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ʉʇʀʉʆʂ ʋʉʃʆɺʅʓʍ ʉʆʂʈɸʑɽʅʀʁ 

 

ʟïʆʋʅʊ ï ʦʜʥʦʩʪʝʥʥʳʝ ʫʛʣʝʨʦʜʥʳʝ ʥʘʥʦʪʨʫʙʢʠ ʩ ʟʘʢʨʳʪʳʤʠ ʢʦʥʮʘʤʠ 

ʇʕʄ ï ʧʨʦʩʚʝʯʠʚʘʶʱʠʡ (ʪʨʘʥʩʤʠʩʩʠʦʥʥʳʡ) ʵʣʝʢʪʨʦʥʥʳʡ ʤʠʢʨʦʩʢʦʧ 

ʇʉʌ ï ʧʣʦʪʥʦʩʪʴ ʩʦʩʪʦʷʥʠʡ ʬʦʥʦʥʦʚ 

ʉph ï ʬʦʥʦʥʥʘʷ ʪʝʧʣʦʝʤʢʦʩʪʴ 

Q0 ï ʪʝʤʧʝʨʘʪʫʨʘ ɼʝʙʘʷ ʧʨʠ ʊŸ 0 ʂ 

w ï  ʯʘʩʪʦʪʘ ʢʦʣʝʙʘʥʠʡ  

wmax ï  ʤʘʢʩʠʤʘʣʴʥʘʷ ʯʘʩʪʦʪʘ ʬʦʥʦʥʦʚ ʚ ʤʦʜʝʣʠ ɼʝʙʘʷ 

g ï ʢʦʵʬʬʠʮʠʝʥʪ ɻʨʶʥʘʡʟʝʥʘ 

Ŭr ï ʢʦʵʬʬʠʮʠʝʥʪ ʨʘʜʠʘʣʴʥʦʛʦ ʪʝʧʣʦʚʦʛʦ ʨʘʩʰʠʨʝʥʠʷ ʩʚʷʟʦʢ ʟïʆʋʅʊ 

ʉads ï ʪʝʧʣʦʝʤʢʦʩʪʴ ʘʜʩʦʨʙʘʪʘ. 

ʉad ï ʪʝʧʣʦʝʤʢʦʩʪʴ ʘʜʜʝʥʜʳ. 

ʉP ï ʪʝʧʣʦʝʤʢʦʩʪʴ ʧʨʠ ʧʦʩʪʦʷʥʥʦʤ ʜʘʚʣʝʥʠʠ 

ʉV ï ʪʝʧʣʦʝʤʢʦʩʪʴ ʧʨʠ ʧʦʩʪʦʷʥʥʦʤ ʦʙʲʝʤʝ 

ʉCD4 ï ʚʢʣʘʜ ʤʦʣʝʢʫʣ CD4 ʚ ʪʝʧʣʦʸʤʢʦʩʪʴ ʨʘʩʪʚʦʨʘ ʉ60ïʉD4 

ʉCʅ4 ï ʚʢʣʘʜ ʤʦʣʝʢʫʣ Cʅ4 ʚ ʪʝʧʣʦʸʤʢʦʩʪʴ ʨʘʩʪʚʦʨʘ ʉ60ïʉʅ4 

Ű ï ʭʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʦʝ ʚʨʝʤʷ ʢʦʥʚʝʨʩʠʠ  

Dɽï ʨʘʟʥʦʩʪʴ ʵʥʝʨʛʠʡ ʤʝʞʜʫ ʤʠʥʠʤʫʤʘʤʠ ʧʦʪʝʥʮʠʘʣʴʥʳʭ ʷʤ ʚ ʢʦʪʦʨʳʭ 
ʥʘʭʦʜʷʪʩʷ ʤʦʣʝʢʫʣʳ ʉ60 
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ɺɺɽɼɽʅʀɽ 

 

ɸʢʪʫʘʣʴʥʦʩʪʴ ʪʝʤʳ. ʋʛʣʝʨʦʜʥʳʝ ʥʘʥʦʩʪʨʫʢʪʫʨʥʳʝ ʩʠʩʪʝʤʳ, ʚ ʪʦʤ ʯʠʩʣʝ 

ʩʚʷʟʢʠ ʥʘʥʦʪʨʫʙʦʢ ʠ ʬʫʣʣʝʨʝʥʳ, ʥʠʟʢʦʨʘʟʤʝʨʥʳʝ ʩʠʩʪʝʤʳ ʘʜʩʦʨʙʘʪʦʚ ʥʘ 

ʧʦʚʝʨʭʥʦʩʪʠ ʩʚʷʟʦʢ ʠ ʨʘʩʪʚʦʨʳ ʚʥʝʜʨʝʥʠʷ ʛʘʟʦʚ ʚ ʦʢʪʘʵʜʨʠʯʝʩʢʠʝ ʧʦʣʦʩʪʠ 

ʬʫʣʣʝʨʠʪʘ, ʥʘ ʜʘʥʥʳʡ ʤʦʤʝʥʪ, ʷʚʣʷʶʪʩʷ ʫʥʠʢʘʣʴʥʳʤʠ ʦʙʲʝʢʪʘʤʠ 

ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʚ ʬʠʟʠʢʝ ʥʠʟʢʠʭ ʪʝʤʧʝʨʘʪʫʨ. ʀʤʝʝʪʩʷ 

ʟʥʘʯʠʪʝʣʴʥʳʡ ʠʥʪʝʨʝʩ ʢ ʵʪʠʤ ʦʙʲʝʢʪʘʤ ʪʘʢʞʝ ʠ ʩʦ ʩʪʦʨʦʥʳ ʧʨʠʢʣʘʜʥʦʡ ʥʘʫʢʠ, 

ʧʦʩʢʦʣʴʢʫ ʚ ʨʘʟʥʳʭ ʦʙʣʘʩʪʷʭ ʯʝʣʦʚʝʯʝʩʢʦʡ ʜʝʷʪʝʣʴʥʦʩʪʠ: ʚʳʩʦʢʦʩʢʦʨʦʩʪʥʘʷ 

ʥʘʥʦʨʦʟʤʝʨʥʘʷ ʵʣʝʢʪʨʦʥʠʢʘ, ʢʦʥʩʪʨʫʠʨʦʚʘʥʠʝ ʙʠʦʩʝʥʩʦʨʦʚ, ʚʦʜʦʨʦʜʥʘʷ 

ʵʥʝʨʛʝʪʠʢʘ ʠ ʵʢʦʣʦʛʠʷ, ï ʝʩʪʴ ʧʝʨʩʧʝʢʪʠʚʳ ʠʭ ʜʘʣʴʥʝʡʰʝʛʦ ʧʨʠʤʝʥʝʥʠʷ. 

ʕʬʬʝʢʪʠʚʥʳʤ ʤʝʪʦʜʦʤ ʠʩʩʣʝʜʦʚʘʥʠʷ ʪʘʢʠʭ ʩʠʩʪʝʤ ʷʚʣʷʝʪʩʷ ʠʟʤʝʨʝʥʠʝ 

ʪʝʧʣʦʝʤʢʦʩʪʠ. ʀʟʫʯʝʥʠʝ ʪʝʧʣʦʝʤʢʦʩʪʠ ʧʦʟʚʦʣʷʝʪ ʧʦʣʫʯʠʪʴ ʠʥʬʦʨʤʘʮʠʶ ʦ 

ʥʠʟʢʦʵʥʝʨʛʝʪʠʯʝʩʢʦʡ ʯʘʩʪʠ ʩʧʝʢʪʨʘ ʢʦʥʜʝʥʩʠʨʦʚʘʥʥʳʭ ʫʧʦʨʷʜʦʯʝʥʥʳʭ, 

ʘʤʦʨʬʥʳʭ ʠ ʩʪʝʢʦʣʴʥʳʭ ʩʠʩʪʝʤ, ʦ ʚʣʠʷʥʠʠ ʪʝʤʧʝʨʘʪʫʨʳ ʥʘ ʨʘʟʣʠʯʥʳʝ ʩʪʝʧʝʥʠ 

ʩʚʦʙʦʜʳ, ʦ ʬʘʟʦʚʳʭ ʧʝʨʝʭʦʜʘʭ ʧʝʨʚʦʛʦ ʠ ʚʪʦʨʦʛʦ ʨʦʜʘ, ʘ ʪʘʢʞʝ ʦ ʜʨʫʛʠʭ 

ʪʝʧʣʦʚʳʭ ʵʬʬʝʢʪʘʭ, ʥʘʧʨʠʤʝʨ, ʧʨʠ ʢʦʥʬʠʛʫʨʘʮʠʦʥʥʦʡ ʧʝʨʝʩʪʨʦʡʢʝ ʯʘʩʪʠʮ ʠʣʠ 

ʦʙʨʘʟʦʚʘʥʠʠ ʚʘʢʘʥʩʠʡ.  

ʇʦʩʢʦʣʴʢʫ ʪʝʧʣʦʚʳʝ ʵʬʬʝʢʪʳ ʤʦʛʫʪ ʟʥʘʯʠʪʝʣʴʥʦ ʚʣʠʷʪʴ ʥʘ ʩʢʦʨʦʩʪʴ ʠ 

ʩʪʘʙʠʣʴʥʦʩʪʴ ʨʘʙʦʪʳ ʫʩʪʨʦʡʩʪʚ, ʚ ʢʦʪʦʨʳʭ ʩʚʷʟʢʠ ʥʘʥʦʪʨʫʙʦʢ ʠ ʬʫʣʣʝʨʝʥʳ 

ʠʩʧʦʣʴʟʫʶʪʩʷ ʚ ʢʘʯʝʩʪʚʝ ʩʦʩʪʘʚʥʳʭ ʯʘʩʪʝʡ ʠʣʠ ʚ ʢʘʯʝʩʪʚʝ ʢʦʤʧʦʥʝʥʪʘ 

ʢʦʤʧʦʟʠʪʥʦʛʦ ʤʘʪʝʨʠʘʣʘ, ʚʘʞʥʦ ʠʤʝʪʴ ʠʥʬʦʨʤʘʮʠʶ ʦ ʪʝʧʣʦʝʤʢʦʩʪʠ ʪʘʢʠʭ 

ʤʘʪʝʨʠʘʣʦʚ. ʅʝʦʙʭʦʜʠʤʦ ʪʘʢʞʝ ʧʨʠʥʠʤʘʪʴ ʚʦ ʚʥʠʤʘʥʠʝ, ʯʪʦ ʜʦʧʠʨʦʚʘʥʠʝ 

ʫʛʣʝʨʦʜʥʳʭ ʥʘʥʦʤʘʪʝʨʠʘʣʦʚ (ʬʫʣʣʝʨʠʪʦʚ ʠ ʥʘʥʦʪʨʫʙʦʢ) ʧʨʠʤʝʩʷʤʠ, ʚ ʪʦʤ 

ʯʠʩʣʝ ʛʘʟʦʚʳʤʠ, ʩʫʱʝʩʪʚʝʥʥʦ ʚʣʠʷʝʪ ʥʘ ʠʭ ʩʚʦʡʩʪʚʘ ʠ ʩʚʦʡʩʪʚʘ ʠʟʜʝʣʠʡ ʥʘ ʠʭ 

ʦʩʥʦʚʝ. ɹʣʘʛʦʜʘʨʷ ʩʚʦʝʡ ʫʥʠʢʘʣʴʥʦʡ ʩʪʨʫʢʪʫʨʝ ʩʚʷʟʢʠ ʦʜʥʦʩʪʝʥʥʳʭ ʫʛʣʝʨʦʜʥʳʭ 

ʥʘʥʦʪʨʫʙʦʢ (ʆʋʅʊ) ʷʚʣʷʶʪʩʷ ʧʝʨʩʧʝʢʪʠʚʥʳʤ ʤʘʪʝʨʠʘʣʦʤ, ʧʦʟʚʦʣʷʶʱʠʤ 

ʚʳʧʦʣʥʷʪʴ ʨʘʟʜʝʣʝʥʠʝ ʛʘʟʦʚʳʭ ʩʤʝʩʝʡ ʠ ʠʟʦʪʦʧʦʚ, ʚ ʪʦʤ ʯʠʩʣʝ ʠʟʦʪʦʧʦʚ ʩ 

ʙʣʠʟʢʠʤʠ ʤʘʩʩʘʤʠ ʠ ʛʘʟʦʢʠʥʝʪʠʯʝʩʢʠʤʠ ʜʠʘʤʝʪʨʘʤʠ, ʪʘʢʠʭ ʢʘʢ H2, D2, 
3
He, 

4
He. 

ʊʘʢʦʝ ʨʘʟʜʝʣʝʥʠʝ ʤʦʞʝʪ ʙʳʪʴ ʨʝʘʣʠʟʦʚʘʥʦ, ʢʦʛʜʘ ʘʪʦʤʳ ʠʣʠ ʤʦʣʝʢʫʣʳ 
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ʘʜʩʦʨʙʘʪʘ ʨʘʩʧʦʣʦʞʝʥʳ ʚ ʢʘʥʘʚʢʘʭ ʥʘ ʚʥʝʰʥʝʡ ʧʦʚʝʨʭʥʦʩʪʠ ʩʚʷʟʦʢ ʆʋʅʊ 

ʩʬʦʨʤʠʨʦʚʘʚ 1D ʮʝʧʦʯʢʠ.  

ʂʦʥʪʨʦʣʠʨʫʝʤʦʝ ʚʥʝʜʨʝʥʠʝ ʧʨʠʤʝʩʝʡ ʚ ʦʢʪʘʵʜʨʠʯʝʩʢʠʝ ʠ 

ʪʝʪʨʘʵʜʨʠʯʝʩʢʠʝ ʧʦʣʦʩʪʠ ʉ60 ʧʦʟʚʦʣʷʝʪ ʤʝʥʷʪʴ ʭʘʨʘʢʪʝʨ ʤʝʞʤʦʣʝʢʫʣʷʨʥʦʛʦ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʚ ʢʨʠʩʪʘʣʣʝ, ʪʝʤʧʝʨʘʪʫʨʳ ʬʘʟʦʚʳʭ ʧʝʨʝʭʦʜʦʚ ʠ ʩʚʦʡʩʪʚʘ 

ʦʨʠʝʥʪʘʮʠʦʥʥʳʭ ʩʪʝʢʦʣ. ɺʦʟʤʦʞʥʦʩʪʴ ʣʝʛʠʨʦʚʘʥʠʷ ʬʫʣʣʝʨʠʪʦʚ ʘʪʦʤʘʤʠ 

ʣʶʙʦʛʦ ʨʘʟʤʝʨʘ (ʦʪ ʚʦʜʦʨʦʜʘ ʜʦ ʫʨʘʥʘ) ʠ ʨʘʟʣʠʯʥʳʤʠ ʭʠʤʠʯʝʩʢʠʤʠ 

ʩʦʝʜʠʥʝʥʠʷʤʠ, ʧʦʟʚʦʣʷʶʪ ʨʘʩʩʤʘʪʨʠʚʘʪʴ ʉ60, ʢʘʢ ʦʜʠʥ ʠʟ ʧʝʨʩʧʝʢʪʠʚʥʳʭ 

ʤʘʪʝʨʠʘʣʦʚ ʜʣʷ ʥʦʚʦʛʦ ʧʦʢʦʣʝʥʠʷ ʧʨʠʙʦʨʦʚ ʠ ʫʩʪʨʦʡʩʪʚ ʥʘʥʦʵʣʝʢʪʨʦʥʠʢʠ. 

ʊʘʢʠʝ ʩʠʩʪʝʤʳ ʥʘʰʣʠ ʧʨʠʤʝʥʝʥʠʝ ʚ ʢʘʯʝʩʪʚʝ ʢʘʪʘʣʠʟʘʪʦʨʦʚ, ʤʦʣʝʢʫʣʷʨʥʳʭ 

ʤʝʤʙʨʘʥ, ʠ ʩʨʝʜ ʜʣʷ ʭʨʘʥʝʥʠʷ ʚʝʱʝʩʪʚ, ʚ ʪʦʤ ʯʠʩʣʝ ʚʦʜʦʨʦʜʘ ʠ ʧʨ. ʇʦʵʪʦʤʫ 

ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʨʠʨʦʜʳ ʠ ʭʘʨʘʢʪʝʨʘ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʧʨʠʤʝʩʝʡ ʩ ʤʘʪʨʠʮʝʡ 

ʬʫʣʣʝʨʠʪʘ, ʷʚʣʷʝʪʩʷ ʥʝ ʪʦʣʴʢʦ ʬʫʥʜʘʤʝʥʪʘʣʴʥʦʡ, ʥʦ ʠ ʧʨʠʢʣʘʜʥʦʡ ʟʘʜʘʯʝʡ.  

ɺ ʩʚʷʟʠ ʩ ʵʪʠʤ, ʠʩʩʣʝʜʦʚʘʥʠʝ ʪʝʧʣʦʝʤʢʦʩʪʠ ʯʠʩʪʳʭ ʠ ʜʦʧʠʨʦʚʘʥʥʳʭ 

ʛʘʟʘʤʠ ʩʚʷʟʦʢ ʥʘʥʦʪʨʫʙʦʢ ʠ ʬʫʣʣʝʨʝʥʦʚ ʦʙʫʩʣʘʚʣʠʚʘʝʪ ʧʨʘʢʪʠʯʝʩʢʫʶ 

ʘʢʪʫʘʣʴʥʦʩʪʴ ʪʝʤʳ ʜʘʥʥʦʡ ʨʘʙʦʪʳ. 

ɺ ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʳʭ ʩʚʦʡʩʪʚʘʭ ʥʦʚʳʭ ʫʛʣʝʨʦʜʥʳʭ ʥʘʥʦʩʪʨʫʢʪʫʨ ʧʨʠ 

ʥʠʟʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʙʳʣʠ ʦʙʥʘʨʫʞʝʥʳ ʧʨʠʥʮʠʧʠʘʣʴʥʦ ʥʦʚʳʝ ʵʬʬʝʢʪʳ, ʪʘʢʠʝ 

ʢʘʢ:  

ï ʩʚʝʨʭʧʨʦʚʦʜʠʤʦʩʪʴ ʬʫʣʣʝʨʠʪʘ ʜʦʧʠʨʦʚʘʥʦʛʦ ʘʪʦʤʘʤʠ ʱʝʣʦʯʥʳʭ 

ʤʝʪʘʣʣʦʚ;  

ï ʙʘʣʣʠʩʪʠʯʝʩʢʠʡ ʭʘʨʘʢʪʝʨ ʧʨʦʚʦʜʠʤʦʩʪʠ ʩʚʷʟʦʢ ʫʛʣʝʨʦʜʥʳʭ ʥʘʥʦʪʨʫʙʦʢ;  

ï ʦʪʨʠʮʘʪʝʣʴʥʳʝ ʟʥʘʯʝʥʠʷ ʪʝʧʣʦʚʦʛʦ ʨʘʩʰʠʨʝʥʠʷ ʯʠʩʪʳʭ ʠ ʜʦʧʠʨʦʚʘʥʥʳʭ 

ʫʛʣʝʨʦʜʥʳʭ ʥʘʥʦʩʪʫʢʪʫʨ ʚ ʨʘʡʦʥʝ ʛʝʣʠʝʚʳʭ ʪʝʤʧʝʨʘʪʫʨ;  

ï ʢʚʘʥʪʦʚʘ ̫ʜʠʬʬʫʟʠ ̫ʘʪʦʤʦʚ ʛʝʣʠʷ ʚ ʬʫʣʣʝʨʠʪʝ;  

ï ʪʫʥʥʝʣʴʥʦʝ ʧʝʨʝʨʘʩʧʨʝʜʝʣʝʥʠʝ ʠʟʦʪʦʧʦʚ ʛʝʣʠʷ ʚ ʩʚʷʟʢʘʭ ʆʋʅʊ ʠ ʪ.ʜ.  

ʅʝʩʤʦʪʨʷ ʥʘ ʙʦʣʴʰʦʝ ʢʦʣʠʯʝʩʪʚʦ ʨʘʙʦʪ ʧʦʩʚʷʱʝʥʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʶ ʵʪʠʭ 

ʫʛʣʝʨʦʜʥʳʭ ʥʘʥʦʤʘʪʝʨʠʘʣʦʚ, ʠʭ ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʘʷ ʪʝʧʣʦʝʤʢʦʩʪʴ ʠʟʫʯʝʥʘ ʥʝ 

ʜʦʩʪʘʪʦʯʥʦ. ɺ ʯʘʩʪʥʦʩʪʠ, ʜʦ ʥʝʜʘʚʥʠʭ ʧʦʨ ʥʝ ʙʳʣʦ ʥʘʜʝʞʥʳʭ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ ʦ ʪʝʧʣʦʝʤʢʦʩʪʠ ʩʚʷʟʦʢ ʆʋʅʊ. ɿʥʘʯʝʥʠʷ 
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ʭʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʦʡ ʪʝʤʧʝʨʘʪʫʨʳ ɼʝʙʘʷ ʜʣʷ ʬʫʣʣʝʨʠʪʘ ʚ ʣʠʪʝʨʘʪʫʨʥʳʭ ʜʘʥʥʳʭ 

ʦʪʣʠʯʘʶʪʩʷ ʚ ʥʝʩʢʦʣʴʢʦ ʨʘʟ, ʪʦʯʥʦʩʪʴ ʵʢʩʧʝʨʠʤʧʝʥʪʘʣʴʥʦʡ ʪʝʭʥʠʢʠ ʥʝ 

ʧʦʟʚʦʣʷʣʘ ʧʨʦʚʝʩʪʠ ʧʨʝʮʝʟʠʦʥʥʳʝ ʠʟʤʝʨʝʥʠʷ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʝ 

ʠʩʩʣʝʜʦʚʘʥʠʝ ʪʝʧʣʦʝʤʢʦʩʪʠ 1D ʮʝʧʦʯʝʢ ʘʜʩʦʨʙʘʪʦʚ ʚ ʢʘʥʘʚʢʘʭ ʩʚʷʟʦʢ ʆʋʅʊ. 

ʆʪʤʝʪʠʤ ʪʘʢʞʝ, ʯʪʦ ʫʛʣʝʨʦʜʥʳʝ ʥʘʥʦʪʨʫʙʢʠ ʠ ʬʫʣʣʝʨʝʥʳ ʷʚʣʷʶʪʩʷ 

ʘʣʣʦʪʨʦʧʥʳʤʠ ʤʦʜʠʬʠʢʘʮʠʷʤʠ ʨʘʟʣʠʯʥʦʡ ʨʘʟʤʝʨʥʦʩʪʠ, ʯʪʦ ʦʙʫʩʣʘʚʣʠʚʘʝʪ 

ʥʝʦʙʭʦʜʠʤʦʩʪʴ ʠʭ ʢʦʤʧʣʝʢʩʥʦʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ ʜʣʷ ʧʦʥʠʤʘʥʠʷ ʧʨʦʷʚʣʝʥʠʷ 

ʨʘʟʤʝʨʥʦʩʪʠ ʚ ʠʭ ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʳʭ ʬʠʟʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚʘʭ. ɺʦʟʤʦʞʥʦʩʪʴ 

ʧʦʣʫʯʝʥʠʷ ʦʙʰʠʨʥʦʡ ʠʥʬʦʨʤʘʮʠʠ ʦ ʜʠʥʘʤʠʢʝ ʥʠʟʢʦʨʘʟʤʝʨʥʳʭ ʩʠʩʪʝʤ, ʯʠʩʪʳʭ 

ʫʛʣʝʨʦʜʥʳʭ ʥʘʥʦʤʘʪʝʨʠʘʣʦʚ, ʘ ʪʘʢʞʝ ʦ ʚʣʠʷʥʠʠ ʧʨʠʤʝʩʝʡ ʥʘ ʠʭ ʪʝʧʣʦʝʤʢʦʩʪʴ ʚ 

ʦʙʣʘʩʪʠ ʪʝʤʧʝʨʘʪʫʨ ʦʪ 2 ʜʦ 120 ʂ ʦʙʫʩʣʘʚʣʠʚʘʝʪ ʘʢʪʫʘʣʴʥʦʩʪʴ ʪʝʤʳ 

ʜʠʩʩʝʨʪʘʮʠʠ ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ ʬʫʥʜʘʤʝʥʪʘʣʴʥʦʡ ʥʘʫʢʠ.  

ʉʚʷʟʴ ʨʘʙʦʪʳ ʩ ʥʘʫʯʥʳʤʠ ʧʨʦʛʨʘʤʤʘʤʠ, ʧʣʘʥʘʤʠ, ʪʝʤʘʤʠ.  

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʚ ʦʪʜʝʣʝ ʊʝʧʣʦʚʳʭ ʩʚʦʡʩʪʚ ʤʦʣʝʢʫʣʷʨʥʳʭ ʢʨʠʩʪʘʣʣʦʚ 

ʌʠʟʠʢʦïʪʝʭʥʠʯʝʩʢʦʛʦ ʠʥʩʪʠʪʫʪʘ ʥʠʟʢʠʭ ʪʝʤʧʝʨʘʪʫʨ ʠʤ. ɹ.ʀ. ɺʝʨʢʠʥʘ ʅɸʅ 

ʋʢʨʘʠʥʳ. ʈʝʟʫʣʴʪʘʪʳ, ʥʘ ʢʦʪʦʨʳʭ ʦʩʥʦʚʘʥʘ ʥʘʩʪʦʷʱʘʷ ʜʠʩʩʝʨʪʘʮʠʷ, ʧʦʣʫʯʝʥʳ ʚ 

ʭʦʜʝ ʚʳʧʦʣʥʝʥʠʷ ʚʝʜʦʤʩʪʚʝʥʥʳʭ ʪʝʤʘʪʠʯʝʩʢʠʭ ʧʨʦʛʨʘʤʤ ɸʢʘʜʝʤʠʠ ʥʘʫʢ 

ʋʢʨʘʠʥʳ, ʘ ʪʘʢʞʝ ʚ ʨʘʤʢʘʭ ʥʘʫʯʥʳʭ ʧʨʦʝʢʪʦʚ:  

¶ ʪʝʤʘ çʄʦʣʝʢʫʣʷʨʥʳʝ ʪʚʝʨʜʳʝ ʪʝʣʘ ʠ ʥʘʥʦʩʪʨʫʢʪʫʨʳ ʧʨʠ ʥʠʟʢʠʭ 

ʪʝʤʧʝʨʘʪʫʨʘʭè (ʥʦʤʝʨ ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʡ ʨʝʛʠʩʪʨʘʮʠʠ 0107U000941, ʩʨʦʢ 

ʚʳʧʦʣʥʝʥʠʷ 2007 ï 2011 ʛʛ.); 

¶ ʪʝʤʘ çʕʣʝʤʝʥʪʘʨʥʳʝ ʚʦʟʙʫʞʜʝʥʠʷ ʠ ʬʘʟʦʚʳʝ ʩʦʩʪʦʷʥʠʷ ʧʨʦʩʪʳʭ 

ʤʦʣʝʢʫʣʷʨʥʳʭ ʪʚʝʨʜʳʭ ʪʝʣ ʠ ʥʘʥʦʩʪʨʫʢʪʫʨè (ʥʦʤʝʨ ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʡ 

ʨʝʛʠʩʪʨʘʮʠʠ 0112U002639, ʩʨʦʢ ʚʳʧʦʣʥʝʥʠʷ 2012 ï 2016 ʛʛ.); 

¶ ʢʦʤʧʣʝʢʩʥʳʡ ʥʘʫʯʥʳʡ ʧʨʦʝʢʪ çʂʚʘʥʪʦʚʳʝ ʷʚʣʝʥʠʷ ʚ ʥʘʥʦʩʠʩʪʝʤʘʭ ʠ 

ʥʘʥʦʤʘʪʝʨʠʘʣʘʭ ʧʨʠ ʥʠʟʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭè ʚ ʨʘʤʢʘʭ ʢʦʤʧʣʝʢʩʥʦʡ ʥʘʫʯʥʦʡ 

ʧʨʦʛʨʘʤʤʳ ʅɸʅ ʋʢʨʘʠʥʳ çʌʫʥʜʘʤʝʥʪʘʣʴʥʳʝ ʧʨʦʙʣʝʤʳ ʥʘʥʦʩʪʨʫʢʪʫʨʥʳʭ 

ʩʠʩʪʝʤ, ʥʘʥʦʤʘʪʝʨʠʘʣʦʚ, ʥʘʥʦʪʝʭʥʦʣʦʛʠʡè (ʥʦʤʝʨ ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʡ 

ʨʝʛʠʩʪʨʘʮʠʠ 0110U00685, ʩʨʦʢ ʚʳʧʦʣʥʝʥʠʷ 2010 ï 2015 ʛʛ.). 
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ʎʝʣʴ ʠ ʟʘʜʘʯʠ ʠʩʩʣʝʜʦʚʘʥʠʷ. ʎʝʣʴʶ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ ʨʘʙʦʪʳ ʙʳʣʦ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʝ ʦʙʥʘʨʫʞʝʥʠʝ ʦʩʦʙʝʥʥʦʩʪʝʡ ʪʝʧʣʦʝʤʢʦʩʪʠ ʫʛʣʝʨʦʜʥʳʭ 

ʥʘʥʦʪʨʫʙʦʢ ʠ ʬʫʣʣʝʨʠʪʦʚ, ʯʠʩʪʳʭ ʠ ʜʦʧʠʨʦʚʘʥʥʳʭ ʛʘʟʘʤʠ, ʢʦʪʦʨʳʝ 

ʦʙʫʩʣʦʚʣʝʥʳ ʩʪʨʫʢʪʫʨʦʡ ʠ ʧʦʥʠʞʝʥʥʦʡ ʨʘʟʤʝʨʥʦʩʪʴʶ ʪʘʢʠʭ ʥʘʥʦʤʘʪʝʨʠʘʣʦʚ, ʘ 

ʪʘʢʞʝ ʪʫʥʥʝʣʴʥʳʤ ʚʨʘʱʝʥʠʝʤ ʠ ʢʦʥʚʝʨʩʠʝʡ ʤʦʣʝʢʫʣ ʧʨʠʤʝʩʝʡ.  

ɼʣʷ ʜʦʩʪʠʞʝʥʠʷ ʧʦʩʪʘʚʣʝʥʥʦʡ ʮʝʣʠ ʥʝʦʙʭʦʜʠʤʦ ʙʳʣʦ ʨʝʰʠʪʴ ʩʣʝʜʫʶʱʠʝ 

ʟʘʜʘʯʠ: 

1) ʢɻʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʠʩʩʣʝʜʦʚʘʪʴ ʪʝʧʣʦʝʤʢʦʩʪʴ ʯʠʩʪʳʭ ʩʚʷʟʦʢ 

ʦʜʥʦʩʪʝʥʥʳʭ ʫʛʣʝʨʦʜʥʳʭ ʥʘʥʦʪʨʫʙʦʢ ʩ ʟʘʢʨʳʪʳʤʠ ʢʦʥʮʘʤʠ (ʟïʆʋʅʊ) ʩ ʮʝʣʴʶ 

ʦʧʨʝʜʝʣʝʥʠʷ ʟʘʢʦʥʦʤʝʨʥʦʩʪʝʡ ʪʝʤʧʝʨʘʪʫʨʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ʪʝʧʣʦʝʤʢʦʩʪʠ, 

ʦʙʫʩʣʦʚʣʝʥʥʳʭ ʚʣʠʷʥʠʝʤ ʨʘʟʤʝʨʥʦʩʪʠ ʠ ʦʩʦʙʝʥʥʦʩʪʷʤʠ ʩʪʨʫʢʪʫʨʳ ʩʚʷʟʦʢ ʠ 

ʫʛʣʝʨʦʜʥʳʭ ʥʘʥʦʪʨʫʙʦʢ.  

 2) ʠʟʤʝʨʠʪʴ ʪʝʧʣʦʝʤʢʦʩʪʴ ʩʚʷʟʦʢ ʥʘʥʦʪʨʫʙʦʢ (ʟïʆʋʅʊ) ʩ ʦʜʥʦʤʝʨʥʳʤʠ 

ʮʝʧʦʯʢʘʤʠ ʘʜʩʦʨʙʘʪʦʚ ʢʩʝʥʦʥʘ ʠ ʘʟʦʪʘ. ʇʦʣʫʯʠʪʴ ʠʥʬʦʨʤʘʮʠʶ ʦ ʜʠʥʘʤʠʢʝ 

ʪʘʢʠʭ ʮʝʧʦʯʝʢ, ʦ ʧʨʦʮʝʩʩʘʭ ʦʙʨʘʟʦʚʘʥʠʷ ʚʘʢʘʥʩʠʡ ʠ ʧʨʦʮʝʩʩʘʭ ʨʘʩʧʘʜʘ 

ʦʜʥʦʤʝʨʥʳʭ ʮʝʧʦʯʝʢ ʢʩʝʥʦʥʘ, ʚʣʠʷʥʠʠ ʥʝʮʝʥʪʨʘʣʴʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʠ 

ʚʨʘʱʘʪʝʣʴʥʳʭ ʩʪʝʧʝʥʝʡ ʩʚʦʙʦʜʳ ʥʘ ʜʠʥʘʤʠʢʫ ʮʝʧʦʯʝʢ ʘʟʦʪʘ. 

3) ʠʩʩʣʝʜʦʚʘʪʴ ʪʝʧʣʦʝʤʢʦʩʪʴ ʯʠʩʪʦʛʦ ʬʫʣʣʝʨʠʪʘ ʉ60 ʠ ʧʨʦʘʥʘʣʠʟʠʨʦʚʘʪʴ 

ʚʢʣʘʜ rʚʥʫʪʨʠʤʦʣʝʢʫʣʷʨʥʳʭ, ʪʨʘʥʩʣʷʮʠʦʥʥʳʭ ʠ ʦʨʠʝʥʪʘʮʠʦʥʥʳʭ ʢʦʣʝʙʘʥʠʡ, ʘ 

ʪʘʢʞʝ ʧʨʦʮʝʩʩʦʚ ʦʨʠʝʥʪʘʮʠʦʥʥʦʛʦ ʨʘʟʫʧʦʨʷʜʦʯʝʥʠʷ ʚ ʪʝʧʣʦʝʤʢʦʩʪʴ ʉ60. 

4) ʠʩʩʣʝʜʦʚʘʪʴ ʪʝʧʣʦʝʤʢʦʩʪʴ ʬʫʣʣʝʨʠʪʘ ʉ60 ʜʦʧʠʨʦʚʘʥʥʦʛʦ ʤʦʣʝʢʫʣʘʤʠ 

ʤʝʪʘʥʘ ʩ ʮʝʣʴʶ ʧʦʣʫʯʝʥʠʷ ʠʥʬʦʨʤʘʮʠʠ ʦ ʜʠʥʘʤʠʢʝ ʘʥʩʘʤʙʣʷ ʤʘʪʨʠʯʥʦï

ʠʟʦʣʠʨʦʚʘʥʥʳʭ ʤʦʣʝʢʫʣ ʤʝʪʘʥʘ ʚ ʦʢʪʘʵʜʨʠʯʝʩʢʠʭ ʧʦʣʦʩʪʷʭ ʨʝʰʝʪʢʠ ʬʫʣʣʝʨʠʪʘ 

ʉ60 ʠ ʦʙʥʘʨʫʞʝʥʠʷ ʢʚʘʥʪʦʚʳʭ ʠʟʦʪʦʧʠʯʝʩʢʠʭ ʵʬʬʝʢʪʦʚ ʚ ʪʝʧʣʦʝʤʢʦʩʪʠ ʤʦʣʝʢʫʣ 

ʤʝʪʘʥʘ ʠ ʜʝʡʪʝʨʦʤʝʪʘʥʘ. 

ʆʙʲʝʢʪʦʤ ʠʩʩʣʝʜʦʚʘʥʠʷ ʙʳʣʘ ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʘʷ ʪʝʧʣʦʸʤʢʦʩʪʴ ʩʚʷʟʦʢ 

ʦʜʥʦʩʪʝʥʥʳʭ ʫʛʣʝʨʦʜʥʳʭ ʥʘʥʦʪʨʫʙʦʢ ʩ ʟʘʢʨʳʪʳʤʠ ʢʦʥʮʘʤʠ ʠ ʬʫʣʣʝʨʠʪʘ ʉ60, 

ʯʠʩʪʳʭ ʠ ʜʦʧʠʨʦʚʘʥʥʳʭ ʛʘʟʦʚʳʤʠ ʧʨʠʤʝʩʷʤʠ (ʢʩʝʥʦʥʦʤ, ʘʟʦʪʦʤ, ʤʝʪʘʥʦʤ).  
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ʇʨʝʜʤʝʪʦʤ ʠʩʩʣʝʜʦʚʘʥʠʷ ʙʳʣʠ ʢʚʘʥʪʦʚʳʝ ʠ ʨʘʟʤʝʨʥʳʝ ʵʬʬʝʢʪʳ ʚ 

ʪʝʧʣʦʝʤʢʦʩʪʠ ʠ ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ ʜʠʥʘʤʠʢʝ ʫʛʣʝʨʦʜʥʳʭ ʥʘʥʦʩʠʩʪʝʤ, ʯʠʩʪʳʭ 

ʠ ʜʦʧʠʨʦʚʘʥʥʳʭ ʛʘʟʘʤʠ.  

ʄʝʪʦʜʳ ʠʩʩʣʝʜʦʚʘʥʠʷ. ʆʩʥʦʚʥʳʤ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤ ʤʝʪʦʜʦʤ 

ʠʩʩʣʝʜʦʚʘʥʠʷ ʪʝʧʣʦʸʤʢʦʩʪʠ ʫʛʣʝʨʦʜʥʳʭ ʥʘʥʦʤʘʪʝʨʠʘʣʦʚ ʠ ʥʠʟʢʦʨʘʟʤʝʨʥʳʭ 

ʘʜʩʦʨʙʠʨʦʚʘʥʳʭ ʩʠʩʪʝʤ ʚ ʜʠʩʝʨʪʘʮʠʦʥʥʦʡ ʨʦʙʦʪʝ ʙʳʣʘ ʧʨʝʮʝʟʠʦʥʥʘʷ 

ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʘʷ ʘʜʠʘʙʘʪʠʯʝʩʢʘʷ ʢʘʣʦʨʠʤʝʪʨʠʷ. ʀʩʧʦʣʴʟʦʚʘʣʩʷ 

ʘʜʠʘʙʘʪʠʯʝʩʢʠʡ ʢʘʣʦʨʠʤʝʪʨ, ʢʦʪʦʨʳʡ ʙʳʣ ʩʧʝʮʠʘʣʴʥʦ ʨʘʟʨʘʙʦʪʘʥ ʜʣʷ ʪʘʢʦʛʦ 

ʨʦʜʘ ʟʘʜʘʯ ʠ ʧʦʟʚʦʣʷʝʪ:  

ʘ) ʧʨʦʚʦʜʠʪʴ ʧʨʝʮʠʟʠʦʥʥʳʝ ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʳʝ ʢʘʣʦʨʠʤʝʪʨʠʯʝʩʢʠʝ 

ʠʟʤʝʨʝʥʠʷ ʪʚʝʨʜʦʪʝʣʴʥʳʭ ʦʙʨʘʟʮʦʚ ʤʘʣʦʡ ʤʘʩʩʳ (<1 ʛ) ʚ ʠʥʪʝʨʚʘʣʝ ʪʝʤʧʝʨʘʪʫʨ 

1 ï 300 ʂ;  

ʙ) ʤʦʥʪʘʞ ʦʙʨʘʟʮʘ ʚ ʪʝʯʝʥʠʝ ʢʦʨʦʪʢʦʛʦ ʚʨʝʤʝʥʠ, ʯʪʦ ʢʨʘʡʥʝ ʚʘʞʥʦ ʧʨʠ 

ʠʩʩʣʝʜʦʚʘʥʠʠ ʪʝʧʣʦʝʤʢʦʩʪʠ ʫʛʣʝʨʦʜʥʳʭ ʥʘʥʦʤʘʪʝʨʠʘʣʦʚ ʦʙʣʘʜʘʶʱʠʭ ʚʳʩʦʢʦʡ 

ʘʜʩʦʨʙʮʠʦʥʥʦʡ ʩʧʦʩʦʙʥʦʩʪʴʶ; 

ʚ) ʥʘʩʳʱʝʥʠʝ ʦʙʨʘʟʮʦʚ ʛʘʟʘʤʠ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʚ ʢʘʣʦʨʠʤʝʪʨʝ ï ʚʩʪʘʚʢʝ;  

ʛ) ʦʭʣʘʞʜʝʥʠʝ ʢʘʣʦʨʠʤʝʪʨʠʯʝʩʢʦʡ ʷʯʝʡʢʠ ʙʝʟ ʠʩʧʦʣʴʟʦʚʘʥʠʷ 

ʪʝʧʣʦʦʙʤʝʥʥʦʛʦ ʛʝʣʠʷ.  

ɼʣʷ ʩʦʟʜʘʥʠʷ ʦʙʨʘʟʮʘ ʩʚʷʟʦʢ ʟïʆʋʅʊ ʙʳʣʘ ʠʩʧʦʣʴʟʦʚʘʥʘ ʤʝʪʦʜʠʢʘ 

ʠʟʛʦʪʦʚʣʝʥʠʷ ʦʙʨʘʟʮʦʚ ʠʟ ʦʨʠʝʥʪʠʨʦʚʘʥʥʳʭ ʧʦʜ ʜʘʚʣʝʥʠʝʤ 1,1 ɻʇʘ ʩʚʷʟʦʢ 

ʦʜʥʦʩʪʝʥʥʳʭ ʫʛʣʝʨʦʜʥʳʭ ʥʘʥʦʪʨʫʙʦʢ. ʈʘʩʯʝʪ ʢʦʥʮʝʥʪʨʘʮʠʡ ʧʨʠʤʝʩʝʡ, 

ʥʝʦʙʭʦʜʠʤʳʭ ʜʣʷ ʬʦʨʤʠʨʦʚʘʥʠʷ 1D ʮʝʧʦʯʝʢ ʘʜʩʦʨʙʘʪʦʚ ʚ ʢʘʥʘʚʢʘʭ ʥʘ ʚʥʝʰʥʝʡ 

ʧʦʚʝʨʭʥʦʩʪʠ ʩʚʷʟʦʢ ʟïʆʋʅʊ, ʙʳʣ ʚʳʧʦʣʥʝʥ ʚ ʨʘʤʢʘʭ ʛʝʦʤʝʪʨʠʯʝʩʢʦʛʦ ʧʦʜʭʦʜʘ 

ʤʝʪʦʜʦʤ ʢʦʤʧʴʶʪʝʨʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ. ʂʦʥʮʝʥʪʨʘʮʠʷ ʧʨʠʤʝʩʠ ʤʝʪʘʥʘ ʠ 

ʜʝʡʪʝʨʦʤʝʪʘʥʘ ʚ ʨʘʩʪʚʦʨʘʭ ʚʥʝʜʨʝʥʠʷ ʬʫʣʣʝʨʠʪʘ ʦʧʨʝʜʝʣʷʣʘʩʴ ʤʝʪʦʜʘʤʠ 

ʪʝʨʤʠʯʝʩʢʦʛʦ ʛʨʘʚʠʤʝʪʨʠʯʝʩʢʦʛʦ ʘʥʘʣʠʟʘ (TɻA) (ʜʦ ʠʟʤʝʨʝʥʠʡ ʪʝʧʣʦʝʤʢʦʩʪʠ) ʠ 

ʪʝʨʤʦʧʨʦʛʨʘʤʤʠʨʫʝʤʦʡ ʜʝʩʦʨʙʮʠʠ (ʧʦʩʣʝ ʠʟʤʝʨʝʥʠʡ). 
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ʅʘʫʯʥʘʷ ʥʦʚʠʟʥʘ ʧʦʣʫʯʝʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ: 

1. ɺʧʝʨʚʳʝ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʪʝʤʧʝʨʘʪʫʨʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʪʝʧʣʦʝʤʢʦʩʪʠ ʩʚʷʟʦʢ 

ʦʜʥʦʩʪʝʥʥʳʭ ʫʛʣʝʨʦʜʥʳʭ ʥʘʥʦʪʨʫʙʦʢ ʚ ʠʥʪʝʨʚʘʣʝ ʪʝʤʧʝʨʘʪʫʨ ʦʪ 5 ʜʦ 105 ʂ 

ʠʟʤʝʥʷʝʪʩʷ ʦʪ ʢʚʘʜʨʘʪʠʯʥʦʡ, ʭʘʨʘʢʪʝʨʥʦʡ ʜʣʷ ʢʚʘʟʠʜʚʫʭʤʝʨʥʳʭ ʩʠʩʪʝʤ, ʢ 

ʣʠʥʝʡʥʦʡ, ʭʘʨʘʢʪʝʨʥʦʡ ʜʣʷ ʢʚʘʟʠʦʜʥʦʤʝʨʥʳʭ ʩʠʩʪʝʤ. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʚ 

ʥʠʟʢʦʵʥʝʨʛʝʪʠʯʝʩʢʦʡ ʦʙʣʘʩʪʠ ʩʧʝʢʪʨʘ ʧʣʦʪʥʦʩʪʴ ʩʦʩʪʦʷʥʠʡ ʬʦʥʦʥʦʚ ʩʚʷʟʦʢ 

ʥʘʥʦʪʨʫʙʦʢ ʣʠʥʝʡʥʦ ʟʘʚʠʩʠʪ ʦʪ ʵʥʝʨʛʠʠ. 

2. ɺʧʝʨʚʳʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʦʧʨʝʜʝʣʝʥʘ ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʘʷ ʪʝʧʣʦʝʤʢʦʩʪʴ 

ʦʜʥʦʤʝʨʥʳʭ ʮʝʧʦʯʝʢ ʘʜʩʦʨʙʘʪʦʚ ʢʩʝʥʦʥʘ ʠ ʘʟʦʪʘ ʚ ʢʘʥʘʚʢʘʭ ʩʚʷʟʦʢ 

ʦʜʥʦʩʪʝʥʥʳʭ ʫʛʣʝʨʦʜʥʳʭ ʥʘʥʦʪʨʫʙʦʢ. ɼʣʷ ʪʘʢʠʭ ʮʝʧʦʯʝʢ ʦʧʨʝʜʝʣʝʥʳ 

ʯʘʩʪʦʪ rʧʨʦʜʦʣʴʥʳʭ ʤʦʜ ʬʦʥʦʥʦʚ ʥʘ ʢʨʘʶ ʟʦʥʳ ɹʨʠʣʣʶʵʥʘ. ʇʦʢʘʟʘʥʦ, ʯʪʦ 

ʜʣʷ ʦʜʥʦʤʝʨʥʳʭ ʮʝʧʦʯʝʢ ʤʦʣʝʢʫʣ ʘʟʦʪʘ ʚʢʣʘʜ ʚ ʪʝʧʣʦʝʤʢʦʩʪʴ ʠʭ 

ʦʨʠʝʥʪʘʮʠʦʥʥʳʭ ʢʦʣʝʙʘʥʠʡ ʩʪʘʥʦʚʠʪʩʷ ʩʫʱʝʩʪʚʝʥʥʳʤ ʚʳʰʝ 15 ʂ.  

3. ɺʧʝʨʚʳʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʦʙʥʘʨʫʞʝʥ ʚʢʣʘʜ ʦʜʠʥʦʯʥʳʭ ʪʝʧʣʦʚʳʭ ʚʘʢʘʥʩʠʡ 

ʚ ʪʝʧʣʦʝʤʢʦʩʪʴ ʦʜʥʦʤʝʨʥʳʭ ʮʝʧʦʯʝʢ ʢʩʝʥʦʥʘ ʚ ʢʘʥʘʚʢʘʭ ʩʚʷʟʦʢ ʥʘʥʦʪʨʫʙʦʢ. 

ɺ ʨʘʤʢʘʭ ʤʦʜʝʣʠ ʦʜʠʥʦʯʥʠʭ ʪʝʧʣʦʚʳʭ ʚʘʢʘʥʩʠʡ ʦʧʠʩʘʥʦ ʨʝʟʢʦʝ ʫʚʝʣʠʯʝʥʠʝ 

ʪʝʧʣʦʝʤʢʦʩʪʠ ʮʝʧʦʯʝʢ ʢʩʝʥʦʥʘ ʚʳʰʝ 28 ʂ. ʆʧʨʝʜʝʣʝʥʳ ʵʥʪʘʣʴʧʠʷ ʠ 

ʵʥʪʨʦʧʠʶ ʠʭ ʦʙʨʘʟʦʚʘʥʠʷ, ʘ ʪʘʢʞʝ ʪʝʤʧʝʨʘʪʫʨʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʢʦʥʮʝʥʪʨʘʮʠʠ 

ʚʘʢʘʥʩʠʡ.  

4. ʆʧʨʝʜʝʣʝʥʳ ʚʢʣʘʜʳ ʚʥʫʪʨʠʤʦʣʝʢʫʣʷʨʥʳʭ ʢʦʣʝʙʘʥʠʡ ʠ ʢʦʣʣʝʢʪʠʚʥʳʭ 

ʢʦʣʝʙʘʥʠʡ ʨʝʰʝʪʢʠ ʚ ʪʝʧʣʦʝʤʢʦʩʪʴ ʬʫʣʣʝʨʠʪʘ C60 ʧʨʠ ʥʠʟʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ. 

ɺʧʝʨʚʳʝ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʪʝʤʧʝʨʘʪʫʨʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʪʝʧʣʦʝʤʢʦʩʪʠ ʠ 

ʢʦɻʬʬʠʮʠʝʥʪʘ ʪʝʧʣʦʚʦʛʦ ʨʘʩʰʠʨʝʥʠʷ ʬʫʣʣʝʨʠʪʘ ʉ60 ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʳ ʚ 

ʠʥʪʝʨʚʘʣʝ ʪʝʤʧʝʨʘʪʫʨ ʦʪ 5 ʜʦ 63 ʂ. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʚ ʠʥʪʝʨʚʘʣʝ ʪʝʤʧʝʨʘʪʫʨ 

ʦʪ 1,2 ʜʦ 40 ʂ ʪʝʧʣʦʝʤʢʦʩʪʴ ʨʝʰʝʪʢʠ ʉ60 ʦʧʠʩʳʚʘʝʪʩʷ ʩʫʤʤʦʡ ʚʢʣʘʜʦʚ: 

ʪʫʥʥʝʣʴʥʳʭ ʚʨʘʱʘʪʝʣʴʥʳʭ ʫʨʦʚʥʝʡ, ʪʨʘʥʩʣʷʮʠʦʥʥʳʭ ʠ ʦʨʠʝʥʪʘʮʠʦʥʥʳʭ 

ʢʦʣʝʙʘʥʠʡ, ʜʣʷ ʢʦʪʦʨʳʭ ʦʧʨʝʜʝʣʝʥʳ ʟʥʘʯʝʥʠʷ ʪʝʤʧʝʨʘʪʫʨ ɼʝʙʘʷ ʠ 

ʕʡʥʰʪʝʡʥʘ. 

5. ɺʧʝʨʚʳʝ ʦʙʥʘʨʫʞʝʥʳ ʠʟʦʪʦʧʠʯʝʩʢʠʝ ʵʬʬʝʢʪʳ ʚ ʪʝʧʣʦʝʤʢʦʩʪʠ ʨʘʩʪʚʦʨʦʚ 

ʚʥʝʜʨʝʥʠʷ ʤʦʣʝʢʫʣ ʤʝʪʘʥʘ ʠ ʜʝʡʪʝʨʦʤʝʪʘʥʘ ʚ ʬʫʣʣʝʨʠʪʝ C60. ʋʩʪʘʥʦʚʣʝʥʦ, 
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ʯʪʦ ʚ ʠʥʪʝʨʚʘʣʝ ʪʝʤʧʝʨʘʪʫʨ ʦʪ 14 ʜʦ 35 ʂ ʪʝʧʣʦʝʤʢʦʩʪʴ ʜʝʡʪʝʨʦʤʝʪʘʥʘ 

ʩʫʱʝʩʪʚʝʥʥʦ ʚʳʰʝ, ʯʝʤ ʪʝʧʣʦʝʤʢʦʩʪʴ ʤʝʪʘʥʘ, ʯʪʦ ʦʙʫʩʣʦʚʣʝʥʦ ʨʘʟʣʠʯʠʷʤʠ 

ʯʘʩʪʦʪ ʪʨʘʥʩʣʷʮʠʦʥʥʳʭ ʠ ʦʨʠʝʥʪʘʮʠʦʥʥʳʭ ʢʦʣʝʙʘʥʠʡ ʵʪʠʭ ʤʦʣʝʢʫʣ. ʅʠʞʝ 

8 ʂ ʠʟʦʪʦʧʠʯʝʩʢʠʡ ʵʬʬʝʢʪ ʦʧʨʝʜʝʣʷʝʪʩʷ ʪʫʥʥʝʣʴʥʳʤ ʚʨʘʱʝʥʠʝʤ ʤʦʣʝʢʫʣ ʠ 

ʦʙʫʩʣʦʚʣʝʥ ʨʘʟʣʠʯʠʷʤʠ ʩʢʦʨʦʩʪʝʡ ʢʦʥʚʝʨʩʠʠ ʠ ʚʨʘʱʘʪʝʣʴʥʳʭ ʩʧʝʢʪʨʦʚ 

ʩʧʠʥï̫ ʜʝʨʥʳʭ ʤʦʜʠʬʠʢʘʮʠʡ ʤʦʣʝʢʫʣ ʤʝʪʘʥʘ ʠ ʜʝʡʪʝʨʦʤʝʪʘʥʘ.  

6. ɺʧʝʨʚʳʝ ʦʧʨʝʜʝʣʝʥʦ ʭʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʦʝ ʚʨʝʤʷ ʢʦʥʚʝʨʩʠʠ ʤʦʣʝʢʫʣ ʤʝʪʘʥʘ 

ʤʘʪʨʠʯʥʦïʠʟʦʣʠʨʦʚʘʥʥʳʭ ʚ ʦʢʪʘʜɻʨʠʯʝʩʢʠʭ ʧʦʣʦʩʪʷʭ ʨʝʰʝʪʢʠ ʬʫʣʣʝʨʠʪʘ C60. 

ʇʦʢʘʟʘʥʦ, ʯʪʦ ʦʩʦʙʝʥʥʦʩʪʠ ʪʝʤʧʝʨʘʪʫʨʥʳʭ ʟʘʚʠʩʠʤʦʩʪʷʭ ʭʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʠʭ 

ʚʨʝʤʝʥ ʢʦʥʚʝʨʩʠʠ ʤʦʣʝʢʫʣ ʤʝʪʘʥʘ ʠ ʜʝʡʪʝʨʦʤʝʪʘʥʘ ʢʘʯʝʩʪʚʝʥʥʦ ʩʦʛʣʘʩʫʶʪʩʷ 

ʩ ʪʝʦʨʠʝʡ ʢʦʥʚʝʨʩʠʠ ʤʥʦʛʦʘʪʦʤʥʳʭ ʤʦʣʝʢʫʣ.  

ʇʨʘʢʪʠʯʝʩʢʦʝ ʟʥʘʯʝʥʠʝ ʧʦʣʫʯʝʥʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ. ʇʨʘʢʪʠʯʝʩʢʦʝ 

ʟʥʘʯʝʥʠʝ ʧʦʣʫʯʝʥʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʧʦʣʫʯʝʥʠʠ ʥʦʚʳʭ 

ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʭ ʟʥʘʥʠʡ ʦ ʪʝʧʣʦʚʳʭ ʷʚʣʝʥʠʷʭ ʚ ʩʣʦʞʥʳʭ ʥʘʥʦʩʪʨʫʢʪʫʨʥʳʭ 

ʩʠʩʪʝʤʘʭ, ʬʠʟʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʢʦʪʦʨʳʭ ʩʠʣʴʥʦ ʟʘʚʠʩʷʪ ʦʪ ʨʘʟʤʝʨʥʦʩʪʠ 

ʩʠʩʪʝʤʳ, ʢʦʣʠʯʝʩʪʚʘ ʠ ʢʦʥʮʝʥʪʨʘʮʠʠ ʧʨʠʤʝʩʠ, ʭʠʨʘʣʴʥʦʩʪʠ ʠ ʯʠʩʣʘ ʪʨʫʙʦʢ ʚ 

ʩʚʷʟʢʘʭ ʆʋʅʊ ʠ ʜʨʫʛʠʭ ʬʘʢʪʦʨʦʚ. ʀʟʫʯʝʥʠʝ ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ ʜʠʥʘʤʠʢʘ 

ʥʘʥʦʤʘʪʝʨʠʘʣʦʚ ʠ ʥʠʟʢʦʨʘʟʤʝʨʥʳʭ ʢʦʥʜʝʥʩʠʨʦʚʘʥʥʳʭ ʩʠʩʪʝʤ ʷʚʣʷʝʪʩʷ ʦʜʥʠʤ 

ʠʟ ʧʨʠʦʨʠʪʝʪʥʳʭ ʥʘʧʨʘʚʣʝʥʠʡ ʩʦʚʨʝʤʝʥʥʦʡ ʬʠʟʠʢʠ. ʀʤʝʥʥʦ ʚ ʫʩʣʦʚʠʷʭ ʥʠʟʢʠʭ 

ʪʝʤʧʝʨʘʪʫʨ ʥʘʠʙʦʣʝʝ ʷʨʢʦ ʧʨʦʷʚʣʷʶʪʩʷ ʵʬʬʝʢʪʳ, ʩʚʷʟʘʥʥʳʝ ʩ ʠʭ 

ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʤʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ, ʧʦʥʠʤʘʥʠʝ ʧʨʠʨʦʜʳ ʢʦʪʦʨʳʭ ʧʦʟʚʦʣʠʪ 

ʧʨʝʜʚʠʜʝʪʴ ʧʦʚʝʜʝʥʠʝ ʬʠʟʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʠʩʩʣʝʜʫʝʤʳʭ ʦʙʲʝʢʪʦʚ ʚ ʰʠʨʦʢʦʤ 

ʠʥʪʝʨʚʘʣʝ ʪʝʤʧʝʨʘʪʫʨ. 

ʆʩʥʦʚʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʜʠʩʩʝʨʪʘʮʠʠ ʩʪʠʤʫʣʠʨʫʶʪ ʜʘʣʴʥʝʡʰʝʝ ʨʘʟʚʠʪʠʝ 

ʬʠʟʠʢʠ ʢʦʥʜʝʥʩʠʨʦʚʘʥʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʧʨʠ ʥʠʟʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ: ʬʠʟʠʢʠ 

ʥʠʟʢʦʨʘʟʤʝʨʥʳʭ ʩʠʩʪʝʤ, ʠʟʫʯʝʥʠʝ ʜʠʥʘʤʠʢʠ ʘʪʦʤʘʨʥʳʭ ʠ ʤʦʣʝʢʫʣʷʨʥʳʭ 

ʧʨʠʤʝʩʝʡ ʚ ʫʛʣʝʨʦʜʥʳʭ ʥʘʥʦʩʠʩʪʝʤʘʭ, ʢʚʘʥʪʦʚʳʭ ʷʚʣʝʥʠʷʭ ʚ ʥʘʥʦʩʪʨʫʢʪʫʨʘʭ. 

ʇʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʠʤʝʶʪ ʮʝʥʥʦʩʪʴ ʪʘʢʞʝ ʠ ʜʣʷ ʧʨʠʢʣʘʜʥʳʭ ʠʥʞʝʥʝʨʥʳʭ 

ʟʘʜʘʯ. ʅʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʳʝ ʜʘʥʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʪʝʧʣʦʬʠʟʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ 

ʫʛʣʝʨʦʜʥʳʭ ʥʘʥʦʤʘʪʝʨʠʘʣʦʚ ʚʘʞʥʳ ʧʨʠ ʢʦʥʩʪʨʫʠʨʦʚʘʥʠʠ ʠ ʨʘʟʨʘʙʦʪʢʝ ʥʦʚʳʭ 
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ʧʨʠʙʦʨʦʚ, ʢʦʪʦʨʳʝ ʬʫʥʢʮʠʦʥʠʨʫʶʪ ʚ ʰʠʨʦʢʦʤ ʠʥʪʝʨʚʘʣʝ ʪʝʤʧʝʨʘʪʫʨ, ʚ ʪʦʤ 

ʯʠʩʣʝ ʚ ʫʩʣʦʚʠʷʭ ʢʦʩʤʦʩʘ. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʜʘʥʥʳʝ, ʧʦʣʫʯʝʥʥʳʝ ʚ 

ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ ʨʘʙʦʪʝ, ʤʦʛʫʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥʳ ʜʣʷ ʧʨʦʛʥʦʟʠʨʦʚʘʥʠʷ 

ʪʝʧʣʦʚʳʭ ʩʚʦʡʩʪʚ ʥʦʚʳʭ ʥʘʥʦʩʪʨʫʢʪʫʨʥʳʭ ʤʘʪʝʨʠʘʣʦʚ, ʚ ʯʘʩʪʥʦʩʪʠ, ʨʘʩʪʚʦʨʦʚ 

ʚʥʝʜʨʝʥʠʷ ʘʪʦʤʘʨʥʳʭ ʠ ʤʦʣʝʢʫʣʷʨʥʳʭ ʧʨʠʤʝʩʝʡ ʚ ʦʢʪʘʵʜʨʠʯʝʩʢʠʭ ʧʦʣʦʩʪʷʭ 

ʬʫʣʣʝʨʠʪʘ.  

ɼʘʥʥʳʝ ʦ ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ ʜʠʥʘʤʠʢʝ ʢʦʣʝʙʘʥʠʡ ʚ 1D ʮʝʧʦʯʝʢ 

ʘʜʩʦʨʙʘʪʘ ʧʦʟʚʦʣʠʣʠ ʧʨʦʚʝʩʪʠ ʧʨʦʚʝʨʢʫ ʨʷʜʘ ʪʝʦʨʠʡ ʦʙ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠʭ 

ʩʚʦʡʩʪʚʘʭ ʘʪʦʤʘʨʥʳʭ ʣʠʥʝʡʥʳʭ ʨʝʰʝʪʦʢ, ʚ ʯʘʩʪʥʦʩʪʠ ʨʘʙʦʪʳ ʃʝʙʬʨʠʜʘ ʠ ʩʦʘʚʪ., 

ʐʠʙʝʨʘ, ʂʦʩʪʦʚʘ ʠ ʩʦʘʚʪ., ʘ ʪʘʢʞʝ ʩʪʠʤʫʣʠʨʦʚʘʣʠ ʨʘʟʨʘʙʦʪʢʫ ʥʦʚʳʭ ʪʝʦʨʠʡ 

ʪʝʧʣʦʝʤʢʦʩʪʠ ʩʠʩʪʝʤ ʧʦʥʠʞʝʥʥʦʡ ʨʘʟʤʝʨʥʦʩʪʠ (ʨʘʙʦʪʳ ʄʘʥʞʝʣʠʡ ʠ ʩʦʘʚʪ., 

ʏʠʰʢʦ ʠ ʩʦʘʚʪ.). ʇʦʣʫʯʝʥʥʳʝ ʚ ʨʘʙʦʪʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʦʙ 

ʘʥʦʤʘʣʴʥʦʤ ʚʣʠʷʥʠʠ ʧʨʠʤʝʩʝʡ ʥʘ ʪʝʤʧʝʨʘʪʫʨʥʳʝ ʟʘʚʠʩʠʤʦʩʪʴ ʪʝʧʣʦʝʤʢʦʩʪʠ 

ʩʚʷʟʦʢ ʆʋʅʊ ʠ ʬʫʣʣʝʨʠʪʘ ʉ60 ʷʚʣʷʝʪʩʷ ʧʨʠʥʮʠʧʠʘʣʴʥʦ ʥʦʚʳʤ ʨʝʟʫʣʴʪʘʪʦʤ, 

ʚʘʞʥʳʤ ʜʣʷ ʧʦʥʠʤʘʥʠʷ ʧʨʠʨʦʜʳ ʪʝʧʣʦʚʳʭ ʷʚʣʝʥʠʡ ʚ ʫʛʣʝʨʦʜʥʳʭ 

ʥʘʥʦʤʘʪʝʨʠʘʣʘʭ ʧʨʠ ʥʠʟʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ. ʋʩʪʘʥʦʚʣʝʥʥʘʷ ʚ ʨʘʙʦʪʝ ʟʘʚʠʩʠʤʦʩʪʴ 

ʪʝʧʣʦʝʤʢʦʩʪʠ 1D ʮʝʧʦʯʝʢ ʘʜʩʦʨʙʘʪʘ ʠ ʦʧʨʝʜʝʣʝʥʥʳʝ ʟʥʘʯʝʥʠʷ ʵʥʪʘʣʴʧʠʠ, 

ʵʥʪʨʦʧʠʠ ʠ ʢʦʥʮʝʥʪʨʘʮʠʠ ʦʜʠʥʦʯʥʳʭ ʪʝʧʣʦʚʳʭ ʚʘʢʘʥʩʠʡ ʚ 1D ʮʝʧʦʯʢʘʭ 

ʷʚʣʷʪʁʩʷ ʚʘʞʥʳʤʠ ʨʝʟʫʣʴʪʘʪʘʤʠ ʥʝʦʙʭʦʜʠʤʳʤʠ ʜʣʷ ʧʦʥʠʤʘʥʠʷ ʧʨʦʮʝʩʩʦʚ 

ʨʘʟʨʫʰʝʥʠʷ 1D ʮʝʧʦʯʝʢ. ʕʪʦ ʤʦʞʝʪ ʚ ʜʘʣʴʥʝʡʰʝʤ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥʦ ʧʨʠ 

ʨʘʟʨʘʙʦʪʢʝ ʧʨʠʙʦʨʦʚ ʜʣʷ ʨʘʟʜʝʣʝʥʠʷ ʛʘʟʦʚʳʭ ʩʤʝʩʝʡ ʠ ʠʟʦʪʦʧʦʚ. ɼʘʥʥʳʝ, 

ʧʦʣʫʯʝʥʥʳʝ ʚ ʨʘʙʦʪʝ, ʧʦʟʚʦʣʷʶʪ ʛʣʫʙʞʝ ʠʩʩʣʝʜʦʚʘʪʴ ʜʠʥʘʤʠʢʫ ʢʦʣʝʙʘʥʠʡ ʠ 

ʚʨʘʱʘʪʝʣʴʥʦʛʦ ʜʚʠʞʝʥʠʷ ʚ ʩʣʦʞʥʳʭ ʤʦʣʝʢʫʣʷʨʥʳʭ ʩʦʝʜʠʥʝʥʠʷʭ ʠ 

ʩʧʦʩʦʙʩʪʚʫʶʪ ʜʘʣʴʥʝʡʰʝʤʫ ʧʦʥʠʤʘʥʠʶ ʧʨʠʨʦʜʳ ʥʠʟʢʦʵʥʝʨʛʝʪʠʯʝʩʢʦʛʦ 

ʩʧʝʢʪʨʘ ʨʘʩʩʤʦʪʨʝʥʥʳʭ ʩʠʩʪʝʤ.  

ɼʣʷ ʚʳʧʦʣʥʝʥʠʷ ʠʩʩʣʝʜʦʚʘʥʠʡ ʫʛʣʝʨʦʜʥʳʭ ʥʘʥʦʤʘʪʝʨʠʘʣʦʚ ʠ 1D ʮʝʧʦʯʝʢ 

ʙʳʣʦ ʤʦʜʝʨʥʠʟʦʚʘʥʦ ʫʥʠʢʘʣʴʥʦʝ ʥʘʫʯʥʦʝ ʦʙʦʨʫʜʦʚʘʥʠʝ ʜʣʷ ʠʟʤʝʨʝʥʠʷ 

ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ ʪʝʧʣʦʝʤʢʦʩʪʠ ʠ ʩʦʟʜʘʥ r ʥʦʚʳʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ 

ʤʝʪʦʜʠʢʠ ʧʦʣʫʯʝʥʠʷ 1D ʮʝʧʦʯʝʢ, ʯʪʦ ʨʘʩʰʠʨʷʝʪ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ 

ʚʦʟʤʦʞʥʦʩʪʠ ʜʣʷ ʜʘʣʴʥʝʡʰʠʭ ʠʩʩʣʝʜʦʚʘʥʠʡ.  
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ʃʠʯʥʳʡ ʚʢʣʘʜ ʜʠʩʩʝʨʪʘʥʪʘ. ɺʩʝ ʥʘʫʯʥʳʝ ʩʪʘʪʴʠ, ʚ ʢʦʪʦʨʳʭ 

ʧʨʝʜʩʪʘʚʣʝʥʳ ʦʩʥʦʚʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ ʨʘʙʦʪʳ, ʚʳʧʦʣʥʝʥʳ ʚ 

ʩʦʘʚʪʨʦʩʪʚʝ. ɸʚʪʦʨ ʧʨʠʥʠʤʘʣ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦʝ ʫʯʘʩʪʠʝ ʚʦ ʚʩʝʭ ʵʪʘʧʘʭ 

ʥʘʫʯʥʦʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ, ʢʦʪʦʨʳʝ ʚʢʣʶʯʘʶʪ ʧʦʩʪʘʥʦʚʢʫ ʟʘʜʘʯʠ, ʧʦʜʛʦʪʦʚʢʫ ʠ 

ʧʨʦʚʝʜʝʥʠʝ ʵʢʩʧʝʨʠʤʝʥʪʦʚ, ʘʥʘʣʠʟ ʧʦʣʫʯʝʥʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ, 

ʬʦʨʤʫʣʠʨʦʚʘʥʠʝ ʚʳʚʦʜʦʚ ʠ ʥʘʧʠʩʘʥʠʝ ʩʪʘʪʝʡ. ʉʦʠʩʢʘʪʝʣʴ ʣʠʯʥʦ ʧʨʦʚʦʜʠʣ 

ʠʟʤʝʨʝʥʠʷ ʪʝʧʣʦʝʤʢʦʩʪʠ ʩʚʷʟʦʢ ʦʜʥʦʩʪʝʥʥʳʭ ʫʛʣʝʨʦʜʥʳʭ ʥʘʥʦʪʨʫʙʦʢ ʠ 

ʧʨʦʘʥʘʣʠʟʠʨʦʚʘʣ ʚʣʠʷʥʠʝ ʨʘʟʤʝʨʥʦʩʪʠ ʩʠʩʪʝʤʳ ʠ ʭʠʨʘʣʴʥʦʩʪʠ ʥʘʥʦʪʨʫʙʦʢ ʥʘ 

ʪʝʧʣʦʝʤʢʦʩʪʴ ʩʚʷʟʦʢ ʟïʆʋʅʊ. ɼʠʩʩʝʨʪʘʥʪʦʤ ʩʘʤʦʩʪʦʷʪʝʣʴʥʦ ʧʦʣʫʯʝʥʳ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʜʘʥʥʳʝ ʪʝʧʣʦʝʤʢʦʩʪʠ 1D ʮʝʧʦʯʝʢ ʢʩʝʥʦʥʘ ʠ ʘʟʦʪʘ ʠ 

ʚʳʧʦʣʥʝʥʦ ʦʙʨʘʙʦʪʢʫ, ʠ ʘʥʘʣʠʟ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ, ʘ ʠʤʝʥʥʦ: 

ʚʳʧʦʣʥʝʥʳ ʨʘʩʯʝʪʳ ʢʦʣʠʯʝʩʪʚʘ Xe ʠ N2, ʥʝʦʙʭʦʜʠʤʳʭ ʜʣʷ ʬʦʨʤʠʨʦʚʘʥʠʷ 

1D ʮʝʧʦʯʝʢ, ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʝ ʟʥʘʯʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ ʨʦʩʪʘ 

ʪʝʧʣʦʝʤʢʦʩʪʠ 1D ʮʝʧʦʯʝʢ Xe ʠ ʨʘʩʯʠʪʘʥʦʝ ʟʥʘʯʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ ʥʘʯʘʣʘ 

ʬʨʘʛʤʝʥʪʘʮʠʠ ʮʝʧʦʯʝʢ ʚʩʣʝʜʩʪʚʠʠ ʦʙʨʘʟʦʚʘʥʠʷ ʚʘʢʘʥʩʠʡ ï ʙʣʠʟʢʠ. ʉʦʠʩʢʘʪʝʣʴ 

ʣʠʯʥʦ ʚʠʧʦʣʥʠʣ ʨʘʩʯʝʪʳ ʠ ʘʥʘʣʠʟ ʚʢʣʘʜʦʚ ʚʥʫʪʨʠʤʦʣʝʢʫʣʷʨʥʳʭ, 

ʪʨʘʥʩʣʷʮʠʦʥʥʳʭ ʢʦʣʝʙʘʥʠʡ, ʣʠʙʨʘʮʠʡ ʤʦʣʝʢʫʣ ʉ60 ʠ ʪʫʥʥʝʣʴʥʦʛʦ ʚʨʘʱʝʥʠʷ 

ʤʘʪʨʠʯʥʦïʠʟʦʣʠʨʦʚʘʥʥr ʭ ʤʦʣʝʢʫʣ CH4. ɼʠʩʩʝʨʪʘʥʪ ʧʨʠʥʠʤʘʣ 

ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦʝ ʫʯʘʩʪʠʝ ʚ ʦʙʩʫʞʜʝʥʠʠ ʠ ʨʝʘʣʠʟʘʮʠʠ ʠʜʝʠ 

ʫʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥʠʷ ʫʩʪʘʥʦʚʢʠ ʘʜʠʘʙʘʪʠʯʝʩʢʦʛʦ ʢʘʣʦʨʠʤʝʪʨʘ, ʢʦʪʦʨʘʷ ʙʳʣʘ 

ʚʳʧʦʣʥʝʥʘ ʧʝʨʝʜ ʠʩʩʣʝʜʦʚʘʥʠʷʤʠ 1D ʮʝʧʦʯʝʢ ʘʜʩʦʨʙʘʪʦʚ. ʇʦʣʫʯʝʥʳʝ 

ʨʝʟʫʣʴʪʘʪʳ ʜʦʢʣʘʜʳʚʘʣʠʩʴ ʘʚʪʦʨʦʤ ʥʘ ʤʝʞʜʫʥʘʨʦʜʥʳʭ ʢʦʥʬʝʨʝʥʮʠʷʭ, ʰʢʦʣʘʭ 

ʤʦʣʦʜʳʭ ʫʯʝʥʳʭ ʠ ʩʝʤʠʥʘʨʘʭ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʣʠʯʥʳʡ ʚʢʣʘʜ ʘʚʪʦʨʘ ʷʚʣʷʝʪʩʷ 

ʦʧʨʝʜʝʣʷʶʱʠʤ. 

ɸʧʨʦʙʘʮʠʷ ʨʝʟʫʣʴʪʘʪʦʚ ʜʠʩʩʝʨʪʘʮʠʠ. ʈʝʟʫʣʴʪʘʪʳ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ 

ʨʘʙʦʪʳ ʜʦʢʣʘʜʳʚʘʣʠʩʴ ʥʘ ʧʝʨʝʯʠʩʣʝʥʥʳʭ ʥʠʞʝ ʤʝʞʜʫʥʘʨʦʜʥʳʭ ʠ 

ʦʪʝʯʝʩʪʚʝʥʥʳʭ ʥʘʫʯʥʳʭ ʢʦʥʬʝʨʝʥʮʠʷʭ:  

¶ Mediterranean ï East ï Europe Meeting ñMultifunctional nanomaterialò 

(NanoEuroMed ï 2011, Uzhgorod, Ukraine, May 12 ï 14, 2011); 

¶ International Conference çAdvanced Carbon Nanostructuresè 
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(ACNSô2011, St. Petersburg, Russia, July 4 ï 8, 2011);  

¶ International Conference for Young Scientists ñLow Temperature Physicsò 

(ICYS - LTP - 2012, Kharkov, Ukraine, May 14 ï 18, 2012);  

¶ International Conference on Theoretical Physics (Dubna ï NANO ï 2012, 

Dubna, Russia, July 9 ï 14, 2012); 

¶ International Conference on Cryocrystals and Quantum Crystals (CC2012, 

Odessa, Ukraine, September 2 ï 8, 2012);  

¶ International Conference for Young Scientists ñLow Temperature Physicsò 

(ICYS ï LTP ï 2013, Kharkov, Ukraine, June 3 ï 7, 2013);  

¶ International Conference çAdvanced Carbon Nanostructuresè 

(ACNSô2013, St. Petersburg, Russia, July 1 ï 5, 2013); 

¶ 3
rd
 ConferenceïSchool for Young Scientists çAdvanced Carbon 

Nanostructures and Methods of Their Diagnosticsè (CSYS ï 2013, 

St. Petersburg, Russia, July 3, 2013);  

¶ International research and practice conference ñNanotechnology and 

Nanomaterialsò (NANO ï 2013, Bukovel, Ukraine, 25 August ï

 1 September 2013); 

¶ International Conference for Young Scientists ñLow Temperature Physicsò 

(ICYS ï LTP ï 2014, Kharkov, Ukraine, June 2 ï 6, 2014); 

¶ International Conference on Cryocrystals and Quantum Crystals 

(CC2014, Almaty, Republic of Kazakhstan, 31 August ï 7 September 2014); 

¶ International research and practice conference ñNanotechnology and 

Nanomaterialsò (NANO ï 2014, Lviv, Ukraine, August 27 ï 30, 2014); 

¶ 3
rd
 International Summer School ñNanotechnology: from fundamental 

research to innovationsò (NANO ï 2014, Yaremche, Ukraine, 

August 23 - 26, 2014). 

ʇʫʙʣʠʢʘʮʠʠ. ʈʝʟʫʣʴʪʘʪʳ, ʠʟʣʦʞʝʥʥʳʝ ʚ ʜʠʩʩʝʨʪʘʮʠʠ, ʦʧʫʙʣʠʢʦʚʘʥʳ ʚ 

21 ʥʘʫʯʥʦʤ ʪʨʫʜʝ, ʠʟ ʥʠʭ 6 ʩʪʘʪʝʡ ʚ ʚʝʜʫʱʠʭ ʥʘʫʯʥʳʭ ʞʫʨʥʘʣʘʭ [1ï6], 2 ʩʪʘʪʴʠ 

[7,8] ʠ 13 ʪʝʟʠʩʦʚ ʚ ʩʙʦʨʥʠʢʘʭ ʪʨʫʜʦʚ ʤʝʞʜʫʥʘʨʦʜʥʳʭ ʥʘʫʯʥʳʭ 

ʢʦʥʬʝʨʝʥʮʠʡ [9ï21].  
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ʈɸɿɼɽʃ 1 

ʌʀɿʀʏɽʉʂʀɽ ʉɺʆʁʉʊɺɸ ʋɻʃɽʈʆɼʅʓʍ ʅɸʅʆʄɸʊɽʈʀɸʃʆɺ 

ʀ ʅʀɿʂʆʈɸɿʄɽʈʅʓʍ ʉʀʉʊɽʄ (ʆɹɿʆʈ) 

1.1. ʉʪʨʫʢʪʫʨʘ ʠ ʬʠʟʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʥʘʥʦʪʨʫʙʦʢ 

 1.1.1. ʆʙʱʠʝ ʩʚʝʜʝʥʠʷ ʦ ʥʘʥʦʪʨʫʙʢʘʭ 

ʋʛʣʝʨoʜ (ʭʠʤʠʯʝʩʢʠʡ ʩʠʤʚʦʣ ð C) ð ʭʠʤʠʯʝʩʢʠʡ ʵʣʝʤʝʥʪ 4ïʦʡ ʛʨʫʧʧʳ 

ʛʣʘʚʥʦʡ ʧʦʜʛʨʫʧʧʳ 2ïʛʦ ʧʝʨʠʦʜʘ ʧʝʨʠʦʜʠʯʝʩʢʦʡ ʩʠʩʪʝʤʳ ʄʝʥʜʝʣʝʝʚʘ, ʩ 

ʘʪʦʤʥʳʤ ʥʦʤʝʨʦʤ 6 ʠ ʘʪʦʤʥʦʡ ʤʘʩʩʦʡ ð 12,01115 ʛ/ʤʦʣʴ. ɼʣʷ ʘʪʦʤʦʚ ʫʛʣʝʨʦʜʘ 

ʚʦʟʤʦʞʥʳ ʨʘʟʣʠʯʥʳʝ ʚʘʨʠʘʥʪʳ ʛʠʙʨʠʜʠʟʘʮʠʠ 2s ʠ 2p ʵʣʝʢʪʨʦʥʥʳʭ ʦʨʙʠʪʘʣʝʡ 

(sp, sp
2
 ʠ sp

3
), ʠ ʬʦʨʤʠʨʦʚʘʥʠʝ, ʠʟ ʘʪʦʤʦʚ, ʘʣʣʦʪʨʦʧʥʳʭ ʤʦʜʠʬʠʢʘʮʠʠ 

ʨʘʟʣʠʯʥʦʡ ʨʘʟʤʝʨʥʦʩʪʠ, ʪʘʢʠʭ ʢʘʢ 3D (ʘʣʤʘʟ, ʛʨʘʬʠʪ) 2D ʛʨʘʬʝʥ, 

1D ʥʘʥʦʪʨʫʙʢʠ ʠ 0D ʬʫʣʣʝʨʝʥʳ [22]. 

ɻʨʘʬʠʪ ʩʦʩʪʦʠʪ ʠʟ ʫʛʣʝʨʦʜʥʳʭ ʧʣʦʩʢʦʩʪʝʡ, ʚ ʢʦʪʦʨʳʭ ʢʘʞʜʳʡ ʘʪʦʤ 

ʫʛʣʝʨʦʜʘ ʩʚʷʟʘʥ ʢʦʚʘʣʝʥʪʥʦʡ ʩʚʷʟʴʶ ʩ ʪʨʝʤʷ ʜʨʫʛʠʤʠ ʘʪʦʤʘʤʠ ʫʛʣʝʨʦʜʘ ʚ 

ʧʣʦʩʢʦʩʪʠ. ʂʦʚʘʣʝʥʪʥʳʝ ůï ʩʚʷʟʠ ʤʝʞʜʫ ʘʪʦʤʘʤʠ ʫʛʣʝʨʦʜʘ ʚ ʛʨʘʬʠʪʝ 

ʭʘʨʘʢʪʝʨʠʟʫʶʪʩʷ sp
2
ïʛʠʙʨʠʜʠʟʘʮʠʝʡ, ʘ ḯ ʩʚʷʟʠ ʭʘʨʘʢʪʝʨʠʟʫʶʪʩʷ                    

sp ïʛʠʙʨʠʜʠʟʘʮʠʝʡ [23]. ʉʚʷʟʴ ʤʝʞʜʫ ʧʣʦʩʢʦʩʪʷʤʠ ʦʙʫʩʣʦʚʣʝʥʘ ʩʣʘʙʳʤʠ      

ɺʘʥ ïʜʝʨ ï ɺʘʘʣɹ ʩʦʚʳʤʠ ʩʠʣʘʤʠ. ʌʫʣʣʝʨʝʥʳ ʠ ʫʛʣʝʨʦʜʥʳʝ ʥʘʥʦʪʨʫʙʢʠ (ʋʅʊ) 

ʭʘʨʘʢʪʝʨʠʟʫʶʪʩʷ ʥʘʣʠʯʠʝʤ ʛʠʙʨʠʜʥʳʭ ʦʨʙʠʪʘʣʝʡ, ʧʨʦʤʝʞʫʪʦʯʥʳʭ ʤʝʞʜʫ sp
2 
ʠ 

sp
3
, ʧʨʠʯʝʤ ʫ ʢʘʞʜʦʛʦ ʬʫʣʣʝʨʝʥʘ ʩʚʦʷ, ʩʪʨʦʛʦ ʦʧʨʝʜʝʣʝʥʥʘʷ ʜʦʣʷ sp

3
ïʩʚʷʟʝʡ. 

ɼʦʣʷ sp
2
ïʩʚʷʟʝʡ ʚ ʋʅʊ ʙʦʣʴʰʝ ʯʝʤ ʚ ʬʫʣʣʝʨʝʥʘʭ. ʋʛʣʝʨʦʜʥʳʝ ʥʘʥʦʪʨʫʙʢʠ ʚ 

ʵʪʦʤ ʦʪʥʦʰʝʥʠʠ ʙʣʠʞʝ ʢ ʛʨʘʬʠʪʫ [23]. ɺ ʦʪʣʠʯʠʝ ʦʪ ʬʫʣʣʝʨʝʥʦʚ, 

ʧʨʝʜʩʪʘʚʣʷʶʱʠʭ ʩʦʙʦʡ ʤʦʣʝʢʫʣʷʨʥʫʶ ʬʦʨʤʫ ʫʛʣʝʨʦʜʘ, ʫʛʣʝʨʦʜʥʳʝ ʥʘʥʦʪʨʫʙʢʠ 

(ʋʅʊ) ʩʦʯʝʪʘʶʪ ʩʚʦʡʩʪʚʘ ʪʚʝʨʜʦʛʦ ʪʝʣʘ ʠ ʤʦʣʝʢʫʣʳ ʠ ʤʦʛʫʪ ʨʘʩʩʤʘʪʨʠʚʘʪʴʩʷ 

ʢʘʢ ʧʨʦʤʝʞʫʪʦʯʥʦʝ ʩʦʩʪʦʷʥʠʝ ʚʝʱʝʩʪʚʘ [23]. ʋʅʊ ʦʪʣʠʯʘʶʪʩʷ ʛʝʦʤʝʪʨʠʯʝʩʢʠʤʠ 

ʨʘʟʤʝʨʘʤʠ, ʢʘʞʜʘʷ ʥʘʥʦʪʨʫʙʢʘ ʩʦʜʝʨʞʠʪ ʩʚʦʝ ʯʠʩʣʦ ʘʪʦʤʦʚ ʫʛʣʝʨʦʜʘ [23]. 

ʅʝʩʤʦʪʨʷ ʥʘ ʪʦ, ʯʪʦ ʠʩʪʦʨʠʷ ʥʠʪʝʚʠʜʥʳʭ ʤʠʢʨʦ ï ʠ ʥʘʥʦʨʘʟʤʝʨʥʳʭ 

ʯʘʩʪʠʮ ʫʛʣʝʨʦʜʘ ʥʘʩʯʠʪʳʚʘʝʪ ʙʦʣʴʰʝ ʯʝʤ ʩʪʦ ʣʝʪ [24], ʫʛʣʝʨʦʜʥʳʝ ʥʘʥʦʪʨʫʙʢʠ 

ʙʳʣʠ ʦʪʢʨʳʪʳ ʩʨʘʚʥʠʪʝʣʴʥʦ ʥʝʜʘʚʥʦ ʷʧʦʥʩʢʠʤ ʠʩʩʣʝʜʦʚʘʪʝʣʝʤ ʉʫʤʠʦ ʀʜʞʠʤʘ 

ʚ 1991 ʛʦʜʫ [25]. ʀʜʞʠʤʘ ʦʙʥʘʨʫʞʠʣ ʤʥʦʛʦʩʪʝʥʥʳʝ ʫʛʣʝʨʦʜʥʳʝ ʥʘʥʦʪʨʫʙʢʠ 
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(ʄʋʅʊ) ʚ ʧʨʦʜʫʢʪʘʭ ʜʫʛʦʚʦʛʦ ʩʠʥʪʝʟʘ ʬʫʣʣʝʨʝʥʦʚ. ʕʪʠ ʥʘʥʦʪʨʫʙʢʠ ʩʦʩʪʦʷʣʠ ʠʟ 

2 ʠ ʙʦʣʝʝ ʚʣʦʞʝʥʥʳʭ ʜʨʫʛ ʚ ʜʨʫʛʘ ʢʦʘʢʩʠʘʣʴʥʳʭ ʮʠʣʠʥʜʨʠʯʝʩʢʠʭ ʪʨʫʙʦʢ ʩ 

ʚʥʝʰʥʠʤ ʜʠʘʤʝʪʨʦʤ 4ï30 ʥʤ ʠ ʜʣʠʥʦʡ ʜʦ 1 ʤʢʤ. ʉʥʠʤʦʢ ʩʪʨʫʢʪʫʨʳ ʋʅʊ, 

ʧʦʣʫʯʝʥʥʳʡ ʩ ʧʦʤʦʱʴʶ ʧʨʦʩʚʝʯʠʚʘʶʱʝʛʦ ʵʣʝʢʪʨʦʥʥʦʛʦ ʤʠʢʨʦʩʢʦʧʘ (ʇʕʄ), 

ʧʦʢʘʟʘʥ ʥʘ ʨʠʩ. 1.1. ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʧʨʠʤʝʨʥʦ ʚ ʵʪʦ ʞʝ ʚʨʝʤʷ 

ʏʝʨʥʦʟʘʪʦʥʩʢʠʡ ʠ ʩʦʘʚʪʦʨʳ [26] ʦʪʢʨʳʣʠ ʥʘʥʦʚʦʣʦʢʦʥʥʫʶ ʫʛʣʝʨʦʜʥʫʶ 

ʩʪʨʫʢʪʫʨʫ, ʩʦʩʪʦʷʱʫʶ ʠʟ ʩʚʷʟʦʢ ʥʘʥʦʪʨʫʙʦʢ, ʠʤʝʶʱʠʭ, ʦʜʥʘʢʦ, ʥʘʤʥʦʛʦ 

ʤʝʥʴʰʝʝ ʦʪʥʦʰʝʥʠʝ ʜʣʠʥʳ ʢ ʜʠʘʤʝʪʨʫ ʠ ʥʘʧʦʤʠʥʘʚʰʠʭ ʩʢʦʨʝʝ ʧʨʦʜʦʣʛʦʚʘʪʳʝ 

ʬʫʣʣʝʨʝʥʳ. 

 

ʈʠʩ.1.1 ʇʕʄ ʩʥʠʤʦʢ ʜʚʫʭʩʣʦʡʥʳʭ ɼʋʅʊ (b) ʠ ʤʥʦʛʦʩʪʝʥʥʳʭ ʫʛʣʝʨʦʜʥʳʭ 

ʥʘʥʦʪʨʫʙʦʢ ʄʋʅʊ (a ʠ c) ʦʙʥʘʨʫʞʝʥʥʳʭ ʉʫʤʠʦ ʀʜʞʠʤʘ ʚ 1991 [25]. 

 

ɼʚʫʭʩʣʦʡʥʳʝ ʥʘʥʦʪʨʫʙʢʠ (ɼʋʅʊ), ʩʦʩʪʦʷʱʠʝ ʠʟ ʜʚʫʭ ʢʦʥʮʝʥʪʨʠʯʝʩʢʠʭ 

ʮʠʣʠʥʜʨʠʯʝʩʢʠʭ ʩʣʦʝʚ ʩ ʩʠʣʴʥʦʡ ʢʦʚʘʣʝʥʪʥʦʡ ʩʚʷʟʴʶ ʤʝʞʜʫ ʘʪʦʤʘʤʠ ʫʛʣʝʨʦʜʘ 

ʚʥʫʪʨʠ ʢʘʞʜʦʛʦ ʩʣʦʷ ʠ ʩʣʘʙʳʤ Bʘʥïʜʝʨïɺʘʘʣʴʩʦʚʩʢʠʤ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝʤ ʤʝʞʜʫ 

ʩʣʦʷʤʠ, ʷʚʣʷʶʪʩʷ ʧʝʨʝʭʦʜʥʦʡ ʬʦʨʤʦʡ ʤʝʞʜʫ ʤʥʦʛʦʩʣʦʡʥʳʤʠ (ʄʋʅʊ) ʠ 

ʦʜʥʦʩʪʝʥʥʳʤʠ (ʆʋʅʊ). ʇʦʩʣʝ ʦʪʢʨʳʪʠʷ ʚ 1993 ʛʦʜʫ ʦʜʥʦʩʪʝʥʥʳʭ ʫʛʣʝʨʦʜʥʳʭ 

ʥʘʥʦʪʨʫʙʦʢ ʆʋʅʊ ʥʘʯʘʣʩʷ ʥʘʩʪʦʷʱʠʡ ʙʫʤ ʠʭ ʠʩʩʣʝʜʦʚʘʥʠʡ [27]. ʆʋʅʊ 

ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʧʨʦʪʷʞʸʥʥʳʝ ʮʠʣʠʥʜʨʠʯʝʩʢʠʝ ʩʪʨʫʢʪʫʨʳ. ɼʠʘʤʝʪʨ ʆʋʅʊ 
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ʚʘʨʴʠʨʫʝʪʩʷ ʦʪ 0,4 ʜʦ 10 ʥʤ, ʥʦ ʚ ʦʩʥʦʚʥʦʤ, ʧʨʠ ʧʦʣʫʯʝʥʠʠ ʨʘʟʣʠʯʥʳʤʠ 

ʤʝʪʦʜʘʤʠ (ʤʝʪʦʜʦʤ ʜʫʛʦʚʦʛʦ ʨʘʟʨʷʜʘ (ɼʈ), ʣʘʟʝʨʥʦʛʦ ʠʩʧʘʨʝʥʠʷ (ʃʀ), 

ʭʠʤʠʯʝʩʢʦʛʦ ʦʩʘʞʜʝʥʠʷ ʠʟ ʛʘʟʦʚʦʡ ʬʘʟʳ (CVD) ʩʨʝʜʥʠʡ ʜʠʘʤʝʪʨ 

ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ ʥʘʥʦʪʨʫʙʦʢ ʥʝ ʧʨʝʚʳʰʘʝʪ 2 ʥʤ [24, 28]. ʆʋʅʊ ʠʤʝʶʪ 

ʦʪʥʦʰʝʥʠʝ ʜʣʠʥʳ ʢ ʜʠʘʤʝʪʨʫ 10
3
ï10

5
, ʚ ʨʝʟʫʣʴʪʘʪʝ ʯʝʛʦ ʠʭ ʤʦʞʥʦ 

ʨʘʩʩʤʘʪʨʠʚʘʪʴ ʢʘʢ ʢʚʘʟʠʦʜʥʦʤʝʨʥʳʝ 1D ʩʪʨʫʢʪʫʨʳ [24]. 

ʆʜʥʦʩʪʝʥʥʘʷ ʫʛʣʝʨʦʜʥʘʷ ʥʘʥʦʪʨʫʙʢʘ (ʆʋʅʊ) ʤʦʞʝʪ ʙʳʪʴ ʧʨʝʜʩʪʘʚʣʝʥʘ 

ʢʘʢ ʩʚʝʨʥʫʪʘʷ ʚ ʮʠʣʠʥʜʨ ʛʨʘʬʝʥʦʚʘʷ ʧʣʦʩʢʦʩʪʴ ʩ ʙʝʩʰʦʚʥʳʤ ʩʦʝʜʠʥʝʥʠʝʤ, 

ʧʦʚʝʨʭʥʦʩʪʴ ʢʦʪʦʨʦʡ ʩʦʩʪʦʠʪ ʠʟ ʧʨʘʚʠʣʴʥʳʭ ʰʝʩʪʠʫʛʦʣʴʥʠʢʦʚ, ʚ ʚʝʨʰʠʥʘʭ 

ʢʦʪʦʨʳʭ ʨʘʩʧʦʣʦʞʝʥʳ ʘʪʦʤʳ ʫʛʣʝʨʦʜʘ [8]. ʎʝʣʳʝ ʯʠʩʣʘ n ʠ m ʦʧʨʝʜʝʣʷʶʪ 

ʢʦʦʨʜʠʥʘʪʳ ʰʝʩʪʠʫʛʦʣʴʥʠʢʘ, ʢʦʪʦʨʳʡ, ʚ ʨʝʟʫʣʴʪʘʪʝ ʩʚʦʨʘʯʠʚʘʥʠʷ ʧʣʦʩʢʦʩʪʠ, 

ʩʦʚʧʘʜʝʪ ʩ ʰʝʩʪʠʫʛʦʣʴʥʠʢʦʤ, ʥʘʭʦʜʷʱʠʤʩʷ ʚ ʥʘʯʘʣʝ ʢʦʦʨʜʠʥʘʪ ʠ ʦʙʦʟʥʘʯʘʶʪ 

ʭʠʨʘʣʴʥʦʩʪʴ ʥʘʥʦʪʨʫʙʦʢ (n,m). ʉʨʝʜʠ ʨʘʟʣʠʯʥʳʭ ʚʦʟʤʦʞʥʳʭ ʥʘʧʨʘʚʣʝʥʠʡ 

ʩʚʦʨʘʯʠʚʘʥʠʷ ʥʘʥʦʪʨʫʙʦʢ ʚʳʜʝʣʷʶʪ ʢʦʥʬʠʛʫʨʘʮʠ ʁ çʢʨʝʩʣʦè (n,n) ʠ 

ʢʦʥʬʠʛʫʨʘʮʠ ʁ çʟʠʛʟʘʛè (n,0). ʇʨʠ ʣʶʙʳʭ ʜʨʫʛʠʭ ʟʥʘʯʝʥʠʷʭ m ʠ n ʆʋʅʊ 

ʥʘʟʳʚʘʶʪ çʭʠʨʘʣʴʥʦʡè. ʂʦʤʧʴʶʪʝʨʥʘʷ ʤʦʜʝʣʴ ʦʜʥʦʩʪʝʥʥʳʭ ʫʛʣʝʨʦʜʥʳʭ 

ʥʘʥʦʪʨʫʙʦʢ ʧʨʝʜʩʪʘʚʣʝʥʘ ʥʘ ʨʠʩʫʥʢʝ 1.2. 

 

ʈʠʩ. 1.2 ʂʦʤʧʴʶʪʝʨʥʘʷ ʤʦʜʝʣʴ ʦʜʥʦʩʪʝʥʥʳʭ ʫʛʣʝʨʦʜʥʳʭ ʥʘʥʦʪʨʫʙʦʢ 

(ʆʋʅʊ): (11,11) ï ʪʠʧ çʢʨʝʩʣʦè, (18,0) ï ʪʠʧ çʟʠʛʟʘʛè, (14,7) ï çʭʠʨʘʣʴʥʘʷè 

ʪʨʫʙʢʘ [28]. ʏʠʩʣʘ ʚ ʩʢʦʙʢʘʭ ï ʠʥʜʝʢʩʳ ʭʠʨʘʣʴʥʦʩʪʠ. 
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ʆʜʥʦʩʪʝʥʥʳʝ ʠ ʤʥʦʛʦʩʪʝʥʥʳʝ ʥʘʥʦʪʨʫʙʢʠ, ʢʘʢ ʧʨʘʚʠʣʦ, ʟʘʢʨʳʪʳ ʥʘ 

ʢʦʥʮʘʭ. ɺʝʨʰʠʥʳ ʥʘʥʦʪʨʫʙʦʢ ʤʦʛʫʪ ʠʤʝʪʴ ʩʬʝʨʠʯʝʩʢʫʶ, ʢʦʥʠʯʝʩʢʫʶ ʠʣʠ ʙʦʣʝʝ 

ʩʣʦʞʥʫʶ ʬʦʨʤʫ [23]. ɺ ʧʨʦʮʝʩʩʝ ʧʦʣʫʯʝʥʠʷ ʦʜʥʦʩʪʝʥʥʳʭ ʫʛʣʝʨʦʜʥʳʭ 

ʥʘʥʦʪʨʫʙʦʢ ʩ ʟʘʢʨʳʪʳʤʠ ʢʦʥʮʘʤʠ (ʟïʆʋʅʊ) ʦʙʨʘʟʫʶʪʩʷ ʪʨʝʭʤʝʨʥʳʝ 

ʘʥʠʟʦʪʨʦʧʥʳʝ ʪʝʣʘ ï ʩʚʷʟʢʠ ʟïʆʋʅʊ. ʆʋʅʊ ʚ ʩʚʷʟʢʘʭ ʫʜʝʨʞʠʚʘʶʪʩʷ          

ɺʘʥ ï ʜʝʨ ï ɺʘʘʣʴʩʦʚʳʤʠ ʩʠʣʘʤʠ, ʦʙʨʘʟʫʷ ʜʚʫʤʝʨʥʫʶ ʢʨʠʩʪʘʣʣʠʯʝʩʢʫʶ 

ʨʝʰʝʪʢʫ [30]. ɺ ʩʚʷʟʢʝ ʤʦʛʫʪ ʙʳʪʴ ʜʝʩʷʪʢʠ ʠ ʜʘʞʝ ʩʦʪʥʠ ʥʘʥʦʪʨʫʙʦʢ. ʅʘ ʨʠʩ. 1.3 

ʧʦʢʘʟʘʥ ʇʕʄ ʩʥʠʤʦʢ ʦʙʨʘʟʮʘ ʩʚʷʟʦʢ ʆʋʅʊ, ʧʦʣʫʯʝʥʥʳʭ ʤʝʪʦʜʦʤ ʣʘʟʝʨʥʦʛʦ 

ʠʩʧʘʨʝʥʠʷ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ Ni/Co ʢʘʪʘʣʠʟʘʪʦʨʘ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 1150Üʉ [31]. 

ɼʚʫʩʪʝʥʥʳʝ ʥʘʥʦʪʨʫʙʢʠ (ɼʋʅʊ) ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʦʙʨʘʟʫʶʪ ʩʚʷʟʢʠ, ʥʦ ʪʘʢʞʝ 

ʤʦʛʫʪ ʥʘʙʣʶʜʘʪʴʩʷ ʠ ʦʜʠʥʦʯʥʳʝ ɼʋʅʊ [32]. ʄʥʦʛʦʩʪʝʥʥʳʝ ʥʘʥʦʪʨʫʙʢʠ ʩ 

ʯʠʩʣʦʤ ʩʪʝʥʦʢ ʙʦʣʝʝ 2ïʭ, ʢʘʢ ʧʨʘʚʠʣʦ, ʞʛʫʪʦʚ ʥʝ ʦʙʨʘʟʫʶʪ [33]. 

 

 

ʈʠʩ. 1.3 ʇʕʄ ʩʥʠʤʦʢ ʦʙʨʘʟʮʘ ʩʚʷʟʦʢ ʆʋʅʊ, ʧʦʣʫʯʝʥʳʭ ʤʝʪʦʜʦʤ ʣʘʟʝʨʥʦʛʦ 

ʠʩʧʘʨʝʥʠʷ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ Ni/Co ʢʘʪʘʣʠʟʘʪʦʨʘ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 1150Áʉ [31]. 
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1.1.2. ʊʝʧʣʦʝʤʢʦʩʪʴ ʩʚʷʟʦʢ ʦʜʥʦʩʪʝʥʥʳʭ ʫʛʣʝʨʦʜʥʳʭ ʥʘʥʦʪʨʫʙʦʢ 

(ʟ-ʆʋʅʊ) ʦʯʠʱʝʥʥʳʭ ʦʪ ʛʘʟʦʚʳʭ ʧʨʠʤʝʩʝʡ 

ʆʜʥʦʩʪʝʥʥʳʝ ʫʛʣʝʨʦʜʥʳʝ ʥʘʥʦʪʨʫʙʢʠ ʷʚʣʷʶʪʩʷ ʫʜʦʙʥʳʤʠ ʦʙʲʝʢʪʘʤʠ ʜʣʷ 

ʠʩʩʣʝʜʦʚʘʥʠʷ ʜʠʥʘʤʠʢʠ ʬʦʥʦʥʦʚ ʚ ʥʠʟʢʦʨʘʟʤʝʨʥʳʭ ʩʠʩʪʝʤʘʭ. ɼʣʷ ʛʨʘʬʠʪʘ, 

ʛʨʘʬʝʥʘ ʠ ʫʛʣʝʨʦʜʥʳʭ ʥʘʥʦʪʨʫʙʦʢ, ʵʣʝʢʪʨʦʥʥʳʡ ʚʢʣʘʜ ʚ ʪʝʧʣʦʝʤʢʦʩʪʴ 

ʧʨʝʥʝʙʨʝʞʠʤʦ ʤʘʣ [29]. ʉʦʛʣʘʩʥʦ ʢʚʘʥʪʦʚʦʡ ʪʝʦʨʠʠ ʬʦʥʦʥʥʳʡ ʚʢʣʘʜ ʉph ʚ 

ʪʝʧʣʦʝʤʢʦʩʪʴ ʆʋʅʊ ʦʧʨʝʜʝʣʷʝʪʩʷ ʩʣʝʜʫʶʱʠʤ ʫʨʘʚʥʝʥʠʝʤ [34]: 
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ʛʜʝ kB ï ʧʦʩʪʦʷʥʥʘʷ ɹʦʣʴʮʤʘʥʘ, r(w) ï ʧʣʦʪʥʦʩʪʴ ʩʦʩʪʦʷʥʠʡ ʬʦʥʦʥʦʚ, 

ǩ - ʧʦʩʪʦʷʥʥʘʷ ʇʣʘʥʢʘ; ʊ ï ʪʝʤʧʝʨʘʪʫʨʘ; w ï ʯʘʩʪʦʪʘ ʢʦʣʝʙʘʥʠʡ [34]. ʇʨʠ 

ʜʦʩʪʘʪʦʯʥʦ ʥʠʟʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʨʘʟʤʝʨʳ ʠ ʬʦʨʤʘ ʪʝʣʘ ʤʦʛʫʪ ʠʛʨʘʪʴ 

ʩʫʱʝʩʪʚʝʥʥʫʶ ʨʦʣʴ ʚ ʝʛʦ ʪʝʧʣʦʚʳʭ ʩʚʦʡʩʪʚʘʭ [35ï39] ʚ ʩʠʣʫ ʧʨʦʷʚʣʷʶʱʝʡʩʷ 

ʧʨʠ ʵʪʦʤ ʜʠʩʢʨʝʪʥʦʩʪʠ ʫʨʦʚʥʝʡ ʵʥʝʨʛʠʠ ʢʦʣʝʙʘʥʠʡ [35]. 

ɺ ʧʨʠʙʣʠʞʝʥʠʠ ʤʦʜʝʣʠ ɼʝʙʘʷ ǩwmax = kBQ0,  ʛʜʝ Q0 ï ʧʨʝʜʝʣʴʥʘʷ ʧʨʠ 

ʊ Ÿ 0 ʂ ʪʝʤʧʝʨʘʪʫʨʘ ɼʝʙʘʷ. ʇʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ ʟʥʘʯʠʪʝʣʴʥʦ ʤʝʥʴʰʝ, ʯʝʤ 

ʪʝʤʧʝʨʘʪʫʨʘ ɼʝʙʘʷ (T<<Q0) ,  ʚʝʨʭʥʠʡ ʧʨʝʜʝʣ ʚ ʫʨʘʚʥʝʥʠʠ (1), ʤʦʞʝʪ ʙʳʪʴ ʚʟʷʪ ʢʘʢ 

ʙʝʩʢʦʥʝʯʥʦʩʪʴ, ʘ ʚ r(w) ʜʦʤʠʥʠʨʫʶʱʠʡ ʚʢʣʘʜ ʚʥʦʩʷʪ ʘʢʫʩʪʠʯʝʩʢʠʝ ʬʦʥʦʥʥʳʝ ʤʦʜʳ 

ʩ ʣʠʥʝʡʥʳʤ ʟʘʢʦʥʦʤ ʜʠʩʧʝʨʩʠʠ ẃ k , ʛʜʝ k ï ʚʦʣʥʦʚʦʡ ʚʝʢʪʦʨ. ʇʨʠ ʨʘʩʩʤʦʪʨʝʥʠʠ 

ʘʢʫʩʪʠʯʝʩʢʦʡ ʤʦʜʳ, ʢʦʪʦʨʘʷ ʫʜʦʚʣʝʪʚʦʨʷʝʪ ʫʩʣʦʚʠʷʤ ʜʠʩʧʝʨʩʠʦʥʥʦʛʦ ʩʦʦʪʥʦʰʝʥʠʷ 

ẃ k
y
, ʠʟ ʫʨʘʚʥʝʥʠʷ (1) ʩʣʝʜʫʝʪ, ʯʪʦ 

Cph ~T
(d/y)

, (T<<Q0) ,  éééééééé..(1 .2 ) 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʘʷ ʫʜʝʣʴʥʘʷ ʪʝʧʣʦʝʤʢʦʩʪʴ ʩʦʜʝʨʞʠʪ 

ʠʥʬʦʨʤʘʮʠʶ ʦ ʨʘʟʤʝʨʥʦʩʪʠ ʩʠʩʪʝʤʳ (d) ʠ ʦ ʧʦʢʘʟʘʪʝʣʝ ʩʪʝʧʝʥʠ h ʚ 

ʜʠʩʧʝʨʩʠʦʥʥʦʤ ʩʦʦʪʥʦʰʝʥʠʠ. ɺ ʩʣʫʯʘʝ ʤʦʜ ʩ ʣʠʥʝʡʥʦʡ ʜʠʩʧʝʨʩʠʝʡ (y=1), ʜʣʷ 

ʪʨʝʭʤʝʨʥʳʭ ʩʠʩʪʝʤ ʥʘʙʣʶʜʘʝʪʩʷ ʢʫʙʠʯʝʩʢʘʷ ʪʝʤʧʝʨʘʪʫʨʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ Cph ~T
3
, ʘ 

ʜʣʷ 1D ʩʠʩʪʝʤ ï ʣʠʥʝʡʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ (Cph ~T) [34]. ʉʧʦʩʦʙ ʧʨʠʙʣʠʞʝʥʥʦʛʦ 
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ʨʘʩʯʝʪʘ ʪʝʧʣʦʝʤʢʦʩʪʠ ʩʠʣʴʥʦ ʘʥʠʟʦʪʨʦʧʥʳʭ ʢʨʠʩʪʘʣʣʦʚ ʩʣʦʠʩʪʦʡ ʩʪʨʫʢʪʫʨʳ ʠ 

ʩʪʨʫʢʪʫʨʳ ʚ ʚʠʜʝ ʮʝʧʝʡ, ʚ ʢʦʪʦʨʳʭ ʩʠʣʳ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʤʝʞʜʫ ʩʣʦʷʤʠ ʠʣʠ 

ʮʝʧʷʤʠ ʥʘ ʥʝʩʢʦʣʴʢʦ ʧʦʨʷʜʢʦʚ ʤʝʥʴʰʝ, ʯʝʤ ʚ ʧʣʦʩʢʦʩʪʠ ʩʣʦʝʚ ʠʣʠ ʚʜʦʣʴ ʮʝʧʝʡ, 

ʙʳʣ ʧʨʝʜʣʦʞʝʥ ʚ ʨʘʙʦʪʘʭ [40ï44]. ɼʣʷ ʙʦʣʴʰʠʥʩʪʚʘ ʪʚʝʨʜʳʭ ʪʝʣ ʤʦʞʥʦ 

ʠʩʭʦʜʠʪʴ ʠʟ ʧʨʝʜʧʦʣʦʞʝʥʠʷ, ʯʪʦ ʢʨʠʩʪʘʣʣ ʦʙʣʘʜʘʝʪ ʝʜʠʥʩʪʚʝʥʥʦʡ 

ʭʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʦʡ ʯʘʩʪʦʪʦʡ wmax ʠ ʝʜʠʥʩʪʚʝʥʥʦʡ ʭʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʦʡ 

ʪʝʤʧʝʨʘʪʫʨʦʡ ɼʝʙʘʷ Q0 = ǩwmax/kB. [40]. ɺ ʩʠʣʴʥʦ ʘʥʠʟʦʪʨʦʧʥʳʭ ʢʨʠʩʪʘʣʣʘʭ 

ʩʧʝʢʪʨ ʢʦʣʝʙʘʥʠʡ ʤʦʞʝʪ ʩʦʜʝʨʞʘʪʴ ʙʦʣʴʰʝ ʦʜʥʦʡ ʭʘʨʘʢʪʝʨʥʦʡ ʯʘʩʪʦʪʳ, 

ʧʦʵʪʦʤʫ ʧʨʠ ʠʩʩʣʝʜʦʚʘʥʠʠ ʪʝʧʣʦʝʤʢʦʩʪʠ ʪʘʢʠʭ ʢʨʠʩʪʘʣʣʦʚ ʥʘʙʣʶʜʘʶʪʩʷ 

ʪʝʤʧʝʨʘʪʫʨʥʳʝ ʠʥʪʝʨʚʘʣʳ ʩʦ ʩʧʝʮʠʬʠʯʝʩʢʠʤʠ ʟʘʚʠʩʠʤʦʩʪʷʤʠ, ʧʦʩʢʦʣʴʢʫ 

ʦʙʣʘʩʪʴ ʯʘʩʪʦʪ w<<wmax ʨʘʟʙʠʚʘʝʪʩʷ ʥʘ ʥʝʩʢʦʣʴʢʦ ʠʥʪʝʨʚʘʣʦʚ, ʚ ʢʦʪʦʨʳʭ 

ʬʫʥʢʮʠʷ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʯʘʩʪʦʪ ʠʤʝʝʪ ʨʘʟʣʠʯʥʳʡ ʚʠʜ [40]. 

ʉʦʛʣʘʩʥʦ ʬʠʟʠʯʝʩʢʦʡ ʠʥʪʝʨʧʨʝʪʘʮʠʠ ʪʝʧʣʦʚʳʭ ʩʚʦʡʩʪʚ ʮʝʧʥʳʭ ʠ 

ʩʣʦʠʩʪʳʭ ʩʪʨʫʢʪʫʨ ʧʨʠ ʥʠʟʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ, ʜʘʥʥʦʡ ʚ ʨʘʙʦʪʘʭ ʀ. ʄ. ʃʠʬʰʠʮʘ 

[41ï43], ʚʦʣʥʳ ñʠʟʛʠʙʘò ʩ ʟʘʢʦʥʦʤ ʜʠʩʧʝʨʩʠʠ w ~ k
2
, ʨʘʩʧʨʦʩʪʨʘʥʷʶʱʠʝʩʷ ʚ 

ʪʦʥʢʠʭ ʧʣʝʥʢʘʭ ʠ ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʩʪʨʫʢʪʫʨʘʭ, ʩʦʩʪʦʷʱʠʭ ʠʟ ʩʣʘʙʦ 

ʚʟʘʠʤʦʜʝʡʩʪʚʫʶʱʠʭ ʧʘʨʘʣʣʝʣʴʥʳʭ ʣʠʥʝʡʥʳʭ ʮʝʧʦʯʝʢ, ʧʨʠʚʦʜʷʪ ʢ 

ʩʧʝʮʠʬʠʯʝʩʢʠʤ ʪʝʤʧʝʨʘʪʫʨʥʳʤ ʟʘʚʠʩʠʤʦʩʪʷʤ ʪʝʧʣʦʝʤʢʦʩʪʠ ʚ ʪʦʡ ʦʙʣʘʩʪʠ 

ʪʝʤʧʝʨʘʪʫʨ, ʚ ʢʦʪʦʨʦʡ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʤʝʞʜʫ ʩʣʦʷʤʠ ʥʝʩʫʱʝʩʪʚʝʥʥʦ. ʇʨʠ 

ʦʯʝʥʴ ʥʠʟʢʠʭ ʯʘʩʪʦʪʘʭ (w<<wmax), ʧʨʠ ʢʦʪʦʨʳʭ ʝʱʝ ʧʨʦʷʚʣʷʝʪʩʷ ʚʣʠʷʥʠʝ 

ʩʣʘʙʳʭ ʩʠʣ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʤʝʞʜʫ ʩʣʦʷʤʠ (ʮʝʧʷʤʠ) ʠ ʧʨʠ ʢʦʪʦʨʳʭ ʜʣʠʥʳ ʚʦʣʥ 

ʚʝʣʠʢʠ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʨʘʩʩʪʦʷʥʠʷʤʠ ʤʝʞʜʫ ʩʪʨʫʢʪʫʨʥʳʤʠ ʵʣʝʤʝʥʪʘʤʠ 

ʨʝʰʝʪʢʠ, ʧʣʦʪʥʦʩʪʴ ʩʧʝʢʪʨʘʣʴʥʦʛʦ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʘ w2
, 

ʚʩʣʝʜʩʪʚʠʝ ʯʝʛʦ ʧʨʠ ʦʯʝʥʴ ʥʠʟʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʜʣʷ ʢʨʠʩʪʘʣʣʦʚ ʩʣʦʠʩʪʦʡ ʠ 

ʮʝʧʥʦʡ ʩʪʨʫʢʪʫʨʳ ʚʳʧʦʣʥʷʝʪʩʷ ʟʘʢʦʥ ɼʝʙʘʷ ʉ~ʊ
3
. ʆʜʥʘʢʦ ʧʨʠ ʙʦʣʝʝ ʚʳʩʦʢʠʭ 

ʪʝʤʧʝʨʘʪʫʨʘʭ ʚʣʠʷʥʠʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʤʝʞʜʫ ʩʣʦʷʤʠ ʠʣʠ ʮʝʧʷʤʠ 

ʦʩʣʘʙʝʚʘʝʪ [45]. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʜʣʷ ʩʣʦʠʩʪʳʭ ʢʨʠʩʪʘʣʣʦʚ ʧʨʦʠʩʭʦʜʠʪ 

ʠʟʤʝʥʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʉ~ʊ
3 
ʧʨʠ ʧʨʝʜʝʣʴʥʦ ʥʠʟʢʠʭ 

ʪʝʤʧʝʨʘʪʫʨʘʭ ʢ ʉ~ʊ
2
 ʚ ʦʙʣʘʩʪʠ ʪʝʤʧʝʨʘʪʫʨ hq1<<T<<q1 (ʛʜʝ h=w1/wmax<<1, a 

w1 ï ʭʘʨʘʢʪʝʨʥʘʷ ʯʘʩʪʦʪʘ ʩʚʷʟʘʥʥʘʷ ʩʦ ʩʣʘʙʳʤ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝʤ ʤʝʞʜʫ 
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ʩʦʩʝʜʥʠʤʠ ʩʣʦʷʤʠ ʚ ʧʦʣʠʤʝʨʘʭ, q1 ï ʭʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʘʷ ʪʝʤʧʝʨʘʪʫʨʘ ʩʤʝʥʳ 

ʭʘʨʘʢʪʝʨʘ ʟʘʚʠʩʠʤʦʩʪʠ ʪʝʧʣʦʝʤʢʦʩʪʠ ʦʪ ʉ~ʊ
3
 ʢ ʉ~ʊ

2
 ʜʣʷ ʧʦʣʠʤʝʨʦʚ), ʠ ʜʘʣʝʝ 

ʜʦʩʪʠʛʘʝʪ ʧʦʩʪʦʷʥʥʦʛʦ ʢʣʘʩʩʠʯʝʩʢʦʛʦ ʟʥʘʯʝʥʠʷ 3R [40]. 

ʂ ʥʘʩʪʦʷʱʝʤʫ ʤʦʤʝʥʪʫ ʤʠʢʨʦʩʢʦʧʠʯʝʩʢʘʷ ʪʝʦʨʠʷ ʪʝʧʣʦʝʤʢʦʩʪʠ ʜʣʷ 

ʪʨʝʭʤʝʨʥʳʭ ʘʥʠʟʦʪʨʦʧʥʳʭ ʪʝʣ ï ʩʚʷʟʦʢ ʆʋʅʊ ʥʝ ʩʦʟʜʘʥʘ. ʄʦʞʥʦ ʦʞʠʜʘʪʴ, ʯʪʦ 

ʧʨʠ ʥʠʟʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʟʘʚʠʩʠʤʦʩʪʴ ʬʦʥʦʥʥʦʡ ʯʘʩʪʠ ʪʝʧʣʦʝʤʢʦʩʪʠ ʩʚʷʟʦʢ 

ʆʋʅʊ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ʙʫʜʝʪ ʙʣʠʟʢʦʡ ʢ ʉ~ʊ
3
. ʉ ʧʦʚʳʰʝʥʠʝʤ ʪʝʤʧʝʨʘʪʫʨʳ, ʧʦ 

ʤʝʨʝ ʟʘʩʝʣʝʥʠʷ ʙʦʣʝʝ ʚʳʩʦʢʦʣʝʞʘʱʠʭ ʫʨʦʚʥʝʡ ʵʥʝʨʛʠʠ, ʭʘʨʘʢʪʝʨ ʧʦʚʝʜʝʥʠʷ 

ʬʦʥʦʥʥʦʡ ʪʝʧʣʦʝʤʢʦʩʪʠ ʩʚʷʟʦʢ ʥʘʥʦʪʨʫʙʦʢ, ʧʦ ʚʠʜʠʤʦʤʫ, ʤʦʞʝʪ ʤʝʥʷʪʴʩʷ ʦʪ 

ʢʚʘʟʠïʪʨʝʭʤʝʨʥʦʛʦ ʢ ʢʚʘʟʠïʜʚʫʤʝʨʥʦʤʫ ʠ ʢʚʘʟʠïʦʜʥʦʤʝʨʥʦʤʫ.  

ʂʘʯʝʩʪʚʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʦ ʪʝʤʧʝʨʘʪʫʨʥʠʭ ʟʘʚʠʩʠʤʦʩʪʷʭ ʪʝʧʣʦʝʤʢʦʩʪʠ 

ʩʚʷʟʦʢ ʟïʆʋʅʊ ʦʪ ʭʠʨʘʣʴʥʦʩʪʠ, ʜʠʘʤʝʪʨʘ ʠ ʢʦʣʠʯʝʩʪʚʘ ʥʘʥʦʪʨʫʙʦʢ ʚ ʩʚʷʟʢʘʭ 

ʧʦʣʫʯʝʥʳ ʚ ʪʝʦʨʝʪʠʯʝʩʢʠʭ ʨʘʙʦʪʘʭ [47ï56]. ʉʦʛʣʘʩʥʦ ʪʝʦʨʝʪʠʯʝʩʢʠʤ ʨʘʩʯʝʪʘʤ 

ʚʳʧʦʣʥʝʥʥʳʤ ɹʝʥʝʜʠʢʪʦʤ, ʚ ʠʟʦʣʠʨʦʚʘʥʥʳʭ ʆʋʅʊ ʧʨʠ ʥʠʟʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ, 

ʢʦʛʜʘ ʟʘʤʦʨʦʞʝʥʳ ʚʩʝ ʩʪʝʧʝʥʠ ʩʚʦʙʦʜʳ ʦʪʚʝʯʘʶʱʠʝ ʘʟʠʤʫʪʘʣʴʥʳʤ ʢʦʣʝʙʘʥʠʷʤ 

ʘʪʦʤʦʚ ʫʛʣʝʨʦʜʘ, ʪʝʧʣʦʝʤʢʦʩʪʴ ʣʠʥʝʡʥʦ ʟʘʚʠʩʠʪ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ (ʉ(ʊ) ~ ʊ) [47]. 

ɺ ʪʝʦʨʝʪʠʯʝʩʢʠʭ ʨʘʩʯʝʪʘʭ [47, 50, 51, 53] ʧʦʢʘʟʘʥʦ, ʯʪʦ ʪʝʧʣʦʝʤʢʦʩʪʴ ʘʥʩʘʤʙʣʝʡ 

ʦʜʥʦʩʪʝʥʥʳʭ ʫʛʣʝʨʦʜʥʳʭ ʥʘʥʦʪʨʫʙʦʢ ʥʠʞʝ 10 ʂ ʟʘʚʠʩʠʪ ʦʪ ʜʠʘʤʝʪʨʘ ʠ 

ʭʠʨʘʣʴʥʦʩʪʠ ʥʘʥʦʪʨʫʙʦʢ. ɺ ʨʘʙʦʪʝ [52] ʙʳʣ ʧʨʦʚʝʜʝʥ ʪʝʦʨʝʪʠʯʝʩʢʠʡ ʨʘʩʯʝʪ 

ʟʘʚʠʩʠʤʦʩʪʠ ʪʝʧʣʦʝʤʢʦʩʪʠ ʩʚʷʟʦʢ ʥʘʥʦʪʨʫʙʦʢ ʦʪ ʢʦʣʠʯʝʩʪʚʘ ʪʨʫʙʦʢ ʚ ʩʚʷʟʢʝ, 

ʢʦʪʦʨʳʡ ʧʦʢʘʟʘʣ ʩʣʘʙʦʝ ʚʣʠʷʥʠʝ ʫʢʘʟʘʥʥʦʛʦ ʧʘʨʘʤʝʪʨʘ ʚʳʰʝ 10 ʂ. ʅʠʞʝ 10 ʂ 

ʫʚʝʣʠʯʠʚʘʁʪʩʷ ʦʪʣʠʯʠʷ ʤʝʞʜʫ ʪʝʤʧʝʨʘʪʫʨʥʳʤʠ ʟʘʚʠʩʠʤʦʩʪʷʤʠ ʪʝʧʣʦʝʤʢʦʩʪʠ 

ʦʙʫʩʣʦʚʣʝʥʥʳʝ ʪʝʤ, ʯʪʦ ʚ ʨʘʟʥʳʭ ʩʚʷʟʢʘʭ ʨʘʟʥʦʝ ʢʦʣʠʯʝʩʪʚʦ ʪʨʫʙʦʢ. 

ʂʦʣʠʯʝʩʪʚʦ ʪʨʫʙʦʢ ʚ ʩʚʷʟʢʝ ʚʘʨʴʠʨʦʚʘʣʦʩʴ ʦʪ 1 ʜʦ 7. 

ʅʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʳʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʪʝʧʣʦʝʤʢʦʩʪʠ 

ʩʚʷʟʦʢ ʟïʆʋʅʊ ʙʳʣʠ ʚʳʧʦʣʥʝʥʳ ʚ ʨʘʙʦʪʘʭ [46,57ï60]. ʈʝʟʫʣʴʪʘʪʳ ʨʘʙʦʪ 

[46,57ï60] ʩʠʩʪʝʤʘʪʠʯʝʩʢʠ ʦʪʣʠʯʘʶʪʩʷ ʚ ʥʝʩʢʦʣʴʢʦ ʨʘʟ ʧʨʠ ʛʝʣʠʝʚʳʭ 

ʪʝʤʧʝʨʘʪʫʨʘʭ ʠ ʥʘ 30ï50% ʚ ʠʥʪʝʨʚʘʣʝ ʪʝʤʧʝʨʘʪʫʨ 20ï120 ʂ. ʊʘʢʠʝ ʦʪʣʠʯʠʷ 

ʦʙʫʩʣʦʚʣʝʥʳ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ ʧʦʛʨʝʰʥʦʩʪʷʤʠ ʠ ʪʝʤ, ʯʪʦ ʚ ʨʘʟʥʳʭ 

ʵʢʩʧʝʨʠʤʝʥʪʘʭ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʦʙʨʘʟʮʳ, ʧʦʣʫʯʝʥʥʳʝ ʨʘʟʣʠʯʥʳʤʠ ʩʧʦʩʦʙʘʤʠ. 
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ɺ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʩʧʦʩʦʙʘ ʧʦʣʫʯʝʥʠʷ ʦʙʨʘʟʮʳ ʦʪʣʠʯʘʶʪʩʷ ʩʦʜʝʨʞʘʥʠʝʤ ʩʚʷʟʦʢ 

(ʦʪ 70 ʜʦ 90 ʚʝʩ. %), ʢʦʣʠʯʝʩʪʚʦʤ ʧʨʠʤʝʩʝʡ ʜʨʫʛʠʭ ʘʣʦʪʨʦʧʥʳʭ ʬʦʨʤ ʫʛʣʝʨʦʜʘ 

ʠ ʢʘʪʘʣʠʟʘʪʦʨʦʚ, ʢʦʣʠʯʝʩʪʚʦʤ ʥʘʥʦʪʨʫʙʦʢ ʚ ʩʚʷʟʢʘʭ, ʘ ʪʘʢʞʝ ʨʘʩʧʨʝʜʝʣʝʥʠʷʤʠ 

ʥʘʥʦʪʨʫʙʦʢ ʧʦ ʜʠʘʤʝʪʨʘʤ ʠ ʭʠʨʘʣʴʥʦʩʪʠ. ɺʣʠʷʥʠʷ ʫʢʘʟʘʥʥʳʭ ʧʘʨʘʤʝʪʨʦʚ, ʧʦï

ʚʠʜʠʤʦʤʫ, ʜʦʣʞʥʳ ʧʨʠʚʦʜʠʪʴ ʢ ʟʥʘʯʠʪʝʣʴʥʳʤ ʨʘʩʭʦʞʜʝʥʠʷʤ ʚ 

ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʳʭ ʟʥʘʯʝʥʠʷʭ ʪʝʧʣʦʝʤʢʦʩʪʠ ʦʙʨʘʟʮʦʚ ʦʪʣʠʯʘʶʱʠʭʩʷ 

ʩʧʦʩʦʙʦʤ ʠ ʫʩʣʦʚʠʷʤʠ ʧʨʠʛʦʪʦʚʣʝʥʠʷ. ʂʨʦʤʝ ʪʦʛʦ, ʚʦʧʨʦʩ ʦ ʥʘʜʝʞʥʦʩʪʠ 

ʧʦʣʫʯʝʥʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ ʚ ʨʘʙʦʪʘʭ [46, 57ï60] ʦʩʪʘʝʪʩʷ ʥʝ ʜʦ 

ʢʦʥʮʘ ʷʩʥʳʤ, ʧʦʩʢʦʣʴʢʫ ʚ ʜʘʥʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʘʭ ʧʨʠ ʦʭʣʘʞʜʝʥʠʠ ʦʙʨʘʟʮʦʚ 

ʟ-ʆʋʅʊ ʠʩʧʦʣʴʟʦʚʘʣʠ ʪʝʧʣʦʦʙʤʝʥʥʳʡ ʛʝʣʠʡ. ʂʘʢ ʙʳʣʦ ʦʪʤʝʯʝʥʦ ʚ ʨʘʙʦʪʘʭ 

[58,59] ʥʘʣʠʯʠʝ ʜʘʞʝ ʥʝʟʥʘʯʠʪʝʣʴʥʦʛʦ ʢʦʣʠʯʝʩʪʚʘ ʛʘʟʦʚʳʭ ʧʨʠʤʝʩʝʡ ʤʦʞʝʪ 

ʩʫʱʝʩʪʚʝʥʥʦ ʚʣʠʷʪʴ ʥʘ ʨʝʟʫʣʴʪʘʪʳ ʵʢʩʧʝʨʠʤʝʥʪʘ ʚ ʨʘʡʦʥʝ ʛʝʣʠʝʚʳʭ ʪʝʤʧʝʨʘʪʫʨ.   

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʥʘ ʤʦʤʝʥʪ ʚʳʙʦʨʘ ʪʝʤʳ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ ʨʘʙʦʪʳ 

ʦʩʪʘʚʘʣʠʩʴ ʥʝ ʨʝʰʝʥʥʳʤʠ ʨʷʜ ʚʦʧʨʦʩʦʚ, ʚ ʯʘʩʪʥʦʩʪʠ, ʧʦʣʫʯʝʥʠʝ ʧʨʝʮʠʟʠʦʥʥʳʭ 

ʜʘʥʥʳʭ ʦ ʪʝʧʣʦʝʤʢʦʩʪʠ ʩʚʷʟʦʢ ʟïʆʋʅʊ ʧʨʠ ʥʠʟʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ, 

ʠʩʩʣʝʜʦʚʘʥʠʝ ʚʣʠʷʥʠʷ ʩʪʨʫʢʪʫʨʳ ʩʚʷʟʦʢ ʟïʆʋʅʊ ʥʘ ʜʠʥʘʤʠʢʫ ʬʦʥʦʥʦʚ. 

ʅʝʦʙʭʦʜʠʤʦ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʘʥʘʣʠʟ ʧʦʣʫʯʝʥʥʳʭ ʥʘʤʠ ʜʘʥʥʳʭ ʦ ʪʝʧʣʦʝʤʢʦʩʪʠ 

1D ʮʝʧʦʯʝʢ ʘʜʩʦʨʙʘʪʦʚ ʚ ʢʘʥʘʚʢʘʭ ʥʘ ʚʥʝʰʥʝʡ ʧʦʚʝʨʭʥʦʩʪʠ ʩʚʷʟʦʢ ʟïʆʋʅʊ ʥʝ 

ʚʦʟʤʦʞʥʦ ʙʳʣʦ ʙʳ ʦʩʫʱʝʩʪʚʠʪʴ ʙʝʟ ʧʦʣʫʯʝʥʠʷ ʧʨʝʮʠʟʠʦʥʥʳʭ ʟʥʘʯʝʥʠʡ 

ʪʝʧʣʦʝʤʢʦʩʪʠ ʩʚʷʟʦʢ ʟïʆʋʅʊ. ʈʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʪʝʧʣʦʝʤʢʦʩʪʠ ʩʚʷʟʦʢ 

ʟïʆʋʅʊ ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ ʨʘʟʜʝʣʝ 3.  

 

1.1.3. ʊʝʧʣʦʝʤʢʦʩʪʴ ʥʠʟʢʦʨʘʟʤʝʨʥʳʭ ʩʠʩʪʝʤ ʘʜʩʦʨʙʘʪʦʚ ʚ ʢʘʥʘʚʢʘʭ 

ʥʘ ʚʥʝʰʥʝʡ ʧʦʚʝʨʭʥʦʩʪʠ ʩʚʷʟʦʢ ʟïʆʋʅʊ 

ʌʠʟʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ (ʘʜʩʦʨʙʮʠʦʥʥʳʝ, ʪʝʨʤʠʯʝʩʢʠʝ ʠ ʩʪʨʫʢʪʫʨʥʳʝ) 

ʛʘʟʦʚʳʭ ʧʨʠʤʝʩʝʡ, ʘʜʩʦʨʙʠʨʦʚʘʥʥʳʭ ʩʚʷʟʢʘʤʠ ʆʋʅʊ, ʙʳʣʠ ʠʩʩʣʝʜʦʚʘʥʳ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʠ ʪʝʦʨʝʪʠʯʝʩʢʠ, ʚ ʪʦʤ ʯʠʩʣʝ ʚ ʨʘʙʦʪʘʭ [61ï84]. ʀʟʦʪʝʨʤʳ 

ʘʜʩʦʨʙʮʠʠ ʘʟʦʪʘ ʩʚʷʟʢʘʤʠ ʆʋʅʊ ʠʩʩʣʝʜʦʚʘʥʳ ʚ ʨʘʙʦʪʘʭ [71, 85ï87]. ʀʟʦʪʝʨʤʳ 

ʘʜʩʦʨʙʮʠʠ ʢʩʝʥʦʥʘ ʩʚʷʟʢʘʤʠ ʆʋʅʊ ʠʩʩʣʝʜʦʚʘʥʳ ʚ ʨʘʙʦʪʘʭ [62ï66, 70, 79, 60]. 

ɺ ʟïʆʋʅʊ ʩʚʷʟʢʘʭ ʚʦʟʤʦʞʥʳʤʠ ʤʝʩʪʘʤʠ ʘʜʩʦʨʙʮʠʠ ʛʘʟʦʚʳʭ ʧʨʠʤʝʩʝʡ 
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ʷʚʣʷʶʪʩʷ (ʩʤ. ʨʠʩ. 1.4): ʤʝʞʪʨʫʙʥʳʝ ʢʘʥʘʣʳ (IC), ʢʘʥʘʚʢʠ (G) ʠ ʚʥʝʰʥʷʷ 

ʧʦʚʝʨʭʥʦʩʪʴ ʩʚʷʟʦʢ (OS). ʋʢʘʟʘʥʥʳʝ ʤʝʩʪʘ ʘʜʩʦʨʙʮʠʠ ʦʪʣʠʯʘʶʪʩʷ ʢʘʢ 

ʛʝʦʤʝʪʨʠʯʝʩʢʠʤʠ ʨʘʟʤʝʨʘʤʠ, ʪʘʢ ʠ ʵʥʝʨʛʠʷʤʠ ʩʚʷʟʠ [68,85,87].  

ʋʥʠʢʘʣʴʥʘʷ ʩʪʨʫʢʪʫʨʘ ʩʚʷʟʦʢ ʦʜʥʦʩʪʝʥʥʳʭ ʫʛʣʝʨʦʜʥʳʭ ʥʘʥʦʪʨʫʙʦʢ ʩ 

ʟʘʢʨʳʪʳʤʠ ʢʦʥʮʘʤʠ ʟïʆʋʅʊ ʧʦʟʚʦʣʷʝʪ ʧʦʣʫʯʘʪʴ ʥʠʟʢʦʨʘʟʤʝʨʥʳʝ 

(ʢʚʘʟʠ-1D, 2D) ʩʠʩʪʝʤʳ, ʦʙʨʘʟʦʚʘʥʥʳʝ ʘʜʩʦʨʙʘʪʘʤʠ. ʇʨʠ ʤʘʣʳʭ ʢʦʣʠʯʝʩʪʚʘʭ 

ʘʜʩʦʨʙʘʪʘ ʤʦʛʫʪ ʦʙʨʘʟʦʚʳʚʘʪʴʩʷ ʦʜʥʦʤʝʨʥʳʝ (1D) ʮʝʧʦʯʢʠ ʘʪʦʤʦʚ (ʤʦʣʝʢʫʣ) ʚ 

IC ʠ G ʤʝʩʪʘʭ ʩʚʷʟʦʢ ʟïʆʋʅʊ. ʇʨʠ ʦʜʥʦʤ ʠʣʠ ʥʝʩʢʦʣʴʢʠʭ ʩʣʦʷʭ 

ʘʜʩʦʨʙʠʨʦʚʘʥʥʳʭ ʘʪʦʤʦʚ (ʤʦʣʝʢʫʣ) ʥʘ ʚʥʝʰʥʝʡ ʧʦʚʝʨʭʥʦʩʪʠ ʩʚʷʟʦʢ ʟïʆʋʅʊ 

ʦʙʨʘʟʫʶʪʩʷ ʢʚʘʟʠïʜʚʫʤʝʨʥʳʝ (2D) ʠʣʠ ʢʚʘʟʠïʪʨʝʭʤʝʨʥʳʝ (3D) ʩʠʩʪʝʤʳ. 

ʌʠʟʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ 1D, 2D ʠ 3D ʩʠʩʪʝʤ ʦʪʣʠʯʘʶʪʩʷ ʧʨʠ ʥʠʟʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ 

[47, 58, 88ï92]. 

 

 

ʈʠʩ. 1.4 ʉʭʝʤʘʪʠʯʝʩʢʦʝ ʠʟʦʙʨʘʞʝʥʠʝ ʚʦʟʤʦʞʥʳʭ ʤʝʩʪ ʘʜʩʦʨʙʮʠʠ ʛʘʟʦʚʳʭ 

ʧʨʠʤʝʩʝʡ ʚ ʩʚʷʟʢʝ ʟ ïʆʋʅʊ [62]: IC ï ʤʝʞʪʨʫʙʥʳʝ ʢʘʥʘʣʳ, G ï ʢʘʥʘʚʢʠ ʥʘ 

ʚʥʝʰʥʝʡ ʧʦʚʝʨʭʥʦʩʪʠ, OS ï ʚʥʝʰʥʷʷ ʧʦʚʝʨʭʥʦʩʪʴ ʩʚʷʟʦʢ. 

 

ʉʪʨʫʢʪʫʨʳ ʘʜʩʦʨʙʘʪʘ 
4
He ʚ ʢʘʥʘʚʢʘʭ ʠ ʥʘ ʚʥʝʰʥʝʡ ʧʦʚʝʨʭʥʦʩʪʠ ʩʚʷʟʦʢ 

ʟ-ʆʋʅʊ ʙʳʣʠ ʠʟʤʝʨʝʥʳ ʤʝʪʦʜʦʤ ʜʠʬʨʘʢʮʠʠ ʥʝʡʪʨʦʥʦʚ ʚ ʨʘʙʦʪʝ [91]. 

ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʧʨʠ ʤʘʣʳʭ ʢʦʥʮʝʥʪʨʘʮʠʷʭ ʘʜʩʦʨʙʘʪʘ ʘʪʦʤʳ 
4
He ʬʦʨʤʠʨʫʶʪ ʚ 
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ʢʘʥʘʚʢʘʭ G ʦʜʥʦʤʝʨʥʳʝ (1D) ʫʧʦʨʷʜʦʯʝʥʥʳʝ (ʩ ʜʘʣʴʥʠʤ ʪʨʘʥʩʣʷʮʠʦʥʥʳʤ 

ʧʦʨʷʜʢʦʤ) ʮʝʧʦʯʢʠ. ʇʨʠ ʫʚʝʣʠʯʝʥʠʠ ʢʦʥʮʝʥʪʨʘʮʠʠ ʘʜʩʦʨʙʠʨʦʚʘʥʥʦʛʦ ʛʝʣʠʷ 

ʬʦʨʤʠʨʫʝʪʩʷ ʢʚʘʟʠïʜʚʫʤʝʨʥʳʡ (2D) ʤʦʥʦʩʣʦʡ, ʢʦʪʦʨʳʡ ʧʦʢʨʳʚʘʝʪ ʚʩʶ 

ʧʦʚʝʨʭʥʦʩʪʴ ʩʚʷʟʢʠ ʟïʆʋʅʊ [91]. ʅʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʘʷ ʪʝʨʤʦʜʠʥʘʤʠʢʘ ʛʝʣʠʷ, 

ʘʜʩʦʨʙʠʨʦʚʘʥʥʦʛʦ ʚ ʢʘʥʘʚʢʘʭ G ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʩʚʷʟʦʢ ʫʛʣʝʨʦʜʥʳʭ ʥʘʥʦʪʨʫʙʦʢ, 

ʪʝʦʨʝʪʠʯʝʩʢʠ ʠʟʫʯʝʥʘ ʚ ʨʘʙʦʪʘʭ [72, 73] ʚ ʨʘʤʢʘʭ ʤʦʜʝʣʠ ʨʝʰʝʪʦʯʥʦʛʦ ʛʘʟʘ. 

ʈʘʩʩʯʠʪʘʥʥʳʝ ɸʥʮʛrʠʥʦʡ ʠ ʜʨ. [74, 75] ʠʟʦʪʝʨʤʳ ʘʜʩʦʨʙʮʠʠ ʠ ʠʟʦʩʪʝʨʠʯʝʩʢʘ ̫

ʪʝʧʣʦʪʘ 
4
He, ʘʜʩʦʨʙʠʨʦʚʘʥʥʦʛʦ ʩʚʷʟʢʘʤʠ ʟïʆʋʅʊ, ʩʦʛʣʘʩʫʶʪʩʷ ʩ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ ʜʘʥʥʳʤʠ. 

ʅʝʩʤʦʪʨʷ ʥʘ ʪʦ, ʯʪʦ ʪʝʦʨʝʪʠʯʝʩʢʠʤ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤ ʠʩʩʣʝʜʦʚʘʥʠʷʤ 

ʬʠʟʠʯʝʩʢʦʡ ʘʜʩʦʨʙʮʠʠ ʛʘʟʦʚ ʩʚʷʟʢʘʤʠ ʟïʆʋʅʊ ʠ ʜʠʥʘʤʠʢʠ ʘʜʩʦʨʙʘʪʦʚ 

ʧʦʩʚʷʱʝʥʦ ʤʥʦʛʦ ʨʘʙʦʪ, ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʳʝ ʪʝʧʣʦʚʳʝ 

ʩʚʦʡʩʪʚʘ ʩʚʷʟʦʢ ʟïʆʋʅʊ ʩ ʘʜʩʦʨʙʠʨʦʚʘʥʥʳʤʠ ʛʘʟʘʤʠ ʝʱʝ ʤʘʣʦʠʟʫʯʝʥʳ. 

ɹʦʣʴʰʘʷ ʯʘʩʪʴ ʨʝʟʫʣʴʪʘʪʦʚ ʧʦʩʚʷʱʝʥʘ ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʳʤ ʠʩʩʣʝʜʦʚʘʥʠʷʤ 

ʟʘʚʠʩʠʤʦʩʪʠ ʢʦʵʬʬʠʮʠʝʥʪʘ ʨʘʜʠʘʣʴʥʦʛʦ ʪʝʧʣʦʚʦʛʦ ʨʘʩʰʠʨʝʥʠʷ Ŭr ʩʚʷʟʦʢ 

ʟ-ʆʋʅʊ ʥʘʩʳʱʝʥʥʳʭ ʛʘʟʘʤʠ (
3
ʅʝ, 

4
ʅʝ, ʅ2, N2, ʆ2, ʍʝ) [76, 83, 84, 93ï96] ʦʪ 

ʪʝʤʧʝʨʘʪʫʨʳ. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʥʘʩʳʱʝʥʠʝ ʩʚʷʟʦʢ ʟïʆʋʅʊ ʅ2, N2, ʆ2, ʍʝ 

[76, 83, 84, 93] ʧʨʠʚʝʣʦ ʢ ʨʝʟʢʦʤʫ ʫʚʝʣʠʯʝʥʠʶ Ŭr ʧʨʠ ʥʠʟʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʠ 

ʚʦʟʥʠʢʥʦʚʝʥʠʶ ʤʘʢʩʠʤʫʤʦʚ ʥʘ ʢʨʠʚʳʭ Ŭr(ʊ) ʩ ʧʦʚʳʰʝʥʠʝʤ ʪʝʤʧʝʨʘʪʫʨʳ. 

ɺʳʩʢʘʟʘʥʦ ʧʨʝʜʧʦʣʦʞʝʥʠʝ, ʯʪʦ ʤʘʢʩʠʤʫʤʳ ʥʘ ʟʘʚʠʩʠʤʦʩʪʷʭ Ŭr(ʊ) ʦʙʫʩʣʦʚʣʝʥʳ 

ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʤ ʧʝʨʝʨʘʩʧʨʝʜʝʣʝʥʠʝʤ ʯʘʩʪʠʮ ʘʜʩʦʨʙʘʪʘ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ 

ʩʚʷʟʦʢ ʟïʆʋʅʊ. ʅʘʩʳʱʝʥʠʝ ʩʚʷʟʦʢ ʥʘʥʦʪʨʫʙʦʢ ʧʨʠʤʝʩʷʤʠ ʠʟʦʪʦʧʦʚ ʛʝʣʠʷ 

(
4
He [94] ʠ 

3
ʅʝ [95]) ʧʨʠʚʦʜʠʪ ʢ ʧʦʷʚʣʝʥʠʶ ʚ ʦʙʣʘʩʪʠ ʛʝʣʠʝʚʳʭ ʪʝʤʧʝʨʘʪʫʨ 

ʛʠʛʘʥʪʩʢʦʛʦ ʵʬʬʝʢʪʘ: ʙʦʣʴʰʦʛʦ ʧʦ ʘʙʩʦʣʶʪʥʦʡ ʚʝʣʠʯʠʥʝ Ŭ̊r(ʊ)  ̊

ʦʪʨʠʮʘʪʝʣʴʥʦʛʦ ʪʝʧʣʦʚʦʛʦ ʨʘʩʰʠʨʝʥʠʷ. ʕʬʬʝʢʪ, ʧʦ ʤʥʝʥʠʶ ʘʚʪʦʨʦʚ [94, 95], 

ʦʙʫʩʣʦʚʣʝʥ ʪʫʥʥʝʣʴʥʳʤ ʜʚʠʞʝʥʠʝʤ ʘʪʦʤʦʚ ʛʝʣʠʷ ʚ ʧʨʦʮʝʩʩʘʭ ʠʭ 

ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʛʦ ʧʝʨʝʨʘʩʧʨʝʜʝʣʝʥʠʷ. ʆʙʥʘʨʫʞʝʥʥʳʡ ʦʛʨʦʤʥʳʡ 

ʠʟʦʪʦʧʠʯʝʩʢʠʡ ʵʬʬʝʢʪ, ʦʙʲʷʩʥʷʝʪʩʷ ʙʦʣʝʝ ʚʳʩʦʢʦʡ ʚʝʨʦʷʪʥʦʩʪʴʶ 

ʪʫʥʥʝʣʠʨʦʚʘʥʠʷ ʘʪʦʤʦʚ 
3
ʅʝ, ʠʤʝʶʱʠʭ ʤʝʥʴʰʫʶ, ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ 

4
ʅʝ, ʤʘʩʩʫ. 
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ʊʝʧʣʦʝʤʢʦʩʪ ɹ ʛʘʟʘ ʛʝʣʠʷï4 ʥʠʟʢʦʡ ʧʣʦʪʥʦʩʪʠ, ʘʜʩʦʨʙʠʨʦʚʘʥʥʦʛʦ ʚ 

ʤʝʞʪʨʫʙʥʳʝ ʢʘʥʘʣʳ ʩʚʷʟʦʢ ʟïʆʋʅʊ, ʨʘʩʩʤʦʪʨʝʥʘ ʪʝʦʨʝʪʠʯʝʩʢʠ ʚ ʨʘʙʦʪʘʭ 

[63, 89, 97]. ʊʝʧʣʦʝʤʢʦʩʪʴ ʩʚʷʟʦʢ ʥʘʥʦʪʨʫʙʦʢ ʩ ʙʦʣʴʰʠʤʠ ʢʦʣʠʯʝʩʪʚʘʤʠ 

ʘʜʩʦʨʙʠʨʦʚʘʥʥʦʛʦ ʛʝʣʠʷ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʠʩʩʣʝʜʦʚʘʥʘ ʚ ʦʙʣʘʩʪʠ ʪʝʤʧʝʨʘʪʫʨ 

ʥʠʞʝ 6 ʂ ʚ ʨʘʙʦʪʘʭ [77, 78]. ɺ ʨʘʙʦʪʝ [78] ʥʘʙʣʶʜʘʣʠ ʢʚʘʟʠïʜʚʫʤʝʨʥʦʝ 

ʧʦʚʝʜʝʥʠʝ ʪʝʧʣʦʝʤʢʦʩʪʠ ʘʜʩʦʨʙʠʨʦʚʘʥʥʦʛʦ ʛʝʣʠʷ (ʉads ~ ʊ
2
) ʥʘ ʦʙʨʘʟʮʝ ʩʚʷʟʦʢ 

ʟïʆʋʅʊ, ʧʦʣʫʯʝʥʥʦʤ ʤʝʪʦʜʦʤ ʣʘʟʝʨʥʦʛʦ ʠʩʧʘʨʝʥʠʷ, ʠ ʢʚʘʟʠʦʜʥʦʤʝʨʥʦʝ 

ʧʦʚʝʜʝʥʠʝ ʉads ~ ʊ ʥʘ ʦʙʨʘʟʮʝ, ʢʦʪʦʨʳʡ ʙʳʣ ʧʦʣʫʯʝʥ ʤʝʪʦʜʦʤ ʜʫʛʦʚʦʛʦ ʨʘʟʨʷʜʘ. 

ʊʝʧʣʦʝʤʢʦʩʪʴ ʩʚʷʟʦʢ ʟïʆʋʅʊ ʩ ʘʜʩʦʨʙʠʨʦʚʘʥʥʳʤʠ ʘʪʦʤʘʤʠ Ne ʠ Xe 

ʪʝʦʨʝʪʠʯʝʩʢʠ ʠʩʩʣʝʜʦʚʘʥʘ ʚ ʨʘʙʦʪʝ [69] ʤʝʪʦʜʦʤ ʄʦʥʪʝïʂʘʨʣʦ, ʧʦʣʘʛʘʷ, ʯʪʦ 

ʘʜʩʦʨʙʘʪ ʥʘʭʦʜʠʪʩʷ ʚ ʜʠʥʘʤʠʯʝʩʢʦʤ ʨʘʚʥʦʚʝʩʠʠ ʩ ʛʘʟʦʚʦʡ ʬʘʟʦʡ. ʉʦʛʣʘʩʥʦ 

ʚʳʧʦʣʥʝʥʥʳʤ ʚ ʨʘʙʦʪʝ [69] ʨʘʩʯʝʪʘʤ, ʢʘʢ ʜʣʷ Ne ʪʘʢ ʠ ʜʣʷ Xe, ʧʨʠ ʧʦʚʳʰʝʥʠʠ 

ʪʝʤʧʝʨʘʪʫʨʳ ʧʝʨʝʭʦʜ ʯʘʩʪʠʮ ʘʜʩʦʨʙʘʪʘ ʥʘ ʩʚʷʟʢʝ ʟïʆʋʅʊ ʠʟ ʧʦʟʠʮʠʡ ʩ 

ʙʦʣʴʰʝʡ ʵʥʝʨʛʠʝʡ ʩʚʷʟʠ ʚ ʧʦʟʠʮʠʠ ʩ ʤʝʥʴʰʝʡ ʵʥʝʨʛʠʝʡ ʩʚʷʟʠ ʤʦʞʝʪ ʧʨʠʚʦʜʠʪʴ 

ʢ ʧʦʷʚʣʝʥʠʶ ʦʩʦʙʝʥʥʦʩʪʠ ʚ ʪʝʤʧʝʨʘʪʫʨʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ʪʝʧʣʦʝʤʢʦʩʪʠ. 

ʌʦʥʦʥʥʘʷ ʪʝʧʣʦʝʤʢʦʩʪʴ 1D ʮʝʧʦʯʝʢ ʘʪʦʤʦʚ ʠʥʝʨʪʥʳʭ ʛʘʟʦʚ ʍʝ, Kr, ɸr, Ne ʠ 

ʤʦʣʝʢʫʣ ʉʅ4, ʘʜʩʦʨʙʠʨʦʚʘʥʥʳʭ ʚ ʢʘʥʘʚʢʘʭ G ʥʘ ʚʥʝʰʥʝʡ ʧʦʚʝʨʭʥʦʩʪʠ ʩʚʷʟʦʢ 

ʟ-ʆʋʅʊ, ʙʳʣʘ ʨʘʩʩʯʠʪʘʥʘ ʚ ʨʘʙʦʪʘʭ [98, 99]. ɺ ʨʘʙʦʪʘʭ [98, 99] ʙʳʣʘ 

ʧʨʝʜʣʦʞʝʥʘ ʤʦʜʝʣʴ, ʩʦʛʣʘʩʥʦ ʢʦʪʦʨʦʡ ʘʪʦʤʳ ʘʜʩʦʨʙʘʪʘ ʩʬʦʨʤʠʨʦʚʘʣʠ 

ʙʝʩʢʦʥʝʯʥʳʝ ʦʜʥʦʤʝʨʥʳʝ ʮʝʧʦʯʢʠ ʚ ʢʘʥʘʚʢʘʭ ʩʚʷʟʦʢ ʟïʆʋʅʊ. ʇʨʝʜʧʦʣʘʛʘʣʦʩʴ, 

ʯʪʦ ʚʜʦʣʴ ʢʘʥʘʚʢʠ ʨʝʣʴʝʬ ʧʦʪʝʥʮʠʘʣʴʥʦʛʦ ʧʦʣʷ ʷʚʣʷʝʪʩʷ ʛʣʘʜʢʠʤ, ʘ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʤʝʞʜʫ ʘʪʦʤʘʤʠ ʨʘʩʧʦʣʦʞʝʥʥʳʤʠ ʚ ʩʦʩʝʜʥʠʭ ʢʘʥʘʚʢʘʭ 

ʧʨʝʥʝʙʨʝʞʠʤʦ ʤʘʣʦ. ɸʚʪʦʨʘʤʠ [99] ʙʳʣʘ ʪʘʢʞʝ ʨʘʩʩʯʠʪʘʥʘ ʬʦʥʦʥʥʘʷ 

ʪʝʧʣʦʝʤʢʦʩʪʴ ʧʨʠ ʧʦʩʪʦʷʥʥʦʤ ʦʙʲʝʤʝ ʪʨʝʭ ʮʝʧʦʯʝʢ, ʦʙʨʘʟʦʚʘʥʥʳʭ ʤʦʣʝʢʫʣʘʤʠ 

ʉʅ4 ʘʜʩʦʨʙʠʨʦʚʘʥʥʳʤʠ ʚ ʢʘʥʘʚʢʘʭ G. 

ɺ ʨʘʙʦʪʝ [100] ʙʳʣʘ ʠʟʤʝʨʝʥʘ ʪʝʧʣʦʝʤʢʦʩʪʴ ʘʜʩʦʨʙʘʪʦʚ Ne 

(17 ʢʦʥʮʝʥʪʨʘʮʠʡ Ne). ʂʦʥʮʝʥʪʨʘʮʠʠ ʚʘʨʴʠʨʦʚʘʣʠʩ ɹʦʪ 0.015 ʜʦ 1.14 ʤʦʥʦʩʣʦʷ 

ʥʘ ʚʥʝʰʥʝʡ ʧʦʚʝʨʭʥʦʩʪʠ ʩʚʷʟʦʢ ʆʋʅʊ. ʊʝʤʧʝʨʘʪʫʨʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ 

ʪʝʧʣʦʝʤʢʦʩʪʠ ʠʟʤʝʨʝʥʳ ʚ ʠʥʪʝʨʚʘʣʝ 1.8 K ï 19 K. ɼʣʷ ʢʦʥʮʝʥʪʨʘʮʠʠ 0.039 

ʤʦʥʦʩʣʦʷ ʙʳʣʦ ʧʨʦʚʝʜʝʥʦ ʩʨʘʚʥʝʥʠʝ ʪʝʧʣʦʝʤʢʦʩʪʠ ʘʜʩʦʨʙʘʪʘ ʩ ʨʘʩʯʝʪʦʤ 
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ʪʝʧʣʦʝʤʢʦʩʪʠ 1D ʩʠʩʪʝʤʳ [99] ʠ ʚʳʧʦʣʥʝʥʘ ʦʮʝʥʢʘ ʪʝʤʧʝʨʘʪʫʨʳ ɼʝʙʘʷ. ɺ 

ʠʥʪʝʨʚʘʣʝ ʪʝʤʧʝʨʘʪʫʨ 2 ï 4 ʂ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʟʥʘʯʝʥʠʷ ʫʜʝʣʴʥʦʡ 

ʪʝʧʣʦʝʤʢʦʩʪʠ Ne ʧʦ ʧʦʨʷʜʢʫ ʚʝʣʠʯʠʥʳ ʙʣʠʟʢʠ ʢ ʪʝʦʨʝʪʠʯʝʩʢʦʤʫ ʨʘʩʯʝʪʫ 

ʪʝʧʣʦʝʤʢʦʩʪʠ 1D ʮʝʧʦʯʝʢ ʥʝʦʥʘ [99]. ɺʳʰʝ 4 ʂ ʨʘʩʭʦʞʜʝʥʠʝ ʤʝʞʜʫ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʠ ʪʝʦʨʝʪʠʯʝʩʢʦʡ ʢʨʠʚʳʤʠ ʫʚʝʣʠʯʠʚʘʝʪʩʷ. ʄʝʞʜʫ 

ʧʦʣʫʯʝʥʥʳʤ ʚ ʵʢʩʧʝʨʠʤʝʥʪʝ ʟʥʘʯʝʥʠʝʤ ʪʝʤʧʝʨʘʪʫʨʳ ɼʝʙʘʷ (Ϲ0 = 58 ʂ) ʠ 

ʨʘʩʩʯʠʪʘʥʥʳʤ ʚ ʪʝʦʨʠʠ (Ϲ0 = 78 ʂ) [99] ʥʘʙʣʶʜʘʝʪʩʷ ʟʘʤʝʪʥʦʝ ʨʘʩʭʦʞʜʝʥʠʝ. 

ʋʢʘʟʘʥʥʦʝ ʨʘʩʭʦʞʜʝʥʠʝ ʤʦʛʣʦ ʙʳʪʴ ʦʙʫʩʣʦʚʣʝʥʦ ʜʚʫʤʷ ʧʨʠʯʠʥʘʤʠ. ɺʦ-ʧʝʨʚʳʭ, 

ʚ ʨʘʙʦʪʝ [100] ʪʦʯʥʦʩʪʴ ʵʢʩʧʝʨʠʤʝʥʪʘ ʥʝ ʧʦʟʚʦʣʷʣʘ ʧʦʣʫʯʠʪʴ ʜʦʩʪʘʪʦʯʥʦ 

ʥʘʜʝʞʥʳʝ ʜʘʥʥʳʝ. ʇʨʠ ʥʠʟʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʪʝʧʣʦʝʤʢʦʩʪʴ ʘʜʩʦʨʙʘʪʘ ʥʝʦʥʘ 

ʙʳʣʘ ʚʩʝʛʦ ʥʘ 10% ʙʦʣʴʰʝ, ʯʝʤ ʪʝʧʣʦʝʤʢʦʩʪʴ ʢʘʣʦʨʠʤʝʪʨʘ ʩ ʦʙʨʘʟʮʦʤ ʩʚʷʟʦʢ 

ʆʋʅʊ, ʧʨʠ ʵʪʦʤ ʩʣʫʯʘʡʥʘʷ ʧʦʛʨʝʰʥʦʩʪʴ ʚ ʠʟʤʝʨʝʥʠʷʭ ʩʦʩʪʘʚʣʷʣʘ 20 %. ɺʦ-

ʚʪʦʨʳʭ, ʘʪʦʤʳ ʥʝʦʥʘ, ʪʘʢ ʞʝ ʢʘʢ ʠ ʛʝʣʠʷ, ʢʨʦʤʝ ʢʘʥʘʚʦʢ G, ʧʦ-ʚʠʜʠʤʦʤʫ, ʤʦʛʫʪ 

ʘʜʩʦʨʙʠʨʦʚʘʪʴʩʷ ʚ ʤʝʞʪʨʫʙʥʳʝ ʢʘʥʘʣʳ IC [68].  

ɺ ʚʳʧʦʣʥʝʥʥʳʭ ʨʘʥʝʝ ʪʝʦʨʝʪʠʯʝʩʢʠʭ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʨʘʙʦʪʘʭ 

[61-99] ʙʳʣʦ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʨʘʟʥʳʝ ʤʝʩʪʘ ʘʜʩʦʨʙʮʠʠ (ʤʝʞʪʨʫʙʥʳʝ ʢʘʥʘʣʳ IC, 

ʢʘʥʘʚʢʠ G ʥʘ ʚʥʝʰʥʝʡ ʧʦʚʝʨʭʥʦʩʪʠ ʠ ʚʥʝʰʥʷʷ ʧʦʚʝʨʭʥʦʩʪʴ OS) ʚ ʩʚʷʟʢʘʭ 

ʟ-ʆʋʅʊ ʦʪʣʠʯʘʶʪʩʷ ʚʝʣʠʯʠʥʘʤʠ ʵʥʝʨʛʠʡ ʩʚʷʟʠ. ʕʪʦ ʩʠʣʴʥʦ ʫʩʣʦʞʥʷʝʪ ʨʘʩʯʝʪ, ʘ 

ʪʘʢʞʝ ʘʥʘʣʠʟ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ ʦ ʪʝʧʣʦʝʤʢʦʩʪʠ ʘʜʩʦʨʙʘʪʘ ʚ ʩʣʫʯʘʷʭ 

ʩʨʝʜʥʠʭ (ʯʘʩʪʠʯʥʦʝ ʟʘʧʦʣʥʝʥʠʝ ʤʦʥʦʩʣʦʷ) ʠ ʙʦʣʴʰʠʭ (ʤʦʥʦʩʣʦʡ ʠ ʯʘʩʪʠʯʥʦʝ 

ʟʘʧʦʣʥʝʥʠʝ 2ïʛʦ ʩʣʦʷ ʥʘ ʚʥʝʰʥʝʡ ʧʦʚʝʨʭʥʦʩʪʠ ʩʚʷʟʦʢ) ʟʘʧʦʣʥʝʥʠʡ. ɺ 

ʪʝʦʨʝʪʠʯʝʩʢʠʭ ʨʘʙʦʪʘʭ [72ï75, 88ï92, 97ï99] ʧʨʝʜʣʦʞʝʥʳ ʤʦʜʝʣʠ 

ʦʧʠʩʳʚʘʶʱʠʝ ʪʝʧʣʦʝʤʢʦʩʪʴ ʘʜʩʦʨʙʘʪʘ, ʢʘʢ ʛʘʟ, ʞʠʜʢʦʩʪʴ, ʢʚʘʟʠ ï

1D ʢʨʠʩʪʘʣʣʳ, ʠ 3ïʭ ʮʝʧʦʯʝʯʥʳʝ ʩʪʨʫʢʪʫʨʳ.  

ʄʦʜʝʣʴʥʳʤʠ ʩʠʩʪʝʤʘʤʠ ʜʣʷ ʢʘʣʦʨʠʤʝʪʨʠʯʝʩʢʠʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʚʣʠʷʥʠʷ 

ʘʜʩʦʨʙʠʨʦʚʘʥʥʳʭ ʧʨʠʤʝʩʝʡ ʥʘ ʪʝʧʣʦʝʤʢʦʩʪʴ ʩʚʷʟʦʢ ʟïʆʋʅʊ ʷʚʣʷʶʪʩʷ 1D 

ʮʝʧʦʯʢʠ ʢʣʘʩʩʠʯʝʩʢʠʭ ʠʥʝʨʪʥʳʭ ʛʘʟʦʚ ʠ ʧʨʦʩʪʳʭ ʤʦʣʝʢʫʣ (ʚ ʯʘʩʪʥʦʩʪʠ, ʘʟʦʪʘ, 

ʤʝʪʘʥʘ) ʚ ʢʘʥʘʚʢʘʭ ʥʘ ʚʥʝʰʥʝʡ ʧʦʚʝʨʭʥʦʩʪʠ ʩʚʷʟʦʢ ʟïʆʋʅʊ. ɺ ʥʘʩʪʦʷʱʝʡ 

ʨʘʙʦʪʝ ʚ ʨʘʟʜʝʣʝ 4 ʦʧʠʩʘʥʳ ʢʘʣʦʨʠʤʝʪʨʠʯʝʩʢʠʝ ʠʩʩʣʝʜʦʚʘʥʠʷ 1D ʮʝʧʦʯʝʢ 
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ʢʩʝʥʦʥʘ ʠ ʘʟʦʪʘ ʚ ʢʘʥʘʚʢʘʭ ʩʚʷʟʦʢ ʟ-ʆʋʅʊ, ʚʳʧʦʣʥʝʥʥʳʝ ʩ ʮʝʣʴʶ ʧʦʣʫʯʝʥʠʷ 

ʠʥʬʦʨʤʘʮʠʠ ʦ ʜʠʥʘʤʠʢʝ ʬʦʥʦʥʦʚ ʠ ʦ ʚʢʣʘʜʝ ʧʨʦʮʝʩʩʦʚ ʨʘʩʧʘʜʘ 1D ʮʝʧʦʯʝʢ 

ʢʩʝʥʦʥʘ, ʘ ʪʘʢʞʝ ʦ ʚʢʣʘʜʝ ʚʨʘʱʘʪʝʣʴʥʳʭ ʩʪʝʧʝʥʝʡ ʩʚʦʙʦʜʳ ʘʟʦʪʘ ʚ 

ʪʝʧʣʦʝʤʢʦʩʪʴ. 

 

1.2. ʉʪʨʫʢʪʫʨʘ ʠ ʬʠʟʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʬʫʣʣʝʨʠʪʘ 

1.2.1. ʆʙʱʠʝ ʩʚʝʜʝʥʠʷ ʦ ʬʫʣʣʝʨʠʪʝ 

ʆʙʱʘʷ ʬʦʨʤʫʣʘ ʤʦʣʝʢʫʣ ʬʫʣʣʝʨʝʥʦʚ Cn, ʛʜʝ n ï ʢʦʣʠʯʝʩʪʚʦ ʘʪʦʤʦʚ 

ʫʛʣʝʨʦʜʘ. ɺ ʬʫʣʣʝʨʝʥʘʭ ʤʦʞʝʪ ʙʳʪʴ 20, 24, 28, 32, 36, 50, 60, 70, 74, 97, 84, 164, 

192, 216 ʠ ʪ.ʜ. ʘʪʦʤʦʚ. ʄʦʣʝʢʫʣʘ ʬʫʣʣʝʨʝʥʘ C60 ʠʤʝʝʪ ʬʦʨʤʫ ʫʩʝʯʸʥʥʦʛʦ 

ʠʢʦʩʘʵʜʨʘ, ʧʦʚʝʨʭʥʦʩʪʴ ʢʦʪʦʨʦʛʦ ʩʦʩʪʦʠʪ ʠʟ 20 ʰʝʩʪʠʫʛʦʣʴʥʠʢʦʚ ʠ 12 

ʧʷʪʠʫʛʦʣʴʥʠʢʦʚ. ɸʪʦʤʳ ʫʛʣʝʨʦʜʘ ʚ ʤʦʣʝʢʫʣʝ ʬʫʣʣʝʨʝʥʘ ʩʚʷʟʘʥʳ ůï ʠ 

 ́- ʩʚʷʟʷʤʠ. ʉʨʝʜʥʠʡ ʜʠʘʤʝʪʨ ʤʦʣʝʢʫʣʳ C60 ï 7,14 ¡. ʄʦʣʝʢʫʣʘ ʉ60 

ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ ʥʘʠʙʦʣʝʝ ʚʳʩʦʢʦʡ ʩʠʤʤʝʪʨʠʝʡ ʠ, ʢʘʢ ʩʣʝʜʩʪʚʠʝ, ʥʘʠʙʦʣʴʰʝʡ 

ʩʪʘʙʠʣʴʥʦʩʪʴʶ, ʯʪʦ ʜʝʣʘʝʪ ʝʝ ʩʘʤʦʡ ʠʥʪʝʨʝʩʥʦʡ ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ ʜʘʣʴʥʝʡʰʠʭ 

ʠʩʩʣʝʜʦʚʘʥʠʡ. 

ʄʦʣʝʢʫʣʳ C60 ʦʙʨʘʟʫʶʪ ʤʦʣʝʢʫʣʷʨʥʳʡ ʢʨʠʩʪʘʣʣ ï ʬʫʣʣʝʨʠʪ. ʉʦʛʣʘʩʥʦ 

ʜʘʥʥʳʤ ʨʝʥʪʛʝʥʦʩʪʨʫʢʪʫʨʥʦʛʦ ʘʥʘʣʠʟʘ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ, 

ʬʫʣʣʝʨʠʪ ʠʤʝʝʪ ʛʨʘʥʝʮʝʥʪʨʠʨʦʚʘʥʥʫʶ ʢʫʙʠʯʝʩʢʫʶ (ɻʎʂ) ʨʝʰʝʪʢʫ 

ʩʠʤʤʝʪʨʠʠ Fm3m, ʩ ʧʘʨʘʤʝʪʨʦʤ ʨʝʰʝʪʢʠ 14,161 ¡ [101]. ʄʦʣʝʢʫʣʳ 

ʫʜʝʨʞʠʚʘʶʪʩʷ ʚ ʢʨʠʩʪʘʣʣʝ ʩʠʣʘʤʠ ɺʘʥïʜʝʨïɺʘʘʣʴʩʘ. ʇʨʠ ʵʪʦʤ ʤʦʣʝʢʫʣʳ ʉ60 ʚ 

ʫʟʣʘʭ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʝʪʢʠ ʚʨʘʱʘʶʪʩʷ ʧʦʯʪʠ ʩʚʦʙʦʜʥʦ. ʇʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 

ʊʩå260 ʂ ʧʨʦʠʩʭʦʜʠʪ ʬʘʟʦʚʳʡ ʧʝʨʝʭʦʜ ʧʝʨʚʦʛʦ ʨʦʜʘ, ʧʨʠ ʢʦʪʦʨʦʤ ʧʨʦʠʩʭʦʜʠʪ 

ʠʟʤʝʥʝʥʠʝ ɻʎʂ ʩʪʨʫʢʪʫʨʳ ʢʨʠʩʪʘʣʣʘ ʉ60 ʥʘ ʧʨʦʩʪʫʶ ʢʫʙʠʯʝʩʢʫʶ ʩ ʧʘʨʘʤʝʪʨʦʤ 

ʨʝʰʸʪʢʠ 1.411 ʥʤ [102, 103]. ɺ ʇʂïʬʘʟʝ ʥʘ ʵʣʝʤʝʥʪʘʨʥʫʶ ʷʯʝʡʢʫ ʧʨʠʭʦʜʠʪʩʷ 4 

ʤʦʣʝʢʫʣʳ: ʧʨʠ ʵʪʦʤ ʮʝʥʪʨʳ ʪʷʞʝʩʪʠ ʤʦʣʝʢʫʣ ʦʩʪʘʶʪʩʷ ʚ ʫʟʣʘʭ ɻʎʂ ï ʨʝʰʝʪʢʠ, 

ʥʦ ʤʦʣʝʢʫʣʳ ʫʞʝ ʥʝ ʷʚʣʷʶʪʩʷ ʵʢʚʠʚʘʣʝʥʪʥʳʤʠ, ʘ ʨʘʟʙʠʚʘʶʪʩʷ ʥʘ ʯʝʪʳʨʝ 

ʧʦʜʨʝʰʝʪʢʠ ʩ ʨʘʟʣʠʯʥʳʤʠ ʦʨʠʝʥʪʘʮʠʷʤʠ ʦʩʝʡ ʪʨʝʪʴʝʛʦ ʧʦʨʷʜʢʘ ʚʜʦʣʴ ʯʝʪʳʨʝʭ 

ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʭ ʜʠʘʛʦʥʘʣʝʡ ʢʫʙʘ (ʥʘʧʨʘʚʣʝʥʠʷ <111>). ʆʨʠʝʥʪʘʮʠʦʥʥʦʝ 

ʫʧʦʨʷʜʦʯʝʥʠʝ ʚ ʢʨʠʩʪʘʣʣʝ ʥʝʧʦʣʥʦʝ, ʪʘʢ ʢʘʢ ʧʨʠ ʧʦʚʦʨʦʪʝ ʤʦʣʝʢʫʣ ʚʦʢʨʫʛ ʦʩʝʡ 
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<111> ʦʥʠ ʤʦʛʫʪ ʥʘʭʦʜʠʪʴʩʷ ʚ ʰʝʩʪʠ ʧʦʪʝʥʮʠʘʣʴʥʳʭ ʷʤʘʭ ʩ ʛʣʦʙʘʣʴʥʳʤ 

ʤʠʥʠʤʫʤʘʤʠ ʚ ʧʝʥʪʘʛʦʥʥʦʡ (p) ʠ ʣʦʢʘʣʴʥʳʤ ʤʠʥʠʤʫʤʘʤʠ ʚ ʛʝʢʩʘʛʦʥʥʦʡ (h) 

ʢʦʥʬʠʛʫʨʘʮʠʷʭ. ɺ pï ʢʦʥʬʠʛʫʨʘʮʠʠ ʦʜʥʘ ʠʟ ʦʩʝʡ ʧʷʪʦʛʦ ʧʦʨʷʜʢʘ ʤʦʣʝʢʫʣʳ 

ʥʘʧʨʘʚʣʝʥʘ ʢ ʩʝʨʝʜʠʥʝ ʦʜʥʦʡ ʠʟ ʜʚʦʡʥʳʭ ʩʚʷʟʝʡ ʩʦʩʝʜʥʝʡ ʤʦʣʝʢʫʣʳ. ɺ 

h-ʢʦʥʬʠʛʫʨʘʮʠʠ ʦʩʴ ʪʨʝʪʴʝʛʦ ʧʦʨʷʜʢʘ ʤʦʣʝʢʫʣʳ ʥʘʧʨʘʚʣʝʥʘ ʢ ʮʝʥʪʨʫ ʜʚʦʡʥʦʡ 

ʩʚʷʟʠ ʩʦʩʝʜʥʝʡ ʤʦʣʝʢʫʣʳ [103]. ɹʘʨʴʝʨ ʤʝʞʜʫ ʧʦʪʝʥʮʠʘʣʴʥʳʤʠ ʷʤʘʤʠ 

ʩʦʩʪʘʚʣʷʝʪ ʦʢʦʣʦ 2900 ʂ, ʘ ʨʘʟʥʦʩʪʴ ʵʥʝʨʛʠʡ ʤʝʞʜʫ ʤʠʥʠʤʫʤʘʤʠ 

ʧʦʪʝʥʮʠʘʣʴʥʳʭ ʷʤ ʚ ʨ- ʠ h-ʢʦʥʬʠʛʫʨʘʮʠʷʭ Dɽ å 120 ʂ. ʏʘʩʪʴ ʚʨʝʤʝʥʠ ʤʦʣʝʢʫʣʳ 

ʥʘʭʦʜʷʪʩʷ ʚ ʧʦʪʝʥʮʠʘʣʴʥʳʭ ʷʤʘʭ ʠ ʩʦʚʝʨʰʘʶʪ ʦʨʠʝʥʪʘʮʠʦʥʥʳʝ ʢʦʣʝʙʘʥʠʷ 

(ʣʠʙʨʘʮʠʠ), ʯʘʩʪʴ ʚʨʝʤʝʥʠ ʤʦʣʝʢʫʣʳ ʚʨʘʱʘʶʪʩʷ, ʩʦʚʝʨʰʘʷ ʩʢʘʯʢʠ ʠʟ ʷʤʳ ʚ ʷʤʫ. 

ʇʘʨʘʤʝʪʨʳ ʧʦʪʝʥʮʠʘʣʦʚ ʚ pï ʠ hï ʢʦʥʬʠʛʫʨʘʮʠʷʭ, ʘ ʪʘʢʞʝ ʢʦʥʮʝʥʪʨʘʮʠʠ 

ʤʦʣʝʢʫʣ ʚ p-ʢʦʥʬʠʛʫʨʘʮʠʠ (np) ʠ hïʢʦʥʬʠʛʫʨʘʮʠʠ (nh) ʟʘʚʠʩʷʪ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ. 

ʉʨʘʟʫ ʧʦʩʣʝ ʬʘʟʦʚʦʛʦ ʧʝʨʝʭʦʜʘ np å 63% [104]. ʉ ʧʦʥʠʞʝʥʠʝʤ ʪʝʤʧʝʨʘʪʫʨʳ np 

ʫʚʝʣʠʯʠʚʘʝʪʩʷ, ʘ ʯʘʩʪʦʪʘ ʧʝʨʝʩʢʦʢʦʚ ʫʤʝʥʴʰʘʝʪʩʷ. ʇʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ Tg 

=(80 - 90 K) ʧʨʦʠʩʭʦʜʠʪ ʟʘʤʦʨʘʞʠʚʘʥʠʝ ʨʝʦʨʠʝʥʪʘʮʠʦʥʥʦʛʦ ʜʚʠʞʝʥʠʷ ʤʦʣʝʢʫʣ, 

ʠ ʬʫʣʣʝʨʠʪ ʧʝʨʝʭʦʜʠʪ ʚ ʩʦʩʪʦʷʥʠʝ ʦʨʠʝʥʪʘʮʠʦʥʥʦʛʦ ʩʪʝʢʣʘ ʩ np =83% [104]. 

ɿʘʤʦʨʘʞʠʚʘʥʠʝ ʨʝʦʨʠʝʥʪʘʮʠʦʥʥʦʛʦ ʜʚʠʞʝʥʠʷ ʤʦʣʝʢʫʣ ʦʙʫʩʣʦʚʣʝʥʦ ʪʝʤ, ʯʪʦ 

ʪʝʤʧʝʨʘʪʫʨʘ ʩʪʘʥʦʚʠʪʩʷ ʩʣʠʰʢʦʤ ʥʠʟʢʦʡ ʜʣʷ ʧʨʝʦʜʦʣʝʥʠʷ ʤʦʣʝʢʫʣʘʤʠ 

ʧʦʪʝʥʮʠʘʣʴʥʦʛʦ ʙʘʨʴʝʨʘ ʤʝʞʜʫ pï ʠ hï ʢʦʥʬʠʛʫʨʘʮʠʷʤʠ [103, 104]. ʅʘʣʠʯʠʝ 

ʙʦʣʴʰʦʛʦ ʙʘʨʴʝʨʘ ʤʝʞʜʫ ʨʘʟʥʳʤʠ ʢʦʥʬʠʛʫʨʘʮʠʷʤʠ ʤʦʣʝʢʫʣ ʧʨʠʚʦʜʠʪ ʢ 

ʛʠʩʪʝʨʝʟʠʩʫ ʠ ʚʣʠʷʥʠʶ ʧʨʝʜʳʩʪʦʨʠʠ ʥʘ ʬʠʟʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʬʫʣʣʝʨʠʪʘ ʉ60 ʚ 

ʦʙʣʘʩʪʠ ʬʘʟʦʚʳʭ ʧʝʨʝʭʦʜʦʚ. 

ʅʘ ʢʘʞʜʫʶ ʤʦʣʝʢʫʣʫ ʉ60 ʚ ʬʫʣʣʝʨʠʪʝ ʧʨʠʭʦʜʠʪʩʷ ʦʜʥʘ ʦʢʪʘʵʜʨʠʯʝʩʢʘʷ ʠ 

ʜʚʝ ʪʝʪʨʘʵʜʨʠʯʝʩʢʠʝ ʧʦʣʦʩʪʠ. ʈʘʟʤʝʨ ʦʢʪʘʵʜʨʠʯʝʩʢʠʭ ʧʦʣʦʩʪʝʡ (ʩʨʝʜʥʠʡ 

ʜʠʘʤʝʪʨ 4,14 Ȕ [105]) ʜʦʩʪʘʪʦʯʥʦ ʙʦʣʴʰʦʡ ʜʣʷ ʧʨʦʥʠʢʥʦʚʝʥʠʷ ʚ ʥʠʭ 

ʙʦʣʴʰʠʥʩʪʚʘ ʘʪʦʤʘʨʥʳʭ ʠ ʤʦʣʝʢʫʣʷʨʥʳʭ ʛʘʟʦʚʳʭ ʧʨʠʤʝʩʝʡ, ʚ ʦʪʣʠʯʠʝ ʦʪ 

ʪʝʪʨʘʵʜʨʠʯʝʩʢʠʭ (ʩʨʝʜʥʠʡ ʜʠʘʤʝʪʨ 2,18 ¡ [105]). ʉʭʝʤʘʪʠʯʝʩʢʠʝ ʠʟʦʙʨʘʞʝʥʠʷ 

ʤʦʣʝʢʫʣʳ ʉ60 ʠ ʩʪʨʫʢʪʫʨʳ ʬʫʣʣʝʨʠʪʘ ʉ60 ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʨʠʩʫʥʢʝ 5.  

ʉ ʤʦʤʝʥʪʘ ʦʪʢʨʳʪʠʷ ʤʦʣʝʢʫʣʳ ʬʫʣʣʝʨʝʥʘ C60 [106] ʧʨʦʚʝʜʝʥʳ ʜʦʚʦʣʴʥʦ 

ʧʦʜʨʦʙʥʳʝ ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʬʠʟʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʬʫʣʣʝʨʠʪʘ 
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C60 ʨʘʟʣʠʯʥʳʤʠ ʤʝʪʦʜʘʤʠ: ʥʝʫʧʨʫʛʠʤ ʨʘʩʩʝʷʥʠʝʤ ʥʝʡʪʨʦʥʦʚ [104, 107], 

ʠʥʬʨʘʢʨʘʩʥʦʡ ʠ ʨʘʤʘʥʦʚʩʢʦʡ [108, 109] ʩʧʝʢʪʨʦʩʢʦʧʠʝʡ, ʨʝʥʪʛʝʥʦʚʩʢʦʡ [102, 

107, 110], ʥʝʡʪʨʦʥʥʦʡ [103], ʠ ʵʣʝʢʪʨʦʥʥʦʡ ʜʠʬʨʘʢʮʠʝʡ [111, 112], ʗʄʈ [113], 

ʜʠʣʘʪʦʤʝʪʨʠʝʡ [114ï117] ʠ ʢʘʣʦʨʠʤʝʪʨʠʝʡ [118ï127]. 

 

 

ʈʠʩ. 1.5 ʘ) ʉʭʝʤʘʪʠʯʝʩʢʦʝ ʠʟʦʙʨʘʞʝʥʠʝ ʤʦʣʝʢʫʣʳ ʉ60. ʄʦʣʝʢʫʣʘ ʉ60 ʠʤʝʝʪ 

ʬʦʨʤʫ ʫʩʝʯʸʥʥʦʛʦ ʠʢʦʩʘʵʜʨʘ, ʧʦʚʝʨʭʥʦʩʪʴ ʢʦʪʦʨʦʛʦ ʩʦʩʪʦʠʪ ʠʟ 20 

ʰʝʩʪʠʫʛʦʣʴʥʠʢʦʚ ʠ 12 ʧʷʪʠʫʛʦʣʴʥʠʢʦʚ. ʂʘʞʜʳʡ ʘʪʦʤ ʫʛʣʝʨʦʜʘ ʠʤʝʝʪ ʜʚʝ 

ʩʚʷʟʠ ʜʣʠʥʦʡ 1,45 ɸ ʠ ʦʜʥʫ ʩʚʷʟʴ ʩ ʜʣʠʥʦʡ 1,4 ɸ. [105]. ʙ) ʉʭʝʤʘʪʠʯʝʩʢʦʝ 

ʧʨʝʜʩʪʘʚʣʝʥʠʝ ɻʎʂ ʩʪʨʫʢʪʫʨʳ ʬʫʣʣʝʨʠʪʘ ʉ60. ʅʘ ʢʘʞʜʫʶ ʤʦʣʝʢʫʣʫ ʉ60 ʚ 

ʬʫʣʣʝʨʠʪʝ ʧʨʠʭʦʜʠʪʩʷ ʦʜʥʘ ʦʢʪʘʵʜʨʠʯʝʩʢʘʷ (ʧʦʣʦʞʝʥʠʝ ʧʦʢʘʟʘʥʦ ʟʝʣʝʥʳʤʠ 

ʢʨʫʞʢʘʤʠ) ʠ ʜʚʝ ʪʝʪʨʘʵʜʨʠʯʝʩʢʠʝ (ʧʦʢʘʟʘʥʳ ʢʨʘʩʥʳʤʠ ʢʨʫʞʢʘʤʠ) ʧʦʣʦʩʪʠ. 

 

1.2.2 ʊʝʧʣʦʝʤʢʦʩʪʴ ʯʠʩʪʦʛʦ ʠ ʜʦʧʠʨʦʚʘʥʥʦʛʦ ʛʘʟʦʚʳʤʠ ʧʨʠʤʝʩʷʤʠ 

ʬʫʣʣʝʨʠʪʘ ʉ60.  

ʊʝʧʣʦʝʤʢʦʩʪʴ ʧʨʠ ʧʦʩʪʦʷʥʥʦʤ ʜʘʚʣʝʥʠʠ ʉP(ʊ) ʬʫʣʣʝʨʠʪʘ ʉ60 ʙʳʣʘ 

ʠʩʩʣʝʜʦʚʘʥʘ ʘʜʠʘʙʘʪʠʯʝʩʢʠʤ ʤʝʪʦʜʦʤ ʚ ʨʘʙʦʪʘʭ: [118, 119] (ʚ ʦʙʣʘʩʪʠ 

ʪʝʤʧʝʨʘʪʫʨ 11 ï 300 ʂ); [120] (13 ï 300 ʂ); [121] (5 ï 340 ʂ); [122] (6 ï 350 ʂ); 

[123] (1,2 ï 30 ʂ) ʠ ʤʝʪʦʜʦʤ ʪʝʧʣʦʚʦʡ ʨʝʣʘʢʩʘʮʠʠ ʚ ʨʘʙʦʪʘʭ: [124, 125] (1,4 ï

 20 ʂ); [126] (4 ï 300 ʂ); [127] (0.2 ï 190 ʂ). ɺ ʠʥʪʝʨʚʘʣʝ ʦʪ 4 ʜʦ 160 ʂ 

ʨʘʩʭʦʞʜʝʥʠʷ ʤʝʞʜʫ ʨʝʟʫʣʴʪʘʪʘʤʠ ʨʘʙʦʪ [118ï125] ʥʝ ʧʨʝʚʳʰʘʶʪ 25%, ʪʦʛʜʘ ʢʘʢ 

ʜʘʥʥʳʝ ʨʘʙʦʪʳ [126] ʙʦʣʴʰʝ ʜʘʥʥʳʭ [118ï125] ʥʘ 50 ï 100%. ɺ ʵʢʩʧʝʨʠʤʝʥʪʝ 
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ʆʣʩʦʥʘ ʠ ʜʨ. [127] ʚʝʣʠʯʠʥʘ ʠ ʭʘʨʘʢʪʝʨ ʉP(T) ʩʠʣʴʥʦ ʦʪʣʠʯʘʶʪʩʷ ʦʪ ʨʝʟʫʣʴʪʘʪʦʚ 

[118 ï 125]. ʉʠʩʪʝʤʘʪʠʯʝʩʢʠʝ ʨʘʩʭʦʞʜʝʥʠʷ ʤʝʞʜʫ ʢʨʠʚʳʤʠ ʉP(ʊ) ʠ 

ʪʝʤʧʝʨʘʪʫʨʘʤʠ ʊʩ, ʧʦʣʫʯʝʥʥʳʤʠ ʥʘ ʘʜʠʘʙʘʪʠʯʝʩʢʠʭ ʢʘʣʦʨʠʤʝʪʨʘʭ [118 ï 123] 

ʦʙʫʩʣʦʚʣʝʥʳ ʨʘʟʣʠʯʠʷʤʠ ʩʪʝʧʝʥʠ ʯʠʩʪʦʪʳ [118, 119, 128] ʠ ʩʦʚʝʨʰʝʥʩʪʚʘ [122] 

ʦʙʨʘʟʮʦʚ.  

ɺ ʨʘʙʦʪʘʭ ɸʪʘʢʝ ʠ ʩʦʘʚʪ. [118, 119] ʦʙʨʘʟʝʮ C60 ʩʦʜʝʨʞʘʣ ʦʢʦʣʦ 8% 

ʛʨʘʬʠʪʘ. ɺʝʩ ʦʙʨʘʟʮʘ å 0,88 ʛ ʙʳʣ ʟʥʘʯʠʪʝʣʴʥʦ ʥʠʞʝ, ʯʝʤ ʢʘʣʦʨʠʤʝʪʨʠʯʝʩʢʦʛʦ 

ʩʦʩʫʜʘ (35 ʛ). ɺ ʨʝʟʫʣʴʪʘʪʝ, ʚʢʣʘʜ ʦʙʨʘʟʮʘ ʚ ʦʙʱʫʶ ʪʝʧʣʦʝʤʢʦʩʪʴ ʙʳʣ ʜʦʚʦʣʴʥʦ 

ʤʘʣ ʠ ʩʦʩʪʘʚʣʷʣ ʚʩʝʛʦ 8% ʧʨʠ ʊ = 20 ʂ. ɺ ʨʘʙʦʪʘʭ ɹʝʝʨʤʘʥʘ ʠ ʩʦʘʚʪ. [124, 125] 

ʤʘʩʩʘ ʠ ʯʠʩʪʦʪʘ ʦʙʨʘʟʮʘ C60 ʥʝ ʫʢʘʟʘʥʳ. ɺ ʨʘʙʦʪʝ ʄʘʪʮʫʦ [120] ʠʩʭʦʜʥʳʡ 

ʧʦʨʦʰʦʢ ʉ60, ʩʦʛʣʘʩʥʦ ʦʮʝʥʢʘʤ, ʩʜʝʣʘʥʥʳʤ ʠʟ ʜʘʥʥʳʭ ʗʄʈ ʠʟʤʝʨʝʥʠʡ, 

ʩʦʜʝʨʞʘʣ ʥʝʢʦʪʦʨʦʝ ʢʦʣʠʯʝʩʪʚʦ ʬʫʣʣʝʨʠʪʘ ʉ70 (ʤʝʥʝʝ 15%). ʇʦʩʣʝ ʦʯʠʩʪʢʠ 

ʧʦʨʦʰʦʢ ʉ60 ʥʘʭʦʜʠʣʩʷ 40 ʯ. ʚ ʜʠʥʘʤʠʯʝʩʢʦʤ ʚʘʢʫʫʤʝ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 440 ʂ. 

ʅʘʙʣʶʜʘʝʤʘʷ ʪʝʤʧʝʨʘʪʫʨʘ ʊʩ  ʙʳʣʘ 257.6 K [120]. ʇʦ ʠʤʝʶʱʠʤʩʷ ʫ ʘʚʪʦʨʦʚ 

ʨʘʙʦʪʳ [121] ʜʘʥʥʳʤ, ʩʦʜʝʨʞʘʥʠʝ ʉ60 ʚ ʦʙʨʘʟʮʝ ʙʳʣʦ 99.98 ʚʝʩ.%. ʆʙʨʘʟʝʮ ʙʳʣ 

ʧʨʠʛʦʪʦʚʣʝʥ ʚ ʅʠʞʥʝʤ ʅʦʚʛʦʨʦʜʝ ʚ ʀʥʩʪʠʪʫʪʝ ʤʝʪʘʣʣʦʦʨʛʘʥʠʯʝʩʢʦʡ ʭʠʤʠʠ 

ʠʤʝʥʠ ɻ. ɸ. ʈʘʟʫʚʘʝʚʘ ʈɸʅ. ʅʘʙʣʶʜʘʝʤʘʷ ʪʝʤʧʝʨʘʪʫʨʘ ʊʩ  ʙʳʣʘ 260.7 K [121]. 

ɸʙʩʦʣʶʪʥʳʝ ʟʥʘʯʝʥʠʷ ʪʝʧʣʦʝʤʢʦʩʪʠ ʚ ʨʘʙʦʪʘʭ [120] ʠ [121] ʙʣʠʟʢʠ ʚʦ ʚʩʝʤ 

ʪʝʤʧʝʨʘʪʫʨʥʦʤ ʠʥʪʝʨʚʘʣʝ. ɺ ʨʘʙʦʪʝ [122] ʠʩʩʣʝʜʦʚʘʥ ʤʦʥʦʢʨʠʩʪʘʣʣ ʉ60. ʏʠʩʪʦʪʘ 

ʠʩʭʦʜʥʦʛʦ ʧʦʨʦʰʢʘ ʉ60, ʙʳʣʘ 99.9%. ɸʥʘʣʦʛʠʯʥʘʷ ʯʠʩʪʦʪʘ ʧʦʨʦʰʢʘ ʉ60 ʙʳʣʘ 

ʪʘʢʞʝ ʚ ʨʘʙʦʪʝ [128]. ɺ ʨʘʙʦʪʝ [122] ʥʘʙʣʶʜʘʣʘʩʴ ʩʘʤʘʷ ʙʦʣʴʰʘʷ ʪʝʤʧʝʨʘʪʫʨʘ 

ʊʩ = 262.1 K ʠ ʩʘʤʳʡ ʦʩʪʨʳʡ ʤʘʢʩʠʤʫʤ. ɺ ʵʢʩʧʝʨʠʤʝʥʪʝ ʆʣʩʦʥ ʠ ʜʨ. [127] 

ʠʩʩʣʝʜʦʚʘʥ ʪʚʝʨʜʳʡ ʨʘʩʪʚʦʨ º 15% ʉ70 ʚ ʉ60. ɺʣʠʷʥʠʝ ʥʘ ʚʝʣʠʯʠʥʳ 

ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʉ60 ʧʨʝʜʳʩʪʦʨʠʠ ʠ ʪʝʨʤʦʮʠʢʣʠʨʦʚʘʥʠʷ, ʢʦʪʦʨʳʝ 

ʪʘʢʞʝ ʢʘʢ ʠ ʧʨʠʤʝʩʠ ʧʨʠʚʦʜʷʪ ʢ ʦʪʣʠʯʠʶ ʵʪʠʭ ʩʚʦʡʩʪʚ, ʦʙʩʫʞʜʘʝʪʩʷ ʚ ʨʘʙʦʪʘʭ 

[129ï131]. ʇʨʠʤʝʩʠ ʪʘʢʞʝ ʧʨʠʚʦʜʷʪ ʢ ʩʤʝʱʝʥʠʶ ʪʝʤʧʝʨʘʪʫʨʳ ʬʘʟʦʚʦʛʦ 

ʧʝʨʝʭʦʜʘ ʊʩ ʠ ʝʛʦ ʨʘʟʤʳʪʠʶ [132]. 

ɺʳʩʦʢʘʷ ʩʦʨʙʮʠʦʥʥʘʷ ʩʧʦʩʦʙʥʦʩʪʴ ʬʫʣʣʝʨʠʪʦʚ, ʪʘʢ ʞʝ ʢʘʢ ʠ ʥʘʥʦʪʨʫʙʦʢ, 

ʧʨʠʚʦʜʠʪ ʢ ʟʥʘʯʠʪʝʣʴʥʦʤʫ ʠʟʤʝʥʝʥʠʶ ʬʠʟʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʵʪʦʛʦ ʤʘʪʝʨʠʘʣʘ ʧʨʠ 

ʚʥʝʜʨʝʥʠʠ ʛʘʟʦʚʳʭ ʧʨʠʤʝʩʝʡ. ʆʪʤʝʪʠʤ, ʯʪʦ ʚ ʵʢʩʧʝʨʠʤʝʥʪʘʭ [117ï121] ʦʙʨʘʟʮʳ 
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ʥʘʭʦʜʷʪʩʷ ʚ ʛʝʨʤʝʪʠʯʥʳʭ ʢʘʣʦʨʠʤʝʪʨʠʯʝʩʢʠʭ ʩʦʩʫʜʘʭ ʠ ʪʝʧʣʦʚʘʷ ʩʚʷʟʴ ʤʝʞʜʫ 

ʦʙʨʘʟʮʘʤʠ ʠ ʢʘʣʦʨʠʤʝʪʨʦʤ ʦʙʝʩʧʝʯʠʚʘʝʪʩʷ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʪʝʧʣʦʦʙʤʝʥʥʦʛʦ 

ʛʝʣʠʷ. ɿʘʧʦʣʥʝʥʠʝ ʢʘʣʦʨʠʤʝʪʨʦʚ ʛʝʣʠʝʤ ʦʩʫʱʝʩʪʚʣʷʣʦʩʴ ʧʨʠ ʢʦʤʥʘʪʥʳʭ 

ʪʝʤʧʝʨʘʪʫʨʘʭ. ɸʪʦʤʳ ʛʝʣʠʷ ʧʨʠ ʢʦʤʥʘʪʥʳʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʤʦʛʫʪ ʟʘʧʦʣʥʷʪʴ 

ʧʦʣʦʩʪʠ ʚ ʢʨʠʩʪʘʣʣʘʭ ʉ60 [132, 133]. ɺʨʝʤʝʥʘ ʥʘʩʳʱʝʥʠʷ ʬʫʣʝʨʠʪʘ ʛʝʣʠʝʤ ï 

ʥʝʩʢʦʣʴʢʦ ʯʘʩʦʚ [132]. ʇʨʠʩʫʪʩʪʚʠʝ ʚ ʢʘʣʦʨʠʤʝʪʨʠʯʝʩʢʠʭ ʩʦʩʫʜʘʭ ʛʝʣʠʷ ʤʦʞʝʪ 

ʧʨʠʚʦʜʠʪʴ ʢ ʫʚʝʣʠʯʝʥʠʶ ʧʦʛʨʝʰʥʦʩʪʠ ʠʟʤʝʨʝʥʠʡ. 

ɺ ʨʘʙʦʪʝ [126] ʥʘʙʣʶʜʘʣʠ ʙʦʣʴʰʦʡ ʛʠʩʪʝʨʝʟʠʩ ʚ ʉʨ(ʊ) ʚ ʦʙʣʘʩʪʠ 

160-286 ʂ. ʂʨʠʚʘʷ ʉʨ(ʊ), ʧʦʣʫʯʝʥʥʘʷ ʧʨʠ ʥʘʛʨʝʚʝ ʢʘʣʦʨʠʤʝʪʨʘ, ʠʤʝʝʪ ʤʘʢʩʠʤʫʤ 

ʠ ʤʠʥʠʤʫʤ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ 255 ʂ ʠ 286 ʂ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʂʨʠʚʘʷ ʉʨ(ʊ), 

ʧʦʣʫʯʝʥʥʘʷ ʧʨʠ ʦʭʣʘʞʜʝʥʠʠ ʢʘʣʦʨʠʤʝʪʨʘ, ʠʤʝʝʪ ʜʚʘ ʤʘʢʩʠʤʫʤʘ ʠ ʜʚʘ 

ʤʠʥʠʤʫʤʘ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ 157 ʂ, 252 ʂ ʠ 202 ʂ, 266 ʂ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʇʦ 

ʤʥʝʥʠʶ ʘʚʪʦʨʦʚ ʨʘʙʦʪʳ [126] ʪʘʢʦʡ ʭʘʨʘʢʪʝʨ ʧʦʚʝʜʝʥʠʷ ʉP(ʊ) ʦʙʫʩʣʦʚʣʝʥ ʪʝʤ, 

ʯʪʦ ʩ ʧʦʥʠʞʝʥʠʝʤ ʪʝʤʧʝʨʘʪʫʨʳ ʥʠʞʝ 300 ʂ, ʤʦʣʝʢʫʣʳ ʉ60, ʧʦʩʪʝʧʝʥʥʦ 

ʧʝʨʝʭʦʜʷʪ ʦʪ ʚʨʘʱʘʪʝʣʴʥʦʛʦ ʜʚʠʞʝʥʠʷ ʢ ʩʢʘʯʢʘʤ ʤʝʞʜʫ ʧʦʪʝʥʮʠʘʣʴʥʳʤʠ ʷʤʘʤʠ 

ʠ ʣʠʙʨʘʮʠʷʤ ʚ ʦʜʥʦʡ ʠʟ ʰʝʩʪʠ ʧʦʪʝʥʮʠʘʣʴʥʳʭ ʷʤ, ʤʝʞʜʫ ʩʢʘʯʢʘʤʠ. 

ʇʦʪʝʥʮʠʘʣʴʥʳʝ ʷʤʳ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʧʝʥʪʘʛʦʥʥʦʡ (pï) ʠ ʛʝʢʩʘʛʦʥʥʦʡ (hï) 

ʢʦʥʬʠʛʫʨʘʮʠʷʤ. ɹʘʨʴʝʨ ʤʝʞʜʫ ʷʤʘʤʠ ʠ ʨʘʟʥʦʩʪʴ ʵʥʝʨʛʠʡ ʤʝʞʜʫ ʤʠʥʠʤʫʤʘʤʠ 

ʧʦʪʝʥʮʠʘʣʴʥʳʭ ʷʤ ʫʚʝʣʠʯʠʚʘʶʪʩʷ ʧʨʠ ʧʨʠʙʣʠʞʝʥʠʠ ʢ ʪʝʤʧʝʨʘʪʫʨʝ ʬʘʟʦʚʦʛʦ 

ʧʝʨʝʭʦʜʘ ʊʩº260 ʂ. ʋʚʝʣʠʯʠʚʘʝʪʩʷ ʪʘʢʞʝ ʠ ʚʨʝʤʷ ʥʘʭʦʞʜʝʥʠʷ ʤʦʣʝʢʫʣʳ ʚ 

ʧʦʪʝʥʮʠʘʣʴʥʳʭ ʷʤʘʭ. ʇʨʠ ʧʦʚʳʰʝʥʠʠ ʪʝʤʧʝʨʘʪʫʨʳ ʚʳʰʝ 165 ʂ, ʜʣʷ ʪʦʛʦ ʯʪʦʙʳ 

çʩʦʚʝʨʰʠʪʴè ʚʨʘʱʝʥʠʝ ʤʦʣʝʢʫʣʝ ʥʝʦʙʭʦʜʠʤʦ ʧʨʝʦʜʦʣʝʪʴ ʚʳʩʦʢʦʵʥʝʨʛʝʪʠʯʝʩʢʠʝ 

ʙʘʨʴʝʨʳ, ʯʪʦ ʜʦʩʪʠʛʘʝʪʩʷ ʪʦʣʴʢʦ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ ʬʘʟʦʚʦʛʦ ʧʝʨʝʭʦʜʘ 

º260 ʂ [126].  

ʅʠʞʝ 4 ʂ ʪʝʧʣʦʝʤʢʦʩʪʴ ʉP(T) ʬʫʣʣʝʨʠʪʘ ʉ60 ʠʩʩʣʝʜʦʚʘʥʘ ʚ ʨʘʙʦʪʘʭ 

[123-125, 127]. ɹʝʝʨʤʘʥʦʤ ʠ ʩʦʘʚʪ. [123, 124] ʙʳʣʦ ʚʳʧʦʣʥʝʥʦ ʜʚʝ ʩʝʨʠʠ 

ʠʟʤʝʨʝʥʠʡ ʉP(T). ʀʟʤʝʨʝʥʠʷ ʚ ʩʝʨʠʠ II ʙʳʣʠ ʚʳʧʦʣʥʝʥʳ ʧʦʩʣʝ ʦʪʞʠʛʘ ʦʙʨʘʟʮʘ ʚ 

ʚʘʢʫʫʤʝ ʧʨʠ 430 ʂ. ɺʳʰʝ 4 ʂ ʨʘʩʭʦʞʜʝʥʠʝ ʤʝʞʜʫ ʩʝʨʠʷʤʠ I ʠ II ʥʝ ʧʨʝʚʳʰʘʣʦ 

16%. ʇʨʠ T < 2 K ʨʝʟʫʣʴʪʘʪʳ ʩʝʨʠʠ I ʙʳʣʠ ʚ ʥʝʩʢʦʣʴʢʦ ʨʘʟ ʚʳʰʝ, ʯʝʤ 

ʨʝʟʫʣʴʪʘʪʳ ʩʝʨʠʠ II. ɸʚʪʦʨʳ [125] ʧʨʝʜʧʦʣʦʞʠʣʠ, ʯʪʦ ʨʘʩʭʦʞʜʝʥʠʷ ʤʝʞʜʫ 
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ʨʝʟʫʣʴʪʘʪʘʤʠ ʉP(T) ʚ ʩʝʨʠʷʭ I [124] ʠ II [125] ʦʙʫʩʣʦʚʣʝʥʳ, ʚ ʦʩʥʦʚʥʦʤ, 

ʨʘʟʣʠʯʠʝʤ ʚ ʦʙʨʘʟʮʘʭ ʬʫʣʣʝʨʠʪʘ ʢʦʥʮʝʥʪʨʘʮʠʡ ʧʨʠʤʝʩʠ ʨʘʩʪʚʦʨʠʪʝʣʷ. ɼʘʥʥʳʝ 

ʩʝʨʠʠ II [125] ʩʠʩʪʝʤʘʪʠʯʝʩʢʠ ʧʨʝʚʳʰʘʶʪ ʨʝʟʫʣʴʪʘʪʳ [123] ʥʘ 5ï12% ʧʨʠ 

T = 4 ï 20 K. ʉ ʧʦʥʠʞʝʥʠʝʤ ʪʝʤʧʝʨʘʪʫʨʳ ʨʘʩʭʦʞʜʝʥʠʝ ʤʝʞʜʫ ʨʝʟʫʣʴʪʘʪʘʤʠ 

[123] ʠ [125] ʚʦʟʨʘʩʪʘʣʦ ʠ ʧʨʠ 1.4 ʂ ʚʝʣʠʯʠʥʘ ʉP ʚ [125] ʚ å5 ʨʘʟ ʙʦʣʴʰʝ, ʯʝʤ ʉP 

ʚ [123]. ɼʘʥʥʳʝ ʨʘʙʦʪʳ [125] ʥʠʞʝ 2.2 ʂ ʠ ʨʘʙʦʪʳ [127] ʥʠʞʝ 0.7 ʂ 

ʦʧʠʩʳʚʘʶʪʩʷ ʣʠʥʝʡʥʳʤ ʠ ʢʫʙʠʯʝʩʢʠʤ ʩʣʘʛʘʝʤʳʤʠ:  

                            ʉP(T) = ɸ1*ʊ + ɸ3*ʊ
3
,                                                 (1.3) 

ʛʜʝ ɸ1 ï ʢʦʥʩʪʘʥʪʘ ʭʘʨʘʢʪʝʨʠʟʫʶʱʘʷ çʩʪʝʢʦʣʴʥʳʡè ʚʢʣʘʜ ʚ ʪʝʧʣʦʝʤʢʦʩʪʴ, ʘ 

ɸ3 - ʢʦʥʩʪʘʥʪʘ ʭʘʨʘʢʪʝʨʠʟʫʶʱʘʷ ʚʢʣʘʜ ʘʢʫʩʪʠʯʝʩʢʠʭ ʪʨʘʥʩʣʷʮʠʦʥʥʳʭ 

ʢʦʣʝʙʘʥʠʡ ʚ ʪʝʧʣʦʝʤʢʦʩʪʴ. ʉʦʛʣʘʩʥʦ [125], ʉP(T) ʥʠʞʝ 2 ʂ ʯʫʚʩʪʚʠʪʝʣʴʥʘ ʢ 

ʧʨʠʤʝʩʠ ʨʘʩʪʚʦʨʠʪʝʣʷ. ʃʠʥʝʡʥʦʝ ʩʣʘʛʘʝʤʦʝ ʦʙʫʩʣʦʚʣʝʥʦ ʚʢʣʘʜʦʤ ʪʫʥʥʝʣʴʥʳʭ 

ʫʨʦʚʥʝʡ ʚ ʦʨʠʝʥʪʘʮʠʦʥʥʦʡ ʩʪʝʢʦʣʴʥʦʡ ʬʘʟʝ ʬʫʣʣʝʨʠʪʘ ʉ60. ʅʝʦʞʠʜʘʥʥʦ 

ʙʦʣʴʰʦʡ çʩʪʝʢʦʣʴʥʳʡè ʚʢʣʘʜ (ʩʦʛʣʘʩʥʦ ʦʮʝʥʢʝ ʚ ʨʘʙʦʪʘʭ [124, 125] 

A1º45 ʤɼʞ/ʤʦʣʴ*ʂ
2
) ʥʝ ʭʘʨʘʢʪʝʨʥʳʡ ʜʣʷ ʯʠʩʪʳʭ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʢʨʠʩʪʘʣʣʦʚ, 

ʧʦʯʪʠ ʥʘ ʧʦʨʷʜʦʢ ʙʦʣʴʰʝ, ʯʝʤ ʜʘʞʝ ʫ ʜʠʵʣʝʢʪʨʠʢʦʚ ʪʠʧʘ ʘʤʦʨʬʥʦʛʦ ʢʨʝʤʥʠʷ.  

ʂʫʙʠʯʝʩʢʠʡ ʚʢʣʘʜ ʦʧʨʝʜʝʣʷʝʪʩʷ ʧʣʦʪʥʦʩʪʴʶ ʩʦʩʪʦʷʥʠʡ ʘʢʫʩʪʠʯʝʩʢʠʭ 

ʬʦʥʦʥʦʚ. ʉ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ɸ3, ʆʣʩʦʥ ʠ ʜʨ. [127] ʦʧʨʝʜʝʣʠʣʠ ʧʨʝʜʝʣʴʥʫʶ ʧʨʠ 

ʊ Ÿ 0 ʂ ʪʝʤʧʝʨʘʪʫʨʫ ɼʝʙʘʷ ɗ0 = 80 K. ɺ ʨʘʙʦʪʘʭ [125] ʠ [134] ʙʳʣ ʚʳʧʦʣʥʝʥ 

ʘʥʘʣʠʟ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʉP(T) ʚʘʨʴʠʨʫʷ ʯʝʪʳʨʝ ʧʘʨʘʤʝʪʨʘ ɸ1, ɗ0, ɗE,tr ʠ ɗE,lib 

ʜʣʷ ʫʯʝʪʘ ʚʢʣʘʜʦʚ: ʪʫʥʥʝʣʴʥʳʭ ʫʨʦʚʥʝʡ (ɸ1), ʘʢʫʩʪʠʯʝʩʢʠʭ ʬʦʥʦʥʦʚ ʚ ʨʘʤʢʘʭ 

ʤʦʜʝʣʠ ɼʝʙʘʷ ʩ ɗ0, ʠ ʦʧʪʠʯʝʩʢʠʭ ʪʨʘʥʩʣʷʮʠʦʥʥʳʭ ʢʦʣʝʙʘʥʠʡ ʠ ʣʠʙʨʘʮʠʡ ʚ 

ʨʘʤʢʘʭ ʤʦʜʝʣʠ ʕʡʥʰʪʝʡʥʘ ʩ ʪʝʤʧʝʨʘʪʫʨʘʤʠ ʕʡʥʰʪʝʡʥʘ ɗE,tr, ɗE,lib, 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ɺ [125] ʠ [134] ʧʦʣʫʯʠʣʠ ɗ0 = 37 K ʠ 32 K, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ɺ 

ʨʘʙʦʪʘʭ [118], [119] ʠ [135] ʠʟ ʭʘʨʘʢʪʝʨʘ ʉʨ(T) ʚʳʰʝ 50 ʂ ʦʮʝʥʠʣʠ ɗ0 å 50 ʂ ʠ 

å 60 ʂ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ɺ [136] ʨʘʩʩʯʠʪʘʣʠ ɗ0 º100 ʂ ʧʦ ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʳʤ 

ʜʘʥʥʳʤ ʦ ʤʦʜʫʣʝ ʖʥʛʘ ʤʦʥʦʢʨʠʩʪʘʣʣʘ ʉ60. ʀʟ ʘʥʘʣʠʟʘ ʜʘʥʥʳʭ ʦ ʪʝʤʧʝʨʘʪʫʨʥʦʡ 

ʟʘʚʠʩʠʤʦʩʪʠ ʢʦʵʬʬʠʮʠʝʥʪʘ ʪʝʧʣʦʚʦʛʦ ʨʘʩʰʠʨʝʥʠʷ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ 

ʬʫʣʣʝʨʠʪʘ ʉ60 ʚ ʨʘʙʦʪʝ [116], ʧʦʣʫʯʠʣʠ ɗ0 = 54 ʂ. ɺ [102] ʜʘʥʥʳʝ ʦ ʩʢʦʨʦʩʪʷʭ 
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ʫʣɹʪʨʘʟʚʫʢʘ ʚ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʦʤ ʉ60 ʙʳʣʠ ʵʢʩʪʨʘʧʦʣʠʨʦʚʘʥʳ ʦʪ ʢʦʤʥʘʪʥʦʡ 

ʪʝʤʧʝʨʘʪʫʨʳ ʜʦ 30 ʂ. ɸʚʪʦʨʘʤʠ [102] ʨʘʩʩʯʠʪʘʥʘ ʪʝʤʧʝʨʘʪʫʨʘ ɗ0 = 55,4 K. 

ʐʝʙʘʥʦʚʘ ʠ ʜʨ. [137] ʠʟ ʘʥʘʣʠʟʘ ʜʘʥʥʳʭ ʨʘʩʩʝʷʥʠʷ ʨʝʥʪʛʝʥʦʚʩʢʠʭ ʣʫʯʝʡ ʥʘ 

ʤʦʥʦʢʨʠʩʪʘʣʣʝ ʉ60 ʧʨʠ 280 ʂ ʧʦʣʫʯʠʣʠ ɗ(280 ʂ)=53,9 K. ʀʟ ʜʘʥʥʳʭ ʠʟʤʝʨʝʥʠʷ 

ʫʣʴʪʨʘʟʚʫʢʘ ʚ ʤʦʥʦʢʨʠʩʪʘʣʣʝ ʉ60 ʧʨʠ T = 300 K ʧʦʣʫʯʝʥʘ ʪʝʤʧʝʨʘʪʫʨʘ ɼʝʙʘʷ 

ɗ(300 ʂ)= 66 K [138]. ɸʥʘʣʠʟ ʠ ʩʦʧʦʩʪʘʚʣʝʥʠʝ ɗ0 ʧʦʣʫʯʝʥʥʳʭ ʠʟ 

ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʳʭ ʜʘʥʥʳʭ ʨʘʟʥʳʭ ʬʠʟʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʬʫʣʣʝʨʠʪʘ ʉ60 

ʧʨʦʚʝʜʝʥ ʄʠʭʘʣʴʯʝʥʢʦ [139]. ʇʦ ʤʥʝʥʠʶ ʘʚʪʦʨʦʚ ʨʘʙʦʪʳ [139], ʥʘʠʙʦʣʝʝ 

ʙʣʠʟʢʦʡ ʢ ʠʩʪʠʥʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ɼʝʙʘʷ ʷʚʣʷʝʪʩʷ ʚʝʣʠʯʠʥʘ ɗ0 = 77,12 K, ʢʦʪʦʨʘʷ 

ʙʳʣʘ ʨʘʩʩʯʠʪʘʥʘ ʘʚʪʦʨʘʤʠ ʨʘʙʦʪʳ [139] ʩ ʧʦʤʦʱʴʶ ʰʝʩʪʠʯʣʝʥʥʦʡ ʬʦʨʤʫʣʳ 

ɹʝʪʪʩʘ ʧʦ ʛʘʨʤʦʥʠʯʝʩʢʠʤ ʫʧʨʫʛʠʤ ʧʦʩʪʦʷʥʥʳʤ ʩijkl ʤʦʥʦʢʨʠʩʪʘʣʣʘ C60 ʚ ʧʨʝʜʝʣʝ 

T  0 K. ʀʟ ʘʥʘʣʠʟʘ ʣʠʪʝʨʘʪʫʨʥʳʭ ʚʝʣʠʯʠʥ ɗ0 ʬʫʣʣʝʨʠʪʘ ʉ60 [139] ʩʣʝʜʫʝʪ, ʯʪʦ 

ʚʝʣʠʯʠʥʘ ʢʘʣʦʨʠʤʝʪʨʠʯʝʩʢʦʡ ʪʨʘʥʩʣʷʮʠʦʥʥʦʡ ʪʝʤʧʝʨʘʪʫʨʳ ɼʝʙʘʷ ɗ0 

ʢʦʣʝʙʣʝʪʩʷ ʦʪ 32 K ʜʦ 188 ʂ. 

ɿʘʢʦʥ T
3
 ɼʝʙʘʷ ʜʣʷ ʬʫʣʣʝʨʠʪʘ C60 ʧʨʦʷʚʣʷʝʪʩʷ ʚ ʦʯʝʥʴ ʫʟʢʦʡ ʦʙʣʘʩʪʠ 

ʥʠʟʢʠʭ ʪʝʤʧʝʨʘʪʫʨ T Ò 2 ʂ [139]. ʇʦʩʢʦʣʴʢʫ ʧʦʣʫʯʝʥʥʳʝ ʠʟ ʠʟʤʝʨʝʥʠʡ 

ʪʝʧʣʦʝʤʢʦʩʪʠ ʚ ʵʪʦʡ ʦʙʣʘʩʪʠ ʪʝʤʧʝʨʘʪʫʨ ʟʥʘʯʝʥʠʷ ɗ0 ʟʘʤʝʪʥʦ ʦʪʣʠʯʘʶʪʩʷ 

(37 K [125] ʠ 80 ʂ [127]) ʠ ʥʝ ʩʦʛʣʘʩʫʶʪʩʷ ʩ ʪʝʦʨʝʪʠʯʝʩʢʠʤʠ ʨʘʩʯʝʪʘʤʠ [139] 

ʚʦʧʨʦʩ ʦ ʚʝʣʠʯʠʥʝ ʠʩʪʠʥʥʦʡ ʪʝʤʧʝʨʘʪʫʨʳ ɼʝʙʘʷ ʜʣʷ C60 ʦʩʪʘʝʪʩʷ ʦʪʢʨʳʪʳʤ. 

ʉʪʦʣʴ ʥʝʦʙʳʯʥʳʡ ʜʣʷ ʪʚʝʨʜʳʭ ʪʝʣ ʨʘʟʙʨʦʩ ʚʝʣʠʯʠʥ ɗ0 ʬʫʣʣʝʨʠʪʘ C60 

ʦʙʫʩʣʦʚʣʝʥ, ʧʦïʚʠʜʠʤʦʤʫ, ʢʘʢ ʦʛʨʘʥʠʯʝʥʠʷʤʠ ʧʨʠʤʝʥʝʥʠʷ ʟʘʢʦʥʘ T
3
 ɼʝʙʘʷ, ʪʘʢ 

ʠ ʧʨʦʮʝʜʫʨʘʤʠ ʫʯʝʪʘ ʚʢʣʘʜʦʚ ʪʨʘʥʩʣʷʮʠʦʥʥʳʭ ʠ ʦʨʠʝʥʪʘʮʠʦʥʥʳʭ ʢʦʣʝʙʘʥʠʡ, ʘ 

ʪʘʢʞʝ ʪʫʥʥʝʣʴʥʳʭ ʫʨʦʚʥʝʡ.  

Ū0 ï ʢʦʥʩʪʘʥʪʘ ʢʨʠʩʪʘʣʣʘ, ʭʘʨʘʢʪʝʨʠʟʫʶʱʘʷ ʪʝʧʣʦʸʤʢʦʩʪʴ, ʵʣʝʢʪʨʦï ʠ 

ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʴ, ʫʰʠʨʝʥʠʝ ʣʠʥʠʡ ʨʝʥʪʛʝʥʦʚʩʢʠʭ ʩʧʝʢʪʨʦʚ, ʫʧʨʫʛʠʝ ʩʚʦʡʩʪʚʘ. 

Ū0 ʪʘʢʞʝ ʷʚʣʷʝʪʩʷ ʭʘʨʘʢʪʝʨʥʦʡ ʚʝʣʠʯʠʥʦʡ, ʢʦʪʦʨʘʷ ʨʘʟʜʝʣʷʝʪ ʦʙʣʘʩʪʴ ʚʳʩʦʢʠʭ 

ʪʝʤʧʝʨʘʪʫʨ T >> ɗ0, ʛʜʝ ʢʦʣʝʙʘʥʠʷ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʸʪʢʠ ʤʦʞʥʦ ʦʧʠʩʳʚʘʪʴ 

ʢʣʘʩʩʠʯʝʩʢʦʡ ʪʝʦʨʠʝʡ, ʠ ʦʙʣʘʩʪʴ ʥʠʟʢʠʭ ʪʝʤʧʝʨʘʪʫʨ T << ɗ0, ʛʜʝ ʩʪʘʥʦʚʷʪʩʷ 

ʩʫʱʝʩʪʚʝʥʥʳʤʠ ʢʚʘʥʪʦʚʦʤʝʭʘʥʠʯʝʩʢʠʝ ʵʬʬʝʢʪʳ [140]. 
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ʀʟʤʝʥʷʪʴ ʩʚʦʡʩʪʚʘ ʬʫʣʣʝʨʠʪʦʚ ʠ, ʪʝʤ ʩʘʤʳʤ, ʨʘʩʰʠʨʠʪʴ ʚʦʟʤʦʞʥʦʩʪʠ ʠʭ 

ʧʨʘʢʪʠʯʝʩʢʦʛʦ ʧʨʠʤʝʥʝʥʠʷ ʤʦʞʥʦ ʚ ʨʝʟʫʣʴʪʘʪʝ ʠʭ ʜʦʧʠʨʦʚʘʥʠʷ. ʇʦʩʢʦʣʴʢʫ ʚ 

ʦʢʪʘʵʜʨʠʯʝʩʢʠʝ ʧʦʣʦʩʪʠ ʬʫʣʣʝʨʠʪʘ ʤʦʞʥʦ ʚʥʝʜʨʠʪʴ ʥʝ ʪʦʣʴʢʦ ʘʪʦʤʳ ʣʶʙʦʛʦ 

ʨʘʟʤʝʨʘ (ʦʪ ʚʦʜʦʨʦʜʘ ʜʦ ʫʨʘʥʘ), ʥʦ ʠ ʨʘʟʣʠʯʥʳʝ ʭʠʤʠʯʝʩʢʠʝ ʩʦʝʜʠʥʝʥʠʷ [120], 

ʵʪʦʪ ʤʘʪʝʨʠʘʣ, ʢʨʦʤʝ ʚʩʝʛʦ ʧʨʦʯʝʛʦ, ʷʚʣʷʝʪʩʷ ʧʝʨʩʧʝʢʪʠʚʥʦʡ ʩʨʝʜʦʡ ʜʣʷ 

ʭʨʘʥʝʥʠʷ ʚʝʱʝʩʪʚ, ʘ ʪʘʢʞʝ ʙʘʟʦʚʳʤ ʢʦʤʧʦʥʝʥʪʦʤ ʥʦʚʳʭ ʢʦʤʧʦʟʠʪʥʳʭ 

ʥʘʥʦʤʘʪʝʨʠʘʣʦʚ ʩ ʫʥʠʢʘʣʴʥʳʤʠ ʩʚʦʡʩʪʚʘʤʠ. ʇʨʠ ʜʦʧʠʨʦʚʘʥʠʠ ʘʪʦʤʘʤʠ 

(ʤʦʣʝʢʫʣʘʤʠ) ʬʫʣʣʝʨʠʪʦʚ ʧʨʦʠʩʭʦʜʠʪ ʠʟʤʝʥʝʥʠʝ ʨʘʟʥʦʩʪʠ ʵʥʝʨʛʠʡ ʤʝʞʜʫ 

ʤʠʥʠʤʫʤʘʤʠ ʧʦʪʝʥʮʠʘʣʴʥʳʭ ʷʤ Dɽ ʠ ʜʦʣʠ pï ʠ h ï ʢʦʥʬʠʛʫʨʘʮʠʡ. ʌʫʣʣʝʨʠʪ 

ʉ60, ʣʝʛʠʨʦʚʘʥʥʳʡ ʘʪʦʤʘʤʠ ʱʝʣʦʯʥʳʭ ʤʝʪʘʣʣʦʚ, ʷʚʣʷʝʪʩʷ 

ʩʚʝʨʭʧʨʦʚʦʜʥʠʢʦʤ [142].  

ʀʩʩʣʝʜʦʚʘʥʠʷ ʬʫʣʣʝʨʠʪʘ ʉ60, ʜʦʧʠʨʦʚʘʥʥʦʛʦ ʘʪʦʤʘʤʠ ʠʥʝʨʪʥʳʭ ʛʘʟʦʚ 

[116, 117, 132, 143 ï 145] ʠ ʧʨʦʩʪʳʤʠ ʤʦʣʝʢʫʣʘʤʠ [117, 132, 147 ï 160] 

ʨʘʟʣʠʯʥʦʡ ʩʠʤʤʝʪʨʠʠ ʠ ʨʘʟʤʝʨʦʚ ʚʳʧʦʣʥʝʥʳ ʤʝʪʦʜʘʤʠ: ʥʝʫʧʨʫʛʠʤ ʨʘʩʩʝʷʥʠʷʤ 

ʥʝʡʪʨʦʥʦʚ, ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʜʠʬʨʘʢʮʠʠ, ʗʄʈ, ʜʠʣʘʪʦʤʝʪʨʠʠ, ʀʂï ʠ ʨʘʤʘʥʦʚʩʢʦʡ 

ʩʧʝʢʪʨʦʩʢʦʧʠʝʡ. ʂʦʣʠʯʝʩʪʚʝʥʥʳʝ ʠ ʢʘʯʝʩʪʚʝʥʥʳʝ ʦʩʦʙʝʥʥʦʩʪʠ ʧʦʚʝʜʝʥʠʷ 

ʩʠʩʪʝʤ Aʭʉ60 (A ï 
4
He, Ne, Ar, Kr, Xe) ʠ ʄʭʉ60 (ʄ ï H2, N2, O2, CO, CH4, CD4) 

ʟʘʚʠʩʷʪ, ʚ ʯʘʩʪʥʦʩʪʠ, ʦʪ ʢʦʥʮʝʥʪʨʘʮʠʠ ʧʨʠʤʝʩʝʡ ʭ (ʭ ï ʜʦʣʷ ʦʢʪʘʵʜʨʠʯʝʩʢʠʭ 

ʧʦʣʦʩʪʝʡ ʟʘʥʷʪʳʭ ʧʨʠʤʝʩʷʤʠ) ʠ ʠʭ ʘʪʦʤʘʨʥʳʭ/ʤʦʣʝʢʫʣʷʨʥʳʭ ʧʘʨʘʤʝʪʨʦʚ. 

ʆʪʤʝʪʠʤ, ʯʪʦ ʚ ʩʣʫʯʘʝ ʨʘʩʪʚʦʨʘ 
4
He ʚ ʬʫʣʣʝʨʠʪʝ, ʘʪʦʤʳ 

4
He ʤʦʛʫʪ ʟʘʧʦʣʥʷʪʴ 

ʪʘʢʞʝ ʠ ʪʝʪʨʘʵʜʨʠʯʝʩʢʠʝ ʧʦʣʦʩʪʠ. ɺʝʣʠʯʠʥʳ ʤʘʩʩ, ʤʦʤʝʥʪʦʚ ʠʥʝʨʮʠʠ, 

ʮʝʥʪʨʘʣʴʥʳʭ ʠ ʥʝʮʝʥʪʨʘʣʴʥʳʭ ʩʠʣ ʧʘʨʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʤʦʣʝʢʫʣ H2, N2, O2, 

CO, CH4, CD4 ʟʥʘʯʠʪʝʣʴʥʦ ʤʝʥʴʰʝ, ʯʝʤ ʚ ʩʣʫʯʘʝ ʤʦʣʝʢʫʣʳ ʉ60. ʇʦʵʪʦʤʫ, 

ʜʦʧʠʨʦʚʘʥʠʝ ʬʫʣʣʝʨʠʪʘ ʵʪʠʤʠ ʤʦʣʝʢʫʣʘʤʠ ʚʳʟʳʚʘʝʪ ʦʪʥʦʩʠʪʝʣʴʥʦ ʩʣʘʙʳʝ 

ʚʦʟʤʫʱʝʥʠʷ ʨʝʰʝʪʦʯʥʳʭ ʪʨʘʥʩʣʷʮʠʦʥʥʳʭ ʠ ʚʨʘʱʘʪʝʣʴʥʳʭ ʤʦʜ [153], ʪʦʛʜʘ ʢʘʢ 

ʜʚʠʞʝʥʠʝ ʤʦʣʝʢʫʣ C60 ʟʘʤʝʪʥʦ ʚʣʠʷʝʪ ʥʘ ʜʠʥʘʤʠʢʫ ʧʨʠʤʝʩʥʳʭ ʤʦʣʝʢʫʣ [153]. 

ɼʦʧʠʨʦʚʘʥʠʝ ʫʢʘʟʘʥʥʳʤʠ ʚʝʱʝʩʪʚʘʤʠ ʧʨʠʚʦʜʠʪ ʢ ʦʪʥʦʩʠʪʝʣʴʥʦ ʥʝʙʦʣʴʰʦʤʫ 

ʫʚʝʣʠʯʝʥʠʶ ʧʘʨʘʤʝʪʨʘ ʨʝʰʝʪʢʠ a ʬʫʣʣʝʨʠʪʘ, ʥʦ ʩʠʤʤʝʪʨʠʷ ʨʝʰʝʪʢʠ ʥʝ 

ʠʟʤʝʥʷʝʪʩʷ [152]. ʇʦʵʪʦʤʫ ʵʥʝʨʛʠʷ ʩʚʷʟʠ ʤʦʣʝʢʫʣ ʉ60 ʚ ʬʫʣʣʝʨʠʪʝ ʠ ʙʘʨʴʝʨʳ ej, 

ʧʨʝʧʷʪʩʪʚʫʶʱʠʝ ʚʨʘʱʝʥʠʶ ʤʦʣʝʢʫʣ ʉ60, ʫʤʝʥʴʰʘʶʪʩʷ. ɺʨʘʱʘʪʝʣʴʥʘʷ 
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ʧʦʜʩʠʩʪʝʤʘ ʬʫʣʣʝʨʠʪʘ ʙʦʣʝʝ ʯʫʚʩʪʚʠʪʝʣʴʥʘ ʢ ʜʦʧʠʨʦʚʘʥʠʶ. ɺʚʝʜʝʥʠʝ ʧʨʠʤʝʩʠ 

ʧʨʠʚʦʜʠʪ ʥʝ ʪʦʣʴʢʦ ʢ ʩʥʠʞʝʥʠʶ ʪʝʤʧʝʨʘʪʫʨʳ ʦʨʠʝʥʪʘʮʠʦʥʥʦʛʦ ʬʘʟʦʚʦʛʦ 

ʧʝʨʝʭʦʜʘ ʧʝʨʚʦʛʦ ʨʦʜʘ ʊc, ʥʦ ʠ ʪʝʤʧʝʨʘʪʫʨʳ ʦʙʨʘʟʦʚʘʥʠʷ ʦʨʠʝʥʪʘʮʠʦʥʥʦʛʦ 

ʩʪʝʢʣʘ Tg ʚ ʬʫʣʣʝʨʠʪʝ [150].  

ʇʨʝʮʠʟʠʦʥʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʪʝʧʣʦʚʦʛʦ ʨʘʩʰʠʨʝʥʠʷ ʜʦʧʠʨʦʚʘʥʥʦʛʦ 

ʘʪʦʤʘʨʥʳʤʠ (He, Ne, Ar, Kr, Xe) ʠ ʤʦʣʝʢʫʣʷʨʥʳʤʠ (H2, D2, N2, O2, CO, CH4, CD4) 

ʧʨʠʤʝʩʷʤʠ ʬʫʣʣʝʨʠʪʘ ʉ60, ʚʳʧʦʣʥʝʥʥʳʝ ʚ ʦʙʣʘʩʪʠ 2 ï 25 ʂ, ʚʳʷʚʠʣʠ ʨʷʜ ʥʦʚʳʭ 

ʵʬʬʝʢʪʦʚ [116,117, 158ï160]. ɼʦʧʠʨʦʚʘʥʠʝ ʬʫʣʣʝʨʠʪʘ ʧʨʠʚʦʜʠʪ ʢ ʠʟʤʝʥʝʥʠʷʤ 

a(ʊ) ʧʦ ʘʙʩʦʣʶʪʥʦʡ ʚʝʣʠʯʠʥʝ ʠ ʪʝʤʧʝʨʘʪʫʨʥʦʡ ʦʙʣʘʩʪʠ ʦʪʨʠʮʘʪʝʣʴʥʳʭ 

ʟʥʘʯʝʥʠʡ a(ʊ), ʘ ʪʘʢʞʝ ʢ ʫʚʝʣʠʯʝʥʠʶ ʚʝʣʠʯʠʥʳ ʛʠʩʪʝʨʝʟʠʩʘ ʚ ʪʝʧʣʦʚʦʤ 

ʨʘʩʰʠʨʝʥʠʠ ʠ ʢ ʧʦʷʚʣʝʥʠʶ ʤʘʢʩʠʤʫʤʘ ʥʘ ʢʨʠʚʦʡ a(ʊ) ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ ʦʢʦʣʦ 

5 ʂ. ʆʪʨʠʮʘʪʝʣʴʥʳʝ ʟʥʘʯʝʥʠʷ ʪʝʧʣʦʚʦʛʦ ʨʘʩʰʠʨʝʥʠʷ ʬʫʣʣʝʨʠʪʘ ʧʨʠ ʥʠʟʢʠʭ 

ʪʝʤʧʝʨʘʪʫʨʘʭ ʩʚʠʜʝʪʝʣʴʩʪʚʫʶʪ ʦ ʪʫʥʥʝʣʴʥʦʡ ʧʨʠʨʦʜʝ ʚʨʘʱʘʪʝʣʴʥʳʭ ʩʦʩʪʦʷʥʠʡ 

ʤʦʣʝʢʫʣ ʉ60 [116, 117, 158ï160].  

ʀʩʩʣʝʜʦʚʘʥʠʷ ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ ʪʝʧʣʦʝʤʢʦʩʪʠ ʨʘʩʪʚʦʨʦʚ ʚʥʝʜʨʝʥʠʷ 

ʧʨʦʩʪʳʭ ʛʘʟʦʚ ʚ ʦʢʪʘʵʜʨʠʯʝʩʢʠʝ ʧʦʣʦʩʪʠ ʬʫʣʣʝʨʠʪʘ ʉ60 ʥʘʭʦʜʷʪʩʷ ʥʘ ʥʘʯʘʣʴʥʦʤ 

ʵʪʘʧʝ [161, 162]. ʊʝʧʣʦʝʤʢʦʩʪʴ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʬʫʣʣʝʨʠʪʘ ʉ60, 

ʜʦʧʠʨʦʚʘʥʥʦʛʦ ʘʟʦʪʦʤ ʙʳʣʘ ʠʩʩʣʝʜʦʚʘʥʘ ʚ ʪʝʤʧʝʨʘʪʫʨʥʦʤ 

ʠʥʪʝʨʚʘʣʝ 2 - 13 ʂ [161]. ʊʝʧʣʦʝʤʢʦʩʪʴ ʨʘʩʪʚʦʨʘ ʙʳʣʘ ʦʧʠʩʘʥʘ, ʢʘʢ ʩʫʤʤʘ 

ʚʢʣʘʜʦʚ ʪʨʘʥʩʣʷʮʠʦʥʥʳʭ ʢʦʣʝʙʘʥʠʡ ʨʝʰʝʪʢʠ, ʦʨʠʝʥʪʘʮʠʦʥʥʳʭ ʢʦʣʝʙʘʥʠʡ 

ʤʦʣʝʢʫʣ ʉ60, ʘ ʪʘʢʞʝ ʣʦʢʘʣʴʥʳʭ ʪʨʘʥʩʣʷʮʠʦʥʥʳʭ ʠ ʦʨʠʝʥʪʘʮʠʦʥʥʳʭ ʢʦʣʝʙʘʥʠʡ 

ʤʦʣʝʢʫʣ ʘʟʦʪʘ ʚ ʦʢʪʘʵʜʨʠʯʝʩʢʠʭ ʧʦʣʦʩʪʷʭ.  

ɺ ʨʘʙʦʪʝ [162] ʪʝʧʣʦʸʤʢʦʩʪʴ ʜʦʧʠʨʦʚʘʥʥʦʛʦ ʜʝʡʪʝʨʦʤʝʪʘʥʦʤ ʬʫʣʣʝʨʠʪʘ 

(CD4)0,4C60 ʠʩʩʣʝʜʦʚʘʥʘ ʚ ʪʝʤʧʝʨʘʪʫʨʥʦʤ ʠʥʪʝʨʚʘʣʝ 1,2 ï 120 ʂ. ɹʳʣ ʚʳʜʝʣʝʥ ʠ 

ʧʨʦʘʥʘʣʠʟʠʨʦʚʘʥ ʚʢʣʘʜ ʉCD4 ʤʦʣʝʢʫʣ CD4 ʚ ʪʝʧʣʦʸʤʢʦʩʪʴ ʨʘʩʪʚʦʨʘ. ʇʦʢʘʟʘʥʦ, 

ʯʪʦ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ ʊ º 120 ʂ ʚʨʘʱʘʪʝʣʴʥʦʝ ʜʚʠʞʝʥʠʝ ʤʦʣʝʢʫʣ CD4 ʚ 

ʦʢʪʘʵʜʨʠʯʝʩʢʠʭ ʧʦʣʦʩʪʷʭ ʨʝʰʝʪʢʠ ʬʫʣʣʝʨʠʪʘ ʷʚʣʷʝʪʩʷ ʩʣʘʙʦ ʟʘʪʦʨʤʦʞʝʥʥʳʤ. ʉ 

ʧʦʥʠʞʝʥʠʝʤ ʪʝʤʧʝʨʘʪʫʨʳ ʜʦ 80 ʂ ʭʘʨʘʢʪʝʨ ʚʨʘʱʘʪʝʣʴʥʦʛʦ ʜʚʠʞʝʥʠʷ ʤʦʣʝʢʫʣ 

CD4 ʠʟʤʝʥʷʝʪʩʷ ʦʪ ʩʣʘʙʦ ʟʘʪʦʨʤʦʞʝʥʥʦʛʦ ʚʨʘʱʝʥʠʷ ʢ ʣʠʙʨʘʮʠʷʤ. ɺ ʦʙʣʘʩʪʠ 

ʪʝʤʧʝʨʘʪʫʨ 1,2 ï 30 ʂ ʉCD4 ʫʜʦʚʣʝʪʚʦʨʠʪʝʣʴʥʦ ʦʧʠʩʳʚʘʝʪʩʷ ʚʢʣʘʜʘʤʠ 
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ʪʨʘʥʩʣʷʮʠʦʥʥʳʭ ʠ ʦʨʠʝʥʪʘʮʠʦʥʥʳʭ ʢʦʣʝʙʘʥʠʡ, ʘ ʪʘʢʞʝ ʪʫʥʥʝʣʴʥʦʛʦ ʚʨʘʱʝʥʠʷ 

ʤʦʣʝʢʫʣ CD4. ʅʠʞʝ 5 ʂ ʜʦʤʠʥʠʨʫʝʪ ʚʢʣʘʜ ʪʫʥʥʝʣʴʥʦʛʦ ʚʨʘʱʝʥʠʷ ʚ 

ʪʝʧʣʦʝʤʢʦʩʪʴ ʉCD4(ʊ). ɹʳʣʦ ʦʙʥʘʨʫʞʝʥʦ ʚʣʠʷʥʠʝ ʩʧʠʥï̫ ʜʝʨʥʦʡ ʢʦʥʚʝʨʩʠʠ 

ʤʦʣʝʢʫʣ CD4 ʥʘ ʪʝʧʣʦʝʤʢʦʩʪʴ ʠ ʦʧʨʝʜʝʣʝʥʳ ʭʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʠʝ ʚʨʝʤʝʥʘ ʩʧʠʥï

ʷʜʝʨʥʦʡ ʢʦʥʚʝʨʩʠʠ ʤʝʞʜʫ ʥʠʞʘʡʰʠʤʠ ʫʨʦʚʥʷʤʠ ʤʦʜʠʬʠʢʘʮʠʡ ʤʦʣʝʢʫʣ CD4 

ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ T < 5 K.  

ʈʘʥʝʝ ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʜʠʥʘʤʠʢʠ ʨʘʩʪʚʦʨʦʚ (Cʅ4)nC60 ʠ 

(CD4)nC60 ʪʘʢʞʝ ʧʨʦʚʦʜʠʣʠʩʴ ʩ ʧʦʤʦʱʴʶ ʥʝʡʪʨʦʥʦʛʨʘʬʠʯʝʩʢʦʡ [153, 163] ʠ 

ʨʝʥʪʛʝʥʦʚʩʢʦʡ [150] ʜʠʬʨʘʢʮʠʠ, ʷʜʝʨʥʦʛʦ ʤʘʛʥʠʪʥʦʛʦ ʨʝʟʦʥʘʥʩʘ (ʗʄʈ) ʥʘ 

ʘʪʦʤʘʭ 
2
ʅ [163] ʠ 

13
ʉ [163, 164], ʨʘʤʘʥʦʚʩʢʦʡ ʠ ʀʂ ʩʧʝʢʪʨʦʩʢʦʧʠʠ [164], 

ʜʠʣʘʪʦʤʝʪʨʠʠ [158, 159]. ʈʝʟʫʣʴʪʘʪʳ ʢʘʣʦʨʠʤʝʪʨʠʯʝʩʢʠʭ ʠʩʩʣʝʜʦʚʘʥʠʡ 

ʚʨʘʱʘʪʝʣʴʥʦïʢʦʣʝʙʘʪʝʣʴʥʳʭ ʩʦʩʪʦʷʥʠʡ ʤʦʣʝʢʫʣ CD4 ʚ ʬʫʣʣʝʨʠʪʝ ʉ60 [162] 

ʚʳʧʦʣʥʝʥʥʳʝ ɹʘʛʘʮʢʠʤ ʠ ʩʦʘʚʪ. ʭʦʨʦʰʦ ʩʦʛʣʘʩʫʶʪʩʷ ʩ ʜʘʥʥʳʤʠ ʧʦ ʜʠʥʘʤʠʢʝ 

ʤʦʣʝʢʫʣʷʨʥʦʛʦ ʜʚʠʞʝʥʠʷ ʚ ʨʘʩʪʚʦʨʘʭ (CH4)0,92C60 ʠ (CD4)0,88C60, ʧʦʣʫʯʝʥʥʳʤʠ 

ʤʝʪʦʜʘʤʠ ʥʝʫʧʨʫʛʦʛʦ ʨʘʩʩʝʷʥʠʷ ʥʝʡʪʨʦʥʦʚ [153] ʠ ʗʄʈ ʩʧʝʢʪʨʦʩʢʦʧʠʝʡ [163]. 

ʀʥʪʝʨʢʘʣʠʨʦʚʘʥʠʝ ʬʫʣʣʝʨʠʪʘ ʤʦʣʝʢʫʣʘʤʠ Cʅ4 ʠ CD4 (ʢʘʢ ʠ ʜʨʫʛʠʤʠ 

ʧʨʦʩʪʳʤʠ ʛʘʟʦʚʳʤʠ ʧʨʠʤʝʩʷʤʠ [144]) ʥʝ ʧʨʠʚʦʜʠʪ ʢ ʠʟʤʝʥʝʥʠʷʤ ʩʪʨʫʢʪʫʨʳ 

ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ ʠ ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ ʬʘʟ ʬʫʣʣʝʨʠʪʘ, ʦʜʥʘʢʦ ʚʣʠʷʝʪ ʥʘ 

ʧʘʨʘʤʝʪʨ ʨʝʰʝʪʢʠ. ʇʘʨʘʤʝʪʨ ʨʝʰʝʪʢʠ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ ʬʘʟʳ ʨʘʩʪʚʦʨʦʚ 

(Cʅ4)0,91ʉ60, (CD4)0,87ʉ60 ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ ʦʢʦʣʦ 300 ʂ ʙʦʣʴʰʝ ʯʝʤ ʫ ʯʠʩʪʦʛʦ 

ʬʫʣʣʝʨʠʪʘ ʉ60 (ʘ = 14,153 ¡) ʥʘ 0,026 ¡ ʠ 0,016 ¡, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ [153, 163].  

ʈʘʟʥʦʩʪʠ ʵʥʝʨʛʠʡ ʤʝʞʜʫ ʥʠʞʥʠʤʠ ʫʨʦʚʥʷʤʠ ʚʨʘʱʘʪʝʣʴʥʳʭ ʩʧʝʢʪʨʦʚ ɸï, 

ʊï ʠ ɽï ʩʧʠʥï̫ ʜʝʨʥʳʭ ʤʦʜʠʬʠʢʘʮʠʡ ʤʦʣʝʢʫʣ Cʅ4 ʚ ʦʢʪʘʵʜʨʠʯʝʩʢʠʭ ʧʦʣʦʩʪʷʭ 

ʉ60 ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʦʧʨʝʜʝʣʠʣ ʂʚʝʡ ʩ ʩʦʘʚʪʦʨʘʤʠ [153] ʧʨʠ ʠʩʩʣʝʜʦʚʘʥʠʠ 

ʜʠʥʘʤʠʢʠ ʨʘʩʪʚʦʨʦʚ (Cʅ4)0,91ʉ60, (CD4)0,87ʉ60, ʠ ʬʫʣʣʝʨʠʪʘ C60 ʤʝʪʦʜʦʤ 

ʥʝʫʧʨʫʛʦʛʦ ʨʘʩʩʝʷʥʠʷ ʥʝʡʪʨʦʥʦʚ ʚ ʦʙʣʘʩʪʠ ʵʥʝʨʛʠʡ 0,1ï100 ʤɻɺ ʠ ʪʝʤʧʝʨʘʪʫʨ 

1,5ï40 ʂ. ɹʳʣʦ ʦʧʨʝʜʝʣʝʥʦ ʚʨʝʤʷ t1/2 º 2,6 ʯ ʩʧʠʥï̫ ʜʝʨʥʦʡ ʢʦʥʚʝʨʩʠʠ ʤʦʣʝʢʫʣ 

Cʅ4 ʤʝʞʜʫ ʦʩʥʦʚʥʳʤʠ ʩʦʩʪʦʷʥʠʷʤʠ ɸï ʠ ʊï ʤʦʜʠʬʠʢʘʮʠʡ Cʅ4. ʋʩʪʘʥʦʚʣʝʥʦ, 

ʯʪʦ ʤʦʣʝʢʫʣʳ ʧʨʠʤʝʩʠ ʩʣʘʙʦ ʚʣʠʷʶʪ ʥʘ ʜʚʠʞʝʥʠʝ ʤʦʣʝʢʫʣ ʉ60. ʇʨʠ ʛʝʣʠʝʚʳʭ 
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ʪʝʤʧʝʨʘʪʫʨʘʭ ʤʦʣʝʢʫʣʳ Cʅ4 ʩʦʚʝʨʰʘʶʪ ʚʨʘʱʘʪʝʣʴʥʳʝ ʢʦʣʝʙʘʥʠʷ, ʘ ʧʨʠ 

ʪʝʤʧʝʨʘʪʫʨʘʭ ~120 ʂ ʠʤʝʝʪ ʤʝʩʪʦ ʩʣʘʙʦ ʟʘʪʦʨʤʦʞʝʥʥʦʝ ʚʨʘʱʝʥʠʝ [153].  

ɹʦʣʴʰʦʡ ʨʘʟʙʨʦʩ ʚʝʣʠʯʠʥ ɗ0 ʠ ʚʝʣʠʯʠʥ ʪʝʧʣʦʝʤʢʦʩʪʠ ʬʫʣʣʝʨʠʪʘ ʉ60 ʥʠʞʝ 

4 ʂ [124, 127], ʘ ʪʘʢʞʝ ʥʝʜʦʩʪʘʪʦʯʥʘʷ ʠʟʫʯʝʥʥʦʩʪʴ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ 

ʨʘʩʪʚʦʨʦʚ ʚʥʝʜʨʝʥʠʷ ʧʨʦʩʪʳʭ ʛʘʟʦʚ ʚ ʦʢʪʘʵʜʨʠʯʝʩʢʠʝ ʧʦʣʦʩʪʠ ʬʫʣʣʝʨʠʪʘ ʉ60 

ʩʪʠʤʫʣʠʨʦʚʘʣʠ ʧʨʦʚʝʜʝʥʠʝ ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʪʝʧʣʦʝʤʢʦʩʪʠ 

ʬʫʣʣʝʨʠʪʘ C60, ʠ ʨʘʩʪʚʦʨʘ ʉ60ïʉʅ4. ʀʩʩʣʝʜʦʚʘʥʠʷ ʪʝʧʣʦʝʤʢʦʩʪʠ ʬʫʣʣʝʨʠʪʘ C60, 

ʚʳʧʦʣʥʝʥʥʝr ʩ ʮʝʣʴʶ ʦʧʨʝʜʝʣʝʥʠʷ ʠ ʘʥʘʣʠʟʘ ʚʢʣʘʜʦʚ ʚʥʫʪʨʠʤʦʣʝʢʫʣʷʨʥʳʭ, 

ʪʨʘʥʩʣʷʮʠʦʥʥʳʭ ʠ ʚʨʘʱʘʪʝʣʴʥʳʭ ʩʪʝʧʝʥʝʡ ʩʚʦʙʦʜʳ, ʘ ʪʘʢʞʝ ʧʨʦʮʝʩʩʦʚ 

ʦʨʠʝʥʪʘʮʠʦʥʥʦʛʦ ʨʘʟʫʧʦʨʷʜʦʯʝʥʠʷ, ʦʧʠʩʘʥ rʚ ʨʘʟʜʝʣʝ 5. ɺ ʨʘʟʜʝʣʝ 6 ʦʧʠʩʘʥ r

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʝr ʠʩʩʣʝʜʦʚʘʥʠ ̫ ʪʝʧʣʦʝʤʢʦʩʪʠ ʨʘʩʪʚʦʨʘ ʉ60ïʉʅ4, 

ʚʳʧʦʣʥʝʥʥʝr ʩ ʮʝʣʴʶ ʧʦʣʫʯʝʥʠʷ ʠʥʬʦʨʤʘʮʠʠ ʦ ʜʠʥʘʤʠʢʝ ʤʘʪʨʠʯʥʦï

ʠʟʦʣʠʨʦʚʘʥʥr ʭ ʤʦʣʝʢʫʣ ʉʅ4 ʠ ʦʙʥʘʨʫʞʝʥʠʷ ʠʟʦʪʦʧʠʯʝʩʢʠʭ ʵʬʬʝʢʪʦʚ ʚ 

ʨʘʩʪʚʦʨʘʭ ʉ60ïʉʅ4 ʠ ʉ60ïʉD4.  
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ʈɸɿɼɽʃ 2  

ʄɽʊʆɼʀʂɸ ʀ ʕʂʉʇɽʈʀʄɽʅʊɸʃʔʅɸʗ ʊɽʍʅʀʂɸ  

2.1. ʆʩʦʙʝʥʥʦʩʪʠ ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ ʢʘʣʦʨʠʤʝʪʨʠʠ 

ʆʜʥʦʡ ʠʟ ʢʣʶʯʝʚʳʭ ʪʝʧʣʦʬʠʟʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ, ʩʚʷʟʘʥʥʦʡ ʩ 

ʵʥʝʨʛʝʪʠʯʝʩʢʠʤ ʩʧʝʢʪʨʦʤ ʩʠʩʪʝʤʳ, ʷʚʣʷʝʪʩʷ ʪʝʧʣʦʝʤʢʦʩʪʴ. ʆʥʘ ʷʚʣʷʝʪʩʷ 

ʮʝʥʥʳʤ ʠʩʪʦʯʥʠʢʦʤ ʠʥʬʦʨʤʘʮʠʠ ʚ ʪʝʨʤʦʜʠʥʘʤʠʢʝ ʠ ʚ ʬʠʟʠʢʝ ʪʚʝʨʜʦʛʦ ʪʝʣʘ 

ʧʨʠ ʠʩʩʣʝʜʦʚʘʥʠʷʭ ʩʠʣ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ, ʬʘʟʦʚʳʭ ʧʝʨʝʭʦʜʦʚ, ʢʦʥʚʝʨʩʠʠ, 

ʢʚʘʥʪʦʚʦʡ ʜʠʬʬʫʟʠʠ, ʪʨʘʥʩʣʷʮʠʦʥʥʳʭ, ʦʨʠʝʥʪʘʮʠʦʥʥʳʭ ʠ 

ʚʥʫʪʨʠʤʦʣʝʢʫʣʷʨʥʳʭ ʢʦʣʝʙʘʥʠʡ ʠ ʪ.ʜ. ʇʨʘʢʪʠʯʝʩʢʘʷ ʟʥʘʯʠʤʦʩʪʴ ʠʟʫʯʝʥʠʷ 

ʪʝʧʣʦʝʤʢʦʩʪʠ ʩʚʷʟʘʥʘ ʩ ʪʝʤ, ʯʪʦ ʵʪʘ ʬʠʟʠʯʝʩʢʘʷ ʚʝʣʠʯʠʥʘ ʧʨʠʥʮʠʧʠʘʣʴʥʦ 

ʚʘʞʥʘ ʚʦ ʤʥʦʛʠʭ ʠʥʞʝʥʝʨʥʳʭ ʨʘʩʯʝʪʘʭ ʪʝʧʣʦʚʳʭ ʧʨʦʮʝʩʩʦʚ ʠ ʦʪ ʪʦʯʥʦʩʪʠ, ʩ 

ʢʦʪʦʨʦʡ ʦʥʘ ʦʧʨʝʜʝʣʝʥʘ, ʟʘʚʠʩʠʪ ʨʘʮʠʦʥʘʣʴʥʦʩʪʴ ʚʳʙʨʘʥʥʳʭ ʢʦʥʩʪʨʫʢʮʠʡ, 

ʨʘʟʤʝʨʳ, ʨʝʞʠʤʳ ʨʘʙʦʪʳ ʠ, ʚ ʢʦʥʝʯʥʦʤ ʩʯʝʪʝ, ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʧʨʠʙʦʨʘ ʚ ʮʝʣʦʤ. 

ʀʟʤʝʨʝʥʠʷ ʪʝʧʣʦʸʤʢʦʩʪʠ ʠ ʢʦʣʠʯʝʩʪʚʘ ʪʝʧʣʦʪʳ, ʧʦʛʣʦʱʘʝʤʦʛʦ ʠʣʠ 

ʚʳʜʝʣʷʝʤʦʛʦ ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʬʠʟʠʯʝʩʢʠʭ, ʭʠʤʠʯʝʩʢʠʭ ʠ ʙʠʦʣʦʛʠʯʝʩʢʠʭ 

ʧʨʦʮʝʩʩʘʭ, ʦʩʫʱʝʩʪʚʣʷʶʪʩʷ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʢʘʣʦʨʠʤʝʪʨʦʚ. ʆʪʤʝʪʠʤ, ʯʪʦ 

ʩʣʦʚʦ çʢʘʣʦʨʠʤʝʪʨè ʫʧʦʪʨʝʙʣʷʝʪʩʷ ʢʘʢ ʜʣʷ ʥʘʟʚʘʥʠʷ ʧʨʠʙʦʨʘ (ʚʩʝʡ ʫʩʪʘʥʦʚʢʠ), 

ʪʘʢ ʠ ʜʣʷ ʥʘʟʚʘʥʠʷ ʩʦʩʫʜʘ (ʢʘʣʦʨʠʤʝʪʨʠʯʝʩʢʠʡ ʩʦʩʫʜ), ʚ ʢʦʪʦʨʳʡ ʤʦʥʪʠʨʫʝʪʩʷ 

ʦʙʨʘʟʝʮ. ʂʘʣʦʨʠʤʝʪʨ ʩʦʩʪʦʠʪ ʠʟ ʦʙʦʣʦʯʢʠ (ʯʘʩʪʦ ʥʘʟʳʚʘʝʤʦʡ ʵʢʨʘʥ, 

ʦʢʨʫʞʘʶʱʘʷ ʩʨʝʜʘ ʠʣʠ ʪʝʨʤʦʩʪʘʪ) ʠʤʝʶʱʝʡ ʪʝʤʧʝʨʘʪʫʨʫ ʊs ʠ 

ʢʘʣʦʨʠʤʝʪʨʠʯʝʩʢʦʛʦ ʩʦʩʫʜʘ (ʢʦʪʦʨʳʡ, ʚ ʙʦʣʴʰʠʥʩʪʚʝ ʩʣʫʯʘʝʚ, ʥʘʭʦʜʠʪʩʷ ʚ 

ʚʳʩʦʢʦʤ ʚʘʢʫʫʤʝ) ʩ ʪʝʤʧʝʨʘʪʫʨʦʡ Tn [165]. 

ɺ ʦʩʥʦʚʫ ʩʦʚʨʝʤʝʥʥʳʭ ʢʣʘʩʩʠʬʠʢʘʮʠʡ ʢʘʣʦʨʠʤʝʪʨʦʚ ʧʦʣʦʞʝʥʳ ʪʨʠ 

ʧʨʠʟʥʘʢʘ: ʧʨʠʥʮʠʧ ʢʦʥʩʪʨʫʢʮʠʠ ʧʨʠʙʦʨʘ, ʨʝʞʠʤ ʠʟʤʝʨʝʥʠʷ ʠ ʤʝʪʦʜ ʠʟʤʝʨʝʥʠʷ. 

ʉʨʝʜʠ ʨʝʞʠʤʦʚ ʠʟʤʝʨʝʥʠʡ ʚʳʜʝʣʷʶʪ: ʠʟʦʪʝʨʤʠʯʝʩʢʠʡ (ʊs = const), 

ʘʜʠʘʙʘʪʠʯʝʩʢʠʡ (ʚʦ ʚʨʝʤʷ ʠʟʤʝʨʝʥʠʡ ʪʝʤʧʝʨʘʪʫʨʘ ʵʢʨʘʥʘ ʊs  ʧʦʜʜʝʨʞʠʚʘʝʪʩʷ 

ʤʘʢʩʠʤʘʣʴʥʦ ʙʣʠʟʢʦʡ ʢ ʪʝʤʧʝʨʘʪʫʨʝ ʢʘʣʦʨʠʤʝʪʨʘ ʊs ï Tn å 10
-4
 ʂ), 

ʩʢʘʥʠʨʫʶʱʠʡ (ʤʝʪʦʜ ʦʩʥʦʚʘʥʥʳʡ ʥʘ ʠʟʤʝʨʝʥʠʠ ʨʘʟʥʠʮʳ ʪʝʧʣʦʚʳʭ ʧʦʪʦʢʦʚ, 

ʠʜʫʱʠʭ ʦʪ ʠʩʧʳʪʫʝʤʦʛʦ ʦʙʨʘʟʮʘ ʠ ʵʪʘʣʦʥʥʦʛʦ ʦʙʨʘʟʮʘ, ʧʨʠ ʵʪʦʤ ʪʝʤʧʝʨʘʪʫʨʫ 
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ʵʢʨʘʥʘ ʤʦʞʥʦ ʤʝʥʷʪʴ ʩ ʦʧʨʝʜʝʣʝʥʥʦʡ ʩʢʦʨʦʩʪʴʶ) [166]. ɼʣʷ ʢʘʣʦʨʠʤʝʪʨʦʚ, 

ʨʘʙʦʪʘʶʱʠʭ ʚ ʨʘʟʣʠʯʥʳʭ ʨʝʞʠʤʘʭ, ʪʝʨʤʦʩʦʧʨʦʪʠʚʣʝʥʠʝ Rʊ ʤʝʞʜʫ 

ʢʘʣʦʨʠʤʝʪʨʠʯʝʩʢʦʡ ʩʠʩʪʝʤʦʡ ʠ ʦʙʦʣʦʯʢʦʡ ʨʘʟʣʠʯʥʦ. 

ʂʦʥʩʪʨʫʢʮʠʠ ʢʘʣʦʨʠʤʝʪʨʦʚ ʦʧʨʝʜʝʣʷʶʪʩʷ ʪʝʤʧʝʨʘʪʫʨʥʦʡ ʦʙʣʘʩʪʴʶ 

ʠʟʤʝʨʝʥʠʷ, ʭʘʨʘʢʪʝʨʦʤ ʠ ʧʨʦʜʦʣʞʠʪʝʣʴʥʦʩʪʴʶ ʠʟʫʯʘʝʤʦʛʦ ʧʨʦʮʝʩʩʘ, 

ʤʦʱʥʦʩʪʴʶ ʪʝʧʣʦʚʳʜʝʣʝʥʠʷ, ʪʨʝʙʫʝʤʦʡ ʪʦʯʥʦʩʪʴʶ, ʨʘʟʤʝʨʘʤʠ ʦʙʨʘʟʮʦʚ, 

ʤʝʪʦʜʘʤʠ ʦʧʨʝʜʝʣʝʥʠʷ ʪʝʧʣʦʝʤʢʦʩʪʠ ʠ ʧʨ. ʉʦʚʨʝʤʝʥʥʳʝ ʢʘʣʦʨʠʤʝʪʨʳ 

ʨʘʙʦʪʘʶʪ ʚ ʜʠʘʧʘʟʦʥʝ ʪʝʤʧʝʨʘʪʫʨ ʦʪ 10
-3
 ʂ [167ï169] ʜʦ 3500 ʂ [169ï170]. 

ʀʩʧʦʣʴʟʫʷ ʚʝʩʴʤʘ ʫʩʣʦʚʥʳʝ ʛʨʘʥʠʮʳ, ʨʘʟʣʠʯʘʶʪ ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʳʝ 

(T < 90 K), ʢʘʣʦʨʠʤʝʪʨʳ ʩʨʝʜʥʝʛʦ ʜʠʘʧʘʟʦʥʘ (90 ʂ< T < 500 ʂ) ʠ 

ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʳʝ (T > 500 ʂ). ʅʘʟʚʘʥʠʷ ʢʘʣʦʨʠʤʝʪʨʦʚ ʯʘʩʪʦ ʩʦʜʝʨʞʘʪ 

ʠʥʬʦʨʤʘʮʠʶ ʦ ʩʚʦʠʭ ʢʦʥʩʪʨʫʢʪʠʚʥʳʭ ʦʩʦʙʝʥʥʦʩʪʷʭ, ʥʘʧʨʠʤʝʨ, 

ʢʘʣʦʨʠʤʝʪʨʠʯʝʩʢʘʷ ʙʦʤʙʘ, ʢʘʧʝʣʴʥʳʡ ʢʘʣʦʨʠʤʝʪʨ. ʅʘʟʚʘʥʠʝ ʫʩʪʨʦʡʩʪʚʘ ʠʥʦʛʜʘ 

ʧʨʦʠʩʭʦʜʠʪ ʦʪ ʠʤʝʥʠ ʝʝ ʢʦʥʩʪʨʫʢʪʦʨʘ. ʅʘʧʨʠʤʝʨ, ʢʘʣʦʨʠʤʝʪʨʳ ʃʘʚʫʘʟʴʝ, 

ʃʘʧʣʘʩʘ, ʂʘʣʴʚʝ ʠ ʜʨ. ʅʘʣʠʯʠʝ ʙʦʣʴʰʦʛʦ ʢʦʣʠʯʝʩʪʚʘ ʤʝʪʦʜʦʚ ʠʟʤʝʨʝʥʠʡ 

ʪʝʧʣʦʝʤʢʦʩʪʠ [166, 171, 172] ʪʘʢʠʭ ʢʘʢ: ʤʝʪʦʜ ʪʝʧʣʦʚʦʛʦ ʠʤʧʫʣʴʩʘ [173, 174], 

ʢʘʣʦʨʠʤʝʪʨʠʷ ʥʘ ʧʝʨʝʤʝʥʥʦʤ ʪʦʢʝ [175], ʤʝʪʦʜ ʪʝʨʤʠʯʝʩʢʦʡ ʨʝʣʘʢʩʘʮʠʠ, ʤʝʪʦʜ 

ʥʘʛʨʝʚʘʥʠʷ ï ʦʭʣʘʞʜʝʥʠʷ (ʤʝʪʦʜ ʜʚʦʡʥʦʛʦ ʥʘʢʣʦʥʘ) [176], ʤʝʪʦʜ ʤʦʜʫʣʷʮʠʠ 

ʪʝʤʧʝʨʘʪʫʨʳ ʪʝʨʤʦʩʪʘʪʘ [177], ʤʝʪʦʜ ʢʦʤʧʝʥʩʘʮʠʠ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʠʤ 

ʵʬʬʝʢʪʦʤ ʠ ʪ.ʜ. ï ʧʨʠʚʝʣʦ ʢ ʦʛʨʦʤʥʦʤʫ ʨʘʟʥʦʦʙʨʘʟʠʶ ʥʘʟʚʘʥʠʡ ʢʘʣʦʨʠʤʝʪʨʦʚ, 

ʯʪʦ ʦʧʨʘʚʜʳʚʘʝʪʩʷ ʧʦʧʳʪʢʦʡ ʥʘʡʪʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ, ʩ ʧʦʤʦʱʴʶ ʢʦʪʦʨʳʭ 

ʫʩʪʨʦʡʩʪʚʘ ʢʣʘʩʩʠʬʠʮʠʨʫʶʪʩʷ ʦʜʥʦʟʥʘʯʥʦ. ʅʘ ʩʝʛʦʜʥʷʰʥʠʡ ʜʝʥʴ ʠʟʚʝʩʪʥʦ 

ʙʦʣʝʝ ʯʝʤ 100 ʨʘʟʣʠʯʥʳʭ ʪʠʧʦʚ ʢʘʣʦʨʠʤʝʪʨʦʚ [178]. ʕʪʦ ʤʥʦʛʦʦʙʨʘʟʠʝ ʪʠʧʦʚ 

ʢʘʣʦʨʠʤʝʪʨʦʚ ʧʨʠʚʝʣʦ ʢ ʠʩʧʦʣʴʟʦʚʘʥʠʶ ʨʘʟʣʠʯʥʳʭ ʢʣʘʩʩʠʬʠʢʘʮʠʡ, ʜʝʪʘʣʴʥʦʝ 

ʦʧʠʩʘʥʠʝ ʢʦʪʦʨʳʭ ʧʨʝʜʩʪʘʚʣʝʥʦ ʚ [165, 166, 171, 178ï180]. 

ʄʝʪʦʜʳ ʦʧʨʝʜʝʣʝʥʠʷ ʪʝʧʣʦʝʤʢʦʩʪʠ, ʠʩʧʦʣʴʟʫʝʤʳʝ ʚ ʩʦʚʨʝʤʝʥʥʦʡ 

ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ ʢʘʣʦʨʠʤʝʪʨʠʠ ʤʦʞʥʦ ʨʘʟʜʝʣʠʪʴ ʥʘ ʧʨʷʤʳʝ ʠ 

ʢʦʩʚʝʥʥʳʝ [170]. ɺ ʧʨʷʤʳʭ ʤʝʪʦʜʘʭ, ʩʚʷʟʘʥʥʳʭ ʩ ʧʝʨʠʦʜʠʯʝʩʢʠʤ ʚʚʦʜʦʤ 

ʪʝʧʣʦʪʳ ʚ ʢʘʣʦʨʠʤʝʪʨ ʚ ʠʟʦʪʝʨʤʠʯʝʩʢʠʭ ʠʣʠ ʘʜʠʘʙʘʪʠʯʝʩʢʠʭ ʫʩʣʦʚʠʷʭ, 

ʠʟʤʝʨʷʶʪ ʠʟʤʝʥʝʥʠʷ ʪʝʤʧʝʨʘʪʫʨʳ Dʊ ʚʳʟʚʘʥʥʳʝ ʚʚʝʜʝʥʠʝʤ ʥʝʙʦʣʴʰʦʛʦ 
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ʢʦʣʠʯʝʩʪʚʘ ʪʝʧʣʦʪʳ DQ, ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʚʭʦʜʷʱʠʝ ʚ ʬʦʨʤʫʣʫ ʦʧʨʝʜʝʣʝʥʠʷ 

ʪʝʧʣʦʝʤʢʦʩʪʠ: 

dT

dQ

T

Q
ʉ

T
=

D

D
=

D 0
lim       (2.1).  

ʊʝʧʣʦʦʙʤʝʥ ʦʙʨʘʟʮʘ ʩ ʦʢʨʫʞʝʥʠʝʤ ʫʤʝʥʴʰʘʶʪ ʧʫʪʝʤ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʪʝʧʣʦʚʳʭ 

ʵʢʨʘʥʦʚ. ʊʝʤʧʝʨʘʪʫʨʘ ʢɻʨʘʥʘ ʧʦʜʜʝʨʞʠʚʘʝʪʩʷ ʚ ʧʨʦʮʝʩʩʝ ʠʟʤʝʨʝʥʠʡ ʚ 

ʨʘʟʣʠʯʥʳʭ ʨʝʞʠʤʘʭ [165]. ʇʨʠʥʮʠʧʠʘʣʴʥʳʤ ʦʪʣʠʯʠʝʤ ʠʟʦʪʝʨʤʠʯʝʩʢʠʭ ʠ 

ʘʜʠʘʙʘʪʠʯʝʩʢʠʭ ʢʘʣʦʨʠʤʝʪʨʦʚ ʷʚʣʷʝʪʩʷ ʩʧʦʩʦʙ ʧʦʜʜʝʨʞʘʥʠʷ ʪʝʧʣʦʦʙʤʝʥʘ 

ʤʝʞʜʫ ʢʘʣʦʨʠʤʝʪʨʠʯʝʩʢʠʤ ʩʦʩʫʜʦʤ ʠ ʵʢʨʘʥʦʤ. 

ɺ ʠʟʦʪʝʨʤʠʯʝʩʢʠʭ ʢʘʣʦʨʠʤʝʪʨʘʭ ʪʝʤʧʝʨʘʪʫʨʘ ʵʢʨʘʥʘ ʧʦʜʜʝʨʞʠʚʘʝʪʩʷ 

ʧʦʩʪʦʷʥʥʦʡ ʚ ʪʝʯʝʥʠʝ ʚʨʝʤʝʥʠ ʩʥʷʪʠʷ ʥʝʩʢʦʣʴʢʠʭ ʟʥʘʯʝʥʠʡ ʪʝʧʣʦʝʤʢʦʩʪʠ [181]. 

ʇʨʠ ʫʚʝʣʠʯʝʥʠʠ ʨʘʟʥʦʩʪʠ ʪʝʤʧʝʨʘʪʫʨ ʤʝʞʜʫ ʵʢʨʘʥʦʤ ʠ ʢʘʣʦʨʠʤʝʪʨʠʯʝʩʢʦʡ 

ʷʯʝʡʢʦʡ, ʪʝʤʧʝʨʘʪʫʨʘ ʵʢʨʘʥʘ ʧʨʠʚʦʜʠʪʩʷ ʚ ʩʦʦʪʚʝʪʩʪʚʠʝ ʩ ʪʝʤʧʝʨʘʪʫʨʦʡ 

ʢʘʣʦʨʠʤʝʪʨʘ. ʇʨʠ ʠʟʦʪʝʨʤʠʯʝʩʢʠʭ ʫʩʣʦʚʠʷʭ ʩ ʨʦʩʪʦʤ ʚʨʝʤʝʥʠ ʫʩʪʘʥʦʚʣʝʥʠʷ 

ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʦʛʦ ʨʘʚʥʦʚʝʩʠʷ ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʠ ʧʦʛʨʝʰʥʦʩʪʴ ʠʟʤʝʨʝʥʠʡ. 

ʅʘʧʨʠʤʝʨ, ʚ ʢʘʣʦʨʠʤʝʪʨʘʭ ʩ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʦʡ ʢʦʤʧʝʥʩʘʮʠʝʡ ʚʩʝʛʜʘ 

ʧʨʠʩʫʪʩʪʚʫʶʪ ʥʝʢʦʪʦʨʳʝ ʥʘʨʫʰʝʥʠʷ ʠʟʦʪʝʨʤʠʯʥʦʩʪʠ, ʚʦʟʥʠʢʘʶʱʠʝ ʚ 

ʨʝʟʫʣʴʪʘʪʝ ʧʦʩʪʫʧʣʝʥʠʷ ʜʦʧʦʣʥʠʪʝʣʴʥʦʡ ʪʝʧʣʦʪʳ ʚʜʦʣʴ ʧʨʦʚʦʜʦʚ ʢ 

ʥʘʛʨʝʚʘʪʝʣʶ ʠʣʠ ʢ ʪʝʨʤʦʤʝʪʨʫ. ʉʦʚʨʝʤʝʥʥʳʝ ʠʟʦʪʝʨʤʠʯʝʩʢʠʝ ʢʘʣʦʨʠʤʝʪʨʳ, 

ʪʘʢʠʝ ʢʘʢ Thermometric TAM, micro Reaction Calorimeter (nRC, Thermal Hazard 

Technology, UK) [182], ʨʘʙʦʪʘʶʱʠʝ ʚ ʠʥʪʝʨʚʘʣʝ ʪʝʤʧʝʨʘʪʫʨ 5 ï 150Áʉ ʠʤʝʶʪ 

ʚʳʩʦʢʫʶ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴ ʩʠʛʥʘʣʘ ʧʦʨʷʜʢʘ 50 ʥɺʘʪʪ ʠ ʧʨʠʤʝʥʷʶʪʩʷ ʜʣʷ 

ʠʟʤʝʨʝʥʠʡ ʵʥʪʘʣʴʧʠʠ ʚʦ ʚʨʝʤʷ ʨʝʘʢʮʠʡ ʤʝʜʣʝʥʥʦʛʦ ʨʘʩʧʘʜʘ ʭʠʤʠʯʝʩʢʠʭ 

ʩʦʝʜʠʥʝʥʠʡ, ʘ ʪʘʢ ʞʝ ʚ ʙʠʦʣʦʛʠʯʝʩʢʠʭ ʠʩʩʣʝʜʦʚʘʥʠʷʭ. ʆʙʟʦʨʳ ʦ ʢʦʥʩʪʨʫʢʮʠʠ ʠ 

ʠʩʩʣʝʜʦʚʘʥʠʷʭ, ʧʨʦʚʦʜʠʤʳʤ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʠʟʦʪʝʨʤʠʯʝʩʢʠʭ ʢʘʣʦʨʠʤʝʪʨʦʚ, 

ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ [169, 183]. ʄʝʪʦʜʳ, ʦʩʥʦʚʘʥʥʳʝ ʥʘ ʠʩʧʦʣʴʟʦʚʘʥʠʠ 

ʪʝʦʨʝʪʠʯʝʩʢʠʭ ʩʦʦʪʥʦʰʝʥʠʡ ʤʝʞʜʫ ʪʝʧʣʦʸʤʢʦʩʪʴʶ ʠ ʜʨʫʛʠʤʠ ʧʘʨʘʤʝʪʨʘʤʠ 

(ʧʦʩʪʦʷʥʥʦʡ ʚʨʝʤʝʥʠ ʠʟʤʝʥʝʥʠʷ ʪʝʤʧʝʨʘʪʫʨʳ ʦʙʨʘʟʮʘ ʧʦʩʣʝ ʝʛʦ ʥʘʛʨʝʚʘ, 

ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʴʶ ʠ ʪ.ʜ.) ʥʘʟʳʚʘʶʪʩʷ ʢʦʩʚʝʥʥʳʤʠ (ʢʦʨʦʪʢʦʛʦ ʪʝʧʣʦʚʦʛʦ 
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ʠʤʧʫʣʴʩʘ [184], ʜʠʬʬʫʟʠʦʥʥʳʡ [185, 186], ʤʦʜʫʣʷʮʠʦʥʥʳʡ [187, 188] ʠ 

ʨʝʣʘʢʩʘʮʠʦʥʥʳʡ [184, 189, 190]). 

ɺ ʧʨʝʮʠʟʠʦʥʥʳʭ ʠʟʤʝʨʝʥʠʷʭ ʪʝʧʣʦʝʤʢʦʩʪʠ ʠʩʧʦʣʴʟʫʶʪ ʘʜʠʘʙʘʪʠʯʝʩʢʠʝ 

ʢʘʣʦʨʠʤʝʪʨʳ [191]. ɺ ʪʘʢʠʭ ʢʘʣʦʨʠʤʝʪʨʘʭ ʪʝʤʧʝʨʘʪʫʨʘ ʣʝʛʢʦʛʦ, 

ʤʘʣʦʠʥʝʨʮʠʦʥʥʦʛʦ ʵʢʨʘʥʘ ʚʩʝ ʚʨʝʤʷ ʘʚʪʦʤʘʪʠʯʝʩʢʠ ʧʦʜʜʝʨʞʠʚʘʝʪʩʷ ʙʣʠʟʢʦʡ ʢ 

ʪʝʤʧʝʨʘʪʫʨʝ ʦʙʨʘʟʮʘ. ʈʘʟʥʦʩʪʴ ʪʝʤʧʝʨʘʪʫʨ ʤʝʞʜʫ ʢʘʣʦʨʠʤʝʪʨʠʯʝʩʢʠʤ ʩʦʩʫʜʦʤ 

ʠ ʦʙʦʣʦʯʢʦʡ ʚ ʪʘʢʠʭ ʢʘʣʦʨʠʤʝʪʨʘʭ ʚ ʪʝʯʝʥʠʝ ʚʩʝʛʦ ʦʧʳʪʘ ʧʦʜʜʝʨʞʠʚʘʝʪʩʷ 

ʙʣʠʟʢʦʡ ʢ ʥʫʣʶ. ɺʩʣʝʜʩʪʚʠʝ ʵʪʦʛʦ, ʚ ʘʜʠʘʙʘʪʠʯʝʩʢʠʭ ʢʘʣʦʨʠʤʝʪʨʘʭ ʪʝʧʣʦʦʙʤʝʥ 

ʤʝʞʜʫ ʢʘʣʦʨʠʤʝʪʨʦʤ ʠ ʵʢʨʘʥʦʤ ʦʯʝʥʴ ʤʘʣ. ʇʨʠ ʵʪʦʤ ʧʦʯʪʠ ʚʩʷ ʚʳʜʝʣʠʚʰʘʷʩʷ 

ʪʝʧʣʦʪʘ ʧʦʣʥʦʩʪʴʶ ʨʘʩʭʦʜʫʝʪʩʷ ʥʘ ʥʘʛʨʝʚʘʥʠʝ ʦʙʨʘʟʮʘ [181]. 

ʇʝʨʝʯʠʩʣʝʥʥʳʝ ʚʳʰʝ ʤʝʪʦʜʳ ʠʤʝʶʪ ʩʚʦʠ ʧʨʝʠʤʫʱʝʩʪʚʘ ʠ ʥʝʜʦʩʪʘʪʢʠ. 

ʇʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʢʦʩʚʝʥʥʳʭ ʤʝʪʦʜʦʚ ʧʨʝʜʲʷʚʣʷʶʪʩʷ ʧʦʚʳʰʝʥʥʳʝ 

ʪʨʝʙʦʚʘʥʠʷ ʢ ʩʪʘʙʠʣʴʥʦʩʪʠ ʪʝʤʧʝʨʘʪʫʨʳ ʚʘʥʥʳ ʠ ʢ ʙʳʩʪʨʦʜʝʡʩʪʚʠʶ ʧʨʠʙʦʨʦʚ 

(ʨʝʛʠʩʪʨʠʨʫʶʱʠʭ ʪʝʤʧʝʨʘʪʫʨʫ, ʚʚʦʜʠʤʫʶ ʤʦʱʥʦʩʪʴ ʠ ʪ.ʜ.). ɺ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ 

ʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʠʥʪʝʨʚʘʣʘ, ʚʨʝʤʝʥʠ ʫʩʪʘʥʦʚʣʝʥʠʷ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʦʛʦ 

ʨʘʚʥʦʚʝʩʠʷ, ʤʘʩʩʳ ʦʙʨʘʟʮʘ ʠ ʚʣʠʷʥʠʷ ʥʘ ʨʝʟʫʣʴʪʘʪʳ ʠʟʤʝʨʝʥʠʡ ʦʩʪʘʪʦʯʥʦʛʦ 

ʢʦʣʠʯʝʩʪʚʘ ʪʝʧʣʦʦʙʤʝʥʥʦʛʦ ʛʘʟʘ (ʥʘʧʫʩʢʘʝʤʦʛʦ ʚ ʥʝʢʦʪʦʨʳʭ ʢʘʣʦʨʠʤʝʪʨʘʭ 

ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʚ ʢʘʣʦʨʠʤʝʪʨʠʯʝʩʢʫʶ ʷʯʝʡʢʫ ʜʣʷ ʦʭʣʘʞʜʝʥʠʷ ʦʙʨʘʟʮʘ), 

ʧʨʝʠʤʫʱʝʩʪʚʦ ʦʪʜʘʶʪ ʪʦʤʫ ʣʠʙʦ ʜʨʫʛʦʤʫ ʤʝʪʦʜʫ. 

ɺ ʧʝʨʚʳʭ ʧʨʠʙʦʨʘʭ ʜʣʷ ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʳʭ ʠʟʤʝʨʝʥʠʡ ʪʝʧʣʦʝʤʢʦʩʪʠ 

ʪʚʝʨʜʳʭ ʚʝʱʝʩʪʚ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʦʙʨʘʟʮʳ ʩʨʘʚʥʠʪʝʣʴʥʦ ʙʦʣʴʰʦʡ ʤʘʩʩʳ (ʩʦʪʥʠ 

ʛʨʘʤʤʦʚ). ɼʘʣʴʥʝʡʰʝʝ ʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥʠʝ ʧʨʠʙʦʨʦʚ ʠ ʤʝʪʦʜʠʢ ʧʦʟʚʦʣʠʣʦ 

ʧʨʦʚʦʜʠʪʴ ʠʟʤʝʨʝʥʠʷ ʥʘ ʦʙʨʘʟʮʘʭ ʟʥʘʯʠʪʝʣʴʥʦ ʤʝʥʴʰʝʡ ʤʘʩʩʳ (ʜʝʩʷʪʢʠ ʠ ʩʦʪʥʠ 

ʤʠʣʣʠʛʨʘʤʤ) ʠ ʚ ʦʙʣʘʩʪʠ ʙʦʣʝʝ ʥʠʟʢʠʭ ʪʝʤʧʝʨʘʪʫʨ. ʂʦʥʩʪʨʫʢʮʠʠ ʢʘʣʦʨʠʤʝʪʨʦʚ, 

ʩʦʟʜʘʥʥʳʭ ʟʘ ʧʦʩʣʝʜʥʠʝ ʛʦʜʳ ʚ ʦʪʝʯʝʩʪʚʝʥʥʳʭ ʠ ʟʘʨʫʙʝʞʥʳʭ ʣʘʙʦʨʘʪʦʨʠʷʭ, ʘ 

ʪʘʢʞʝ ʤʝʪʦʜʠʯʝʩʢʠʝ ʦʩʦʙʝʥʥʦʩʪʠ ʢʘʣʦʨʠʤʝʪʨʠʯʝʩʢʠʭ ʠʟʤʝʨʝʥʠʡ ʚ 

ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʦʤ ʠʥʪʝʨʚʘʣʝ ʠʩʩʣʝʜʦʚʘʥʠʡ ʦʧʫʙʣʠʢʦʚʘʥʳ 

ʚ [165, 166, 171, 172, 178]. 

ʉʦʚʨʝʤʝʥʥʳʡ ʵʪʘʧ ʢʘʣʦʨʠʤʝʪʨʠʠ ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ ʪʝʤ, ʯʪʦ ʥʘ ʩʤʝʥʫ 

ʫʥʠʢʘʣʴʥʳʤ ʣʘʙʦʨʘʪʦʨʥʳʤ ʢʘʣʦʨʠʤʝʪʨʘʤ ʧʨʠʭʦʜʷʪ ʩʝʨʠʡʥʦ ʚʳʧʫʩʢʘʝʤʳʝ. 
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ʐʠʨʦʢʦʝ ʧʨʠʤʝʥʝʥʠʝ ʚ ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʦʤ ʢʘʣʦʨʠʤʝʪʨʠʯʝʩʢʦʤ ʵʢʩʧʝʨʠʤʝʥʪʝ 

ʧʨʠʦʙʨʝʣʘ ʘʚʪʦʤʘʪʠʯʝʩʢʘʷ ʠʟʤʝʨʠʪʝʣʴʥʘʷ ʩʠʩʪʝʤʘ (ñPhysical Property 

Measurement Systemò). ʉ ʧʦʤʦʱʴʶ ʵʪʦʡ ʩʠʩʪʝʤʳ ʤʦʞʥʦ ʧʨʦʚʦʜʠʪʴ ʠʟʤʝʨʝʥʠʷ 

ʪʝʧʣʦʝʤʢʦʩʪʠ ʚ ʠʥʪʝʨʚʘʣʝ ʪʝʤʧʝʨʘʪʫʨ 0.4 ï 400 K ʥʘ ʪʚʝʨʜʦʪʝʣʴʥʳʭ ʦʙʨʘʟʮʘʭ 

ʤʘʩʩʦʡ 10 ï 500 ʤʛ [184, 190]. ɺ ʠʥʪʝʨʚʘʣʝ ʪʝʤʧʝʨʘʪʫʨ 100 K < T < 300 K 

ʧʦʛʨʝʰʥʦʩʪʴ ʠʟʤʝʨʝʥʠʡ Ñ1%. ʉ ʫʤʝʥʴʰʝʥʠʝʤ ʪʝʤʧʝʨʘʪʫʨʳ ʪʦʯʥʦʩʪʴ 

ʫʤʝʥʴʰʘʝʪʩʷ [184]. ʅʝʦʙʭʦʜʠʤʦ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʪʦʯʥʦʩʪʴ ʪʘʢʠʭ ʢʘʣʦʨʠʤʝʪʨʦʚ, ʚ 

ʧʨʠʥʮʠʧ ʨʘʙʦʪʳ ʢʦʪʦʨʳʭ ʟʘʣʦʞʝʥ ʤʝʪʦʜ ʪʝʨʤʠʯʝʩʢʦʡ ʨʝʣʘʢʩʘʮʠʠ, ʟʘʚʠʩʠʪ ʦʪ 

ʤʘʩʩʳ ʠ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ ʦʙʨʘʟʮʘ. ʂʨʦʤʝ ʪʦʛʦ, ʥʝʦʙʭʦʜʠʤʦ ʦʪʤʝʪʠʪʴ, ʥʘʣʠʯʠʝ 

ʦʩʪʘʪʦʯʥʦʛʦ ʢʦʣʠʯʝʩʪʚʘ ʪʝʧʣʦʦʙʤʝʥʥʦʛʦ ʛʘʟʘ, ʢʦʪʦʨʳʡ ʥʘʧʫʩʢʘʝʪʩʷ ʚ 

ʢʘʣʦʨʠʤʝʪʨʠʯʝʩʢʫʶ ʷʯʝʡʢʫ PPMS ʜʣʷ ʦʭʣʘʞʜʝʥʠʷ ʦʙʨʘʟʮʦʚ, ʯʪʦ ʤʦʞʝʪ 

ʧʨʠʚʦʜʠʪʴ ʢ ʙʦʣʴʰʠʤ ʧʦʛʨʝʰʥʦʩʪʷʤ ʠʟʤʝʨʝʥʠʡ ʥʠʞʝ 20 ʂ, ʚ ʩʣʫʯʘʝ ʝʩʣʠ 

ʦʙʨʘʟʮʳ ʦʙʣʘʜʘʶʪ ʚʳʩʦʢʦʡ ʘʜʩʦʨʙʮʠʦʥʥʦʡ ʩʧʦʩʦʙʥʦʩʪʴʶ (ʫʛʣʝʨʦʜʥʳʝ 

ʥʘʥʦʪʨʫʙʢʠ ʠ ʬʫʣʣʝʨʝʥʳ). ʅʘʧʨʠʤʝʨ, ʚʣʠʷʥʠʝ ʛʝʣʠʷ ʥʘ ʨʝʟʫʣʴʪʘʪʳ ʠʟʤʝʨʝʥʠʡ 

ʪʝʧʣʦʝʤʢʦʩʪʠ ʩʚʷʟʦʢ ʦʜʥʦʩʪʝʥʥʳʭ ʫʛʣʝʨʦʜʥʳʭ ʥʘʥʦʪʨʫʙʦʢ ʫʩʪʘʥʦʚʣʝʥʦ 

ʚ ʨʘʙʦʪʘʭ [58, 59]. 

ɺ ʩʚʷʟʠ ʩ ʚʩʝ ʚʦʟʨʘʩʪʘʶʱʠʤʠ ʪʨʝʙʦʚʘʥʠʷʤʠ ʢ ʪʦʯʥʦʩʪʠ ʠʟʤʝʨʝʥʠʡ, ʘ 

ʪʘʢʞʝ ʩ ʠʥʪʝʨʝʩʦʤ ʢ ʥʦʚʳʤ ʥʘʥʦʪʝʭʥʦʣʦʛʠʯʝʩʢʠʤ ʦʙʲʝʢʪʘʤ ʠ ʥʠʟʢʦʨʘʟʤʝʨʥʳʤ 

ʩʠʩʪʝʤʘʤ, ʧʨʦʙʣʝʤʘ ʩʦʟʜʘʥʠʷ ʥʦʚʳʭ ʢʘʣʦʨʠʤʝʪʨʠʯʝʩʢʠʭ ʢʦʥʩʪʨʫʢʮʠʡ, 

ʨʘʙʦʪʘʶʱʠʭ ʚ ʜʠʘʧʘʟʦʥʝ ʥʠʟʢʠʭ ʪʝʤʧʝʨʘʪʫʨ, ʘʢʪʫʘʣʴʥʘ ʠ ʚ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ. 

 

2.2.  ɸʜʠʘʙʘʪʠʯʝʩʢʠʡ ʢʘʣʦʨʠʤʝʪʨ 

 ɼʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʪʝʧʣʦʝʤʢʦʩʪʠ ʤʘʣʳʭ ʦʙʨʘʟʮʦʚ ʫʛʣʝʨʦʜʥʳʭ 

ʥʘʥʦʤʘʪʝʨʠʘʣʦʚ ʠ ʦʜʥʦʤʝʨʥʳʭ ʩʪʨʫʢʪʫʨ ʘʜʩʦʨʙʘʪʦʚ ʚ ʦʙʣʘʩʪʠ ʪʝʤʧʝʨʘʪʫʨ 

1 - 120 ʂ ʥʘʤʠ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʘʜʠʘʙʘʪʠʯʝʩʢʠʡ ʢʘʣʦʨʠʤʝʪʨïʚʩʪʘʚʢʘ, ʥʝʜʘʚʥʦ 

ʠʟʛʦʪʦʚʣʝʥʥʳʡ ʚʦ ʌʊʀʅʊ ʠʤ. ɹ.ʀ. ɺʝʨʢʠʥʘ [123]. ʂʘʣʦʨʠʤʝʪʨ ʙʳʣ ʩʧʝʮʠʘʣʴʥʦ 

ʨʘʟʨʘʙʦʪʘʥ ʜʣʷ ʪʘʢʦʛʦ ʨʦʜʘ ʟʘʜʘʯ ʠ ʧʦʟʚʦʣʷʝʪ: ʘ) ʧʨʦʚʦʜʠʪʴ 

ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʳʝ ʢʘʣʦʨʠʤʝʪʨʠʯʝʩʢʠʝ ʠʟʤʝʨʝʥʠʷ ʪʚʝʨʜʦʪʝʣʴʥʳʭ ʦʙʨʘʟʮʦʚ 

ʤʘʣʦʡ ʤʘʩʩʳ (¢1 ʛ) ʚ ʠʥʪʝʨʚʘʣʝ ʪʝʤʧʝʨʘʪʫʨ 1 ï 300 ʂ; ʙ) ʤʦʥʪʘʞ ʦʙʨʘʟʮʘ ʚ 
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ʪʝʯʝʥʠʝ ʢʦʨʦʪʢʦʛʦ ʚʨʝʤʝʥʠ, ʯʪʦ ʢʨʘʡʥʝ ʚʘʞʥʦ ʧʨʠ ʠʩʩʣʝʜʦʚʘʥʠʠ ʢʘʢ 

ʪʝʧʣʦʝʤʢʦʩʪʠ ʯʠʩʪʳʭ ʥʘʥʦʤʘʪʝʨʠʘʣʦʚ, ʪʘʢ ʠ ʵʬʬʝʢʪʦʚ, ʦʙʫʩʣʦʚʣʝʥʥʳʭ 

ʧʨʠʤʝʩʥʳʤʠ ʛʘʟʘʤʠ; ʚ) ʥʘʩʳʱʝʥʠʝ ʦʙʨʘʟʮʦʚ ʛʘʟʘʤʠ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʚ 

ʢʘʣʦʨʠʤʝʪʨʝ; ʛ) ʦʭʣʘʞʜʝʥʠʝ ʦʙʨʘʟʮʘ ʜʦ ʛʝʣʠʝʚʳʭ ʪʝʤʧʝʨʘʪʫʨ ʟʘ ʦʪʥʦʩʠʪʝʣʴʥʦ 

ʢʦʨʦʪʢʦʝ ʚʨʝʤʷ; ʜ) ʠʩʢʣʶʯʠʪʴ ʢʦʥʪʘʢʪ ʠʩʩʣʝʜʫʝʤʦʛʦ ʦʙʨʘʟʮʘ ʩ 

ʪʝʧʣʦʦʙʤʝʥʥʳʤʠ ʛʘʟʘʤʠ. 

 ʉʭʝʤʘ ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ ʯʘʩʪʠ ʢʘʣʦʨʠʤʝʪʨʘ ï ʚʩʪʘʚʢʠ ʧʨʝʜʩʪʘʚʣʝʥʘ ʥʘ 

ʨʠʩʫʥʢʝ 2.1. ʀʩʩʣʝʜʫʝʤʳʡ ʦʙʨʘʟʝʮ (5) ʤʦʥʪʠʨʫʝʪʩʷ ʚ ʢʘʣʦʨʠʤʝʪʨʠʯʝʩʢʠʡ ʩʦʩʫʜ 

(6), ʩʥʘʙʞʸʥʥʳʡ ʪʝʨʤʦʤʝʪʨʦʤ (4) ʠ ʥʘʛʨʝʚʘʪʝʣʝʤ (7). ʂʘʣʦʨʠʤʝʪʨʠʯʝʩʢʠʡ ʩʦʩʫʜ 

(6) (ʢʘʣʦʨʠʤʝʪʨ) ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʪʦʥʢʦʩʪʝʥʥʳʡ ʤʝʜʥʳʡ ʩʪʘʢʘʥ ʩ 

ʚʥʫʪʨʝʥʥʠʤ ʜʠʘʤʝʪʨʦʤ ʦʢʦʣʦ 12 ʤʤ ʠ ʚʳʩʦʪʦʡ ʦʢʦʣʦ 4 ʤʤ, ʩʦʝʜʠʥʝʥʥʳʡ ʩ 

ʪʦʥʢʦʩʪʝʥʥʦʡ ʦʙʝʯʘʡʢʦʡ. ʆʙʝʯʘʡʢʘ ʚʳʧʦʣʥʝʥʘ ʠʟ ʤʝʜʥʦʡ ʬʦʣʴʛʠ ʪʦʣʱʠʥʦʡ 

0.03 ʤʤ ʠ ʩʧʘʷʥʥʘ ʧʦ ʦʙʨʘʟʫʶʱʝʡ. ɺʥʫʪʨʠ ʦʙʝʯʘʡʢʠ ʧʦʤʝʱʝʥ ʪʝʨʤʦʤʝʪʨ, 

ʟʘʢʨʝʧʣʝʥʥʳʡ ʢ ʜʥʫ ʩʪʘʢʘʥʘ. ʄʘʩʩʘ ʢʘʣʦʨʠʤʝʪʨʠʯʝʩʢʦʡ ʷʯʝʡʢʠ ʨʘʚʥʘ º 0.8 ʛ. 

 ɼʣʷ ʫʣʫʯʰʝʥʠʷ ʪʝʧʣʦʚʦʛʦ ʢʦʥʪʘʢʪʘ ʤʝʞʜʫ ʢʘʣʦʨʠʤʝʪʨʠʯʝʩʢʠʤ ʩʦʩʫʜʦʤ 

(6) ʠ ʥʘʛʨʝʚʘʪʝʣʝʤ ʢʘʣʦʨʠʤʝʪʨʘ (7), ʧʨʦʚʦʜʘ ʥʘʛʨʝʚʘʪʝʣʷ, ʥʘʤʦʪʘʥʥʳʝ ʥʘ 

ʚʥʝʰʥʶʶ ʧʦʚʝʨʭʥʦʩʪʴ ʢʘʣʦʨʠʤʝʪʨʘ (6), ʧʨʦʢʣʝʝʥʳ ʢʣʝʝʤ ɹʌï2. ʊʦʥʢʠʡ ʩʣʦʡ 

ʚʘʢʫʫʤʥʦʡ ʩʤʘʟʢʠ çɸʧʠʝʟʦʥè ʥʘʥʝʩʝʥ ʥʘ ʜʥʦ ʩʦʩʫʜʘ (6) ʜʣʷ ʫʣʫʯʰʝʥʠʷ 

ʪʝʧʣʦʚʦʛʦ ʢʦʥʪʘʢʪʘ ʤʝʞʜʫ ʦʙʨʘʟʮʦʤ (5) ʠ ʩʦʩʫʜʦʤ (6). ʂʘʣʦʨʠʤʝʪʨʠʯʝʩʢʠʡ 

ʩʦʩʫʜ (6) ʧʦʜʚʝʰʝʥ ʚʥʫʪʨʠ ʪʝʧʣʦʚʦʛʦ ʵʢʨʘʥʘ (8) ʥʘ ʧʨʦʚʦʜʘʭ (ʤʘʥʛʘʥʠʥ, 

ʜʠʘʤʝʪʨ 0.14 ʤʤ) ʢ ʪʝʨʤʦʤʝʪʨʫ ʠ ʥʘʛʨʝʚʘʪʝʣʶ (ʩʤ. ʨʠʩ. 2.2) ʠ ʮʝʥʪʨʠʨʫʝʪʩʷ 

ʧʣʦʭʦ ʧʨʦʚʦʜʷʱʠʤʠ ʪʝʧʣʦ ʢʝʚʣʘʨʦʚʳʤʠ ʥʠʪʷʤʠ. ʂʘʣʦʨʠʤʝʪʨʠʯʝʩʢʘʷ ʷʯʝʡʢʘ, 

ʩʦʩʪʦʷʱʘʷ ʠʟ ʢʘʣʦʨʠʤʝʪʨʘ (6) ʠ ʪʝʧʣʦʚʦʛʦ ʵʢʨʘʥʘ (8) ʩʤʦʥʪʠʨʦʚʘʥʘ ʩʥʠʟʫ 

ʛʝʣʠʝʚʦʡ ʚʘʥʥʳ (9) ʥʘ ʩʧʝʮʠʘʣʴʥʳʭ ʪʝʧʣʦʠʟʦʣʠʨʫʶʱʠʭ ʧʦʜʚʝʩʢʘʭ (21). ʌʦʪʦ 

ʜʝʪʘʣʝʡ ʢʘʣʦʨʠʤʝʪʨʘ ʧʦʢʘʟʘʥʦ ʥʘ ʨʠʩʫʥʢʝ 2.2. 

 ʀʟʤʝʨʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ ʢʘʣʦʨʠʤʝʪʨʘ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʢʘʣʠʙʨʦʚʘʥʥʳʤ 

ʪʝʨʤʦʤʝʪʨʦʤ ʩʦʧʨʦʪʠʚʣʝʥʠʷ (4) CERNOX CXï1010ïSDï0.3D 

(ʬʠʨʤʳ Lake Shore Cryotronics), ʚʢʣʶʯʝʥʥʳʤ ʚ ʠʟʤʝʨʠʪʝʣʴʥʫʶ ʮʝʧʴ ʧʦ 



 

 

44 

ʯʝʪʳʨʝʭʧʨʦʚʦʜʥʦʡ ʩʭʝʤʝ. ʇʠʪʘʥʠʝ ʪʝʨʤʦʤʝʪʨʘ ʨʝʘʣʠʟʦʚʘʥʦ ʦʪ ʧʨʝʮʠʟʠʦʥʥʦʛʦ 

ʠʩʪʦʯʥʠʢʘ ʧʦʩʪʦʷʥʥʦʛʦ ʥʘʧʨʷʞʝʥʠʷ ʩ ʧʝʨʠʦʜʠʯʝʩʢʠ ʠʟʤʝʥʷʶʱʝʡʩʷ 

ʧʦʣʷʨʥʦʩʪʴʶ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʤʠʥʠʤʠʟʠʨʦʚʘʪʴ ʚʣʠʷʥʠʝ ʧʘʨʘʟʠʪʥʳʭ ʕɼʉ ʚ 

ʢʦʥʪʫʨʝ ʠʟʤʝʨʝʥʠʷ ʩʦʧʨʦʪʠʚʣʝʥʠʷ ʪʝʨʤʦʤʝʪʨʘ. 

 ɺʘʥʥʘ (9) ʩʦʝʜʠʥʝʥʘ ʪʨʫʙʢʦʡ (10) ʩ ʘʜʩʦʨʙʮʠʦʥʥʳʤ ʥʘʩʦʩʦʤ (26), 

ʟʘʧʦʣʥʝʥʥʳʤ ʘʢʪʠʚʠʨʦʚʘʥʥʳʤ ʫʛʣʝʤ ʉʂʅï1ʂ (13). ɸʜʩʦʨʙʮʠʦʥʥʳʡ ʥʘʩʦʩ (26) 

ʤʦʞʝʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥ ʜʣʷ ʦʪʢʘʯʢʠ ʧʘʨʦʚ ʛʝʣʠʷ ʠʟ ʚʘʥʥʳ (9), ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ 

ʧʦʥʠʞʝʥʠʶ ʪʝʤʧʝʨʘʪʫʨʳ ʚʘʥʥʳ. ʊʝʧʣʦʚʦʡ ʢʦʥʪʘʢʪ ʪʨʫʙʢʠ (10) ʩ ʭʦʣʦʜʥʦʡ 

ʧʣʠʪʦʡ (11) ʧʦʟʚʦʣʷʝʪ ʢʦʥʜʝʥʩʠʨʦʚʘʪʴ ʛʝʣʠʡ ʚ ʚʘʥʥʫ (9). ɺʘʥʥʘ (9) ʤʦʞʝʪ ʙʳʪʴ 

ʟʘʧʦʣʥʝʥʘ ʢʘʢ ʛʝʣʠʝʤ ï 4, ʪʘʢ ʠ ʛʝʣʠʝʤ ï 3. ɺ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʵʪʦʛʦ ʩʘʤʘʷ ʥʠʟʢʘʷ 

ʪʝʤʧʝʨʘʪʫʨʘ ʢʘʣʦʨʠʤʝʪʨʘ ʤʦʞʝʪ ʜʦʩʪʠʛʘʪʴ ʦʢʦʣʦ 1 ʂ ʠʣʠ 0.3 ʂ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. 

ʂʦʥʪʨʦʣʴ ʥʘʜ ʪʝʤʧʝʨʘʪʫʨʦʡ ʘʜʩʦʨʙʮʠʦʥʥʦʛʦ ʥʘʩʦʩʘ (26) ʚʳʧʦʣʥʷʝʪʩʷ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʫʛʦʣʴʥʦʛʦ ʪʝʨʤʦʤʝʪʨʘ (15) ʠ ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʦʡ ʪʝʨʤʦʧʘʨʳ 

ʤʝʜʴ ï ʢʦʥʩʪʘʥʪʘʥ ʤʝʞʜʫ ʭʦʣʦʜʥʦʡ ʧʣʠʪʦʡ ʠ ʘʜʩʦʨʙʮʠʦʥʥʳʤ ʥʘʩʦʩʦʤ. 

ʉʥʘʨʫʞʠ ʪʝʧʣʦʦʙʤʝʥʥʠʢʘ (24) ʥʘʤʦʪʘʥ ʥʘʛʨʝʚʘʪʝʣʴ (14) ʜʣʷ ʫʧʨʘʚʣʝʥʠʷ 

ʨʝʞʠʤʦʤ ʨʘʙʦʪʳ ʘʜʩʦʨʙʮʠʦʥʥʦʛʦ ʥʘʩʦʩʘ. ʂʘʣʦʨʠʤʝʪʨʠʯʝʩʢʘʷ ʷʯʝʡʢʘ ʧʦʤʝʱʝʥʘ 

ʚ ʚʘʢʫʫʤʥʫʶ ʢʘʤʝʨʫ, ʩʦʩʪʦʷʱʫʶ ʠʟ ʚʝʨʭʥʝʡ (25) ʠ ʥʠʞʥʝʡ (3) ʯʘʩʪʝʡ. 

ɺʘʢʫʫʤʥʘʷ ʢʘʤʝʨʘ ʧʝʨʝʜ ʥʘʯʘʣʦʤ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʦʪʢʘʯʠʚʘʝʪʩʷ ʬʦʨʚʘʢʫʫʤʥʳʤ ʠ 

ʜʠʬʬʫʟʠʦʥʥʳʤ ʥʘʩʦʩʘʤʠ. 

 ʅʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʳʡ ʚʘʢʫʫʤʥʳʡ ʨʘʟʲʝʤ (22), ʨʘʩʧʦʣʦʞʝʥʥʳʡ ʥʘ 

ʭʦʣʦʜʥʦʡ ʧʣʠʪʝ (11), ʦʙʝʩʧʝʯʠʚʘʝʪ ʜʦʩʪʫʧ ʢ ʵʣʝʤʝʥʪʘʤ ʢʘʣʦʨʠʤʝʪʨʠʯʝʩʢʦʡ 

ʷʯʝʡʢʠ. ɺ ʪʝʧʣʦʚʦʡ ʧʣʠʪʝ (11) ʠʤʝʶʪʩʷ ʦʪʚʝʨʩʪʠʷ ʜʣʷ ʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʨʦʚʦʜʦʚ 

[ʦʪ ʪʝʨʤʦʤʝʪʨʘ (4), ʪʝʨʤʦʧʘʨʳ (19), ʥʘʛʨʝʚʘʪʝʣʝʡ (7) ʠ (20)] ʠ ʢʘʥʘʣ (23) ʜʣʷ 

ʧʦʜʘʯʠ ʞʠʜʢʦʛʦ ʛʝʣʠʷï4 ʚ ʪʝʧʣʦʦʙʤʝʥʥʠʢ (24) ʘʜʩʦʨʙʮʠʦʥʥʦʛʦ ʥʘʩʦʩʘ (26) ʠʟ 

ʛʝʣʠʝʚʦʡ ʝʤʢʦʩʪʠ (2) ʥʘʨʫʞʥʦʛʦ ʢʨʠʦʩʪʘʪʘ. ʉʚʝʨʭʫ ʧʣʠʪʳ ʩʤʦʥʪʠʨʦʚʘʥ 

ʫʛʦʣʴʥʳʡ ʪʝʨʤʦʤʝʪʨ (12). 
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ʈʠʩ. 2.1 ʉʭʝʤʘ ʘʜʠʘʙʘʪʠʯʝʩʢʦʛʦ ʢʘʣʦʨʠʤʝʪʨʘ [123]: 1ï ʛʝʣʠʝʚʳʡ ʢʨʠʦʩʪʘʪ; 2 ï 

ʛʝʣʠʝʚʘʷ ʝʤʢʦʩʪʴ ʢʨʠʦʩʪʘʪʘ; 3 ï ʢʦʨʧʫʩ ʚʩʪʘʚʢʠ (ʥʠʞʥʷʷ ʯʘʩʪʴ); 4 ï 

ʠʟʤʝʨʠʪʝʣʴʥʳʡ ʪʝʨʤʦʤʝʪʨ çCERNOXè; 5 ï ʦʙʨʘʟʝʮ; 6 ï ʢʘʣʦʨʠʤʝʪʨ; 7 ï 

ʥʘʛʨʝʚʘʪʝʣʴ ʢʘʣʦʨʠʤʝʪʨʘ; 8 ï ʘʜʠʘʙʘʪʠʯʝʩʢʠʡ ʵʢʨʘʥ; 9 ï ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʘʷ 

ʢʘʤʝʨʘ; 10 ï ʪʨʫʙʢʘ; 11 ï ʭʦʣʦʜʥʘʷ ʧʣʠʪʘ; 12 ï ʫʛʦʣʴʥʳʡ ʪʝʨʤʦʤʝʪʨ; 13 ï 

ʩʦʨʙʝʥʪ; 14 ï ʥʘʛʨʝʚʘʪʝʣʴ ʘʜʩʦʨʙʝʨʘ; 15 ï ʫʛʦʣʴʥʳʡ ʪʝʨʤʦʤʝʪʨ; 16 ï ʚʝʥʪʠʣʴ; 

17 - ʣʠʥʠʷ ʟʘʧʦʣʥʝʥʠʷ ʛʝʣʠʝʤï4 ʠʣʠ ʛʝʣʠʝʤï3; 18 ï ʚʘʢʫʫʤʥʘʷ ʧʦʣʦʩʪʴ ʚʩʪʘʚʢʠ; 

19 ï ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʘʷ ʪʝʨʤʦʧʘʨʘ Au ï 0.03%Fe; 20 ï ʥʘʛʨʝʚʘʪʝʣʴ 

ʘʜʠʘʙʘʪʠʯʝʩʢʦʛʦ ʵʢʨʘʥʘ; 21 ï ʧʦʜʚʝʩʢʘ ʢʘʣʦʨʠʤʝʪʨʠʯʝʩʢʦʡ ʷʯʝʡʢʠ; 

22 - ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʳʡ ʚʘʢʫʫʤʥʳʡ ʨʘʟʲʝʤ; 23 ï ʚʭʦʜ ʛʝʣʠʷ ʚ ʪʝʧʣʦʦʙʤʝʥʥʠʢ 

ʘʜʩʦʨʙʝʨʘ; 24 ï ʪʝʧʣʦʦʙʤʝʥʥʠʢ ʘʜʩʦʨʙʝʨʘ; 25 ï ʢʦʨʧʫʩ ʚʩʪʘʚʢʠ (ʚʝʨʭʥʷʷ 

ʯʘʩʪʴ); 26 ï ʘʜʩʦʨʙʝʨ (ʘʜʩʦʨʙʮʠʦʥʥʳʡ ʥʘʩʦʩ); 27 ï ʣʠʥʠʷ ʧʨʦʢʘʯʢʠ ʛʝʣʠʷ ʯʝʨʝʟ 

ʪʝʧʣʦʦʙʤʝʥʥʠʢ ʘʜʩʦʨʙʝʨʘ; 28 ï ʚʝʥʪʠʣʴ; 30 ï ʣʠʥʠʷ ʦʪʢʘʯʢʠ 
4
ʅʝ; 

31 - ʵʣʝʢʪʨʦʨʘʟʲʤy. 
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ʈʠʩ. 2.2 ɼʝʪʘʣʠ ʢʘʣʦʨʠʤʝʪʨʘ: ʢʘʣʦʨʠʤʝʪʨ ʠ ʘʜʠʘʙʘʪʠʯʝʩʢʠʡ ʵʢʨʘʥ ʩ ʩʠʩʪʝʤʦʡ 

ʧʦʜʚʝʩʢʠ [123]. 

  

ɸʜʠʘʙʘʪʠʯʝʩʢʠʝ ʫʩʣʦʚʠʷ ʵʢʩʧʝʨʠʤʝʥʪʘ (ʩʢʦʨʦʩʪʴ ʠʟʤʝʥʝʥʠʷ ʪʝʤʧʝʨʘʪʫʨʳ 

ʢʘʣʦʨʠʤʝʪʨʘ dT/dtÒ10
-3
 ï 10

-4
 ʂ/ʤʠʥ) ʦʙʝʩʧʝʯʠʚʘʶʪʩʷ ʵʣʝʢʪʨʦʥʥʦʡ ʩʠʩʪʝʤʦʡ, 

ʢʦʪʦʨʘʷ ʫʧʨʘʚʣʷʝʪ ʪʝʤʧʝʨʘʪʫʨʦʡ ʘʜʠʘʙʘʪʠʯʝʩʢʦʛʦ ʵʢʨʘʥʘ, ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʦʡ ʪʝʨʤʦʧʘʨʳ (19) ʤʝʞʜʫ ʢʘʣʦʨʠʤʝʪʨʦʤ (6) ʠ ʪʝʧʣʦʚʳʤ 

ʵʢʨʘʥʦʤ (8), ʥʘʛʨʝʚʘʪʝʣʷ (20) ʪʝʧʣʦʚʦʛʦ ʵʢʨʘʥʘ, ʬʦʪʦʫʩʠʣʠʪʝʣʷ ʠ ʫʩʠʣʠʪʝʣʷ 

ʤʦʱʥʦʩʪʠ. ʈʘʟʥʠʮʘ ʪʝʤʧʝʨʘʪʫʨ ʤʝʞʜʫ ʢʘʣʦʨʠʤʝʪʨʦʤ (6) ʠ ʪʝʧʣʦʚʳʤ ʵʢʨʘʥʦʤ (8) 

ʠʟʤʝʨʷʝʪʩʷ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʦʡ ʪʝʨʤʦʧʘʨʳ 

[Au + 0,03 ʘʪ.% Fe ð Cu] (19). 

 ʋʧʨʘʚʣʝʥʠʝ ʢʘʣʦʨʠʤʝʪʨʠʯʝʩʢʠʤ ʵʢʩʧʝʨʠʤʝʥʪʦʤ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ 

ʧʝʨʩʦʥʘʣʴʥʳʤ ʢʦʤʧʴʶʪʝʨʦʤ (ʇʂ) ʩ ʧʦʤʦʱʴʶ ʩʠʩʪʝʤʳ ʢʦʥʪʨʦʣʷ ʠ ʩʙʦʨʘ 

ʜʘʥʥʳʭ ʥʘ ʙʘʟʝ ʤʫʣʴʪʠʤʝʪʨʘ Keithley 2700/7700. ʉʚʷʟʴ ʇʂ ʩ ʠʟʤʝʨʠʪʝʣʴʥʦʡ 

ʩʠʩʪʝʤʦʡ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʧʨʠ ʧʦʤʦʱʠ ʠʥʪʝʨʬʝʡʩʥʦʡ ʧʣʘʪʳ Advantech PCI-1671, 

ʨʝʘʣʠʟʫʶʱʝʡ ʦʙʤʝʥ ʜʘʥʥʳʤʠ ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩʦ ʩʪʘʥʜʘʨʪʦʤ IEEEï488 (GPIB). 

ʇʦʩʣʝ ʜʦʩʪʠʞʝʥʠʷ ʘʜʠʘʙʘʪʠʯʝʩʢʠʭ ʫʩʣʦʚʠʡ ʵʢʩʧʝʨʠʤʝʥʪʘ, ʚʢʣʶʯʘʝʪʩʷ ʪʦʢ 

ʯʝʨʝʟ ʥʘʛʨʝʚʘʪʝʣʴ ʠ ʟʘ ʚʨʝʤʷ th ʚʚʦʜʠʪʩʷ ʦʧʨʝʜʝʣʝʥʥʦʝ ʢʦʣʠʯʝʩʪʚʦ ʪʝʧʣʘ ʚ 

ʢʘʣʦʨʠʤʝʪʨ. ɺʨʝʤʷ ʥʘʛʨʝʚʘ ʠ ʧʦʣʝʟʥʘʷ ʤʦʱʥʦʩʪʴ ʠʟʤʝʨʷʶʪʩʷ ʤʫʣʴʪʠʤʝʪʨʦʤ 

Keithley 2700/7700. ʍʘʨʘʢʪʝʨʥʘʷ ʚʝʣʠʯʠʥʘ ʥʘʛʨʝʚʘ ʢʘʣʦʨʠʤʝʪʨʘ ȹʊ å 0.05 ʊ1, 

ʛʜʝ ʊ1 ï ʪʝʤʧʝʨʘʪʫʨʘ ʢʘʣʦʨʠʤʝʪʨʘ ʧʝʨʝʜ ʥʘʛʨʝʚʦʤ. ɺʨʝʤʝʥʘ ʥʘʛʨʝʚʘ 
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ʢʘʣʦʨʠʤʝʪʨʘ th ʩʦʩʪʘʚʣʷʶʪ 1 ï 5 ʤʠʥ. ʊʝʢʫʱʝʝ ʚʨʝʤʷ ʵʢʩʧʝʨʠʤʝʥʪʘ 

ʨʝʛʠʩʪʨʠʨʫʝʪʩʷ ʢʦʤʧʴʶʪʝʨʦʤ. 

 ɺ ʧʨʦʮʝʩʩʝ ʢʘʣʦʨʠʤʝʪʨʠʯʝʩʢʠʭ ʠʟʤʝʨʝʥʠʡ ʦʧʨʝʜʝʣʷʝʪʩʷ ʪʝʧʣʦʝʤʢʦʩʪʴ 

ʢʘʣʦʨʠʤʝʪʨʠʯʝʩʢʦʛʦ ʩʦʩʫʜʘ ʩ ʠʩʩʣʝʜʫʝʤʳʤ ʦʙʨʘʟʮʦʤ. ɼʣʷ ʦʧʨʝʜʝʣʝʥʠʷ 

ʪʝʧʣʦʝʤʢʦʩʪʠ ʠʟʫʯʘʝʤʦʛʦ ʚʝʱʝʩʪʚʘ ʥʝʦʙʭʦʜʠʤʦ ʟʥʘʪʴ ʪʝʧʣʦʝʤʢʦʩʪ ɹçʘʜʜʝʥʜʳè 

Cad (ʧʫʩʪʦʛʦ ʢʘʣʦʨʠʤʝʪʨʘ ʠ ʩʤʘʟʢʠ ɸʧʠʝʟʦʥ). ɼʣʷ ʵʪʦʛʦ, ʧʝʨʝʜ ʢʘʞʜʳʤ 

ʠʟʤʝʨʝʥʠʝʤ ʪʝʧʣʦʝʤʢʦʩʪʠ ʦʙʨʘʟʮʦʚ, ʥʘʤʠ ʧʨʦʚʦʜʠʣʠʩʴ ʦʪʜʝʣʴʥʳʝ 

ʵʢʩʧʝʨʠʤʝʥʪʳ, ʚ ʢʦʪʦʨʳʭ ʦʧʨʝʜʝʣʷʣʠʩʴ ʪʝʤʧʝʨʘʪʫʨʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ 

ʪʝʧʣʦʝʤʢʦʩʪʝʡ ʧʫʩʪʦʛʦ ʢʘʣʦʨʠʤʝʪʨʘ ʩʦ ʩʤʘʟʢʦʡ ɸʧʠʝʟʦʥ. ʇʦʣʫʯʝʥʥʳʝ ʜʘʥʥʳʝ 

ʧʦʟʚʦʣʷʶʪ ʦʧʠʩʘʪʴ ʩʛʣʘʞʝʥʥʳʝ ʢʨʠʚʳʝ ʪʝʧʣʦʝʤʢʦʩʪʠ ʚ ʚʠʜʝ ʧʦʣʠʥʦʤʦʚ ʧʦ 

ʩʪʝʧʝʥʷʤ ʪʝʤʧʝʨʘʪʫʨʳ ʩ ʧʦʤʦʱʴʶ ʤʝʪʦʜʘ ʥʘʠʤʝʥʴʰʠʭ ʢʚʘʜʨʘʪʦʚ.  

 ʋʜʝʣʴʥʘʷ ʪʝʧʣʦʝʤʢʦʩʪʴ ʦʙʨʘʟʮʘ ʦʧʨʝʜʝʣʷʝʪʩʷ ʩʣʝʜʫʶʱʠʤ ʚʳʨʘʞʝʥʠʝʤ: 

[ ]mCTTc ad /)/(UIt 21h --= ,                         (2.2) 

ʛʜʝ: ʩ ï ʫʜʝʣʴʥʘʷ ʪʝʧʣʦʝʤʢʦʩʪʴ ʠʩʩʣʝʜʫʝʤʦʛʦ ʚʝʱʝʩʪʚʘ; I ï ʚʝʣʠʯʠʥʘ ʩʠʣʳ ʪʦʢʘ, 

ʧʨʦʪʝʢʘʶʱʝʛʦ ʯʝʨʝʟ ʥʘʛʨʝʚʘʪʝʣʴ ʢʘʣʦʨʠʤʝʪʨʘ ʚ ʪʝʯʝʥʠʝ ʚʨʝʤʝʥʠ th; 

U -ʥʘʧʨʷʞʝʥʠʝ ʥʘ ʥʘʛʨʝʚʘʪʝʣʝ; T1, T2 ï ʥʘʯʘʣʴʥʘʷ (ʜʦ ʥʘʛʨʝʚʘ) ʠ ʢʦʥʝʯʥʘʷ 

(ʧʦʩʣʝ ʥʘʛʨʝʚʘ) ʪʝʤʧʝʨʘʪʫʨʳ ʢʘʣʦʨʠʤʝʪʨʘ; ʉad ï ʪʝʧʣʦʝʤʢʦʩʪʴ çʘʜʜʝʥʜʳè; 

m-ʤʘʩʩʘ ʠʩʩʣʝʜʫʝʤʦʛʦ ʦʙʨʘʟʮʘ. T1, T2 ʦʧʨʝʜʝʣʷʣʠ ʵʢʩʪʨʘʧʦʣʠʨʫʷ ʣʠʥʝʡʥʳʝ 

ʫʯʘʩʪʢʠ ʪʝʤʧʝʨʘʪʫʨʥʳʭ ʭʦʜʦʚ ʢʘʣʦʨʠʤʝʪʨʘ ʜʦ ʠ ʧʦʩʣʝ ʥʘʛʨʝʚʘ ʢ ʩʝʨʝʜʠʥʝ 

ʚʨʝʤʝʥʥʦʛʦ ʠʥʪʝʨʚʘʣʘ ʥʘʛʨʝʚʘ. ʊʘʢʠʤ ʩʧʦʩʦʙʦʤ ʫʯʠʪʳʚʘʣʠ ʦʩʪʘʪʦʯʥʳʡ 

ʪʝʧʣʦʦʙʤʝʥ ʢʘʣʦʨʠʤʝʪʨʘ ʩ ʘʜʠʘʙʘʪʠʯʝʩʢʠʤ ʵʢʨʘʥʦʤ.  

 

2.3.  ʄʝʪʦʜʠʢʘ ʩʦʟʜʘʥʠʷ ʦʙʨʘʟʮʦʚ ʩʚʷʟʦʢ ʟïʆʋʅʊ 

ʆʙʨʘʟʝʮ ʩʚʷʟʦʢ ʦʜʥʦʩʪʝʥʥʳʭ ʫʛʣʝʨʦʜʥʳʭ ʥʘʥʦʪʨʫʙʦʢ ʩ ʟʘʢʨʳʪʳʤʠ ʢʦʥʮʘʤʠ 

(ʟïʆʋʅʊ) ʠʤʝʣ ʮʠʣʠʥʜʨʠʯʝʩʢʫʶ ʬʦʨʤʫ ʠ ʙʳʣ ʩʧʨʝʩʩʦʚʘʥ ʠʟ ʧʣʘʩʪʠʥ 

ʪʦʣʱʠʥʦʡ º0.4 ʤʤ ʧʦʜ ʜʘʚʣʝʥʠʝʤ 1.1 ɻʇʘ. ʇʣʘʩʪʠʥʳ ʧʦʣʫʯʝʥʳ ʧʨʝʩʩʦʚʘʥʠʝʤ 

ʧʦʨʦʰʢʘ ʩʚʷʟʦʢ ʟïʆʋʅʊ (çCheap Tubesè) ʧʦʜ ʜʘʚʣʝʥʠʝʤ 1.1 ɻʇʘ. ʄʘʩʩʘ 

ʦʙʨʘʟʮʘ ʦʧʨʝʜʝʣʷʣʘʩʴ ʚʟʚʝʰʠʚʘʥʠʝʤ ʥʘ ʘʥʘʣʠʪʠʯʝʩʢʠʭ ʚʝʩʘʭ ʠ ʙʳʣʘ ʨʘʚʥʘ 

m = 716.0°0.05 ʤʛ. ɺʳʩʦʪʘ ʦʙʨʘʟʮʘ ʙʳʣʘ 7,2 ʤʤ, ʜʠʘʤʝʪʨ ð 10 ʤʤ. 
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ɼʦ ʥʘʰʠʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʥʘ ʵʪʦʤ ʦʙʨʘʟʮʝ ʙʳʣʠ ʚʳʧʦʣʥʝʥʳ 

ʜʠʣʘʪʦʤʝʪʨʠʯʝʩʢʠʝ ʠʟʤʝʨʝʥʠʷ ʢʦʵʬʬʠʮʠʝʥʪʘ ʨʘʜʠʘʣʴʥʦʛʦ ʪʝʧʣʦʚʦʛʦ 

ʨʘʩʰʠʨʝʥʠʷ ŬR [192]. ʅʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʪʝʧʣʦʝʤʢʦʩʪʠ ʠ 

ʪʝʧʣʦʚʦʛʦ ʨʘʩʰʠʨʝʥʠʷ ʷʚʣʷʶʪʩʷ ʚʳʩʦʢʦʯʫʚʩʪʚʠʪʝʣʴʥʳʤʠ ʠʥʩʪʨʫʤʝʥʪʘʤʠ 

ʠʟʫʯʝʥʠʷ ʥʠʟʢʦʵʥʝʨʛʝʪʠʯʝʩʢʦʛʦ ʬʦʥʦʥʥʦʛʦ ʩʧʝʢʪʨʘ. ɼʣʷ ʩʦʧʦʩʪʘʚʣʝʥʠ ̫ʢʨʠʚʳʭ 

ʪʝʧʣʦʝʤʢʦʩʪʠ ʠ ʪʝʧʣʦʚʦʛʦ ʨʘʩʰʠʨʝʥʠʷ ʩʚʷʟʦʢ ʟïʆʋʅʊ ʥʝʦʙʭʦʜʠʤʦ ʙʳʣʦ 

ʧʨʦʚʦʜʠʪʴ ʠʟʤʝʨʝʥʠʷ ʵʪʠʭ ʩʚʦʡʩʪʚ ʥʘ ʦʜʥʦʤ ʠ ʪʦʤ ʞʝ ʦʙʨʘʟʮʝ. 

ʇʨʠ ʧʨʦʚʝʜʝʥʠʠ ʠʟʤʝʨʝʥʠʡ ʢʦʵʬʬʠʮʠʝʥʪʘ ʨʘʜʠʘʣʴʥʦʛʦ ʪʝʧʣʦʚʦʛʦ 

ʨʘʩʰʠʨʝʥʠʷ Ŭr ʥʝʦʙʭʦʜʠʤ ʦʙʨʘʟʝʮ, ʠʤʝʶʱʠʡ ʫʧʦʨʷʜʦʯʝʥʥʫʶ ʩʪʨʫʢʪʫʨʫ, ʪʘʢ 

ʢʘʢ ʫʛʣʝʨʦʜʥʳʝ ʥʘʥʦʪʨʫʙʢʠ ʦʙʣʘʜʘʶʪ ʷʨʢʦ ʚʳʨʘʞʝʥʥʦʡ ʘʥʠʟʦʪʨʦʧʠʝʡ ʩʚʦʡʩʪʚ. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʚʦʟʥʠʢʘʝʪ ʥʝʦʙʭʦʜʠʤʦʩʪʴ ʚ ʦʙʨʘʟʮʝ, ʢʦʪʦʨʳʡ ʩʦʩʪʦʠʪ ʠʟ ʩʚʷʟʦʢ 

ʟïʆʋʅʊ, ʦʩʠ ʢʦʪʦʨʳʭ ʫʧʦʨʷʜʦʯʝʥʳ. 

ʀʟʚʝʩʪʥʦ ʥʝʩʢʦʣʴʢʦ ʤʝʪʦʜʦʚ ʫʧʦʨʷʜʦʯʝʥʠʷ ʦʩʝʡ ʩʚʷʟʦʢ ʟïʆʋʅʊ ʚʜʦʣʴ 

ʦʜʥʦʛʦ ʥʘʧʨʘʚʣʝʥʠʷ, ʢʦʪʦʨʳʝ ʧʨʠʤʝʥʠʤʳ ʚ ʪʦʥʢʠʭ ʧʣʝʥʢʘʭ, ʚ 

ʤʠʢʨʦʩʢʦʧʠʯʝʩʢʠʭ ʦʙʨʘʟʮʘʭ ʠ ʚ ʤʘʩʩʠʚʥʳʭ ʦʙʨʘʟʮʘʭ [193ï197]. ʕʪʠ ʤʝʪʦʜʳ 

ʜʦʚʦʣʴʥʦ ʩʣʦʞʥʳʝ ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ ʩʦʙʣʶʜʝʥʠʷ ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʛʦ ʧʨʦʮʝʩʩʘ ʠ 

ʪʨʝʙʫʶʪ ʩʣʦʞʥʦʛʦ ʜʦʨʦʛʦʩʪʦʷʱʝʛʦ ʦʙʦʨʫʜʦʚʘʥʠʷ. ʆʜʥʘʢʦ, ʚ ʨʷʜʝ ʩʣʫʯʘʝʚ, 

ʥʝʦʙʭʦʜʠʤʦʩʪʴ ʚʳʨʘʚʥʠʚʘʥʠʷ ʦʩʝʡ ʥʘʥʦʪʨʫʙʦʢ ʚʜʦʣʴ ʦʜʥʦʛʦ ʥʘʧʨʘʚʣʝʥʠʷ 

ʦʪʩʫʪʩʪʚʫʝʪ, ʠ ʜʦʩʪʘʪʦʯʥʦ ʫʧʦʨʷʜʦʯʠʪʴ ʦʩʠ ʥʘʥʦʪʨʫʙʦʢ ʚ ʧʣʦʩʢʦʩʪʠ. 

ʕʬʬʝʢʪ ʫʧʦʨʷʜʦʯʝʥʠʷ ʦʩʝʡ ʩʚʷʟʦʢ ʟïʆʋʅʊ ʧʨʠ ʧʨʠʣʦʞʝʥʠʠ ʜʘʚʣʝʥʠʷ 

1 ɻʇʘ ʦʙʩʫʞʜʘʝʪʩʷ ʚ ʨʘʙʦʪʝ [198]. ʉʦʛʣʘʩʥʦ ʨʝʟʫʣʴʪʘʪʘʤ ʵʪʦʡ ʨʘʙʦʪʳ, ʧʨʠ 

ʧʨʝʩʩʦʚʘʥʠʠ ʠʟ ʧʦʨʦʰʢʘ ʩʚʷʟʦʢ ʟïʆʋʅʊ ʧʣʘʩʪʠʥ ʩ ʪʦʣʱʠʥʦʡ ʥʝ ʧʨʝʚʳʰʘʶʱʝʡ 

0,4 ʤʤ ʧʦʜ ʜʘʚʣʝʥʠʝʤ 1,1 ɻʇʘ ʧʨʦʠʩʭʦʜʠʪ ʚʳʨʘʚʥʠʚʘʥʠʝ ʥʘʥʦʪʨʫʙʦʢ ʚ 

ʧʣʦʩʢʦʩʪʠ ʥʦʨʤʘʣʴʥʦʡ ʢ ʚʝʢʪʦʨʫ ʜʘʚʣʝʥʠʷ, ʧʨʠ ʵʪʦʤ ʩʨʝʜʥʝʝ ʫʛʣʦʚʦʝ 

ʦʪʢʣʦʥʝʥʠʝ ʩʚʷʟʢʠ ʦʪ ʧʣʦʩʢʦʩʪʠ ʚʳʨʘʚʥʠʚʘʥʠʷ ʩʦʩʪʘʚʣʷʝʪ ~4.̄ ɺ ʧʣʦʩʢʦʩʪʠ 

ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦʡ ʧʨʠʣʦʞʝʥʠʶ ʜʘʚʣʝʥʠʷ, ʦʩʠ ʩʚʷʟʦʢ ʟïʆʋʅʊ ʚ ʪʘʢʦʤ ʦʙʨʘʟʮʝ 

ʨʘʟʫʧʦʨʷʜʦʯʝʥʳ. ɼʘʚʣʝʥʠʝ ʚ 1 ɻʇʘ ʜʦʩʪʘʪʦʯʥʦ ʜʣʷ ʢʦʤʧʘʢʪʠʨʦʚʘʥʠʷ 

ʦʙʨʘʟʮʘ [198], ʥʦ ʥʝʜʦʩʪʘʪʦʯʥʦ ʜʣʷ ʥʘʨʫʰʝʥʠʷ ʮʝʣʦʩʪʥʦʩʪʠ ʠ ʩʪʨʫʢʪʫʨʳ ʩʚʷʟʦʢ 
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ʟïʆʋʅʊ. ʇʦʩʢʦʣʴʢʫ ʧʨʠ ʪʘʢʠʭ ʜʘʚʣʝʥʠʷʭ ʥʝ ʧʨʦʠʩʭʦʜʷʪ ʠʟʤʝʥʝʥʠʷ ʩʪʨʫʢʪʫʨʳ 

ʩʚʷʟʦʢ ʥʘʥʦʪʨʫʙʦʢ, ʪʘʢʘʷ ʧʨʦʮʝʜʫʨʘ ʧʨʠʛʦʪʦʚʣʝʥʠʷ ʦʙʨʘʟʮʘ ʥʝ ʚʣʠʷʝʪ ʥʘ 

ʨʝʟʫʣʴʪʘʪʳ ʠʟʤʝʨʝʥʠʷ ʪʝʧʣʦʝʤʢʦʩʪʠ. ʇʨʦʮʝʩʩ ʛʨʘʬʠʪʠʟʘʮʠʠ ʥʘʙʣʶʜʘʣʩʷ ʚ 

ʨʘʙʦʪʝ [199] ʧʨʠ ʧʨʠʣʦʞʝʥʠʠ ʢ ʧʦʨʦʰʢʫ ʥʘʥʦʪʨʫʙʦʢ ʙʦʣʝʝ ʚʳʩʦʢʠʭ 

ʜʘʚʣʝʥʠʡ (9 ɻʇʘ). 

ɼʣʷ ʩʦʟʜʘʥʠʷ ʤʘʢʨʦʩʢʦʧʠʯʝʩʢʠʭ ʦʙʨʘʟʮʦʚ ʠʩʧʦʣʴʟʦʚʘʣʘʩʴ ʩʧʝʮʠʘʣʴʥʘʷ 

ʨʘʟʲʝʤʥʘʷ ʮʠʣʠʥʜʨʠʯʝʩʢʘʷ ʤʘʪʨʠʮʘ, ʧʨʝʜʥʘʟʥʘʯʝʥʥʘʷ ʜʣʷ ʧʨʝʩʩʦʚʘʥʠʷ ʧʦʨʦʰʢʘ 

ʥʘʥʦʪʨʫʙʦʢ ʧʨʠ ʵʬʬʝʢʪʠʚʥʦʤ ʜʘʚʣʝʥʠʠ ʚ ʧʨʝʜʝʣʘʭ 0,5 ï 2 ɻʇʘ. ʄʘʪʨʠʮʘ 

ʩʦʩʪʦʷʣʘ ʠʟ ʯʝʪʳʨʸʭʩʝʢʮʠʦʥʥʦʛʦ ʢʦʣʴʮʘ ʩ ʮʠʣʠʥʜʨʠʯʝʩʢʠʤ ʢʘʥʘʣʦʤ ʠ 

ʢʦʥʠʯʝʩʢʦʡ ʚʥʝʰʥʝʡ ʧʦʚʝʨʭʥʦʩʪʴʶ. ɼʣʷ ʦʙʝʩʧʝʯʝʥʠʷ ʩʦʧʨʦʪʠʚʣʝʥʠʷ 

ʧʨʠʣʘʛʘʝʤʦʤʫ ʚʦ ʚʨʝʤʷ ʧʨʝʩʩʦʚʘʥʠʷ ʚʥʫʪʨʝʥʥʝʤʫ ʜʘʚʣʝʥʠʶ ʤʘʪʨʠʮʘ 

ʧʦʤʝʱʘʣʘʩʴ ʚʦ ʚʥʝʰʥʠʡ ʮʠʣʠʥʜʨ ʠʟ ʟʘʢʘʣʝʥʥʦʡ ʩʪʘʣʠ. ʇʦʩʣʝ ʪʦʛʦ, ʢʘʢ ʦʙʨʘʟʝʮ 

ʙʳʣ ʩʧʨʝʩʩʦʚʘʥ, ʤʘʪʨʠʮʘ ʠʟʚʣʝʢʘʣʘʩʴ ʠʟ ʚʥʝʰʥʝʛʦ ʮʠʣʠʥʜʨʘ ʠ ʯʝʪʳʨʝ ʩʝʢʮʠʠ ʝʸ 

ʢʦʣʴʮʘ ʨʘʟʤʳʢʘʣʠʩʴ ʜʣʷ ʪʦʛʦ, ʯʪʦʙʳ ʧʦʚʨʝʞʜʝʥʠʷ ʧʨʠ ʠʟʚʣʝʯʝʥʠʠ ʙʳʣʠ 

ʤʠʥʠʤʘʣʴʥʳʤʠ ʜʘʞʝ ʜʣʷ ʭʨʫʧʢʦʛʦ ʦʙʨʘʟʮʘ. ʀʩʧʦʣʴʟʫʝʤʳʡ ʧʫʘʥʩʦʥ ʙʳʣ 

ʠʟʛʦʪʦʚʣʝʥ ʠʟ ʥʝʤʘʛʥʠʪʥʦʛʦ ʤʘʪʝʨʠʘʣʘ (ʢʘʨʙʠʜʘ ʚʦʣʴʬʨʘʤʘ), ʪʘʢ ʢʘʢ ʚ ʧʦʨʦʰʢʝ 

ʥʘʥʦʪʨʫʙʦʢ ʩʦʜʝʨʞʠʪʩʷ ʧʨʠʤʝʩʴ ʢʦʙʘʣʴʪʦʚʦʛʦ ʢʘʪʘʣʠʟʘʪʦʨʘ. 

ʉʦʟʜʘʥʥʳʝ ʩ ʧʦʤʦʱʴʶ ʪʘʢʦʛʦ ʤʝʪʦʜʘ ʧʣʘʩʪʠʥʳ ʠʤʝʣʠ ʪʦʣʱʠʥʫ 0,4 ʤʤ ʠ 

ʤʘʩʩʫ ʦʢʦʣʦ 20ï30 ʤʛ, ʯʪʦ ʥʝʜʦʩʪʘʪʦʯʥʦ ʜʣʷ ʦʙʝʩʧʝʯʝʥʠʷ ʥʝʦʙʭʦʜʠʤʦʡ 

ʪʦʯʥʦʩʪʠ ʵʢʩʧʝʨʠʤʝʥʪʘ ʥʘ ʘʜʠʘʙʘʪʠʯʝʩʢʦʤ ʢʘʣʦʨʠʤʝʪʨʝ. ɹʳʣʘ ʦʩʚʦʝʥʘ 

ʤʝʪʦʜʠʢʘ ʩʦʟʜʘʥʠʷ ʧʨʠʛʦʜʥʳʭ ʜʣʷ ʢʘʣʦʨʠʤʝʪʨʠʯʝʩʢʠʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʦʙʨʘʟʮʦʚ, 

ʪʦʣʱʠʥʘ ʢʦʪʦʨʳʭ ʩʦʩʪʘʚʣʷʣʘ ~1 ʩʤ. ɼʣʷ ʠʟʛʦʪʦʚʣʝʥʠʷ ʛʦʤʦʛʝʥʥʳʭ 

ʮʠʣʠʥʜʨʠʯʝʩʢʠʭ ʦʙʨʘʟʮʦʚ ʚʳʩʦʪʦʡ ~1 ʩʤ ʬʦʨʤʘ ʤʘʪʨʠʮʳ ʟʘʧʦʣʥʷʣʘʩʴ ʚ 

ʥʝʩʢʦʣʴʢʦ ʜʝʩʷʪʢʦʚ ʧʨʠʝʤʦʚ. ʂʘʞʜʘʷ ʧʦʩʣʝʜʫʶʱʘʷ ʧʣʘʩʪʠʥʘ ʩʦʟʜʘʚʘʣʘʩʴ 

ʧʦʜʩʳʧʘʥʠʝʤ ʧʦʨʦʰʢʘ ʚ ʤʘʪʨʠʮʫ ʧʦʚʝʨʭ ʧʨʝʜʳʜʫʱʝʡ ʧʣʘʩʪʠʥʳ. ʅʘ ʢʘʞʜʫʶ 

ʧʣʘʩʪʠʥʫ ʚ ʩʨʝʜʥʝʤ ʨʘʩʭʦʜʦʚʘʣʦʩʴ 23 ʤʛ ʧʦʨʦʰʢʘ ʥʘʥʦʪʨʫʙʦʢ. ʇʨʝʩʩʦʚʘʥʠʝ 

ʢʘʞʜʦʡ ʧʦʨʮʠʠ ʧʦʨʦʰʢʘ ʦʩʫʱʝʩʪʚʣʷʣʦʩʴ ʚ ʪʨʠ ʵʪʘʧʘ. ɺʥʘʯʘʣʝ ʧʨʦʚʦʜʠʣʦʩʴ 

ʧʨʝʜʚʘʨʠʪʝʣʴʥʦʝ ʧʨʝʩʩʦʚʘʥʠʝ ʧʦʨʦʰʢʘ ʥʘʥʦʪʨʫʙʦʢ (ʧʦʜ ʜʘʚʣʝʥʠʝʤ ~0,5 ɻʇʘ) ʚ 
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ʪʝʯʝʥʠʠ 1ï2 ʯʘʩʦʚ, ʟʘʪʝʤ ʦʢʦʥʯʘʪʝʣʴʥʦʝ (ʧʦʜ ʜʘʚʣʝʥʠʝʤ ʜʦ 1,1 ɻʇʘ) ʚ ʪʝʯʝʥʠʠ 

ʥʝʩʢʦʣʴʢʠʭ ʯʘʩʦʚ. ɿʘʪʝʤ ʜʘʚʣʝʥʠʝ ʧʣʘʚʥʦ ʩʙʨʘʩʳʚʘʣʦʩʴ ʟʘ 20 ï 30 ʤʠʥʫʪ. 

ʇʦʨʦʰʦʢ (ʟïʆʋʅʊ) ʬʠʨʤʳ çCheap Tubesè (ʉʐɸ), ʠʩʧʦʣʴʟʦʚʘʥʥʳʡ ʜʣʷ 

ʩʦʟʜʘʥʠʷ ʦʙʨʘʟʮʦʚ, ʙʳʣ ʧʨʦʠʟʚʝʜʝʥ ʤʝʪʦʜʦʤ ʭʠʤʠʯʝʩʢʦʛʦ ʦʩʘʞʜʝʥʠʷ ʠʟ 

ʧʘʨʦʚʦʡ ʬʘʟʳ (CVD) [200] ʚ ʧʨʠʩʫʪʩʪʚʠʠ ʢʘʪʘʣʠʟʘʪʦʨʘ (ʢʦʙʘʣʴʪ) ʠ ʩʦʜʝʨʞʘʣ 

ʙʦʣʝʝ 90 ʚʝʩ.% ʦʜʥʦʩʪʝʥʥʳʭ ʫʛʣʝʨʦʜʥʳʭ ʥʘʥʦʪʨʫʙʦʢ. ɻʝʦʤʝʪʨʠʯʝʩʢʠʝ 

ʧʘʨʘʤʝʪʨʳ ʥʘʥʦʪʨʫʙʦʢ ʠ ʩʬʦʨʤʠʨʦʚʘʥʥʳʭ ʠʟ ʥʠʭ ʩʚʷʟʦʢ ʚ ʩʫʱʝʩʪʚʝʥʥʦʡ 

ʩʪʝʧʝʥʠ ʦʧʨʝʜʝʣʷʶʪʩʷ ʫʩʣʦʚʠʷʤʠ CVD ʩʠʥʪʝʟʘ (ʚʨʝʤʷ, ʪʝʤʧʝʨʘʪʫʨʘ, ʜʘʚʣʝʥʠʝ, 

ʩʦʨʪ ʙʫʬʝʨʥʦʛʦ ʛʘʟʘ), ʘ ʪʘʢʞʝ ʩʪʝʧʝʥʴʶ ʜʠʩʧʝʨʩʥʦʩʪʠ ʠ ʩʦʨʪʦʤ ʢʘʪʘʣʠʟʘʪʦʨʘ. 

ʆʩʥʦʚʥʳʤ ʧʨʝʠʤʫʱʝʩʪʚʦʤ ʜʘʥʥʦʛʦ ʤʝʪʦʜʘ ʷʚʣʷʶʪʩʷ ʙʦʣʴʰʠʝ ʢʦʣʠʯʝʩʪʚʘ 

ʩʠʥʪʝʟʠʨʫʝʤʦʛʦ ʤʘʪʝʨʠʘʣʘ, ʯʪʦ ʜʝʣʘʝʪ ʝʛʦ ʥʘʠʙʦʣʝʝ ʧʦʜʭʦʜʷʱʠʤ ʜʣʷ 

ʧʨʦʠʟʚʦʜʩʪʚʘ ʥʘʥʦʪʨʫʙʦʢ ʚ ʧʨʦʤʳʰʣʝʥʥʳʭ ʤʘʩʰʪʘʙʘʭ. ʂʨʦʤʝ ʪʦʛʦ, ʩʠʥʪʝʟ 

ʥʘʥʦʪʨʫʙʦʢ ʤʝʪʦʜʦʤ CVD ʧʦʟʚʦʣʷʝʪ ʤʘʩʩʦʚʦʝ ʧʨʦʠʟʚʦʜʩʪʚʦ ʚʳʩʦʢʦʯʠʩʪʳʭ 

ʥʘʥʦʪʨʫʙʦʢ. ʆʜʥʘʢʦ ʥʘʥʦʪʨʫʙʢʠ, ʧʦʣʫʯʝʥʥʳʝ ʵʪʠʤ ʤʝʪʦʜʦʤ, ʦʙʣʘʜʘʶʪ ʙʦʣʴʰʝʡ 

ʜʝʬʝʢʪʥʦʩʪʴʶ ʩʪʨʫʢʪʫʨʳ, ʯʝʤ ʧʦʣʫʯʝʥʥʳʝ ʤʝʪʦʜʘʤʠ ʜʫʛʦʚʦʛʦ ʨʘʟʨʷʜʘ ʠʣʠ 

ʣʘʟʝʨʥʦʛʦ ʠʩʧʘʨʝʥʠʷ. 

ɼʣʠʥʘ ʩʚʷʟʦʢ ʥʘʥʦʪʨʫʙʦʢ ʩʦʩʪʘʚʣʷʣʘ 5ï30 ʤʢʤ. ʆʩʥʦʚʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ 

ʧʦʨʦʰʢʘ ʫʢʘʟʘʥʳ ʚ ʪʘʙʣʠʮʝ 2.1. ʇʦ ʨʝʟʫʣʴʪʘʪʘʤ ʈʘʤʘʥʦʚʩʢʦʛʦ ʘʥʘʣʠʟʘ, 

ʠʩʭʦʜʥʳʡ ʧʦʨʦʰʦʢ ʩʦʜʝʨʞʘʣ ʙʦʣʝʝ 90 ʚʝʩ % ʦʜʥʦʩʪʝʥʥʳʭ ʫʛʣʝʨʦʜʥʳʭ 

ʥʘʥʦʪʨʫʙʦʢ ʩʦ ʩʨʝʜʥʠʤ ʚʥʝʰʥʠʤ ʜʠʘʤʝʪʨʦʤ 1,1 ʥʤ. ʈʝʟʫʣʴʪʘʪʳ 

ʨʝʥʪʛʝʥʦʩʪʨʫʢʪʫʨʥʦʛʦ ʘʥʘʣʠʟʘ, ʧʨʦʚʝʜʝʥʥʦʛʦ Robert Almairac ʚ Universit® 

Montpellier II (ʌʨʘʥʮʠʷ), ʧʦʜʪʚʝʨʜʠʣʠ, ʯʪʦ ʩʦʜʝʨʞʘʥʠʝ ʄʋʅʊ ʠ ʜʨʫʛʠʭ 

ʘʣʣʦʪʨʦʧʥʳʭ ʬʦʨʤ ʫʛʣʝʨʦʜʘ (ʬʫʣʣʝʨʠʪʦʚ, ʘʤʦʨʬʥʦʛʦ ʫʛʣʝʨʦʜʘ) ʚ ʧʦʨʦʰʢʝ 

ʥʘʥʦʪʨʫʙʦʢ ʥʝʟʥʘʯʠʪʝʣʴʥʦʝ. 

ɺ ʩʚʷʟʢʘʭ ʆʋʅʊ, ʧʦʣʫʯʝʥʥʳʝ ʤʝʪʦʜʦʤ CVD [200] ʙʦʣʴʰʘʷ ʯʘʩʪʴ 

ʥʘʥʦʪʨʫʙʦʢ ʠʤʝʝʪ ʤʝʪʘʣʣʠʯʝʩʢʠʡ ʪʠʧ ʧʨʦʚʦʜʠʤʦʩʪʠ. ʉʦʛʣʘʩʥʦ ʠʩʩʣʝʜʦʚʘʥʠʶ 

[201] ʚ ʦʙʨʘʟʮʘʭ ʧʦʣʫʯʝʥʥʳʭ ʤʝʪʦʜʦʤ CVD ʩʦʜʝʨʞʠʪʩʷ: ʦʢʦʣʦ 

25% çʭʠʨʘʣʴʥʳʭè (m,n) ʥʘʥʦʪʨʫʙʦʢ, ʦʢʦʣʦ 15% ʥʘʥʦʪʨʫʙʦʢ ʢʦʥʬʠʛʫʨʘʮʠʠ 

çʟʠʛʟʘʛè (m,0), ʠʟ ʢʦʪʦʨʳʭ 1/3 ʠʤʝʝʪ ʤʝʪʘʣʣʠʯʝʩʢʠʡ ʪʠʧ ʧʨʦʚʦʜʠʤʦʩʪʠ ʠ 
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2/3 - ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʡ [202]; ʠ ʦʢʦʣʦ 60% ʥʘʥʦʪʨʫʙʦʢ ʢʦʥʬʠʛʫʨʘʮʠʠ 

çʢʨʝʩʣʦè (n,n) ʩ ʤʝʪʘʣʣʠʯʝʩʢʠʤ ʪʠʧʦʤ ʧʨʦʚʦʜʠʤʦʩʪʠ [202]. 

ʈʘʤʘʥʦʚʩʢʘʷ ʩʧʝʢʪʨʦʩʢʦʧʠʷ ʦʙʨʘʟʮʦʚ ʙʳʣʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʢʦʤʥʘʪʥʦʡ 

ʪʝʤʧʝʨʘʪʫʨʝ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʣʘʟʝʨʘ ʩ ʜʣʠʥʦʡ ʚʦʣʥʳ 830 ʥʤ ʧʨʦʬ. B. Sundqvist 

ʚ Umea University (ʐʚʝʮʠʷ). ʅʘ ʈʘʤʘʥʦʚʩʢʠʭ ʩʧʝʢʪʨʘʭ ʚ ʥʠʟʢʦʯʘʩʪʦʪʥʦʡ 

ʦʙʣʘʩʪʠ ʩʧʝʢʪʨʘ ʥʘʭʦʜʷʪʩʷ ʧʠʢʠ RBMïʤʦʜ, ʧʦ ʢʦʪʦʨʳʤ ʤʦʞʥʦ ʦʧʨʝʜʝʣʠʪʴ 

ʜʠʘʤʝʪʨ ʠ ʭʠʨʘʣʴʥʦʩʪʴ ʪʨʫʙʦʢ. ʀʟ ʘʥʘʣʠʟʘ ʈʘʤʘʥʦʚʩʢʠʭ ʩʧʝʢʪʨʦʚ ʩʣʝʜʫʝʪ, ʯʪʦ ʚ 

ʦʙʨʘʟʮʝ ʥʘʠʙʦʣʴʰʝʝ ʢʦʣʠʯʝʩʪʚʦ çʭʠʨʘʣʴʥʳʭè ʪʨʫʙʦʢ {(9,6), (13,1), (18,6), 

(17,8)} ʠʤʝʶʪ ʠʥʜʝʢʩʳ ʭʠʨʘʣʴʥʦʩʪʠ, ʜʣʷ ʢʦʪʦʨʳʭ ʨʘʟʥʠʮʘ (m ï n) ʢʨʘʪʥʘ 3, ʯʪʦ 

ʫʢʘʟʳʚʘʝʪ ʥʘ ʤʝʪʘʣʣʠʯʝʩʢʠʡ ʭʘʨʘʢʪʝʨ ʧʨʦʚʦʜʠʤʦʩʪʠ ʥʘʥʦʪʨʫʙʦʢ. 

ʇʨʦʚʦʜʠʤʦʩʪʴ ʦʙʨʘʟʮʘ ʩʚʷʟʦʢ ʫʛʣʝʨʦʜʥʳʭ ʦʜʥʦʩʪʝʥʥʳʭ ʥʘʥʦʪʨʫʙʦʢ ʚ 

ʰʠʨʦʢʦʤ ʪʝʤʧʝʨʘʪʫʨʥʦʤ ʠʥʪʝʨʚʘʣʝ 4,2 ï 330 ʂ ʙʳʣʘ ʠʩʩʣʝʜʦʚʘʥʘ 

ɼʘʥʠʣʴʯʝʥʢʦ [203]. ʆʙʨʘʟʝʮ ʙʳʣ ʩʦʟʜʘʥ ʠʟ ʪʦʛʦ ʞʝ ʧʦʨʦʰʢʘ, ʯʪʦ ʠ ʚ ʥʘʰʠʭ 

ʵʢʩʧʝʨʠʤʝʥʪʘʭ. ɹʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʧʨʦʚʦʜʠʤʦʩʪʴ ʦʙʨʘʟʮʘ ʩʚʷʟʦʢ 

ʜʝʡʩʪʚʠʪʝʣʴʥʦ ʠʤʝʝʪ ʤʝʪʘʣʣʠʯʝʩʢʠʡ ʭʘʨʘʢʪʝʨ ʩ ʦʩʦʙʝʥʥʦʩʪʷʤʠ, ʧʨʠʩʫʱʠʤʠ 

ʦʜʥʦʤʝʨʥʳʤ ʤʝʪʘʣʣʘʤ [203]. 

ʉʚʷʟʴ ʧʘʨʘʤʝʪʨʦʚ ʭʠʨʘʣʴʥʦʩʪʠ (m,n) ʩ ʜʠʘʤʝʪʨʦʤ D ʥʘʥʦʪʨʫʙʦʢ 

ʦʧʨʝʜʝʣʷʝʪʩʷ ʚʳʨʘʞʝʥʠʝʤ [202]: 

p/3 0

22 dmnnmD Ö++= ,                                                   (2.3) 

ʛʜʝ d0 = 0.142 ʥʤ ð ʨʘʩʩʪʦʷʥʠʝ ʤʝʞʜʫ ʩʦʩʝʜʥʠʤʠ ʘʪʦʤʘʤʠ ʫʛʣʝʨʦʜʘ ʚ 

ʛʨʘʬʠʪʦʚʦʡ ʧʣʦʩʢʦʩʪʠ. ʇʨʝʜʧʦʣʘʛʘʷ, ʯʪʦ ʚ ʥʘʰʝʤ ʦʙʨʘʟʮʝ ʚʩʝ ʥʘʥʦʪʨʫʙʢʠ 

ʢʦʥʬʠʛʫʨʘʮʠʠ çʢʨʝʩʣʦè (n,n) ʠʤʝʶʪ ʩʨʝʜʥʠʡ ʜʠʘʤʝʪʨ D = 1,1 ʥʤ, ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʚʳʨʘʞʝʥʠʷ (2.3), ʤʳ ʨʘʩʩʯʠʪʘʣʠ ʭʠʨʘʣʴʥʦʩʪʴ ʧʨʝʦʙʣʘʜʘʶʱʠʭ ʚ 

ʦʙʨʘʟʮʝ ʥʘʥʦʪʨʫʙʦʢ - (8,8).  

 ʌʦʪʦʛʨʘʬʠʷ ʠʩʭʦʜʥʦʛʦ ʧʦʨʦʰʢʘ ʥʘʥʦʪʨʫʙʦʢ, ʧʦʣʫʯʝʥʥʘʷ ʩ ʧʦʤʦʱʴʶ 

ʧʨʦʩʚʝʯʠʚʘʶʱʝʛʦ ʵʣʝʢʪʨʦʥʥʦʛʦ ʤʠʢʨʦʩʢʦʧʘ ʚʳʩʦʢʦʛʦ ʨʘʟʨʝʰʝʥʠʷ (ʇʕʄ) 

ʧʦʢʘʟʘʥʘ ʥʘ ʨʠʩ. 2.3. ʅʘ ʩʥʠʤʢʝ ʦʪʯʝʪʣʠʚʦ ʚʠʜʥʳ ʩʚʷʟʢʠ ʟïʆʋʅʊ, ʯʪʦ ʷʚʣʷʝʪʩʷ 

ʧʦʜʪʚʝʨʞʜʝʥʠʝʤ ʪʦʛʦ, ʯʪʦ ʥʘʥʦʪʨʫʙʢʠ ʚ ʦʙʨʘʟʮʝ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ 
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ʦʜʥʦʩʪʝʥʥʳʝ [6]. ʀʩʭʦʜʷ ʠʟ ʦʮʝʥʦʢ, ʩʜʝʣʘʥʥʳʭ ʥʘ ʦʩʥʦʚʝ ʇʕʄ ʠʟʦʙʨʘʞʝʥʠʡ, ʚ 

ʙʦʣʴʰʠʥʩʪʚʝ ʩʚʷʟʦʢ ʢʦʣʠʯʝʩʪʚʦ ʥʘʥʦʪʨʫʙʦʢ ʚʘʨʴʠʨʫʝʪʩʷ ʚ ʧʨʝʜʝʣʘʭ 100ð150. 

ɼʨʫʛʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʠʩʭʦʜʥʦʛʦ ʧʦʨʦʰʢʘ ʩʚʷʟʦʢ ʟïʆʋʅʊ ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ 

ʪʘʙʣʠʮʝ 2.1. 

 

ʈʠʩ. 2.3 ʇʕʄ ʬʦʪʦʛʨʘʬʠʷ ʠʩʭʦʜʥʦʛʦ ʧʦʨʦʰʢʘ ʩʚʷʟʦʢ ʆʋʅʊ [93]. 

 

ʊʘʙʣʠʮʘ 2.1. ʍʘʨʘʢʪʝʨʠʩʪʠʢʠ ʧʦʨʦʰʢʘ ʩʚʷʟʦʢ ʟïʆʋʅʊ 

ʉʨʝʜʥʠʡ ʚʥʝʰʥʠʡ ʜʠʘʤʝʪʨ ʥʘʥʦʪʨʫʙʢʠ 1,1 ʥʤ 

ɼʣʠʥʘ ʩʚʷʟʢʠ ʟïʆʋʅʊ 5ï30 ʤʢʤ 

ʆʪʥʦʩʠʪʝʣʴʥʦʝ ʢʦʣʠʯʝʩʪʚʦ ʩʚʷʟʦʢ ʟïʆʋʅʊ  > 90 ʚʝʩ. % 

ʆʪʥʦʩʠʪʝʣʴʥʦʝ ʢʦʣʠʯʝʩʪʚʦ ʄʋʅʊ  < 5 ʚʝʩ. %  

ʆʪʥʦʩʠʪʝʣʴʥʦʝ ʢʦʣʠʯʝʩʪʚʦ ʘʤʦʨʬʥʦʛʦ ʫʛʣʝʨʦʜʘ  < 1,5 ʚʝʩ.% 

ʆʪʥʦʩʠʪʝʣʴʥʦʝ ʢʦʣʠʯʝʩʪʚʦ ʉʦ ʢʘʪʘʣʠʟʘʪʦʨʘ  2,9 ʚʝʩ.% 

ʋʜʝʣʴʥʘʷ ʧʣʦʱʘʜʴ ʧʦʚʝʨʭʥʦʩʪʠ > 407 ʤ
2
/ʛ 

 

ʀʟʚʝʩʪʥʦ, ʯʪʦ, ʜʘʞʝ ʢʨʘʪʢʦʚʨʝʤʝʥʥʳʡ ʢʦʥʪʘʢʪ ʦʙʨʘʟʮʘ ʩ ʘʪʤʦʩʬʝʨʦʡ, 

ʤʦʞʝʪ ʧʨʠʚʦʜʠʪʴ ʢ ʬʠʟʠʯʝʩʢʦʡ ʩʦʨʙʮʠʠ ʛʘʟʦʚʳʭ ʧʨʠʤʝʩʝʡ ʠ ʩʫʱʝʩʪʚʝʥʥʦʤʫ 

ʠʟʤʝʥʝʥʠʶ ʨʝʟʫʣʴʪʘʪʦʚ ʵʢʩʧʝʨʠʤʝʥʪʘ [204]. ʇʦʵʪʦʤʫ, ʜʦ ʥʘʯʘʣʘ ʠʟʤʝʨʝʥʠʡ, 

ʙʳʣʘ ʧʨʦʚʝʜʝʥʦ ʧʨʦʮʝʜʫʨʘ ʪʱʘʪʝʣʴʥʦʡ ʦʯʠʩʪʢʠ ʦʙʨʘʟʮʘ ʦʪ ʛʘʟʦʚʳʭ ʧʨʠʤʝʩʝʡ. 

ʇʝʨʝʜ ʤʦʥʪʘʞʦʤ ʚ ʢʘʣʦʨʠʤʝʪʨ ʦʙʨʘʟʝʮ ʧʦʤʝʩʪʠʣʠ ʚ ʛʝʨʤʝʪʠʯʥʳʡ ʩʦʩʫʜ ʠ 

ʥʝʩʢʦʣʴʢʦ ʨʘʟ ʧʨʦʤʳʣʠ ʯʠʩʪʳʤ ʛʘʟʦʦʙʨʘʟʥʳʤ ʘʟʦʪʦʤ. ɿʘʪʝʤ ʦʙʨʘʟʝʮ ʥʘʭʦʜʠʣʩʷ 
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ʧʦʜ ʦʪʢʘʯʢʦʡ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 500 ʂ ʚ ʪʝʯʝʥʠʝ 12 ʯʘʩʦʚ. ʇʦʩʣʝ ʦʭʣʘʞʜʝʥʠʷ 

ʦʙʨʘʟʮʘ ʜʦ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʳ ʦʙʲʝʤ ʩʦʩʫʜʘ ʟʘʧʦʣʥʠʣʠ ʛʘʟʦʦʙʨʘʟʥʳʤ 

ʯʠʩʪʳʤ ʘʟʦʪʦʤ ʧʦʜ ʜʘʚʣʝʥʠʝʤ 1,1 ʘʪʤ. ɺʟʚʝʰʠʚʘʥʠʝ, ʤʦʥʪʘʞ ʦʙʨʘʟʮʘ ʚ 

ʢʘʣʦʨʠʤʝʪʨ ʠ ʛʝʨʤʝʪʠʟʘʮʠʷ ʚʘʢʫʫʤʥʦʡ ʢʘʤʝʨʳ ʟʘʥʠʤʘʣʠ ʦʢʦʣʦ 3ïʭ ʯʘʩʦʚ. ɿʘʪʝʤ 

ʦʙʨʘʟʝʮ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʙʳʣ ʥʝʩʢʦʣʴʢʦ ʨʘʟ ʧʨʦʤʳʪ ʯʠʩʪʳʤ 

ʛʘʟʦʦʙʨʘʟʥʳʤ ʘʟʦʪʦʤ ʠ ʚ ʪʝʯʝʥʠʝ ʥʝʩʢʦʣʴʢʠʭ ʜʝʩʷʪʢʦʚ ʯʘʩʦʚ ʥʘʭʦʜʠʣʩʷ ʚ 

ʜʠʥʘʤʠʯʝʩʢʦʤ ʚʘʢʫʫʤʝ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 320 ʂ. 

2.4. ʄʝʪʦʜʠʢʘ ʟʘʧʦʣʥʝʥʠʷ ʢʘʥʘʚʦʢ ʩʚʷʟʦʢ ʟïʆʋʅʊ 1D ʮʝʧʦʯʢʘʤʠ 

ʩʬʦʨʤʠʨʦʚʘʥʥʳʭ ʠʟ ʘʜʩʦʨʙʠʨʦʚʘʥʥʳʭ ʛʘʟʦʚ 

 

ʀʟʤʝʨʝʥʠʷ ʪʝʧʣʦʝʤʢʦʩʪʠ 1D ʮʝʧʦʯʝʢ ʘʜʩʦʨʙʘʪʘ ʚ ʢʘʥʘʚʢʘʭ ʩʚʷʟʦʢ 

ʫʛʣʝʨʦʜʥʳʭ ʥʘʥʦʪʨʫʙʦʢ ʷʚʣʷʶʪʩʷ ʚʝʩʴʤʘ ʥʝʧʨʦʩʪʦʡ ʟʘʜʘʯʝʡ ʩ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʪʦʯʢʠ ʟʨʝʥʠʷ. ʋʛʣʝʨʦʜʥʳʝ ʥʘʥʦʪʨʫʙʢʠ ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ 

ʢʘʨʢʘʩʥʳʝ ʫʛʣʝʨʦʜʥʳʝ ʩʪʨʫʢʪʫʨʳ, ʠʤʝʶʱʠʝ ʙʦʣʴʰʫʶ ʫʜʝʣʴʥʫʶ ʧʦʚʝʨʭʥʦʩʪʴ 

(ʜʦ 2500 ʩʤ
2
/ʛ), ʠ ʷʚʣʷʶʪʩʷ ʭʦʨʦʰʠʤʠ ʩʦʨʙʝʥʪʘʤʠ. ʄʝʩʪʘʤʠ ʩʦʨʙʮʠʠ ʷʚʣʷʶʪʩʷ 

ʤʝʞʪʨʫʙʥʳʝ ʢʘʥʘʣʳ (IC), ʢʘʥʘʚʢʠ (G), ʚʥʝʰʥʷʷ ʧʦʚʝʨʭʥʦʩʪʴ ʞʛʫʪʘ (S).  

ɸʜʩʦʨʙʘʪʳ ʠʤʝʶʪ ʨʘʟʥʳʝ ʵʥʝʨʛʠʠ ʩʚʷʟʠ ʚ ʵʪʠʭ ʧʦʟʠʮʠʷʭ. ʇʝʨʝʜ 

ʠʩʩʣʝʜʦʚʘʥʠʷʤʠ ʪʝʧʣʦʝʤʢʦʩʪʠ 1D ʮʝʧʦʯʝʢ ʘʜʩʦʨʙʠʨʦʚʘʥʥʳʭ ʚ ʢʘʥʘʚʢʘʭ ʩʚʷʟʦʢ 

ʟïʆʋʅʊ, ʙʳʣʠ ʚʳʧʦʣʥʝʥʳ ʠʟʤʝʨʝʥʠʷ ʪʝʧʣʦʝʤʢʦʩʪʠ ʘʜʜʝʥʜʳ 

(ʢʘʣʦʨʠʤʝʪʨʠʯʝʩʢʦʛʦ ʩʦʩʫʜʘ, ʩʤʘʩʢʠ ʘʧʠʝʟʦʥ ʠ ʩʚʷʟʦʢ ʟïʆʋʅʊ), ʨʝʟʫʣʴʪʘʪʳ 

ʠʟʤʝʨʝʥʠʡ ʦʧʠʩʘʥʳ ʚ ʨʘʟʜʝʣʝ 3.  

ɺ ʧʨʦʮʝʩʩʝ ʧʦʣʫʯʝʥʠʷ ʧʨʘʢʪʠʯʝʩʢʠ ʚʩʝ ʥʘʥʦʪʨʫʙʢʠ ʚ ʩʚʷʟʢʘʭ ʠʤʝʶʪ 

ʟʘʢʨʳʪʳʝ ʢʦʥʮʳ. ɺʥʫʪʨʝʥʥʠʝ ʧʦʣʦʩʪʠ (ʨʠʩ. 2.4) ʩʪʘʥʦʚʷʪʩʷ ʜʦʩʪʫʧʥʳʤʠ ʜʣʷ 

ʩʦʨʙʮʠʠ, ʪʦʣʴʢʦ ʝʩʣʠ ʙʳʣʦ ʚʳʧʦʣʥʝʥʦ ʨʘʩʢʨʳʪʠʝ ʢʦʥʮʦʚ ʥʘʥʦʪʨʫʙʦʢ ʚ 

ʨʝʟʫʣʴʪʘʪʝ ʦʢʠʩʣʠʪʝʣʴʥʦʡ ʦʙʨʘʙʦʪʢʠ (ʩʤʝʩʴʶ ʢʠʩʣʦʪʳ ʠ ʦʢʠʩʣʠʪʝʣʷ, ʦʟʦʥʦʤ ʠ 

ʪ.ʧ.) [205]. ʇʨʠ ʤʘʣʳʭ ʢʦʣʠʯʝʩʪʚʘʭ ʘʜʩʦʨʙʘʪʘ ʤʦʛʫʪ ʦʙʨʘʟʦʚʳʚʘʪʴʩʷ 

ʦʜʥʦʤʝʨʥʳʝ (1D) ʮʝʧʦʯʢʠ ʤʦʣʝʢʫʣ (ʘʪʦʤʦʚ) ʚ IC ʠ G ʤʝʩʪʘʭ ʩʚʷʟʦʢ ʆʋʅʊ.  
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ʈʠʩ. 2.4 ʉʭʝʤʘʪʠʯʝʩʢʦʝ ʠʟʦʙʨʘʞʝʥʠʝ ʚʦʟʤʦʞʥʳʭ ʤʝʩʪ ʘʜʩʦʨʙʮʠʠ 

ʛʘʟʦʚʳʭ ʧʨʠʤʝʩʝʡ ʚ ʟïʆʋʅʊ ʩʚʷʟʢʝ [62].  

 

ɺʦʟʤʦʞʥʦʩʪʴ ʟʘʧʦʣʥʝʥʠʷ ʤʦʣʝʢʫʣʘʤʠ ʧʨʠʤʝʩʠ ʤʝʞʪʨʫʙʥʳʭ ʢʘʥʘʣʦʚ ʚ 

ʩʚʷʟʢʝ ʥʘʥʦʪʨʫʙʦʢ (IC) ʟʘʚʠʩʠʪ ʦʪ ʩʦʦʪʥʦʰʝʥʠʷ ʛʝʦʤʝʪʨʠʯʝʩʢʠʭ ʨʘʟʤʝʨʦʚ 

ʤʦʣʝʢʫʣ ʧʨʠʤʝʩʠ ʠ ʧʦʧʝʨʝʯʥʦʛʦ ʩʝʯʝʥʠʷ IC ʢʘʥʘʣʦʚ. ʉʦʛʣʘʩʥʦ ʚʳʧʦʣʥʝʥʥʦʡ ʚ 

ʨʘʙʦʪʝ [70] ʦʮʝʥʢʝ, ʧʨʠ ʜʠʘʤʝʪʨʝ ʥʘʥʦʪʨʫʙʦʢ 1,38 ʥʤ ʠ ʨʘʩʩʪʦʷʥʠʠ ʤʝʞʜʫ 

ʥʘʥʦʪʨʫʙʢʘʤʠ ʚ ʩʚʷʟʢʝ 1,7 ʥʤ, ʜʠʘʤʝʪʨ rIC ʢʘʥʘʣʦʚ ʚ ʩʚʷʟʢʝ ʦʢʦʣʦ 0,26 ʥʤ. 

ʆʜʥʘʢʦ ʚ ʨʝʘʣʴʥʳʭ ʩʚʷʟʢʘʭ ʟïʆʋʅʊ ʚʩʝʛʜʘ ʝʩʪʴ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʥʘʥʦʪʨʫʙʦʢ ʧʦ 

ʜʠʘʤʝʪʨʘʤ, ʯʪʦ ʤʦʞʝʪ ʧʨʠʚʦʜʠʪʴ ʢ ʧʦʷʚʣʝʥʠʶ ʤʝʞʪʨʫʙʥʳʭ ʢʘʥʘʣʦʚ, ʢʦʪʦʨʳʝ 

ʙʦʣʴʰʝ ʧʦ ʨʘʟʤʝʨʫ, ʯʝʤ IC ʚ ʩʚʷʟʢʘʭ ʠʟ ʥʘʥʦʪʨʫʙʦʢ ʦʜʠʥʘʢʦʚʦʛʦ ʜʠʘʤʝʪʨʘ [206]. 

ʇʦ ʤʥʝʥʠʶ ʘʚʪʦʨʦʚ ʨʘʙʦʪ [68, 207] ʧʨʠ ʘʜʩʦʨʙʮʠʠ ʣʝʛʢʠʭ ʧʨʠʤʝʩʝʡ: 
4
He, H2, ʠ 

Ne ʚ ʧʝʨʚʫʶ ʦʯʝʨʝʜʴ ʙʫʜʫʪ ʟʘʧʦʣʥʝʥʳ IC ʧʦʣʦʩʪʠ, ʧʦʩʢʦʣʴʢʫ ʚ ʥʠʭ ʵʥʝʨʛʠʷ 

ʩʚʷʟʠ ʥʘʠʙʦʣʴʰʘʷ. ʉ ʜʨʫʛʦʡ ʩʪʦʨʦʥʳ, ʚ ʨʘʙʦʪʝ [70] ʥʘ ʦʩʥʦʚʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ 

ʦʧʨʝʜʝʣʝʥʥʳʭ ʟʥʘʯʝʥʠʡ ʵʥʝʨʛʠʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʛʘʟʦʚʳʭ ʧʨʠʤʝʩʝʡ ʧʨʠ 

ʘʜʩʦʨʙʮʠʠ ʩʚʷʟʢʘʤʠ ʟïʆʋʅʊ, ʫʪʚʝʨʞʜʘʝʪʩʷ, ʯʪʦ ʜʘʞʝ ʥʝʦʥ ʥʝ ʧʨʦʥʠʢʘʝʪ ʚ IC 

ʢʘʥʘʣʳ. ɺ ʨʘʙʦʪʝ [70] ʪʘʢʞʝ ʚʳʩʢʘʟʘʥʦ ʧʨʝʜʧʦʣʦʞʝʥʠʝ ʦ ʥʝʚʦʟʤʦʞʥʦʩʪʠ 

ʧʨʦʥʠʢʥʦʚʝʥʠʷ ʚ ʢʘʥʘʣʳ (IC) ʤʦʣʝʢʫʣ ʛʝʣʠʷ ʠ ʚʦʜʦʨʦʜʘ, ʯʪʦ ʩʚʷʟʘʥʦ ʩ 

ʚʝʨʦʷʪʥʳʤ ʙʣʦʢʠʨʦʚʘʥʠʝʤ ʵʪʠʭ ʢʘʥʘʣʦʚ ʦʢʠʩʣʘʤʠ, ʣʠʙʦ ʜʨʫʛʠʤʠ ʭʠʤʠʯʝʩʢʠʤʠ 

ʩʦʝʜʠʥʝʥʠʷʤʠ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʦ ʚʠʜʠʤʦʤʫ, ʚ ʩʚʷʟʢʘʭ ʆʋʅʊ ʩʦ ʩʨʝʜʥʠʤ 

ʜʠʘʤʝʪʨʦʤ ʪʨʫʙʦʢ ʤʝʥʴʰʝ 1,38 ʥʤ, ʤʝʞʪʨʫʙʥʳʝ ʢʘʥʘʣʳ ʥʝ ʜʦʩʪʫʧʥʳ ʜʣʷ ʙʦʣʝʝ 

ʪʷʞʝʣʳʭ ʘʪʦʤʦʚ, ʯʝʤ Ne.  
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ɺ ʥʘʰʠʭ ʦʮʝʥʢʘʭ ʢʦʣʠʯʝʩʪʚʘ ʘʜʩʦʨʙʘʪʦʚ Xe ʠ N2, ʥʝʦʙʭʦʜʠʤʳʭ ʜʣʷ 

ʦʙʨʘʟʦʚʘʥʠʷ 1D ʮʝʧʦʯʝʢ ʚ ʢʘʥʘʚʢʘʭ (G), ʤʳ ʧʦʣʘʛʘʣʠ, ʯʪʦ ʯʘʩʪʠʮʳ ʘʜʩʦʨʙʘʪʦʚ 

ʥʝ ʧʨʦʥʠʢʘʶʪ ʚ IC ʧʦʟʠʮʠʠ. ʆʮʝʥʢʘ ʚʳʧʦʣʥʝʥʘ ʚ ʨʘʤʢʘʭ ʧʨʦʩʪʦʡ 

ʛʝʦʤʝʪʨʠʯʝʩʢʦʡ ʤʦʜʝʣʠ, ʘʥʘʣʦʛʠʯʥʦ ʢʘʢ ʚ ʨʘʙʦʪʝ [189]. ʇʨʠ ʵʪʦʤ ʤʳ 

ʨʫʢʦʚʦʜʩʪʚʦʚʘʣʠʩʴ ʩʣʝʜʫʶʱʠʤʠ ʩʦʦʙʨʘʞʝʥʠʷʤʠ: 

ʘ) ʆʜʥʦʩʪʝʥʥʘʷ ʫʛʣʝʨʦʜʥʘʷ ʥʘʥʦʪʨʫʙʢʘ (ʆʋʅʊ) ʤʦʞʝʪ ʙʳʪʴ ʧʨʝʜʩʪʘʚʣʝʥʘ, 

ʢʘʢ ʩʚʝʨʥʫʪʘʷ ʚ ʮʠʣʠʥʜʨ ʛʨʘʬʝʥʦʚʘʷ ʧʣʦʩʢʦʩʪʴ ʩ ʙʝʩʰʦʚʥʳʤ ʩʦʝʜʠʥʝʥʠʝʤ, 

ʧʦʚʝʨʭʥʦʩʪʴ ʢʦʪʦʨʦʡ ʩʦʩʪʦʠʪ ʠʟ ʧʨʘʚʠʣʴʥʳʭ ʰʝʩʪʠʫʛʦʣʴʥʠʢʦʚ, ʚ ʚʝʨʰʠʥʘʭ 

ʢʦʪʦʨʳʭ ʨʘʩʧʦʣʦʞʝʥʳ ʘʪʦʤʳ ʫʛʣʝʨʦʜʘ [8]. ʇʨʝʜʧʦʣʘʛʘʝʪʩʷ, ʯʪʦ ʨʘʩʩʪʦʷʥʠʷ 

ʤʝʞʜʫ ʙʣʠʞʘʡʰʠʤʠ ʘʪʦʤʘʤʠ ʫʛʣʝʨʦʜʘ aCðC ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʥʘʥʦʪʨʫʙʦʢ ʠ 

ʛʨʘʬʝʥʦʚʦʡ ʧʣʦʩʢʦʩʪʠ ʨʘʚʥʳ (ʨʠʩ. 2.5). ʀʟ ʣʠʪʝʨʘʪʫʨʥʳʭ ʠʩʪʦʯʥʠʢʦʚ ʠʟʚʝʩʪʥʦ, 

ʯʪʦ aCðC =1,42 ¡ [208]. ʆʩʪʘʣʴʥʳʝ ʧʘʨʘʤʝʪʨʳ ʚʳʨʘʞʘʶʪʩʷ ʯʝʨʝʟ aCðC 

ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ: 

 

Aab CC 46.2
2

3
*42.1*2)

3
sin(**2  C-C ===-

p
,                  (2.4) 

Aac CC 13.242.1*
2

3

2

3
 C-C ===- ,                                (2.5) 

 

ʈʠʩ. 2.5 ʉʪʨʫʢʪʫʨʘ ʛʨʘʬʝʥʦʚʦʡ ʧʦʚʝʨʭʥʦʩʪʠ: aCðC ï ʜʣʠʥʘ ʩʚʷʟʠ CðC;  

bCðC ï ñʧʦʧʝʨʝʯʥʳʡò ʧʘʨʘʤʝʪʨ ʨʝʰʝʪʢʠ; cCðC ï ñʧʨʦʜʦʣʴʥʳʡò ʧʘʨʘʤʝʪʨ 

ʨʝʰʝʪʢʠ [189]. 
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ʇʨʦʚʝʜʷ ʤʦʜʝʣʠʨʦʚʘʥʠʝ, ʙʳʣʦ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʜʣʷ ʥʘʥʦʪʨʫʙʦʢ 

ʨʘʟʣʠʯʥʦʡ ʭʠʨʘʣʴʥʦʩʪʠ ʧʦ ʦʢʨʫʞʥʦʩʪʠ ʜʠʘʤʝʪʨʘ ʫʢʣʘʜʳʚʘʝʪʩʷ ʨʘʟʣʠʯʥʦʝ 

ʢʦʣʠʯʝʩʪʚʦ ʰʝʩʪʠʛʨʘʥʥʠʢʦʚ. ɼʣʷ ʥʘʥʦʪʨʫʙʦʢ ʩʦ ʩʨʝʜʥʠʤ ʜʠʘʤʝʪʨʦʤ 1,1 ʥʤ 

(ʥʘʰ ʦʙʨʘʟʝʮ) ʧʦ ʦʢʨʫʞʥʦʩʪʠ ʫʢʣʘʜʳʚʘʝʪʩʷ f=16 ʰʝʩʪʠʛʨʘʥʥʠʢʦʚ ʜʣʷ ʪʨʫʙʦʢ 

ʪʠʧʘ çʢʨʝʩʣʦè (8,8) ʠ f=14 ʜʣʷ ʪʨʫʙʦʢ ʪʠʧʘ çʟʠʛʟʘʛè (14,0). ʀʟ ʦʮʝʥʦʢ ʩʣʝʜʦʚʘʣʦ, 

ʯʪʦ ʭʠʨʘʣʴʥʦʩʪʴ ʫʛʣʝʨʦʜʥʳʭ ʥʘʥʦʪʨʫʙʦʢ ʙʣʠʟʢʠʭ ʧʦ ʜʠʘʤʝʪʨʘʤ ʩʣʘʙʦ ʚʣʠʷʝʪ ʥʘ 

ʩʦʨʙʮʠʦʥʥʳʝ ʩʚʦʡʩʪʚʘ ʠ ʵʪʠʤ ʚʣʠʷʥʠʝʤ ʤʦʞʥʦ ʧʨʝʥʝʙʨʝʯʴ. ʇʦʩʢʦʣʴʢʫ ʚ 

ʦʙʨʘʟʮʝ ʧʨʝʦʙʣʘʜʘʶʪ ʥʘʥʦʪʨʫʙʢʠ ʪʠʧʘ çʢʨʝʩʣʦè ʧʨʠ ʨʘʩʯʝʪʝ ʢʦʣʠʯʝʩʪʚʘ 

ʘʜʩʦʨʙʘʪʘ ʤʳ ʩʯʠʪʘʣʠ, ʯʪʦ ʚʩʝ ʥʘʥʦʪʨʫʙʢʠ ʚ ʦʙʨʘʟʮʝ ʦʙʣʘʜʘʶʪ ʭʠʨʘʣʴʥʦʩʪʴʶ 

(8,8). ʊʨʝʭʤʝʨʥʘʷ ʤʦʜʝʣʴ ʥʘʥʦʪʨʫʙʢʠ (8,8) ʧʨʝʜʩʪʘʚʣʝʥʘ ʥʘ ʨʠʩ. 2.6. 

 

ʈʠʩ. 2.6 3Dïʤʦʜʝʣʴ ʥʘʥʦʪʨʫʙʢʠ (8,8). 

 

 ʇʨʠ ʪʘʢʦʡ ʢʦʥʬʠʛʫʨʘʮʠʠ ʥʘʥʦʪʨʫʙʦʢ ʩʫʤʤʘʨʥʘʷ ʜʣʠʥʘ ʚʩʝʭ ʥʘʥʦʪʨʫʙʦʢ ʚ 

ʦʙʨʘʟʮʝ lSWNT ʦʧʨʝʜʝʣʷʝʪʩʷ ʩʣʝʜʫʶʱʝʡ ʬʦʨʤʫʣʦʡ: 

 

CC
c

SWNT c
f

N
l -= *

*2
,                                     (2.6) 

ʛʜʝ Nc 
 

ð ʢʦʣʠʯʝʩʪʚʦ ʘʪʦʤʦʚ ʫʛʣʝʨʦʜʘ ʚ ʩʚʷʟʢʘʭ ʟïʆʋʅʊ; cCðC ð 

çʧʨʦʜʦʣʴʥʳʡè ʧʘʨʘʤʝʪʨ ʛʨʘʬʝʥʦʚʦʡ ʨʝʰʝʪʢʠ (ʨʠʩ. 2.5). ɿʥʘʷ ʤʘʩʩʫ m ʫʛʣʝʨʦʜʘ ʚ 

ʦʙʨʘʟʮʝ ʥʘʥʦʪʨʫʙʦʢ, ʤʦʣʷʨʥʫʶ ʤʘʩʩʫ ʫʛʣʝʨʦʜʘ Mʩ ʠ ʧʨʦʮʝʥʪʥʦʝ ʩʦʜʝʨʞʘʥʠʝ 

ʥʘʥʦʪʨʫʙʦʢ ʚ ʦʙʨʘʟʮʝ jº90% ʚʳʧʦʣʥʝʥʘ ʦʮʝʥʢʘ ʢʦʣʠʯʝʩʪʚʦ ʘʪʦʤʦʚ ʫʛʣʝʨʦʜʘ ʚ 

ʩʚʷʟʢʘʭ ʆʋʅʊ: 
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c

A
c

M

Nm
N

ÖÖ
=
j

,                                            (2.7) 

ʛʜʝ NA = 6,02214129Ŀ10
23

 ʤʦʣʴ
ī1

 ï ʯʠʩʣʦ ɸʚʦʛʘʜʨʦ. ʇʨʠ ʵʪʦʤ ʚ ʨʘʩʯʝʪʝ ʥʝ 

ʧʨʠʥʠʤʘʶʪʩʷ ʚʦ ʚʥʠʤʘʥʠʝ ʘʪʦʤʳ ʫʛʣʝʨʦʜʘ ʥʘ ʢʦʥʮʘʭ ʥʘʥʦʪʨʫʙʦʢ, ʪʘʢ ʢʘʢ 

ʦʪʥʦʰʝʥʠʠ ʜʣʠʥʳ ʥʘʥʦʪʨʫʙʦʢ ʢ ʜʠʘʤʝʪʨʫ l/dº10
4
. 

ʉʦʛʣʘʩʥʦ ʦʮʝʥʢʘʤ, ʩʜʝʣʘʥʥʳʤ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʇʕʄ ʠʟʦʙʨʘʞʝʥʠʡ, 

ʙʳʣʦ ʦʧʨʝʜʝʣʝʥʦ, ʯʪʦ ʚ ʥʘʰʝʤ ʦʙʨʘʟʮʝ ʚ ʙʦʣʴʰʠʥʩʪʚʝ ʩʚʷʟʦʢ ʢʦʣʠʯʝʩʪʚʦ 

ʥʘʥʦʪʨʫʙʦʢ ʚʘʨʴʠʨʫʝʪʩʷ ʚ ʧʨʝʜʝʣʘʭ 100 ï 150. ʇʨʝʜʧʦʣʦʞʠʚ, ʯʪʦ ʚʦ ʚʩʝʭ 

ʩʚʷʟʢʘʭ ʥʘʭʦʜʠʪʩʷ ʚ ʩʨʝʜʥʝʤ ʧʦ z=127 ʥʘʥʦʪʨʫʙʦʢ, ʙʳʣʘ ʨʘʩʩʯʠʪʘʥʘ ʩʫʤʤʘʨʥʘʷ 

ʜʣʠʥʘ ʩʚʷʟʦʢ ʧʦ ʬʦʨʤʫʣʝ: 

z

l
l SWNT
bundle= ,        (2.8) 

ʛʜʝ z ï ʢʦʣʠʯʝʩʪʚʦ ʥʘʥʦʪʨʫʙʦʢ ʚ ʩʚʷʟʢʝ. ʇʦʣʫʯʘʝʤ, ʯʪʦ ʩʫʤʤʘʨʥʘʷ ʜʣʠʥʘ ʩʚʷʟʦʢ 

ʚ ʦʙʨʘʟʮʝ: 

zf

N

z

l
l cSWNT
bundle

**2

c* C-C== ,      (2.9) 

ʉʭʝʤʘʪʠʯʝʩʢʠ ʥʘʨʠʩʫʝʤ ʠʟʦʙʨʘʞʝʥʠʝ ʩʝʯʝʥʠʷ ʩʚʷʟʢʠ (ʨʠʩ. 2.7). ɺ 

ʧʦʧʝʨʝʯʥʦʤ ʩʝʯʝʥʠʠ ʩʚʷʟʢʠ, ʩʦʩʪʦʷʱʝʡ ʠʟ z=127 ʥʘʥʦʪʨʫʙʦʢ, ʩʫʱʝʩʪʚʫʝʪ q=36 

ʧʦʟʠʮʠʡ ʜʣʷ ʩʦʨʙʮʠʠ ʧʨʠʤʝʩʠ ʚ ʢʘʥʘʚʢʘʭ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʞʛʫʪʘ (ʧʦʟʠʮʠʠ G). 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʥʘ ʚʥʝʰʥʝʡ ʧʦʚʝʨʭʥʦʩʪʠ ʢʘʞʜʦʡ ʩʚʷʟʢʠ ʤʦʞʥʦ ʩʬʦʨʤʠʨʦʚʘʪʴ q 

ʦʜʥʦʤʝʨʥʳʭ ʮʝʧʦʯʝʢ ʘʜʩʦʨʙʘʪʘ. 

 

 

ʈʠʩ. 2.7 ʉʭʝʤʘʪʠʯʝʩʢʦʝ ʧʨʝʜʩʪʘʚʣʝʥʠʝ ʩʝʯʝʥʠʷ ʩʚʷʟʢʠ ʠʟ 127 ʟïʆʋʅʊ 

(ʥʝʟʘʧʦʣʥʝʥʥʳʝ ʢʨʫʛʠ) ʠ ʧʦʟʠʮʠʡ ʩʦʨʙʮʠʠ ʚ ʢʘʥʘʚʢʘʭ G (ʟʘʧʦʣʥʝʥʥʳʝ ʢʨʫʞʢʠ). 
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ʂʦʣʠʯʝʩʪʚʦ ʘʪʦʤʦʚ (ʤʦʣʝʢʫʣ) ʘʜʩʦʨʙʘʪʘ, ʨʘʩʧʦʣʘʛʘʶʱʠʭʩʷ ʚ ʢʘʥʘʚʢʘʭ ʚʦ 

ʚʩʝʤ ʦʙʨʘʟʮʝ ʤʦʞʥʦ ʦʧʨʝʜʝʣʠʪʴ ʧʦ ʬʦʨʤʫʣʝ: 

ss ***2

c**
* C-C

zf

Nql
qN cbundle

adsorbat == ,                     (2.10) 

ʛʜʝ s ï ʨʘʩʩʪʦʷʥʠʷ ʤʝʞʜʫ ʙʣʠʞʘʡʰʠʤʠ ʩʦʩʝʜʥʠʤʠ ʘʪʦʤʘʤʠ ʚ 1D ʮʝʧʦʯʢʘʭ. 

ʆʪʥʦʰʝʥʠʝ ʢʦʣʠʯʝʩʪʚʘ ʯʘʩʪʠʮ ʘʜʩʦʨʙʘʪʘ ʢ ʢʦʣʠʯʝʩʪʚʫ ʘʪʦʤʦʚ ʫʛʣʝʨʦʜʘ 

ʥʝʦʙʭʦʜʠʤʦʝ ʜʣʷ ʟʘʧʦʣʥʝʥʠʷ ʢʘʥʘʚʦʢ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʩʚʷʟʦʢ ʥʘʥʦʪʨʫʙʦʢ 

ʨʘʩʩʯʠʪʳʚʘʝʪʩʷ ʧʦ ʬʦʨʤʫʣʝ:  

ss ***2

c*1
*

***2

c** C-CC-C

zf

q

Nzf

Nq

N

N

c

c

c

adsorbat == ,           (2.11) 

ʇʝʨʝʜ ʥʘʩʳʱʝʥʠʝʤ ʦʙʨʘʟʮʘ ʛʘʟʦʚʦʡ ʧʨʠʤʝʩʴʶ ʚʘʢʫʫʤʥʘʷ ʢʘʤʝʨʘ 

ʢʘʣʦʨʠʤʝʪʨʘ ʩ ʦʙʨʘʟʮʦʤ ʟïʆʋʅʊ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʧʨʦʤʳʚʘʣʘʩʴ 

ʥʝʩʢʦʣʴʢʦ ʨʘʟ ʪʝʤ ʞʝ ʛʘʟʦʤ, ʢʦʪʦʨʳʡ ʚ ʜʘʣʴʥʝʡʰʝʤ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʢʘʢ ʘʜʩʦʨʙʘʪ. 

ʇʨʦʮʝʜʫʨʘ ʧʨʦʤʳʚʢʠ ʟʘʢʣʶʯʘʣʘʩʴ ʚ ʟʘʧʦʣʥʝʥʠʠ ʚʘʢʫʫʤʥʦʡ ʢʘʤʝʨʘ ʛʘʟʦʤ 

ʘʜʩʦʨʙʘʪʘ ʩ ʧʦʩʣʝʜʫʶʱʝʡ ʦʪʢʘʯʢʦʡ. ʇʦʩʣʝ ʧʨʦʤʳʚʢʠ ʦʙʨʘʟʝʮ ʩʚʷʟʦʢ ʟïʆʋʅʊ 

ʥʘʭʦʜʠʣʩʷ ʚ ʜʠʥʘʤʠʯʝʩʢʦʤ ʚʘʢʫʫʤʝ ʥʝ ʭʫʞʝ ʯʝʤ 1*10
-4
 ʊʦʨʨ ʚ ʪʝʯʝʥʠʝ 12 ʯʘʩʦʚ. 

ʇʝʨʝʜ ʢʘʞʜʳʤ ʟʘʧʦʣʥʝʥʠʝʤ ʦʙʨʘʟʮʘ ʛʘʟʦʚʦʡ ʧʨʠʤʝʩʴʶ ʧʨʦʚʦʜʠʣʠʩʴ 

ʢʦʥʪʨʦʣʴʥʳʝ ʠʟʤʝʨʝʥʠʷ ʪʝʧʣʦʝʤʢʦʩʪʠ ñaddendaò. ʈʝʟʫʣʴʪʘʪʳ ʠʟʤʝʨʝʥʠʡ 

ñaddendaò ʩʦʚʧʘʜʘʣʠ ʩ ʜʘʥʥʳʤʠ ʠʟʤʝʨʝʥʠʡ ʦʙʨʘʟʮʘ ʙʝʟ ʛʘʟʦʚʳʭ ʧʨʠʤʝʩʝʡ, ʚ 

ʧʨʝʜʝʣʘʭ ʧʦʛʨʝʰʥʦʩʪʠ ʵʢʩʧʝʨʠʤʝʥʪʘ. ʇʦ ʦʢʦʥʯʘʥʠʶ ʠʟʤʝʨʝʥʠʡ ʪʝʧʣʦʝʤʢʦʩʪʠ 

ñaddendaò ʚʘʢʫʫʤʥʫʶ ʢʘʤʝʨʫ ʢʘʣʦʨʠʤʝʪʨʘ ʦʪʝʧʣʷʣʠ ʜʦ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʳ 

ʠ ʟʘʧʦʣʥʷʣʠ ʠʩʩʣʝʜʫʝʤʳʤ ʛʘʟʦʤ. ʂʦʣʠʯʝʩʪʚʦ ʤʦʣʝʡ ʘʜʩʦʨʙʘʪʘ ʦʧʨʝʜʝʣʷʣʠ ʧʦ 

ʫʨʘʚʥʝʥʠʶ ʄʝʥʜʝʣʝʝʚʘïʂʣʘʡʧʝʨʦʥʘ, ʟʥʘʷ T ï ʪʝʤʧʝʨʘʪʫʨʫ, V ï ʦʙʲʝʤ 

ʚʘʢʫʫʤʥʦʡ ʢʘʤʝʨʳ ʢʘʣʦʨʠʤʝʪʨʘ, ʠ P ï ʜʘʚʣʝʥʠʝ ʛʘʟʘ. ʅʘʩʳʱʝʥʠʝ ʦʙʨʘʟʮʘ 

ʩʚʷʟʦʢ ʟïʆʋʅʊ ʘʜʩʦʨʙʘʪʦʤ ʜʦ ʢʦʥʮʝʥʪʨʘʮʠʠ Nadsorbat/NC ʧʨʦʚʦʜʠʣʦʩʴ ʚʦ ʚʨʝʤʷ 

ʤʝʜʣʝʥʥʦʛʦ ʦʭʣʘʞʜʝʥʠʷ ʢʘʣʦʨʠʤʝʪʨʠʯʝʩʢʦʡ ʷʯʝʡʢʠ. ʉ ʤʦʤʝʥʪʘ ʚʨʝʤʝʥʠ, ʢʦʛʜʘ 

ʚ ʘʟʦʪʥʫʶ ʚʘʥʥʫ ʛʝʣʠʝʚʦʛʦ ʢʨʠʦʩʪʘʪʘ ʟʘʣʠʚʘʣʩʷ ʞʠʜʢʠʡ ʘʟʦʪ, ʦʭʣʘʞʜʝʥʠʝ 

ʢʘʣʦʨʠʤʝʪʨʘ ʦʪ 289 ʂ ʜʦ 90 ʂ ʧʨʦʭʦʜʠʣʦ ʟʘ 8 ʯʘʩʦʚ. ɼʦ ʙʦʣʝʝ ʥʠʟʢʠʭ 

ʪʝʤʧʝʨʘʪʫʨ ʩʪʝʥʢʠ ʚʘʢʫʫʤʥʦʡ ʢʘʤʝʨʳ ʢʘʣʦʨʠʤʝʪʨʘ ʊɺʂ ʦʭʣʘʞʜʘʣʠʩʴ ʩ 

ʧʦʤʦʱʴʶ ʧʨʦʜʫʚʢʠ ʛʘʟʘ ʛʝʣʠʷï4 ʯʝʨʝʟ ʛʝʣʠʝʚʫʶ ʚʘʥʥʫ ʢʨʠʦʩʪʘʪʘ. ɼʦ ʥʘʯʘʣʘ 

ʵʢʩʧʝʨʠʤʝʥʪʘ, ʥʠʞʥʷʷ ʯʘʩʪʴ ʛʝʣʠʝʚʦʡ ʚʘʥʥʳ ʢʨʠʦʩʪʘʪʘ ʙʳʣʘ ʟʘʧʦʣʥʝʥʘ ʥʘʤʠ 
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ʩʦʨʙʝʥʪʦʤ Al2O3 (500 ʩʤ
3
). ʕʪʦ ʧʦʟʚʦʣʠʣʦ, ʧʨʠ ʦʭʣʘʞʜʝʥʠʠ ʚʘʢʫʫʤʥʦʡ ʢʘʤʝʨʳ 

ʢʘʣʦʨʠʤʝʪʨʘ ʩ ʧʦʤʦʱʴʶ ʧʨʦʜʫʚʢʠ ʛʝʣʠʝʚʦʡ ʚʘʥʥʳ ʭʦʣʦʜʥʳʤ ʛʘʟʦʤ ʛʝʣʠʷï4, 

ʧʨʠʤʝʨʥʦ ʥʘ ʧʦʨʷʜʦʢ ʫʤʝʥʴʰʠʪʴ ʚʝʣʠʯʠʥʫ ʩʢʦʨʦʩʪʠ ʦʭʣʘʞʜʝʥʠʷ. 

ɺ ʵʢʩʧʝʨʠʤʝʥʪʝ ʧʦ ʠʩʩʣʝʜʦʚʘʥʠʶ ʪʝʧʣʦʝʤʢʦʩʪʠ 1D ʮʝʧʦʯʝʢ N2 ʚ ʢʘʥʘʚʢʘʭ 

ʥʘ ʚʥʝʰʥʝʡ ʧʦʚʝʨʭʥʦʩʪʠ ʩʚʷʟʦʢ ʟïʆʋʅʊ ʚʘʢʫʫʤʥʘʷ ʢʘʤʝʨʘ ʢʘʣʦʨʠʤʝʪʨʘ ʙʳʣʘ 

ʟʘʧʦʣʥʝʥʘ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ 3.81*10
-4
Ñ5*10

-6
 ʤʦʣʴ ʘʟʦʪʘ. ʍʠʤʠʯʝʩʢʘʷ 

ʯʠʩʪʦʪʘ N2 ʙʳʣʘ 99.997% (O2 Ò 0.003%). ʆʮʝʥʢʘ ʢʦʣʠʯʝʩʪʚʘ ʘʟʦʪʘ, 

ʥʝʦʙʭʦʜʠʤʦʛʦ ʜʣʷ ʦʙʨʘʟʦʚʘʥʠʷ ʧʦ ʦʜʥʦʡ ʮʝʧʦʯʢʝ ʤʦʣʝʢʫʣ ʘʟʦʪʘ ʚ ʢʘʥʘʚʢʘʭ ʥʘ 

ʚʥʝʰʥʝʡ ʧʦʚʝʨʭʥʦʩʪʠ ʩʚʷʟʦʢ ʟïʆʋʅʊ, ʙʳʣʘ ʩʜʝʣʘʥʘ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦ ʚ ʨʘʤʢʘʭ 

ʛʝʦʤʝʪʨʠʯʝʩʢʦʡ ʤʦʜʝʣʠ ʦʧʠʩʘʥʥʦʡ ʚʳʰʝ ʠ ʧʨʝʜʧʦʣʘʛʘʷ, ʯʪʦ ʨʘʩʩʪʦʷʥʠʝ ʤʝʞʜʫ 

ʤʦʣʝʢʫʣʘʤʠ ʘʟʦʪʘ ʚ 1D ʮʝʧʦʯʢʘʭ ʨʘʚʥʦ sN2 = 3.994 ¡, ʯʪʦ ʩʦʦʪʚʝʪʩʪʚʫʝʪ 

ʨʘʩʩʪʦʷʥʠʶ ʤʝʞʜʫ ʙʣʠʞʘʡʰʠʤʠ ʩʦʩʝʜʥʠʤʠ ʤʦʣʝʢʫʣʘʤʠ ʚ Pa3 ʨʝʰʝʪʢʝ 

ʪʚʝʨʜʦʛʦ ʘʟʦʪʘ ʧʨʠ ʊ=0 ʂ [209] . 

ʀʟ ʠʟʦʪʝʨʤ ʘʜʩʦʨʙʮʠʠ ʘʟʦʪʘ ʥʘ ʩʚʷʟʢʘʭ ʟïʆʋʅʊ ʧʨʠ ʊ = 77 ʂ [85] ʩʣʝʜʫʝʪ, 

ʯʪʦ ʧʨʠ ʥʘʩʳʱʝʥʠʠ ʩʚʷʟʦʢ ʘʟʦʪʦʤ ʩ Nadsorbat/NC = 0.007, ʜʘʚʣʝʥʠʝ ʛʘʟʦʦʙʨʘʟʥʦʛʦ 

ʘʟʦʪʘ ʥʘʜ ʩʦʨʙʝʥʪʦʤ ʩʦʩʪʘʚʣʷʝʪ 10
-4
 Torr. ɺ ʩʣʫʯʘʝ ʠʟʦʪʝʨʤʳ ʘʜʩʦʨʙʮʠʠ ʘʟʦʪʘ 

ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 60 ʂ ʜʘʚʣʝʥʠʝ ʛʘʟʦʦʙʨʘʟʥʦʛʦ ʘʟʦʪʘ ʙʫʜʝʪ ʧʨʠʤʝʨʥʦ ʥʘ ʧʦʨʷʜʦʢ 

ʤʝʥʴʰʝ (10
-5
 ʪʦʨʨ). ʆʭʣʘʞʜʝʥʠʝ ʢʘʣʦʨʠʤʝʪʨʘ ʩ ʧʦʤʦʱʴʶ ʧʨʦʜʫʚʢʠ ʛʝʣʠʝʚʦʛʦ 

ʢʨʠʦʩʪʘʪʘ ʛʘʟʦʤ ʛʝʣʠʷï4 ʙʳʣʦ ʚʳʧʦʣʥʝʥʦ ʟʘ 5 ʯʘʩʦʚ ʦʪ 90 ʂ ʜʦ ʪʝʤʧʝʨʘʪʫʨʳ 

60 ʂ. ɿʘʪʝʤ, ʚ ʛʝʣʠʝʚʳʡ ʢʨʠʦʩʪʘʪ, ʙʳʣ ʟʘʣʠʪ ʞʠʜʢʠʡ ʛʝʣʠʡ. ʇʦʩʣʝ ʟʘʣʠʚʢʠ 

ʞʠʜʢʦʛʦ ʛʝʣʠʷ ʚ ʥʘʨʫʞʥʳʡ ʛʝʣʠʝʚʳʡ ʢʨʠʦʩʪʘʪ, ʦʩʪʘʪʢʠ ʛʘʟʦʦʙʨʘʟʥʦʛʦ ʘʟʦʪʘ 

(ʦʢʦʣʦ 10
-5
 ʪʦʨʨ), ʥʘʭʦʜʷʱʝʛʦʩʷ ʚ ʪʨʫʙʢʝ ʚʘʢʫʫʤʥʦʡ ʢʘʤʝʨʳ ʢʘʣʦʨʠʤʝʪʨʘ, 

ʩʢʦʥʜʝʥʩʠʨʦʚʘʣʠʩʴ ʥʘ ʩʪʝʥʢʠ ʪʨʫʙʢʠ. ʂʦʣʠʯʝʩʪʚʦ ʩʢʦʥʜʝʥʩʠʨʦʚʘʥʥʦʛʦ ʘʟʦʪʘ 

ʩʦʩʪʘʚʣʷʣʦ 10
-9
 ʤʦʣʴ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʨʘʢʪʠʯʝʩʢʠ ʚʝʩʴ ʘʟʦʪ, ʥʘʭʦʜʷʱʠʡʩʷ ʚ 

ʚʘʢʫʫʤʥʦʡ ʢʘʤʝʨʝ ʢʘʣʦʨʠʤʝʪʨʘ, ʙʳʣ ʘʜʩʦʨʙʠʨʦʚʘʥ ʩʚʷʟʢʘʤʠ ʟïʆʋʅʊ. 

ɺ ʵʢʩʧʝʨʠʤʝʥʪʘʭ ʧʦ ʠʩʩʣʝʜʦʚʘʥʠʶ ʪʝʧʣʦʝʤʢʦʩʪʠ 1D ʮʝʧʦʯʝʢ Xe ʜʣʷ 

ʥʘʩʳʱʝʥʠʷ ʦʙʨʘʟʮʘ ʟïʆʋʅʊ ʙʳʣʦ ʠʩʧʦʣʴʟʦʚʘʥʦ 3,19*10
-4
Ñ5*10

-6
 ʤʦʣʴ 

ʘʜʩʦʨʙʘʪʘ, ʯʪʦ ʩʦʦʪʚʝʪʩʪʚʦʚʘʣʦ ʜʘʚʣʝʥʠʶ ʚ ʚʘʢʫʫʤʥʦʡ ʢʘʤʝʨʝ 13 ʪʦʨʨ ʧʨʠ 

ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʠ ʦʪʥʦʰʝʥʠʶ ʢʦʣʠʯʝʩʪʚʘ ʘʪʦʤʦʚ ʢʩʝʥʦʥʘ ʢ ʘʪʦʤʘʤ 

ʫʛʣʝʨʦʜʘ ʚ ʦʙʨʘʟʮʝ NXe/NC = 0,0055. ʇʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 120 ʂ ʨʘʚʥʦʚʝʩʥʦʝ 
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ʜʘʚʣʝʥʠʠ ʧʘʨʘ ʥʘʜ ʪʚʝʨʜʳʤ ʢʩʝʥʦʥʦʤ [210] 11,5 ʪʦʨʨ. ʍʠʤʠʯʝʩʢʘʷ ʯʠʩʪʦʪʘ 

ʢʩʝʥʦʥʘ ʙʳʣʘ 99,98% (0,01% N2, 0,01% Kr). ʇʨʠ ʦʮʝʥʢʝ ʢʦʣʠʯʝʩʪʚʘ ʢʩʝʥʦʥʘ 

ʙʳʣʦ ʧʨʝʜʧʦʣʦʞʝʥʦ, ʯʪʦ sʍʝ = 4.336 ¡ ʨʘʚʥʦ ʨʘʩʩʪʦʷʥʠʶ ʤʝʞʜʫ ʙʣʠʞʘʡʰʠʤʠ 

ʩʦʩʝʜʥʠʤʠ ʘʪʦʤʘʤʠ ʚ ɻʎʂ ʨʝʰʝʪʢʝ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʍʝ ʧʨʠ ʊ=0 ʂ [211]. 

ʀʟ ʘʥʘʣʠʟʘ ʠʟʦʪʝʨʤ r ʘʜʩʦʨʙʮʠʠ ʢʩʝʥʦʥʘ ʥʘ ʩʚʷʟʢʘʭ ʟïʆʋʅʊ 

(ʊ =110 ʂ) [212], ʩʣʝʜʫʝʪ, ʯʪʦ ʧʨʠ ʥʘʩʳʱʝʥʠʠ ʩʚʷʟʦʢ ʘʜʩʦʨʙʘʪʦʤ ʩ 

Nadsorbat/NC = 0,0096, ʜʘʚʣʝʥʠʝ ʛʘʟʦʦʙʨʘʟʥʦʛʦ ʢʩʝʥʦʥʘ ʥʘʜ ʩʦʨʙʝʥʪʦʤ ʩʦʩʪʘʚʣʷʝʪ 

7,5*10
-4
 ʪʦʨʨ. ʋʞʝ ʧʨʠ 90 ʂ ʚ ʩʣʫʯʘʝ ʤʝʜʣʝʥʥʦʛʦ ʦʭʣʘʞʜʝʥʠʷ ʧʨʘʢʪʠʯʝʩʢʠ ʚʝʩʴ 

ʢʩʝʥʦʥ ʙʫʜʝʪ ʘʜʩʦʨʙʠʨʦʚʘʥ ʩʚʷʟʢʘʤʠ ʟïʆʋʅʊ. ʂʘʢ ʠ ʚ ʩʣʫʯʘʝ ʩ ʘʟʦʪʦʤ, ʧʦʩʣʝ 

ʜʦʩʪʠʞʝʥʠʠ ʪʝʤʧʝʨʘʪʫʨʳ 90 ʂ ʧʨʦʚʦʜʠʣʦʩʴ ʦʭʣʘʞʜʝʥʠʝ ʚʘʢʫʫʤʥʦʡ ʢʘʤʝʨʳ 

ʧʨʦʜʫʚʢʦʡ ʛʘʟʦʦʙʨʘʟʥʦʛʦ ʛʝʣʠʷ ʯʝʨʝʟ ʛʝʣʠʝʚʳʡ ʢʨʠʦʩʪʘʪ. ɿʘʪʝʤ, ʚ ʛʝʣʠʝʚʳʡ 

ʢʨʠʦʩʪʘʪ, ʙʳʣ ʟʘʣʠʪ ʞʠʜʢʠʡ ʛʝʣʠʡ. ʇʦʩʣʝ ʟʘʣʠʚʢʠ ʞʠʜʢʦʛʦ ʛʝʣʠʷ ʚ ʥʘʨʫʞʥʳʡ 

ʛʝʣʠʝʚʳʡ ʢʨʠʦʩʪʘʪ ʦʩʪʘʪʢʠ ʛʘʟʦʦʙʨʘʟʥʦʛʦ ʢʩʝʥʦʥʘ (ʤʝʥʝʝ 10
-5
 ʪʦʨʨ), 

ʥʘʭʦʜʷʱʝʛʦʩʷ ʚ ʪʨʫʙʢʝ ʚʘʢʫʫʤʥʦʡ ʢʘʤʝʨʳ ʢʘʣʦʨʠʤʝʪʨʘ, ʩʢʦʥʜʝʥʩʠʨʦʚʘʣʠʩʴ ʥʘ 

ʩʪʝʥʢʠ ʪʨʫʙʢʠ. ʄʘʩʩʘ ʩʢʦʥʜʝʥʩʠʨʦʚʘʥʥʦʛʦ ʥʘ ʩʪʝʥʢʠ ʢʘʣʦʨʠʤʝʪʨʘ ʢʩʝʥʦʥʘ, ʢʘʢ 

ʠ ʚ ʩʣʫʯʘʝ ʩ ʘʟʦʪʦʤ, ʥʝ ʧʨʝʚʳʰʘʣʘ 10
-9
 ʤʦʣʴ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʨʘʢʪʠʯʝʩʢʠ ʚʝʩʴ 

ʢʩʝʥʦʥ, ʥʘʭʦʜʷʱʠʡʩʷ ʚ ʚʘʢʫʫʤʥʦʡ ʢʘʤʝʨʝ ʢʘʣʦʨʠʤʝʪʨʘ, ʙʳʣ ʘʜʩʦʨʙʠʨʦʚʘʥ 

ʩʚʷʟʢʘʤʠ ʟïʆʋʅʊ. 

2.5 ʄʝʪʦʜʠʢʘ ʠʟʛʦʪʦʚʣʝʥʠʷ ʠ ʧʨʝʜʳʩʪʦʨʠʷ ʦʙʨʘʟʮʦʚ C60 ʠ ʉ60ïʉʅ4 

ʀʩʩʣʝʜʫʝʤʳʡ ʦʙʨʘʟʝʮ ʉ60 ʠʤʝʣ ʬʦʨʤʫ ʮʠʣʠʥʜʨʘ ʩ ʨʘʟʤʝʨʘʤʠ: ʜʠʘʤʝʪʨ 

10 ʤʤ ʠ ʚʳʩʦʪʘ ʦʢʦʣʦ 6 ʤʤ. ʆʙʨʘʟʝʮ ʠʟʛʦʪʦʚʣʝʥ ʧʨʝʩʩʦʚʘʥʠʝʤ ʧʦʨʦʰʢʘ 

ʬʫʣʣʝʨʠʪʘ ʉ60 ʜʘʚʣʝʥʠʝʤ ʦʢʦʣʦ 0,1 ɻʇʘ ʚ Umea ʫʥʠʚʝʨʩʠʪʝʪʝ (ʐʚʝʮʠʷ). 

ʇʦʨʦʰʦʢ C60 ʜʣʷ ʧʨʠʛʦʪʦʚʣʝʥʠʷ ʦʙʨʘʟʮʦʚ ʙʳʣ ʠʟʛʦʪʦʚʣʝʥ ʬʠʨʤʦʡ Term USA 

(ɹʝʨʢʣʠ, ʉʐɸ). ʏʠʩʪʦʪʘ ʦʙʨʘʟʮʘ ʬʫʣʣʝʨʠʪʘ ʉ60 ʩʦʩʪʘʚʣʷʣʘ 99,99 %. 

ʍʘʨʘʢʪʝʨʥʳʡ ʨʘʟʤʝʨ ʟʝʨʝʥ ʨʘʚʝʥ 0,1 ï 0,3 ʤʤ. ʈʘʤʘʥʦʚʩʢʠʡ ʘʥʘʣʠʟ ʧʦʢʘʟʘʣ 

ʦʪʩʫʪʩʪʚʠʝ ʩʣʝʜʦʚ ʨʘʩʪʚʦʨʠʪʝʣʷ ʚ ʧʨʝʜʝʣʘʭ ʪʦʯʥʦʩʪʠ ʤʝʪʦʜʠʢʠ (0,1 % ʤʘʩʩʳ). 

ʀʟ ʧʨʦʚʝʜʝʥʥʳʭ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʤʝʪʦʜʦʤ ʨʝʥʪʛʝʥʦʚʩʢʦʡ 

ʜʠʬʨʘʢʮʠʠ ʠʩʩʣʝʜʦʚʘʥʠʡ ʠʟʚʝʩʪʥʦ, ʯʪʦ ʧʘʨʘʤʝʪʨ ʨʝʰʝʪʢʠ (ɻʎʂ ʩʪʨʫʢʪʫʨʳ) 

a=14,17 ¡. ʇʨʦʮʝʜʫʨʘ ʢʦʤʧʘʢʪʠʨʦʚʘʥʠʷ ʧʦʨʦʰʢʘ ʙʳʣʘ ʚʳʧʦʣʥʝʥʘ ʥʘ ʚʦʟʜʫʭʝ ʚ 

ʪʝʯʝʥʠʝ ʥʝ ʙʦʣʝʝ 15 ʤʠʥʫʪ. ɼʣʷ ʧʦʣʥʦʛʦ ʥʘʩʳʱʝʥʠʷ ʦʙʨʘʟʮʘ ʢʠʩʣʦʨʦʜʦʤ 
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ʥʝʦʙʭʦʜʠʤʦ ʥʝʩʢʦʣʴʢʦ ʩʦʪʝʥ ʯʘʩʦʚ [132]. ʇʦʩʣʝ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʛʦ ʫʧʣʦʪʥʝʥʠʷ 

ʧʦʨʦʰʢʘ ʜʘʚʣʝʥʠʝʤ ʦʙʨʘʟʝʮ ʙʳʣ ʥʝʤʝʜʣʝʥʥʦ ʧʝʨʝʥʝʩʝʥ ʚ ʩʪʝʢʣʷʥʥʫʶ ʧʨʦʙʠʨʢʫ 

ʠ ʜʠʥʘʤʠʯʝʩʢʠ ʚʘʢʫʫʤʠʨʦʚʘʥ ʧʨʠ ʜʘʚʣʝʥʠʠ 10
-6
 ʊʦʨʨ ʚ ʪʝʯʝʥʠʝ ʧʨʠʙʣʠʟʠʪʝʣʴʥʦ 

16 ʯʘʩʦʚ. ʅʘʢʦʥʝʮ, ʦʙʨʘʟʝʮ ʙʳʣ ʛʝʨʤʝʪʠʟʠʨʦʚʘʥ ʚ ʩʪʝʢʣʷʥʥʦʡ ʟʘʪʝʤʥʝʥʥʦʡ 

ʘʤʧʫʣʝ ʚ ʚʘʢʫʫʤʝ 10
-6
 ʊʦʨʨ ʠ ʥʘʭʦʜʠʣʩʷ ʚ ʵʪʦʤ ʩʦʩʪʦʷʥʠʠ ʚ ʪʝʯʝʥʠʝ 3 ʤʝʩʷʮʝʚ 

ʜʦ ʥʘʯʘʣʘ ʜʠʣʘʪʦʤʝʪʨʠʯʝʩʢʠʭ ʠʟʤʝʨʝʥʠʡ [115]. ʇʦʩʣʝ ʦʢʦʥʯʘʥʠʷ 

ʜʠʣʘʪʦʤʝʪʨʠʯʝʩʢʠʭ ʠʟʤʝʨʝʥʠʡ, ʦʙʨʘʟʝʮ ʜʣʠʪʝʣʴʥʦʝ ʚʨʝʤʷ ʥʘʭʦʜʠʣʩʷ ʚ 

ʟʘʪʝʤʥʝʥʥʦʡ ʩʪʝʢʣʷʥʥʦʡ ʘʤʧʫʣʝ ʚ ʫʩʣʦʚʠʷʭ ʚʘʢʫʫʤʘ. ʅʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʧʝʨʝʜ 

ʢʘʣʦʨʠʤʝʪʨʠʯʝʩʢʠʤʠ ʠʩʩʣʝʜʦʚʘʥʠʷʤʠ, ʦʙʨʘʟʝʮ ʜʣʷ ʫʜʘʣʝʥʠʷ ʚʦʟʤʦʞʥʳʭ 

ʛʘʟʦʚʳʭ ʧʨʠʤʝʩʝʡ ʙʳʣ ʥʘʛʨʝʪ ʜʦ 450Áʉ ʚ ʫʩʣʦʚʠʷʭ ʜʠʥʘʤʠʯʝʩʢʦʛʦ 

ʚʘʢʫʫʤʠʨʦʚʘʥʠʷ ʧʨʠ ʜʘʚʣʝʥʠʠ ʥʝ ʙʦʣʝʝ 10
-4
 ʪʦʨʨ. 

ɼʣʷ ʩʦʟʜʘʥʠʷ ʦʙʨʘʟʮʦʚ (CH4)0.4ʉ60 ʠ (CD4)0.4ʉ60 ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʧʦʨʦʰʦʢ 

ʉ60 ʚʳʩʦʢʦʡ ʯʠʩʪʦʪʳ (99,99%) ʩ ʨʘʟʤʝʨʦʤ ʟʝʨʝʥ ʦʢʦʣʦ 0,1 ʤʤ ʠʟʛʦʪʦʚʣʝʥʥʳʡ 

ʢʦʤʧʘʥʠʝʡ SES (USA). ʇʦʨʦʰʦʢ ʬʫʣʣʝʨʠʪʘ ʉ60 ʥʘʩʳʱʘʣʩʷ ʛʘʟʦʚʳʤʠ 

ʧʨʠʤʝʩʷʤʠ ʧʦʜ ʜʘʚʣʝʥʠʝʤ ʧʦʨʷʜʢʘ 200 ʄʇʘ ʠ ʪʝʤʧʝʨʘʪʫʨʝ 575Áʉ ʚ ʪʝʯʝʥʠʝ 

36 ʯʘʩʦʚ ʚ Australian Nuclear Science and Technology Organisation (ANSTO, 

ɸʚʩʪʨʘʣʠʷ). ʂʦʥʮʝʥʪʨʘʮʠʷ ʧʨʠʤʝʩʠ ʚ ʵʪʠʭ ʦʙʨʘʟʮʘʭ ʦʧʨʝʜʝʣʷʣʘʩʴ ʧʨʠ ʧʦʤʦʱʠ 

ʪʝʨʤʠʯʝʩʢʦʛʦ ʛʨʘʚʠʤʝʪʨʠʯʝʩʢʦʛʦ ʘʥʘʣʠʟʘ (ʊɻɸ) ʚʳʧʦʣʥʝʥʥʦʛʦ ʚ ANSTO. ʊɻɸ 

ʘʥʘʣʠʟ ʙʳʣ ʚʳʧʦʣʥʝʥ ʥʘ Setarum TAG 24. ʀʟʤʝʨʝʥʠʷ ʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʦʛʦ 

ʩʦʩʪʘʚʘ ʧʨʦʚʦʜʠʣʠʩʴ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ ʧʦʟʚʦʣʷʶʱʠʭ ʚʳʭʦʜ ʛʘʟʦʚ ʠʟ ʨʝʰʝʪʢʠ 

ʬʫʣʣʝʨʠʪʘ. ɺ ʠʩʩʣʝʜʦʚʘʥʥʳʭ ʥʘʤʠ ʦʙʨʘʟʮʘʭ ʨʘʩʪʚʦʨʦʚ (CH4)0.4ʉ60 ʠ (CD4)0.4ʉ60 

ʩʦʛʣʘʩʥʦ ʜʘʥʥʳʤ ʪʘʢʦʛʦ ʘʥʘʣʠʟʘ ʙʳʣʦ ʟʘʧʦʣʥʝʥʦ ʜʦ 50 % ʦʢʪʘʵʜʨʠʯʝʩʢʠʭ 

ʧʦʣʦʩʪʝʡ ʤʦʣʝʢʫʣʘʤʠ ʉʅ4 ʠ CD4, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. 

ʇʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʠʝ ʦʙʨʘʟʮʳ ʙʳʣʠ ʠʟʛʦʪʦʚʣʝʥʳ ʧʨʝʩʩʦʚʘʥʠʝʤ ʧʦʨʦʰʢʘ 

ʚ ʮʠʣʠʥʜʨʠʯʝʩʢʦʡ ʤʘʪʨʠʮʝ ʧʨʠ ʵʬʬʝʢʪʠʚʥʦʤ ʜʘʚʣʝʥʠʠ ʤʝʞʜʫ 0,5 ï 1 ɻʇʘ ʚ 

ʪʝʯʝʥʠʝ 30ï45 ʤʠʥʫʪ. ʄʘʪʨʠʮʘ ʩʦʩʪʦʷʣʘ ʠʟ ʚʥʫʪʨʝʥʥʝʛʦ ʢʦʣʴʮʘ ʩ 

ʮʠʣʠʥʜʨʠʯʝʩʢʠʤ ʚʥʫʪʨʝʥʥʠʤ ʢʘʥʘʣʦʤ ʠ ʢʦʥʠʯʝʩʢʦʡ ʚʥʝʰʥʝʡ ʧʦʚʝʨʭʥʦʩʪʴʶ. 

ɺʥʝʰʥʠʡ ʮʠʣʠʥʜʨ, ʚ ʢʦʪʦʨʳʡ ʚʩʪʘʚʣʷʣʘʩʴ ʤʘʪʨʠʮʘ, ʙʳʣ ʠʟʛʦʪʦʚʣʝʥ ʠʟ ʧʨʦʯʥʦʡ 

ʩʪʘʣʠ, ʚʳʜʝʨʞʠʚʘʶʱʠʡ ʙʦʣʴʰʦʝ ʜʘʚʣʝʥʠʝ. ɺʥʫʪʨʝʥʥʝʝ ʢʦʣʴʮʦ ʩʦʩʪʦʷʣʦ ʠʟ 

ʯʝʪʳʨʝʭ ʩʝʢʮʠʡ. ʇʦʩʣʝ ʧʨʝʩʩʦʚʘʥʠʷ ʦʙʨʘʟʮʘ ʢʦʥʠʯʝʩʢʘʷ ʚʥʫʪʨʝʥʥʷʷ ʯʘʩʪʴ 
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ʤʘʪʨʠʮʳ ʩ ʦʙʨʘʟʮʦʤ ʦʩʪʦʨʦʞʥʦ ʚʳʥʠʤʘʣʠʩʴ ʠʟ ʚʥʝʰʥʝʛʦ ʢʦʣʴʮʘ, ʘ ʟʘʪʝʤ 

ʫʜʘʣʷʣʠʩʴ ʯʝʪʳʨʝ ʩʝʢʮʠʠ ʚʥʫʪʨʝʥʥʝʛʦ ʢʦʣʴʮʘ. ʊʘʢʘʷ ʢʦʥʩʪʨʫʢʮʠʷ ʦʙʝʩʧʝʯʠʚʘʣʘ 

ʤʘʢʩʠʤʘʣʴʥʦʝ ʩʦʭʨʘʥʝʥʠʝ ʮʝʣʦʩʪʥʦʩʪʠ ʦʙʨʘʟʮʘ ʧʨʠ ʝʛʦ ʠʟʚʣʝʯʝʥʠʠ ʠʟ ʤʘʪʨʠʮʳ. 

ʇʫʘʥʩʦʥ ʙʳʣ ʪʘʢʞʝ ʠʟʛʦʪʦʚʣʝʥ ʠʟ ʧʨʦʯʥʦʡ ʩʪʘʣʠ. ʂʦʤʧʘʢʪʠʨʦʚʘʥʠʝ 

ʥʘʩʳʱʝʥʥʦʛʦ ʛʘʟʘʤʠ ʧʦʨʦʰʢʘ ʉ60 ʧʨʦʚʦʜʠʣʦʩʴ ʚ Umea University (ʐʚʝʮʠʷ). 

ʀʩʩʣʝʜʫʝʤʳʝ ʦʙʨʘʟʮʳ ʠʤʝʣʠ ʬʦʨʤʫ ʮʠʣʠʥʜʨʘ ʜʠʘʤʝʪʨʦʤ 10 ʤʤ ʠ ʚʳʩʦʪʦʡ 

ʦʢʦʣʦ 8 ʤʤ. ɼʣʷ ʠʟʛʦʪʦʚʣʝʥʠʷ ʛʦʤʦʛʝʥʥʳʭ ʮʠʣʠʥʜʨʠʯʝʩʢʠʭ ʦʙʨʘʟʮʦʚ ʬʦʨʤʫ 

ʤʘʪʨʠʮʳ ʥʝʦʙʭʦʜʠʤʦ ʙʳʣʦ ʟʘʧʦʣʥʷʪʴ ʚ ʜʝʩʷʪʴ ʠʣʠ ʙʦʣʝʝ ʧʨʠʝʤʦʚ, ʧʨʠ ʵʪʦʤ 

ʢʘʞʜʳʡ ʨʘʟ ʧʨʦʠʟʚʦʜʠʣʦʩʴ ʬʦʨʤʦʚʘʥʠʝ ʧʦʨʦʰʢʘ ʜʦ ʪʦʛʦ, ʢʘʢ ʟʘʩʳʧʘʣʘʩʴ 

ʩʣʝʜʫʶʱʘʷ ʧʦʨʮʠʷ. ʀʟʚʣʝʢʘʣʩʷ ʦʙʨʘʟʝʮ ʠʟ ʤʘʪʨʠʮʳ ʧʨʝʜʝʣʴʥʦ ʙʝʨʝʞʥʦ ʠ 

ʘʢʢʫʨʘʪʥʦ, ʧʦʩʢʦʣʴʢʫ ʣʶʙʘʷ ʥʝʦʩʪʦʨʦʞʥʦʩʪʴ ʤʦʛʣʘ ʧʨʠʚʝʩʪʠ ʢ ʝʛʦ ʨʘʟʨʫʰʝʥʠʶ. 

ʇʨʠ ʧʝʨʝʩʳʣʢʝ ʠʟ ʐʚʝʮʠʠ (Umea ʫʥʠʚʝʨʩʠʪʝʪ) ʜʣʷ ʜʘʣʴʥʝʡʰʠʭ ʠʩʩʣʝʜʦʚʘʥʠʡ 

ʚʦ ʌʊʀʅʊ ʦʙʨʘʟʮʳ ʙʳʣʠ ʦʙʝʨʥʫʪʳ ʪʝʬʣʦʥʦʚʦʡ ʧʣʝʥʢʦʡ ʠ ʧʦʤʝʱʝʥʳ ʤʝʞʜʫ 

ʜʚʫʤʷ ʪʝʬʣʦʥʦʚʳʤʠ ʮʠʣʠʥʜʨʘʤʠ ʚ ʩʪʝʢʣʷʥʥʳʝ ʘʤʧʫʣʳ. ɼʣʷ ʪʦʛʦ, ʯʪʦ ʙʳ 

ʠʟʙʝʞʘʪʴ ʜʝʬʦʨʤʘʮʠʡ ʦʙʨʘʟʮʘ, ʧʫʩʪʳʝ ʤʝʩʪʘ ʚʥʫʪʨʠ ʘʤʧʫʣ ʙʳʣʠ ʟʘʧʦʣʥʝʥʳ 

ʚʘʪʦʡ. 

ʂʦʥʮʝʥʪʨʘʮʠʷ CD4 ʠʟʤʝʨʝʥʥʘʷ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʦʛʦ 

ʚʘʢʫʫʤʥʦʛʦ ʜʝʩʦʨʙʮʠʦʥʥʦʛʦ ʛʘʟʦʘʥʘʣʠʟʘʪʦʨʘ, ʧʦʩʣʝ ʦʢʦʥʯʘʥʠʷ ʠʟʤʝʨʝʥʠʡ 

ʪʝʧʣʦʝʤʢʦʩʪʠ, ʨʘʚʥʷʣʘʩʴ n å 40 ʤʦʣ %. ʇʨʠ ʦʧʨʝʜʝʣʝʥʠʠ ʢʦʥʮʝʥʪʨʘʮʠʠ 

ʜʝʡʪʝʨʦʤʝʪʘʥʘ ʦʙʨʘʟʝʮ ʬʫʣʣʝʨʠʪʘ ʧʦʜʚʝʨʛʘʣʩʷ ʩʪʫʧʝʥʯʘʪʦʤʫ ʥʘʛʨʝʚʘʥʠʶ 

ʜʦ 450Áʉ. ʇʨʠ ʵʪʦʤ ʜʝʩʦʨʙʠʨʫʝʤʳʝ ʠʟ ʦʙʨʘʟʮʘ ʛʘʟʳ ʢʦʥʜʝʥʩʠʨʦʚʘʣʠʩʴ ʥʘ 

ʧʦʚʝʨʭʥʦʩʪʴ ʦʭʣʘʞʜʘʝʤʫʶ ʞʠʜʢʠʤ ʛʝʣʠʝʤ. ʇʦʩʣʝ ʟʘʚʝʨʰʝʥʠʷ ʧʨʦʮʝʩʩʘ 

ʜʝʩʦʨʙʮʠʠ, ʚʳʧʦʣʥʷʣʩʷ ʧʦʰʘʛʦʚʳʡ ʥʘʛʨʝʚ ʥʘ ʥʝʩʢʦʣʴʢʦ ʛʨʘʜʫʩʦʚ ʧʦʣʫʯʝʥʥʦʛʦ 

ʢʦʥʜʝʥʩʘʪʘ, ʚ ʭʦʜʝ ʢʦʪʦʨʦʛʦ ʧʨʦʠʩʭʦʜʠʣʦ ʧʦʬʨʘʢʮʠʦʥʥʦʝ ʠʩʧʘʨʝʥʠʝ ʛʘʟʦʚ ʠʟ 

ʩʢʦʥʜʝʥʩʠʨʦʚʘʥʥʦʡ ʩʤʝʩʠ ʚ ʢʘʣʠʙʨʦʚʘʥʥʳʡ ʦʙʲʝʤ, ʥʘʭʦʜʷʱʠʡʩʷ ʧʨʠ 

ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ. ʀʩʭʦʜʷ ʠʟ ʪʝʤʧʝʨʘʪʫʨʳ ʠʩʧʘʨʝʥʠʷ ʛʘʟʘ ʠ ʨʘʚʥʦʚʝʩʥʦʛʦ 

ʜʘʚʣʝʥʠʷ ʧʘʨʦʚ, ʦʧʨʝʜʝʣʷʣʩʷ ʭʠʤʠʯʝʩʢʠʡ ʩʦʩʪʘʚ ʢʦʥʜʝʥʩʘʪʘ. ʆʩʥʦʚʳʚʘʷʩʴ ʥʘ 

ʚʝʣʠʯʠʥʝ ʜʘʚʣʝʥʠʷ ʚ ʢʘʣʠʙʨʦʚʘʥʥʦʤ ʦʙʲʝʤʝ, ʦʧʨʝʜʝʣʷʝʤʦʡ ʧʨʠ ʧʦʤʦʱʠ 

ʚʳʩʦʢʦʪʦʯʥʦʛʦ ʝʤʢʦʩʪʥʦʛʦ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷ ʜʘʚʣʝʥʠʷ, ʨʘʩʩʯʠʪʳʚʘʣʦʩʴ 

ʢʦʣʠʯʝʩʪʚʦ ʛʘʟʦʦʙʨʘʟʥʦʛʦ ʚʝʱʝʩʪʚʘ. ʊʘʢʘʷ ʤʝʪʦʜʠʢʘ ʧʦʟʚʦʣʠʣʘ ʦʧʨʝʜʝʣʠʪɹ  
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ʢʦʣʠʯʝʩʪʚʦ ʜʝʩʦʨʙʠʨʦʚʘʥʥʦʛʦ ʠʟ ʦʙʨʘʟʮʘ ʜʝʡʪʝʨʦʤʝʪʘʥʘ ʩ ʧʦʛʨʝʰʥʦʩʪʴʶ, ʥʝ 

ʧʨʝʚʳʰʘʶʱʝʡ 6%. ʂʦʥʮʝʥʪʨʘʮʠʷ ʜʨʫʛʠʭ ʛʘʟʦʚ ʚ ʦʙʨʘʟʮʝ (CD4)0.4ʉ60 

ʧʨʝʥʝʙʨʝʞʠʤʦ ʤʘʣʘ. ʄʳ ʧʨʠʥʷʣʠ, ʯʪʦ ʚ ʠʩʩʣʝʜʦʚʘʥʥʳʭ ʥʘʤʠ ʦʙʨʘʟʮʘʭ 

ʨʘʩʪʚʦʨʦʚ Cʅ4ïʉ60 ʠ CD4ïʉ60 ʢʦʥʮʝʥʪʨʘʮʠʠ ʤʦʣʝʢʫʣ CD4 ʠ Cʅ4 ʩʦʩʪʘʚʣʷʶʪ 

40 ʤʦʣ %. 

ʄʘʩʩʳ ʦʙʨʘʟʮʦʚ Cʅ4ïʉ60 (874,23 Ñ 0.05 ʤʛ), CD4ïʉ60 (656,68Ñ0.05 ʤʛ) ʠ 

ʉ60 (586,48 Ñ 0.05 ʤʛ) ʙʳʣʠ ʦʧʨʝʜʝʣʝʥʳ ʚʟʚʝʰʠʚʘʥʠʝʤ ʥʘ ʘʥʘʣʠʪʠʯʝʩʢʠʭ ʚʝʩʘʭ. 

ɺʟʚʝʰʠʚʘʥʠʝ, ʤʦʥʪʘʞ ʦʙʨʘʟʮʦʚ ʚ ʢʘʣʦʨʠʤʝʪʨ ʠ ʛʝʨʤʝʪʠʟʘʮʠʷ ʚʘʢʫʫʤʥʦʡ 

ʢʘʤʝʨʳ ʟʘʥʠʤʘʣʠ ʥʝʩʢʦʣʴʢʦ ʯʘʩʦʚ. ɿʘʪʝʤ ʚʘʢʫʫʤʥʘʷ ʢʘʤʝʨʘ ʢʘʣʦʨʠʤʝʪʨʘ ʙʳʣʘ 

ʥʝʩʢʦʣʴʢʦ ʨʘʟ ʧʨʦʤʳʪʘ ʯʠʩʪʳʤ ʛʘʟʦʦʙʨʘʟʥʳʤ ʘʟʦʪʦʤ, ʠ ʚ ʪʝʯʝʥʠʝ 14 ʯʘʩʦʚ 

ʢʘʞʜʳʡ ʠʟ ʦʙʨʘʟʮʦʚ ʥʘʭʦʜʠʣʩʷ ʚ ʜʠʥʘʤʠʯʝʩʢʦʤ ʚʘʢʫʫʤʝ ʧʨʠ ʢʦʤʥʘʪʥʦʡ 

ʪʝʤʧʝʨʘʪʫʨʝ. ʆʩʪʘʪʦʯʥʦʝ ʜʘʚʣʝʥʠʝ ʘʟʦʪʘ ʚ ʚʘʢʫʫʤʥʦʡ ʢʘʤʝʨʝ ʩʦʩʪʘʚʣʷʣʦ 

ʥʝʩʢʦʣʴʢʦ ʤʊʦʨʨ. ʆʭʣʘʞʜʝʥʠʝ ʢʘʣʦʨʠʤʝʪʨʘ ʦʪ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʳ ʜʦ 5 ʂ 

ʦʩʫʱʝʩʪʚʣʷʣʦʩʴ ʧʦ ʧʨʦʚʦʜʘʤ ʙʝʟ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʛʘʟʦʦʙʨʘʟʥʦʛʦ ʛʝʣʠʷ ʚ ʢʘʯʝʩʪʚʝ 

ʪʝʧʣʦʦʙʤʝʥʥʦʛʦ ʛʘʟʘ ʠ ʟʘʥʠʤʘʣʦ 8 ʯ. ɼʣʷ ʦʭʣʘʞʜʝʥʠʷ ʢʘʣʦʨʠʤʝʪʨʘ ʦʪ 5 ʜʦ 1,4 ʂ 

ʠ ʫʩʪʘʥʦʚʣʝʥʠʷ ʩʪʘʮʠʦʥʘʨʥʦʛʦ ʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʭʦʜʘ 10
-3
 ï 10

-4
 ʂ/ʤʠʥ, 

ʪʨʝʙʦʚʘʣʦʩʴ ʦʢʦʣʦ 10 ʯʘʩʦʚ. ɹʳʣʦ ʚʳʧʦʣʥʝʥʦ ʥʝʩʢʦʣʴʢʦ ʩʝʨʠʡ ʠʟʤʝʨʝʥʠʡ. 

ʈʝʟʫʣʴʪʘʪʳ ʠʟʤʝʨʝʥʠʡ ʩʦʚʧʘʜʘʶʪ ʚ ʧʨʝʜʝʣʘʭ ʧʦʛʨʝʰʥʦʩʪʠ ʠʟʤʝʨʝʥʠʡ. 

ʇʦʛʨʝʰʥʦʩʪʴ ʠʟʤʝʨʝʥʠʡ ʪʝʧʣʦʸʤʢʦʩʪʠ ʪʚʝʨʜʦʛʦ ʨʘʩʪʚʦʨʘ (CH4)0.40C60 

ʩʦʩʪʘʚʣʷʣʘ Ñ15% ʧʨʠ ʊ=1,5 ʂ, Ñ4% ʧʨʠ ʊ=2 ʂ ʠ ʦʢʦʣʦ Ñ2% ʧʨʠ ʊ=4 ʂ. 
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ʈɸɿɼɽʃ 3 

ʊɽʇʃʆɽʄʂʆʉʊʔ ʉɺʗɿʆʂ ʆɼʅʆʉʊɽʅʅʓʍ ʋɻʃɽʈʆɼʅʓʍ 

ʅɸʅʆʊʈʋɹʆʂ 

ʅʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʳʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʟʥʘʯʝʥʠʷ ʪʝʧʣʦʝʤʢʦʩʪʠ ʩʚʷʟʦʢ 

ʟʘʢʨʳʪʳʭ ʦʜʥʦʩʪʝʥʥʳʭ ʫʛʣʝʨʦʜʥʳʭ ʥʘʥʦʪʨʫʙʦʢ (ʟïʆʋʅʊ) ʩʠʩʪʝʤʘʪʠʯʝʩʢʠ 

ʦʪʣʠʯʘʶʪʩʷ ʚ ʥʝʩʢʦʣʴʢʦ ʨʘʟ ʧʨʠ ʛʝʣʠʝʚʳʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʠ ʥʘ 30 ï 50% ʚ 

ʠʥʪʝʨʚʘʣʝ ʪʝʤʧʝʨʘʪʫʨ 20 ï 120 ʂ [46, 57ï60].  

ʈʘʩʭʦʞʜʝʥʠʷ ʤʝʞʜʫ ʨʝʟʫʣʴʪʘʪʘʤʠ ʨʘʙʦʪ [46, 57ï60] ʦʙʫʩʣʦʚʣʝʥʳ ʢʘʢ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ ʧʦʛʨʝʰʥʦʩʪʷʤʠ, ʪʘʢ ʠ ʪʝʤ, ʯʪʦ ʚ ʨʘʟʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʘʭ 

ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʦʙʨʘʟʮʳ, ʧʦʣʫʯʝʥʥʳʝ ʨʘʟʣʠʯʥʳʤʠ ʩʧʦʩʦʙʘʤʠ. ɺ ʟʘʚʠʩʠʤʦʩʪʠ 

ʦʪ ʩʧʦʩʦʙʘ ʧʦʣʫʯʝʥʠʷ ʥʘʥʦʪʨʫʙʦʢ ʦʙʨʘʟʮʳ ʦʪʣʠʯʘʶʪʩʷ ʨʘʩʧʨʝʜʝʣʝʥʠʷʤʠ 

ʥʘʥʦʪʨʫʙʦʢ ʧʦ ʜʠʘʤʝʪʨʘʤ ʠ ʭʠʨʘʣʴʥʦʩʪʠ, ʢʦʣʠʯʝʩʪʚʦʤ ʥʘʥʦʪʨʫʙʦʢ ʚ ʩʚʷʟʢʘʭ, ʘ 

ʪʘʢʞʝ ʢʦʣʠʯʝʩʪʚʦʤ ʢʘʪʘʣʠʟʘʪʦʨʘ ʚ ʦʙʨʘʟʮʝ. ɺ ʨʘʙʦʪʘʭ [58, 59] ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ 

ʪʝʧʣʦʦʙʤʝʥʥʳʡ ʛʝʣʠʡ ʧʨʠʚʦʜʠʪ ʢ ʫʚʝʣʠʯʝʥʠʶ ʪʝʧʣʦʝʤʢʦʩʪʠ ʦʙʨʘʟʮʘ. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʦʪʩʫʪʩʪʚʠʝ ʥʘʜʝʞʥʳʭ ʜʘʥʥʳʭ ʦ ʪʝʧʣʦʝʤʢʦʩʪʠ ʩʚʷʟʦʢ 

ʟ-ʆʋʅʊ ʥʝ ʧʦʟʚʦʣʷʣʦ ʦʜʥʦʟʥʘʯʥʦ ʩʫʜʠʪʴ ʦ ʧʨʦʷʚʣʝʥʠʠ ʚʣʠʷʥʠʷ ʨʘʟʤʝʨʥʦʩʪʠ 

ʩʠʩʪʝʤʳ ʥʘ ʭʘʨʘʢʪʝʨ ʧʦʚʝʜʝʥʠʷ ʪʝʧʣʦʝʤʢʦʩʪʠ ʩʚʷʟʦʢ ʟïʆʋʅʊ, ʦʧʠʩʘʪʴ ʩ 

ʧʦʤʦʱʴʶ ʪʝʦʨʝʪʠʯʝʩʢʠʭ ʤʦʜʝʣʝʡ ʵʢʩʧʝʨʠʤʝʥʪ, ʘ ʪʘʢʞʝ ʩʦʧʦʩʪʘʚʠʪʴ ʜʘʥʥʳʝ ʦ 

ʪʝʧʣʦʝʤʢʦʩʪʠ ʠ ʪʝʧʣʦʚʦʤ ʨʘʩʰʠʨʝʥʠʠ ʩʚʷʟʦʢ ʟïʆʋʅʊ. ʋʢʘʟʘʥʥʳʝ ʟʘʜʘʯʠ 

ʩʪʠʤʫʣʠʨʦʚʘʣʠ ʧʨʦʚʝʜʝʥʠʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ ʪʝʧʣʦʝʤʢʦʩʪʠ 

ʩʚʷʟʦʢ ʟïʆʋʅʊ. 

3.1. ɺʣʠʷʥʠʝ ʯʠʩʪʦʪʳ ʦʙʨʘʟʮʦʚ ʠ ʩʪʨʫʢʪʫʨʥʳʭ ʦʩʦʙʝʥʥʦʩʪʝʡ ʩʚʷʟʦʢ 

ʟ-ʆʋʅʊ ʥʘ ʠʭ ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʫʶ ʪʝʧʣʦʝʤʢʦʩʪʴ.  

ʅʘʰ ʦʙʨʘʟʝʮ ʙʳʣ ʧʨʠʛʦʪʦʚʣʝʥ ʚ ʫʥʠʚʝʨʩʠʪʝʪʝ Umea (ʐʚʝʮʠʷ) ʚ 

ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʤʝʪʦʜʠʢʦʡ, ʠʟʣʦʞʝʥʥʦʡ ʚ ʨʘʟʜʝʣʝ 2, ʠʟ ʧʦʨʦʰʢʘ ʩʚʷʟʦʢ 

ʥʘʥʦʪʨʫʙʦʢ, ʧʦʣʫʯʝʥʥʦʛʦ ʤʝʪʦʜʦʤ ʭʠʤʠʯʝʩʢʦʛʦ ʦʩʘʞʜʝʥʠʷ ʠʟ ʛʘʟʦʚʦʡ ʬʘʟʳ 

(CVD ʤʝʪʦʜ). ʇʦʨʦʰʦʢ ʩʦʜʝʨʞʘʣ ʙʦʣʝʝ 90 ʚʝʩʦʚʳʭ % ʩʚʷʟʦʢ ʟïʆʋʅʊ, ʜʨʫʛʠʝ 

ʘʣʣʦʪʨʦʧʥʳʝ ʬʦʨʤʳ ʫʛʣʝʨʦʜʘ (ʬʫʣʣʝʨʠʪʳ, ʤʥʦʛʦʩʪʝʥʥʳʝ ʥʘʥʦʪʨʫʙʢʠ ʠ 
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ʘʤʦʨʬʥʳʡ ʫʛʣʝʨʦʜ) ʠ ʦʢʦʣʦ 2.9 ʚʝʩ.% ʢʦʙʘʣʴʪʦʚʦʛʦ ʢʘʪʘʣʠʟʘʪʦʨʘ. ʉʨʝʜʥʠʡ 

ʜʠʘʤʝʪʨ ʥʘʥʦʪʨʫʙʦʢ ʩʦʩʪʘʚʣʷʣ D = 1,1 ʥʤ, ʩʨʝʜʥʷʷ ʜʣʠʥʘ ʩʚʷʟʦʢ ʥʘʥʦʪʨʫʙʦʢ 

L = 15 ʤʢʤ. ʂʦʣʠʯʝʩʪʚʦ ʥʘʥʦʪʨʫʙʦʢ ʚ ʩʚʷʟʢʘʭ, ʩʦʛʣʘʩʥʦ ʦʮʝʥʢʝ ʚʳʧʦʣʥʝʥʥʦʡ ʠʟ 

ʩʥʠʤʢʦʚ ʇʕʄ ʩ ʚʳʩʦʢʠʤ ʨʘʟʨʝʰʝʥʠʝʤ, ʩʦʩʪʘʚʣʷʝʪ 100 ï 150.  

ʊʝʤʧʝʨʘʪʫʨʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʪʝʧʣʦʝʤʢʦʩʪʠ ʧʨʠ ʧʦʩʪʦʷʥʥʦʤ ʜʘʚʣʝʥʠʠ CP(T) 

ʥʘʰʝʛʦ ʦʙʨʘʟʮʘ ʩʚʷʟʦʢ ʟïʆʋʅʊ [1] ʧʨʝʜʩʪʘʚʣʝʥʘ ʥʘ ʨʠʩʫʥʢʝ 3.1. ʅʘ ʵʪʦʤ ʞʝ 

ʨʠʩʫʥʢʝ ʜʣʷ ʩʨʘʚʥʝʥʠʷ ʧʨʠʚʝʜʝʥʳ ʣʠʪʝʨʘʪʫʨʥʳʝ ʜʘʥʥʳʝ [46, 57ï60]. 

ʀʟʤʝʨʝʥʠʷ ʚʳʧʦʣʥʝʥʳ ʚ ʠʥʪʝʨʚʘʣʝ ʪʝʤʧʝʨʘʪʫʨ 2 ï 120 ʂ ʥʘ ʘʜʠʘʙʘʪʠʯʝʩʢʦʤ 

ʢʘʣʦʨʠʤʝʪʨʝ [123], ʢʦʪʦʨʳʡ ʦʧʠʩʘʥ ʚ ʨʘʟʜʝʣʝ 2. ʅʘ ʵʪʦʤ ʞʝ ʨʠʩʫʥʢʝ ʜʣʷ 

ʩʨʘʚʥʝʥʠʷ ʠ ʘʥʘʣʠʟʘ ʧʨʠʚʝʜʝʥʳ ʣʠʪʝʨʘʪʫʨʥʳʝ ʜʘʥʥʳʝ [46, 57ï60]. 

ʆʪʤʝʪʠʤ, ʯʪʦ ʚʢʣʘʜ ʦʙʨʘʟʮʘ ʚ ʩʫʤʤʘʨʥʫʶ ʪʝʧʣʦʸʤʢʦʩʪʴ ʢʘʣʦʨʠʤʝʪʨʘ ʩ 

ʦʙʨʘʟʮʦʤ ʩʦʩʪʘʚʣʷʣ 75% ʧʨʠ ʊ = 2 ʂ, 60% ʧʨʠ 4 ʂ, 40% ʧʨʠ 10 ʂ ʠ ʦʢʦʣʦ 30% ʚ 

ʜʠʘʧʘʟʦʥʝ ʪʝʤʧʝʨʘʪʫʨ 20 ï 120 ʂ. ʇʦʛʨʝʰʥʦʩʪʴ ʠʟʤʝʨʝʥʠʡ ʪʝʧʣʦʝʤʢʦʩʪʠ 

ʦʙʨʘʟʮʘ ʩʚʷʟʦʢ ʆʋʅʊ ʚ ʥʘʰʝʤ ʵʢʩʧʝʨʠʤʝʥʪʝ ʩʦʩʪʘʚʣʷʣʘ 18% ʧʨʠ 2 ʂ; 2% ʧʨʠ 

5 ʂ ʠ ʫʤʝʥʴʰʘʣʘʩʴ ʜʦ 1% ʧʨʠ ʧʦʚʳʰʝʥʠʠ ʪʝʤʧʝʨʘʪʫʨʳ ʜʦ 120 ʂ.  

ʉ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʚʳʨʘʞʝʥʠʷ æʉ  = CP ï CV = b2
VT/cT ʥʘʤʠ ʩʜʝʣʘʥʘ ʦʮʝʥʢʘ 

ʨʘʟʥʦʩʪʠ ʤʝʞʜʫ ʚʝʣʠʯʠʥʘʤʠ ʪʝʧʣʦʸʤʢʦʩʪʠ ʧʨʠ ʧʦʩʪʦʷʥʥʦʤ ʜʘʚʣʝʥʠʠ (CP) ʠ 

ʧʦʩʪʦʷʥʥʦʤ ʦʙʲʝʤʝ (CV) ʦʙʨʘʟʮʘ ʩʚʷʟʦʢ ʟïʆʋʅʊ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 120 ʂ. ʇʨʠ 

ʦʮʝʥʢʝ ʙʳʣʠ ʠʩʧʦʣʴʟʦʚʘʥʳ ʜʘʥʥʳʝ ʦ ʤʦʣʷʨʥʦʤ ʦʙʲʝʤʝ V = 9*10
-6
 m

3
/mol [216] 

ʠ ʠʟʦʪʝʨʤʠʯʝʩʢʦʡ ʩʞʠʤʘʝʤʦʩʪʠ cT =2.7*10
-11

 Pa
-1
 [217]. ʇʦʩʢʦʣʴʢʫ ʜʘʥʥʳʝ ʦ 

ʢʦʵʬʬʠʮʠʝʥʪʝ ʦʙʲʝʤʥʦʛʦ ʪʝʧʣʦʚʦʛʦ ʨʘʩʰʠʨʝʥʠʷ b ʩʚʷʟʦʢ ʟïʆʋʅʊ 

ʦʪʩʫʪʩʪʚʫʶʪ, ʤʳ ʧʨʝʜʧʦʣʦʞʠʣʠ, ʯʪʦ b º 3Ŭr = 9*10
-5
 K

-1
, ʛʜʝ 

Ŭr - ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʟʥʘʯʝʥʠʷ ʢʦʵʬʬʠʮʠʝʥʪʘ ʨʘʜʠʘʣʴʥʦʛʦ ʪʝʧʣʦʚʦʛʦ 

ʨʘʩʰʠʨʝʥʠʷ [93]. ɺʝʣʠʯʠʥʘ æʉ ʩʦʩʪʘʚʣʷʝʪ º1,6 % ʦʪ ʪʝʧʣʦʝʤʢʦʩʪʠ ʦʙʨʘʟʮʘ. ʇʨʠ 

ʜʘʣʴʥʝʡʰʝʤ ʘʥʘʣʠʟʝ ʤʦʞʥʦ ʩʯʠʪʘʪʴ, ʯʪʦ CP º CV. 
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ʈʠʩ. 3.1. ʊʝʤʧʝʨʘʪʫʨʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʫʜʝʣʴʥʦʡ ʪʝʧʣʦʝʤʢʦʩʪʠ ʩʚʷʟʦʢ 

ʦʜʥʦʩʪʝʥʥʳʭ ʫʛʣʝʨʦʜʥʳʭ ʥʘʥʦʪʨʫʙʦʢ: ʘ) ʥʘʰʠ ʜʘʥʥʳʝ (¶) [1] ʠ 

ʣʠʪʝʨʘʪʫʨʥʳʝ ʜʘʥʥʳʝ [46,57ï60] ʚ ʢʦʦʨʜʠʥʘʪʘʭ lg-lg ʚ ʠʥʪʝʨʚʘʣʝ 1 ï 120 ʂ, 

ʙ) lg-lg ʚ ʠʥʪʝʨʚʘʣʝ 20 ï 120 ʂ, c) ʥʘʰʠ ʜʘʥʥʳʝ ʪʝʧʣʦʝʤʢʦʩʪʠ ʟïʆʋʅʊ 

(ʢʨʫʞʢʠ) , 2,9 ʚʝʩ.% ʉʦ ʢʘʪʘʣʠʟʘʪʦʨʘ (ʢʚʘʜʨʘʪʳ) ʚ ʠʥʪʝʨʚʘʣʝ 0 ï 120 ʂ. 

 

ɺʦ ʚʩʝʤ ʪʝʤʧʝʨʘʪʫʨʥʦʤ ʠʥʪʝʨʚʘʣʝ ʠʩʩʣʝʜʦʚʘʥʠʡ ʢʨʠʚʘʷ ʪʝʧʣʦʝʤʢʦʩʪʠ 

ʤʦʥʦʪʦʥʥʦ ʚʦʟʨʘʩʪʘʝʪ ʩ ʪʝʤʧʝʨʘʪʫʨʦʡ. ɺ ʪʝʤʧʝʨʘʪʫʨʥʦʤ ʠʥʪʝʨʚʘʣʝ 30 ï 120 K 

(ʩʤ. ʈʠʩ. 3.1 ʙ) ʥʘʰʠ ʨʝʟʫʣʴʪʘʪʳ ʩʠʩʪʝʤʘʪʠʯʝʩʢʠ ʚʳʰʝ ʜʘʥʥʳʭ [46] ʥʘ 20 ï 28 % 

ʠ ʥʠʞʝ ʜʘʥʥʳʭ [57] ʥʘ 10 ï 18 %. ʆʪʤʝʪʠʤ, ʯʪʦ ʚ ʵʪʦʡ ʦʙʣʘʩʪʠ ʪʝʤʧʝʨʘʪʫʨ 

ʨʝʟʫʣʴʪʘʪʳ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʳ ʠ ʨʘʙʦʪ [46, 57] ʩʦʚʧʘʜʘʶʪ ʩ ʪʦʯʥʦʩʪʴʶ ʜʦ 

ʤʥʦʞʠʪʝʣʷ (1 ï ʵʪʘ ʨʘʙʦʪʘ, 0,86 [57], 1,24 ï [46]). ʅʠʞʝ 20 ʂ ʜʘʥʥʳʝ 

ʨʘʙʦʪ [46, 57ï60] ʣʝʞʘʪ ʩʠʩʪʝʤʘʪʠʯʝʩʢʠ ʚʳʰʝ ʥʘʰʠʭ ʟʥʘʯʝʥʠʡ ʪʝʧʣʦʝʤʢʦʩʪʠ ʠ 

ʧʨʠ ʛʝʣʠʝʚʳʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʦʪʣʠʯʘʶʪʩʷ ʚ ʥʝʩʢʦʣʴʢʦ ʨʘʟ.  
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ʆʜʥʦʡ ʠʟ ʚʦʟʤʦʞʥʳʭ ʧʨʠʯʠʥ ʙʦʣʝʝ ʚʳʩʦʢʠʭ ʟʥʘʯʝʥʠʡ ʪʝʧʣʦʝʤʢʦʩʪʠ 

ʦʙʨʘʟʮʦʚ ʚ ʨʘʙʦʪʘʭ [46, 57ï60] ʤʦʞʝʪ ʙʳʪʴ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ ʧʦʛʨʝʰʥʦʩʪʴ 

ʠʟʤʝʨʝʥʠʡ. ʇʦʛʨʝʰʥʦʩʪʠ, ʦʙʫʩʣʦʚʣʝʥʥʳʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ ʦʩʦʙʝʥʥʦʩʪʷʤʠ 

ʢʘʣʦʨʠʤʝʪʨʠʯʝʩʢʠʭ ʫʩʪʘʥʦʚʦʢ, ʩʚʷʟʘʥʳ ʩ ʪʝʤ, ʯʪʦ ʚ ʨʘʙʦʪʘʭ [46, 57ï60] 

ʦʭʣʘʞʜʝʥʠʝ ʢʘʣʦʨʠʤʝʪʨʘ ʦʩʫʱʝʩʪʚʣʷʣʦʩʴ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʪʝʧʣʦʦʙʤʝʥʥʦʛʦ 

ʛʘʟʘ ʛʝʣʠʷ. ʇʨʠʩʫʪʩʪʚʠʝ ʜʘʞʝ ʤʘʣʳʭ ʢʦʣʠʯʝʩʪʚ ʛʝʣʠʷ ʚ ʢʘʣʦʨʠʤʝʪʨʠʯʝʩʢʦʡ 

ʷʯʝʡʢʝ ʤʦʞʝʪ ʧʨʠʚʦʜʠʪʴ ʢ ʫʚʝʣʠʯʝʥʠʶ ʧʦʛʨʝʰʥʦʩʪʝʡ ʠʟʤʝʨʝʥʠʡ ʧʨʠ 

ʪʝʤʧʝʨʘʪʫʨʘʭ ʥʠʞʝ 20 ʂ [58, 59]. ɺ ʨʘʙʦʪʝ [58] ʙʳʣʦ ʦʙʥʘʨʫʞʝʥʦ, ʯʪʦ ʚʝʣʠʯʠʥʘ 

ʪʝʧʣʦʝʤʢʦʩʪʠ ʚʦʟʨʘʩʪʘʝʪ ʙʦʣʴʰʝ, ʯʝʤ ʚ 2 ʨʘʟʘ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ ʦʢʦʣʦ 10 ʂ, ʚ 

ʩʣʫʯʘʝ ʥʝʜʦʩʪʘʪʦʯʥʦ ʪʱʘʪʝʣʴʥʦʡ ʦʪʢʘʯʢʠ ʛʝʣʠʷ ʠʟ ʢʘʣʦʨʠʤʝʪʨʠʯʝʩʢʦʡ ʷʯʝʡʢʠ. 

ʂ ʨʘʩʭʦʞʜʝʥʠʷʤ ʤʝʞʜʫ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ ʢʨʠʚʳʤʠ ʪʝʧʣʦʝʤʢʦʩʪʠ 

ʧʨʠʚʦʜʠʪ ʪʘʢʞʝ ʨʘʟʣʠʯʥʦʝ ʩʦʜʝʨʞʘʥʠʝ ʥʘʥʦʪʨʫʙʦʢ ʚ ʦʙʨʘʟʮʘʭ ʠ ʧʨʠʩʫʪʩʪʚʠʝ 

ʜʨʫʛʠʝ ʧʨʠʤʝʩʝʡ. ʆʩʦʙʝʥʥʦʩʪʠ ʩʪʨʫʢʪʫʨʳ, ʛʦʤʦʛʝʥʥʦʩʪʴ ʠ ʯʠʩʪʦʪʘ ʥʘʥʦʪʨʫʙʦʢ 

ʩʫʱʝʩʪʚʝʥʥʦ ʟʘʚʠʩʷʪ ʦʪ ʤʝʪʦʜʠʢʠ ʩʠʥʪʝʟʘ ʠ ʩʪʝʧʝʥʠ ʦʯʠʩʪʢʠ ʦʙʨʘʟʮʘ. 

ʄʘʪʝʨʠʘʣʳ, ʩʦʜʝʨʞʘʱʠʝ ʥʘʥʦʪʨʫʙʢʠ, ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʝ ʨʘʟʣʠʯʥʳʤʠ ʤʝʪʦʜʘʤʠ, 

ʠʣʠ ʦʜʥʠʤ ʠ ʪʝʤ ʞʝ ʤʝʪʦʜʦʤ, ʥʦ ʧʨʠ ʥʝʙʦʣʴʰʠʭ ʦʪʣʠʯʠʷʭ ʫʩʣʦʚʠʡ ʩʠʥʪʝʟʘ, 

ʩʫʱʝʩʪʚʝʥʥʦ ʦʪʣʠʯʘʶʪʩʷ ʧʦ ʛʝʦʤʝʪʨʠʯʝʩʢʠʤ ʨʘʟʤʝʨʘʤ, ʢʦʣʠʯʝʩʪʚʫ ʥʘʥʦʪʨʫʙʦʢ 

ʚ ʩʚʷʟʢʘʭ, ʢʦʥʮʝʥʪʨʘʮʠʠ ʜʨʫʛʠʭ ʥʘʥʦʩʪʨʫʢʪʫʨ ʫʛʣʝʨʦʜʘ ʠ ʤʝʪʘʣʣʠʯʝʩʢʠʭ 

ʢʘʪʘʣʠʟʘʪʦʨʦʚ.  

ɺ ʥʘʰʝʤ ʦʙʨʘʟʮʝ ʙʳʣʦ ʦʢʦʣʦ 2,9 ʚʝʩ.% ʢʦʙʘʣʴʪʦʚʦʛʦ ʢʘʪʘʣʠʟʘʪʦʨʘ. ɺʢʣʘʜ 

Co ʢʘʪʘʣʠʟʘʪʦʨʘ ʚ ʩʫʤʤʘʨʥʫʶ ʪʝʧʣʦʝʤʢʦʩʪʴ ʥʘʰʝʛʦ ʦʙʨʘʟʮʘ ʥʝ ʧʨʝʚʳʰʘʣ 

4% (ʩʤ. ʨʠʩ. 3.1ʩ) ʉʦʜʝʨʞʘʥʠʝ ʢʘʪʘʣʠʟʘʪʦʨʦʚ ʚ ʦʙʨʘʟʮʘʭ ʚ ʨʘʙʦʪʘʭ [46, 57ï60] 

ʙʳʣʦ ʦʪ 1,7 ʜʦ 3,3 ʨʘʟ ʚʳʰʝ, ʯʝʤ ʚ ʥʘʰʝʤ ʦʙʨʘʟʮʝ. ʀʥʬʦʨʤʘʮʠʷ ʦ ʤʝʪʦʜʘʭ 

ʠʟʤʝʨʝʥʠʡ ʪʝʧʣʦʝʤʢʦʩʪʠ, ʪʝʤʧʝʨʘʪʫʨʥʳʭ ʦʙʣʘʩʪʷʭ ʠʟʤʝʨʝʥʠʡ, ʩʧʦʩʦʙʘʭ 

ʧʦʣʫʯʝʥʠʷ ʧʦʨʦʰʢʦʚ, ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʭ ʥʘʥʦʪʨʫʙʦʢ ʠ ʩʚʷʟʦʢ ʟïʆʋʅʊ, ʘ ʪʘʢʞʝ ʦ 

ʩʦʩʪʘʚʝ ʦʙʨʘʟʮʦʚ ʧʨʝʜʩʪʘʚʣʝʥʘ ʚ ʪʘʙʣʠʮʝ 3.1.  

ɼʣʷ ʧʦʣʫʯʝʥʠʷ ʦʙʨʘʟʮʦʚ ʚ ʨʘʙʦʪʘʭ [46, 57ï60] ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʧʦʨʦʰʢʠ 

ʟ-ʆʋʅʊ, ʧʦʣʫʯʝʥʥʳʝ ʤʝʪʦʜʦʤ ʣʘʟʝʨʥʦʛʦ ʠʩʧʘʨʝʥʠʷ (ʃʀ) ʠ ʜʫʛʦʚʦʛʦ ʨʘʟʨʷʜʘ 

(ɼʈ). ʀʟʤʝʨʝʥʠʷ ʪʝʧʣʦʝʤʢʦʩʪʠ ʚ ʦʙʣʘʩʪʠ ʪʝʤʧʝʨʘʪʫʨ 0,1 ï 7 ʂ ʩʚʷʟʦʢ 

ʦʜʥʦʩʪʝʥʥʳʭ ʫʛʣʝʨʦʜʥʳʭ ʥʘʥʦʪʨʫʙʦʢ, ʧʨʝʜʩʪʘʚʣʝʥʥʳʝ ʚ ʨʘʙʦʪʝ [60], ʙʳʣʠ 
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ʚʳʧʦʣʥʝʥʳ ʥʘ ʦʙʨʘʟʮʝ, ʠʟʛʦʪʦʚʣʝʥʥʦʤ ʠʟ ʧʦʨʦʰʢʘ ʥʘʥʦʪʨʫʙʦʢ, ʧʦʣʫʯʝʥʥʦʛʦ 

ʤʝʪʦʜʦʤ ʵʣʝʢʪʨʦʜʫʛʦʚʦʛʦ ʨʘʟʨʷʜʘ ɼʈ [213]. ʄʝʪʦʜ ʵʣʝʢʪʨʦʜʫʛʦʚʦʛʦ ʨʘʟʨʷʜʘ (ɼʈ) 

ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʧʦʣʫʯʝʥʠʠ ʫʛʣʝʨʦʜʥʳʭ ʥʘʥʦʪʨʫʙʦʢ ʚ ʧʣʘʟʤʝ ʜʫʛʦʚʦʛʦ ʨʘʟʨʷʜʘ ʥʘ 

ʪʘʢʠʭ ʞʝ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʫʩʪʘʥʦʚʢʘʭ, ʢʘʢ ʠ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʬʫʣʣʝʨʝʥʦʚ. 

ʆʜʥʘʢʦ, ʧʨʠ ʵʪʦʤ, ʠʩʧʦʣʴʟʫʶʪʩʷ ʜʨʫʛʠʝ ʨʝʞʠʤʳ ʛʦʨʝʥʠʷ ʜʫʛʠ: ʙʦʣʝʝ ʥʠʟʢʘʷ 

ʧʣʦʪʥʦʩʪʴ ʪʦʢʘ ʜʫʛʦʚʦʛʦ ʨʘʟʨʷʜʘ, ʙʦʣʝʝ ʚʳʩʦʢʦʝ ʜʘʚʣʝʥʠʝ (~ 500 ʪʦʨʨ), ʢʘʪʦʜ 

ʙʦʣʴʰʝʛʦ ʜʠʘʤʝʪʨʘ. ɺ ʦʪʣʠʯʠʝ ʦʪ ʤʝʪʦʜʘ ʧʦʣʫʯʝʥʠʷ ʬʫʣʣʝʨʝʥʦʚ, ʛʨʘʬʠʪʦʚʳʝ 

ʵʣʝʢʪʨʦʜʳ ʥʝ ʩʦʧʨʠʢʘʩʘʶʪʩʷ ʤʝʞʜʫ ʩʦʙʦʡ, ʘ ʥʘʭʦʜʷʪʩʷ ʥʘ ʥʝʢʦʪʦʨʦʤ 

ʨʘʩʩʪʦʷʥʠʠ ʜʨʫʛ ʦʪ ʜʨʫʛʘ ʚʦ ʚʨʝʤʷ ʛʦʨʝʥʠʷ ʜʫʛʠ.  

ʊʘʙʣʠʮʘ 3.1. ʄʝʪʦʜʳ ʠʟʤʝʨʝʥʠʷ ʪʝʧʣʦʝʤʢʦʩʪʠ, ʪʝʤʧʝʨʘʪʫʨʥʳʝ ʦʙʣʘʩʪʠ 

ʠʟʤʝʨʝʥʠʡ, ʩʧʦʩʦʙʳ ʧʦʣʫʯʝʥʠʷ ʧʦʨʦʰʢʦʚ, ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʥʘʥʦʪʨʫʙʦʢ ʠ ʩʚʷʟʦʢ 

ʟïʆʋʅʊ, ʩʦʩʪʘʚ ʦʙʨʘʟʮʦʚ [46, 57ï60]. 

ʆʙʨʘʟʮʳ ʅʘ h Hone [46, 58] Mizel [57] Lasjaunias [59, 60] 
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(ʃʀ) 

ʃʘʟʝʨʥʦʝ 

ʠʩʧʘʨʝʥʠʝ 

(ʃʀ)) 

ʃʘʟʝʨʥʦʝ 

ʠʩʧʘʨʝʥʠʝ 

(ʃʀ) 

ʄʝʪʦʜ 

ʜʫʛʦʚʦʛʦ 

ʨʘʟʨʷʜʘ (ɼʈ) 

ʉʨʝʜʥʠʡ ʜʠʘʤʝʪʨ 

ʥʘʥʦʪʨʫʙʢʠ, ʥʤ 

1.1 1.25 1.3  1.4 1.4 

ʂʦʣʠʯʝʩʪʚʦ 

ʥʘʥʦʪʨʫʙʦʢ 

ɹʦʣʝʝ 90 ʚʝʩ.% - 70-90 ʚʝʩ.% 70-90 ʚʝʩ.% 70-90 ʚʝʩ.% 

 

ʂʦʣʠʯʝʩʪʚʦ 

ʢʘʪʘʣʠʟʘʪʦʨʘ 

Co 

(0.60 at. %) 

Co/Ni 

(2 at. %) 

Co/Ni 

(1.2 at. %) 

Co/Ni 

(2 at %) 

Ni (0.5 at %) 

Y (0.5 at %) 

ʂʦʣʠʯʝʩʪʚʦ 

ʥʘʥʦʪʨʫʙʦʢ ʚ 

ʩʚʷʟʢʝ 

100 ï 150 40 ï 50 100 ï 500 30 ï 100 20 ï 30 

ʄʝʪʦʜʠʢʘ 

ʠʟʤʝʨʝʥʠʷ 

ʪʝʧʣʦʝʤʢʦʩʪʠ 

ɸʜʠʘʙʘʪʠʯʝʩʢʘʷ 

ʢʘʣʦʨʠʤʝʪʨʠʷ 

ʄʝʪʦʜ 

ʪʝʨʤʠʯʝʩʢʦʡ 

ʨʝʣʘʢʩʘʮʠʠ 

ʄʝʪʦʜ 

ʪʝʨʤʠʯʝʩʢʦʡ 

ʨʝʣʘʢʩʘʮʠʠ 

ʄʝʪʦʜ 

ʪʝʨʤʠʯʝʩʢʦʡ 

ʨʝʣʘʢʩʘʮʠʠ 

ʄʝʪʦʜ 

ʪʝʨʤʠʯʝʩʢʦʡ 

ʨʝʣʘʢʩʘʮʠʠ 

ʄʘʩʩʘ ʦʙʨʘʟʮʘ, ʤʛ 716,0°0,05 9,5 ʠ 2,5 10ï20 45 90 

ʊʝʤʧʝʨʘʪʫʨʥʳʡ 

ʠʥʪʝʨʚʘʣ, ʂ 

2 ï 120 2 ï 300 1ï 200 0,1 ï 6 0,1 ï 6 
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ɺ ʨʘʙʦʪʝ [60] ʠʩʩʣʝʜʦʚʘʥʘ ʪʝʧʣʦʝʤʢʦʩʪʴ ʦʙʨʘʟʮʘ ʩʠʥʪʝʟʠʨʦʚʘʥʥʦʛʦ 

ʤʝʪʦʜʦʤ ɼʈ ʚ ʛʝʣʠʝʚʦʡ ʘʪʤʦʩʬʝʨʝ ʧʨʠ ʜʘʚʣʝʥʠʠ ʦʢʦʣʦ 660 ʪʦʨʨ. ʊʦʢ ʜʫʛʠ 

ʩʦʩʪʘʚʣʷʣ 100 ɸ, ʘ ʥʘʧʨʷʞʝʥʠʝ ʤʝʞʜʫ ʛʨʘʬʠʪʦʚʳʤʠ  ʵʣʝʢʪʨʦʜʘʤʠ 30 ɺ. 

ʆʙʨʘʟʝʮ ʩʦʜʝʨʞʘʣ ʦʪ 70 % ʜʦ 90 % ʩʚʷʟʦʢ ʟ-ʆʋʅʊ, ʜʨʫʛʠʝ ʬʦʨʤʳ ʫʛʣʝʨʦʜʘ, ʘ 

ʪʘʢʞʝ ʢʘʪʘʣʠʟʘʪʦʨʳ Ni (0,5 ʘʪ. %) ʠ Y (0,5 ʘʪ. %) ʩ ʦʙʱʠʤ ʢʦʣʠʯʝʩʪʚʦʤ 1 ʘʪ.%. 

ʉʨʝʜʥʠʡ ʜʠʘʤʝʪʨ ʥʘʥʦʪʨʫʙʦʢ 1,4 ʥʤ. 

ʈʝʟʫʣʴʪʘʪʳ ʠʟʤʝʨʝʥʠʡ ʪʝʧʣʦʝʤʢʦʩʪʠ ʦʙʨʘʟʮʦʚ ʦʜʥʦʩʪʝʥʥʳʭ ʫʛʣʝʨʦʜʥʳʭ 

ʥʘʥʦʪʨʫʙʦʢ ʧʦʣʫʯʝʥʥʳʭ ʤʝʪʦʜʦʤ ʣʘʟʝʨʥʦʛʦ ʠʩʧʘʨʝʥʠʷ ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ ʨʘʙʦʪʘʭ 

[46, 57ï60]. ʉʫʪʴ ʤʝʪʦʜʘ ʃʀ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʪʝʨʤʠʯʝʩʢʦʤ ʨʘʩʧʳʣʝʥʠʠ 

ʛʨʘʬʠʪʦʚʦʛʦ ʩʪʝʨʞʥʷ, ʩ ʧʦʩʣʝʜʫʶʱʠʤ ʦʩʘʞʜʝʥʠʝʤ ʧʨʦʜʫʢʪʦʚ ʩʠʥʪʝʟʘ ʥʘ 

ʦʭʣʘʞʜʘʝʤʫʶ ʧʦʚʝʨʭʥʦʩʪʴ ʧʨʠʝʤʥʠʢʘ, ʨʘʩʧʦʣʦʞʝʥʥʦʛʦ ʟʘ ʩʪʝʨʞʥʝʤ. 

ʆʪʣʠʯʠʪʝʣʴʥʦʡ ʦʩʦʙʝʥʥʦʩʪʴʶ ʣʘʟʝʨʥʦʛʦ ʤʝʪʦʜʘ ʧʦʣʫʯʝʥʠʷ ʋʅʊ ʷʚʣʷʝʪʩʷ 

ʚʳʩʦʢʘʷ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʩʠʥʪʝʟʠʨʫʝʤʳʭ ʥʘʥʦʪʨʫʙʦʢ ʢ 

ʧʘʨʘʤʝʪʨʘʤ ʣʘʟʝʨʥʦʛʦ ʦʙʣʫʯʝʥʠʷ. ɺ ʯʘʩʪʥʦʩʪʠ, ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʋʅʊ ʧʦ 

ʜʠʘʤʝʪʨʘʤ ʩʠʣʴʥʦ ʟʘʚʠʩʠʪ ʦʪ ʜʣʠʪʝʣʴʥʦʩʪʠ ʠʤʧʫʣʴʩʘ ʠ ʧʠʢʦʚʦʡ ʠʥʪʝʥʩʠʚʥʦʩʪʠ 

ʣʘʟʝʨʥʦʛʦ ʦʙʣʫʯʝʥʠʷ [214, 215], ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʧʨʦʠʟʚʦʜʩʪʚʦ ʋʅʊ ʩ ʟʘʜʘʥʥʳʤʠ 

ʩʪʨʫʢʪʫʨʥʳʤʠ ʧʘʨʘʤʝʪʨʘʤʠ. ʂ ʥʝʜʦʩʪʘʪʢʘʤ ʤʝʪʦʜʘ, ʢʘʢ ʠ ʚ ʩʣʫʯʘʝ ʤʝʪʦʜʘ 

ʜʫʛʦʚʦʛʦ ʨʘʟʨʷʜʘ, ʩʣʝʜʫʝʪ ʦʪʥʝʩʪʠ ʝʛʦ ʦʪʥʦʩʠʪʝʣʴʥʦ ʥʝʚʳʩʦʢʫʶ 

ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʴ ʠ ʚʳʩʦʢʫʶ ʩʪʦʠʤʦʩʪʴ ʧʦʣʫʯʝʥʠʷ ʥʘʥʦʪʨʫʙʦʢ. 

ɺʩʝ ʦʙʨʘʟʮʳ ʃʀ ʚ ʨʘʙʦʪʘʭ [46, 57ï60] ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʚ Rice University. 

ʉʨʝʜʥʠʡ ʜʠʘʤʝʪʨ ʥʘʥʦʪʨʫʙʦʢ ʚ ʨʘʙʦʪʝ [57] ï 1,3 ʥʤ. ʂʦʣʠʯʝʩʪʚʦ ʥʘʥʦʪʨʫʙʦʢ ʚ 

ʩʚʷʟʢʝ ~100. ʆʙʨʘʟʝʮ ʩʦʜʝʨʞʘʣ ʦʪ 70 % ʜʦ 90 % ʩʚʷʟʦʢ ʆʋʅʊ, ʜʨʫʛʠʝ ʬʦʨʤʳ 

ʫʛʣʝʨʦʜʘ, ʘ ʪʘʢʞʝ 1,2 ʘʪ.% ʢʘʪʘʣʠʟʘʪʦʨʦʚ ʉo/Ni. ɺ ʨʘʙʦʪʘʭ [46, 58] ʠʟʤʝʨʝʥʘ 

ʪʝʧʣʦʝʤʢʦʩʪʴ ʦʙʨʘʟʮʘ, ʢʦʪʦʨʳʡ ʙʳʣ ʧʦʣʫʯʝʥ ʧʨʠ ʣʘʟʝʨʥʦʤ ʩʠʥʪʝʟʝ ʚ ʧʝʯʠ ʧʨʠ 

ʪʝʤʧʝʨʘʪʫʨʝ T = 1200 K. ʉʨʝʜʥʠʡ ʜʠʘʤʝʪʨ ʥʘʥʦʪʨʫʙʦʢ ï 1,25 ʥʤ. ʆʙʨʘʟʝʮ 

ʩʚʷʟʦʢ ʟïʆʋʅʊ ʩʦʜʝʨʞʘʣ 2 % Co/Ni ʢʘʪʘʣʠʟʘʪʦʨʘ. ɺʢʣʘʜ ʢʘʪʘʣʠʟʘʪʦʨʘ ʚ 

ʩʫʤʤʘʨʥʫʶ ʪʝʧʣʦʝʤʢʦʩʪʴ ʦʙʨʘʟʮʘ ʥʝ ʧʨʝʚʳʰʘʣ 20 % ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ ʥʠʞʝ 

120 ʂ [46]. ʆʙʨʘʟʮʳ, ʥʘ ʢʦʪʦʨʳʭ ʙʳʣʘ ʠʟʤʝʨʝʥʘ ʪʝʧʣʦʝʤʢʦʩʪʴ ʚ ʨʘʙʦʪʘʭ [59, 60], 

ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ T=1100 K ʠ ʩʦʜʝʨʞʘʣʠ ʦʢʦʣʦ 2 ʘʪ.% ʉo/Ni 

ʢʘʪʘʣʠʟʘʪʦʨʘ. ʉʨʝʜʥʠʡ ʜʠʘʤʝʪʨ ʥʘʥʦʪʨʫʙʦʢ ï 1,4 ʥʤ. ʉʚʷʟʢʠ ʩ ʜʠʘʤʝʪʨʦʤ 
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10 - 13 ʥʤ ʩʦʩʪʦʷʣʠ ʠʟ 30 ï 50 ʥʘʥʦʪʨʫʙʦʢ, ʘ ʚ ʩʚʷʟʢʘʭ ʩ ʜʠʘʤʝʪʨʦʤ ʦʢʦʣʦ 20 ʥʤ 

ʢʦʣʠʯʝʩʪʚʦ ʥʘʥʦʪʨʫʙʦʢ ʚ ʩʚʷʟʢʝ ʜʦ 100. 

ɺ ʪʝʦʨʝʪʠʯʝʩʢʠʭ ʨʘʙʦʪʘʭ [50, 53] ʧʦʢʘʟʘʥʦ, ʯʪʦ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ ʥʠʞʝ 

10 ʂ ʜʣʷ ʠʟʦʣʠʨʦʚʘʥʥʳʭ ʥʘʥʦʪʨʫʙʦʢ ʨʘʟʣʠʯʥʦʡ ʭʠʨʘʣʴʥʦʩʪʠ ʪʝʧʣʦʝʤʢʦʩʪʴ 

ʩʫʱʝʩʪʚʝʥʥʦ ʦʪʣʠʯʘʝʪʩʷ. ɺ ʵʢʩʧʝʨʠʤʝʥʪʝ [60] ʦʜʠʥ ʠʟ ʠʩʩʣʝʜʫʝʤʳʭ ʦʙʨʘʟʮʦʚ 

ʩʦʜʝʨʞʘʣ ʩʚʷʟʢʠ ʟïʆʋʅʊ, ʧʦʣʫʯʝʥʥʳʝ ʤʝʪʦʜʦʤ ɼʈ. ɺ ʨʘʙʦʪʝ [201] ʫʩʪʘʥʦʚʣʝʥʦ, 

ʯʪʦ ʚ ʩʚʷʟʢʘʭ ʟïʆʋʅʊ, ʧʦʣʫʯʝʥʥʳʭ ʪʘʢʠʤ ʩʧʦʩʦʙʦʤ, ʢʦʥʮʝʥʪʨʘʮʠʷ ʥʘʥʦʪʨʫʙʦʢ 

ʢʦʥʬʠʛʫʨʘʮʠʠ çʟʠʛʟʘʛè (m,0) ʤʝʥʴʰʝ, ʯʝʤ ʚ ʩʚʷʟʢʘʭ ʟïʆʋʅʊ, ʧʦʣʫʯʝʥʥʳʭ CVD 

ʤʝʪʦʜʦʤ (ʢʘʢ ʚ ʩʣʫʯʘʝ ʥʘʰʝʛʦ ʦʙʨʘʟʮʘ). ɸʚʪʦʨʘʤʠ [53] ʪʝʦʨʝʪʠʯʝʩʢʠ ʧʦʢʘʟʘʥʦ, 

ʯʪʦ ʚ ʦʙʣʘʩʪʠ ʪʝʤʧʝʨʘʪʫʨ ʥʠʞʝ 20 ʂ ʪʝʧʣʦʝʤʢʦʩʪʴ ʘʥʩʘʤʙʣʷ ʠʟʦʣʠʨʦʚʘʥʥʳʭ 

ʥʘʥʦʪʨʫʙʦʢ ʢʦʥʬʠʛʫʨʘʮʠʠ çʟʠʛʟʘʛè (m,0) ʤʝʥʴʰʝ, ʯʝʤ ʪʝʧʣʦʝʤʢʦʩʪʴ 

ʥʘʥʦʪʨʫʙʦʢ ʢʦʥʬʠʛʫʨʘʮʠʠ çʢʨʝʩʣʦè (n,n). ʕʪʦ ʤʦʞʝʪ ʙʳʪʴ ʦʜʥʦʡ ʠʟ ʧʨʠʯʠʥ 

ʙʦʣʝʝ ʥʠʟʢʠʭ ʟʥʘʯʝʥʠʡ ʪʝʧʣʦʝʤʢʦʩʪʠ ʚ ʥʘʰʝʤ ʵʢʩʧʝʨʠʤʝʥʪʝ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ 

ʨʝʟʫʣʴʪʘʪʘʤʠ ʵʢʩʧʝʨʠʤʝʥʪʘ [60].  

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʪʝʧʣʦʝʤʢʦʩʪʴ ʩʚʷʟʦʢ ʟïʆʋʅʊ ʟʘʚʠʩʠʪ ʦʪ ʜʠʘʤʝʪʨʘ, 

ʭʠʨʘʣʴʥʦʩʪʠ ʥʘʥʦʪʨʫʙʦʢ, ʘ ʪʘʢʞʝ ʦʪ ʢʦʣʠʯʝʩʪʚʘ ʥʘʥʦʪʨʫʙʦʢ ʚ 

ʩʚʷʟʢʘʭ [47, 50, 51, 53]. ʈʘʩʭʦʞʜʝʥʠʷ ʤʝʞʜʫ ʚʝʣʠʯʠʥʘʤʠ ʪʝʧʣʦʝʤʢʦʩʪʠ ʦʙʨʘʟʮʦʚ, 

ʦʙʫʩʣʦʚʣʝʥʥʳʝ ʫʢʘʟʘʥʥʳʤʠ ʧʘʨʘʤʝʪʨʘʤʠ, ʫʚʝʣʠʯʠʚʘʶʪʩʷ ʧʨʠ ʥʠʟʢʠʭ 

ʪʝʤʧʝʨʘʪʫʨʘʭ. ɺ ʥʘʰʝʤ ʵʢʩʧʝʨʠʤʝʥʪʝ ʩʦʜʝʨʞʘʥʠʝ ʩʚʷʟʦʢ ʟïʆʋʅʊ ʚ ʦʙʨʘʟʮʝ 

ʙʦʣʴʰʝ, ʯʝʤ ʚ ʨʘʙʦʪʘʭ [46, 57ï60] (ʩʤ. ʪʘʙʣ. 3.1).  

ʇʨʝʜʩʪʘʚʣʷʝʪ ʠʥʪʝʨʝʩ ʧʨʦʘʥʘʣʠʟʠʨʦʚʘʪʴ ʚʣʠʷʥʠʝ ʚʢʣʘʜʦʚ ʧʨʠʤʝʩʝʡ ʜʨʫʛʠʭ 

ʘʣʣʦʪʨʦʧʥʳʭ ʬʦʨʤ ʫʛʣʝʨʦʜʘ (ʛʨʘʬʠʪʘ, ʘʤʦʨʬʥʦʛʦ ʫʛʣʝʨʦʜʘ ʠ ʪ.ʜ.) ʚ 

ʪʝʧʣʦʝʤʢʦʩʪʴ ʤʘʢʨʦʩʢʦʧʠʯʝʩʢʠʭ ʦʙʨʘʟʮʦʚ ʩʚʷʟʦʢ ʟïʆʋʅʊ. Cʦʧʦʩʪʘʚʣʝʥʠʝ 

ʪʝʤʧʝʨʘʪʫʨʥʳʭ ʟʘʚʠʩʠʤʦʩʪʝʡ ʪʝʧʣʦʝʤʢʦʩʪʠ ʩʚʷʟʦʢ ʥʘʥʦʪʨʫʙʦʢ [1], ʛʨʘʬʠʪʘ [46], 

ʠ ʛʨʘʬʝʥʘ [46], ʘ ʪʘʢʞʝ ʘʥʩʘʤʙʣʝʡ ʠʟʦʣʠʨʦʚʘʥʥʳʭ ʟïʆʋʅʊ (5,5) [50] ʠ ʟïʆʋʅʊ 

(10,10) [50] ʧʨʠʚʝʜʝʥʦ ʥʘ ʨʠʩ. 3.2. 
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ʈʠʩ. 3.2 ʉʦʧʦʩʪʘʚʣʝʥʠʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ ʪʝʧʣʦʝʤʢʦʩʪʠ ʩʚʷʟʦʢ 

ʟïʆʋʅʊ (ʵʪʘ ʨʘʙʦʪʘ) [1], ʠ ʨʘʩʩʯʠʪʘʥʥʳʭ ʟʥʘʯʝʥʠʡ ʪʝʧʣʦʝʤʢʦʩʪʠ ʛʨʘʬʠʪʘ 

[46], ʛʨʘʬʝʥʘ [46], ʘʥʩʘʤʙʣʝʡ ʠʟʦʣʠʨʦʚʘʥʥʳʭ ʆʋʅʊ (5,5) [50] ʠ 

ʆʋʅʊ (10,10) [50]. 

 

ʉʪʨʫʢʪʫʨʥʳʝ ʦʩʦʙʝʥʥʦʩʪʠ ʨʘʟʣʠʯʥʳʭ ʬʦʨʤ ʫʛʣʝʨʦʜʘ ʪʝʩʥʦ ʩʚʷʟʘʥʳ ʩ 

ʭʘʨʘʢʪʝʨʦʤ ʩʚʷʟʠ ʤʝʞʜʫ ʘʪʦʤʘʤʠ ʚ ʥʠʭ, ʯʪʦ ʧʨʦʷʚʣʷʝʪʩʷ ʚ ʠʭ ʵʥʝʨʛʝʪʠʯʝʩʢʠʭ 

ʩʧʝʢʪʨʘʭ. ʀʟ ʨʠʩʫʥʢʘ 3.2 ʚʠʜʥʦ, ʯʪʦ ʦʪʣʠʯʠʝ ʩʪʨʫʢʪʫʨʳ ʧʨʠʚʦʜʠʪ ʢ ʦʪʣʠʯʠʶ 

ʟʘʚʠʩʠʤʦʩʪʝʡ ʪʝʧʣʦʝʤʢʦʩʪʠ ʘʣʣʦʪʨʦʧʥʳʭ ʬʦʨʤ ʫʛʣʝʨʦʜʘ ʥʠʞʝ 30 ʂ. ʇʨʠ 

ʪʝʤʧʝʨʘʪʫʨʘʭ ʚʳʰʝ 30 ʂ ʚʣʠʷʥʠʝ ʩʪʨʫʢʪʫʨʥʳʭ ʦʩʦʙʝʥʥʦʩʪʝʡ ʨʘʟʣʠʯʥʳʭ ʬʦʨʤ 

ʫʛʣʝʨʦʜʘ ʥʘ ʚʝʣʠʯʠʥʫ ʠ ʭʘʨʘʢʪʝʨ ʧʦʚʝʜʝʥʠʷ ʪʝʧʣʦʝʤʢʦʩʪʠ ʷʚʣʷʝʪʩʷ ʙʦʣʝʝ 

ʩʣʘʙʳʤ.  

3.2. ɺʣʠʷʥʠʝ ʨʘʟʤʝʨʥʦʩʪʠ ʥʘ ʬʦʥʦʥʥʫ  ʁʪʝʧʣʦʝʤʢʦʩʪʴ ʩʚʷʟʦʢ ʟïʆʋʅʊ.  

 ʉʦʛʣʘʩʥʦ ʪʝʦʨʝʪʠʯʝʩʢʠʤ ʨʘʩʯʝʪʘʤ [47] ʧʨʠ ʥʠʟʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ (ʚʧʣʦʪʴ 

ʜʦ 0 ʂ) ʬʦʥʦʥʥʳʡ ʚʢʣʘʜ ʚ ʪʝʧʣʦʝʤʢʦʩʪʴ ʠʟʦʣʠʨʦʚʘʥʥʳʭ ʆʋʅʊ ʥʘ ʥʝʩʢʦʣʴʢʦ 

ʧʦʨʷʜʢʦʚ ʙʦʣʴʰʝ ʵʣʝʢʪʨʦʥʥʦʛʦ, ʧʦʵʪʦʤʫ ʧʨʠ ʜʘʣʴʥʝʡʰʝʤ ʘʥʘʣʠʟʝ ʤʳ ʙʫʜʝʤ 

ʧʦʣʘʛʘʪʴ ʚʢʣʘʜ ʵʣʝʢʪʨʦʥʦʚ ʚ ʪʝʧʣʦʝʤʢʦʩʪʴ ʧʨʝʥʝʙʨʝʞʠʤʦ ʤʘʣʳʤ. 

ʅʘʰʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʟʥʘʯʝʥʠʷ ʫʜʝʣʴʥʦʡ ʪʝʧʣʦʝʤʢʦʩʪʠ ʩʚʷʟʦʢ ʟ-ʆʋʅʊ 

ʚ ʢʦʦʨʜʠʥʘʪʘʭ C/ʊ ʦʪ  ʊ ʧʦʢʘʟʘʥʳ ʥʘ ʨʠʩ. 3.3. ɺʩʪʘʚʢʘ ʨʠʩ. 3.3 ʜʝʤʦʥʩʪʨʠʨʫʝʪ 

ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʳʡ ʫʯʘʩʪʦʢ. ʅʘ ʨʠʩ. 3.3 ʚʠʜʥʦ, ʯʪʦ ʚʙʣʠʟʠ ʪʝʤʧʝʨʘʪʫʨ 5 ʂ, 

36 ʂ, 80 ʂ ʠ 110 ʂ (ʫʢʘʟʘʥʥʳʭ ʩʪʨʝʣʢʘʤʠ) ʥʘ ʢʨʠʚʦʡ C/ʊ  ʠʤʝʶʪʩʷ ʦʩʦʙʝʥʥʦʩʪʠ 

ʚ ʚʠʜʝ ʠʟʣʦʤʦʚ. ɺ ʪʝʤʧʝʨʘʪʫʨʥʦʤ ʠʥʪʝʨʚʘʣʝ 60 ï 80 K ʥʘ ʢʨʠʚʦʡ 

C/ʊ  ʥʘʙʣʶʜʘʝʪʩʷ ʩʢʘʯʦʢ. ʌʦʥʦʥʥʳʡ ʚʢʣʘʜ ʚ ʪʝʧʣʦʝʤʢʦʩʪʴ ʦʧʨʝʜʝʣʷʝʪʩʷ 
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ʧʣʦʪʥʦʩʪʴʶ ʩʦʩʪʦʷʥʠʡ ʬʦʥʦʥʦʚ (ʇʉʌ). ʅʘʙʣʶʜʘʝʤʳʝ ʦʪʥʦʩʠʪʝʣʴʥʦ ʥʝʙʦʣʴʰʠʝ 

ʘʥʦʤʘʣʠʠ ʚ ʭʘʨʘʢʪʝʨʝ ʧʦʚʝʜʝʥʠʷ ʫʜʝʣʴʥʦʡ ʪʝʧʣʦʝʤʢʦʩʪʠ C(T) ʩʚʠʜʝʪʝʣʴʩʪʚʫʶʪ 

ʦ ʥʘʣʠʯʠʠ ʦʩʦʙʝʥʥʦʩʪʝʡ ʥʘ ʢʨʠʚʦʡ g(E) ʬʦʥʦʥʥʦʡ ʧʣʦʪʥʦʩʪʠ ʩʦʩʪʦʷʥʠʡ ʩʚʷʟʦʢ 

ʟïʆʋʅʊ.  
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ʈʠʩ. 3.3 ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ ʪʝʤʧʝʨʘʪʫʨʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʪʝʧʣʦʝʤʢʦʩʪʠ 

ʩʚʷʟʦʢ ʟïʆʋʅʊ ʚ ʢʦʦʨʜʠʥʘʪʘʭ ʉ/ʊ ʦʪ ʊ. 

 

ʇʣʦʪʥʦʩʪʠ ʩʦʩʪʦʷʥʠʷ ʬʦʥʦʥʦʚ (ʇʉʌ) ʨʘʩʯʠʪʘʥʳʝ ʜʣʷ ʛʨʘʬʝʥʘ 

(ʰʪʨʠʭ-ʧʫʥʢʪʠʨʥʘʷ ʢʨʠʚʘʷ) [218], ʛʨʘʬʠʪʘ (ʧʫʥʢʪʠʨʥʘʷ ʢʨʠʚʘʷ) [58] ʠ ʘʥʩʘʤʙʣʷ 

ʠʟʦʣʠʨʦʚʘʥʥʳʭ ʆʋʅʊ ʭʠʨʘʣʴʥʦʩʪʠ (10,10) (ʩʧʣʦʰʥʘʷ ʢʨʠʚʘʷ) [58, 218] 

ʧʦʢʘʟʘʥʳ ʥʘ ʨʠʩʫʥʢʝ 3.4. ʌʦʥʦʥʥʘʷ ʧʣʦʪʥʦʩʪʴ ʩʦʩʪʦʷʥʠʡ ʜʣʷ ʛʨʘʬʠʪʘ ʠ ʛʨʘʬʝʥʘ 

ʙʳʣʘ ʪʘʢʞʝ ʨʘʩʩʯʠʪʘʥʘ ʚ ʨʘʙʦʪʘʭ [219ï221]. ʀʟ ʨʘʩʯʝʪʘ ʀ. ɸ. ɻʦʩʧʦʜʘʨʝʚʘ ʠ 

ʩʦʘʚʪ. [221] ʩʣʝʜʫʝʪ, ʯʪʦ ʬʦʥʦʥʥʘʷ ʧʣʦʪʥʦʩʪʴ ʩʦʩʪʦʷʥʠʡ ʪʦʥʢʦʡ ʧʣʝʥʢʠ ʛʨʘʬʠʪʘ, 

ʩʦʩʪʦʷʱʝʡ ʠʟ ʜʚʫʭ ʛʨʘʬʝʥʦʚʳʭ ʤʦʥʦʩʣʦʝʚ (ʙʠʛʨʘʬʝʥ) gbg ʠʤʝʝʪ ʭʘʨʘʢʪʝʨʥʳʡ 

ʜʚʫʤʝʨʥʳʡ ʚʠʜ (gbg(w)~w) ʚʳʰʝ ʥʝʢʦʪʦʨʦʡ ʯʘʩʪʦʪʳ w+
. ʅʠʞʝ ʵʪʦʡ ʯʘʩʪʦʪʳ ʚ 

ʦʪʣʠʯʠʝ ʦʪ ʛʨʘʬʝʥʘ (ʨʠʩ. 3.3ʘ) [218] ʜʣʷ ʙʠʛʨʘʬʝʥʘ ʥʘʙʣʶʜʘʝʪʩʷ ʠʟʣʦʤ ʠ gbg 

ʙʠʛʨʘʬʝʥʘ ʩʪʨʝʤʠʪʩʷ ʚ ʥʦʣʴ (ʨʠʩ. 3.3ʙ). ɺʠʜʥʦ, ʯʪʦ ʇʉʌ ʠʟʦʣʠʨʦʚʘʥʥʳʭ ʆʋʅʊ, 

ʚʩʣʝʜʩʪʚʠʝ ʠʭ ʢʚʘʟʠʦʜʥʦʤʝʨʥʦʡ ʩʪʨʫʢʪʫʨʳ (1D) ʟʥʘʯʠʪʝʣʴʥʦ ʦʪʣʠʯʘʝʪʩʷ ʦʪ 

ʇʉʌ ʜʣʷ ʛʨʘʬʝʥʘ, ʙʠʛʨʘʬʝʥʘ ʠ ʛʨʘʬʠʪʘ. ʇʉʌ ʜʣʷ ʠʟʦʣʠʨʦʚʘʥʥʳʭ ʟïʆʋʅʊ 

ʠʤʝʝʪ ʚʠʜ ʧʦʜʟʦʥ ʨʘʟʜʝʣʝʥʥʳʭ ʦʜʥʦʤʝʨʥʳʤʠ ʩʠʥʛʫʣʷʨʥʦʩʪʷʤʠ. ʇʨʠʙʣʠʞʝʥʥʦʝ 

ʧʦʣʦʞʝʥʠʝ ʧʝʨʚʦʡ ʦʧʪʠʯʝʩʢʦʡ (ʧʨʠ q=0, ʛʜʝ q ï ʚʦʣʥʦʚʦʡ ʚʝʢʪʦʨ) ʧʦʜʟʦʥʳ 

ʦʧʨʝʜʝʣʷʝʪʩʷ ʩʦʦʪʥʦʰʝʥʠʝʤ Esubåhv/R. [47], ʛʜʝ n ï ʩʢʦʨʦʩʪʴ ʬʦʥʦʥʘ, 

Esub - ʟʥʘʯʝʥʠʝ ʵʥʝʨʛʠʠ ʧʝʨʚʦʡ ʦʧʪʠʯʝʩʢʦʡ ʧʦʜʟʦʥʳ, R ï ʨʘʜʠʫʩ ʥʘʥʦʪʨʫʙʢʠ 

ʟ-ʆʋʅʊ. 
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ʈʠʩ. 3.4. ʘ) ʈʘʩʩʯʠʪʘʥʥʳʝ ʟʥʘʯʝʥʠʷ ʧʣʦʪʥʦʩʪʠ ʩʦʩʪʦʷʥʠʷ ʬʦʥʦʥʦʚ ʛʨʘʬʝʥʘ 

(ʰʪʨʠʭʧʫʥʢʪʠʨʥʘʷ ʢʨʠʚʘʷ) [218], ʛʨʘʬʠʪʘ (ʧʫʥʢʪʠʨʥʘʷ ʢʨʠʚʘʷ) [58] ʠ 

ʘʥʩʘʤʙʣʷ ʠʟʦʣʠʨʦʚʘʥʥʳʭ ʟïʆʋʅʊ ʭʠʨʘʣʴʥʦʩʪʠ (10,10) (ʩʧʣʦʰʥʘʷ ʢʨʠʚʘʷ) 

[58, 218]. ʙ) ʌʦʥʦʥʥʘʷ ʧʣʦʪʥʦʩʪʴ ʩʦʩʪʦʷʥʠʡ: ʪʦʥʢʦʡ ʧʣʝʥʢʠ ʛʨʘʬʠʪʘ, 

ʩʦʩʪʦʷʱʝʡ ʠʟ ʜʚʫʭ ʛʨʘʬʝʥʦʚʳʭ ʤʦʥʦʩʣʦʝʚ (ʩʧʣʦʰʥʘʷ ʢʨʠʚʘʷ), ʛʨʘʬʠʪʘ 

(ʧʫʥʢʪʠʨʥʘʷ ʢʨʠʚʘʷ) [221]. 

 

ʉʦʛʣʘʩʥʦ ʪʝʦʨʝʪʠʯʝʩʢʠʤ ʨʘʩʯʝʪʘʤ [58, 218] ʥʘ ʢʨʠʚʦʡ ʇʉʌ ʠʟʦʣʠʨʦʚʘʥʥʳʭ 

ʟïʆʋʅʊ (10,10) gSW(E) 1ï̫  ʠ 2ï̫  ʩʠʥʛʫʣʷʨʥʦʩʪʠ ʥʘʭʦʜʷʪʩʷ ʚʙʣʠʟʠ ʟʥʘʯʝʥʠʡ 

ʵʥʝʨʛʠʡ 2,7 ʤʵɺ (30 ʂ) ʠ 7 ʤʵɺ (81 ʂ), ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ɺ ʦʙʣʘʩʪʠ ʵʥʝʨʛʠʡ 

ʤʝʥʴʰʝ 2,7 ʤʵɺ ʜʣʷ ʠʟʦʣʠʨʦʚʘʥʥʳʭ ʪʨʫʙʦʢ ʭʠʨʘʣʴʥʦʩʪʠ (10,10) gSW(E) ʥʝ 

ʟʘʚʠʩʠʪ ʦʪ ʵʥʝʨʛʠʠ E (ʩʤ. ʨʠʩ. 3.4). ʇʦʵʪʦʤʫ, ʧʨʠ ʥʠʟʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ 

ʪʝʧʣʦʝʤʢʦʩʪʴ ʘʥʩʘʤʙʣʷ ʠʟʦʣʠʨʦʚʘʥʥʳʭ ʫʛʣʝʨʦʜʥʳʭ ʥʘʥʦʪʨʫʙʦʢ ʭʠʨʘʣʴʥʦʩʪʠ 

(10,10) ʜʦʣʞʥʘ ʙʳʪʴ ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʘ ʪʝʤʧʝʨʘʪʫʨʝ (ʉSW(T)~ʊ). ʇʨʠ ʵʪʦʤ 

ʜʦʤʠʥʠʨʫʝʪ ʚʢʣʘʜ ʘʢʫʩʪʠʯʝʩʢʠʭ ʤʦʜ. ʉ ʫʚʝʣʠʯʝʥʠʝʤ ʪʝʤʧʝʨʘʪʫʨʳ ʧʨʦʠʩʭʦʜʠʪ 

ʟʘʩʝʣʝʥʠʝ ʧʝʨʚʦʡ ʦʧʪʠʯʝʩʢʦʡ ʧʦʜʟʦʥʳ gSW(30ʂ) ʠ ʪʝʧʣʦʝʤʢʦʩʪʴ ʦʧʠʩʳʚʘʝʪʩʷ 

ʟʘʚʠʩʠʤʦʩʪʴʶ ʉSW(T)~ʊn
, 1<n¢2. ɺ ʨʘʙʦʪʘʭ [47, 48] ʪʝʦʨʝʪʠʯʝʩʢʠ ʧʦʢʘʟʘʥʦ, ʯʪʦ 

ʪʝʤʧʝʨʘʪʫʨʘ ʧʝʨʝʭʦʜʘ ʊʉ ʦʪ ʟʘʚʠʩʠʤʦʩʪʠ ʉSW(T)~ʊ ʢ ʉSW(T)~ʊn
, 1<n¢2 ʜʣʷ 

ʘʥʩʘʤʙʣʷ ʠʟʦʣʠʨʦʚʘʥʥʳʭ ʦʜʥʦʩʪʝʥʥʳʭ ʫʛʣʝʨʦʜʥʳʭ ʥʘʥʦʪʨʫʙʦʢ ʧʦʚʳʰʘʝʪʩʷ ʩ 

ʫʤʝʥʴʰʝʥʠʝʤ ʜʠʘʤʝʪʨʘ ʥʘʥʦʪʨʫʙʦʢ. ʕʪʘ ʪʝʤʧʝʨʘʪʫʨʘ ʦʧʨʝʜʝʣʷʝʪʩʷ, ʢʘʢ 

ʊʉ º Esub/6kB, ʛʜʝ kB ï ʧʦʩʪʦʷʥʥʘʷ ɹʦʣʴʮʤʘʥʘ  [52]. ʇʨʠ ʠʟʤʝʥʝʥʠʠ ʭʠʨʘʣʴʥʦʩʪʠ 

ʦʪ (10,10) ʢ (5,5) ʪʝʤʧʝʨʘʪʫʨʘ ʊʉ ʚʦʟʨʘʩʪʘʝʪ ʦʪ º 3 ʂ ʜʦ ʊʉ º 7 ʂ.  

ʀʟ ʨʠʩʫʥʢʘ 3.2. ʚʠʜʥʦ, ʯʪʦ ʥʠʞʝ 20 ʂ ʢʨʠʚʘʷ ʪʝʧʣʦʝʤʢʦʩʪʠ ʜʣʷ ʟïʆʋʅʊ 

ʭʠʨʘʣʴʥʦʩʪʠ (5,5) ʣʝʞʠʪ ʩʠʩʪʝʤʘʪʠʯʝʩʢʠ ʚʳʰʝ ʢʨʠʚʦʡ ʚ ʩʣʫʯʘʝ ʭʠʨʘʣʴʥʦʩʪʠ 

(10,10). ʅʠʞʝ 20 ʂ ʩ ʧʦʥʠʞʝʥʠʝʤ ʪʝʤʧʝʨʘʪʫʨʳ ʤʦʥʦʪʦʥʥʦ ʫʚʝʣʠʯʠʚʘʝʪʩʷ 

b) 
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ʧʨʝʚʳʰʝʥʠʝ ʚʝʣʠʯʠʥ ʪʝʧʣʦʝʤʢʦʩʪʠ ʜʣʷ ʘʥʩʘʤʙʣʝʡ ʠʟʦʣʠʨʦʚʘʥʥʳʭ 

ʦʜʥʦʩʪʝʥʥʳʭ ʫʛʣʝʨʦʜʥʳʭ ʥʘʥʦʪʨʫʙʦʢ (5,5) ʠ (10,10) [50]  ʥʘʜ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ ʜʘʥʥʳʤʠ.  

ʈʘʟʣʠʯʠʷ ʚ ʚʝʣʠʯʠʥʘʭ ʠ ʭʘʨʘʢʪʝʨʝ ʧʦʚʝʜʝʥʠʷ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʢʨʠʚʦʡ 

ʪʝʧʣʦʝʤʢʦʩʪʠ ʉ(T) ʩʚʷʟʦʢ ʟïʆʋʅʊ ʠ ʪʝʦʨʝʪʠʯʝʩʢʦʡ ʢʨʠʚʦʡ ʉSW(T) ʘʥʩʘʤʙʣʷ 

ʠʟʦʣʠʨʦʚʘʥʥʳʭ ʟïʆʋʅʊ ʭʠʨʘʣʴʥʦʩʪʠ (10,10) ʥʠʞʝ 20 ʂ (ʩʤ. ʨʠʩ. 3.2) 

ʩʚʠʜʝʪʝʣʴʩʪʚʫʶʪ ʦ ʢʘʯʝʩʪʚʝʥʥʦʤ ʠʟʤʝʥʝʥʠʠ ʥʠʟʢʦʯʘʩʪʦʪʥʦʡ ʦʙʣʘʩʪʠ gSW(E) 

ʠʟʦʣʠʨʦʚʘʥʥʳʭ ʟïʆʋʅʊ ʧʨʠ ʦʙʨʘʟʦʚʘʥʠʠ ʩʚʷʟʦʢ. ɺʟʘʠʤʦʜʝʡʩʪʚʠʝ ʤʝʞʜʫ 

ʥʘʥʦʪʨʫʙʢʘʤʠ ʧʨʠʚʦʜʠʪ ʢ ʠʟʤʝʥʝʥʠʷʤ ʢʦʣʝʙʘʪʝʣʴʥʳʭ ʤʦʜ ʚ ʥʘʥʦʪʨʫʙʢʘʭ ʠ 

ʧʦʷʚʣʝʥʠʶ ʥʠʟʢʦʯʘʩʪʦʪʥʳʭ ʤʦʜ ʤʝʞʜʫ ʥʘʥʦʪʨʫʙʢʘʤʠ ʚ ʩʚʷʟʢʘʭ 

ʟ-ʆʋʅʊ [222-224]. 

ʆʪʤʝʪʠʤ, ʯʪʦ ʚ ʨʘʙʦʪʝ [60] ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʜʘʥʥʳʝ ʦ ʪʝʧʣʦʝʤʢʦʩʪʠ 

ʦʙʨʘʟʮʦʚ ʩʚʷʟʦʢ ʟïʆʋʅʊ, ʧʦʣʫʯʝʥʥʳʭ ʤʝʪʦʜʘʤʠ ʃʀ ʠ ɼʈ, ʦʧʠʩʳʚʘʶʪʩʷ 

ʟʘʚʠʩʠʤʦʩʪʴʶ C(T)~ʊ
3
  ʚ ʪʝʤʧʝʨʘʪʫʨʥʳʭ ʠʥʪʝʨʚʘʣʘʭ 0,35 ï 4,5 ʂ ʠ 0,2 ï 1,8 ʂ, 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʆʜʥʘʢʦ, ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʨʘʙʦʪʳ  [57]  ʚʳʰʝ 1 ʂ 

ʠ ʨʝʟʫʣʴʪʘʪʳ ʨʘʙʦʪ [46, 58] ʚʳʰʝ 2 ʂ ʟʘʚʠʩʠʤʦʩʪʴʶ C(T)~ʊ
3
  ʥʝ ʦʧʠʩʳʚʘʶʪʩʷ. 

ɺ ʨʘʙʦʪʘʭ ʍʦʥʝ  [46, 58] ʟʘʚʠʩʠʤʦʩʪʴ ʉ ~ ʊ, ʭʘʨʘʢʪʝʨʥʘʷ ʜʣʷ ʢʚʘʟʠ ï1D ʩʠʩʪʝʤ, 

ʥʘʙʣʶʜʘʝʪʩʷ ʚ ʠʥʪʝʨʚʘʣʝ ʪʝʤʧʝʨʘʪʫʨ 2 ï 8 ʂ. 

ʅʘʰʠ ʜʘʥʥʳʝ ʦ ʪʝʧʣʦʝʤʢʦʩʪʠ ʩʚʷʟʦʢ ʟïʆʋʅʊ ʚ ʢʦʦʨʜʠʥʘʪʘʭ lgC ʦʪ 

lgʊ  ʧʦʢʘʟʘʥʘ ʥʘ ʨʠʩ. 3.5. ʇʨʷʤʳʤʠ ʣʠʥʠʷʤʠ ʧʦʢʘʟʘʥʳ ʘʩʠʤʧʪʦʪʠʢʠ ʜʣʷ 

ʣʠʥʝʡʥʦʡ C(T) ~ ʊ ʠ ʢʚʘʜʨʘʪʠʯʝʩʢʦʡ C(T) ~ ʊ2
 ʟʘʚʠʩʠʤʦʩʪʝʡ ʪʝʧʣʦʝʤʢʦʩʪʠ. 

ɺʠʜʥʦ, ʯʪʦ ʚ ʜʠʘʧʘʟʦʥʝ ʪʝʤʧʝʨʘʪʫʨ 2 ʂ < ʊ < 5 ʂ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ ʢʨʠʚʘʷ 

C(T) ʦʧʠʩʳʚʘʝʪʩʷ ʟʘʚʠʩʠʤʦʩʪʴʶ C(T) ~ ʊ1.73
. ʊʘʢʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʪʝʧʣʦʝʤʢʦʩʪʠ 

ʙʣʠʟʢʘ ʢ ʭʘʨʘʢʪʝʨʥʦʡ ʜʣʷ ʢʚʘʟʠʜʚʫʤʝʨʥʳʭ ʩʠʩʪʝʤ. ɺ ʠʥʪʝʨʚʘʣʝ ʪʝʤʧʝʨʘʪʫʨ 

108 ʂ < ʊ < 120 ʂ ʢʨʠʚʘʷ C(T) ʦʧʠʩʳʚʘʝʪʩʷ ʟʘʚʠʩʠʤʦʩʪʴʶ C(T) ~ ʊ1.2
, ʯʪʦ 

ʭʘʨʘʢʪʝʨʥʦ ʜʣʷ ʢʚʘʟʠʦʜʥʦʤʝʨʥʳʭ ʩʠʩʪʝʤ. ʀʟ ʘʥʘʣʠʟʘ ʜʘʥʥʳʭ ʨʘʙʦʪʳ [57] 

ʤʦʞʥʦ ʩʜʝʣʘʪʴ ʚʳʚʦʜ, ʯʪʦ ʢʚʘʟʠʦʜʥʦʤʝʨʥʦʝ ʧʦʚʝʜʝʥʠʝ ʪʝʧʣʦʝʤʢʦʩʪʠ ʩʚʷʟʦʢ 

ʟ-ʆʋʅʊ ʚʳʰʝ 120 ʂ ʪʘʢʞʝ ʥʘʙʣʶʜʘʝʪʩʷ ʠ ʚ ʩʣʫʯʘʝ ʦʙʨʘʟʮʘ, ʧʦʣʫʯʝʥʥʦʛʦ ʃʀ. 

ʆʪʤʝʪʠʤ, ʯʪʦ ʠʟ ʪʝʦʨʝʪʠʯʝʩʢʦʛʦ ʨʘʩʯʝʪʘ ʩʢʦʨʦʩʪʠ ʟʚʫʢʘ ʜʣʷ ʘʢʫʩʪʠʯʝʩʢʠʭ ʤʦʜ 

ʩʣʝʜʫʝʪ, ʯʪʦ ʵʬʬʝʢʪʠʚʥʘʷ ʪʝʤʧʝʨʘʪʫʨʘ ɼʝʙʘʷ 1195 ʂ [3, 46].  
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ʈʠʩ. 3.5 ʊʝʧʣʦʝʤʢʦʩʪʴ ʩʚʷʟʦʢ ʟïʆʋʅʊ ʧʨʝʜʩʪʘʚʣʝʥʘ ʚ ʢʦʦʨʜʠʥʘʪʘʭ lgC ʦʪ lgʊ. 

 

ɿʘʚʠʩʠʤʦʩʪʴ ʧʣʦʪʥʦʩʪʠ ʩʦʩʪʦʷʥʠʷ ʬʦʥʦʥʦʚ (ʇʉʌ) g(E) ʩʚʷʟʦʢ ʟïʆʋʅʊ, 

ʧʦʣʫʯʝʥʥʳʭ ʤʝʪʦʜʘʤʠ ʃʀ ʠ ɼʈ ʠ CVD, ʠʩʩʣʝʜʦʚʘʥʘ ʚ ʵʢʩʧʝʨʠʤʝʥʪʘʭ ʧʦ 

ʥʝʫʧʨʫʛʦʤʫ ʨʘʩʩʝʷʥʠʶ ʥʝʡʪʨʦʥʦʚ ʚ ʰʠʨʦʢʦʡ ʦʙʣʘʩʪʠ ʵʥʝʨʛʠʡ ʦʪ 0,3 ʜʦ 225 ʤʵɺ 

[222ï224]. ʕʢʩʧʝʨʠʤʝʥʪ ʚ ʦʙʣʘʩʪʠ ʵʥʝʨʛʠʡ ʥʠʞʝ 15 ʤʵɺ ʚʳʧʦʣʥʝʥ ʧʨʠ 

ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ  [223]. ɺʳʰʝ 15 ʤʵɺ ʧʨʦʬʠʣʠ ʜʣʷ ʩʚʷʟʦʢ ʟïʆʋʅʊ g(E) 

ʠ ʨʘʩʯʝʪ gSW(E) ʜʣʷ ʘʥʩʘʤʙʣʷ ʠʟʦʣʠʨʦʚʘʥʥʳʭ ʦʜʥʦʩʪʝʥʥʳʭ ʥʘʥʦʪʨʫʙʦʢ, ʙʣʠʟʢʠ. 

ʅʠʞʝ 15 ʤʵɺ ʥʘʙʣʶʜʘʝʪʩʷ ʢʘʯʝʩʪʚʝʥʥʦʝ ʨʘʟʣʠʯʠʝ ʧʨʦʬʠʣʝʡ g(E) ʠ gSW(E). 

ʉʠʥʛʫʣʷʨʥʦʩʪʴ gSW(0)=const, ʦʙʫʩʣʦʚʣʝʥʥʘʷ ʧʨʦʷʚʣʝʥʠʝʤ ʦʜʥʦʤʝʨʥʦʩʪʠ 

ʠʟʦʣʠʨʦʚʘʥʥʳʭ ʟïʆʋʅʊ, ʚʩʣʝʜʩʪʚʠʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʤʝʞʜʫ ʪʨʫʙʢʘʤʠ ʚ 

ʩʚʷʟʢʘʭ, ʠʩʯʝʟʘʝʪ ʠ g(E) Ÿ 0 ʧʨʠ ɽ Ÿ 0 [222ï224]. ʅʘʙʣʶʜʘʝʤʘʷ ʥʝʦʙʳʯʥʘʷ 

ʟʘʚʠʩʠʤʦʩʪʴ g(E) ʥʠʞʝ 10 ʤʵɺ ʦʙʫʩʣʦʚʣʝʥʘ ʚʢʣʘʜʘʤʠ ʤʝʞʪʨʫʙʥʳʭ ʤʦʜ ʚ 

2D ʪʨʝʫʛʦʣʴʥʦʡ ʨʝʰʝʪʢʝ ʩʚʷʟʢʠ ʟïʆʋʅʊ ʠ ʩʚʷʟʴʶ ʚʥʫʪʨʠʪʨʫʙʥʳʭ ʚʦʟʙʫʞʜʝʥʠʡ 

ʤʝʞʜʫ ʙʣʠʞʘʡʰʠʤʠ ʪʨʫʙʢʘʤʠ. ɺ ʨʘʙʦʪʝ [224] ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ 

ʚ ʦʙʣʘʩʪʠ ʵʥʝʨʛʠʡ ʦʪ 0,3 ʤʵɺ ʜʦ 1,5 ʤʵɺ ʜʣʷ ʚʩʝʭ ʠʩʩʣʝʜʦʚʘʥʥʳʭ ʪʠʧʦʚ ʟïʆʋʅʊ 

ʚ ʩʚʷʟʢʘʭ ʥʘʙʣʶʜʘʝʪʩʷ ʣʠʥʝʡʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ g(E) ~Āɽ (ʨʠʩ. 3.6). ɺ ʵʪʦʤ ʩʣʫʯʘʝ 

ʜʦʣʞʥʘ ʥʘʙʣʶʜʘʪʴʩʷ ʢʚʘʜʨʘʪʠʯʥʘʷ ʧʦ ʪʝʤʧʝʨʘʪʫʨʝ ʉ(T)~ʊ2
 ʟʘʚʠʩʠʤʦʩʪʴ 

ʪʝʧʣʦʝʤʢʦʩʪʠ ʥʠʞʝ 4 ʂ.   
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ʈʠʩ. 3.6 ʇʣʦʪʥʦʩʪʴ ʩʦʩʪʦʷʥʠʷ ʬʦʥʦʥʦʚ (ʇʉʌ) ʩʚʷʟʦʢ ʟïʆʋʅʊ. ʃʠʥʝʡʥʘʷ 

ʟʘʚʠʩʠʤʦʩʪʴ ʧʣʦʪʥʦʩʪʠ ʩʦʩʪʦʷʥʠʷ ʬʦʥʦʥʦʚ g(E) ~Āɽ ʥʘʙʣʶʜʘʝʪʩʷ ʥʠʞʝ 2 ʤʵɺ 

ʜʣʷ ʦʙʨʘʟʮʦʚ ʟïʆʋʅʊ, ʧʦʣʫʯʝʥʥʳʭ ʃʀ, ɼʈ ʠ CVD ʤʝʪʦʜʘʤʠ (ʦʪʢʨʳʪʳʝ 

ʩʠʤʚʦʣʳ). ʇʨʷʤʘʷ ʣʠʥʠʷ ï ʘʧʨʦʢʩʠʤʘʮʠʷ ʣʠʥʝʡʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ [224]. 

 

ɸʥʘʣʠʟ ʧʦʢʘʟʘʣ, ʯʪʦ ʥʘʙʣʶʜʘʝʪʩʷ ʢʦʨʨʝʣʷʮʠʷ ʤʝʞʜʫ ʭʘʨʘʢʪʝʨʘʤʠ 

ʧʦʚʝʜʝʥʠʷ ʥʘʰʝʡ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʢʨʠʚʦʡ ʉ(T) ʠ ʢʨʠʚʦʡ g(E), ʧʦʣʫʯʝʥʥʦʡ ʚ 

ʨʘʙʦʪʘʭ [222ï224]. ɺ ʦʙʣʘʩʪʠ ʪʝʤʧʝʨʘʪʫʨ ʦʪ 2 ʂ ʜʦ 5 ʂ ʥʘʰʠ ʜʘʥʥʳʝ ʦ 

ʪʝʧʣʦʝʤʢʦʩʪʠ ʦʧʠʩʳʚʘʶʪʩʷ ʙʣʠʟʢʦʡ ʢ ʢʚʘʜʨʘʪʠʯʥʦʡ ʬʫʥʢʮʠʝʡ C(T) ~ ʊ1.73
. 

ɸʥʦʤʘʣʠʷ ʥʘ ʢʨʠʚʦʡ ʉ/ʊ ʦʪ ʊ ʦʢʦʣʦ 36 ʂ, ʧʦ ʚʠʜʠʤʦʤʫ, ʩʚʷʟʘʥʘ ʩ ʤʘʢʩʠʤʫʤʦʤ 

ʥʘ ʢʨʠʚʦʡ g(E) ʚʙʣʠʟʠ ʵʥʝʨʛʠʠ 22 ʤʵɺ (ʩʤ. ʨʠʩ. 3.7). ʉʦʛʣʘʩʥʦ ʨʝʟʫʣʴʪʘʪʘʤ 

ʠʩʩʣʝʜʦʚʘʥʠʡ ʈʘʤʘʥʦʚʩʢʦʛʦ ʩʧʝʢʪʨʘ, ʤʘʢʩʠʤʫʤ ʥʘ ʢʨʠʚʦʡ g(E) ʚʙʣʠʟʠ ʵʥʝʨʛʠʠ 

22 ʤʵɺ ʦʙʫʩʣʦʚʣʝʥ ʚʢʣʘʜʦʤ ʦʪ çʜʳʭʘʪʝʣʴʥʳʭè (RBM ïʤʦʜʘ) ʢʦʣʝʙʘʥʠʡ ʚ 

ʥʘʥʦʪʨʫʙʢʘʭ [224]. ʀʟʤʝʨʝʥʠʷ ʈʘʤʘʥʦʚʩʢʦʛʦ ʩʧʝʢʪʨʘ ʠ ʇʉʌ ʚʳʧʦʣʥʝʥʳ ʥʘ 

ʦʜʥʦʤ ʠ ʪʦʤ ʞʝ ʦʙʨʘʟʮʝ. ʅʘ ʨʠʩʫʥʢʝ 3.7 ʜʣʷ ʩʨʘʚʥʝʥʠʷ ʪʘʢʞʝ ʧʨʝʜʩʪʘʚʣʝʥʦ 

ʇʉʌ ʜʣʷ ʛʨʘʬʠʪʘ. ɺʠʜʥʦ, ʯʪʦ ʇʉʌ ʩʚʷʟʦʢ ʟïʆʋʅʊ ʚ ʠʥʪʝʨʚʘʣʝ ʵʥʝʨʛʠʡ 

0-30 ʤɺɻ ʙʦʣʴʰʝ ʯʝʤ ʇʉʌ ʛʨʘʬʠʪʘ, ʯʪʦ ʦʙʲʷʩʥʷʝʪ ʙʦʣʝʝ ʚʳʩʦʢʠʝ ʟʥʘʯʝʥʠʷ 

ʪʝʧʣʦʝʤʢʦʩʪʠ ʩʚʷʟʦʢ ʟïʆʋʅʊ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʛʨʘʬʠʪʦʤ. ʇʨʦʛʠʙ ʠ ʩʢʘʯʦʢ ʥʘ 

ʢʨʠʚʦʡ ʉ/ʊ ʦʪ ʊ ʚ ʪʝʤʧʝʨʘʪʫʨʥʦʤ ʠʥʪʝʨʚʘʣʝ 65 ï 80 K, ʧʦ ʚʠʜʠʤʦʤʫ, 

ʦʙʫʩʣʦʚʣʝʥ ʤʠʥʠʤʫʤʦʤ g(E) ʦʢʦʣʦ 35 ʤʵɺ [224].  
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ʈʠʩ. 3.7 ʅʠʟʢʦʯʘʩʪʦʪʥʘʷ ʇʉʌ ʜʣʷ ʩʚʷʟʦʢ ʟïʆʋʅʊ, ʧʦʣʫʯʝʥʳʭ ʤʝʪʦʜʦʤ ɼʈ 

(ʟʘʧʦʣʥʝʥʥʳʝ ʢʨʫʞʢʠ), ʠ ʛʨʘʬʠʪʘ (ʦʪʢʨʳʪʳʝ ʢʨʫʞʢʠ). ʉʧʣʦʰʥʘʷ ʣʠʥʠʷ ï RBM 

ïʤʦʜʘ ʠʟ ʈʘʤʘʥʦʚʩʢʦʛʦ ʩʧʝʢʪʨʘ ʜʣʷ ʪʦʛʦ ʞʝ ʦʙʨʘʟʮʘ ʩʚʷʟʦʢ ʟïʆʋʅʊ [224]. 

 

3.3. ʉʦʧʦʩʪʘʚʣʝʥʠʝ ʪʝʧʣʦʝʤʢʦʩʪʠ ʠ ʜʨʫʛʠʭ ʬʠʟʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʩʚʷʟʦʢ 

ʟ-ʆʋʅʊ.  

ʉʦʧʦʩʪʘʚʣʝʥʠʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʢʨʠʚʳʭ ʉ(ʊ) ʠ aR(T) ʧʨʝʜʩʪʘʚʣʝʥʦ ʥʘ 

ʨʠʩ. 3.8. ʀʩʩʣʝʜʦʚʘʥʠʷ ʨʘʜʠʘʣʴʥʦʛʦ ʢʦʵʬʬʠʮʠʝʥʪʘ ʪʝʧʣʦʚʦʛʦ ʨʘʩʰʠʨʝʥʠʷ 

aR(T) [93] ʩʚʷʟʦʢ ʆʋʅʊ, ʦʨʠʝʥʪʠʨʦʚʘʥʥʳʭ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦ ʦʩʠ ʦʙʨʘʟʮʘ, 

ʚʳʧʦʣʥʝʥʳ ʚ ʦʙʣʘʩʪʠ 2ï120 K ʥʘ ʦʙʨʘʟʮʝ, ʢʦʪʦʨʳʡ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʥʘʤʠ ʜʣʷ 

ʠʟʤʝʨʝʥʠʷ ʪʝʧʣʦʝʤʢʦʩʪʠ. ʄʘʩʰʪʘʙ ʧʦ ʦʩʠ ʦʨʜʠʥʘʪ ʜʣʷ ʨʘʜʠʘʣʴʥʦʛʦ ʪʝʧʣʦʚʦʛʦ 

ʨʘʩʰʠʨʝʥʠʷ ʧʦʜʦʙʨʘʥ ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʯʪʦʙʳ ʩʦʚʤʝʩʪʠʪʴ ʢʨʠʚʳʝ ʉ(ʊ) ʠ aR(T). 

ɺʠʜʥʦ, ʯʪʦ ʢʨʠʚʳʝ ʉ(ʊ) ʠ aR(T) ʠʤʝʶʪ ʧʦʜʦʙʥʳʡ ʭʘʨʘʢʪʝʨ ʪʝʤʧʝʨʘʪʫʨʥʦʛʦ 

ʧʦʚʝʜʝʥʠʷ ʚʳʰʝ 36 ʂ. ʆʜʥʘʢʦ, ʥʠʞʝ 36 ʂ ʢʨʠʚʳʝ ʉ(ʊ) ʠ aR(T) ʨʘʩʭʦʜʷʪʩʷ. 

ʆʪʤʝʪʠʤ, ʯʪʦ ʚʙʣʠʟʠ 36 ʂ ʠʟʤʝʥʝʥʠʝ ʫʛʣʘ ʥʘʢʣʦʥʘ ʢʨʠʚʦʡ aR(T) ʙʦʣʴʰʝ, ʯʝʤ 

ʢʨʠʚʦʡ ʉ(ʊ). 

ʕʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʴ ʩʚʷʟʦʢ ʆʋʅʊ ʚ ʠʥʪʝʨʚʘʣʝ ʪʝʤʧʝʨʘʪʫʨ 4,2ï330 ʂ 

ʙʳʣʘ ʠʩʩʣʝʜʦʚʘʥʘ ʚ ʨʘʙʦʪʝ [225]. ʆʪʤʝʪʠʤ, ʯʪʦ ʦʙʨʘʟʮʳ ʩʚʷʟʦʢ ʟïʆʋʅʊ ʚ 

ʠʟʤʝʨʝʥʠʷʭ ʪʝʧʣʦʝʤʢʦʩʪʠ (ʥʘʰʘ ʨʘʙʦʪʘ), ʨʘʜʠʘʣʴʥʦʛʦ ʢʦʵʬʬʠʮʠʝʥʪʘ ʪʝʧʣʦʚʦʛʦ 

ʨʘʩʰʠʨʝʥʠʷ [93] ʠ ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʠ [225] ʙʳʣʠ ʠʜʝʥʪʠʯʥʳ. ʅʘ 

ʪʝʤʧʝʨʘʪʫʨʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʠ [225] ʥʘʙʣʶʜʘʝʪʩʷ ʩʤʝʥʘ 
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ʭʘʨʘʢʪʝʨʘ ʪʝʤʧʝʨʘʪʫʨʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ʚ ʠʥʪʝʨʚʘʣʝ 25 ï 36 ʂ. ʇʦ ʤʥʝʥʠʶ 

ʘʚʪʦʨʦʚ ʨʘʙʦʪʳ [225], ʵʪʦ ʦʙʫʩʣʦʚʣʝʥʦ ʩʤʝʥʦʡ ʤʝʭʘʥʠʟʤʘ ʧʨʦʚʦʜʠʤʦʩʪʠ ʚ 

ʩʠʩʪʝʤʝ ʦʨʠʝʥʪʠʨʦʚʘʥʥʳʭ ʩʚʷʟʦʢ ʟïʆʋʅʊ ʠʟ ʩʦʩʪʦʷʥʠʷ ʞʠʜʢʦʩʪʠ ʃʘʪʪʠʥʞʝʨʘ 

ʚ ʜʠʵʣʝʢʪʨʠʯʝʩʢʫʶ ʬʘʟʫ ʄʦʪʪʘ. ʉʦʛʣʘʩʥʦ ʨʘʙʦʪʝ [224], ʦʩʦʙʝʥʥʦʩʪʠ ʩʧʝʢʪʨʘ 

ʧʣʦʪʥʦʩʪʠ ʩʦʩʪʦʷʥʠʷ ʬʦʥʦʥʦʚ (ʇʉʌ) ʤʦʛʫʪ ʚʣʠʷʪʴ ʥʝ ʪʦʣʴʢʦ ʥʘ ʭʘʨʘʢʪʝʨ 

ʧʦʚʝʜʝʥʠʷ ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ ʪʝʧʣʦʝʤʢʦʩʪʠ, ʥʦ ʠ ʥʘ ʭʘʨʘʢʪʝʨ 

ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʠ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʤʦʞʥʦ ʧʨʝʜʧʦʣʦʞʠʪʴ, ʯʪʦ ʦʩʦʙʝʥʥʦʩʪʴ 

ʚʙʣʠʟʠ 36 ʂ ʚ ʩʣʫʯʘʝ ʪʝʧʣʦʝʤʢʦʩʪʠ ʠ ʨʘʜʠʘʣʴʥʦʛʦ ʢʦʵʬʬʠʮʠʝʥʪʘ ʪʝʧʣʦʚʦʛʦ 

ʨʘʩʰʠʨʝʥʠʷ [93], ʠ ʩʤʝʥʘ ʭʘʨʘʢʪʝʨʘ ʪʝʤʧʝʨʘʪʫʨʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ 

ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʠ, ʦʙʫʩʣʦʚʣʝʥʳ ʦʜʠʥʘʢʦʚʦʡ ʧʨʠʯʠʥʦʡ. ʆʪʤʝʪʠʤ, ʯʪʦ ʚ 

ʪʝʦʨʝʪʠʯʝʩʢʦʡ ʨʘʙʦʪʝ [226] ʙʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʘʥʦʤʘʣʠʠ ʚ ʪʝʧʣʦʝʤʢʦʩʪʠ ʋʅʊ 

ʤʦʛʫʪ ʚʦʟʥʠʢʘʪʴ ʠʟïʟʘ ʨʘʩʩʝʷʥʠʷ ʵʣʝʢʪʨʦʥʦʚ ʥʘ ʧʨʠʤʝʩʷʭ ʠ ʩʪʨʫʢʪʫʨʥʳʭ 

ʥʝʦʜʥʦʨʦʜʥʦʩʪʷʭ. 
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ʈʠʩ. 3.8. ʉʦʧʦʩʪʘʚʣʝʥʠʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʢʨʠʚʳʭ ʉ(ʊ) (- - - ) ʠ aR(T) (ʦ) [93] 

ʩʚʷʟʦʢ ʟïʆʋʅʊ, ʦʨʠʝʥʪʠʨʦʚʘʥʥʳʭ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦ ʦʩʠ ʦʙʨʘʟʮʘ. ʇʨʷʤʘʷ 

ʣʠʥʠʷ - ʵʢʩʪʨʘʧʦʣʷʮʠʷ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ʉ(ʊ) ʚ ʦʙʣʘʩʪʴ 

ʥʠʞʝ 40 ʂ. 

 

ʀʟ ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʦʩʪʠ ʉ(ʊ) ʠ aR(T) ʩʣʝʜʫʝʪ, ʯʪʦ ʚʳʰʝ 36 ʂ 

ʢʦʵʬʬʠʮʠʝʥʪ ɻʨʶʥʘʡʟʝʥʘ g ʩʣʘʙʦ ʟʘʚʠʩʠʪ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ. ʀʟ ʭʘʨʘʢʪʝʨʘ 

ʧʦʚʝʜʝʥʠʷ ʢʦʵʬʬʠʮʠʝʥʪʘ ɻʨʶʥʘʡʟʝʥʘ ʤʦʞʥʦ ʩʫʜʠʪʴ ʦ ʬʘʟʦʚʳʭ ʧʝʨʝʭʦʜʘʭ, ʦ 

ʤʝʨʝ ʘʥʛʘʨʤʦʥʠʯʥʦʩʪʠ ʩʠʣ, ʜʝʡʩʪʚʫʶʱʠʭ ʚ ʪʚʝʨʜʳʭ ʪʝʣʘʭ, ʦʙ ʦʩʦʙʝʥʥʦʩʪʷʭ ʚ 

ʭʘʨʘʢʪʝʨʝ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʯʘʩʪʦʪ ʬʦʥʦʥʥʦʛʦ ʩʧʝʢʪʨʘ ʠ ʠʭ ʠʟʤʝʥʝʥʠʷʭ ʧʨʠ 
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ʧʨʠʣʦʞʝʥʠʠ ʜʘʚʣʝʥʠʷ, ʯʪʦ ʦʙʫʩʣʘʚʣʠʚʘʝʪ ʠʥʪʝʨʝʩ ʢ ʢʦʤʧʣʝʢʩʥʦʤʫ ʘʥʘʣʠʟʫ ʉ(ʊ) 

ʠ aR(T) ʠ ʧʘʨʘʤʝʪʨʘ ɻʨʶʥʘʡʟʝʥʘ ʩʚʷʟʦʢ ʦʜʥʦʩʪʝʥʥʳʭ ʫʛʣʝʨʦʜʥʳʭ ʥʘʥʦʪʨʫʙʦʢ.  

ʊʝʤʧʝʨʘʪʫʨʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʢʦʵʬʬʠʮʠʝʥʪʘ ɻʨʶʥʘʡʟʝʥʘ g(ʊ) ʚ ʠʥʪʝʨʚʘʣʝ 

ʪʝʤʧʝʨʘʪʫʨ 2 ï 40 ʂ ʧʦʢʘʟʘʥʘ ʥʘ ʨʠʩʫʥʢʝ 3.9. ʅʘ ʚʩʪʘʚʢʝ ʧʦʢʘʟʘʥʘ 

ʪʝʤʧʝʨʘʪʫʨʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ g(ʊ) ʚʦ ʚʩʝʤ ʪʝʤʧʝʨʘʪʫʨʥʦʤ ʠʥʪʝʨʚʘʣʝ. ʈʘʩʯʝʪ g(ʊ) 

ʚ [1] ʙʳʣ ʚʳʧʦʣʥʝʥ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʚʳʨʘʞʝʥʠʷ 
VTCV cbg=  ʚ ʨʘʤʢʘʭ 

ʧʨʝʜʧʦʣʦʞʝʥʠʷ, ʯʪʦ ʢʦʵʬʬʠʮʠʝʥʪ ʦʙʲʝʤʥʦʛʦ ʪʝʧʣʦʚʦʛʦ ʨʘʩʰʠʨʝʥʠʷ 
Rab 3º . ɺ 

ʵʪʦʤ ʨʘʩʯʝʪʝ ʙʳʣʠ ʠʩʧʦʣʴʟʦʚʘʥʳ ʥʘʰʠ ʜʘʥʥʳʝ ʦ ʪʝʧʣʦʝʤʢʦʩʪʠ, ʣʠʪʝʨʘʪʫʨʥʳʝ 

ʜʘʥʥʳʝ ʦ ʢʦʵʬʬʠʮʠʝʥʪʝ ʨʘʜʠʘʣʴʥʦʛʦ ʪʝʧʣʦʚʦʛʦ ʨʘʩʰʠʨʝʥʠʷ aR ʩʚʷʟʦʢ ʟïʆʋʅʊ 

[93], ʘ ʪʘʢʞʝ ʜʘʥʥʳʭ ʦ ʤʦʣʷʨʥʦʤ ʦʙʲʝʤʝ V [216] ʠ ʠʟʦʪʝʨʤʠʯʝʩʢʦʡ 

ʩʞʠʤʘʝʤʦʩʪʠ cT [217] ʠʟʦʣʠʨʦʚʘʥʥʳʭ ʆʋʅʊ.  
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ʈʠʩ. 3.9 ʅʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʢʦʵʬʬʠʮʠʝʥʪʘ ɻʨʶʥʘʡʟʝʥʘ g(ʊ) 

ʩʚʷʟʦʢ ʟïʆʋʅʊ [1] ʦʨʠʝʥʪʠʨʦʚʘʥʥʳʭ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦ ʦʩʠ ʦʙʨʘʟʮʘ. ʅʘ ʚʩʪʘʚʢʝ 

ʧʨʝʜʩʪʘʚʣʝʥʘ g(ʊ) ʚ ʦʙʣʘʩʪʠ ʪʝʤʧʝʨʘʪʫʨ 2 ï 120 ʂ.  

 

ʅʘ ʨʠʩ. 3.9 ʚʠʜʥʦ, ʯʪʦ ʢʨʠʚʘʷ g(ʊ), ʢʘʢ ʠ ʚ ʩʣʫʯʘʝ ʢʨʠʚʳʭ ʉ(ʊ) ʠ aR(T), 

ʠʤʝʝʪ ʦʩʦʙʝʥʥʦʩʪʴ ʚʙʣʠʟʠ 36 ʂ. ɺʳʰʝ 36 ʂ g(ʊ) ʧʨʘʢʪʠʯʝʩʢʠ ʥʝ ʟʘʚʠʩʠʪ ʦʪ 

ʪʝʤʧʝʨʘʪʫʨʳ ʠ ʧʨʠʤʝʨʥʦ ʨʘʚʝʥ 4, ʯʪʦ ʥʝʤʥʦʛʦ ʚʳʰʝ, ʯʝʤ ʚ ʩʣʫʯʘʝ 

ʢʨʠʦʢʨʠʩʪʘʣʣʦʚ g @ 2ï3 [211, 227]. ʇʦʩʢʦʣʴʢʫ 
Vln
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ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʦʩʪʠ ʢʨʠʚʳʭ ʉ(ʊ) ʠ aR(T) (ʨʠʩ. 3.8) ʠ ʭʘʨʘʢʪʝʨʘ ɔ(ʊ) ʚʳʰʝ 
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36 ʂ (ʨʠʩ. 3.9) ʤʦʞʥʦ ʩʜʝʣʘʪʴ ʚʳʚʦʜ, ʯʪʦ ʯʘʩʪʦʪʳ ʬʦʥʦʥʥʦʛʦ ʩʧʝʢʪʨʘ ʞʛʫʪʦʚ 

ʥʘʥʦʪʨʫʙʦʢ ʚ ʦʙʣʘʩʪʠ ʵʥʝʨʛʠʡ ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʡ ʠʥʪʝʨʚʘʣʫ ʪʝʤʧʝʨʘʪʫʨ ʦʪ 

36 ʂ ʜʦ 120 ʂ ʠʟʤʝʥʷʶʪʩʷ ʩ ʠʟʤʝʥʝʥʠʝʤ ʦʙʲʝʤʘ ʥʘ ʦʜʥʫ ʠ ʪʫ ʞʝ ʚʝʣʠʯʠʥʫ.  

ʅʠʞʝ 36 ʂ g(ʊ) ʤʦʥʦʪʦʥʥʦ ʫʤʝʥʴʰʘʝʪʩʷ ʩ ʧʦʥʠʞʝʥʠʝʤ ʪʝʤʧʝʨʘʪʫʨʳ ʠ 

ʩʪʘʥʦʚʠʪʩʷ ʦʪʨʠʮʘʪʝʣʴʥʳʤ ʧʨʠ ʊ < 6 ʂ. ʆʪʨʠʮʘʪʝʣʴʥʳʝ ʟʥʘʯʝʥʠʷ g(ʊ) 

ʦʙʫʩʣʦʚʣʝʥʳ ʪʝʤ, ʯʪʦ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ ʥʠʞʝ 5,5 ʂ ʚʝʣʠʯʠʥʘ aR(T) ʦʪʨʠʮʘʪʝʣʴʥʘ 

[93]. ʊʘʢʦʝ ʧʦʚʝʜʝʥʠʝ aR(T) ʦʙʲʷʩʥʷʝʪʩʷ ʚʢʣʘʜʦʤ ʥʠʟʢʦʯʘʩʪʦʪʥʳʭ ʧʦʧʝʨʝʯʥʳʭ 

ʢʦʣʝʙʘʥʠʡ ʚ ʪʝʧʣʦʚʦʝ ʨʘʩʰʠʨʝʥʠʝ, ʢʦʪʦʨʳʡ ʦʪʨʠʮʘʪʝʣʝʥ ʜʣʷ ʩʣʦʠʩʪʳʭ 

ʩʪʨʫʢʪʫʨ [22] ʠ ʥʘʥʦʪʨʫʙʦʢ [228]. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ ʢʨʠʚʘʷ g(ʊ) ʢʘʯʝʩʪʚʝʥʥʦ 

ʩʦʛʣʘʩʫʝʪʩʷ ʩ ʪʝʦʨʝʪʠʯʝʩʢʠʤʠ ʨʘʩʯʝʪʘʤʠ [228].  

 

ɺr ʚʦʜʳ 

ʇʦʣʫʯʝʥʳ ʥʦʚʳʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʜʘʥʥʳʝ ʦ ʪʝʧʣʦʝʤʢʦʩʪʠ ʧʨʠ 

ʧʦʩʪʦʷʥʥʦʤ ʜʘʚʣʝʥʠʠ ʩʚʷʟʦʢ ʦʜʥʦʩʪʝʥʥʳʭ ʫʛʣʝʨʦʜʥʳʭ ʥʘʥʦʪʨʫʙʦʢ ʩ ʟʘʢʨʳʪʳʤʠ 

ʢʦʥʮʘʤʠ (ʟïʆʋʅʊ) ʚ ʠʥʪʝʨʚʘʣʝ ʪʝʤʧʝʨʘʪʫʨ 2ï120 K. ʇʨʦʘʥʘʣʠʟʠʨʦʚʘʥʦ 

ʚʣʠʷʥʠʝ ʩʪʨʫʢʪʫʨʥʳʭ ʦʩʦʙʝʥʥʦʩʪʝʡ ʩʚʷʟʦʢ ʦʜʥʦʩʪʝʥʥʳʭ ʫʛʣʝʨʦʜʥʳʭ 

ʥʘʥʦʪʨʫʙʦʢ ʠ ʯʠʩʪʦʪʳ ʦʙʨʘʟʮʦʚ ʥʘ ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʫʶ ʪʝʧʣʦʝʤʢʦʩʪʴ.  

ʇʦʣʫʯʝʥʘ ʠʥʬʦʨʤʘʮʠʷ ʦ ʜʠʥʘʤʠʢʝ ʠ ʩʧʝʢʪʨʝ ʪʝʧʣʦʚʳʭ ʚʦʟʙʫʞʜʝʥʠʡ ʚ 

ʩʚʷʟʢʘʭ ʟïʆʋʅʊ. ɺʧʝʨʚʳʝ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʥʠʞʝ 5 ʂ ʪʝʧʣʦʝʤʢʦʩʪʴ ʦʙʫʩʣʦʚʣʝʥʘ, ʚ 

ʦʩʥʦʚʥʦʤ, ʥʠʟʢʦʯʘʩʪʦʪʥʳʤʠ ʚʦʟʙʫʞʜʝʥʠʷʤʠ ʤʝʞʜʫ ʪʨʫʙʢʘʤʠ ʚ ʩʚʷʟʢʘʭ ʠ 

ʪʝʤʧʝʨʘʪʫʨʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʪʝʧʣʦʝʤʢʦʩʪʠ (ʉ~ T
2
) ʙʣʠʟʢʘ ʢ ʟʘʚʠʩʠʤʦʩʪʠ 

ʭʘʨʘʢʪʝʨʥʦʡ ʜʣʷ ʢʚʘʟʠʜʚʫʤʝʨʥʳʭ ʩʠʩʪʝʤ. ʕʪʦʪ ʬʘʢʪ ʫʢʘʟʳʚʘʝʪ ʥʘ ʪʦ, ʯʪʦ 

ʧʣʦʪʥʦʩʪʴ ʩʦʩʪʦʷʥʠʡ ʬʦʥʦʥʦʚ ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʘ ʵʥʝʨʛʠʠ ʚ 

ʥʠʟʢʦʵʥʝʨʛʝʪʠʯʝʩʢʦʡ ʦʙʣʘʩʪʠ ʩʧʝʢʪʨʘ. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʪʝʤʧʝʨʘʪʫʨʥʘʷ 

ʟʘʚʠʩʠʤʦʩʪʴ ʪʝʧʣʦʝʤʢʦʩʪʠ ʉ(T) ʢʦʨʨʝʣʠʨʫʝʪ ʩ ʟʘʚʠʩʠʤʦʩʪʴʶ ʧʣʦʪʥʦʩʪʠ 

ʩʦʩʪʦʷʥʠʡ ʬʦʥʦʥʦʚ ʦʪ ʵʥʝʨʛʠʠ ʚ ʥʠʟʢʦʵʥʝʨʛʝʪʠʯʝʩʢʦʡ ʦʙʣʘʩʪʠ ʩʧʝʢʪʨʘ, 

ʦʧʨʝʜʝʣʝʥʥʦʡ ʚ ʵʢʩʧʝʨʠʤʝʥʪʘʭ ʧʦ ʥʝʫʧʨʫʛʦʤʫ ʨʘʩʩʝʷʥʠʶ ʥʝʡʪʨʦʥʦʚ. ʇʦʢʘʟʘʥʦ, 

ʯʪʦ ʚ ʠʥʪʝʨʚʘʣʝ ʦʪ 105 ʜʦ 120 ʂ ʪʝʤʧʝʨʘʪʫʨʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʪʝʧʣʦʝʤʢʦʩʪʠ 

(ʉ~ T) ʙʣʠʟʢʘ ʢ ʟʘʚʠʩʠʤʦʩʪʠ ʭʘʨʘʢʪʝʨʥʦʡ ʜʣʷ ʢʚʘʟʠʦʜʥʦʤʝʨʥʳʭ ʩʠʩʪʝʤ. 
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ɺʳʧʦʣʥʝʥ ʘʥʘʣʠʟ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ ʪʝʧʣʦʝʤʢʦʩʪʠ ʉ(ʊ) ʠ 

ʨʘʜʠʘʣʴʥʦʛʦ ʢʦʵʬʬʠʮʠʝʥʪʘ ʪʝʧʣʦʚʦʛʦ ʨʘʩʰʠʨʝʥʠʷ ar(T) ʩʚʷʟʦʢ ʟïʆʋʅʊ, 

ʦʨʠʝʥʪʠʨʦʚʘʥʥʳʭ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦ ʦʩʠ ʦʙʨʘʟʮʘ ʚ ʠʥʪʝʨʚʘʣʝ ʪʝʤʧʝʨʘʪʫʨ 

2 - 120 K. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʢʨʠʚʳʝ ʉ(ʊ) ʠ ar(T) ʠʤʝʶʪ ʧʦʜʦʙʥʳʡ ʭʘʨʘʢʪʝʨ ʧʨʠ 

ʪʝʤʧʝʨʘʪʫʨʘʭ ʚʳʰʝ 30 ʂ. ɺʙʣʠʟʠ 36 ʂ ʥʘ ʢʨʠʚʳʭ ʉ(ʊ), ar(T) ʠ g(ʊ) ʥʘʙʣʶʜʘʝʪʩʷ 

ʦʩʦʙʝʥʥʦʩʪʴ. ɺʳʰʝ 36 ʂ ʢʦʵʬʬʠʮʠʝʥʪ ɻʨʶʥʘʡʟʝʥʘ ʧʨʘʢʪʠʯʝʩʢʠ ʥʝ ʟʘʚʠʩʠʪ ʦʪ 

ʪʝʤʧʝʨʘʪʫʨʳ (gº4). ʀʟ ʵʪʦʛʦ ʬʘʢʪʘ ʩʣʝʜʫʝʪ, ʯʪʦ ʚ ʦʙʣʘʩʪʠ ʵʥʝʨʛʠʡ ʚ ʢʦʪʦʨʦʡ 

ʯʘʩʪʦʪʳ ʬʦʥʦʥʥʦʛʦ ʩʧʝʢʪʨʘ ʩʚʷʟʦʢ ʥʘʥʦʪʨʫʙʦʢ ʚʥʦʩʷʱʠʝ ʜʦʤʠʥʠʨʫʶʱʠʡ 

ʚʢʣʘʜ ʚ ʠʥʪʝʨʚʘʣʝ ʪʝʤʧʝʨʘʪʫʨ ʦʪ 36 ʂ ʜʦ 120 ʂ ʠʟʤʝʥʷʶʪʩʷ ʩ ʠʟʤʝʥʝʥʠʝʤ 

ʦʙʲʝʤʘ ʥʘ ʦʜʥʫ ʠ ʪʫ ʞʝ ʚʝʣʠʯʠʥʫ. ʅʠʞʝ 36 ʂ g ʤʦʥʦʪʦʥʥʦ ʫʤʝʥʴʰʘʝʪʩʷ ʩ 

ʧʦʥʠʞʝʥʠʝʤ ʪʝʤʧʝʨʘʪʫʨʳ ʠ ʩʪʘʥʦʚʠʪʩʷ ʦʪʨʠʮʘʪʝʣʴʥʳʤ ʧʨʠ ʊ < 6 ʂ, ʯʪʦ 

ʦʙʫʩʣʦʚʣʝʥʦ ʦʪʨʠʮʘʪʝʣʴʥʳʤ ʚʢʣʘʜʦʤ ʥʠʟʢʦʯʘʩʪʦʪʥʳʭ ʧʦʧʝʨʝʯʥʳʭ ʢʦʣʝʙʘʥʠʡ ʚ 

ʪʝʧʣʦʚʦʝ ʨʘʩʰʠʨʝʥʠʝ. 
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ʈɸɿɼɽʃ 4 

ʊɽʇʃʆɽʄʂʆʉʊʔ ʆɼʅʆʄɽʈʅʓʍ ʎɽʇʆʏɽʂ ɸɼʉʆʈɹɸʊɸ 

ʂʉɽʅʆʅɸ ʀ ɸɿʆʊɸ ɺ ʂɸʅɸɺʂɸʍ ʉɺʗɿʆʂ ʟïʆʋʅʊ 

ɺ ʩʚʷʟʢʘʭ ʟïʆʋʅʊ ʤʝʩʪʘ ʘʜʩʦʨʙʮʠʠ (ʤʝʞʪʨʫʙʥʳʝ ʢʘʥʘʣʳ IC, ʢʘʥʘʚʢʠ G 

ʥʘ ʚʥʝʰʥʝʡ ʧʦʚʝʨʭʥʦʩʪʠ ʠ ʚʥʝʰʥʷʷ ʧʦʚʝʨʭʥʦʩʪʴ ʩʚʷʟʦʢ OS), ʨʘʟʣʠʯʘʶʪʩʷ 

ʤʝʞʜʫ ʩʦʙʦʡ ʢʘʢ ʛʝʦʤʝʪʨʠʯʝʩʢʠʤʠ ʨʘʟʤʝʨʘʤʠ, ʪʘʢ ʠ ʵʥʝʨʛʠʷʤʠ 

ʩʚʷʟʠ [68, 85, 87], ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʟʘʚʠʩʠʤʦʩʪʠ ʫʜʝʣʴʥʳʭ ʪʝʧʣʦʝʤʢʦʩʪʝʡ 

ʘʜʩʦʨʙʘʪʦʚ ʦʪ ʩʪʝʧʝʥʠ ʟʘʧʦʣʥʝʥʠʷ ʩʚʷʟʦʢ.  

 ɺ ʨʘʙʦʪʝ [100] ʚʳʧʦʣʥʝʥʳ ʠʩʩʣʝʜʦʚʘʥʠʝ ʪʝʧʣʦʝʤʢʦʩʪʠ 

ʘʜʩʦʨʙʠʨʦʚʘʥʥʦʛʦ ʩʚʷʟʢʘʤʠ ʟïʆʋʅʊ ʥʝʦʥʘ ʚ ʠʥʪʝʨʚʘʣʝ 1,8 ï 19 ʂ, ʚ ʢʦʪʦʨʦʤ 

ʢʦʥʮʝʥʪʨʘʮʠʷ Ne ʚʘʨʴʠʨʦʚʘʣʘʩʴ ʦʪ 0,015 ʜʦ 1,14 ʤʦʥʦʩʣʦʷ ʥʘ ʚʥʝʰʥʝʡ 

ʧʦʚʝʨʭʥʦʩʪʠ ʩʚʷʟʦʢ ʟïʆʋʅʊ. ɼʣʷ ʦʜʥʦʡ ʠʟ ʠʩʩʣʝʜʦʚʘʥʥʳʭ ʢʦʥʮʝʥʪʨʘʮʠʡ ʚ 

ʠʥʪʝʨʚʘʣʝ ʪʝʤʧʝʨʘʪʫʨ 2 ï 4 ʂ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʟʥʘʯʝʥʠʷ ʫʜʝʣʴʥʦʡ 

ʪʝʧʣʦʝʤʢʦʩʪʠ Ne ʠʤʝʶʪ ʦʜʠʥʘʢʦʚʳʡ ʧʦʨʷʜʦʢ ʚʝʣʠʯʠʥʳ ʩ ʨʘʩʩʯʠʪʘʥʥʦʡ 

ʫʜʝʣʴʥʦʡ ʪʝʧʣʦʝʤʢʦʩʪʴʶ ʜʣʷ 1D ʮʝʧʦʯʝʢ Ne [99]. ɺʳʰʝ 4 ʂ ʨʘʩʭʦʞʜʝʥʠʝ 

ʤʝʞʜʫ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʠ ʪʝʦʨʝʪʠʯʝʩʢʦʡ ʢʨʠʚʳʤʠ ʫʚʝʣʠʯʠʚʘʣʦʩʴ. ʉʣʝʜʫʝʪ 

ʦʪʤʝʪʠʪʴ, ʯʪʦ ʘʪʦʤʳ Ne, ʪʘʢ ʞʝ ʢʘʢ ʠ ʅʝ, ʢʨʦʤʝ G, ʧʦïʚʠʜʠʤʦʤʫ, ʤʦʛʫʪ 

ʘʜʩʦʨʙʠʨʦʚʘʪʴʩʷ ʚ IC ʧʦʟʠʮʠʠ [68, 207].  

 ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʜʦ ʥʘʰʠʭ ʠʟʤʝʨʝʥʠʡ ʥʝ ʙʳʣʦ ʥʘʜʝʞʥʳʭ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ ʦ ʪʝʧʣʦʝʤʢʦʩʪʠ 1D ʮʝʧʦʯʝʢ ʘʜʩʦʨʙʘʪʦʚ ʚ ʢʘʥʘʚʢʘʭ 

ʥʘ ʚʥʝʰʥʝʡ ʧʦʚʝʨʭʥʦʩʪʠ ʩʚʷʟʦʢ ʟïʆʋʅʊ. ɺ ʜʘʥʥʦʤ ʨʘʟʜʝʣʝ ʥʘʩʪʦʷʱʝʡ 

ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ ʨʘʙʦʪʳ ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʢʘʣʦʨʠʤʝʪʨʠʯʝʩʢʠʭ 

ʠʩʩʣʝʜʦʚʘʥʠʡ 1D ʮʝʧʦʯʝʢ ʢʩʝʥʦʥʘ ʠ ʘʟʦʪʘ ʚ ʢʘʥʘʚʢʘʭ ʩʚʷʟʦʢ ʟïʆʋʅʊ 

ʚʳʧʦʣʥʝʥʥʳʝ ʩ ʮʝʣʴʶ ʧʦʣʫʯʝʥʠʷ ʠʥʬʦʨʤʘʮʠʠ ʦ ʜʠʥʘʤʠʢʝ ʬʦʥʦʥʦʚ, ʦ 

ʧʨʦʮʝʩʩʘʭ ʨʘʩʧʘʜʘ 1D ʮʝʧʦʯʝʢ ʢʩʝʥʦʥʘ, ʘ ʪʘʢʞʝ ʦ ʚʢʣʘʜʝ ʚʨʘʱʘʪʝʣʴʥʳʭ 

ʩʪʝʧʝʥʝʡ ʩʚʦʙʦʜʳ ʘʟʦʪʘ ʚ ʪʝʧʣʦʝʤʢʦʩʪʴ. ʂʘʣʦʨʠʤʝʪʨʠʯʝʩʢʠʝ ʠʩʩʣʝʜʦʚʘʥʠʷ 

1D ʮʝʧʦʯʝʢ ʘʜʩʦʨʙʘʪʦʚ ʍʝ ʠ N2 ʚ ʢʘʥʘʚʢʘʭ ʩʚʷʟʦʢ ʟïʆʋʅʊ ʚʳʧʦʣʥʝʥʳ ʚʧʝʨʚʳʝ. 
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4.1 ʊʝʧʣʦʝʤʢʦʩʪʴ 1D ʮʝʧʦʯʝʢ ʘʪʦʤʦʚ Xe 

ɺʳʙʦʨ Xe ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʠ ʢʘʣʦʨʠʤʝʪʨʠʯʝʩʢʠʭ ʠʩʩʣʝʜʦʚʘʥʠʡ 1D ʮʝʧʦʯʝʢ 

ʚ ʢʘʥʘʚʢʘʭ ʩʚʷʟʦʢ ʟïʆʋʅʊ ʙʳʣ ʦʙʫʩʣʦʚʣʝʥ ʥʝʩʢʦʣʴʢʠʤʠ ʧʨʠʯʠʥʘʤʠ. ɺʦ-

ʧʝʨʚʳʭ, ʘʪʦʤʳ ʢʩʝʥʦʥʘ ʠʤʝʶʪ ʙʦʣʴʰʠʡ ʛʘʟʦʢʠʥʝʪʠʯʝʩʢʠʡ ʜʠʘʤʝʪʨ ʠ ʙʦʣʴʰʫʶ 

ʤʘʩʩʫ, ʯʝʤ ʜʨʫʛʠʝ ʠʥʝʨʪʥʳʝ ʛʘʟʳ. ʆʥʠ ʥʝ ʧʨʦʥʠʢʘʶʪ ʚ ʤʝʞʪʨʫʙʥʳʝ ʢʘʥʘʣʳ IC ʚ 

ʩʚʷʟʢʘʭ [70], ʧʦʵʪʦʤʫ ʜʦʩʪʫʧʥʳʤʠ ʜʣʷ ʩʦʨʙʮʠʠ ʧʦʟʠʮʠʷʤʠ ʷʚʣʷʶʪʩʷ ʢʘʥʘʚʢʠ ʠ 

ʚʥʝʰʥʷʷ ʧʦʚʝʨʭʥʦʩʪʴ. ɺʦ-ʚʪʦʨʳʭ, ʘʪʦʤʳ ʢʩʝʥʦʥʘ ʚ ʧʝʨʚʫʶ ʦʯʝʨʝʜʴ ʙʫʜʫʪ 

ʘʜʩʦʨʙʠʨʦʚʘʪʴʩʷ ʚ ʢʘʥʘʚʢʘʭ, ʪʘʢ ʢʘʢ ʵʥʝʨʛʠʷ ʩʚʷʟʠ ʘʪʦʤʦʚ Xe ʚ ʥʠʭ ʙʦʣʴʰʝ, ʯʝʤ 

ʥʘ ʚʥʝʰʥʝʡ ʧʦʚʝʨʭʥʦʩʪʠ [62, 66]. ʇʦʜʦʙʨʘʚ ʥʝʦʙʭʦʜʠʤʫʶ ʢʦʥʮʝʥʪʨʘʮʠʶ Xe, 

ʤʦʞʥʦ ʟʘʧʦʣʥʠʪʴ (ʚ ʦʩʥʦʚʥʦʤ) ʪʦʣʴʢʦ ʚʥʝʰʥʠʝ ʢʘʥʘʚʢʠ 1D ʮʝʧʦʯʢʘʤʠ 

ʘʜʩʦʨʙʘʪʘ. ɺ-ʪʨʝʪʴʠʭ, ʢʩʝʥʦʥ ʷʚʣʷʝʪʩʷ ʠʜʝʘʣʴʥʳʤ ʚʝʱʝʩʪʚʦʤ ʜʣʷ ʪʝʩʪʠʨʦʚʘʥʠʷ 

ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʳʭ ʩʚʦʡʩʪʚ ʢʨʠʦʢʨʠʩʪʘʣʦʚ, ʚ ʯʘʩʪʥʦʩʪʠ ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ 

ʵʥʪʨʦʧʠʠ ʠ ʵʥʪʘʣʴʧʠʠ ʦʙʨʘʟʦʚʘʥʠʷ ʦʜʠʥʦʯʥʳʭ ʚʘʢʘʥʩʠʡ [229]. ɺ ʩʣʫʯʘʝ Xe, 

ʪʝʤʧʝʨʘʪʫʨʥʳʡ ʠʥʪʝʨʚʘʣ ʤʝʞʜʫ ʪʝʤʧʝʨʘʪʫʨʦʡ ɼʝʙʘʷ q0 = 64 K (ʧʨʠ ʢʦʪʦʨʦʡ 

ʬʦʥʦʥʥʘʷ ʪʝʧʣʦʝʤʢʦʩʪʴ ʙʣʠʟʢʘ ʢ ʢʣʘʩʩʠʯʝʩʢʦʤʫ ʧʨʝʜʝʣʫ ʉV = 3R) ʠ 

ʪʝʤʧʝʨʘʪʫʨʦʡ ʪʨʦʡʥʦʡ ʪʦʯʢʠ ʊʪʨ = 161 ʂ ʙʦʣʴʰʦʡ, ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʜʨʫʛʠʤʠ 

ʠʥʝʨʪʥʳʤʠ ʛʘʟʘʤʠ (ʥʘʧʨʠʤʝʨ, ʜʣʷ ʥʝʦʥʘ q0 = 75 ʂ, ʘ ʊʪʨ = 24 ʂ) [210]. ʄʦʞʥʦ 

ʦʞʠʜʘʪʴ, ʯʪʦ ʠ ʚ ʩʣʫʯʘʝ 1D ʮʝʧʦʯʝʢ ʢʩʝʥʦʥʘ ʠʥʪʝʨʚʘʣ ʪʝʤʧʝʨʘʪʫʨ ʤʝʞʜʫ ʊ0     

(ʊ0 ïʪʝʤʧʝʨʘʪʫʨʘ, ʧʨʠ ʢʦʪʦʨʦʡ ʥʘʯʠʥʘʝʪʩʷ ʨʘʟʨʫʰʝʥʠʝ ʮʝʧʦʯʢʠ) ʠ 

ʪʝʤʧʝʨʘʪʫʨʦʡ ɼʝʙʘʷ ʙʫʜʫʪ ʪʘʢʞʝ ʙʦʣʴʰʠʤʠ.  

 ʆʪʤʝʪʠʤ ʪʘʢʞʝ, ʯʪʦ ʍʝ ʠʩʧʦʣʴʟʫʝʪʩʷ ʚ ʘʚʪʦʤʦʙʠʣʴʥʦʡ 

ʧʨʦʤʳʰʣʝʥʥʦʩʪʠ [62] ʠ ʚ ʣʘʟʝʨʥʳʭ ʪʝʭʥʦʣʦʛʠʷʭ, ʯʪʦ ʷʚʣʷʝʪʩʷ ʜʦʧʦʣʥʠʪʝʣʴʥʳʤ 

ʩʪʠʤʫʣʦʤ ʜʣʷ ʧʦʠʩʢʘ ʥʦʚʳʭ ʠ ʙʦʣʝʝ ʵʬʬʝʢʪʠʚʥʳʭ ʩʧʦʩʦʙʦʚ ʝʛʦ ʜʠʩʪʠʣʣʷʮʠʠ. 

ʇʦʣʫʯʝʥʠʝ ʵʪʦʛʦ ʠʥʝʨʪʥʦʛʦ ʛʘʟʘ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʚ ʥʝʩʢʦʣʴʢʦ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʳʭ 

ʵʪʘʧʦʚ ʚ ʧʨʦʮʝʩʩʝ ʝʛʦ ʦʪʜʝʣʝʥʠ ̫ʦʪ ʜʨʫʛʠʭ ʢʦʤʧʦʥʝʥʪʦʚ ʚʦʟʜʫʭʘ. ʅʘ ʧʦʩʣʝʜʥʝʤ 

ʵʪʘʧʝ ʩʤʝʩʴ Kr ʠ Xe ʨʘʟʜʝʣʷʶʪ ʥʘ ʦʪʜʝʣʴʥʳʝ ʢʦʤʧʦʥʝʥʪʳ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ 

ʞʠʜʢʦʛʦ ʘʟʦʪʘ, ʯʪʦ ʦʩʫʱʝʩʪʚʠʤʦ ʠʟïʟʘ ʨʘʟʥʠʮʳ ʤʝʞʜʫ ʜʘʚʣʝʥʠʷʤʠ ʧʘʨʦʚ Kr ʠ 

Xe [62]. ɹʣʘʛʦʜʘʨʷ ʩʚʦʝʡ ʫʥʠʢʘʣʴʥʦʡ ʩʪʨʫʢʪʫʨʝ ʩʚʷʟʢʠ ʦʜʥʦʩʪʝʥʥʳʭ 

ʫʛʣʝʨʦʜʥʳʭ ʥʘʥʦʪʨʫʙʦʢ (ʆʋʅʊ) ʷʚʣʷʶʪʩʷ ʧʝʨʩʧʝʢʪʠʚʥʳʤ ʤʘʪʝʨʠʘʣʦʤ, 

ʢʦʪʦʨʳʡ ʤʦʞʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʧʨʠ ʨʘʟʜʝʣʝʥʠʠ ʛʘʟʦʚʳʭ ʩʤʝʩʝʡ [230, 231]. 
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ʇʦʩʢʦʣʴʢʫ ʪʘʢʦʝ ʨʘʟʜʝʣʝʥʠʝ ʥʘʠʙʦʣʝʝ ʵʬʬʝʢʪʠʚʥʦ, ʢʦʛʜʘ ʘʪʦʤʳ ʠʣʠ ʤʦʣʝʢʫʣʳ 

ʘʜʩʦʨʙʘʪʘ ʬʦʨʤʠʨʫʶʪ 1D ʮʝʧʦʯʢʠ ʨʘʩʧʦʣʦʞʝʥʥʳʝ ʚ ʢʘʥʘʚʢʘʭ ʥʘ ʚʥʝʰʥʝʡ 

ʧʦʚʝʨʭʥʦʩʪʠ ʩʚʷʟʦʢ ʟïʆʋʅʊ [230, 231], ʵʪʦ ʠʩʩʣʝʜʦʚʘʥʠʝ ʠʤʝʝʪ ʥʝ ʪʦʣʴʢʦ 

ʬʫʥʜʘʤʝʥʪʘʣʴʥʫʶ, ʥʦ ʠ ʧʨʘʢʪʠʯʝʩʢʫʶ ʮʝʥʥʦʩʪʴ.  

ʄʝʪʦʜʠʢʘ ʧʦʣʫʯʝʥʠʷ 1D ʮʝʧʦʯʝʢ ʘʜʩʦʨʙʘʪʦʚ ʚ ʢʘʥʘʚʢʘʭ ʩʚʷʟʦʢ ʟïʆʋʅʊ 

ʧʦʜʨʦʙʥʦ ʦʧʠʩʘʥʘ ʚ ʨʘʟʜʝʣʝ 2. ʉʭʝʤʘʪʠʯʝʩʢʦʝ ʠʟʦʙʨʘʞʝʥʠʝ 1D ʮʝʧʦʯʝʢ ʚ 

ʢʘʥʘʚʢʘʭ ʥʘ ʚʥʝʰʥʝʡ ʧʦʚʝʨʭʥʦʩʪʠ ʩʚʷʟʦʢ ʧʦʢʘʟʘʥʦ ʥʘ ʨʠʩʫʥʢʝ 4.1.  

 

ʈʠʩ. 4.1 ʉʭʝʤʘʪʠʯʝʩʢʦʝ ʠʟʦʙʨʘʞʝʥʠʝ ʦʜʥʦʤʝʨʥʳʭ ʮʝʧʦʯʝʢ ʘʪʦʤʦʚ Xe 

ʘʜʩʦʨʙʠʨʦʚʘʥʥʳʭ ʚ ʢʘʥʘʚʢʘʭ ʥʘ ʚʥʝʰʥʝʡ ʧʦʚʝʨʭʥʦʩʪʠ ʩʚʷʟʦʢ ʥʘʥʦʪʨʫʙʦʢ ʩ 

ʟʘʢʨʳʪʳʤʠ ʢʦʥʮʘʤʠ. a ï ʨʘʩʩʪʦʷʥʠʝ ʤʝʞʜʫ ʙʣʠʞʘʡʰʠʤʠ ʘʪʦʤʘʤʠ ʢʩʝʥʦʥʘ ʚ 

ʮʝʧʦʯʢʝ.  

 

ʊʝʤʧʝʨʘʪʫʨʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʩʫʤʤʘʨʥʦʡ ʪʝʧʣʦʝʤʢʦʩʪʠ Cad+Xe 

(ʢʘʣʦʨʠʤʝʪʨʘ ʠ ʦʙʨʘʟʮʘ ʩʚʷʟʦʢ ʥʘʥʦʪʨʫʙʦʢ ʩ ʘʜʩʦʨʙʠʨʦʚʘʥʥʳʤʠ 1D ʮʝʧʦʯʢʘʤʠ 

Xe) ʠ ʪʝʧʣʦʝʤʢʦʩʪʠ ʘʜʜʝʥʜʳ Cad (ʢʘʣʦʨʠʤʝʪʨʘ ʚʤʝʩʪʝ ʩ ʪʨʫʙʢʘʤʠ ʙʝʟ ʛʘʟʦʚʦʡ 

ʧʨʠʤʝʩʠ) ʧʦʢʘʟʘʥʳ ʥʘ ʨʠʩʫʥʢʝ 4.2 ʚ ʪʝʤʧʝʨʘʪʫʨʥʦʤ ʠʥʪʝʨʚʘʣʝ ʦʪ 2 ʜʦ 85 K. ʅʘ 

ʚʩʪʘʚʢʝ ʧʨʠʚʝʜʝʥʘ ʪʝʧʣʦʝʤʢʦʩʪʴ ʥʠʞʝ 5 K. ɹʳʣ ʦʙʥʘʨʫʞʝʥ ʛʠʛʘʥʪʩʢʠʡ ʵʬʬʝʢʪ 

ʫʚʝʣʠʯʝʥʠʷ ʪʝʧʣʦʝʤʢʦʩʪʠ ʩʚʷʟʦʢ ʟïʆʋʅʊ ʩ ʘʜʩʦʨʙʠʨʦʚʘʥʥʦʡ ʧʨʠʤʝʩʴʶ ʧʨʠ 

ʥʠʟʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ. ʇʨʠ T = 2,6 K ʦʪʥʦʰʝʥʠʝ (Cad+XeïCad)/Cad å 160%. 

ʅʝʙʦʣʴʰʦʝ ʢʦʣʠʯʝʩʪʚʦ ʢʩʝʥʦʥʘ (5ï6 ʘʪʦʤʦʚ Xe ʥʘ 1000 ʘʪʦʤʦʚ ʫʛʣʝʨʦʜʘ) 

ʧʨʠʚʦʜʠʪ ʢ ʟʥʘʯʠʪʝʣʴʥʦʤʫ ʚʦʟʨʘʩʪʘʥʠʶ ʪʝʧʣʦʝʤʢʦʩʪʠ ʪʘʢʞʝ ʠ ʧʨʠ ʙʦʣʝʝ 
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ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ (Cad+XeïCad)/Cad  å 20% ʧʨʠ 30 K å 12%, ʧʨʠ 55 ʂ ʠ å 5% 

ʧʨʠ 85 ʂ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ.  

ɺʢʣʘʜ ʘʪʦʤʦʚ ʢʩʝʥʦʥʘ CXe ʚ ʩʫʤʤʘʨʥʫʶ ʪʝʧʣʦʝʤʢʦʩʪʴ Cad+Xe ʙʳʣ ʚʳʜʝʣʝʥ 

ʚʳʯʠʪʘʥʠʝʤ ʪʝʧʣʦʝʤʢʦʩʪʠ Cad. ʉʣʫʯʘʡʥʘʷ ʦʰʠʙʢʘ ʚ ʦʧʨʝʜʝʣʝʥʠʠ CXe 

ʩʦʩʪʘʚʣʷʣʘ Ñ 20% ʧʨʠ 2,2 K, Ñ 5% ʚ ʪʝʤʧʝʨʘʪʫʨʥʦʤ ʠʥʪʝʨʚʘʣʝ 10ï30 K, Ñ 8% 

ʧʨʠ 55 ʂ ʠ ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʜʦ Ñ 15% ʧʨʠ 85 ʂ. ʉʠʩʪʝʤʘʪʠʯʝʩʢʘʷ ʦʰʠʙʢʘ 

ʦʙʫʩʣʦʚʣʝʥʘ ʛʣʘʚʥʳʤ ʦʙʨʘʟʦʤ ʥʝʦʧʨʝʜʝʣʝʥʥʦʩʪʴʶ ʢʦʣʠʯʝʩʪʚʘ ʪʨʫʙʦʢ ʚ ʩʚʷʟʢʘʭ 

ʟïʆʋʅʊ. 

 

ʈʠʩ. 4.2 ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʟʥʘʯʝʥʠʷ ʩʫʤʤʘʨʥʦʡ ʪʝʧʣʦʝʤʢʦʩʪʠ Cad+Xe ʠ 

ʪʝʧʣʦʝʤʢʦʩʪʠ Cad.  

  

ʊʝʧʣʦʝʤʢʦʩʪʴ 1D ʮʝʧʦʯʝʢ ʘʪʦʤʦʚ ʢʩʝʥʦʥʘ ʧʨʠ ʧʦʩʪʦʷʥʥʦʤ ʜʘʚʣʝʥʠʠ 

CXe(T) ʧʦʢʘʟʘʥʘ ʥʘ ʨʠʩ. 4.3 ʚ ʢʦʦʨʜʠʥʘʪʘʭ CXe(T)/R, ʛʜʝ R ï ʫʥʠʚʝʨʩʘʣʴʥʘʷ 

ʛʘʟʦʚʘʷ ʧʦʩʪʦʷʥʥʘʷ. ʊʝʦʨʝʪʠʯʝʩʢʘʷ ʢʨʠʚʘʷ CV(T) ʬʦʥʦʥʥʦʡ ʪʝʧʣʦʝʤʢʦʩʪʠ 1D 

ʮʝʧʦʯʝʢ ʘʪʦʤʦʚ Xe ʬʠʟʠʯʝʩʢʠ ʘʜʩʦʨʙʠʨʦʚʘʥʥʳʭ ʚ ʢʘʥʘʚʢʘʭ ʥʘ ʚʥʝʰʥʝʡ 

ʧʦʚʝʨʭʥʦʩʪʠ ʩʚʷʟʦʢ ʟïʆʋʅʊ [98] ʧʨʠʚʝʜʝʥʘ ʥʘ ʨʠʩ. 4.3 ʜʣʷ ʩʨʘʚʥʝʥʠʷ. ʈʘʩʯʝʪ 

CV(T) 1D ʮʝʧʦʯʝʢ ʘʪʦʤʦʚ ʠʥʝʨʪʥʳʭ ʛʘʟʦʚ (Ar, Kr, Xe) ʚ ʠʥʪʝʨʚʘʣʝ ʪʝʤʧʝʨʘʪʫʨ 

2 ï 40 K ʚʳʧʦʣʥʝʥ ʧʨʝʜʧʦʣʘʛʘʷ, ʯʪʦ:  

ʘ) ʢʘʥʘʚʢʠ ʥʘ ʚʥʝʰʥʝʡ ʧʦʚʝʨʭʥʦʩʪʠ ʟïʆʋʅʊ ʧʦʣʥʦʩʪʴʶ ʟʘʧʦʣʥʝʥʳ (ʚ 

ʮʝʧʦʯʢʘʭ ʥʝʪ ʩʪʨʫʢʪʫʨʥʳʭ ʚʘʢʘʥʩʠʡ);  

ʙ) ʧʨʠ ʨʘʩʯʝʪʝ ʧʦʪʝʥʮʠʘʣʴʥʦʛʦ ʧʦʣʷ ʚ ʢʘʥʘʚʢʝ ʤʦʞʥʦ ʧʨʝʥʝʙʨʝʯʴ 

ʜʠʩʢʨʝʪʥʦʡ ʩʪʨʫʢʪʫʨʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʟïʆʋʅʊ; 
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ʚ) ʨʝʣʴʝʬ ʧʦʪʝʥʮʠʘʣʴʥʦʛʦ ʧʦʣʷ ʚʜʦʣʴ ʦʩʠ ʮʝʧʦʯʢʠ ʛʣʘʜʢʠʡ, ʧʦʩʢʦʣʴʢʫ 

ʘʪʦʤʳ Xe ʥʝʩʦʠʟʤʝʨʠʤʳ ʩ ʨʝʰʝʪʢʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʪʨʫʙʢʠ (ʛʨʘʬʝʥʘ); 

ʛ) ʚʟʘʠʤʦʜʝʡʩʪʚʠʝʤ ʤʝʞʜʫ ʘʪʦʤʘʤʠ Xe ʚ ʩʦʩʝʜʥʠʭ ʢʘʥʘʚʢʘʭ ʤʦʞʥʦ 

ʧʨʝʥʝʙʨʝʯʴ.  

ʉʣʝʜʫʝʪ ʪʘʢʞʝ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʨʘʩʩʯʠʪʘʥʥʘʷ (225 ʤʵɺ) [98] ʚʝʣʠʯʠʥʘ 

ʵʥʝʨʛʠʷ ʩʚʷʟʠ ʘʪʦʤʘ Xe ʚ ʢʘʥʘʚʢʝ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ (282 Ñ 11 ʤʵɺ), 

ʧʦʣʫʯʝʥʥʘʷ ʠʟ ʠʟʦʪʝʨʤ ʘʜʩʦʨʙʮʠʠ ʢʩʝʥʦʥʘ [62] ʟʘʤʝʪʥʦ ʦʪʣʠʯʘʶʪʩʷ. 

 ʈʘʩʯʝʪ ʬʦʥʦʥʥʦʡ ʪʝʧʣʦʝʤʢʦʩʪʠ ʉV(T) 1D ʮʝʧʦʯʝʢ, ʚ ʩʣʫʯʘʝ 

ʬʠʟʠʯʝʩʢʦʡ ʩʦʨʙʮʠʠ ʚ ʢʘʥʘʚʢʘʭ ʟïʆʋʅʊ ʘʪʦʤʦʚ Ne ʠ ʤʦʣʝʢʫʣ CH4, ʙʳʣ 

ʚʳʧʦʣʥʝʥ ʂʦʩʪʦʚʳʤ ʚ ʨʘʙʦʪʝ [99]. ɺ ʵʪʦʡ ʨʘʙʦʪʝ ʨʘʩʯʝʪ ʚʳʧʦʣʥʝʥ ʩ ʫʯʝʪʦʤ 

ʜʠʩʢʨʝʪʥʦʡ ʩʪʨʫʢʪʫʨʳ ʪʨʫʙʦʢ ʟïʆʋʅʊ. ɼʠʩʢʨʝʪʥʘʷ ʩʪʨʫʢʪʫʨʘ ʪʨʫʙʦʢ ʩʣʘʙʦ 

ʚʣʠʷʝʪ ʥʘ ʧʦʧʝʨʝʯʥʳʝ ʤʦʜʳ (T1, T2) ʥʘ ʢʨʘʶ ʟʦʥʳ ɹʨʠʣʶʵʥʘ ʜʣʷ ʘʪʦʤʦʚ 

Xe  [98, 99, 232], ʪʦʛʜʘ ʢʘʢ ʧʨʦʜʦʣʴʥʘʷ ʤʦʜʘ ʷʚʣʷʝʪʩʷ ʙʦʣʝʝ ʯʫʚʩʪʚʠʪʝʣʴʥʦʡ ʢ 

ʧʘʨʘʤʝʪʨʘʤ ʤʦʜʝʣʠ ʠ ʧʣʦʪʥʦʩʪʠ ʘʪʦʤʦʚ ʚ ʮʝʧʦʯʢʝ. 

 

ʈʠʩ. 4.3 ʊʝʧʣʦʝʤʢʦʩʪʴ 1D ʮʝʧʦʯʝʢ ʘʪʦʤʦʚ Xe ʘʜʩʦʨʙʠʨʦʚʘʥʥʳʭ ʚʦ 

ʚʥʝʰʥʠʭ ʢʘʥʘʚʢʘʭ ʩʚʷʟʦʢ ʆʋʅʊ. ʕʢʩʧʝʨʠʤʝʥʪ: ʢʨʫʞʢʠ. ʊʝʦʨʠʷ (CV) [98]: 

ʩʧʣʦʰʥʘʷ ʢʨʠʚʘʷ (ʩʫʤʤʘ ʚʢʣʘʜʦʚ ʧʨʦʜʦʣʴʥʦʡ L ʠ ʜʚʫʭ ʧʦʧʝʨʝʯʥʳʭ T1, T2 ʤʦʜ). 

 

ʊʝʦʨʝʪʠʯʝʩʢʘʷ ʤʦʜʝʣʴ ʦʜʥʦʘʪʦʤʥʦʡ ʣʠʥʝʡʥʦʡ ʮʝʧʦʯʢʠ ʠʟ N ʘʪʦʤʦʚ, ʚ 

ʢʦʪʦʨʦʡ ʚʟʘʠʤʦʜʝʡʩʪʚʫʶʪ ʣʠʰʴ ʙʣʠʞʘʡʰʠʝ ʩʦʩʝʜʠ, ʙʳʣʘ ʨʘʩʩʤʦʪʨʝʥʘ ʚ ʨʘʙʦʪʝ 

ʃʝʡʙʬʨʠʜʘ [140, 233] ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʪʝʦʨʠʠ ʚʦʟʤʫʱʝʥʠʡ. ʉʦʛʣʘʩʥʦ ʵʪʦʡ 

ʤʦʜʝʣʠ, ʧʦʩʢʦʣʴʢʫ ʧʨʠ ʥʠʟʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʚʘʞʝʥ ʚʢʣʘʜ ʦʪ ʩʘʤʳʭ ʤʘʣʳʭ 
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ʯʘʩʪʦʪ ʚ ʪʝʧʣʦʝʤʢʦʩʪʴ ʣʠʥʝʡʥʦʡ ʮʝʧʦʯʢʠ, ʜʣʷ ʚʳʯʠʩʣʝʥʠʷ ʯʘʩʪʠ ʚʥʫʪʨʝʥʥʝʡ 

ʵʥʝʨʛʠʠ ʩʚʷʟʘʥʥʦʡ ʩ ʢʦʣʝʙʘʥʠʷʤʠ ʠ ʟʘʚʠʩʷʱʝʡ ʪʦʣʴʢʦ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ, ʥʦ ʥʝ 

ʟʘʚʠʩʷʱʝʡ ʦʪ ʜʝʬʦʨʤʘʮʠʠ, ʤʦʞʥʦ ʧʦʣʴʟʦʚʘʪʴʩʷ çʫʧʨʫʛʠʤ ʩʧʝʢʪʨʦʤè. ʕʪʫ 

ʩʠʪʫʘʮʠʶ ʫʜʦʙʥʝʡ ʚʩʝʛʦ ʦʧʠʩʳʚʘʪʴ ʩ ʧʦʤʦʱʴʶ ɼʝʙʘʝʚʩʢʦʛʦ ʧʨʠʙʣʠʞʝʥʠʷ, ʚ 

ʢʦʪʦʨʦʤ ʪʝʤʧʝʨʘʪʫʨʘ ɼʝʙʘʷ ʦʧʨʝʜʝʣʷʝʪʩʷ ʩʧʝʢʪʨʘʣʴʥʳʤ ʨʘʩʧʨʝʜʝʣʝʥʠʝʤ 

ʥʠʟʢʠʭ ʯʘʩʪʦʪ. ɺ ʦʪʣʠʯʠʝ, ʦʪ ʪʨʝʭʤʝʨʥʦʛʦ ʩʣʫʯʘʷ, ʚ ɼʝʙʘʝʚʩʢʦʤ ʩʧʝʢʪʨʝ 

ʣʠʥʝʡʥʦʡ ʮʝʧʦʯʢʠ ʩʧʝʢʪʨʘʣʴʥʘʷ ʧʣʦʪʥʦʩʪʴ ʥʝ ʟʘʚʠʩʠʪ ʦʪ ʯʘʩʪʦʪʳ w: z(w)=1/w0.  

ɺ ʵʪʦʤ ʩʣʫʯʘʝ, ʩʨʝʜʥʷʷ ʵʥʝʨʛʠʷ ʪʝʧʣʦʚʦʛʦ ʜʚʠʞʝʥʠʷ )(Q=fE . 

ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʪʘʢʦʝ ʧʨʠʙʣʠʞʝʥʠʝ ʧʨʠʤʝʥʠʤʦ ʚ ʫʟʢʦʤ ʠʥʪʝʨʚʘʣʝ 

ʪʝʤʧʝʨʘʪʫʨ ʚʳʰʝ ʥʝʢʦʪʦʨʦʡ ʪʝʤʧʝʨʘʪʫʨʳ Tô. ʅʠʞʝ ʵʪʦʡ ʪʝʤʧʝʨʘʪʫʨʳ 

ʥʝʦʙʭʦʜʠʤʦ ʫʯʠʪʳʚʘʪʴ ʵʬʬʝʢʪʳ, ʦʙʫʩʣʦʚʣʝʥʥʳʝ ʪʝʤ, ʯʪʦ ʪʨʫʙʢʠ ʠʤʝʶʪ 

ʦʛʨʘʥʠʯʝʥʥʳʡ ʨʘʟʤʝʨ, ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʜʣʠʥʫ ʮʝʧʦʯʝʢ ʚ ʨʝʘʣʴʥʳʭ ʩʪʨʫʢʪʫʨʘʭ 

ʥʝʣʴʟʷ ʩʯʠʪʘʪʴ ʙʝʟʢʦʥʝʯʥʦʡ [234]. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʚ ʠʥʪʝʨʚʘʣʝ ʪʝʤʧʝʨʘʪʫʨ 

Tô<T<5 ʂ, ʧʨʠ ʢʦʪʦʨʳʭ ʚ ʛʘʨʤʦʥʠʯʝʩʢʦʤ ʧʨʠʙʣʠʞʝʥʠʠ ʧʨʠʤʝʥʠʤʘ ʜʝʙʘʝʚʩʢʘʷ 

ʪʝʦʨʠʷ ʜʣʷ ʦʧʠʩʘʥʠʷ ʬʦʥʦʥʥʦʛʦ ʩʧʝʢʪʨʘ, ʫʜʝʣʴʥʘʷ ʪʝʧʣʦʝʤʢʦʩʪʴ ʣʠʥʝʡʥʦʡ 

ʮʝʧʦʯʢʠ, ʧʦïʚʠʜʠʤʦʤʫ, ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʘ T. ɸʥʛʘʨʤʦʥʠʯʝʩʢʦʝ ʠ ʛʘʨʤʦʥʠʯʝʩʢʦʝ 

ʧʨʠʙʣʠʞʝʥʠʷ ʦʪʣʠʯʘʶʪʩʷ ʣʠʰʴ ʤʥʦʞʠʪʝʣʝʤ [140, 233].  

ʀʟ ʨʠʩʫʥʢʘ 4.3 ʚʠʜʥʦ, ʯʪʦ ʥʠʞʝ 8 ʂ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ CXe(T) ʠ 

ʪʝʦʨʝʪʠʯʝʩʢʘʷ CV(T) [98] ʢʨʠʚʳʝ ʪʝʧʣʦʝʤʢʦʩʪʠ CXe ʙʣʠʟʢʠ. ʉʦʛʣʘʩʥʦ ʪʝʦʨʠʠ [98] 

ʥʠʞʝ 4 K ʦʩʥʦʚʥʦʡ ʚʢʣʘʜ ʚ ʪʝʧʣʦʝʤʢʦʩʪʴ ʚʥʦʩʠʪ ʧʨʦʜʦʣʴʥʘʷ ʤʦʜʘ. ʕʪʦʪ ʚʢʣʘʜ 

ʣʠʥʝʡʥʦ ʫʙʳʚʘʝʪ ʩ ʧʦʥʠʞʝʥʠʝʤ ʪʝʤʧʝʨʘʪʫʨʳ [98]: 
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ʛʜʝ kB ï ʧʦʩʪʦʷʥʥʘʷ ɹʦʣʴʮʤʘʥʘ, ǩ ï ʧʦʩʪʦʷʥʥʘʷ ʇʣʘʥʢʘ, 

wL(q=p/a) - ʤʘʢʩʠʤʘʣʴʥʘʷ ʯʘʩʪʦʪʘ ʧʨʦʜʦʣʴʥʦʡ ʤʦʜʳ ʥʘ ʢʨʘʶ ʟʦʥʳ ɹʨʠʣʣʶʵʥʘ, 

a ï ʨʘʩʩʪʦʷʥʠʝ ʤʝʞʜʫ ʘʪʦʤʘʤʠ ʘʜʩʦʨʙʘʪʘ ʚ ʮʝʧʦʯʢʝ. ɺʳʰʝ 4 K ʟʘʤʝʪʥʳʤ 

ʩʪʘʥʦʚʠʪʩʷ ʚʢʣʘʜ ʦʪ ʧʦʧʝʨʝʯʥʳʭ ʤʦʜ. 

ʅʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʘʷ ʯʘʩʪʴ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʤʦʣʷʨʥʦʡ ʪʝʧʣʦʝʤʢʦʩʪʠ 

CXe(T) ʚ ʢʦʦʨʜʠʥʘʪʘʭ CXe(T)/RT ʦʪ T ʧʦʢʘʟʘʥʘ ʥʘ ʨʠʩ. 4.4 ʢʨʫʞʢʘʤʠ. 

ʊʝʦʨʝʪʠʯʝʩʢʠʝ ʟʥʘʯʝʥʠʷ ʪʝʧʣʦʝʤʢʦʩʪʠ 1D ʮʝʧʦʯʝʢ ʘʪʦʤʦʚ Xe ʧʦʣʫʯʝʥʳʝ ʧʦ 




