧʘ (ʄʄ).  

 
 

 
(a) 

 

 
(b) 

 

 
(d) 

 

 
(c) 

 

 
(e) 

ʈʠʩ. 2. (ʘ) -Y ï ʠʟʦʙʨʘʞʝʥʠʝ ʩ ʪʝʣʝʩʢʦʧʘ ʏʘʥʜʨʘ, (b-d) - ʩʝʯʝʥʠʷ ʦʩʥʦʚʥʳʭ ɸʌ 

MM, (e) ï ʤʘʩʢʘ ʦʙʥʫʣʝʥʠʷ ɺʏ ʰʫʤʦʚ ʩ ʧʘʨʘʤʝʪʨʦʤ pF=0.49. 

 

ʌʠʟʠʯʝʩʢʠʝ ʧʨʠʥʮʠʧʳ ʥʘʩʪʨʦʡʢʠ ʄʄ 

ɺʩʝʤ ʥʘʤ ʭʦʨʦʰʦ ʠʟʚʝʩʪʝʥ ñʵʬʬʝʢʪ ʫʭʦʜʷʱʠʭ ʣʫʯʝʡò ʦʪ ʷʨʢʠʭ ʬʦʥʘ-

ʨʝʡ ʥʘ ʪʝʤʥʦʤ ʬʦʥʝ. ʕʪʦʪ ʵʬʬʝʢʪ ʟʨʠʪʝʣʴʥʦʡ ʩʠʩʪʝʤʳ ʧʨʠʩʫʪʩʪʚʫʝʪ ʠ ʚ 

ʄʄ, ʝʩʣʠ ʨʘʟʙʘʣʘʥʩʠʨʦʚʘʥʦ ʫʩʠʣʝʥʠʝ ʷʨʢʦʩʪʝʡ ʚ ʩʚʝʨʭʨʘʟʨʝʰʸʥʥʦʤ ʠʟʦ-

ʙʨʘʞʝʥʠʠ ʍ, ʩ ʧʦʜʘʚʣʝʥʠʝʤ ɺʏ ʰʫʤʘ ï ʧʘʨʘʤʝʪʨ pF, ʚʝʣʠʯʠʥʦʡ ʦʙʫʩʣʦʚ-

ʣʝʥʥʦʩʪʠ DI=1/min|MTF(A)|~||R||, (ɸʌ O=A), ʢʦʪʦʨʘʷ ʦʧʨʝʜʝʣʷʝʪ ʚʝʣʠʯʠʥʫ 

ʩʚʝʨʭ ʨʘʟʨʝʰʝʥʠʷ SR [2].  

 (a) 

 

(b) 

 
ʈʠʩ. 3. (ʘ) -ʠʟʦʙʨʘʞʝʥʠʝ X ʩ ʬʨʘʛʤʝʥʪʦʤ D ʢʚʘʟʘʨʘ ʩ ñʵʬʬʝʢʪʦʤ ʫʭʦʜʷʱʠʭ ʣʫʯʝʡò, 

(b) ï ʫʩʠʣʝʥʠʝ ʷʨʢʦʩʪʝʡ ʚ X ʧʨʠʤʝʨʥʦ ʚ 3 ʨʘʟʘ ʜʣʷ SR ʠʟʦʙʨʘʞʝʥʠʷ ʍ ʚ ʈʠʩ. 4. 

 

Y=A X  

A 

B 

C 

D 

pF=0.49 

ɸʌ O,  O=A 

ɸʌ R 

ɸʌ R O ~ DK 

2000x2000 

Y|A={O} X  

700x700 

D 

ʇʨʝʦʙʨʘʟʦʚʘʥʠʝ 

ʷʨʢʦʩʪʠ ʚ ʍ 

X=R Y 
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ʕʬʬʝʢʪ ʫʭʦʜʷʱʠʭ ʣʫʯʝʡ ʚ ʈʠʩ. 3(ʘ) ʠʤʝʝʪ ʤʝʩʪʦ, ʝʩʣʠ ʨʝʘʣʠʟʦʚʳʚʘʪʴ 

ʚ 2 ʨʘʟʘ ʙʦʣʴʰʝʝ ʫʩʠʣʝʥʠʝ, ʯʝʤ ʥʘ ʛʨʘʬʠʢʝ ï ʇʨʝʦʙʨʘʟʦʚʘʥʠʝ ʷʨʢʦʩʪʝʡ ʥʘ 

ʈʠʩ. 3(b). ʄʳ ʧʦʣʘʛʘʝʤ, ʘʥʘʣʦʛ ʄʄ ʝʩʪʴ ʚ ʥʘʰʝʡ ʟʨʠʪʝʣʴʥʦʡ ʩʠʩʪʝʤʝ. 

 
ʉʪʨʫʢʪʫʨʳ ʥʘʙʣʶʜʘʝʤʦʛʦ ʢʚʘʟʘʨʘ 

ʂʚʘʟʘʨʳ - ʟʘʛʘʜʦʯʥʳʝ ʦʙʲʝʢʪʳ ʚ ʥʘʰʝʡ ʚʩʝʣʝʥʥʦʡ, ʍ ʚʳʭʦʜ ʩ ɻʃ+ʄʄ, 

ʩʤ ʥʠʞʝ. 

ʄʳ ʩʯʠʪʘʝʤ ʫʜʘʯʥʳʤ ʧʨʠʤʝʥʝʥʠʝ ʄʄ ʚ ʢʦʤʧʣʝʢʩʝ ɻʃ+ʄʄ. ʊʝʭʥʦʣʦ-

ʛʠʠ ʄʄ ʦʯʝʥʴ ʩʣʦʞʥʳ ʥʘ ʵʪʘʧʘʭ ʦʧʨʝʜʝʣʝʥʠʷ (ʪʨʠʥʘʜʮʘʪʠ ʧʘʨʘʤʝʪʨʦʚ [2]) 

ʬʦʨʤʳ ɸʌ ʆ ʚ ñʆ=ɸò, ʩ ʌʌʇ ʠ ʦʙʳʯʥʳʤ ʣʦʢʘʣʴʥʳʤ ʦʙʨʘʱʝʥʠʝʤ R=A
-1
. 

ɺ ʩʦʚʨʝʤʝʥʥʳʭ ʤʝʪʦʜʘʭ ʨʝʰʝʥʠʷ ʦʙʨʘʪʥʳʭ ʟʘʜʘʯ ʚʩʝ ʧʨʦʩʪʦ: ɸʌ ɸ ʩʯʠʪʘ-

ʝʪʩʷ ʠʟʚʝʩʪʥʦʡ ʠ ʠʱʫʪʩʷ ʛʣʘʜʢʠʝ ʨʝʰʝʥʠʷ ʙʝʟ DK. 

ɺʳʚʦʜʳ: ʢʦʥʝʯʥʦ, ʪʨʝʙʫʝʪʩʷ ʧʨʦʚʝʨʢʘ, ʧʦʜʪʚʝʨʞʜʝʥʠʝ ʧʦʣʫʯʝʥʥʳʭ 

ʥʘʰʠʭ ʠʪʦʛʦʚ ʜʨʫʛʠʤʠ ʠʩʩʣʝʜʦʚʘʪʝʣʷʤʠ, ʯʪʦʙʳ ʠʭ ʧʨʝʚʨʘʪʠʪʴ ʚ ʥʘʫʯʥʳʝ 

ʨʝʟʫʣʴʪʘʪʳ. 

 
 

ʈʠʩ. 4. X ï ʠʟʦʙʨʘʞʝʥʠʝ ʩ ʚʳʭʦʜʘ ɻʃ+ʄʄ, ʩ ʧʘʨʘʤʝʪʨʘʤʠ ʨʝʟʫʣʴʪʘʪʘ: ʦʙʫʩʣʦʚ-

ʣʝʥʥʦʩʪʴ DI, ʚʝʣʠʯʠʥʳ ʩʚʝʨʭ ʨʘʟʨʝʰʝʥʠʷ SR ʠ ʨʝʘʢʮʠʠ ʥʘ ʰʫʤ ||R|| [2]. 

DI=3000*[1, 1, 1] SR=[100, 71, 108] 

Credit: Physical Faculty 

M.V.LomonosovMSU/E.N.Terentiev et al. 

X=R Y 
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C 
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B 

2000x2000 

||R||=[2860, 2740, 2830] 
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˶͙͔ͭͪ͊ͭͯͪ͊ 

1. https://chandra.si.edu/photo/2010/sdss/ 
2. ʊʝʨʝʥʪʴʝʚ ɽ.ʅ. https://orcid.org/0000-0003-1024-2575 

 

 

 

ʄɸʊɽʄɸʊʀʏɽʉʂʀʁ ʄʀʂʈʆʉʂʆʇ: ɺɿɸʀʄʅʆɽ ʇʆɻʃʆʑɽʅʀɽ 

ʉʊɸʃʂʀɺɸʖʑʀʍʉʗ ɿɺɽɿɼ ʀ ʉʊʈʋʂʊʋʈɸ ʅɽʁʊʈʆʅʅʆʁ ɿɺɽɿɼʓ 

ʉʪ. ʧʨʝʧʦʜ. ʊʝʨʝʥʪʴʝʚ ɽ.ʅ., ʧʨʦʬ. ʐʫʛʘʝʚ ʌ.ɺ.,  

lead developer Shilin-Terentyev N.E. (EPAM system, Moscow) 

ʄʘʪʝʤʘʪʠʯʝʩʢʠʡ ʄʠʢʨʦʩʢʦʧ (ʄʄ) ʚʳʷʚʠʣ ʪʦʥʢʠʝ ʜʝʪʘʣʠ ʚʟʘʠʤʥʦʛʦ 

ʧʦʛʣʦʱʝʥʠʷ ʩʪʘʣʢʠʚʘʶʱʠʭʩʷ ʟʚʝʟʜ, ʤʝʭʘʥʠʟʤʳ ʩʪʦʣʢʥʦʚʝʥʠʷ ʟʚʝʟʜʥʳʭ 

ʚʝʪʨʦʚ, ʚʳʟʳʚʘʶʱʠʭ ʜʠʬʬʫʟʠʦʥʥʳʝ ʨʝʥʪʛʝʥʦʚʩʢʠʝ ʠʟʣʫʯʝʥʠʷ, ʥʘʙʣʶʜʘʝ-

ʤʳʤ ʤʝʞʜʫ ʟʚʝʟʜʘʤʠ ʂʚʠʥʪʫʧʣʝʪʘ ʚ ʮʝʥʪʨʝ ʥʘʰʝʡ ʛʘʣʘʢʪʠʢʠ. ʄʄ ʝʱʝ ʧʦ-

ʟʚʦʣʠʣ ʚʳʷʚʠʪʴ ʩʪʨʫʢʪʫʨʫ ʠʟʦʣʠʨʦʚʘʥʥʦʡ ʥʝʡʪʨʦʥʥʦʡ ʟʚʝʟʜʳ. 

 

ʄʘʪʝʤʘʪʠʯʝʩʢʠʡ ʄʠʢʨʦʩʢʦʧ 

ʄʝʪʦʜ ʄʄ ʷʚʣʷʝʪʩʷ ʩʪʘʥʜʘʨʪʦʤ AIP.org (ɸʤʝʨʀʥʩʌʠʟ). ʇʨʠʥʮʠʧʳ ʥʘ-

ʩʪʨʦʡʢʠ ʄʄ ʧʦ ʦʙʫʩʣʦʚʣʝʥʥʦʩʪʠ DI, ʧʦʩʪʘʥʦʚʢʫ ʟʘʜʘʯʠ ʧʦ ʚʳʙʦʨʫ ɸʌ ɸ 

ʠʟ {O} ʧʦ ʤʠʥʠʤʫʤʫ ʨʝʘʢʮʠʠ ʥʘ ʰʫʤ min||R|| ʠ ʚʝʣʠʯʠʥʝ ʜʦʩʪʠʛʘʝʤʦʛʦ 

ʩʚʝʨʭ ʨʘʟʨʝʰʝʥʠʷ SR ʤʦʞʥʦ ʥʘʡʪʠ ʚ ʨʘʙʦʪʘʭ [3].  
 

 

 

 
(a) 

 

ʄʘʩʢʘ ɺʏ ʬʠʣʴʪʨʘ 

 
(b) 

 

 
(c) 

 

 
(d) 

 

 
(e) 

 

 
(f) 

ʈʠʩ. 1. (ʘ) -Y ï ʠʟʦʙʨʘʞʝʥʠʝ ʂʚʠʥʪʫʧʣʝʪʘ ʥʘ ʚʭʦʜʝ ʄʄ [1], (b) - ʦʙʥʫʣʝʥʠʝ ɺʏ 

ʰʫʤʘ, (ʩ) ï ʧʨʝʦʙʨʘʟʦʚʘʥʠʝ ʷʨʢʦʩʪʝʡ ʚ ʍ, (d-f) ï ʩʝʯʝʥʠʷ ɸʌ MM [3]. 

Y=A X  Y=A=A DK  

Y|A={O} X  

ɸʌ {O}| O=A ɸʌ R O ~ DK ɸʌ R 

pF=0.59 2000x2000 

ʇʨʝʦʙʨʘʟʦʚʘʥʠʝ 

ʷʨʢʦʩʪʠ ʚ ʍ=R Y 
Credit: 

NASA/CXC/Northwestern 

U./C.Law & F.Yusef-Zadeh 

 

https://chandra.si.edu/photo/2010/sdss/
https://orcid.org/0000-0003-1024-2575
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ɺʟʘʠʤʥʦʝ ʧʦʛʣʦʱʝʥʠʝ ʤʦʣʦʜʳʭ ʟʚʝʟʜ 

ʇʝʨʚʦʝ ʦʙʥʘʨʫʞʝʥʠʝ ʨʝʥʪʛʝʥʦʚʩʢʠʭ ʣʫʯʝʡ ʦʪ ʟʚʝʟʜ ʚ ʩʢʦʧʣʝʥʠʠ ʂʚʠʥ-

ʪʫʧʣʝʪ. ɹʦʣʝʝ ʤʘʩʩʠʚʥʳʝ ʟʚʝʟʜʳ, ʙʳʩʪʨʝʝ ʪʝʨʷʶʪ ʛʘʟ ʩʦ ʩʚʦʝʡ ʧʦʚʝʨʭʥʦʩʪʠ 

ʚ ʨʝʟʫʣʴʪʘʪʝ ʚʳʩʦʢʦʩʢʦʨʦʩʪʥʦʛʦ ʟʚʝʟʜʥʦʛʦ ʚʝʪʨʘ. ʗʨʢʠʝ ʪʦʯʝʯʥʳʝ ʢʦʥʮʝʥ-

ʪʨʘʮʠʠ ʛʘʟʘ ʚʳʟʚʘʥʳ ʩʪʦʣʢʥʦʚʝʥʠʷʤʠ ʚʳʩʦʢʦʩʢʦʨʦʩʪʥʳʭ ʚʝʪʨʦʚ ʚ ʤʘʩʩʠʚ-

ʥʳʭ ʟʚʝʟʜʘʭ, ʠʤʝʶʱʠʭ ʙʣʠʟʢʦ ʚʨʘʱʘʶʱʠʭʩʷ ʧʘʨʪʥʝʨʦʚ. ʕʪʘ ʬʠʟʠʯʝʩʢʘʷ 

ʠʥʪʝʨʧʨʝʪʘʮʠʷ ʧʦʜʪʚʝʨʞʜʘʝʪʩʷ ʜʝʪʘʣʠʟʠʨʦʚʘʥʥʳʤ ʠʟʦʙʨʘʞʝʥʠʝʤ ʍ ʥʠʞʝ 

ʥʘ ʈʠʩ. 2(ʘ). 
 

 

 
ʈʠʩ. 2. (ʘ) -X=R Y ï ʠʟʦʙʨʘʞʝʥʠʝ ʥʘ ʚʳʭʦʜʝ ʄʄ. 

 

ʉʪʦʣʢʥʦʚʝʥʠʝʤ ʟʚʝʟʜʥʳʭ ʚʝʪʨʦʚ ʪʘʢʞʝ ʦʙʲʷʩʥʷʝʪʩʷ ʜʠʬʬʫʟʥʦʝ ʨʝʥʪʛʝ-

ʥʦʚʩʢʦʝ ʠʟʣʫʯʝʥʠʝ, ʥʘʙʣʶʜʘʝʤʦʝ ʤʝʞʜʫ ʟʚʝʟʜʘʤʠ ʂʚʠʥʪʫʧʣʝʪʘ. 
 

 

Credit: Physical Faculty 

M.V.LomonosovMSU/E.N.Terentiev et al. 

X=R Y ||R||=[1400, 5520, 5540] 

SR=[47, 152, 202] 

DI=3000*[0.5, 2, 2] 

2000x2000 
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ʉʪʨʫʢʪʫʨʘ ʥʝʡʪʨʦʥʥʦʡ ʟʚʝʟʜʳ 

ɺ ʅɿ ʨʝʘʣʠʟʫʝʪʩʷ ʰʠʨʦʢʠʡ ʩʧʝʢʪʨ ʩʫʧʝʨʵʢʩʪʨʝʤʘʣʴʥʳʭ ʩʦʩʪʦʷʥʠʡ ʚʝ-

ʱʝʩʪʚʘ [3].  

 
 

 
(a) 

 

 

 

 
 

 

 

 

ʈʠʩ. 3. (ʘ) -Y=A X ï ʠʟʦʙʨʘʞʝʥʠʝ ʅɿ ʥʘ ʚʭʦʜʝ ʄʄ [2], Aʌ MM, (e) - ʦʙʥʫʣʝʥʠʝ 

ɺʏ ʰʫʤʘ 

 

ʅʠʞʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʜʚʘ ʠʟʦʙʨʘʞʝʥʠʷ ʠʟʦʣʠʨʦʚʘʥʥʦʡ ʅɿ ʩ ʚʳʭʦʜʘ ʄʄ. 

 

 

ʋʩʠʣʠʚʘʝʤ rgb ʩʣʘ-

ʙʳʝ ʷʨʢʦʩʪʠ ʪʝʤʥʦʛʦ 

ʬʦʥʘ ʍ ʚ [20,50,25] ʨʘʟ 

ʜʦ ʩʨʝʜʥʝ ʙʘʡʪʦʚʦʛʦ 

ʜʠʘʧʘʟʦʥʘ ʷʨʢʦʩʪʝʡ (0-

255) 

 

 
(ʘ) 

 

 

 
(b) 

 

ʈʠʩ. 4. (a) ï ʧʨʝʦʙʨʘʟʦʚʘʥʠʝ ʷʨʢʦʩʪʝʡ, (b) -X=R Y ï ʠʟʦʙʨʘʞʝʥʠʝ ʅɿ ʥʘ ʚʳʭʦʜʝ 

ʄʄ. 
 

 

 

 

 

 

 

 

(b) 
(c) 

(d) pF=0.69 

1400x1400 

Y=A X  

X-ray Credit: 

NASA/CXC/Northwestern 

Univ./A. Hajela et al. 

(e) 

SR=[90, 44, 79] 

||R||=[1450, 1390, 1440] DI=1500 

Credit: Physical Faculty 

M.V.LomonosovMSU/E

.N.Terentiev et al. 

1400x1400 

X=R Y 

ʇʨʝʦʙʨʘʟʦʚʘʥʠʝ 

ʷʨʢʦʩʪʠ ʚ ʍ 

ɸʌ{O} | O=A ɸʌ R 

ɸʌ R O ~ DK 
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ʗʨʢʠʝ ʛʨʘʜʘʮʠʠ ʩʚʦ-

ʜʠʤ ʢ ʙʦʣʝʝ ʨʘʟʣʠʯʠʤʳʤ 

ʛʨʘʜʘʮʠʷʤ ʚ ʩʨʝʜʥʝ ʙʘʡ-

ʪʦʚʦʤ ʜʠʘʧʘʟʦʥʝ ʷʨʢʦ-

ʩʪʝʡ (0-255). 

 

 
(a) 

 

 
(b) 

ʈʠʩ. 5. (a) ï ʧʨʝʦʙʨʘʟʦʚʘʥʠʝ ʷʨʢʦʩʪʝʡ, (b) -X=R Y ï ʠʟʦʙʨʘʞʝʥʠʝ ʅɿ ʥʘ ʚʳʭʦʜʝ 

ʄʄ. 
 

ʉʪʨʫʢʪʫʨʘ ʅɿ, ʚʦʟʤʦʞʥʦ, ʦʧʠʩʳʚʘʝʪʩʷ ʫʨʘʚʥʝʥʠʝʤ ʐʨʝʜʠʥʛʝʨʘ. 

ɺʳʚʦʜʳ: ʪʨʝʙʫʝʪʩʷ ʧʦʜʪʚʝʨʞʜʝʥʠʝ ʧʦʣʫʯʝʥʥʳʭ ʥʘʰʠʭ ʠʪʦʛʦʚ ʜʨʫʛʠʤʠ 

ʠʩʩʣʝʜʦʚʘʪʝʣʷʤʠ, ʯʪʦʙʳ ʠʭ ʧʨʝʚʨʘʪʠʪʴ ʚ ʥʘʫʯʥʳʝ ʨʝʟʫʣʴʪʘʪʳ. 

˶͙͔ͭͪ͊ͭͯͪ͊ 

1. https://chandra.harvard.edu/photo/2004/quint/ 
2. https://chandra.harvard.edu/photo/2022/gw170817/ 
3. ʕʢʩʪʨʝʤʘʣʴʥʳʝ ʩʦʩʪʦʷʥʠʷ ʚʝʱʝʩʪʚʘ / ʌʦʨʪʦʚ ɺ. ɽ. - ʄʦʩʢʚʘ : ʌʀɿ-
ʄɸʊʃʀʊ, 2009. - 304 ʩ. - ISBN 978-5-9221-1104-1. 
1. 3.ʊʝʨʝʥʪʴʝʚ ɽ.ʅ. https://orcid.org/0000-0003-1024-2575 
 

 

 

 

 

ɻʈɸɺʀʊɸʎʀʆʅʅʓɽ ɺʆʃʅʓ ʇʈʀ ɺɿɸʀʄʆɼɽʁʉʊɺʀʀ  

ʏɽʈʅʓʍ ɼʓʈ ʀ ʅɽʁʊʈʆʅʅʓʍ ɿɺɽɿɼ 

ʉʪ. ʧʨʝʧʦʜ. ʊʝʨʝʥʪʴʝʚ ɽ.ʅ., ʧʨʦʬ. ʐʫʛʘʝʚ ʌ.ɺ.,  

lead developer Shilin-Terentyev N.E. (EPAM system, Moscow) 

ɻʨʘʚʠʪʘʮʠʦʥʥʳʝ ɼʝʪʝʢʪʦʨʳ LIGO/Virgo ʟʘʬʠʢʩʠʨʦʚʘʣʠ ɻʨʘʚʠʪʘʮʠ-

ʦʥʥʳʝ ɺʦʣʥʳ ʦʪ ʩʠʩʪʝʤ ʏʝʨʥʳʭ ɼʳʨ (ʏɼ) ʠ ʅʝʡʪʨʦʥʥʳʭ ɿʚʝʟʜ (ʅɿ) [1]. ɺ 

ʨʘʙʦʪʝ ʜʝʤʦʥʩʪʨʠʨʫʶʪʩʷ ʠʪʦʛʠ ʘʥʘʣʠʟʘ ʜʘʥʥʳʭ ʏɼ ʠ ʅɿ ʩ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ 

ʪʝʣʝʩʢʦʧʘ ʏʘʥʜʨʘ ʥʘ ʥʘʰʝʤ ʄʘʪʝʤʘʪʠʯʝʩʢʦʤ ʄʠʢʨʦʩʢʦʧʝ (ʄʄ). ʅʘʙʣʁ-

ʜʘʝʤʳʝ ʦʩʦʙʝʥʥʦʩʪʠ-ʘʨʪʝʬʘʢʪʳ ʚ ʩʚʝʨʭ - ʨʘʟʨʝʰʝʥʥʳʭ ʠʟʦʙʨʘʞʝʥʠʷʭ ʥʘ 

ʚʳʭʦʜʝ ʄʄ ʤʳ ʩʚʷʟʳʚʘʝʤ ʩ ɻʨʘʚʠʪʘʮʠʦʥʥʳʤʠ ɺʦʣʥʘʤʠ (ɻɺ), ʢʦʪʦʨʳʝ ʙʳ-

Credit: Physical Faculty 

M.V.LomonosovMSU/E.N.Terentiev et al. 

ʇʨʝʦʙʨʘʟʦʚʘʥʠʝ 

ʷʨʢʦʩʪʠ ʚ ʍ 

X=R Y 

600x600 

https://chandra.harvard.edu/photo/2004/quint/
https://chandra.harvard.edu/photo/2022/gw170817/
https://orcid.org/0000-0003-1024-2575
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ʣʠ ʦʜʥʦʚʨʝʤʝʥʥʦ ʟʘʬʠʢʩʠʨʦʚʘʥʳ ʠ ʥʘ ɻʨʘʚʠʪʘʮʠʦʥʥʳʭ ɼʝʪʝʢʪʦʨʘʭ (ɻɼ) ʥʘ 

ɿʝʤʣʝ. 

ʄʘʪʝʤʘʪʠʯʝʩʢʠʡ ʄʠʢʨʦʩʢʦʧ 
 

ɿʘʜʘʯʘ ʄʄ: ɼʘʥʦ: ʜʠʩʢʨʝʪʥʦʝ ʠʟʦʙʨʘʞʝʥʠʝ Y|A ʠ ʤʥʦʞʝʩʪʚʦ ʜʠʩ-

ʢʨʝʪʥʳʭ ʦʙʨʘʪʠʤʳʭ ɸʌ {O}. ʊʨʝʙʫʝʪʩʷ ʥʘʡʪʠ ʨʝʰʝʥʠʝ ʤʥʦʞʝʩʪʚʘ ʩʠʩʪʝʤ 

ʣʠʥʝʡʥʳʭ ʘʣʛʝʙʨʘʠʯʝʩʢʠʭ ʫʨʘʚʥʝʥʠʡ Y|A={O} X. ɿʘʤʝʪʠʤ, ʯʪʦ ʤʳ ʥʝ ʟʥʘ-

ʝʤ ɸʌ A, ʘ ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʝ ʤʥʦʞʝʩʪʚʦ ʜʠʩʢʨʝʪʥʳʭ ʦʙʨʘʪʠʤʳʭ ɸʌ {O} 

ʝʩʪʴ ʥʘʰʝ ʧʨʝʜʩʪʘʚʣʝʥʠʝ ʦ ʪʦʤ, ʢʘʢ ʫʩʪʨʦʝʥʘ ʥʝʠʟʚʝʩʪʥʘʷ ʜʠʩʢʨʝʪʥʘʷ ɸʌ ɸ 

ʚ ʜʘʥʥʳʭ ʜʠʩʢʨʝʪʥʳʭ ʠʟʤʝʨʝʥʠʡ Y|A.  

ʈʝʰʝʥʠʝ Y|A={O}ʍ ʫʜʘʝʪʩʷ ʥʘʡʪʠ ʚ ʩʣʝʜʫʶʱʝʤ ʌʠʟʠʯʝʩʢʦʤ ʌʫʥʜʘ-

ʤʝʥʪʘʣʴʥʦʤ ʇʨʝʜʧʦʣʦʞʝʥʠʠ (ʌʌʇ): ʚ ʍ ʝʩʪʴ ʦʪʜʝʣʴʥʳʝ ʠʟʦʣʠʨʦʚʘʥʥʳʝ 

ʦʙʲʝʢʪʳ-ʪʦʯʢʠ (ʟʚʝʟʜʳ) ʠʣʠ DK ʩʠʤʚʦʣʳ. ʇʦʥʷʪʥʦ, ʯʪʦ ʝʩʣʠ DK ʦʜʠʥ ʚ ʍ, 

ʪʦ Y|A=A DK=A. 

ʈʝʰʝʥʠʝʤ ʟʘʜʘʯʠ ʄʄ ʷʚʣʷʝʪʩʷ ʧʘʨʘ: ʦʙʨʘʪʠʤʘʷ ɸʌ O~A ʠ ʩʚʝʨʭ ʨʘʟ-

ʨʝʰʸʥʥʦʝ ʠʟʦʙʨʘʞʝʥʠʝ ʍ=R Y, R=O-1, ʝʩʣʠ ʚ ʨʝʟʫʣʴʪʠʨʫʶʱʝʤ ʩʚʝʨʭ ʨʘʟ-

ʨʝʰʸʥʥʦʤ ʠʟʦʙʨʘʞʝʥʠʠ X ʜʝʪʝʢʪʠʨʫʝʤ ʦʪʜʝʣʴʥʳʝ ʦʙʲʝʢʪʳ-ʪʦʯʢʠ ʩʦʛʣʘʩʥʦ 

ʌʌʇ. 

ʆʧʠʩʘʥʠʝ ʧʨʠʥʮʠʧʦʚ ʥʘʩʪʨʦʡʢʠ ʄʄ ʧʦ ʦʙʫʩʣʦʚʣʝʥʥʦʩʪʠ 

DI=1/min|MTF(A)|, ʧʦʩʪʘʥʦʚʢʫ ʟʘʜʘʯʠ ʧʦ ʚʳʙʦʨʫ ɸʌ ɸ ʠʟ ʩʝʣʠ {O} ʧʦ ʤʠ-

ʥʠʤʫʤʫ ʨʝʘʢʮʠʠ ʥʘ ʰʫʤ min||R||~DI ʠ ʚʝʣʠʯʠʥʝ ʜʦʩʪʠʛʘʝʤʦʛʦ ʩʚʝʨʭ ʨʘʟʨʝ-

ʰʝʥʠʷ SR ʤʦʞʥʦ ʥʘʡʪʠ ʚ ʥʘʰʠʭ ʨʘʙʦʪʘʭ [5].  

 
 

 
(a) 

 

 
(b) 

 

 
(c) 

 

 
(d) 

 

ʈʠʩ. 1. (ʘ-c) ʩʝʯʝʥʠʷ ɸʌ MM, (d) ï ʫʩʠʣʝʥʠʝ ʩʣʘʙʳʭ ʷʨʢʦʩʪʝʡ ʚ X. 

 

 

ʂʚʘʟʘʨ: ʏɼ ʧʦʛʣʦʱʘʝʪ ʚʝʱʝʩʪʚʦ ʠʟ ʦʢʨʫʞʘʶʱʝʛʦ ʘʢʢʨʝʮʠʦʥʥʦʛʦ 

ʜʠʩʢʘ 

ʅʠʞʝ ʥʘ ʈʠʩ. 2(ʘ) ʧʨʝʜʩʪʘʚʣʝʥʦ ʜʚʘ ʠʟʦʙʨʘʞʝʥʠʷ ʢʚʘʟʘʨʘ he1104, ʧʦ-

ʣʫʯʝʥʥʦʛʦ ʧʦʩʣʝ ɻʃ ʩ ʧʦʤʦʱʴʶ ʏʘʥʜʨʳ. ɿʘʤʝʪʠʤ, ʯʪʦ ʜʚʘ ɻʃ ʠʟʦʙʨʘʞʝʥʠʷ 

ʢʚʘʟʘʨʘ he1104 [2] ʙʳʣʠ ʜʦʧʦʣʥʠʪʝʣʴʥʦ ʫʣʫʯʰʝʥʳ ʤʝʪʦʜʦʤ ʤʠʢʨʦ-

ʣʠʥʟʠʨʦʚʘʥʠʷ, ʚ ʢʦʪʦʨʦʤ ʫʯʪʝʥʘ ʠʥʬʦʨʤʘʮʠʷ ʦ ʩʢʦʨʦʩʪʠ ʚʨʘʱʝʥʠʷ ʘʢʢʨʝ-

ʮʠʦʥʥʦʛʦ ʜʠʩʢʘ ʠ ʩʘʤʦʡ ʏɼ, ʧʨʝʜʩʪʘʚʣʝʥʥʦʛʦ ʚ ʨʘʙʦʪʝ [4]. ʕʪʦ ʫʣʫʯʰʝʥʠʝ 

ɸʌ{O}| O=A ɸʌ R ɸʌ R O ~ DK 

ʇʨʝʦʙʨʘʟʦʚʘʥʠʝ 

ʷʨʢʦʩʪʠ ʚ ʍ 
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ʧʦʟʚʦʣʠʣʦ ʥʘʤ ʩ ʧʦʤʦʱʴʶ ʄʄ (+ ʝʱʝ ʫʯʝʪ ɸʌ ɸ ʏʘʥʜʨʳ, ʩʤ. ʈʠʩ. 1(ʘ)) 

ʚʳʷʚʠʪʴ ʦʩʦʙʝʥʥʦʩʪʠ- ʘʨʪʝʬʘʢʪʳ ɻɺ ʚ ʢʚʘʟʘʨʘʭ. 

 

ɻʨʘʚʠʪʘʮʠʦʥʥʳʝ ɺʦʣʥʳ ʫ ʚʨʘʱʘʶʱʝʛʦʩʷ ʢʚʘʟʘʨʘ 

https://chandra.si.edu/photo/2019/quasars/ 

 
(a) 

 

 
(b) 

ʈʠʩ. 2. (ʘ) -Y ï ʠʟʦʙʨʘʞʝʥʠʝ ʩ ʪʝʣʝʩʢʦʧʘ ʏʘʥʜʨʘ + ʤʠʢʨʦ-ʣʠʥʟʠʨʦʚʘʥʠʝ, (b) ï X ï 

SR ʠʟʦʙʨʘʞʝʥʠʝ ʩ ʚʳʭʦʜʘ ʄʄ. 

 

ɺ SR ʠʟʦʙʨʘʞʝʥʠʷ X ʚʥʝ ʦʢʨʝʩʪʥʦʩʪʠ ʅɿ ʚʠʜʥʳ ʨʦʟʦʚʳʝ ɻɺ ʠ ʥʘ ʧʝ-

ʨʠʬʝʨʠʠ ʨʷʙʴ ɻɺ. 

 

ɻʨʘʚʠʪʘʮʠʦʥʥʳʝ ɺʦʣʥʳ ʫ ʜʚʫʭ ʚʨʘʱʘʶʱʠʭʩʷ ʥʝʡʪʨʦʥʥʳʭ ʟʚʝʟʜ 

ʜʦ ʚʟʨʳʚʘ 

 

https://chandra.harvard.edu/photo/2022/

gw170817/ 

 

 
(a) 

'2nstars_xray_8 - 19- 2017'  

 
(b) 

ʈʠʩ. 3. (ʘ) -Y ï ʠʟʦʙʨʘʞʝʥʠʝ ʩ ʪʝʣʝʩʢʦʧʘ ʏʘʥʜʨʘ, (b) ï X ï ʠʟʦʙʨʘʞʝʥʠʝ ʩ ʚʳʭʦʜʘ 

ʄʄ 

Credit: Physical Faculty 

M.V.LomonosovMSU 

/E.N.Terentiev et al. 

Credit: Physical Faculty 

M.V.LomonosovMSU/E.N.Terentiev et al. 

400x400 

he1104 - Quasar 

X=R Y 

300x300 

Y=A X 

Y=A X  ɼʚʘ ɻʃ ʠʟʦʙʨʘʞʝʥʠʷ, 

+ ʤʠʢʨʦ ʣʠʥʟʠʨʦʚʘʥʠʝ 

300x300 

Credit: NASA/CXC/Univ. 

of Oklahoma/X. Dai et al. 

Credit: NASA/CXC/Univ. 

of Oklahoma/X. Dai et al. 

X=R Y 

SR=[74, 42, 82] 

||R||=[1250, 1210, 1260] 

DI=1300] 

400x400 

||R||=[8900, 7880, 8790] 

SR=[265, 103, 186] 
DI=10000] 

https://chandra.si.edu/photo/2019/quasars/
https://chandra.harvard.edu/photo/2022/gw170817/
https://chandra.harvard.edu/photo/2022/gw170817/


ʃʆʄʆʅʆʉʆɺʉʂʀɽ ʏʊɽʅʀʗ ï 2024 154 

ɺ SR ʠʟʦʙʨʘʞʝʥʠʷ X ʚʠʜʥʳ ʨʦʟʦʚʳʝ ɻɺ ʠ ɻʦʨʠʟʦʥʪ ʉʦʙʳʪʠʡ (ʟʘʤ-

ʢʥʫʪʘʷ ʣʠʥʠʷ ʠʟ ʧʘʨʳ ʩʚʝʪʣʳʭ ʧʦʣʦʩ) ʜʚʫʭ ʅɿ. ʀʩʭʦʜʥʳʝ ʜʘʥʥʳʝ ʩ ʏʘʥʜʨʘ 

ʪʫʪ ʥʝ ʚʳʩʦʢʦʛʦ ʢʘʯʝʩʪʚʘ. ɺ ʤʦʤʝʥʪ ʩʲʝʤʘ ʠʥʬʦʨʤʘʮʠʠ ʩʝʥʩʦʨ, ʚʠʜʠʤʦ, 

ʧʣʦʭʦ ʦʭʣʘʞʜʘʣʩʷ, ʚʠʜʥʘ ʩʝʪʢʘ ʩʝʥʩʦʨʘ. 

ɻʨʘʚʠʪʘʮʠʦʥʥʳʝ ɺʦʣʥʳ ʧʨʠ ʚʟʨʳʚʝ ʜʚʫʭ ʅʝʡʪʨʦʥʥʳʭ ɿʚʝʟʜ ʩ 

ʦʙʨʘʟʦʚʘʥʠʝʤ ʏɼ 

ʇʨʠ ʚʟʨʳʚʝ ʅɿ: ʚʥʫʪʨʠ ʨʦʟʦʚʳʭ ɻɺ ʚʠʜʥʳ ʟʘʤʢʥʫʪʳʝ ʧʘʨʥʳʝ ʣʠʥʠʠ 

ɻʦʨʠʟʦʥʪʘ ʉʦʙʳʪʠʡ ʜʚʫʭ ʅɿ ʠ ʦʙʦʟʥʘʯʠʣʩʷ ɻʦʨʠʟʦʥʪ ʉʦʙʳʪʠʡ ʦʙʨʘʟʦʚʘʚ-

ʰʝʡʩʷ ʏɼ, ʩʤ. ʈʠʩ. 5(b). 

 

 
(a) 

 
(b) 

 

 
(e) 

 
(c) 

 
(d) 

ʈʠʩ. 4. (ʘ-c) ʩʝʯʝʥʠʷ ʙʦʣʝʝ ʪʦʯʥʦʡ Aʌ MM, (d) ï ʫʩʠʣʝʥʠʝ ʩʣʘʙʳʭ ʷʨʢʦʩʪʝʡ ʚ X,  

 

(e) -Y ï ʠʩʭʦʜʥʦʝ ʠʟʦʙʨʘʞʝʥʠʝ ʩ ʪʝʣʝʩʢʦʧʘ ʏʘʥʜʨʘ ï ʚ ʜʚʫʭʙʘʡʪʦʚʦʤ 

tif. 

 

 

 
(a) 

'2nstars_xray_8 - 26- 2017'  

 
(b) 

ʈʠʩ. 5. (ʘ) ï ʚʟʨʳʚ ʜʚʫʭ ʅɿ ʚʦʚʥʝ ʚ ʧʨʝʜʩʪʘʚʣʝʥʠʠ ʬʘʥʪʘʩʪʦʚ, (b) ïʍ SR ʠʟʦʙʨʘʞʝ-

ʥʠʝ ʩ ʚʳʭʦʜʘ ʄʄ: ʚʟʨʳʚ ʚʦ ʚʥʫʪʨʝʥʥʦʩʪʴ ʠʣʠ ʚ ʪʝʥʴ ʏɼ. 

Credit: Physical Faculty 

M.V.LomonosovMSU/E.N.Terentiev et al. 

X=R Y 

SR=[265, 103, 186] DI=10000] 

||R||=[8900, 7880, 8790] 

300x300 

300x300 

ɸʌ{O}| O=A ɸʌ R 

ɸʌ R O ~ DK 
ʇʨʝʦʙʨʘʟʦʚʘʥʠʝ 

ʷʨʢʦʩʪʠ ʚ ʍ 

Y=A X  

Credit: NASA/CXC/Univ. 

of Oklahoma/X. Dai et al. 

https://chandra.harvard.edu/photo/2022/gw170817/gw170817.jpg
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ɺʳʚʦʜʳ: ʪʨʝʙʫʝʪʩʷ ʧʨʦʚʝʨʢʘ, ʧʦʜʪʚʝʨʞʜʝʥʠʝ ʧʦʣʫʯʝʥʥʳʭ ʠʪʦʛʦʚ 

ʜʨʫʛʠʤʠ ʠʩʩʣʝʜʦʚʘʪʝʣʷʤʠ, ʯʪʦʙʳ ʠʭ ʧʨʝʚʨʘʪʠʪʴ ʚ ʥʘʫʯʥʳʝ ʨʝʟʫʣʴʪʘʪʳ. 

ɹʣʘʛʦʜʘʨʥʦʩʪʠ: ʘʚʪʦʨʘʤ ʨʘʙʦʪʳ [4] Xinyu Dai, Shaun Steele, Eduardo 

Guerras, Christopher Morgan ʠ Bin Chen ʟʘ ʤʝʪʦʜ ʤʠʢʨʦ-ʣʠʥʟʠʨʦʚʘʥʠʷ. 
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ʊʆʏʅʆʉʊʀ ʀ ʉʊɸʅɼɸʈʊʓ ʆʎɽʅʀɺɸʅʀɽ ʇɸʈɸʄɽʊʈʆɺ ʆɹʒɽʂ-

ʊʆɺ ɺ ʀɿʆɹʈɸɾɽʅʀʗʍ ʉ ʀɿʄɽʈʀʊɽʃʔʅʆ-ɺʓʏʀʉʃʀʊɽʃʔʅʓʍ 

ʉʀʉʊɽʄ 

ʉʪ. ʧʨʝʧʦʜ. ʊʝʨʝʥʪʴʝʚ ɽ.ʅ., ʩʪʫʜ. ʄʘʭʥʶʢ ʄ.ɺ., ʩʪʫʜ. ɹʘʣʘʙʘʥ ɽ.ɼ.,  

ʩʪʫʜ. ʈʦʤʘʥʦʚ ɼ.ʈ., ʩʪʫʜ. ʐʘʮʢʦʚ ʀ.ɸ. 

ʉʪʘʥʜʘʨʪʳ ʧʦ ʚʳʩʦʢʦʪʦʯʥʦʤʫ ʦʮʝʥʠʚʘʥʠʶ ʧʘʨʘʤʝʪʨʦʚ ʦʙʲʝʢʪʦʚ 

ʥʫʞʥʳ ʜʠʩʪʘʥʮʠʦʥʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʷʭ ʧʨʠ ʘʥʘʣʠʟʝ ʢʦʩʤʠʯʝʩʢʠʭ ʠʟʦʙʨʘʞʝ-

ʥʠʡ ʠ ʚ ʣʠʪʦʛʨʘʬʠʯʝʩʢʦʤ ʦʙʦʨʫʜʦʚʘʥʠʠ ʜʣʷ ʧʨʦʠʟʚʦʜʩʪʚʘ ʧʘʤʷʪʠ ʠ ʧʨʦ-

ʮʝʩʩʦʨʦʚ. ɼʣʷ ʵʪʦʛʦ ʚ ʄʘʪ. ʆʙʝʩʧʝʯʝʥʠʠ ʀʟʤʝʨʠʪʝʣʴʥʦ ɺʳʯʠʩʣʠʪʝʣʴʥʳʭ 

ʉʠʩʪʝʤ (ʄʆ ʀɺʉ) ʧʨʝʜʣʘʛʘʝʤ ʠʩʧʦʣʴʟʦʚʘʪʴ ʤʝʪʦʜʳ ɻʨʘʜʠʝʥʪʥʦʡ ʄʦʨʬʦ-

ʣʦʛʠʠ (ɻʄ) ʠ ʤʝʪʦʜʳ ʄʘʪʝʤʘʪʠʯʝʩʢʦʛʦ ʄʠʢʨʦʩʢʦʧʘ (ʄʄ).  

 

ɺʚʝʜʝʥʠʝ 

ɼʣʷ ʩʧʝʮʠʘʣʠʟʠʨʦʚʘʥʥʳʭ ʀɺʉ ʚ ʣʠʪʦʛʨʘʬʠʯʝʩʢʦʤ ʦʙʦʨʫʜʦʚʘʥʠʠ ʜʣʷ 

ʧʨʦʠʟʚʦʜʩʪʚʘ ʧʨʦʮʝʩʩʦʨʦʚ ʠ ʧʘʤʷʪʠ ʜʦʣʞʥʳ ʙʳʪʴ ʩʪʘʥʜʘʨʪʳ ʧʦ, ʥʘʧʨʠʤʝʨ, 

ʪʦʯʥʦʩʪʠ ʦʮʝʥʠʚʘʥʠʷ ʧʘʨʘʤʝʪʨʦʚ ʦʙʲʝʢʪʦʚ ʚ ʠʟʦʙʨʘʞʝʥʠʷʭ. ʇʦʢʘ ʤʳ ʤʦ-

ʞʝʤ ʫʪʚʝʨʞʜʘʪʴ, ʯʪʦ ʤʝʪʦʜʘʤʠ ɻʨʘʜʠʝʥʪʥʦʡ ʄʦʨʬʦʣʦʛʠʠ (ɻʄ) ʪʘʢʠʝ ʧʘʨʘ-

ʤʝʪʨʳ ʢʘʢ ʧʦʣʦʞʝʥʠʝ ʠ ʨʘʟʤʝʨʳ, ʥʘʧʨʠʤʝʨ, ʀʥʪʝʛʨʘʣʴʥʦʛʦ ʊʨʘʥʟʠʩʪʦʨʘ 

ʤʳ ʤʦʞʝʤ ʦʮʝʥʠʪʴ ʚ 5-10 ʨʘʟ ʙʦʣʝʝ ʪʦʯʥʦ, ʯʝʤ ʤʝʪʦʜʘʤʠ ʦʙʳʯʥʦʡ ʤʦʨʬʦ-

ʣʦʛʠʠ. ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʚ ʢʦʥʩʪʨʫʠʨʦʚʘʥʠʠ ʦʧʪʠʯʝʩʢʠʭ ʀɺʉ ʩʦʚʨʝʤʝʥ-

ʥʳʭ ʣʠʪʦʛʨʘʬʦʚ ʠʤʝʝʪ ʤʝʩʪʦ ʧʨʦʩʪʘʷ ʪʝʥʜʝʥʮʠʷ: ñʏʝʤ ʤʝʥʴʰʝ ʜʣʠʥʳ ʚʦʣ-

ʥʳ ʠʟʣʫʯʝʥʠʷ, ʪʝʤ ʙʦʣʝʝ ʤʝʣʢʠʝ ʦʙʲʝʢʪʳ ʤʳ ʚʠʜʠʤ, ʠʟʤʝʨʷʝʤò. ɺ ʧʦʜʭʦʜʘʭ 

ʵʪʦʡ ʪʝʥʜʝʥʮʠʠ ʥʝ ʫʯʠʪʳʚʘʝʪʩʷ ʪʦʪ ʬʘʢʪ, ʯʪʦ ʠʟʣʫʯʝʥʠʝ ʠʤʝʝʪ ʚʦʣʥʦʚʫʶ 

ʧʨʠʨʦʜʫ ʠ ʥʘʜʦ ʤʘʪʝʤʘʪʠʯʝʩʢʠ ʢʦʤʧʝʥʩʠʨʦʚʘʪʴ (ʪʝʨʤʠʥʳ:) ɼʠʘʛʨʘʤʤʫ ʅʘ-

ʧʨʘʚʣʝʥʥʦʩʪʠ (ɼʅ), ʌʫʥʢʮʠʶ ʈʘʩʩʝʷʥʠʷ ʊʦʯʢʠ (ʌʈʊ) ʠʣʠ ɸʧʧʘʨʘʪʥʫʶ 

http://dx.doi.org/10.1103/PhysRevLett.116.061102
https://chandra.si.edu/photo/2019/quasars/
https://chandra.harvard.edu/photo/2022/gw170817/
https://arxiv.org/abs/1901.06007
https://orcid.org/0000-0003-1024-2575
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ʌʫʥʢʮʠʶ (ɸʌ) ʀɺʉ. ɿʘʤʝʪʠ, ʯʪʦ ʣʠʪʦʛʨʘʬʳ ʩ ʈʝʥʪʛʝʥʦʚʩʢʠʤ ʀɺʉ ʫʞʝ 

ʩʫʱʝʩʪʚʫʶʪ ʟʘ ʨʫʙʝʞʦʤ. ɺ ʈʦʩʩʠʠ ʨʘʙʦʪʳ ʧʦ ʨʝʥʪʛʝʥʦʚʩʢʦʤʫ ʣʠʪʦʛʨʘʬʫ 

ʧʨʦʜʦʣʞʘʶʪʩʷ ʚ ʅʠʞʥʝʤ ʅʦʚʛʦʨʦʜʝ. ʈʝʥʪʛʝʥʦʚʩʢʠʝ ʀɺʉ ʦʯʝʥʴ ʜʦʨʦʛʠʝ ʠ 

ʩʝʡʯʘʩ ʪʝʥʜʝʥʮʠʷ ʥʘʧʨʘʚʣʝʥʘ ʜʘʞʝ ʥʘ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʩʠʥʭʨʦʪʨʦʥʥʦʛʦ ʠʟ-

ʣʫʯʝʥʠʷ ʚ ʣʠʪʦʛʨʘʬʠʠ. ʅʘ ʬʠʟʠʯʝʩʢʦʤ ʬʘʢʫʣʴʪʝʪʝ ʄɻʋ ʩʦʟʜʘʥ ʤʝʪʦʜ ʧʦ 

ʢʦʤʧʝʥʩʘʮʠʠ ɸʌ ʠʩʢʘʞʝʥʠʡ ʀɺʉ, ʢʦʪʦʨʳʡ ʤʳ ʥʘʟʚʘʣʠ ʄʘʪʝʤʘʪʠʯʝʩʢʠʡ 

ʄʠʢʨʦʩʢʦʧ (ʄʄ). ʄʝʪʦʜ ʄʄ ʘʧʨʦʙʠʨʦʚʘʥ ʥʘ ʜʘʥʥʳʭ ʚ ɸʩʪʨʦʥʦʤʠʠ ʠ ʥʘ 

ʜʘʥʥʳʭ ʩ ʕʣʝʢʪʨʦʥʥʳʭ ʠ ɸʪʦʤʥʦ-ʉʠʣʦʚʳʭ ʤʠʢʨʦʩʢʦʧʦʚ. ɺʝʣʠʯʠʥʳ ʧʦʣʫ-

ʯʘʝʤʳʭ ʩʚʝʨʭ ʨʘʟʨʝʰʝʥʠʡ SR ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʪʦʯʥʦʩʪʠ ʠʩʭʦʜʥʳʭ ʜʘʥʥʳʭ 

ʜʣʷ ʄʄ ʥʘʭʦʜʷʪʩʷ ʚ ʧʨʝʜʝʣʘʭ ʦʪ 30-50 ʜʦ 200-2000. 

 

ɹʘʟʠʩʳ ʌʫʨʴʝ, ʂʄʊʆ 

 

ɹʘʟʠʩ ʌʫ-

ʨʴʝ, N=8, 

n=0, dx=1 

 
H(0)(x0), 

x0=0:N-1 

 

ʇʨʦʠʟʚʦʜ-

ʥʘʷ, n=1, 

dx=1 

 
H(1)(x0) 

 

ʀʥʪʝʛʨʘʣ,  

n=-1, dx=1 

 
H(-1)(x0) 

 

ʌʫʨʴʝ ʛʘʨ-

ʤʦʥʠʢʠ. 

n=0, 

dx=0.01 

 
H(0)(x), 

x=0:N-dx 

 

ʇʨʦʠʟʚʦʜ-

ʥʘʷ, 

n=1, 

dx=0.01 

 
H(1)(x) 

 

ʀʥʪʝʛʨʘʣ, 

n=-1, 

dx=0.01 

 
H(-1)(x) 

ʈʠʩ. 1. ʇʨʠʤʝʨ ʙʘʟʠʩʘ ʌʫʨʴʝ ʩ ʦʧʝʨʘʮʠʷʤʠ ʜʠʬʬʝʨʝʥʮʠʨʦʚʘʥʠʷ ʠ ʠʥʪʝʛʨʠʨʦʚʘʥʠʷ 

ʚ ʜʠʩʢʨʝʪʥʦʤ dx=1 ʠ ʩ ʠʥʪʝʨʧʦʣʷʮʠʝʡ ï ʚ ñʥʝʧʨʝʨʳʚʥʦʤò dx=0.01 ʩʣʫʯʘʷʭ  
 

1D ʂʄʊʆ ʊʝʦʨʝʤʘ [1]: ɼʘʥʦ: ʩʪʨʦʢʘ ʦʪʩʯʝʪʦʚ D=f(x0) ʠ ʜʚʝ ʤʘʪʨʠʮʳ 

H(0)(x0) ʠ H(n)(x), ʪʦʛʜʘ ʧʨʠ n=0 ñʥʝʧʨʝʨʳʚʥʘʷò ʬʫʥʢʮʠʷ f(n)(x)= 

(H(0)(x0)*Dô)ô*H(n)(x) ʧʨʦʭʦʜʠʪ ʯʝʨʝʟ ʪʦʯʢʠ ʦʪʩʯʝʪʦʚ D=f(x0).  

 

ʊʦʯʥʦʩʪʴ ʦʧʝʨʘʮʠʡ ʚ ʪʝʦʨʠʠ ʧʦʣʷ ʚ ʂʄʊʆ 

 
 

 
 

 

 
 

 

 

 

 

ʈʠʩ. 2. ʏʠʩʣʦʚʳʝ ʦʧʝʨʘʮʠʠ ʪʝʦʨʠʠ ʧʦʣʷ ʨʝʘʣʠʟʫʶʪʩʷ ʩ ʪʦʯʥʦʩʪʴʶ ʤʘʥʪʠʩʩʳ 
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div(rot(A)) 

ʊʦʯʥʦʩʪʴ 10
-14 

ɺʠʭʨʝʚʦʝ ʧʦʣʝ ɸ rot ɸ 
rot ɸ, dx=1/2 

ʀʥʪʝʨʧʦʣʷʮʠʷ 
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ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʂʄʊʆ ʧʦʟʚʦʣʷʝʪ ʧʨʠ ʤʦʜʝʣʠʨʦʚʘʥʠʠ ʩʣʦʞʥʳʭ ʷʚʣʝ-

ʥʠʡ, ʧʨʦʮʝʩʩʦʚ ʦʙʭʦʜʠʪʴʩʷ ʙʝʟ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʢʦʥʝʯʥʦʤʝʨʥʳʭ ʨʘʟʥʦʩʪʥʳʭ 

ʩʭʝʤ. ʊʝʭʥʠʢʘ ʂʄʊʆ ʠʩʧʦʣʴʟʦʚʘʣʘʩʴ ʠ ʚ ʘʥʘʣʠʪʠʯʝʩʢʠʭ ʨʘʩʯʝʪʘʭ [2, 3]. 

ʄʝʪʦʜʳ ɻʄ ʜʣʷ ʪʦʯʥʦʡ ʦʮʝʥʢʠ ʧʘʨʘʤʝʪʨʦʚ ʦʙʲʝʢʪʦʚ ʚ ʠʟʦʙʨʘʞʝʥʠʷʭ 

ɺ ʦʩʥʦʚʝ ʤʝʪʦʜʦʚ ɻʄ ʣʝʞʠʪ ʂʄʊʆ [3-6], ʢʦʪʦʨʘʷ ʧʦʟʚʦʣʷʝʪ ʚʳʯʠʩ-

ʣʷʪʴ ʯʘʩʪʥʳʝ ʧʨʦʠʟʚʦʜʥʳʝ ʦʪ ʤʘʩʩʠʚʦʚ ʯʠʩʝʣ, ʚ ʯʘʩʪʥʦʩʪʠ ʚʳʯʠʩʣʷʪʴ ʛʨʘ-

ʜʠʝʥʪʥʦʝ ʧʦʣʝ B=grad P ʦʪ ʠʟʦʙʨʘʞʝʥʠʷ ʈ ï ʩʚʝʪʣʦʝ ʢʦʣʴʮʦ ʥʘ ʪʝʤʥʦʤ ʬʦ-

ʥʝ, ʩʤ. ʈʠʩ. 1 ʩʣʝʚʘ. 

 
ʇʦʚʦʨʦʪ 

ʚʝʢʪʦʨʘ gB ʥʘ ʫʛʦʣ 

  

 

 

 
|diR|=1 

ʐʘʙʣʦʥ 

X=[diC] 

 

 
 

ʇʨʦʝʢʮʠʠ f 

ʥʘ X: 

COS: 

f=>fC=(f,X)*X, 

SIN:   

f=>fS=f-fC 

ʇʨʦʝʢʮʠʠ f ʥʘ X 

ʠ ʨʝʚʝʨʩ 

f  ʚ ʦʙʣ. 

ʦʧʨʝʜʝʣʝʥʠʷX 

 
 

 

 

 

ɺʝʣʠʯʠʥʘ SNR(f|X)= 

=||fC||2/||fS||
2 ʚ ʮʝʥʪʨʝ 

ʍ. 

ʎʝʥʪʨ ʍ ï ʚ ʦʙʣ. ʩʢʘ-

ʥʠʨ. S. 

 

ɿʘʜʘʯʘ ʣʦʢʘʣʠʟʘ-

ʮʠʠ: (x0,y0)= 

=argmaxSNR(f|X), 

(x,y)  

 

ʆʙʣʘʩʪʴ S ï ʚʥʫʪʨʠ 

. 

 
ʈʠʩ. 3. ʆʧʝʨʘʮʠʠ ʥʘʜ ʚʝʢʪʦʨʥʳʤʠ ʧʦʣʷʤʠ, ʰʘʙʣʦʥʳ, ʧʨʦʝʢʮʠʠ, ʬʫʥʢʮʠʷ SNR ʠ 

ʧʦʩʪʘʥʦʚʢʘ ʟʘʜʘʯʠ ʣʦʢʘʣʠʟʘʮʠʠ (ʰʘʙʣʦʥʘ ʍ) ʦʙʲʝʢʪʘ. 

 

ʊʦʯʥʘʷ ʣʦʢʘʣʠʟʘʮʠʷ ʧʦʞʘʨʦʚ ʩ ʜʳʤʦʚʳʤʠ ʰʣʝʡʬʘʤʠ 

ɺ ʥʘʰʝʡ ʨʘʙʦʪʝ ʜʝʣʘʶʪʩʷ ʧʝʨʚʳʝ ʧʦʧʳʪʢʠ ʧʦ ʘʚʪʦʤʘʪʠʟʘʮʠʠ ʟʘʜʘʯ, 

ʩʚʷʟʘʥʥʳʭ ʩ ʢʦʩʤʠʯʝʩʢʠʤ ʤʦʥʠʪʦʨʠʥʛʦʤ ʷʚʣʝʥʠʡ ʥʘ ɿʝʤʣʝ ʥʘ ʧʨʠʤʝʨʝ ʟʘ-

ʜʘʯʠ ʣʦʢʘʣʠʟʘʮʠʠ ʧʦʞʘʨʦʚ ʩ ʜʳʤʦʚʳʤʠ ʰʣʝʡʬʘʤʠ ʩ ʪʦʯʥʦʩʪʴʶ ʜʦ ʥʝ-

ʩʢʦʣʴʢʠʭ ʧʠʢʩʝʣʦ..  

 
 

ʌʨʘʛʤʝʥʪ ʣʝʩ-

ʥʳʭ ʧʦʞʘʨʦʚ ʚ 

ʉʠʙʠʨʠ. 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

maxSNR~6.9 

 

ʈʠʩ. 4. ʇʨʠʤʝʨ ʨʝʘʣʠʟʘʮʠʠ ʦʙʱʝʡ ʩʭʝʤʳ ʛʨʘʜʠʝʥʪʥʦʡ ʤʦʨʬʦʣʦʛʠʠ ʧʨʠ ʪʦʯʥʦʡ ʣʦ-

ʢʘʣʠʟʘʮʠʠ ʧʦʞʘʨʦʚ ʩ ʉʠʙʠʨʠ ʩ ʜʳʤʦʚʳʤʠ ʰʣʝʡʬʘʤʠ. 

 
 

/2p

SÍ

F SÈ

RGB 

G 

X=[diP] 
fc fs 

|fc| |fs| pF=0.35 
f=grad G 

SNR 

S 
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/2p  

|X|=1 

fS=f-fC 

fC 
gB 

f=ʦgB 

X 
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f 

F 

|X|=1 
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ʄʄ ʨʘʟʨʝʰʘʝʪ ɻʨʘʚʠʪʘʮʠʦʥʥʳʝ ɺʦʣʥʳ ʧʨʠ ʚʟʨʳʚʝ ʜʚʫʭ ʥʝʡ-

ʪʨʦʥʥʳʭ ʟʚʝʟʜ  

ɺ ʩʚʝʟʭʨʘʟʨʝʰʝʥʥʦʤ ʠʟʦʙʨʘʞʝʥʠʠ ʍ ʜʚʦʡʥʦʡ ʩʚʝʪʣʳʡ ʢʦʥʪʫʨ ï ʛʦʨʠ-

ʟʦʥʪ ʩʦʙʳʪʠʡ ʜʚʫʭ ʅʝʡʪʨʦʥʥʳʭ ɿʚʝʟʜ ʠ ʛʦʨʠʟʦʥʪ ʩʦʙʳʪʠʡ ʏɼ. ɼʘʥʥʳʝ ʩ 

ʏʘʥʜʨʳ: ʜʚʫʭʙʘʡʪʦʚʳʡ tif. 

 
 

 

(a) 

 

 

(b) 

 

 

(c) 

 

 

(d) 

ʈʠʩ. 5. (ʘ-c) ʩʝʯʝʥʠʷ ʙʦʣʝʝ ʪʦʯʥʦʡ Aʌ MM, (d) ï ʫʩʠʣʝʥʠʝ ʩʣʘʙʳʭ ʷʨʢʦʩʪʝʡ ʚ X 

 

 

 

 

 
(a) 

'2nstars_xray_8 - 26- 2017'  

 
(b) 

ʈʠʩ. 6. (ʘ) ï Y ï ʠʩʭʦʜʥʳʝ ʜʘʥʥʳʝ ʩ ʏʘʥʜʨʳ, (b) ïʍ SR ʠʟʦʙʨʘʞʝʥʠʝ ʩ ʚʳʭʦʜʘ ʄʄ: 

ʚʟʨʳʚ ʚʦ ʚʥʫʪʨʝʥʥʦʩʪʴ ʠʣʠ ʚ ʪʝʥʴ ʏɼ. 

 

ɺʳʚʦʜʳ: ʤʝʪʦʜ ʄʄ ʧʦʢʘ ʥʝ ʧʨʠʤʝʥʷʣʩʷ ʜʣʷ ʧʦʣʫʯʝʥʠʷ SR ʠʟʦʙʨʘ-

ʞʝʥʠʡ ʩ ʀɺʉ ʚ ʣʠʪʦʛʨʘʬʠʠ. ɹʫʜʫʱʠʝ ʟʘ ʥʦʚʳʤʠ ʀɺʉ ʚ 0.2-1ʥʤ ʃʠʪʦʛʨʘ-

ʬʠʠ ʩ ʤʝʪʦʜʘʤʠ ɻʄ ʠ ʄʄ. 
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ʀʊɽʈɸʎʀʆʅʅʓʁ ʇʈʆʎɽʉʉ ʀʊʆʅɸ ɼʃʗ ʇɽʈɽʄɽʑɽʅʀʗ ʏɸʉʊʀ-

ʎʓ ɺ ɺʗɿʂʆʁ ʉʈɽɼɽ 

ʤʘʪʝʤʘʪʠʢ ʄʘʡʝʨ ɸ.ʄ., ʥʘʫʯ. ʩʦʪʨ. ɹʫʟʠʢʦʚ ʄ.ʕ.,  

(ʀʥʩʪʠʪʫʪ ʧʨʦʙʣʝʤ ʫʧʨʘʚʣʝʥʠʷ ʠʤ. ɺ.ɸ. ʊʨʘʧʝʟʥʠʢʦʚʘ ʈɸʅ) 

 

ɺ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʠʩʩʣʝʜʦʚʘʥʘ ʟʘʜʘʯʘ ʥʘʠʩʢʦʨʝʡʰʝʛʦ ʧʝʨʝʤʝʱʝʥʠʷ 

ʯʘʩʪʠʮʳ ʚ ʚʷʟʢʦʡ ʩʨʝʜʝ ʚ ʟʘʜʘʥʥʦʝ ʧʦʣʦʞʝʥʠʝ ʩ ʟʘʜʘʥʥʦʡ ʩʢʦʨʦʩʪʴʶ ʚ ʬʠ-

ʥʘʣʴʥʳʡ ʤʦʤʝʥʪ ʚʨʝʤʝʥʠ. ʇʨʠʯʝʤ ʞʝʣʘʝʤʦʝ ʢʦʥʝʯʥʦʝ ʧʦʣʦʞʝʥʠʝ ʯʘʩʪʠʮʳ 

ʠ ʞʝʣʘʝʤʳʡ ʚʝʢʪʦʨ ʩʢʦʨʦʩʪʠ ʤʦʛʫʪ ʤʝʥʷʪʴʩʷ ʠʟʚʝʩʪʥʳʤ ʦʙʨʘʟʦʤ ʚ ʟʘʚʠʩʠ-

ʤʦʩʪʠ ʦʪ ʚʨʝʤʝʥʠ. ʄʦʜʝʣʴ, ʚ ʨʘʤʢʘʭ ʢʦʪʦʨʦʡ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʜʚʠʞʝʥʠʝ 

ʤʘʪʝʨʠʘʣʴʥʦʡ ʪʦʯʢʠ ʚ ʩʨʝʜʝ, ʚ ʢʦʪʦʨʦʡ ʩʠʣʘ ʩʦʧʨʦʪʠʚʣʝʥʠʷ ʧʨʷʤʦ ʧʨʦʧʦʨ-

ʮʠʦʥʘʣʴʥʦ ʩʢʦʨʦʩʪʠ ʤʘʪʝʨʠʘʣʴʥʦʡ ʪʦʯʢʠ, ʙʳʣʘ ʥʘʟʚʘʥʘ ʈ. ɸʡʟʝʢʩʦʤ çʠʟʦ-

ʪʨʦʧʥʦʡ ʨʘʢʝʪʦʡè [1]. ʉ ʧʦʤʦʱʴʶ ʵʪʦʡ ʤʦʜʝʣʠ ʠ ʨʝʰʝʥʠʷ ʩʦʦʪʚʝʪʩʪʚʫʶ-

ʱʝʡ ʟʘʜʘʯʠ ʙʳʩʪʨʦʜʝʡʩʪʚʠʷ ʧʦ ʜʦʩʪʠʞʝʥʠʶ ʬʠʥʘʣʴʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʤʦʞʥʦ 

ʩʪʨʦʠʪʴ ʛʣʘʜʢʠʝ ʦʧʦʨʥʳʝ ʪʨʘʝʢʪʦʨʠʠ ʜʣʷ ʩʣʦʞʥʳʭ ʦʙʲʝʢʪʦʚ ʫʧʨʘʚʣʝʥʠʷ 

[2]. 

ɼʠʥʘʤʠʢʘ ʠʟʦʪʨʦʧʥʦʡ ʨʘʢʝʪʳ ʧʨʠ ʥʝʥʫʣʝʚʦʡ ʚʷʟʢʦʩʪʠ ʩʨʝʜʳ (ʧʦʩʣʝ 

ʚʳʙʦʨʘ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʤʘʩʰʪʘʙʦʚ ʝʜʠʥʠʮ ʜʣʠʥʳ ʠ ʚʨʝʤʝʥʠ [3]) ʤʦʞʝʪ 

ʙʳʪʴ ʦʧʠʩʘʥʘ ʩ ʧʦʤʦʱʴʶ ʩʣʝʜʫʶʱʝʡ ʩʠʩʪʝʤʳ ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʳʭ ʫʨʘʚʥʝ-

ʥʠʡ: dr/dt = v; dv/dt = u ï v. ɿʜʝʩʴ ʚʝʢʪʦʨʳ r(t) ʠ v(t) ʧʨʠʥʘʜʣʝʞʘʪ ʧʨʦʩʪʨʘʥ-

ʩʪʚʫ Rn ʠ ʦʧʠʩʳʚʘʶʪ ʢʦʦʨʜʠʥʘʪʳ ʠ ʩʢʦʨʦʩʪʠ ʨʘʢʝʪʳ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʂʘʢ 

ʧʨʘʚʠʣʦ, ʜʣʷ ʧʨʠʢʣʘʜʥʳʭ ʟʘʜʘʯ n = 2 ʠʣʠ n = 3. ɿʥʘʯʝʥʠʝ ʬʫʥʢʮʠʠ ʫʧʨʘʚ-

ʣʝʥʠʷ u(t) ʦʛʨʘʥʠʯʝʥʦ ʧʦ ʥʦʨʤʝ ʠ ʧʨʠʥʘʜʣʝʞʠʪ ʝʜʠʥʠʯʥʦʤʫ ʰʘʨʫ ʧʨʦ-

ʩʪʨʘʥʩʪʚʘ Rn. ʅʘʯʘʣʦ ʢʦʦʨʜʠʥʘʪ ʚʩʝʛʜʘ ʤʦʞʥʦ ʩʤʝʩʪʠʪʴ ʪʘʢ, ʯʪʦʙʳ ʚ ʥʘ-

ʯʘʣʴʥʳʡ ʤʦʤʝʥʪ ʚʨʝʤʝʥʠ t = 0, ʙʳʣʦ r(0) = 0. ɹʫʜʝʤ ʧʨʝʜʧʦʣʘʛʘʪʴ, ʯʪʦ ʥʘ-

ʯʘʣʴʥʳʡ ʚʝʢʪʦʨ ʩʢʦʨʦʩʪʠ v(0) = v0 ʧʦ ʥʦʨʤʝ ʥʝ ʙʦʣʴʰʝ ʝʜʠʥʠʮʳ. 

ɾʝʣʘʝʤʦʝ ʩʦʩʪʦʷʥʠʝ ʚ ʢʦʥʝʯʥʳʡ ʤʦʤʝʥʪ ʚʨʝʤʝʥʠ ʙʫʜʝʤ ʦʧʠʩʳʚʘʪʴ ʩ 

ʧʦʤʦʱʴʶ v-ʣʠʧʰʠʮʝʚʦʡ ʚʝʢʪʦʨ-ʬʫʥʢʮʠʠ sT. ɿʥʘʯʝʥʠʷ ʪʘʢʦʡ ʬʫʥʢʮʠʠ ʣʝ-

ʞʘʪ ʚ ʧʨʦʩʪʨʘʥʩʪʚʝ ʩʦʩʪʦʷʥʠʡ R2n. ʋʩʣʦʚʠʝʤ ʧʝʨʝʭʚʘʪʘ ʷʚʣʷʝʪʩʷ ʩʙʣʠʞʝ-

ʥʠʝ ʚʝʢʪʦʨʘ ʩʦʩʪʦʷʥʠʷ ʨʘʢʝʪʳ ʠ ʜʚʠʞʫʱʝʡʩʷ ʮʝʣʠ ʥʘ ʨʘʩʩʪʦʷʥʠʝ, ʥʝ ʤʝʥʴ-

ʰʝʝ ʯʝʤ l. ʎʝʣʴ ʨʘʙʦʪʳ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʧʦʩʪʨʦʝʥʠʠ ʘʣʛʦʨʠʪʤʘ, ʢʦʪʦʨʳʡ ʚʳ-

ʯʠʩʣʷʝʪ ʚʨʝʤʷ ʙʳʩʪʨʦʜʝʡʩʪʚʠʷ ʚ ʧʦʩʪʘʚʣʝʥʥʦʡ ʟʘʜʘʯʝ ʥʘʠʩʢʦʨʝʡʰʝʛʦ ʧʝ-

ʨʝʤʝʱʝʥʠʷ ʠʟʦʪʨʦʧʥʦʡ ʨʘʢʝʪʳ ʚ ʞʝʣʘʝʤʦʝ ʩʦʩʪʦʷʥʠʝ. ɺ ʨʘʙʦʪʝ [3] ʧʨʠʚʝ-
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ʜʝʥʳ ʫʨʘʚʥʝʥʠʷ, ʢʦʪʦʨʳʤ ʜʦʣʞʥʦ ʫʜʦʚʣʝʪʚʦʨʷʪʴ ʚʨʝʤʷ ʙʳʩʪʨʦʜʝʡʩʪʚʠʷ ʠ 

ʧʘʨʘʤʝʪʨʳ ʦʧʪʠʤʘʣʴʥʦʛʦ ʫʧʨʘʚʣʝʥʠʷ ʜʣʷ ʥʝʧʦʜʚʠʞʥʦʛʦ ʞʝʣʘʝʤʦʛʦ ʩʦ-

ʩʪʦʷʥʠʷ, ʦʜʥʘʢʦ ʘʚʪʦʤʘʪʠʟʠʨʦʚʘʥʥʳʡ ʧʦʠʩʢ ʥʫʞʥʦʛʦ ʨʝʰʝʥʠʷ ʵʪʠʭ ʫʨʘʚʥʝ-

ʥʠʡ ʟʘʪʨʫʜʥʠʪʝʣʝʥ. 

ʊʘʢ ʢʘʢ ʠʟʦʪʨʦʧʥʘʷ ʨʘʢʝʪʘ ʦʪʥʦʩʠʪʩʷ ʢ ʢʣʘʩʩʫ ʣʠʥʝʡʥʳʭ ʩʠʩʪʝʤ, ʪʦ 

ʜʣʷ ʢʦʥʩʪʨʫʢʪʠʚʥʦʛʦ ʨʝʰʝʥʠʷ ʟʘʜʘʯʠ ʚʳʯʠʩʣʝʥʠʷ ʚʨʝʤʝʥʠ ʙʳʩʪʨʦʜʝʡʩʪʚʠʷ 

ʧʨʠʤʝʥʠʤ ʠʪʝʨʘʮʠʦʥʥʳʡ ʧʨʦʮʝʩʩ ʀʪʦʥʘ [4]. ɸʣʛʦʨʠʪʤ ʀʪʦʥʘ ʪʨʝʙʫʝʪ ʦʩʦ-

ʙʦʡ ʧʘʨʘʤʝʪʨʠʟʘʮʠʠ ʧʦʚʝʨʭʥʦʩʪʠ ʤʥʦʞʝʩʪʚʘ ʜʦʩʪʠʞʠʤʦʩʪʠ ʦʙʲʝʢʪʘ 

ʫʧʨʘʚʣʝʥʠʷ. ʉʫʪʴ ʵʪʦʛʦ ʘʣʛʦʨʠʪʤʘ ʩʦʩʪʦʠʪ ʚ ʧʦʩʪʨʦʝʥʠʠ ʤʦʥʦʪʦʥʥʦʡ ʧʦ-

ʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ ʚʨʝʤʝʥ, ʢʦʪʦʨʳʝ ʦʮʝʥʠʚʘʶʪ ʩʥʠʟʫ ʚʨʝʤʷ ʙʳʩʪʨʦʜʝʡʩʪ-

ʚʠʷ. ʕʪʘ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʴ ʜʦʣʞʥʘ ʩʭʦʜʠʪʴʩʷ ʢ ʚʨʝʤʝʥʠ ʙʳʩʪʨʦʜʝʡʩʪʚʠʷ. 

ʇʨʦʤʝʞʫʪʦʯʥʳʤ ʜʝʡʩʪʚʠʝʤ ʥʘ ʢʘʞʜʦʤ ʰʘʛʝ ʵʪʦʛʦ ʘʣʛʦʨʠʪʤʘ ʦʩʫʱʝʩʪʚʣʷ-

ʝʪʩʷ ʧʦʚʦʨʦʪ ʛʠʧʝʨʧʣʦʩʢʦʩʪʠ, ʢʦʪʦʨʘʷ ʦʪʜʝʣʷʝʪ ʤʥʦʞʝʩʪʚʦ ʜʦʩʪʠʞʠʤʦʩʪʠ 

ʦʪ ʮʝʣʝʚʦʛʦ ʩʦʩʪʦʷʥʠʷ. ʎʝʣʴ ʵʪʦʛʦ ʧʦʚʦʨʦʪʘ ʩʦʩʪʦʠʪ ʚ ʪʦʤ, ʯʪʦʙʳ ʚʨʝʤʝʥ-

ʥʦʡ ʰʘʛ, ʦʧʨʝʜʝʣʷʶʱʠʡ ʩʣʝʜʫʶʱʠʡ ʵʣʝʤʝʥʪ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ ʚʨʝʤʝʥ, 

ʙʳʣ ʧʦʣʦʞʠʪʝʣʴʥʳʤ. ɸʣʛʦʨʠʪʤ ʀʪʦʥʘ ʧʦʜʨʘʟʫʤʝʚʘʝʪ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʧʨʘʢ-

ʪʠʯʝʩʢʠ ʪʨʫʜʥʦ ʚʳʯʠʩʣʷʝʤʦʡ ʬʫʥʢʮʠʠ, ʧʦʵʪʦʤʫ ʜʣʷ ʢʦʥʩʪʨʫʢʪʠʚʥʦʩʪʠ ʦʥ 

ʟʘʤʝʥʷʝʪ ʝʸ ʚʳʯʠʩʣʝʥʠʝ ʥʘ ʜʨʫʛʫʶ ʠʪʝʨʘʪʠʚʥʫʶ ʧʨʦʮʝʜʫʨʫ, ʤʘʪʝʤʘʪʠʯʝ-

ʩʢʦʝ ʦʙʦʩʥʦʚʘʥʠʝ ʢʦʪʦʨʦʡ ʥʝ ʧʨʠʚʦʜʠʪʩʷ ʚ ʝʛʦ ʨʘʙʦʪʝ. 

ɺ ʨʘʤʢʘʭ ʜʘʥʥʦʡ ʨʘʙʦʪʳ ʧʦʢʘʟʘʥʦ ʢʘʢ ʚ ʷʚʥʦʤ ʚʠʜʝ ʧʦʣʫʯʠʪʴ ʥʫʞ-

ʥʫʶ ʧʘʨʘʤʝʪʨʠʟʘʮʠʶ ʤʥʦʞʝʩʪʚʘ ʜʦʩʪʠʞʠʤʦʩʪʠ ʠʟʦʪʨʦʧʥʦʡ ʨʘʢʝʪʳ ʯʝʨʝʟ 

ʦʧʦʨʥʳʡ ʚʝʢʪʦʨ ʢ ʤʥʦʞʝʩʪʚʫ ʜʦʩʪʠʞʠʤʦʩʪʠ. ʊʘʢʞʝ ʧʦʩʪʨʦʝʥʘ ʤʦʜʠʬʠʢʘ-

ʮʠʷ ʠʪʝʨʘʮʠʦʥʥʦʛʦ ʧʨʦʮʝʩʩʘ ʀʪʦʥʘ, ʢʦʪʦʨʘʷ ʠʩʧʦʣʴʟʫʝʪ ʜʦʩʪʫʧʥʳʝ ʜʣʷ ʷʚ-

ʥʳʭ ʚʳʯʠʩʣʝʥʠʡ ʢʦʥʩʪʨʫʢʮʠʠ. ʏʠʩʣʝʥʥʳʝ ʵʢʩʧʝʨʠʤʝʥʪʳ ʧʦʢʘʟʳʚʘʶʪ, ʯʪʦ 

ʧʦʩʪʨʦʝʥʥʘʷ ʤʦʜʠʬʠʢʘʮʠʷ ʧʦʟʚʦʣʷʝʪ ʫʩʧʝʰʥʦ ʦʮʝʥʠʚʘʪʴ ʚʨʝʤʷ ʙʳʩʪʨʦ-

ʜʝʡʩʪʚʠʷ ʠ ʧʦʣʫʯʘʪʴ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʪʨʘʝʢʪʦʨʠʠ ʜʚʠʞʝʥʠʷ. 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ ʧʦʜʜʝʨʞʢʝ ʈʦʩʩʠʡʩʢʦʛʦ ʥʘʫʯʥʦʛʦ 

ʬʦʥʜʘ (ʛʨʘʥʪ 23-19-00134). 
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