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ɸʅʆʊɸʎɯʗ 

 

ʊʢʘʯʦʚʘ ʊ.ɯ. ɽʣʝʢʪʨʦʥʥʦ-ʭʚʠʣʴʦʚʘ ʚʟʘʻʤʦʜʽʷ ʚ ʤʝʪʘʣʝʚʠʭ ʨʝʟʦʥʘʪʦʨʘʭ ʟ ʧʦʟʜʦʚʞʥʽʤʠ 

ʛʦʬʨʘʤʠ ʜʣʷ ʛʽʨʦʪʨʦʥʽʚ ʥʘ ʜʨʫʛʽʡ ʮʠʢʣʦʪʨʦʥʥʽʡ ʛʘʨʤʦʥʽʮʽ. ï ʂʚʘʣʽʬʽʢʘʮʽʡʥʘ ʥʘʫʢʦʚʘ 

ʧʨʘʮʷ ʥʘ ʧʨʘʚʘʭ ʨʫʢʦʧʠʩʫ. 

 

ɼʠʩʝʨʪʘʮʽʷ ʥʘ ʟʜʦʙʫʪʪʷ ʥʘʫʢʦʚʦʛʦ ʩʪʫʧʝʥʷ ʢʘʥʜʠʜʘʪʘ ʬʽʟʠʢʦ-ʤʘʪʝʤʘʪʠʯʥʠʭ ʥʘʫʢ ʟʘ 

ʩʧʝʮʽʘʣʴʥʽʩʪʶ 01.04.20 çʌʽʟʠʢʘ ʧʫʯʢʽʚ ʟʘʨʷʜʞʝʥʠʭ ʯʘʩʪʠʥʦʢè (104 ï ʌʽʟʠʢʘ ʪʘ 

ʘʩʪʨʦʥʦʤʽʷ). ï ʅʘʮʽʦʥʘʣʴʥʠʡ ʥʘʫʢʦʚʠʡ ʮʝʥʪʨ çʍʘʨʢʽʚʩʴʢʠʡ ʬʟ̔ʠʢʦ-ʪʝʭʥʽʯʥʠʡ 

ʽʥʩʪʠʪʫʪè ʅɸʅ ʋʢʨʘʾʥʠ, ʍʘʨʢʽʚ, 2025. 

 

ɼʠʩʝʨʪʘʮʽʡʥʘ ʨʦʙʦʪʘ ʧʨʠʩʚʷʯʝʥʘ ʜʝʪʘʣʴʥʦʤʫ ʪʝʦʨʝʪʠʯʥʦʤʫ ʘʥʘʣʽʟʫ 

ʩʝʣʝʢʪʠʚʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʮʠʣʽʥʜʨʠʯʥʠʭ ʨʝʟʦʥʘʪʦʨʽʚ, ʱʦ ʤʘʶʪʴ ʤʝʪʘʣʝʚʫ ʧʦʚʝʨʭʥʶ 

ʽʟ ʧʦʟʜʦʚʞʥʽʤʠ ʛʦʬʨʘʤʠ ʪʘ ʧʨʠʟʥʘʯʝʥʽ ʜʣʷ ʚʠʢʦʨʠʩʪʘʥʥʷ ʫ ʛʽʨʦʪʨʦʥʘʭ ʥʘ ʜʨʫʛʽʡ 

ʛʘʨʤʦʥʽʮʽ ʮʠʢʣʦʪʨʦʥʥʦʾ ʯʘʩʪʦʪʠ. ɯʥʪʝʨʝʩ ʜʦ ʪʘʢʠʭ ʛʽʨʦʪʨʦʥʽʚ ʚʠʢʣʠʢʘʥʠʡ ʧʦʪʨʝʙʦʶ 

ʩʫʯʘʩʥʠʭ ʪʝʨʘʛʝʨʮʦʚʠʭ ʪʝʭʥʦʣʦʛʽʡ ʫ ʧʦʪʫʞʥʠʭ ʜʞʝʨʝʣʘʭ ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ ʚ 

ʜʽʘʧʘʟʦʥʽ ʯʘʩʪʦʪ ʚʽʜ 0.3 ʜʦ 1 ʊɻʮ, ʷʢʠʡ ʥʘʣʝʞʠʪʴ ʜʦ ʪʘʢ ʟʚʘʥʦʛʦ çʪʝʨʘʛʝʨʮʦʚʦʛʦ 

ʧʨʦʚʘʣʫè. ʆʩʥʦʚʥʝ ʦʙʤʝʞʝʥʥʷ ʧʦ ʯʘʩʪʦʪʽ ʥʝʧʝʨʝʨʚʥʦʛʦ ʛʽʨʦʪʨʦʥʘ ʧʦʚ'ʷʟʘʥʝ ʟ 

ʚʝʣʠʯʠʥʦʶ ʨʦʙʦʯʦʛʦ ʤʘʛʥʽʪʥʦʛʦ ʧʦʣʷ, ʱʦ ʩʪʚʦʨʶʻʪʴʩʷ ʥʘʜʧʨʦʚʽʜʥʠʤ ʤʘʛʥʽʪʦʤ. 

ʊʦʤʫ ʚ ʩʫʙʪʝʨʘʛʝʨʮʦʚʦʤʫ ʜʽʘʧʘʟʦʥʽ ʯʘʩʪʦʪ ʦʩʦʙʣʠʚʝ ʟʥʘʯʝʥʥʷ ʤʘʶʪʴ ʛʽʨʦʪʨʦʥʠ, ʱʦ 

ʧʨʘʮʶʶʪʴ ʥʘ ʜʨʫʛʽʡ (ʘʙʦ ʚʠʱʽʡ) ʛʘʨʤʦʥʽʮʽ ʮʠʢʣʦʪʨʦʥʥʦʾ ʯʘʩʪʦʪʠ ʝʣʝʢʪʨʦʥʥʦʛʦ 

ʧʫʯʢʘ. ɰʭ ʧʨʘʢʪʠʯʥʫ ʨʝʘʣʽʟʘʮʽʶ, ʦʜʥʘʢ, ʫʩʢʣʘʜʥʶʻ ʪʦʡ ʬʘʢʪ, ʱʦ ʟʽ ʟʨʦʩʪʘʥʥʷʤ 

ʥʦʤʝʨʘ ʮʠʢʣʦʪʨʦʥʥʦʾ ʛʘʨʤʦʥʽʢʠ ʂʂɼ ʛʽʨʦʪʨʦʥʘ ʧʘʜʘʻ ʯʝʨʝʟ ʟʥʠʞʝʥʥʷ ʽʥʪʝʥʩʠʚʥʦʩʪʽ 

ʚʟʘʻʤʦʜʽʾ ʛʚʠʥʪʦʚʦʛʦ ʧʫʯʢʘ ʝʣʝʢʪʨʦʥʽʚ ʟ ʨʦʙʦʯʦʶ ʤʦʜʦʶ. ɿ ʮʽʻʾ ʞ ʧʨʠʯʠʥʠ ʨʦʙʦʯʘ 

ʤʦʜʘ ʫ ʛʽʨʦʪʨʦʥʽ ʥʘ ʜʨʫʛʽʡ ʮʠʢʣʦʪʨʦʥʥʽʡ ʛʘʨʤʦʥʽʮʽ ʟʘʟʚʠʯʘʡ ʤʘʻ ʙʽʣʴʰ ʚʠʩʦʢʠʡ ʧʦʨʽʛ 

ʛʝʥʝʨʘʮʽʾ (ʩʪʘʨʪʦʚʠʡ ʩʪʨʫʤ) ʚ ʧʦʨʽʚʥʷʥʥʽ ʟ ʢʦʥʢʫʨʫʶʯʠʤʠ ʤʦʜʘʤʠ ʥʘ ʧʝʨʰʽʡ 

(ʬʫʥʜʘʤʝʥʪʘʣʴʥʽʡ) ʮʠʢʣʦʪʨʦʥʥʽʡ ʛʘʨʤʦʥʽʮ.̔ ʋ ʪʘʢʽʡ ʩʠʪʫʘʮʽʾ ʢʦʥʢʫʨʫʶʯʽ ʤʦʜʠ 

ʤʦʞʫʪʴ ʩʣʫʞʠʪʠ ʽʩʪʦʪʥʦʶ ʧʝʨʝʰʢʦʜʦʶ ʜʣʷ ʨʦʙʦʪʠ ʛʽʨʦʪʨʦʥʘ.  

ʇʨʦʙʣʝʤʘ ʢʦʥʢʫʨʝʥʮʽʾ ʤʦʜ ʫ ʛʽʨʦʪʨʦʥʘʭ ʥʘ ʜʨʫʛʽʡ ʮʠʢʣʦʪʨʦʥʥʽʡ ʛʘʨʤʦʥʽʮʽ 

ʚʠʤʘʛʘʻ ʨʦʟʨʦʙʢʠ ʤʝʪʦʜʽʚ ʦʧʪʠʤʽʟʘʮʽʾ, ʱʦʙ ʟʤʝʥʰʠʪʠ ʚʧʣʠʚ ʢʦʥʢʫʨʝʥʮʽʾ ʤʦʜ ʥʘ 
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ʝʬʝʢʪʠʚʥʽʩʪʴ ʪʘ ʩʪʘʙʽʣʴʥʽʩʪʴ ʛʽʨʦʪʨʦʥʽʚ. ɼʘʥʘ ʦʙʩʪʘʚʠʥʘ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʥʝʦʙʭʽʜʥʦʩʪʽ 

ʨʦʟʨʦʙʢʠ ʚʜʦʩʢʦʥʘʣʝʥʠʭ ʪʠʧʽʚ ʨʝʟʦʥʘʪʦʨʽʚ ʟ ʧʦʣʽʧʰʝʥʦʶ ʩʝʣʝʢʮʽʻʶ ʤʦʜ ʜʣʷ 

ʩʫʙʪʝʨʘʛʝʨʮʦʚʠʭ ʛʽʨʦʪʨʦʥʽʚ ʥʘ ʜʨʫʛʽʡ ʮʠʢʣʦʪʨʦʥʥʽʡ ʛʘʨʤʦʥʽʮʽ.  

ɺ ʜʠʩʝʨʪʘʮʽʡʥʽʡ ʨʦʙʦʪʽ ʪʝʦʨʝʪʠʯʥʦ ʧʦʢʘʟʘʥʦ, ʱʦ ʩʝʣʝʢʪʠʚʥʽ ʚʣʘʩʪʠʚʦʩʪʽ 

ʨʝʟʦʥʘʪʦʨʽʚ ʛʽʨʦʪʨʦʥʽʚ ʤʦʞʫʪʴ ʙʫʪʠ ʧʦʣʽʧʰʝʥʽ ʟʘ ʨʘʭʫʥʦʢ ʚʠʢʦʨʠʩʪʘʥʥʷ ʧʦʟʜʦʚʞʥʽʭ 

ʛʦʬʨʽʚ ʟ ʢʦʥʚʝʨʩʽʻʶ ʤʦʜ. ʊʘʢʽ ʛʦʬʨʠ ʟʜʘʪʥʽ ʽʩʪʦʪʥʦ ʟʤʽʥʠʪʠ ʚʣʘʩʥʽ ʯʘʩʪʦʪʠ, ʧʦʣʷ ʪʘ 

ʦʤʽʯʥʽ ʚʪʨʘʪʠ ʬʫʥʜʘʤʝʥʪʘʣʴʥʠʭ ʢʦʥʢʫʨʫʶʯʠʭ ʤʦʜ ʚ ʩʫʙʪʝʨʘʛʝʨʮʦʚʠʭ ʛʽʨʦʪʨʦʥʘʭ ʥʘ 

ʜʨʫʛʽʡ ʛʘʨʤʦʥʽʮʽ ʮʠʢʣʦʪʨʦʥʥʦʾ ʯʘʩʪʦʪʠ. 

ɿʘ ʜʦʧʦʤʦʛʦʶ ʩʪʨʦʛʦʛʦ ʤʝʪʦʜʫ ʧʨʦʩʪʦʨʦʚʠʭ ʛʘʨʤʦʥʽʢ ʦʪʨʠʤʘʥʦ ʜʠʩʧʝʨʩʽʡʥʝ 

ʨʽʚʥʷʥʥʷ ʜʣʷ ʧʦʧʝʨʝʯʥʦ-ʝʣʝʢʪʨʠʯʥʠʭ (ʊɽ) ʤʦʜ ʫ ʤʝʪʘʣʝʚʦʤʫ ʮʠʣʽʥʜʨʠʯʥʦʤʫ 

ʨʝʟʦʥʘʪʦʨʽ ʟ ʧʦʟʜʦʚʞʥʽʤʠ ʛʦʬʨʘʤʠ. ɺ ʜʘʥʦʤʫ ʨʽʚʥʷʥʥʽ ʚʨʘʭʦʚʘʥʦ ʟʚ'ʷʟʦʢ ʙʘʟʠʩʥʠʭ 

ʤʦʜ (ʧʨʦʩʪʦʨʦʚʠʭ ʛʘʨʤʦʥʽʢ), ʷʢʠʡ ʚʠʥʠʢʘʻ ʚʥʘʩʣʽʜʦʢ ʛʦʬʨʫʚʘʥʥʷ ʧʦʚʝʨʭʥʽ 

ʨʝʟʦʥʘʪʦʨʘ. ʇʨʦʜʝʤʦʥʩʪʨʦʚʘʥʘ ʟʙʽʞʥʽʩʪʴ ʚʣʘʩʥʠʭ ʧʦʣʽʚ ʨʝʟʦʥʘʪʦʨʘ ʽ ʚʠʟʥʘʯʝʥʽ 

ʧʦʭʠʙʢʠ ʦʙʯʠʩʣʝʥʥʷ ʚʣʘʩʥʠʭ ʟʥʘʯʝʥʴ ʚ ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ ʯʠʩʣʘ ʚʨʘʭʦʚʘʥʠʭ 

ʧʨʦʩʪʦʨʦʚʠʭ ʛʘʨʤʦʥʽʢ.  

ɼʦʩʣʽʜʞʝʥʘ ʤʦʞʣʠʚʽʩʪʴ ʟʘʩʪʦʩʫʚʘʥʥʷ ʩʧʨʦʱʝʥʠʭ ʤʝʪʦʜʽʚ ʘʥʘʣʽʟʫ ʛʦʬʨʦʚʘʥʠʭ 

ʩʪʨʫʢʪʫʨ: ʽʤʧʝʜʘʥʩʥʦʾ ʤʦʜʝʣʽ, ʚ ʷʢʽʡ ʥʝ ʚʨʘʭʦʚʫʻʪʴʩʷ ʚʟʘʻʤʦʜʽʷ ʤʽʞ ʧʨʦʩʪʦʨʦʚʠʤʠ 

ʛʘʨʤʦʥʽʢʘʤʠ, ʽ ʤʝʪʦʜʫ ɹʣʦʭʽʚʩʴʢʠʭ ʛʘʨʤʦʥʽʢ, ʚ ʷʢʦʤʫ ʥʝʭʪʫʻʪʴʩʷ ʚʥʝʩʢʦʤ ʚʠʱʠʭ 

ʌʫʨ'ʻ ʛʘʨʤʦʥʽʢ ʚʩʝʨʝʜʠʥʽ ʛʦʬʨʽʚ. ʇʨʦʘʥʘʣʽʟʦʚʘʥʦ ʫʤʦʚʠ ʟʘʩʪʦʩʦʚʥʦʩʪʽ ʩʧʨʦʱʝʥʦʾ 

ʽʤʧʝʜʘʥʩʥʦʾ ʤʦʜʝʣʽ, ʷʢʘ ʰʠʨʦʢʦ ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʜʣʷ ʨʦʟʨʘʭʫʥʢʫ ʭʘʨʘʢʪʝʨʠʩʪʠʢ 

ʛʦʬʨʦʚʘʥʠʭ ʭʚʠʣʝʚʽʜʥʠʭ ʩʪʨʫʢʪʫʨ. ɹʫʣʦ ʧʦʢʘʟʘʥʦ, ʱʦ ʮʷ ʤʦʜʝʣʴ ʤʦʞʝ ʧʨʠʟʚʦʜʠʪʠ 

ʜʦ ʥʝʢʦʨʝʢʪʥʠʭ ʨʝʟʫʣʴʪʘʪʽʚ ʜʣʷ ʮʠʣʽʥʜʨʠʯʥʠʭ ʭʚʠʣʝʚʦʜʽʚ ʟ ʛʦʬʨʦʚʘʥʠʤʠ ʩʪʽʥʢʘʤʠ, 

ʥʘʚʽʪʴ ʷʢʱʦ ʢʽʣʴʢʽʩʪʴ ʛʦʬʨʽʚ ʻ ʜʦʩʠʪʴ ʚʝʣʠʢʦʶ ʽ ʟʘʜʦʚʦʣʴʥʷʻ ʚʽʜʦʤʦʤʫ ʝʤʧʽʨʠʯʥʦʤʫ 

ʢʨʠʪʝʨʽʶ ʟʘʩʪʦʩʦʚʥʦʩʪʽ ʮʽʻʾ ʤʦʜʝʣʽ.  

ɼʣʷ ʥʝʚʝʣʠʢʦʛʦ ʯʠʩʣʘ ʛʦʬʨʽʚ ʙʽʣʴʰ ʚʠʩʦʢʘ ʪʦʯʥʽʩʪʴ ʤʦʞʝ ʙʫʪʠ ʦʪʨʠʤʘʥʘ ʟʘ 

ʜʦʧʦʤʦʛʦʶ ʤʝʪʦʜʫ ɹʣʦʭʽʚʩʴʢʠʭ ʛʘʨʤʦʥʽʢ. ʇʦʢʘʟʘʥʦ, ʦʜʥʘʢ, ʱʦ ʜʘʥʠʡ ʤʝʪʦʜ 

ʧʨʠʜʘʪʥʠʡ ʣʠʰʝ ʜʣʷ ʦʧʠʩʫ ʥʠʞʯʠʭ ʨʘʜʽʘʣʴʥʠʭ ʤʦʜ ʽ ʚʫʟʴʢʠʭ ʛʦʬʨʽʚ, ʰʠʨʠʥʘ ʷʢʠʭ 

ʤʘʣʘ ʚ ʧʦʨʽʚʥʷʥʥʽ ʟ ʧʦʣʦʚʠʥʦʶ ʜʦʚʞʠʥʠ ʭʚʠʣʽ ʚʣʘʩʥʦʾ ʤʦʜʠ ʭʚʠʣʝʚʦʜʫ. ʊʘʢʠʤ 

ʯʠʥʦʤ, ʧʨʠ ʜʦʚʽʣʴʥʠʭ ʨʦʟʤʽʨʘʭ ʽ ʢʽʣʴʢʦʩʪʽ ʛʦʬʨʽʚ ʥʝʦʙʭʽʜʥʦ ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠ 

ʩʪʨʦʛʠʡ ʤʝʪʦʜ ʧʨʦʩʪʦʨʦʚʠʭ ʛʘʨʤʦʥʽʢ ʜʣʷ ʨʦʟʨʘʭʫʥʢʫ ʚʣʘʩʥʠʭ ʟʥʘʯʝʥʴ ʊɽ ʤʦʜ ʚ 
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ʮʠʣʽʥʜʨʠʯʥʦʤʫ ʭʚʠʣʝʚʦʜʽ ʟ ʛʦʬʨʦʚʘʥʦʶ ʤʝʪʘʣʝʚʦʶ ʩʪʽʥʢʦʶ. ʇʦʢʘʟʘʥʦ, ʱʦ ʮʝʡ 

ʤʝʪʦʜ ʜʦʜʘʪʢʦʚʦ ʟʘʙʝʟʧʝʯʫʻ ʚʠʩʦʢʫ ʪʦʯʥʽʩʪʴ ʨʦʟʨʘʭʫʥʢʫ ʨʦʟʧʦʜʽʣʫ ʧʦʣʽʚ ʟʘ 

ʧʦʧʝʨʝʯʥʠʤ ʧʝʨʝʨʽʟʦʤ ʛʦʬʨʦʚʘʥʦʛʦ ʭʚʠʣʝʚʦʜʫ. ɺʠʥʷʪʢʠ ʤʦʞʫʪʴ ʩʪʘʥʦʚʠʪʠ ʦʢʦʣʠ 

ʨʝʙʝʨ ʛʦʬʨʽʚ. 

ʆʪʨʠʤʘʥʦ ʜʠʩʧʝʨʩʽʡʥʝ ʨʽʚʥʷʥʥʷ, ʨʦʟʨʘʭʦʚʘʥʽ ʚʣʘʩʥʽ ʟʥʘʯʝʥʥʷ ʽ ʚʣʘʩʥʽ ʧʦʣʷ ʜʣʷ 

ʧʦʧʝʨʝʯʥʦ-ʤʘʛʥʽʪʥʠʭ (ʊʄ) ʤʦʜ ʚ ʢʦʘʢʩʽʘʣʴʥʦʤʫ ʨʝʟʦʥʘʪʦʨʽ ʛʽʨʦʪʨʦʥʘ ʟ ʛʦʬʨʦʚʘʥʠʤ 

ʚʥʫʪʨʽʰʥʽʤ ʧʨʦʚʽʜʥʠʢʦʤ ʥʘ ʙʘʟʽ ʚʜʦʩʢʦʥʘʣʝʥʦʛʦ ʤʝʪʦʜʫ ʧʨʦʩʪʦʨʦʚʠʭ ʛʘʨʤʦʥʽʢ. ɺ 

ʨʘʤʢʘʭ ʮʴʦʛʦ ʤʝʪʦʜʫ ʧʦʣʷ ʥʘ ʛʨʘʥʠʮʽ ʧʦʜʽʣʫ ʭʚʠʣʝʚʜ̔ʥʦʛʦ ʢʘʥʘʣʫ ʽ ʛʦʬʨʽʚ 

ʧʝʨʝʨʦʟʢʣʘʜʘʶʪʴʩʷ ʯʝʨʝʟ ʦʨʪʦʛʦʥʘʣʴʥʽ ʧʦʣʽʥʦʤʠ ɻʝʛʝʥʙʘʫʝʨʘ. ʎʝ ʜʦʟʚʦʣʷʻ 

ʚʨʘʭʫʚʘʪʠ ʦʩʦʙʣʠʚʽʩʪʴ ʧʦʣʷ ʧʦʙʣʠʟʫ ʨʝʙʝʨ ʛʦʬʨʽʚ, ʚʽʜʦʤʫ ʷʢ ʢʨʘʡʦʚʘ ʫʤʦʚʘ 

ʄʝʡʢʩʥʝʨʘ. ɺʠʷʚʣʝʥʦ, ʱʦ, ʫ ʧʦʨʽʚʥʷʥʥʽ ʽʟ ʩʪʘʥʜʘʨʪʥʠʤ ʤʝʪʦʜʦʤ ʧʨʦʩʪʦʨʦʚʠʭ 

ʛʘʨʤʦʥʽʢ, ʢʽʣʴʢʽʩʪʴ ʙʘʟʠʩʥʠʭ ʤʦʜ (ʧʦʣʽʥʦʤʽʚ ɻʝʛʝʥʙʘʫʝʨʘ) ʚ ʫʜʦʩʢʦʥʘʣʝʥʦʤʫ ʤʝʪʦʜʽ 

ʤʦʞʝ ʙʫʪʠ ʦʙʨʘʥʘ ʥʘʙʘʛʘʪʦ ʤʝʥʰʦʶ, ʱʦʙ ʛʘʨʘʥʪʫʚʘʪʠ ʪʘʢʫ ʞ ʪʦʯʥʽʩʪʴ ʨʦʟʨʘʭʫʥʢʫ 

ʚʣʘʩʥʠʭ ʟʥʘʯʝʥʴ ʽ ʧʦʣʽʚ ʨʝʟʦʥʘʪʦʨʘ. ɺʥʘʩʣʽʜʦʢ ʮʴʦʛʦ ʨʦʟʤʽʨ ʤʘʪʨʠʮʽ, ʱʦ ʚʭʦʜʠʪʴ ʚ 

ʜʠʩʧʝʨʩʽʡʥʝ ʨʽʚʥʷʥʥʷ, ʤʦʞʝ ʙʫʪʠ ʧʦʤʽʪʥʦ ʟʤʝʥʰʝʥʠʡ. ɺ ʪʘʢʠʡ ʩʧʦʩʽʙ ʤʦʞʥʘ 

ʫʥʠʢʥʫʪʠ ʪʨʫʜʥʦʱʽʚ ʧʨʠ ʦʙʯʠʩʣʝʥʥʽ ʜʝʪʝʨʤʽʥʘʥʪʽʚ ʤʘʪʨʠʮʴ ʚʝʣʠʢʦʛʦ ʨʦʟʤʽʨʫ ʽ 

ʟʥʘʯʥʦ ʩʢʦʨʦʪʠʪʠ ʯʘʩ ʦʙʯʠʩʣʝʥʴ, ʥʝʦʙʭʽʜʥʠʡ ʜʣʷ ʯʠʩʝʣʴʥʦʛʦ ʨʦʟʚ'ʷʟʢʫ ʟʘʜʘʯʽ ʥʘ 

ʚʣʘʩʥʽ ʟʥʘʯʝʥʥʷ ʨʝʟʦʥʘʪʦʨʘ ʛʽʨʦʪʨʦʥʘ. 

ʆʪʨʠʤʘʥʦ ʘʥʘʣʽʪʠʯʥʠʡ ʚʠʨʘʟ ʜʣʷ ʦʤʽʯʥʦʾ ʜʦʙʨʦʪʥʦʩʪʽ ʫ ʨʝʟʦʥʘʪʦʨʽ ʽʟ 

ʧʦʟʜʦʚʞʥʽʤʠ ʛʦʬʨʘʤʠ, ʟʘ ʜʦʧʦʤʦʛʦʶ ʷʢʦʛʦ ʚʠʟʥʘʯʝʥʦ ʚʧʣʠʚ ʛʦʬʨʽʚ ʥʘ ʦʤʽʯʥʽ ʚʪʨʘʪʠ 

ʊɽ ʤʦʜ. ʇʦʢʘʟʘʥʦ, ʱʦ ʦʤʽʯʥʽ ʚʪʨʘʪʠ ʟʘʣʝʞʘʪʴ ʚʽʜ ʯʘʩʪʦʪʠ ʤʦʜʠ, ʛʝʦʤʝʪʨʠʯʥʠʭ 

ʧʘʨʘʤʝʪʨʽʚ ʛʦʬʨʽʚ ʽ ʤʦʞʫʪʴ ʙʫʪʠ ʩʘʤʦʩʪʽʡʥʦ ʟʘʩʪʦʩʦʚʘʥʽ ʜʣʷ ʩʝʣʝʢʪʠʚʥʦʛʦ 

ʧʨʠʜʫʰʝʥʥʷ ʬʫʥʜʘʤʝʥʪʘʣʴʥʠʭ ʢʦʥʢʫʨʫʶʯʠʭ ʤʦʜ ʫ ʛʽʨʦʪʨʦʥʽ ʥʘ ʜʨʫʛʽʡ ʮʠʢʣʦʪʨʦʥʥʽʡ 

ʛʘʨʤʦʥʽʮʽ. ɺʠʟʥʘʯʝʥʦ ʧʘʨʘʤʝʪʨʠ ʛʦʬʨʽʚ, ʷʢʽ ʜʦʟʚʦʣʷʶʪʴ ʚ ʜʝʢʽʣʴʢʘ ʨʘʟʽʚ ʟʙʽʣʴʰʠʪʠ 

ʚʽʜʥʦʰʝʥʥʷ ʦʤʽʯʥʠʭ ʜʦʙʨʦʪʥʦʩʪʝʡ ʨʦʙʦʯʦʾ ʽ ʢʦʥʢʫʨʫʶʯʠʭ ʤʦʜ ʫ ʨʝʟʦʥʘʪʦʨʽ 

ʛʽʨʦʪʨʦʥʘ. ʆʤʽʯʥʽ ʚʪʨʘʪʠ ʟʘʟʚʠʯʘʡ ʻ ʚʝʣʠʢʠʤʠ ʜʣʷ ʊɽ ʤʦʜ ʫ ʚʠʧʘʜʢʫ, ʢʦʣʠ ʛʣʠʙʠʥʘ 

ʛʦʬʨʽʚ ʻ ʙʣʠʟʴʢʦʶ ʜʦ ʯʚʝʨʪʽ ʾʭʥʴʦʾ ʜʦʚʞʠʥʠ ʭʚʠʣʽ. ʂʨʽʤ ʪʦʛʦ, ʚʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʜʣʷ 

ʦʙʨʘʥʦʾ ʛʣʠʙʠʥʠ ʛʦʬʨʘ ʯʘʩʪʦʪʥʝ ʨʦʟʜʽʣʝʥʥʷ ʤʽʞ ʨʦʙʦʯʦʶ ʤʦʜʦʶ ʥʘ ʜʨʫʛʽʡ ʛʘʨʤʦʥʽʮʽ 

ʮʠʢʣʦʪʨʦʥʥʦʾ ʯʘʩʪʦʪʠ ʪʘ ʢʦʥʢʫʨʫʶʯʠʤʠ ʤʦʜʘʤʠ ʥʘ ʧʝʨʰʽʡ ʛʘʨʤʦʥʽʮʽ ʟʘʣʝʞʠʪʴ ʚʽʜ 

ʢʽʣʴʢʦʩʪʽ ʛʦʬʨʽʚ, ʘ, ʦʪʞʝ, ʟʘ ʥʝʦʙʭʽʜʥʦʩʪʽ, ʤʦʞʝ ʙʫʪʠ ʟʙʽʣʴʰʝʥʦ. 
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ɺʠʷʚʣʝʥʦ, ʱʦ ʢʦʥʚʝʨʩʽʷ ʊɽ ʤʦʜ ʚ ʚʠʱʽ ʧʨʦʩʪʦʨʦʚʽ ʛʘʨʤʦʥʽʢʠ ʫ ʤʝʪʘʣʝʚʦʤʫ 

ʮʠʣʽʥʜʨʠʯʥʦʤʫ ʨʝʟʦʥʘʪʦʨʽ ʟ ʧʦʟʜʦʚʞʥʽʤʠ ʛʦʬʨʘʤʠ ʽʩʪʦʪʥʦ ʟʘʣʝʞʠʪʴ ʚʽʜ ʢʽʣʴʢʦʩʪʽ 

ʛʦʬʨʽʚ ʪʘ ʾʭ ʨʦʟʤʽʨʫ. ɿʥʘʡʜʝʥʽ ʩʧʽʚʚʽʜʥʦʰʝʥʥʷ ʤʽʞ ʛʣʠʙʠʥʦʶ ʛʦʬʨʽʚ ʪʘ ʜʦʚʞʠʥʦʶ 

ʭʚʠʣʽ, ʧʨʠ ʷʢʠʭ ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ ʩʣʘʙʢʘ ʪʘ ʩʠʣʴʥʘ ʢʦʥʚʝʨʩʽʷ ʤʦʜ ʚ ʚʠʱʽ ʧʨʦʩʪʦʨʦʚʽ 

ʛʘʨʤʦʥʽʢʠ. ʇʦʢʘʟʘʥʦ, ʱʦ ʢʦʥʚʝʨʩʽʷ ʤʦʜ ʻ ʟʘʟʚʠʯʘʡ ʤʘʣʦʶ, ʷʢʱʦ ʛʣʠʙʠʥʘ ʛʦʬʨʽʚ ʻ 

ʙʣʠʟʴʢʦʶ ʜʦ ʧʦʣʦʚʠʥʠ ʜʦʚʞʠʥʠ ʭʚʠʣʽ. ʊʦʤʫ ʪʘʢʘ ʛʣʠʙʠʥʘ ʻ ʜʦʮʽʣʴʥʠʤ ʚʠʙʦʨʦʤ ʜʣʷ 

ʨʦʙʦʯʦʾ ʤʦʜʠ ʛʽʨʦʪʨʦʥʘ ʥʘ ʜʨʫʛʽʡ ʮʠʢʣʦʪʨʦʥʥʽʡ ʛʘʨʤʦʥʽʮʽ. ɺʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʚʦʥʘ 

ʜʦʜʘʪʢʦʚʦ ʟʘʙʝʟʧʝʯʫʻ ʚʽʜʥʦʩʥʦ ʚʠʩʦʢʫ ʦʤʽʯʥʫ ʜʦʙʨʦʪʥʽʩʪʴ ʜʣʷ ʨʦʙʦʯʦʾ ʤʦʜʠ, ʷʢʘ 

ʟʙʽʣʴʰʫʻʪʴʩʷ ʟʽ ʟʤʝʥʰʝʥʥʷʤ ʢʽʣʴʢʦʩʪʽ ʛʦʬʨʽʚ. ʈʘʟʦʤ ʟ ʚʠʩʦʢʦʶ ʤʦʜʦʚʦʶ ʯʠʩʪʦʪʦʶ 

ʚʦʥʘ ʪʘʢʦʞ ʟʜʘʪʥʘ ʟʘʙʝʟʧʝʯʠʪʠ ʚʽʜʥʦʩʥʦ ʥʠʟʴʢʽ ʦʤʽʯʥʽ ʚʪʨʘʪʠ ʜʣʷ ʨʦʙʦʯʦʾ ʤʦʜʠ, ʷʢʽ 

ʟʤʝʥʰʫʶʪʴʩʷ ʟʽ ʟʤʝʥʰʝʥʥʷʤ ʢʽʣʴʢʦʩʪʽ ʛʦʬʨʽʚ. ʎʷ ʛʣʠʙʠʥʘ ʛʦʬʨʘ ʚʽʜʧʦʚʽʜʘʻ 

ʧʨʠʙʣʠʟʥʦ ʯʚʝʨʪʽ ʜʦʚʞʠʥʠ ʭʚʠʣʽ ʢʦʥʢʫʨʫʶʯʠʭ ʤʦʜ ʥʘ ʧʝʨʰʽʡ ʮʠʢʣʦʪʨʦʥʥʽʡ 

ʛʘʨʤʦʥʽʮʽ. ʇʦʢʘʟʘʥʦ, ʱʦ ʟʘ ʪʘʢʦʾ ʫʤʦʚʠ ʢʦʥʢʫʨʫʶʯʽ ʤʦʜʠ ʟʘʟʥʘʶʪʴ ʢʦʥʚʝʨʩʽʾ ʫ 

ʧʨʦʩʪʦʨʦʚʽ ʛʘʨʤʦʥʽʢʠ ʟ ʚʠʩʦʢʠʤʠ ʘʟʠʤʫʪʘʣʴʥʠʤʠ ʽʥʜʝʢʩʘʤʠ ʽ ʨʘʜʽʫʩʘʤʠ ʢʘʫʩʪʠʢʠ, 

ʥʘʚʽʪʴ ʷʢʱʦ ʢʽʣʴʢʽʩʪʴ ʛʦʬʨʽʚ ʻ ʜʦʩʪʘʪʥʴʦ ʚʝʣʠʢʦʶ. ʊʦʤʫ ʟʚ'ʷʟʦʢ ʧʫʯʢʘ ʟ 

ʢʦʥʢʫʨʫʶʯʠʤʠ ʤʦʜʘʤʠ ʥʘ ʧʝʨʰʽʡ ʮʠʢʣʦʪʨʦʥʥʽʡ ʛʘʨʤʦʥʽʮʽ ʩʣʘʙʰʘʻ ʯʝʨʝʟ ʢʦʥʚʝʨʩʽʶ 

ʤʦʜ. 

ʈʦʟʨʦʙʣʝʥʦ ʥʝʣʽʥʽʡʥʫ ʩʘʤʦʫʟʛʦʜʞʝʥʫ ʪʝʦʨʽʶ ʜʣʷ ʦʧʠʩʫ ʩʪʘʮʽʦʥʘʨʥʦʾ ʩʪʘʜʽʾ 

ʚʟʘʻʤʦʜʽʾ ʛʚʠʥʪʦʚʦʛʦ ʧʫʯʢʘ ʝʣʝʢʪʨʦʥʽʚ ʟ ʚʣʘʩʥʠʤʠ ʊɽ ʤʦʜʘʤʠ ʛʦʬʨʦʚʘʥʦʛʦ 

ʨʝʟʦʥʘʪʦʨʘ ʛʽʨʦʪʨʦʥʘ. ɼʣʷ ʝʣʝʢʪʨʦʥʥʦ-ʭʚʠʣʴʦʚʦʾ ʚʟʘʻʤʦʜʽʾ ʫ ʨʝʟʦʥʘʪʦʨʽ ʦʪʨʠʤʘʥʦ 

ʫʤʦʚʫ ʙʘʣʘʥʩʫ ʧʦʪʫʞʥʦʩʪʝʡ. ɺʠʷʚʣʝʥʦ, ʱʦ ʥʘʷʚʥʽʩʪʴ ʛʦʬʨʽʚ ʥʘ ʧʦʚʝʨʭʥʽ ʨʝʟʦʥʘʪʦʨʘ 

ʚʧʣʠʚʘʻ ʥʝ ʪʽʣʴʢʠ ʥʘ ʚʣʘʩʥʽ ʟʥʘʯʝʥʥʷ ʪʘ ʦʤʽʯʥʽ ʚʪʨʘʪʠ, ʘʣʝ ʡ ʥʘ ʟʚ'ʷʟʦʢ ʊɽ ʤʦʜ ʟ 

ʝʣʝʢʪʨʦʥʥʠʤ ʧʫʯʢʦʤ. ɼʣʷ ʛʦʬʨʽʚ ʟ ʛʣʠʙʠʥʦʶ, ʷʢʘ ʜʦʨʽʚʥʶʻ ʧʦʣʦʚʠʥʽ ʜʦʚʞʠʥʠ ʭʚʠʣʽ, 

ʮʝʡ ʚʧʣʠʚ ʚʠʷʚʣʷʻʪʴʩʷ ʥʝʟʥʘʯʥʠʤ, ʥʘʚʽʪʴ ʟʘ ʫʤʦʚʠ ʥʝʚʝʣʠʢʦʾ ʢʽʣʴʢʦʩʪʽ ʛʦʬʨʽʚ. 

ʇʦʢʘʟʘʥʦ, ʱʦ ʧʨʠ ʪʘʢʽʡ ʛʣʠʙʠʥʽ ʛʦʬʨʽʚ ʫ ʨʝʟʦʥʘʪʦʨʽ ʛʽʨʦʪʨʦʥʘ ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ ʣʠʰʝ 

ʥʝʽʩʪʦʪʥʝ ʟʤʽʱʝʥʥʷ ʩʪʘʨʪʦʚʦʛʦ ʩʪʨʫʤʫ ʊɽ ʤʦʜʠ, ʷʢʝ ʚʠʢʣʠʢʘʥʝ ʧʝʨʝʚʘʞʥʦ ʦʤʽʯʥʠʤʠ 

ʚʪʨʘʪʘʤʠ ʫ ʛʦʬʨʦʚʘʥʽʡ ʩʪʽʥʮʽ ʨʝʟʦʥʘʪʦʨʘ. ʂʦʣʠ ʛʣʠʙʠʥʘ ʛʦʬʨʽʚ ʜʦʨʽʚʥʶʻ ʯʚʝʨʪʽ 

ʜʦʚʞʠʥʠ ʭʚʠʣʽ, ʢʦʥʚʝʨʩʽʷ ʤʦʜ ʚ ʚʠʱʽ ʘʟʠʤʫʪʘʣʴʥʽ ʛʘʨʤʦʥʽʢʠ ɹʣʦʭʘ ʩʪʘʻ ʩʠʣʴʥʦʶ, ʘ 

ʦʪʞʝ, ʽʩʪʦʪʥʦ ʚʧʣʠʚʘʻ ʥʘ ʚʣʘʩʥʽ ʟʥʘʯʝʥʥʷ, ʚʣʘʩʥʽ ʧʦʣʷ ʪʘ ʦʤʽʯʥʽ ʚʪʨʘʪʠ ʊɽ ʤʦʜʠ. 

ʇʦʢʘʟʘʥʦ, ʱʦ ʪʘʢʘ ʢʦʥʚʝʨʩʽʷ ʤʦʜ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʦʩʣʘʙʣʝʥʥʷ ʟʚ'ʷʟʢʫ ʊɽ ʤʦʜʠ ʟ 
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ʝʣʝʢʪʨʦʥʥʠʤ ʧʫʯʢʦʤ. ɿʘʚʜʷʢʠ ʮʴʦʤʫ ʛʦʬʨʠ ʫ ʨʝʟʦʥʘʪʦʨʽ ʛʽʨʦʪʨʦʥʘ ʜʦʟʚʦʣʷʶʪʴ ʚ 

ʢʽʣʴʢʘ ʨʘʟʽʚ ʟʙʽʣʴʰʠʪʠ ʩʪʘʨʪʦʚʠʡ ʩʪʨʫʤ ʜʣʷ ʊɽ ʤʦʜʠ ʨʝʟʦʥʘʪʦʨʘ ʟ ʯʘʩʪʦʪʦʶ, ʱʦ 

ʚʽʜʧʦʚʽʜʘʻ ʯʚʝʨʪʴʭʚʠʣʴʦʚʽʡ ʛʣʠʙʠʥʽ ʛʦʬʨʽʚ.  

ʇʨʦʜʝʤʦʥʩʪʨʦʚʘʥʦ ʧʦʣʽʧʰʝʥʥʷ ʩʝʣʝʢʪʠʚʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʨʝʟʦʥʘʪʦʨʘ 

ʛʽʨʦʪʨʦʥʘ ʥʘ ʜʨʫʛʽʡ ʮʠʢʣʦʪʨʦʥʥʽʡ ʛʘʨʤʦʥʽʮʽ ʟʘ ʨʘʭʫʥʦʢ ʚʠʢʦʨʠʩʪʘʥʥʷ ʧʦʟʜʦʚʞʥʽʭ 

ʛʦʬʨʽʚ. ɼʣʷ ʚʠʟʥʘʯʝʥʦʾ ʢʦʥʩʪʨʫʢʮʽʾ ʨʝʟʦʥʘʪʦʨʘ 0.3-ʊɻʮ ʛʽʨʦʪʨʦʥʘ ʦʪʨʠʤʘʥʽ 

ʦʧʪʠʤʘʣʴʥʽ ʧʘʨʘʤʝʪʨʠ ʛʦʬʨʽʚ, ʷʢʽ ʟʘʙʝʟʧʝʯʫʶʪʴ ʥʘʡʙʽʣʴʰ ʝʬʝʢʪʠʚʥʫ ʩʝʣʝʢʮʽʶ ʤʦʜ. 

ʇʨʦʚʝʜʝʥʦ ʨʦʟʨʘʭʫʥʦʢ ʩʪʘʨʪʦʚʠʭ ʩʪʨʫʤʽʚ ʜʣʷ ʨʦʙʦʯʦʾ ʽ ʢʦʥʢʫʨʫʶʯʠʭ ʤʦʜ ʛʽʨʦʪʨʦʥʘ. 

ʇʦʢʘʟʘʥʦ, ʱʦ ʚʠʢʦʨʠʩʪʘʥʥʷ ʛʦʬʨʦʚʘʥʦʛʦ ʨʝʟʦʥʘʪʦʨʘ ʟ ʚʠʟʥʘʯʝʥʠʤʠ ʧʘʨʘʤʝʪʨʘʤʠ 

ʜʦʟʚʦʣʷʻ ʨʦʟʰʠʨʠʪʠ ʜʽʘʧʘʟʦʥ ʦʜʥʦʤʦʜʦʚʦʾ ʛʝʥʝʨʘʮʽʾ ʨʦʙʦʯʦʾ ʤʦʜʠ ʽ ʟʘʙʝʟʧʝʯʫʻ 

ʤʦʞʣʠʚʽʩʪʴ ʟʙʽʣʴʰʝʥʥʷ ʚʠʭʽʜʥʦʾ ʧʦʪʫʞʥʦʩʪʽ ʛʽʨʦʪʨʦʥʘ ʥʘ ʜʨʫʛʽʡ ʮʠʢʣʦʪʨʦʥʥʽʡ 

ʛʘʨʤʦʥʽʮʽ. 

 

ʂʣʶʯʦʚʽ ʩʣʦʚʘ: ʛʽʨʦʪʨʦʥ, ʛʦʬʨʦʚʘʥʠʡ ʨʝʟʦʥʘʪʦʨ, ʢʦʥʚʝʨʩʽʷ ʤʦʜ, ʩʪʘʨʪʦʚʠʡ 

ʩʪʨʫʤ, ʚʣʘʩʥʝ ʟʥʘʯʝʥʥʷ, ʜʦʙʨʦʪʥʽʩʪʴ, ʦʤʽʯʥʽ ʚʪʨʘʪʠ. 
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ABSTRACT 

 

Tkachova T.I. Electron-wave interaction in metal cavities with longitudinal corrugations 

for second-harmonic gyrotrons. ï Qualifying scientific paper, manuscript copyright. 

 

Thesis for the scientific degree of candidate of physical and mathematical sciences by 

specialty 01.04.20 çPhysics of charged particles beamsè (104 ï Physics and astronomy). ï 

National Science Center çKharkiv Institute of Physics and Technologyè NAS of Ukraine, 

Kharkiv, 2025. 

 

The thesis is devoted to a detailed theoretical analysis of the selective properties of 

cylindrical cavities having a metal surface with longitudinal corrugations and intended for 

use in the second-harmonic gyrotrons. Interest in such gyrotrons is caused by the need of 

modern terahertz technologies for powerful radiation sources in the frequency range from 

0.3 to 1 THz, which belongs to the so-called ñterahertz gapò. The main limitation on the 

frequency of a continuous gyrotron is associated with the magnitude of the working 

magnetic field created by a superconducting magnet. Therefore, in the subterahertz 

frequency range, gyrotrons operating at the second (or higher) harmonic of the cyclotron 

frequency of the electron beam are of particular importance. Their practical 

implementation, however, is complicated by the fact that as the cyclotron harmonic 

number increases, the gyrotron efficiency decreases due to a decrease in the intensity of 

interaction of the helical electron beam with the operating mode. For the same reason, the 

operating mode in a gyrotron at the second cyclotron harmonic usually has a higher 

generation threshold (starting current) compared to competing modes at the first 

(fundamental) cyclotron harmonic. In such a situation, competing modes can serve as a 

significant obstacle to the operation of the gyrotron. 

The problem of mode competition in gyrotrons at the second cyclotron harmonic 

requires the development of optimization methods to reduce the effect of mode 

competition on the efficiency and stability of gyrotrons. This circumstance leads to the 



8 

need to develop improved types of resonators with improved mode selection for 

subterahertz gyrotrons at the second cyclotron harmonic. 

The thesis theoretically shows that the selective properties of gyrotron cavities can 

be improved through the use of longitudinal corrugations with mode conversion. Such 

corrugations are capable of significantly changing the eigen frequencies, fields, and ohmic 

losses of fundamental competing modes in subterahertz gyrotrons at the second cyclotron 

harmonic. 

Using the rigorous method of spatial harmonics, a dispersion equation for transverse 

electric (TE) modes in a metal cylindrical cavity with longitudinal corrugations is 

obtained. This equation takes into account the coupling of basis modes (spatial 

harmonics), which arises due to corrugation of the cavity surface. The convergence of the 

cavity's eigenfields is demonstrated and the errors in calculating the eigenvalues are 

determined depending on the number of spatial harmonics taken into account. 

The possibility of using simplified methods for analyzing corrugated structures is 

investigated: the impedance model, which does not take into account the interaction 

between spatial harmonics, and the Bloch harmonics method, which neglects the 

contribution of higher Fourier harmonics inside the corrugations. The conditions for the 

applicability of the simplified impedance model, which is widely used to calculate the 

characteristics of corrugated waveguide structures, are analyzed. It has been shown that 

this model can lead to incorrect results for cylindrical waveguides with corrugated walls, 

even if the number of corrugations is large enough to satisfy the known empirical criterion 

for the applicability of this model. 

For a small number of corrugations, higher accuracy can be obtained using the 

Bloch harmonic method. It was shown, however, that this method is only suitable for 

describing lower radial modes and narrow corrugations, the width of which was small 

compared to half the wavelength of the waveguide eigenmode. Thus, for arbitrary sizes 

and numbers of corrugations, it is necessary to use a rigorous method of spatial harmonics 

to calculate the eigenvalues of TE modes in a cylindrical waveguide with a corrugated 

metal wall. It is shown that this method additionally provides high accuracy in calculating 
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the field distribution over the cross section of a corrugated waveguide. Exceptions may be 

around the corrugation edges. 

A dispersion equation is obtained, and the eigenvalues and eigenfields for transverse 

magnetic (TM) modes in a coaxial gyrotron cavity with a corrugated inner conductor are 

calculated based on the improved method of spatial harmonics. Within the framework of 

this method, the fields at the aperture between the waveguide channel and corrugations are 

re-expanded through orthogonal Gegenbauer polynomials. This makes it possible to take 

into account the peculiarity of the field near the edges of the corrugations, known as the 

Meixner's edge condition. It was revealed that, compared to the standard spatial harmonics 

method, the number of basis modes (Gegenbauer polynomials) in the improved method 

can be chosen much less in order to guarantee the same accuracy in calculating the 

eigenvalues and fields of the cavity. As a result, the size of the matrix included in the 

dispersion equation can be noticeably reduced. Thus, it is possible to avoid difficulties in 

calculating the determinants of large matrices and significantly reduce the computation 

time required to numerically solve the gyrotron cavity eigenvalue problem. 

An analytical expression for the ohmic quality factor in the cavity with longitudinal 

corrugations is obtained, with the help of which the influence of corrugations on the ohmic 

losses of the TE modes is determined. It is shown that ohmic losses depend on the 

frequency of the mode, the geometric characteristics of the corrugations and can be 

independently used to selectively suppresion the fundamental competing modes in the 

second-harmonic gyrotron. The parameters of the corrugations have been determined, 

making it possible to increase the ratio of the ohmic quality factors of the operating and 

competing modes in the gyrotron cavity several times. Ohmic losses are usually high for 

TE modes when the depth of the corrugations is close to a quarter of their wavelength. In 

addition, it was found that for a selected corrugation depth, the frequency separation 

between the operating mode at the second harmonic of the cyclotron frequency and 

competing modes at the first harmonic depends on the number of corrugations and, 

therefore, can be increased if necessary. 

It has been revealed that the conversion of TE modes to higher spatial harmonics in 

a metal cylindrical cavity with longitudinal corrugations depends significantly on the 
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number of corrugations and their size. Ratios between the depth of the corrugations and 

the wavelength were found, at which weak and strong conversion of modes to higher 

spatial harmonics is observed. It is shown that mode conversion is usually small if the 

corrugation depth is close to half the wavelength. Therefore, such a depth is an appropriate 

choice for the operating mode of the second-harmonic gyrotron. It has been determined 

that it additionally provides a relatively high ohmic quality factor for the operating mode, 

which increases with a decrease in the number of corrugations. Together with high mode 

purity, it is also able to provide relatively low ohmic losses for the operating mode, which 

decreases with a decrease in the number of corrugations. This corrugation depth 

corresponds to approximately a quarter of the wavelength of the competing modes at the 

first cyclotron harmonic. It is shown that under this condition, competing modes undergo 

conversion into spatial harmonics with high azimuthal indices and caustic radii, even if the 

number of corrugations is quite large. Therefore, the coupling of the beam with competing 

modes at the first cyclotron harmonic is weakened due to mode conversion. 

A nonlinear self-consistent theory has been developed to describe the stationary 

stage of interaction of a helical electron beam with the eigen TE modes of a corrugated 

gyrotron cavity. For the electron-wave interaction in the cavity, a power balance condition 

was obtained. It has been determined that the presence of corrugations on the cavity 

surface affects not only the eigenvalues and ohmic losses, but also the coupling of TE 

modes with the electron beam. For corrugations with a depth equal to half the wavelength, 

this effect is negligible, even with a small number of corrugations. It is shown that at such 

a depth of corrugations in the gyrotron cavity, only an insignificant shift in the starting 

current of the TE mode is observed, caused mainly by ohmic losses in the corrugated wall 

of the cavity. When the corrugation depth is equal to a quarter of the wavelength, mode 

conversion to higher azimuthal Bloch harmonics becomes strong, hence significantly 

affecting the eigenvalues, eigenfields and ohmic losses of the TE mode. It is shown that 

such mode conversion leads to a weakening of the coupling between the TE mode and the 

electron beam. Due to this, the corrugations in the gyrotron cavity make it possible to 

increase the starting current for the TE mode of the cavity several times with a frequency 

corresponding to the quarter-wave depth of the corrugations. 
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An improvement in the selective properties of the gyrotron cavity at the second 

cyclotron harmonic through the use of longitudinal corrugations has been demonstrated. 

For a specific design of the 0.3-THz gyrotron cavity, the optimal parameters of the 

corrugations were obtained, providing the most effective mode selection. The starting 

currents for the operating and competing modes of the gyrotron were calculated. It is 

shown that the use of a corrugated cavity with certain parameters makes it possible to 

expand the range of generation of a single-mode operating mode and provides the 

possibility of increasing the output power of the second-harmonic gyrotron. 

 

Key words: gyrotron, corrugated cavity, mode conversion, starting current, 

eigenvalue, Q-factor, ohmic losses. 
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ʉʇʀʉʆʂ ʇʋɹʃɯʂɸʎɯʁ ɿɼʆɹʋɺɸʏɸ ɿɸ ʊɽʄʆʖ ɼʀʉɽʈʊɸʎɯɰ 

 

ʅʘʫʢʦʚʽ ʧʨʘʮʽ, ʚ ʷʢʠʭ ʦʧʫʙʣʽʢʦʚʘʥʽ ʦʩʥʦʚʥʽ ʥʘʫʢʦʚʽ ʨʝʟʫʣʴʪʘʪʠ ʜʠʩʝʨʪʘʮʽʾ: 

1. Tkachova T. I., Shcherbinin V. I., Tkachenko V. I. Efficient approach to analysis of 

TM modes in coaxial gyrotron cavity with corrugated insert. Problems of Atomic Science 

and Technology. 2018. No 4. P. 62-66. (ʆʩʦʙʠʩʪʠʡ ʚʥʝʩʦʢ ʟʜʦʙʫʚʘʯʘ: ʫ ʧʦʩʪʘʥʦʚʮʽ 

ʤʝʪʠ ʽ ʟʘʚʜʘʥʥʷ ʜʦʩʣʽʜʞʝʥʥʷ, ʧʨʦʚʝʜʝʥʥʽ ʘʥʘʣʽʪʠʯʥʠʭ ʪʘ ʯʠʩʝʣʴʥʠʭ ʨʦʟʨʘʭʫʥʢʽʚ, 

ʦʙʛʦʚʦʨʝʥʥʽ ʪʘ ʘʥʘʣʽʟʽ ʦʪʨʠʤʘʥʠʭ ʨʝʟʫʣʴʪʘʪʽʚ) (ɺʠʜʘʥʥʷ ʚʭʦʜʠʪʴ ʜʦ ʤʽʞʥʘʨʦʜʥʠʭ 

ʥʘʫʢʦʤʝʪʨʠʯʥʠʭ ʙʘʟ Scopus ʪʘ Web of Science, ʢʚʘʨʪʠʣʴ Q3, ʪʘ ʜʦ ʩʧʠʩʢʫ ʬʘʭʦʚʠʭ 

ʚʠʜʘʥʴ ʋʢʨʘʾʥʠ ʢʘʪʝʛʦʨʽʾ çɸè) 

2. Tkachova T. I., Shcherbinin V. I., Tkachenko V. I. Eigenvalues and eigenfields of a 

corrugated gyrotron cavity with conducting walls. Problems Atomic Science and 

Technology. 2018. No 6. P. 67-70. (ʆʩʦʙʠʩʪʠʡ ʚʥʝʩʦʢ ʟʜʦʙʫʚʘʯʘ: ʫ ʧʦʩʪʘʥʦʚʮʽ ʤʝʪʠ ʽ 

ʟʘʚʜʘʥʥʷ ʜʦʩʣʽʜʞʝʥʥʷ, ʧʨʦʚʝʜʝʥʥʽ ʘʥʘʣʽʪʠʯʥʠʭ ʪʘ ʯʠʩʝʣʴʥʠʭ ʨʦʟʨʘʭʫʥʢʽʚ, 

ʦʙʛʦʚʦʨʝʥʥʽ ʪʘ ʘʥʘʣʽʟʽ ʦʪʨʠʤʘʥʠʭ ʨʝʟʫʣʴʪʘʪʽʚ) (ɺʠʜʘʥʥʷ ʚʭʦʜʠʪʴ ʜʦ ʤʽʞʥʘʨʦʜʥʠʭ 

ʥʘʫʢʦʤʝʪʨʠʯʥʠʭ ʙʘʟ Scopus ʪʘ Web of Science, ʢʚʘʨʪʠʣʴ Q3, ʪʘ ʜʦ ʩʧʠʩʢʫ ʬʘʭʦʚʠʭ 

ʚʠʜʘʥʴ ʋʢʨʘʾʥʠ ʢʘʪʝʛʦʨʽʾ çɸè) 

3. Tkachova T. I., Shcherbinin V. I., Tkachenko V. I. Mode selection by ohmic losses in 

longitudinally corrugated cavities of sub-THz second-harmonic gyrotrons. Problems of 

Atomic Science and Technology. 2019. No 4. P. 31-34. https://doi.org/10.46813/2019-122-

031 (ʆʩʦʙʠʩʪʠʡ ʚʥʝʩʦʢ ʟʜʦʙʫʚʘʯʘ: ʫ ʧʦʩʪʘʥʦʚʮʽ ʤʝʪʠ ʽ ʟʘʚʜʘʥʥʷ ʜʦʩʣʽʜʞʝʥʥʷ, 

ʧʨʦʚʝʜʝʥʥʽ ʘʥʘʣʽʪʠʯʥʠʭ ʪʘ ʯʠʩʝʣʴʥʠʭ ʨʦʟʨʘʭʫʥʢʽʚ, ʦʙʛʦʚʦʨʝʥʥʽ ʪʘ ʘʥʘʣʽʟʽ 

ʦʪʨʠʤʘʥʠʭ ʨʝʟʫʣʴʪʘʪʽʚ) (ɺʠʜʘʥʥʷ ʚʭʦʜʠʪʴ ʜʦ ʤʽʞʥʘʨʦʜʥʠʭ ʥʘʫʢʦʤʝʪʨʠʯʥʠʭ ʙʘʟ 

Scopus ʪʘ Web of Science, ʢʚʘʨʪʠʣʴ Q3, ʪʘ ʜʦ ʩʧʠʩʢʫ ʬʘʭʦʚʠʭ ʚʠʜʘʥʴ ʋʢʨʘʾʥʠ 

ʢʘʪʝʛʦʨʽʾ çɸè) 

4. Tkachova T. I., Shcherbinin V. I., Tkachenko V. I. Selectivity properties of 

cylindrical waveguides with longitudinal wall corrugations for second-harmonic 

gyrotrons. Journal of Infrared, Millimeter, and Terahertz Waves. 2019. Vol. 40, No 10. P. 

1021-1034. https://doi.org/10.1007/s10762-019-00623-y (ʆʩʦʙʠʩʪʠʡ ʚʥʝʩʦʢ ʟʜʦʙʫʚʘʯʘ: 

ʫ ʧʦʩʪʘʥʦʚʮʽ ʤʝʪʠ ʽ ʟʘʚʜʘʥʥʷ ʜʦʩʣʽʜʞʝʥʥʷ, ʧʨʦʚʝʜʝʥʥʽ ʘʥʘʣʽʪʠʯʥʠʭ ʪʘ ʯʠʩʝʣʴʥʠʭ 

https://doi.org/10.46813/2019-122-031
https://doi.org/10.46813/2019-122-031
https://doi.org/10.1007/s10762-019-00623-y
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ʨʦʟʨʘʭʫʥʢʽʚ, ʦʙʛʦʚʦʨʝʥʥʽ ʪʘ ʘʥʘʣʽʟʽ ʦʪʨʠʤʘʥʠʭ ʨʝʟʫʣʴʪʘʪʽʚ) (ɺʠʜʘʥʥʷ ʚʭʦʜʠʪʴ ʜʦ 

ʤʽʞʥʘʨʦʜʥʠʭ ʥʘʫʢʦʤʝʪʨʠʯʥʠʭ ʙʘʟ Scopus ʪʘ Web of Science, ʢʚʘʨʪʠʣʴ Q2) 

5. Tkachova T. I., Shcherbinin V. I., Tkachenko V. I., Ioannidis Z. C., Thumm M., 
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ɺʉʊʋʇ 

 

ʆʙ̌ ʨʫʥʪʫʚʘʥʥʷ ʚʠʙʦʨʫ ʪʝʤʠ ʜʦʩʣʽʜʞʝʥʥʷ. ʅʘ ʩʴʦʛʦʜʥʽʰʥʽʡ ʜʝʥʴ 

ʪʝʨʘʛʝʨʮʦʚʝ (ʊɻʮ) ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ ʚ ʜʽʘʧʘʟʦʥʽ ʯʘʩʪʦʪ ʚʽʜ 0.3 ʜʦ 3 ʊɻʮ ʻ ʧʨʝʜʤʝʪʦʤ 

ʘʢʪʠʚʥʠʭ ʪʝʦʨʝʪʠʯʥʠʭ ʽ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʭ ʜʦʩʣʽʜʞʝʥʴ ʫ ʚʩʴʦʤʫ ʩʚʽʪʽ. ʊʘʢʠʡ 

ʽʥʪʝʨʝʩ ʟʫʤʦʚʣʝʥʠʡ ʥʠʟʢʦʶ ʦʩʦʙʣʠʚʦʩʪʝʡ ʪʝʨʘʛʝʨʮʦʚʠʭ ʭʚʠʣʴ. ʇʦ-ʧʝʨʰʝ, ʊɻʮ ʭʚʠʣʽ 

ʟʜʘʪʥʽ ʧʨʦʭʦʜʠʪʠ ʯʝʨʝʟ ʤʘʪʝʨʽʘʣʠ, ʷʢʽ ʻ ʥʝʧʨʦʟʦʨʠʤʠ ʫ ʚʠʜʠʤʦʤʫ ʪʘ ʽʥʬʨʘʯʝʨʚʦʥʦʤʫ 

ʩʧʝʢʪʨʘʭ. ʇʨʠ ʮʴʦʤʫ ʚʦʥʠ ʜʦʟʚʦʣʷʶʪʴ ʦʪʨʠʤʫʚʘʪʠ ʟʦʙʨʘʞʝʥʥʷ ʜʦʩʣʽʜʞʫʚʘʥʠʭ 

ʟʨʘʟʢʽʚ ʽʟ ʢʨʘʱʦʶ ʨʦʟʜʽʣʴʥʦʶ ʟʜʘʪʥʽʩʪʶ, ʫ ʧʦʨʽʚʥʷʥʥʽ ʽʟ ʤʽʢʨʦʭʚʠʣʴʦʚʠʤ 

ʚʠʧʨʦʤʽʥʶʚʘʥʥʷʤ. ʇʦ-ʜʨʫʛʝ, ʪʝʨʘʛʝʨʮʦʚʝ ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ ʻ ʙʝʟʧʝʯʥʠʤ ʪʘ 

ʥʝʽʦʥʽʟʫʶʯʠʤ, ʥʘ ʚʽʜʤʽʥʫ ʚʽʜ ʨʝʥʪʛʝʥʽʚʩʴʢʠʭ ʭʚʠʣʴ. ʇʦ-ʪʨʝʪʻ, ʟʘ ʜʦʧʦʤʦʛʦʶ 

ʪʝʨʘʛʝʨʮʦʚʠʭ ʭʚʠʣʴ ʤʦʞʥʘ ʦʪʨʠʤʘʪʠ ʫʥʽʢʘʣʴʥʫ ʽʥʬʦʨʤʘʮʽʶ ʧʨʦ ʩʪʨʫʢʪʫʨʫ ʪʘ 

ʭʽʤʽʯʥʠʡ ʩʢʣʘʜ ʙʘʛʘʪʴʦʭ ʤʦʣʝʢʫʣ, ʦʙʝʨʪʘʣʴʥʽ ʽ ʚʽʙʨʘʮʽʡʥʽ ʯʘʩʪʦʪʠ ʷʢʠʭ ʣʝʞʘʪʴ ʚ 

ʪʝʨʘʛʝʨʮʦʚʦʤʫ ʜʽʘʧʘʟʦʥʽ ʯʘʩʪʦʪ. ʊʘʢʽ ʦʩʦʙʣʠʚʦʩʪʽ ʪʝʨʘʛʝʨʮʦʚʠʭ ʭʚʠʣʴ ʚʠʟʥʘʯʘʶʪʴ 

ʦʩʥʦʚʥʽ ʥʘʧʨʷʤʢʠ ʾʭ ʚʠʢʦʨʠʩʪʘʥʥʷ. ʉʬʝʨʠ ʟʘʩʪʦʩʫʚʘʥʥʷ ʊɻʮ ʭʚʠʣʴ ʚʢʣʶʯʘʶʪʴ ʚ 

ʩʝʙʝ ʚʠʩʦʢʦʨʦʟʜʽʣʴʥʫ ʩʧʝʢʪʨʦʩʢʦʧʽʶ, ʚʠʷʚʣʝʥʥʷ ʧʨʠʭʦʚʘʥʦʾ ʟʙʨʦʾ, ʚʠʙʫʭʦʚʠʭ 

ʨʝʯʦʚʠʥ ʽ ʨʘʜʽʦʘʢʪʠʚʥʠʭ ʤʘʪʝʨʽʘʣʽʚ, ʭʽʤʽʯʥʝ ʟʦʥʜʫʚʘʥʥʷ, ʢʦʥʪʨʦʣʴ ʷʢʦʩʪʽ ʤʘʪʝʨʽʘʣʽʚ, 

ʤʝʜʠʯʥʫ ʪʦʤʦʛʨʘʬʽʶ ʽ ʜʽʘʛʥʦʩʪʠʢʫ, ʚʠʩʦʢʦʰʚʠʜʢʽʩʥʠʡ ʩʫʧʫʪʥʠʢʦʚʠʡ ʟʚ'ʷʟʦʢ, 

ʘʪʤʦʩʬʝʨʥʽ ʽ ʢʦʩʤʽʯʥʽ ʜʦʩʣʽʜʞʝʥʥʷ ʪʘ ʙʘʛʘʪʦ ʽʥʰʦʛʦ.  

ʅʘʡʙʽʣʴʰ ʧʦʪʫʞʥʠʤ ʜʞʝʨʝʣʦʤ ʥʝʧʝʨʝʨʚʥʦʛʦ ʢʦʛʝʨʝʥʪʥʦʛʦ ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ ʚ 

ʩʫʙʪʝʨʘʛʝʨʮʦʚʦʤʫ ʜʽʘʧʘʟʦʥʽ ʯʘʩʪʦʪ ʚʽʜ 0.3  ʜʦ 1 ʊɻʮ ʻ ʛʽʨʦʪʨʦʥ, ʧʨʠʥʮʠʧ ʨʦʙʦʪʠ 

ʷʢʦʛʦ ʟʘʩʥʦʚʘʥʠʡ ʥʘ ʚʠʤʫʰʝʥʦʤʫ ʚʠʧʨʦʤʽʥʶʚʘʥʥʽ ʝʣʝʢʪʨʦʥʽʚ, ʱʦ ʦʙʝʨʪʘʶʪʴʩʷ ʚ 

ʦʜʥʦʨʽʜʥʦʤʫ ʩʪʘʣʦʤʫ ʤʘʛʥʽʪʥʦʤʫ ʧʦʣʽ. ʁʦʛʦ ʯʘʩʪʦʪʘ ʧʨʦʧʦʨʮʽʡʥʘ ʮʠʢʣʦʪʨʦʥʥʽʡ 

ʯʘʩʪʦʪʽ ʝʣʝʢʪʨʦʥʽʚ ʧʫʯʢʘ ʽ, ʷʢ ʥʘʩʣʽʜʦʢ, ʻ ʦʙʤʝʞʝʥʦ ʁʯʝʨʝʟ ʦʙʤʝʞʝʥʩ̔ʪɹ ʤʘʛʥʽʪʥʠʭ 

ʧʦʣʽʚ, ʷʢʽ ʟʜʘʪʥʽ ʩʪʚʦʨʶʚʘʪʠ ʩʫʯʘʩʥʽ ʥʘʜʧʨʦʚʽʜʥʽ ʤʘʛʥʽʪʠ. ʋ ʟʚ'ʷʟʢʫ ʟ ʮʠʤ, ʦʩʦʙʣʠʚʠʡ 

ʽʥʪʝʨʝʩ ʧʨʝʜʩʪʘʚʣʷʶʪʴ ʛʽʨʦʪʨʦʥʠ ʥʘ ʜʨʫʛʽʡ (ʪʘ ʙʽʣʴʰ ʚʠʩʦʢʠʭ) ʛʘʨʤʦʥʽʢʘʭ 

ʮʠʢʣʦʪʨʦʥʥʦʾ ʯʘʩʪʦʪʠ, ʚ ʷʢʠʭ ʥʝʦʙʭʽʜʥʝ ʤʘʛʥʽʪʥʝ ʧʦʣʝ ʤʦʞʝ ʙʫʪʠ ʟʤʝʥʰʝʥʦ ʚ ʜʚʘ (ʪʘ 

ʙʽʣʴʰʝ) ʨʘʟʠ. ɰʭ ʧʨʘʢʪʠʯʥʘ ʨʝʘʣʽʟʘʮʽʷ, ʦʜʥʘʢ, ʯʘʩʪʦ ʧʦʚ'ʷʟʘʥʘ ʟ ʧʨʦʙʣʝʤʦʶ 

ʢʦʥʢʫʨʝʥʮʽʾ ʨʦʙʦʯʦʾ ʤʦʜʠ ʛʽʨʦʪʨʦʥʘ ʟ ʤʦʜʘʤʠ ʥʘ ʧʝʨʰʽʡ (ʬʫʥʜʘʤʝʥʪʘʣʴʥʽʡ) 

ʮʠʢʣʦʪʨʦʥʥʽʡ ʛʘʨʤʦʥʽʮʽ. ʊʘʢʘ ʧʨʦʙʣʝʤʘ ʟʘʛʦʩʪʨʶʻʪʴʩʷ ʟʽ ʟʨʦʩʪʘʥʥʷʤ ʥʦʤʝʨʘ 
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ʮʠʢʣʦʪʨʦʥʥʦʾ ʛʘʨʤʦʥʽʢʠ ʽ ʤʦʞʝ ʧʨʠʟʚʝʩʪʠ ʜʦ ʩʢʦʨʦʯʝʥʥʷ ʦʙʣʘʩʪʽ ʛʝʥʝʨʘʮʽʾ ʨʦʙʦʯʦʾ 

ʤʦʜʠ, ʘ ʪʘʢʦʞ ʟʥʠʞʝʥʥʷ ʂʂɼ ʽ ʚʠʭʽʜʥʦʾ ʧʦʪʫʞʥʦʩʪʽ ʛʽʨʦʪʨʦʥʘ. ʎʝ ʧʨʠʟʚʦʜʠʪʴ ʜʦ 

ʥʝʦʙʭʽʜʥʦʩʪʽ ʨʦʟʨʦʙʢʠ ʚʜʦʩʢʦʥʘʣʝʥʠʭ ʪʠʧʽʚ ʨʝʟʦʥʘʪʦʨʽʚ, ʷʢʽ ʟʘʙʝʟʧʝʯʫʶʪʴ 

ʩʝʣʝʢʪʠʚʥʝ ʧʨʠʜʫʰʝʥʥʷ ʢʦʥʢʫʨʫʶʯʠʭ ʤʦʜ ʫ ʛʽʨʦʪʨʦʥʘʭ ʥʘ ʚʠʱʠʭ ʮʠʢʣʦʪʨʦʥʥʠʭ 

ʛʘʨʤʦʥʽʢʘʭ. 

ʆʜʥʠʤ ʟ ʧʨʝʜʩʪʘʚʥʠʢʽʚ ʚʜʦʩʢʦʥʘʣʝʥʠʭ ʨʝʟʦʥʘʪʦʨʽʚ ʤʦʞʝ ʙʫʪʠ ʮʠʣʽʥʜʨʠʯʥʠʡ 

ʨʝʟʦʥʘʪʦʨ ʛʽʨʦʪʨʦʥʘ, ʱʦ ʤʘʻ ʤʝʪʘʣʝʚʫ ʧʦʚʝʨʭʥʶ ʟ ʧʦʟʜʦʚʞʥʽʤʠ ʛʦʬʨʘʤʠ. ʊʘʢʘ 

ʛʦʬʨʦʚʘʥʘ ʧʦʚʝʨʭʥʷ ʻ ʯʘʩʪʦʪʥʦ-ʩʝʣʝʢʪʠʚʥʦʶ ʽ ʪʦʤʫ ʤʘʻ ʨʽʟʥʠʡ ʚʧʣʠʚ ʥʘ ʤʦʜʠ, ʱʦ 

ʟʙʫʜʞʫʶʪʴʩʷ ʥʘ ʨʽʟʥʠʭ ʛʘʨʤʦʥʽʢʘʭ ʮʠʢʣʦʪʨʦʥʥʦʾ ʯʘʩʪʦʪʠ. ʎʷ ʦʩʦʙʣʠʚʽʩʪʴ 

ʛʦʬʨʦʚʘʥʦʾ ʧʦʚʝʨʭʥʽ ʤʦʞʝ ʙʫʪʠ ʚʠʢʦʨʠʩʪʘʥʘ ʜʣʷ ʩʝʣʝʢʮʽʾ ʤʦʜ ʪʘ ʧʦʷʩʥʶʻ ʚʘʞʣʠʚʽʩʪʴ 

ʪʘ ʘʢʪʫʘʣʴʥʽʩʪʴ ʨʦʟʨʦʙʢʠ ʛʦʬʨʦʚʘʥʠʭ ʨʝʟʦʥʘʪʦʨʽʚ ʜʣʷ ʛʽʨʦʪʨʦʥʽʚ ʥʘ ʚʠʱʠʭ 

ʮʠʢʣʦʪʨʦʥʥʠʭ ʛʘʨʤʦʥʽʢʘʭ. ʊʝʤʦʶ ʜʦʩʣʽʜʞʝʥʴ ʻ ʜʝʪʘʣʴʥʝ ʚʠʚʯʝʥʥʷ ʝʣʝʢʪʨʦʥʥʦ-

ʭʚʠʣʴʦʚʦʾ ʚʟʘʻʤʦʜʽʾ ʫ ʨʝʟʦʥʘʪʦʨʘʭ ʟ ʧʦʟʜʦʚʞʥʽʤʠ ʛʦʬʨʘʤʠ ʟ ʤʝʪʦʶ ʚʠʟʥʘʯʝʥʥʷ 

ʧʘʨʘʤʝʪʨʽʚ ʛʦʬʨʽʚ, ʱʦ ʟʘʙʝʟʧʝʯʫʶʪʴ ʥʘʡʙʽʣʴʰ ʝʬʝʢʪʠʚʥʝ ʩʝʣʝʢʪʠʚʥʝ ʧʨʠʜʫʰʝʥʥʷ 

ʬʫʥʜʘʤʝʥʪʘʣʴʥʠʭ ʢʦʥʢʫʨʫʶʯʠʭ ʤʦʜ ʫ ʨʝʟʦʥʘʪʦʨʘʭ ʛʽʨʦʪʨʦʥʽʚ ʥʘ ʜʨʫʛʽʡ ʛʘʨʤʦʥʽʮʽ 

ʮʠʢʣʦʪʨʦʥʥʦʾ ʯʘʩʪʦʪʠ. 

ɿʚ'ʷʟʦʢ ʨʦʙʦʪʠ ʟ ʥʘʫʢʦʚʠʤʠ ʧʨʦʛʨʘʤʘʤʠ, ʧʣʘʥʘʤʠ, ʪʝʤʘʤʠ. ʈʝʟʫʣʴʪʘʪʠ, ʱʦ 

ʩʪʘʥʦʚʣʷʪʴ ʦʩʥʦʚʫ ʜʠʩʝʨʪʘʮʽʡʥʦʾ ʨʦʙʦʪʠ, ʦʪʨʠʤʘʥʽ ʚ ʅʅʎ çʍʌʊɯè ʅɸʅʋ ʚ ʨʘʤʢʘʭ 

ʚʠʢʦʥʘʥʥʷ ʧʣʘʥʦʚʠʭ ʙʶʜʞʝʪʥʠʭ ʥʘʫʢʦʚʦ-ʜʦʩʣʽʜʥʠʭ ʨʦʙʽʪ: çʈʦʟʚʠʪʦʢ ʥʘʫʢʦʚʠʭ 

ʦʩʥʦʚ ʚʠʢʦʨʠʩʪʘʥʥʷ ʩʪʨʫʢʪʫʨʥʦ ʩʢʣʘʜʥʠʭ ʬʫʥʢʮʽʦʥʘʣʴʥʠʭ ʤʘʪʝʨʽʘʣʽʚ ʽ ʩʝʨʝʜʦʚʠʱ ʫ 

ʘʣʴʪʝʨʥʘʪʠʚʥʽʡ ʝʥʝʨʛʝʪʠʮʽ ʪʘ ʨʝʩʫʨʩʦʟʙʝʨʝʞʝʥʥʽè ʇʨʦʛʨʘʤʠ ʨʦʙʽʪ ʟ ʘʪʦʤʥʦʾ ʥʘʫʢʠ ʽ 

ʪʝʭʥʽʢʠ ʅʅʎ çʍʌʊɯè (ʪʝʨʤʽʥ ʚʠʢʦʥʘʥʥʷ 2016-2020 ʨʨ., ʰʠʬʨ ʪʝʤʠ ɯɯɯ-1-16 (ʅɺʂ 

ɺɼɽʈʊ), ˉ ʜʝʨʞʨʝʻʩʪʨʘʮʽʾ 0116U005362), çɼʦʩʣʽʜʞʝʥʥʷ ʽ ʨʦʟʨʦʙʢʠ 

ʨʝʩʫʨʩʦʟʙʝʨʽʛʘʶʯʠʭ ʧʨʠʩʪʨʦʾʚ ʽ ʧʨʦʮʝʩʽʚ ʩʪʚʦʨʝʥʥʷ ʪʘ ʫʜʦʩʢʦʥʘʣʝʥʥʷ ʚʣʘʩʪʠʚʦʩʪʝʡ 

ʽʥʥʦʚʘʮʽʡʥʠʭ ʬʫʥʢʮʽʦʥʘʣʴʥʠʭ ʤʘʪʝʨʽʘʣʽʚ ʚʽʜʥʦʚʣʶʚʘʥʦʾ, ʥʝʪʨʘʜʠʮʽʡʥʦʾ ʪʘ ʘʪʦʤʥʦʾ 

ʝʥʝʨʛʝʪʠʢʠ ʥʦʚʦʛʦ ʧʦʢʦʣʽʥʥʷè ʇʨʦʛʨʘʤʠ ʨʦʙʽʪ ʟ ʘʪʦʤʥʦʾ ʥʘʫʢʠ ʽ ʪʝʭʥʽʢʠ ʅʅʎ 

çʍʌʊɯè (ʪʝʨʤʽʥ ʚʠʢʦʥʘʥʥʷ 2021-2025 ʨʨ., ʰʠʬʨ ʪʝʤʠ ɯɯɯ-25-21 (ʅɺʂ ɺɼɽʈʊ), 

ˉ ʜʝʨʞʨʝʻʩʪʨʘʮʽʾ 0121U107860), ʫ ʨʘʤʢʘʭ ʧʨʦʻʢʪʫ ʅɼʈ ʤʦʣʦʜʠʭ ʫʯʝʥʠʭ ʅɸʅ 

ʋʢʨʘʾʥʠ çʆʧʪʠʤʽʟʘʮʽʷ ʮʠʣʽʥʜʨʠʯʥʦʛʦ ʨʝʟʦʥʘʪʦʨʘ ʟ ʨʦʟʧʦʜʽʣʝʥʠʤʠ ʧʦʟʜʦʚʞʥʽʤʠ 

ʛʦʬʨʘʤʠ ʜʣʷ ʪʝʨʘʛʝʨʮʦʚʦʛʦ ʛʽʨʦʪʨʦʥʘ ʥʘ ʜʨʫʛʽʡ ʛʘʨʤʦʥʽʮʽ ʮʠʢʣʦʪʨʦʥʥʦʾ ʯʘʩʪʦʪʠè 
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(ʪʝʨʤʽʥ ʚʠʢʦʥʘʥʥʷ 2017-2018 ʨʨ.,  ̄ʜʝʨʞʨʝʻʩʪʨʘʮʽʾ 0117U001668) ʪʘ ʫ ʨʘʤʢʘʭ 

ʛʨʘʥʪʫ ʅɸʅ ʋʢʨʘʾʥʠ ʜʦʩʣʽʜʥʠʮʴʢʠʤ ʣʘʙʦʨʘʪʦʨʽʷʤ/ʛʨʫʧʘʤ ʤʦʣʦʜʠʭ ʚʯʝʥʠʭ ʅɸʅ 

ʋʢʨʘʾʥʠ ʜʣʷ ʧʨʦʚʝʜʝʥʥʷ ʜʦʩʣʽʜʞʝʥʴ ʟʘ ʧʨʽʦʨʠʪʝʪʥʠʤʠ ʥʘʧʨʷʤʘʤʠ ʨʦʟʚʠʪʢʫ ʥʘʫʢʠ ʽ 

ʪʝʭʥʽʢʠ çʍʚʠʣʴʦʚʽ ʧʨʦʮʝʩʠ ʚ ʜʠʩʠʧʘʪʠʚʥʠʭ ʩʪʨʫʢʪʫʨʘʭ ʟ ʨʽʟʥʠʤʠ ʛʨʘʥʠʯʥʠʤʠ 

ʫʤʦʚʘʤʠè (ʪʝʨʤʽʥ ʚʠʢʦʥʘʥʥʷ 2022-2023 ʨʨ., ̄  ʜʝʨʞʨʝʻʩʪʨʘʮʽʾ 0122U002145). ʈʦʙʦʪʘ 

ʪʘʢʦʞ ʧʽʜʪʨʠʤʫʚʘʣʘʩʷ ʩʪʠʧʝʥʜʽʻʶ ʅɸʅ ʋʢʨʘʾʥʠ ʜʣʷ ʤʦʣʦʜʠʭ ʚʯʝʥʠʭ (2019-

2021 ʨʨ.). 

ɺ ʟʘʟʥʘʯʝʥʠʭ ʨʦʙʦʪʘʭ ʜʠʩʝʨʪʘʥʪʢʘ ʚʠʩʪʫʧʘʣʘ ʚ ʷʢʦʩʪʽ ʚʠʢʦʥʘʚʮʷ. 

ʄʝʪʘ  ̔ ʟʘʜʘʯʽ ʜʦʩʣʽʜʞʝʥʥʷ. ʄʝʪʦʶ ʜʠʩʝʨʪʘʮʽʡʥʦʾ ʨʦʙʦʪʠ ʻ ʚʩʪʘʥʦʚʣʝʥʥʷ 

ʬʽʟʠʯʥʠʭ ʟʘʢʦʥʦʤʽʨʥʦʩʪʝʡ ʝʣʝʢʪʨʦʥʥʦ-ʭʚʠʣʴʦʚʦʾ ʚʟʘʻʤʦʜʽʾ ʚ ʚʘʢʫʫʤʥʠʭ ʨʝʟʦʥʘʪʦʨʘʭ 

ʛʽʨʦʪʨʦʥʽʚ ʥʘ ʜʨʫʛʽʡ ʮʠʢʣʦʪʨʦʥʥʽʡ ʛʘʨʤʦʥʽʮʽ, ʱʦ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʧʦʣʽʧʰʝʥʦʾ ʩʝʣʝʢʮʽʾ 

ʤʦʜ. 

ɼʣʷ ʜʦʩʷʛʥʝʥʥʷ ʧʦʩʪʘʚʣʝʥʦʾ ʤʝʪʠ ʥʝʦʙʭʽʜʥʦ ʙʫʣʦ ʨʦʟʚ'ʷʟʘʪʠ ʥʘʩʪʫʧʥʽ ʟʘʜʘʯʽ: 

1. ʈʦʟʨʘʭʫʚʘʪʠ ʯʘʩʪʦʪʠ ʽ ʧʦʣʷ ʜʣʷ ʚʣʘʩʥʠʭ ʤʦʜ ʚʘʢʫʫʤʥʠʭ ʨʝʟʦʥʘʪʦʨʽʚ ʟ 

ʛʦʬʨʦʚʘʥʠʤʠ ʧʦʚʝʨʭʥʷʤʠ ʪʘ ʧʨʦʚʝʩʪʠ ʘʥʘʣʽʟ ʪʦʯʥʦʩʪʽ ʨʦʟʨʘʭʫʥʢʽʚ. 

2. ɺʠʟʥʘʯʠʪʠ ʚʧʣʠʚ ʛʣʠʙʠʥʠ, ʰʠʨʠʥʠ ʽ ʢʽʣʴʢʦʩʪʽ ʛʦʬʨʽʚ ʥʘ ʚʣʘʩʥʽ ʯʘʩʪʦʪʠ ʽ 

ʚʣʘʩʥʽ ʧʦʣʷ ʛʦʬʨʦʚʘʥʦʛʦ ʨʝʟʦʥʘʪʦʨʘ. 

3. ʆʙʯʠʩʣʠʪʠ ʦʤʽʯʥʫ ʜʦʙʨʦʪʥʽʩʪʴ ʨʝʟʦʥʘʪʦʨʘ ʛʽʨʦʪʨʦʥʘ ʟ ʧʦʟʜʦʚʞʥʽʤʠ 

ʛʦʬʨʘʤʠ ʪʘ ʚʠʟʥʘʯʠʪʠ ʾʾ ʟʤʽʥʫ ʚ ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ ʧʘʨʘʤʝʪʨʽʚ ʛʦʬʨʽʚ. 

4. ʈʦʟʨʦʙʠʪʠ ʥʝʣʽʥʽʡʥʫ ʩʘʤʦʫʟʛʦʜʞʝʥʫ ʪʝʦʨʽʶ ʜʣʷ ʦʧʠʩʫ ʩʪʘʮʽʦʥʘʨʥʦʾ ʩʪʘʜʽʾ 

ʚʟʘʻʤʦʜʽʾ ʛʚʠʥʪʦʚʦʛʦ ʧʫʯʢʘ ʝʣʝʢʪʨʦʥʽʚ ʟ ʚʣʘʩʥʠʤʠ ʧʦʧʝʨʝʯʥʦ-

ʝʣʝʢʪʨʠʯʥʠʤʠ ʤʦʜʘʤʠ ʛʦʬʨʦʚʘʥʦʛʦ ʨʝʟʦʥʘʪʦʨʘ ʛʽʨʦʪʨʦʥʘ ʪʘ ʚʩʪʘʥʦʚʠʪʠ 

ʚʧʣʠʚ ʛʦʬʨʽʚ ʥʘ ʢʦʝʬʽʮʽʻʥʪʠ ʟʚ'ʷʟʢʫ ʧʫʯʢʘ ʝʣʝʢʪʨʦʥʽʚ ʽʟ ʚʣʘʩʥʠʤʠ ʤʦʜʘʤʠ 

ʨʝʟʦʥʘʪʦʨʘ ʛʽʨʦʪʨʦʥʘ. 

5. ʈʦʟʨʘʭʫʚʘʪʠ ʧʦʨʦʛʠ ʛʝʥʝʨʘʮʽʾ (ʩʪʘʨʪʦʚʽ ʩʪʨʫʤʠ) ʨʦʙʦʯʦʾ ʪʘ ʢʦʥʢʫʨʫʶʯʠʭ 

ʤʦʜ ʫ ʨʝʟʦʥʘʪʦʨʽ ʟ ʧʦʟʜʦʚʞʥʽʤʠ ʛʦʬʨʘʤʠ ʜʣʷ ʛʽʨʦʪʨʦʥʘ ʥʘ ʜʨʫʛʽʡ 

ʮʠʢʣʦʪʨʦʥʥʽʡ ʛʘʨʤʦʥʽʮʽ. 

ʆʙ'ʻʢʪʦʤ ʜʦʩʣʽʜʞʝʥʥʷ ʻ ʚʣʘʩʥʽ ʤʦʜʠ ʚʘʢʫʫʤʥʠʭ ʨʝʟʦʥʘʪʦʨʽʚ ʟ ʛʦʬʨʦʚʘʥʠʤʠ 

ʧʦʚʝʨʭʥʷʤʠ ʜʣʷ ʛʽʨʦʪʨʦʥʽʚ. 
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ʇʨʝʜʤʝʪʦʤ ʜʦʩʣʽʜʞʝʥʥʷ ʻ ʚʧʣʠʚ ʛʦʬʨʽʚ ʫ ʨʝʟʦʥʘʪʦʨʽ ʛʽʨʦʪʨʦʥʘ ʥʘ ʯʘʩʪʦʪʠ, 

ʧʦʣʷ, ʦʤʽʯʥʽ ʚʪʨʘʪʠ ʽ ʩʪʘʨʪʦʚʽ ʩʪʨʫʤʠ ʚʣʘʩʥʠʭ ʤʦʜ ʨʝʟʦʥʘʪʦʨʘ. 

ʄʝʪʦʜʠ ʜʦʩʣʽʜʞʝʥʥʷ. ɼʣʷ ʨʦʟʚ'ʷʟʢʫ ʟʘʜʘʯ, ʚʠʟʥʘʯʝʥʠʭ ʪʝʤʦʶ ʜʠʩʝʨʪʘʮʽʡʥʦʾ 

ʨʦʙʦʪʠ, ʚʠʢʦʨʠʩʪʦʚʫʚʘʣʠʩʷ ʩʪʘʥʜʘʨʪʥʽ, ʜʦʙʨʝ ʘʧʨʦʙʦʚʘʥʽ ʘʥʘʣʽʪʠʯʥʽ ʪʘ ʯʠʩʝʣʴʥʽ 

ʤʝʪʦʜʠ, ʘ ʪʘʢʦʞ ʤʝʪʦʜʠ ʬʽʟʠʢʠ ʧʫʯʢʽʚ ʟʘʨʷʜʞʝʥʠʭ ʯʘʩʪʠʥʦʢ. ɺ ʷʢʦʩʪʽ ʦʩʥʦʚʥʦʛʦ 

ʘʥʘʣʽʪʠʯʥʦʛʦ ʤʝʪʦʜʘ ʦʙʨʘʥʦ ʤʝʪʦʜ ʧʨʦʩʪʦʨʦʚʠʭ ʛʘʨʤʦʥʽʢ, ʷʢʠʡ ʚʠʢʦʨʠʩʪʦʚʫʚʘʚʩʷ 

ʜʣʷ ʚʠʟʥʘʯʝʥʥʷ ʚʣʘʩʥʠʭ ʯʘʩʪʦʪ ʪʘ ʧʦʣʽʚ ʨʝʟʦʥʘʪʦʨʘ ʛʽʨʦʪʨʦʥʘ ʟ ʧʦʟʜʦʚʞʥʽʤʠ 

ʛʦʬʨʘʤʠ. ɺʠʢʦʨʠʩʪʘʥʘ ʚʜʦʩʢʦʥʘʣʝʥʘ ʤʦʜʠʬʽʢʘʮʽʷ ʜʘʥʦʛʦ ʤʝʪʦʜʘ, ʟʘʩʥʦʚʘʥʘ ʥʘ 

ʧʝʨʝʨʦʟʢʣʘʜʘʥʥʽ ʧʦʣʽʚ ʥʘ ʘʧʝʨʪʫʨʽ ʛʦʬʨʘ ʚ ʨʷʜ ʧʦ ʦʨʪʦʛʦʥʘʣʴʥʠʤ ʧʦʣʽʥʦʤʘʤ 

ɻʝʛʝʥʙʘʫʝʨʘ, ʜʣʷ ʨʦʟʨʘʭʫʥʢʫ ʚʣʘʩʥʠʭ ʟʥʘʯʝʥʴ ʽ ʚʣʘʩʥʠʭ ʧʦʣʽʚ ʧʦʧʝʨʝʯʥʦ-ʤʘʛʥʽʪʥʠʭ 

(ʊʄ ï transverse magnetic) ʤʦʜ. ɺ ʦʩʥʦʚʽ ʮʠʭ ʘʥʘʣʽʪʠʯʥʠʭ ʤʝʪʦʜʽʚ ʣʝʞʠʪʴ ʤʝʪʦʜ 

ʯʘʩʪʢʦʚʠʭ ʦʙʣʘʩʪʝʡ, ʚ ʷʢʦʤʫ ʧʦʧʝʨʝʯʥʠʡ ʧʝʨʝʨʽʟ ʛʦʬʨʦʚʘʥʦʛʦ ʨʝʟʦʥʘʪʦʨʘ 

ʨʦʟʜʽʣʷʻʪʴʩʷ ʥʘ ʦʙʣʘʩʪʽ ʚʩʝʨʝʜʠʥʽ ʽ ʟʦʚʥʽ ʛʦʬʨʽʚ. ʋ ʢʦʞʥʽʡ ʟ ʮʠʭ ʦʙʣʘʩʪʝʡ ʧʦʣʝ 

ʧʨʝʜʩʪʘʚʣʷʻʪʴʩʷ ʫ ʚʠʛʣʷʜʽ ʨʦʟʢʣʘʜʘʥʥʷ ʚ ʨʷʜ ʧʦ ʚʽʜʦʤʠʤ ʙʘʟʠʩʥʠʤ ʤʦʜʘʤ 

(ʛʘʨʤʦʥʽʢʘʤ) ʪʘ ʟʘʜʦʚʦʣʴʥʷʻ ʫʤʦʚʽ ʥʝʧʝʨʝʨʚʥʦʩʪʽ ʧʦʣʽʚ ʥʘ ʛʨʘʥʠʮʽ ʧʦʜʽʣʫ ʦʙʣʘʩʪʝʡ ʽ 

ʛʨʘʥʠʯʥʠʤ ʫʤʦʚʘʤ ʥʘ ʽʜʝʘʣʴʥʦ-ʧʨʦʚʽʜʥʽʡ ʧʦʚʝʨʭʥʽ ʨʝʟʦʥʘʪʦʨʘ. ɼʣʷ ʚʨʘʭʫʚʘʥʥʷ 

ʦʤʽʯʥʠʭ ʚʪʨʘʪ ʫ ʛʦʬʨʦʚʘʥʦʤʫ ʨʝʟʦʥʘʪʦʨʽ ʛʽʨʦʪʨʦʥʘ ʟʽ ʩʢʽʥʯʝʥʥʦʶ ʧʨʦʚʽʜʥʽʩʪʶ ʩʪʽʥʦʢ 

ʚʠʢʦʨʠʩʪʦʚʫʚʘʚʩʷ ʤʝʪʦʜ ʪʝʦʨʽʾ ʟʙʫʨʝʥʴ, ʷʢʠʡ ʤʦʞʥʘ ʟʘʩʪʦʩʦʚʫʚʘʪʠ ʧʨʠ ʤʘʣʦʤʫ 

ʽʤʧʝʜʘʥʩʽ ʤʝʪʘʣʝʚʦʾ ʧʦʚʝʨʭʥʽ ʨʝʟʦʥʘʪʦʨʘ. ʈʦʟʚ'ʷʟʦʢ ʜʠʩʧʝʨʩʽʡʥʠʭ ʨʽʚʥʷʥʴ ʜʣʷ 

ʚʣʘʩʥʠʭ ʤʦʜ ʨʝʟʦʥʘʪʦʨʽʚ ʟ ʛʦʬʨʦʚʘʥʠʤʠ ʧʦʚʝʨʭʥʷʤʠ ʟʥʘʭʦʜʠʣʠʩʷ ʟʘ ʜʦʧʦʤʦʛʦʶ 

ʽʪʝʨʘʮʽʡʥʦʛʦ ʯʠʩʝʣʴʥʦʛʦ ʤʝʪʦʜʫ ʄʶʣʣʝʨʘ. ɼʣʷ ʦʧʠʩʫ ʩʪʘʮʽʦʥʘʨʥʦʾ ʩʪʘʜʽʾ ʛʝʥʝʨʘʮʽʾ 

ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ ʫ ʛʦʬʨʦʚʘʥʦʤʫ ʨʝʟʦʥʘʪʦʨʽ ʛʽʨʦʪʨʦʥʘ ʚʠʢʦʨʠʩʪʦʚʫʚʘʣʘʩʷ ʩʪʘʥʜʘʨʪʥʘ 

ʧʨʦʮʝʜʫʨʘ ʟʚʝʜʝʥʥʷ ʭʚʠʣʴʦʚʦʛʦ ʨʽʚʥʷʥʥʷ ʽ ʨʽʚʥʷʥʴ ʨʫʭʫ ʝʣʝʢʪʨʦʥʽʚ ʧʫʯʢʘ ʜʦ ʩʠʩʪʝʤʠ 

ʟʚʠʯʘʡʥʠʭ ʜʠʬʝʨʝʥʮʽʘʣʴʥʠʭ ʨʽʚʥʷʥʴ. ɼʘʥʘ ʧʨʦʮʝʜʫʨʘ ʧʝʨʝʜʙʘʯʘʻ, ʱʦ ʝʣʝʢʪʨʦʥʠ 

ʧʫʯʢʘ ʤʘʶʪʴ ʥʫʣʴʦʚʠʡ ʨʦʟʢʠʜ ʟʘ ʧʦʯʘʪʢʦʚʠʤʠ ʰʚʠʜʢʦʩʪʷʤʠ ʽ ʚʝʜʫʯʠʤʠ ʮʝʥʪʨʘʤʠ, 

ʤʘʣʽ ʣʘʨʤʦʨʽʚʩʴʢʽ ʨʘʜʽʫʩʠ ʽ ʦʙ'ʻʤʥʠʡ ʟʘʨʷʜ, ʪʘ ʚʟʘʻʤʦʜʽʶʪʴ ʟ ʻʜʠʥʦʶ ʧʦʧʝʨʝʯʥʦ-

ʝʣʝʢʪʨʠʯʥʦʶ (ʊɽ ï transverse electric) ʤʦʜʦʶ ʨʝʟʦʥʘʪʦʨʘ ʥʘ ʦʜʥʽʡ ʟ ʛʘʨʤʦʥʽʢ 

ʮʠʢʣʦʪʨʦʥʥʦʾ ʯʘʩʪʦʪʠ. ʆʪʨʠʤʘʥʘ ʩʠʩʪʝʤʘ ʜʠʬʝʨʝʥʮʽʘʣʴʥʠʭ ʨʽʚʥʷʥʴ ʨʦʟʚ'ʷʟʫʚʘʣʘʩʷ ʟʘ 

ʜʦʧʦʤʦʛʦʶ ʯʠʩʝʣʴʥʦʛʦ ʤʝʪʦʜʫ ʈʫʥʛʝ-ʂʫʪʪʠ 4-ʛʦ ʧʦʨʷʜʢʫ ʟ ʧʦʩʪʽʡʥʠʤ ʢʨʦʢʦʤ.  
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ʅʘʫʢʦʚʘ ʥʦʚʠʟʥʘ ʦʜʝʨʞʘʥʠʭ ʨʝʟʫʣʴʪʘʪʽʚ ʧʦʣʷʛʘʻ ʚ ʪʦʤʫ, ʱʦ: 

1. ɺʧʝʨʰʝ ʦʪʨʠʤʘʥʦ ʜʠʩʧʝʨʩʽʡʥʝ ʨʽʚʥʷʥʥʷ ʪʘ ʘʥʘʣʽʪʠʯʥʠʡ ʚʠʨʘʟ ʦʤʽʯʥʦʾ 

ʜʦʙʨʦʪʥʦʩʪʽ ʜʣʷ ʊɽ ʤʦʜ ʫ ʤʝʪʘʣʝʚʦʤʫ ʮʠʣʽʥʜʨʠʯʥʦʤʫ ʨʝʟʦʥʘʪʦʨʽ ʟ ʧʦʟʜʦʚʞʥʽʤʠ 

ʛʦʬʨʘʤʠ, ʚ ʷʢʠʭ ʚʨʘʭʦʚʫʻʪʴʩʷ ʚʧʣʠʚ ʚʠʱʠʭ ʧʨʦʩʪʦʨʦʚʠʭ ʛʘʨʤʦʥʽʢ ʥʘ ʚʣʘʩʥʽ ʯʘʩʪʦʪʠ 

ʽ ʚʣʘʩʥʽ ʧʦʣʷ ʨʝʟʦʥʘʪʦʨʘ. 

2. ɺʧʝʨʰʝ ʟʘʧʨʦʧʦʥʦʚʘʥʦ ʚʜʦʩʢʦʥʘʣʝʥʠʡ ʤʝʪʦʜ ʨʦʟʨʘʭʫʥʢʫ ʚʣʘʩʥʠʭ 

ʟʥʘʯʝʥʴ ʽ ʚʣʘʩʥʠʭ ʧʦʣʽʚ ʜʣʷ ʊʄ ʤʦʜ ʚ ʢʦʘʢʩʽʘʣʴʥʦʤʫ ʨʝʟʦʥʘʪʦʨʽ ʛʽʨʦʪʨʦʥʘ ʟ 

ʛʦʬʨʦʚʘʥʠʤ ʚʥʫʪʨʽʰʥʽʤ ʧʨʦʚʽʜʥʠʢʦʤ, ʱʦ ʜʦʟʚʦʣʷʻ ʚʨʘʭʫʚʘʪʠ ʫʤʦʚʫ ʄʝʡʢʩʥʝʨʘ ʥʘ 

ʨʝʙʨʘʭ ʛʦʬʨʽʚ. 

3. ɺʧʝʨʰʝ ʚʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʢʦʥʚʝʨʩʽʷ ʤʦʜ, ʚʠʢʣʠʢʘʥʘ ʘʟʠʤʫʪʘʣʴʥʦʶ 

ʧʝʨʽʦʜʠʯʥʽʩʪʶ ʨʝʟʦʥʘʪʦʨʘ ʛʽʨʦʪʨʦʥʘ ʟ ʧʦʟʜʦʚʞʥʽʤʠ ʛʦʬʨʘʤʠ, ʟʘʣʝʞʠʪʴ ʥʝ ʪʽʣʴʢʠ ʚʽʜ 

ʢʽʣʴʢʦʩʪʽ ʛʦʬʨʽʚ, ʘʣʝ ʽ ʚʽʜ ʾʭ ʨʦʟʤʽʨʫ. 

4. ɺʧʝʨʰʝ ʚʠʷʚʣʝʥʦ, ʱʦ ʛʦʬʨʠ ʤʘʶʪʴ ʩʣʘʙʢʠʡ ʚʧʣʠʚ ʥʘ ʊɽ ʤʦʜʠ 

ʮʠʣʽʥʜʨʠʯʥʦʛʦ ʨʝʟʦʥʘʪʦʨʘ ʽʟ ʜʦʚʞʠʥʦʶ ʭʚʠʣʽ, ʱʦ ʜʦʨʽʚʥʶʻ ʧʦʜʚʦʻʥʽʡ ʛʣʠʙʠʥʽ 

ʛʦʬʨʽʚ. ʇʦʢʘʟʘʥʦ, ʱʦ ʛʦʬʨʠ ʽʟ ʛʣʠʙʠʥʦʶ, ʙʣʠʟʴʢʦʶ ʜʦ ʯʚʝʨʪʽ ʜʦʚʞʠʥʠ ʭʚʠʣʽ, 

ʚʠʢʣʠʢʘʶʪʴ ʟʥʘʯʥʫ ʢʦʥʚʝʨʩʽʶ ʊɽ ʤʦʜ ʮʠʣʽʥʜʨʠʯʥʦʛʦ ʨʝʟʦʥʘʪʦʨʘ ʚ ʚʠʱʽ ʧʨʦʩʪʦʨʦʚʽ 

ʛʘʨʤʦʥʽʢʠ, ʷʢʘ ʩʫʧʨʦʚʦʜʞʫʻʪʴʩʷ ʟʤʽʥʦʶ ʾʭ ʯʘʩʪʦʪ, ʦʤʽʯʥʠʭ ʜʦʙʨʦʪʥʦʩʪʝʡ ʪʘ 

ʢʦʝʬʽʮʽʻʥʪʽʚ ʟʚ'ʷʟʢʫ ʟ ʝʣʝʢʪʨʦʥʥʠʤ ʧʫʯʢʦʤ. 

5. ɺʧʝʨʰʝ ʨʦʟʨʦʙʣʝʥʦ ʥʝʣʽʥʽʡʥʫ ʩʘʤʦʫʟʛʦʜʞʝʥʫ ʪʝʦʨʽʶ ʜʣʷ ʦʧʠʩʫ 

ʩʪʘʮʽʦʥʘʨʥʦʾ ʩʪʘʜʽʾ ʚʟʘʻʤʦʜʽʾ ʛʚʠʥʪʦʚʦʛʦ ʧʫʯʢʘ ʝʣʝʢʪʨʦʥʽʚ ʟ ʚʣʘʩʥʠʤʠ ʊɽ ʤʦʜʘʤʠ 

ʛʦʬʨʦʚʘʥʦʛʦ ʨʝʟʦʥʘʪʦʨʘ ʛʽʨʦʪʨʦʥʘ. ɼʣʷ ʝʣʝʢʪʨʦʥʥʦ-ʭʚʠʣʴʦʚʦʾ ʚʟʘʻʤʦʜʽʾ ʫ ʨʝʟʦʥʘʪʦʨʽ 

ʦʪʨʠʤʘʥʦ ʫʤʦʚʫ ʙʘʣʘʥʩʫ ʧʦʪʫʞʥʦʩʪʝʡ. 

6. ɺʧʝʨʰʝ ʧʨʦʜʝʤʦʥʩʪʨʦʚʘʥʦ ʧʦʣʽʧʰʝʥʥʷ ʩʝʣʝʢʪʠʚʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ 

ʨʝʟʦʥʘʪʦʨʽʚ ʜʣʷ ʛʽʨʦʪʨʦʥʽʚ ʥʘ ʜʨʫʛʽʡ ʮʠʢʣʦʪʨʦʥʥʽʡ ʛʘʨʤʦʥʽʮʽ ʧʨʠ ʚʠʢʦʨʠʩʪʘʥʥʽ 

ʧʦʟʜʦʚʞʥʽʭ ʛʦʬʨʽʚ ʟ ʛʣʠʙʠʥʦʶ, ʙʣʠʟʴʢʦʶ ʜʦ ʧʦʣʦʚʠʥʠ ʜʦʚʞʠʥʠ ʭʚʠʣʽ ʨʦʙʦʯʦʾ ʤʦʜʠ. 

ʇʨʘʢʪʠʯʥʝ ʟʥʘʯʝʥʥʷ ʦʜʝʨʞʘʥʠʭ ʨʝʟʫʣʴʪʘʪʽʚ. ɯʥʜʫʢʮʽʷ ʤʘʛʥʽʪʥʦʛʦ ʧʦʣʷ 

10 ʊʣ ʻ ʧʦʪʦʯʥʦʶ ʤʝʞʝʶ ʜʣʷ ʧʦʨʽʚʥʷʥʦ ʥʝʜʦʨʦʛʠʭ ʥʘʜʧʨʦʚʽʜʥʠʭ ʤʘʛʥʽʪʽʚ, ʱʦ 

ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ ʫ ʥʝʧʝʨʝʨʚʥʠʭ ʛʽʨʦʪʨʦʥʘʭ. ʇʨʠ ʦʩʥʘʱʝʥʥʽ ʪʘʢʠʤ ʤʘʛʥʽʪʦʤ 

ʯʘʩʪʦʪʘ ʛʽʨʦʪʨʦʥʘ ʥʘ ʧʝʨʰʽʡ ʮʠʢʣʦʪʨʦʥʥʽʡ ʛʘʨʤʦʥʽʮʽ ʥʝ ʤʦʞʝ ʧʝʨʝʚʠʱʫʚʘʪʠ 

280 ɻɻʮ. ʉʫʯʘʩʥʽ ʪʝʨʘʛʝʨʮʦʚʽ ʪʝʭʥʦʣʦʛʽʾ ʧʦʪʨʝʙʫʶʪʴ ʛʽʨʦʪʨʦʥʽʚ ʫ ʜʽʘʧʘʟʦʥʽ ʯʘʩʪʦʪ 
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ʚʽʜ 0.3 ʜʦ 1 ʊɻʮ. ʎʝ ʧʦʷʩʥʶʻ ʟʨʦʩʪʘʶʯʠʡ ʽʥʪʝʨʝʩ ʜʦ ʩʫʙʪʝʨʘʛʝʨʮʦʚʠʭ ʛʽʨʦʪʨʦʥʽʚ, ʷʢʽ 

ʧʨʘʮʶʶʪʴ ʥʘ ʚʠʱʠʭ ʛʘʨʤʦʥʽʢʘʭ ʮʠʢʣʦʪʨʦʥʥʦʾ ʯʘʩʪʦʪʠ. ʆʜʥʘʢ ʟʽ ʟʨʦʩʪʘʥʥʷʤ ʥʦʤʝʨʘ 

ʮʠʢʣʦʪʨʦʥʥʦʾ ʛʘʨʤʦʥʽʢʠ ʂʂɼ ʛʽʨʦʪʨʦʥʘ ʧʘʜʘʻ, ʱʦ ʚʠʢʣʠʢʘʥʦ ʟʥʠʞʝʥʥʷʤ 

ʽʥʪʝʥʩʠʚʥʦʩʪʽ ʚʟʘʻʤʦʜʽʾ ʛʚʠʥʪʦʚʦʛʦ ʧʫʯʢʘ ʝʣʝʢʪʨʦʥʽʚ ʟ ʨʦʙʦʯʦʶ ʤʦʜʦʶ ʫ ʨʝʟʦʥʘʪʦʨʽ 

ʛʽʨʦʪʨʦʥʘ. ɿ ʮʽʻʾ ʞ ʧʨʠʯʠʥʠ ʨʦʙʦʯʘ ʤʦʜʘ ʚ ʪʘʢʦʤʫ ʛʽʨʦʪʨʦʥʽ ʟʘʟʚʠʯʘʡ ʤʘʻ ʙʽʣʴʰ 

ʚʠʩʦʢʠʡ ʧʦʨʽʛ ʛʝʥʝʨʘʮʽʾ (ʩʪʘʨʪʦʚʠʡ ʩʪʨʫʤ) ʫ ʧʦʨʽʚʥʷʥʥʽ ʟ ʢʦʥʢʫʨʫʶʯʠʤʠ ʤʦʜʘʤʠ ʥʘ 

ʥʠʞʯʠʭ ʮʠʢʣʦʪʨʦʥʥʠʭ ʛʘʨʤʦʥʽʢʘʭ. ʋ ʪʘʢʽʡ ʩʠʪʫʘʮʽʾ ʢʦʥʢʫʨʫʶʯʽ ʤʦʜʠ ʤʦʞʫʪʴ 

ʩʣʫʞʠʪʠ ʽʩʪʦʪʥʦʶ ʧʝʨʝʰʢʦʜʦʶ ʜʣʷ ʨʦʙʦʪʠ ʛʽʨʦʪʨʦʥʘ. ʎʠʤ ʧʦʷʩʥʶʻʪʴʩʷ ʧʨʘʢʪʠʯʥʝ 

ʟʥʘʯʝʥʥʷ ʚʜʦʩʢʦʥʘʣʝʥʠʭ ʤʝʪʦʜʽʚ ʩʝʣʝʢʮʽʾ ʤʦʜ ʫ ʨʝʟʦʥʘʪʦʨʘʭ ʛʽʨʦʪʨʦʥʽʚ ʥʘ ʚʠʱʠʭ 

ʮʠʢʣʦʪʨʦʥʥʠʭ ʛʘʨʤʦʥʽʢʘʭ. ʋ ʜʘʥʽʡ ʨʦʙʦʪʽ ʪʝʦʨʝʪʠʯʥʦ ʧʦʢʘʟʘʥʦ, ʱʦ ʧʦʣʽʧʰʝʥʽ 

ʩʝʣʝʢʪʠʚʥʽ ʚʣʘʩʪʠʚʦʩʪʽ ʤʦʞʫʪʴ ʤʘʪʠ ʨʝʟʦʥʘʪʦʨʠ ʛʽʨʦʪʨʦʥʽʚ ʟ ʧʦʟʜʦʚʞʥʽʤʠ ʛʦʬʨʘʤʠ. 

ʊʘʢʽ ʨʝʟʦʥʘʪʦʨʠ ʤʦʞʫʪʴ ʙʫʪʠ ʚʠʢʦʨʠʩʪʘʥʽ ʜʣʷ ʧʨʠʜʫʰʝʥʥʷ ʬʫʥʜʘʤʝʥʪʘʣʴʥʠʭ 

ʢʦʥʢʫʨʫʶʯʠʭ ʤʦʜ ʚ ʩʫʙʪʝʨʘʛʝʨʮʦʚʠʭ ʛʽʨʦʪʨʦʥʘʭ ʥʘ ʜʨʫʛʽʡ ʛʘʨʤʦʥʽʮʽ ʮʠʢʣʦʪʨʦʥʥʦʾ 

ʯʘʩʪʦʪʠ.  

ʆʩʦʙʠʩʪʠʡ ʚʥʝʩʦʢ ʟʜʦʙʫʚʘʯʘ. ʆʩʥʦʚʥʽ ʨʝʟʫʣʴʪʘʪʠ ʜʠʩʝʨʪʘʮʽʾ, ʚʽʜʦʙʨʘʞʝʥʽ ʚ 

ʨʦʙʦʪʘʭ [1-15], ʦʪʨʠʤʘʥʽ ʘʚʪʦʨʦʤ ʦʩʦʙʠʩʪʦ. ɼʠʩʝʨʪʘʥʪʢʘ ʧʨʠʡʤʘʣʘ ʙʝʟʧʦʩʝʨʝʜʥʶ 

ʫʯʘʩʪʴ ʫ ʧʦʩʪʘʥʦʚʮʽ ʤʝʪʠ ʽ ʟʘʚʜʘʥʴ ʜʦʩʣʽʜʞʝʥʴ, ʘʥʘʣʽʟʽ ʦʪʨʠʤʘʥʠʭ ʨʝʟʫʣʴʪʘʪʽʚ, 

ʦʙʛʦʚʦʨʝʥʥʽ ʧʨʦʙʣʝʤʥʠʭ ʤʦʤʝʥʪʽʚ ʪʘ ʚʠʩʥʦʚʢʽʚ. ʉʘʤʦʩʪʽʡʥʦ ʦʪʨʠʤʘʣʘ ʚʩʽ ʘʥʘʣʽʪʠʯʥʽ 

ʪʘ ʯʠʩʝʣʴʥʽ ʨʝʟʫʣʴʪʘʪʠ, ʱʦ ʧʨʝʜʩʪʘʚʣʝʥʽ ʚ ʦʧʫʙʣʽʢʦʚʘʥʠʭ ʨʦʙʦʪʘʭ.  

ʆʩʦʙʠʩʪʠʡ ʚʥʝʩʦʢ ʟʜʦʙʫʚʘʯʘ ʚ ʨʦʙʦʪʘʭ [1-14], ʦʧʫʙʣʽʢʦʚʘʥʠʭ ʟʘ ʪʝʤʦʶ 

ʜʠʩʝʨʪʘʮʽʾ ʫ ʩʧʽʚʘʚʪʦʨʩʪʚʽ, ʧʦʣʷʛʘʻ ʚ ʥʘʩʪʫʧʥʦʤʫ. 

ɺ ʨʦʙʦʪʘʭ [1, 7, 9] ʟʜʦʙʫʚʘʯʝʤ ʜʦʩʣʽʜʞʝʥʽ ʚʣʘʩʥʽ ʊʄ ʤʦʜʠ ʚ ʢʦʘʢʩʽʘʣʴʥʦʤʫ 

ʨʝʟʦʥʘʪʦʨʽ ʛʽʨʦʪʨʦʥʘ ʟ ʛʦʬʨʦʚʘʥʠʤ ʚʥʫʪʨʽʰʥʽʤ ʧʨʦʚʽʜʥʠʢʦʤ. ʈʦʟʚ'ʷʟʘʥʘ ʟʘʜʘʯʘ ʥʘ 

ʚʣʘʩʥʽ ʟʥʘʯʝʥʥʷ ʤʝʪʦʜʦʤ ʧʝʨʝʨʦʟʢʣʘʜʘʥʥʷ ʚʣʘʩʥʠʭ ʧʦʣʽʚ ʥʘ ʘʧʝʨʪʫʨʽ ʛʦʬʨʽʚ ʧʦ 

ʧʦʣʽʥʦʤʘʤ ɻʝʛʝʥʙʘʫʝʨʘ, ʱʦ ʚʨʘʭʦʚʫʻ ʦʩʦʙʣʠʚʦʩʪʽ ʝʣʝʢʪʨʦʤʘʛʥʽʪʥʦʛʦ ʧʦʣʷ ʧʦʙʣʠʟʫ 

ʨʝʙʝʨ ʛʦʬʨʽʚ. ɿʥʘʡʜʝʥʦ ʚʠʜ ʜʠʩʧʝʨʩʽʡʥʦʛʦ ʨʽʚʥʷʥʥʷ ʜʣʷ ʚʣʘʩʥʠʭ ʤʦʜ ʨʝʟʦʥʘʪʦʨʘ ʪʘ 

ʨʦʟʨʦʙʣʝʥʦ ʯʠʩʝʣʴʥʠʡ ʢʦʜ ʜʣʷ ʡʦʛʦ ʨʦʟʚ'ʷʟʢʫ. ɼʦʩʣʽʜʞʝʥʘ ʪʦʯʥʽʩʪʴ ʤʝʪʦʜʫ, ʱʦ 

ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʚ ʨʦʙʦʪʽ, ʜʣʷ ʨʦʟʨʘʭʫʥʢʫ ʚʣʘʩʥʠʭ ʟʥʘʯʝʥʴ ʽ ʧʦʣʽʚ ʨʝʟʦʥʘʪʦʨʘ 

ʛʽʨʦʪʨʦʥʘ ʚ ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ ʯʠʩʣʘ ʧʦʣʽʥʦʤʽʚ ɻʝʛʝʥʙʘʫʝʨʘ. 
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ɺ ʨʦʙʦʪʘʭ [2, 10, 11] ʟʜʦʙʫʚʘʯ ʨʦʟʚ'ʷʟʘʣʘ ʟʘʜʘʯʫ ʥʘ ʚʣʘʩʥʽ ʟʥʘʯʝʥʥʷ ʜʣʷ 

ʮʠʣʽʥʜʨʠʯʥʦʛʦ ʨʝʟʦʥʘʪʦʨʘ ʛʽʨʦʪʨʦʥʘ ʟ ʧʦʟʜʦʚʞʥʽʤʠ ʛʦʬʨʘʤʠ ʤʝʪʦʜʦʤ ʧʨʦʩʪʦʨʦʚʠʭ 

ʛʘʨʤʦʥʽʢ. ʆʪʨʠʤʘʣʘ ʜʠʩʧʝʨʩʽʡʥʝ ʨʽʚʥʷʥʥʷ ʜʣʷ ʟʥʘʭʦʜʞʝʥʥʷ ʚʣʘʩʥʠʭ ʟʥʘʯʝʥʴ ʊɽ ʤʦʜ 

ʨʝʟʦʥʘʪʦʨʘ. ɼʦʩʣʽʜʠʣʘ ʟʙʽʞʥʽʩʪʴ ʚʣʘʩʥʠʭ ʧʦʣʽʚ ʽ ʧʦʭʠʙʢʠ ʦʙʯʠʩʣʝʥʥʷ ʚʣʘʩʥʠʭ 

ʟʥʘʯʝʥʴ ʚ ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ ʯʠʩʣʘ ʚʨʘʭʦʚʘʥʠʭ ʧʨʦʩʪʦʨʦʚʠʭ ʛʘʨʤʦʥʽʢ. ʇʨʦʚʝʣʘ 

ʧʦʨʽʚʥʷʥʥʷ ʨʝʟʫʣʴʪʘʪʽʚ ʪʦʯʥʦʛʦ ʤʝʪʦʜʫ ʧʨʦʩʪʦʨʦʚʠʭ ʛʘʨʤʦʥʽʢ ʟʽ ʩʧʨʦʱʝʥʠʤ 

ʤʝʪʦʜʦʤ ʧʦʚʝʨʭʥʝʚʦʛʦ ʽʤʧʝʜʘʥʩʫ, ʘ ʪʘʢʦʞ ʧʨʦʘʥʘʣʽʟʫʚʘʣʘ ʫʤʦʚʠ ʟʘʩʪʦʩʦʚʥʦʩʪʽ 

ʦʩʪʘʥʥʴʦʛʦ. 

ɺ ʨʦʙʦʪʘʭ [3, 4, 12] ʜʠʩʝʨʪʘʥʪʢʘ ʦʪʨʠʤʘʣʘ ʚʠʨʘʟ ʜʣʷ ʦʤʽʯʥʦʾ ʜʦʙʨʦʪʥʦʩʪʽ ʊɽ 

ʤʦʜ ʚ ʮʠʣʽʥʜʨʠʯʥʦʤʫ ʨʝʟʦʥʘʪʦʨʽ ʟ ʧʦʟʜʦʚʞʥʽʤʠ ʛʦʬʨʘʤʠ, ʚʠʟʥʘʯʠʣʘ ʚʢʣʘʜ 

ʘʟʠʤʫʪʘʣʴʥʠʭ ʛʘʨʤʦʥʽʢ ɹʣʦʭʘ ʚ ʧʦʪʽʢ ʝʥʝʨʛʽʾ ʯʝʨʝʟ ʧʦʧʝʨʝʯʥʠʡ ʧʝʨʝʨʽʟ ʭʚʠʣʝʚʽʜʥʦʛʦ 

ʢʘʥʘʣʫ ʨʝʟʦʥʘʪʦʨʘ. ɺ ʨʦʙʦʪʽ [3] ʚʠʟʥʘʯʠʣʘ ʧʘʨʘʤʝʪʨʠ ʛʦʬʨʽʚ, ʧʨʠ ʷʢʠʭ ʚʽʜʥʦʰʝʥʥʷ 

ʦʤʽʯʥʠʭ ʜʦʙʨʦʪʥʦʩʪʝʡ ʨʦʙʦʯʦʾ ʪʘ ʬʫʥʜʘʤʝʥʪʘʣʴʥʦʾ ʢʦʥʢʫʨʫʶʯʦʾ ʤʦʜ ʛʽʨʦʪʨʦʥʘ ʥʘ 

ʜʨʫʛʽʡ ʮʠʢʣʦʪʨʦʥʥʽʡ ʛʘʨʤʦʥʽʮʽ ʻ ʤʘʢʩʠʤʘʣʴʥʠʤ, ʘ ʢʦʥʢʫʨʫʶʯʘ ʤʦʜʘ ʩʭʠʣʴʥʘ ʜʦ 

ʥʘʡʙʽʣʴʰ ʝʬʝʢʪʠʚʥʦʛʦ ʧʨʠʜʫʰʝʥʥʷ ʦʤʽʯʥʠʤʠ ʚʪʨʘʪʘʤʠ. ɿʥʘʡʰʣʘ ʥʝʦʙʭʽʜʥʝ ʯʠʩʣʦ 

ʛʦʬʨʽʚ, ʧʨʠ ʷʢʦʤʫ ʢʦʥʚʝʨʩʽʷ ʨʦʙʦʯʦʾ ʤʦʜʠ ʫ ʚʠʱʽ ɹʣʦʭʽʚʩʴʢʽ ʛʘʨʤʦʥʽʢʠ ʻ ʤʘʣʦʶ. ɺ 

ʨʦʙʦʪʽ [4] ʜʦʩʣʽʜʠʣʘ ʚʣʘʩʥʽ ʯʘʩʪʦʪʠ, ʦʤʽʯʥʽ ʜʦʙʨʦʪʥʦʩʪʽ, ʟʚ'ʷʟʦʢ ʘʟʠʤʫʪʘʣʴʥʠʭ 

ʛʘʨʤʦʥʽʢ ɹʣʦʭʘ ʽ ʨʦʟʧʦʜʽʣ ʧʦʣʷ ʫ ʛʦʬʨʦʚʘʥʦʤʫ ʨʝʟʦʥʘʪʦʨʽ ʜʣʷ ʨʦʙʦʯʦʾ ʤʦʜʠ ʽ 

ʥʘʡʙʣʠʞʯʦʾ ʬʫʥʜʘʤʝʥʪʘʣʴʥʦʾ ʤʦʜʠ ʛʽʨʦʪʨʦʥʘ ʥʘ ʜʨʫʛʽʡ ʮʠʢʣʦʪʨʦʥʥʽʡ ʛʘʨʤʦʥʽʮʽ ʚ 

ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ ʯʠʩʣʘ ʪʘ ʛʣʠʙʠʥʠ ʛʦʬʨʽʚ. ɺʠʟʥʘʯʠʣʘ ʧʘʨʘʤʝʪʨʠ ʛʦʬʨʽʚ, ʱʦ 

ʟʘʙʝʟʧʝʯʫʶʪʴ ʩʝʣʝʢʪʠʚʥʝ ʟʨʦʩʪʘʥʥʷ ʦʤʽʯʥʠʭ ʚʪʨʘʪ ʬʫʥʜʘʤʝʥʪʘʣʴʥʦʾ ʢʦʥʢʫʨʫʶʯʦʾ 

ʤʦʜʠ ʪʘ ʾʾ ʢʦʥʚʝʨʩʽʶ ʚ ʚʠʱʽ ʛʘʨʤʦʥʽʢʠ ɹʣʦʭʘ. 

ɺ ʨʦʙʦʪʘʭ [5, 13] ʟʜʦʙʫʚʘʯ ʦʪʨʠʤʘʣʘ ʥʝʣʽʥʽʡʥʫ ʩʘʤʦʫʟʛʦʜʞʝʥʫ ʩʠʩʪʝʤʫ 

ʨʽʚʥʷʥʴ, ʱʦ ʦʧʠʩʫʶʪʴ ʩʪʘʮʽʦʥʘʨʥʫ ʩʪʘʜʽʶ ʝʣʝʢʪʨʦʥʥʦ-ʭʚʠʣʴʦʚʦʾ ʚʟʘʻʤʦʜʽʾ ʚ 

ʮʠʣʽʥʜʨʠʯʥʦʤʫ ʨʝʟʦʥʘʪʦʨʽ ʛʽʨʦʪʨʦʥʘ ʟ ʧʦʟʜʦʚʞʥʽʤʠ ʛʦʬʨʘʤʠ. ʆʪʨʠʤʘʣʘ ʢʦʝʬʽʮʽʻʥʪʠ 

ʟʚ'ʷʟʢʫ ʊɽ ʤʦʜ ʨʝʟʦʥʘʪʦʨʘ ʟ ʝʣʝʢʪʨʦʥʥʠʤ ʧʫʯʢʦʤ. ɼʦʩʣʽʜʠʣʘ ʟʘʣʝʞʥʽʩʪʴ ʢʦʝʬʽʮʽʻʥʪʽʚ 

ʟʚ'ʷʟʢʫ ʚʽʜ ʯʠʩʣʘ ʪʘ ʨʦʟʤʽʨʽʚ ʛʦʬʨʽʚ. ʈʦʟʨʘʭʫʚʘʣʘ ʩʪʘʨʪʦʚʠʡ ʩʪʨʫʤ ʊɽ ʤʦʜʠ 

ʨʝʟʦʥʘʪʦʨʘ ʛʽʨʦʪʨʦʥʘ ʟ ʧʦʟʜʦʚʞʥʽʤʠ ʛʦʬʨʘʤʠ. ʇʦʢʘʟʘʣʘ, ʱʦ ʛʦʬʨʠ ʤʘʶʪʴ ʩʣʘʙʢʠʡ ʪʘ 

ʩʠʣʴʥʠʡ ʚʧʣʠʚ ʥʘ ʩʪʘʨʪʦʚʠʡ ʩʪʨʫʤ ʊɽ ʤʦʜ, ʢʦʣʠ ʛʣʠʙʠʥʘ ʛʦʬʨʽʚ ʙʣʠʟʴʢʘ ʜʦ 

ʧʦʣʦʚʠʥʠ ʪʘ ʯʚʝʨʪʽ ʜʦʚʞʠʥʠ ʭʚʠʣʽ, ʚʽʜʧʦʚʽʜʥʦ. ɺʠʟʥʘʯʠʣʘ, ʱʦ ʧʨʠ ʩʠʣʴʥʦʤʫ ʚʧʣʠʚʽ 
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ʛʦʬʨʽʚ ʩʪʘʨʪʦʚʠʡ ʩʪʨʫʤ ʊɽ ʤʦʜʠ ʽʩʪʦʪʥʦ ʟʙʽʣʴʰʫʻʪʴʩʷ ʯʝʨʝʟ ʚʝʣʠʢʽ ʦʤʽʯʥʽ ʚʪʨʘʪʠ ʪʘ 

ʟʥʘʯʥʫ ʢʦʥʚʝʨʩʽʶ ʤʦʜ ʫ ʛʦʬʨʦʚʘʥʦʤʫ ʨʝʟʦʥʘʪʦʨʽ ʛʽʨʦʪʨʦʥʘ. 

ɺ ʨʦʙʦʪʘʭ [6, 14] ʜʠʩʝʨʪʘʥʪʢʘ ʦʪʨʠʤʘʣʘ ʘʥʘʣʽʪʠʯʥʠʡ ʚʠʜ ʟʘʢʦʥʫ ʙʘʣʘʥʩʫ 

ʧʦʪʫʞʥʦʩʪʝʡ ʜʣʷ ʚʟʘʻʤʦʜʽʶʯʠʭ ʧʫʯʢʘ ʝʣʝʢʪʨʦʥʽʚ ʽ ʊɽ ʤʦʜʠ ʨʝʟʦʥʘʪʦʨʘ ʛʽʨʦʪʨʦʥʘ ʟ 

ʧʦʟʜʦʚʞʥʽʤʠ ʛʦʬʨʘʤʠ. ɼʦʩʣʽʜʠʣʘ ʚʧʣʠʚ ʯʠʩʣʘ ʪʘ ʨʦʟʤʽʨʽʚ ʛʦʬʨʽʚ ʥʘ ʩʝʣʝʢʪʠʚʥʽ 

ʚʣʘʩʪʠʚʦʩʪʽ ʨʝʟʦʥʘʪʦʨʘ ʜʣʷ ʛʽʨʦʪʨʦʥʘ ʥʘ ʜʨʫʛʽʡ ʮʠʢʣʦʪʨʦʥʥʽʡ ʛʘʨʤʦʥʽʮʽ. ɼʣʷ 0.3-ʊɻʮ 

ʛʽʨʦʪʨʦʥʘ ʥʘ ʜʨʫʛʽʡ ʮʠʢʣʦʪʨʦʥʥʽʡ ʛʘʨʤʦʥʽʮʽ ʟʥʘʡhʣʘ ʧʘʨʘʤʝʪʨʠ ʛʦʬʨʽʚ, ʱʦ 

ʜʦʟʚʦʣʷʶʪʴ ʨʦʟʰʠʨʠʪʠ ʦʙʣʘʩʪʴ ʦʜʥʦʤʦʜʦʚʦʾ ʛʝʥʝʨʘʮʽʾ ʨʦʙʦʯʦʾ ʤʦʜʠ ʛʽʨʦʪʨʦʥʘ. 

ʇʦʢʘʟʘʣʘ, ʱʦ ʜʣʷ ʮʠʭ ʧʘʨʘʤʝʪʨʽʚ ʚʠʭʽʜʥʘ ʧʦʪʫʞʥʽʩʪʴ 0.3-ʊɻʮ ʛʽʨʦʪʨʦʥʘ ʤʦʞʝ ʙʫʪʠ 

ʟʙʽʣʴʰʝʥʘ. ɺʩʪʘʥʦʚʠʣʘ, ʱʦ ʢʦʥʚʝʨʩʽʷ ʨʦʙʦʯʦʾ ʤʦʜʠ ʛʽʨʦʪʨʦʥʘ ʫ ʚʠʱʽ ʛʘʨʤʦʥʽʢʠ 

ɹʣʦʭʘ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʧʦʛʽʨʰʝʥʥʷ ʤʦʜʦʚʦʾ ʯʠʩʪʦʪʠ ʫ ʚʠʭʽʜʥʦʤʫ ʧʦʧʝʨʝʯʥʦʤʫ ʧʝʨʝʨʽʟʽ 

ʨʝʟʦʥʘʪʦʨʘ ʟ ʧʦʟʜʦʚʞʥʽʤʠ ʛʦʬʨʘʤʠ.  

ɺ ʨʦʙʦʪʽ [8] ʜʠʩʝʨʪʘʥʪʢʦʶ, ʚ ʨʘʤʢʘʭ ʥʘʙʣʠʞʝʥʥʷ ʬʽʢʩʦʚʘʥʦʾ ʩʪʨʫʢʪʫʨʠ ʧʦʣʷ, 

ʜʦʩʣʽʜʞʝʥʦ ʚʧʣʠʚ ʘʤʧʣʽʪʫʜʠ ʊɽ ʤʦʜʠ ʫ ʨʝʟʦʥʘʪʦʨʽ ʟ ʧʦʟʜʦʚʞʥʽʤʠ ʛʦʬʨʘʤʠ ʥʘ 

ʜʠʥʘʤʽʢʫ ʛʚʠʥʪʦʚʦʛʦ ʧʫʯʢʘ ʝʣʝʢʪʨʦʥʽʚ.  

ʈʦʙʦʪʫ [15] ʚʠʢʦʥʘʥʦ ʙʝʟ ʩʧʽʚʘʚʪʦʨʽʚ. ɿʜʦʙʫʚʘʯʝʤ ʩʘʤʦʩʪʽʡʥʦ ʜʦʩʣʽʜʞʝʥʦ 

ʚʧʣʠʚ ʧʨʦʩʪʦʨʦʚʠʭ ʛʘʨʤʦʥʽʢ ʌʫʨ'ʻ ʥʘ ʚʣʘʩʥʽ ʟʥʘʯʝʥʥʷ ʽ ʚʣʘʩʥʽ ʧʦʣʷ ʨʝʟʦʥʘʪʦʨʽʚ 

ʛʽʨʦʪʨʦʥʽʚ ʟ ʧʦʟʜʦʚʞʥʽʤʠ ʛʦʬʨʘʤʠ. ɿʜʦʙʫʚʘʯ ʨʦʟʨʘʭʫʚʘʣʘ ʚʣʘʩʥʽ ʟʥʘʯʝʥʥʷ ʊɽ ʤʦʜʠ ʚ 

ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ ʛʣʠʙʠʥʠ ʛʦʬʨʽʚ ʜʣʷ ʥʠʞʯʠʭ ʪʘ ʙʽʣʴʰ ʚʠʩʦʢʠʭ ʨʘʜʽʘʣʴʥʠʭ ʤʦʜ, 

ʚʠʟʥʘʯʠʣʘ ʨʦʟʫʟʛʦʜʞʝʥʥʷ ʚʣʘʩʥʠʭ ʧʦʣʽʚ ʥʘ ʘʧʝʨʪʫʨʽ ʛʦʬʨʽʚ ʪʘ ʧʨʦʚʝʣʘ ʧʦʨʽʚʥʷʥʥʷ 

ʤʝʪʦʜʫ ɹʣʦʭʽʚʩʴʢʠʭ ʛʘʨʤʦʥʽʢ ʟ ʤʝʪʦʜʦʤ ʧʨʦʩʪʦʨʦʚʠʭ ʛʘʨʤʦʥʽʢ. ʇʨʦʘʥʘʣʽʟʫʚʘʣʘ 

ʚʧʣʠʚ ʧʨʦʩʪʦʨʦʚʠʭ ʛʘʨʤʦʥʽʢ ʌʫʨ'ʻ ʥʘ ʚʣʘʩʥʽ ʟʥʘʯʝʥʥʷ ʚ ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ ʰʠʨʠʥʠ 

ʛʦʬʨʽʚ. 

ɿʜʦʙʫʚʘʯ ʙʨʘʣʘ ʫʯʘʩʪʴ ʚ ʦʪʨʠʤʘʥʥʽ ʪʘ ʘʥʘʣʽʟʽ ʨʝʟʫʣʴʪʘʪʽʚ ʜʦʩʣʽʜʞʝʥʴ, ʘ ʪʘʢʦʞ 

ʾʭ ʦʬʦʨʤʣʝʥʥʽ ʫ ʚʠʛʣʷʜʽ ʥʘʫʢʦʚʠʭ ʧʫʙʣʽʢʘʮʽʡ. 

ɸʧʨʦʙʘʮʽʷ ʨʝʟʫʣʴʪʘʪʽʚ ʜʠʩʝʨʪʘʮʽʾ. ʆʩʥʦʚʥʽ ʨʝʟʫʣʴʪʘʪʠ ʜʠʩʝʨʪʘʮʽʾ 

ʜʦʧʦʚʽʜʘʣʠʩʷ, ʦʙʛʦʚʦʨʶʚʘʣʠʩʷ ʽ ʦʪʨʠʤʘʣʠ ʧʦʟʠʪʠʚʥʫ ʦʮʽʥʢʫ ʥʘ ʥʘʩʪʫʧʥʠʭ ʥʘʫʢʦʚʠʭ 

ʢʦʥʬʝʨʝʥʮʽʷʭ ʽ ʩʝʤʽʥʘʨʘʭ: 

ï XV ʂʦʥʬʝʨʝʥʮʽʷ ʟ ʬʽʟʠʢʠ ʚʠʩʦʢʠʭ ʝʥʝʨʛʽʡ, ʷʜʝʨʥʦʾ ʬʽʟʠʢʠ ʽ ʧʨʠʩʢʦʨʶʚʘʯʽʚ 

(ʍʘʨʢʽʚ, ʋʢʨʘʾʥʘ, 21-24 ʙʝʨʝʟʥʷ 2017 ʨ.) [7];  
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ï ʍȽȽȽ ʄʽʞʥʘʨʦʜʥʘ ʥʘʫʢʦʚʦ-ʪʝʭʥʽʯʥʘ ʢʦʥʬʝʨʝʥʮʽʷ ʤʦʣʦʜʠʭ ʚʯʝʥʠʭ ʪʘ ʬʘʭʽʚʮʽʚ 

çʇʨʦʙʣʝʤʠ ʩʫʯʘʩʥʦʾ ʷʜʝʨʥʦʾ ʝʥʝʨʛʝʪʠʢʠè (ʍʘʨʢʽʚ, ʋʢʨʘʾʥʘ, 18-20 ʞʦʚʪʥʷ 2017 ʨ.) 

[8]; 

ï 2017 IEEE International Young Scientists Forum on Applied Physics and 

Engineering (YSF-2017) (Lviv, Ukraine, October 17-20, 2017) [9]; 

ï 2018 IEEE International Conference on Mathematical Methods in 

Electromagnetic Theory (MMET-2018) (Kyiv, Ukraine, July 2-5, 2018) [10]; 

ï International Conference and School on Plasma Physics and Controlled Fusion 

(ICPPCF-2018) (Kharkiv, Ukraine, September 10-13, 2018) [11]; 

ï XVII ʂʦʥʬʝʨʝʥʮʽʷ ʟ ʬʽʟʠʢʠ ʚʠʩʦʢʠʭ ʝʥʝʨʛʽʡ ʽ ʷʜʝʨʥʦʾ ʬʽʟʠʢʠ (ʍʘʨʢʽʚ, 

ʋʢʨʘʾʥʘ, 26-29 ʙʝʨʝʟʥʷ 2019 ʨ.) [12]; 

ï XVIII ʂʦʥʬʝʨʝʥʮʽʷ ʟ ʬʽʟʠʢʠ ʚʠʩʦʢʠʭ ʝʥʝʨʛʽʡ ʽ ʷʜʝʨʥʦʾ ʬʽʟʠʢʠ (ʍʘʨʢʽʚ, 

ʋʢʨʘʾʥʘ, 24-27 ʙʝʨʝʟʥʷ 2020 ʨ.) [13]; 

ï The 8th International Workshop on Far-Infrared Technologies (IW-FIRT 2021) 

(Fukui, Japan, March 8-9, 2021) [14]; 

ï 2022 IEEE 2nd Ukrainian Microwave Week (UkrMW-2022) (Kharkiv, Ukraine, 

November 14-18, 2022) [15]. 

ʇʫʙʣʽʢʘʮʽʾ. ɿʘ ʪʝʤʦʶ ʜʠʩʝʨʪʘʮʽʾ ʦʧʫʙʣʽʢʦʚʘʥʦ 15 ʥʘʫʢʦʚʠʭ ʨʦʙʽʪ: 6 ʩʪʘʪʝʡ [1-

6] ʽ 9 ʨʦʙʽʪ ʫ ʟʙʽʨʥʠʢʘʭ ʥʘʫʢʦʚʠʭ ʧʨʘʮʴ, ʚ ʤʘʪʝʨʽʘʣʘʭ ʪʘ ʪʝʟʘʭ ʜʦʧʦʚʽʜʝʡ ʥʘ ʥʘʫʢʦʚʠʭ 

ʢʦʥʬʝʨʝʥʮʽʷʭ [7-15]. ɺʩʽ ʟʘʟʥʘʯʝʥʽ ʩʪʘʪʪʽ ʦʧʫʙʣʽʢʦʚʘʥʦ ʫ ʩʧʝʮʽʘʣʽʟʦʚʘʥʠʭ ʬʘʭʦʚʠʭ 

ʥʘʫʢʦʚʠʭ ʚʠʜʘʥʥʷʭ. ʉʪʘʪʪʽ [1-6] ʦʧʫʙʣʽʢʦʚʘʥʽ ʚ ʞʫʨʥʘʣʘʭ, ʱʦ ʚʢʣʶʯʝʥʽ ʜʦ 

ʤʽʞʥʘʨʦʜʥʠʭ ʥʘʫʢʦʤʝʪʨʠʯʥʠʭ ʙʘʟ Scopus ʽ Web of Science, ʩʝʨʝʜ ʥʠʭ 3 ʩʪʘʪʪʽ [1-3] 

ʦʧʫʙʣʽʢʦʚʘʥʽ ʚ ʞʫʨʥʘʣʘʭ, ʱʦ ʚʭʦʜʷʪʴ ʜʦ Q3, 2 ʩʪʘʪʪʽ [4, 5] ï ʚ ʞʫʨʥʘʣʘʭ, ʱʦ ʚʭʦʜʷʪʴ 

ʜʦ Q2, 1 ʩʪʘʪʪʷ [6] ï ʚ ʞʫʨʥʘʣʽ, ʱʦ ʚʭʦʜʠʪʴ ʜʦ Q4 ʟʘ Scimago Journal & Country Rank.  

ʉʪʨʫʢʪʫʨʘ ʪʘ ʦʙʩʷʛ ʜʠʩʝʨʪʘʮʽʾ. ɼʠʩʝʨʪʘʮʽʷ ʩʢʣʘʜʘʻʪʴʩʷ ʟ ʘʥʦʪʘʮʽʡ, ʚʩʪʫʧʫ, 

ʯʦʪʠʨʴʦʭ ʨʦʟʜʽʣʽʚ, ʚʠʩʥʦʚʢʽʚ, ʩʧʠʩʢʫ ʚʠʢʦʨʠʩʪʘʥʠʭ ʣʽʪʝʨʘʪʫʨʥʠʭ ʜʞʝʨʝʣ ʪʘ ʦʜʥʦʛʦ 

ʜʦʜʘʪʢʫ. ʆʙʩʷʛ ʜʠʩʝʨʪʘʮʽʾ ʩʢʣʘʜʘʻ 162 ʩʪʦʨʽʥʢʠ. ɼʠʩʝʨʪʘʮʽʷ ʤʽʩʪʠʪʴ 58 ʨʠʩʫʥʢ̔ʚ  ̔1 

ʪʘʙʣʠʮ.ʁ ʉʧʠʩʦʢ ʚʠʢʦʨʠʩʪʘʥʠʭ ʜʞʝʨʝʣ, ʚʠʢʣʘʜʝʥʠʡ ʥʘ 15 ʩʪʦʨʽʥʢʘʭ, ʩʪʘʥʦʚʠʪʴ 138 

ʥʘʡʤʝʥʫʚʘʥ.ɹ 



27 

ʈʆɿɼɯʃ 1 

ʆɻʃʗɼ ʃɯʊɽʈɸʊʋʈʀ 

Equation Chapter 1 Section 1 

ʊʝʨʘʛʝʨʮʦʚʠʡ ʯʘʩʪʦʪʥʠʡ ʜʽʘʧʘʟʦʥ ʚʽʜ 0.3 ʜʦ 3 ʊɻʮ ʤʘʻ ʨʷʜ ʚʘʞʣʠʚʠʭ 

ʦʩʦʙʣʠʚʦʩʪʝʡ, ʷʢʽ ʨʦʙʣʷʪʴ ʊɻʮ ʭʚʠʣʽ ʚʢʨʘʡ ʧʨʠʚʘʙʣʠʚʠʤʠ ʜʣʷ ʙʘʛʘʪʴʦʭ ʟʘʩʪʦʩʫʚʘʥʴ 

ʫ ʥʘʫʮʽ, ʤʝʜʠʮʠʥʽ, ʟʚ'ʷʟʢʫ, ʙʝʟʧʝʮʽ ʪʘ ʧʨʦʤʠʩʣʦʚʦʩʪʽ [16-18]. ɿʦʢʨʝʤʘ, ʮʝʡ ʜʽʘʧʘʟʦʥ 

ʯʘʩʪʦʪ ʤʘʻ ʟʥʘʯʥʠʡ ʽʥʪʝʨʝʩ ʜʣʷ ʨʽʟʥʠʭ ʤʝʪʦʜʽʚ ʩʧʝʢʪʨʦʩʢʦʧʽʾ, ʦʩʢʽʣʴʢʠ ʚ ʥʴʦʛʦ 

ʧʦʪʨʘʧʣʷʶʪʴ ʦʙʝʨʪʘʣʴʥʽ ʨʽʚʥʽ ʝʥʝʨʛʽʾ ʤʦʣʝʢʫʣ. ʉʝʨʝʜ ʥʠʭ ʤʦʞʥʘ ʟʘʟʥʘʯʠʪʠ ɽʉʈ-

ʩʧʝʢʪʨʦʩʢʦʧʽʶ (ʥʘ ʦʩʥʦʚʽ ʝʣʝʢʪʨʦʥʥʦʛʦ ʩʧʽʥ-ʨʝʟʦʥʘʥʩʥʫ) ʪʘ ʗʄʈ-ɼʗʇ 

ʩʧʝʢʪʨʦʩʢʦʧʽʶ (ʥʘ ʦʩʥʦʚʽ ʜ̫ʝʨʥʦʛʦ ʤʘʛʥʽʪʥʦʛʦ ʨʝʟʦʥʘʥʩʫ ʟ ʧʦʩʠʣʝʥʥʷʤ ʩʠʛʥʘʣʫ ʟʘ 

ʨʘʭʫʥʦʢ ʜʠʥʘʤʽʯʥʦʾ ʜ̫ʝʨʥʦʾ ʧʦʣʷʨʠʟʘʮʽʾ). 

ɽʉʈ-ʩʧʝʢʪʨʦʩʢʦʧʽʷ, ʪʘʢʦʞ ʚʽʜʦʤʘ ʷʢ ɽʇʈ-ʩʧʝʢʪʨʦʩʢʦʧʽʷ (ʩʧʝʢʪʨʦʩʢʦʧʽʷ ʥʘ 

ʦʩʥʦʚʽ ʝʣʝʢʪʨʦʥʥʦʛʦ ʧʘʨʘʤʘʛʥʽʪʥʦʛʦ ʨʝʟʦʥʘʥʩʫ), ʻ ʫʥʽʚʝʨʩʘʣʴʥʠʤ, ʥʝʨʫʡʥʽʚʥʠʤ ʽ 

ʜʫʞʝ ʯʫʪʣʠʚʠʤ ʘʥʘʣʽʪʠʯʥʠʤ ʤʝʪʦʜʦʤ, ʱʦ ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʜʣʷ ʚʠʚʯʝʥʥʷ ʩʪʨʫʢʪʫʨʠ 

ʪʘ ʜʠʥʘʤʽʢʠ ʤʦʣʝʢʫʣ, ʨʘʜʠʢʘʣʽʚ, ʧʘʨʘʤʘʛʥʽʪʥʠʭ ʽʦʥʽʚ ʪʘ ʽʥʰʠʭ ʨʝʯʦʚʠʥ ʟ 

ʥʝʩʧʘʨʝʥʠʤʠ ʝʣʝʢʪʨʦʥʥʠʤʠ ʩʧʽʥʘʤʠ. ɺ ʥʴʦʤʫ ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʤʽʢʨʦʭʚʠʣʴʦʚʝ 

ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ ʜʣʷ ʜʦʩʣʽʜʞʝʥʥʷ ʤʘʪʝʨʽʘʣʽʚ, ʷʢʽ ʨʦʟʤʽʱʫʶʪʴ ʫ ʟʦʚʥʽʰʥʻ ʩʪʘʪʠʯʥʝ 

ʤʘʛʥʽʪʥʝ ʧʦʣʝ. ʎʝʡ ʤʝʪʦʜ ʜʦʟʚʦʣʷʻ ʚʠʤʽʨʶʚʘʪʠ ɿʝʝʤʘʥʽʚʩʴʢʝ ʝʥʝʨʛʝʪʠʯʥʝ 

ʨʦʟʱʝʧʣʝʥʥʷ ʝʣʝʢʪʨʦʥʥʠʭ ʩʧʽʥʦʚʠʭ ʨʽʚʥʽʚ ʽ ʜʦʩʣʽʜʞʫʚʘʪʠ, ʥʘʧʨʠʢʣʘʜ, ʩʧʽʥ-ʩʧʽʥʦʚʫ 

ʚʟʘʻʤʦʜʽʶ ʝʣʝʢʪʨʦʥʽʚ, ʩʧʽʥ-ʨʝʰʽʪʢʦʚʫ ʨʝʣʘʢʩʘʮʽʶ, ʘ ʪʘʢʦʞ ʚʧʣʠʚ ʦʪʦʯʫʶʯʠʭ 

ʨʝʯʦʚʠʥ ʥʘ ʩʧʽʥʦʚʫ ʩʠʩʪʝʤʫ.  

ʗʜʝʨʥʠʡ ʤʘʛʥʽʪʥʠʡ ʨʝʟʦʥʘʥʩ (ʗʄʈ) ʧʦʜʽʙʥʠʡ ʜʦ ɽʇʈ, ʬʫʥʜʘʤʝʥʪʘʣʴʥʘ 

ʚʽʜʤʽʥʥʽʩʪʴ ʷʢʠʭ ʧʦʣʷʛʘʻ ʚ ʪʦʤʫ, ʱʦ ʦʩʪʘʥʥʽʡ ʟʘʩʥʦʚʘʥʠʡ ʥʘ ʤʘʛʥʽʪʥʦ-ʽʥʜʫʢʦʚʘʥʦʤʫ 

ʨʦʟʱʝʧʣʝʥʥʽ ʝʣʝʢʪʨʦʥʥʠʭ ʩʧʽʥʦʚʠʭ ʩʪʘʥʽʚ, ʪʦʜʽ ʷʢ ʫ ʗʄʈ ʚʽʜʙʫʚʘʻʪʴʩʷ ʨʦʟʱʝʧʣʝʥʥʷ 

ʷʜʝʨʥʠʭ ʩʧʽʥʦʚʠʭ ʩʪʘʥʽʚ. ʗʄʈ-ʩʧʝʢʪʨʦʩʢʦʧʽʷ ï ʧʦʪʫʞʥʠʡ ʘʥʘʣʽʪʠʯʥʠʡ ʽʥʩʪʨʫʤʝʥʪ, 

ʱʦ ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʜʣʷ ʚʠʚʯʝʥʥʷ ʨʽʟʥʠʭ ʤʘʪʝʨʽʘʣʽʚ (ʥʘʧʨʠʢʣʘʜ, ʩʢʣʘʜʥʠʭ 

ʙʽʦʤʦʣʝʢʫʣ, ʣʽʢʽʚ, ʧʦʣʽʤʝʨʽʚ ʪʘ ʙʘʛʘʪʴʦʭ ʽʥʰʠʭ) ʪʘ ʜʦʟʚʦʣʷʻ ʦʪʨʠʤʘʪʠ ʨʦʟʰʠʨʝʥʫ 

ʽʥʬʦʨʤʘʮʽʶ ʧʨʦ ʾʭ ʟʤʽʩʪ, ʩʪʨʫʢʪʫʨʫ, ʬʘʟʦʚʽ ʧʝʨʝʪʚʦʨʝʥʥʷ, ʭʽʤʽʯʥʽ ʨʝʘʢʮʽʾ ʽ ʪ.ʜ. 

ʉʫʯʘʩʥʽ ʗʄʈ-ʩʧʝʢʪʨʦʤʝʪʨʠ ʻ ʩʢʣʘʜʥʠʤʠ ʽ ʜʦʨʦʛʠʤʠ ʩʠʩʪʝʤʘʤʠ ʽʟ ʧʦʪʫʞʥʠʤʠ 

ʤʘʛʥʽʪʘʤʠ, ʷʢʽ ʚ ʜʘʥʠʡ ʯʘʩ ʤʦʞʫʪʴ ʜʦʩʷʛʘʪʠ ʥʘʧʨʫʞʝʥʦʩʪʽ ʧʦʣʷ ʜʦ 28 ʊʣ. ʆʜʥʘʢ, 
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ʢʨʽʤ ʟʘʟʥʘʯʝʥʠʭ ʧʝʨʝʚʘʛ ʗʄʈ ʩʧʝʢʪʨʦʩʢʦʧʽʾ, ʽʩʥʫʻ ʨʷʜ ʥʝʜʦʣʽʢʽʚ. ʅʘʡʙʽʣʴʰ 

ʚʘʞʣʠʚʠʤ ʩʝʨʝʜ ʥʠʭ ʻ ʥʠʟʴʢʝ ʚʽʜʥʦʰʝʥʥʷ ʩʠʛʥʘʣ/ʰʫʤ, ʱʦ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʥʠʟʴʢʦʾ 

ʯʫʪʣʠʚʦʩʪʽ ʽ, ʷʢ ʥʘʩʣʽʜʦʢ, ʪʨʠʚʘʣʦʛʦ ʯʘʩʫ ʦʪʨʠʤʘʥʥʷ ʩʧʝʢʪʨʫ. 

ɺʩʽ ʮʽ ʥʝʜʦʣʽʢʠ ʙʫʣʠ ʫʩʫʥʝʥʽ ʟʘ ʜʦʧʦʤʦʛʦʶ ʨʝʚʦʣʶʮʽʡʥʦʾ ʪʝʭʥʦʣʦʛʽʾ, ʚʧʝʨʰʝ 

ʨʦʟʨʦʙʣʝʥʦʾ ɻʨʽʬʬʽʥʦʤ ʪʘ ʩʧʽʚʘʚʪ. ʫ ʄʘʩʩʘʯʫʩʝʪʩʴʢʦʤʫ ʪʝʭʥʦʣʦʛʽʯʥʦʤʫ ʽʥʩʪʠʪʫʪʽ 

[19]. ʎʷ ʪʝʭʥʦʣʦʛʽʷ ʟʘʙʝʟʧʝʯʫʻ ʨʽʟʢʝ ʧʦʩʠʣʝʥʥʷ ʩʠʛʥʘʣʫ ʟʘ ʨʘʭʫʥʦʢ ʜʠʥʘʤʽʯʥʦʾ 

ʜ̫ʝʨʥʦʾ ʧʦʣʷʨʠʟʘʮʽʾ (ɼʗʇ) ʽ ʤʘʻ ʥʘʟʚʫ ʗʄʈ-ɼʗʇ ʩʧʝʢʪʨʦʩʢʦʧʽʷ [20]. ɰɰ ʦʩʥʦʚʥʘ 

ʦʩʦʙʣʠʚʽʩʪʴ ʧʦʣʷʛʘʻ ʫ ʚʠʢʦʨʠʩʪʘʥʥʽ ʧʦʣʷʨʠʟʫʶʯʦʛʦ ʘʛʝʥʪʘ, ʩʧʽʥʠ ʝʣʝʢʪʨʦʥʽʚ ʷʢʦʛʦ 

ʣʝʛʢʦ ʧʦʣʷʨʠʟʫʶʪʴʩʷ. ʉʪʚʦʨʝʥʘ ʪʘʢʠʤ ʯʠʥʦʤ ʚʝʣʠʢʘ ʧʦʣʷʨʠʟʘʮʽʷ ʧʝʨʝʜʘʻʪʴʩʷ ʚʽʜ 

ʝʣʝʢʪʨʦʥʽʚ ʥʘʚʢʦʣʠʰʥʽʤ ʷʜʨʘʤ ʜʦʩʣʽʜʞʫʚʘʥʦʛʦ ʤʘʪʝʨʽʘʣʫ ʰʣʷʭʦʤ ʦʧʨʦʤʽʥʝʥʥʷ ʥʘ 

ʯʘʩʪʦʪʽ, ʙʣʠʟʴʢʽʡ ʜʦ ʯʘʩʪʦʪʠ ɽʇʈ-ʧʝʨʝʭʦʜʫ. ɿ ʧʝʨʝʭʦʜʦʤ ʜʦ ʚʠʱʠʭ ʤʘʛʥʽʪʥʠʭ ʧʦʣʽʚ 

ʽ, ʚʽʜʧʦʚʽʜʥʦ, ʚʠʱʠʭ ʯʘʩʪʦʪ, ʮʷ ʤʝʪʦʜʠʢʘ ʚʠʤʘʛʘʻ ʧʦʪʫʞʥʠʭ ʜʞʝʨʝʣ ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ 

ʊɻʮ ʜʽʘʧʘʟʦʥʫ. 

ʉʫʯʘʩʥʠʡ ʧʨʦʛʨʝʩ ʫ ʨʦʟʚʠʪʢʫ ʮʠʭ ʟʘʩʪʦʩʫʚʘʥʴ ʚ ʦʩʥʦʚʥʦʤʫ ʦʙʤʝʞʝʥʠʡ ʯʝʨʝʟ 

ʥʝʜʦʩʪʘʪʥʽʡ ʨʦʟʚʠʪʦʢ ʜʞʝʨʝʣ ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ, ʟʜʘʪʥʠʭ ʛʝʥʝʨʫʚʘʪʠ ʥʝʧʝʨʝʨʚʥʝ ʊɻʮ 

ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ ʟ ʚʠʩʦʢʦʶ ʚʠʭʽʜʥʦʶ ʧʦʪʫʞʥʽʩʪʶ ʚʽʜ ʚʘʪ ʜʦ ʢʽʣʴʢʦʭ ʜʝʩʷʪʢʽʚ 

ʢʽʣʦʚʘʪ. ʎʷ ʧʨʦʙʣʝʤʘ ʚʠʥʠʢʘʻ ʯʝʨʝʟ ʧʨʠʨʦʜʥʝ ʧʘʜʽʥʥʷ ʚʠʭʽʜʥʦʾ ʧʦʪʫʞʥʦʩʪʽ 

ʝʣʝʢʪʨʦʥʥʠʭ ʽ ʬʦʪʦʥʥʠʭ ʧʨʠʩʪʨʦʾʚ ʟ ʾʭ ʥʘʙʣʠʞʝʥʥʷʤ ʜʦ ʊɻʮ ʯʘʩʪʦʪ ʟ ʙʦʢʫ 

ʤʽʢʨʦʭʚʠʣʴʦʚʦʛʦ ʪʘ ʽʥʬʨʘʯʝʨʚʦʥʦʛʦ ʜʽʘʧʘʟʦʥʽʚ, ʚʽʜʧʦʚʽʜʥʦ. ʉʘʤʝ ʟ ʮʽʻʾ ʧʨʠʯʠʥʠ ʊɻʮ 

ʜʽʘʧʘʟʦʥ ʯʘʩʪʦʪ ʰʠʨʦʢʦ ʚʽʜʦʤʠʡ ʷʢ çʊɻʮ ʧʨʦʚʘʣè. 

ʉʝʨʝʜ ʜʞʝʨʝʣ ʅɺʏ-ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ, ʱʦ ʧʨʘʮʶʶʪʴ ʫ ʊɻʮ ʜʽʘʧʘʟʦʥʽ ʯʘʩʪʦʪ, 

ʥʘʡʙʽʣʴʰ ʧʦʪʫʞʥʠʤʠ ʻ ʚʘʢʫʫʤʥʽ ʝʣʝʢʪʨʦʥʥʽ ʧʨʠʩʪʨʦʾ [21], ʷʢʽ ʤʦʞʥʘ ʨʦʟʜʽʣʠʪʠ ʥʘ 

ʧʨʠʩʪʨʦʾ ʥʘ ʧʦʚʽʣʴʥʠʭ ʪʘ ʰʚʠʜʢʠʭ ʭʚʠʣʷʭ. ɼʦ ʧʨʠʩʪʨʦʾʚ ʥʘ ʧʦʚʽʣʴʥʠʭ ʭʚʠʣʷʭ 

ʚʽʜʥʦʩʷʪʴʩʷ ʛʝʥʝʨʘʪʦʨʠ ʟʚʦʨʦʪʥʦʾ ʭʚʠʣʽ, ʢʣʽʥʦʪʨʦʥʠ, ʦʨʦʪʨʦʥʠ, ʢʣʽʩʪʨʦʥʠ 

ʨʦʟʰʠʨʝʥʦʾ ʚʟʘʻʤʦʜʽʾ, ʣʘʤʧʠ ʙʽʞʫʯʦʾ ʭʚʠʣʽ [22-25]. ɺʦʥʠ ʟʘʩʥʦʚʘʥʽ ʥʘ ʧʝʨʝʪʚʦʨʝʥʥʽ 

ʢʽʥʝʪʠʯʥʦʾ ʝʥʝʨʛʽʾ ʣʽʥʽʡʥʦʛʦ ʝʣʝʢʪʨʦʥʥʦʛʦ ʧʫʯʢʘ ʚ ʝʥʝʨʛʽʶ ʝʣʝʢʪʨʦʤʘʛʥʽʪʥʦʾ ʭʚʠʣʽ. 

ɽʣʝʢʪʨʦʤʘʛʥʽʪʥʘ ʭʚʠʣʷ ʧʽʜʪʨʠʤʫʻʪʴʩʷ ʫʧʦʚʽʣʴʥʶʶʯʦʶ ʩʪʨʫʢʪʫʨʦʶ, ʨʦʟʤʽʨʠ ʷʢʦʾ ʻ 

ʩʧʽʚʤʽʨʥʠʤʠ ʽʟ ʜʦʚʞʠʥʦʶ ʭʚʠʣʽ ʽ ʪʦʤʫ ʧʦʪʨʘʧʣʷʶʪʴ ʜʦ ʩʫʙʤʽʣʽʤʝʪʨʦʚʦʛʦ ʜʽʘʧʘʟʦʥʫ 

ʧʨʠ ʥʘʙʣʠʞʝʥʥʽ ʯʘʩʪʦʪʠ ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ ʜʦ 1 ʊɻʮ. ʊʘʢʘ ʤʽʥʽʘʪʶʨʠʟʘʮʽʷ ʩʪʨʫʢʪʫʨʠ 

ʚʟʘʻʤʦʜʽʾ ʚʠʤʘʛʘʻ ʜʫʞʝ ʚʠʩʦʢʦʾ ʪʦʯʥʦʩʪʽ ʚʠʛʦʪʦʚʣʝʥʥʷ ʽ ʥʘʢʣʘʜʘʻ ʩʫʚʦʨʽ ʦʙʤʝʞʝʥʥʷ 
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ʥʘ ʚʠʭʽʜʥʫ ʧʦʪʫʞʥʽʩʪʴ ʛʝʥʝʨʘʪʦʨʘ ʯʝʨʝʟ ʚʠʩʦʢʽ ʦʤʽʯʥʽ ʚʪʨʘʪʠ, ʧʦʪʝʥʮʽʡʥʠʡ 

ʝʣʝʢʪʨʠʯʥʠʡ ʧʨʦʙʽʡ ʽ ʤʘʣʠʡ ʩʪʨʫʤ ʧʫʯʢʘ. ɿ ʮʽʻʾ ʧʨʠʯʠʥʠ ʚʠʭʽʜʥʘ ʧʦʪʫʞʥʽʩʪʴ 

ʥʘʷʚʥʠʭ ʝʣʝʢʪʨʦʥʥʠʭ ʧʨʠʩʪʨʦʾʚ ʥʘ ʧʦʚʽʣʴʥʠʭ ʭʚʠʣʷʭ ʻ ʚ ʜʘʥʠʡ ʯʘʩ ʟʥʘʯʥʦ ʥʠʞʯʦʶ 

ʟʘ 1 ɺʪ ʚ ʜʽʘʧʘʟʦʥʽ ʚʽʜ ʩʫʙʪʝʨʘʛʝʨʮʦʚʠʭ  ʜʦ ʪʝʨʘʛʝʨʮʦʚʠʭ ʯʘʩʪʦʪ [21]. 

ʋ ʧʦʨʽʚʥʷʥʥʽ ʟ ʧʨʠʩʪʨʦʷʤʠ ʧʦʚʽʣʴʥʦʾ ʭʚʠʣʽ, ʝʣʝʢʪʨʦʥʥʽ ʧʨʠʩʪʨʦʾ ʥʘ ʰʚʠʜʢʠʭ 

ʭʚʠʣʷʭ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴ ʩʪʨʫʢʪʫʨʠ ʚʟʘʻʤʦʜʽʾ ʥʘʙʘʛʘʪʦ ʙʽʣʴʰʠʭ ʨʦʟʤʽʨʽʚ ʽ, ʦʪʞʝ, 

ʢʨʘʱʝ ʩʫʤʽʩʥʽ ʟ ʚʠʤʦʛʘʤʠ ʛʝʥʝʨʘʮʽʾ ʧʦʪʫʞʥʦʛʦ ʊɻʮ ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ. ʉʝʨʝʜ ʥʠʭ 

ʥʘʡʙʽʣʴʰ ʨʦʟʚʠʥʫʪʠʤʠ ʻ ʣʘʟʝʨʠ ʥʘ ʚʽʣʴʥʠʭ ʝʣʝʢʪʨʦʥʘʭ (ʃɺɽ) [26] ʪʘ ʛʽʨʦʪʦʥʠ [27]. 

ʇʝʨʝʚʘʛʘʤʠ ʃɺɽ ʻ ʰʠʨʦʢʘ ʩʤʫʛʘ ʯʘʩʪʦʪ ʽ ʚʠʩʦʢʘ ʚʠʭʽʜʥʘ ʧʦʪʫʞʥʽʩʪʴ ʜʦ ʢʽʣʴʢʦʭ 

ʩʦʪʝʥʴ ʚʘʪ ʫ ʊɻʮ ʜʽʘʧʘʟʦʥʽ ʯʘʩʪʦʪ. ʆʜʥʘʢ ʜʣʷ ʾʭ ʨʦʙʦʪʠ ʥʝʦʙʭʽʜʥʽ ʝʣʝʢʪʨʦʥʥʽ ʧʫʯʢʠ ʟ 

ʨʝʣʷʪʠʚʽʩʪʩʴʢʦʶ ʝʥʝʨʛʽʻʶ ʜʦ 100 ʄʝɺ, ʷʢʫ ʟʜʘʪʥʽ ʟʘʙʝʟʧʝʯʫʚʘʪʠ ʣʠʰʝ ʧʨʠʩʢʦʨʶʚʘʯ ̔

ʯʘʩʪʠʥʦʢ. ɿ ʮʽʻʾ ʧʨʠʯʠʥʠ ʃɺɽ ʻ ʩʢʣʘʜʥʠʤʠ, ʚʝʣʠʢʦʛʘʙʘʨʠʪʥʠʤʠ ʽ ʜʫʞʝ ʜʦʨʦʛʠʤʠ 

ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʤʠ ʫʩʪʘʥʦʚʢʘʤʠ, ʷʢʽ ʩʴʦʛʦʜʥʽ ʟʥʘʭʦʜʷʪʴ ʦʙʤʝʞʝʥʝ ʚʠʢʦʨʠʩʪʘʥʥʷ. 

ɻʽʨʦʪʨʦʥʠ ʙʫʣʠ ʚʧʝʨʰʝ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʨʝʘʣʽʟʦʚʘʥʽ ʫ 1960ʭ [28-30] ʽ ʥʘ 

ʜʘʥʠʡ ʯʘʩ ʰʠʨʦʢʦ ʜʦʩʣʽʜʞʫʶʪʴʩʷ, ʫʜʦʩʢʦʥʘʣʶʶʪʴʩʷ ʪʘ ʚʠʛʦʪʦʚʣʷʶʪʴʩʷ ʫ 

ʜʦʩʣʽʜʥʠʮʴʢʠʭ ʽʥʩʪʠʪʫʪʘʭ ʪʘ ʧʨʦʤʠʩʣʦʚʠʭ ʢʦʤʧʘʥʽʷʭ ʧʦ ʚʩʴʦʤʫ ʩʚʽʪʫ [27, 31-40], ʫ 

ʪʦʤʫ ʯʠʩʣʽ ʚ ʊʝʭʥʦʣʦʛʽʯʥʦʤʫ ʽʥʩʪʠʪʫʪʽ ʂʘʨʣʩʨʫʝ (ʅʽʤʝʯʯʠʥʘ), Thales Group 

(ʌʨʘʥʮʽʷ), ʄʘʩʩʘʯʫʩʝʪʩʴʢʦʤʫ ʪʝʭʥʦʣʦʛʽʯʥʦʤʫ ʽʥʩʪʠʪʫʪʽ (ʉʐɸ), ʋʥʽʚʝʨʩʠʪʝʪʽ 

ʄʝʨʽʣʝʥʜʫ (ʉʐɸ), Communications and Power Industries (ʉʐɸ), ʋʥʽʚʝʨʩʠʪʝʪʽ ʌʫʢʫʾ 

(ʗʧʦʥʽʷ), ʅʘʮʽʦʥʘʣʴʥʦʤʫ ʽʥʩʪʠʪʫʪʽ ʢʚʘʥʪʦʚʦʾ ʥʘʫʢʠ ʪʘ ʪʝʭʥʦʣʦʛʽʡ (ʗʧʦʥʽʷ), 

ʂʦʨʝʡʩʴʢʦʤʫ ʥʘʫʢʦʚʦ-ʜʦʩʣʽʜʥʦʤʫ ʽʥʩʪʠʪʫʪ ̔ʝʣʝʢʪʨʦʪʝʭʥʦʣʦʛʽʾ (ʈʝʩʧʫʙʣʽʢʘ ʂʦʨʝʷ), 

ʇʝʢʽʥʩʴʢʦʤʫ ʫʥʽʚʝʨʩʠʪʝʪ ̔ (ʂʠʪʘʡ), ʋʥʽʚʝʨʩʠʪʝʪ ̔ ʝʣʝʢʪʨʦʥʥʠʭ ʥʘʫʢ ʪʘ ʪʝʭʥʦʣʦʛʽʡ 

ʂʠʪʘʶ (ʂʠʪʘʡ). ʋ ʤʽʣʽʤʝʪʨʦʚʦʤʫ ʜʽʘʧʘʟʦʥʽ ʛʽʨʦʪʨʦʥʠ ʻ ʥʘʡʙʽʣʴʰ ʧʦʪʫʞʥʠʤʠ 

ʜʞʝʨʝʣʘʤʠ ʥʝʧʝʨʝʨʚʥʦʛʦ ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ ʟ ʚʠʭʽʜʥʦʶ ʧʦʪʫʞʥʽʩʪʶ ʜʦ 2 ʄɺʪ ʽ ʂʂɼ 

ʜʦ 40%. 

ʆʩʥʦʚʥʠʤ ʟʘʩʪʦʩʫʚʘʥʥʷʤ ʪʘʢʠʭ ʧʦʪʫʞʥʠʭ ʛʽʨʦʪʨʦʥʽʚ ʻ ʥʘʛʨʽʚ ʧʣʘʟʤʠ ʚ 

ʫʩʪʘʥʦʚʢʘʭ ʢʝʨʦʚʘʥʦʛʦ ʪʝʨʤʦʷʜʝʨʥʦʛʦ ʩʠʥʪʝʟʫ. ʇʨʠʢʣʘʜʦʤ ʻ ʤʽʞʥʘʨʦʜʥʠʡ 

ʪʝʨʤʦʷʜʝʨʥʠʡ ʨʝʘʢʪʦʨ ITER (International Thermonuclear Experimental Reactor) ï 

ʥʘʡʙʽʣʴʰʠʡ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʡ ʪʝʨʤʦʷʜʝʨʥʠʡ ʨʝʘʢʪʦʨ, ʷʢʠʡ ʙʫʜʫʻʪʴʩʷ ʚ ʨʘʤʢʘʭ 

ʩʧʽʣʴʥʦʛʦ ʤʽʞʥʘʨʦʜʥʦʛʦ ʧʨʦʻʢʪʫ ʟ ʤʝʪʦʶ ʜʦʩʣʽʜʞʝʥʥʷ ʤʦʞʣʠʚʦʩʪʝʡ ʪʝʨʤʦʷʜʝʨʥʦʛʦ 
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ʩʠʥʪʝʟʫ ʷʢ ʜʞʝʨʝʣʘ ʝʥʝʨʛʽʾ ʤʘʡʙʫʪʥʴʦʛʦ. ɻʦʣʦʚʥʝ ʚʠʢʦʨʠʩʪʘʥʥʷ ʛʽʨʦʪʨʦʥʽʚ ʚ ITER 

ʧʦʣʷʛʘʻ ʚ ʥʘʛʨʽʚʘʥʥʽ ʧʣʘʟʤʠ ʜʦ ʚʠʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨ, ʥʝʦʙʭʽʜʥʠʭ ʜʣʷ ʧʦʯʘʪʢʫ 

ʪʝʨʤʦʷʜʝʨʥʦʾ ʨʝʘʢʮʽʾ. ɺ ʨʝʘʢʪʦʨʽ ITER ʧʝʨʝʜʙʘʯʘʻʪʴʩʷ ʚʠʢʦʨʠʩʪʘʥʥʷ 24-ʭ 

ʥʝʧʝʨʝʨʚʥʠʭ ʛʽʨʦʪʨʦʥʽʚ ʟ ʧʦʪʫʞʥʽʩʪʶ 1 ʄɺʪ ʽ ʨʦʙʦʯʦʶ ʯʘʩʪʦʪʦʶ 170 ɻɻʮ [30, 41-

43], ʷʢʽ ʚʠʛʦʪʦʚʣʷʪʠʤʫʪʴʩʷ ʚ ʨʽʟʥʠʭ ʢʨʘʾʥʘʭ ʩʚʽʪʫ. 

ʅʘ ʚʽʜʤʽʥʫ ʚʽʜ ʃɺɽ, ʫ ʛʽʨʦʪʨʦʥʘʭ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ ʩʣʘʙʦʨʝʣʷʪʠʚʽʩʪʩʴʢʽ 

ʝʣʝʢʪʨʦʥʥʽ ʧʫʯʢʠ, ʩʪʚʦʨʶʚʘʥʽ ʤʘʛʥʝʪʨʦʥʥʠʤʠ ʽʥʞʝʢʮʽʡʥʠʤʠ ʛʘʨʤʘʪʘʤʠ ʪʘ 

ʧʨʠʩʢʦʨʶʚʘʥʽ ʧʨʠʢʣʘʜʝʥʦʶ ʥʘʧʨʫʛʦʶ ʜʦ 100 ʢɺ. ɺʩʝʨʝʜʠʥʽ ʚʽʜʢʨʠʪʦʛʦ ʨʝʟʦʥʘʪʦʨʫ 

ʝʣʝʢʪʨʦʥʠ ʧʫʯʢʘ ʨʫʭʘʶʪʴʩʷ ʟʘ ʛʚʠʥʪʦʚʠʤʠ ʪʨʘʻʢʪʦʨʽʷʤʠ ʧʽʜ ʜʽʻʶ ʟʦʚʥʽʰʥʴʦʛʦ 

ʤʘʛʥʽʪʥʦʛʦ ʧʦʣʷ ʽ ʟʘʟʥʘʶʪʴ ʮʠʢʣʦʪʨʦʥʥʦʾ ʨʝʟʦʥʘʥʩʥʦʾ ʚʟʘʻʤʦʜʽʾ ʟ ʧʦʧʝʨʝʯʥʦʶ 

ʝʣʝʢʪʨʠʯʥʦʶ (TE) ʤʦʜʦʶ, ʙʣʠʟʴʢʦʶ ʜʦ ʯʘʩʪʦʪʠ ʚʽʜʩʽʯʢʠ (ʨʠʩ. 1.1). ʇʦ ʟʘʢʽʥʯʝʥʥʶ 

ʚʟʘʻʤʦʜʽʾ ʨʦʙʦʯʘ ʤʦʜʘ ʚʠʧʨʦʤʽʥʶʻʪʴʩʷ ʟ ʨʝʟʦʥʘʪʦʨʘ ʟ ʯʘʩʪʦʪʦʶ, ʧʨʦʧʦʨʮʽʡʥʦʶ 

ʝʣʝʢʪʨʦʥʥʽʡ ʮʠʢʣʦʪʨʦʥʥʽʡ ʯʘʩʪʦʪʽ, ʷʢʘ ʚʠʟʥʘʯʘʻʪʴʩʷ ʚʝʣʠʯʠʥʦʶ ʟʦʚʥʽʰʥʴʦʛʦ 

ʤʘʛʥʽʪʥʦʛʦ ʧʦʣʷ. 

 

 

ʈʠʩ. 1.1. (ʘ) ʉʧʨʦʱʝʥʘ ʢʦʥʬʽʛʫʨʘʮʽʷ ʪʨʘʜʠʮʽʡʥʦʛʦ ʛʽʨʦʪʨʦʥʘ, (ʙ) ʨʦʟʧʦʜʽʣ 

ʟʦʚʥʽʰʥʴʦʛʦ ʤʘʛʥʽʪʥʦʛʦ ʧʦʣʷ ʪʘ (ʚ) ʪʠʧʦʚʠʡ ʚʠʛʣʷʜ ʘʤʧʣʽʪʫʜʠ ʧʝʨʰʦʾ ʘʢʩʽʘʣʴʥʦʾ ʊɽ 

ʤʦʜʠ ʚ ʨʝʟʦʥʘʪʦʨʽ [29]. 
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ʇʦʪʦʯʥʝ ʦʙʤʝʞʝʥʥʷ ʧʦ ʯʘʩʪʦʪʽ ʥʝʧʝʨʝʨʚʥʠʭ ʛʽʨʦʪʨʦʥʽʚ ʧʦʚôʷʟʘʥʝ ʽʟ ʚʝʣʠʯʠʥʦʶ 

ʤʘʢʩʠʤʘʣʴʥʦʛʦ ʤʘʛʥʽʪʥʦʛʦ ʧʦʣʷ ʙʣʠʟʴʢʦ 12 ʊʣ, ʷʢʝ ʩʴʦʛʦʜʥʽ ʤʦʞʫʪʴ ʩʪʚʦʨʶʚʘʪʠ 

ʜʦʩʪʫʧʥʽ ʥʘʜʧʨʦʚʽʜʥʽ ʢʦʤʝʨʮʽʡʥʽ ʤʘʛʥʽʪʠ ʥʘ ʙʘʟʽ NbTi. ɼʣʷ ʪʘʢʦʛʦ ʧʦʣʷ ʯʘʩʪʦʪʘ 

ʛʽʨʦʪʨʦʥʘ, ʱʦ ʧʨʘʮʶʻ ʙʣʠʟʴʢʦ ʜʦ ʬʫʥʜʘʤʝʥʪʘʣʴʥʦʾ ʮʠʢʣʦʪʨʦʥʥʦʾ ʯʘʩʪʦʪʠ, ʦʙʤʝʞʝʥʘ 

ʟʥʘʯʝʥʥʷʤ 0.3 ʊɻʮ. ʏʘʩʪʦʪʫ ʛʽʨʦʪʨʦʥʘ ʤʦʞʥʘ ʟʙʽʣʴʰʠʪʠ ʚ s ʨʘʟʽʚ ʟʘ ʫʤʦʚʠ 

ʟʙʫʜʞʝʥʥʷ ʨʦʙʦʯʦʾ ʤʦʜʠ ʝʣʝʢʪʨʦʥʥʠʤ ʧʫʯʢʦʤ ʥʘ s-ʡ ʛʘʨʤʦʥʽʮʽ ʝʣʝʢʪʨʦʥʥʦʾ 

ʮʠʢʣʦʪʨʦʥʥʦʾ ʯʘʩʪʦʪʠ. ʉʘʤʝ ʪʦʤʫ ʨʦʙʦʪʘ ʥʘ ʚʠʩʦʢʠʭ ʛʘʨʤʦʥʽʢʘʭ (s > 1) ʻ ʻʜʠʥʠʤ 

ʩʧʦʩʦʙʦʤ ʜʣʷ ʥʝʧʝʨʝʨʚʥʠʭ ʛʽʨʦʪʨʦʥʽʚ ʽʟ ʚʽʜʥʦʩʥʦ ʤʘʣʦʛʘʙʘʨʠʪʥʠʤʠ ʪʘ ʥʝʜʦʨʦʛʠʤʠ 

ʤʘʛʥʽʪʘʤʠ ʧʦʜʦʣʘʪʠ çʊɻʮ ʧʨʦʚʘʣè. 

ʆʜʥʘʢ ʽʟ ʟʙʽʣʴʰʝʥʥʷʤ ʥʦʤʝʨʘ ʛʘʨʤʦʥʽʢʠ s ʟʤʝʥʰʫʻʪʴʩʷ ʩʠʣʘ ʚʟʘʻʤʦʜʽʾ 

ʩʣʘʙʦʨʝʣʷʪʠʚʽʩʪʩʴʢʦʛʦ ʝʣʝʢʪʨʦʥʥʦʛʦ ʧʫʯʢʘ ʟ ʨʦʙʦʯʦʶ ʤʦʜʦʶ [44]. ʎʝ ʧʨʠʟʚʦʜʠʪʴ ʜʦ 

ʟʙʽʣʴʰʝʥʥʷ ʩʪʘʨʪʦʚʦʛʦ ʩʪʨʫʤʫ ʨʦʙʦʯʦʾ ʤʦʜʠ ʽ ʟʘʛʦʩʪʨʶʻ ʜʚʽ ʧʦʚôʷʟʘʥʽ ʤʽʞ ʩʦʙʦʶ 

ʬʫʥʜʘʤʝʥʪʘʣʴʥʽ ʧʨʦʙʣʝʤʠ. ʎʠʤʠ ʧʨʦʙʣʝʤʘʤʠ ʻ ʦʤʽʯʥʽ ʚʪʨʘʪʠ ʽ ʢʦʥʢʫʨʝʥʮʽʷ ʤʦʜ ʫ 

ʪʨʘʜʠʮʽʡʥʦʤʫ ʤʝʪʘʣʝʚʦʤʫ ʨʝʟʦʥʘʪʦʨʽ ʛʽʨʦʪʨʦʥʘ, ʷʢʠʡ ʫʪʚʦʨʝʥʠʡ ʦʜʥʦʨʽʜʥʠʤ 

ʮʠʣʽʥʜʨʠʯʥʠʤ ʨʝʟʦʥʘʪʦʨʦʤ, ʟ'ʻʜʥʘʥʠʤ ʟʽ ʢʦʥʽʯʥʠʤʠ ʚʭʽʜʥʦʶ ʪʘ ʚʠʭʽʜʥʦʶ 

ʮʠʣʽʥʜʨʠʯʥʠʤʠ ʩʝʢʮʽʷʤʠ (ʨʠʩ. 1.2).  

 

 

ʈʠʩ. 1.2. ʉʭʝʤʘʪʠʯʥʠʡ ʚʠʛʣʷʜ ʪʨʘʜʠʮʽʡʥʦʛʦ ʨʝʟʦʥʘʪʦʨʘ [45]. 

 

ʊʨʘʜʠʮʽʡʥʠʤ ʩʧʦʩʦʙʦʤ ʧʽʜʚʠʱʝʥʥʷ ʽʥʪʝʥʩʠʚʥʦʩʪʽ ʚʟʘʻʤʦʜʽʾ ʧʫʯʢʘ ʟ ʨʦʙʦʯʦʶ 

ʤʦʜʦʶ ʥʘ ʚʠʩʦʢʽʡ ʮʠʢʣʦʪʨʦʥʥʽʡ ʛʘʨʤʦʥʽʮʽ ʻ ʟʙʽʣʴʰʝʥʥʷ ʜʦʚʞʠʥʠ ʨʝʟʦʥʘʪʦʨʘ. ʎʝ 

ʚʠʢʣʠʢʘʻ ʟʙʽʣʴʰʝʥʥʷ ʜʠʬʨʘʢʮʽʡʥʦʾ ʜʦʙʨʦʪʥʦʩʪʽ ʚʽʜʢʨʠʪʦʛʦ ʨʝʟʦʥʘʪʦʨʘ. ʋ ʪʦʡ ʞʝ 

ʯʘʩ, ʱʦʙ ʫʥʠʢʥʫʪʠ ʛʦʩʪʨʦʾ ʢʦʥʢʫʨʝʥʮʽʾ ʟ ʙʦʢʫ ʤʦʜ ʥʘ ʥʠʟʴʢʠʭ ʛʘʨʤʦʥʽʢʘʭ, ʛʽʨʦʪʦʥʠ 

ʥʘ ʚʠʩʦʢʠʭ ʮʠʢʣʦʪʨʦʥʥʠʭ ʛʘʨʤʦʥʽʢʘʭ ʟʘʟʚʠʯʘʡ ʦʩʥʘʱʫʶʪʴʩʷ ʨʝʟʦʥʘʪʦʨʘʤʠ ʤʘʣʦʛʦ 
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ʨʘʜʽʫʩʫ, ʱʦ ʤʘʶʪʴ ʨʦʟʨʽʜʞʝʥʠʡ ʯʘʩʪʦʪʥʠʡ ʩʧʝʢʪʨ ʢʦʥʢʫʨʫʶʯʠʭ ʤʦʜ. ɿʽ ʟʤʝʥʰʝʥʥʷʤ 

ʨʘʜʽʫʩʘ ʩʪʽʥʦʢ ʦʤʽʯʥʘ ʜʦʙʨʦʪʥʽʩʪʴ ʤʝʪʘʣʝʚʦʛʦ ʨʝʟʦʥʘʪʦʨʘ ʟʤʝʥʰʫʻʪʴʩʷ. ʊʦʤʫ, ʷʢ 

ʟʙʽʣʴʰʝʥʥʷ ʜʦʚʞʠʥʠ, ʪʘʢ ʽ ʟʤʝʥʰʝʥʥʷ ʨʘʜʽʫʩʫ ʤʝʪʘʣʝʚʦʛʦ ʨʝʟʦʥʘʪʦʨʘ ʧʨʠʟʚʦʜʷʪʴ ʜʦ 

ʟʙʽʣʴʰʝʥʥʷ ʚʢʣʘʜʫ ʦʤʽʯʥʦʾ ʜʦʙʨʦʪʥʦʩʪʽ ʚ ʟʘʛʘʣʴʥʫ ʜʦʙʨʦʪʥʽʩʪʴ ʽ, ʷʢ ʥʘʩʣʽʜʦʢ, 

ʚʠʢʣʠʢʘʶʪʴ ʟʙʽʣʴʰʝʥʥʷ ʦʤʽʯʥʠʭ ʚʪʨʘʪ ʧʦʪʫʞʥʦʩʪʽ ʛʽʨʦʪʨʦʥʘ. ʋ ʢʨʘʱʠʭ ʩʫʯʘʩʥʠʭ 

ʩʫʙʪʝʨʘʛʝʨʮʦʚʠʭ ʛʽʨʦʪʨʦʥʘʭ ʥʘ ʜʨʫʛʽʡ ʮʠʢʣʦʪʨʦʥʥʽʡ ʛʘʨʤʦʥʽʮʽ [46-49] ʪʘʢʽ ʚʪʨʘʪʠ 

ʧʦʪʫʞʥʦʩʪʽ ʧʝʨʝʚʠʱʫʶʪʴ 80% ʽ ʟʥʘʯʥʦ ʟʥʠʞʫʶʪʴ ʝʬʝʢʪʠʚʥʽʩʪʴ ʚʟʘʻʤʦʜʽʾ [50], ʱʦ 

ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʥʠʟʴʢʦʛʦ ʚʠʭʽʜʥʦʛʦ ʂʂɼ ʥʠʞʯʝ 3%. 

ɼʝʷʢʽ ʪʝʨʘʛʝʨʮʦʚʽ ʟʘʩʪʦʩʫʚʘʥʥʷ ʚʠʩʫʚʘʶʪʴ ʜʦʜʘʪʢʦʚʽ ʚʠʤʦʛʠ ʜʦ ʥʝʧʝʨʝʨʚʥʠʭ 

ʛʽʨʦʪʨʦʥʽʚ. ʂʨʽʤ ʚʠʩʦʢʦʛʦ ʂʂɼ ʽ ʚʠʭʽʜʥʦʾ ʧʦʪʫʞʥʦʩʪʽ, ʩʧʝʢʪʨʦʩʢʦʧʽʯʥʽ ʟʘʩʪʦʩʫʚʘʥʥʷ 

[46, 47, 49, 51] ʧʦʪʨʽʙʫʶʪʴ ʥʝʧʝʨʝʨʚʥʦʾ ʰʠʨʦʢʦʩʤʫʛʦʚʦʾ ʧʝʨʝʙʫʜʦʚʠ ʯʘʩʪʦʪʠ 

ʛʽʨʦʪʨʦʥʘ. ʊʘʢʘ ʧʝʨʝʙʫʜʦʚʘ ʯʘʩʪʦʪʠ ʟʘʙʝʟʧʝʯʫʻʪʴʩʷ ʧʦʩʣʽʜʦʚʥʠʤʠ ʧʝʨʝʭʦʜʘʤʠ ʤʽʞ 

ʘʢʩʽʘʣʴʥʠʤʠ ʨʝʟʦʥʘʥʩʘʤʠ ʨʦʙʦʯʦʾ ʤʦʜʠ ʟʽ ʟʤʽʥʦʶ ʟʦʚʥʽʰʥʴʦʛʦ ʤʘʛʥʽʪʥʦʛʦ ʧʦʣʷ ʘʙʦ 

ʧʨʠʢʣʘʜʝʥʦʶ ʥʘʧʨʫʛʦʶ, ʽ ʤʦʞʝ ʙʫʪʠ ʩʧʨʦʱʝʥʘ ʟʘ ʨʘʭʫʥʦʢ ʤʦʜʠʬʽʢʘʮʽʡ ʢʦʥʩʪʨʫʢʮʽʾ 

ʨʝʟʦʥʘʪʦʨʘ [52-54]. ʆʜʥʘʢ, ʥʘ ʚʽʜʤʽʥʫ ʚʽʜ ʬʫʥʜʘʤʝʥʪʘʣʴʥʦʾ ʘʢʩʽʘʣʴʥʦʾ ʤʦʜʠ, ʙʣʠʟʴʢʦʾ 

ʜʦ ʯʘʩʪʦʪʠ ʚʽʜʩʽʯʢʠ, ʘʢʩʽʘʣʴʥʽ ʤʦʜʠ ʚʠʩʦʢʦʛʦ ʧʦʨʷʜʢʫ ʫ ʨʝʟʦʥʘʪʦʨʽ ʛʽʨʦʪʨʦʥʘ ʤʘʶʪʴ 

ʥʠʟʴʢʽ ʜʠʬʨʘʢʮʽʡʥʽ ʜʦʙʨʦʪʥʦʩʪʽ. ʊʦʤʫ ʾʭʥʻ ʟʙʫʜʞʝʥʥʷ ʝʣʝʢʪʨʦʥʥʠʤ ʧʫʯʢʦʤ ʚʠʤʘʛʘʻ 

ʧʦʜʘʣʴʰʦʛʦ ʟʙʽʣʴʰʝʥʥʷ ʜʦʚʞʠʥʠ ʨʝʟʦʥʘʪʦʨʘ. ɿʨʦʟʫʤʽʣʦ, ʱʦ ʜʣʷ ʪʝʨʘʛʝʨʮʦʚʠʭ 

ʛʽʨʦʪʨʦʥʽʚ ʽʟ ʧʝʨʝʙʫʜʦʚʦʶ ʯʘʩʪʦʪʠ, ʮʝ ʱʝ ʙʽʣʴʰ ʫʩʢʣʘʜʥʶʻ ʧʨʦʙʣʝʤʫ ʦʤʽʯʥʠʭ ʚʪʨʘʪ 

ʫ ʨʝʟʦʥʘʪʦʨʽ. ʂʨʽʤ ʪʦʛʦ, ʥʝʛʘʪʠʚʥʠʡ ʚʧʣʠʚ ʨʦʟʢʠʜʫ ʰʚʠʜʢʦʩʪʝʡ ʝʣʝʢʪʨʦʥʽʚ ʧʫʯʢʘ ʥʘ 

ʽʥʪʝʥʩʠʚʥʽʩʪʴ ʝʣʝʢʪʨʦʥʥʦ-ʭʚʠʣʴʦʚʦʾ ʚʟʘʻʤʦʜʽʾ ʧʦʩʠʣʶʻʪʴʩʷ ʟ̔ ʟʙʽʣʴʰʝʥʥʷʤ 

ʘʢʩʽʘʣʴʥʦʛʦ ʭʚʠʣʴʦʚʦʛʦ ʯʠʩʣʘ ʨʦʙʦʯʦʾ ʤʦʜʠ. ʆʪʞʝ, ʮʝ ʥʘʢʣʘʜʘʻ ʜʦʜʘʪʢʦʚʽ ʦʙʤʝʞʝʥʥʷ 

ʥʘ ʩʤʫʛʫ ʧʝʨʝʙʫʜʦʚʠ ʯʘʩʪʦʪ ʥʝʧʝʨʝʨʚʥʠʭ ʪʝʨʘʛʝʨʮʦʚʠʭ ʛʽʨʦʪʨʦʥʽʚ ʜʣʷ 

ʩʧʝʢʪʨʦʩʢʦʧʽʯʥʠʭ ʟʘʩʪʦʩʫʚʘʥʴ. 

 

1.1. ʇʨʦʙʣʝʤʘ ʢʦʥʢʫʨʝʥʮʽʾ ʤʦʜ ʫ ʛ̔ʨʦʪʨʦʥʘʭ ʥʘ ʜʨʫʛʽʡ ʮʠʢʣʦʪʨʦʥʥʡ̔ ʛʘʨʤʦʥʽʮʽ 

ʗʢ ʟʘʟʥʘʯʝʥʦ ʚʠʱʝ, ʦʩʥʦʚʥʝ ʦʙʤʝʞʝʥʥʷ ʧʦ ʯʘʩʪʦʪʽ ʥʝʧʝʨʝʨʚʥʦʛʦ ʛʽʨʦʪʨʦʥʘ 

ʧʦʚ'ʷʟʘʥʝ ʟ ʚʝʣʠʯʠʥʦʶ ʨʦʙʦʯʦʛʦ ʤʘʛʥʽʪʥʦʛʦ ʧʦʣʷ, ʱʦ ʩʪʚʦʨʶʻʪʴʩʷ ʥʘʜʧʨʦʚʽʜʥʠʤ 

ʤʘʛʥʽʪʦʤ. ʊʦʤʫ ʚ ʩʫʙʪʝʨʘʛʝʨʮʦʚʦʤʫ ʜʽʘʧʘʟʦʥʽ ʯʘʩʪʦʪ ʦʩʦʙʣʠʚʝ ʟʥʘʯʝʥʥʷ ʤʘʶʪʴ 

ʛʽʨʦʪʨʦʥʠ, ʱʦ ʧʨʘʮʶʶʪʴ ʥʘ ʜʨʫʛʽʡ (ʘʙʦ ʚʠʱʽʡ) ʛʘʨʤʦʥʽʮʽ ʮʠʢʣʦʪʨʦʥʥʦʾ ʯʘʩʪʦʪʠ 
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ʝʣʝʢʪʨʦʥʥʦʛʦ ʧʫʯʢʘ. ʆʜʥʘʢ ʯʠʤ ʚʠʱʝ ʥʦʤʝʨ ʮʠʢʣʦʪʨʦʥʥʦʾ ʛʘʨʤʦʥʽʢʠ, ʪʠʤ ʩʣʘʙʢʽʰʝ 

ʟʚ'ʷʟʦʢ ʝʣʝʢʪʨʦʥʥʦʛʦ ʧʫʯʢʘ ʟ ʨʦʙʦʯʦʶ ʊɽ ʤʦʜʦʶ ʛʽʨʦʪʨʦʥʘ. ʎʝ ʧʨʠʟʚʦʜʠʪʴ ʜʦ 

ʥʝʤʠʥʫʯʦʛʦ ʟʙʽʣʴʰʝʥʥʷ ʧʦʨʦʛʫ ʛʝʥʝʨʘʮʽʾ (ʩʪʘʨʪʦʚʦʛʦ ʩʪʨʫʤʫ), ʘ ʪʘʢʦʞ ʟʥʠʞʝʥʥʷ 

ʝʬʝʢʪʠʚʥʦʩʪʽ ʪʘ ʚʠʭʽʜʥʦʾ ʧʦʪʫʞʥʦʩʪʽ ʛʽʨʦʪʨʦʥʘ ʟʽ ʟʨʦʩʪʘʥʥʷʤ ʥʦʤʝʨʘ s ʮʠʢʣʦʪʨʦʥʥʦʾ 

ʛʘʨʤʦʥʽʢʠ. 

ʋ ʩʫʙʪʝʨʘʛʝʨʮʦʚʦʤʫ ʜʽʘʧʘʟʦʥʽ ʯʘʩʪʦʪ ʜʦʩʠʪʴ ʚʠʩʦʢʫ ʝʬʝʢʪʠʚʥʽʩʪʴ ʽ ʧʦʪʫʞʥʽʩʪʴ 

ʤʦʞʫʪʴ ʤʘʪʠ ʛʽʨʦʪʨʦʥʠ ʥʘ ʜʨʫʛʽʡ (2s= ) ʮʠʢʣʦʪʨʦʥʥʽʡ ʛʘʨʤʦʥʽʮʽ. ʆʜʥʘʢ ʾʭ 

ʨʝʘʣʽʟʘʮʽʷ ʯʘʩʪʦ ʧʦʚ'ʷʟʘʥʘ ʟ ʧʨʦʙʣʝʤʦʶ ʢʦʥʢʫʨʝʥʮʽʾ ʤʽʞ ʨʦʙʦʯʦʶ ʤʦʜʦʶ ʽ ʤʦʜʘʤʠ ʥʘ 

ʧʝʨʰʽʡ ( 1s=) ʛʘʨʤʦʥʽʮʽ ʮʠʢʣʦʪʨʦʥʥʦʾ ʯʘʩʪʦʪʠ. ʊʘʢʘ ʢʦʥʢʫʨʝʥʮʽʷ ʤʦʜ ʚʠʥʠʢʘʻ 

ʚʥʘʩʣʽʜʦʢ ʪʦʛʦ, ʱʦ ʨʝʟʦʥʘʥʩʥʽ ʯʘʩʪʦʪʠ ʜʝʢʽʣʴʢʦʭ ʤʦʜ ʻ ʙʣʠʟʴʢʠʤʠ ʜʦ ʮʠʢʣʦʪʨʦʥʥʦʾ 

ʯʘʩʪʦʪʠ ʝʣʝʢʪʨʦʥʽʚ ʧʫʯʢʘ ʪʘ ʾʾ ʜʨʫʛʦʾ ʛʘʨʤʦʥʽʢʠ. ɰʾ ʥʘʩʣʽʜʢʘʤʠ ʤʦʞʫʪʴ ʙʫʪʠ ʧʦʚʥʝ 

ʧʨʠʜʫʰʝʥʥʷ ʘʙʦ ʟʤʝʥʰʝʥʥʷ ʝʬʝʢʪʠʚʥʦʩʪʽ ʛʝʥʝʨʘʮʽʾ ʨʦʙʦʯʦʾ ʤʦʜʠ. ɼʦʜʘʪʢʦʚʦ ʚʦʥʘ 

ʤʦʞʝ ʧʨʠʟʚʦʜʠʪʠ ʜʦ ʟʤʽʥʠ ʩʧʝʢʪʨʘʣʴʥʦʛʦ ʩʢʣʘʜʫ ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ ʛʽʨʦʪʨʦʥʘ, ʱʦ 

ʫʩʢʣʘʜʥʶʻ ʚʠʢʦʨʠʩʪʘʥʥʷ ʮʴʦʛʦ ʩʠʛʥʘʣʫ ʜʣʷ ʢʦʥʢʨʝʪʥʠʭ ʟʘʩʪʦʩʫʚʘʥʴ, ʘ ʪʘʢʦʞ ʜʦ 

ʧʦʛʽʨʰʝʥʥʷ ʩʪʘʙʽʣʴʥʦʩʪʽ ʨʦʙʦʪʠ ʛʽʨʦʪʨʦʥʘ, ʦʩʢʽʣʴʢʠ ʨʦʟʧʦʜʽʣ ʝʥʝʨʛʽʾ ʤʽʞ ʨʽʟʥʠʤʠ 

ʤʦʜʘʤʠ ʤʦʞʝ ʟʤʽʥʶʚʘʪʠʩʷ ʟ ʯʘʩʦʤ. ʊʘʢʠʤ ʯʠʥʦʤ, ʢʦʥʢʫʨʝʥʮʽʷ ʤʦʜ ʩʪʘʥʦʚʠʪʴ ʦʜʥʫ ʽʟ 

ʛʦʣʦʚʥʠʭ ʧʝʨʝʰʢʦʜ ʜʣʷ ʧʨʘʢʪʠʯʥʦʾ ʨʝʘʣʽʟʘʮʽʾ ʚʠʩʦʢʦʝʬʝʢʪʠʚʥʦʾ ʪʘ ʩʪʘʙʽʣʴʥʦʾ ʨʦʙʦʪʠ 

ʛʽʨʦʪʨʦʥʽʚ ʥʘ ʜʨʫʛʽʡ ʘʙʦ ʚʠʱʠʭ ʮʠʢʣʦʪʨʦʥʥʠʭ ʛʘʨʤʦʥʽʢʘ. 

ʋ ʧʦʨʽʚʥʷʥʥʽ ʟ ʨʦʙʦʯʦʶ ʤʦʜʦʶ ʥʘ ʜʨʫʛʽʡ ʮʠʢʣʦʪʨʦʥʥʽʡ ʛʘʨʤʦʥʽʮʽ, ʢʦʥʢʫʨʫʶʯʽ 

ʤʦʜʠ ʥʘ ʧʝʨʰʽʡ ʛʘʨʤʦʥʽʮʽ ʟʘ ʩʚʦʻʶ ʧʨʠʨʦʜʦʶ ʤʘʶʪʴ ʙʽʣʴʰ ʩʠʣʴʥʠʡ ʟʚ'ʷʟʦʢ ʟ 

ʝʣʝʢʪʨʦʥʥʠʤ ʧʫʯʢʦʤ ʽ, ʷʢ ʥʘʩʣʽʜʦʢ, ʙʽʣʴʰ ʥʠʟʴʢʽ ʩʪʘʨʪʦʚʽ ʩʪʨʫʤʠ. ʎʷ ʦʙʩʪʘʚʠʥʘ 

ʤʦʞʝ ʙʫʪʠ ʧʦʷʩʥʝʥʘ ʟʘ ʜʦʧʦʤʦʛʦʶ ʧʨʦʩʪʦʾ ʥʘʙʣʠʞʝʥʦʾ ʬʦʨʤʫʣʠ [55, 56]: 
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ʜʝ sI , sQ , sL  ʽ 2

,m sC  ï ʤʽʥʽʤʘʣʴʥʠʡ ʩʪʘʨʪʦʚʠʡ ʩʪʨʫʤ, ʧʦʚʥʘ ʜʦʙʨʦʪʥʽʩʪʴ, ʝʬʝʢʪʠʚʥʘ 

ʜʦʚʞʠʥʘ ʨʝʟʦʥʘʪʦʨʘ ʛʽʨʦʪʨʦʥʘ ʽ ʢʦʝʬʽʮʽʻʥʪ ʟʚ'ʷʟʢʫ ʟ ʝʣʝʢʪʨʦʥʥʠʤ ʧʫʯʢʦʤ ʜʣʷ TEm,p 

ʤʦʜʠ ʥʘ s-ʽʡ ʮʠʢʣʦʪʨʦʥʥʽʡ ʛʘʨʤʦʥʽʮʽ, ʚʽʜʧʦʚʽʜʥʦ, ( )( )2 2
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ï ʰʚʠʜʢʽʩʪʴ ʩʚʽʪʣʘ ʚ ʚʘʢʫʫʤʽ, 
0v^ , 

0g ʽ a ï ʧʦʯʘʪʢʦʚʘ ʧʦʧʝʨʝʯʥʘ ʰʚʠʜʢʽʩʪʴ, 

ʧʦʯʘʪʢʦʚʠʡ ʨʝʣʷʪʠʚʽʩʪʩʴʢʠʡ ʬʘʢʪʦʨ ʽ ʧʽʪʯ-ʬʘʢʪʦʨ ʝʣʝʢʪʨʦʥʽʚ ʧʫʯʢʘ, ʚʽʜʧʦʚʽʜʥʦ. 

ʋ ʛʽʨʦʪʨʦʥʘʭ ʟ ʪʨʘʜʠʮʽʡʥʠʤʠ ʮʠʣʽʥʜʨʠʯʥʠʤʠ ʨʝʟʦʥʘʪʦʨʘʤʠ 
1 2L Lº , ʘ 

ʚʽʜʥʦʰʝʥʥʷ ʧʦʚʥʠʭ ʜʦʙʨʦʪʥʦʩʪʝʡ 
2 1Q Q  ʙʣʠʟʴʢʝ ʜʦ ʤʘʢʩʠʤʘʣʴʥʦʛʦ ʟʥʘʯʝʥʥʷ 4 [57] 

ʟʘ ʫʤʦʚʠ, ʱʦ ʦʤʽʯʥʽ ʚʪʨʘʪʠ ʫʨʝʟʦʥʘʪʦʨʽ ʤʘʣʽ. ʅʝʟʚʘʞʘʶʯʠ ʥʘ ʮʝ, ʤʽʥʽʤʘʣʴʥʽ ʩʪʘʨʪʦʚʽ 

ʩʪʨʫʤʠ ʜʣʷ ʤʦʜ ʥʘ ʧʝʨʰʽʡ ʮʠʢʣʦʪʨʦʥʥʽʡ ʛʘʨʤʦʥʽʮʽ ʟʘʟʚʠʯʘʡ ʚ ʢʽʣʴʢʘ ʨʘʟʽʚ ʥʠʞʯʝ, 

ʥʽʞ ʜʣʷ ʤʦʜ ʥʘ ʜʨʫʛʽʡ ʛʘʨʤʦʥʽʮʽ [55, 58-63]. ʆʩʥʦʚʥʘ ʧʨʠʯʠʥʘ ʧʦʣʷʛʘʻ ʚ ʩʣʘʙʢʦʤʫ 

ʨʝʣʷʪʠʚʽʟʤʽ ʝʣʝʢʪʨʦʥʽʚ ʧʫʯʢʘ ʚ ʪʨʘʜʠʮʽʡʥʠʭ ʛʽʨʦʪʨʦʥʘʭ. ʎʝ ʥʝʤʠʥʫʯʝ ʧʨʠʟʚʦʜʠʪʴ ʜʦ 

ʦʙʤʝʞʝʥʥʷ 2

0 1b̂ << [55, 56], ʷʢʝ ʩʪʘʻ ʙʽʣʴʰ ʞʦʨʩʪʢʠʤ ʟʽ ʟʤʝʥʰʝʥʥʷʤ ʥʘʧʨʫʛʠ ʧʫʯʢʘ. 

ɼʦʜʘʪʢʦʚʠʡ ʦʙʤʝʞʫʶʯʠʡ ʬʘʢʪʦʨ ʧʦʚ'ʷʟʘʥʠʡ ʽʟ ʩʧʽʚʚʽʜʥʦʰʝʥʥʷʤ 2 2

,2 ,1m lC C . ʎʝ 

ʚʽʜʥʦʰʝʥʥʷ ʯʘʩʪʦ ʧʦʤʽʪʥʦ ʤʝʥʰʝ ʦʜʠʥʠʮʽ, ʦʩʢʽʣʴʢʠ ʤʘʢʩʠʤʘʣʴʥʽ ʟʥʘʯʝʥʥʷ 

ʢʦʝʬʽʮʽʻʥʪʽʚ ʟʚ'ʷʟʢʫ ʝʣʝʢʪʨʦʥʥʦʛʦ ʧʫʯʢʘ ʟ ʤʦʜʘʤʠ ʥʘ ʧʝʨʰʽʡ ʮʠʢʣʦʪʨʦʥʥʽʡ 

ʛʘʨʤʦʥʽʮʽ, ʷʢ ʧʨʘʚʠʣʦ, ʚ ʢʽʣʴʢʘ ʨʘʟʽʚ ʚʠʱʝ, ʥʽʞ ʟ ʤʦʜʘʤʠ ʥʘ ʜʨʫʛʽʡ ʛʘʨʤʦʥʽʮʽ. ʂʨʽʤ 

ʪʦʛʦ, ʚ ʢʦʤʧʘʢʪʥʠʭ ʛʽʨʦʪʨʦʥʘʭ ʥʘ ʜʨʫʛʽʡ ʛʘʨʤʦʥʽʮʽ ʟ ʥʝʧʝʨʝʨʚʥʦʶ ʰʠʨʦʢʦʩʤʫʛʦʚʦʛʦ 

ʧʝʨʝʙʫʜʦʚʦʶ ʯʘʩʪʦʪʠ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ ʥʘʜʜʦʚʛʽ ʨʝʟʦʥʘʪʦʨʠ, ʷʢʽ ʟʘʙʝʟʧʝʯʫʶʪʴ 

ʥʝʧʝʨʝʨʚʥʝ ʟʙʫʜʞʝʥʥʷ ʧʦʩʣʽʜʦʚʥʦʩʪʽ ʘʢʩʽʘʣʴʥʠʭ ʤʦʜ ʧʨʠ ʤʘʣʦʤʫ ʨʦʙʦʯʦʤʫ ʩʪʨʫʤʽ ʽ 

ʥʘʧʨʫʟʽ ʧʫʯʢʘ [46, 54, 55, 64, 65]. ʋ ʪʘʢʠʭ ʨʝʟʦʥʘʪʦʨʘʭ ʚʥʝʩʦʢ ʦʤʽʯʥʠʭ ʚʪʨʘʪ ʚ ʧʦʚʥʫ 

ʜʦʙʨʦʪʥʽʩʪʴ ʻ ʚʝʣʠʢʠʤ [50]. ʎʽ ʚʪʨʘʪʠ ʚʠʢʣʠʢʘʶʪʴ ʟʤʝʥʰʝʥʥʷ ʚʝʣʠʯʠʥʠ 2 1Q Q, ʪʠʤ 

ʩʘʤʠʤ ʟʘʙʝʟʧʝʯʫʶʯʠ ʧʦʜʘʣʴʰʝ ʟʥʠʞʝʥʥʷ ʚʽʜʥʦʰʝʥʥʷ ʩʪʘʨʪʦʚʠʭ ʩʪʨʫʤʽʚ 1 2I I . 

ɺʥʘʩʣʽʜʦʢ ʤʘʣʦʩʪʽ 1 2I I , ʜʣʷ ʩʣʘʙʢʦʩʪʨʫʤʦʚʠʭ ʥʠʟʴʢʦʚʦʣʴʪʥʠʭ ʛʽʨʦʪʨʦʥʽʚ ʥʘ ʜʨʫʛʽʡ 

ʮʠʢʣʦʪʨʦʥʥʽʡ ʛʘʨʤʦʥʽʮʽ ʟ ʪʨʘʜʠʮʽʡʥʠʤʠ ʨʝʟʦʥʘʪʦʨʘʤʠ ʦʩʦʙʣʠʚʦ ʚʘʞʣʠʚʠʤ ʻ ʚʠʙʽʨ 

ʨʦʙʦʯʦʾ ʤʦʜʠ, ʷʢʘ ʧʦʚʠʥʥʘ ʙʫʪʠ ʜʦʙʨʝ ʽʟʦʣʴʦʚʘʥʘ ʧʦ ʯʘʩʪʦʪʽ ʚʽʜ ʢʦʥʢʫʨʫʶʯʠʭ ʤʦʜ ʥʘ 

ʧʝʨʰʽʡ ʮʠʢʣʦʪʨʦʥʥʽʡ ʛʘʨʤʦʥʽʮʽ. ɿʽ ʟʙʽʣʴʰʝʥʥʷʤ ʯʘʩʪʦʪʠ ʛʽʨʦʪʨʦʥʘ ʽ ʚʣʘʩʥʦʛʦ 

ʟʥʘʯʝʥʥʷ ʨʦʙʦʯʦʾ ʤʦʜʠ ʮʶ ʫʤʦʚʘ ʩʪʘʻ ʚʩʝ ʙʽʣʴʰ ʚʘʞʢʦʶ ʜʣʷ ʚʠʢʦʥʘʥʥʷ. 

 

1.2. ɺʜʦʩʢʦʥʘʣʝʥʽ ʪʠʧʠ ʨʝʟʦʥʘʪʦʨʽʚ ʟ ʧʦʣʽʧʰʝʥʦʶ ʩʝʣʝʢʮʽʻʶ ʤʦʜ ʫ ʛʽʨʦʪʨʦʥʘʭ ʥʘ 

ʜʨʫʛʽʡ ʮʠʢʣʦʪʨʦʥʥʽʡ ʛʘʨʤʦʥʽʮʽ 

ɿʤʝʥʰʝʥʥʷ ʦʤʽʯʥʠʭ ʚʪʨʘʪ ʚ ʪʨʘʜʠʮʽʡʥʠʭ ʨʝʟʦʥʘʪʦʨʘʭ ʛʽʨʦʪʨʦʥʽʚ ʚʠʤʘʛʘʻ 

ʟʙʽʣʴʰʝʥʥʷ ʾʭʥʽʭ ʧʦʧʝʨʝʯʥʠʭ ʨʦʟʤʽʨʽʚ, ʱʦ ʟʥʠʞʫʻ ʾʭʥʶ ʩʧʨʦʤʦʞʥʽʩʪʴ ʟʘʙʝʟʧʝʯʫʚʘʪʠ 
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ʦʜʥʦʤʦʜʦʚʫ ʛʝʥʝʨʘʮʽʶ ʦʙʨʘʥʦʾ ʨʦʙʦʯʦʾ ʤʦʜ. ɼʘʥʘ ʦʙʩʪʘʚʠʥʘ ʧʨʠʟʚʦʜʠʪʴ ʜʦ 

ʥʝʦʙʭʽʜʥʦʩʪʽ ʨʦʟʨʦʙʢʠ ʚʜʦʩʢʦʥʘʣʝʥʠʭ ʪʠʧʽʚ ʨʝʟʦʥʘʪʦʨʽʚ ʟ ʧʦʣʽʧʰʝʥʦʶ ʩʝʣʝʢʮʽʻʶ 

ʤʦʜ ʜʣʷ ʩʫʙʪʝʨʘʛʝʨʮʦʚʠʭ ʛʽʨʦʪʨʦʥʽʚ ʥʘ ʜʨʫʛʽʡ ʮʠʢʣʦʪʨʦʥʥʽʡ ʛʘʨʤʦʥʽʮʽ.  

ʉʝʨʝʜ ʚʜʦʩʢʦʥʘʣʝʥʠʭ ʪʠʧʽʚ ʨʝʟʦʥʘʪʦʨʽʚ ʟ ʧʦʣʽʧʰʝʥʦʶ ʩʝʣʝʢʮʽʻʶ ʤʦʜ ʤʦʞʥʘ 

ʚʠʜʽʣʠʪʠ ʢʣʘʩ ʨʝʟʦʥʘʪʦʨʽʚ, ʚ ʷʢʠʭ ʜʣʷ ʩʝʣʝʢʮʽʾ ʤʦʜ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ ʚʪʨʘʪʠ. ɼʦ ʥʠʭ 

ʚʽʜʥʦʩʷʪʴʩʷ ʨʝʟʦʥʘʪʦʨʠ, ʱʦ ʜʦʟʚʦʣʷʶʪʴ ʩʝʣʝʢʪʠʚʥʦ ʟʥʠʟʠʪʠ ʜʠʬʨʘʢʮʽʡʥʽ ʚʪʨʘʪʠ 

ʨʦʙʦʯʦʾ ʤʦʜʠ ʥʘ ʜʨʫʛʽʡ ʛʘʨʤʦʥʽʮʽ ʘʙʦ ʟʙʽʣʴʰʠʪʠ ʪʘʢʽ ʚʪʨʘʪʠ ʜʣʷ ʢʦʥʢʫʨʫʶʯʠʭ ʤʦʜ, ʽ 

ʪʠʤ ʩʘʤʠʤ ʟʙʽʣʴʰʠʪʠ ʚʽʜʥʦʰʝʥʥʷ 
2 1Q Q  ʨʘʟʦʤ ʟ 

1 2I I  ʚ (1.1). ʇʨʠʢʣʘʜʘʤʠ ʻ 

ʨʝʟʦʥʘʪʦʨʠ, ʥʘʚʘʥʪʘʞʝʥʽ ʜʽʘʬʨʘʛʤʦʶ [66, 67], ʢʦʘʢʩʽʘʣʴʥʽ ʨʝʟʦʥʘʪʦʨʠ ʟ ʢʦʥʽʯʥʠʤʠ 

ʛʦʬʨʦʚʘʥʠʤʠ [68] ʘʙʦ ʛʣʘʜʢʠʤʠ [61] ʚʩʪʘʚʢʘʤʠ, ʨʝʟʦʥʘʪʦʨʠ ʟ ʚʠʭʽʜʥʠʤʠ 

ʚʽʜʙʠʚʘʯʘʤʠ [69], ʨʝʟʦʥʘʪʦʨʠ ʟ ʨʦʟʧʦʜʽʣʝʥʠʤ ʜʽʝʣʝʢʪʨʠʯʥʠʤ ʧʦʢʨʠʪʪʷʤ [70] ʘʙʦ 

ʽʤʧʝʜʘʥʩʥʠʤʠ ʛʦʬʨʘʤʠ [71]. ʆʤʽʯʥʽ ʚʪʨʘʪʠ, ʦʜʥʘʢ, ʧʦʤʽʪʥʦ ʦʙʤʝʞʫʶʪʴ ʝʬʝʢʪʠʚʥʽʩʪʴ 

ʩʝʣʝʢʮʽʾ ʤʦʜ ʚ ʮʠʭ ʨʝʟʦʥʘʪʦʨʘʭ ʧʨʠ ʾʭ ʚʠʢʦʨʠʩʪʘʥʥʽ ʫ ʛʽʨʦʪʨʦʥʘʭ ʥʘ ʜʨʫʛʽʡ 

ʮʠʢʣʦʪʨʦʥʥʽʡ ʛʘʨʤʦʥʽʮʽ ʩʫʙʪʝʨʘʛʝʨʮʦʚʦʛʦ ʜʽʘʧʘʟʦʥʫ. ɺ ʪʝʦʨʽʾ ʧʦʣʽʧʰʝʥʽ ʩʝʣʝʢʪʠʚʥʽ 

ʚʣʘʩʪʠʚʦʩʪʽ ʤʦʞʫʪʴ ʤʘʪʠ ʨʝʟʦʥʘʪʦʨʠ ʛʽʨʦʪʨʦʥʽʚ ʟ ʢʦʘʢʩʽʘʣʴʥʠʤʠ ʨʝʟʠʩʪʠʚʥʠʤʠ 

ʩʪʨʠʞʥʷʤʠ [68, 72], ʷʢʽ ʜʦʟʚʦʣʷʶʪʴ ʟʙʽʣʴʰʠʪʠ ʦʤʽʯʥʽ ʚʪʨʘʪʠ ʢʦʥʢʫʨʫʶʯʠʭ ʤʦʜ. ɿ 

ʧʨʘʢʪʠʯʥʦʾ ʪʦʯʢʠ ʟʦʨʫ, ʾʭ ʦʩʥʦʚʥʠʤ ʥʝʜʦʣʽʢʦʤ ʻ ʜʫʞʝ ʥʠʟʴʢʘ ʧʨʦʚʽʜʥʽʩʪʴ ʩʪʨʠʞʥʽʚ, 

ʷʢʘ ʧʦʪʨʽʙʥʘ ʜʣʷ ʝʬʝʢʪʠʚʥʦʛʦ ʧʨʠʜʫʰʝʥʥʷ ʥʠʟʴʢʦʜʦʙʨʦʪʥʠʭ ʘʢʩʽʘʣʴʥʠʭ 

ʢʦʥʢʫʨʫʶʯʠʭ ʤʦʜ, ʱʦ ʧʨʝʜʩʪʘʚʣʷʶʪʴ ʯʘʩʪʦ ʥʘʡʙʽʣʴʰʫ ʟʘʛʨʦʟʫ ʜʣʷ ʨʦʙʦʪʠ ʛʽʨʦʪʨʦʥʽʚ 

ʥʘ ʜʨʫʛʽʡ ʮʠʢʣʦʪʨʦʥʥʽʡ ʛʘʨʤʦʥʽʮʽ [58-63]. ʊʘʢʘ ʧʨʦʚʽʜʥʽʩʪʴ ʤʦʞʝ ʙʫʪʠ ʥʝʜʦʩʷʞʥʘ 

ʜʣʷ ʨʝʘʣʴʥʠʭ ʤʘʪʝʨʽʘʣʽʚ, ʦʩʦʙʣʠʚʦ ʚ ʩʫʙʪʝʨʘʛʝʨʮʦʚʦʤʫ ʜʽʘʧʘʟʦʥʽ [63]. ɺ ʷʢʦʩʪʽ 

ʘʣʴʪʝʨʥʘʪʠʚʠ ʜʣʷ ʩʝʣʝʢʮʽʾ ʤʦʜ ʦʤʽʯʥʠʤʠ ʚʪʨʘʪʘʤʠ ʫ ʨʝʟʦʥʘʪʦʨʘʭ ʩʫʙʪʝʨʘʛʝʨʮʦʚʠʭ 

ʛʽʨʦʪʨʦʥʽʚ ʥʘ ʜʨʫʛʽʡ ʮʠʢʣʦʪʨʦʥʥʽʡ ʛʘʨʤʦʥʽʮʽ ʤʦʞʫʪʴ ʙʫʪʠ ʚʠʢʦʨʠʩʪʘʥʽ ʢʦʘʢʩʽʘʣʴʥʽ 

ʚʩʪʘʚʢʠ ʟ ʰʠʨʦʢʦʜʦʩʪʫʧʥʦʾ ʧʦʛʣʠʥʘʶʯʦʾ ʢʝʨʘʤʽʢʠ [63]. ʇʨʘʢʪʠʯʥʝ ʚʠʢʦʨʠʩʪʘʥʥʷ 

ʪʘʢʠʭ ʜʽʝʣʝʢʪʨʠʯʥʠʭ ʚʩʪʘʚʦʢ, ʦʜʥʘʢ, ʚʠʤʘʛʘʻ ʧʦʜʘʣʴʰʠʭ ʜʦʩʣʽʜʞʝʥʴ ʤʘʪʝʨʽʘʣʴʥʠʭ 

ʚʣʘʩʪʠʚʦʩʪʝʡ ʧʦʛʣʠʥʘʶʯʦʾ ʢʝʨʘʤʽʢʠ ʚ ʩʫʙʪʝʨʘʛʝʨʮʦʚʦʤʫ ʜʽʘʧʘʟʦʥʽ ʽ ʚʠʙʦʨʫ 

ʚʽʜʧʦʚʽʜʥʦʛʦ ʤʘʪʝʨʽʘʣʫ ʟ ʥʝʦʙʭʽʜʥʠʤʠ ʚʘʢʫʫʤʥʠʤʠ, ʪʝʧʣʦʚʠʤʠ, ʤʝʭʘʥʽʯʥʠʤʠ ʽ 

ʟʘʨʷʜʦʚʠʤʠ ʚʣʘʩʪʠʚʦʩʪʷʤʠ. 

ɿʛʽʜʥʦ (1.1), ʚʠʩʦʢʦʝʬʝʢʪʠʚʥʘ ʩʝʣʝʢʮʽʷ ʤʦʜ ʤʦʞʝ ʙʫʪʠ ʜʦʩʷʛʥʫʪʘ ʚ 

ʫʜʦʩʢʦʥʘʣʝʥʠʭ ʨʝʟʦʥʘʪʦʨʘʭ ʛʽʨʦʪʨʦʥʽʚ, ʱʦ ʟʘʙʝʟʧʝʯʫʶʪʴ ʟʤʝʥʰʝʥʥʷ ʝʬʝʢʪʠʚʥʦʾ 
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ʜʦʚʞʠʥʠ ʨʝʟʦʥʘʪʦʨʘ 
1L  ʜʣʷ ʢʦʥʢʫʨʫʶʯʠʭ ʤʦʜ ʥʘ ʧʝʨʰʽʡ ʮʠʢʣʦʪʨʦʥʥʽʡ ʛʘʨʤʦʥʽʮʽ. ʎʝ 

ʧʦʚ'ʷʟʘʥʦ ʟ ʪʠʤ, ʱʦ ʚ ʚʽʜʥʦʰʝʥʥʷ 1 2I I  ʩʪʘʨʪʦʚʠʭ ʩʪʨʫʤʽʚ ʢʦʥʢʫʨʫʶʯʦʾ ʽ ʨʦʙʦʯʦʾ 

ʤʦʜ ʚʭʦʜʠʪʴ ʢʚʘʜʨʘʪ ʚʝʣʠʯʠʥʠ 
2 1L L . ɹʽʣʴʰ ʪʦʛʦ, ʟʤʝʥʰʝʥʥʷ ʝʬʝʢʪʠʚʥʦʾ ʜʦʚʞʠʥʠ 

ʨʝʟʦʥʘʪʦʨʘ 
1L  ʜʣʷ ʢʦʥʢʫʨʫʶʯʠʭ ʤʦʜ ʟʥʘʯʥʦ ʟʥʠʞʫʻ ʾʭ ʜʠʬʨʘʢʮʽʡʥʫ ʜʦʙʨʦʪʥʽʩʪʴ [57], 

ʪʠʤ ʩʘʤʠʤ ʩʧʨʠʷʶʯʠ ʜʦʜʘʪʢʦʚʦʤʫ ʟʨʦʩʪʘʥʥʶ 
1 2I I . ʊʘʢʘ ʧʦʣʽʧʰʝʥʘ ʩʝʣʝʢʮʽʷ ʤʦʞʝ 

ʙʫʪʠ ʨʝʘʣʽʟʦʚʘʥʘ ʚ ʫʜʦʩʢʦʥʘʣʝʥʠʭ ʨʝʟʦʥʘʪʦʨʘʭ ʛʽʨʦʪʨʦʥʽʚ ʟ ʨʽʟʢʠʤʠ ʧʦʟʜʦʚʞʥʽʤʠ 

ʥʝʦʜʥʦʨʽʜʥʦʩʪʷʤʠ ʦʩʦʙʣʠʚʦʛʦ ʚʠʜʫ, ʷʢʽ ʩʣʘʙʦ ʚʧʣʠʚʘʶʪʴ ʥʘ ʨʦʙʦʯʫ ʤʦʜʫ ʛʽʨʦʪʨʦʥʘ, 

ʘʣʝ ʧʨʠ ʮʴʦʤʫ ʚʠʢʣʠʢʘʶʪʴ ʚʽʜʙʠʪʪʷ ʢʦʥʢʫʨʫʶʯʠʭ ʤʦʜ. ɼʦ ʪʘʢʠʭ ʨʝʟʦʥʘʪʦʨʽʚ 

ʚʽʜʥʦʩʷʪʴʩʷ ʟʚ'ʷʟʘʥʽ ʨʝʟʦʥʘʪʦʨʠ ʟ ʪʨʘʥʩʬʦʨʤʘʮʽʻʶ ʤʦʜ [73, 74], ʨʝʟʦʥʘʪʦʨʠ ʟ 

ʧʦʧʝʨʝʯʥʠʤʠ (ʢʽʣʴʮʝʚʠʤʠ) ʩʝʣʝʢʪʠʚʥʠʤʠ ʛʦʬʨʘʤʠ [62], ʢʦʘʢʩʽʘʣʴʥʽ ʨʝʟʦʥʘʪʦʨʠ ʟʽ 

ʩʭʽʜʯʘʩʪʠʤʠ ʚʥʫʪʨʽʰʥʽʤʠ ʧʨʦʚʽʜʥʠʢʘʤʠ [60], ʘ ʪʘʢʦʞ ʨʝʟʦʥʘʪʦʨʠ ʟ ʢʦʘʢʩʽʘʣʴʥʠʤʠ 

ʤʝʪʘʣʝʚʠʤʠ ʚʩʪʘʚʢʘʤʠ, ʱʦ ʤʘʶʪʴ ʯʘʩʪʢʦʚʝ ʜʽʝʣʝʢʪʨʠʯʥʝ ʧʦʢʨʠʪʪʷ [61] ʘʙʦ 

ʨʦʟʧʦʜʽʣʝʥʽ ʧʦʟʜʦʚʞʥʽ ʛʦʬʨʠ [63]. ʆʜʥʘʢ, ʥʘ ʚʽʜʤʽʥʫ ʚʽʜ ʪʨʘʜʠʮʽʡʥʠʭ ʮʠʣʽʥʜʨʠʯʥʠʭ 

ʨʝʟʦʥʘʪʦʨʽʚ, ʨʽʟʢʘ ʟʤʽʥʘ ʧʦʟʜʦʚʞʥʴʦʾ ʩʪʨʫʢʪʫʨʠ ʚ ʮʠʭ ʨʝʟʦʥʘʪʦʨʘʭ ʤʦʞʝ ʚʠʢʣʠʢʘʪʠ 

ʢʦʥʚʝʨʩʽʶ ʨʘʜʽʘʣʴʥʠʭ ʤʦʜ. ʅʝʟʚʘʞʘʶʯʠ ʥʘ ʪʝ, ʱʦ ʪʘʢʘ ʢʦʥʚʝʨʩʽʷ ʤʦʜ ʫ ʨʝʟʦʥʘʪʦʨʘʭ 

ʛʽʨʦʪʨʦʥʽʚ ʜʝʪʘʣʴʥʦ ʜʦʩʣʽʜʞʝʥʘ ʚ çʭʦʣʦʜʥʦʤʫ ʚʠʧʘʜʢʫè (ʟʘ ʚʽʜʩʫʪʥʦʩʪʽ 

ʝʣʝʢʪʨʦʥʥʦʛʦ ʧʫʯʢʘ) [75-79], ʾʾ ʚʧʣʠʚ ʥʘ ʚʟʘʻʤʦʜʽʶ ʝʣʝʢʪʨʦʥʥʦʛʦ ʧʫʯʢʘ ʟ ʤʦʜʘʤʠ ʥʘ 

ʧʝʨʰʽʡ ʽ ʜʨʫʛʽʡ ʮʠʢʣʦʪʨʦʥʥʽʡ ʛʘʨʤʦʥʽʮʽ ʚʩʝ ʱʝ ʟʘʣʠʰʘʻʪʴʩʷ ʤʘʣʦʚʠʚʯʝʥʠʤ [80] ʽ , 

ʦʪʞʝ, ʤʦʞʝ ʙʫʪʠ ʧʨʠʭʦʚʘʥʠʤ ʬʘʢʪʦʨʦʤ ʧʨʠ ʧʨʦʻʢʪʫʚʘʥʥʽ ʚʜʦʩʢʦʥʘʣʝʥʠʭ 

ʧʦʟʜʦʚʞʥʴʦ-ʥʝʦʜʥʦʨʽʜʥʠʭ ʨʝʟʦʥʘʪʦʨʽʚ ʜʣʷ ʛʽʨʦʪʨʦʥʽʚ ʥʘ ʜʨʫʛʽʡ ʛʘʨʤʦʥʽʮʽ 

ʮʠʢʣʦʪʨʦʥʥʦʾ ʯʘʩʪʦʪʠ. 

ʇʨʠʥʮʠʧʦʚʦ ʽʥʰʠʡ ʤʝʪʦʜ ʩʝʣʝʢʮʽʾ ʤʦʜ ʤʦʞʝ ʙʫʪʠ ʧʦʪʝʥʮʽʡʥʦ ʟʘʩʪʦʩʦʚʘʥʠʡ ʚ 

ʮʠʣʽʥʜʨʠʯʥʠʭ ʨʝʟʦʥʘʪʦʨʘʭ ʛʽʨʦʪʨʦʥʽʚ ʟ ʧʦʟʜʦʚʞʥʽʤʠ ʛʦʬʨʘʤʠ. ʊʘʢʽ ʛʦʬʨʠ ʧʦ-

ʨʽʟʥʦʤʫ ʚʧʣʠʚʘʶʪʴ ʥʘ ʚʣʘʩʥʽ ʯʘʩʪʦʪʠ ʊɽ ʤʦʜ, ʷʢʽ ʟʙʫʜʞʫʶʪʴʩʷ ʫ ʨʝʟʦʥʘʪʦʨʽ ʥʘ 

ʨʽʟʥʠʭ ʛʘʨʤʦʥʽʢʘʭ ʮʠʢʣʦʪʨʦʥʥʦʾ ʯʘʩʪʦʪʠ [68, 71, 81]. ʂʨʽʤ ʪʦʛʦ, ʚʦʥʠ ʤʦʞʫʪʴ 

ʚʠʢʣʠʢʘʪʠ ʢʦʥʚʝʨʩʽʶ ʢʦʥʢʫʨʫʶʯʠʭ ʤʦʜ ʚ ʚʠʱʽ ʘʟʠʤʫʪʘʣʴʥʽ ʤʦʜʠ (ʛʘʨʤʦʥʽʢʠ ɹʣʦʭʘ) 

[82-85]. ʗʢʱʦ ʢʽʣʴʢʽʩʪʴ ʛʦʬʨʽʚ ʻ ʜʦʩʪʘʪʥʴʦ ʚʝʣʠʢʦʶ, ʛʘʨʤʦʥʽʢʠ ɹʣʦʭʘ ʚʠʩʦʢʦʛʦ 

ʧʦʨʷʜʢʫ ʤʘʶʪʴ ʨʘʜʽʫʩʠ ʢʘʫʩʪʠʢʠ, ʷʢʽ ʧʦʤʽʪʥʦ ʧʝʨʝʚʠʱʫʶʪʴ ʨʘʜʽʫʩ ʝʣʝʢʪʨʦʥʥʦʛʦ 

ʧʫʯʢʘ ʫ ʨʝʟʦʥʘʪʦʨʽ ʛʽʨʦʪʨʦʥʘ. ɺ ʮʴʦʤʫ ʚʠʧʘʜʢʫ ʧʦʟʜʦʚʞʥʽ ʛʦʬʨʠ ʤʦʞʫʪʴ ʚʠʢʣʠʢʘʪʠ 
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ʟʤʝʥʰʝʥʥʷ ʢʦʝʬʽʮʽʻʥʪʽʚ ʟʚ'ʷʟʢʫ 2

,1lC  ʧʫʯʢʘ ʟ ʢʦʥʢʫʨʫʶʯʠʤʠ ʤʦʜʘʤʠ ʥʘ ʧʝʨʰʽʡ 

ʛʘʨʤʦʥʽʮʽ ʽ, ʷʢ ʥʘʩʣʽʜʦʢ, ʧʨʠʟʚʝʩʪʠ ʜʦ ʟʨʦʩʪʘʥʥʷ ʚʽʜʥʦʰʝʥʥʷ 
1 2I I  ʩʪʘʨʪʦʚʠʭ ʩʪʨʫʤʽʚ 

ʜʣʷ ʤʦʜ ʥʘ ʧʝʨʰʽʡ ʽ ʜʨʫʛʽʡ ʮʠʢʣʦʪʨʦʥʥʠʭ ʛʘʨʤʦʥʽʢʘʭ (ʜʠʚ. (1.1)). ʂʨʽʤ ʪʦʛʦ, ʪʘʢʽ 

ʛʦʬʨʠ ʟʜʘʪʥʽ ʟʙʽʣʴʰʠʪʠ ʦʤʽʯʥʽ ʚʪʨʘʪʠ ʢʦʥʢʫʨʫʶʯʠʭ ʤʦʜ [86]. ɺʢʘʟʘʥʽ ʚʣʘʩʪʠʚʦʩʪʽ 

ʧʦʟʜʦʚʞʥʽʭ ʛʦʬʨʽʚ ʨʦʙʣʷʪʴ ʧʝʨʩʧʝʢʪʠʚʥʠʤ ʾʭ ʟʘʩʪʦʩʫʚʘʥʥʷ ʜʣʷ ʩʝʣʝʢʪʠʚʥʦʛʦ 

ʧʨʠʜʫʰʝʥʥʷ ʢʦʥʢʫʨʫʶʯʠʭ ʤʦʜ ʚ ʮʠʣʽʥʜʨʠʯʥʠʭ ʨʝʟʦʥʘʪʦʨʘʭ ʛʽʨʦʪʨʦʥʽʚ ʥʘ ʜʨʫʛʽʡ 

ʮʠʢʣʦʪʨʦʥʥʽʡ ʛʘʨʤʦʥʽʮʽ ʚ ʩʫʙʪʝʨʘʛʝʨʮʦʚʦʤʫ ʜʽʘʧʘʟʦʥʽ ʯʘʩʪʦʪ. ʎʝ ʚʠʢʣʠʢʘʻ 

ʥʝʦʙʭʽʜʥʽʩʪʴ ʫ ʜʝʪʘʣʴʥʦʤʫ ʜʦʩʣʽʜʞʝʥʥʽ ʚʣʘʩʥʠʭ ʯʘʩʪʦʪ ʽ ʧʦʣʽʚ ʪʘʢʠʭ ʨʝʟʦʥʘʪʦʨʽʚ. 

 

1.3. ʄʝʪʦʜʠ ʘʥʘʣʟ̔ʫ ʚʣʘʩʥʠʭ ʤʦʜ ʨʝʟʦʥʘʪʦʨʚ̔ ʛ̔ʨʦʪʨʦʥʽʚ ʟ ʛʦʬʨʦʚʘʥʠʤʠ 

ʧʦʚʝʨʭʥʷʤʠ 

ɸʥʘʣʽʟ ʚʣʘʩʥʠʭ ʤʦʜ ʨʝʟʦʥʘʪʦʨʽʚ ʛʽʨʦʪʨʦʥʽʚ ʟ ʛʦʬʨʦʚʘʥʠʤʠ ʧʦʚʝʨʭʥʷʤʠ ʻ 

ʢʣʶʯʦʚʠʤ ʜʣʷ ʨʦʟʫʤʽʥʥʷ ʦʩʥʦʚʥʠʭ ʦʩʦʙʣʠʚʦʩʪʝʡ ʾʭʥʴʦʾ ʚʟʘʻʤʦʜʽʾ ʽʟ ʝʣʝʢʪʨʦʥʥʠʤ 

ʧʫʯʢʦʤ. ɺʽʥ ʙʘʟʫʻʪʴʩʷ ʥʘ ʨʦʟʚôʷʟʘʥʥʽ ʟʘʜʘʯʽ ʥʘ ʚʣʘʩʥʽ ʟʥʘʯʝʥʥʷ, ʩʢʣʘʜʥʽʩʪʴ ʷʢʦʾ 

ʧʦʚôʷʟʘʥʘ ʽʟ ʩʢʣʘʜʥʽʩʪʶ ʬʦʨʤʠ ʧʦʧʝʨʝʯʥʦʛʦ ʧʝʨʝʨʽʟʫ ʪʘʢʠʭ ʨʝʟʦʥʘʪʦʨʽʚ. ɼʣʷ ʚʣʘʩʥʠʭ 

ʤʦʜ ʨʝʟʦʥʘʪʦʨʘ ʮʝʡ ʘʥʘʣʽʟ ʜʦʟʚʦʣʷʻ ʚʠʟʥʘʯʠʪʠ ʚʣʘʩʥʽ ʟʥʘʯʝʥʥʷ, ʦʤʽʯʥʽ ʚʪʨʘʪʠ ʫ 

ʛʦʬʨʦʚʘʥʽʡ ʩʪʽʥʮʽ ʪʘ ʨʦʟʧʦʜʽʣ ʧʦʣʷ ʟʘ ʧʦʧʝʨʝʯʥʠʤ ʧʝʨʝʨʽʟʦʤ ʨʝʟʦʥʘʪʦʨʘ. ɼʝʪʘʣʴʥʝ 

ʚʠʚʯʝʥʥʷ ʮʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʩʧʨʦʱʫʻ ʚʠʙʽʨ ʨʦʙʦʯʦʾ ʤʦʜʠ ʛʽʨʦʪʨʦʥʘ ʪʘ ʚʠʟʥʘʯʝʥʥʷ 

ʢʦʥʩʪʨʫʢʮʽʾ ʛʦʬʨʦʚʘʥʦʛʦ ʨʝʟʦʥʘʪʦʨʘ, ʷʢʘ ʤʘʻ ʟʘʙʝʟʧʝʯʠʪʠ ʝʬʝʢʪʠʚʥʫ ʚʟʘʻʤʦʜʽʶ 

ʝʣʝʢʪʨʦʥʥʦʛʦ ʧʫʯʢʘ ʽʟ ʨʦʙʦʯʦʶ ʤʦʜʦʶ ʪʘ ʩʝʣʝʢʪʠʚʥʝ ʧʨʠʜʫʰʝʥʥʷ ʢʦʥʢʫʨʫʶʯʠʭ 

ʤʦʜ.       

ʈʦʟʚôʷʟʘʥʥʷ ʚʠʱʝʟʘʟʥʘʯʝʥʦʾ ʟʘʜʘʯʽ ʤʦʞʫ ʙʫʪʠ ʟʜʽʡʩʥʝʥʦ ʟʘ ʜʦʧʦʤʦʛʦʶ ʩʫʪʦ 

ʯʠʩʣʦʚʠʭ ʤʝʪʦʜʽʚ ʢʽʥʮʝʚʠʭ ʝʣʝʤʝʥʪʽʚ ʘʙʦ ʢʽʥʮʝʚʠʭ ʨʽʟʥʠʮʴ [87-91]. ʊʘʢʽ ʤʝʪʦʜʠ 

ʚʠʢʦʨʠʩʪʦʚʫʶʪʴ ʜʠʩʢʨʝʪʥʫ ʘʧʨʦʢʩʠʤʘʮʽʶ ʩʠʩʪʝʤʠ ʨʽʚʥʷʥʴ ʄʘʢʩʚʝʣʘ ʨʘʟʦʤ ʽʟ 

ʥʝʦʙʭʽʜʥʠʤʠ ʛʨʘʥʠʯʥʠʤʠ ʫʤʦʚʘʤʠ. ʗʢ ʧʨʘʚʠʣʦ, ʜʣʷ ʦʪʨʠʤʘʥʥʷ ʟʙʽʞʥʦʩʪʽ ʪʘ 

ʜʦʩʪʘʪʥʴʦʾ ʪʦʯʥʦʩʪʽ ʨʦʟʨʘʭʫʥʢʽʚ ʢʨʦʢ ʜʠʩʢʨʝʪʠʟʘʮʽʾ ʤʘʻ ʙʫʪʠ ʥʘʙʘʛʘʪʦ ʤʝʥʰʠʤ ʟʘ 

ʯʘʩʪʦʪʫ ʝʣʝʢʪʨʦʤʘʛʥʽʪʥʦʾ ʭʚʠʣʽ. ʊʦʤʫ ʟʽ ʟʨʦʩʪʘʥʥʷʤ ʯʘʩʪʦʪʠ ʚʠʢʦʨʠʩʪʘʥʥʷ ʤʝʪʦʜʽʚ 

ʢʽʥʮʝʚʠʭ ʝʣʝʤʝʥʪʽʚ ʘʙʦ ʢʽʥʮʝʚʠʭ ʨʽʟʥʠʮʴ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʟʨʦʩʪʘʥʥʷ ʤʘʰʠʥʥʦʛʦ ʯʘʩʫ 

ʪʘ ʚʠʤʘʛʘʻ ʟʙʽʣʴʰʝʥʥʷ ʢʦʤʧ'ʶʪʝʨʥʠʭ ʨʝʩʫʨʩʽʚ. ʆʩʦʙʣʠʚʦ ʮʝ ʩʪʦʩʫʻʪʴʩʷ ʦʙ'ʻʤʥʠʭ 

ʝʣʝʢʪʨʦʤʘʛʥʽʪʥʠʭ ʭʚʠʣʴ ʫ ʚʠʩʦʢʦʯʘʩʪʦʪʥʠʭ ʩʪʨʫʢʪʫʨʘʭ, ʧʦʧʝʨʝʯʥʽ ʨʦʟʤʽʨʠ ʷʢʠʭ 
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ʟʥʘʯʥʦ ʧʝʨʝʚʠʱʫʶʪʴ ʜʦʚʞʠʥʫ ʭʚʠʣʽ. ɿ ʮʽʻʾ ʧʨʠʯʠʥʠ, ʩʫʪʦ ʯʠʩʣʦʚʽ ʤʝʪʦʜʠ ʻ 

ʤʘʣʦʧʨʠʜʘʪʥʠʤʠ ʜʣʷ ʟʘʜʘʯ ʦʧʪʠʤʽʟʘʮʽʾ ʦʙ'ʻʤʥʠʭ ʨʝʟʦʥʘʪʦʨʽʚ ʛʽʨʦʪʨʦʥʽʚ, ʷʢʽ 

ʧʨʘʮʶʶʪʴ ʫ ʩʫʙʪʝʨʘʛʝʨʮʝʚʦʤʫ ʪʘ ʪʝʨʘʛʝʨʮʝʚʦʤʫ ʜʽʘʧʘʟʦʥʘʭ ʯʘʩʪʦʪʘ, ʪʘ ʚ ʦʩʥʦʚʥʦʤʫ 

ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ ʚ ʷʢʦʩʪʽ ʜʦʜʘʪʢʦʚʦʛʦ ʽʥʩʪʨʫʤʝʥʪʫ ʧʝʨʝʚʽʨʢʠ ʜʦʩʪʦʚʽʨʥʦʩʪʽ 

ʪʝʦʨʝʪʠʯʥʠʭ ʨʝʟʫʣʴʪʘʪʽʚ [92-95].  

ʅʘ ʜʘʥʠʡ ʯʘʩ ʚʽʜʦʤʽ ʢʽʣʴʢʘ ʥʘʙʣʠʞʝʥʠʭ ʽ ʩʪʨʦʛʠʭ ʪʝʦʨʝʪʠʯʥʠʭ ʤʝʪʦʜʽʚ, ʱʦ 

ʥʘʡʯʘʩʪʽʰʝ ʟʘʩʪʦʩʦʚʫʶʪʴʩʷ ʜʣʷ ʘʥʘʣʽʟʫ ʝʣʝʢʪʨʦʤʘʛʥʽʪʥʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ 

ʭʚʠʣʝʚʽʜʥʠʭ ʩʪʨʫʢʪʫʨ ʟ ʛʦʬʨʦʚʘʥʠʤʠ ʧʦʚʝʨʭʥʷʤʠ. ɺʦʥʠ ʚʽʜʽʛʨʘʶʪʴ ʚʘʞʣʠʚʫ ʨʦʣʴ ʚ 

ʫʜʦʩʢʦʥʘʣʝʥʥʽ ʪʘ ʨʦʟʨʦʙʮʽ ʥʦʚʠʭ ʪʠʧʽʚ ʨʝʟʦʥʘʪʦʨʽʚ, ʷʢʽ ʚʽʜʧʦʚʽʜʘʶʪʴ ʚʠʤʦʛʘʤ 

ʩʫʯʘʩʥʠʭ ʪʝʭʥʦʣʦʛʽʡ ʤʽʢʨʦʭʚʠʣʴʦʚʦʾ ʝʣʝʢʪʨʦʥʽʢʠ. ʋʟʘʛʘʣʴʥʝʥʥʷ ʨʝʟʫʣʴʪʘʪʽʚ ʪʘʢʦʛʦ 

ʘʥʘʣʽʟʫ ʜʣʷ ʛʦʬʨʦʚʘʥʠʭ ʨʝʟʦʥʘʪʦʨʽʚ ʜʦʟʚʦʣʷʻ ʨʦʟʨʦʙʣʷʪʠ ʪʘ ʦʧʪʠʤʽʟʫʚʘʪʠ ʾʭ ʜʣʷ 

ʧʝʚʥʠʭ ʟʘʩʪʦʩʫʚʘʥʴ ʫ ʛʽʨʦʪʨʦʥʘʭ. 

ʈʦʟʛʣʷʥʝʤʦ ʦʩʥʦʚʥʽ ʦʩʦʙʣʠʚʦʩʪʽ ʪʝʦʨʝʪʠʯʥʠʭ ʤʝʪʦʜʽʚ ʥʘ ʧʨʠʢʣʘʜʽ ʟʘʜʘʯʽ ʥʘ 

ʚʣʘʩʥʽ ʟʥʘʯʝʥʥʷ ʜʣʷ ʊɽ ʤʦʜ ʦʜʥʦʨʽʜʥʦʛʦ ʽʜʝʘʣʴʥʦ-ʧʨʦʚʽʜʥʦʛʦ ʭʚʠʣʝʚʦʜʫ: 

 

 ( )2 0k^ ^D + Y=, (1.2) 

 0
Cn

µY
=

µ
, (1.3) 

 

ʜʝ C  ï ʢʦʥʪʫʨ ʧʦʧʝʨʝʯʥʦʛʦ ʧʝʨʝʨʽʟʫ ʭʚʠʣʝʚʦʜʫ, Y  ̔ k^ ï ʤʝʤʙʨʘʥʥʘ ʬʫʥʢʮʽʷ ʽ 

ʧʦʧʝʨʝʯʥʝ ʭʚʠʣʴʦʚʝ ʯʠʩʣʦ ʤʦʜʠ, ʚʽʜʧʦʚʽʜʥʦ. ɼʣʷ ʦʙʨʘʥʦʛʦ ʧʦʧʝʨʝʯʥʦʛʦ ʧʝʨʝʨʽʟʫ 

ʨʝʟʦʥʘʪʦʨʘ ʛʨ̔ʦʪʨʦʥʘ ʟ ʢʦʥʪʫʨʦʤ C  ʟʘʜʘʯʘ (1.2)-(1.3) ʜʦʟʚʦʣʷ ̒ʚʠʟʥʘʯʠʪʠ ʚʣʘʩʥʽ 

ʟʥʘʯʝʥʥʷ ʥʦʨʤʘʣʴʥʠʭ (ʭʚʠʣʝʚʽʜʥʠʭ) ʊɽ ʤʦʜ ʨʝʟʦʥʘʪʦʨʘ  ̔ʨʦʟʧʦʜʽʣ ʾʭ ʧʦʣʽʚ. 

 

1.3.1. ɯʤʧʝʜʘʥʩʥʘ ʤʦʜʝʣʴ 

ɼʣʷ ʨʦʟʨʘʭʫʥʢʫ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʭʚʠʣʝʚʜ̔ʥʠʭ ʩʪʨʫʢʪʫʨ ʟ ʛʦʬʨʦʚʘʥʠʤʠ 

ʧʦʚʝʨʭʥʷʤʠ ʥʘʡʙʽʣʴʰ ʰʠʨʦʢʦ ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʩʧʨʦʱʝʥʘ ʤ̔ʧʝʜʘʥʩʥʘ ʤʦʜʝʣʴ (ɯʄ) 

[81, 96-103].  
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ʎʷ ʤʦʜʝʣʴ ʙʘʟʫʻʪʴʩʷ ʥʘ ʦʜʥʦʤʦʜʦʚʦʤʫ ʥʘʙʣʠʞʝʥʥʽ, ʚ ʨʘʤʢʘʭ ʷʢʦʛʦ ʧʦʣʝ 

ʚʩʝʨʝʜʠʥʽ ʭʚʠʣʝʚʦʜʫ ʦʧʠʩʫʻʪʴʩʷ ʟʘ ʜʦʧʦʤʦʛʦʶ ʧʘʨʠ ʟʚ'ʷʟʘʥʠʭ ʤʦʜ ʫ ʭʚʠʣʝʚʽʜʥʦʤʫ 

ʢʘʥʘʣʽ ʪʘ ʛʦʬʨʘʭ. ɺ ʮʴʦʤʫ ʚʠʧʘʜʢʫ ʜʚʦʩʪʦʨʦʥʥʽ ʫʤʦʚʠ ʜʣʷ ʪʘʥʛʝʥʮʽʘʣʴʥʠʭ 

ʢʦʤʧʦʥʝʥʪ ʝʣʝʢʪʨʦʤʘʛʥʽʪʥʦʛʦ ʧʦʣʷ ʥʘ ʧʦʚʝʨʭʥʽ ʧʦʜʽʣʫ ʭʚʠʣʝʚʽʜʥʦʛʦ ʢʘʥʘʣʫ ʪʘ 

ʛʦʬʨʽʚ ʤʦʞʫʪʴ ʙʫʪʠ ʟʚʝʜʝʥʽ ʜʦ ʦʜʥʦʩʪʦʨʦʥʥʽʭ ʛʨʘʥʠʯʥʠʭ ʫʤʦʚ ʽʤʧʝʜʘʥʩʥʦʛʦ ʪʠʧʫ. 

ɺʠʢʦʨʠʩʪʘʥʥʷ ʜʘʥʦʛʦ ʥʘʙʣʠʞʝʥʥʷ ʻ ʦʙˇʨʫʥʪʦʚʘʥʠʤ ʟʘ ʫʤʦʚʠ, ʷʢʱʦ ʧʝʨʽʦʜ ʛʦʬʨʽʚ ʻ 

ʥʘʙʘʛʘʪʦ ʤʝʥʰʠʤ ʟʘ ʜʦʚʞʠʥʫ ʭʚʠʣʽ.        

ʊʘʢʠʤ ʯʠʥʦʤ, ʚ ʨʘʤʢʘʭ ɯʄ ʛʦʬʨʦʚʘʥʫ ʧʦʚʝʨʭʥʶ ʧʨʝʜʩʪʘʚʣʷʶʪʴ ʷʢ ʦʜʥʦʨʽʜʥʫ 

ʧʦʚʝʨʭʥʶ ʟ ʫʩʝʨʝʜʥʝʥʠʤ (ʝʬʝʢʪʠʚʥʠʤ) ʽʤʧʝʜʘʥʩʦʤ, ʷʢʠʡ ʟʘʣʝʞʠʪʴ ʚʽʜ ʧʘʨʘʤʝʪʨʽʚ 

ʛʦʬʨʘ ʽ ʯʘʩʪʦʪʠ ʭʚʠʣʽ. ʊʘʢʝ ʧʨʝʜʩʪʘʚʣʝʥʥʷ ʤʦʞʝ ʙʫʪʠ ʟʘʩʪʦʩʦʚʘʥʦ ʫ ʚʠʧʘʜʢʫ, ʢʦʣʠ 

ʢʽʣʴʢʽʩʪʴ ʛʦʬʨʽʚ ʥʘ ʦʜʠʥʠʮʶ ʧʣʦʱʠʥʽ ʧʦʚʝʨʭʥʽ ʻ ʜʦʩʠʪʴ ʚʝʣʠʢʦʶ. ɼʣʷ ʢʦʘʢʩʽʘʣʴʥʦʛʦ 

ʭʚʠʣʝʚʦʜʫ ʟ ʛʦʬʨʦʚʘʥʠʤ ʚʥʫʪʨʽʰʥʽʤ ʧʨʦʚʽʜʥʠʢʦʤ (ʨʠʩ. 1.3) ʟʘʛʘʣʴʥʦʧʨʠʡʥʷʪʠʤ 

ʢʨʠʪʝʨʽʻʤ ʟʘʩʪʦʩʦʚʥʦʩʪʽ ɯʄ ʚʚʘʞʘʻʪʴʩʷ ʫʤʦʚʘ [81]: 

 

 iR
s

m

p
< , (1.4) 

 

ʜʝ iR  ï ʨʘʜ̔ʫʩ ʚʥʫʪʨʽʰʥʴʦʛʦ ʧʨʦʚʜ̔ʥʠʢʘ, 2 is R Np=  ï ʧʝʨ̔ʦʜ ʛʦʬʨʚ̔, N  ï ʢʽʣʴʢʽʩʪʴ 

ʛʦʬʨʚ̔ ʥʘ ʚʥʫʪʨʽʰʥʴʦʤʫ ʧʨʦʚʜ̔ʥʠʢʫ. ʋʤʦʚʘ (1.4) ʧʝʨʝʜʙʘʯʘʻ ʤʘʣ̔ʩʪʴ ʧʝʨʽʦʜʫ 

ʛʦʬʨʫʚʘʥʥʷ ʚ ʧʦʨʽʚʥʷʥʥʽ ʟ ʧʝʨ̔ʦʜʦʤ ʟʤʽʥʠ ʧʦʣʷ ʊɽ ʤʦʜʠ ʚ ʘʟʠʤʫʪʘʣʴʥʦʤʫ ʥʘʧʨʷʤʢʫ. 

ɿ ʫʤʦʚʠ (1.4) ʤʦʞʥʘ ʣʝʛʢʦ ʦʪʨʠʤʘʪʠ ʩʧʽʚʚʽʜʥʦʰʝʥʥʷ 2N m>  ʤ̔ʞ ʯʠʩʣʦʤ ʛʦʬʨʚ̔ N  

ʪʘ ʘʟʠʤʫʪʘʣʴʥʠʤ ʥ̔ʜʝʢʩʦʤ m ʤʦʜʠ.  

ʅʦʨʤʦʚʘʥʠʡ ̔ʤʧʝʜʘʥʩ ʛʦʬʨʦʚʘʥʦ ʾ ʧʦʚʝʨʭʥ ̔ (ʜʠʚ. ʨʠʩ. 1.3ʙ) ʤʘʻ ʥʘʩʪʫʧʥʠʡ 

ʚʠʛʣʜ̫: 

 

 () ( )tanz

l
w k d

s
c ^= , (1.5) 

 

ʜʝ d   ̔ l  ï ʛʣʠʙʠʥʘ  ̔ʰʠʨʠʥʘ ʛʦʬʨʚ̔, ʚʽʜʧʦʚʽʜʥʦ. 
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ʈʠʩ. 1.3. (ʘ) ʇʦʧʝʨʝʯʥʠʡ ʧʝʨʝʨʽʟ ʢʦʘʢʩʘ̔ʣʴʥʦʛʦ ʨʝʟʦʥʘʪʦʨʘ ʛʨ̔ʦʪʨʦʥʘ  ̔(ʙ) ʦʙʣʘʩʪʴ 

ʧʦʙʣʠʟʫ ʛʦʬʨʚ̔ [81]. 

 

ɼʣʷ ʢʦʘʢʩʘ̔ʣʴʥʦʛʦ ʭʚʠʣʝʚʦʜʫ ʨʦʟʚ'ʷʟʦʢ ʨʽʚʥʷʥʥ ̫(1.2) ʚ ʧʦʣʷʨʥʠʭ ʢʦʦʨʜʠʥʘʪʘʭ 

{ },r j  ʤʘʻ ʚʠʛʣʜ̫ 

 

 ( ) ( )( ) ( )expm mAJ k r BN k r imj^ ^Y= + , (1.6) 

 

ʜʝ ()mJ x   ̔ ()mN x  ï ʬʫʥʢʮʽʾ ɹʝʩʩʝʣʷ  ̔ʅʝʡʤʘʥʘ m-ʛʦ ʧʦʨʷʜʢʫ, ʚʽʜʧʦʚʽʜʥʦ. 

ɿʚ'ʷʟʦʢ ʤʽʞ ʢʦʥʩʪʘʥʪʘʤʠ A  ʽ B  ʚʩʪʘʥʦʚʣʶʶʪʴ ʛʨʘʥʠʯʥʽ ʫʤʦʚʠ ʥʘ ʧʦʚʝʨʭʥʷʭ 

ir R=  ʽ 0r R= . ʇʽʜʩʪʘʚʣʷʶʯʠ (1.6) ʚ ʮʽ ʫʤʦʚʠ, ʤʦʞʥʘ ʦʪʨʠʤʘʪʠ ʜʠʩʧʝʨʩʽʡʥʝ ʨʽʚʥʷʥʥʷ 

ʜʣʷ ʊɽ ʤʦʜ ʚ ʢʦʘʢʩʽʘʣʴʥʦʤʫ ʭʚʠʣʝʚʦʜʽ ʟ ʛʦʬʨʦʚʘʥʠʤ ʚʥʫʪʨʽʰʥʽʤ ʧʨʦʚʽʜʥʠʢʦʤ: 
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, (1.7) 

 

ʜʝ 0k Rc ^=  ï ʚʣʘʩʥʝ ʟʥʘʯʝʥʥʷ ʊɽ ʤʦʜʠ, 0R  ï ʨʘʜ̔ʫʩ ʩʪʥ̔ʢʠ ʭʚʠʣʝʚʦʜʫ, 0i iC R R= , 

() ()m mJ x dJ x dx¡ = , () ()m mN x dN x dx¡ = . 

ɯʤʧʝʜʘʥʩʥʘ ʤʦʜʝʣʴ ʥʝ ʚʨʘʭʦʚʫʻ ʟʚ'ʷʟʦʢ ʘʟʠʤʫʪʘʣʴʥʠʭ ʤʦʜ (ʛʘʨʤʦʥʽʢ), 

ʚʠʢʣʠʢʘʥʫ ʥʝʦʜʥʦʨʽʜʥʽʩʪʶ ʛʦʬʨʦʚʘʥʦʾ ʧʦʚʝʨʭʥʽ. ʎʝ ʤʦʞʝ ʧʨʠʟʚʦʜʠʪʠ ʜʦ ʧʦʤʠʣʦʢ ʚ 

ʨʦʟʨʘʭʫʥʢʫ ʷʢ ʚʣʘʩʥʠʭ ʟʥʘʯʝʥʴ ʊɽ ʤʦʜ, ʪʘʢ ʽ ʾʭ ʧʦʣʽʚ, ʦʩʦʙʣʠʚʦ ʧʦʙʣʠʟʫ 
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ʛʦʬʨʦʚʘʥʦʛʦ ʧʨʦʚʽʜʥʠʢʘ [104-106]. ʂʨʽʤ ʪʦʛʦ, ʜʣʷ ʮʠʣʽʥʜʨʠʯʥʦʛʦ ʭʚʠʣʝʚʦʜʫ ʟ 

ʛʦʬʨʦʚʘʥʦʾ ʩʪʽʥʢʦʶ (ʨʠʩ. 1.4) ʟʘʩʪʦʩʦʚʥʽʩʪʴ ɯʄ ʟʘʣʠʰʘʻʪʴʩʷ ʥʝʜʦʩʣʽʜʞʝʥʦʶ. 

 

1.3.2. ʄʝʪʦʜ ɹʣʦʭʚ̔ʩɹʢʠʭ ʛʘʨʤʦʥʢ̔ 

ʈʘʟʦʤ ʽʟ ʤʝʪʦʜʦʤ ɯʄ, ʜʦ ʥʘʙʣʠʞʝʥʠʭ ʤʝʪʦʜʽʚ ʘʥʘʣʽʟʫ ʛʦʬʨʦʚʘʥʠʭ ʭʚʠʣʝʚʦʜʽʚ 

ʚʽʜʥʦʩʠʪʴʩʷ ʤʝʪʦʜ ɹʣʦʭʽʚʩʴʢʠʭ ʛʘʨʤʦʥʽʢ (ʄɹɻ) [107]. ʋ ʮʴʦʤʫ ʤʝʪʦʜʽ ʚʨʘʭʦʚʫʻʪʴʩʷ 

ʟʚ'ʷʟʦʢ ʘʟʠʤʫʪʘʣʴʥʠʭ ʤʦʜ (ʛʘʨʤʦʥʽʢ ɹʣʦʭʘ) ʚʩʝʨʝʜʠʥʽ ʭʚʠʣʝʚʜ̔ʥʦʛʦ ʢʘʥʘʣʫ 

(ʦʙʣʘʩʪʴ I), ʦʜʥʘʢ ʧʦʣʝ ʚʩʝʨʝʜʠʥʽ ʛʦʬʨʽʚ (ʦʙʣʘʩʪʴ II) ʥʘʙʣʠʞʝʥʦ ʦʧʠʩʫʻʪʴʩʷ ʻʜʠʥʦʶ 

ʤʦʜʦʶ (ʬʫʥʜʘʤʝʥʪʘʣʴʥʦʶ ʌʫʨ'ʻ-ʛʘʨʤʦʥʽʢʦʶ). ʊʘʢ, ʥʘʧʨʠʢʣʘʜ, ʜʣʷ ʮʠʣʽʥʜʨʠʯʥʦʛʦ 

ʭʚʠʣʝʚʦʜʫ ʟ ʧʦʟʜʦʚʞʥʽʤʠ ʛʦʬʨʘʤʠ (ʨʠʩ. 1.4) ʨʦʟʚ'ʷʟʦʢ ʨʽʚʥʷʥʥʷ (1.2) ʚ ʦʙʣʘʩʪʽ I (1Y ) 

ʽ ʦʙʣʘʩʪʽ II (2Y ) ʟʘʧʠʩʫʻʪʴʩʷ ʫ ʚʠʛʣʷʜʽ [107, 108]: 

 

 ( ) ( )1 exp
nn k n

n

A J k r ikj
¤

^

=-¤

Y =ä , (1.8) 

 ( )
( )
( )

( )0

2 0 0 0

0

J k b
X J k r N k r

N k b

^

^ ^

^

å õ¡
Y = -æ ö

¡ç ÷
, (1.9) 

 

ʜʝ nA   ̔ nk m nN= +  ï ʘʤʧʣʪ̔ʫʜʘ  ̔ʘʟʠʤʫʪʘʣʴʥʠʡ ̔ʥʜʝʢʩ n-ʦʾ ɹʣʦʭʚ̔ʩɹʢʦʾ ʛʘʨʤʦʥʢ̔ʠ, 

ʚʽʜʧʦʚʽʜʥʦ, 0X  ï ʘʤʧʣʪ̔ʫʜʘ ʬʫʥʜʘʤʝʥʪʘʣʴʥʦ ʾʌʫʨ'ʻ-ʛʘʨʤʦʥʢ̔ʠ. 

 

 

ʈʠʩ. 1.4. ʇʦʧʝʨʝʯʥʠʡ ʧʝʨʝʨʽʟ ʮʠʣ̔ʥʜʨʠʯʥʦʛʦ ʭʚʠʣʝʚʦʜʫ ʟ ʧʦʟʜʦʚʞʥʽʤʠ ʛʦʬʨʘʤʠ 

[107]. 

 



42 

ɺʠʢʦʨʠʩʪʦʚʫʶʯʠ ʦʨʪʦʛʦʥʘʣʴʥʽʩʪʴ ʛʘʨʤʦʥʽʢ ɹʣʦʭʘ, ʫʤʦʚʫ ʥʝʧʝʨʝʨʚʥʦʩʪʽ ʧʦʣʽʚ 

ʥʘ ʛʨʘʥʠʮʽ ʦʙʣʘʩʪʝʡ I ʽ II, ʘ ʪʘʢʦʞ ʛʨʘʥʠʯʥʫ ʫʤʦʚʫ (1.3) ʥʘ ʽʜʝʘʣʴʥʦ-ʧʨʦʚʽʜʥʽʡ 

ʧʦʚʝʨʭʥʽ ʛʦʬʨʦʚʘʥʦʛʦ ʭʚʠʣʝʚʦʜʫ, ʤʦʞʥʘ ʦʪʨʠʤʘʪʠ ʜʠʩʧʝʨʩʽʡʥʝ ʨʽʚʥʷʥʥʷ ʜʣʷ ʊɽ ʤʦʜ 

ʭʚʠʣʝʚʦʜʫ: 
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ʄʝʪʦʜ ʄɹɻ ʥʝ ʚʨʘʭʦʚʫʻ ʚʥʝʩʦʢ ʚʠʱʠʭ ʌʫʨ'ʻ-ʛʘʨʤʦʥʽʢ ʫ ʚʣʘʩʥʝ ʧʦʣʝ 

ʛʦʬʨʦʚʘʥʦʛʦ ʭʚʠʣʝʚʦʜʫ ʚʩʝʨʝʜʠʥʽ ʛʦʬʨʽʚ. ʆʙʣʘʩʪʴ ʟʘʩʪʦʩʫʚʘʥʥʷ ʪʘʢʦʛʦ ʥʘʙʣʠʞʝʥʥʷ 

ʥʘ ʜʘʥʠʡ ʯʘʩ ʟʘʣʠʰʘʻʪʴʩʷ ʥʝʚʠʚʯʝʥʦʶ. 

 

1.3.3. ʄʝʪʦʜ ʧʨʦʩʪʦʨʦʚʠʭ ʛʘʨʤʦʥʢ̔ 

ʆʜʥʠʤ ʽʟ ʩʪʨʦʛʠʭ ʤʝʪʦʜʽʚ ʨʦʟʚ'ʷʟʘʥʥʷ ʟʘʜʘʯʽ ʥʘ ʚʣʘʩʥʽ ʟʥʘʯʝʥʥʷ (1.2) ʜʣʷ 

ʭʚʠʣʝʚʦʜʽʚ ʟ ʛʦʬʨʦʚʘʥʠʤʠ ʧʦʚʝʨʭʥʷʤʠ ʻ ʤʝʪʦʜ ʧʨʦʩʪʦʨʦʚʠʭ ʛʘʨʤʦʥʽʢ (ʄʇɻ) [105, 

109]. ɼʘʥʠʡ ʤʝʪʦʜ ʘʢʪʠʚʥʦ ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʜʣʷ ʨʦʟʨʘʭʫʥʢʫ ʭʘʨʘʢʪʝʨʠʩʪʠʢ 

ʨʝʟʦʥʘʪʦʨʽʚ ʛʽʨʦʪʨʦʥʽʚ ʟ ʢʦʘʢʩʽʘʣʴʥʦʶ ʛʦʬʨʦʚʘʥʦʶ ʚʩʪʘʚʢʦʶ. ʇʦʧʝʨʝʯʥʠʡ ʧʝʨʝʨʽʟ 

ʪʘʢʦʛʦ ʨʝʟʦʥʘʪʦʨʘ ʧʦʢʘʟʘʥʦ ʥʘ ʨʠʩ. 1.5. 

 

 

ʈʠʩ. 1.5. ʇʦʧʝʨʝʯʥʠʡ ʧʝʨʝʨʽʟ ʨʝʟʦʥʘʪʦʨʘ ʛʽʨʦʪʨʦʥʘ ʟ ʢʦʘʢʩʽʘʣʴʥʦʶ ʛʦʬʨʦʚʘʥʦ ʁ

ʚʩʪʘʚʢʦ ʁ[106]. 
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ɼʣʷ ʪʘʢʦʾ ʩʪʨʫʢʪʫʨʠ ʨʦʟʚ'ʷʟʦʢ ʨʽʚʥʷʥʥʷ (1.2) ʚ ʦʙʣʘʩʪʷʭ ʥʘʜ ʛʦʬʨʘʤʠ (1Y) ʽ 

ʚʩʝʨʝʜʠʥʽ ʛʦʬʨʽʚ (2Y ) ʧʨʝʜʩʪʘʚʣʷʶʪʴʩʷ ʫ ʚʠʛʣʷʜʽ ʩʫʧʝʨʧʦʟʠʮʽʾ ʧʨʦʩʪʦʨʦʚʠʭ 

ʛʘʨʤʦʥʽʢ ɹʣʦʭʘ ʽ ʌʫʨ'ʻ, ʚʽʜʧʦʚʽʜʥʦ: 
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ʄʝʤʙʨʘʥʥʽ ʬʫʥʢʮʽʾ 1Y  ʽ 2Y  ʟʘʜʦʚʦʣʴʥʷʶʪʴ ʛʨʘʥʠʯʥʠʤ ʫʤʦʚʘʤ (1.3) ʥʘ 

ʽʜʝʘʣʴʥʦ ʧʨʦʚʽʜʥʽʡ ʩʪʽʥʮʽ ʨʝʟʦʥʘʪʦʨʘ ʽ ʧʦʚʝʨʭʥʽ ʛʦʬʨʽʚ, ʚʽʜʧʦʚʽʜʥʦ. ʂʨʽʤ ʪʦʛʦ, ʥʘ 

ʥʝʦʜʥʦʨʽʜʥʽʡ ʧʦʚʝʨʭʥʽ ir R=  ʚʥʫʪʨʽʰʥʴʦʛʦ ʧʨʦʚʽʜʥʠʢʘ ʤʝʤʙʨʘʥʥʘ ʬʫʥʢʮʽʷ 1Y  

ʧʦʚʠʥʥʘ ʟʘʜʦʚʦʣʴʥʷʪʠ ʫʤʦʚʘʤ ʥʝʧʝʨʝʨʚʥʦʩʪʽ 1 2Y =Y  ̔ 1 2d dr d drY = Y  ʚʩʝʨʝʜʠʥʽ 

ʛʦʬʨʽʚ (S L Sj jj j j j< < + , ( )0,1,2... 1j N= -) ʽ ʛʨʘʥʠʯʥʽʡ ʫʤʦʚʽ 1 0d drY =  ʟʦʚʥʽ 

ʛʦʬʨʽʚ ( ( )1L S Sj jj j j j+ < < + , ( )0,1,2... 1j N= -). ɺʠʢʦʨʠʩʪʦʚʫʶʯʠ ʦʨʪʦʛʦʥʘʣʴʥʽʩʪʴ 

ʘʟʠʤʫʪʘʣʴʥʠʭ ʛʘʨʤʦʥʽʢ, ʟ ʮʠʭ ʫʤʦʚ ʤʦʞʝ ʙʫʪʠ ʟʥʘʡʜʝʥʘ ʦʜʥʦʨʽʜʥʘ ʩʠʩʪʝʤʘ ʣʽʥʽʡʥʠʭ 

ʘʣʛʝʙʨʘʾʯʥʠʭ ʨʽʚʥʷʥʴ ʜʣʷ ʥʝʚʽʜʦʤʠʭ ʘʤʧʣʽʪʫʜ ʛʘʨʤʦʥʽʢ nA  ʽ nX . ʆʪʨʠʤʘʥʘ ʩʠʩʪʝʤʘ 

ʨʽʚʥʷʥʴ ʤʘʻ ʥʝʪʨʠʚʽʘʣʴʥʠʡ ʨʦʟʚ'ʷʟʦʢ, ʢʦʣʠ ʜʝʪʝʨʤʽʥʘʥʪ ʾʾ ʤʘʪʨʠʮʽ ʜʦʨʽʚʥʶʻ ʥʫʣʁ. ʎʷ 

ʫʤʦʚʘ ʩʪʘʥʦʚʠʪʴ ʜʠʩʧʝʨʩʽʡʥʝ ʨʽʚʥʷʥʥʷ ʜʣʷ ʊɽ ʤʦʜ ʚ ʢʦʘʢʩʽʘʣʴʥʽʡ ʩʪʨʫʢʪʫʨʽ ʟ 

ʛʦʬʨʦʚʘʥʠʤ ʚʥʫʪʨʽʰʥʽʤ ʧʨʦʚʽʜʥʠʢʦʤ. 

ʆʩʥʦʚʥʠʤ ʥʝʜʦʣʽʢʦʤ ʤʝʪʦʜʫ ʄʇɻ ʻ ʥʝʩʢʽʥʯʝʥʥʽʩʪʴ ʧʦʨʷʜʢʫ ʜʝʪʝʨʤʽʥʘʥʪʘ ʚ 

ʜʠʩʧʝʨʩʽʡʥʦʤʫ ʨʽʚʥʷʥʥʽ. ʊʦʤʫ ʡʦʛʦ ʩʪʨʦʛʠʡ ʯʠʩʝʣʴʥʠʡ ʨʦʟʚ'ʷʟʦʢ  ̒ ʥʝʤʦʞʣʠʚʠʤ. 

ʈʘʟʦʤ ʟ ʪʠʤ, ʨʷʜʠ (1.11) ʽ (1.12), ʷʢ ʧʨʘʚʠʣʦ, ʜʦʩʠʪʴ ʰʚʠʜʢʦ ʟʙʽʛʘʶʪʴʩʷ ʟʽ ʟʨʦʩʪʘʥʥʷʤ 

ʯʠʩʣʘ ʚʨʘʭʦʚʘʥʠʭ ʘʟʠʤʫʪʘʣʴʥʠʭ ʛʘʨʤʦʥʽʢ [105]. ʎʝ ʜʦʟʚʦʣʷʻ ʟʥʘʭʦʜʠʪʠ ʚʣʘʩʥʽ 

ʟʥʘʯʝʥʥʷ ʭʚʠʣʝʚʜ̔ʥʦʾ ʩʪʨʫʢʪʫʨʠ ʟ ʥʝʦʙʭʽʜʥʦʶ ʪʦʯʥʽʩʪʶ ʽʟ ʩʧʨʦʱʝʥʦʛʦ 

ʜʠʩʧʝʨʩʽʡʥʦʛʦ ʨʽʚʥʷʥʥʷ, ʚ ʷʢʦʤʫ ʚʨʘʭʦʚʫʻʪʴʩʷ ʣʠʰʝ ʥʝʚʝʣʠʢʝ ʯʠʩʣʦ ʛʘʨʤʦʥʽʢ ɹʣʦʭʘ 

ʽ ʌʫʨ'ʻ. ʉʫʧʝʨʧʦʟʠʮʽʷ ʮʠʭ ʛʘʨʤʦʥʽʢ ʜʦʩʠʪʴ ʜʦʙʨʝ ʦʧʠʩʫʻ ʨʦʟʧʦʜʽʣ ʧʦʣʷ ʟʘ 
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ʧʦʧʝʨʝʯʥʠʤ ʧʝʨʝʨʽʟʦʤ ʩʪʨʫʢʪʫʨʠ. ɺʠʥʷʪʢʠ ʤʦʞʫʪʴ ʩʪʘʥʦʚʠʪʠ ʦʢʦʣʠ ʧʦʙʣʠʟʫ ʨʝʙʝʨ 

ʛʦʬʨʽʚ [110]. 

 

1.3.4. ʄʝʪʦʜ ʧʝʨʝʨʦʟʢʣʘʜʘʥʥʷ ʚʣʘʩʥʠʭ ʧʦʣ̔ʚ 

ʄʝʪʦʜ ʧʝʨʝʨʦʟʢʣʘʜʘʥʥʷ ʚʣʘʩʥʠʭ ʧʦʣʽʚ (ʄʇʇ) ʻ ʫʜʦʩʢʦʥʘʣʝʥʠʤ ʚʘʨʽʘʥʪʦʤ 

ʤʝʪʦʜʫ ʄʇɻ. ʅʝʦʙʭʽʜʥʽʩʪʴ ʚʠʢʦʨʠʩʪʘʥʥʷ ʜʘʥʦʛʦ ʤʝʪʦʜʫ ʚʠʥʠʢʘʻ ʫ ʚʠʧʘʜʢʘʭ, ʢʦʣʠ 

ʛʨʘʥʠʯʥʘ ʧʦʚʝʨʭʥ ̫ʭʚʠʣʝʚʦʜʫ ʤʘʻ ʛʝʦʤʝʪʨʠʯʥʦ ʩʠʥʛʫʣʷʨʥʽ ʪʦʯʢʠ, ʥʘʧʨʠʢʣʘʜ, ʛʦʩʪʨʽ 

ʨʝʙʨʘ [111-113]. ʋ ʪʘʢʠʭ ʚʠʧʘʜʢʘʭ ʧʨʠ ʥʘʙʣʠʞʝʥʥʽ ʜʦ ʩʠʥʛʫʣʷʨʥʦʾ ʪʦʯʢʠ ʜʝʷʢʽ 

ʢʦʤʧʦʥʝʥʪʠ ʧʦʣʷ ʝʣʝʢʪʨʦʤʘʛʥʽʪʥʦʾ ʭʚʠʣʽ ʟʨʦʩʪʘʶʪʴ ʜʦ ʥʝʩʢʽʥʯʝʥʥʦʩʪʽ. ɼʦʧʫʩʪʠʤʠʡ 

ʧʦʨʷʜʦʢ ʥʝʚʠʟʥʘʯʝʥʦʩʪʽ ʨʦʟʚ'ʷʟʢʫ ʩʠʩʪʝʤʠ ʨʽʚʥʷʥʴ ʄʘʢʩʚʝʣʣʘ ʚʠʟʥʘʯʘʻʪʴʩʷ ʫʤʦʚʦʶ, 

ʟʘ ʷʢʦʾ ʭʚʠʣʷ ʤʘʻ ʢʽʥʮʝʚʠʡ ʟʘʧʘʩ ʝʥʝʨʛʽʾ ʚ ʦʢʦʣʽ ʩʠʥʛʫʣʷʨʥʦʾ ʪʦʯʢʠ. 

ʋ ʚʠʧʘʜʢʫ ɺʏ ʩʪʨʫʢʪʫʨʠ ʽʟ ʜʠʬʨʘʢʮʽʡʥʠʤ ʨʝʙʨʦʤ ʜʣʷ ʟʘʙʝʟʧʝʯʝʥʥʷ ʻʜʠʥʦʩʪʽ 

ʨʦʟʚ'ʷʟʢʫ ʥʝʦʙʭʽʜʥʦ ʚʚʦʜʠʪʠ ʜʦʜʘʪʢʦʚʝ ʬʽʟʠʯʥʝ ʦʙʤʝʞʝʥʥʷ, ʚʽʜʦʤʝ ʷʢ ʫʤʦʚʘ ʥʘ 

ʨʝʙʨʽ. ɺʦʥʦ ʧʦʣʷʛʘʻ ʫ ʚʠʤʦʟʽ ʩʢʽʥʯʝʥʥʦʩʪʽ ʝʥʝʨʛʽʾ ʝʣʝʢʪʨʦʤʘʛʥʽʪʥʦʛʦ ʧʦʣʷ, ʱʦ 

ʟʘʧʘʩʝʥʘ ʚ ʙʫʜʴ-ʷʢʦʤʫ ʩʢʽʥʯʝʥʦʤʫ ʦʙ'ʻʤʽ ʚ ʦʢʦʣʽ ʨʝʙʨʘ. ʎʝ ʨʽʚʥʦʟʥʘʯʥʦ ʫʤʦʚʽ: 

 

 ( )2 2
0

V

dve m+ ­ñE H  (1.13) 

 

ʧʨʠ ʥʘʙʣʠʞʝʥʥʽ ʜʦ ʥʫʣʷ ʦʙ'ʻʤʫ V  ʚ ʦʢʦʣʽ ʨʝʙʨʘ. 

ʗʢʦɦ ʚʚʝʩʪʠ ʣʦʢʘʣʴʥʽ ʮʠʣʽʥʜʨʠʯʥʽ ʢʦʦʨʜʠʥʘʪʠ ( ), ,zr j  ʟ ʚʽʩʩʶ z ʥʘ ʨʝʙʨʽ, ʪʦ ʟ 

ʫʤʦʚʠ (1.13) ʚʠʧʣʠʚʘʻ, ʱʦ ʚ ʦʢʦʣʽ ʨʝʙʨʘ ʞʦʜʥʘ ʢʦʤʧʦʥʝʥʪʘ ʝʣʝʢʪʨʦʤʘʛʥʽʪʥʦʛʦ ʧʦʣʷ 

( ),E H  ʥʝ ʤʦʞʝ ʟʨʦʩʪʘʪʠ ʰʚʠʜʰʝ, ʥʽʞ 1 tr- + ( 0t> ) ʧʨʠ 0r­ .  

ʈʦʟʛʣʷʥʝʤʦ ʜʚʦʚʠʤʽʨʥʫ ʟʘʜʘʯʫ ʜʣʷ ʧʨʦʚʽʜʥʦʛʦ ʨʝʙʨʘ (ʨʠʩ. 1.6). ʎʷ ʟʘʜʘʯʘ 

ʜʦʧʫʩʢʘʻ ʨʦʟʚ'ʷʟʦʢ ʫ ʚʠʛʣʷʜʽ ʧʦʧʝʨʝʯʥʠʭ ʝʣʝʢʪʨʠʯʥʠʭ (TE, Ez ſ 0) ʪʘ ʧʦʧʝʨʝʯʥʠʭ 

ʤʘʛʥʽʪʥʠʭ (TM, Hz ſ 0) ʭʚʠʣʴ, ʷʢʽ ʨʦʟʧʦʚʩʶʜʞʫʶʪʴʩʷ ʚʟʜʦʚʞ z ʟʘ ʟʘʢʦʥʦʤ exp(-ikzz). 

ɼʣʷ ʊʄ ʪʘ ʊɽ ʭʚʠʣʴ ʚʩʽ ʢʦʤʧʦʥʝʥʪʠ ʝʣʝʢʪʨʦʤʘʛʥʽʪʥʦʛʦ ʧʦʣʷ ʤʦʞʫʪʴ ʙʫʪʠ  ʚʠʨʘʞʝʥʽ 

ʯʝʨʝʟ Ez ʪʘ Hz, ʚʽʜʧʦʚʽʜʥʦ. 
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ʈʠʩ. 1.6. ʇʨʦʚʽʜʥʠʡ ʢʣʠʥ [112]. 

 

ɺʽʜʧʦʚʽʜʥʠʡ ʨʦʟʚ'ʷʟʦʢ ʜʣʷ Ez ʤʘʻ ʚʠʛʣʷʜ [112]: 

 

Ez = Jɜ (k^ɟ) sin ɜ (ű ï )ʟ, 

 

ʪʘ ʟʘʜʦʚʦʣʴʥʷʻ ʛʨʘʥʠʯʥʽʡ ʫʤʦʚʽ ɼʽʨʽʭʣʝ Ez = 0 ʧʨʠ ű = .ʟ ʊʫʪ 2 2

zk k k^= - , ʟʥʘʯʝʥʥʷ 

ɜ  ʚ ʟʘʛʘʣʴʥʦʤʫ ʚʠʧʘʜʢʫ ʥʝʮʽʣʠʤ ʯʠʩʣʦʤ ʜʣʷ ʜʦʚʽʣʴʥʦʛʦ ʢʫʪʘ ű ʫ ʜʽʘʧʘʟʦʥ ʚʽʜ 0 ʜʦ 

2ˊ. ʇʘʨʘʤʝʪʨ ɜ ʚʠʟʥʘʯʘʻʪʴʩʷ ʛʨʘʥʠʯʥʦʶ ʫʤʦʚʫ Ez = 0 ʧʨʠ ű = 2ˊ. ʊʘʢʠʤ ʯʠʥʦʤ, ʟ 

ʫʤʦʚʠ sin ɜ (2  ́ï )ʟ = 0 ʦʪʨʠʤʫʻʤʦ ʥʘʩʪʫʧʥʽ ʜʦʧʫʩʪʠʤʽ ʟʥʘʯʝʥʥʷ ɜ:  

 

 
2

np
n

p f
=

-
,        n = 1, 2, é  (1.14) 

 

ʅʘʡʤʝʥʰʝ ʜʦʧʫʩʪʠʤʝ ʟʥʘʯʝʥʥʷ ɜ ʜʦʨʽʚʥʶʻ ˊ / (2ˊ ï )ʟ. ɼʣʷ ʨʝʙʨʘ ʟ ʥʫʣʴʦʚʠʤ 

ʚʥʫʪʨʽʰʥʽʤ ʢʫʪʦʤ ,ʟ ʪʦʙʪʦ ʜʣʷ ʥʘʧʽʚʧʣʦʱʠʥʠ, ɜ = 1 / 2, ʪʦʜʽ ʷʢ ʜʣʷ ʧʨʷʤʦʢʫʪʥʦʛʦ 

ʨʝʙʨʘ ɜ = ˊ / (2ˊ ï  ́/ 2) = 2/3. ʂʦʣʠ  ʟ= 180Á, ɜ = 1. ɿʛʽʜʥʦ ʨʽʚʥʷʥʴ ʄʘʢʩʚʝʣʘ 

ʢʦʤʧʦʥʝʥʪʠ ʧʦʣʷ Eɟ ʪʘ Eű  ʻ ʧʨʦʧʦʨʮʽʡʥʠʤʠ ÖEz / Öɟ ʪʘ ÖEz / ɟÖű, ʚʽʜʧʦʚʽʜʥʦ ʊʘʢʠʤ 

ʯʠʥʦʤ, ʤʦʞʥʘ ʟʨʦʙʠʪʠ ʚʠʩʥʦʚʦʢ, ʱʦ ʢʦʤʧʦʥʝʥʪʘ Ez ʟʘʣʠʰʘʻʪʴʩʷ ʩʢʽʥʯʝʥʦʶ ʥʘ ʨʝʙʨʽ, 

ʚ ʪʦʡ ʯʘʩ ʷʢ ʢʦʤʧʦʥʝʥʪʠ Eɟ ʪʘ Eű ʥʝʦʙʤʝʞʝʥʦ ʟʨʦʩʪʘʶʪʴ ʷʢ ɟ
1ïŰ

 = ɟ
ɜ ï 1

  ʧʨʠ 

ʥʘʙʣʠʞʝʥʥʽ ɟ ʜʦ ʥʫʣʷ, ʦʩʢʽʣʴʢʠ ʬʫʥʢʮʽʷ ɹʝʩʩʝʣʷ Jɜ(k^ɟ) ʧʨʠ ʤʘʣʦʤʫ ʘʨʛʫʤʝʥʪʽ ʤʘʻ 

ʟʘʣʝʞʥʽʩʪʴ ʚʽʜ ɟ ʫ ʚʠʛʣʷʜʽ  ɟ
ɜ
. ʅʘʧʨʠʢʣʘʜ, ʜʣʷ ʥʘʧʽʚʧʣʦʱʠʥʠ ʢʦʤʧʦʥʝʥʪʠ Eɟ ʪʘ Eű  

ʤʘʶʪʴ ʩʠʥʛʫʣʷʨʥʽʩʪʴ ɟ
ï1/2 
ʥʘ ʨʝʙʨʽ. ʊʘʢʫ ʞ ʩʘʤʫ ʩʠʥʛʫʨʷʨʥʽʩʪʴ ʤʘʶʪʴ ʢʦʤʧʦʥʝʥʪʽ 

ʧʦʣʷ Hɟ ʪʘ Hű, ʷʢʽ ʜʣʷ ʊʄ ʪʘ ʊɽ ʭʚʠʣɹ ʧʨʦʧʦʨʮʽʡʥʽ Eű ʪʘ Eɟ, ʚʽʜʧʦʚʽʜʥʦ. 
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ɼʣʷ ʊɽ ʭʚʠʣʴ ʛʨʘʥʠʯʥʽ ʫʤʦʚʠ ʅʝʡʤʘʥʘ ʥʘ ʧʦʚʝʨʭʥʽ ʽʜʝʘʣʴʥʦ ʧʨʦʚʽʜʥʦʛʦ ʨʝʙʨʘ 

ʤʘʶʪʴ ʥʘʩʪʫʧʥʠʡ ʚʠʛʣʷʜ: 

 

0zH

j

µ
=

µ
,       ű = ,ʟ 2́ . 

 

ʈʦʟʚ'ʷʟʦʢ ʜʣʷ Hz ʟʘʧʠʩʫʻʪʴʩʷ ʫ ʚʠʛʣʷʜ ̔[112]: 

 

Hz = Jɜ (k^ɟ) cos ɜ (ű ï )ʟ. 

 

ʊʘʢʠʤ ʯʠʥʦʤ, ʟ ʛʨʘʥʠʯʥʠʭ ʫʤʦʚ ʦʪʨʠʤʫʻʤʦ sin ɜ (ű ï )ʟ = 0, ʘ ʦʪʞʝ ʜʦʧʫʩʪʠʤʽ 

ʟʥʘʯʝʥʥʷ ɜ ʜʣʷ ʊɽ ʭʚʠʣʴ ʟʙʽʛʘʶʪʴʩʷ ʽʟ (1.14). ʆʜʥʘʢ, ʫ ʮʴʦʤʫ ʚʠʧʘʜʢʫ ʽʩʥʫʻ 

ʜʦʜʘʪʢʦʚʝ ʜʦʧʫʩʪʠʤʠʤʝ ʟʥʘʯʝʥʥʷ ɜ = 0, ʷʢʝ ʚʽʜʧʦʚʽʜʘʻ ʥʝʪʨʠʚʽʘʣʴʥʦʤʫ ʨʦʟʚ'ʷʟʢʫ Hz = 

J0(k^ɟ) ʢʨʘʡʦʚʦʾ ʟʘʜʘʯʽ. ɼʣʷ ʥʴʦʛʦ Hz ʪʘ ʢʦʤʧʦʥʝʥʪʠ ʧʦʣʷ Hɟ ʪʘ Eű, ʷʢʽ ʧʨʦʧʦʨʮʽʡʥʽ 

J1(k^ɟ), ʥʝ ʤʘʶʪʴ ʩʠʥʛʫʣʷʨʥʦʩʪʽ ʥʘ ʨʝʙʨʽ. 

ʇʽʜʩʫʤʦʚʫʶʯʠ ʚʠʱʝʥʘʚʝʜʝʥʽ ʨʝʟʫʣʴʪʘʪʠ, ʚʘʨʪʦ ʟʘʟʥʘʯʠʪʠ, ʱʦ ʚ ʟʘʛʘʣʴʥʦʤʫ 

ʚʠʧʘʜʢʫ ʧʦʙʣʠʟʫ ʧʦʚʝʨʭʥʽ ʽʜʝʘʣʴʥʦ ʧʨʦʚʽʜʥʦʛʦ ʢʣʠʥʘ ʽʟ ʚʥʫʪʨʽʰʥʽʤ ʢʫʪʦʤ, ʤʝʥʰʠʤ 

ʥʽʞ ˊ, ʥʦʨʤʘʣʴʥʽ ʢʦʤʧʦʥʝʥʪʠ ʧʦʣʽʚ E ʪʘ H ʩʪʘʶʪʴ ʩʠʥʛʫʣʷʨʥʠʤʠ, ʘ ʪʘʥʛʝʥʮʽʘʣʴʥʽ 

ʢʦʤʧʦʥʝʥʪʠ ʟʘʣʠʰʘʶʪʴʩʷ ʩʢʽʥʯʝʥʠʤʠ.  

ɿ ʨʽʚʥʷʥʴ ʄʘʢʩʚʝʣʣʘ ʤʦʞʥʘ ʚʩʪʘʥʦʚʠʪʠ ʟʥʘʯʝʥʥʷ t ʜʣʷ ʨʽʟʥʠʭ ʢʦʥʬʽʛʫʨʘʮʽʡ 

ʨʝʙʨʘ [114]. ʊʘʢ, ʥʘʧʨʠʢʣʘʜ, ʷʢ ʧʦʢʘʟʘʥʦ ʚʠʱʝ, ʜʣʷ ʽʜʝʘʣʴʥʦ ʧʨʦʚʽʜʥʦʛʦ 

ʧʨʷʤʦʢʫʪʥʦʛʦ ʢʣʠʥʘ, ʟʦʙʨʘʞʝʥʦʛʦ ʥʘ ʨʠʩ. 1.7, ʤʘʶʪʴ ʤʽʩʮʝ ʥʘʩʪʫʧʥʽ ʩʧʽʚʚʽʜʥʦʰʝʥʥʷ: 
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ʈʠʩ. 1.7. ɻʝʦʤʝʪʨʽ̫  ʩʪʨʫʢʪʫʨʠ ʽʟ ʧʨʷʤʦʢʫʪʥʠʤ ʨʝʙʨʦʤ [113]. 

 

ɺ ʨʦʙʦʪʽ [110] ʤʝʪʦʜ ʄʇʇ ʙʫʚ ʟʘʩʪʦʩʦʚʘʥʠʡ ʜʦ ʟʘʜʘʯʽ ʥʘ ʚʣʘʩʥʽ ʟʥʘʯʝʥʥʷ (1.2) 

ʜʣʷ ʢʦʘʢʩʽʘʣʴʥʦʛʦ ʨʝʟʦʥʘʪʦʨʘ ʛʽʨʦʪʨʦʥʘ ʟ ʛʦʬʨʦʚʘʥʠʤ ʚʥʫʪʨʽʰʥʽʤ ʧʨʦʚʽʜʥʠʢʦʤ 

(ʨʠʩ. 1.5). ʗʢ ʽ ʚ ʤʝʪʦʜʽ ʄʇɻ, ʤʝʤʙʨʘʥʥʘ ʬʫʥʢʮʽʷ ʧʨʝʜʩʪʘʚʣʷʻʪʴʩʷ ʫ ʚʠʛʣʷʜʽ 

ʨʦʟʢʣʘʜʘʥʥʷ ʧʦ ʘʟʠʤʫʪʘʣʴʥʠʤ ʛʘʨʤʦʥʽʢʘʤ ʽ ʤʘʻ ʚʠʛʣʷʜ (1.11) ʽ (1.12). 

ʋʤʦʚʠ ʥʝʧʝʨʝʨʚʥʦʩʪʽ ʧʦʣʷ ʥʘ ʛʨʘʥʠʮʽ ʦʙʣʘʩʪʝʡ ʚʩʝʨʝʜʠʥʽ ʽ ʟʦʚʥʽ ʛʦʬʨʽʚ 

ʧʨʠʟʚʦʜʷʪʴ ʜʦ ʥʘʩʪʫʧʥʠʭ ʩʧʽʚʚʽʜʥʦʰʝʥʴ: 

 

 ( ) ( )( )
0

exp cos 1n n n n n n

n n

A f il t X g q t
¤ ¤

=-¤ =

= +ä ä , (1.16) 

 ( ) ( )( ) ()
0

exp cos 1n n n n

n n

A il t X q t F t
¤ ¤

=-¤ =

= + ¹ä ä , (1.17) 

 

ʜʝ 2 Lt j j= , 2n n Ll kj= , 2nq np= , ( ), ,
nn k i if G C Cc c c¹ , 

( ), ,
nn i i ig G C C Cx c c c¡¹ , ()F t  ï ʬʫʥʢʮʽʷ, ʷʢʘ ʧʨʦʧʦʨʮʽʡʥʘ ʘʟʠʤʫʪʘʣʴʥʦʤʫ 

ʝʣʝʢʪʨʠʯʥʦʤʫ ʧʦʣʶ ʊɽ ʤʦʜʠ ʥʘ ʘʧʝʨʪʫʨʽ ʛʦʬʨʽʚ (1 1t- < <). 

ʗʢ ʧʦʢʘʟʘʥʦ ʚ [110], ʜʣʷ ʚʨʘʭʫʚʘʥʥʷ ʦʩʦʙʣʠʚʦʩʪʽ ʧʦʣʷ ʥʘ ʨʝʙʨʘʭ ʛʦʬʨʽʚ (1.15) 

ʥʝʚʽʜʦʤʘ ʬʫʥʢʮʽʷ ()F t  ʤʘʻ ʙʫʪʠ ʧʨʝʜʩʪʘʚʣʝʥʘ ʫ ʚʠʛʣʷʜʽ ʨʦʟʢʣʘʜʘʥʥʷ ʚ ʨʷʜ ʟʘ 

ʥʦʚʠʤʠ ʦʨʪʦʛʦʥʘʣʴʥʠʤʠ ʬʫʥʢʮʽʷʤʠ ï ʧʦʣʽʥʦʤʘʤʠ ɻʝʛʝʥʙʘʫʝʨʘ: 

 

 ()( ) ()
1 3

2 1 6

0

1
M

k k

k

F t t a P t
-

=

= - ä , (1.18) 

 

ʜʝ ()1 6

kP t  ï ʧʦʣ̔ʥʦʤʠ ɻʝʛʝʥʙʘʫʝʨʘ. 
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ʊʘʢʝ ʨʦʟʢʣʘʜʘʥʥʷ ʤʘʻ ʥʠʟʢʫ ʧʝʨʝʚʘʛ: 

1) ʧʦʣ̔ʥʦʤʠ ɻʝʛʝʥʙʘʫʝʨʘ ̒ ʦʨʪʦʛʦʥʘʣʴʥʠʤʠ ʥʘ ̔ʥʪʝʨʚʘʣ ̔ 1 1t- < < ʟ ʚʘʛʦʶ 

( )
1 3

21 t
-

- , ɦ ʦ ʤʘʻ ʪʘʢʫ ʞ ʦʩʦʙʣʠʚʽʩʪʴ, ̫ ʢ ̔ ʥʝʚʽʜʦʤʘ ʬʫʥʢʮʽ̫  ()F t  ʥʘ ʨʝʙʨʘʭ ʛʦʬʨʚ̔; 

2) ʥʘ ̔ʥʪʝʨʚʘʣ ̔ 1 1t- < < ʬʫʥʢʮʽ̫  ()( )
1 3

21F t t-  ʪʘ ʾʾ ʧʦʭʽʜʥʘ ʻ ʛʣʘʜʢʠʤʠ 

ʬʫʥʢʮʽʷʤʠ, ʷʢʽ ʤʦʞʥʘ ʜʦʩʠʪʴ ʪʦʯʥʦ ʘʧʨʦʢʩʠʤʫʚʘʪʠ ʧʦʣʽʥʦʤʘʤʠ ɻʝʛʝʥʙʘʫʝʨʘ. ʎʝ 

ʪʘʢʦʞ ʟʘʙʝʟʧʝʯʫʻ ʰʚʠʜʢʫ ʟʙʽʞʥʽʩʪʴ ʨʷʜʽʚ ʚ (1.18).  

3) ʘʤʧʣʪ̔ʫʜʠ ʘʟʠʤʫʪʘʣʴʥʠʭ ʛʘʨʤʦʥʢ̔ nA   ̔ nX  ʤʦʞʫʪɹ ʙʫʪʠ ʣʝʛʢʦ ʚʠʨʘʞʝʥʽ 

ʯʝʨʝʟ ʥʦʚʽ ʰʫʢʘʥʽ ʢʦʝʬʽʮʽʻʥʪʠ ka , ʱʦ ʩʧʨʦʱʫʻ ʢʦʤʧ'ʶʪʝʨʥʽ ʦʙʯʠʩʣʝʥʥʷ; 

4) ʢʽʣʴʢʽʩʪʴ ʧʦʣʽʥʦʤʽʚ ʤʦʞʝ ʙʫʪʠ ʟʤʽʥʝʥʘ ʚ ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ ʥʝʦʙʭʽʜʥʦʾ 

ʪʦʯʥʦʩʪʽ ʽ ʟʙʽʞʥʦʩʪʽ ʨʷʜʫ ʚ (1.18). 

ɺʠʢʦʨʠʩʪʦʚʫʶʯʠ (1.17) ʽ (1.18), ʘ ʪʘʢʦʞ ʦʨʪʦʛʦʥʘʣʴʥʽʩʪʴ ʧʦʣʽʥʦʤʽʚ 

ɻʝʛʝʥʙʘʫʝʨʘ, ʤʦʞʥʘ ʦʪʨʠʤʘʪʠ ʩʠʩʪʝʤʫ ʨʽʚʥʷʥʴ ʜʣʷ ʢʦʝʬʽʮʽʻʥʪʽʚ ka : 

 

    
0

0
M

jk k

k

D a
=

=ä , 0,  1,  ... j M= ,  (1.19) 

 

ʜʝ 
( )

*

0 02 1

n nj nkL
jk n nj nk

n nS n

g s s
D f t t

j

j d

¤ ¤

=-¤ =

= -
+

ä ä , ( ) ( ) 1 6

1 6cosnk n k k n ns q q J q q-+= + , 

()1 6

1 6

k

nk k n nt i J l l- -

+= , 0nd  ï ʩʠʤʚʦʣ ʂʨʦʥʝʢʝʨʘ.  

ʉʠʩʪʝʤʘ ʨʽʚʥʷʥʴ (1.19) ʤʘʻ ʥʝʪʨʠʚʽʘʣʴʥʠʡ ʨʦʟʚ'ʷʟʦʢ, ʢʦʣʠ ʜʝʪʝʨʤʽʥʘʥʪ ʤʘʪʨʠʮʽ 

jkD  ʜʦʨʽʚʥʶʻ ʥʫʣʁ: 

 

      det 0jkD = .  (1.20) 

 

ʈʽʚʥʷʥʥʷ (1.20) ʷʚʣʷʻ ʩʦʙʦʶ ʜʠʩʧʝʨʩʽʡʥʝ ʨʽʚʥʷʥʥʷ ʜʣʷ ʚʠʟʥʘʯʝʥʥʷ ʚʣʘʩʥʠʭ 

ʟʥʘʯʝʥʴ ʊɽ ʤʦʜ ʚ ʢʦʘʢʩʽʘʣʴʥʦʤʫ ʨʝʟʦʥʘʪʦʨʽ ʛʽʨʦʪʨʦʥʘ ʟ ʛʦʬʨʦʚʘʥʠʤ ʚʥʫʪʨʽʰʥʽʤ 

ʧʨʦʚʽʜʥʠʢʦʤ. 
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ʄʝʪʦʜ ʄʇʇ ʜʦʟʚʦʣʷʻ ʟ ʚʠʩʦʢʦʶ ʪʦʯʥʽʩʪʶ ʨʦʟʨʘʭʫʚʘʪʠ ʷʢ ʚʣʘʩʥʽ ʟʥʘʯʝʥʥʷ, ʪʘʢ 

ʽ ʧʦʣʷ ʛʦʬʨʦʚʘʥʦʾ ʩʪʨʫʢʪʫʨʠ. ʊʘʢʠʡ ʨʦʟʨʘʭʫʥʦʢ ʚʠʤʘʛʘʻ ʚʨʘʭʫʚʘʥʥʷ ʤʝʥʰʦʛʦ ʯʠʩʣʘ 

ʥʝʚʽʜʦʤʠʭ ʢʦʝʬʽʮʽʻʥʪʽʚ ʚ ʨʦʟʢʣʘʜʘʥʥʽ ʧʦʣʽʚ ʽ ʤʝʥʰʫ ʨʦʟʤʽʨʥʽʩʪʴ ʜʝʪʝʨʤʽʥʘʥʪʘ ʚ 

ʜʠʩʧʝʨʩʽʡʥʦʤʫ ʨʽʚʥʷʥʥʽ, ʥʽʞ ʚ ʤʝʪʦʜʽ ʄʇɻ. ɿʘʚʜʷʢʠ ʮʴʦʤʫ ʤʝʪʦʜ ʄʇʇ ʜʦʟʚʦʣʷʻ 

ʩʢʦʨʦʪʠʪʠ ʯʘʩ ʢʦʤʧ'ʶʪʝʨʥʠʭ ʨʦʟʨʘʭʫʥʢʽʚ. ʋ ʪʦʡ ʞʝ ʯʘʩ ʪʦʯʥʽʩʪʴ ʮʴʦʛʦ ʤʝʪʦʜʫ 

ʟʘʣʝʞʠʪʴ ʚʽʜ ʩʧʽʚʚʽʜʥʦʰʝʥʥʷ ʤʽʞ ʯʠʩʣʦʤ ʧʦʣʽʥʦʤʽʚ ɻʝʛʝʥʙʘʫʝʨʘ ʽ ʯʠʩʣʦʤ 

ʘʟʠʤʫʪʘʣʴʥʠʭ ʛʘʨʤʦʥʽʢ ɹʣʦʭʘ ʽ ʌʫʨ'ʻ. ʆʧʪʠʤʘʣʴʥʘ ʚʝʣʠʯʠʥʘ ʜʘʥʦʛʦ ʩʧʽʚʚʽʜʥʦʰʝʥʥʷ 

ʟʘʟʜʘʣʝʛʽʜʴ ʥʝʚʽʜʦʤʘ ʽ ʤʦʞʝ ʟʘʣʝʞʘʪʠ ʚʽʜ ʨʦʟʤʽʨʥʠʭ ʧʘʨʘʤʝʪʨʽʚ ʛʦʬʨʦʚʘʥʦʾ 

ʩʪʨʫʢʪʫʨʠ. 

 

1.3.5. ʄʝʪʦʜ ʩʠʥʛʫʣʷʨʥʠʭ ̔ʥʪʝʛʨʘʣʴʥʠʭ ʨʽʚʥʷʥʴ 

ɼʦ ʩʪʨʦʛʠʭ ʤʝʪʦʜʽʚ ʘʥʘʣʽʟʫ ʭʚʠʣʝʚʦʜʽʚ ʟ ʛʦʬʨʦʚʘʥʠʤʠ ʧʦʚʝʨʭʥʷʤʠ ʪʘʢʦʞ 

ʚʽʜʥʦʩʠʪʴʩʷ ʤʝʪʦʜ ʩʠʥʛʫʣʷʨʥʠʭ ʥ̔ʪʝʛʨʘʣʴʥʠʭ ʨ̔ ʚʥʷʥʴ (ʉɯʈ) [106, 115]. ɺʽʥ 

ʟʘʩʥʦʚʘʥʠʡ ʥʘ ʯʠʩʝʣʴʥʦʤʫ ʨʦʟʚ'ʷʟʢʫ ʩʠʩʪʝʤʠ ʽʥʪʝʛʨʘʣʴʥʠʭ ʨʽʚʥʷʥʴ ʧʝʨʰʦʛʦ ʨʦʜʫ, ʜʦ 

ʷʢʠʭ ʝʢʚʽʚʘʣʝʥʪʥʦ ʟʚʦʜʠʪʴʩʷ ʢʨʘʡʦʚʘ ʟʘʜʘʯʘ (1.2). ɺ [106, 115] ʤʝʪʦʜ ʉɯʈ ʙʫʚ 

ʟʘʩʪʦʩʦʚʘʥʠʡ ʜʣʷ ʨʦʟʨʘʭʫʥʢʫ ʚʣʘʩʥʠʭ ʯʘʩʪʦʪ ʽ ʧʦʣʽʚ ʢʦʘʢʩʽʘʣʴʥʦʛʦ ʨʝʟʦʥʘʪʦʨʘ 

ʛʽʨʦʪʨʦʥʘ ʟ ʛʦʬʨʦʚʘʥʦ ʁ ʚʥʫʪʨʽʰʥʴʦʶ ʚʩʪʘʚʢʦʶ, ʧʦʧʝʨʝʯʥʠʡ ʧʝʨʝʨʽʟ ʷʢʦʛʦ 

ʧʨʝʜʩʪʘʚʣʝʥʠʡ ʥʘ ʨʠʩ. 1.5. 

ʆʩʥʦʚʥʘ ʽʜʝʷ ʤʝʪʦʜʫ ʉɯʈ ʧʦʣʷʛʘʻ ʫ ʚʚʝʜʝʥʥʽ ʥʦʚʦʾ ʥʝʚʽʜʦʤʦʾ ʬʫʥʢʮʽʾ ()F j : 

 

 () ( )expn n

n

F A ikj j
¤

=-¤

=ä . (1.21) 

 

ɺʠʢʦʨʠʩʪʦʚʫʶʯʠ ʛʨʘʥʠʯʥʽ ʫʤʦʚʠ (1.3) ʥʘ ʢʦʥʪʫʨʽ ʧʦʧʝʨʝʯʥʦʛʦ ʧʝʨʝʨʽʟʫ 

ʨʝʟʦʥʘʪʦʨʘ ʽ ʫʤʦʚʠ ʥʝʧʝʨʝʨʚʥʦʩʪʽ ʧʦʣʽʚ ʥʘ ʛʨʘʥʠʮʽ ʦʙʣʘʩʪʝʡ ʚʩʝʨʝʜʠʥʽ ʽ ʟʦʚʥʽ ʛʦʬʨʽʚ, 

ʟ (1.11) ʽ (1.12) ʤʦʞʥʘ ʦʪʨʠʤʘʪʠ ʟʚ'ʷʟʦʢ ʬʫʥʢʮʽʾ ()F j  ʟ ʘʤʧʣʽʪʫʜʘʤʠ ʧʨʦʩʪʦʨʦʚʠʭ 

ʛʘʨʤʦʥʽʢ nA  ʽ nX : 
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2

2

1
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L

n n
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A F ik d
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q q q
j

-

= -ñ , (1.22) 

 () ( )( )
2

2

2
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L

L

n
n n L

L

X F d

j

j

e
q x q j q
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= +ñ , (1.23) 

ʜʝ  

 
1 2,     0

1,         0
n

n

n
e

=ëî
=ì

¸îí

 (1.24) 

 

ʘ ʪʘʢʦʞ ʩʧʽʚʚʽʜʥʦʰʝʥʥʷ: 

 

 ( ) ( ) ( ) ( )( )
0

, exp , cos 2
n nn k i n n i i n L

n n

A W C ik X W C Cxc c j c c x j j
¤ ¤

=-¤ =

¡= +ä ä , (1.25) 

 

ʜʝ ( )( ) ( ), 1 , ,W a b b G a b bn n= . 

ʇʽʜʩʪʘʚʣʷʶʯʠ ʢʦʝʬʽʮʽʻʥʪʠ (1.22), (1.23) ʚ (1.25) ʽ ʟʤʽʥʶʶʯʠ ʧʦʨʷʜʦʢ 

ʧʽʜʩʫʤʦʚʫʚʘʥʥʷ ʪʘ ʽʥʪʝʛʨʫʚʘʥʥʷ, ʤʦʞʥʘ ʦʪʨʠʤʘʪʠ ʰʫʢʘʥʝ ʽʥʪʝʛʨʘʣʴʥʝ ʨʽʚʥʷʥʥʷ 

ʧʝʨʰʦʛʦ ʨʦʜʫ ʥʘ ʚʽʜʨʽʟʢʫ: 
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,0 0
L
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-

=ñ , 2 2L Lj j j- < < , (1.26) 

ʜʝ  
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ʌʫʥʢʮʽʷ ()F j  ʽ ʚʣʘʩʥʝ ʟʥʘʯʝʥʥʷ c ʟʥʘʭʦʜʷʪʴʩʷ ʟ (1.26) ʩʪʨʦʛʠʤʠ ʯʠʩʝʣʴʥʠʤʠ 

ʤʝʪʦʜʘʤʠ, ʷʢʽ ʚʨʘʭʦʚʫʶʪʴ ʩʠʥʛʫʣʷʨʥʽʩʪʴ ʷʜʨʘ ʽʥʪʝʛʨʘʣʴʥʦʛʦ ʨʽʚʥʷʥʥʷ. ɿʥʘʶʯʠ ()F j  

ʽ c, ʤʦʞʥʘ ʟʥʘʡʪʠ ʘʤʧʣʽʪʫʜʠ nA  ʽ nX  ʘʟʠʤʫʪʘʣʴʥʠʭ ʛʘʨʤʦʥʽʢ ʟ (1.22)  ̔ (1.23) ʪʘ, 

ʚʠʢʦʨʠʩʪʦʚʫʶʯʠ (1.11) ʽ (1.12), ʚʠʟʥʘʯʠʪʠ ʩʪʨʫʢʪʫʨʫ ʧʦʣʽʚ ʊɽ ʤʦʜ ʚ ʦʙʨʘʥʦʤʫ 

ʧʦʧʝʨʝʯʥʦʤʫ ʧʝʨʝʨʽʟʽ ʢʦʘʢʩʽʘʣʴʥʦʛʦ ʨʝʟʦʥʘʪʦʨʘ ʛʽʨʦʪʨʦʥʘ ʟ ʛʦʬʨʦʚʘʥʠʤ ʚʥʫʪʨʽʰʥʽʤ 

ʧʨʦʚʽʜʥʠʢʦʤ. 

ʄʝʪʦʜ ʉɯʈ ʻ ʥʘʡʙʽʣʴʰ ʩʪʨʦʛʠʤ ʤʝʪʦʜʦʤ ʘʥʘʣʽʟʫ ʭʚʠʣʝʚʜ̔ʥʠʭ ʩʪʨʫʢʪʫʨ ʟ 

ʛʦʬʨʦʚʘʥʠʤʠ ʧʦʚʝʨʭʥʷʤʠ, ʦʩʢʽʣʴʢʠ ʚ ʥʴʦʤʫ ʚʨʘʭʦʚʫʻʪʴʩʷ ʧʦʚʥʠʡ ʥʝʩʢʽʥʯʝʥʥʠʡ 

ʥʘʙʽʨ ʟʚ'ʷʟʘʥʠʭ ʘʟʠʤʫʪʘʣʴʥʠʭ ʛʘʨʤʦʥʽʢ ɹʣʦʭʘ ʽ ʌʫʨ'ʻ. ɿʘʚʜʷʢʠ ʮʴʦʤʫ, ʧʦʨʷʜ ʟ 

ʚʠʩʦʢʦʶ ʪʦʯʥʽʩʪʶ ʨʦʟʨʘʭʫʥʢʫ ʚʣʘʩʥʠʭ ʟʥʘʯʝʥʴ, ʚʽʥ ʟʘʙʝʟʧʝʯʫʻ ʨʽʚʥʦʤʽʨʥʫ ʟʙʽʞʥʽʩʪʴ 

ʨʝʟʫʣʴʪʫʶʯʠʭ ʚʣʘʩʥʠʭ ʧʦʣʽʚ ʚʩʶʜʠ ʚʩʝʨʝʜʠʥʽ ʦʙʨʘʥʦʛʦ ʧʦʧʝʨʝʯʥʦʛʦ ʧʝʨʝʨʽʟʫ 

ʩʪʨʫʢʪʫʨʠ, ʚʢʣʶʯʘʶʯʠ ʦʙʣʘʩʪʽ ʧʦʙʣʠʟʫ ʨʝʙʝʨ ʛʦʬʨʽʚ. ʈʘʟʦʤ ʟ ʪʠʤ ʜʘʥʠʡ ʤʝʪʦʜ 

ʚʠʤʘʛʘʻ ʪʨʠʚʘʣʠʭ ʯʠʩʝʣʴʥʠʭ ʦʙʯʠʩʣʝʥʴ [110]. ɿ ʮʽʻʾ ʧʨʠʯʠʥʠ ʡʦʛʦ ʟʘʩʪʦʩʫʚʘʥʥʷ ʧʨʠ 

ʧʨʦ̒ʢʪʫʚʘʥʥʽ ʽ ʦʧʪʠʤʽʟʘʮʽʾ ʨʝʟʦʥʘʪʦʨʽʚ ʛʽʨʦʪʨʦʥʽʚ ʟʽ ʟʤʽʥʥʠʤ ʧʦʧʝʨʝʯʥʠʤ ʧʝʨʝʨʽʟʦʤ 

ʧʨʝʜʩʪʘʚʣʷʻʪʴʩʷ ʜʦʩʠʪʴ ʩʢʣʘʜʥʠʤ. 

 

1.4. ɺʠʩʥʦʚʢʠ ʜʦ ʨʦʟʜ̔ʣʫ 1 

1. ʅʘ ʧʽʜʩʪʘʚʽ ʘʥʘʣʽʟʫ ʨʦʙʽʪ ʤʦʞʥʘ ʟʨʦʙʠʪʠ ʚʠʩʥʦʚʦʢ, ʱʦ ʽʩʥʫ ̒ ʥʘʛʘʣʴʥʘ 

ʧʦʪʨʝʙʘ ʫ ʩʪʚʦʨʝʥʥʽ ʛʽʨʦʪʨʦʥʽʚ ʥʘ ʜʨʫʛʽʡ ʮʠʢʣʦʪʨʦʥʥʽʡ ʛʘʨʤʦʥʽʮʽ ʜʣʷ ʩʫʯʘʩʥʠʭ 

ʟʘʩʪʦʩʫʚʘʥʴ ʫ ʩʫʙʪʝʨʘʛʝʨʮʦʚʦʤʫ ʜʽʘʧʘʟʦʥʽ ʯʘʩʪʦʪ. ʆʜʥʫ ʽʟ ʦʩʥʦʚʥʠʭ ʧʝʨʝʰʢʦʜ ʥʘ 

ʮʴʦʤʫ ʰʣʷʭʫ ʩʢʣʘʜʘʶʪʴ ʢʦʥʢʫʨʫʶʯ ̔ʤʦʜʠ ʥʘ ʧʝʨʰʽʡ (ʬʫʥʜʘʤʝʥʪʘʣʴʥʽʡ) ʛʘʨʤʦʥʽʮʽ 

ʮʠʢʣʦʪʨʦʥʥʦʾ ʯʘʩʪʦʪʠ, ʟʙʫʜʞʝʥʥʷ ʷʢʠʭ ʝʣʝʢʪʨʦʥʥʠʤ ʧʫʯʢʦʤ ʚ ʪʨʘʜʠʮʽʡʥʠʭ 

ʨʝʟʦʥʘʪʦʨʘʭ ʥʝ ʜʦʟʚʦʣʷʻ ʜʦʩʷʛʪʠ ʙʘʞʘʥʠʭ ʨʦʙʦʯʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʛʽʨʦʪʨʦʥʽʚ ʥʘ 

ʜʨʫʛʽʡ ʮʠʢʣʦʪʨʦʥʥʽʡ ʛʘʨʤʦʥʽʮʽ. ʋ ʟʚ'ʷʟʢʫ ʟ ʮʠʤ ʦʩʦʙʣʠʚʦ ʚʘʞʣʠʚʠʤ ʜʣʷ ʩʪʚʦʨʝʥʥʷ 

ʪʘʢʠʭ ʛʽʨʦʪʨʦʥʽʚ ʩʪʘʻ ʨʦʟʨʦʙʢʘ ʚʜʦʩʢʦʥʘʣʝʥʠʭ ʪʠʧʽʚ ʨʝʟʦʥʘʪʦʨʽʚ, ʷʢʽ ʤʘʶʪʴ 

ʟʘʙʝʟʧʝʯʠʪʠ ʩʝʣʝʢʪʠʚʥʝ ʧʨʠʜʫʰʝʥʥʷ ʬʫʥʜʘʤʝʥʪʘʣʴʥʠʭ ʢʦʥʢʫʨʫʶʯʠʭ ʤʦʜ.  

2. ɹʝʨʫʯʠ ʜʦ ʫʚʘʛʠ ʯʘʩʪʦʪʦʚʠʙʽʨʢʦʚʽ ʚʣʘʩʪʠʚʦʩʪʽ ʧʦʟʜʦʚʞʥʽʭ ʛʦʬʨʽʚ, ʟʨʦʙʣʝʥʦ 

ʚʠʩʥʦʚʦʢ ʧʨʦ ʧʝʨʩʧʝʢʪʠʚʥʽʩʪʴ ʾʭʥʴʦʛʦ ʟʘʩʪʦʩʫʚʘʥʥʷ ʜʣʷ ʧʦʣʽʧʰʝʥʥʷ ʩʝʣʝʢʮʽʾ ʤʦʜ ʚ 

ʮʠʣʽʥʜʨʠʯʥʠʭ ʨʝʟʦʥʘʪʦʨʘʭ ʛʽʨʦʪʨʦʥʽʚ ʥʘ ʜʨʫʛʽʡ ʮʠʢʣʦʪʨʦʥʥʽʡ ʛʘʨʤʦʥʽʮʽ ʚ 
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ʩʫʙʪʝʨʘʛʝʨʮʦʚʦʤʫ ʜʽʘʧʘʟʦʥʽ ʯʘʩʪʦʪ. ʊʘʢʝ ʟʘʩʪʦʩʫʚʘʥʥʷ ʛʦʬʨʽʚ ʧʦʪʨʝʙʫʻ ʜʝʪʘʣʴʥʦʛʦ 

ʜʦʩʣʽʜʞʝʥʥʷ ʩʝʣʝʢʪʠʚʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʨʝʟʦʥʘʪʦʨʽʚ ʟ ʛʦʬʨʦʚʘʥʠʤʠ ʧʦʚʝʨʭʥʷʤʠ. 

ɿʘʚʜʘʥʥʷʤʠ ʮʴʦʛʦ ʜʦʩʣʽʜʞʝʥʥʷ ʻ ʚʠʟʥʘʯʝʥʥʷ ʚʧʣʠʚʫ ʛʦʬʨʽʚ ʥʘ ʚʣʘʩʥʽ ʯʘʩʪʦʪʠ, ʧʦʣʷ 

ʪʘ ʦʤʽʯʥʫ ʜʦʙʨʦʪʥʽʩʪʴ ʨʝʟʦʥʘʪʦʨʘ, ʢʦʥʚʝʨʩʽʶ ʘʟʠʤʫʪʘʣʴʥʠʭ ʙʘʟʠʩʥʠʭ ʤʦʜ, ʟʚ'ʷʟʦʢ 

ʚʣʘʩʥʠʭ ʤʦʜ ʨʝʟʦʥʘʪʦʨʘ ʟ ʛʚʠʥʪʦʚʠʤ ʝʣʝʢʪʨʦʥʥʠʤ ʧʫʯʢʦʤ, ʩʪʘʨʪʦʚʽ ʩʪʨʫʤʠ ʚʣʘʩʥʠʭ 

ʤʦʜ. ɼʘʥʘ ʜʠʩʝʨʪʘʮʽʡʥʘ ʨʦʙʦʪʘ ʧʨʠʩʚʷʯʝʥʘ ʚʠʨʽʰʝʥʥʶ ʮʠʭ ʟʘʚʜʘʥʴ.  

3. ʅʘ ʜʘʥʠʡ ʤʦʤʝʥʪ ʦʩʥʦʚʥʠʤʠ ʤʘʪʝʤʘʪʠʯʥʠʤʠ ʤʝʪʦʜʘʤʠ, ʱʦ ʥʘʡʯʘʩʪʽʰʝ 

ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ ʜʣʷ ʨʦʟʚ'ʷʟʘʥʥʷ ʟʘʜʘʯʽ ʥʘ ʚʣʘʩʥʽ ʟʥʘʯʝʥʥʷ ʨʝʟʦʥʘʪʦʨʽʚ ʟ 

ʛʦʬʨʦʚʘʥʠʤʠ ʧʦʚʝʨʭʥʷʤʠ, ʻ ʽʤʧʝʜʘʥʩʥʘ ʤʦʜʝʣʴ, ʤʝʪʦʜ ɹʣʦʭʽʚʩʴʢʠʭ ʛʘʨʤʦʥʽʢ, ʤʝʪʦʜ 

ʧʨʦʩʪʦʨʦʚʠʭ ʛʘʨʤʦʥʽʢ, ʤʝʪʦʜ ʧʝʨʝʨʦʟʢʣʘʜʘʥʥʷ ʧʦʣʽʚ ʽ ʤʝʪʦʜ ʩʠʥʛʫʣʷʨʥʠʭ 

ʽʥʪʝʛʨʘʣʴʥʠʭ ʨʽʚʥʷʥʴ. ʇʨʦʚʝʜʝʥʦ ʧʦʨʽʚʥʷʥʥʷ ʜʘʥʠʭ ʤʝʪʦʜʽʚ, ʥʘʚʝʜʝʥʦ ʾʭ ʩʠʣʴʥʽ ʪʘ 

ʩʣʘʙʢʽ ʩʪʦʨʦʥʠ. ɺʠʭʦʜʷʯʠ ʟ ʮʴʦʛʦ, ʚ ʷʢʦʩʪʽ ʦʩʥʦʚʥʦʛʦ ʤʘʪʝʤʘʪʠʯʥʦʛʦ ʤʝʪʦʜʫ ʚ 

ʜʠʩʝʨʪʘʮʽʡʥʽʡ ʨʦʙʦʪʽ ʦʙʨʘʥʦ ʤʝʪʦʜ ʧʨʦʩʪʦʨʦʚʠʭ ʛʘʨʤʦʥʽʢ, ʷʢʠʡ ʜʦʟʚʦʣʷʻ ʜʦʩʷʛʪʠ 

ʨʦʟʫʤʥʦʛʦ ʢʦʤʧʨʦʤʽʩʫ ʤʽʞ ʪʦʯʥʽʩʪʶ ʦʙʯʠʩʣʝʥʥʷ ʽ ʯʘʩʦʤ ʢʦʤʧ'ʶʪʝʨʥʠʭ ʨʦʟʨʘʭʫʥʢʽʚ. 
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ʈʆɿɼɯʃ 2 

ʄɽʊʆɼ ʇʈʆʉʊʆʈʆɺʀʍ ɻɸʈʄʆʅɯʂ ɼʃʗ ɿʅɸʍʆɼɾɽʅʅʗ ɺʃɸʉʅʀʍ 

ʄʆɼ ʍɺʀʃɽɺʆɼɯɺ ɿ ʄɽʊɸʃɽɺʀʄʀ ɻʆʌʈʆɺɸʅʀʄʀ ʇʆɺɽʈʍʅʗʄʀ 

Equation Chapter 1 Section 2 

ɻʦʬʨʫʚʘʥʥʷ ʤʦʞʝ ʟʘʩʪʦʩʦʚʫʚʘʪʠʩʷ ʜʣʷ ʧʦʣʽʧʰʝʥʥʷ ʩʝʣʝʢʪʠʚʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ 

ʨʝʟʦʥʘʪʦʨʽʚ ʛʽʨʦʪʨʦʥʽʚ. ʆʜʥʠʤ ʽʟ ʩʪʨʦʛʠʭ ʤʝʪʦʜʽʚ ʘʥʘʣʽʟʫ ʝʣʝʢʪʨʦʤʘʛʥʽʪʥʠʭ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʚ ʭʚʠʣʝʚʦʜʘʭ ʟ ʛʦʬʨʦʚʘʥʠʤʠ ʧʦʚʝʨʭʥʷʤʠ ʻ ʤʝʪʦʜ ʧʨʦʩʪʦʨʦʚʠʭ 

ʛʘʨʤʦʥʽʢ (ʄʇɻ). ɺ ʜʘʥʦʤʫ ʨʦʟʜʽʣʽ ʤʝʪʦʜ ʄʇɻ ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʜʣʷ ʟʥʘʭʦʜʞʝʥʥʷ 

ʚʣʘʩʥʠʭ ʟʥʘʯʝʥʴ ʽ ʚʣʘʩʥʠʭ ʧʦʣʽʚ ʊɽ ʽ ʊʄ ʤʦʜ ʚ ʮʠʣʽʥʜʨʠʯʥʠʭ ʭʚʠʣʝʚʦʜʘʭ ʟ 

ʛʦʬʨʦʚʘʥʠʤʠ ʧʦʚʝʨʭʥʷʤʠ. ɼʦʩʣʽʜʞʫʻʪʴʩʷ ʟʙʽʞʥʽʩʪʴ ʨʦʟʨʘʭʫʥʢʽʚ ʤʝʪʦʜʦʤ ʄʇɻ ʚ 

ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ ʧʘʨʘʤʝʪʨʽʚ ʭʚʠʣʝʚʦʜʽʚ ʽ ʢʽʣʴʢʦʩʪʽ ʚʨʘʭʦʚʘʥʠʭ ʧʨʦʩʪʦʨʦʚʠʭ ʛʘʨʤʦʥʽʢ. 

ɼʣʷ ʧʦʨʽʚʥʷʥʥʷ ʥʘʚʦʜʷʪʴʩʷ ʨʝʟʫʣʴʪʘʪʠ ʽʥʰʠʭ ʤʝʪʦʜʽʚ ï ʽʤʧʝʜʘʥʩʥʦʾ ʤʦʜʝʣʽ (ɯʄ), 

ʤʝʪʦʜʫ ɹʣʦʭʽʚʩʴʢʠʭ ʛʘʨʤʦʥʽʢ (ʄɹɻ), ʽ ʪʘʢʦʞ ʤʝʪʦʜʫ ʧʝʨʝʨʦʟʢʣʘʜʘʥʥʷ ʚʣʘʩʥʠʭ ʧʦʣʽʚ 

(ʄʇʇ). 

 

2.1. ʇʨʝʜʩʪʘʚʣʝʥʥʷ ʝʣʝʢʪʨʦʤʘʛʥʽʪʥʠʭ ʧʦʣʽʚ ʚ ʚʠʩʦʢʦʯʘʩʪʦʪʥʠʭ ʚʘʢʫʫʤʥʠʭ 

ʩʪʨʫʢʪʫʨʘʭ 

ʈʦʟʛʣʷʥʝʤʦ ʝʣʝʢʪʨʦʤʘʛʥʽʪʥʽ ʭʚʠʣʽ ʚ ʚʠʩʦʢʦʯʘʩʪʦʪʥʠʭ ʚʘʢʫʫʤʥʠʭ ʩʪʨʫʢʪʫʨʘʭ, 

ʷʢʽ ʤʘʶʪʴ ʤʝʪʘʣʝʚʽ ʧʦʚʝʨʭʥʽ ʽ ʻ ʦʜʥʦʨʽʜʥʠʤʠ ʚʟʜʦʚʞ ʦʩʽ Z. ʇʦʰʠʨʝʥʥʷ ʪʘʢʠʭ ʭʚʠʣʴ 

ʚ ʩʠʩʪʝʤʘʭ, ʜʝ ʚʽʜʩʫʪʥʽ ʚʽʣʴʥʽ ʟʘʨʷʜʠ ʽ ʩʪʨʫʤʠ, ʦʧʠʩʫʻʪʴʩʷ ʨʽʚʥʷʥʥʷʤʠ ʄʘʢʩʚʝʣʣʘ, 

ʱʦ ʤʘʶʪʴ ʚʠʛʣʷʜ [116]: 

 

 
1 1

,   ,   0,   0
E B

rotB rotE divB divE
c t c t

µ µ
= =- = =
µ µ

.  (2.1) 

 

ʅʘʧʨʫʞʝʥʽʩʪʴ ʝʣʝʢʪʨʠʯʥʦʛʦ ʧʦʣʷ E  ʪʘ ʽʥʜʫʢʮʽʶ ʤʘʛʥʽʪʥʦʛʦ ʧʦʣʷ B  ʚ 

ʮʠʣʽʥʜʨʠʯʥʽʡ ʩʠʩʪʝʤʽ ʢʦʦʨʜʠʥʘʪ ( ), ,r zj  ʙʫʜʝʤʦ ʰʫʢʘʪʠ ʫ ʚʠʛʣʷʜʽ: 

 

 ( ) ( ) ( ), , exp zE r t E r i t ik zj w= - + , (2.2) 



54 

 ( ) ( ) ( ), , exp zB r t B r i t ik zj w= - + , (2.3) 

 

ʜʝ w ʪʘ zk  ï ʢʨʫʛʦʚʘ ʯʘʩʪʦʪʘ ʽ ʧʦʟʜʦʚʞʥʻ ʭʚʠʣʴʦʚʝ ʯʠʩʣʦ ʝʣʝʢʪʨʦʤʘʛʥʽʪʥʦʾ ʭʚʠʣʽ, 

ʚʽʜʧʦʚʽʜʥʦ. ʅʘʜʘʣʽ ʦʧʫʩʪʠʤʦ ʝʢʩʧʦʥʝʥʪʥʠʡ ʤʥʦʞʥʠʢ ( )exp zi t ik zw- + . 

ɼʣʷ ʘʥʘʣʽʟʫ ʚʠʩʦʢʦʯʘʩʪʦʪʥʦʾ ʩʪʨʫʢʪʫʨʠ ʩʢʦʨʠʩʪʘʻʤʦʩʷ ʧʨʝʜʩʪʘʚʣʝʥʥʷʤ 

ʧʦʟʜʦʚʞʥʽʭ ʢʦʤʧʦʥʝʥʪ ʧʦʣʷ ( ),zB r j  ʽ ( ),zE r j  ʯʝʨʝʟ ʤʝʤʙʨʘʥʥʽ ʬʫʥʢʮʽʾ ( ),r jY  ʪʘ 

( ),r jF   

 

 ( ) ( )2, ,zB r k rj j^= Y , (2.4) 

 ( ) ( )2, ,zE r k rj j^= F , (2.5) 

 

ʘ ʪʘʢʦʞ ʚʠʨʘʟʠʤʦ ʯʝʨʝʟ ʥʠʭ ʧʦʧʝʨʝʯʥʽ ʢʦʤʧʦʥʝʥʪʠ ʧʦʣʷ ʝʣʝʢʪʨʦʤʘʛʥʽʪʥʦʾ ʭʚʠʣʽ: 

 

  
r z

ik
E ik

r rj

µY µF
= +
µ µ

, (2.6) 
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ʜʝ 2 2

zk k k^= - , k cw=  ï ʭʚʠʣʴʦʚʝ ʯʠʩʣʦ ʚ ʚʘʢʫʫʤʽ. 

ɺʠʢʦʨʠʩʪʦʚʫʶʯʠ ʧʨʝʜʩʪʘʚʣʝʥʥʷ ʜʣʷ ʧʦʣʽʚ (2.4) ʪʘ (2.5), ʟ ʩʠʩʪʝʤʠ ʨʽʚʥʷʥʴ (2.1) 

ʟʥʘʭʦʜʠʤʦ ʜʚʦʤʽʨʥʽ ʭʚʠʣʴʦʚʽ ʨʽʚʥʷʥʥʷ (ʨʽʚʥʷʥʥʷ ɻʝʣʴʤʛʦʣʴʮʘ) ʜʣʷ ʤʝʤʙʨʘʥʥʠʭ 

ʬʫʥʢʮʽʡ: 

 

 ( )2 0k^ ^D + Y=, (2.10) 

 ( )2 0k^ ^D + F=. (2.11) 
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ʉʧʦʯʘʪʢʫ ʧʦʚʝʨʭʥʶ ʭʚʠʣʝʚʦʜʫ ʙʫʜʝʤʦ ʚʚʘʞʘʪʠ ʽʜʝʘʣʴʥʦ ʧʨʦʚʽʜʥʦʶ. ʅʘ ʪʘʢʽʡ 

ʧʦʚʝʨʭʥʽ ʪʘʥʛʝʥʮʽʘʣʴʥʘ ʩʢʣʘʜʦʚʘ ʝʣʝʢʪʨʠʯʥʦʛʦ ʧʦʣʷ ʭʚʠʣʽ ʧʦʚʠʥʥʘ ʜʦʨʽʚʥʶʚʘʪʠ 

ʥʫʣʶ (0Et= ) [117]. ɺʠʢʦʨʠʩʪʦʚʫʶʯʠ ʮʝ, ʚʠʟʥʘʯʠʤʦ ʫʤʦʚʠ ʜʣʷ ʤʝʤʙʨʘʥʥʠʭ ʬʫʥʢʮʽʡ 

Y ʪʘ F ʥʘ ʛʨʘʥʠʮʽ ʽʜʝʘʣʴʥʦ ʧʨʦʚʽʜʥʦʛʦ ʭʚʠʣʝʚʦʜʫ. ɼʣʷ ʮʴʦʛʦ ʚʚʝʜʝʤʦ ʥʘ ʢʦʥʪʫʨʽ 

ʧʦʧʝʨʝʯʥʦʛʦ ʧʝʨʝʨʽʟʫ C  ʭʚʠʣʝʚʦʜʫ ʥʘʧʨʷʤʢʠ l  ʽ n : l  ʥʘʧʨʘʚʣʝʥʦ ʚʟʜʦʚʞ ʢʦʥʪʫʨʫ, n  

ʥʘʧʨʘʚʣʝʥʦ ʧʦ ʥʦʨʤʘʣʽ ʜʦ ʧʦʚʝʨʭʥʽ ʤʝʪʘʣʫ. ʋ ʧʦʟʜʦʚʞʥʴʦ-ʦʜʥʦʨʽʜʥʦʤʫ ʭʚʠʣʝʚʦʜʽ 

ʪʘʥʛʝʥʮʽʘʣʴʥʠʤʠ ʩʢʣʘʜʦʚʠʤʠ ʝʣʝʢʪʨʠʯʥʦʛʦ ʧʦʣʷ ʥʘ ʛʨʘʥʠʮʽ ʭʚʠʣʝʚʦʜʫ ʻ ʢʦʤʧʦʥʝʥʪʠ 

lE  ʪʘ zE , ʷʢʽ ʚʽʜʧʦʚʽʜʥʦ ʜʦ (2.7) ʽ (2.5) ʤʘʶʪʴ ʚʠʛʣʷʜ: 

 

 z
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ik
E ik

n r l

µY µFå õ
= - +æ ö

µ µç ÷
,  (2.12) 

  2

zE k̂= F. (2.13) 

 

ɺ ʨʝʟʫʣʴʪʘʪʽ ʛʨʘʥʠʯʥʽ ʫʤʦʚʠ ʜʣʷ ʤʝʤʙʨʘʥʥʠʭ ʬʫʥʢʮʽʡ ʥʘ ʧʦʚʝʨʭʥʽ ʽʜʝʘʣʴʥʦ 

ʧʨʦʚʽʜʥʦʛʦ ʭʚʠʣʝʚʦʜʫ ʧʨʠʡʤʘʶʪʴ ʪʘʢʠʡ ʚʠʛʣʷʜ [117]: 

 

 0
Cn

µY
=

µ
 (ʛʨʘʥʠʯʥʘ ʫʤʦʚʘ ʅʝʡʤʘʥʘ),  (2.14) 

 0
C
F =  (ʛʨʘʥʠʯʥʘ ʫʤʦʚʘ ɼʽʨʽʭʣʝ). (2.15) 

 

ʊʘʢʠʤ ʯʠʥʦʤ, ʟʘʜʘʯʘ ʥʘ ʚʣʘʩʥʽ ʟʥʘʯʝʥʥʷ ʧʦʟʜʦʚʞʥʴʦ-ʦʜʥʦʨʽʜʥʦʛʦ ʚʘʢʫʫʤʥʦʛʦ 

ʭʚʠʣʝʚʦʜʫ ʟ ʽʜʝʘʣʴʥʦ ʧʨʦʚʽʜʥʠʤʠ ʩʪʽʥʢʘʤʠ ʟʚʦʜʠʪʴʩʷ ʜʦ ʥʝʟʘʣʝʞʥʠʭ ʟʘʜʘʯ ʜʣʷ 

ʤʝʤʙʨʘʥʥʠʭ ʬʫʥʢʮʽʡ Y ʪʘ F. ʗʢ ʥʘʩʣʽʜʦʢ, ʚ ʪʘʢʦʤʫ ʭʚʠʣʝʚʦʜʽ ʤʦʞʣʠʚʝ ʧʦʰʠʨʝʥʥʷ 

ʭʚʠʣʴ ʜʚʦʭ ʪʠʧʽʚ: ʧʦʧʝʨʝʯʥʦ-ʝʣʝʢʪʨʠʯʥʠʭ ʭʚʠʣʴ (ʊɽ-ʭʚʠʣʴ) ʽ ʧʦʧʝʨʝʯʥʦ-ʤʘʛʥʽʪʥʠʭ 

ʭʚʠʣʴ (ʊʄ-ʭʚʠʣʴ). ɼʣʷ ʊɽ-ʭʚʠʣʴ 0F=  ( 0zE = ), 0Y¸, ʘ ʾʭ ʧʦʧʝʨʝʯʥʽ ʭʚʠʣʴʦʚʽ 

ʯʠʩʣʘ k^ ʟʥʘʭʦʜʷʪʴʩʷ ʟ ʨʽʚʥʷʥʥʷ (2.10) ʟ ʛʨʘʥʠʯʥʦʶ ʫʤʦʚʦʶ (2.14). ɼʣʷ ʊʄ-ʭʚʠʣʴ 

0Y=  ( 0zB = ), 0F¸, ʘ ʾʭ ʧʦʧʝʨʝʯʥʽ ʭʚʠʣʴʦʚʽ ʯʠʩʣʘ ʟʘʜʦʚʦʣʴʥʷʶʪʴ ʨʽʚʥʷʥʥʷʤ (2.11) 

ʽ (2.15). 



56 

ɺʨʘʭʫʻʤʦ ʩʢʽʥʯʝʥʥʽʩʪʴ ʧʨʦʚʽʜʥʦʩʪʽ ʤʝʪʘʣʝʚʦʾ ʧʦʚʝʨʭʥʽ ʭʚʠʣʝʚʦʜʫ. ɼʣʷ ʤʝʪʘʣʽʚ 

ʚ ʤʽʣʽʤʝʪʨʦʚʦʤʫ ʪʘ ʩʫʙʤʽʣʽʤʝʪʨʦʚʦʤʫ ʜʽʘʧʘʟʦʥʘʭ ʜʦʚʞʠʥ ʭʚʠʣʴ ʧʨʠʜʘʪʥʠʤ ʻ ʤʝʪʦʜ 

ʪʝʦʨʽʾ ʟʙʫʨʝʥʴ [118], ʷʢʠʡ ʚʩʪʘʥʦʚʣʶʻ ʟʚ'ʷʟʦʢ ʤʽʞ ʧʦʧʝʨʝʯʥʠʤʠ ʭʚʠʣʴʦʚʠʤʠ ʯʠʩʣʘʤʠ 

k^ ʪʘ ak^  ʜʣʷ ʝʣʝʢʪʨʦʤʘʛʥʽʪʥʦʾ ʭʚʠʣʽ, ʱʦ ʨʦʟʧʦʚʩʶʜʞʫʻʪʴʩʷ ʚ ʽʜʝʘʣʴʥʦ ʧʨʦʚʽʜʥʦʤʫ 

ʭʚʠʣʝʚʦʜʽ ʽ ʭʚʠʣʝʚʦʜʽ ʟ ʤʝʪʘʣʝʚʦʶ ʧʦʚʝʨʭʥʝʶ, ʚʽʜʧʦʚʽʜʥʦ. ɼʣʷ ʊɽ ʽ ʊʄ ʭʚʠʣʴ ʮʝʡ 

ʟʚ'ʷʟʦʢ ʤʘʻ ʪʘʢʠʡ ʚʠʛʣʷʜ [118]: 
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ʜʝ 02sd wms=  ï ʛʣʠʙʠʥʘ ʩʢʽʥ-ʰʘʨʘ, s ï ʧʠʪʦʤʘ ʝʣʝʢʪʨʦʧʨʦʚʽʜʥʽʩʪʴ ʤʘʪʝʨʽʘʣʫ 

ʭʚʠʣʝʚʦʜʫ, S ʪʘ ʉ ï ʧʣʦʱʘ ʪʘ ʢʦʥʪʫʨ ʧʦʧʝʨʝʯʥʦʛʦ ʧʝʨʝʨʽʟʫ ʭʚʠʣʝʚʦʜʫ, ʚʽʜʧʦʚʽʜʥʦ. 

ɿʘʛʘʩʘʥʥʷ ʤʦʜʠ ʫ ʤʝʪʘʣʝʚʦʤʫ ʚʘʢʫʫʤʥʦʤʫ ʭʚʠʣʝʚʦʜʽ ʤʦʞʥʘ ʭʘʨʘʢʪʝʨʠʟʫʚʘʪʠ 

ʟʘ ʜʦʧʦʤʦʛʦʶ ʦʤʽʯʥʦʾ ʜʦʙʨʦʪʥʦʩʪʽ ohmQ , ʦʙʝʨʥʝʥʦ ʧʨʦʧʦʨʮʽʡʥʦʾ ʜʦ ʚʝʣʠʯʠʥʠ 

ʦʤʽʯʥʠʭ ʚʪʨʘʪ. ʇʦʙʣʠʟʫ ʯʘʩʪʦʪʠ ʚʽʜʩʽʯʢʠ ʦʤʽʯʥʘ ʜʦʙʨʦʪʥʽʩʪʴ ʨʝʟʦʥʘʪʦʨʘ 

ʦʙʯʠʩʣʶʻʪʴʩʷ ʟʘ ʪʘʢʦʶ ʬʦʨʤʫʣʦʶ: 
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2.2. ʊɽ ʤʦʜʠ ʚ ʮʠʣʽʥʜʨʠʯʥʠʭ ʛʦʬʨʦʚʘʥʠʭ ʭʚʠʣʝʚʦʜʘʭ 

2.2.1. ʄʘʪʝʤʘʪʠʯʥʘ ʤʦʜʝʣʴ 

ʈʦʟʛʣʷʥʝʤʦ TE-ʤʦʜʫ ʮʠʣʽʥʜʨʠʯʥʦʛʦ ʭʚʠʣʝʚʦʜʫ ʧʦʩʪʽʡʥʦʛʦ ʧʝʨʝʨʽʟʫ ʟ ʽʜʝʘʣʴʥʦ 

ʧʨʦʚʽʜʥʦʶ ʛʦʬʨʦʚʘʥʦʶ ʧʦʚʝʨʭʥʝʶ (ʨʠʩ. 2.1). ɿ ʫʨʘʭʫʚʘʥʥʷʤ ʫʤʦʚʠ 0F= , 
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ʢʦʤʧʦʥʝʥʪʠ ʝʣʝʢʪʨʦʤʘʛʥʽʪʥʦʛʦ ʧʦʣʷ (2.4)-(2.9) ʜʣʷ ʊɽ-ʤʦʜʠ ʧʨʠʡʤʘʶʪʴ ʥʘʩʪʫʧʥʠʡ 

ʚʠʛʣʷʜ: 
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ʈʠʩ. 2.1. ʇʦʧʝʨʝʯʥʠʡ ʧʝʨʝʨʽʟ ʮʠʣʽʥʜʨʠʯʥʦʛʦ ʭʚʠʣʝʚʦʜʫ ʟ ʧʦʟʜʦʚʞʥʽʤʠ ʛʦʬʨʘʤʠ ʥʘ 

ʩʪʽʥʢʘʭ. 

 

ɼʣʷ ʨʦʟʚ'ʷʟʢʫ ʟʘʜʘʯʽ ʥʘ ʚʣʘʩʥʽ ʟʥʘʯʝʥʥʷ (2.10) ʪʘ (2.14) ʩʢʦʨʠʩʪʘʻʤʦʩʷ ʤʝʪʦʜʦʤ 

ʧʨʦʩʪʦʨʦʚʠʭ ʛʘʨʤʦʥʽʢ (ʄʇɻ) [105, 109]. ʇʦʧʝʨʝʯʥʠʡ ʧʝʨʝʨʽʟ ʭʚʠʣʝʚʦʜʫ ʨʦʟʜʽʣʠʤʦ 

ʥʘ ʜʚʽ ʦʙʣʘʩʪʽ (ʜʠʚ. ʨʠʩ. 1.4) ï ʢʘʥʘʣ ʭʚʠʣʝʚʦʜʫ (ʦʙʣʘʩʪʴ 1) ʪʘ ʦʙʣʘʩʪʴ ʚʩʝʨʝʜʠʥʽ 

ʛʦʬʨʽʚ (ʦʙʣʘʩʪʴ 2). ʄʝʤʙʨʘʥʥʘ ʬʫʥʢʮʽʷ Y ʚ ʦʙʣʘʩʪʷʭ 1 ʪʘ 2 ʤʦʞʝ ʙʫʪʠ ʧʨʝʜʩʪʘʚʣʝʥʘ 

ʷʢ ʩʫʧʝʨʧʦʟʠʮʽʷ ʘʟʠʤʫʪʘʣʴʥʠʭ ʛʘʨʤʦʥʽʢ ɹʣʦʭʘ ʪʘ ʌʫʨ'ʻ, ʚʽʜʧʦʚʽʜʥʦ: 
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, nk m nN= + , m ï ʘʟʠʤʫʪʘʣʴʥʠʡ ʽʥʜʝʢʩ ʤʦʜʠ, N  ï ʢʽʣʴʢʽʩʪʴ 

ʧʦʟʜʦʚʞʥʽʭ ʛʦʬʨʽʚ, 0dR R d= +, d  ï ʛʣʠʙʠʥʘ ʛʦʬʨʘ, 
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ɹʝʩʩʝʣʷ ʪʘ ʅʝʡʤʘʥʘ m-ʛʦ ʧʦʨʷʜʢʫ, ʚʽʜʧʦʚʽʜʥʦ. ɺʘʨʪʦ ʟʘʫʚʘʞʠʪʠ, ʱʦ ʮʠʣʽʥʜʨʠʯʥʽ 

ʬʫʥʢʮʽʾ ʚʭʦʜʷʪʴ ʚ (2.21) ʫ ʚʠʛʣʷʜʽ ʚʽʜʥʦʰʝʥʴ ()nf r  ʪʘ ()lg r . ʗʢ ʙʫʜʝ ʧʦʢʘʟʘʥʦ 

ʥʠʞʯʝ, ʪʘʢʠʡ ʚʠʙʽʨ ʚʠʛʣʷʜʫ ʨʦʟʢʣʘʜʘʥʴ (2.21) ʜʦʟʚʦʣʷʻ ʫʥʠʢʥʫʪʠ ʪʨʫʜʥʦʱʽʚ, 

ʧʦʚ'ʷʟʘʥʠʭ ʽʟ ʯʠʩʣʦʚʠʤ ʨʦʟʨʘʭʫʥʢʦʤ ʬʫʥʢʮʽʡ ɹʝʩʩʝʣʷ ʪʘ ʅʝʡʤʘʥʘ ʚʠʩʦʢʦʛʦ ʧʦʨʷʜʢʫ. 

ʄʝʤʙʨʘʥʥʘ ʬʫʥʢʮʽʷ (2.21) ʘʚʪʦʤʘʪʠʯʥʦ ʟʘʜʦʚʦʣʴʥʷʻ ʭʚʠʣʴʦʚʦʤʫ ʨʽʚʥʷʥʥʶ 

(2.10), ʫʤʦʚʽ ɹʣʦʭʘ ʚ ʢʘʥʘʣʽ ʭʚʠʣʝʚʦʜʫ ʪʘ ʛʨʘʥʠʯʥʠʤ ʫʤʦʚʘʤ ʥʘ ʧʦʚʝʨʭʥʽ ʛʦʬʨʽʚ. 

ʂʨʽʤ ʪʦʛʦ, ʥʘ ʛʨʘʥʠʮʽ 0r R=  ʤʘʶʪʴ ʚʠʢʦʥʫʚʘʪʠʩʷ ʫʤʦʚʠ ʥʝʧʝʨʝʨʚʥʦʩʪʽ ʪʘ ʛʨʘʥʠʯʥʽ 

ʫʤʦʚʠ ʜʣʷ ʢʦʤʧʦʥʝʥʪ ʧʦʣʷ zB  ʪʘ Ej: 
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ɿ ʫʨʘʭʫʚʘʥʥʷʤ (2.19)-(2.20) ʮʽ ʫʤʦʚʠ ʧʨʠʡʤʘʶʪʴ ʥʘʩʪʫʧʥʠʡ ʚʠʛʣʷʜ: 
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ɺʠʢʦʨʠʩʪʦʚʫʶʯʠ ʧʨʝʜʩʪʘʚʣʝʥʥʷ (2.21), ʦʪʨʠʤʫʻʤʦ: 
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ʜʝ ( )0n nf f R= , ( )0l lg g R= . 

ʇʦʤʥʦʞʫʶʯʠ ʨʽʚʥʷʥʥʷ (2.26) ʪʘ (2.27) ʥʘ ʬʫʥʢʮʽʾ ( )( )cos 2j Lx j j+  ʽ qik
e

j-
 ʪʘ 

ʽʥʪʝʛʨʫʶʯʠ ʨʝʟʫʣʴʪʘʪ ʧʦ ʟʤʽʥʥʽʡ j ʥʘ ̔ʥʪʝʨʚʘʣʽ ( )2,  2L Lj j-  ʽ ( )2,  2S Sj j- , 

ʚʽʜʧʦʚʽʜʥʦ, ʦʪʨʠʤʫʻʤʦ: 
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ɹʘʟʠʩʥʽ ʘʟʠʤʫʪʘʣʴʥʽ ʬʫʥʢʮʽʾ ʟʘʜʦʚʦʣʴʥʷʶʪʴ ʫʤʦʚʘʤ ʦʨʪʦʛʦʥʘʣʴʥʦʩʪʽ: 
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ɺʠʢʦʨʠʩʪʦʚʫʶʯʠ (2.28)-(2.31), ʦʪʨʠʤʫʻʤʦ ʩʠʩʪʝʤʫ ʣʽʥʽʡʥʠʭ ʘʣʛʝʙʨʘʾʯʥʠʭ 

ʨʽʚʥʷʥʴ ʜʣʷ ʥʝʚʽʜʦʤʠʭ ʢʦʝʬʽʮʽʻʥʪʽʚ nA  ʪʘ lX : 
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ijd  ï ʩʠʤʚʦʣ ʂʨʦʥʝʢʝʨʘ. 

ɺʨʘʭʦʚʫʶʯʠ ʚ (2.32) ʩʢʽʥʯʝʥʥʝ ʯʠʩʣʦ ʧʨʦʩʪʦʨʦʚʠʭ ʛʘʨʤʦʥʽʢ, ʦʪʨʠʤʘʻʤʦ 

ʩʠʩʪʝʤʫ ʨʽʚʥʷʥʴ ʜʣʷ ( )2 1BN +  ʪʘ ( )1FN +  ʥʝʚʽʜʦʤʠʭ ʘʤʧʣʽʪʫʜ nA  ʪʘ lX  ʛʘʨʤʦʥʽʢ 

ɹʣʦʭʘ ʽ ʌʫʨ',̒ ʚʽʜʧʦʚʽʜʥʦ: 
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ʉʠʩʪʝʤʘ ʨʽʚʥʷʥʴ (2.33) ʤʘʻ ʥʝʪʨʠʚʽʘʣʴʥʠʡ ʨʦʟʚ'ʷʟʦʢ, ʷʢʱʦ ʜʝʪʝʨʤʽʥʘʥʪ ʾʾ 

ʤʘʪʨʠʮʽ ʜʦʨʽʚʥʶʻ ʥʫʣʶ. ʎʷ ʫʤʦʚʘ ʷʚʣʷʻ ʩʦʙʦʶ ʜʠʩʧʝʨʩʽʡʥʝ ʨʽʚʥʷʥʥʷ ʜʣʷ 

ʟʥʘʭʦʜʞʝʥʥʷ ʚʣʘʩʥʠʭ ʟʥʘʯʝʥʴ 0k Rc ^=  ʊɽ-ʤʦʜ ʛʦʬʨʦʚʘʥʦʛʦ ʭʚʠʣʝʚʦʜʫ. ɿʥʘʡʜʝʥʽ 

ʚʣʘʩʥʽ ʟʥʘʯʝʥʥʷ ʜʦʟʚʦʣʷʶʪʴ ʚʩʪʘʥʦʚʠʪʠ ʚʠʜ ʤʝʤʙʨʘʥʥʠʭ ʬʫʥʢʮʽʡ ʽ 

ʝʣʝʢʪʨʦʤʘʛʥʽʪʥʠʭ ʧʦʣʽʚ ʊɽ-ʤʦʜ. ʈʝʟʫʣʴʪʘʪʠ ʽʤʧʝʜʘʥʩʥʦʾ ʤʦʜʝʣʽ ɯʄ ʤʦʞʫʪʴ ʙʫʪʠ 

ʦʪʨʠʤʘʥʽ ʟ (2.33) ʚ ʛʨʘʥʠʯʥʦʤʫ ʚʠʧʘʜʢʫ 0B FN N= =. ɺ ʮʴʦʤʫ ʚʠʧʘʜʢʫ ʜʠʩʧʝʨʩʽʡʥʝ 

ʨʽʚʥʷʥʥʷ ʜʣʷ ʊɽ-ʤʦʜ ʛʦʬʨʦʚʘʥʦʛʦ ʭʚʠʣʝʚʦʜʫ ʧʨʠʡʤʘʻ ʚʠʜ [105] 
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ʊʦʯʥʽʩʪʴ ʤʝʪʦʜʫ ʧʨʦʩʪʦʨʦʚʠʭ ʛʘʨʤʦʥʽʢ ʚʠʟʥʘʯʘʻʪʴʩʷ ʢʽʣʴʢʽʩʪʶ ʯʣʝʥʽʚ, ʷʢʽ 

ʚʨʘʭʦʚʫʶʪʴʩʷ ʚ ʩʫʤʘʭ (2.21), ʪʦʙʪʦ ʚʝʣʠʯʠʥʘʤʠ BN  ʽ FN . ʇʨʠ ʮʴʦʤʫ ʟʙʽʣʴʰʝʥʥʷ BN  

ʽ FN  ʥʝʤʠʥʫʯʝ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʧʦʷʚʠ ʚ (2.21) ʽ (2.33) ʬʫʥʢʮʽʡ ɹʝʩʩʝʣʷ ʽ ʅʝʡʤʘʥʘ 

ʚʠʩʦʢʦʛʦ ʧʦʨʷʜʢʫ (1nk m nN= + >>, 1l Llx p j= >>), ʱʦ ʚʠʢʣʠʢʘʻ ʪʨʫʜʥʦʱʽ ʚ 

ʯʠʩʝʣʴʥʠʭ ʨʦʟʨʘʭʫʥʢʘʭ. ɼʣʷ ʚʠʨʽʰʝʥʥʷ ʜʘʥʦʾ ʧʨʦʙʣʝʤʠ ʩʢʦʨʠʩʪʘʻʤʦʩʷ 

ʨʦʟʢʣʘʜʘʥʥʷʤʠ ʮʠʣʽʥʜʨʠʯʥʠʭ ʬʫʥʢʮʽʡ ʚ ʨʷʜ ʧʦ ʩʪʝʧʝʥʝʚʠʤ ʬʫʥʢʮʽʷʤ [119]. ɼʣʷ 
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ʬʫʥʢʮʽʡ ɹʝʩʩʝʣʷ ʽ ʅʝʡʤʘʥʘ, ʘ ʪʘʢʦʞ ʾʭ ʧʦʭʽʜʥʠʭ, ʮʽ ʨʦʟʢʣʘʜʘʥʥʷ ʤʘʶʪʴ ʥʘʩʪʫʧʥʠʡ 

ʚʠʛʣʷʜ: 
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ʆʩʢʽʣʴʢʠ ʮʠʣʽʥʜʨʠʯʥʽ ʬʫʥʢʮʽʾ ʚʭʦʜʷʪʴ ʚ (2.21) ʽ (2.33) ʷʢ ʚʽʜʥʦʰʝʥʥʷ, ʾʭ 

ʧʨʝʜʩʪʘʚʣʝʥʥʷ ʫ ʚʠʛʣʷʜʽ (2.35)-(2.38) ʜʦʟʚʦʣʷʶʪʴ ʫʥʠʢʥʫʪʠ ʪʨʫʜʥʦʱʽʚ, ʧʦʚ'ʷʟʘʥʠʭ ʟ 

ʦʙʯʠʩʣʝʥʥʷʤ ʬʫʥʢʮʽʡ ɹʝʩʩʝʣʷ ʽ ʅʝʡʤʘʥʘ ʚʠʩʦʢʦʛʦ ʧʦʨʷʜʢʫ. 

 

2.2.2. ɿʙʽʞʥʽʩʪʴ ʨʦʟʨʘʭʫʥʢʽʚ ʤʝʪʦʜʦʤ ʄʇɻ ʧʨʠ ʨʦʟʚ'ʷʟʢʫ ʟʘʜʘʯʽ ʥʘ ʚʣʘʩʥʽ 

ʟʥʘʯʝʥʥʷ ʜʣʷ ʛʦʬʨʦʚʘʥʠʭ ʭʚʠʣʝʚʦʜʽʚ 

ɼʦʩʣʽʜʠʤʦ ʪʦʯʥʽʩʪʴ ʤʝʪʦʜʫ ʧʨʦʩʪʦʨʦʚʠʭ ʛʘʨʤʦʥʽʢ ʥʘ ʧʨʠʢʣʘʜʽ ʤʦʜʠ ʊɽ8,3, ʱʦ 

ʨʦʟʧʦʚʩʶʜʞʫʻʪʴʩʷ ʫ ʛʦʬʨʦʚʘʥʦʤʫ ʭʚʠʣʝʚʦʜʽ ʟ ʥʘʩʪʫʧʥʠʤʠ ʧʘʨʘʤʝʪʨʘʤʠ: 20N= , 

0 0.215R =  ʩʤ, 0.5L Sj j= , 0.02d=  ʩʤ. ɿʘʣʝʞʥʽʩʪʴ ʚʝʣʠʯʠʥʠ ʚʣʘʩʥʦʛʦ ʟʥʘʯʝʥʥʷ 

0k Rc ^=  ʚʽʜ ʢʽʣʴʢʦʩʪʽ ʚʨʘʭʦʚʘʥʠʭ ʧʨʦʩʪʦʨʦʚʠʭ ʛʘʨʤʦʥʽʢ h B FN N N= =  ʧʨʝʜʩʪʘʚʣʝʥʘ 

ʥʘ ʨʠʩ. 2.2. 
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ʈʠʩ. 2.2. ɺʣʘʩʥʝ ʟʥʘʯʝʥʥʷ c ʚ ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ hN  ʜʣʷ ʤʦʜʠ TE8,3 ʚ ʮʠʣʽʥʜʨʠʯʥʦʤʫ 

ʭʚʠʣʝʚʦʜʽ ʟ ʧʦʟʜʦʚʞʥʽʤʠ ʛʦʬʨʘʤʠ ʥʘ ʩʪʽʥʮʽ. 

 

ɼʣʷ ʦʮʽʥʢʠ ʟʙʽʞʥʦʩʪʽ ʨʦʟʨʘʭʫʥʢʽʚ ʚʚʝʜʝʤʦ ʚʽʜʥʦʩʥʫ ʧʦʭʠʙʢʫ ʦʙʯʠʩʣʝʥʥʷ 

ʚʣʘʩʥʦʛʦ ʟʥʘʯʝʥʥʷ c ʜʦʩʣʽʜʞʫʚʘʥʦʾ ʤʦʜʠ ʊɽ8,3 ʚ ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ hN : 
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ɿʘʣʝʞʥʽʩʪʴ ( )hNcz  ʧʨʝʜʩʪʘʚʣʝʥʘ ʥʘ ʨʠʩ. 2.3. ʇʨʠ 0FN =  ʨʦʟʨʘʭʫʥʦʢ ʚʣʘʩʥʦʛʦ 

ʟʥʘʯʝʥʥʷ c ʚʽʜʧʦʚʽʜʘʻ ʩʧʨʦʱʝʥʽʡ ʤʦʜʝʣʽ ʧʦʚʝʨʭʥʝʚʦʛʦ ʽʤʧʝʜʘʥʩʫ ɯʄ (ʜʠʚ. (2.34)) ʽ 

ʤʘʻ ʤʘʢʩʠʤʘʣʴʥʫ ʧʦʭʠʙʢʫ (() 20 10cz
-= ). ɿʙʽʣʴʰʝʥʥʷ ʢʽʣʴʢʦʩʪʽ ʧʨʦʩʪʦʨʦʚʠʭ 

ʛʘʨʤʦʥʽʢ BN  ʽ FN  ʧʦʤʽʪʥʦ ʧʽʜʚʠʱʫʻ ʪʦʯʥʽʩʪʴ ʤʝʪʦʜʫ ʄʇɻ. ɺʽʜʥʦʩʥʘ ʧʦʭʠʙʢʘ 

ʦʙʯʠʩʣʝʥʥʷ ʚʣʘʩʥʦʛʦ ʟʥʘʯʝʥʥʷ c ʩʪʘʻ ʥʠʞʯʝ 10
-4
 ʧʨʠ 5hN > . 
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ʈʠʩ. 2.3. ɺʽʜʥʦʩʥʘ ʧʦʭʠʙʢʘ ʦʙʯʠʩʣʝʥʥʷ ʚʣʘʩʥʦʛʦ ʟʥʘʯʝʥʥʷ ʚ ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ hN  ʜʣʷ 

ʤʦʜʠ TE8,3 ʚ ʮʠʣʽʥʜʨʠʯʥʦʤʫ ʭʚʠʣʝʚʦʜʽ ʟ ʧʦʟʜʦʚʞʥʽʤʠ ʛʦʬʨʘʤʠ ʥʘ ʩʪʽʥʮʽ. 

 

ʈʘʟʦʤ ʟ ʚʠʩʦʢʦʶ ʪʦʯʥʽʩʪʶ ʨʦʟʨʘʭʫʥʢʫ ʚʣʘʩʥʦʛʦ ʟʥʘʯʝʥʥʷ, ʤʝʪʦʜ ʄʇɻ 

ʟʘʙʝʟʧʝʯʫʻ ʭʦʨʦʰʫ ʟʙʽʞʥʽʩʪʴ ʨʦʟʨʘʭʫʥʢʽʚ ʜʣʷ ʚʣʘʩʥʠʭ ʧʦʣʽʚ ʛʦʬʨʦʚʘʥʦʛʦ ʭʚʠʣʝʚʦʜʫ. 

ɼʣʷ ʤʦʜʠ TE8,3 ʮʝ ʤʦʞʥʘ ʧʦʙʘʯʠʪʠ ʟ ʨʠʩ. 2.4, ʥʘ ʷʢʦʤʫ ʧʦʢʘʟʘʥʦ ʨʦʟʫʛʦʜʞʝʥʥʷ ʜʣʷ 

ʢʦʤʧʦʥʝʥʪ ʧʦʣʷ Ej ʽ zB  ʥʘ ʛʨʘʥʠʮʽ ʧʦʜʽʣʫ 0r R=  ʤʽʞ ʦʙʣʘʩʪʷʤʠ 1 ʽ 2 (ʜʠʚ. ʨʠʩ. 2.1): 
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ʇʽʜʧʠʩʠ, ʧʦʢʘʟʘʥʽ ʥʘ ʨʠʩ. 2.4 (ʥʘʧʨʠʢʣʘʜ, 20hN = ), ʧʦʟʥʘʯʘʶʪʴ ʢʽʣʴʢʽʩʪʴ 

h B FN N N= =  ʚʨʘʭʦʚʘʥʠʭ ʧʨʦʩʪʦʨʦʚʠʭ ʛʘʨʤʦʥʽʢ. ɺʠʧʘʜʦʢ 0hN =  ʚʽʜʧʦʚʽʜʘʻ 

ʨʝʟʫʣʴʪʘʪʘʤ ʜʣʷ ʤʝʪʦʜʫ ɯʄ. ʗʢ ʤʦʞʥʘ ʧʦʙʘʯʠʪʠ, ʜʘʥʠʡ ʥʘʙʣʠʞʝʥʠʡ ʤʝʪʦʜ, ʨʘʟʦʤ ʟ 

ʚʠʩʦʢʦʶ ʚʽʜʥʦʩʥʦʶ ʧʦʭʠʙʢʦʶ cz  ʦʙʯʠʩʣʝʥʥʷ ʚʣʘʩʥʦʛʦ ʟʥʘʯʝʥʥʷ ʜʣʷ ʤʦʜʠ TE8,3, 

ʜʝʤʦʥʩʪʨʫʻ ʤʘʢʩʠʤʘʣʴʥʝ ʨʦʟʫʟʛʦʜʞʝʥʥʷ ʢʦʤʧʦʥʝʥʪ ʧʦʣʷ Ej ʽ zB  ʥʘ ʛʨʘʥʠʮʽ ʧʦʜʽʣʫ 

0r R=  ʤʽʞ ʦʙʣʘʩʪʷʤʠ 1 ʽ 2. ʊʘʢʠʤ ʯʠʥʦʤ, ʤʝʪʦʜ ɯʄ ʟʘʙʝʟʧʝʯʫʻ ʥʘʡʤʝʥʰʫ ʪʦʯʥʽʩʪʴ 
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ʚʠʢʦʥʘʥʥʷ ʫʤʦʚʠ ʥʝʧʝʨʝʨʚʥʦʩʪʽ ʧʦʣʽʚ ʥʘ ʜʘʥʽʡ ʛʨʘʥʠʮʽ. ʗʢ ʚʠʜʥʦ ʟ ʨʠʩ. 2.4, ʤʝʪʦʜ 

ʄʇɻ ʜʦʟʚʦʣʷʻ ʧʦʤʽʪʥʦ ʧʽʜʚʠʱʠʪʠ ʮʶ ʪʦʯʥʽʩʪʴ ʟʽ ʟʙʽʣʴʰʝʥʥʷʤ hN . 

                                                                                                      

                                                                                                      

                                                                                                      

                                                                                                      

                                                                                                      

                                                                                                          

                                                                                                            

 

   ʘ        ʙ 

ʈʠʩ. 2.4. ʈʦʟʫʛʦʜʞʝʥʥʷ ʧʦʣʽʚ (ʘ) ()Ej
d j ʪʘ (ʙ) ()

zBd j ʥʘ ʘʧʝʨʪʫʨʽ ʛʦʬʨʘ ʜʣʷ ʨʽʟʥʠʭ 

hN . 

 

ɺ ʪʝʦʨʽʾ, ʪʦʯʥʽʩʪʴ ʰʠʨʦʢʦʚʞʠʚʘʥʦʛʦ ʤʝʪʦʜʫ ɯʄ ʤʦʞʥʘ ʥʝʦʙʤʝʞʝʥʦ ʟʙʽʣʴʰʠʪʠ 

ʟʘ ʨʘʭʫʥʦʢ ʟʙʽʣʴʰʝʥʥʷ ʯʠʩʣʘ ʛʦʬʨʽʚ ʥʘ ʦʜʠʥʠʮʽ ʧʦʚʝʨʭʥʽ ʛʦʬʨʦʚʘʥʦʾ ʩʪʨʫʢʪʫʨʠ. 

ʆʜʥʘʢ, ʥʘ ʧʨʘʢʪʠʮʽ ʯʠʩʣʦ ʛʦʬʨʽʚ N  ʥʘ ʧʦʚʝʨʭʥʽ ʮʠʣʽʥʜʨʠʯʥʦʾ ʩʪʨʫʢʪʫʨʠ ʟʘʚʞʜʠ 

ʦʙʤʝʞʝʥʦ (2 LN pj< ) ʽ ʤʘʻ ʙʫʪʠ ʤʽʥʽʤʘʣʴʥʦ ʤʦʞʣʠʚʠʤ, ʱʦʙ ʩʧʨʦʩʪʠʪʠ ʾʭ 

ʚʠʛʦʪʦʚʣʝʥʥʷ. ʎʝ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʥʝʦʙʭʽʜʥʦʩʪʽ ʚʠʟʥʘʯʝʥʥʷ ʤʽʥʽʤʘʣʴʥʦʛʦ ʯʠʩʣʘ 

ʛʦʬʨʽʚ, ʷʢʝ ʛʘʨʘʥʪʫʻ ʥʝʦʙʭʽʜʥʫ ʚʠʩʦʢʫ ʪʦʯʥʽʩʪʴ ʤʝʪʦʜʫ ɯʄ. 

ʅʘ ʩʴʦʛʦʜʥʽʰʥʽʡ ʤʦʤʝʥʪ ʚʽʜʦʤʦ ʜʚʘ ʢʨʠʪʝʨʽʾ ʟʘʩʪʦʩʦʚʥʦʩʪʽ ɯʄ ʜʣʷ ʭʚʠʣʝʚʦʜʽʚ 

ʟ ʛʦʬʨʦʚʘʥʠʤʠ ʧʦʚʝʨʭʥʷʤʠ. ɺʦʥʠ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ ʜʣʷ ʘʥʘʣʽʟʫ ʊɽ ʭʚʠʣʴ ʚ 

ʢʦʘʢʩʽʘʣʴʥʠʭ ʭʚʠʣʝʚʦʜʘʭ ʟ ʛʦʬʨʦʚʘʥʦʶ ʚʩʪʘʚʢʦʶ. ʅʘʡʙʽʣʴʰ ʯʘʩʪʦ ʟʘʩʪʦʩʦʚʫʻʪʴʩʷ 

ʢʨʠʪʝʨʽʡ [120] 

 

 2N m> , (2.42) 

 

ʟʛʽʜʥʦ ʷʢʦʛʦ ʯʠʩʣʦ ʛʦʬʨʽʚ N  ʫ ʭʚʠʣʝʚʦʜʽ ʤʘʻ ʚ ʜʚʘ ʽ ʙʽʣʴʰʝ ʨʘʟʽʚ ʧʝʨʝʚʠʱʫʚʘʪʠ 

ʘʟʠʤʫʪʘʣʴʥʠʡ ʽʥʜʝʢʩ ʤʦʜʠ. ʋ ʚʠʧʘʜʢʫ ʊɽ8,3 ʤʦʜʠ ʫʤʦʚʘ (2.42) ʜʘʻ 16N> . 
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ʆʜʥʘʢ ʢʨʠʪʝʨʽʡ (2.42) ʥʝ ʟʘʣʝʞʠʪʴ ʚʽʜ ʨʘʜʽʘʣʴʥʦʛʦ ʽʥʜʝʢʩʫ ʊɽm,p ʤʦʜʠ ʽ ʪʦʤʫ ʥʝ 

ʟʘʚʞʜʠ ʜʦʟʚʦʣʷʻ ʧʨʘʚʠʣʴʥʦ ʦʮʽʥʠʪʠ ʤʽʥʽʤʘʣʴʥʫ ʢʽʣʴʢʽʩʪʴ ʛʦʬʨʽʚ, ʱʦ ʟʘʙʝʟʧʝʯʫʶʪʴ 

ʥʝʦʙʭʽʜʥʫ ʪʦʯʥʽʩʪʴ ʤʝʪʦʜʫ ɯʄ. ʇʦʢʨʘʱʝʥʠʡ ʢʨʠʪʝʨʽʡ ʟʘʩʪʦʩʦʚʥʦʩʪʽ ɯʄ, ʷʢʠʡ 

ʚʨʘʭʦʚʫʻ ʚʝʣʠʯʠʥʫ ʚʣʘʩʥʦʛʦ ʟʥʘʯʝʥʥʷ c ʊɽ ʤʦʜʠ, ʤʘʻ ʪʘʢʠʡ ʚʠʛʣʷʜ [105]: 

 

 N m c> + . (2.43) 

 

ʆʩʢʽʣʴʢʠ ʚʣʘʩʥʝ ʟʥʘʯʝʥʥʷ c ʊɽm,p ʤʦʜʠ ʟʘʚʞʜʠ ʧʝʨʝʚʠʱʫʻ ʘʙʩʦʣʶʪʥʫ 

ʚʝʣʠʯʠʥʫ ʘʟʠʤʫʪʘʣʴʥʦʛʦ ʽʥʜʝʢʩʫ m ʽ ʟʨʦʩʪʘʻ ʧʨʠ ʧʝʨʝʭʦʜʽ ʜʦ ʙʽʣʴʰ ʚʠʩʦʢʠʭ 

ʨʘʜʽʘʣʴʥʠʭ ʤʦʜ, ʚʽʜʤʽʥʥʽʩʪʴ ʤʽʞ ʢʨʠʪʝʨʽʷʤʠ (2.42) ʪʘ (2.43) ʟʙʽʣʴʰʫʻʪʴʩʷ ʽʟ 

ʟʨʦʩʪʘʥʥʷʤ p. ʋ ʚʠʧʘʜʢʫ ʊɽ8,3 ʤʦʜʠ ʢʨʠʪʝʨʽʡ (2.43) ʧʨʠʚʦʜʠʪʴ ʜʦ ʫʤʦʚʠ 26N> . 

ɺʘʞʣʠʚʦ ʚʽʜʟʥʘʯʠʪʠ, ʱʦ ʢʨʠʪʝʨʽʾ (2.42) ʪʘ (2.43) ʙʫʣʠ ʦʪʨʠʤʘʥʽ ʝʤʧʽʨʠʯʥʠʤ 

ʰʣʷʭʦʤ ʜʣʷ ʦʮʽʥʢʠ ʧʦʨʦʛʫ ʟʘʩʪʦʩʫʚʘʥʥʷ ɯʄ ʧʨʠ ʦʧʠʩʽ ʊɽ ʭʚʠʣʴ ʚ ʢʦʘʢʩʽʘʣʴʥʠʭ 

ʭʚʠʣʝʚʦʜʘʭ ʟ ʛʦʬʨʦʚʘʥʦʶ ʚʥʫʪʨʽʰʥʴʦʶ ʚʩʪʘʚʢʦʶ. ʊʦʤʫ ʾʭ ʚʠʢʦʨʠʩʪʘʥʥʷ ʜʣʷ 

ʮʠʣʽʥʜʨʠʯʥʠʭ ʭʚʠʣʝʚʦʜʽʚ ʟ ʛʦʬʨʦʚʘʥʠʤʠ ʩʪʽʥʢʘʤʠ ʤʦʞʝ ʙʫʪʠ ʥʝʧʨʘʚʦʤʽʨʥʠʤ. 

ʈʦʟʛʣʷʥʝʤʦ ʢʽʣʴʢʽʩʪʴ ʛʦʬʨʽʚ 20N=  ʽ 30N= , ʷʢʽ ʟʘʜʦʚʦʣʴʥʷʶʪʴ ʢʨʠʪʝʨʽʷʤ 

(2.42) ʽ (2.43), ʚʽʜʧʦʚʽʜʥʦ. ɼʣʷ ʪʘʢʦʛʦ ʯʠʩʣʘ ʛʦʬʨʽʚ ʟʘʣʝʞʥʦʩʪʽ ʚʣʘʩʥʦʛʦ ʟʥʘʯʝʥʥʷ c 

ʊɽ8,3 ʤʦʜʠ ʚʽʜ ʛʣʠʙʠʥʠ ʛʦʬʨʽʚ d  ʧʦʢʘʟʘʥʽ ʥʘ ʨʠʩ. 2.5, ʜʝ ʽʥʰʽ ʧʘʨʘʤʝʪʨʠ 

( 0 0.215R =  ʩʤ, 0.5L Sj j= ) ʛʦʬʨʦʚʘʥʦʛʦ ʭʚʠʣʝʚʦʜʫ ʟʘʣʠʰʝʥʽ ʙʝʟ ʟʤʽʥ. ʇʦʙʫʜʦʚʘʥʽ 

ʟʘʣʝʞʥʦʩʪʽ ʦʪʨʠʤʘʥʽ ʟʘ ʜʦʧʦʤʦʛʦʶ ʩʪʨʦʛʦʛʦ ʤʝʪʦʜʫ ʄʇɻ ʧʨʠ 2hN = . ɼʦʜʘʪʢʦʚʦ ʥʘ 

ʨʠʩ. 2.5 ʧʨʝʜʩʪʘʚʣʝʥʽ ʨʝʟʫʣʴʪʘʪʠ ʩʧʨʦʱʝʥʦʾ ʤʦʜʝʣʽ ɯʄ. ʗʢ ʚʠʜʥʦ, ʜʣʷ 20N=  ʤʘʻ 

ʤʽʩʮʝ ʧʦʤʽʪʥʘ ʨʦʟʙʽʞʥʽʩʪʴ ʨʝʟʫʣʴʪʘʪʽʚ ʄʇɻ ʪʘ ɯʄ ʫ ʚʩʴʦʤʫ ʜʽʘʧʘʟʦʥʽ d, ʟʘ ʚʠʥʷʪʢʦʤ 

ʦʢʦʣʫ 0d= . ɿʙʽʣʴʰʝʥʥʷ ʯʠʩʣʘ ʛʦʬʨʽʚ ʜʦ 30N=  ʜʦʟʚʦʣʷʻ ʧʦʣʽʧʰʠʪʠ ʫʟʛʦʜʞʝʥʥʷ 

ʩʧʨʦʱʝʥʦʛʦ ʽ ʩʪʨʦʛʦʛʦ ʤʝʪʦʜʽʚ. ʆʜʥʘʢ ʪʘʢʘ ʢʽʣʴʢʽʩʪʴ ʛʦʬʨʽʚ, ʷʢ ʽ ʨʘʥʽʰʝ, ʥʝ ʛʘʨʘʥʪʫʻ 

ʚʠʩʦʢʫ ʪʦʯʥʽʩʪʴ ɯʄ ʜʣʷ ʚʩʽʭ ʟʥʘʯʝʥʴ d, ʥʝʟʚʘʞʘʶʯʠ ʥʘ ʚʠʢʦʥʘʥʥʷ ʫʤʦʚʠ (2.43). 

ʊʘʢʠʤ ʯʠʥʦʤ, ʦʙʠʜʚʘ ʚʽʜʦʤʠʭ ʝʤʧʽʨʠʯʥʠʭ ʢʨʠʪʝʨʽʾ (2.42) ʽ (2.43) ʟʘʩʪʦʩʦʚʥʦʩʪʽ ɯʄ ʥʝ 

ʟʘʚʞʜʠ ʧʨʠʜʘʪʥʽ ʜʣʷ ʢʦʨʝʢʪʥʦʛʦ ʦʧʠʩʫ ʊɽ ʭʚʠʣʴ ʚ ʮʠʣʽʥʜʨʠʯʥʠʭ ʭʚʠʣʝʚʦʜʘʭ ʟ 

ʛʦʬʨʦʚʘʥʠʤʠ ʩʪʽʥʢʘʤʠ. ɼʣʷ ʟʙʽʣʴʰʝʥʥʷ ʪʦʯʥʦʩʪʽ ʜʘʥʦʛʦ ʤʝʪʦʜʫ ʧʦʪʨʽʙʥʝ ʧʦʜʘʣʴʰʝ 

ʟʙʽʣʴʰʝʥʥʷ ʯʠʩʣʘ ʛʦʬʨʽʚ N  ʥʘ ʩʪʽʥʮʽ ʭʚʠʣʝʚʦʜʫ (ʜʠʚ. ʚʠʧʘʜʦʢ 60N=  ʥʘ ʨʠʩ. 2.5). 
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ʈʠʩ. 2.5. ɿʘʣʝʞʥʽʩʪʴ ʚʣʘʩʥʦʛʦ ʟʥʘʯʝʥʥʷ 0k Rc ^=  ʚʽʜ ʛʣʠʙʠʥʠ ʛʦʬʨʘ d  ʜʣʷ ʤʦʜʠ TE8,3 

ʚ ʮʠʣʽʥʜʨʠʯʥʦʤʫ ʛʦʬʨʦʚʘʥʦʤʫ ʭʚʠʣʝʚʦʜʽ. 

 

ɿʘʣʝʞʥʽʩʪʴ ʪʦʯʥʦʩʪʽ ʤʝʪʦʜʫ ɯʄ ʚʽʜ ʯʠʩʣʘ ʛʦʬʨʽʚ N  ʤʦʞʥʘ ʦʮʽʥʠʪʠ ʟʘ 

ʜʦʧʦʤʦʛʦʶ ʚʠʨʘʟʫ 

 

 ( )
( )SHM SIM

SIM

N
Nc

c c
d

c

-
= , (2.44) 

 

ʜʝ SHMc  ʪʘ SIMc  ï ʚʣʘʩʥʽ ʟʥʘʯʝʥʥʷ ʊɽ ʤʦʜʠ ʛʦʬʨʦʚʘʥʦʛʦ ʭʚʠʣʝʚʦʜʫ, ʦʪʨʠʤʘʥʽ ʟʘ 

ʜʦʧʦʤʦʛʦʶ ʤʝʪʦʜʽʚ ʄʇɻ ʪʘ ɯʄ, ʚʽʜʧʦʚʽʜʥʦ. 

ɼʣʷ TE8,3 ʤʦʜʠ ʛʦʬʨʦʚʘʥʦʛʦ ʭʚʠʣʝʚʦʜʫ ʟ 0.02d=  ʩʤ, 0 0.215R =  ʩʤ, 

0.5L Sj j=  ʟʘʣʝʞʥʽʩʪʴ cd ʚʽʜ ʯʠʩʣʘ ʛʦʬʨʽʚ ʧʦʢʘʟʘʥʘ ʥʘ ʨʠʩ. 2.6. ʗʢ ʤʦʞʥʘ ʧʦʙʘʯʠʪʠ, 

ʟʽ ʟʙʽʣʴʰʝʥʥʷʤ ʯʠʩʣʘ ʛʦʬʨʽʚ ʨʝʟʫʣʴʪʘʪʠ ʤʝʪʦʜʽʚ ʄʇɻ ʪʘ ɯʄ ʤʦʥʦʪʦʥʥʦ ʩʭʦʜʷʪʴʩʷ 

ʦʜʠʥ ʜʦ ʦʜʥʦʛʦ, ʧʦʯʠʥʘʶʯʠ ʟ 22N= . ʆʜʥʘʢ ʮʷ ʟʙʽʞʥʽʩʪʴ ʚ ʜʘʥʦʤʫ ʚʠʧʘʜʢʫ ʻ ʜʦʩʠʪʴ 

ʧʦʚʽʣʴʥʦʶ. ʊʦʤʫ ʪʦʯʥʽʩʪʴ ʩʧʨʦʱʝʥʦʛʦ ʤʝʪʦʜʫ ɯʄ ʟʘʣʠʰʘʻʪʴʩʷ ʜʦʩʪʘʪʥʴʦ ʥʠʟʴʢʦʶ 

( 0.01cd> ) ʘʞ ʜʦ 65N= . ʊʘʢʠʤ ʯʠʥʦʤ, ʚ ʮʠʣʽʥʜʨʠʯʥʠʭ ʭʚʠʣʝʚʦʜʘʭ ʟ ʛʦʬʨʦʚʘʥʠʤʠ 

ʩʪʽʥʢʘʤʠ ʢʨʠʪʝʨʽʡ ʟʘʩʪʦʩʦʚʥʦʩʪʽ ɯʄ ʟʘʣʝʞʠʪʴ ʚʽʜ ʨʦʟʤʽʨʫ ʛʦʬʨʽʚ, ʽ ʪʦʤʫ ʻ ʟʥʘʯʥʦ 

ʞʦʨʩʪʢʽʰʠʤ ʫ ʧʦʨʽʚʥʷʥʥʽ ʟ (2.42) ʽ (2.43). 
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ʈʠʩ. 2.6. ʈʦʟʫʛʦʜʞʝʥʥʷ ( )Ncd  ʜʣʷ ʚʣʘʩʥʠʭ ʟʥʘʯʝʥʴ ʤʦʜʠ TE8,3 ʛʦʬʨʦʚʘʥʦʛʦ 

ʭʚʠʣʝʚʦʜʫ ʚ ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ ʢʽʣʴʢʦʩʪʽ ʛʦʬʨʽʚ N . 

 

ʂʨʽʤ ʪʦʛʦ, ʧʨʠ ʚʠʢʦʥʘʥʥʽ ʫʤʦʚ (2.42) ʽ (2.43) ʤʝʪʦʜ ɯʄ ʥʝ ʟʘʚʞʜʠ ʜʦʟʚʦʣʷʻ 

ʢʦʨʝʢʪʥʦ ʨʦʟʨʘʭʫʚʘʪʠ ʟʘʛʘʩʘʥʥʷ ʊɽ ʤʦʜʠ ʫ ʛʦʬʨʦʚʘʥʦʤʫ ʭʚʠʣʝʚʦʜʽ. ʇʦʢʘʞʝʤʦ ʮʝ ʥʘ 

ʧʨʠʢʣʘʜʽ TE8,3 ʤʦʜʠ ʛʦʬʨʦʚʘʥʦʛʦ ʭʚʠʣʝʚʦʜʫ (0 0.215R =  ʩʤ, 0.5L Sj j= ) ʟ ʯʠʩʣʦʤ 

ʛʦʬʨʽʚ 20N=  ʽ 30N=  (ʨʠʩ. 2.7). ʍʚʠʣʝʚʽʜ ʚʚʘʞʘʻʤʦ ʚʠʛʦʪʦʚʣʝʥʠʤ ʟ ʤʽʜʽ, ʱʦ ʤʘʻ 

ʟʤʝʥʰʝʥʫ ʧʨʦʚʽʜʥʽʩʪʴ 2.9Ŀ10
7
 ʉʤ/ʤ ʚʥʘʩʣʽʜʦʢ ʰʦʨʩʪʢʦʩʪʽ ʧʦʚʝʨʭʥʽ ʭʚʠʣʝʚʦʜʫ. ʗʢ 

ʚʠʜʥʦ ʟ ʨʠʩ. 2.7, ʧʨʠ 20N=  ɯʄ ʪʘ ʄʇɻ ʜʘʶʪʴ ʘʙʩʦʣʶʪʥʦ ʨʽʟʥʽ ʟʘʣʝʞʥʦʩʪʽ ʦʤʽʯʥʠʭ 

ʚʪʨʘʪ TE8,3 ʤʦʜʠ ʚʽʜ ʛʣʠʙʠʥʠ ʛʦʬʨʘ ʫ ʛʦʬʨʦʚʘʥʦʤʫ ʤʝʪʘʣʝʚʦʤʫ ʭʚʠʣʝʚʦʜʽ. ʎʶ 

ʨʦʟʙʽʞʥʽʩʪʴ ʣʝʛʢʦ ʧʦʷʩʥʠʪʠ, ʦʩʢʽʣʴʢʠ ʧʨʠ 20N=  ɯʄ ʧʨʠʟʚʦʜʠʪʴ ʥʝ ʪʽʣʴʢʠ ʜʦ 

ʧʦʤʠʣʦʢ ʫ ʚʠʟʥʘʯʝʥʥʽ ʚʣʘʩʥʦʛʦ ʟʥʘʯʝʥʥʷ ʤʦʜʠ (ʨʠʩ. 2.6), ʘʣʝ ʽ ʜʦ ʥʝʢʦʨʝʢʪʥʦʛʦ 

ʦʙʯʠʩʣʝʥʥʷ ʧʦʣʷ ʧʦʙʣʠʟʫ ʧʦʚʝʨʭʥʽ ʭʚʠʣʝʚʦʜʫ (ʨʠʩ. 2.4). ɿʘʣʝʞʥʦʩʪʽ ʚʪʨʘʪ ʚʽʜ 

ʛʣʠʙʠʥʠ ʛʦʬʨʘ, ʦʪʨʠʤʘʥʽ ʟʘ ʜʦʧʦʤʦʛʦʶ ʥʘʙʣʠʞʝʥʦʛʦ ʽ ʩʪʨʦʛʦʛʦ ʤʝʪʦʜʽʚ, 

ʟʙʣʠʞʫʶʪʴʩʷ ʧʨʠ ʟʙʽʣʴʰʝʥʥʽ ʢʽʣʴʢʦʩʪʽ ʛʦʬʨʽʚ ʜʦ 30N=  (ʨʠʩ. 2.7ʙ). ʆʜʥʘʢ, 

ʥʝʟʚʘʞʘʶʯʠ ʥʘ ʚʠʢʦʥʘʥʥʷ ʢʨʠʪʝʨʽʶ (2.43) ʚ ʮʴʦʤʫ ʚʠʧʘʜʢʫ, ʨʦʟʙʽʞʥʽʩʪʴ ʨʝʟʫʣʴʪʘʪʽʚ 

ɯʄ ʽ ʄʇɻ ʚʩʝ ʱʝ ʟʘʣʠʰʘʻʪʴʩʷ ʜʦʩʠʪʴ ʧʦʤʽʪʥʦʶ. ʇʨʠ ʮʴʦʤʫ ɯʄ ʥʝ ʜʦʟʚʦʣʷʻ ʪʦʯʥʦ 

ʚʠʟʥʘʯʠʪʠ ʧʦʣʦʞʝʥʥʷ ʤʽʥʽʤʫʤʽʚ ʽ ʤʘʢʩʠʤʫʤʽʚ ʟʘʛʘʩʘʥʥʷ TE8,3 ʤʦʜʠ. 
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ʈʠʩ. 2.7. ɿʘʛʘʩʘʥʥʷ ʤʦʜʠ TE8,3 ʛʦʬʨʦʚʘʥʦʛʦ ʭʚʠʣʝʚʦʜʫ ʟʽ ʩʢʽʥʯʝʥʥʦʶ ʧʨʦʚʽʜʥʽʩʪʶ ʚ 

ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ ʛʣʠʙʠʥʠ ʛʦʬʨʘ d  ʜʣʷ (ʘ) 20N=  ʽ (ʙ) 30N= . 

 

ʊʘʢʠʤ ʯʠʥʦʤ, ʫ ʚʠʧʘʜʢʫ ʮʠʣʽʥʜʨʠʯʥʦʛʦ ʭʚʠʣʝʚʦʜʫ ʟ ʧʦʟʜʦʚʞʥʽʤʠ ʛʦʬʨʘʤʠ 

ʟʘʩʪʦʩʦʚʥʽʩʪʴ ʥʘʙʣʠʞʝʥʦʛʦ ʤʝʪʦʜʫ ɯʄ ʻ ʜʦʩʠʪʴ ʦʙʤʝʞʝʥʦʶ ʽ ʚʠʤʘʛʘʻ ʥʘʷʚʥʦʩʪʽ 

ʚʝʣʠʢʦʛʦ ʯʠʩʣʘ ʛʦʬʨʽʚ, ʚʠʛʦʪʦʚʣʝʥʥʷ ʷʢʠʭ ʤʦʞʝ ʧʨʝʜʩʪʘʚʣʷʪʠ ʜʦʚʦʣʽ ʩʢʣʘʜʥʝ 

ʪʝʭʥʦʣʦʛʽʯʥʝ ʟʘʚʜʘʥʥʷ. 

 

2.2.3. ɺʧʣʠʚ ʧʨʦʩʪʦʨʦʚʠʭ ʛʘʨʤʦʥʽʢ ʌʫʨ'ʻ ʥʘ ʚʣʘʩʥʽ ʧʦʣʷ ʛʦʬʨʦʚʘʥʦʛʦ 

ʭʚʠʣʝʚʦʜʫ 

ɼʣʷ ʧʝʨʝʚʽʨʢʠ ʯʠʩʝʣʴʥʠʭ ʨʝʟʫʣʴʪʘʪʽʚ ʤʝʪʦʜʦʤ ʄʇɻ ʩʢʦʨʠʩʪʘʻʤʦʩʷ ʧʽʜʭʦʜʦʤ 

ʄɹɻ, ʦʧʠʩʘʥʠʤ ʚ 1.2.2, ʽ, ʚʠʢʦʨʠʩʪʦʚʫʶʯʠ ʥʘʚʝʜʝʥʽ ʚʠʱʝ ʧʦʟʥʘʯʝʥʥʷ, ʧʝʨʝʧʠʰʝʤʦ 

ʜʠʩʧʝʨʩʽʡʥʝ ʨʽʚʥʷʥʥʷ (1.10) ʚ ʥʘʩʪʫʧʥʦʤʫ ʚʠʛʣʷʜʽ: 
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ɼʣʷ ʛʦʬʨʦʚʘʥʦʛʦ ʭʚʠʣʝʚʦʜʫ ʟ 6N=  ʽ 0.5L Sj j=  ʥʘ ʨʠʩ. 2.8 ʧʨʝʜʩʪʘʚʣʝʥʽ 

ʨʝʟʫʣʴʪʘʪʠ ʨʦʟʨʘʭʫʥʢʽʚ ʟʘ ʜʦʧʦʤʦʛʦʶ ʤʝʪʦʜʫ ʄʇɻ (3FN = ) (ʩʫʮʽʣʴʥʽ ʣʽʥʽʾ), ʘ ʪʘʢʦʞ 

ʨʝʟʫʣʴʪʘʪʠ, ʷʢʽ ʙʫʣʠ ʦʪʨʠʤʘʥʽ ʚ [108] ʽʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʢʦʤʝʨʮʽʡʥʦʛʦ ʢʦʜʫ HFSS ʽ 
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ʤʝʪʦʜʘ ʄɹɻ (ʤʘʨʢʝʨʠ). ʄʦʞʥʘ ʧʦʙʘʯʠʪʠ ʜʦʙʨʫ ʫʟʛʦʜʞʝʥʽʩʪʴ ʧʨʦʚʝʜʝʥʠʭ 

ʨʦʟʨʘʭʫʥʢʽʚ ʤʝʪʦʜʦʤ ʄʇɻ ʟ̔ ʦʪʨʠʤʘʥʠʤʠ ʨʘʥʽʰʝ ʨʝʟʫʣʴʪʘʪʘʤʠ, ʱʦ ʜʦʜʘʪʢʦʚʦ 

ʧʽʜʪʚʝʨʜʞʫʻ ʧʨʠʜʘʪʥʽʩʪʴ ʮʴʦʛʦ ʤʝʪʦʜʫ ʜʣʷ ʘʥʘʣʽʟʫ ʮʠʣʽʥʜʨʠʯʥʠʭ ʛʦʬʨʦʚʘʥʠʭ 

ʭʚʠʣʝʚʦʜʽʚ.  

 

                                                                 

                                                                 

                                                                 

                                                                 

                                                                 

                                                                 

                                                                 

ʈʠʩ. 2.8. ɿʘʣʝʞʥʽʩʪʴ dk R^  ʚʽʜ ʚʽʜʥʦʰʝʥʥʷ 0 dR R  ʜʣʷ ʤʦʜ ʊɽ01, ʊɽ11, ʊɽ21 ʽ ʊɽ31. 

 

ʄʝʪʦʜ ʄʇɻ, ʦʜʥʘʢ, ʤʘʻ ʙʽʣʴʰ ʰʠʨʦʢʫ ʦʙʣʘʩʪʴ ʟʘʩʪʦʩʦʚʥʦʩʪʽ ʚ ʧʦʨʽʚʥʷʥʥʽ ʽʟ 

ʥʘʙʣʠʞʝʥʠʤ ʤʝʪʦʜʦʤ ʄɹɻ. ɺ [108] ʚʠʩʦʢʘ ʪʦʯʥʽʩʪʴ ʤʝʪʦʜʫ ʄɹɻ ʙʫʣʘ 

ʧʨʦʜʝʤʦʥʩʪʨʦʚʘʥʘ ʣʠʰʝ ʜʣʷ ʥʠʞʯʠʭ ʨʘʜʽʘʣʴʥʠʭ ʤʦʜ (ʨʘʜʽʘʣʴʥʠʡ ʽʥʜʝʢʩ ʜʦʨʽʚʥʶʻ 1). 

ʇʨʠ ʧʝʨʝʭʦʜʽ ʜʦ ʤʦʜ ʚʠʱʦʛʦ ʧʦʨʷʜʢʫ ʪʦʯʥʽʩʪʴ ʜʘʥʦʛʦ ʤʝʪʦʜʫ ʧʦʤʽʪʥʦ ʧʘʜʘʻ. ʎʝ 

ʤʦʞʥʘ ʧʦʙʘʯʠʪʠ ʟ ʨʠʩ. 2.9, ʜʝ ʥʘʚʝʜʝʥʦ ʟʘʣʝʞʥʦʩʪʽ ( )0d Rc  ʜʣʷ ʤʦʜ ʟ ʘʟʠʤʫʪʘʣʴʥʠʤ 

ʽʥʜʝʢʩʦʤ 2m=  ʫ ʛʦʬʨʦʚʘʥʦʤʫ ʭʚʠʣʝʚʦʜʽ ʟ 6N=  ʽ 0.5L Sj j=  ʧʨʠ ʨʽʟʥʠʭ FN . 

ɺʠʧʘʜʦʢ 0FN =  ʚʽʜʧʦʚʽʜʘʻ ʨʝʟʫʣʴʪʘʪʘʤ, ʦʪʨʠʤʘʥʠʤ ʟʘ ʜʦʧʦʤʦʛʦʶ ʤʝʪʦʜʫ ʄɹɻ. ʎʝʡ 

ʤʝʪʦʜ ʜʦʟʚʦʣʷʻ ʜʦʩʠʪʴ ʪʦʯʥʦ ʨʦʟʨʘʭʫʚʘʪʠ ʚʣʘʩʥʝ ʟʥʘʯʝʥʥʷ ʥʠʞʯʦʾ ʨʘʜʽʘʣʴʥʦʾ ʊɽ2,1 

ʤʦʜʠ, ʷʢʝ ʩʣʘʙʦ ʟʤʽʥʶʻʪʴʩʷ ʧʨʠ ʚʨʘʭʫʚʘʥʥʽ ʚʠʱʠʭ ʌʫʨ'ʻ ʛʘʨʤʦʥʽʢ ʫ ʛʦʬʨʘʭ. ʆʜʥʘʢ 

ʮʝ ʥʝʩʧʨʘʚʝʜʣʠʚʦ ʜʣʷ ʙʽʣʴʰ ʚʠʩʦʢʠʭ ʤʦʜ. ʗʢ ʚʠʜʥʦ ʥʘ ʨʠʩ. 2.9, ʜʣʷ ʥʠʭ ʩʧʨʦʱʝʥʠʡ 

ʤʝʪʦʜ ʄɹɻ ʩʪʘʻ ʥʝʧʨʠʜʘʪʥʠʤ, ʘ ʨʦʟʨʘʭʫʥʦʢ ʚʣʘʩʥʠʭ ʟʥʘʯʝʥʴ ʚʠʤʘʛʘʻ ʚʠʢʦʨʠʩʪʘʥʥʷ 

ʩʪʨʦʛʦʛʦ ʤʝʪʦʜʫ ʄʇɻ, ʷʢʠʡ ʜʦʟʚʦʣʷʻ ʚʨʘʭʫʚʘʪʠ ʜʦʚʽʣʴʥʝ ʯʠʩʣʦ ʛʘʨʤʦʥʽʢ FN  

ʚʩʝʨʝʜʠʥʽ ʛʦʬʨʽʚ. 
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ʈʠʩ. 2.9. ɿʘʣʝʞʥʽʩʪʴ ʚʣʘʩʥʠʭ ʟʥʘʯʝʥʴ c ʚʽʜ ʚʽʜʥʦʰʝʥʥʷ 0d R  ʜʣʷ ʤʦʜ ʟ 

ʘʟʠʤʫʪʘʣʴʥʠʤ ʽʥʜʝʢʩʦʤ 2m= . 

 

ɺ ʷʢʦʩʪʽ ʽʥʰʦʛʦ ʧʨʠʢʣʘʜʫ ʨʦʟʛʣʷʥʝʤʦ ʊɽ8,8 ʤʦʜʫ ʫ ʛʦʬʨʦʚʘʥʦʤʫ ʭʚʠʣʝʚʦʜʽ ʟ 

ʛʣʠʙʠʥʦʶ ʛʦʬʨʽʚ 0 2d l=  ʽ ʢʽʣʴʢʽʩʪʶ ʛʦʬʨʽʚ 10N= , ʜʝ 0 2 kl p^=  ï ʜʦʚʞʠʥʘ ʭʚʠʣʽ 

ʚʽʜʩʽʯʢʠ. ʅʘ ʨʠʩ. 2.10 ʥʘʚʝʜʝʥʘ ʟʘʣʝʞʥʽʩʪʴ ʚʣʘʩʥʦʛʦ ʟʥʘʯʝʥʥʷ c ʤʦʜʠ ʚʽʜ 

ʚʽʜʥʦʰʝʥʥʷ 0w l ʜʣʷ ʩʧʨʦʱʝʥʦʛʦ ʤʝʪʦʜʫ ʄɹɻ (0FN = ) ʽ ʤʝʪʦʜʫ ʄʇɻ, ʜʝ 0Lw Rj=  

ï ʰʠʨʠʥʘ ʛʦʬʨʘ. ʂʽʣʴʢʽʩʪʴ ʛʘʨʤʦʥʽʢ ɹʣʦʭʘ ʚ ʢʘʥʘʣʽ ʭʚʠʣʝʚʦʜʫ ʜʦʨʽʚʥʶʻ 9 (4BN = ). 

 

                                                                 

                                                                 

                                                                 

                                                                 

                                                                 

                                                                 

                                                                 

                                                                 

                                                                 

ʈʠʩ. 2.10. ɿʘʣʝʞʥʽʩʪʴ ʚʣʘʩʥʠʭ ʟʥʘʯʝʥʴ c ʤʦʜʠ ʊɽ8,8 ʫ ʛʦʬʨʦʚʘʥʦʤʫ ʭʚʠʣʝʚʦʜʽ ʚʽʜ 

ʚʽʜʥʦʰʝʥʥʷ 0w l. 
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ʗʢ ʚʠʜʥʦ ʟ ʨʠʩ. 2.10, ʚ ʤʝʪʦʜʽ ʄɹɻ ʚʣʘʩʥʝ ʟʥʘʯʝʥʥʷ ʊɽ8,8 ʤʦʜʠ ʧʨʘʢʪʠʯʥʦ ʥʝ 

ʟʘʣʝʞʠʪʴ ʚʽʜ ʰʠʨʠʥʠ ʛʦʬʨʘ ʧʨʠ 0 2d l=  ʽ ʙʣʠʟʴʢʝ ʜʦ 8,8m , ʜʝ ,m pm  ï p -ʠʡ ʢʦʨʽʥʴ 

ʧʦʭʽʜʥʦʾ ʬʫʥʢʮʽʾ ɹʝʩʩʝʣʷ m-ʛʦ ʧʦʨʷʜʢʫ. ʆʜʥʘʢ, ʷʢ ʧʦʢʘʟʫʻ ʨʦʟʨʘʭʫʥʦʢ ʟʘ ʜʦʧʦʤʦʛʦʶ 

ʤʝʪʦʜʫ ʄʇɻ, ʮʝ ʩʧʨʘʚʝʜʣʠʚʦ ʣʠʰʝ ʚ ʨʘʟʽ, ʢʦʣʠ ʰʠʨʠʥʘ ʛʦʬʨʘ w  ʤʘʣʘ ʚ ʧʦʨʽʚʥʷʥʥʽ ʟ 

ʧʦʣʦʚʠʥʦʶ ʜʦʚʞʠʥʠ ʭʚʠʣʽ ʊɽ ʤʦʜʠ. ʋ ʟʚʦʨʦʪʥʦʤʫ ʚʠʧʘʜʢʫ, ʧʨʠ 0 2d l=  ʚʣʘʩʥʝ 

ʟʥʘʯʝʥʥʷ ʊɽ8,8 ʤʦʜʠ ʧʦʤʽʪʥʦ ʚʽʜʨʽʟʥʷʻʪʴʩʷ ʚʽʜ 8,8m  ʽ ʥʝʤʦʥʦʪʦʥʥʦ ʟʨʦʩʪʘʻ ʟʽ 

ʟʙʽʣʴʰʝʥʥʷʤ 0w l. ʅʘʷʚʥʽʩʪʴ ʧʝʨʝʟʘʤʠʢʘʥʥʷ ʜʠʩʧʝʨʩʽʡʥʠʭ ʢʨʠʚʠʭ ʥʘ ʨʠʩ. 2.10 ʧʨʠ 

ʰʠʨʠʥʽ w, ʱʦ ʢʨʘʪʥʘ ʧʦʣʦʚʠʥʽ ʜʦʚʞʠʥʠ ʭʚʠʣʽ (0 2w jl= , ʜʝ 1,2,...j = ), ʚʢʘʟʫʻ ʥʘ 

ʚʟʘʻʤʦʜʽʶ ʭʚʠʣʝʚʽʜʥʦʾ ʊɽ8,8 ʤʦʜʠ ʟ ʧʝʨʰʦʶ, ʜʨʫʛʦʶ ʽ ʙʽʣʴʰ ʚʠʩʦʢʠʤʠ ʌʫʨ'ʻ 

ʛʘʨʤʦʥʽʢʘʤʠ ʫ ʛʦʬʨʘʭ. ʊʘʢʘ ʚʟʘʻʤʦʜʽʷ ʤʦʜ ʥʝ ʚʨʘʭʦʚʫʻʪʴʩʷ ʚ ʤʝʪʦʜʽ ʄɹɻ. ʗʢ ʚʠʜʥʦ ʟ 

ʨʠʩ. 2.10, ʜʣʷ ʧʨʦʚʝʜʝʥʠʭ ʨʦʟʨʘʭʫʥʢʽʚ ʚʽʜʥʦʩʥʘ ʧʦʭʠʙʢʘ ʩʪʨʦʛʦʛʦ ʤʝʪʦʜʫ ʄʇɻ ʩʪʘʻ 

ʜʦʩʠʪʴ ʤʘʣʦʶ ʧʨʠ 3FN ² . 

ʅʝʢʦʨʝʢʪʥʝ ʦʙʯʠʩʣʝʥʥʷ ʚʣʘʩʥʠʭ ʟʥʘʯʝʥʴ c ʥʝʤʠʥʫʯʝ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʧʦʤʠʣʦʢ 

ʚ ʨʦʟʨʘʭʫʥʢʫ ʚʣʘʩʥʠʭ ʧʦʣʽʚ. ʇʦʢʘʞʝʤʦ ʮʝ ʥʘ ʧʨʠʢʣʘʜʽ ʢʦʤʧʦʥʝʥʪʠ ʧʦʣʷ zB . ʅʘ 

ʨʠʩ. 2.11 ʥʘʚʝʜʝʥʦ ʨʦʟʫʛʦʜʞʝʥʥʷ ʢʦʤʧʦʥʝʥʪʠ ʧʦʣʷ zB  ʥʘ ʛʨʘʥʠʮʽ 0r R=  

( 2 2L Lj j j- < < ) ʤʽʞ ʦʙʣʘʩʪʷʤʠ 1 ʽ 2 (ʨʠʩ. 2.1) ʜʣʷ ʜʚʦʭ ʟʥʘʯʝʥʴ ʚʝʣʠʯʠʥʠ 0w l: 

0 0.75w l=  (ʨʠʩ. 2.11ʘ) ʽ 0 1.25w l=  (ʨʠʩ. 2.11ʙ). 

ʗʢ ʽ ʨʘʥʽʰʝ (ʜʠʚ. ʨʠʩ. 2.4ʙ), ʯʽʪʢʦ ʚʠʜʥʦ, ʱʦ ʤʘʢʩʠʤʘʣʴʥʝ ʨʦʟʫʛʦʜʞʝʥʥʷ 

ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ ʧʦʙʣʠʟʫ ʢʫʪʽʚ ʛʦʬʨʘ (2Lj j=° ), ʷʢʽ ʚʽʜʧʦʚʽʜʘʶʪʴ ʡʦʛʦ ʨʝʙʨʘʤ. 

ɸʙʩʦʣʶʪʥʠʡ ʤʘʢʩʠʤʫʤ ʨʦʟʫʟʛʦʜʞʝʥʥʷ ʧʦʣʽʚ ʥʘ ʛʨʘʥʠʮʽ ʧʦʜʽʣʫ ʭʚʠʣʝʚʽʜʥʦʛʦ ʢʘʥʘʣʫ 

ʽ ʛʦʬʨʽʚ ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ ʧʨʠ 0FN =  ʽ ʚʽʜʧʦʚʽʜʘʻ ʨʝʟʫʣʴʪʘʪʘʤ ʤʝʪʦʜʫ ʄɹɻ. ʋ ʮʴʦʤʫ 

ʚʠʧʘʜʢʫ ʤʝʪʦʜ ʄɹɻ ʟʘʙʝʟʧʝʯʫʻ ʥʘʡʤʝʥʰʫ ʪʦʯʥʽʩʪʴ ʚʠʢʦʥʘʥʥʷ ʫʤʦʚʠ ʥʝʧʝʨʝʨʚʥʦʩʪʽ 

ʧʦʣʽʚ ʥʘ ʘʧʝʨʪʫʨʽ ʛʦʬʨʘ. ʗʢ ʧʦʢʘʟʘʥʦ ʥʘ ʨʠʩ. 2.11, ʮʶ ʪʦʯʥʽʩʪʴ ʤʦʞʥʘ ʧʦʤʽʪʥʦ 

ʟʙʽʣʴʰʠʪʠ ʟʽ ʟʙʽʣʴʰʝʥʥʷʤ ʯʠʩʣʘ ʛʘʨʤʦʥʽʢ ʌʫʨ'ʻ FN  ʚ ʤʝʪʦʜʽ ʄʇɻ. 
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ʈʠʩ. 2.11. ʈʦʟʫʛʦʜʞʝʥʥʷ ʧʦʣʷ ()
zBd j ʥʘ ʘʧʝʨʪʫʨʽ ʛʦʬʨʘ 0r R=  ʧʨʠ ʨʽʟʥʠʭ FN  ʜʣʷ (ʘ) 

0 0.75w l=  ʽ (ʙ) 0 1.25w l= . 

 

ʅʘ ʨʠʩ. 2.12 ʥʘʚʝʜʝʥʽ ʘʟʠʤʫʪʘʣʴʥʽ ʟʘʣʝʞʥʦʩʪʽ ʤʝʤʙʨʘʥʥʦʾ ʬʫʥʢʮʽʾ Y  (ʜʠʚ. 

(2.21)) ʜʣʷ ʊɽ8,8 ʤʦʜʠ ʥʘ ʛʨʘʥʠʮʽ ʧʦʜʽʣʫ ʭʚʠʣʝʚʜ̔ʥʦʛʦ ʢʘʥʘʣʫ ʽ ʛʦʬʨʽʚ ʜʣʷ ʨʽʟʥʠʭ 

ʟʥʘʯʝʥʴ ʚʝʣʠʯʠʥʠ 0w l: ʨʠʩ. 2.12,ʘ,ʙ ʚʽʜʧʦʚʽʜʘʶʪʴ ʚʠʧʘʜʢʫ 0 0.75w l= , ʨʠʩ. 2.12,ʚ,ʛ 

ï 0 1.25w l= . ʗʢ ʤʦʞʥʘ ʧʦʙʘʯʠʪʠ, ʤʝʤʙʨʘʥʥʘ ʬʫʥʢʮʽʷ 2Y  ʫ ʛʦʬʨʽ, ʟʥʘʡʜʝʥʘ ʟʘ 

ʜʦʧʦʤʦʛʦʶ ʩʧʨʦʱʝʥʦʛʦ ʤʝʪʦʜʫ ʄɹɻ, ʤʘʻ ʧʦʩʪʽʡʥʝ ʟʥʘʯʝʥʥʷ ʥʘ ʚʩʽʡ ʘʧʝʨʪʫʨʽ ʛʦʬʨʘ, 

ʥʘ ʚʽʜʤʽʥʫ ʚʽʜ ʤʝʤʙʨʘʥʥʦʾ ʬʫʥʢʮʽʾ 1Y  ʚ ʢʘʥʘʣʽ ʭʚʠʣʝʚʦʜʫ, ʷʢʘ ʟʤʽʥʶʻʪʴʩʷ ʚ 

ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ ʢʫʪʘ j (ʨʠʩ. 2.12,ʘ,ʚ). ʇʦʤʽʪʥʘ ʚʽʜʤʽʥʥʽʩʪʴ 1Y  ʽ 2Y  ʚ ʮʴʦʤʫ 

ʚʠʧʘʜʢʫ ʧʦʷʩʥʶʻ ʧʦʨʫʰʝʥʥʷ ʫʤʦʚʠ ʥʝʧʝʨʝʨʚʥʦʩʪʽ ʧʦʣʷ ʧʨʠ 0FN = . ʅʘ ʨʠʩ. 2.12,ʙ,ʛ 

ʥʘʚʝʜʝʥʽ ʟʘʣʝʞʥʦʩʪʽ ʤʝʤʙʨʘʥʥʠʭ ʬʫʥʢʮʽʡ 1Y  ʽ 2Y  ʚʽʜ j ʜʣʷ ʚʣʘʩʥʠʭ ʟʥʘʯʝʥʴ c 

ʊɽ8,8 ʤʦʜʠ, ʚʠʟʥʘʯʝʥʠʭ ʤʝʪʦʜʦʤ ʄʇɻ (4FN = ). ɺʠʜʥʦ, ʱʦ ʮʽ ʤʝʤʙʨʘʥʥʽ ʬʫʥʢʮʽʾ ʻ 

ʜʦʩʠʪʴ ʙʣʠʟʴʢʠʤʠ ʽ ʪʦʤʫ ʟʘʙʝʟʧʝʯʫʶʪʴ ʜʦʩʪʘʪʥʴʦ ʚʠʩʦʢʫ ʪʦʯʥʽʩʪʴ ʨʦʟʨʘʭʫʥʢʫ 

ʨʦʟʧʦʜʽʣʫ ʧʦʣʽʚ ʟʘ ʧʦʧʝʨʝʯʥʠʤ ʧʝʨʝʨʽʟʦʤ ʛʦʬʨʦʚʘʥʦʛʦ ʭʚʠʣʝʚʦʜʫ. ɺʠʥʷʪʢʠ ʤʦʞʫʪʴ 

ʩʪʘʥʦʚʠʪʠ ʦʢʦʣʠ ʧʦʙʣʠʟʫ ʨʝʙʝʨ ʛʦʬʨʽʚ. 
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ʈʠʩ. 2.12. ʄʝʤʙʨʘʥʥʘ ʬʫʥʢʮʽʷ ʥʘ ʘʧʝʨʪʫʨʽ ʛʦʬʨʘ 0r R=  ʧʨʠ (ʘ) 0FN = , 0 0.75w l= , 

(ʙ) 4FN = , 0 0.75w l= , (ʚ) 0FN = , 0 1.25w l= , (ʛ) 4FN = , 0 1.25w l= . 

 

2.3. ʊʄ ʤʦʜʠ ʚ ʢʦʘʢʩʽʘʣʴʥʠʭ ʨʝʟʦʥʘʪʦʨʘʭ ʟ ʛʦʬʨʦʚʘʥʠʤ ʚʥʫʪʨʽʰʥʽʤ 

ʧʨʦʚʽʜʥʠʢʦʤ 

2.3.1. ʄʘʪʝʤʘʪʠʯʥʘ ʤʦʜʝʣʴ 

ʗʢ ʧʦʢʘʟʘʥʦ ʚʠʱʝ (ʜʠʚ. ʨʠʩ. 2.4 ʽ ʨʠʩ. 2.11), ʧʦʙʣʠʟʫ ʨʝʙʝʨ ʛʦʬʨʽʚ ʤʝʪʦʜ ʄʇɻ 

ʜʝʤʦʥʩʪʨʫʻ ʥʘʡʥʠʞʯʫ ʪʦʯʥʽʩʪʴ ʨʦʟʨʘʭʫʥʢʫ ʚʣʘʩʥʠʭ ʧʦʣʽʚ ʛʦʬʨʦʚʘʥʦʾ ʩʪʨʫʢʪʫʨʠ. 

ʈʦʟʛʣʷʥʝʤʦ ʜʘʥʫ ʧʨʦʙʣʝʤʫ ʜʣʷ ʤʦʜ ʊʄ ʪʠʧʫ, ʱʦ ʨʦʟʧʦʚʩʶʜʞʫʶʪʴʩʷ ʚ 

ʢʦʘʢʩʽʘʣʴʥʦʤʫ ʨʝʟʦʥʘʪʦʨʽ ʛʽʨʦʪʨʦʥʘ ʟ ʛʦʬʨʦʚʘʥʠʤ ʚʥʫʪʨʽʰʥʽʤ ʧʨʦʚʽʜʥʠʢʦʤ (ʜʣʷ ʤʦʜ 

ʊɽ ʪʠʧʫ ʨʝʟʫʣʴʪʘʪʠ ʥʘʚʝʜʝʥʽ ʚ [110]). ʈʝʟʦʥʘʪʦʨ ʛʽʨʦʪʨʦʥʘ ʻ ʩʣʘʙʦʥʝʦʜʥʦʨʽʜʥʠʤ 

(ʨʠʩ. 2.13). ʊʦʤʫ ʚ ʢʦʞʥʦʤʫ ʧʦʧʝʨʝʯʥʦʤʫ ʧʝʨʝʨʽʟʽ ʡʦʛʦ ʚʣʘʩʥʝ ʧʦʣʝ ʙʣʠʟʴʢʝ ʜʦ ʧʦʣʷ 
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ʥʦʨʤʘʣʴʥʦʾ (ʭʚʠʣʝʚʽʜʥʦʾ) ʤʦʜʠ, ʱʦ ʨʦʟʧʦʚʩʶʜʞʫʻʪʴʩʷ ʚ ʥʝʩʢʽʥʯʝʥʥʦ-ʜʦʚʛʦʤʫ 

ʭʚʠʣʝʚʦʜʽ ʪʘʢʦʛʦ ʞ ʧʝʨʝʨʽʟʫ. ɿ ʦʛʣʷʜʫ ʥʘ ʫʤʦʚʫ 0Y=  ʜʣʷ ʭʚʠʣʝʚʽʜʥʠʭ ʊʄ ʤʦʜ, ʟ 

(2.4)-(2.9) ʦʪʨʠʤʫʻʤʦ 
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ʈʠʩ. 2.13. ʈʝʟʦʥʘʪʦʨ ʢʦʘʢʩʽʘʣʴʥʦʛʦ 170-ɻɻʮ 2-ʄɺʪ ʛʽʨʦʪʨʦʥʘ [105] ( 0.044d=  ʩʤ, 

/ 0.5L Sj j= , ʢʽʣʴʢʽʩʪʴ ʛʦʬʨʽʚ ï 75). 

 

ʇʨʝʜʩʪʘʚʠʤʦ ʤʝʤʙʨʘʥʥʫ ʬʫʥʢʮʽʶ F ʫ ʚʠʛʣʷʜʽ ʨʦʟʢʣʘʜʘʥʥʷ ʚ ʨʷʜ ʧʦ 

ʧʨʦʩʪʦʨʦʚʠʤ ʛʘʨʤʦʥʽʢʘʤ, ʷʢʝ ʟʘʜʦʚʦʣʴʥʷʻ ʭʚʠʣʴʦʚʦʤʫ ʨʽʚʥʷʥʥʶ (2.11) ʽ ʛʨʘʥʠʯʥʽʡ 

ʫʤʦʚʽ ɼʽʨʽʭʣʝ (2.15). ʋʩʝʨʝʜʠʥʽ ʢʘʥʘʣʫ ʭʚʠʣʝʚʦʜʫ ʤʝʤʙʨʘʥʥʘ ʬʫʥʢʮʽʷ ʨʦʟʢʣʘʜʘʻʪʴʩʷ 

ʚ ʨʷʜ ʧʦ ʛʘʨʤʦʥʽʢʘʤ ɹʣʦʭʘ, ʚʩʝʨʝʜʠʥʽ ʛʦʬʨʽʚ ï ʧʦ ʛʘʨʤʦʥʽʢʘʤ ʌʫʨ'ʻ: 
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ʅʘ ʛʨʘʥʠʮʽ ʧʦʜʽʣʫ ʭʚʠʣʝʚʽʜʥʦʛʦ ʢʘʥʘʣʫ ʽ ʛʦʬʨʽʚ ʢʦʤʧʦʥʝʥʪʠ ʧʦʣʷ zE  ʽ Bj 

ʧʦʚʠʥʥ̔  ʟʘʜʦʚʦʣʴʥʷʪʠ ʪʘʢʠʤ ʚʠʤʦʛʘʤ ʥʝʧʝʨʝʨʚʥʦʩʪʽ ʽ ʛʨʘʥʠʯʥʠʤ ʫʤʦʚʘʤ: 
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ʷʢʽ ʟ ʫʨʘʭʫʚʘʥʥʷʤ (2.46) ʪʘ (2.47) ʤʦʞʫʪʴ ʙʫʪʠ ʟʘʧʠʩʘʥʽ ʫ ʚʠʛʣʷʜʽ: 
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ɺʠʢʦʨʠʩʪʦʚʫʶʯʠ ʧʨʝʜʩʪʘʚʣʝʥʥʷ (2.48) ʜʣʷ ʤʝʤʙʨʘʥʥʦʾ ʬʫʥʢʮʽʾ F, ʦʪʨʠʤʫʻʤʦ: 
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ʜʝ ( )n n ih h R¡= , ( )l l iq q R¡= . 
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ʇʦʢʘʞʝʤʦ, ʱʦ ʤʝʪʦʜ ʧʨʦʩʪʦʨʦʚʠʭ ʛʘʨʤʦʥʽʢ ʄʇɻ [105, 109], ʱʦ ʦʧʠʩʘʥʠʡ 

ʚʠʱʝ, ʤʦʞʝ ʙʫʪʠ ʚʜʦʩʢʦʥʘʣʝʥʠʡ ʟʘ ʨʘʭʫʥʦʢ ʧʝʨʝʨʦʟʢʣʘʜʘʥʥʷ ʤʝʤʙʨʘʥʥʦʾ ʬʫʥʢʮʽʾ ʥʘ 

ʛʨʘʥʠʮʽ ʧʦʜʽʣʫ ʭʚʠʣʝʚʽʜʥʦʛʦ ʢʘʥʘʣʫ ʽ ʛʦʬʨʽʚ. ɼʣʷ ʜʘʥʦʾ ʤʝʪʠ ʙʫʜʝʤʦ 

ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠ ʤʝʪʦʜ ʧʝʨʝʨʦʟʢʣʘʜʘʥʥʷ ʚʣʘʩʥʠʭ ʧʦʣʽʚ (ʄʇʇ) ʦʨʪʦʛʦʥʘʣʴʥʠʤʠ 

ʧʦʣʽʥʦʤʘʤʠ ɻʝʛʝʥʙʘʫʝʨʘ [104, 110, 121-123]. 

ɺʽʜʦʤʦ, ʱʦ ʥʘʷʚʥʽʩʪʴ ʨʝʙʝʨ ʥʘ ʤʝʪʘʣʝʚʠʭ ʧʦʚʝʨʭʥʷʭ ʧʨʠʟʚʦʜʠʪʴ ʜʦ 

ʥʝʦʜʥʦʟʥʘʯʥʦʛʦ ʨʦʟʚ'ʷʟʢʫ ʨʽʚʥʷʥʴ ʄʘʢʩʚʝʣʣʘ, ʦʩʢʽʣʴʢʠ ʜʝʷʢʽ ʢʦʤʧʦʥʝʥʪʠ ʧʦʣʷ 

ʩʪʘʶʪʴ ʥʝʩʢʽʥʯʝʥʥʦ ʚʝʣʠʢʠʤʠ ʽʟ ʥʘʙʣʠʞʝʥʥʷʤ ʜʦ ʪʘʢʠʭ ʨʝʙʝʨ [114]. ɼʣʷ 

ʟʘʙʝʟʧʝʯʝʥʥʷ ʻʜʠʥʦʩʪʽ ʨʦʟʚ'ʷʟʢʫ ʚʚʦʜʠʪʴʩʷ ʜʦʜʘʪʢʦʚʝ ʬʽʟʠʯʥʝ ʦʙʤʝʞʝʥʥʷ ʥʘ ʧʦʣʷ, 

ʚʽʜʦʤʝ ʷʢ ʢʨʘʡʦʚʘ ʫʤʦʚʘ ʄʝʡʢʩʥʝʨʘ [111], ʷʢʘ ʜʣʷ TM ʤʦʜ ʚʩʪʘʥʦʚʣʶʻ ʪʘʢʫ 

ʦʩʦʙʣʠʚʽʩʪʴ ʧʦʣʷ: 
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ʜʝ r ï ʚʽʜʩʪʘʥʴ ʜʦ ʨʝʙʨʘ, ʚʝʣʠʯʠʥʘ t ʟʘʣʝʞʠʪʴ ʚʽʜ ʚʠʜʫ ʨʝʙʨʘ ʽ ʜʦʨʽʚʥʶʻ 2 / 3 ʜʣʷ 

ʨʦʟʛʣʷʜʫʚʘʥʠʭ ʢʣʠʥʦʧʦʜʽʙʥʠʭ ʛʦʬʨʽʚ [112]. 

ɼʣʷ ʪʦʛʦ ʱʦʙ ʚʨʘʭʫʚʘʪʠ ʟʘʟʥʘʯʝʥʫ ʦʩʦʙʣʠʚʽʩʪʴ ʧʦʣʷ ʧʦʙʣʠʟʫ ʨʝʙʝʨ ʛʦʬʨʽʚ, 

ʚʚʝʜʝʤʦ ʥʦʚʫ ʬʫʥʢʮʽʶ ()F j   

 

 ()1 2
i ir R r R

F j
= =

F =F = , (2.56) 

 

ʷʢʘ ʟʘʜʦʚʦʣʴʥʷʻ (2.55): 
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ʜʝ kP ts  ï ʧʦʣʽʥʦʤʠ ɻʝʛʝʥʙʘʫʝʨʘ, ʷʢʽ ʦʨʪʦʛʦʥʘʣʴʥʽ ʥʘ ʽʥʪʝʨʚʘʣʽ ( )2,  2L Lj j-  ʜʣ̫ 

1 2ts t= + , ( )1GN +  ï ʢʽʣʴʢʽʩʪʴ ʧʦʣʽʥʦʤʽʚ ɻʝʛʝʥʙʘʫʝʨʘ.  

ɿ (2.53), (2.56) ʽ (2.57) ʦʪʨʠʤʫʻʤʦ ʩʠʩʪʝʤʫ ʨʽʚʥʷʥʴ ʜʣʷ ʥʝʚʽʜʦʤʠʭ ʢʦʝʬʽʮʽʻʥʪʽʚ 

nB  ʽ lY : 
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ʇʦʤʥʦʞʫʻʤʦ ʨʽʚʥʷʥʥʷ (2.58) ʽ (2.59) ʥʘ ʬʫʥʢʮʽʾ qik
e

j-
 ʽ ( )( )sin 2j Lx j j+ , ʘ 

ʧʦʪʽʤ ʽʥʪʝʛʨʫʻʤʦ ʦʪʨʠʤʘʥʠʡ ʨʝʟʫʣʴʪʘʪ ʚ ʽʥʪʝʨʚʘʣʽ ( )2,  2S Sj j-  ʽ ( )2,  2L Lj j- , 

ʚʽʜʧʦʚʽʜʥʦ. ɺ ʨʝʟʫʣʴʪʘʪʽ ʤʘʻʤʦ: 
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ɺʠʢʦʨʠʩʪʦʚʫʶʯʠ ʫʤʦʚʠ ʦʨʪʦʛʦʥʘʣʴʥʦʩʪʽ (2.30) ʽ  
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ʤʦʞʥʘ ʦʪʨʠʤʘʪʠ ʟʚ'ʷʟʦʢ ʥʝʚʽʜʦʤʠʭ nB  ʪʘ lY  ʽʟ ʥʦʚʠʤʠ ʢʦʝʬʽʮʽʻʥʪʘʤʠ ka : 
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ʇʽʜʩʪʘʚʣʷʶʯʠ ʚʠʨʘʟʠ ʜʣʷ nB  (2.63) ʽ lY  (2.64) ʚ (2.54) ʽ ʚʠʢʦʨʠʩʪʦʚʫʶʯʠ 

ʦʨʪʦʛʦʥʘʣʴʥʽ ʚʣʘʩʪʠʚʦʩʪʽ ʧʦʣʽʥʦʤʽʚ ɻʝʛʝʥʙʘʫʝʨʘ, ʦʪʨʠʤʫʻʤʦ ʩʠʩʪʝʤʫ ʨʽʚʥʷʥʴ ʜʣʷ 

ʥʝʚʽʜʦʤʠʭ ʢʦʝʬʽʮʽʻʥʪʽʚ ka : 
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ʉʠʩʪʝʤʘ ʨʽʚʥʷʥʴ (2.65) ʤʘʻ ʥʝʪʨʠʚʽʘʣʴʥʠʡ ʨʦʟʚ'ʷʟʦʢ, ʷʢʱʦ ʜʝʪʝʨʤʽʥʘʥʪ ʤʘʪʨʠʮʽ 

jkd  ʩʪʘʻ ʥʫʣʝʤ: 

 

 det 0jkd = . (2.67) 

 

ʇʨʠ ʚʨʘʭʫʚʘʥʥʽ ʩʢʽʥʯʝʥʥʦʛʦ ʯʠʩʣʘ ʧʨʦʩʪʦʨʦʚʠʭ ʛʘʨʤʦʥʽʢ ʦʪʨʠʤʫʻʤʦ: 
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ʜʝ ʢʽʣʴʢʽʩʪʴ ʚʨʘʭʦʚʘʥʠʭ ʛʘʨʤʦʥʽʢ ɹʣʦʭʘ ʽ ʌʫʨ'ʻ ʩʢʣʘʜʘʻ ( )2 1BN +  ʽ FN , ʚʽʜʧʦʚʽʜʥʦ. 

ɼʠʩʧʝʨʩʽʡʥʝ ʨʽʚʥʷʥʥʷ (2.67) ʜʦʟʚʦʣʷʻ ʟʥʘʡʪʠ ʚʣʘʩʥʽ ʟʥʘʯʝʥʥʷ ʜʣʷ ʊʄ ʤʦʜ ʚ 

ʢʦʘʢʩʽʘʣʴʥʦʤʫ ʭʚʠʣʝʚʦʜʽ ʟ ʛʦʬʨʦʚʘʥʦʶ ʚʩʪʘʚʢʦʶ. 

ʆʯʝʚʠʜʥʘ ʧʝʨʝʚʘʛʘ ʤʝʪʦʜʫ ʄʇʇ, ʦʢʨʽʤ ʟʜʘʪʥʦʩʪʽ ʚʨʘʭʫʚʘʥʥʷ ʦʩʦʙʣʠʚʦʩʪʽ ʧʦʣʷ 

ʧʦʙʣʠʟʫ ʨʝʙʝʨ ʛʦʬʨʽʚ, ʧʦʣʷʛʘʻ ʚ ʪʦʤʫ, ʱʦ ʨʝʟʫʣʴʪʽʚʥʘ ʤʘʪʨʠʮʷ (2.65) ʩʢʣʘʜʘʻʪʴʩʷ ʟ 

( )( )1 1G GN N+ ³ + ʝʣʝʤʝʥʪʽʚ. ʇʨʠ ʮʴʦʤʫ ʢʽʣʴʢʽʩʪʴ ʧʦʣʽʥʦʤʽʚ ɻʝʛʝʥʙʘʫʝʨʘ ( )1GN +  

ʤʦʞʝ ʙʫʪʠ ʦʙʨʘʥʘ ʥʘʙʘʛʘʪʦ ʤʝʥʰʦʶ, ʥʽʞ ʢʽʣʴʢʽʩʪʴ ʛʘʨʤʦʥʽʢ ɹʣʦʭʘ ( )2 1BN +  ʽ 

ʛʘʨʤʦʥʽʢ ʌʫʨ'ʻ FN  ʫ ʟʚʠʯʘʡʥʦʤʫ ʤʝʪʦʜʽ ʄʇɻ, ʱʦʙ ʛʘʨʘʥʪʫʚʘʪʠ ʧʦʪʨʽʙʥʫ ʪʦʯʥʽʩʪʴ 

ʦʙʯʠʩʣʝʥʴ. ʆʪʞʝ, ʨʦʟʤʽʨ ʨʝʟʫʣʴʪʽʚʥʦʛʦ ʜʝʪʝʨʤʽʥʘʥʪʘ, ʱʦ ʚʭʦʜʠʪʴ ʚ ʜʠʩʧʝʨʩʽʡʥʝ 

ʨʽʚʥʷʥʥʷ, ʤʦʞʝ ʙʫʪʠ ʟʤʝʥʰʝʥʠʡ. ʎʝ, ʚ ʩʚʦʶ ʯʝʨʛʫ, ʜʦʟʚʦʣʷʻ ʟʥʘʯʥʦ ʩʢʦʨʦʪʠʪʠ ʯʘʩ 

ʢʦʤʧ'ʶʪʝʨʥʠʭ ʦʙʯʠʩʣʝʥʴ ʧʨʠ ʨʦʟʚ'ʷʟʢʫ ʟʘʜʘʯʽ ʥʘ ʚʣʘʩʥʽ ʟʥʘʯʝʥʥʷ ʚ ʭʚʠʣʝʚʦʜʘʭ ʟ 

ʛʦʬʨʦʚʘʥʠʤʠ ʧʦʚʝʨʭʥʷʤʠ. 

 

2.3.2. ɺʣʘʩʥʽ ʟʥʘʯʝʥʥʷ ʽ ʧʦʣʷ ʊʄ ʤʦʜ ʚ ʢʦʘʢʩʽʘʣʴʥʦʤʫ ʨʝʟʦʥʘʪʦʨʽ 

ʛʽʨʦʪʨʦʥʘ 

ʗʢ ʧʨʠʢʣʘʜ, ʨʦʟʛʣʷʥʝʤʦ ʤʦʜʫ TM34,19 ʢʦʘʢʩʽʘʣʴʥʦʛʦ ʨʝʟʦʥʘʪʦʨʘ 2-ʄɺʪ 170-ɻɻʮ 

ʛʽʨʦʪʨʦʥʘ, ʨʦʟʨʦʙʣʝʥʦʛʦ ʚ ʊʝʭʥʦʣʦʛʽʯʥʦʤʫ ʽʥʩʪʠʪʫʪʽ ʂʘʨʣʩʨʫʝ [105]. ʈʝʟʦʥʘʪʦʨ 

ʛʽʨʦʪʨʦʥʘ ʤʘʻ ʛʣʘʜʢʫ ʟʦʚʥʽʰʥʶ ʩʪʽʥʢʫ ʽ ʛʦʬʨʦʚʘʥʫ ʚʥʫʪʨʽʰʥʶ ʚʩʪʘʚʢʫ ʟ ʛʣʠʙʠʥʦʶ 

ʛʦʬʨʘ 0.044d=  ʩʤ, / 0.5L Sj j= , ʢʽʣʴʢʽʩʪʴ ʛʦʬʨʽʚ ï 75 (ʨʠʩ. 2.13). 

ʅʘ ʨʠʩ. 2.14 ʧʦʢʘʟʘʥʦ ʟʤʽʥʫ ʚʣʘʩʥʦʛʦ ʟʥʘʯʝʥʥʷ 0k Rc ^=  ʤʦʜʠ TM34,19 ʫʟʜʦʚʞ 

ʦʩʽ ʨʝʟʦʥʘʪʦʨʘ, ʦʙʯʠʩʣʝʥʦʛʦ ʤʝʪʦʜʦʤ ʄʇɻ [105, 109] ʽ ʡʦʛʦ ʚʜʦʩʢʦʥʘʣʝʥʠʤ 

ʚʘʨʽʘʥʪʦʤ ʄʇʇ, ʚ ʷʢʦʤʫ ʧʦʣʷ ʥʘ ʛʨʘʥʠʮʽ ʧʦʜʽʣʫ ʭʚʠʣʝʚʽʜʥʦʛʦ ʢʘʥʘʣʫ ʽ ʛʦʬʨʽʚ 

ʜʦʜʘʪʢʦʚʦ ʧʝʨʝʨʦʟʢʣʘʜʘʶʪʴʩʷ ʚ ʨʷʜ ʧʦ ʧʦʣʽʥʦʤʘʤ ɻʝʛʝʥʙʘʫʝʨʘ. ʗʢ ʚʠʜʥʦ ʟ 

ʨʠʩ. 2.14ʘ, ʨʦʟʨʘʭʫʥʢʠ, ʚʠʢʦʥʘʥʽ ʤʝʪʦʜʘʤʠ ʄʇʇ (GN , BN , FN ) ʽ ʄʇɻ (BN , FN ), 

ʜʦʙʨʝ ʫʟʛʦʜʞʫʶʪʴʩʷ. ʎʝ ʫʟʛʦʜʞʝʥʥʷ ʧʦʣʽʧʰʫʻʪʴʩʷ ʟʽ ʟʙʽʣʴʰʝʥʥʷʤ ʯʠʩʣʘ ʚʠʭʽʜʥʠʭ 

(ʛʘʨʤʦʥʽʢʠ ɹʣʦʭʘ ʽ ʌʫʨ'ʻ) ʽ ʥʦʚʠʭ (ʧʦʣʽʥʦʤʠ ɻʝʛʝʥʙʘʫʝʨʘ) ʙʘʟʦʚʠʭ ʬʫʥʢʮʽʡ 

(ʨʠʩ. 2.14ʙ). 
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ʈʠʩ. 2.14. ɺʣʘʩʥʝ ʟʥʘʯʝʥʥʷ ʤʦʜʠ TM34,19 ʚ ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ ʧʦʟʜʦʚʞʥʴʦʾ ʢʦʦʨʜʠʥʘʪʠ z: 

ʘ ï ʧʦʚʥʘ ʜʦʚʞʠʥʘ ʨʝʟʦʥʘʪʦʨʘ; ʙ ï ʦʙʣʘʩʪʴ ʧʦʙʣʠʟʫ ʚʭʦʜʫ ʫ ʨʝʟʦʥʘʪʦʨ. 

 

ɿʙʽʞʥʽʩʪʴ ʤʝʪʦʜʫ ʄʇʇ ʜʝʤʦʥʩʪʨʫʻ ʨʠʩ. 2.15, ʥʘ ʷʢʦʤʫ ʥʘʚʝʜʝʥʽ ʟʘʣʝʞʥʦʩʪʽ 

ʚʣʘʩʥʦʛʦ ʟʥʘʯʝʥʥʷ ʤʦʜʠ TM34,19 (ʨʠʩ. 2.15a) ʽ ʧʦʭʠʙʢʠ ( )GNd  ʡʦʛʦ ʦʙʯʠʩʣʝʥʥʷ 

(ʨʠʩ. 2.15ʙ) ʚʽʜ ʢʽʣʴʢʦʩʪʽ ʧʦʣʽʥʦʤʽʚ ɻʝʛʝʥʙʘʫʝʨʘ. ɺʽʜʥʦʩʥʘ ʧʦʭʠʙʢʘ ʦʙʯʠʩʣʶʻʪʴʩʷ ʷʢ: 
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ʜʝ GN  ʧʦʚ'ʷʟʘʥʦ ʽʟ BN  ʪʘ FN  ʚʠʨʘʟʦʤ ( )10 1B F GN N N= = +. 

ʃʝʛʢʦ ʧʦʙʘʯʠʪʠ, ʱʦ ʚʽʜʥʦʩʥʘ ʧʦʭʠʙʢʘ d ʥʝ ʧʝʨʝʚʠʱʫʻ 7Ŀ10
-6
, ʥʘʚʽʪʴ ʫ 

ʚʠʧʘʜʢʫ, ʢʦʣʠ ʜʠʩʧʝʨʩʽʡʥʝ ʨʽʚʥʷʥʥʷ (2.67) ʤʽʩʪʠʪʴ ʦʜʥʦʝʣʝʤʝʥʪʥʫ ʤʘʪʨʠʮʶ (ʯʠʩʣʦ 

ʧʦʣʽʥʦʤʽʚ ɻʝʛʝʥʙʘʫʝʨʘ ( 1)GN +  ʜʦʨʽʚʥʶʻ ʦʜʠʥʠʮʽ). ʊʘʢʠʤ ʯʠʥʦʤ, ʤʝʪʦʜ ʄʇʇ 

ʜʝʤʦʥʩʪʨʫʻ ʜʫʞʝ ʰʚʠʜʢʫ ʟʙʽʞʥʽʩʪʴ ʚʣʘʩʥʠʭ ʟʥʘʯʝʥʴ ʜʣʷ ʊʄ ʤʦʜ ʨʝʟʦʥʘʪʦʨʘ. 

ʅʝʟʚʘʞʘʶʯʠ ʥʘ ʮʝ, ʜʝʷʢʽ ʯʠʩʝʣʴʥʽ ʧʦʭʠʙʢʠ ʤʦʞʫʪʴ ʩʧʦʩʪʝʨʽʛʘʪʠʩʷ ʧʨʠ 

ʨʦʟʨʘʭʫʥʢʫ ʚʣʘʩʥʠʭ ʧʦʣʽʚ ʨʝʟʦʥʘʪʦʨʘ. ʈʠʩ. 2.16 ʧʦʢʘʟʫʻ ʨʦʟʧʦʜʽʣ ʤʝʤʙʨʘʥʥʠʭ 

ʬʫʥʢʮʽʡ 1F  ʽ 2F  ʫʟʜʦʚʞ ʘʧʝʨʪʫʨʠ ʛʦʬʨʘ. ɺ ʽʜʝʘʣʴʥʦʤʫ ʚʠʧʘʜʢʫ ʮʽ ʬʫʥʢʮʽʾ ʧʦʚʠʥʥʽ 

ʟʙʽʛʘʪʠʩʷ. ʇʨʦʪʝ ʥʘʩʧʨʘʚʜʽ ʽʩʥʫʻ ʜʝʷʢʘ ʨʦʟʙʽʞʥʽʩʪʴ ʤʽʞ ʥʠʤʠ. ʗʢ ʽ ʩʣʽʜ ʙʫʣʦ 

ʦʯʽʢʫʚʘʪʠ, ʮʷ ʨʦʟʙʽʞʥʽʩʪʴ ʥʘʡʙʽʣʴʰ ʷʚʥʦ ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ ʧʦʙʣʠʟʫ ʨʝʙʝʨ ʛʦʬʨʘ 
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2Lj°  (ʨʠʩ. 2.16ʘ) ʽ ʤʦʞʝ ʙʫʪʠ ʧʦʤʽʪʥʦ ʟʥʠʞʝʥʘ ʟʘ ʨʘʭʫʥʦʢ ʟʙʽʣʴʰʝʥʥʷ GN , BN  ʽ 

FN  (ʨʠʩ. 2.16,ʙ,ʚ). 

 

 

    ʘ      ʙ 

ʈʠʩ. 2.15. (ʘ) ɺʣʘʩʥʝ ʟʥʘʯʝʥʥʷ c ʽ (ʙ) ʚʽʜʥʦʩʥʘ ʧʦʭʠʙʢʘ ( )GNd  ʦʙʯʠʩʣʝʥʴ ʚ 

ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ ʢʽʣʴʢʦʩʪʽ ʧʦʣʽʥʦʤʽʚ ɻʝʛʝʥʙʘʫʝʨʘ ( 1)GN + . 

 

     

   ʘ        ʙ           ʚ 

ʈʠʩ. 2.16. ɿʘʣʝʞʥʽʩʪʴ ʤʝʤʙʨʘʥʥʦʾ ʬʫʥʢʮʽʾ ʚʽʜ ʘʟʠʤʫʪʘʣʴʥʦʛʦ ʢʫʪʘ ʥʘ ʘʧʝʨʪʫʨʽ ʛʦʬʨʘ: 

ʘ ï ʤʝʪʦʜ ʄʇʇ (0,2,2); ʙ ï ʤʝʪʦʜ ʄʇʇ (3,10,10); ʚ ï ʤʝʪʦʜ ʄʇʇ (10,100,100). 

 

ʌʦʨʤʘ ʤʝʤʙʨʘʥʥʦʾ ʬʫʥʢʮʽʾ ʤʦʜʠ TM34,19, ʧʦʢʘʟʘʥʘ ʥʘ ʨʠʩ. 2.16ʚ, ʤʘʡʞʝ 

ʧʦʚʥʽʩʪʶ ʟʙʽʛʘʻʪʴʩʷ ʟ ʪʽʻʶ, ʷʢʘ ʙʫʣʘ ʦʪʨʠʤʘʥʘ ʩʪʨʦʛʠʤ ʤʝʪʦʜʦʤ ʉɯʈ ʚ [124] (ʜʠʚ. 

ʈʠʩ. 4 ʚ [124]). ʊʘʢʘ ʬʦʨʤʘ ʤʝʤʙʨʘʥʥʦʾ ʬʫʥʢʮʽʾ ʟʘʜʦʚʦʣʴʥʷʻ ʥʝʦʙʭʽʜʥʽʡ ʛʨʘʥʠʯʥʽʡ 

ʫʤʦʚʽ (2.15) ʽ ʫʤʦʚʽ ʥʘ ʨʝʙʨʽ (2.55) [111]. 
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ɸʙʩʦʣʶʪʥʝ ʟʥʘʯʝʥʥʷ ʧʦʟʜʦʚʞʥʴʦʛʦ ʝʣʝʢʪʨʠʯʥʦʛʦ ʧʦʣʷ zE  ʤʦʜʠ TM34,19 

ʧʦʢʘʟʘʥʝ ʥʘ ʨʠʩ. 2.17 ʜʣʷ ʚʭʽʜʥʦʛʦ ʧʦʧʝʨʝʯʥʦʛʦ ʧʝʨʝʨʽʟʫ ʨʝʟʦʥʘʪʦʨʘ ʛʽʨʦʪʨʦʥʘ. ʎʝʡ 

ʨʦʟʧʦʜʽʣ ʧʦʣʷ ʜʦʙʨʝ ʫʟʛʦʜʞʫʻʪʴʩʷ ʟ ʨʦʟʨʘʭʫʥʢʘʤʠ ʤʝʪʦʜʦʤ ʉɯʈ [124]. 

 

                                                                 

                                                                 

                                                                 

                                                                 

                                                                 

                                                                 

                                                                 

                                                                 

 

ʈʠʩ. 2.17. ɸʙʩʦʣʶʪʥʝ ʟʥʘʯʝʥʥʷ ʧʦʟʜʦʚʞʥʴʦʛʦ ʝʣʝʢʪʨʠʯʥʦʛʦ ʧʦʣʷ ʥʘ ʚʭʦʜʽ ʫ 

ʨʝʟʦʥʘʪʦʨ ʜʣʷ ʤʦʜʠ TM34,19. 

 

ɿ ʨʠʩ. 2.17 ʚʠʜʥʦ, ʱʦ ʛʦʬʨʠ ʩʣʘʙʦ ʚʧʣʠʚʘʶʪʴ ʥʘ ʧʦʣʝ ʤʦʜʠ. ʆʜʥʘʢ ʧʦʙʣʠʟʫ 

ʛʦʬʨʽʚ ʤʦʞʝ ʩʧʦʩʪʝʨʽʛʘʪʠʩʷ ʧʦʨʫʰʝʥʥʷ ʫʤʦʚʠ ʥʝʧʝʨʝʨʚʥʦʩʪʽ ʧʦʣʽʚ. ɼʣʷ 

ʜʝʤʦʥʩʪʨʘʮʽʾ ʮʴʦʛʦ ʝʬʝʢʪʫ ʨʦʟʛʣʷʥʝʤʦ ʦʙʣʘʩʪʴ ʨʝʟʦʥʘʪʦʨʘ ʚ ʦʢʦʣʽ ʦʜʥʦʛʦ ʟ ʛʦʬʨʽʚ. 

ʈʦʟʧʦʜʽʣ zE  ʚ ʜʘʥʽʡ ʦʙʣʘʩʪʽ ʧʦʢʘʟʘʥʠʡ ʥʘ ʨʠʩ. 2.18. 

ʈʠʩ. 2.18ʘ ʚʽʜʧʦʚʽʜʘʻ ʚʠʧʘʜʢʫ, ʢʦʣʠ ʨʝʟʫʣʴʪʽʚʥʘ ʤʘʪʨʠʮʷ (2.67) ʩʢʣʘʜʘʻʪʴʩʷ ʟ 

ʦʜʥʦʛʦ ʝʣʝʤʝʥʪʘ (( 1) 1GN + =). ʋ ʮʴʦʤʫ ʚʠʧʘʜʢʫ ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ ʩʪʨʠʙʦʢ ʧʦʣʷ ʥʘ 

ʛʨʘʥʠʮʽ ʤʽʞ ʢʘʥʘʣʦʤ ʭʚʠʣʝʚʦʜʫ ʽ ʛʦʬʨʦʤ. 
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ʈʠʩ. 2.18. ʈʦʟʧʦʜʽʣ ʝʣʝʢʪʨʦʤʘʛʥʽʪʥʦʛʦ ʧʦʣʷ ʥʘ ʚʭʦʜʽ ʫ ʨʝʟʦʥʘʪʦʨ ʧʦʙʣʠʟʫ ʢʨʘʶ 

ʛʦʬʨʘ: ʘ ï ʤʝʪʦʜ ʄʇʇ (0,2,2); ʙ ï ʤʝʪʦʜ ʄʇʇ (10,100,100). 

 

ʈʦʟʫʟʛʦʜʞʝʥʥʷ ʧʦʣʽʚ ʤʘʻ ʥʘʡʙʽʣʴʰʝ ʟʥʘʯʝʥʥʷ ʧʦʙʣʠʟʫ ʨʝʙʨʘ ʛʦʬʨʘ. ʁʦʛʦ 

ʤʦʞʥʘ ʟʤʝʥʰʠʪʠ, ʟʙʽʣʴʰʫʶʯʠ ʟʥʘʯʝʥʥʷ GN , BN  ʽ FN  (ʨʠʩ. 2.18ʙ). ʎʝ ʜʦʟʚʦʣʷʻ 

ʜʦʩʷʛʪʠ ʚʠʩʦʢʦʾ ʪʦʯʥʦʩʪʽ ʚʠʢʦʥʘʥʥʷ ʫʤʦʚʠ ʥʝʧʝʨʝʨʚʥʦʩʪʽ ʧʦʣʽʚ ʥʘ ʛʨʘʥʠʮʽ ʧʦʜʽʣʫ 

ʭʚʠʣʝʚʜ̔ʥʦʛʦ ʢʘʥʘʣʫ ʽ ʛʦʬʨʽʚ, ʚʢʣʶʯʘʶʯʠ ʦʢʽʣ ʧʦʙʣʠʟʫ ʨʝʙʝʨ ʛʦʬʨʽʚ. 

 

2.4. ɺʠʩʥʦʚʢʠ ʜʦ ʨʦʟʜʽʣʫ 2 

1. ɼʝʪʘʣʴʥʦ ʦʧʠʩʘʥʦ ʤʝʪʦʜ ʧʨʦʩʪʦʨʦʚʠʭ ʛʘʨʤʦʥʽʢ ʄʇɻ ʜʣʷ ʘʥʘʣʽʟʫ ʊɽ ʽ ʊʄ 

ʤʦʜ ʚ ʚʠʩʦʢʦʯʘʩʪʦʪʥʠʭ ʩʪʨʫʢʪʫʨʘʭ ʟ ʛʦʬʨʦʚʘʥʠʤʠ ʧʦʚʝʨʭʥʷʤʠ. ʄʝʪʦʜ ʜʦʟʚʦʣʷʻ ʟ 

ʚʠʩʦʢʦʶ ʪʦʯʥʽʩʪʶ ʨʦʟʨʘʭʫʚʘʪʠ ʚʣʘʩʥʽ ʟʥʘʯʝʥʥʷ ʽ ʚʣʘʩʥʽ ʧʦʣʷ ʤʦʜ ʥʝʟʘʣʝʞʥʦ ʚʽʜ 

ʧʘʨʘʤʝʪʨʽʚ ʛʦʬʨʫʚʘʥʥʷ.  

2. ɼʣʷ ʊɽ ʤʦʜ ʚ ʮʠʣʽʥʜʨʠʯʥʦʤʫ ʭʚʠʣʝʚʦʜʽ ʟ ʛʦʬʨʦʚʘʥʦʶ ʤʝʪʘʣʝʚʦʶ ʩʪʽʥʢʦʶ 

ʦʪʨʠʤʘʥʦ ʜʠʩʧʝʨʩʽʡʥʝ ʨʽʚʥʷʥʥʷ ʪʘ ʘʥʘʣʽʪʠʯʥʠʡ ʚʠʨʘʟ ʦʤʽʯʥʦʾ ʜʦʙʨʦʪʥʦʩʪʽ, ʚ ʷʢʠʭ 

ʚʨʘʭʦʚʫʻʪʴʩʷ ʚʧʣʠʚ ʚʠʱʠʭ ʧʨʦʩʪʦʨʦʚʠʭ ʛʘʨʤʦʥʽʢ ʥʘ ʚʣʘʩʥʽ ʯʘʩʪʦʪʠ ʽ ʧʦʣʷ 

ʨʝʟʦʥʘʪʦʨʘ. ʇʨʦʜʝʤʦʥʩʪʨʦʚʘʥʘ ʟʙʽʞʥʽʩʪʴ ʨʽʰʝʥʴ ʜʠʩʧʝʨʩʽʡʥʦʛʦ ʨʽʚʥʷʥʥʷ ʚ 

ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ ʢʽʣʴʢʦʩʪʽ ʧʨʦʩʪʦʨʦʚʠʭ ʛʘʨʤʦʥʽʢ ʌʫʨ'ʻ ʽ ɹʣʦʭʘ, ʱʦ ʚʨʘʭʦʚʫʶʪʴʩʷ 

ʚʩʝʨʝʜʠʥʽ ʛʦʬʨʽʚ ʽ ʚ ʢʘʥʘʣʽ ʭʚʠʣʝʚʦʜʫ, ʚʽʜʧʦʚʽʜʥʦ.  

3. ɼʦʩʣʽʜʞʝʥʘ ʤʦʞʣʠʚʽʩʪʴ ʟʘʩʪʦʩʫʚʘʥʥʷ ʩʧʨʦʱʝʥʠʭ ʤʝʪʦʜʽʚ ʘʥʘʣʽʟʫ 

ʛʦʬʨʦʚʘʥʠʭ ʩʪʨʫʢʪʫʨ: ʤʝʪʦʜʫ ʧʦʚʝʨʭʥʝʚʦʛʦ ʽʤʧʝʜʘʥʩʫ ɯʄ, ʚ ʷʢʦʤʫ ʥʝ ʚʨʘʭʦʚʫʻʪʴʩʷ 
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ʚʟʘʻʤʦʜʽʷ ʤʽʞ ʧʨʦʩʪʦʨʦʚʠʤʠ ʛʘʨʤʦʥʽʢʘʤʠ, ʽ ʤʝʪʦʜʫ ɹʣʦʭʽʚʩʴʢʠʭ ʛʘʨʤʦʥʽʢ ʄɹɻ, ʚ 

ʷʢʦʤʫ ʥʝʭʪʫʻʪʴʩʷ ʚʥʝʩʢʦʤ ʚʠʱʠʭ ʌʫʨ'ʻ ʛʘʨʤʦʥʽʢ ʚʩʝʨʝʜʠʥʽ ʛʦʬʨʽʚ. ɹʫʣʦ ʧʦʢʘʟʘʥʦ, 

ʱʦ ɯʄ ʤʦʞʝ ʧʨʠʟʚʦʜʠʪʠ ʜʦ ʥʝʢʦʨʝʢʪʥʠʭ ʨʝʟʫʣʴʪʘʪʽʚ ʜʣʷ ʮʠʣʽʥʜʨʠʯʥʠʭ ʭʚʠʣʝʚʦʜʽʚ ʟ 

ʛʦʬʨʦʚʘʥʠʤʠ ʩʪʽʥʢʘʤʠ, ʥʘʚʽʪʴ ʷʢʱʦ ʢʽʣʴʢʽʩʪʴ ʛʦʬʨʽʚ ʻ ʜʦʩʠʪʴ ʚʝʣʠʢʦʶ ʽ ʟʘʜʦʚʦʣʴʥʷʻ 

ʚʽʜʦʤʦʤʫ ʝʤʧʽʨʠʯʥʦʤʫ ʢʨʠʪʝʨʽʶ ʟʘʩʪʦʩʦʚʥʦʩʪʽ ɯʄ ʤʦʜʝʣʽ. ɼʣʷ ʥʝʚʝʣʠʢʦʛʦ ʯʠʩʣʘ 

ʛʦʬʨʽʚ ʙʽʣʴʰ ʚʠʩʦʢʘ ʪʦʯʥʽʩʪʴ ʤʦʞʝ ʙʫʪʠ ʦʪʨʠʤʘʥʘ ʟʘ ʜʦʧʦʤʦʛʦʶ ʤʝʪʦʜʫ ʄɹɻ. 

ʇʦʢʘʟʘʥʦ, ʦʜʥʘʢ, ʱʦ ʜʘʥʠʡ ʤʝʪʦʜ ʧʨʠʜʘʪʥʠʡ ʣʠʰʝ ʜʣʷ ʦʧʠʩʫ ʥʠʞʯʠʭ ʨʘʜʽʘʣʴʥʠʭ 

ʤʦʜ ʽ ʚʫʟʴʢʠʭ ʛʦʬʨʽʚ, ʰʠʨʠʥʘ ʷʢʠʭ ʤʘʣʘ ʚ ʧʦʨʽʚʥʷʥʥʽ ʟ ʧʦʣʦʚʠʥʦʶ ʜʦʚʞʠʥʠ ʭʚʠʣʽ 

ʚʣʘʩʥʦʾ ʤʦʜʠ ʭʚʠʣʝʚʦʜʫ. ʊʘʢʠʤ ʯʠʥʦʤ, ʧʨʠ ʜʦʚʽʣʴʥʠʭ ʨʦʟʤʽʨʘʭ ʽ ʢʽʣʴʢʦʩʪʽ ʛʦʬʨʽʚ 

ʥʝʦʙʭʽʜʥʦ ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠ ʩʪʨʦʛʠʡ ʤʝʪʦʜ ʄʇɻ ʜʣʷ ʨʦʟʨʘʭʫʥʢʫ ʚʣʘʩʥʠʭ ʟʥʘʯʝʥʴ ʊɽ 

ʤʦʜ ʚ ʮʠʣʽʥʜʨʠʯʥʦʤʫ ʭʚʠʣʝʚʦʜʽ ʟ ʛʦʬʨʦʚʘʥʦʶ ʤʝʪʘʣʝʚʦʶ ʩʪʽʥʢʦʶ. ʇʦʢʘʟʘʥʦ, ʱʦ ʮʝʡ 

ʤʝʪʦʜ ʜʦʜʘʪʢʦʚʦ ʟʘʙʝʟʧʝʯʫʻ ʚʠʩʦʢʫ ʪʦʯʥʽʩʪʴ ʨʦʟʨʘʭʫʥʢʫ ʨʦʟʧʦʜʽʣʫ ʧʦʣʽʚ ʟʘ 

ʧʦʧʝʨʝʯʥʠʤ ʧʝʨʝʨʽʟʦʤ ʛʦʬʨʦʚʘʥʦʛʦ ʭʚʠʣʝʚʦʜʫ. ɺʠʥʷʪʢʠ ʤʦʞʫʪʴ ʩʪʘʥʦʚʠʪʠ ʦʢʦʣʠ 

ʨʝʙʝʨ ʛʦʬʨʽʚ. 

4. ʇʨʝʜʩʪʘʚʣʝʥʽ ʨʝʟʫʣʴʪʘʪʠ ʨʦʟʨʘʭʫʥʢʫ ʚʣʘʩʥʠʭ ʟʥʘʯʝʥʴ ʽ ʚʣʘʩʥʠʭ ʧʦʣʽʚ 

ʚʜʦʩʢʦʥʘʣʝʥʠʤ ʤʝʪʦʜʦʤ ʧʨʦʩʪʦʨʦʚʠʭ ʛʘʨʤʦʥʽʢ ʄʇʇ ʥʘ ʧʨʠʢʣʘʜʽ ʊʄ ʤʦʜ ʚ 

ʢʦʘʢʩʽʘʣʴʥʦʤʫ ʭʚʠʣʝʚʦʜʽ ʟ ʛʦʬʨʦʚʘʥʠʤ ʚʥʫʪʨʽʰʥʽʤ ʧʨʦʚʽʜʥʠʢʦʤ. ɼʘʥʠʡ ʤʝʪʦʜ 

ʧʦʣʷʛʘʻ ʚ ʧʝʨʝʨʦʟʢʣʘʜʘʥʥʽ ʧʦʣʽʚ ʥʘ ʛʨʘʥʠʮʽ ʧʦʜʽʣʫ ʭʚʠʣʝʚʜ̔ʥʦʛʦ ʢʘʥʘʣʫ ʽ ʛʦʬʨʽʚ ʚ 

ʨʷʜ ʧʦ ʧʦʣʽʥʦʤʘʤ ɻʝʛʝʥʙʘʫʝʨʘ, ʷʢʠʡ ʟʘʜʦʚʦʣʴʥʷʻ ʫʤʦʚʽ ʄʝʡʢʩʥʝʨʘ ʥʘ ʨʝʙʨʘʭ ʛʦʬʨʽʚ. 

ɿʘʚʜʷʢʠ ʮʴʦʤʫ, ʚ ʧʦʨʽʚʥʷʥʥʽ ʟ ʯʠʩʣʦʤ ʛʘʨʤʦʥʽʢ ɹʣʦʭʘ ʽ ʌʫʨ'ʻ ʚ ʧʦʯʘʪʢʦʚʦʤʫ ʤʝʪʦʜʽ 

ʄʇɻ, ʢʽʣʴʢʽʩʪʴ ʧʦʣʽʥʦʤʽʚ ɻʝʛʝʥʙʘʫʝʨʘ ʚ ʫʜʦʩʢʦʥʘʣʝʥʦʤʫ ʤʝʪʦʜʽ ʄʇʇ ʤʦʞʝ ʙʫʪʠ 

ʦʙʨʘʥʘ ʥʘʙʘʛʘʪʦ ʤʝʥʰʦʶ, ʱʦʙ ʛʘʨʘʥʪʫʚʘʪʠ ʪʘʢʫ ʞ ʪʦʯʥʽʩʪʴ ʨʦʟʨʘʭʫʥʢʫ ʚʣʘʩʥʠʭ 

ʟʥʘʯʝʥʴ ʽ ʧʦʣʽʚ ʭʚʠʣʝʚʦʜʫ. ʗʢ ʥʘʩʣʽʜʦʢ, ʨʦʟʤʽʨ ʤʘʪʨʠʮʽ, ʱʦ ʚʭʦʜʠʪʴ ʚ ʜʠʩʧʝʨʩʽʡʥʝ 

ʨʽʚʥʷʥʥʷ, ʤʦʞʝ ʙʫʪʠ ʧʦʤʽʪʥʦ ʟʥʠʞʝʥʠʡ. ʎʝ, ʚ ʩʚʦʶ ʯʝʨʛʫ, ʜʦʟʚʦʣʷʻ ʫʥʠʢʥʫʪʠ 

ʪʨʫʜʥʦʱʽʚ ʧʨʠ ʦʙʯʠʩʣʝʥʥʽ ʜʝʪʝʨʤʽʥʘʥʪʽʚ ʤʘʪʨʠʮʴ ʚʝʣʠʢʦʛʦ ʨʦʟʤʽʨʫ ʽ ʟʥʘʯʥʦ 

ʩʢʦʨʦʯʫʻ ʯʘʩ ʦʙʯʠʩʣʝʥʴ, ʥʝʦʙʭʽʜʥʠʡ ʜʣʷ ʯʠʩʝʣʴʥʦʛʦ ʨʦʟʚ'ʷʟʢʫ ʟʘʜʘʯʽ ʥʘ ʚʣʘʩʥʽ 

ʟʥʘʯʝʥʥʷ. 

ʄʘʪʝʨʽʘʣʠ ʜʘʥʦʛʦ ʨʦʟʜʽʣʫ ʦʧʫʙʣʽʢʦʚʘʥʽ ʚ ʨʦʙʦʪʘʭ [1, 2] ʪʘ ʜʦʧʦʚʽʜʘʣʠʩʷ ʥʘ 

ʢʦʥʬʝʨʝʥʮʽʷʭ [7-11, 15]. 
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ʈʆɿɼɯʃ 3 

ʉɽʃɽʂʎɯʗ ʄʆɼ ʋ ʈɽɿʆʅɸʊʆʈɸʍ ɿ ʇʆɿɼʆɺɾʅɯʄʀ ɻʆʌʈɸʄʀ ɼʃʗ 

ɻɯʈʆʊʈʆʅɯɺ ʅɸ ɼʈʋɻɯʁ ʎʀʂʃʆʊʈʆʅʅɯʁ ɻɸʈʄʆʅɯʎɯ 

Equation Chapter 1 Section 3 

ʉʪʘʙʽʣʴʥʘ ʨʦʙʦʪʘ ʛʽʨʦʪʨʦʥʽʚ ʥʘ ʜʨʫʛʽʡ ʮʠʢʣʦʪʨʦʥʥʽʡ ʛʘʨʤʦʥʽʮʽ ʯʘʩʪʦ 

ʧʦʨʫʰʫʻʪʴʩʷ ʚʥʘʩʣʽʜʦʢ ʢʦʥʢʫʨʝʥʮʽʾ ʤʽʞ ʨʦʙʦʯʦʶ ʤʦʜʦʶ ʽ ʤʦʜʘʤʠ, ʱʦ ʟʙʫʜʞʫʶʪʴʩʷ 

ʥʘ ʧʝʨʰʽʡ (ʬʫʥʜʘʤʝʥʪʘʣʴʥʽʡ) ʮʠʢʣʦʪʨʦʥʥʽʡ ʛʘʨʤʦʥʽʮʽ. ʆʜʥʠʤ ʟ ʤʦʞʣʠʚʠʭ ʩʧʦʩʦʙʽʚ 

ʚʠʨʽʰʝʥʥʷ ʜʘʥʦʾ ʧʨʦʙʣʝʤʠ ʻ ʚʠʢʦʨʠʩʪʘʥʥʷ ʧʦʟʜʦʚʞʥʽʭ ʛʦʬʨʽʚ ʥʘ ʧʦʚʝʨʭʥʽ 

ʮʠʣʽʥʜʨʠʯʥʦʛʦ ʨʝʟʦʥʘʪʦʨʘ ʛʽʨʦʪʨʦʥʘ. ʗʢ ʧʦʢʘʟʘʥʦ ʚ [71], ʪʘʢʽ ʛʦʬʨʠ ʧʦ-ʨʽʟʥʦʤʫ 

ʚʧʣʠʚʘʶʪʴ ʥʘ ʚʣʘʩʥʽ ʟʥʘʯʝʥʥʷ ʤʦʜ ʥʘ ʧʝʨʰʽʡ ʽ ʜʨʫʛʽʡ ʛʘʨʤʦʥʽʢʘʭ ʽ ʪʦʤʫ ʤʦʞʫʪʴ ʙʫʪʠ 

ʚʠʢʦʨʠʩʪʘʥʽ ʜʣʷ ʩʝʣʝʢʮʽʾ ʤʦʜ ʜʠʬʨʘʢʮʽʡʥʠʤʠ ʚʪʨʘʪʘʤʠ ʫ ʨʝʟʦʥʘʪʦʨʽ ʛʽʨʦʪʨʦʥʘ. 

ʂʨʽʤ ʪʦʛʦ, ʛʦʬʨʠ ʥʘ ʩʪʽʥʢʘʭ ʨʝʟʦʥʘʪʦʨʘ ʚʠʢʣʠʢʘʶʪʴ ʜʦʜʘʪʢʦʚʽ ʦʤʽʯʥʽ ʚʪʨʘʪʠ, 

ʷʢʽ ʤʘʶʪʴ ʯʘʩʪʦʪʥʫ ʟʘʣʝʞʥʽʩʪʴ [71, 86]. ɿ ʦʜʥʦʛʦ ʙʦʢʫ, ʮʽ ʚʪʨʘʪʠ ʤʘʶʪʴ ʥʝʛʘʪʠʚʥʠʡ 

ʚʧʣʠʚ ʥʘ ʨʦʙʦʪʫ ʛʽʨʦʪʨʦʥʘ, ʟʥʠʞʫʶʯʠ ʡʦʛʦ ʂʂɼ ʽ ʚʠʭʽʜʥʫ ʧʦʪʫʞʥʽʩʪʴ [50]. ɿ ʽʥʰʦʛʦ, 

ʚʥʘʩʣʽʜʦʢ ʯʘʩʪʦʪʥʦʾ ʟʘʣʝʞʥʦʩʪʽ ʚʦʥʠ ʤʦʞʫʪʴ ʟʘʙʝʟʧʝʯʠʪʠ ʤʘʢʩʠʤʘʣʴʥʽ ʦʤʽʯʥʽ ʚʪʨʘʪʠ 

ʜʣʷ ʤʦʜ ʥʘ ʧʝʨʰʽʡ ʮʠʢʣʦʪʨʦʥʥʽʡ ʛʘʨʤʦʥʽʮʽ ʧʨʠ ʚʽʜʥʦʩʥʦ ʥʠʟʴʢʠʭ ʚʪʨʘʪʘʭ ʜʣʷ ʤʦʜ ʥʘ 

ʜʨʫʛʽʡ ʛʘʨʤʦʥʽʮʽ. ʎʝ ʚʢʘʟʫʻ ʥʘ ʤʦʞʣʠʚʽʩʪʴ ʚʠʢʦʨʠʩʪʘʥʥʷ ʦʤʽʯʥʠʭ ʚʪʨʘʪ ʜʣʷ 

ʩʝʣʝʢʪʠʚʥʦʛʦ ʧʨʠʜʫʰʝʥʥʷ ʬʫʥʜʘʤʝʥʪʘʣʴʥʠʭ ʢʦʥʢʫʨʫʶʯʠʭ ʤʦʜ ʫ ʛʦʬʨʦʚʘʥʠʭ 

ʨʝʟʦʥʘʪʦʨʘʭ ʜʣʷ ʛʽʨʦʪʨʦʥʽʚ ʥʘ ʜʨʫʛʽʡ ʮʠʢʣʦʪʨʦʥʥʽʡ ʛʘʨʤʦʥʽʮʽ. 

ɼʣʷ ʜʦʩʣʽʜʞʝʥʥʷ ʩʝʣʝʢʪʠʚʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʛʦʬʨʦʚʘʥʦʛʦ ʨʝʟʦʥʘʪʦʨʘ ʧʦʪʨʽʙʥʦ 

ʧʨʦʚʝʩʪʠ ʨʦʟʨʘʭʫʥʦʢ ʯʘʩʪʦʪ ʽ ʧʦʣʽʚ ʚʣʘʩʥʠʭ ʤʦʜ. ɺ [71] ʜʣʷ ʪʘʢʦʛʦ ʨʦʟʨʘʭʫʥʢʫ 

ʚʠʢʦʨʠʩʪʦʚʫʚʘʣʘʩʷ ʩʧʨʦʱʝʥʘ ʤʦʜʝʣʴ ʧʦʚʝʨʭʥʝʚʦʛʦ ʽʤʧʝʜʘʥʩʫ ɯʄ, ʟʘʩʪʦʩʦʚʥʽʩʪʴ 

ʷʢʦʾ, ʷʢ ʧʦʢʘʟʘʥʦ ʚ ʨʦʟʜʽʣʽ 2, ʜʦʩʠʪʴ ʦʙʤʝʞʝʥʘ ʽ ʟʘʣʝʞʠʪʴ ʚʽʜ ʨʦʟʤʽʨʫ ʽ ʯʠʩʣʘ ʛʦʬʨʽʚ. 

ʋ ʙʽʣʴʰ ʨʝʘʣʽʩʪʠʯʥʠʭ ʫʤʦʚʘʭ, ʜʣʷ ʚʠʟʥʘʯʝʥʥʷ ʦʧʪʠʤʘʣʴʥʠʭ ʧʘʨʘʤʝʪʨʽʚ ʛʦʬʨʽʚ, ʷʢʽ 

ʟʘʙʝʟʧʝʯʫʶʪʴ ʥʘʡʢʨʘʱʫ ʩʝʣʝʢʮʽʶ ʤʦʜ ʫ ʛʦʬʨʦʚʘʥʠʭ ʨʝʟʦʥʘʪʦʨʘʭ ʛʽʨʦʪʨʦʥʽʚ, 

ʥʝʦʙʭʽʜʥʦ ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠ ʩʪʨʦʛʠʡ ʤʝʪʦʜ. ɺ ʜʘʥʦʤʫ ʨʦʟʜʽʣʽ ʜʣʷ ʮʽʻʾ ʤʝʪʠ 

ʟʘʩʪʦʩʦʚʫʻʪʴʩʷ ʤʝʪʦʜ ʧʨʦʩʪʦʨʦʚʠʭ ʛʘʨʤʦʥʽʢ ʄʇɻ. 
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3.1. ʉʝʣʝʢʮʽʷ ʤʦʜ ʦʤʽʯʥʠʤʠ ʚʪʨʘʪʘʤʠ ʫ ʛʦʬʨʦʚʘʥʦʤʫ ʨʝʟʦʥʘʪʦʨʽ 

ʈʦʟʛʣʷʥʝʤʦ ʟʘʛʘʩʘʥʥʷ ʊɽ ʤʦʜ ʚ ʮʠʣʽʥʜʨʠʯʥʦʤʫ ʨʝʟʦʥʘʪʦʨʽ ʟ ʧʦʟʜʦʚʞʥʽʤʠ 

ʛʦʬʨʘʤʠ ʥʘ ʡʦʛʦ ʩʪʽʥʮʽ (ʜʠʚ. ʨʠʩ. 2.1). ɿʛʽʜʥʦ (2.18) ʚ ʚʠʨʘʟ ʜʣʷ ʦʤʽʯʥʦʾ ʜʦʙʨʦʪʥʦʩʪʽ 

ohmQ  ʤʦʜʠ ʧʦʙʣʠʟʫ ʯʘʩʪʦʪʠ ʚʽʜʩʽʯʢʠ (0zk º ) ʚʭʦʜʷʪʴ ʜʽʡʩʥʘ ʽ ʫʷʚʥʘ ʯʘʩʪʠʥʠ 

ʧʦʧʝʨʝʯʥʦʛʦ ʭʚʠʣʴʦʚʦʛʦ ʯʠʩʣʘ ak^, ʷʢʝ ʤʦʞʝ ʙʫʪʠ ʟʥʘʡʜʝʥʦ ʟ (2.16) ʧʨʠ ʧʽʜʩʪʘʥʦʚʮʽ 

0zk = : 

 

 
( )
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2 2
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1
1
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C
a s

S
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k k

dS
d^ ^

è ø
Y+é ù
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Yé ù

ê ú

ñ

ñ
. (3.1) 

 

ɯʥʪʝʛʨʘʣʠ, ʱʦ ʚʭʦʜʷʪʴ ʚ (3.1), ʙʝʨʫʪʴʩʷ ʘʥʘʣʽʪʠʯʥʦ. ʇʨʠ ʮʴʦʤʫ ʽʥʪʝʛʨʘʣ 

2

S

dSYñ  ʟʘ ʧʦʧʝʨʝʯʥʠʤ ʧʝʨʝʨʽʟʦʤ ʛʦʬʨʦʚʘʥʦʛʦ ʨʝʟʦʥʘʪʦʨʘ ʟʘʧʠʩʫʻʪʴʩʷ ʫ ʚʠʛʣʷʜʽ 

ʩʫʤʠ N  ʽʥʪʝʛʨʘʣʽʚ ʟʘ ʧʣʦʱʝʶ 1S  ʟ ʤʝʤʙʨʘʥʥʦʶ ʬʫʥʢʮʽʻʶ 1Y  ʽ ʧʣʦʱʝʶ 2S  ʟ 

ʤʝʤʙʨʘʥʥʦʶ ʬʫʥʢʮʽʻʶ 2Y  (ʜʠʚ. (2.21) ʽ ʨʠʩ. 3.1): 
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ʇʽʜʩʪʘʚʣʷʶʯʠ (2.21) ʚ (3.2), ʦʪʨʠʤʫʻʤʦ: 
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ʈʠʩ. 3.1. ʇʦʧʝʨʝʯʥʠʡ ʧʝʨʝʨʽʟ ʩʝʢʪʦʨʘ ʫ ʛʦʬʨʦʚʘʥʦʤʫ ʨʝʟʦʥʘʪʦʨʽ. 

 

ɯʥʪʝʛʨʘʣ ʧʦ ʢʦʥʪʫʨʫ ʧʦʧʝʨʝʯʥʦʛʦ ʧʝʨʝʨʽʟʫ ʨʝʟʦʥʘʪʦʨʘ 
2

C
dlYñ  ʤʦʞʥʘ 

ʧʨʝʜʩʪʘʚʠʪʠ ʚ ʥʘʩʪʫʧʥʦʤʫ ʚʠʛʣʷʜʽ: 
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ɺ ʨʝʟʫʣʴʪʘʪʽ ʦʪʨʠʤʫʻʤʦ ʚʠʨʘʟʠ ʜʣʷ ʧʦʧʝʨʝʯʥʦʛʦ ʭʚʠʣʴʦʚʦʛʦ ʯʠʩʣʘ ʫ 

ʛʦʬʨʦʚʘʥʦʤʫ ʭʚʠʣʝʚʦʜʽ ʟʽ ʩʢʽʥʯʝʥʥʦʶ ʧʨʦʚʽʜʥʽʩʪʶ ʩʪʽʥʢʠ: 
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, (3.3) 

 

ʜʝ 0c Sp Rj=  ï ʧʝʨʽʦʜ ʛʦʬʨʽʚ,  

2

1 nC f= ,  

( )2 2

2 0l d l dC g R R g R= - ,  
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()
0

2

3

dR

l
R

C g r dr=ñ ,  

( )2 2 2

1 1 1 n nZ k fc= + - , ( ) ( )( )2 2 2 2 2 2 2 2

2 0 1 1d l l d l lZ R R g R gx c x c= - - - -. 

ʇʨʠ ʥʘʙʣʠʞʝʥʥʽ d  ʜʦ ʥʫʣʷ 2 0C = , 3 0C = , 2 1Z =- ʽ 0f ­¤. ɺ ʮʴʦʤʫ ʚʠʧʘʜʢʫ 

ʧʦʧʝʨʝʯʥʝ ʭʚʠʣʴʦʚʝ ʯʠʩʣʦ ak^  ʚ (3.3) ʧʨʠʡʤʘʻ ʚʽʜʦʤʠʡ ʚʠʜ ʜʣʷ ʊɽ ʤʦʜ ʚ ʛʣʘʜʢʦʤʫ 

ʢʨʫʛʣʦʤʫ ʭʚʠʣʝʚʦʜʽ ʟʽ ʩʢʽʥʯʝʥʥʦʶ ʧʨʦʚʽʜʥʽʩʪʶ ʩʪʽʥʦʢ [125]: 
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2 2

2 2
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1 1 1s
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R m

d

c
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,  (3.4) 

 

ʷʢʝ ʪʘʢʦʞ ʟʙʽʛʘʻʪʴʩʷ ʽʟ (3.3) ʫ ʚʠʧʘʜʢʫ 0w­ . 

ʇʽʜʩʪʘʥʦʚʢʘ (3.4) ʚ (2.18) ʜʘʻ ʚʽʜʦʤʠʡ ʚʠʨʘʟ 
() ( )0 2 2

, 01ohm m p sQ m Rc dº -  ʜʣʷ 

ʦʤʽʯʥʦʾ ʜʦʙʨʦʪʥʦʩʪʽ ʢʨʫʛʣʦʛʦ ʤʝʪʘʣʝʚʦʛʦ ʭʚʠʣʝʚʦʜʫ [126], ʜʝ ʚʣʘʩʥʝ ʟʥʘʯʝʥʥʷ ,m pc  

ʊɽm,p ʤʦʜʠ ʜʦʨʽʚʥʶʻ p -ʤʫ ʢʦʨʝʥʶ ,m pm  ʧʦʭʽʜʥʦʾ ʬʫʥʢʮʽʾ ɹʝʩʩʝʣʷ ()mJ¡Ö. 

ɺʠʢʦʨʠʩʪʦʚʫʶʯʠ (2.33) ʽ (3.3), ʜʦʩʣʽʜʠʤʦ ʤʦʞʣʠʚʽʩʪʴ ʩʝʣʝʢʮʽʾ ʤʦʜ ʦʤʽʯʥʠʤʠ 

ʚʪʨʘʪʘʤʠ ʫ ʛʦʬʨʦʚʘʥʦʤʫ ʨʝʟʦʥʘʪʦʨʽ ʜʣʷ ʛʽʨʦʪʨʦʥʘ ʥʘ ʜʨʫʛʽʡ ʮʠʢʣʦʪʨʦʥʥʽʡ ʛʘʨʤʦʥʽʮʽ. 

ɼʣʷ ʮʴʦʛʦ, ʷʢ ʧʨʠʢʣʘʜ, ʨʦʟʛʣʷʥʝʤʦ ʨʝʟʦʥʘʪʦʨ 0.4-ʊɻʮ ʛʽʨʦʪʨʦʥʘ ʚ [71]. ʇʘʨʘʤʝʪʨʠ 

ʛʦʬʨʦʚʘʥʦʛʦ ʨʝʟʦʥʘʪʦʨʘ ʛʽʨʦʪʨʦʥʘ ʻ ʥʘʩʪʫʧʥʠʤʠ [71]: ʨʘʜʽʫʩ ʨʝʟʦʥʘʪʦʨʘ 

0 0.45R =  ʩʤ, ʢʽʣʴʢʽʩʪʴ ʛʦʬʨʽʚ 20N= , / 0.5L Sj j= . ʄʘʪʝʨʽʘʣʦʤ ʨʝʟʦʥʘʪʦʨʘ ʻ ʤʽʜʴ ʟ 

ʧʨʦʚʽʜʥʽʩʪʶ 72.9 10s= ³  ʉʤ/ʤ. 0.4-ʊɻʮ ʛʽʨʦʪʨʦʥ ʧʨʘʮʶʻ ʥʘ ʜʨʫʛʽʡ ʮʠʢʣʦʪʨʦʥʥʽʡ 

ʛʘʨʤʦʥʽʮʽ ʟ ʨʦʙʦʯʦʶ ʤʦʜʦʶ ʊɽ8,9. ʅʘʡʙʽʣʴʰ ʥʝʙʝʟʧʝʯʥʦʶ ʢʦʥʢʫʨʫʶʯʦʶ ʤʦʜʦʶ ʻ 

ʬʫʥʜʘʤʝʥʪʘʣʴʥʘ ʤʦʜʘ ʊɽ4,5. ɿʛʽʜʥʦ [71], ʤʘʢʩʠʤʫʤ ʚʽʜʥʦʰʝʥʥʷ ʦʤʽʯʥʠʭ 

ʜʦʙʨʦʪʥʦʩʪʝʡ ʨʦʙʦʯʦʾ ʽ ʢʦʥʢʫʨʫʶʯʦʾ ʤʦʜ ʤʦʞʥʘ ʦʯʽʢʫʚʘʪʠ ʧʨʠ ʛʣʠʙʠʥʽ ʛʦʬʨʽʚ 

0.04dº  ʩʤ, ʷʢʘ ʙʣʠʟʴʢʘ ʜʦ ʧʦʣʦʚʠʥʠ ʜʦʚʞʠʥʠ ʭʚʠʣʽ ʨʦʙʦʯʦʾ ʤʦʜʠ. ɼʣʷ ʧʦʯʘʪʢʫ 

ʧʝʨʝʚʽʨʠʤʦ ʮʝʡ ʨʝʟʫʣʴʪʘʪ ʟʘ ʜʦʧʦʤʦʛʦʶ ʩʪʨʦʛʦʛʦ ʤʝʪʦʜʫ ʄʇɻ. 

ʅʘ ʨʠʩ. 3.2 ʧʨʝʜʩʪʘʚʣʝʥʽ ʨʦʟʨʘʭʦʚʘʥʽ ʤʝʪʦʜʦʤ ʄʇɻ ʯʘʩʪʦʪʘ ʚʽʜʩʽʯʢʠ 8,9f  

ʨʦʙʦʯʦʾ ʤʦʜʠ ʊɽ8,9 ʽ ʧʦʜʚʦʻʥʘ ʯʘʩʪʦʪʘ ʚʽʜʩʽʯʢʠ 4,52 f  ʬʫʥʜʘʤʝʥʪʘʣʴʥʦʾ ʢʦʥʢʫʨʫʶʯʦʾ 

ʤʦʜʠ ʊɽ4,5 ʚ ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ ʛʣʠʙʠʥʠ ʛʦʬʨʽʚ d. ʇʽʜʩʪʘʚʣʷʶʯʠ ʟʥʘʡʜʝʥʽ ʟʘʣʝʞʥʦʩʪʽ ʚ 
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(3.3), ʤʦʞʥʘ ʚʠʟʥʘʯʠʪʠ ʦʤʽʯʥʽ ʜʦʙʨʦʪʥʦʩʪʽ (2.18) ʮʠʭ ʤʦʜ ʷʢ ʬʫʥʢʮʽʾ d. ʈʝʟʫʣʴʪʘʪ 

ʥʘʚʝʜʝʥʦ ʥʘ ʨʠʩ. 3.3. ɺʠʜʥʦ, ʱʦ ʟʽ ʟʙʽʣʴʰʝʥʥʷʤ ʛʣʠʙʠʥʠ ʛʦʬʨʽʚ ʦʤʽʯʥʽ ʚʪʨʘʪʠ ʤʦʜ 

ʊɽ8,9 ʽ ʊɽ4,5 ʟʙʽʣʴʰʫʶʪʴʩʷ, ʧʨʠʯʦʤʫ ʜʣʷ ʨʦʙʦʯʦʾ ʤʦʜʠ ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ ʥʝʤʦʥʦʪʦʥʥʘ 

ʟʘʣʝʞʥʽʩʪʴ ʚʪʨʘʪ ʚʽʜ d . 

 

                                                                    

                                                                    

                                                                    

                                                                    

                                                                    

                                                                    

                                                                    

ʈʠʩ. 3.2. ɿʘʣʝʞʥʽʩʪʴ ʯʘʩʪʦʪʠ ʚʽʜʩʽʯʢʠ f  ʚʽʜ ʛʣʠʙʠʥʠ ʛʦʬʨʽʚ d  ʜʣʷ ʤʦʜ ʊɽ8,9 ʽ ʊɽ4,5 ʫ 

ʛʦʬʨʦʚʘʥʦʤʫ ʭʚʠʣʝʚʦʜʽ ʟ 20N= . 

 

ɼʣʷ ʥʘʡʙʽʣʴʰ ʝʬʝʢʪʠʚʥʦʾ ʩʝʣʝʢʮʽʾ ʤʦʜ ʦʤʽʯʥʠʤʠ ʚʪʨʘʪʘʤʠ ʦʧʪʠʤʘʣʴʥʦʶ ʻ 

ʛʣʠʙʠʥʘ ʛʦʬʨʽʚ, ʧʨʠ ʷʢʽʡ ʚʝʣʠʯʠʥʘ 

 

   
8,9

4,5

ohm

Q

ohm

Q
f

Q
=  (3.5) 

 

ʜʦʩʷʛʘʻ ʤʘʢʩʠʤʫʤʫ. 

ʅʘ ʨʠʩ. 3.3 ʧʫʥʢʪʠʨʥʦʶ ʣʽʥʽʻʶ ʧʦʢʘʟʘʥʘ ʟʘʣʝʞʥʽʩʪʴ Qf  (ʥʦʨʤʦʚʘʥʘ ʥʘ 

ʟʥʘʯʝʥʥʷ ʧʨʠ 0d= ) ʚʽʜ ʛʣʠʙʠʥʠ ʛʦʬʨʽʚ. ɼʘʥʘ ʟʘʣʝʞʥʽʩʪʴ ʤʘʻ ʤʘʢʩʠʤʫʤ ʧʦʙʣʠʟʫ 

0.08dº  ʩʤ. ʎʝʡ ʤʘʢʩʠʤʫʤ ʚʽʜʧʦʚʽʜʘʻ ʥʘʡʙʽʣʴʰʦʤʫ ʟʨʦʩʪʘʥʥʶ ʚʽʜʥʦʩʥʦʾ ʨʽʟʥʠʮʽ 

ʤʽʞ ʦʤʽʯʥʠʤʠ ʚʪʨʘʪʘʤʠ ʢʦʥʢʫʨʫʶʯʦʾ ʤʦʜʠ ʊɽ4,5 ʽ ʨʦʙʦʯʦʾ ʤʦʜʠ ʊɽ8,9 ʽ, ʷʢ ʥʘʩʣʽʜʦʢ, 

ʥʘʡʙʽʣʴʰ ʝʬʝʢʪʠʚʥʦʤʫ ʩʝʣʝʢʪʠʚʥʦʤʫ ʧʨʠʜʫʰʝʥʥʶ ʬʫʥʜʘʤʝʥʪʘʣʴʥʦʾ ʢʦʥʢʫʨʫʶʯʦʾ 

ʤʦʜʠ. ɿʥʘʡʜʝʥʝ ʧʦʣʦʞʝʥʥʷ ʤʘʢʩʠʤʫʤʫ ()Qf d  ʧʦʤʽʪʥʦ ʚʽʜʨʽʟʥʷʻʪʴʩʷ ʚʽʜ ʨʝʟʫʣʴʪʘʪʽʚ, 

ʦʪʨʠʤʘʥʠʭ ʚ [71] ʟʘ ʜʦʧʦʤʦʛʦʶ ʩʧʨʦʱʝʥʦʾ ʽʤʧʝʜʘʥʩʥʦʾ ʤʦʜʝʣʽ ɯʄ. ʗʢ ʚʠʧʣʠʚʘʻ ʟ 
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ʨʝʟʫʣʴʪʘʪʽʚ ʨʦʟʜʽʣʫ 2, ʮʝ ʻ ʥʘʩʣʽʜʢʦʤ ʥʝʟʘʩʪʦʩʦʚʥʦʩʪʽ ʜʘʥʦʾ ʤʦʜʝʣʽ ʧʨʠ 20N=  ʜʣʷ 

ʢʦʥʢʫʨʫʶʯʦʾ ʤʦʜʠ ʊɽ4,5 ʽ ʨʦʙʦʯʦʾ ʤʦʜʠ ʊɽ8,9, ʥʝʟʚʘʞʘʶʯʠ ʥʘ ʚʠʢʦʥʘʥʥʷ ʢʨʠʪʝʨʽʶ 

(2.42). 

 

 

ʈʠʩ. 3.3. ʆʤʽʯʥʽ ʜʦʙʨʦʪʥʦʩʪʽ ohmQ  ʤʦʜ TE8,9 ʽ TE4,5 ʪʘ ʾʭ ʥʦʨʤʦʚʘʥʝ ʚʽʜʥʦʰʝʥʥʷ Qf  ʚ 

ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ ʛʣʠʙʠʥʠ ʛʦʬʨʽʚ d  ʜʣʷ ʮʠʣʽʥʜʨʠʯʥʦʛʦ ʛʦʬʨʦʚʘʥʦʛʦ ʭʚʠʣʝʚʦʜʘ ʟ 

20N= . 

 

ɿʥʘʡʜʝʥʽ ʧʘʨʘʤʝʪʨʠ ʛʦʬʨʫʚʘʥʥʷ 20N=  ʽ 0.08dº  ʩʤ, ʷʢʽ ʟʘʙʝʟʧʝʯʫʶʪʴ 

ʤʘʢʩʠʤʫʤ ʬʫʥʢʮʽʾ ()Qf d , ʤʦʞʫʪʴ ʥʘʩʧʨʘʚʜʽ ʚʠʷʚʠʪʠʩʷ ʥʝʦʧʪʠʤʘʣʴʥʠʤʠ. ʇʨʠʯʠʥʘ 

ʧʦʚ'ʷʟʘʥʘ ʟ ʢʦʥʚʝʨʩʽʻʶ ʨʦʙʦʯʦʾ ʤʦʜʠ ʊɽ8,9 (ʬʫʥʜʘʤʝʥʪʘʣʴʥʦʾ ʛʘʨʤʦʥʽʢʠ ɹʣʦʭʘ) ʚ 

ʚʠʱʽ ʛʘʨʤʦʥʽʢʠ ɹʣʦʭʘ. ʊʘʢʘ ʢʦʥʚʝʨʩʽʷ (ʟʚ'ʷʟʦʢ) ʤʦʜ ʥʝ ʚʨʘʭʦʚʫʻʪʴʩʷ ʚ ʨʘʤʢʘʭ ʤʦʜʝʣʽ 

ɯʄ ʽ ʤʦʞʣʠʚʘ ʫ ʚʠʧʘʜʢʫ, ʢʦʣʠ ʢʽʣʴʢʽʩʪʴ ʛʦʬʨʽʚ ʻ ʥʝ ʜʦʩʪʘʪʥʴʦ ʚʝʣʠʢʦʶ [2, 10]. ʎʝʡ 

ʝʬʝʢʪ ʻ ʥʝʙʘʞʘʥʠʤ, ʦʩʢʽʣʴʢʠ ʚ ʧʦʨʽʚʥʷʥʥʽ ʟ ʨʦʙʦʯʦʶ ʤʦʜʦʶ ʚʠʱʽ ʛʘʨʤʦʥʽʢʠ ɹʣʦʭʘ 

ʯʘʩʪʦ ʤʘʶʪʴ ʧʦʤʽʪʥʦ ʙʽʣʴʰ ʩʣʘʙʢʠʡ ʟʚ'ʷʟʦʢ ʟ ʝʣʝʢʪʨʦʥʥʠʤ ʧʫʯʢʦʤ ʫ ʨʝʟʦʥʘʪʦʨʽ 

ʛʽʨʦʪʨʦʥʘ [85]. ʗʢ ʥʘʩʣʽʜʦʢ, ʢʦʥʚʝʨʩʽʷ ʤʦʜ ʫ ʛʽʨʦʪʨʦʥʽ ʥʘ ʜʨʫʛʽʡ ʮʠʢʣʦʪʨʦʥʥʽʡ 

ʛʘʨʤʦʥʽʮʽ ʤʦʞʝ ʧʨʠʟʚʝʩʪʠ ʜʦ ʟʙʽʣʴʰʝʥʥʷ ʧʦʨʦʛʫ ʛʝʥʝʨʘʮʽʾ (ʩʪʘʨʪʦʚʦʛʦ ʩʪʨʫʤʫ) 

ʨʦʙʦʯʦʾ ʤʦʜʠ ʽ ʾʾ ʧʨʠʜʫʰʝʥʥʶ ʢʦʥʢʫʨʫʶʯʠʤʠ ʤʦʜʘʤʠ. 
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ʑʦʙ ʧʨʦʜʝʤʦʥʩʪʨʫʚʘʪʠ ʷʚʠʱʝ ʢʦʥʚʝʨʩʽʾ ʤʦʜ ʫ ʛʦʬʨʦʚʘʥʦʤʫ ʭʚʠʣʝʚʦʜʽ, 

ʚʚʝʜʝʤʦ ʧʘʨʘʤʝʪʨ na, ʷʢʠʡ ʧʦʢʘʟʫʻ ʚʥʝʩʦʢ ʘʟʠʤʫʪʘʣʴʥʦʾ ʙʘʟʠʩʥʦʾ ʤʦʜʠ ʟ ʽʥʜʝʢʩʦʤ 

nk  ʚ ʧʦʚʥʠʡ ʧʦʪʽʢ ʝʥʝʨʛʽʾ ʟʚ'ʷʟʘʥʠʭ ʛʘʨʤʦʥʽʢ ɹʣʦʭʘ ʚ ʭʚʠʣʝʚʜ̔ʥʦʤʫ ʢʘʥʘʣʽ: 
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ʆʯʝʚʠʜʥʦ, ʱʦ ʢʦʥʚʝʨʩʽʷ ʨʦʙʦʯʦʾ ʤʦʜʠ ʚ ʚʠʱʽ ʛʘʨʤʦʥʽʢʠ ɹʣʦʭʘ ʚʽʜʩʫʪʥʷ ʧʨʠ 0 1a=  

( 0n= ). 

ʅʘ ʨʠʩ. 3.4 ʥʘʚʝʜʝʥʘ ʟʘʣʝʞʥʽʩʪʴ na  ʚʽʜ ʛʣʠʙʠʥʠ ʛʦʬʨʘ d  ʜʣʷ ʜʝʢʽʣʴʢʦʭ 

ʟʚ'ʷʟʘʥʠʭ ʘʟʠʤʫʪʘʣʴʥʠʭ ʤʦʜ ʧʨʠ 8m= . ɺʠʜʥʦ, ʱʦ ʜʣʷ 20N=  ʟʙʽʣʴʰʝʥʥʷ ʛʣʠʙʠʥʠ 

d  ʩʫʧʨʦʚʦʜʞʫʻʪʴʩʷ ʢʦʥʚʝʨʩʽʻʶ ʨʦʙʦʯʦʾ ʤʦʜʠ TE8,9 ʚ ʚʠʱʽ ʛʘʨʤʦʥʽʢʠ ɹʣʦʭʘ, 

ʧʝʨʝʚʘʞʥʦ ʟ 1n=°. ʑʦʙ ʫʥʠʢʥʫʪʠ ʮʴʦʛʦ ʥʝʙʘʞʘʥʦʛʦ ʷʚʠʱʘ, ʢʽʣʴʢʽʩʪʴ ʛʦʬʨʽʚ N  ʫ 

ʭʚʠʣʝʚʦʜʽ ʤʘʻ ʙʫʪʠ ʟʙʽʣʴʰʝʥʘ [2, 10]. 

 

 

ʈʠʩ. 3.4. ʇʘʨʘʤʝʪʨ na  ʚ ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ ʛʣʠʙʠʥʠ ʛʦʬʨʘ d  ʜʣʷ ʟʚ'ʷʟʘʥʠʭ ʛʘʨʤʦʥʽʢ 

ɹʣʦʭʘ ʚ ʮʠʣʽʥʜʨʠʯʥʦʤʫ ʭʚʠʣʝʚʦʜʽ ʟ 20N= . 
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ʅʘ ʨʠʩ. 3.5 ʧʦʢʘʟʘʥʘ ʟʘʣʝʞʥʽʩʪʴ ()Qf d  ʜʣʷ N, ʱʦ ʜʦʨʽʚʥʶʶʪʴ 20, 40, 50 ʽ 60. 

ʗʢ ʤʦʞʥʘ ʧʦʙʘʯʠʪʠ, ʨʝʟʫʣʴʪʘʪʠ ʧʨʠ 50N=  ʽ 60N=  ʩʣʘʙʦ ʚʽʜʨʽʟʥʷʶʪʴʩʷ ʦʜʠʥ ʚʽʜ 

ʦʜʥʦʛʦ, ʱʦ ʚʢʘʟʫʻ ʥʘ ʥʝʟʥʘʯʥʫ ʢʦʥʚʝʨʩʽʶ ʨʦʙʦʯʦʾ ʤʦʜʠ TE8,9 ʚ ʚʠʱʽ ʛʘʨʤʦʥʽʢʠ 

ɹʣʦʭʘ. ʇʨʠ ʮʴʦʤʫ ʤʘʢʩʠʤʫʤ ʟʘʣʝʞʥʦʩʪʽ ()Qf d  ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ ʧʨʠ ʛʣʠʙʠʥʽ ʛʦʬʨʘ 

0.035dº  ʩʤ, ʷʢʘ ʥʝʧʦʛʘʥʦ ʫʟʛʦʜʞʫʻʪʴʩʷ ʟ ʨʝʟʫʣʴʪʘʪʘʤʠ ɯʄ ʤʦʜʝʣʽ ʚ [71].  

 

                                                                       

                                                                       

                                                                       

                                                                       

                                                                       

                                                                       

                                                                       

 

ʈʠʩ. 3.5. ɿʘʣʝʞʥʽʩʪʴ ʧʘʨʘʤʝʪʨʘ Qf  ʚʽʜ ʛʣʠʙʠʥʠ ʛʦʬʨʘ d  ʜʣʷ ʨʽʟʥʠʭ ʟʥʘʯʝʥʴ ʢʽʣʴʢʦʩʪʽ 

ʛʦʬʨʽʚ N  ( 0 0.45R =  ʩʤ, / 0.5L Sj j= ). 

 

ɺ ʨʘʤʢʘʭ ʮʽʻʾ ʩʧʨʦʱʝʥʦʾ ʤʦʜʝʣʽ ʤʦʞʥʘ ʧʦʢʘʟʘʪʠ (ʜʠʚ. ʪʘʢʦʞ ʨʦʟʜʽʣ 3.2), ʱʦ 

ʦʤʽʯʥʘ ʜʦʙʨʦʪʥʽʩʪʴ ʊɽ ʤʦʜʠ ʟ ʜʦʚʞʠʥʦʶ ʭʚʠʣʽ 0l ʜʦʩʷʛʘʻ ʧʝʨʰʠʭ ʣʦʢʘʣʴʥʠʭ 

ʤʽʥʽʤʫʤʫ ʽ ʤʘʢʩʠʤʫʤʫ ʧʨʠ 0 4d l=  ʽ 0 2d l= , ʚʽʜʧʦʚʽʜʥʦ. ʊʦʤʫ, ʷʢʱʦ ʛʣʠʙʠʥʘ 

ʛʦʬʨʘ ʫ ʨʝʟʦʥʘʪʦʨʽ ʛʽʨʦʪʨʦʥʘ ʥʘ ʜʨʫʛʽʡ ʮʠʢʣʦʪʨʦʥʥʽʡ ʛʘʨʤʦʥʽʮʽ ʦʙʨʘʥʘ ʙʣʠʟʴʢʦʶ ʜʦ 

ʧʦʣʦʚʠʥʠ ʜʦʚʞʠʥʠ ʭʚʠʣʽ ʨʦʙʦʯʦʾ ʤʦʜʠ ʽ, ʷʢ ʥʘʩʣʽʜʦʢ, ʙʣʠʟʴʢʘ ʜʦ ʯʚʝʨʪʽ ʜʦʚʞʠʥʠ 

ʭʚʠʣʽ ʬʫʥʜʘʤʝʥʪʘʣʴʥʦʾ ʢʦʥʢʫʨʫʶʯʦʾ ʤʦʜʠ, ʚʽʜʥʦʰʝʥʥʷ ʦʤʽʯʥʠʭ ʜʦʙʨʦʪʥʦʩʪʝʡ ʮʠʭ 

ʤʦʜ ʜʦʩʷʛʘʻ ʝʢʩʪʨʝʤʫʤʫ. ʎʝ ʧʦʷʩʥʶʻ ʥʘʷʚʥʽʩʪʴ ʤʘʢʩʠʤʫʤʫ ʟʘʣʝʞʥʦʩʪʽ ()Qf d  ʥʘ 

ʨʠʩ. 3.5 ʧʨʠ ʛʣʠʙʠʥʽ ʛʦʬʨʘ 0.035dº  ʩʤ, ʷʢʱʦ 50N=  ʘʙʦ 60N= . ʊʘʢʘ ʛʣʠʙʠʥʘ 

ʟʜʘʪʥʘ ʟʘʙʝʟʧʝʯʠʪʠ ʥʘʡʙʽʣʴʰ ʩʠʣʴʥʝ ʟʘʛʘʩʘʥʥʷ ʢʦʥʢʫʨʫʶʯʦʾ ʤʦʜʠ ʟʘ ʨʘʭʫʥʦʢ 

ʦʤʯ̔ʥʠʭ ʚʪʨʘʪ ʫ ʛʦʬʨʦʚʘʥʦʤʫ ʨʝʟʦʥʘʪʦʨʽ 0.4-ʊɻʮ ʛʽʨʦʪʨʦʥʘ ʥʘ ʜʨʫʛʽʡ ʮʠʢʣʦʪʨʦʥʥʽʡ 

ʛʘʨʤʦʥʽʮʽ ʽ ʧʨʠ ʮʴʦʤʫ ʥʝ ʚʠʢʣʠʢʘʻ ʢʦʥʚʝʨʩʽʶ ʤʦʜ, ʢʦʣʠ ʯʠʩʣʦ ʛʦʬʨʽʚ N  ʻ ʜʦʩʠʪʴ 
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ʚʝʣʠʢʠʤ. ʊʦʤʫ ʾʾ ʤʦʞʥʘ ʚʚʘʞʘʪʠ ʥʘʡʙʽʣʴʰ ʦʧʪʠʤʘʣʴʥʦʶ ʜʣʷ ʩʝʣʝʢʮʽʾ ʤʦʜ ʦʤʽʯʥʠʤʠ 

ʚʪʨʘʪʘʤʠ. 

ɿ ʧʨʘʢʪʠʯʥʦʾ ʪʦʯʢʠ ʟʦʨʫ, ʦʜʥʘʢ, ʯʠʩʣʦ ʛʦʬʨʽʚ ʩʣʽʜ ʦʙʠʨʘʪʠ ʤʽʥʽʤʘʣʴʥʦ 

ʤʦʞʣʠʚʠʤ. ʊʦʤʫ ʜʦʩʣʽʜʠʤʦ ʚʧʣʠʚ N  ʥʘ ʢʦʥʚʝʨʩʽʶ ʤʦʜ ʽ ʦʤʽʯʥʽ ʚʪʨʘʪʠ ʧʨʠ 

0.035d=  ʩʤ. ʈʝʟʫʣʴʪʘʪ ʧʨʝʜʩʪʘʚʣʝʥʠʡ ʥʘ ʨʠʩ. 3.6. ʗʢ ʤʦʞʥʘ ʧʦʙʘʯʠʪʠ, ʢʦʥʚʝʨʩʽʷ 

ʨʦʙʦʯʦʾ ʤʦʜʠ ʊɽ8,9 ʤʘʣʘ (0 1aº) ʽ ʚʽʜʥʦʰʝʥʥʷ Qf  ʩʣʘʙʦ ʟʘʣʝʞʠʪʴ ʚʽʜ ʯʠʩʣʘ ʛʦʬʨʽʚ ʟʘ 

ʫʤʦʚʠ 41N> . ʊʦʤʫ ʯʠʩʣʦ ʛʦʬʨʽʚ 42N=  ʤʦʞʥʘ ʚʚʘʞʘʪʠ ʥʘʡʙʽʣʴʰ ʧʨʠʜʘʪʥʠʤ 

ʚʠʙʦʨʦʤ ʜʣʷ ʨʝʟʦʥʘʪʦʨʘ 0.4-ʊɻʮ ʛʽʨʦʪʨʦʥʘ. ɿ ʦʛʣʷʜʫ ʥʘ ʪʝ, ʱʦ ʜʣʷ ʜʘʥʦʛʦ ʨʝʟʦʥʘʪʦʨʘ 

0 0.45R =  ʩʤ ʽ / 0.5L Sj j= , ʦʪʨʠʤʫʻʤʦ ʰʠʨʠʥʫ ʛʦʬʨʽʚ 0.034wº  ʩʤ ʧʨʠ 42N= . ʇʨʠ 

ʪʘʢʠʭ ʧʘʨʘʤʝʪʨʘʭ ʜʣʷ 0.4-ʊɻʮ ʛʽʨʦʪʨʦʥʘ ʥʘ ʜʨʫʛʽʡ ʮʠʢʣʦʪʨʦʥʥʽʡ ʛʘʨʤʦʥʽʮʽ 

ʚʽʜʥʦʰʝʥʥʷ ʤʽʞ ʦʤʽʯʥʠʤʠ ʜʦʙʨʦʪʥʦʩʪʷʤʠ ʨʦʙʦʯʦʾ ʤʦʜʠ ʊɽ8,9 ʽ ʢʦʥʢʫʨʫʶʯʦʾ ʤʦʜʠ 

ʊɽ4,5 ʫ ʛʦʬʨʦʚʘʥʦʤʫ ʨʝʟʦʥʘʪʦʨʽ ʩʪʘʻ ʚ 2.7 ʨʘʟʠ ʙʽʣʴʰʦʶ, ʥʽʞ ʚ ʛʣʘʜʢʦʤʫ ʨʝʟʦʥʘʪʦʨʽ 

( 0d= ) (ʜʠʚ. ʨʠʩ. 3.6ʙ).  

 

   

         ʘ          ʙ 

ʈʠʩ. 3.6. ɿʘʣʝʞʥʦʩʪʽ (ʘ) na  ʜʣʷ ʨʦʙʦʯʦʾ ʤʦʜʠ ʊɽ8,9 ʽ (ʙ) Qf  ʚʽʜ ʯʠʩʣʘ ʛʦʬʨʽʚ N  ʧʨʠ 

0.035d=  ʩʤ (0 0.45R =  ʩʤ ʽ / 0.5L Sj j= ). 

 

ʎʝ ʜʝʤʦʥʩʪʨʫʻ ʧʦʣʽʧʰʝʥʥʷ ʩʝʣʝʢʪʠʚʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʨʝʟʦʥʘʪʦʨʘ ʛʽʨʦʪʨʦʥʘ ʟʘ 

ʨʘʭʫʥʦʢ ʦʤʽʯʥʠʭ ʚʪʨʘʪ, ʚʠʢʣʠʢʘʥʠʭ ʛʦʬʨʫʚʘʥʥʷʤ ʨʝʟʦʥʘʪʦʨʘ. ʇʨʠ ʮʴʦʤʫ, ʦʜʥʘʢ, ʜʣʷ 

ʥʘʡʙʽʣʴʰ ʝʬʝʢʪʠʚʥʦʾ ʩʝʣʝʢʮʽʾ ʤʦʜ ʦʤʽʯʥʠʤʠ ʚʪʨʘʪʘʤʠ ʯʠʩʣʦ ʛʦʬʨʽʚ ʫ ʨʝʟʦʥʘʪʦʨʽ 

ʛʽʨʦʪʨʦʥʘ ʤʘʻ ʙʫʪʠ ʦʙʨʘʥʦ ʜʦʩʠʪʴ ʚʝʣʠʢʠʤ, ʱʦʙ ʫʥʠʢʥʫʪʠ ʢʦʥʚʝʨʩʽʾ ʤʦʜ. ɼʘʣʽ 
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ʧʦʢʘʞʝʤʦ, ʱʦ ʧʨʠ ʧʝʚʥʠʭ ʧʘʨʘʤʝʪʨʘʭ ʛʦʬʨʦʚʘʥʦʛʦ ʨʝʟʦʥʘʪʦʨʘ ʷʚʠʱʝ ʢʦʥʚʝʨʩʽʾ ʤʦʜ 

ʪʘʢʦʞ ʤʦʞʝ ʩʧʨʠʷʪʠ ʧʨʠʜʫʰʝʥʥʶ ʬʫʥʜʘʤʝʥʪʘʣʴʥʠʭ ʢʦʥʢʫʨʫʶʯʠʭ ʤʦʜ ʫ ʛʽʨʦʪʨʦʥʘʭ 

ʥʘ ʜʨʫʛʽʡ ʮʠʢʣʦʪʨʦʥʥʽʡ ʛʘʨʤʦʥʽʮʽ. 

 

3.2. ʂʦʥʚʝʨʩʽʷ ʤʦʜ ʚ ʮʠʣʽʥʜʨʠʯʥʠʭ ʛʦʬʨʦʚʘʥʠʭ ʨʝʟʦʥʘʪʦʨʘʭ 

ʗʢ ʽ ʨʘʥʽʰʝ, ʨʦʟʛʣʷʥʝʤʦ ʨʦʙʦʯʫ TE8,9 ʤʦʜʫ, ʱʦ ʟʙʫʜʞʫʻʪʴʩʷ ʥʘ ʜʨʫʛʽʡ 

ʛʘʨʤʦʥʽʮʽ ʮʠʢʣʦʪʨʦʥʥʦʾ ʯʘʩʪʦʪʠ ʫ ʢʨʫʛʣʦʤʫ ʤʝʪʘʣʝʚʦʤʫ ʭʚʠʣʝʚʦʜʽ ʟ ʨʘʜʽʫʩʦʤ 

0 0.45R =  ʩʤ ʪʘ ʝʬʝʢʪʠʚʥʦʶ ʧʨʦʚʽʜʥʽʩʪʶ 72 2.9 10Cus s= = ³  ʉʤ/ʤ [71]. ʏʘʩʪʦʪʘ 

ʚʽʜʩʽʯʢʠ 89f  ʤʦʜʠ ʜʦʨʽʚʥʶʻ 398.9 ɻɻʮ, ʘ ʾʾ ʨʘʜʽʫʩ ʢʘʫʩʪʠʢʠ 89 0 8,9R R m c=  ʩʪʘʥʦʚʠʪʴ 

ʙʣʠʟʴʢʦ 0.1 ʩʤ. ɺʽʜʟʥʘʯʠʤʦ, ʱʦ ʚ ʦʙʣʘʩʪʽ ʚʟʘʻʤʦʜʽʾ ʛʽʨʦʪʨʦʥʘ ʨʘʜʽʫʩ ʝʣʝʢʪʨʦʥʥʦʛʦ 

ʧʫʯʢʘ cr  ʧʦʚʠʥʝʥ ʙʫʪʠ ʙʣʠʟʴʢʠʤ ʜʦ ʨʘʜʽʫʩʫ ʢʘʫʩʪʠʢʠ ʨʦʙʦʯʦʾ ʤʦʜʠ. ɿʘ ʮʽʻʾ ʫʤʦʚʠ 

ʨʦʙʦʯʘ ʤʦʜʘ ʤʘʻ ʤʘʢʩʠʤʘʣʴʥʠʡ ʟʚ'ʷʟʦʢ ʽʟ ʝʣʝʢʪʨʦʥʥʠʤ ʧʫʯʢʦʤ, ʘ ʾʾ ʩʪʘʨʪʦʚʠʡ ʩʪʨʫʤ 

ʻ ʤʽʥʽʤʘʣʴʥʠʤ. 

ɼʘʣʽ ʧʨʠʧʫʩʪʠʤʦ, ʱʦ ʭʚʠʣʝʚʽʜ ʤʘʻ N  ʧʝʨʽʦʜʠʯʥʠʭ ʧʦʟʜʦʚʞʥʽʭ ʛʦʬʨʽʚ. ɼʣʷ 

ʚʠʟʥʘʯʝʥʦʩʪʽ ʙʫʜʝʤʦ ʨʦʟʛʣʷʜʘʪʠ ʛʦʬʨʠ ʽʟ ʬʽʢʩʦʚʘʥʦʶ ʰʠʨʠʥʦʶ 0.02w=  ʩʤ, ʷʢʽ ʥʘ 

ʧʨʘʢʪʠʮʽ ʤʦʞʫʪʴ ʙʫʪʠ ʚʠʛʦʪʦʚʣʝʥʽ ʽʟ ʚʠʩʦʢʦʶ ʪʦʯʥʽʩʪʶ [85]. ʊʘʢʠʤ ʯʠʥʦʤ, ʚ 

ʧʦʜʘʣʴʰʦʤʫ ʤʠ ʦʙʤʝʞʫʻʤʦʩʷ ʫʤʦʚʦʶ 140N< . 

ɼʣʷ ʧʦʯʘʪʢʫ ʜʦʩʣʽʜʠʤʦ ʚʧʣʠʚ ʛʦʬʨʽʚ ʥʘ ʯʘʩʪʦʪʫ ʨʦʙʦʯʦʾ ʤʦʜʠ. ʅʘ ʨʠʩ. 3.7 

ʧʦʢʘʟʘʥʘ ʯʘʩʪʦʪʘ 89f  ʚ ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ ʥʦʨʤʦʚʘʥʦʾ ʛʣʠʙʠʥʠ 0d l ʽ ʯʠʩʣʘ ʛʦʬʨʽʚ N . 

ɺʠʜʥʦ, ʱʦ ʜʣʷ ʙʫʜʴ-ʷʢʦʛʦ N  ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ ʟʤʝʥʰʝʥʥʷ ʯʘʩʪʦʪʠ ʟʽ ʟʙʽʣʴʰʝʥʥʷʤ 

ʛʣʠʙʠʥʠ ʛʦʬʨʽʚ. ʎʝʡ ʝʬʝʢʪ ʻ ʮʽʣʢʦʤ ʧʨʠʨʦʜʥʽʤ, ʦʩʢʽʣʴʢʠ ʟʙʽʣʴʰʝʥʥʷ ʛʣʠʙʠʥʠ ʛʦʬʨʽʚ 

ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʟʙʽʣʴʰʝʥʥʷ ʦʙ'ʻʤʫ ʭʚʠʣʝʚʦʜʫ. ɿ ʨʠʩ. 3.7 ʚʠʜʥʦ, ʱʦ ʟʘʣʝʞʥʽʩʪʴ ʯʘʩʪʦʪʠ 

ʚʽʜ d  ʤʦʞʝ ʨʽʟʢʦ ʟʤʽʥʶʚʘʪʠʩʷ ʟʽ ʟʤʽʥʦʶ ʯʠʩʣʘ ʛʦʬʨʽʚ. ʎʝ ʧʦʷʩʥʶʻʪʴʩʷ ʟʚ'ʷʟʢʦʤ 

ʙʘʟʠʩʥʠʭ ʘʟʠʤʫʪʘʣʴʥʠʭ ʤʦʜ ʚ ʦʙʣʘʩʪʽ ʚʟʘʻʤʦʜʽʾ, ʪʦʙʪʦ ʭʚʠʣʝʚʜ̔ʥʦʤʫ ʢʘʥʘʣʽ (0r R< ). 

ʎʽ ʤʦʜʠ, ʚʽʜʦʤʽ ʷʢ ʛʘʨʤʦʥʽʢʠ ɹʣʦʭʘ, ʤʘʶʪʴ ʘʟʠʤʫʪʘʣʴʥʽ ʽʥʜʝʢʩʠ nk m nN= +  ( 8m= , 

0, 1, 2...n= ° °) ʽ ʟʚ'ʷʟʘʥʽ ʤʽʞ ʩʦʙʦʶ ʯʝʨʝʟ ʘʟʠʤʫʪʘʣʴʥʫ ʧʝʨʽʦʜʠʯʥʽʩʪʴ ʛʦʬʨʦʚʘʥʦʛʦ 

ʭʚʠʣʝʚʦʜʫ. ɿʚ'ʷʟʦʢ ʤʦʜ ʻ ʥʝʭʪʦʚʥʦ ʤʘʣʠʤ ʧʨʠ ʥʘʙʣʠʞʝʥʥʽ N  ʜʦ ʥʝʩʢʽʥʯʝʥʥʦʩʪʽ. ɺ 

ʽʥʰʦʤʫ ʚʠʧʘʜʢʫ, ʷʢ ʧʦʢʘʟʘʥʦ ʫ ʨʦʟʜʽʣʽ 3.1, ʟʙʽʣʴʰʝʥʥʷ ʛʣʠʙʠʥʠ ʛʦʬʨʘ ʤʦʞʝ 

ʧʨʠʟʚʦʜʠʪʠ ʜʦ ʢʦʥʚʝʨʩʽʾ ʦʜʥʽʻʾ ʘʟʠʤʫʪʘʣʴʥʦʾ ʙʘʟʠʩʥʦʾ ʤʦʜʠ ʚ ʽʥʰʽ. 
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ʈʠʩ. 3.7. ʏʘʩʪʦʪʘ ʚʽʜʩʽʯʢʠ f  ʨʦʙʦʯʦʾ ʤʦʜʠ ʥʘ ʜʨʫʛʽʡ ʛʘʨʤʦʥʽʮʽ ʮʠʢʣʦʪʨʦʥʥʦʾ ʯʘʩʪʦʪʠ 

ʚ ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ ʛʣʠʙʠʥʠ ʛʦʬʨʘ d  ʜʣʷ ʨʽʟʥʠʭ ʟʥʘʯʝʥʴ ʯʠʩʣʘ ʛʦʬʨʽʚ N . 

 

ʈʦʟʛʣʷʥʝʤʦ ʙʽʣʴʰ ʜʝʪʘʣʴʥʦ ʯʘʩʪʦʪʥʽ ʢʨʠʚʽ 1-3, ʷʢʽ ʟʦʙʨʘʞʝʥʽ ʥʘ ʨʠʩ. 3.7 ʜʣʷ 

10N= , 40N=  ʽ 60N=  ʪʘ ʤʘʶʪʴ ʦʜʥʘʢʦʚʝ ʚʣʘʩʥʝ ʟʥʘʯʝʥʥʷ ʧʨʠ ʥʫʣʴʦʚʽʡ ʛʣʠʙʠʥʽ 

ʛʦʬʨʘ. ɼʣʷ ʢʦʞʥʦʾ ʟ ʮʠʭ ʢʨʠʚʠʭ ʟʘʣʝʞʥʽʩʪʴ ʯʘʩʪʦʪʠ ʚʽʜ d  ʚʽʜʧʦʚʽʜʘʻ ʢʘʨʪʠʥʽ 

ʢʦʥʚʝʨʩʽʾ ʤʦʜ, ʷʢʘ ʟʦʙʨʘʞʝʥʘ ʥʘ ʨʠʩ. 3.8ʘ-ʚ. ʗʢ ʚʠʜʥʦ ʟ ʨʠʩ. 3.7, ʧʨʠ 0d=  ʚʣʘʩʥʝ 

ʟʥʘʯʝʥʥʷ ʤʦʜʠ ʚ ʭʚʠʣʝʚʦʜʽ ʜʦʨʽʚʥʶʻ 8,9m . ʊʘʢʠʤ ʯʠʥʦʤ, ʫ ʚʠʧʘʜʢʫ ʮʠʣʽʥʜʨʠʯʥʦʛʦ 

ʭʚʠʣʝʚʦʜʫ ʤʠ ʤʘʻʤʦ ʩʧʨʘʚʫ ʟ ʯʠʩʪʦʶ (0 1a= ) TE8,9 ʤʦʜʦʶ (ʨʠʩ. 3.8ʘ-ʚ), ʷʢ ʽ ʤʘʻ 

ʙʫʪʠ. TE8,9 ʤʦʜʘ ʻ ʬʫʥʜʘʤʝʥʪʘʣʴʥʦʶ (0n= ) ʛʘʨʤʦʥʽʢʦʶ ɹʣʦʭʘ. ʏʝʨʝʟ ʟʚ'ʷʟʦʢ ʤʦʜ ʮʷ 

ʤʦʜʘ ʢʦʥʚʝʨʪʫʻʪʴʩʷ ʫ ʚʠʱʽ (0n > ) ʛʘʨʤʦʥʽʢʠ ʟʽ ʟʙʽʣʴʰʝʥʥʷʤ d. ʍʘʨʘʢʪʝʨ ʪʘʢʦʾ 

ʢʦʥʚʝʨʩʽʾ ʤʦʜ ʟʘʣʝʞʠʪʴ ʚʽʜ ʯʠʩʣʘ ʛʦʬʨʽʚ. 

ɼʣʷ 10N=  (ʨʠʩ. 3.8ʘ) ʬʫʥʜʘʤʝʥʪʘʣʴʥʘ ʛʘʨʤʦʥʽʢʘ ɹʣʦʭʘ ʜʦʤʽʥʫʻ ʥʘʜ ʚʠʱʠʤʠ 

ʛʘʨʤʦʥʽʢʘʤʠ ʣʠʰʝ ʧʨʠ ʥʝʚʝʣʠʢʽʡ ʛʣʠʙʠʥʽ ʛʦʬʨʘ (0 0.2d l< ). ɿʽ ʟʙʽʣʴʰʝʥʥʷʤ d  

ʚʽʜʙʫʚʘʻʪʴʩʷ ʢʦʥʚʝʨʩʽʷ ʬʫʥʜʘʤʝʥʪʘʣʴʥʦʾ ʛʘʨʤʦʥʽʢʠ ʚ ʧʝʨʰʫ (1n=), ʷʢʘ, ʫ ʩʚʦʶ 

ʯʝʨʛʫ, ʥʘʙʫʚʘʻ ʤʘʢʩʠʤʘʣʴʥʦʾ ʤʦʜʦʚʦʾ ʯʠʩʪʦʪʠ (1 1aº) ʧʨʠ 0 0.5d lº . ʇʦʜʘʣʴʰʝ 

ʟʙʽʣʴʰʝʥʥʷ d  ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʧʦʩʣʘʙʣʝʥʥʷ ʘʤʧʣʽʪʫʜʠ ʧʝʨʰʦʾ ʛʘʨʤʦʥʽʢʠ ɹʣʦʭʘ, ʷʢʘ 

ʪʨʘʥʩʬʦʨʤʫʻʪʴʩʷ ʫ ʜʨʫʛʫ (2n= ) ʛʘʨʤʦʥʽʢʫ. ɼʣʷ 40N=  (ʨʠʩ. 3.8ʙ) ʢʘʨʪʠʥʘ ʢʦʥʚʝʨʩʽʾ 

ʤʦʜ ʤʘʻ ʽʥʰʠʡ ʚʠʛʣʷʜ. ʋ ʮʴʦʤʫ ʚʠʧʘʜʢʫ ʟʙʽʣʴʰʝʥʥʷ ʛʣʠʙʠʥʠ ʛʦʬʨʘ d  ʟ ʥʫʣʷ 

ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʢʦʥʚʝʨʩʽʾ ʬʫʥʜʘʤʝʥʪʘʣʴʥʦʾ (0n= ) ʛʘʨʤʦʥʽʢʠ ɹʣʦʭʘ ʚ ʤʽʥʫʩ-ʧʝʨʰʫ 
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ʛʘʨʤʦʥʽʢʫ (1n=-), ʷʢʘ ʜʦʩʷʛʘʻ ʤʘʢʩʠʤʘʣʴʥʦʾ ʘʤʧʣʽʪʫʜʠ (1 1a-º) ʧʨʠ 0 0.5d lº . ʇʨʠ 

ʧʦʜʘʣʴʰʦʤʫ ʟʙʽʣʴʰʝʥʥʽ d  ʮʷ ʙʘʟʠʩʥʘ ʤʦʜʘ ʚʠʱʦʛʦ ʧʦʨʷʜʢʫ ʟʥʦʚʫ ʧʝʨʝʪʚʦʨʶʻʪʴʩʷ 

ʥʘ ʬʫʥʜʘʤʝʥʪʘʣʴʥʫ ʛʘʨʤʦʥʽʢʫ ɹʣʦʭʘ. ʎʝʡ ʝʬʝʢʪ ʜʦʩʷʛʘʻ ʤʘʢʩʠʤʘʣʴʥʦʾ ʩʠʣʠ ʧʨʠ 

0 1d lº. ʇʨʠ ʮʴʦʤʫ ʬʫʥʜʘʤʝʥʪʘʣʴʥʘ ʛʘʨʤʦʥʽʢʘ ʤʘʻ ʚʣʘʩʥʝ ʟʥʘʯʝʥʥʷ, ʱʦ ʜʦʨʽʚʥʶʻ 

8,8m , ʥʘʡʚʠʱʫ ʤʦʜʦʚʫ ʯʠʩʪʦʪʫ (0 1a=) ʽ, ʪʘʢʠʤ ʯʠʥʦʤ, ʪʘʢʠʡ ʞʝ ʨʦʟʧʦʜʽʣ ʧʦʣʷ ʚ 

ʦʙʣʘʩʪʽ ʚʟʘʻʤʦʜʽʾ (0r R< ), ʱʦ ʽ TE8,8 ʤʦʜʘ ʮʠʣʽʥʜʨʠʯʥʦʛʦ ʭʚʠʣʝʚʦʜʫ ʨʘʜʽʫʩʫ 0R. ɼʣʷ 

60N=  (ʨʠʩ. 3.8ʚ) ʟʚ'ʷʟʦʢ ʛʘʨʤʦʥʽʢ ɹʣʦʭʘ ʩʪʘʻ ʜʦʩʠʪʴ ʩʣʘʙʢʠʤ. ɺ ʮʴʦʤʫ ʚʠʧʘʜʢʫ 

ʬʫʥʜʘʤʝʥʪʘʣʴʥʘ ʛʘʨʤʦʥʽʢʘ ɹʣʦʭʘ ʜʦʤʽʥʫʻ ʥʘʜ ʚʠʱʠʤʠ ʛʘʨʤʦʥʽʢʘʤʠ ʧʨʠ ʙʫʜʴ-ʷʢʦʤʫ 

d, ʘ ʚʣʘʩʥʝ ʟʥʘʯʝʥʥʷ ʤʦʜʠ ʚ ʭʚʠʣʝʚʦʜʽ ʧʨʘʛʥʝ ʜʦ 8,9 pm -  ʧʨʠ ʥʘʙʣʠʞʝʥʥʽ 0d l ʜʦ 

2p . ʊʘʢʽ ʚʣʘʩʥʽ ʟʥʘʯʝʥʥʷ ʤʦʜ ʛʦʬʨʦʚʘʥʦʛʦ ʭʚʠʣʝʚʦʜʫ ʪʘʢʦʞ ʤʦʞʫʪʴ ʙʫʪʠ 

ʜʦʩʷʞʥʠʤʠ ʧʨʠ ʚʽʜʥʦʩʥʦ ʥʝʚʝʣʠʢʽʡ ʢʽʣʴʢʦʩʪʽ ʛʦʬʨʽʚ. ʇʨʠʢʣʘʜʦʤ ʻ ʚʣʘʩʥʝ ʟʥʘʯʝʥʥʷ 

, 8,8m pc m= , ʷʢʝ ʥʘʣʝʞʠʪʴ ʢʨʠʚʽʡ 4 ʥʘ ʨʠʩ. 3.7 ʪʘ ʚʽʜʧʦʚʽʜʘʻ ʫʤʦʚʘʤ 10N=  ʽ 

0 0.5d lº . ʋ ʮʴʦʤʫ ʚʠʧʘʜʢʫ (ʨʠʩ. 3.8ʛ) ʧʨʠ 0 0.5d lº  ʤʘʻ ʤʽʩʮʝ ʜʦʤʽʥʫʚʘʥʥʷ 

ʬʫʥʜʘʤʝʥʪʘʣʴʥʦʾ ʛʘʨʤʦʥʽʢʠ ɹʣʦʭʘ, ʷʢʘ ʧʨʠ ʧʦʜʘʣʴʰʽʡ ʟʤʽʥʽ d  ʧʝʨʝʪʚʦʨʶʻʪʴʩʷ ʥʘ 

ʚʠʱʽ ʛʘʨʤʦʥʽʢʠ. 

ɿ ʨʠʩ. 3.8 ʚʠʜʥʦ, ʱʦ ʝʬʝʢʪ ʢʦʥʚʝʨʩʽʾ ʤʦʜ ʫ ʛʦʬʨʦʚʘʥʦʤʫ ʭʚʠʣʝʚʦʜʽ ʟʘʣʝʞʠʪʴ ʥʝ 

ʪʽʣʴʢʠ ʚʽʜ ʯʠʩʣʘ ʛʦʬʨʽʚ, ʘʣʝ ʽ ʚʽʜ ʾʭ ʛʣʠʙʠʥʠ. ʅʘʰʽ ʨʦʟʨʘʭʫʥʢʠ ʧʦʢʘʟʫʶʪʴ, ʱʦ ʚ 

ʙʽʣʴʰʦʩʪʽ ʚʠʧʘʜʢʽʚ ʢʦʥʚʝʨʩʽʷ ʬʫʥʜʘʤʝʥʪʘʣʴʥʦʾ ʛʘʨʤʦʥʽʢʠ ɹʣʦʭʘ ʫ ʚʠʱʽ ʛʘʨʤʦʥʽʢʠ ʻ 

ʤʘʣʦʶ ʜʣʷ 00.5 0.041d l= =  ʩʤ, ʜʝ 0l ʚʽʜʧʦʚʽʜʘʻ ʚʣʘʩʥʦʤʫ ʟʥʘʯʝʥʥʶ ʤʦʜʠ ʧʦʙʣʠʟʫ 

8,8m  (ʯʘʩʪʦʪʘ ʚʽʜʩʽʯʢʠ ï 364.7 ɻɻʮ) (ʨʠʩ. 3.9). ʅʘ ʚʽʜʤʽʥʫ ʚʽʜ ʮʴʦʛʦ, ʥʘʚʽʪʴ ʧʨʠ 

ʚʝʣʠʢʽʡ ʢʽʣʴʢʦʩʪʽ ʛʦʬʨʽʚ, ʢʦʥʚʝʨʩʽʷ ʤʦʜ ʤʦʞʝ ʙʫʪʠ ʧʦʤʽʪʥʦʶ ʧʨʠ 0 0.2d l=  

(ʨʠʩ. 3.10). ʊʘʢʠʡ ʝʬʝʢʪ ʟʚ'ʷʟʢʫ ʤʦʜ ʫ ʛʦʬʨʦʚʘʥʠʭ ʭʚʠʣʝʚʦʜʘʭ ʙʫʣʦ ʚʠʷʚʣʝʥʦ ʚ [2, 

10] (ʜʠʚ. ʨʦʟʜʽʣ 2.2.2). 
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    ʘ       ʙ 

 

    ʚ       ʛ 

ʈʠʩ. 3.8. ʂʦʥʚʝʨʩʽʷ ʤʦʜ, ʷʢʘ ʩʫʧʨʦʚʦʜʞʫʻ ʟʤʽʥʫ ʯʘʩʪʦʪʠ ʥʘ ʨʠʩ. 3.7 ʜʣʷ (a) ʢʨʠʚʦʾ 1, 

(ʙ) ʢʨʠʚʦʾ 2, (ʚ) ʢʨʠʚʦʾ 3 ʽ (ʛ) ʢʨʠʚʦʾ 4. 

 

ɿ ʦʛʣʷʜʫ ʥʘ ʩʝʣʝʢʮʽʶ ʤʦʜ ʫ ʨʝʟʦʥʘʪʦʨʽ ʛʽʨʦʪʦʥʘ ʢʦʥʚʝʨʩʽʷ ʨʦʙʦʯʦʾ ʤʦʜʠ 

(ʬʫʥʜʘʤʝʥʪʘʣʴʥʦʾ ʛʘʨʤʦʥʽʢʠ ɹʣʦʭʘ) ʧʦʚʠʥʥʘ ʙʫʪʠ ʤʽʥʽʤʘʣʴʥʦʶ, ʪʦʙʪʦ ʚʝʣʠʯʠʥʘ 0a  

ʜʣʷ ʨʦʙʦʯʦʾ ʤʦʜʠ ʧʦʚʠʥʥʘ ʙʫʪʠ ʙʣʠʟʴʢʦʶ ʜʦ ʦʜʠʥʠʮʽ. ʎʝʡ ʬʘʢʪ ʥʘʡʙʽʣʴʰ ʧʨʦʩʪʦ 

ʫʩʚʽʜʦʤʠʪʠ, ʷʢʱʦ 2N m>  (ʜʠʚ. (2.42)). ɺ ʮʴʦʤʫ ʚʠʧʘʜʢʫ ʚʩʽ ʚʠʱʽ ʛʘʨʤʦʥʽʢʠ ɹʣʦʭʘ 

( 0n > ) ʤʘʶʪʴ ʙʽʣʴʰʽ ʨʘʜʽʫʩʠ ʢʘʫʩʪʠʢʠ ʚ ʧʦʨʽʚʥʷʥʥʽ ʟ ʨʘʜʽʫʩʦʤ ʧʫʯʢʘ, ʷʢʠʡ ʻ 

ʙʣʠʟʴʢʠʤ ʜʦ ʨʘʜʽʫʩʘ ʢʘʫʩʪʠʢʠ ʬʫʥʜʘʤʝʥʪʘʣʴʥʦʾ ʛʘʨʤʦʥʽʢʠ. ɿ ʮʽʻʾ ʧʨʠʯʠʥʠ ʾʭʥʽʡ 

ʟʚ'ʷʟʦʢ ʟ ʝʣʝʢʪʨʦʥʥʠʤ ʧʫʯʢʦʤ ʻ ʜʦʩʠʪʴ ʩʣʘʙʢʠʤ. ʏʠʤ ʙʽʣʴʰʝ ʘʙʩʦʣʶʪʥʝ ʟʥʘʯʝʥʥʷ 

ʘʟʠʤʫʪʘʣʴʥʦʛʦ ʽʥʜʝʢʩʫ nk m nN= +  ʜʣʷ n-ʦʾ ʛʘʨʤʦʥʽʢʠ ɹʣʦʭʘ, ʪʠʤ ʩʣʘʙʢʽʰʝ ʚʦʥʘ 
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ʟʚ'ʷʟʘʥʘ ʟ ʝʣʝʢʪʨʦʥʥʠʤ ʧʫʯʢʦʤ. ʊʦʤʫ ʢʦʥʚʝʨʩʽʷ ʬʫʥʜʘʤʝʥʪʘʣʴʥʦʾ ʛʘʨʤʦʥʽʢʠ ɹʣʦʭʘ ʚ 

ʚʠʱʽ ʛʘʨʤʦʥʽʢʠ ʤʦʞʝ ʟʙ̔ ʣʴʰʠʪʠ ʩʪʘʨʪʦʚʠʡ ʩʪʨʫʤ ʦʙʨʘʥʦʾ ʨʦʙʦʯʦʾ ʤʦʜʠ ʛʽʨʦʪʨʦʥʘ. 

ʎʝʡ ʝʬʝʢʪ ʻ ʚʢʨʘʡ ʥʝʙʘʞʘʥʠʤ ʽ ʪʦʤʫ ʡʦʛʦ ʩʣʽʜ ʫʥʠʢʘʪʠ. ʋ ʪʦʡ ʞʝ ʯʘʩ ʧʨʠ ʥʘʣʝʞʥʠʭ 

ʧʘʨʘʤʝʪʨʘʭ ʛʦʬʨʽʚ, ʷʢʽ ʧʦʚʠʥʥʽ ʣʠʰʝ ʥʝʽʩʪʦʪʥʦ ʚʧʣʠʚʘʪʠ ʥʘ ʨʦʙʦʯʫ ʤʦʜʫ, ʢʦʥʚʝʨʩʽʷ 

ʤʦʜ ʤʦʞʝ ʟʘʙʝʟʧʝʯʠʪʠ ʩʝʣʝʢʪʠʚʥʝ ʧʨʠʜʫʰʝʥʥʷ ʢʦʥʢʫʨʫʶʯʠʭ ʤʦʜ [82]. 

 

 

           ʘ          ʙ 

ʈʠʩ. 3.9. (ʘ) ʏʘʩʪʦʪʘ f  ʽ (ʙ) ʤʦʜʦʚʠʡ ʩʢʣʘʜ na  ʨʦʙʦʯʦʾ ʤʦʜʠ ʚ ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ ʯʠʩʣʘ 

ʛʦʬʨʽʚ N  ʜʣʷ 0 0.5d l= . 

 

           ʘ          ʙ 

ʈʠʩ. 3.10. ʊʝ ʞ ʩʘʤʝ, ʱʦ ʥʘ ʨʠʩ. 3.9, ʘʣʝ ʜʣʷ 0 0.2d l= . 

 

ʋ ʨʝʟʦʥʘʪʦʨʘʭ ʩʫʙʪʝʨʘʛʝʨʮʦʚʠʭ ʛʽʨʦʪʨʦʥʽʚ ʽʩʪʦʪʥʝ ʟʥʘʯʝʥʥʷ ʤʘʶʪʴ ʦʤʽʯʥʽ 

ʚʪʨʘʪʠ [127], ʷʢʽ ʤʦʞʫʪʴ ʧʦʤʽʪʥʦ ʧʦʛʽʨʰʠʪʠ ʨʦʙʦʯʽ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʮʠʭ ʛʽʨʦʪʨʦʥʽʚ 
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[50], ʦʩʦʙʣʠʚʦ ʪʠʭ, ʱʦ ʤʘʶʪʴ ʰʠʨʦʢʫ ʩʤʫʛʫ ʥʝʧʝʨʝʨʚʥʦʾ ʧʝʨʝʙʫʜʦʚʠ ʯʘʩʪʦʪʠ [64-54, 

128]. ʇʦʟʜʦʚʞʥʽ ʛʦʬʨʠ ʧʨʠʟʚʦʜʷʪʴ ʜʦ ʟʙʽʣʴʰʝʥʥʷ ʦʤʽʯʥʠʭ ʚʪʨʘʪ ʚ ʩʪʽʥʢʘʭ 

ʨʝʟʦʥʘʪʦʨʘ (ʜʠʚ. ʨʠʩ. 3.3 ʪʘ [71, 86]). ʎʝʡ ʝʬʝʢʪ ʟʘʣʝʞʠʪʴ ʚʽʜ ʨʦʟʤʽʨʽʚ ʛʦʬʨʽʚ ʽ ʤʦʞʝ 

ʜʦʜʘʪʢʦʚʦ ʟʤʽʥʶʚʘʪʠʩʷ ʚʥʘʩʣʽʜʦʢ ʢʦʥʚʝʨʩʽʾ ʤʦʜ (ʨʠʩ. 3.5). ɼʣʷ 60N=  ʥʘ ʨʠʩ. 3.11 

ʧʦʢʘʟʘʥʘ ʪʠʧʦʚʘ ʟʘʣʝʞʥʽʩʪʴ ohmQ  ʚʽʜ d  ʫ ʚʠʧʘʜʢʫ ʤʘʣʦʾ ʢʦʥʚʝʨʩʽʾ ʤʦʜ. ɿʽ 

ʟʙʽʣʴʰʝʥʥʷʤ ʛʣʠʙʠʥʠ ʛʦʬʨʽʚ ʦʤʽʯʥʽ ʚʪʨʘʪʠ ʚ ʩʪʽʥʢʘʭ ʟʨʦʩʪʘʶʪʴ. ʆʤʽʯʥʘ ʜʦʙʨʦʪʥʽʩʪʴ 

ʜʦʩʷʛʘʻ ʧʝʨʰʦʛʦ ʣʦʢʘʣʴʥʦʛʦ ʤʽʥʽʤʫʤʫ ʧʦʙʣʠʟʫ 0 0.2d l= . ɯʩʥʫʚʘʥʥʷ ʮʴʦʛʦ ʤʽʥʽʤʫʤʫ 

ʤʦʞʥʘ ʷʢʽʩʥʦ ʧʦʷʩʥʠʪʠ ʟʘ ʜʦʧʦʤʦʛʦʶ ʧʦʚʝʨʭʥʝʚʦʾ ʽʤʧʝʜʘʥʩʥʦʾ ʤʦʜʝʣʽ [81, 103]. ʎʷ 

ʩʧʨʦʱʝʥʘ ʤʦʜʝʣʴ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʥʘʩʪʫʧʥʠʭ ʛʨʘʥʠʯʥʠʭ ʫʤʦʚ ʜʣʷ 0 0.25d l= : 

( )0 0zE r R= =, ( )0 0zH r R= = (ʪʘʢ ʟʚʘʥʘ ʞʦʨʩʪʢʘ ʝʣʝʢʪʨʦʤʘʛʥʽʪʥʘ ʧʦʚʝʨʭʥʷ [129]). ɺ 

ʮʴʦʤʫ ʚʠʧʘʜʢʫ ʦʪʨʠʤʫʻʤʦ ʥʘʩʪʫʧʥʠʡ ʚʠʨʘʟ (ʜʠʚ. ʨʽʚʥʷʥʥʷ (11) ʫ [71]): 
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ʷʢʠʡ ʧʦʚ'ʷʟʫʻ ʦʤʽʯʥʫ ʜʦʙʨʦʪʥʽʩʪʴ ʤʦʜʠ ʛʦʬʨʦʚʘʥʦʛʦ ʭʚʠʣʝʚʦʜʫ ʜʣʷ 0 0.25d l=  ʟ 

ʜʦʙʨʦʪʥʽʩʪʶ 
()0
ohmQ  TEm,p ʤʦʜʠ ʮʠʣʽʥʜʨʠʯʥʦʛʦ ʭʚʠʣʝʚʦʜʫ, ʜʝ ,m pg  ʦʟʥʘʯʘʻ p -ʠʡ ʥʫʣʴ 

ʬʫʥʢʮʽʾ ɹʝʩʩʝʣʷ ()mJ Ö. ɿ (3.7) ʚʠʧʣʠʚʘʻ, ʱʦ ʮʷ ʜʦʙʨʦʪʥʽʩʪʴ ʟʤʝʥʰʫʻʪʴʩʷ ʜʦ ʥʫʣʷ ʫ 

ʛʨʘʥʠʯʥʦʤʫ ʚʠʧʘʜʢʫ 0w­  (ʜʠʚ. ʪʘʢʦʞ ʈʠʩ.5ʙ ʚ [86]). ʊʘʢʠʤ ʯʠʥʦʤ, ʷʢʱʦ ʰʠʨʠʥʘ 

ʛʦʬʨʘ w  ʻ ʜʦʩʠʪʴ ʤʘʣʦʶ ʽ ʟʚ'ʷʟʦʢ ʛʘʨʤʦʥʽʢ ɹʣʦʭʘ ʚʽʜʩʫʪʥʽʡ, ʪʦ ohmQ  ʜʦʩʷʛʘʻ 

ʣʦʢʘʣʴʥʦʛʦ ʤʽʥʽʤʫʤʫ ʧʨʠ 0 0.25d l= . ʆʜʥʘʢ ʥʘʚʽʪʴ ʧʨʠ 60N=  ʪʘʢʠʡ ʟʚ'ʷʟʦʢ ʤʦʜ ʻ 

ʥʝʥʫʣʴʦʚʠʤ (ʨʠʩ. 3.8ʚ ʽ ʨʠʩ. 3.10ʙ) ʽ ʪʨʦʭʠ ʟʤʽʱʫʻ ʧʦʣʦʞʝʥʥʷ ʤʽʥʽʤʫʤʫ ohmQ  ʜʦ 

0 0.2d l= . 
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ʈʠʩ. 3.11. ʆʤʽʯʥʘ ʜʦʙʨʦʪʥʽʩʪʴ ʨʦʙʦʯʦʾ ʤʦʜʠ ʥʘ ʜʨʫʛʽʡ ʛʘʨʤʦʥʽʮʽ ʮʠʢʣʦʪʨʦʥʥʦʾ 

ʯʘʩʪʦʪʠ ʚ ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ ʛʣʠʙʠʥʠ ʛʦʬʨʽʚ ʜʣʷ 60N=  ʽ 10N= , ʷʢʽ ʚʽʜʧʦʚʽʜʘʶʪʴ 

ʢʨʠʚʠʤ 3 ʽ 4 ʥʘ ʨʠʩ. 3.7, ʚʽʜʧʦʚʽʜʥʦ. 

 

ʇʨʠ ʧʦʜʘʣʴʰʦʤʫ ʟʙʽʣʴʰʝʥʥʽ d  ʦʤʽʯʥʘ ʜʦʙʨʦʪʥʽʩʪʴ ʤʦʜʠ ʚ ʭʚʠʣʝʚʦʜʽ ʟʨʦʩʪʘʻ ʽ 

ʟʨʝʰʪʦʶ ʜʦʩʷʛʘʻ ʧʝʨʰʦʛʦ ʣʦʢʘʣʴʥʦʛʦ ʤʘʢʩʠʤʫʤʫ ʧʨʠ 0 0.42d l=  ʫ ʚʠʧʘʜʢʫ 60N= . 

ʇʦʚʝʨʭʥʝʚʘ ʽʤʧʝʜʘʥʩʥʘ ʤʦʜʝʣʴ ɯʄ ʜʘʻ ʥʘʩʪʫʧʥʫ ʦʮʽʥʢʫ ohmQ  ʧʨʠ 0 0.5d l= : 
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ɺ ʮʴʦʤʫ ʚʠʧʘʜʢʫ , 12 c m pd p N m -= . ʆʪʞʝ, ʯʠʤ ʤʝʥʰʝ ʯʠʩʣʦ ʛʦʬʨʽʚ N, ʪʠʤ 

ʙʽʣʴʰʝ ʟʥʘʯʝʥʥʷ ohmQ  ʚ (3.8). ɿ ʦʛʣʷʜʫ ʥʘ ʮʝʡ ʬʘʢʪ ʙʘʞʘʥʦ ʦʙʠʨʘʪʠ ʢʽʣʴʢʽʩʪʴ ʛʦʬʨʽʚ 

ʷʢʦʤʦʛʘ ʤʝʥʰʦʶ, ʱʦʙ ʤʽʥʽʤʽʟʫʚʘʪʠ ʦʤʽʯʥʽ ʚʪʨʘʪʠ ʨʦʙʦʯʦʾ ʤʦʜʠ ʫ ʚʠʧʘʜʢʫ, ʢʦʣʠ 

ʛʣʠʙʠʥʘ d  ʻ ʙʣʠʟʴʢʦʶ ʜʦ 00.5l. ʗʢ ʟʘʟʥʘʯʘʣʦʩʷ ʚʠʱʝ, ʪʘʢʘ ʛʣʠʙʠʥʘ ʛʦʬʨʽʚ 

ʜʦʜʘʪʢʦʚʦ ʟʘʙʝʟʧʝʯʫʻ ʚʠʩʦʢʫ ʤʦʜʦʚʫ ʯʠʩʪʦʪʫ ʜʣʷ ʨʦʙʦʯʦʾ ʤʦʜʠ. 

ɹʫʜʝʤʦ ʧʦʟʥʘʯʘʪʠ ʨʦʙʦʯʫ ʤʦʜʫ ʷʢ TE8,9 ʤʦʜʫ ʜʣʷ ʙʫʜʴ-ʷʢʦʛʦ d. ɸʣʝ, ʷʢ 

ʧʦʢʘʟʘʥʦ ʥʘ ʨʠʩ. 3.7 ʽ ʨʠʩ. 3.9ʘ, ʜʣʷ 00.5 0.041d lº =  ʩʤ ʚʣʘʩʥʝ ʟʥʘʯʝʥʥʷ ʨʦʙʦʯʦʾ 

ʤʦʜʠ ʻ ʙʣʠʟʴʢʠʤ ʜʦ 8,8m . ʊʦʤʫ ʚ ʜʘʥʦʤʫ ʚʠʧʘʜʢʫ ʨʦʙʦʯʘ ʤʦʜʘ ʛʦʬʨʦʚʘʥʦʛʦ 

ʭʚʠʣʝʚʦʜʫ ʻ ʧʦʜʽʙʥʦʶ ʜʦ ʊɽ8,8 ʤʦʜʠ ʮʠʣʽʥʜʨʠʯʥʦʛʦ ʭʚʠʣʝʚʦʜʫ (ʨʠʩ. 3.12ʘ ʽ 

ʨʠʩ. 3.12ʙ). ɼʣʷ ʮʽʻʾ ʨʦʙʦʯʦʾ ʤʦʜʠ ʥʝʦʙʭʽʜʥʦ ʟʤʝʥʰʠʪʠ ʨʘʜʽʫʩ ʭʚʠʣʝʚʦʜʫ 
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0 0.45R =  ʩʤ ʫ 8,9 8,8m m ʨʘʟʽʚ, ʱʦʙ ʜʦʩʷʛʪʠ ʪʘʢʠʭ ʞʝ ʯʘʩʪʦʪʠ ʽ ʨʘʜʽʫʩʫ ʢʘʫʩʪʠʢʠ, ʱʦ ʽ 

ʜʣʷ TE8,9 ʤʦʜʠ ʚʠʭʽʜʥʦʛʦ ʮʠʣʽʥʜʨʠʯʥʦʛʦ ʭʚʠʣʝʚʦʜʫ. 

 

3.3. ʉʝʣʝʢʪʠʚʥʽ ʚʣʘʩʪʠʚʦʩʪʽ ʛʦʬʨʦʚʘʥʦʛʦ ʨʝʟʦʥʘʪʦʨʘ ʛʽʨʦʪʨʦʥʘ 

ɼʘʣʽ ʨʦʟʛʣʷʥʝʤʦ ʥʘʡʙʽʣʴʰ ʥʝʙʝʟʧʝʯʥʫ ʢʦʥʢʫʨʫʶʯʫ ʤʦʜʫ ʛʽʨʦʪʨʦʥʘ ʽʟ 

ʮʠʣʽʥʜʨʠʯʥʠʤ ʨʝʟʦʥʘʪʦʨʦʤ, ʚ ʷʢʦʤʫ ʨʦʙʦʯʘ TE8,9 ʤʦʜʘ ʟʙʫʜʞʫʻʪʴʩʷ ʧʫʯʢʦʤ ʥʘ 

ʜʨʫʛʽʡ ʛʘʨʤʦʥʽʮʽ ʮʠʢʣʦʪʨʦʥʥʦʾ ʯʘʩʪʦʪʠ. ʊʘʢʠʤ ʢʦʥʢʫʨʝʥʪʦʤ ʻ TE4,5 ʤʦʜʘ ʥʘ ʧʝʨʰʽʡ 

ʮʠʢʣʦʪʨʦʥʥʽʡ ʛʘʨʤʦʥʽʮʽ [58, 71]. ʎʝ ʧʦʚ'ʷʟʘʥʦ ʟ ʪʠʤ, ʱʦ ʚ ʮʠʣʽʥʜʨʠʯʥʦʤʫ ʭʚʠʣʝʚʦʜʽ 

ʯʘʩʪʦʪʘ ʚʽʜʩʽʯʢʠ 45 203.5f =  ɻɻʮ ʜʣʷ TE4,5 ʤʦʜʠ ʻ ʧʨʠʙʣʠʟʥʦ ʚʜʚʽʯʽ ʤʝʥʰʦʶ, ʥʽʞ ʜʣʷ 

TE8,9 ʤʦʜʠ (ʨʠʩ. 3.2), ʘ ʨʘʜʽʫʩʠ ʢʘʫʩʪʠʢʠ ʦʙʦʭ ʮʠʭ ʤʦʜ ʻ ʙʣʠʟʴʢʠʤʠ ʦʜʠʥ ʜʦ ʦʜʥʦʛʦ. 

ʆʪʞʝ, ʢʦʥʢʫʨʫʶʯʫ TE4,5 ʤʦʜʫ ʥʝ ʤʦʞʥʘ ʧʨʠʜʫʰʠʪʠ ʟʘ ʜʦʧʦʤʦʛʦʶ ʪʨʘʜʠʮʽʡʥʦʛʦ 

(ʝʣʝʢʪʨʦʥʥʦʛʦ) ʤʝʪʦʜʫ ʩʝʣʝʢʮʽʾ ʤʦʜ, ʷʢʠʡ ʙʘʟʫʻʪʴʩʷ ʥʘ ʩʧʝʮʽʘʣʴʥʦʤʫ ʧʦʟʠʮʽʦʥʫʚʘʥʥʽ 

ʨʘʜʽʫʩʫ ʧʫʯʢʘ cr . ʏʘʩʪʦʪʥʝ ʨʦʟʜʽʣʝʥʥʷ 89 452f f fD = -  ʤʽʞ TE8,9 ʪʘ TE4,5 ʤʦʜʘʤʠ ʫ 

ʮʠʣʽʥʜʨʠʯʥʦʤʫ ʭʚʠʣʝʚʦʜʽ ʜʦʨʽʚʥʶʻ ( )8.2-  ɻɻʮ. 

ɺʧʣʠʚ ʧʦʟʜʦʚʞʥʽʭ ʛʦʬʨʽʚ ʥʘ ʯʘʩʪʦʪʫ TE4,5 ʤʦʜʠ ʥʘ ʧʝʨʰʽʡ ʮʠʢʣʦʪʨʦʥʥʽʡ 

ʛʘʨʤʦʥʽʮʽ ʤʘʻ ʙʘʛʘʪʦ ʩʧʽʣʴʥʦʛʦ ʽʟ ʦʧʠʩʘʥʠʤ ʚʠʱʝ ʜʣʷ ʨʦʙʦʯʦʾ ʤʦʜʠ. ʏʘʩʪʦʪʘ 45f  

ʟʤʝʥʰʫʻʪʴʩʷ ʟʽ ʟʙʽʣʴʰʝʥʥʷʤ ʛʣʠʙʠʥʠ ʛʦʬʨʘ d  (ʨʠʩ. 3.13) ʽ, ʷʢʱʦ ʟʚ'ʷʟʦʢ ʤʦʜ ʻ 

ʜʦʩʠʪʴ ʩʣʘʙʢʠʤ, ʧʨʘʛʥʝ ʜʦ ( )4,5 02pc Rm p-  ʧʨʠ ʥʘʙʣʠʞʝʥʥʽ d  ʜʦ ( )452pc f . ʆʩʢʽʣʴʢʠ 

89 452f fº , ʟʙʽʣʴʰʝʥʥʷ d  ʤʦʞʝ ʽʩʪʦʪʥʦ ʟʤʽʥʠʪʠ ʯʘʩʪʦʪʥʝ ʨʦʟʜʽʣʝʥʥʷ ʤʽʞ ʨʦʙʦʯʦʶ 

ʤʦʜʦʶ ʥʘ ʜʨʫʛʽʡ ʛʘʨʤʦʥʽʮʽ ʮʠʢʣʦʪʨʦʥʥʦʾ ʯʘʩʪʦʪʠ ʪʘ ʾʾ ʢʦʥʢʫʨʝʥʪʦʤ ʥʘ ʧʝʨʰʽʡ 

ʛʘʨʤʦʥʽʮʽ. ʗʢ ʧʨʠʢʣʘʜ, ʜʘʥʠʡ ʝʬʝʢʪ ʧʦʢʘʟʘʥʠʡ ʥʘ ʨʠʩ. 3.13 ʜʣʷ 60N= . ɼʣʷ TE8,9 ʪʘ 

TE4,5 ʤʦʜ ʥʘʡʙʽʣʴʰʠʡ ʯʘʩʪʦʪʥʠʡ ʽʥʪʝʨʚʘʣ fD  ʙʽʣʷ ( )21.3-  ɻɻʮ ʜʦʩʷʛʘʻʪʴʩʷ ʜʣʷ 

ʛʣʠʙʠʥʠ 00.25 0.02d l= º  ʩʤ, ʷʢʘ ʻ ʙʣʠʟʴʢʦʶ ʜʦ ( )458c f . ʎʝʡ ʝʬʝʢʪ ʩʘʤ ʧʦ ʩʦʙʽ ʤʘʻ 

ʧʦʟʠʪʠʚʥʠʡ ʚʧʣʠʚ ʥʘ ʩʝʣʝʢʮʽʶ ʤʦʜ. ʆʜʥʘʢ ʚ ʮʴʦʤʫ ʚʠʧʘʜʢʫ ʨʦʙʦʯʘ ʤʦʜʘ ʤʘʻ ʚʝʣʠʢʽ 

ʦʤʽʯʥʽ ʚʪʨʘʪʠ (ʨʠʩ. 3.11) ʽ ʟʘʟʥʘʻ ʟʥʘʯʥʦʾ ʢʦʥʚʝʨʩʽʾ ʤʦʜ (ʨʠʩ. 3.10ʙ).  

 



102 

   

           ʘ          ʙ 

   

           ʚ          ʛ 

ʈʠʩ. 3.12. ʈʦʟʧʦʜʽʣ d drY  (ʚʽʜʥ.ʦʜ.) ʚ ʭʚʠʣʝʚʜ̔ʥʦʤʫ ʢʘʥʘʣʽ ʜʣʷ (ʘ) ʊɽ8,8 ʤʦʜʠ ʚ 

ʮʠʣʽʥʜʨʠʯʥʦʤʫ ʭʚʠʣʝʚʦʜʽ, (ʙ) TE8,9 ʤʦʜʠ ʛʦʬʨʦʚʘʥʦʛʦ ʭʚʠʣʝʚʦʜʫ (0.041d=  cʤ, 

10N= ), (ʚ) ʊɽ4,5 ʤʦʜʠ ʚ ʮʠʣʽʥʜʨʠʯʥʦʤʫ ʭʚʠʣʝʚʦʜʽ, (ʛ) TE4,5 ʤʦʜʠ ʛʦʬʨʦʚʘʥʦʛʦ 

ʭʚʠʣʝʚʦʜʫ (0.041d=  ʩʤ, 10N= ). 
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ʈʠʩ. 3.13. ʏʘʩʪʦʪʘ f  ʢʦʥʢʫʨʫʶʯʦʾ TE4,5 ʤʦʜʠ ʽ ʯʘʩʪʦʪʥʝ ʨʦʟʜʽʣʝʥʥʷ fD  ʤʽʞ TE8,9 

ʤʦʜʦʶ ʥʘ ʜʨʫʛʽʡ ʮʠʢʣʦʪʨʦʥʥʽʡ ʛʘʨʤʦʥʽʮʽ ʽ TE4,5 ʤʦʜʦʶ ʥʘ ʧʝʨʰʽʡ ʛʘʨʤʦʥʽʮʽ ʚ 

ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ ʛʣʠʙʠʥʠ ʛʦʬʨʽʚ d  ʜʣʷ 60N= . 

 

ʅʘ ʚʽʜʤʽʥʫ ʚʽʜ ʮʴʦʛʦ, ʷʢ ʧʦʢʘʟʘʥʦ ʥʘ ʨʠʩ. 3.9 ʽ ʨʠʩ. 3.11, ʟʘ ʫʤʦʚʠ 

00.5 0.041d l= º  ʩʤ ʨʦʙʦʯʘ TE8,9 ʤʦʜʘ ʚʽʜʟʥʘʯʘʻʪʴʩʷ ʥʘʡʚʠʱʦʶ ʤʦʜʦʚʦʶ ʯʠʩʪʦʪʦʶ ʽ 

ʚʽʜʥʦʩʥʦ ʥʠʟʴʢʠʤ ʟʘʛʘʩʘʥʥʷʤ ʧʨʠ ʧʨʘʢʪʠʯʥʦ ʙʫʜʴ-ʷʢʽʡ ʢʽʣʴʢʦʩʪʽ ʛʦʬʨʽʚ. ɼʣʷ 60N= , 

ʦʜʥʘʢ, ʪʘʢʘ ʛʣʠʙʠʥʘ ʛʦʬʨʽʚ ʻ ʥʝ ʥʘʡʢʨʘʱʠʤ ʚʠʙʦʨʦʤ ʟ ʦʛʣʷʜʫ ʥʘ ʯʘʩʪʦʪʥʝ ʨʦʟʜʽʣʝʥʥʷ 

ʤʽʞ ʨʦʙʦʯʦʶ TE8,9 ʽ ʢʦʥʢʫʨʫʶʯʦʶ TE4,5 ʤʦʜʘʤʠ (ʨʠʩ. 3.14). ʋ ʚʠʧʘʜʢʫ 0.041d=  ʩʤ 

ʟʘʣʝʞʥʽʩʪʴ ʯʘʩʪʦʪʥʦʛʦ ʨʦʟʜʽʣʝʥʥʷ ʚʽʜ ʯʠʩʣʘ ʛʦʬʨʽʚ N  ʧʦʢʘʟʘʥʘ ʥʘ ʨʠʩ. 3.14ʘ. ʇʨʠ 

ʟʤʝʥʰʝʥʥʽ N  ʚʽʜ 60 ʜʦ 20 ʩʧʝʢʪʨʘʣʴʥʘ ʚʽʜʩʪʘʥʴ ʤʽʞ TE8,9 ʽ TE4,5 ʤʦʜʘʤʠ 

ʟʙʽʣʴʰʫʻʪʴʩʷ ʜʦ 20 ɻɻʮ. ʇʨʠ ʤʝʥʰʽʡ ʢʽʣʴʢʦʩʪʽ ʛʦʬʨʽʚ ʟʘʣʝʞʥʽʩʪʴ fD  ʚʽʜ N  ʩʪʘʻ 

ʥʝʨʝʛʫʣʷʨʥʦʶ. ʎʝ ʧʦʚ'ʷʟʘʥʦ ʟ ʪʠʤ, ʱʦ ʢʦʥʢʫʨʫʶʯʘ TE4,5 ʤʦʜʘ ʟʘʟʥʘʻ ʧʦʤʽʪʥʦʾ 

ʢʦʥʚʝʨʩʽʾ ʧʨʠ 0.041d=  ʩʤ ʽ 20N<  (ʨʠʩ. 3.14ʙ). 
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ʈʠʩ. 3.14. (ʘ) ʏʘʩʪʦʪʥʝ ʨʦʟʜʽʣʝʥʥʷ fD  ʤʽʞ ʨʦʙʦʯʦʶ ʤʦʜʦʶ ʥʘ ʜʨʫʛʽʡ ʮʠʢʣʦʪʨʦʥʥʽʡ 

ʛʘʨʤʦʥʽʮʽ ʽ ʢʦʥʢʫʨʫʶʯʦʶ ʤʦʜʦʶ ʥʘ ʧʝʨʰʽʡ ʛʘʨʤʦʥʽʮʽ ʽ (ʙ) ʤʦʜʦʚʠʡ ʩʢʣʘʜ na  

ʢʦʥʢʫʨʫʶʯʦʾ ʊɽ4,5 ʤʦʜʠ ʚ ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ ʯʠʩʣʘ ʛʦʬʨʽʚ N  ʜʣʷ 0.041d=  ʩʤ. 

 

ʅʘ ʨʠʩ. 3.15 ʧʦʢʘʟʘʥʽ ʦʤʽʯʥʽ ʚʪʨʘʪʠ ʢʦʥʢʫʨʫʶʯʦʾ TE4,5 ʤʦʜʠ ʚ ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ 

ʛʣʠʙʠʥʠ ʧʦʟʜʦʚʞʥʽʭ ʛʦʬʨʽʚ ʜʣʷ 60N= . ʋ ʛʦʬʨʦʚʘʥʦʤʫ ʭʚʠʣʝʚʦʜʽ ʦʤʽʯʥʘ 

ʜʦʙʨʦʪʥʽʩʪʴ 4,5ohmQ  ʜʘʥʦʾ ʤʦʜʠ ʜʦʩʷʛʘʻ ʧʝʨʰʦʛʦ ʣʦʢʘʣʴʥʦʛʦ ʤʽʥʽʤʫʤʫ ʧʨʠ ʛʣʠʙʠʥʽ 

00.43 0.035d lº =  ʩʤ, ʷʢʘ, ʚ ʩʚʦʶ ʯʝʨʛʫ, ʻ ʙʣʠʟʴʢʦʶ ʜʦ ʧʝʨʰʦʛʦ ʣʦʢʘʣʴʥʦʛʦ 

ʤʘʢʩʠʤʫʤʫ ʦʤʽʯʥʦʾ ʜʦʙʨʦʪʥʦʩʪʽ 8,9ohmQ  ʨʦʙʦʯʦʾ ʤʦʜʠ (ʨʠʩ. 3.11). ɿ ʮʽʻʾ ʧʨʠʯʠʥʠ 

ʧʦʙʣʠʟʫ 0.035d=  ʩʤ ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ ʤʘʢʩʠʤʘʣʴʥʠʡ ʧʨʠʨʽʩʪ ʦʤʽʯʥʠʭ ʚʪʨʘʪ 

ʥʘʡʙʽʣʴʰ ʥʝʙʝʟʧʝʯʥʦʾ ʢʦʥʢʫʨʫʶʯʦʾ TE4,5 ʤʦʜʠ ʧʦ ʚʽʜʥʦʰʝʥʥʶ ʜʦ ʚʪʨʘʪ ʨʦʙʦʯʦʾ TE8,9 

ʤʦʜʠ (ʨʠʩ. 3.15). ʊʦʤʫ, ʷʢ ʚʠʟʥʘʯʝʥʦ ʫ ʨʦʟʜʽʣʽ 3.1, ʪʘʢʘ ʛʣʠʙʠʥʘ ʛʦʬʨʽʚ ʻ ʥʘʡʙʽʣʴʰ 

ʩʧʨʠʷʪʣʠʚʦʶ ʜʣʷ ʧʨʠʜʫʰʝʥʥʷ ʢʦʥʢʫʨʫʶʯʦʾ TE4,5 ʤʦʜʠ ʟʘ ʨʘʭʫʥʦʢ ʦʤʽʯʥʠʭ ʚʪʨʘʪ. ʋ 

ʮʴʦʤʫ ʚʽʜʥʦʰʝʥʥʽ, ʛʣʠʙʠʥʘ ʛʦʬʨʽʚ 0.041 ʩʤ ʪʘʢʦʞ ʤʦʞʝ ʨʦʟʛʣʷʜʘʪʠʩʷ ʷʢ ʜʦʮʽʣʴʥʠʡ 

ʚʠʙʽʨ, ʱʦ ʜʦʜʘʪʢʦʚʦ ʟʘʙʝʟʧʝʯʫʻ ʚʠʩʦʢʫ ʤʦʜʦʚʫ ʯʠʩʪʦʪʫ ʜʣʷ ʨʦʙʦʯʦʾ ʤʦʜʠ ʧʨʠ 

ʚʽʜʥʦʩʥʦ ʥʝʚʝʣʠʢʽʡ ʢʽʣʴʢʦʩʪʽ ʛʦʬʨʽʚ. ɼʣʷ ʮʽʻʾ ʛʣʠʙʠʥʠ ʥʘ ʨʠʩ. 3.16 ʧʦʢʘʟʘʥʘ 

ʟʘʣʝʞʥʽʩʪʴ ʚʽʜʥʦʰʝʥʥʷ ( ) 8,9 4,5Q ohm ohmf N Q Q=  ʚʽʜ ʯʠʩʣʘ ʛʦʬʨʽʚ. ʉʧʦʩʪʝʨʽʛʘʻʪʴʩʷ 

ʜʝʢʽʣʴʢʘ ʧʽʢʽʚ ( )Qf N , ʷʢʽ ʚʽʜʧʦʚʽʜʘʶʪʴ ʧʦʣʽʧʰʝʥʠʤ ʩʝʣʝʢʪʠʚʥʠʤ ʚʣʘʩʪʠʚʦʩʪʷʤ 

ʛʦʬʨʦʚʘʥʦʛʦ ʭʚʠʣʝʚʦʜʫ ʟʘ ʨʘʭʫʥʦʢ ʦʤʽʯʥʠʭ ʚʪʨʘʪ. ʆʜʥʘʢ ʯʝʨʝʟ ʥʠʟʴʢʫ ʤʦʜʦʚʫ 
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ʯʠʩʪʦʪʫ ʥʝ ʚʩʽ ʟ ʥʠʭ ʻ ʜʽʡʩʥʦ ʩʧʨʠʷʪʣʠʚʠʤʠ ʜʣʷ ʛʝʥʝʨʘʮʽʾ ʨʦʙʦʯʦʾ ʤʦʜʠ (ʨʠʩ. 3.9ʙ) ʽ 

ʪʦʤʫ ʧʦʚʠʥʥʽ ʙʫʪʠ ʚʠʢʣʶʯʝʥʽ ʽʟ ʨʦʟʛʣʷʜʫ ʧʨʠ ʧʨʦʢ̒ʪʫʚʘʥʥʽ ʨʝʟʦʥʘʪʦʨʘ ʛʽʨʦʪʨʦʥʘ. 

 

                                                              

                                                              

                                                              

                                                              

                                                              

                                                              

                                                              

                                                              

                                                              

ʈʠʩ. 3.15. ʆʤʽʯʥʘ ʜʦʙʨʦʪʥʽʩʪʴ 4,5ohmQ  ʢʦʥʢʫʨʫʶʯʦʾ ʤʦʜʠ ʥʘ ʧʝʨʰʽʡ ʛʘʨʤʦʥʽʮʽ 

ʮʠʢʣʦʪʨʦʥʥʦʾ ʯʘʩʪʦʪʠ ʽ ʚʽʜʥʦʰʝʥʥʷ 8,9 4,5Q ohm ohmf Q Q=  ʚ ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ ʛʣʠʙʠʥʠ 

ʛʦʬʨʽʚ d  ʜʣʷ 60N=  ( 0 0.45R =  ʩʤ, 0.02w=  ʩʤ). 

                                                              

                                                              

                                                              

                                                              

                                                              

                                                              

                                                              

                                                              

                                                              

ʈʠʩ. 3.16. ɺʽʜʥʦʰʝʥʥʷ 8,9 4,5Qf Q Q=  ʚ ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ ʯʠʩʣʘ ʛʦʬʨʽʚ N  ʜʣʷ 

0.041d=  ʩʤ. 

 

ɺʠʱʝʚʠʢʣʘʜʝʥʝ ʧʦʢʘʟʫʻ, ʱʦ ʩʝʣʝʢʮʽʷ ʤʦʜ ʫ ʛʦʬʨʦʚʘʥʠʭ ʭʚʠʣʝʚʦʜʘʭ ʜʣʷ 

ʛʽʨʦʪʨʦʥʽʚ ʥʘ ʜʨʫʛʽʡ ʛʘʨʤʦʥʽʮʽ ʮʠʢʣʦʪʨʦʥʥʦʾ ʯʘʩʪʦʪʠ ʻ ʢʦʤʧʣʝʢʩʥʦʶ ʧʨʦʙʣʝʤʦʶ, ʷʢʘ 
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ʚʠʤʘʛʘʻ ʚʩʝʙʽʯʥʦʛʦ ʜʦʩʣʽʜʞʝʥʥʷ. ʎʝ ʧʦʚ'ʷʟʘʥʦ ʟ ʪʠʤ, ʱʦ ʛʦʬʨʠ ʤʘʶʪʴ ʨʽʟʥʠʡ ʚʧʣʠʚ 

ʥʘ ʯʘʩʪʦʪʠ ʽ ʟʘʛʘʩʘʥʥʷ ʤʦʜ ʥʘ ʨʽʟʥʠʭ ʮʠʢʣʦʪʨʦʥʥʠʭ ʛʘʨʤʦʥʽʢʘʭ, ʘ ʪʘʢʦʞ ʤʦʞʫʪʴ 

ʽʥʽʮʽʶʚʘʪʠ ʾʭʥʶ ʢʦʥʚʝʨʩʽʶ ʚ ʽʥʰʽ ʘʟʠʤʫʪʘʣʴʥʽ ʤʦʜʠ. ʅʘʰʽ ʜʦʩʣʽʜʞʝʥʥʷ ʧʦʢʘʟʫʶʪʴ, 

ʱʦ ʜʣʷ ʛʽʨʦʪʨʦʥʘ ʥʘ ʜʨʫʛʽʡ ʛʘʨʤʦʥʽʮʽ ʮʠʢʣʦʪʨʦʥʥʦʾ ʯʘʩʪʦʪʠ ʽʟ ʨʦʙʦʯʦʶ TE8,9 ʤʦʜʦʶ 

ʧʝʨʩʧʝʢʪʠʚʥʠʤʠ ʧʘʨʘʤʝʪʨʘʤʠ ʛʦʬʨʦʚʘʥʦʾ ʩʪʨʫʢʪʫʨʠ ʭʚʠʣʝʚʦʜʫ ʻ 0.02w=  ʩʤ, 

10N= , 0.041d=  ʩʤ. ʎʝ ʧʦʷʩʥʶʻʪʴʩʷ ʢʽʣʴʢʦʤʘ ʧʨʠʯʠʥʘʤʠ. ʇʦ-ʧʝʨʰʝ, ʪʘʢʽ 

ʧʘʨʘʤʝʪʨʠ ʛʦʬʨʘ ʟʘʙʝʟʧʝʯʫʶʪʴ ʚʠʩʦʢʫ ʤʦʜʦʚʫ ʯʠʩʪʦʪʫ ʨʦʙʦʯʦʾ ʤʦʜʠ (ʨʠʩ. 3.12ʙ), 

ʷʢʘ ʥʝ ʩʠʣʴʥʦ ʟʘʣʝʞʠʪʴ ʚʽʜ ʛʣʠʙʠʥʠ ʛʦʬʨʽʚ (ʨʠʩ. 3.8ʛ) ʽ, ʪʘʢʠʤ ʯʠʥʦʤ, ʻ ʥʝ ʥʘʜʪʦ 

ʯʫʪʣʠʚʦʶ ʜʦ ʜʦʧʫʩʢʽʚ ʥʘ ʚʠʛʦʪʦʚʣʝʥʥʷ ʛʦʬʨʦʚʘʥʦʛʦ ʭʚʠʣʝʚʦʜʫ. ʇʦ-ʜʨʫʛʝ, ʮʝʡ 

ʨʝʞʠʤ ʭʘʨʘʢʪʝʨʠʟʫʻʪʴʩʷ ʚʽʜʥʦʩʥʦ ʥʠʟʴʢʠʤʠ ʦʤʽʯʥʠʤʠ ʚʪʨʘʪʘʤʠ ʫ ʛʦʬʨʦʚʘʥʦʤʫ 

ʭʚʠʣʝʚʦʜʽ (ʨʠʩ. 3.11). ʇʦ-ʪʨʝʪʻ, ʥʘ ʚʽʜʤʽʥʫ ʚʽʜ ʨʦʙʦʯʦʾ TE8,9 ʤʦʜʠ, ʥʘʡʙʽʣʴʰ 

ʥʝʙʝʟʧʝʯʥʘ ʢʦʥʢʫʨʫʶʯʘ TE4,5 ʤʦʜʘ ʩʠʣʴʥʦ ʟʘʛʘʩʘʻ ʯʝʨʝʟ ʦʤʽʯʥʽ ʚʪʨʘʪʠ ʥʘ ʩʪʽʥʮʽ 

ʛʦʬʨʦʚʘʥʦʛʦ ʭʚʠʣʝʚʦʜʫ (ʨʠʩ. 3.16). ʇʦ-ʯʝʪʚʝʨʪʝ, ʧʨʠ 10N=  ʽ 0.041d=  ʩʤ 

ʢʦʥʢʫʨʫʶʯʘ ʤʦʜʘ ʥʘ ʧʝʨʰʽʡ ʛʘʨʤʦʥʽʮʽ ʮʠʢʣʦʪʨʦʥʥʦʾ ʯʘʩʪʦʪʠ ʩʢʣʘʜʘʻʪʴʩʷ ʽʟ ʥʘʙʦʨʫ 

ʥʦʨʤʘʣʴʥʠʭ ʤʦʜ ʟ ʜʦʤʽʥʫʶʯʠʤ ʚʥʝʩʢʦʤ ʛʘʨʤʦʥʽʢ ɹʣʦʭʘ ʽʟ ʘʟʠʤʫʪʘʣʴʥʠʤʠ ʽʥʜʝʢʩʘʤʠ 

1 14k =  ʽ 2 16k- =-  (ʨʠʩ. 3.14ʙ). ʈʘʜʽʫʩʠ ʢʘʫʩʪʠʢʠ ʮʠʭ ʛʘʨʤʦʥʽʢ ʩʢʣʘʜʘʶʪʴ ʧʨʠʙʣʠʟʥʦ 

0.36 ʩʤ ʽ 0.41 ʩʤ, ʘ ʦʪʞʝ ʟʥʘʯʥʦ ʧʝʨʝʚʠʱʫʶʪʴ 89R . ʊʘʢʠʤ ʯʠʥʦʤ, ʜʣʷ ʥʘʡʙʽʣʴʰ 

ʥʝʙʝʟʧʝʯʥʦʾ ʢʦʥʢʫʨʫʶʯʦʾ ʤʦʜʠ ʚʘʨʪʦ ʦʯʽʢʫʚʘʪʠ ʧʦʤʽʪʥʦʛʦ ʟʥʠʞʝʥʥʷ ʟʚ'ʷʟʢʫ ʟ 

ʧʫʯʢʦʤ ʟʘ ʨʘʭʫʥʦʢ ʛʦʬʨʫʚʘʥʥʷ ʩʪʽʥʢʠ ʟ 10N=  ʽ 0.041d=  ʩʤ (ʨʠʩ. 3.12ʚ ʽ ʨʠʩ. 3.12ʛ). 

ɭʜʠʥʠʤ ʥʝʜʦʣʽʢʦʤ ʪʘʢʠʭ ʧʘʨʘʤʝʪʨʽʚ ʛʦʬʨʽʚ ʻ ʚʽʜʥʦʩʥʦ ʥʝʚʝʣʠʢʝ ʯʘʩʪʦʪʥʝ ʨʦʟʜʽʣʝʥʥʷ 

( 6.7fD =+ ɻɻʮ) ʤʽʞ ʨʦʙʦʯʦʶ TE8,9 ʽ ʢʦʥʢʫʨʫʶʯʦʶ TE4,5 ʤʦʜʘʤʠ (ʨʠʩ. 3.14ʘ). ʇʨʦʪʝ ʟ 

ʦʛʣʷʜʫ ʥʘ ʚʠʱʝʥʘʚʝʜʝʥʽ ʧʝʨʝʚʘʛʠ ʦʯʽʢʫʻʪʴʩʷ, ʱʦ ʮʝʡ ʥʝʜʦʣʽʢ ʥʝ ʤʘʪʠʤʝ ʽʩʪʦʪʥʦʛʦ 

ʚʧʣʠʚʫ ʥʘ ʩʝʣʝʢʮʽʶ ʤʦʜ ʫ ʛʦʬʨʦʚʘʥʦʤʫ ʭʚʠʣʝʚʦʜʽ. ʆʜʥʘʢ ʱʦʙ ʧʦʢʘʟʘʪʠ ʮʝ ʩʪʨʦʛʦ, 

ʥʝʦʙʭʽʜʥʦ ʟʘʩʪʦʩʫʚʘʪʠ ʪʝʦʨʽʶ ʝʣʝʢʪʨʦʥʥʦ-ʭʚʠʣʴʦʚʦʾ ʚʟʘʻʤʦʜʽʡ ʫ ʨʝʟʦʥʘʪʦʨʽ 

ʛʽʨʦʪʨʦʥʘ, ʚ ʷʢʽʡ ʚʨʘʭʫʚʘʪʠ ʢʦʥʚʝʨʩʽʶ ʤʦʜ, ʚʠʢʣʠʢʘʥʫ ʧʝʨʽʦʜʠʯʥʠʤʠ ʧʦʟʜʦʚʞʥʽʤʠ 

ʛʦʬʨʘʤʠ ʥʘ ʩʪʽʥʮʽ ʨʝʟʦʥʘʪʦʨʘ. ʈʦʟʨʦʙʢʘ ʪʘʢʦʾ ʪʝʦʨʽʾ ʻ ʦʜʥʽʻʶ ʟ ʮʽʣʝʡ ʨʦʟʜʽʣʫ 4.  

 

3.4. ɺʠʩʥʦʚʢʠ ʜʦ ʨʦʟʜʽʣʫ 3 

1. ɿʘ ʜʦʧʦʤʦʛʦʶ ʩʪʨʦʛʦʛʦ ʤʝʪʦʜʫ ʄʇɻ ʜʦʩʣʽʜʞʝʥʽ ʩʝʣʝʢʪʠʚʥʽ ʚʣʘʩʪʠʚʦʩʪʽ 

ʛʦʬʨʦʚʘʥʠʭ ʨʝʟʦʥʘʪʦʨʽʚ ʜʣʷ ʛʽʨʦʪʨʦʥʽʚ ʥʘ ʜʨʫʛʽʡ ʮʠʢʣʦʪʨʦʥʥʽʡ ʛʘʨʤʦʥʽʮʽ ʟ ʤʝʪʦʶ 
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ʟʥʘʭʦʜʞʝʥʥʷ ʦʧʪʠʤʘʣʴʥʠʭ ʧʘʨʘʤʝʪʨʽʚ ʨʝʟʦʥʘʪʦʨʘ ʜʣʷ ʥʘʡʙʽʣʴʰ ʝʬʝʢʪʠʚʥʦʛʦ 

ʧʨʠʜʫʰʝʥʥʷ ʬʫʥʜʘʤʝʥʪʘʣʴʥʠʭ ʢʦʥʢʫʨʫʶʯʠʭ ʤʦʜ. ʆʜʠʥ ʽʟ ʤʝʪʦʜʽʚ ʩʝʣʝʢʮʽʾ ʤʦʜ ʚ 

ʪʘʢʠʭ ʨʝʟʦʥʘʪʦʨʘʭ ʙʘʟʫʻʪʴʩʷ ʥʘ ʚʠʢʦʨʠʩʪʘʥʥʽ ʦʤʽʯʥʠʭ ʚʪʨʘʪ, ʚʠʢʣʠʢʘʥʠʭ 

ʛʦʬʨʫʚʘʥʥʷʤ ʩʪʽʥʦʢ. ʇʦʢʘʟʘʥʦ, ʱʦ ʚʽʥ ʜʦʟʚʦʣʷʻ ʚ ʜʝʢʽʣʴʢʘ ʨʘʟʽʚ ʟʙʽʣʴʰʠʪʠ 

ʚʽʜʥʦʰʝʥʥʷ ʦʤʽʯʥʠʭ ʜʦʙʨʦʪʥʦʩʪʝʡ ʨʦʙʦʯʦʾ ʽ ʢʦʥʢʫʨʫʶʯʠʭ ʤʦʜ. ʆʜʥʘʢ ʜʣʷ ʚʝʣʠʢʦʾ 

ʝʬʝʢʪʠʚʥʦʩʪʽ ʜʘʥʦʛʦ ʤʝʪʦʜʫ ʧʦʪʨʽʙʥʘ ʚʝʣʠʢʘ ʢʽʣʴʢʽʩʪʴ ʛʦʬʨʽʚ ʫ ʨʝʟʦʥʘʪʦʨʽ 

ʛʽʨʦʪʨʦʥʘ, ʱʦ ʤʦʞʝ ʫʩʢʣʘʜʥʠʪʠ ʧʨʦʮʝʩ ʾʭ ʚʠʛʦʪʦʚʣʝʥʥʷ. ɺ ʟʚʦʨʦʪʥʦʤʫ ʚʠʧʘʜʢʫ, 

ʨʦʙʦʯʘ ʤʦʜʘ ʛʽʨʦʪʨʦʥʘ, ʷʢʘ ʻ ʬʫʥʜʘʤʝʥʪʘʣʴʥʦʶ ʛʘʨʤʦʥʽʢʦʶ ɹʣʦʭʘ ʫ ʛʦʬʨʦʚʘʥʦʤʫ 

ʨʝʟʦʥʘʪʦʨʽ, ʤʦʞʝ ʟʘʟʥʘʪʠ ʥʝʙʘʞʘʥʦʛʦ ʝʬʝʢʪʫ ʢʦʥʚʝʨʩʽʾ ʤʦʜ. ʎʝʡ ʝʬʝʢʪ ʧʦʷʩʥʶʻʪʴʩʷ 

ʟʚ'ʷʟʢʦʤ ʛʘʨʤʦʥʽʢ ɹʣʦʭʘ ʚʥʘʩʣʽʜʦʢ ʘʟʠʤʫʪʘʣʴʥʦʾ ʧʝʨʽʦʜʠʯʥʦʩʪʽ ʨʝʟʦʥʘʪʦʨʘ ʛʽʨʦʪʨʦʥʘ 

ʽ ʚʧʣʠʚʘʻ ʥʘ ʚʣʘʩʥʽ ʯʘʩʪʦʪʠ ʽ ʧʦʣʷ ʨʝʟʦʥʘʪʦʨʘ. ɿʽ ʟʙʽʣʴʰʝʥʥʷʤ ʛʣʠʙʠʥʠ ʛʦʬʨʽʚ ʪʘʢʠʡ 

ʟʚ'ʷʟʦʢ ʤʽʮʥʽʰʘʻ ʽ ʚʠʢʣʠʢʘʻ ʢʦʥʚʝʨʩʽʶ ʬʫʥʜʘʤʝʥʪʘʣʴʥʦʾ ʛʘʨʤʦʥʽʢʠ ɹʣʦʭʘ ʚ ʚʠʱʽ 

ʛʘʨʤʦʥʽʢʠ.  

2. ʇʦʢʘʟʘʥʦ, ʱʦ ʢʦʥʚʝʨʩʽʷ ʤʦʜ, ʚʠʢʣʠʢʘʥʘ ʘʟʠʤʫʪʘʣʴʥʦʶ ʧʝʨʽʦʜʠʯʥʽʩʪʶ 

ʨʝʟʦʥʘʪʦʨʘ ʛʽʨʦʪʨʦʥʘ ʟ ʧʦʟʜʦʚʞʥʽʤʠ ʛʦʬʨʘʤʠ, ʟʘʣʝʞʠʪʴ ʥʝ ʪʽʣʴʢʠ ʚʽʜ ʢʽʣʴʢʦʩʪʽ 

ʛʦʬʨʽʚ, ʘʣʝ ʽ ʚʽʜ ʾʭʥʴʦʾ ʛʣʠʙʠʥʠ.  

3. ɿʥʘʡʜʝʥʽ ʩʧʽʚʚʽʜʥʦʰʝʥʥʷ ʤʽʞ ʛʣʠʙʠʥʦʶ ʛʦʬʨʽʚ ʪʘ ʜʦʚʞʠʥʦʶ ʭʚʠʣʽ, ʧʨʠ 

ʷʢʠʭ ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ ʩʣʘʙʢʘ ʪʘ ʩʠʣʴʥʘ ʢʦʥʚʝʨʩʽʷ ʤʦʜ ʚ ʚʠʱʽ ʧʨʦʩʪʦʨʦʚʽ ʛʘʨʤʦʥʽʢʠ. 

ɺʠʷʚʣʝʥʦ, ʱʦ ʢʦʥʚʝʨʩʽʷ ʤʦʜ ʻ ʟʘʟʚʠʯʘʡ ʤʘʣʦʶ, ʷʢʱʦ ʛʣʠʙʠʥʘ ʛʦʬʨʽʚ ʻ ʙʣʠʟʴʢʦʶ ʜʦ 

ʧʦʣʦʚʠʥʠ ʜʦʚʞʠʥʠ ʭʚʠʣʽ. ʊʦʤʫ ʪʘʢʘ ʛʣʠʙʠʥʘ ʻ ʜʦʮʽʣʴʥʠʤ ʚʠʙʦʨʦʤ ʜʣʷ ʨʦʙʦʯʦʾ ʤʦʜʠ 

ʥʘ ʜʨʫʛʽʡ ʛʘʨʤʦʥʽʮʽ ʮʠʢʣʦʪʨʦʥʥʦʾ ʯʘʩʪʦʪʠ. ʈʘʟʦʤ ʟ ʚʠʩʦʢʦʶ ʤʦʜʦʚʦʶ ʯʠʩʪʦʪʦʶ ʚʦʥʘ 

ʪʘʢʦʞ ʟʜʘʪʥʘ ʟʘʙʝʟʧʝʯʠʪʠ ʚʽʜʥʦʩʥʦ ʥʠʟʴʢʽ ʦʤʽʯʥʽ ʚʪʨʘʪʠ ʜʣʷ ʨʦʙʦʯʦʾ ʤʦʜʠ, ʷʢʽ 

ʟʤʝʥʰʫʶʪʴʩʷ ʟʽ ʟʤʝʥʰʝʥʥʷʤ ʢʽʣʴʢʦʩʪʽ ʛʦʬʨʽʚ. ʎʷ ʛʣʠʙʠʥʘ ʛʦʬʨʘ ʚʽʜʧʦʚʽʜʘʻ 

ʧʨʠʙʣʠʟʥʦ ʯʚʝʨʪʽ ʜʦʚʞʠʥʠ ʭʚʠʣʽ ʢʦʥʢʫʨʫʶʯʠʭ ʤʦʜ ʥʘ ʧʝʨʰʽʡ ʛʘʨʤʦʥʽʮʽ. ʇʦʢʘʟʘʥʦ, 

ʱʦ ʟʘ ʪʘʢʦʾ ʫʤʦʚʠ ʢʦʥʢʫʨʫʶʯʽ ʤʦʜʠ ʩʭʠʣʴʥʽ ʜʦ ʢʦʥʚʝʨʩʽʾ ʚ ʤʦʜʠ ʟ ʙʽʣʴʰ ʚʠʩʦʢʠʤʠ 

ʘʟʠʤʫʪʘʣʴʥʠʤʠ ʽʥʜʝʢʩʘʤʠ ʽ ʨʘʜʽʫʩʘʤʠ ʢʘʫʩʪʠʢʠ, ʥʘʚʽʪʴ ʷʢʱʦ ʢʽʣʴʢʽʩʪʴ ʛʦʬʨʽʚ ʻ 

ʜʦʩʪʘʪʥʴʦ ʚʝʣʠʢʦʶ. ʊʦʤʫ ʟʚ'ʷʟʦʢ ʧʫʯʢʘ ʟ ʢʦʥʢʫʨʫʶʯʠʤʠ ʤʦʜʘʤʠ ʥʘ ʧʝʨʰʽʡ 

ʮʠʢʣʦʪʨʦʥʥʽʡ ʛʘʨʤʦʥʽʮʽ ʩʣʘʙʰʘʻ ʯʝʨʝʟ ʢʦʥʚʝʨʩʽʶ ʤʦʜ.  

4. ɺʠʷʚʣʝʥʦ, ʱʦ ʜʦʜʘʪʢʦʚʠʤ ʯʠʥʥʠʢʦʤ, ʷʢʠʡ ʩʧʨʠʷʻ ʧʨʠʜʫʰʝʥʥʶ 

ʬʫʥʜʘʤʝʥʪʘʣʴʥʠʭ ʢʦʥʢʫʨʫʶʯʠʭ ʤʦʜ, ʻ ʦʤʽʯʥʽ ʚʪʨʘʪʠ, ʷʢʽ ʟʘʟʚʠʯʘʡ ʻ ʚʝʣʠʢʠʤʠ ʜʣʷ 
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ʤʦʜ ʫ ʚʠʧʘʜʢʫ, ʢʦʣʠ ʛʣʠʙʠʥʘ ʛʦʬʨʽʚ ʻ ʙʣʠʟʴʢʦʶ ʜʦ ʯʚʝʨʪʽ ʾʭʥʴʦʾ ʜʦʚʞʠʥʠ ʭʚʠʣʽ. 

ʂʨʽʤ ʪʦʛʦ, ʚʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʜʣʷ ʦʙʨʘʥʦʾ ʛʣʠʙʠʥʠ ʛʦʬʨʘ ʯʘʩʪʦʪʥʝ ʨʦʟʜʽʣʝʥʥʷ ʤʽʞ 

ʨʦʙʦʯʦʶ ʤʦʜʦʶ ʥʘ ʜʨʫʛʽʡ ʛʘʨʤʦʥʽʮʽ ʮʠʢʣʦʪʨʦʥʥʦʾ ʯʘʩʪʦʪʠ ʪʘ ʢʦʥʢʫʨʫʶʯʠʤʠ 

ʤʦʜʘʤʠ ʥʘ ʧʝʨʰʽʡ ʛʘʨʤʦʥʽʮʽ ʟʘʣʝʞʠʪʴ ʚʽʜ ʢʽʣʴʢʦʩʪʽ ʛʦʬʨʽʚ, ʘ, ʦʪʞʝ, ʟʘ ʥʝʦʙʭʽʜʥʦʩʪʽ, 

ʤʦʞʝ ʙʫʪʠ ʟʙʽʣʴʰʝʥʦ. 

ʄʘʪʝʨʽʘʣʠ ʜʘʥʦʛʦ ʨʦʟʜʽʣʫ ʦʧʫʙʣʽʢʦʚʘʥʽ ʚ ʨʦʙʦʪʘʭ [3, 4] ʪʘ ʜʦʧʦʚʽʜʘʣʠʩʷ ʥʘ 

ʢʦʥʬʝʨʝʥʮʽʾ [12]. 
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ʈʆɿɼɯʃ 4 

ʉɸʄʆʋɿɻʆɼɾɽʅɸ ʅɽʃɯʅɯʁʅɸ ʊɽʆʈɯʗ ɽʃɽʂʊʈʆʅʅʆ-ʍɺʀʃʔʆɺʆɰ 

ɺɿɸɭʄʆɼɯɰ ʋ ʈɽɿʆʅɸʊʆʈɸʍ ɿ ʇʆɿɼʆɺɾʅɯʄʀ ɻʆʌʈɸʄʀ 

Equation Chapter 1 Section 4 

ɸʥʘʣʽʟ ʝʣʝʢʪʨʦʤʘʛʥʽʪʥʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʛʦʬʨʦʚʘʥʦʛʦ ʮʠʣʽʥʜʨʠʯʥʦʛʦ 

ʨʝʟʦʥʘʪʦʨʘ ʟʘ ʚʽʜʩʫʪʥʦʩʪʽ ʝʣʝʢʪʨʦʥʥʦʛʦ ʧʫʯʢʘ (ʨʦʟʜʽʣʠ 2 ʽ 3) ʚʢʘʟʫʻ ʥʘ ʪʝ, ʱʦ 

ʧʦʟʜʦʚʞʥʽ ʛʦʬʨʠ ʥʘ ʧʦʚʝʨʭʥʽ ʨʝʟʦʥʘʪʦʨʘ ʤʦʞʫʪʴ ʙʫʪʠ ʚʠʢʦʨʠʩʪʘʥʽ ʜʣʷ ʧʨʠʜʫʰʝʥʥʷ 

ʬʫʥʜʘʤʝʥʪʘʣʴʥʠʭ ʢʦʥʢʫʨʫʶʯʠʭ ʤʦʜ ʫ ʛʽʨʦʪʨʦʥʘʭ ʥʘ ʜʨʫʛʽʡ ʮʠʢʣʦʪʨʦʥʥʽʡ ʛʘʨʤʦʥʽʮʽ. 

ʆʜʥʘʢ, ʱʦʙ ʧʝʨʝʢʦʥʣʠʚʦ ʧʨʦʜʝʤʦʥʩʪʨʫʚʘʪʠ ʮʝ, ʥʝʦʙʭʽʜʥʦ ʨʦʟʨʦʙʠʪʠ ʩʘʤʦʫʟʛʦʜʞʝʥʫ 

ʪʝʦʨʽʶ ʚʟʘʻʤʦʜʽʾ ʝʣʝʢʪʨʦʥʥʦʛʦ ʧʫʯʢʘ ʟ ʤʦʜʘʤʠ ʛʦʬʨʦʚʘʥʦʛʦ ʨʝʟʦʥʘʪʦʨʘ ʛʽʨʦʪʨʦʥʘ ʽ ʟ 

ʾʾ ʜʦʧʦʤʦʛʦʶ ʚʠʟʥʘʯʠʪʠ ʩʪʘʨʪʦʚʽ ʩʪʨʫʤʠ ʨʦʙʦʯʦʾ ʽ ʢʦʥʢʫʨʫʶʯʠʭ ʤʦʜ, ʘ ʪʘʢʦʞ 

ʚʠʭʽʜʥʫ ʧʦʪʫʞʥʽʩʪʴ ʛʽʨʦʪʨʦʥʘ.  

ɺ ʜʘʥʦʤʫ ʨʦʟʜʽʣʽ ʚ ʦʜʥʦʤʦʜʦʚʦʤʫ ʥʘʙʣʠʞʝʥʥʽ ʚʠʚʦʜʠʪʴʩʷ ʩʠʩʪʝʤʘ 

ʩʪʘʮʽʦʥʘʨʥʠʭ ʩʘʤʦʫʟʛʦʜʞʝʥʠʭ ʨʽʚʥʷʥʴ, ʱʦ ʩʢʣʘʜʘʶʪʴʩʷ ʟ ʨʽʚʥʷʥʥʷ ʟʙʫʜʞʝʥʥʷ ʊɽ 

ʤʦʜʠ ʧʫʯʢʦʤ ʝʣʝʢʪʨʦʥʽʚ ʫ ʛʦʬʨʦʚʘʥʦʤʫ ʨʝʟʦʥʘʪʦʨʽ ʛʽʨʦʪʨʦʥʘ ʽ ʨʽʚʥʷʥʴ ʨʫʭʫ 

ʝʣʝʢʪʨʦʥʽʚ ʚ ʧʦʣʽ ʊɽ ʤʦʜʠ. ʊʘʢʘ ʩʘʤʦʫʟʛʦʜʞʝʥʘ ʩʠʩʪʝʤʘ ʨʽʚʥʷʥʴ, ʚʽʜʦʤʠʭ ʷʢ 

ʨʽʚʥʷʥʥʷ ʛʽʨʦʪʨʦʥʘ [29, 130], ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʜʣʷ ʜʝʪʘʣʴʥʦʛʦ ʜʦʩʣʽʜʞʝʥʥʷ ʚʧʣʠʚʫ 

ʧʘʨʘʤʝʪʨʽʚ ʛʦʬʨʫʚʘʥʥʷ ʨʝʟʦʥʘʪʦʨʘ ʥʘ ʩʪʘʨʪʦʚʽ ʩʪʨʫʤʠ ʽ ʚʠʭʽʜʥʫ ʧʦʪʫʞʥʽʩʪʴ 

ʛʽʨʦʪʨʦʥʘ, ʘ ʪʘʢʦʞ ʦʙʣʘʩʪʴ ʦʜʥʦʤʦʜʦʚʦʾ ʛʝʥʝʨʘʮʽʾ ʨʦʙʦʯʦʾ ʤʦʜʠ ʟʘ ʚʽʜʩʫʪʥʦʩʪʽ 

ʢʦʥʢʫʨʫʶʯʠʭ ʤʦʜ. ɺʘʨʪʦ ʟʘʟʥʘʯʠʪʠ, ʱʦ ʣʽʥʽʡʥʽ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ (ʩʪʘʨʪʦʚʽ ʩʪʨʫʤʠ) 

ʨʝʟʦʥʘʪʦʨʘ ʟʥʘʭʦʜʷʪʴʩʷ ʽʟ ʩʠʩʪʝʤʠ ʥʝʣʽʥʽʡʥʠʭ ʨʽʚʥʷʥʴ ʯʠʩʣʦʚʠʤ ʤʝʪʦʜʦʤ [131]. 

ɸʥʘʣʽʪʠʯʥʽ ʚʠʨʘʟʠ ʜʣʷ ʣʽʥʽʡʥʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ (ʽʥʢʨʝʤʝʥʪʽʚ ʮʠʢʣʦʪʨʦʥʥʦʾ 

ʥʝʩʪʽʡʢʦʩʪʽ) ʊɽ ʪʘ ʊʄ ʤʦʜ ʚ ʽʜʝʘʣʴʥʦ ʧʨʦʚʽʜʥʦʤʫ ʮʠʣʽʥʜʨʠʯʥʦʤʫ ʭʚʠʣʝʚʦʜʽ ʽʟ 

ʩʠʥʫʩʦʾʜʘʣʴʥʠʤ ʘʟʠʤʫʪʘʣʴʥʠʤ ʛʦʬʨʫʚʘʥʥʷʤ ʧʨʝʜʩʪʘʚʣʝʥʽ ʫ ʨʦʙʦʪʘʭ [132, 133]. 

 

4.1. ʈʽʚʥʷʥʥʷ ʛʽʨʦʪʨʦʥʘ ʧʨʠ ʚʟʘʻʤʦʜʽʾ ʝʣʝʢʪʨʦʥʥʦʛʦ ʧʫʯʢʘ ʟ ʚʣʘʩʥʠʤʠ ʤʦʜʘʤʠ 

ʨʝʟʦʥʘʪʦʨʘ ʟ ʧʦʟʜʦʚʞʥʽʤʠ ʛʦʬʨʘʤʠ 

ʈʦʟʛʣʷʥʝʤʦ ʪʨʫʙʯʘʩʪʠʡ ʝʣʝʢʪʨʦʥʥʠʡ ʧʫʯʦʢ, ʷʢʠʡ ʽʥʞʝʢʪʫʻʪʴʩʷ ʚ ʮʠʣʽʥʜʨʠʯʥʠʡ 

ʨʝʟʦʥʘʪʦʨ ʟ ʧʦʟʜʦʚʞʥʽʤʠ ʛʦʬʨʘʤʠ. ɽʣʝʢʪʨʦʥʠ ʨʫʭʘʶʪʴʩʷ ʧʦ ʩʧʽʨʘʣʴʥʠʭ ʪʨʘʻʢʪʦʨʽʷʭ 
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ʫʟʜʦʚʞ ʧʨʠʢʣʘʜʝʥʦʛʦ ʧʦʩʪʽʡʥʦʛʦ ʤʘʛʥʽʪʥʦʛʦ ʧʦʣʷ 0B  ʽ ʚʟʘʻʤʦʜʽʶʪʴ ʟ ʊɽ-ʤʦʜʦʶ 

ʨʝʟʦʥʘʪʦʨʘ. 

 

4.1.1. ʈʽʚʥʷʥʥʷ ʟʙʫʜʞʝʥʥʷ ʊɽ ʤʦʜʠ ʛʚʠʥʪʦʚʠʤ ʝʣʝʢʪʨʦʥʥʠʤ ʧʫʯʢʦʤ ʫ 

ʛʦʬʨʦʚʘʥʦʤʫ ʨʝʟʦʥʘʪʦʨʽ ʛʽʨʦʪʨʦʥʘ 

ɼʣʷ ʊɽ ʤʦʜ ʫ ʨʝʟʦʥʘʪʦʨʽ ʛʽʨʦʪʨʦʥʘ ʚʧʣʠʚ ʧʨʦʩʪʦʨʦʚʦʛʦ ʟʘʨʷʜʫ ʧʫʯʢʘ ʻ 

ʥʝʭʪʦʚʥʦ ʤʘʣʠʤ [134, 135]. ɺ ʮʴʦʤʫ ʚʠʧʘʜʢʫ ʟ ʩʠʩʪʝʤʠ ʨʽʚʥʷʥʴ ʄʘʢʩʚʝʣʣʘ 

ʟʥʘʭʦʜʠʤʦ: 

 

 
2 2

2 2

4
Re

k
E i j

z t c

p
^ ^ ^

å õµ µ
D + - =-æ ö

µ µç ÷
, (4.1) 

 

ʜʝ j  ï ʱʽʣʴʥʽʩʪʴ ʩʪʨʫʤʫ ʧʫʯʢʘ. 

ɹʫʜʝʤʦ ʚʚʘʞʘʪʠ, ʱʦ ʧʦʟʜʦʚʞʥʷ ʥʝʦʜʥʦʨʽʜʥʽʩʪʴ ʨʝʟʦʥʘʪʦʨʘ ʻ ʤʘʣʦʶ ʽ ʥʝ 

ʚʠʢʣʠʢʘʻ ʧʦʤʽʪʥʦʛʦ ʟʚ'ʷʟʢʫ ʦʙʨʘʥʦʾ ʊɽ ʤʦʜʠ ʟ ʨʘʜʽʘʣʴʥʠʤʠ ʩʘʪʝʣʽʪʘʤʠ. ɺ ʮʴʦʤʫ 

ʚʠʧʘʜʢʫ ʧʦʧʝʨʝʯʥʘ ʢʦʤʧʦʥʝʥʪʘ ʝʣʝʢʪʨʠʯʥʦʛʦ ʧʦʣʷ E  ̂ ʊɽ ʤʦʜʠ ʚ ʩʪʘʮʽʦʥʘʨʥʦʤʫ 

ʨʝʞʠʤʽ ʟʘʧʠʩʫʻʪʴʩʷ ʫ ʚʠʛʣʷʜʽ: 

 

 ( ) () () ( ), expE r t f z E r i tw^ ^ ^= - , (4.2) 

 

ʜʝ ʬʫʥʢʮʽʷ ()E r̂  ʥʘʚʝʜʝʥʘ ʚʠʱʝ ʚ (2.19) ʽ ʦʧʠʩʫʻ ʨʦʟʧʦʜʽʣ ʧʦʣʷ ʊɽ ʤʦʜʠ ʧʦ 

ʧʦʧʝʨʝʯʥʦʤʫ ʧʝʨʝʨʽʟʫ ʛʦʬʨʦʚʘʥʦʛʦ ʨʝʟʦʥʘʪʦʨʘ ʛʽʨʦʪʨʦʥʘ. 

ʇʽʜʩʪʘʚʣʷʶʯʠ ʚ (4.1) ʜʽʡʩʥʫ ʯʘʩʪʠʥʫ ʢʦʤʧʦʥʝʥʪʠ ʧʦʣʷ ( ),E r t^ , ʦʪʨʠʤʫʻʤʦ: 

 

() () ( ) () () ( )
2 2

2 2 * *

2 2

1 1
exp exp

2 2
4

.

z zk f z E r i t k f z E r i t
z z

k
i j

c

w w

p

^ ^ ^ ^

^

å õ å õµ µ
+ - + + =æ ö æ ö

µ µç ÷ ç ÷

=-

 (4.3) 
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ʇʦʤʥʦʞʠʤʦ ʨʽʚʥʷʥʥʷ (4.3) ʥʘ ( )exp i tw , ʧʦʪʽʤ ʧʨʦʽʥʪʝʛʨʫʻʤʦ ʡʦʛʦ ʧʦ ʯʘʩʦʚʦʤʫ 

ʽʥʪʝʨʚʘʣʫ ( )0,T , ʜʝ 2T p w=  ï ʧʝʨʽʦʜ ʢʦʣʠʚʘʥʴ. ɺ ʨʝʟʫʣʴʪʘʪʽ ʦʪʨʠʤʫ̒ ʤʦ 

 

 () ()
2

2

2

1 4

2
z

k
k f z E r i j

z c
w

p
^ ^ ^

å õµ
+ =-æ ö

µç ÷
, (4.4) 

 

ʜʝ ( )
0

1
exp

T

j j i t dt
T

w w^ ^= ñ . 

ɺʝʢʪʦʨʥʦ ʤʥʦʞʠʤʦ ʨʽʚʥʷʥʥʷ (4.4) ʥʘ ()*B r^ ^, ʱʦ ʚʚʝʜʝʥʝ ʚʠʱʝ ʚ (2.20), ʽ 

ʽʥʪʝʛʨʫʻʤʦ ʨʝʟʫʣʴʪʘʪ ʧʦ ʧʣʦʱʠʥʽ ʧʦʧʝʨʝʯʥʦʛʦ ʧʝʨʝʨʽʟʫ ʨʝʟʦʥʘʪʦʨʘ: 

 

 () () () ()
2

2 * *

2

1 4

2
z

S S

k
k f z E r B r dS i j B r dS

z c
w

p
^ ^ ^ ^ ^ ^ ^

å õµ
è ø è ø+ ³ =- ³æ ö ê ú ê úµç ÷
ñ ñ . (4.5) 

 

ɺʨʘʭʦʚʫʶʯʠ (2.19) ʽ (2.20), ʽʥʪʝʛʨʘʣ *

S

E B dS^ ^
è ø³ê úñ  ʚ ʣʽʚʽʡ ʯʘʩʪʠʥʽ ʨʽʚʥʷʥʥʷ 

(4.5) ʧʨʠʡʤʘʻ ʚʠʛʣʷʜ: 

 

 

2 2

* 1
z

S S

E B dS kk dS
r rj

^ ^

å õµY µY
è ø³ = +æ öê ú æ öµ µ

ç ÷
ñ ñ  (4.6) 

 

ʽ ʟʘʧʠʩʫʻʪʴʩʷ ʫ ʚʠʛʣʷʜʽ ʩʫʤʠ N  ʽʥʪʝʛʨʘʣʽʚ ʟʘ ʧʣʦʱʝʶ 1S  ʟ ʤʝʤʙʨʘʥʥʦʶ ʬʫʥʢʮʽʻʶ 

1Y  ʽ ʧʣʦʱʝʶ 2S  ʟ ʤʝʤʙʨʘʥʥʦʶ ʬʫʥʢʮʽʻʶ 2Y  (ʜʠʚ. (2.21) ʽ ʨʠʩ. 3.1): 

 

1 2

2 22 2

* 1 1 2 2
1 2

1 1
.z

S S S

E B dS kk N dS dS
r r r rj j

^ ^

è øå õ å õµY µY µY µY
è ø é ù³ = + + +æ ö æ öê ú æ ö æ öµ µ µ µé ùç ÷ ç ÷ê ú
ñ ñ ñ (4.7) 

 

ɺ ʨʝʟʫʣʴʪʘʪʽ ʩʝʨʽʾ ʧʝʨʝʪʚʦʨʝʥʴ ʦʪʨʠʤʫʻʤʦ: 
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 ( )*

z c z mn

S

E B dS kk P P kk Np p^ ^
è ø³ = + =ê úñ , (4.8) 

 

ʜʝ P  ʽ cP  ï ʥʦʨʤʦʚʘʥʠʡ ʧʦʪʽʢ ʝʥʝʨʛʽʾ ʯʝʨʝʟ ʭʚʠʣʝʚʜ̔ʥʠʡ ʢʘʥʘʣ ʽ ʛʦʬʨʠ ʨʝʟʦʥʘʪʦʨʘ, 

ʚʽʜʧʦʚʽʜʥʦ, 
2

n n

n

P A P
¤

=-¤

=ä , ( )2 2 2 22n n n nP f k fc c c= + + -  (ʜʠʚ. ʪʘʢʦʞ (3.6)),  

( ) ( )
2 2 2 2

2 2 2

0 2 2 2
0 0

2
1 1 1

2

L d l l
c l l l d l l

lS

R
P X g R g g

R

j c x x
d

j c c c

¤

=

è øå õ å õ
= + - - - - -é ùæ ö æ ö

ç ÷ç ÷ê ú
ä . 

 

ɺʠʟʥʘʯʠʤʦ ʚʠʜ ʚʠʨʘʟʫ *j Bŵ ^
è ø³ê ú ʚ ʧʨʘʚʽʡ ʯʘʩʪʠʥʽ ʨʽʚʥʷʥʥʷ (4.5) ʚ ʩʠʩʪʝʤʽ 

ʢʦʦʨʜʠʥʘʪ, ʱʦ ʧʦʚ'ʷʟʘʥʘ ʟ ʚʝʜʫʯʠʤ ʮʝʥʪʨʦʤ ʝʣʝʢʪʨʦʥʥʦʛʦ ʧʫʯʢʘ (ʨʠʩ. 4.1). ʇʨʠ 

ʮʴʦʤʫ ʙʫʜʝʤʦ ʧʨʠʧʫʩʢʘʪʠ, ʱʦ ʧʫʯʦʢ ʨʦʟʧʦʚʩʶʜʞʫʻʪʴʩʷ ʣʠʰʝ ʚʩʝʨʝʜʠʥʽ 

ʭʚʠʣʝʚʜ̔ʥʦʛʦ ʢʘʥʘʣʫ ʨʝʟʦʥʘʪʦʨʘ (ʦʙʣʘʩʪʴ 1 ʥʘ ʨʠʩ. 2.1) ʽ ʩʢʦʨʠʩʪʘʻʤʦʩʷ ʥʘʩʪʫʧʥʠʤʠ 

ʩʧʽʚʚʽʜʥʦʰʝʥʥʷʤʠ: 

 

cos( )rj jw w f j^= - , 

sin( )j jjw w f j^= - . 

 

 

ʈʠʩ. 4.1. ʎʠʢʣʦʪʨʦʥʥʝ ʦʙʝʨʪʘʥʥʷ ʝʣʝʢʪʨʦʥʘ ʧʫʯʢʘ. 

 

ɺ ʨʝʟʫʣʴʪʘʪʽ ʦʪʨʠʤʘʻʤʦ: 
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( )
( )

( )
( )1 1

* 2 2 2

1 1
2

n n n

n n

ik i k i k
z

n k k

n

ik k
j B j G e J k r e J k r e

p p p
f f j f j

w w

å õ å õ å õ¤ - - + - + - - - +æ ö æ ö æ ö
^ ç ÷ ç ÷ ç ÷

^ ^ ^ + ^ - ^

=-¤

è ø
è ø³ =- -é ùê ú

é ùê ú
ä   

(4.9) 

ʜʝ ()
nn n kG A J c¡= . 

ʇʝʨʝʪʚʦʨʠʤʦ ʧʨʘʚʫ ʯʘʩʪʠʥʫ ʚʠʨʘʟʫ (4.9), ʚʠʢʦʨʠʩʪʦʚʫʶʯʠ ʪʝʦʨʝʤʫ ʜʦʜʘʚʘʥʥʷ 

ɻʨʘʬʘ ʜʣʷ ʬʫʥʢʮʽʡ ɹʝʩʩʝʣʷ (ʨʠʩ. 4.2) [136], ʟʛʽʜʥʦ ʟ ʷʢʦʶ: 

 

 ( ) ( ) ( )i iq

q q

q

e J w J Z J z eny q

n n

¤
° °

+

=-¤

=ä . (4.10) 

 

 

ʈʠʩ. 4.2. ɯʣʶʩʪʨʘʮʽʷ ʜʦ ʪʝʦʨʝʤʠ ʜʦʜʘʚʘʥʥʷ ɻʨʘʬʘ (4.10). 

 

ɼʣʷ ʪʨʠʢʫʪʥʠʢʘ ʆɸɺ (ʨʠʩ. 4.1) ʤʘʻʤʦ: 

 cz k r^= , LZ k r̂= , w k r^= , cq j= , 
2

p
y f j= - +. (4.11) 

ɺʠʢʦʨʠʩʪʦʚʫʶʯʠ (4.10) ʪʘ (4.11) ʽ ʧʝʨʝʭʦʜʷʯʠ ʜʦ ʟʤʽʥʥʦʾ ʧʽʜʩʫʤʦʚʫʚʘʥʥʷ 

s l q= +, (4.9) ʤʦʞʥʘ ʟʚʝʩʪʠ ʜʦ ʚʠʛʣʷʜʫ 

 

( ) ( ) ( ) ( ) ( )
1*

0exp 1 exp
n

s

z n n s L k s c c

n s

j B ij k k G ik J k r J k r isw w j
¤ ¤

+

^ ^ ^ ^ ^ - ^

=-¤ =-¤

è ø ¡³ =- - Y - -ê ú ä ä ,  

(4.12) 

ʜʝ ( )L H er p mw^= , p^, ( )0H eeB m cw = , e ʽ em  ï ʣʘʨʤʦʨʽʚʩʴʢʠʡ ʨʘʜʽʫʩ, ʧʦʧʝʨʝʯʥʠʡ 

ʽʤʧʫʣʴʩ, ʥʝʨʝʣʷʪʠʚʽʩʪʩʴʢʘ ʮʠʢʣʦʪʨʦʥʥʘ ʯʘʩʪʦʪʘ, ʟʘʨʷʜ ʽ ʤʘʩʘ ʩʧʦʢʦʶ ʝʣʝʢʪʨʦʥʘ, 
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ʚʽʜʧʦʚʽʜʥʦ; cr  ʽ 0Y  ï ʧʦʣʷʨʥʽ ʢʦʦʨʜʠʥʘʪʠ ʚʝʜʫʯʦʛʦ ʮʝʥʪʨʫ ʧʫʯʢʘ ʝʣʝʢʪʨʦʥʽʚ 

( 00 2p¢Y < ); 0B  ï ʽʥʜʫʢʮʽʷ ʟʦʚʥʽʰʥʴʦʛʦ ʤʘʛʥʽʪʥʦʛʦ ʧʦʣʷ. 

ʈʦʟʛʣʷʥʝʤʦ ʧʫʯʦʢ, ʱʦ ʩʢʣʘʜʘʻʪʴʩʷ ʟ jN  ʜʠʩʢʨʝʪʥʠʭ ʝʣʝʢʪʨʦʥʽʚ, ʽ ʟʥʝʭʪʫʻʤʦ ʾʭ 

ʧʦʯʘʪʢʦʚʠʤ ʨʦʟʢʠʜʦʤ ʟʘ ʰʚʠʜʢʦʩʪʷʤʠ. ɼʣʷ ʪʘʢʦʛʦ ʝʣʝʢʪʨʦʥʥʦʛʦ ʧʫʯʢʘ ʱʽʣʴʥʽʩʪʴ 

ʩʪʨʫʤʫ ʤʘʻ ʪʘʢʠʡ ʚʠʛʣʷʜ [137]: 

 

 ( ) ( )( )( )
1

2
,

jN

jb
j j j

jj zj

VI
j x t r r t t

rN V

p
d d j j d

w =

= - - -ä , (4.13) 

 

ʜʝ 
zb

S

SjI dw=ñ  ï ʩʪʨʫʤ ʝʣʝʢʪʨʦʥʥʦʛʦ ʧʫʯʢʘ, jr , jj , jt , jV  ʠ zjV  ï ʧʦʣʷʨʥʠʡ ʨʘʜʽʫʩ, 

ʧʦʣʷʨʥʠʡ ʢʫʪ, ʯʘʩ ʨʫʭʫ, ʰʚʠʜʢʽʩʪʴ ʽ ʾʾ ʧʦʟʜʦʚʞʥʷ ʢʦʤʧʦʥʝʥʪʘ ʜʣʷ j -ʛʦ ʝʣʝʢʪʨʦʥʘ 

ʧʫʯʢʘ ʚ ʧʦʣʦʞʝʥʥʽ ʟ ʧʦʟʜʦʚʞʥʴʦʶ ʢʦʦʨʜʠʥʘʪʦʶ z, ʚʽʜʧʦʚʽʜʥʦ. 

ʇʽʜʩʪʘʚʣʷʶʯʠ (4.12) ʽ (4.13) ʚ (4.5), ʦʪʨʠʤʫʻʤʦ: 
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 (4.14) 

 

ʜʝ jV^  ï ʧʦʧʝʨʝʯʥʘ ʰʚʠʜʢʽʩʪʴ j -ʛʦ ʝʣʝʢʪʨʦʥʘ, 
j

j j

t

s

w
fL = -. 

ɺ ʪʨʘʜʠʮʽʡʥʠʭ ʛʽʨʦʪʨʦʥʘʭ ʣʘʨʤʦʨʽʚʩʴʢʠʡ ʨʘʜʽʫʩ ʝʣʝʢʪʨʦʥʽʚ ʧʫʯʢʘ ʻ ʤʘʣʠʤ 

( 1Ljk r̂ ). ɺ ʮʴʦʤʫ ʚʠʧʘʜʢʫ, ʚʠʢʦʨʠʩʪʦʚʫʶʯʠ ʘʩʠʤʧʪʦʪʠʯʥʝ ʧʨʝʜʩʪʘʚʣʝʥʥʷ ʜʣʷ 

ʬʫʥʢʮʽʡ ɹʝʩʩʝʣʷ ʧʨʠ ʤʘʣʠʭ ʘʨʛʫʤʝʥʪʘʭ [138]: 
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, (4.15) 
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ʟʥʘʭʦʜʠʤʦ: 
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( )
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1 !2

s

s Lj Ljs
J k r k r

s

-

^ ^
¡ =

-
. (4.16) 

 

ʇʝʨʝʡʜʝʤʦ ʚ (4.14) ʚʽʜ ʧʦʟʜʦʚʞʥʴʦʾ ʢʦʦʨʜʠʥʘʪʠ z ʽ ʘʤʧʣʽʪʫʜʠ ʧʦʣʷ ()f z  ʜʦ 

ʙʝʟʨʦʟʤʽʨʥʠʭ ʚʝʣʠʯʠʥ 

 

 
2

0

02 z
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b
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^= , (4.17) 
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, (4.18) 

 

ʜʝ 0 0V cb̂ ^= , 0 0z zV cb = , 0V^  ʽ 0zV  ï ʧʦʯʘʪʢʦʚʘ ʧʦʧʝʨʝʯʥʘ ʽ ʧʦʟʜʦʚʞʥʷ ʰʚʠʜʢʦʩʪʽ 

ʝʣʝʢʪʨʦʥʽʚ, ʚʽʜʧʦʚʽʜʥʦ, 0 0ʩ Hw w g=  ï ʧʦʯʘʪʢʦʚʝ ʟʥʘʯʝʥʥʷ ʮʠʢʣʦʪʨʦʥʥʦʾ ʯʘʩʪʦʪʠ 

ʦʙʝʨʪʘʥʥʷ ʝʣʝʢʪʨʦʥʽʚ, ( )20 1 b eeV m cg= +  ï ʧʦʯʘʪʢʦʚʝ ʟʥʘʯʝʥʥʷ ʨʝʣʷʪʠʚʽʩʪʩʴʢʦʛʦ 

ʬʘʢʪʦʨʘ g, bV  ï ʥʘʧʨʫʛʘ ʧʫʯʢʘ. 

ʇʽʜʩʪʘʚʣʷʶʯʠ (4.16)-(4.18) ʚ (4.14) ʪʘ ʚʠʢʦʨʠʩʪʦʚʫʶʯʠ ʪʦʡ ʬʘʢʪ, ʱʦ ʧʦʤʽʪʥʠʡ 

ʚʥʝʩʦʢ ʚ (4.14) ʤʘʻ ʣʠʰʝ ʨʝʟʦʥʘʥʩʥʠʡ ʯʣʝʥ ʟ ʽʥʜʝʢʩʦʤ s, ʱʦ ʜʦʨʽʚʥʶʻ ʥʦʤʝʨʫ 

ʮʠʢʣʦʪʨʦʥʥʦʾ ʛʘʨʤʦʥʽʢʠ (csw wº ) [135], ʦʪʨʠʤʫʻʤʦ: 
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ʜʝ ( ) ( )2 2 2 2 2 4

0 04 zk k kd b b^ ^= - , 
( ) ( )
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0 0
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0 0
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s s
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ss
A c

I s
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I s
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g w
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^

-
= , 3 17A eI m c e= º  ʢɸ, 
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J k r P
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J N P
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c

- ^
=

¡
 ï ʢʦʝʬʽʮʽʻʥʪ ʟʚ'ʷʟʢʫ ʧʫʯʢʘ ʟ n-ʦʶ ʛʘʨʤʦʥʽʢʦʶ ɹʣʦʭʘ, 

( )
0

expe j

p
p i

p

^

^

å õ
= Læ ö
ç ÷

, ep Vm g^ ^=  ʽ 0 0 0ep mV g^^ =  ï ʧʦʧʝʨʝʯʥʠʡ ʽʤʧʫʣʴʩ ʝʣʝʢʪʨʦʥʽʚ 

ʧʫʯʢʘ ʽ ʡʦʛʦ ʧʦʯʘʪʢʦʚʝ ʟʥʘʯʝʥʥʷ, ʚʽʜʧʦʚʽʜʥʦ. 

 

4.1.2. ʈʽʚʥʷʥʥʷ ʨʫʭʫ ʝʣʝʢʪʨʦʥʽʚ ʧʫʯʢʘ ʫ ʛʦʬʨʦʚʘʥʦʤʫ ʨʝʟʦʥʘʪʦʨʽ 

ʛʽʨʦʪʨʦʥʘ 

ɼʣʷ ʊɽ ʤʦʜ ʧʦʙʣʠʟʫ ʯʘʩʪʦʪ ʚʽʜʩʽʯʢʠ ʧʦʣʷ ʟʘʜʦʚʦʣʴʥʷʶʪʴ ʫʤʦʚʽ 1B E^ ^<< 

(ʜʠʚ. (2.19) ʽ (2.20)). ʊʦʤʫ ʦʩʥʦʚʥʠʡ ʚʧʣʠʚ ʥʘ ʨʫʭ ʛʚʠʥʪʦʚʦʛʦ ʧʫʯʢʘ ʝʣʝʢʪʨʦʥʽʚ ʫ 

ʨʝʟʦʥʘʪʦʨʽ ʛʽʨʦʪʨʦʥʘ ʤʘʻ ʟʦʚʥʽʰʥʻ ʤʘʛʥʽʪʥʝ ʧʦʣʝ ʟ ʽʥʜʫʢʮʽʻʶ ( )0 00,0,B B=  

( 0 1zB B <<) ʽ ʝʣʝʢʪʨʠʯʥʝ ʧʦʣʝ ʊɽ ʤʦʜʠ ʟ ʥʘʧʨʫʞʝʥʽʩʪʶ ( ), ,0x yE E E= . ʇʨʠ ʮʴʦʤʫ 

ʨʽʚʥʷʥʥʷ ʨʫʭʫ ʝʣʝʢʪʨʦʥʘ ʧʫʯʢʘ ʤʘʶʪʴ ʚʠʛʣʷʜ: 

 

 

0 ,

0,

e
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dp e
p B eE
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è ø+ ³ =-ê ú

=

 (4.20) 

 

ʜʝ 0 0 0z z e zp p mV g= = . 

ɺʚʝʜʝʤʦ ʬʫʥʢʮʽʶ ()exp x yp i p ipf^ = +  ʽ ʟʘʧʠʰʝʤʦ ʩʠʩʪʝʤʫ ʨʽʚʥʷʥʴ ʜʣʷ p^ ʽ f: 

 

 

{ }
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x y
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dp
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d
p p e E E

dt

f f

f
w f f

^

^ ^

=- +

- =- - +

 (4.21) 
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ʜʝ ( )0c eeB m cw g= . 

ɺ ʧʦʣʷʨʥʠʭ ʢʦʦʨʜʠʥʘʪʘʭ (ʜʠʚ. ʨʠʩ. 4.1) ʨʽʚʥʷʥʥʷ (4.21) ʧʨʠʡʤʘʶʪʴ ʚʠʛʣʷʜ: 

 

 

( ) ( ){ }

( ) ( ){ }

Re cos sin ,

Re sin cos .

r

c r

dp
e E E

dt

d
p p e E E

dt

j

j

f j f j

f
w f j f j

^

^ ^

=- - + -

- =- - - + -

 (4.22) 

 

ɺ ʩʠʩʪʝʤʽ ʨʽʚʥʷʥʴ (4.22) ʢʦʤʧʦʥʝʥʪʠ ʥʘʧʨʫʞʝʥʦʩʪʽ ʝʣʝʢʪʨʠʯʥʦʛʦ ʧʦʣʷ 

ʚʠʨʘʞʘʶʪʴʩʷ ʯʝʨʝʟ ʤʝʤʙʨʘʥʥʫ ʬʫʥʢʮʽʶ 1Y, ʦʩʢʽʣʴʢʠ ʢʦʞʝʥ ʝʣʝʢʪʨʦʥ, ʽ ʚʝʩʴ 

ʝʣʝʢʪʨʦʥʥʠʡ ʧʫʯʦʢ ʚ ʮʽʣʦʤʫ, ʨʫʭʘʶʪʴʩʷ ʚʩʝʨʝʜʠʥʽ ʭʚʠʣʝʚʽʜʥʦʛʦ ʢʘʥʘʣʫ ʨʝʟʦʥʘʪʦʨʘ. 

ɺʠʢʦʨʠʩʪʦʚʫʶʯʠ ʧʨʝʜʩʪʘʚʣʝʥʥʷ (2.21) ʜʣʷ 1Y  ʽ ʚʨʘʭʦʚʫʶʯʠ (2.19) ʽ (4.2), ʦʪʨʠʤʫʻʤʦ 
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 () ( ) ( )( )exp
nn k n

n

E ikk f z G J k r i k tj j w
¤

^ ^

=-¤

¡=- -ä . (4.24) 

 

ʇʽʜʩʪʘʚʣʷʶʯʠ (4.23) ʽ (4.24) ʚ ʩʠʩʪʝʤʫ ʨʽʚʥʷʥʴ (4.22) ʽ ʚʠʢʦʨʠʩʪʦʚʫʶʯʠ (4.10) ʽ 

(4.11), ʟʥʘʭʦʜʠʤʦ: 
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 (4.25) 

 

ʜʝ ( )( )( )02 2s n nt k s kq w f p p f= - - - - -Y +. 

ɺʨʘʭʦʚʫʶʯʠ, ʱʦ t sf w= -L ʪʘ zd dt V d dz= , (4.25) ʤʦʞʥʘ ʧʝʨʝʧʠʩʘʪʠ ʚ 

ʥʘʩʪʫʧʥʦʤʫ ʚʠʛʣʷʜʽ: 
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 (4.26) 

 

ɺʠʢʦʨʠʩʪʦʚʫʶʯʠ ʩʧʽʚʚʽʜʥʦʰʝʥʥʷ (4.15) ʜʣʷ ʬʫʥʢʮʽʾ ɹʝʩʩʝʣʷ ( )s LJ k r^  ʟ ʤʘʣʠʤ 

ʘʨʛʫʤʝʥʪʦʤ ʽ ʚʠʨʘʟ (4.16), ʦʪʨʠʤʫʻʤʦ: 
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ɼʚʘ ʜʽʡʩʥʠʭ ʨʽʚʥʷʥʥʷ (4.27) ʤʦʞʥʘ ʦʙ'ʻʜʥʘʪʠ ʚ ʦʜʥʝ ʢʦʤʧʣʝʢʩʥʝ ʨʽʚʥʷʥʥʷ: 
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ɺʨʘʭʦʚʫʶʯʠ, ʱʦ  

( )
0

expe

p
p i

p

^

^

= L, 

ʧʝʨʝʧʠʰʝʤʦ (4.28) ʫ ʚʠʛʣʷʜʽ: 

 

 ( )
0

expe c
e

z z

dp s e
ip i A i

dz sV p V

w w

^

-
= + L. (4.29) 

 

ʇʨʠ ʧʝʨʝʭʦʜʽ ʜʦ ʙʝʟʨʦʟʤʽʨʥʦʾ ʟʤʽʥʥʦʾ z ʟʛʽʜʥʦ (4.17) ʦʪʨʠʤʫʻʤʦ: 
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ʊʘʢʠʤ ʯʠʥʦʤ, ʩʘʤʦʫʟʛʦʜʞʝʥʘ ʩʠʩʪʝʤʘ ʟʚʠʯʘʡʥʠʭ ʜʠʬʝʨʝʥʮʽʘʣʥɹʠʭ ʨʽʚʥʷʥʴ 

(4.19) ʽ (4.30), ʚʽʜʦʤʘ ʷʢ ʩʪʘʮʽʦʥʘʨʥʽ ʨʽʚʥʷʥʥʷ ʛʽʨʦʪʨʦʥʘ [130, 29], ʫ ʚʠʧʘʜʢʫ 

ʚʟʘʻʤʦʜʽʾ ʛʚʠʥʪʦʚʦʛʦ ʧʫʯʢʘ ʝʣʝʢʪʨʦʥʽʚ ʟ ʊɽ ʤʦʜʦʶ ʛʦʬʨʦʚʘʥʦʛʦ ʨʝʟʦʥʘʪʦʨʘ ʧʨʠʡʤʘʻ 

ʥʘʩʪʫʧʥʠʡ ʚʠʛʣʷʜ: 
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 (4.31) 

 

ʜʝ ʩʠʤʚʦʣ ...  ʧʦʟʥʘʯʘʻ ʫʩʝʨʝʜʥʝʥʥʷ ʟʘ ʝʣʝʢʪʨʦʥʘʤʠ ʧʫʯʢʘ. 

ʉʠʩʪʝʤʘ ʨʽʚʥʷʥʴ (4.31) ʚʨʘʭʦʚʫʻ ʚʧʣʠʚ ʧʦʟʜʦʚʞʥʽʭ ʛʦʬʨʽʚ ʫ ʨʝʟʦʥʘʪʦʨʽ 

ʛʽʨʦʪʨʦʥʘ ʥʘ ʚʟʘʻʤʦʜʽʶ ʧʫʯʢʘ ʟ ʚʣʘʩʥʦʶ ʊɽ ʤʦʜʦʶ ʨʝʟʦʥʘʪʦʨʘ. ɿʛʽʜʥʦ [4, 71, 81, 83, 

105] ʜʣʷ ʦʙʨʘʥʦʾ ʤʦʜʠ TEm,p ʮʝʡ ʚʧʣʠʚ ʧʦʚ'ʷʟʘʥʠʡ ʟʽ ʟʤʽʥʦʶ ʢʦʤʧʣʝʢʩʥʦʛʦ 

ʧʦʧʝʨʝʯʥʦʛʦ ʭʚʠʣʴʦʚʦʛʦ ʯʠʩʣʘ ( )( )0 1 2 ohmk R i Qc^ = - . ʑʝ ʙʽʣʴʰ ʚʘʞʣʠʚʠʤ ʻ ʪʦʡ 

ʬʘʢʪ, ʱʦ, ʷʢ ʧʦʢʘʟʘʥʦ ʚ ʨʦʟʜʽʣʽ 3.2, ʛʦʬʨʠ ʤʦʞʫʪʴ ʽʥʽʮʽʶʚʘʪʠ ʧʝʨʝʪʚʦʨʝʥʥʷ ʝʥʝʨʛʽʾ 

(ʢʦʥʚʝʨʩʽʶ ʤʦʜ) ʚʽʜ ʤʦʜʠ TEm,p (ʬʫʥʜʘʤʝʥʪʘʣʴʥʘ ʛʘʨʤʦʥʽʢʘ ɹʣʦʭʘ) ʜʦ ʦʜʥʽʻʾ ʘʙʦ 

ʜʝʢʽʣʴʢʦʭ ʤʦʜ ,TE
nk l  (ʛʘʨʤʦʥʽʢ ɹʣʦʭʘ ʙʽʣʴʰ ʚʠʩʦʢʦʛʦ ʧʦʨʷʜʢʫ) [4]. ɺ ʮʴʦʤʫ ʚʠʧʘʜʢʫ 

ʥʦʨʤʦʚʘʥʘ ʘʤʧʣʽʪʫʜʘ na  (ʜʠʚ. (3.6)) ʟʤʝʥʰʫʻʪʴʩʷ ʚʽʜ ʦʜʠʥʠʮʽ ʜʣʷ ʬʫʥʜʘʤʝʥʪʘʣʴʥʦʾ 

( 0n= ) ʛʘʨʤʦʥʽʢʠ ɹʣʦʭʘ ʽ ʟʙʽʣʴʰʫʻʪʴʩʷ ʚʽʜ ʥʫʣʷ ʜʣʷ ʦʜʥʽʻʾ ʘʙʦ ʜʝʢʽʣʴʢʦʭ ʛʘʨʤʦʥʽʢ 

ʙʽʣʴʰ ʚʠʩʦʢʦʛʦ ʧʦʨʷʜʢʫ (0n¸ ) [4]. ʂʦʣʠ ʛʣʠʙʠʥʘ d  (ʘʙʦ ʰʠʨʠʥʘ w) ʛʦʬʨʘ 

ʥʘʙʣʠʞʘʻʪʴʩʷ ʜʦ ʥʫʣʷ, ʦʪʨʠʤʫʻʤʦ ,m pc m­ , 0 1a­ , 0na­  ( 0n¸ ), 

( )

( )
, 2 2

, ,

m s c

n s

m m p m p

J k r
C

J mm m

- ^­
-

. ʋ ʮʴʦʤʫ ʚʠʧʘʜʢʫ ʨʽʚʥʷʥʥʷ ʛʽʨʦʪʨʦʥʘ (4.31) ʧʨʠʡʤʘʶʪʴ 

ʚʽʜʦʤʠʡ ʚʠʜ ʽ ʦʧʠʩʫʶʪʴ ʚʟʘʻʤʦʜʽʶ ʝʣʝʢʪʨʦʥʥʦʛʦ ʧʫʯʢʘ ʟ TEm,p ʤʦʜʦʶ, ʷʢʘ 
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ʟʙʫʜʞʫʻʪʴʩʷ ʥʘ s-ʽʡ ʮʠʢʣʦʪʨʦʥʥʽʡ ʛʘʨʤʦʥʽʮʽ ʚ ʪʨʘʜʠʮʽʡʥʦʤʫ ʮʠʣʽʥʜʨʠʯʥʦʤʫ 

ʨʝʟʦʥʘʪʦʨʽ ʛʽʨʦʪʨʦʥʘ [50, 130, 29]. 

ʈʽʚʥʷʥʥʷ (4.31) ʤʘʶʪʴ ʙʫʪʠ ʜʦʧʦʚʥʝʥʽ ʫʤʦʚʘʤʠ ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ ʊɽ ʤʦʜʠ ʥʘ 

ʚʭʽʜʥʦʤʫ (0z= ) ʽ ʚʠʭʽʜʥʦʤʫ (outz z= ) ʢʽʥʮʷʭ ʨʝʟʦʥʘʪʦʨʘ ʛʽʨʦʪʨʦʥʘ  
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( ) ( )

0 0 ,
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F i F

F i F

d

x d x

¡ =-

¡ =
 (4.32) 

 

ʽ ʧʦʯʘʪʢʦʚʦʶ ʫʤʦʚʦʶ () ( )00 expep i= L  ʟ 00 2p¢L <  ʜʣʷ ʙʝʟʨʦʟʤʽʨʥʠʭ ʧʦʧʝʨʝʯʥʠʭ 

ʽʤʧʫʣʴʩʽʚ ʝʣʝʢʪʨʦʥʽʚ ʧʫʯʢʘ [50, 130, 29]. 

ɿʥʘʶʯʠ ʚʣʘʩʥʝ ʟʥʘʯʝʥʥʷ c, ʦʤʽʯʥʫ ʜʦʙʨʦʪʥʽʩʪʴ ohmQ  ʽ ʢʦʝʬʽʮʽʻʥʪ ʟʚ'ʷʟʢʫ 2

,n sC  

ʜʣʷ ʊɽ ʤʦʜʠ ʛʦʬʨʦʚʘʥʦʛʦ ʨʝʟʦʥʘʪʦʨʘ, ʨʽʚʥʷʥʥʷ (4.31) ʜʦʟʚʦʣʷʶʪʴ ʨʦʟʨʘʭʫʚʘʪʠ 

ʧʦʧʝʨʝʯʥʠʡ ʝʣʝʢʪʨʦʥʥʠʡ ʂʂɼ ( )
2

1 outph z^= -à ð ʛʽʨʦʪʨʦʥʘ ʚ ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ 

ʧʘʨʘʤʝʪʨʽʚ ʝʣʝʢʪʨʦʥʥʦʛʦ ʧʫʯʢʘ. ʇʦʧʝʨʝʯʥʠʡ ʂʂɼ ĥ  ʙʽʣʴʰʝ ʥʫʣʷ ʟʘ ʫʤʦʚʠ, ʱʦ 

ʩʪʨʫʤ ʧʫʯʢʘ bI  ʧʝʨʝʚʠʱʫʻ ʧʦʨʦʛʦʚʝ ʟʥʘʯʝʥʥʷ, ʚʽʜʦʤʝ ʷʢ ʩʪʘʨʪʦʚʠʡ ʩʪʨʫʤ stI . 

 

4.2. ʋʤʦʚʘ ʙʘʣʘʥʩʫ ʧʦʪʫʞʥʦʩʪʝʡ ʫ ʨʝʟʦʥʘʪʦʨʽ ʛʽʨʦʪʨʦʥʘ ʟ ʧʦʟʜʦʚʞʥʽʤʠ ʛʦʬʨʘʤʠ 

ʇʦʚʥʘ ʧʦʪʫʞʥʽʩʪʴ totP  ʛʝʥʝʨʘʮʽʾ ʊɽ ʤʦʜʠ, ʱʦ ʚʟʘʻʤʦʜʽʻ ʟ ʝʣʝʢʪʨʦʥʥʠʤ ʧʫʯʢʦʤ, 

ʤʦʞʝ ʙʫʪʠ ʚʠʟʥʘʯʝʥʘ ʚ ʪʘʢʠʡ ʩʧʦʩʽʙ: 

 

 tot el b bP I Vh= , (4.33) 

 

ʜʝ ( )2 21elh h a a^= +  ï ʧʦʚʥʠʡ ʝʣʝʢʪʨʦʥʥʠʡ ʂʂɼ, 0 0zv va ^=  ï ʧʽʪʯ-ʬʘʢʪʦʨ ʧʫʯʢʘ.  

ɺ ʩʪʘʮʽʦʥʘʨʥʦʤʫ ʨʝʞʠʤʽ ʛʝʥʝʨʘʮʽʾ ʧʦʚʥʘ ʧʦʪʫʞʥʽʩʪʴ ʤʘʻ ʟʘʜʦʚʦʣʴʥʷʪʠ 

ʥʘʩʪʫʧʥʦʤʫ ʟʘʢʦʥʫ ʟʙʝʨʝʞʝʥʥʷ: 

 

 tot out ohmP P P= + , (4.34) 
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ʜʝ outP  ï ʚʠʭʽʜʥʘ ʧʦʪʫʞʥʽʩʪʴ ʛʽʨʦʪʨʦʥʘ, ohmP  ï ʧʦʪʫʞʥʽʩʪʴ ʦʤʽʯʥʠʭ ʚʪʨʘʪ ʊɽ ʤʦʜʠ ʫ 

ʤʝʪʘʣʝʚʠʭ ʩʪʽʥʢʘʭ ʨʝʟʦʥʘʪʦʨʘ: 

 

 Re
8

out
z

S

c
P E B dS

p
^

è ø= ³ê úñ , (4.35) 

 Re
8

ohm
r

S S

c
P N E B dS E B dS

jp

ë û
è ø è ø= ³ + ³ì üê ú ê ú

í ý
ñ ñ   (4.36) 

 

ɺʨʘʭʦʚʫʶʯʠ (2.19)-(2.21) ʪʘ (4.2), ʤʦʞʥʘ ʟʚʝʩʪʠ (4.35) ʽ (4.36) ʜʦ ʥʘʩʪʫʧʥʠʭ 

ʚʠʨʘʟʽʚ: 

 

 ( ) ( )
2

Re
8

out mn z outP N k f z
w
= , (4.37) 

 ( )Re
4

ohm s z

c
P Z G= , (4.38) 

 

ʜʝ ( )1s sZ i kd= -  ï ʥʦʨʤʦʚʘʥʠʡ ʽʤʧʝʜʘʥʩ ʧʨʦʚʽʜʥʦʾ ʧʦʚʝʨʭʥʽ, ()
23
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outz

zG k f z W dzc^=ñ , 
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=-¤ =

è øå õ
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ɺʠʢʦʨʠʩʪʦʚʫʶʯʠ ʥʘʚʝʜʝʥʽ ʚʠʱʝ ʧʦʟʥʘʯʝʥʥʷ ((4.17)  ̔ (4.18)), ʫʤʦʚʫ ʙʘʣʘʥʩʫ 

ʧʦʪʫʞʥʦʩʪʝʡ (4.34) ʜʣʷ ʮʠʣʽʥʜʨʠʯʥʦʛʦ ʨʝʟʦʥʘʪʦʨʘ ʟ ʧʦʟʜʦʚʞʥʽʤʠ ʛʦʬʨʘʤʠ ʤʦʞʥʘ 

ʟʚʝʩʪʠ ʜʦ ʥʘʩʪʫʧʥʦʛʦ ʙʝʟʨʦʟʤʽʨʥʦʛʦ ʚʠʛʣʷʜʫ: 

 

 ( ) ( ) ( )
2

2
0

0 4

0

16
2Re Rez

out out s mnI F Z G
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h d x x
b

^

^

= + , (4.39) 
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ʜʝ ()
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x x^=ñ . 

ɼʘʣʽ ʙʫʜʝʤʦ ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠ ʩʧʽʚʚʽʜʥʦʰʝʥʥʷ (4.39) ʜʣʷ ʧʝʨʝʚʽʨʢʠ ʯʠʩʝʣʴʥʠʭ 

ʨʽʰʝʥʴ ʨʽʚʥʷʥʴ ʛʽʨʦʪʨʦʥʘ (4.31). ʂʦʣʠ ʛʣʠʙʠʥʘ ʘʙʦ ʰʠʨʠʥʘ ʛʦʬʨʘ ʥʘʙʣʠʞʘʻʪʴʩʷ ʜʦ 

ʥʫʣʷ, (4.39) ʟʚʦʜʠʪʴʩʷ ʜʦ ʚʽʜʦʤʦʾ ʫʤʦʚʽ ʙʘʣʘʥʩʫ ʧʦʪʫʞʥʦʩʪʝʡ ʚ ʪʨʘʜʠʮʽʡʥʦʤʫ 

ʮʠʣʽʥʜʨʠʯʥʦʤʫ ʨʝʟʦʥʘʪʦʨʽ ʛʽʨʦʪʨʦʥʘ ʟ ʛʣʘʜʢʠʤʠ ʧʨʦʚʽʜʥʠʤʠ ʩʪʽʥʢʘʤʠ [50]. 

 

4.3. ɿʚ'ʷʟʦʢ ʘʟʠʤʫʪʘʣʴʥʠʭ ʛʘʨʤʦʥʽʢ 

ʗʢ ʟʘʟʥʘʯʘʣʦʩʷ ʚʠʱʝ ʚ ʨʦʟʜʽʣʽ 4.1, ʨʦʟʨʘʭʫʥʦʢ ʚʟʘʻʤʦʜʽʾ ʝʣʝʢʪʨʦʥʥʦʛʦ ʧʫʯʢʘ ʟ 

ʚʣʘʩʥʦʶ ʊɽ ʤʦʜʦʶ ʨʝʟʦʥʘʪʦʨʘ ʛʽʨʦʪʨʦʥʘ ʚʠʤʘʛʘʻ ʦʙʯʠʩʣʝʥʥʷ ʾʾ ʚʣʘʩʥʦʛʦ ʟʥʘʯʝʥʥʷ 

c, ʦʤʽʯʥʦʾ ʜʦʙʨʦʪʥʦʩʪʽ ohmQ  ʽ ʢʦʝʬʽʮʽʻʥʪʘ ʟʚ'ʷʟʢʫ 2

,n sC  ʟ ʧʫʯʢʦʤ. ʊʦʤʫ ʜʘʣʽ ʜʝʪʘʣʴʥʦ 

ʜʦʩʣʽʜʠʤʦ c, ohmQ  ʽ 2

,n sC  ʚ ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ ʧʘʨʘʤʝʪʨʽʚ ʛʦʬʨʦʚʘʥʦʛʦ ʨʝʟʦʥʘʪʦʨʘ. ʗʢ 

ʧʨʠʢʣʘʜ ʨʦʟʛʣʷʥʝʤʦ ʤʦʜʫ TE6,12 ( 6,12 44.35m º ) ʨʝʟʦʥʘʪʦʨʘ ʟ ʧʦʟʜʦʚʞʥʽʤʠ ʛʦʬʨʘʤʠ 

ʜʣʷ ʛʽʨʦʪʨʦʥʘ ʥʘ ʜʨʫʛʽʡ ʛʘʨʤʦʥʽʮʽ (2s= ) ʮʠʢʣʦʪʨʦʥʥʦʾ ʯʘʩʪʦʪʠ. ʈʝʟʦʥʘʪʦʨ ʛʽʨʦʪʨʦʥʘ 

ʚʠʛʦʪʦʚʣʝʥʠʡ ʟ ʤʽʜʽ ʟ ʧʨʦʚʽʜʥʽʩʪʶ 72.9 10s= Ö  ʉʤ/ʤ. ʁʦʛʦ ʩʪʨʫʢʪʫʨʘ ʧʨʝʜʩʪʘʚʣʝʥʘ 

ʥʘ ʨʠʩ. 4.3. ʆʩʥʦʚʥʫ ʫʚʘʛʫ ʟʦʩʝʨʝʜʠʤʦ ʥʘ ʦʩʥʦʚʥʽʡ (ʮʝʥʪʨʘʣʴʥʽʡ) ʩʝʢʮʽʾ ʛʦʬʨʦʚʘʥʦʛʦ 

ʨʝʟʦʥʘʪʦʨʘ ʟ ʧʦʩʪʽʡʥʠʤ ʨʘʜʽʫʩʦʤ 0.248 ʩʤ, ʚʩʝʨʝʜʠʥʽ ʷʢʦʾ ʚ ʦʩʥʦʚʥʦʤʫ ʽ ʚʽʜʙʫʚʘʻʪʴʩʷ 

ʚʟʘʻʤʦʜʽʷ ʤʦʜ ʨʝʟʦʥʘʪʦʨʘ ʟ ʝʣʝʢʪʨʦʥʥʠʤ ʧʫʯʢʦʤ. ɹʫʜʝʤʦ ʚʚʘʞʘʪʠ, ʱʦ ʛʦʬʨʠ ʤʘʶʪʴ 

ʦʜʥʘʢʦʚʫ ʛʣʠʙʠʥʫ ʽ ʰʠʨʠʥʫ, ʪʦʙʪʦ  w d= . ʊʘʢʠʡ ʚʠʜ ʛʦʬʨʽʚ ʟʘʟʚʠʯʘʡ ʻ ʥʘʡʙʽʣʴʰ 

ʧʨʦʩʪʠʤ ʜʣʷ ʚʠʛʦʪʦʚʣʝʥʥʷ. 

 

                                                                                   

                                                                                   

                                                                                   

                                                                                   

                                                                                   

                                                                                   

                                                                                   

ʈʠʩ. 4.3. ʇʦʟʜʦʚʞʥʽʡ ʪʘ ʧʦʧʝʨʝʯʥʠʡ ʧʝʨʝʨʽʟ ʮʠʣʽʥʜʨʠʯʥʦʛʦ ʛʦʬʨʦʚʘʥʦʛʦ ʨʝʟʦʥʘʪʦʨʘ. 
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ʅʘ ʨʠʩ. 4.4 ʧʦʢʘʟʘʥʠʡ ʚʧʣʠʚ ʛʣʠʙʠʥʠ ʛʦʬʨʘ d  ʥʘ ʯʘʩʪʦʪʫ ʚʽʜʩʽʯʢʠ cf  ʽ ʦʤʽʯʥʫ 

ʜʦʙʨʦʪʥʽʩʪʴ ohmQ , ʦʪʨʠʤʘʥʽ ʤʝʪʦʜʘʤʠ ʄʇɻ ʽ ɯʄ ʜʣʷ ʤʦʜʠ TE6,12. ʋ ʨʦʟʨʘʭʫʥʢʘʭ 

ʢʽʣʴʢʽʩʪʴ ʛʦʬʨʽʚ ʜʦʨʽʚʥʶʻ 60 ʽ ʟʘʜʦʚʦʣʴʥʷʻ ʫʤʦʚʽ 2N m mc> + >  (ʟʛʽʜʥʦ (2.42) ʽ 

(2.43)), ʷʢʘ ʻ ʚʽʜʦʤʠʤ ʝʤʧʽʨʠʯʥʠʤ ʢʨʠʪʝʨʽʻʤ ʟʘʩʪʦʩʦʚʥʦʩʪʽ ɯʄ [105]. ɺ ʮʴʦʤʫ 

ʚʠʧʘʜʢʫ ʚʣʘʩʥʝ ʟʥʘʯʝʥʥʷ ʤʦʜʠ TE6,12 ʚʽʜʧʦʚʽʜʘʻ 12-ʤʫ ʢʦʨʝʥʶ ʜʠʩʧʝʨʩʽʡʥʦʛʦ 

ʨʽʚʥʷʥʥʷ. ʍʦʯʘ ʫʤʦʚʘ N mc> +  ʚʠʢʦʥʫʻʪʴʩʷ, ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ ʩʫʪʪʻʚʘ ʨʦʟʙʽʞʥʽʩʪʴ 

ʤʽʞ ʄʇɻ ʽ ɯʄ ʚ ʨʘʡʦʥʽ 0 4 0.009d l= º  ʩʤ (ʜʠʚ. ʨʠʩ. 4.4). ʗʢ ʙʫʣʦ ʧʦʢʘʟʘʥʦ ʚ [2, 10] 

(ʜʠʚ. ʪʘʢʦʞ ʨʦʟʜʽʣ 2.2.2), ʮʷ ʨʦʟʙʽʞʥʽʩʪʴ ʧʦʚʽʣʴʥʦ ʟʤʝʥʰʫʻʪʴʩʷ ʟʽ ʟʙʽʣʴʰʝʥʥʷʤ N  ʽ 

ʧʦʷʩʥʶʻʪʴʩʷ ʟʚ'ʷʟʢʦʤ ʤʽʞ ʬʫʥʜʘʤʝʥʪʘʣʴʥʦʶ ʽ ʚʠʱʠʤʠ ʛʘʨʤʦʥʽʢʘʤʠ ɹʣʦʭʘ ʫ 

ʨʝʟʦʥʘʪʦʨʽ ʛʽʨʦʪʨʦʥʘ ʟ ʧʦʟʜʦʚʞʥʽʤʠ ʛʦʬʨʘʤʠ. ʋ ʛʦʬʨʦʚʘʥʦʤʫ ʨʝʟʦʥʘʪʦʨʽ ʪʘʢʠʡ 

ʟʚ'ʷʟʦʢ ʤʦʜ ʽʩʪʦʪʥʦ ʟʘʣʝʞʠʪʴ ʚʽʜ ʛʣʠʙʠʥʠ ʛʦʬʨʽʚ [4]. 

 

   

           ʘ          ʙ 

ʈʠʩ. 4.4. (a) ʏʘʩʪʦʪʘ ʚʽʜʩʽʯʢʠ ( )02cf c Rc p=  ʽ (ʙ) ʦʤʽʯʥʘ ʜʦʙʨʦʪʥʽʩʪʴ ohmQ  ʚ 

ʮʝʥʪʨʘʣʴʥʽʡ ʯʘʩʪʠʥʽ ʨʝʟʦʥʘʪʦʨʘ ʟ ʧʦʟʜʦʚʞʥʽʤʠ ʛʦʬʨʘʤʠ ʚ ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ ʛʣʠʙʠʥʠ 

ʛʦʬʨʘ d  ( 0( ) 0.248R z R= =  ʩʤ, 60N= ). 

 

ɿʘʟʚʠʯʘʡ ʟʚ'ʷʟʦʢ ʤʽʞ ʛʘʨʤʦʥʽʢʘʤʠ ɹʣʦʭʘ ʻ ʩʣʘʙʢʠʤ ʧʨʠ ʛʣʠʙʠʥʽ ʛʦʬʨʽʚ d , 

ʙʣʠʟʴʢʽʡ ʜʦ 0 2l  (ʧʦʣʦʚʠʥʠ ʜʦʚʞʠʥʠ ʭʚʠʣʽ), ʽ ʚʽʜʥʦʩʥʦ ʚʝʣʠʢʽʡ ʢʽʣʴʢʦʩʪʽ ʛʦʬʨʽʚ [4] 

(ʜʠʚ. ʪʘʢʦʞ ʨʦʟʜʽʣ 3.2). ɼʣʷ ʤʦʜʠ TE6,12 ʦʪʨʠʤʫʻʤʦ 0 2 0.019d l= º  ʩʤ. ʗʢ ʚʠʜʥʦ ʟ 
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ʨʠʩ. 4.4, ʜʣʷ ʪʘʢʦʾ ʛʣʠʙʠʥʠ ʛʦʬʨʘ ʯʘʩʪʦʪʘ ʚʽʜʩʽʯʢʠ ʤʦʜʠ TE6,12 ʛʦʬʨʦʚʘʥʦʛʦ 

ʨʝʟʦʥʘʪʦʨʘ ʥʘʙʣʠʞʘʻʪʴʩʷ ʜʦ 792.25 ɻɻʮ ʽ ʙʣʠʟʴʢʘ ʜʦ ʯʘʩʪʦʪʠ ʚʽʜʩʽʯʢʠ ʤʦʜʠ TE6,11 

( 6,11 41.18m º ) ʛʣʘʜʢʦʛʦ ʮʠʣʽʥʜʨʠʯʥʦʛʦ ʨʝʟʦʥʘʪʦʨʘ (0d= ). ʎʝ ʧʦʚ'ʷʟʘʥʦ ʟ ʪʠʤ, ʱʦ ʮʽ 

ʤʦʜʠ ʤʘʶʪʴ ʧʦʜʽʙʥʠʡ ʨʦʟʧʦʜʽʣ ʧʦʣʷ ʚʩʝʨʝʜʠʥʽ ʦʙʣʘʩʪʽ ʨʝʟʦʥʘʪʦʨʘ 00 r R¢ ¢  [4]. 

ʅʘ ʨʠʩ. 4.5 ʧʦʢʘʟʘʥʘ ʯʘʩʪʦʪʘ ʚʽʜʩʽʯʢʠ ʤʦʜʠ TE6,12 ʚ ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ ʢʽʣʴʢʦʩʪʽ 

ʛʦʬʨʽʚ N  ʜʣʷ 0 2 0.019d l= º  ʩʤ (ʜʠʚ. ʣʽʥʽʶ 6,11c m= ). ɺʠʜʥʦ, ʱʦ ʮʷ ʯʘʩʪʦʪʘ 

ʥʝʩʫʪʪʻʚʦ ʚʽʜʭʠʣʷʻʪʴʩʷ ʚʽʜ 792.25 ɻɻʮ ʽ ʥʘʙʣʠʞʝʥʦ ʟʘʜʦʚʦʣʴʥʷʻ ʫʤʦʚʽ 6,11c m=  ʜʣʷ 

ʙʫʜʴ-ʷʢʦʛʦ N. ɺʠʥʷʪʢʠ ʩʪʘʥʦʚʣʷʪʴ 33N=  ʽ 46N= . ʗʢ ʚʠʜʥʦ ʟ ʨʠʩ. 4.5 ʽ ʨʠʩ. 4.6a, 

ʜʣʷ ʪʘʢʦʛʦ N  ʯʘʩʪʦʪʘ ʚʽʜʩʽʯʢʠ cf  ʟʘʟʥʘʻ ʟʤʽʥʠ, ʷʢʘ ʧʦʚ'ʷʟʘʥʘ ʟ ʢʦʥʚʝʨʩʽʻʶ 

ʬʫʥʜʘʤʝʥʪʘʣʴʥʦʾ ʛʘʨʤʦʥʽʢʠ ɹʣʦʭʘ (ʤʦʜʘ TE6,12) ʚ ʙʽʣʴʰ ʚʠʩʦʢʽ ʛʘʨʤʦʥʽʢʠ. ʋ ʚʠʧʘʜʢʫ 

0 2d l=  ʪʘʢʘ ʢʦʥʚʝʨʩʽʷ ʤʦʜ ʪʘʢʦʞ ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ ʜʣʷ 12N= , 6, 4, 3, 2 ʽ 1 

(ʨʠʩ. 4.6a). ʋ ʮʴʦʤʫ ʚʠʧʘʜʢʫ, ʦʜʥʘʢ, ʛʦʬʨʠ ʥʘ ʩʪʽʥʮʽ ʨʝʟʦʥʘʪʦʨʘ ʚʠʢʣʠʢʘʶʪʴ ʟʚ'ʷʟʦʢ 

ʤʽʞ TE+6,12 ʤʦʜʦʶ ʟ ʧʨʘʚʦʶ ʢʨʫʛʦʚʦʶ ʧʦʣʷʨʠʟʘʮʽʻʶ ʽ TE-6,12 ʤʦʜʦʶ ʟ ʣʽʚʦʶ 

ʢʨʫʛʦʚʦʶ ʧʦʣʷʨʠʟʘʮʽʻʶ, ʷʢʽ ʤʘʶʪʴ ʦʜʥʘʢʦʚʽ ʚʣʘʩʥʽ ʟʥʘʯʝʥʥʷ. ʗʢ ʥʘʩʣʽʜʦʢ, ʪʘʢʘ 

ʢʦʥʚʝʨʩʽʷ ʤʦʜ ʥʝ ʚʧʣʠʚʘʻ ʥʘ ʚʣʘʩʥʽ ʯʘʩʪʦʪʠ ʨʝʟʦʥʘʪʦʨʘ (ʨʠʩ. 4.5). 

 

                                                                  

                                                                  

                                                                  

                                                                  

                                                                  

                                                                  

                                                                  

                                                                  

 

ʈʠʩ. 4.5. ʏʘʩʪʦʪʘ ʚʽʜʩʽʯʢʠ cf  ʚ ʮʝʥʪʨʘʣʴʥʽʡ ʯʘʩʪʠʥʽ ʛʦʬʨʦʚʘʥʦʛʦ ʨʝʟʦʥʘʪʦʨʘ ʚ 

ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ ʯʠʩʣʘ ʛʦʬʨʽʚ N  ʜʣʷ 0 2 0.019d l= º  ʩʤ (6m= , 0 0.248R =  ʩʤ). 
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ɺ ʤʽʨʫ ʪʦʛʦ, ʷʢ ʢʽʣʴʢʽʩʪʴ ʛʦʬʨʽʚ N  ʟʤʝʥʰʫʻʪʴʩʷ, ʘ nk  ʩʪʘʻ ʤʝʥʰʝ, ʥʽʞ c, 

ʢʽʣʴʢʽʩʪʴ ʛʘʨʤʦʥʽʢ ɹʣʦʭʘ ʚʠʩʦʢʦʛʦ ʧʦʨʷʜʢʫ (ʤʦʜ ,TE
nk l) ʚ ʦʢʦʣʽ 792.25 ɻɻʮ 

ʟʙʽʣʴʰʫʻʪʴʩʷ (ʨʠʩ. 4.5). ʆʜʥʘʢ, ʷʢ ʟʘʟʥʘʯʘʣʦʩʷ ʚʠʱʝ, ʮʝ, ʷʢ ʧʨʘʚʠʣʦ, ʥʽʷʢ ʥʝ 

ʧʦʟʥʘʯʘʻʪʴʩʷ ʥʘ ʦʙʨʘʥʽʡ ʤʦʜʽ TE6,12 ʧʨʠ 0 2d l= . ɹʽʣʴʰ ʪʦʛʦ, ʚ ʧʦʜʘʣʴʰʦʤʫ, ʱʦʙ 

ʟʘʙʝʟʧʝʯʠʪʠ ʥʘʡʙʽʣʴʰ ʩʠʣʴʥʠʡ ʟʚ'ʷʟʦʢ ʮʽʻʾ ʤʦʜʠ (ʬʫʥʜʘʤʝʥʪʘʣʴʥʦʾ ʛʘʨʤʦʥʽʢʠ ɹʣʦʭʘ) 

ʟ ʝʣʝʢʪʨʦʥʥʠʤ ʧʫʯʢʦʤ ʥʝʟʘʣʝʞʥʦ ʚʽʜ ʾʾ ʚʣʘʩʥʦʛʦ ʟʥʘʯʝʥʥʷ c, ʤʠ, ʚʘʨʽʶʶʯʠ ʨʘʜʽʫʩ 

ʧʫʯʢʘ cr , ʙʫʜʝʤʦ ʧʽʜʪʨʠʤʫʚʘʪʠ ʟʥʘʯʝʥʥʷ 0cr Rc  ʧʦʩʪʽʡʥʠʤ ʽ ʙʣʠʟʴʢʠʤ ʜʦ 

ʤʘʢʩʠʤʫʤʫ ʬʫʥʢʮʽʾ ( )2

6 2 0cJ r Rc-  (ʽ ʢʦʝʬʽʮʽʻʥʪʘ ʟʚ'ʷʟʢʫ 2

0,2C ). ʇʨʠ ʪʘʢʦʤʫ ʨʘʜʽʫʩʽ 

ʧʫʯʢʘ ʤʦʜʠ ,TE
nk l  ʤʘʶʪʴ ʩʣʘʙʢʠʡ ʟʚ'ʷʟʦʢ ʽʟ ʝʣʝʢʪʨʦʥʥʠʤ ʧʫʯʢʦʤ, ʢʦʣʠ nk m>  

( 2N m n> ). ʎʝ ʚʠʜʥʦ ʟ ʨʠʩ. 4.6ʙ, ʥʘ ʷʢʦʤʫ ʧʦʢʘʟʘʥʽ ʟʘʣʝʞʥʦʩʪʽ ʤʘʢʩʠʤʘʣʴʥʠʭ 

ʢʦʝʬʽʮʽʻʥʪʽʚ ʟʚ'ʷʟʢʫ ʧʫʯʢʘ ʟ ʭʚʠʣʝʶ { }2

,maxs n sC C=  ʚʽʜ N  ʜʣʷ ʤʦʜʠ TE6,12 (ʩʠʥʽ 

ʢʨʫʞʢʠ) ʽ ʨʝʰʪʠ ʤʦʜ (ʯʝʨʚʦʥʽ ʟʽʨʢʠ) ʟ ʚʣʘʩʥʠʤʠ ʟʥʘʯʝʥʥʷʤʠ, ʷʢʽ ʟʥʘʭʦʜʷʪʴʩʷ ʫ 

ʜʽʘʧʘʟʦʥʽ 6,11 2c m p- <  (ʜʠʚ. ʨʠʩ. 4.5). ʗʢ ʚʠʜʥʦ ʟ ʨʠʩ. 4.6ʙ, ʩʝʨʝʜ ʮʠʭ ʤʦʜ ʤʦʜʘ 

TE6,12 ʤʘʻ ʥʘʡʙʽʣʴʰ ʩʠʣʴʥʠʡ ʟʚ'ʷʟʦʢ ʟ ʝʣʝʢʪʨʦʥʥʠʤ ʧʫʯʢʦʤ. ɰʾ ʢʦʝʬʽʮʽʻʥʪ ʟʚ'ʷʟʢʫ ʟ 

ʧʫʯʢʦʤ ʤʘʻ ʧʨʠʙʣʠʟʥʦ ʪʘʢʫ ʞ ʚʝʣʠʯʠʥʫ, ʷʢ ʽ ʜʣʷ ʤʦʜʠ TE6,11 ʛʣʘʜʢʦʛʦ ʮʠʣʽʥʜʨʠʯʥʦʛʦ 

ʨʝʟʦʥʘʪʦʨʘ ((0)

s sC Cº ), ʽ ʧʦʚʽʣʴʥʦ ʟʤʝʥʰʫʻʪʴʩʷ ʟʽ ʟʨʦʩʪʘʥʥʷʤ ʯʠʩʣʘ ʛʦʬʨʽʚ N  

ʚʥʘʩʣʽʜʦʢ ʟʙʽʣʴʰʝʥʥʷ ʧʦʪʦʢʫ ʝʥʝʨʛʽʾ cP  ʚʟʜʦʚʞ ʧʦʟʜʦʚʞʥʽʭ ʛʦʬʨʽʚ ʨʝʟʦʥʘʪʦʨʘ (ʜʠʚ. 

(4.8)). ʋ ʜʝʷʢʠʭ ʚʠʧʘʜʢʘʭ, ʦʧʠʩʘʥʠʭ ʚʠʱʝ, ʮʝʡ ʟʚ'ʷʟʦʢ ʤʦʞʝ ʙʫʪʠ ʜʦʜʘʪʢʦʚʦ 

ʦʩʣʘʙʣʝʥʠʡ ʯʝʨʝʟ ʢʦʥʚʝʨʩʽʶ ʤʦʜ. 

ɺʽʜʦʤʦ, ʱʦ ʜʣʷ ʟʚʠʯʘʡʥʠʭ ʮʠʣʽʥʜʨʠʯʥʠʭ ʨʝʟʦʥʘʪʦʨʽʚ ʟ ʤʝʪʘʣʝʚʦʶ ʩʪʽʥʢʦʶ 

ʦʤʽʯʥʘ ʜʦʙʨʦʪʥʽʩʪʴ ʤʦʜʠ TEm,p ʜʦʨʽʚʥʶʻ ( )2

0 ,

(0) 21 mohm s pQ R md mº -  [126] ʽ, ʦʪʞʝ, ʚ 

ʦʩʥʦʚʥʦʤʫ ʚʠʟʥʘʯʘʻʪʴʩʷ ʧʦʧʝʨʝʯʥʠʤʠ ʨʦʟʤʽʨʘʤʠ ʧʦʚʝʨʭʥʽ ʨʝʟʦʥʘʪʦʨʘ. ʆʯʝʚʠʜʥʦ, 

ʱʦ ʧʦʟʜʦʚʞʥʽ ʛʦʬʨʠ ʥʘ ʩʪʽʥʮʽ ʟʙʽʣʴʰʫʶʪʴ ʧʣʦʱʫ ʧʨʦʚʽʜʥʦʾ ʧʦʚʝʨʭʥʽ ʨʝʟʦʥʘʪʦʨʘ 

ʛʽʨʦʪʨʦʥʘ. ʊʦʤʫ ʦʤʽʯʥʽ ʚʪʨʘʪʠ ʫ ʛʦʬʨʦʚʘʥʦʤʫ ʨʝʟʦʥʘʪʦʨʽ ʛʽʨʦʪʨʦʥʘ, ʷʢ ʧʨʘʚʠʣʦ, 

ʚʠʱʽ, ʥʽʞ ʚ ʮʠʣʽʥʜʨʠʯʥʦʤʫ ʨʝʟʦʥʘʪʦʨʽ (ʨʠʩ. 4.4ʙ), ʽ ʟʙʽʣʴʰʫʶʪʴʩʷ ʟʽ ʟʨʦʩʪʘʥʥʷʤ 

ʯʠʩʣʘ ʛʦʬʨʽʚ [3, 4, 71, 86]. ɼʣʷ ʤʦʜʠ TE6,12 ʪʘʢʘ ʧʦʚʝʜʽʥʢʘ ʦʤʽʯʥʦʾ ʜʦʙʨʦʪʥʦʩʪʽ 

ʧʦʢʘʟʘʥʘ ʥʘ ʨʠʩ. 4.7. ʋ ʧʦʨʽʚʥʷʥʥʽ ʟ ʮʽʻʶ ʤʦʜʦʶ, ʛʘʨʤʦʥʽʢʠ ɹʣʦʭʘ ʙʽʣʴʰ ʚʠʩʦʢʦʛʦ 
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ʧʦʨʷʜʢʫ ʤʘʶʪʴ ʙʽʣʴʰ ʥʠʟʴʢʽ ʟʥʘʯʝʥʥʷ ʦʤʽʯʥʦʾ ʜʦʙʨʦʪʥʦʩʪʽ ʜʣʷ 6nk m nN= + >. ʎʝ ʽ 

ʻ ʧʨʠʯʠʥʦʶ ʪʦʛʦ, ʱʦ ʦʤʽʯʥʘ ʜʦʙʨʦʪʥʽʩʪʴ ʧʘʜʘʻ ʧʨʠ ʢʦʥʚʝʨʩʽʾ ʬʫʥʜʘʤʝʥʪʘʣʴʥʦʾ 

ʛʘʨʤʦʥʽʢʠ ʚ ʛʘʨʤʦʥʽʢʠ ɹʣʦʭʘ ʙʽʣʴʰ ʚʠʩʦʢʦʛʦ ʧʦʨʷʜʢʫ ʫ ʚʠʧʘʜʢʫ 33N=  ʘʙʦ 46N=  

(ʨʠʩ. 4.7). ʗʢ ʧʦʢʘʟʘʥʦ ʚʠʱʝ, ʜʣʷ 0 2d l=  ʪʘʢʘ ʢʦʥʚʝʨʩʽʷ ʤʦʜ ʫ ʨʝʟʦʥʘʪʦʨʽ ʛʽʨʦʪʨʦʥʘ 

ʟ ʧʦʟʜʦʚʞʥʽʤʠ ʛʦʬʨʘʤʠ ʥʘ ʩʪʽʥʮʽ ʻ ʩʢʦʨʽʰʝ ʚʠʥʷʪʢʦʤ, ʥʽʞ ʧʨʘʚʠʣʦʤ. 

 

   

    ʘ       ʙ 

ʈʠʩ. 4.6. (a) ʅʦʨʤʦʚʘʥʽ ʘʤʧʣʽʪʫʜʠ na  n-ʠʭ ʛʘʨʤʦʥʽʢ ɹʣʦʭʘ ʜʣʷ ʤʦʜʠ ʊɽ6,12 ʽ (ʙ) 

ʥʦʨʤʦʚʘʥʽ ʤʘʢʩʠʤʘʣʴʥʽ ʢʦʝʬʽʮʽʻʥʪʠ ʟʚ'ʷʟʢʫ (0)

s sC C  ʟ ʝʣʝʢʪʨʦʥʥʠʤ ʧʫʯʢʦʤ ʜʣʷ ʤʦʜʠ 

ʊɽ6,12 ʽ ʤʦʜ ,TE
nk l  ʚ ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ ʯʠʩʣʘ ʛʦʬʨʽʚ N, ʜʝ sC  ʜʦʨʽʚʥʶʻ (0)

sC  ʧʨʠ 0d=  

( 0 0.248R =  ʩʤ, 0 2 0.019d l= º  ʩʤ, 0cr R constc = ). 

 

ʆʜʥʘʢ ʜʣʷ ʛʦʬʨʽʚ ʟ ʛʣʠʙʠʥʦʶ, ʱʦ ʜʦʨʽʚʥʶʻ ʯʚʝʨʪʽ ʜʦʚʞʠʥʠ ʭʚʠʣʽ (0 4d l= ), 

ʩʠʪʫʘʮʽʷ ʩʪʘʻ ʟʦʚʩʽʤ ʽʥʰʦʶ [4]. ʋ ʮʴʦʤʫ ʚʠʧʘʜʢʫ, ʷʢ ʧʨʘʚʠʣʦ, ʫ ʛʦʬʨʦʚʘʥʦʤʫ 

ʨʝʟʦʥʘʪʦʨʽ ʛʽʨʦʪʨʦʥʘ ʯʠʩʪʽ ʤʦʜʠ TE6,12 ʽ ,TE
nk l  ʚʽʜʩʫʪʥʽ, ʘ ʚʣʘʩʥʽ ʤʦʜʠ ʤʘʶʪʴ ʚʠʛʣʷʜ 

ʟʚ'ʷʟʘʥʠʭ ʛʘʨʤʦʥʽʢ ɹʣʦʭʘ. ʆʯʝʚʠʜʥʠʤ ʚʠʥʷʪʢʦʤ ʻ ʛʨʘʥʠʯʥʠʡ ʚʠʧʘʜʦʢ N­¤, ʚ 

ʷʢʦʤʫ ʟʚ'ʷʟʦʢ ʤʦʜ ʥʘʙʣʠʞʘʻʪʴʩʷ ʜʦ ʥʫʣʷ, ʘ ʨʝʟʫʣʴʪʘʪʠ ʤʝʪʦʜʫ ʄʇɻ ʩʪʘʶʪʴ 

ʙʣʠʟʴʢʠʤʠ ʜʦ ʨʝʟʫʣʴʪʘʪʽʚ ɯʄ. ɺ ʮʴʦʤʫ ʚʠʧʘʜʢʫ 0 1a­ , 0na­  ( 0n¸ ) ʽ 6,11c g­  ʜʣʷ 

0 4d l=  [10, 71, 86], ʜʝ ,m pg  ï p -ʠʡ ʢʦʨʽʥʴ ʬʫʥʢʮʽʾ ɹʝʩʩʝʣʷ ()mJ Ö (ʜʠʚ. ʨʠʩ. 4.4ʘ). ɺ 
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ʨʝʟʫʣʴʪʘʪʽ ʜʣʷ 0 4 0.009d l= º  ʩʤ ʽ N­¤ ʤʘʻʤʦ ʯʠʩʪʫ ʤʦʜʫ TE6,12 ʛʦʬʨʦʚʘʥʦʛʦ 

ʨʝʟʦʥʘʪʦʨʘ ʟ ʯʘʩʪʦʪʦʶ ʚʽʜʩʽʯʢʠ 823.03 ɻɻʮ (6,11c g= ). 

 

                                                              

                                                              

                                                              

                                                              

                                                              

                                                              

                                                              

                                                              

ʈʠʩ. 4.7. ʅʦʨʤʦʚʘʥʘ ʦʤʽʯʥʘ ʜʦʙʨʦʪʥʽʩʪʴ 
()0

ohm ohmQ Q  ʤʦʜʠ ʊɽ6,12 ʚ ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ ʯʠʩʣʘ 

ʛʦʬʨʽʚ N  ʜʣʷ 0 2 0.019d l= º  ʩʤ (0 0.248R =  ʩʤ). 

 

ʊʝʧʝʨ ʜʦʩʣʽʜʠʤʦ ʟʚ'ʷʟʘʥʽ ʤʦʜʠ ʛʦʬʨʦʚʘʥʦʛʦ ʨʝʟʦʥʘʪʦʨʘ ʛʽʨʦʪʨʦʥʘ ʚ ʦʢʦʣʽ 

ʯʘʩʪʦʪʠ 823.03 ɻɻʮ, ʜʣʷ ʷʢʠʭ ʚʣʘʩʥʽ ʟʥʘʯʝʥʥʷ ʟʘʜʦʚʦʣʴʥʷʶʪʴ ʫʤʦʚʽ 6,11 2c g p- <  

ʧʨʠ 0 4 0.009d l= º  ʩʤ ʽ 6m= . ʅʘ ʨʠʩ. 4.8 ʧʦʢʘʟʘʥʽ ʯʘʩʪʦʪʠ ʚʽʜʩʽʯʢʠ ʮʠʭ ʤʦʜ ʚ 

ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ ʢʽʣʴʢʦʩʪʽ ʛʦʬʨʽʚ. ʗʢ ʽ ʨʘʥʽʰʝ, ʤʦʞʥʘ ʧʦʙʘʯʠʪʠ, ʱʦ ʢʽʣʴʢʽʩʪʴ ʟʚ'ʷʟʘʥʠʭ 

ʤʦʜ ʟʙʽʣʴʰʫʻʪʴʩʷ ʟʽ ʟʤʝʥʰʝʥʥʷʤ ʢʽʣʴʢʦʩʪʽ ʛʦʬʨʽʚ. ʆʜʥʘʢ, ʥʘ ʚʽʜʤʽʥʫ ʚʽʜ ʥʘʚʝʜʝʥʠʭ 

ʚʠʱʝ ʨʝʟʫʣʴʪʘʪʽʚ, ʚ ʮʴʦʤʫ ʚʠʧʘʜʢʫ ʟʚ'ʷʟʦʢ ʚʣʘʩʥʠʭ ʤʦʜ ʨʝʟʦʥʘʪʦʨʘ ʟ ʝʣʝʢʪʨʦʥʥʠʤ 

ʧʫʯʢʦʤ, ʷʢ ʧʨʘʚʠʣʦ, ʧʦʤʽʪʥʦ ʩʣʘʙʢʽʰʠʡ, ʥʽʞ ʜʣʷ ʤʦʜʠ TE6,11 ʛʣʘʜʢʦʛʦ ʮʠʣʽʥʜʨʠʯʥʦʛʦ 

ʨʝʟʦʥʘʪʦʨʘ, ʥʘʚʽʪʴ ʧʨʠ ʧʦʨʽʚʥʷʥʦ ʚʝʣʠʢʽʡ ʢʽʣʴʢʦʩʪʽ ʛʦʬʨʽʚ. ʎʝ ʧʦʷʩʥʶʻʪʴʩʷ ʪʠʤ, ʱʦ 

ʤʦʜʠ ʨʝʟʦʥʘʪʦʨʘ ʤʽʩʪʷʪʴ ʛʘʨʤʦʥʽʢʠ ɹʣʦʭʘ ʚʠʩʦʢʦʛʦ ʧʦʨʷʜʢʫ, ʷʢʽ ʚ ʧʦʨʽʚʥʷʥʥʽ ʟ 

ʬʫʥʜʘʤʝʥʪʘʣʴʥʦʶ ʛʘʨʤʦʥʽʢʦʶ ʤʘʶʪʴ ʙʽʣʴʰ ʩʣʘʙʢʠʡ ʟʚ'ʷʟʦʢ ʟ ʝʣʝʢʪʨʦʥʥʠʤ ʧʫʯʢʦʤ 

ʧʨʠ ʦʙʨʘʥʦʤʫ ʨʘʜʽʫʩʽ ʧʫʯʢʘ cr . ʉʝʨʝʜ ʥʠʭ ʜʣʷ ʢʦʞʥʦʛʦ N  ʤʠ ʦʙʝʨʝʤʦ ʤʦʜʫ, ʷʢʘ ʤʘʻ 

ʤʘʢʩʠʤʘʣʴʥʠʡ ʢʦʝʬʽʮʽʻʥʪ ʟʚ'ʷʟʢʫ { }2

,maxs n sC C=  ʟ ʧʫʯʢʦʤ. ʏʘʩʪʦʪʠ ʚʽʜʩʽʯʢʠ cf  ʽ 

ʢʦʝʬʽʮʽʻʥʪʠ ʟʚ'ʷʟʢʫ sC  ʪʘʢʠʭ ʤʦʜ ʧʦʢʘʟʘʥʽ ʥʘ ʨʠʩ. 4.8ʙ ʽ ʨʠʩ. 4.9ʘ, ʚʽʜʧʦʚʽʜʥʦ. 
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ʈʠʩ. 4.8. (a) ʊʝ ʞ, ʱʦ ʥʘ ʨʠʩ. 4.5, ʘʣʝ ʜʣʷ 0 4 0.009d l= º  ʩʤ, ʽ (ʙ) ʯʘʩʪʦʪʠ ʚʽʜʩʽʯʢʠ 

cf  ʤʦʜ ʨʝʟʦʥʘʪʦʨʘ, ʱʦ ʭʘʨʘʢʪʝʨʠʟʫʶʪʴʩʷ ʤʘʢʩʠʤʘʣʴʥʠʤʠ ʢʦʝʬʽʮʽʻʥʪʘʤʠ ʟʚ'ʷʟʢʫ ʟ 

ʝʣʝʢʪʨʦʥʥʠʤ ʧʫʯʢʦʤ ʜʣʷ ʢʦʞʥʦʛʦ N . 

 

ʅʘ ʨʠʩ. 4.9ʙ ʧʦʢʘʟʘʥʦ ʚʧʣʠʚ ʛʦʬʨʽʚ ʟ ʛʣʠʙʠʥʦʶ, ʷʢʘ ʜʦʨʽʚʥʶʻ ʯʚʝʨʪʽ ʜʦʚʞʠʥʠ 

ʭʚʠʣʽ, ʥʘ ʟʥʘʯʝʥʥʷ ʦʤʽʯʥʦʾ ʜʦʙʨʦʪʥʦʩʪʽ ʜʣʷ ʤʦʜ ʨʝʟʦʥʘʪʦʨʘ, ʱʦ ʤʘʶʪʴ ʤʘʢʩʠʤʘʣʴʥʽ 

ʢʦʝʬʽʮʽʻʥʪʠ ʟʚ'ʷʟʢʫ ʟ ʝʣʝʢʪʨʦʥʥʠʤ ʧʫʯʢʦʤ ʜʣʷ ʢʦʞʥʦʛʦ N. ʇʦ-ʧʝʨʰʝ, ʩʣʽʜ 

ʟʘʟʥʘʯʠʪʠ, ʱʦ ʪʘʢʽ ʛʦʬʨʠ ʧʨʠʟʚʦʜʷʪʴ ʜʦ ʚʝʣʠʢʠʭ ʦʤʽʯʥʠʭ ʚʪʨʘʪ, ʥʘʚʽʪʴ ʢʦʣʠ ʟʚ'ʷʟʦʢ 

ʛʘʨʤʦʥʽʢ ɹʣʦʭʘ ʻ ʩʣʘʙʢʠʤ (ʜʠʚ. ʨʠʩ. 4.4ʙ). ʇʦ-ʜʨʫʛʝ, ʚ ʤʽʨʫ ʧʦʩʠʣʝʥʥʷ ʟʚ'ʷʟʢʫ 

ʛʘʨʤʦʥʽʢ ɹʣʦʭʘ ʩʪʘʻ ʚʩʝ ʚʘʞʯʝ ʽ ʚʘʞʯʝ ʚʠʷʚʠʪʠ ʙʫʜʴ-ʷʢʽ ʟʘʢʦʥʦʤʽʨʥʦʩʪʽ ʚ ʧʦʚʝʜʽʥʮʽ 

ʦʤʽʯʥʠʭ ʜʦʙʨʦʪʥʦʩʪʝʡ ʜʣʷ ʤʦʜ ʛʦʬʨʦʚʘʥʦʛʦ ʨʝʟʦʥʘʪʦʨʘ, ʷʢʽ ʤʘʶʪʴ ʢʦʤʧʣʝʢʩʥʠʡ 

ʩʢʣʘʜ ʟ ʨʽʟʥʠʭ ʛʘʨʤʦʥʽʢ ɹʣʦʭʘ. ʋ ʪʦʡ ʞʝ ʯʘʩ ʤʦʞʥʘ ʩʪʚʝʨʜʞʫʚʘʪʠ ʟ ʜʦʩʪʘʪʥʴʦʶ 

ʚʧʝʚʥʝʥʽʩʪʶ, ʱʦ ʮʽ ʜʦʙʨʦʪʥʦʩʪʽ ʥʠʞʯʝ, ʥʽʞ ʦʤʽʯʥʘ ʜʦʙʨʦʪʥʽʩʪʴ ʤʦʜʠ TE6,12 

ʛʦʬʨʦʚʘʥʦʛʦ ʨʝʟʦʥʘʪʦʨʘ ʛʽʨʦʪʨʦʥʘ ʧʨʠ 0 2d l=  (ʜʠʚ. ʨʠʩ. 4.7). 

ʋ ʥʘʩʪʫʧʥʦʤʫ ʧʽʜʨʦʟʜʽʣʽ ʤʠ ʜʦʩʣʽʜʠʤʦ ʚʧʣʠʚ ʛʦʬʨʽʚ ʟ ʛʣʠʙʠʥʦʶ, ʷʢʘ ʜʦʨʽʚʥʶʻ 

ʧʦʣʦʚʠʥʽ ʽ ʯʚʝʨʪʽ ʜʦʚʞʠʥʠ ʭʚʠʣʽ, ʥʘ ʩʪʘʨʪʦʚʽ ʩʪʨʫʤʠ ʊɽ-ʤʦʜ ʨʝʟʦʥʘʪʦʨʘ ʛʽʨʦʪʨʦʥʘ. 

ɼʣʷ ʢʦʞʥʦʛʦ ʚʘʨʽʘʥʪʘ ʛʦʬʨʫʚʘʥʥʷ ʤʠ ʙʫʜʝʤʦ ʨʦʟʛʣʷʜʘʪʠ ʜʚʘ ʚʠʧʘʜʢʠ 44N=  ʽ 

19N= , ʷʢʽ ʚʽʜʧʦʚʽʜʘʶʪʴ ʧʦʨʽʚʥʷʥʦ ʚʝʣʠʢʽʡ ʽ ʤʘʣʽʡ ʢʽʣʴʢʦʩʪʽ ʛʦʬʨʽʚ, ʚʽʜʧʦʚʽʜʥʦ. ʎʽ 

ʟʥʘʯʝʥʥʷ ʧʦʢʘʟʘʥʽ ʚʝʨʪʠʢʘʣʴʥʠʤʠ ʟʝʣʝʥʠʤʠ ʣʽʥʽʷʤʠ ʥʘ ʨʠʩ. 4.5-4.9. 
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ʈʠʩ. 4.9. (a) ʅʦʨʤʦʚʘʥʽ ʢʦʝʬʽʮʽʻʥʪʠ ʟʚ'ʷʟʢʫ ʟ ʝʣʝʢʪʨʦʥʥʠʤ ʧʫʯʢʦʤ { }2

,maxs n sC C=  ʽ 

(ʙ) ʦʤʽʯʥʘ ʜʦʙʨʦʪʥʽʩʪʴ ohmQ  ʚ ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ ʯʠʩʣʘ ʛʦʬʨʽʚ N  ʜʣʷ ʤʦʜ ʨʝʟʦʥʘʪʦʨʘ, 

ʟʦʙʨʘʞʝʥʠʭ ʥʘ ʨʠʩ. 4.8ʙ (6m= , 0 0.248R =  ʩʤ, 0 4 0.009d l= º  ʩʤ). 

 

4.4. ɺʧʣʠʚ ʢʦʥʚʝʨʩʽʾ ʤʦʜ ʥʘ ʩʪʘʨʪʦʚʽ ʩʪʨʫʤʠ ʛʽʨʦʪʨʦʥʘ 

ʈʦʟʛʣʷʥʝʤʦ ʛʽʨʦʪʨʦʥ, ʷʢʠʡ ʧʨʘʮʶʻ ʥʘ ʜʨʫʛʽʡ ʮʠʢʣʦʪʨʦʥʥʽʡ ʛʘʨʤʦʥʽʮʽ ʽ 

ʦʩʥʘʱʝʥʠʡ ʛʦʬʨʦʚʘʥʠʤ ʤʽʜʥʠʤ ʨʝʟʦʥʘʪʦʨʦʤ. ʉʪʨʫʢʪʫʨʘ ʨʝʟʦʥʘʪʦʨʘ ʧʨʝʜʩʪʘʚʣʝʥʘ ʥʘ 

ʨʠʩ. 4.3. ʇʘʨʘʤʝʪʨʠ ʧʫʯʢʘ ï ʧʽʪʯ-ʬʘʢʪʦʨ 1.2a= , ʥʘʧʨʫʛʘ ʧʫʯʢʘ 30bV =  ʢɺ ʽ ʩʪʨʫʤ 

ʧʫʯʢʘ 0.5bI =  ɸ. ɿʘ ʚʽʜʩʫʪʥʦʩʪʽ ʛʦʬʨʽʚ ʛʽʨʦʪʨʦʥ ʧʨʘʮʶʻ ʥʘ ʤʦʜʽ ʊɽ6,11 ʟ ʯʘʩʪʦʪʦʶ 

ʙʽʣʷ 792.3 ɻɻʮ. ɼʣʷ ʮʽʻʾ ʤʦʜʠ ʨʦʟʧʦʜʽʣ ʧʦʣʷ ʚ ʧʦʧʝʨʝʯʥʦʤʫ ʧʝʨʝʨʽʟʽ ʮʝʥʪʨʘʣʴʥʦʾ 

ʯʘʩʪʠʥʠ ʨʝʟʦʥʘʪʦʨʘ ʧʦʢʘʟʘʥʠʡ ʥʘ ʨʠʩ. 4.10ʘ. 

ʅʘ ʨʠʩ. 4.11ʘ ʧʦʢʘʟʘʥʠʡ ʩʪʘʨʪʦʚʠʡ ʩʪʨʫʤ stI  ʨʦʙʦʯʦʾ ʤʦʜʠ ʚ ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ 

ʤʘʛʥʽʪʥʦʛʦ ʧʦʣʷ 0B . ɺʠʜʥʦ, ʱʦ ʩʪʘʨʪʦʚʠʡ ʩʪʨʫʤ ʟʥʘʭʦʜʠʪʴʩʷ ʥʠʞʯʝ ʨʦʙʦʯʦʛʦ 

ʩʪʨʫʤʫ ʧʫʯʢʘ ʚ ʜʽʘʧʘʟʦʥʽ ʚʽʜ 14.88 ʊʣ ʜʦ 15.05 ʊʣ, ʱʦ ʩʪʚʦʨʶʻ ʤʦʞʣʠʚʽʩʪʴ ʜʣʷ 

ʥʝʧʝʨʝʨʚʥʦʾ ʧʝʨʝʙʫʜʦʚʠ ʯʘʩʪʦʪʠ ʛʽʨʦʪʨʦʥʘ ʟ ʰʠʨʠʥʦʶ ʩʤʫʛʠ 0.5 ɻɻʮ. 

ʇʨʠ 44N=  ʽ 19N=  ʚʧʣʠʚ ʧʦʟʜʦʚʞʥʽʭ ʛʦʬʨʽʚ ʟ ʛʣʠʙʠʥʦʶ, ʷʢʘ ʜʦʨʽʚʥʶʻ 

ʧʦʣʦʚʠʥʽ ʜʦʚʞʠʥʠ ʭʚʠʣʽ, ʥʘ ʩʪʘʨʪʦʚʠʡ ʩʪʨʫʤ ʪʘʢʦʞ ʧʦʢʘʟʘʥʠʡ ʥʘ ʨʠʩ. 4.11ʘ. ʗʢ 

ʚʠʜʥʦ ʟ ʮʴʦʛʦ ʨʠʩʫʥʢʘ, ʪʘʢʽ ʛʦʬʨʠ ʚʠʢʣʠʢʘʶʪʴ ʥʝʚʝʣʠʢʝ ʟʙʽʣʴʰʝʥʥʷ ʩʪʘʨʪʦʚʦʛʦ 

ʩʪʨʫʤʫ ʨʦʙʦʯʦʾ ʤʦʜʠ. ʎʝʡ ʝʬʝʢʪ ʤʘʻ ʩʠʣʴʥʽʰʠʡ ʧʨʦʷʚ ʧʨʠ ʟʙʽʣʴʰʝʥʥʽ ʯʠʩʣʘ ʛʦʬʨʽʚ ʽ 

ʧʦʷʩʥʶʻʪʴʩʷ ʟʨʦʩʪʘʥʥʷʤ ʧʦʪʦʢʫ ʝʥʝʨʛʽʾ cP  ʽ ʦʤʽʯʥʠʭ ʚʪʨʘʪ ʫ ʛʦʬʨʦʚʘʥʦʤʫ ʨʝʟʦʥʘʪʦʨʽ 
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(ʜʠʚ. ʨʠʩ.4.6 ʙ ʽ ʨʠʩ. 4.7). ʗʢ ʥʘʩʣʽʜʦʢ, ʤʦʞʥʘ ʪʘʢʦʞ ʦʯʽʢʫʚʘʪʠ ʟʥʠʞʝʥʥʷ ʂʂɼ ʪʘ 

ʚʠʭʽʜʥʦʾ ʧʦʪʫʞʥʦʩʪʽ ʜʘʥʦʛʦ ʛʽʨʦʪʨʦʥʘ [50], ʚʠʢʣʠʢʘʥʝ ʟʨʦʩʪʘʥʥʷʤ ʦʤʽʯʥʠʭ ʚʪʨʘʪ ʫ 

ʨʝʟʦʥʘʪʦʨʽ ʧʨʠ ʚʠʢʦʨʠʩʪʘʥʽ ʛʦʬʨʽʚ. ɺʘʨʪʦ ʟʘʟʥʘʯʠʪʠ, ʱʦ ʫ ʚʠʧʘʜʢʫ 0 2d l=  ʟʚ'ʷʟʦʢ 

ʤʽʞ ʛʘʨʤʦʥʽʢʘʤʠ ɹʣʦʭʘ ʻ ʚʢʨʘʡ ʩʣʘʙʢʠʤ ʷʢ ʧʨʠ 19N= , ʪʘʢ ʽ ʧʨʠ 44N=  (ʨʠʩ. 4.6ʘ). 

ʋ ʮʴʦʤʫ ʚʠʧʘʜʢʫ ʨʦʙʦʯʘ ʤʦʜʘ ʛʽʨʦʪʨʦʥʘ ʤʘʻ ʚʠʛʣʷʜ ʤʘʡʞʝ ʯʠʩʪʦʾ ʤʦʜʠ TE6,12 

ʛʦʬʨʦʚʘʥʦʛʦ ʨʝʟʦʥʘʪʦʨʘ (ʨʠʩ. 4.10ʙ), ʘ ʩʫʩʽʜʥʽ ʤʦʜʠ ,TE
nk l  ʭʘʨʘʢʪʝʨʠʟʫʶʪʴʩʷ 

ʚʠʩʦʢʠʤʠ ʩʪʘʨʪʦʚʠʤʠ ʩʪʨʫʤʘʤʠ ʯʝʨʝʟ ʩʣʘʙʢʠʡ ʟʚ'ʷʟʦʢ ʟ ʝʣʝʢʪʨʦʥʥʠʤ ʧʫʯʢʦʤ 

(ʨʠʩ. 4.6ʙ). 

 

 

  ʘ         ʙ     ʚ 

ʈʠʩ. 4.10. ʈʦʟʧʦʜʽʣ ʘʟʠʤʫʪʘʣʴʥʦʛʦ ʝʣʝʢʪʨʠʯʥʦʛʦ ʧʦʣʷ Ej  ʜʣʷ (a) ʤʦʜʠ TE6,11 

ʛʣʘʜʢʦʛʦ ʨʝʟʦʥʘʪʦʨʘ, (ʙ) ʽ (ʚ) ʤʦʜ ʛʦʬʨʦʚʘʥʦʛʦ ʨʝʟʦʥʘʪʦʨʘ ʟ 19-ʘ ʛʦʬʨʘʤʠ ʪʘ 

ʛʣʠʙʠʥʦʶ d, ʱʦ ʜʦʨʽʚʥʶʻ ʧʦʣʦʚʠʥʽ ʽ ʯʚʝʨʪʽ ʜʦʚʞʠʥʠ ʭʚʠʣʽ, ʚʽʜʧʦʚʽʜʥʦ 

( 0 0.248R =  ʩʤ). 

 

ʗʢ ʟʘʟʥʘʯʘʣʦʩʷ ʚʠʱʝ, ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʚʣʘʩʥʠʭ ʤʦʜ ʩʪʘʶʪʴ ʟʦʚʩʽʤ ʽʥʰʠʤʠ ʜʣʷ 

ʛʦʬʨʦʚʘʥʦʛʦ ʨʝʟʦʥʘʪʦʨʘ ʟ ʛʣʠʙʠʥʦʶ ʛʦʬʨʽʚ, ʷʢʘ ʜʦʨʽʚʥʶʻ ʯʚʝʨʪʽ ʜʦʚʞʠʥʠ ʭʚʠʣʽ. 

ʄʦʜʠ ʚ ʪʘʢʦʤʫ ʨʝʟʦʥʘʪʦʨʽ ʩʢʣʘʜʘʶʪʴʩʷ ʟʽ ʟʚ'ʷʟʘʥʠʭ ʛʘʨʤʦʥʽʢ ɹʣʦʭʘ. ʅʘ ʨʠʩ. 4.11ʙ 

ʧʦʢʘʟʘʥʽ ʩʪʘʨʪʦʚʽ ʩʪʨʫʤʠ ʮʠʭ ʤʦʜ ʚ ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ 0B  ʜʣʷ 19N= , 44 ʽ 60. 

ʇʦʨʽʚʥʷʥʥʷ ʨʠʩ. 4.11a ʽ ʨʠʩ. 4.11ʙ ʧʦʢʘʟʫʻ, ʱʦ ʛʦʬʨʠ ʟ ʛʣʠʙʠʥʦʶ, ʷʢʘ ʜʦʨʽʚʥʶʻ 

ʯʚʝʨʪʽ ʜʦʚʞʠʥʠ ʭʚʠʣʽ, ʚʠʢʣʠʢʘʶʪʴ ʧʦʤʽʪʥʝ ʟʙʽʣʴʰʝʥʥʷ ʩʪʘʨʪʦʚʦʛʦ ʩʪʨʫʤʫ ʜʣʷ 

ʚʣʘʩʥʦʾ ʤʦʜʠ ʯʝʨʝʟ ʾʾ ʢʦʥʚʝʨʩʽʶ ʫ ʚʠʱʽ ʛʘʨʤʦʥʽʢʠ ɹʣʦʭʘ ʽ ʦʤʽʯʥʽ ʚʪʨʘʪʠ. ɼʣʷ 60N=  



131 

ʽ 44N=  ʪʘʢʝ ʟʙʽʣʴʰʝʥʥʷ ʩʪʘʥʦʚʠʪʴ ʧʨʠʙʣʠʟʥʦ 63% ʽ 392% ʚʽʜ ʩʪʘʨʪʦʚʦʛʦ ʩʪʨʫʤʫ 

ʤʦʜʠ ʊɽ6,11 ʛʣʘʜʢʦʩʪʽʥʥʦʛʦ ʨʝʟʦʥʘʪʦʨʘ ʛʽʨʦʪʨʦʥʘ. 

 

   

    ʘ       ʙ 

ʈʠʩ. 4.11. ʉʪʘʨʪʦʚʽ ʩʪʨʫʤʠ stI  ʤʦʜ ʚ ʮʠʣʽʥʜʨʠʯʥʦʤʫ ʛʦʬʨʦʚʘʥʦʤʫ ʨʝʟʦʥʘʪʦʨʽ 

ʛʽʨʦʪʨʦʥʘ ʟ ʛʣʠʙʠʥʦʶ d, ʱʦ ʜʦʨʽʚʥʶʻ (ʘ) ʧʦʣʦʚʠʥʽ ʽ (ʙ) ʯʚʝʨʪʽ ʜʦʚʞʠʥʠ ʭʚʠʣʽ. 

 

ʋ ʚʠʧʘʜʢʫ 19N=  ʻ ʜʚʽ ʤʦʜʠ ʟʽ ʩʪʘʨʪʦʚʠʤʠ ʩʪʨʫʤʘʤʠ, ʷʢʽ ʣʝʞʘʪʴ ʧʦʨʽʚʥʷʥʦ 

ʙʣʠʟʴʢʦ ʜʦ ʨʦʙʦʯʦʛʦ ʩʪʨʫʤʫ ʧʫʯʢʘ. ɼʣʷ ʮʠʭ ʤʦʜ, ʱʦ ʧʨʝʜʩʪʘʚʣʷʶʪʴ ʩʦʙʦʶ ʩʫʤʽʰ 

ʟʚ'ʷʟʘʥʠʭ ʛʘʨʤʦʥʽʢ ɹʣʦʭʘ (ʨʠʩ. 4.10ʚ), ʤʽʥʽʤʫʤʠ ʩʪʘʨʪʦʚʠʭ ʩʪʨʫʤʽʚ ʚ 6.8 ʽ 13.7 ʨʘʟʠ 

ʚʠʱʝ, ʥʽʞ ʫ ʤʦʜʠ TE6,11 ʛʣʘʜʢʦʩʪʽʥʥʦʛʦ ʨʝʟʦʥʘʪʦʨʘ ʛʽʨʦʪʨʦʥʘ. ʊʘʢʠʤ ʯʠʥʦʤ, ʫ 

ʚʠʧʘʜʢʫ ʛʦʬʨʦʚʘʥʦʛʦ ʨʝʟʦʥʘʪʦʨʘ ʟ ʛʣʠʙʠʥʦʶ, ʷʢʘ ʜʦʨʽʚʥʶʻ ʯʚʝʨʪʽ ʜʦʚʞʠʥʠ ʭʚʠʣʽ, 

ʟʚ'ʷʟʘʥʽ ʤʦʜʠ ʟʘʜʦʚʦʣʴʥʷʶʪʴ ʫʤʦʚʽ ʟʙʫʜʞʝʥʥʷ ʢʦʣʠʚʘʥʴ st bI I<  ʣʠʰʝ ʽʟ ʥʝʚʝʣʠʢʠʤ 

ʟʘʧʘʩʦʤ ʧʨʠ 60N= , ʽ ʥʝ ʟʘʜʦʚʦʣʴʥʷʶʪʴ ʮʽʡ ʫʤʦʚʽ ʧʨʠ 19N=   ̔ 44N=  ʜʣʷ ʙʫʜʴ-ʢʦʛʦ 

0B . ʎʷ ʦʩʦʙʣʠʚʽʩʪʴ, ʷʢʘ ʚʽʜʨʽʟʥʷʻ ʛʦʬʨʠ ʟ ʯʚʝʨʪʴʭʚʠʣʴʦʚʦʶ ʛʣʠʙʠʥʦʶ ʚʽʜ ʛʦʬʨʽʚ ʟ 

ʧʽʚʭʚʠʣʴʦʚʦʶ ʛʣʠʙʠʥʦʶ, ʤʦʞʝ ʙʫʪʠ ʚʠʢʦʨʠʩʪʘʥʘ ʜʣʷ ʩʝʣʝʢʮʽʾ ʤʦʜ ʫ ʨʝʟʦʥʘʪʦʨʘʭ 

ʛʽʨʦʪʨʦʥʽʚ ʥʘ ʜʨʫʛʽʡ ʮʠʢʣʦʪʨʦʥʥʽʡ ʛʘʨʤʦʥʽʮʽ. 

ɼʣʷ ʪʘʢʦʾ ʩʝʣʝʢʮʽʾ ʤʦʜ ʨʝʟʦʥʘʪʦʨ ʛʽʨʦʪʨʦʥʘ ʤʘʻ ʙʫʪʠ ʦʩʥʘʱʝʥʠʡ ʛʦʬʨʘʤʠ ʟ 

ʛʣʠʙʠʥʦʶ, ʱʦ ʜʦʨʽʚʥʶʻ ʧʦʣʦʚʠʥʽ ʜʦʚʞʠʥʠ ʭʚʠʣʽ, ʧʨʠ ʷʢʽʡ ʛʦʬʨʠ ʣʠʰʝ ʥʝʩʫʪʪʻʚʦ 

ʚʧʣʠʚʘʶʪʴ ʥʘ ʨʦʙʦʯʫ ʤʦʜʫ ʥʘ ʜʨʫʛʽʡ ʮʠʢʣʦʪʨʦʥʥʽʡ ʛʘʨʤʦʥʽʮʽ. ɺ ʮʴʦʤʫ ʚʠʧʘʜʢʫ 

ʢʦʥʢʫʨʫʶʯʽ ʤʦʜʠ ʥʘ ʧʝʨʰʽʡ ʛʘʨʤʦʥʽʮʽ ʙʫʜʫʪʴ ʟʘʜʦʚʦʣʴʥʷʪʠ ʫʤʦʚʽ 0 4d lº  ʽ, ʦʪʞʝ, 



132 

ʙʫʜʫʪʴ ʩʭʠʣʴʥʽ ʜʦ ʢʦʥʚʝʨʩʽʾ ʤʦʜ ʽ ʤʘʪʠʤʫʪʴ ʟʙʽʣʴʰʝʥʽ ʦʤʽʯʥʽ ʚʪʨʘʪʠ, ɦ ʦ, ʷʢ ʧʦʢʘʟʘʥʦ 

ʚʠʱʝ, ʧʨʠʟʚʦʜʷʪʴ ʜʦ ʟʨʦʩʪʘʥʥʷ ʩʪʘʨʪʦʚʠʭ ʩʪʨʫʤʽʚ. ʂʨʽʤ ʪʦʛʦ, ʯʘʩʪʦʪʠ ʮʠʭ ʤʦʜ 

ʟʘʣʝʞʘʪʴ ʚʽʜ ʢʽʣʴʢʦʩʪʽ ʛʦʬʨʽʚ ʽ ʪʦʤʫ ʯʘʩʪʦʪʥʝ ʨʦʟʜʽʣʝʥʥʷ ʤʽʞ ʨʦʙʦʯʦʶ ʪʘ 

ʢʦʥʢʫʨʫʶʯʠʤʠ ʤʦʜʘʤʠ ʤʦʞʝ ʙʫʪʠ ʟʙʽʣʴʰʝʥʦ. ʊʘʢʠʤ ʯʠʥʦʤ, ʧʨʠ ʥʘʣʝʞʥʦʤʫ ʚʠʙʦʨʽ 

ʯʠʩʣʘ ʧʦʟʜʦʚʞʥʽʭ ʛʦʬʨʽʚ N  ʫ ʨʝʟʦʥʘʪʦʨʽ ʤʦʞʥʘ ʦʯʽʢʫʚʘʪʠ ʜʦʩʷʛʥʝʥʥʷ ʩʧʨʠʷʪʣʠʚʠʭ 

ʫʤʦʚ ʜʣʷ ʩʝʣʝʢʪʠʚʥʦʛʦ ʧʨʠʜʫʰʝʥʥʷ ʥʘʡʙʽʣʴʰ ʥʝʙʝʟʧʝʯʥʠʭ ʤʦʜ ʥʘ ʧʝʨʰʽʡ 

ʮʠʢʣʦʪʨʦʥʥʽʡ ʛʘʨʤʦʥʽʮʽ ʧʨʠ ʧʦʤʽʨʥʦʤʫ ʟʨʦʩʪʘʥʥʽ ʦʤʽʯʥʠʭ ʚʪʨʘʪ ʜʣʷ ʨʦʙʦʯʦʾ ʤʦʜʠ 

ʛʽʨʦʪʨʦʥʘ ʥʘ ʜʨʫʛʽʡ ʛʘʨʤʦʥʽʮʽ ʮʠʢʣʦʪʨʦʥʥʦʾ ʯʘʩʪʦʪʠ. 

 

4.4.1. ɺʣʘʩʥʽ ʟʥʘʯʝʥʥʷ ʽ ʦʤʽʯʥʽ ʚʪʨʘʪʠ ʫ ʛʦʬʨʦʚʘʥʦʤʫ ʨʝʟʦʥʘʪʦʨʽ 

ʇʦʢʘʞʝʤʦ ʮʝ ʥʘ ʧʨʠʢʣʘʜʽ 0.3-ʊɻʮ ʛʽʨʦʪʨʦʥʘ ʥʘ ʜʨʫʛʽʡ ʮʠʢʣʦʪʨʦʥʥʽʡ ʛʘʨʤʦʥʽʮʽ 

ʟ ʨʦʙʦʯʦʶ ʤʦʜʦʶ TE13,2 [61]. ʇʘʨʘʤʝʪʨʠ ʧʫʯʢʘ ʥʘʩʪʫʧʥʽ: 10bI =  ɸ, 60bV =  ʢɺ, 

1.2a=  ʽ 0.2cr =  ʩʤ. ɺʽʜ ʧʦʯʘʪʢʫ ʛʽʨʦʪʨʦʥ ʦʩʥʘʱʝʥʠʡ ʛʣʘʜʢʦʩʪʽʥʥʠʤ ʨʝʟʦʥʘʪʦʨʦʤ ʟ 

ʨʘʜʽʫʩʦʤ 0 0.32R =  ʩʤ ʽ ʢʦʘʢʩʽʘʣʴʥʦʶ ʚʩʪʘʚʢʦʶ, ʷʢʘ ʤʘʻ ʧʦʨʽʚʥʷʥʦ ʥʝʚʝʣʠʢʠʡ ʨʘʜʽʫʩ 

ʽ ʪʦʤʫ ʥʝ ʚʧʣʠʚʘʻ ʥʘ ʨʦʙʦʯʫ ʤʦʜʫ ʛʽʨʦʪʨʦʥʘ. ʂʦʘʢʩʽʘʣʴʥʘ ʚʩʪʘʚʢʘ ʫ ʨʝʟʦʥʘʪʦʨʽ 

ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʧʨʠʜʫʰʝʥʥʷ ʚʩʽʭ ʢʦʥʢʫʨʫʶʯʠʭ ʤʦʜ TEm,p ʥʘ ʧʝʨʰʽʡ ʽ ʜʨʫʛʽʡ 

ʮʠʢʣʦʪʨʦʥʥʠʭ ʛʘʨʤʦʥʽʢʘʭ. ɺʠʥʷʪʦʢ ʩʪʘʥʦʚʣʷʪʴ ʢʦʥʢʫʨʫʶʯʽ ʤʦʜʠ ʥʘ ʧʝʨʰʽʡ 

ʛʘʨʤʦʥʽʮʽ ʟ ʥʝʚʝʣʠʢʠʤʠ ʨʘʜʽʫʩʘʤʠ ʢʘʫʩʪʠʢʠ , 0 ,m p m pR R m m= , ʜʣʷ ʷʢʠʭ 

, 0.7m pm m >  [61]. ʊʘʢʠʤʠ ʢʦʥʢʫʨʫʶʯʠʤʠ ʤʦʜʘʤʠ ʻ ʤʦʜʠ ʰʝʧʦʯʫʯʦʾ ʛʘʣʝʨʝʾ (WG ï 

Whispering-Gallery) [134], ʷʢʽ ʤʦʞʫʪʴ ʩʪʘʥʦʚʠʪʠ ʟʘʛʨʦʟʫ ʜʣʷ ʩʪʘʙʽʣʴʥʦʾ ʦʜʥʦʤʦʜʦʚʦʾ 

ʨʦʙʦʪʠ 0.3-ʊɻʮ ʛʽʨʦʪʨʦʥʘ ʥʘ ʜʨʫʛʽʡ ʮʠʢʣʦʪʨʦʥʥʽʡ ʛʘʨʤʦʥʽʮʽ. ʈʘʟʦʤ ʽʟ ʨʦʙʦʯʦʶ 

ʤʦʜʦʶ, ʮʽ ʤʦʜʠ ʥʝ ʚʽʜʯʫʚʘʶʪʴ ʚʧʣʠʚʫ ʢʦʘʢʩʽʘʣʴʥʦʾ ʚʩʪʘʚʢʠ ʫ ʨʝʟʦʥʘʪʦʨʽ ʛʽʨʦʪʨʦʥʘ. 

ʊʦʤʫ ʧʨʠ ʾʭ ʨʦʟʛʣʷʜʽ ʥʘʷʚʥʽʩʪʴ ʪʘʢʦʾ ʚʩʪʘʚʢʠ ʤʦʞʝ ʥʝ ʚʨʘʭʦʚʫʚʘʪʠʩʷ. 

ɼʦʩʣʽʜʠʤʦ ʤʦʞʣʠʚʽʩʪʴ ʧʦʣʽʧʰʝʥʥʷ ʩʝʣʝʢʪʠʚʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʨʝʟʦʥʘʪʦʨʘ 

ʜʘʥʦʛʦ ʛʽʨʦʪʨʦʥʘ ʟʘ ʨʘʭʫʥʦʢ ʧʦʟʜʦʚʞʥʽʭ ʛʦʬʨʽʚ ʥʘ ʧʦʚʝʨʭʥʽ ʨʝʟʦʥʘʪʦʨʘ. ʉʪʨʫʢʪʫʨʘ 

ʛʦʬʨʦʚʘʥʦʛʦ ʨʝʟʦʥʘʪʦʨʘ ʥʘʚʝʜʝʥʘ ʥʘ ʨʠʩ. 4.12. ɼʣʷ ʛʦʬʨʽʚ ʦʙʝʨʝʤʦ ʛʣʠʙʠʥʫ 

0.05d=  ʩʤ ʽ ʰʠʨʠʥʫ 0.02w=  ʩʤ. ɻʣʠʙʠʥʘ ʛʦʬʨʘ 0.05 ʩʤ ʟʘʜʦʚʦʣʴʥʷʻ ʫʤʦʚʽ 

0 2d lº  ʜʣʷ ʨʦʙʦʯʦʾ ʤʦʜʠ TE13,2 ʟ ʯʘʩʪʦʪʦʶ ʙʣʠʟʴʢʦ 300 ɻɻʮ. ɿʘ ʪʘʢʦʾ ʫʤʦʚʠ ʤʦʞʥʘ 

ʦʯʽʢʫʚʘʪʠ, ʱʦ ʚʧʣʠʚ ʛʦʬʨʽʚ ʥʘ ʨʦʙʦʯʫ ʤʦʜʫ ʙʫʜʝ ʥʝʟʥʘʯʥʠʤ [4, 5]. 
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ʈʠʩ. 4.12. ʇʦʟʜʦʚʞʥʽʡ ʽ ʧʦʧʝʨʝʯʥʠʡ ʧʝʨʝʨʽʟ ʛʦʬʨʦʚʘʥʦʛʦ ʮʠʣʽʥʜʨʠʯʥʦʛʦ ʨʝʟʦʥʘʪʦʨʘ. 

 

ʅʘ ʨʠʩ. 4.13ʘ ʧʦʢʘʟʘʥʽ ʯʘʩʪʦʪʠ ʚʽʜʩʽʯʢʠ ( )02cf c Rc p=  ʨʝʟʦʥʘʪʦʨʘ ʛʽʨʦʪʨʦʥʘ ʚ 

ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ ʯʠʩʣʘ ʛʦʬʨʽʚ N  ʜʣʷ 13m= . ɺʠʜʥʦ, ʱʦ ʚ ʯʘʩʪʦʪʥʦʤʫ ʩʧʝʢʪʨʽ 

ʧʨʠʩʫʪʥʷ ʤʦʜʘ, ʱʦ ʤʘʻ ʚʣʘʩʥʝ ʟʥʘʯʝʥʥʷ, ʙʣʠʟʴʢʝ ʜʦ 13,2m  ʜʣʷ ʰʠʨʦʢʦʛʦ ʜʽʘʧʘʟʦʥʫ N . 

ʎʷ ʤʦʜʘ ʷʚʣʷʻ ʩʦʙʦʶ ʨʦʙʦʯʫ ʤʦʜʫ, ʷʢʘ ʤʘʻ ʚʠʛʣʷʜ ʤʘʡʞʝ ʯʠʩʪʦʾ ʬʫʥʜʘʤʝʥʪʘʣʴʥʦʾ 

( 0n= ) ʛʘʨʤʦʥʽʢʠ ɹʣʦʭʘ ʟ 0 13k m= =  ʽ ʪʦʤʫ ʧʦʜʽʙʥʘ ʤʦʜʽ ʊɽ13,2 ʧʦʯʘʪʢʦʚʦʛʦ 

ʛʣʘʜʢʦʩʪʽʥʥʦʛʦ ʨʝʟʦʥʘʪʦʨʘ. ʅʘ ʞʘʣʴ, ʚ ʙʝʟʧʦʩʝʨʝʜʥʽʡ ʙʣʠʟʴʢʦʩʪʽ ʜʦ ʨʦʙʦʯʦʾ ʤʦʜʠ 

ʟʥʘʭʦʜʠʪʴʩʷ ʤʦʜʘ, ʷʢʘ ʧʨʝʜʩʪʘʚʣʷʻ ʩʦʙʦʶ ʦʜʥʫ ʟ ʚʠʱʠʭ ʛʘʨʤʦʥʽʢ ɹʣʦʭʘ (0n¸ ). 

ʏʘʩʪʦʪʘ ʚʽʜʩʽʯʢʠ ʜʘʥʦʾ ʤʦʜʠ 297.34cf º  ɻɻʮ, ʱʦ ʚʽʜʧʦʚʽʜʘʻ ʤʦʜʽ ʊɽ7,4 

ʛʣʘʜʢʦʩʪʽʥʥʦʛʦ ʨʝʟʦʥʘʪʦʨʘ. ʎʷ ʤʦʜʘ (ʛʘʨʤʦʥʽʢʘ ɹʣʦʭʘ ʚʠʩʦʢʦʛʦ ʧʦʨʷʜʢʫ) ʤʦʞʝ ʙʫʪʠ 

ʟʚ'ʷʟʘʥʘ ʟ ʤʦʜʦʶ ʊɽ13,2 (ʬʫʥʜʘʤʝʥʪʘʣʴʥʘ ʛʘʨʤʦʥʽʢʘ ɹʣʦʭʘ) ʧʨʠ 2,3,4,5,6,10,20N= . 

ʅʝʟʚʘʞʘʶʯʠ ʥʘ ʪʝ, ʱʦ ʪʘʢʠʡ ʟʚ'ʷʟʦʢ ʤʦʜ ʚ ʦʩʥʦʚʥʽʡ ʯʘʩʪʠʥʽ ʛʦʬʨʦʚʘʥʦʛʦ ʨʝʟʦʥʘʪʦʨʘ 

ʟ 0 2d lº  ʻ, ʷʢ ʧʨʘʚʠʣʦ, ʩʣʘʙʢʠʤ, ʚʽʥ ʤʦʞʝ ʩʪʘʪʠ ʧʦʤʽʪʥʠʤ ʟʽ ʟʙʽʣʴʰʝʥʥʷʤ 

ʨʦʟʫʟʛʦʜʞʝʥʥʷ ʤʽʞ 0.05d=  ʩʤ ʽ 0 2l , ʥʘʧʨʠʢʣʘʜ, ʫ ʚʠʭʽʜʥʠʡ ʩʝʢʮʽʾ ʨʝʟʦʥʘʪʦʨʘ. 

ʏʝʨʝʟ ʜʦʩʠʪʴ ʤʘʣʠʡ ʨʘʜʽʫʩ ʢʘʫʩʪʠʢʠ ʤʦʜʠ ʊɽ7,4 ʮʝʡ ʟʚ'ʷʟʦʢ ʩʣʽʜ ʫʥʠʢʘʪʠ. ʋ 

ʟʚʦʨʦʪʥʦʤʫ ʚʠʧʘʜʢʫ ʨʦʙʦʯʘ ʤʦʜʘ ʙʫʜʝ ʚʽʜʯʫʚʘʪʠ ʥʝʛʘʪʠʚʥʠʡ ʚʧʣʠʚ ʢʦʘʢʩʽʘʣʴʥʦʾ 

ʚʩʪʘʚʢʠ ʫ ʨʝʟʦʥʘʪʦʨʽ 0.3-ʊɻʮ ʛʽʨʦʪʨʦʥʘ [61]. 
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    ʘ       ʙ 

ʈʠʩ. 4.13. (ʘ) ʏʘʩʪʦʪʠ ʚʽʜʩʽʯʢʠ cf  ʽ (ʙ) ʢʦʝʬʽʮʽʻʥʪʠ ʟʚ'ʷʟʢʫ ʟ ʝʣʝʢʪʨʦʥʥʠʤ ʧʫʯʢʦʤ 

()0
s sC C  ʜʣʷ ʤʦʜ ʛʦʬʨʦʚʘʥʦʛʦ ʨʝʟʦʥʘʪʦʨʘ ʛʽʨʦʪʨʦʥʘ ʚ ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ ʢʽʣʴʢʦʩʪʽ ʛʦʬʨʽʚ 

N  ʧʨʠ 13m= , ʜʝ 
()0
sC  ï ʢʦʝʬʽʮʽʻʥʪ ʟʚ'ʷʟʢʫ ʧʫʯʢʘ ʟ ʤʦʜʦʶ ʊɽ13,2 ʛʣʘʜʢʦʩʪʽʥʥʦʛʦ 

ʮʠʣʽʥʜʨʠʯʥʦʛʦ ʨʝʟʦʥʘʪʦʨʘ. 

 

ɼʣʷ ʨʦʙʦʯʦʾ ʽ ʩʫʩʽʜʥʽʭ ʤʦʜ ʤʘʢʩʠʤʘʣʴʥʽ ʢʦʝʬʽʮʽʻʥʪʠ ʟʚ'ʷʟʢʫ ʟ ʝʣʝʢʪʨʦʥʥʠʤ 

ʧʫʯʢʦʤ ʧʦʢʘʟʘʥʽ ʥʘ ʨʠʩ. 4.13ʙ. ɺʠʜʥʦ, ʱʦ ʜʣʷ ʨʦʙʦʯʦʾ ʤʦʜʠ ʢʦʝʬʽʮʽʻʥʪ ʟʚ'ʷʟʢʫ sC  

ʙʣʠʟʴʢʠʡ ʜʦ ʢʦʝʬʽʮʽʻʥʪʘ ʟʚ'ʷʟʢʫ 
()0
sC  ʧʫʯʢʘ ʟ ʤʦʜʦʶ ʊɽ13,2 ʪʨʘʜʠʮʽʡʥʦʛʦ 

ʛʣʘʜʢʦʩʪʽʥʥʦʛʦ ʨʝʟʦʥʘʪʦʨʘ. ɺʠʥʷʪʢʠ ʩʪʘʥʦʚʣʷʪʴ 13N=  ʽ 20N= . ʋ ʮʠʭ ʚʠʧʘʜʢʘʭ 

ʨʦʙʦʯʘ ʤʦʜʘ ʊɽ13,2 ʟʘʟʥʘʻ ʢʦʥʚʝʨʩʽʶ ʚ ʚʠʱʽ ʛʘʨʤʦʥʽʢʠ ɹʣʦʭʘ, ʷʢʽ ʚʽʜʧʦʚʽʜʘʶʪʴ ʤʦʜʘʤ 

ʊɽ-7,4 ʪʘ ʊɽ-13,2 ʽ ʭʘʨʘʢʪʝʨʠʟʫʶʪʴʩʷ ʩʣʘʙʢʠʤ ʟʚ'ʷʟʢʦʤ ʟ ʝʣʝʢʪʨʦʥʥʠʤ ʧʫʯʢʦʤ. 

ʆʯʝʚʠʜʥʦ, ʱʦ ʜʣʷ ʨʦʙʦʯʦʾ ʤʦʜʠ ʛʽʨʦʪʨʦʥʘ ʪʘʢʘ ʢʦʥʚʝʨʩʽʷ ʤʦʜ ʻ ʥʝʙʘʞʘʥʦʶ. 

ʅʘ ʨʠʩ. 4.14 ʧʦʢʘʟʘʥʘ ʟʘʣʝʞʥʽʩʪʴ ʦʤʽʯʥʦʾ ʜʦʙʨʦʪʥʦʩʪʽ ohmQ  ʨʦʙʦʯʦʾ ʤʦʜʠ ʊɽ13,2 

ʚʽʜ ʢʽʣʴʢʦʩʪʽ ʛʦʬʨʽʚ N . ʆʤʽʯʥʘ ʜʦʙʨʦʪʥʽʩʪʴ ʟʤʝʥʰʫʻʪʴʩʷ ʟʽ ʟʨʦʩʪʘʥʥʷʤ N  ʯʝʨʝʟ 

ʟʙʽʣʴʰʝʥʥʷ ʧʨʦʚʽʜʥʦʾ ʧʦʚʝʨʭʥʽ ʛʦʬʨʦʚʘʥʦʛʦ ʨʝʟʦʥʘʪʦʨʘ. ɼʣʷ 13N=  ʽ 20N=  ʯʽʪʢʦ 

ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ ʧʦʤʽʪʥʠʡ ʧʨʦʚʘʣ ohmQ . ʗʢ ʟʘʟʥʘʯʘʣʦʩʷ ʚʠʱʝ, ʚ ʮʴʦʤʫ ʚʠʧʘʜʢʫ 

ʚʽʜʙʫʚʘʻʪʴʩʷ ʢʦʥʚʝʨʩʽʷ ʨʦʙʦʯʦʾ ʤʦʜʠ ʚ ʛʘʨʤʦʥʽʢʠ ɹʣʦʭʘ ʚʠʩʦʢʦʛʦ ʧʦʨʷʜʢʫ. ʊʘʢʠʤ 

ʯʠʥʦʤ, ʧʨʠ ʢʦʥʩʪʨʫʶʚʘʥʥʽ ʛʦʬʨʦʚʘʥʦʛʦ ʨʝʟʦʥʘʪʦʨʘ ʜʣʷ 0.3-ʊɻʮ ʛʽʨʦʪʨʦʥʘ ʥʘ ʜʨʫʛʽʡ 

ʮʠʢʣʦʪʨʦʥʥʽʡ ʛʘʨʤʦʥʽʮʽ ʢʽʣʴʢʽʩʪʴ ʛʦʬʨʽʚ ʥʝ ʩʣʽʜ ʦʙʠʨʘʪʠ ʨʽʚʥʦʶ 2, 3, 4, 5, 6, 10, 13, 
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20, ʱʦʙ ʫʥʠʢʥʫʪʠ ʧʦʛʽʨʰʝʥʥʷ ʨʦʙʦʯʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʛʽʨʦʪʨʦʥʘ, ʚʠʢʣʠʢʘʥʦʛʦ 

ʢʦʥʚʝʨʩʽʻʶ ʨʦʙʦʯʦʾ ʤʦʜʠ ʚ ʩʫʩʽʜʥʽ ʛʘʨʤʦʥʽʢʠ ɹʣʦʭʘ. 

 

                                                               

                                                               

                                                               

                                                               

                                                               

                                                               

                                                               

                                                               

                                                               

ʈʠʩ. 4.14. ʅʦʨʤʦʚʘʥʘ ʦʤʽʯʥʘ ʜʦʙʨʦʪʥʽʩʪʴ 
()0

ohm ohmQ Q  ʨʦʙʦʯʦʾ ʤʦʜʠ ʫ ʛʦʬʨʦʚʘʥʦʤʫ 

ʨʝʟʦʥʘʪʦʨʽ ʛʽʨʦʪʨʦʥʘ ʚ ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ ʢʽʣʴʢʦʩʪʽ ʛʦʬʨʽʚ N, ʜʝ (0)

ohmQ  ï ʦʤʽʯʥʘ 

ʜʦʙʨʦʪʥʽʩʪʴ ʤʦʜʠ ʊɽ13,2 ʚ ʛʣʘʜʢʦʩʪʽʥʥʦʤʫ ʮʠʣʽʥʜʨʠʯʥʦʤʫ ʨʝʟʦʥʘʪʦʨʽ. 

 

ɺ 0.3-ʊɻʮ ʛʽʨʦʪʨʦʥʽ ʥʘ ʜʨʫʛʽʡ ʮʠʢʣʦʪʨʦʥʥʽʡ ʛʘʨʤʦʥʽʮʽ ʢʦʥʢʫʨʫʶʯʠʤʠ WG 

ʤʦʜʘʤʠ ʻ ʤʦʜʠ ʥʘ ʧʝʨʰʽʡ ʛʘʨʤʦʥʽʮʽ ʟ ʘʟʠʤʫʪʘʣʴʥʠʤʠ ʽʥʜʝʢʩʘʤʠ 7,8,9m= . ɼʣʷ ʮʠʭ 

ʤʦʜ ʧʦʟʜʦʚʞʥʽ ʛʦʬʨʠ, ʷʢʽ ʤʘʶʪʴ ʛʣʠʙʠʥʫ ʙʣʠʟʴʢʦ ʯʚʝʨʪʽ ʜʦʚʞʠʥʠ ʭʚʠʣʽ, ʚʠʢʣʠʢʘʶʪʴ 

ʩʠʣʴʥʠʡ ʟʚ'ʷʟʦʢ ʜʝʢʽʣʴʢʦʭ ʛʘʨʤʦʥʽʢ ɹʣʦʭʘ [4, 5]. ʅʘ ʨʠʩ. 4.15ʘ ʧʦʢʘʟʘʥʽ ʯʘʩʪʦʪʠ 

ʚʽʜʩʽʯʢʠ ʛʦʬʨʦʚʘʥʦʛʦ ʨʝʟʦʥʘʪʦʨʘ ʛʽʨʦʪʨʦʥʘ ʚ ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ N  ʧʨʠ 7,8,9m= . ɼʦʙʨʝ 

ʚʠʜʥʦ, ʱʦ ʟʤʝʥʰʝʥʥʷ N  ʟʙʽʣʴʰʫʻ ʢʽʣʴʢʽʩʪʴ ʢʦʥʢʫʨʫʶʯʠʭ ʤʦʜ ʥʘ ʧʝʨʰʽʡ ʛʘʨʤʦʥʽʮʽ 

ʧʦʙʣʠʟʫ ʨʦʙʦʯʦʾ ʤʦʜʠ. ʇʨʠ ʤʘʣʦʤʫ N  ʢʦʞʥʘ ʟ ʮʠʭ ʤʦʜ ʧʨʝʜʩʪʘʚʣʷʻ ʩʦʙʦʶ ʩʢʣʘʜʥʫ 

ʢʦʤʧʦʟʠʮʽʶ ʬʫʥʜʘʤʝʥʪʘʣʴʥʦʾ ʽ ʚʠʱʠʭ ɹʣʦʭʽʚʩʴʢʠʭ ʛʘʨʤʦʥʽʢ, ʷʢʽ ʚʽʜʧʦʚʽʜʘʶʪʴ WG ʽ 

ʦʙ'ʻʤʥʠʤ ʤʦʜʘʤ, ʚʽʜʧʦʚʽʜʥʦ. ʆʩʢʽʣʴʢʠ ʦʙ'ʻʤʥʽ ʤʦʜʠ ʤʘʶʪʴ ʤʘʣʽ ʨʘʜʽʫʩʠ ʢʘʫʩʪʠʢʠ, 

ʚʦʥʠ ʥʝʤʠʥʫʯʝ ʙʫʜʫʪʴ ʧʨʠʜʫʰʫʚʘʪʠʩʷ ʢʦʘʢʩʽʘʣʴʥʦʶ ʚʩʪʘʚʢʦʶ ʫ ʨʝʟʦʥʘʪʦʨʽ 0.3-ʊɻʮ 

ʛʽʨʦʪʨʦʥʘ [61]. ʆʜʥʘʢ ʨʦʟʛʣʷʜ ʪʘʢʦʛʦ ʤʝʪʦʜʫ ʩʝʣʝʢʮʽʾ ʤʦʜ ʥʝ ʻ ʤʝʪʦʶ ʜʘʥʦʾ ʨʦʙʦʪʠ. 

ʊʦʤʫ ʚ ʧʦʜʘʣʴʰʦʤʫ ʤʠ ʦʙʤʝʞʠʤʦʩʷ ʨʦʟʛʣʷʜʦʤ ʚʽʜʥʦʩʥʦ ʚʝʣʠʢʦʛʦ ʯʠʩʣʘ ʛʦʬʨʽʚ, ʷʢʽ 
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ʟʘʙʝʟʧʝʯʫʶʪʴ ʧʦʨʽʚʥʷʥʦ ʨʦʟʨʽʜʞʝʥʠʡ ʩʧʝʢʪʨ ʬʫʥʜʘʤʝʥʪʘʣʴʥʠʭ ʢʦʥʢʫʨʫʶʯʠʭ ʤʦʜ 

ʜʣʷ 0.3-ʊɻʮ ʛʽʨʦʪʨʦʥʘ ʥʘ ʜʨʫʛʽʡ ʮʠʢʣʦʪʨʦʥʥʽʡ ʛʘʨʤʦʥʽʮʽ. 

 

   

    ʘ       ʙ 

ʈʠʩ. 4.15. (ʘ) ʊʝ ʞ, ʱʦ ʥʘ ʨʠʩ. 4.13ʘ, ʘʣʝ ʜʣʷ 7,8,9m=  ʽ (ʙ) ʥʦʨʤʦʚʘʥʽ ʦʤʽʯʥʽ 

ʜʦʙʨʦʪʥʦʩʪʽ 
()0

ohm ohmQ Q  ʥʘʡʙʽʣʴʰ ʥʝʙʝʟʧʝʯʥʠʭ ʢʦʥʢʫʨʫʶʯʠʭ ʤʦʜ ʟ 7,8,9m= , ʜʝ (0)

ohmQ  

ï ʦʤʽʯʥʘ ʜʦʙʨʦʪʥʽʩʪʴ ʤʦʜʠ ʊɽ8,1 ʛʣʘʜʢʦʩʪʽʥʥʦʛʦ ʮʠʣʽʥʜʨʠʯʥʦʛʦ ʨʝʟʦʥʘʪʦʨʘ. 

 

ɺʧʣʠʚ ʧʦʟʜʦʚʞʥʽʭ ʛʦʬʨʽʚ ʨʝʟʦʥʘʪʦʨʘ ʥʘ ʦʤʽʯʥʽ ʚʪʨʘʪʠ ʤʦʜ ʧʝʨʰʦʾ ʛʘʨʤʦʥʽʢʠ ʟ 

7,8,9m=  ʧʦʢʘʟʘʥʠʡ ʥʘ ʨʠʩ. 4.15ʙ. ʅʘ ʮʴʦʤʫ ʨʠʩʫʥʢʫ ʦʤʽʯʥʘ ʜʦʙʨʦʪʥʽʩʪʴ 

ʧʨʝʜʩʪʘʚʣʝʥʘ ʷʢ ʬʫʥʢʮʽʷ N  ʜʣʷ ʥʘʡʙʽʣʴʰ ʥʝʙʝʟʧʝʯʥʠʭ ʢʦʥʢʫʨʫʶʯʠʭ ʤʦʜ, ʷʢʽ ʤʘʶʪʴ 

ʥʘʡʤʝʥʰʝ ʯʘʩʪʦʪʥʝ ʨʦʟʜʽʣʝʥʥʷ ʟ ʨʦʙʦʯʦʶ ʤʦʜʦʶ. ɺʠʜʥʦ, ʱʦ ʟʘʣʝʞʥʽʩʪʴ ohmQ  ʚʽʜ N  

ʻ ʥʝʤʦʥʦʪʦʥʥʦʶ. ʎʝ ʧʦʚ'ʷʟʘʥʦ ʟ ʪʠʤ, ʱʦ ʩʢʣʘʜ ʛʘʨʤʦʥʽʢ ɹʣʦʭʘ ʜʣʷ ʮʠʭ ʢʦʥʢʫʨʝʥʪʽʚ 

ʨʽʟʢʦ ʟʤʽʥʶʻʪʴʩʷ ʚ ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ ʢʽʣʴʢʦʩʪʽ ʛʦʬʨʽʚ. ʗʢ ʟʘʟʥʘʯʘʣʦʩʷ ʚʠʱʝ, ʯʝʨʝʟ 

ʢʦʥʚʝʨʩʽʶ ʤʦʜ ʢʦʥʢʫʨʫʶʯʽ ʤʦʜʠ ʤʘʶʪʴ ʦʙ'ʻʤʥʠʡ ʨʦʟʧʦʜʽʣ ʧʦʣʷ ʫ ʨʝʟʦʥʘʪʦʨʽ 

ʛʽʨʦʪʨʦʥʘ ʧʨʠ ʜʝʷʢʠʭ N. ɺ ʮʴʦʤʫ ʚʠʧʘʜʢʫ ʾʭ ʦʤʽʯʥʽ ʜʦʙʨʦʪʥʦʩʪʽ ʧʝʨʝʚʠʱʫʶʪʴ 

ʟʥʘʯʝʥʥʷ ʜʣʷ WG ʤʦʜ ʛʣʘʜʢʦʩʪʽʥʥʦʛʦ ʨʝʟʦʥʘʪʦʨʘ ʛʽʨʦʪʨʦʥʘ (ʜʠʚ. ʨʠʩ. 4.15ʙ). 

ɺʠʭʦʜʷʯʠ ʟ ʧʨʝʜʩʪʘʚʣʝʥʦʛʦ ʚʠʱʝ ʘʥʘʣʽʟʫ, ʤʦʞʥʘ ʟʨʦʙʠʪʠ ʚʠʩʥʦʚʦʢ, ʱʦ 

ʥʘʡʙʽʣʴʰ ʧʨʠʡʥʷʪʥʘ ʢʽʣʴʢʽʩʪʴ ʧʦʟʜʦʚʞʥʽʭ ʛʦʬʨʽʚ ʜʣʷ ʨʝʟʦʥʘʪʦʨʘ 0.3-ʊɻʮ ʛʽʨʦʪʨʦʥʘ 

ʥʘ ʜʨʫʛʽʡ ʮʠʢʣʦʪʨʦʥʥʽʡ ʛʘʨʤʦʥʽʮʽ ʜʦʨʽʚʥʶʻ 15. ʇʦ-ʧʝʨʰʝ, ʧʨʠ 15N=  ʨʦʙʦʯʘ ʤʦʜʘ 

ʊɽ13,2 ʻ ʯʠʩʪʦʶ ʬʫʥʜʘʤʝʥʪʘʣʴʥʦʶ ʛʘʨʤʦʥʽʢʦʶ ɹʣʦʭʘ. ʇʦ-ʜʨʫʛʝ, ʮʷ ʤʦʜʘ ʤʘʻ ʜʦʩʠʪʴ 
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ʚʝʣʠʢʠʡ ʢʦʝʬʽʮʽʻʥʪ ʟʚ'ʷʟʢʫ ʽʟ ʝʣʝʢʪʨʦʥʥʠʤ ʧʫʯʢʦʤ ʽ ʚʠʩʦʢʫ ʦʤʽʯʥʫ ʜʦʙʨʦʪʥʽʩʪʴ. ʇʦ-

ʪʨʝʪʻ, ʢʦʥʢʫʨʫʶʯʽ ʤʦʜʠ ʥʘ ʧʝʨʰʽʡ ʛʘʨʤʦʥʽʮʽ ʜʦʙʨʝ ʚʽʜʜʽʣʝʥʽ ʚʽʜ ʨʦʙʦʯʦʾ ʤʦʜʠ ʧʦ 

ʯʘʩʪʦʪʽ ʽ ʤʘʶʪʴ ʟʙʽʣʴʰʝʥʽ ʦʤʽʯʥʽ ʚʪʨʘʪʠ ʫ ʛʦʬʨʦʚʘʥʦʤʫ ʨʝʟʦʥʘʪʦʨʽ. ʇʦ-ʯʝʪʚʝʨʪʝ, ʚ 

ʧʦʨʽʚʥʷʥʥʽ ʟ ʨʦʙʦʯʦʶ ʤʦʜʦʶ, ʢʦʥʢʫʨʫʶʯʽ ʤʦʜʠ ʚʽʜʯʫʚʘʶʪʴ ʙʽʣʴʰ ʧʦʤʽʪʥʝ 

ʦʩʣʘʙʣʝʥʥʷ ʟʚ'ʷʟʢʫ ʽʟ ʧʫʯʢʦʤ ʫ ʛʦʬʨʦʚʘʥʦʤʫ ʨʝʟʦʥʘʪʦʨʽ ʛʽʨʦʪʨʦʥʘ ʧʨʠ 15N= . ʎʝ 

ʚʠʜʥʦ ʟ ʪʘʙʣ. 4.1, ʜʝ 
()0
1C  ( 1s=) ʽ 

()0
2C  ( 2s= ) ï ʢʦʝʬʽʮʽʻʥʪʠ ʟʚ'ʷʟʢʫ ʝʣʝʢʪʨʦʥʥʦʛʦ 

ʧʫʯʢʘ ʟ ʤʦʜʘʤʠ ʊɽ8,1 ʽ ʊɽ13,2 ʛʣʘʜʢʦʩʪʽʥʥʦʛʦ ʨʝʟʦʥʘʪʦʨʘ ʛʽʨʦʪʨʦʥʘ, ʚʽʜʧʦʚʽʜʥʦ. ʊʘʢʠʤ 

ʯʠʥʦʤ, ʤʦʞʥʘ ʦʯʽʢʫʚʘʪʠ, ʱʦ ʧʦʟʜʦʚʞʥʽ ʛʦʬʨʠ ʟ ʦʙʨʘʥʠʤʠ ʧʘʨʘʤʝʪʨʘʤʠ ʜʦʟʚʦʣʷʪʴ 

ʧʦʣʽʧʰʠʪʠ ʩʝʣʝʢʪʠʚʥʽ ʚʣʘʩʪʠʚʦʩʪʽ ʨʝʟʦʥʘʪʦʨʘ ʜʣʷ 0.3-ʊɻʮ ʛʽʨʦʪʨʦʥʘ ʥʘ ʜʨʫʛʽʡ 

ʮʠʢʣʦʪʨʦʥʥʽʡ ʛʘʨʤʦʥʽʮʽ. 

 

ʊʘʙʣʠʮʷ 4.1 

ʂʦʝʬʽʮʽʻʥʪʠ ʟʚ'ʷʟʢʫ ʟ ʝʣʝʢʪʨʦʥʥʠʤ ʧʫʯʢʦʤ ʜʣʷ ʨʦʙʦʯʦʾ (2s= , 13m= ) ʽ 

ʢʦʥʢʫʨʫʶʯʠʭ (1s= , 7,8m= ) ʤʦʜ ʫ ʛʦʬʨʦʚʘʥʦʤʫ ʨʝʟʦʥʘʪʦʨʽ ʛʽʨʦʪʨʦʥʘ ʟ 

0 0.32R =  ʩʤ, 0.05d=  ʩʤ, 0.02w=  ʩʤ ʽ 15N=  

                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                  ʄʦʜʘ                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                   c     
sC     ()0

s sC C  

                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                  13m=                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                          19.92                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                         0.017                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                         0.97  

                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                  7m=                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                          10.76                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                         0.0078                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                         0.68 

                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                  8m=                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                          10.76                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                         0.0102                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                         0.89 

 

4.4.2. ɺʧʣʠʚ ʧʘʨʘʤʝʪʨʽʚ ʛʦʬʨʫʚʘʥʥʷ ʥʘ ʩʪʘʨʪʦʚʽ ʩʪʨʫʤʠ ʛʽʨʦʪʨʦʥʘ 

ɼʣʷ 0.3-ʊɻʮ ʛʽʨʦʪʨʦʥʘ ʥʘ ʜʨʫʛʽʡ ʮʠʢʣʦʪʨʦʥʥʽʡ ʛʘʨʤʦʥʽʮʽ ʟ ʪʨʘʜʠʮʽʡʥʠʤ 

ʛʣʘʜʢʦʩʪʽʥʥʠʤ ʨʝʟʦʥʘʪʦʨʦʤ ʩʪʘʨʪʦʚʽ ʩʪʨʫʤʠ ʨʦʙʦʯʦʾ ʤʦʜʠ ʥʘ ʜʨʫʛʽʡ ʛʘʨʤʦʥʽʮʽ ʊɽ13,2 

ʽ ʢʦʥʢʫʨʫʶʯʦʾ ʤʦʜʠ ʥʘ ʧʝʨʰʽʡ ʛʘʨʤʦʥʽʮʽ ʊɽ8,1 ʧʦʢʘʟʘʥʽ ʥʘ ʨʠʩ. 4.16ʘ ʧʫʥʢʪʠʨʥʠʤʠ 

ʣʽʥʽʷʤʠ [61]. ɺʠʜʥʦ, ʱʦ ʨʦʙʦʯʘ ʤʦʜʘ ʻ ʻʜʠʥʦʶ ʤʦʜʦʶ, ʱʦ ʟʙʫʜʞʫʻʪʴʩʷ ʫ ʛʽʨʦʪʨʦʥʽ, ʚ 

ʰʠʨʦʢʦʤʫ ʜʽʘʧʘʟʦʥʽ ʤʘʛʥʽʪʥʠʭ ʧʦʣʽʚ ʚʽʜ 5.78 ʊʣ ʜʦ 6.08 ʊʣ ʚ ʨʘʟʽ, ʢʦʣʠ ʨʦʙʦʯʠʡ 

ʩʪʨʫʤ ʧʫʯʢʘ ʥʝ ʧʝʨʝʚʠʱʫʻ 10 ɸ. ʋ ʪʦʡ ʞʝ ʯʘʩ ʧʨʠ ʙʽʣʴʰ ʚʠʩʦʢʠʭ ʪʦʢʘʭ ʧʫʯʢʘ 

ʢʦʥʢʫʨʫʶʯʘ ʤʦʜʘ ʊɽ8,1 ʤʦʞʝ ʧʝʨʝʰʢʦʜʞʘʪʠ ʩʪʘʙʽʣʴʥʽʡ ʨʦʙʦʪʽ 0.3-ʊɻʮ ʛʽʨʦʪʨʦʥʘ ʥʘ 

ʜʨʫʛʽʡ ʮʠʢʣʦʪʨʦʥʥʽʡ ʛʘʨʤʦʥʽʮʽ. ɹʽʣʴʰ ʪʦʛʦ, ʮʽʣʢʦʤ ʤʦʞʥʘ ʦʯʽʢʫʚʘʪʠ, ʱʦ ʮʷ ʤʦʜʘ 

ʟʜʘʪʥʘ ʧʦʚʥʽʩʪʶ ʧʨʠʜʫʰʠʪʠ ʨʦʙʦʯʫ ʤʦʜʫ ʥʘ ʜʨʫʛʽʡ ʛʘʨʤʦʥʽʮʽ ʧʨʠ 15bI ²  ɸ. 
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ʉʢʦʨʠʩʪʘʻʤʦʩʷ ʧʦʟʜʦʚʞʥʽʤʠ ʛʦʬʨʘʤʠ ʟ ʦʙʨʘʥʠʤʠ ʚʠʱʝ ʧʘʨʘʤʝʪʨʘʤʠ 

( 0.05d=  ʩʤ, 0.02w=  ʩʤ, 15N= ) ʜʣʷ ʧʦʣʽʧʰʝʥʥʷ ʩʝʣʝʢʮʽʾ ʤʦʜ ʫ ʨʝʟʦʥʘʪʦʨʽ 0.3-ʊɻʮ 

ʛʽʨʦʪʨʦʥʘ ʥʘ ʜʨʫʛʽʡ ʮʠʢʣʦʪʨʦʥʥʽʡ ʛʘʨʤʦʥʽʮʽ. ɺʧʣʠʚ ʛʦʬʨʽʚ ʫ ʨʝʟʦʥʘʪʦʨʽ ʥʘ ʩʪʘʨʪʦʚʠʡ 

ʩʪʨʫʤ ʨʦʙʦʯʦʾ ʤʦʜʠ ʊɽ13,2 ʧʦʢʘʟʘʥʠʡ ʥʘ ʨʠʩ. 4.16ʘ. ɺʠʜʥʦ, ʱʦ ʩʪʘʨʪʦʚʠʡ ʩʪʨʫʤ ʪʨʦʭʠ 

ʟʤʽʱʫʻʪʴʩʷ ʧʨʠ ʥʘʷʚʥʦʩʪʽ ʛʦʬʨʽʚ, ʷʢʽ ʜʝʱʦ ʚʧʣʠʚʘʶʪʴ ʥʘ ʚʣʘʩʥʝ ʟʥʘʯʝʥʥʷ c, ʦʤʽʯʥʫ 

ʜʦʙʨʦʪʥʽʩʪʴ ohmQ  ʽ ʢʦʝʬʽʮʽʻʥʪ sC  ʟʚ'ʷʟʢʫ ʟ ʧʫʯʢʦʤ ʜʣʷ ʨʦʙʦʯʦʾ ʤʦʜʠ. 

 

    

    ʘ            ʙ 

ʈʠʩ. 4.16. (ʘ) ʉʪʘʨʪʦʚʠʡ ʩʪʨʫʤ stI  ʚ ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ ʽʥʜʫʢʮʽʾ ʤʘʛʥʽʪʥʦʛʦ ʧʦʣʷ 0B  ʜʣʷ 

ʨʦʙʦʯʦʾ ʤʦʜʠ ʊɽ13,2 ʽ ʬʫʥʜʘʤʝʥʪʘʣʴʥʠʭ WG ʤʦʜ ʚ 0.3-ʊɻʮ ʛʽʨʦʪʨʦʥʽ ʥʘ ʜʨʫʛʽʡ 

ʮʠʢʣʦʪʨʦʥʥʽʡ ʛʘʨʤʦʥʽʮʽ ʟ ʦʧʪʠʤʽʟʦʚʘʥʠʤ ʛʦʬʨʦʚʘʥʠʤ ʨʝʟʦʥʘʪʦʨʦʤ ʽ (ʙ) ʚʠʭʽʜʥʘ 

ʧʦʪʫʞʥʽʩʪʴ outP  ʛʽʨʦʪʨʦʥʘ ʚ ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ 0B  ʜʣʷ 10bI =  A ʽ 15bI =  A. 

 

ʅʘ ʚʽʜʤʽʥʫ ʚʽʜ ʨʦʙʦʯʦʾ ʤʦʜʠ 0.3-ʊɻʮ ʛʽʨʦʪʨʦʥʘ, ʢʦʥʢʫʨʫʶʯʽ ʤʦʜʠ ʚʽʜʯʫʚʘʶʪʴ 

ʩʠʣʴʥʠʡ ʚʧʣʠʚ ʧʦʟʜʦʚʞʥʽʭ ʛʦʬʨʽʚ ʥʘ ʩʪʽʥʮʽ ʨʝʟʦʥʘʪʦʨʘ. ʅʘ ʨʠʩ. 4.16ʘ ʧʦʢʘʟʘʥʽ 

ʩʪʘʨʪʦʚʽ ʩʪʨʫʤʠ ʜʣʷ ʥʘʡʙʽʣʴʰ ʥʝʙʝʟʧʝʯʥʠʭ ʤʦʜ, ʱʦ ʣʝʞʘʪʴ ʧʦʙʣʠʟʫ ʨʦʙʦʯʦʛʦ 

ʜʽʘʧʘʟʦʥʫ ʛʽʨʦʪʨʦʥʘ. ɺ ʮʴʦʤʫ ʜʽʘʧʘʟʦʥʽ ʚʽʜʩʫʪʥʽ ʤʦʜʠ ʟ ʘʟʠʤʫʪʘʣʥɹʠʤ ʽʥʜʝʢʩʦʤ 

9m= . ʈʝʰʪʘ ʢʦʥʢʫʨʫʶʯʠʭ ʤʦʜ ʤʘʶʪʴ ʚʠʛʣʷʜ ʟʚ'ʷʟʘʥʠʭ ʛʘʨʤʦʥʽʢ ɹʣʦʭʘ ʟ 7nk =  ʽ 

8nk = . ʎʝ ʚʠʢʣʠʢʘʥʦ ʪʠʤ, ʱʦ ʢʽʣʴʢʽʩʪʴ ʛʦʬʨʽʚ 15N=  ʫ ʨʝʟʦʥʘʪʦʨʽ ʛʽʨʦʪʨʦʥʘ 

ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʟʚ'ʷʟʢʫ ʤʽʞ ʬʫʥʜʘʤʝʥʪʘʣʴʥʠʤʠ ʛʘʨʤʦʥʽʢʘʤʠ ɹʣʦʭʘ ʟ 7m=+ ʽ 8m=+ ʽ 

(-1)-ʠʤʠ ʛʘʨʤʦʥʽʢʘʤʠ ʟ 1 8k-=- ʽ 1 7k-=-, ʚʽʜʧʦʚʽʜʥʦ. ʊʘʢʽ ʜʚʽ ʧʘʨʠ ʟʚ'ʷʟʘʥʠʭ 
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ʛʘʨʤʦʥʽʢ ɹʣʦʭʘ ʫʪʚʦʨʶʶʪʴ ʜʚʽ ʤʦʜʠ ʨʝʟʦʥʘʪʦʨʘ, ʷʢʽ ʤʘʶʪʴ ʦʜʥʘʢʦʚʽ ʚʣʘʩʥʽ ʟʥʘʯʝʥʥʷ 

ʽ ʨʦʟʨʽʟʥʷʶʪʴʩʷ ʚʝʣʠʯʠʥʦʶ ʢʦʝʬʽʮʽʻʥʪʘ ʟʚ'ʷʟʢʫ ʟ ʝʣʝʢʪʨʦʥʥʠʤ ʧʫʯʢʦʤ. ʇʨʠʢʣʘʜʘʤʠ ʻ 

ʜʚʽ ʤʦʜʠ, ʱʦ ʤʘʶʪʴ ʚʣʘʩʥʝ ʟʥʘʯʝʥʥʷ 9.08c= . ʉʝʨʝʜ ʥʠʭ ʤʦʜʘ ʟ 0 7k m= =+ ʤʘʻ 

ʥʘʡʙʽʣʴʰ ʩʠʣʴʥʠʡ ʟʚ'ʷʟʦʢ ʟ ʝʣʝʢʪʨʦʥʥʠʤ ʧʫʯʢʦʤ ʽ, ʦʪʞʝ, ʤʘʻ ʥʘʡʤʝʥʰʠʡ ʩʪʘʨʪʦʚʠʡ 

ʩʪʨʫʤ (ʨʠʩ. 4.16ʘ). ʅʘ ʚʽʜʤʽʥʫ ʚʽʜ ʥʝʾ, ʽʥʰʘ ʤʦʜʘ ʟ 0 8k m= =+ ʩʣʘʙʦ ʟʚ'ʷʟʘʥʘ ʟ 

ʧʫʯʢʦʤ ʽ ʤʘʻ ʩʪʘʨʪʦʚʠʡ ʩʪʨʫʤ ʙʽʣʴʰʝ 22 ɸ, ʷʢʠʡ ʣʝʞʠʪʴ ʟʥʘʯʥʦ ʚʠʱʝ ʜʦʩʣʽʜʞʫʚʘʥʦʾ 

ʦʙʣʘʩʪʽ ʛʝʥʝʨʘʮʽʾ ʨʦʙʦʯʦʾ ʤʦʜʠ ʊɽ13,2. ʗʢ ʚʠʜʥʦ ʟ ʨʠʩ. 4.16ʘ, ʚʠʢʦʨʠʩʪʘʥʥʷ 

ʨʝʟʦʥʘʪʦʨʘ ʟ ʦʧʪʠʤʽʟʦʚʘʥʠʤʠ ʧʦʟʜʦʚʞʥʽʤʠ ʛʦʬʨʘʤʠ ʨʦʟʰʠʨʶʻ ʦʙʣʘʩʪʴ ʦʜʥʦʤʦʜʦʚʦʾ 

ʛʝʥʝʨʘʮʽʾ ʜʣʷ 0.3-ʊɻʮ ʛʽʨʦʪʨʦʥʘ ʥʘ ʜʨʫʛʽʡ ʮʠʢʣʦʪʨʦʥʥʽʡ ʛʘʨʤʦʥʽʮʽ. ɿʘʚʜʷʢʠ ʮʴʦʤʫ 

ʨʦʙʦʯʘ ʤʦʜʘ ʤʦʞʝ ʩʪʘʙʽʣʴʥʦ ʟʙʫʜʞʫʚʘʪʠʩʷ ʟʘ ʚʽʜʩʫʪʥʦʩʪʽ ʙʫʜʴ-ʷʢʠʭ ʢʦʥʢʫʨʫʶʯʠʭ 

ʤʦʜ ʧʨʠ ʩʪʨʫʤʘʭ ʧʫʯʢʘ ʘʞ ʜʦ 15 ɸ, ʱʦ ʤʦʞʝ ʜʦʟʚʦʣʠʪʠ ʟʙʽʣʴʰʠʪʠ ʚʠʭʽʜʥʫ 

ʧʦʪʫʞʥʽʩʪʴ 0.3-ʊɻʮ ʛʽʨʦʪʨʦʥʘ ʥʘ ʜʨʫʛʽʡ ʮʠʢʣʦʪʨʦʥʥʽʡ ʛʘʨʤʦʥʽʮʽ. 

ʅʘ ʨʠʩ. 4.16ʙ ʧʦʢʘʟʘʥʘ ʟʘʣʝʞʥʽʩʪʴ ʚʠʭʽʜʥʦʾ ʧʦʪʫʞʥʦʩʪʽ 0.3-ʊɻʮ ʛʽʨʦʪʨʦʥʘ ʥʘ 

ʜʨʫʛʽʡ ʮʠʢʣʦʪʨʦʥʥʽʡ ʛʘʨʤʦʥʽʮʽ ʚʽʜ ʤʘʛʥʽʪʥʦʛʦ ʧʦʣʷ ʜʣʷ 10bI =  A ʽ 15bI =  A. ɺʠʜʥʦ, 

ʱʦ ʟʙʽʣʴʰʝʥʥʷ ʩʪʨʫʤʫ ʧʫʯʢʘ ʟ 10 A ʜʦ 15 A ʜʦʟʚʦʣʷʻ ʟʙʽʣʴʰʠʪʠ ʧʽʢʦʚʫ ʚʠʭʽʜʥʫ 

ʧʦʪʫʞʥʽʩʪʴ ʛʽʨʦʪʨʦʥʘ ʟʽ 100 ʢɺʪ ʜʦ 180 ʢɺʪ ʽ ʨʦʟʰʠʨʶʻ ʜʽʘʧʘʟʦʥ ʧʝʨʝʙʫʜʦʚʠ ʯʘʩʪʦʪʠ 

ʨʦʙʦʯʦʾ ʤʦʜʠ ʊɽ13,2. ɺʘʞʣʠʚʦʶ ʦʙʩʪʘʚʠʥʦʶ ʻ ʪʦʡ ʬʘʢʪ, ʱʦ ʚ ʮʴʦʤʫ ʯʘʩʪʦʪʥʦʤʫ 

ʜʽʘʧʘʟʦʥʽ ʨʦʙʦʯʘ ʤʦʜʘ ʻ ʻʜʠʥʦʶ ʦʩʮʠʣʶʶʯʦʶ ʤʦʜʦʶ. ʊʘʢʠʤ ʯʠʥʦʤ, ʧʨʠ 

ʚʠʢʦʨʠʩʪʘʥʥʽ ʛʦʬʨʦʚʘʥʦʛʦ ʨʝʟʦʥʘʪʦʨʘ ʥʝʤʘʻ ʞʦʜʥʦʾ ʢʦʥʢʫʨʫʶʯʦʾ ʤʦʜʠ, ʷʢʘ ʟʜʘʪʥʘ 

ʧʝʨʝʰʢʦʜʠʪʠ ʩʪʘʙʽʣʴʥʽʡ ʦʜʥʦʤʦʜʦʚʽʡ ʨʦʙʦʪʽ 0.3-ʊɻʮ ʛʽʨʦʪʨʦʥʘ ʥʘ ʜʨʫʛʽʡ 

ʮʠʢʣʦʪʨʦʥʥʽʡ ʛʘʨʤʦʥʽʮʽ ʟʽ ʟʙʽʣʴʰʝʥʠʤ ʩʪʨʫʤʦʤ ʧʫʯʢʘ ʽ ʚʠʭʽʜʥʦʶ ʧʦʪʫʞʥʽʩʪʶ. 

ʆʜʥʘʢ, ʢʨʽʤ ʪʘʢʦʾ ʧʝʨʝʚʘʛʠ ʛʦʬʨʦʚʘʥʦʛʦ ʨʝʟʦʥʘʪʦʨʘ ʜʣʷ 0.3-ʊɻʮ ʛʽʨʦʪʨʦʥʘ ʥʘ 

ʜʨʫʛʽʡ ʛʘʨʤʦʥʽʮʽ, ʻ ʪʘʢʦʞ ʥʝʜʦʣʽʢ. ʈʦʙʦʯʘ ʤʦʜʘ ʩʭʠʣʴʥʘ ʜʦ ʢʦʥʚʝʨʩʽʾ ʚ ʛʘʨʤʦʥʽʢʠ 

ɹʣʦʭʘ ʚʠʩʦʢʦʛʦ ʧʦʨʷʜʢʫ ʚ ʚʠʭʽʜʥʽʡ ʨʦʟʰʠʨʶʚʘʥʽʡ ʩʝʢʮʽʾ ʨʝʟʦʥʘʪʦʨʘ. ʇʨʠʯʠʥʘ 

ʧʦʣʷʛʘʻ ʚ ʪʦʤʫ, ʱʦ ʟʙʽʣʴʰʝʥʥʷ ʨʘʜʽʫʩʫ ʮʽʻʾ ʩʝʢʮʽʾ ʟʙʽʣʴʰʫʻ ʜʦʚʞʠʥʫ ʭʚʠʣʽ ʚʽʜʩʽʯʢʠ 

0l ʨʦʙʦʯʦʾ ʤʦʜʠ ʽ, ʪʘʢʠʤ ʯʠʥʦʤ, ʚʠʢʣʠʢʘʻ ʟʙʽʣʴʰʝʥʥʷ ʨʽʟʥʠʮʽ ʤʽʞ 0 2l  ʽ ʛʣʠʙʠʥʦʶ 

ʛʦʬʨʘ 0.05d=  ʩʤ. ʇʨʠ ʮʴʦʤʫ ʨʦʙʦʯʘ ʤʦʜʘ ʊɽ13,2 ʧʝʨʝʪʚʦʨʶʻʪʴʩʷ ʚ ʛʘʨʤʦʥʽʢʠ ɹʣʦʭʘ 

ʟ 1 2k-=- ʽ 2 17k- =-. ɺ ʨʝʟʫʣʴʪʘʪʽ ʥʘ ʚʠʭʦʜʽ ʟ ʨʝʟʦʥʘʪʦʨʘ (outz z= ) ʯʠʩʪʦʪʘ ʮʽʻʾ ʤʦʜʠ 

ʧʘʜʘʻ ʧʨʠʙʣʠʟʥʦ ʜʦ 90%. ʊʘʢʝ ʧʦʛʽʨʰʝʥʥʷ ʯʠʩʪʦʪʠ ʤʦʜʠ ʫ ʚʠʭʽʜʥʦʤʫ ʧʦʧʝʨʝʯʥʦʤʫ 
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ʧʝʨʝʨʽʟʽ ʛʦʬʨʦʚʘʥʦʛʦ ʨʝʟʦʥʘʪʦʨʘ ʯʽʪʢʦ ʚʠʜʥʦ ʥʘ ʨʠʩ. 4.17. ʎʝʡ ʝʬʝʢʪ ʩʣʽʜ 

ʚʨʘʭʦʚʫʚʘʪʠ ʧʨʠ ʧʨʦʢ̒ʪʫʚʘʥʥʽ ʩʠʩʪʝʤʠ ʚʠʚʝʜʝʥʥʷ ʝʣʝʢʪʨʦʤʘʛʥʽʪʥʦʛʦ 

ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ ʜʣʷ 0.3-ʊɻʮ ʛʽʨʦʪʨʦʥʘ ʥʘ ʜʨʫʛʽʡ ʮʠʢʣʦʪʨʦʥʥʽʡ ʛʘʨʤʦʥʽʮʽ. 

 

   

           ʘ          ʙ 

ʈʠʩ. 4.17. ʇʦʧʝʨʝʯʥʘ ʩʪʨʫʢʪʫʨʘ ʘʟʠʤʫʪʘʣʴʥʦʛʦ ʝʣʝʢʪʨʠʯʥʦʛʦ ʧʦʣʷ Ej  ʨʦʙʦʯʦʾ ʤʦʜʠ 

ʚ (ʘ) ʦʩʥʦʚʥʽʡ ʩʝʢʮʽʾ ʽ (ʙ) ʚʠʭʽʜʥʦʤʫ ʧʦʧʝʨʝʯʥʦʤʫ ʧʝʨʝʨʽʟʽ ʛʦʬʨʦʚʘʥʦʛʦ ʨʝʟʦʥʘʪʦʨʘ 

ʜʣʷ 0.3-ʊɻʮ ʛʽʨʦʪʨʦʥʘ ʥʘ ʜʨʫʛʽʡ ʮʠʢʣʦʪʨʦʥʥʽʡ ʛʘʨʤʦʥʽʮʽ. 

 

4.5. ɺʠʩʥʦʚʢʠ ʜʦ ʨʦʟʜʽʣʫ 4 

1. ʆʪʨʠʤʘʥʽ ʩʘʤʦʫʟʛʦʜʞʝʥʽ ʨʽʚʥʷʥʥʷ ʚ ʦʜʥʦʤʦʜʦʚʦʤʫ ʥʘʙʣʠʞʝʥʥʽ (ʨʽʚʥʷʥʥʷ 

ʛʽʨʦʪʨʦʥʘ), ʷʢʽ ʦʧʠʩʫʶʪʴ ʩʪʘʮʽʦʥʘʨʥʫ ʩʪʘʜʽʶ ʚʟʘʻʤʦʜʽʾ ʤʽʞ ʛʚʠʥʪʦʚʠʤ ʧʫʯʢʦʤ 

ʝʣʝʢʪʨʦʥʽʚ ʽ ʊɽ ʤʦʜʦʶ ʮʠʣʽʥʜʨʠʯʥʦʛʦ ʨʝʟʦʥʘʪʦʨʘ ʛʽʨʦʪʨʦʥʘ ʟ ʜʦʚʽʣʴʥʠʤ ʯʠʩʣʦʤ 

ʧʦʟʜʦʚʞʥʽʭ ʛʦʬʨʽʚ. ɼʣʷ ʪʘʢʦʾ ʩʪʘʜʽʾ ʚʟʘʻʤʦʜʽʾ ʚʩʪʘʥʦʚʣʝʥʦ ʫʤʦʚʫ ʙʘʣʘʥʩʫ 

ʧʦʪʫʞʥʦʩʪʝʡ ʚ ʩʠʩʪʝʤʽ ʧʫʯʦʢ-ʭʚʠʣʷ. ʇʦʢʘʟʘʥʦ, ʱʦ ʜʣʷ ʤʦʜ ʨʝʟʦʥʘʪʦʨʘ ʥʘʷʚʥʽʩʪʴ 

ʛʦʬʨʽʚ ʥʝ ʪʽʣʴʢʠ ʟʤʽʥʶʻ ʚʣʘʩʥʽ ʟʥʘʯʝʥʥʷ ʽ ʦʤʽʯʥʽ ʚʪʨʘʪʠ, ʘʣʝ ʪʘʢʦʞ ʚʧʣʠʚʘʻ ʥʘ 

ʟʚ'ʷʟʦʢ ʤʦʜ ʟ ʝʣʝʢʪʨʦʥʥʠʤ ʧʫʯʢʦʤ. ɺʠʢʦʨʠʩʪʦʚʫʶʯʠ ʮʝ, ʨʽʚʥʷʥʥʷ ʛʽʨʦʪʨʦʥʘ ʙʫʣʠ 

ʟʘʩʪʦʩʦʚʘʥʽ ʜʣʷ ʚʠʟʥʘʯʝʥʥʷ ʚʧʣʠʚʫ ʧʘʨʘʤʝʪʨʽʚ ʛʦʬʨʫʚʘʥʥʷ ʥʘ ʩʪʘʨʪʦʚʠʡ ʩʪʨʫʤ ʊɽ 

ʤʦʜʠ ʨʝʟʦʥʘʪʦʨʘ ʛʽʨʦʪʨʦʥʘ. ʋ ʟʘʛʘʣʴʥʦʤʫ ʚʠʧʘʜʢʫ ʪʘʢʘ ʤʦʜʘ ʤʘʻ ʚʠʛʣʷʜ 

ʩʫʧʝʨʧʦʟʠʮʽʾ ʘʟʠʤʫʪʘʣʴʥʠʭ ʛʘʨʤʦʥʽʢ ɹʣʦʭʘ, ʟʚ'ʷʟʦʢ ʤʽʞ ʷʢʠʤʠ ʩʫʪʪʻʚʦ ʟʘʣʝʞʠʪʴ ʚʽʜ 

ʛʣʠʙʠʥʠ ʛʦʬʨʽʚ.  
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2. ʇʦʢʘʟʘʥʦ, ʱʦ ʜʣʷ ʛʦʬʨʽʚ ʟ ʛʣʠʙʠʥʦʶ, ʷʢʘ ʜʦʨʽʚʥʶʻ ʧʦʣʦʚʠʥʽ ʜʦʚʞʠʥʠ ʭʚʠʣʽ, 

ʟʚ'ʷʟʦʢ ʤʽʞ ʘʟʠʤʫʪʘʣʴʥʠʤʠ ʛʘʨʤʦʥʽʢʘʤʠ  ̒ʩʣʘʙʢʠʤ, ʥʘʚʽʪʴ ʥʝʟʚʘʞʘʶʯʠ ʥʘ ʪʝ, ʱʦ 

ʩʧʝʢʪʨ ʛʘʨʤʦʥʽʢ ɹʣʦʭʘ ʩʪʘʻ ʱʽʣʴʥʽʰʠʤ ʟʽ ʟʤʝʥʰʝʥʥʷʤ ʯʠʩʣʘ ʛʦʬʨʽʚ. ɺ ʮʴʦʤʫ 

ʚʠʧʘʜʢʫ ʛʘʨʤʦʥʽʢʠ ɹʣʦʭʘ ʧʦʚʦʜʷʪʴʩʷ ʪʘʢ ʩʘʤʦ, ʷʢ ʥʝʟʚ'ʷʟʘʥʽ TE-ʤʦʜʠ ʛʣʘʜʢʦʩʪʽʥʥʦʛʦ 

ʮʠʣʽʥʜʨʠʯʥʦʛʦ ʨʝʟʦʥʘʪʦʨʘ. ʗʢ ʥʘʩʣʽʜʦʢ, ʜʣʷ ʊɽ ʤʦʜʠ ʫ ʨʝʟʦʥʘʪʦʨʽ ʛʽʨʦʪʨʦʥʘ 

ʢʦʤʧʣʝʢʩʥʝ ʧʦʧʝʨʝʯʥʝ ʭʚʠʣʴʦʚʝ ʯʠʩʣʦ ʽ ʢʦʝʬʽʮʽʻʥʪ ʟʚ'ʷʟʢʫ ʟ ʧʫʯʢʦʤ ʣʠʰʝ ʪʨʦʭʠ 

ʟʤʽʥʶʶʪʴʩʷ ʧʨʠ ʥʘʷʚʥʦʩʪʽ ʛʦʬʨʽʚ ʟ ʧʽʚʭʚʠʣʴʦʚʦʶ ʛʣʠʙʠʥʦʶ. ɹʫʣʦ ʧʦʢʘʟʘʥʦ, ʱʦ ʧʨʠ 

ʮʴʦʤʫ ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ ʣʠʰʝ ʥʝʚʝʣʠʢʝ ʟʤʽʱʝʥʥʷ ʩʪʘʨʪʦʚʦʛʦ ʩʪʨʫʤʫ ʊɽ ʤʦʜʠ, ʷʢʝ 

ʚʠʢʣʠʢʘʥʝ ʧʝʨʝʚʘʞʥʦ ʦʤʽʯʥʠʤʠ ʚʪʨʘʪʘʤʠ ʫ ʛʦʬʨʦʚʘʥʽʡ ʩʪʽʥʮʽ ʨʝʟʦʥʘʪʦʨʘ.  

3. ɺʠʷʚʣʝʥʦ, ʱʦ ʧʨʠ ʯʚʝʨʪʴʭʚʠʣʴʦʚʽʡ ʛʣʠʙʠʥʽ ʛʦʬʨʽʚ ʟʚ'ʷʟʦʢ ʨʽʟʥʠʭ 

ʘʟʠʤʫʪʘʣʴʥʠʭ ʛʘʨʤʦʥʽʢ ɹʣʦʭʘ ʫ ʨʝʟʦʥʘʪʦʨʽ ʛʽʨʦʪʨʦʥʘ  ̒ʩʠʣʴʥʠʤ ʽ ʩʫʪʪʻʚʦ ʚʧʣʠʚʘʻ ʥʘ 

ʚʣʘʩʥʝ ʟʥʘʯʝʥʥʷ ʊɽ ʤʦʜʠ. ʂʨʽʤ ʪʦʛʦ, ʙʫʣʦ ʧʦʢʘʟʘʥʦ, ʱʦ ʪʘʢʠʡ ʟʚ'ʷʟʦʢ ʛʘʨʤʦʥʽʢ 

ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʦʩʣʘʙʣʝʥʥʷ ʟʚ'ʷʟʢʫ ʊɽ ʤʦʜʠ ʟ ʝʣʝʢʪʨʦʥʥʠʤ ʧʫʯʢʦʤ. ɿʘʚʜʷʢʠ ʮʴʦʤʫ 

ʛʦʬʨʠ ʫ ʨʝʟʦʥʘʪʦʨʽ ʛʽʨʦʪʨʦʥʘ ʟʜʘʪʥʽ ʚ ʢʽʣʴʢʘ ʨʘʟʽʚ ʟʙʽʣʴʰʠʪʠ ʩʪʘʨʪʦʚʠʡ ʩʪʨʫʤ ʜʣʷ 

ʊɽ ʤʦʜʠ ʨʝʟʦʥʘʪʦʨʘ ʟ ʯʘʩʪʦʪʦʶ, ʱʦ ʚʽʜʧʦʚʽʜʘʻ ʯʚʝʨʪʴʭʚʠʣʴʦʚʽʡ ʛʣʠʙʠʥʽ ʛʦʬʨʽʚ. 

4. ɺʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʧʦʟʜʦʚʞʥʽ ʛʦʬʨʠ ʟ ʛʣʠʙʠʥʦʶ, ʙʣʠʟʴʢʦʶ ʜʦ ʧʦʣʦʚʠʥʠ 

ʜʦʚʞʠʥʠ ʭʚʠʣʽ ʨʦʙʦʯʦʾ ʤʦʜʠ, ʤʦʞʫʪʴ ʙʫʪʠ ʚʠʢʦʨʠʩʪʘʥʽ ʜʣʷ ʩʝʣʝʢʪʠʚʥʦʛʦ 

ʧʨʠʜʫʰʝʥʥʷ ʬʫʥʜʘʤʝʥʪʘʣʴʥʠʭ ʢʦʥʢʫʨʫʶʯʠʭ ʤʦʜ ʫ ʛʽʨʦʪʨʦʥʘʭ ʥʘ ʜʨʫʛʽʡ 

ʮʠʢʣʦʪʨʦʥʥʽʡ ʛʘʨʤʦʥʽʮʽ. ʗʢ ʧʨʠʢʣʘʜ ʨʦʟʛʣʷʥʫʪʦ 0.3-ʊɻʮ ʛʽʨʦʪʨʦʥ ʥʘ ʜʨʫʛʽʡ 

ʮʠʢʣʦʪʨʦʥʥʽʡ ʛʘʨʤʦʥʽʮʽ. ɼʣʷ ʮʴʦʛʦ ʛʽʨʦʪʨʦʥʘ ʟʥʘʡʜʝʥʽ ʦʧʪʠʤʘʣʴʥʽ ʧʘʨʘʤʝʪʨʠ 

ʛʦʬʨʦʚʘʥʦʛʦ ʨʝʟʦʥʘʪʦʨʘ ʽ ʧʨʦʚʝʜʝʥʦ ʨʦʟʨʘʭʫʥʦʢ ʩʪʘʨʪʦʚʠʭ ʩʪʨʫʤʽʚ ʜʣʷ ʨʦʙʦʯʦʾ ʽ 

ʢʦʥʢʫʨʫʶʯʠʭ ʤʦʜ. ʇʦʢʘʟʘʥʦ, ʱʦ ʚʠʢʦʨʠʩʪʘʥʥʷ ʨʝʟʦʥʘʪʦʨʘ ʟ ʪʘʢʠʤʠ ʧʘʨʘʤʝʪʨʘʤʠ 

ʜʦʟʚʦʣʷʻ ʨʦʟʰʠʨʠʪʠ ʜʽʘʧʘʟʦʥ ʦʜʥʦʤʦʜʦʚʦʾ ʛʝʥʝʨʘʮʽʾ ʨʦʙʦʯʦʾ ʤʦʜʠ ʽ ʟʘʙʝʟʧʝʯʫʻ 

ʤʦʞʣʠʚʽʩʪʴ ʟʙʽʣʴʰʝʥʥʷ ʚʠʭʽʜʥʦʾ ʧʦʪʫʞʥʦʩʪʽ ʜʣʷ 0.3-ʊɻʮ ʛʽʨʦʪʨʦʥʘ ʥʘ ʜʨʫʛʽʡ 

ʮʠʢʣʦʪʨʦʥʥʽʡ ʛʘʨʤʦʥʽʮʽ. 

ʄʘʪʝʨʽʘʣʠ ʜʘʥʦʛʦ ʨʦʟʜʽʣʫ ʦʧʫʙʣʽʢʦʚʘʥʽ ʚ ʨʦʙʦʪʘʭ [5, 6] ʪʘ ʜʦʧʦʚʽʜʘʣʠʩʷ ʥʘ 

ʢʦʥʬʝʨʝʥʮʽʷʭ [13, 14]. 
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ɺʀʉʅʆɺʂʀ 

 

ʋ ʜʠʩʝʨʪʘʮʽʡʥʽʡ ʨʦʙʦʪʽ ʨʦʟʚ'ʷʟʘʥʝ ʚʘʞʣʠʚʝ ʥʘʫʢʦʚʝ ʟʘʚʜʘʥʥʷ ʟ̔ ʚʩʪʘʥʦʚʣʝʥʥʷ 

ʬʽʟʠʯʥʠʭ ʟʘʢʦʥʦʤʽʨʥʦʩʪʝʡ ʝʣʝʢʪʨʦʥʥʦ-ʭʚʠʣʴʦʚʦʾ ʚʟʘʻʤʦʜʽʾ ʫ ʚʘʢʫʫʤʥʠʭ ʨʝʟʦʥʘʪʦʨʘʭ 

ʛʽʨʦʪʨʦʥʽʚ ʥʘ ʜʨʫʛʽʡ ʮʠʢʣʦʪʨʦʥʥʽʡ ʛʘʨʤʦʥʽʮ.̔ ɺʩʪʘʥʦʚʣʝʥʽ ʫʤʦʚʠ ʧʦʣʽʧʰʝʥʥʷ 

ʩʝʣʝʢʪʠʚʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʪʘʢʠʭ ʨʝʟʦʥʘʪʦʨʽʚ ʛʽʨʦʪʨʦʥʽʚ ʟ ʤʝʪʦʶ ʧʨʠʜʫʰʝʥʥʷ 

ʬʫʥʜʘʤʝʥʪʘʣʴʥʠʭ ʢʦʥʢʫʨʫʶʯʠʭ ʤʦʜ. 

ʆʩʥʦʚʥʽ ʨʝʟʫʣʴʪʘʪʠ ʪʘ ʚʠʩʥʦʚʢʠ, ʱʦ ʦʪʨʠʤʘʥʽ ʚ ʜʠʩʝʨʪʘʮʽʡʥʽʡ ʨʦʙʦʪʽ, 

ʧʦʣʷʛʘʶʪʴ ʚ ʥʘʩʪʫʧʥʦʤʫ: 

1. ʄʝʪʦʜʦʤ ʧʨʦʩʪʦʨʦʚʠʭ ʛʘʨʤʦʥʽʢ ʚʧʝʨʰʝ ʦʪʨʠʤʘʥʦ ʜʠʩʧʝʨʩʽʡʥʝ ʨʽʚʥʷʥʥʷ 

ʜʣʷ ʊɽ ʤʦʜ ʫ ʤʝʪʘʣʝʚʦʤʫ ʮʠʣʽʥʜʨʠʯʥʦʤʫ ʨʝʟʦʥʘʪʦʨʽ ʟ ʧʦʟʜʦʚʞʥʽʤʠ ʛʦʬʨʘʤʠ, ʘ 

ʪʘʢʦʞ ʘʥʘʣʽʪʠʯʥʠʡ ʚʠʨʘʟ ʦʤʽʯʥʦʾ ʜʦʙʨʦʪʥʦʩʪʽ. ʎʝ ʜʦʟʚʦʣʷʻ ʚʨʘʭʫʚʘʪʠ ʚʧʣʠʚ ʚʠʱʠʭ 

ʧʨʦʩʪʦʨʦʚʠʭ ʛʘʨʤʦʥʽʢ ʥʘ ʚʣʘʩʥʽ ʯʘʩʪʦʪʠ ʽ ʚʣʘʩʥʽ ʧʦʣʷ ʨʝʟʦʥʘʪʦʨʘ, ʟʘʙʝʟʧʝʯʫʶʯʠ 

ʚʠʩʦʢʫ ʪʦʯʥʽʩʪʴ ʨʦʟʨʘʭʫʥʢʽʚ. 

2. ɺʧʝʨʰʝ ʚʠʟʥʘʯʝʥʽ ʚʣʘʩʥʽ ʟʥʘʯʝʥʥʷ ʽ ʚʣʘʩʥʽ ʧʦʣʷ ʊʄ ʤʦʜ ʚ ʢʦʘʢʩʽʘʣʴʥʦʤʫ 

ʨʝʟʦʥʘʪʦʨʽ ʛʽʨʦʪʨʦʥʘ ʟ ʛʦʬʨʦʚʘʥʠʤ ʚʥʫʪʨʽʰʥʽʤ ʧʨʦʚʽʜʥʠʢʦʤ ʚʜʦʩʢʦʥʘʣʝʥʠʤ 

ʤʝʪʦʜʦʤ ʥʘ ʦʩʥʦʚʽ ʧʝʨʝʨʦʟʢʣʘʜʘʥʥʷ ʧʦʣʽʚ, ʱʦ ʜʦʟʚʦʣʷʻ ʚʨʘʭʫʚʘʪʠ ʫʤʦʚʫ ʄʝʡʢʩʥʝʨʘ 

ʥʘ ʨʝʙʨʘʭ ʛʦʬʨʽʚ. ʗʢ ʥʘʩʣʽʜʦʢ, ʜʦʩʷʛʘʻʪʴʩʷ ʚʠʩʦʢʘ ʪʦʯʥʽʪʴ ʚʠʢʦʥʘʥʥʷ ʫʤʦʚʠ 

ʥʝʧʝʨʝʨʝʚʥʦʩʪʽ ʧʦʣʽʚ ʥʘ ʛʨʘʥʠʮʽ ʧʦʜʽʣʫ ʭʚʠʣʝʚʽʜʥʦʛʦ ʢʘʥʘʣʫ ʽ ʛʦʬʨʽʚ, ʘ ʪʘʢʦʞ 

ʩʢʦʨʦʯʫʻʪʴʩʷ ʯʘʩ ʜʣʷ ʯʠʩʝʣʴʥʠʭ ʨʦʟʚôʷʟʢʽʚ ʟʘʜʘʯʽ ʥʘ ʚʣʘʩʥʽ ʟʥʘʯʝʥʥʷ. 

3. ɺ ʭʦʜʽ ʜʝʪʘʣʴʥʦʛʦ ʜʦʩʣʽʜʞʝʥʥʷ ʢʦʥʚʝʨʩʽʾ ʤʦʜ, ʚʠʢʣʠʢʘʥʦʾ ʘʟʠʤʫʪʘʣʴʥʦʶ 

ʧʝʨʽʦʜʠʯʥʽʩʪʶ ʨʝʟʦʥʘʪʦʨʘ ʛʽʨʦʪʨʦʥʘ ʟ ʧʦʟʜʦʚʞʥʽʤʠ ʛʦʬʨʘʤʠ, ʚʧʝʨʰʝ ʚʠʷʚʣʝʥʦ, ʱʦ 

ʥʘ ʢʦʥʚʝʨʩʽʶ ʤʦʜ ʽʩʪʦʪʥʦ ʚʧʣʠʚʘʻ ʢʽʣʴʢʽʩʪʴ ʛʦʬʨʽʚ ʪʘ ʾʭʥʷ ʛʣʠʙʠʥʘ. ʊʘʢʘ ʦʩʦʙʣʠʚʽʩʪʴ 

ʛʦʬʨʦʚʘʥʦʛʦ ʨʝʟʦʥʘʪʦʨʘ ʤʦʞʝ ʙʫʪʠ ʚʠʢʦʨʠʩʪʘʥʘ ʜʣʷ ʩʝʣʝʢʮʽʾ ʤʦʜ. 

4. ɺʧʝʨʰʝ ʟʥʘʡʜʝʥʽ ʩʧʽʚʚʽʜʥʦʰʝʥʥʷ ʤʽʞ ʛʣʠʙʠʥʦʶ ʛʦʬʨʽʚ ʪʘ ʜʦʚʞʠʥʦʶ 

ʭʚʠʣʽ, ʧʨʠ ʷʢʠʭ ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ ʩʣʘʙʢʘ ʪʘ ʩʠʣʴʥʘ ʢʦʥʚʝʨʩʽʷ ʤʦʜ ʚ ʚʠʱʽ ʧʨʦʩʪʦʨʦʚʽ 

ʛʘʨʤʦʥʽʢʠ. ɺ ʦʩʪʘʥʥʴʦʤʫ ʚʠʧʘʜʢʫ ʢʦʥʚʝʨʩʽʷ ʩʫʧʨʦʚʦʜʞʫʻʪʴʩʷ ʟʤʽʥʦʶ ʯʘʩʪʦʪ, 

ʦʤʽʯʥʠʭ ʜʦʙʨʦʪʥʦʩʪʝʡ ʪʘ ʢʦʝʬʽʮʽʻʥʪʽʚ ʟʚ'ʷʟʢʫ ʟ ʝʣʝʢʪʨʦʥʥʠʤ ʧʫʯʢʦʤ ʜʣʷ ʊɽ ʤʦʜ 

ʮʠʣʽʥʜʨʠʯʥʦʛʦ ʨʝʟʦʥʘʪʦʨʘ. ɿʘʚʜʷʢʠ ʮʴʦʤʫ, ʤʦʞʥʘ ʟʘʙʝʟʧʝʯʠʪʠ ʝʬʝʢʪʠʚʥʝ 
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ʩʝʣʝʢʪʠʚʥʝ ʧʨʠʜʫʰʝʥʥʷ ʢʦʥʢʫʨʫʶʯʠʭ ʤʦʜ ʫ ʨʝʟʦʥʘʪʦʨʘʭ ʛʽʨʦʪʨʦʥʽʚ ʥʘ ʜʨʫʛʽʡ 

ʮʠʢʣʦʪʨʦʥʥʽʡ ʛʘʨʤʦʥʽʮʽ. 

5. ɺʧʝʨʰʝ ʨʦʟʨʦʙʣʝʥʦ ʥʝʣʽʥʽʡʥʫ ʩʘʤʦʫʟʛʦʜʞʝʥʫ ʪʝʦʨʽʶ ʜʣʷ ʦʧʠʩʫ 

ʩʪʘʮʽʦʥʘʨʥʦʾ ʩʪʘʜʽʾ ʚʟʘʻʤʦʜʽʾ ʛʚʠʥʪʦʚʦʛʦ ʧʫʯʢʘ ʝʣʝʢʪʨʦʥʽʚ ʟ ʚʣʘʩʥʠʤʠ ʊɽ ʤʦʜʘʤʠ 

ʛʦʬʨʦʚʘʥʦʛʦ ʨʝʟʦʥʘʪʦʨʘ ʛʽʨʦʪʨʦʥʘ. ʆʪʨʠʤʘʥʦ ʘʥʘʣʽʪʠʯʥʠʡ ʚʠʨʘʟ ʙʘʣʘʥʩʫ 

ʧʦʪʫʞʥʦʩʪʝʡ ʜʣʷ ʧʫʯʢʘ ʽ ʤʦʜʠ, ʷʢʽ ʚʟʘʻʤʦʜʽʶʪʴ. ʎʝ ʜʦʟʚʦʣʠʣʦ ʜʝʪʘʣʴʥʦ 

ʧʨʦʘʥʘʣʽʟʫʚʘʪʠ ʝʣʝʢʪʨʦʥʥʦ-ʭʚʠʣʴʦʚʫ ʚʟʘʻʤʦʜʽʶ ʫ ʨʝʟʦʥʘʪʦʨʽ ʛʽʨʦʪʨʦʥʘ ʥʘ ʜʨʫʛʽʡ 

ʮʠʢʣʦʪʨʦʥʥʽʡ ʛʘʨʤʦʥʽʮʽ ʪʘ ʧʦʢʘʟʘʪʠ ʚʧʣʠʚ ʛʦʬʨʽʚ ʥʘ ʩʪʘʨʪʦʚʽ ʩʪʨʫʤʠ ʨʦʙʦʯʦʾ ʥʘ 

ʢʦʥʢʫʨʫʶʯʠʭ ʤʦʜ. 

6. ɺʧʝʨʰʝ ʚʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʚʠʢʦʨʠʩʪʘʥʥʷ ʧʦʟʜʦʚʞʥʽʭ ʛʦʬʨʽʚ ʟ ʛʣʠʙʠʥʦʶ, 

ʙʣʠʟʴʢʦʶ ʜʦ ʧʦʣʦʚʠʥʠ ʜʦʚʞʠʥʠ ʭʚʠʣʽ ʨʦʙʦʯʦʾ ʤʦʜʠ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʧʦʣʽʧʰʝʥʥʷ 

ʩʝʣʝʢʪʠʚʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʨʝʟʦʥʘʪʦʨʽʚ ʜʣʷ ʛʽʨʦʪʨʦʥʽʚ ʥʘ ʜʨʫʛʽʡ ʮʠʢʣʦʪʨʦʥʥʽʡ 

ʛʘʨʤʦʥʽʮʽ, ʘ ʪʘʢʦʞ ʜʦʟʚʦʣʷʻ ʨʦʟʰʠʨʠʪʠ ʜʽʘʧʘʟʦʥ ʦʜʥʦʤʦʜʦʚʦʾ ʛʝʥʝʨʘʮʽʾ ʨʦʙʦʯʦʾ 

ʤʦʜʠ ʽ ʟʙʽʣʴʰʠʪʠ ʚʠʭʽʜʥʫ ʧʦʪʫʞʥʽʩʪʴ ʛʽʨʦʪʨʦʥʘ. 

ʊʘʢʠʤ ʯʠʥʦʤ, ʚʜʦʩʢʦʥʘʣʝʥʠʡ ʤʝʪʦʜ ʩʝʣʝʢʮʽʾ ʤʦʜ, ʚ ʦʩʥʦʚʽ ʷʢʦʛʦ ʣʝʞʠʪʴ 

ʚʠʢʦʨʠʩʪʘʥʥʷ ʧʦʟʜʦʚʞʥʽʭ ʛʦʬʨʽʚ ʟ ʚʠʟʥʘʯʝʥʠʤʠ ʧʘʨʘʤʝʪʨʘʤʠ, ʟʘʙʝʟʧʝʯʫʻ ʝʬʝʢʪʠʚʥʝ 

ʧʨʠʜʫʰʝʥʥʷ ʬʫʥʜʘʤʝʥʪʘʣʴʥʠʭ ʢʦʥʢʫʨʫʶʯʠʭ ʤʦʜ ʫ ʨʝʟʦʥʘʪʦʨʘʭ ʛʽʨʦʪʨʦʥʽʚ ʥʘ ʜʨʫʛʽʡ 

ʛʘʨʤʦʥʽʮʽ ʮʠʢʣʦʪʨʦʥʥʦʾ ʯʘʩʪʦʪʠ. 
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