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ʂʦʤʠʩʠʿʘ ʟʘ ʧʨʝʛʣʝʜ ʠ ʦʮʝʥʫ ʪʝʟʝ 

 

ʄʝʥʪʦʨ: ʜʨ ʄʠʣʘʥ ʊʘʜʠ˂, ʨʝʜʦʚʥʠ ʧʨʦʬʝʩʦʨ, 

ʋʥʠʚʝʨʟʠʪʝʪ ʫ ɹʝʦʛʨʘʜʫ, ɽʣʝʢʪʨʦʪʝʭʥʠʯʢʠ ʬʘʢʫʣʪʝʪ 

ʏʣʘʥʦʚʠ ʂʦʤʠʩʠʿʝ: ʜʨ ɼʫʰʢʦ ɹʦʨʢʘ, ʚʠʰʠ ʥʘʫʯʥʠ ʩʘʨʘʜʥʠʢ, 

ʋʥʠʚʝʨʟʠʪʝʪ ʫ ɹʝʦʛʨʘʜʫ, ʀʥʩʪʠʪʫʪ ʟʘ ʥʫʢʣʝʘʨʥʝ ʥʘʫʢʝ 

Ăɺʠʥʯʘñ 

 ʜʨ ɺʣʘʜʠʤʠʨ ɸʨʩʦʩʢʠ, ʜʦʮʝʥʪ, 

ʋʥʠʚʝʨʟʠʪʝʪ ʫ ɹʝʦʛʨʘʜʫ, ɽʣʝʢʪʨʦʪʝʭʥʠʯʢʠ ʬʘʢʫʣʪʝʪ 

 ʜʨ ʀʚʘʥ ʈʘʜʦʚʠ˂, ʚʠʰʠ ʥʘʫʯʥʠ ʩʘʨʘʜʥʠʢ, 

ʋʥʠʚʝʨʟʠʪʝʪ ʫ ɹʝʦʛʨʘʜʫ, ʀʥʩʪʠʪʫʪ ʟʘ ʥʫʢʣʝʘʨʥʝ ʥʘʫʢʝ 

Ăɺʠʥʯʘñ 

 ʜʨ ʄʠʣʘʥ ʇʦˁʘʚʠ˂, ʜʦʮʝʥʪ, 

ʋʥʠʚʝʨʟʠʪʝʪ ʫ ɹʝʦʛʨʘʜʫ, ɽʣʝʢʪʨʦʪʝʭʥʠʯʢʠ ʬʘʢʫʣʪʝʪ 

ɼʘʪʫʤ oʜʙʨʘʥʝ:  
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ɿʘʭʚʘʣʥʠʮʘ 

 

 ɿʘʭʚʘˀʫʿʝʤ ʩʝ ʤʝʥʪʦʨʫ, ʧʨʦʬ. ʜʨ ʄʠʣʘʥʫ ʊʘʜʠ˂ʫ, ʨʝʜʦʚʥʦʤ ʧʨʦʬʝʩʦʨʫ 

ɽʣʝʢʪʨʦʪʝʭʥʠʯʢʦʛ ʬʘʢʫʣʪʝʪʘ ʋʥʠʚʝʨʟʠʪʝʪʘ ʫ ɹʝʦʛʨʘʜʫ, ʥʘ ʤʥʦʛʦʙʨʦʿʥʠʤ ʢʦʨʠʩʥʠʤ 

ʩʘʚʝʪʠʤʘ, ʩʫʛʝʩʪʠʿʘʤʘ, ʧʦʤʦ˂ʠ ʠ ʧʦʜʨʰʮʠ ʫ ʩʚʠʤ ʬʘʟʘʤʘ ʠʟʨʘʜʝ ʦʚʝ ʜʠʩʝʨʪʘʮʠʿʝ. ʇʦʩʝʙʥʦ 

ʙʠʭ ʠʩʪʘʢʘʦ ˀʫʜʩʢʝ ʢʚʘʣʠʪʝʪʝ ʧʨʦʬʝʩʦʨʘ ʊʘʜʠ˂ʘ ʢʦʿʠ ʤʠ ʿʝ ʠ ʧʦʨʝʜ ʤʥʦʛʠʭ ʬʘʢʫʣʪʝʪʩʢʠʭ 

ʦʙʘʚʝʟʘ, ʥʘʩʪʘʚʥʠʭ ʠ ʘʜʤʠʥʠʩʪʨʘʪʠʚʥʠʭ ʢʘʦ ʧʨʦʜʝʢʘʥ ʟʘ ʥʘʫʢʫ, ʠʟʘʰʘʦ ʫ ʩʫʩʨʝʪ ʠ 

ʧʨʠʭʚʘʪʠʦ ʤʝʥʪʦʨʩʪʚʦ ʥʘ ʦʚʘʢʦ ʟʘʭʪʝʚʥʦʤ ʧʦʩʣʫ ʧʨʝʧʦʟʥʘʚʰʠ ʙʫʜʫ˂ʠ ʥʘʫʯʥʠ ʠ ʘʢʘʜʝʤʩʢʠ 

ʜʦʧʨʠʥʦʩ ʢʦʿʠ ʿʝ ʢʘʩʥʠʿʝ ʧʨʦʠʟʘʰʘʦ ʠʟ ʟʘʿʝʜʥʠʯʢʦʛ ʨʘʜʘ.  

 ʆʚʘ ʜʦʢʪʦʨʩʢʘ ʜʠʩʝʨʪʘʮʠʿʘ ʫʨʘʹʝʥʘ ʿʝ ʧʦʜ ʨʫʢʦʚʦʜʩʪʚʦʤ ʜʨ ɼʫʰʢʘ ɹʦʨʢʝ, ʚʠʰʝʛ 

ʥʘʫʯʥʦʛ ʩʘʨʘʜʥʠʢʘ ʀʥʩʪʠʪʫʪʘ ʟʘ ʥʫʢʣʝʘʨʥʝ ʥʘʫʢʝ Ăɺʠʥʯʘñ. ɿʥʘʯʘʿʥʫ ʧʦʤʦ˂ ʫ ʨʫʢʦʚʦʹʝˁʫ 

ʠʟʨʘʜʦʤ ʦʚʝ ʜʦʢʪʦʨʩʢʝ ʜʠʩʝʨʪʘʮʠʿʝ ʧʨʫʞʠʦ ʿʝ ʜʨ ʀʚʘʥ ʈʘʜʦʚʠ˂, ʚʠʰʠ ʥʘʫʯʥʠ ʩʘʨʘʜʥʠʢ 

ʀʥʩʪʠʪʫʪʘ ʟʘ ʥʫʢʣʝʘʨʥʝ ʥʘʫʢʝ Ăɺʠʥʯʘñ. ɳʠʤʘ ʜʫʛʫʿʝʤ ʚʝʣʠʢʫ ʟʘʭʚʘʣʥʦʩʪ ʟʘ ʨʝʟʫʣʪʘʪʝ ʢʦʿʝ 

ʩʤʦ ʟʘʿʝʜʥʠʯʢʠʤ ʥʘʧʦʨʠʤʘ ʦʩʪʚʘʨʠʣʠ ʫ ʧʨʝʪʭʦʜʥʦʤ ʚʨʝʤʝʥʫ. ʇʦʩʝʙʥʦ ʙʠʭ ʠʩʪʘʢʘʦ ˁʠʭʦʚʫ 

ʧʦʩʚʝ˂ʝʥʦʩʪ ʠ ʧʝʜʘʛʦʰʢʠ ʧʨʠʩʪʫʧ ʪʦʢʦʤ ʠʟʨʘʜʝ ʦʚʝ ʜʦʢʪʦʨʩʢʝ ʜʠʩʝʨʪʘʮʠʿʝ ʛʜʝ ʩʫ 

ʧʦʢʘʟʘʣʠ ʤʘʢʩʠʤʘʣʥʫ ʙʨʠʛʫ ʟʘ ʩʚʘʢʠ ʜʝʪʘˀ ʠ ʫʪʠʮʘʣʠ ʜʘ ʥʘʫʯʥʦʠʩʪʨʘʞʠʚʘʯʢʠ ʨʘʜ ʠʟ 

ʠʥʪʝʨʝʩʥʝ ʦʙʣʘʩʪʠ ʧʨʝʜʩʪʘʚˀʘ ʧʨʘʚʦ ʟʘʜʦʚʦˀʩʪʚʦ ʘ ʥʝ ʦʧʪʝʨʝ˂ʝˁʝ. ʀʩʪʨʘʞʠʚʘʯʢʠ ʧʨʦʮʝʩ 

ʧʨʦʪʝʢʘʦ ʿʝ ʫ ʦʙʦʩʪʨʘʥʦʤ ʜʦʧʫˁʘʚʘˁʫ ʠ ʠʟʨʦʜʠʦ ʥʦʚʠʤ ʢʚʘʣʠʪʝʪʦʤ ʩʘ ʦʙʝ ʩʪʨʘʥʝ, ʩʘ ʤʦʿʝ 

ʢʘʦ ʧʨʦʬʠʣʠʩʘʥʠʤ ʠ ʫʩʤʝʨʝʥʠʤ ʥʘʫʯʥʠʤ ʠʩʪʨʘʞʠʚʘʯʝʤ ʠ ʩʘ ˁʠʭʦʚʝ ʢʘʦ ʦʜʛʦʚʦʨʥʠʤ ʠ 

ʟʨʝʣʠʤ ʨʫʢʦʚʦʜʠʦʮʠʤʘ ʠʩʪʨʘʞʠʚʘʯʢʦʛ ʧʨʦʮʝʩʘ ʩʧʦʩʦʙʥʠʤ ʜʘ ʧʨʝʥʝʩʫ ʩʚʦʿʝ ʦʛʨʦʤʥʦ ʟʥʘˁʝ 

ʠ ʥʘʫʯʥʦ ʠʩʢʫʩʪʚʦ ʥʘ ʤʣʘʹʝ ʢʘʥʜʠʜʘʪʝ. 

 ʇʦʩʝʙʥʦ ʩʝ ʟʘʭʚʘˀʫʿʝʤ ʧʨʦʬ. ʜʨ ɿʦʨʘʥʫ ʄʠʰʢʦʚʠ˂ʫ, ʨʝʜʦʚʥʦʤ ʧʨʦʬʝʩʦʨʫ ʥʘ 

ʦʜʩʝʢʫ ʟʘ ʧʨʠʤʝˁʝʥʫ ʤʘʪʝʤʘʪʠʢʫ ʋʥʠʚʝʨʟʠʪʝʪʘ ɺʦʪʝʨʣʦʫ (Department of Applied 

Mathematics, University of Waterloo) ʫ ʂʘʥʘʜʠ, ʥʘ ʙʨʦʿʥʠʤ ʢʦʨʠʩʥʠʤ ʩʘʚʝʪʠʤʘ. 
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v 

 

ʋʪʠʮʘʿ ʜʠʥʘʤʠʯʢʝ ʧʦʣʘʨʠʟʘʮʠʿʝ ʥʘ ʠʥʪʝʨʘʢʮʠʿʫ ʥʘʝʣʝʢʪʨʠʩʘʥʠʭ 

ʯʝʩʪʠʮʘ ʩʘ ʫʛˀʝʥʠʯʥʠʤ ʥʘʥʦʮʝʚʠʤʘ ʫ ʜʚʦʬʣʫʠʜʥʦʤ 

ʭʠʜʨʦʜʠʥʘʤʠʯʢʦʤ ʤʦʜʝʣʫ 

 

 

ʉʘʞʝʪʘʢ 

 

 ʋ ʦʚʦʿ ʜʠʩʝʨʪʘʮʠʿʠ ʩʝ ʨʘʟʤʘʪʨʘ ʫʪʠʮʘʿ ʝʬʝʢʘʪʘ ʜʠʥʘʤʠʯʢʝ ʧʦʣʘʨʠʟʘʮʠʿʝ ʥʘ 

ʢʘʥʘʣʠʩʘˁʝ ʥʘʝʣʝʢʪʨʠʩʘʥʠʭ ʯʝʩʪʠʮʘ ʢʨʦʟ ʨʘʟʣʠʯʠʪʝ ʪʠʧʦʚʝ ʿʝʜʥʦʩʣʦʿʥʠʭ ʫʛˀʝʥʠʯʥʠʭ 

ʥʘʥʦʮʝʚʠ (SWNT). ʅʘ ʧʦʯʝʪʢʫ ʘʥʘʣʠʟʝ ʨʘʟʤʘʪʨʘ ʩʝ ʠʥʪʝʨʘʢʮʠʿʘ ʥʘʝʣʝʢʪʨʠʩʘʥʠʭ ʯʝʩʪʠʮʘ ʩʘ 

ʯʝʪʠʨʠ ʨʘʟʣʠʯʠʪʘ ʪʠʧʘ ʥʘʥʦʮʝʚʠ ʫ ʦʢʚʠʨʫ ʣʠʥʝʘʨʠʟʦʚʘʥʦʛ ʜʚʦʜʠʤʝʥʟʠʦʥʦʛ ʿʝʜʥʦʬʣʫʠʜʥʦʛ 

ʠ ʜʚʦʬʣʫʠʜʥʦʛ ʭʠʜʨʦʜʠʥʘʤʠʯʢʦʛ ʤʦʜʝʣʘ. ʊʠʧʦʚʠ ʥʘʥʦʮʝʚʠ ʢʦʿʠ ʩʝ ʨʘʟʤʘʪʨʘʿʫ ʩʫ SWNT(6, 

4), SWNT(8, 6), SWNT(11, 9) ʠ SWNT(15, 10). ʇʦʤʝʥʫʪʠ ʭʠʜʨʦʜʠʥʘʤʠʯʢʠ ʤʦʜʝʣʠ ʩʝ 

ʢʦʨʠʩʪʝ ʟʘ ʨʘʯʫʥʘˁʝ ʧʦʪʝʥʮʠʿʘʣʘ ʣʠʢʘ ʛʜʝ ʩʝ ʥʘ ʪʘʿ ʥʘʯʠʥ ʨʘʟʤʘʪʨʘ ʫʪʠʮʘʿ ʥʘ ʢʨʝʪʘˁʝ 

ʥʘʝʣʝʢʪʨʠʩʘʥʠʭ ʯʝʩʪʠʮʘ ʜʫʞ ʧʫʪʘˁʝ ʧʘʨʘʣʝʣʥʝ ʩʘ ʦʩʦʤ ʥʘʥʦʮʝʚʠ. ɹʨʟʠʥʝ ʢʨʝʪʘˁʘ ʧʨʦʪʦʥʘ 

ʩʝ ʫʟʠʤʘʿʫ ʫ ʦʧʩʝʛʫ ʦʜ 1 ʜʦ 10 a.u.. ʇʨʦʪʦʥ ʩʨʝʜˁʝ ʢʠʥʝʪʠʯʢʝ ʝʥʝʨʛʠʿʝ (ʨʝʜʘ MeV) ʠʟʘʟʠʚʘ 

ʧʦʿʘʚʫ ʩʥʘʞʥʝ ʜʠʥʘʤʠʯʢʝ ʧʦʣʘʨʠʟʘʮʠʿʝ ʚʘʣʝʥʪʥʠʭ ʝʣʝʢʪʨʦʥʘ ʥʘ ʦʤʦʪʘʯʫ ʥʘʥʦʮʝʚʠ ʰʪʦ ʢʘʦ 

ʝʬʝʢʘʪ ʠʤʘ ʠʥʜʫʢʦʚʘˁʝ ʟʥʘʯʘʿʥʝ ʩʠʣʝ ʣʠʢʘ ʥʘ ʧʨʦʪʦʥ, ʦʜʥʦʩʥʦ ʧʦʿʘʚʫ ʛʫʙʠʪʘʢʘ ʝʥʝʨʛʠʿʝ 

ʫʩʣʝʜ ʝʢʩʮʠʪʘʮʠʿʝ ʧʦʤʝʥʫʪʠʭ ʝʣʝʢʪʨʦʥʘ. ʇʦʢʘʟʘʥʦ ʿʝ ʜʘ ʜʠʥʘʤʠʯʢʘ ʩʠʣʘ ʣʠʢʘ ʠʟʘʟʠʚʘ 

ʩʥʘʞʘʥ ʫʪʠʮʘʿ ʥʘ ʫʛʘʦʥʫ ʨʘʩʧʦʜʝʣʫ ʢʘʥʘʣʠʩʘʥʠʭ ʧʨʦʪʦʥʘ ʢʨʦʟ ʢʨʘʪʢʝ ʥʘʥʦʮʝʚʠ. 

ʋʩʪʘʥʦʚˀʝʥʦ ʿʝ ʜʘ ʩʫ ʦʚʝ ʥʦʚʝ ʧʦʿʘʚʝ ʧʦʩʝʙʥʦ ʠʟʨʘʞʝʥʝ ʢʘʜʘ ʩʝ ʙʨʟʠʥʘ ʢʘʥʘʣʠʩʘʥʠʭ 

ʯʝʩʪʠʮʘ ʧʦʢʣʘʧʘ ʩʘ ʬʘʟʥʦʤ ʙʨʟʠʥʦʤ ʢʚʘʟʠʘʢʫʩʪʠʯʥʦʛ ˊ ʧʣʘʟʤʦʥʘ. ɸʥʘʣʠʟʘ ʿʝ ʫʢˀʫʯʠʣʘ 

ʛʝʥʝʨʠʩʘˁʝ ʥʫʤʝʨʠʯʢʠʭ ʨʝʟʫʣʪʘʪʘ ʢʦʿʠʤʘ ʿʝ ʧʨʠʢʘʟʘʥ ʫʪʠʮʘʿ ʬʘʢʪʦʨʘ ʧʨʠʛʫʰʝˁʘ, ʨʘʜʠʿʫʩʘ 

ʥʘʥʦʮʝʚʠ ʠ ʧʦʯʝʪʥʝ ʧʦʟʠʮʠʿʝ ʢʘʥʘʣʠʩʘʥʝ ʯʝʩʪʠʮʝ ʥʘ ʧʦʪʝʥʮʠʿʘʣ ʣʠʢʘ ʫʥʫʪʘʨ ʥʘʥʦʮʝʚʠ. 

ʀʟʚʨʰʝʥʦ ʿʝ ʧʦʨʝʹʝˁʝ ʜʦʙʠʿʝʥʠʭ ʨʝʟʫʣʪʘʪʘ ʟʘ ʧʦʪʝʥʮʠʿʘʣ ʣʠʢʘ ʟʘ ʩʣʫʯʘʿ ʿʝʜʥʦʬʣʫʠʜʥʦʛ ʠ 

ʜʚʦʬʣʫʠʜʥʦʛ ʤʦʜʝʣʘ ʟʘ ʨʘʟʣʠʯʠʪʝ ʪʠʧʦʚʝ ʥʘʥʦʮʝʚʠ. ʊʘʢʦʹʝ ʿʝ ʠʟʚʨʰʝʥʘ ʨʘʯʫʥʘʨʩʢʘ 

ʩʠʤʫʣʘʮʠʿʘ ʢʘʥʘʣʠʩʘˁʘ ʯʝʩʪʠʮʘ ʢʘʦ ʠ ʧʦʨʝʹʝˁʝ ʧʨʦʩʪʦʨʥʝ ʠ ʫʛʘʦʥʝ ʨʘʩʧʦʜʝʣʝ 

ʢʘʥʘʣʠʩʘʥʠʭ ʯʝʩʪʠʮʘ ʫ ʩʣʫʯʘʿʫ ʧʦʤʝʥʫʪʠʭ ʭʠʜʨʦʜʠʥʘʤʠʯʢʠʭ ʤʦʜʝʣʘ.           

 ʋ ʥʘʩʪʘʚʢʫ ʩʝ ʘʥʘʣʠʟʠʨʘ ʠʥʪʝʨʘʢʮʠʿʘ ʧʨʦʪʦʥʘ ʩʘ SWNT(6, 4) ʛʜʝ ʩʝ ʫʟʠʤʘʿʫ ʫ ʦʙʟʠʨ 

ʝʬʝʢʪʠ ʜʠʥʘʤʠʯʢʝ ʧʦʣʘʨʠʟʘʮʠʿʝ ʫ ʦʢʚʠʨʫ ʜʚʦʜʠʤʝʥʟʠʦʥʦʛ ʧʨʦʰʠʨʝʥʦʛ ʭʠʜʨʦʜʠʥʘʤʠʯʢʦʛ 

ʤʦʜʝʣʘ. ʆʚʘʿ ʤʦʜʝʣ ʩʝ ʢʦʨʠʩʪʠ ʟʘ ʘʥʘʣʠʪʠʯʢʦ ʠ ʥʫʤʝʨʠʯʢʦ ʨʘʯʫʥʘˁʝ ʧʦʪʝʥʮʠʿʘʣʘ ʣʠʢʘ ʠ 

ʟʘʫʩʪʘʚʥʝ ʩʠʣʝ ʥʘ ʧʨʦʪʦʥ ʢʦʿʠ ʩʝ ʢʨʝ˂ʝ ʧʘʨʘʣʝʣʥʦ ʩʘ ʦʩʦʤ ʥʘʥʦʮʝʚʠ ʫ ʩʣʫʯʘʿʝʚʠʤʘ ʢʘʜʘ ʿʝ 

ʪʨʘʿʝʢʪʦʨʠʿʘ ˁʝʛʦʚʦʛ ʢʨʝʪʘˁʘ ʫʥʫʪʘʨ ʠ ʚʘʥ ʥʘʥʦʮʝʚʠ. ʆʧʩʝʛ ʙʨʟʠʥʘ ʢʦʿʠ ʩʝ ʨʘʟʤʘʪʨʘ ʿʝ  ʦʜ 

0.5 ʜʦ 15 a.u.. ʈʘʟʤʘʪʨʘ ʩʝ ʫʪʠʮʘʿ ʝʬʝʢʘʪʘ ʨʘʟʣʠʯʠʪʠʭ ʫʛʘʦʥʠʭ ʤʦʜʦʚʘ ʥʘ ʟʘʚʠʩʥʦʩʪ 

ʧʦʪʝʥʮʠʿʘʣʘ ʣʠʢʘ ʦʜ ʙʨʟʠʥʝ ʧʨʦʪʦʥʘ ʟʘ ʨʘʟʣʠʯʠʪʝ ʪʠʧʦʚʝ ʥʘʥʦʮʝʚʠ. ʊʘʢʦʹʝ ʩʝ ʨʘʯʫʥʘ 
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ʧʨʦʩʪʦʨʥʘ ʠ ʫʛʘʦʥʘ ʜʠʩʪʨʠʙʫʮʠʿʘ ʧʨʦʪʦʥʘ ʫ ʩʣʫʯʘʿʫ ʧʨʦʰʠʨʝʥʦʛ ʜʚʦʬʣʫʠʜʥʦʛ ʤʦʜʝʣʘ ʠ 

ʧʦʨʝʜʠ ʩʘ ʩʣʫʯʘʿʝʤ ʦʙʠʯʥʦʛ ʜʚʦʬʣʫʠʜʥʦʛ ʤʦʜʝʣʘ ʩʘ ʥʫʣʪʠʤ ʬʘʢʪʦʨʦʤ ʧʨʠʛʫʰʝˁʘ. 

 ʅʘ ʢʨʘʿʫ ʩʝ ʘʥʘʣʠʟʠʨʘ ʠʥʪʝʨʘʢʮʠʿʘ ʥʘʝʣʝʢʪʨʠʩʘʥʠʭ ʯʝʩʪʠʮʘ ʩʘ ʧʨʘʚʠʤ ʠ 

ʟʘʢʨʠʚˀʝʥʠʤ ʿʝʜʥʦʩʣʦʿʥʠʤ ʥʘʥʦʮʝʚʠʤʘ ʧʨʠ ʫʩʣʦʚʠʤʘ ʢʘʥʘʣʠʩʘˁʘ ʢʘʜʘ ʿʝ ʫʨʘʯʫʥʘʪʘ 

ʜʠʥʘʤʠʯʢʘ ʧʦʣʘʨʠʟʘʮʠʿʘ ʚʘʣʝʥʪʥʠʭ ʝʣʝʢʪʨʦʥʘ ʫʛˀʝʥʠʢʘ. ʇʦʣʘʨʠʟʘʮʠʿʘ ʿʝ ʦʧʠʩʘʥʘ 

ʣʠʥʝʘʨʠʟʦʚʘʥʠʤ ʜʚʦʬʣʫʠʜʥʠʤ ʭʠʜʨʦʜʠʥʘʤʠʯʢʠʤ ʤʦʜʝʣʦʤ ʩʘ ʧʘʨʘʤʝʪʨʠʤʘ ʦʜʨʝʹʝʥʠʤ ʠʟ 

ʥʝʢʦʣʠʢʦ ʥʝʟʘʚʠʩʥʠʭ ʝʢʩʧʝʨʠʤʝʥʘʪʘ ʫ ʚʝʟʠ ʩʘ ʩʧʝʢʪʨʦʩʢʦʧʠʿʦʤ ʛʫʙʠʪʘʢʘ ʝʥʝʨʛʠʿʝ ʫ 

ʫʛˀʝʥʠʯʥʠʤ ʥʘʥʦʩʪʨʫʢʪʫʨʘʤʘ. ʍʠʜʨʦʜʠʥʘʤʠʯʢʠ ʤʦʜʝʣ ʩʝ ʢʦʨʠʩʪʠ ʟʘ ʠʟʨʘʯʫʥʘʚʘˁʝ 

ʧʦʪʝʥʮʠʿʘʣʘ ʣʠʢʘ ʠʥʜʫʢʦʚʘʥʦʛ ʢʨʝʪʘˁʝʤ ʧʨʦʪʦʥʘ ʢʨʦʟ ʯʝʪʠʨʠ ʧʦʤʝʥʫʪʘ ʪʠʧʘ ʥʘʥʦʮʝʚʠ 

ʧʨʠ ʙʨʟʠʥʠ ʦʜ 3 ʘʪʦʤʩʢʝ ʿʝʜʠʥʠʮʝ. ʇʦʪʝʥʮʠʿʘʣ ʣʠʢʘ ʩʝ ʧʦʪʦʤ ʜʦʜʘʿʝ ʥʘ ɼʦʿʣ-ʊʘʨʥʝʦʚ 

ʘʪʦʤʩʢʠ ʧʦʪʝʥʮʠʿʘʣ ʫ ʮʠˀʫ ʜʦʙʠʿʘˁʘ ʫʢʫʧʥʦʛ ʧʦʪʝʥʮʠʿʘʣʘ ʫ ʧʨʘʚʠʤ ʠ ʟʘʢʨʠʚˀʝʥʠʤ 

ʥʘʥʦʮʝʚʠʤʘ. ʅʘ ʦʩʥʦʚʫ ʦʚʠʭ ʧʨʦʨʘʯʫʥʘ ʩʠʤʫʣʠʨʘ ʩʝ ʧʨʦʮʝʩ ʢʘʥʘʣʠʩʘˁʘ ʧʨʦʪʦʥʩʢʦʛ ʩʥʦʧʘ 

ʠ ʦʜʨʝʹʫʿʝ ʧʨʦʩʪʦʨʥʘ ʠ ʫʛʘʦʥʘ ʨʘʩʧʦʜʝʣʘ ʢʘʥʘʣʠʩʘʥʠʭ ʧʨʦʪʦʥʘ ʢʨʦʟ ʟʘʢʨʠʚˀʝʥʝ ʥʘʥʦʮʝʚʠ 

ʠ ʧʦʨʝʜʝ ʜʦʙʠʿʝʥʠ ʨʝʟʫʣʪʘʪʠ ʩʘ ʩʣʫʯʘʿʝʤ ʢʘʜʘ ʩʝ ʥʝ ʫʟʠʤʘ ʫ ʦʙʟʠʨ ʜʠʥʘʤʠʯʢʘ ʧʦʣʘʨʠʟʘʮʠʿʘ 

ʠ ʧʦʪʝʥʮʠʿʘʣ ʣʠʢʘ.   
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The influence of dynamic polarization on charged particles interaction 

with carbon nanotubes in two ï fluid hydrodynamic model 

 

 

Abstract 

 

In this dissertation the effects of dynamic polarization on charged particles channeling 

through various types of single ï walled carbon nanotubes (SWNTs) are studied. At the very 

beginning of the analyze the interactions of charged particles with 4 different types of SWNTs 

by means of linearized two dimensional one and two fluid hydrodynamic models are studied. 

Types of SWNTs are (6, 4), (8, 6), (11, 9) and (15, 10). The models are used to calculate the 

image potential for a charged particle moving parallel to the axis of the SWNTs. Proton speeds 

between 1 and 10 a.u. are chosen. A proton that moves with average energy (MeV) will induce a 

strong dynamic polarization of valence electrons in the nanotubes which in turn will give rise to 

a sizeable image force on the proton, as well as a considerable energy loss due to the collective, 

or plasma, excitations of those electrons. The dynamic image force was shown to exert large 

influence in the angular distributions of protons channelled through short SWNTs. It is found 

that these quantities exhibit novel features when the particle speed matches the phase velocity of 

the quasiacoustic ́  plasmon. Numerical results are obtained to show the influence of the 

damping factor, the nanotube radius, and the particle position on the image potential inside the 

nanotube. Results for image potential in the one and two fluid hydrodynamic models are 

compared for different types of nanotubes. The spatial and angular distributions of protons are 

also computed and compared for the two models.  

After that, we study the interaction of charged particles with a SWNT(6, 4) under 

channelling conditions by means of the linearized, two dimensional (2D), two-fluid extended 

hydrodynamic model. We use the model to calculate analytically and numerically the image 

potential and the stopping force for a proton moving parallel to the axis of the SWNT, both 

inside and outside the nanotube at the speeds from 0.5 a.u. to 15 a.u.. The effects of different 

angular modes on the velocity dependence of the image potential are compared for a proton 

moving in different types of SWNTs. We also compute the spatial and angular distributions of 

protons in the 2D two-fluid extended hydrodynamic model and compare them with the 2D two-

fluid hydrodynamic model with zero damping. 

At the end we investigate the interaction of charged particles with straight and bent 

single-walled carbon nanotubes under channelling conditions in the presence of dynamic 

polarization of the valence electrons in carbon nanotube wall. This polarization is described by a 
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linearized, two-fluid hydrodynamic model with the parameters taken from recent modelling of 

several independent experiments on electron energy loss spectroscopy of carbon nanostructures. 

We use the hydrodynamic model to calculate the image potential for protons moving through 

four types of SWNTs at the speed of 3 atomic units. The image potential is then combined with 

the Doyle-Turner atomic potential to obtain the total potential in the bent carbon nanotubes. 

Based on that potential, we also compute the spatial and angular distributions of protons 

channeled through the bent carbon nanotubes, and compare the results with the distributions 

obtained without taking into account the image potential. 
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ɻʣʘʚʘ 1. ʋʚʦʜ 
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ɻʣʘʚʘ 1 
 

ʋʚʦʜ 
  

 ʅʘʢʦʥ ʦʪʢʨʠ˂ʘ ʥʘʥʦʮʝʚʠ [1] ʿʘʚˀʘ ʩʝ ʩʚʝ ʚʝ˂ʠ ʠʥʪʝʨʝʩ ʟʘ ʠʟʫʯʘʚʘˁʝ ʠʥʪʝʨʘʢʮʠʿʝ 

ʥʘʝʣʝʢʪʨʠʩʘʥʠʭ ʯʝʩʪʠʮʘ ʩʘ ʥʘʥʦʮʝʚʠʤʘ. ʅʘʥʦʮʝʚʠ ʠʤʘʿʫ ʠʟʫʟʝʪʥʝ ʬʠʟʠʯʢʝ ʦʩʦʙʠʥʝ [2-7] ʪʝ 

ʩʝ ʦʯʝʢʫʿʝ ˁʠʭʦʚʘ ʙʨʦʿʥʘ ʧʨʠʤʝʥʘ ʫ ʥʘʥʦʝʣʝʢʪʨʦʥʠʮʠ ʠ ʧʨʦʠʟʚʦʜˁʠ ʧʦʣʫʧʨʦʚʦʜʥʠʯʢʠʭ 

ʢʦʤʧʦʥʝʥʪʠ. ɼʝʤʦʥʩʪʨʠʨʘʥʦ ʿʝ ʜʘ ʿʝ ʿʝʜʥʘ ʦʜ ʤʦʛʫ˂ʠʭ ʧʨʠʤʝʥʘ ʥʘʥʦʮʝʚʠ ʢʘʥʘʣʠʩʘˁʝ ʠ 

ʫʩʤʝʨʘʚʘˁʝ ʩʥʦʧʦʚʘ ʥʘʝʣʝʢʪʨʠʩʘʥʠʭ ʯʝʩʪʠʮʘ ʥʘ ʥʘʯʠʥ ʚʝʦʤʘ ʩʣʠʯʘʥ ʢʘʥʘʣʠʩʘˁʫ ʫ 

ʢʨʠʩʪʘʣʠʤʘ [8-13].  

 ʂʨʝʪʘˁʝ ʥʘʝʣʝʢʪʨʠʩʘʥʠʭ ʯʝʩʪʠʮʘ ʢʨʦʟ ʥʘʥʦʮʝʚ ʜʦʚʦʜʠ ʜʦ ʧʝʨʪʫʨʙʘʮʠʿʝ 

ʥʘʝʣʝʢʪʨʠʩʘˁʘ ʥʘ ʦʤʦʪʘʯʫ ʥʘʥʦʮʝʚʠ ʰʪʦ ʠʤʘ ʟʘ ʧʦʩʣʝʜʠʮʫ ʠʟʤʝʥʫ ʝʣʝʢʪʨʠʯʥʠʭ 

ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ ʧʨʦʩʪʦʨʘ ʫ ʢʦʤ ʩʝ ʯʝʩʪʠʮʝ ʢʨʝ˂ʫ. ʆʚʘʢʚʘ ʧʝʨʪʫʨʙʘʮʠʿʘ ʩʪʘˁʘ ʝʣʝʢʪʨʦʥʩʢʦʛ 

ʛʘʩʘ ʥʘ ʦʤʦʪʘʯʫ ʥʘʥʦʮʝʚʠ ʩʝ ʥʘʟʠʚʘ ʜʠʥʘʤʠʯʢʘ ʧʦʣʘʨʠʟʘʮʠʿʘ [14-19] ʠ ʫʪʠʯʝ ʥʘ ʠʟʤʝʥʫ 

ʧʦʪʝʥʮʠʿʘʣʘ ʝʣʝʢʪʨʠʯʥʦʛ ʧʦˀʘ ʫʥʫʪʘʨ ʥʘʥʦʮʝʚʠ. ʇʨʠ ʢʘʥʘʣʠʩʘˁʫ ʿʦʥʘ (ʧʨʦʪʦʥʘ) ʫ 

ʫʛˀʝʥʠʯʥʠʤ ʥʘʥʦʮʝʚʠʤʘ ʥʠʩʢʠʭ (< 100 keV) ʠ ʚʠʩʦʢʠʭ (> 10 MeV) ʝʥʝʨʛʠʿʘ, ʝʬʝʢʪʠ 

ʜʠʥʘʤʠʯʢʝ ʧʦʣʘʨʠʟʘʮʠʿʝ ʚʘʣʝʥʪʥʠʭ ʝʣʝʢʪʨʦʥʘ ʥʘ ʦʤʦʪʘʯʫ ʥʘʥʦʮʝʚʠ ʩʝ ʤʦʛʫ ʟʘʥʝʤʘʨʠʪʠ. 

ʉʘ ʜʨʫʛʝ ʩʪʨʘʥʝ ʝʥʝʨʛʠʿʘ ʿʦʥʘ ʫ ʦʧʩʝʛʫ 100 keV - 10 MeV ˂ʝ ʠʥʜʫʢʦʚʘʪʠ ʿʘʢʫ ʜʠʥʘʤʠʯʢʫ 

ʧʦʣʘʨʠʟʘʮʠʿʫ ʚʘʣʝʥʪʥʠʭ ʝʣʝʢʪʨʦʥʘ ʰʪʦ ˂ʝ ʢʘʦ ʧʦʩʣʝʜʠʮʫ ʠʤʘʪʠ ʧʦʿʘʚʫ ʠʥʜʫʢʦʚʘʥʦʛ 

ʧʦʪʝʥʮʠʿʘʣʘ ʟʥʘʯʘʿʥʝ ʚʨʝʜʥʦʩʪʠ ʫ ʧʨʦʩʪʦʨʫ ʢʨʝʪʘˁʘ ʢʘʥʘʣʠʩʘʥʠʭ ʯʝʩʪʠʮʘ, ʦʜʥʦʩʥʦ ʧʦʿʘʚʫ 

ʩʠʣʝ ʣʠʢʘ ʢʘʦ ʠ ʟʥʘʯʘʿʥʠʭ ʛʫʙʠʪʘʢʘ ʝʥʝʨʛʠʿʝ ʢʘʥʘʣʠʩʘʥʠʭ ʯʝʩʪʠʮʘ ʟʙʦʛ ʝʢʩʠʪʘʮʠʿʝ 

ʚʘʣʝʥʪʥʠʭ ʝʣʝʢʪʨʦʥʘ. ɼʠʥʘʤʠʯʢʘ ʧʦʣʘʨʠʟʘʮʠʿʘ ʿʝ ʢʚʘʣʠʪʘʪʠʚʥʦ ʠ ʢʚʘʥʪʠʪʘʪʠʚʥʦ ʦʧʠʩʘʥʘ 

ʜʚʦʜʠʤʝʥʟʠʦʥʠʤ ʣʠʥʝʘʨʠʟʦʚʘʥʠʤ ʭʠʜʨʦʜʠʥʘʤʠʯʢʠʤ ʤʦʜʝʣʠʤʘ ʢʦʿʠ ʩʫ ʧʦʢʘʟʘʣʠ ʜʦʙʨʝ 

ʨʝʟʫʣʪʘʪʝ ʫ ʝʢʩʧʝʨʠʤʝʥʪʠʤʘ ʩʘ ʛʨʘʬʝʥʦʤ, ʪʝ ʩʝ ʧʨʠʤʝˁʫʿʫ ʠ ʫ ʩʣʫʯʘʿʫ ʥʘʥʦʮʝʚʠ ʢʘʢʦ ʙʠ ʩʝ 

ʧʦʤʦ˂ʫ ˁʠʭ ʪʝʦʨʠʿʩʢʠ ʘʥʘʣʠʟʠʨʘʣʠ ʫʩʣʦʚʠ ʢʘʥʘʣʠʩʘˁʘ ʥʘʝʣʝʢʪʨʠʩʘʥʠʭ ʯʝʩʪʠʮʘ ʢʨʦʟ 

ʥʘʥʦʮʝʚʠ. ʋ ʦʚʦʿ ʜʠʩʝʨʪʘʮʠʿʠ ʩʝ ʦʙʨʘʹʫʿʫ ʪʨʠ ʪʘʢʚʘ ʭʠʜʨʦʜʠʥʘʤʠʯʢʘ ʤʦʜʝʣʘ: 

ʿʝʜʥʦʬʣʫʠʜʥʠ, ʜʚʦʬʣʫʠʜʥʠ ʠ ʧʨʦʰʠʨʝʥʠ ʜʚʦʬʣʫʠʜʥʠ ʤʦʜʝʣ. ʇʦʢʘʟʘʥʦ ʿʝ ʜʘ ʩʠʣʘ ʣʠʢʘ, 

ʢʦʿʘ ʫʪʠʯʝ ʥʘ ʪʨʘʥʩʚʝʨʟʘʣʥʦ ʢʨʝʪʘˁʝ ʩʥʦʧʦʚʘ ʥʘʝʣʝʢʪʨʠʩʘʥʠʭ ʯʝʩʪʠʮʘ ʫ ʩʣʫʯʘʿʫ 

ʿʝʜʥʦʬʣʫʠʜʥʦʛ ʭʠʜʨʦʜʠʥʘʤʠʯʢʦʛ ʤʦʜʝʣʘ, ʫ ʟʥʘʪʥʦʿ ʤʝʨʠ ʫʪʠʯʝ ʥʘ ʫʛʘʦʥʫ ʜʠʩʪʨʠʙʫʮʠʿʫ 

ʧʨʦʪʦʥʘ ʢʘʥʘʣʠʩʘʥʠʭ ʢʨʦʟ ʢʨʘʪʢʝ (11,9) ʿʝʜʥʦʩʣʦʿʥʝ ʫʛˀʝʥʠʯʥʝ ʥʘʥʦʮʝʚʠ ʫ ʚʘʢʫʤʫ [14]. ʋ 

ʦʢʚʠʨʫ ʿʝʜʥʦʬʣʫʠʜʥʦʛ ʤʦʜʝʣʘ ʩʝ ʩʤʘʪʨʘ ʜʘ ʿʝ ʩʪʨʫʢʪʫʨʘ ʝʣʝʢʪʨʦʥʩʢʦʛ ʦʙʣʘʢʘ ʥʘ ʟʠʜʦʚʠʤʘ 
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ʥʘʥʦʮʝʚʠ ʫʥʠʬʦʨʤʥʘ. ʋ ʦʢʚʠʨʫ ʜʚʦʬʣʫʠʜʥʦʛ ʭʠʜʨʦʜʠʥʘʤʠʯʢʦʛ ʤʦʜʝʣʘ ʦʜʚʦʿʝʥʦ ʩʝ 

ʪʨʝʪʠʨʘʿʫ ů ʠ ˊ ʝʣʝʢʪʨʦʥʠ ʫ ʦʢʚʠʨʫ ʫʛˀʝʥʠʯʥʠʭ ʚʝʟʘ ʥʘʥʦʮʝʚʠ ʠ ʫʢʫʧʥʘ ʝʢʩʮʠʪʘʮʠʿʘ 

ʧʣʘʟʤʦʥʘ (ʝʣʝʢʪʨʦʥʩʢʦʛ ʛʘʩʘ) ʩʝ ʧʦʩʤʘʪʨʘ ʫ ʩʢʣʦʧʫ ʝʢʩʮʠʪʘʮʠʿʝ ů + ˊ ʧʣʘʟʤʦʥʘ ʚʠʩʦʢʝ 

ʝʥʝʨʛʠʿʝ ʠ ʝʢʩʮʠʪʘʮʠʿʝ ˊ ʧʣʘʟʤʦʥʘ ʥʠʩʢʝ ʝʥʝʨʛʠʿʝ. ʂʘʦ ʧʦʩʣʝʜʠʮʘ ʧʦʩʪʦʿʘˁʘ ʦʚʘ ʜʚʘ 

ʝʢʩʮʠʪʘʮʠʦʥʘ ʤʦʜʘ, ʿʘʚˀʘ ʩʝ ʠ ʨʘʟʣʠʢʘ ʫ ʟʘʫʩʪʘʚʥʦʿ ʩʠʣʠ (ʫʪʠʯʝ ʥʘ ʣʦʥʛʠʪʫʜʠʥʘʣʥʦ 

ʢʨʝʪʘˁʝ ʢʘʥʘʣʠʩʘʥʠʭ ʧʨʦʪʦʥʘ) ʠ ʧʦʪʝʥʮʠʿʘʣʫ ʣʠʢʘ ʫ ʦʜʥʦʩʫ ʥʘ ʿʝʜʥʦʬʣʫʠʜʥʠ ʤʦʜʝʣ. ʆʚʘ 

ʨʘʟʣʠʢʘ ʩʝ ʜʝʪʘˀʥʦ ʘʥʘʣʠʟʠʨʘ ʫ ʦʚʦʤ ʨʘʜʫ ʠ ʪʦ ʟʘ ʩʣʫʯʘʿ ʯʝʪʠʨʠ ʨʘʟʣʠʯʠʪʘ ʪʠʧʘ 

ʫʛˀʝʥʠʯʥʠʭ ʥʘʥʦʮʝʚʠ. ʅʘʜʛʨʘʜˁʘ ʜʚʦʬʣʫʠʜʥʦʛ ʭʠʜʨʦʜʠʥʘʤʠʯʢʦʛ ʤʦʜʝʣʘ ʿʝ ʧʨʦʰʠʨʝʥʠ 

ʜʚʦʬʣʫʠʜʥʠ ʭʠʜʨʦʜʠʥʘʤʠʯʢʠ ʤʦʜʝʣ, ʛʜʝ ʩʝ ʟʘ ʨʘʟʣʠʢʫ ʦʜ ʧʨʝʪʭʦʜʥʘ ʜʚʘ ʤʦʜʝʣʘ ʛʜʝ ʿʝ 

ʩʪʘˁʝ ʝʣʝʢʪʨʦʥʩʢʦʛ ʛʘʩʘ ʘʥʘʣʠʟʠʨʘʥʦ ʢʣʘʩʠʯʥʠʤ ʬʠʟʠʯʢʠʤ ʧʨʠʩʪʫʧʦʤ, ʫ ʦʚʦʤ ʩʣʫʯʘʿʫ 

ʢʦʨʠʩʪʠ ʢʚʘʥʪʥʦʤʝʭʘʥʠʯʢʠ ʧʨʠʩʪʫʧ, ʛʜʝ ʩʝ ʨʝʟʫʣʪʘʪʠ ʦʚʝ ʘʥʘʣʠʟʝ ʫʟ ʠʟʚʝʩʥʝ ʬʠʟʠʯʢʝ 

ʠʥʪʝʨʧʨʝʪʘʮʠʿʝ ʩʚʦʜʝ ʥʘ ʢʣʘʩʠʯʥʠ ʧʨʠʩʪʫʧ. ʅʘʠʤʝ ʫʚʦʜʝ ʩʝ ʢʦʥʘʯʥʝ (ʥʝʥʫʣʪʥʝ) ʧʦʚʨʘʪʥʝ 

ʬʨʝʢʚʝʥʮʝ [19] ʢʘʦ ʠ ʢʦʥʘʯʥʠ ʬʘʢʪʦʨʠ ʧʨʠʛʫʰʝˁʘ ů ʠ ˊ ʝʣʝʢʪʨʦʥʘ ʯʠʿʝ ʩʫ ʚʨʝʜʥʦʩʪʠ 

ʝʤʧʠʨʠʿʩʢʠ ʦʜʨʝʹʝʥʝ EEL (engl: electron energy loss) ʩʧʝʢʪʨʦʩʢʦʧʠʿʦʤ. ʋ ʩʢʣʦʧʫ ʦʚʠʭ 

ʤʦʜʠʬʠʢʘʮʠʿʘ ʜʚʦʬʣʫʠʜʥʦʛ ʤʦʜʝʣʘ, ʦʙʠʯʘʥ ʜʚʦʬʣʫʠʜʥʠ ʤʦʜʝʣ ʤʦʞʝʤʦ ʧʦʩʤʘʪʨʘʪʠ ʢʘʦ 

ʚʘʨʠʿʘʥʪʫ ʧʨʦʰʠʨʝʥʦʛ ʜʚʦʬʣʫʠʜʥʦʛ ʤʦʜʝʣʘ ʛʜʝ ʧʦʚʨʘʪʥʝ ʬʨʝʢʚʝʥʮʝ ʠ ʬʘʢʪʦʨʝ ʧʨʠʛʫʰʝˁʘ 

ʫʟʠʤʘʤʦ ʩʘ ʥʫʣʪʦʤ ʚʨʝʜʥʦʩʪʠ. ʋ ʦʚʦʤ ʨʘʜʫ ʩʝ ʪʘʢʦʹʝ ʘʥʘʣʠʟʠʨʘ ʨʘʟʣʠʢʘ ʫ ʫʩʣʦʚʠʤʘ 

ʢʘʥʘʣʠʩʘˁʘ (ʧʦʪʝʥʮʠʿʘʣ ʣʠʢʘ, ʟʘʫʩʪʘʚʥʘ ʩʠʣʘ) ʟʘ ʜʚʦʬʣʫʠʜʥʠ ʠ ʧʨʦʰʠʨʝʥʠ ʜʚʦʬʣʫʠʜʥʠ 

ʤʦʜʝʣ ʟʘ ʚʠʰʝ ʚʨʩʪʘ ʫʛˀʝʥʠʯʥʠʭ ʥʘʥʦʮʝʚʠ.  

 ʋ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʠʤ ʫʩʣʦʚʠʤʘ ʢʘʥʘʣʠʩʘˁʘ ʥʘʝʣʝʢʪʨʠʩʘʥʠʭ ʯʝʩʪʠʮʘ, ʧʦʩʪʘʚˀʘ ʩʝ 

ʧʠʪʘˁʝ ʢʦʣʠʢʦ ʿʝ ʪʘʯʥʘ ʧʨʝʪʧʦʩʪʘʚʢʘ ʦ ʠʜʝʘʣʥʦ ʧʨʘʚʠʤ ʥʘʥʦʮʝʚʠʤʘ. ʋ ʧʨʘʢʩʠ (ʥʘʢʦʥ 

ʜʦʙʠʿʘˁʘ) ʥʘʥʦʮʝʚʠ ʛʦʪʦʚʦ ʥʠʢʘʜ ʥʠʩʫ ʧʨʘʚʝ, ʪʦ ʿʝʩʪ ʿʝʜʠʥʦ ʠʟʚʝʩʪʘʥ ʧʨʦʮʝʥʘʪ ʜʦʙʠʿʝʥʠʭ 

ʥʘʥʦʮʝʚʠ ʩʝ ʤʦʞʝ ʩʤʘʪʨʘʪʠ ʠʜʝʘʣʥʠʤ ʫ ʩʤʠʩʣʫ ʛʝʦʤʝʪʨʠʿʩʢʠʭ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ. ʊʘʢʦ ʜʘ ʿʝ 

ʦʧʨʘʚʜʘʥʦ ʩʧʨʦʚʝʩʪʠ ʪʝʦʨʠʿʩʢʫ ʘʥʘʣʠʟʫ ʟʘ ʩʣʫʯʘʿʝʚʝ ʨʘʟʥʠʭ ʜʝʬʦʨʤʠʪʝʪʘ ʥʘʥʦʮʝʚʠ ʠ 

ʧʨʝʜʚʠʜʝʪʠ ʝʬʝʢʪʝ ʥʘ ʢʘʥʘʣʠʩʘˁʝ ʥʘʝʣʝʢʪʨʠʩʘʥʠʭ ʯʝʩʪʠʮʘ. ʇʦʩʪʦʿʠ ʥʝʢʦʣʠʢʦ ʘʥʘʣʠʟʘ 

ʢʘʥʘʣʠʩʘˁʘ ʯʝʩʪʠʮʘ ʢʨʦʟ ʟʘʢʨʠʚˀʝʥʝ ʥʘʥʦʮʝʚʠ, ʤʝʹʫʪʠʤ ʫ ʦʚʠʤ ʘʥʘʣʠʟʘʤʘ ʩʝ ʥʝ ʫʟʠʤʘ ʫ 

ʦʙʟʠʨ ʜʠʥʘʤʠʯʢʘ ʧʦʣʘʨʠʟʘʮʠʿʘ ʠ ʥʝ ʫʨʘʯʫʥʘʚʘʿʫ ʝʬʝʢʪʠ ʢʦʿʝ ʠʟʘʟʠʚʘ ʧʦʪʝʥʮʠʿʘʣ ʣʠʢʘ ʥʘ 

ʢʨʝʪʘˁʝ ʢʘʥʘʣʠʩʘʥʠʭ ʯʝʩʪʠʮʘ. ʋ ʦʚʦʤ ʨʘʜʫ ʩʝ ʚʨʰʠ ʫʧʨʘʚʦ ʪʘʢʚʘ ʘʥʘʣʠʟʘ, ʛʜʝ ʩʝ ʦʩʠʤ 

ʠʥʪʝʨʘʢʮʠʿʝ ʢʘʥʘʣʠʩʘʥʠʭ ʯʝʩʪʠʮʘ ʩʘ ʿʝʟʛʨʠʤʘ ʘʪʦʤʘ ʫʛˀʝʥʠʢʘ ʫʨʘʯʫʥʘʚʘ ʠ ʠʥʪʝʨʘʢʮʠʿʘ ʩʘ 

ʝʣʝʢʪʨʦʥʠʤʘ ʥʘ ʦʤʦʪʘʯʫ ʥʘʥʦʮʝʚʠ. ʇʦʪʝʥʮʠʿʘʣ ʣʠʢʘ ʫ ʧʨʦʩʪʦʨʫ ʥʘʥʦʮʝʚʠ ʩʝ ʨʘʯʫʥʘ ʥʘ 

ʦʩʥʦʚʫ ʧʨʦʰʠʨʝʥʦʛ ʜʚʦʬʣʫʠʜʥʦʛ ʭʠʜʨʦʜʠʥʘʤʠʯʢʦʛ ʤʦʜʝʣʘ, ʛʜʝ ʩʝ ů ʠ ˊ ʝʣʝʢʪʨʦʥʠ 

ʪʨʝʪʠʨʘʿʫ ʢʘʦ ʧʦʩʝʙʥʠ ʬʣʫʠʜʠ ʩʘ ʦʜʛʦʚʘʨʘʿʫ˂ʠʤ ʧʦʚʨʘʪʥʠʤ ʬʨʝʢʚʝʥʮʘʤʘ ʠ ʬʘʢʪʦʨʠʤʘ 

ʧʨʠʛʫʰʝˁʘ. ʂʘʥʘʣʠʩʘˁʝ ʧʨʦʪʦʥʘ ʩʝ ʘʥʘʣʠʟʠʨʘ ʧʨʦʛʨʘʤʩʢʠʤ ʩʠʤʫʣʘʮʠʿʘʤʘ ʫ ʦʢʚʠʨʫ 

ʄʦʥʪʝ ʂʘʨʣʦ ʤʝʪʦʜʝ ʛʜʝ ʩʝ ʢʨʝʪʘˁʝ ʯʝʩʪʠʮʘ ʫ ʦʢʚʠʨʫ ʧʨʦʪʦʥʩʢʠʭ ʩʥʦʧʦʚʘ ʘʥʘʣʠʟʠʨʘ 

ʤʘʪʝʤʘʪʠʯʢʠʤ ʘʧʘʨʘʪʦʤ ʢʣʘʩʠʯʥʝ ʤʝʭʘʥʠʢʝ. ʋʩʚʦʿʝʥʘ ʿʝ ʙʨʟʠʥʘ ʢʨʝʪʘˁʘ ʯʝʩʪʠʮʘ ʦʜ v=3 

a.u. ʜʦʢ ʩʝ ʧʨʦʮʝʩ ʢʘʥʘʣʠʩʘˁʘ ʩʧʨʦʚʦʜʠ ʢʨʦʟ ʯʝʪʠʨʠ ʪʠʧʘ ʟʘʢʨʠʚˀʝʥʠʭ ʥʘʥʦʮʝʚʠ SWNT 

(6, 4), SWNT(8, 6), SWNT(11, 9) ʠ SWNT(15, 10). ʀʩʧʠʪʫʿʝ ʩʝ ʫʪʠʮʘʿ ʜʠʥʘʤʠʯʢʝ 

ʧʦʣʘʨʠʟʘʮʠʿʝ ʥʘ ʢʘʥʘʣʠʩʘˁʝ ʥʘʝʣʝʢʪʨʠʩʘʥʠʭ ʯʝʩʪʠʮʘ ʘʥʘʣʠʟʦʤ ʧʨʦʩʪʦʨʥʝ ʠ ʫʛʘʦʥʝ 

ʨʘʩʧʦʜʝʣʝ ʯʝʩʪʠʮʘ ʥʘ ʠʟʣʘʟʫ ʥʘʥʦʮʝʚʠ. 



ɻʣʘʚʘ 1. ʋʚʦʜ 

3 

 

 ɿʘ ʩʚʝ ʧʦʤʝʥʫʪʝ ʭʠʜʨʦʜʠʥʘʤʠʯʢʝ ʤʦʜʝʣʝ ʢʦʿʠʤʘ ʩʝ ʤʦʜʝʣʫʿʝ ʜʠʥʘʤʠʯʢʘ 

ʧʦʣʘʨʠʟʘʮʠʿʘ ʫ ʨʘʜʫ ʩʝ ʩʧʨʦʚʦʜʠ ʘʥʘʣʠʪʠʯʢʦ ʠʟʚʦʹʝˁʝ, ʘ ʢʘʩʥʠʿʝ ʠ ʥʫʤʝʨʠʯʢʦ 

ʠʟʨʘʯʫʥʘʚʘˁʝ ʬʠʟʠʯʢʠʭ ʚʝʣʠʯʠʥʘ ʢʦʿʝ ʩʫ ʦʜ ʟʥʘʯʘʿʘ ʟʘ ʢʘʥʘʣʠʩʘˁʝ ʯʝʩʪʠʮʘ. 
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ɻʣʘʚʘ 2 
 

ʅʘʥʦʮʝʚʠ ʠ ˁʠʭʦʚʝ ʦʩʦʙʠʥʝ 
 

 ʋ ʦʚʦʿ ʛʣʘʚʠ ʩʝ ʠʟʥʦʩʝ ʝʣʝʤʝʥʪʘʨʥʝ ʠʥʬʦʨʤʘʮʠʿʝ ʫ ʚʝʟʠ ʫʛˀʝʥʠʯʥʠʭ ʥʘʥʦʮʝʚʠ. 

ʆʧʠʩʫʿʝ ʩʝ ʩʪʨʫʢʪʫʨʘ ʥʘʥʦʮʝʚʠ ʩʘ ʛʝʦʤʝʪʨʠʿʩʢʦʛ ʘʩʧʝʢʪʘ ʠ ʨʘʟʤʘʪʨʘʿʫ ʭʝʤʠʿʩʢʠ ʘʩʧʝʢʪʠ 

ʢʦʿʠ ʦʜʨʝʹʫʿʫ ʬʦʨʤʠʨʘˁʝ ʫʛˀʝʥʠʯʥʠʭ ʚʝʟʘ. ʈʘʟʤʘʪʨʘʿʫ ʩʝ ʪʠʧʦʚʠ ʥʘʥʦʮʝʚʠ ʢʘʦ ʠ ʦʩʥʦʚʥʝ 

ʬʠʟʠʯʢʝ ʠ ʝʣʝʢʪʨʠʯʥʝ ʦʩʦʙʠʥʝ ʥʘʚʝʜʝʥʠʭ ʪʠʧʦʚʘ, ʢʘʦ ʠ ʫʩʣʦʚʠ ʧʦʜ ʢʦʿʠʤʘ ʩʝ ʦʚʝ ʦʩʦʙʠʥʝ 

ʤʘʥʠʬʝʩʪʫʿʫ. ʅʘ ʢʨʘʿʫ ʩʝ ʘʥʘʣʠʟʠʨʘʿʫ ʤʝʪʦʜʠ ʜʦʙʠʿʘˁʘ ʥʘʥʦʮʝʚʠ ʫ ʧʨʘʢʩʠ.  

 

2.1 ʆʧʰʪʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ  
 

 ʇʦʯʝʪʘʢ ʠʟʫʯʘʚʘˁʘ ʫʛˀʝʥʠʯʥʠʭ ʥʘʥʦʮʝʚʠ ʚʝʟʫʿʝ ʩʝ ʟʘ 1991. ʛʦʜʠʥʫ. ʆʪʢʨʠʦ ʠʭ ʿʝ 

ʿʘʧʘʥʩʢʠ ʥʘʫʯʥʠʢ ʉʫʤʠʦ ʀ˅ʠʤʘ  (Sumio Iijima) [1]. ʋʛˀʝʥʠʯʥʝ ʥʘʥʦʮʝʚʠ ʩʫ ʮʠʣʠʥʜʨʠʯʥʝ 

ʩʪʨʫʢʪʫʨʝ ʩʘʩʪʘʚˀʝʥʝ ʩʘʤʦ ʦʜ ʫʛˀʝʥʠʢʦʚʠʭ ʘʪʦʤʘ ʢʦʿʠ ʩʫ ʥʘ ʦʜʛʦʚʘʨʘʿʫ˂ʠ ʥʘʯʠʥ ʫʚʝʟʘʥʠ ʫ 

ʢʘʨʘʢʪʝʨʠʩʪʠʯʥʫ ʩʪʨʫʢʪʫʨʫ. ʇʨʝʯʥʠʢ ʮʠʣʠʥʜʘʨʘ ʥʘʥʦʮʝʚʠ ʿʝ ʨʝʜʘ ʚʝʣʠʯʠʥʝ ʥʘʥʦʤʝʪʨʘ 

(ʦʜʘʢʣʝ ʠ ʧʦʪʠʯʝ ʥʘʟʠʚ), ʜʦʢ ʜʫʞʠʥʘ ʤʦʞʝ ʙʠʪʠ ʨʘʟʣʠʯʠʪʘ, oʜ ʜʝʩʝʪʦʛ ʜʝʣʘ ʤʠʢʨʦʤʝʪʨʘ  ʜʦ 

ʥʝʢʦʣʠʢʦ ʩʪʦʪʠʥʘ ʤʠʢʨʦʤʝʪʘʨʘ. 

 ɿʘ ʨʘʟʫʤʝʚʘˁʝ ʛʝʦʤʝʪʨʠʿʩʢʝ ʩʪʨʫʢʪʫʨʝ ʥʘʥʦʮʝʚʠ ʤʦʞʝ ʩʝ ʧʦ˂ʠ ʦʜ ʩʪʨʫʢʪʫʨʝ 

ʛʨʘʬʝʥʘ. ɻʨʘʬʝʥ ʿʝ ʧʣʘʥʘʨʥʘ ʩʪʨʫʢʪʫʨʘ ʩʘʩʪʘʚˀʝʥʘ ʦʜ ʫʛˀʝʥʠʢʦʚʠʭ ʘʪʦʤʘ ʧʦʚʝʟʘʥʠʭ ʥʘ 

ʦʜʛʦʚʘʨʘʿʫ˂ʠ ʥʘʯʠʥ ʫ ʦʢʚʠʨʫ ʨʘʚʥʠ. ʇʨʠʢʘʟ ʛʨʘʬʝʥʘ ʿʝ ʜʘʪ ʥʘ ʩʣʠʮʠ 2.1. ʋ ʦʩʥʦʚʠ 

ʛʨʘʬʝʥʩʢʝ ʨʘʚʥʠ ʩʝ ʥʘʣʘʟʠ  ʧʨʘʚʠʣʥʘ ʭʝʢʩʘʛʦʥʘʣʥʘ ʩʪʨʫʢʪʫʨʘ ʩʘʩʪʘʚˀʝʥʘ ʦʜ ʫʛˀʝʥʠʢʦʚʠʭ 

ʘʪʦʤʘ ʫ ʪʝʤʝʥʠʤʘ. ɼʠʤʝʥʟʠʿʝ ʭʝʢʩʘʛʦʥʘ, ʦʜʥʦʩʥʦ ʜʫʞʠʥʘ ʩʪʨʘʥʠʮʝ, ʩʫ ʦʜʨʝʹʝʥʝ ʜʫʞʠʥʦʤ 

ʚʝʟʝ ʠʟʤʝʹʫ ʫʛˀʝʥʠʢʦʚʠʭ ʘʪʦʤʘ. ɼʝʙˀʠʥʘ ʛʨʘʬʝʥʘ ʠʟʥʦʩʠ ʪʘʯʥʦ ʿʝʜʘʥ ʫʛˀʝʥʠʢʦʚ ʘʪʦʤ. 

 ʋʤʦʪʘʚʘˁʝʤ ʛʨʘʬʝʥʩʢʝ ʨʘʚʥʠ ʜʫʞ ʦʜʛʦʚʘʨʘʿʫ˂ʝʛ ʧʨʘʚʮʘ ʫ ʧʨʘʚʠʣʥʫ ʮʠʣʠʥʜʨʠʯʥʫ 

ʩʪʨʫʢʪʫʨʫ (ʧʦʧʨʝʯʥʠ ʧʨʝʩʝʢ ʮʠʣʠʥʜʨʘ ʿʝ ʢʨʫʛ) ʜʦʙʠʿʘ ʩʝ ʥʘʥʦʮʝʚ. ʆʚʘʢʚʝ ʥʘʥʦʮʝʚʠ, 

ʜʦʙʠʿʝʥʝ ʦʜ ʿʝʜʥʦʩʣʦʿʥʠʭ ʛʨʘʬʝʥʩʢʠʭ ʨʘʚʥʠ ʥʘʟʠʚʘʿʫ ʩʝ ʿʝʜʥʦʩʣʦʿʥʝ ʫʛˀʝʥʠʯʥʝ ʥʘʥʦʮʝʚʠ, 

ʩʢʨʘ˂ʝʥʦ ɱʉʅʎ ʠʣʠ SWCNT (engl. single wall carbon nanotube), ʦʜʥʦʩʥʦ ʢʘʢʦ ʩʝ ʦʚʜʝ 
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ʧʦʜʨʘʟʫʤʝʚʘ ʜʘ ʩʝ ʨʘʜʠ ʦ ʫʛˀʝʥʠʯʥʠʤ ʥʘʥʦʮʝʚʠʤʘ ʢʦʨʠʩʪʠ˂ʝ ʩʝ ʠ ʩʢʨʘ˂ʝʥʠʮʘ SWNT (engl. 

single wall nanotube).    

 

ʉʣʠʢʘ 2.1. ɻʨʘʬʝʥʩʢʘ ʨʘʚʘʥ, ʩʘʩʪʘʚˀʝʥʘ ʠʟ ʧʨʘʚʠʣʥʠʭ ʭʝʢʩʘʛʦʥʘ ʫ ʯʠʿʠʤ ʪʝʤʝʥʠʤʘ ʩʝ 

ʥʘʣʘʟʝ ʫʛˀʝʥʠʢʦʚʠ ʘʪʦʤʠ. 

 

ʉʣʠʢʘ 2.2. ɱʝʜʥʦʩʣʦʿʥʘ ʫʛˀʝʥʠʯʥʘ ʥʘʥʦʮʝʚ ʜʦʙʠʿʝʥʘ Ăʫʤʦʪʘʚʘˁʝʤñ ʛʨʘʬʝʥʩʢʝ ʨʘʚʥʠ. 
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 ʊʝʨʤʠʥ Ăʫʤʦʪʘʚʘˁʝñ ʦʚʜʝ ʪʨʝʙʘ ʩʭʚʘʪʠʪʠ ʬʠʛʫʨʘʪʠʚʥʦ ʿʝʨ ʩʝ ʦʜʥʦʩʠ ʩʘʤʦ ʥʘ 

ʠʣʫʩʪʨʘʮʠʿʫ ʛʝʦʤʝʪʨʠʿʝ ʥʘʥʦʮʝʚʠ ʘ ʥʝ ʠ ʥʘ ʥʘʯʠʥ ˁʠʭʦʚʦʛ ʜʦʙʠʿʘˁʘ, ʢʦʿʠ ʫ ʦʩʥʦʚʠ ʥʝʤʘ 

ʚʝʟʝ ʩʘ ʩʪʨʫʢʪʫʨʦʤ ʛʨʘʬʝʥʘ. ʇʨʠʢʘʟ ʿʝʜʥʦʩʣʦʿʥʝ ʫʛˀʝʥʠʯʥʝ ʥʘʥʦʮʝʚʠ ʿʝ ʜʘʪ ʥʘ ʩʣʠʮʠ 2.2. 

 ʇʦʨʝʜ ʿʝʜʥʦʩʣʦʿʥʠʭ ʥʘʥʦʮʝʚʠ ʧʦʩʪʦʿʝ ʠ ʚʠʰʝʩʣʦʿʥʝ ʥʘʥʦʮʝʚʠ ʢʦʿʝ ʩʝ ʤʦʛʫ 

ʧʦʩʤʘʪʨʘʪʠ ʢʘʦ ʮʠʣʠʥʜʨʠʯʥʝ ʩʪʨʫʢʪʫʨʝ ʯʠʿʝ ʧʦʧʨʝʯʥʝ ʧʨʝʩʝʢʝ ʯʠʥʝ ʢʦʥʮʝʥʪʨʠʯʥʠ 

ʢʨʫʛʦʚʠ. ʋ ʛʝʦʤʝʪʨʠʿʩʢʦʤ ʩʤʠʩʣʫ ʦʚʘʢʚʝ ʩʪʨʫʢʪʫʨʝ ʩʝ ʤʦʛʫ ʜʦʙʠʪʠ ʫʤʦʪʘʚʘˁʝʤ 

ʤʫʣʪʠʧʣʘʥʘʨʥʠʭ ʛʨʘʬʝʥʩʢʠʭ ʨʘʚʥʠ (ʩʣʠʢʘ 2.3). 

 

ʉʣʠʢʘ 2.3. ʄʫʣʪʠʧʣʘʥʘʨʥʘ ʛʨʘʬʝʥʩʢʘ ʩʪʨʫʢʪʫʨʘ. 

 

ʉʣʠʢʘ 2.4. ɺʠʰʝʩʣʦʿʥʘ ʫʛˀʝʥʠʯʥʘ ʥʘʥʦʮʝʚ (MWCNT). 
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 ɱʝʜʘʥ ʧʨʠʤʝʨ ʚʠʰʝʩʣʦʿʥʠʭ ʮʠʣʠʥʜʨʠʯʥʠʭ ʫʛˀʝʥʠʯʥʠʭ ʥʘʥʦʮʝʚʠ ʿʝ ʧʨʠʢʘʟʘʥ ʥʘ 

ʩʣʠʮʠ 2.4. ʋ ʧʠʪʘˁʫ ʿʝ ʪʨʦʩʣʦʿʥʘ ʮʠʣʠʥʜʨʠʯʥʘ ʥʘʥʦʮʝʚ, ʩʢʨʘ˂ʝʥʦ MWCNT (engl. multi 

wall carbon nanotube) ʠʣʠ MWNT (engl. multi wall nanotube). ʋ ʦʚʦʤ ʨʘʜʫ ʩʝ ʘʥʘʣʠʟʠʨʘʿʫ 

ʠʩʢˀʫʯʠʚʦ ʿʝʜʥʦʩʣʦʿʥʝ ʥʘʥʦʮʝʚʠ. 

 

2.2 ɻʝʦʤʝʪʨʠʿʘ ʥʘʥʦʮʝʚʠ 
 

 ʇʨʘʚʘʮ ʫʤʦʪʘʚʘˁʘ ʛʨʘʬʝʥʩʢʝ ʨʘʚʥʠ ʦʜʨʝʹʫʿʝ ʛʝʦʤʝʪʨʠʿʫ ʥʘʥʦʮʝʚʠ, ʦʜʥʦʩʥʦ 

ʦʨʠʿʝʥʪʘʮʠʿʫ ʭʝʢʩʘʛʦʥʘʣʥʠʭ ʿʝʜʠʥʠʮʘ ʰʪʦ ʫ ʥʘʿʚʝ˂ʦʿ ʤʝʨʠ ʜʘˀʝ ʫʪʠʯʝ ʥʘ ʬʠʟʠʯʢʝ ʦʩʦʙʠʥʝ 

ʥʘʥʦʮʝʚʠ.  

ʅʘ ʩʣʠʮʠ 2.5 ʩʫ ʧʨʠʢʘʟʘʥʠ ʝʣʝʤʝʥʪʠ ʢʦʿʠ ʦʜʨʝʹʫʿʫ ʛʝʦʤʝʪʨʠʿʩʢʫ ʩʪʨʫʢʪʫʨʫ 

ʥʘʥʦʮʝʚʠ. ɺʝʢʪʦʨʠ ὥ1ᴆ ʠ ὥ2ᴆ  ʧʨʠʤʠʪʠʚʥʝ ˂ʝʣʠʿʝ ʜʝʬʠʥʠʰʫ ʙʘʟʫ ʛʜʝ ʩʝ ʣʠʥʝʘʨʥʦʤ 

ʢʦʤʙʠʥʘʮʠʿʦʤ ʦʚʘ ʜʚʘ ʚʝʢʪʦʨʘ ʜʦʙʠʿʘ ʭʠʨʘʣʥʠ (engl: chiral) ʚʝʢʪʦʨ ὅὬᴆ ʫ ʯʠʿʝʤ ʧʨʘʚʮʫ ʩʝ 

ʚʨʰʠ Ăʫʤʦʪʘʚʘˁʝñ ʥʘʥʦʮʝʚʠ. ʍʠʨʘʣʥʠ ʚʝʢʪʦʨ ʿʝ ʜʝʬʠʥʠʩʘʥ ʢʘʦ ὅὬᴆ= ὲὥ1ᴆ+ άὥ2ᴆ. 

 

ʉʣʠʢʘ 2.5. ɼʝʬʠʥʠʩʘˁʝ ʭʠʨʘʣʥʦʛ ʚʝʢʪʦʨʘ ʧʦʤʦ˂ʫ ʚʝʢʪʦʨʘ ʙʘʟʠʩʘ ʧʨʠʤʠʪʠʚʥʝ ˂ʝʣʠʿʝ  

ʭʝʢʩʘʛʦʥʘʣʥʝ ʨʝʰʝʪʢʝ [3]. 
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 ʇʘʨ ʮʝʣʠʭ ʙʨʦʿʝʚʘ (ὲ,ά)  ʢʘʨʘʢʪʝʨʠʰʝ ʥʘʥʦʮʝʚ. ʉʚʠ ʪʠʧʦʚʠ ʥʘʥʦʮʝʚʠ ʘʥʘʣʠʟʠʨʘʥʠ 

ʫ ʥʘʩʪʘʚʢʫ ʙʠ˂ʝ ʦʟʥʘʯʝʥʠ ʠʩʢˀʫʯʠʚʦ ʧʨʝʢʦ ʦʚʘ ʜʚʘ ʙʨʦʿʘ (ʨʝʮʠʤʦ ʥʘʥʦʮʝʚ ʪʠʧʘ SWNT (6, 

4), ʢʦʜ ʢʦʿʝ ʿʝ ὅὬᴆ= 6ὥ1ᴆ+ 4ὥ2ᴆ). ʀʥʪʝʥʟʠʪʝʪ ʭʠʨʘʣʥʦʛ ʚʝʢʪʦʨʘ ʦʜʨʝʹʫʿʝ ʦʙʠʤ ʥʘʥʦʮʝʚʠ ʠ 

ʜʘʪ ʿʝ ʢʘʦ ὅὬᴆ= ὥЍὲ2 + ά2 + άὲ, ʛʜʝ ʿʝ ὥ ʜʫʞʠʥʘ ʩʪʨʘʥʠʮʝ ʝʣʝʤʝʥʪʘʨʥʝ ʭʝʢʩʘʛʦʥʘʣʥʝ 

˂ʝʣʠʿʝ ʠ ʧʨʝʜʩʪʘʚˀʘ ʫ ʩʫʰʪʠʥʠ ʜʫʞʠʥʫ C-C ʚʝʟʝ. 

 ɿʘ ʙʨʦʿʝʚʝ ὲ,ά ʚʘʞʠ ʩʣʝʜʝ˂ʘ ʟʘʚʠʩʥʦʩʪ, 0 ȿάȿ ὲ. ʋ ʦʜʥʦʩʫ ʥʘ ʚʨʝʜʥʦʩʪʠ ʦʚʘ 

ʜʚʘ ʙʨʦʿʘ ʥʘʥʦʮʝʚʠ ʤʦʛʫ ʙʠʪʠ ʭʠʨʘʣʥʝ ʠ ʘʭʠʨʘʣʥʝ. ʂʦʜ ʭʠʨʘʣʥʠʭ ʥʘʥʦʮʝʚʠ ʘʪʦʤʩʢʠ 

ʥʠʟʦʚʠ ʦʜ ʢʦʿʠʭ ʿʝ ʩʘʩʪʘʚˀʝʥʘ ʥʘʥʦʮʝʚ ʩʫ ʩʧʠʨʘʣʝ ʦʢʦ ʦʩʝ ʥʘʥʦʮʝʚʠ, ʢʦʜ ʘʭʠʨʘʣʥʠʭ 

ʥʘʥʦʮʝʚʠ ʘʪʦʤʩʢʠ ʥʠʟʦʚʠ ʩʫ ʧʘʨʘʣʝʣʥʠ ʤʝʹʫʩʦʙʥʦ ʫ ʦʜʥʦʩʫ ʥʘ ʦʩʫ ʥʘʥʦʮʝʚʠ. ʈʝʮʠʤʦ 

ʥʘʥʦʮʝʚʠ (ὲ,ὲ) ʠ (ὲ,0)  ʩʫ ʘʭʠʨʘʣʥʝ. ʇʨʠʤʝʨʠ ʘʭʠʨʘʣʥʠʭ ʠ ʭʠʨʘʣʥʠʭ ʥʘʥʦʮʝʚʠ ʩʫ 

ʧʨʠʢʘʟʘʥʠ ʥʘ ʩʣʠʮʠ 2.6. ʇʨʚʝ ʜʚʝ ʥʘʥʦʮʝʚʠ ʩʫ ʘʭʠʨʘʣʥʝ ʪʠʧʘ (10,10)  (ʪʟʚ. ʬʦʪʝˀʘʩʪ, engl.  

armchair) ʠ (15,0)  (ʪʟʚ. ʮʠʢ-ʮʘʢ, engl. zigzag), ʜʦʢ ʿʝ ʧʦʩʣʝʜˁʘ ʭʠʨʘʣʥʘ ʪʠʧʘ (14,6) . 

 

 

ʉʣʠʢʘ 2.6. ʇʨʠʤʝʨʠ ʘʭʠʨʘʣʥʠʭ ʠ ʭʠʨʘʣʥʠʭ ʥʘʥʦʮʝʚʠ. ʅʘʥʦʮʝʚʠ (10,10) ʠ (15,0)  ʩʫ 

ʭʠʨʘʣʥʝ, ʥʘʥʦʮʝʚ 14,6  ʿʝ ʘʭʠʨʘʣʥʘ. 

 ʅʘʥʦʮʝʚʠ ʤʦʛʫ ʙʠʪʠ ʛʨʫʧʠʩʘʥʝ ʫ ʩʥʦʧʦʚʝ (ʚʠʰʝ ʧʘʨʘʣʝʣʥʠʭ ʥʘʥʦʮʝʚʠ) ʢʦʿʝ ʩʝ 

ʤʝʹʫʩʦʙʥʦ ʜʨʞʝ ɺʘʥ ɼʝʨ ɺʘʣʩʦʚʠʤ ʩʠʣʘʤʘ. ʇʨʠʢʘʟ ʿʝʜʥʦʛ ʪʘʢʚʦʛ ʩʥʦʧʘ (10,10)  ʮʝʚʠ ʿʝ 

ʧʨʠʢʘʟʘʥ ʥʘ ʩʣʠʮʠ 2.7. ʋ ʧʨʘʢʩʠ ʧʘʨʘʣʝʣʥʦʩʪ ʠʟʤʝʹʫ ʧʦʿʝʜʠʥʘʯʥʠʭ ʥʘʥʦʮʝʚʠ ʫ ʩʥʦʧʫ ʥʠʿʝ 

ʠʜʝʘʣʥʘ, ʚʝ˂ ʧʦʩʪʦʿʝ ʥʝʟʥʘʪʥʘ ʦʜʩʪʫʧʘˁʘ. ʋ ʦʚʦʤ ʨʘʜʫ ʩʝ ʘʥʘʣʠʟʠʨʘʿʫ ʠʩʢˀʫʯʠʚʦ 

ʧʦʿʝʜʠʥʘʯʥʝ ʥʘʥʦʮʝʚʠ. 
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ʉʣʠʢʘ 2.7. ʉʥʦʧ (10,10)  ʥʘʥʦʮʝʚʠ [2]. 

 

ʉʣʠʢʘ 2.8. ʅʝʢʠ ʦʜ ʤʦʛʫ˂ʠʭ ʪʠʧʦʚʘ ʜʝʬʦʨʤʠʪʝʪʘ ʥʘʥʦʮʝʚʠ ʟʘ ʪʠʧ ʘʭʠʨʘʣʥʝ (28,0)  

ʥʘʥʦʮʝʚʠ. 
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 ʅʘʥʦʮʝʚʠ ʢʦʿʝ ʩʝ ʜʦʙʠʿʘʿʫ ʫ ʧʨʘʢʩʠ ʤʦʛʫ ʫ ʠʟʚʝʩʥʦʿ ʤʝʨʠ ʦʜʩʪʫʧʘʪʠ ʦʜ ʧʨʘʚʠʣʥʦʛ 

ʦʙʣʠʢʘ (ʧʨʘʚʠʣʘʥ ʮʠʣʠʥʜʘʨ). ʅʘ ʩʣʠʮʠ 2.8 ʩʫ ʧʨʠʢʘʟʘʥʠ ʥʝʢʠ ʦʜ ʤʦʛʫ˂ʠʭ ʜʝʬʦʨʤʠʪʝʪʘ 

ʥʘʥʦʮʝʚʠ. ʋ ʦʚʦʤ ʨʘʜʫ ʩʝ ʘʥʘʣʠʟʠʨʘʿʫ ʧʨʘʚʝ ʠ ʙʣʘʛʦ ʟʘʢʨʠʚˀʝʥʝ ʥʘʥʦʮʝʚʠ, ʧʨʠ ʯʝʤʫ ʩʝ 

ʘʥʘʣʠʟʠʨʘ ʩʘʤʦ ʿʝʜʘʥ ʪʠʧ ʟʘʢʨʠʚˀʝˁʘ, ʪʠʧ Ăgñ ʥʘ ʩʣʠʮʠ 2.8. ʎʝʥʪʘʨ ʢʨʠʚʠʥʝ ʦʚʦʛ ʪʠʧʘ 

ʥʘʥʦʮʝʚʠ ʩʝ ʥʘʣʘʟʠ ʜʘʣʝʢʦ ʚʘʥ ʥʘʥʦʮʝʚʠ, ʧʨʠ ʯʝʤʫ ʩʫ ʫʛʣʦʚʠ ʟʘʢʨʠʚˀʝˁʘ ʨʝʜʘ mrad. ʅʘ 

ʩʣʠʮʠ 2.9 ʩʫ ʧʨʠʢʘʟʘʥʝ ʥʘʥʦʮʝʚʠ ʫ ʨʝʘʣʥʦʩʪʠ, ʩʥʠʤˀʝʥʝ ʝʣʝʢʪʨʦʥʩʢʠʤ ʤʠʢʨʦʩʢʦʧʦʤ, ʛʜʝ 

ʩʝ ʤʦʛʫ ʫʦʯʠʪʠ ʠʟʚʝʩʥʘ ʦʜʩʪʫʧʘˁʘ ʫ ʦʜʥʦʩʫ ʥʘ ʫʩʚʦʿʝʥʠ ʤʦʜʝʣ ʧʨʘʚʠʭ ʩʪʨʫʢʪʫʨʘ. 

 

 

ʉʣʠʢʘ 2.9. ʉʥʠʤʘʢ ʥʘʥʦʮʝʚʠ ʜʦʙʠʿʝʥ ʝʣʝʢʪʨʦʥʩʢʠʤ ʤʠʢʨʦʩʢʦʧʦʤ [3]. 

 

2.3 ʍʝʤʠʿʩʢʘ ʩʪʨʫʢʪʫʨʘ ʠ ʬʠʟʠʯʢʝ ʦʩʦʙʠʥʝ ʥʘʥʦʮʝʚʠ 
 

 ʅʘʥʦʮʝʚʠ ʢʦʿʝ ʩʝ ʘʥʘʣʠʟʠʨʘʿʫ ʫ ʦʚʦʤ ʨʘʜʫ ʩʝ ʩʘʩʪʦʿʝ ʠʩʢˀʫʯʠʚʦ ʦʜ ʫʛˀʝʥʠʢʦʚʠʭ 

ʘʪʦʤʘ ʫʚʝʟʘʥʠʭ ʧʦʤʦ˂ʫ ʦʜʛʦʚʘʨʘʿʫ˂ʠʭ ʭʝʤʠʿʩʢʠʭ ʚʝʟʘ. ʉʫʩʝʜʥʠ ʘʪʦʤʠ ʫʛˀʝʥʠʢʘ ʫ ʦʢʚʠʨʫ 

ʠʥʜʠʚʠʜʫʘʣʥʠʭ ʠ ʩʫʩʝʜʥʠʭ ʭʝʢʩʘʛʦʥʘʣʥʠʭ ʝʣʝʤʝʥʪʘʨʥʠʭ ˂ʝʣʠʿʘ ʩʝ ʤʝʹʫʩʦʙʥʦ ʧʦʚʝʟʫʿʫ 

ʿʘʢʠʤ ʢʦʚʘʣʝʥʪʥʠʤ ʚʝʟʘʤʘ (ʘʪʦʤʠ ʜʝʣʝ ʧʘʨʦʚʝ ʝʣʝʢʪʨʦʥʘ). ɸʪʦʤʠ ʫʛˀʝʥʠʢʘ ʠʤʘʿʫ ʯʝʪʠʨʠ 

ʚʘʣʝʥʪʥʘ ʝʣʝʢʪʨʦʥʘ (ʿʝʜʘʥ 2s ʝʣʝʢʪʨʦʥ ʧʨʝʣʘʟʠ ʫ ʧʦʙʫʹʝʥʦ p ʩʪʘˁʝ ʰʪʦ ʜʘʿʝ ʯʝʪʠʨʠ 

ʥʝʩʧʘʨʝʥʘ ʝʣʝʢʪʨʦʥʘ). ɱʝʜʘʥ 2s ʝʣʝʢʪʨʦʥ ʟʘʿʝʜʥʦ ʩʘ 2p ʝʣʝʢʪʨʦʥʠʤʘ (ʠʟ x ʠ y ʨʘʚʥʠ) ʛʨʘʜʠ 
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ʪʨʠ ʭʠʙʨʠʜʥʝ ίὴ2 oʨʙʠʪʘʣʝ ʫ ʨʘʚʥʠ ʧʦʜ ʤʝʹʫʩʦʙʥʠʤ ʫʛʣʦʚʠʤʘ ʦʜ 120°, ʯʝʪʚʨʪʠ ʚʘʣʝʥʪʥʠ 

ʝʣʝʢʪʨʦʥ ʦʩʪʘʿʝ ʫ ὴᾀ ʦʨʙʠʪʘʣʠ ʢʘʢʦ ʿʝ ʪʦ ʧʨʠʢʘʟʘʥʦ ʥʘ ʩʣʠʮʠ 2.10. ɽʣʝʢʪʨʦʥʠ ʫ ʦʢʚʠʨʫ 

ίὴ2 ʦʨʙʠʪʘʣʘ ʩʫʩʝʜʥʠʭ ʫʛˀʝʥʠʢʦʚʠʭ ʘʪʦʤʘ ʫ ʦʢʚʠʨʫ ʭʝʢʩʘʛʦʥʘʣʥʝ ʨʝʰʝʪʢʝ ʬʦʨʤʠʨʘʿʫ ʿʘʢʝ 

ʢʦʚʘʣʝʥʪʥʝ ů ʚʝʟʝ, ʜʦʢ ʝʣʝʢʪʨʦʥʠ ʥʦʨʤʘʣʥʠʭ ὴᾀ ʦʨʙʠʪʘʣʘ ʬʦʨʤʠʨʘʿʫ ʩʣʘʙʝ ˊ ʚʝʟʝ ʢʦʿʝ ʩʫ 

ʦʜʛʦʚʦʨʥʝ ʠ ʟʘ ʩʣʘʙʫ ɺʘʥ ɼʝʨ ɺʘʣʩʦʚʫ ʠʥʪʝʨʘʢʮʠʿʫ ʠʟʤʝʹʫ ʩʫʩʝʜʥʠʭ ʥʘʥʦʮʝʚʠ ʫ 

ʩʥʦʧʦʚʠʤʘ ʥʘʥʦʮʝʚʠ [2]. ʌʦʨʤʠʨʘˁʝ ʧʦʤʝʥʫʪʠʭ ʚʝʟʘ ʿʝ ʠʣʫʩʪʨʦʚʘʥʦ ʥʘ ʩʣʠʮʠ 2.11. 

 

 

ʉʣʠʢʘ 2.10. sp
2
 ʭʠʙʨʠʜʠʟʘʮʠʿʘ ʫ ʦʢʚʠʨʫ ʫʛˀʝʥʠʢʦʚʦʛ ʘʪʦʤʘ. 

 

 

ʉʣʠʢʘ 2.11. ʇʦʚʝʟʠʚʘˁʝ ʫʛˀʝʥʠʢʦʚʠʭ ʘʪʦʤʘ ʫ ʦʢʚʠʨʫ ʭʝʢʩʘʛʦʥʘʣʥʝ ˂ʝʣʠʿʝ ů ʠ ˊ ʚʝʟʘʤʘ. 
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 ʆʙʟʠʨʦʤ ʥʘ ʿʘʢʝ ů ʚʝʟʝ ʭʠʙʨʠʜʥʠʭ ίὴ2 ʦʨʙʠʪʘʣʘ, ʥʘʥʦʮʝʚʠ ʠʤʘʿʫ ʠʟʫʟʝʪʥʝ  

ʤʝʭʘʥʠʯʢʝ ʦʩʦʙʠʥʝ. ɳʠʭʦʚʘ ʯʚʨʩʪʦ˂ʘ ʿʝ ʦʢʦ ʩʪʦ ʧʫʪʘ ʚʝ˂ʘ ʥʝʛʦ ʢʦʜ ʯʝʣʠʢʘ, (ɱʫʥʛʦʚ ʤʦʜʫʣ 

ʝʣʘʩʪʠʯʥʦʩʪʠ ʿʝ ʨʝʜʘ 1 TPa [3]). ɼʠʿʘʤʘʥʪ ʠ ʛʨʘʬʠʪ ʢʘʦ ʤʘʪʝʨʠʿʘʣʠ ʙʘʟʠʨʘʥʠ ʥʘ ʫʛˀʝʥʠʢʫ 

ʠʤʘʿʫ ʥʘʿʚʝ˂ʫ ʪʝʨʤʘʣʥʫ ʧʨʦʚʦʜˀʠʚʦʩʪ, ʰʪʦ ʿʝ ʪʘʢʦʹʝ ʧʦʩʣʝʜʠʮʘ ʿʘʢʠʭ C-C ʚʝʟʘ ʢʘʦ ʠ ʤʘʣʝ 

ʤʘʩʝ ʫʛˀʝʥʠʢʦʚʠʭ ʘʪʦʤʘ. ʉ ʪʠʤ ʫ ʚʝʟʠ ʦʯʝʢʫʿʝ ʩʝ ʜʘ ʠ ʫʛˀʝʥʠʯʥʝ ʥʘʥʦʮʝʚʠ ʠʤʘʿʫ ʜʦʙʨʫ 

ʪʝʨʤʘʣʥʫ ʧʨʦʚʦʜˀʠʚʦʩʪ, ʤʘʜʘ ʿʝ ʦʥʘ ʜʦʩʪʘ ʧʦʚʝʟʘʥʘ ʩʘ ʢʦʥʢʨʝʪʥʦʤ ʩʪʨʫʢʪʫʨʦʤ ʥʘʥʦʮʝʚʠ 

(ʦʨʠʿʝʥʪʘʮʠʿʘ ʘʪʦʤʩʢʠʭ ʥʠʟʦʚʘ ʠ ʚʝʣʠʯʠʥʘ ʥʘʥʦʮʝʚʠ). ʋ ʝʢʩʧʝʨʠʤʝʥʪʠʤʘ ʩʘ ʩʥʦʧʦʤ 

MWNT ʜʠʿʘʤʝʪʨʘ 14 nm ʠ ʫʢʫʧʥʦʛ ʜʠʿʘʤʝʪʨʘ ʩʥʦʧʘ 80 ʠ 200 nm, ʪʝʨʤʘʣʥʘ ʧʨʦʚʦʜʥʦʩʪ 

ʠʟʦʣʦʚʘʥʦʛ ʩʥʦʧʘ ʿʝ ʠʟʥʦʩʠʣʘ ʧʨʝʢʦ 3000 W(mK)
-1

 ʥʘ ʩʦʙʥʦʿ ʪʝʤʧʝʨʘʪʫʨʠ [3].  

 ʋ ʧʦʛʣʝʜʫ ʝʣʝʢʪʨʦʧʨʦʚʦʜˀʠʚʦʩʪʠ ʥʘʥʦʮʝʚʠ ʩʝ ʤʦʛʫ ʧʦʥʘʰʘʪʠ ʠ ʢʘʦ ʧʨʦʚʦʜʥʠʮʠ ʠ 

ʢʘʦ ʧʦʣʫʧʨʦʚʦʜʥʠʮʠ [4]. ʀʩʧʦˀʘʚʘˁʝ ʦʜʨʝʹʝʥʝ ʢʦʥʜʫʢʮʠʦʥʝ ʦʩʦʙʠʥʝ ʟʘʚʠʩʠ ʦʜ 

ʛʝʦʤʝʪʨʠʿʝ ʥʘʥʦʮʝʚʠ ʠ ʦʜʨʝʹʝʥʦ ʿʝ ʙʨʦʿʝʚʠʤʘ ὲ,ά ʢʦʿʠ ʢʘʨʘʢʪʝʨʠʰʫ ʥʘʥʦʮʝʚ. ɸʢʦ ʿʝ 

ὲ ά ʜʝˀʠʚʦ ʩʘ 3, ʪʦ ʿʝʩʪ ʚʘʞʠ ὲ ά= 3ϽὯ (Ὧᶰὤ) ʪʘʜʘ ʩʝ ʥʘʥʦʮʝʚ ʧʦʥʘʰʘ ʢʘʦ ʤʝʪʘʣ, ʫ 

ʩʫʧʨʦʪʥʦʤ ʩʝ ʧʦʥʘʰʘ ʢʘʦ ʧʦʣʫʧʨʦʚʦʜʥʠʢ. ʅʘ ʩʣʠʮʠ 2.12 ʩʫ ʧʨʠʢʘʟʘʥʝ ʤʦʛʫ˂ʝ ʚʘʨʠʿʘʥʪʝ ʫ 

ʧʦʛʣʝʜʫ ʧʨʦʚʦʜˀʠʚʦʩʪʠ ʟʘ ʨʘʟʥʝ ʪʠʧʦʚʝ ʥʘʥʦʮʝʚʠ. ʊʘʤʥʠʿʦʤ ʥʠʿʘʥʩʦʤ ʩʫ ʦʟʥʘʯʝʥʠ 

ʩʣʫʯʘʿʝʚʠ ʧʨʦʚʦʜʥʠʭ ʥʘʥʦʮʝʚʠ, ʩʚʝʪʣʠʿʦʤ ʥʝʧʨʦʚʦʜʥʠʭ. 

 

 

ʉʣʠʢʘ 2.12. ɿʘʚʠʩʥʦʩʪ ʧʨʦʚʦʜˀʠʚʦʩʪʠ ʥʘʥʦʮʝʚʠ ʦʜ ʛʝʦʤʝʪʨʠʿʝ [4]. 
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2.4 ʄʝʪʦʜʝ ʜʦʙʠʿʘˁʘ ʫʛˀʝʥʠʯʥʠʭ ʥʘʥʦʮʝʚʠ 
 

 ʅʘʥʦʮʝʚʠ ʩʝ ʫ ʧʨʘʢʩʠ ʜʦʙʠʿʘʿʫ ʥʘ ʥʝʢʦʣʠʢʦ ʨʘʟʣʠʯʠʪʠʭ ʥʘʯʠʥʘ. ʅʘʿʟʘʩʪʫʧˀʝʥʠʿʝ ʩʫ 

ʤʝʪʦʜʝ ʧʦʤʦ˂ʫ ʝʣʝʢʪʨʠʯʥʦʛ ʣʫʢʘ, ʣʘʩʝʨʩʢʝ ʘʙʣʘʮʠʿʝ ʠ ʭʝʤʠʿʩʢʝ ʜʝʧʦʟʠʮʠʿʝ ʠʟ ʧʘʨʝ [5]. 

 ʋ ʦʢʚʠʨʫ ʤʝʪʦʜʝ ʫʟ ʧʦʤʦ˂ ʝʣʝʢʪʨʠʯʥʦʛ ʣʫʢʘ, ʧʨʝʚʦʹʝˁʝ ʫʛˀʝʥʠʢʘ ʠʟ ʯʚʨʩʪʦʛ ʩʪʘˁʘ 

ʛʨʘʬʠʪʘ ʫ ʛʘʩʦʚʠʪʦ ʩʝ ʧʦʩʪʠʞʝ ʝʣʝʢʪʨʠʯʥʠʤ ʧʨʘʞˁʝˁʝʤ. ʆʚʘ ʤʝʪʦʜʘ ʿʝ ʥʘʿʿʝʜʥʦʩʪʘʚʥʠʿʘ ʠ 

ʥʘʿʿʝʬʪʠʥʠʿʘ. ɽʣʝʢʪʨʠʯʥʦ ʧʨʘʞˁʝˁʝ ʠʟʤʝʹʫ ʜʚʝ ʫʛˀʝʥʠʯʥʝ ʝʣʝʢʪʨʦʜʝ ʫ ʦʢʨʫʞʝˁʫ 

ʠʥʝʨʪʥʦʛ ʛʘʩʘ (ʭʝʣʠʿʫʤʘ ʠʣʠ ʘʨʛʦʥʘ) ʩʝ ʠʟʘʟʠʚʘ ʝʣʝʢʪʨʠʯʥʠʤ (d.c.) ʣʫʢʦʤ. ɺʠʩʦʢʘ 

ʪʝʤʧʝʨʘʪʫʨʘ ʧʨʘʞˁʝˁʘ ʠʟʘʟʠʚʘ ʧʨʝʚʦʹʝˁʝ ʘʪʦʤʘ ʫʛˀʝʥʠʢʘ ʩʘ ʘʥʦʜʝ ʫ ʩʪʘˁʝ ʧʣʘʟʤʝ. 

ʋʛˀʝʥʠʯʥʘ ʧʘʨʘ ʩʝ ʟʘʪʠʤ ʢʦʥʜʝʥʟʫʿʝ ʠ ʜʝʧʦʥʫʿʝ ʥʘ ʢʘʪʦʜʠ ʫ ʬʦʨʤʠ ʥʘʥʦʮʝʚʠ ʠ 

ʥʘʥʦʯʝʩʪʠʮʘ. ʂʦʥʚʝʥʮʠʿʘʣʥʦ ʝʣʝʢʪʨʠʯʥʦ ʧʨʘʞˁʝˁʝ ʛʝʥʝʨʘʣʥʦ ʬʦʨʤʠʨʘ ʥʝʩʪʘʙʠʣʥʫ 

ʧʣʘʟʤʫ ʟʙʦʛ ʥʝʭʦʤʦʛʝʥʦʛ ʝʣʝʢʪʨʠʯʥʦʛ ʧʦˀʘ ʠ ʧʨʝʢʠʜʘ ʩʪʨʫʿʝ, ʧʘ ʩʝ ʢʦʨʠʩʪʠ ʪʝʭʥʠʢʘ 

ʨʦʪʠʨʘʿʫ˂ʝ ʛʨʘʬʠʪʥʝ ʘʥʦʜʝ ʢʘʢʦ ʿʝ ʧʨʠʢʘʟʘʥʦ ʥʘ ʩʣʠʮʠ 2.13 [5]. 

 

 

ʉʣʠʢʘ 2.13. ɼʦʙʠʿʘˁʝ ʥʘʥʦʮʝʚʠ ʤʝʪʦʜʦʤ ʝʣʝʢʪʨʦʣʫʯʥʦʛ ʧʨʘʞˁʝˁʘ ʫ ʘʪʤʦʩʬʝʨʠ ʠʥʝʨʪʥʦʛ 

ʛʘʩʘ [5]. 

 

 ʇʨʠʣʠʢʦʤ ʣʘʩʝʨʩʢʝ ʘʙʣʘʮʠʿʝ ʫʛˀʝʥʠʯʥʘ ʧʘʨʘ ʩʝ ʬʦʨʤʠʨʘ ʫʟ ʧʦʤʦ˂ ʣʘʩʝʨʘ ʚʠʩʦʢʝ 

ʝʥʝʨʛʠʿʝ. ʇʨʝʜʥʦʩʪ ʦʚʝ ʤʝʪʦʜʝ ʿʝ ʫ ʚʝ˂ʦʿ ʤʦʛʫ˂ʥʦʩʪʠ ʢʦʥʪʨʦʣʝ ʧʨʦʮʝʩʘ ʛʝʥʝʨʠʩʘˁʘ 

ʥʘʥʦʮʝʚʠ, ʿʝʜʥʦʩʪʘʚʥʦʩʪʠ ʠʟʚʦʹʝˁʘ ʧʨʦʮʝʩʘ ʢʘʦ ʠ ʚʝ˂ʝʤ ʢʚʘʣʠʪʝʪʫ ʧʨʦʜʫʢʘʪʘ. ʅʝʜʦʩʪʘʪʘʢ 

ʿʝ ʚʠʩʦʢʘ ʮʝʥʘ ʠ ʥʠʟʘʢ ʧʨʠʥʦʩ ʛʝʥʝʨʠʩʘʥʠʭ ʥʘʥʦʮʝʚʠ. ʋ ʦʢʚʠʨʫ ʦʚʦʛ ʧʨʦʮʝʩʘ ʛʨʘʬʠʪʥʘ 

ʤʝʪʘ ʩʝ ʣʦʮʠʨʘ ʫʥʫʪʘʨ ʢʚʘʨʮʥʝ ʮʝʚʠ ʢʦʿʘ ʩʝ ʥʘʣʘʟʠ ʫ ʧʝ˂ʠ ʥʘ ʪʝʤʧʝʨʘʪʫʨʠ 1200
°
C. 

ʆʢʨʫʞʝˁʝ ʿʝ ʢʘʦ ʫ ʧʨʝʪʭʦʜʥʦʤ ʩʣʫʯʘʿʫ ʥʝʢʠ ʠʥʝʨʪʥʠ ʛʘʩ. ɻʨʘʬʠʪʥʘ ʤʝʪʘ ʩʝ ʠʟʣʘʞʝ ʣʘʩʝʨʫ 

ʥʝʢʦ ʚʨʝʤʝ, ʰʪʦ ʜʦʚʦʜʠ ʜʦ ʬʦʨʤʠʨʘˁʘ ʫʛˀʝʥʠʯʥʝ ʧʘʨʝ ʚʠʩʦʢʝ ʪʝʤʧʝʨʘʪʫʨʝ ʢʦʿʘ ʩʝ ʟʘʪʠʤ 

ʧʦʤʦ˂ʫ ʪʦʢʘ ʛʘʩʘ ʫʩʤʝʨʘʚʘ ʥʘ ʢʦʥʫʩʥʠ ʙʘʢʘʨʥʠ ʢʦʣʝʢʪʦʨ ʣʦʮʠʨʘʥ ʥʘ ʢʨʘʿʫ ʧʝ˂ʠ. ʅʘ ʩʣʠʮʠ 

2.14 ʩʫ ʧʨʠʢʘʟʘʥʠ ʧʨʦʜʫʢʪʠ ʫ ʧʨʦʮʝʩʫ ʜʝʧʦʟʠʮʠʿʝ ʫʛˀʝʥʠʯʥʝ ʧʘʨʝ. 
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ʉʣʠʢʘ 2.14. ʅʘʥʦʮʝʚʠ ʜʦʙʠʿʝʥʝ ʣʘʩʝʨʩʢʦʤ ʘʙʣʘʮʠʿʦʤ, ʩʥʠʤˀʝʥʝ ʪʨʘʥʩʤʠʩʠʦʥʠʤ 

ʝʣʝʢʪʨʦʥʩʢʠʤ ʤʠʢʨʦʩʢʦʧʦʤ [5]. 

 

 ʄʝʪʦʜʘ ʭʝʤʠʿʩʢʝ ʜʝʧʦʟʠʮʠʿʝ ʩʝ ʟʘʩʥʠʚʘ ʥʘ ʭʝʤʠʿʩʢʦʿ ʨʝʘʢʮʠʿʠ ʠʩʧʘʨˀʠʚʠʭ 

ʛʘʩʦʚʠʪʠʭ ʨʝʘʢʪʘʥʘʪʘ ʥʘ ʟʘʛʨʝʿʘʥʦʿ ʧʦʚʨʰʠʥʠ ʰʪʦ ʨʝʟʫʣʪʫʿʝ ʜʝʧʦʟʠʮʠʿʦʤ ʯʚʨʩʪʦʛ 

ʧʨʦʜʫʢʪʘ (ʥʘʥʦʮʝʚʠ) ʥʘ ʩʫʧʩʪʨʘʪʫ. ʇʦʩʪʦʿʠ ʥʝʢʦʣʠʢʦ ʚʨʩʪʘ ʭʝʤʠʿʩʢʝ ʜʝʧʦʟʠʮʠʿʝ ʫ 

ʟʘʚʠʩʥʦʩʪʠ ʦʜ ʥʘʯʠʥʘ ʥʘ ʢʦʿʠ ʩʝ ʚʨʰʠ ʩʪʠʤʫʣʘʮʠʿʘ ʭʝʤʠʿʩʢʠʭ ʨʝʘʢʮʠʿʘ ʥʘ ʩʫʧʩʪʨʘʪʫ. 

ʇʨʠʥʮʠʧ ʦʚʦʛ ʤʝʪʦʜʘ ʿʝ ʧʨʠʢʘʟʘʥ ʥʘ ʩʣʠʮʠ 2.15. ʅʘ ʤʝʩʪʠʤʘ ʢʘʪʘʣʠʟʘʪʦʨʘ ʥʘ ʩʫʧʩʪʨʘʪʫ 

ʜʦʣʘʟʠ ʜʦ ʬʦʨʤʠʨʘˁʘ ʥʘʥʦʮʝʚʠ. 

 

ʉʣʠʢʘ 2.15. ʄʝʪʦʜ ʭʝʤʠʿʩʢʝ ʜʝʧʦʟʠʮʠʿʝ ʫ ʧʨʦʮʝʩʫ ʜʦʙʠʿʘˁʘ ʥʘʥʦʮʝʚʠ [5].
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ʂʘʥʘʣʠʩʘˁʝ ʯʝʩʪʠʮʘ 
 

 ʋ ʦʚʦʿ ʛʣʘʚʠ ʩʫ ʠʟʣʦʞʝʥʝ ʝʣʝʤʝʥʪʘʨʥʝ ʩʪʘʚʢʝ ʚʝʟʘʥʝ ʟʘ ʢʨʝʪʘˁʝ ʥʘʝʣʝʢʪʨʠʩʘʥʠʭ 

ʯʝʩʪʠʮʘ ʫ ʦʙʣʘʩʪʠ ʢʨʠʩʪʘʣʘ. ʈʘʟʤʘʪʨʘʥʝ ʩʫ ʧʦʩʪʦʿʝ˂ʝ ʪʝʦʨʠʿʝ ʦ ʢʘʥʘʣʠʩʘˁʫ ʿʦʥʘ ʧʦʤʦ˂ʫ 

ʤʝʭʘʥʠʟʘʤʘ ʢʣʘʩʠʯʥʝ ʤʝʭʘʥʠʢʝ, ʦʙʟʠʨʦʤ ʜʘ ʿʝ ʙʨʟʠʥʘ ʿʦʥʘ ʢʦʿʠ ʩʝ ʫ ʦʚʦʤ ʨʘʜʫ ʘʥʘʣʠʟʠʨʘʿʫ 

ʫ ʧʨʦʮʝʩʫ ʢʘʥʘʣʠʩʘˁʘ ʜʦʚʦˀʥʦ ʚʝʣʠʢʘ ʜʘ ʢʚʘʥʪʥʠ ʝʬʝʢʪʠ ʥʝ ʜʦʣʘʟʝ ʜʦ ʠʟʨʘʞʘʿʘ. 

ʇʨʠʤʝˁʝʥʘ ʿʝ ʢʦʥʪʠʥʫʘʣʥʘ ʘʧʨʦʢʩʠʤʘʮʠʿʘ ʟʘ ʧʦʪʝʥʮʠʿʘʣ ʢʦʿʠ ʧʦʪʠʯʝ ʦʜ ʿʝʟʛʘʨʘ ʘʪʦʤʘ 

ʫʛˀʝʥʠʢʘ ʠ ʫʩʚʦʿʝʥ ɼʦʿʣ-ʊʘʨʥʝʨʦʚ ʧʦʪʝʥʮʠʿʘʣ ʟʘ ʥʫʤʝʨʠʯʢʦ ʠʟʨʘʯʫʥʘʚʘˁʝ ʫ ʜʘˀʦʿ 

ʤʘʪʝʤʘʪʠʯʢʦʿ ʘʥʘʣʠʟʠ ʢʘʥʘʣʠʩʘˁʘ ʿʦʥʘ ʫ ʫʛˀʝʥʠʯʥʠʤ ʥʘʥʦʮʝʚʠʤʘ. 

 

3.1 ʆʩʥʦʚʝ ʢʘʥʘʣʠʩʘˁʘ ʥʘʝʣʝʢʪʨʠʩʘʥʠʭ ʯʝʩʪʠʮʘ 
 

 ʂʘʥʘʣʠʩʘˁʝ ʯʝʩʪʠʮʘ ʧʨʝʜʩʪʘʚˀʘ ˁʠʭʦʚʦ ʢʨʝʪʘˁʝ ʫ ʧʨʦʩʪʦʨʫ ʢʨʠʩʪʘʣʘ. ʇʦʩʤʘʪʨʘʿʫ 

ʩʝ ʧʦʟʠʪʠʚʥʦ ʥʘʝʣʝʢʪʨʠʩʘʥʝ ʯʝʩʪʠʮʝ, ʦʜʥʦʩʥʦ ʿʦʥʠ. ʇʨʘʚʘʮ ʢʨʝʪʘˁʘ ʿʦʥʘ ʩʝ ʤʦʞʝ 

ʦʢʘʨʘʢʪʝʨʠʩʘʪʠ ʢʘʦ ʣʦʥʛʠʪʫʜʠʥʘʣʘʥ, ʜʦʢ ʿʝ ʧʨʘʚʘʮ ʥʦʨʤʘʣʘʥ ʢʨʝʪʘˁʫ ʿʦʥʘ ʪʨʘʥʩʚʝʨʟʘʣʘʥ.  

ʇʨʘʚʘʮ ʢʨʝʪʘˁʘ ʿʦʥʘ ʩʝ ʤʦʞʝ ʧʦʢʣʘʧʘʪʠ ʩʘ ʛʣʘʚʥʠʤ ʢʨʠʩʪʘʣʦʛʨʘʬʩʢʠʤ ʧʨʘʚʮʠʤʘ, ʫ ʪʦʤ 

ʩʣʫʯʘʿʫ ʿʝ ʢʦʨʠʩʥʦ ʧʨʠʤʝʪʠʪʠ ʜʘ ʧʦʩʪʦʿʝ ʥʠʟʦʚʠ ʘʪʦʤʘ ʢʦʿʠ ʠʤʘʿʫ ʠʩʪʝ ʧʦʟʠʮʠʿʝ ʫ 

ʪʨʘʥʩʚʝʨʟʘʣʥʦʿ ʨʘʚʥʠ. ʇʨʦʩʪʦʨ ʠʟʤʝʹʫ ʜʚʘ ʩʫʩʝʜʥʘ ʥʠʟʘ ʘʪʦʤʘ ʫ ʢʦʿʠʤʘ ʩʝ ʥʘʣʘʟʠ ʿʦʥ 

ʧʨʠʣʠʢʦʤ ʢʨʝʪʘˁʘ ʩʝ ʥʘʟʠʚʘ ʢʘʥʘʣʦʤ. ʂʘʥʘʣ ʢʦʿʠ ʩʝ ʤʦʞʝ ʜʝʬʠʥʠʩʘʪʠ ʫ ʨʘʚʥʠ ʢʦʿʫ ʯʠʥʝ 

ʜʚʘ ʧʘʨʘʣʝʣʥʘ ʘʪʦʤʩʢʘ ʥʠʟʘ ʩʝ ʥʘʟʠʚʘ ʘʢʩʠʿʘʣʥʠ ʢʘʥʘʣ, ʜʦʢ ʢʘʥʘʣ ʢʦʿʠ ʩʝ ʜʝʬʠʥʠʰʝ ʫ 

ʧʨʦʩʪʦʨʫ ʠʟʤʝʹʫ ʧʘʨʘʣʝʣʥʠʭ ʨʘʚʥʠ ʢʦʿʠʤʘ ʧʨʠʧʘʜʘʿʫ ʩʫʩʝʜʥʠ ʘʪʦʤʩʢʠ ʥʠʟʦʚʠ ʠʟʤʝʹʫ 

ʢʦʿʠʭ ʩʝ ʢʨʝ˂ʝ ʿʦʥ, ʩʝ ʥʘʟʠʚʘ ʧʣʘʥʘʨʥʠ ʢʘʥʘʣ. 

 ʇʨʠʣʠʢʦʤ ʫʩʤʝʨʘʚʘˁʘ ʿʦʥʘ ʥʘ ʦʙʣʘʩʪ ʢʨʠʩʪʘʣʘ, ʩʤʘʪʨʘ ʩʝ ʜʘ ʿʝ ʫʧʘʜʥʠ ʫʛʘʦ (ʫʛʘʦ 

ʚʝʢʪʦʨʘ ʙʨʟʠʥʝ ʿʦʥʘ ʠ ʛʣʘʚʥʝ ʦʩʝ ʢʨʠʩʪʘʣʘ) ʤʘʣʠ, ʪʝ ʜʘ ʩʝ ʿʦʥ ʧʨʘʢʪʠʯʥʦ ʢʨʝ˂ʝ ʫ 

ʘʢʩʠʿʘʣʥʦʤ ʢʘʥʘʣʫ. ʉʤʘʪʨʘ ʩʝ ʜʘ ʿʦʥʠ ʠʤʘʿʫ ʟʥʘʯʘʿʥʝ ʝʥʝʨʛʠʿʝ, ʠ ʜʘ ʧʨʠʣʠʢʦʤ ʢʨʝʪʘˁʘ ʢʨʦʟ 

ʦʙʣʘʩʪ ʢʨʠʩʪʘʣʘ ʜʦʣʘʟʠ ʜʦ ʠʥʪʝʨʘʢʮʠʿʝ ʩʘ ʘʪʦʤʠʤʘ ʨʝʰʝʪʢʝ, ʦʜʥʦʩʥʦ ʩʫʜʘʨʘ. ʇʨʠʣʠʢʦʤ 
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ʦʚʠʭ ʠʥʪʝʨʘʢʮʠʿʘ ʜʦʣʘʟʠ ʜʦ ʨʘʟʤʝʥʝ ʝʣʝʢʪʨʦʥʘ ʠʟʤʝʹʫ ʿʦʥʘ ʠ ʘʪʦʤʘ ʨʝʰʝʪʢʝ, ʦʜʥʦʩʥʦ 

ʝʢʩʮʠʪʘʮʠʿʝ ʠ ʿʦʥʘ ʠ ʘʪʦʤʘ. ʆʙʟʠʨʦʤ ʥʘ ʥʘʯʠʥ ʢʨʝʪʘˁʘ ʿʦʥʘ ʢʨʦʟ ʢʨʠʩʪʘʣ, ʤʦʞʝ ʩʝ ʫʟʝʪʠ ʜʘ 

ʿʝ ʠʥʪʝʨʘʢʮʠʿʘ ʿʦʥʘ ʩʘ ʘʪʦʤʠʤʘ ʢʨʠʩʪʘʣʘ ʩʚʝʜʝʥʘ ʥʘ ʠʥʪʝʨʘʢʮʠʿʫ ʩʘ ʘʪʦʤʩʢʠʤ ʥʠʟʦʚʠʤʘ 

ʢʦʿʠ ʩʫ ʫ ʧʨʘʚʮʫ ʦʜʛʦʚʘʨʘʿʫ˂ʝ ʢʨʠʩʪʘʣʦʛʨʘʬʩʢʝ ʦʩʝ. ʆʙʟʠʨʦʤ ʥʘ ʢʦʨʝʣʠʩʘʥ ʨʘʩʧʦʨʝʜ ʘʪʦʤʘ 

ʫ ʘʪʦʤʩʢʠʤ ʥʠʟʦʚʠʤʘ ʩʘ ʢʦʿʠʤʘ ʿʦʥ ʠʥʪʝʨʘʛʫʿʝ, ʤʦʞʝ ʩʝ ʫʟʝʪʠ ʜʘ ʩʝ ʠʥʪʝʨʘʢʮʠʿʘ ʿʦʥʘ ʩʘ 

ʘʪʦʤʩʢʠʤ ʥʠʟʦʤ ʩʚʦʜʠ ʥʘ ʥʠʟ ʢʦʨʝʣʠʩʘʥʠʭ ʩʫʜʘʨʘ ʩʘ ʧʦʿʝʜʠʥʘʯʥʠʤ ʘʪʦʤʠʤʘ ʥʠʟʘ. ʆʚʜʝ 

ʧʦʜ ʩʫʜʘʨʦʤ ʧʦʜʨʘʟʫʤʝʚʘʤʦ ʠʥʪʝʨʘʢʮʠʿʫ ʿʦʥʘ ʩʘ ʘʪʦʤʦʤ, ʧʨʠ ʯʝʤʫ ʦʙʟʠʨʦʤ ʥʘ ʧʨʘʚʘʮ 

ʢʨʝʪʘˁʘ ʿʦʥʘ (ʧʨʘʢʪʠʯʥʦ ʧʘʨʘʣʝʣʘʥ ʩʘ ʘʪʦʤʩʢʠʤ ʥʠʟʦʤ), ʥʝ ʜʦʣʘʟʠ ʜʦ ʟʥʘʯʘʿʥʝ ʧʨʦʤʝʥʝ 

ʥʘʯʠʥʘ (ʧʨʘʚʮʘ) ʢʨʝʪʘˁʘ ʿʦʥʘ, ʪʦ ʿʝʩʪ ʨʘʩʝʿʘˁʝ ʿʦʥʘ ʥʘ ʘʪʦʤʠʤʘ ʫ ʥʠʟʫ ʥʠʿʝ ʚʝʣʠʢʦ. 

ʆʚʘʢʚʦʤ ʠʥʪʝʨʘʢʮʠʿʦʤ ʿʦʥʘ ʩʘ ʘʪʦʤʠʤʘ ʩʫʩʝʜʥʠʭ ʥʠʟʦʚʘ ʫ ʯʠʿʝʤ ʧʨʦʩʪʦʨʫ ʩʝ ʿʦʥ ʢʨʝ˂ʝ, 

ʜʦʣʘʟʠ ʜʦ ʥʘʠʟʤʝʥʠʯʥʝ ʧʨʦʤʝʥʝ ʩʤʝʨʘ ʢʨʝʪʘˁʘ ʫ ʪʨʘʥʩʚʝʨʟʘʣʥʦʤ ʧʨʘʚʮʫ, ʜʦʢ ʩʝ ʿʦʥ ʠ 

ʜʘˀʝ ʟʘʜʨʞʘʚʘ ʫ ʧʨʦʩʪʦʨʫ ʘʢʩʠʿʘʣʥʦʛ ʢʘʥʘʣʘ. ʆʚʘʢʚʦ ʢʨʝʪʘˁʝ ʿʦʥʘ ʩʝ ʥʘʟʠʚʘ ʿʦʰ ʠ 

ʘʢʩʠʿʘʥʦ ʢʘʥʘʣʠʩʘˁʝ [6]. ʉʣʠʢʘ 3.1 ʧʨʠʢʘʟʫʿʝ ʢʨʝʪʘˁʝ ʘʢʩʠʿʘʣʥʦ ʢʘʥʘʣʠʩʘʥʦʛ ʿʦʥʘ ʠ 

ʥʝʢʘʥʘʣʠʩʘʥʦʛ ʿʦʥʘ ʫ NaI ʢʨʠʩʪʘʣʫ. 

 

ʉʣʠʢʘ 3.1. ɸʢʩʠʿʘʣʥʦ ʢʘʥʘʣʠʩʘˁʝ ʿʦʥʘ. 

 ʆʩʠʤ ʦʚʦʛ ʥʘʯʠʥʘ ʢʨʝʪʘˁʘ ʿʦʥʘ, ʧʦʩʪʦʿʠ ʠ ʤʦʛʫ˂ʥʦʩʪ ʦʩʮʠʣʘʪʦʨʥʦʛ ʢʨʝʪʘˁʘ ʫ 

ʧʨʦʩʪʦʨʫ ʠʟʤʝʹʫ ʨʘʚʥʠ ʥʦʨʤʘʣʥʠʭ ʥʘ ʨʘʚʘʥʩʢʠ ʢʘʥʘʣ, ʰʪʦ ʩʝ ʜʝʰʘʚʘ ʢʘʜʘ ʧʦʩʪʦʿʠ 

ʢʦʤʧʦʥʝʥʪʘ ʙʨʟʠʥʝ ʿʦʥʘ ʫ ʪʦʤ ʧʨʘʚʮʫ. ʆʚʘʢʚʦ ʢʘʥʘʣʠʩʘˁʝ ʩʝ ʥʘʟʠʚʘ ʧʣʘʥʘʨʥʦ ʢʘʥʘʣʠʩʘˁʝ 

[7].  

 

3.2 ʊʝʦʨʠʿʝ ʢʘʥʘʣʠʩʘˁʘ ʿʦʥʘ 
 

 ʇʦʩʪʦʿʝ ʙʨʦʿʥʝ ʪʝʦʨʠʿʝ ʢʘʥʘʣʠʩʘˁʘ ʿʦʥʘ ʫ ʢʨʠʩʪʘʣʠʤʘ. ɱʝʜʥʫ ʦʜ ʧʨʚʠʭ ʿʝ ʧʦʩʪʘʚʠʦ 

ʃʠʥʜʭʘʨʜ 1965 [8]. ʋ ʦʢʚʠʨʫ ʩʚʦʿʝ ʪʝʦʨʠʿʝ, ʃʠʥʜʭʘʨʜ ʿʝ ʫʚʝʦ ʪʟʚ. ʘʢʩʠʿʘʣʥʝ ʠ ʧʣʘʥʘʨʥʝ 

ʢʦʥʪʠʥʫʘʣʥʝ ʤʦʜʝʣʝ ʥʘ ʯʝʤʫ ʩʝ ʙʘʟʠʨʘʿʫ ʩʚʘ ʢʘʩʥʠʿʘ ʪʝʦʨʠʿʩʢʘ ʨʘʟʤʘʪʨʘˁʘ ʢʘʥʘʣʠʩʘˁʘ 

ʿʦʥʘ. ʆʚʠ ʤʦʜʝʣʠ ʩʝ ʟʘʩʥʠʚʘʿʫ ʥʘ ʢʦʥʪʠʥʫʘʣʥʦʿ ʘʧʨʦʢʩʠʤʘʮʠʿʠ ʧʦʪʝʥʮʠʿʘʣʘ ʜʦʙʠʿʝʥʦʛ 

ʫʩʨʝʜˁʘʚʘˁʝʤ ʧʦʪʝʥʮʠʿʘʣʘ ʫ ʦʢʚʠʨʫ ʧʨʦʩʪʦʨʘ ʘʪʦʤʩʢʠʭ ʥʠʟʦʚʘ (ʘʢʩʠʿʘʣʥʦ ʢʘʥʘʣʠʩʘˁʝ) 
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ʠʣʠ ʘʪʦʤʩʢʠʭ ʨʘʚʥʠ (ʧʣʘʥʘʨʥʦ ʢʘʥʘʣʠʩʘˁʝ). ʋ ʦʚʦʿ ʪʝʦʨʠʿʠ ʢʦʨʠʩʪʠ ʩʝ ʘʥʘʣʠʪʠʯʢʠ 

ʧʨʠʩʪʫʧ ʫʟ ʧʦʤʦ˂ ʤʝʪʦʜʘ ʩʪʘʪʠʩʪʠʯʢʝ ʤʝʭʘʥʠʢʝ. ɼʘ ʙʠ ʢʦʥʪʠʥʫʘʣʥʘ ʘʧʨʦʢʩʠʤʘʮʠʿʘ 

ʜʦʚʦˀʥʦ ʜʦʙʨʦ ʦʧʠʩʘʣʘ ʢʨʝʪʘˁʝ ʢʘʥʘʣʠʩʘʥʦʛ ʿʦʥʘ, ʧʦʪʨʝʙʥʦ ʿʝ ʜʘ ʫʧʘʜʥʠ ʫʛʘʦ ʿʦʥʘ ʫ 

ʦʜʥʦʩʫ ʥʘ ʧʨʘʚʘʮ ʘʪʦʤʩʢʦʛ ʥʠʟʘ ʙʫʜʝ ʤʘˁʠ ʦʜ ʢʨʠʪʠʯʥʦʛ ʫʛʣʘ Ɋc ʢʦʿʠ ʿʝ ʜʘʪ ʠʟʨʘʟʦʤ [8]: 
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1 2 2
2

( )c

Z Z e

Ed
Y<Y = , (3.1) 

 

ʛʜʝ ʩʫ Z1 ʠ Z2 aʪoʤʩʢʠ ʙʨojeʚʠ ʿʦʥʘ oʜʥoʩʥo ʘʪʦʤʘ ʢʨʠʩʪaʣa, e je ʥaeʣeʢʪʨʠʩaˁe eʣeʢʪʨoʥa, 

E je eʥeʨʛʠja ʿʦʥʘ, ʘ d je ʨaʩʪojaˁe ʠʟʤeʹʫ ʘʪʦʤʘ aʪoʤʩʢoʛ ʥʠʟa. 

 ʋ ʦʚʦʤ ʨʘʜʫ ʨʘʟʤʘʪʨʘʤʦ ʢʨʝʪʘˁʝ ʿʦʥʘ ʫ ʧʨʦʩʪʦʨʫ ʥʘʥʦʮʝʚʠ ʢʘʢʦ ʿʝ ʪʦ ʰʝʤʘʪʩʢʠ 

ʧʨʠʢʘʟʘʥʦ ʥʘ ʩʣʠʮʠ 3.2.  

 

 

ʉʣʠʢʘ 3.2. ʂʨʝʪʘˁʝ ʿʦʥʘ ʫ ʧʨʦʩʪʦʨʫ ʥʘʥʦʮʝʚʠ (ʢʘʥʘʣʠʩʘˁʝ ʢʨʦʟ ʥʘʥʦʮʝʚ) [14]. 

 

 ʆʙʟʠʨʦʤ ʥʘ ʨʘʥʠʿʝ ʦʙʿʘʰˁʝʥʫ ʩʪʨʫʢʪʫʨʫ ʥʘʥʦʮʝʚʠ, ʤʦʞʝʤʦ ʟʘʢˀʫʯʠʪʠ ʜʘ ˂ʝ ʩʝ 

ʠʥʪʝʨʘʢʮʠʿʘ ʿʦʥʘ ʩʘ ʘʪʦʤʠʤʘ ʥʘʥʦʮʝʚʠ ʤʘʥʠʬʝʩʪʦʚʘʪʠ ʥʘ ʩʣʠʯʘʥ ʥʘʯʠʥ ʢʘʦ ʠ ʧʨʠʣʠʢʦʤ 

ʢʘʥʘʣʠʩʘˁʘ ʿʦʥʘ ʢʨʦʟ ʢʨʠʩʪʘʣ, ʦʙʟʠʨʦʤ ʜʘ ʫ ʦʚʦʤ ʩʣʫʯʘʿʫ ʪʘʢʦʹʝ ʠʤʘʤʦ ʘʪʦʤʩʢʝ ʥʠʟʦʚʝ 

ʢʦʿʠ ʩʫ ʩʘʜʘ ʨʘʩʧʦʨʝʹʝʥʠ ʧʦ ʢʨʫʛʫ. ʄʦʜʝʣ ʠʥʪʝʨʘʢʮʠʿʝ ʢʦʿʠ ˂ʝ ʦʚʜʝ ʙʠʪʠ ʧʨʠʤʝˁʝʥ 

ʟʘʩʥʦʚʘʥ ʿʝ ʫʧʨʘʚʦ ʥʘ ʛʦʨʝ ʧʦʤʝʥʫʪʠʤ ʤʦʜʝʣʠʤʘ ʢʘʥʘʣʠʩʘˁʘ ʿʦʥʘ ʢʨʦʟ ʢʨʠʩʪʘʣ. ʇʦʣʘʟʠ ʩʝ 

ʦʜ ʙʠʥʘʨʥʦʛ ʤʦʜʝʣʘ ʿʦʥ-ʘʪʦʤ ʠʥʪʝʨʘʢʮʠʿʝ, ʧʨʠ ʯʝʤʫ ʩʝ ʩʤʘʪʨʘ ʜʘ ʿʝ ʫʧʘʜʥʠ ʫʛʘʦ ʿʦʥʘ ʫ 

ʦʜʥʦʩʫ ʥʘ ʘʪʦʤʩʢʝ ʥʠʟʦʚʝ ʥʘʥʦʮʝʚʠ ʜʦʚʦˀʥʦ ʤʘʣʠ ʪʘʢʦ ʜʘ ʩʝ ʤʦʞʝ ʧʨʠʤʝʥʠʪʠ 

ʢʦʥʪʠʥʫʘʣʥʘ ʘʧʨʦʢʩʠʤʘʮʠʿʘ ʟʘ ʧʦʪʝʥʮʠʿʘʣ ʢʦʿʠ ʧʦʪʠʯʝ ʦʜ ʘʪʦʤʘ ʫʛˀʝʥʠʢʘ ʢʦʿʠ ʯʠʥʝ 

ʥʘʥʦʮʝʚ. 

 ʇʨʠʣʠʢʦʤ ʦʜʨʝʹʠʚʘˁʘ ʧʦʪʝʥʮʠʿʘʣʘ ʟʘ ʠʥʪʝʨʘʢʮʠʿʫ ʿʦʥ-ʘʪʦʤ ʧʦʩʪʦʿʠ ʥʝʢʦʣʠʢʦ 

ʬʘʢʪʦʨʘ ʢʦʿʠ ʫʪʠʯʫ ʥʘ ʩʣʦʞʝʥʦʩʪ ʠʟʨʘʯʫʥʘʚʘˁʘ. ʊʝʨʤʘʣʥʝ ʚʠʙʨʘʮʠʿʝ ʘʪʦʤʘ ʫʛˀʝʥʠʢʘ ʫ 
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ʨʝʰʝʪʢʘʤʘ ʫʪʠʯʫ ʥʘ ʪʦ ʜʘ ʩʫ ʧʦʣʦʞʘʿʠ ʘʪʦʤʘ ʧʨʘʢʪʠʯʥʦ ʥʝʦʜʨʝʹʝʥʠ, ʰʪʦ ʟʥʘʪʥʦ ʦʪʝʞʘʚʘ 

ʧʨʠʩʪʫʧ, ʪʘʢʦʹʝ ʢʨʝʪʘˁʝ ʝʣʝʢʪʨʦʥʘ ʫ ʦʢʚʠʨʫ ʘʪʦʤʘ ʫʛˀʝʥʠʢʘ ʫʪʠʯʝ ʥʘ ʝʢʨʘʥʠʨʘˁʝ ʿʝʟʛʨʘ. 

ʋ ʧʨʝʚʘʟʠʣʘʞʝˁʫ ʧʦʤʝʥʫʪʠʭ ʪʝʰʢʦ˂ʘ ʫʩʚʘʿʘʿʫ ʩʝ ʦʧʨʘʚʜʘʥʝ ʘʧʨʦʢʩʠʤʘʮʠʿʝ ʢʦʿʝ ʟʥʘʪʥʦ 

ʦʣʘʢʰʘʚʘʿʫ ʠʟʨʘʯʫʥʘʚʘˁʝ ʧʦʪʝʥʮʠʿʘʣʘ ʠʥʪʝʨʘʢʮʠʿʝ ʿʦʥ-ʘʪʦʤ. ʆʙʟʠʨʦʤ ʥʘ ʤʥʦʛʦ ʚʝ˂ʫ 

ʙʨʟʠʥʫ ʦʨʙʠʪʠʨʘˁʘ ʝʣʝʢʪʨʦʥʘ ʫ ʘʪʦʤʫ ʫʛˀʝʥʠʢʘ ʦʜ ʙʨʟʠʥʝ ʢʨʝʪʘˁʘ ʿʦʥʘ ʠ ʚʨʝʤʝʥʘ 

ʠʥʪʝʨʘʢʮʠʿʝ ʩʘ ʧʦʿʝʜʠʥʘʯʥʠʤ ʘʪʦʤʠʤʘ, ʫʩʚʘʿʘ ʩʝ ʢʦʥʩʪʘʥʪʘ ʝʢʨʘʥʠʨʘˁʘ ʢʦʿʘ ʜʦʙʨʦ 

ʦʜʩʣʠʢʘʚʘ ʫʪʠʮʘʿ ʝʣʝʢʪʨʦʥʘ ʥʘ ʠʥʪʝʨʘʢʮʠʿʫ ʿʝʟʛʨʦ-ʿʦʥ. ʆʙʟʠʨʦʤ ʥʘ ʨʝʣʘʪʠʚʥʦ ʩʧʦʨʝ 

ʪʝʨʤʘʣʥʝ ʚʠʙʨʘʮʠʿʝ ʫ ʦʜʥʦʩʫ ʥʘ ʙʨʟʠʥʫ ʢʨʝʪʘˁʘ ʿʦʥʘ, ʢʘʦ ʠ ʚʨʝʤʝ ʠʥʪʝʨʘʢʮʠʿʝ ʿʦʥ-ʘʪʦʤ, 

ʟʘʥʝʤʘʨʫʿʝ ʩʝ ʧʦʤʝʨʘˁʝ ʘʪʦʤʘ ʫ ʪʦʢʫ ʠʥʪʝʨʘʢʮʠʿʝ, ʠ ʧʨʠʣʠʢʦʤ ʨʘʯʫʥʘˁʘ ʢʦʥʪʠʥʫʘʣʥʦʛ 

ʧʦʪʝʥʮʠʿʘʣʘ ʚʨʰʠ ʩʝ ʫʩʨʝʜˁʘʚʘˁʝ ʧʦʣʦʞʘʿʘ ʘʪʦʤʘ ʫʛˀʝʥʠʢʘ ʪʘʢʦ ʜʘ ʿʦʥ ʘʪʦʤʝ ʫʛˀʝʥʠʢʘ 

ʚʠʜʠ ʢʘʦ ʥʝʧʦʢʨʝʪʥʝ.  

 ʌʫʥʢʮʠʿʘ ʢʦʥʪʠʥʫʘʣʥʦʛ ʧʦʪʝʥʮʠʿʘʣʘ ʢʦʿʘ ʧʦʪʠʯʝ ʦʜ ʘʪʦʤʩʢʦʛ ʥʠʟʘ ʥʘ ʦʩʥʦʚʫ ʩʚʠʭ 

ʧʨʝʪʭʦʜʥʠʭ ʨʘʟʤʘʪʨʘˁʘ ʩʝ ʤʦʞʝ ʥʘʧʠʩʘʪʠ ʫ ʬʦʨʤʠ: 

 
ὠὙ” = 1/ὨὙ ό ”2 + ᾀ2 Ὠᾀ,

+Њ

Њ

 (3.2) 

 

ʛʜʝ ʿʝ όὶὥ  ʘʪʦʤʩʢʠ ʧʦʪʝʥʮʠʿʘʣ (ʧʦʪʝʥʮʠʿʘʣ ʢʦʿʠ ʧʦʪʠʯʝ ʦʜ ʧʦʿʝʜʠʥʘʯʥʦʛ ʘʪʦʤʘ ʫʛˀʝʥʠʢʘ), 

ὶὥ ʿʝ ʫʜʘˀʝʥʦʩʪ ʦʜ ʘʪʦʤʩʢʦʛ ʿʝʟʛʨʘ, ” ʿʝ ʨʘʩʪʦʿʘˁʝ ʦʜ ʮʝʥʪʨʘ ʢʨʫʛʘ ʥʘ ʧʦʧʨʝʯʥʦʤ ʧʨʝʩʝʢʫ 

ʥʘʥʦʮʝʚʠ (ʨʘʜʠʿʘʣʥʘ ʢʦʦʨʜʠʥʘʪʘ), ᾀ ʿʝ ʢʦʦʨʜʠʥʘʪʘ ʜʫʞ ʦʩʝ ʥʘʥʦʮʝʚʠ (ʘʢʩʠʿʘʣʥʘ 

ʢʦʦʨʜʠʥʘʪʘ), ʘ ὨὙ ʿʝ ʨʘʩʪʦʿʘˁʝ ʩʫʩʝʜʥʠʭ ʘʪʦʤʘ ʫ ʦʢʚʠʨʫ ʘʪʦʤʩʢʦʛ ʥʠʟʘ [9]. ɼʘʢʣʝ, ʫʩʚʦʿʝʥ 

ʿʝ ʮʠʣʠʥʜʨʠʯʥʠ ʢʦʦʨʜʠʥʘʪʥʠ ʩʠʩʪʝʤ, ʛʜʝ ʩʝ ʦʩʥʦʚʥʦ ʢʨʝʪʘˁʝ ʿʦʥʘ ʜʝʰʘʚʘ ʧʘʨʘʣʝʣʥʦ ʩʘ 

ᾀ ʦʩʦʤ, ʜʦʢ ʪʘʢʦʹʝ ʤʦʞʝ ʧʦʩʪʦʿʘʪʠ ʢʨʝʪʘˁʝ ʜʫʞ ʨʘʜʠʿʘʣʥʝ ʦʩʝ. ʊʘʢʦʹʝ ʩʝ ʩʤʘʪʨʘ ʜʘ ʿʝ 

ʥʘʥʦʮʝʚ ʤʥʦʛʦ ʜʫʞʘ ʫ ʦʜʥʦʩʫ ʥʘ ʧʦʣʫʧʨʝʯʥʠʢ, ʪʘʢʦ ʜʘ ʩʝ ʠʥʪʝʛʨʘʮʠʿʘ ʫ ʠʟʨʘʟʫ 3.2 ʚʨʰʠ ʫ 

ʛʨʘʥʠʮʘʤʘ ʦʜ -Ð ʜʦ +Ð. ʆʚʘ ʬʫʥʢʮʠʿʘ ʧʦʪʝʥʮʠʿʘʣʘ ʫ ʦʜʥʦʩʫ ʥʘ ʧʨʝʪʭʦʜʥʘ ʨʘʟʤʘʪʨʘˁʘ ʙʠ 

ʙʠʣʘ ʘʢʩʠʿʘʣʥʦʛ ʪʠʧʘ. 

 ɹʠʣʦ ʢʦʿʘ ʥʘʥʦʮʝʚ ʪʠʧʘ (ὲ,ά) ʩʝ ʤʦʞʝ ʧʨʝʜʩʪʘʚʠʪʠ ʢʘʦ ʢʦʣʝʢʮʠʿʘ 2ὔ ʘʪʦʤʩʢʠʭ 

ʥʠʟʦʚʘ ʧʘʨʘʣʝʣʥʠʭ ʩʘ ʦʩʦʤ ʥʘʥʦʮʝʚʠ ʣʦʮʠʨʘʥʠʭ ʧʦ ʢʨʫʛʫ ʥʘ ʝʢʚʠʜʠʩʪʘʥʪʥʠʤ ʫʛʣʦʚʥʠʤ 

ʨʘʩʪʦʿʘˁʠʤʘ. ʅʘ ʦʩʥʦʚʫ ʦʚʦʛ ʨʘʟʤʘʪʨʘˁʘ ʫʢʫʧʥʠ ʢʦʥʪʠʥʫʘʣʥʠ ʧʦʪʝʥʮʠʿʘʣ ʫ ʩʚʝʪʣʫ 

ʩʪʨʫʢʪʫʨʝ ʥʘʥʦʮʝʚʠ ʢʘʦ ʫʨʦʣʘʥʝ ʛʨʘʬʝʥʩʢʝ ʨʘʚʥʠ ʩʝ ʤʦʞʝ ʦʢʘʨʘʢʪʝʨʠʩʘʪʠ ʢʘʦ ʘʢʩʠʿʘʣʥʠ ʠ 

ʧʨʝʜʩʪʘʚʠʪʠ ʫ ʬʦʨʤʠ: 

 

Ὗ►=
1

ὨὙ
ό► ►Ὥ,ᾀ ᾀὭ

2ὔ

Ὥ= 1

Ὠᾀ
+Њ

Њ

, (3.3) 

 

ʛʜʝ ʿʝ ό► ►Ὥ,ᾀ ᾀὭ ʧʦʪʝʥʮʠʿʘʣ Ὥ ïʪʦʛ ʫʛˀʝʥʠʢʦʚʦʛ ʘʪʦʤʘ ʩʘ ʢʦʦʨʜʠʥʘʪʘʤʘ ►Ὥ,ᾀὭ.  

 ʋ ʠʟʨʘʟʫ 3.3,  ὔ ʩʝ ʤʦʞʝ ʠʟʨʘʯʫʥʘʪʠ ʢʘʦ: 
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 ὔ= 2/ή ὲ2 + ά2 + άὲ, (3.4) 

 

ʛʜʝ ʿʝ ή= ὔὤὈ(2ά+ ὲ,2ὲ+ ά) ʮʝʦ ʙʨʦʿ ʠ ʧʨʝʜʩʪʘʚˀʘ ʥʘʿʚʝ˂ʠ ʟʘʿʝʜʥʠʯʢʠ ʜʝʣʠʣʘʮ 

ʥʘʚʝʜʝʥʠʭ ʘʨʛʫʤʝʥʘʪʘ. ʂʘʦ ʰʪʦ ʿʝ ʚʝ˂ ʥʘʧʦʤʝʥʫʪʦ ὨὙ ʿʝ ʨʘʩʪʦʿʘˁʝ ʩʫʩʝʜʥʠʭ ʘʪʦʤʘ ʫ 

ʦʢʚʠʨʫ ʘʪʦʤʩʢʦʛ ʥʠʟʘ ʠ ʟʘ ʩʣʫʯʘʿ ʥʘʥʦʮʝʚʠ ʚʘʞʠ: 

 ὨὙ= 3ὰ/ή ὲ2 + ά2 + άὲ. (3.5) 

 

 ʋ ʧʨʝʪʭʦʜʥʦʤ ʠʟʨʘʟʫ ὰ ʧʨʝʜʩʪʘʚˀʘ ʜʫʞʠʥʫ ʚʝʟʝ C-C aʪʦʤʘ ʫ ʭʝʢʩʘʛʦʥʘʣʥʦʿ 

ʨʝʰʝʪʢʠ, ʠ ʠʟʥʦʩʠ 0.14 nm. ʋ ʫʩʚʦʿʝʥʦʤ ʮʠʣʠʥʜʨʠʯʥʦʤ ʢʦʦʨʜʠʥʘʪʥʦʤ ʩʠʩʪʝʤʫ ʫʚʦʜʠʤʦ ʠ 

ʘʟʠʤʫʪʥʫ ʢʦʦʨʜʠʥʘʪʫ ű. ʇʦʣʦʞʘʿʠ ʧʘʨʦʚʘ ʘʪʦʤʩʢʠʭ ʥʠʟʦʚʘ ʢʦʿʠ ʣʝʞʝ ʫ ʨʘʚʥʠ, 

ʜʠʿʘʤʝʪʨʘʣʥʦ ʩʫʧʨʦʪʥʦ ʿʝʜʘʥ ʦʜ ʜʨʫʛʦʛ ʩʫ ʜʘʪʠ ʢʘʦ: 

 ʒὯ= Ὧɿʒ,ɿʒ= “ή/ (ὲ2 + ά2 + άὲ), (k=0, 1, 2, é, N-1). (3.6) 

 

 ʆʙʟʠʨʦʤ ʥʘ ʝʢʚʠʜʠʩʪʘʥʪʥʦ ʘʟʠʤʫʪʥʦ ʨʘʩʪʦʿʘˁʝ ʠʟʤʝʹʫ ʧʘʨʦʚʘ ʘʪʦʤʩʢʠʭ ʥʠʟʦʚʘ, 

ʤʦʞʝ ʩʝ ʟʘʢˀʫʯʠʪʠ ʜʘ ˂ʝ ʬʫʥʢʮʠʿʘ ʢʦʥʪʠʥʫʘʣʥʦʛ ʧʦʪʝʥʮʠʿʘʣʘ ʙʠʪʠ ʧʝʨʠʦʜʠʯʥʘ ʫ ʦʜʥʦʩʫ 

ʥʘ ʘʟʠʤʫʪʥʫ ʢʦʦʨʜʠʥʘʪʫ ű ʩʘ ʧʝʨʠʦʜʦʤ ʒὴ= 2“/ὔ. ɼʘ ʙʠ ʩʝ ʣʘʢʰʝ ʠʟʚʨʰʠʣʦ ʩʫʤʠʨʘˁʝ ʫ 

ʠʟʨʘʟʫ 3.3, ʬʫʥʢʮʠʿʫ ʢʦʥʪʠʥʫʘʣʥʦʛ ʧʦʪʝʥʮʠʿʘʣʘ ʦʜ ʠʥʜʠʚʠʜʫʘʣʥʠʭ ʘʪʦʤʩʢʠʭ ʥʠʟʦʚʘ 

ʤʦʞʝʤʦ ʥʘʧʠʩʘʪʠ ʫ ʬʦʨʤʠ ʌʫʨʠʿʝʦʚʦʛ ʨʝʜʘ ʧʦ ʘʟʠʤʫʪʥʦʿ ʢʦʦʨʜʠʥʘʪʠ ű 

 
ὠὙ= ὠὺ

Њ

ὺ= Њ

ὶὩὭὺʒ. (3.7) 

 

 ʋ ʧʨʝʪʭʦʜʥʦʤ ʠʟʨʘʟʫ ὶ ʿʝ ʨʘʩʪʦʿʘˁʝ ʦʜ ʦʩʝ ʥʘʥʦʮʝʚʠ ʘ ʒ ʘʟʠʤʫʪʥʘ ʢʦʦʨʜʠʥʘʪʘ 

ʨʘʯʫʥʘʪʘ ʫ ʦʜʥʦʩʫ ʥʘ ʿʝʜʘʥ (ʧʦʯʝʪʥʠ) ʘʪʦʤʩʢʠ ʥʠʟ. ʋ ʥʘʩʪʘʚʢʫ ʩʝ ʠʟʨʘʟ ʟʘ ʫʢʫʧʥʠ 

ʢʦʥʪʠʥʫʘʣʥʠ ʧʦʪʝʥʮʠʿʘʣ ʤʦʞʝ ʥʘʧʠʩʘʪʠ ʫ ʬʦʨʤʠ [10]:  

 
Ὗὶ,ʒ = 2ὔ ὠ0 ὶ+ 2 ὠίὔ ὶὧέί“ί(ὲ+ ά)/ήὧέίίὔʒ “ί(ὲ+ ά)/ή

Њ

ί= 1

. (3.8) 

 

 ʋ ʦʚʦʤ ʠʟʨʘʟʫ ʬʠʛʫʨʠʰʫ ʢʦʝʬʠʮʠʿʝʥʪʠ ὠίὔ ὶ ʢʦʿʠ ʩʫ ʬʫʥʢʮʠʿʝ ʨʘʜʠʿʘʣʥʝ 

ʢʦʦʨʜʠʥʘʪʝ ὶ ʠ ʢʦʿʠ ʫ ʢʨʘʿˁʝʤ ʩʣʫʯʘʿʫ ʦʜʨʝʹʫʿʫ ʢʦʥʢʨʝʪʥʫ ʬʦʨʤʫ ʬʫʥʢʮʠʿʝ ʢʦʥʪʠʥʫʘʣʥʦʛ 

ʧʦʪʝʥʮʠʿʘʣʘ. ʋ ʟʘʚʠʩʥʦʩʪʠ ʦʜ ʠʟʙʦʨʘ ʦʚʠʭ ʢʦʝʬʠʮʠʿʝʥʘʪʘ ʨʘʟʣʠʢʫʿʫ ʩʝ ʨʘʟʥʝ 

ʘʧʨʦʢʩʠʤʘʮʠʿʝ ʟʘ ʠʥʪʝʨʘʢʮʠʿʫ ʿʝʟʛʨʦ-ʿʦʥ. ʅʘʿʚʠʰʝ ʢʦʨʠʰ˂ʝʥʝ ʘʧʨʦʢʩʠʤʘʮʠʿʝ ʫ ʦʚʦʤ 

ʤʦʜʝʣʫ ʠʥʪʝʨʘʢʮʠʿʝ ʩʫ ʄʦʣʠʿʝʨʦʚa (Moliere) ʘʧʨʦʢʩʠʤʘʮʠʿʘ [11] ʠ ɼʦʿʣ-ʊʘʨʥʝʨʦʚʘ 

ʘʧʨʦʢʩʠʤʘʮʠʿʘ [12].  
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3.3 ɼʦʿʣ-ʊʘʨʥʝʨʦʚʘ ʘʧʨʦʢʩʠʤʘʮʠʿʘ  
  

ʋ ʨʘʜʫ ˂ʝ ʩʝ ʫ ʩʚʠʤ ʠʟʨʘʯʫʥʘʚʘˁʠʤʘ ʟʘ ʠʥʪʝʨʘʢʮʠʿʫ ʿʝʟʛʨʦ-ʿʦʥ ʢʦʨʠʩʪʠʪʠ 

ʠʩʢˀʫʯʠʚʦ ɼʦʿʣ-ʊʘʨʥʝʨʦʚʘ ʘʧʨʦʢʩʠʤʘʮʠʿʘ, ʪʘʢʦ ʜʘ ˂ʝ ʦʥʘ ʙʠʪʠ ʜʝʪʘˀʥʦ ʦʧʠʩʘʥʘ. ʆʚʘ 

ʘʧʨʦʢʩʠʤʘʮʠʿʘ ʧʦʣʘʟʠ ʦʜ ʠʟʨʘʟʘ ʟʘ ʧʨʝʜʩʪʘʚʫ ʪʨʘʥʩʬʦʨʤʠʩʘʥʦʛ ʧʦʪʝʥʮʠʿʘʣʘ ʌʫʨʠʿʝʦʚʦʤ 

ʪʨʘʥʩʬʦʨʤʘʮʠʿʦʤ Ὢ(▓) : 

 

Ὢ(▓) = 4“ὤὩ ὥὮ

4

Ὦ= 1

Ὡ▓
2/ (4ὦὮ

2) . (3.9) 

  

ʆʚʜʝ ʩʫ ὥὮ ʠ ὦὮ ʜʠʤʝʥʟʠʦʥʠ ʧʘʨʘʤʝʪʨʠ ʦʜʘʙʨʘʥʠ ʪʘʢʦ ʜʘ ʩʝ ʦʩʪʚʘʨʝ ʥʘʿʙʦˀʘ ʩʣʘʛʘˁʘ 

ʩʘ ʪʘʙʣʠʯʥʠʤ ʚʨʝʜʥʦʩʪʠʤʘ ʫ [13]. ɺʨʝʜʥʦʩʪʠ ʦʚʠʭ ʧʘʨʘʤʝʪʘʨʘ ʠʟʥʦʩʝ: 

 aj = {3.222, 5.270, 2.012, 0.5499} × 10
ī4

 nm
2
 , 

 bj = {10.330, 18.694, 37.456, 106.88} nm
ī1

. 

 

ʂʦʨʠʩʪʝ˂ʠ ʩʝ ʠʟʨʘʟʦʤ 3.9 ʚʨʝʜʥʦʩʪʠ ʢʦʝʬʠʮʠʿʝʥʘʪʘ ʫ ʌʫʨʠʿʝʦʚʦʿ ʩʫʤʠ ʫ ʠʟʨʘʟʫ 3.8 

ʧʦʩʪʘʿʫ [9]:  

 

ὠίὶ=
4ὤὩ2

ὨὙ
ὥὮ

4

Ὦ= 1

ὦὮ
2ὩὦὮ

2 ὶ2+Ὑ2
Ὅί(2ὦὮ

2Ὑὶ). (3.10) 

 

ʆʚʜʝ ʿʝ Ὅί ʿʝ ʤʦʜʠʬʠʢʦʚʘʥʘ ɹʝʩʝʣʦʚʘ ʬʫʥʢʮʠʿʘ ʧʨʚʝ ʚʨʩʪʝ ʨʝʜʘ ί, ὤ ʿ ʝ ʘʪʦʤʩʢʠ ʙʨʦʿ 

ʫʛˀʝʥʠʢʘ, ʘ Ὡ ʚʨʝʜʥʦʩʪ ʝʣʝʤʝʥʪʘʨʥʦʛ ʥʘʝʣʝʢʪʨʠʩʘˁʘ, Ὑ ʿʝ ʨʘʜʠʿʫʩ ʥʘʥʦʮʝʚʠ (ʧʦʣʫʧʨʝʯʥʠʢ 

ʢʨʫʛʘ ʧʦʧʨʝʯʥʦʛ ʧʨʝʩʝʢʘ). ʅʫʣʪʠ ʘʟʠʤʫʪʥʠ ʭʘʨʤʦʥʠʢ ʫ ʠʟʨʘʟʫ 3.8 ʦʜʛʦʚʘʨʘ ʫʩʨʝʜˁʝʥʦʤ 

ʢʦʥʪʠʥʫʘʣʥʦʤ ʧʦʪʝʥʮʠʿʘʣʫ ʧʦ ʘʟʠʤʫʪʥʦʤ ʫʛʣʫ ʒ. ʇʨʝʦʩʪʘʣʠ ʭʘʨʤʦʥʠʮʠ ʧʨʝʜʩʪʘʚˀʘʿʫ 

ʘʟʠʤʫʪʥʫ ʤʦʜʫʣʘʮʠʿʫ ʬʫʥʢʮʠʿʝ ʧʦʪʝʥʮʠʿʘʣʘ. ʂʘʢʦ ʙʨʦʿ ʘʪʦʤʩʢʠʭ ʥʠʟʦʚʘ ʨʘʩʪʝ, ʫʯʝʩʪʘʥʦʩʪ 

ʤʦʜʫʣʘʮʠʿʝ ʩʝ ʧʦʚʝ˂ʘʚʘ, ʘ ʠʩʪʦʚʨʝʤʝʥʦ ʘʤʧʣʠʪʫʜʘ ʪʠʭ ʢʦʤʧʦʥʝʥʘʪʘ ʦʧʘʜʘ. ʇʦʨʘʩʪʦʤ ʙʨʦʿʘ 

ʘʪʦʤʩʢʠʭ ʥʠʟʦʚʘ ʨʘʩʪʦʿʘˁʝ ʠʟʤʝʹʫ ˁʠʭ ʩʝ ʩʤʘˁʫʿʝ, ʧʘ ʠ ʚʘʨʠʿʘʮʠʿʘ ʧʦʪʝʥʮʠʿʘʣʘ ʫ 

ʘʟʠʤʫʪʥʦʤ ʧʨʦʩʪʦʨʫ ʠʟʤʝʹʫ ʜʚʘ ʩʫʩʝʜʥʘ ʘʪʦʤʩʢʘ ʥʠʟʘ ʦʧʘʜʘ. ɺʝ˂ ʟʘ ί 1 ʚʨʝʜʥʦʩʪʠ 

ʘʟʠʤʫʪʥʠʭ ʭʘʨʤʦʥʠʢʘ (ʘʤʧʣʠʪʫʜʝ) ʩʫ ʟʘʥʝʤʘʨˀʠʚʝ ʫ ʦʜʥʦʩʫ ʥʘ ʥʫʣʪʠ ʭʘʨʤʦʥʠʢ, ʪʘʢʦ ʜʘ ʩʝ 

ʦʩʪʘʣʠ ʯʣʘʥʦʚʠ ʫ ʠʟʨʘʟʫ 3.8 ʧʨʘʢʪʠʯʥʦ ʤʦʛʫ ʠʟʦʩʪʘʚʠʪʠ ʙʝʟ ʚʝʣʠʢʦʛ ʫʪʠʮʘʿʘ ʥʘ ʪʘʯʥʦʩʪ 

ʠʟʨʘʯʫʥʘʚʘˁʘ ʬʫʥʢʮʠʿʝ ʢʦʥʪʠʥʫʘʣʥʦʛ ʧʦʪʝʥʮʠʿʘʣʘ. ʂʦʥʘʯʥʦ ʠʟʨʘʟ ʟʘ ʬʫʥʢʮʠʿʫ 

ʢʦʥʪʠʥʫʘʣʥʦʛ ʧʦʪʝʥʮʠʿʘʣʘ ʧʦʩʪʘʿʝ [9]: 
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Ὗὶ,ʒ =
32“ὤὩ2Ὑ

33/ 2ὰ2
ὥὮ

4

Ὦ= 1

ὦὮ
2ὩὦὮ

2 ὶ2+Ὑ2
Ὅ0(2ὦὮ

2Ὑὶ). (3.11) 

  

ʂʘʢʦ ʿʝ ʬʫʥʢʮʠʿʘ ʧʦʪʝʥʮʠʿʘʣʘ ʫʩʨʝʜˁʝʥʘ ʧʦ ʘʟʠʤʫʪʥʦʤ ʫʛʣʫ ʒ, ʪʦ ʦʥʘ ʚʠʰʝ ʥʝ 

ʟʘʚʠʩʠ ʦʜ ʪʦʛ ʫʛʣʘ (ʰʪʦ ʧʦʢʘʟʫʿʝ ʧʨʝʪʭʦʜʥʠ ʠʟʨʘʟ), ʧʘ ʩʝ ʬʫʥʢʮʠʿʘ ʢʦʥʪʠʥʫʘʣʥʦʛ 

ʧʦʪʝʥʮʠʿʘʣʘ ʤʦʞʝ ʥʘʧʠʩʘʪʠ ʫ ʢʦʥʘʯʥʦʿ ʬʦʨʤʠ [9]: 

 

Ὗὶ=
32“ὤὩ2Ὑ

33/ 2ὰ2
ὥὮ

4

Ὦ= 1

ὦὮ
2ὩὦὮ

2 ὶ2+Ὑ2
Ὅ0(2ὦὮ

2Ὑὶ). (3.12) 

 

 ʋ ʩʚʠʤ ʠʟʨʘʯʫʥʘʚʘˁʠʤʘ ʫ ʨʘʜʫ ʟʘ ʠʥʪʝʨʘʢʮʠʿʫ ʿʝʟʛʨʦ-ʿʦʥ ˂ʝ ʩʝ ʢʦʨʠʩʪʠʪʠ ʠʟʨʘʟ 

3.12 ʟʘ ʢʦʥʪʠʥʫʘʣʥʠ ʧʦʪʝʥʮʠʿʘʣ. ʊʨʝʙʘ ʥʘʧʦʤʝʥʫʪʠ ʜʘ ʿʝ ʦʚʦ ʠʥʪʝʨʘʢʮʠʿʘ ʫʧʘʜʥʦʛ ʿʦʥʘ 

ʠʩʢˀʫʯʠʚʦ ʩʘ ʿʝʟʛʨʠʤʘ ʘʪʦʤʘ ʫʛˀʝʥʠʢʘ ʠ ʜʘ ʿʝ ʦʚʘʿ ʧʦʪʝʥʮʠʿʘʣ ʨʝʧʫʣʟʠʚʥʦʛ ʪʠʧʘ. 

ɽʣʝʢʪʨʠʯʥʦ ʧʦˀʝ, ʢʦʿʝ ʩʝ ʤʦʞʝ ʠʟʨʘʯʫʥʘʪʠ ʥʘ ʦʩʥʦʚʫ ʦʚʦʛ ʧʦʪʝʥʮʠʿʘʣʘ ʿʝ ʨʘʜʠʿʘʣʥʦ, 

ʫʩʤʝʨʝʥʦ ʜʫʞ ʧʦʣʫʧʨʝʯʥʠʢʘ ʥʘʥʦʮʝʚʠ ʠ ʦʨʠʿʝʥʪʠʩʘʥʦ ʢʘ ʢʦʦʨʜʠʥʘʪʥʦʤ ʧʦʯʝʪʢʫ. ʉʠʣʘ ʢʦʿʘ 

ʧʫʪʝʤ ʦʚʦʛ ʝʣʝʢʪʨʠʯʥʦʛ ʧʦˀʘ, ʦʙʟʠʨʦʤ ʥʘ ʥʘʝʣʝʢʪʨʠʩʘˁʝ ʿʦʥʘ, ʜʝʣʫʿʝ ʥʘ ˁʝʛʘ ʿʝ ʦʜʙʦʿʥʦʛ 

ʪʠʧʘ (ʫʩʤʝʨʝʥʘ ʦʜ ʟʠʜʦʚʘ ʥʘʥʦʮʝʚʠ ʢʘ ʮʝʥʪʨʫ), ʪʘʢʦ ʜʘ ʿʝ ˁʝʥʘ ʪʝʥʜʝʥʮʠʿʘ ʩʘʞʠʤʘˁʝ 

(ʬʦʢʫʩʠʨʘˁʝ) ʩʥʦʧʘ ʢʘʥʘʣʠʩʘʥʠʭ ʿʦʥʘ. 
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ɻʣʘʚʘ 4 
 

ɼʠʥʘʤʠʯʢʘ ʧʦʣʘʨʠʟʘʮʠʿʘ 
 

ʋ ʧʨʝʪʭʦʜʥʦʤ ʧʦʛʣʘʚˀʫ ʿʝ ʨʘʟʤʘʪʨʘʥ ʧʨʦʮʝʩ ʢʘʥʘʣʠʩʘˁʘ ʿʦʥʘ ʫ ʧʨʦʩʪʦʨʫ ʥʘʥʦʮʝʚʠ 

ʠ ʦʧʠʩʘʥ ʤʝʭʘʥʠʟʘʤ ʠʥʪʝʨʘʢʮʠʿʝ ʿʦʥʘ ʩʘ ʿʝʟʛʨʠʤʘ ʥʝʧʦʢʨʝʪʥʠʭ ʘʪʦʤʘ ʫʛˀʝʥʠʢʘ ʫ ʦʢʚʠʨʫ 

ʭʝʢʩʘʛʦʥʘʣʥʠʭ ʝʣʝʤʝʥʪʘʨʥʠʭ ˂ʝʣʠʿʘ. ʇʦʤʝʥʫʪ ʿʝ ʫʪʠʮʘʿ ʝʣʝʢʪʨʦʥʘ ʘʪʦʤʘ ʫʛˀʝʥʠʢʘ, ʘʣʠ 

ʩʘʤʦ ʫ ʢʦʥʪʝʢʩʪʫ ʝʢʨʘʥʠʨʘˁʘ ʿʝʟʛʨʘ ʠ ʝʬʝʢʪʠʚʥʦʛ ʩʣʘʙˀʝˁʘ ʿʦʥ-ʿʝʟʛʨʦ ʠʥʪʝʨʘʢʮʠʿʝ. ʋ 

ʦʚʦʤ ʧʦʛʣʘʚˀʫ ʩʝ ʜʝʪʘˀʥʦ ʨʘʟʤʘʪʨʘ ʫʪʠʮʘʿ ʝʣʝʢʪʨʦʥʘ ʥʘ ʢʨʝʪʘˁʝ ʿʦʥʘ, ʦʜʥʦʩʥʦ ʠʩʧʠʪʫʿʫ 

ʩʝ ʢʘʨʘʢʪʝʨ ʠ ʦʩʦʙʠʥʝ ʿʦʥ-ʝʣʝʢʪʨʦʥ ʠʥʪʝʨʘʢʮʠʿʝ. 

 

4.1 ʀʥʪʝʨʘʢʮʠʿʘ ʩʘ ʝʣʝʢʪʨʦʥʠʤʘ - ʭʠʜʨʦʜʠʥʘʤʠʯʢʠ ʤʦʜʝʣ  
 

 ʇʨʠʣʠʢʦʤ ʨʘʟʤʘʪʨʘˁʘ ʠʥʪʝʨʘʢʮʠʿʝ ʚʘʣʝʥʪʥʠʭ ʝʣʝʢʪʨʦʥʘ ʫ ʩʘʩʪʘʚʫ ʘʪʦʤʘ ʫʛˀʝʥʠʢʘ 

ʩʘ ʫʧʘʜʥʠʤ ʿʦʥʦʤ ʫʩʚʘʿʘ ʩʝ ʤʦʜʝʣ ʝʣʝʢʪʨʦʥʩʢʦʛ ʛʘʩʘ ʦʜʥʦʩʥʦ ʧʣʘʟʤʦʥʘ [14]. ʉʤʘʪʨʘ ʩʝ ʜʘ 

ʩʫ ʝʣʝʢʪʨʦʥʠ ʨʘʩʧʦʨʝʹʝʥʠ ʫ ʧʨʦʩʪʦʨʫ ʥʝʧʦʩʨʝʜʥʦ ʥʘ ʟʠʜʫ ʥʘʥʦʮʝʚʠ, ʫ ʚʨʣʦ ʪʘʥʢʦʤ ʩʣʦʿʫ,  

ʪʘʢʦ ʜʘ ʩʝ ˁʝʛʦʚʘ Ăʜʝʙˀʠʥʘñ ʤʦʞʝ ʟʘʥʝʤʘʨʠʪʠ ʪʝ ʦʙʣʘʢ ʝʣʝʢʪʨʦʥʘ ʧʦʩʤʘʪʨʘʤʦ ʢʘʦ 

ʜʚʦʜʠʤʝʥʟʠʦʥʫ ʩʪʨʫʢʪʫʨʫ (ʛʘʩ) ʫ ʨʘʚʥʠ ʦʤʦʪʘʯʘ (ʟʠʜʘ) ʥʘʥʦʮʝʚʠ.  

 ɽʣʝʢʪʨʦʥʩʢʠ ʛʘʩ ʩʝ ʘʥʘʣʠʟʠʨʘ ʫʟ ʧʦʤʦ˂ ʧʣʘʥʘʨʥʦʛ ʜʚʦʜʠʤʝʥʟʠʦʥʦʛ 

ʭʠʜʨʦʜʠʥʘʤʠʯʢʦʛ ʤʦʜʝʣʘ. ʆʚʘʿ ʤʦʜʝʣ ʿʝ ʧʨʚʠ ʧʫʪ ʫʚʝʦ ʌʝʪʝʨ (Fetter) 1973 [15, 16]. ʄʦʜʝʣ 

ʿʝ ʢʦʨʠʰ˂ʝʥ ʟʘ ʢʚʘʣʠʪʘʪʠʚʥʦ ʨʘʟʫʤʝʚʘˁʝ ʝʢʩʮʠʪʘʮʠʿʝ ʧʣʘʟʤʦʥʘ ʫ ʨʘʟʣʠʯʠʪʠʤ ʢʚʘʟʠ- 

ʜʚʦʜʠʤʝʥʟʠʦʥʠʤ ʝʣʝʢʪʨʦʥʩʢʠʤ ʩʪʨʫʢʪʫʨʘʤʘ, ʫʢˀʫʯʫʿʫ˂ʠ ʧʦʣʫʧʨʦʚʦʜʥʠʯʢʝ ʩʣʦʿʝʚʝ, 

ʢʚʘʥʪʥʝ ʿʘʤʝ ʠ ʪʘʥʢʝ ʤʝʪʘʣʥʝ ʬʠʣʤʦʚʝ. ʄʦʜʝʣ ʧʦʜʨʘʟʫʤʝʚʘ ʜʘ ʩʚʠ ʝʣʝʢʪʨʦʥʠ ʧʨʠʧʘʜʘʿʫ 

ʿʝʜʠʥʩʪʚʝʥʦʤ ʬʣʫʠʜʫ ʦʧʠʩʘʥʦʤ ʩʘ ʩʘʤʦ ʜʚʘ ʧʘʨʘʤʝʪʨʘ, ʨʘʚʥʦʪʝʞʥʦʤ ʧʦʚʨʰʠʥʩʢʦʤ 

ʛʫʩʪʠʥʦʤ ὲ0 ʠ ʝʬʝʢʪʠʚʥʦʤ ʤʘʩʦʤ ʝʣʝʢʪʨʦʥʘ ά. ʆʙʟʠʨʦʤ ʥʘ ʿʝʜʥʦʩʪʘʚʥʦʩʪ ʠ ʧʨʘʢʪʠʯʥʦʩʪ ʫ 

ʧʨʝʚʘʟʠʣʘʞʝˁʫ ʢʦʤʧʣʠʢʦʚʘʥʠʭ ʛʝʦʤʝʪʨʠʿʩʢʠʭ ʦʛʨʘʥʠʯʝˁʘ, ʢʘʦ ʠ ʚʘʞʝˁʘ ʫ ʧʨʠʩʫʩʪʚʫ 

ʜʠʝʣʝʢʪʨʠʯʥʦʛ ʦʢʨʫʞʝˁʘ, ʿʝʜʥʦ-ʬʣʫʠʜʥʘ ʚʝʨʟʠʿʘ 2ɼ ʭʠʜʨʦʜʠʥʘʤʠʯʢʦʛ ʤʦʜʝʣʘ ʿʝ ʥʘʰʣʘ 
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ʟʥʘʯʘʿʥʫ ʧʨʠʤʝʥʫ ʫ ʦʧʠʩʠʚʘˁʫ ʦʜʨʝʹʝʥʦʛ ʙʨʦʿʘ ʧʨʠʤʝʥʘ ʩʘ ʥʘʥʦʮʝʚʠ ʠ ʤʦʣʝʢʫʣʘ 

ʬʫʣʝʨʝʥʘ.  

 ʇʨʠʩʫʩʪʚʦ ʧʦʟʠʪʠʚʥʦ ʥʘʝʣʝʢʪʨʠʩʘʥʦʛ ʿʦʥʘ ʫ ʧʨʦʩʪʦʨʫ ʥʘʥʦʮʝʚʠ ʜʦʚʦʜʠ ʜʦ 

ʧʝʨʪʫʨʙʘʮʠʿʝ (ʝʢʩʮʠʪʘʮʠʿʝ) ʩʪʘˁʘ ʝʣʝʢʪʨʦʥʩʢʦʛ ʛʘʩʘ (ʧʣʘʟʤʦʥʘ) ʥʘ ʟʠʜʫ ʥʘʥʦʮʝʚʠ ʰʪʦ ʢʘʦ 

ʢʨʘʿˁʠ ʝʬʝʢʘʪ ʠʤʘ ʜʠʥʘʤʠʯʢʫ ʧʦʣʘʨʠʟʘʮʠʿʫ. ɼʠʥʘʤʠʯʢʦʤ ʧʦʣʘʨʠʟʘʮʠʿʦʤ ʜʦʣʘʟʠ ʜʦ 

ʠʟʤʝʥʝ ʝʣʝʢʪʨʠʯʥʦʛ ʧʦˀʘ ʫ ʧʨʦʩʪʦʨʫ ʥʘʥʦʮʝʚʠ ʰʪʦ ʩʝ ʤʦʞʝ ʧʨʦʪʫʤʘʯʠʪʠ ʢʘʦ ʨʝʟʫʣʪʘʪ 

ʬʦʨʤʠʨʘˁʘ ʣʠʢʘ ʥʘ ʦʤʦʪʘʯʫ ʥʘʥʦʮʝʚʠ ʫʩʣʝʜ ʧʨʠʩʫʩʪʚʘ ʧʦʟʠʪʠʚʥʦ ʥʘʝʣʝʢʪʨʠʩʘʥʦʛ ʿʦʥʘ 

(ʩʣʠʯʥʦ ʢʘʦ ʫ ʩʣʫʯʘʿʫ ʧʨʠʩʫʩʪʚʘ ʧʦʟʠʪʠʚʥʦʛ ʥʘʝʣʝʢʪʨʠʩʘˁʘ ʠʟʥʘʜ ʤʝʪʘʣʥʝ ʨʘʚʥʠ ʛʜʝ 

ʜʦʣʘʟʠ ʜʦ ʧʨʝʨʘʩʧʦʜʝʣʝ  ʥʘʝʣʝʢʪʨʠʩʘˁʘ ʨʘʚʥʠ ʪʘʢʦ ʜʘ ʿʝ ʨʝʟʫʣʪʫʿʫ˂ʝ ʝʣʝʢʪʨʠʯʥʦ ʧʦˀʝ 

ʝʢʚʠʚʘʣʝʥʪʥʦ ʧʦˀʫ ʧʦʟʠʪʠʚʥʦʛ ʥʘʝʣʝʢʪʨʠʩʘˁʘ ʠ ʣʠʢʘ).  

 ɼʚʦʜʠʤʝʥʟʠʦʥʠ ʭʠʜʨʦʜʠʥʘʤʠʯʢʠ ʤʦʜʝʣʠ ʢʦʿʠ ˂ʝ ʙʠʪʠ ʘʥʘʣʠʟʠʨʘʥʠ ʫ ʥʘʩʪʘʚʢʫ, 

ʢʦʿʠʤ ʩʝ ʦʧʠʩʫʿʝ ʩʪʘˁʝ ʧʣʘʟʤʦʥʘ, ʜʦʙʨʦ ʦʧʠʩʫʿʫ ʝʥʝʨʛʠʿʩʢʝ ʛʫʙʠʪʢʝ ʫʩʣʝʜ ʝʢʩʮʠʪʘʮʠʿʝ 

ʝʣʝʢʪʨʦʥʘ ʥʘ ʦʤʦʪʘʯʫ ʠ ʜʠʥʘʤʠʯʢʫ ʠʥʪʝʨʘʢʮʠʿʫ ʣʠʢʘ ʩʘ ʢʘʥʘʣʠʩʘʥʠʤ ʿʦʥʦʤ.  

 ʆʩʥʦʚʥʝ ʧʦʣʘʟʥʝ ʿʝʜʥʘʯʠʥʝ ʫ ʧʦʤʝʥʫʪʠʤ ʭʠʜʨʦʜʠʥʘʤʠʯʢʠʤ ʤʦʜʝʣʠʤʘ ʩʫ: 

 ‬ὔ

‬ὸ
+ Ͻὔ╥ = 0, (4.1) 

 

 ‬╥

‬ὸ
+ ╥Ͻ ╥= (άὔ) 1 ὖ

Ὡ

ά
╔+ ὧ1╥× ║. (4.2) 

 

 ʀʟʨʘʟ 4.1 ʧʨʝʜʩʪʘʚˀʘ ʿʝʜʥʘʯʠʥʫ ʢʦʥʪʠʥʫʠʪʝʪʘ, ʛʜʝ ʩʫ ὔ ʠ ╥ ʢʦʥʮʝʥʪʨʘʮʠʿʘ ʠ 

ʙʨʟʠʥʘ (ʚʝʢʪʦʨʩʢʠ). ʀʟʨʘʟ 4.2 ʧʨʝʜʩʪʘʚˀʘ ʿʝʜʥʘʯʠʥʫ ʢʨʝʪʘˁʘ ʥʘ ʦʩʥʦʚʫ ʜʨʫʛʦʛ ɳʫʪʥʦʚʦʛ 

ʟʘʢʦʥʘ (ʪʘʢʦʟʚʘʥʘ ʆʿʣʝʨʦʚʘ ʿʝʜʥʘʯʠʥʘ [17, 18]). ʋ ʠʟʨʘʟʫ 4.2, ὖ ʧʨʝʜʩʪʘʚˀʘ ʧʨʠʪʠʩʘʢ, ╔ ʠ 

║ ʩʫ ʝʣʝʢʪʨʠʯʥʦ ʠ ʤʘʛʥʝʪʥʦ ʧʦˀʝ. 

 ʊʨʝʪʠʨʘˁʝ ʚʘʣʝʥʪʥʠʭ ʝʣʝʢʪʨʦʥʘ ʫʛˀʝʥʠʢʘ ʥʘ ʠʩʪʠ ʥʘʯʠʥ ʫ ʦʢʚʠʨʫ ʿʝʜʠʥʩʪʚʝʥʝ 

ʩʪʨʫʢʪʫʨʝ ʝʣʝʢʪʨʦʥʩʢʦʛ ʛʘʩʘ ʟʘʥʝʤʘʨʫʿʝ ʨʘʟʣʠʢʝ ʫ ʚʝʟʠʚʘˁʫ ʝʣʝʢʪʨʦʥʘ ʫ ʦʢʚʠʨʫ 

ʫʛˀʝʥʠʯʥʠʭ ʚʝʟʘ ʰʪʦ ʨʝʟʫʣʪʫʿʝ ʤʘˁʦʤ ʪʘʯʥʦʩʪʠ ʤʦʜʝʣʘ [19]. ʋ ʧʦʛʣʘʚˀʫ 2 ʿʝ ʜʝʪʘˀʥʦ 

ʦʧʠʩʘʥʘ ʭʝʤʠʿʩʢʘ ʩʪʨʫʢʪʫʨʘ ʫʛˀʝʥʠʯʥʠʭ ʥʘʥʦʮʝʚʠ ʫʟ ʘʥʘʣʠʟʫ ʤʝʭʘʥʠʟʘʤʘ ʫʩʧʦʩʪʘʚˀʘˁʘ 

ʚʝʟʘ ʠʟʤʝʹʫ ʫʛˀʝʥʠʢʦʚʠʭ ʘʪʦʤʘ. ʈʝʯʝʥʦ ʿʝ ʜʘ ʪʨʠ ʚʘʣʝʥʪʥʘ ʝʣʝʢʪʨʦʥʘ ʫʯʝʩʪʚʫʿʫ ʫ 

ʬʦʨʤʠʨʘˁʫ ʿʘʢʠʭ ů ʚʝʟʘ ʫ ʦʢʚʠʨʫ ίὴ2 ʭʠʙʨʠʜʠʟʘʮʠʿʝ ʜʦʢ ʿʝʜʘʥ ʝʣʝʢʪʨʦʥ ʫʯʝʩʪʚʫʿʝ ʫ 

ʬʦʨʤʠʨʘˁʫ ʩʣʘʙʝ ˊ ʚʝʟʝ. ʋ ʢʦʥʪʝʢʩʪʫ ʦʚʝ ʘʥʘʣʠʟʝ ʫʩʚʘʿʘʤʦ ʪʨʠ ʭʠʜʨʦʜʠʥʘʤʠʯʢʘ ʤʦʜʝʣʘ 

ʢʦʿʠʤʘ ʦʧʠʩʫʿʝʤʦ ʝʣʝʢʪʨʦʥʝ ʥʘ ʦʤʦʪʘʯʫ ʥʘʥʦʮʝʚʠ ʠ ʧʦʤʦ˂ʫ ʪʠʭ ʤʦʜʝʣʘ ʠ ʠʥʪʝʨʘʢʮʠʿʫ 

ʢʘʥʘʣʠʩʘʥʦʛ ʿʦʥʘ ʩʘ ʝʣʝʢʪʨʦʥʠʤʘ: 
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¶ ɱʝʜʥʦʬʣʫʠʜʥʠ ʭʠʜʨʦʜʠʥʘʤʠʯʢʠ ʤʦʜʝʣ 

¶ ɼʚʦʬʣʫʠʜʥʠ ʭʠʜʨʦʜʠʥʘʤʠʯʢʠ ʤʦʜʝʣ 

¶ ʇʨʦʰʠʨʝʥʠ ʜʚʦʬʣʫʠʜʥʠ ʭʠʜʨʦʜʠʥʘʤʠʯʢʠ ʤʦʜʝʣ 

ɿʘ ʩʚʘʢʠ ʦʜ ʥʘʚʝʜʝʥʠʭ ʤʦʜʝʣʘ ʫ ʥʘʩʪʘʚʢʫ ˂ʝ ʙʠʪʠ ʠʟʥʝʩʝʥʘ ʪʝʦʨʠʿʩʢʘ ʘʥʘʣʠʟʘ ʫʟ 

ʜʝʪʘˀʥʘ ʤʘʪʝʤʘʪʠʯʢʘ ʠʟʚʦʹʝˁʘ ʬʠʟʠʯʢʠʭ ʚʝʣʠʯʠʥʘ ʢʦʿʝ ʢʘʨʘʢʪʝʨʠʰʫ ʿʦʥ-ʝʣʝʢʪʨʦʥ 

ʠʥʪʝʨʘʢʮʠʿʫ. 

 

4.2 ɱʝʜʥʦʬʣʫʠʜʥʠ ʭʠʜʨʦʜʠʥʘʤʠʯʢʠ ʤʦʜʝʣ (ʘʥʘʣʠʪʠʯʢʠ 

ʨʝʟʫʣʪʘʪʠ) 
 

 ɱʝʜʥʦʬʣʫʠʜʥʠ ʭʠʜʨʦʜʠʥʘʤʠʯʢʠ ʤʦʜʝʣ ʧʦʣʘʟʠ ʦʜ ʧʨʝʪʧʦʩʪʘʚʢʝ ʜʘ ʩʚʠ ʚʘʣʝʥʪʥʠ 

ʝʣʝʢʪʨʦʥʠ ʟʠʜʘ ʥʘʥʦʮʝʚʠ ʧʨʠʧʘʜʘʿʫ ʭʦʤʦʛʝʥʦʿ ʩʪʨʫʢʪʫʨʠ ʝʣʝʢʪʨʦʥʩʢʦʛ ʛʘʩʘ ʙʝʟ ʦʙʟʠʨʘ ʥʘ 

ʪʠʧ ʚʝʟʝ ʫ ʢʦʿʝʤ ʫʯʝʩʪʚʫʿʫ. ʋ ʦʚʦʤ ʤʦʜʝʣʫ ʩʝ ʜʘʢʣʝ ʥʝ ʧʨʘʚʠ ʨʘʟʣʠʢʘ ʠʟʤʝʹʫ ů ʠ ˊ 

ʝʣʝʢʪʨʦʥʘ, ʚʝ˂ ʩʝ ʩʚʠ ʝʣʝʢʪʨʦʥʠ ʧʦʩʤʘʪʨʘʿʫ ʥʘ ʠʩʪʠ ʥʘʯʠʥ.  

ʋ ʩʚʠʤ ʠʟʨʘʟʠʤʘ ʢʦʿʠ ʩʣʝʜʝ ʢʦʨʠʩʪʠʤʦ ʘʪʦʤʩʢʝ ʿʝʜʠʥʠʮʝ (a.u.) [20]. Oʚʦ ʿʝ ʩʠʩʪʝʤ 

ʿʝʜʠʥʠʮʘ ʫ ʢʦʤʝ ʿʝ Bohr-ʦʚ ʨʘʜʠʿʫʩ, 0a , ʿʝʜʠʥʠʮʘ ʜʫʞʠʥʝ, ʤʘʩʘ ʝʣʝʢʪʨʦʥʘ, em , ʿʝʜʠʥʠʮʘ 

ʤʘʩʝ, ʝʣʝʤʝʥʪʘʨʥʦ ʥʘʝʣʝʢʪʨʠʩʘˁʝ, e, ʿʝʜʠʥʠʮʘ ʥʘʝʣʝʢʪʨʠʩʘˁʘ ʠ ʨʝʜʫʢʦʚʘʥʘ Planck-ʦʚʘ 

ʢʦʥʩʪʘʥʪʘ, Z, ʿʝʜʠʥʠʮʘ ʘʥʛʫʣʘʨʥʦʛ ʤʦʤʝʥʪʘ [21]. ʊʘʢʦʹʝ, ʫ ʘʪʦʤʩʢʠʤ ʿʝʜʠʥʠʮʘʤʘ ʫʟʠʤʘ ʩʝ 

ʜʘ ʿʝ ʢʦʥʩʪʘʥʪʘ Coulomb-ʦʚʦʛ ʟʘʢʦʥʘ ʿʝʜʥʘʢʘ ʿʝʜʠʥʠʮʠ, ʦʜʥʦʩʥʦ 14/1 0=pe , ʰʪʦ ʟʥʘʯʠ ʜʘ ʿʝ 

pe 4/1 0= . 

ʇʦʩʤʘʪʨʘʤʦ ʿʝʜʥʦʩʣʦʿʥʫ ʫʛˀʝʥʠʯʥʫ ʥʘʥʦʮʝʚ ʢʘʦ ʙʝʩʢʦʥʘʯʥʦ ʪʘʥʘʢ ʮʠʣʠʥʜʘʨ 

ʧʦʣʫʧʨʝʯʥʠʢʘ R  [22]. ʉʤʘʪʨʘʤʦ ʜʘ ʩʝ ʚʘʣʝʥʪʥʠ ʝʣʝʢʪʨʦʥʠ ʤʦʛʫ ʦʧʠʩʘʪʠ ʢʘʦ 

ʜʚʦʜʠʤʝʥʟʠʦʥʠ ʛʘʩ ʩʣʦʙʦʜʥʠʭ ʝʣʝʢʪʨʦʥʘ, ʨʘʚʥʦʤʝʨʥʦ ʨʘʩʧʦʨʝʹʝʥ ʜʫʞ ʮʠʣʠʥʜʨʠʯʥʝ 

ʧʦʚʨʰʠʥʝ, ʧʦʚʨʰʠʥʩʢʝ ʙʨʦʿʥʝ ʛʫʩʪʠʥʝ 428.00 =n . 

 ʂʦʨʠʩʪʠʤʦ ʮʠʣʠʥʜʨʠʯʥʠ ʢʦʦʨʜʠʥʘʪʥʠ ʩʠʩʪʝʤ, ),,( zr jr= , ʧʨʠ ʯʝʤʫ ʥʘʥʦʮʝʚ 

ʫʩʤʝʨʘʚʘʤʦ ʜʫʞ z-ʦʩʝ. ʇʦʩʤʘʪʨʘʤʦ ʿʦʥ ʥʘʝʣʝʢʪʨʠʩʘˁʘ Q  ʢʦʿʠ ʩʝ ʢʨʝ˂ʝ ʙʨʟʠʥʦʤ v  ʫʥʫʪʘʨ 

ʥʘʥʦʮʝʚʠ, ʧʘʨʘʣʝʣʥʦ ˁʝʥʦʿ ʦʩʠ ʥʘ ʨʘʩʪʦʿʘˁʫ 
0rr=  ʦʜ ˁʝ. ʊʨʝʥʫʪʥʠ ʧʦʣʦʞʘʿ ʿʦʥʘ ʫ ʙʠʣʦ 

ʢʦʤ ʪʨʝʥʫʪʢʫ ʚʨʝʤʝʥʘ ʦʜʨʝʹʝʥ ʿʝ ʚʝʢʪʦʨʦʤ ʧʦʣʦʞʘʿʘ ),0,()( 00 vtztr ==== jrr . 

 ʇʨʠʩʫʩʪʚʦ ʥʘʝʣʝʢʪʨʠʩʘʥʦʛ ʿʦʥʘ ʜʦʚʦʜʠ ʜʦ ʧʝʨʪʫʨʙʘʮʠʿʝ ʭʦʤʦʛʝʥʦʛ ʝʣʝʢʪʨʦʥʩʢʦʛ 

ʛʘʩʘ ʢʦʿʠ ʤʦʞʝʤʦ ʧʦʩʤʘʪʨʘʪʠ ʢʘʦ ʥʘʝʣʝʢʪʨʠʩʘʥʠ ʬʣʫʠʜ ʩʘ ʧʦˀʝʤ ʙʨʟʠʥʝ ),( tru s  ʠ 
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ʠʥʜʫʢʦʚʘʥʦʤ ʧʦʚʨʰʠʥʩʢʦʤ ʙʨʦʿʥʦʤ ʛʫʩʪʠʥʦʤ ),( trn s , ʧʨʠ ʯʝʤʫ ʿʝ ),( zr s j=  ʢʦʦʨʜʠʥʘʪʘ 

ʙʠʣʦ ʢʦʿʝ ʪʘʯʢʝ ʥʘ ʮʠʣʠʥʜʨʠʯʥʦʿ ʧʦʚʨʰʠʥʠ ʥʘʥʦʮʝʚʠ. ʇʦʩʤʘʪʨʘʤʦ ʢʨʝʪʘˁʝ ʩʘʤʦ ʿʝʜʥʦʛ 

ʿʦʥʘ ʫʥʫʪʘʨ ʧʨʦʩʪʦʨʘ ʥʘʥʦʮʝʚʠ. 

 ɽʣʝʢʪʨʦʥʩʢʘ ʧʦʙʫʹʝˁʘ ʫ ʥʘʥʦʮʝʚʠ ʦʧʠʩʫʿʫ ʩʝ ʣʠʥʝʘʨʠʟʦʚʘʥʠʤ ʿʝʜʥʘʯʠʥʘʤʘ 

ʢʦʥʪʠʥʫʠʪʝʪʘ ʠ ʢʨʝʪʘˁʘ ʥʘ ʦʩʥʦʚʫ ʣʠʥʝʘʨʠʟʦʚʘʥʦʛ ʭʠʜʨʦʜʠʥʘʤʠʯʢʦʛ ʤʦʜʝʣʘ [23]: 
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ʆʧʝʨʘʪʦʨ ||Ð  ʫ ʿʝʜʥʘʯʠʥʘʤʘ 4.3 ʠ 4.4 ʿʝ ʜʝʬʠʥʠʩʘʥ ʥʘ ʩʣʝʜʝ˂ʠ ʥʘʯʠʥ: 
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1
|| . ʋ ʠʟʨʘʟʫ 4.4 ʚʝʣʠʯʠʥʘ ),,,(),,,(),,,( tztztz indext jrjrjr F+F=F  

ʧʨʝʜʩʪʘʚˀʘ ʫʢʫʧʥʠ ʩʢʘʣʘʨʥʠ ʧʦʪʝʥʮʠʿʘʣ ʢʦʿʠ ʧʦʪʠʯʝ ʦʜ ʩʧʦˀʘʰˁʝʛ (ʧʦʪʝʥʮʠʿʘʣ ʢʦʿʠ 

ʩʪʚʘʨʘ ʢʘʥʘʣʠʩʘʥʠ ʿʦʥ) ʠ ʠʥʜʫʢʦʚʘʥʦʛ ʥʘʝʣʝʢʪʨʠʩʘˁʘ. ɼʨʫʛʠ ʠ ʪʨʝ˂ʠ ʯʣʘʥ ʥʘ ʜʝʩʥʦʿ 

ʩʪʨʘʥʠ ʠʟʨʘʟʘ 4.4 ʧʨʝʜʩʪʘʚˀʘʿʫ ʧʦʚʨʰʠʥʩʢʝ ʩʠʣʝ ʯʠʿʠ ʿʝ ʫʟʨʦʢ ʫʥʫʪʨʘʰˁʘ ʠʥʪʝʨʘʢʮʠʿʘ ʫ 

ʬʣʫʠʜʫ, ʧʨʠ ʯʝʤʫ ʿʝ 
0npa¹  ʢʚʘʜʨʘʪ ʙʨʟʠʥʝ ʰʠʨʝˁʘ ʧʦʨʝʤʝ˂ʘʿʘ ʛʫʩʪʠʥʝ ʫ ʬʣʫʠʜʫ, ʘ ʯʣʘʥ 

ʩʘ 4/1=b  ʦʧʠʩʫʿʝ ʿʝʜʥʦʝʣʝʢʪʨʦʥʩʢʘ ʧʦʙʫʹʝˁʘ ʫ ʬʣʫʠʜʫ. ʇʦʩʣʝʜˁʠ ʯʣʘʥ ʥʘ ʜʝʩʥʦʿ ʩʪʨʘʥʠ 

ʠʟʨʘʟʘ 4.4 ʿʝ ʧʦʚʨʰʠʥʩʢʘ ʩʠʣʘ ʪʨʝˁʘ ʫʩʣʝʜ ʧʦʟʠʪʠʚʥʦ ʥʘʝʣʝʢʪʨʠʩʘʥʝ ʧʦʟʘʜʠʥʝ, ʘ g ʿʝ 

ʢʦʝʬʠʮʠʿʝʥʪ ʪʨʝˁʘ. 

 Eʣʠʤʠʥʠʩʘˁʝʤ ʧʦˀʘ ʙʨʟʠʥʝ ),,( tzuj  ʩʠʩʪʝʤ ʿʝʜʥʘʯʠʥʘ 4.3-4.4 ʩʝ ʩʚʦʜʠ ʥʘ ʿʝʜʥʫ 

ʿʝʜʥʘʯʠʥʫ ʧʦ ),,( tznj : 
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 ʂʘʢʦ ʿʝ ʫ ʧʠʪʘˁʫ ʩʠʩʪʝʤ ʧʨʦʩʪʦʨʥʦ ʚʨʝʤʝʥʩʢʠʭ ʜʠʬʝʨʝʥʮʠʿʘʣʥʠʭ ʿʝʜʥʘʯʠʥʘ, ʨʘʜʠ 

ʣʘʢʰʝʛ ʨʝʰʘʚʘˁʘ ʩʝ ʤʦʞʝ ʫʚʝʩʪʠ Fourier-Bessel-ʦʚʘ ʪʨʘʥʩʬʦʨʤʘʮʠʿʘ. ɿʘ ʥʝʢʫ ʬʫʥʢʮʠʿʫ 

),,,( tzA jr  ʪʨʘʥʬʦʨʤʘʮʠʦʥʠ ʧʘʨ ʜʝʬʠʥʠʰʝʤʦ ʢʘʦ: 
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ʀʟʨʘʟ 4.5 ʩʝ ʧʨʠʤʝʥʦʤ ʪʨʘʥʩʬʦʨʤʘʮʠʿʝ 4.6 ʩʚʦʜʠ ʥʘ: 

 
Rkmkmkmn =F= rwrwcw ),,,(),,(),,( 0 . (4.7) 
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m
k  ʠʟ ʚʨʝʤʝʥʩʢʦ-ʧʨʦʩʪʦʨʥʦʛ ʩʠʩʪʝʤʘ ʫ ʩʠʩʪʝʤ ʜʝʬʠʥʠʩʘʥ Fourier-Bessel-

ʦʚʦʤ ʪʨʘʥʩʬʦʨʤʘʮʠʿʦʤ. 

 ʋ ʠʟʨʘʟʫ 4.7 ),,(0 wc km  ʩʝ ʜʝʬʠʥʠʰʝ ʢʘʦ: 
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 ʋʢʫʧʥʠ ʪʨʘʥʩʬʦʨʤʠʩʘʥʠ ʧʦʪʝʥʮʠʿʘʣ ʿʝ ʜʘʪ ʢʘʦ: 

 
RindRextR kmkmkm === F+F=F rrr wrwrwr ),,,(),,,(),,,( . (4.9) 

 

ʉʧʦˀʘʰˁʠ ʧʦʪʝʥʮʠʿʘʣ ʩʝ ʤʦʞʝ ʠʟʨʘʯʫʥʘʪʠ ʧʦʤʦ˂ʫ: 
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ʛʜʝ ʿʝ ʛʫʩʪʠʥʘ ʩʧʦˀʘʰˁʝʛ ʥʘʝʣʝʢʪʨʠʩʘˁʘ (ʿʦʥ ʥʘʝʣʝʢʪʨʠʩʘˁʘ Q) ʫ ʮʠʣʠʥʜʨʠʯʥʠʤ 

ʢʦʦʨʜʠʥʘʪʘʤʘ )()0()(
1

),( ''

0

'

'

'

vtzQtrext ---= djdrrd
r

r , ʘ ʝʣʝʤʝʥʪʘʨʥʘ ʟʘʧʨʝʤʠʥʘ 

''''
'

3 dzddrd jrr= . ʂʦʦʨʜʠʥʘʪʝ ʩʘ ʧʨʠʤ ʦʟʥʘʢʦʤ ʩʝ ʦʜʥʦʩʝ ʥʘ ʨʝʬʝʨʝʥʪʥʠ ʩʠʩʪʝʤ 

ʢʘʥʘʣʠʩʘʥʦʛ ʿʦʥʘ. 

Coulomb-ʦʚ ʧʦʪʝʥʮʠʿʘʣ 
||

1
'

rr-
 ʩʝ ʤʦʞʝ ʥʘʧʠʩʘʪʠ ʫ ʜʦʤʝʥʫ Fourier-Bessel-ʦʚʝ 

ʪʨʘʥʩʬʦʨʤʘʮʠʿʝ ʥʘ ʩʣʝʜʝ˂ʠ ʥʘʯʠʥ: 
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ʧʨʠ ʯʝʤʫ ʿʝ )|(|)|(|4),( '

><= rrprr kKkIg mmmk , ʛʜʝ ʿʝ },min{ 'rrr¹<  ʠ },max{ 'rrr¹> , 

ʘ mI  ʠ mK  ʤʦʜʠʬʠʢʦʚʘʥʝ Bessel-ʦʚʝ ʬʫʥʢʮʠʿʝ ʧʨʚʝ ʠ ʜʨʫʛʝ ʚʨʩʪʝ, ʨʝʜʘ m . 

ɿʘʤʝʥʦʤ ʠʟʨʘʟʘ 4.11 ʫ ʠʟʨʘʟ 4.10, ʠ ʩʨʝʹʠʚʘˁʝʤ ʩʝ ʤʦʞʝ ʧʦʢʘʟʘʪʠ ʜʘ ʩʝ ʜʦʙʠʿʘ: 

 )(),(2),,,( 0 kvQgkm mkext -=F wdrrpwr . (4.12) 

 

ʅʘ ʦʩʥʦʚʫ ʠʟʨʘʟʘ 4.12 ʚʘʞʠ: 

 )(),(2),,,( 0 kvRQgkm mkRext -=F = wdrpwr r , (4.13) 

  

ʧʨʠ ʯʝʤʫ ʿʝ )|(|)|(|4),( 00 RkKkIRg mmmk rpr = . 

ʀʥʜʫʢʦʚʘʥʠ ʧʦʪʝʥʮʠʿʘʣ ʠʤʘ ʩʣʝʜʝ˂ʠ ʦʙʣʠʢ: 
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ʧʨʠ ʯʝʤʫ ʿʝ ʛʫʩʪʠʥʘ ʠʥʜʫʢʦʚʘʥʦʛ ʥʘʝʣʝʢʪʨʠʩʘˁʘ ʫ ʮʠʣʠʥʜʨʠʯʥʠʤ ʢʦʦʨʜʠʥʘʪʘʤʘ 

)(),,(),( '''
'

Rtzntrind --= rdjr . 

ʉʤʝʥʦʤ ʠʟʨʘʟʘ 4.11 ʫ ʠʟʨʘʟ 4.14, ʩʣʠʯʥʦ ʢʘʦ ʫ ʩʣʫʯʘʿʫ ʩʧʦˀʘʰˁʝʛ ʧʦʪʝʥʮʠʿʘʣʘ, 

ʜʦʙʠʿʘ ʩʝ ʚʝʟʘ ʠʟʤʝʹʫ ʠʥʜʫʢʦʚʘʥʦʛ ʧʦʪʝʥʮʠʿʘʣʘ ʠ ʢʦʥʮʝʥʪʨʘʮʠʿʝ ʝʣʝʢʪʨʦʥʘ ʥʘ ʦʤʦʪʘʯʫ 

ʥʘʥʦʮʝʚʠ: 

 ),,(),(),,,( wrwr kmnRRgkm mkind -=F , (4.15) 

 

ʧʨʠ ʯʝʤʫ ʿʝ )|(|)|(|4),( RkKkIRg mmmk rpr = , ʛʜʝ ʚʘʞʠ R<¢r0 . 

 ʅʘ ʦʩʥʦʚʫ ʠʟʨʘʟʘ 4.15 ʿʘʩʥʦ ʿʝ ʜʘ ʚʘʞʠ: 

 ),,(),(),,,( wwr r kmnRRRgkm mkRind -=F = , (4.16) 
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ʛʜʝ ʿʝ )|(|)|(|4),( RkKRkIRRg mmmk p= . 

 ɿʘʤʝʥʦʤ ʠʟʨʘʟʘ 4.16 ʫ ʠʟʨʘʟ 4.7 ʜʦʙʠʿʘ ʩʝ: 

 
Rext kmkmkmn =F= rwrwcw ),,,(),,(),,( , (4.17) 

 

ʛʜʝ ʿʝ ),,( wc km  ʬʫʥʢʮʠʿʘ ʦʜʟʠʚʘ ʠʥʜʫʢʦʚʘʥʝ ʧʦʚʨʰʠʥʩʢʝ ʙʨʦʿʥʝ ʛʫʩʪʠʥʝ ʥʘ ʩʧʦˀʘʰˁʠ 

ʧʦʪʝʥʮʠʿʘʣ ʠ ʜʘʪʘ ʿʝ ʩʣʝʜʝ˂ʠʤ ʠʟʨʘʟʦʤ: 
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ʉʤʝʥʦʤ ʠʟʨʘʟʘ 4.13 ʫ ʠʟʨʘʟ 4.17 ʜʦʙʠʿʘ ʩʝ: 

 )(),(),,(2),,( 0 kvRgkmQkmn mk -= wdrwcpw . (4.19) 

 

ʉʤʝʥʦʤ ʠʟʨʘʟʘ 4.19 ʫ ʠʟʨʘʟ 4.15 ʜʦʙʠʿʘʤʦ: 

 )(),,(),(),(2),,,( 0 kvkmRgRRQgkm mkmkind --=F wdwcrrpwr . (4.20) 

 

 ʇʨʠʤʝʥʦʤ ʠʥʚʝʨʟʥʝ Fourier-Bessel-ʦʚ ʪʨʘʥʩʬʦʨʤʘʮʠʿʝ (ʠʟʨʘʟ 4.6) ʧʨʝʪʭʦʜʥʠ ʠʟʨʘʟ 

4.20 ʩʝ ʩʚʦʜʠ ʥʘ: 
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ʧʨʠ ʯʝʤʫ ʩʤʦ ʠʩʢʦʨʠʩʪʠʣʠ ʜʘ ʿʝ )|(|)|(|4),( RkKkIRg mmmk rpr = , ʢʘʦ ʠ ʜʘ ʿʝ 

)|(|)|(|4),( 00 RkKkIRg mmmk rpr = . 

 ʀʟʨʘʟ 4.21 ʟʘ ʠʥʜʫʢʦʚʘʥʠ ʧʦʪʝʥʮʠʿʘʣ ʢʦʿʠ ʧʦʪʠʯʝ ʦʜ ʧʝʨʪʫʨʙʘʮʠʿʝ ʩʪʘˁʘ 

ʝʣʝʢʪʨʦʥʩʢʦʛ ʛʘʩʘ ʥʘ ʟʠʜʫ ʥʘʥʦʮʝʚʠ ʫʩʣʝʜ ʧʨʠʩʫʩʪʚʘ ʧʦʟʠʪʠʚʥʦ ʥʘʝʣʝʢʪʨʠʩʘʥʦʛ ʿʦʥʘ ʫ 

ʫʥʫʪʨʘʰˁʝʤ ʧʨʦʩʪʦʨʫ ʥʘʥʦʮʝʚʠ ʧʨʝʜʩʪʘʚˀʘ ʛʣʘʚʥʠ ʨʝʟʫʣʪʘʪ ʦʚʝ ʘʥʘʣʠʟʝ ʠ ʤʘʪʝʤʘʪʠʯʢʦʛ 

ʠʟʚʦʹʝˁʘ ʫ ʫʩʚʦʿʝʥʦʤ ʿʝʜʥʦʬʣʫʠʜʥʦʤ ʤʦʜʝʣʫ. ʅʘ ʦʩʥʦʚʫ ʦʚʦʛ ʠʟʨʘʟʘ ʩʝ ʦʜʨʝʹʫʿʫ ʦʩʪʘʣʝ 

ʬʠʟʠʯʢʝ ʚʝʣʠʯʠʥʝ ʢʦʿʝ ʦʜʨʝʹʫʿʫ ʫʪʠʮʘʿ ʧʣʘʟʤʦʥʘ ʥʘ ʢʘʥʘʣʠʩʘˁʝ ʿʦʥʘ ʫ ʥʘʥʦʮʝʚʠ. ʂʘʦ ʰʪʦ 

ʩʝ ʤʦʞʝ ʟʘʧʘʟʠʪʠ, ʫ ʠʟʨʘʟʫ ʬʠʛʫʨʠʰʝ ʙʨʟʠʥʘ ʿʦʥʘ, ʪʘʢʦ ʜʘ ˁʝʥʘ ʚʨʝʜʥʦʩʪ ʫʪʠʯʝ ʥʘ 

ʠʥʪʝʥʟʠʪʝʪ ʧʝʨʪʫʨʙʘʮʠʿʝ ʝʣʝʢʪʨʦʥʩʢʦʛ ʛʘʩʘ. 
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ʋ ʠʟʨʘʟʫ 4.8 ʬʠʛʫʨʠʰʝ ʨʘʚʥʦʪʝʞʥʘ (ʢʘʜʘ ʥʝʤʘ ʢʘʥʘʣʠʩʘʥʦʛ ʿʦʥʘ ʫʥʫʪʘʨ ʥʘʥʦʮʝʚʠ) 

ʧʦʚʨʰʠʥʩʢʘ ʛʫʩʪʠʥʘ ʝʣʝʢʪʨʦʥʘ ʥʘ ʦʤʦʪʘʯʫ ʥʘʥʦʮʝʚʠ ʟʘ ʢʦʿʫ ʿʝ ʚʝ˂ ʨʝʯʝʥʦ ʜʘ ʠʟʥʦʩʠ 

428.00=n . ʆʚʘ ʚʨʝʜʥʦʩʪ ʿʝ ʫʩʚʦʿʝʥʘ ʘʧʨʦʢʩʠʤʘʪʠʚʥʦ ʥʘ ʦʩʥʦʚʫ ʛʫʩʪʠʥʝ ʝʣʝʢʪʨʦʥʩʢʦʛ ʛʘʩʘ 

ʥʘ ʛʨʘʬʠʪʥʦʿ ʨʘʚʥʠ [24]. 

 

4.3 ɼʚʦʬʣʫʠʜʥʠ ʭʠʜʨʦʜʠʥʘʤʠʯʢʠ ʤʦʜʝʣ (ʘʥʘʣʠʪʠʯʢʠ 

ʨʝʟʫʣʪʘʪʠ) 
 

 ʋ ʧʨʝʪʭʦʜʥʦʤ, ʿʝʜʥʦʬʣʫʠʜʥʦʤ ʤʦʜʝʣʫ, ʩʚʠ ʚʘʣʝʥʪʥʠ ʝʣʝʢʪʨʦʥʠ ʘʪʦʤʘ ʫʛˀʝʥʠʢʘ ʩʫ 

ʧʦʩʤʘʪʨʘʥʠ ʥʘ ʠʩʪʠ ʥʘʯʠʥ, ʙʝʟ ʦʙʟʠʨʘ ʫ ʢʦʤ ʪʠʧʫ ʚʝʟʝ ʫʯʝʩʪʚʫʿʫ ʫ ʦʢʚʠʨʫ ʧʦʚʝʟʠʚʘˁʘ 

ʩʫʩʝʜʥʠʭ ʘʪʦʤʘ ʫʛˀʝʥʠʢʘ. ɼʘʢʣʝ ʥʝ ʧʨʘʚʠ ʩʝ ʨʘʟʣʠʢʘ ʠʟʤʝʹʫ ů ʠ ˊ ʝʣʝʢʪʨʦʥʘ. ʋ ʦʢʚʠʨʫ 

ʦʚʦʛ ʤʦʜʝʣʘ ʿʝ ʧʦʢʘʟʘʥʦ ʜʘ ʩʝ ʦʩʪʚʘʨʫʿʫ ʨʝʟʦʥʘʥʪʥʝ ʫʯʝʩʪʘʥʦʩʪʠ ʟʘ ʟʘʿʝʜʥʠʯʢʠ ʝʣʝʢʪʨʦʥʩʢʠ 

ʩʠʩʪʝʤ (ů ʠ ˊ ʝʣʝʢʪʨʦʥʠ), ʦʟʥʘʯʝʥ ʿʦʰ ʢʘʦ ʠ ů +ˊ ʧʣʘʟʤʦʥ [25, 26], ʛʜʝ ʩʫ ʥʠʞʝ ʬʨʝʢʚʝʥʮʝ 

ʢʦʿʝ ʦʜʛʦʚʘʨʘʿʫ ˊ ʝʣʝʢʪʨʦʥʠʤʘ ʫ ʦʢʚʠʨʫ ʿʝʜʥʦʬʣʫʠʜʥʦʛ ʤʦʜʝʣʘ ʠʟʦʩʪʘʚˀʝʥʝ [22]. ɱʝʜʘʥ ʦʜ 

ʥʘʯʠʥʘ ʜʘ ʩʝ ʧʨʝʚʘʟʠʹʝ ʦʚʘ ʩʠʪʫʘʮʠʿʘ ʿʝ ʜʘ ʩʝ ʩʠʩʪʝʤ ů ʠ ˊ ʝʣʝʢʪʨʦʥʘ ʪʨʝʪʠʨʘ ʢʘʦ 

ʜʚʦʜʠʤʝʥʟʠʦʥʠ ʩʠʩʪʝʤ ʨʘʟʣʠʯʠʪʠʭ ʬʣʫʠʜʘ ʢʦʿʠ ʤʝʹʫʩʦʙʥʦ ʠʥʪʝʨʘʛʫʿʫ (ů ʠ ˊ ʬʣʫʠʜʠ) ʠ 

ʢʦʿʠ ʩʝ ʥʘʣʘʟʝ ʥʝʧʦʩʨʝʜʥʦ ʥʘ ʟʠʜʫ ʥʘʥʦʮʝʚʠ ʧʨʦʞʝʪʠ ʿʝʜʘʥ ʜʨʫʛʠʤ [27].  ʇʨʚʠ ʪʘʢʘʚ 

ʜʚʦʬʣʫʠʜʥʠ ʤʦʜʝʣ ʩʫ ʨʘʟʚʠʣʠ ɹʘʨʪʦʥ (Barton) ʠ ɽʙʝʨʣʘʿʥ (Eberlein) ʟʘ ʧʦʪʨʝʙʝ ʠʟʫʯʘʚʘˁʝ 

ʩʧʝʢʪʨʘ ʧʣʘʟʤʦʥʘ ʫ ʬʫʣʝʨʝʥʠʤʘ [28]. ʂʘʩʥʠʿʝ ʿʝ ʦʚʘʿ ʤʦʜʝʣ ʙʠʦ ʧʨʠʤʝˁʝʥ ʠ ʟʘ ʥʘʥʦʮʝʚʠ 

[29].  

 ɼʚʦʬʣʫʠʜʥʠ ʭʠʜʨʦʜʠʥʘʤʠʯʢʠ ʤʦʜʝʣ ʢʦʿʠ ˂ʝ ʩʝ ʢʦʨʠʩʪʠʪʠ ʫ ʦʚʦʤ ʨʘʜʫ ʘ ʢʦʿʠ ʿʝ 

ʧʨʝʜʣʦʞʝʥ ʫ [27], ʩʝ ʙʘʟʠʨʘ ʥʘ ʩʣʦʙʦʜʥʠʤ ʧʘʨʘʤʝʪʨʠʤʘ ʛʜʝ ʧʨʠʩʫʩʪʚʦ ʫʥʫʪʨʘʰˁʝ 

ʠʥʪʝʨʘʢʮʠʿʝ ʫ ʩʚʘʢʦʤ ʦʜ ʬʣʫʠʜʘ ʦʤʦʛʫ˂ʘʚʘ ʝʣʝʢʪʨʦʩʪʘʪʠʯʢʫ ʚʝʟʫ ʠʟʤʝʹʫ ů ʠ ˊ ʬʣʫʠʜʘ ʢʘʢʦ 

ʙʠ ʩʝ ʨʘʟʜʚʦʿʠʣʝ ʝʢʩʮʠʪʦʚʘʥʝ ʨʝʟʦʥʘʥʪʥʝ ʫʯʝʩʪʘʥʦʩʪʠ ʫ ʜʚʝ ʛʨʫʧʝ ʢʦʿʝ ʦʜʛʦʚʘʨʘʿʫ 

ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʦ ʠʜʝʥʪʠʬʠʢʦʚʘʥʠʤ ʚʨʝʜʥʦʩʪʠʤʘ, ʚʠʩʦʢʝ ʫʯʝʩʪʘʥʦʩʪʠ ʟʘ ů +ˊ ʧʣʘʟʤʦʥ ʠ 

ʥʠʩʢʝ ʟʘ ˊ ʧʣʘʟʤʦʥ. 

ʂʘʦ ʠ ʧʨʠʣʠʢʦʤ ʠʟʚʦʹʝˁʘ ʫ ʧʨʝʪʭʦʜʥʦʤ ʧʦʛʣʘʚˀʫ, ʢʦʨʠʩʪʠʤʦ ʘʪʦʤʩʢʝ ʿʝʜʠʥʠʮʝ 

(a.u.) [20]. Oʚʦ ʿʝ ʩʠʩʪʝʤ ʿʝʜʠʥʠʮʘ ʫ ʢʦʤʝ ʿʝ Bohr-ʦʚ ʨʘʜʠʿʫʩ, 0a , ʿʝʜʠʥʠʮʘ ʜʫʞʠʥʝ, ʤʘʩʘ 

ʝʣʝʢʪʨʦʥʘ, em , ʿʝʜʠʥʠʮʘ ʤʘʩʝ, ʝʣʝʤʝʥʪʘʨʥʦ ʥʘʝʣʝʢʪʨʠʩʘˁʝ, e, ʿʝʜʠʥʠʮʘ ʥʘʝʣʝʢʪʨʠʩʘˁʘ ʠ 

ʨʝʜʫʢʦʚʘʥʘ Planck-ʦʚʘ ʢʦʥʩʪʘʥʪʘ, Z, ʿʝʜʠʥʠʮʘ ʘʥʛʫʣʘʨʥʦʛ ʤʦʤʝʥʪʘ [21]. ʊʘʢʦʹʝ, ʫ 

ʘʪʦʤʩʢʠʤ ʿʝʜʠʥʠʮʘʤʘ ʫʟʠʤʘ ʩʝ ʜʘ ʿʝ ʢʦʥʩʪʘʥʪʘ Coulomb-ʦʚʦʛ ʟʘʢʦʥʘ ʿʝʜʥʘʢʘ ʿʝʜʠʥʠʮʠ, 

ʦʜʥʦʩʥʦ 14/1 0=pe , ʰʪʦ ʟʥʘʯʠ ʜʘ ʿʝ pe 4/1 0= . 

 ʈʘʟʤʘʪʨʘʤʦ ʜʚʘ ʦʜʚʦʿʝʥʘ 2D ʬʣʫʠʜʘ, s ʬʣʫʠʜ ʠ p ʬʣʫʠʜ, "ʩʣʝʧˀʝʥʘ" ʥʘ ʠʩʪʦʿ 

ʧʦʚʨʰʠʥʠ ʥʘʥʦʮʝʚʠ, ʢʦʿʠ ʩʘʜʨʞʝ ʪʨʠ, ʦʜʥʦʩʥʦ ʿʝʜʘʥ ʥʝʩʧʘʨʝʥʠ ʝʣʝʢʪʨʦʥ ʧʦ ʘʪʦʤʫ 

ʫʛˀʝʥʠʢʘ. 
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ʂʘʦ ʠ ʫ ʧʨʝʪʭʦʜʥʦʤ ʩʣʫʯʘʿʫ ʿʝʜʥʦʬʣʫʠʜʥʦʛ ʤʦʜʝʣʘ ʧʦʩʤʘʪʨʘʤʦ ʿʝʜʥʦʩʣʦʿʥʫ 

ʫʛˀʝʥʠʯʥʫ ʥʘʥʦʮʝʚ ʢʘʦ ʙʝʩʢʦʥʘʯʥʦ ʪʘʥʘʢ ʮʠʣʠʥʜʘʨ ʧʦʣʫʧʨʝʯʥʠʢʘ R. ʇʨʝʪʧʦʩʪʘʚʠ˂ʝʤʦ 

ʜʘ ʩʝ ʚʘʣʝʥʪʥʠ ʝʣʝʢʪʨʦʥʠ ʤʦʛʫ ʦʧʠʩʘʪʠ ʢʘʦ ʛʘʩ ʩʣʦʙʦʜʥʠʭ ʝʣʝʢʪʨʦʥʘ, ʨʘʚʥʦʤʝʨʥʦ 

ʨʘʩʧʦʨʝʹʝʥ ʜʫʞ ʮʠʣʠʥʜʨʠʯʥʝ ʧʦʚʨʰʠʥʝ, ʧʦʚʨʰʠʥʩʢʝ ʙʨʦʿʥʝ ʛʫʩʪʠʥʝ 00
0 ps nnn += , ʛʜʝ ʿʝ 

321.00 =sn , ʦʜʥʦʩʥʦ 107.00 =pn , ʧʦʚʨʰʠʥʩʢʘ ʙʨʦʿʥʘ ʛʫʩʪʠʥʘ ʢʦʿʘ ʩʝ ʦʜʥʦʩʠ ʥʘ ʪʨʠ s 

ʝʣʝʢʪʨʦʥʘ, ʦʜʥʦʩʥʦ ʿʝʜʘʥ p ʝʣʝʢʪʨʦʥ, ʧʦ ʘʪʦʤʫ ʫʛˀʝʥʠʢʘ, ʨʝʩʧʝʢʪʠʚʥʦ. ʆʚʦ ʩʫ 

ʨʘʚʥʦʪʝʞʥʝ ʧʦʚʨʰʠʥʩʢʝ ʛʫʩʪʠʥʝ (ʢʘʜʘ ʥʝʤʘ ʢʘʥʘʣʠʩʘʥʦʛ ʿʦʥʘ). 

ʊʘʢʦʹʝ ʢʦʨʠʩʪʠʤʦ ʮʠʣʠʥʜʨʠʯʥʠ ʢʦʦʨʜʠʥʘʪʥʠ ʩʠʩʪʝʤ, ),,( zr jr= , ʧʨʠ ʯʝʤʫ 

ʥʘʥʦʮʝʚ ʫʩʤʝʨʘʚʘʤʦ ʜʫʞ z-ʦʩʝ. ʇʦʩʤʘʪʨʘʤʦ ʿʦʥ ʥʘʝʣʝʢʪʨʠʩʘˁʘ Q  ʢʦʿʠ ʩʝ ʢʨʝ˂ʝ ʙʨʟʠʥʦʤ 

v  ʫʥʫʪʘʨ ʥʘʥʦʮʝʚʠ, ʧʘʨʘʣʝʣʥʦ ˁʝʥʦʿ ʦʩʠ ʥʘ ʨʘʩʪʦʿʘˁʫ 
0rr=  ʦʜ ˁʝ. ʊʨʝʥʫʪʥʠ ʧʦʣʦʞʘʿ 

ʿʦʥʘ, ʫ ʙʠʣʦ ʢʦʤ ʪʨʝʥʫʪʢʫ ʚʨʝʤʝʥʘ, ʦʜʨʝʹʝʥ ʿʝ ʚʝʢʪʦʨʦʤ ʧʦʣʦʞʘʿʘ 

),0,()( 00 vtztr ==== jrr . 

ʇʨʠʩʫʩʪʚʦ ʥʘʝʣʝʢʪʨʠʩʘʥʦʛ ʿʦʥʘ ʜʦʚʦʜʠ ʜʦ ʧʝʨʪʫʨʙʘʮʠʿʝ ʭʦʤʦʛʝʥʦʛ ʝʣʝʢʪʨʦʥʩʢʦʛ 

ʛʘʩʘ ʢʦʿʠ ʤʦʞʝʤʦ ʧʦʩʤʘʪʨʘʪʠ ʢʘʦ ʥʘʝʣʝʢʪʨʠʩʘʥʠ ʬʣʫʠʜ ʩʘ ʧʦˀʝʤ ʙʨʟʠʥʝ ),( tru s  ʠ 

ʠʥʜʫʢʦʚʘʥʦʤ ʧʦʚʨʰʠʥʩʢʦʤ ʙʨʦʿʥʦʤ ʛʫʩʪʠʥʦʤ ),( trn s , ʧʨʠ ʯʝʤʫ ʿʝ ),( zr s j=  ʢʦʦʨʜʠʥʘʪʘ 

ʙʠʣʦ ʢʦʿʝ ʪʘʯʢʝ ʥʘ ʮʠʣʠʥʜʨʠʯʥʦʿ ʧʦʚʨʰʠʥʠ ʥʘʥʦʮʝʚʠ. ʂʘʦ ʠ ʫ ʩʣʫʯʘʿʫ ʿʝʜʥʦʬʣʫʠʜʥʦʛ 

ʭʠʜʨʦʜʠʥʘʤʠʯʢʦʛ ʤʦʜʝʣʘ ʠ ʦʚʜʝ ʧʦʩʤʘʪʨʘʤʦ ʢʨʝʪʘˁʝ ʩʘʤʦ ʿʝʜʥʦʛ ʿʦʥʘ ʫʥʫʪʘʨ ʧʨʦʩʪʦʨʘ 

ʥʘʥʦʮʝʚʠ. 

 ʂʘʦ ʠ ʫ ʧʨʝʪʭʦʜʥʦʤ ʤʦʜʝʣʫ, ʝʣʝʢʪʨʦʥʩʢʘ ʧʦʙʫʹʝˁʘ ʝʣʝʢʪʨʦʥʘ ʥʘ ʟʠʜʦʚʠʤʘ 

ʥʘʥʦʮʝʚʠ ʩʝ ʦʧʠʩʫʿʫ ʣʠʥʝʘʨʠʟʦʚʘʥʠʤ ʿʝʜʥʘʯʠʥʘʤʘ ʢʦʥʪʠʥʫʠʪʝʪʘ ʠ ʢʨʝʪʘˁʘ ʥʘ ʦʩʥʦʚʫ 

ʣʠʥʝʘʨʠʟʦʚʘʥʦʛ ʭʠʜʨʦʜʠʥʘʤʠʯʢʦʛ ʤʦʜʝʣʘ [23]: 
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ʆʧʝʨʘʪʦʨ ||Ð  ʫ ʿʝʜʥʘʯʠʥʘʤʘ 4.22 ʠ 4.23 ʿʝ ʜʝʬʠʥʠʩʘʥ ʥʘ ʩʣʝʜʝ˂ʠ ʥʘʯʠʥ: 
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1
|| . ʋ ʠʟʨʘʟʫ 4.23 ʚʝʣʠʯʠʥʘ ),,,(),,,(),,,( tztztz indext jrjrjr F+F=F  

ʧʨʝʜʩʪʘʚˀʘ ʫʢʫʧʥʠ ʩʢʘʣʘʨʥʠ ʧʦʪʝʥʮʠʿʘʣ ʢʦʿʠ ʧʦʪʠʯʝ ʦʜ ʩʧʦˀʘʰˁʝʛ (ʧʦʪʝʥʮʠʿʘʣ ʢʦʿʠ 

ʩʪʚʘʨʘ ʢʘʥʘʣʠʩʘʥʠ ʿʦʥ) ʠ ʠʥʜʫʢʦʚʘʥʦʛ ʥʘʝʣʝʢʪʨʠʩʘˁʘ. ɼʨʫʛʠ ʠ ʪʨʝ˂ʠ ʯʣʘʥ ʥʘ ʜʝʩʥʦʿ 

ʩʪʨʘʥʠ ʠʟʨʘʟʘ 4.23 ʧʨʝʜʩʪʘʚˀʘʿʫ ʧʦʚʨʰʠʥʩʢʝ ʩʠʣʝ ʯʠʿʠ ʿʝ ʫʟʨʦʢ ʫʥʫʪʨʘʰˁʘ ʠʥʪʝʨʘʢʮʠʿʘ ʫ 

ʬʣʫʠʜʫ, ʧʨʠ ʯʝʤʫ ʿʝ 0

ii npa¹  ʢʚʘʜʨʘʪ ʙʨʟʠʥʝ ʰʠʨʝˁʘ ʧʦʨʝʤʝ˂ʘʿʘ ʛʫʩʪʠʥʝ ʫ ʬʣʫʠʜʫ, ʘ ʯʣʘʥ 
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ʩʘ 4/1=b  ʦʧʠʩʫʿʝ ʿʝʜʥʦʝʣʝʢʪʨʦʥʩʢʘ ʧʦʙʫʹʝˁʘ ʫ ʬʣʫʠʜʫ. ʇʦʩʣʝʜˁʠ ʯʣʘʥ ʥʘ ʜʝʩʥʦʿ ʩʪʨʘʥʠ 

ʠʟʨʘʟʘ 4.23 ʿʝ ʧʦʚʨʰʠʥʩʢʘ ʩʠʣʘ ʪʨʝˁʘ ʫʩʣʝʜ ʧʦʟʠʪʠʚʥʦ ʥʘʝʣʝʢʪʨʠʩʘʥʝ ʧʦʟʘʜʠʥʝ, ʘ ig ʿʝ 

ʢʦʝʬʠʮʠʿʝʥʪ ʪʨʝˁʘ. ɿʘ ʨʘʟʣʠʢʫ ʦʜ ʿʝʜʥʦʬʣʫʠʜʥʦʛ ʤʦʜʝʣʘ, ʦʚʜʝ ʠʤʘʤʦ ʧʘʨʦʚʝ ʿʝʜʥʘʯʠʥʘ 

4.22 ʠ 4.23, ʛʜʝ ʟʘ ʩʚʘʢʠ ʬʣʫʠʜ ů ʠʣʠ ˊ ʧʦʩʪʦʿʠ ʧʦ ʿʝʜʘʥ ʧʘʨ ʦʚʠʭ ʿʝʜʥʘʯʠʥʘ. ʋ ʿʝʜʥʦʤ 

ʩʣʫʯʘʿʫ ʿʝ i=ů, y ʜʨʫʛʦʤ i=ˊ. ʆʩʪʘʣʠ ʧʘʨʘʤʝʪʨʠ ʩʘ ʠʥʜʝʢʩʦʤ i ʩʝ ʦʜʥʦʩʝ ʥʘ ʩʚʘʢʠ ʦʜ 

ʧʦʤʝʥʫʪʠʭ ʬʣʫʠʜʘ ʧʦʿʝʜʠʥʘʯʥʦ ʠ ʫ ʦʧʰʪʝʤ ʩʣʫʯʘʿʫ ʩʝ ʨʘʟʣʠʢʫʿʫ. 

ʂʘʦ ʠ ʫ ʿʝʜʥʦʬʣʫʠʜʥʦʤ ʤʦʜʝʣʫ ʠʟ ʧʨʝʪʭʦʜʥʠʭ ʿʝʜʥʘʯʠʥʘ ʤʦʞʝʤʦ ʝʣʠʤʠʥʠʩʘʪʠ 

ʧʦˀʝ ʙʨʟʠʥʝ ),,( tzui j . ʅʘ ʪʘʿ ʥʘʯʠʥ ʩʠʩʪʝʤ ʿʝʜʥʘʯʠʥʘ 4.22-4.23 ʩʝ ʩʚʦʜʠ  ʥʘ ʿʝʜʥʫ 

ʿʝʜʥʘʯʠʥʫ ʧʦ ),,( tzni j : 
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ʈʘʜʠ ʣʘʢʰʝʛ ʨʝʰʘʚʘˁʘ ʢʘʦ ʠ ʫ ʧʨʝʪʭʦʜʥʦʤ ʩʣʫʯʘʿʫ ʩʝ ʤʦʞʝ ʫʚʝʩʪʠ Fourier-Bessel-

ʦʚʘ ʪʨʘʥʩʬʦʨʤʘʮʠʿʘ: 

 

äññ
¤

-¤=

¤

¤-

-+

¤

¤-

=
m

tiikzim dkdekmAtzA wwr
p

jr wj),,,(
)2(

1
),,,(

3
. (4.25) 

 

ʀʟʨʘʟ 4.24 ʩʝ ʧʨʠʤʝʥʦʤ ʪʨʘʥʩʬʦʨʤʘʮʠʿʝ 4.25 ʩʚʦʜʠ ʥʘ: 
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ʧʨʠ ʯʝʤʫ ʿʝ RindRextR kmkmkm === F+F=F rrr wrwrwr ),,,(),,,(),,,( . 

ʀʟʨʘʟ 4.26 ˂ʝʤʦ ʟʘʧʠʩʘʪʠ ʫ ʦʙʣʠʢʫ: 

 
Rii kmkmkmn =F= rwrwcw ),,,(),,(),,( 0 , (4.27) 

 

ʛʜʝ ʿʝ ʥʝʠʥʪʝʨʘʛʫʿʫ˂ʘ ʬʫʥʢʮʠʿʘ ʦʜʟʠʚʘ i -ʪʦʛ ʬʣʫʠʜʘ (},{ ps=i ) ʜʘʪʘ ʩʣʝʜʝ˂ʠʤ ʠʟʨʘʟʦʤ: 
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ɸʢʦ ʿʝʜʥʘʯʠʥʫ 4.27 ʥʘʧʠʰʝʤʦ ʟʘ s=i  ʠ p=i , ʩʘʙʠʨʘˁʝʤ ʪʝ ʜʚʝ ʿʝʜʥʘʯʠʥʝ 

ʜʦʙʠʿʘʤʦ: 

 
Rkmkmkmn =F= rwrwcw ),,,(),,(),,( 0 , (4.29) 

 

ʛʜʝ ʿʝ ),,(),,(),,( www ps kmnkmnkmn +=  ʠ ),,(),,(),,( 00

0 wcwcwc ps kmkmkm += . 

 

ʇʦʰʪʦ ʩʤʦ ʫʩʚʦʿʠʣʠ ʜʘ ʩʝ ʢʘʦ ʫ ʧʨʝʪʭʦʜʥʦʤ ʩʣʫʯʘʿʫ ʫʥʫʪʘʨ ʥʘʥʦʮʝʚʠ ʢʨʝ˂ʝ ʩʘʤʦ 

ʿʝʜʥʘ ʧʦʟʠʪʠʚʥʦ ʥʘʝʣʝʢʪʨʠʩʘʥʘ ʯʝʩʪʠʮʘ (ʿʦʥ), ʠʟʨʘʟ ʟʘ ʩʧʦˀʘʰˁʠ ʧʦʪʝʥʮʠʿʘʣ ʿʝ ʠʩʪʠ ʢʘʦ ʠ 

ʫ ʧʨʝʪʭʦʜʥʦʤ ʩʣʫʯʘʿʫ. 
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ʛʜʝ ʿʝ ʛʫʩʪʠʥʘ ʩʧʦˀʘʰˁʝʛ ʥʘʝʣʝʢʪʨʠʩʘˁʘ (ʿʦʥ ʥʘʝʣʝʢʪʨʠʩʘˁʘ Q) ʫ ʮʠʣʠʥʜʨʠʯʥʠʤ 

ʢʦʦʨʜʠʥʘʪʘʤʘ )()0()(
1

),( ''

0

'

'

'

vtzQtrext ---= djdrrd
r

r , ʘ ʝʣʝʤʝʥʪʘʨʥʘ ʟʘʧʨʝʤʠʥʘ 

''''
'

3 dzddrd jrr= . ʂʦʦʨʜʠʥʘʪʝ ʩʘ ʧʨʠʤ ʦʟʥʘʢʦʤ ʩʝ ʦʜʥʦʩʝ ʥʘ ʨʝʬʝʨʝʥʪʥʠ ʩʠʩʪʝʤ 

ʢʘʥʘʣʠʩʘʥʦʛ ʿʦʥʘ. 

Coulomb-ʦʚ ʧʦʪʝʥʮʠʿʘʣ 
||

1
'

rr-
 ʩʝ ʤʦʞʝ ʥʘʧʠʩʘʪʠ ʫ ʜʦʤʝʥʫ Fourier-Bessel-ʦʚʝ 

ʪʨʘʥʩʬʦʨʤʘʮʠʿʝ ʥʘ ʩʣʝʜʝ˂ʠ ʥʘʯʠʥ: 
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ʧʨʠ ʯʝʤʫ ʿʝ )|(|)|(|4),( '

><= rrprr kKkIg mmmk , ʛʜʝ ʿʝ },min{ 'rrr¹<  ʠ },max{ 'rrr¹> , 

ʘ mI  ʠ mK  ʤʦʜʠʬʠʢʦʚʘʥʝ Bessel-ʦʚʝ ʬʫʥʢʮʠʿʝ ʧʨʚʝ ʠ ʜʨʫʛʝ ʚʨʩʪʝ, ʨʝʜʘ m . 

 ɿʘʤʝʥʦʤ ʠʟʨʘʟʘ 4.31 ʫ ʠʟʨʘʟ 4.30 ʠ ʩʨʝʹʠʚʘˁʝʤ, ʜʦʙʠʿʘ ʩʝ ʜʘ ʿʝ: 

 )(),(2),,,( 0 kvQgkm mkext -=F wdrrpwr . (4.32) 

 

ʅʘ ʦʩʥʦʚʫ ʧʨʝʪʭʦʜʥʦʛ ʠʟʨʘʟʘ ʚʘʞʠ: 

 )(),(2),,,( 0 kvRQgkm mkRext -=F = wdrpwr r , (4.33) 

 

ʧʨʠ ʯʝʤʫ ʿʝ )|(|)|(|4),( 00 RkKkIRg mmmk rpr = . ʀʥʜʫʢʦʚʘʥʠ ʧʦʪʝʥʮʠʿʘʣ ʠʤʘ ʩʣʝʜʝ˂ʠ 

ʦʙʣʠʢ: 
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ʛʜʝ ʿʝ ʛʫʩʪʠʥʘ ʠʥʜʫʢʦʚʘʥʦʛ ʥʘʝʣʝʢʪʨʠʩʘˁʘ ʫ ʮʠʣʠʥʜʨʠʯʥʠʤ ʢʦʦʨʜʠʥʘʪʘʤʘ 

)(),,(),( '''
'

Rtzntrind --= rdjr . 

ʉʤʝʥʦʤ ʠʟʨʘʟʘ 4.31 ʫ ʠʟʨʘʟ 4.34, ʠ ʩʨʝʹʠʚʘˁʝʤ, ʜʦʙʠʿʘ ʩʝ: 

 ),,(),(),,,( wrwr kmnRRgkm mkind -=F , (4.35) 

 

ʧʨʠ ʯʝʤʫ ʿʝ )|(|)|(|4),( RkKkIRg mmmk rpr = , ʛʜʝ ʩʤʦ ʠʩʢʦʨʠʩʪʠʣʠ ʜʘ ʿʝ R<¢r0 . 

ʆʜʥʦʩʥʦ ʩʤʘʪʨʘʤʦ ʜʘ ʩʝ ʿʦʥ ʥʘʣʘʟʠ ʫ ʥʘʥʦʮʝʚʠ ʪʝ ʩʚʝ ʨʝʣʝʚʘʥʪʥʝ ʬʠʟʠʯʢʝ ʚʝʣʠʯʠʥʝ 

ʨʘʯʫʥʘʤʦ ʟʘ ʧʨʦʩʪʦʨ ʫʥʫʪʘʨ ʥʘʥʦʮʝʚʠ. 

ʅʘ ʦʩʥʦʚʫ ʠʟʨʘʟʘ 4.35 ʤʦʞʝ ʩʝ ʥʘʧʠʩʘʪʠ: 
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 ),,(),(),,,( wwr r kmnRRRgkm mkRind -=F = , (4.36) 

 

ʧʨʠ ʯʝʤʫ ʿʝ )|(|)|(|4),( RkKRkIRRg mmmk p= . ɿʘʤʝʥʦʤ ʠʟʨʘʟʘ 4.36 ʫ ʠʟʨʘʟ 4.29, ʠ 

ʩʨʝʹʠʚʘˁʝʤ, ʜʦʙʠʿʘʤʦ: 

 
Rext kmkmkmn =F= rwrwcw ),,,(),,(),,( , (4.37) 

 

ʛʜʝ ʿʝ ʬʫʥʢʮʠʿʘ ʦʜʟʠʚʘ ʠʥʜʫʢʦʚʘʥʝ ʧʦʚʨʰʠʥʩʢʝ ʙʨʦʿʥʝ ʛʫʩʪʠʥʝ ʥʘ ʩʧʦˀʘʰˁʠ ʧʦʪʝʥʮʠʿʘʣ 

ʢʘʦ ʫ ʿʝʜʥʦʬʣʫʠʜʥʦʤ ʤʦʜʝʣʫ ʜʘʪʘ ʩʣʝʜʝ˂ʠʤ ʠʟʨʘʟʦʤ: 

 

),,(),(1

),,(
),,(

0

0

wc

wc
wc

kmRRRg

km
km

mk+
= . (4.38) 

 

ʉʤʝʥʦʤ ʠʟʨʘʟʘ 4.33 ʫ ʠʟʨʘʟ 4.37 ʜʦʙʠʿʘ ʩʝ: 

 )(),(),,(2),,( 0 kvRgkmQkmn mk -= wdrwcpw . (4.39) 

 

ɿʘʤʝʥʦʤ ʠʟʨʘʟʘ 4.39 ʫ ʠʟʨʘʟ 4.35 ʜʦʙʠʿʘʤʦ ʜʘ ʿʝ: 

 )(),,(),(),(2),,,( 0 kvkmRgRRQgkm mkmkind --=F wdwcrrpwr . (4.40) 

 

ʇʨʠʤʝʥʦʤ ʠʟʨʘʟʘ 4.25 (ʠʥʚʝʨʟʥʝ ʌʫʨʠʿʝʦʚʝ ʪʨʘʥʩʬʦʨʤʘʮʠʿʝ) ʠʟʨʘʟ 4.40 ʧʦʩʪʘʿʝ: 
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ind dkkvkmRkKkIkIeRQtz ),,()|(|)|(|)|(|4),,,( 2

0

)( crrjr j , (4.41) 

 

ʧʨʠ ʯʝʤʫ ʩʤʦ ʠʩʢʦʨʠʩʪʠʣʠ ʜʘ ʿʝ )|(|)|(|4),( RkKkIRg mmmk rpr = , ʢʘʦ ʠ ʜʘ ʿʝ 

)|(|)|(|4),( 00 RkKkIRg mmmk rpr = . 

ʀʟʨʘʟ 4.41 ʟʘ ʠʥʜʫʢʦʚʘʥʠ ʧʦʪʝʥʮʠʿʘʣ ʢʦʿʠ ʧʦʪʠʯʝ ʦʜ ʧʝʨʪʫʨʙʘʮʠʿʝ ʩʪʘˁʘ 

ʝʣʝʢʪʨʦʥʩʢʦʛ ʛʘʩʘ ʥʘ ʟʠʜʫ ʥʘʥʦʮʝʚʠ ʫʩʣʝʜ ʧʨʠʩʫʩʪʚʘ ʧʦʟʠʪʠʚʥʦ ʥʘʝʣʝʢʪʨʠʩʘʥʦʛ ʿʦʥʘ ʫ 
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ʫʥʫʪʨʘʰˁʝʤ ʧʨʦʩʪʦʨʫ ʥʘʥʦʮʝʚʠ ʧʨʝʜʩʪʘʚˀʘ ʛʣʘʚʥʠ ʨʝʟʫʣʪʘʪ ʦʚʝ ʘʥʘʣʠʟʝ ʠ ʤʘʪʝʤʘʪʠʯʢʦʛ 

ʠʟʚʦʹʝˁʘ ʫ ʫʩʚʦʿʝʥʦʤ ʜʚʦʬʣʫʠʜʥʦʤ ʤʦʜʝʣʫ. ʅʘ ʦʩʥʦʚʫ ʦʚʦʛ ʠʟʨʘʟʘ ʩʝ ʦʜʨʝʹʫʿʫ ʦʩʪʘʣʝ 

ʬʠʟʠʯʢʝ ʚʝʣʠʯʠʥʝ ʢʦʿʝ ʦʜʨʝʹʫʿʫ ʫʪʠʮʘʿ ʧʣʘʟʤʦʥʘ ʥʘ ʢʘʥʘʣʠʩʘˁʝ ʿʦʥʘ ʫ ʥʘʥʦʮʝʚʠ. ʋ 

ʩʣʫʯʘʿʫ ʜʚʦʬʣʫʠʜʥʦʛ ʭʠʜʨʦʜʠʥʘʤʠʯʢʦʛ ʤʦʜʝʣʘ, ʢʦʿʠ ʩʤʦ ʦʚʜʝ ʨʘʟʤʘʪʨʘʣʠ, ʘʥʘʣʠʟʠʨʘʤʦ ʠ 

ʜʦʜʘʪʥʠ ʩʣʫʯʘʿ ʢʘʜʘ ʩʝ ʢʘʥʘʣʠʩʘʥʠ ʿʦʥ ʥʘʣʘʟʠ ʚʘʥ ʥʘʥʦʮʝʚʠ. ɼʘʢʣʝ ʫʟʝ˂ʝʤʦ ʜʘ ʿʝ 

¤<<rR . 

 ʋ ʠʟʨʘʟʫ 4.31 ʟʘ ʌʫʨʠʿʝʦʚʫ ʪʨʘʥʩʬʦʨʤʘʮʠʿʫ ʂʫʣʦʥʦʚʦʛ ʧʦʪʝʥʮʠʿʘʣʘ ʬʠʛʫʨʠʰʝ 

ɻʨʠʥʦʚʘ ʬʫʥʢʮʠʿʘ [30] ʫ ʦʙʣʠʢʫ: 

 )|(|)|(|4),( '

><= rrprr kKkIg mmmk , (4.42) 

 

ʛʜʝ ʿʝ },min{ 'rrr¹<  ʠ },max{ 'rrr¹> . ʆʚʘ ʬʫʥʢʮʠʿʘ ʩʝ ʜʘˀʝ ʧʦʿʘʚˀʫʿʝ ʥʘ ʩʚʠʤ 

ʤʝʩʪʠʤʘ ʛʜʝ ʩʝ ʠʟʚʦʜʠ ʧʦʪʝʥʮʠʿʘʣ (ʙʠʣʦ ʠʥʜʫʢʦʚʘʥʠ, ʙʠʣʦ ʝʢʩʪʝʨʥʠ). ʂʘʢʦ ʿʝ ʛʣʘʚʥʠ 

ʨʝʟʫʣʪʘʪ ʧʨʝʪʭʦʜʥʝ ʘʥʘʣʠʟʝ ʚʨʝʜʥʦʩʪ ʟʘ ʠʥʜʫʢʦʚʘʥʠ ʧʦʪʝʥʮʠʿʘʣ, ʚʨʘʪʠ˂ʝʤʦ ʩʝ ʥʘ ʠʟʨʘʟ 

4.40 ʫ ʢʦʿʝʤ ʬʠʛʫʨʠʰʫ ʜʚʝ ɻʨʠʥʦʚʝ ʬʫʥʢʮʠʿʝ: ),( Rgmk r  ʠ ),( 0rRgmk . ʆʙʟʠʨʦʤ ʥʘ 

ʧʨʝʪʭʦʜʥʫ ʜʝʬʠʥʠʮʠʿʫ ɻʨʠʥʦʚʝ ʬʫʥʢʮʠʿʝ ʫ ʠʟʨʘʟʫ 4.42 ʠ ʟʘ ʜʨʫʛʘʯʠʿʠ ʦʜʥʦʩ ʚʨʝʜʥʦʩʪʠ 

ʨʘʩʪʦʿʘˁʘ ʿʦʥʘ ʦʜ ʮʝʥʪʨʘ ʥʘʥʦʮʝʚʠ ʠ ʧʦʣʫʧʨʝʯʥʠʢʘ ʥʘʥʦʮʝʚʠ, ʿʘʩʥʦ ʿʝ ʜʘ ˂ʝ ʩʝ ʠʟʨʘʟʠ ʟʘ 

ʦʚʝ ʬʫʥʢʮʠʿʝ ʫ ʦʚʦʤ ʩʣʫʯʘʿʫ ʨʘʟʣʠʢʦʚʘʪʠ. ʀʤʘʤʦ ʜʘ ʚʘʞʠ: 

 )|(|)|(|4),( ><= rrpr kKkIRg mmmk , (4.43) 

 

ʛʜʝ ʿʝ },min{ Rrr¹<  ʠ },max{ Rrr¹> . ʂʘʢʦ ʿʝ ¤<<rR , ʚʘʞʠ ʜʘ ʿʝ R¹<r  ʠ rr¹> , 

ʪʘʢʦ ʜʘ ʧʨʝʪʭʦʜʥʠ ʠʟʨʘʟ ʧʦʩʪʘʿʝ:  

 )|(|)|(|4),( rpr kKRkIRg mmmk = . (4.44) 

  

 ʉʣʠʯʥʦ ʦʚʦʿ ʘʥʘʣʠʟʠ ʠ ʟʘ ʜʨʫʛʫ ɻʨʠʥʦʚʫ ʬʫʥʢʮʠʿʫ ʚʘʞʠ: 

 )|(|)|(|4),( 00 rpr kKRkIRg mmmk = . (4.45) 

 

 ʅʘ ʦʩʥʦʚʫ ʦʚʠʭ ʨʘʟʤʘʪʨʘˁʘ ʟʘʢˀʫʯʫʿʝʤʦ ʜʘ ˂ʝ ʠʟʨʘʟ ʟʘ ʠʥʜʫʢʦʚʘʥʠ ʧʦʪʝʥʮʠʿʘʣ ʢʦʿʠ 

ʧʦʪʠʯʝ ʦʜ ʥʘʝʣʝʢʪʨʠʩʘˁʘ ʥʘ ʟʠʜʫ ʥʘʥʦʮʝʚʠ ʫ ʩʣʫʯʘʿʫ ʜʘ ʩʝ ʢʘʥʘʣʠʩʘʥʠ ʿʦʥʘ ʢʨʝ˂ʝ ʚʘʥ 

ʥʘʥʦʮʝʚʠ ʙʠʪʠ: 
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4.4 ʇʨʦʰʠʨʝʥʠ ʜʚʦʬʣʫʠʜʥʠ ʭʠʜʨʦʜʠʥʘʤʠʯʢʠ ʤʦʜʝʣ 

(ʘʥʘʣʠʪʠʯʢʠ ʨʝʟʫʣʪʘʪʠ) 
 

 ʋ ʧʨʝʪʭʦʜʥʦʤ ʜʚʦʬʣʫʠʜʥʦʤ ʭʠʜʨʦʜʠʥʘʤʠʯʢʦʤ ʤʦʜʝʣʫ, ʚʘʣʝʥʪʥʝ ʝʣʝʢʪʨʦʥʝ ʥʘ 

ʧʦʚʨʰʠʥʠ ʟʠʜʘ ʥʘʥʦʮʝʚʠ ʩʤʦ ʪʨʝʪʠʨʘʣʠ ʢʘʦ ʜʚʝ ʥʝʟʘʚʠʩʥʝ ʛʨʫʧʝ ʝʣʝʢʪʨʦʥʘ (ů ʠ ˊ ʬʣʫʠʜʠ). 

ʋ ʦʢʚʠʨʫ ʦʚʦʛ ʤʦʜʝʣʘ ʩʫ ʫʩʚʦʿʝʥʝ ʧʦʚʨʰʠʥʩʢʝ ʛʫʩʪʠʥʝ ʥʘʝʣʝʢʪʨʠʩʘˁʘ ʢʦʿʝ ʧʨʠʧʘʜʘʿʫ 

ʧʦʤʝʥʫʪʠʤ ʬʣʫʠʜʠʤʘ ʢʘʦ atnn =0

p  ʠ atnn 30 =s  ( atn  ʿʝ ʘʪʦʤʩʢʘ ʛʫʩʪʠʥʘ ʛʨʘʬʝʥʘ) ʰʪʦ ʿʝ 

ʠʟʥʦʩʠʣʦ 107.00 =pn , ʦʜʥʦʩʥʦ 321.00 =sn . ʆʚʝ ʚʨʝʜʥʦʩʪʠ ʩʫ ʝʤʧʠʨʠʿʩʢʠ ʫʩʚʦʿʝʥʝ ʥʘ ʦʩʥʦʚʫ 

[31] ʠ [32]. ʋʚʦʹʝˁʝʤ ʝʤʧʠʨʠʿʩʢʝ ʧʦʚʨʘʪʥʝ ʬʨʝʢʚʝʥʮʝ [33] ʟʘ ů ʝʣʝʢʪʨʦʥ ʬʣʫʠʜ, 

ʜʚʦʬʣʫʠʜʥʠ ʜʚʦʜʠʤʝʥʟʠʦʥʠ ʭʠʜʨʦʜʠʥʘʤʠʯʢʠ ʤʦʜʝʣ ɹʘʨʪʦʥʘ ʠ ɽʙʝʨʣʘʿʥʘ ʧʨʝʜʚʠʹʘ ʜʚʝ 

ʛʨʫʧʝ ʧʣʘʟʤʦʥʘ. ʆʚʦ ʥʦʚʦ ʩʚʦʿʩʪʚʦ ʜʦʙʨʦ ʦʙʿʘʰˁʘʚʘ ʜʚʝ ʜʦʤʠʥʘʥʪʥʝ ʘʧʩʦʨʧʮʠʿʝ ʥʘ 

ʫʯʝʩʪʘʥʦʩʪʠʤʘ 5-10 ʠ 15-30 eV ʫ ʤʦʣʝʢʫʣʠʤʘ ʬʫʣʝʨʝʥʘ [32] ʠ ʿʝʜʥʦʩʣʦʿʥʠʤ ʫʛˀʝʥʠʯʥʠʤ 

ʥʘʥʦʮʝʚʠʤʘ [29]. 

 ʉʘ ʜʨʫʛʝ ʩʪʨʘʥʝ ʿʝ ʧʦʢʘʟʘʥʦ ʫ [34] ʜʘ ʩʝ ʠʥʪʝʨʘʢʮʠʿʘ ʠʟʤʝʹʫ ů ʠ ˊ ʬʣʫʠʜʘ (ʢʦʿʘ ʿʝ ʫ 

ɹʘʨʪʦʥ ï ɽʙʝʨʣʘʿʥʦʚʦʤ  ʤʦʜʝʣʫ ʟʘʥʝʤʘʨʠʚʘʥʘ ʘ ˁʝʥʠ ʝʬʝʢʪʠ ʫʨʘʯʫʥʘʪʠ ʬʠʪʦʚʘˁʝʤ 

ʝʤʧʠʨʠʿʩʢʠʭ ʧʘʨʘʤʝʪʘʨʘ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʠʤ ʨʝʟʫʣʪʘʪʠʤʘ ʥʘ ʛʨʘʬʝʥʫ) ʤʦʞʝ ʤʦʜʝʣʦʚʘʪʠ 

ʧʦʩʝʙʥʠʤ ʘʥʘʣʠʟʠʨʘˁʝʤ ʊʦʤʘʩ-ʌʝʨʤʠʿʝʚʝ ʢʠʥʝʪʠʯʢʝ ʝʥʝʨʛʠʿʝ ʩʚʘʢʦʛ ʝʣʝʢʪʨʦʥʩʢʦʛ 

ʬʣʫʠʜʘ. ʆʚʘʿ ʧʨʠʩʪʫʧ ʜʦʚʦʜʠ ʜʦ ʭʠʙʨʠʜʠʟʘʮʠʿʝ ʢʦʣʝʢʪʠʚʥʠʭ ʦʩʮʠʣʘʮʠʿʘ ʫ ʩʚʘʢʦʤ ʦʜ 

ʬʣʫʠʜʘ, ʰʪʦ ʟʘ ʢʨʘʿˁʠ ʝʬʝʢʘʪ ʠʤʘ ˊ ʧʣʘʟʤʦʥ ʥʠʩʢʝ ʝʥʝʨʛʠʿʝ ʠ ů + ˊ ʧʣʘʟʤʦʥ ʚʠʩʦʢʝ 

ʝʥʝʨʛʠʿʝ ʰʪʦ ʩʝ ʜʦʙʨʦ ʩʣʘʞʝ ʩʘ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʠʤ ʨʝʟʫʣʪʘʪʠʤʘ [25, 35]. ʋ ʩʣʫʯʘʿʫ ʢʘʜʘ ʿʝ 

ʫʥʫʪʨʘʰˁʘ ʠʥʪʝʨʘʢʮʠʿʘ ʟʘʥʝʤʘʨˀʠʚʘ, ʫʪʠʮʘʿ ˊ ʧʣʘʟʤʦʥʘ ʧʦʩʪʘʿʝ ʟʘʥʝʤʘʨˀʠʚ ʠ ʩʠʩʪʝʤ ʩʝ 

ʩʚʦʜʠ ʥʘ ʿʝʜʥʦʬʣʫʠʜʥʠ ů + ˊ ʧʣʘʟʤʦʥ. 

 ʋ ʦʢʚʠʨʫ ʧʨʦʰʠʨʝʥʦʛ ʜʚʦʬʣʫʠʜʥʦʛ ʤʦʜʝʣʘ ʩʝ ʧʦʣʘʟʠ ʦʜ ʢʚʘʥʪʥʦʤʝʭʘʥʠʯʢʝ ʘʥʘʣʠʟʝ 

ʠʥʪʝʨʘʢʮʠʿʝ ʠʟʤʝʹʫ ʝʣʝʢʪʨʦʥʩʢʠʭ ʩʠʩʪʝʤʘ, ʪʦ ʿʝʩʪ ů ʠ ˊ ʬʣʫʠʜʘ. ʂʨʘʿˁʠ ʝʬʝʢʪʠ ʤʝʹʫʩʦʙʥʝ 

ʠʥʪʝʨʘʢʮʠʿʝ ʬʣʫʠʜʘ ʠ ˁʝʥ ʫʪʠʮʘʿ ʥʘ ʧʦʪʝʥʮʠʿʘʣ ʫ ʠʣʠ ʚʘʥ ʥʘʥʦʮʝʚʠ ʩʝ ʜʦʙʠʿʘʿʫ ʜʨʫʛʦʤ 

ʢʚʘʥʪʠʟʘʮʠʿʦʤ ʜʚʦʬʣʫʠʜʥʦʛ ʜʚʦʜʠʤʝʥʟʠʦʥʦʛ ʭʠʜʨʦʜʠʥʘʤʠʯʢʦʛ ʤʦʜʝʣʘ. ʂʘʦ ʨʝʟʫʣʪʘʪ 

ʤʘʪʝʤʘʪʠʯʢʝ ʘʥʘʣʠʟʝ [19] ʦʚʦʛ ʤʦʜʝʣʘ, ʬʠʛʫʨʠʰʫ ʧʦʚʨʘʪʥʝ ʬʨʝʢʚʝʥʮʝ ʟʘ ʦʙʘ ʧʣʘʟʤʦʥʘ 

ʢʦʿʝ ʩʝ ʧʦʿʘʚˀʫʿʫ ʢʘʦ ʧʦʩʣʝʜʠʮʘ ʭʘʨʤʦʥʠʿʩʢʝ ʘʧʨʦʢʩʠʤʘʮʠʿʝ. ʂʦʤʙʠʥʫʿʫ˂ʠ ʨʝʟʫʣʪʘʪʝ 

ʢʚʘʥʪʥʦʤʝʭʘʥʠʯʢʦʛ ʧʨʠʩʪʫʧʘ ʫ ʘʥʘʣʠʟʠ ʝʢʩʮʠʪʘʮʠʿʝ ʬʣʫʠʜʘ ʠ ʢʣʘʩʠʯʥʦʛ ʧʨʠʩʪʫʧʘ ʢʦʿʠ 

ʩʤʦ ʠʤʘʣʠ ʫ ʦʧʠʩʫ ʜʚʘ ʧʨʝʪʭʦʜʥʘ ʤʦʜʝʣʘ ʜʦʙʠʿʘʤʦ ʧʦʣʫʢʣʘʩʠʯʥʠ ʤʦʜʝʣ ʢʦʿʠ ʟʦʚʝʤʦ 

ʧʨʦʰʠʨʝʥʠ ʜʚʦʬʣʫʠʜʥʠ ʤʦʜʝʣ ʫʟ ʧʦʤʦ˂ ʢʦʿʝʛ ʠʟʚʦʜʠʤʦ ʫʪʠʮʘʿ ʢʘʥʘʣʠʩʘʥʦʛ ʿʦʥʘ ʥʘ 

ʧʝʨʪʫʨʙʘʮʠʿʫ ʝʣʝʢʪʨʦʥʩʢʦʛ ʩʠʩʪʝʤʘ ʠ ʠʥʜʫʢʦʚʘˁʝ ʧʦʪʝʥʮʠʿʘʣʘ ʫ ʧʨʦʩʪʦʨʫ ʥʘʥʦʮʝʚʠ ʠʣʠ 

ʚʘʥ ʥʘʥʦʮʝʚʠ.  
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 ʋ ʜʚʦʬʣʫʠʜʥʦʤ ʤʦʜʝʣʫ ʩʤʦ ʠʤʘʣʠ ʠʟʨʘʟ ʟʘ ʧʦʚʨʰʠʥʩʢʫ ʛʫʩʪʠʥʫ ʥʘʝʣʝʢʪʨʠʩʘˁʘ 

ʩʚʘʢʦʛ ʬʣʫʠʜʘ, ʢʦʿʘ ʿʝ ʙʠʣʘ ʜʘʪʘ ʢʘʦ  

 
Rii kmkmkmn =F= rwrwcw ),,,(),,(),,( 0 , (4.47) 

  

ʛʜʝ ʩʤʦ ʬʫʥʢʮʠʿʫ ),,(0 wc kmi  ʦʟʥʘʯʠʣʠ ʢʘʦ ʥʝʠʥʪʝʨʘʛʫʿʫ˂ʫ ʬʫʥʢʮʠʿʫ ʦʜʟʠʚʘ i -ʪʦʛ ʬʣʫʠʜʘ 

( },{ ps=i ). ʂʦʜ ʧʨʦʰʠʨʝʥʦʛ ʜʚʦʬʣʫʠʜʥʦʛ ʤʦʜʝʣʘ, ʫʧʨʘʚʦ ʿʝ ʦʚʘ ʬʫʥʢʮʠʿʘ ʜʨʫʛʘʯʠʿʘ ʠ ʜʘʪʘ 

ʿʝ ʢʘʦ: 
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ʋ ʦʚʦʤ ʠʟʨʘʟʫ ʧʦʩʪʦʿʠ ʜʦʜʘʪʥʠ ʯʣʘʥ irw , ʢʦʿʠ ʧʨʝʜʩʪʘʚˀʘ ʫʧʨʘʚʦ ʧʦʤʝʥʫʪʫ ʧʦʚʨʘʪʥʫ 

ʬʨʝʢʚʝʥʮʫ ʠʟ ʢʚʘʥʪʥʝ ʘʥʘʣʠʟʝ. ʏʣʘʥʦʚʠ ʫ ʦʚʦʤ ʠʟʨʘʟʫ ʠʤʘʿʫ ʚʨʝʜʥʦʩʪʠ 321.00 =sn , 

107.00 =pn , 00 2
ii

TFD

i nn
p

pa -= , 48.0=rsw , 15.0=rpw , 1.0=sg  ʠ 09.0=pg  ʢʦʿʝ ʩʫ ʫʩʚʦʿʝʥʝ 

ʥʘ ʦʩʥʦʚʫ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʠʭ ʨʝʟʫʣʪʘʪʘ.  

 ʌʫʥʢʮʠʿʘ ʦʜʟʠʚʘ ʠʥʜʫʢʦʚʘʥʝ ʧʦʚʨʰʠʥʩʢʝ ʙʨʦʿʥʝ ʛʫʩʪʠʥʝ ʥʘ ʩʧʦˀʘʰˁʠ ʧʦʪʝʥʮʠʿʘʣ  

ʿʝ ʜʘʪʘ ʩʣʝʜʝ˂ʠʤ ʠʟʨʘʟʦʤ: 
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ʀʟʨʘʟ ʟʘ ʠʥʜʫʢʦʚʘʥʠ ʧʦʪʝʥʮʠʿʘʣ ʿʝ ʢʘʦ ʠ ʫ ʧʨʝʪʭʦʜʥʦʤ ʤʦʜʝʣʫ ʜʘʪ ʩʘ: 
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ʢʘʜʘ ʩʝ ʿʦʥ ʥʘʣʘʟʠ ʫ ʧʨʦʩʪʦʨʫ ʫʥʫʪʘʨ ʥʘʥʦʮʝʚʠ, ʪʦ ʿʝʩʪ ʢʘʜʘ ʚʘʞʠ R<¢r0 . ʂʘʜʘ ʿʝ ʿʦʥ 

ʚʘʥ ʥʘʥʦʮʝʚʠ ʠʟʨʘʟ ʟʘ ʠʥʜʫʢʦʚʘʥʠ ʧʦʪʝʥʮʠʿʘʣ ʩʝ ʩʚʦʜʠ ʥʘ: 
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ʟʘ ¤<<rR . 

 

4.5 ʌʠʟʠʯʢʝ ʚʝʣʠʯʠʥʝ ʦʜ ʟʥʘʯʘʿʘ ʟʘ ʢʘʥʘʣʠʩʘˁʝ ʿʦʥʘ 
 

 ʋ ʧʨʝʪʭʦʜʥʠʤ ʦʜʝˀʮʠʤʘ ʦʚʝ ʛʣʘʚʝ ʩʤʦ ʨʘʟʤʦʪʨʠʣʠ ʫʪʠʮʘʿ ʢʘʥʘʣʠʩʘʥʦʛ ʿʦʥʘ ʥʘ 

ʩʪʘˁʝ ʝʣʝʢʪʨʦʥʘ ʥʘ ʦʤʦʪʘʯʫ ʥʘʥʦʮʝʚʠ, ʨʘʟʚʠʣʠ ʤʘʪʝʤʘʪʠʯʢʠ ʘʧʘʨʘʪ ʢʦʿʠ ʢʚʘʥʪʠʪʘʪʠʚʥʦ 

ʦʧʠʩʫʿʝ ʧʦʩʣʝʜʠʮʝ ʜʠʥʘʤʠʯʢʝ ʧʦʣʘʨʠʟʘʮʠʿʝ ʠ ʠʟʚʝʣʠ ʥʘ ʢʨʘʿʫ ʠʟʨʘʟʝ ʟʘ ʠʥʜʫʢʦʚʘʥʠ 

ʧʦʪʝʥʮʠʿʘʣ ʢʘʦ ʦʩʥʦʚʥʫ ʬʠʟʠʯʢʫ ʚʝʣʠʯʠʥʫ ʢʦʿʘ ʦʜʨʝʹʫʿʝ ʫʪʠʮʘʿ ʝʣʝʢʪʨʦʥʩʢʦʛ ʛʘʩʘ ʥʘ ʜʘˀʝ 

ʢʨʝʪʘˁʝ ʿʦʥʘ ʫ ʧʨʦʩʪʦʨʫ ʥʘʥʦʮʝʚʠ. ʂʘʢʦ ʙʠʩʤʦ ʢʚʘʥʪʠʪʘʪʠʚʥʦ ʘʥʘʣʠʟʠʨʘʣʠ ʢʨʝʪʘˁʝ ʿʦʥʘ ʫ 

ʧʨʦʩʪʦʨʫ ʩʘ ʠʥʜʫʢʦʚʘʥʠʤ ʧʦʪʝʥʮʠʿʘʣʦʤ ʜʝʬʠʥʠʩʘ˂ʝʤʦ ʿʦʰ ʥʝʢʦʣʠʢʦ ʬʠʟʠʯʢʠʭ ʚʝʣʠʯʠʥʘ 

ʧʦʤʦ˂ʫ ʢʦʿʠʭ ˂ʝʤʦ ʫ ʩʢʣʦʧʫ ʢʣʘʩʠʯʥʝ ʤʝʭʘʥʠʢʝ ʠ ʟʘʢʦʥʘ ʢʨʝʪʘˁʘ ʫ ʥʘʩʪʘʚʢʫ ʦʜʨʝʹʠʚʘʪʠ 

ʢʘʥʘʣʠʩʘˁʝ ʿʦʥʘ. 

 ʇʨʚʘ ʬʠʟʠʯʢʘ ʚʝʣʠʯʠʥʘ ʢʦʿʫ ʜʝʬʠʥʠʰʝʤʦ ʿʝ ʟʘʫʩʪʘʚʥʘ ʩʠʣʘ. ɿʘʫʩʪʘʚʥʫ ʩʠʣʫ 

ʜʝʬʠʥʠʰʝʤʦ ʢʘʦ ʩʠʣʫ ʫʩʤʝʨʝʥʫ ʜʫʞ ʦʩʝ ʥʘʥʦʮʝʚʠ ʢʦʿʘ ʫʪʠʯʝ ʥʘ ʣʦʥʛʠʪʫʜʠʥʘʣʥʦ ʢʨʝʪʘˁʝ 

ʥʘʝʣʝʢʪʨʠʩʘʥʝ ʯʝʩʪʠʮʝ ʫ ʧʨʦʩʪʦʨʫ ʥʘʥʦʮʝʚʠ. ɿʘʫʩʪʘʚʥʘ ʩʠʣʘ ʥʘ ʿʦʥ ʥʘʝʣʝʢʪʨʠʩʘˁʘ Q  ʢʦʿʠ 

ʩʝ ʢʨʝ˂ʝ ʙʨʟʠʥʦʤ v  ʫʥʫʪʘʨ ʥʘʥʦʮʝʚʠ, ʧʘʨʘʣʝʣʥʦ ˁʝʥʦʿ ʦʩʠ ʥʘ ʨʘʩʪʦʿʘˁʫ 0rr=  ʦʜ ˁʝ, ʜʫʞ 

ʪʨʘʿʝʢʪʦʨʠʿʝ ),0,()( 00 vtztr ==== jrr , ʜʝʬʠʥʠʰʝ ʩʝ ʥʘ ʩʣʝʜʝ˂ʠ ʥʘʯʠʥ: 
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 ɼʨʫʛʘ ʬʠʟʠʯʢʘ ʚʝʣʠʯʠʥʘ ʢʦʿʫ ʜʝʬʠʥʠʰʝʤʦ ʿʝ ʧʦʪʝʥʮʠʿʘʣ ʣʠʢʘ. ʇʦʪʝʥʮʠʿʘʣ ʣʠʢʘ 

[36] ʟʘ ʿʦʥ ʥʘʝʣʝʢʪʨʠʩʘˁʘ Q  ʢʦʿʠ ʩʝ ʢʨʝ˂ʝ ʙʨʟʠʥʦʤ v  ʫʥʫʪʘʨ ʥʘʥʦʮʝʚʠ, ʧʘʨʘʣʝʣʥʦ ˁʝʥʦʿ 

ʦʩʠ ʥʘ ʨʘʩʪʦʿʘˁʫ 0rr=  ʦʜ ˁʝ, ʜʫʞ ʪʨʘʿʝʢʪʦʨʠʿʝ ),0,()( 00 vtztr ==== jrr , ʜʝʬʠʥʠʰʝ ʩʝ 

ʥʘ ʩʣʝʜʝ˂ʠ ʥʘʯʠʥ: 

 
vtzindim tz

Q
U ===F= ,0,0

),,,(
2

jrrjr . (4.53) 

 

 ʊʨʝ˂ʘ ʬʠʟʠʯʢʘ ʚʝʣʠʯʠʥʘ ʢʦʿʫ ʜʝʬʠʥʠʰʝʤʦ ʿʝ ʩʠʣʘ ʣʠʢʘ. ʉʠʣʘ ʣʠʢʘ [37] ʿʝ 

ʜʝʬʠʥʠʩʘʥʘ ʢʘʦ ʨʘʜʠʿʘʣʥʘ ʩʠʣʘ ʢʦʿʘ ʜʝʣʫʿʝ ʥʘ ʿʦʥ ʜʫʞ ʧʦʣʫʧʨʝʯʥʠʢʘ ʥʘʥʦʮʝʚʠ ʠ ʫʪʠʯʝ ʥʘ 

ʨʘʜʠʿʘʣʥʦ ʢʨʝʪʘˁʝ ʿʦʥʘ ʢʘ ʠʣʠ ʦʜ ʟʠʜʘ ʥʘʥʦʮʝʚʠ. ɿʘ ʿʦʥ ʥʘʝʣʝʢʪʨʠʩʘˁʘ Q  ʢʦʿʠ ʩʝ ʢʨʝ˂ʝ 
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ʙʨʟʠʥʦʤ v  ʫʥʫʪʘʨ ʥʘʥʦʮʝʚʠ, ʧʘʨʘʣʝʣʥʦ ˁʝʥʦʿ ʦʩʠ ʥʘ ʨʘʩʪʦʿʘˁʫ 0rr= , ʜʫʞ ʪʨʘʿʝʢʪʦʨʠʿʝ 

),0,()( 00 vtztr ==== jrr , ʜʝʬʠʥʠʰʝ ʩʝ ʥʘ ʩʣʝʜʝ˂ʠ ʥʘʯʠʥ: 

 
0 0 0

( 1)im im imF QE E Qr r r= = =. (4.54) 

 

ʋ ʧʨʝʪʭʦʜʥʦʤ ʠʟʨʘʟʫ 
0imE r  ʧʨʝʜʩʪʘʚˀʘ ʨʘʜʠʿʘʣʥʫ ʢʦʤʧʦʥʝʥʪʫ ʝʣʝʢʪʨʠʯʥʦʛ ʧʦˀʘ ʢʦʿʘ 

ʧʦʪʠʯʝ ʦʜ ʜʠʥʘʤʠʯʢʝ ʧʦʣʘʨʠʟʘʮʠʿʝ ʠ ʜʘʪʘ ʿʝ ʢʘʦ:  
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. (4.55) 

 

ɿʘ ʩʚʘʢʠ ʧʨʝʪʭʦʜʥʦ ʘʥʘʣʠʟʠʨʘʥ ʭʠʜʨʦʜʠʥʘʤʠʯʢʠ ʤʦʜʝʣ, ʥʘ ʦʩʥʦʚʫ ʠʟʨʘʟʘ ʟʘ ʠʥʜʫʢʦʚʘʥʠ 

ʧʦʪʝʥʮʠʿʘʣ, ʙʠ˂ʝ ʠʟʚʝʜʝʥʠ ʢʦʥʢʨʝʪʥʠ ʠʟʨʘʟʠ ʟʘ ʦʚʝ ʪʨʠ ʜʝʬʠʥʠʩʘʥʝ ʬʠʟʠʯʢʝ ʚʝʣʠʯʠʥʝ. 

 

4.5.1 ɱʝʜʥʦʬʣʫʠʜʥʠ ʭʠʜʨʦʜʠʥʘʤʠʯʢʠ ʤʦʜʝʣ 
 

 ɿʘʫʩʪʘʚʥʘ ʩʠʣʘ ʿʝ ʜʘʪʘ ʠʟʨʘʟʦʤ 4.52.  ɿʘʤʝʥʦʤ ʠʟʨʘʟʘ ʟʘ ʠʥʜʫʢʦʚʘʥʠ ʧʦʪʝʥʮʠʿʘʣ ʟʘ 

ʿʝʜʥʦʬʣʫʠʜʥʠ ʭʠʜʨʦʜʠʥʘʤʠʯʢʠ ʤʦʜʝʣ (ʠʟʨʘʟ 4.21) ʜʦʙʠʿʘʤʦ: 
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 (4.56) 

 

 ʉʨʝʹʠʚʘˁʝʤ ʧʨʝʪʭʦʜʥʦʛ ʠʟʨʘʟʘ ʩʝ ʤʦʞʝ ʧʦʢʘʟʘʪʠ ʜʘ ʿʝ ʢʦʥʘʯʘʥ ʠʟʨʘʟ ʟʘ ʟʘʫʩʪʘʚʥʫ 

ʩʠʣʫ ʜʘʪ ʢʘʦ: 
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(4.57) 

ʛʜʝ ʿʝ ( , , )m k kvc  ʬʫʥʢʮʠʿʘ ʦʜʟʠʚʘ ʠʥʜʫʢʦʚʘʥʝ ʧʦʚʨʰʠʥʩʢʝ ʙʨʦʿʥʝ ʛʫʩʪʠʥʝ ʥʘ ʩʧʦˀʘʰˁʠ 

ʧʦʪʝʥʮʠʿʘʣ ʜʘʪʘ ʠʟʨʘʟʦʤ 4.18. 

 ʇʦʪʝʥʮʠʿʘʣ ʣʠʢʘ ʿʝ ʜʘʪ ʠʟʨʘʟʦʤ 4.53. ɿʘʤʝʥʦʤ ʠʟʨʘʟʘ ʟʘ ʠʥʜʫʢʦʚʘʥʠ ʧʦʪʝʥʮʠʿʘʣ ʟʘ 

ʿʝʜʥʦʬʣʫʠʜʥʠ ʭʠʜʨʦʜʠʥʘʤʠʯʢʠ ʤʦʜʝʣ (ʠʟʨʘʟ 4.21) ʜʦʙʠʿʘʤʦ: 
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(4.58) 

ʛʜʝ ʿʝ ( , , )m k kvc  ʢʘʦ ʠ ʫ ʧʨʝʪʭʦʜʥʦʤ ʩʣʫʯʘʿʫ ʬʫʥʢʮʠʿʘ ʦʜʟʠʚʘ ʠʥʜʫʢʦʚʘʥʝ ʧʦʚʨʰʠʥʩʢʝ 

ʙʨʦʿʥʝ ʛʫʩʪʠʥʝ ʥʘ ʩʧʦˀʘʰˁʠ ʧʦʪʝʥʮʠʿʘʣ ʜʘʪʘ ʠʟʨʘʟʦʤ 4.18. 

 ʉʠʣʘ ʣʠʢʘ ʿʝ ʜʘʪʘ ʠʟʨʘʟʦʤ 4.54, ʰʪʦ ʩʝ ʤʦʞʝ ʩʚʝʩʪʠ ʥʘ: 
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. (4.59) 

ɼʘˀʝ ʩʨʝʹʠʚʘˁʝ ʧʨʝʪʭʦʜʥʦʛ ʠʟʨʘʟʘ ʩʘʜʨʞʠ ʩʣʝʜʝ˂ʝ ʢʦʨʘʢʝ: 
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ʘ ʢʘʢʦ ʦʚʜʝ ʠʤʘʤʦ ʧʘʨʮʠʿʘʣʥʠ ʠʟʚʦʜ ʤʦʜʠʬʠʢʦʚʘʥʝ ɹʝʩʝʣʦʚʝ ʬʫʥʢʮʠʿʝ ʧʨʚʝ ʚʨʩʪʝ ʥʘ 

ʦʩʥʦʚʫ [38] ʚʘʞʠ: 
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0 0 0im im imF QE Er r r= = , ʢʦʥʘʯʘʥ ʠʟʨʘʟ ʟʘ ʩʠʣʫ ʣʠʢʘ ʿʝ ʜʘʪ ʢʘʦ: 

 
( )

0

2 2

0 1 0 1 0

0

4 ( ) ( ) ( ) ( )Re[ ( , , )]im m m m m

m

F Q R kI k I k I k K kR m k kv dkr r r r c
¤¤

- +

=-¤

= +äñ . (4.60) 

 



ɻʣʘʚʘ 4. ɼʠʥʘʤʠʯʢʘ ʧʦʣʘʨʠʟʘʮʠʿʘ 

 

41 

 

 ʇʨʠʣʠʢʦʤ ʠʟʚʦʹʝˁʘ ʩʚʠʭ ʧʨʝʪʭʦʜʥʠʭ ʚʝʣʠʯʠʥʘ ʩʤʘʪʨʘʤʦ ʜʘ ʩʝ ʿʦʥ ʥʘʣʘʟʠ ʫʥʫʪʘʨ 

ʥʘʥʦʮʝʚʠ, ʜʘʢʣʝ ʚʘʞʠ 00 Rr¢ <. 

 

 

4.5.2 ɼʚʦʬʣʫʠʜʥʠ ʭʠʜʨʦʜʠʥʘʤʠʯʢʠ ʤʦʜʝʣ 
 

 ɿʘ ʟʘʫʩʪʘʚʥʫ ʩʠʣʫ ʫ ʜʚʦʬʣʫʠʜʥʦʤ ʭʠʜʨʦʜʠʥʘʤʠʯʢʦʤ ʤʦʜʝʣʫ ʜʦʙʠʿʘʤʦ: 
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(4.61) 

ʛʜʝ ʩʤʘʪʨʘʤʦ ʜʘ ʿʝ ʫ ʦʚʦʤ ʩʣʫʯʘʿʫ ʿʦʥ ʫʥʫʪʘʨ ʥʘʥʦʮʝʚʠ 00 Rr¢ <. ʋ ʧʨʝʪʭʦʜʥʦʤ ʠʟʨʘʟʫ, 

ʬʫʥʢʮʠʿʘ ( , , )m k kvc  ʿʝ ʜʘʪʘ ʠʟʨʘʟʦʤ 4.38. ʂʘʜʘ ʩʝ ʿʦʥ ʥʘʣʘʟʠ ʚʘʥ ʥʘʥʦʮʝʚʠ ʠʟʨʘʟ ʟʘ 

ʟʘʫʩʪʘʚʥʫ ʩʠʣʫ ʿʝ: 
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(4.62) 

ʛʜʝ ʚʘʞʠ 0R r< <¤. 

 ɿʘ ʧʦʪʝʥʮʠʿʘʣ ʣʠʢʘ ʜʦʙʠʿʘʤʦ: 
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(4.63) 

ʛʜʝ ʩʤʘʪʨʘʤʦ ʜʘ ʿʝ ʫ ʦʚʦʤ ʩʣʫʯʘʿʫ ʿʦʥ ʫʥʫʪʘʨ ʥʘʥʦʮʝʚʠ 00 Rr¢ <. ʋ ʧʨʝʪʭʦʜʥʦʤ ʠʟʨʘʟʫ 

ʬʫʥʢʮʠʿʘ ( , , )m k kvc  ʿʝ ʜʘʪʘ ʠʟʨʘʟʦʤ 4.38. ʂʘʜʘ ʩʝ ʿʦʥ ʥʘʣʘʟʠ ʚʘʥ ʥʘʥʦʮʝʚʠ ʠʟʨʘʟ ʟʘ 

ʧʦʪʝʥʮʠʿʘʣ ʣʠʢʘ ʿʝ: 
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(4.64) 

ʛʜʝ ʚʘʞʠ 0R r< <¤. 
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ʇʨʠʣʠʢʦʤ ʦʜʨʝʹʠʚʘˁʘ ʩʠʣʝ ʣʠʢʘ ʢʘʦ ʠ ʫ ʩʣʫʯʘʿʫ ʿʝʜʥʦʬʣʫʠʜʥʦʛ ʤʦʜʝʣʘ ʧʦʣʘʟʠʤʦ 

ʦʜ ʠʟʨʘʟʘ 4.54, ʰʪʦ ʩʝ ʩʚʦʜʠ ʥʘ: 
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ʆʙʟʠʨʦʤ ʜʘ ʫ ʩʣʫʯʘʿʫ ʜʚʦʬʣʫʠʜʥʦʛ ʤʦʜʝʣʘ ʨʘʟʤʘʪʨʘʤʦ ʩʠʪʫʘʮʠʿʝ ʢʘʜʘ ʩʝ 

ʢʘʥʘʣʠʩʘʥʠ ʿʦʥ ʥʘʣʘʟʠ ʫʥʫʪʘʨ ʠ ʚʘʥ ʥʘʥʦʮʝʚʠ. ʀ ʟʘ ʩʠʣʫ ʣʠʢʘ ʘʥʘʣʠʟʠʨʘʤʦ ʦʚʘ ʜʚʘ ʩʣʫʯʘʿʘ 

ʧʦʰʪʦ ʿʝ ʠʟʨʘʟ ʟʘ ʧʦʪʝʥʮʠʿʘʣ ʣʠʢʘ ʨʘʟʣʠʯʠʪ.  

 ʉʣʫʯʘʿ 1Á - ʂʘʥʘʣʠʩʘʥʠ ʿʦʥ ʩʝ ʥʘʣʘʟʠ ʫ ʧʨʦʩʪʦʨʫ ʥʘʥʦʮʝʚʠ 00 Rr¢ <  

  ʋʚʨʰʪʘʚʘˁʝʤ ʠʟʨʘʟʘ 4.63 ʫ ʠʟʨʘʟ 4.65 ʜʦʙʠʿʘʤʦ: 
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ʰʪʦ ʩʝ ʩʚʦʜʠ ʥʘ ʩʠʪʫʘʮʠʿʫ ʢʦʿʫ ʩʤʦ ʠʤʘʣʠ ʫ ʿʝʜʥʦʬʣʫʠʜʥʦʤ ʤʦʜʝʣʫ, ʪʝ ʿʝ ʠʟʨʘʟ ʟʘ ʩʠʣʫ 

ʣʠʢʘ ʠʜʝʥʪʠʯʘʥ ʢʘʦ ʫ ʪʦʤ ʩʣʫʯʘʿʫ. 
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ʉʣʫʯʘʿ 2° - ʂʘʥʘʣʠʩʘʥʠ ʿʦʥ ʩʝ ʥʘʣʘʟʠ ʚʘʥ ʥʘʥʦʮʝʚʠ 0R r< <¤ 

  ʋʚʨʰʪʘʚʘˁʝʤ ʠʟʨʘʟʘ 4.64 ʫ ʠʟʨʘʟ 4.65 ʜʦʙʠʿʘʤʦ: 
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ʘ ʢʘʢʦ ʦʚʜʝ ʠʤʘʤʦ ʧʘʨʮʠʿʘʣʥʠ ʠʟʚʦʜ ʤʦʜʠʬʠʢʦʚʘʥʝ ɹʝʩʝʣʦʚʝ ʬʫʥʢʮʠʿʝ ʜʨʫʛʝ ʚʨʩʪʝ ʥʘ 

ʦʩʥʦʚʫ [39] ʚʘʞʠ: 
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ʘ ʢʘʢʦ ʿʝ 
0 0 0im im imF QE Er r r= = , ʠʤʘʤʦ ʜʘ ʿʝ ʢʦʥʘʯʘʥ ʠʟʨʘʟ ʟʘ ʩʠʣʫ ʣʠʢʘ ʜʘʪ ʢʘʦ: 
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4.5.3 ʇʨʦʰʠʨʝʥʠ ʜʚʦʬʣʫʠʜʥʠ ʭʠʜʨʦʜʠʥʘʤʠʯʢʠ ʤʦʜʝʣ 
 

 ɿʘ ʧʨʦʰʠʨʝʥʠ ʜʚʦʬʣʫʠʜʥʠ ʭʠʜʨʦʜʠʥʘʤʠʯʢʠ ʤʦʜʝʣ ʠʟʚʦʹʝˁʘ ʬʠʟʠʯʢʠʭ ʚʝʣʠʯʠʥʘ ʦʜ 

ʠʥʪʝʨʝʩʘ ʩʫ ʧʦʪʧʫʥʦ ʠʜʝʥʪʠʯʥʘ ʢʘʦ ʫ ʩʣʫʯʘʿʫ ʦʙʠʯʥʦʛ ʜʚʦʬʣʫʠʜʥʦʛ ʤʦʜʝʣʘ, ʪʘʢʦ ʜʘ ˂ʝ 

ʦʚʜʝ ʙʠʪʠ ʥʘʧʠʩʘʥʠ ʩʘʤʦ ʢʨʘʿˁʠ ʠʟʨʘʟʠ. ʈʘʟʣʠʢʘ ʫ ʦʜʥʦʩʫ ʥʘ ʜʚʦʬʣʫʠʜʥʠ ʤʦʜʝʣ ʿʝ ʫ 

ʦʙʣʠʢʫ ʬʫʥʢʮʠʿʝ ( , , )m k kvc  ʢʦʿʘ ʿʝ ʜʘʪʘ ʠʟʨʘʟʦʤ 4.49.   

 ɿʘʫʩʪʘʚʥʘ ʩʠʣʘ ʟʘ ʿʦʥ ʫʥʫʪʘʨ ʥʘʥʦʮʝʚʠ 00 Rr¢ < ʿʝ:  
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ɿʘʫʩʪʘʚʥʘ ʩʠʣʘ ʟʘ ʿʦʥ ʚʘʥ ʥʘʥʦʮʝʚʠ 0R r< <¤
 
ʿʝ:  
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ʇʦʪʝʥʮʠʿʘʣ ʣʠʢʘ ʟʘ ʿʦʥ ʫʥʫʪʘʨ ʥʘʥʦʮʝʚʠ 00 Rr¢ < ʿʝ:  
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ʘ ʧʦʪʝʥʮʠʿʘʣ ʣʠʢʘ ʟʘ ʿʦʥ ʚʘʥ ʥʘʥʦʮʝʚʠ 0R r< <¤ ʿʝ ʜʘʪ ʠʟʨʘʟʦʤ:  
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ʉʠʣʘ ʣʠʢʘ ʟʘ ʿʦʥ ʫʥʫʪʘʨ ʥʘʥʦʮʝʚʠ 00 Rr¢ < ʿʝ:  
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ʉʠʣʘ ʣʠʢʘ ʟʘ ʿʦʥ ʚʘʥ ʥʘʥʦʮʝʚʠ 0R r< <¤ ʿʝ:  
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4.6 ɿʘʢʨʠʚˀʝʥʝ ʥʘʥʦʮʝʚʠ 
 

 ʋ ʧʦʛʣʘʚˀʫ 2, ʫ ʢʦʤ ʩʫ ʠʟʥʝʪʝ ʝʣʝʤʝʥʪʘʨʥʝ ʪʝʦʨʠʿʩʢʝ ʦʩʥʦʚʝ ʫ ʚʝʟʠ ʩʘ ʥʘʥʦʮʝʚʠʤʘ, 

ʧʦʤʝʥʫʪʦ ʿʝ ʜʘ ʫ ʧʨʘʢʩʠ ʥʘʥʦʮʝʚʠ ʛʦʪʦʚʦ ʫʚʝʢ, ʟʙʦʛ ʥʝʩʘʚʨʰʝʥʦʩʪʠ ʧʦʩʪʫʧʢʘ ʜʦʙʠʿʘˁʘ, 

ʠʤʘʿʫ ʠʟʚʝʩʪʘʥ ʩʪʝʧʝʥ ʜʝʬʦʨʤʠʪʝʪʘ. ʂʘʦ ʿʝʜʘʥ ʦʜ ʦʙʣʠʢʘ ʜʝʬʦʨʤʠʪʝʪʘ ʘʥʘʣʠʟʠʨʘʤʦ ʙʣʘʛʦ 

ʟʘʢʨʠʚˀʝˁʝ ʥʘʥʦʮʝʚʠ (ʩʣʠʢʘ 4.1). ʆʜ ʠʥʪʝʨʝʩʘ ʿʝ ʦʜʨʝʜʠʪʠ ʢʘʢʦ ʟʘʢʨʠʚˀʝˁʝ ʫʪʠʯʝ ʥʘ 

ʢʨʝʪʘˁʝ ʢʘʥʘʣʠʩʘʥʦʛ ʿʦʥʘ ʫ ʧʨʦʩʪʦʨʫ ʥʘʥʦʮʝʚʠ, ʦʜʥʦʩʥʦ ʥʘ ʢʦʿʠ ʥʘʯʠʥ ʩʝ ʤʝˁʘʿʫ ʚʝ˂ 

ʘʥʘʣʠʟʠʨʘʥʠ ʤʝʭʘʥʠʟʤʠ ʠʥʪʝʨʘʢʮʠʿʝ ʿʦʥ ï ʥʘʥʦʮʝʚ.  

 

ʉʣʠʢʘ 4.1. ɿʘʢʨʠʚˀʝʥʝ ʥʘʥʦʮʝʚʠ. 

 

 ʉʤʘʪʨʘʤʦ ʜʘ ʩʫ ʥʘʥʦʮʝʚʠ ʢʨʘʪʢʝ (ʜʫʞʠʥʝ ʥʝʢʦʣʠʢʦ ʜʝʣʦʚʘ ʤʠʢʨʦʤʝʪʨʘ) ʠ ʜʘ ʿʝ ʫʛʘʦ 

ʟʘʢʨʠʚˀʝˁʘ ʚʝʦʤʘ ʤʘʣʠ (ʨʝʜʘ mrad) [40]. ɼʘ ʙʠʩʤʦ ʘʥʘʣʠʟʠʨʘʣʠ ʫʪʠʮʘʿ ʟʘʢʨʠʚˀʝˁʘ 

ʥʘʥʦʮʝʚʠ ʥʘ ʢʨʝʪʘˁʝ ʿʦʥʘ ʫ ʦʚʦʤ ʩʣʫʯʘʿʫ ʤʦʞʝʤʦ ʫʩʚʦʿʠʪʠ ʧʦʢʨʝʪʥʠ ʢʦʦʨʜʠʥʘʪʥʠ ʩʠʩʪʝʤ 

ʢʦʿʠ ʩʝ ʢʨʝ˂ʝ ʙʨʟʠʥʦʤ 
0n(ʧʦʯʝʪʥʘ ʙʨʟʠʥʘ ʿʦʥʘ ʥʘ ʫʣʘʩʢʫ ʫ ʥʘʥʦʮʝʚ) ʧʦ ʢʨʫʛʫ ʟʘʢʨʠʚˀʝˁʘ 

ʥʘʥʦʮʝʚʠ ʩʘ ʧʨʝʯʥʠʢʦʤ ʢʨʠʚʠʥʝ bR . ʂʨʝʪʘˁʝ ʿʦʥʘ ʧʦʩʤʘʪʨʘʤʦ ʠʟ ʦʚʦʛ ʢʦʦʨʜʠʥʘʪʥʦʛ 

ʩʠʩʪʝʤʘ ʢʦʿʠ ʿʝ ʥʝʠʥʝʨʮʠʿʘʣʘʥ ʠ ʘʥʘʣʠʟʠʨʘʤʦ ʝʬʝʢʪʝ ʦʚʝ ʪʨʘʥʩʬʦʨʤʘʮʠʿʝ ʥʘ ʢʨʝʪʘˁʝ ʿʦʥʘ 

[41]. 
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 ʋ [42] ʿʝ ʧʦʢʘʟʘʥʦ ʜʘ ʫ ʦʢʚʠʨʫ ʥʝʠʥʝʨʮʠʿʘʣʥʦʛ ʢʦʦʨʜʠʥʘʪʥʦʛ ʩʠʩʪʝʤʘ ʢʦʿʠ ʩʝ ʦʙʨ˂ʝ 

ʦʢʦ ʥʝʢʝ ʬʠʢʩʥʝ ʦʩʝ, ʝʬʝʢʪʠʚʥʦ ʜʦʣʘʟʠ ʜʦ ʤʦʜʠʬʠʢʘʮʠʿʝ ʧʦʪʝʥʮʠʿʘʣʘ ʫ ʧʨʦʩʪʦʨʫ ʢʦʿʠ ʩʝ 

ʧʦʢʣʘʧʘ ʩʘ ʧʨʦʩʪʦʨʦʤ ʫʩʚʦʿʝʥʦʛ ʨʝʬʝʨʝʥʪʥʦʛ ʩʠʩʪʝʤʘ.  

 

ʉʣʠʢʘ 4.2. ʇʦʧʨʝʯʥʠ ʧʨʝʩʝʢ ʥʘʥʦʮʝʚʠ ʩʘ ʫʩʚʦʿʝʥʠʤ ʨʝʬʝʨʝʥʪʥʠʤ ʜʝʩʥʠʤ ʢʦʦʨʜʠʥʘʪʥʠʤ 

ʩʠʩʪʝʤʦʤ (ʢʨʝʪʘˁʝ ʿʦʥʘ ʿʝ ʜʫʞ zʦʩʝ). 

 

ɸʢʦ ʿʝ ʫʢʫʧʥʠ ʧʦʪʝʥʮʠʿʘʣ ʫ ʧʨʦʩʪʦʨʫ ʥʘʥʦʮʝʚʠ (ʧʨʝʩʝʢ ʧʨʠʢʘʟʘʥ ʥʘ ʩʣʠʮʠ 4.2) ʜʘʪ 

ʢʘʦ ( , )U x y , ʦʥʜʘ ˂ʝ ʫʩʣʝʜ ʟʘʢʨʠʚˀʝˁʘ ʥʘʥʦʮʝʚʠ ʝʬʝʢʪʠʚʥʠ ʧʦʪʝʥʮʠʿʘʣ ( , )effU x y  ʙʠʪʠ:  

 
2

0( , ) ( , ) .eff

b

m y
U x y U x y

R

n
= +  (4.74) 

 

 ʅʘ ʦʩʥʦʚʫ ʦʚʝ ʘʥʘʣʠʟʝ ʟʘʢˀʫʯʫʿʝʤʦ ʜʘ ʮʝʥʪʨʠʬʫʛʘʣʥʘ ʩʠʣʘ ʢʦʿʘ ʜʝʣʫʿʝ ʥʘ 

ʢʘʥʘʣʠʩʘʥʠ ʿʦʥ ʫʩʣʝʜ ˁʝʛʦʚʝ ʟʘʢʨʠʚˀʝʥʝ ʧʫʪʘˁʝ ʧʦ ʣʫʢʫ ʢʨʫʞʥʠʮʝ ʤʦʞʝ ʜʘ ʩʝ ʤʦʜʝʣʫʿʝ 

ʜʦʜʘʪʥʠʤ ʧʦʪʝʥʮʠʿʘʣʦʤ ʢʦʿʠ ʥʠʿʝ ʮʠʣʠʥʜʨʠʯʥʦ ʩʠʤʝʪʨʠʯʘʥ (ʣʠʥʝʘʨʥʘ ʟʘʚʠʩʥʦʩʪ ʦʜ y). ʅʘ 

ʦʚʘʿ ʥʘʯʠʥ ʙʣʘʛʦ ʟʘʢʨʠʚˀʝʥʝ ʥʘʥʦʮʝʚʠ ʤʦʞʝʤʦ ʧʦʩʤʘʪʨʘʪʠ ʥʘ ʠʩʪʠ ʥʘʯʠʥ ʢʘʦ ʠ ʧʨʘʚʝ 

ʥʘʥʦʮʝʚʠ, ʩ ʪʠʤ ʰʪʦ ʩʝ ʫ ʠʟʨʘʟʫ ʟʘ ʫʢʫʧʥʠ ʧʦʪʝʥʮʠʿʘʣ ʫʥʫʪʘʨ ʥʘʥʦʮʝʚʠ ʤʦʨʘ ʫʨʘʯʫʥʘʪʠ 

ʜʦʜʘʪʥʠ ʯʣʘʥ.  

ɿʘ ʦʚʘʢʚʦ ʢʨʝʪʘˁʝ ʧʨʦʪʦʥʘ ʿʝ ʫʪʚʨʹʝʥ ʤʘʢʩʠʤʘʣʘʥ ʫʛʘʦ ʟʘʢʨʠʚˀʝˁʘ ʧʨʠ ʢʦʿʝʤ ʿʝ 

ʢʨʝʪʘˁʝ ʿʦʥʘ ʩʪʘʙʠʣʥʦ. ʊʘʿ ʫʛʘʦ ʩʝ ʥʘʟʠʚʘ Tsygan-ʦʚ ʫʛʘʦ, ɊT ʠ ʜʘʪ ʿʝ ʩʘ ɊT = L/Rc, ʛʜʝ ʿʝ Rc 

= mv0
2
/(eEc) ʘ Ec  ʿʝ ʠʥʪʝʥʟʠʪʝʪ ʝʣʝʢʪʨʠʯʥʦʛ ʧʦˀʘ ʧʨʠ ʤʠʥʠʤʘʣʥʦʿ ʫʜʘˀʝʥʦʩʪʠ ʧʨʦʪʦʥʘ ʦʜ 

ʟʠʜʘ ʥʘʥʦʮʝʚʠ ʥʘ ʢʦʤʝ ʿʝ ʢʨʝʪʘˁʝ ʧʨʦʪʦʥʘ ʩʪʘʙʠʣʥʦ. ɺʘʞʠ ʚʝʟʘ ɊL
2
=(2Rn/L)Ɋʊ [43,44] ʛʜʝ 

ʿʝ ɊL ʃʠʥʜʭʘʨʜʦʚ ʫʛʘʦ. 
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ʅʫʤʝʨʠʯʢʠ ʨʝʟʫʣʪʘʪʠ ʠ ʜʠʩʢʫʩʠʿʘ 
 

 ʋ ʦʚʦʿ ʛʣʘʚʠ ʩʝ ʠʟʥʦʩʝ ʨʝʟʫʣʪʘʪʠ ʤʘʪʝʤʘʪʠʯʢʝ ʘʥʘʣʠʟʝ ʧʨʝʪʭʦʜʥʦ ʦʧʠʩʘʥʠʭ 

ʭʠʜʨʦʜʠʥʘʤʠʯʢʠʭ ʤʦʜʝʣʘ ʢʦʿʠʤʘ ʩʝ ʧʨʝʜʚʠʹʘ ʧʦʥʘʰʘˁʝ ʥʘʥʦʮʝʚʠ ʧʨʠʣʠʢʦʤ ʢʘʥʘʣʠʩʘˁʘ 

ʿʦʥʘ (ʙʠʨʘʤʦ ʩʣʫʯʘʿ ʧʨʦʪʦʥʘ). ʇʨʝʜʩʪʘʚˀʘʿʫ ʩʝ ʬʠʟʠʯʢʝ ʚʝʣʠʯʠʥʝ ʫʩʚʦʿʝʥʝ ʫ ʧʨʝʪʭʦʜʥʦʤ 

ʧʦʛʣʘʚˀʫ, ʠʟʨʘʯʫʥʘʪʝ ʧʨʦʛʨʘʤʩʢʠʤ ʧʫʪʝʤ, ʟʘ ʥʝʢʦʣʠʢʦ ʪʠʧʦʚʘ ʥʘʥʦʮʝʚʠ ʫ ʨʘʟʥʠʤ 

ʩʠʪʫʘʮʠʿʘʤʘ ʢʨʝʪʘˁʘ ʧʨʦʪʦʥʘ ʢʦʿʠ ʩʝ ʢʘʥʘʣʠʰʝ. ɸʥʘʣʠʟʘ ʩʝ ʩʧʨʦʚʦʜʠ ʟʘ ʧʨʘʚʝ ʠ ʙʣʘʛʦ 

ʟʘʢʨʠʚˀʝʥʝ ʥʘʥʦʮʝʚʠ. ʅʘ ʢʨʘʿʫ ʩʝ ʘʥʘʣʠʟʠʨʘ ʢʨʝʪʘˁʝ ʧʨʦʪʦʥʘ ʢʨʦʟ ʥʘʥʦʮʝʚ (ʢʘʥʘʣʠʩʘˁʝ) 

ʠ ʧʫʪʝʤ ʄʦʥʪʝ ʂʘʨʣʦ ʧʨʦʛʨʘʤʩʢʠʭ ʩʠʤʫʣʘʮʠʿʘ ʧʨʝʜʚʠʹʘ ʢʦʥʢʨʝʪʘʥ ʫʪʠʮʘʿ ʫʛˀʝʥʠʯʥʠʭ 

ʥʘʥʦʮʝʚʠ ʥʘ ʧʨʦʪʦʥʩʢʝ ʩʥʦʧʦʚʝ. 

 

5.1 ʆʧʰʪʝ ʧʦʩʪʘʚʢʝ ʠ ʧʨʝʛʣʝʜ ʜʦʩʘʜʘʰˁʠʭ ʨʝʟʫʣʪʘʪʘ ʠʟ 

ʦʙʣʘʩʪʠ  
 

 ʅʝʜʫʛʦ ʥʘʢʦʥ ʦʪʢʨʠ˂ʘ ʥʘʥʦʮʝʚʠ ʂʣʠʤʦʚ ʠ ʃʝʪʦʢʦʚ [45] ʩʫ ʧʨʝʜʚʠʜʝʣʠ ʤʦʛʫ˂ʥʦʩʪ 

ˁʠʭʦʚʦʛ ʢʦʨʠʰ˂ʝˁʘ ʫ ʧʨʦʮʝʩʫ ʢʘʥʘʣʠʩʘˁʘ ʧʦʟʠʪʠʚʥʦ ʥʘʝʣʝʢʪʨʠʩʘʥʠʭ ʯʝʩʪʠʮʘ. ʅʘʠʤʝ ʦʥʠ 

ʩʫ ʫʩʪʘʥʦʚʠʣʠ ʜʘ ʟʘ ʯʝʩʪʠʮʫ ʢʦʿʘ ʩʝ ʢʨʝ˂ʝ ʜʫʞ ʦʩʝ ʥʘʥʦʮʝʚʠ ʧʦʜ ʤʘʣʠʤ ʫʧʘʜʥʠʤ ʫʛʣʦʤ, 

ʥʘʥʦʮʝʚ ʧʨʝʜʩʪʘʚˀʘ ʜʫʙʦʢʫ ʠ ʰʠʨʦʢʫ ʧʦʪʝʥʮʠʿʘʣʥʫ ʿʘʤʫ. ʅʘʢʦʥ ʙʨʦʿʥʠʭ ʪʝʦʨʠʿʩʢʠʭ 

ʘʥʘʣʠʟʘ ʢʘʥʘʣʠʩʘˁʘ ʿʦʥʘ ʢʨʦʟ ʥʘʥʦʮʝʚʠ [46-60] ʧʦʢʘʟʘʥʦ ʿʝ ʜʘ ʩʝ ʥʘʥʦʮʝʚʠ ʤʦʛʫ ʢʦʨʠʩʪʠʪʠ 

ʟʘ ʬʦʨʤʠʨʘˁʝ ʠ ʫʩʤʝʨʘʚʘˁʝ ʿʦʥʩʢʠʭ ʥʘʥʦʩʥʦʧʦʚʘ ʰʪʦ ʙʠ ʥʘʰʣʦ ʧʨʠʤʝʥʫ ʫ 

ʧʦʣʫʧʨʦʚʦʜʥʠʯʢʦʿ ʠʥʜʫʩʪʨʠʿʠ, ʬʦʢʫʩʠʨʘˁʫ ʠ ʫʩʤʝʨʘʚʘˁʫ ʿʦʥʩʢʠʭ ʩʥʦʧʦʚʘ ʫ 

ʘʢʮʝʣʝʨʘʪʦʨʠʤʘ, ʠ ʢʦʥʪʨʦʣʠʩʘˁʫ ʤʦʣʝʢʫʣʩʢʦʛ ʪʨʘʥʩʧʦʨʪʘ ʫ ʙʠʦʣʦʰʢʠʤ ʠʩʪʨʘʞʠʚʘˁʠʤʘ 

[61]. 

 Eʢʩʧʝʨʠʤʝʥʪʘʣʥʘ ʘʥʘʣʠʟʘ ʢʘʥʘʣʠʩʘˁʘ ʿʦʥʘ ʢʨʦʟ ʥʘʥʦʮʝʚʠ ʿʝ ʿʦʰ ʫʚʝʢ ʥʝʜʦʚʦˀʥʦ 

ʩʧʨʦʚʝʜʝʥʘ ʠ ʥʘʣʘʟʠ ʩʝ ʫ ʧʦʯʝʪʥʦʿ ʬʘʟʠ. ʇʨʚʝ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʝ ʨʝʟʫʣʪʘʪʝ ʦʩʪʚʘʨʠʣʠ ʩʫ 

Zhu ʠ ʩʘʨʘʜʥʠʮʠ [62]. ʋ ʝʢʩʧʝʨʠʤʝʥʪʫ ʩʫ ʢʦʨʠʰ˂ʝʥʠ ʿʦʥʠ ʭʝʣʠʿʫʤʘ ʠʥʠʮʠʿʘʣʥʝ ʢʠʥʝʪʠʯʢʝ 
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ʝʥʝʨʛʠʿʝ 2 MeV, ʢʦʿʠ ʩʫ ʫʩʤʝʨʘʚʘʥʠ ʥʘ ʩʥʦʧ ʧʨʘʚʠʣʥʦ ʨʘʩʧʦʨʝʹʝʥʠʭ ʥʘʥʦʮʝʚʠ ʢʨʝʠʨʘʥʠʭ ʫ 

ʘʣʫʤʠʥʠʿʫʤ ʦʢʩʠʜ ʩʫʧʩʪʨʘʪʫ. ʇʨʚʠ ʝʢʩʧʝʨʠʤʝʥʪ ʩʘ ʢʘʥʘʣʠʩʘˁʝʤ ʝʣʝʢʪʨʦʥʘ ʫ ʥʘʥʦʮʝʚʠʤʘ 

ʩʧʨʦʚʝʣʠ ʩʫ Chai ʠ ʩʘʨʘʜʥʠʮʠ [63]. ʋ ʝʢʩʧʝʨʠʤʝʥʪʫ ʩʫ ʢʦʨʠʰ˂ʝʥʠ ʝʣʝʢʪʨʦʥʠ ʝʥʝʨʛʠʿʘ 300 

keV ʠ ʘʥʘʣʠʟʠʨʘʥʦ ʿʝ ˁʠʭʦʚʦ ʢʘʥʘʣʠʩʘˁʝ ʢʨʦʟ ʚʠʰʝʩʣʦʿʥʝ ʥʘʥʦʮʝʚʠ ʜʫʞʠʥʝ ʠʟʤʝʹʫ 0.7 ʠ 

3.0 µm ʠʥʢʘʧʩʫʣʠʨʘʥʝ ʫ ʫʛˀʝʥʠʯʥʦʤ ʚʣʘʢʥʫ [64]. ʀʥʢʘʧʩʫʣʘʮʠʿʦʤ ʫ ʦʢʚʠʨʫ ʦʤʦʪʘʯʘ ʦʜ 

ʫʛˀʝʥʠʯʥʦʛ ʚʣʘʢʥʘ ʿʝ ʦʤʦʛʫ˂ʝʥʦ ʣʘʢʰʝ ʤʘʥʠʧʫʣʠʩʘˁʝ ʠ ʫʩʤʝʨʘʚʘˁʝ ʥʘʥʦʮʝʚʠ. ʅʘ ʦʚʘʿ 

ʥʘʯʠʥ ʿʝ ʙʠʣʦ ʤʦʛʫ˂ʝ ʧʨʦʧʫʰʪʘʪʠ ʜʦʙʨʦ ʫʩʤʝʨʝʥʝ ʝʣʝʢʪʨʦʥʩʢʝ ʩʥʦʧʦʚʝ, ʤʘʣʝ 

ʜʠʚʝʨʛʝʥʮʠʿʝ, ʢʨʦʟ ʧʨʘʚʝ ʧʦʿʝʜʠʥʘʯʥʝ ʥʘʥʦʮʝʚʠ ʠ ʘʥʘʣʠʟʠʨʘʪʠ ʢʘʥʘʣʠʩʘˁʝ ʝʣʝʢʪʨʦʥʘ. 

ʈʝʟʫʣʪʘʪʠ ʦʚʝ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʝ ʘʥʘʣʠʟʝ ʩʫ ʧʨʠʢʘʟʘʥʠ ʥʘ ʩʣʠʢʘʤʘ 5.1 ʠ 5.2.  

 ʉʣʠʢʘ 5.1 (ʘ) ʧʨʝʜʩʪʘʚˀʘ ʩʥʠʤʘʢ ʊɽʄ (ʪʨʘʥʩʤʠʩʠʦʥʠ ʝʣʝʢʪʨʦʥʩʢʠ ʤʠʢʨʦʩʢʦʧ) ʥʘ 

ʟʘʩʪʦʨʫ ʢʦʿʠ ʩʝ ʥʘʣʘʟʠ ʠʟʘ ʥʘʥʦʮʝʚʠ ʢʨʦʟ ʢʦʿʫ ʩʝ ʚʨʰʠ ʫʩʤʝʨʘʚʘˁʝ ʝʣʝʢʪʨʦʥʩʢʦʛ ʩʥʦʧʘ 

ʢʦʿʠ ʿʝ ʧʘʨʘʣʝʣʘʥ ʩʘ ʦʩʦʤ ʥʘʥʦʮʝʚʠ (ʫʧʘʜʥʠ ʫʛʘʦ 0Á). ʅʘʥʦʮʝʚ ʿʝ ʜʫʞʠʥʝ 0.72 µm. ʉʣʠʢʘ 

5.1 (b) ʧʨʝʜʩʪʘʚˀʘ ʪʘʢʦʹʝ ʊɽʄ ʩʥʠʤʘʢ ʥʘ ʟʘʩʪʦʨʫ, ʧʨʠ ʯʝʤʫ ʿʝ ʫ ʦʚʦʤ ʩʣʫʯʘʿʫ ʫʧʘʜʥʠ ʫʛʘʦ 

ʝʣʝʢʪʨʦʥʩʢʦʛ ʩʥʦʧʘ 5Á. ʆʙʝ ʩʣʠʢʝ ʧʦʢʘʟʫʿʫ ʜʘ ʿʝ ʥʘʿʚʝ˂ʠ ʠʥʪʝʥʟʠʪʝʪ (ʢʦʥʮʝʥʪʨʘʮʠʿʘ) 

ʝʣʝʢʪʨʦʥʘ ʫ ʩʨʝʜʠʥʠ ʠʟʣʘʟʥʦʛ ʩʥʦʧʘ (ʮʝʥʪʘʨ ʢʨʫʛʘ), ʧʨʠ ʯʝʤʫ ʿʝ ʫ ʩʣʫʯʘʿʫ (b) ʦʙʟʠʨʦʤ ʥʘ 

ʥʝʥʫʣʪʠ ʫʧʘʜʥʠ ʫʛʘʦ ʩʚʝʪʣʘ ʪʘʯʢʘ ʤʘʣʦ ʨʘʟʤʘʟʘʥʘ. ʄʦʞʝ ʩʝ ʠʟʚʝʩʪʠ ʟʘʢˀʫʯʘʢ ʜʘ ʥʘʥʦʮʝʚ 

ʚʨʰʠ ʬʦʢʫʩʠʨʘˁʝ ʝʣʝʢʪʨʦʥʩʢʦʛ ʩʥʦʧʘ. 

 

 

ʉʣʠʢʘ 5.1. ʊɽʄ ʩʣʠʢʘ ʜʦʙʠʿʝʥʘ ʥʘ ʟʘʩʪʦʨʫ ʥʘʢʦʥ ʧʨʦʣʘʩʢʘ: ʘ) ʝʣʝʢʪʨʦʥʩʢʦʛ ʩʥʦʧʘ ʢʨʦʟ 

ʥʘʥʦʮʝʚ ʜʫʞʠʥʝ 0.72 Õm ʧʨʠ ʫʧʘʜʥʦʤ ʫʛʣʫ ʦʜ 0Á ʠ ʙ) ʝʣʝʢʪʨʦʥʩʢʦʛ ʩʥʦʧʘ ʢʨʦʟ ʥʘʥʦʮʝʚ 

ʜʫʞʠʥʝ 0.72 Õm ʧʨʠ ʫʧʘʜʥʦʤ ʫʛʣʫ ʦʜ 5Á [63].  

 

 ʉʣʠʢʘ 5.2 (ʘ) ʧʨʝʜʩʪʘʚˀʘ ʊɽʄ ʩʥʠʤʘʢ ʟʘʚʠʩʥʦʩʪʠ ʠʥʪʝʥʟʠʪʝʪʘ (ʝʣʝʢʪʨʦʥʩʢʦʛ 

ʧʨʠʥʦʩʘ) ʜʫʞ ʫʩʚʦʿʝʥʝ ʦʩʝ ʟʘ ʥʘʥʦʮʝʚ ʜʫʞʠʥʝ 3 Õm ʢʘʜʘ ʩʝ ʚʨʰʠ ʫʩʤʝʨʘʚʘˁʝ ʝʣʝʢʪʨʦʥʩʢʦʛ 

ʩʥʦʧʘ ʢʦʿʠ ʿʝ ʧʘʨʘʣʝʣʘʥ ʩʘ ʦʩʦʤ ʥʘʥʦʮʝʚʠ (ʫʧʘʜʥʠ ʫʛʘʦ 0Á). ʋ ʩʣʫʯʘʿʫ (b) ʿʝ ʧʨʠʢʘʟʘʥ 

ʩʣʫʯʘʿ ʢʘʜʘ ʿʝ ʫʧʘʜʥʠ ʫʛʘʦ ʝʣʝʢʪʨʦʥʩʢʦʛ ʩʥʦʧʘ 1°. ʋ ʦʚʦʤ ʩʣʫʯʘʿʫ ʜʠʿʘʛʨʘʤʠ ʠʥʪʝʥʟʠʪʝʪʘ 
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ʿʘʩʥʦ ʧʦʢʘʟʫʿʫ ʩʚʦʿʩʪʚʦ ʬʦʢʫʩʠʨʘˁʘ ʥʘʥʦʮʝʚʠ: ʥʘʿʚʝ˂ʠ ʠʥʪʝʥʟʠʪʝʪʠ ʫ ʦʙʘ ʩʣʫʯʘʿʘ ʩʫ ʫ 

ʮʝʥʪʨʫ ʩʥʦʧʘ.  

 

ʉʣʠʢʘ 5.2. ʈʘʩʧʦʜʝʣʘ ʠʥʪʝʥʟʠʪʝʪʘ ʝʣʝʢʪʨʦʥʩʢʦʛ ʩʥʦʧʘ ʩʘ ʊɽʄ ʩʣʠʢʦʤ ʜʦʙʠʿʝʥʦʤ ʥʘ 

ʟʘʩʪʦʨʫ ʥʘʢʦʥ ʧʨʦʣʘʩʢʘ: ʘ) ʝʣʝʢʪʨʦʥʩʢʦʛ ʩʥʦʧʘ ʢʨʦʟ ʥʘʥʦʮʝʚ ʜʫʞʠʥʝ 3 Õm ʧʨʠ ʫʧʘʜʥʦʤ 

ʫʛʣʫ ʦʜ 0Á ʠ ʙ) ʝʣʝʢʪʨʦʥʩʢʦʛ ʩʥʦʧʘ ʢʨʦʟ ʥʘʥʦʮʝʚ ʜʫʞʠʥʝ 3 Õm ʧʨʠ ʫʧʘʜʥʦʤ ʫʛʣʫ ʦʜ 3Á [63].  

 

 ʆʚʘʿ ʨʘʜ ʩʝ ʙʘʚʠ ʢʘʥʘʣʠʩʘˁʝʤ ʠʩʢˀʫʯʠʚʦ ʧʦʟʠʪʠʚʥʦ ʥʘʝʣʝʢʪʨʠʩʘʥʠʭ ʯʝʩʪʠʮʘ ï ʿʦʥʘ 

(ʠʣʠ ʧʨʦʪʦʥʘ), ʛʜʝ ʩʫ ʫ ʧʨʝʪʭʦʜʥʠʤ ʧʦʛʣʘʚˀʠʤʘ ʘʥʘʣʠʟʠʨʘʥʠ ʤʝʭʘʥʠʟʤʠ ʠʥʪʝʨʘʢʮʠʿʝ 

ʠʟʤʝʹʫ ʢʘʥʘʣʠʩʘʥʠʭ ʯʝʩʪʠʮʘ ʠ ʥʘʥʦʮʝʚʠ ʠ ʫʟ ʧʦʤʦ˂ ʫʩʚʦʿʝʥʠʭ ʭʠʜʨʦʜʠʥʘʤʠʯʢʠʭ ʤʦʜʝʣʘ. 

ʋ ʥʘʩʪʘʚʢʫ ʩʝ ʠʟʥʦʩʝ ʨʝʟʫʣʪʘʪʠ ʥʫʤʝʨʠʯʢʠʭ ʠʟʨʘʯʫʥʘʚʘˁʘ ʘʥʘʣʠʟʠʨʘʥʠʭ ʬʠʟʠʯʢʠʭ 

ʚʝʣʠʯʠʥʘ ʢʦʿʝ ʦʜʨʝʹʫʿʫ ʥʘʯʠʥ ʢʘʥʘʣʠʩʘˁʘ, ʚʨʰʠ ʩʝ ʧʦʨʝʹʝˁʝ ʪʠʭ ʚʝʣʠʯʠʥʘ ʟʘ ʩʚʝ ʥʘʚʝʜʝʥʝ 

ʭʠʜʨʦʜʠʥʘʤʠʯʢʝ ʤʦʜʝʣʝ ʠ ʥʘ ʢʨʘʿʫ ʄʦʥʪʝ ʂʘʨʣʦ ʩʠʤʫʣʘʮʠʿʘʤʘ ʝʚʘʣʫʠʨʘ ʢʦʥʢʨʝʪʘʥ ʫʪʠʮʘʿ 

ʥʘ ʢʘʥʘʣʠʩʘˁʝ ʧʨʦʪʦʥʘ. ʋ ʦʢʚʠʨʫ ʩʠʤʫʣʘʮʠʿʘ ʢʨʝʪʘˁʘ ʧʨʦʪʦʥʘ ʢʨʦʟ ʥʘʥʦʮʝʚ ʩʠʤʫʣʠʨʘʿʫ 

ʩʝ ʝʬʝʢʪʠ ʢʦʿʠ ʙʠ ʫ ʨʝʘʣʥʠʤ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʠʤ ʫʩʣʦʚʠʤʘ ʙʠʣʠ ʧʨʠʩʫʪʥʠ, ʘ ʨʝʟʫʣʪʘʪʠ ʙʠ 

ʩʝ ʜʦʙʠʣʠ ʊɽʄ ʩʥʠʤʮʠʤʘ ʢʘʦ ʫ ʩʣʫʯʘʿʫ ʧʦʤʝʥʫʪʠʭ ʝʢʩʧʝʨʠʤʝʥʘʪʘ [63, 64]. ʈʝʟʫʣʪʘʪʠ 

ʧʦʪʚʨʹʫʿʫ ʩʚʦʿʩʪʚʦ ʫʩʤʝʨʘʚʘˁʘ ʠ ʬʦʢʫʩʠʨʘˁʘ ʿʦʥʩʢʠʭ ʩʥʦʧʦʚʘ ʢʨʦʟ ʥʘʥʦʮʝʚʠ.   
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5.2 ɱʝʜʥʦʬʣʫʠʜʥʠ ʠ ʜʚʦʬʣʫʠʜʥʠ ʤʦʜʝʣ: ʬʠʟʠʯʢʝ ʚʝʣʠʯʠʥʝ, 

ʧʦʨʝʹʝˁʝ, ʠʥʪʝʨʘʢʮʠʿʘ ʿʦʥʘ ʩʘ ʥʘʥʦʮʝʚʠ 
 

 ʋ ʦʚʦʤ ʧʦʛʣʘʚˀʫ ʧʦʨʝʜʠʤʦ ʿʝʜʥʦʬʣʫʠʜʥʠ ʠ ʜʚʦʬʣʫʠʜʥʠ ʭʠʜʨʦʜʠʥʘʤʠʯʢʠ ʤʦʜʝʣ ʩʘ 

ʘʩʧʝʢʪʘ ʪʝʦʨʠʿʩʢʠ ʧʨʝʪʧʦʩʪʘʚˀʝʥʠʭ ʚʨʝʜʥʦʩʪʠ ʫʩʚʦʿʝʥʠʭ ʬʠʟʠʯʢʠʭ ʚʝʣʠʯʠʥʘ. 

ɸʥʘʣʠʟʠʨʘʤʦ ʢʘʥʘʣʠʩʘˁʝ ʿʦʥʘ ʢʨʦʟ ʥʘʥʦʮʝʚʠ ʫ ʩʣʫʯʘʿʫ ʢʘʜʘ ʠʥʪʝʨʘʢʮʠʿʫ ʤʦʜʝʣʫʿʝʤʦ 

ʿʝʜʥʦʬʣʫʠʜʥʠʤ ʠ ʜʚʦʬʣʫʠʜʥʠʤ ʤʦʜʝʣʦʤ. ʈʘʯʫʥʘʤʦ ʫʛʘʦʥʫ ʠ ʧʨʦʩʪʦʨʥʫ ʨʘʩʧʦʜʝʣʫ 

ʢʘʥʘʣʠʩʘʥʠʭ ʿʦʥʘ ʫ ʦʙʘ ʫʩʚʦʿʝʥʘ ʤʦʜʝʣʘ. 

 ɸʥʘʣʠʟʠʨʘʤʦ ʯʝʪʠʨʠ ʪʠʧʘ ʥʘʥʦʮʝʚʠ: 

¶ SWNT (6, 4)  

¶ SWNT (8, 6) 

¶ SWNT (11, 9) 

¶ SWNT (15, 10) 

ʂʘʦ ʢʘʥʘʣʠʩʘʥʝ ʯʝʩʪʠʮʝ ʫʟʠʤʘʤʦ ʧʨʦʪʦʥʝ, ʙʨʟʠʥʘ ʫ ʦʧʩʝʛʫ ʦʜ 0 ï 10 a.u. ɿʘ ʩʚʝ 

ʬʠʟʠʯʢʝ ʚʝʣʠʯʠʥʝ ʢʦʨʠʩʪʠʤʦ ʩʠʩʪʝʤ ʘʪʦʤʩʢʠʭ ʿʝʜʠʥʠʮʘ. ʂʘʢʦ ʿʝ ʚʝ˂ ʥʘʛʣʘʰʝʥʦ ʫ 

ʧʦʛʣʘʚˀʫ 4, ʥʘʥʦʮʝʚ ʧʦʩʤʘʪʨʘʤʦ ʢʘʦ ʮʠʣʠʥʜʨʠʯʥʫ ʩʪʨʫʢʪʫʨʫ ʦʜʛʦʚʘʨʘʿʫ˂ʝʛ ʨʘʜʠʿʫʩʘ 

(ʟʘʚʠʩʠ ʢʦʥʢʨʝʪʥʦ ʢʦʿʠ ʦʜ ʧʦʤʝʥʫʪʠʭ ʯʝʪʠʨʠ ʪʠʧʘ ʥʘʥʦʮʝʚʠ ʧʦʩʤʘʪʨʘʤʦ) ʠ ʜʫʞʠʥʝ. 

ɼʫʞʠʥʫ ʥʘʥʦʮʝʚʠ ʫʟʠʤʘʤʦ ʪʘʢʦ ʜʘ ʧʨʝʣʝʪ ʧʨʦʪʦʥʘ ʪʨʘʿʝ ʜʦʚʦˀʥʦ ʢʨʘʪʢʦ ʚʨʝʤʝʥʘ ʧʨʠ 

ʯʝʤʫ ʤʦʞʝʤʦ ʩʤʘʪʨʘʪʠ ʜʘ ʩʝ ʣʦʥʛʠʪʫʜʠʥʘʣʥʘ ʢʦʤʧʦʥʝʥʪʘ ʙʨʟʠʥʝ ʢʨʝʪʘˁʘ ʧʨʦʪʦʥʘ ʥʝ ʤʝˁʘ 

ʟʥʘʯʘʿʥʦ ʪʦʢʦʤ ʢʨʝʪʘˁʘ ʢʨʦʟ ʥʘʥʦʮʝʚ, ʘ ʪʘʢʦʹʝ ʜʫʞʠʥʘ ʥʘʥʦʮʝʚʠ ʪʨʝʙʘ ʜʘ ʙʫʜʝ ʜʦʚʦˀʥʦ 

ʚʝʣʠʢʘ ʜʘ ʙʠ ʩʝ ʝʣʠʤʠʥʠʩʘʣʠ ʝʬʝʢʪʠ ʢʨʘʿʝʚʘ ʥʘ ʬʠʟʠʯʢʝ ʚʝʣʠʯʠʥʝ ʢʦʿʝ ʩʤʦ ʘʥʘʣʠʟʠʨʘʣʠ. 

ʂʘʦ ʦʧʪʠʤʘʣʥʘ ʚʨʝʜʥʦʩʪ ʠʟʤʝʹʫ ʦʚʘ ʜʚʘ ʟʘʭʪʝʚʘ ʫʩʚʦʿʝʥʘ ʿʝ ʜʫʞʠʥʘ ʦʜ L 0.3ɛm= [37]. 

ɿʘ ʨʝʧʫʣʟʠʚʥʠ ʧʦʪʝʥʮʠʿʘʣ (ʠʥʪʝʨʘʢʮʠʿʘ ʧʨʦʪʦʥʘ ʩʘ ʿʝʟʛʨʠʤʘ ʫʛˀʝʥʠʢʦʚʠʭ ʘʪʦʤʘ), 

ʢʘʦ ʰʪʦ ʩʤʦ ʚʝ˂ ʥʘʧʦʤʝʥʫʣʠ ʫ ʛʣʘʚʠ 3, ʫʟʠʤʘʤʦ ʚʨʝʜʥʦʩʪ ʥʘ ʦʩʥʦʚʫ ʠʟʨʘʟʘ 3.12. ʋ ʦʚʦʤ 

ʠʟʨʘʟʫ ʟʘ ʢʦʥʩʪʘʥʪʝ ʫʟʠʤʘʤʦ ʩʣʝʜʝ˂ʝ ʚʨʝʜʥʦʩʪʠ: 

aj = {  0.115, 0.188, 0.072, 0.020} , 

bj = {  0.547, 0.989, 1.982, 5.656}, 

 

ʥʘ ʦʩʥʦʚʫ [13], ʛʜʝ ʩʫ ʦʚʝ ʚʨʝʜʥʦʩʪʠ ʠʟʨʘʞʝʥʝ ʫ ʘʪʦʤʩʢʠʤ ʿʝʜʠʥʠʮʘʤʘ. 

 ɺʝʣʠʯʠʥʘ ὰ ʫ ʠʟʨʘʟʫ 3.12 ʠʤʘ ʚʨʝʜʥʦʩʪ  0.144nml =  ʠ ʧʨʝʜʩʪʘʚˀʘ ʨʘʩʪʦʿʘˁʝ 

ʫʛˀʝʥʠʢʦʚʠʭ ʘʪʦʤʘ ʫ ʦʢʚʠʨʫ ʫʛˀʝʥʠʯʥʠʭ ʚʝʟʘ [65]. Z ʿʝ ʘʪʦʤʩʢʠ ʙʨʦʿ ʘʪʦʤʘ ʫʛˀʝʥʠʢʘ ʠ 

ʠʟʥʦʩʠ Z 6= . 
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 ʆʩʠʤ ʨʝʧʫʣʟʠʚʥʦʛ ʧʦʪʝʥʮʠʿʘʣʘ, ʠʥʪʝʨʘʢʮʠʿʫ ʧʨʦʪʦʥ ï ʥʘʥʦʮʝʚ ʦʜʨʝʹʫʿʝ ʠ 

ʧʦʪʝʥʮʠʿʘʣ ʣʠʢʘ. ʋ ʩʣʫʯʘʿʫ ʿʝʜʥʦʬʣʫʠʜʥʦʛ ʤʦʜʝʣʘ, ʧʦʪʝʥʮʠʿʘʣ ʣʠʢʘ ʜʘʪ ʿʝ ʠʟʨʘʟʦʤ 4.58 

ʜʦʢ ʿʝ ʟʘ ʜʚʦʬʣʫʠʜʥʠ ʤʦʜʝʣ ʜʘʪ ʠʟʨʘʟʦʤ 4.63. 

 ʋʢʫʧʘʥ ʧʦʪʝʥʮʠʿʘʣ ʢʦʿʠ ʦʜʨʝʹʫʿʝ ʠʥʪʝʨʘʢʮʠʿʫ ʧʨʦʪʦʥ ï ʥʘʥʦʮʝʚ ʜʘʪ ʿʝ ʢʘʦ: 

 
0 0 0( ) ( ) ( )rep imU U Ur r r= +  (5.1) 

ʛʜʝ ʿʝ 
0r ʨʘʩʪʦʿʘˁʝ ʧʨʦʪʦʥʘ ʦʜ ʮʝʥʪʨʘ ʥʘʥʦʮʝʚʠ, ʘ ,rep imU U  ʩʫ ʨʝʧʫʣʟʠʚʥʠ ʧʦʪʝʥʮʠʿʘʣ ʠ 

ʧʦʪʝʥʮʠʿʘʣ ʣʠʢʘ, ʨʝʩʧʝʢʪʠʚʥʦ. 

 ʅʘ ʧʦʯʝʪʢʫ ʠʩʧʠʪʫʿʝʤʦ ʫʪʠʮʘʿ ʨʘʩʪʦʿʘˁʘ ʧʨʦʪʦʥʘ 
0r ʥʘ ʟʘʚʠʩʥʦʩʪ ʧʦʪʝʥʮʠʿʘʣʘ ʣʠʢʘ 

ʦʜ ʙʨʟʠʥʝ ʧʨʦʪʦʥʘ ʫ ʫʩʚʦʿʝʥʦʤ ʦʧʩʝʛʫ ʙʨʟʠʥʘ (0-10 a.u.) ʟʘ ʿʝʜʥʦʬʣʫʠʜʥʠ ʠ ʜʚʦʬʣʫʠʜʥʠ 

ʤʦʜʝʣ. ʇʨʠ ʦʚʦʿ ʘʥʘʣʠʟʠ ʫʟʠʤʘʤʦ ʢʦʝʬʠʮʠʿʝʥʪ ʪʨʝˁʘ ʟʘʥʝʤʘʨˀʠʚʝ ʚʨʝʜʥʦʩʪʠ 0.001g= . 

ɸʥʘʣʠʟʫ ʩʧʨʦʚʦʜʠʤʦ ʟʘ ʩʚʘ ʯʝʪʠʨʠ ʪʠʧʘ ʥʘʥʦʮʝʚʠ ʜʦʢ 
0r ʫʟʠʤʘʤʦ ʪʘʢʦ ʜʘ ʩʫ ʨʘʚʥʦʤʝʨʥʦ 

ʦʙʫʭʚʘ˂ʝʥʘ ʨʘʟʣʠʯʠʪʘ ʨʘʩʪʦʿʘˁʘ ʫ ʦʙʣʘʩʪʠ ʫʥʫʪʘʨ ʥʘʥʦʮʝʚʠ (ʫ ʦʜʥʦʩʫ ʥʘ ʧʦʣʫʧʨʝʯʥʠʢ 

ʧʦʩʤʘʪʨʘʥʝ ʥʘʥʦʮʝʚʠ).  

 ʉʣʠʢʝ 5.3-5.6 ʧʨʠʢʘʟʫʿʫ ʧʦʤʝʥʫʪʝ ʟʘʚʠʩʥʦʩʪʠ. ʇʫʥʦʤ ʣʠʥʠʿʦʤ ʩʫ ʧʨʠʢʘʟʘʥʠ 

ʧʦʪʝʥʮʠʿʘʣʠ ʣʠʢʘ ʟʘ ʩʣʫʯʘʿ ʜʚʦʬʣʫʠʜʥʦʛ ʤʦʜʝʣʘ, ʜʦʢ ʩʫ ʠʩʧʨʝʢʠʜʘʥʦʤ ʣʠʥʠʿʦʤ ʧʨʠʢʘʟʘʥʠ 

ʟʘ ʩʣʫʯʘʿ ʿʝʜʥʦʬʣʫʠʜʥʦʛ ʤʦʜʝʣʘ.  

ʇʦʣʫʧʨʝʯʥʠʮʠ ʥʘʥʦʮʝʚʠ ʩʫ R = 0.346, 0.483, 0.689 ʠ 0.865 nm ʟʘ SWNT (6, 4), 

SWNT (8, 6), SWNT (11,9) ʠ SWNT (15,10) ʨʝʩʧʝʢʪʠʚʥʦ. 

 ɿʘ ʤʘʣʝ ʫʜʘˀʝʥʦʩʪʠ ʧʨʦʪʦʥʘ 
0r ʦʜ ʮʝʥʪʨʘ ʥʘʥʦʮʝʚʠ, ʦʙʘ ʤʦʜʝʣʘ ʜʘʿʫ ʩʣʠʯʥʝ 

ʨʝʟʫʣʪʘʪʝ ʫ ʧʦʛʣʝʜʫ ʟʘʚʠʩʥʦʩʪʠ ʧʦʪʝʥʮʠʿʘʣʘ ʣʠʢʘ ʦʜ ʙʨʟʠʥʝ ʢʘʥʘʣʠʩʘʥʦʛ ʧʨʦʪʦʥʘ. ɿʘ ʚʝ˂ʝ 

ʚʨʝʜʥʦʩʪʠ 
0r (ʧʨʦʪʦʥ ʙʣʠʞʝ ʟʠʜʫ ʥʘʥʦʮʝʚʠ) ʠʥʪʝʨʘʢʮʠʿʘ ʠʟʤʝʹʫ ʧʨʦʪʦʥʘ ʠ ʝʣʝʢʪʨʦʥʩʢʦʛ 

ʛʘʩʘ (ʬʣʫʠʜʘ) ʥʘ ʟʠʜʫ ʥʘʥʦʮʝʚʠ ʿʝ ʿʘʯʘ, ʧʘ ʿʝ ʪʠʤʝ ʠ ʚʝ˂ʘ ʚʨʝʜʥʦʩʪ ʧʦʪʝʥʮʠʿʘʣʘ ʣʠʢʘ. 

ʆʙʟʠʨʦʤ ʜʘ ʩʝ ʩʪʨʫʢʪʫʨʝ ʝʣʝʢʪʨʦʥʩʢʦʛ ʛʘʩʘ ʫ ʤʦʜʝʣʠʤʘ ʨʘʟʣʠʢʫʿʫ, ʧʦʩʪʦʿʠ ʟʥʘʯʘʿʥʘ 

ʨʘʟʣʠʢʘ ʠ ʫ ʚʨʝʜʥʦʩʪʠʤʘ ʧʦʪʝʥʮʠʿʘʣʘ ʣʠʢʘ ʙʝʟ ʦʙʟʠʨʘ ʥʘ ʙʨʟʠʥʫ ʢʨʝʪʘˁʘ ʧʨʦʪʦʥʘ (ʟʘ ʤʘˁʝ 

ʠ ʩʨʝʜˁʝ ʙʨʟʠʥʝ). ɿʘ ʚʝ˂ʝ ʙʨʟʠʥʝ ʧʦʪʝʥʮʠʿʘʣ ʣʠʢʘ ʢʦʜ ʦʙʘ ʤʦʜʝʣʘ ʠʤʘ ʧʨʠʙʣʠʞʥʦ ʠʩʪʫ 

ʚʨʝʜʥʦʩʪ, ʰʪʦ ʩʝ ʤʦʞʝ ʦʙʿʘʩʥʠʪʠ ʩʣʘʙʠʿʦʤ ʠʥʪʝʨʘʢʮʠʿʦʤ ʧʨʦʪʦʥʘ ʩʘ ʝʣʝʢʪʨʦʥʩʢʠʤ ʛʘʩʦʤ 

ʦʙʟʠʨʦʤ ʥʘ ʚʝ˂ʫ ʜʠʥʘʤʠʢʫ ʧʨʦʧʘʛʘʮʠʿʝ ʧʨʦʪʦʥʘ. ʅʘʠʤʝ ʥʘ ʚʝ˂ʠʤ ʙʨʟʠʥʘʤʘ ʧʨʦʪʦʥʘ, 

ʜʦʣʘʟʠ ʜʦ ʠʟʨʘʞʘʿʘ ʠʥʝʨʪʥʦʩʪ ʝʣʝʢʪʨʦʥʩʢʦʛ ʛʘʩʘ, ʪʘʢʦ ʜʘ ʩʝ ʝʬʝʢʪʠʚʥʦ ʩʤʘˁʫʿʝ ˁʝʛʦʚʘ 

ʧʝʨʪʫʨʙʘʮʠʿʘ ʰʪʦ ʠʤʘ ʟʘ ʝʬʝʢʘʪ ʤʘˁʠ ʧʦʪʝʥʮʠʿʘʣ ʣʠʢʘ. 

 ʉʘ ʩʣʠʢʘ ʩʝ ʤʦʞʝ ʧʨʠʤʝʪʠʪʠ ʜʘ ʥʘ ʤʘˁʠʤ ʙʨʟʠʥʘʤʘ, ʦʢʦ 0.71a.u.v=  ʧʦʩʪʦʿʠ ʥʘʛʣʠ 

ʩʢʦʢ ʫ ʚʨʝʜʥʦʩʪʠ ʧʦʪʝʥʮʠʿʘʣʘ ʣʠʢʘ, ʘʣʠ ʩʘʤʦ ʟʘ ʜʚʦʬʣʫʠʜʥʠ ʭʠʜʨʦʜʠʥʘʤʠʯʢʠ ʤʦʜʝʣ, ʰʪʦ 

ʿʝ ʚʝ˂ ʥʘʛʦʚʝʰʪʝʥʦ ʫ [66]. ɼʚʦʬʣʫʠʜʥʠ ʭʠʜʨʦʜʠʥʘʤʠʯʢ ʤʦʜʝʣ ʠʩʧʦˀʘʚʘ ʦʚʫ ʦʩʦʙʠʥʫ ʫ 

ʩʣʫʯʘʿʫ ʢʘʜʘ ʩʝ ʙʨʟʠʥʘ ʢʘʥʘʣʠʩʘʥʦʛ ʧʨʦʪʦʥʘ ʧʦʢʣʘʧʘ ʩʘ ʬʘʟʥʦʤ ʙʨʟʠʥʦʤ ʢʚʘʟʠʘʢʫʩʪʠʯʢʦʛ  

p ʧʣʘʟʤʦʥʘ. 
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ʉʣʠʢʘ 5.3. ʋʪʠʮʘʿ ʨʘʩʪʦʿʘˁʘ ʧʨʦʪʦʥʘ ʥʘ ʟʘʚʠʩʥʦʩʪ ʧʦʪʝʥʮʠʿʘʣʘ ʣʠʢʘ ʟʘ SWNT(6,4). 

 

ʉʣʠʢʘ 5.4. ʋʪʠʮʘʿ ʨʘʩʪʦʿʘˁʘ ʧʨʦʪʦʥʘ ʥʘ ʟʘʚʠʩʥʦʩʪ ʧʦʪʝʥʮʠʿʘʣʘ ʣʠʢʘ ʟʘ SWNT(8,6). 
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ʉʣʠʢʘ 5.5. ʋʪʠʮʘʿ ʨʘʩʪʦʿʘˁʘ ʧʨʦʪʦʥʘ ʥʘ ʟʘʚʠʩʥʦʩʪ ʧʦʪʝʥʮʠʿʘʣʘ ʣʠʢʘ ʟʘ SWNT(11,9). 

 

ʉʣʠʢʘ 5.6. ʋʪʠʮʘʿ ʨʘʩʪʦʿʘˁʘ ʧʨʦʪʦʥʘ ʥʘ ʟʘʚʠʩʥʦʩʪ ʧʦʪʝʥʮʠʿʘʣʘ ʣʠʢʘ ʟʘ SWNT(15,10). 
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 ʆʚʘʿ ʝʬʝʢʘʪ ʿʝ ʧʨʘ˂ʝʥ ʿʘʢʦʤ ʠʥʜʠʚʠʜʫʘʣʥʦʤ ʧʦʣʘʨʠʟʘʮʠʿʦʤ ˊ ʠ ů ʧʣʘʟʤʦʥʘ [27].  ʋ 

ʩʣʫʯʘʿʫ ʚʝ˂ʝʛ ʜʠʿʘʤʝʪʨʘ ʥʘʥʦʮʝʚʠ (ʩʣʠʢʘ 5.6), ʠ ʧʦʣʦʞʘʿʘ  ʧʨʦʪʦʥʘ  ʙʣʠʞʝ  ʦʩʠ  ʥʘʥʦʮʝʚʠ, 

ʩʢʦʢ ʫ ʦʢʦʣʠʥʠ  0.71a.u.v=  ʥʝ ʧʦʩʪʦʿʠ. 

 ɼʘˀʝ ʘʥʘʣʠʟʠʨʘʤʦ ʫʪʠʮʘʿ ʬʘʢʪʦʨʘ ʧʨʠʛʫʰʝˁʘ g (ʪʨʝˁʘ ʠʟʤʝʹʫ ʬʣʫʠʜʘ) ʥʘ 

ʟʘʚʠʩʥʦʩʪ ʧʦʪʝʥʮʠʿʘʣʘ ʣʠʢʘ ʦʜ ʙʨʟʠʥʝ ʧʨʦʪʦʥʘ. ɸʥʘʣʠʟʫ ʩʧʨʦʚʦʜʠʤʦ ʟʘ ʪʨʠ ʚʨʝʜʥʦʩʪʠ  

0.5g= , 0.05g=  ʠ 0.005g=  ʟʘ ʧʨʦʪʦʥ ʢʦʿʠ ʩʝ ʢʨʝ˂ʝ ʢʨʦʟ  SWNT (6, 4). 

 ʋ ʧʨʚʦʤ ʩʣʫʯʘʿʫ (ʩʣʠʢʘ 5.7) ʘʥʘʣʠʟʠʨʘʤʦ ʫʪʠʮʘʿ g ʟʘ ʨʘʟʣʠʯʠʪʝ ʧʦʟʠʮʠʿʝ ʧʨʦʪʦʥʘ 

0r ʦʜ ʮʝʥʪʨʘ ʥʘʥʦʮʝʚʠ ʟʘ ʜʚʦʬʣʫʠʜʥʠ ʤʦʜʝʣ, ʜʦʢ ʫ ʜʨʫʛʦʤ ʩʣʫʯʘʿʫ (ʩʣʠʢʘ 5.8) 

ʘʥʘʣʠʟʠʨʘʤʦ ʫʪʠʮʘʿ g ʟʘ ʬʠʢʩʥʫ ʚʨʝʜʥʦʩʪ ʧʦʟʠʮʠʿʝ ʧʨʦʪʦʥʘ ʦʜ ʮʝʥʪʨʘ ʥʘʥʦʮʝʚʠ 

0 4.5a.u.r=  ʫ ʩʣʫʯʘʿʫ ʿʝʜʥʦʬʣʫʠʜʥʦʛ ʤʦʜʝʣʘ (ʠʩʧʨʝʢʠʜʘʥʝ ʣʠʥʠʿʝ) ʠ ʜʚʦʬʣʫʠʜʥʦʛ ʤʦʜʝʣʘ 

(ʧʫʥʝ ʣʠʥʠʿʝ). 

 ʉʣʠʢʘ 5.7 ʧʦʢʘʟʫʿʝ ʜʘ ʫ ʩʣʫʯʘʿʫ ʚʝ˂ʝ ʚʨʝʜʥʦʩʪʠ ʬʘʢʪʦʨʘ ʧʨʠʛʫʰʝˁʘ g ʚʨʝʜʥʦʩʪʠ 

ʧʦʪʝʥʮʠʿʘʣʘ ʣʠʢʘ ʩʫ ʤʘˁʝ ʟʘ ʠʩʪʝ ʙʨʟʠʥʝ ʠ ʨʘʩʪʦʿʘˁʘ 
0r ʧʨʦʪʦʥʘ ʦʜ ʦʩʝ ʥʘʥʦʮʝʚʠ. ʆʚʦ ʩʝ 

ʤʦʞʝ ʦʙʿʘʩʥʠʪʠ ʜʘ ʿʝ ʧʦʩʣʝʜʠʮʘ ʩʣʘʙʠʿʝ ʝʢʩʮʠʪʘʮʠʿʝ ʧʣʘʟʤʦʥʘ ʫʩʣʝʜ ʧʨʠʩʫʩʪʚʘ ʧʦʟʠʪʠʚʥʦ 

ʥʘʝʣʝʢʪʨʠʩʘʥʦʛ ʧʨʦʪʦʥʘ ʟʙʦʛ ʝʢʩʪʨʝʤʥʦʛ ʩʣʘʙˀʝˁʘ ʢʦʣʝʢʪʠʚʥʠʭ ʤʦʜʦʚʘ ʠʟʘʟʚʘʥʦʛ 

ʨʘʩʝʿʘˁʠʤʘ ʧʨʦʪʦʥʘ ʥʘ ʚʘʣʝʥʪʥʠʤ ʝʣʝʢʪʨʦʥʠʤʘ ʘʪʦʤʘ ʫʛˀʝʥʠʢʘ ʥʘ ʟʠʜʫ ʥʘʥʦʮʝʚʠ.      

 ʉʣʠʢʘ 5.8 ʧʦʢʘʟʫʿʝ ʫʪʠʮʘʿ ʨʘʟʣʠʯʠʪʠʭ ʭʠʜʨʦʜʠʥʘʤʠʯʢʠʭ ʤʦʜʝʣʘ. ʆʜ ʠʥʪʝʨʝʩʘ ʿʝ 

ʫʦʯʠʪʠ ʢʘʢʦ ʨʘʟʣʠʯʠʪʠ ʩʪʝʧʝʥʠ ʩʣʘʙˀʝˁʘ ʫʪʠʯʫ ʥʘ ʧʦʪʝʥʮʠʿʘʣ ʣʠʢʘ ʟʘ ʪʨʠ ʨʘʟʣʠʯʠʪʝ 

ʚʨʝʜʥʦʩʪʠ ʬʘʢʪʦʨʘ ʧʨʠʛʫʰʝˁʘ g ʟʘ ʬʠʢʩʥʫ ʚʨʝʜʥʦʩʪ ʧʦʟʠʮʠʿʝ ʧʨʦʪʦʥʘ ʦʜ ʮʝʥʪʨʘ 

ʥʘʥʦʮʝʚʠ 
0 4.5a.u.r= ʠ ʫʩʚʦʿʝʥʠ ʦʧʩʝʛ ʙʨʟʠʥʘ ʧʨʦʪʦʥʘ. ʊʘʢʦʹʝ ʩʝ ʤʦʞʝ ʫʦʯʠʪʠ ʜʘ ʩʢʦʢ ʫ 

ʚʨʝʜʥʦʩʪʠʤʘ ʟʘ ʧʦʪʝʥʮʠʿʘʣ ʣʠʢʘ ʟʘ ʙʨʟʠʥʝ ʦʢʦ 0.71a.u.v=  ʧʦʩʪʝʧʝʥʦ ʩʣʘʙʠ ʢʘʢʦ ʩʝ ʫʚʝ˂ʘʚʘ 

ʚʨʝʜʥʦʩʪ ʬʘʢʪʦʨʘ ʧʨʠʛʫʰʝˁʘ g.  

 ʅʘ ʦʩʥʦʚʫ ʦʚʝ ʘʥʘʣʠʟʝ ʤʦʞʝ ʩʝ ʟʘʢˀʫʯʠʪʠ ʜʘ ʚʨʝʜʥʦʩʪ ʧʦʪʝʥʮʠʿʘʣʘ ʣʠʢʘ ʿʘʢʦ 

ʟʘʚʠʩʠ ʦʜ ʬʘʢʪʦʨʘ ʧʨʠʛʫʰʝˁʘ g, ʦʜʥʦʩʥʦ ʦʜ ʩʪʝʧʝʥʘ ʠʥʝʨʪʥʦʩʪʠ ʧʣʘʟʤʦʥʘ ʫʩʣʝʜ Ăʪʨʝˁʘñ 

ʩʘ ʟʠʜʦʤ ʥʘʥʦʮʝʚʠ.   
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ʉʣʠʢʘ 5.7. ʋʪʠʮʘʿ ʬʘʢʪʦʨʘ ʧʨʠʛʫʰʝˁʘ g ʥʘ ʧʦʪʝʥʮʠʿʘʣ ʣʠʢʘ ʟʘ SWNT(6,4).

 

ʉʣʠʢʘ 5.8. ʋʪʠʮʘʿ ʬʘʢʪʦʨʘ ʧʨʠʛʫʰʝˁʘ g ʥʘ ʧʦʪʝʥʮʠʿʘʣ ʣʠʢʘ (ʨʘʟʣʠʯʠʪʠ ʤʦʜʝʣʠ). 
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 ʅʘ ʩʣʠʢʘʤʘ 5.9, 5.10, 5.11 ʿʝ ʧʨʠʢʘʟʘʥ ʝʬʝʢʘʪ ʫʪʠʮʘʿʘ ʤʦʜʦʚʘ ʘʥʛʫʣʘʨʥʦʛ ʤʦʤʝʥʪʘ ά 

ʥʘ ʥʦʨʤʘʣʠʟʦʚʘʥʫ ʚʨʝʜʥʦʩʪ ʧʦʪʝʥʮʠʿʘʣʘ ʣʠʢʘ 
0imU U (ʧʦʪʝʥʮʠʿʘʣ ʣʠʢʘ ʧʦʜʝˀʝʥ ʩʘ ʩʚʦʿʦʤ 

ʤʘʢʩʠʤʘʣʥʦʤ ʚʨʝʜʥʦʩʪʠ ʫ ʦʧʩʝʛʫ ʙʨʟʠʥʘ ʦʜ 0.5 ʜʦ 1 a.u.). ʉʤʘʪʨʘʤʦ ʜʘ ʩʝ ʧʨʦʪʦʥ ʢʨʝ˂ʝ ʫ 

ʥʘʥʦʮʝʚʠ SWNT(6,4) ʥʘ ʨʘʩʪʦʿʘˁʠʤʘ 
0 3a.u.r= ,

 0 4.5a.u.r=  ʠ  
0 6a.u.r=  ʫ ʩʣʫʯʘʿʫ 

ʜʚʦʬʣʫʠʜʥʦʛ ʭʠʜʨʦʜʠʥʘʤʠʯʢʦʛ ʤʦʜʝʣʘ ʟʘ 0.001g= . ʇʦʪʝʥʮʠʿʘʣ ʣʠʢʘ ʥʦʨʤʘʣʠʟʫʿʝʤʦ ʢʘʢʦ 

ʙʠʩʤʦ ʰʪʦ ʙʦˀʝ ʫʧʦʨʝʜʠʣʠ ʦʚʘ ʪʨʠ ʩʣʫʯʘʿʘ. ʇʨʝʪʭʦʜʥʦ ʩʤʦ ʫʩʪʘʥʦʚʠʣʠ ʜʘ ʧʦʩʪʦʿʠ 

ʚʘʨʠʿʘʮʠʿʘ ʫ ʚʨʝʜʥʦʩʪʠ ʟʘ ʧʦʪʝʥʮʠʿʘʣ ʣʠʢʘ ʟʘ ʙʨʟʠʥʝ ʫ ʦʢʦʣʠʥʠ 0.71a.u.v=  ʰʪʦ ʿʝ ʧʦʩʝʙʥʦ 

ʧʨʠʤʝʪʥʦ ʢʘʜʘ ʩʝ ʧʨʦʪʦʥ ʢʨʝ˂ʝ ʫ ʙʣʠʟʠʥʠ ʟʠʜʘ ʥʘʥʦʮʝʚʠ. ʆʚʜʝ ʠʩʧʠʪʫʿʝʤʦ ʰʪʘ ʿʝ ʫʟʨʦʢ 

ʪʘʢʚʦʤ ʧʦʥʘʰʘˁʫ ʫ ʧʦʛʣʝʜʫ ʚʘʨʠʿʘʮʠʿʝ ʚʨʝʜʥʦʩʪʠ ʧʦʪʝʥʮʠʿʘʣʘ ʣʠʢʘ. ʈʘʯʫʥʘʤʦ 

ʧʦʿʝʜʠʥʘʯʥʝ ʯʣʘʥʦʚʝ ʟʘ ʧʦʪʝʥʮʠʿʘʣ ʣʠʢʘ ʫ ʿʝʜʥʘʯʠʥʠ 4.64 ʟʘ ʚʨʝʜʥʦʩʪʠ ά ʫ ʦʧʩʝʛʫ  

3 ά 3. ɿʘ ʚʝ˂ʝ ʚʨʝʜʥʦʩʪʠ ʤʦʜʘ ʫʛʘʦʥʦʛ ʤʦʤʝʥʪʘ ά, ʩʢʦʢʦʚʠ ʫ ʚʨʝʜʥʦʩʪʠ 

ʧʦʪʝʥʮʠʿʘʣʘ ʣʠʢʘ ʟʘ ʪʘʿ ʤʦʜ ʩʝ ʜʝʰʘʚʘʿʫ ʥʘ ʚʝ˂ʠʤ ʙʨʟʠʥʘʤʘ ʧʨʦʪʦʥʘ, ʘʣʠ ʠʥʪʝʥʟʠʪʝʪ ʩʢʦʢʘ 

ʩʝ ʩʤʘˁʫʿʝ. ʅʘ ʧʦʤʝʥʫʪʠʤ ʩʣʠʢʘʤʘ ʤʦʞʝʤʦ ʫʦʯʠʪʠ ʜʘ ʿʝ ʜʦʧʨʠʥʦʩ ʩʢʦʢʦʚʠʤʘ ʫ ʚʨʝʜʥʦʩʪʠ 

ʧʦʪʝʥʮʠʿʘʣʘ ʣʠʢʘ ʢʦʿʠ ʧʦʪʠʯʝ ʦʜ ʯʣʘʥʦʚʘ ʟʘ 3m> , ʟʘʥʝʤʘʨˀʠʚʦ ʤʘʣʠ ʟʘ 
0 4.5a.u.r¢  ʋ 

ʩʣʫʯʘʿʫ 
0 3a.u.r= , ʩʢʦʢʦʚʠ ʟʘ ʤʦʜʦʚʝ 3m>  ʩʝ ʤʦʛʫ ʫ ʧʦʪʧʫʥʦʩʪʠ ʟʘʥʝʤʘʨʠʪʠ. ɿʘ 

0 4.5a.u.r=  ʯʣʘʥʦʚʠ ʟʘ 3m>  ʯʠʥʝ ʤʘʣʠ ʜʦʧʨʠʥʦʩ ʧʦʪʝʥʮʠʿʘʣʫ ʣʠʢʘ, ʜʦʢ ʟʘ 
0 6a.u.r=  

ʯʣʘʥʦʚʠ ʟʘ 3m> ʯʠʥʝ ʟʥʘʯʘʿʘʥ ʜʦʧʨʠʥʦʩ ʧʦʪʝʥʮʠʿʘʣʫ ʣʠʢʘ. ʅʘʰʘ ʘʥʘʣʠʟʘ ʧʦʢʘʟʫʿʝ ʜʘ ʰʪʦ 

ʿʝ ʧʨʦʪʦʥ ʙʣʠʞʝ ʟʠʜʫ ʥʘʥʦʮʝʚʠ, ʜʦʧʨʠʥʦʩ ʯʣʘʥʦʚʘ ʟʘ ʤʦʜʦʚʝ ʩʘ ʚʝ˂ʦʤ ʚʨʝʜʥʦʩʪʠ ά ʩʝ 

ʧʦʚʝ˂ʘʚʘ ʜʨʘʩʪʠʯʥʦ. 

 

ʉʣʠʢʘ 5.9. ʋʪʠʮʘʿ ʤʦʜʦʚʘ ά ʥʘ ʧʦʪʝʥʮʠʿʘʣʘ ʣʠʢʘ ʟʘ SWNT(6,4) ʟʘ 
0 3a.u.r= . 
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ʉʣʠʢʘ 5.10. ʋʪʠʮʘʿ ʤʦʜʦʚʘ ά ʥʘ ʧʦʪʝʥʮʠʿʘʣʘ ʣʠʢʘ ʟʘ SWNT(6,4) ʟʘ 
0 4.5a.u.r= .

 

ʉʣʠʢʘ 5.11. ʋʪʠʮʘʿ ʤʦʜʦʚʘ ά ʥʘ ʧʦʪʝʥʮʠʿʘʣʘ ʣʠʢʘ ʟʘ SWNT(6,4) ʟʘ 
0 6a.u.r= . 
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 ʅʘ ʩʣʠʢʘʤʘ 5.12 ʠ 5.13 ʧʨʝʜʩʪʘʚˀʝʥ ʿʝ ʧʦʪʝʥʮʠʿʘʣ ʣʠʢʘ ʟʘ ʩʣʫʯʘʿ ʢʘʥʘʣʠʩʘˁʘ 

ʧʨʦʪʦʥʘ ʢʘʜʘ ʩʝ ʨʘʟʤʘʪʨʘ ʫʪʠʮʘʿ ʧʦʣʦʞʘʿʘ ʧʨʦʪʦʥʘ ʫ ʦʜʥʦʩʫ ʥʘ ʦʩʫ ʥʘʥʦʮʝʚʠ ʫʟ ʬʠʢʩʥʫ 

ʚʨʝʜʥʦʩʪ ˁʝʛʦʚʝ ʙʨʟʠʥʝ. ʇʦʣʦʞʘʿ ʧʨʦʪʦʥʘ ʩʝ ʤʝˁʘ ʫ ʦʧʩʝʛʫ 
00 SCR ar¢ < -  ʘ ʨʘʟʤʘʪʨʘʤʦ 

ʫʪʠʮʘʿ ʜʚʝ ʙʨʟʠʥʝ ʘ) 3a.u.v= ʠ ʙ) 5a.u.v= ʇʦʪʝʥʮʠʿʘʣʝ ʨʘʯʫʥʘʤʦ ʟʘ ʥʘʥʦʮʝʚʠ SWNT(6,4),  

SWNT(8,6),  SWNT(11,9) ʠ SWNT(15,10) ʟʘ ʦʙʘ ʭʠʜʨʦʜʠʥʘʤʠʯʢʘ ʤʦʜʝʣʘ. ʇʫʥʦʤ ʣʠʥʠʿʦʤ 

ʩʫ ʧʨʠʢʘʟʘʥʠ ʧʦʪʝʥʮʠʿʘʣʠ ʣʠʢʘ ʟʘ ʜʚʦʬʣʫʠʜʥʠ ʤʦʜʝʣ ʘ ʠʩʧʨʝʢʠʜʘʥʦʤ ʟʘ ʿʝʜʥʦʬʣʫʠʜʥʠ 

ʤʦʜʝʣ. 

 ʉʘ ʩʣʠʢʘ ʤʦʞʝʤʦ ʟʘʢˀʫʯʠʪʠ ʜʘ ʩʝ ʚʨʝʜʥʦʩʪ ʧʦʪʝʥʮʠʿʘʣʘ ʣʠʢʘ ʟʥʘʯʘʿʥʦ ʙʨʞʝ ʤʝˁʘ 

(ʨʘʩʪʝ ʧʦ ʘʧʩʦʣʫʪʥʦʿ ʚʨʝʜʥʦʩʪʠ) ʧʨʠʙʣʠʞʘʚʘˁʝʤ ʟʠʜʫ ʥʘʥʦʮʝʚʠ ʢʘʜʘ ʿʝ ʙʨʟʠʥʘ ʧʨʦʪʦʥʘ 

3a.u.v=  ʥʝʛʦ ʫ ʩʣʫʯʘʿʫ ʟʘ 5a.u.v= . ɿʘ ʩʣʫʯʘʿ ʜʚʦʬʣʫʠʜʥʦʛ ʤʦʜʝʣʘ ʚʨʝʜʥʦʩʪ ʧʦʪʝʥʮʠʿʘʣʘ 

ʣʠʢʘ ʿʝ ʥʝʟʥʘʪʥʦ ʤʘˁʘ ʥʝʛʦ ʫ ʩʣʫʯʘʿʫ ʿʝʜʥʦʬʣʫʠʜʥʦʛ ʤʦʜʝʣʘ ʟʘ ʠʩʪʫ ʥʘʥʦʮʝʚ ʟʘ ʦʙʝ 

ʧʦʩʤʘʪʨʘʥʝ ʙʨʟʠʥʝ ʧʨʦʪʦʥʘ. ʂʘʦ ʰʪʦ ʩʝ ʠ ʤʦʛʣʦ ʦʯʝʢʠʚʘʪʠ, ʚʠʜʠʤʦ ʜʘ ʿʝ ʚʨʝʜʥʦʩʪ 

ʧʦʪʝʥʮʠʿʘʣʘ ʣʠʢʘ ʟʥʘʪʥʦ ʚʝ˂ʘ ʟʘ ʠʩʪʫ ʧʦʟʠʮʠʿʫ 
0r ʫ ʩʣʫʯʘʿʫ ʢʘʜʘ ʿʝ ʧʨʝʯʥʠʢ ʥʘʥʦʮʝʚʠ 

ʤʘˁʠ, ʦʚʦ ʤʦʞʝʤʦ ʦʙʿʘʩʥʠʪʠ ʪʠʤʝ ʰʪʦ ʿʝ ʧʨʦʪʦʥ ʪʘʜʘ ʙʣʠʞʠ ʟʠʜʫ ʥʘʥʦʮʝʚʠ ʧʘ ʿʝ ˁʝʛʦʚ 

ʫʪʠʮʘʿ ʥʘ ʝʣʝʢʪʨʦʥʩʢʠ ʛʘʩ ʠʟʨʘʞʝʥʠʿʠ. ʊʘʢʦʹʝ ʟʘ SWNT(6,4), ʨʘʟʣʠʢʝ ʠʟʤʝʹʫ ʧʦʪʝʥʮʠʿʘʣʘ 

ʣʠʢʘ ʟʘ ʿʝʜʥʦʬʣʫʠʜʥʠ ʠ ʜʚʦʬʣʫʠʜʥʠ ʤʦʜʝʣ ʩʫ ʚʝ˂ʝ ʥʝʛʦ ʫ ʩʣʫʯʘʿʫ ʥʘʥʦʮʝʚʠ ʚʝ˂ʝʛ ʨʘʜʠʿʫʩʘ, 

ʨʝʮʠʤʦ SWNT(15,10). ʆʚʘ ʨʘʟʣʠʢʘ ʿʝ ʧʦʩʝʙʥʦ ʠʟʨʘʞʝʥʘ ʟʘ ʙʨʟʠʥʫ 5a.u.v= .  

 

ʉʣʠʢʘ 5.12. ɿʘʚʠʩʥʦʩʪ ʧʦʪʝʥʮʠʿʘʣʘ ʣʠʢʘ ʦʜ ʧʦʟʠʮʠʿʝ ʧʨʦʪʦʥʘ 
0rʟʘ 3a.u.v= . 
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ʉʣʠʢʘ 5.13. ɿʘʚʠʩʥʦʩʪ ʧʦʪʝʥʮʠʿʘʣʘ ʣʠʢʘ ʦʜ ʧʦʟʠʮʠʿʝ ʧʨʦʪʦʥʘ 

0rʟʘ 5a.u.v= . 

 ʋ ʥʘʩʪʘʚʢʫ ʘʥʘʣʠʟʠʨʘʤʦ ʧʨʦʮʝʩ ʢʘʥʘʣʠʩʘˁʘ ʧʨʦʪʦʥʘ ʫ ʧʨʦʩʪʦʨʫ ʥʘʥʦʮʝʚʠ. ʆʚʜʝ ʜʦ 

ʠʟʨʘʞʘʿʘ ʜʦʣʘʟʝ ʧʦʣʘʟʥʝ ʧʨʝʪʧʦʩʪʘʚʢʝ ʦ ʜʫʞʠʥʠ ʥʘʥʦʮʝʚʠ. ʉʤʘʪʨʘʤʦ ʜʘ ʩʫ ʥʘʥʦʮʝʚʠ 

ʢʨʘʪʢʝ ʪʘʢʦ ʜʘ ʟʘʥʝʤʘʨʫʿʝʤʦ ʧʨʦʤʝʥʫ ʙʨʟʠʥʝ ʧʨʦʪʦʥʘ ʢʦʿʘ ʙʠ ʫʪʠʮʘʣʘ ʠ ʥʘ ʠʟʤʝʥʫ 

ʧʦʪʝʥʮʠʿʘʣʘ ʣʠʢʘ (ʧʦʰʪʦ ʢʘʢʦ ʩʤʦ ʚʠʜʝʣʠ ʧʦʪʝʥʮʠʿʘʣ ʣʠʢʘ ʟʘʚʠʩʠ ʦʜ ʙʨʟʠʥʝ ʢʨʝʪʘˁʘ 

ʧʨʦʪʦʥʘ). ʂʨʝʪʘˁʝ ʧʨʦʪʦʥʘ ʢʚʘʥʪʠʪʘʪʠʚʥʦ ʦʧʠʩʫʿʝʤʦ ɳʫʪʥʦʚʠʤ ʿʝʜʥʘʯʠʥʘʤʘ ʢʨʝʪʘˁʘ 

(ʢʣʘʩʠʯʥʘ ʤʝʭʘʥʠʢʘ). ʉʤʘʪʨʘʤʦ ʜʘ ʩʝ ʥʘ ʫʣʘʟ ʥʘʥʦʮʝʚʠ ʫʩʤʝʨʘʚʘ ʩʥʦʧ ʧʨʦʪʦʥʘ ʜʦʢ ʩʝ ʫ 

ʧʦʩʤʘʪʨʘʥʦʤ ʪʨʝʥʫʪʢʫ ʫ ʧʨʦʩʪʦʨʫ ʥʘʥʦʮʝʚʠ ʥʘʣʘʟʠ ʩʘʤʦ ʿʝʜʘʥ ʧʨʦʪʦʥ (ʧʨʦʪʦʥʠ ʿʝʜʘʥ ʟʘ 

ʜʨʫʛʠʤ ʫʣʘʟʝ ʫ ʥʘʥʦʮʝʚ). ʉʤʘʪʨʘʤʦ ʜʘ ʩʫ ʥʘ ʫʣʘʟʫ ʫ ʥʘʥʦʮʝʚ ʧʨʦʪʦʥʠ ʫʥʠʬʦʨʤʥʦ 

ʨʘʩʧʦʨʝʹʝʥʠ ʧʦ ʧʦʚʨʰʠʥʠ ʧʦʧʨʝʯʥʦʛ ʧʨʝʩʝʢʘ ʥʘʥʦʮʝʚʠ ʛʜʝ ʫʟ ʧʦʤʦ˂ ʄʦʥʪʝ ʂʘʨʣʦ 

ʩʠʤʫʣʘʮʠʿʘ ʘʥʘʣʠʟʠʨʘʤʦ ʢʨʝʪʘˁʝ ʧʨʦʪʦʥʩʢʦʛ ʩʥʦʧʘ ʫ ʧʨʦʩʪʦʨʫ ʥʘʥʦʮʝʚʠ ʠ ʧʨʘʪʠʤʦ 

ʢʦʥʮʝʥʪʨʘʮʠʿʫ ʧʨʦʪʦʥʘ ʥʘ ʬʠʢʪʠʚʥʦʤ ʟʘʩʪʦʨʫ ʢʦʿʠ ʙʠ ʩʝ ʥʘʰʘʦ ʥʝʧʦʩʨʝʜʥʦ ʥʘ ʠʟʣʘʩʢʫ ʠʟ 

ʥʘʥʦʮʝʚʠ. ʅʘ ʦʚʘʿ ʥʘʯʠʥ ʘʥʘʣʠʟʠʨʘʤʦ ʫʪʠʮʘʿ ʥʘʥʦʮʝʚʠ ʥʘ ʩʢʨʝʪʘˁʝ ʧʨʦʪʦʥʘ ʦʜʥʦʩʥʦ 

ʬʦʢʫʩʠʨʘˁʝ ʧʨʦʪʦʥʩʢʦʛ ʩʥʦʧʘ.  

ʋ ʦʚʦʤ ʢʦʥʢʨʝʪʥʦʤ ʧʨʠʤʝʨʫ ʧʦʩʤʘʪʨʘʤʦ ʧʨʦʪʦʥʩʢʠ ʩʥʦʧ ʙʨʟʠʥʝ 3a.u.v= , ʥʘʥʦʮʝʚ 

ʢʨʦʟ ʢʦʿʫ ʩʝ ʚʨʰʠ ʢʘʥʘʣʠʩʘˁʝ ʿʝ SWNT(6,4). ɸʥʘʣʠʟʫ ʩʧʨʦʚʦʜʠʤʦ ʟʘ ʿʝʜʥʦʬʣʫʠʜʥʠ ʠ 

ʜʚʦʬʣʫʠʜʥʠ ʤʦʜʝʣ ʠ ʚʨʰʠʤʦ ʧʦʨʝʹʝˁʝ ʨʝʟʫʣʪʘʪʘ ʩʠʤʫʣʘʮʠʿʝ. ʅʘ ʩʣʠʮʠ 5.14 ʿʝ ʧʨʠʢʘʟʘʥʘ 

ʧʨʦʩʪʦʨʥʘ ʨʘʩʧʦʜʝʣʘ ʧʨʦʪʦʥʘ ʥʘ ʟʘʩʪʦʨʫ ʠʟʘ ʥʘʥʦʮʝʚʠ ʜʦʢ ʿʝ ʥʘ ʩʣʠʮʠ 5.15 ʧʨʠʢʘʟʘʥʘ 

ʫʛʘʦʥʘ ʨʘʩʧʦʜʝʣʘ. ʉʠʤʫʣʘʮʠʿʘ ʿʝ ʨʘʹʝʥʘ ʥʘ ʫʟʦʨʢʫ ʦʜ 500000 ʯʝʩʪʠʮʘ, ʜʦʢ ʿʝ ʫʩʚʦʿʝʥʘ 

ʜʫʞʠʥʘ ʥʘʥʦʮʝʚʠ L 0.3ɛm= . 
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ʉʣʠʢʘ 5.14. ʇʨʦʩʪʦʨʥʘ ʨʘʩʧʦʜʝʣʘ ʧʨʦʪʦʥʘ ʢʘʥʘʣʠʩʘʥʠʭ ʢʨʦʟ SWNT(6,4). 

 

ʉʣʠʢʘ 5.15. ʋʛʘʦʥʘ ʨʘʩʧʦʜʝʣʘ ʧʨʦʪʦʥʘ ʢʘʥʘʣʠʩʘʥʠʭ ʢʨʦʟ SWNT(6,4). 
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 ʋ ʦʚʦʤ ʧʦʛʣʘʚˀʫ ʩʤʦ ʘʥʘʣʠʟʠʨʘʣʠ ʠʥʪʝʨʘʢʮʠʿʫ ʧʨʦʪʦʥʘ ʩʘ ʯʝʪʠʨʠ ʨʘʟʣʠʯʠʪʘ ʪʠʧʘ 

ʥʘʥʦʮʝʚʠ. ʋ ʦʢʚʠʨʫ ʦʚʝ ʘʥʘʣʠʟʝ ʩʤʦ ʢʦʨʠʩʪʠʣʠ ʜʚʦʜʠʤʝʥʟʠʦʥʝ ʭʠʜʨʦʜʠʥʘʤʠʯʢʝ ʤʦʜʝʣʝ: 

ʿʝʜʥʦʬʣʫʠʜʥʠ ʠ ʜʚʦʬʣʫʠʜʥʠ. ʈʘʯʫʥʘʣʠ ʩʤʦ ʧʦʪʝʥʮʠʿʘʣʝ ʣʠʢʘ ʟʘ ʩʣʫʯʘʿ ʢʨʝʪʘˁʘ ʧʨʦʪʦʥʘ 

ʜʫʞ ʦʩʝ ʥʘʥʦʮʝʚʠ ʠ ʘʥʘʣʠʟʠʨʘʣʠ ʫʪʠʮʘʿ ʬʘʢʪʦʨʘ ʧʨʠʛʫʰʝˁʘ, ʨʘʜʠʿʫʩʘ ʥʘʥʦʮʝʚʠ ʢʘʦ ʠ 

ʧʦʟʠʮʠʿʝ ʧʨʦʪʦʥʘ ʥʘ ʚʨʝʜʥʦʩʪʠ ʧʦʪʝʥʮʠʿʘʣʘ ʣʠʢʘ ʫʥʫʪʘʨ ʥʘʥʦʮʝʚʠ. ʅʘ ʢʨʘʿʫ ʩʤʦ 

ʘʥʘʣʠʟʠʨʘʣʠ ʢʘʥʘʣʠʩʘˁʝ ʧʨʦʪʦʥʘ ʢʨʦʟ ʥʘʥʦʮʝʚ ʠ ʨʘʯʫʥʘʣʠ ʧʨʦʩʪʦʨʥʝ ʠ ʫʛʘʦʥʝ ʨʘʩʧʦʜʝʣʝ 

ʟʘ ʩʣʫʯʘʿ ʦʙʘ ʭʠʜʨʦʜʠʥʘʤʠʯʢʘ ʤʦʜʝʣʘ. 

 ʅʘ ʦʩʥʦʚʫ ʧʨʝʪʭʦʜʥʠʭ ʨʝʟʫʣʪʘʪʘ ʤʦʞʝʤʦ ʟʘʢˀʫʯʠʪʠ ʜʘ ʿʝ ʠʥʪʝʨʘʢʮʠʿʘ ʧʨʦʪʦʥʘ ʩʘ 

ʥʘʥʦʮʝʚʠ ʫʪʦʣʠʢʦ ʿʘʯʘ ʫʢʦʣʠʢʦ ʿʝ ʧʦʣʦʞʘʿ ʧʨʦʪʦʥʘ ʙʣʠʞʠ ʟʠʜʫ ʥʘʥʦʮʝʚʠ, ʢʘʦ ʠ ʢʘʜʘ ʿʝ 

ʨʘʜʠʿʫʩ ʥʘʥʦʮʝʚʠ ʤʘˁʠ. ʋʦʯʠʣʠ ʩʤʦ ʜʘ ʟʘ ʙʨʟʠʥʝ ʧʨʦʪʦʥʘ ʫ ʦʢʦʣʠʥʠ  0.71a.u.v=  ʚʨʝʜʥʦʩʪ 

ʧʦʪʝʥʮʠʿʘʣʘ ʣʠʢʘ ʥʘʛʣʦ ʚʘʨʠʨʘ, ʘʣʠ ʩʘʤʦ ʟʘ ʩʣʫʯʘʿ ʜʚʦʬʣʫʠʜʥʦʛ ʤʦʜʝʣʘ. ɼʚʦʬʣʫʠʜʥʠ 

ʤʦʜʝʣ ʠʩʧʦˀʘʚʘ ʦʚʦ ʩʚʦʿʩʪʚʦ ʢʘʜʘ ʩʝ ʙʨʟʠʥʘ ʧʨʦʪʦʥʘ ʧʦʢʣʘʧʘ ʩʘ ʬʘʟʥʦʤ ʙʨʟʠʥʦʤ 

ʢʚʘʟʠʘʢʫʩʪʠʯʥʦʛ ˊ ʧʣʘʟʤʦʥʘ. ʂʘʜʘ ʿʝ ʨʘʜʠʿʫʩ ʥʘʥʦʮʝʚʠ ʚʝ˂ʠ ʠ ʧʦʟʠʮʠʿʘ ʧʨʦʪʦʥʘ ʙʣʠʞʘ ʦʩʠ 

ʥʘʥʦʮʝʚʠ, ʦʚʘʢʚʠ ʥʘʛʣʠ ʩʢʦʢʦʚʠ ʫ ʚʨʝʜʥʦʩʪʠʤʘ ʧʦʪʝʥʮʠʿʘʣʘ ʣʠʢʘ ʩʝ ʥʝ ʜʝʰʘʚʘʿʫ. ʊʘʢʦʹʝ 

ʩʤʦ ʧʦʢʘʟʘʣʠ ʜʘ ʿʝ ʚʨʝʜʥʦʩʪ ʧʦʪʝʥʮʠʿʘʣʘ ʣʠʢʘ ʚʝʦʤʘ ʦʩʝʪˀʠʚʘ ʥʘ ʠʟʥʦʩ ʬʘʢʪʦʨʘ 

ʧʨʠʛʫʰʝˁʘ g. ʂʘʜʘ ʿʝ ʚʨʝʜʥʦʩʪ ʬʘʢʪʦʨʘ ʧʨʠʛʫʰʝˁʘ ʚʝ˂ʘ, ʫ ʦʢʦʣʠʥʠ 0.5, ʚʘʨʠʿʘʮʠʿʝ 

ʧʦʪʝʥʮʠʿʘʣʘ ʣʠʢʘ ʦʢʦ ʙʨʟʠʥʝ ʧʨʦʪʦʥʘ 0.71a.u.v=  ʠʰʯʝʟʘʚʘʿʫ. ɿʘʢˀʫʯʠʣʠ ʩʤʦ ʜʘ 

ʚʨʝʜʥʦʩʪʠ ʤʦʜʦʚʘ ʘʥʛʫʣʘʨʥʦʛ ʤʦʤʝʥʪʘ ά ʫ ʦʧʩʝʛʫ (-3, 3) ʠʤʘʿʫ ʥʘʿʚʝ˂ʠ ʜʦʧʨʠʥʦʩ ʫ ʠʟʥʦʩʫ 

ʟʘ ʧʦʪʝʥʮʠʿʘʣ ʣʠʢʘ. ʇʦʢʘʟʘʣʠ ʩʤʦ ʜʘ ʩʝ ʧʨʦʩʪʦʨʥʘ ʠ ʫʛʘʦʥʘ ʨʘʩʧʦʜʝʣʘ ʧʨʦʪʦʥʘ ʫ ʩʣʫʯʘʿʫ 

ʢʘʥʘʣʠʩʘˁʘ ʢʨʦʟ ʥʘʥʦʮʝʚ ʟʘ ʿʝʜʥʦʬʣʫʠʜʥʠ ʠ ʜʚʦʬʣʫʠʜʥʠ ʤʦʜʝʣ ʚʝʦʤʘ ʤʘʣʦ ʨʘʟʣʠʢʫʿʫ ʠʘʢʦ 

ʿʝ ʜʚʦʬʣʫʠʜʥʠ ʤʦʜʝʣ ʪʘʯʥʠʿʠ ʠ ʧʨʝʮʠʟʥʠʿʠ.     
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5.3 ɼʚʦʬʣʫʠʜʥʠ ʠ ʧʨʦʰʠʨʝʥʠ ʜʚʦʬʣʫʠʜʥʠ ʤʦʜʝʣ: ʬʠʟʠʯʢʝ 

ʚʝʣʠʯʠʥʝ, ʧʦʨʝʹʝˁʝ, ʠʥʪʝʨʘʢʮʠʿʘ ʿʦʥʘ ʩʘ ʥʘʥʦʮʝʚʠ 
 

 ʋ ʦʚʦʤ ʧʦʛʣʘʚˀʫ ʘʥʘʣʠʟʠʨʘʤʦ ʠʥʪʝʨʘʢʮʠʿʫ ʿʦʥʘ (ʧʨʦʪʦʥʘ) ʩʘ ʥʘʥʦʮʝʚʠ ʪʠʧʘ 

SWNT(6,4) ʧʨʠ ʯʝʤʫ ʠʥʪʝʨʘʢʮʠʿʫ ʩʘ ʝʣʝʢʪʨʦʥʠʤʘ ʥʘʥʦʮʝʚʠ ʤʦʜʝʣʫʿʝʤʦ ʜʚʦʜʠʤʝʥʟʠʦʥʠʤ 

ʜʚʦʬʣʫʠʜʥʠʤ ʠ ʧʨʦʰʠʨʝʥʠʤ ʜʚʦʬʣʫʠʜʥʠʤ ʤʦʜʝʣʦʤ. ʈʘʯʫʥʘʤʦ ʧʦʪʝʥʮʠʿʘʣ ʣʠʢʘ, ʠ 

ʟʘʫʩʪʘʚʥʫ ʩʠʣʫ ʟʘ ʧʨʦʪʦʥʝ ʢʦʿʠ ʩʝ ʢʨʝ˂ʫ ʧʘʨʘʣʝʣʥʦ ʩʘ ʦʩʦʤ ʥʘʥʦʮʝʚʠ, ʛʜʝ ʟʘ ʨʘʟʣʠʢʫ ʦʜ 

ʧʨʝʪʭʦʜʥʦʛ ʧʦʛʣʘʚˀʘ ʦʚʜʝ ʧʦʩʤʘʪʨʘʤʦ ʠ ʩʣʫʯʘʿʝʚʝ ʢʨʝʪʘˁʘ ʧʨʦʪʦʥʘ ʚʘʥ ʥʘʥʦʮʝʚʠ.  

ʇʦʩʤʘʪʨʘʤʦ ʧʨʦʪʦʥʝ ʙʨʟʠʥʘ ʫ ʦʧʩʝʛʫ ʦʜ 0.5 ï 15 a.u. ʅʘʥʦʮʝʚ ʧʦʩʤʘʪʨʘʤʦ ʢʘʦ 

ʮʠʣʠʥʜʨʠʯʥʫ ʩʪʨʫʢʪʫʨʫ ʦʜʛʦʚʘʨʘʿʫ˂ʝʛ ʨʘʜʠʿʫʩʘ (ʟʘʚʠʩʠ ʦʜ ʪʠʧʘ ʧʦʩʤʘʪʨʘʥʝ ʥʘʥʦʮʝʚʠ ʠ 

ʜʫʞʠʥʝ. ɼʫʞʠʥʘ ʥʘʥʦʮʝʚʠ ʿʝ ʠʟʘʙʨʘʥʘ ʪʘʢʦ ʜʘ ʧʨʝʣʝʪ ʧʨʦʪʦʥʘ ʪʨʘʿʝ ʜʦʚʦˀʥʦ ʢʨʘʪʢʦ ʜʘ ʩʝ 

ʣʦʥʛʠʪʫʜʠʥʘʣʥʘ ʢʦʤʧʦʥʝʥʪʘ ʙʨʟʠʥʝ ʢʨʝʪʘˁʘ ʧʨʦʪʦʥʘ ʥʠʿʝ ʟʥʘʯʘʿʥʦ ʧʨʦʤʝʥʠʣʘ ʪʦʢʦʤ 

ʢʨʝʪʘˁʘ ʢʨʦʟ ʥʘʥʦʮʝʚ, ʘ ʪʘʢʦʹʝ ʜʫʞʠʥʘ ʥʘʥʦʮʝʚʠ ʿʝ ʜʦʚʦˀʥʦ ʚʝʣʠʢʘ ʜʘ ʙʠ ʩʝ ʝʣʠʤʠʥʠʩʘʣʠ 

ʝʬʝʢʪʠ ʢʨʘʿʝʚʘ ʥʘ ʬʠʟʠʯʢʝ ʚʝʣʠʯʠʥʝ ʢʦʿʝ ʩʤʦ ʘʥʘʣʠʟʠʨʘʣʠ. ʀʟʘʙʨʘʥʘ ʿʝ ʜʫʞʠʥʘ ʦʜ 

L 0.3ɛm= .  

 ʊʘʢʦʹʝ ʨʘʯʫʥʘʤʦ ʧʨʦʩʪʦʨʥʝ ʠ ʫʛʘʦʥʝ ʨʘʩʧʦʜʝʣʝ ʧʨʦʪʦʥʘ ʧʨʠ ʥʫʣʪʦʤ ʬʘʢʪʦʨʫ 

ʧʨʠʛʫʰʝˁʘ ʟʘ ʦʙʘ ʧʦʤʝʥʫʪʘ ʤʦʜʝʣʘ. 

 ʆʧʩʝʛ ʙʨʟʠʥʘ ʢʦʿʠ ʦʚʜʝ ʨʘʟʤʘʪʨʘʤʦ ʦʜʛʦʚʘʨʘ ʝʥʝʨʛʠʿʘʤʘ ʧʨʦʪʦʥʘ 100 keV - 10 MeV, 

ʛʜʝ ʩʫ ʝʬʝʢʪʠ ʜʠʥʘʤʠʯʢʝ ʧʦʣʘʨʠʟʘʮʠʿʝ ʠʟʨʘʟʠʪʠ. ɺʘʥ ʦʚʦʛ ʦʧʩʝʛʘ ʝʥʝʨʛʠʿʘ ʜʠʥʘʤʠʯʢʘ 

ʧʦʣʘʨʠʟʘʮʠʿʘ ʩʣʘʙʦ ʫʪʠʯʝ ʥʘ ʢʨʝʪʘˁʝ ʧʨʦʪʦʥʘ, ʦʜʥʦʩʥʦ ʝʬʝʢʪʠ ʧʝʨʪʫʨʙʘʮʠʿʝ ʝʣʝʢʪʨʦʥʩʢʦʛ 

ʛʘʩʘ ʫʩʣʝʜ ʧʨʠʩʫʩʪʚʘ ʧʦʟʠʪʠʚʥʦ ʥʘʝʣʝʢʪʨʠʩʘʥʝ ʯʝʩʪʠʮʝ ʩʫ ʟʘʥʝʤʘʨˀʠʚʠ. 

 ɿʘ ʧʨʦʰʠʨʝʥʠ ʜʚʦʬʣʫʠʜʥʠ ʤʦʜʝʣ ʢʦʨʠʩʪʠʤʦ ʢʦʥʘʯʥʝ ʧʦʚʨʘʪʥʝ ʬʨʝʢʚʝʥʮʝ ʠ 

ʬʘʢʪʦʨʝ ʧʨʠʛʫʰʝˁʘ ʟʘ ů ʠ ˊ ʬʣʫʠʜʝ ʢʘʦ ʫ [67]. ʂʘʦ ʠ ʫ ʧʨʝʪʭʦʜʥʦʤ ʧʦʛʣʘʚˀʫ ʨʘʟʤʘʪʨʘʤʦ 

ʫʪʠʮʘʿ ʘʥʛʫʣʘʨʥʠʭ ʤʦʜʦʚʘ ʥʘ ʚʨʝʜʥʦʩʪʠ ʧʦʪʝʥʮʠʿʘʣʘ ʣʠʢʘ ʫ ʦʢʦʣʠʥʠ ʙʨʟʠʥʝ ʧʨʦʪʦʥʘ ʛʜʝ 

ʚʨʝʜʥʦʩʪ ʧʦʪʝʥʮʠʿʘʣʘ ʣʠʢʘ ʧʦʯʠˁʝ ʟʥʘʪʥʦ ʜʘ ʚʘʨʠʨʘ. 

ɿʘ ʨʝʧʫʣʟʠʚʥʠ ʧʦʪʝʥʮʠʿʘʣ (ʠʥʪʝʨʘʢʮʠʿʘ ʧʨʦʪʦʥʘ ʩʘ ʿʝʟʛʨʠʤʘ ʫʛˀʝʥʠʢʦʚʠʭ ʘʪʦʤʘ) 

ʢʘʦ ʰʪʦ ʩʤʦ ʚʝ˂ ʥʘʧʦʤʝʥʫʣʠ ʫ ʧʨʝʪʭʦʜʥʦʤ ʧʦʛʣʘʚˀʫ ʫʟʠʤʘʤʦ ʚʨʝʜʥʦʩʪ ʥʘ ʦʩʥʦʚʫ ʠʟʨʘʟʘ 

3.12. ɺʝʣʠʯʠʥʝ ʢʦʿʝ ʬʠʛʫʨʠʰʫ ʫ ʦʚʦʤ ʠʟʨʘʟʫ ʩʫ ʠʜʝʥʪʠʯʥʝ ʢʘʦ ʫ ʧʨʝʪʭʦʜʥʦʤ ʧʦʛʣʘʚˀʫ. 

ʆʩʠʤ ʨʝʧʫʣʟʠʚʥʦʛ ʧʦʪʝʥʮʠʿʘʣʘ, ʠʥʪʝʨʘʢʮʠʿʫ ʧʨʦʪʦʥ ï ʥʘʥʦʮʝʚ ʦʜʨʝʹʫʿʝ ʠ 

ʧʦʪʝʥʮʠʿʘʣ ʣʠʢʘ. ʋ ʩʣʫʯʘʿʫ ʜʚʦʬʣʫʠʜʥʦʛ ʤʦʜʝʣʘ ʧʦʪʝʥʮʠʿʘʣ ʣʠʢʘ ʿʝ ʜʘʪ ʠʟʨʘʟʦʤ 4.63 ʜʦʢ 

ʿʝ ʟʘ ʧʨʦʰʠʨʝʥʠ ʜʚʦʬʣʫʠʜʥʠ ʤʦʜʝʣ ʜʘʪ ʠʟʨʘʟʦʤ 4.70. ʆʚʦ ʚʘʞʠ ʢʘʜʘ ʩʝ ʧʨʦʪʦʥ ʥʘʣʘʟʠ 

ʫʥʫʪʘʨ ʧʨʦʩʪʦʨʘ ʥʘʥʦʮʝʚʠ, ʫʢʦʣʠʢʦ ʿʝ ʧʨʦʪʦʥ ʚʘʥ ʥʘʥʦʮʝʚʠ (ʩʣʫʯʘʿ ʢʦʿʠ ʦʚʜʝ ʪʘʢʦʹʝ 

ʘʥʘʣʠʟʠʨʘʤʦ) ʟʘ ʧʦʪʝʥʮʠʿʘʣ ʣʠʢʘ ʚʘʞʝ ʠʟʨʘʟʠ 4.64 ʠ 4.71 ʟʘ ʜʚʦʬʣʫʠʜʥʠ, ʦʜʥʦʩʥʦ 

ʧʨʦʰʠʨʝʥʠ ʜʚʦʬʣʫʠʜʥʠ ʤʦʜʝʣ. 
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 ʋʢʫʧʘʥ ʧʦʪʝʥʮʠʿʘʣ ʢʦʿʠ ʦʜʨʝʹʫʿʝ ʠʥʪʝʨʘʢʮʠʿʫ ʧʨʦʪʦʥ ï ʥʘʥʦʮʝʚ ʜʘʪ ʿʝ ʢʘʦ: 

 
0 0 0( ) ( ) ( )rep imU U Ur r r= +  (5.2) 

ʛʜʝ ʿʝ 
0r ʨʘʩʪʦʿʘˁʝ ʧʨʦʪʦʥʘ ʦʜ ʮʝʥʪʨʘ ʥʘʥʦʮʝʚʠ, ʘ ,rep imU U  ʩʫ ʨʝʧʫʣʟʠʚʥʠ ʧʦʪʝʥʮʠʿʘʣ ʠ 

ʧʦʪʝʥʮʠʿʘʣ ʣʠʢʘ. 

 ɿʘʫʩʪʘʚʥʘ ʩʠʣʘ ʢʘʜʘ ʩʝ ʧʨʦʪʦʥ ʥʘʣʘʟʠ ʫʥʫʪʘʨ ʥʘʥʦʮʝʚʠ ʟʘ ʜʚʦʬʣʫʠʜʥʠ ʤʦʜʝʣ ʿʝ ʜʘʪʘ 

ʠʟʨʘʟʦʤ 4.61 ʜʦʢ ʿʝ ʟʘ ʧʨʦʰʠʨʝʥʠ ʜʚʦʬʣʫʠʜʥʠ ʤʦʜʝʣ ʜʘʪʘ ʠʟʨʘʟʦʤ 4.68. ɿʘʫʩʪʘʚʥʘ ʩʠʣʘ 

ʢʘʜʘ ʩʝ ʧʨʦʪʦʥ ʥʘʣʘʟʠ ʚʘʥ ʥʘʥʦʮʝʚʠ ʟʘ ʧʦʤʝʥʫʪʝ ʤʦʜʝʣʝ ʩʝ ʨʘʯʫʥʘ ʧʨʝʤʘ ʠʟʨʘʟʠʤʘ 4.62 ʠ 

4.69. 

 ʅʘ ʧʦʯʝʪʢʫ ʠʩʧʠʪʫʿʝʤʦ ʫʪʠʮʘʿ ʧʦʟʠʮʠʿʝ ʧʨʦʪʦʥʘ 
0r ʥʘ ʟʘʚʠʩʥʦʩʪ ʧʦʪʝʥʮʠʿʘʣʘ ʣʠʢʘ 

ʦʜ ʙʨʟʠʥʝ ʧʨʦʪʦʥʘ ʢʦʿʠ ʩʝ ʢʨʝ˂ʝ ʢʨʦʟ ʥʘʥʦʮʝʚ SWNT(6,4) ʟʘ ʩʣʫʯʘʿʝʚʝ: ʘ) ʢʘʜʘ ʿʝ ʧʨʦʪʦʥ ʫ 

ʧʨʦʩʪʦʨʫ ʥʘʥʦʮʝʚʠ ʠ ʙ) ʢʘʜʘ ʿʝ ʧʨʦʪʦʥ ʚʘʥ ʧʨʦʩʪʦʨʘ ʥʘʥʦʮʝʚʠ. ʇʦʟʠʮʠʿʝ ʧʨʦʪʦʥʘ ʫ ʦʜʥʦʩʫ 

ʥʘ ʦʩʫ ʥʘʥʦʮʝʚʠ ʩʫ 
0 2,3,4,4.5a.u.r= . ʈʝʟʫʣʪʘʪʠ ʩʫ ʧʨʝʜʩʪʘʚˀʝʥʠ ʟʘ: 

¶ ʜʚʦʬʣʫʠʜʥʠ ʭʠʜʨʦʜʠʥʘʤʠʯʢʠ ʤʦʜʝʣ ʩʘ ʧʘʨʘʤʝʪʨʠʤʘ ʧʣʘʟʤʦʥʘ 
rsw = 0, 

rpw =0, 
sg= 

0.001 ʠ 
pg= 0.001, 

¶ ʧʨʦʰʠʨʝʥʠ ʜʚʦʬʣʫʠʜʥʠ ʭʠʜʨʦʜʠʥʘʤʠʯʢʠ ʤʦʜʝʣ ʩʘ ʧʘʨʘʤʝʪʨʠʤʘ ʧʣʘʟʤʦʥʘ 
rsw = 

0.48, 
rpw =0.15, 

sg= 0.1 ʠ 
pg= 0.09. 

 ʉʣʠʢʘ 5.16 ʧʨʠʢʘʟʫʿʝ ʧʦʤʝʥʫʪʝ ʧʦʪʝʥʮʠʿʘʣʝ ʣʠʢʘ ʟʘ ʥʘʚʝʜʝʥʝ ʫʩʣʦʚʝ. ɼʦʙʠʿʝʥʠ 

ʨʝʟʫʣʪʘʪʠ ʥʘʩ ʥʘʚʦʜʝ ʥʘ ʟʘʢˀʫʯʘʢ ʜʘ ʩʫ ʚʨʝʜʥʦʩʪʠ ʧʦʪʝʥʮʠʿʘʣʘ ʣʠʢʘ ʛʝʥʝʨʘʣʥʦ ʤʘˁʝ ʫ 

ʩʣʫʯʘʿʫ ʧʨʦʰʠʨʝʥʦʛ ʜʚʦʬʣʫʠʜʥʦʛ ʤʦʜʝʣʘ. ʋ ʠʟʨʘʟʠʤʘ ʢʦʿʝ ʩʤʦ ʢʦʨʠʩʪʠʣʠ ʟʘ ʧʨʦʰʠʨʝʥʠ 

ʜʚʦʬʣʫʠʜʥʠ ʤʦʜʝʣ ʧʦʩʪʦʿʝ ʯʣʘʥʦʚʠ ʦʢʘʨʘʢʪʝʨʠʩʘʥʠ ʢʘʦ ʧʦʚʨʘʪʥʝ ʬʨʝʢʚʝʥʮʝ (ʠʟʨʘʟ 4.48) ʠ 

ʢʘʦ ʰʪʦ ʿʝ ʚʝ˂ ʨʝʯʝʥʦ ʫʟʠʤʘʤʦ ʚʨʝʜʥʦʩʪʠ 
rsw = 0.48 = 13.06 eV ʠ 

rpw =0.15 = 4.08 eV, ʢʘʢʦ 

ʿʝ ʩʫʛʝʨʠʩʘʥʦ ʫ [67]. ɿʘ ʜʚʦʬʣʫʠʜʥʠ ʤʦʜʝʣ ʦʚʠ ʯʣʘʥʦʚʠ ʥʝ ʧʦʩʪʦʿʝ, ʘʣʠ ʟʙʦʛ 

ʛʝʥʝʨʘʣʠʟʘʮʠʿʝ ʠʭ ʤʦʞʝʤʦ ʫʩʚʦʿʠʪʠ ʩʘ ʥʫʣʪʠʤ ʚʨʝʜʥʦʩʪʠʤʘ 
rsw = 0, 

rpw =0. ɿʘ ʬʘʢʪʦʨʝ 

ʧʨʠʛʫʰʝˁʘ ʫ ʩʣʫʯʘʿʫ ʜʚʦʬʣʫʠʜʥʦʛ ʤʦʜʝʣʘ ʫʟʠʤʘʤʦ ʚʨʝʜʥʦʩʪʠ  g=
sg=

pg= 0.001, ʜʦʢ ʟʘ 

ʧʨʦʰʠʨʝʥʠ ʜʚʦʬʣʫʠʜʥʠ ʤʦʜʝʣ ʫʟʠʤʘʤʦ 
sg= 0.1=2.72 eV ʠ 

pg=0.09=2.45 eV, ʦʧʝʪ ʥʘ 

ʦʩʥʦʚʫ [67]. ʄʦʞʝʤʦ ʟʘʢˀʫʯʠʪʠ ʜʘ ʩʫ ʢʦʥʘʯʥʝ ʚʨʝʜʥʦʩʪʠ ʟʘ ʧʦʚʨʘʪʥʝ ʬʨʝʢʚʝʥʮʝ ʠ 

ʬʘʢʪʦʨʝ ʧʨʠʛʫʰʝˁʘ ʨʘʟʣʦʛ ʫʦʯʝʥʝ ʤʘˁʝ ʚʨʝʜʥʦʩʪʠ ʧʦʪʝʥʮʠʿʘʣʘ ʣʠʢʘ ʫ ʩʣʫʯʘʿʫ 

ʧʨʦʰʠʨʝʥʦʛ ʜʚʦʬʣʫʠʜʥʦʛ ʤʦʜʝʣʘ. ʀʥʪʝʨʝʩʘʥʪʥʦ ʿʝ ʫʦʯʠʪʠ ʜʘ ʫ ʩʣʫʯʘʿʫ ʜʚʦʬʣʫʠʜʥʦʛ 

ʤʦʜʝʣʘ ʟʘ ʙʨʟʠʥʝ ʧʨʦʪʦʥʘ ʠʟʥʘʜ 8.5 a.u. ʧʦʪʝʥʮʠʿʘʣ ʣʠʢʘ ʠʤʘ ʧʦʟʠʪʠʚʥʝ ʚʨʝʜʥʦʩʪʠ, ʧʨʠ 

ʯʝʤʫ ʩʝ ʤʘʢʩʠʤʫʤ ʧʦʩʪʠʞʝ ʟʘ vº11.5 a.u..       
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ʉʣʠʢʘ 5.16. ɿʘʚʠʩʥʦʩʪ ʧʦʪʝʥʮʠʿʘʣʘ ʣʠʢʘ ʦʜ ʙʨʟʠʥʝ ʧʨʦʪʦʥʘ ʢʘʜʘ ʿʝ ʧʨʦʪʦʥ ʫ ʥʘʥʦʮʝʚʠ. 

 

ʉʣʠʢʘ 5.17. ɿʘʚʠʩʥʦʩʪ ʧʦʪʝʥʮʠʿʘʣʘ ʣʠʢʘ ʦʜ ʙʨʟʠʥʝ ʧʨʦʪʦʥʘ ʢʘʜʘ ʿʝ ʧʨʦʪʦʥ ʚʘʥ ʥʘʥʦʮʝʚʠ. 
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ʅʘ ʩʣʠʮʠ 5.17 ʿʝ ʧʨʠʢʘʟʘʥ ʫʪʠʮʘʿ ʧʦʣʦʞʘʿʘ ʧʨʦʪʦʥʘ ʥʘ ʟʘʚʠʩʥʦʩʪ ʧʦʪʝʥʮʠʿʘʣʘ ʣʠʢʘ 

ʦʜ ʙʨʟʠʥʝ ʟʘ ʜʚʦʬʣʫʠʜʥʠ ʠ ʧʨʦʰʠʨʝʥʠ ʜʚʦʬʣʫʠʜʥʠ ʤʦʜʝʣ ʩ ʪʠʤ ʰʪʦ ʩʝ ʩʘʜʘ ʧʨʦʪʦʥ 

ʥʘʣʘʟʠ ʚʘʥ ʧʨʦʩʪʦʨʘ ʥʘʥʦʮʝʚʠ. ʇʦʟʠʮʠʿʝ ʧʨʦʪʦʥʘ ʩʫ ʩʠʤʝʪʨʠʯʥʝ ʫ ʦʜʥʦʩʫ ʥʘ ʟʠʜ ʥʘʥʦʮʝʚʠ 

ʩʘ ʧʦʟʠʮʠʿʘʤʘ ʢʦʿʝ ʩʫ ʫʩʚʦʿʝʥʝ ʫ ʩʣʫʯʘʿʫ ʢʨʝʪʘˁʘ ʧʨʦʪʦʥʘ ʫʥʫʪʘʨ ʥʘʥʦʮʝʚʠ ʠ ʠʟʥʦʩʝ 
0r  = 

2R-2, 2R-3, 2R-4 ʠ 2R-4.5 a.u.. ʆʧʩʝʛ ʙʨʟʠʥʘ ʿʝ ʠʩʪʠ ʢʘʦ ʫ ʧʨʝʪʭʦʜʥʦʤ ʩʣʫʯʘʿʫ. ɼʦʙʠʿʝʥʠ 

ʨʝʟʫʣʪʘʪʠ ʩʫ ʚʝʦʤʘ ʩʣʠʯʥʠ ʢʘʦ ʫ ʧʨʝʪʭʦʜʥʦʤ ʩʣʫʯʘʿʫ ʘʣʠ ʥʝ ʠʜʝʥʪʠʯʥʠ ʿʝʨ ʠ ʩʠʤʝʪʨʠʿʘ ʫ 

ʦʚʘ ʜʚʘ ʩʣʫʯʘʿʘ ʥʠʿʝ ʧʦʪʧʫʥʦ ʠʩʪʘ. ɺʨʝʜʥʦʩʪʠ ʟʘ ʧʦʪʝʥʮʠʿʘʣ ʣʠʢʘ ʩʫ ʦʧʝʪ ʤʘˁʝ ʟʘ 

ʜʚʦʬʣʫʠʜʥʠ ʤʦʜʝʣ. ɿʘ ʙʨʟʠʥʝ ʧʨʦʪʦʥʘ ʚʝ˂ʝ ʦʜ 9 a.u. ʫ ʩʣʫʯʘʿʫ ʜʚʦʬʣʫʠʜʥʦʛ ʤʦʜʝʣʘ ʧʦʩʪʦʿʠ 

ʤʘʣʦ ʚʝ˂ʠ ʛʨʘʜʠʿʝʥʪ ʚʨʝʜʥʦʩʪʠ ʧʦʪʝʥʮʠʿʘʣʘ ʣʠʢʘ ʟʘ ʢʨʝʪʘˁʝ ʧʨʦʪʦʥʘ ʚʘʥ ʥʘʥʦʮʝʚʠ ʟʘ ʠʩʪʘ 

ʨʘʩʪʦʿʘˁʘ ʦʜ ʟʠʜʘ ʥʘʥʦʮʝʚʠ. ɿʘ ʩʚʝ ʧʨʠʢʘʟʘʥʝ ʩʣʫʯʘʿʝʚʝ ʩʘ ʩʣʠʢʘ 5.16 ʠ 5.17 ʤʦʞʝʤʦ 

ʟʘʢˀʫʯʠʪʠ ʜʘ ʿʝ ʟʘʚʠʩʥʦʩʪ ʧʦʪʝʥʮʠʿʘʣʘ ʣʠʢʘ ʚʝʦʤʘ ʦʩʝʪˀʠʚʘ ʥʘ ʚʨʝʜʥʦʩʪʠ ʧʦʚʨʘʪʥʠʭ 

ʬʨʝʢʚʝʥʮʠ ʠ ʬʘʢʪʦʨʘ ʧʨʠʛʫʰʝˁʘ. 

ʅʘ ʩʣʠʢʘʤʘ 5.18-5.21 ʘʥʘʣʠʟʠʨʘʤʦ ʫʪʠʮʘʿ ʨʘʟʣʠʯʠʪʠʭ ʚʨʝʜʥʦʩʪʠ ʘʥʛʫʣʘʨʥʠʭ ʤʦʜʦʚʘ 

m ʥʘ ʥʦʨʤʘʣʠʟʦʚʘʥʫ ʚʨʝʜʥʦʩʪ ʧʦʪʝʥʮʠʿʘʣʘ ʣʠʢʘ 
0/imU U (ʧʦʪʝʥʮʠʿʘʣ ʣʠʢʘ ʧʦʜʝˀʝʥ ʩʘ 

ʩʚʦʿʦʤ ʤʘʢʩʠʤʘʣʥʦʤ ʘʧʩʦʣʫʪʥʦʤ ʚʨʝʜʥʦʩʪʠ ʫ ʦʧʩʝʛʫ ʙʨʟʠʥʘ ʧʨʦʪʦʥʘ ʦʜ 0.1 ʜo 1.2 a.u.) ʟʘ 

ʧʨʦʰʠʨʝʥʠ ʜʚʦʬʣʫʠʜʥʠ ʤʦʜʝʣ. ʋ ʦʚʦʿ ʘʥʘʣʠʟʠ ʧʦʩʤʘʪʨʘʤʦ ʯʝʪʠʨʠ ʪʠʧʘ ʥʘʥʦʮʝʚʠ SWNT 

(6, 4) (ʩʣʠʢʘ 5.18), SWNT (8, 6) (ʩʣʠʢʘ 5.19), SWNT (11, 9) (ʩʣʠʢʘ 5.20), SWNT (15, 10) 

(ʩʣʠʢʘ 5.21) ʛʜʝ ʩʫ ʥʦʨʤʘʣʠʟʘʮʠʦʥʝ ʚʨʝʜʥʦʩʪʠ 
0U : 0.4782, 0.4754, 0.4675 ʠ 0.4554 

ʨʝʩʧʝʢʪʠʚʥʦ. 

 

ʉʣʠʢʘ 5.18. ʋʪʠʮʘʿ ʘʥʛʫʣʘʨʥʠʭ ʤʦʜʦʚʘ m ʥʘ ʧʦʪʝʥʮʠʿʘʣ ʣʠʢʘ ʟʘ SWNT (6, 4). 
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ʉʣʠʢʘ 5.19. ʋʪʠʮʘʿ ʘʥʛʫʣʘʨʥʠʭ ʤʦʜʦʚʘ m ʥʘ ʧʦʪʝʥʮʠʿʘʣ ʣʠʢʘ ʟʘ SWNT (8, 6). 

 

ʉʣʠʢʘ 5.20. ʋʪʠʮʘʿ ʘʥʛʫʣʘʨʥʠʭ ʤʦʜʦʚʘ m ʥʘ ʧʦʪʝʥʮʠʿʘʣ ʣʠʢʘ ʟʘ SWNT (11, 9). 
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ʉʣʠʢʘ 5.21. ʋʪʠʮʘʿ ʘʥʛʫʣʘʨʥʠʭ ʤʦʜʦʚʘ m ʥʘ ʧʦʪʝʥʮʠʿʘʣ ʣʠʢʘ ʟʘ SWNT (15, 10). 

 ɸʥʘʣʠʟʫ ʩʧʨʦʚʦʜʠʤʦ ʟʘ ʨʘʩʪʦʿʘˁʝ ʧʨʦʪʦʥʘ 
0 scR ar= -  ʦʜ ʦʩʝ ʥʘʥʦʮʝʚʠ (R  ʿʝ 

ʧʦʣʫʧʨʝʯʥʠʢ ʥʘʥʦʮʝʚʠ ʠ ʟʘʚʠʩʠ ʦʜ ʧʦʩʤʘʪʨʘʥʦʛ ʪʠʧʘ, ʘ 
sca  ʿʝ ʨʘʜʠʿʫʩ ʝʢʨʘʥʠʨʘˁʘ ʢʦʿʠ 

ʠʟʥʦʩʠ [ ] 0

3/1

2

2 )128/(9 aZasc p= , ʛʜʝ ʿʝ 
0a ɹʦʨʦʚ ʨʘʜʠʿʫʩ). ʈʘʯʫʥʘʤʦ ʠʥʜʠʚʠʜʫʘʣʥʝ ʯʣʘʥʦʚʝ 

ʫ ʠʟʨʘʟʫ ʟʘ ʧʦʪʝʥʮʠʿʘʣ ʣʠʢʘ (ʠʟʨʘʟ 4.7) ʢʦʿʠ ʟʘʚʠʩʝ ʦʜ m ʟʘ ʦʧʩʝʛ ʚʨʝʜʥʦʩʪʠ 33 ¢¢- m . 

ʆʚʘʿ ʦʧʩʝʛ ʿʝ ʠʟʘʙʨʘʥ ʿʝʨ ʚʝ˂ʝ ʚʨʝʜʥʦʩʪʠ ʚʨʣʦ ʤʘʣʦ ʜʦʧʨʠʥʦʩʝ ʚʨʝʜʥʦʩʪʠ ʧʦʪʝʥʮʠʿʘʣʘ 

ʣʠʢʘ. ɿʘ ʩʚʘʢʠ ʪʠʧ ʥʘʥʦʮʝʚʠ ʤʦʞʝʤʦ ʫʦʯʠʪʠ ʜʘ ʨʝʜʫʢʦʚʘʥʠ ʧʦʪʝʥʮʠʿʘʣ ʣʠʢʘ ʢʦʿʠ ʧʦʪʠʯʝ 

ʦʜ ʿʝʜʥʦʛ ʘʥʛʫʣʘʨʥʦʛ ʤʦʜʘ (ʦʜʨʝʹʝʥʘ ʚʨʝʜʥʦʩʪ ʟʘ m) ʠʤʘ ʤʘʣʠ ʩʢʦʢ ʫ ʦʢʦʣʠʥʠ ʙʨʟʠʥʝ 

ʧʨʦʪʦʥʘ vº0.55 a.u.. ɿʘ ʚʝ˂ʝ ʨʘʜʠʿʫʩʝ ʥʘʥʦʮʝʚʠ ʫʪʠʮʘʿ ʯʣʘʥʦʚʘ ʫ ʦʧʩʝʛʫ ʘʥʛʫʣʘʨʥʦʛ ʤʦʜʘ 

33 ¢¢- m  ʥʘ ʫʢʫʧʥʫ ʚʨʝʜʥʦʩʪ ʧʦʪʝʥʮʠʿʘʣʘ ʣʠʢʘ ʿʝ ʤʘˁʠ. ʋ ʩʣʫʯʘʿʫ ʜʚʦʬʣʫʠʜʥʦʛ 

ʭʠʜʨʦʜʠʥʘʤʠʯʢʦʛ ʤʦʜʝʣʘ ʩʢʦʢ ʫ ʚʨʝʜʥʦʩʪʠ ʧʦʪʝʥʮʠʿʘʣʘ ʣʠʢʘ ʩʤʦ ʠʤʘʣʠ ʥʘ ʙʨʟʠʥʘʤʘ vº

0.71 a.u., ʜʦʢ ʩʝ ʦʚʜʝ ʩʢʦʢ ʜʝʰʘʚʘ ʥʘ ʟʥʘʪʥʦ ʤʘˁʠʤ ʙʨʟʠʥʘʤʘ vº0.55 a.u.. ʆʚʘ ʧʦʿʘʚʘ ʿʝ 

ʧʨʦʫʟʨʦʢʦʚʘʥʘ ʚʝ˂ʠʤ ʚʨʝʜʥʦʩʪʠʤʘ ʬʘʢʪʦʨʘ ʧʨʠʛʫʰʝˁʘ ʠ ʧʦʚʨʘʪʥʠʭ ʬʨʝʢʚʝʥʮʠ. 

  ʅʘ ʩʣʠʢʘʤʘ 5.22-5.25 ʿʝ ʧʨʠʢʘʟʘʥʦ ʢʘʢʦ ʧʦʪʝʥʮʠʿʘʣ ʣʠʢʘ ʟʘʚʠʩʠ ʦʜ ʨʘʩʪʦʿʘˁʘ 

ʧʨʦʪʦʥʘ ʦʜ ʦʩʝ ʥʘʥʦʮʝʚʠ ʟʘ ʨʘʟʣʠʯʠʪʝ ʚʨʝʜʥʦʩʪʠ ʙʨʟʠʥʝ ʢʨʝʪʘˁʘ ʧʨʦʪʦʥʘ. ɿʘʚʠʩʥʦʩʪ ʿʝ 

ʨʘʯʫʥʘʪʘ ʟʘ SWNT (6, 4), ʜʦʢ ʩʫ ʙʨʟʠʥʝ ʢʨʝʪʘˁʘ ʧʨʦʪʦʥʘ v= 0.5 a.u. (ʩʣʠʢʘ 5.22), v= 0.71 

a.u. (ʩʣʠʢʘ 5.23), v= 3 a.u. (ʩʣʠʢʘ 5.24) ʠ v= 15 a.u. (ʩʣʠʢʘ 5.25). ɸʥʘʣʠʟʘ ʿʝ ʩʧʨʦʚʝʜʝʥʘ ʟʘ 

ʜʚʦʬʣʫʠʜʥʠ ʠ ʧʨʦʰʠʨʝʥʠ ʜʚʦʬʣʫʠʜʥʠ ʤʦʜʝʣ. 
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ʉʣʠʢʘ 5.22. ɿʘʚʠʩʥʦʩʪ ʧʦʪʝʥʮʠʿʘʣʘ ʣʠʢʘ ʦʜ ʧʦʣʦʞʘʿʘ ʧʨʦʪʦʥʘ ʟʘ SWNT (6, 4) ʟʘ v=0.5 a.u. 

ʉʣʠʢʘ 5.23. ɿʘʚʠʩʥʦʩʪ ʧʦʪʝʥʮʠʿʘʣʘ ʣʠʢʘ ʦʜ ʧʦʣʦʞʘʿʘ ʧʨʦʪʦʥʘ ʟʘ SWNT (6, 4) ʟʘ v=0.71 a.u. 
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ʉʣʠʢʘ 5.24. ɿʘʚʠʩʥʦʩʪ ʧʦʪʝʥʮʠʿʘʣʘ ʣʠʢʘ ʦʜ ʧʦʣʦʞʘʿʘ ʧʨʦʪʦʥʘ ʟʘ SWNT (6, 4) ʟʘ v= 3 a.u. 

ʉʣʠʢʘ 5.25. ɿʘʚʠʩʥʦʩʪ ʧʦʪʝʥʮʠʿʘʣʘ ʣʠʢʘ ʦʜ ʧʦʣʦʞʘʿʘ ʧʨʦʪʦʥʘ ʟʘ SWNT (6, 4) ʟʘ v= 15 a.u. 
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 ɸʧʩʦʣʫʪʥʝ ʚʨʝʜʥʦʩʪʠ ʧʦʪʝʥʮʠʿʘʣʘ ʣʠʢʘ ʩʫ ʤʘˁʝ ʫ ʩʣʫʯʘʿʫ ʧʨʦʰʠʨʝʥʦʛ 

ʜʚʦʬʣʫʠʜʥʦʛ ʤʦʜʝʣʘ ʥʝʚʝʟʘʥʦ ʟʘ ʧʦʟʠʮʠʿʫ ʧʨʦʪʦʥʘ. ʆʚʦ ʿʝ ʫ ʩʢʣʘʜʫ ʩʘ ʧʨʝʪʭʦʜʥʠʤ 

ʟʘʢˀʫʯʢʦʤ ʫ ʚʝʟʠ ʦʜʥʦʩʘ ʚʨʝʜʥʦʩʪʠ ʧʦʪʝʥʮʠʿʘʣʘ ʣʠʢʘ ʟʘ ʜʚʘ ʫʩʚʦʿʝʥʘ ʭʠʜʨʦʜʠʥʘʤʠʯʢʘ 

ʤʦʜʝʣʘ. ɿʘ ʚʨʝʜʥʦʩʪʠ ʙʨʟʠʥʝ ʧʨʦʪʦʥʘ v= 0.5 a.u. ʠ v= 0.71 a.u. ʨʘʟʣʠʢʘ ʠʟʤʝʹʫ ʧʦʪʝʥʮʠʿʘʣʘ 

ʣʠʢʘ ʫ ʦʙʘ ʤʦʜʝʣʘ ʩʝ ʩʤʘˁʫʿʝ ʢʘʜʘ ʩʝ ʧʨʦʪʦʥ ʢʨʝ˂ʝ ʙʣʠʞʝ ʟʠʜʫ ʥʘʥʦʮʝʚʠ. ɿʘ ʚʝ˂ʝ ʙʨʟʠʥʝ 

ʢʨʝʪʘˁʘ ʧʨʦʪʦʥʘ ʨʘʟʣʠʢʘ ʠʟʤʝʹʫ ʚʨʝʜʥʦʩʪʠ ʧʦʪʝʥʮʠʿʘʣʘ ʣʠʢʘ ʿʝ ʩʢʦʨʦ ʠʜʝʥʪʠʯʥʘ ʟʘ ʩʚʘ 

ʨʘʩʪʦʿʘˁʘ ʜʫʞ ʧʨʝʯʥʠʢʘ ʥʘʥʦʮʝʚʠ. ʅʘ ʩʣʠʮʠ 5.25 ʩʝ ʤʦʞʝ ʫʦʯʠʪʠ ʜʘ ʿʝ ʚʨʝʜʥʦʩʪ 

ʧʦʪʝʥʮʠʿʘʣʘ ʣʠʢʘ ʧʨʘʢʪʠʯʥʦ ʢʦʥʩʪʘʥʪʥʘ ʟʘ ʦʙʘ ʭʠʜʨʦʜʠʥʘʤʠʯʢʘ ʤʦʜʝʣʘ, ʰʪʦ ʟʥʘʯʠ ʜʘ 

ʧʦʪʝʥʮʠʿʘʣ ʣʠʢʘ ʟʘ ʚʝ˂ʝ ʙʨʟʠʥʝ ʢʨʝʪʘˁʘ ʧʨʦʪʦʥʘ ʥʝ ʟʘʚʠʩʠ ʦʜ ʧʦʟʠʮʠʿʝ ʪʨʘʿʝʢʪʦʨʠʿʝ 

ʧʨʦʪʦʥʘ ʠ ʧʨʘʢʪʠʯʥʦ ʠʤʘ ʚʨʝʜʥʦʩʪ ʥʫʣʘ.  

 ʅʘ ʩʣʠʢʘʤʘ 5.26 ʠ 5.27 ʿʝ ʧʨʠʢʘʟʘʥʦ ʢʘʢʦ ʟʘʫʩʪʘʚʥʘ ʩʠʣʘ ʢʦʿʘ ʩʝ ʧʨʦʪʠʚʠ 

ʣʦʥʛʠʪʫʜʠʥʘʣʥʦʤ ʢʨʝʪʘˁʫ ʧʨʦʪʦʥʘ ʟʘʚʠʩʠ ʦʜ ʙʨʟʠʥʝ ʢʨʝʪʘˁʘ ʧʨʦʪʦʥʘ. ɸʥʘʣʠʟʘ ʩʝ 

ʩʧʨʦʚʦʜʠ ʟʘ ʥʘʥʦʮʝʚ SWNT (6, 4) ʫ ʜʚʝ ʨʘʟʣʠʯʠʪʝ ʩʠʪʫʘʮʠʿʝ. ʋ ʧʨʚʦʿ ʩʤʘʪʨʘʤʦ ʜʘ ʩʝ 

ʧʨʦʪʦʥ ʢʨʝ˂ʝ ʫʥʫʪʘʨ ʥʘʥʦʮʝʚʠ, ʛʜʝ ʨʘʟʤʘʪʨʘʤʦ ʯʝʪʠʨʠ ʨʘʟʣʠʯʠʪʝ ʧʦʟʠʮʠʿʝ. ʈʘʩʪʦʿʘˁʘ 

ʧʨʦʪʦʥʘ ʦʜ ʦʩʝ ʥʘʥʦʮʝʚʠ ʟʘ ʦʚʘʿ ʩʣʫʯʘʿ ʩʫ 
0r  = 2, 3, 4 ʠ 4.5 a.u.. ʋ ʜʨʫʛʦʿ ʩʠʪʫʘʮʠʿʠ 

ʩʤʘʪʨʘʤʦ ʜʘ ʿʝ ʧʨʦʪʦʥ ʚʘʥ ʥʘʥʦʮʝʚʠ, ʛʜʝ ʩʫ ʧʦʟʠʮʠʿʝ ʧʨʦʪʦʥʘ ʩʠʤʝʪʨʠʯʥʝ ʦʥʠʤ ʫ ʧʨʚʦʤ 

ʩʣʫʯʘʿʫ ʫ ʦʜʥʦʩʫ ʥʘ ʟʠʜ ʥʘʥʦʮʝʚʠ ʠ ʠʟʥʦʩʝ 
0r  = 2R-2, 2R-3, 2R-4 ʠ 2R-4.5 a.u. 

 

ʉʣʠʢʘ 5.26. ɿʘʚʠʩʥʦʩʪ ʟʘʫʩʪʘʚʥʝ ʩʠʣʝ ʦʜ ʙʨʟʠʥʝ ʧʨʦʪʦʥʘ ʟʘ SWNT (6, 4) ʢʘʜʘ ʿʝ ʧʨʦʪʦʥ ʫ 

ʥʘʥʦʮʝʚʠ. 
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ʉʣʠʢʘ 5.27. ɿʘʚʠʩʥʦʩʪ ʟʘʫʩʪʘʚʥʝ ʩʠʣʝ ʦʜ ʙʨʟʠʥʝ ʧʨʦʪʦʥʘ ʟʘ SWNT (6, 4) ʢʘʜʘ ʿʝ ʧʨʦʪʦʥ ʚʘʥ 

ʥʘʥʦʮʝʚʠ. 

 ʈʝʟʫʣʪʘʪʝ ʢʦʿʠ ʩʤʦ ʜʦʙʠʣʠ ʫ ʦʙʘ ʩʣʫʯʘʿʘ ʢʨʝʪʘˁʘ ʧʨʦʪʦʥʘ ʩʫ ʩʣʠʯʥʠ. ɿʘʫʩʪʘʚʥʘ ʩʠʣʘ 

ʿʝ ʟʥʘʯʘʿʥʦ ʤʘˁʘ ʫ ʩʣʫʯʘʿʫ ʧʨʦʰʠʨʝʥʦʛ ʜʚʦʬʣʫʠʜʥʦʛ ʤʦʜʝʣʘ ʟʘ ʙʨʟʠʥʝ ʧʨʦʪʦʥʘ ʫ ʦʧʩʝʛʫ 

a.u.90 ¢¢v . ʆʚʘʢʚʦ ʧʦʥʘʰʘˁʝ ʩʝ ʤʦʞʝ ʦʙʿʘʩʥʠʪʠ ʨʘʟʣʠʯʠʪʠʤ ʚʨʝʜʥʦʩʪʠʤʘ ʧʘʨʘʤʝʪʘʨʘ 

ʢʦʿʠʤʘ ʩʫ ʦʧʠʩʘʥʠ ʭʠʜʨʦʜʠʥʘʤʠʯʢʠ ʤʦʜʝʣʠ, ʟʘ ʜʚʦʬʣʫʠʜʥʠ ʠʤʘʤʦ 
rsw = 0, 

rpw =0, 
sg= 

0.001 ʠ 
pg= 0.001, ʜʦʢ ʟʘ ʧʨʦʰʠʨʝʥʠ ʜʚʦʬʣʫʠʜʥʠ ʤʦʜʝʣ ʠʤʘʤʦ 

rsw = 0.48, 
rpw =0.15, 

sg= 

0.1 ʠ 
pg= 0.09. ɺʨʝʜʥʦʩʪʠ ʦʚʠʭ ʧʘʨʘʤʝʪʘʨʘ ʿʘʢʦ ʫʪʠʯʫ ʥʘ ʚʨʝʜʥʦʩʪʠ ʟʘʫʩʪʘʚʥʝ ʩʠʣʝ 

ʅʘʿʚʝ˂ʫ ʚʨʝʜʥʦʩʪ ʟʘʫʩʪʘʚʥʘ ʩʠʣʘ ʠʤʘ ʟʘ ʙʨʟʠʥʝ ʧʨʦʪʦʥʘ ʫ ʦʧʩʝʛʫ 3 a.u. ʠ 5 a.u. ʠ ʢʘʜʘ ʿʝ 

ʧʨʦʪʦʥ ʥʘʿʙʣʠʞʠ ʟʠʜʫ ʥʘʥʦʮʝʚʠ. 

 ʅʘ ʩʣʠʢʘʤʘ 5.28-5.31 ʧʨʠʢʘʟʘʥʦ ʿʝ ʢʘʢʦ ʟʘʫʩʪʘʚʥʘ ʩʠʣʘ ʟʘʚʠʩʠ ʦʜ ʧʦʟʠʮʠʿʝ 

ʪʨʘʿʝʢʪʦʨʠʿʝ ʧʨʦʪʦʥʘ 
0rʢʘʥʘʣʠʩʘʥʦʛ ʢʨʦʟ SWNT (6, 4). ʉʤʘʪʨʘʤʦ ʜʘ ʩʝ ʧʨʦʪʦʥ ʥʘʣʘʟʠ ʫ 

ʥʘʥʦʮʝʚʠ. ɿʘʫʩʪʘʚʥʫ ʩʠʣʫ ʨʘʯʫʥʘʤʦ ʟʘ ʜʚʦʬʣʫʠʜʥʠ ʠ ʧʨʦʰʠʨʝʥʠ ʜʚʦʬʣʫʠʜʥʠ ʤʦʜʝʣ. 

ʉʤʘʪʨʘʤʦ ʜʘ ʩʝ ʧʦʟʠʮʠʿʘ ʪʨʘʿʝʢʪʦʨʠʿʝ ʢʨʝʪʘˁʘ ʧʨʦʪʦʥʘ ʥʘʣʘʟʠ ʫ ʦʧʩʝʛʫ 00 scR ar¢ ¢ -. 

ʇʨʦʨʘʯʫʥ ʩʧʨʦʚʦʜʠʤʦ ʟʘ ʯʝʪʠʨʠ ʙʨʟʠʥʝ ʧʨʦʪʦʥʘ: v= 0.5 a.u. (ʩʣʠʢʘ 5.28), v= 0.71 a.u. 

(ʩʣʠʢʘ 5.29), v= 3 a.u. (ʩʣʠʢʘ 5.30) ʠ v= 15 a.u. (ʩʣʠʢʘ 5.31), ʛʜʝ ʩʤʘʪʨʘʤʦ ʜʘ ʿʝ ʙʨʟʠʥʘ 

ʢʨʝʪʘˁʘ ʧʨʦʪʦʥʘ ʢʦʥʩʪʘʥʪʥʘ. 
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ʉʣʠʢʘ 5.28. ɿʘʚʠʩʥʦʩʪ ʟʘʫʩʪʘʚʥʝ ʩʠʣʝ ʦʜ ʧʦʟʠʮʠʿʝ ʧʨʦʪʦʥʘ ʟʘ SWNT (6, 4) ʟʘ v= 0.5 a.u.. 

ʉʣʠʢʘ 5.29. ɿʘʚʠʩʥʦʩʪ ʟʘʫʩʪʘʚʥʝ ʩʠʣʝ ʦʜ ʧʦʟʠʮʠʿʝ ʧʨʦʪʦʥʘ ʟʘ SWNT (6, 4) ʟʘ v= 0.71 a.u.. 
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ʉʣʠʢʘ 5.30. ɿʘʚʠʩʥʦʩʪ ʟʘʫʩʪʘʚʥʝ ʩʠʣʝ ʦʜ ʧʦʟʠʮʠʿʝ ʧʨʦʪʦʥʘ ʟʘ SWNT (6, 4) ʟʘ v= 3 a.u.. 

ʉʣʠʢʘ 5.31. ɿʘʚʠʩʥʦʩʪ ʟʘʫʩʪʘʚʥʝ ʩʠʣʝ ʦʜ ʧʦʟʠʮʠʿʝ ʧʨʦʪʦʥʘ ʟʘ SWNT (6, 4) ʟʘ v= 15 a.u.. 
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 ɸʧʩʦʣʫʪʥʝ ʚʨʝʜʥʦʩʪʠ ʟʘʫʩʪʘʚʥʝ ʩʠʣʝ ʩʫ ʫʛʣʘʚʥʦʤ ʤʘˁʝ ʟʘ ʜʚʦʬʣʫʠʜʥʠ ʤʦʜʝʣ ʙʝʟ 

ʦʙʟʠʨʘ ʥʘ ʧʦʟʠʮʠʿʫ ʪʨʘʿʝʢʪʦʨʠʿʝ ʧʨʦʪʦʥʘ. ʈʘʟʣʦʛ ʟʘ ʦʚʘʢʚʦ ʧʦʥʘʰʘˁʝ ʿʝ ʫ ʚʨʝʜʥʦʩʪʠʤʘ 

ʬʘʢʪʦʨʘ ʧʨʠʛʫʰʝˁʘ ʢʦʿʠ ʫ ʩʣʫʯʘʿʫ ʜʚʦʬʣʫʠʜʥʦʛ ʤʦʜʝʣʘ ʠʤʘʿʫ ʚʝʦʤʘ ʤʘʣʝ ʚʨʝʜʥʦʩʪʠ 

s pg g g= ==0.001, ʜʦʢ ʩʫ ʫ ʩʣʫʯʘʿʫ ʧʨʦʰʠʨʝʥʦʛ ʤʦʜʝʣʘ ʚʨʝʜʥʦʩʪʠ ʟʥʘʪʥʦ ʚʝ˂ʝ ʠ ʠʟʥʦʩʝ 
sg

=0.1=2.72 eV ʠ 
pg=0.09=2.45 eV. ɿʘ ʤʘˁʝ ʙʨʟʠʥʝ ʢʨʝʪʘˁʘ ʧʨʦʪʦʥʘ, ʨʘʟʣʠʢʘ ʠʟʤʝʹʫ 

ʚʨʝʜʥʦʩʪʠ ʟʘʫʩʪʘʚʥʠʭ ʩʠʣʘ ʟʘ ʜʚʦʬʣʫʠʜʥʠ ʠ ʧʨʦʰʠʨʝʥʠ ʜʚʦʬʣʫʠʜʥʠ ʤʦʜʝʣ ʿʝ ʚʝʣʠʢʘ, ʢʘʢʦ 

ʩʝ ʙʨʟʠʥʘ ʧʦʚʝ˂ʘʚʘ ʪʘʢʦ ʠ ʦʚʘ ʨʘʟʣʠʢʘ ʦʧʘʜʘ. ʂʘʜʘ ʩʝ ʧʨʦʪʦʥ ʧʨʠʙʣʠʞʘʚʘ ʟʠʜʫ ʥʘʥʦʮʝʚʠ, 

ʚʨʝʜʥʦʩʪʠ ʟʘ ʟʘʫʩʪʘʚʥʫ ʩʠʣʫ ʿʘʢʦ ʨʘʩʪʫ ʠ ʟʘ ʿʝʜʘʥ ʠ ʟʘ ʜʨʫʛʠ ʤʦʜʝʣ, ʰʪʦ ʩʝ ʤʦʞʝ ʦʙʿʘʩʥʠʪʠ 

ʚʝ˂ʠʤ ʠʥʪʝʥʟʠʪʝʪʦʤ ʠʥʪʝʨʘʢʮʠʿʝ ʧʨʦʪʦʥʘ ʩʘ ʝʣʝʢʪʨʦʥʩʢʠʤ ʛʘʩʦʤ. 

 ʅʘ ʩʣʠʮʠ 5.32 ʧʨʠʢʘʟʫʿʝʤʦ ʧʨʦʩʪʦʨʥʫ ʨʘʩʧʦʜʝʣʫ ʧʨʦʪʦʥʘ ʢʘʥʘʣʠʩʘʥʠʭ ʢʨʦʟ 

ʥʘʥʦʮʝʚ SWNT (6, 4), ʙʨʟʠʥʘ ʧʨʦʪʦʥʘ ʿʝ v= 3 a.u.. ʉʠʤʫʣʘʮʠʿʘ ʿʝ ʨʘʹʝʥʘ ʟʘ ʦʙʘ 

ʭʠʜʨʦʜʠʥʘʤʠʯʢʘ ʤʦʜʝʣʘ. ʉʣʠʢʘ 5.33 ʧʨʝʜʩʪʘʚˀʘ ʫʛʘʦʥʫ ʜʠʩʪʨʠʙʫʮʠʿʫ ʧʨʦʪʦʥʘ 

ʢʘʥʘʣʠʩʘʥʠʭ ʢʨʦʟ ʠʩʪʫ ʥʘʥʦʮʝʚ ʠʩʪʦʤ ʙʨʟʠʥʦʤ. ʉʠʤʫʣʘʮʠʿʘ ʿʝ ʪʘʢʦʹʝ ʨʘʹʝʥʘ ʟʘ ʦʙʘ 

ʤʦʜʝʣʘ. ʄʦʞʝ ʩʝ ʫʦʯʠʪʠ ʜʘ ʩʝ ʧʨʦʩʪʦʨʥʘ ʠ ʫʛʘʦʥʘ ʨʘʩʧʦʜʝʣʘ ʜʦʙʠʿʝʥʘ ʫ ʩʣʫʯʘʿʫ 

ʧʨʦʰʠʨʝʥʦʛ ʜʚʦʬʣʫʠʜʥʦʛ ʭʠʜʨʦʜʠʥʘʤʠʯʢʦʛ ʤʦʜʝʣʘ ʨʘʟʣʠʢʫʿʫ ʦʜ ʠʩʪʠʭ ʨʘʩʧʦʜʝʣʘ ʟʘ 

ʧʨʦʰʠʨʝʥʠ ʜʚʦʬʣʫʠʜʥʠ ʤʦʜʝʣ. ʇʨʠʥʦʩʠ ʮʝʥʪʨʘʣʥʠʭ ʤʘʢʩʠʤʫʤʘ ʩʫ ʚʝ˂ʠ ʫ ʩʣʫʯʘʿʫ 

ʧʨʦʰʠʨʝʥʦʛ ʜʚʦʬʣʫʠʜʥʦʛ ʤʦʜʝʣʘ ʟʘ ʧʨʦʩʪʦʨʥʫ ʨʘʩʧʦʜʝʣʫ, ʜʦʢ ʿʝ ʦʙʨʥʫʪʘ ʩʠʪʫʘʮʠʿʘ ʟʘ 

ʫʛʘʦʥʫ ʨʘʩʧʦʜʝʣʫ. 

 

ʉʣʠʢʘ 5.32. ʇʨʦʩʪʦʨʥʘ ʨʘʩʧʦʜʝʣʘ ʧʨʦʪʦʥʘ ʢʘʥʘʣʠʩʘʥʠʭ ʫ SWNT (6, 4). 
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ʉʣʠʢʘ 5.33. ʋʛʘʦʥʘ ʨʘʩʧʦʜʝʣʘ ʧʨʦʪʦʥʘ ʢʘʥʘʣʠʩʘʥʠʭ ʫ SWNT (6, 4). 

 

 ʇʦʟʠʮʠʿʝ ʧʝʨʠʬʝʨʥʠʭ ʤʘʢʩʠʤʫʤʘ ʫ ʧʨʦʩʪʦʨʥʦʿ ʠ ʫʛʘʦʥʦʿ ʨʘʩʧʦʜʝʣʠ ʫ ʧʨʦʰʠʨʝʥʦʤ 

ʜʚʦʬʣʫʠʜʥʦʤ ʤʦʜʝʣʫ ʩʫ ʤʘʣʦ ʧʦʤʝʨʝʥʝ ʫ ʦʜʥʦʩʫ ʥʘ ʜʚʦʬʣʫʠʜʥʠ ʤʦʜʝʣ, ʪʘʢʦʹʝ ʠ ʰʠʨʠʥʘ 

ʦʚʠʭ ʤʘʢʩʠʤʫʤʘ ʩʝ ʤʘʣʦ ʨʘʟʣʠʢʫʿʝ. ʈʘʟʣʠʢʘ ʿʝ ʚʝ˂ʘ ʟʘ ʩʣʫʯʘʿ ʜʚʦʬʣʫʠʜʥʠ ï ʧʨʦʰʠʨʝʥʠ  

ʜʚʦʬʣʫʠʜʥʠ ʤʦʜʝʣ, ʥʝʛʦ ʫ ʩʣʫʯʘʿʫ ʜʚʦʬʣʫʠʜʥʠ ï ʿʝʜʥʦʬʣʫʠʜʥʠ  ʤʦʜʝʣ. ʆʚʘʢʘʚ ʝʬʝʢʘʪ ʿʝ 

ʧʦʩʣʝʜʠʮʘ ʫʪʠʮʘʿʘ ʨʘʟʣʠʯʠʪʠʭ ʬʘʢʪʦʨʘ ʧʨʠʛʫʰʝˁʘ ʠ ʧʦʚʨʘʪʥʠʭ ʬʨʝʢʚʝʥʮʠ. 

 ʋ ʦʚʦʤ ʧʦʛʣʘʚˀʫ ʩʤʦ ʨʘʟʤʘʪʨʘʣʠ ʝʬʝʢʪʝ ʜʠʥʘʤʠʯʢʝ ʧʦʣʘʨʠʟʘʮʠʿʝ (ʧʦʪʝʥʮʠʿʘʣ ʣʠʢʘ 

ʠ ʟʘʫʩʪʘʚʥʘ ʩʠʣʘ) ʢʘʦ ʧʦʩʣʝʜʠʮʫ ʠʥʪʝʨʘʢʮʠʿʝ ʧʦʟʠʪʠʚʥʦ ʥʘʝʣʝʢʪʨʠʩʘʥʝ ʯʝʩʪʠʮʝ ʠ ʟʠʜʘ 

ʥʘʥʦʮʝʚʠ. ɸʥʘʣʠʟʘ ʿʝ ʨʘʹʝʥʘ ʧʨʝʚʘʩʭʦʜʥʦ ʟʘ SWNT(6, 4) ʥʘʥʦʮʝʚ ʟʘ ʩʣʫʯʘʿ ʤʦʜʝʣʦʚʘˁʘ 

ʝʣʝʢʪʨʦʥʩʢʦʛ ʛʘʩʘ ʥʘ ʟʠʜʦʚʠʤʘ ʥʘʥʦʮʝʚʠ ʜʚʦʬʣʫʠʜʥʠʤ ʠ ʧʨʦʰʠʨʝʥʠʤ ʜʚʦʬʣʫʠʜʥʠʤ 

ʤʦʜʝʣʦʤ. ʈʘʯʫʥʘʣʠ ʩʤʦ ʧʦʪʝʥʮʠʿʘʣ ʣʠʢʘ ʠ ʟʘʫʩʪʘʚʥʫ ʩʠʣʫ ʟʘ ʩʣʫʯʘʿ ʢʘʜʘ ʩʝ ʧʨʦʪʦʥ ʢʨʝ˂ʝ 

ʧʘʨʘʣʝʣʥʦ ʩʘ ʦʩʦʤ ʥʘʥʦʮʝʚʠ ʫʥʫʪʘʨ ʠ ʚʘʥ ʥʘʥʦʮʝʚʠ. ɸʥʘʣʠʟʠʨʘʣʠ ʩʤʦ ʢʘʢʦ ʙʨʟʠʥʘ, ʢʘʦ ʠ 

ʧʦʣʦʞʘʿ ʧʨʦʪʦʥʘ, ʫʪʠʯʫ ʥʘ ʧʦʤʝʥʫʪʝ ʬʠʟʠʯʢʝ ʚʝʣʠʯʠʥʝ. ʊʘʢʦʹʝ ʩʤʦ ʨʘʟʤʘʪʨʘʣʠ ʫʪʠʮʘʿ 

ʘʥʛʫʣʘʨʥʠʭ ʤʦʜʦʚʘ ʥʘ ʚʨʝʜʥʦʩʪ ʧʦʪʝʥʮʠʿʘʣʘ ʣʠʢʘ. ʅʘ ʢʨʘʿʫ ʩʤʦ ʨʘʜʠʣʠ ʩʠʤʫʣʘʮʠʿʫ 

ʢʨʝʪʘˁʘ ʧʨʦʪʦʥʩʢʦʛ ʩʥʦʧʘ ʢʨʦʟ ʫʥʫʪʨʘʰˁʦʩʪ ʥʘʥʦʮʝʚʠ ʠ ʘʥʘʣʠʟʠʨʘʣʠ ʧʨʦʩʪʦʨʥʫ ʠ ʫʛʘʦʥʫ 

ʨʘʩʧʦʜʝʣʫ ʯʝʩʪʠʮʘ ʥʘ ʬʠʢʪʠʚʥʦʤ ʟʘʩʪʦʨʫ ʥʝʧʦʩʨʝʜʥʦ ʠʟʘ ʥʘʥʦʮʝʚʠ. ʄʦʞʝʤʦ ʟʘʢˀʫʯʠʪʠ ʜʘ 

ʿʝ ʠʥʪʝʨʘʢʮʠʿʘ ʧʨʦʪʦʥʘ ʩʘ ʥʘʥʦʮʝʚʠ ʥʘʿʿʘʯʘ ʫ ʦʧʩʝʛʫ ʙʨʟʠʥʘ ʧʨʦʪʦʥʘ 3 ʠ 5 a.u.. ʊʘʢʦʹʝ 

ʠʥʪʝʨʘʢʮʠʿʘ ʧʦʩʪʘʿʝ ʠʟʨʘʞʝʥʠʿʘ ʢʘʢʦ ʩʝ ʧʨʦʪʦʥ ʧʨʠʙʣʠʞʘʚʘ ʟʠʜʫ ʥʘʥʦʮʝʚʠ, ʢʘʦ ʠ ʢʘʜʘ ʩʝ 
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ʢʨʝ˂ʝ ʢʨʦʟ ʥʘʥʦʮʝʚʠ ʤʘˁʝʛ ʨʘʜʠʿʫʩʘ. ʀʥʪʝʨʘʢʮʠʿʘ ʧʨʦʪʦʥʘ ʩʘ ʥʘʥʦʮʝʚʠ ʢʘʜʘ ʩʝ ʧʨʦʪʦʥ 

ʢʨʝ˂ʝ ʫʥʫʪʘʨ ʠ ʚʘʥ ʥʘʥʦʮʝʚʠ ʿʝ ʩʣʠʯʥʘ. ʋ ʜʚʦʬʣʫʠʜʥʦʤ ʤʦʜʝʣʫ ʟʘ ʙʨʟʠʥʝ ʧʨʦʪʦʥʘ 8.5 a.u. 

ʚʨʝʜʥʦʩʪʠ ʟʘ ʧʦʪʝʥʮʠʿʘʣ ʣʠʢʘ ʧʦʩʪʘʿʫ ʧʦʟʠʪʠʚʥʝ, ʜʦʢ ʩʝ ʤʘʢʩʠʤʫʤ ʧʦʩʪʠʞʝ ʟʘ ʙʨʟʠʥʝ ʦʢʦ 

11.5vº a.u.. ʊʘʢʦʹʝ ʤʦʞʝʤʦ ʫʦʯʠʪʠ ʜʘ ʫ ʦʢʦʣʠʥʠ ʙʨʟʠʥʝ v= 0.71 a.u. (ʢʘʜʘ ʩʝ ʙʨʟʠʥʘ 

ʯʝʩʪʠʮʝ ʧʦʢʣʘʧʘ ʩʘ ʬʘʟʥʦʤ ʙʨʟʠʥʦʤ ʢʚʘʟʠʘʢʫʩʪʠʯʢʦʛ p ʧʣʘʟʤʦʥʘ) ʠ ʧʦʪʝʥʮʠʿʘʣ ʣʠʢʘ ʠ 

ʟʘʫʩʪʘʚʥʘ ʩʠʣʘ ʠʤʘʿʫ ʩʢʦʢʦʚʠʪʫ ʧʨʦʤʝʥʫ, ʘʣʠ ʩʘʤʦ ʟʘ ʩʣʫʯʘʿ ʜʚʦʬʣʫʠʜʥʦʛ ʤʦʜʝʣʘ. ɿʘ 

ʧʨʦʰʠʨʝʥʠ ʜʚʦʬʣʫʠʜʥʠ ʤʦʜʝʣ, ʦʚʘ ʧʨʦʤʝʥʘ ʩʝ ʜʝʰʘʚʘ ʥʘ ʤʘˁʠʤ ʙʨʟʠʥʘʤʘ, ʦʢʦ vº0.55 

a.u. ʠ ʜʦʩʪʘ ʿʝ ʤʘˁʝ ʠʟʨʘʞʝʥʘ. ʊʘʢʦʹʝ ʤʦʞʝʤʦ ʟʘʢˀʫʯʠʪʠ ʜʘ ʚʨʝʜʥʦʩʪʠ ʘʥʛʫʣʘʨʥʠʭ ʤʦʜʦʚʘ 

m ʫ ʦʧʩʝʛʫ (-3, 3) ʥʘʿʚʠʰʝ ʫʪʠʯʫ ʥʘ ʚʨʝʜʥʦʩʪ ʧʦʪʝʥʮʠʿʘʣʘ ʣʠʢʘ ʟʘ ʩʚʘ ʯʝʪʠʨʠ ʪʠʧʘ 

ʥʘʥʦʮʝʚʠ ʢʦʿʠ ʩʝ ʨʘʟʤʘʪʨʘ ʫ ʦʚʦʤ ʨʘʜʫ. ʐʪʦ ʿʝ ʨʘʜʠʿʫʩ ʥʘʥʦʮʝʚʠ ʤʘˁʠ ʪʦ ʿʝ ʫʪʠʮʘʿ 

ʧʦʤʝʥʫʪʠʭ ʤʦʜʦʚʘ ʚʝ˂ʠ. ɺʠʜʝʣʠ ʩʤʦ ʪʘʢʦʹʝ ʜʘ ʿʝ ʢʘʥʘʣʠʩʘˁʝ ʧʨʦʪʦʥʩʢʠʭ ʩʥʦʧʦʚʘ ʢʨʦʟ 

ʥʘʥʦʮʝʚ SWNT(6, 4) ʨʘʟʣʠʯʠʪʦ ʫ ʩʣʫʯʘʿʫ ʨʘʟʣʠʯʠʪʠʭ ʤʦʜʝʣʘ (ʦʚʜʝ ʜʚʦʬʣʫʠʜʥʦʛ ʠ 

ʧʨʦʰʠʨʝʥʦʛ ʜʚʦʬʣʫʠʜʥʦʛ). 

 ʆʧʰʪʠ ʟʘʢˀʫʯʘʢ ʙʠ ʙʠʦ ʜʘ ʩʝ ʝʬʝʢʪʠ ʜʠʥʘʤʠʯʢʝ ʧʦʣʘʨʠʟʘʮʠʿʝ ʤʦʨʘʿʫ ʫʨʘʯʫʥʘʪʠ 

ʧʨʠʣʠʢʦʤ ʩʠʤʫʣʘʮʠʿʝ ʠʣʠ ʘʥʘʣʠʟʘ ʢʨʝʪʘˁʘ (ʢʘʥʘʣʠʩʘˁʘ) ʧʨʦʪʦʥʘ ʝʥʝʨʛʠʿʘ 100 keV - 10 

MeV ʢʨʦʟ ʥʘʥʦʮʝʚʠ. ɿʘ ʚʨʝʜʥʦʩʪʠ ʝʥʝʨʛʠʿʝ ʧʨʦʪʦʥʘ ʠʟʥʘʜ 10 MeV ʦʜʟʠʚ ʝʣʝʢʪʨʦʥʩʢʦʛ ʛʘʩʘ 

ʥʘʥʦʮʝʚʠ ʿʝ ʜʦʚʦˀʥʦ ʩʧʦʨ ʪʘʢʦ ʜʘ ʩʝ ʪʘʜʘ ʧʨʠʣʠʢʦʤ ʨʘʯʫʥʘˁʘ ʪʨʘʿʝʢʪʦʨʠʿʝ ʧʨʦʪʦʥʘ, 

ʫʛʘʦʥʠʭ ʠ ʧʨʦʩʪʦʨʥʠʭ ʨʘʩʧʦʜʝʣʘ ʦʚʠ ʝʬʝʢʪʠ ʟʘʥʝʤʘʨʫʿʫ [69-71]. 
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5.4 ʂʘʥʘʣʠʩʘˁʝ ʿʦʥʘ ʢʨʦʟ ʧʨʘʚʝ ʠ ʟʘʢʨʠʚˀʝʥʝ ʥʘʥʦʮʝʚʠ ʫ 

ʜʚʦʬʣʫʠʜʥʦʤ ʠ ʧʨʦʰʠʨʝʥʦʤ ʜʚʦʬʣʫʠʜʥʦʤ ʤʦʜʝʣʫ  
 

 ʋ ʦʚʦʤ ʧʦʛʣʘʚˀʫ ʘʥʘʣʠʟʠʨʘʤʦ ʠʥʪʝʨʘʢʮʠʿʫ ʧʦʟʠʪʠʚʥʦ ʥʘʝʣʝʢʪʨʠʩʘʥʠʭ ʯʝʩʪʠʮʘ 

(ʧʨʦʪʦʥʘ, ʿʦʥʘ) ʩʘ ʧʨʘʚʠʤ ʠ ʟʘʢʨʠʚˀʝʥʠʤ ʥʘʥʦʮʝʚʠʤʘ ʫ ʦʢʚʠʨʫ ʜʚʦʬʣʫʠʜʥʦʛ ʠ 

ʧʨʦʰʠʨʝʥʦʛ ʜʚʦʬʣʫʠʜʥʦʛ ʤʦʜʝʣʘ. ʈʘʯʫʥʘʤʦ ʧʦʪʝʥʮʠʿʘʣ ʣʠʢʘ ʟʘ ʧʨʦʪʦʥʝ ʢʦʿʠ ʩʝ ʢʨʝ˂ʫ ʢʨʦʟ 

ʯʝʪʠʨʠ ʪʠʧʘ ʥʘʥʦʮʝʚʠ: 

¶ SWNT (6, 4)  

¶ SWNT (8, 6) 

¶ SWNT (11, 9) 

¶ SWNT (15, 10) 

ʧʨʠ ʙʨʟʠʥʠ ʦʜ 3 a.u. ʈʘʯʫʥʘʤʦ ʫʢʫʧʥʠ ʧʦʪʝʥʮʠʿʘʣ ʫ ʟʘʢʨʠʚˀʝʥʠʤ ʥʘʥʦʮʝʚʠʤʘ. 

ɸʥʘʣʠʟʠʨʘʤʦ ʧʨʦʮʝʩ ʢʘʥʘʣʠʩʘˁʘ ʧʨʦʪʦʥʩʢʠʭ ʩʥʦʧʦʚʘ ʢʨʦʟ ʧʨʘʚʝ ʠ ʟʘʢʨʠʚˀʝʥʝ ʥʘʥʦʮʝʚʠ. 

ʈʘʯʫʥʘʤʦ ʧʨʦʩʪʦʨʥʫ ʠ ʫʛʘʦʥʫ ʨʘʩʧʦʜʝʣʫ ʠ ʩʠʤʫʣʠʨʘʤʦ ʧʨʠʢʘʟʝ ʝʣʝʢʪʨʦʥʩʢʦʛ ʜʝʪʝʢʪʦʨʘ ʥʘ 

ʟʘʩʪʦʨʫ ʥʝʧʦʩʨʝʜʥʦ ʠʟʘ ʥʘʥʦʮʝʚʠ. ɿʘ ʧʨʦʰʠʨʝʥʠ ʜʚʦʬʣʫʠʜʥʠ ʤʦʜʝʣ ʧʘʨʘʤʝʪʨʝ ʫʟʠʤʘʤʦ 

ʢʘʦ ʠ ʫ ʧʨʝʪʭʦʜʥʦʤ ʧʦʛʣʘʚˀʫ ʥʘ ʦʩʥʦʚʫ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʠʭ ʨʝʟʫʣʪʘʪʘ ʟʘ ʛʨʘʬʝʥ. 

ɿʘ ʨʝʧʫʣʟʠʚʥʠ ʧʦʪʝʥʮʠʿʘʣ (ʠʥʪʝʨʘʢʮʠʿʘ ʧʨʦʪʦʥʘ ʩʘ ʿʝʟʛʨʠʤʘ ʫʛˀʝʥʠʢʦʚʠʭ ʘʪʦʤʘ) 

ʢʘʦ ʰʪʦ ʩʤʦ ʚʝ˂ ʥʘʧʦʤʝʥʫʣʠ ʫ ʧʨʝʪʭʦʜʥʦʤ ʧʦʛʣʘʚˀʫ ʫʟʠʤʘʤʦ ʚʨʝʜʥʦʩʪ ʥʘ ʦʩʥʦʚʫ ʠʟʨʘʟʘ 

3.12. ʋ ʦʚʦʤ ʠʟʨʘʟʫ ʟʘ ʢʦʥʩʪʘʥʪʝ ʫʟʠʤʘʤʦ ʩʣʝʜʝ˂ʝ ʚʨʝʜʥʦʩʪʠ: 

aj = {  0.115, 0.188, 0.072, 0.020} , 

bj = {  0.547, 0.989, 1.982, 5.656}, 

 

ʥʘ ʦʩʥʦʚʫ [13], ʛʜʝ ʩʫ ʦʚʦ ʚʨʝʜʥʦʩʪʠ ʠʟʨʘʞʝʥʝ ʫ ʘʪʦʤʩʢʠʤ ʿʝʜʠʥʠʮʘʤʘ. 

ʆʩʠʤ ʨʝʧʫʣʟʠʚʥʦʛ ʧʦʪʝʥʮʠʿʘʣʘ, ʠʥʪʝʨʘʢʮʠʿʫ ʧʨʦʪʦʥ ï ʥʘʥʦʮʝʚ ʦʜʨʝʹʫʿʝ ʠ 

ʧʦʪʝʥʮʠʿʘʣ ʣʠʢʘ. ʋ ʩʣʫʯʘʿʫ ʜʚʦʬʣʫʠʜʥʦʛ ʤʦʜʝʣʘ ʧʦʪʝʥʮʠʿʘʣ ʣʠʢʘ ʿʝ ʜʘʪ ʠʟʨʘʟʦʤ 4.63, ʜʦʢ 

ʿʝ ʟʘ ʧʨʦʰʠʨʝʥʠ ʜʚʦʬʣʫʠʜʥʠ ʤʦʜʝʣ ʜʘʪ ʠʟʨʘʟʦʤ 4.70. ʂʨʝʪʘˁʝ ʧʨʦʪʦʥʘ ʘʥʘʣʠʟʠʨʘʤʦ 

ʠʩʢˀʫʯʠʚʦ ʫʥʫʪʘʨ ʥʘʥʦʮʝʚʠ, ʧʨʠ ʯʝʤʫ ʫ ʦʚʦʤ ʩʣʫʯʘʿʫ ʫʟʠʤʘʤʦ ʜʫʞʠʥʫ ʥʘʥʦʮʝʚʠ ʦʜ L = 

0.2 µm (ʠ ʟʘ ʧʨʘʚʝ ʠ ʟʘʢʨʠʚˀʝʥʝ ʥʘʥʦʮʝʚʠ). 

ʉʤʘʪʨʘʤʦ ʜʘ ʩʫ ʢʨʠʚʝ ʥʘʥʦʮʝʚʠ ʟʘʢʨʠʚˀʝʥʝ ʜʫʞ ʧʦʟʠʪʠʚʥʦʛ ʜʝʣʘ y  ʦʩʝ ʩʘ ʫʛʣʦʤ 

ʟʘʢʨʠʚˀʝˁʘ a = 4 mrad. ɿʘʢʨʠʚˀʝʥʝ ʥʘʥʦʮʝʚʠ ʩʫ ʘʥʘʣʠʟʠʨʘʥʝ ʫ ʧʦʛʣʘʚˀʫ 4.6, ʛʜʝ ʿʝ 

ʨʝʯʝʥʦ ʜʘ ʩʝ ʝʬʝʢʘʪ ʟʘʢʨʠʚˀʝˁʘ ʦʛʣʝʜʘ ʫ ʠʟʤʝˁʝʥʦʿ ʚʨʝʜʥʦʩʪʠ ʫʢʫʧʥʦʛ ʧʦʪʝʥʮʠʿʘʣʘ ʢʦʿʠ 

ʿʝ ʜʘʪ ʠʟʨʘʟʦʤ 4.74, ʛʜʝ ʿʝ 
bR  ʨʘʜʠʿʫʩ ʢʨʠʚʠʥʝ ʢʦʿʠ ʠʟʥʦʩʠ /bR L a= . ʋʢʫʧʥʠ ʧʦʪʝʥʮʠʿʘʣ 

ʢʦʜ ʟʘʢʨʠʚˀʝʥʠʭ ʥʘʥʦʮʝʚʠ ʩʝ ʨʘʟʣʠʢʫʿʝ ʦʜ ʫʢʫʧʥʦʛ ʧʦʪʝʥʮʠʿʘʣʘ ʢʦʜ ʧʨʘʚʠʭ ʥʘʥʦʮʝʚʠ 

ʫʧʨʘʚʦ ʟʘ ʯʣʘʥ ʢʦʿʠ ʧʦʪʠʯʝ ʦʜ ʮʝʥʪʨʠʬʫʛʘʣʥʝ ʩʠʣʝ ʠ ʜʘʪ ʿʝ ʢʘʦ: 
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0 0 0 0( ) ( ) ( ) / ,t rep im bU U U mv y Rr r r= + +  (5.3) 

 

ʜʦʢ ʿʝ ʟʘ ʧʨʘʚʝ ʥʘʥʦʮʝʚʠ ʜʘʪ ʠʟʨʘʟʦʤ 5.2. 

 ʂʘʥʘʣʠʩʘˁʝ ʿʦʥʘ ʢʨʦʟ ʥʘʥʦʮʝʚ ʿʝ ʧʨʦʛʨʘʤʩʢʠ ʩʠʤʫʣʠʨʘʥʦ ʄʦʥʪʝ ʂʘʨʣʦ ʤʝʪʦʜʦʤ 

ʛʜʝ ʿʝ ʥʘ ʦʩʥʦʚʫ ʩʠʤʫʣʘʮʠʿʝ ʛʝʥʝʨʠʩʘʥʘ ʧʨʦʩʪʦʨʥʘ ʠ ʫʛʘʦʥʘ ʨʘʩʧʦʜʝʣʘ, ʢʘʦ ʠ ʧʨʦʩʪʦʨʥʠ 

ʧʨʠʢʘʟ ʧʦʧʨʝʯʥʦʛ ʧʨʝʩʝʢʘ ʩʥʦʧʘ ʧʨʦʪʦʥʘ ʥʘ ʠʟʣʘʟʫ ʠʟ ʥʘʥʦʮʝʚʠ. ʇʦʯʝʪʥʝ ʧʦʟʠʮʠʿʝ 

ʪʨʘʿʝʢʪʦʨʠʿʝ ʧʨʦʪʦʥʘ 
0x  ʠ 

0y  ʩʫ ʫʟʠʤʘʥʝ ʢʘʦ ʩʣʫʯʘʿʥʝ ʚʨʝʜʥʦʩʪʠ ʩʘ ʫʥʠʬʦʨʤʥʦʤ 2ɼ 

ʨʘʩʧʦʜʝʣʦʤ ʧʨʠ ʫʩʣʦʚʫ 2 2 1/2

0 0 0( ) sc= x + y R ar < - , ʛʜʝ ʿʝ [ ] 0

3/1

2

2 )128/(9 aZasc p=  ʨʘʜʠʿʫʩ 

ʝʢʨʘʥʠʨʘˁʘ ʘʪʦʤʘ ʥʘʥʦʮʝʚʠ, ʘ 
0a  ʿʝ ɹʦʨʦʚ ʨʘʜʠʿʫʩ. ʊʨʝʥʫʪʥʘ ʧʦʟʠʮʠʿʘ ʧʨʦʪʦʥʘ ʿʝ ʜʦʙʠʿʝʥʘ 

ʥʫʤʝʨʠʯʢʠʤ ʨʝʰʘʚʘˁʝʤ ʿʝʜʥʘʯʠʥʘ ʢʨʝʪʘˁʘ ʫ ʪʨʘʥʩʚʝʨʟʘʣʥʦʿ ʨʘʚʥʠ (ʥʦʨʤʘʣʥʦ ʥʘ ʦʩʫ 

ʥʘʥʦʮʝʚʠ).  

 ʉʣʠʢʝ 5.34-5.37 ʧʨʠʢʘʟʫʿʫ ʢʘʢʦ ʧʦʪʝʥʮʠʿʘʣ ʣʠʢʘ 
imU , ʨʝʧʫʣʟʠʚʥʠ ʧʦʪʝʥʮʠʿʘʣ 

rU  ʠ 

ʪʦʪʘʣʥʠ ʧʦʪʝʥʮʠʿʘʣ 
tU  ʟʘʚʠʩʝ ʦʜ ʧʦʟʠʮʠʿʝ ʧʨʦʪʦʥʘ 

0rʦʜ ʮʝʥʪʨʘ ʥʘʥʦʮʝʚʠ. ʈʘʯʫʥ ʿʝ 

ʩʧʨʦʚʝʜʝʥ ʟʘ ʩʚʘ ʯʝʪʠʨʠ ʪʠʧʘ ʥʘʥʦʮʝʚʠ ʧʨʠ ʙʨʟʠʥʠ ʧʨʦʪʦʥʘ ʦʜ v  = 3 a.u. ʠ ʬʘʢʪʦʨʫ 

ʧʨʠʛʫʰʝˁʘ g= 0.005. ʈʘʜʠʿʫʩʠ ʥʘʥʦʮʝʚʠ ʩʫ R = 0.346, 0.483, 0.689 ʠ 0.865 nm ʟʘ SWNT (6, 

4), (8, 6), (11,9) ʠ (15,10), ʨʝʩʧʝʢʪʠʚʥʦ. ɺʝʨʪʠʢʘʣʥʝ ʠʩʧʨʝʢʠʜʘʥʝ ʣʠʥʠʿʝ ʧʨʝʜʩʪʘʚˀʘʿʫ 

ʛʨʘʥʠʮʫ ʜʦ ʢʦʿʝ ʿʝ ʚʨʰʝʥ ʧʨʦʨʘʯʫʥ ʧʦʤʝʥʫʪʠʭ ʚʝʣʠʯʠʥʘ ʠ ʥʘʣʘʟʝ ʩʝ ʥʘ ʨʘʩʪʦʿʘˁʫ 
scR a- ʦʜ 

ʦʩʝ ʥʘʥʦʮʝʚʠ. ʇʨʠʣʠʢʦʤ ʢʨʝʪʘˁʘ ʧʨʦʪʦʥʘ ʩʝ ʤʦʞʝ ʜʝʩʠʪʠ ʜʘ ʧʨʦʪʦʥ ʥʘʧʫʩʪʠ ʦʚʫ ʦʙʣʘʩʪ 

( )0 scR ar< - , ʫ ʪʦʤ ʩʣʫʯʘʿʫ ʩʤʘʪʨʘʤʦ ʜʘ ʿʝ ʧʨʦʪʦʥ ʜʝʢʘʥʘʣʠʩʘʥ ʠ ʜʘˀʝ ʥʝ ʨʘʟʤʘʪʨʘʤʦ 

ˁʝʛʦʚʦ ʢʨʝʪʘˁʝ. ʋ ʩʚʠʤ ʩʣʫʯʘʿʝʚʠʤʘ ʧʦʪʝʥʮʠʿʘʣʠ ʩʫ ʮʠʣʠʥʜʨʠʯʥʦ ʩʠʤʝʪʨʠʯʥʠ, ʪʦ ʿʝʩʪ 

ʚʘʞʠ 
0 0( ) ( )i iU Ur r= - ( , ,i im r t= ). ʅʘ ʩʣʠʢʘʤʘ ʩʝ ʪʘʢʦʹʝ ʤʦʞʝ ʚʠʜʝʪʠ ʫʪʠʮʘʿ ʧʦʪʝʥʮʠʿʘʣʘ 

ʣʠʢʘ 
imU  ʥʘ ʪʦʪʘʣʥʠ ʧʦʪʝʥʮʠʿʘʣ 

tU . ʊʦʪʘʣʥʠ ʧʦʪʝʥʮʠʿʘʣ ʿʝ ʝʬʝʢʪʠʚʥʦ ʤʘˁʠ ʫʢʦʣʠʢʦ 

ʫʨʘʯʫʥʘʚʘʤʦ ʠ ʧʦʪʝʥʮʠʿʘʣ ʣʠʢʘ 
imU  ʠ ʧʦʩʪʘʿʝ ʧʨʠʚʣʘʯʘʥ ʫ ʥʝʢʠʤ ʦʙʣʘʩʪʠʤʘ ʥʘʥʦʮʝʚʠ. 
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ʉʣʠʢʘ 5.34. ʇʦʪʝʥʮʠʿʘʣʠ ʫ ʥʘʥʦʮʝʚʠ SWNT(6,4) ʧʨʠʣʠʢʦʤ ʢʘʥʘʣʠʩʘˁʘ ʧʨʦʪʦʥʘ. 

 

ʉʣʠʢʘ 5.35. ʇʦʪʝʥʮʠʿʘʣʠ ʫ ʥʘʥʦʮʝʚʠ SWNT(8,6) ʧʨʠʣʠʢʦʤ ʢʘʥʘʣʠʩʘˁʘ ʧʨʦʪʦʥʘ. 
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ʉʣʠʢʘ 5.36. ʇʦʪʝʥʮʠʿʘʣʠ ʫ ʥʘʥʦʮʝʚʠ SWNT(11,9) ʧʨʠʣʠʢʦʤ ʢʘʥʘʣʠʩʘˁʘ ʧʨʦʪʦʥʘ. 

 

ʉʣʠʢʘ 5.37. ʇʦʪʝʥʮʠʿʘʣʠ ʫ ʥʘʥʦʮʝʚʠ SWNT(15,10) ʧʨʠʣʠʢʦʤ ʢʘʥʘʣʠʩʘˁʘ ʧʨʦʪʦʥʘ. 
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 ʅʘ ʩʣʠʢʘʤʘ 5.38-5.41 ʿʝ ʧʨʠʢʘʟʘʥʘ ʟʘʚʠʩʥʦʩʪ ʫʢʫʧʥʦʛ ʧʦʪʝʥʮʠʿʘʣʘ ʦʜ ʧʦʣʦʞʘʿʘ 

ʧʨʦʪʦʥʘ 
0r ʦʜ ʮʝʥʪʨʘ ʥʘʥʦʮʝʚʠ. ɸʥʘʣʠʟʠʨʘʤʦ ʟʘʢʨʠʚˀʝʥʝ ʥʘʥʦʮʝʚʠ ʠ ʧʦʨʝʜʠʤʦ ʩʘ 

ʩʣʫʯʘʿʝʤ ʧʨʘʚʠʭ ʥʘʥʦʮʝʚʠ. ʉʤʘʪʨʘʤʦ ʜʘ ʩʝ ʧʨʦʪʦʥ ʢʨʝ˂ʝ ʙʨʟʠʥʦʤ v  = 3 a.u., ʬʘʢʪʦʨ 

ʧʨʠʛʫʰʝˁʘ ʫʟʠʤʘʤʦ ʜʘ ʿʝ g= 0.005, ʜʫʞʠʥʘ ʥʘʥʦʮʝʚʠ ʿʝ L = 0.2 µm, ʜʦʢ ʿʝ ʫʛʘʦ 

ʟʘʢʨʠʚˀʝˁʘ a = 4 mrad. ʉʘ ʩʣʠʢʘ ʤʦʞʝʤʦ ʟʘʢˀʫʯʠʪʠ ʜʘ ʫʢʫʧʘʥ ʧʦʪʝʥʮʠʿʘʣ ʫ 

ʟʘʢʨʠʚˀʝʥʠʤ ʥʘʥʦʮʝʚʠʤʘ ʚʠʰʝ ʥʠʿʝ ʮʠʣʠʥʜʨʠʯʥʦ ʩʠʤʝʪʨʠʯʘʥ ʠ ʥʝ ʚʘʞʠ ʿʝʜʥʘʢʦʩʪ  

0 0( ) ( )t tU Ur r= - . ʆʚʘʢʚʘ ʦʩʦʙʠʥʘ ʬʫʥʢʮʠʿʝ ʧʦʪʝʥʮʠʿʘʣʘ ʧʦʩʣʝʜʠʮʘ ʿʝ ʮʝʥʪʨʠʬʫʛʘʣʥʝ ʩʠʣʝ 

ʢʦʿʘ ʜʝʣʫʿʝ ʥʘ ʧʨʦʪʦʥ. ʂʘʢʦ ʩʝ ʨʘʩʪʦʿʘˁʝ ʧʨʦʪʦʥʘ 
0r ʦʜ ʮʝʥʪʨʘ ʟʘʢʨʠʚˀʝʥʝ ʥʘʥʦʮʝʚʠ 

ʫʚʝ˂ʘʚʘ, ʨʘʟʣʠʢʘ ʧʦʪʝʥʮʠʿʘʣʘ ʫ ʦʜʥʦʩʫ ʥʘ ʧʨʘʚʝ ʥʘʥʦʮʝʚʠ ʿʝ ʩʚʝ ʚʝ˂ʘ. ʆʚʦ ʩʝ ʤʦʞʝ 

ʧʨʦʪʫʤʘʯʠʪʠ ʥʘ ʦʩʥʦʚʫ ʠʟʨʘʟʘ 5.3 ʛʜʝ ʬʠʛʫʨʠʰʝ ʯʣʘʥ ʢʦʿʠ ʣʠʥʝʘʨʥʦ ʟʘʚʠʩʠ ʦʜ 
0r. ɸʢʦ ʫ 

ʠʟʨʘʟʫ 5.3 ʜʝʬʠʥʠʰʝʤʦ ʯʣʘʥ  
effU  ʢʘʦ:  

 2

0 0 0( ) ( ) / ,eff rep bU U mv y Rr r= +  (5.4) 

 

ʚʠʜʠʤʦ ʜʘ ʟʙʦʛ ʧʨʠʩʫʩʪʚʘ ʯʣʘʥʘ ʢʦʿʠ ʧʦʪʠʯʝ ʦʜ ʮʝʥʪʨʠʬʫʛʘʣʥʝ ʩʠʣʝ ʦʚʘʿ ʧʦʪʝʥʮʠʿʘʣ ʤʦʞʝ 

ʙʠʪʠ ʧʨʠʚʣʘʯʘʥ ʫ ʨʝʣʘʪʠʚʥʦ ʰʠʨʦʢʦʤ ʧʨʦʩʪʦʨʫ ʥʘʥʦʮʝʚʠ. ʇʦʪʝʥʮʠʿʘʣ ʣʠʢʘ 
imU   ʫʪʠʯʝ  ʜʘ 

ʩʝ ʦʚʘʿ ʨʝʛʠʦʥ ʜʦʜʘʪʥʦ ʫʚʝ˂ʘ.  

 

ʉʣʠʢʘ 5.38. ʇʦʪʝʥʮʠʿʘʣʠ ʫ ʧʨʘʚʦʿ ʠ ʟʘʢʨʠʚˀʝʥʦʿ SWNT(6,4) ʧʨʠʣʠʢʦʤ ʢʘʥʘʣʠʩʘˁʘ 

ʧʨʦʪʦʥʘ. 
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ʉʣʠʢʘ 5.39. ʇʦʪʝʥʮʠʿʘʣʠ ʫ ʧʨʘʚʦʿ ʠ ʟʘʢʨʠʚˀʝʥʦʿ SWNT(8,6) ʧʨʠʣʠʢʦʤ ʢʘʥʘʣʠʩʘˁʘ 

ʧʨʦʪʦʥʘ. 

 
ʉʣʠʢʘ 5.40. ʇʦʪʝʥʮʠʿʘʣʠ ʫ ʧʨʘʚʦʿ ʠ ʟʘʢʨʠʚˀʝʥʦʿ SWNT(11,9) ʧʨʠʣʠʢʦʤ ʢʘʥʘʣʠʩʘˁʘ 

ʧʨʦʪʦʥʘ. 



ɻʣʘʚʘ 5. ʈʝʟʫʣʪʘʪʠ ʠ ʜʠʩʢʫʩʠʿʘ 

 

83 

 

 
ʉʣʠʢʘ 5.41. ʇʦʪʝʥʮʠʿʘʣʠ ʫ ʧʨʘʚʦʿ ʠ ʟʘʢʨʠʚˀʝʥʦʿ SWNT(15,10) ʧʨʠʣʠʢʦʤ ʢʘʥʘʣʠʩʘˁʘ 

ʧʨʦʪʦʥʘ. 

 

 ʅʘ ʩʣʠʢʘʤʘ 5.42-5.49 ʿʝ ʧʨʠʢʘʟʘʥʘ ʧʨʦʩʪʦʨʥʘ ʨʘʩʧʦʜʝʣʘ ʧʨʦʪʦʥʩʢʦʛ ʩʥʦʧʘ ʫ xy 

ʨʘʚʥʠ ʥʘʢʦʥ ʢʘʥʘʣʠʩʘˁʘ ʫ ʟʘʢʨʠʚˀʝʥʠʤ ʥʘʥʦʮʝʚʠʤʘ ʩʘ ʫʛʣʦʤ ʟʘʢʨʠʚˀʝˁʘ a = 4 mrad ʫ 

ʩʣʫʯʘʿʫ SWNT(6, 4) (ʩʣʠʢʝ 5.42-5.43), SWNT(8, 6) (ʩʣʠʢʝ 5.44-5.45), SWNT(11, 9) (ʩʣʠʢʝ 

5.46-5.47) ʠ SWNT(15, 10) (ʩʣʠʢʝ 5.48-5.49). ʉʤʘʪʨʘʤʦ ʜʘ ʩʝ ʫ ʧʦʩʤʘʪʨʘʥʦʤ ʪʨʝʥʫʪʢʫ ʫ 

ʥʘʥʦʮʝʚʠ ʥʘʣʘʟʠ ʩʘʤʦ ʿʝʜʘʥ ʧʨʦʪʦʥ. ʉʥʦʧ ʧʨʦʪʦʥʘ ʿʝ ʩʘʯʠˁʝʥ ʦʜ ʚʝʣʠʢʦʛ ʙʨʦʿʘ 

ʠʥʜʠʚʠʜʫʘʣʥʠʭ ʯʝʩʪʠʮʘ ʛʜʝ ʩʝ ʢʨʝʪʘˁʝ ʧʨʦʪʦʥʘ ʦʜʨʝʹʫʿʝ ʨʝʰʘʚʘˁʝʤ ʢʣʘʩʠʯʥʠʭ ʿʝʜʥʘʯʠʥʘ 

ʢʨʝʪʘˁʘ. ʉʠʤʫʣʘʮʠʿʘ ʢʘʥʘʣʠʩʘˁʘ ʧʨʦʪʦʥʘ ʿʝ ʫʨʘʹʝʥʘ ʄʦʥʪʝ ʂʘʨʣʦ ʤʝʪʦʜʦʤ. ɿʘ 

ʠʩʧʠʪʠʚʘˁʝ ʫʪʠʮʘʿʘ ʧʦʪʝʥʮʠʿʘʣʘ ʣʠʢʘ ʥʘ ʧʨʦʩʪʦʨʥʫ ʨʘʩʧʦʜʝʣʫ ʢʘʥʘʣʠʩʘʥʠʭ ʧʨʦʪʦʥʘ 

ʢʦʨʠʩʪʠʤʦ ʜʚʦʜʠʤʝʥʟʠʦʥʠ ʧʨʦʰʠʨʝʥʠ ʭʠʜʨʦʜʠʥʘʤʠʯʢʠ ʤʦʜʝʣ. ʅʘ ʦʩʥʦʚʫ ʧʨʠʢʘʟʘʥʠʭ 

ʩʣʠʢʘ, ʤʦʞʝʤʦ ʟʘʢˀʫʯʠʪʠ ʜʘ ʩʝ ʫʪʠʮʘʿ ʧʦʪʝʥʮʠʿʘʣʘ ʣʠʢʘ ʦʛʣʝʜʘ ʫ ʰʠʨʝˁʫ ʧʨʦʪʦʥʩʢʦʛ 

ʩʥʦʧʘ ʢʦʿʠ ʩʝ ʧʨʦʧʫʰʪʘ ʢʨʦʟ ʥʘʥʦʮʝʚʠ. ɿʘ ʥʘʥʦʮʝʚʠ ʚʝ˂ʝʛ ʨʘʜʠʿʫʩʘ ʦʚʘʿ ʝʬʝʢʘʪ ʿʝ 

ʠʟʨʘʞʝʥʠʿʠ. 
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ʉʣʠʢʘ 5.42. ʇʨʦʩʪʦʨʥʘ ʨʘʩʧʦʜʝʣʘ ʫ ʩʣʫʯʘʿʫ ʢʘʜʘ ʥʠʿʝ ʫʨʘʯʫʥʘʪ ʧʦʪʝʥʮʠʿʘʣ ʣʠʢʘ ʫ 

ʟʘʢʨʠʚˀʝʥʦʿ SWNT(6,4). 

 

ʉʣʠʢʘ 5.43. ʇʨʦʩʪʦʨʥʘ ʨʘʩʧʦʜʝʣʘ ʫ ʩʣʫʯʘʿʫ ʢʘʜʘ ʿʝ ʫʨʘʯʫʥʘʪ ʧʦʪʝʥʮʠʿʘʣ ʣʠʢʘ ʫ 

ʟʘʢʨʠʚˀʝʥʦʿ SWNT(6,4). 
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ʉʣʠʢʘ 5.44. ʇʨʦʩʪʦʨʥʘ ʨʘʩʧʦʜʝʣʘ ʫ ʩʣʫʯʘʿʫ ʢʘʜʘ ʥʠʿʝ ʫʨʘʯʫʥʘʪ ʧʦʪʝʥʮʠʿʘʣ ʣʠʢʘ ʫ 

ʟʘʢʨʠʚˀʝʥʦʿ SWNT(8,6). 

 

 

ʉʣʠʢʘ 5.45. ʇʨʦʩʪʦʨʥʘ ʨʘʩʧʦʜʝʣʘ ʫ ʩʣʫʯʘʿʫ ʢʘʜʘ ʿʝ ʫʨʘʯʫʥʘʪ ʧʦʪʝʥʮʠʿʘʣ ʣʠʢʘ ʫ 

ʟʘʢʨʠʚˀʝʥʦʿ SWNT(8,6). 



ɻʣʘʚʘ 5. ʈʝʟʫʣʪʘʪʠ ʠ ʜʠʩʢʫʩʠʿʘ 

 

86 

 

 

ʉʣʠʢʘ 5.46. ʇʨʦʩʪʦʨʥʘ ʨʘʩʧʦʜʝʣʘ ʫ ʩʣʫʯʘʿʫ ʢʘʜʘ ʥʠʿʝ ʫʨʘʯʫʥʘʪ ʧʦʪʝʥʮʠʿʘʣ ʣʠʢʘ ʫ 

ʟʘʢʨʠʚˀʝʥʦʿ SWNT(11,9). 

 

 

ʉʣʠʢʘ 5.47. ʇʨʦʩʪʦʨʥʘ ʨʘʩʧʦʜʝʣʘ ʫ ʩʣʫʯʘʿʫ ʢʘʜʘ ʿʝ ʫʨʘʯʫʥʘʪ ʧʦʪʝʥʮʠʿʘʣ ʣʠʢʘ ʫ 

ʟʘʢʨʠʚˀʝʥʦʿ SWNT(11,9). 
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ʉʣʠʢʘ 5.48. ʇʨʦʩʪʦʨʥʘ ʨʘʩʧʦʜʝʣʘ ʫ ʩʣʫʯʘʿʫ ʢʘʜʘ ʥʠʿʝ ʫʨʘʯʫʥʘʪ ʧʦʪʝʥʮʠʿʘʣ ʣʠʢʘ ʫ 

ʟʘʢʨʠʚˀʝʥʦʿ SWNT(15,10). 

 

 

ʉʣʠʢʘ 5.49. ʇʨʦʩʪʦʨʥʘ ʨʘʩʧʦʜʝʣʘ ʫ ʩʣʫʯʘʿʫ ʢʘʜʘ ʿʝ ʫʨʘʯʫʥʘʪ ʧʦʪʝʥʮʠʿʘʣ ʣʠʢʘ ʫ 

ʟʘʢʨʠʚˀʝʥʦʿ SWNT(15,10). 












































