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ɺʚʝʜʝʥʠʝ 

 

ɸʢʪʫʘʣʴʥʦʩʪʴ ʠ ʩʪʝʧʝʥʴ ʨʘʟʨʘʙʦʪʘʥʥʦʩʪʠ ʪʝʤʳ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ʄʦʣʝʢʫʣʷʨʥʳʝ ʚʝʱʝʩʪʚʘ ï ʵʪʦ ʩʦʝʜʠʥʝʥʠʷ, ʚ ʢʦʪʦʨʳʭ ʤʦʞʥʦ ʚʳʜʝʣʠʪʴ 

ʩʪʨʫʢʪʫʨʥʳʝ ʝʜʠʥʠʮʳ ï ʤʦʣʝʢʫʣʳ. ɸʪʦʤʳ ʚ ʤʦʣʝʢʫʣʘʭ ʩʚʷʟʘʥʳ ʩʠʣʴʥʳʤʠ 

ʢʦʚʘʣʝʥʪʥʳʤʠ ʩʚʷʟʷʤʠ, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʩʘʤʠ ʤʦʣʝʢʫʣʳ ʩʚʷʟʘʥʳ ʩʣʘʙʳʤ 

ʤʝʞʯʘʩʪʠʯʥʳʤ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝʤ: ʩʠʣʘʤ ɺʘʥ-ʜʝʨ-ɺʘʘʣʴʩʘ, ʚʦʜʦʨʦʜʥʳʤʠ ʩʚʷʟʷʤʠ, 

ʜʠʧʦʣʴ-ʜʠʧʦʣʴʥʳʤ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝʤ. ʆʪʤʝʪʠʤ, ʯʪʦ ʚʦ ʤʥʦʛʠʭ ʢʦʚʘʣʝʥʪʥʳʭ ʠ 

ʠʦʥʥʦ-ʢʦʚʘʣʝʥʪʥʳʭ ʚʝʱʝʩʪʚʘʭ, ʪʘʢʠʭ ʢʘʢ SiO2, MgO ʠ ʜʨʫʛʠʭ, ʪʘʢʞʝ ʬʦʨʤʘʣʴʥʦ 

ʤʦʞʥʦ ʚʳʜʝʣʠʪʴ ʤʦʣʝʢʫʣʳ ʢʘʢ ʩʪʨʫʢʪʫʨʥʳʝ ʝʜʠʥʠʮʳ. ʆʜʥʘʢʦ ʧʨʠ ʵʪʦʤ ʚ ʥʠʭ ʥʝʪ 

ʯʝʪʢʦʡ ʠʝʨʘʨʭʠʠ ʩʠʣ ʩʚʷʟʠ ï ʚʥʫʪʨʠʤʦʣʝʢʫʣʷʨʥʳʝ ʠ ʤʝʞʤʦʣʝʢʫʣʷʨʥʳʝ ʩʠʣʳ 

ʩʨʘʚʥʠʤʳ ʤʝʞʜʫ ʩʦʙʦʡ. ʂ ʤʦʣʝʢʫʣʷʨʥʳʤ ʚʝʱʝʩʪʚʘʤ ʦʪʥʦʩʷʪʩʷ ʤʥʦʛʦʯʠʩʣʝʥʥʳʝ 

ʧʨʦʩʪʳʝ ʥʝʤʝʪʘʣʣʠʯʝʩʢʠʝ ʚʝʱʝʩʪʚʘ ʠ ʦʨʛʘʥʠʯʝʩʢʠʝ ʩʦʝʜʠʥʝʥʠʷ. ʉʨʝʜʠ 

ʦʨʛʘʥʠʯʝʩʢʠʭ ʩʦʝʜʠʥʝʥʠʡ ʦʩʦʙʦʝ ʤʝʩʪʦ ʟʘʥʠʤʘʶʪ ʩʪʝʢʣʦʦʙʨʘʟʫʶʱʠʝ ʚʝʱʝʩʪʚʘ ï 

ʛʣʘʩʩʬʦʨʤʝʨʳ, ʢʦʪʦʨʳʝ ʧʨʠ ʫʤʝʨʝʥʥʦ ʙʳʩʪʨʦʤ ʦʭʣʘʞʜʝʥʠʠ ʧʝʨʝʭʦʜʷʪ ʠʟ ʞʠʜʢʦʡ 

ʬʘʟʳ ʥʝ ʚ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʝ ʩʦʩʪʦʷʥʠʝ, ʘ ʚ ʘʤʦʨʬʥʦʝ ʩʪʝʢʣʦ. ʅʝʩʤʦʪʨʷ ʥʘ ʠʭ 

ʰʠʨʦʢʫʶ ʨʘʩʧʨʦʩʪʨʘʥʝʥʥʦʩʪʴ ʠ ʘʢʪʠʚʥʦʝ ʠʩʧʦʣʴʟʦʚʘʥʠʝ, ʭʘʨʘʢʪʝʨ ʤʝʞʯʘʩʪʠʯʥʦʛʦ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʚ ʤʦʣʝʢʫʣʷʨʥʳʭ ʩʪʝʢʣʦʦʙʨʘʟʫʶʱʠʭ ʞʠʜʢʦʩʪʷʭ ʠʟʫʯʝʥ 

ʥʝʜʦʩʪʘʪʦʯʥʦ. ʕʪʦ ʦʙʫʩʣʦʚʣʝʥʦ ʪʝʤ, ʯʪʦ ʤʦʣʝʢʫʣʳ ʜʘʥʥʳʭ ʚʝʱʝʩʪʚ ʦʙʣʘʜʘʶʪ 

ʦʪʥʦʩʠʪʝʣʴʥʦ ʢʨʫʧʥʳʤʠ ʨʘʟʤʝʨʘʤʠ ʠ ʩʫʱʝʩʪʚʝʥʥʦ ʥʝʩʠʤʤʝʪʨʠʯʥʦʡ ʩʪʨʫʢʪʫʨʦʡ, 

ʯʪʦ ʚʝʜʝʪ ʢ ʟʥʘʯʠʪʝʣʴʥʦʤʫ ʫʩʣʦʞʥʝʥʠʶ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʤʝʞʤʦʣʝʢʫʣʷʨʥʦʛʦ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ. ʋʧʨʫʛʠʝ ʩʚʦʡʩʪʚʘ, ʭʦʪʷ ʠ ʷʚʣʷʶʪʩʷ ʤʘʢʨʦʩʢʦʧʠʯʝʩʢʠʤʠ 

ʧʘʨʘʤʝʪʨʘʤʠ, ʥʘʧʨʷʤʫʶ ʦʧʨʝʜʝʣʷʶʪʩʷ ʤʠʢʨʦʩʢʦʧʠʯʝʩʢʠʤ ʤʝʞʤʦʣʝʢʫʣʷʨʥʳʤ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʝʤ. ɿʥʘʥʠʝ ʫʧʨʫʛʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʚʝʱʝʩʪʚʘ ʜʘʝʪ ʚʘʞʥʫʶ 

ʠʥʬʦʨʤʘʮʠʶ ʦ ʤʝʞʯʘʩʪʠʯʥʦʤ ʚʟʘʠʤʦʜʝʡʩʪʚʠʠ. ɺ ʯʘʩʪʥʦʩʪʠ, ʠʟʚʝʩʪʥʦ, ʯʪʦ 

ʙʘʨʠʯʝʩʢʘʷ ʧʨʦʠʟʚʦʜʥʘʷ ʦʙʲʝʤʥʦʛʦ ʤʦʜʫʣʷ B'(P) ʚ ʟʥʘʯʠʪʝʣʴʥʦʡ ʩʪʝʧʝʥʠ 

ʦʧʨʝʜʝʣʷʝʪʩʷ ʵʬʬʝʢʪʠʚʥʳʤ ʧʦʪʝʥʮʠʘʣʦʤ ʮʝʥʪʨʘʣʴʥʦʛʦ ʤʝʞʤʦʣʝʢʫʣʷʨʥʦʛʦ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ. ɺ ʪʦ ʞʝ ʚʨʝʤʷ ʦʪʥʦʰʝʥʠʝ ʤʦʜʫʣʷ ʦʙʲʝʤʥʦʡ ʫʧʨʫʛʦʩʪʠ ɺ ʠ ʤʦʜʫʣʷ 

ʩʜʚʠʛʘ G, ʧʨʷʤʦ ʩʚʷʟʘʥʥʦʝ ʩ ʢʦʵʬʬʠʮʠʝʥʪʦʤ ʇʫʘʩʩʦʥʘ ů, ʧʦʟʚʦʣʷʝʪ ʦʮʝʥʠʪʴ ʚʢʣʘʜ 

ʥʝʮʝʥʪʨʘʣʴʥʳʭ ʩʠʣ ʚ ʤʝʞʤʦʣʝʢʫʣʷʨʥʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ (ʜʣʷ ʩʠʩʪʝʤ ʩ ʮʝʥʪʨʘʣʴʥʳʤ 



4 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʝʤ ů=0.25, ʜʣʷ ʤʝʪʘʣʣʦʚ ʢʦʵʬʬʠʮʠʝʥʪ ʇʫʘʩʩʦʥʘ, ʢʘʢ ʧʨʘʚʠʣʦ, 

ʥʝʩʢʦʣʴʢʦ ʚʳʰʝ, ʘ ʜʣʷ ʚʝʱʝʩʪʚ ʩ ʢʦʚʘʣʝʥʪʥʳʤʠ ʩʚʷʟʷʤʠ ï ʥʠʞʝ). ʉ ʪʦʯʢʠ ʟʨʝʥʠʷ 

ʧʦʥʠʤʘʥʠʷ ʧʨʠʨʦʜʳ ʤʝʞʤʦʣʝʢʫʣʷʨʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʤʦʣʝʢʫʣʷʨʥʳʭ 

ʩʪʝʢʣʦʦʙʨʘʟʫʶʱʠʭ ʚʝʱʝʩʪʚ ʟʥʘʯʠʪʝʣʴʥʳʡ ʠʥʪʝʨʝʩ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʨʘʚʥʝʥʠʝ 

ʫʧʨʫʛʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʚ ʞʠʜʢʦʤ ʠ ʩʪʝʢʣʦʦʙʨʘʟʥʦʤ ʩʦʩʪʦʷʥʠʷʭ. ʇʨʠ ʵʪʦʤ ʠ ʩʘʤ 

ʧʝʨʝʭʦʜ ʩʪʝʢʣʦ-ʞʠʜʢʦʩʪʴ, ʢʦʥʝʯʥʦ, ʧʦ-ʧʨʝʞʥʝʤʫ ʚʳʟʳʚʘʝʪ ʠʥʪʝʨʝʩ 

ʠʩʩʣʝʜʦʚʘʪʝʣʝʡ.  

ʊʠʧʳ ʤʝʞʯʘʩʪʠʯʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʫʩʣʦʚʥʦ ʤʦʞʥʦ ʨʘʟʙʠʪʴ ʥʘ ʩʠʣʴʥʳʝ 

(ʠʦʥʥʘʷ, ʢʦʚʘʣʝʥʪʥʘʷ, ʤʝʪʘʣʣʠʯʝʩʢʘʷ), ʩʣʘʙʳʝ (ʩʠʣʳ ɺʘʥ-ʜʝʨ-ɺʘʘʣʴʩʘ, ʜʠʧʦʣʴʥʳʝ) 

ʠ ʧʨʦʤʝʞʫʪʦʯʥʳʝ (ʚʦʜʦʨʦʜʥʘʷ ʩʚʷʟʴ). ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʧʨʦʚʝʜʝʥʦ ʫʣʴʪʨʘʟʚʫʢʦʚʦʝ 

ʠʩʩʣʝʜʦʚʘʥʠʝ ʦʨʛʘʥʠʯʝʩʢʠʭ ʚʝʱʝʩʪʚ ʩ ʨʘʟʣʠʯʥʦʡ ʜʦʣʝʡ ʚʦʜʦʨʦʜʥʳʭ ʠ ɺʘʥ-ʜʝʨ-

ɺʘʘʣʴʩʦʚʳʭ ʩʚʷʟʝʡ, ʘʤʦʨʬʥʳʭ ʣʴʜʦʚ H2O-D2O (ʧʨʝʜʝʣʴʥʳʡ ʩʣʫʯʘʡ ʩʠʣʴʥʳʭ 

ʚʦʜʦʨʦʜʥʳʭ ʩʚʷʟʝʡ) ʠ ʧʝʥʪʘʦʢʩʠʜʘ ʬʦʩʬʦʨʘ, ʚ ʢʦʪʦʨʦʤ ʩʣʦʞʥʳʝ ʥʝʦʨʛʘʥʠʯʝʩʢʠʝ 

ʤʦʣʝʢʫʣʳ ʈ4ʆ10 ʩʚʷʟʘʥʳ ʣʠʰʴ ʥʘʙʦʨʦʤ ʩʣʘʙʳʭ ʩʠʣ ɺʘʥ-ʜʝʨ-ɺʘʘʣʴʩʘ. ʊʘʢʠʤ 

ʦʙʨʘʟʦʤ, ʤʳ ʠʩʩʣʝʜʦʚʘʣʠ ʤʦʣʝʢʫʣʷʨʥʳʝ ʦʙʲʝʢʪʳ ʩ ʨʘʟʣʠʯʥʳʤʠ ʪʠʧʘʤʠ ʩʚʷʟʝʡ, ʢʘʢ 

ʦʨʛʘʥʠʯʝʩʢʠʝ, ʪʘʢ ʠ ʥʝʦʨʛʘʥʠʯʝʩʢʠʝ.  

ɺʦʜʦʨʦʜʥʘ ̫ ʩʚʷʟ ɹ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʩʣʦʞʥʦʝ ʠʦʥʥʦ-ʢʦʚʘʣʝʥʪʥʦʝ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʤʝʞʜʫ ʩʠʣʴʥʦ ʵʣʝʢʪʨʦʦʪʨʠʮʘʪʝʣʴʥʳʤʠ ʘʪʦʤʘʤʠ (ʪʘʢʠʤʠ ʢʘʢ N, O 

ʠ F) ʧʦʩʨʝʜʩʪʚʦʤ ʚʦʜʦʨʦʜʘ. ʕʥʝʨʛʠʷ ʚʦʜʦʨʦʜʥʳʭ ʩʚʷʟʝʡ ʟʘʤʝʪʥʦ ʥʠʞʝ ʵʥʝʨʛʠʠ 

ʠʦʥʥʦ-ʢʦʚʘʣʝʥʪʥʳʭ ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ ʘʪʦʤʦʚ ʚʥʫʪʨʠ ʤʦʣʝʢʫʣʳ, ʥʦ ʧʨʝʚʦʩʭʦʜʠʪ 

ʵʥʝʨʛʠʶ ʦʙʳʯʥʦʛʦ ɺʘʥ-ʜʝʨ-ɺʘʘʣʴʩʦʚʦʛʦ ʤʝʞʤʦʣʝʢʫʣʷʨʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ. 

ʆʯʝʚʠʜʥʦ, ʯʪʦ ʚʦʜʦʨʦʜʥʳʝ ʩʚʷʟʠ ʤʦʛʫʪ ʚʣʠʷʪʴ ʥʘ ʦʨʠʝʥʪʘʮʠʦʥʥʳʝ ʢʦʨʨʝʣʷʮʠʠ 

ʤʦʣʝʢʫʣ ʚ ʞʠʜʢʦʩʪʠ ʠ ʦʨʠʝʥʪʘʮʠʦʥʥʳʡ ʧʦʨʷʜʦʢ ʤʦʣʝʢʫʣ ʚ ʩʪʝʢʣʝ. ʉʣʝʜʫʝʪ ʠʤʝʪʴ 

ʚ ʚʠʜʫ, ʯʪʦ ʨʝʯʴ ʠʜʝʪ ʦʙ ʦʨʛʘʥʠʯʝʩʢʠʭ ʚʝʱʝʩʪʚʘʭ ʩ ʤʦʣʝʢʫʣʘʤʠ ʦʪʥʦʩʠʪʝʣʴʥʦ 

ʥʝʙʦʣʴʰʠʭ ʨʘʟʤʝʨʦʚ, ʚ ʢʦʪʦʨʳʭ ʦʪʩʫʪʩʪʚʫʶʪ ʚʥʫʪʨʠʤʦʣʝʢʫʣʷʨʥʳʝ ʚʦʜʦʨʦʜʥʳʝ 

ʩʚʷʟʠ. ɺʣʠʷʥʠʝ ʚʦʜʦʨʦʜʥʳʭ ʩʚʷʟʝʡ ʥʘ ʤʝʞʤʦʣʝʢʫʣʷʨʥʳʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʤʦʞʥʦ 

ʧʨʦʠʣʣʶʩʪʨʠʨʦʚʘʪʴ ʧʨʠʤʝʨʦʤ ʛʣʠʮʝʨʠʥʘ C3H8O3 ʠ ʧʨʦʧʠʣʝʥʢʘʨʙʦʥʘʪʘ C4H6O3, 

ʢʦʪʦʨʳʝ ʠʤʝʶʪ ʙʣʠʟʢʠʡ ʨʘʟʤʝʨ ʤʦʣʝʢʫʣ, ʙʣʠʟʢʠʝ ʧʣʦʪʥʦʩʪʠ ʠ ʠʭ ʪʝʤʧʝʨʘʪʫʨʥʳʝ 

ʟʘʚʠʩʠʤʦʩʪʠ, ʙʣʠʟʢʫʶ ʪʝʤʧʝʨʘʪʫʨʫ ʩʪʝʢʣʦʚʘʥʠʷ. ɺ ʪʦ ʞʝ ʚʨʝʤʷ ʩʢʦʨʦʩʪʠ ʫʧʨʫʛʦʡ 

ʚʦʣʥʳ ʚ ʞʠʜʢʦʤ ʛʣʠʮʝʨʠʥʝ ʙʦʣʝʝ ʯʝʤ ʚ ʧʦʣʪʦʨʘ ʨʘʟʘ ʚʳʰʝ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ 
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ʟʥʘʯʝʥʠʡ ʚ ʧʨʦʧʠʣʝʥʢʘʨʙʦʥʘʪʝ (ʘ ʤʦʜʫʣʴ ʦʙʲʝʤʥʦʛʦ ʩʞʘʪʠʷ ʙʦʣʝʝ ʯʝʤ ʚ 2 ʨʘʟʘ), ʯʪʦ 

ʩʚʷʟʘʥʦ ʩ ʥʘʣʠʯʠʝʤ 3 ʛʠʜʨʦʢʩʠʣʴʥʳʭ OH ʛʨʫʧʧ ʚ ʛʣʠʮʝʨʠʥʝ, ʪʦʛʜʘ ʢʘʢ 3 ʘʪʦʤʘ 

ʢʠʩʣʦʨʦʜʘ ʚ ʧʨʦʧʠʣʝʥʢʘʨʙʦʥʘʪʝ ʩʚʷʟʘʥʳ ʪʦʣʴʢʦ ʫʛʣʝʨʦʜʦʤ ʠ ʚ ʚʦʜʦʨʦʜʥʳʭ ʩʚʷʟʷʭ 

ʫʯʘʩʪʚʦʚʘʪʴ ʥʝ ʤʦʛʫʪ. ʈʦʣʴ ʚʦʜʦʨʦʜʥʳʭ ʩʚʷʟʝʡ ʚ ʤʝʞʤʦʣʝʢʫʣʷʨʥʦʤ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʠ ʧʦʜ ʜʘʚʣʝʥʠʝʤ ʜʦ ʥʘʩʪʦʷʱʝʛʦ ʚʨʝʤʝʥʠ ʙʳʣʘ ʠʩʩʣʝʜʦʚʘʥʘ ʦʯʝʥʴ 

ʩʣʘʙʦ. ɽʩʪʝʩʪʚʝʥʥʦ, ʯʪʦ ʠʥʬʦʨʤʘʮʠʷ ʦʙ ʫʧʨʫʛʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʭ ʢʘʢ ʞʠʜʢʦʛʦ, ʪʘʢ 

ʠ ʩʪʝʢʣʦʦʙʨʘʟʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʛʣʘʩʩʬʦʨʤʝʨʦʚ ʯʨʝʟʚʳʯʘʡʥʦ ʚʘʞʥʘ. ʀʟʤʝʨʝʥʠʝ 

ʫʧʨʫʛʠʭ ʩʚʦʡʩʪʚ (ʚʝʣʠʯʠʥʳ ʫʧʨʫʛʠʭ ʤʦʜʫʣʝʡ ʠ ʠʭ ʙʘʨʠʯʝʩʢʠʭ ʧʨʦʠʟʚʦʜʥʳʭ) ʧʦʜ 

ʜʘʚʣʝʥʠʝʤ ʤʦʞʝʪ ʧʦʟʚʦʣʠʪʴ ʧʦʣʫʯʠʪʴ ʢʦʨʨʝʣʷʮʠʠ ʜʣʷ ʨʘʟʥʳʭ ʚʝʱʝʩʪʚ ʤʝʞʜʫ 

ʫʧʨʫʛʠʤʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ ʠ ʩʪʨʫʢʪʫʨʦʡ ʤʦʣʝʢʫʣʳ, ʚʢʣʶʯʘʷ ʛʝʦʤʝʪʨʠʶ 

ʫʛʣʝʨʦʜʥʦʛʦ ʩʢʝʣʝʪʘ ʠ ʢʦʣʠʯʝʩʪʚʦ ʛʠʜʨʦʢʩʠʣʴʥʳʭ OH ʛʨʫʧʧ. ʇʨʠ ʵʪʦʤ, ʢʘʢ ʫʞʝ 

ʦʪʤʝʯʘʣʦʩʴ, ʚʝʣʠʯʠʥʘ ʢʦʵʬʬʠʮʠʝʥʪʘ ʇʫʘʩʩʦʥʘ ů ʜʣʷ ʩʪʝʢʦʣ ʧʦʟʚʦʣʷʝʪ ʢʦʩʚʝʥʥʦ 

ʦʮʝʥʠʪʴ ʚʢʣʘʜ ʥʝʮʝʥʪʨʘʣʴʥʳʭ ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ, ʘ ʙʘʨʠʯʝʩʢʘʷ ʧʨʦʠʟʚʦʜʥʘʷ ʤʦʜʫʣʷ 

ʚʩʝʩʪʦʨʦʥʥʝʛʦ ʩʞʘʪʠʷ B'(P) ʭʘʨʘʢʪʝʨʠʟʫʝʪ ʩʪʝʧʝʥʴ çʢʨʫʪʠʟʥʳè ʵʬʬʝʢʪʠʚʥʦʛʦ 

ʤʝʞʯʘʩʪʠʯʥʦʛʦ ʧʦʪʝʥʮʠʘʣʘ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ. ʉʪʦʠʪ ʧʦʜʯʝʨʢʥʫʪʴ, ʯʪʦ 

ʩʠʩʪʝʤʘʪʠʯʝʩʢʦʝ ʠʟʫʯʝʥʠʝ ʚʟʘʠʤʦʩʚʷʟʠ ʫʧʨʫʛʠʭ ʩʚʦʡʩʪʚ ʠ ʩʪʨʫʢʪʫʨʳ ʤʦʣʝʢʫʣ ʜʣʷ 

ʰʠʨʦʢʦʛʦ ʢʣʘʩʩʘ ʚʝʱʝʩʪʚ ʚ ʣʠʪʝʨʘʪʫʨʝ ʦʪʩʫʪʩʪʚʫʝʪ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, 

ʫʣʴʪʨʘʟʚʫʢʦʚʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ ʫʧʨʫʛʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʤʦʣʝʢʫʣʷʨʥʳʭ ʚʝʱʝʩʪʚ ʚ 

ʰʠʨʦʢʦʡ ʦʙʣʘʩʪʠ ʜʘʚʣʝʥʠʡ ʠ ʪʝʤʧʝʨʘʪʫʨ ʥʝʩʦʤʥʝʥʥʦ ʘʢʪʫʘʣʴʥʦ ʠ ʧʦʟʚʦʣʷʝʪ 

ʨʘʩʩʯʠʪʳʚʘʪʴ ʥʘ ʧʦʣʫʯʝʥʠʝ ʥʦʚʦʡ ʚʘʞʥʦʡ ʠʥʬʦʨʤʘʮʠʠ ʦ ʭʘʨʘʢʪʝʨʝ 

ʤʝʞʤʦʣʝʢʫʣʷʨʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʚ ʵʪʠʭ ʚʝʱʝʩʪʚʘʭ ʠ ʦ ʨʦʣʠ ʚʦʜʦʨʦʜʥʳʭ ʩʚʷʟʝʡ. 

ɺʣʠʷʥʠʝ ʚʦʜʦʨʦʜʥʳʭ ʩʚʷʟʝʡ ʥʘ ʫʧʨʫʛʠʝ ʩʚʦʡʩʪʚʘ ʤʦʣʝʢʫʣʷʨʥʳʭ 

ʛʣʘʩʩʬʦʨʤʝʨʦʚ ʠʟʫʯʘʣʦʩʴ ʚ ʥʝʩʢʦʣʴʢʠʭ ʘʩʧʝʢʪʘʭ. ɺʦ-ʧʝʨʚʳʭ, ʩʨʘʚʥʠʚʘʣʠʩʴ 

ʚʝʱʝʩʪʚʘ ʩ ʧʨʠʤʝʨʥʦ ʦʜʠʥʘʢʦʚʳʤʠ ʬʠʟʠʯʝʩʢʠʤʠ ʩʚʦʡʩʪʚʘʤʠ, ʥʦ ʦʪʣʠʯʘʶʱʠʝʩʷ 

ʥʘʣʠʯʠʝʤ ʠʣʠ ʦʪʩʫʪʩʪʚʠʝʤ ʚʦʜʦʨʦʜʥʳʭ ʩʚʷʟʝʡ (ʥʘ ʧʨʠʤʝʨʝ ʛʣʠʮʝʨʠʥʘ ʠ 

ʧʨʦʧʠʣʝʥʢʘʨʙʦʥʘʪʘ). ɺʦ-ʚʪʦʨʳʭ, ʧʨʦʚʝʜʝʥ ʩʨʘʚʥʠʪʝʣʴʥʳʡ ʘʥʘʣʠʟ ʚʝʱʝʩʪʚ ʥʘ 

ʦʩʥʦʚʝ ʧʨʦʧʘʥʦʚʦʛʦ ʫʛʣʝʨʦʜʥʦʛʦ ʩʢʝʣʝʪʘ, ʥʦ ʩ ʨʘʟʥʳʤ ʢʦʣʠʯʝʩʪʚʦʤ ʛʠʜʨʦʢʩʠʣʴʥʳʭ 

ʛʨʫʧʧ ʆʅ, ʩʧʦʩʦʙʥʳʭ ʦʙʨʘʟʦʚʘʪʴ ʚʦʜʦʨʦʜʥʳʝ ʩʚʷʟʠ (ʛʦʤʦʣʦʛʠʯʝʩʢʠʡ ʨʷʜ ʧʨʦʧʘʥʦʣ 

ï ʧʨʦʧʠʣʝʥʛʣʠʢʦʣʴ ï ʛʣʠʮʝʨʠʥ). ɺ-ʪʨʝʪʲʠʭ, ʙʳʣʠ ʩʨʘʚʥʝʥʳ ʩʚʦʡʩʪʚʘ 

ʧʨʦʧʠʣʝʥʛʣʠʢʦʣʷ ʠ ʝʛʦ ʦʣʠʛʦʤʝʨʦʚ (ʜʠʧʨʦʧʠʣʝʥʛʣʠʢʦʣʷ ʠ ʪʨʠʧʨʦʧʠʣʝʥʛʣʠʢʦʣʷ), 
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ʧʦʩʢʦʣʴʢʫ ʤʦʣʝʢʫʣʳ ʵʪʠʭ ʚʝʱʝʩʪʚ ʩʫʱʝʩʪʚʝʥʥʦ ʦʪʣʠʯʘʶʪʩʷ ʨʘʟʤʝʨʘʤʠ ʠ ʤʘʩʩʘʤʠ 

(ʩʦʦʪʥʦʰʝʥʠʝ ʚ ʨʷʜʫ ʧʨʠʤʝʨʥʦ ʢʘʢ 1:2:3), ʦʜʥʘʢʦ ʚ ʩʚʦʝʤ ʩʦʩʪʘʚʝ ʠʤʝʶʪ ʧʦ 2 

ʛʠʜʨʦʢʩʠʣʴʥʳʝ ʛʨʫʧʧʳ ʆʅ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʫʜʘʝʪʩʷ ʚʘʨʴʠʨʦʚʘʪʴ çʵʬʬʝʢʪʠʚʥʫʶ 

ʢʦʥʮʝʥʪʨʘʮʠʶè ʚʦʜʦʨʦʜʥʳʭ ʩʚʷʟʝʡ ʚ ʚʝʱʝʩʪʚʝ.  

ʅʝʵʨʛʦʜʠʯʥʦʩʪʴ ʩʪʝʢʦʣ ʠʩʩʣʝʜʦʚʘʣʘʩʴ ʥʘ ʧʨʠʤʝʨʝ ʪʨʝʭ ʚʝʱʝʩʪʚ ï 

ʧʨʦʧʠʣʝʥʢʘʨʙʦʥʘʪʘ, ʧʨʦʧʘʥʦʣʘ ʠ ʜʠʧʨʦʧʠʣʝʥʛʣʠʢʦʣʷ, ʜʣʷ ʚʩʝʭ ʪʨʝʭ ʧʦʣʫʯʝʥʳ 

ʢʘʯʝʩʪʚʝʥʥʦ ʙʣʠʟʢʠʝ ʜʘʥʥʳʝ. ʉʚʦʡʩʪʚʘ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ ʦʙʳʯʥʦʛʦ ʠ ʪʷʞʝʣʦʛʦ 

ʣʴʜʦʚ H2O-D2O ʠʩʩʣʝʜʦʚʘʣʠʩʴ ʜʣʷ ʪʨʝʭ ʤʦʣʷʨʥʳʭ ʢʦʥʮʝʥʪʨʘʮʠʡ: 1:3, 1:1, ʠ 3:1. 

ʄʦʣʝʢʫʣʷʨʥʳʝ ʬʘʟʳ ʧʝʥʪʘʦʢʩʠʜʘ ʬʦʩʬʦʨʘ P2O5 ʠʩʩʣʝʜʦʚʘʥʳ ʜʦ 2 ɻʇʘ, ʜʘʥʥʳʝ ʦ 

ʬʘʟʦʚʦʡ ʜʠʘʛʨʘʤʤʝ ʜʘʥʥʦʛʦ ʩʦʝʜʠʥʝʥʠʷ ʩʫʱʝʩʪʚʝʥʥʦ ʨʘʩʰʠʨʝʥʳ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ 

ʧʨʝʜʳʜʫʱʠʤʠ ʠʩʩʣʝʜʦʚʘʥʠʷʤʠ.  

ʎʝʣʠ ʠ ʟʘʜʘʯʠ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ʎʝʣʴ ʜʘʥʥʦʡ ʨʘʙʦʪʳ, ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʟʘʢʣʶʯʘʣʘʩʴ ʚ ʫʣʴʪʨʘʟʚʫʢʦʚʦʤ 

ʠʩʩʣʝʜʦʚʘʥʠʠ ʚʝʱʝʩʪʚ ʩ ʤʦʣʝʢʫʣʷʨʥʳʤ ʠ ʚʦʜʦʨʦʜʥʳʤ ʪʠʧʘʤʠ ʤʝʞʯʘʩʪʠʯʥʦʛʦ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ. ɼʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʙʳʣʠ ʚʳʙʨʘʥʳ ʚʝʱʝʩʪʚʘ, ʜʣʷ ʢʦʪʦʨʳʭ ʚ ʜʘʥʥʦʤ 

p-T ʜʠʘʧʘʟʦʥʝ ʜʦʩʪʫʧʥʳ ʨʘʟʥʳʝ ʘʛʨʝʛʘʪʥʳʝ ʩʦʩʪʦʷʥʠʷ ʠ ʤʦʜʠʬʠʢʘʮʠʠ, ʠ, 

ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʠʤʝʝʪʩʷ ʚʦʟʤʦʞʥʦʩʪʴ ʠʩʩʣʝʜʦʚʘʥʠʷ ʫʧʨʫʛʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʠ ʠʭ 

ʧʨʦʠʟʚʦʜʥʳʭ ʚ ʨʘʟʣʠʯʥʳʭ ʬʘʟʘʭ ʠ ʧʨʠ ʬʘʟʦʚʳʭ ʧʝʨʝʭʦʜʘʭ. ɼʣʷ ʜʦʩʪʠʞʝʥʠʷ 

ʧʦʩʪʘʚʣʝʥʥʳʭ ʮʝʣʝʡ ʙʳʣʠ ʨʝʰʝʥʳ ʩʣʝʜʫʶʱʠʝ ʟʘʜʘʯʠ: 

1. ʆʪʨʘʙʦʪʘʥʘ ʪʝʭʥʦʣʦʛʠʷ ʧʦʣʫʯʝʥʠʷ ʦʨʛʘʥʠʯʝʩʢʠʭ ʩʪʝʢʦʣ, ʤʠʥʫʷ 

ʢʨʠʩʪʘʣʣʠʟʘʮʠʶ ʚʝʱʝʩʪʚʘ, ʚ ʦʙʲʝʤʥʳʭ ʦʙʨʘʟʮʘʭ (1-2 ʩʤ3) ʧʫʪʝʤ ʙʳʩʪʨʦʛʦ 

(~15 ʂ/ʤʠʥ) ʦʭʣʘʞʜʝʥʠʷ. 

2. ʇʦʣʫʯʝʥʳ ʦʙʨʘʟʮʳ ʛʠʛʨʦʩʢʦʧʠʯʥʦʛʦ ʩʦʝʜʠʥʝʥʠʷ ï ʦʢʩʠʜʘ ʬʦʩʬʦʨʘ ʈ2ʆ5 ʚ 

ʘʪʤʦʩʬʝʨʝ ʘʨʛʦʥʘ ʩ ʧʦʩʣʝʜʫʶʱʝʡ ʛʝʨʤʝʪʠʟʘʮʠʝʡ ʚ ʢʘʤʝʨʝ ʚʳʩʦʢʦʛʦ 

ʜʘʚʣʝʥʠʷ ʜʣʷ ʜʘʣʴʥʝʡʰʝʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ.   

3. ʇʦʣʫʯʝʥʳ ʩʪʝʢʣʘ ʩ ʨʘʟʣʠʯʥʦʡ ʪʝʨʤʦʙʘʨʠʯʝʩʢʦʡ ʠʩʪʦʨʠʝʡ ï ʧʨʠ ʨʘʟʥʳʭ 

ʩʢʦʨʦʩʪʷʭ ʦʭʣʘʞʜʝʥʠʷ ʠ ʨʘʟʥʳʭ ʜʘʚʣʝʥʠʷʭ. 

4. ʇʨʦʚʝʜʝʥʳ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʫʣʴʪʨʘʟʚʫʢʦʚʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʫʧʨʫʛʠʭ 

ʩʚʦʡʩʪʚ ʤʦʣʝʢʫʣʷʨʥʳʭ ʚʝʱʝʩʪʚ ʚ ʰʠʨʦʢʦʡ ʦʙʣʘʩʪʠ ʜʘʚʣʝʥʠʡ ʠ ʪʝʤʧʝʨʘʪʫʨ. 
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5. ʀʟʫʯʝʥʳ ʘʥʦʤʘʣʠʠ ʦʙʲʝʤʘ, ʩʢʦʨʦʩʪʝʡ ʟʚʫʢʘ, ʧʦʛʣʦʱʝʥʠʷ ʫʣʴʪʨʘʟʚʫʢʘ ʧʨʠ 

ʬʘʟʦʚʳʭ ʧʨʝʚʨʘʱʝʥʠʷʭ. 

ʅʘʫʯʥʘʷ ʥʦʚʠʟʥʘ 

ʌʠʟʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʤʦʣʝʢʫʣʷʨʥʳʭ ʩʦʝʜʠʥʝʥʠʡ ʚ ʨʘʙʦʪʘʭ ʜʨʫʛʠʭ ʘʚʪʦʨʦʚ 

ʠʩʩʣʝʜʦʚʘʣʠʩʴ ʨʘʟʣʠʯʥʳʤʠ ʤʝʪʦʜʘʤʠ, ʚʢʣʶʯʘʷ ʜʠʵʣʝʢʪʨʠʯʝʩʢʫʶ ʠ ʨʘʤʘʥʦʚʩʢʫʶ 

ʩʧʝʢʪʨʦʩʢʦʧʠʶ, ʥʝʡʪʨʦʥʦʛʨʘʬʠʶ, ʙʨʠʣʣʶʵʥʦʚʩʢʦʝ ʨʘʩʩʝʷʥʠʝ, ʢʘʣʦʨʠʤʝʪʨʠ.ʁ ʇʨʠ 

ʥʦʨʤʘʣʴʥʦʤ ʜʘʚʣʝʥʠʠ ʠʟʚʝʩʪʥʳ ʙʦʣʴʰʠʥʩʪʚʦ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʤʥʦʛʠʭ 

ʛʣʘʩʩʬʦʨʤʝʨʦʚ. ʆʜʥʘʢʦ ʧʦʜ ʜʘʚʣʝʥʠʝʤ ʜʘʥʥʳʝ ʚʝʱʝʩʪʚʘ ʠʩʩʣʝʜʦʚʘʣʠʩʴ 

ʩʫʱʝʩʪʚʝʥʥʦ ʤʝʥʴʰʝ, ʯʪʦ ʩʚʷʟʘʥʦ ʩ ʦʛʨʘʥʠʯʝʥʠʝʤ ʥʘʙʦʨʘ ʧʨʠʤʝʥʷʝʤʳʭ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʤʝʪʦʜʠʢ. ʋʧʨʫʛʠʝ ʩʚʦʡʩʪʚʘ ʤʦʣʝʢʫʣʷʨʥʳʭ ʩʪʝʢʣʦʦʙʨʘʟʫʶʱʠʭ 

ʚʝʱʝʩʪʚ ʧʦʜ ʜʘʚʣʝʥʠʝʤ, ʦʩʦʙʝʥʥʦ ʚ ʩʪʝʢʣʦʦʙʨʘʟʥʦʤ ʩʦʩʪʦʷʥʠʠ ʧʨʠ ʥʠʟʢʠʭ 

ʪʝʤʧʝʨʘʪʫʨʘʭ, ʧʨʘʢʪʠʯʝʩʢʠ ʥʝ ʠʟʫʯʘʣʠʩʴ. ʀʥʬʦʨʤʘʮʠʷ ʦʙ ʦʩʦʙʝʥʥʦʩʪʷʭ ʧʝʨʝʭʦʜʘ 

ʩʪʝʢʣʦ-ʞʠʜʢʦʩʪʴ ʧʦʜ ʜʘʚʣʝʥʠʝʤ ʪʘʢʞʝ ʜʦʩʪʘʪʦʯʥʦ ʩʢʫʜʥʘ. ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ 

ʚʧʝʨʚʳʝ ʠʩʩʣʝʜʦʚʘʥʳ ʫʧʨʫʛʠʝ ʩʚʦʡʩʪʚʘ ʤʥʦʛʠʭ ʤʦʣʝʢʫʣʷʨʥʳʭ ʛʣʘʩʩʬʦʨʤʝʨʦʚ ʚ 

ʩʪʝʢʣʦʦʙʨʘʟʥʦʤ ʩʦʩʪʦʷʥʠʠ ʧʦʜ ʜʘʚʣʝʥʠʝʤ ʠ ʧʨʠ ʨʘʩʩʪʝʢʣʦʚʘʥʠʠ. ʊʘʢʞʝ ʚʧʝʨʚʳʝ 

ʙʳʣʠ ʧʨʦʚʝʜʝʥʳ ʫʣʴʪʨʘʟʚʫʢʦʚʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʫʧʨʫʛʠʭ ʩʚʦʡʩʪʚ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ 

H2O-D2O ʚ ʨʘʟʣʠʯʥʳʭ ʤʦʣʷʨʥʳʭ ʢʦʥʮʝʥʪʨʘʮʠʷʭ. ʇʦʚʝʜʝʥʠʝ ʧʦʜ ʜʘʚʣʝʥʠʝʤ 

ʤʦʣʝʢʫʣʷʨʥʳʭ ʬʘʟ P2O5 ʧʨʘʢʪʠʯʝʩʢʠ ʥʝ ʠʟʫʯʘʣʦʩʴ ʚ ʦʩʥʦʚʥʦʤ ʠʟ-ʟʘ ʠʭ ʨʝʢʦʨʜʥʦʡ 

ʛʠʛʨʦʩʢʦʧʠʯʥʦʩʪʠ. ʅʘʤʠ ʙʳʣʘ ʚʦʟʤʦʞʥʦʩʪʴ ʩʦʭʨʘʥʝʥʠʷ ʬʘʟʳ ʚʳʩʦʢʦʛʦ ʜʘʚʣʝʥʠʷ ʚ 

ʤʝʪʘʩʪʘʙʠʣʴʥʦʤ ʩʦʩʪʦʷʥʠʠ ʧʨʠ ʥʠʟʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʠ ʘʪʤʦʩʬʝʨʥʦʤ ʜʘʚʣʝʥʠʠ, ʘ 

ʪʘʢʞʝ ʧʦʩʪʨʦʝʥʘ ʬʘʟʦʚʘʷ ʜʠʘʛʨʘʤʤʘ ʦʢʩʠʜʘ ʬʦʩʬʦʨʘ ʚ ʰʠʨʦʢʦʤ p-T ʜʠʘʧʘʟʦʥʝ.  

ʅʘʫʯʥʘʷ ʠ ʧʨʘʢʪʠʯʝʩʢʘʷ ʟʥʘʯʠʤʦʩʪʴ ʨʘʙʦʪʳ 

ʄʦʜʫʣʠ ʫʧʨʫʛʦʩʪʠ, ʷʚʣʷʶʱʠʝʩʷ ʤʘʢʨʦʩʢʦʧʠʯʝʩʢʠʤʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ, 

ʩʣʝʜʫʝʪ ʨʘʩʩʤʘʪʨʠʚʘʪʴ ʢʘʢ ʧʨʦʷʚʣʝʥʠʝ ʤʠʢʨʦʩʢʦʧʠʯʝʩʢʠʭ ʤʝʞʯʘʩʪʠʯʥʳʭ 

(ʤʝʞʤʦʣʝʢʫʣʷʨʥʳʭ) ʩʠʣ, ʠ ɻ ʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʜʘʥʥʳʝ ʦʙ ʫʧʨʫʛʠʭ ʩʚʦʡʩʪʚʘʭ ʤʦʛʫʪ 

ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥʳ ʚ ʢʘʯʝʩʪʚʝ ʚʘʞʥʝʡʰʠʭ ʢʨʠʪʝʨʠʝʚ ʚʝʨʠʬʠʢʘʮʠʠ ʧʦʪʝʥʮʠʘʣʦʚ 

ʜʣʷ ʢʦʤʧʴʶʪʝʨʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ. ʇʨʠ ʠʩʩʣʝʜʦʚʘʥʠʠ ʥʝʵʨʛʦʜʠʯʥʦʩʪʠ ʩʪʝʢʦʣ 

ʙʳʣʦ ʦʙʥʘʨʫʞʝʥʦ, ʯʪʦ ʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʤʦʛʫʪ ʥʝʧʨʝʨʳʚʥʦ ʠʟʤʝʥʷʪʴʩʷ ʚ ʰʠʨʦʢʠʭ 

ʧʨʝʜʝʣʘʭ. ɼʘʚʣʝʥʠʝ ʦʢʦʣʦ 1 ɻʇʘ ʘʢʪʠʚʥʦ ʠʩʧʦʣʴʟʫʝʪʩʷ ʚ ʧʨʦʤʳʰʣʝʥʥʦʩʪʠ. 
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ʉʣʝʜʦʚʘʪʝʣʴʥʦ, ʩʚʦʡʩʪʚʘ ʤʥʦʛʠʭ ʤʦʣʝʢʫʣʷʨʥʳʭ ʩʪʝʢʦʣ ʤʦʛʫʪ ʙʳʪʴ 

ʮʝʣʝʥʘʧʨʘʚʣʝʥʥʦ ʠʟʤʝʥʝʥʳ ʧʫʪʝʤ ʠʟʤʝʥʝʥʠʷ ʧʘʨʘʤʝʪʨʦʚ ʠʭ ʠʟʛʦʪʦʚʣʝʥʠʷ. 

ʄʝʪʦʜʳ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ʂʣʶʯʝʚʳʤ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤ ʤʝʪʦʜʠʯʝʩʢʠʤ ʧʦʜʭʦʜʦʤ ʜʣʷ ʜʘʥʥʦʡ ʨʘʙʦʪʳ 

ʷʚʣʷʝʪʩʷ ʫʣʴʪʨʘʟʚʫʢʦʚʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ ʫʧʨʫʛʠʭ ʩʚʦʡʩʪʚ ʚʝʱʝʩʪʚʘ ʧʨʠ ʚʳʩʦʢʠʭ 

ʜʘʚʣʝʥʠʷʭ ʩ ʦʜʥʦʚʨʝʤʝʥʥʳʤ ʧʨʷʤʳʤ ʠʟʤʝʨʝʥʠʝʤ ʦʙʲʝʤʘ. ʋʣʴʪʨʘʟʚʫʢʦʚʘʷ 

ʤʝʪʦʜʠʢʘ ʠʩʧʦʣʴʟʫʝʪʩʷ ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʫʧʨʫʛʠʭ ʩʚʦʡʩʪʚ ʠ ʬʘʟʦʚʳʭ ʜʠʘʛʨʘʤʤ 

ʨʘʟʣʠʯʥʳʭ ʚʝʱʝʩʪʚ ʧʦʜ ʜʘʚʣʝʥʠʝʤ. ʇʨʦʚʦʜʠʣʠʩʴ ʠʩʩʣʝʜʦʚʘʥʠʷ ʨʘʟʣʠʯʥʳʭ 

ʩʦʝʜʠʥʝʥʠʡ ʥʘ ʫʣʴʪʨʘʟʚʫʢʦʚʦʤ ʧʴʝʟʦʤʝʪʨʝ ʚʳʩʦʢʦʛʦ ʜʘʚʣʝʥʠʷ ʜʦ 2 ɻʇʘ ʚ 

ʪʝʤʧʝʨʘʪʫʨʥʦʤ ʜʠʘʧʘʟʦʥʝ ʦʪ 77 ʜʦ 300 ʂ. ʀʟʤʝʨʝʥʠʝ ʩʢʦʨʦʩʪʝʡ ʫʣʴʪʨʘʟʚʫʢʘ 

ʧʦʟʚʦʣʷʝʪ ʨʘʩʩʯʠʪʳʚʘʪʴ ʫʧʨʫʛʠʝ ʤʦʜʫʣʠ ʚʩʝʩʪʦʨʦʥʥʝʛʦ ʩʞʘʪʠʷ ʠ ʩʜʚʠʛʘ, ʚ ʪʦ ʚʨʝʤʷ 

ʢʘʢ ʚʝʣʠʯʠʥʘ ʧʦʛʣʦʱʝʥʠʷ ʫʣʴʪʨʘʟʚʫʢʦʚʦʡ ʚʦʣʥʳ ʜʘʝʪ ʠʥʬʦʨʤʘʮʠʶ ʦ 

ʨʝʣʘʢʩʘʮʠʦʥʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʭ ʚʝʱʝʩʪʚʘ ʧʨʠ ʬʘʟʦʚʳʭ ʧʨʝʚʨʘʱʝʥʠʷʭ, ʚ ʪʦʤ 

ʯʠʩʣʝ ʠ ʧʨʠ ʧʝʨʝʭʦʜʝ ʩʪʝʢʣʦ-ʞʠʜʢʦʩʪʴ. ʀʟʤʝʨʠʪʝʣʴʥʘʷ ʯʘʩʪʴ ʧʨʠʤʝʥʷʝʤʦʡ 

ʫʣʴʪʨʘʟʚʫʢʦʚʦʡ ʫʩʪʘʥʦʚʢʠ ʦʩʥʦʚʘʥʘ ʥʘ ʦʙʦʨʫʜʦʚʘʥʠʷ ʩʪʘʥʜʘʨʪʘ PXI-NI ʬʠʨʤʳ 

National Instruments ʩ ʧʦʣʥʦʡ ʘʚʪʦʤʘʪʠʟʘʮʠʝʡ ʮʠʬʨʦʚʦʡ ʛʝʥʝʨʘʮʠʠ ʠ ʧʨʠʝʤʘ 

ʫʣʴʪʨʘʟʚʫʢʦʚʦʡ ʚʦʣʥʳ (ʥʘ ʦʩʥʦʚʝ ʧʨʠʤʝʥʝʥʠʷ ʧʴʝʟʦʜʘʪʯʠʢʦʚ ʠʟ ʥʠʦʙʘʪʘ ʣʠʪʠʷ) ʩ 

ʨʝʛʠʩʪʨʘʮʠʝʡ ʢʘʢ ʧʨʦʰʝʜʰʝʡ, ʪʘʢ ʠ ʦʪʨʘʞʝʥʥʦʡ ʚʦʣʥ ʩ ʚʦʟʤʦʞʥʦʩʪʷʤʠ ʠʟʤʝʨʝʥʠʷ 

ʟʘʪʫʭʘʥʠʷ. ʇʨʠʤʝʥʝʥʠʝ ʢʦʨʨʝʣʷʮʠʦʥʥʦʛʦ ʘʥʘʣʠʟʘ ʧʦʟʚʦʣʷʝʪ ʠʟʤʝʨʠʪʴ ʘʙʩʦʣʶʪʥʦʝ 

ʚʨʝʤʷ ʧʨʦʭʦʞʜʝʥʠʷ ʚʦʣʥʳ ʯʝʨʝʟ ʦʙʨʘʟʝʮ ʥʝʟʘʚʠʩʠʤʦ ʦʪ ʚʢʣʘʜʘ ʜʝʪʘʣʝʡ ʘʧʧʘʨʘʪʘ 

ʚʳʩʦʢʦʛʦ ʜʘʚʣʝʥʠʷ. 

ʈʝʣʘʢʩʘʮʠʦʥʥʳʝ ʩʚʦʡʩʪʚʘ ʧʨʠ ʬʘʟʦʚʳʭ ʧʝʨʝʭʦʜʘʭ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ 

ʠʩʩʣʝʜʦʚʘʣʠʩʴ ʤʝʪʦʜʦʤ ʟʘʪʫʭʘʥʠʷ ʫʣʴʪʨʘʟʚʫʢʦʚʦʡ ʚʦʣʥʳ ʧʨʠ ʠʟʦʙʘʨʠʯʝʩʢʠʭ 

ʦʪʦʛʨʝʚʘʭ. ɺ ʤʝʪʦʜʠʢʝ ʠʤʝʶʪʩʷ ʦʧʨʝʜʝʣʝʥʥʳʝ ʦʛʨʘʥʠʯʝʥʠʷ, ʩʚʷʟʘʥʥʳʝ ʩ ʫʟʢʦ-

ʨʝʟʦʥʘʥʩʥʳʤʠ ʘʤʧʣʠʪʫʜʥʦ-ʯʘʩʪʦʪʥʳʤʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ ʧʴʝʟʦʧʣʘʩʪʠʥʦʢ, ʪ.ʝ. 

ʦʛʨʘʥʠʯʝʥʠʷʤʠ ʧʦ ʯʘʩʪʦʪʥʦʤʫ ʜʠʘʧʘʟʦʥʫ ʨʝʣʘʢʩʘʮʠʦʥʥʳʭ ʠʟʤʝʨʝʥʠʡ. ʆʜʥʘʢʦ 

ʢʦʤʙʠʥʘʮʠʷ ʫʣʴʪʨʘʟʚʫʢʦʚʳʭ ʠʟʤʝʨʝʥʠʡ ʩ ʣʠʪʝʨʘʪʫʨʥʳʤʠ ʠ ʥʘʰʠʤʠ 

ʦʨʠʛʠʥʘʣʴʥʳʤʠ ʜʘʥʥʳʤʠ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʷʚʣʷʝʪʩʷ ʦʧʨʝʜʝʣʝʥʥʳʤ 

ʥʦʚʰʝʩʪʚʦʤ, ʪʘʢ ʢʘʢ ʫʣʴʪʨʘʟʚʫʢʦʚʘʷ ʤʝʪʦʜʠʢʘ ʯʫʚʩʪʚʠʪʝʣʴʥʘ ʚ ʧʝʨʚʫʶ ʦʯʝʨʝʜʴ ʢ 
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ʪʨʘʥʩʣʷʮʠʦʥʥʳʤ ʤʦʜʘʤ ʤʦʣʝʢʫʣʷʨʥʦʛʦ ʜʚʠʞʝʥʠʷ, ʪʦʛʜʘ ʢʘʢ ʜʠʵʣʝʢʪʨʠʯʝʩʢʘʷ 

ʩʧʝʢʪʨʦʩʢʦʧʠʷ ʜʠʘʛʥʦʩʪʠʨʫʝʪ ʚ ʙʦʣʴʰʝʡ ʩʪʝʧʝʥʠ ʚʨʘʱʘʪʝʣʴʥʦʝ ʜʚʠʞʝʥʠʝ ʤʦʣʝʢʫʣ. 

ʇʦʣʦʞʝʥʠʷ, ʚʳʥʦʩʠʤʳʝ ʥʘ ʧʫʙʣʠʯʥʦʝ ʧʨʝʜʩʪʘʚʣʝʥʠʝ 

1. ʈʝʟʫʣʴʪʘʪʳ ʧʦ ʠʟʦʪʝʨʤʠʯʝʩʢʠʤ ʠ ʠʟʦʙʘʨʠʯʝʩʢʠʤ ʟʘʚʠʩʠʤʦʩʪʤ̫ ʩʢʦʨʦʩʪʝʡ 

ʫʣʴʪʨʘʟʚʫʢʘ, ʫʧʨʫʛʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʠ ʧʣʦʪʥʦʩʪʠ ʤʦʣʝʢʫʣʷʨʥʳʭ ʚʝʱʝʩʪʚ 

(ʛʣʠʮʝʨʠʥʘ, ʧʨʦʧʘʥʦʣʘ-1, ʧʨʦʧʠʣʝʥʛʣʠʢʦʣʷ, ʜʠʧʨʦʧʠʣʝʥʛʣʠʢʦʣʷ, 

ʪʨʠʧʨʦʧʠʣʝʥʛʣʠʢʦʣʷ, ʧʨʦʧʠʣʝʥʢʘʨʙʦʥʘʪʘ, ʧʝʥʪʘʦʢʩʠʜʘ ʬʦʩʬʦʨʘ ʠ 

ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ ʅ2ʆ-D2O ʚ ʤʦʣʷʨʥʳʭ ʢʦʥʮʝʥʪʨʘʮʠʷʭ1:3, 1:1, ʠ 3:1) ʧʨʠ 

ʪʝʤʧʝʨʘʪʫʨʘʭ 77-300 K ʠ ʜʘʚʣʝʥʠʷʭ ʜʦ 2 ɻʇʘ. 

2. ʆʙʥʘʨʫʞʝʥʠʝ ʩʫʱʝʩʪʚʝʥʥʦʛʦ (ʚ 1.5 ï 2 ʨʘʟʘ) ʫʚʝʣʠʯʝʥʠ ̫ʫʧʨʫʛʠʭ ʤʦʜʫʣʝʡ 

ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ ʢʦʣʠʯʝʩʪʚʘ ʚʦʜʦʨʦʜʥʳʭ ʩʚʷʟʝʡ ʚ ʤʦʣʝʢʫʣʷʨʥʳʭ 

ʩʦʝʜʠʥʝʥʠʷʭ. 

3. ʆʙʥʘʨʫʞʝʥʠʝ ʠ ʘʥʘʣʠʟ ʩʠʣʴʥʦʡ ʥʝʵʨʛʦʜʠʯʥʦʩʪʠ ʤʦʣʝʢʫʣʷʨʥʳʭ ʩʪʝʢʦʣ, 

ʚʳʨʘʞʘʶʱʝʡʩʷ ʚ ʟʥʘʯʠʪʝʣʴʥʦʡ (20 ï 50 %) ʨʘʟʥʠʮʝ ʚ ʫʧʨʫʛʠʭ ʩʚʦʡʩʪʚʘʭ 

ʩʪʝʢʦʣ ʩ ʨʘʟʣʠʯʥʦʡ ʪʝʨʤʦʙʘʨʠʯʝʩʢʦʡ ʠʩʪʦʨʠʝʡ.  

4. ʆʙʥʘʨʫʞʝʥʠʝ ʩʠʣʴʥʳʭ ʠʟʦʪʦʧʠʯʝʩʢʠʭ ʵʬʬʝʢʪʦʚ ʠ ʵʬʬʝʢʪʦʚ 

ʠʟʦʪʦʧʠʯʝʩʢʦʛʦ ʙʝʩʧʦʨʷʜʢʘ ʚ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʘʭ H2O-D2O.  

5. ʀʩʩʣʝʜʦʚʘʥʠʝ ʬʘʟʦʚʦʡ ʜʠʘʛʨʘʤʤ rʤʦʣʝʢʫʣʷʨʥʦʛʦ ʦʢʩʠʜʘ ʬʦʩʬʦʨʘ ʈ2ʆ5 ʠ 

ʧʦʣʠʤʦʨʬʥʦʛʦ ʬʘʟʦʚʦʛʦ ʧʝʨʝʭʦʜʘ ʠʟ ʦʜʥʦʡ ʤʦʣʝʢʫʣʷʨʥʦʡ ʤʦʜʠʬʠʢʘʮʠʠ ʚ 

ʜʨʫʛʫʶ. 

ʉʪʝʧʝʥʴ ʜʦʩʪʦʚʝʨʥʦʩʪʠ ʠ ʘʧʨʦʙʘʮʠʷ ʨʝʟʫʣʴʪʘʪʦʚ 

ʈʝʟʫʣʴʪʘʪʳ, ʧʦʣʫʯʝʥʥʳʝ ʚ ʵʪʦʡ ʨʘʙʦʪʝ, ʜʦʩʪʦʚʝʨʥʳ, ʯʪʦ ʧʦʜʪʚʝʨʞʜʘʝʪʩʷ 

ʩʪʘʪʴʷʤʠ ʚ ʨʝʮʝʥʟʠʨʫʝʤʳʭ ʥʘʫʯʥʳʭ ʞʫʨʥʘʣʘʭ (ʩʧʠʩʦʢ ʧʫʙʣʠʢʘʮʠʡ ʜʘʣʝʝ). 

ʆʩʥʦʚʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʜʠʩʩʝʨʪʘʮʠʠ ʜʦʢʣʘʜʳʚʘʣʠʩʴ ʥʘ 55-ʡ ʅʘʫʯʥʦʡ ʢʦʥʬʝʨʝʥʮʠʠ 

ʄʌʊʀ (ɼʦʣʛʦʧʨʫʜʥʳʡ, 2012), XX ʄʝʞʜʫʥʘʨʦʜʥʦʡ ʢʦʥʬʝʨʝʥʮʠʠ çʃʦʤʦʥʦʩʦʚè 

(ʄʦʩʢʚʘ, ʄɻʋ, 2013), 56-ʡ ʅʘʫʯʥʦʡ ʢʦʥʬʝʨʝʥʮʠʠ ʄʌʊʀ (ɼʦʣʛʦʧʨʫʜʥʳʡ, 2013), 

XXI ʄʝʞʜʫʥʘʨʦʜʥʦʡ ʢʦʥʬʝʨʝʥʮʠʠ çʃʦʤʦʥʦʩʦʚè (ʄʦʩʢʚʘ, ʄɻʋ, 2014), 57-ʡ 

ʅʘʫʯʥʦʡ ʢʦʥʬʝʨʝʥʮʠʠ ʄʌʊʀ (ɼʦʣʛʦʧʨʫʜʥʳʡ, 2014), XXII  ʄʝʞʜʫʥʘʨʦʜʥʦʡ 

ʢʦʥʬʝʨʝʥʮʠʠ çʃʦʤʦʥʦʩʦʚè (ʄʦʩʢʚʘ, ʄɻʋ, 2015), II  ɺʩʝʨʦʩʩʠʡʩʢʦʡ ʤʦʣʦʜʝʞʥʦʡ 
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ʥʘʫʯʥʦ-ʪʝʭʥʠʯʝʩʢʦʡ ʢʦʥʬʝʨʝʥʮʠʠ "ʀʥʥʦʚʘʮʠʠ ʚ ʄʘʪʝʨʠʘʣʦʚʝʜʝʥʠʠ" (ʄʦʩʢʚʘ, 

ʀʄɽʊ, 2015), Joint AIRAPT-25th & EHPRG-53rd International Conference on High 

Pressure Science and Technology (ʄʘʜʨʠʜ, ʀʩʧʘʥʠʷ, 2015), XIV ʰʢʦʣʝ-ʢʦʥʬʝʨʝʥʮʠʠ 

ʤʦʣʦʜʳʭ ʫʯʝʥʳʭ "ʇʨʦʙʣʝʤʳ ʬʠʟʠʢʠ ʪʚʝʨʜʦʛʦ ʪʝʣʘ ʠ ʚʳʩʦʢʠʭ ʜʘʚʣʝʥʠʡ" (ʉʦʯʠ, 

2015), XIII ʈʦʩʩʠʡʩʢʦ-ʂʠʪʘʡʩʢʦʤ ʩʠʤʧʦʟʠʫʤʝ "ʅʦʚʳʝ ʤʘʪʝʨʠʘʣʳ ʠ ʪʝʭʥʦʣʦʛʠʠ" 

(ʂʘʟʘʥʴ, 2015), 6-ʡ ʄʝʞʜʫʥʘʨʦʜʥʦʡ ʤʦʣʦʜʝʞʥʦʡ ʥʘʫʯʥʦʡ ʰʢʦʣʝ çʇʨʠʙʦʨʳ ʠ 

ʤʝʪʦʜʳ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʷʜʝʨʥʦʡ ʬʠʟʠʢʠ. ʕʣʝʢʪʨʦʥʠʢʘ ʠ ʘʚʪʦʤʘʪʠʢʘ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʫʩʪʘʥʦʚʦʢè (ɼʫʙʥʘ, 2015), 6-ʡ ɺʩʝʨʦʩʩʠʡʩʢʦʡ ʤʦʣʦʜʝʞʥʦʡ 

ʢʦʥʬʝʨʝʥʮʠʠ çʌʫʥʜʘʤʝʥʪʘʣʴʥʳʝ ʠ ʠʥʥʦʚʘʮʠʦʥʥʳʝ ʚʦʧʨʦʩʳ ʩʦʚʨʝʤʝʥʥʦʡ ʬʠʟʠʢʠè 

(ʄʦʩʢʚʘ, ʌʀɸʅ, 2015), 58-ʡ ʅʘʫʯʥʦʡ ʢʦʥʬʝʨʝʥʮʠʠ ʄʌʊʀ (ɼʦʣʛʦʧʨʫʜʥʳʡ, 2015), 

50-ʡ ʐʢʦʣʝ ʇʀʗʌ ʧʦ ʌʠʟʠʢʝ ʂʦʥʜʝʥʩʠʨʦʚʘʥʥʦʛʦ ʉʦʩʪʦʷʥʠʷ (ʉʘʥʢʪ-ʇʝʪʝʨʙʫʨʛ, 

2016), XXIII  ʄʝʞʜʫʥʘʨʦʜʥʦʡ ʢʦʥʬʝʨʝʥʮʠʠ çʃʦʤʦʥʦʩʦʚ-2016è (ʄʦʩʢʚʘ, ʄɻʋ, 

2016), III  ʄʝʞʜʫʥʘʨʦʜʥʦʡ ʤʦʣʦʜʝʞʥʦʡ ʥʘʫʯʥʦʡ ʢʦʥʬʝʨʝʥʮʠʠ çʌʠʟʠʢʘ. 

ʊʝʭʥʦʣʦʛʠʠ. ʀʥʥʦʚʘʮʠʠ ʌʊʀ-2016è (ɽʢʘʪʝʨʠʥʙʫʨʛ, ʋʨʌʋ, 2016), 54th European 

High Pressure Research Group (EHPRG) International Meeting on High Pressure Science 

and Technology (ɹʘʡʨʦʡʪ, ɻʝʨʤʘʥʠʷ, 2016), 2016 IUCr High-Pressure Workshop 

(ʇʭʦʭʘʥ, ʂʦʨʝʷ, 2016), 59-ʡ ʅʘʫʯʥʦʡ ʢʦʥʬʝʨʝʥʮʠʠ ʄʌʊʀ (ɼʦʣʛʦʧʨʫʜʥʳʡ, 2016), 

32-ʦʡ ʄʝʞʜʫʥʘʨʦʜʥʦʡ ʢʦʥʬʝʨʝʥʮʠʠ Interaction of Intense Energy Fluxes with Matter 

(ʕʣʴʙʨʫʩ, 2017), 51-ʡ ʐʢʦʣʝ ʇʀʗʌ ʧʦ ʌʠʟʠʢʝ ʂʦʥʜʝʥʩʠʨʦʚʘʥʥʦʛʦ ʉʦʩʪʦʷʥʠʷ 

(ʉʘʥʢʪ-ʇʝʪʝʨʙʫʨʛ, 2017), XXIV ʄʝʞʜʫʥʘʨʦʜʥʦʡ ʢʦʥʬʝʨʝʥʮʠʠ çʃʦʤʦʥʦʩʦʚ-2017è 

(ʄʦʩʢʚʘ, ʄɻʋ, 2017), VI ʄʝʞʜʫʥʘʨʦʜʥʦʡ ʤʦʣʦʜʝʞʥʦʡ ʥʘʫʯʥʦʡ ʰʢʦʣʝ-

ʢʦʥʬʝʨʝʥʮʠʠ çʉʦʚʨʝʤʝʥʥʳʝ ʧʨʦʙʣʝʤʳ ʬʠʟʠʢʠ ʠ ʪʝʭʥʦʣʦʛʠʡè (ʄʦʩʢʚʘ, ʄʀʌʀ, 

2017), 8th International Discussion Meeting on Relaxations in Complex Systems (ɺʠʩʣʘ, 

ʇʦʣʴʰʘ, 2017), International Conference on High Pressure Science & Technology Joint 

AIRAPT 26 & ACHPR 8 & CHPC19 (ʇʝʢʠʥ, ʂʠʪʘʡ, 2017), XVI ʰʢʦʣʝ-ʢʦʥʬʝʨʝʥʮʠʠ 

ʤʦʣʦʜʳʭ ʫʯʝʥʳʭ "ʇʨʦʙʣʝʤʳ ʬʠʟʠʢʠ ʪʚʝʨʜʦʛʦ ʪʝʣʘ ʠ ʚʳʩʦʢʠʭ ʜʘʚʣʝʥʠʡ" (ʉʦʯʠ, 

2017), 60-ʡ ʅʘʫʯʥʦʡ ʢʦʥʬʝʨʝʥʮʠʠ ʄʌʊʀ (ɼʦʣʛʦʧʨʫʜʥʳʡ, 2017), 33-ʡ 

ʄʝʞʜʫʥʘʨʦʜʥʦʡ ʢʦʥʬʝʨʝʥʮʠʠ Equations of State for Matter (ʕʣʴʙʨʫʩ, 2018), 

56th European High Pressure Research Group (EHPRG) International Meeting on High 

Pressure Science and Technology (ɸʚʝʡʨʫ, ʇʦʨʪʫʛʘʣʠʷ, 2018).  

http://www.icp.ac.ru/v-mire-nauki/konferencii/russia/3438-xiii-rossijsko-kitajskij-simpozium-qnovye-materialy-i-texnologiiq-21-25-sentyabrya-2015-g-gkazan.html
http://www.icp.ac.ru/v-mire-nauki/konferencii/russia/3438-xiii-rossijsko-kitajskij-simpozium-qnovye-materialy-i-texnologiiq-21-25-sentyabrya-2015-g-gkazan.html
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 ʃʠʯʥʳʡ ʚʢʣʘʜ ʘʚʪʦʨʘ 

ʉʦʜʝʨʞʘʥʠʝ ʜʠʩʩʝʨʪʘʮʠʠ ʠ ʦʩʥʦʚʥʳʝ ʧʦʣʦʞʝʥʠʷ, ʚʳʥʦʩʠʤʳʝ ʥʘ ʟʘʱʠʪʫ, 

ʦʪʨʘʞʘʶʪ ʧʝʨʩʦʥʘʣʴʥʳʡ ʚʢʣʘʜ ʘʚʪʦʨʘ ʚ ʦʧʫʙʣʠʢʦʚʘʥʥʳʝ ʨʘʙʦʪʳ. ɺʩʝ ʚʢʣʶʯʝʥʥʳʝ ʚ 
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ʜʠʩʩʝʨʪʘʮʠʶ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʜʘʥʥʳʝ ʧʦʣʫʯʝʥʳ ʣʠʯʥʦ ʘʚʪʦʨʦʤ. ɸʚʪʦʨ ʧʨʠʥʠʤʘʣ 

ʫʯʘʩʪʠʝ ʚ ʦʙʨʘʙʦʪʢʝ, ʘʥʘʣʠʟʝ ʠ ʦʙʩʫʞʜʝʥʠʠ ʨʝʟʫʣʴʪʘʪʦʚ, ʠʟʣʦʞʝʥʥʳʭ ʚ ʥʘʩʪʦʷʱʝʡ 

ʨʘʙʦʪʝ, ʘ ʪʘʢʞʝ ʚ ʧʦʜʛʦʪʦʚʢʝ ʧʫʙʣʠʢʘʮʠʡ ʚ ʧʝʯʘʪʴ. 

 ʉʪʨʫʢʪʫʨʘ ʠ ʦʙʲʝʤ ʜʠʩʩʝʨʪʘʮʠʠ 

ɼʠʩʩʝʨʪʘʮʠʷ ʩʦʩʪʦʠʪ ʠʟ ʚʚʝʜʝʥʠʷ, 6 ʛʣʘʚ, ʟʘʢʣʶʯʝʥʠʷ ʠ ʙʠʙʣʠʦʛʨʘʬʠʠ. ʆʙʱʠʡ 

ʦʙʲʝʤ ʜʠʩʩʝʨʪʘʮʠʠ 121 ʩʪʨʘʥʠʮʘ, ʚʢʣʶʯʘʷ 37 ʨʠʩʫʥʢʦʚ ʠ 4 ʪʘʙʣʠʮʳ. ɹʠʙʣʠʦʛʨʘʬʠʷ 

ʚʢʣʶʯʘʝʪ 215 ʥʘʠʤʝʥʦʚʘʥʠʡ. 
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ɻʣʘʚʘ 1. ʋʧʨʫʛʠʝ ʩʚʦʡʩʪʚʘ ʞʠʜʢʠʭ ʠ ʪʚʝʨʜʳʭ ʚʝʱʝʩʪʚ ʧʦʜ ʜʘʚʣʝʥʠʝʤ 

ʠ ʤʝʪʦʜʳ ʠʭ ʠʩʩʣʝʜʦʚʘʥʠʷ 

1.1 ʋʧʨʫʛʠʝ ʩʚʦʡʩʪʚʘ ʚʝʱʝʩʪʚʘ ʚ ʢʦʥʜʝʥʩʠʨʦʚʘʥʥʦʤ ʩʦʩʪʦʷʥʠʠ  

ɼʠʩʩʝʨʪʘʮʠʷ ʧʦʩʚʷʱʝʥʘ ʠʟʫʯʝʥʠʶ ʫʧʨʫʛʠʭ ʩʚʦʡʩʪʚ ʚʝʱʝʩʪʚ ʩ ʧʦʤʦʱʴʶ 

ʫʣʴʪʨʘʟʚʫʢʘ, ʧʦʵʪʦʤʫ ʥʝʦʙʭʦʜʠʤʦ ʨʘʩʩʤʦʪʨʝʪʴ ʚʦʧʨʦʩ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʟʚʫʢʦʚʳʭ 

ʚʦʣʥ ʚ ʪʚʝʨʜʳʭ ʠ ʞʠʜʢʠʭ ʩʨʝʜʘʭ. ɺ ʪʚʝʨʜʳʭ ʪʝʣʘʭ ʤʦʛʫʪ ʨʘʩʧʨʦʩʪʨʘʥʷʪʴʩʷ 

ʧʨʦʜʦʣʴʥʳʝ ʢʦʣʝʙʘʥʠʷ (ʩʞʘʪʠʷ ʠ ʨʘʟʨʝʞʝʥʠʷ), ʘ ʪʘʢʞʝ ʧʦʧʝʨʝʯʥʳʝ ʠ ʢʨʫʪʠʣʴʥʳʝ 

(ʦʙʫʩʣʘʚʣʠʚʘʶʱʠʝ ʧʦʷʚʣʝʥʠʝ ʧʦʧʝʨʝʯʥʳʭ ʚʦʣʥ ʠʣʠ ʚʦʣʥ ʩʜʚʠʛʘ). ʉʢʦʨʦʩʪʠ 

ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʨʘʟʣʠʯʥʳʭ ʪʠʧʦʚ ʚʦʣʥ ʨʘʟʣʠʯʥʳ ʠ ʟʘʚʠʩʷʪ ʦʪ ʫʧʨʫʛʠʭ ʧʦʩʪʦʷʥʥʳʭ 

ʩʨʝʜʳ. ɺ ʥʘʠʙʦʣʝʝ ʧʨʦʩʪʦʤ ʩʣʫʯʘʝ ʠʟʦʪʨʦʧʥʦʡ ʧʨʦʪʷʞʝʥʥʦʡ ʩʨʝʜʳ ʝʝ ʫʧʨʫʛʠʝ 

ʩʚʦʡʩʪʚʘ ʭʘʨʘʢʪʝʨʠʟʫʶʪʩʷ ʜʚʫʤʷ ʧʦʩʪʦʷʥʥʳʤʠ; ʚ ʘʥʠʟʦʪʨʦʧʥʳʭ ʪʝʣʘʭ ï ʢʨʠʩʪʘʣʣʘʭ 

ï ʯʠʩʣʦ ʧʦʩʪʦʷʥʥʳʭ ʦʧʨʝʜʝʣʷʝʪʩʷ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʦʡ ʩʠʩʪʝʤʦʡ (ʟʜʝʩʴ ʠ ʜʘʣʝʝ 

ʤʳ ʩʣʝʜʫʝʤ ʧʨʠʥʷʪʦʡ ʪʝʨʤʠʥʦʣʦʛʠʠ ʠ ʠʟʣʘʛʘʝʤ ʤʘʪʝʨʠʘʣ ʙʣʠʟʢʦ ʢ ʩʦʜʝʨʞʘʥʠʶ 

[1]).  

ɽʩʣʠ ʚ ʪʝʣʝ ʧʨʠ ʜʝʬʦʨʤʘʮʠʠ ʧʨʦʠʩʭʦʜʠʪ ʜʚʠʞʝʥʠʝ, ʪʦ ʪʝʤʧʝʨʘʪʫʨʘ ʪʝʣʘ 

ʠʟʤʝʥʷʝʪʩʷ ʩʦ ʚʨʝʤʝʥʝʤ (ʨʘʟʣʠʯʥʦ ʜʣʷ ʨʘʟʥʳʭ ʪʦʯʝʢ). ʇʝʨʝʜʘʯʘ ʪʝʧʣʘ ʠʟ ʦʜʥʦʛʦ 

ʫʯʘʩʪʢʘ ʪʝʣʘ ʢ ʜʨʫʛʦʤʫ ʧʦʩʨʝʜʩʪʚʦʤ ʧʨʦʩʪʦʡ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ ʧʨʦʠʩʭʦʜʠʪ 

ʦʙʳʯʥʦ ʤʝʜʣʝʥʥʦ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʧʝʨʠʦʜʦʤ ʢʦʣʝʙʘʥʠʡ. ʇʦʵʪʦʤʫ, ʝʩʣʠ ʪʝʧʣʦʦʙʤʝʥ 

ʧʨʘʢʪʠʯʝʩʢʠ ʥʝ ʧʨʦʠʩʭʦʜʠʪ ʚ ʪʝʯʝʥʠʝ ʧʨʦʤʝʞʫʪʢʦʚ ʚʨʝʤʝʥʠ ʧʦʨʷʜʢʘ 

ʢʦʣʝʙʘʪʝʣʴʥʳʭ ʜʚʠʞʝʥʠʡ ʚ ʪʝʣʝ, ʪʦ ʤʦʞʥʦ ʨʘʩʩʤʘʪʨʠʚʘʪʴ ʢʘʞʜʳʡ ʫʯʘʩʪʦʢ ʪʝʣʘ ʢʘʢ 

ʪʝʧʣʦʠʟʦʣʠʨʦʚʘʥʥʳʡ, ʪ.ʝ. ʩʯʠʪʘʪʴ ʜʚʠʞʝʥʠʝ ʘʜʠʘʙʘʪʠʯʝʩʢʠʤ.  

ɼʣʷ ʪʦʛʦ ʯʪʦʙʳ ʧʦʣʫʯʠʪʴ ʫʨʘʚʥʝʥʠʷ ʜʚʠʞʝʥʠʷ ʫʧʨʫʛʦʡ ʩʨʝʜʳ, ʥʘʜʦ 

ʧʨʠʨʘʚʥʷʪʴ ʩʠʣʫ ʚʥʫʪʨʝʥʥʠʭ ʥʘʧʨʷʞʝʥʠʡ ik

kx

sµ

µ
 ʧʨʦʠʟʚʝʜʝʥʠʶ ʫʩʢʦʨʝʥʠʷ ¿i ʥʘ ʤʘʩʩʫ 

ʝʜʠʥʠʮʳ ʦʙʲʝʤʘ ʪʝʣʘ, ʪ.ʝ. ʥʘ ʧʣʦʪʥʦʩʪʴ ɟ. ʊ.ʝ. ʚ ʦʙʱʝʤ ʚʠʜʝ ʫʨʘʚʥʝʥʠʝ ʜʚʠʞʝʥʠʷ 

ʠʤʝʝʪ ʚʠʜ: 

ik
i

k

ü
x

s
r

µ
=
µ

      (1.1) 

ɺ ʯʘʩʪʥʦʩʪʠ, ʫʨʘʚʥʝʥʠʷ ʜʚʠʞʝʥʠʷ ʠʟʦʪʨʦʧʥʦʡ ʫʧʨʫʛʦʡ ʩʨʝʜʳ ʤʦʞʥʦ ʟʘʧʠʩʘʪʴ 

ʚ ʩʣʝʜʫʶʱʝʤ ʚʠʜʝ: 
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grad div 
2(1 ) 2(1 )(1 2 )

E
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E
ur

s s s
= D +

+ + -
   (1.2) 

ʊʘʢ ʢʘʢ ʜʝʬʦʨʤʘʮʠʠ ʧʨʝʜʧʦʣʘʛʘʶʪʩʷ ʤʘʣʳʤʠ, ʪʦ ʨʘʩʩʤʘʪʨʠʚʘʝʤʳʝ ʚ ʪʝʦʨʠʠ 

ʫʧʨʫʛʦʩʪʠ ʜʚʠʞʝʥʠʷ ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʤʘʣʳʝ ʫʧʨʫʛʠʝ ʢʦʣʝʙʘʥʠʷ ʠʣʠ ʚʦʣʥʳ. ɺ 

ʩʣʫʯʘʝ ʧʣʦʩʢʦʡ ʫʧʨʫʛʦʡ ʚʦʣʥʳ ʚ ʥʝʦʛʨʘʥʠʯʝʥʥʦʡ ʠʟʦʪʨʦʧʥʦʡ ʩʨʝʜʝ ʜʝʬʦʨʤʘʮʠʷ u 

ʷʚʣʷʝʪʩʷ ʬʫʥʢʮʠʝʡ ʪʦʣʴʢʦ ʦʪ ʦʜʥʦʡ ʠʟ ʢʦʦʨʜʠʥʘʪ (ʥʘʧʨʠʤʝʨ, ʦʪ x ʠ ʦʪ ʚʨʝʤʝʥʠ). 

ɺʩʝ ʧʨʦʠʟʚʦʜʥʳʝ ʧʦ y ʠ z ʚ ʫʨʘʚʥʝʥʠʷʭ ʧʨʠ ʵʪʦʤ ʨʘʚʥʳ ʥʫʣʶ, ʠ ʜʣʷ ʦʪʜʝʣʴʥʳʭ 

ʢʦʤʧʦʥʝʥʪ ʚʝʢʪʦʨʘ u ʧʦʣʫʯʘʝʤ: 

2 2
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ʛʜʝ 
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ʋʨʘʚʥʝʥʠʷ (1.3) ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʦʙʳʯʥʳʝ ʚʦʣʥʦʚʳʝ ʫʨʘʚʥʝʥʠʷ ʚ ʦʜʥʦʤ 

ʠʟʤʝʨʝʥʠʠ, ʘ ʚʭʦʜʷʱʠʝ ʚ ʥʠʭ ʚʝʣʠʯʠʥʳ cl ʠ ct ʷʚʣʷʶʪʩʷ ʩʢʦʨʦʩʪʷʤʠ 

ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʚʦʣʥʳ. ɺʳʨʘʞʝʥʠʷ (1.4) ʤʦʞʥʦ ʟʘʧʠʩʘʪʴ ʯʝʨʝʟ ʢʦʵʬʬʠʮʠʝʥʪʳ 

ʩʞʘʪʠʷ ʠ ʩʜʚʠʛʘ ʠ ʢʦʵʬʬʠʮʠʝʥʪʳ ʃʘʤʵ: 

1/2 1/2
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ɺʠʜʥʦ, ʯʪʦ ʩʢʦʨʦʩʪʠ cl ʠ ct ʦʪʣʠʯʘʶʪʩʷ ʜʨʫʛ ʦʪ ʜʨʫʛʘ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʫʧʨʫʛʘʷ 

ʚʦʣʥʘ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʧʦ ʩʫʱʝʩʪʚʫ ʜʚʝ ʥʝʟʘʚʠʩʠʤʦ ʨʘʩʧʨʦʩʪʨʘʥʷʶʱʠʝʩʷ 

ʚʦʣʥʳ. ɺ ʦʜʥʦʡ ʠʟ ʥʠʭ ʩʤʝʱʝʥʠʝ ʥʘʧʨʘʚʣʝʥʦ ʚʜʦʣʴ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʩʘʤʦʡ ʚʦʣʥʳ 

(ʧʨʦʜʦʣʴʥʘʷ ʚʦʣʥʘ ux); ʦʥʘ ʨʘʩʧʨʦʩʪʨʘʥʷʝʪʩʷ ʩʦ ʩʢʦʨʦʩʪʴʶ cl. ɺ ʜʨʫʛʦʡ ʩʤʝʱʝʥʠʝ 

ʥʘʧʨʘʚʣʝʥʦ ʚ ʧʣʦʩʢʦʩʪʠ, ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦʡ ʥʘʧʨʘʚʣʝʥʠʶ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ 

(ʧʦʧʝʨʝʯʥʘʷ ʚʦʣʥʘ uy ʠ uz); ʵʪʘ ʚʦʣʥʘ ʨʘʩʧʨʦʩʪʨʘʥʷʝʪʩʷ ʩʦ ʩʢʦʨʦʩʪʴʶ ct. ʂʘʢ ʚʠʜʥʦ 

ʠʟ (1.4), ʧʨʦʜʦʣʴʥʘʷ ʩʢʦʨʦʩʪʴ ʟʚʫʢʘ cl ʚʩʝʛʜʘ ʙʦʣʴʰʝ ʧʦʧʝʨʝʯʥʦʡ ʩʢʦʨʦʩʪʠ ct: 

cl  > (4/3)1/2 ct     1.6 

ʀʟʚʝʩʪʥʦ, ʯʪʦ ʠʟʤʝʥʝʥʠʝ ʦʙʲʝʤʘ ʧʨʠ ʜʝʬʦʨʤʘʮʠʠ ʦʧʨʝʜʝʣʷʝʪʩʷ ʩʫʤʤʦʡ 

ʜʠʘʛʦʥʘʣʴʥʳʭ ʯʣʝʥʦʚ ʪʝʥʟʦʨʘ ʜʝʬʦʨʤʘʮʠʠ, ʪ.ʝ. ʚʝʣʠʯʠʥʦʡ uii ſ div u. ɺ ʧʦʧʝʨʝʯʥʦʡ 

ʚʦʣʥʝ ʠʤʝʶʪʩʷ ʪʦʣʴʢʦ ʢʦʤʧʦʥʝʥʪʳ uy, uz, ʠ ʪʘʢ ʢʘʢ ʦʥʠ ʥʝ ʟʘʚʠʩʷʪ ʥʠ ʦʪ y, ʥʠ ʦʪ z, 
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ʜʣʷ ʪʘʢʦʡ ʚʦʣʥʳ div u = 0. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʦʧʝʨʝʯʥʳʝ ʚʦʣʥʳ ʥʝ ʩʚʷʟʘʥʳ ʩ 

ʠʟʤʝʥʝʥʠʝʤ ʦʙʲʸʤʘ ʦʪʜʝʣʴʥʳʭ ʫʯʘʩʪʢʦʚ ʪʝʣʘ. ɼʣʷ ʧʨʦʜʦʣʴʥʳʭ ʚʦʣʥ, ʥʘʧʨʦʪʠʚ, 

div u Í 0; ʵʪʠ ʚʦʣʥʳ ʩʦʧʨʦʚʦʞʜʘʶʪʩʷ ʩʞʘʪʠʷʤʠ ʠ ʨʘʩʰʠʨʝʥʠʷʤʠ ʚ ʪʝʣʝ. 

ɺ ʞʠʜʢʦʩʪʠ, ʢʘʢ ʠ ʚ ʛʘʟʝ, ʚ ʦʪʩʫʪʩʪʚʠʝ ʩʜʚʠʛʦʚʳʭ ʥʘʧʨʷʞʝʥʠʡ ʤʦʛʫʪ 

ʚʦʟʥʠʢʘʪʴ ʪʦʣʴʢʦ ʩʞʘʪʠʷ ʠ ʨʘʩʪʷʞʝʥʠʷ. ʈʘʩʩʤʦʪʨʠʤ ʟʚʫʢʦʚʫʶ ʚʦʣʥʫ, ʚ ʢʦʪʦʨʦʡ ʚʩʝ 

ʚʝʣʠʯʠʥʳ ʟʘʚʠʩʷʪ ʦʪ ʦʜʥʦʡ ʠʟ ʢʦʦʨʜʠʥʘʪ, ʥʘʧʨʠʤʝʨ, ʦʪ x. ʊʘʢʘʷ ʚʦʣʥʘ ʥʘʟʳʚʘʝʪʩʷ 

ʧʣʦʩʢʦʡ ï ʚʩʝ ʜʚʠʞʝʥʠʝ ʦʜʥʦʨʦʜʥʦ ʚ ʧʣʦʩʢʦʩʪʠ (y, z). ɺʦʣʥʦʚʦʝ ʫʨʘʚʥʝʥʠʝ ʪʠʧʘ 

(1.3) ʙʫʜʝʪ ʠʤʝʪʴ ʚʠʜ: 

2 2

2 2 2

1
0

x c t

f fµ µ
- =

µ µ
,     (1.7) 

ʛʜʝ ű ï ʧʦʪʝʥʮʠʘʣ ʩʢʦʨʦʩʪʠ (v = grad ű), ʘ 
S

p
c

r

å õµ
= æ ö
µç ÷
. ʈʝʰʝʥʠʝʤ ʵʪʦʛʦ ʫʨʘʚʥʝʥʠʷ 

ʙʫʜʝʪ ʬʫʥʢʮʠʷ ʚʠʜʘ  

1 2( ) ( )f x ct f x ctf= - + +,    (1.8) 

ʛʜʝ f1 ʠ f2 ï ʧʨʦʠʟʚʦʣʴʥʳʝ ʬʫʥʢʮʠʠ. ʌʫʥʢʮʠʷʤʠ ʚʠʜʘ (1.8) ʦʧʠʩʳʚʘʝʪʩʷ ʪʘʢʞʝ 

ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʠ ʜʨʫʛʠʭ ʚʝʣʠʯʠʥ (ʧʣʦʪʥʦʩʪʠ, ʜʘʚʣʝʥʠʷ) ʚ ʧʣʦʩʢʦʡ ʚʦʣʥʝ. ɼʣʷ 

ʦʧʨʝʜʝʣʝʥʥʦʩʪʠ ʚʳʙʝʨʝʤ ʧʣʦʪʥʦʩʪʴ. ʇʫʩʪʴ, ʥʘʧʨʠʤʝʨ, f2=0, ʪʘʢ ʯʪʦ ɟ = f1(x ï ct). 

ʆʯʝʚʠʜʥʦ, ʯʪʦ ʧʣʦʪʥʦʩʪʴ ʦʜʠʥʘʢʦʚʘ ʜʣʷ ʢʦʦʨʜʠʥʘʪ x ʠ ʤʦʤʝʥʪʦʚ ʚʨʝʤʝʥʠ t, 

ʫʜʦʚʣʝʪʚʦʨʷʶʱʠʭ ʩʦʦʪʥʦʰʝʥʠʶ x ï ct = const ʠʣʠ x = const + ct. ʊʦ ʝʩʪʴ ʤʦʞʥʦ 

ʩʢʘʟʘʪʴ, ʯʪʦ ʚʦʣʥʘ ʨʘʩʧʨʦʩʪʨʘʥʷʝʪʩʷ ʚ ʩʨʝʜʝ ʚʜʦʣʴ ʦʩʠ x ʩʦ ʩʢʦʨʦʩʪʴʶ c, ʥʘʟʳʚʘʝʤʦʡ 

ʩʢʦʨʦʩʪʴʶ ʟʚʫʢʘ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, f1(x ï ct) ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʙʝʛʫʱʫʶ ʧʣʦʩʢʫʶ 

ʚʦʣʥʫ, ʨʘʩʧʨʦʩʪʨʘʥʷʶʱʫʶʩʷ ʚ ʧʦʣʦʞʠʪʝʣʴʥʦʤ ʥʘʧʨʘʚʣʝʥʠʠ ʦʩʠ x.  

ʀʟ ʪʨʝʭ ʢʦʤʧʦʥʝʥʪ ʩʢʦʨʦʩʪʠ v = grad ű ʚ ʧʣʦʩʢʦʡ ʚʦʣʥʝ ʦʪʣʠʯʥʘ ʦʪ ʥʫʣʷ 

ʪʦʣʴʢʦ ʢʦʤʧʦʥʝʥʪʘ vx = Öű/Öx. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʩʢʦʨʦʩʪʴ ʞʠʜʢʦʩʪʠ ʚ ʟʚʫʢʦʚʦʡ ʚʦʣʥʝ 

ʥʘʧʨʘʚʣʝʥʘ ʚʜʦʣʴ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʚʦʣʥʳ. ʇʦʵʪʦʤʫ ʛʦʚʦʨʷʪ, ʯʪʦ ʟʚʫʢʦʚʳʝ ʚʦʣʥʳ ʚ 

ʞʠʜʢʦʩʪʠ ʷʚʣʷʶʪʩʷ ʧʨʦʜʦʣʴʥʳʤʠ. 

ɺʳʨʘʞʝʥʠʝ ʜʣʷ c ʦʧʨʝʜʝʣʷʝʪ ʩʢʦʨʦʩʪʴ ʟʚʫʢʘ ʧʦ ʘʜʠʘʙʘʪʠʯʝʩʢʦʡ ʩʞʠʤʘʝʤʦʩʪʠ 

ʚʝʱʝʩʪʚʘ, ʢʦʪʦʨʘʷ ʩʚʷʟʘʥʘ ʩ ʠʟʦʪʝʨʤʠʯʝʩʢʦʡ: 
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,     (1.9) 

ʛʜʝ ɔ = cp/cv ï ʦʪʥʦʰʝʥʠʝ ʫʜʝʣʴʥʳʭ ʪʝʧʣʦʝʤʢʦʩʪʝʡ ʧʨʠ ʧʦʩʪʦʷʥʥʦʤ ʜʘʚʣʝʥʠʠ ʠ ʧʨʠ 

ʧʦʩʪʦʷʥʥʦʤ ʦʙʲʝʤʝ. ɺ ʬʦʨʤʫʣʫ (1.9) ʚʚʦʜʠʤ ʦʙʲʝʤ (ɟ = const/V) ʠ ʧʦʣʫʯʘʝʤ: 

T

c
g

rb
= ,      (1.10) 

ʛʜʝ ʯʝʨʝʟ ɓT ʦʙʦʟʥʘʯʝʥʘ ʠʟʦʪʝʨʤʠʯʝʩʢʘʷ ʩʞʠʤʘʝʤʦʩʪʴ (ï1/V)(dV/dp). 

ʆʩʥʦʚʥʦʝ ʟʥʘʯʝʥʠʝ ʠʟʤʝʨʝʥʠʡ ʩʢʦʨʦʩʪʠ ʟʚʫʢʘ ʚ ʪʚʝʨʜʳʭ ʪʝʣʘʭ ʠ ʞʠʜʢʦʩʪʷʭ 

ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʚʦʟʤʦʞʥʦʩʪʠ ʦʧʨʝʜʝʣʝʥʠʷ ʠʭ ʫʧʨʫʛʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ: ʤʦʜʫʣʷ ʖʥʛʘ 

E, ʤʦʜʫʣʝʡ ʦʙʲʝʤʥʦʛʦ ʩʞʘʪʠʷ B ʠ ʩʜʚʠʛʘ G ʠ ʢʦʵʬʬʠʮʠʝʥʪʘ ʇʫʘʩʩʦʥʘ ů [2]. ʕʪʠ 

ʚʝʣʠʯʠʥʳ ʥʝ ʷʚʣʷʶʪʩʷ ʥʝʟʘʚʠʩʠʤʳʤʠ ʠ, ʩʪʨʦʛʦ ʛʦʚʦʨʷ, ʤʦʛʫʪ ʙʳʪʴ ʩʚʝʜʝʥʳ ʢ 

ʣʶʙʳʤ ʜʚʫʤ ʠʟ ʥʠʭ [3]. 

ɿʘʧʠʰʝʤ ʬʦʨʤʫʣʳ, ʢʦʪʦʨʳʝ ʩʚʷʟʳʚʘʶʪ ʫʧʨʫʛʠʝ ʩʚʦʡʩʪʚʘ ʚʝʱʝʩʪʚʘ ʜʨʫʛ ʩ 

ʜʨʫʛʦʤ, ʘ ʪʘʢʞʝ ʩ ʚʝʣʠʯʠʥʘʤʠ ʩʢʦʨʦʩʪʝʡ ʧʨʦʜʦʣʴʥʦʡ (vl) ʠ ʧʦʧʝʨʝʯʥʦʡ (vt) 

ʩʦʩʪʘʚʣʷʶʱʠʭ ʫʣʴʪʨʘʟʚʫʢʦʚʦʡ ʚʦʣʥʳ: 

2 24
( )

3
l tB v vr= -    

2

tG vr=     (1.11) 

9

3

BG
E

B G
=

+
   

3 2

2(3 )

B G

B G
s

-
=

+
   (1.12) 
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+
   (1.13) 

ɼʣʷ ʨʘʩʯʝʪʘ ʫʧʨʫʛʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʤʳ ʙʫʜʝʤ ʚ ʜʘʣʴʥʝʡʰʝʤ ʧʦʣʴʟʦʚʘʪʴʩʷ 

ʬʦʨʤʫʣʘʤʠ (1.11) ʠ (1.12). 

ʊʘʢʞʝ ʩʪʦʠʪ ʦʙʨʘʪʠʪʴ ʚʥʠʤʘʥʠʝ, ʯʪʦ ʜʣʷ ʞʠʜʢʦʩʪʠ ʟʥʘʯʝʥʠʷ ʤʦʜʫʣʷ 

ʦʙʲʝʤʥʦʡ ʫʧʨʫʛʦʩʪʠ B ʠ ʤʦʜʫʣʷ ʧʨʦʜʦʣʴʥʦʡ ʫʧʨʫʛʦʩʪʠ L ʩʦʚʧʘʜʘʶʪ [4]: 

B = ɟvl
2 = L,      (1.14) 

ʪʘʢ ʢʘʢ ʚ ʞʠʜʢʦʩʪʠ ʥʘ ʥʠʟʢʠʭ ʯʘʩʪʦʪʘʭ ʚʦʟʤʦʞʥʳ ʣʠʰʴ ʫʧʨʫʛʠʝ ʜʝʬʦʨʤʘʮʠʠ 

ʚʩʝʩʪʦʨʦʥʥʝʛʦ ʩʞʘʪʠʷ ʠ G = 0. ʆʙʳʯʥʦ ʩʯʠʪʘʝʪʩʷ, ʯʪʦ ʞʠʜʢʦʩʪʠ ʥʝ ʠʤʝʶʪ 

ʩʜʚʠʛʦʚʦʡ ʞʝʩʪʢʦʩʪʠ ʥʘ ʚʩʭ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʯʘʩʪʦʪʘʭ. ʕʪʦ ʧʦʯʪʠ ʚʝʨʥʦ ʜʣʷ 

ʞʠʜʢʦʩʪʝʡ ʩ ʥʠʟʢʦʡ ʚʷʟʢʦʩʪʴʶ, ʪʘʢʠʭ ʢʘʢ ʤʥʦʛʠʝ çʧʨʦʩʪʳʝ ʞʠʜʢʦʩʪʠè ʠ 
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ʤʝʪʘʣʣʠʯʝʩʢʠʝ ʨʘʩʧʣʘʚʳ, ʜʣʷ ʢʦʪʦʨʳʭ ʚʷʟʢʦʫʧʨʫʛʠʝ ʵʬʬʝʢʪʳ ʚʦʟʥʠʢʘʶʪ ʣʠʰʴ ʥʘ 

ʯʘʩʪʦʪʘʭ, ʩʨʘʚʥʠʤʳʭ ʩ ʜʝʙʘʝʚʩʢʠʤʠ. ʕʪʠ ʵʬʬʝʢʪʳ ʥʝʣʴʟʷ ʠʩʩʣʝʜʦʚʘʪʴ 

ʢʣʘʩʩʠʯʝʩʢʠʤʠ ʫʣʴʪʨʘʟʚʫʢʦʚʳʤʠ ʤʝʪʦʜʘʤʠ, ʠʭ ʤʦʞʥʦ ʦʙʥʘʨʫʞʠʪʴ ʣʠʰʴ ʚ 

ʵʢʩʧʝʨʠʤʝʥʪʘʭ ʧʦ ʥʝʫʧʨʫʛʦʤʫ ʨʘʩʩʝʷʥʠʶ ʥʝʡʪʨʦʥʦʚ ʠʣʠ ʨʝʥʪʛʝʥʦʚʩʢʠʭ ʣʫʯʝʡ. ɺ 

ʪʦ ʞʝ ʚʨʝʤʷ ʩʫʱʝʩʪʚʫʶʪ ʚʷʟʢʠʝ ʞʠʜʢʦʩʪʠ, ʢʦʪʦʨʳʝ ʚ ʪʝʯʝʥʠʝ ʜʦʩʪʘʪʦʯʥʦ ʤʘʣʳʭ (ʥʦ 

ʚ ʪʦ ʞʝ ʚʨʝʤʷ ʙʦʣʴʰʠʭ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʤʦʣʝʢʫʣʷʨʥʳʤʠ) ʧʨʦʤʝʞʫʪʢʦʚ ʚʨʝʤʝʥʠ 

ʚʝʜʫʪ ʩʝʙʷ, ʢʘʢ ʪʚʝʨʜʳʝ ʪʝʣʘ (ʥʘʧʨʠʤʝʨ, ʛʣʠʮʝʨʠʥ, ʢʘʥʠʬʦʣʴ). ɸʤʦʨʬʥʳʝ ʪʚʝʨʜʳʝ 

ʪʝʣʘ (ʥʘʧʨʠʤʝʨ, ʩʪʝʢʣʘ) ʤʦʞʥʦ ʨʘʩʩʤʘʪʨʠʚʘʪʴ ʢʘʢ ʧʨʝʜʝʣʴʥʳʡ ʩʣʫʯʘʡ ʪʘʢʠʭ 

ʞʠʜʢʦʩʪʝʡ ʩ ʚʝʩʴʤʘ ʙʦʣʴʰʦʡ ʚʷʟʢʦʩʪʴʶ.  

 ʉʚʦʡʩʪʚʘ ʪʘʢʠʭ ʞʠʜʢʦʩʪʝʡ ʤʦʛʫʪ ʙʳʪʴ ʦʧʠʩʘʥʳ ʩʣʝʜʫʶʱʠʤ ʩʧʦʩʦʙʦʤ 

(ʧʨʝʜʣʦʞʝʥʥʳʤ ʄʘʢʩʚʝʣʣʦʤ). ɺ ʪʝʯʝʥʠʝ ʤʘʣʳʭ ʧʨʦʤʝʞʫʪʢʦʚ ʚʨʝʤʝʥʠ ʦʥʠ ʫʧʨʫʛʦ 

ʜʝʬʦʨʤʠʨʫʶʪʩʷ. ʇʦʩʣʝ ʧʨʝʢʨʘʱʝʥʠʷ ʜʝʬʦʨʤʘʮʠʠ ʚ ʥʠʭ ʦʩʪʘʶʪʩʷ ʥʘʧʨʷʞʝʥʠʷ 

ʩʜʚʠʛʘ, ʟʘʪʫʭʘʶʱʠʝ, ʦʜʥʘʢʦ, ʩʦ ʚʨʝʤʝʥʝʤ, ʪʘʢ ʯʪʦ ʧʦ ʠʩʪʝʯʝʥʠʠ ʜʦʩʪʘʪʦʯʥʦ 

ʙʦʣʴʰʦʛʦ ʧʨʦʤʝʞʫʪʢʘ ʚʨʝʤʝʥʠ ʥʠʢʘʢʠʭ ʚʥʫʪʨʝʥʥʠʭ ʥʘʧʨʷʞʝʥʠʡ ʚ ʞʠʜʢʦʩʪʠ 

ʧʨʘʢʪʠʯʝʩʢʠ ʥʝ ʦʩʪʘʝʪʩʷ. ʇʫʩʪʴ Ű ʝʩʪʴ ʧʦʨʷʜʦʢ ʚʝʣʠʯʠʥʳ ʚʨʝʤʝʥʠ, ʚ ʪʝʯʝʥʠʝ 

ʢʦʪʦʨʦʛʦ ʧʨʦʠʩʭʦʜʠʪ ʟʘʪʫʭʘʥʠʝ ʥʘʧʨʷʞʝʥʠʡ (Ű ʥʘʟʳʚʘʶʪ ʠʥʦʛʜʘ ʤʘʢʩʚʝʣʣʦʚʩʢʠʤ 

ʚʨʝʤʝʥʝʤ ʨʝʣʘʢʩʘʮʠʠ). ʇʨʝʜʧʦʣʦʞʠʤ, ʯʪʦ ʞʠʜʢʦʩʪʴ ʧʦʜʚʝʨʛʘʝʪʩʷ ʚʦʟʜʝʡʩʪʚʠʶ 

ʥʝʢʦʪʦʨʳʭ ʧʝʨʝʤʝʥʥʳʭ ʚʥʝʰʥʠʭ ʩʠʣ, ʧʝʨʠʦʜʠʯʝʩʢʠ ʤʝʥʷʶʱʠʭʩʷ ʩʦ ʚʨʝʤʝʥʝʤ ʩ 

ʯʘʩʪʦʪʦʡ ɤ. ɽʩʣʠ ʧʝʨʠʦʜ 1/ɤ ʠʟʤʝʥʝʥʠʷ ʩʠʣ ʚʝʣʠʢ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʚʨʝʤʝʥʝʤ 

ʨʝʣʘʢʩʘʮʠʠ Ű, ʪ.ʝ. Ḻρ, ʪʦ ʨʘʩʩʤʘʪʨʠʚʘʝʤʘʷ ʞʠʜʢʦʩʪʴ ʙʫʜʝʪ ʚʝʩʪʠ ʩʝʙʷ, ʢʘʢ†‫ 

ʦʙʳʯʥʘʷ ʚʷʟʢʘʷ ʞʠʜʢʦʩʪʴ. ʅʘʧʨʦʪʠʚ, ʧʨʠ ʜʦʩʪʘʪʦʯʥʦ ʙʦʣʴʰʠʭ ʯʘʩʪʦʪʘʭ ɤ (ʢʦʛʜʘ 

ḻρ) ʞʠʜʢʦʩʪʴ ʙʫʜʝʪ ʚʝʩʪʠ ʩʝʙʷ, ʢʘʢ ʘʤʦʨʬʥʦʝ ʪʚʝʨʜʦʝ ʪʝʣʦ. ɺʙʣʠʟʠ†‫ 

ʪʝʤʧʝʨʘʪʫʨʳ ʩʪʝʢʣʦʚʘʥʠʷ Tg ʚ ʥʝʢʦʪʦʨʦʤ ʪʝʤʧʝʨʘʪʫʨʥʦʤ ʜʠʘʧʘʟʦʥʝ ʤʥʦʛʠʝ 

ʩʪʝʢʣʦʦʙʨʘʟʫʶʱʠʝ ʤʦʣʝʢʫʣʷʨʥʳʝ ʞʠʜʢʦʩʪʠ ʦʙʣʘʜʘʶʪ ʜʦʩʪʘʪʦʯʥʦ ʚʳʩʦʢʦʡ 

ʚʷʟʢʦʩʪʴʶ ʜʣʷ ʪʦʛʦ, ʯʪʦʙʳ ʚʷʟʢʦʫʧʨʫʛʠʝ ʵʬʬʝʢʪʳ ʧʨʦʷʚʣʷʣʠʩʴ ʥʘ ʫʣʴʪʨʘʟʚʫʢʦʚʳʭ 

(106-109 ɻʮ) ʯʘʩʪʦʪʘʭ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʚʦ ʚʩʝʭ ʠʩʩʣʝʜʦʚʘʥʥʳʭ ʚ ʨʘʙʦʪʝ 

ʩʪʝʢʣʦʦʙʨʘʟʫʶʱʠʭ ʞʠʜʢʦʩʪʷʭ ʚ ʦʧʨʝʜʝʣʝʥʥʦʤ ʪʝʤʧʝʨʘʪʫʨʥʦʤ ʠʥʪʝʨʚʘʣʝ ʚʳʰʝ 

ʪʝʤʧʝʨʘʪʫʨʳ ʩʪʝʢʣʦʚʘʥʠʷ Tg ʨʘʩʧʨʦʩʪʨʘʥʷʣʠʩʴ ʢʘʢ ʧʨʦʜʦʣʴʥʳʝ, ʪʘʢ ʠ ʧʦʧʝʨʝʯʥʳʝ 

ʚʦʟʙʫʞʜʝʥʠʷ. ɺ ʪʦ ʞʝ ʚʨʝʤʷ ʧʨʠ ʚʳʩʦʢʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʚ ʠʩʩʣʝʜʦʚʘʥʥʳʭ ʚʝʱʝʩʪʚʘʭ 

ʩʫʱʝʩʪʚʫʶʪ ʪʦʣʴʢʦ ʧʨʦʜʦʣʴʥʳʝ ʢʦʣʝʙʘʥʠʷ.  
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1.2 ʄʝʪʦʜʳ ʠʟʫʯʝʥʠʷ ʫʧʨʫʛʠʭ ʩʚʦʡʩʪʚ ʧʦʜ ʜʘʚʣʝʥʠʝʤ 

ɺʩʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʚʣʠʷʥʠʷ ʚʳʩʦʢʦʛʦ ʜʘʚʣʝʥʠʷ ʥʘ ʫʧʨʫʛʠʝ ʩʚʦʡʩʪʚʘ ʪʚʝʨʜʳʭ ʪʝʣ 

ʤʦʞʥʦ ʨʘʟʜʝʣʠʪʴ ʥʘ ʜʚʝ ʛʨʫʧʧʳ: 

¶ ʩʪʘʪʠʯʝʩʢʠʝ, ʚ ʨʝʟʫʣʴʪʘʪʝ ʢʦʪʦʨʳʭ ʧʦʣʫʯʘʶʪ ʠʟʦʪʝʨʤʠʯʝʩʢʠʝ ʤʦʜʫʣʠ 

ʫʧʨʫʛʦʩʪʠ; 

¶ ʜʠʥʘʤʠʯʝʩʢʠʝ, ʜʘʶʱʠʝ ʘʜʠʘʙʘʪʠʯʝʩʢʠʝ ʚʝʣʠʯʠʥʳ. 

ɺ ʭʦʜʝ ʩʪʘʪʠʯʝʩʢʠʭ ʠʟʤʝʨʝʥʠʡ ʢ ʪʚʝʨʜʦʤʫ ʪʝʣʫ ʧʨʠʢʣʘʜʳʚʘʝʪʩʷ ʠʟʚʝʩʪʥʦʝ 

ʥʝʙʦʣʴʰʦʝ ʥʘʧʨʷʞʝʥʠʝ: ʠʟʤʝʨʷʝʪʩʷ ʨʘʩʪʷʛʠʚʘʶʱʘʷ, ʩʞʠʤʘʶʱʘʷ ʠʣʠ ʠʟʛʠʙʘʶʱʘʷ ʩʠʣʘ 

ʠ ʚʝʣʠʯʠʥʘ ʩʦʟʜʘʚʘʝʤʦʡ ʜʝʬʦʨʤʘʮʠʠ. ʉʦʦʪʚʝʪʩʪʚʫʶʱʠʤ ʢʦʵʬʬʠʮʠʝʥʪʦʤ 

ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʦʩʪʠ ʷʚʣʷʝʪʩʷ ʤʦʜʫʣʴ ʫʧʨʫʛʦʩʪʠ. ɹʦʣʴʰʘʷ ʯʘʩʪʴ ʠʩʩʣʝʜʦʚʘʥʠʡ ʧʦʜ 

ʜʘʚʣʝʥʠʝʤ ʧʦʩʚʷʱʝʥʘ ʦʧʨʝʜʝʣʝʥʠʶ ʤʦʜʫʣʷ ʦʙʲʝʤʥʦʡ ʩʞʠʤʘʝʤʦʩʪʠ. ʇʨʠ ʵʪʦʤ 

ʠʟʤʝʨʷʶʪʩʷ ʩʤʝʱʝʥʠʝ ʧʦʨʰʥʷ ʠ ʠʟʤʝʥʝʥʠʝ ʣʠʥʝʡʥʳʭ ʨʘʟʤʝʨʦʚ ʦʙʨʘʟʮʘ. 

ʉʪʘʪʠʯʝʩʢʠʝ ʤʝʪʦʜʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʟʘʪʨʫʜʥʝʥ r ʠʟ-ʟʘ ʦʩʦʙʝʥʥʦʩʪʝʡ 

ʵʢʩʧʝʨʠʤʝʥʪʘ. ɺʩʝ ʠʟʤʝʨʝʥʠʷ ʜʘʚʣʝʥʠʷ ʧʨʦʚʦʜʷʪʩʷ ʚ ʥʝʙʦʣʴʰʠʭ ʛʝʨʤʝʪʠʯʥʳʭ ʦʙʲʝʤʘʭ 

ʚʥʫʪʨʠ ʤʘʩʩʠʚʥʳʭ ʢʘʤʝʨ ʚʳʩʦʢʦʛʦ ʜʘʚʣʝʥʠʷ. ɼʦʩʪʫʧ ʚ ʪʘʢʠʝ ʤʥʦʛʦʩʣʦʡʥʳʝ ʩʪʘʣʴʥʳʝ 

ʩʦʩʫʜʳ ʦʯʝʥʴ ʦʛʨʘʥʠʯʝʥ, ʘ ʚʚʝʜʝʥʠʝ ʠ ʨʘʟʤʝʱʝʥʠʝ ʠʟʤʝʨʠʪʝʣʴʥʳʭ ʵʣʝʤʝʥʪʦʚ ʠ 

ʦʙʨʘʟʮʦʚ ʚ ʥʝʙʦʣʴʰʠʭ ʦʙʲʝʤʘʭ ʢʘʤʝʨ ʚʳʩʦʢʦʛʦ ʜʘʚʣʝʥʠʷ ʟʘʪʨʫʜʥʝʥʦ. ɺʩʝ ʵʪʦ 

ʫʩʣʦʞʥʷʝʪ ʠʩʩʣʝʜʦʚʘʥʠʝ ʚʣʠʷʥʠʷ ʜʘʚʣʝʥʠʷ ʥʘ ʫʧʨʫʛʠʝ ʩʚʦʡʩʪʚʘ ʚʝʱʝʩʪʚʘ 

ʩʪʘʪʠʯʝʩʢʠʤʠ ʤʝʪʦʜʘʤʠ. 

ʅʘʠʙʦʣʴʰʝʝ ʢʦʣʠʯʝʩʪʚʦ ʨʘʙʦʪ ʚ ʵʪʦʡ ʦʙʣʘʩʪʠ ʧʨʠʥʘʜʣʝʞʠʪ ʇʝʨʩʠ ɹʨʠʜʞʤʝʥʫ, 

ʢʦʪʦʨʳʡ ʨʘʟʨʘʙʦʪʘʣ ʨʷʜ ʤʝʪʦʜʦʚ ʠ ʘʧʧʘʨʘʪʦʚ ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʡ ʧʦʜ ʜʘʚʣʝʥʠʝʤ. ʇʨʷʤʦʝ 

ʘʙʩʦʣʶʪʥʦʝ ʠʟʤʝʨʝʥʠʝ ʦʙʲʝʤʥʦʡ ʩʞʠʤʘʝʤʦʩʪʠ ʪʚʝʨʜʳʭ ʪʝʣ ʩʪʘʪʠʯʝʩʢʠʤʠ ʤʝʪʦʜʘʤʠ 

ʷʚʣʷʝʪʩʷ ʯʨʝʟʚʳʯʘʡʥʦ ʩʣʦʞʥʦʡ ʟʘʜʘʯʝʡ, ʧʦʵʪʦʤʫ ʙʦʣʴʰʘʷ ʯʘʩʪʴ ʨʘʙʦʪʳ ʙʳʣʘ 

ʚʳʧʦʣʥʝʥʘ ɹʨʠʜʞʤʝʥʦʤ ʦʪʥʦʩʠʪʝʣʴʥʳʤ ʤʝʪʦʜʦʤ, ʚ ʢʦʪʦʨʦʤ ʞʝʣʝʟʦ ʠʩʧʦʣʴʟʦʚʘʣʦʩʴ ʚ 

ʢʘʯʝʩʪʚʝ ʵʪʘʣʦʥʥʦʛʦ ʚʝʱʝʩʪʚʘ. ʂʦʵʬʬʠʮʠʝʥʪ ʣʠʥʝʡʥʦʡ ʩʞʠʤʘʝʤʦʩʪʠ ʞʝʣʝʟʘ ɹʨʠʜʞʤʝʥ 

ʥʝʦʜʥʦʢʨʘʪʥʦ ʦʧʨʝʜʝʣʷʣ ʘʙʩʦʣʶʪʥʳʤ ʤʝʪʦʜʦʤ [5, 6]. ʆʥ ʦʙʥʘʨʫʞʠʣ, ʯʪʦ ʣʠʥʝʡʥʘʷ 

ʩʞʠʤʘʝʤʦʩʪʴ ʞʝʣʝʟʘ ʩ ʪʦʯʥʦʩʪʴʶ 0.1% ʥʝ ʟʘʚʠʩʠʪ ʦʪ ʪʦʛʦ, ʙʳʣ ʣʠ ʦʪʨʝʟʘʥ ʦʙʨʘʟʝʮ ʚ 

ʥʘʧʨʘʚʣʝʥʠʠ ʧʨʦʢʘʪʢʠ ʠʣʠ ʧʦʧʝʨʝʢ [7]. ʇʨʦʚʝʨʝʥʥʘʷ ʪʘʢʠʤ ʦʙʨʘʟʦʤ ʠʟʦʪʨʦʧʥʦʩʪʴ 

ʦʙʨʘʟʮʦʚ ʧʦʟʚʦʣʠʣʘ ʠʩʧʦʣʴʟʦʚʘʪʴ ʢʦʵʬʬʠʮʠʝʥʪʳ ʣʠʥʝʡʥʦʛʦ ʩʞʘʪʠʷ ʜʣʷ ʚʳʯʠʩʣʝʥʠʷ 

ʦʙʲʝʤʥʦʡ ʩʞʠʤʘʝʤʦʩʪʠ. ʕʢʩʧʝʨʠʤʝʥʪʳ ɹʨʠʜʞʤʝʥʘ ʩ ʧʨʠʤʝʥʝʥʠʝʤ ʜʘʥʥʦʡ ʤʝʪʦʜʠʢʠ 
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ʙʳʣʠ ʧʨʦʚʝʜʝʥʳ ʧʨʠ ʜʘʚʣʝʥʠʷʭ ʜʦ 1.5 ɻʇʘ. ʇʨʦʚʝʨʝʥʥʘʷ ʪʘʢʠʤ ʦʙʨʘʟʦʤ ʠʟʦʪʨʦʧʥʦʩʪʴ 

ʦʙʨʘʟʮʦʚ ʧʦʟʚʦʣʠʣʘ ʠʩʧʦʣʴʟʦʚʘʪʴ ʢʦʵʬʬʠʮʠʝʥʪʳ ʣʠʥʝʡʥʦʛʦ ʩʞʘʪʠʷ ʜʣʷ ʨʘʩʯʝʪʘ 

ʦʙʲʝʤʥʦʡ ʩʞʠʤʘʝʤʦʩʪʠ. ʕʢʩʧʝʨʠʤʝʥʪʳ ɹʨʠʜʞʤʝʥʘ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʵʪʦʡ ʤʝʪʦʜʠʢʠ 

ʧʨʦʚʦʜʠʣʠʩʴ ʧʨʠ ʜʘʚʣʝʥʠʷʭ ʜʦ 1.5 ɻʇʘ [8], ʜʦ 3 ɻʇʘ [9] ʠ ʜʦ 5 ɻʇʘ [10].  

ɼʣ̫ ʠʟʤʝʨʝʥʠʷ ʩʞʠʤʘʝʤʦʩʪʠ ʣʝʛʢʦ ʩʞʠʤʘʝʤʳʭ ʚʝʱʝʩʪʚ ʩ ʥʠʟʢʠʤ ʥʘʧʨʷʞʝʥʠʝʤ 

ʩʜʚʠʛʘ (Rb, Cs ʠ ʪ. ʜ.) ɹʨʠʜʞʤʝʥ ʧʨʠʤʝʥʠʣ ʤʝʪʦʜ ʩʤʝʱʝʥʠʷ ʧʦʨʰʥʷ ʚ ʜʠʘʧʘʟʦʥʝ 

ʜʘʚʣʝʥʠʡ ʜʦ 1 ɻʇʘ [8]. ɺ ʵʪʠʭ ʠʟʤʝʨʝʥʠʷʭ ʚʝʣʠʯʠʥʘ ʩʤʝʱʝʥʠʷ ʧʦʨʰʥʷ ʦʧʨʝʜʝʣʷʝʪʩʷ ʩ 

ʧʦʤʦʱʴʶ ʠʥʜʠʢʘʪʦʨʦʚ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʩʠʣʳ, ʧʨʠʣʦʞʝʥʥʦʡ ʢ ʧʦʨʰʥʶ. ʀʟʤʝʥʝʥʠʝ 

ʦʙʲʝʤʘ ʪʚʝʨʜʦʛʦ ʪʝʣʘ ʧʦʜ ʚʳʩʦʢʠʤ ʜʘʚʣʝʥʠʝʤ ʦʧʨʝʜʝʣʷʝʪʩʷ ʧʦ ʚʝʣʠʯʠʥʝ ʩʤʝʱʝʥʠʷ 

ʧʦʨʰʥʷ ʠ ʨʘʥʝʝ ʦʧʨʝʜʝʣʝʥʥʦʡ ʩʞʠʤʘʝʤʦʩʪʠ ʤʝʪʘʣʣʘ, ʧʝʨʝʜʘʶʱʝʛʦ ʜʘʚʣʝʥʠʝ. 

ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʜʘʥʥʳʝ ʙʳʣʠ ʧʨʝʜʩʪʘʚʣʝʥʳ ʢʚʘʜʨʘʪʠʯʥʦʡ ʟʘʚʠʩʠʤʦʩʪʴʶ ʦʪ 

ʜʘʚʣʝʥʠʷ, ʢʦʵʬʬʠʮʠʝʥʪ ʧʨʠ ʜʘʚʣʝʥʠʠ ʧʝʨʚʦʡ ʩʪʝʧʝʥʠ - ʩʞʠʤʘʝʤʦʩʪʴ ʧʨʠ ʥʫʣʝʚʦʤ 

ʜʘʚʣʝʥʠʠ, ʘ ʢʦʵʬʬʠʮʠʝʥʪ ʧʨʠ ʚʪʦʨʦʡ ʩʪʝʧʝʥʠ ʜʘʚʣʝʥʠ ̫ ï ʦʪʨʘʞʘʝʪ ʠʟʤʝʥʝʥʠʝ 

ʩʞʠʤʘʝʤʦʩʪʠ ʩ ʜʘʚʣʝʥʠʝʤ: 
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ʈʘʙʦʪʳ ɹʨʠʜʞʤʝʥʘ ʧʦ ʦʧʨʝʜʝʣʝʥʠʶ ʵʬʬʝʢʪʦʚ ʦʙʲʝʤʥʦʛʦ ʜʘʚʣʝʥʠʷ ʷʚʣʷʶʪʩʷ 

ʚʘʞʥʳʤ ʚʢʣʘʜʦʤ ʚ ʬʠʟʠʢʫ ʚʳʩʦʢʠʭ ʜʘʚʣʝʥʠʡ. ʆʜʥʘʢʦ ʝʛʦ ʠʟʤʝʨʝʥʠʷ, ʚʳʧʦʣʥʝʥʥʳʝ 

ʢʣʘʩʩʠʯʝʩʢʠʤʠ ʤʝʪʦʜʘʤʠ, ʩʦʜʝʨʞʘʪ ʙʦʣʴʰʦʝ ʢʦʣʠʯʝʩʪʚʦ ʧʦʧʨʘʚʦʢ ʥʘ ʜʝʬʦʨʤʘʮʠʶ 

ʢʘʤʝʨ, ʧʦʨʰʥʝʡ, ʩʞʠʤʘʝʤʦʩʪʴ, ʛʠʩʪʝʨʝʟʠʩ ʠ ʪ. ʜ. ɺ ʥʝʢʦʪʦʨʳʭ ʩʣʫʯʘʷʭ ʥʝʢʦʪʦʨʳʝ ʠʟ 

ʵʪʠʭ ʧʦʧʨʘʚʦʢ ʙʳʣʠ ʦʮʝʥʝʥʳ ʧʨʠʙʣʠʞʝʥʥʳʤʠ ʨʘʩʯʝʪʘʤʠ. ɺʩʝ ʵʪʦ ʟʥʘʯʠʪʝʣʴʥʦ ʩʥʠʞʘʝʪ 

ʪʦʯʥʦʩʪʴ ʢʦʥʝʯʥʦʛʦ ʨʝʟʫʣʴʪʘʪʘ, ʦʩʦʙʝʥʥʦ ʚ ʦʙʣʘʩʪʠ ʚʳʩʦʢʠʭ ʜʘʚʣʝʥʠʡ ʚʳʰʝ 3 ɻʇʘ. 

ɽʩʪʝʩʪʚʝʥʥʦ, ʯʪʦ ʨʘʩʯʝʪʳ ʩʞʠʤʘʝʤʦʩʪʠ ʩ ʜʘʚʣʝʥʠʝʤ, ʨʘʩʩʯʠʪʘʥʥʳʝ ʧʦ ʵʪʠʤ ʜʘʥʥʳʤ 

ʜʠʬʬʝʨʝʥʮʠʨʦʚʘʥʠʝʤ, ʩʦʜʝʨʞʘʪ ʟʥʘʯʠʪʝʣʴʥʳʝ ʦʰʠʙʢʠ. ʉʣʝʜʫʝʪ ʪʘʢʞʝ ʦʪʤʝʪʠʪʴ, ʯʪʦ 

ʢʘʢ ʣʠʥʝʡʥʘʷ ʩʞʠʤʘʝʤʦʩʪʴ ʚʝʱʝʩʪʚ, ʧʝʨʝʩʯʠʪʘʥʥʘʷ ʜʘʣʝʝ ʚ ʦʙʲʝʤʥʫʶ ʩʞʠʤʘʝʤʦʩʪ,ɹ 

ʪʘʢ ʠ ʦʙʲʝʤʥʘʷ ʩʞʠʤʘʝʤʦʩʪʴ, ʦʧʨʝʜʝʣʷʝʤʘʷ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ, ʤʦʛʫʪ ʙʳʪʴ 

ʠʩʧʦʣʴʟʦʚʘʥʳ ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʠʟʤʝʥʝʥʠʷ ʤʝʞʘʪʦʤʥʳʭ ʨʘʩʩʪʦʷʥʠʡ ʚ ʚʝʱʝʩʪʚʝ ʩ 

ʜʘʚʣʝʥʠʝʤ ʩ ʥʝʢʦʪʦʨʳʤʠ ʦʛʦʚʦʨʢʘʤʠ. 

ɼʝʡʩʪʚʠʪʝʣʴʥʦ, ʟʥʘʯʝʥʠʷ ʩʞʠʤʘʝʤʦʩʪʠ, ʧʦʣʫʯʝʥʥʳʝ ʩʪʘʪʠʯʝʩʢʠʤʠ ʤʝʪʦʜʘʤʠ, 

ʦʧʠʩʘʥʥʳʤʠ ʚʳʰʝ, ʚʢʣʶʯʘʶʪ ʪʘʢʞʝ ʩʞʠʤʘʝʤʦʩʪʴ ʤʝʞʟʝʨʝʥʥʦʡ ʧʨʦʩʣʦʡʢʠ ʠ 
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ʤʠʢʨʦʧʫʩʪʦʪ, ʢʦʪʦʨʘʷ ʥʝ ʤʦʞʝʪ ʙʳʪʴ ʧʨʠʥʷʪʘ ʚʦ ʚʥʠʤʘʥʠʝ. ʉʪʨʫʢʪʫʨʥʳʝ 

ʜʠʬʨʘʢʮʠʦʥʥʳʝ ʤʝʪʦʜʳ ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʩʞʠʤʘʝʤʦʩʪʠ ʦʪ ʠʟʤʝʥʝʥʠʷ ʧʘʨʘʤʝʪʨʦʚ 

ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʝʪʢʠ ʚʝʱʝʩʪʚʘ, ʥʘʧʨʠʤʝʨ, ʤʝʪʦʜ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʜʠʬʨʘʢʮʠʠ (ʥʘ 

ʦʩʥʦʚʝ ʷʚʣʝʥʠʷ ʜʠʬʨʘʢʮʠʠ ʨʝʥʪʛʝʥʦʚʩʢʠʭ ʣʫʯʝʡ ʥʘ ʪʨʝʭʤʝʨʥʦʡ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ 

ʨʝʰʝʪʢʝ) ʠ ʤʝʪʦʜ ʥʝʡʪʨʦʥʥʦʡ ʜʠʬʨʘʢʮʠʠ (ʦʩʥʦʚʘʥʥʳʡ ʥʘ ʜʠʬʨʘʢʮʠʠ ʥʝʡʪʨʦʥʦʚ ʧʨʠ ʠʭ 

ʨʘʩʩʝʷʥʠʠ ʥʘ ʘʪʦʤʥʳʭ ʷʜʨʘʭ) ʥʝ ʩʦʜʝʨʞʘʪ ʪʘʢʠʭ ʥʝʜʦʩʪʘʪʢʦʚ. 

ʊʝʤ ʥʝ ʤʝʥʝʝ, ʧʨʠʤʝʥʝʥʠʝ ʵʪʠʭ ʤʝʪʦʜʦʚ ʚ ʪʝʭʥʠʢʝ ʚʳʩʦʢʦʛʦ ʜʘʚʣʝʥʠʷ ʪʘʢʞʝ 

ʠʤʝʝʪ ʩʚʦʠ ʥʝʜʦʩʪʘʪʢʠ. ʉʪʨʫʢʪʫʨʥʳʝ ʜʠʬʨʘʢʮʠʦʥʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʦʙʳʯʥʦ 

ʜʦʩʪʘʪʦʯʥʦ ʜʣʠʪʝʣʴʥʳʝ ʧʦ ʚʨʝʤʝʥʠ ʠ ʜʘʶʪ ʦʛʨʘʥʠʯʝʥʥʦʝ ʢʦʣʠʯʝʩʪʚʦ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʪʦʯʝʢ. ɺ ʪʦ ʞʝ ʚʨʝʤʷ, ʝʩʣʠ ʠʩʧʦʣʴʟʫʝʪʩʷ ʢʘʤʝʨʘ ʚʳʩʦʢʦʛʦ ʜʘʚʣʝʥʠʷ 

ʩ ʘʣʤʘʟʥʳʤʠ ʥʘʢʦʚʘʣʴʥʷʤʠ, ʵʪʦ ʧʦʜʨʘʟʫʤʝʚʘʝʪ ʥʝʙʦʣʴʰʦʡ ʨʘʟʤʝʨ ʦʙʨʘʟʮʘ (ʤʝʥʝʝ 0.001 

ʤʤ3) ʠ, ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʫʚʝʣʠʯʠʚʘʝʪ ʚʨʝʤʷ ʵʢʩʧʦʟʠʮʠʠ. ʉʫʱʝʩʪʚʝʥʥʳʤ ʥʝʜʦʩʪʘʪʢʦʤ 

ʩʪʨʫʢʪʫʨʥʳʭ ʜʠʬʨʘʢʮʠʦʥʥʳʭ ʤʝʪʦʜʦʚ ʷʚʣʷʝʪʩʷ ʥʝʚʦʟʤʦʞʥʦʩʪʴ ʧʦʣʫʯʠʪʴ ʫʨʘʚʥʝʥʠʝ 

ʩʦʩʪʦʷʥʠʷ ʧʨʠ ʠʟʫʯʝʥʠʠ ʩʪʝʢʦʣ ʠ ʞʠʜʢʦʩʪʝʡ. 

ʄʝʪʦʜʳ ʨʘʩʩʝʷʥʠʷ ʥʝʡʪʨʦʥʦʚ ʪʨʝʙʫʶʪ ʙʦʣʴʰʝʛʦ ʨʘʟʤʝʨʘ ʦʙʨʘʟʮʦʚ, ʯʪʦ 

ʦʛʨʘʥʠʯʠʚʘʝʪ ʚʳʙʦʨ ʢʘʤʝʨ ʚʳʩʦʢʦʛʦ ʜʘʚʣʝʥʠʷ ʠ ʫʤʝʥʴʰʘʝʪ ʤʘʢʩʠʤʘʣʴʥʦʝ ʜʘʚʣʝʥʠʝ. 

ʆʛʨʘʥʠʯʝʥʠʷ ʥʘ ʤʘʪʝʨʠʘʣ ʢʘʤʝʨʳ, ʥʝʚʦʟʤʦʞʥʦʩʪʴ ʧʦʣʫʯʠʪʴ ʥʝʧʨʝʨʳʚʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ 

ʫʧʨʫʛʠʭ ʩʚʦʡʩʪʚ ʦʪ ʜʘʚʣʝʥʠʷ ʠ ʦʛʨʘʥʠʯʝʥʥʳʡ ʦʙʲʝʤ ʠʩʩʣʝʜʫʝʤʦʛʦ ʚʝʱʝʩʪʚʘ 

ʫʩʣʦʞʥʷʶʪ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʫʶ ʨʘʙʦʪʫ, ʥʝʩʤʦʪʨʷ ʥʘ ʚʳʩʦʢʫʶ ʩʪʝʧʝʥʴ ʩʦʚʝʨʰʝʥʩʪʚʘ 

ʵʪʠʭ ʤʝʪʦʜʦʚ. 

ʂʘʢ ʠ ʤʝʪʦʜʳ ʩʪʨʫʢʪʫʨʥʦʛʦ ʘʥʘʣʠʟʘ, ʜʠʣʘʪʦʤʝʪʨʠʯʝʩʢʠʡ ʤʝʪʦʜ ʧʦʟʚʦʣʷʝʪ 

ʦʧʨʝʜʝʣʠʪʴ ʪʚʝʨʜʦʪʝʣʴʥʫʶ ʩʞʠʤʘʝʤʦʩʪ ɹ ʠ ʝʝ ʠʟʤʝʥʝʥʠʝ ʩ ʜʘʚʣʝʥʠʝʤ ʧʫʪʝʤ 

ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʛʦ ʜʠʬʬʝʨʝʥʮʠʨʦʚʘʥʠʷ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ 
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ʟʥʘʯʠʪʝʣʴʥʦ ʩʥʠʞʘʝʪ ʪʦʯʥʦʩʪʴ ʦʧʨʝʜʝʣʝʥʠʷ ʵʪʠʭ ʚʝʣʠʯʠʥ. ʆʧʨʝʜʝʣʝʥʠʝ ʤʦʜʫʣʷ 

ʦʙʲʝʤʥʦʡ ʫʧʨʫʛʦʩʪʠ (ʦʙʨʘʪʥʦʛʦ ʩʞʠʤʘʝʤʦʩʪʠ) ʧʦ ʫʣʴʪʨʘʟʚʫʢʦʚʳʤ ʠʟʤʝʨʝʥʠʷʤ ʧʦʜ 

ʜʘʚʣʝʥʠʝʤ ʧʦʟʚʦʣʷʝʪ ʠʟʙʝʞʘʪʴ ʵʪʦʡ ʧʨʦʮʝʜʫʨʳ ʠ ʧʦʚʳʰʘʝʪ ʪʦʯʥʦʩʪʴ. ʕʪʦ ʦʯʝʥʴ ʚʘʞʥʦ, 

ʪʘʢ ʢʘʢ ʟʥʘʯʝʥʠʷ ʩʞʠʤʘʝʤʦʩʪʠ ʠ ʝʝ ʠʟʤʝʥʝʥʠ ̫ʩ ʜʘʚʣʝʥʠʝʤ ʥʝʦʙʭʦʜʠʤʳ ʜʣʷ ʦʮʝʥʢʠ 

ʧʘʨʘʤʝʪʨʦʚ, ʚʭʦʜʷʱʠʭ ʚ ʧʦʣʫʵʤʧʠʨʠʯʝʩʢʠʝ ʚʳʨʘʞʝʥʠʷ ʜʣʷ ʵʥʝʨʛʠʠ ʩʚʷʟʠ ʚ 

ʨʘʩʩʤʘʪʨʠʚʘʝʤʳʭ ʚʝʱʝʩʪʚʘʭ. 
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ʆʪʣʠʯʘʶʱʠʡʩʷ ʧʦʚʳʰʝʥʥʦʡ ʪʦʯʥʦʩʪʴʶ ʪʝʥʟʦʤʝʪʨʠʯʝʩʢʠʡ ʤʝʪʦʜ ʦʧʨʝʜʝʣʝʥʠʷ 

ʩʞʠʤʘʝʤʦʩʪʠ ʙʳʣ ʨʘʟʨʘʙʦʪʘʥ ʚ ʀʌɺɼ ɸʅ ʉʉʉʈ ʧʦʜ ʨʫʢʦʚʦʜʩʪʚʦʤ ʍʚʦʩʪʘʥʮʝʚʘ [11]. 

ʄʝʪʦʜ ʦʩʥʦʚʘʥ ʥʘ ʠʟʤʝʨʝʥʠʠ ʵʣʝʢʪʨʦʩʦʧʨʦʪʠʚʣʝʥʠʷ ʫʯʘʩʪʢʘ ʪʦʥʢʦʡ ʢʦʥʩʪʘʥʪʘʥʦʚʦʡ 

ʧʨʦʚʦʣʦʢʠ, ʧʨʠʢʣʝʝʥʥʦʡ ʢ ʦʙʨʘʟʮʫ, ʧʦʤʝʱʝʥʥʦʤʫ ʚ ʛʠʜʨʦʩʪʘʪʠʯʝʩʢʫʶ ʷʯʝʡʢʫ 

ʚʳʩʦʢʦʛʦ ʜʘʚʣʝʥʠʷ. ʉʘʤʘ ʚʝʣʠʯʠʥʘ ʜʘʚʣʝʥʠʷ ʪʘʢʞʝ ʠʟʤʝʨʷʝʪʩʷ ʩ ʚʳʩʦʢʦʡ ʪʦʯʥʦʩʪʴʶ ʩ 

ʧʦʤʦʱʴʶ ʤʘʥʛʘʥʠʥʦʚʦʛʦ ʜʘʪʯʠʢʘ. ʆʩʦʙʝʥʥʦʩʪʴ ʜʘʥʥʦʡ ʤʝʪʦʜʠʢʠ ʩʦʩʪʦʠʪ ʚ ʪʦʤ, ʯʪʦ 

ʯʫʚʩʪʚʠʪʝʣʴʥʳʡ ʵʣʝʤʝʥʪ ʪʝʥʟʦʜʘʪʯʠʢʘ ʧʦʯʪʠ ʚʦ ʚʩʝʤ ʜʠʘʧʘʟʦʥʝ ʜʘʚʣʝʥʠʡ ʨʘʙʦʪʘʝʪ ʚ 

ʨʝʞʠʤʝ ʧʣʘʩʪʠʯʝʩʢʦʡ ʜʝʬʦʨʤʘʮʠʠ. ɸʙʩʦʣʶʪʥʘʷ ʪʦʯʥʦʩʪʴ ʠʟʤʝʨʝʥʠʷ ʫʜʝʣʴʥʦʛʦ ʦʙʲʝʤʘ 

ʜʣʷ ʜʘʥʥʦʡ ʤʝʪʦʜʠʢʠ ʩʦʩʪʘʚʣʷʝʪ 0.1%. ʆʪʥʦʩʠʪʝʣʴʥʘʷ ʪʦʯʥʦʩʪʴ (ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴ 

ʠʟʤʝʨʝʥʠʡ) ʩʦʩʪʘʚʣʷʝʪ 10-3%. ɹʦʣʴʰʠʤ ʜʦʩʪʦʠʥʩʪʚʦʤ ʜʘʥʥʦʡ ʤʝʪʦʜʠʢʠ ʷʚʣʷʝʪʩʷ ʦʯʝʥʴ 

ʤʘʣʦʝ ʚʨʝʤʷ, ʪʨʝʙʫʝʤʦʝ ʜʣʷ ʠʟʤʝʨʝʥʠʷ ʵʣʝʢʪʨʦʩʦʧʨʦʪʠʚʣʝʥʠʷ ʪʝʥʟʦʜʘʪʯʠʢʘ, ʧʦ 

ʩʨʘʚʥʝʥʠʶ, ʥʘʧʨʠʤʝʨ, ʩ ʜʦʩʪʘʪʦʯʥʦ ʙʦʣʴʰʠʤ ʚʨʝʤʝʥʝʤ ʨʝʥʪʛʝʥʦʚʩʢʠʭ ʜʠʬʨʘʢʮʠʦʥʥʳʭ 

ʠʟʤʝʨʝʥʠʡ. ɺ ʨʝʟʫʣʴʪʘʪʝ, ʠʩʧʦʣʴʟʫʷ ʪʝʥʟʦʤʝʪʨʠʯʝʩʢʠʡ ʤʝʪʦʜ, ʤʦʞʥʦ ʧʦʣʫʯʠʪʴ 

ʟʥʘʯʠʪʝʣʴʥʦ ʙʦʣʝʝ ʧʦʜʨʦʙʥʫʶ ʠʥʬʦʨʤʘʮʠʶ ʦ ʧʦʚʝʜʝʥʠʠ ʦʙʲʝʤʘ ʦʙʨʘʟʮʘ ʧʦʜ 

ʜʘʚʣʝʥʠʝʤ. ʂʨʦʤʝ ʪʦʛʦ, ʜʘʥʥʳʡ ʤʝʪʦʜ ʧʦʟʚʦʣʷʝʪ ʠʩʩʣʝʜʦʚʘʪʴ ʢʠʥʝʪʠʢʫ ʠʟʤʝʥʝʥʠʷ 

ʦʙʲʝʤʘ ʧʦʜ ʜʘʚʣʝʥʠʝʤ ʚ ʰʠʨʦʢʦʤ ʜʠʘʧʘʟʦʥʝ ʚʨʝʤʝʥ 10-105 ʩ ʠ ʙʦʣʝʝ. ɺʘʞʥʳʤ 

ʜʦʩʪʦʠʥʩʪʚʦʤ ʤʝʪʦʜʠʢʠ ʷʚʣʷʝʪʩʷ ʪʦ, ʯʪʦ ʙʘʨʠʯʝʩʢʠʝ ʟʘʚʠʩʠʤʦʩʪʠ ʫʜʝʣʴʥʦʛʦ ʦʙʲʝʤʘ 

ʤʦʛʫʪ ʙʳʪʴ ʧʦʣʫʯʝʥʳ ʢʘʢ ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ, ʪʘʢ ʠ ʧʨʠ ʩʙʨʦʩʝ ʜʘʚʣʝʥʠʷ, ʧʨʠʯʝʤ ʚ 

ʫʩʣʦʚʠʷʭ ʛʠʜʨʦʩʪʘʪʠʢʠ.  

ɺ ʦʪʣʠʯʠʝ ʦʪ ʩʞʠʤʘʝʤʦʩʪʠ ʧʦʜ ʜʘʚʣʝʥʠʝʤ, ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦʝ ʠʟʤʝʨʝʥʠʝ ʤʦʜʫʣʷ 

ʩʜʚʠʛʘ G ʠ ʤʦʜʫʣʷ ʖʥʛʘ ɽ ʟʘʪʨʫʜʥʝʥʳ ʝʱʝ ʚ ʙʦʣʴʰʝʡ ʩʪʝʧʝʥʠ ʠ ʧʨʦʚʦʜʠʣʠʩʴ 

ʟʥʘʯʠʪʝʣʴʥʦ ʨʝʞʝ. ʆʪʥʦʩʠʪʝʣʴʥʦ ʧʨʦʩʪʦʡ ʤʝʪʦʜ ʙʳʣ ʧʨʝʜʣʦʞʝʥ ɹʝʨʯʝʤ [12]. ɺʧʝʨʚʳʝ 

ʦʥ ʠʩʧʦʣʴʟʦʚʘʣ ʜʠʥʘʤʠʯʝʩʢʠʡ ʤʝʪʦʜ ʠʟʤʝʨʝʥʠʷ ʩʜʚʠʛʦʚʳʭ ʤʦʜʫʣʝʡ ʩ ʜʘʚʣʝʥʠʝʤ ʜʦ 4 

ʢʙʘʨ ʜʣʷ ʥʝʢʦʪʦʨʳʭ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʤʝʪʘʣʣʦʚ, ʩʪʝʢʦʣ ʠ ʤʠʥʝʨʘʣʦʚ. ʄʝʪʦʜ 

ʩʦʩʪʦʠʪ ʚ ʪʦʤ, ʯʪʦ ʚ ʮʠʣʠʥʜʨʠʯʝʩʢʦʤ ʦʙʨʘʟʮʝ ʧʦʜ ʜʘʚʣʝʥʠʝʤ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʳʤ 

ʩʧʦʩʦʙʦʤ ʚʦʟʙʫʞʜʘʣʠʩʴ ʢʨʫʪʠʣʴʥʳʝ ʢʦʣʝʙʘʥʠʷ. ʏʘʩʪʦʪʘ ʚʦʟʙʫʞʜʘʶʱʝʛʦ ʟʚʫʢʦʚʦʛʦ 

ʛʝʥʝʨʘʪʦʨʘ ʙʳʣʘ ʪʦʯʥʦ ʠʟʤʝʨʝʥʘ ʧʨʠ ʥʘʩʪʨʦʡʢʝ ʥʘ ʨʝʟʦʥʘʥʩ ʩ ʯʘʩʪʦʪʦʡ ʝʩʪʝʩʪʚʝʥʥʳʭ 

ʢʨʫʪʠʣʴʥʳʭ ʢʦʣʝʙʘʥʠʡ ʦʙʨʘʟʮʘ. ʊʦʛʜʘ ʜʣʷ ʦʩʥʦʚʥʦʡ ʯʘʩʪʦʪʳ: 
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ʛʜʝ f ï ʯʘʩʪʦʪʘ, l ï ʜʣʠʥʘ, G ï ʤʦʜʫʣʴ ʩʜʚʠʛʘ, ɟ ï ʧʣʦʪʥʦʩʪʴ, vt ï ʩʢʦʨʦʩʪʴ 

ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʧʦʧʝʨʝʯʥʳʭ (ʩʜʚʠʛʦʚʳʭ) ʚʦʣʥ. 

ʇʦʜʚʝʰʝʥʥʳʡ ʥʘ ʩʪʨʫʥʝ ʦʙʨʘʟʝʮ ʠ ʩʠʩʪʝʤʘ ʵʣʝʢʪʨʦʤʘʛʥʠʪʦʚ ʧʦʤʝʱʘʣʠʩɹ ʚ 

ʢʘʤʝʨʫ ʚʳʩʦʢʦʛʦ ʜʘʚʣʝʥʠʷ, ʚ ʢʦʪʦʨʦʡ ʜʘʚʣʝʥʠʝ ʘʟʦʪʘ ʜʦ 0.4 ɻʇʘ ʩʦʟʜʘʚʘʣʦʩʴ ʧʫʪʝʤ 

ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʛʦ ʩʞʘʪʠʷ ʞʠʜʢʦʩʪʴ.ʁ ʀʟʤʝʥʝʥʠʝ ʤʦʜʫʣʷ ʩʜʚʠʛʘ ʩ ʜʘʚʣʝʥʠʝʤ 

ʦʧʨʝʜʝʣʷʣʦʩʴ ʧʦ ʠʟʤʝʥʝʥʠʶ ʩʦʙʩʪʚʝʥʥʦʡ ʯʘʩʪʦʪʳ ʢʦʣʝʙʘʥʠʡ ʦʙʨʘʟʮʘ ʩ ʫʯʝʪʦʤ 

ʠʟʤʝʥʝʥʠʷ ʝʛʦ ʜʣʠʥʳ: 

2
dG df dl

G f l
= -      (1.17) 

ʇʦʧʳʪʢʠ ɹʝʨʯʘ ʦʧʨʝʜʝʣʠʪʴ ʠʟʤʝʥʝʥʠʝ ʤʦʜʫʣʷ ʖʥʛʘ ʩ ʜʘʚʣʝʥʠʝʤ ʘʥʘʣʦʛʠʯʥʳʤ 

ʦʙʨʘʟʦʤ, ʥʦ ʩ ʚʦʟʙʫʞʜʝʥʠʝʤ ʧʨʦʜʦʣʴʥʳʭ ʚʦʣʥ ʚ ʦʙʨʘʟʮʘʭ, ʦʢʘʟʘʣʠʩʴ ʙʝʟʫʩʧʝʰʥʳʤʠ, 

ʪʘʢ ʢʘʢ ʚ ʵʪʦʤ ʩʣʫʯʘʝ ʙʦʣʴʰʦʝ ʚʣʠʷʥʠʝ ʦʢʘʟʳʚʘʣʠ ʧʣʦʪʥʦʩʪʴ ʠ ʚʷʟʢʦʩʪʴ ʧʝʨʝʜʘʶʱʝʡ 

ʜʘʚʣʝʥʠʝ ʩʨʝʜʳ (ʘʟʦʪʘ). ʂʨʦʤʝ ʪʦʛʦ, ʪʝʭʥʠʢʘ, ʠʩʧʦʣʴʟʫʝʤʘʷ ɹʝʨʯʝʤ, ʘ ʪʘʢʞʝ ʜʨʫʛʠʝ 

ʤʝʪʦʜʳ, ʦʩʥʦʚʘʥʥʳʝ ʥʘ ʠʟʤʝʨʝʥʠʠ ʯʘʩʪʦʪʳ ʢʦʣʝʙʘʥʠʡ, ʤʦʛʫʪ ʠʩʧʦʣʴʟʦʚʘʪʴʩʷ ʪʦʣʴʢʦ ʚ 

ʦʛʨʘʥʠʯʝʥʥʦʤ ʜʠʘʧʘʟʦʥʝ ʜʘʚʣʝʥʠʡ. ʇʨʠ ʚʳʩʦʢʠʭ ʜʘʚʣʝʥʠʷʭ ʠʟʤʝʨʝʥʠʝ ʤʦʜʫʣʝʡ ʩʜʚʠʛʘ 

ʪʘʢʠʤʠ ʤʝʪʦʜʘʤʠ ʙʳʣʦ ʙʳ ʥʝʚʦʟʤʦʞʥʳʤ, ʧʦʩʢʦʣʴʢʫ ʩʠʣʴʥʦʝ ʟʘʪʫʭʘʥʠʝ ʥʝ ʧʦʟʚʦʣʠʣʦ 

ʙʳ ʪʦʯʥʦ ʦʧʨʝʜʝʣʠʪʴ ʨʝʟʦʥʘʥʩʥʫʶ ʯʘʩʪʦʪʫ ʦʙʨʘʟʮʘ. 

ʉʦʟʜʘʥʠʝ ʠ ʨʘʟʚʠʪʠʝ ʫʣʴʪʨʘʟʚʫʢʦʚʳʭ (ʜʠʥʘʤʠʯʝʩʢʠʭ) ʤʝʪʦʜʦʚ ʧʦʜʥʷʣʦ 

ʠʩʩʣʝʜʦʚʘʥʠʝ ʫʧʨʫʛʠʭ ʩʚʦʡʩʪʚ ʚʝʱʝʩʪʚ ʥʘ ʥʦʚʳʡ ʫʨʦʚʝʥʴ. ʉ ʬʠʟʠʯʝʩʢʦʡ ʪʦʯʢʠ ʟʨʝʥʠʷ 

ʤʝʪʦʜʳ ʠʟʤʝʨʝʥʠʷ ʩʢʦʨʦʩʪʠ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʫʣʴʪʨʘʟʚʫʢʦʚʳʭ ʚʦʣʥ ʚ ʨʘʟʣʠʯʥʳʭ ʩʨʝʜʘʭ 

ʤʦʞʥʦ ʨʘʟʜʝʣʠʪʴ ʥʘ ʪʨʠ ʛʨʫʧʧʳ: 

¶ ʠʥʪʝʨʬʝʨʦʤʝʪʨʠʯʝʩʢʠʝ ʤʝʪʦʜʳ; 

¶ ʦʧʪʠʯʝʩʢʠʝ ʤʝʪʦʜʳ; 

¶ ʠʤʧʫʣʴʩʥʳʝ ʤʝʪʦʜʳ. 

ʀʥʪʝʨʬʝʨʦʤʝʪʨʠʯʝʩʢʠʝ ʤʝʪʦʜʳ ʦʩʥʦʚʘʥʳ ʥʘ ʚʟʘʠʤʦʜʝʡʩʪʚʠʠ ʫʣʴʪʨʘʟʚʫʢʦʚʳʭ 

ʚʦʣʥ ʚ ʚʝʱʝʩʪʚʝ - ʠʥʪʝʨʬʝʨʝʥʮʠʠ - ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʜʣʠʥʳ ʫʣʴʪʨʘʟʚʫʢʦʚʦʡ ʚʦʣʥʳ ʧʨʠ 

ʠʟʚʝʩʪʥʦʡ ʯʘʩʪʦʪʝ ʢʦʣʝʙʘʥʠʡ. ɺ ʫʣʴʪʨʘʟʚʫʢʦʚʳʭ ʠʥʪʝʨʬʝʨʦʤʝʪʨʘʭ ʠʩʧʦʣʴʟʫʝʪʩʷ 

ʷʚʣʝʥʠʝ ʦʙʨʘʟʦʚʘʥʠʷ ʩʪʦʷʯʠʭ ʚʦʣʥ ʚ ʠʩʧʳʪʫʝʤʦʤ ʚʝʱʝʩʪʚʝ ʚ ʨʝʟʫʣʴʪʘʪʝ ʚʚʝʜʝʥʠʷ ʜʚʫʭ 

ʫʣʴʪʨʘʟʚʫʢʦʚʳʭ ʚʦʣʥ, ʨʘʩʧʨʦʩʪʨʘʥʷʶʱʠʭʩʷ ʚ ʧʨʦʪʠʚʦʧʦʣʦʞʥʳʭ ʥʘʧʨʘʚʣʝʥʠʷʭ. 

ʇʦʣʫʯʝʥʥʦʝ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʫʣʴʪʨʘʟʚʫʢʦʚʦʛʦ ʜʘʚʣʝʥʠʷ ʠʣʠ ʩʢʦʨʦʩʪʠ 
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ʢʦʣʝʙʘʥʠʡ ʧʝʨʠʦʜʠʯʝʩʢʠ ʧʦʚʪʦʨʷʝʪʩʷ ʧʦʩʣʝ ʧʦʣʦʚʠʥʳ ʜʣʠʥʳ ʚʦʣʥʳ ʫʣʴʪʨʘʟʚʫʢʘ ʚ 

ʪʝʩʪʠʨʫʝʤʦʤ ʚʝʱʝʩʪʚʝ. ɿʥʘʯʝʥʠʝ ʩʢʦʨʦʩʪʠ ʫʣʴʪʨʘʟʚʫʢʦʚʳʭ ʢʦʣʝʙʘʥʠʡ ʦʧʨʝʜʝʣʷʝʪʩʷ 

ʯʝʨʝʟ ʠʟʤʝʨʝʥʥʦʝ ʨʘʩʩʪʦʷʥʠʝ l ʤʝʞʜʫ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʤʠ ʪʦʯʢʘʤʠ ʩʪʦʷʯʝʡ ʚʦʣʥʳ ʧʦ 

ʬʦʨʤʫʣʝ: 

c= 2lf       (1.18) 

ʏʪʦʙʳ ʧʦʚʳʩʠʪʴ ʪʦʯʥʦʩʪʴ ʧʦʜʩʯʝʪʘ, ʠʩʧʦʣʴʟʫʶʪʩʷ ʥʝʩʢʦʣʴʢʦ ʧʝʨʠʦʜʦʚ, ʘ ʦʪʩʯʝʪ 

ʧʨʦʠʟʚʦʜʠʪʩʷ ʧʦ ʤʘʢʩʠʤʫʤʘʤ ʠʣʠ ʤʠʥʠʤʫʤʘʤ ʢʨʠʚʦʡ. ɺ ʵʪʦʤ ʩʣʫʯʘʝ ʩʢʦʨʦʩʪʴ ʟʚʫʢʘ 

ʦʧʨʝʜʝʣʷʝʪʩʷ ʩ ʧʦʤʦʱʴʶ ʚʳʨʘʞʝʥʠʷ 

2 m nl l
c f

m n

-
=

-
      (1.19) 

ʛʜʝ lm ʠ ln ï ʨʘʩʩʪʦʷʥʠʷ ʤʝʞʜʫ ʜʚʫʤʷ ʵʢʩʪʨʝʤʫʤʘʤʠ, ʦʙʦʟʥʘʯʝʥʥʳʤʠ m ʠ n, ʧʨʠʯʝʤ (mï

n) ʫʢʘʟʳʚʘʝʪ ʢʦʣʠʯʝʩʪʚʦ ʵʢʩʪʨʝʤʫʤʦʚ ʚʥʫʪʨʠ ʠʟʤʝʨʝʥʥʦʛʦ ʧʨʦʤʝʞʫʪʢʘ. 

ʉʫʱʝʩʪʚʫʶʪ ʜʚʘ ʦʩʥʦʚʥʳʭ ʠʥʪʝʨʬʝʨʦʤʝʪʨʠʯʝʩʢʠʭ ʤʝʪʦʜʘ: ʥʝʠʟʤʝʥʝʥʥʦʝ 

ʫʣʴʪʨʘʟʚʫʢʦʚʦʝ ʧʦʣʝ ʠ ʧʝʨʝʤʝʥʥʦʝ ʫʣʴʪʨʘʟʚʫʢʦʚʦʝ ʧʦʣʝ. ʇʨʠ ʠʟʤʝʨʝʥʠʠ ʧʦ ʤʝʪʦʜʫ 

ʥʝʠʟʤʝʥʝʥʥʦʛʦ ʫʣʴʪʨʘʟʚʫʢʦʚʦʛʦ ʧʦʣʷ ʵʣʝʤʝʥʪʳ ʫʩʪʘʥʦʚʢʠ (ʠʟʣʫʯʘʪʝʣʴ, ʧʨʠʝʤʥʠʢ ʠ 

ʦʪʨʘʞʘʪʝʣʴ) ʤʦʛʫʪ ʠʟʤʝʥʷʪʴ ʩʚʦʝ ʧʦʣʦʞʝʥʠʝ, ʥʘʧʨʠʤʝʨ, ʠʟʣʫʯʘʪʝʣʴ ʠ ʦʪʨʘʞʘʪʝʣʴ, 

ʢʦʪʦʨʳʝ ʞʝʩʪʢʦ ʩʦʝʜʠʥʝʥʳ, ʧʝʨʝʤʝʱʘʶʪʩʷ ʦʪʥʦʩʠʪʝʣʴʥʦ ʧʨʠʝʤʥʠʢʘ. ʇʨʠ ʵʪʦʤ ʤʦʛʫʪ 

ʟʘʧʠʩʳʚʘʪʴʩʷ ʢʘʢ ʘʤʧʣʠʪʫʜʘ, ʪʘʢ ʠ ʬʘʟʘ ʩʠʛʥʘʣʘ. ʇʨʠ ʠʟʤʝʨʝʥʠʠ ʤʝʪʦʜʦʤ ʧʝʨʝʤʝʥʥʦʛʦ 

ʫʣʴʪʨʘʟʚʫʢʦʚʦʛʦ ʧʦʣʷ ʩ ʠʟʤʝʥʝʥʠʝʤ ʧʦʣʦʞʝʥʠʷ ʦʪʨʘʞʘʪʝʣʷ ʦʪʥʦʩʠʪʝʣʴʥʦ ʠʟʣʫʯʘʪʝʣʷ 

ʠʟʤʝʥʷʝʪʩʷ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʘʷ ʢʦʥʬʠʛʫʨʘʮʠʷ ʧʦʣʷ ʩʪʦʷʯʠʭ ʚʦʣʥ ʚ ʦʙʨʘʟʮʝ. ʈʝʛʠʩʪʨʘʮʠʷ 

ʚ ʵʪʦʤ ʩʣʫʯʘʝ ʜʦʣʞʥʘ ʧʨʦʠʟʚʦʜʠʪʴʩʷ ʧʨʠʝʤʥʠʢʦʤ, ʢʦʪʦʨʳʡ ʞʝʩʪʢʦ ʩʚʷʟʘʥ ʩ 

ʠʟʣʫʯʘʪʝʣʝʤ ʠʣʠ ʦʪʨʘʞʘʪʝʣʝʤ. 

ʆʧʪʠʯʝʩʢʠʝ ʤʝʪʦʜʳ ʦʩʥʦʚʘʥʳ ʥʘ ʦʧʨʝʜʝʣʝʥʠʠ ʜʣʠʥʳ ʚʦʣʥʳ ʫʣʴʪʨʘʟʚʫʢʘ ʠ 

ʜʨʫʛʠʭ ʧʘʨʘʤʝʪʨʦʚ, ʩ ʧʦʤʦʱʴʶ ʢʦʪʦʨʳʭ ʥʘ ʦʩʥʦʚʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʩʚʝʪʦʚʦʛʦ ʠ 

ʫʣʴʪʨʘʟʚʫʢʦʚʳʭ ʧʦʣʝʡ ʤʦʞʝʪ ʙʳʪʴ ʥʘʡʜʝʥʘ ʩʢʦʨʦʩʪʴ (ʧʨʠ ʠʟʚʝʩʪʥʦʡ ʯʘʩʪʦʪʝ ʢʦʣʝʙʘʥʠʡ 

ʫʣʴʪʨʘʟʚʫʢʘ). ʇʦʜʨʦʙʥʦʝ ʦʧʠʩʘʥʠʝ ʦʧʪʠʯʝʩʢʠʭ ʤʝʪʦʜʦʚ ʠ ʠʟʤʝʨʠʪʝʣʴʥʳʭ ʫʩʪʘʥʦʚʦʢ 

ʧʨʠʚʝʜʝʥʦ ʚ ʢʥʠʛʝ [13]. 

ʊʝʥʝʚʦʡ ʤʝʪʦʜ ʧʦʟʚʦʣʷʝʪ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʥʘʙʣʶʜʘʪʴ ʠʟʦʙʨʘʞʝʥʠʝ 

ʫʣʴʪʨʘʟʚʫʢʦʚʦʡ ʚʦʣʥʳ, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʪʝ ʦʙʣʘʩʪʠ ʩʨʝʜʳ, ʢʦʵʬʬʠʮʠʝʥʪ ʧʨʝʣʦʤʣʝʥʠʷ 
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ʢʦʪʦʨʳʭ ʠʟʤʝʥʷʝʪʩʷ ʧʨʠ ʧʨʦʭʦʞʜʝʥʠʠ ʚʦʣʥʳ, ʚʠʜʥʳ. ʕʪʦ ʦʟʥʘʯʘʝʪ, ʯʪʦ ʚ ʩʪʦʷʯʝʡ 

ʟʚʫʢʦʚʦʡ ʚʦʣʥʝ ʪʦʣʴʢʦ ʤʝʩʪʘ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʫʟʣʘʤ ʜʘʚʣʝʥʠʷʤ, ʙʦʣʝʝ ʪʝʤʥʳʝ. 

ʄʝʪʦʜ ʜʠʬʨʘʢʮʠʠ ʩʚʝʪʘ ʥʘ ʫʣʴʪʨʘʟʚʫʢʦʚʳʭ ʚʦʣʥʘʭ ʦʩʥʦʚʘʥ ʥʘ ʷʚʣʝʥʠʠ 

ʜʠʬʨʘʢʮʠʠ ʩʚʝʪʘ ʥʘ ʫʣʴʪʨʘʟʚʫʢʦʚʳʭ ʚʦʣʥʘʭ ʚ ʪʝʣʝ. ʄʝʪʦʜ ʚʪʦʨʠʯʥʦʡ ʠʥʪʝʨʬʝʨʝʥʮʠʠ 

ʤʦʞʥʦ ʨʘʩʩʤʘʪʨʠʚʘʪʴ ʢʘʢ ʜʘʣʴʥʝʡʰʝʝ ʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥʠʝ ʪʝʥʝʚʦʛʦ ʤʝʪʦʜʘ ï ʘʚʪʦʨʘʤ 

ʨʘʙʦʪʳ (12) ʫʜʘʣʦʩʴ ʩʜʝʣʘʪʴ ʚʠʜʠʤʳʤʠ ʣʠʥʠʠ ʩʭʦʞʜʝʥʠʷ ʩʚʝʪʘ, ʧʦʣʫʯʘʶʱʠʝʩʷ ʟʘ ʩʯʝʪ 

ʠʩʢʨʠʚʣʝʥʠʷ ʧʘʜʘʶʱʠʭ ʧʘʨʘʣʣʝʣʴʥʳʭ ʩʚʝʪʦʚʳʭ ʣʫʯʝʡ ʚ ʟʚʫʢʦʚʦʡ ʚʦʣʥʝ. 

ʄʝʪʦʜ ʜʠʬʨʘʢʮʠʠ ʩʚʝʪʘ ʥʘ ʫʣʴʪʨʘʟʚʫʢʦʚʳʭ ʚʦʣʥʘʭ ʧʦʟʚʦʣʷʝʪ ʧʦʣʫʯʠʪʴ 

ʜʠʬʨʘʢʮʠʶ ʥʘ ʦʜʥʦʤʝʨʥʦʡ ʨʝʰʝʪʢʝ ʧʫʪʝʤ ʩʦʟʜʘʥʠʷ ʚʠʜʠʤʦʡ ʣʠʥʠʠ ʩʭʦʞʜʝʥʠʷ ʩʚʝʪʘ, 

ʢʦʪʦʨʘʷ ʧʦʣʫʯʘʝʪʩʷ ʟʘ ʩʯʝʪ ʠʩʢʨʠʚʣʝʥʠʷ ʧʘʜʘʶʱʠʭ ʧʘʨʘʣʣʝʣʴʥʳʭ ʩʚʝʪʦʚʳʭ ʣʫʯʝʡ ʚ 

ʟʚʫʢʦʚʦʡ ʚʦʣʥʝ [14]. ɼʠʬʨʘʢʮʠʶ ʩʚʝʪʘ ʪʘʢʞʝ ʤʦʞʥʦ ʧʦʣʫʯʠʪʴ ʥʘ ʥʝʩʢʦʣʴʢʠʭ 

ʫʣʴʪʨʘʟʚʫʢʦʚʳʭ ʚʦʣʥʘʭ, ʨʘʩʧʨʦʩʪʨʘʥʷʶʱʠʭʩʷ ʧʦʜ ʫʛʣʦʤ ʜʨʫʛ ʢ ʜʨʫʛʫ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ 

ʧʦʣʫʯʠʪʴ ʜʠʬʨʘʢʮʠʶ ʥʘ ʜʚʫʤʝʨʥʦʡ ʠ ʪʨʝʭʤʝʨʥʦʡ ʨʝʰʝʪʢʘʭ [15]. 

ʆʧʠʩʘʥʥʳʝ ʚʳʰʝ ʦʧʪʠʯʝʩʢʠʝ ʤʝʪʦʜʳ ʥʘʰʣʠ ʩʚʦʸ ʨʘʟʚʠʪʠʝ ʚ ʤʝʪʦʜʝ, ʦʩʥʦʚʘʥʥʦʤ 

ʥʘ ʵʬʬʝʢʪʝ ʨʘʩʩʝʷʥʠʷ ʦʧʪʠʯʝʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ ʄʘʥʜʝʣʴʰʪʘʤʘ ï ɹʨʠʣʣʶʵʥʘ [16] ʚ 

ʨʝʟʫʣʴʪʘʪʝ ʝʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʩ ʩʦʙʩʪʚʝʥʥʳʤʠ ʫʧʨʫʛʠʤʠ ʢʦʣʝʙʘʥʠʷʤʠ 

ʢʦʥʜʝʥʩʠʨʦʚʘʥʥʦʡ ʩʨʝʜʳ. ʇʨʠʤʝʥʝʥʠʝ ʣʘʟʝʨʦʚ ʥʝ ʪʦʣʴʢʦ ʫʣʫʯʰʠʣʦ ʚʦʟʤʦʞʥʦʩʪʠ 

ʥʘʙʣʶʜʝʥʠʷ ʨʘʩʩʝʷʥʠʷ, ʥʦ ʠ ʧʨʠʚʝʣʦ ʢ ʦʪʢʨʳʪʠʶ ʚʳʥʫʞʜʝʥʥʦʛʦ ʨʘʩʩʝʷʥʠʷ 

ʄʘʥʜʝʣʴʰʪʘʤʘ ï ɹʨʠʣʣʶʵʥʘ, ʢʦʪʦʨʦʝ ʦʪʣʠʯʘʝʪʩʷ ʙʦʣʴʰʝʡ ʠʥʪʝʥʩʠʚʥʦʩʪʴʶ. 

ʀʤʧʫʣʴʩʥʳʝ ʤʝʪʦʜʳ ʦʩʥʦʚʘʥʳ ʥʘ ʠʟʤʝʨʝʥʠʠ ʚʨʝʤʝʥʥʦʛʦ ʠʥʪʝʨʚʘʣʘ, ʚ ʪʝʯʝʥʠʝ 

ʢʦʪʦʨʦʛʦ ʫʣʴʪʨʘʟʚʫʢʦʚʘʷ ʚʦʣʥʘ ʧʝʨʝʤʝʱʘʝʪʩʷ ʥʘ ʦʧʨʝʜʝʣʝʥʥʦʝ ʨʘʩʩʪʦʷʥʠʝ. ɺ ʉʉʉʈ 

ʵʪʦʪ ʤʝʪʦʜ ʚʧʝʨʚʳʝ ʙʳʣ ʠʩʧʦʣʴʟʦʚʘʥ ʉʦʢʦʣʦʚʳʤ ʜʣʷ ʦʙʥʘʨʫʞʝʥʠʷ ʜʝʬʝʢʪʦʚ ʚ 

ʤʝʪʘʣʣʘʭ [17]. ʇʦʟʜʥʝʝ, ʚ 1946 ʛʦʜʫ, ʪʦʪ ʞʝ ʘʚʪʦʨ ʧʨʝʜʣʦʞʠʣ ʤʝʪʦʜ ʠʟʫʯʝʥʠʷ ʫʧʨʫʛʠʭ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʚʝʱʝʩʪʚʘ [18]. ʕʪʦʪ ʤʝʪʦʜ ʙʳʣ ʥʘʠʙʦʣʝʝ ʫʜʦʙʥʳʤ ʠ ʪʦʯʥʳʤ ʜʣʷ 

ʠʩʩʣʝʜʦʚʘʥʠʡ ʚʦ ʚʩʝʭ ʩʨʝʜʘʭ. ʆʜʥʠʤ ʠʟ ʟʥʘʯʠʪʝʣʴʥʳʭ ʧʨʝʠʤʫʱʝʩʪʚ ʫʣʴʪʨʘʟʚʫʢʦʚʳʭ 

ʢʦʣʝʙʘʥʠʡ ʚʳʩʦʢʦʡ ʯʘʩʪʦʪʳ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩʦ ʟʚʫʢʦʤ ʷʚʣʷʝʪʩʷ ʪʦ, ʯʪʦ ʦʥʠ ʤʦʛʫʪ ʙʳʪʴ 

ʦʪʧʨʘʚʣʝʥʳ ʚ ʚʠʜʝ ʥʝʙʦʣʴʰʠʭ ʨʘʩʭʦʜʷʱʠʭʩʷ ʧʫʯʢʦʚ ʣʫʯʝʡ. ʕʪʦ ʦʙʝʩʧʝʯʠʚʘʝʪ 

ʚʦʟʤʦʞʥʦʩʪʴ ʥʘʧʨʘʚʣʝʥʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʠ ʧʨʠʝʤʘ. ʋʣʴʪʨʘʟʚʫʢʦʚʦʝ ʧʦʣʝ ʧʝʨʝʜ ʜʠʩʢʦʚʦʡ 

ʠʟʣʫʯʘʶʱʝʡ ʧʴʝʟʦʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʣʘʩʪʠʥʦʡ ʠʤʝʝʪ ʪʝʤ ʙʦʣʝʝ ʚʳʩʦʢʫʶ ʥʘʧʨʘʚʣʝʥʥʦʩʪʴ, 

ʯʝʤ ʙʦʣʴʰʝ ʜʠʘʤʝʪʨ ʜʠʩʢʘ d ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʜʣʠʥʦʡ ʠʟʣʫʯʘʝʤʦʡ ʚʦʣʥʳ ɚ. ʂʦʥʫʩʥʦʩʪʴ 
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ʠʟʣʫʯʘʝʤʦʛʦ ʧʫʯʢʘ ʦʧʨʝʜʝʣʷʝʪʩʷ ʫʛʣʦʤ ʨʘʩʭʦʜʠʤʦʩʪʠ 2ɗ, ʜʣʷ ʢʦʪʦʨʦʛʦ ʠʤʝʝʪ ʤʝʩʪʦ 

ʩʦʦʪʥʦʰʝʥʠʝ  

sin ɗ = 1.22ɚ / d     (1.20) 

ɽʩʣʠ ʥʘ ʧʣʦʩʢʦʧʘʨʘʣʣʝʣʴʥʳʝ ʢʦʥʮʳ ʮʠʣʠʥʜʨʠʯʝʩʢʦʛʦ ʦʙʨʘʟʮʘ ʧʦʤʝʩʪʠʪʴ ʜʚʝ 

ʧʴʝʟʦʵʣʝʢʪʨʠʯʝʩʢʠʝ ʧʣʘʩʪʠʥʳ çXè ʩʨʝʟʘ1, ʘ ʢ ʦʜʥʦʤʫ ʠʟ ʥʠʭ ʧʦʜʚʝʩʪʠ ʢʦʨʦʪʢʠʡ 

ʚʳʩʦʢʦʚʦʣʴʪʥʳʡ ʠʤʧʫʣʴʩ, ʵʪʘ ʧʣʘʩʪʠʥʢʘ ʙʫʜʝʪ ʠʩʧʳʪʳʚʘʪʴ ʫʧʨʫʛʫʶ ʜʝʬʦʨʤʘʮʠʶ [19] 

ʠ ʚʳʟʦʚʝʪ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʝ ʢʦʨʦʪʢʦʛʦ ʟʘʪʫʭʘʶʱʝʛʦ ʫʧʨʫʛʦʛʦ ʠʤʧʫʣʴʩʘ ʧʨʦʜʦʣʴʥʳʭ 

ʢʦʣʝʙʘʥʠʡ ʩ ʯʘʩʪʦʪʦʡ, ʨʘʚʥʦʡ ʩʦʙʩʪʚʝʥʥʦʡ ʯʘʩʪʦʪʝ ʢʚʘʨʮʝʚʦʡ ʧʣʘʩʪʠʥʳ. ʋʧʨʫʛʠʡ 

ʠʤʧʫʣʴʩ ʧʨʦʜʦʣʴʥʳʭ ʢʦʣʝʙʘʥʠʡ, ʜʦʩʪʠʛʘʶʱʠʡ ʧʨʦʪʠʚʦʧʦʣʦʞʥʦʛʦ ʢʦʥʮʘ ʦʙʨʘʟʮʘ, 

ʧʨʝʦʙʨʘʟʫʝʪʩʷ ʚʪʦʨʦʡ ʢʚʘʨʮʝʚʦʡ ʧʣʘʩʪʠʥʦʡ ʚ ʵʣʝʢʪʨʠʯʝʩʢʠʡ ʠʤʧʫʣʴʩ, ʢʦʪʦʨʳʡ ʧʦʩʣʝ 

ʫʩʠʣʝʥʠʷ ʨʝʛʠʩʪʨʠʨʫʝʪʩʷ ʥʘ ʵʢʨʘʥʝ ʦʩʮʠʣʣʦʛʨʘʬʘ. 

ʋʣʴʪʨʘʟʚʫʢʦʚʦʡ ʠʤʧʫʣʴʩ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʧʘʢʝʪ ʫʣʴʪʨʘʟʚʫʢʦʚʳʭ ʢʦʣʝʙʘʥʠʡ, 

ʪʦ ʝʩʪʴ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʴ ʠʟ ʥʝʩʢʦʣʴʢʠʭ ʧʝʨʠʦʜʦʚ ʛʘʨʤʦʥʠʯʝʩʢʠʭ ʢʦʣʝʙʘʥʠʡ 

ʚʳʩʦʢʦʡ (ʥʝʩʫʱʝʡ) ʯʘʩʪʦʪʳ, ʦʛʠʙʘʶʱʘʷ ʧʘʢʝʪʘ, ʷʚʣʷʶʱʘʷʩʷ ʟʘʢʦʥʦʤ ʠʟʤʝʥʝʥʠʷ 

ʘʤʧʣʠʪʫʜ ʦʪʜʝʣʴʥʳʭ ʢʦʣʝʙʘʥʠʡ ʚ ʠʤʧʫʣʴʩʝ, ʤʦʞʝʪ ʠʤʝʪʴ ʨʘʟʥʫʶ ʬʦʨʤʫ. ʅʘʠʙʦʣʝʝ 

ʨʘʩʧʨʦʩʪʨʘʥʝʥʥʳʤʠ ʷʚʣʷʶʪʩʷ ʧʨʷʤʦʫʛʦʣʴʥʘʷ, ʵʢʩʧʦʥʝʥʮʠʘʣʴʥʘʷ ʠ ʢʦʣʦʢʦʣʦʦʙʨʘʟʥʘʷ 

ʦʛʠʙʘʶʱʘʷ ʠʤʧʫʣʴʩʥʦʛʦ ʧʘʢʝʪʘ. 

ʀʤʧʫʣʴʩʥʳʝ ʤʝʪʦʜʳ ʠʟʤʝʨʝʥʠʷ ʩʢʦʨʦʩʪʠ ʫʣʴʪʨʘʟʚʫʢʘ ʤʦʞʥʦ ʨʘʟʜʝʣʠʪʴ ʥʘ 

ʘʙʩʦʣʶʪʥʳʝ ʠ ʦʪʥʦʩʠʪʝʣʴʥʳʝ. ɸʙʩʦʣʶʪʥʳʝ ʤʝʪʦʜʳ ʚʢʣʶʯʘʶʪ ʚ ʩʝʙʷ ʤʝʪʦʜʳ ʧʨʷʤʦʛʦ 

ʩʯʠʪʳʚʘʥʠʷ ʚʨʝʤʝʥʠ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʫʣʴʪʨʘʟʚʫʢʦʚʦʛʦ ʩʠʛʥʘʣʘ ʥʘ ʠʟʚʝʩʪʥʦʤ 

ʨʘʩʩʪʦʷʥʠʠ; ʤʝʪʦʜʳ, ʠʩʧʦʣʴʟʫʶʱʠʝ ʚʦʟʥʠʢʥʦʚʝʥʠʝ ʩʪʦʷʯʠʭ ʚʦʣʥ ʚ ʦʪʜʝʣʴʥʳʭ ʯʘʩʪʷʭ 

ʦʙʲʝʤʘ, ʚ ʢʦʪʦʨʦʤ ʨʘʩʧʨʦʩʪʨʘʥʷʶʪʩʷ ʚʠʙʨʘʮʠʠ (ʚ ʦʪʣʠʯʠʝ ʦʪ ʩʪʦʷʯʠʭ ʚʦʣʥ ʚʦ ʚʩʝʤ 

ʦʙʲʝʤʝ, ʭʘʨʘʢʪʝʨʥʳʭ ʜʣʷ ʥʝʧʨʝʨʳʚʥʳʭ ʢʦʣʝʙʘʥʠʡ); ʤʝʪʦʜʳ ʥʘʣʦʞʝʥʠʷ ʠʤʧʫʣʴʩʦʚ, 

ʩʢʦʨʨʝʢʪʠʨʦʚʘʥʥʳʝ ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʯʪʦ ʥʘʯʘʣʦ ʩʣʝʜʫʶʱʝʛʦ ʧʘʢʝʪʘ ʠʤʧʫʣʴʩʦʚ 

ʥʘʯʠʥʘʝʪʩʷ ʚ ʤʦʤʝʥʪ ʧʨʠʙʳʪʠʷ ʦʪʨʘʞʝʥʥʦʛʦ ʧʘʢʝʪʘ ʢʦʣʝʙʘʥʠʡ; ʠʤʤʝʨʩʠʦʥʥʳʝ ʤʝʪʦʜʳ, 

                                                           
1 ɿʜʝʩʴ ʠ ʚ ʜʘʣʴʥʝʡʰʝʤ ʤʳ ʙʫʜʝʤ ʥʘʟʳʚʘʪʴ, ʢʘʢ ʵʪʦ ʧʨʠʥʷʪʦ ʚ ʣʠʪʝʨʘʪʫʨʝ 13. ɹʝʨʛʤʘʥ, ʃ., 

ʋʣʴʪʨʘʟʚʫʢ ʠ ʝʛʦ ʧʨʠʤʝʥʝʥʠʝ ʚ ʥʘʫʢʝ ʠ ʪʝʭʥʠʢʝ. 1957., çʧʴʝʟʦʢʚʘʨʮʝʚʳʤʠ ʧʣʘʩʪʠʥʢʘʤʠ çʍè ʠʣʠ çYè 

ʩʨʝʟʘè ʧʣʘʩʪʠʥʢʠ, ʚʳʨʝʟʘʥʥʳʝ ʠʟ ʤʦʥʦʢʨʠʩʪʘʣʣʘ ʢʚʘʨʮʘ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦ ʦʩʠ çʍè ʠʣʠ ʦʩʠ çYè. ʆʩʴ 

çʍè - ʧʦʣʷʨʥʘʷ ʦʩʴ ʢʨʠʩʪʘʣʣʘ ʢʚʘʨʮʘ, ʦʪʥʦʩʷʱʝʛʦʩʷ ʢ ʪʨʠʛʦʥʘʣʴʥʦʡ ʩʠʩʪʝʤʝ, ʦʩʴ çYè ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʘ 

ʦʩʠ çʍè.  
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ʦʩʥʦʚʘʥʥʳʝ ʥʘ ʦʧʨʝʜʝʣʝʥʠʠ ʢʨʠʪʠʯʝʩʢʠʭ ʫʛʣʦʚ ʦʪʨʘʞʝʥʠʷ ʜʣʷ ʦʙʨʘʟʮʘ, ʧʦʛʨʫʞʝʥʥʦʛʦ 

ʚ ʞʠʜʢʦʩʪʴ ʩ ʠʟʚʝʩʪʥʳʤʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ. ʆʪʥʦʩʠʪʝʣʴʥʳʝ ʤʝʪʦʜʳ ʩʦʩʪʦʷʪ ʚ 

ʩʨʘʚʥʝʥʠʠ ʚʨʝʤʝʥʠ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʫʣʴʪʨʘʟʚʫʢʘ ʚ ʪʝʩʪʠʨʫʝʤʦʤ ʦʙʨʘʟʮʝ ʠ ʚ ʵʪʘʣʦʥʝ, ʚ 

ʢʦʪʦʨʦʤ ʠʟʚʝʩʪʥʘ ʩʢʦʨʦʩʪʴ ʫʣʴʪʨʘʟʚʫʢʘ. 

ɺʘʞʥʝʡʰʠʤ ʧʨʝʠʤʫʱʝʩʪʚʦʤ ʠʤʧʫʣʴʩʥʦʛʦ ʤʝʪʦʜʘ ʷʚʣʷʝʪʩʷ ʥʠʟʢʘʷ ʤʦʱʥʦʩʪʴ, 

ʥʘʧʨʘʚʣʝʥʥʘʷ ʥʘ ʠʩʩʣʝʜʫʝʤʦʝ ʚʝʱʝʩʪʚʦ. ɺ ʩʚʷʟʠ ʩ ʵʪʠʤ ʵʥʝʨʛʝʪʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ 

ʚʝʱʝʩʪʚʘ ʚʦ ʚʨʝʤʷ ʠʩʩʣʝʜʦʚʘʥʠʡ ʥʝ ʟʘʚʠʩʷʪ ʦʪ ʧʨʦʮʝʜʫʨʳ ʠʟʤʝʨʝʥʠʷ, ʪʘʢ ʢʘʢ ʦʥʦ ʥʝ 

ʥʘʛʨʝʚʘʝʪʩʷ ʦʪ ʜʝʡʩʪʚʠʷ ʥʝʙʦʣʴʰʦʡ ʧʦʨʮʠʠ ʵʥʝʨʛʠʠ, ʧʦʩʪʫʧʘʶʱʝʡ ʚ ʚʠʜʝ 

ʢʨʘʪʢʦʚʨʝʤʝʥʥʳʭ ʠʤʧʫʣʴʩʦʚ. 

ʋʣʴʪʨʘʟʚʫʢʦʚʳʝ ʤʝʪʦʜʳ ʧʦʟʚʦʣʷʶʪ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʠʟʤʝʨʠʪʴ ʧʦʣʥʳʡ ʥʘʙʦʨ 

ʫʧʨʫʛʠʭ ʢʦʥʩʪʘʥʪ, ʭʘʨʘʢʪʝʨʠʟʫʶʱʠʭ ʫʧʨʫʛʠʝ ʩʚʦʡʩʪʚʘ ʘʥʠʟʦʪʨʦʧʥʳʭ ʠ ʠʟʦʪʨʦʧʥʳʭ 

ʪʚʝʨʜʳʭ ʪʝʣ [1, 4, 20], ʘ ʥʝ ʪʦʣʴʢʦ ʫʩʨʝʜʥʝʥʥʫʶ ʧʦ ʦʙʲʝʤʫ ʩʞʠʤʘʝʤʦʩʪʴ. ʂʨʦʤʝ ʪʦʛʦ, 

ʫʣʴʪʨʘʟʚʫʢʦʚʳʝ ʤʝʪʦʜʳ ʜʘʶʪ ʙʦʣʝʝ ʪʦʯʥʳʝ ʟʥʘʯʝʥʠʷ ʫʧʨʫʛʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ. ʕʪʦ 

ʦʙʲʷʩʥʷʝʪʩʷ ʪʝʤ, ʯʪʦ ʚ ʧʝʨʚʦʤ ʩʣʫʯʘʝ ʦʙʲʝʤ ʠ ʜʣʠʥʘ ʬʘʢʪʠʯʝʩʢʠ ʠʟʤʝʨʷʶʪʩʷ ʚ 

ʵʢʩʧʝʨʠʤʝʥʪʘʭ, ʘ ʟʥʘʯʝʥʠʝ ʩʞʠʤʘʝʤʦʩʪʠ ʦʧʨʝʜʝʣʷʝʪʩʷ ʢʘʢ ʧʝʨʚʳʝ ʧʨʦʠʟʚʦʜʥʳʝ 

ʜʝʬʦʨʤʘʮʠʠ ʧʦ ʜʘʚʣʝʥʠ.ʁ ɺ ʫʣʴʪʨʘʟʚʫʢʦʚʳʭ ʵʢʩʧʝʨʠʤʝʥʪʘʭ ʫʧʨʫʛʠʝ ʢʦʥʩʪʘʥʪʳ ʥʘ 

ʩʘʤʦʤ ʜʝʣʝ ʷʚʣʷʶʪʩʷ ʧʝʨʚʠʯʥʳʤʠ ʠʟʤʝʨʷʝʤʳʤʠ ʚʝʣʠʯʠʥʘʤʠ, ʯʪʦ ʦʙʫʩʣʦʚʣʝʥʦ ʧʨʦʩʪʦʡ 

ʟʘʚʠʩʠʤʦʩʪʴʶ ʫʧʨʫʛʠʭ ʢʦʥʩʪʘʥʪ ʦʪ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʠʟʤʝʨʷʝʤʦʡ ʩʢʦʨʦʩʪʠ 

ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʫʣʴʪʨʘʟʚʫʢʦʚʦʡ ʚʦʣʥʳ ʚ ʦʙʨʘʟʮʝ [1, 4, 20-22]. ʇʦʛʨʝʰʥʦʩʪʴ  

ʠʟʤʝʨʝʥʠʡ ʤʦʞʥʦ ʦʮʝʥʠʪʴ ʩʦʪrʤʠ ʠ ʜʘʞʝ ʪʳʩʷʯʥʳʤʠ ʧʨʦʮʝʥʪʘ [21, 22]. ɼʨʫʛʠʤ 

ʧʨʝʠʤʫʱʝʩʪʚʦʤ ʫʣʴʪʨʘʟʚʫʢʦʚʳʭ ʤʝʪʦʜʦʚ ʷʚʣʷʝʪʩʷ ʚʦʟʤʦʞʥʦʩʪʴ ʘʜʘʧʪʘʮʠʠ 

ʠʤʧʫʣʴʩʥʦʛʦ ʤʝʪʦʜʘ ʧʨʘʢʪʠʯʝʩʢʠ ʢʦ ʚʩʝʤ ʩʦʚʨʝʤʝʥʥʳʤ ʪʠʧʘʤ ʢʘʤʝʨ ʚʳʩʦʢʦʛʦ 

ʜʘʚʣʝʥʠʷ. 
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ɻʣʘʚʘ 2 ʄʝʪʦʜʠʢʘ ʵʢʩʧʝʨʠʤʝʥʪʘ 

2.1 ʀʟʤʝʥʝʥʠʝ ʠ ʠʟʤʝʨʝʥʠʝ ʜʘʚʣʝʥʠʷ ʠ ʪʝʤʧʝʨʘʪʫʨʳ ʚ ʵʢʩʧʝʨʠʤʝʥʪʝ 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʫʧʨʫʛʠʭ ʩʚʦʡʩʪʚ ʚʝʱʝʩʪʚ ʧʦʜ ʜʘʚʣʝʥʠʝʤ ʧʨʦʚʦʜʠʣʦʩʴ ʥʘ 

ʫʣʴʪʨʘʟʚʫʢʦʚʦʤ ʧʴʝʟʦʤʝʪʨʝ [23], ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʦʤ ʜʣʷ ʠʟʤʝʨʝʥʠʡ ʚ ʨʘʟʣʠʯʥʳʭ 

ʪʝʤʧʝʨʘʪʫʨʥʳʭ ʨʝʞʠʤʘʭ. ʈʘʩʰʠʨʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʜʠʘʧʘʟʦʥʘ ʧʨʠ ʠʟʫʯʝʥʠʠ 

ʫʧʨʫʛʠʭ ʩʚʦʡʩʪʚ ʧʨʠ ʚʳʩʦʢʠʭ ʜʘʚʣʝʥʠʷʭ ʫʚʝʣʠʯʠʚʘʝʪ ʚʦʟʤʦʞʥʦʩʪʠ ʠʟʫʯʝʥʠʷ ʦʩʥʦʚʥʳʭ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʚʝʱʝʩʪʚʘ ʠ ʠʭ p-T ʟʘʚʠʩʠʤʦʩʪʝʡ, ʘ ʪʘʢʞʝ ʧʦʩʪʨʦʝʥʠʷ ʬʘʟʦʚʳʭ ʜʠʘʛʨʘʤʤ 

ʠ ʠʩʩʣʝʜʦʚʘʥʠʡ ʷʚʣʝʥʠʡ, ʩʦʧʨʦʚʦʞʜʘʶʱʠʭ ʬʘʟʦʚʳʝ ʧʨʝʚʨʘʱʝʥʠʷ. 

ʋʣʴʪʨʘʟʚʫʢʦʚʦʡ ʧʴʝʟʦʤʝʪʨ, ʩʦʟʜʘʥʥʳʡ ʥʘ ʦʩʥʦʚʝ ʧʨʝʩʩʘ ʩ ʫʩʠʣʠʝʤ ʚ 300 ʪʦʥʥ ʩ 

ʥʠʟʢʠʤ ʪʨʝʥʠʝʤ, ʧʦʢʘʟʘʥ ʥʘ ʨʠʩ. 1. ʋʩʠʣʠʝ ʛʠʜʨʘʚʣʠʯʝʩʢʦʛʦ ʧʨʝʩʩʘ ʧʝʨʝʜʘʝʪʩʷ ʯʝʨʝʟ 

ʪʝʧʣʦʠʟʦʣʷʮʠʦʥʥʳʝ ʙʣʦʢʠ (1), ʦʧʦʨʳ (2) ʠ ʧʦʜʧʷʪʥʠʢʠ (3) ʥʘ ʧʦʨʰʥʠ, ʩʣʫʞʘʱʠʝ 

ʟʚʫʢʦʚʦʜʘʤʠ (4). ʉ ʠʭ ʧʦʤʦʱʴʶ ʦʙʨʘʟʝʮ (5) ʟʘʞʠʤʘʝʪʩʷ ʚ ʤʘʪʨʠʮʝ (6). ɺ ʦʧʦʨʘʭ (2) 

ʠʤʝʶʪʩʷ ʢʦʥʪʘʢʪʥʳʝ ʫʩʪʨʦʡʩʪʚʘ ʢ ʧʴʝʟʦʵʣʝʢʪʨʠʯʝʩʢʠʤ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷʤ (11). 

ʀʟʤʝʥʝʥʠʝ ʦʙʲʝʤʘ ʦʙʨʘʟʮʘ ʦʧʨʝʜʝʣʷʝʪʩʷ ʠʥʜʠʢʘʪʦʨʘʤʠ ʯʘʩʦʚʦʛʦ ʪʠʧʘ (14), 

ʠʟʤʝʨʠʪʝʣʴʥʳʝ ʤʝʭʘʥʠʟʤʳ ʢʦʪʦʨʳʭ ʚʳʚʝʜʝʥʳ ʟʘ ʧʨʝʜʝʣʳ ʪʝʤʧʝʨʘʪʫʨʥʦʡ ʟʦʥʳ.  

ɼʘʚʣʝʥʠʝ ʚ ʨʘʙʦʯʝʤ ʦʙʲʝʤʝ ʦʧʨʝʜʝʣʷʝʪʩʷ ʧʦ ʫʩʠʣʠʶ ʧʨʝʩʩʘ ʩ ʫʯʝʪʦʤ 

ʢʦʵʬʬʠʮʠʝʥʪʘ ʤʫʣʴʪʠʧʣʠʢʘʮʠʠ ʠ ʧʦʧʨʘʚʦʢ ʥʘ ʜʝʬʦʨʤʘʮʠʶ. ʌʨʠʢʮʠʦʥʥʳʝ 

ʧʦʧʨʘʚʢʠ ʚʥʦʩʷʪʩʷ ʧʦ ʰʠʨʠʥʝ ʧʝʪʣʠ ʛʠʩʪʝʨʝʟʠʩʘ, ʦʧʨʝʜʝʣʷʝʤʦʡ ʜʣʷ ʢʘʞʜʦʛʦ 

ʠʩʩʣʝʜʫʝʤʦʛʦ ʚʝʱʝʩʪʚʘ ʦʪʜʝʣʴʥʦ. ʆʥʠ ʩʦʩʪʘʚʣʷʶʪ å0.15 ɻʇʘ ʧʨʠ 2.0 ɻʇʘ, ʠ ʦʰʠʙʢʘ 

ʧʨʠ ʦʧʨʝʜʝʣʝʥʠʠ ʜʘʚʣʝʥʠʷ ʥʝ ʭʫʞʝ 1%. 

ʆʧʨʝʜʝʣʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ ʦʙʨʘʟʮʘ ʩʚʦʜʠʪʩʷ ʢ ʠʟʤʝʨʝʥʠʶ ʪʝʤʧʝʨʘʪʫʨʳ ʝʛʦ 

ʦʢʨʫʞʝʥʠʷ (ʤʘʪʨʠʮʳ ʠ ʧʫʘʥʩʦʥʦʚ) ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʯʝʪʳʨʝʭ ʤʝʜʴ-

ʢʦʥʩʪʘʥʪʘʥʦʚʳʭ ʪʝʨʤʦʧʘʨ, ʨʘʩʧʦʣʦʞʝʥʥʳʭ ʚ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦʡ ʙʣʠʟʦʩʪʠ ʦʪ 

ʦʙʨʘʟʮʘ. ʊʦʯʥʦʩʪʴ ʠʟʤʝʨʝʥʠʷ ʪʝʤʧʝʨʘʪʫʨʳ ʩ ʧʦʤʦʱʴʶ ʪʝʨʤʦʧʘʨʳ ʙʳʣʘ ʣʫʯʰʝ 0,1 

ʂ. ʆʰʠʙʢʘ ʦʧʨʝʜʝʣʝʥʠʷ ʪʝʤʧʝʨʘʪʫʨʳ ʦʙʨʘʟʮʘ ʚ ʦʩʥʦʚʥʦʤ ʦʧʨʝʜʝʣʷʝʪʩʷ ʛʨʘʜʠʝʥʪʦʤ 

ʪʝʤʧʝʨʘʪʫʨʳ ʚ ʤʘʪʨʠʮʝ ʠ ʩʦʩʪʘʚʣʷʝʪ ʜʦ 1 ʂ. 
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ʈʠʩʫʥʦʢ 1. ʋʣʴʪʨʘʟʚʫʢʦʚʦʡ ʧʴʝʟʦʤʝʪʨ. 1 ï ʪʝʧʣʦʠʟʦʣʷʮʠʦʥʥʳʡ ʙʣʦʢ; 2 ï ʦʧʦʨʘ; 3 ï 

ʧʦʜʧʷʪʥʠʢ; 4 ï ʧʦʨʰʝʥʴ-ʟʚʫʢʦʚʦʜ; 5 ï ʦʙʨʘʟʝʮ; 6 ï ʤʘʪʨʠʮʘ; 7 ï ʢʦʣʴʮʦ ʫʧʣʦʪʥʝʥʠʷ; 

8 ï ʭʦʣʦʜʠʣʴʥʠʢ; 9 ï ʮʠʣʠʥʜʨʠʯʝʩʢʠʝ ʧʨʦʪʦʯʢʠ ʦʭʣʘʞʜʝʥʠʷ; 10 ï ʦʣʠʚʢʠ; 11 ï 

ʧʴʝʟʦʢʝʨʘʤʠʯʝʩʢʠʝ ʧʣʘʩʪʠʥʢʠ; 12 ï ʧʦʜʜʝʨʞʢʘ; 13 ï ʪʝʧʣʦʠʟʦʣʷʮʠʷ (ʧʝʥʦʧʣʘʩʪ); 14 

ï ʜʘʪʯʠʢʠ ʩʤʝʱʝʥʠʷ; 15 ï ʢʨʦʥʰʪʝʡʥ; 16 ï ʪʨʫʙʢʠ ʠʟ ʥʝʨʞʘʚʝʶʱʝʡ ʩʪʘʣʠ; A, Aô, B, 

Bô ï ʪʦʯʢʠ ʨʘʟʤʝʱʝʥʠʷ ʪʝʨʤʦʧʘʨ. 
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ʋʩʪʘʥʦʚʢʘ ʚʳʩʦʢʦʛʦ ʜʘʚʣʝʥʠʷ ʠʟ ʣʝʛʠʨʦʚʘʥʥʦʡ ʩʪʘʣʠ ʧʦʣʥʦʩʪʴʶ ʧʦʛʨʫʞʝʥʘ ʚ 

ʪʦʥʢʦʩʪʝʥʥʳʡ ʨʝʟʝʨʚʫʘʨ ʠʟ ʣʠʩʪʘ ʠʟ ʥʝʨʞʘʚʝʶʱʝʡ ʩʪʘʣʠ, ʛʝʨʤʝʪʠʯʥʦ ʩʦʝʜʠʥʝʥʥʳʡ ʩ 

ʥʠʞʥʝʡ ʦʧʦʨʦʡ (2) (ʨʠʩ. 1) ʠ ʠʟʦʣʠʨʦʚʘʥʥʳʡ ʦʪ ʦʢʨʫʞʘʶʱʝʡ ʩʨʝʜʳ ʧʝʥʦʡ. ʍʣʘʜʘʛʝʥʪ 

ʚʣʠʚʘʝʪʩʷ ʚ ʨʝʟʝʨʚʫʘʨ (ʞʠʜʢʠʡ ʘʟʦʪ) (ʨʠʩ. 2), ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʜʦʩʪʠʛʘʪʴ ʪʝʤʧʝʨʘʪʫʨʳ 77 

ʂ ʚ ʪʝʯʝʥʠʝ 20-30 ʤʠʥʫʪ. ʊʝʤʧʝʨʘʪʫʨʘ ʞʠʜʢʦʛʦ ʘʟʦʪʘ ʫʩʪʘʥʘʚʣʠʚʘʝʪʩʷ ʚ ʯʝʪrʨʝʭ 

ʢʦʥʪʨʦʣʴʥʳʭ ʪʦʯʢʘʭ, ʘ ʟʘʪʝʤ ʦʩʪʘʝʪʩʷ ʧʦʩʪʦʷʥʥʦʡ ʚ ʪʝʯʝʥʠʝ 1.0-1.5 ʯʘʩʦʚ, ʥʝʦʙʭʦʜʠʤʳʭ 

ʜʣʷ ʵʢʩʧʝʨʠʤʝʥʪʘ. ʅʘ ʧʦʣʥʦʝ ʦʭʣʘʞʜʝʥʠʝ ʠ 

ʩʪʘʙʠʣʠʟʘʮʠʶ ʪʝʤʧʝʨʘʪʫʨʳ ʧʦʪʨʝʙʣʷʝʪʩʷ 

ʦʢʦʣʦ 30 ʣʠʪʨʦʚ ʞʠʜʢʦʛʦ ʘʟʦʪʘ. ʀʟ-ʟʘ 

ʠʥʝʨʮʠʠ ʩʠʩʪʝʤʳ, ʢʦʛʜʘ ʙʣʦʢ ʚʳʩʦʢʦʛʦ 

ʜʘʚʣʝʥʠʷ ʝʩʪʝʩʪʚʝʥʥʳʤ ʦʙʨʘʟʦʤ ʥʘʛʨʝʚʘʝʪʩʷ 

ʯʝʨʝʟ ʥʝʢʦʪʦʨʦʝ ʚʨʝʤʷ (ʦʙʳʯʥʦ ʥʝ ʙʦʣʝʝ 30 

ʤʠʥʫʪ), ʤʘʪʨʠʮʘ ʠ ʧʫʘʥʩʦʥʳ ʠʤʝʶʪ 

ʥʝʟʥʘʯʠʪʝʣʴʥʳʡ ʪʝʤʧʝʨʘʪʫʨʥʳʡ ʛʨʘʜʠʝʥʪ, 

ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʧʨʦʚʦʜʠʪʴ ʵʢʩʧʝʨʠʤʝʥʪʳ ʚ 

ʨʝʞʠʤʝ ʝʩʪʝʩʪʚʝʥʥʦʛʦ ʦʪʦʛʨʝʚʘ. 

ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ ʫʩʪʘʥʦʚʢʘ ʪʘʢʞʝ 

ʧʦʟʚʦʣʷʝʪ ʩʪʘʙʠʣʠʟʠʨʦʚʘʪʴ ʪʝʤʧʝʨʘʪʫʨʫ ʠ ʚ 

ʜʠʘʧʘʟʦʥʝ ʦʪ 77 ʜʦ 300 ʂ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʪʝʨʤʦʩʪʘʪʘ. 

2.2 ʇʨʠʛʦʪʦʚʣʝʥʠʝ ʦʙʨʘʟʮʦʚ 

ʆʙʨʘʟʮʳ ʠʩʩʣʝʜʫʝʤʳʭ ʚʝʱʝʩʪʚ ʙʳʣʠ 

ʦʛʨʘʥʠʯʝʥʳ ʛʝʦʤʝʪʨʠʝʡ ʢʘʤʝʨʳ ʚʳʩʦʢʦʛʦ ʜʘʚʣʝʥʠʷ. ʆʥʠ ʜʦʣʞʥʳ ʙʳʣʠ ʠʤʝʪʴ 

ʮʠʣʠʥʜʨʠʯʝʩʢʫʶ ʬʦʨʤʫ ʩ ʜʠʘʤʝʪʨʦʚ 18 ʤʤ ʠ ʚʳʩʦʪʦʡ 6-9 ʤʤ. ɼʣʷ ʙʦʣʴʰʠʥʩʪʚʘ 

ʠʩʩʣʝʜʫʝʤʳʭ ʦʙʨʘʟʮʦʚ ʪʨʝʙʦʚʘʣʠʩʴ ʢʘʧʩʫʣʳ. ʉʚʷʟʘʥʦ ʵʪʦ ʩ ʪʝʤ, ʯʪʦ ʦʨʛʘʥʠʯʝʩʢʠʝ 

ʤʦʣʝʢʫʣʷʨʥʳʝ ʛʣʘʩʩʬʦʨʤʝʨʳ ʚ ʥʦʨʤʘʣʴʥʳʭ ʫʩʣʦʚʠʷʭ ï ʞʠʜʢʦʩʪʠ, ʘ ʦʢʩʠʜ ʬʦʩʬʦʨʘ 

ʯʨʝʟʚʳʯʘʡʥʦ ʛʠʛʨʦʩʢʦʧʠʯʝʥ ʠ ʥʘ ʦʪʢʨʳʪʦʤ ʚʦʟʜʫʭʝ ʧʦʛʣʦʱʘʝʪ ʚʦʜʫ ʠ ʧʨʝʚʨʘʱʘʝʪʩʷ ʚ 

ʦʨʪʦʬʦʩʬʦʨʥʫʶ ʢʠʩʣʦʪʫ. ɺ ʩʚʷʟʠ ʩ ʵʪʠʤ ʧʦʨʦʰʢʦʦʙʨʘʟʥʳʡ ʦʙʨʘʟʝʮ ʥʝʦʙʭʦʜʠʤʦ ʙʳʣʦ 

ʢʦʤʧʘʢʪʠʨʦʚʘʪʴ ʚ ʘʨʛʦʥʦʚʦʤ ʙʦʢʩʝ ʠ ʩʨʘʟʫ ʞʝ ʧʦʤʝʱʘʪʴ ʚ ʢʘʧʩʫʣʫ. ɼʣʷ ʦʢʩʠʜʘ ʬʦʩʬʦʨʘ 

ʠʩʧʦʣʴʟʦʚʘʣʠ ʢʘʧʩʫʣʫ ʠʟ 

 

ʈʠʩʫʥʦʢ 2. ɺʥʝʰʥʠʡ ʚʠʜ ʫʩʪʘʥʦʚʢʠ 
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ʜʶʨʘʣʶʤʠʥʠʷ, ʧʨʝʜʩʪʘʚʣʷʶʱʫʶ 

ʠʟ ʩʝʙʷ ʩʪʘʢʘʥ ʩ ʢʨʳʰʢʦʡ. ɼʣʷ 

ʞʠʜʢʠʭ ʦʙʨʘʟʮʦʚ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ 

ʤʝʜʥʦ-ʪʝʬʣʦʥʦʚʳʝ ʢʘʧʩʫʣʳ (ʨʠʩ. 

3), ʧʨʝʜʩʪʘʚʣʷʶʱʠʝ ʩʦʙʦʡ 

ʪʦʥʢʦʩʪʝʥʥʳʝ ʪʝʬʣʦʥʦʚʳʝ 

ʮʠʣʠʥʜʨʳ ʩ ʤʝʜʥʳʤʠ 

ʢʨʳʰʝʯʢʘʤʠ. ɼʣʷ ʣʴʜʦʚ H2O-D2O 

ʢʘʧʩʫʣʳ ʥʝ ʪʨʝʙʦʚʘʣʠʩʴ, 

ʧʦʩʢʦʣʴʢʫ ʦʙʨʘʟʝʮ ʙʳʣ ʪʚʝʨʜʳʡ, 

ʘ ʤʘʪʨʠʮʘ ʠ ʧʫʘʥʩʦʥʳ ʙʳʣʠ 

ʦʭʣʘʞʜʝʥʳ ʥʠʞʝ 273 ʂ. ɺ ʵʪʦʤ 

ʩʣʫʯʘʝ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʣʠʰʴ 

ʫʧʣʦʪʥʠʪʝʣʴʥʳʝ ʢʦʣʴʮʘ ʠʟ ʤʝʜʠ, 

ʯʪʦʙʳ ʠʟʙʝʞʘʪʴ ʠʩʪʝʢʘʥʠʷ ʦʙʨʘʟʮʘ ʧʨʠ ʚʳʩʦʢʠʭ ʜʘʚʣʝʥʠʷʭ.  

 

2.3 ʋʣʴʪʨʘʟʚʫʢʦʚʳʝ ʠʟʤʝʨʝʥʠʷ ʥʘ ʫʩʪʘʥʦʚʢʝ çU-Sonicè 

ʉʢʦʨʦʩʪʴ ʧʨʦʜʦʣʴʥʦʡ ʠ ʧʦʧʝʨʝʯʥʦʡ ʫʣʴʪʨʘʟʚʫʢʦʚʳʭ ʚʦʣʥ ʚ ʠʩʩʣʝʜʫʝʤʦʤ ʦʙʨʘʟʮʝ 

ʦʧʨʝʜʝʣʷʝʪʩʷ ʧʫʪʝʤ ʠʟʤʝʨʝʥʠʷ ʚʨʝʤʝʥʠ ʧʨʦʙʝʛʘ ʚʦʣʥʳ ʚ ʩʦʚʦʢʫʧʥʦʩʪʠ ʩ ʠʟʤʝʨʝʥʠʝʤ 

ʜʣʠʥʳ ʦʙʨʘʟʮʘ. ʋʩʪʘʥʦʚʢʘ çU-Sonicè ʙʳʣʘ ʨʘʟʨʘʙʦʪʘʥʘ ʚ ʀʌɺɼ ʈɸʅ ʆ.ʌ. ʗʛʘʬʘʨʦʚʳʤ 

ʠ ɽ.ʃ. ɻʨʦʤʥʠʮʢʦʡ [24]. ʀʟʤʝʨʠʪʝʣʴʥʘʷ ʫʩʪʘʥʦʚʢʘ ʙʘʟʠʨʫʝʪʩʷ ʥʘ ʧʣʘʪʬʦʨʤʝ PXI 

ʢʦʤʧʘʥʠʠ National Instruments (NI) (ʨʠʩ. 4). ʉʠʩʪʝʤʘ PXI, ʦʩʥʦʚʘʥʥʘʷ ʥʘ ʰʠʨʦʢʦ 

ʨʘʩʧʨʦʩʪʨʘʥʝʥʥʦʤ ʩʪʘʥʜʘʨʪʝ CompactPCI, ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʥʘʜʝʞʥʫʶ ʧʣʘʪʬʦʨʤʫ ʩ 

ʬʨʦʥʪʘʣʴʥʦʡ ʟʘʛʨʫʟʢʦʡ ʤʦʜʫʣʝʡ ʠ ʚʩʪʨʦʝʥʥʳʤʠ ʚʦʟʤʦʞʥʦʩʪʷʤʠ ʩʠʥʭʨʦʥʠʟʘʮʠʠ ʠ 

ʪʘʢʪʠʨʦʚʘʥʠʷ ʦʪʜʝʣʴʥʳʭ ʠʟʤʝʨʠʪʝʣʴʥʳʭ ʫʩʪʨʦʡʩʪʚ (ʨʠʩ. 5). ʋʧʨʘʚʣʷʶʱʘʷ ʧʨʦʛʨʘʤʤʘ 

ʥʘʧʠʩʘʥʘ ʥʘ ʷʟʳʢʝ LabVIEW (Laboratory Virtual Instrument Engineering Workbench), 

ʪʘʢʞʝ ʷʚʣʷʶʱʝʡʩʷ ʧʨʦʜʫʢʪʦʤ ʬʠʨʤʳ National Instruments (ʨʠʩ. 6).  

  

 

ʈʠʩʫʥʦʢ 3. ʉʦʩʪʘʚʥʳʝ ʯʘʩʪʠ ʢʘʧʩʫʣ: 1 ï ʤʝʜʥʘʷ 

ʢʨʳʰʢʘ, 2 ï ʪʝʬʣʦʥʦʚʳʡ ʩʪʘʢʘʥ, 3 ï 

ʫʧʣʦʪʥʠʪʝʣʴʥʦʝ ʢʦʣʴʮʦ ʠʟ ʨʝʟʠʥʳ 
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ɺ ʢʘʯʝʩʪʚʝ ʛʝʥʝʨʘʪʦʨʘ ʫʣʴʪʨʘʟʚʫʢʦʚʳʭ ʩʠʛʥʘʣʦʚ ʟʘʜʝʡʩʪʚʦʚʘʥʘ ʧʣʘʪʘ NI PXI-

5422 ï ʛʝʥʝʨʘʪʦʨ ʩʠʛʥʘʣʦʚ ʧʨʦʠʟʚʦʣʴʥʦʡ ʬʦʨʤʳ. ʊʝʭʥʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʤʦʜʫʣʷ 

ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ ʪʘʙʣʠʮʝ 1: 

ʊʘʙʣʠʮʘ 1. ʊʝʭʥʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʛʝʥʝʨʘʪʦʨʘ NI PXI-5422. 

ʂʦʣʠʯʝʩʪʚʦ ʢʘʥʘʣʦʚ 1 

ʈʘʟʨʝʰʘʶʱʘʷ ʩʧʦʩʦʙʥʦʩʪʴ ʎɸʇ 16 ʙʠʪ 

ʄʘʢʩʠʤʘʣʴʥʘʷ ʯʘʩʪʦʪʘ ʜʠʩʢʨʝʪʠʟʘʮʠʠ 200Ĭ106 ʚʳʙ/ʩʝʢ 

ʄʘʢʩʠʤʘʣʴʥʘʷ ʯʘʩʪʦʪʘ ʩʠʛʥʘʣʘ 80 ʄɻʮ 

ɺʳʭʦʜʥʦʡ ʫʨʦʚʝʥʴ 5.64õ12 ɺ 

ʄʘʢʩʠʤʘʣʴʥʘʷ ʜʣʠʪʝʣʴʥʦʩʪʴ ʩʠʛʥʘʣʘ 4 194 176 ʪʦʯʝʢ 

  

ʋʣʴʪʨʘʟʚʫʢʦʚʳʝ ʠʤʧʫʣʴʩʳ ʩ ʛʝʥʝʨʘʪʦʨʘ ʧʦʜʘʶʪʩʷ ʥʘ ʧʴʝʟʦʧʨʝʦʙʨʘʟʦʚʘʪʝʣʴ, 

ʢʦʪʦʨʳʤ ʚ ʫʩʪʘʥʦʚʢʝ U-Sonic ʩʣʫʞʠʪ ʧʣʘʩʪʠʥʢʘ ʥʠʦʙʘʪʘ ʣʠʪʠʷ (LiNbO3). ʈʝʟʦʥʘʥʩʥʳʝ 

ʯʘʩʪʦʪʳ ʜʣʷ ʍ ʠ Y ʩʨʝʟʦʚ (ʛʝʥʝʨʠʨʫʶʱʠʭ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʧʨʦʜʦʣʴʥʳʝ ʠ ʧʦʧʝʨʝʯʥʳʝ 

ʫʣʴʪʨʘʟʚʫʢʦʚʳʝ ʚʦʣʥʳ) 10 ʠ 5 ʄɻʮ. ɺʳʭʦʜ ʛʝʥʝʨʘʪʦʨʘ ʩʚʷʟʘʥ ʩ ʢʘʥʘʣʦʤ ç0è 

ʦʩʮʠʣʣʦʛʨʘʬʘ. ɼʣʷ ʨʝʛʠʩʪʨʘʮʠʠ ʦʪʨʘʞʝʥʥʳʭ ʠ ʧʨʦʰʝʜʰʠʭ ʯʝʨʝʟ ʩʙʦʨʢʫ ʩʠʛʥʘʣʦʚ 

ʠʩʧʦʣʴʟʫʝʪʩʷ ʜʚʫʭʢʘʥʘʣʴʥʳʡ ʦʩʮʠʣʣʦʛʨʘʬ NI PXI-5122, ʪʝʭʥʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ 

ʢʦʪʦʨʦʛʦ ʧʨʠʚʝʜʝʥʳ ʚ ʪʘʙʣʠʮʝ 2: 

ʊʘʙʣʠʮʘ 2. ʊʝʭʥʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʦʩʮʠʣʣʦʛʨʘʬʘ NI PXI-5122 

ʂʦʣʠʯʝʩʪʚʦ ʢʘʥʘʣʦʚ 2, ʦʜʥʦʚʨʝʤʝʥʥʦʡ ʦʮʠʬʨʦʚʢʠ 

ʈʘʟʨʝʰʘʶʱʘʷ ʩʧʦʩʦʙʥʦʩʪʴ ɸʎʇ 14 ʙʠʪ 

ʄʘʢʩʠʤʘʣʴʥʘʷ ʯʘʩʪʦʪʘ ʜʠʩʢʨʝʪʠʟʘʮʠʠ 100Ĭ106 ʚʳʙ/ʩʝʢ 

ʄʘʢʩʠʤʘʣʴʥʘʷ ʯʘʩʪʦʪʘ ʜʠʩʢʨʝʪʠʟʘʮʠʠ ʚ 

ʨʝʞʠʤʝ ʩʪʨʦʙʠʨʦʚʘʥʠʷ 
2000Ĭ106 ʚʳʙ/ʩʝʢ 

ʇʦʣʦʩʘ ʧʨʦʧʫʩʢʘʥʠʷ 100 ʄɻʮ 

ʊʦʯʥʦʩʪʴ ʠʟʤʝʨʝʥʠʷ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ 

ʚʳʙʦʨʘ ʰʢʘʣʳ ʤʘʢʩʠʤʘʣʴʥʦʡ ʘʤʧʣʠʪʫʜʳ: 

200 ʤɺ, 400 ʤɺ, 1 V, 2 ɺ 

4 V, 10 ɺ 

20 ɺ 

 

 

Ñ0.65% of input Ñ1.0 ʤɺ 

Ñ0.65% of input Ñ8.0 ʤɺ 

Ñ0.65% of input Ñ10.0 ʤɺ 

  

ɼʣʷ ʠʟʤʝʨʝʥʠʷ ʪʝʤʧʝʨʘʪʫʨʳ ʦʙʨʘʟʮʘ ʠ ʦʢʨʫʞʘʶʱʠʭ ʝʛʦ ʜʝʪʘʣʝʡ ʩʙʦʨʢʠ 

ʠʩʧʦʣʴʟʫʝʪʩʷ ʤʥʦʛʦʬʫʥʢʮʠʦʥʘʣʴʥʳʡ ʤʦʜʫʣʴ NI PXI-6251. ɹʳʩʪʨʦʜʝʡʩʪʚʫʶʱʠʝ ʧʣʘʪʳ 

ʩʙʦʨʘ ʜʘʥʥʳʭ ʄ-ʩʝʨʠʠ ʧʨʝʜʥʘʟʥʘʯʝʥʳ ʜʣʷ ʚʳʩʦʢʦʪʦʯʥʳʭ ʠʟʤʝʨʝʥʠʡ ʧʨʠ ʨʘʙʦʪʝ ʥʘ 

ʙʦʣʴʰʠʭ ʯʘʩʪʦʪʘʭ ʜʠʩʢʨʝʪʠʟʘʮʠʠ (ʊʘʙʣʠʮʘ 3). ɼʣʷ ʫʜʦʙʩʪʚʘ ʧʦʜʢʣʶʯʝʥʠʝ ʪʝʨʤʦʧʘʨ ʢ 

ʤʦʜʫʣʶ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʯʝʨʝʟ ʪʝʨʤʠʥʘʣʴʥʳʡ ʙʣʦʢ NI TB-2706. 
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ʊʘʙʣʠʮʘ 3. ʊʝʭʥʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʤʦʜʫʣʷ NI PXI-6251 

ɸʥʘʣʦʛʦʚʳʝ ʚʭʦʜʳ (ʚʩʝʛʦ) 16 

ɸʥʘʣʦʛʦʚʳʝ ʚʭʦʜʳ (ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʳʡ ʨʝʞʠʤ) 8 

ʏʘʩʪʦʪʘ ʦʮʠʬʨʦʚʢʠ ʩʠʛʥʘʣʦʚ 1.25 ʄɻʮ 

ʏʘʩʪʦʪʘ ʦʮʠʬʨʦʚʢʠ ʩʠʛʥʘʣʦʚ ʚ ʤʥʦʛʦʢʘʥʘʣʴʥʦʤ ʨʝʞʠʤʝ 1 ʄɻʮ 

ʈʘʟʨʝʰʘʶʱʘʷ ʩʧʦʩʦʙʥʦʩʪʴ ɸʎʇ 16 ʙʠʪ 

ʄʘʢʩʠʤʘʣʴʥʦʝ ʚʭʦʜʥʦʝ ʥʘʧʨʷʞʝʥʠʝ Ñ10 ɺ 

ʇʦʛʨʝʰʥʦʩʪʴ ʠʟʤʝʨʝʥʠʷ ʥʘʧʨʷʞʝʥʠʷ 52 ʤʢɺ 

ɸʥʘʣʦʛʦʚʳʝ ʚʳʭʦʜʳ 2 

ʈʘʟʨʝʰʘʶʱʘʷ ʩʧʦʩʦʙʥʦʩʪʴ ʎɸʇ 16 ʙʠʪ 

ʄʘʢʩʠʤʘʣʴʥʘʷ ʯʘʩʪʦʪʘ ʨʘʙʦʪʳ ʎɸʇ 2.8 ʄɻʮ 

ʎʠʬʨʦʚʳʝ ʢʘʥʘʣʳ 24 

 

ʋʧʨʘʚʣʷʶʱʘʷ ʧʨʦʛʨʘʤʤʘ ʧʦʟʚʦʣʷʝʪ ʟʘʧʠʩʘʪʴ ʚ ʬʘʡʣ ʟʥʘʯʝʥʠʷ ʜʘʚʣʝʥʠʷ, 

ʪʝʤʧʝʨʘʪʫʨʳ, ʚʨʝʤʝʥʠ ʧʨʦʙʝʛʘ ʫʣʴʪʨʘʟʚʫʢʦʚʦʡ ʚʦʣʥʳ, ʜʣʠʥʳ ʦʙʨʘʟʮʘ, ʘ ʪʘʢʞʝ 

ʘʤʧʣʠʪʫʜʳ ʧʨʦʰʝʜʰʝʛʦ ʩʠʛʥʘʣʘ. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʜʘʥʥʳʝ, ʜʦʧʦʣʥʝʥʥʳʝ 

ʠʟʤʝʨʝʥʠʷʤʠ ʜʣʠʥʳ ʦʙʨʘʟʮʘ ʠ ʩʢʦʨʦʩʪʠ ʟʚʫʢʘ ʧʨʠ ʥʦʨʤʘʣʴʥʳʭ ʫʩʣʦʚʠʷʭ, ʧʦʟʚʦʣʷʶʪ 

ʨʘʩʩʯʠʪʘʪʴ ʨʝʘʣʴʥʫʶ ʜʣʠʥʫ ʦʙʨʘʟʮʘ l(p,T) ʠ t(p,T) ï ʨʝʘʣʴʥʦʝ ʚʨʝʤʷ ʧʨʦʭʦʞʜʝʥʠʷ 

ʟʚʫʢʦʚʦʡ ʚʦʣʥʳ ʯʝʨʝʟ ʦʙʨʘʟʝʮ ʧʦʜ ʜʘʚʣʝʥʠʝʤ. ʀʟ ʟʘʚʠʩʠʤʦʩʪʝʡ ʜʣʠʥʳ ʠ ʚʨʝʤʝʥʠ 

ʧʨʦʙʝʛʘ ʧʦʣʫʯʝʥʘ ʟʘʚʠʩʠʤʦʩʪʴ ʩʢʦʨʦʩʪʠ ʫʣʴʪʨʘʟʚʫʢʦʚʦʡ ʚʦʣʥʳ v: 

( , )
( , )

( , )

l p T
v p T

t p T
=      (2.1) 

ʛʜʝ: 

0 exp( , ) nl p T l l ld= - +,   ʠ   
0

0
exp( , ) n

l

l
t p T t t

v
d= - + ,  (2.2) 

ʘ l0 ʠ vl0 ï ʜʣʠʥʘ ʦʙʨʘʟʮʘ ʠ ʩʢʦʨʦʩʪʴ ʫʣʴʪʨʘʟʚʫʢʘ ʧʨʠ p=0 ɻʇʘ ʠ ʠʩʭʦʜʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ. 

ʇʦʧʨʘʚʢʠ ʢ ʠʟʤʝʨʷʝʤʳʤ ʚʝʣʠʯʠʥʘʤ ʟʘ ʩʯʝʪ ʠʟʤʝʥʝʥʠʷ ʨʘʟʤʝʨʦʚ ʠ ʩʚʦʡʩʪʚ ʧʫʘʥʩʦʥʦʚ 

ʙʳʣʠ ʦʧʨʝʜʝʣʝʥʳ ʚ ʦʪʜʝʣʴʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʘʭ: dln = 0.16p ʠ dtn = 0.09p (ʧʨʠ ʠʟʤʝʨʝʥʠʠ 

vl) ʠ dtn = 0.07p (ʧʨʠ ʠʟʤʝʨʝʥʠʠ vt). 

ʆʪʥʦʩʠʪʝʣʴʥʳʡ ʦʙʲʸʤ ʠ ʧʣʦʪʥʦʩʪʴ ʠʩʩʣʝʜʫʝʤʦʛʦ ʚʝʱʝʩʪʚʘ ʦʧʨʝʜʝʣʷʝʤ ʧʦ 

ʬʦʨʤʫʣʘʤ (ʚ ʧʨʠʙʣʠʞʝʥʠʠ ʧʦʩʪʦʷʥʥʦʡ ʧʣʦʱʘʜʠ ʩʝʯʝʥʠʷ): 
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 .   (2.3) 

ɺ ʧʨʠʙʣʠʞʝʥʠʠ ʩʧʣʦʰʥʦʡ ʩʨʝʜʳ ʤʦʞʥʦ ʧʦʣʫʯʠʪʴ ʟʘʚʠʩʠʤʦʩʪʠ ʫʧʨʫʛʠʭ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʠʩʩʣʝʜʫʝʤʦʛʦ ʚʝʱʝʩʪʚʘ: ʤʦʜʫʣʷ ʩʜʚʠʛʘ, ʤʦʜʫʣʷ ʦʙʲʝʤʥʦʛʦ ʩʞʘʪʠʷ, 

ʤʦʜʫʣʷ ʧʨʦʜʦʣʴʥʦʛʦ ʩʞʘʪʠʷ, ʤʦʜʫʣʷ ʖʥʛʘ, ʢʦʵʬʬʠʮʠʝʥʪʘ ʇʫʘʩʩʦʥʘ. 

ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʪʝʤʧʝʨʘʪʫʨʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʜʣʠʥʳ ʦʙʨʘʟʮʘ lexp(T) ʠ 

ʚʨʝʤʝʥʠ ʧʨʦʭʦʞʜʝʥʠʷ ʚʦʣʥʳ ʚ ʦʙʨʘʟʮʝ texp(T) ʧʦʟʚʦʣʷʶʪ ʘʥʘʣʦʛʠʯʥʳʤ ʦʙʨʘʟʦʤ 

ʨʘʩʩʯʠʪʘʪʴ ʟʘʚʠʩʠʤʦʩʪʠ ʜʣʠʥʳ ʦʙʨʘʟʮʘ l(T) ʠ ʚʨʝʤʝʥʠ ʧʨʦʭʦʞʜʝʥʠʷ ʫʣʴʪʨʘʟʚʫʢʦʚʦʡ 

ʚʦʣʥʳ ʯʝʨʝʟ ʦʙʨʘʟʝʮ t(T). ʉʦʦʪʚʝʪʩʪʚʝʥʥʦ ʤʦʛʫʪ ʙʳʪʴ ʦʧʨʝʜʝʣʝʥʳ ʠʟʦʙʘʨʠʯʝʩʢʠʝ 

ʟʘʚʠʩʠʤʦʩʪʠ ʩʢʦʨʦʩʪʠ ʟʚʫʢʘ, ʧʣʦʪʥʦʩʪʠ ʠ ʤʦʜʫʣʝʡ ʫʧʨʫʛʦʩʪʠ. 

ʈʘʩʩʤʦʪʨʠʤ ʠʥʩʪʨʫʤʝʥʪʘʣʴʥʳʝ ʧʦʛʨʝʰʥʦʩʪʠ ʦʧʨʝʜʝʣʝʥʠʷ ʩʢʦʨʦʩʪʠ ʟʚʫʢʘ. 

ʍʘʨʘʢʪʝʨʥʳʝ ʦʪʥʦʩʠʪʝʣʴʥʳʝ ʧʦʛʨʝʰʥʦʩʪʠ ʠʟʤʝʨʝʥʠʡ ʩʦʩʪʘʚʣʷʶʪ: ʜʣʷ ʜʣʠʥʳ ʦʙʨʘʟʮʘ 

ŭL=0.001ʤʤ/7ʤʤ=1.43Ā10-4, ʜʣʷ ʚʨʝʤʝʥʠ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʛʦ ʤʘʢʩʠʤʫʤʫ ʧʠʢʘ, 

ŭt=1ʥʩ/2ʤʢʩ=5Ā10
-4. ʊʦ ʝʩʪʴ ʧʨʠ ʠʟʤʝʨʝʥʠʷʭ ʚ ʥʦʨʤʘʣʴʥʳʭ ʫʩʣʦʚʠʷʭ ŭv=10-3: ʧʨʠ 

v=3.5 ʢʤ/ʩ ʦʰʠʙʢʘ ʩʦʩʪʘʚʣʷʝʪ ȹv=3.5 ʤ/ʩ. ʇʨʠ ʠʟʤʝʨʝʥʠʷʭ ʧʦʜ ʜʘʚʣʝʥʠʝʤ ʭʘʨʘʢʪʝʨ 

ʠʥʩʪʨʫʤʝʥʪʘʣʴʥʳʭ ʧʦʛʨʝʰʥʦʩʪʝʡ ʫʩʣʦʞʥʷʝʪʩʷ: ʚʚʦʜʷʪʩʷ ʧʦʧʨʘʚʢʠ ʧʦ ʜʣʠʥʝ ʠ ʚʨʝʤʝʥʠ, 

ʫʯʠʪʳʚʘʶʱʠʝ ʜʝʬʦʨʤʘʮʠʶ ʧʦʨʰʥʝʡ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʧʦʛʨʝʰʥʦʩʪʴ ʦʧʨʝʜʝʣʝʥʠʷ ʩʢʦʨʦʩʪʠ 

ʟʚʫʢʘ ʚʦʟʨʘʩʪʘʝʪ ʜʦ ŭv-på2.5Ā10
-3. ʅʘʠʙʦʣʴʰʠʡ ʚʢʣʘʜ ʚ ʧʦʛʨʝʰʥʦʩʪʴ ʠʟʤʝʨʝʥʠʡ ʩʚʷʟʘʥ ʩ 

ʪʨʝʥʠʝʤ ʚ ʢʘʤʝʨʝ. ʅʘʧʦʤʥʠʤ, ʯʪʦ ʚʝʣʠʯʠʥʘ ʦʰʠʙʢʠ ʠʟʤʝʨʝʥʠʷ ʘʙʩʦʣʶʪʥʦʡ ʚʝʣʠʯʠʥʳ 

ʜʘʚʣʝʥʠʷ ʩʦʩʪʘʚʣʷʝʪ å1%. 

ʄʝʪʦʜʠʯʝʩʢʠʝ ʧʦʛʨʝʰʥʦʩʪʠ ʠʟʤʝʨʝʥʠʡ ʤʦʛʫʪ ʙʳʪʴ ʩʚʷʟʘʥʳ ʩʦ ʩʢʣʝʡʢʦʡ 

ʧʴʝʟʦʧʨʝʦʙʨʘʟʦʚʘʪʝʣʝʡ, ʛʝʦʤʝʪʨʠʝʡ ʦʙʨʘʟʮʘ (ʥʘʧʨʠʤʝʨ, ʩ ʥʝʜʦʩʪʘʪʦʯʥʦʡ ʩʪʝʧʝʥʴʶ 

ʧʣʦʩʢʦʧʘʨʘʣʣʝʣʴʥʦʩʪʠ ʛʨʘʥʠʮ ʧʫʘʥʩʦʥ-ʦʙʨʘʟʝʮ), ʘ ʪʘʢʞʝ ʘʢʫʩʪʠʯʝʩʢʠʤʠ ʩʚʦʡʩʪʚʘʤʠ 

ʚʝʱʝʩʪʚʘ ʧʫʘʥʩʦʥʦʚ ʠ ʦʙʨʘʟʮʘ. 

ʆʮʝʥʠʤ ʦʰʠʙʢʫ, ʩʚʷʟʘʥʥʫʶ ʩʦ ʩʜʚʠʛʦʤ ʬʘʟʳ ʫʣʴʪʨʘʟʚʫʢʦʚʦʡ ʚʦʣʥʳ, 

ʦʙʫʩʣʦʚʣʝʥʥʳʤ ʨʘʟʥʠʮʝʡ ʘʢʫʩʪʠʯʝʩʢʠʭ ʠʤʧʝʜʘʥʩʦʚ ʜʚʫʭ ʩʨʝʜ. ʈʝʰʝʥʠʝ ʫʨʘʚʥʝʥʠʷ 

ɻʝʣʴʤʛʦʣʴʮʘ ʜʣʷ ʩʤʝʱʝʥʠʷ ɖ ʯʘʩʪʠʮ [22], ʠʤʝʶʱʝʛʦ ʚʠʜ: 

2 2

2 2
L

x t

h h
r*µ µ
=

µ µ
,     (2.4) 
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ʛʜʝ L ï ʢʦʤʧʣʝʢʩʥʳʡ ʧʨʦʜʦʣʴʥʳʡ ʤʦʜʫʣʴ, ʧʨʝʜʩʪʘʚʠʤ ʚ ʚʠʜʝ: 

0

Ax jBx i te e ewh h- -= ,     (2.5) 

ʛʜʝ ɸ ï ʢʦʵʬʬʠʮʠʝʥʪ ʟʘʪʫʭʘʥʠʷ ʟʚʫʢʦʚʦʡ ʚʦʣʥʳ, ʘ B=ɤ/vl ï ʬʘʟʦʚʘʷ ʧʦʩʪʦʷʥʥʘʷ. ʊʦʛʜʘ 

ʨʝʘʣʴʥʫʶ ʠ ʤʥʠʤʫʶ ʯʘʩʪʠ ʧʨʦʜʦʣʴʥʦʛʦ ʤʦʜʫʣʷ ʤʦʞʥʦ ʚʳʨʘʟʠʪʴ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ: 
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,  (2.6) 

ɸʢʫʩʪʠʯʝʩʢʠʡ ʠʤʧʝʜʘʥʩ ʦʧʨʝʜʝʣʷʝʪʩʷ ʢʘʢ ʦʪʥʦʰʝʥʠʝ ʘʢʫʩʪʠʯʝʩʢʦʛʦ ʜʘʚʣʝʥʠʷ ʢ 

ʢʦʣʝʙʘʪʝʣʴʥʦʡ ʩʢʦʨʦʩʪʠ ʯʘʩʪʠʮ [22]: 
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.    (2.7) 

ʂʦʵʬʬʠʮʠʝʥʪʳ ʦʪʨʘʞʝʥʠʷ ʠ ʧʨʦʧʫʩʢʘʥʠʷ ʛʨʘʥʠʮʳ ʨʘʟʜʝʣʘ ʜʚʫʭ ʩʨʝʜ 

ʦʧʨʝʜʝʣʷʶʪʩʷ ʯʝʨʝʟ ʚʝʣʠʯʠʥʳ ʠʤʧʝʜʘʥʩʦʚ ʚʳʨʘʞʝʥʠʷʤʠ: 
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ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʤʦʞʥʦ ʩʜʝʣʘʪʴ ʚʳʚʦʜ, ʯʪʦ ʧʨʠ ʩʨʘʚʥʝʥʠʠ ʧʝʨʚʦʡ ʚʦʣʥʳ, 

ʧʨʦʰʝʜʰʝʡ ʯʝʨʝʟ ʩʙʦʨʢʫ ʙʝʟ ʦʪʨʘʞʝʥʠʡ (ʤʝʪʦʜ ʧʦ ʩʤʝʱʝʥʠʶ ʧʠʢʘ), ʩʜʚʠʛʘ ʬʘʟʳ ʥʝ 

ʚʦʟʥʠʢʘʝʪ. ʅʘʧʨʦʪʠʚ, ʧʨʠ ʩʨʘʚʥʝʥʠʠ ʧʝʨʚʦʡ ʠ ʚʪʦʨʦʡ ʚʦʣʥʳ (ʜʚʘʞʜʳ ʦʪʨʘʞʝʥʥʦʡ ʦʪ 

ʛʨʘʥʠʮ ʦʙʨʘʟʝʮ-ʧʫʘʥʩʦʥ) ʚʦʟʥʠʢʘʝʪ ʩʜʚʠʛ ʬʘʟʳ, ʢʦʪʦʨʳʡ ʧʨʦʧʦʨʮʠʦʥʘʣʝʥ ʚʝʣʠʯʠʥʝ 

( )2 /larctg Av w. ʆʮʝʥʢʠ ʩʜʚʠʛʘ ʬʘʟʳ ʜʣʷ ʪʠʧʠʯʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʜʘʶʪ ʟʥʘʯʝʥʠʷ 

ʤʝʥʝʝ ʦʜʥʦʛʦ ʛʨʘʜʫʩʘ, ʯʪʦ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʩʜʚʠʛʫ ʧʦ ʚʨʝʤʝʥʠ å0.3 ʥʩ ʠ ʩʫʱʝʩʪʚʝʥʥʦ 

ʥʠʞʝ ʚʚʝʜʝʥʥʳʭ ʨʘʥʝʝ ʧʦʧʨʘʚʦʢ. ɸʥʘʣʦʛʠʯʥʳʝ ʨʘʩʩʫʞʜʝʥʠʷ ʤʦʞʥʦ ʧʨʠʚʝʩʪʠ ʜʣʷ 

ʚʳʯʠʩʣʝʥʠʡ ʤʦʜʫʣʷ G ʧʨʠ ʠʟʤʝʨʝʥʠʠ ʩʢʦʨʦʩʪʠ ʧʦʧʝʨʝʯʥʦʡ ʚʦʣʥʳ vt. 
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ɻʣʘʚʘ 3 ɺʣʠʷʥʠʝ ʚʦʜʦʨʦʜʥʳʭ ʩʚʷʟʝʡ ʥʘ ʫʧʨʫʛʠʝ ʩʚʦʡʩʪʚʘ 

ʤʦʣʝʢʫʣʷʨʥʳʭ ʛʣʘʩʩʬʦʨʤʝʨʦʚ 

3.1 ʉʠʩʪʝʤʳ ʩ ʚʦʜʦʨʦʜʥʳʤʠ ʩʚʷʟʷʤʠ ʠ ʙʝʟ ʥʠʭ (ʛʣʠʮʝʨʠʥ ʠ 

ʧʨʦʧʠʣʝʥʢʘʨʙʦʥʘʪ)  

ʆʩʥʦʚʥʳʝ ʯʝʨʪʳ ʩʪʨʫʢʪʫʨʥʳʭ, ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠʭ ʠ ʜʠʥʘʤʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ 

ʤʦʣʝʢʫʣʷʨʥʳʭ ʛʣʘʩʩʬʦʨʤʝʨʦʚ ʢʘʢ ʚ ʞʠʜʢʦʤ, ʪʘʢ ʠ ʚ ʩʪʝʢʣʦʦʙʨʘʟʥʦʤ ʩʦʩʪʦʷʥʠʷʭ 

ʦʧʨʝʜʝʣʷʶʪʩʷ ʤʝʞʤʦʣʝʢʫʣʷʨʥʳʤ ʧʦʪʝʥʮʠʘʣʦʤ. ʈʘʟʨʘʙʦʪʘʥʥʳʝ ʚ ʧʦʩʣʝʜʥʝʝ ʚʨʝʤʷ 

ʵʤʧʠʨʠʯʝʩʢʠʝ ʤʦʜʝʣʠ ʩʠʣʦʚʳʭ ʧʦʣʝʡ ʜʣʷ ʚʥʫʪʨʠ- ʠ ʤʝʞʤʦʣʝʢʫʣʷʨʥʳʭ ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ 

ʚ ʦʨʛʘʥʠʯʝʩʢʠʭ ʠ ʤʦʣʝʢʫʣʷʨʥʳʭ ʩʦʝʜʠʥʝʥʠʷʭ ʚʢʣʶʯʘʶʪ ʩʫʤʤʠʨʦʚʘʥʠʝ ʧʦ ʚʩʝʤ 

ʘʪʦʤʘʤ, ʫʯʠʪʳʚʘʷ ʧʘʨʥʳʝ ʧʦʪʝʥʮʠʘʣʳ, ʵʣʝʢʪʨʦʩʪʘʪʠʯʝʩʢʠʝ ʚʢʣʘʜʳ ʠ ʩʠʣʳ ʢʨʫʯʝʥʠʷ ʚ 

ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʜʚʫʛʨʘʥʥʳʭ ʫʛʣʦʚ. ɼʣʷ ʚʦʜʦʨʦʜʥʳʭ ʩʚʷʟʝʡ ʦʙʳʯʥʦ ʚʚʦʜʷʪʩʷ 

ʜʦʧʦʣʥʠʪʝʣʴʥʳʝ ʫʩʣʦʚʠʷ ʜʣʷ ʧʘʨʥʳʭ ʧʦʪʝʥʮʠʘʣʦʚ [25-27]. ʕʤʧʠʨʠʯʝʩʢʠʝ ʧʦʪʝʥʮʠʘʣʳ 

[25, 26, 28] ʜʣʷ  ʘʪʤʦʩʬʝʨʥʦʛʦ ʜʘʚʣʝʥʠʷ ʤʦʛʫʪ ʩʪʘʪʴ ʥʝʢʦʨʨʝʢʪʥʳʤʠ ʧʨʠ ʚʳʩʦʢʠʭ 

ʜʘʚʣʝʥʠʷʭ ʠʟ-ʟʘ, ʥʘʧʨʠʤʝʨ, ʥʝʜʦʩʪʘʪʦʯʥʦ ʪʦʯʥʦʛʦ ʦʧʠʩʘʥʠʷ ʦʪʪʘʣʢʠʚʘʶʱʝʡ ʯʘʩʪʠ 

ʧʘʨʥʦʛʦ ʧʦʪʝʥʮʠʘʣʘ, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʢʚʘʥʪʦʚʳʡ ʨʘʩʯʝʪ [29, 30] ʝʱʝ ʜʦʣʞʝʥ 

ʧʦʜʪʚʝʨʞʜʘʪʴʩʷ ʵʢʩʧʝʨʠʤʝʥʪʦʤ.  

ʆʜʥʘ ʠʟ ʮʝʣʝʡ ʥʘʩʪʦʷʱʝʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ ï ʠʟʫʯʝʥʠʝ ʨʦʣʠ ʚʦʜʦʨʦʜʥʳʭ ʩʚʷʟʝʡ ʚ 

ʫʧʨʫʛʦʩʪʠ ʤʦʣʝʢʫʣʷʨʥʳʭ ʦʨʛʘʥʠʯʝʩʢʠʭ ʛʣʘʩʩʬʦʨʤʝʨʘʭ ʧʦʜ ʜʘʚʣʝʥʠʝʤ. ʕʥʝʨʛʠʷ 

ʚʦʜʦʨʦʜʥʦʡ ʩʚʷʟʠ [31] ʟʥʘʯʠʪʝʣʴʥʦ ʥʠʞʝ ʵʥʝʨʛʠʡ ʠʦʥʥʦʛʦ ʠ ʢʦʚʘʣʝʥʪʥʦʛʦ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ, ʥʦ ʚ ʥʝʩʢʦʣʴʢʦ ʨʘʟ ʧʨʝʚʳʰʘʝʪ ʪʠʧʠʯʥʫʶ ʵʥʝʨʛʠʶ ʤʝʞʤʦʣʝʢʫʣʷʨʥʳʭ 

ʩʠʣ ɺʘʥ-ʜʝʨ-ɺʘʘʣʴʩʘ, ʬʦʨʤʠʨʫʶʱʠʭ ʦʩʥʦʚʥʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʚ ʤʦʣʝʢʫʣʷʨʥʳʭ 

ʚʝʱʝʩʪʚʘʭ. ʉʦ ʩʪʨʫʢʪʫʨʥʦʡ ʪʦʯʢʠ ʟʨʝʥʠʷ ʚʦʜʦʨʦʜʥʳʝ ʩʚʷʟʠ ʤʦʛʫʪ ʚʣʠʷʪʴ ʥʘ 

ʦʨʠʝʥʪʘʮʠʦʥʥʳʝ ʢʦʨʨʝʣʷʮʠʠ ʤʝʞʜʫ ʩʦʩʝʜʥʠʤʠ ʤʦʣʝʢʫʣʘʤʠ ʚ ʞʠʜʢʦʩʪʠ ʠ ʥʘ ʙʣʠʞʥʠʡ 

ʦʨʠʝʥʪʘʮʠʦʥʥʳʡ ʧʦʨʷʜʦʢ ʤʦʣʝʢʫʣ ʚ ʩʪʝʢʣʝ. 

ɼʣʷ ʩʨʘʚʥʠʪʝʣʴʥʦʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ ʚʝʱʝʩʪʚ ʩ ʚʦʜʦʨʦʜʥʳʤʠ ʩʚʷʟʷʤʠ ʠ ʙʝʟ ʥʠʭ 

ʙʳʣʠ ʚʳʙʨʘʥʳ ʛʣʠʮʝʨʠʥ C3H8O3 ʠ ʧʨʦʧʠʣʝʥʢʘʨʙʦʥʘʪ (ʇʂ) C4H6O3 (ʨʠʩ. 7). ʆʙʘ 

ʚʝʱʝʩʪʚʘ ʠʤʝʶʪ ʜʦʚʦʣʴʥʦ ʩʭʦʞʠʝ ʭʠʤʠʯʝʩʢʠʝ ʬʦʨʤʫʣʳ, ʨʘʟʤʝʨʳ ʠ ʤʘʩʩʳ ʤʦʣʝʢʫʣ, 

ʧʣʦʪʥʦʩʪʠ ʠ ʪʝʤʧʝʨʘʪʫʨʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʧʣʦʪʥʦʩʪʠ ɟ(T), ʘ ʪʘʢʞʝ ʥʝ ʢʘʨʜʠʥʘʣʴʥʦ  
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ʨʘʟʣʠʯʘʶʱʠʝʩʷ ʪʝʤʧʝʨʘʪʫʨʳ 

ʩʪʝʢʣʦʚʘʥʠʷ (å157 K ʜʣʷ ʇʂ ʠ å187 K 

ʜʣʷ ʛʣʠʮʝʨʠʥʘ) [32-37]. ʉʣʝʜʫʝʪ ʪʘʢʞʝ  

ʦʪʤʝʪʠʪʴ ʦʪʩʫʪʩʪʚʠʝ ʚʳʨʘʞʝʥʥʦʡ 

ʚʪʦʨʠʯʥʦʡ ʨʝʣʘʢʩʘʮʠʠ ʚ 

ʧʝʨʝʦʭʣʘʞʜʝʥʥʳʭ ʞʠʜʢʦʩʪʷʭ ʧʨʠ 

ʘʪʤʦʩʬʝʨʥʦʤ ʜʘʚʣʝʥʠʠ [32, 35, 38-41]. 

ɺ ʪʦ ʞʝ ʚʨʝʤʷ ʢʘʞʜʘʷ ʤʦʣʝʢʫʣʘ ʛʣʠʮʝʨʠʥʘ ʠʤʝʝʪ 3 ʛʠʜʨʦʢʩʠʣʴʥʳʝ OH-ʛʨʫʧʧʳ (ʨʠʩ. 7), 

ʢʦʪʦʨʳʝ ʤʦʛʫʪ ʦʨʛʘʥʠʟʦʚʘʪʴ ʜʦʩʪʘʪʦʯʥʦ ʩʠʣʴʥʳʝ ʚʦʜʦʨʦʜʥʳʝ ʩʚʷʟʠ O-H---O (ʟʜʝʩʴ O-

H ʷʚʣʷʝʪʩʷ ʜʦʥʦʨʦʤ ʧʨʦʪʦʥʦʚ, ʘ O ï ʘʢʮʝʧʪʦʨʦʤ) ʤʝʞʜʫ ʤʦʣʝʢʫʣʘʤʠ. ɼʝʡʩʪʚʠʪʝʣʴʥʦ, 

ʦʨʪʦʨʦʤʙʠʯʝʩʢʘʷ ʢʨʠʩʪʘʣʣʠʯʝʩʢʘʷ ʬʘʟʘ ʛʣʠʮʝʨʠʥʘ [42] ʠʤʝʝʪ ʙʝʩʢʦʥʝʯʥʳʝ ʮʝʧʦʯʢʠ ʠʟ 

ʚʦʜʦʨʦʜʥʳʭ ʩʚʷʟʝʡ, ʧʨʠʯʝʤ ʢʘʞʜʳʡ ʘʪʦʤ ʢʠʩʣʦʨʦʜʘ ʫʯʘʩʪʚʫʝʪ ʚ ʜʚʫʭ ʚʦʜʦʨʦʜʥʳʭ 

ʩʚʷʟʷʭ ï ʠ ʢʘʢ ʜʦʥʦʨ, ʠ ʢʘʢ ʘʢʮʝʧʪʦʨ [43]. ʂʦʤʧʴʶʪʝʨʥʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʞʠʜʢʦʛʦ 

ʛʣʠʮʝʨʠʥʘ ʧʦʢʘʟʳʚʘʝʪ, ʯʪʦ ʢʘʞʜʘʷ ʤʦʣʝʢʫʣʘ ʠʤʝʝʪ ʚ ʩʨʝʜʥʝʤ 5.7 ʚʦʜʦʨʦʜʥʳʭ ʩʚʷʟʝʡ 

[44]. ɺ ʦʪʣʠʯʠʝ ʦʪ ʛʣʠʮʝʨʠʥʘ, ʪʨʠ ʘʪʦʤʘ ʢʠʩʣʦʨʦʜʘ ʚ ʤʦʣʝʢʫʣʝ ʇʂ ʩʚʷʟʘʥʳ ʪʦʣʴʢʦ ʩ 

ʫʛʣʝʨʦʜʦʤ ʚ ʤʦʣʝʢʫʣʷʨʥʦʤ ʩʢʝʣʝʪʝ (ʨʠʩ.1), ʠ ʤʦʞʥʦ ʦʞʠʜʘʪʴ ʦʙʨʘʟʦʚʘʥʠʷ ʣʠʰʴ ʦʯʝʥʴ 

ʩʣʘʙʳʭ ʚʦʜʦʨʦʜʥʳʭ ʩʚʷʟʝʡ C-H---O, ʵʥʝʨʛʠʷ [31, 45] ʢʦʪʦʨʳʭ ʚʝʩʴʤʘ ʙʣʠʟʢʘ ʢ ʵʥʝʨʛʠʠ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ɺʘʥ-ʜʝʨ-ɺʘʘʣʴʩʘ. ʀʟ-ʟʘ ʨʘʟʥʠʮʳ ʚ ʪʠʧʝ ʩʚʷʟʝʡ ʩʢʦʨʦʩʪʴ ʧʨʦʜʦʣʴʥʳʭ 

ʫʣʴʪʨʘʟʚʫʢʦʚʳʭ ʚʦʣʥ ʚ ʞʠʜʢʦʤ ʛʣʠʮʝʨʠʥʝ ʚ å1.5 ʨʘʟʘ ʚʳʰʝ, ʯʝʤ ʚ ʇʂ [46-48]. 

ʉʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʤʦʜʫʣʴ ʦʙʲʝʤʥʦʡ ʫʧʨʫʛʦʩʪʠ ʞʠʜʢʦʛʦ ʛʣʠʮʝʨʠʥʘ ʚʳʰʝ, ʯʝʤ ʫ ʇʂ, ʚ å2 

ʨʘʟʘ. ʈʘʟʣʠʯʥʳʝ ʫʧʨʫʛʠʝ ʩʚʦʡʩʪʚʘ ʦʙʝʠʭ ʞʠʜʢʦʩʪʝʡ ʦʪʨʘʞʘʶʪ ʦʞʠʜʘʝʤʫʶ ʨʘʟʥʠʮʫ ʚ 

ʤʝʞʤʦʣʝʢʫʣʷʨʥʳʭ ʧʦʪʝʥʮʠʘʣʘʭ ʩ ʩʫʱʝʩʪʚʝʥʥʳʤ ʚʢʣʘʜʦʤ ʚʦʜʦʨʦʜʥʳʭ ʩʚʷʟʝʡ ʠ ʙʝʟ 

ʥʝʛʦ. ʋʣʴʪʨʘʟʚʫʢʦʚʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʫʧʨʫʛʠʭ ʩʚʦʡʩʪʚ ʛʣʠʮʝʨʠʥʘ ʧʦʜ ʜʘʚʣʝʥʠʝʤ [49, 50] 

ʧʨʦʚʦʜʠʣʠʩʴ ʨʘʥʝʝ ʪʦʣʴʢʦ ʧʨʠ ʦʪʥʦʩʠʪʝʣʴʥʦ ʥʠʟʢʠʭ ʜʘʚʣʝʥʠʷʭ.  

ɺ ʜʘʥʥʦʤ ʧʘʨʘʛʨʘʬʝ ʧʨʝʜʩʪʘʚʣʝʥʦ ʩʨʘʚʥʝʥʠʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ, 

ʧʦʣʫʯʝʥʥʳʭ ʧʨʠ ʫʣʴʪʨʘʟʚʫʢʦʚʦʤ ʠʟʤʝʨʝʥʠʠ ʫʧʨʫʛʠʭ ʤʦʜʫʣʝʡ ʞʠʜʢʠʭ ʠ 

ʩʪʝʢʣʦʦʙʨʘʟʥʳʭ ʛʣʠʮʝʨʠʥʘ ʠ ʧʨʦʧʠʣʝʥʢʘʨʙʦʥʘʪʘ ʧʦʜ ʜʘʚʣʝʥʠʝʤ. ʋʣʴʪʨʘʟʚʫʢʦʚʦʡ 

ʤʝʪʦʜ ʦʙʝʩʧʝʯʠʚʘʝʪ ʧʨʷʤʦʝ ʪʦʯʥʦʝ ʠʟʤʝʨʝʥʠʝ ʤʦʜʫʣʝʡ ʫʧʨʫʛʦʩʪʠ, ʠʭ ʙʘʨʠʯʝʩʢʠʭ 

ʧʨʦʠʟʚʦʜʥʳʭ ʠ ʚʦʟʤʦʞʥʦʡ ʥʝʣʠʥʝʡʥʦʩʪʠ ʙʘʨʠʯʝʩʢʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ʤʦʜʫʣʷ. ɺʘʞʥʦ 

ʧʦʜʯʝʨʢʥʫʪʴ, ʯʪʦ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʨʦʧʠʣʝʥʢʘʨʙʦʥʘʪʘ ʠ ʛʣʠʮʝʨʠʥʘ 

 

ʈʠʩʫʥʦʢ 7. ʉʢʝʣʝʪʥʘʷ ʬʦʨʤʫʣʘ ʛʣʠʮʝʨʠʥʘ 

C3H8O3 ʠ ʧʨʦʧʠʣʝʥʢʘʨʙʦʥʘʪʘ C4H6O3 
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ʧʨʦʚʦʜʠʣʠʩʴ ʚ ʦʯʝʥʴ ʙʣʠʟʢʠʭ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʫʩʣʦʚʠʷʭ ʥʘ ʦʜʥʦʤ ʠ ʪʦʤ ʞʝ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʤ ʦʙʦʨʫʜʦʚʘʥʠʠ. ʀʟ-ʟʘ ʥʝʵʨʛʦʜʠʯʝʩʢʦʡ ʧʨʠʨʦʜʳ ʩʪʝʢʦʣ ʫʧʨʫʛʠʝ 

ʩʚʦʡʩʪʚʘ ʪʘʢʞʝ ʤʦʛʫʪ ʟʘʚʠʩʝʪʴ ʦʪ ʪʝʨʤʦʙʘʨʠʯʝʩʢʦʡ ʠʩʪʦʨʠʠ, ʯʪʦ ʙʫʜʝʪ ʧʦʜʨʦʙʥʝʝ 

ʨʘʩʩʤʦʪʨʝʥʦ ʚ ʯʝʪʚʝʨʪʦʡ ʛʣʘʚʝ.  

3.1.1 ʉʞʘʪʠʝ ʞʠʜʢʠʭ ʛʣʠʮʝʨʠʥʘ ʠ ʧʨʦʧʠʣʝʥʢʘʨʙʦʥʘʪʘ ʧʨʠ ʢʦʤʥʘʪʥʦʡ 

ʪʝʤʧʝʨʘʪʫʨʝ 

ʋʣʴʪʨʘʟʚʫʢʦʚʳʝ ʠʟʤʝʨʝʥʠʷ ʥʘ ʤʝʛʘʛʝʨʮʦʚʳʭ ʯʘʩʪʦʪʘʭ ʧʦʟʚʦʣʷʶʪ ʧʦʣʫʯʠʪʴ 

ʘʜʠʘʙʘʪʠʯʝʩʢʠʝ ʫʧʨʫʛʠʝ ʩʚʦʡʩʪʚʘ. ʈʘʟʥʠʮʘ ʤʝʞʜʫ ʠʟʦʪʝʨʤʠʯʝʩʢʠʤʠ BT ʠ 

ʘʜʠʘʙʘʪʠʯʝʩʢʠʤʠ BS ʤʦʜʫʣʷʤʠ ʦʙʲʝʤʥʦʡ ʫʧʨʫʛʦʩʪʠ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʨʘʚʥʘ 

å22% ʜʣʷ ʞʠʜʢʦʛʦ ʇʂ ʠ å14% ʜʣʷ ʞʠʜʢʦʛʦ ʛʣʠʮʝʨʠʥʘ. ɹʘʨʠʯʝʩʢʘʷ ʟʘʚʠʩʠʤʦʩʪʴ BS/BT 

ʨʘʩʩʯʠʪʳʚʘʣʘʩʴ ʧʦ ʜʘʥʥʳʤ ʦʙ ʦʙʲʝʤʥʦʤ ʪʝʧʣʦʚʦʤ ʨʘʩʰʠʨʝʥʠʠ ʛʣʠʮʝʨʠʥʘ ʠ ʇʂ ʧʦʜ 

ʜʘʚʣʝʥʠʝʤ [32]. ʅʘ ʨʠʩ. 8 (ʘ) ʧʨʝʜʩʪʘʚʣʝʥʘ ʟʘʚʠʩʠʤʦʩʪʴ ʠʟʦʪʝʨʤʠʯʝʩʢʦʛʦ ʦʙʲʝʤʥʦʛʦ 

ʤʦʜʫʣʷ BT ʦʪ ʜʘʚʣʝʥʠʷ (ʧʨʠ ʜʘʣʴʥʝʡʰʝʤ ʨʘʩʩʤʦʪʨʝʥʠʠ ʜʣʷ ʧʨʦʩʪʦʪʳ ʙʫʜʝʤ ʦʙʦʟʥʘʯʘʪʴ 

ʝʛʦ B), ʨʘʩʩʯʠʪʘʥʥʦʛʦ ʠʟ ʘʜʠʘʙʘʪʠʯʝʩʢʦʛʦ BS ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʜʣʷ ʦʙʝʠʭ 

ʠʩʩʣʝʜʫʝʤʳʭ ʞʠʜʢʦʩʪʝʡ. ɺ ʥʦʨʤʘʣʴʥʳʭ ʫʩʣʦʚʠʷʭ ʟʘ ʧʣʦʪʥʦʩʪʴ ʇʂ ʧʨʠʥʠʤʘʣʠ ɟ (295 

K) å 1.19 ʛ/ʩʤ3 [51], ʘ ʩʢʦʨʦʩʪʴ ʧʨʦʜʦʣʴʥʦʡ ʫʣʴʪʨʘʟʚʫʢʦʚʦʡ ʚʦʣʥʳ ʠʟ ʙʨʠʣʣʶʵʥʦʚʩʢʠʭ 

ʠʟʤʝʨʝʥʠʡ [47] vl (295 K) å 1510 ʤ/ʩ. ɸʥʘʣʦʛʠʯʥʳʝ ʜʘʥʥʳʝ ʜʣʷ ʛʣʠʮʝʨʠʥʘ ʙʳʣʠ ʚʟʷʪʳ ɟ 

(295 K) å 1.26 ʛ/ʩʤ3 [49, 52], ʠ vl (295 K) å 1930 ʤ/ʩ [46, 49, 50, 53]. ʄʘʢʩʠʤʘʣʴʥʦʝ 

ʜʘʚʣʝʥʠʝ (0.6 ɻʇʘ), ʜʦʩʪʠʛʘʝʤʦʝ ʧʨʠ ʠʟʤʝʨʝʥʠʠ ʞʠʜʢʦʛʦ ʛʣʠʮʝʨʠʥʘ, (ʈʠʩ. 8) ʙʳʣʦ 

ʦʛʨʘʥʠʯʝʥʦ ʩʠʣʴʥʳʤ ʧʦʛʣʦʱʝʥʠʝʤ ʫʣʴʪʨʘʟʚʫʢʦʚʳʭ ʚʦʣʥ ʚ ʦʙʨʘʟʮʝ ʠʟ-ʟʘ ʧʨʠʙʣʠʞʝʥʠʷ 

ʢ ʦʙʣʘʩʪʠ ʩʪʝʢʣʦʚʘʥʠʷ. ɼʣʷ ʇʂ ʜʠʘʧʘʟʦʥ ʜʘʚʣʝʥʠʡ ʜʦ 1 ɻʇʘ ʦʛʨʘʥʠʯʠʚʘʣʩʷ ʪʦʣʴʢʦ 

ʛʝʨʤʝʪʠʯʥʦʩʪʴʶ ʢʘʧʩʫʣʳ.  

ʍʦʪʷ ʥʘʯʘʣʴʥʦʝ ʟʥʘʯʝʥʠʝ B ʛʣʠʮʝʨʠʥʘ ʚ ʜʚʘ ʨʘʟʘ ʚʳʰʝ (ʨʠʩ. 8 (ʘ)), ʙʘʨʠʯʝʩʢʠʝ 

ʟʘʚʠʩʠʤʦʩʪʠ ʤʦʜʫʣʝʡ ʦʙʲʝʤʥʦʡ ʫʧʨʫʛʦʩʪʠ ʜʦʚʦʣʴʥʦ ʩʭʦʞʠ ʜʣʷ ʦʙʦʠʭ ʚʝʱʝʩʪʚ. ʀʭ 

ʤʦʜʫʣʠ ɺ ʨʘʩʪʫʪ ʧʦʯʪʠ ʣʠʥʝʡʥʦ ʩ ʜʘʚʣʝʥʠʝʤ ʩ ʦʪʥʦʩʠʪʝʣʴʥʦ ʙʣʠʟʢʠʤʠ ʥʘʢʣʦʥʘʤʠ, 

‬ˏ ‬̋ϳ ˟ḳὄ ὖ χȢψ πȢς ʜʣʷ ʛʣʠʮʝʨʠʥʘ ʠ ὄ ὖ ψȢφ πȢς ʜʣʷ ʇʂ. ɼʨʫʛʠʤ 

ʚʘʞʥʳʤ ʬʘʢʪʦʤ ʷʚʣʷʝʪʩʷ ʪʦ, ʯʪʦ ʦʙʝ ʙʘʨʠʯʝʩʢʠʝ ʧʨʦʠʟʚʦʜʥʳʝ ʦʙʲʝʤʥʦʛʦ ʤʦʜʫʣʷ ὄ ὖ 

ʙʣʠʟʢʠ ʢ 8, ʯʪʦ ʩʣʝʜʫʝʪ ʦʙʩʫʜʠʪʴ ʙʦʣʝʝ ʧʦʜʨʦʙʥʦ. 
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ɽʩʣʠ ʧʦʪʝʥʮʠʘʣʴʥʘʷ ʵʥʝʨʛʠʷ 

ʤʝʞʯʘʩʪʠʯʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ 

ʤʦʞʝʪ ʙʳʪʴ ʟʘʧʠʩʘʥʘ ʚ ʚʠʜʝ  

Ὗ ὥ” ὦ” ḳ‌ὠϳ ‍ὠϳ , 

ʪʦ ʠʟʚʝʩʪʥʦ, ʯʪʦ ʙʘʨʠʯʝʩʢʘʷ 

ʧʨʦʠʟʚʦʜʥʘʷ ʠʟʦʪʝʨʤʠʯʝʩʢʦʛʦ 

ʤʦʜʫʣ ̫ ʦʙʲʝʤʥʦʡ ʫʧʨʫʛʦʩʪʠ ʧʨʠ 

ʥʫʣʝʚʦʤ ʜʘʚʣʝʥʠʠ ʫʜʦʚʣʝʪʚʦʨʷʝʪ 

ʩʦʦʪʥʦʰʝʥʠʶ ὄᴂ ὺ ύ ς [54]. 

ɽʩʣʠ ʬʘʟʘ ʩʞʠʤʘʝʪʩʷ ʩʘʤʦʧʦʜʦʙʥʦ, 

ʪ. ʝ. ʚʳʨʘʞʝʥʠʝ ὶὶϳ ὠὠϳ  

ʜʝʡʩʪʚʠʪʝʣʴʥʦ ʜʣʷ ʣʶʙʳʭ ʪʠʧʠʯʥʳʭ 

ʨʘʩʩʪʦʷʥʠʡ (ʥʘʧʨʠʤʝʨ, 

ʢʦʦʨʜʠʥʘʮʠʦʥʥʳʭ ʨʘʜʠʫʩʦʚ) 

ʥʝʫʧʦʨʷʜʦʯʝʥʥʦʡ ʩʪʨʫʢʪʫʨʳ, ʪʦ ʜʣʷ 

ʩʠʩʪʝʤʳ ʩ m ï n ʧʦʪʝʥʮʠʘʣʦʤ [54]  

Ὗ ‐ὶὶϳ ὶὶϳ  (3.1) 

ʤʦʞʥʦ ʟʘʧʠʩʘʪʴ ʩʣʝʜʫʶʱʝʝ 

ʫʨʘʚʥʝʥʠʝ:  

 

 

ὄᴂ ά ὲ φ   

  (3.2) 

ɽʩʣʠ ʠʥʜʫʮʠʨʦʚʘʥʥʦʝ ʜʘʚʣʝʥʠʝʤ ʠʟʤʝʥʝʥʠʝ ʦʙʲʝʤʘ ʤʘʣʦ, Ўὠὠϳ ṂπȢρ, ʪʦ 

ʫʨʘʚʥʝʥʠʝ (3.2) ʩʧʨʘʚʝʜʣʠʚʦ ʧʨʠ ʥʝʥʫʣʝʚʦʤ ʜʘʚʣʝʥʠʠ, ʘ ʟʘʚʠʩʠʤʦʩʪʴ ὄ ὖ ʙʣʠʟʢʘ ʢ 

ʣʠʥʝʡʥʦʡ. 

ɼʣʷ ʧʦʪʝʥʮʠʘʣʘ ʃʝʥʥʘʨʜʘ-ɼʞʦʥʩʘ (6-12) ὄᴂ ψ. ʕʪʦ ʟʥʘʯʠʪ ʯʪʦ ʫ ʞʠʜʢʠʭ 

ʛʣʠʮʝʨʠʥʘ ʠ ʇʂ ʪʘʢʠʝ ʞʝ ʟʥʘʯʝʥʠʷ ʧʨʦʠʟʚʦʜʥʦʡ ʦʙʲʝʤʥʦʛʦ ʤʦʜʫʣʷ ὄᴂ, ʢʘʢ ʫ ʞʠʜʢʦʩʪʠ 

ʃʝʥʥʘʨʜʘ-ɼʞʦʥʩʘ. ɹʦʣʝʝ ʪʦʛʦ, ʞʠʜʢʠʝ ʛʣʠʮʝʨʠʥ ʠ ʇʂ ʠʤʝʶʪ ʙʣʠʟʢʠʝ ʧʣʦʪʥʦʩʪʠ ʠ 

ʤʦʣʝʢʫʣʷʨʥʳʡ ʚʝʩ. ʉʣʝʜʦʚʘʪʝʣʴʥʦ, ʨʘʩʩʪʦʷʥʠʝ ʤʝʞʜʫ ʤʦʣʝʢʫʣʘʤʠ ʚ ʞʠʜʢʦʩʪʠ ʪʦʞʝ 

 
ʈʠʩʫʥʦʢ 8. ɹʘʨʠʯʝʩʢʠʝ ʟʘʚʠʩʠʤʦʩʪʠ (ʘ) 

ʠʟʦʪʝʨʤʠʯʝʩʢʦʛʦ ʤʦʜʫʣʷ ʦʙʲʝʤʥʦʡ ʫʧʨʫʛʦʩʪʠ ɺ 

ʠ (ʙ) ʦʪʥʦʩʠʪʝʣʴʥʦʛʦ ʠʟʤʝʥʝʥʠʷ ʦʙʲʝʤʘ V/V0 

ʞʠʜʢʦʛʦ ʛʣʠʮʝʨʠʥʘ ʠ ʧʨʦʧʠʣʝʥʢʘʨʙʦʥʘʪʘ ʧʨʠ 

ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ 295 ʂ. ʈʘʩʩʯʠʪʘʥʥʳʝ 

ʠʟʦʪʝʨʤʠʯʝʩʢʠʝ ʫʨʘʚʥʝʥʠʷ ʩʦʩʪʦʷʥʠʷ 

ʩʦʧʦʩʪʘʚʣʝʥʳ ʥʘ ʧʘʥʝʣʠ (ʙ) ʩ ʣʠʪʝʨʘʪʫʨʥʳʤʠ 

ʜʘʥʥʳʤʠ [32] 
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ʦʪʥʦʩʠʪʝʣʴʥʦ ʙʣʠʟʢʦ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʤʦʞʥʦ ʦʞʠʜʘʪʴ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʛʦ ʧʦʜʦʙʠʷ ʠʭ 

ʵʬʬʝʢʪʠʚʥʳʭ ʧʘʨʥʳʭ ʤʝʞʤʦʣʝʢʫʣʷʨʥʳʭ ʧʦʪʝʥʮʠʘʣʦʚ. ʉ ʫʯʝʪʦʤ ʦʧʨʝʜʝʣʝʥʠʷ  

ὄ ὠ ὠ     (3.3) 

(ʛʜʝ Ὗὠ ï ʧʦʣʥʘʷ ʧʦʪʝʥʮʠʘʣʴʥʘʷ ʵʥʝʨʛʠʷ) ʠ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʛʦ ʩʭʦʜʩʪʚʘ ʧʘʨʥʳʭ 

ʧʦʪʝʥʮʠʘʣʦʚ, ʤʦʞʥʦ ʩʜʝʣʘʪʴ ʚʳʚʦʜ, ʯʪʦ ʤʦʜʫʣʴ ɺ ʧʨʦʧʦʨʮʠʦʥʘʣʝʥ ʧʦʪʝʥʮʠʘʣʴʥʦʡ 

ʵʥʝʨʛʠʠ (ʛʣʫʙʠʥʝ ʧʘʨʥʦʛʦ ʧʦʪʝʥʮʠʘʣʘ) ʘʥʘʣʦʛʠʯʥʳʤ ʦʙʨʘʟʦʤ ʚ ʦʙʝʠʭ ʞʠʜʢʦʩʪʷʭ. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʟʥʘʯʠʪʝʣʴʥʘʷ ʨʘʟʥʠʮʘ ʤʝʞʜʫ ʦʙʲʝʤʥʳʤʠ ʤʦʜʫʣʤ̫ʠ ʜʚʫʭ ʞʠʜʢʦʩʪʝʡ 

ʜʦʢʘʟʳʚʘʝʪ ʩʫʱʝʩʪʚʝʥʥʫʶ ʨʘʟʥʠʮʫ ʚ ʟʥʘʯʝʥʠʷʭ ‐ ʚ ʚʳʨʘʞʝʥʠʠ (3.1) ʚ ʵʬʬʝʢʪʠʚʥʦʤ 

ʧʘʨʥʦʤ ʚʟʘʠʤʦʜʝʡʩʪʚʠʠ, ʪ. ʝ. ʟʥʘʯʠʪʝʣʴʥʫʶ ʨʦʣʴ ʚʦʜʦʨʦʜʥʳʭ ʩʚʷʟʝʡ ʚ ʛʣʠʮʝʨʠʥʝ. 

ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʨʝʣʘʢʩʘʮʠʦʥʥʳʝ ʩʚʦʡʩʪʚʘ ʤʥʦʛʠʭ ʤʦʣʝʢʫʣʷʨʥʳʭ 

ʛʣʘʩʩʬʦʨʤʝʨʦʚ ʧʦʜʯʠʥʷʶʪʩʷ ʦʙʲʝʤʥʦ-ʪʝʤʧʝʨʘʪʫʨʥʦʤʫ ʤʘʩʰʪʘʙʠʨʦʚʘʥʠʶ, ʪ.ʝ., 

ʥʘʧʨʠʤʝʨ, ʧʦʣʦʞʝʥʠʝ ʧʠʢʘ Ŭ-ʨʝʣʘʢʩʘʮʠʠ ʚ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʦʪʝʨʷʭ [32, 51, 55, 56] ʠʣʠ 

ʚʷʟʢʦʩʪʴ [57] ʷʚʣʷʶʪʩʷ ʫʥʠʬʠʮʠʨʦʚʘʥʥʳʤʠ ʬʫʥʢʮʠʷʤʠ ʧʝʨʝʤʝʥʥʦʡ ρ Ὕὠϳ , ʛʜʝ ɾ ï 

ʢʦʥʩʪʘʥʪʘ, ʭʘʨʘʢʪʝʨʠʟʫʶʱʘʷ ʤʝʞʯʘʩʪʠʯʥʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʚ ʤʘʪʝʨʠʘʣʝ. ʉʨʘʚʥʠʚʘʷ 

ʛʣʠʮʝʨʠʥ ʠ ʇʂ, ʥʝʦʙʭʦʜʠʤʦ ʦʪʤʝʪʠʪʴ ʚʘʞʥʦʝ ʨʘʟʣʠʯʠʝ ʤʝʞʜʫ ʵʪʠʤʠ ʞʠʜʢʦʩʪʷʤʠ. 

ʆʙʲʝʤʥʦ-ʪʝʤʧʝʨʘʪʫʨʥʦʝ ʤʘʩʰʪʘʙʠʨʦʚʘʥʠʝ ʚ ʵʪʠʭ ʚʝʱʝʩʪʚʘʭ ʨʘʟʣʠʯʘʝʪʩʷ ʩʫʱʝʩʪʚʝʥʥʦ: 

ʧʦʢʘʟʘʪʝʣʴ ɾ ʨʘʚʝʥ 1.4ï1.8 ʚ ʛʣʠʮʝʨʠʥʝ [32, 56, 58] ʠ 3.7ï4.3 ʚ ʇʂ[32, 51, 57]. ɽʩʣʠ 

ʵʬʬʝʢʪʠʚʥʳʝ ʧʘʨʥʳʝ ʧʦʪʝʥʮʠʘʣʳ ʧʨʦʧʠʣʝʥʢʘʨʙʦʥʘʪʘ ʠ ʛʣʠʮʝʨʠʥʘ ʙʣʠʟʢʠ ʜʨʫʛ ʢ ʜʨʫʛʫ 

ʠ ʢ ʧʦʪʝʥʮʠʘʣʫ ʃʝʥʥʘʨʜʘ-ɼʞʦʥʩʘ (ὄᴂ(ʇʂ) å ὄᴂ(ʛʣʠʮʝʨʠʥ) å 8), ʪʦ ʦʪʪʘʣʢʠʚʘʶʱʠʝ ʯʘʩʪʠ 

ʵʪʠʭ ʧʦʪʝʥʮʠʘʣʦʚ ʪʘʢʞʝ ʜʦʣʞʥʳ ʙʳʪʴ ʩʭʦʞʠ. ʇʦʢʘʟʘʪʝʣʴ ʩʪʝʧʝʥʠ ɔ ʚ ʧʘʨʘʤʝʪʨʝ 

ʤʘʩʰʪʘʙʠʨʦʚʘʥʠʷ ρ Ὕὠϳ  ʜʣʷ ʇʂ ʚʧʦʣʥʝ ʢʦʨʨʝʣʠʨʫʝʪ ʩ ʦʪʪʘʣʢʠʚʘʶʱʠʤ ʧʦʢʘʟʘʪʝʣʝʤ 

ʩʪʝʧʝʥʠ n ʚ ʧʦʪʝʥʮʠʘʣʝ ʃʝʥʥʘʨʜʘ-ɼʞʦʥʩʘ [32, 51, 57], ʪ. ʝ. σɾ̃ ˗ ὲ̆ ˑ̇ ρς. 

ʉʦʦʪʚʝʪʩʪʚʫʶʱʝʝ ʟʥʘʯʝʥʠʝ ɾ ʜʣʷ ʛʣʠʮʝʨʠʥʘ ʷʚʣʷʝʪʩʷ ʩʣʠʰʢʦʤ ʥʠʟʢʠʤ, σɾ̄ ̗̌̉̆̑̉̎

τȢς υȢτ [32, 58], ʠ ʥʝ ʢʦʨʨʝʣʠʨʫʝʪ ʩ ʦʪʪʘʣʢʠʚʘʶʱʠʤ ʧʦʢʘʟʘʪʝʣʝʤ ʩʪʝʧʝʥʠ n 

ʵʬʬʝʢʪʠʚʥʦʛʦ ʧʘʨʥʦʛʦ ʧʦʪʝʥʮʠʘʣʘ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʦʙʲʝʤʥʦï

ʪʝʤʧʝʨʘʪʫʨʥʦʝ ʤʘʩʰʪʘʙʠʨʦʚʘʥʠʝ ʚ ʛʣʠʮʝʨʠʥʝ ʧʦ ʧʘʨʘʤʝʪʨʫ ρ Ὕὠϳ  ʥʝ ʢʦʨʨʝʣʠʨʫʝʪ ʩ 

ʦʪʪʘʣʢʠʚʘʶʱʠʤ ʧʦʢʘʟʘʪʝʣʝʤ ʩʪʝʧʝʥʠ ʧʘʨʥʦʛʦ ʧʦʪʝʥʮʠʘʣʘ. ʊʘʢʦʝ ʨʘʩʭʦʞʜʝʥʠʝ 

ʝʩʪʝʩʪʚʝʥʥʦ ʩʚʷʟʘʪʴ ʩ ʚʦʜʦʨʦʜʥʳʤʠ ʩʚʷʟʷʤʠ ʚ ʛʣʠʮʝʨʠʥʝ. ʅʘʧʨʘʚʣʝʥʥʳʝ ʚʦʜʦʨʦʜʥʳʝ 

ʩʚʷʟʠ ʤʦʛʫʪ ʩʫʱʝʩʪʚʝʥʥʦ ʚʣʠʪ̫ ɹ ʥʘ ʚʨʘʱʘʪʝʣʴʥʫʶ ʜʠʥʘʤʠʢʫ ʤʦʣʝʢʫʣ (ʯʪʦ 
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ʦʙʥʘʨʫʞʠʚʘʝʪʩʷ, ʚ ʯʘʩʪʥʦʩʪʠ, ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʝʡ), ʘ ʪʘʢʞʝ ʥʘ ʢʨʠʚʠʟʥʫ 

ʵʬʬʝʢʪʠʚʥʦʛʦ ʧʘʨʥʦʛʦ ʧʦʪʝʥʮʠʘʣʘ. ʆʜʥʘʢʦ ʚʦʜʦʨʦʜʥʳʝ ʩʚʷʟʠ ʥʝʩʫʱʝʩʪʚʝʥʥʦ ʚʣʠʷʶʪ 

ʥʘ ʧʦʢʘʟʘʪʝʣʠ ʩʪʝʧʝʥʠ ά ʠ ὲ ɻ ʬʬʝʢʪʠʚʥʦʛʦ ʧʘʨʥʦʛʦ ʧʦʪʝʥʮʠʘʣʘ 

ʈʘʩʩʤʘʪʨʠʚʘʷ ʚʢʣʘʜ ʚʦʜʦʨʦʜʥʳʭ ʩʚʷʟʝʡ ʚ ʤʝʞʤʦʣʝʢʫʣʷʨʥʳʡ ʧʦʪʝʥʮʠʘʣ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ, ʩʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʯʣʝʥʳ, ʦʪʚʝʪʩʪʚʝʥʥʳʝ ʟʘ ʚʦʜʦʨʦʜʥʳʝ ʩʚʷʟʠ ʚ 

ʵʤʧʠʨʠʯʝʩʢʠʭ ʧʦʪʝʥʮʠʘʣʘʭ, ʦʙʳʯʥʦ ʚʢʣʶʯʘʶʪ ʧʦʪʝʥʮʠʘʣʳ 6-12 (ʃʝʥʥʘʨʜ-ɼʞʦʥʩ) ʠʣʠ 

10-12 ʠ ʢʫʣʦʥʦʚʩʢʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ͯρὶϳ  [26, 27]. ʂʫʣʦʥʦʚʩʢʠʡ ʚʢʣʘʜ ʤʦʞʝʪ 

ʧʨʠʚʦʜʠʪʴ ʢ ʯʘʩʪʠʯʥʦʤʫ ʩʤʷʛʯʝʥʠʶ ʚʩʝʛʦ ʧʘʨʥʦʛʦ ʧʦʪʝʥʮʠʘʣʘ ʧʦ ʦʪʥʦʰʝʥʠʶ ʢ ʨʦʩʪʫ 

B(P) ʩ ʜʘʚʣʝʥʠʝʤ. ɻʠʧʦʪʝʟʘ ʦ ʪʦʤ, ʯʪʦ ʨʘʟʣʠʯʠʝ ʚ ὄᴂ(P) ʤʝʞʜʫ ʛʣʠʮʝʨʠʥʦʤ ʠ ʇʂ (7.8 ʠ 

8.6 ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ) ʤʦʞʝʪ ʙʳʪʴ ʩʚʷʟʘʥʦ ʩʦ ʚʢʣʘʜʦʤ ʚʦʜʦʨʦʜʥʳʭ ʩʚʷʟʝʡ ʚ ʛʣʠʮʝʨʠʥʝ, 

ʣʝʛʢʦ ʧʨʦʚʝʨʷʝʪʩʷ ʧʫʪʝʤ ʠʟʫʯʝʥʠʷ ʩʚʦʡʩʪʚ ʚʦʜʳ. ɺ ʥʦʨʤʘʣʴʥʳʭ ʫʩʣʦʚʠʷʭ 

ʢʦʦʨʜʠʥʘʮʠʦʥʥʦʝ ʯʠʩʣʦ ʙʣʠʞʘʡʰʠʭ ʩʦʩʝʜʝʡ ʢʠʩʣʦʨʦʜ-ʢʠʩʣʦʨʦʜ ʚ ʚʦʜʝ å4.5 [59], ʪʦʛʜʘ 

ʢʘʢ ʩʨʝʜʥʝʝ ʯʠʩʣʦ ʚʦʜʦʨʦʜʥʳʭ ʩʚʷʟʝʡ ʥʘ ʤʦʣʝʢʫʣʫ ʚʦʜʳ ʩʦʩʪʘʚʣʷʝʪ σȢυ πȢυ [60]. 

ʊʝʤ ʥʝ ʤʝʥʝʝ ʚʦʜʦʨʦʜʥʘʷ ʩʚʷʟʴ ʚ ʚʦʜʝ ʤʦʞʝʪ ʧʨʠʤʝʨʥʦ ʨʘʩʩʤʘʪʨʠʚʘʪʴʩʷ ʢʘʢ 

ʪʝʪʨʘʵʜʨʠʯʝʩʢʠ ʫʧʦʨʷʜʦʯʝʥʥʘ.̫ ɽʩʣʠ ʚʟʷʪʴ ʫʨʘʚʥʝʥʠʝ ʩʦʩʪʦʷʥʠʷ ʚʦʜʳ ʧʨʠ ʢʦʤʥʘʪʥʦʡ 

ʪʝʤʧʝʨʘʪʫʨʳ ʠʟ ʙʘʟʳ ʜʘʥʥʳʭ NIST, ʣʝʛʢʦ ʫʩʪʘʥʦʚʠʪʴ, ʯʪʦ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ 

ʟʘʚʠʩʠʤʦʩʪʴ B(P) ʚʦʜ rʣʠʥʝʡʥʘ ʧʨʠ ὖ πȢψ ɻʇʘ, ʧʨʠʯʝʤ ὄᴂ φȢς [61]. ɼʣʷ ʤʝʪʘʥʦʣʘ 

ʠ ʵʪʘʥʦʣʘ ʩ ʜʦʩʪʘʪʦʯʥʦ ʩʠʣʴʥʳʤʠ ʚʦʜʦʨʦʜʥʳʤʠ ʩʚʷʟʷʤʠ ὄᴂ υȢυ φȢυ [62]. ɿʘʤʝʪʠʤ, 

ʯʪʦ ʨʘʥʝʝ ʨʝʯʴ ʚʝʟʜʝ ʰʣʘ ʦʙ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʟʥʘʯʝʥʠʷʭ ʘʜʠʘʙʘʪʠʯʝʩʢʠʭ ʤʦʜʫʣʝʡ ʠ 

ʠʭ ʧʨʦʠʟʚʦʜʥʳʭ. ʉʪʨʦʛʦ ʛʦʚʦʨʷ, ʚʳʰʝʧʨʠʚʝʜʝʥʥʳʡ ʘʥʘʣʠʟ ʦʪʥʦʩʠʪʩʷ ʢ 

ʠʟʦʪʝʨʤʠʯʝʩʢʠʤ ʤʦʜʫʣʷʤ ʩʞʘʪʠʷ, ʢʦʪʦʨʳʝ ʜʣʷ ʞʠʜʢʦʩʪʝʡ ʤʦʛʫʪ (ʧʫʩʪʴ ʠ ʥʝ 

ʢʘʨʜʠʥʘʣʴʥʦ) ʦʪʣʠʯʘʪʴʩʷ ʦʪ ʘʜʠʘʙʘʪʠʯʝʩʢʠʭ ʤʦʜʫʣʝʡ (ʩʤ. ʦʙʩʫʞʜʝʥʠʝ ʚ ʛʣʘʚʝ 3.2.1). 

ʂʨʦʤʝ ʪʦʛʦ, ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʦʧʨʝʜʝʣʝʥʥʳʝ ʟʥʘʯʝʥʠʷ ʙʘʨʠʯʝʩʢʠʭ ʧʨʦʠʟʚʦʜʥʳʭ 

ʤʦʜʫʣʝʡ ʩʞʘʪʠʷ ʠ ʩʜʚʠʛʘ ʩʠʣʴʥʦ ʟʘʚʠʩʷʪ ʦʪ ʠʥʪʝʨʚʘʣʘ ʜʘʚʣʝʥʠʡ, ʚ ʢʦʪʦʨʦʤ ʜʝʣʘʣʠʩʴ 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʦʮʝʥʢʠ. ʉ ʦʜʥʦʡ ʩʪʦʨʦʥʳ, ʥʘ ʙʦʣʴʰʦʤ ʠʥʪʝʨʚʘʣʝ ʜʘʚʣʝʥʠʡ 

ʧʨʦʠʟʚʦʜʥʘʷ ʤʦʞʝʪ ʩʠʣʴʥʦ ʤʝʥʷʪʴʩʷ, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʦʯʝʥʴ ʤʘʣʦʛʦ 

ʥʘʯʘʣʴʥʦʛʦ ʠʥʪʝʨʚʘʣʘ ʧʨʠʚʦʜʠʪ ʢ ʩʫʱʝʩʪʚʝʥʥʦʡ ʦʰʠʙʢʝ ʦʧʨʝʜʝʣʝʥʠʷ ʧʨʦʠʟʚʦʜʥʳʭ.  

ɹʘʨʠʯʝʩʢʠʝ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪʥʦʩʠʪʝʣʴʥʦʛʦ ʦʙʲʝʤʘ V/V0 ʜʣʷ ʦʙʦʠʭ ʠʩʩʣʝʜʦʚʘʥʥʳʭ 

ʚʝʱʝʩʪʚ ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʨʠʩ.2 (ʙ). ʆʥʠ ʧʦʢʘʟʳʚʘʶʪ ʪʠʧʠʯʥʦʝ ʜʣʷ ʞʠʜʢʦʩʪʝʡ 

ʧʦʚʝʜʝʥʠʝ ʧʨʠ ʧʦʚʳʰʝʥʠʠ ʜʘʚʣʝʥʠʷ. ʆʙʲʝʤʳ ʛʣʠʮʝʨʠʥʘ ʠ ʇʂ ʧʨʠ 0.6 ɻʇʘ 
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ʫʤʝʥʴʰʘʶʪʩʷ ʥʘ å9.5 ʠ å13% ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʄʳ ʩʨʘʚʥʠʣʠ ʥʘʰʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ 

ʜʘʥʥʳʝ ʩ ʫʨʘʚʥʝʥʠʤ̫ʠ ʩʦʩʪʦʷʥʠʷ ʛʣʠʮʝʨʠʥʘ ʠ ʇʂ, ʧʦʣʫʯʝʥʥʳʤʠ ʈʘʡʟʝʨʦʤ ʠ 

ʩʦʘʚʪʦʨʘʤʠ [32] ʠʟ ʧʨʷʤʳʭ ʦʙʲʝʤʥʳʭ ʠʟʤʝʨʝʥʠʡ. ʅʘʰʠ ʨʝʟʫʣʴʪʘʪʳ ʜʣʷ 

ʧʨʦʧʠʣʝʥʢʘʨʙʦʥʘʪʘ ʧʨʘʢʪʠʯʝʩʢʠ ʩʦʚʧʘʜʘʶʪ ʩ ʦʙʲʝʤʥʳʤʠ ʜʘʥʥʳʤʠ [32], ʦʜʥʘʢʦ ʚ 

ʩʣʫʯʘʝ ʛʣʠʮʝʨʠʥʘ ʥʘʙʣʶʜʘʶʪʩʷ ʥʝʢʦʪʦʨʳʝ ʨʘʟʣʠʯʠʷ. ʉʞʠʤʘʝʤʦʩʪʴ ʛʣʠʮʝʨʠʥʘ, 

ʦʧʨʝʜʝʣʝʥʥʘʷ ʠʟ ʫʣʴʪʨʘʟʚʫʢʦʚr ʭ ʠʩʩʣʝʜʦʚʘʥʠʡ, ʥʝʤʥʦʛʦ ʤʝʥʴʰʝ, ʯʝʤ ʧʦʣʫʯʝʥʥʘʷ ʠʟ 

ʦʙʲʝʤʥʳʭ ʠʟʤʝʨʝʥʠʡ. 

 

3.1.2 ɹʘʨʠʯʝʩʢʠʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʩʪʝʢʦʣ ʧʨʠ 77 ʂ 

ɹʳʩʪʨʳʤ ʦʭʣʘʞʜʝʥʠʝʤ ʞʠʜʢʦʩʪʝʡ ʦʪ ʢʦʤʥʘʪʥʦʡ ʜʦ ʪʝʤʧʝʨʘʪʫʨʳ ʞʠʜʢʦʛʦ ʘʟʦʪʘ 

ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʩʪʝʢʣʘ. ɿʘʪʝʤ ʫʣʴʪʨʘʟʚʫʢʦʚʳʤ ʤʝʪʦʜʦʤ ʩʪʝʢʣʘ ʙʳʣʠ 

ʠʩʩʣʝʜʦʚʘʥʳ ʧʦʜ ʜʘʚʣʝʥʠʝʤ. ʅʘʯʘʣʴʥʳʝ ʟʥʘʯʝʥʠʷ ʧʦʧʝʨʝʯʥʳʭ ʠ ʧʨʦʜʦʣʴʥʳʭ ʩʢʦʨʦʩʪʝʡ 

ʟʚʫʢʘ ʜʣʷ ʛʣʠʮʝʨʠʥʘ ʚʟʷʪʳ ʠʟ ʣʠʪʝʨʘʪʫʨʳ: vt = 1890 ʤ/ʩ ʠ vl = 3710 ʤ/ʩ [63]. ʉʢʦʨʦʩʪʠ 

ʟʚʫʢʘ ʜʣʷ ʇʂ ʙʳʣʠ ʠʟʤʝʨʝʥʳ ʨʘʥʝʝ vt = 1250 ʤ/ʩ ʠ vl = 2710 ʤ/ʩ [48]. ɿʥʘʯʝʥʠʝ vl ʜʣʷ 

ʛʣʠʮʝʨʠʥʘ ʧʨʝʚʳʰʘʝʪ ʟʥʘʯʝʥʠʝ ʜʣʷ ʇʂ ʚ 1.3 ï 1.4 ʨʘʟʘ ʧʨʠ ʨʘʟʥʳʭ ʜʘʚʣʝʥʠʷʭ, ʘ 

ʦʪʥʦʰʝʥʠʝ ʧʦʧʝʨʝʯʥʳʭ ʩʢʦʨʦʩʪʝʡ ʦʢʦʣʦ 1.5.  

ɹʘʨʠʯʝʩʢʠʝ ʟʘʚʠʩʠʤʦʩʪʠ ʨʘʩʩʯʠʪʘʥʥʳʭ ʤʦʜʫʣʝʡ ʫʧʨʫʛʦʩʪʠ ʜʣʷ ʦʙʦʠʭ ʩʪʝʢʦʣ 

ʧʦʢʘʟʘʥʳ ʥʘ ʨʠʩ. 9. ʇʣʦʪʥʦʩʪʴ ʛʣʠʮʝʨʠʥʘ ʧʨʠ 77 ʂ ɟ= 1.38 ʛ/ʩʤ3 ʙʳʣʘ ʚʟʷʪʘ ʠʟ 

ʵʢʩʪʨʘʧʦʣʷʮʠʠ ʜʘʥʥʳʭ ʜʣʷ ʩʪʝʢʣʦʦʙʨʘʟʥʦʛʦ ʩʦʩʪʦʷʥʠʷ [36] ʩ ʫʯʝʪʦʤ 

ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʳʭ ʜʘʥʥʳʭ [63]. ʈʘʟʣʠʯʠʝ ʤʝʞʜʫ ʘʜʠʘʙʘʪʠʯʝʩʢʠʤʠ ʠ 

ʠʟʦʪʝʨʤʠʯʝʩʢʠʤʠ ʤʦʜʫʣʷʤʠ ʦʙʲʝʤʥʦʡ ʫʧʨʫʛʦʩʪʠ ʜʣ̫ ʛʣʠʮʝʨʠʥʘ ʠ ʇʂ ʧʨʠ 77 ʂ (ʨʠʩ. 9 

(ʙ)) ʩʦʩʪʘʚʣʷʝʪ ʦʢʦʣʦ 1%. ʀʥʪʝʛʨʠʨʦʚʘʥʠʝ ʩʞʠʤʘʝʤʦʩʪʠ ʧʦʟʚʦʣʷʝʪ ʧʦʣʫʯʠʪʴ 

ʙʘʨʠʯʝʩʢʠʝ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪʥʦʩʠʪʝʣʴʥʦʛʦ ʠʟʤʝʥʝʥʠʷ ʦʙʲʝʤʘ ʜʣʷ ʦʙʦʠʭ ʩʪʝʢʦʣ, 

ʧʦʢʘʟʘʥʥrʝ ʥʘ ʨʠʩ. 9 (ʩ). ɿʘʚʠʩʠʤʦʩʪʠ ʫʧʨʫʛʠʭ ʤʦʜʫʣʝʡ ʦʪ ʜʘʚʣʝʥʠʷ ʩʪʝʢʣʦʦʙʨʘʟʥʳʭ 

ʇʂ ʠ ʛʣʠʮʝʨʠʥʘ ʷʚʣʷʶʪʩʷ ʥʝʣʠʥʝʡʥʳʤʠ. ɹʘʨʠʯʝʩʢʠʝ ʧʨʦʠʟʚʦʜʥʳʝ ʤʦʜʫʣʝʡ ʦʙʲʝʤʥʦʡ 

ʫʧʨʫʛʦʩʪʠ ʩʪʝʢʦʣ ʇʂ ʠ ʛʣʠʮʝʨʠʥʘ ʧʨʠ 77 ʂ ʠʟʤʝʥʷʶʪʩʷ ʦʪ å 6.5 ʠ å 10 ʧʨʠ ʘʪʤʦʩʬʝʨʥʦʤ 

ʜʘʚʣʝʥʠʠ ʜʦ å 4 ʠ å 3.5 ʧʨʠ 1.8 ɻʇʘ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. 
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 ʆʪʥʦʰʝʥʠʷ ʛʣʠʮʝʨʠʥ/ʇʂ ʜʣʷ ʩʜʚʠʛʦʚʳʭ ʠ ʦʙʲʝʤʥʳʭ ʤʦʜʫʣʝʡ ʠʟʤʝʥʷʶʪʩʷ ʦʪ 

å 2.4 ʠ å 1.8 ʧʨʠ P = 0 ʜʦ å 2.1 ʠ å 1.5 ʧʨʠ P = 1.8 ɻʇʘ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʈʘʟʥʠʮʘ ʚ ʤʦʜʫʣʷʭ 

ʩʜʚʠʛʘ ʟʘʤʝʪʥʦ ʚʳʰʝ, ʯʝʤ ʤʦʜʫʣʝʡ ɺ. ʇʨʠʯʠʥʳ ʪʘʢʦʛʦ ʦʪʥʦʰʝʥʠʷ, ʩʢʦʨʝʝ ʚʩʝʛʦ, 

ʩʚʷʟʘʥʳ ʩ ʩʠʣʴʥʳʤʠ ʚʦʜʦʨʦʜʥʳʤʠ ʩʚʷʟʷʤʠ ʚ ʩʪʝʢʣʦʦʙʨʘʟʥʦʤ ʛʣʠʮʝʨʠʥʝ. ʍʦʨʦʰʦ 

ʠʟʚʝʩʪʥʦ, ʯʪʦ ʚʦʜʦʨʦʜʥʳʝ ʩʚʷʟʠ ʷʚʣʷʶʪʩʷ ʜʦʩʪʘʪʦʯʥʦ ʥʘʧʨʘʚʣʝʥʥʳʤʠ [29, 31, 64, 65], ʠ 

ʠʤʝʶʪ ʯʘʩʪʠʯʥʦ ʢʦʚʘʣʝʥʪʥʳʝ ʩʚʦʡʩʪʚʘ. ʕʪʦ ʦʟʥʘʯʘʝʪ, ʯʪʦ ʦʨʠʝʥʪʘʮʠʦʥʥʘʷ ʨʝʣʘʢʩʘʮʠʷ 

ʤʦʣʝʢʫʣ ʚ ʛʣʠʮʝʨʠʥʝ ʩʣʦʞʥʝʝ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʇʂ, ʛʜʝ ʜʦʤʠʥʠʨʫʶʪ ʩʠʣʳ ɺʘʥ-ʜʝʨ-

ɺʘʘʣʴʩʘ. 

ɸʥʘʣʦʛʠʯʥʳʡ ʚʳʚʦʜ ʦ ʨʦʣʠ ʚʦʜʦʨʦʜʥʳʭ ʩʚʷʟʝʡ ʚ ʛʣʠʮʝʨʠʥʝ ʤʦʞʥʦ ʩʜʝʣʘʪʴ ʧʨʠ 

ʩʨʘʚʥʝʥʠʠ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʇʫʘʩʩʦʥʘ (ʨʠʩ. 10). ʂʦʵʬʬʠʮʠʝʥʪ ʇʫʘʩʩʦʥʘ ʚ 

 

ʈʠʩʫʥʦʢ 9. ɹʘʨʠʯʝʩʢʠʝ ʟʘʚʠʩʠʤʦʩʪʠ (a) ʤʦʜʫʣʷ ʩʜʚʠʛʘ G ʠ (b) ʤʦʜʫʣʷ ʦʙʲʝʤʥʦʡ 

ʫʧʨʫʛʦʩʪʠ B, ʘ ʪʘʢʞʝ (c) ʦʪʥʦʩʠʪʝʣʴʥʦʛʦ ʠʟʤʝʥʝʥʠʷ ʦʙʲʝʤʘ ʩʪʝʢʣʦʦʙʨʘʟʥʳʭ 

ʛʣʠʮʝʨʠʥʘ ʠ ʧʨʦʧʠʣʝʥʢʘʨʙʦʥʘʪʘ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ ʞʠʜʢʦʛʦ ʘʟʦʪʘ. 
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ʩʪʝʢʣʦʦʙʨʘʟʥʦʤ ʛʣʠʮʝʨʠʥʝ ʥʘ 0.04 ʤʝʥʴʰʝ, ʯʝʤ ʚ ʇʂ. ʉʥʠʞʝʥʠʝ ʟʥʘʯʝʥʠʡ ů ʧʨʠ 

ʧʝʨʝʭʦʜʝ ʦʪ ʇʂ ʢ ʛʣʠʮʝʨʠʥʫ ʤʦʞʝʪ ʙʳʪʴ ʢʘʯʝʩʪʚʝʥʥʦ ʦʙʲʷʩʥʝʥʦ ʫʚʝʣʠʯʝʥʠʝʤ ʨʦʣʠ  

ʮʝʥʪʨʘʣʴʥʳʭ ʩʠʣ ʚ ʛʣʠʮʝʨʠʥʝ. 

ʃʝʛʢʦ ʧʦʢʘʟʘʪʴ, ʯʪʦ ʜʣʷ 

ʢʨʠʩʪʘʣʣʦʚ ʩ ʜʦʤʠʥʠʨʫʶʱʠʤʠ 

ʮʝʥʪʨʘʣʴʥʳʤʠ ʩʠʣʘʤʠ, ʥʘʧʨʠʤʝʨ, 

ʛʘʣʦʛʝʥʠʜʦʚ ʱʝʣʦʯʥʳʭ ʤʝʪʘʣʣʦʚ, 

ʭʘʨʘʢʪʝʨʥʦ ʟʥʘʯʝʥʠʝ ů = 0.25. 

ʇʨʠʥʠʤʘʷ ʚʦ ʚʥʠʤʘʥʠʝ, ʯʪʦ 

ʩʠʣʴʥʳʝ ʚʦʜʦʨʦʜʥʳʝ ʩʚʷʟʠ O-H---

O ʠʤʝʶʪ ʥʘʧʨʘʚʣʝʥʥʳʡ ʫʛʦʣ O-H-

O, ʙʣʠʟʢʠʡ ʢ 180Á (ʪʦʯʥʝʝ, ʦʪ 160Á 

ʜʦ 180Á) [31, 65], ʘ ʚʢʣʘʜ 

ʚʦʜʦʨʦʜʥʳʭ ʩʚʷʟʝʡ ʭʦʨʦʰʦ 

ʦʧʠʩʳʚʘʝʪʩʷ ʧʘʨʥʳʤʠ 

ʮʝʥʪʨʘʣʴʥʳʤʠ ʩʠʣʘʤʠ ʚ ʵʤʧʠʨʠʯʝʩʢʠʭ ʧʦʪʝʥʮʠʘʣʘʭ [26, 27], ʤʦʞʥʦ ʟʘʢʣʶʯʠʪʴ, ʯʪʦ 

ʫʤʝʥʴʰʝʥʠʝ ʢʦʵʬʬʠʮʠʝʥʪʘ ʇʫʘʩʩʦʥʘ ʦʪ ʇʂ ʢ ʛʣʠʮʝʨʠʥʫ ʠ ʧʨʠʙʣʠʞʝʥʠʝ ʢ ʟʥʘʯʝʥʠʶ 

0.25 ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʚʣʠʷʥʠʠ ʚʦʜʦʨʦʜʥʳʭ ʩʚʷʟʝʡ ʚ ʛʣʠʮʝʨʠʥʝ. ɺ ʧʦʣʴʟʫ ʙʦʣʴʰʝʡ 

ʨʦʣʠ ʮʝʥʪʨʘʣʴʥʳʭ ʩʠʣ ʚ ʛʣʠʮʝʨʠʥʝ ʛʦʚʦʨʷʪ ʪʘʢʞʝ ʙʘʨʠʯʝʩʢʠʝ ʧʨʦʠʟʚʦʜʥʳʝ ʤʦʜʫʣʷ 

ʩʜʚʠʛʘ Ὃᴂ (ʨʠʩ. 9). ʀʟʚʝʩʪʥʦ, ʯʪʦ ʚ ʧʨʠʙʣʠʞʝʥʠʠ ʮʝʥʪʨʘʣʴʥʦʛʦ ʤʝʞʤʦʣʝʢʫʣʷʨʥʦʛʦ 

ʧʦʪʝʥʮʠʘʣʘ ʜʦʣʞʥʦ ʚʳʧʦʣʥʷʪʴʩʷ ʩʦʦʪʥʦʰʝʥʠʝ ʙʘʨʠʯʝʩʢʠʭ ʧʨʦʠʟʚʦʜʥʳʭ ʫʧʨʫʛʠʭ 

ʤʦʜʫʣʝʡ Ὃ σὄ φȾυ [66]. ɼʣʷ ʧʦʪʝʥʮʠʘʣʘ ʃʝʥʥʘʨʜʘ-ɼʞʦʥʩʘ ὄ ψ, ʪʘʢ ʯʪʦ 

Ὃ σȢφ. ɿʥʘʯʝʥʠʝ ʙʘʨʠʯʝʩʢʦʡ ʧʨʦʠʟʚʦʜʥʦʡ ʤʦʜʫʣʷ ʩʜʚʠʛʘ ʛʣʠʮʝʨʠʥʘ (Ὃ ςȢω) 

ʙʣʠʞʝ ʢ 3.6, ʯʝʤ ʫ ʧʨʦʧʠʣʝʥʢʘʨʙʦʥʘʪʘ (Ὃ ρȢυ). ʏʪʦ ʦʧʷʪʴ ʞʝ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ 

ʙʦʣʴʰʦʤ ʚʢʣʘʜʝ ʚʦʜʦʨʦʜʥʳʭ ʩʚʷʟʝʡ ʚ ʛʣʠʮʝʨʠʥʝ. 

 ɿʘʤʝʪʠʤ, ʯʪʦ ʬʦʨʤʘʣʴʥʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ɺʘʥ-ʜʝʨ-ɺʘʘʣʴʩʘ ʪʠʧʘ ʧʦʪʝʥʮʠʘʣʘ 

ʃʘʥʥʘʨʜʘ-ɼʞʦʥʩʘ ʢʦʥʝʯʥʦ ʞʝ ʮʝʥʪʨʘʣʴʥʦʝ. ʆʜʥʘʢʦ ʤʦʣʝʢʫʣʳ ʚʩʝʭ ʨʘʩʩʤʘʪʨʠʚʘʝʤʳʭ ʚ 

ʜʠʩʩʝʨʪʘʮʠʠ ʚʝʱʝʩʪʚ ʠʤʝʶʪ ʦʪʥʦʩʠʪʝʣʴʥʦʝ ʙʦʣʴʰʠʝ ʨʘʟʤʝʨʳ ʠ ʥʝʩʬʝʨʠʯʝʩʢʫʶ ʬʦʨʤʫ. 

ʕʪʦ ʧʨʠʚʦʜʠʪ ʢ ʪʦʤʫ, ʯʪʦ ʘʜʜʠʪʠʚʥʳʡ ʧʦʪʝʥʮʠʘʣ ʤʝʞʤʦʣʝʢʫʣʷʨʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ 

ʷʚʣʷʝʪʩʷ ʥʝ ʚʧʦʣʥʝ ʮʝʥʪʨʘʣʴʥʳʤ. ɺ ʯʘʩʪʥʦʩʪʠ, ʦʪʥʦʰʝʥʠʝ ʤʦʜʫʣʷ ʩʜʚʠʛʘ ʢ ʤʦʜʫʣʶ 

 

ʈʠʩʫʥʦʢ 10. ɹʘʨʠʯʝʩʢʠʝ ʟʘʚʠʩʠʤʦʩʪʠ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʇʫʘʩʩʦʥʘ 

ʩʪʝʢʣʦʦʙʨʘʟʥʳʭ ʛʣʠʮʝʨʠʥʘ ʠ ʧʨʦʧʠʣʝʥʢʘʨʙʦʥʘʪʘ 

ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ ʞʠʜʢʦʛʦ ʘʟʦʪʘ. 
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ʩʞʘʪʠʷ ʩʫʱʝʩʪʚʝʥʥʦ ʤʝʥʴʰʝ, ʯʝʤ ʜʦʣʞʥʦ ʙʳʣʦ ʙʳʪʴ ʜʣʷ ʮʝʥʪʨʘʣʴʥʦʛʦ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ, ʠʟ-ʟʘ ʚʦʟʤʦʞʥʦʩʪʠ ʦʨʠʝʥʪʘʮʠʦʥʥʦʡ ʨʝʣʘʢʩʘʮʠʠ ʤʦʣʝʢʫʣ ʧʨʠ 

ʩʜʚʠʛʦʚʳʭ ʥʘʧʨʷʞʝʥʠʷʭ. ɺ ʵʪʦʤ ʩʣʫʯʘʝ ʦʪʥʦʩʠʪʝʣʴʥʦ ʥʝʙʦʣʴʰʘʷ ʢʦʥʮʝʥʪʨʘʮʠʷ 

ʚʦʜʦʨʦʜʥʳʭ ʩʚʷʟʝʡ ʤʦʞʝʪ ʜʝʡʩʪʚʠʪʝʣʴʥʦ ʧʨʠʙʣʠʟʠʪʴ ʵʬʬʝʢʪʠʚʥʳʡ ʧʦʪʝʥʮʠʘʣ 

ʤʝʞʤʦʣʝʢʫʣʷʨʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʢ ʮʝʥʪʨʘʣʴʥʦʤʫ.  

 

3.1.3 ʇʝʨʝʭʦʜ ʩʪʝʢʣʦ-ʞʠʜʢʦʩʪʴ 

ʊʝʤʧʝʨʘʪʫʨʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʤʦʜʫʣʝʡ ʫʧʨʫʛʦʩʪʠ ʛʣʠʮʝʨʠʥʘ, ʠʟʤʝʨʝʥʥʳʝ ʧʨʠ 

ʠʟʦʙʘʨʠʯʝʩʢʦʤ ʦʪʦʛʨʝʚʝ (ʚʢʣʶʯʘʷ ʧʝʨʝʭʦʜ ʩʪʝʢʣʦ-ʞʠʜʢʦʩʪ)ɹ, ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʨʠʩʫʥʢʝ 

11. ʅʘʙʣʶʜʘʝʪʩʷ ʨʝʟʢʦʝ ʫʤʝʥʴʰʝʥʠʝ ʤʦʜʫʣʷ ʩʜʚʠʛʘ ʚʳʰʝ ʪʝʤʧʝʨʘʪʫʨʳ ʩʪʝʢʣʦʚʘʥʠʷ Tg. 

ʇʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ ʚʳʰʝ Tg ʚ ʚʳʩʦʢʦʚʷʟʢʦʡ ʞʠʜʢʦʩʪʠ ʧʦʧʝʨʝʯʥʳʝ ʟʚʫʢʦʚʳʝ ʚʦʣʥʳ 

ʧʨʦʜʦʣʞʘʶʪ ʨʘʩʧʨʦʩʪʨʘʥʷʪʴʩʷ. ɼʣʷ ʵʪʦʛʦ ʜʦʣʞʥʦ ʚʳʧʦʣʥʷʪʴʩʷ ʫʩʣʦʚʠʝ ‫ ρ†ϳ, ʪ. ʝ. 

ʯʘʩʪʦʪʘ ʧʦʧʝʨʝʯʥʳʭ ʢʦʣʝʙʘʥʠʡ ʜʦʣʞʥʘ ʙʳʪʴ ʙʦʣʴʰʝ ʦʙʨʘʪʥʦʛʦ ʚʨʝʤʝʥʠ ʨʝʣʘʢʩʘʮʠʠ ʚ 

ʞʠʜʢʦʩʪʠ. ʏʘʩʪʦʪʘʤ ʟʚʫʢʘ ʚ ʥʝʩʢʦʣʴʢʦ ʄɻʮ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʚʨʝʤʝʥʘ ʨʝʣʘʢʩʘʮʠʠ 10-6-10-

7 ʩ. ʇʨʠ ʜʘʥʥʳʭ ʚʨʝʤʝʥʘʭ ʨʝʣʘʢʩʘʮʠʠ ʚʷʟʢʦʩʪʴ ʞʠʜʢʦʩʪʠ ʩʦʩʪʘʚʣʷʝʪ 103-104 ʇʘȚʩ. ʊʘʢʠʤ 

ʦʙʨʘʟʦʤ, ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ ʚʙʣʠʟʠ Tg ʜʦ ʩʦʩʪʦʷʥʠʷ ʞʠʜʢʦʩʪʠ ʩ ʚʷʟʢʦʩʪʴʶ ʚʳʰʝ 10
3 ʇʘȚʩ 

ʝʱʝ ʚʦʟʤʦʞʥʦ ʥʘʙʣʶʜʘʪʴ ʧʨʦʭʦʞʜʝʥʠʝ ʧʦʧʝʨʝʯʥʳʭ ʫʣʴʪʨʘʟʚʫʢʦʚʳʭ ʚʦʣʥ. ʇʨʠ 

ʤʝʥʴʰʝʡ ʚʷʟʢʦʩʪʠ ʚ ʞʠʜʢʦʩʪʠ ʥʝʪ ʧʦʧʝʨʝʯʥʳʭ ʢʦʣʝʙʘʥʠʡ. ɺʙʣʠʟʠ Tg ʠʟ-ʟʘ 

ʚʦʟʨʘʩʪʘʶʱʝʛʦ ʧʦʛʣʦʱʝʥʠʷ ʪʝʨʷʝʪʩʷ ʫʣʴʪʨʘʟʚʫʢʦʚʦʡ ʩʠʛʥʘʣ. ɼʣʷ ʠʩʧʦʣʴʟʦʚʘʥʥʳʭ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʯʘʩʪʦʪ (5-10 ʄɻʮ) ʯʘʩʪʦʪʥʦ-ʟʘʚʠʩʠʤʳʡ ʚʢʣʘʜ ʚ ʫʧʨʫʛʦʩʪʴ 

ʧʨʝʥʝʙʨʝʞʠʤʦ ʤʘʣ ʚ ʨʘʩʩʤʘʪʨʠʚʘʝʤʳʭ ʪʝʤʧʝʨʘʪʫʨʥʳʭ ʠʥʪʝʨʚʘʣʘʭ 77 ï 330 ʂ (ʨʠʩ. 11). 

ʋʚʝʣʠʯʝʥʠʝ ʤʦʜʫʣʝʡ ʫʧʨʫʛʦʩʪʠ ʩ ʜʘʚʣʝʥʠʝʤ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʧʨʝʜʳʜʫʱʠʤ 

ʠʟʦʪʝʨʤʠʯʝʩʢʠʤ ʜʘʥʥʳʤ ʜʣʷ ʩʪʝʢʣʦʦʙʨʘʟʥʦʛʦ ʠ ʞʠʜʢʦʛʦ ʛʣʠʮʝʨʠʥʘ, ʘ ʦʪʥʦʩʠʪʝʣʴʥʳʡ 

ʩʜʚʠʛ ʟʘʚʠʩʠʤʦʩʪʝʡ ʢ ʙʦʣʝʝ ʚʳʩʦʢʠʤ ʪʝʤʧʝʨʘʪʫʨʘʤ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʫʢʘʟʳʚʘʝʪ ʥʘ 

ʫʚʝʣʠʯʝʥʠʝ Tg ʩ ʜʘʚʣʝʥʠʝʤ. ʅʘ ʨʠʩ. 11 ʪʘʢʞʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʤʦʜʫʣʠ ʫʧʨʫʛʦʩʪʠ ʇʂ ʧʨʠ 

0.1 ɻʇʘ [48], ʠʟʤʝʨʝʥʥʳʝ ʧʨʠ ʘʥʘʣʦʛʠʯʥʦʤ ʠʟʦʙʘʨʠʯʝʩʢʦʤ ʦʪʦʛʨʝʚʝ. ɺʘʞʥʳʤ ʬʘʢʪʦʤ 

ʷʚʣʷʝʪʩʷ ʪʦ, ʯʪʦ ʦʪʥʦʩʠʪʝʣʴʥʦʝ ʨʘʟʣʠʯʠʝ ʤʝʞʜʫ ʦʙʲʝʤʥʳʤʠ ʤʦʜʫʣʷʤʠ ʚ ʩʪʝʢʣʝ ʠ 

ʞʠʜʢʦʩʪʠ ʟʘʤʝʪʥʦ ʤʝʥʴʰʝ ʚ ʇʂ, ʯʝʤ ʚ ʛʣʠʮʝʨʠʥʝ. ɺ ʇʂ ʩʦʦʪʥʦʰʝʥʠʝ ʤʝʞʜʫ ʩʪʝʢʣʦʤ ʠ 

ʞʠʜʢʦʩʪʴʶ ʜʣʷ ʤʦʜʫʣʷ ɺ ʤʝʥʴʰʝ 1.5. ɺ ʛʣʠʮʝʨʠʥʝ ɻ ʪʦ ʩʦʦʪʥʦʰʝʥʠʝ ʥʝʤʥʦʛʦ ʚʳʰʝ 2.5. 
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ʈʠʩʫʥʦʢ 11. ʊʝʤʧʝʨʘʪʫʨʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ (ʘ) ʩʜʚʠʛʦʚʳʭ G ʠ (ʙ) ʦʙʲʝʤʥʳʭ ɺ ʤʦʜʫʣʝʡ 

ʜʣʷ ʛʣʠʮʝʨʠʥʘ ʧʨʠ ʨʘʟʥʳʭ ʜʘʚʣʝʥʠʷʭ ʠ ʘʥʘʣʦʛʠʯʥʳʝ ʜʘʥʥʳʝ ʜʣʷ ʧʨʦʧʠʣʝʥʢʘʨʙʦʥʘʪʘ 

ʧʨʠ P = 0.1 ɻʇʘ. ʇʫʥʢʪʠʨʥʳʝ ʣʠʥʠʠ ï ʠʥʪʝʨʧʦʣʷʮʠʠ ʥʘ ʛʣʘʟ 

 

 

ʈʠʩʫʥʦʢ 12. ʊʝʤʧʝʨʘʪʫʨʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʢʦʵʬʬʠʮʠʝʥʪʘ ʧʨʦʭʦʞʜʝʥʠʷ ʧʨʦʜʦʣʴʥʦʡ 

ʚʦʣʥʳ ʯʝʨʝʟ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʫʶ ʩʙʦʨʢʫ ʩ ʦʙʨʘʟʮʦʤ ʛʣʠʮʝʨʠʥʘ ʧʨʠ ʨʘʟʥʳʭ 

ʜʘʚʣʝʥʠʷʭ. 
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ɼʘʥʥʳʝ ʦ ʧʨʦʭʦʞʜʝʥʠʠ ʧʨʦʜʦʣʴʥʦʡ ʫʣʴʪʨʘʟʚʫʢʦʚʦʡ ʚʦʣʥʳ ʯʝʨʝʟ ʦʙʨʘʟʝʮ 

ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʨʠʩʫʥʢʝ 12. ʂʦʵʬʬʠʮʠʝʥʪ ʧʨʦʧʫʩʢʘʥʠʷ ʟʜʝʩʴ ʦʧʨʝʜʝʣʷʝʪʩʷ ʢʘʢ 

ʦʪʥʦʰʝʥʠʝ ʘʤʧʣʠʪʫʜʳ ʧʨʦʰʝʜʰʝʛʦ ʩʠʛʥʘʣʘ ʢ ʘʤʧʣʠʪʫʜʝ ʛʝʥʝʨʠʨʫʝʤʦʛʦ ʥʘ 

ʧʴʝʟʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʜʘʪʯʠʢʘʭ. ʇʦʵʪʦʤʫ ʦʥ ʚʢʣʶʯʘʝʪ ʚ ʩʝʙʷ ʟʘʪʫʭʘʥʠʝ ʚ ʧʦʨʰʥʷʭ ʠ 

ʦʙʨʘʟʮʝ, ʢʦʵʬʬʠʮʠʝʥʪ ʧʨʦʧʫʩʢʘʥʠʷ ʥʘ ʛʨʘʥʠʮʘʭ ʧʦʨʰʝʥʴ-ʦʙʨʘʟʝʮ ʠ ʦʙʨʘʟʝʮ-ʧʦʨʝhʥɹ, 

ʘ ʪʘʢʞʝ ʧʨʷʤʳʝ ʠ ʦʙʨʘʪʥʳʝ ʢʦʵʬʬʠʮʠʝʥʪʳ ʪʨʘʥʩʬʦʨʤʘʮʠʠ ʧʴʝʟʦʵʣʝʢʪʨʠʯʝʩʢʠʭ 

ʜʘʪʯʠʢʦʚ. ʆʯʝʚʠʜʥʦ, ʯʪʦ ʦʩʥʦʚʥʦʡ ʚʢʣʘʜ ʚ ʠʟʤʝʥʝʥʠʝ ʧʨʦʧʫʩʢʘʥʠʷ ʩ ʫʚʝʣʠʯʝʥʠʝʤ 

ʜʘʚʣʝʥʠʷ ʥʘ ʨʠʩ. 12 ʚʥʦʩʠʪ ʧʦʛʣʦʱʝʥʠʝ ʚ ʦʙʨʘʟʮʝ, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʜʨʫʛʠʝ ʚʢʣʘʜʳ 

ʧʨʘʢʪʠʯʝʩʢʠ ʥʝ ʟʘʚʠʩʷʪ ʦʪ ʜʘʚʣʝʥʠʷ. ʂʦʵʬʬʠʮʠʝʥʪ ʧʨʦʧʫʩʢʘʥʠʷ ʥʘ ʛʨʘʥʠʮʘʭ ʤʝʞʜʫ 

ʧʦʨʰʥʷʤʠ ʠ ʦʙʨʘʟʮʦʤ (ʠ ʥʘʦʙʦʨʦʪ) ʥʝʟʥʘʯʠʪʝʣʴʥʦ ʠʟʤʝʥʷʝʪʩʷ ʩ ʜʘʚʣʝʥʠʝʤ ʠʟ-ʟʘ 

ʟʥʘʯʠʪʝʣʴʥʦʛʦ ʨʘʟʣʠʯʠʷ ʤʝʞʜʫ ʘʢʫʩʪʠʯʝʩʢʠʤʠ ʠʤʧʝʜʘʥʩʘʤʠ (ὤ ”ὺ) ʩʪʘʣʠ ʚ 

ʧʦʨʰʥʷʭ ʠ ʦʨʛʘʥʠʯʝʩʢʦʛʦ ʛʣʠʮʝʨʠʥʘ. ʅʘ ʨʠʩʫʥʢʝ 12 ʟʘʤʝʪʥʦ ʟʥʘʯʠʪʝʣʴʥʦʝ ʫʚʝʣʠʯʝʥʠʝ 

ʘʤʧʣʠʪʫʜʳ ʧʨʦʜʦʣʴʥʦʡ ʫʣʴʪʨʘʟʚʫʢʦʚʦʡ ʚʦʣʥʳ (ʘʢʫʩʪʠʯʝʩʢʦʝ ʧʨʦʩʚʝʪʣʝʥʠʝ) ʚʙʣʠʟʠ 

ʪʝʤʧʝʨʘʪʫʨʳ ʩʪʝʢʣʦʚʘʥʠʷ ʩ ʧʦʩʣʝʜʫʶʱʠʤ ʨʝʟʢʠʤ ʧʘʜʝʥʠʝʤ ʜʦ ʥʝʠʟʤʝʨʠʤʳʭ ʟʥʘʯʝʥʠʡ 

ʥʝʤʥʦʛʦ ʚʳʰʝ Tg. ʇʝʨʚʳʡ ʵʬʬʝʢʪ, ʧʦ-ʚʠʜʠʤʦʤʫ, ʩʚʷʟʘʥ ʩ çʟʘʣʝʯʠʚʘʥʠʝʤè ʜʝʬʝʢʪʦʚ 

ʩʪʨʫʢʪʫʨʳ ʩʪʝʢʣʘ, ʚʦʟʥʠʢʘʶʱʠʭ ʠʟ-ʟʘ ʨʝʦʣʦʛʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʦʚ ʚ ʪʚʝʨʜʦʤ 

ʩʪʝʢʣʦʦʙʨʘʟʥʦʤ ʦʙʨʘʟʮʝ ʧʝʨʝʜ ʨʘʟʤʷʛʯʝʥʠʝʤ ʩʪʝʢʣʘ. ʉʫʱʝʩʪʚʦʚʘʥʠʝ ʩʚʷʟʠ ʤʝʞʜʫ 

ʘʢʫʩʪʠʯʝʩʢʠʤ ʧʨʦʩʚʝʪʣʝʥʠʝʤ (ʨʠʩ. 12) ʠ ʧʝʨʝʭʦʜʦʤ ʩʪʝʢʣʦ-ʞʠʜʢʦʩʪʴ ʧʦʜʪʚʝʨʞʜʘʝʪʩʷ 

ʪʝʤ, ʯʪʦ ʩ ʜʘʚʣʝʥʠʝʤ ʦʙʣʘʩʪʴ ʤʘʢʩʠʤʘʣʴʥʦʛʦ ʧʦʛʣʦʱʝʥʠʷ ʚ ʛʣʠʮʝʨʠʥʝ ʩʜʚʠʛʘʝʪʩʷ ʚ 

ʙʦʣʝʝ ʚʳʩʦʢʠʝ ʪʝʤʧʝʨʘʪʫʨʳ. ɼʣʷ ʜʘʚʣʝʥʠʡ 0.1 ʠ 0.45 ɻʇʘ ʵʪʦʪ ʩʜʚʠʛ ʨʘʚʝʥ 15 ʂ, ʪʦʛʜʘ 

ʢʘʢ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʡ ʩʜʚʠʛ Tg ʩʦʩʪʘʚʣʷʝʪ 13.5 ʂ ʠʟ ʵʤʧʠʨʠʯʝʩʢʦʡ ʟʘʚʠʩʠʤʦʩʪʠ Tg(P) 

[32] ʠʣʠ ЎὝ ρυ ̠ ʠʟ ʦʙʲʝʤʥʳʭ ʜʘʥʥʳʭ [37]. 

ʀʩʧʦʣʴʟʫʷ ʛʣʠʮʝʨʠʥ ʠ ʧʨʦʧʠʣʝʥʢʘʨʙʦʥʘʪ ʚ ʢʘʯʝʩʪʚʝ ʤʦʜʝʣʴʥʳʭ ʤʦʣʝʢʫʣʷʨʥʳʭ 

ʞʠʜʢʦʩʪʝʡ ʩ ʩʠʣʴʥʦʡ ʚʦʜʦʨʦʜʥʦʡ ʩʚʷʟʴʶ ʠ ʙʝʟ ʥʠʭ, ʤʳ ʚʳʜʝʣʠʣʠ ʩʫʱʝʩʪʚʝʥʥʳʝ 

ʨʘʟʣʠʯʠʷ ʠ ʦʙʱʠʝ ʯʝʨʪʳ ʠʭ ʫʧʨʫʛʠʭ ʩʚʦʡʩʪʚ ʧʦʜ ʜʘʚʣʝʥʠʝʤ ʚ ʞʠʜʢʦʤ ʠ ʩʪʝʢʣʦʦʙʨʘʟʥʦʤ 

ʩʦʩʪʦʷʥʠʷʭ. ʅʝʩʤʦʪʨʷ ʥʘ ʩʫʱʝʩʪʚʝʥʥʦʝ (ʚ 2-2.5 ʨʘʟʘ) ʨʘʟʣʠʯʠʝ ʤʝʞʜʫ ʤʦʜʫʣʷʤʠ 

ʫʧʨʫʛʦʩʪʠ ʇʂ ʠ ʛʣʠʮʝʨʠʥʘ, ʩʚʠʜʝʪʝʣʴʩʪʚʫʶʱʝʝ ʦ ʚʢʣʘʜʝ ʚʦʜʦʨʦʜʥʳʭ ʩʚʷʟʝʡ ʚʦ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʚ ʛʣʠʮʝʨʠʥʝ, ʦʙʘ ʚʝʱʝʩʪʚʘ ʠʤʝʶʪ ʚʝʩʴʤʘ ʧʦʭʦʞʠʝ ʙʘʨʠʯʝʩʢʠʝ 

ʟʘʚʠʩʠʤʦʩʪʠ ʫʧʨʫʛʠʭ ʤʦʜʫʣʝʡ, ʢʦʪʦʨʳʝ ʷʚʣʷʶʪʩʷ ʥʝʣʠʥʝʡʥʳʤʠ ʚ ʩʪʝʢʣʦʦʙʨʘʟʥʳʭ 

ʩʦʩʪʦʷʥʠʷʭ ʠ ʧʦʯʪʠ ʣʠʥʝʡʥ rʚ ʞʠʜʢʦʩʪʷʭ. ɹʦʣʝʝ ʪʦʛʦ, ʚʦʜʦʨʦʜʥʳʝ ʩʚʷʟʠ ʥʝʟʥʘʯʠʪʝʣʴʥʦ 
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ʚʣʠʷʶʪ ʥʘ ʙʘʨʠʯʝʩʢʠʝ ʧʨʦʠʟʚʦʜʥʳʝ ʤʦʜʫʣʝʡ ʦʙʲʝʤʥʦʡ ʫʧʨʫʛʦʩʪʠ ὄ ὖ ʚ ʞʠʜʢʦʩʪʷʭ 

ʧʦʜ ʜʘʚʣʝʥʠʝʤ, ʪɻʦ ʦʟʥʘʯʘʝʪ, ʯʪʦ ʛʣʠʮʝʨʠʥ ʠ ʇʂ ʠʤʝʶʪ ʚʝʩʴʤʘ ʩʭʦʞʠʝ 

ʬʫʥʢʮʠʦʥʘʣʴʥʳʝ ʬʦʨʤʳ ʵʬʬʝʢʪʠʚʥʦʛʦ ʧʘʨʥʦʛʦ ʧʦʪʝʥʮʠʘʣʘ. ɼʣʷ ʛʣʠʮʝʨʠʥʘ ʧʦʢʘʟʘʪʝʣʴ 

ɾ ʚ ʧʘʨʘʤʝʪʨʝ ʤʘʩʰʪʘʙʠʨʦʚʘʥʠʷ ρ Ὕὠϳ , ʨʝʛʫʣʠʨʫʶʱʠʡ ʦʙʲʝʤʥʦ-ʪʝʤʧʝʨʘʪʫʨʥʦʝ 

ʤʘʩʰʪʘʙʠʨʦʚʘʥʠʝ ʨʝʣʘʢʩʘʮʠʦʥʥʳʭ ʩʚʦʡʩʪʚ, ʨʘʚʥʳʡ 1.4-1.8 [32, 58], ʥʝ ʩʦʦʪʚʝʪʩʪʚʫʝʪ 

ʦʪʪʘʣʢʠʚʘʶʱʝʤʫ ʧʦʢʘʟʘʪʝʣʶ ʩʪʝʧʝʥʠ ʚ ʤʝʞʤʦʣʝʢʫʣʷʨʥʦʤ ʧʦʪʝʥʮʠʘʣʝ ʚ ʦʪʣʠʯʠʝ ʦʪ 

ʧʨʦʧʠʣʝʥʢʘʨʙʦʥʘʪʘ [32, 51, 57]. ʋʤʝʥʴʰʝʥʠʝ ʢʦʵʬʬʠʮʠʝʥʪʘ ʇʫʘʩʩʦʥʘ ʠ ʧʨʠʙʣʠʞʝʥʠʝ 

ʢ ʟʥʘʯʝʥʠʶ 0.25 ʚ ʛʣʠʮʝʨʠʥʝ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʇʂ, ʧʦ-ʚʠʜʠʤʦʤʫ, ʷʚʣʷʝʪʩʷ ʝʱʝ ʦʜʥʠʤ 

ʧʨʦʷʚʣʝʥʠʝʤ ʨʦʣʠ ʩʠʣʴʥʳʭ ʚʦʜʦʨʦʜʥʳʭ ʩʚʷʟʝʡ ʚ ʛʣʘʩʩʬʦʨʤʝʨʘʭ.  
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3.2 ɺʝʱʝʩʪʚʘ ʥʘ ʦʩʥʦʚʝ ʧʨʦʧʘʥʦʚʦʛʦ ʫʛʣʝʨʦʜʥʦʛʦ ʩʢʝʣʝʪʘ ï 

ʧʨʦʧʘʥʦʣ, ʧʨʦʧʠʣʝʥʛʣʠʢʦʣʴ ʠ ʛʣʠʮʝʨʠʥ 

ɺ ʧʨʝʜʳʜʫʱʝʤ ʧʘʨʘʛʨʘʬʝ ʤʳ ʩʨʘʚʥʠʣʠ ʫʧʨʫʛʠʝ ʩʚʦʡʩʪʚʘ ʛʣʠʮʝʨʠʥʘ C3H8O3 ʠ 

ʧʨʦʧʠʣʝʥʢʘʨʙʦʥʘʪʘ C4H6O3 ʚ ʢʘʯʝʩʪʚʝ ʤʦʜʝʣʴʥʳʭ ʤʦʣʝʢʫʣʷʨʥʳʭ ʚʝʱʝʩʪʚ ʩ ʩʠʣʴʥʦʡ 

ʚʦʜʦʨʦʜʥʦʡ ʩʚʷʟʴʶ ʠ ʙʝʟ ʥʝʝ. ʄʳ ʚʳʜʝʣʠʣʠ ʩʫʱʝʩʪʚʝʥʥʳʝ ʨʘʟʣʠʯʠʷ ʠ ʦʙʱʠʝ ʯʝʨʪʳ ʠʭ 

ʫʧʨʫʛʠʭ ʩʚʦʡʩʪʚ ʧʦʜ ʜʘʚʣʝʥʠʝʤ ʚ ʞʠʜʢʦʤ ʠ ʩʪʝʢʣʦʦʙʨʘʟʥʦʤ ʩʦʩʪʦʷʥʠʷʭ. ʕʪʠ 

ʨʝʟʫʣʴʪʘʪʳ ʧʦʜʪʚʝʨʞʜʘʶʪ, ʯʪʦ ʠʟʫʯʝʥʠʝ ʫʧʨʫʛʠʭ ʩʚʦʡʩʪʚ ʧʦʜ ʜʘʚʣʝʥʠʝʤ ʷʚʣʷʝʪʩʷ 

ʵʬʬʝʢʪʠʚʥʳʤ ʤʝʪʦʜʦʤ ʚʳʷʚʣʝʥʠʷ ʚʢʣʘʜʘ ʚʦʜʦʨʦʜʥʳʭ ʩʚʷʟʝʡ ʚ ʤʝʞʤʦʣʝʢʫʣʷʨʥʳʡ 

ʧʦʪʝʥʮʠʘʣ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ. ʊʝʤ ʥʝ ʤʝʥʝʝ, ʛʝʦʤʝʪʨʠʷ ʤʦʣʝʢʫʣ ʛʣʠʮʝʨʠʥʘ ʠ 

ʧʨʦʧʠʣʝʥʢʘʨʙʦʥʘʪʘ ʩʫʱʝʩʪʚʝʥʥʦ ʨʘʟʣʠʯʘʝʪʩʷ, ʠ ʥʝʚʦʟʤʦʞʥʦ ʩʜʝʣʘʪʴ ʢʘʢʠʝ-ʣʠʙʦ 

ʩʠʩʪʝʤʘʪʠʯʝʩʢʠʝ ʚʳʚʦʜʳ, ʦʩʥʦʚʘʥʥʳʝ ʪʦʣʴʢʦ ʥʘ ʩʨʘʚʥʝʥʠʠ ʵʪʠʭ ʜʚʫʭ ʚʝʱʝʩʪʚ. ɹʦʣʝʝ 

ʪʦʥʢʠʡ ʠ ʘʢʢʫʨʘʪʥʳʡ ʧʦʜʭʦʜ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʠʟʫʯʝʥʠʠ ʚʝʱʝʩʪʚ, ʩʭʦʜʥʳʭ ʧʦ ʩʚʦʝʡ 

ʤʦʣʝʢʫʣʷʨʥʦʡ ʩʪʨʫʢʪʫʨʝ ʩ ʨʝʛʫʣʷʨʥʳʤ ʠʟʤʝʥʝʥʠʝʤ ʚʢʣʘʜʘ ʚʦʜʦʨʦʜʥʳʭ ʩʚʷʟʝʡ. 

ʄʦʥʦʪʦʥʥʦʝ ʠ ʟʘʤʝʪʥʦʝ ʫʚʝʣʠʯʝʥʠʝ ʩʢʦʨʦʩʪʠ ʫʣʴʪʨʘʟʚʫʢʘ [67-69] ʚ ʛʦʤʦʣʦʛʠʯʝʩʢʦʤ 

ʨʷʜʫ ʞʠʜʢʠʭ ʧʝʨʚʠʯʥʳʭ ʩʧʠʨʪʦʚ HCnH2nOH ʩ ʫʚʝʣʠʯʝʥʠʝʤ n ʫʢʘʟʳʚʘʝʪ ʥʘ ʪʦ, ʯʪʦ ʜʣʠʥʘ 

ʤʦʣʝʢʫʣ ʤʦʞʝʪ ʩʫʱʝʩʪʚʝʥʥʦ ʚʣʠʷʪʴ ʥʘ ʫʧʨʫʛʠʝ ʩʚʦʡʩʪʚʘ ʞʠʜʢʦʩʪʠ. ʇʨʠʥʠʤʘʷ ʚʦ 

ʚʥʠʤʘʥʠʝ ʧʨʠʚʝʜʝʥʥʳʝ ʚʳʰʝ ʘʨʛʫʤʝʥʪʳ, ʤʳ ʚʳʙʨʘʣʠ ʜʣʷ ʥʘʰʝʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ʛʦʤʦʣʦʛʠʯʝʩʢʠʡ ʨʷʜ ʩʧʠʨʪʦʚ ʩ ʦʙʱʝʡ ʬʦʨʤʫʣʦʡ C3H8-n(OH)n ( 1, 2,  3n= ) ʥʘ ʦʩʥʦʚʝ 

ʧʨʦʧʘʥʦʚʦʛʦ ʫʛʣʝʨʦʜʥʦʛʦ ʩʢʝʣʝʪʘ ʠʟ ʪʨʝʭ ʘʪʦʤʦʚ ʫʛʣʝʨʦʜʘ, ʛʜʝ ʩʪʝʧʝʥʴ ʚʢʣʘʜʘ 

ʚʦʜʦʨʦʜʥʳʭ ʩʚʷʟʝʡ ʚ ʨʷʜʫ ʧʨʦʧʘʥʦʣ-1 (ʧʨʦʧʘʥ-1-ʦʣ)ïʧʨʦʧʠʣʝʥʛʣʠʢʦʣʴ (ʧʨʦʧʘʥ-1,2-

ʜʠʦʣ)ïʛʣʠʮʝʨʠʥ (ʧʨʦʧʘʥ-1,2,3-ʪʨʠʦʣ) ʦʧʨʝʜʝʣʷʝʪʩʷ ʢʦʣʠʯʝʩʪʚʦʤ n ʛʠʜʨʦʢʩʠʣʴʥʳʭ 

ʛʨʫʧʧ ʆʅ. 

ʉʪʨʫʢʪʫʨʘ ʠ ʫʧʨʫʛʠʝ ʩʚʦʡʩʪʚʘ ʩʧʠʨʪʦʚ ʧʨʠ ʚʳʩʦʢʠʭ ʜʘʚʣʝʥʠʷʭ ʠʟʫʯʝʥʳ 

ʟʥʘʯʠʪʝʣʴʥʦ ʤʝʥʴʰʝ, ʯʝʤ ʧʨʠ ʘʪʤʦʩʬʝʨʥʦʤ ʜʘʚʣʝʥʠʠ. ʇʨʠʤʝʥʠʤʦʩʪʴ ʩʫʱʝʩʪʚʫʶʱʠʭ 

ʵʤʧʠʨʠʯʝʩʢʠʭ ʧʦʪʝʥʮʠʘʣʦʚ [70-74] ʧʦʜ ʜʘʚʣʝʥʠʝʤ ʦʩʪʘʝʪʩʷ ʧʦʜ ʚʦʧʨʦʩʦʤ. ʅʘʧʨʠʤʝʨ, 

ʥʝʜʘʚʥʝʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʧʨʦʧʠʣʝʥʛʣʠʢʦʣʷ (ʇɻ) ʧʦʢʘʟʘʣʦ, ʯʪʦ ʨʘʩʯʝʪʥʘʷ ʩʞʠʤʘʝʤʦʩʪʴ 

ʩʠʣʴʥʦ ʟʘʚʠʩʠʪ ʦʪ ʧʦʪʝʥʮʠʘʣʘ ʜʘʞʝ ʧʨʠ ʘʪʤʦʩʬʝʨʥʦʤ ʜʘʚʣʝʥʠʠ [73], ʠʟʤʝʥʷʷʩʴ ʚ 

ʧʨʝʜʝʣʘʭ ʦʪ 0.37 ʜʦ 0.53 ɻʇʘ-1 ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ (ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʝ 

ʟʥʘʯʝʥʠʝ ʩʦʩʪʘʚʣʷʝʪ 0.47 ɻʇʘ-1). ʄʦʣʝʢʫʣʷʨʥʦ-ʜʠʥʘʤʠʯʝʩʢʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʞʠʜʢʦʛʦ 

ʛʣʠʮʝʨʠʥʘ ʧʨʠ ʚʳʩʦʢʦʤ ʜʘʚʣʝʥʠʠ [75] ʜʘʝʪ ʟʥʘʯʠʪʝʣʴʥʦ ʥʝʜʦʦʮʝʥʝʥʥʫʶ ʩʞʠʤʘʝʤʦʩʪʴ 
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(ʟʘʚʳʰʝʥʥʳʡ ʤʦʜʫʣʴ ʦʙʲʝʤʥʦʡ ʫʧʨʫʛʦʩʪʠ) ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ 

ʜʘʥʥʳʤʠ ʧʨʠ ʪʝʭ ʞʝ ʜʘʚʣʝʥʠʷʭ [76, 77]. ʉʧʠʨʪʳ ʩ ʧʨʦʧʘʥʦʚʳʤ ʫʛʣʝʨʦʜʥʳʤ ʩʢʝʣʝʪʦʤ ʚ 

ʩʪʝʢʣʦʦʙʨʘʟʥʦʤ ʩʦʩʪʦʷʥʠʠ ʠʩʩʣʝʜʦʚʘʥʳ ʧʨʠ ʘʪʤʦʩʬʝʨʥʦʤ ʜʘʚʣʝʥʠʠ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ 

ʚʙʣʠʟʠ ʠ ʥʠʞʝ ʪʝʤʧʝʨʘʪʫʨʳ ʩʪʝʢʣʦʚʘʥʠʷ [78-82]. ʇʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʠ ʦʯʝʥʴ 

ʚʳʩʦʢʠʭ ʜʘʚʣʝʥʠʷʭ ʚ ʘʣʤʘʟʥʳʭ ʥʘʢʦʚʘʣʴʥʷʭ ʧʨʦʚʦʜʠʣʠʩʴ ʠʟʤʝʨʝʥʠʷ ʤʝʪʦʜʦʤ 

ʙʨʠʣʣʶʵʥʦʚʩʢʦʡ [83, 84] ʠ ʨʘʤʘʥʦʚʩʢʦʡ [85] ʩʧʝʢʪʨʦʩʢʦʧʠʠ. ɺ ʜʘʥʥʦʤ ʧʘʨʘʛʨʘʬʝ 

ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʫʣʴʪʨʘʟʚʫʢʦʚʳʭ ʠʟʤʝʨʝʥʠʡ ʫʧʨʫʛʠʭ ʤʦʜʫʣʝʡ ʞʠʜʢʠʭ (ʧʨʠ 

ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ 293 ʂ) ʠ ʩʪʝʢʣʦʦʙʨʘʟʥʳʭ (ʧʨʠ 77 ʂ) ʧʨʦʧʘʥʦʣʘ-1 ʠ 

ʧʨʦʧʠʣʝʥʛʣʠʢʦʣʷ (ʇɻ) ʧʦʜ ʜʘʚʣʝʥʠʝʤ ʜʦ 1.1ï1.2 ɻʇʘ, ʩʨʘʚʥʝʥʠʝ ʧʦʣʫʯʝʥʥʳʭ ʜʘʥʥʳʭ ʩ 

ʘʥʘʣʦʛʠʯʥʳʤʠ ʜʣʷ ʛʣʠʮʝʨʠʥʘ (ʠʟ ʧʨʝʜʳʜʫʱʝʛʦ ʧʘʨʘʛʨʘʬʘ) ʩ ʫʯʝʪʦʤ ʥʝʜʘʚʥʦ 

ʦʧʫʙʣʠʢʦʚʘʥʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ [86]. ʅʘʩʢʦʣʴʢʦ ʥʘʤ ʠʟʚʝʩʪʥʦ, ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʝ 

ʠʩʩʣʝʜʦʚʘʥʠʝ ʫʧʨʫʛʠʭ ʩʚʦʡʩʪʚ ʵʪʠʭ ʩʪʝʢʦʣ ʧʦʜ ʜʘʚʣʝʥʠʝʤ ʠ ʧʨʠ ʥʠʟʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ 

ʧʨʦʚʝʜʝʥʦ ʚʧʝʨʚʳʝ. ɾʠʜʢʠʡ ʧʨʦʧʘʥʦʣ-1 ʧʦʜ ʜʘʚʣʝʥʠʝʤ ʙʳʣ ʨʘʥʝʝ ʠʩʩʣʝʜʦʚʘʥ 

ʫʣʴʪʨʘʟʚʫʢʦʚʦʡ ʤʝʪʦʜʠʢʦʡ [87, 88] ʠ ʧʨʷʤʳʤ ʠʟʤʝʨʝʥʠʝʤ ʧʣʦʪʥʦʩʪʠ [89, 90], ʯʪʦ 

ʧʦʟʚʦʣʠʣʦ ʧʦʣʫʯʠʪʴ ʫʨʘʚʥʝʥʠʝ ʩʦʩʪʦʷʥʠʷ. ʋʣʴʪʨʘʟʚʫʢʦʚʳʝ [91] ʠ ʧʨʷʤʳʝ ʦʙʲʝʤʥʳʝ 

ʠʟʤʝʨʝʥʠʷ [92] ʪʘʢʞʝ ʙʳʣʠ ʚʳʧʦʣʥʝʥʳ ʠ ʜʣʷ ʞʠʜʢʦʛʦ ʧʨʦʧʠʣʝʥʛʣʠʢʦʣʷ ʧʦʜ ʜʘʚʣʝʥʠʝʤ. 

ɺʩʝ ʵʪʠ ʧʨʝʜʳʜʫʱʠʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʨʦʚʦʜʠʣʠʩʴ, ʢʘʢ ʧʨʘʚʠʣʦ, ʚ ʛʦʨʘʟʜʦ ʙʦʣʝʝ ʫʟʢʠʭ 

ʜʠʘʧʘʟʦʥʘʭ ʜʘʚʣʝʥʠʡ. 

3.2.1 ɾʠʜʢʦʩʪʠ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ 

ʂʘʢ ʫʞʝ ʛʦʚʦʨʠʣʦʩʴ, ʩʚʷʟʴ ʤʝʞʜʫ ʘʜʠʘʙʘʪʠʯʝʩʢʠʤ ʠ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠʤ 

ʤʦʜʫʣʝʤ ɺ ʦʧʨʝʜʝʣʷʝʪʩʷ ʚʳʨʘʞʝʥʠʝʤ: [93] 
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ʛʜʝ Ŭʈ ï ʢʦʵʬʬʠʮʠʝʥʪ ʦʙʲʝʤʥʦʛʦ ʪʝʧʣʦʚʦʛʦ ʨʘʩʰʠʨʝʥʠʷ, ʩʈ ï ʫʜʝʣʴʥʘʷ ʪʝʧʣʦʝʤʢʦʩʪʴ 

ʧʨʠ ʧʦʩʪʦʷʥʥʦʤ ʜʘʚʣʝʥʠʠ. ʇʣʦʪʥʦʩʪʴ ɟ ʤʦʞʥʦ ʨʘʩʩʯʠʪʘʪʴ ʠʟ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ 

ʫʣʴʪʨʘʟʚʫʢʦʚʳʭ ʧʦʧʝʨʝʯʥʳʭ vt ʠ ʧʨʦʜʦʣʴʥʳʭ vl ʩʢʦʨʦʩʪʝʡ ʫʣʴʪʨʘʟʚʫʢʘ ʢʘʢ ʬʫʥʢʮʠʶ ʦʪ 
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ʕʪʦ ʚʳʨʘʞʝʥʠʝ ʫʧʨʦʱʘʝʪʩʷ ʜʣʷ ʥʝʚʷʟʢʠʭ ʞʠʜʢʦʩʪʝʡ: 

0 2

l0

1
( )

P

P dP
v

x
r r

+
= +ñ      (3.6) 

ɺ ʧʝʨʚʦʤ ʧʨʠʙʣʠʞʝʥʠʠ ʤʦʞʥʦ ʧʨʠʥʷʪʴ 
0 constx xº = , ʛʜʝ 

0x ʤʦʞʝʪ ʙʳʪʴ ʣʝʛʢʦ 

ʨʘʩʩʯʠʪʘʥʘ ʠʟ ʪʘʙʣʠʯʥʳʭ ʟʥʘʯʝʥʠʡ ʜʣʷ ʘʪʤʦʩʬʝʨʥʦʛʦ ʜʘʚʣʝʥʠʷ. ɹʘʨʠʯʝʩʢʠʝ 

ʟʘʚʠʩʠʤʦʩʪʠ ʘʜʠʘʙʘʪʠʯʝʩʢʦʛʦ ʠ ʠʟʦʪʝʨʤʠʯʝʩʢʦʛʦ ʤʦʜʫʣʝʡ ʦʙʲʝʤʥʦʡ ʫʧʨʫʛʦʩʪʠ 

ʨʘʩʩʯʠʪʳʚʘʶʪʩʷ ʧʦ ʬʦʨʤʫʣʘʤ: 
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ɺʩʝ ʵʪʘʣʦʥʥʳʝ ʜʘʥʥʳʝ ʧʨʠ ʘʪʤʦʩʬʝʨʥʦʤ ʜʘʚʣʝʥʠʠ ʜʣʷ ʧʨʦʧʘʥʦʣʘ, ʧʨʦʧʠʣʝʥʛʣʠʢʦʣʷ ʠ 

ʛʣʠʮʝʨʠʥʘ, ʥʝʦʙʭʦʜʠʤʳʝ ʜʣʷ ʨʘʩʯʝʪʘ ʫʧʨʫʛʠʭ ʩʚʦʡʩʪʚ, ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ ʪʘʙʣʠʮʝ 4. 

ʊʦʯʥʦʩʪʴ ʥʘʰʠʭ ʠʟʤʝʨʝʥʠʡ ʧʦʜ ʜʘʚʣʝʥʠʝʤ ʦʧʨʝʜʝʣʷʝʪʩʷ ʥʝ ʪʦʣʴʢʦ ʪʦʯʥʦʩʪʴʶ 

ʥʘʯʘʣʴʥʳʭ ʟʥʘʯʝʥʠʡ ʧʨʦʜʦʣʴʥʦʡ ʩʢʦʨʦʩʪʠ vl ʠ ʝʝ ʧʨʦʠʟʚʦʜʥʦʡ 
ldv dP ʧʨʠ 

ʘʪʤʦʩʬʝʨʥʦʤ ʜʘʚʣʝʥʠʠ (ʪʘʙʣʠʮʘ 4) ʚ ʢʘʯʝʩʪʚʝ ʛʨʘʥʠʯʥʳʭ ʫʩʣʦʚʠʡ, ʥʦ ʠ ʩʪʘʨʪʦʚʳʤ 

ʫʯʘʩʪʢʦʤ ʢʨʠʚʦʡ vl(ʈ), ʥʘʜʝʞʥʦ ʠʟʤʝʨʝʥʥʳʤ ʜʣʷ ʧʨʦʧʘʥʦʣʘ ʜʦ 0.12 ɻʇʘ [88] ʠ ʜʣʷ 

ʧʨʦʧʠʣʝʥʛʣʠʢʦʣʷ [91] ʠ ʛʣʠʮʝʨʠʥʘ [50, 94] ʜʦ 0.1 ɻʇʘ ʧʨʠ 293 ʂ. ʕʪʦ ʩʚʷʟʘʥʦ ʩ ʙʦʣʴʰʦʡ 

ʦʰʠʙʢʦʡ ʠʟʤʝʨʝʥʠʡ ʚ ʥʘʰʠʭ ʵʢʩʧʝʨʠʤʝʥʪʘʭ ʧʨʠ ʥʘʯʘʣʴʥʳʭ ʜʘʚʣʝʥʠʷʭ ʜʦ 0.15 ɻʇʘ. ɺ 

ʩʣʫʯʘʝ ʧʨʦʧʘʥʦʣʘ ʟʘʚʠʩʠʤʦʩʪʴ vl(ʈ) ʠʟʤʝʨʷʣʘʩʴ [87] ʜʦ 1 ɻʇʘ ʧʨʠ 303 ʂ. ɿʘʚʠʩʠʤʦʩʪʴ 

ʩʢʦʨʦʩʪʠ ʦʪ ʜʘʚʣʝʥʠʷ, ʧʦʣʫʯʝʥʥʘʷ ʚ ʨʘʤʢʘʭ ʥʘʰʠʭ ɻ ʢʩʧʝʨʠʤʝʥʪʦʚ, ʭʦʨʦʰʦ ʩʦʛʣʘʩʫʝʪʩʷ 

ʩ ʵʪʠʤʠ ʜʘʥʥʳʤʠ. 

ʅʘ ʨʠʩ. 13 ʧʨʝʜʩʪʘʚʣʝʥʳ ʙʘʨʠʯʝʩʢʠʝ ʟʘʚʠʩʠʤʦʩʪʠ ʧʨʦʜʦʣʴʥʦʡ ʩʢʦʨʦʩʪʠ 

ʫʣʴʪʨʘʟʚʫʢʘ, ʠʟʦʪʝʨʤʠʯʝʩʢʦʛʦ ʤʦʜʫʣʷ ʦʙʲʝʤʥʦʡ ʫʧʨʫʛʦʩʪʠ ʠ ʦʪʥʦʩʠʪʝʣʴʥʦʛʦ 

ʠʟʤʝʥʝʥʠʷ ʦʙʲʝʤʘ ʜʣʷ ʚʩʝʭ ʪʨʝʭ ʞʠʜʢʦʩʪʝʡ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ (293 K) [85-87, 

92-94]. ɺ ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʤ ʛʦʤʦʣʦʛʠʯʝʩʢʦʤ ʩʝʤʝʡʩʪʚʝ ʯʠʩʣʦ ʛʠʜʨʦʢʩʠʣʴʥʳʭ ʛʨʫʧʧ n 

ʚʦʟʨʘʩʪʘʝʪ ʦʪ 1 ʜʦ 3, ʯʪʦ ʫʚʝʣʠʯʠʚʘʝʪ ʢʦʣʠʯʝʩʪʚʦ ʚʦʟʤʦʞʥʳʭ ʚʦʜʦʨʦʜʥʳʭ ʩʚʷʟʝʡ ʥʘ 

ʤʦʣʝʢʫʣʫ. ʀʟ ʨʠʩ. 13 ʚʠʜʥʦ, ʯʪʦ ʚʦʜʦʨʦʜʥʳʝ ʩʚʷʟʠ ʚʣʠʷʶʪ ʥʘ ʩʞʠʤʘʝʤʦʩʪʴ ʞʠʜʢʦʩʪʝʡ. 

ʆʙʲʝʤʥʳʡ ʤʦʜʫʣʴ ʩʠʩʪʝʤʘʪʠʯʝʩʢʠ ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʦʪ ʧʨʦʧʘʥʦʣʘ-1 ʜʦ ʛʣʠʮʝʨʠʥʘ ʚʦ ʚʩʝʤ 

ʜʠʘʧʘʟʦʥʝ ʜʘʚʣʝʥʠʡ. ɿʥʘʯʠʪʝʣʴʥʳʝ ʨʘʟʣʠʯʠʷ ʥʘʙʣʶʜʘʶʪʩʷ ʚ ʥʘʯʘʣʴʥʳʭ ʯʘʩʪʷʭ 

ʟʘʚʠʩʠʤʦʩʪʝʡ ʧʨʦʜʦʣʴʥʦʡ ʩʢʦʨʦʩʪʠ ʦʪ ʜʘʚʣʝʥʠʷ (ʨʠʩ.13, ɸ). 
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ʊʘʙʣʠʮʘ 4. ɼʘʥʥʳʝ ʧʨʠ ʘʪʤʦʩʬʝʨʥʦʤ ʜʘʚʣʝʥʠʠ ʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ 293 K ʩ 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʤʠ ʙʠʙʣʠʦʛʨʘʬʠʯʝʩʢʠʤʠ ʩʩʳʣʢʘʤʠ ʜʣʷ ʪʨʝʭ ʞʠʜʢʦʩʪʝʡ, ʚʢʣʶʯʘʷ 

ʧʣʦʪʥʦʩʪʴ ɟ, ʩʢʦʨʦʩʪʴ ʧʨʦʜʦʣʴʥʦʡ ʫʣʴʪʨʘʟʚʫʢʦʚʦʡ ʚʦʣʥʳ ὺ ʠ ʝʝ ʙʘʨʠʯʝʩʢʫʶ 

ʧʨʦʠʟʚʦʜʥʫʶ Ὠὺ Ὠὖϳ , ʘʜʠʘʙʘʪʠʯʝʩʢʠʝ ɺS ʠ ʠʟʦʪʝʨʤʠʯʝʩʢʠʝ ɺʊ ʤʦʜʫʣʠ ʦʙʲʝʤʥʦʡ 

ʫʧʨʫʛʦʩʪʠ ʠ ʠʭ ʧʨʦʠʟʚʦʜʥʳʝ ʧʦ ʜʘʚʣʝʥʠʶ, ʦʪʥʦʰʝʥʠʝ ʘʜʠʘʙʘʪʠʯʝʩʢʠʭ ʤʦʜʫʣʝʡ ʢ 

ʠʟʦʪʝʨʤʠʯʝʩʢʠʤ ɺS / ɺʊ , ʠʟʦʙʘʨʠʯʝʩʢʠʡ ʢʦʵʬʬʠʮʠʝʥʪ ʪʝʧʣʦʚʦʛʦ ʨʘʩʰʠʨʝʥʠʷ ‌ , 

ʤʦʣʷʨʥʘʷ ʠʟʦʙʘʨʠʯʝʩʢʘʷ ʪʝʧʣʦʝʤʢʦʩʪʴ ὧᶻ, ʫʜʝʣʴʥʘʷ ʠʟʦʙʘʨʠʯʝʩʢʘʷ ʪʝʧʣʦʝʤʢʦʩʪʴ ὧ, 

ʦʪʥʦʰʝʥʠʝ ʘʜʠʘʙʘʪʠʯʝʩʢʠʭ ʠ ʠʟʦʪʝʨʤʠʯʝʩʢʠʭ ʤʦʜʫʣʝʡ 
01 x+  ʠʟ ʫʨʘʚʥʝʥʠʷ (3.4) ʠ 

ʪʝʤʧʝʨʘʪʫʨʳ ʩʪʝʢʣʦʚʘʥʠʷ Ὕ 

 ʇʨʦʧʘʥʦʣ-1 ʇʨʦʧʠʣʝʥʛʣʠʢʦʣʴ ɻʣʠʮʝʨʠʥ 

ɾʠʜʢʦʩʪʠ, ʊ = 293 ʂ 

ɟ, ʛ/ʩʤ3 0.804 [88-90, 95-97] 1.036 [69, 91, 98] 1.261 [86, 99] 

vl, ʢʤ/ʩ 1.219 [100], 1.223 

[88] 

1.522 [91] 1.907 [49], 1.923 

[101], 1.927[50, 94] 

Ὠὺ Ὠὖϳ , 

ʢʤ/(ʩĿɻʇʘ) 

5.81 [88], 5.66 [87] 3.806 [91] 2.1 [50, 94] 

ɺS, ɻʇʘ 1.199, 1.208 [69] 2.40 , 2.37 [69], 

2.402 [91] 

4.67, 4.66 [49], 

4.684 [94] 

Ὠὄ Ὠὖϳ  11.3 [87] 12.9 [91] 10.8 [49], 11.6 [94] 

ɺʊ, ɻʇʘ 1.033 [88], 1.022 

[89], 1.006 [90] 

2.13 [92], 2.114 [91] 4.2 [102], 4.477 

[86] 

Ὠὄ Ὠὖϳ  9.73 [88], 10.7 [90] 11.6 [91] 8.97 [86] 

ὄ ὄϳ  1.157, 1.207 1.113, 1.136 1.041, 1.115 

‌ , 10-4Ŀʂ-1 9.9 [90, 95], 9.5 [89] 7.04 [91] 4.25 [86] 

ὧᶻ, ɼʞ/(ʂĿʤʦʣʴ) 141 [103] 187.8 [91] 218 [104], 216.8 

[86] 

ὧ, ɼʞ/(ʂĿʛ) 2.35, 2.348 [88] 2.47 2.36 

01 x+  1.183 1.136 1.083 

Ὕ, K 96.2 [80] 168 [105] 188 [32, 37] 
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ʈʠʩʫʥʦʢ 13. ɹʘʨʠʯʝʩʢʠʝ ʟʘʚʠʩʠʤʦʩʪʠ (A) ʩʢʦʨʦʩʪʠ ʧʨʦʜʦʣʴʥʦʡ ʫʣʴʪʨʘʟʚʫʢʦʚʦʡ 

ʚʦʣʥʳ, (B) ʠʟʦʪʝʨʤʠʯʝʩʢʦʛʦ ʤʦʜʫʣʷ ʦʙʲʝʤʥʦʡ ʫʧʨʫʛʦʩʪʠ B ʠ (C) ʦʪʥʦʩʠʪʝʣʴʥʦʛʦ 

ʠʟʤʝʥʝʥʠʷ ʦʙʲʝʤʘ V / V0 ʞʠʜʢʠʭ ʧʨʦʧʘʥʦʣʘ-1, ʧʨʦʧʠʣʝʥʛʣʠʢʦʣʷ ʠ ʛʣʠʮʝʨʠʥʘ ʧʨʠ 

ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ 293 K. 

ʀʟ ʜʠʬʨʘʢʮʠʦʥʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʠ ʤʦʣʝʢʫʣʷʨʥʦ-ʜʠʥʘʤʠʯʝʩʢʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ 

ʜʦʩʪʦʚʝʨʥʦ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʢʦʣʠʯʝʩʪʚʦ ʚʦʜʦʨʦʜʥʳʭ ʩʚʷʟʝʡ ʥʘ ʤʦʣʝʢʫʣʫ (ʩʨʝʜʥʝʝ 

ʯʠʩʣʦ ʩʚʷʟʝʡ, ʚ ʢʦʪʦʨʳʭ ʢʘʞʜʘʷ ʤʦʣʝʢʫʣʘ ʚʳʩʪʫʧʘʝʪ ʚ ʨʦʣʠ ʜʦʥʦʨʘ ʠʣʠ ʘʢʮʝʧʪʦʨʘ 

ʚʦʜʦʨʦʜʘ) ʜʦʚʦʣʴʥʦ ʙʣʠʟʢʦ ʢ 2n ʜʣʷ ʤʥʦʛʠʭ ʞʠʜʢʠʭ ʩʧʠʨʪʦʚ [44, 70, 72, 106-108], 

ʚʢʣʶʯʘʷ ʩʧʠʨʪʳ ʥʘ ʦʩʥʦʚʝ ʧʨʦʧʘʥʦʚʦʛʦ ʫʛʣʝʨʦʜʥʦʛʦ ʩʢʝʣʝʪʘ. ʕʪʦ ʛʦʚʦʨʠʪ ʦ ʪʦʤ, ʯʪʦ 

ʢʘʞʜʘʷ ʤʦʣʝʢʫʣʘ ʚ ʩʨʝʜʥʝʤ ʠʤʝʝʪ ὲ ʚʦʜʦʨʦʜʥʳʭ ʩʚʷʟʝʡ ʚ ʢʘʯʝʩʪʚʝ ʜʦʥʦʨʘ ʠ ʪʘʢʦʝ ʞʝ 

ʢʦʣʠʯʝʩʪʚʦ ʚʦʜʦʨʦʜʥʳʭ ʩʚʷʟʝʡ ʚ ʢʘʯʝʩʪʚʝ ʘʢʮʝʧʪʦʨʘ. ɺ ʪʦ ʞʝ ʚʨʝʤʷ ʨʘʩʧʨʝʜʝʣʝʥʠʝ 

ʚʦʜʦʨʦʜʥʳʭ ʩʚʷʟʝʡ ʜʣʷ ʦʪʜʝʣʴʥʦʡ ʤʦʣʝʢʫʣʳ ʥʘʤʥʦʛʦ ʩʣʦʞʥʝʝ [44, 73, 107, 109-111], ʘ 

ʤʦʜʫʣʴ ʦʙʲʝʤʥʦʡ ʫʧʨʫʛʦʩʪʠ ʞʠʜʢʦʩʪʝʡ ʷʚʣʷʝʪʩʷ ʫʩʨʝʜʥʝʥʥʦʡ ʭʘʨʘʢʪʝʨʠʩʪʠʢʦʡ. 
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ɺ ʪʦ ʚʨʝʤʷ ʢʘʢ ʙʘʨʠʯʝʩʢʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ( )TB P  ʥʝʣʠʥʝʡʥʘ ʜʣʷ ʧʨʦʧʘʥʦʣʘ-1 

(ʨʠʩ.13, B), ʇɻ ʜʝʤʦʥʩʪʨʠʨʫʝʪ ʧʦʯʪʠ ʣʠʥʝʡʥʫʶ ʟʘʚʠʩʠʤʦʩʪʴ ʩ ʧʨʦʠʟʚʦʜʥʦʡ ʧʦ 

ʜʘʚʣʝʥʠʶ ( ) 8 0.2TB P º °¡ , ʥʘʯʠʥʘʷ ʩ ʜʘʚʣʝʥʠʷ 0.15-0.2 ɻʇʘ. ɸʥʘʣʦʛʠʯʥʳʡ ʣʠʥʝʡʥʳʡ 

ʨʦʩʪ ʠʟʦʪʝʨʤʠʯʝʩʢʦʛʦ ʤʦʜʫʣʷ ɺ ʩ ʜʘʚʣʝʥʠʝʤ ʥʘʙʣʶʜʘʝʪʩʷ [76, 77] ʠ ʜʣʷ ʞʠʜʢʦʛʦ 

ʧʨʦʧʠʣʝʥʢʘʨʙʦʥʘʪʘ (ʩʤ. ʧʨʝʜʳʜʫʱʠʡ ʧʘʨʘʛʨʘʬ 3.1) ʠ ʛʣʠʮʝʨʠʥʘ (ʨʠʩ.13, B). ʊʘʢʘʷ 

ʣʠʥʝʡʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʦʪ ʜʘʚʣʝʥʠʷ ʤʦʞʝʪ ʙʳʪʴ ʩʚʷʟʘʥʘ ʩ ʧʦʯʪʠ ʮʝʥʪʨʘʣʴʥʳʤ m n-  

ʧʦʪʝʥʮʠʘʣʦʤ, ʧʨʠ ʢʦʪʦʨʦʤ ʵʥʝʨʛʠʷ U ʚʳʨʘʞʘʝʪʩʷ ʚ ʚʠʜʝ /3 /3n mU A V B V= - , ʛʜʝ V  

ʫʜʝʣʴʥʳʡ ʦʙʲʝʤ ʩʠʩʪʝʤʳ, ʘ ʜʨʫʛʠʝ ʩʠʤʚʦʣʳ ʢʦʥʩʪʘʥʪʳ. ɼʣʷ ʵʪʦʛʦ ʧʦʪʝʥʮʠʘʣʘ ʧʨʠ 

ʦʪʥʦʩʠʪʝʣʴʥʦ ʤʘʣʳʭ ʜʘʚʣʝʥʠʷʭ ( 0V Vº ) ( ) ( 6) /3TB P m nº + +¡  [54]. ɺ ʯʘʩʪʥʦʩʪʠ, ʵʪʦ 

ʦʟʥʘʯʘʝʪ, ʯʪʦ ʵʬʬʝʢʪʠʚʥʦʝ ʮʝʥʪʨʘʣʴʥʦʝ ʤʝʞʤʦʣʝʢʫʣʷʨʥʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʚ ʇɻ 

ʤʦʞʝʪ ʙʳʪʴ ʦʧʠʩʘʥʦ ʧʦʪʝʥʮʠʘʣʦʤ ʃʝʥʥʘʨʜʘ-ɼʞʦʥʩʘ (6m= , 12n= , ʠ 0 8TB =¡ ). ɼʣʷ 

ʛʣʠʮʝʨʠʥʘ ʤʳ ʧʝʨʝʩʯʠʪʘʣʠ ʙʘʨʠʯʝʩʢʠʝ ʧʨʦʠʟʚʦʜʥʳʝ ʤʦʜʫʣʷ ʦʙʲʝʤʥʦʡ ʫʧʨʫʛʦʩʪʠ ʚ 

ʙʦʣʝʝ ʪʦʯʥʦʤ ʧʨʠʙʣʠʞʝʥʠʠ ʩ ʫʯʝʪʦʤ ʚʝʣʠʯʠʥʳ 1 x+  ʠ ʧʦʣʫʯʠʣʠ ʤʝʥʴʰʝʝ ʟʥʘʯʝʥʠʝ 

( ) 7 0.2TB P º °¡  ʠ ( ) 7.5 0.2SB P º °¡  ( 0.2P²  ɻʇʘ).  

ʇʣʦʪʥʦʩʪʠ ʪʨʝʭ ʞʠʜʢʦʩʪʝʡ ʩʠʥʭʨʦʥʥʦ ʚʦʟʨʘʩʪʘʶʪ ʩ ʜʘʚʣʝʥʠʝʤ (ʨʠʩ. 14, ɸ). 

ʆʪʥʦʰʝʥʠʝ ʧʣʦʪʥʦʩʪʝʡ ʥʘ ʫʜʠʚʣʝʥʠʝ ʦʯʝʥʴ ʙʣʠʟʢʦ ʢ ʦʪʥʦʰʝʥʠʶ ʤʘʩʩ 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʤʦʣʝʢʫʣ. ɹʦʣʝʝ ʪʦʛʦ, ʝʩʣʠ ʨʘʩʩʯʠʪʘʪʴ ʦʙʲʝʤ ʥʘ ʤʦʣʝʢʫʣʫ mV  ʜʣʷ ʪʨʝʭ 

ʞʠʜʢʦʩʪʝʡ (ʨʠʩ. 14, ɺ), ʪʦ ʧʦʨʷʜʦʢ ʚʝʱʝʩʪʚ ʩ ʨʦʩʪʦʤ ʜʘʚʣʝʥʠ ̫ʠʥʚʝʨʪʠʨʫʝʪʩʷ ʠʟ-ʟʘ 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʛʦ ʨʦʩʪʘ ʧʣʦʪʥʦʩʪʠ. ʍʦʪʷ ʨʘʟʣʠʯʠʝ ʤʝʞʜʫ ʟʥʘʯʝʥʠʷʤʠ mV  ʥʝʚʝʣʠʢʦ, 

ʵʪʦʪ ʵʬʬʝʢʪ ʥʘʜʝʞʥʦ ʫʩʪʘʥʦʚʣʝʥ, ʧʦʩʢʦʣʴʢʫ ʠʩʭʦʜʥʳʝ ʟʥʘʯʝʥʠʷ ʧʣʦʪʥʦʩʪʠ ʚ 

ʥʦʨʤʘʣʴʥʳʭ ʫʩʣʦʚʠʷʭ ʚʟʷʪʳ ʠʟ ʤʥʦʛʦʯʠʩʣʝʥʥʳʭ ʦʧʫʙʣʠʢʦʚʘʥʥʳʭ ʠʩʪʦʯʥʠʢʦʚ ʠ ʠʤʝʶʪ 

ʦʯʝʥʴ ʚʳʩʦʢʫʶ ʪʦʯʥʦʩʪʴ (ʪʘʙʣʠʮʘ 4). ʊʘʢʘʷ ʩʠʪʫʘʮʠʷ, ʦʯʝʚʠʜʥʦ, ʩʚʷʟʘʥʘ ʩ ʫʚʝʣʠʯʝʥʠʝʤ 

ʯʠʩʣʘ ʚʦʜʦʨʦʜʥʳʭ ʩʚʷʟʝʡ ʦʪ ʧʨʦʧʘʥʦʣʘ-1 ʜʦ ʛʣʠʮʝʨʠʥʘ. ʆʜʥʘʢʦ ʜʘʞʝ ʧʨʠ ʜʘʚʣʝʥʠʠ 0.05 

ɻʇʘ ʟʥʘʯʝʥʠʷ mV  ʠʥʚʝʨʪʠʨʫʶʪʩʷ ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʧʦʨʷʜʢʦʤ ʟʥʘʯʝʥʠʡ ʧʣʦʪʥʦʩʪʠ ʠ 

ʧʨʦʜʦʣʞʘʶʪ ʨʘʩʭʦʜʠʪʴʩʷ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʜʘʚʣʝʥʠʷ.  

ʇʦʚʝʜʝʥʠʝ ʢʨʠʚʳʭ Vm(ʈ) ʤʦʞʥʦ ʦʙʲʷʩʥʠʪʴ ʦʪʥʦʩʠʪʝʣʴʥʳʤ ʫʤʝʥʴʰʝʥʠʝʤ ʚʢʣʘʜʘ 

ʚʦʜʦʨʦʜʥʳʭ ʩʚʷʟʝʡ ʚ ʵʥʝʨʛʠʶ ʤʝʞʤʦʣʝʢʫʣʷʨʥʦʛʦ ʦʪʪʘʣʢʠʚʘʥʠʷ ʧʦ ʦʪʥʦʰʝʥʠʶ ʢ 

ʦʙʳʯʥʳʤ ɺʘʥ-ʜʝʨ-ɺʘʘʣʴʩʦʚʳʤ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷʤ, ʧʦʩʢʦʣʴʢʫ ʤʦʣʝʢʫʣʳ ʩʙʣʠʞʘʶʪʩʷ 

ʜʨʫʛ ʩ ʜʨʫʛʦʤ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʜʘʚʣʝʥʠʷ. ɺ ʪʦ ʞʝ ʚʨʝʤʷ ʘʙʩʦʣʶʪʥʦʝ ʯʠʩʣʦ ʚʦʜʦʨʦʜʥʳʭ  
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ʈʠʩʫʥʦʢ 14. ɹʘʨʠʯʝʩʢʠʝ ʟʘʚʠʩʠʤʦʩʪʠ (A) ʧʣʦʪʥʦʩʪʠ ɟ ʠ (B) ʤʦʣʝʢʫʣʷʨʥʦʛʦ ʦʙʲʝʤʘ 

Vm ʞʠʜʢʠʭ ʧʨʦʧʘʥʦʣʘ-1, ʇɻ ʠ ʛʣʠʮʝʨʠʥʘ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ 293 K. 

ʩʚʷʟʝʡ ʥʘ ʤʦʣʝʢʫʣʫ (ʠ ʠʭ ʘʙʩʦʣʶʪʥʳʡ ʚʢʣʘʜ ʚ ʩʠʣʳ ʦʪʪʘʣʢʠʚʘʥʠʷ) ʤʦʞʝʪ 

ʫʚʝʣʠʯʠʚʘʪʴʩʷ ʩ ʜʘʚʣʝʥʠʝʤ, ʠ ʪʘʢʦʝ ʫʚʝʣʠʯʝʥʠʝ ʙʳʣʦ ʫʩʪʘʥʦʚʣʝʥʦ, ʥʘʧʨʠʤʝʨ, ʚ 

ʤʦʣʝʢʫʣʷʨʥʦ-ʜʠʥʘʤʠʯʝʩʢʦʤ ʤʦʜʝʣʠʨʦʚʘʥʠʠ ʛʣʠʮʝʨʠʥʘ [75].  

ʈʘʟʫʤʥʦ ʦʞʠʜʘʪʴ ʟʥʘʯʠʪʝʣʴʥʫʶ ʧʝʨʝʩʪʨʦʡʢʫ ʩʪʨʫʢʪʫʨʳ ʙʣʠʞʥʝʛʦ ʧʦʨʷʜʢʘ ʚ 

ʞʠʜʢʠʭ ʩʧʠʨʪʘʭ, ʚ ʯʘʩʪʥʦʩʪʠ, ʢʦʨʨʝʣʷʮʠʠ ʚʦ ʚʟʘʠʤʥʦʡ ʦʨʠʝʥʪʘʮʠʠ ʤʦʣʝʢʫʣ, ʛʝʦʤʝʪʨʠʠ 

ʚʦʜʦʨʦʜʥʳʭ ʩʚʷʟʝʡ ʠ ʪ.ʜ. ʕʪʦ, ʧʦ-ʚʠʜʠʤʦʤʫ, ʦʙʲʷʩʥʷʝʪ ʥʘʯʘʣʴʥʦʝ ʧʦʚʝʜʝʥʠʝ 

ʧʨʦʠʟʚʦʜʥʦʡ  ʚ ʇɻ ʠ ʛʣʠʮʝʨʠʥʝ. ɼʝʡʩʪʚʠʪʝʣʴʥʦ, ʧʨʠ ʜʘʚʣʝʥʠʷʭ  ɻʇʘ, 

ʢʦʛʜʘ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ɺʘʥ-ʜʝʨ-ɺʘʘʣʴʩʘ ʥʘʯʠʥʘʝʪ ʜʦʤʠʥʠʨʦʚʘʪʴ, ʟʥʘʯʝʥʠʷ  ʚ ʇɻ 

ʠ ʛʣʠʮʝʨʠʥʝ ʙʣʠʟʢʠ ʢ 8 ʠ 7 ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʯʪʦ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʮʝʥʪʨʘʣʴʥʳʤ 

ʧʦʪʝʥʮʠʘʣʘʤ, ʙʣʠʟʢʠʤ ʠʣʠ ʦʪʥʦʩʠʪʝʣʴʥʦ ʙʣʠʟʢʠʤ ʢ ʧʦʪʝʥʮʠʘʣʫ ʃʝʥʥʘʨʜʘ-ɼʞʦʥʩʘ. ɺ 

ʜʠʘʧʘʟʦʥʝ ʜʘʚʣʝʥʠʡ  ɻʇʘ, ʧʦʩʢʦʣʴʢʫ ʚʢʣʘʜ ʚʦʜʦʨʦʜʥʳʭ ʩʚʷʟʝʡ ʚʝʣʠʢ (ʨʠʩ. 14, 

B), ʧʨʦʠʟʚʦʜʥʳʝ  (ʠʣʠ  ʩ ʧʦʧʨʘʚʢʦʡ ) ʥʝʣʠʥʝʡʥʳ ʠ ʙʳʩʪʨʦ 

ʫʤʝʥʴʰʘʶʪʩʷ ʩ ~ 10-11 (ʪʘʙʣʠʮʘ 4) ʜʦ ʟʥʘʯʝʥʠʡ, ʫʢʘʟʘʥʥʳʭ ʚʳʰʝ. ʇʨʠ ʨʘʩʩʤʦʪʨʝʥʠʠ 

ʚʢʣʘʜʘ ʚʦʜʦʨʦʜʥʳʭ ʩʚʷʟʝʡ ʚ ʤʝʞʤʦʣʝʢʫʣʷʨʥʳʡ ʧʦʪʝʥʮʠʘʣ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʧʨʠʥʷʪʦ 


