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ɺɺɽɼɽʅʀɽ 

ɸʢʪʫʘʣʴʥʦʩʪʴ ʠ ʩʪʝʧʝʥʴ ʧʨʦʨʘʙʦʪʘʥʥʦʩʪʠ ʪʝʤʳ ʜʠʩʩʝʨʪʘʮʠʠ 

ɺ ʣʘʟʝʨʥʦʡ ʬʠʟʠʢʝ ʠ ʝʝ ʧʨʠʣʦʞʝʥʠʷʭ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʣʘʟʝʨʥʦʛʦ 

ʠʟʣʫʯʝʥʠʷ ʩ ʥʘʥʦʨʘʟʤʝʨʥʳʤʠ ʩʠʩʪʝʤʘʤʠ ʧʨʝʜʩʪʘʚʣʷʝʪ ʠʥʪʝʨʝʩ ʢʘʢ ʩ 

ʬʫʥʜʘʤʝʥʪʘʣʴʥʦʡ, ʪʘʢ ʠ ʩ ʧʨʠʢʣʘʜʥʦʡ ʪʦʯʝʢ ʟʨʝʥʠʷ. ʉ ʨʘʟʚʠʪʠʝʤ ʪʝʭʥʦʣʦʛʠʠ 

ʛʝʥʝʨʘʮʠʠ ʋʂʀ, ʜʣʠʪʝʣʴʥʦʩʪʴ ʢʦʪʦʨʳʭ ʤʦʞʝʪ ʙʳʪʴ ʩʨʘʚʥʠʤʘ ʩ ʭʘʨʘʢʪʝʨʥʳʤ 

ʘʪʦʤʥʳʤ ʚʨʝʤʝʥʝʤ (~24 ʘʪʪʦʩʝʢʫʥʜ)r, ʚʩʪʘʣ ʚʦʧʨʦʩ ʦ ʢʦʨʨʝʢʪʥʦʤ ʦʧʠʩʘʥʠʠ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʪʘʢʠʭ ʣʘʟʝʨʥʳʭ ʠʤʧʫʣʴʩʦʚ ʩ ʥʘʥʦʨʘʟʤʝʨʥʳʤʠ ʩʪʨʫʢʪʫʨʘʤʠ. 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʧʦʜ ʋʂʀ ʧʦʜʨʘʟʫʤʝʚʘʝʪʩʷ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʳʡ 

ʠʤʧʫʣʴʩ, ʩʧʝʢʪʨ ʢʦʪʦʨʦʛʦ ʩʦʧʦʩʪʘʚʠʤ ʧʦ ʰʠʨʠʥʝ ʠʣʠ ʰʠʨʝ ʩʧʝʢʪʨʘ 

ʚʦʟʙʫʞʜʘʝʤʦʡ ʤʠʰʝʥʠ. ʂʘʢ ʧʦʢʘʟʘʥʦ ʚ ʨʘʙʦʪʝ [1], ʚ ʩʣʫʯʘʝ ʋʂʀ ʥʝʦʙʭʦʜʠʤʦ 

ʦʙʦʙʱʝʥʠʝ ʧʨʝʞʥʠʭ ʤʝʪʦʜʦʚ ʪʝʦʨʠʠ ʜʣʷ ʫʯʝʪʘ ʩʧʝʮʠʬʠʢʠ ʫʣʴʪʨʘʙʳʩʪʨʳʭ 

ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʳʭ ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ. ʆʩʦʙʝʥʥʦʩʪʴʶ ʥʘʥʦʩʪʨʫʢʪʫʨ ʧʦ 

ʩʨʘʚʥʝʥʠʶ ʩ ʧʨʦʩʪʳʤʠ ʘʪʦʤʘʤʠ ʷʚʣʷʝʪʩʷ ʥʘʣʠʯʠʝ ʙʦʣʴʰʦʛʦ ʯʠʩʣʘ ʩʪʝʧʝʥʝʡ 

ʩʚʦʙʦʜʳ, ʚʳʨʘʞʘʶʱʝʝʩʷ ʚ ʚʦʟʙʫʞʜʝʥʠʠ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʢʚʘʟʠʯʘʩʪʠʮ: 

ʬʦʥʦʥʦʚ ʠ ʧʣʘʟʤʦʥʦʚ. ɺ ʩʚʷʟʠ ʩ ʵʪʠʤ ʘʢʪʫʘʣʴʥʳʤ ʷʚʣʷʝʪʩʷ ʠʟʫʯʝʥʠʝ 

ʚʦʟʜʝʡʩʪʚʠʷ ʥʘ ʨʝʟʦʥʘʥʩʳ ʩʠʩʪʝʤʳ ʋʂʀ ʜʣʷ ʣʘʟʝʨʥʦʛʦ ʢʦʥʪʨʦʣʷ 

ʤʦʣʝʢʫʣʷʨʥʳʭ, ʘʪʦʤʥʳʭ ʠ ʪʚʝʨʜʦʪʝʣʴʥʳʭ ʬʦʪʦʧʨʦʮʝʩʩʦʚ [2], ʪʘʢʞʝ ʩ 

ʧʦʤʦʱʴʶ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʋʂʀ ʤʦʞʥʦ ʢʦʥʪʨʦʣʠʨʦʚʘʪʴ ʧʨʦʪʝʢʘʥʠʝ 

ʤʦʣʝʢʫʣʷʨʥʳʭ ʨʝʘʢʮʠʡ [3]. ɺʘʞʥʦ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʧʦʥʷʪʠʝ çʫʣʴʪʨʘʢʦʨʦʪʢʠʝ 

ʠʤʧʫʣʴʩʳè ʜʣʷ ʤʦʣʝʢʫʣʷʨʥʳʭ ʧʝʨʝʭʦʜʦʚ ʨʝʘʣʠʟʫʝʪʩʷ ʧʨʠ ʠʭ ʜʣʠʪʝʣʴʥʦʩʪʠ 

ʧʦʨʷʜʢʘ ʧʠʢʦʩʝʢʫʥʜ, ʚ ʦʪʣʠʯʠʝ ʦʪ ʘʪʦʤʥʳʭ ʧʝʨʝʭʦʜʦʚ, ʛʜʝ ʥʝʣʠʥʝʡʥʳʝ ʧʦ 

ʚʨʝʤʝʥʠ ʵʬʬʝʢʪʳ ʚʦʟʥʠʢʘʶʪ, ʢʘʢ ʧʨʘʚʠʣʦ, ʜʣʷ ʬʝʤʪʦʩʝʢʫʥʜʥʳʭ ʠʤʧʫʣʴʩʦʚ. 

ʕʪʦ ʦʙʩʪʦʷʪʝʣʴʩʪʚʦ ʦʪʢʨʳʚʘʝʪ ʰʠʨʦʢʠʝ ʚʦʟʤʦʞʥʦʩʪʠ ʠʩʩʣʝʜʦʚʘʥʠʡ 

ʥʝʣʠʥʝʡʥʳʭ ʧʦ ʚʨʝʤʝʥʠ ʵʬʬʝʢʪʦʚ ʚ ʤʦʣʝʢʫʣʷʨʥʳʭ ʩʪʨʫʢʪʫʨʘʭ ʜʣʷ ʣʘʟʝʨʥʳʭ 

ʧʦʣʝʡ ʫʤʝʨʝʥʥʦʡ ʠʥʪʝʥʩʠʚʥʦʩʪʠ. 

ʆʩʦʙʳʡ ʠʥʪʝʨʝʩ ʜʣʷ ʬʠʟʠʢʠ ʠ ʪʝʭʥʦʣʦʛʠʠ ʥʘʥʦʨʘʟʤʝʨʥʳʭ ʩʪʨʫʢʪʫʨ 

ʧʨʝʜʩʪʘʚʣʷʝʪ ʥʘʣʠʯʠʝ ʚ ʥʠʭ ʨʘʟʥʦʦʙʨʘʟʥʳʭ ʨʝʟʦʥʘʥʩʦʚ ʌʘʥʦ. ʉ ʪʦʯʢʠ ʟʨʝʥʠʷ 

ʧʝʨʩʧʝʢʪʠʚʳ ʩʦʟʜʘʥʠʷ ʥʘʥʦʦʧʪʠʯʝʩʢʠʭ ʠ ʥʘʥʦʵʣʝʢʪʨʦʥʥʳʭ ʧʨʠʙʦʨʦʚ 

ʘʢʪʫʘʣʴʥʦ ʠʩʩʣʝʜʦʚʘʥʠʝ ʨʝʟʦʥʘʥʩʦʚ, ʥʘʙʣʶʜʘʝʤʳʭ ʧʨʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʠ 
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ʩʦʩʪʦʷʥʠʡ ʚ ʂʊ ʩ ʘʢʫʩʪʠʯʝʩʢʠʤʠ [4] ʠ ʦʧʪʠʯʝʩʢʠʤʠ ʬʦʥʦʥʘʤʠ [5], ʘ ʪʘʢʞʝ 

ʧʣʘʟʤʦʥʘʤʠ ʚ ʤʝʪʘʣʣʠʯʝʩʢʠʭ ʥʘʥʦʯʘʩʪʠʮʘʭ [6] ʠ ʥʘʥʦʧʨʦʚʦʜʥʠʢʘʭ [7]. 

ɼʦ ʥʘʩʪʦʷʱʝʛʦ ʚʨʝʤʝʥʠ ʥʝ ʙʳʣʘ ʜʦʩʪʘʪʦʯʥʦ ʧʦʣʥʦ ʠʟʫʯʝʥʘ 

ʚʦʟʤʦʞʥʦʩʪʴ ʣʘʟʝʨʥʦʛʦ ʫʧʨʘʚʣʝʥʠʷ ʧʝʨʝʥʦʩʦʤ ʚʦʟʙʫʞʜʝʥʠʷ ʚ ʩʚʷʟʘʥʥʳʭ ʂʊ, 

ʜʠʥʘʤʠʢʘ ʠʤʧʫʣʴʩʥʦʛʦ ʚʦʟʙʫʞʜʝʥʠʷ ʨʝʟʦʥʘʥʩʘ ʌʘʥʦ ʚ ʢʚʘʥʪʦʚʳʭ ʩʠʩʪʝʤʘʭ ʚ 

ʰʠʨʦʢʦʤ ʜʠʘʧʘʟʦʥʝ ʵʥʝʨʛʠʡ, ʘ ʪʘʢʞʝ ʧʨʦʮʝʩʩʳ ʧʦʛʣʦʱʝʥʠʷ ʋʂʀ ʘʪʦʤʘʤʠ, 

ʤʦʣʝʢʫʣʘʤʠ, ʚ ʦʧʪʠʯʝʩʢʠʭ ʮʝʥʪʨʘʭ ʚ ʪʚʝʨʜʳʭ ʪʝʣʘʭ ʠ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʤʠ 

ʥʘʥʦʯʘʩʪʠʮʘʤʠ. ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʠʩʩʣʝʜʫʶʪʩʷ ʭʘʨʘʢʪʝʨʥʳʝ ʦʩʦʙʝʥʥʦʩʪʠ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʣʘʟʝʨʥʳʭ ʠʤʧʫʣʴʩʦʚ ʩ ʪʘʢʠʤʠ ʥʘʥʦʩʠʩʪʝʤʘʤʠ. 

ʎʝʣʴ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ ʨʘʙʦʪʳ 

ʎʝʣʴʶ ʨʘʙʦʪʳ ʷʚʣʷʝʪʩʷ ʠʩʩʣʝʜʦʚʘʥʠʝ ʦʩʦʙʝʥʥʦʩʪʝʡ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ 

ʣʘʟʝʨʥʳʭ ʠʤʧʫʣʴʩʦʚ ʩ ʥʘʥʦʨʘʟʤʝʨʥʳʤʠ ʩʠʩʪʝʤʘʤʠ: ʢʚʘʥʪʦʚʳʤʠ ʪʦʯʢʘʤʠ, 

ʘʪʦʤʘʤʠ, ʤʦʣʝʢʫʣʘʤʠ ʠ ʥʘʥʦʯʘʩʪʠʮʘʤʠ, ʦʙʫʩʣʦʚʣʝʥʥʳʭ ʠʭ ʫʣʴʪʨʘʢʦʨʦʪʢʦʡ 

ʜʣʠʪʝʣʴʥʦʩʪʴʶ. 

ɼʣʷ ʜʦʩʪʠʞʝʥʠʷ ʧʦʩʪʘʚʣʝʥʥʦʡ ʮʝʣʠ ʙʳʣʠ ʨʝʰʝʥʳ ʩʣʝʜʫʶʱʠʝ ʟʘʜʘʯʠ 

- ʀʩʩʣʝʜʦʚʘʥʘ ʢʚʘʥʪʦʚʘʷ ʜʠʥʘʤʠʢʘ ʧʝʨʝʥʦʩʘ ʚʦʟʙʫʞʜʝʥʠʷ ʤʝʞʜʫ 

ʢʚʘʥʪʦʚʳʤʠ ʪʦʯʢʘʤʠ ʧʨʠ ʫʧʨʘʚʣʝʥʠʠ ʦʧʪʠʯʝʩʢʠʤ ʵʬʬʝʢʪʦʤ ʐʪʘʨʢʘ ʧʨʠ 

ʜʝʡʩʪʚʠʠ ʥʝʨʝʟʦʥʘʥʩʥʦʛʦ ʣʘʟʝʨʥʦʛʦ ʠʤʧʫʣʴʩʘ; 

- ʠʩʩʣʝʜʦʚʘʥʘ ʜʠʥʘʤʠʢʘ ʚʦʟʙʫʞʜʝʥʠʷ ʥʝʧʨʝʨʳʚʥʦʛʦ ʩʧʝʢʪʨʘ ʧʨʠ 

ʚʦʟʜʝʡʩʪʚʠʠ ʩʣʘʙʦʛʦ ʣʘʟʝʨʥʦʛʦ ʧʦʣʷ ʥʘ ʨʝʟʦʥʘʥʩ ʌʘʥʦ ʩ ʧʦʤʦʱʴʶ ʠʤʧʫʣʴʩʦʚ 

ʩ ʣʦʨʝʥʮʝʚʩʢʠʤ ʩʧʝʢʪʨʦʤ ʠ ʋʂʀ ʚ ʬʦʨʤʝ ʚʝʡʚʣʝʪʦʚ; 

- ʨʘʩʩʯʠʪʘʥʳ ʜʠʩʧʝʨʩʠʦʥʥʦ-ʚʨʝʤʝʥʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʚʦʟʙʫʞʜʝʥʠʷ 

ʨʝʟʦʥʘʥʩʘ ʌʘʥʦ ʚ ʘʪʦʤʝ He, ʚ ʧʨʠʤʝʩʥʦʤ ʧʦʣʫʧʨʦʚʦʜʥʠʢʝ InP, ʧʨʦʜʦʣʴʥʳʭ 

ʦʧʪʠʯʝʩʢʠʭ LO-ʬʦʥʦʥʦʚ ʤʝʣʢʦʛʦ ʜʦʥʦʨʥʦʛʦ ʵʢʩʠʪʦʥʘ ʚ ʯʠʩʪʳʭ ʢʨʠʩʪʘʣʣʘʭ 

ZnO ʠ ʤʝʪʘʤʘʪʝʨʠʘʣʝ; 

- ʨʘʩʩʯʠʪʘʥʘ ʠ ʧʨʦʘʥʘʣʠʟʠʨʦʚʘʥʘ ʚʝʨʦʷʪʥʦʩʪʴ ʧʦʛʣʦʱʝʥʠʷ ʋʂʀ 

ʤʦʣʝʢʫʣʘʤʠ CO ʠ HF ʥʘ ʢʦʣʝʙʘʪʝʣʴʥʦ-ʚʨʘʱʘʪʝʣʴʥʳʭ ʧʝʨʝʭʦʜʘʭ; 

- ʨʘʩʩʯʠʪʘʥʘ ʚʝʨʦʷʪʥʦʩʪʴ ʧʦʛʣʦʱʝʥʠʷ ʚ ʦʧʪʠʯʝʩʢʠʭ ʮʝʥʪʨʘʭ ʚ ʪʚʝʨʜʳʭ 

ʪʝʣʘʭ ʧʨʠ ʥʘʣʠʯʠʠ ʩʠʣʴʥʦʡ ʵʣʝʢʪʨʦʥ-ʬʦʥʦʥʥʦʡ ʩʚʷʟʠ; 
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- ʠʩʩʣʝʜʦʚʘʥʘ ʬʦʪʦʠʦʥʠʟʘʮʠʷ ʤʥʦʛʦʵʣʝʢʪʨʦʥʥʦʛʦ ʘʪʦʤʘ ʚ ʨʘʤʢʘʭ 

ʩʪʘʪʠʩʪʠʯʝʩʢʦʡ ʤʦʜʝʣʠ ʫʣʴʪʨʘʢʦʨʦʪʢʠʤʠ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʳʤʠ ʚʝʡʚʣʝʪ- 

ʠʤʧʫʣʴʩʘʤʠ; 

- ʠʩʩʣʝʜʦʚʘʥʦ ʧʦʛʣʦʱʝʥʠʝ ʠʟʣʫʯʝʥʠʷ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʤʠ 

ʥʘʥʦʯʘʩʪʠʮʘʤʠ ʦʢʩʠʜʘ ʠʥʜʠʷ ʠ ʦʣʦʚʘ (ITO) ʚ ʦʙʣʘʩʪʠ ʧʣʘʟʤʦʥʥʦʛʦ ʨʝʟʦʥʘʥʩʘ. 

ʅʘʫʯʥʘʷ ʥʦʚʠʟʥʘ 

- ʇʨʝʜʣʦʞʝʥʘ ʩʭʝʤʘ ʵʬʬʝʢʪʠʚʥʦʛʦ ʫʧʨʘʚʣʝʥʠʷ ʧʝʨʝʥʦʩʦʤ ʚʦʟʙʫʞʜʝʥʠʷ 

ʤʝʞʜʫ ʂʊ ʧʫʪʝʤ ʠʟʤʝʥʝʥʠʷ ʩʜʚʠʛʘ ʫʨʦʚʥʝʡ ʟʘ ʩʯʝʪ ʜʠʥʘʤʠʯʝʩʢʦʛʦ ʵʬʬʝʢʪʘ 

ʐʪʘʨʢʘ; 

- ʚʧʝʨʚʳʝ ʨʘʩʩʯʠʪʘʥʳ ʜʠʩʧʝʨʩʠʦʥʥʦ-ʚʨʝʤʝʥʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ 

ʚʦʟʙʫʞʜʝʥʠʷ ʨʝʟʦʥʘʥʩʘ ʌʘʥʦ ʚ ʘʪʦʤʝ He, ʚ ʧʨʠʤʝʩʥʦʤ ʧʦʣʫʧʨʦʚʦʜʥʠʢʝ InP, 

ʧʨʦʜʦʣʴʥʳʭ ʦʧʪʠʯʝʩʢʠʭ LO-ʬʦʥʦʥʦʚ ʤʝʣʢʦʛʦ ʜʦʥʦʨʥʦʛʦ ʵʢʩʠʪʦʥʘ ʚ ʯʠʩʪʳʭ 

ʢʨʠʩʪʘʣʣʘʭ ZnO ʠ ʤʝʪʘʤʘʪʝʨʠʘʣʝ ʚ ʰʠʨʦʢʦʤ ʜʠʘʧʘʟʦʥʝ ʵʥʝʨʛʠʡ; 

- ʚʧʝʨʚʳʝ ʠʩʩʣʝʜʦʚʘʥʘ ʚʝʨʦʷʪʥʦʩʪʴ ʧʦʛʣʦʱʝʥʠʷ ʋʂʀ ʥʘ ʤʦʣʝʢʫʣʘʭ CO 

ʠ HF ʥʘ ʢʦʣʝʙʘʪʝʣʴʥʦ-ʚʨʘʱʘʪʝʣʴʥʳʭ ʧʝʨʝʭʦʜʘʭ ʢʘʢ ʬʫʥʢʮʠʷ ʜʣʠʪʝʣʴʥʦʩʪʠ 

ʚʦʟʙʫʞʜʘʶʱʝʛʦ ʠʤʧʫʣʴʩʘ; 

- ʚʧʝʨʚʳʝ ʨʘʩʩʯʠʪʘʥʘ ʚʝʨʦʷʪʥʦʩʪʴ ʧʦʛʣʦʱʝʥʠʷ ʋʂʀ ʚ ʦʧʪʠʯʝʩʢʠʭ 

ʮʝʥʪʨʘʭ ʚ ʪʚʝʨʜʳʭ ʪʝʣʘʭ ʢʘʢ ʬʫʥʢʮʠʷ ʜʣʠʪʝʣʴʥʦʩʪʠ ʚʦʟʙʫʞʜʘʶʱʝʛʦ ʠʤʧʫʣʴʩʘ 

ʧʨʠ ʥʘʣʠʯʠʠ ʩʠʣʴʥʦʡ ʵʣʝʢʪʨʦʥ-ʬʦʥʦʥʥʦʡ ʩʚʷʟʠ; 

- ʚʧʝʨʚʳʝ ʨʘʩʩʯʠʪʘʥʳ ʩʝʯʝʥʠʷ ʧʦʛʣʦʱʝʥʠʷ ʠʟʣʫʯʝʥʠʷ ʥʘʥʦʯʘʩʪʠʮʘʤʠ 

ITO ʨʘʟʣʠʯʥʦʛʦ ʨʘʜʠʫʩʘ ʠ ʨʘʟʥʦʡ ʩʪʝʧʝʥʠ ʣʝʛʠʨʦʚʘʥʠʷ ʦʣʦʚʦʤ ʚ ʦʙʣʘʩʪʠ 

ʧʣʘʟʤʦʥʥʦʛʦ ʨʝʟʦʥʘʥʩʘ. 

ʊʝʦʨʝʪʠʯʝʩʢʘʷ ʠ ʧʨʘʢʪʠʯʝʩʢʘʷ ʟʥʘʯʠʤʦʩʪʴ 

ʇʦʣʫʯʝʥʥʳʝ ʚ ʜʠʩʩʝʨʪʘʮʠʠ ʨʝʟʫʣʴʪʘʪʳ, ʜʦʧʦʣʥʷʶʪ ʩʫʱʝʩʪʚʫʶʱʠʝ 

ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʶ ʣʘʟʝʨʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʩ ʥʘʥʦʨʘʟʤʝʨʥʳʤʠ 

ʩʠʩʪʝʤʘʤʠ. ʇʨʝʜʣʦʞʝʥʥʘʷ ʩʭʝʤʘ ʵʬʬʝʢʪʠʚʥʦʛʦ ʫʧʨʘʚʣʝʥʠʷ ʧʝʨʝʥʦʩʦʤ 

ʚʦʟʙʫʞʜʝʥʠʷ ʤʝʞʜʫ ʩʚʷʟʘʥʥʳʤʠ ʢʫʣʦʥʦʚʩʢʠʤ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝʤ ʂʊ 

ʧʦʢʘʟʳʚʘʝʪ ʧʝʨʩʧʝʢʪʠʚʥʦʩʪʴ ʜʘʣʴʥʝʡʰʝʛʦ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ʂʊ ʚ ʢʘʯʝʩʪʚʝ ʵʣʝʤʝʥʪʥʦʡ ʙʘʟʳ ʦʧʪʠʯʝʩʢʦʛʦ ʥʘʥʦʪʨʘʥʟʠʩʪʦʨʘ. 
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ʐʠʨʦʢʠʡ ʜʠʘʧʘʟʦʥ ʵʥʝʨʛʠʡ, ʚ ʢʦʪʦʨʦʤ ʠʩʩʣʝʜʦʚʘʣʦʩʴ ʚʦʟʙʫʞʜʝʥʠʝ 

ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʳʤ ʧʦʣʝʤ ʨʝʟʦʥʘʥʩʦʚ ʌʘʥʦ ʚ ʨʘʟʣʠʯʥʳʭ ʢʚʘʥʪʦʚʳʭ 

ʩʪʨʫʢʪʫʨʘʭ, ʧʦʟʚʦʣʷʝʪ ʨʘʩʩʯʠʪʳʚʘʪʴ ʥʘ ʧʦʩʪʘʥʦʚʢʫ ʵʢʩʧʝʨʠʤʝʥʪʦʚ, ʚ ʢʦʪʦʨʳʭ 

ʫʜʘʩʪʩʷ ʧʦʣʫʯʠʪʴ ʬʝʤʪʦʩʝʢʫʥʜʥʦʝ ʨʘʟʨʝʰʝʥʠʝ ʚʨʝʤʝʥʥʦʡ ʜʠʥʘʤʠʢʠ 

ʬʦʨʤʠʨʦʚʘʥʠʷ ʟʘʩʝʣʝʥʠʷ ʘʩʠʤʤʝʪʨʠʯʥʦʛʦ ʢʦʥʪʫʨʘ, ʯʪʦ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ 

ʩʫʱʝʩʪʚʝʥʥʦ ʧʨʦʱʝ, ʯʝʤ ʚ ʩʣʫʯʘʝ ʘʪʪʦʩʝʢʫʥʜʥʦʛʦ ʚʦʟʙʫʞʜʝʥʠʷ ʘʪʦʤʥʳʭ 

ʘʚʪʦʠʦʥʠʟʘʮʠʦʥʥʳʭ ʩʦʩʪʦʷʥʠʡ. 

ɺʘʞʥʳʤʠ ʜʣʷ ʦʙʨʘʙʦʪʢʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ ʷʚʣʷʶʪʩʷ ʨʘʩʯʝʪʳ 

ʩʧʝʢʪʨʘʣʴʥʳʭ ʟʘʚʠʩʠʤʦʩʪʝʡ ʩʝʯʝʥʠʡ ʧʦʛʣʦʱʝʥʠʷ, ʚʳʧʦʣʥʝʥʥʳʝ ʜʣʷ ITO ʩ 

ʨʘʟʣʠʯʥʳʤ ʧʨʦʮʝʥʪʥʳʤ ʩʦʜʝʨʞʘʥʠʝʤ ʦʣʦʚʘ. ʀʟ ʧʦʣʫʯʝʥʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ 

ʩʣʝʜʫʝʪ, ʯʪʦ ʨʦʩʪ ʣʝʛʠʨʦʚʘʥʠʷ ITO ʧʨʠʚʦʜʠʪ ʢ ʫʚʝʣʠʯʝʥʠʶ ʩʜʚʠʛʘ ʤʘʢʩʠʤʫʤʘ 

ʧʣʘʟʤʦʥʥʦʛʦ ʨʝʟʦʥʘʥʩʘ ʧʨʠ ʬʦʪʦʧʦʛʣʦʱʝʥʠʠ ʠʟʣʫʯʝʥʠʷ, ʯʪʦ ʩʦʦʪʚʝʪʩʪʚʫʝʪ 

ʙʦӢʣɹ ʝhʤʫ ʩʝʥʩʦʨʥʦʤʫ ɻʬʬʝʢʪʫ. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʩʝʥʩʦʨr ʥʘ ʦʩʥʦʚʝ ITO ʠʤʝʶʪ 

ʧʦʚʳʰʝʥʥʫʶ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴ ʢ ʠʟʤʝʥʝʥʠʶ ʧʦʢʘʟʘʪʝʣʷ ʧʨʝʣʦʤʣʝʥʠʷ 

ʦʢʨʫʞʘʶʱʝʡ ʩʨʝʜʳ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʩʝʥʩʦʨʘʤʠ ʥʘ ʦʩʥʦʚʝ ʥʘʥʦʯʘʩʪʠʮ ʠʟ 

ʙʣʘʛʦʨʦʜʥʳʭ ʤʝʪʘʣʣʦʚ.  

ʄʝʪʦʜʦʣʦʛʠʷ ʠ ʤʝʪʦʜʳ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ʄʝʪʦʜʦʣʦʛʠʷ ʠ ʤʝʪʦʜʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ ʨʘʙʦʪʳ ʙʳʣʠ 

ʦʧʨʝʜʝʣʝʥʳ ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʧʦʩʪʘʚʣʝʥʥʦʡ ʟʘʜʘʯʝʡ. 

ʇʨʠ ʠʩʩʣʝʜʦʚʘʥʠʠ ʧʝʨʝʥʦʩʘ ʚʦʟʙʫʞʜʝʥʠʷ ʤʝʞʜʫ ʂʊ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ 

ʢʚʘʥʪʦʚʦ-ʤʝʭʘʥʠʯʝʩʢʠʝ ʤʝʪʦʜʳ. ʇʨʠ ʦʧʠʩʘʥʠʠ ʨʝʟʦʥʘʥʩʥʳʭ ʷʚʣʝʥʠʡ ʚ 

ʢʣʘʩʩʠʯʝʩʢʠʭ ʠ ʢʚʘʥʪʦʚʳʭ ʩʠʩʪʝʤʘʭ ʧʨʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʠ ʩ ʣʘʟʝʨʥʳʤ 

ʠʟʣʫʯʝʥʠʝʤ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʬʦʨʤʘʣʠʟʤ ʌʘʥʦ.  

ʈʘʩʯʝʪʳ ʚʝʨʦʷʪʥʦʩʪʠ ʬʦʪʦʧʨʦʮʝʩʩʦʚ ʚ ʤʦʣʝʢʫʣʘʭ ʠ ʘʪʦʤʘʭ ʚ ʧʦʣʝ ʋʂʀ 

ʧʨʦʚʦʜʠʣʠʩʴ ʩ ʧʦʤʦʱʴʶ ʘʥʘʣʠʪʠʯʝʩʢʦʛʦ ʚʳʨʘʞʝʥʠʷ ʨʘʙʦʪʳ [1]. ʀʩʩʣʝʜʦʚʘʥʠʝ 

ʬʦʪʦʠʦʥʠʟʘʮʠʠ ʤʥʦʛʦʵʣʝʢʪʨʦʥʥʦʛʦ ʘʪʦʤʘ ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʫʣʴʪʨʘʢʦʨʦʪʢʠʭ 

ʚʝʡʚʣʝʪ-ʠʤʧʫʣʴʩʦʚ ʧʨʦʚʦʜʠʣʦʩʴ ʚ ʨʘʤʢʘʭ ʩʪʘʪʠʩʪʠʯʝʩʢʦʡ ʤʦʜʝʣʠ ʘʪʦʤʘ. 

ʈʘʩʯʝʪ ʩʝʯʝʥʠʷ ʬʦʪʦʧʦʛʣʦʱʝʥʠʷ ʠʟʣʫʯʝʥʠʷ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʤʠ 

ʥʘʥʦʯʘʩʪʠʮʘʤʠ ITO ʙʳʣ ʚʳʧʦʣʥʝʥ ʚ ʨʘʤʢʘʭ ʪʝʦʨʠʠ ʄʠ ʠ ʜʠʧʦʣʴʥʦʛʦ 
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ʧʨʠʙʣʠʞʝʥʠʷ. ɼʣʷ ʦʧʠʩʘʥʠʷ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ITO-ʤʠʰʝʥʠ 

ʠʩʧʦʣʴʟʦʚʘʣʘʩʴ ʢʣʘʩʩʠʯʝʩʢʘʷ ʤʦʜʝʣʴ ɼʨʫʜʝ. 

ʇʦʣʦʞʝʥʠʷ, ʚʳʥʦʩʠʤʳʝ ʥʘ ʟʘʱʠʪʫ 

1. ɸʥʘʣʠʪʠʯʝʩʢʘʷ ʦʮʝʥʢʘ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʧʝʨʝʜʘʯʠ ʵʥʝʨʛʠʠ ʤʝʞʜʫ ʂʊ ʚ 

ʜʚʫʭʫʨʦʚʥʝʚʦʡ ʤʦʜʝʣʠ, ʠ ʯʠʩʣʝʥʥʳʝ ʤʝʪʦʜʳ ʨʘʩʯʝʪʘ ʪʘʢʠʭ ʧʨʦʮʝʩʩʦʚ ʩ ʫʯʝʪʦʤ 

ʥʝʨʝʟʦʥʘʥʩʥʦʛʦ ʦʧʪʠʯʝʩʢʦʛʦ ʫʧʨʘʚʣʝʥʠʷ ʠ ʨʝʣʘʢʩʘʮʠʠ. 

2. ɼʠʩʧʝʨʩʠʦʥʥʦ-ʚʨʝʤʝʥʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʚʦʟʙʫʞʜʝʥʠʷ ʨʝʟʦʥʘʥʩʘ ʌʘʥʦ 

ʚ ʘʪʦʤʝ He, ʚ ʧʨʠʤʝʩʥʦʤ ʧʦʣʫʧʨʦʚʦʜʥʠʢʝ InP, ʧʨʦʜʦʣʴʥʳʭ ʦʧʪʠʯʝʩʢʠʭ LO-

ʬʦʥʦʥʦʚ ʤʝʣʢʦʛʦ ʜʦʥʦʨʥʦʛʦ ʵʢʩʠʪʦʥʘ ʚ ʯʠʩʪʳʭ ʢʨʠʩʪʘʣʣʘʭ ZnO ʠ 

ʤʝʪʘʤʘʪʝʨʠʘʣʝ ʚ ʰʠʨʦʢʦʤ ʜʠʘʧʘʟʦʥʝ ʵʥʝʨʛʠʡ. 

3. ʅʝʣʠʥʝʡʥʳʡ ʭʘʨʘʢʪʝʨ ʟʘʚʠʩʠʤʦʩʪʝʡ ʚʝʨʦʷʪʥʦʩʪʝʡ ʧʦʛʣʦʱʝʥʠʷ ʋʂʀ 

ʦʪ ʜʣʠʪʝʣʴʥʦʩʪʠ ʠʤʧʫʣʴʩʘ ʤʦʣʝʢʫʣʘʤʠ CO ʠ HF ʥʘ ʢʦʣʝʙʘʪʝʣʴʥʦ-

ʚʨʘʱʘʪʝʣʴʥʳʭ ʧʝʨʝʭʦʜʘʭ ʜʣʷ ʨʘʟʣʠʯʥʳʭ ʟʥʘʯʝʥʠʡ ʰʠʨʠʥ ʩʧʝʢʪʨʘʣʴʥʦʡ ʣʠʥʠʠ 

ʠ ʥʝʩʫʱʝʡ ʯʘʩʪʦʪʳ ʠʤʧʫʣʴʩʘ. 

4. ʉʧʝʢʪʨʳ ʠ ʟʘʚʠʩʠʤʦʩʪʠ ʚʝʨʦʷʪʥʦʩʪʠ ʧʦʛʣʦʱʝʥʠʷ ʋʂʀ ʢʘʢ ʬʫʥʢʮʠʠ 

ʜʣʠʪʝʣʴʥʦʩʪʠ ʠʤʧʫʣʴʩʘ ʚ ʦʧʪʠʯʝʩʢʠʭ ʮʝʥʪʨʘʭ ʪʚʸʨʜʳʭ ʪʝʣ ʧʨʠ ʥʘʣʠʯʠʠ 

ʩʠʣʴʥʦʡ ʵʣʝʢʪʨʦʥ-ʬʦʥʦʥʥʦʡ ʩʚʷʟʠ ʜʣʷ ʨʘʟʣʠʯʥʳʭ ʟʥʘʯʝʥʠʡ ʥʝʩʫʱʝʡ ʯʘʩʪʦʪʳ 

ʠʤʧʫʣʴʩʘ ʠ ʪʝʤʧʝʨʘʪʫʨʳ. 

5. ʉʝʯʝʥʠʷ ʧʦʛʣʦʱʝʥʠʷ ʠʟʣʫʯʝʥʠʷ ʥʘ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʭ ʥʘʥʦʯʘʩʪʠʮʘʭ 

ITO ʚ ʦʙʣʘʩʪʠ ʧʣʘʟʤʦʥʥʦʛʦ ʨʝʟʦʥʘʥʩʘ ʜʣʷ ʥʘʥʦʯʘʩʪʠʮ ʨʘʟʣʠʯʥʳʭ ʨʘʜʠʫʩʦʚ, 

ʧʦʤʝʱʝʥʥʳʭ ʚ ʨʘʟʣʠʯʥʳʝ ʩʨʝʜʳ.  

ʉʪʝʧʝʥʴ ʜʦʩʪʦʚʝʨʥʦʩʪʠ ʠ ʘʧʨʦʙʘʮʠʷ ʨʝʟʫʣʴʪʘʪʦʚ 

ɼʦʩʪʦʚʝʨʥʦʩʪʴ ʨʝʟʫʣʴʪʘʪʦʚ, ʧʦʣʫʯʝʥʥʳʭ ʚ ʜʠʩʩʝʨʪʘʮʠʠ, ʦʩʥʦʚʳʚʘʝʪʩʷ 

ʥʘ ʧʦʩʪʨʦʝʥʠʠ ʢʦʨʨʝʢʪʥʳʭ ʤʦʜʝʣʝʡ ʢʣʘʩʩʠʯʝʩʢʦʡ ʠ ʢʚʘʥʪʦʚʦʡ ʬʠʟʠʢʠ, ʥʘ 

ʧʨʠʤʝʥʝʥʠʠ ʩʪʨʦʛʠʭ ʤʘʪʝʤʘʪʠʯʝʩʢʠʭ ʤʝʪʦʜʦʚ, ʘ ʪʘʢʞʝ ʥʘ ʩʨʘʚʥʝʥʠʠ 

ʧʦʣʫʯʝʥʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ ʯʠʩʣʝʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʩ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ 

ʜʘʥʥʳʤʠ. 

ʆʩʥʦʚʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʜʠʩʩʝʨʪʘʮʠʠ ʜʦʢʣʘʜʳʚʘʣʠʩʴ ʠ ʦʙʩʫʞʜʘʣʠʩʴ ʥʘ 

ʩʣʝʜʫʶʱʠʭ ʤʝʞʜʫʥʘʨʦʜʥʳʭ ʠ ʨʦʩʩʠʡʩʢʠʭ ʥʘʫʯʥʳʭ ʢʦʥʬʝʨʝʥʮʠʷʭ: 
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1. ɺ.ɸ. ɸʩʪʘʧʝʥʢʦ, ʇ.ɸ. ɻʦʣʦʚʠʥʩʢʠʡ, ɸ.ɺ. ʗʢʦʚʝʮ. ʀʩʩʣʝʜʦʚʘʥʠʝ 

ʧʨʦʮʝʩʩʘ ʧʝʨʝʜʘʯʠ ʵʥʝʨʛʠʠ ʤʝʞʜʫ ʢʚʘʥʪʦʚʳʤʠ ʪʦʯʢʘʤʠ InGaAs/GaAs. 57-ʷ 

ʢʦʥʬʝʨʝʥʮʠʷ ʄʌʊʀ ʩ ʤʝʞʜʫʥʘʨʦʜʥʳʤ ʫʯʘʩʪʠʝʤ, ɼʦʣʛʦʧʨʫʜʥʳʡ, 24.11.2014-

29.11.2014;  

2. ɺ.ɸ. ɸʩʪʘʧʝʥʢʦ, ʇ.ɸ. ɻʦʣʦʚʠʥʩʢʠʡ, ɸ.ɺ. ʗʢʦʚʝʮ. ʋʧʨʘʚʣʝʥʠʝ 

ʨʝʟʦʥʘʥʩʥʳʤ ʧʝʨʝʥʦʩʦʤ ʚʦʟʙʫʞʜʝʥʠʷ ʤʝʞʜʫ ʢʚʘʥʪʦʚʳʤʠ ʪʦʯʢʘʤʠ. 

ʂʠʙʝʨʥʝʪʠʢʘ ʠ ʚʳʩʦʢʠʝ ʪʝʭʥʦʣʦʛʠʠ XXI ʚʝʢʘ XV ʄʝʞʜʫʥʘʨʦʜʥʘʷ ʥʘʫʯʥʦ-

ʪʝʭʥʠʯʝʩʢʘʷ ʢʦʥʬʝʨʝʥʮʠʷ. ɺʦʨʦʥʝʞ, 13.05.2014-15.05.2014 ʛ. 

3. P.A. Golovinski, V.A. Astapenko, A.V. Yakovets. The Excitation of Level 

in Level-Band System by Ultrashort Laser Pulse. Plasma Physics by Laser and 

Applications (PPLA2017), Italia, Messina, 05.07.2017-07.07.2017. 

4. ʇ.ɸ. ɻʦʣʦʚʠʥʩʢʠʡ, ɸ.ɺ. ʗʢʦʚʝʮ, ɺ.ɸ. ɸʩʪʘʧʝʥʢʦ. ʂʣʘʩʩʠʯʝʩʢʘʷ 

ʤʦʜʝʣʴ ʚʦʟʙʫʞʜʝʥʠʷ ʨʝʟʦʥʘʥʩʘ ʌʘʥʦ-ʌʝʰʙʘʭʘ ʣʘʟʝʨʥʳʤ ʠʤʧʫʣʴʩʦʤ. 60-ʷ 

ʶʙʠʣʝʡʥʘʷ ʥʘʫʯʥʘʷ ʢʦʥʬʝʨʝʥʮʠʷ ʄʌʊʀ, ɼʦʣʛʦʧʨʫʜʥʳʡ, 20.11.2017-

25.11.2017. 

5. ɺ.ɸ. ɸʩʪʘʧʝʥʢʦ, ʉ.ɺ. ʉʘʭʥʦ, ɽ.ʉ. ʍʨʘʤʦʚ, ʅ.ʅ. ʄʦʨʦʟ, ɸ.ɺ. ʗʢʦʚʝʮ 

ʌʠʟʠʢʦ-ʤʘʪʝʤʘʪʠʯʝʩʢʘʷ ʤʦʜʝʣʴ ʬʝʤʪʦʩʝʢʫʥʜʥʳʭ ʩʝʥʩʦʨʦʚ ʥʘ ʥʘʥʦʯʘʩʪʠʮʘʭ 

ITO. 4-ʷ ʤʝʞʜʫʥʘʨʦʜʥʘʷ ʢʦʥʬʝʨʝʥʮʠʷ ʀʥʞʠʥʠʨʠʥʛ & ʊʝʣʝʢʦʤʤʫʥʠʢʘʮʠʠ, 

En&T 2017. ʄʦʩʢʚʘ, 29.11.2017-30.11.2017. 

6. V.A. Astapenko, A.V. Yakovets. Absorption of Ultrashort Laser Pulses on 

the Hydrogen Fluoride Molecule. 18th International Conference on Laser Optics 

ICLO 2018, ʉʘʥʢʪ-ʇʝʪʝʨʙʫʨʛ, 04.06.2018-08.06.2018. 

 

ʉʚʷʟʴ ʩ ʥʘʫʯʥʳʤʠ ʧʨʦʛʨʘʤʤʘʤʠ 

ʉʦʠʩʢʘʪʝʣʴ ʷʚʣʷʣʩʷ ʠʩʧʦʣʥʠʪʝʣʝʤ ʩʣʝʜʫʶʱʝʛʦ ʧʨʦʝʢʪʘ ʧʦ ʪʝʤʝ 

ʜʠʩʩʝʨʪʘʮʠʠ: 

ɻʦʩʫʜʘʨʩʪʚʝʥʥʦʝ ʟʘʜʘʥʠʝ ˉ3.9890.2017/8.9 ʧʦ ʪʝʤʝ: çɺʟʘʠʤʦʜʝʡʩʪʚʠʝ 

ʫʣʴʪʨʘʢʦʨʦʪʢʠʭ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʳʭ ʠʤʧʫʣʴʩʦʚ ʩ ʝʩʪʝʩʪʚʝʥʥʳʤʠ ʦʙʲʝʢʪʘʤʠ ʠ 

ʥʘʥʦʩʪʨʫʢʪʫʨʘʤʠè. 
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ʇʫʙʣʠʢʘʮʠʠ 

ʄʘʪʝʨʠʘʣʳ ʜʠʩʩʝʨʪʘʮʠʠ ʠʟʣʦʞʝʥʳ ʚ 12 ʨʘʙʦʪʘʭ, ʩ 1 ʧʦ 8 ʦʧʫʙʣʠʢʦʚʘʥʳ 

ʚ ʨʝʮʝʥʟʠʨʫʝʤʳʭ ʠʟʜʘʥʠʷʭ, ʚʥʝʩʝʥʥʳʭ ʚ ʧʝʨʝʯʝʥʴ ɺɸʂ, ʘ ʨʘʙʦʪʳ 1, 3, 6, 7 8, ʠ 

12 ʠʥʜʝʢʩʠʨʫʶʪʩʷ ʚ ʙʘʟʘʭ ʜʘʥʥʳʭ Web of Science ʠ Scopus: 

1. P.A. Golovinski, V.A. Astapenko, A.V. Yakovets. Control of excitation transfer 

in coupled quantum dots by a nonresonant laser pulse // Optics & Laser Technology, 

Vol. 71, P.103-107, (2015). 

2. ɺ.ɸ. ɸʩʪʘʧʝʥʢʦ, ɸ.ɺ. ʗʢʦʚʝʮ, ɽ.ʖ. ʀʦʥʠʯʝʚ. ʇʦʛʣʦʱʝʥʠʝ ʫʣʴʪʨʘʢʦʨʦʪʢʠʭ 

ʣʘʟʝʨʥʳʭ ʠʤʧʫʣʴʩʦʚ ʥʘ ʘʪʦʤʝ ʚʦʜʦʨʦʜʘ. // ʊʨʫʜʳ ʄʌʊʀ, ʊ. 9, ˉ1 (33), ʩ. 52-

56 (2017). 

3. ɺ.ɸ. ɸʩʪʘʧʝʥʢʦ, ɽ.ʖ. ʀʦʥʠʯʝʚ, ɸ.ɺ. ʗʢʦʚʝʮ. ʌʦʪʦʠʦʥʠʟʘʮʠʷ 

ʩʪʘʪʠʩʪʠʯʝʩʢʦʛʦ ʘʪʦʤʘ ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʫʣʴʪʨʘʢʦʨʦʪʢʠʭ ʚʝʡʚʣʝʪ-ʠʤʧʫʣʴʩʦʚ // 

ʀʟʚʝʩʪʠʷ ɺʫʟʦʚ. ʌʠʟʠʢʘ, ʊ.60, ˉ6, ʩ. 118-121 (2017). 

4. ʇ.ɸ. ɻʦʣʦʚʠʥʩʢʠʡ, ɸ.ɺ. ʗʢʦʚʝʮ, ɺ.ɸ. ɸʩʪʘʧʝʥʢʦ. ʅʝʣʠʥʝʡʥʦʝ ʚʦʟʙʫʞʜʝʥʠʝ 

ʢʚʘʥʪʦʚʦʛʦ ʨʝʟʦʥʘʥʩʘ ʌʘʥʦ // ʊʨʫʜʳ ʄʌʊʀ, ʊ. 9, ˉ4, ʩ. 11-18 (2017). 

5. ɺ.ɸ. ɸʩʪʘʧʝʥʢʦ, ɸ.ɺ. ʗʢʦʚʝʮ. ʇʦʛʣʦʱʝʥʠʝ ʫʣʴʪʨʘʢʦʨʦʪʢʠʭ 

ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʳʭ ʠʤʧʫʣʴʩʦʚ ʚ ʦʧʪʠʯʝʩʢʠʭ ʮʝʥʪʨʘʭ ʚ ʪʚʝʨʜʳʭ ʪʝʣʘʭ // ʊʨʫʜʳ 

ʄʌʊʀ, ʊ. 10, ˉ2, ʩ. 13-18 (2018). 

6. P.A. Golovinski, A.V. Yakovets, V.A. Astapenko. Linear build-up of Fano 

resonance spectral profiles. Applied Physics B: Lasers and Optics // V.124, 111 (8) 

(2018). 

7. ɺ.ɸ. ɸʩʪʘʧʝʥʢʦ, ɽ.ʉ. ʄʘʥʫʡʣʦʚʠʯ, ʉ.ɺ.ʉʘʭʥʦ, ɽ.ʉ. ʍʨʘʤʦʚ, ɸ.ɺ. ʗʢʦʚʝʮ. 

ʇʦʛʣʦʱʝʥʠʝ ʠʟʣʫʯʝʥʠʷ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʤʠ ʥʘʥʦʯʘʩʪʠʮʘʤʠ ITO ʚ ʦʙʣʘʩʪʠ 

ʧʣʘʟʤʦʥʥʦʛʦ ʨʝʟʦʥʘʥʩʘ // ʍʠʤʠʯʝʩʢʘʷ ʬʠʟʠʢʘ. ̄ 3, ʊ. 37, ʩ. 58-63 (2018). 

8. ɺ.ɸ. ɸʩʪʘʧʝʥʢʦ, ɺ.ʉ. ʃʠʩʠʮʘ, ɸ.ɺ. ʗʢʦʚʝʮ. ʇʦʛʣʦʱʝʥʠʝ ʫʣʴʪʨʘʢʦʨʦʪʢʠʭ 

ʣʘʟʝʨʥʳʭ ʠʤʧʫʣʴʩʦʚ ʥʘ ʜʚʫʭʘʪʦʤʥʳʭ ʤʦʣʝʢʫʣʘʭ // ɾʕʊʌ, ʊ.154, ʚʳʧ.6, 2018. 

9. V.A. Astapenko, P.A. Golovinski, A.V. Yakovets, The Transfer of Excitons 

between Coupled Quantum Dots Driven by a Laser Pulse Due to Nonresonant 

Optical Stark Effect // IRAMP, 5(1), pp. 13-22. (2014). 
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ʨʝʟʦʥʘʥʩʥʳʤ ʧʝʨʝʥʦʩʦʤ ʚʦʟʙʫʞʜʝʥʠʷ ʤʝʞʜʫ ʢʚʘʥʪʦʚʳʤʠ ʪʦʯʢʘʤʠ // 

ʂʠʙʝʨʥʝʪʠʢʘ ʠ ʚʳʩʦʢʠʝ ʪʝʭʥʦʣʦʛʠʠ XXI ʚʝʢʘ. XV ʄʝʞʜʫʥʘʨʦʜʥʘʷ ʥʘʫʯʥʦ-
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IEEE, p. 265, doi: 10.1109/LO.2018.8435257 (2018). 

ʃʠʯʥʳʡ ʚʢʣʘʜ ʘʚʪʦʨʘ 

ɺʩʝ ʧʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʜʠʩʩʝʨʪʘʮʠʠ ʠ ʠʭ ʦʙʨʘʙʦʪʢʘ ʙʳʣʠ ʧʨʦʚʝʜʝʥʳ 

ʣʠʯʥʦ ʘʚʪʦʨʦʤ, ʣʠʙʦ ʧʨʠ ʝʛʦ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦʤ ʫʯʘʩʪʠʠ. ɸʚʪʦʨ ʫʯʘʩʪʚʦʚʘʣ ʚ 

ʨʘʟʨʘʙʦʪʢʝ ʤʝʪʦʜʦʚ ʨʝʰʝʥʠʷ ʧʦʩʪʘʚʣʝʥʥʳʭ ʟʘʜʘʯ ʠ ʚ ʦʙʩʫʞʜʝʥʠʠ ʧʦʣʫʯʝʥʥʳʭ 

ʨʝʟʫʣʴʪʘʪʦʚ. 

ʆʙʲʝʤ ʠ ʩʪʨʫʢʪʫʨʘ ʜʠʩʩʝʨʪʘʮʠʠ 

ɼʠʩʩʝʨʪʘʮʠʷ ʩʦʩʪʦʠʪ ʠʟ ʚʚʝʜʝʥʠʷ, ʪʨʝʭ ʛʣʘʚ, ʬʦʨʤʫʣʠʨʦʚʢʠ ʦʩʥʦʚʥʳʭ 

ʨʝʟʫʣʴʪʘʪʦʚ ʠ ʚʳʚʦʜʦʚ, ʩʧʠʩʢʘ ʩʦʢʨʘʱʝʥʠʡ ʠ ʩʧʠʩʢʘ ʮʠʪʠʨʫʝʤʦʡ ʣʠʪʝʨʘʪʫʨʳ. 

ʆʙʱʠʡ ʦʙʲʝʤ ʜʠʩʩʝʨʪʘʮʠʠ ʩʦʩʪʘʚʣʷʝʪ 129 ʩʪʨ. ʠ ʩʦʜʝʨʞʠʪ 50 ʨʠʩʫʥʢʦʚ, 3 

ʪʘʙʣʠʮʳ ʠ ʠʩʪʦʯʥʠʢʦʚ ʣʠʪʝʨʘʪʫʨʳ ʠʟ 157 ʥʘʠʤʝʥʦʚʘʥʠʡ. 

ɹʣʘʛʦʜʘʨʥʦʩʪʠ 

ɸʚʪʦʨ ʚʳʨʘʞʘʝʪ ʛʣʫʙʦʢʫʶ ʧʨʠʟʥʘʪʝʣʴʥʦʩʪʴ ʥʘʫʯʥʦʤʫ ʨʫʢʦʚʦʜʠʪʝʣʶ 

ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ ʨʘʙʦʪʳ, ʧʨʦʬʝʩʩʦʨʫ, ʜʦʢʪʦʨʫ ʬʠʟ.-ʤʘʪ. ʥʘʫʢ ɸʩʪʘʧʝʥʢʦ 

ɺʘʣʝʨʠʶ ɸʣʝʢʩʘʥʜʨʦʚʠʯʫ ʟʘ ʚʩʝʩʪʦʨʦʥʥʶʶ ʧʦʜʜʝʨʞʢʫ ʠ ʚʥʠʤʘʥʠʝ ʚ ʪʝʯʝʥʠʝ 

ʥʘʧʠʩʘʥʠʷ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ ʨʘʙʦʪʳ, ʟʘ ʥʝʦʮʝʥʠʤʳʝ ʦʧʳʪ ʠ ʟʥʘʥʠʷ, 

ʧʦʣʫʯʝʥʥʳʝ ʚ ʭʦʜʝ ʩʦʚʤʝʩʪʥʦʡ ʥʘʫʯʥʦʡ ʨʘʙʦʪʳ.  



12 

 

ʆʩʦʙʫʶ ʙʣʘʛʦʜʘʨʥʦʩʪʴ ʭʦʪʝʣʦʩʴ ʙʳ ʚʳʨʘʟʠʪʴ ʥʘʫʯʥʦʤʫ ʢʦʥʩʫʣʴʪʘʥʪʫ - 

ʧʨʦʬʝʩʩʦʨʫ, ʜʦʢʪʦʨʫ ʬʠʟ.-ʤʘʪ. ʥʘʫʢ ɻʦʣʦʚʠʥʩʢʦʤʫ ʇʘʚʣʫ ɸʙʨʘʤʦʚʠʯʫ ʟʘ 

ʚʥʝʩʝʥʠʝ ʨʷʜʘ ʮʝʥʥʳʭ ʟʘʤʝʯʘʥʠʡ ʠ ʧʨʝʜʣʦʞʝʥʠʡ, ʢʦʪʦʨʳʝ ʙʳʣʠ ʫʯʪʝʥʳ 

ʘʚʪʦʨʦʤ ʧʨʠ ʥʘʧʠʩʘʥʠʠ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ ʨʘʙʦʪʳ. 

ɸʚʪʦʨ ʧʨʠʟʥʘʪʝʣʝʥ ʧʨʦʬʝʩʩʦʨʫ, ʜʦʢʪʦʨʫ ʬʠʟ.-ʤʘʪ. ʥʘʫʢ ʃʠʩʠʮʝ ɺʘʣʝʨʠʶ 

ʉʪʝʧʘʥʦʚʠʯʫ ʟʘ ʧʣʦʜʦʪʚʦʨʥʳʝ ʙʝʩʝʜʳ ʠ ʦʙʩʫʞʜʝʥʠʷ ʨʝʟʫʣʴʪʘʪʦʚ 

ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ ʨʘʙʦʪʳ.  
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ɻʃɸɺɸ 1. ʆʩʦʙʝʥʥʦʩʪʠ ʧʝʨʝʜʘʯʠ ʚʦʟʙʫʞʜʝʥʠʷ ʚ ʩʚʷʟʘʥʥʳʭ 

ʢʚʘʥʪʦʚʳʭ ʪʦʯʢʘʭ ʥʝʨʝʟʦʥʘʥʩʥʳʤ ʣʘʟʝʨʥʳʤ ʠʤʧʫʣʴʩʦʤ 

 

ɻʣʘʚʘ 1 ʧʦʩʚʷʱʝʥʘ ʠʩʩʣʝʜʦʚʘʥʠʶ ʦʩʦʙʝʥʥʦʩʪʝʡ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ 

ʣʘʟʝʨʥʳʭ ʠʤʧʫʣʴʩʦʚ ʩ ʥʘʥʦʨʘʟʤʝʨʥʦʡ ʩʠʩʪʝʤʦʡ, ʩʦʩʪʦʷʱʝʡ ʠʟ ʜʚʫʭ ʂʊ, 

ʩʚʷʟʘʥʥʳʭ ʤʝʞʜʫ ʩʦʙʦʡ ʢʫʣʦʥʦʚʩʢʠʤ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝʤ, ʥʘ ʦʜʥʫ ʂʊ ʜʝʡʩʪʚʫʝʪ 

ʥʝʨʝʟʦʥʘʥʩʥʳʡ ʧʠʢʦʩʝʢʫʥʜʥʳʡ ʣʘʟʝʨʥʳʡ ʠʤʧʫʣʴʩ. ɺ ʧ. 1.1 ʚ ʨʘʤʢʘʭ 

ʢʣʘʩʩʠʯʝʩʢʠʭ ʢʚʘʥʪʦʛʦ-ʤʝʭʘʥʠʯʝʩʢʠʭ ʤʝʪʦʜʦʚ ʧʦʩʪʨʦʝʥ ʤʦʜʝʣʴʥʳʡ 

ʛʘʤʠʣʴʪʦʥʠʘʥ ʠ ʨʘʟʨʘʙʦʪʘʥʳ ʦʩʥʦʚʥʳʝ ʫʨʘʚʥʝʥʠʷ ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʡ ʩʠʩʪʝʤʳ. 

ɺ ʧ. 1.2 ʨʘʩʩʤʦʪʨʝʥ ʧʨʦʮʝʩʩ ʧʝʨʝʜʘʯʠ ʚʦʟʙʫʞʜʝʥʠʷ ʤʝʞʜʫ ʂʊ, ʧʨʠ ʜʝʡʩʪʚʠʠ 

ʥʘ ʩʠʩʪʝʤʫ ʠʤʧʫʣʴʩʘ ʩ ʛʘʫʩʩʦʚʦʡ ʠ ʩʫʧʝʨ-ʛʘʫʩʩʦʚʦʡ ʦʛʠʙʘʶʱʠʤʠ ʥʝʩʫʱʠʭ. ɺ 

ʧ.1.3 ʠʩʩʣʝʜʦʚʘʥ ʧʨʦʮʝʩʩ ʫʧʨʘʚʣʝʥʠʷ ʧʝʨʝʜʘʯʝʡ ʚʦʟʙʫʞʜʝʥʠʷ ʚ ʂʊ, ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʦʧʪʠʤʘʣʴʥʦʛʦ ʧʨʷʤʦʫʛʦʣʴʥʦʛʦ ʧʨʦʬʠʣʷ ʚʨʝʤʝʥʥʦʡ 

ʟʘʚʠʩʠʤʦʩʪʠ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʩ ʨʝʟʢʠʤ ʚʢʣʶʯʝʥʠʝʤ ʠ ʚʳʢʣʶʯʝʥʠʝʤ ʠ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤ ʧʨʦʬʠʣʝʤ. 

ʈʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʡ ʦʧʫʙʣʠʢʦʚʘʥʳ ʚ ʨʘʙʦʪʘʭ 1, 9 ʠ 12. 

 

1.1. ɻʘʤʠʣʴʪʦʥʠʘʥ ʩʠʩʪʝʤʳ ʠ ʦʩʥʦʚʥʳʝ ʫʨʘʚʥʝʥʠʷ 

ʇʦʩʣʝʜʥʠʝ ʨʘʟʨʘʙʦʪʢʠ ʩʫʧʝʨʢʦʤʧʴʶʪʝʨʦʚ ʧʨʝʜʲʷʚʣʷʶʪ ʚʩʝ ʙʦʣʝʝ 

ʚʳʩʦʢʠʝ ʪʨʝʙʦʚʘʥʠʷ ʢ ʵʣʝʤʝʥʪʥʦʡ ʙʘʟʝ. ɺ ʢʘʯʝʩʪʚʝ ʦʩʥʦʚʳ ʥʦʚʦʡ ʪʝʭʥʦʣʦʛʠʠ 

ʚʥʠʤʘʥʠʝ ʠʩʩʣʝʜʦʚʘʪʝʣʝʡ ʚʩʝ ʙʦʣʴʰʝ ʧʨʠʚʣʝʢʘʶʪ KT, ʩʚʷʟʘʥʥʳʝ ʤʝʞʜʫ ʩʦʙʦʡ 

ʢʫʣʦʥʦʚʩʢʠʤ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝʤ. ʕʪʠ çʠʩʢʫʩʩʪʚʝʥʥʳʝ ʘʪʦʤʳè ʠʤʝʶʪ 

ʘʪʦʤʦʧʦʜʦʙʥʳʝ ʩʚʦʡʩʪʚʘ, ʦʜʥʘʢʦ ʦʙʣʘʜʘʶʪ ʥʝʦʩʧʦʨʠʤʳʤʠ ʧʨʝʠʤʫʱʝʩʪʚʘʤʠ 

ʧʝʨʝʜ ʘʪʦʤʥʳʤʠ ʛʘʟʘʤʠ, ʧʦʩʢʦʣʴʢʫ ʤʦʛʫʪ ʦʙʝʩʧʝʯʠʚʘʪʴ ʨʘʟʣʠʯʥʳʝ 

ʵʥʝʨʛʝʪʠʯʝʩʢʠʝ ʤʘʩʰʪʘʙʳ ʠ ʜʨʫʛʠʝ ʬʠʟʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ, ʢʦʪʦʨʳʝ 

ʤʦʞʥʦ ʣʝʛʢʦ ʠʟʤʝʥʷʪʴ ʚ ʰʠʨʦʢʦʤ ʜʠʘʧʘʟʦʥʝ ʧʘʨʘʤʝʪʨʦʚ [8]. ʂʊ, ʩʚʷʟʘʥʥʳʝ 

ʤʝʞʜʫ ʩʦʙʦʡ ʢʫʣʦʥʦʚʩʢʠʤ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝʤ [9], ʷʚʣʷʶʪʩʷ ʧʝʨʩʧʝʢʪʠʚʥʳʤʠ 

ʢʘʥʜʠʜʘʪʘʤʠ ʜʣʷ ʧʨʠʣʦʞʝʥʠʡ ʚ ʵʣʝʢʪʨʦʦʧʪʠʯʝʩʢʠʭ ʫʩʪʨʦʡʩʪʚʘʭ ʠ 

ʧʝʨʝʢʣʶʯʘʪʝʣʷʭ, ʥʘʨʷʜʫ ʩ ʩʠʩʪʝʤʘʤʠ, ʦʩʥʦʚʘʥʥʳʤʠ ʥʘ ʦʜʥʦʵʣʝʢʪʨʦʥʥʦʤ 
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ʧʝʨʝʥʦʩʝ ʵʣʝʢʪʨʦʥʦʚ [10, 11]. ʇʨʝʠʤʫʱʝʩʪʚʦʤ ʪʘʢʦʛʦ ʦʙʦʨʫʜʦʚʘʥʠʷ ʷʚʣʷʝʪʩʷ 

ʚʦʟʤʦʞʥʦʩʪʴ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʵʢʩʠʪʦʥʥʳʭ ʩʦʩʪʦʷʥʠʡ ʚ ʂʊ, ʚʦʟʙʫʞʜʝʥʥʳʭ   

ʦʧʪʠʯʝʩʢʠʤ ʠʤʧʫʣʴʩʦʤ ʣʘʟʝʨʥʦʛʦ ʠʟʣʫʯʝʥʠʷ, ʠ ʦʩʫʱʝʩʪʚʣʝʥʠʝ ʫʧʨʘʚʣʷʝʤʦʛʦ 

ʧʝʨʝʥʦʩʘ ʚʦʟʙʫʞʜʝʥʠʷ ʦʪ ʦʜʥʦʡ ʂʊ ʢ ʜʨʫʛʦʡ ʟʘ ʩʯʝʪ ʨʝʟʦʥʘʥʩʥʦʛʦ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʌʝʨʩʪʝʨʘ [12] ʙʝʟ ʧʝʨʝʤʝʱʝʥʠʷ ʟʘʨʷʜʘ ʠ ʩʚʷʟʘʥʥʳʭ ʩ ʵʪʠʤʠ 

ʷʚʣʝʥʠʷʤʠ ʢʫʣʦʥʦʚʩʢʦʡ ʙʣʦʢʘʜʳ ʠ ʦʤʠʯʝʩʢʠʭ ʧʦʪʝʨʴ. ʇʝʨʩʧʝʢʪʠʚʥʳʤʠ ʜʣʷ 

ʨʝʘʣʠʟʘʮʠʠ ʜʘʥʥʳʭ ʧʨʦʮʝʩʩʦʚ ʷʚʣʷʶʪʩʷ ʂʊ ʥʘ ʦʩʥʦʚʝ InAs ʠ GaAs [13]. ʊʘʢʞʝ 

ʚ ʨʘʙʦʪʝ [14] ʧʦʢʘʟʘʥʘ ʧʝʨʩʧʝʢʪʠʚʥʦʩʪʴ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʂʊ ʥʘ ʦʩʥʦʚʝ CdSe, ʛʜʝ 

ʠʩʩʣʝʜʦʚʘʣʠ ʙʳʩʪʨʳʡ ʧʝʨʝʥʦʩ ʵʥʝʨʛʠʠ ʤʝʞʜʫ ʂʊ CdSe ʠ ʦʨʛʘʥʠʯʝʩʢʠʤʠ 

ʤʦʣʝʢʫʣʘʤʠ. 

ʊʝʦʨʝʪʠʯʝʩʢʦʝ ʦʧʠʩʘʥʠʝ ʧʦʜʦʙʥʳʭ ʷʚʣʝʥʠʡ ʥʫʞʜʘʝʪʩʷ ʚ ʜʘʣʴʥʝʡʰʝʤ 

ʨʘʟʚʠʪʠʠ ʜʣʷ ʣʫʯʰʝʛʦ ʧʦʥʠʤʘʥʠʷ ʠʭ ʜʝʪʘʣʴʥʦʛʦ ʤʝʭʘʥʠʟʤʘ ʠ ʦʮʝʥʢʠ 

ʜʦʩʪʠʞʠʤʦʡ ʩʢʦʨʦʩʪʠ ʧʝʨʝʢʣʶʯʝʥʠʷ ʧʝʨʝʥʦʩʘ ʚʦʟʙʫʞʜʝʥʠʷ. ɺ ʂʊ, 

ʦʪʣʠʯʘʶʱʠʭʩʷ ʨʘʟʤʝʨʘʤʠ ʠ ʩʦʩʪʘʚʦʤ, ʨʝʘʣʠʟʫʶʪʩʷ ʵʢʩʠʪʦʥʥʳʝ ʚʦʟʙʫʞʜʝʥʠʷ 

ʩ ʨʘʟʣʠʯʥʳʤʠ ʵʥʝʨʛʠʷʤʠ. ʋʧʨʘʚʣʷʪʴ ʧʦʣʦʞʝʥʠʝʤ ʪʘʢʠʭ ʵʥʝʨʛʝʪʠʯʝʩʢʠʭ 

ʫʨʦʚʥʝʡ ʤʦʞʥʦ ʧʫʪʝʤ ʧʨʠʣʦʞʝʥʠʷ ʵʣʝʢʪʨʦʩʪʘʪʠʯʝʩʢʦʛʦ ʠʣʠ ʧʝʨʝʤʝʥʥʦʛʦ 

ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ ʩ ʦʧʪʠʯʝʩʢʦʡ ʯʘʩʪʦʪʦʡ. ɺ ʧʝʨʚʦʤ ʩʣʫʯʘʝ ʚʦʟʥʠʢʘʝʪ 

ʩʪʘʪʠʯʝʩʢʠʡ ʵʬʬʝʢʪ ʐʪʘʨʢʘ [15, 16], ʢʦʪʦʨʳʡ ʜʣʷ ʜʚʫʭ ʩʚʷʟʘʥʥʳʭ ʂʊ 

ʩʦʜʝʨʞʠʪ ʣʠʥʝʡʥʫʶ ʧʦ ʧʦʣʶ ʩʦʩʪʘʚʣʷʶʱʫʶ ʩʜʚʠʛʘ ʵʥʝʨʛʠʠ, ʦʙʫʩʣʦʚʣʝʥʥʫʶ 

ʧʝʨʝʧʘʜʦʤ ʧʦʪʝʥʮʠʘʣʘ ʤʝʞʜʫ ʥʠʤʠ. ɺʦ ʚʪʦʨʦʤ ʩʣʫʯʘʝ ʠʤʝʝʪ ʤʝʩʪʦ 

ʢʚʘʜʨʘʪʠʯʥʳʡ ʧʦ ʥʘʧʨʷʞʝʥʥʦʩʪʠ ʧʦʣʷ ʜʠʥʘʤʠʯʝʩʢʠʡ ʵʬʬʝʢʪ ʐʪʘʨʢʘ [17, 18]. 

ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʦʧʪʠʯʝʩʢʦʛʦ ʵʬʬʝʢʪʘ ʐʪʘʨʢʘ ʧʨʝʜʩʪʘʚʣʷʝʪʩʷ ʥʘʠʙʦʣʝʝ 

ʧʝʨʩʧʝʢʪʠʚʥʳʤ ʚ ʜʘʥʥʦʡ ʩʠʩʪʝʤʝ, ʧʦʩʢʦʣʴʢʫ ʜʘʝʪ ʚʦʟʤʦʞʥʦʩʪʴ ʥʘʠʙʦʣʝʝ 

ʙʳʩʪʨʦʛʦ ʫʧʨʘʚʣʝʥʠʷ ʦʪʥʦʩʠʪʝʣʴʥʳʤ ʧʦʣʦʞʝʥʠʝʤ ʫʨʦʚʥʝʡ ʚ ʩʦʩʝʜʥʠʭ ʂʊ ʠ, 

ʢʘʢ ʩʣʝʜʩʪʚʠʝ, ʨʝʟʦʥʘʥʩʥʳʤ ʧʝʨʝʥʦʩʦʤ ʵʥʝʨʛʠʠ ʤʝʞʜʫ ʥʠʤʠ. ʇʨʠ ʵʪʦʤ 

ʠʤʧʫʣʴʩʳ ʩ ʦʧʨʝʜʝʣʝʥʥʦʡ ʬʦʨʤʦʡ ʤʦʛʫʪ ʫʧʨʘʚʣʷʪʴ ʜʠʥʘʤʠʢʦʡ ʥʘʩʝʣʝʥʥʦʩʪʠ 

ʠ ʩʦʟʜʘʚʘʪʴ ʦʧʪʠʤʘʣʴʥʫʶ ʢʦʛʝʨʝʥʪʥʦʩʪʴ ʚ ʘʪʦʤʥʦ-ʧʦʜʦʙʥʦʡ ʩʠʩʪʝʤʝ [19-24]. 

ʅʦʚʳʝ ʚʦʟʤʦʞʥʦʩʪʠ ʤʦʛʫʪ ʦʪʢʨʳʪʴʩʷ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʪʝʨʘʛʝʨʮʦʚʳʭ 

ʠʤʧʫʣʴʩʦʚ, ʜʣʷ ʢʦʪʦʨʳʭ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʠʟʤʝʨʝʥʘ ʙʦʣʴʰʘʷ ʧʦʣʷʨʠʟʫʝʤʦʩʪʴ 

ʂʊ [25]. ʆʜʥʘʢʦ ʧʦʢʘ ʠʭ ʧʨʠʤʝʥʝʥʠʝ ʜʣʷ ʧʝʨʝʢʣʶʯʝʥʠʷ ʧʝʨʝʥʦʩʘ ʵʢʩʠʪʦʥʦʚ 
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ʦʛʨʘʥʠʯʝʥʦ ʧʨʘʢʪʠʯʝʩʢʠʤʠ ʪʨʫʜʥʦʩʪʷʤʠ ʬʦʨʤʠʨʦʚʘʥʠʷ ʫʥʠʧʦʣʷʨʥʦʛʦ 

ʠʤʧʫʣʴʩʘ. 

ʈʘʩʩʤʦʪʨʠʤ ʥʘʠʥʠʟʰʠʝ ʧʦ ʵʥʝʨʛʠʠ ʵʢʩʠʪʦʥʥʳʝ ʩʦʩʪʦʷʥʠʷ ʚ ʜʚʫʭ 

ʩʦʩʝʜʥʠʭ ʂʊ ʠ ʫʧʨʘʚʣʝʥʠʝ ʧʝʨʝʥʦʩʦʤ ʵʢʩʠʪʦʥʦʚ ʩ ʧʦʤʦʱʴʶ ʠʤʧʫʣʴʩʦʚ 

ʧʠʢʦʩʝʢʫʥʜʥʦʡ ʜʣʠʪʝʣʴʥʦʩʪʠ. ʇʨʠ ʵʪʦʤ ʙʘʨʴʝʨ ʤʝʞʜʫ ʂʊ ʧʨʝʜʧʦʣʘʛʘʝʪʩʷ 

ʜʦʩʪʘʪʦʯʥʦ ʙʦʣʴʰʠʤ, ʯʪʦʙʳ ʠʩʢʣʶʯʠʪʴ ʪʫʥʥʝʣʴʥʳʡ ʧʝʨʝʭʦʜ ʵʣʝʢʪʨʦʥʘ ʤʝʞʜʫ 

ʪʦʯʢʘʤʠ, ʠ ʚ ʪʦ ʞʝ ʚʨʝʤʷ ʦʙʝʩʧʝʯʠʚʘʶʱʠʤ ʟʥʘʯʠʪʝʣʴʥʦʝ ʢʫʣʦʥʦʚʩʢʦʝ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʤʝʞʜʫ ʵʢʩʠʪʦʥʘʤʠ ʩʦʩʝʜʥʠʭ ʂʊ. ʇʨʝʜʧʦʣʘʛʘʝʪʩʷ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʥʘʥʦʬʦʪʦʥʠʢʠ, ʧʨʠ ʧʨʠʤʝʥʝʥʠʠ ʢʦʪʦʨʦʡ ʤʠʥʠʤʘʣʴʥʳʡ ʨʘʟʤʝʨ 

ʦʙʣʘʩʪʠ ʣʦʢʘʣʠʟʘʮʠʠ ʧʦʣʷ ʥʝ ʦʛʨʘʥʠʯʝʥ ʜʠʬʨʘʢʮʠʦʥʥʳʤ ʧʨʝʜʝʣʦʤ, ʧʦʩʢʦʣʴʢʫ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʤʦʞʝʪ ʦʩʫʱʝʩʪʚʣʷʪʴʩʷ ʚ ʙʣʠʞʥʝʤ ʧʦʣʝ ʤʝʞʜʫ 

ʥʘʥʦʨʘʟʤʝʨʥʳʤʠ ʵʣʝʤʝʥʪʘʤʠ, ʘ ʪʘʢʞʝ ʚ ʫʩʣʦʚʠʷʭ ʢʦʥʬʘʡʥʤʝʥʪʘ ʠ 

ʩʚʝʨʭʬʦʢʫʩʠʨʦʚʢʠ ʧʣʘʟʤʦʥʦʚ [26-28]. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʩʚʷʟʴ ʤʝʞʜʫ 

ʵʢʩʠʪʦʥʘʤʠ ʚ ʦʜʠʥʘʢʦʚʳʭ ʂʊ ʥʘʙʣʶʜʘʣʘʩʴ ʚ ʩʪʘʪʴʝ [29], ʧʦʩʚʷʱʝʥʥʦʡ ʨʘʙʦʪʝ 

ʦʧʪʠʯʝʩʢʦʛʦ ʢʚʘʥʪʦʚʦʛʦ ʟʘʪʚʦʨʘ. ʋʧʨʘʚʣʷʝʤʳʡ ʨʝʟʦʥʘʥʩʥʳʡ ʧʝʨʝʥʦʩ 

ʵʢʩʠʪʦʥʦʚ ʪʝʦʨʝʪʠʯʝʩʢʠ ʠʟʫʯʝʥ ʜʣʷ ʩʠʩʪʝʤʳ ʠʟ ʜʚʫʭ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʭ ʂʊ 

ʧʨʠ ʥʘʣʠʯʠʠ ʵʬʬʝʢʪʘ ʐʪʘʨʢʘ [30] ʚ ʵʣʝʢʪʨʦʩʪʘʪʠʯʝʩʢʦʤ ʧʦʣʝ ʚ ʨʘʙʦʪʝ [31]. 

ɺʳʙʨʘʥʥʘʷ ʤʦʜʝʣʴ ʦʩʥʦʚʳʚʘʣʘʩʴ ʥʘ ʧʨʠʙʣʠʞʝʥʥʦʤ ʛʘʤʠʣʴʪʦʥʠʘʥʝ, 

ʧʦʟʚʦʣʷʶʱʝʤ ʦʧʠʩʳʚʘʪʴ ʚʣʠʷʥʠʝ ʥʘ ʜʠʥʘʤʠʢʫ ʩʠʩʪʝʤʳ ʚʦʟʜʝʡʩʪʚʠʷ 

ʨʝʟʦʥʘʥʩʥʦʛʦ ʣʘʟʝʨʥʦʛʦ ʠʤʧʫʣʴʩʘ, ʢʫʣʦʥʦʚʩʢʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ, 

ʩʪʘʪʠʯʝʩʢʦʛʦ ʵʬʬʝʢʪʘ ʐʪʘʨʢʘ ʠ ʨʝʣʘʢʩʘʮʠʠ ʵʢʩʠʪʦʥʥʳʭ ʩʦʩʪʦʷʥʠʡ. ʉ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʵʪʦʛʦ ʛʘʤʠʣʴʪʦʥʠʘʥʘ ʙʳʣʠ ʧʨʦʚʝʜʝʥʳ ʨʘʩʯʝʪʳ 

ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʧʝʨʝʥʦʩʘ ʵʢʩʠʪʦʥʘ ʜʣʷ ʨʘʟʥʳʭ ʫʩʣʦʚʠʡ ʚʦʟʙʫʞʜʝʥʠʷ ʠ 

ʧʦʣʦʞʝʥʠʷ ʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʫʨʦʚʥʝʡ ʂʊ. ʆʥʠ ʧʦʢʘʟʘʣʠ ʫʧʨʘʚʣʷʝʤʦʩʪʴ 

ʧʨʦʮʝʩʩʘ ʩ ʧʦʤʦʱʴʶ ʩʜʚʠʛʘ ʫʨʦʚʥʝʡ ʵʣʝʢʪʨʦʩʪʘʪʠʯʝʩʢʠʤ ʧʦʣʝʤ. 

ʆʩʥʦʚʥʳʝ ʩʚʦʡʩʪʚʘ ʬʝʨʩʪʝʨʦʚʩʢʦʛʦ ʧʝʨʝʥʦʩʘ ʵʥʝʨʛʠʠ ʤʝʞʜʫ 

ʵʢʩʠʪʦʥʥʳʤʠ ʩʦʩʪʦʷʥʠʤʠ ʚ ʧʦʣʫʧʨʦʚʦʜʥʠʢʘʭ ʤʦʛʫʪ ʙʳʪʴ ʧʨʦʘʥʘʣʠʟʠʨʦʚʘʥʳ 

ʥʘ ʦʩʥʦʚʝ ʤʦʜʝʣʠ ʩʠʩʪʝʤʳ ʩ ʜʚʫʤʷ ʨʝʟʦʥʠʨʫʶʱʠʤʠ ʫʨʦʚʥʷʤʠ [32]. 

ʆʩʦʙʝʥʥʦʩʪʠ ʧʝʨʝʥʦʩʘ ʵʥʝʨʛʠʠ ʟʘʚʠʩʷʪ ʦʪ ʩʦʦʪʥʦʰʝʥʠʷ ʤʝʞʜʫ ʚʝʣʠʯʠʥʦʡ 

ʵʥʝʨʛʠʠ ʜʠʧʦʣʴ-ʜʠʧʦʣʴʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʠ ʰʠʨʠʥʦʡ ʫʨʦʚʥʝʡ [33]. ʇʨʠ 
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ʤʘʣʳʭ ʨʘʩʩʪʦʷʥʠʷʭ ʤʝʞʜʫ ʂʊ ʜʦʤʠʥʠʨʫʝʪ ʢʫʣʦʥʦʚʩʢʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ [34], 

ʧʝʨʝʥʦʩ ʵʥʝʨʛʠʠ ʦʪ ʜʦʥʦʨʘ, ʪ.ʝ. ʚʦʟʙʫʞʜʝʥʥʦʡ ʂʊ, ʢ ʘʢʮʝʧʪʦʨʫ ʠʜʝʪ 

ʢʦʛʝʨʝʥʪʥʦ, ʠ ʦʙʨʘʟʫʝʪʩʷ ʥʦʚʦʝ ʩʦʩʪʦʷʥʠʝ, ʷʚʣʷʶʱʝʝʩʷ ʩʫʧʝʨʧʦʟʠʮʠʝʡ 

ʩʦʩʪʦʷʥʠʡ ʧʦʜʩʠʩʪʝʤ. ɽʩʣʠ ʰʠʨʠʥʘ ʘʢʮʝʧʪʦʨʥʦʛʦ ʫʨʦʚʥʷ ʙʦʣʴʰʝ ʰʠʨʠʥʳ 

ʵʥʝʨʛʠʠ ʜʦʥʦʨʥʦʛʦ ʫʨʦʚʥʷ ʠ ʚʝʣʠʯʠʥʳ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ, ʪʦ ʧʝʨʝʥʦʩ 

ʚʦʟʙʫʞʜʝʥʠʷ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʥʝʢʦʛʝʨʝʥʪʥʦ, ʜʠʩʩʠʧʘʪʠʚʥʳʝ ʧʨʦʮʝʩʩʳ ʚ 

ʜʦʥʦʨʝ ʠʜʫʪ ʤʝʜʣʝʥʥʦ, ʘ ʜʠʩʩʠʧʘʮʠʷ ʧʨʦʠʩʭʦʜʠʪ ʙʳʩʪʨʦ ʚ ʘʢʮʝʧʪʦʨʝ. ʕʪʦʪ 

ʧʨʝʜʝʣʴʥʳʡ ʩʣʫʯʘʡ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʢʣʘʩʩʠʯʝʩʢʦʡ ʤʦʜʝʣʠ ʌʝʨʩʪʝʨʘ.  

ʇʨʠ ʦʧʠʩʘʥʠʠ ʧʨʦʮʝʩʩʦʚ ʧʝʨʝʥʦʩʘ ʵʢʩʠʪʦʥʦʚ ʠʩʧʦʣʴʟʫʶʪʩʷ ʨʘʟʣʠʯʥʳʝ 

ʤʦʜʝʣʴʥʳʝ ʛʘʤʠʣʴʪʦʥʠʘʥʳ. ʎʝʣʝʩʦʦʙʨʘʟʥʦ ʢʨʦʤʝ ʢʫʣʦʥʦʚʩʢʦʛʦ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʤʝʞʜʫ ʵʢʩʠʪʦʥʘʤʠ ʚ ʩʦʩʝʜʥʠʭ ʂʊ, ʚʢʣʶʯʠʪʴ ʚ ʦʧʠʩʘʥʠʝ ʩʜʚʠʛ 

ʫʨʦʚʥʝʡ ʵʥʝʨʛʠʠ ʟʘ ʩʯʝʪ ʵʬʬʝʢʪʘ ʐʪʘʨʢʘ ʚʦ ʚʥʝʰʥʝʤ ʥʝʨʝʟʦʥʘʥʩʥʦʤ 

ʦʧʪʠʯʝʩʢʦʤ ʧʦʣʝ ʠ ʩʧʦʥʪʘʥʥʳʡ ʨʘʩʧʘʜ ʚʦʟʙʫʞʜʝʥʥʳʭ ʩʦʩʪʦʷʥʠʡ ʟʘ ʩʯʝʪ 

ʠʟʣʫʯʝʥʠʷ ʬʦʪʦʥʦʚ ʠ ʬʦʥʦʥʦʚ. ɺʦʟʙʫʞʜʝʥʠʝ ʂʊ ʤʦʞʥʦ ʦʩʫʱʝʩʪʚʣʷʪʴ 

ʬʝʤʪʦʩʝʢʫʥʜʥʳʤ ʣʘʟʝʨʥʳʤ ʠʤʧʫʣʴʩʦʤ [35], ʘ ʧʝʨʝʥʦʩ ʵʥʝʨʛʠʠ ʧʨʦʠʩʭʦʜʠʪ ʚ 

ʧʠʢʦʩʝʢʫʥʜʥʦʤ ʤʘʩʰʪʘʙʝ ʚʨʝʤʝʥʠ. ʕʪʦ ʧʦʟʚʦʣʷʝʪ ʨʘʟʜʝʣʠʪʴ ʚʦ ʚʨʝʤʝʥʠ 

ʧʨʦʮʝʩʩ ʚʦʟʙʫʞʜʝʥʠʷ ʂʊ ʠ ʧʨʦʮʝʩʩ ʧʝʨʝʥʦʩʘ ʚʦʟʙʫʞʜʝʥʠʷ. ɺʦʟʙʫʞʜʝʥʠʝ 

ʦʪʜʝʣʴʥʦʡ ʂʊ ʫʣʴʪʨʘʢʦʨʦʪʢʠʤ ʠʤʧʫʣʴʩʦʤ ʪʝʦʨʝʪʠʯʝʩʢʠ ʠʩʩʣʝʜʦʚʘʣʦʩʴ ʚ [36], 

ʛʜʝ ʙʳʣʘ ʫʯʪʝʥʘ ʩʚʷʟʴ ʵʢʩʠʪʦʥʦʚ ʩ ʨʝʟʝʨʚʫʘʨʦʤ ʬʦʥʦʥʦʚ. ʉʢʦʥʮʝʥʪʨʠʨʫʝʤʩʷ 

ʥʘ ʚʪʦʨʦʤ ʵʪʘʧʝ ʧʨʦʙʣʝʤʳ, ʩʦʩʪʦʷʱʝʤ ʚ ʫʧʨʘʚʣʷʝʤʦʤ ʧʝʨʝʥʦʩʝ ʚʦʟʙʫʞʜʝʥʠʷ. 

ʈʘʥʝʝ ʬʝʨʩʪʝʨʦʚʩʢʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʫʯʠʪʳʚʘʣʦʩʴ ʚ ʨʘʙʦʪʝ [37] ʥʘ ʦʩʥʦʚʝ 

ʤʦʜʝʣʴʥʦʛʦ ʛʘʤʠʣʴʪʦʥʠʘʥʘ, ʘ ʢʫʣʦʥʦʚʩʢʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʠ ʰʠʨʠʥʳ ʫʨʦʚʥʝʡ 

ʙʳʣʠ ʜʦʙʘʚʣʝʥʳ ʚ ʤʦʜʝʣʴʥʳʡ ʛʘʤʠʣʴʪʦʥʠʘʥ ʜʣʷ ʜʚʫʭ ʂʊ ʚ [38]. ɺ ʧʦʩʣʝʜʥʝʤ 

ʩʣʫʯʘʝ ʫʨʘʚʥʝʥʠʷ, ʟʘʧʠʩʘʥʥʳʝ ʚ ʬʦʨʤʘʣʠʟʤʝ ʤʘʪʨʠʮʳ ʧʣʦʪʥʦʩʪʠ, ʜʦʧʫʩʢʘʪʁ 

ʪʦʯʥʦʝ ʘʥʘʣʠʪʠʯʝʩʢʦʝ ʨʝʰʝʥʠʝ. ɸʥʘʣʠʪʠʯʝʩʢʦʝ ʨʝʰʝʥʠʝ ʟʘʜʘʯʠ ʦ 

ʨʝʟʦʥʘʥʩʥʳʭ ʧʝʨʝʭʦʜʘʭ ʤʝʞʜʫ ʂʊ ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʣʘʟʝʨʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʙʝʟ 

ʫʯʝʪʘ ʟʘʪʫʭʘʥʠʷ ʧʨʠʚʝʜʝʥʦ ʚ ʨʘʙʦʪʝ [39]. ʇʝʨʝʯʠʩʣʝʥʥʳʝ ʨʘʙʦʪʳ 

ʦʙʨʠʩʦʚʳʚʘʶʪ ʩʦʚʦʢʫʧʥʦʩʪʴ ʪʝʦʨʝʪʠʯʝʩʢʠʭ ʧʦʜʭʦʜʦʚ, ʨʘʟʨʘʙʦʪʘʥʥʳʭ ʜʣʷ 

ʨʝʰʝʥʠʷ ʜʘʥʥʦʛʦ ʢʣʘʩʩʘ ʟʘʜʘʯ. 
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ʈʠʩʫʥʦʢ 1.1.1 ï ʈʘʩʩʤʘʪʨʠʚʘʝʤʘʷ ʩʠʩʪʝʤʘ ʜʚʫʭ ʢʚʘʥʪʦʚʳʭ ʪʦʯʝʢ, ʩʚʷʟʘʥʥʳʭ 

ʢʫʣʦʥʦʚʩʢʠʤ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝʤ. 

  

ʈʘʩʩʤʦʪʨʠʤ ʩʭʝʤʫ ʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʫʨʦʚʥʝʡ ʜʚʫʭ ʚʦʟʙʫʞʜʝʥʥʳʭ ʂʊ ï 

ʣʝʚʦʡ (L) ʠ ʧʨʘʚʦʡ (R) ʜʣʷ ʧʦʩʪʨʦʝʥʠʷ ʢʚʘʥʪʦʚʦʡ ʤʦʜʝʣʠ ʫʧʨʘʚʣʷʝʤʦʛʦ 

ʧʝʨʝʥʦʩʘ ʵʢʩʠʪʦʥʦʚ. ʆʙʦʟʥʘʯʠʤ Ὁ  ï ʵʥʝʨʛʠʶ ʩʠʩʪʝʤʳ, ʚ ʢʦʪʦʨʦʡ ʚʦʟʙʫʞʜʝʥʦ 

ʢʚʘʟʠʩʪʘʮʠʦʥʘʨʥʦʝ ʵʢʩʠʪʦʥʥʦʝ ʩʦʩʪʦʷʥʠʝ ʚ L-ʂʊ, ʠ Ὁ ï ʵʥʝʨʛʠʶ ʩʠʩʪʝʤʳ, ʚ 

ʢʦʪʦʨʦʡ ʚʦʟʙʫʞʜʝʥʦ ʢʚʘʟʠʩʪʘʮʠʦʥʘʨʥʦʝ ʵʢʩʠʪʦʥʥʦʝ ʩʦʩʪʦʷʥʠʝ ʚ R-ʂʊ. 

ɺʟʘʠʤʦʜʝʡʩʪʚʠʝ ʪʦʯʝʢ ʩ ʣʘʟʝʨʥʳʤ ʠʤʧʫʣʴʩʦʤ ʙʫʜʝʤ ʦʧʠʩʳʚʘʪʴ ʦʧʝʨʘʪʦʨʦʤ 

ὠὸ, ʘ ʢʫʣʦʥʦʚʩʢʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ  ʤʝʞʜʫ ʂʊ, ʦʙʝʩʧʝʯʠʚʘʶʱʝʝ ʧʝʨʝʥʦʩ 

ʚʦʟʙʫʞʜʝʥʠʷ ʤʝʞʜʫ ʂʊ, ʧʨʝʜʩʪʘʚʠʤ ʦʧʝʨʘʪʦʨʦʤ ὠ. ʉʧʦʥʪʘʥʥʘʷ ʰʠʨʠʥʘ 

ʵʢʩʠʪʦʥʥʦʛʦ ʩʦʩʪʦʷʥʠʷ g ʩʚʷʟʘʥʘ ʩ ʤʥʠʤʦʡ ʯʘʩʪʴʶ ʢʦʤʧʣʝʢʩʥʦʡ 

ʢʚʘʟʠʵʥʝʨʛʠʠ: ʜʣʷ L-ʪʦʯʢʠ 2ImL LEg=- , ʘ ʜʣʷ R-ʪʦʯʢʠ 2ImR REg=- .  

ɿʘʚʠʩʠʤʦʩʪʴ ὠ ʦʪ ʬʦʨʤʳ ʂʊ, ʠʭ ʨʘʟʤʝʨʘ ʠ ʨʘʩʩʪʦʷʥʠʷ ʤʝʞʜʫ ʥʠʤʠ 

ʠʩʩʣʝʜʦʚʘʥʘ ʜʣʷ ʂʊ InAs  ʚ ʤʘʪʨʠʮʝ GaAs [12]. ʇʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʦʙʳʯʥʦʡ 

ʦʧʪʠʢʠ ʬʦʨʤʠʨʫʝʤʦʝ ʧʦʣʝ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦ ʦʜʥʦʨʦʜʥʦ ʥʘ ʤʘʩʰʪʘʙʘʭ ʚ 

ʥʝʩʢʦʣʴʢʦ ʜʝʩʷʪʢʦʚ ʥʘʥʦʤʝʪʨʦʚ. ʇʨʝʜʧʦʣʘʛʘʝʤ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʦʧʪʠʢʠ 

ʙʣʠʞʥʝʛʦ ʧʦʣʷ [40], ʯʪʦ ʜʘʝʪ ʚʦʟʤʦʞʥʦʩʪʴ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦ ʩʝʣʝʢʪʠʚʥʦʛʦ 

ʚʦʟʙʫʞʜʝʥʠʷ ʦʜʥʦʡ ʠʟ ʜʚʫʭ ʙʣʠʟʢʦ ʨʘʩʧʦʣʦʞʝʥʥʳʭ ʂʊ. ʇʦʵʪʦʤʫ ʥʘʯʘʣʴʥʳʤ 

ʩʦʩʪʦʷʥʠʝʤ ʚ ʟʘʜʘʯʝ ʦ ʧʝʨʝʥʦʩʝ ʵʥʝʨʛʠʠ ʤʦʞʝʪ ʙʳʪʴ ʚʟʷʪ ʵʢʩʠʪʦʥ ʚ L-ʂʊ. 

ʇʝʨʝʥʦʩ ʚʦʟʙʫʞʜʝʥʠʷ ʤʝʞʜʫ ʂʊ ʧʨʠ ʠʭ ʦʜʥʦʚʨʝʤʝʥʥʦʤ ʨʝʟʦʥʘʥʩʥʦʤ 

ʕʢʩʠʪʦʥ 

ʂʚʘʥʪʦʚʘʷ ʪʦʯʢʘ (ʜʦʥʦʨ) ʂʚʘʥʪʦʚʘʷ ʪʦʯʢʘ (ʘʢʮʝʧʪʦʨ) 

Ὁ 
Ὁ  

  

•  

 

•  •  

•  
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ʚʦʟʙʫʞʜʝʥʠʠ ʣʘʟʝʨʥʳʤ ʧʦʣʝʤ ʠ ʫʧʨʘʚʣʝʥʠʠ ʨʘʩʩʪʨʦʡʢʦʡ ʫʨʦʚʥʝʡ ʧʦʩʪʦʷʥʥʳʤ 

ʵʣʝʢʪʨʠʯʝʩʢʠʤ ʧʦʣʝʤ ʧʦʢʘʟʘʣ, ʯʪʦ ʫʯʝʪ ʙʠʵʢʩʠʪʦʥʥʳʭ ʩʦʩʪʦʷʥʠʡ ʥʝʩʢʦʣʴʢʦ 

ʤʝʥʷʝʪ ʢʦʣʠʯʝʩʪʚʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʧʨʠ ʙʦʣʴʰʠʭ ʫʨʦʚʥʷʭ ʣʘʟʝʨʥʦʛʦ 

ʚʦʟʙʫʞʜʝʥʠʷ, ʥʦ ʥʝ ʩʢʘʟʳʚʘʝʪʩʷ ʥʘ ʚʦʩʧʨʦʠʟʚʝʜʝʥʠʠ ʦʩʥʦʚʥʳʭ ʦʩʦʙʝʥʥʦʩʪʝʡ 

ʜʠʥʘʤʠʢʠ [41], ʠ ʤʳ ʥʝ ʙʫʜʝʤ ʫʯʠʪʳʚʘʪʴ ʪʘʢʠʝ ʩʦʩʪʦʷʥʠʷ ʚ ʥʘʰʝʡ 

ʪʝʦʨʝʪʠʯʝʩʢʦʡ ʤʦʜʝʣʠ. 

ʇʨʝʜʩʪʘʚʠʤ ʛʘʤʠʣʴʪʦʥʠʘʥ ʩʠʩʪʝʤʳ ʚ ʚʠʜʝ ʩʫʤʤʳ ʛʘʤʠʣʴʪʦʥʠʘʥʘ, 

ʦʧʠʩʳʚʘʶʱʝʛʦ ʥʝʚʟʘʠʤʦʜʝʡʩʪʚʫʶʱʠʝ ʦʪʜʝʣʴʥʳʝ ʂʊ, ʢʫʣʦʥʦʚʩʢʦʛʦ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʤʝʞʜʫ ʢʚʘʟʠʨʝʟʦʥʘʩʥʳʤʠ ʵʢʩʠʪʦʥʥʳʤʠ ʩʦʩʪʦʷʥʠʷʤʠ ʚ 

ʩʦʩʝʜʥʠʭ ʂʊ ʠ ʦʧʝʨʘʪʦʨʘ ʠʭ ʥʝʨʝʟʦʥʘʥʩʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʩ ʣʘʟʝʨʥʳʤ 

ʠʤʧʫʣʴʩʦʤ. ʆʧʪʠʯʝʩʢʠʝ ʠʤʧʫʣʴʩʳ ʧʠʢʦʩʝʢʫʥʜʥʦʡ ʜʣʠʪʝʣʴʥʦʩʪʠ ʤʦʞʥʦ 

ʩʯʠʪʘʪʴ ʢʚʘʟʠʛʘʨʤʦʥʠʯʝʩʢʠʤʠ, ʠ ʦʥʠ ʤʦʛʫʪ ʙʳʪʴ ʟʘʜʘʥʳ ʚ ʚʠʜʝ ʧʨʦʠʟʚʝʜʝʥʠʷ 

ʛʘʨʤʦʥʠʯʝʩʢʦʡ ʥʝʩʫʱʝʡ ʚʦʣʥʳ ʩ ʯʘʩʪʦʪʦʡ w ʠ ʤʝʜʣʝʥʥʦ ʤʝʥʷʶʱʝʡʩʷ 

ʦʛʠʙʘʶʱʝʡ )(tf  ʥʘʧʨʷʞʝʥʥʦʩʪʠ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ  ʚ ʣʘʟʝʨʥʦʤ ʠʤʧʫʣʴʩʝ. 

ʇʨʠ ʵʪʦʤ ʯʘʩʪʦʪʫ ʥʝʩʫʱʝʡ ʚʦʣʥʳ ʙʫʜʝʤ ʩʯʠʪʘʪʴ ʟʥʘʯʠʪʝʣʴʥʦʝ ʤʝʥʴʰʝʡ 

ʚʝʣʠʯʠʥʳ ʨʝʟʦʥʘʥʩʥʦʡ ʯʘʩʪʦʪʳ ʚʦʟʙʫʞʜʝʥʠʷ ʂʊ. ʉ ʫʯʝʪʦʤ ʵʪʦʛʦ ʟʘʧʠʰʝʤ 

ʦʧʝʨʘʪʦʨ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʩ ʂʊ ʚ ʚʠʜʝ 

 int ( ) ( )cos( )H t hf t tw= .    (1.1.1) 

ɿʜʝʩʴ ʦʧʝʨʘʪʦʨ h  ʜʝʡʩʪʚʫʝʪ ʥʘ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʝ ʧʝʨʝʤʝʥʥʳʝ ʚʦʣʥʦʚʳʭ 

ʬʫʥʢʮʠʡ.  

ʋʯʪʝʤ ʰʪʘʨʢʦʚʩʢʠʡ ʩʜʚʠʛ ʫʨʦʚʥʝʡ [42] ʚ ʂʊ ʚʦ ʚʪʦʨʦʤ ʧʦʨʷʜʢʝ ʪʝʦʨʠʠ 

ʚʦʟʤʫʱʝʥʠʡ ʧʦ ʥʝʨʝʟʦʥʘʩʥʦʤʫ ʚʟʘʠʤʦʜʝʡʩʪʚʠʶ intH  [43]. ʀʟʤʝʥʝʥʠʝ ʵʥʝʨʛʠʠ 

jED  ʫʨʦʚʥʷ j, ʦʙʫʩʣʦʚʣʝʥʥʦʝ ʵʪʠʤ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝʤ, ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʦ 

ʢʚʘʜʨʘʪʫ ʥʘʧʨʷʞʝʥʥʦʩʪʠ ʦʛʠʙʘʶʱʝʡ ʠʤʧʫʣʴʩʘ [44]: 

     21
( )

4
j jE fa wD =- .   (1.1.2) 

ɼʠʥʘʤʠʯʝʩʢʘʷ ʧʦʣʷʨʠʟʫʝʤʦʩʪʴ ʩʦʩʪʦʷʥʠʷ j ʜʘʝʪʩʷ ʠʟʚʝʩʪʥʳʤ ʚʳʨʘʞʝʥʠʝʤ ʜʣʷ 

ʤʦʥʦʭʦʨʦʤʘʪʠʯʝʩʢʦʛʦ ʧʦʣʷ ʩ ʯʘʩʪʦʪʦʡ w: 
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ä -=
m

mjmjmjj d )/(2)( 22
2

wwwwa    (1.1.3) 

ɺʝʣʠʯʠʥʳ 
mjd  ʚ ʫʨʘʚʥʝʥʠʠ (1.1.3) ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʜʠʧʦʣʴʥʳʝ ʤʘʪʨʠʯʥʳʝ 

ʵʣʝʤʝʥʪʳ ʤʝʞʜʫ ʵʢʩʠʪʦʥʥʳʤ ʩʦʩʪʦʷʥʠʝʤ j ʠ ʥʝʢʦʪʦʨʳʤ ʚʠʨʪʫʘʣʴʥʳʤ 

ʩʦʩʪʦʷʥʠʝʤ m.  

ʆʩʥʦʚʦʡ ʜʣʷ ʜʘʣʴʥʝʡʰʝʛʦ ʦʧʠʩʘʥʠʷ ʜʠʥʘʤʠʢʠ ʦʧʪʠʯʝʩʢʦʛʦ 

ʚʦʟʙʫʞʜʝʥʠʷ ʠ ʫʧʨʘʚʣʷʝʤʦʛʦ ʧʝʨʝʥʦʩʘ ʵʥʝʨʛʠʠ ʤʝʞʜʫ ʂʊ ʷʚʣʷʝʪʩʷ ʫʨʘʚʥʝʥʠʝ 

ʐʨʝʜʠʥʛʝʨʘ (1= ) 
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    (1.1.4) 

ʩ ʤʘʪʨʠʯʥʳʤ ʛʘʤʠʣʴʪʦʥʠʘʥʦʤ 
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tEV

VtE
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FL
,    (1.1.5) 

ʚ ʢʦʪʦʨʦʤ LLL EEtE D+=)(
~

, RRR EEtE D+=)(
~

. ɺ ʩʣʫʯʘʝ, ʢʦʛʜʘ ʦʪʩʫʪʩʪʚʫʝʪ 

ʚʥʝʰʥʝʝ ʣʘʟʝʨʥʦʝ ʧʦʣʝ, 2/LL iEE g-= , 2/RR iEE ge--= . ɿʜʝʩʴ E  ï 

ʜʝʡʩʪʚʠʪʝʣʴʥʘʷ ʯʘʩʪʴ ʵʥʝʨʛʠʠ ʢʚʘʟʠʩʪʘʮʠʦʥʘʨʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʵʢʩʠʪʦʥʘ L-ʂʊ, 

e-E  ï ʜʝʡʩʪʚʠʪʝʣʴʥʘʷ ʯʘʩʪʴ ʵʥʝʨʛʠʠ ʢʚʘʟʠʩʪʘʮʠʦʥʘʨʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʵʢʩʠʪʦʥʘ 

ʚ R-ʂʊ ʧʨʠ ʨʘʩʩʪʨʦʡʢʝ ʨʝʟʦʥʘʥʩʘ e. ʄʥʠʤʳʝ ʯʘʩʪʠ ʵʥʝʨʛʠʠ RL gg,  

ʦʪʚʝʪʩʪʚʝʥʥʳ ʟʘ ʵʢʩʧʦʥʝʥʮʠʘʣʴʥʫʶ ʨʝʣʘʢʩʘʮʠʶ ʚʦʟʙʫʞʜʝʥʠʡ.  

ʇʨʝʜʧʦʣʦʞʠʤ, ʯʪʦ ʂʊ ʦʙʣʘʜʘʶʪ ʧʨʠ ʙʣʠʟʦʩʪʠ ʫʨʦʚʥʝʡ ʵʥʝʨʛʠʡ 

ʵʢʩʠʪʦʥʦʚ ʨʘʟʥʦʡ ʧʦʣʷʨʠʟʫʝʤʦʩʪʴʶ (ʩ ʨʘʟʥʠʮʝʡ ʟʥʘʯʝʥʠʡ ~10%) ʟʘ ʩʯʝʪ 

ʥʝʩʢʦʣʴʢʦ ʨʘʟʥʦʛʦ ʩʦʩʪʘʚʘ ʠ ʨʘʟʤʝʨʦʚ, ʪʘʢ ʯʪʦ ʧʨʠ ʦʧʨʝʜʝʣʝʥʥʦʡ 

ʥʘʧʨʷʞʝʥʥʦʩʪʠ ʚʥʝʰʥʝʛʦ ʣʘʟʝʨʥʦʛʦ ʧʦʣʷ ʫʨʦʚʥʠ ʜʚʫʭ ʂʊ ʩʦʚʧʘʜʘʝʪ ʟʘ ʩʯʝʪ 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʛʦ ʦʧʪʠʯʝʩʢʦʛʦ ʰʪʘʨʢʦʚʩʢʦʛʦ ʩʜʚʠʛʘ. ʇʦʚʝʜʝʥʠʝ ʩʠʩʪʝʤʳ 

ʩʫʱʝʩʪʚʝʥʥʦ ʟʘʚʠʩʠʪ ʦʪ ʧʘʨʘʤʝʪʨʦʚ ʣʘʟʝʨʥʦʛʦ ʧʦʣʷ, ʂʊ ʠ ʥʘʯʘʣʴʥʳʭ ʫʩʣʦʚʠʡ, 

ʪ.ʝ. ʠʩʭʦʜʥʦʛʦ ʧʨʠʛʦʪʦʚʣʝʥʥʦʛʦ ʩʦʩʪʦʷʥʠʷ. ʈʘʩʩʤʦʪʨʠʤ ʜʝʡʩʪʚʠʝ ʢʦʨʦʪʢʦʛʦ 

ʠʤʧʫʣʴʩʘ, ʚ ʢʦʪʦʨʦʤ ʦʪʩʫʪʩʪʚʫʶʪ ʨʝʟʦʥʘʥʩʥʳʝ ʯʘʩʪʦʪʳ ʂʊ, ʥʦ ʩʠʩʪʝʤʘ ʤʝʥʷʝʪ 

ʩʚʦʶ ʜʠʥʘʤʠʢʫ ʟʘ ʩʯʝʪ ʠʟʤʝʥʝʥʠʷ ʫʩʣʦʚʠʡ ʚʥʫʪʨʝʥʥʝʛʦ ʨʝʟʦʥʘʥʩʘ, 
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ʦʙʝʩʧʝʯʠʚʘʷ ʫʧʨʘʚʣʷʝʤʫʶ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʧʝʨʝʥʦʩʘ ʵʥʝʨʛʠʠ ʚʦʟʙʫʞʜʝʥʠʷ. 

ʂʦʥʢʨʝʪʥʳʝ ʧʘʨʘʤʝʪʨʳ, ʧʦʟʚʦʣʷʶʱʠʝ ʧʨʦʚʦʜʠʪʴ ʨʘʩʯʝʪʳ, ʜʣʷ ʵʢʩʠʪʦʥʦʚ ʚ ʂʊ 

InGaAs/GaAs ʧʨʠʚʝʜʝʥʳ ʚ [37]. ʊʘʢ ʜʣʷ ʂʊ ʩ ʨʘʟʤʝʨʦʤ 5R= ʥʤ ʧʘʨʘʤʝʪʨʳ 

ʧʨʠʥʠʤʘʶʪ ʟʥʘʯʝʥʠʷ: 1.3E= ʵɺ, | | 6r = A, 9 110 ʩg -@  ( 960decayt = ʧʩ), 

0.69FV =  ʤʵɺ (0.95Ft= ) ʧʩ. ʊʘʢʠʝ ʟʥʘʯʝʥʠʷ ʧʘʨʘʤʝʪʨʦʚ ʦʟʥʘʯʘʶʪ, ʯʪʦ ʚʨʝʤʷ 

ʨʝʣʘʢʩʘʮʠʠ ʚʝʣʠʢʦ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩʦ ʚʨʝʤʝʥʝʤ ʧʝʨʝʥʦʩʘ ʚʦʟʙʫʞʜʝʥʠʷ ʚ 

ʧʠʢʦʩʝʢʫʥʜʥʦʤ ʤʘʩʰʪʘʙʝ ʚʨʝʤʝʥʠ, ʠ, ʧʨʠ ʚʦʟʙʫʞʜʝʥʠʠ ʂʊ ʬʝʤʪʦʩʝʢʫʥʜʥʳʤ 

ʣʘʟʝʨʥʳʤ ʠʤʧʫʣʴʩʦʤ, ʧʨʦʮʝʩʩ ʫʧʨʘʚʣʷʝʤʦʛʦ ʧʝʨʝʥʦʩʘ ʜʝʡʩʪʚʠʪʝʣʴʥʦ ʤʦʞʥʦ 

ʨʘʩʩʤʘʪʨʠʚʘʪʴ ʦʪʜʝʣʴʥʦ ʦʪ ʚʦʟʙʫʞʜʝʥʠʷ, ʧʨʝʜʧʦʣʘʛʘʷ ʥʘʣʠʯʠʝ ʧʦʣʥʦʩʪʴʶ 

ʩʬʦʨʤʠʨʦʚʘʥʥʦʛʦ ʥʘʯʘʣʴʥʦʛʦ ʵʢʩʠʪʦʥʥʦʛʦ ʩʦʩʪʦʷʥʠʷ. 

 

1.2. ʇʝʨʝʜʘʯʘ ʚʦʟʙʫʞʜʝʥʠʷ ʧʨʠ ʜʝʡʩʪʚʠʠ ʥʝʨʝʟʦʥʘʥʩʥʦʛʦ ʠʤʧʫʣʴʩʘ  

ʇʨʠ ʥʝʨʝʟʦʥʘʥʩʥʦʤ ʚʦʟʜʝʡʩʪʚʠʠ ʥʘ ʩʠʩʪʝʤʫ ʠʤʧʫʣʴʩʦʚ ʧʠʢʦʩʝʢʫʥʜʥʦʡ 

ʜʣʠʪʝʣʴʥʦʩʪʠ ʠ ʩʫʱʝʩʪʚʝʥʥʦ ʙʦʣʴʰʠʭ ʚʨʝʤʝʥʘʭ ʨʝʣʘʢʩʘʮʠʠ ʵʢʩʠʪʦʥʦʚ 

ʫʧʨʘʚʣʝʥʠʝ ʤʝʥʷʶʱʠʤʩʷ ʩʜʚʠʛʦʤ ʵʥʝʨʛʠʠ ʫʨʦʚʥʝʡ ʟʘ ʚʨʝʤʷ ʨʘʟʚʠʪʠʷ ʚʩʝʛʦ 

ʜʠʥʘʤʠʯʝʩʢʦʛʦ ʧʨʦʮʝʩʩʘ ʩʚʦʜʠʪʩʷ ʢ ʫʧʨʘʚʣʝʥʠʶ ʨʘʩʩʪʨʦʡʢʦʡ ʨʝʟʦʥʘʥʩʘ e. 

ʋʨʘʚʥʝʥʠʝ (1.1.4) ʩ ʛʘʤʠʣʴʪʦʥʠʘʥʦʤ (1.1.5) ʦʧʠʩʳʚʘʝʪ ʧʨʷʤʦʡ ʠ ʦʙʨʘʪʥʳʡ 

ʢʦʛʝʨʝʥʪʥʳʡ ʨʝʟʦʥʘʥʩʥʳʡ ʧʝʨʝʥʦʩ ʚʦʟʙʫʞʜʝʥʠʷ ʩ ʫʯʝʪʦʤ ʦʪʩʪʨʦʡʢʠ ʨʝʟʦʥʘʥʩʘ 

ʠ ʨʝʣʘʢʩʘʮʠʠ ʩʦʩʪʦʷʥʠʡ [45]. 

ʆʮʝʥʠʪʴ ʚʦʟʤʦʞʥʦʩʪʴ ʫʧʨʘʚʣʝʥʠʷ ʨʝʟʦʥʘʥʩʥʳʤ ʧʝʨʝʥʦʩʦʤ ʚʦʟʙʫʞʜʝʥʠʷ 

ʤʦʞʥʦ ʚ ʨʘʤʢʘʭ ʫʧʨʦʱʝʥʥʦʡ ʤʦʜʝʣʠ, ʚ ʢʦʪʦʨʦʡ ʧʨʝʜʧʦʣʘʛʘʝʪʩʷ ʤʛʥʦʚʝʥʥʦʝ 

ʚʢʣʶʯʝʥʠʝ ʠ ʤʛʥʦʚʝʥʥʦʝ ʚʳʢʣʶʯʝʥʠʝ ʣʘʟʝʨʥʦʛʦ ʠʤʧʫʣʴʩʘ, ʦʙʝʩʧʝʯʠʚʘʶʱʝʛʦ 

ʚ ʪʝʯʝʥʠʝ ʚʨʝʤʝʥʠ t ʨʝʟʦʥʘʥʩʥʳʝ ʫʩʣʦʚʠʷ ʧʝʨʝʥʦʩʘ: 
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.    (1.2.1) 

ɺ ʢʘʯʝʩʪʚʝ ʥʘʯʘʣʴʥʳʭ ʫʩʣʦʚʠʡ ʧʨʠʤʝʤ 0)0(,1)0( == RL yy . ɽʩʣʠ conste= , ʪʦ 

ʨʝʰʝʥʠʝ ʫʨʘʚʥʝʥʠʡ (1.1.4), (1.1.5) ʤʦʞʥʦ ʠʩʢʘʪʴ ʚ ʚʠʜʝ exp( )j ka i te- , ʠ 

ʭʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʦʝ ʫʨʘʚʥʝʥʠʝ ʩʠʩʪʝʤʳ ʝʩʪʴ 
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ʩ ʩʦʙʩʪʚʝʥʥʳʤʠ ʟʥʘʯʝʥʠʷʤʠ 
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ʆʙʱʝʝ ʨʝʰʝʥʠʝ ʫʨʘʚʥʝʥʠʡ (1.1.4), (1.1.5) ʠʤʝʝʪ ʚʠʜ 
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ʛʜʝ Rek keW = , Im / 2k kg e=- . ʉ ʫʯʝʪʦʤ ʥʘʯʘʣʴʥʳʭ ʫʩʣʦʚʠʡ R Rb c=-, 

1L Lb c+ = ʠʤʝʝʤ (0)R FiVy =- . ʆʪʩʶʜʘ ʩʣʝʜʫʝʪ, ʯʪʦ ʩʦʩʪʦʷʥʠʝ ʵʢʩʠʪʦʥʘ ʚ R-

ʂʊ ʠʟʤʝʥʷʝʪʩʷ ʚʦ ʚʨʝʤʝʥʠ ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʫʨʘʚʥʝʥʠʝʤ  

1 1 2 2/2 /2

1 2 2 1
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( ) / 2

t i t t i tF
R

V
e e e e
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g gy
g g

- - W - - W= -
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   (1.2.5) 

ʘ ʟʘʩʝʣʝʥʥʦʩʪʴ R-ʩʦʩʪʦʷʥʠʷ ʤʝʥʷʝʪʩʷ ʧʦ ʟʘʢʦʥʫ 

1 2 1 2

2
( ) /22

2 12 2

1 2 2 1

| ( ) | ( 2 cos[( ) ]).
( ) ( ) / 4

t t tF
R

V
t e e e tg g g gy

g g

- - - += + - W -W
W -W + -

   (1.2.6) 

ɺ ʨʘʤʢʘʭ ʵʪʦʡ ʧʨʦʩʪʦʡ ʤʦʜʝʣʠ ʟʘʩʝʣʝʥʥʦʩʪʴ ʫʨʦʚʥʷ R-ʂʊ ʧʝʨʠʦʜʠʯʝʩʢʠ 

ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʠ ʧʘʜʘʝʪ, ʠʩʧʳʪʳʚʘʷ ʵʢʩʧʦʥʝʥʮʠʘʣʴʥʦʝ ʟʘʪʫʭʘʥʠʝ. ɺ ʧʨʝʜʝʣʝ 

ʩʠʣʴʥʦʡ ʩʚʷʟʠ , ,F L RV g g e>> , ʠ ʧʨʠL Rg g g= =  ʠʜʝʪ ʧʝʨʝʢʘʯʢʘ ʟʘʩʝʣʝʥʥʦʩʪʠ ʩ 

ʟʘʪʫʭʘʥʠʝʤ ʧʦ ʟʘʢʦʥʫ 

( )2| ( ) | 1 cos(2 ) / 2.t

R Ft e V tgy -= -    (1.2.7) 

Eʩʣʠ ʯʝʨʝʟ ʧʨʦʤʝʞʫʪʦʢ ʚʨʝʤʝʥʠ FV4/pt=  ʩʠʩʪʝʤʫ ʙʳʩʪʨʦ ʚʳʚʝʩʪʠ ʠʟ 

ʨʝʟʦʥʘʥʩʘ, ʪʦ ʧʦʣʫʯʘʝʤ ʟʘʩʝʣʝʥʥʦʩʪʴ R-ʂʊ  

)4/exp()(
2

FR Vt pgy -= .    (1.2.8) 

ʊʘʢʦʡ ʣʦʢʘʣʴʥʳʡ ʤʘʢʩʠʤʫʤ ʜʣʷ ʩʦʦʪʥʦʰʝʥʠʷ ʧʘʨʘʤʝʪʨʦʚ g20=FV  ʠʤʝʝʪ 

ʚʝʣʠʯʠʥʫ 0.93, ʠ ʧʝʨʝʜʘʯʘ ʚʦʟʙʫʞʜʝʥʠʷ ʚ ʵʪʦʤ ʩʣʫʯʘʝ ʦʯʝʥʴ ʚʝʣʠʢʘ. ʈʝʘʣʴʥʳʡ 

ʣʘʟʝʨʥʳʡ ʠʤʧʫʣʴʩ, ʵʬʬʝʢʪʠʚʥʦ ʫʧʨʘʚʣʷʶʱʠʡ ʦʧʪʠʯʝʩʢʠʤ ʐʪʘʨʢʦʚʩʢʠʤ 
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ʩʜʚʠʛʦʤ ʫʨʦʚʥʝʡ, ʜʦʣʞʝʥ ʠʤʝʪʴ ʧʦʯʪʠ ʧʨʷʤʦʫʛʦʣʴʥʫʶ çʇè-ʦʙʨʘʟʥʫʶ ʬʦʨʤʫ 

ʦʛʠʙʘʶʱʝʡ, ʘ ʝʛʦ ʚʢʣʶʯʝʥʠʝ ʠ ʚʳʢʣʶʯʝʥʠʝ ʧʨʦʠʩʭʦʜʠʪʴ ʟʘ ʬʝʤʪʦʩʝʢʫʥʜʳ. 

ɼʣʷ ʜʘʣʴʥʝʡʰʝʛʦ ʘʥʘʣʠʟʘ ʧʝʨʝʥʦʩʘ ʚʦʟʙʫʞʜʝʥʠʷ ʧʨʠ ʜʝʡʩʪʚʠʠ ʣʘʟʝʨʥʳʭ 

ʠʤʧʫʣʴʩʦʚ ʩ ʙʦʣʝʝ ʨʝʘʣʠʩʪʠʯʝʩʢʦʡ ʬʦʨʤʦʡ ʦʛʠʙʘʶʱʝʡ ʚʦʩʧʦʣʴʟʫʝʤʩʷ 

ʯʠʩʣʝʥʥʳʤ ʨʝʰʝʥʠʝʤ ʤʘʪʨʠʯʥʦʛʦ ʫʨʘʚʥʝʥʠʷ ʐʨʝʜʠʥʛʝʨʘ, ʚ ʢʦʪʦʨʦʤ ʜʣʷ 

ʠʩʢʣʶʯʝʥʠʷ ʙʳʩʪʨʳʭ ʦʩʮʠʣʣʷʮʠʡ ʧʨʦʠʟʚʝʜʝʥ ʦʙʱʠʡ ʩʜʚʠʛ ʦʪʩʯʝʪʘ ʫʨʦʚʥʝʡ 

ʵʥʝʨʛʠʠ ʟʘʤʝʥʦʡ 
, ,( ) exp( )L R L Rt a iEty = - . ʕʪʘ ʟʘʤʝʥʘ ʧʨʠʜʘʝʪ ʫʨʘʚʥʝʥʠʶ 

ʐʨʝʜʠʥʛʝʨʘ ʚʠʜ  
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ʈʘʩʩʤʦʪʨʠʤ, ʢʘʢ ʟʘʚʠʩʠʪ ʧʝʨʝʥʦʩ ʵʢʩʠʪʦʥʦʚ ʤʝʞʜʫ ʂʊ ʦʪ ʬʦʨʤʳ 

ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʳʭ ʠʤʧʫʣʴʩʦʚ. ɿʜʝʩʴ ʬʘʢʪʠʯʝʩʢʠ ʚʦʟʥʠʢʘʝʪ ʪʘʢ ʥʘʟʳʚʘʝʤʘʷ 

ʦʙʨʘʪʥʘʷ ʟʘʜʘʯʘ, ʪ.ʝ. ʟʘʜʘʯʘ ʦʙ ʦʧʪʠʤʘʣʴʥʦʤ ʫʧʨʘʚʣʝʥʠʠ ʩʠʩʪʝʤʦʡ ʂʊ. 

ʇʦʩʣʝʜʦʚʘʪʝʣʴʥʳʡ ʧʦʜʭʦʜ ʢ ʝʝ ʨʝʰʝʥʠʶ ʪʨʝʙʫʝʪ ʥʘʭʦʞʜʝʥʠʷ ʤʘʢʩʠʤʫʤʘ 

ʮʝʣʝʚʦʛʦ ʬʫʥʢʮʠʦʥʘʣʘ ʧʨʠ ʥʘʣʠʯʠʠ ʦʛʨʘʥʠʯʝʥʠʡ [46]. ʄʦʞʥʦ ʩʫʱʝʩʪʚʝʥʥʦ 

ʫʧʨʦʩʪʠʪ ɹʟʘʜʘʯʫ, ʠʩʧʦʣʴʟʫʷ ʜʦʢʘʟʘʥʥʦʝ ʚ ʨʘʙʦʪʝ [47] ʥʘ ʦʩʥʦʚʝ ʧʨʠʥʮʠʧʘ 

ʤʘʢʩʠʤʫʤʘ ʇʦʥʪʨʷʛʠʥʘ ʩʚʦʡʩʪʚʦ, ʯʪʦ ʦʧʪʠʤʘʣʴʥʦʝ ʫʧʨʘʚʣʝʥʠʝ ʢʚʘʥʪʦʚʳʤʠ 

ʩʠʩʪʝʤʘʤʠ ʩ ʜʠʩʢʨʝʪʥʳʤ ʩʧʝʢʪʨʦʤ ʨʝʘʣʠʟʫʝʪʩʷ ʧʫʪʝʤ ʤʛʥʦʚʝʥʥʦʛʦ ʚʢʣʶʯʝʥʠʷ 

ʨʝʟʦʥʘʥʩʥʦʛʦ ʧʦʣʷ. ʆʯʝʚʠʜʥʦ, ʯʪʦ ʧʨʠ ʵʪʦʤ ʧʨʝʜʧʦʯʪʠʪʝʣʴʥʳ ʬʫʥʢʮʠʠ 

ʦʛʠʙʘʶʱʝʡ, ʢʦʪʦʨʳʝ ʧʦʟʚʦʣʷʶʪ ʜʦʙʠʪʴʩʷ ʥʘʠʙʦʣʝʝ ʨʝʟʢʦʛʦ ʠ ʙʳʩʪʨʦʛʦ 

ʚʢʣʶʯʝʥʠʷ ʠ ʚʳʢʣʶʯʝʥʠʷ ʠʤʧʫʣʴʩʘ, ʪ.ʝ. ʙʳʩʪʨʦʛʦ ʚʳʭʦʜʘ ʥʘ ʤʘʢʩʠʤʘʣʴʥʦʝ 

ʟʥʘʯʝʥʠʝ ʘʤʧʣʠʪʫʜʳ ʧʦʣʷ, ʦʙʝʩʧʝʯʠʚʘʶʱʝʛʦ ʚʳʧʦʣʥʝʥʠʝ ʫʩʣʦʚʠʷ ʪʦʯʥʦʛʦ 

ʨʝʟʦʥʘʥʩʘ.  

ɺ ʢʘʯʝʩʪʚʝ ʠʩʩʣʝʜʫʝʤʳʭ ʠʤʧʫʣʴʩʦʚ ʚʦʟʴʤʝʤ ʩʝʤʝʡʩʪʚʦ ʠʤʧʫʣʴʩʦʚ, ʩ 

ʛʘʫʩʩʦʚʦʡ ʠ ʩʫʧʝʨ-ʛʘʫʩʩʦʚʦʡ ʦʛʠʙʘʶʱʠʤʠ ʥʝʩʫʱʝʡ [48]: 

( )mtftf )/(exp)( 0 t-= ,       (1.2.10) 

ʛʜʝ 0f - ʘʤʧʣʠʪʫʜʘ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ. ʇʨʦʬʠʣʠ ʠʥʪʝʥʩʠʚʥʦʩʪʠ 
2

)()( tftI = , 

ʟʘʜʘʥʥʳʝ ʫʨʘʚʥʝʥʠʝʤ (1.2.10) ʧʦʢʘʟʘʥʳ ʥʘ ʨʠʩʫʥʢʝ 1.2.1. 
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ʈʠʩʫʥʦʢ 1.2.1. ɻʘʫʩʩʦʚʩʢʠʝ ʠ ʩʫʧʝʨ-ʛʘʫʩʩʦʚʩʢʠʝ ʧʨʦʬʠʣʠ ʠʥʪʝʥʩʠʚʥʦʩʪʠ 

ʜʣʷ ʧʘʨʘʤʝʪʨʦʚ 2,4,8m= . 

ɺ ʨʘʤʢʘʭ ʪʘʢʠʭ ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʟʘʚʠʩʠʤʦʩʪʝʡ ʤʦʞʥʦ ʫʧʨʘʚʣʷʪʴ 

ʚʨʝʤʝʥʝʤ ʚʢʣʶʯʝʥʠʷ ʠ ʚʳʢʣʶʯʝʥʠʷ ʧʦʣʷ, ʪʘʢ ʢʘʢ ʟʘ ʵʪʦ ʦʪʚʝʯʘʝʪ ʧʘʨʘʤʝʪʨ.m  

 

ʈʠʩʫʥʦʢ 1.2.2. ɼʠʥʘʤʠʢʘ ʟʘʩʝʣʝʥʥʦʩʪʠ ʫʨʦʚʥʝʡ: ʛʘʫʩʩʦʚʳʡ ʧʨʦʬʠʣʴ 

(ʩʧʣʦʰʥʘʷ ʣʠʥʠʷ), ʩʫʧʝʨ ï ʛʘʫʩʩʦʚʳʝ ʧʨʦʬʠʣʠ ʠʥʪʝʥʩʠʚʥʦʩʪʠ 4m=  

(ʧʫʥʢʪʠʨʥʘʷ ʣʠʥʠʷ) ʠ 8m=  (ʰʪʨʠʭʧʫʥʢʪʠʨʥʘʷ ʣʠʥʠʷ). 

ʅʘ ʨʠʩʫʥʢʝ 1.2.2 ʧʦʢʘʟʘʥ ʨʝʟʫʣʴʪʘʪ ʨʘʩʯʝʪʘ ʧʝʨʝʥʦʩʘ ʚʦʟʙʫʞʜʝʥʠʷ ʧʨʠ 

ʢʚʘʟʠʧʝʨʝʩʝʯʝʥʠʠ ʫʨʦʚʥʝʡ ʚ ʫʧʨʘʚʣʷʝʤʦʤ ʵʬʬʝʢʪʝ ʐʪʘʨʢʘ ʜʣʷ ʠʤʧʫʣʴʩʦʚ ʩ 
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ʬʦʨʤʦʡ, ʟʘʜʘʥʥʦʡ ʫʨʘʚʥʝʥʠʝʤ (1.2.10). ʄʘʢʩʠʤʘʣʴʥʘʷ ʟʘʩʝʣʝʥʥʦʩʪʴ 

ʘʢʮʝʧʪʦʨʥʦʛʦ ʫʨʦʚʥʷ ʩʦʩʪʘʚʣʷʝʪ 0.95 ʠ ʜʦʩʪʠʛʘʝʪʩʷ ʟʘ 2 ʧʩ ʜʣʷ ʩʫʧʝʨ-

ʛʘʫʩʩʦʚʳʭ ʧʨʦʬʠʣʝʡ ʧʨʠ 4m= ʠ 8m= .  

1.3. ʋʧʨʘʚʣʝʥʠʝ ʧʝʨʝʜʘʯʝʡ ʚʦʟʙʫʞʜʝʥʠʷ ʚ ʩʚʷʟʘʥʥʳʭ ʢʚʘʥʪʦʚʳʭ 

ʪʦʯʢʘʭ 

ʇʣʦʩʢʦʧʦʚʝʨʭʥʦʩʪʥʳʝ ʧʠʢʦʩʝʢʫʥʜʥʳʝ ʩʫʧʝʨ-ʛʘʫʩʩʦʚʳʝ ʠʤʧʫʣʴʩʳ ʤʦʛʫʪ 

ʙʳʪʴ ʧʦʣʫʯʝʥʳ ʧʫʪʝʤ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʡ ʧʨʦʧʫʩʢʘʥʠʝʤ ʠʤʧʫʣʴʩʦʚ ʯʝʨʝʟ 

ʤʫʣʴʪʠʢʨʠʩʪʘʣʴʥʳʡ ʧʦʣʷʨʠʟʘʮʠʦʥʥʦ-ʠʥʪʝʨʬʝʨʝʥʮʠʦʥʥʳʡ ʩʚʝʪʦʬʠʣʴʪʨ [49]. 

ʊʘʢʠʝ ʠʤʧʫʣʴʩʳ ʠʤʝʶʪ ʧʣʦʩʢʫʶ ʚʝʨʰʠʥʫ ʜʣʠʪʝʣʴʥʦʩʪʴʶ 20 ʧʩ, ʘ ʚʢʣʶʯʝʥʠʝ 

ʠ ʚʳʢʣʶʯʝʥʠʝ ʧʦʣʷ ʦʪ 1.5 ʜʦ 3 ʧʩ, ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʜʣʠʪʝʣʴʥʦʩʪʠ ʚʭʦʜʥʦʛʦ 

ʠʤʧʫʣʴʩʘ. ʉʫʱʝʩʪʚʫʝʪ ʠ ʜʨʫʛʠʝ ʪʝʭʥʦʣʦʛʠʠ [50] ʜʣʷ ʛʝʥʝʨʘʮʠʠ 

ʧʨʷʤʦʫʛʦʣʴʥʳʭ ʣʘʟʝʨʥʳʭ ʠʤʧʫʣʴʩʦʚ. ʅʘʯʘʣʴʥʳʝ ʠʤʧʫʣʴʩʳ ʚ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʫʩʪʘʥʦʚʢʝ ʘʚʪʦʨʦʚ [50] ʙʣrʠ ʩʧʝʢʪʨʘʣʴʥʦ-ʦʛʨʘʥʠʯʝʥʥʳʤʠ 

ʛʘʫʩʩʦʚʩʢʠʤʠ ʦʧʪʠʯʝʩʢʠʤʠ ʠʤʧʫʣʴʩʘʤʠ, ʛʝʥʝʨʠʨʫʝʤʳʤʠ ʩ ʧʦʤʦʱʴʶ 

ʧʘʩʩʠʚʥʦʡ ʩʠʥʭʨʦʥʠʟʘʮʠʠ ʤʦʜ ʣʘʟʝʨʘ ʩ ʧʝʨʝʩʪʨʘʠʚʘʝʤʦʡ ʜʣʠʥʦʡ ʚʦʣʥʳ ʠ 

ʜʣʠʪʝʣʴʥʦʩʪʴʶ ʠʤʧʫʣʴʩʘ ʥʘ ʫʨʦʚʥʝ ʧʦʣʦʚʠʥʳ ʘʤʧʣʠʪʫʜʳ ʦʪ 600 ʬʩ ʜʦ 1.8 ʧʩ 

ʧʨʠ ʮʝʥʪʨʘʣʴʥʦʡ ʜʣʠʥʝ ʚʦʣʥʳ 1535 ʥʤ. ʇʨʠʥʮʠʧ ʛʝʥʝʨʘʮʠʠ ʦʩʥʦʚʘʥ ʥʘ ʪʦʤ, 

ʯʪʦ ʣʶʙʘʷ ʞʝʣʘʝʤʘʷ ʬʦʨʤʘ ʩʚʝʨʭʙʳʩʪʨʦʛʦ ʠʤʧʫʣʴʩʘ ʤʦʞʝʪ ʙʳʪʴ 

ʩʠʥʪʝʟʠʨʦʚʘʥʘ ʢʘʢ ʩʫʧʝʨʧʦʟʠʮʠʷ ʛʘʫʩʦʚʩʢʦʛʦ ʠʤʧʫʣʴʩʘ ʠ ʝʛʦ 

ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʳʭ ʧʨʦʠʟʚʦʜʥʳʭ ʧʦ ʚʨʝʤʝʥʠ, ʧʦʩʢʦʣʴʢʫ ʦʥʠ ʦʙʨʘʟʫʶʪ ʙʘʟʠʩʳ 

ʚʝʡʚʣʝʪʦʚ [51]. ʀʤʧʫʣʴʩʳ ʩ ʧʣʦʩʢʦʡ ʚʝʨʰʠʥʦʡ ʬʦʨʤʳ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʭʦʨʦʰʦ 

ʘʧʧʨʦʢʩʠʤʠʨʫʶʪʩʷ ʜʚʫʤʷ ʯʣʝʥʘʤʠ ʦʙʱʝʛʦ ʨʷʜʘ, ʪ.ʝ. ʧʦʜʭʦʜʷʱʝʡ ʢʦʤʙʠʥʘʮʠʝʡ 

ʛʘʫʩʩʦʚʦʛʦ ʠʤʧʫʣʴʩʘ ʠ ʝʛʦ ʧʝʨʚʦʡ ʧʨʦʠʟʚʦʜʥʦʡ ʧʦ ʚʨʝʤʝʥʠ. ɺ ʢʘʯʝʩʪʚʝ 

ʦʧʪʠʯʝʩʢʦʛʦ ʜʠʬʬʝʨʝʥʮʠʘʪʦʨʘ ʠʩʧʦʣʴʟʦʚʘʣʘʩʴ ʦʜʥʦʨʦʜʥʘʷ ʜʣʠʥʥʦʧʝʨʠʦʜʥʘʷ 

ʚʦʣʦʢʦʥʥʘʷ ʨʝʰʝʪʢʘ [52]. ʊʝʭʥʦʣʦʛʠʷ ʧʦʟʚʦʣʠʣʘ ʩʠʥʪʝʟʠʨʦʚʘʪʴ ʬʦʨʤʫ ʚʦʣʥʳ 

ʩ ʧʣʦʩʢʦʡ ʚʝʨʰʠʥʦʡ ʨʘʟʣʠʯʥʦʡ ʜʣʠʪʝʣʴʥʦʩʪʠ ʚ ʩʫʙʧʠʢʦʩʝʢʫʥʜʥʦʤ ʨʝʞʠʤʝ. 

ɿʘʤʝʯʘʪʝʣʴʥʳʤ ʩʚʦʡʩʪʚʦʤ ʧʨʝʜʣʦʞʝʥʥʦʛʦ ʤʝʪʦʜʘ ʛʝʥʝʨʘʮʠʠ ʦʧʪʠʯʝʩʢʠʭ 

ʠʤʧʫʣʴʩʦʚ ʧʨʷʤʦʫʛʦʣʴʥʦʡ ʬʦʨʤʳ ʷʚʣʷʝʪʩʷ ʪʦ, ʯʪʦ ʤʦʛʫʪ ʙʳʪʴ ʩʠʥʪʝʟʠʨʦʚʘʥʳ 

http://dic.academic.ru/dic.nsf/eng_rus/42666/%D0%B2%D0%BE%D0%BB%D0%BD%D1%8B
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ʧʨʷʤʦʫʛʦʣʴʥʳʝ ʠʤʧʫʣʴʩʳ ʨʘʟʣʠʯʥʦʡ ʜʣʠʪʝʣʴʥʦʩʪʠ ʧʨʠ ʧʦʜʘʯʝ ʥʘ ʣʠʥʝʡʥʫʶ 

ʩʠʩʪʝʤʫ ʛʘʫʩʩʦʚʩʢʦʛʦ ʠʤʧʫʣʴʩʘ ʩʦʙʩʪʚʝʥʥʦʡ ʜʣʠʪʝʣʴʥʦʩʪʠ.  

ɺʨʝʤʝʥʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʜʣʷ ʪʦʯʥʦʛʦ ʧʨʷʤʦʫʛʦʣʴʥʦʛʦ 

ʠʤʧʫʣʴʩʘ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʛʦ ʠʤʧʫʣʴʩʘ ʧʦʢʘʟʘʥʳ ʥʘ ʨʠʩʫʥʢʝ 1.3.1. 

 

ʈʠʩʫʥʦʢ 1.3.1. ʇʨʦʬʠʣʠ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʜʣʷ ʧʨʷʤʦʫʛʦʣʴʥʦʛʦ ʠʤʧʫʣʴʩʘ 

ʠʤʧʫʣʴʩʘ (ʧʫʥʢʪʠʨʥʘʷ ʣʠʥʠʷ) ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʛʦ ʠʤʧʫʣʴʩʘ [53] 

(ʩʧʣʦʰʥʘʷ ʣʠʥʠʷ). 

 

ʈʠʩʫʥʦʢ 1.3.2. ɼʠʥʘʤʠʢʘ ʟʘʩʝʣʝʥʥʦʩʪʠ ʩʦʩʪʦʷʥʠʡ ʜʣʷ ʧʨʷʤʦʫʛʦʣʴʥʦʛʦ 

(ʰʪʨʠʭʧʫʥʢʪʠʨʥʘʷ ʣʠʥʠʷ) ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʛʦ ʠʤʧʫʣʴʩʘ (ʩʧʣʦʰʥʘʷ 

ʣʠʥʠʷ). 
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ɼʣʷ ʩʨʘʚʥʝʥʠʷ, ʫʧʨʘʚʣʝʥʠʝ ʧʝʨʝʜʘʯʝʡ ʚʦʟʙʫʞʜʝʥʠʷ ʨʘʩʩʯʠʪʘʥʦ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʦʧʪʠʤʘʣʴʥʦʛʦ ʧʨʷʤʦʫʛʦʣʴʥʦʛʦ ʧʨʦʬʠʣʷ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʩ 

ʨʝʟʢʠʤ ʚʢʣʶʯʝʥʠʝʤ ʠ ʚʳʢʣʶʯʝʥʠʝʤ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤ ʧʨʦʬʠʣʝʤ [53]. 

ʈʝʟʫʣʴʪʘʪʳ ʨʘʩʯʝʪʦʚ ʧʨʠʚʝʜʝʥʳ ʥʘ ʨʠʩʫʥʢʝ 1.3.2. ʄʘʢʩʠʤʘʣʴʥʘʷ ʟʘʩʝʣʝʥʥʦʩʪʴ 

ʘʢʮʝʧʪʦʨʘ R-ʫʨʦʚʥʷ ʨʘʚʥʘ 0.93, ʘ ʟʘʪʝʤ ʧʦʩʣʝ ʦʢʦʥʯʘʥʠʷ ʠʤʧʫʣʴʩʘ 

ʫʤʝʥʴʰʘʝʪʩʷ ʜʦ 0.8. ʄʝʣʢʠʝ ʦʩʮʠʣʣʷʮʠʠ ʜʝʤʦʥʩʪʨʠʨʫʶʪ ʤʥʦʛʦʢʨʘʪʥʳʡ 

ʯʘʩʪʠʯʥʦ ʦʙʨʘʪʠʤʳʡ ʧʝʨʝʥʦʩ ʵʥʝʨʛʠʠ ʤʝʞʜʫ ʜʦʥʦʨʦʤ ʠ ʘʢʮʝʧʪʦʨʦʤ. 

 

1.4. ʈʝʟʫʣʴʪʘʪʳ ɻʣʘʚʳ 1 

1. ɺ ʨʘʤʢʘʭ ʢʚʘʥʪʦʚʦ-ʤʝʭʘʥʠʯʝʩʢʦʛʦ ʧʦʜʭʦʜʘ ʙʳʣ ʧʦʩʪʨʦʝʥ 

ʛʘʤʠʣʴʪʦʥʠʘʥ ʩʠʩʪʝʤʳ, ʦʧʠʩʳʚʘʶʱʠʡ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʵʢʩʠʪʦʥʦʚ ʚ ʩʦʩʝʜʥʠʭ 

ʂʊ ʩ ʫʯʝʪʦʤ ʩʜʚʠʛʘ ʫʨʦʚʥʝʡ ʵʥʝʨʛʠʠ ʟʘ ʩʯʝʪ ʵʬʬʝʢʪʘ ʐʪʘʨʢʘ ʚʦ ʚʥʝʰʥʝʤ 

ʥʝʨʝʟʦʥʘʥʩʥʦʤ ʦʧʪʠʯʝʩʢʦʤ ʧʦʣʝ ʠ ʩʧʦʥʪʘʥʥʦʛʦ ʨʘʩʧʘʜʘ ʚʦʟʙʫʞʜʝʥʥʳʭ 

ʩʦʩʪʦʷʥʠʡ ʟʘ ʩʯʝʪ ʠʟʣʫʯʝʥʠʷ ʬʦʪʦʥʦʚ ʠ ʬʦʥʦʥʦʚ. ɼʘʥʥʳʡ ʛʘʤʠʣʴʪʦʥʠʘʥ 

ʧʦʟʚʦʣʷʝʪ ʦʧʠʩʘʪʴ ʣʘʟʝʨʥʦʝ ʫʧʨʘʚʣʝʥʠʝ ʧʝʨʝʥʦʩʦʤ ʵʥʝʨʛʠʠ ʤʝʞʜʫ ʂʊ. 

2. ʇʨʠʚʝʜʝʥʘ ʘʥʘʣʠʪʠʯʝʩʢʘʷ ʦʮʝʥʢʘ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʧʝʨʝʜʘʯʠ ʵʥʝʨʛʠʠ 

ʤʝʞʜʫ ʂʊ ʚ ʜʚʫʭʫʨʦʚʥʝʚʦʡ ʤʦʜʝʣʠ, ʠ ʨʘʟʚʠʪʳ ʯʠʩʣʝʥʥʳʝ ʤʝʪʦʜʳ ʨʘʩʯʝʪʘ 

ʪʘʢʠʭ ʧʨʦʮʝʩʩʦʚ ʩ ʫʯʝʪʦʤ ʥʝʨʝʟʦʥʘʥʩʥʦʛʦ ʦʧʪʠʯʝʩʢʦʛʦ ʫʧʨʘʚʣʝʥʠʷ ʠ 

ʨʝʣʘʢʩʘʮʠʠ ʥʘ ʦʩʥʦʚʝ ʨʝʰʝʥʠʷ ʫʨʘʚʥʝʥʠʷ ʐʨʝʜʠʥʛʝʨʘ ʚ ʤʘʪʨʠʯʥʦʡ ʬʦʨʤʝ. 

3. ʇʨʝʜʣʦʞʝʥʘ ʩʭʝʤʘ ʵʬʬʝʢʪʠʚʥʦʛʦ ʫʧʨʘʚʣʝʥʠʷ ʧʝʨʝʥʦʩʦʤ ʚʦʟʙʫʞʜʝʥʠʷ 

ʤʝʞʜʫ ʂʊ ʧʫʪʝʤ ʠʟʤʝʥʝʥʠʷ ʩʜʚʠʛʘ ʫʨʦʚʥʝʡ ʟʘ ʩʯʝʪ ʜʠʥʘʤʠʯʝʩʢʦʛʦ ʵʬʬʝʢʪʘ 

ʐʪʘʨʢʘ ʠ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʠʤʧʫʣʴʩʘ ʩ ʧʦʯʪʠ ʧʨʷʤʦʫʛʦʣʴʥʦʡ çʇè-ʦʙʨʘʟʥʦʡ 

ʬʦʨʤʦʡ ʦʛʠʙʘʶʱʝʡ. 
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ɻʃɸɺɸ 2. ɼʠʥʘʤʠʢʘ ʚʦʟʙʫʞʜʝʥʠʷ ʨʝʟʦʥʘʥʩʘ ʌʘʥʦ ʚ 

ʢʣʘʩʩʠʯʝʩʢʠʭ ʠ ʢʚʘʥʪʦʚʳʭ ʩʠʩʪʝʤʘʭ 

 

ʅʘʨʷʜʫ ʩ ʯʠʩʪʦ ʜʠʩʢʨʝʪʥʳʤ ʩʧʝʢʪʨʦʤ ʚ ʥʘʥʦʩʠʩʪʝʤʘʭ ʯʘʩʪʦ 

ʧʨʠʩʫʪʩʪʚʫʶʪ ʜʦʧʦʣʥʠʪʝʣʴʥʳʝ ʩʪʝʧʝʥʠ ʩʚʦʙʦʜʳ, ʢʦʛʜʘ ʩʚʷʟʘʥʥʳʝ ʩ ʥʠʤʠ 

ʢʚʘʥʪʦʚʳʝ ʩʦʩʪʦʷʥʠʷ ʦʙʨʘʟʫʶʪ ʟʦʥʫ ʫʨʦʚʥʝʡ, ʚʟʘʠʤʦʜʝʡʩʪʚʫʶʱʠʭ ʩ 

ʜʠʩʢʨʝʪʥʳʤ ʫʨʦʚʥʝʤ. ɺʧʝʨʚʳʝ ʜʠʩʢʨʝʪʥʳʝ ʩʦʩʪʦʷʥʠʷ ʥʘ ʬʦʥʝ ʢʦʥʪʠʥʫʫʤʘ 

ʙʳʣʠ ʨʘʩʩʤʦʪʨʝʥʳ ʋʛʦ ʌʘʥʦ. ʉʧʝʢʪʨ ʧʦʛʣʦʱʝʥʠʷ ʩʚʝʪʘ ʧʨʠ ʧʝʨʝʭʦʜʝ ʚ ʪʘʢʠʝ 

ʩʦʩʪʦʷʥʠʷ ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ ʘʩʩʠʤʝʪʨʠʝʡ ʩ ʨʝʟʢʠʤ ʦʜʥʦʩʪʦʨʦʥʥʠʤ ʤʠʥʠʤʫʤ, 

ʠʤʝʶʱʠʤ ʠʥʪʝʨʬʝʨʝʥʮʠʦʥʥʦʝ ʧʨʦʠʩʭʦʞʜʝʥʠʝ. 

ɻʣʘʚʘ 2 ʧʦʩʚʷʱʝʥʘ ʠʩʩʣʝʜʦʚʘʥʠʶ ʜʠʥʘʤʠʢʠ ʚʦʟʙʫʞʜʝʥʠʷ ʨʝʟʦʥʘʥʩʘ 

ʌʘʥʦ ʚ ʢʣʘʩʩʠʯʝʩʢʠʭ ʠ ʢʚʘʥʪʦʚʳʭ ʩʠʩʪʝʤʘʭ. ɺ ʧ. 2.1 ʨʘʩʩʤʦʪʨʝʥʳ ʦʩʦʙʝʥʥʦʩʪʠ 

ʜʠʥʘʤʠʢʠ ʚʦʟʙʫʞʜʝʥʠʷ ʢʣʘʩʩʠʯʝʩʢʦʛʦ ʨʝʟʦʥʘʥʩʘ ʌʘʥʦ ʚ ʩʠʩʪʝʤʝ, ʩʦʩʪʦʷʱʝʡ 

ʠʟ ʜʚʫʭ ʩʚʷʟʘʥʥʳʭ ʤʦʜʝʣʴʥʳʭ ʦʩʮʠʣʣʷʪʦʨʦʚ. ɼʘʥʥʘʷ ʤʦʜʝʣʴ ʧʨʠʤʝʥʠʤʘ ʢ 

ʦʧʠʩʘʥʠʶ ʧʣʘʟʤʦʥʥʭr ʨʝʟʦʥʘʥʩʦʚ ʚ ʥʘʥʦʨʘʟʤʝʨʥʳʭ ʩʠʩʪʝʤʘʭ. ʀʩʩʣʝʜʦʚʘʥʘ 

ʜʠʥʘʤʠʢʘ ʚʦʟʙʫʞʜʝʥʠʷ ʨʝʟʦʥʘʥʩʘ ʌʘʥʦ ʚ ʩʠʩʪʝʤʝ, ʩʦʩʪʦʷʱʝʡ ʠʟ ʦʧʪʠʯʝʩʢʠ 

ʩʚʷʟʘʥʥʦʡ ʂʊ (ʥʘʥʦʢʨʠʩʪʘʣʣʘ) ʠ ʤʝʪʘʣʣʠʯʝʩʢʦʡ ʥʘʥʦʯʘʩʪʠʮʳ, ʘ ʪʘʢʞʝ 

ʩʠʩʪʝʤʘ, ʩʦʩʪʦʷʱʘ ̫ʠʟ ʯʝʪʳʨʝʭ ʚʟʘʠʤʦʜʝʡʩʪʚʫʶʱʠʭ ʥʘʥʦʩʪʝʨʞʥʝʡ, ʢʦʪʦʨʘʷ 

ʧʨʝʜʩʪʘʚʣʷʝʪ ʠʟ ʩʝʙʷ ʥʘʩʪʨʘʠʚʘʝʤʫʶ ʨʝʟʦʥʘʥʩʥʫʶ ʥʘʥʦʩʪʨʫʢʪʫʨʫ ʌʘʥʦ. ɺ ʧ. 

2.2. ʠʩʩʣʝʜʦʚʘʥʳ ʦʩʦʙʝʥʥʦʩʪʠ ʜʠʥʘʤʠʢʠ ʥʝʣʠʥʝʡʥʦʛʦ ʚʦʟʙʫʞʜʝʥʠʷ 

ʢʚʘʥʪʦʚʦʛʦ ʨʝʟʦʥʘʥʩʘ ʌʘʥʦ ʚ ʥʘʥʦʨʘʟʤʝʨʥʦʡ ʩʠʩʪʝʤʝ, ʩʦʩʪʦʷʱʝʡ ʠʟ 

ʜʚʫʭʫʨʦʚʥʝʚʦʡ ʩʠʩʪʝʤʳ ʠ ʟʦʥʳ ʫʨʦʚʥʝʡ. ɺ ʧ.2.3 ʠʩʩʣʝʜʦʚʘʥʘ ʜʠʥʘʤʠʢʘ 

ʚʦʟʙʫʞʜʝʥʠʷ ʥʝʩʪʘʮʠʦʥʘʨʥʦʛʦ ʨʝʟʦʥʘʥʩʘ ʌʘʥʦ ʚ ʩʣʝʜʫʶʱʠʭ ʩʠʩʪʝʤʘʭ: ʚ ʘʪʦʤʝ 

He, ʚ ʧʨʠʤʝʩʥʦʤ ʧʦʣʫʧʨʦʚʦʜʥʠʢʝ InP, ʧʨʦʜʦʣʴʥʳʭ ʦʧʪʠʯʝʩʢʠʭ LO-ʬʦʥʦʥʦʚ 

ʤʝʣʢʦʛʦ ʜʦʥʦʨʥʦʛʦ ʵʢʩʠʪʦʥʘ ʚ ʯʠʩʪʳʭ ʢʨʠʩʪʘʣʣʘʭ ZnO ʠ ʤʝʪʘʤʘʪʝʨʠʘʣʝ. 

ʈʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʡ ʦʧʫʙʣʠʢʦʚʘʥʳ ʚ ʨʘʙʦʪʘʭ 4 ʠ 6. 
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2.1 ɼʠʥʘʤʠʢʘ ʚʦʟʙʫʞʜʝʥʠʷ ʢʣʘʩʩʠʯʝʩʢʦʛʦ ʨʝʟʦʥʘʥʩʘ ʌʘʥʦ 

ɺʦʟʙʫʞʜʝʥʠʝ ʵʥʝʨʛʝʪʠʯʝʩʢʦʛʦ ʫʨʦʚʥʷ ʣʘʟʝʨʥʳʤ ʠʤʧʫʣʴʩʦʤ ʷʚʣʷʝʪʩʷ 

ʢʣʘʩʩʠʯʝʩʢʦʡ ʟʘʜʘʯʝʡ ʣʘʟʝʨʥʦʡ ʬʠʟʠʢʠ ʠ ʝʝ ʨʝʰʝʥʠʝ ʜʣʷ ʜʣʠʥʥʳʭ ʠʤʧʫʣʴʩʦʚ 

ʩ ʙʦʣʴʰʠʤ ʯʠʩʣʦʤ ʦʩʮʠʣʣʷʮʠʡ ʜʝʪʘʣʴʥʦ ʦʧʠʩʘʥʦ [53, 54]. ʇʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ 

ʤʘʣʦʮʠʢʣʦʚʳʭ ʠʤʧʫʣʴʩʦʚ ʚʦʟʥʠʢʘʶʪ ʩʧʝʮʠʬʠʯʝʩʢʠʝ ʠʟʤʝʥʝʥʠʷ 

ʜʚʫʭʫʨʦʚʥʝʚʦʡ ʩʠʩʪʝʤʳ, ʚʳʨʘʞʘʶʱʠʝʩʷ ʚ ʥʘʨʫʰʝʥʠʠ ʤʦʥʦʪʦʥʥʦʩʪʠ 

ʟʘʚʠʩʠʤʦʩʪʠ ʚʝʨʦʷʪʥʦʩʪʠ ʧʝʨʝʭʦʜʘ ʦʪ ʚʨʝʤʝʥʠ ʚ ʩʣʘʙʳʭ ʧʦʣʷʭ ʠ ʚʦʟʤʦʞʥʦʩʪʠ 

ʫʧʨʘʚʣʝʥʠʷ ʟʘʩʝʣʝʥʠʝʤ ʫʨʦʚʥʝʡ ʩ ʧʦʤʦʱʴʶ ʯʠʨʧʠʨʦʚʘʥʥʳʭ ʠʤʧʫʣʴʩʦʚ [55-

57]. ɺʦ ʤʥʦʛʠʭ ʨʝʘʣʴʥʳʭ ʬʠʟʠʯʝʩʢʠʭ ʟʘʜʘʯʘʭ ʚʦʟʙʫʞʜʝʥʥʳʡ ʫʨʦʚʝʥʴ ʥʝ 

ʷʚʣʷʝʪʩʷ ʠʟʦʣʠʨʦʚʘʥʥʳʤ ʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʛʦ ʩʦʩʪʦʷʥʠʷ ʩ 

ʜʨʫʛʠʤʠ ʩʪʝʧʝʥʷʤʠ ʩʚʦʙʦʜʳ ʩʠʩʪʝʤʳ ʤʦʞʝʪ ʙʳʪʴ ʦʧʠʩʘʥʦ ʚ ʬʦʨʤʝ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʫʨʦʚʥʷ ʩ ʟʦʥʦʡ ʫʨʦʚʥʝʡ. ʊʘʢ ʚʳʛʣʷʜʷʪ ʘʚʪʦʠʦʥʠʟʘʮʠʦʥʥʳʝ 

ʩʦʩʪʦʷʥʠʷ [58, 59], ʚʦʟʙʫʞʜʝʥʥʳʝ ʩʦʩʪʦʷʥʠʷ ʘʪʦʤʥʦʛʦ ʷʜʨʘ ʥʘ ʬʦʥʝ 

ʥʝʧʨʝʨʳʚʥʦʛʦ ʩʧʝʢʪʨʘ [60], ʤʦʣʝʢʫʣʷʨʥʳʝ ʵʣʝʢʪʨʦʥʥʳʝ ʚʦʟʙʫʞʜʝʥʠʷ ʥʘ ʬʦʥʝ 

ʢʦʣʝʙʘʪʝʣʴʥʦʛʦ ʩʧʝʢʪʨʘ [61,62] ʠʣʠ ʩʦʩʪʦʷʥʠʷ ʧʨʠʤʝʩʠ ʚ ʪʚʝʨʜʦʤ ʪʝʣʝ, 

ʚʟʘʠʤʦʜʝʡʩʪʚʫʶʱʠʡ ʩʦ ʩʧʝʢʪʨʦʤ ʤʘʪʨʠʮʳ [63]. ʉʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʨʝʟʦʥʘʥʩʳ, 

ʚʦʟʥʠʢʘʶʱʠʝ ʧʨʠ ʚʦʟʙʫʞʜʝʥʠʠ ʪʘʢʠʭ ʩʦʩʪʦʷʥʠʡ, ʠʤʝʶʪ ʭʘʨʘʢʪʝʨʥʫʶ 

ʘʩʠʤʤʝʪʨʠʯʥʫʶ ʬʦʨʤʫ, ʚʳʟʚʘʥʥʫʶ ʠʥʪʝʨʬʝʨʝʥʮʠʝʡ ʩʦʩʪʦʷʥʠʡ ʫʨʦʚʥʷ ʠ ʟʦʥʳ. 

ʊʝʦʨʠʷ ʨʝʟʦʥʘʥʩʦʚ ʜʠʩʢʨʝʪʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʥʘ ʬʦʥʝ ʢʦʥʪʠʥʫʫʤʘ ʙʳʣʘ ʨʘʟʚʠʪʘ 

ʥʝʟʘʚʠʩʠʤʦ ʌʘʥʦ ʠ ʌʝʰʙʘʭʦʤ, ʘ ʩʘʤʠ ʨʝʟʦʥʘʥʩʳ, ʧʨʦʷʚʣʷʶʱʠʝʩʷ ʚ ʩʘʤʳʭ 

ʨʘʟʥʳʭ ʬʠʟʠʯʝʩʢʠʭ ʩʠʩʪʝʤʘʭ, ʚ ʦʙʱʝʤ ʩʣʫʯʘʝ ʥʘʟʳʚʘʶʪʩʷ ʨʝʟʦʥʘʥʩʘʤʠ ʌʘʥʦ-

ʌʝʰʙʘʭʘ [64].  

ʈʘʟʚʠʪʠʝ ʬʠʟʠʢʠ ʠ ʪʝʭʥʦʣʦʛʠʠ ʥʘʥʦʨʘʟʤʝʨʥʳʭ ʩʪʨʫʢʪʫʨ ʚʳʷʚʠʣʦ 

ʥʘʣʠʯʠʝ ʚ ʥʠʭ ʥʦʚʳʭ ʨʘʟʥʦʦʙʨʘʟʥʳʭ ʨʝʟʦʥʘʥʩʦʚ ʌʘʥʦ-ʌʝʰʙʘʭʘ [65], ʢʦʪʦʨʳʝ 

ʜʘʣʝʝ ʩʦʛʣʘʩʥʦ ʙʳʪʫʶʱʝʡ ʧʨʘʢʪʠʢʝ ʙʫʜʝʤ ʥʘʟʳʚʘʪʴ ʧʨʦʩʪʦ ʨʝʟʦʥʘʥʩʘʤʠ ʌʘʥʦ.  

ɺ ʜʘʥʥʦʤ ʧʘʨʘʛʨʘʬʝ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʤʦʜʝʣʴ, ʩʦʩʪʦʷʱʘʷ ʠʟ ʜʚʫʭ 

ʩʚʷʟʘʥʥʳʭ ʢʣʘʩʩʠʯʝʩʢʠʭ ʦʩʮʠʣʣʷʪʦʨʦʚ, ʥʘ ʢʦʪʦʨʳʝ ʜʝʡʩʪʚʫʝʪ ʟʘʚʠʩʷʱʘʷ ʦʪ 

ʚʨʝʤʝʥʠ ʩʠʣʘ ʜʣʷ ʜʝʤʦʥʩʪʨʘʮʠʠ ʬʦʨʤʠʨʦʚʘʥʠʷ ʧʨʦʬʠʣʷ ʌʘʥʦ. 

ʀʥʪʝʨʬʝʨʝʥʮʠʷ ʌʘʥʦ ʷʚʣʷʝʪʩʷ ʫʥʠʚʝʨʩʘʣʴʥʳʤ ʷʚʣʝʥʠʝʤ, ʧʦʩʢʦʣʴʢʫ 

ʧʨʦʷʚʣʝʥʠʝ ʜʝʩʪʨʫʢʪʠʚʥʦʡ ʠʥʪʝʨʬʝʨʝʥʮʠʠ ʤʦʜ ʥʝ ʟʘʚʠʩʠʪ ʦʪ ʭʘʨʘʢʪʝʨʘ ʩʨʝʜʳ. 
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ɺʘʞʥʦʩʪʴ ʨʝʟʦʥʘʥʩʦʚ ʌʘʥʦ ʩ ʧʨʘʢʪʠʯʝʩʢʦʡ ʪʦʯʢʠ ʟʨʝʥʠʷ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʪʦʡ 

ʠʥʬʦʨʤʘʮʠʠ, ʢʦʪʦʨʫʶ ʦʥʠ ʩʦʜʝʨʞʘʪ ʦ ʢʦʥʬʠʛʫʨʘʮʠʠ ʚʟʘʠʤʦʜʝʡʩʪʚʫʶʱʠʭ ʤʦʜ 

ʠ ʚʥʫʪʨʝʥʥʠʭ ʧʦʪʝʥʮʠʘʣʴʥʳʭ ʧʦʣʷʭ ʚ ʥʠʟʢʦʨʘʟʤʝʨʥʳʭ ʩʪʨʫʢʪʫʨʘʭ. ʆʥʘ ʤʦʞʝʪ 

ʙʳʪʴ ʠʟʚʣʝʯʝʥʘ ʠʟ ʠʥʪʝʨʬʝʨʝʥʮʠʠ ʚʦʣʥ ʚ ʨʘʟʥʳʭ ʢʘʥʘʣʘʭ. ʂʣʘʩʩʠʯʝʩʢʘʷ 

ʤʦʜʝʣʴ ʨʝʟʦʥʘʥʩʦʚ ʌʘʥʦ ʩʦʩʪʦʠʪ ʠʟ ʩʣʘʙʦ ʩʚʷʟʘʥʥʳʭ ʤʝʞʜʫ ʩʦʙʦʡ 

ʦʩʮʠʣʣʷʪʦʨʦʚ, ʚʦʟʙʫʞʜʘʝʤʳʭ ʚʥʝʰʥʝʡ ʩʠʣʦʡ [66,67]. ʈʝʟʦʥʘʥʩ ʌʘʥʦ ʤʦʞʥʦ 

ʪʘʢʞʝ ʤʦʜʝʣʠʨʦʚʘʪʴ, ʠʩʧʦʣʴʟʫʷ ʵʢʚʠʚʘʣʝʥʪʥʳʝ ʵʣʝʢʪʨʠʯʝʩʢʠʝ ʢʦʣʝʙʘʪʝʣʴʥʳʝ 

ʩʠʩʪʝʤʳ [68].  

ʉʣʝʜʫʷ [69], ʨʘʩʩʤʦʪʨʠʤ ʢʣʘʩʩʠʯʝʩʢʠʝ ʫʨʘʚʥʝʥʠʷ ʜʚʠʞʝʥʠʷ ʜʚʫʭ 

ʩʚʷʟʘʥʥʳʭ ʦʩʮʠʣʣʷʪʦʨʦʚ 

   )(2

2

1111 1 tfvxxxx =+++ wg""" ,                               (2.2.1) 

012
2
2222 =+++ vxxxx wg""" , 

ʛʜʝ v  ʦʧʠʩʳʚʘʝʪ ʩʚʷʟʴ ʦʩʮʠʣʣʷʪʦʨʦʚ. ʆʪʢʣʠʢ ʩʠʩʪʝʤʳ ʩ ʥʫʣʝʚʳʤʠ ʥʘʯʘʣʴʥʳʤʠ 

ʫʩʣʦʚʠʷʤʠ ʥʘ ʧʨʦʠʟʚʦʣʴʥʦʝ ʚʦʟʜʝʡʩʪʚʠʝ ( )f t  ʙʫʜʝʤ ʠʩʢʘʪʴ ʩ ʧʦʤʦʱʴʶ 

ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʃʘʧʣʘʩʘ. ɺ ʦʙʣʘʩʪʠ ʠʟʦʙʨʘʞʝʥʠʡ ʩʠʩʪʝʤʘ ʫʨʘʚʥʝʥʠʡ (2.2.1) 

ʟʘʧʠʰʝʪʩʷ ʢʘʢ 

   )(21

2

1111

2 sFvXXsXXs =+++ wg ,   (2.2.2) 

    012

2

2222

2 =+++ vXXsXXs wg .      

ʊʦʛʜʘ ʨʝʰʝʥʠʷ ʜʣʷ ʪʨʘʥʩʬʦʨʤʘʥʪ ʠʤʝʶʪ ʚʠʜ 

  
( )

( )( ) 2

2

2

2

2

1

2

1

2

2

2

2

2

1

)(
)(

vssss

sFss
sX

-++++

++
=

gwgw

gw
,  (2.2.3) 

( )( ) 2

2

2

2

2

1

2

1

22

)(
)(

vssss

svF
sX

-++++
-=

gwgw
. 

ʆʪʢʣʠʢ ʥʘ ʛʘʨʤʦʥʠʯʝʩʢʦʝ ʚʦʟʜʝʡʩʪʚʠʝ ʧʦʣʫʯʘʝʪʩʷ ʠʟ (2.2.3) ʧʨʠ 

ʧʦʜʩʪʘʥʦʚʢʝ , ( ) 1s i F sw= =. ʆʪʢʣʠʢ ʥʘ ʧʨʦʠʟʚʦʣʴʥʳʡ ʠʤʧʫʣʴʩ ʧʦʣʫʯʘʝʪʩʷ 

ʦʙʨʘʪʥʳʤ ʧʨʝʦʙʨʘʟʦʚʘʥʠʝʤ ʃʘʧʣʘʩʘ, ʚ ʢʦʪʦʨʦʤ ʚʢʣʘʜ ʦʪʜʝʣʴʥʳʭ 

ʦʩʮʠʣʣʠʨʫʶʱʠʭ ʢʦʤʧʦʥʝʥʪ ʦʧʨʝʜʝʣʷʝʪʩʷ ʚʳʯʝʪʘʤʠ ʚ ʧʦʣʶʩʘʭ. 

ʆʢʦʥʯʘʪʝʣʴʥʳʝ ʨʝʰʝʥʠʷ ʚʦ ʚʨʝʤʝʥʥʦʡ ʦʙʣʘʩʪʠ ʠʤʝʶʪ ʚʠʜ 

    
( )

( )
( )

nj n s t

j

n

P s
x t e

Q s
=

¡
ä .    (2.2.4) 
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ɿʜʝʩʴ ns ï ʟʥʘʯʝʥʠʷ ʢʦʨʥʝʡ ʧʦʣʠʥʦʤʘ ( )Q s  ʚ ʟʥʘʤʝʥʘʪʝʣʷʭ ʫʨʘʚʥʝʥʠʡ (2.2.3), 

( )Q s¡  ï ʧʨʦʠʟʚʦʜʥʘʷ ( )Q s , ( )jP s  ï ʬʫʥʢʮʠʠ ʚ ʯʠʩʣʠʪʝʣʷʭ ʫʨʘʚʥʝʥʠʡ (2.2.4). ʅʘ 

ʙʦʣʴʰʠʭ ʚʨʝʤʝʥʘʭ ʢʦʣʝʙʘʥʠʷ ʟʘʪʫʭʘʶʪ ʜʣʷ ʣʶʙʦʛʦ ʠʤʧʫʣʴʩʥʦʛʦ ʚʦʟʜʝʡʩʪʚʠʷ 

ʢʦʥʝʯʥʦʡ ʜʣʠʪʝʣʴʥʦʩʪʠ. ɽʩʣʠ ʥʘ ʙʦʣʴʰʠʭ ʚʨʝʤʝʥʘʭ ʩʦʭʨʘʥʷʝʪʩʷ 

ʛʘʨʤʦʥʠʯʝʩʢʘʷ ʩʦʩʪʘʚʣʷʶʱʘʷ ʚʥʝʰʥʝʡ ʩʠʣʳ, ʪʦ ʫʩʪʘʥʘʚʣʠʚʘʶʪʩʷ 

ʩʪʘʮʠʦʥʘʨʥʳʝ ʢʦʣʝʙʘʥʠʷ ʧʦʩʪʦʷʥʥʦʡ ʘʤʧʣʠʪʫʜʳ. ʈʘʩʩʤʦʪʨʠʤ ʦʪʢʣʠʢ ʩʠʩʪʝʤʳ 

ʥʘ ʚʦʟʜʝʡʩʪʚʠʝ ʚʠʜʘ 

  0 0( ) sin( ), 0tf t f e t tl w-= >    (2.2.5) 

ʩ ʧʨʝʦʙʨʘʟʦʚʘʥʠʝʤ ʃʘʧʣʘʩʘ, ʠʤʝʶʱʠʤ ʚʠʜ 

  0

2 2

0

( )
( )

F s
s

w

l w
=
+ +

.     (2.2.6) 

ʆʧʨʝʜʝʣʠʤ ʧʦʣʶʩʳ ʚ ʫʨʘʚʥʝʥʠʠ (2.2.3) ʩ ʫʯʝʪʦʤ ʚʳʙʨʘʥʥʦʡ ʬʦʨʤʳ 

ʠʤʧʫʣʴʩʘ. ʇʦʣʶʩʳ ( )F s : 1,2s il w=- °, 

( )( )2 2 2 2 2

1 1 2 2( )Q s s s s s vw g w g= + + + + - ʥʘʡʜʝʤ ʧʨʠ ʫʩʣʦʚʠʠ ʤʘʣʦʩʪʠ 

ʧʘʨʘʤʝʪʨʘ ʩʚʷʟʠ ʦʩʮʠʣʣʷʪʦʨʦʚ: 
2 2

2 1 vw w- >>. ʅʝʚʦʟʤʫʱʝʥʥʳʝ ʢʦʨʥʠ ʧʨʠ          (

0v= ) 2 2/ 2 / 4, 3,4,5,6n j j js i ng w g=- ° - = . ʇʦʧʨʘʚʢʠ ʟʘ ʩʯʝʪ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ 

ʦʩʮʠʣʣʷʪʦʨʦʚ 3,4sd  ʥʘʭʦʜʷʪʩʷ ʠʟ ʫʨʘʚʥʝʥʠʡ: 

   
( )( )

2

3,4 2 2

3,4 1 3,4 2 2 3,42

v
s

s s s
d

g w g
=

+ + +
,   (2.2.7) 

           
( )( )

2

5,6 2 2

5,6 2 5,6 1 1 5,62

v
s

s s s
d

g w g
=

+ + +
. 

ɼʣʷ ʧʨʦʚʝʜʝʥʠʷ ʢʦʥʢʨʝʪʥʳʭ ʨʘʩʯʝʪʦʚ ʚʟʷʪʳ ʧʘʨʘʤʝʪʨʳ ʤʦʜʝʣʴʥʦʡ 

ʩʠʩʪʝʤ r 2

1 2 1 21ʵɺ, 1.2ʵɺ, 0.025ʵɺ, 0.005ʵɺ, 0.1ʵɺvw w g g= = = = =  [69]. ɽʩʣʠ 

ʜʣʷ ʫʩʪʘʥʦʚʠʚʰʝʛʦʩʷ ʢʦʣʝʙʘʥʠʷ ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʛʘʨʤʦʥʠʯʝʩʢʦʡ ʩʠʣʳ ʫʨʦʚʝʥʴ 

ʚʦʟʙʫʞʜʝʥʠʷ ʤʦʞʥʦ ʦʪʩʣʝʞʠʚʘʪʴ ʧʦ ʘʤʧʣʠʪʫʜʝ ʢʦʣʝʙʘʥʠʡ, ʪʦ ʜʣʷ 

ʥʝʩʪʘʮʠʦʥʘʨʥʳʭ ʨʝʞʠʤʦʚ ʫʜʦʙʥʝʝ ʢʦʥʪʨʦʣʠʨʦʚʘʪʴ ʫʩʨʝʜʥʝʥʥʳʡ ʧʦ 

ʦʩʮʠʣʣʷʮʠʷʤ ʢʚʘʜʨʘʪ ʘʤʧʣʠʪʫʜʳ 2( )jx t . ʅʘ ʨʠʩʫʥʢʝ 2.1.1 ʧʨʝʜʩʪʘʚʣʝʥʳ 

ʨʝʟʫʣʴʪʘʪʳ ʨʘʩʯʝʪʘ ʜʠʥʘʤʠʢʠ ʚʦʟʙʫʞʜʝʥʠʷ ʧʝʨʚʦʛʦ ʦʩʮʠʣʣʷʪʦʨʘ ʤʦʜʝʣʴʥʦʡ 
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ʩʠʩʪʝʤʳ ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʤʦʥʦʭʨʦʤʘʪʠʯʝʩʢʦʡ ʩʠʣʳ ʚ ʦʙʣʘʩʪʠ ʨʝʟʦʥʘʥʩʘ ʌʘʥʦ. 

ʅʘ ʚʢʣʝʡʢʝ ʨʠʩʫʥʢʘ 2.1.1 ʧʦʢʘʟʘʥʳ ʯʘʩʪʦʪʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪʢʣʠʢʦʚ 

ʤʦʜʝʣʴʥʦʡ ʩʠʩʪʝʤʳ ʥʘ ʤʦʥʦʭʨʦʤʘʪʠʯʝʩʢʦʝ ʚʦʟʜʝʡʩʪʚʠʝ ʝʜʠʥʠʯʥʦʡ 

ʘʤʧʣʠʪʫʜʳ ʩ ʜʚʫʤʷ ʭʘʨʘʢʪʝʨʥʳʤʠ ʨʝʟʦʥʘʥʩʥʳʤʠ ʤʘʢʩʠʤʫʤʘʤʠ. ɺʪʦʨʦʡ 

ʤʘʢʩʠʤʫʤ ʚʙʣʠʟʠ ʯʘʩʪʦʪʳ ʦʪʨʘʞʘʝʪ ʭʘʨʘʢʪʝʨʥʳʡ ʧʨʦʚʘʣ, ʭʘʨʘʢʪʝʨʥʳʡ ʜʣʷ 

ʨʝʟʦʥʘʥʩʘ ʌʘʥʦ, ʯʪʦ ʦʟʥʘʯʘʝʪ, ʯʪʦ ʦʪʢʣʠʢ ʩʠʩʪʝʤʳ ʨʘʚʝʥ ʥʫʣʶ. 

 

 

ʈʠʩʫʥʦʢ 2.1.1. ɼʠʩʧʝʨʩʠʦʥʥʦ-ʚʨʝʤʝʥʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʨʝʟʦʥʘʥʩʘ ʌʘʥʦ 

ʜʣʷ ʩʠʩʪʝʤʳ ʜʚʫʭ ʩʚʷʟʘʥʥʳʭ ʦʩʮʠʣʣʷʪʦʨʦʚ ʤʦʜʝʣʴʥʦʡ ʩʠʩʪʝʤʳ ʧʨʠ 

ʚʦʟʙʫʞʜʝʥʠʠ ʛʘʨʤʦʥʠʯʝʩʢʦʡ ʩʠʣʦʡ 0( ) sinf t f tw= . ʅʘ ʚʢʣʝʡʢʝ ʧʦʢʘʟʘʥʘ 

ʜʠʩʧʝʨʩʠʦʥʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʚʦʟʙʫʞʜʝʥʠʷ ʧʝʨʚʦʛʦ ʦʩʮʠʣʣʷʪʦʨʘ ʤʦʜʝʣʴʥʦʡ 

ʩʠʩʪʝʤʳ. 
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ʈʠʩʫʥʦʢ 2.1.2. ɼʠʩʧʝʨʩʠʦʥʥʦ-ʚʨʝʤʝʥʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʨʝʟʦʥʘʥʩʘ ʌʘʥʦ 

ʜʣʷ ʩʠʩʪʝʤʳ ʜʚʫʭ ʩʚʷʟʘʥʥʳʭ ʦʩʮʠʣʣʷʪʦʨʦʚ ʤʦʜʝʣʴʥʦʡ ʩʠʩʪʝʤʳ ʧʨʠ 

ʚʦʟʙʫʞʜʝʥʠʠ ʠʤʧʫʣʴʩʥʦʡ ʩʠʣʦʡ ʚʠʜʘ 
/

0( ) sintf t f e tt w-= , t=2.2 ʬʩ. 

 

ɼʣʷ ʩʧʝʢʪʨʘʣʴʥʦ ʫʟʢʠʭ ʨʝʟʦʥʘʥʩʦʚ ʠ ʰʠʨʦʢʦʧʦʣʦʩʥʦʛʦ ʠʤʧʫʣʴʩʘ 

ʜʝʪʘʣʠ ʩʪʨʦʝʥʠʷ ʠʤʧʫʣʴʩʘ ʩʪʘʥʦʚʷʪʩʷ ʥʝʩʫʱʝʩʪʚʝʥʥʳʤʠ, ʠ ʫʜʦʙʥʦʡ ʬʦʨʤʦʡ 

ʧʨʝʜʩʪʘʚʣʝʥʠʷ ʩʠʣʳ ʩʪʘʥʦʚʠʪʩʷ ʧʦʩʪʦʷʥʥʳʡ ʧʦ ʚʝʣʠʯʠʥʝ ʩʧʝʢʪʨ 

ʵʢʚʠʚʘʣʝʥʪʥʳʡ ʜʝʡʩʪʚʠʶ d-ʠʤʧʫʣʴʩʘ. ʅʘ ʨʠʩʫʥʢʝ 2.1.2 ʧʨʝʜʩʪʘʚʣʝʥʳ 

ʨʝʟʫʣʴʪʘʪʳ ʨʘʩʯʝʪʘ ʜʠʥʘʤʠʢʠ ʚʦʟʙʫʞʜʝʥʠʷ ʩʠʩʪʝʤʳ ʰʠʨʦʢʦʧʦʣʦʩʥʳʤ 

ʠʤʧʫʣʴʩʦʤ. ʅʘʛʣʷʜʥʦ ʚʠʜʥʦ ʦʪʩʫʪʩʪʚʠʝ ʟʘʚʠʩʠʤʦʩʪʠ ʜʠʥʘʤʠʢʠ ʚʦʟʙʫʞʜʝʥʠʷ 

ʦʪ ʥʝʩʫʱʝʡ ʯʘʩʪʦʪʳ, ʦʟʥʘʯʘʶʱʝʝ ʫʥʠʚʝʨʩʘʣʴʥʦʩʪʴ ʣʠʥʝʡʥʦʛʦ ʦʪʢʣʠʢʘ 

ʩʠʩʪʝʤʳ ʥʘ ʧʨʝʜʝʣʴʥʦ ʢʦʨʦʪʢʠʡ ʠʤʧʫʣʴʩ.  
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ʈʠʩʫʥʦʢ 2.1.3. ʌʫʥʢʮʠʷ ɻʨʠʥʘ G  ʤʦʜʝʣʴʥʦʡ ʩʠʩʪʝʤʳ. ʈʘʩʯʝʪ ʥʘ 

ʦʩʥʦʚʝ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʃʘʧʣʘʩʘ. 

 

ʌʘʢʪʠʯʝʩʢʠ ʜʠʥʘʤʠʢʘ ʩʠʩʪʝʤʳ ʦʧʠʩʳʚʘʝʪʩʷ ʨʝʰʝʥʠʝʤ ʩʠʩʪʝʤʳ 

ʫʨʘʚʥʝʥʠʡ (2.1.1) ʧʨʠ ( ) ( )f t td= , ʪ.ʝ. ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʡ ʬʫʥʢʮʠʝʡ ɻʨʠʥʘ G. ɺ 

ʦʙʣʘʩʪʠ ʠʟʦʙʨʘʞʝʥʠʡ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʃʘʧʣʘʩʘ ʪʘʢʦʡ ʠʤʧʫʣʴʩ ʠʤʝʝʪ ʚʠʜ 

( ) 1F s =, ʘ ʠʩʢʦʤʘʷ ʬʫʥʢʮʠʷ ɻʨʠʥʘ ʚʦ ʚʨʝʤʝʥʥʦʡ ʦʙʣʘʩʪʠ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ 

ʩʫʤʤʫ ʟʘʪʫʭʘʶʱʠʭ ʢʦʣʝʙʘʥʠʡ, ʫʜʦʚʣʝʪʚʦʨʷʶʱʠʭ ʥʘʯʘʣʴʥʳʤ ʫʩʣʦʚʠʷʤ 

1 1(0) 0, (0) 1x x= =, 
2 2(0) 0, (0) 0x x= =. ʕʪʠ ʫʩʣʦʚʠʷ ʦʙʫʩʣʦʚʣʝʥʳ ʪʝʤ, ʯʪʦ 

ʜʝʡʩʪʚʠʝ d-ʩʠʣʳ ʥʘ ʧʝʨʚʳʡ ʦʩʮʠʣʣʷʪʦʨ ʠʟʤʝʥʷʝʪ ʝʛʦ ʠʤʧʫʣʴʩ ʥʘ ʝʜʠʥʠʯʥʫʶ 

ʚʝʣʠʯʠʥʫ, ʥʝ ʤʝʥʷʷ ʦʩʪʘʣʴʥʳʭ ʥʘʯʘʣʴʥʳʭ ʫʩʣʦʚʠʡ ʩʠʩʪʝʤʳ. ɺʳʯʠʩʣʝʥʥʘʷ 

ʬʫʥʢʮʠʷ ʦʪʢʣʠʢʘ ʧʦʢʘʟʘʥʘ ʥʘ ʨʠʩʫʥʢʝ 2.1.3 ʠ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʩʫʤʤʫ ʜʚʫʭ 

ʟʘʪʫʭʘʶʱʠʭ ʢʦʣʝʙʘʥʠʡ ʩ ʧʝʨʠʦʜʦʤ ʙʠʝʥʠʷ 82.6 ʬʩ. 

ʄʦʜʝʣʴ ʩʚʷʟʘʥʥʳʭ ʢʣʘʩʩʠʯʝʩʢʠʭ ʦʩʮʠʣʣʷʪʦʨʦʚ ʧʦʟʚʦʣʷʝʪ ʦʧʠʩʘʪʴ 

ʧʣʘʟʤʦʥʥʳʝ ʨʝʟʦʥʘʥʩʳ ʚ ʥʘʥʦʩʪʨʫʢʪʫʨʘʭ [70-73]. ɼʣʷ ʩʠʩʪʝʤʳ, ʩʦʩʪʦʷʱʝʡ ʠʟ 

ʦʧʪʠʯʝʩʢʠ ʩʚʷʟʘʥʥʦʡ ʂʊ (ʥʘʥʦʢʨʠʩʪʘʣʣʘ) ʠ ʤʝʪʘʣʣʠʯʝʩʢʦʡ ʥʘʥʦʯʘʩʪʠʮʳ, 

ʧʘʨʘʤʝʪʨʳ ʧʣʘʟʤʦʥʥʦʛʦ ʨʝʟʦʥʘʥʩʘ 1 2.118ʵɺw= , 1 55.7ʤʵɺg= . ʇʘʨʘʤʝʪʨʳ 

ʂʊ 2 2.11ʵɺw= , 2 2 ʤʵɺg= . ʂʦʥʩʪʘʥʪʘ ʩʚʷʟʠ 229ʤʵɺv= . ʇʦʩʢʦʣʴʢʫ ʤʦʜʝʣʴ 
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ʣʠʥʝʡʥʘʷ, ʚʝʣʠʯʠʥʘ ʚʦʟʙʫʞʜʝʥʠʷ ʚʣʠʷʝʪ ʪʦʣʴʢʦ ʥʘ ʘʤʧʣʠʪʫʜʫ ʦʪʢʣʠʢʘ ʠ ʥʝ 

ʩʢʘʟʳʚʘʝʪʩʷ ʥʘ ʝʛʦ ʯʘʩʪʦʪʥʦʡ ʠʣʠ ʚʨʝʤʝʥʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ, ʧʦʵʪʦʤʫ ʘʤʧʣʠʪʫʜʘ 

ʚʦʟʙʫʞʜʝʥʠʷ ʚʳʙʨʘʥʘ ʧʨʦʠʟʚʦʣʴʥʦ. ʅʘ ʨʠʩʫʥʢʝ 2.1.4 ʧʦʢʘʟʘʥʘ ʚʨʝʤʝʥʥʘʷ 

ʟʘʚʠʩʠʤʦʩʪʴ ʚʦʟʙʫʞʜʝʥʠʷ ʩʠʩʪʝʤʳ, ʢʦʪʦʨʘʷ ʩʪʨʝʤʠʪʩʷ ʢ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤ 

ʨʝʟʫʣʴʪʘʪʘʤ [73] ʜʣʷ ʙʦʣʴʰʠʭ ʚʨʝʤʝʥ. 

 

ʈʠʩʫʥʦʢ 2.1.4 ʏʘʩʪʦʪʥʦ-ʚʨʝʤʝʥʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʨʝʟʦʥʘʥʩʘ ʌʘʥʦ ʜʣʷ 

ʦʧʪʠʯʝʩʢʠ ʩʚʷʟʘʥʥʦʡ ʂʊ (ʥʘʥʦʢʨʠʩʪʘʣʣʘ) ʠ ʤʝʪʘʣʣʠʯʝʩʢʦʡ ʥʘʥʦʯʘʩʪʠʮʳ, 

ʚʦʟʙʫʞʜʘʝʤʦʡ ʧʦʣʝʤ 0( ) sinf t f tw= . ɼʠʩʧʝʨʩʠʦʥʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʩʠʩʪʝʤʳ 

ʧʨʝʜʩʪʘʚʣʝʥʘ ʚ ʚʠʜʝ ʚʢʣʝʡʢʠ. 

 

ʈʠʩʫʥʦʢ 2.1.4 ʜʝʤʦʥʩʪʨʠʨʫʝʪ ʥʘʨʘʩʪʘʥʠʝ ʨʝʟʦʥʘʥʩʘ ʌʘʥʦ ʧʦʜ 

ʜʝʡʩʪʚʠʝʤ ʤʦʥʦʭʨʦʤʘʪʠʯʝʩʢʦʛʦ ʧʦʣʷ. ʇʦʩʣʝ ʦʧʨʝʜʝʣʝʥʥʦʛʦ ʧʝʨʝʭʦʜʥʦʛʦ 

ʧʨʦʮʝʩʩʘ ʫʩʪʘʥʘʚʣʠʚʘʝʪʩʷ ʩʪʘʮʠʦʥʘʨʥʳʡ ʨʠʩʫʥʦʢ ʩ ʭʘʨʘʢʪʝʨʥʳʤ ʫʟʢʠʤ 

ʧʨʦʚʘʣʦʤ ʚ ʩʧʝʢʪʨʘʣʴʥʦʤ ʮʝʥʪʨʝ. 
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ʈʘʩʩʤʦʪʨʠʤ ʧʨʠʤʝʨ, ʢʦʪʦʨʳʡ ʜʘʝʪ ʥʘʤ ʥʘʩʪʨʘʠʚʘʝʤʫʶ ʨʝʟʦʥʘʥʩʥʫʶ 

ʥʘʥʦʩʪʨʫʢʪʫʨʫ ʌʘʥʦ, ʩʦʩʪʦʷʱʫʶ ʠʟ ʯʝʪʳʨʝʭ ʚʟʘʠʤʦʜʝʡʩʪʚʫʶʱʠʭ 

ʥʘʥʦʩʪʝʨʞʥʝʡ [74]. ʈʝʟʦʥʘʥʩ ʌʘʥʦ ʚ ʵʪʦʡ ʩʪʨʫʢʪʫʨʝ ʦʙʫʩʣʦʚʣʝʥ 

ʠʥʪʝʨʬʝʨʝʥʮʠʝʡ ʜʠʧʦʣʴʥʳʭ ʤʦʜ. ʕʪʘ ʩʠʩʪʝʤʘ ʤʦʞʝʪ ʙʳʪʴ ʦʧʠʩʘʥʘ 

ʨʘʩʰʠʨʝʥʥʦʡ ʤʦʜʝʣʴʶ ʩʚʷʟʘʥʥʳʭ ʦʩʮʠʣʣʷʪʦʨʦʚ. ɺ ʪʘʢʦʡ ʤʦʜʝʣʠ ʩʠʩʪʝʤʘ ʜʚʫʭ 

ʦʩʮʠʣʣʷʪʦʨʦʚ ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ ʨʝʟʦʥʘʥʩʥʳʤʠ ʯʘʩʪʦʪʘʤʠ 1 2,w w ʠ ʟʘʪʫʭʘʥʠʝʤ 

1 2,g g
 ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʙʝʟʳʟʣʫʯʘʪʝʣʴʥʳʤʠ ʧʦʪʝʨʷʤʠ. ʈʘʜʠʘʮʠʦʥʥʦʝ 

ʟʘʪʫʭʘʥʠʝ ʜʚʫʭ ʜʠʧʦʣʴʥʳʭ ʦʩʮʠʣʣʷʪʦʨʦʚ ʚʳʨʘʞʘʝʪʩʷ ʯʝʨʝʟ ʧʦʣʥʳʡ 

ʜʠʧʦʣʴʥʳʡ ʤʦʤʝʥʪ ʩʠʩʪʝʤʳ 
1 2 1 1 2 2totP P P x xa a= + = +, ʛʜʝ 1 2,P P  - ʜʠʧʦʣʴʥʳʝ 

ʤʦʤʝʥʪʳ ʧʝʨʚʦʛʦ ʠ ʚʪʦʨʦʛʦ ʦʩʮʠʣʣʷʪʦʨʘ, 
1 2,ʭ ʭ - ʠʭ ʘʤʧʣʠʪʫʜ rʠ 1 2,a a- 

ʧʦʣʷʨʠʟʫʝʤʦʩʪʠ. ʇʨʝʜʧʦʣʘʛʘʝʪʩʷ, ʯʪʦ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʘʷ ʧʨʦʪʷʞʝʥʥʦʩʪʴ 

ʩʠʩʪʝʤʳ ʤʝʥʴʰʝ ʯʝʪʚʝʨʪʠ ʜʣʠʥʳ ʚʦʣʥʳ ʧʘʜʘʶʱʝʛʦ ʩʚʝʪʘ, ʘ ʩʠʣʳ, 

ʧʨʠʣʦʞʝʥʥʳʝ ʢ ʦʙʦʠʤ ʦʩʮʠʣʣʷʪʦʨʘʤ, ʥʘʭʦʜʷʪʩʷ ʚ ʬʘʟʝ. ʏʠʩʪʘʷ ʩʠʣʘ 

ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʘ ʠʭ ʧʦʣʷʨʠʟʫʝʤʦʩʪʠ 
1,2 1,2 extf Ea= . 

ʋʨʘʚʥʝʥʠʝ ʜʚʠʞʝʥʠʷ ʤʦʞʥʦ ʟʘʧʠʩʘʪʴ ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ: 

      ,  (2.1.8) 

.      

ʛʜʝ 
1

2
totP  - ʠʟʣʫʯʘʪʝʣʴʥʘʷ ʩʚʷʟʴ ʤʝʞʜʫ ʦʩʮʠʣʣʷʪʦʨʘʤʠ. ɼʣʷ ʧʘʜʘʶʱʝʛʦ 

ʛʘʨʤʦʥʠʯʝʩʢʦʛʦ ʧʦʣʷ 0( ) i t

extE t E ew=  ʢʦʣʝʙʘʥʠʷ 1 2,ʭ ʭ ʛʘʨʤʦʥʠʯʥʳ, ʪʘʢ ʯʪʦ

1,2 1,2

i tʭ X ew= , ʛʜʝ ʘʤʧʣʠʪʫʜʳ ʢʦʣʝʙʘʥʠʡ: 

     0

21122211
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1111 1 tEPvxxxx exttot awg +=+++ """"""
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ɺ ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʡ ʩʠʩʪʝʤʝ ʢʦʵʬʬʠʮʠʝʥʪʳ ʦʧʨʝʜʝʣʷʶʪʩʷ ʢʘʢ

2 2 3

2
kk k k k

i
ia w w g w a w= - + + , 3

12 1
2

i
a n aw= + , 

3

21 2
2

i
a n a w= + . ɿʥʘʯʝʥʠʝ 

ʢʦʵʬʬʠʮʠʝʥʪʦʚ 
1 1.55ʵɺ,w=  

2 1.78ʵɺ,w=  
1 0.083ɻ ɺ,g=  

2 0.051ɻ ɺ,g=

20.084ʵɺ ,n= 1

1 0.128ɻ ɺ ,a -= 1

1 0.131ɻ ɺa -= ʚʟʷʪʳ ʠʟ [74]. ɼʣʷ ʧʨʦʠʟʚʦʣʴʥʦʡ 

ʚʨʝʤʝʥʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʨʘʩʩʝʷʥʠʷ ʩʚʝʪʘ ʩʠʩʪʝʤʳ ʧʨʝʜʩʪʘʚʣʝʥʘ 

ʢʚʘʜʨʘʪʦʤ ʤʦʜʫʣʷ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʜʘʣʴʥʝʛʦ ʧʦʣʷ, ʫʩʨʝʜʥʝʥʥʦʛʦ ʧʦ 

ʢʦʣʝʙʘʥʠʷʤ 
2| | | |scE ʭ ʭ+ . ɼʣʷ ʧʘʜʘʶʱʝʛʦ ʛʘʨʤʦʥʠʯʝʩʢʦʛʦ ʧʦʣʷ ʦʥ 

ʧʨʦʧʦʨʮʠʦʥʘʣʝʥ ʢʚʘʜʨʘʪʫ ʤʦʜʫʣʷ ʘʤʧʣʠʪʫʜ 
4 2

1 2| |ʍ ʍw +  ʠ ʤʦʞʝʪ ʙʳʪʴ 

ʠʩʧʦʣʴʟʦʚʘʥ ʜʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʩʧʝʢʪʨʘ ʨʘʩʩʝʷʥʠʷ [75]. ɼʣʷ ʙʣʠʟʢʠʭ 

ʨʝʟʦʥʘʥʩʥʳʭ ʯʘʩʪʦʪ ʤʦʞʥʦ ʧʨʝʜʧʦʣʦʞʠʪʴ, ʯʪʦ ʦʥʠ ʠʤʝʶʪ ʩʨʝʜʥʝʝ ʟʥʘʯʝʥʠʝ 

ʚʥʫʪʨʠ ʯʘʩʪʦʪʥʦʛʦ ʠʥʪʝʨʚʘʣʘ. ʉʣʝʜʦʚʘʪʝʣʴʥʦ, ʜʣʷ ʨʘʥʝʝ ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʡ 

ʩʠʩʪʝʤʳ, ʩʦʩʪʦʷʱʝʡ ʠʟ ʂʊ ʠ ʤʝʪʘʣʣʠʯʝʩʢʦʡ ʥʘʥʦʯʘʩʪʠʮʳ 42 1( / ) 1.015w w = , 

ʤʦʞʥʦ ʧʦʣʦʞʠʪʴ ʵʪʦ ʟʥʘʯʝʥʠʝ ʧʦʩʪʦʷʥʥʳʤ. ʆʜʥʘʢʦ ʜʣʷ ʜʘʥʥʦʛʦ ʩʣʫʯʘʷ 

ʧʣʘʟʤʦʥʥʦʡ ʥʘʥʦʘʥʪʝʥʥʳ ʵʪʦ ʥʝʚʝʨʥʦ, ʧʦʪʦʤʫ ʯʪʦ ʨʝʟʦʥʘʥʩʳ ʠʤʝʶʪ ʨʘʟʥʳʝ 

ʯʘʩʪʦʪʳ. ʕʪʦʪ ʚʳʚʦʜ ʧʦʜʪʚʝʨʞʜʘʝʪʩʷ ʨʠʩʫʥʢʦʤ 2.1.5, ʛʜʝ ʨʘʟʥʠʮʘ ʤʝʞʜʫ 

ʘʤʧʣʠʪʫʜʥʳʤ ʦʪʢʣʠʢʦʤ ʠ ʨʘʩʩʝʷʥʠʝʤ ʧʦʣʷ ʦʯʝʚʠʜʥʘ. ʊʝʤ ʩʘʤʳʤ 

ʧʘʨʘʤʝʪʨʠʟʘʮʠʷ, ʧʨʝʜʩʪʘʚʣʝʥʥʘʷ ʚ [74], ʥʫʞʜʘʝʪʩʷ ʚ ʜʦʧʦʣʥʠʪʝʣʴʥʦʡ 

ʩʧʝʮʠʬʠʢʘʮʠʠ. 
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ʈʠʩʫʥʦʢ 2.1.5. ɼʠʧʦʣʴʥʘʷ ʯʘʩʪʦʪʥʘʷ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘ ʩʠʩʪʝʤʳ 
2

1 2| |ʍ ʍ+  

(ʩʧʣʦʰʥʘʷ ʣʠʥʠʷ) ʠ ʟʘʚʠʩʠʤʦʩʪʴ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʨʘʩʩʝʷʥʠʷ ʦʪ ʯʘʩʪʦʪʳ 

(ʧʫʥʢʪʠʨʥʘʷ ʣʠʥʠʷ). 

 

ʇʘʨʘʤʝʪʨʠʟʘʮʠʷ ʩʠʩʪʝʤʳ, ʧʨʝʜʩʪʘʚʣʝʥʥʘʷ ʚ [74], ʧʦʩʣʝ ʙʦʣʝʝ ʪʦʯʥʦʡ 

ʩʧʝʮʠʬʠʢʘʮʠʠ ʦʧʨʝʜʝʣʷʝʪʩʷ ʢʘʢ 1 21.46ʵɺ, 1.64ʵɺw w= = , 1 0.010ʵɺ,g=

2 0.195ʵɺg= , 20.14ʵɺv= , -1

1 0.195ʵɺa= , -1

2 0.045ɻ ɺa= . ɼʘʣʴʥʝʡʰʠʝ 

ʨʘʩʯʝʪʳ ʙʫʜʫʪ ʧʨʦʚʦʜʠʪʴʩʷ ʩ ʫʪʦʯʥʝʥʥʳʤʠ ʧʘʨʘʤʝʪʨʘʤʠ ʩʠʩʪʝʤʳ, ʘ ʪʘʢʞʝ ʩ 

ʫʯʝʪʦʤ ʦʪʢʣʠʢʘ 
4 2

1 2| |ʍ ʍw + . ʂʘʢ ʧʦʢʘʟʘʥʦ ʥʘ ʨʠʩʫʥʢʝ 2.1.6, 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ ʠ ʤʦʜʝʣʴʥʘʷ ʟʘʚʠʩʠʤʦʩʪʠ ʯʘʩʪʦʪʳ ʜʦʚʦʣʴʥʦ ʙʣʠʟʢʠ ʚʙʣʠʟʠ 

ʤʘʢʩʠʤʫʤʦʚ ʠ ʤʠʥʠʤʫʤʦʚ. 
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ʈʠʩʫʥʦʢ 2.1.6. ɼʠʧʦʣʴʥʘʷ ʯʘʩʪʦʪʥʘʷ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘ ʩʠʩʪʝʤʳ 4 2

1 2| |ʍ ʍw +  

(ʩʧʣʦʰʥʘʷ ʣʠʥʠʷ) ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʵʬʬʝʢʪʠʚʥʦʩʪʠ 

ʨʘʩʩʝʷʥʠʷ ʦʪ ʯʘʩʪʦʪʳ (ʧʫʥʢʪʠʨʥʘʷ ʣʠʥʠʷ). 

 

ʅʘ ʨʠʩʫʥʢʝ 2.1.7 ʧʦʢʘʟʘʥʘ ʚʨʝʤʝʥʥʘʷ ʬʫʥʢʮʠʷ ʦʪʢʣʠʢʘ ʩʠʩʪʝʤʳ ʢʘʢ 

ʨʝʰʝʥʠʝ 1 2( ) ( ) ( )G t x t x t= +  ʧʦʩʣʝ ʟʘʚʝʨʰʝʥʠʷ ʜʝʡʩʪʚʠʷ ʫʣʴʪʨʘʢʦʨʦʪʢʦʛʦ 

ʠʤʧʫʣʴʩʘ, ʠʤʝʶʱʝʛʦ d-ʬʦʨʤʫ ʠʤʧʫʣʴʩʘ ʠ ʦʪʢʣʠʢ ʚ ʚʠʜʝ ʫʩʢʦʨʝʥʠʷ 

)()( tGta ""= . ʂʦʵʬʬʠʮʠʝʥʪ ʢʦʨʨʝʣʷʮʠʠ ( , ) 0.937R Corr G a= =-  ʫʢʘʟʳʚʘʝʪ ʥʘ 

ʥʝʢʦʪʦʨʦʝ ʦʪʢʣʦʥʝʥʠʝ ʦʪ ʪʦʯʥʦʡ ʠʜʝʥʪʠʯʥʦʩʪʠ ʬʫʥʢʮʠʡ (ʠʩʢʣʶʯʘʷ ʟʥʘʢ 

ʤʠʥʫʩ, ʢʦʪʦʨʳʡ ʩʚʷʟʘʥ ʩ ʦʪʨʠʮʘʪʝʣʴʥʦʩʪʴʶ ʟʘʨʷʜʘ ʵʣʝʢʪʨʦʥʘ), ʯʪʦ ʙʳʣʦ ʙʳ 

ʩʧʨʘʚʝʜʣʠʚʦ ʜʣʷ ʦʪʢʣʠʢʘ ʩʠʩʪʝʤʳ ʥʘ ʛʘʨʤʦʥʠʯʝʩʢʠʡ ʩʠʛʥʘʣ. 
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ʈʠʩʫʥʦʢ 2.1.7. ɼʠʧʦʣʴʥʳʡ ʦʪʢʣʠʢ ( )G t  (ʧʫʥʢʪʠʨʥʘʷ ʣʠʥʠʷ) ʠ ʫʩʢʦʨʝʥʠʝ( )a t  

(ʩʧʣʦʰʥʘʷ ʣʠʥʠʷ) ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʳʝ ʨʘʩʩʝʷʥʥʦʤʫ ʩʚʝʪʦʚʦʤʫ ʧʦʣʶ. 

 

ʈʘʩʩʝʷʥʥʦʝ ʧʦʣʝ ( )scE t  ʜʣʷ ʧʘʜʘʶʱʝʛʦ ʩʚʝʪʘ ʩ ʧʨʦʠʟʚʦʣʴʥʦʡ ʚʨʝʤʝʥʥʦʡ 

ʟʘʚʠʩʠʤʦʩʪʴ (ʁ )extE t   ʦʧʨʝʜʝʣʷʝʪʩʷ ʩʚʝʨʪʢʦʡ: 

    ñ
¤-

-=

t

extsc dttEttatE 111 )()()( .        (2.1.10) 

ʇʨʠʥʠʤʘʷ ʚʦ ʚʥʠʤʘʥʠʝ ʦʙʥʘʨʫʞʝʥʥʳʝ ʭʘʨʘʢʪʝʨʥʳʝ ʋʂʀ ʚ ʦʧʪʠʯʝʩʢʦʤ 

ʜʠʘʧʘʟʦʥʝ, ʫʜʦʙʥʦʡ ʬʦʨʤʦʡ ʠʭ ʧʨʝʜʩʪʘʚʣʝʥʠʷ ʷʚʣʷʶʪʩʷ ʩʠʛʥʘʣʳ ɻʘʙʦʨʘ ʩ 

ʛʘʫʩʩʦʚʦʡ ʦʛʠʙʘʶʱʝʡ. ʅʘ ʨʠʩʫʥʢʝ 2.1.8 ʧʦʢʘʟʘʥʘ ʫʩʨʝʜʥʝʥʥʘʷ ʧʦ ʦʩʮʠʣʣʷʮʠʷʤ 

ʠʥʪʝʥʩʠʚʥʦʩʪ ɹ ʨʘʩʩʝʷʥʠʷ, ʢʘʢ ʬʫʥʢʮʠʷ ʦʪ ʚʨʝʤʝʥʠ ʠ ʥʝʩʫʱʝʡ ʯʘʩʪʦʪ r

ʧʘʜʘʶʱʝʛʦ ʠʤʧʫʣʴʩʘ ʩ ʜʣʠʪʝʣʴʥʦʩʪʴʶ 10t=  ʬʩ. ʏʝʪʢʦ ʧʨʦʷʚʣʷʝʪʩʷ 

ʜʚʫʭʛʦʨʙʘʷ ʩʪʨʫʢʪʫʨʘ ʨʘʩʩʝʷʥʠʷ ʩʚʝʪʘ ʚ ʜʠʥʘʤʠʯʝʩʢʦʤ ʧʨʦʮʝʩʩʝ ʨʘʩʩʝʷʥʠʷ 

ʠʤʧʫʣʴʩʦʚ, ʧʨʝʜʩʪʘʚʣʝʥʥʘʷ ʚ ʩʧʝʢʪʨʘʣʴʥʦʤ ʨʘʩʧʨʝʜʝʣʝʥʠʠ. 
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ʈʠʩʫʥʦʢ 2.1.8. ʀʥʪʝʥʩʠʚʥʦʩʪʴ ʨʘʩʩʝʷʥʠʷ ʢʘʢ ʬʫʥʢʮʠʷ ʚʨʝʤʝʥʠ ʠ ʜʣʠʥʳ 

ʚʦʣʥʳ ʧʘʜʘʶʱʝʛʦ ʠʤʧʫʣʴʩʘ. 

 

ɽʩʣʠ ʠʟʤʝʨʷʪʴ ʧʦʣʥʳʡ ʩʧʝʢʪʨ ʨʘʩʩʝʷʥʥʦʛʦ ʩʚʝʪʘ, ʝʛʦ ʤʦʞʥʦ ʚʳʯʠʩʣʠʪʴ 

ʢʘʢ ʧʨʦʠʟʚʝʜʝʥʠʝ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʨʘʩʩʝʷʥʠʷ ʚ ʯʘʩʪʦʪʥʦʡ ʦʙʣʘʩʪʠ ʥʘ 

ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʩʧʝʢʪʨʘ ʧʘʜʘʶʱʝʛʦ ʠʤʧʫʣʴʩʘ. ʇʦʣʫʯʝʥʥʳʝ ʩʧʝʢʪʨʳ 

ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʨʠʩʫʥʢʝ 2.1.9. ʉʧʣʦʰʥʘʷ ʣʠʥʠʷ ʜʣʷ ʦʪʥʦʩʠʪʝʣʴʥʦ ʜʣʠʥʥʦʛʦ 

ʠʤʧʫʣʴʩʘ ʩ ʜʣʠʪʝʣʴʥʦʩʪʴʶ 10 ʬʩ ʚʦʩʧʨʦʠʟʚʦʜʠʪ ʩʧʝʢʪʨ ʧʘʜʘʶʱʝʛʦ ʩʚʝʪʘ ʩ 

ʘʤʧʣʠʪʫʜʦʡ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʡ ʬʫʥʢʮʠʠ ʨʘʩʩʝʷʥʠʷ. ɹʦʣʝʝ ʢʦʨʦʪʢʠʡ ʠʤʧʫʣʴʩ ʩ 

ʜʣʠʪʝʣʴʥʦʩʪʴʶ ʦʢʦʣʦ 2.2 ʬʩ ʜʝʤʦʥʩʪʨʠʨʫʝʪ ʜʚʫʛʦʨʙʳʝ ʚʥʫʪʨʝʥʥʠʝ ʩʪʨʫʢʪʫʨʳ, 

ʩʚʷʟʘʥʥʳʝ ʩ ʜʚʫʭʯʘʩʪʦʪʥʳʤ ʨʝʟʦʥʘʥʩʥʳʤ ʦʪʢʣʠʢʦʤ ʥʘʥʦʘʥʪʝʥʥ.r 
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ʈʠʩʫʥʦʢ 2.1.9. ʉʧʝʢʪʨ ʨʘʩʩʝʷʥʥʳʭ ʠʤʧʫʣʴʩʦʚ ɻʘʙʦʨʘ: ʜʣʠʪʝʣʴʥʦʩʪʴ ʠʤʧʫʣʴʩʘ 

10 ʬʩ ʠ ʥʝʩʫʱʘ ̫ʯʘʩʪʦʪʘ ʠʤʧʫʣʴʩʘ 1.55w=  ʵɺ (ʩʧʣʦʰʥʘʷ ʣʠʥʠʷ); ʜʣʷ 

ʠʤʧʫʣʴʩʘ ʜʣʠʪʝʣʴʥʦʩʪʴʶ 2.2 ʬʩ (ʧʫʥʢʪʠʨʥʘʷ ʣʠʥʠʷ) ʧʦʢʘʟʘʥ ʨʝʟʫʣʴʪʘʪ ʜʣʷ 

1.55w= ʵɺ, ʘ ʰʪʨʠʭʦʚʘʷ ʧʫʥʢʪʠʨʥʘʷ ʣʠʥʠʷ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʥʝʩʫʱʝʡ ʯʘʩʪʦʪʝ 

1.78 ɻ ɺ. 

 

ʏʘʩʪʦʪʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʬʫʥʢʮʠʠ ʦʪʢʣʠʢʘ ʤʦʛʫʪ ʙʳʪʴ ʠʟʤʝʨʝʥʳ, ʢʘʢ 

ʧʫʪʝʤ ʯʘʩʪʦʪʥʦʛʦ ʩʢʘʥʠʨʦʚʘʥʠʷ ʩʧʝʢʪʨʘʣʴʥʦ ʫʟʢʠʤ, ʧʝʨʝʩʪʨʘʠʚʘʝʤʳʤ ʧʦ 

ʯʘʩʪʦʪʝ ʣʘʟʝʨʥʳʤ ʠʟʣʫʯʝʥʠʝʤ, ʪʘʢ ʠ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʪʝʭʥʠʢʠ 

ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ ʦʪʢʣʠʢʘ ʧʦ ʠʟʤʝʨʝʥʠʶ ʢʦʨʨʝʣʷʮʠʦʥʥʦʡ ʬʫʥʢʮʠʠ ʜʣʷ ʋʂʀ 

[76]. ɸʣʴʪʝʨʥʘʪʠʚʥʳʤ ʩʧʦʩʦʙʦʤ ʧʦʣʫʯʝʥʠʷ ʧʦʣʥʦʡ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʣʠʥʝʡʥʦʡ 

ʩʠʩʪʝʤʳ ʷʚʣʷʝʪʩʷ ʠʟʤʝʨʝʥʠʝ ʦʪʢʣʠʢʘ ʥʘ ʜʝʡʩʪʚʠʝ d-ʠʤʧʫʣʴʩʘ, ʧʦʟʚʦʣʷʶʱʝʝ 

ʧʦʣʫʯʠʪʴ ʝʝ ʬʫʥʢʮʠʶ ɻʨʠʥʘ. ɹʣʠʟʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʦʪʢʣʠʢʘ ʜʘʶʪ ʋʂʀ ʩʦ 

ʩʧʝʢʪʨʘʣʴʥʦʡ ʰʠʨʠʥʦʡ, ʩʫʱʝʩʪʚʝʥʥʦ ʧʨʝʚʦʩʭʦʜʷʱʝʡ ʰʠʨʠʥʫ ʨʝʟʦʥʘʥʩʦʚ 

ʩʠʩʪʝʤʳ. ɼʣʷ ʨʘʟʥʳʭ ʪʠʧʦʚ ʘʪʦʤʥʳʭ, ʤʦʣʝʢʫʣʷʨʥʳʭ ʠ ʥʘʥʦʩʠʩʪʝʤ ʚ ʢʘʯʝʩʪʚʝ 

ʪʘʢʠʭ ʟʦʥʜʠʨʫʶʱʠʭ ʠʤʧʫʣʴʩʦʚ ʤʦʛʫʪ ʠʩʧʦʣʴʟʦʚʘʪʴʩʷ ʬʝʤʪʦ ʠ ʘʪʪʦʩʝʢʫʥʜʥʳʝ 

ʣʘʟʝʨʥʳʝ ʠʤʧʫʣʴʩʳ. ʆʪʤʝʪʠʤ, ʯʪʦ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʫʶ ʧʨʦʚʝʨʢʫ ʧʦʣʫʯʝʥʥʳʭ 
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ʨʝʟʫʣʴʪʘʪʦʚ ʤʦʞʥʦ ʧʨʦʠʟʚʝʩʪʠ, ʚ ʯʘʩʪʥʦʩʪʠ, ʥʘ ʢʣʘʩʩʠʯʝʩʢʠʭ ʤʝʭʘʥʠʯʝʩʢʠʭ 

ʢʦʣʝʙʘʪʝʣʴʥʳʭ ʩʠʩʪʝʤʘʭ, ʚ RLC-ʮʝʧʷʭ, ʘ ʪʘʢʞʝ ʠʟʤʝʨʷʷ ʨʘʩʩʝʷʥʠʝ ʩʚʝʪʦʚʳʭ 

ʠʤʧʫʣʴʩʦʚ ʥʘ ʤʝʪʘʣʣʠʯʝʩʢʠʭ ʥʘʥʦʯʘʩʪʠʮʘʭ ʨʘʟʣʠʯʥʦʡ ʬʦʨʤʳ [77]. 

 

2.2 ɼʠʥʘʤʠʢʘ ʥʝʣʠʥʝʡʥʦʛʦ ʚʦʟʙʫʞʜʝʥʠʷ ʢʚʘʥʪʦʚʦʛʦ ʨʝʟʦʥʘʥʩʘ ʌʘʥʦ 

ɼʣʷ ʦʧʠʩʘʥʠʷ ʘʚʪʦʠʦʥʠʟʘʮʠʦʥʥʳʭ ʩʦʩʪʦʷʥʠʡ ʘʪʦʤʦʚ ʠʤʝʝʪʩʷ ʪʝʦʨʠʷ, 

ʧʦʟʚʦʣʠʚʰʘʷ, ʚ ʯʘʩʪʥʦʩʪʠ, ʧʦʥʷʪʴ ʜʠʥʘʤʠʢʫ ʠʦʥʠʟʘʮʠʠ ʪʘʢʠʭ ʩʦʩʪʦʷʥʠʡ 

ʘʪʪʦʩʝʢʫʥʜʥʳʤʠ ʠʤʧʫʣʴʩʘʤʠ [78-84]. ʆʩʥʦʚʥʳʤʠ ʨʝʟʫʣʴʪʘʪʘʤʠ ʫʩʠʣʠʡ ʚ ʵʪʦʤ 

ʥʘʧʨʘʚʣʝʥʠʠ ʩʪʘʣʦ ʧʦʥʠʤʘʥʠʝ ʚʥʫʪʨʠʘʪʦʤʥʦʡ ʩʦʩʪʘʚʣʷʶʱʝʡ ʜʠʥʘʤʠʢʠ, 

ʦʪʚʝʯʘʶʱʝʡ ʟʘ ʬʦʨʤʠʨʦʚʘʥʠʝ ʟʘʚʠʩʷʱʝʛʦ ʦʪ ʚʨʝʤʝʥʠ ʜʠʧʦʣʴʥʦʛʦ ʦʪʢʣʠʢʘ 

[85,86] ʠ ʜʠʥʘʤʠʢʠ ʦʙʨʘʟʦʚʘʥʠʷ ʵʣʝʢʪʨʦʥʦʚ ʚ ʥʝʧʨʝʨʳʚʥʦʤ ʩʧʝʢʪʨʝ [87], 

ʧʦʜʪʚʝʨʞʜʝʥʥʳʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ ʠʟʤʝʨʝʥʠʷʤʠ. ʇʨʠ ʦʙʨʘʟʦʚʘʥʠʠ 

ʵʣʝʢʪʨʦʥʦʚ ʥʝʧʨʝʨʳʚʥʦʛʦ ʩʧʝʢʪʨʘ, ʚʘʞʥʦʡ ʦʢʘʟʳʚʘʝʪʩʷ ʢʦʥʢʫʨʝʥʮʠʷ 

ʧʨʦʮʝʩʩʦʚ ʧʨʷʤʦʡ ʠʦʥʠʟʘʮʠʠ ʠ ʠʦʥʠʟʘʮʠʠ, ʠʜʫʱʝʡ ʯʝʨʝʟ ʚʦʟʙʫʞʜʝʥʠʝ 

ʜʠʩʢʨʝʪʥʦʛʦ ʩʦʩʪʦʷʥʠʷ, ʤʝʥʷʶʱʘʷʩʷ ʚʦ ʚʨʝʤʝʥʠ. ɹʦʣʴʰʘʷ ʯʘʩʪʴ ʠʤʝʶʱʠʭʩʷ 

ʨʘʙʦʪ ʪʝʦʨʝʪʠʯʝʩʢʠʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʧʦʩʚʷʱʝʥʘ ʠʟʦʣʠʨʦʚʘʥʥʳʤ ʨʝʟʦʥʘʥʩʘʤ, ʥʦ 

ʨʘʩʩʤʦʪʨʝʥʦ ʠ ʚʣʠʷʥʠʝ ʧʝʨʝʢʨʳʪʠʷ ʨʝʟʦʥʘʥʩʦʚ ʥʘ ʠʭ ʜʠʥʘʤʠʢʫ [88]. ʆʪʤʝʪʠʤ, 

ʯʪʦ ʜʣʷ ʂʊ ʚʦʟʙʫʞʜʝʥʠʝ ʵʢʩʠʪʦʥʦʚ ʥʘʭʦʜʠʪʩʷ ʚ ʚʠʜʠʤʦʡ ʦʙʣʘʩʪʠ ʩʚʝʪʘ, ʛʜʝ 

ʠʟʫʯʝʥʠʝ ʨʝʟʦʥʘʥʩʦʚ ʌʘʥʦ ʦʙʣʝʛʯʘʝʪʩʷ ʥʘʣʠʯʠʝʤ ʨʘʟʚʠʪʦʡ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʪʝʭʥʠʢʠ ʧʦʣʫʯʝʥʠʷ ʦʜʥʦʮʠʢʣʦʚʳʭ ʣʘʟʝʨʥʳʭ ʠʤʧʫʣʴʩʦʚ 

[89,90].  

ɺʩʝ ʵʪʠ ʪʝʦʨʝʪʠʯʝʩʢʠʝ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʫʩʠʣʠʷ ʦʙʲʝʜʠʥʷʝʪ 

ʢʚʘʥʪʦʚʘʷ ʠʥʪʝʨʬʝʨʝʥʮʠʷ, ʢʦʪʦʨʘʷ ʧʨʦʷʚʣʷʝʪʩʷ ʢʘʢ ʨʝʟʦʥʘʥʩ ʚ ʩʧʝʢʪʨʝ 

ʦʧʪʠʯʝʩʢʦʛʦ ʧʦʛʣʦʱʝʥʠʷ ʩ ʭʘʨʘʢʪʝʨʥʦʡ ʘʩʠʤʤʝʪʨʠʯʥʦʡ ʬʦʨʤʦʡ. ɹʣʠʟʢʦ ʢ 

ʦʩʥʦʚʥʦʤʫ ʤʘʢʩʠʤʫʤʫ ʚʦʟʥʠʢʘʝʪ ʛʣʫʙʦʢʠʡ ʤʠʥʠʤʫʤ ʧʨʠ ʵʥʝʨʛʠʠ, 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʡ ʜʝʩʪʨʫʢʪʠʚʥʦʡ ʠʥʪʝʨʬʝʨʝʥʮʠʠ ʘʤʧʣʠʪʫʜ ʧʝʨʝʭʦʜʘ ʚ 

ʜʠʩʢʨʝʪʥʦʝ ʩʦʩʪʦʷʥʠʝ ʠ ʥʝʧʨʝʨʳʚʥʳʡ ʩʧʝʢʪʨ ʩʦʩʪʦʷʥʠʡ. ɺʘʞʥʦʡ ʦʩʥʦʚʦʡ 

ʪʝʦʨʠʠ ʌʘʥʦ ʷʚʣʷʝʪʩʷ ʧʨʝʜʧʦʣʦʞʝʥʠʝ ʦ ʜʦʩʪʘʪʦʯʥʦ ʚʳʩʦʢʦʡ ʧʣʦʪʥʦʩʪʠ 

ʩʦʩʪʦʷʥʠʡ, ʢʦʪʦʨʳʝ ʤʦʞʥʦ ʦʪʥʝʩʪʠ ʢ ʥʝʧʨʝʨʳʚʥʦʤʫ ʩʧʝʢʪʨʫ. ʆʜʥʘʢʦ ʚ ʨʷʜʝ 
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ʩʣʫʯʘʝʚ ʤʥʦʞʝʩʪʚʦ ʙʣʠʟʢʦ ʨʘʩʧʦʣʦʞʝʥʥʳʭ ʫʨʦʚʥʝ ʦʢʘʟʳʚʘʝʪʩʷ ʜʦʩʪʘʪʦʯʥʦ 

ʨʘʟʨʝʞʝʥʥʳʤ. ʊʘʢʘʷ ʩʠʪʫʘʮʠʷ ʧʨʠʩʫʪʩʪʚʫʝʪ ʚ ʤʦʣʝʢʫʣʷʨʥʳʭ ʩʧʝʢʪʨʘʭ 

ʤʥʦʛʦʘʪʦʤʥʳʭ ʤʦʣʝʢʫʣ, ʛʜʝ ʵʣʝʢʪʨʦʥʥʳʝ ʧʝʨʝʭʦʜʳ ʨʝʣʘʢʩʠʨʫʶʪ, 

ʚʟʘʠʤʦʜʝʡʩʪʚʫʷ ʩ ʢʦʣʝʙʘʪʝʣʴʥʳʤʠ ʤʦʣʝʢʫʣʷʨʥʳʤʠ ʩʦʩʪʦʷʥʠʷʤʠ. ʕʪʦʪ ʩʣʫʯʘʡ 

ʚ ʦʪʩʫʪʩʪʚʠʝ ʧʨʷʤʦʛʦ ʚʦʟʙʫʞʜʝʥʠʷ ʫʨʦʚʥʝʡ ʟʦʥʳ ʧʨʦʘʥʘʣʠʟʠʨʦʚʘʥ ʚ ʤʦʜʝʣʠ 

ɹʠʢʩʦʥʘ-ɼʞʦʨʪʥʝʨʘ [62].  

ʈʘʩʩʤʦʪʨʠʤ ʢʚʘʥʪʦʚʫʶ ʩʠʩʪʝʤʫ, ʩʦʩʪʦʷʱʫʶ ʠʟ ʦʩʥʦʚʥʦʛʦ ʩʦʩʪʦʷʥʠʷ 0  

ʠ ʚʦʟʙʫʞʜʝʥʥʦʛʦ ʩʦʩʪʦʷʥʠʷ 1  ʩ ʵʥʝʨʛʠʝʡ 1E, ʚʟʘʠʤʦʜʝʡʩʪʚʫʶʱʝʛʦ ʩ ʟʦʥʦʡ 

ʙʣʠʟʢʦ ʨʘʩʧʦʣʦʞʝʥʥʳʭ ʧʦ ʵʥʝʨʛʠʠ ʫʨʦʚʥʝʡ k  ʩ ʵʥʝʨʛʠʷʤʠ kE . ɺ ʜʘʥʥʦʡ 

ʤʦʜʝʣʠ ʚʦʟʤʦʞʥʦ ʧʨʷʤʦʝ ʚʦʟʙʫʞʜʝʥʠʝ ʣʘʟʝʨʥʳʤ ʧʦʣʝʤ ʜʠʩʢʨʝʪʥʦʛʦ ʫʨʦʚʥʷ ʠ 

ʫʨʦʚʥʝʡ ʟʦʥʳ, ʢʘʢ ʧʦʢʘʟʘʥʦ ʥʘ ʨʠʩʫʥʢʝ 2.10.  

 
 

ʈʠʩʫʥʦʢ 2.2.1. ʉʭʝʤʘ ʚʦʟʙʫʞʜʝʥʠʷ ʜʚʫʭʫʨʦʚʥʝʚʦʡ ʩʠʩʪʝʤʳ, 

ʚʟʘʠʤʦʜʝʡʩʪʚʫʶʱʝʡ ʩ ʟʦʥʦʡ ʫʨʦʚʥʝʡ. 

 

ʇʫʩʪʴ ʛʘʤʠʣʴʪʦʥʠʘʥ ʩʠʩʪʝʤʳ H  ʷʚʣʷʝʪʩʷ ʩʫʤʤʦʡ ʛʘʤʠʣʴʪʦʥʠʘʥʘ 0H , 

ʧʨʝʜʩʪʘʚʣʷʶʱʝʛʦ ʥʝʟʘʚʠʩʠʤʳʝ ʩʦʩʪʦʷʥʠʷ, ʩʪʘʮʠʦʥʘʨʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ W

ʚʦʟʙʫʞʜʝʥʥʦʛʦ ʩʦʩʪʦʷʥʠʷ 1  ʩ ʫʨʦʚʥʷʤʠ ʟʦʥʳ k  ʠ ʚʥʝʰʥʝʛʦ ʟʘʚʠʩʷʱʝʛʦ ʦʪ 

ʚʨʝʤʝʥʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ int ( ) ( ) ( )H t V t U t= + . ɺʟʘʠʤʦʜʝʡʩʪʚʠʝ ( )V t  ʩʚʷʟʳʚʘʝʪ 

ʦʩʥʦʚʥʦʝ ʩʦʩʪʦʷʥʠʝ 0  ʠ ʚʦʟʙʫʞʜʝʥʥʦʝ ʩʦʩʪʦʷʥʠʝ 1 , ( )U t  ʩʚʷʟʳʚʘʝʪ 

ʦʩʥʦʚʥʦʝ ʩʦʩʪʦʷʥʠʝ 0  ʠ ʚʦʟʙʫʞʜʝʥʥʳʝ ʩʦʩʪʦʷʥʠʷ ʟʦʥʳ k . ʉʪʘʮʠʦʥʘʨʥʦʝ 
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ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ W  ʦʪʚʝʯʘʝʪ ʟʘ ʩʚʷʟʴ ʚʦʟʙʫʞʜʝʥʥʦʛʦ ʩʦʩʪʦʷʥʠ ̫ 1  ʠ ʫʨʦʚʥʷʤʠ 

ʵʥʝʨʛʠʠ k  ʚʥʫʪʨʠ ʩʠʩʪʝʤʳ: 

    0 ( ) ( )H H W V t U t= + + + .   (2.2.1) 

ʋʨʘʚʥʝʥʠʝ ʐʨʝʜʠʥʛʝʨʘ  

    i Hy y=      (2.2.2) 

ʚ ʧʨʝʜʩʪʘʚʣʝʥʠʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʧʨʠʥʠʤʘʝʪ ʚʠʜ 

    

01 0

10 1

0 1

0 01 1 0

1 10 0 1

0 0 1 1

( ) ( ) ,

( ) ,

, .

k

k

k k

i t i t

k k

k

i t i t

k k

k

i t i t

k k k

ia V t e a U t e a

ia V t e a W e a

ia U e a W e a

w w

w w

w w

= +

= +

= +

ä

ä    (2.2.3) 

ɸʥʘʣʠʪʠʯʝʩʢʦʝ ʨʝʰʝʥʠʝ ʩʠʩʪʝʤʳ ʫʨʘʚʥʝʥʠʡ (2.2.3) ʚʦʟʤʦʞʥʦ ʚ ʩʣʫʯʘʝ 

ʨʝʟʦʥʘʥʩʘ. 

ɺʝʣʠʯʠʥʳ 0 1, , ka a a  ̫ ʚʣʷʶʪʩʷ ʢʦʵʬʬʠʮʠʝʥʪʘʤʠ ʨʘʟʣʦʞʝʥʠʷ ʚʦʣʥʦʚʦʡ ʬʫʥʢʮʠʠ 

    
0,1

( ) ( ) ( )j n
iE iE

j j n n

j n

t e a t e a ty f f
- -

=

= +ä ä   (2.2.4) 

ʧʦ ʩʦʙʩʪʚʝʥʥʳʤ ʩʦʩʪʦʷʥʠʷʤ kf  ʦʧʝʨʘʪʦʨʘ ɻʘʤʠʣʴʪʦʥʘ 0H , ʫʜʦʚʣʝʪʚʦʨʷʶʱʠʤ 

ʫʨʘʚʥʝʥʠʶ 

   0 k k kH Ef f= ,    (2.2.5) 

ʠ  

    
1 1k k k kE Ew = - .    (2.2.6) 

ʅʘʯʘʣʴʥʳʝ ʫʩʣʦʚʠʷ ʜʣʷ ʧʝʨʚʦʥʘʯʘʣʴʥʦ ʥʝʚʦʟʙʫʞʜʝʥʥʦʡ ʩʠʩʪʝʤʳ:

0 1(0) 1, (0) 0, 0ka a a= = =. ʇʨʠ ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ ʧʨʝʜʧʦʣʦʞʝʥʠʷʭ ,11 WWW kk ==  

),()()( 11001 tUtVtV ==  )(211 tUUU kk ==  ʩʠʩʪʝʤʫ ʫʨʘʚʥʝʥʠʡ (2.2.3) ʤʦʞʥʦ ʫʧʨʦʩʪʠʪʴ, 

ʠ ʧʦʣʫʯʘʝʤ 

   

01 0

10 1

0 1

0 1 1 2

1 1 0

2 0 1

( ) ( ) ,

( ) ,

( ) .

k

k

k k

i t i t

k

k

i t i t

k

k

i t i t

k

ia U t e a U t e a

ia U t e a W e a

ia U t e a We a

w w

w w

w w

= +

= +

= +

ä

ä    (2.2.7) 

ɼʘʣʝʝ ʨʘʩʩʤʦʪʨʠʤ ʚʦʟʙʫʞʜʝʥʠʝ ʩʠʩʪʝʤʳ ʣʘʟʝʨʥʳʤ ʧʦʣʝʤ ʩ ʤʛʥʦʚʝʥʥʳʤ 

ʚʢʣʶʯʝʥʠʝʤ ʠ ʧʦʩʪʦʷʥʥʦʡ ʬʠʢʩʠʨʦʚʘʥʥʦʡ ʥʝʩʫʱʝʡ ʯʘʩʪʦʪʦʡ. ɺʟʘʠʤʦʜʝʡʩʪʚʠʝ 
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ʥʦʩʠʪ ʢʚʘʟʠʨʝʟʦʥʘʥʩʥʳʡ ʭʘʨʘʢʪʝʨ, ʧʦʵʪʦʤʫ, ʫʜʝʨʞʠʚʘʷ ʪʦʣʴʢʦ ʨʝʟʦʥʘʥʩʥʳʝ 

ʩʣʘʛʘʝʤʳʝ, ʚ ʧʨʠʙʣʠʞʝʥʠʠ ʚʨʘʱʘʶʱʝʛʦʩʷ ʧʦʣʷ ʧʦʣʫʯʠʤ ʩʠʩʪʝʤʫ ʫʨʘʚʥʝʥʠʡ 

10 0

10 1

0 1

( ) ( )

0 1 1 2

( )

1 1 0

( )

2 0 1

,

,

.

k

k

k k

i t i t

k

k

i t i t

k

k

i t i t

k

ia V e a V e a

ia V e a W e a

ia V e a We a

w w w w

w w w

w w w

- - - -

-

-

= +

= +

= +

ä

ä    (2.2.8) 

ɺʚʦʜʷ ʥʦʚʳʝ ʘʤʧʣʠʪʫʜʳ ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʦʧʨʝʜʝʣʝʥʠʷʤʠ 

    0( )ki t

k ka e A
w w-

= ,       

10( )

1 1

i t
a e A

w w-
= ,     (2.2.9) 

0 0a A= ,       

ʧʦʣʫʯʠʤ ʫʨʘʚʥʝʥʠʷ [91,92] 

   

0 1 1 2

1 1 1 1 0

2 0 1

,

,

.

k

k

k

k

k k k

iA V A V A

iA A V A W A

iA A V A WA

= +

=D + +

=D + +

ä

ä      (2.2.10) 

ʛʜʝ gww i--=D 101 , kkk igww --=D 0 , ʢʦʵʬʬʠʮʠʝʥʪʳ kgg,  ʧʦʟʚʦʣʷʶʪ 

ʬʝʥʦʤʝʥʦʣʦʛʠʯʝʩʢʠ ʫʯʝʩʪʴ ʟʘʪʫʭʘʥʠʝ ʚʦʟʙʫʞʜʝʥʥʳʭ ʫʨʦʚʥʝʡ. ɺ ʦʙʣʘʩʪʠ 

ʠʟʦʙʨʘʞʝʥʠʡ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʃʘʧʣʘʩʘ ʩʠʩʪʝʤʘ ʫʨʘʚʥʝʥʠʡ (2.2.10) ʧʨʠʥʠʤʘʝʪ 

ʚʠʜ 

0 1 1 2

1 1 1 1 0

2 0 1

1,

,

.

k

k

k

k

k k k

sA iV A iV A

sA i A iV A iW A

sA i A iV A iWA

=- - +

=-D - -

=-D - -

ä

ä      (2.2.11) 

ʀʟ ʧʦʩʣʝʜʥʝʛʦ ʫʨʘʚʥʝʥʠʷ ʩʣʝʜʫʝʪ 

2 0 1

( )
k

k

V A WA
A i

s i

+
=-

+ D
,      (2.2.12) 

ʠ  

2

0 1 1 2 0 2 1

2

1 1 1 1 0 2 0 1

1
( ) 1,

( )

1
( ) .

( )

k k

k k

sA iV A V A V WA
s i

sA i A iV A V WA W A
s i

=- - + +
+ D

=-D - - +
+ D

ä

ä

  (2.2.13) 
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ʇʦʩʣʝ ʚʳʯʠʩʣʝʥʠʷ ʩʫʤʤʳ ʚ ʧʨʘʚʦʡ ʯʘʩʪʠ ʫʨʘʚʥʝʥʠʡ (2.2.13), ʧʨʠʚʝʜʝʥʥʦʛʦ ʚ 

[93], ʧʦʣʫʯʠʤ 

0 0

1
coth

( )k k

s

s i

p p

w w

å õ
= æ ö

+ D ç ÷
ä ,    (2.2.14) 

ʛʜʝ ʨʘʩʩʪʦʷʥʠʝ ʤʝʞʜʫ ʵʢʚʠʜʠʩʪʘʥʪʥʳʤʠ ʫʨʦʚʥʷʤʠ ʟʦʥʳ ʨʘʚʥʦ D. ɼʣʷ 

ʧʣʦʪʥʦʛʦ ʩʧʝʢʪʨʘ (ʢʚʘʟʠʢʦʥʪʠʥʫʫʤʘ) 
0/ 1sp w>> ʠ ( )0coth / 1sp wº , ʪʦʛʜʘ 

ʧʦʣʫʯʘʝʤ: 

 

2

0 1 1 2 0 2 1

0

2

1 1 1 1 0 2 0 1

0

( ) 1,

( ) .

sA iV A V A V WA

sA i A iV A V WA W A

p

w

p

w

=- - + +

=-D - - +

  (2.2.15) 

ɼʣʷ ʫʜʦʙʩʪʚʘ ʜʘʣʴʥʝʡʰʠʭ ʧʨʝʦʙʨʘʟʦʚʘʥʠʡ ʚʚʝʜʝʤ ʦʙʦʟʥʘʯʝʥʠʷ 

2

2
0

0

V
w

p

w
= , 2

0

c

V W
w
p

w
= , 

2

0

W
w
p

w
= .   (2.2.16) 

ʉ ʫʯʝʪʦʤ ʵʪʦʛʦ, ʨʝʰʝʥʠʝ ʩʠʩʪʝʤʳ ʫʨʘʚʥʝʥʠʡ ʟʘʧʠʰʝʤ ʚ ʚʠʜʝ 

 

1
0 2

0 1 1

( )
( )( ) ( )c

s i w
A s

s w s i w iV w

+ D +
=
+ + D + - +

,   (2.2.17) 
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0 1 1
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( )( ) ( )

c

c

iV w
A s

s w s i w iV w
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=-

+ + D + - +
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1 2 1
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0 1 1
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( )[( )( ) ( ) ]

c
k

k c

W iV w V s i w
A s i

s i s w s i w iV w

+ - + D +
=

+ D + + D + - +
. 

ɺʳʨʘʞʝʥʠʷ (2.2.17) ʧʝʨʝʭʦʜʷʪ ʚ ʨʝʰʝʥʠʷ [92], ʧʦʣʫʯʝʥʥʳʝ ʩ ʧʦʤʦʱʴʶ 

ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʌʫʨʴʝ, ʧʨʠ ʟʘʤʝʥʝ s iw- . ʉ ʪʝʯʝʥʠʝʤ ʚʨʝʤʝʥʠ ʚ 

ʥʝʧʨʝʨʳʚʥʦʤ ʩʧʝʢʪʨʝ ʬʦʨʤʠʨʫʝʪʩʷ ʢʚʘʟʠʩʪʘʮʠʦʥʘʨʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ 

  2 1 1

2

0 1 1

( ) ( )
( ) exp( )

( )( ) ( )

k c
k k

k k c

V iw W V iw
A t i i t

iw iw V iw

D -D - - -
= -D
D + D -D - + -

.          (2.2.18) 

ɺʳʨʘʞʝʥʠʝ (2.2.18) ʠʤʝʝʪ ʜʚʘ ʧʦʣʶʩʘ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʜʚʫʛʦʨʙʦʡ ʬʦʨʤʝ 

ʟʘʩʝʣʝʥʥʦʩʪʠ ʫʨʦʚʥʝʡ, ʭʘʨʘʢʪʝʨʥʦʡ ʜʣʷ ʠʥʪʝʨʬʝʨʝʥʮʠʦʥʥʦʛʦ ʧʨʦʬʠʣʷ ʌʘʥʦ.  
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 ʈʘʩʩʤʦʪʨʠʤ ʧʨʠʤʝʨ ʟʘʚʠʩʠʤʦʩʪʠ ʟʘʩʝʣʝʥʥʦʩʪʠ ʫʨʦʚʥʝʡ ʟʦʥʳ ʦʪ ʵʥʝʨʛʠʠ 

ʧʨʠ ʪʦʯʥʦʤ ʨʝʟʦʥʘʥʩʝ, ʢʦʛʜʘ 
1 0D =. ʅʘ ʨʠʩʫʥʢʝ 2.2.2 ʧʦʢʘʟʘʥʦ ʢʦʥʝʯʥʦʝ 

ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʟʘʩʝʣʝʥʥʦʩʪʠ ʟʦʥʳ ʫʨʦʚʥʝʡ 
2

( ) ( )Fano k kP A tD =  ʧʨʠ ʧʘʨʘʤʝʪʨʘʭ: 

0011.00=w  ʵɺ, 0.001W=  ʵɺ, 
1 0.0022V =  ʵɺ, 

2 0.0018V =  ʵɺ, 0kg g= =. 

ʆʪʤʝʪʠʤ, ʯʪʦ ʘʩʠʤʤʝʪʨʠʯʥʘʷ ʬʦʨʤʘ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʥʝʣʠʥʝʡʥʳʤ ʦʙʨʘʟʦʤ 

ʟʘʚʠʩʠʪ ʦʪ ʚʝʣʠʯʠʥʳ ʧʦʣʷ ʠ ʤʦʞʝʪ ʩʫʱʝʩʪʚʝʥʥʦ ʦʪʣʠʯʘʪʴʩʷ ʧʦ ʚʠʜʫ ʧʨʠ 

ʜʨʫʛʠʭ ʟʥʘʯʝʥʠʷʭ ʧʘʨʘʤʝʪʨʦʚ.  

 

ʈʠʩʫʥʦʢ 2.2.2. ʌʠʥʘʣʴʥʘʷ ʟʘʩʝʣʝʥʥʦʩʪʴ ʢʚʘʟʠʢʦʥʪʠʥʫʫʤʘ ʚ ʬʦʨʤʝ ʌʘʥʦ. 

 

ʅʘ ʨʠʩʫʥʢʝ 2.2.3 ʧʨʝʜʩʪʘʚʣʝʥʘ ʚʨʝʤʝʥʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʟʘʩʝʣʝʥʥʦʩʪʠ 

ʦʩʥʦʚʥʦʛʦ ʠ ʚʦʟʙʫʞʜʝʥʥʦʛʦ ʨʝʟʦʥʠʨʫʶʱʝʛʦ ʫʨʦʚʥʷ. ɺʥʘʯʘʣʝ ʠʭ ʟʘʩʝʣʝʥʥʦʩʪʠ 

ʧʨʠʥʠʤʘʶʪ ʩʦʧʦʩʪʘʚʠʤʳʝ ʟʥʘʯʝʥʠʷ ʟʘ ʩʯʝʪ ʨʝʟʦʥʘʥʩʥʦʛʦ ʚʦʟʜʝʡʩʪʚʠʷ ʧʦʣʷ. 

ɼʘʣʝʝ ʟʘʩʝʣʝʥʥʦʩʪʠ ʤʦʥʦʪʦʥʥʦ ʩʥʠʞʘʶʪʩʷ ʟʘ ʩʯʝʪ ʨʘʩʧʘʜʘ ʚ ʢʚʘʟʠʢʦʥʪʠʥʫʫʤ. 
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ʈʠʩʫʥʦʢ 2.2.3. ɼʠʥʘʤʠʢʘ ʟʘʩʝʣʝʥʥʦʩʪʠ ʫʨʦʚʥʝʡ 0  ʠ 1 . 

ʅʘ ʨʠʩʫʥʢʝ 2.2.4ʘ,ʙ ʧʦʢʘʟʘʥʳ ʨʝʟʫʣʴʪʘʪʳ ʨʘʩʯʝʪʘ ʜʠʥʘʤʠʢʠ ʟʘʩʝʣʝʥʥʦʩʪʠ 

ʯʝʪʳʨʝʭ ʚʳʜʝʣʝʥʥʳʭ ʩʦʩʪʦʷʥʠʡ ʢʚʘʟʠʢʦʥʪʠʥʫʫʤʘ. ʈʠʩʫʥʦʢ 2.2.4ʘ ʙʦʣʝʝ 

ʧʦʜʨʦʙʥʦ ʧʦʢʘʟʳʚʘʝʪ ʥʘʯʘʣʴʥʳʡ ʧʝʨʠʦʜ ʚʦʟʙʫʞʜʝʥʠʷ ʢʚʘʟʠʢʦʥʪʠʥʫʫʤʘ, 

ʩʪʘʨʪʫʶʱʠʡ ʩ ʥʫʣʝʚʳʭ ʟʘʩʝʣʝʥʥʦʩʪʝʡ. ʈʠʩʫʥʦʢ 2.2.4ʙ ʦʪʨʘʞʘʝʪ ʛʣʦʙʘʣʴʥʫʶ 

ʜʠʥʘʤʠʢʫ ʟʘʩʝʣʝʥʠʷ ʢʚʘʟʠʢʦʥʪʠʥʫʫʤʘ, ʥʦʩʷʱʫʶ ʭʘʨʘʢʪʝʨ ʟʘʪʫʭʘʶʱʠʭ 

ʦʩʮʠʣʣʷʮʠʡ ʚʦʢʨʫʛ ʘʩʠʤʧʪʦʪʠʯʝʩʢʦʛʦ ʟʥʘʯʝʥʠʷ ʟʘʩʝʣʝʥʥʦʩʪʠ. ʌʠʥʘʣʴʥʳʝ 

ʥʘʩʝʣʝʥʥʦʩʪʠ ʫʨʦʚʥʝʡ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʟʥʘʯʝʥʠʷʤ, ʧʨʝʜʩʪʘʚʣʝʥʥʳʤ ʥʘ ʨʠʩʫʥʢʝ 

2.2.2. 
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ʘ) 

 

ʙ) 

 

ʈʠʩʫʥʦʢ 2.2.4. ɼʠʥʘʤʠʢʘ ʟʘʩʝʣʝʥʥʦʩʪʠ ʫʨʦʚʥʝʡ ʢʚʘʟʠʢʦʥʪʠʥʫʫʤʘ ʩ ʵʥʝʨʛʠʷʤʠ 

-0.015 ʵɺ; -0.005 ʵɺ; 0 ʵɺ; 0.01 ʵɺ ʦʪʩʯʠʪʳʚʘʝʤʳʤʠ ʦʪ ʨʝʟʦʥʘʥʩʘ: ʘ) ï 

ʥʘʯʘʣʴʥʳʡ ʧʝʨʠʦʜ ʚʨʝʤʝʥʠ; ʙ) ï ʛʣʦʙʘʣʴʥʘʷ ʜʠʥʘʤʠʢʘ. 

 

ʆʪʤʝʪʠʤ ʧʨʠʥʮʠʧʠʘʣʴʥʦʝ ʦʪʣʠʯʠʝ ʧʦʣʫʯʝʥʥʦʛʦ ʘʩʠʤʤʝʪʨʠʯʥʦʛʦ 

ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʦʪ ʣʠʥʝʡʥʦʛʦ ʧʨʦʬʠʣʷ ʌʘʥʦ. ɺ ʩʣʫʯʘʝ ʣʠʥʝʡʥʦʛʦ ʨʝʟʦʥʘʥʩʘ 
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ʌʘʥʦ ʠʥʪʝʨʬʝʨʝʥʮʠʦʥʥʳʡ ʧʨʦʚʘʣ ʦʙʨʘʟʫʝʪʩʷ ʧʨʠ ʦʧʨʝʜʝʣʝʥʥʳʭ ʟʥʘʯʝʥʠʷʭ 

ʩʢʘʥʠʨʫʶʱʝʡ ʯʘʩʪʦʪʳ. ɺ ʥʝʣʠʥʝʡʥʦʤ ʨʝʟʦʥʘʥʩʝ ʯʘʩʪʦʪʘ ʚʥʝʰʥʝʛʦ ʧʦʣʷ 

ʬʠʢʩʠʨʦʚʘʥʘ, ʘ ʘʩʠʤʤʝʪʨʠʷ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʟʘʩʝʣʝʥʥʦʩʪʠ ʢʚʘʟʠʢʦʥʪʠʥʫʫʤʘ 

ʦʙʫʩʣʦʚʣʝʥʘ ʩʦʚʤʝʩʪʥʳʤ ʜʝʡʩʪʚʠʝʤ ʥʝʣʠʥʝʡʥʦʩʪʠ ʠ ʠʥʪʝʨʬʝʨʝʥʮʠʠ. 

 2.3 ɼʠʥʘʤʠʢʘ ʣʠʥʝʡʥʦʛʦ ʚʦʟʙʫʞʜʝʥʠʷ ʨʝʟʦʥʘʥʩʘ ʌʘʥʦ 

ʂʚʘʥʪʦʚʘʷ ʠʥʪʝʨʬʝʨʝʥʮʠʷ ʚ ʨʘʟʣʠʯʥʳʭ ʥʘʥʦʨʘʟʤʝʨʥʳʭ ʩʠʩʪʝʤʘʭ 

ʧʨʦʷʚʣʷʝʪʩʷ ʢʘʢ ʨʝʟʦʥʘʥʩ ʚ ʩʧʝʢʪʨʝ ʦʧʪʠʯʝʩʢʦʛʦ ʧʦʛʣʦʱʝʥʠʷ ʌʘʥʦ ʩ 

ʭʘʨʘʢʪʝʨʥʦʡ ʘʩʠʤʤʝʪʨʠʯʥʦʡ ʬʦʨʤʦʡ [94-98]. ʆʯʝʥʴ ʙʣʠʟʢʦ ʢ ʦʩʥʦʚʥʦʤʫ 

ʤʘʢʩʠʤʫʤʫ ʚʦʟʥʠʢʘʝʪ ʛʣʫʙʦʢʠʡ ʤʠʥʠʤʫʤ ʧʨʠ ʵʥʝʨʛʠʠ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʡ 

ʜʝʩʪʨʫʢʪʠʚʥʦʡ ʠʥʪʝʨʬʝʨʝʥʮʠʠ ʘʤʧʣʠʪʫʜ ʧʝʨʝʭʦʜʘ ʚ ʜʠʩʢʨʝʪʥʦʝ ʩʦʩʪʦʷʥʠʝ ʠ 

ʥʝʧʨʝʨʳʚʥʳʡ ʩʧʝʢʪʨ ʩʦʩʪʦʷʥʠʡ. ɺʘʞʥʦʡ ʦʩʥʦʚʦʡ ʪʝʦʨʠʠ ʌʘʥʦ ʷʚʣʷʝʪʩʷ 

ʧʨʝʜʧʦʣʦʞʝʥʠʝ ʦ ʜʦʩʪʘʪʦʯʥʦ ʚʳʩʦʢʦʡ ʧʣʦʪʥʦʩʪʠ ʩʦʩʪʦʷʥʠʡ, ʢʦʪʦʨʳʝ ʤʦʞʥʦ 

ʦʪʥʝʩʪʠ ʢ ʥʝʧʨʝʨʳʚʥʦʤʫ ʩʧʝʢʪʨʫ. ʇʨʠ ʵʪʦʤ ʬʠʟʠʯʝʩʢʠʝ ʩʠʩʪʝʤʳ ʩʘʤʦʡ ʨʘʟʥʦʡ 

ʧʨʠʨʦʜʳ ʚ ʣʠʥʝʡʥʦʤ ʧʨʠʙʣʠʞʝʥʠʠ ʧʦ ʚʥʝʰʥʝʤʫ ʧʦʣʶ ʦʧʠʩʳʚʘʶʪʩʷ ʝʜʠʥʳʤ 

ʦʙʨʘʟʦʤ ʠ ʜʝʤʦʥʩʪʨʠʨʫʶʪ ʩʭʦʜʥʳʝ ʯʝʨʪʳ ʧʦʚʝʜʝʥʠʷ. ʉʬʦʢʫʩʠʨʫʝʤ 

ʠʩʩʣʝʜʦʚʘʥʠʝ ʥʘ ʚʨʝʤʝʥʥʦʤ ʨʘʟʨʝʰʝʥʠʠ ʧʨʦʮʝʩʩʘ, ʠʥʜʫʮʠʨʫʝʤʦʛʦ ʥʘʢʘʯʢʦʡ ʚ 

ʮʝʣʦʤ ʨʷʜʝ ʩʠʩʪʝʤ, ʧʦʩʢʦʣʴʢʫ ʧʦʥʠʤʘʥʠʝ ʢʚʘʥʪʦʚʦʡ ʜʠʥʘʤʠʢʠ ʬʦʨʤʠʨʦʚʘʥʠʷ 

ʩʣʦʞʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʨʝʟʦʥʘʥʩʘ ʌʘʥʦ ʷʚʣʷʝʪʩʷ ʧʨʘʢʪʠʯʝʩʢʠ ʚʘʞʥʳʤ ʜʣʷ 

ʧʦʣʫʯʝʥʠʷ ʜʘʥʥʳʭ ʦʙ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʧʨʠʛʦʪʦʚʣʝʥʠʷ ʪʘʢʠʭ ʩʦʩʪʦʷʥʠʡ ʩ 

ʧʦʤʦʱʴʶ ʢʦʨʦʪʢʠʭ ʠʤʧʫʣʴʩʦʚ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʧʘʨʘʤʝʪʨʦʚ ʚʳʙʨʘʥʥʳʭ 

ʩʠʩʪʝʤ.  

ɻʣʘʚʥʘʷ ʪʨʫʜʥʦʩʪʴ ʧʦʩʪʘʚʣʝʥʥʦʡ ʟʘʜʘʯʠ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʥʝʦʙʭʦʜʠʤʦʩʪʠ 

ʫʯʝʩʪʴ, ʢʘʢ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʜʠʩʢʨʝʪʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʩ ʢʦʥʪʠʥʫʫʤʦʤ, ʪʘʢ ʠ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʚʩʝʡ ʩʠʩʪʝʤʳ ʩ ʠʤʧʫʣʴʩʥʳʤ ʧʦʣʝʤ. ʇʦʠʩʢ ʨʝʰʝʥʠʷ ʤʦʞʥʦ 

ʦʩʫʱʝʩʪʚʠʪʴ, ʝʩʣʠ ʚʦʩʧʦʣʴʟʦʚʘʪʴʩʷ ʨʘʟʣʦʞʝʥʠʝʤ ʥʝʩʪʘʮʠʦʥʘʨʥʦʡ ʚʦʣʥʦʚʦʡ 

ʬʫʥʢʮʠʠ ʧʦ ʙʘʟʠʩʫ ʥʝʚʦʟʤʫʱʝʥʥʳʭ ʩʪʘʮʠʦʥʘʨʥʳʭ ʚʦʣʥʦʚʳʭ ʬʫʥʢʮʠʡ 

ʥʝʚʦʟʤʫʱʝʥʥʦʡ ʟʘʜʘʯʠ 

    ñ ¡¡
¡+= EEE utbEdtat )()()( 0yy    (2.3.1) 
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ɿʜʝʩʴ 0y  ï ʚʦʣʥʦʚʘʷ ʬʫʥʢʮʠʷ ʜʠʩʢʨʝʪʥʦʛʦ ʩʦʩʪʦʷʥʠʷ, 
Eu   ï ʥʝʚʦʟʤʫʱʝʥʥʳʝ 

ʩʦʩʪʦʷʥʠʷ ʥʝʧʨʝʨʳʚʥʦʛʦ ʩʧʝʢʪʨʘ, 
EV  ï ʤʘʪʨʠʯʥʳʡ ʵʣʝʤʝʥʪ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ 

ʜʠʩʢʨʝʪʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʩ ʢʦʥʪʠʥʫʫʤʦʤ. ʅʘʠʙʦʣʝʝ ʧʨʦʩʪʦ ʥʘʡʪʠ ʦʪʢʣʠʢ 

ʩʠʩʪʝʤʳ ʥʘ d-ʚʦʟʜʝʡʩʪʚʠʝ, ʧʨʠʛʦʜʥʦʝ ʜʣʷ ʦʧʠʩʘʥʠʷ ʠʤʧʫʣʴʩʦʚ, ʜʣʠʪʝʣʴʥʦʩʪʴ 

ʢʦʪʦʨʳʭ ʤʝʥʴʰʝ ʚʨʝʤʝʥʠ ʨʘʩʧʘʜʘ ʩʦʩʪʦʷʥʠʷ. ɺ ʵʪʦʤ ʩʣʫʯʘʝ ʥʝʩʪʘʮʠʦʥʘʨʥʦʝ ʠ 

ʩʪʘʮʠʦʥʘʨʥʦʝ ʚʦʟʤʫʱʝʥʠʝ ʤʦʞʥʦ ʫʯʝʩʪʴ ʦʪʜʝʣʴʥʦ ʟʘ ʩʯʝʪ ʠʭ ʨʘʟʜʝʣʝʥʠʷ ʧʦ 

ʚʨʝʤʝʥʠ. ʈʦʣʴ d-ʠʤʧʫʣʴʩʘ ʩʚʦʜʠʪʩʷ ʢ ʩʦʟʜʘʥʠʶ ʩʦʩʪʦʷʥʠʷ, ʷʚʣʷʶʱʝʛʦʩʷ 

ʥʘʯʘʣʴʥʳʤ ʫʩʣʦʚʠʝʤ ʜʣʷ ʟʘʜʘʯʠ ʩʦ ʩʪʘʮʠʦʥʘʨʥʳʤ ʛʘʤʠʣʴʪʦʥʠʘʥʦʤ.  ɺ ʵʪʦʤ 

ʩʣʫʯʘʝ ʨʝʰʝʥʠʝ ʠʤʝʝʪ ʚʠʜ [41] 

   
( )

i

eiqqe
idtA

tEiiEt

EE

r

+

--+
-=

--

e

e )()(
)( ,   (2.3.2) 

ʛʜʝ Ed  ï ʤʘʪʨʠʯʥʳʡ ʵʣʝʤʝʥʪ ʜʠʧʦʣʴʥʦʛʦ ʤʦʤʝʥʪʘ ʧʝʨʝʭʦʜʘ ʚ ʢʦʥʪʠʥʫʫʤ, 

2( ) /rE Ee= - G ï ʦʪʥʦʩʠʪʝʣʴʥʘʷ ʨʘʩʩʪʨʦʡʢʘ ʨʝʟʦʥʘʥʩʘ, / 2r rE E i= - G ï 

ʢʦʤʧʣʝʢʩʥʘʷ ʢʚʘʟʠʵʥʝʨʛʠʷ ʨʝʟʦʥʘʥʩʥʦʛʦ ʩʦʩʪʦʷʥʠʷ, D+= 0EEr  ï ʨʝʟʦʥʘʥʩʥʘʷ 

ʵʥʝʨʛʠʷ. ʉʜʚʠʛ ʵʥʝʨʛʠʠ ʨʝʟʦʥʘʥʩʘ ( )ED  ʜʘʝʪʩʷ ʛʣʘʚʥʳʤ ʟʥʘʯʝʥʠʝʤ ʠʥʪʝʛʨʘʣʘ 
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ʛʜʝ EV  ï ʤʘʪʨʠʯʥʳʡ ʵʣʝʤʝʥʪ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʜʠʩʢʨʝʪʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʩ 

ʢʦʥʪʠʥʫʫʤʦʤ. 

ʇʘʨʘʤʝʪʨ ʌʘʥʦ  
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( 0d - ʤʘʪʨʠʯʥʳʡ ʵʣʝʤʝʥʪ ʜʠʧʦʣʴʥʦʛʦ ʤʦʤʝʥʪʘ ʧʝʨʝʭʦʜʘ ʚ ʜʠʩʢʨʝʪʥʦʝ 

ʩʦʩʪʦʷʥʠʝ) ʤʦʞʥʦ ʦʧʨʝʜʝʣʠʪʴ ʠʟ ʵʢʩʧʝʨʠʤʝʥʪʘ. ʆʥ ʨʘʚʝʥ ʦʪʥʦʰʝʥʠʶ 

ʘʤʧʣʠʪʫʜʳ ʧʝʨʝʭʦʜʘ ʚ ʨʝʟʦʥʘʥʩʥʦʝ ʩʦʩʪʦʷʥʠʝ ʩ ʧʨʠʤʝʩʴʶ ʢʦʥʪʠʥʫʫʤʘ ʢ 

ʘʤʧʣʠʪʫʜʝ ʧʝʨʝʭʦʜʘ ʚ ʥʝʚʦʟʤʫʱʝʥʥʳʡ ʢʦʥʪʠʥʫʫʤ, ʢʦʪʦʨʳʡ ʤʦʞʥʦ ʩʯʠʪʘʪʴ 

ʧʦʩʪʦʷʥʥʳʤ ʚ ʧʨʝʜʝʣʘʭ ʨʝʟʦʥʘʥʩʘ. ɿʘʩʝʣʝʥʥʦʩʪʴ ʢʦʥʪʠʥʫʫʤʘ ʨʘʩʩʯʠʪʳʚʘʝʪʩʷ 

ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʬʦʨʤʫʣʦʡ 
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2

)(),( tAtEP E= .    (2.3.5) 

ɿʘʩʝʣʝʥʥʦʩʪʴ, ʬʦʨʤʠʨʫʶʱʘʷʩʷ ʧʦʩʣʝ ʦʢʦʥʯʘʥʠʷ d-ʠʤʧʫʣʴʩʘ, ʩʣʝʜʫʝʪ 

ʚʨʝʤʝʥʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ  
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),( ttiE
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= e
e

e
.  (2.3.6) 

 ʃʠʥʝʡʥʳʡ ʦʪʢʣʠʢ ʥʘ ʠʤʧʫʣʴʩ ʧʨʦʠʟʚʦʣʴʥʦʡ ʬʦʨʤʳ [39, 40] ʤʦʞʝʪ ʙʳʪʴ 

ʥʘʡʜʝʥ, ʠʩʭʦʜʷ ʠʟ ʫʨʘʚʥʝʥʠʷ (2.3.2) ʩ ʧʦʤʦʱʴʶ ʠʥʪʝʛʨʘʣʘ ɼʶʘʤʝʣʷ, ʯʪʦ 

ʧʨʠʚʦʜʠʪ ʥʘʩ ʢ ʫʨʘʚʥʝʥʠʶ  

[ ]),()(])[,()( tEgiqqtEgidtA rEE --+-= e ,  (2.3.7) 

ʛʜʝ  

ñ
¤-

-¡ ¡¡=

t

ttiE tfetdtEg )(),( )(
,   (2.3.8) 

ɿʜʝʩʴ ( )f t  ï ʥʘʧʨʷʞʝʥʥʦʩʪʴ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ ʣʘʟʝʨʥʦʡ ʚʦʣʥʳ ʢʘʢ ʬʫʥʢʮʠʷ 

ʚʨʝʤʝʥʠ. ʕʥʝʨʛʠʶ ʥʘʯʘʣʴʥʦʛʦ ʥʝʚʦʟʙʫʞʜʝʥʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʩʯʠʪʘʝʤ ʨʘʚʥʦʡ 

ʥʫʣʶ ʪʦʯʢʦʡ ʦʪʩʯʝʪʘ. ʇʝʨʚʦʝ ʩʣʘʛʘʝʤʦʝ ʚ ʢʚʘʜʨʘʪʥʦʡ ʩʢʦʙʢʝ ʫʨʘʚʥʝʥʠʷ (2.3.7) 

ʦʪʚʝʯʘʝʪ ʟʘ ʬʦʨʤʠʨʦʚʘʥʠʝ ʢʦʥʪʫʨʘ ʌʘʥʦ ʥʘ ʙʦʣʴʰʠʭ ʚʨʝʤʝʥʘʭ, ʪ.ʝ. ʢʦʛʜʘ 

ʚʨʝʤʷ ʥʘʙʣʶʜʝʥʠʷ ʥʘʤʥʦʛʦ ʧʨʝʚʳʰʘʝʪ ʚʨʝʤʷ ʨʘʩʧʘʜʘ ʩʦʩʪʦʷʥʠʷ ʚ ʢʦʥʪʠʥʫʫʤ. 

ɺʪʦʨʦʝ ʩʣʘʛʘʝʤʦʝ ʚ ʵʪʦʡ ʩʢʦʙʢʝ ʦʧʠʩʳʚʘʝʪ ʟʘʪʫʭʘʶʱʠʡ ʧʝʨʝʭʦʜʥʳʡ ʧʨʦʮʝʩʩ. 

ʇʦʩʣʝ ʦʢʦʥʯʘʥʠʷ ʜʝʡʩʪʚʠʷ ʠʤʧʫʣʴʩʘ  

    )(2),( wp FetEg iEt-=¤ ,    (2.3.9) 

ʛʜʝ ( )F w  ï ʬʫʨʴʝ-ʦʙʨʘʟ ʠʤʧʫʣʴʩʘ.  

ʈʘʥʝʝ ʙʳʣʠ ʨʘʩʩʤʦʪʨʝʥʳ ʠʤʧʫʣʴʩʳ ʩʦ ʩʪʨʫʢʪʫʨʦʡ, ʦʧʠʩʳʚʘʝʤʦʡ 

ʦʛʠʙʘʶʱʝʡ ʚ ʚʠʜʝ ʢʚʘʜʨʘʪʘ ʩʠʥʫʩʘ ʠʣʠ ʛʘʫʩʩʦʚʦʡ ʬʦʨʤʳ [80]. ʉʜʝʣʘʝʤ 

ʦʩʥʦʚʥʦʡ ʘʢʮʝʥʪ ʥʘ ʠʤʧʫʣʴʩʝ ʩʦ ʩʧʝʢʪʨʦʤ ʃʦʨʝʥʮʘ, ʠʤʝʶʱʝʤ ʚʠʜ 

ʟʘʪʫʭʘʶʱʝʛʦ ʢʦʣʝʙʘʥʠʷ, ʪ.ʝ. 

    0( ) sin , 0tf t f e t tl w-= >.    (2.3.10) 
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ʇʦʩʣʝ ʦʢʦʥʯʘʥʠʷ ʜʝʡʩʪʚʠʷ ʠʤʧʫʣʴʩʘ ʠ ʟʘʚʝʨʰʝʥʠʷ ʧʝʨʝʭʦʜʥʳʭ ʧʨʦʮʝʩʩʦʚ  

( 1, 1t tl>> G >>) ʬʫʥʢʮʠʷ 
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ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʬʠʥʘʣʴʥʘʷ ʬʦʨʤʘ ʟʘʩʝʣʝʥʥʦʩʪʠ ʢʦʥʪʠʥʫʫʤʘ ʦʧʨʝʜʝʣʷʝʪʩʷ 

ʧʨʦʠʟʚʝʜʝʥʠʝʤ ʣʦʨʝʥʮʝʚʩʢʦʛʦ ʢʦʥʪʫʨʘ ʩʧʝʢʪʨʘ ʣʘʟʝʨʥʦʛʦ ʠʤʧʫʣʴʩʘ ʥʘ 

ʘʩʩʠʤʝʪʨʠʯʥʳʡ ʢʦʥʪʫʨ ʌʘʥʦ. ɼʣʷ ʩʧʝʢʪʨʘʣʴʥʦ ʫʟʢʦʛʦ ʣʘʟʝʨʥʦʛʦ ʠʤʧʫʣʴʩʘ ʩ 

/ 2l<<G ʧʨʦʬʠʣʴ ʌʘʥʦ ʤʦʞʥʦ ʠʟʤʝʨʠʪʴ ʧʦ ʟʘʩʝʣʝʥʥʦʩʪʴ ʢʦʥʪʠʥʫʫʤʘ 

ʧʝʨʝʩʪʨʘʠʚʘʷ ʯʘʩʪʦʪʫ ʣʘʟʝʨʘ. ɼʣʷ ʩʧʝʢʪʨʘʣʴʥʦ ʰʠʨʦʢʦʛʦ ʣʘʟʝʨʥʦʛʦ ʠʤʧʫʣʴʩʘ 

ʩ / 2l>>G ʤʦʜʫʣʷʮʠʷ ʢʦʥʪʠʥʫʫʤʘ ʤʘʣʘ, ʠ ʧʨʦʬʠʣʴ ʌʘʥʦ ʤʦʞʥʦ ʠʟʤʝʨʷʪʴ 

ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʧʦ ʨʘʩʧʨʝʜʝʣʝʥʠʶ ʟʘʩʝʣʝʥʥʦʩʪʠ ʢʦʥʪʠʥʫʫʤʘ. ɼʣʷ ʪʘʢʦʛʦ 

ʠʤʧʫʣʴʩʘ ʠ ʩʧʝʢʪʨʘʣʴʥʦ ʫʟʢʦʛʦ ʨʝʟʦʥʘʥʩʘ ʌʘʥʦ ʜʝʪʘʣʠ ʝʛʦ ʧʦʚʝʜʝʥʠʷ 

ʩʪʘʥʦʚʷʪʩʷ ʥʝʩʫʱʝʩʪʚʝʥʥʳʤʠ, ʠ ʜʦʩʪʘʪʦʯʥʳʤ ʜʣʷ ʧʨʝʜʩʪʘʚʣʝʥʠʷ ʣʘʟʝʨʥʦʛʦ 

ʧʦʣʷ ʩʪʘʥʦʚʠʪʩʷ ʧʨʷʤʦʫʛʦʣʴʥʳʡ ʩʧʝʢʪʨ.  

ɼʣʷ ʦʜʥʦʮʠʢʣʦʚʳʭ ʠ ʤʘʣʦʮʠʢʣʦʚʳʭ ʣʘʟʝʨʥʳʭ ʠʤʧʫʣʴʩʦʚ ʧʨʝʜʩʪʘʚʣʷʝʪ 

ʠʥʪʝʨʝʩ ʨʘʩʩʤʦʪʨʝʥʠʝ ʤʦʜʝʣʝʡ ʧʦʣʷ ʚʝʡʚʣʝʪʥʦʛʦ ʪʠʧʘ, ʜʣʷ ʢʦʪʦʨʳʭ 

ʚʳʧʦʣʥʷʝʪʩʷ ʫʩʣʦʚʠʝñ
¤

¤-

=¡¡ 0)(tftd . ɺʳʙʝʨʝʤ ʚ ʢʘʯʝʩʪʚʝ ʙʘʟʠʩʥʳʭ ʬʫʥʢʮʠʡ 

ʚʝʡʚʣʝʪʦʚ [51] ʧʨʦʠʟʚʦʜʥʳʝ ʦʪ ʛʘʫʩʩʦʚʳʭ ʬʫʥʢʮʠʡ 
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ɿʜʝʩʴ )(tHm ï ʧʦʣʠʥʦʤʳ ʕʨʤʠʪʘ [99]. ʇʨʠ m = 1 ʚʦʟʥʠʢʘʝʪ WAVE-ʚʝʡʚʣʝʪ, ʘ 

ʧʨʠ m = 2 ï ʄʅɸʊ-ʚʝʡʚʣʝʪ, ʠʣʠ "ʄʝʢʩʠʢʘʥʩʢʘʷ ʰʣʷʧʘ". ɺ ʯʘʩʪʦʪʥʦʤ 

ʧʨʝʜʩʪʘʚʣʝʥʠʠ 
4/2
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~ ww
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w --= eih m

m . ɼʣʷ ʠʤʧʫʣʴʩʘ ʚ ʬʦʨʤʝ ʙʘʟʠʩʥʦʛʦ 

ʚʝʡʚʣʝʪʘ )/()( 0 tthftf m=  ʩ ʭʘʨʘʢʪʝʨʥʦʡ ʜʣʠʪʝʣʴʥʦʩʪʴʶ rE/1~t  ʬʫʥʢʮʠʷ 

),( tEg  ʧʦʩʣʝ ʦʢʦʥʯʘʥʠʷ ʠʤʧʫʣʴʩʘ ʝʩʪʴ 
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)(),( tttp EiEtmeiEftEg ---=¤ ,    (2.3.15) 

ʘ ʟʘʩʝʣʝʥʥʦʩʪʴ ʥʝʧʨʝʨʳʚʥʦʛʦ ʩʧʝʢʪʨʘ ʨʝʟʦʥʘʥʩʘ ʌʘʥʦ ʠʤʝʝʪ ʚʠʜ 
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ʛʜʝ ʤʥʦʞʠʪʝʣʴ 
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ʫʯʠʪʳʚʘʝʪ ʩʧʝʢʪʨʘʣʴʥʫʶ ʧʣʦʪʥʦʩʪʴ ʩʚʝʨʭʰʠʨʦʢʦʧʦʣʦʩʥʦʛʦ ʠʤʧʫʣʴʩʘ ʚ 

ʦʙʣʘʩʪʠ ʨʝʟʦʥʘʥʩʘ. ʀʟ ʫʨʘʚʥʝʥʠʡ (2.3.16), (2.3.17) ʩʣʝʜʫʝʪ, ʯʪʦ ʬʦʨʤʘ ʬʫʥʢʮʠʠ 

ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʟʘʩʝʣʝʥʥʦʩʪʝʡ ʫʨʦʚʥʝʡ ʥʝʧʨʝʨʳʚʥʦʛʦ ʩʧʝʢʪʨʘ ʧʦʩʣʝ ʦʢʦʥʯʘʥʠʷ 

ʜʝʡʩʪʚʠʷ ʰʠʨʦʢʦʧʦʣʦʩʥʦʛʦ ʠʤʧʫʣʴʩʘ ʩʣʘʙʦ ʟʘʚʠʩʠʪ ʦʪ ʝʛʦ ʧʘʨʘʤʝʪʨʦʚ, 

ʢʦʪʦʨʳʝ ʚʣʠʷʶʪ ʪʦʣʴʢʦ ʥʘ ʦʙʱʫʶ ʘʤʧʣʠʪʫʜʫ ʟʘʩʝʣʝʥʥʦʩʪʠ. ʉʨʘʚʥʝʥʠʝ 

ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʚʦʟʙʫʞʜʝʥʠʷ ʠʤʧʫʣʴʩʦʤ ʩ 1rEt=  ʠ ʠʤʧʫʣʴʩʦʤ ʩ 2rEt= , ʜʣʷ 

ʢʦʪʦʨʦʛʦ ʤʘʢʩʠʤʫʤ ʩʧʝʢʪʨʘʣʴʥʦʡ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʠʤʧʫʣʴʩʘ  çʄʝʢʩʠʢʘʥʩʢʘʷ 

ʰʣʷʧʘè ʩʦʚʧʘʜʘʝʪ ʩ ʨʝʟʦʥʘʥʩʦʤ, ʜʘʝʪ 0.07 ʚʝʣʠʯʠʥʳ   ʚʝʨʦʷʪʥʦʩʪʠ ʧʝʨʚʦʛʦ 

ʚʘʨʠʘʥʪʘ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩʦ ʚʪʦʨʳʤ. 

ʈʘʩʩʤʦʪʨʠʤ ʠʟʤʝʥʝʥʠʝ ʜʠʥʘʤʠʢʠ ʟʘʩʝʣʝʥʠʷ ʟʦʥʳ ʫʨʦʚʥʝʡ, ʢʦʛʜʘ 

ʨʘʩʩʪʦʷʥʠʝ ʤʝʞʜʫ ʫʨʦʚʥʷʤʠ ʟʦʥʳ ʩʫʱʝʩʪʚʝʥʥʦ ʤʝʥʴʰʝ ʚʝʣʠʯʠʥʳ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʫʨʦʚʝʥʴ-ʟʦʥʘ. ɺ ʵʪʦʤ ʩʣʫʯʘʝ ʫʨʦʚʥʠ ʟʦʥʳ ʦʙʨʘʟʫʶʪ 

ʢʚʘʟʠʢʦʥʪʠʥʫʫʤ. ʇʨʠʤʝʨʦʤ ʪʘʢʠʭ ʩʦʩʪʦʷʥʠʡ ʷʚʣʷʶʪʩʷ ʘʚʪʦʠʦʥʠʟʘʮʠʦʥʥʳʝ 

ʩʦʩʪʦʷʥʠʷ ʚ ʘʪʦʤʘʭ. ʆʧʠʰʝʤ ʜʠʥʘʤʠʢʫ ʬʦʨʤʠʨʦʚʘʥʠʷ ʘʚʪʦʠʦʥʠʟʘʮʠʦʥʥʦʛʦ 

ʨʝʟʦʥʘʥʩʘ 2s2p ʚ ʘʪʦʤʝ ʛʝʣʠʷ ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʋʂʀ ʘʪʪʦʩʝʢʫʥʜʥʦʡ 

ʜʣʠʪʝʣʴʥʦʩʪʠ. ʇʦʣʥʘʷ ʜʠʥʘʤʠʢʘ ʘʚʪʦʠʦʥʠʟʘʮʠʠ ʩʦʩʪʦʠʪ ʠʟ ʢʨʘʪʢʦʚʨʝʤʝʥʥʦʛʦ 

ʦʪʢʣʠʢʘ ʢʚʘʥʪʦʚʦʡ ʩʠʩʪʝʤʳ, ʦʩʪʘʶʱʝʛʦʩʷ ʚ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʝʱʝ ʥʝ 

ʠʩʩʣʝʜʦʚʘʥʥʳʤ, ʠ ʵʚʦʣʶʮʠʠ ʩʦʩʪʦʷʥʠʷ ʧʦʩʣʝ ʜʝʡʩʪʚʠʷ ʠʤʧʫʣʴʩʘ [87]. ʅʘ 

ʢʦʨʦʪʢʠʭ ʚʨʝʤʝʥʘʭ ʦʪʢʣʠʢ ʩʚʷʟʘʥ ʩ ʜʝʪʘʣʷʤʠ ʩʪʨʫʢʪʫʨʳ ʰʠʨʦʢʦʧʦʣʦʩʥʦʛʦ 

ʠʤʧʫʣʴʩʘ, ʪ.ʝ. ʩʦ ʩʧʝʢʪʨʘʣʴʥʦʡ ʤʦʜʫʣʷʮʠʝʡ ʬʘʟʳ ʥʝʩʫʱʝʡ ʥʘ ʰʠʨʠʥʝ 

ʨʝʟʦʥʘʥʩʘ. ʕʥʝʨʛʠʷ ʪʘʢʦʛʦ ʜʚʘʞʜʳ ʚʦʟʙʫʞʜʝʥʥʦʛʦ ʩʦʩʪʦʷʥʠʷ He, 

ʦʪʩʯʠʪʳʚʘʝʤʘʷ ʦʪ   ʦʩʥʦʚʥʦʛʦ ʩʦʩʪʦʷʥʠʷ, ʨʘʚʥʘ 60.15 ʵɺ ʧʨʠ ʰʠʨʠʥʝ 37 ʤʵɺ. 

ɺ ʵʢʩʧʝʨʠʤʝʥʪʝ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʣʘʟʝʨʥʳʡ ʠʤʧʫʣʴʩ ʩʦ ʩʧʝʢʪʨʘʣʴʥʦʡ ʰʠʨʠʥʦʡ 
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400 ʤʵɺ. ʇʘʨʘʤʝʪʨ ʌʘʥʦ ʜʣʷ ʵʪʦʛʦ ʨʝʟʦʥʘʥʩʘ ʩʦʩʪʘʚʣʷʝʪ 2.77q=-  [100]. ʅʘ 

ʨʠʩʫʥʢʝ 2.3.1 ʧʦʢʘʟʘʥʘ ʚʨʝʤʝʥʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʚʦʟʙʫʞʜʝʥʠʷ ʢʦʥʪʠʥʫʫʤʘ 

ʣʘʟʝʨʥʳʤ ʠʤʧʫʣʴʩʦʤ. ʇʦʩʢʦʣʴʢʫ ʰʠʨʠʥʘ ʩʧʝʢʪʨʘ ʵʢʩʧʝʠʤʝʥʪʘʣʴʥʦʛʦ 

ʣʘʟʝʨʥʦʛʦ ʠʤʧʫʣʴʩʘ ʥʘʤʥʦʛʦ ʙʦʣʴʰʝ ʰʠʨʠʥʳ ʨʝʟʦʥʘʥʩʘ, ʟʘʩʝʣʝʥʥʦʩʪʴ 

ʢʦʥʪʠʥʫʫʤʘ ʧʦʩʣʝ ʧʨʦʭʦʞʜʝʥʠʷ ʠʤʧʫʣʴʩʘ ʩʪʨʝʤʠʪʩʷ ʢ ʜʠʩʧʝʨʩʠʦʥʥʦʡ ʢʨʠʚʦʡ 

ʧʨʦʬʠʣʷ ʌʘʥʦ, ʧʦʢʘʟʘʥʥʦʡ ʥʘ ʚʢʣʝʡʢʝ. ʅʘ ʨʠʩʫʥʢʝ 2.3.2 ʜʣʷ ʩʨʘʚʥʝʥʠʷ 

ʧʨʝʜʩʪʘʚʣʝʥʳ ʜʚʝ ʪʝʥʝʚʳʝ ʢʘʨʪʠʥʳ ʧʨʦʝʢʮʠʠ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʚʦʟʙʫʞʜʝʥʠʷ 

ʰʠʨʦʢʦʧʦʣʦʩʥʳʤ ʠ ʫʟʢʦʧʦʣʦʩʥʳʤ ʠʤʧʫʣʴʩʦʤ ʩʦ ʩʧʝʢʪʨʘʣʴʥʳʤ 

ʨʘʩʧʨʝʜʝʣʝʥʠʝʤ ʃʦʨʝʥʮʘ. ɽʩʣʠ ʚ ʩʣʫʯʘʝ ʰʠʨʦʢʦʧʦʣʦʩʥʦʛʦ ʠʤʧʫʣʴʩʘ 

ʚʦʟʙʫʞʜʘʝʪʩʷ ʘʩʠʤʤʝʪʨʠʯʥʳʡ ʨʝʟʦʥʘʥʩ ʌʘʥʦ, ʢʦʪʦʨʳʡ ʧʨʝʜʩʪʘʚʣʝʥ ʥʘ 

ʨʠʩʫʥʢʝ 2.3.1 ʚ ʚʠʜʝ ʧʦʚʝʨʭʥʦʩʪʠ ʦʪʢʣʠʢʘ, ʪʦ ʜʣʷ ʫʟʢʦʧʦʣʦʩʥʦʛʦ ʣʘʟʝʨʥʦʛʦ 

ʠʤʧʫʣʴʩʘ ʬʦʨʤʘ ʟʘʩʝʣʝʥʠʷ ʣʠʰʴ ʩʥʘʯʘʣʘ ʥʝʤʥʦʛʦ ʘʩʠʤʤʝʪʨʠʯʥʘ, ʘ ʟʘʪʝʤ 

ʬʦʨʤʠʨʫʝʪʩʷ ʩʠʤʤʝʪʨʠʯʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʃʦʨʝʥʮʘ, ʢʘʢ ʵʪʦ ʠ ʧʨʝʜʧʠʩʘʥʦ 

ʫʨʘʚʥʝʥʠʝʤ (2.3.13). 

 

ʈʠʩʫʥʦʢ 2.3.1. ɼʠʩʧʝʨʩʠʦʥʥʦ-ʚʨʝʤʝʥʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʨʝʟʦʥʘʥʩʘ ʌʘʥʦ ʚ ʘʪʦʤʝ 

He ʧʨʠ ʚʦʟʙʫʞʜʝʥʠʠ ʧʦʣʝʤ 0( ) sintf t f e tl w-= , l= 0.6 ʬʩ-1. ʅʝʩʫʱʘʷ ʯʘʩʪʦʪʘ 

ʩʦʚʧʘʜʘʝʪ ʩ ʨʝʟʦʥʘʥʩʥʦʡ ʯʘʩʪʦʪʦʡ. ʅʘ ʚʢʣʝʡʢʝ ʦʪʦʙʨʘʞʝʥʘ ʜʠʩʧʝʨʩʠʦʥʥʘʷ 

ʟʘʚʠʩʠʤʦʩʪʴ ʚʦʟʙʫʞʜʝʥʠʷ ʨʝʟʦʥʘʥʩʘ ʌʘʥʦ ʚ ʘʪʦʤʝ He. 
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a) 

 

b) 

 

ʈʠʩʫʥʦʢ 2.3.2. ʊʝʥʝʚʳʝ ʢʘʨʪʠʥʳ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʚʦʟʙʫʞʜʝʥʠʷ 

ʰʠʨʦʢʦʧʦʣʦʩʥʳʤ ʠ ʫʟʢʦʧʦʣʦʩʥʳʤ ʠʤʧʫʣʴʩʦʤ ʩʦ ʩʧʝʢʪʨʘʣʴʥʳʤ 

ʨʘʩʧʨʝʜʝʣʝʥʠʝʤ ʃʦʨʝʥʮʘ: a) l= 6 ʬʩ-1; b) l= 0.0015 ʬʩ-1. 
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ɼʨʫʛʠʤ ʧʨʠʤʝʨʦʤ ʨʝʟʦʥʘʥʩʘ ʌʘʥʦ ʷʚʣʷʝʪʩʷ ʬʦʪʦʪʦʢ, ʚʦʟʥʠʢʘʶʱʠʡ ʚ 

ʥʝʢʦʪʦʨʳʭ ʧʨʠʤʝʩʥʳʭ ʧʦʣʫʧʨʦʚʦʜʥʠʢʘʭ 
III VIA B  ʠ 

II VIA B ʜʦʥʦʨʥʦʛʦ ʪʠʧʘ. ɺ 

ʥʠʭ ʤʝʣʢʠʝ ʜʦʥʦʨʥʳʝ ʩʦʩʪʦʷʥʠʷ ʦʧʠʩʳʚʘʶʪʩʷ ʚʦʜʦʨʦʜʦʧʦʜʦʙʥʦʡ ʤʦʜʝʣʴʶ 

[101]. ʕʥʝʨʛʠʷ ʨʝʟʦʥʘʥʩʥʳʭ ʩʦʩʪʦʷʥʠʡ ʣʝʞʠʪ ʚ ʦʙʣʘʩʪʠ ʢʦʥʪʠʥʫʫʤʘ, ʢʦʛʜʘ ʚ 

ʩʠʩʪʝʤʝ ʥʝʪ ʬʦʥʦʥʦʚ. ɺ ʜʝʡʩʪʚʠʪʝʣʴʥʦʩʪʠ ʵʣʝʢʪʨʦʥʳ ʚʟʘʠʤʦʜʝʡʩʪʚʫʶʪ ʩ 

ʧʨʦʜʦʣʴʥʳʤʠ ʦʧʪʠʯʝʩʢʠʤʠ ʬʦʥʦʥʘʤʠ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʦʙʨʘʟʦʚʘʥʠʶ ʨʝʟʦʥʘʥʩʘ 

ʌʘʥʦ. ɺ ʦʙʨʘʟʮʘʭ InP ʨʝʟʦʥʘʥʩʥʘʷ ʯʘʩʪʦʪʘ 0w =42.85 ʤʵɺ, ʰʠʨʠʥʘ ʨʝʟʦʥʘʥʩʘ 

0.84G=  ʤʵɺ, ʘ ʧʘʨʘʤʝʪʨ ʌʘʥʦ 3.92q= . ʕʪʦ ʧʦʟʚʦʣʷʝʪ ʨʘʩʩʯʠʪʘʪʴ ʜʠʥʘʤʠʢʫ 

ʬʦʨʤʠʨʦʚʘʥʠʷ ʪʘʢʦʛʦ ʩʦʩʪʦʷʥʠʷ ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʫʣʴʪʨʘʢʦʨʦʪʢʦʛʦ ʣʘʟʝʨʥʦʛʦ 

ʠʤʧʫʣʴʩʘ, ʧʨʝʜʩʪʘʚʣʝʥʥʫʶ ʥʘ ʨʠʩʫʥʦʢ 2.3.3  

 

ʈʠʩʫʥʦʢ 2.3.3. ɼʠʩʧʝʨʩʠʦʥʥʦ-ʚʨʝʤʝʥʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʨʝʟʦʥʘʥʩʘ ʌʘʥʦ ʚ 

ʧʨʠʤʝʩʥʦʤ ʧʦʣʫʧʨʦʚʦʜʥʠʢʝ InP ʧʨʠ ʚʦʟʙʫʞʜʝʥʠʠ ʧʦʣʝʤ 0( ) sintf t f e tl w-= , 

l= 0.015 ʬʩ-1. ʅʝʩʫʱʘʷ ʯʘʩʪʦʪʘ ʩʦʚʧʘʜʘʝʪ ʩ ʨʝʟʦʥʘʥʩʥʦʡ ʯʘʩʪʦʪʦʡ. ʅʘ 

ʚʢʣʝʡʢʝ ʦʪʦʙʨʘʞʝʥʘ ʜʠʩʧʝʨʩʠʦʥʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʚʦʟʙʫʞʜʝʥʠʷ ʨʝʟʦʥʘʥʩʘ 

ʌʘʥʦ ʚ ʧʨʠʤʝʩʥʦʤ ʧʦʣʫʧʨʦʚʦʜʥʠʢʝ InP. 
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ʀʩʩʣʝʜʦʚʘʥʠʡ ʨʝʟʦʥʘʥʩʘ ʌʘʥʦ ʚ ʧʨʦʮʝʩʩʘʭ ʬʦʪʦʵʤʠʩʩʠʠ ʪʚʝʨʜʳʭ ʪʝʣ 

ʦʪʥʦʩʠʪʝʣʴʥʦ ʤʘʣʦ. ʆʜʥʘʢʦ ʥʘʙʣʶʜʘʣʘʩʴ ʌʘʥʦ-ʬʦʨʤʘ ʨʝʟʦʥʘʥʩʥʳʭ ʬʦʥʦʥʥʳʭ 

ʣʠʥʠʡ ʧʨʦʜʦʣʴʥʳʭ ʦʧʪʠʯʝʩʢʠʭ LO-ʬʦʥʦʥʦʚ ʚ ʬʦʪʦʣʶʤʠʥʝʩʮʝʥʮʠʠ ʤʝʣʢʦʛʦ 

ʜʦʥʦʨʥʦʛʦ ʵʢʩʠʪʦʥʘ ʚ ʯʠʩʪʳʭ ʢʨʠʩʪʘʣʣʘʭ ZnO [102]. ɺ ʵʪʦʤ ʩʣʫʯʘʝ ʚʦʟʥʠʢʘʝʪ 

ʨʝʟʦʥʘʥʩʥʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʵʣʝʢʪʨʦʥʘ ʩ ʦʧʪʠʯʝʩʢʠʤ ʬʦʥʦʥʦʤ, ʘ ʩʤʝʰʠʚʘʥʠʝ 

ʬʦʥʦʥʦʚ ʦʙʝʩʧʝʯʠʚʘʝʪ ʬʦʨʤʠʨʦʚʘʥʠʝ ʥʝʦʙʭʦʜʠʤʦʛʦ ʜʣʷ ʨʝʟʦʥʘʥʩʘ ʌʘʥʦ 

ʥʝʧʨʝʨʳʚʥʦʛʦ ʩʧʝʢʪʨʘ. ʅʘʠʙʦʣʝʝ ʩʠʣʴʥʳʡ ʧʠʢ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʡ ʥʫʣʝʚʦʡ 

ʬʦʥʦʥʥʦʡ ʣʠʥʠʠ (ʪ.ʝ. ʙʝʟ ʧʦʛʣʦʱʝʥʠʷ ʠʣʠ ʠʟʣʫʯʝʥʠʷ ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ 

ʬʦʥʦʥʦʚ), ʠʤʝʝʪ ʤʘʢʩʠʤʫʤ ʥʘ ʯʘʩʪʦʪʝ ʦʧʪʠʯʝʩʢʦʛʦ ʬʦʪʦʥʘ 3.361 ʵɺ. ʇʘʨʘʤʝʪʨ 

ʬʦʨʤʳ q  ʜʣʷ ʨʘʟʥʳʭ ʣʠʥʠʡ ʥʘʭʦʜʠʪʩʷ  ʚ ʜʠʘʧʘʟʦʥʝ ʦʪ 1.43 ʜʦ 1.85. ʐʠʨʠʥʘ 

ʨʝʟʦʥʘʥʩʘ ~2.5 ʤʵɺ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 5 ʂ.  ʅʘ ʨʠʩʫʥʢʝ 2.3.4 ʧʨʝʜʩʪʘʚʣʝʥʳ 

ʨʝʟʫʣʴʪʘʪʳ ʨʘʩʯʝʪʘ ʚʦʟʙʫʞʜʝʥʠʷ ʨʝʟʦʥʘʥʩʘ ʌʘʥʦ ʚ ʜʦʥʦʨʥʦʤ ʵʢʩʠʪʦʥʝ ʚ 

ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʚʨʝʤʝʥʠ. ʇʦʣʥʦʝ ʥʘʢʨʳʪʠʝ ʩʧʝʢʪʨʦʤ ʣʘʟʝʨʥʦʛʦ ʠʤʧʫʣʴʩʘ 

ʦʙʣʘʩʪʠ ʨʝʟʦʥʘʥʩʘ ʦʙʝʩʧʝʯʠʚʘʝʪ ʬʦʨʤʠʨʦʚʘʥʠʝ ʭʘʨʘʢʪʝʨʥʦʛʦ ʘʩʠʤʤʝʪʨʠʯʥʦʛʦ 

ʨʘʩʧʨʝʜʝʣʝʥʠʷ.  

 



59 

 

 

ʈʠʩʫʥʦʢ 2.3.4. ɼʠʩʧʝʨʩʠʦʥʥʦ-ʚʨʝʤʝʥʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʌʘʥʦ ʨʝʟʦʥʘʥʩʥʳʭ 

ʬʦʥʦʥʥʳʭ ʣʠʥʠʡ ʧʨʦʜʦʣʴʥʳʭ ʦʧʪʠʯʝʩʢʠʭ LO-ʬʦʥʦʥʦʚ ʤʝʣʢʦʛʦ ʜʦʥʦʨʥʦʛʦ 

ʵʢʩʠʪʦʥʘ ʚ ʯʠʩʪʳʭ ʢʨʠʩʪʘʣʣʘʭ ZnO ʧʨʠ ʚʦʟʙʫʞʜʝʥʠʠ ʧʦʣʝʤ 

0( ) sintf t f e tl w-= , l= 0.15 ʬʩ-1. ʅʝʩʫʱʘʷ ʯʘʩʪʦʪʘ ʩʦʚʧʘʜʘʝʪ ʩ ʨʝʟʦʥʘʥʩʥʦʡ 

ʯʘʩʪʦʪʦʡ. ʅʘ ʚʢʣʝʡʢʝ ʦʪʦʙʨʘʞʝʥʘ ʜʠʩʧʝʨʩʠʦʥʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʚʦʟʙʫʞʜʝʥʠʷ 

ʨʝʟʦʥʘʥʩʥʳʭ ʬʦʥʦʥʥʳʭ ʣʠʥʠʡ ʧʨʦʜʦʣʴʥʳʭ ʦʧʪʠʯʝʩʢʠʭ LO-ʬʦʥʦʥʦʚ ʤʝʣʢʦʛʦ 

ʜʦʥʦʨʥʦʛʦ ʵʢʩʠʪʦʥʘ ʚ ʯʠʩʪʳʭ ʢʨʠʩʪʘʣʣʘʭ ZnO. 

 

ʌʘʥʦ-ʨʝʟʦʥʘʥʩ ʙʳʣ ʦʙʥʘʨʫʞʝʥ ʪʘʢʞʝ ʚ ʧʣʘʟʤʦʥʥʳʭ ʥʘʥʦʯʘʩʪʠʮʘʭ, 

ʬʦʪʦʥʥʳʭ ʢʨʠʩʪʘʣʣʘʭ ʠ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʳʭ ʤʝʪʘʤʘʪʝʨʠʘʣʘʭ [103-105], ʛʜʝ ʦʥ 

ʠʤʝʝʪ ʢʣʘʩʩʠʯʝʩʢʦʝ ʚʦʣʥʦʚʦʝ ʧʨʦʠʩʭʦʞʜʝʥʠʝ. ʂʨʫʪʘʷ ʜʠʩʧʝʨʩʠʷ ʨʝʟʦʥʘʥʩʥʦʛʦ 

ʧʨʦʬʠʣʷ ʌʘʥʦ ʷʚʣʷʝʪʩʷ ʤʥʦʛʦʦʙʝʱʘʶʱʝʡ ʜʣʷ ʧʨʠʤʝʥʝʥʠʷ ʚ ʜʘʪʯʠʢʘʭ, 

ʣʘʟʝʨʥʦʡ ʛʝʥʝʨʘʮʠʠ, ʧʝʨʝʢʣʶʯʘʪʝʣʷʭ, ʥʝʣʠʥʝʡʥʳʭ ʫʩʪʨʦʡʩʪʚʘʭ ʠ ʩʠʩʪʝʤʘʭ 

ʤʝʜʣʝʥʥʦʛʦ ʩʚʝʪʘ. ʌʘʥʦ-ʨʝʟʦʥʘʥʩʳ ʧʨʦʷʚʣʷʶʪʩʷ ʚ ʦʪʨʘʞʝʥʠʠ ʠ ʧʨʦʧʫʩʢʘʥʠʠ 

ʧʝʨʠʦʜʠʯʝʩʢʠʭ ʤʝʪʘʣʣʠʯʝʩʢʠʭ ʩʪʨʫʢʪʫʨ, ʪ.ʝ. ʚ ʤʝʪʘʣʣʠʯʝʩʢʠʭ ʬʦʪʦʥʥʳʭ 

ʢʨʠʩʪʘʣʣʘʭ. ʈʝʟʦʥʘʥʩʳ ʌʘʥʦ ʤʥʦʛʦʦʙʨʘʟʥʳ, ʥʘʧʨʠʤʝʨ, ʤʘʩʩʠʚ ʥʘʥʦʧʨʦʚʦʣʦʢ 
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ʟʦʣʦʪʘ, ʨʘʩʧʦʣʦʞʝʥʥʳʭ ʥʘ ʦʜʥʦʤʦʜʦʚʦʤ ʚʦʣʥʦʚʦʜʝ ʚ ʚʠʜʝ ʧʣʠʪʢʠ, ʠʤʝʝʪ 

ʌʘʥʦ-ʨʝʟʦʥʘʥʩ, ʧʨʦʷʚʣʷʶʱʠʡʩʷ ʚ ʚʳʤʠʨʘʥʠʠ ʧʦʧʝʨʝʯʥʦʡ ʵʣʝʢʪʨʠʯʝʩʢʦʡ 

ʧʦʣʷʨʠʟʘʮʠʠ (E-ʧʦʣʝ, ʧʘʨʘʣʣʝʣʴʥʦʝ ʟʦʣʦʪʳʤ ʧʨʦʚʦʜʘʤ) ʙʣʘʛʦʜʘʨʷ ʩʚʷʟʠ 

ʤʝʞʜʫ ʨʝʰʝʪʢʦʡ ʠ ʚʦʣʥʦʚʦʜʦʤ. ʋʟʢʘʷ ʤʦʜʘ ʚʦʣʥʦʚʦʜʘ ʠʥʪʝʨʬʝʨʠʨʫʝʪ ʩ 

ʢʦʥʪʠʥʫʫʤʦʤ ʩʦʩʪʦʷʥʠʡ ʚʘʢʫʫʤʘ. ʉʚʝʪ ʚ ʚʦʣʥʦʚʦʜʝ ʜʝʩʪʨʫʢʪʠʚʥʦ ʛʘʩʠʪʩʷ 

ʧʝʨʝʠʟʣʫʯʝʥʥʳʤ ʩʚʝʪʦʤ ʧʣʘʟʤʦʥʦʚ ʯʘʩʪʠʮ. ʇʨʠ ʠʟʤʝʥʝʥʠʠ ʫʛʣʘ ʧʘʜʝʥʠʷ ʩʚʝʪʘ 

ʠʣʠ ʧʝʨʠʦʜʘ ʨʝʰʝʪʢʠ, ʩʧʝʢʪʨʘʣʴʥʘʷ ʜʠʩʧʝʨʩʠʷ ʧʨʦʷʚʣʷʝʪ ʚʳʨʘʞʝʥʥʦʝ 

ʘʥʪʠʧʝʨʝʩʝʯʝʥʠʝ, ʷʚʣʷʶʱʝʝʩʷ ʠʥʜʠʢʘʪʦʨʦʤ ʧʦʣʷʨʠʪʦʥʦʚ ʚ ʚʠʜʝ ʚʦʣʥʦʚʦʜʥʦ-

ʯʘʩʪʠʯʥʦʛʦ ʧʣʘʟʤʦʥʘ. ɺ ʣʠʥʝʡʥʦʤ ʠ ʚ ʥʝʣʠʥʝʡʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʘʭ, ʣʠʥʠʷ ʌʘʥʦ 

ʤʦʞʝʪ ʙʳʪʴ ʭʦʨʦʰʦ ʦʧʠʩʘʥʘ ʤʦʜʝʣʴʶ ʜʚʫʭ ʩʚʷʟʘʥʥʳʭ ʢʣʘʩʩʠʯʝʩʢʠʭ 

ʦʩʮʠʣʣʷʪʦʨʦʚ ʩ ʫʟʢʠʤʠ ʠ ʰʠʨʦʢʠʤʠ ʨʝʟʦʥʘʥʩʘʤʠ [106]. ʆʪʤʝʪʠʤ, ʯʪʦ 

ʧʦʣʫʯʝʥʥʳʝ ʥʘ ʦʩʥʦʚʝ ʤʦʜʝʣʠ ʩʚʷʟʘʥʥʳʭ ʢʣʘʩʩʠʯʝʩʢʠʭ ʦʩʮʠʣʣʷʪʦʨʦʚ 

ʨʝʟʫʣʴʪʘʪʳ ʚ ʜʝʡʩʪʚʠʪʝʣʴʥʦʩʪʠ ʠʤʝʶʪ ʙʦʣʝʝ ʰʠʨʦʢʫʶ ʦʙʣʘʩʪʴ ʧʨʠʤʝʥʠʤʦʩʪʠ, 

ʧʦʩʢʦʣʴʢʫ ʣʠʥʝʡʥʳʡ ʦʪʢʣʠʢ ʩʠʩʪʝʤʳ ʧʦʣʥʦʩʪʴʶ ʦʧʠʩʳʚʘʝʪʩʷ ʝʝ 

ʜʠʩʧʝʨʩʠʦʥʥʳʤʠ ʩʚʦʡʩʪʚʘʤʠ. ʕʪʦ ʩʣʝʜʫʝʪ ʠʟ ʚʦʟʤʦʞʥʦʩʪʠ ʧʨʝʜʩʪʘʚʣʝʥʠʷ 

ʠʤʧʫʣʴʩʦʚ ʧʨʦʠʟʚʦʣʴʥʦʡ ʬʦʨʤʳ ʚ ʚʠʜʝ ʠʥʪʝʛʨʘʣʘ ʌʫʨʴʝ. ʇʦʵʪʦʤʫ ʢʦʥʢʨʝʪʥʘʷ 

ʨʝʘʣʠʟʘʮʠʷ ʣʠʥʝʡʥʦʛʦ ʦʧʝʨʘʪʦʨʘ ʦʪʢʣʠʢʘ, ʙʫʜʴ ʪʦ ʢʣʘʩʩʠʯʝʩʢʘʷ ʠʣʠ ʢʚʘʥʪʦʚʘʷ 

ʩʠʩʪʝʤʘ, ʦʙʣʘʜʘʶʱʝʛʦ ʥʝʦʙʭʦʜʠʤʳʤ ʩʧʝʢʪʨʦʤ, ʥʝ ʩʢʘʟʳʚʘʝʪʩʷ ʥʘ 

ʦʧʠʩʳʚʘʝʤʳʭ ʣʠʥʝʡʥʳʭ ʩʚʦʡʩʪʚʘʭ. ʕʪʦ ʧʦʟʚʦʣʷʝʪ, ʚ ʩʚʦʶ ʦʯʝʨʝʜʴ, ʦʙʨʘʪʠʪʴ 

ʥʘʰʝ ʪʝʦʨʝʪʠʯʝʩʢʦʝ ʦʧʠʩʘʥʠʝ ʚʦʟʙʫʞʜʝʥʠʷ ʢʚʘʥʪʦʚʦʛʦ ʨʝʟʦʥʘʥʩʘ ʌʘʥʦ 

ʩʣʘʙʳʤ ʧʦʣʝʤ ʥʘ ʦʧʠʩʘʥʠʝ ʢʣʘʩʩʠʯʝʩʢʦʛʦ ʨʝʟʦʥʘʥʩʘ ʌʘʥʦ ʚ ʤʝʪʘʤʘʪʝʨʠʘʣʘʭ.  
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ʈʠʩʫʥʦʢ 2.3.5. ʈʝʟʦʥʘʥʩ ʌʘʥʦ ʚ ʤʝʪʘʣʣʠʯʝʩʢʦʤ ʬʦʪʦʥʥʦʤ ʢʨʠʩʪʘʣʣʝ. 

ʉʧʣʦʰʥʘʷ ʢʨʠʚʘʷ ï ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʜʘʥʥʳʝ [106], ʧʫʥʢʪʠʨʥʘʷ ʢʨʠʚʘʷ ï 

ʪʝʦʨʝʪʠʯʝʩʢʠʝ ʜʘʥʥʳʝ. 

 

ʅʘ ʨʠʩʫʥʢʝ 2.3.5 ʧʦʢʘʟʘʥ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʠʟʤʝʨʝʥʥʳʡ ʌʘʥʦ-ʨʝʟʦʥʘʥʩ 

ʚ ʤʝʪʘʣʣʠʯʝʩʢʦʤ ʬʦʪʦʥʥʦʤ ʢʨʠʩʪʘʣʣʝ [106], ʩʦʩʪʦʷʱʝʤ ʠʟ ʟʦʣʦʪʦʡ 

ʥʘʥʦʧʨʦʚʦʣʦʯʥʦʡ ʨʝʰʝʪʢʠ, ʨʘʩʧʦʣʦʞʝʥʥʦʡ ʥʘ ʦʜʥʦʤʦʜʦʚʦʤ ʧʣʝʥʦʯʥʦʤ 

ʚʦʣʥʦʚʦʜʝ ʠʟ ʦʢʩʠʜʘ ʦʣʦʚʘ, ʚ ʢʦʪʦʨʦʤ ʩʚʝʪ ʧʘʜʘʝʪ ʧʦ ʥʦʨʤʘʣʠ ʢ ʩʪʨʫʢʪʫʨʝ, ʠ 

ʝʛʦ ʘʥʘʣʠʪʠʯʝʩʢʘʷ ʘʧʧʨʦʢʩʠʤʘʮʠʷ. ɸʥʘʣʠʪʠʯʝʩʢʘʷ ʬʦʨʤʘ ʧʨʦʬʠʣʷ ʨʝʟʦʥʘʥʩʘ 

ʌʘʥʦ 
2 2( ) / (1 )q e e+ +  ʧʦʟʚʦʣʷʝʪ ʦʧʠʩʘʪʴ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʢʨʠʚʳʝ 

ʧʦʜʭʦʜʷʱʠʤ ʚʳʙʦʨʦʤ ʧʘʨʘʤʝʪʨʘ q. ɺ ʨʝʟʫʣʴʪʘʪʝ ʘʧʧʨʦʢʩʠʤʘʮʠʠ ʧʦʣʫʯʝʥʳ 

ʟʥʘʯʝʥʠʷ ʧʘʨʘʤʝʪʨʦʚ 0 770l= ʥʤ ʜʣʷ ʯʘʩʪʦʪʳ ʨʝʟʦʥʘʥʩʘ, 5lD =ʥʤ ʜʣʷ ʝʛʦ 

ʰʠʨʠʥʳ ʠ ʧʘʨʘʤʝʪʨ ʬʦʨʤʳ 2.2q= . ɺʨʝʤʝʥʥʦʡ ʦʪʢʣʠʢ ʩʠʩʪʝʤʳ ʤʦʞʝʪ ʩʠʣʴʥʦ 

ʚʘʨʴʠʨʦʚʘʪʴʩʷ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʬʦʨʤʳ ʜʝʡʩʪʚʫʶʱʝʛʦ ʠʤʧʫʣʴʩʘ. ʇʨʦʚʝʜʝʥ 

ʨʘʩʯʝʪ ʜʣʷ ʠʤʧʫʣʴʩʘ, ʩʧʝʢʪʨʘʣʴʥʘʷ ʰʠʨʠʥʘ ʢʦʪʦʨʦʛʦ ʥʘʤʥʦʛʦ ʧʨʝʚʳʰʘʝʪ 

ʰʠʨʠʥʫ ʨʝʟʦʥʘʥʩʘ. ɺ ʵʪʦʤ ʩʣʫʯʘʝ ʜʝʪʘʣʠ ʬʦʨʤʳ ʠʤʧʫʣʴʩʘ ʥʝʩʫʱʝʩʪʚʝʥʥʳ ʜʣʷ 
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ʦʧʠʩʘʥʠʷ ʜʠʥʘʤʠʢʠ ʨʝʟʦʥʘʥʩʘ, ʠ ʤʦʞʥʦ ʟʘʤʝʥʠʪʴ ʝʛʦ d-ʠʤʧʫʣʴʩʦʤ, ʜʣʷ 

ʢʦʪʦʨʦʛʦ ʟʘʚʠʩʷʱʠʡ ʦʪ ʚʨʝʤʝʥʠ ʣʠʥʝʡʥʳʡ ʦʪʢʣʠʢ ʦʧʠʩʳʚʘʝʪʩʷ ʫʨʘʚʥʝʥʠʝʤ 

(2.3.9). ʅʘ ʨʠʩʫʥʢʝ 2.3.6 ʧʨʝʜʩʪʘʚʣʝʥʘ ʚʨʝʤʝʥʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʟʘʪʫʭʘʥʠʷ 

ʩʚʝʨʭʰʠʨʦʢʦʧʦʣʦʩʥʦʛʦ ʩʧʝʢʪʨʘ ʠʤʧʫʣʴʩʘ, ʧʨʦʭʦʜʷʱʝʛʦ ʯʝʨʝʟ ʩʪʨʫʢʪʫʨʫ. 

ʅʘʯʘʣʴʥʘʷ ʩʪʘʜʠʷ ʚʦʟʙʫʞʜʝʥʠʷ ʢʨʘʪʢʦʚʨʝʤʝʥʥʘ ʠ ʦʪʩʫʪʩʪʚʫʝʪ ʚ ʨʘʩʯʝʪʝ. ʇʦʩʣʝ 

ʬʦʨʤʠʨʦʚʘʥʠʷ ʥʘʯʘʣʴʥʦʛʦ ʚʦʟʙʫʞʜʝʥʠʷ ʧʨʦʠʩʭʦʜʠʪ ʧʨʦʮʝʩʩ ʜʣʠʪʝʣʴʥʦʩʪʴʶ 

1/t G, ʚ ʨʝʟʫʣʴʪʘʪʝ ʢʦʪʦʨʦʛʦ ʦʩʪʘʝʪʩʷ ʩʪʘʮʠʦʥʘʨʥʳʡ ʩʧʝʢʪʨ.  

 

ʈʠʩʫʥʦʢ 2.3.6. ɼʠʥʘʤʠʢʘ ʵʢʩʪʠʥʢʮʠʠ ʰʠʨʦʢʦʧʦʣʦʩʥʦʛʦ ʠʤʧʫʣʴʩʘ ʬʦʪʦʥʥʳʤ 

ʢʨʠʩʪʘʣʣʦʤ. 

 

2.4 ʈʝʟʫʣʴʪʘʪʳ ɻʣʘʚʳ 2 

1. ʇʦʩʪʨʦʝʥʳ ʜʠʩʧʝʨʩʠʦʥʥʦ-ʚʨʝʤʝʥʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʨʝʟʦʥʘʥʩʦʚ ʌʘʥʦ 

ʜʣʷ ʩʣʘʙʦ ʩʚʷʟʘʥʥʳʭ ʤʝʞʜʫ ʩʦʙʦʡ ʦʩʮʠʣʣʷʪʦʨʦʚ ʠ ʦʧʪʠʯʝʩʢʠ ʩʚʷʟʘʥʥʦʡ 

ʢʚʘʥʪʦʚʦʡ ʪʦʯʢʠ (ʥʘʥʦʢʨʠʩʪʘʣʣʘ) ʠ ʤʝʪʘʣʣʠʯʝʩʢʦʡ ʥʘʥʦʯʠʩʪʠʮʳ, 

ʚʦʟʙʫʞʜʘʝʤʳʭ ʚʥʝʰʥʝʡ ʩʠʣʦʡ  
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2. ʈʘʩʩʤʦʪʨʝʥʘ ʠʥʪʝʨʬʝʨʝʥʮʠʠ ʢʘʥʘʣʦʚ ʧʨʠ ʥʝʣʠʥʝʡʥʦʤ ʨʝʟʦʥʘʥʩʥʦʤ 

ʚʦʟʙʫʞʜʝʥʠʷ ʜʠʩʢʨʝʪʥʦʛʦ ʫʨʦʚʥʷ ʥʘ ʬʦʥʝ ʧʣʦʪʥʦʡ ʟʦʥʳ ʫʨʦʚʥʝʡ. ʆʪʤʝʯʘʝʪʩʷ 

ʚʦʟʤʦʞʥʦʩʪʴ ʬʦʨʤʠʨʦʚʘʥʠʷ ʘʩʠʤʤʝʪʨʠʯʥʦʛʦ ʧʨʦʬʠʣʷ ʟʘ ʩʯʝʪ ʠʥʪʝʨʬʝʨʝʥʮʠʠ, 

ʭʘʨʘʢʪʝʨʥʦʡ ʜʣʷ ʨʝʟʦʥʘʥʩʦʚ ʌʘʥʦ. ʇʨʠʚʝʜʝʥʦ ʜʠʥʘʤʠʯʝʩʢʦʝ ʦʧʠʩʘʥʠʝ 

ʬʦʨʤʠʨʦʚʘʥʠʷ ʨʝʟʦʥʘʥʩʘ, ʧʦʢʘʟʳʚʘʶʱʝʝ ʚʦʟʤʦʞʥʦʩʪʴ ʫʧʨʘʚʣʝʥʠʷ ʬʦʨʤʦʡ 

ʟʘʩʝʣʝʥʥʦʩʪʠ ʢʚʘʟʠʢʦʥʪʠʥʫʫʤʘ ʚ ʰʠʨʦʢʠʭ ʧʨʝʜʝʣʘʭ ʟʘ ʩʯʝʪ ʠʟʤʝʥʝʥʠʷ 

ʦʪʩʪʨʦʡʢʠ ʯʘʩʪʦʪʳ ʚʥʝʰʥʝʛʦ ʧʦʣʷ ʠ ʝʛʦ ʠʥʪʝʥʩʠʚʥʦʩʪʠ.  

3. ʇʦʩʪʨʦʝʥʳ ʜʠʩʧʝʨʩʠʦʥʥʦ-ʚʨʝʤʝʥʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʚʦʟʙʫʞʜʝʥʠʷ 

ʨʝʟʦʥʘʥʩʘ ʌʘʥʦ ʚ ʘʪʦʤʝ He, ʚ ʧʨʠʤʝʩʥʦʤ ʧʦʣʫʧʨʦʚʦʜʥʠʢʝ InP, ʧʨʦʜʦʣʴʥʳʭ 

ʦʧʪʠʯʝʩʢʠʭ LO-ʬʦʥʦʥʦʚ ʤʝʣʢʦʛʦ ʜʦʥʦʨʥʦʛʦ ʵʢʩʠʪʦʥʘ ʚ ʯʠʩʪʳʭ ʢʨʠʩʪʘʣʣʘʭ 

ZnO ʠ ʤʝʪʘʤʘʪʝʨʠʘʣʝ ʚ ʰʠʨʦʢʦʤ ʜʠʘʧʘʟʦʥʝ ʵʥʝʨʛʠʡ. 

  



64 

 

ɻʃɸɺɸ 3. ɺʦʟʙʫʞʜʝʥʠʝ ʘʪʦʤʦʚ ʠ ʤʦʣʝʢʫʣ ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʋʂʀ 

ɺ ʛʣʘʚʘʭ 1,2 ʨʘʩʩʤʘʪʨʠʚʘʣʠʩʴ ʚʳʥʫʞʜʝʥʥʳʝ ʧʝʨʝʭʦʜʳ ʧʦʜ ʜʝʡʩʪʚʠʝʤ 

ʋʂʀ ʤʝʞʜʫ ʜʠʩʢʨʝʪʥʳʤʠ ʩʦʩʪʦʷʥʠʷʤʠ ʥʘ ʬʦʥʝ ʢʦʥʪʠʥʫʫʤʘ. ʇʨʝʜʩʪʘʚʣʷʝʪ 

ʠʥʪʝʨʝʩ ʨʘʩʰʠʨʠʪʴ ʦʙʣʘʩʪʴ ʦʙʲʝʢʪʦʚ, ʯʪʦʙʳ ʠʩʩʣʝʜʦʚʘʪʴ ʪʘʢʞʝ ʧʝʨʝʭʦʜʳ ʚ 

ʢʦʥʪʠʥʫʫʤ ʠ ʜʠʩʢʨʝʪʥʳʝ ʩʦʩʪʦʷʥʠʷ, ʚʟʘʠʤʦʜʝʡʩʪʚʫʶʱʠʝ ʩ ʟʦʥʦʡ ʩʧʝʢʪʨʘʣʴʥʦ 

ʨʘʟʨʝʰʝʥʥʳʭ ʜʠʩʢʨʝʪʥʳʭ ʩʦʩʪʦʷʥʠʡ. ʕʪʦ ʧʨʠʚʦʜʠʪ ʥʘʩ ʢ ʥʝʦʙʭʦʜʠʤʦʩʪʠ 

ʨʘʩʩʤʦʪʨʝʪʴ ʚ ʢʘʯʝʩʪʚʝ ʦʙʲʝʢʪʦʚ ʚʦʟʜʝʡʩʪʚʠʷ ʋʂʀ ʘʪʦʤʳ ʠ ʤʦʣʝʢʫʣʳ. 

ɻʣʘʚʘ 3 ʧʦʩʚʷʱʝʥʘ ʠʩʩʣʝʜʦʚʘʥʠʶ ʦʩʦʙʝʥʥʦʩʪʝʡ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ 

ʣʘʟʝʨʥʳʭ ʠʤʧʫʣʴʩʦʚ ʩ ʨʘʟʣʠʯʥʳʤʠ ʩʠʩʪʝʤʘʤʠ. ɺ ʧ. 3.1 ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ 

ʧʦʛʣʦʱʝʥʠʝ ʋʂʀ ʘʪʦʤʦʤ ʚʦʜʦʨʦʜʘ, ʩ ʦʜʥʦʚʨʝʤʝʥʥʳʤ ʫʯʝʪʦʤ ʚʦʟʙʫʞʜʝʥʠʷ 

ʩʚʷʟʘʥʥʦʛʦ ʵʣʝʢʪʨʦʥʘ, ʢʘʢ ʚ ʜʠʩʢʨʝʪʥʦʤ, ʪʘʢ ʠ ʚ ʥʝʧʨʝʨʳʚʥʦʤ ʵʥʝʨʛʝʪʠʯʝʩʢʠʭ 

ʩʧʝʢʪʨʘʭ. ɺ ʧ. 3.2. ʠʩʩʣʝʜʫʝʪʩʷ ʬʦʪʦʠʦʥʠʟʘʮʠʷ ʤʥʦʛʦʵʣʝʢʪʨʦʥʥʦʛʦ ʘʪʦʤʘ ʚ 

ʨʘʤʢʘʭ ʩʪʘʪʠʩʪʠʯʝʩʢʦʡ ʤʦʜʝʣʠ ʫʣʴʪʨʘʢʦʨʦʪʢʠʤʠ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʳʤʠ 

ʚʝʡʚʣʝʪ- ʠʤʧʫʣʴʩʘʤʠ. ɺ ʧ. 3.3. ʠʩʩʣʝʜʫʝʪʩʷ ʧʦʛʣʦʱʝʥʠʝ ʋʂʀ ʜʚʫʭʘʪʦʤʥʳʤʠ 

ʤʦʣʝʢʫʣʘʤʠ CO ʠ HF, ʩ ʫʯʝʪʦʤ ʢʦʣʝʙʘʪʝʣʴʥʦ-ʚʨʘʱʘʪʝʣʴʥʳʭ ʧʝʨʝʭʦʜʦʚ ʚ 

ʤʦʣʝʢʫʣʘʭ, ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʨʘʟʣʠʯʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʩʠʩʪʝʤʳ: ʥʝʩʫʱʝʡ 

ʯʘʩʪʦʪʳ ʠ ʜʣʠʪʝʣʴʥʦʩʪʠ ʋʂʀ. ɺ ʧ.3.4 ʠʩʩʣʝʜʫʝʪʩʷ ʧʦʛʣʦʱʝʥʠʝ ʋʂʀ ʆʎ ʚ 

ʪʚʝʨʜʳʭ ʪʝʣʘʭ ʩ ʫʯʝʪʦʤ ʵʣʝʢʪʨʦʥ-ʬʦʥʦʥʥʦʡ ʩʚʷʟʠ, ʈʘʩʩʯʠʪʘʥʳ ʩʧʝʢʪʨʳ 

ʧʦʛʣʦʱʝʥʠʷ ʤʦʥʦʭʨʦʤʘʪʠʯʝʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ ʠ ʋʂʀ, ʘ ʪʘʢʞʝ ʟʘʚʠʩʠʤʦʩʪʴ 

ʚʝʨʦʷʪʥʦʩʪʠ ʧʦʛʣʦʱʝʥʠʷ ʦʪ ʜʣʠʪʝʣʴʥʦʩʪʠ ʋʂʀ ʜʣʷ ʨʘʟʣʠʯʥʳʭ ʟʥʘʯʝʥʠʡ 

ʧʘʨʘʤʝʪʨʦʚ ʟʘʜʘʯʠ: ʪʝʤʧʝʨʘʪʫʨʳ, ʥʝʩʫʱʝʡ ʯʘʩʪʦʪʳ ʠʤʧʫʣʴʩʘ ʠ ʢʦʥʩʪʘʥʪʳ 

ʬʦʥʦʥʥʦʡ ʨʝʣʘʢʩʘʮʠʠ. ʇ. 3.5 ʧʦʩʚʷʱʝʥ ʨʘʩʯʸʪʫ ʩʝʯʝʥʠʷ ʧʦʛʣʦʱʝʥʠʷ 

ʠʟʣʫʯʝʥʠʷ ʥʘ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʭ ʥʘʥʦʯʘʩʪʠʮʘʭ ITO ʚ ʦʙʣʘʩʪʠ ʧʣʘʟʤʦʥʥʦʛʦ 

ʨʝʟʦʥʘʥʩʘ ʜʣʷ ʥʘʥʦʯʘʩʪʠʮ ʨʘʟʣʠʯʥʳʭ ʨʘʟʤʝʨʦʚ, ʧʦʤʝʱʝʥʥʳʭ ʚ ʨʘʟʣʠʯʥʳʝ 

ʩʨʝʜʳ. 

ʈʝʟʫʣʴʪʘʪʳ ɻʣʘʚʳ 3 ʦʧʫʙʣʠʢʦʚʘʥʳ ʚ ʨʘʙʦʪʘʭ 2, 3, 5, 7, 8, 10 ʠ 12. 

3.1 ʇʦʛʣʦʱʝʥʠʝ ʋʂʀ ʥʘ ʘʪʦʤʝ ʚʦʜʦʨʦʜʘ 

ɺ ʧʝʨʚʦʤ ʧʘʨʘʛʨʘʬʝ ʪʨʝʪʴʝʡ ʛʣʘʚʳ ʪʝʦʨʝʪʠʯʝʩʢʠ ʠʩʩʣʝʜʫʝʪʩʷ 

ʧʦʛʣʦʱʝʥʠʷ ʋʂʀ ʜʚʫʭ ʪʠʧʦʚ (ʩ ʥʝʩʫʱʝʡ ʯʘʩʪʦʪʦʡ ʠ ʙʝʟ ʥʝʩʫʱʝʡ ʯʘʩʪʦʪʳ) 
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ʘʪʦʤʦʤ ʚʦʜʦʨʦʜʘ ʩ ʦʜʥʦʚʨʝʤʝʥʥʳʤ ʫʯʝʪʦʤ ʚʦʟʙʫʞʜʝʥʠʷ ʩʚʷʟʘʥʥʦʛʦ 

ʵʣʝʢʪʨʦʥʘ, ʢʘʢ ʚ ʜʠʩʢʨʝʪʥʦʤ, ʪʘʢ ʠ ʚ ʥʝʧʨʝʨʳʚʥʦʤ ʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʩʧʝʢʪʨʘʭ.  

ɺʟʘʠʤʦʜʝʡʩʪʚʠʝ ʠʟʣʫʯʝʥʠʝ ʩ ʘʪʦʤʦʤ ʚʦʜʦʨʦʜʘ ʠʩʩʣʝʜʦʚʘʣʦʩʴ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʠ ʪʝʦʨʝʪʠʯʝʩʢʠ, ʥʘʯʠʥʘʷ ʩ ʩʝʨʝʜʠʥʳ 19 ʚʝʢʘ. ʂʘʢ ʠʟʚʝʩʪʥʦ, 

ʚ ʨʘʤʢʘʭ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʡ ʢʚʘʥʪʦʚʦʡ ʤʝʭʘʥʠʢʠ ʚʩʝ ʦʜʥʦʬʦʪʦʥʥʳʝ ʧʨʦʮʝʩʩʳ 

ʥʘ ʘʪʦʤʝ ʚʦʜʦʨʦʜʘ ʤʦʛʫʪ ʙʳʪʴ ʦʧʠʩʘʥʳ ʘʥʘʣʠʪʠʯʝʩʢʠ. ʉ ʨʘʟʚʠʪʠʝʤ ʪʝʭʥʦʣʦʛʠʠ 

ʛʝʥʝʨʘʮʠʠ ʋʂʀ, ʜʣʠʪʝʣʴʥʦʩʪʴ ʢʦʪʦʨʳʭ ʤʦʞʝʪ ʙʳʪʴ ʩʨʘʚʥʠʤʘ ʩ ʭʘʨʘʢʪʝʨʥʳʤ 

ʘʪʦʤʥʳʤ ʚʨʝʤʝʥʝʤ (24 ʘʪʪʦʩʝʢʫʥʜʳ) ʚʩʪʘʣ ʚʦʧʨʦʩ ʦ ʢʦʨʨʝʢʪʥʦʤ ʦʧʠʩʘʥʠʠ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʪʘʢʠʭ ʠʤʧʫʣʴʩʦʚ ʩ ʚʝʱʝʩʪʚʦʤ. ɼʝʡʩʪʚʠʪʝʣʴʥʦ, ʢʘʢ ʧʦʢʘʟʘʥʦ ʚ 

ʨʘʙʦʪʝ [1], ʚ ʩʣʫʯʘʝ ʋʂʀ ʥʝʦʙʭʦʜʠʤʦ ʦʙʦʙʱʝʥʠʝ ʧʨʝʞʥʠʭ ʤʝʪʦʜʦʚ ʪʝʦʨʠʠ ʜʣʷ 

ʫʯʝʪʘ ʩʧʝʮʠʬʠʢʠ ʫʣʴʪʨʘʙʳʩʪʨʳʭ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʳʭ ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ. 

ɽʩʪʝʩʪʚʝʥʥʦ, ʯʪʦ ʚʘʞʥʝʡʰʠʤ ʦʙʲʝʢʪʦʤ ʜʣʷ ʧʨʠʤʝʥʝʥʠʷ ʥʦʚʦʛʦ ʧʦʜʭʦʜʘ 

ʷʚʣʷʝʪʩʷ ʘʪʦʤ ʚʦʜʦʨʦʜʘ, ʜʣʷ ʢʦʪʦʨʦʛʦ ʩʫʱʝʩʪʚʫʶʪ ʧʨʦʩʪʳʝ ʘʥʘʣʠʪʠʯʝʩʢʠʝ 

ʬʦʨʤʫʣʳ, ʦʧʠʩʳʚʘʶʱʠʝ ʩʝʯʝʥʠʷ ʬʦʪʦʚʦʟʙʫʞʜʝʥʠʷ ʚ ʜʠʩʢʨʝʪʥʦʤ ʠ 

ʥʝʧʨʝʨʳʚʥʦʤ ʩʧʝʢʪʨʝ. 

ʌʦʪʦʠʦʥʠʟʘʮʠʷ ʘʪʦʤʘ ʚʦʜʦʨʦʜʘ ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʋʂʀ ʠʩʩʣʝʜʦʚʘʣʘʩʴ 

ʨʘʥʝʝ ʚ ʨʷʜʝ ʨʘʙʦʪ [107-109]. ɹʳʣʠ, ʚ ʯʘʩʪʥʦʩʪʠ, ʧʦʣʫʯʝʥʳ ʧʨʦʩʪʳʝ 

ʘʧʧʨʦʢʩʠʤʘʮʠʦʥʥʳʝ ʬʦʨʤʫʣʳ, ʦʧʠʩʳʚʘʶʱʠʝ ʚʝʨʦʷʪʥʦʩʪʴ ʧʨʦʮʝʩʩʘ ʟʘ ʚʩʝ 

ʚʨʝʤʷ ʜʝʡʩʪʚʠʷ ʠʤʧʫʣʴʩʘ ʢʘʢ ʬʫʥʢʮʠʶ ʧʘʨʘʤʝʪʨʦʚ ʟʘʜʘʯʠ: ʜʣʠʪʝʣʴʥʦʩʪʠ ʋʂʀ 

ʠ ʝʛʦ ʥʝʩʫʱʝʡ ʯʘʩʪʦʪʳ (ʧʨʠ ʥʘʣʠʯʠʠ ʧʦʩʣʝʜʥʝʡ).  

ʈʘʩʩʤʦʪʨʠʤ ʧʦʛʣʦʱʝʥʠʝ ʋʂʀ ʘʪʦʤʦʤ ʚʦʜʦʨʦʜʘ, ʥʘʭʦʜʷʱʠʤʩʷ ʚ 

ʦʩʥʦʚʥʦʤ ʩʦʩʪʦʷʥʠʠ. ʆʙʱʘʷ ʬʦʨʤʫʣʘ ʜʣʷ ʚʝʨʦʷʪʥʦʩʪʠ ʧʦʛʣʦʱʝʥʠʷ ʋʂʀ 

ʢʚʘʥʪʦʚʦʡ ʩʠʩʪʝʤʦʡ ʟʘ ʚʩʝ ʚʨʝʤʷ ʜʝʡʩʪʚʠʷ ʠʤʧʫʣʴʩʘ ʠʤʝʝʪ ʚʠʜ [1] (ʚʩʶʜʫ 

ʠʩʧʦʣʴʟʫʝʤ ʘʪʦʤʥʫʶ ʩʠʩʪʝʤʫ ʝʜʠʥʠʮ: 1ee m= = =):  
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¡
¡

¡
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w

w
ws

p
d

Ec
W

tot ,   (3.1.1) 

ʛʜʝ ʩ ï ʩʢʦʨʦʩʪʴ ʩʚʝʪʘ, ()w¡E ï ʬʫʨʴʝ-ʦʙʨʘʟ ʥʘʧʨʷʞʝʥʥʦʩʪʠ 

ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ ʚ ʠʤʧʫʣʴʩʝ, ()ws ¡
tot

ï ʧʦʣʥʦʝ ʩʝʯʝʥʠʝ ʬʦʪʦʧʦʛʣʦʱʝʥʠʷ, 

ʢʦʪʦʨʦʝ ʨʘʚʥʦ: 
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() () ()wswsws ¡+¡=¡
cdtot ,    (3.1.2) 
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c
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ws      (3.1.3) 

ï ʩʝʯʝʥʠʝ ʧʦʛʣʦʱʝʥʠʷ ʚ ʜʠʩʢʨʝʪʥʦʤ ʩʧʝʢʪʨʝ, nf  ï ʩʠʣʘ ʦʩʮʠʣʣʷʪʦʨʘ ʠ ( )nG w¡ 

ï ʬʦʨʤʘ ʣʠʥʠʠ ʧʝʨʝʭʦʜʘ ʩʚʷʟʘʥʥʦʛʦ ʵʣʝʢʪʨʦʥʘ ʠʟ ʦʩʥʦʚʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʚ n-

ʩʦʩʪʦʷʥʠʝ (ʪʦʥʢʠʤ ʨʘʩʱʝʧʣʝʥʠʝʤ ʧʨʝʥʝʙʨʝʛʘʝʤ). ɺ ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʤ ʩʣʫʯʘʝ, 

ʢʦʛʜʘ ʰʠʨʠʥʘ ʩʧʝʢʪʨʘʣʴʥʦʡ ʣʠʥʠʠ ʤʥʦʛʦ ʤʝʥʴʰʝ ʩʦʙʩʪʚʝʥʥʦʡ ʯʘʩʪʦʪʳ 

ʧʝʨʝʭʦʜʘ nw  ʠʤʝʝʤ ʧʨʠʙʣʠʞʝʥʥʦʝ ʨʘʚʝʥʩʪʚʦ:  

() ( )
nn

G wwdw -¡@¡ .    (3.1.4) 

ɺ ʩʣʫʯʘʝ ʘʪʦʤʘ ʚʦʜʦʨʦʜʘ ʩʧʨʘʚʝʜʣʠʚʳ ʩʣʝʜʫʶʱʠʝ ʬʦʨʤʫʣʳ ʜʣʷ 

ʩʦʙʩʪʚʝʥʥʦʡ ʯʘʩʪʦʪʳ: 

2

2

2

1

n

n
n

-
=w ,     (3.1.5) 

ʠ ʩʠʣʳ ʦʩʮʠʣʣʷʪʦʨʘ [110] 

)42(

)42(8

5

)1(3

)1(2
+

-

+

-
=

n

n

n
n

n
nf .    (3.1.6) 

ʉʝʯʝʥʠʝ ʬʦʪʦʠʦʥʠʟʘʮʠʠ ʘʪʦʤʘ ʚʦʜʦʨʦʜʘ ʠʟ ʦʩʥʦʚʥʦʛʦ ʩʦʩʪʦʷʥʠʷ 

(ʚʪʦʨʦʝ ʩʣʘʛʘʝʤʦʝ ʚ ʬʦʨʤʫʣʝ (3.1.3)) ʠʤʝʝʪ ʚʠʜ [12]: 
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,  (3.1.7) 

ʛʜʝ ()wq  ï ʩʪʫʧʝʥʯʘʪʘʷ ʪʝʪʘ-ʬʫʥʢʮʠʷ ʍʵʚʠʩʘʡʜʘ, ʢʦʪʦʨʘʷ ʚ ʜʘʥʥʦʤ ʩʣʫʯʘʝ 

ʦʧʠʩʳʚʘʝʪ ʥʘʣʠʯʠʝ ʧʦʨʦʛʦʚʦʡ ʯʘʩʪʦʪʳ ʬʦʪʦʠʦʥʠʟʘʮʠʠ ʘʪʦʤʘ ʚʦʜʦʨʦʜʘ 

21=
th
w  ʘ.ʝ. (13.6 ʵɺ). 

ʈʘʩʩʤʦʪʨʠʤ ʧʦʛʣʦʱʝʥʠʝ ʘʪʦʤʦʤ ʚʦʜʦʨʦʜʘ ʜʚʫʭ ʪʠʧʦʚ ʋʂʀ: ʉɻʀ ʩ 

ʥʝʩʫʱʝʡ ʯʘʩʪʦʪʦʡ ʠ ʉɺʀ ʙʝʟ ʥʝʩʫʱʝʡ ʯʘʩʪʦʪʳ. 

ʌʫʨʴʝ-ʦʙʨʘʟ ʥʘʧʨʷʞʝʥʥʦʩʪʠ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ ʚ ʉɻʀ ʨʘʚʝʥ [107] 
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ʛʜʝ 
0

E , w, t ï ʘʤʧʣʠʪʫʜʘ, ʥʝʩʫʱʘʷ ʯʘʩʪʦʪʘ ʠ ʜʣʠʪʝʣʴʥʦʩʪʴ ʠʤʧʫʣʴʩʘ, j ï 

ʥʘʯʘʣʴʥʘʷ ʬʘʟʘ.  

ɸʥʘʣʦʛʠʯʥʦʝ ʚʳʨʘʞʝʥʠʝ ʜʣʷ ʉɺʀ ʠʤʝʝʪ ʚʠʜ [51]: 
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ʈʝʟʫʣʴʪʘʪʳ ʨʘʩʯʝʪʦʚ ʚʝʨʦʷʪʥʦʩʪʠ ʧʦʛʣʦʱʝʥʠʷ ʋʂʀ ʥʘ ʘʪʦʤʝ ʚʦʜʦʨʦʜʘ 

ʧʦ ʚʳʰʝʧʨʠʚʝʜʝʥʥʳʤ ʬʦʨʤʫʣʘʤ ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʨʠʩʫʥʢʘʭ 3.1.1ï3.1.3 ʜʣʷ 

ʘʤʧʣʠʪʫʜʳ ʥʘʧʨʷʞʝʥʥʦʩʪʠ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ ʚ ʠʤʧʫʣʴʩʝ ɽ0=10-2 ʘ.ʝ. 

ʅʘ ʨʠʩʫʥʢʝ 3.1.1 ʠʟʦʙʨʘʞʝʥʘ ʟʘʚʠʩʠʤʦʩʪʴ ʚʝʨʦʷʪʥʦʩʪʠ ʚʦʟʙʫʞʜʝʥʠʷ ʦʪ 

ʥʝʩʫʱʝʡ ʯʘʩʪʦʪʳ ʉɻʀ ʜʣʷ ʨʘʟʣʠʯʥʳʭ ʜʣʠʪʝʣʴʥʦʩʪʝʡ ʠʤʧʫʣʴʩʘ t=40, 20 ʘ.ʝ. 

ʂʨʦʤʝ ʪʦʛʦ, ʥʘ ʵʪʦʤ ʞʝ ʨʠʩʫʥʢʝ ʧʨʝʜʩʪʘʚʣʝʥʘ ʚʝʨʦʷʪʥʦʩʪʴ ʬʦʪʦʠʦʥʠʟʘʮʠʠ.  

 

ʈʠʩʫʥʦʢ 3.1.1. ʉʧʝʢʪʨʘʣʴʥʘʷ ʚʝʨʦʷʪʥʦʩʪʴ ʧʦʛʣʦʱʝʥʠʷ ʉɻʀ ʜʣʷ 

ʨʘʟʣʠʯʥʳʭ ʜʣʠʪʝʣʴʥʦʩʪʝʡ ʠʤʧʫʣʴʩʘ: ʩʧʣʦʰʥʘʷ ʠ ʰʪʨʠʭʦʚʘʷ ʢʨʠʚʳʝ ï t=40 

ʘ.ʝ. (0.96 ʬʩ), ʧʫʥʢʪʠʨ ʠ ʰʪʨʠʭ-ʧʫʥʢʪʠʨ ï t=20 ʘ.ʝ. (0.48 ʬʩ). ʐʪʨʠʭʦʚʘʷ 

ʢʨʠʚʘʷ ʠ ʰʪʨʠʭ-ʧʫʥʢʪʠʨ ʦʪʚʝʯʘʶʪ ʬʦʪʦʠʦʥʠʟʘʮʠʠ ʘʪʦʤʘ ʚʦʜʦʨʦʜʘ. 

 


































































































