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ɺɺɽɼɽʅʀɽ 

ɸʢʪʫʘʣʴʥʦʩʪʴ ʪʝʤʳ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ɹʫʨʥʦʝ ʨʘʟʚʠʪʠʝ ʪʝʣʝʢʦʤʤʫʥʠʢʘʮʠʦʥʥʳʭ ʠ ʠʥʬʦʨʤʘʮʠʦʥʥʳʭ ʪʝʭʥʦʣʦʛʠʡ ʢʘʨʜʠ-

ʥʘʣʴʥʦ ʧʨʝʦʙʨʘʟʠʣʦ ʥʘʰʫ ʞʠʟʥʴ ʠ ʧʨʠʚʝʣʦ ʢ ʤʘʩʩʦʚʦʤʫ ʧʨʦʥʠʢʥʦʚʝʥʠʶ ʚʦ ʚʩʝ ʩʬʝʨʳ 

ʞʠʟʥʝʜʝʷʪʝʣʴʥʦʩʪʠ ʯʝʣʦʚʝʢʘ ʦʛʨʦʤʥʦʛʦ ʯʠʩʣʘ ʵʣʝʢʪʨʦʥʥʳʭ ʫʩʪʨʦʡʩʪʚ, ʥʘʯʠʥʘʷ ʩ ʧʦʚʩʝ-

ʤʝʩʪʥʦ ʠʩʧʦʣʴʟʫʝʤʳʭ ʩʤʘʨʪʬʦʥʦʚ ʠ ʥʦʫʪʙʫʢʦʚ, ʟʘʢʘʥʯʠʚʘʷ ʨʘʟʥʦʦʙʨʘʟʥʳʤʠ çʫʤʥʳʤʠè 

ʬʠʪʥʝʩ-ʙʨʘʩʣʝʪʘʤʠ, ʢʦʣʦʥʢʘʤʠ ʩ ʛʦʣʦʩʦʚʳʤ ʧʦʤʦʱʥʠʢʦʤ ʠ ʪ.ʜ., ʜʣʷ ʨʘʙʦʪʳ ʢʦʪʦʨʳʭ 

ʪʨʝʙʫʝʪʩʷ ʚʳʭʦʜ ʚ ʀʥʪʝʨʥʝʪ. ɺ ʫʩʣʦʚʠ̫ ʭ ʩʪʨʝʤʠʪʝʣʴʥʦʛʦ ʨʦʩʪʘ ʦʙʲʝʤʘ ʦʙʨʘʙʘʪʳʚʘʝʤʦʡ 

ʠʥʬʦʨʤʘʮʠʠ ʠ ʪʨʘʬʠʢʘ ʤʦʙʠʣʴʥʳʭ ʜʘʥʥʳʭ ʨʝʟʢʦ ʚʦʟʨʘʩʪʘʝʪ ʥʝʦʙʭʦʜʠʤʦʩʪʴ ʦʩʚʦʝʥʠʷ 

ʙʦʣʝʝ ʚʳʩʦʢʠʭ ʯʘʩʪʦʪ ʩʚʝʨʭʚʳʩʦʢʦʯʘʩʪʦʪʥʦʛʦ (ʉɺʏ) ʜʠʘʧʘʟʦʥʘ [1]. ɼʣʷ ʧʦʚʳʰʝʥʠʷ ʨʘ-

ʙʦʯʠʭ ʯʘʩʪʦʪ ʫʩʪʨʦʡʩʪʚ ʧʨʠ ʩʦʚʨʝʤʝʥʥʳʭ ʪʨʝʙʦʚʘʥʠʷʭ ʢ ʤʠʥʠʘʪʶʨʠʟʘʮʠʠ ʦʩʦʙʦ ʚʦʩ-

ʪʨʝʙʦʚʘʥʘ ʠʭ ʠʥʪʝʛʨʘʮʠʷ ʩ ʵʣʝʢʪʨʦʥʥʳʤʠ ʢʦʤʧʦʥʝʥʪʘʤʠ, ʩʦʜʝʨʞʘʱʠʤʠ ʤʘʛʥʠʪʦʤʷʛʢʠʝ 

ʤʘʪʝʨʠʘʣʳ ʩ ʟʘʜʘʥʥʳʤʠ ʚʳʩʦʢʦʯʘʩʪʦʪʥʳʤʠ ʩʚʦʡʩʪʚʘʤʠ (ʚʳʩʦʢʦʡ ʤʘʛʥʠʪʥʦʡ ʧʨʦʥʠʮʘʝ-

ʤʦʩʪʴʶ ʠ ʤʘʣʤrʠ ʧʦʪʝʨʷʤʠ) ʚ ʉɺʏ-ʜʠʘʧʘʟʦʥʝ [2, 3]. 

ɺ ʧʦʩʣʝʜʥʠʝ ʜʝʩʷʪʠʣʝʪʠʷ ʦʙʲʝʢʪʦʤ ʧʦʚʳʰʝʥʥʦʛʦ ʠʥʪʝʨʝʩʘ ʫ ʠʩʩʣʝʜʦʚʘʪʝʣʝʡ ʚ̫-

ʣʷʶʪʩʷ ʤʘʛʥʠʪʦʤʷʛʢʠʝ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʝ ʤʘʪʝʨʠʘʣʳ, ʦʙʣʘʜʘʶʱʠʝ ʥʘʙʦʨʦʤ ʫʥʠ-

ʢʘʣʴʥʳʭ ʜʣʷ ʚʳʩʦʢʦʯʘʩʪʦʪʥʳʭ ʧʨʠʣʦʞʝʥʠʡ ʭʘʨʘʢʪʝʨʠʩʪʠʢ. ʇʦ ʩʨʘʚʥʝʥʠʶ ʩ ʪʨʘʜʠʮʠʦʥʥʦ 

ʠʩʧʦʣʴʟʫʝʤʳʤʠ ʚ ʉɺʏ-ʪʝʭʥʠʢʝ ʬʝʨʨʠʪʘʤʠ [4], ʤʘʛʥʠʪʦʤʷʛʢʠʝ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʝ 

ʤʘʪʝʨʠʘʣʳ, ʥʘʧʨʠʤʝʨ ʩʧʣʘʚʳ ʥʘ ʦʩʥʦʚʝ ʞʝʣʝʟʘ, ʪʘʢʠʝ ʢʘʢ FeNi [5], FeCuNbSiB [6], 

FeBNbCu [7] ʠʣʠ FeZrB (Cu) [8], ʠʤʝʶʪ ʥʘʤʥʦʛʦ ʙʦʣʝʝ ʚʳʩʦʢʠʝ ʟʥʘʯʝʥʠʷ ʥʘʤʘʛʥʠʯʝʥ-

ʥʦʩʪʠ ʥʘʩʳʱʝʥʠʷ ʠ ʤʘʛʥʠʪʥʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ. ʂʨʦʤʝ ʪʦʛʦ, ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʝ ʤʝ-

ʪʘʣʣʠʯʝʩʢʠʝ ʩʧʣʘʚʳ ʧʨʦʷʚʣʷʶʪ ʙʦʣʝʝ ʚʳʩʦʢʠʝ ʟʥʘʯʝʥʠʷ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʩʦʧʨʦʪʠʚʣʝʥʠʷ ʠ, 

ʢʘʢ ʩʣʝʜʩʪʚʠʝ, ʜʝʤʦʥʩʪʨʠʨʫʶʪ ʤʝʥʴʰʠʝ ʧʦʪʝʨʠ ʥʘ ʚʠʭʨʝʚʳʝ ʪʦʢʠ, ʯʝʤ ʠʭ ʤʦʥʦʢʨʠʩʪʘʣ-

ʣʠʯʝʩʢʠʝ ʘʥʘʣʦʛʠ [9]. 

ʊʦʥʢʠʝ ʧʣʝʥʢʠ ʠ ʤʥʦʛʦʩʣʦʡʥʳʝ ʩʪʨʫʢʪʫʨʳ ʠʟ ʤʘʛʥʠʪʦʤʷʛʢʠʭ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ 

ʤʘʪʝʨʠʘʣʦʚ ʚʳʟʳʚʘʶʪ ʫ ʨʘʟʨʘʙʦʪʯʠʢʦʚ ʫʩʪʨʦʡʩʪʚ ʦʩʦʙʳʡ ʠʥʪʝʨʝʩ [10]. ʉ ʦʜʥʦʡ ʩʪʦʨʦʥʳ, 

ʪʦʥʢʦʧʣʝʥʦʯʥʳʝ ʤʘʛʥʠʪʥʳʝ ʢʦʤʧʦʥʝʥʪʳ ʣʝʛʢʦ ʠʥʪʝʛʨʠʨʦʚʘʪʴ ʚ ʨʘʟʣʠʯʥʳʝ ʪʝʭʥʠʯʝʩʢʠʝ 

ʫʩʪʨʦʡʩʪʚʘ, ʜʣʷ ʠʟʛʦʪʦʚʣʝʥʠʷ ʢʦʪʦʨʳʭ ʧʨʠʤʝʥʷʶʪʩʷ ʩʦʚʨʝʤʝʥʥʳʝ ʧʣʘʥʘʨʥʳʝ ʪʝʭʥʦʣʦʛʠʠ. 

ʅʘʧʨʠʤʝʨ, ʤʘʛʥʠʪʦʤʷʛʢʠʝ ʪʦʥʢʠʝ ʧʣʝʥʢʠ ʥʘʭʦʜʷʪ ʰʠʨʦʢʦʝ ʧʨʠʤʝʥʝʥʠʝ ʚ ʢʘʯʝʩʪʚʝ ʤʘʛ-

ʥʠʪʦʯʫʚʩʪʚʠʪʝʣʴʥʳʭ ʵʣʝʤʝʥʪʦʚ ʚ ʧʣʘʥʘʨʥʳʭ ʢʦʥʩʪʨʫʢʮʠʷʭ ʜʘʪʯʠʢʦʚ ʤʘʛʥʠʪʥʳʭ ʧʦʣʝʡ 

[11ï14]. ʉ ʜʨʫʛʦʡ ʩʪʦʨʦʥʳ, ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʤʘʛʥʠʪʥʳʭ ʤʘʪʝʨʠʘʣʦʚ 
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ʚ ʬʦʨʤʝ ʪʦʥʢʠʭ ʧʣʝʥʦʢ ʠʣʠ ʪʦʥʢʠʭ ʩʣʦʝʚ ʧʦʟʚʦʣʷʝʪ ʩʫʱʝʩʪʚʝʥʥʦ ʧʦʚʳʩʠʪʴ ʠʭ ʤʘʛʥʠʪʥʫʶ 

ʧʨʦʥʠʮʘʝʤʦʩʪʴ, ʘ ʪʘʢʞʝ ʟʥʘʯʠʪʝʣʴʥʦ ʨʘʩʰʠʨʠʪʴ ʯʘʩʪʦʪʥʳʡ ʜʠʘʧʘʟʦʥ ʨʘʙʦʪʳ ʫʩʪʨʦʡʩʪʚ ʥʘ 

ʠʭ ʦʩʥʦʚʝ [15, 16]. ʉʦʦʪʥʦʰʝʥʠʝ ɸʰʝ [16, 17], ʫʩʪʘʥʘʚʣʠʚʘʶʱʝʝ ʬʫʥʜʘʤʝʥʪʘʣʴʥʦʝ ʦʛ-

ʨʘʥʠʯʝʥʠʝ ʥʘ ʚʝʣʠʯʠʥʫ ʤʘʛʥʠʪʥʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʧʨʠ ʟʘʜʘʥʥʦʤ ʟʥʘʯʝʥʠʠ ʯʘʩʪʦʪ rʬʝʨ-

ʨʦʤʘʛʥʠʪʥʦʛʦ ʨʝʟʦʥʘʥʩʘ (ʌʄʈ), ʜʦʢʘʟʳʚʘʝʪ ʧʨʝʠʤʫʱʝʩʪʚʦ ʪʦʥʢʦʧʣʝʥʦʯʥʳʭ ʤʘʛʥʠʪʥʳʭ 

ʤʘʪʝʨʠʘʣʦʚ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʠʭ ʦʙʲʝʤʥʳʤʠ ʘʥʘʣʦʛʘʤʠ. ʂ ʪʦʤʫ ʞʝ ʪʦʥʢʠʝ ʧʣʝʥʢʠ ʠ ʤʥʦ-

ʛʦʩʣʦʡʥʳʝ ʩʪʨʫʢʪʫʨʳ ʜʦʧʫʩʢʘʶʪ ʙʦʣʴʰʫʶ ʛʠʙʢʦʩʪʴ ʚ ʚʳʙʦʨʝ ʭʠʤʠʯʝʩʢʦʛʦ ʩʦʩʪʘʚʘ 

ʩʧʣʘʚʘ, ʘ ʪʘʢʞʝ ʪʝʭʥʦʣʦʛʠʠ ʠʭ ʩʠʥʪʝʟʘ [18]. 

ʅʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʝ ʪʦʥʢʠʝ ʤʘʛʥʠʪʥʳʝ ʧʣʝʥʢʠ (ʊʄʇ) ʧʨʦʷʚʣʷʶʪ ʙʦʣʴʰʦʝ ʨʘʟ-

ʥʦʦʙʨʘʟʠʝ ʫʥʠʢʘʣʴʥʳʭ ʥʦʚʳʭ ʩʚʦʡʩʪʚ, ʩʚʷʟʘʥʥʳʭ ʩʦ ʩʪʨʫʢʪʫʨʥʳʤʠ, ʨʘʟʤʝʨʥʳʤʠ ʠ ʠʥ-

ʪʝʨʬʝʡʩʥʳʤʠ ʵʬʬʝʢʪʘʤʠ. ʀʭ ʩʚʦʡʩʪʚʘ ʩʠʣʴʥʦ ʦʪʣʠʯʘʶʪʩʷ ʦʪ ʩʚʦʡʩʪʚ ʭʦʨʦʰʦ ʠʟʫʯʝʥʥʳʭ 

ʦʙʲʝʤʥʳʭ ʤʘʛʥʠʪʥʳʭ ʤʘʪʝʨʠʘʣʦʚ. ʇʦʵʪʦʤʫ ʠʟʫʯʝʥʠʝ ʤʝʭʘʥʠʟʤʦʚ, ʦʪʚʝʯʘʶʱʠʭ ʟʘ ʬʦʨ-

ʤʠʨʦʚʘʥʠʝ ʤʘʛʥʠʪʥʳʭ ʩʚʦʡʩʪʚ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʧʣʝʥʦʢ, ʠ ʩʦʟʜʘʥʠʝ ʥʘ ʠʭ ʦʩʥʦʚʝ 

ʤʘʛʥʠʪʥʳʭ ʢʦʤʧʦʥʝʥʪʦʚ ʵʣʝʢʪʨʦʥʥʳʭ ʉɺʏ-ʫʩʪʨʦʡʩʪʚ ʷʚʣʷʶʪʩʷ ʚʘʞʥʳʤʠ ʠ ʘʢʪʫʘʣʴʥʳʤʠ 

ʟʘʜʘʯʘʤʠ ʩʦʚʨʝʤʝʥʥʦʡ ʬʠʟʠʢʠ ʤʘʛʥʠʪʥʳʭ ʷʚʣʝʥʠʡ [18ï20], ʥʘ ʨʝʰʝʥʠʝ ʢʦʪʦʨʳʭ ʥʘ-

ʧʨʘʚʣʝʥʘ ʜʠʩʩʝʨʪʘʮʠʦʥʥʘʷ ʨʘʙʦʪʘ. 

ʎʝʣʠ ʠ ʟʘʜʘʯʠ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ ʨʘʙʦʪʳ 

ʎʝʣʴʶ ʨʘʙʦʪʳ ʷʚʣʷʝʪʩʷ ʨʘʟʚʠʪʠʝ ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʭ ʟʥʘʥʠʡ ʦ ʧʨʠʨʦʜʝ ʤʘʛʥʠʪʥʦʛʦ 

ʩʦʩʪʦʷʥʠʷ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʪʦʥʢʠʭ ʧʣʝʥʦʢ ʠ ʠʟʫʯʝʥʠʝ ʚʦʟʤʦʞʥʦʩʪʝʡ ʩʦʟʜʘʥʠʷ ʥʘ ʠʭ 

ʦʩʥʦʚʝ ʤʘʛʥʠʪʥʳʭ ʢʦʤʧʦʥʝʥʪʦʚ ʵʣʝʢʪʨʦʥʥʳʭ ʫʩʪʨʦʡʩʪʚ ʩ ʪʨʝʙʫʝʤʳʤʠ ʜʣʷ 

ʉɺʏ-ʧʨʠʣʦʞʝʥʠʡ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ. ɼʣʷ ʜʦʩʪʠʞʝʥʠʷ ʧʦʩʪʘʚʣʝʥʥʦʡ ʮʝʣʠ ʙʳʣʠ ʨʝʰʝʥʳ 

ʩʣʝʜʫʶɦ ʠʝ ʟʘʜʘʯʠ: 

- ʨʘʟʨʘʙʦʪʢʘ ʤʝʪʦʜʠʢʠ ʦʧʨʝʜʝʣʝʥʠʷ ʤʘʛʥʠʪʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʊʄʇ 

ʠʟ ʠʟʤʝʨʝʥʥʦʡ ʫʛʣʦʚʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ʧʦʣʷ ʌʄʈ; 

- ʨʘʟʚʠʪʠʝ ʯʠʩʣʝʥʥʳʭ ʤʝʪʦʜʦʚ ʪʝʦʨʠʠ ʤʠʢʨʦʤʘʛʥʝʪʠʟʤʘ ʠ ʨʘʟʨʘʙʦʪʢʘ ʥʘ ʠʭ ʦʩʥʦʚʝ 

ʧʨʦʛʨʘʤʤʳ ʜʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʠ ʠʩʩʣʝʜʦʚʘʥʠʷ ʩʪʘʪʠʯʝʩʢʠʭ ʠ ʚʳʩʦʢʦʯʘʩʪʦʪʥʳʭ 

ʩʚʦʡʩʪʚ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʊʄʇ; 

- ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʝ ʠ ʪʝʦʨʝʪʠʯʝʩʢʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ ʚʣʠʷʥʠʷ ʨʘʟʤʝʨʘ ʢʨʠʩʪʘʣʣʠʪʦʚ ʥʘ 

ʩʪʘʪʠʯʝʩʢʠʝ ʠ ʚʳʩʦʢʦʯʘʩʪʦʪʥʳʝ ʩʚʦʡʩʪʚʘ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʊʄʇ; 

- ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʝ ʠ ʪʝʦʨʝʪʠʯʝʩʢʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ ʧʨʠʨʦʜʳ ʬʦʨʤʠʨʦʚʘʥʠʷ ʤʘʛʥʠʪ-

ʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ ʚ ʊʄʇ ʧʦʜ ʚʦʟʜʝʡʩʪʚʠʝʤ ʥʝʦʜʥʦʨʦʜʥʳʭ ʫʧʨʫʛʠʭ ʥʘʧʨʷʞʝʥʠʡ; 
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- ʠʟʫʯʝʥʠʝ ʚʦʟʤʦʞʥʦʩʪʠ ʢʦʥʪʨʦʣʠʨʫʝʤʦʛʦ ʫʧʨʘʚʣʝʥʠʷ ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʝʡ ʠ 

ʉɺʏ-ʩʚʦʡʩʪʚʘʤʠ ʊʄʇ ʩ ʧʨʠʤʝʥʝʥʠʝʤ ʧʝʨʠʦʜʠʯʝʩʢʠ ʪʝʢʩʪʫʨʠʨʦʚʘʥʥʳʭ ʧʦʜʣʦʞʝʢ ʠ 

ʥʘʢʣʦʥʥʦʛʦ ʦʩʘʞʜʝʥʠʷ ʘʪʦʤʦʚ; 

- ʧʨʠʣʦʞʝʥʠʝ ʧʦʣʫʯʝʥʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ ʢ ʨʝʰʝʥʠʶ ʧʨʘʢʪʠʯʝʩʢʠʭ ʟʘʜʘʯ ʚ ʦʙʣʘʩʪʠ ʚʳ-

ʩʦʢʦʯʫʚʩʪʚʠʪʝʣʴʥʦʡ ʤʘʛʥʠʪʦʤʝʪʨʠʠ. 

ʅʘʫʯʥʘʷ ʥʦʚʠʟʥʘ 

ɺ ʧʨʦʮʝʩʩʝ ʨʝʰʝʥʠʷ ʧʦʩʪʘʚʣʝʥʥʳʭ ʟʘʜʘʯ ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʥʦʚʳʝ ʨʝʟʫʣʴʪʘʪʳ, ʧʨʝʜ-

ʩʪʘʚʣʷʶʱʠʝ ʠʥʪʝʨʝʩ ʜʣʷ ʰʠʨʦʢʦʛʦ ʢʨʫʛʘ ʠʩʩʣʝʜʦʚʘʪʝʣʝʡ. 

1. ʈʘʟʨʘʙʦʪʘʥʘ ʤʝʪʦʜʠʢʘ ʦʧʨʝʜʝʣʝʥʠʷ ʧʘʨʘʤʝʪʨʦʚ ʪʝʦʨʝʪʠʯʝʩʢʦʡ ʤʦʜʝʣʠ ʘʥʠʟʦʪʨʦʧʥʦʡ 

ʊʄʇ ʠʟ ʠʟʤʝʨʝʥʥʳʭ ʫʛʣʦʚʳʭ ʟʘʚʠʩʠʤʦʩʪʝʡ ʧʦʣʷ ʌʄʈ. ɺʧʝʨʚʳʝ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʩ ʧʦ-

ʤʦʱʴʶ ʵʪʦʡ ʤʝʪʦʜʠʢʠ ʧʦʤʠʤʦ ʧʘʨʘʤʝʪʨʦʚ ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ ʠ ʵʬʬʝʢʪʠʚʥʦʡ 

ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʥʘʩʳʱʝʥʠʷ ʤʦʞʥʦ ʦʜʥʦʚʨʝʤʝʥʥʦ ʦʧʨʝʜʝʣʠʪʴ ʧʦʣʷʨʥʳʡ ʠ ʘʟʠʤʫ-

ʪʘʣʴʥʳʡ ʫʛʣʳ ʨʘʟʦʨʠʝʥʪʘʮʠʠ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʦʡ ʧʣʦʩʢʦʩʪʠ ʧʦʜʣʦʞʢʠ ʵʧʠʪʘʢʩʠ-

ʘʣʴʥʳʭ ʧʣʝʥʦʢ. 

2. ʈʘʟʨʘʙʦʪʘʥʘ ʜʠʩʢʨʝʪʥʘʷ ʤʠʢʨʦʤʘʛʥʠʪʥʘʷ ʤʦʜʝʣʴ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʬʝʨʨʦʤʘʛʥʝ-

ʪʠʢʘ, ʢʦʪʦʨʘʷ ʧʦʟʚʦʣʠʣʘ ʨʝʘʣʠʟʦʚʘʪʴ ʥʦʚʳʝ ʵʬʬʝʢʪʠʚʥʳʝ ʤʝʪʦʜʳ ʠ ʘʣʛʦʨʠʪʤʳ ʨʘʩʯʝʪʘ 

ʩʪʘʪʠʯʝʩʢʠʭ ʠ ʚʳʩʦʢʦʯʘʩʪʦʪʥʳʭ ʩʚʦʡʩʪʚ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʊʄʇ. 

3. ɺʧʝʨʚʳʝ ʩ ʧʦʤʦʱʴʶ ʤʠʢʨʦʤʘʛʥʠʪʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʙʳʣ ʦʙʥʘʨʫʞʝʥ, ʘ ʟʘʪʝʤ ʵʢʩ-

ʧʝʨʠʤʝʥʪʘʣʴʥʦ ʧʦʜʪʚʝʨʞʜʝʥ ʵʬʬʝʢʪ ʨʝʟʢʦʛʦ ʫʰʠʨʝʥʠʷ ʠ ʩʤʝʱʝʥʠʷ ʣʠʥʠʠ ʌʄʈ, ʚʦʟ-

ʥʠʢʘʶʱʠʡ ʥʘ ʦʧʨʝʜʝʣʝʥʥʦʡ ʯʘʩʪʦʪʝ ʚ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʊʄʇ ʩ ʨʘʟʤʝʨʦʤ ʢʨʠ-

ʩʪʘʣʣʠʪʦʚ, ʧʨʝʚʳʰʘʶʱʠʤ ʥʝʢʦʪʦʨʦʝ ʧʦʨʦʛʦʚʦʝ ʟʥʘʯʝʥʠʝ. 

4. ɺ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʪʦʥʢʦʡ ʧʝʨʤʘʣʣʦʝʚʦʡ ʧʣʝʥʢʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʦʙʥʘʨʫʞʝʥʦ 

ʥʦʚʦʝ ʷʚʣʝʥʠʝ ï ʦʜʥʦʥʘʧʨʘʚʣʝʥʥʘʷ ʤʘʛʥʠʪʥʘʷ ʘʥʠʟʦʪʨʦʧʠʷ, ʠʥʜʫʮʠʨʦʚʘʥʥʘʷ ʥʝʦʜʥʦ-

ʨʦʜʥʦʡ ʜʝʬʦʨʤʘʮʠʝʡ. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʵʪʘ ʦʜʥʦʥʘʧʨʘʚʣʝʥʥʘʷ ʘʥʠʟʦʪʨʦʧʠʷ ʷʚʣʷʝʪʩʷ 

ʩʣʝʜʩʪʚʠʝʤ ʬʣʝʢʩʦʤʘʛʥʠʪʥʦʛʦ ʵʬʬʝʢʪʘ, ʫʩʪʘʥʘʚʣʠʚʘʶʱʝʛʦ ʩʚʷʟʴ ʤʝʞʜʫ ʠʟʤʝʥʝʥʠʝʤ 

ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʧʣʝʥʢʠ ʠ ʚʝʣʠʯʠʥʦʡ ʛʨʘʜʠʝʥʪʘ ʜʝʬʦʨʤʘʮʠʠ. 

5. ʇʨʝʜʣʦʞʝʥ ʦʨʠʛʠʥʘʣʴʥʳʡ ʤʝʪʦʜ ʩʦʟʜʘʥʠʷ ʩ ʧʦʤʦʱʴʶ ʘʣʤʘʟʥʦʛʦ ʨʝʟʮʘ ʧʘʨʘʣʣʝʣʴʥʦʡ 

ʧʝʨʠʦʜʠʯʝʩʢʦʡ ʪʝʢʩʪʫʨʳ (ʩ ʧʝʨʠʦʜʦʤ ʜʦ 5 ʤʢʤ) ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʧʦʜʣʦʞʢʠ, ʢʦʪʦʨʘʷ 

ʧʦʟʚʦʣʷʝʪ ʠʟʛʦʪʘʚʣʠʚʘʪʴ ʊʄʇ ʩ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ ʤʦʜʫʣʷʮʠʝʡ ʧʨʦʬʠʣʷ. ʅʘ ʦʩʥʦʚʝ 

ʪʝʦʨʠʠ ʅʝʪʟʝʣʴʤʘʥʘ ʚʧʝʨʚʳʝ ʧʦʣʫʯʝʥʳ ʘʥʘʣʠʪʠʯʝʩʢʠʝ ʬʦʨʤʫʣʳ ʜʣʷ ʨʘʩʯʝʪʘ ʧʣʘʥʘʨ-

ʥʦʛʦ ʠ ʦʨʪʦʛʦʥʘʣʴʥʦʛʦ ʧʦʣʷ ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ ʠʟʛʦʪʦʚʣʝʥʥʳʭ ʪʘʢʠʤ ʩʧʦʩʦʙʦʤ 

ʧʣʝʥʦʢ. 
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6. ʈʘʟʨʘʙʦʪʘʥʘ ʥʦʚʘʷ ʢʦʥʩʪʨʫʢʮʠʷ ʜʘʪʯʠʢʘ ʩʣʘʙʳʭ ʢʚʘʟʠʩʪʘʮʠʦʥʘʨʥʳʭ ʠ ʚʳʩʦʢʦʯʘʩʪʦʪ-

ʥʳʭ ʤʘʛʥʠʪʥʳʭ ʧʦʣʝʡ, ʧʦʩʪʨʦʝʥʥʘʷ ʥʘ ʦʩʥʦʚʝ ʤʠʢʨʦʧʦʣʦʩʢʦʚʦʛʦ ʨʝʟʦʥʘʪʦʨʘ ʩ ʤʥʦ-

ʛʦʩʣʦʡʥʦʡ ʪʦʥʢʦʧʣʝʥʦʯʥʦʡ ʩʪʨʫʢʪʫʨʦʡ, ʩʦʩʪʦʷʱʝʡ ʠʟ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʪʦʥʢʠʭ 

ʤʘʛʥʠʪʥʳʭ ʧʣʝʥʦʢ, ʨʘʟʜʝʣʝʥʥʳʭ ʥʝʤʘʛʥʠʪʥʳʤʠ ʧʨʦʩʣʦʡʢʘʤʠ. 

ʊʝʦʨʝʪʠʯʝʩʢʘʷ ʠ ʧʨʘʢʪʠʯʝʩʢʘʷ ʟʥʘʯʠʤʦʩʪʴ ʨʘʙʦʪʳ 

1. ʇʨʝʜʣʦʞʝʥ ʩʧʦʩʦʙ ʨʝʰʝʥʠʷ ʩʠʩʪʝʤʳ ʜʚʫʭ ʩʚʷʟʘʥʥʳʭ ʥʝʣʠʥʝʡʥʳʭ ʫʨʘʚʥʝʥʠʡ, ʦʧʨʝ-

ʜʝʣʷʶʱʠʭ ʫʩʣʦʚʠʝ ʨʘʚʥʦʚʝʩʠʷ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʠ ʫʩʣʦʚʠʝ ʌʄʈ ʦʜʥʦʨʦʜʥʦ ʥʘʤʘʛ-

ʥʠʯʝʥʥʦʡ ʚ ʧʣʦʩʢʦʩʪʠ ʘʥʠʟʦʪʨʦʧʥʦʡ ʤʘʛʥʠʪʥʦʡ ʧʣʝʥʢʠ. ʅʘ ʦʩʥʦʚʝ ʵʪʦʛʦ ʩʧʦʩʦʙʘ, ʘ 

ʪʘʢʞʝ ʟʘʜʘʥʥʦʛʦ ʚʠʜʘ ʮʝʣʝʚʦʡ ʬʫʥʢʮʠʠ ʦʧʪʠʤʠʟʘʮʠʦʥʥʦʡ ʟʘʜʘʯʠ, ʨʘʟʨʘʙʦʪʘʥʘ ʢʦʤ-

ʧʴʶʪʝʨʥʘʷ ʧʨʦʛʨʘʤʤʘ ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʣʦʢʘʣʴʥʳʭ ʤʘʛʥʠʪʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʊʄʇ, ʢʦ-

ʪʦʨʘʷ ʚʦʰʣʘ ʚ ʩʦʩʪʘʚ ʧʨʦʛʨʘʤʤʥʦʛʦ ʦʙʝʩʧʝʯʝʥʠʷ ʨʘʟʨʘʙʦʪʘʥʥʦʛʦ ʚ ʀʌ ʉʆ ʈɸʅ ʫʥʠ-

ʢʘʣʴʥʦʛʦ ʩʢʘʥʠʨʫʶʱʝʛʦ ʩʧʝʢʪʨʦʤʝʪʨʘ ʌʄʈ. 

2. ʈʘʟʨʘʙʦʪʘʥʘ ʠ ʟʘʨʝʛʠʩʪʨʠʨʦʚʘʥʘ ʚ ʈʦʩʧʘʪʝʥʪʝ ʧʨʦʛʨʘʤʤʘ ʜʣʷ ʕɺʄ çMultiLayersè, 

ʧʨʝʜʥʘʟʥʘʯʝʥʥʘʷ ʜʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʠ ʠʩʩʣʝʜʦʚʘʥʠʷ ʤʘʛʥʠʪʥʦʡ ʤʠʢʨʦʩʪʨʫʢʪʫʨʳ, ʧʝ-

ʪʝʣʴ ʤʘʛʥʠʪʥʦʛʦ ʛʠʩʪʝʨʝʟʠʩʘ, ʘ ʪʘʢʞʝ ʚʳʩʦʢʦʯʘʩʪʦʪʥʳʭ ʩʚʦʡʩʪʚ ʢʘʢ ʦʜʥʦʩʣʦʡʥʳʭ, ʪʘʢ 

ʠ ʤʥʦʛʦʩʣʦʡʥʳʭ ʤʘʛʥʠʪʥʳʭ ʥʘʥʦ- ʠ ʛʝʪʝʨʦʩʪʨʫʢʪʫʨ. 

3. ʅʘ ʦʩʥʦʚʝ ʨʝʟʫʣʴʪʘʪʦʚ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʠʟʤʝʨʝʥʠʡ, ʯʠʩʣʝʥʥʦʛʦ ʤʠʢʨʦʤʘʛʥʠʪʥʦʛʦ 

ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʠ ʘʥʘʣʠʟʘ ʜʚʫʭʤʘʛʥʦʥʥʦʡ ʤʦʜʝʣʠ ʨʘʩʩʝʷʥʠʷ ʩʧʠʥʦʚʳʭ ʚʦʣʥ ʜʘʥʦ ʦʙʲ-

ʷʩʥʝʥʠʝ ʦʙʥʘʨʫʞʝʥʥʦʛʦ ʚ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʊʄʇ ʵʬʬʝʢʪʘ ʨʝʟʢʦʛʦ ʫʰʠʨʝʥʠʷ ʣʠ-

ʥʠʠ ʌʄʈ, ʘ ʪʘʢʞʝ ʧʦʣʫʯʝʥʦ ʚʳʨʘʞʝʥʠʝ ʜʣʷ ʧʦʨʦʛʦʚʦʛʦ ʨʘʟʤʝʨʘ ʢʨʠʩʪʘʣʣʠʪʦʚ, ʚʳʰʝ 

ʢʦʪʦʨʦʛʦ ʚʦʟʥʠʢʘʝʪ ʵʪʦʪ ʵʬʬʝʢʪ. 

4. ʏʠʩʣʝʥʥʳʤ ʨʘʩʯʝʪʦʤ ʪʝʥʟʦʨʦʚ ʥʝʦʜʥʦʨʦʜʥʳʭ ʫʧʨʫʛʠʭ ʜʝʬʦʨʤʘʮʠʡ ʠ ʥʘʧʨʷʞʝʥʠʡ 

ʫʧʨʫʛʦʠʟʦʪʨʦʧʥʦʡ ʪʦʥʢʦʡ ʧʣʝʥʢʠ ʥʘ ʠʟʦʛʥʫʪʦʡ ʫʧʨʫʛʦʠʟʦʪʨʦʧʥʦʡ ʧʦʜʣʦʞʢʝ ʫʩʪʘ-

ʥʦʚʣʝʥʦ, ʯʪʦ ʥʘʧʨʷʞʝʥʠʷ ʥʝʦʜʥʦʨʦʜʥʦ ʨʘʩʧʨʝʜʝʣʝʥʳ ʧʦ ʧʣʦʱʘʜʠ ʧʣʝʥʢʠ ʠ ʥʦʩʷʪ 

ʜʚʫʦʩʥʳʡ ʭʘʨʘʢʪʝʨ. ʇʦʣʫʯʝʥʳ ʘʥʘʣʠʪʠʯʝʩʢʠʝ ʚʳʨʘʞʝʥʠʷ ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʧʘʨʘʤʝʪʨʦʚ 

ʦʜʥʦʦʩʥʦʡ ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ, ʠʥʜʫʮʠʨʦʚʘʥʥʦʡ ʜʚʫʦʩʥʳʤʠ ʫʧʨʫʛʠʤʠ ʥʘʧʨʷʞʝ-

ʥʠʷʤʠ. 

5. ʈʘʟʨʘʙʦʪʘʥ ʤʝʪʦʜ ʪʝʢʩʪʫʨʠʨʦʚʘʥʠʷ ʩ ʧʦʤʦʱʴʶ ʘʣʤʘʟʥʦʛʦ ʨʝʟʮʘ ʧʦʚʝʨʭʥʦʩʪʠ ʧʦʜʣʦʞʢʠ, 

ʧʦʟʚʦʣʷʶʱʠʡ ʠʟʛʦʪʘʚʣʠʚʘʪʴ ʊʄʇ ʩ ʧʝʨʠʦʜʠʯʝʩʢʠ ʤʦʜʫʣʠʨʦʚʘʥʥʳʤ ʧʨʦʬʠʣʝʤ ʠ 

ʙʣʘʛʦʜʘʨʷ ʵʪʦʤʫ ʚ ʰʠʨʦʢʠʭ ʧʨʝʜʝʣʘʭ ʢʦʥʪʨʦʣʠʨʫʝʤʦ ʫʧʨʘʚʣʷʪʴ ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦ-

ʧʠʝʡ, ʘ ʪʘʢʞʝ ʯʘʩʪʦʪʦʡ ʠ ʰʠʨʠʥʦʡ ʣʠʥʠʠ ʝʩʪʝʩʪʚʝʥʥʦʛʦ ʌʄʈ. 
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6. ʅʘ ʦʩʥʦʚʝ ʧʨʦʚʝʜʝʥʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʙʳʣ ʨʘʟʨʘʙʦʪʘʥ ʠ ʟʘʱʠʱʝʥ ʧʘʪʝʥʪʦʤ ʈʦʩʩʠʠ 

ʤʘʛʥʠʪʦʤʝʪʨ ʩʣʘʙʳʭ ʢʚʘʟʠʩʪʘʮʠʦʥʘʨʥʳʭ ʠ ʚʳʩʦʢʦʯʘʩʪʦʪʥʳʭ ʧʦʣʝʡ, ʢʦʪʦʨʳʡ ʚ ʨʘʤʢʘʭ 

ʢʦʤʧʣʝʢʩʥʦʛʦ ʧʨʦʝʢʪʘ ʧʦ ʩʦʟʜʘʥʠʶ ʚʳʩʦʢʦʪʝʭʥʦʣʦʛʠʯʥʦʛʦ ʧʨʦʠʟʚʦʜʩʪʚʘ ʚʥʝʜʨʝʥ ʚ 

ʧʨʦʠʟʚʦʜʩʪʚʦ ʥʘ ʧʨʝʜʧʨʠʷʪʠʠ ɸʆ çʅʇʇ çʈʘʜʠʦʩʚʷʟʴè (ʛ. ʂʨʘʩʥʦʷʨʩʢ). 

ʄʝʪʦʜʦʣʦʛʠʷ ʠ ʤʝʪʦʜʳ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ɼʣʷ ʧʦʣʫʯʝʥʠʷ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʊʄʇ ʠ ʪʦʥʢʦʧʣʝʥʦʯʥʳʭ ʩʪʨʫʢʪʫʨ ʠʩʧʦʣʴʟʦ-

ʚʘʣʠʩʴ ʤʝʪʦʜʳ ʤʘʛʥʝʪʨʦʥʥʦʛʦ ʠ ʪʝʨʤʠʯʝʩʢʦʛʦ ʦʩʘʞʜʝʥʠʷ ʚ ʚʘʢʫʫʤʝ. ʀʩʩʣʝʜʦʚʘʥʠ ̫

ʤʦʨʬʦʣʦʛʠʠ, ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ ʠ ʵʣʝʤʝʥʪʥʦʛʦ ʩʦʩʪʘʚʘ ʧʦʣʫʯʝʥʥʳʭ ʦʙʨʘʟʮʦʚ 

ʧʨʦʚʦʜʠʣʠʩʴ ʤʝʪʦʜʘʤʠ ʚʳʩʦʢʦʨʘʟʨʝʰʘʶʱʝʡ ʧʨʦʩʚʝʯʠʚʘʶʱʝʡ ʵʣʝʢʪʨʦʥʥʦʡ ʤʠʢʨʦʩʢʦʧʠʠ, 

ʘ ʪʘʢʞʝ ʤʝʪʦʜʘʤʠ ʨʝʥʪʛʝʥʦʩʧʝʢʪʨʘʣʴʥʦʛʦ ʘʥʘʣʠʟʘ. ʄʘʛʥʠʪʥʳʝ ʩʚʦʡʩʪʚʘ ʦʙʨʘʟʮʦʚ ʠʟʫ-

ʯʘʣʠʩʴ ʤʝʪʦʜʦʤ ʬʝʨʨʦʤʘʛʥʠʪʥʦʛʦ ʨʝʟʦʥʘʥʩʘ ʩ ʧʦʤʦʱʴʶ ʨʘʟʨʘʙʦʪʘʥʥʳʭ ʚ ʀʌ ʉʆ ʈɸʅ 

ʩʢʘʥʠʨʫʶʱʝʛʦ ʠ ʰʠʨʦʢʦʧʦʣʦʩʥʦʛʦ ʩʧʝʢʪʨʦʤʝʪʨʦʚ ʌʄʈ. ʊʝʦʨʝʪʠʯʝʩʢʠʝ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ʧʨʦʚʦʜʠʣʠʩʴ ʥʘ ʦʩʥʦʚʝ ʤʠʢʨʦʤʘʛʥʠʪʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʪʦʥʢʦʧʣʝʥʦʯʥʳʭ ʤʘʛʥʠʪʥʳʭ 

ʩʪʨʫʢʪʫʨ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʨʘʟʨʘʙʦʪʘʥʥʦʡ ʧʨʦʛʨʘʤʤʳ ʜʣʷ ʕɺʄ çMultiLayersè. ʏʘʩʪʴ 

ʟʘʜʘʯ ʙʳʣʘ ʨʝʰʝʥʘ ʘʥʘʣʠʪʠʯʝʩʢʠʤʠ ʤʝʪʦʜʘʤʠ. 

ʆʩʥʦʚʥʳʝ ʥʘʫʯʥʳʝ ʧʦʣʦʞʝʥʠʷ, ʚʳʥʦʩʠʤʳʝ ʥʘ ʟʘʱʠʪʫ 

1. ʉʠʩʪʝʤʘ ʠʟ ʜʚʫʭ ʩʚʷʟʘʥʥʳʭ ʥʝʣʠʥʝʡʥʳʭ ʫʨʘʚʥʝʥʠʡ, ʦʧʨʝʜʝʣʷʶʱʠʭ ʫʩʣʦʚʠʝ 

ʨʘʚʥʦʚʝʩʠʷ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʠ ʫʩʣʦʚʠʝ ʌʄʈ ʦʜʥʦʨʦʜʥʦ ʥʘʤʘʛʥʠʯʝʥʥʦʡ ʚ ʧʣʦʩʢʦʩʪʠ 

ʘʥʠʟʦʪʨʦʧʥʦʡ ʤʘʛʥʠʪʥʦʡ ʧʣʝʥʢʠ, ʩʚʦʜʠʪʩʷ ʢ ʦʜʥʦʤʫ ʥʝʟʘʚʠʩʠʤʦʤʫ ʠ ʦʜʥʦʤʫ ʟʘʚʠʩʠʤʦʤʫ 

ʫʨʘʚʥʝʥʠʷʤ, ʨʝʰʝʥʠʝ ʢʦʪʦʨʳʭ ʧʦʟʚʦʣʷʝʪ ʨʘʩʩʯʠʪʳʚʘʪʴ ʜʣʷ ʟʘʜʘʥʥʦʡ ʯʘʩʪʦʪʳ 

ʉɺʏ-ʚʦʟʙʫʞʜʝʥʠʷ ʟʥʘʯʝʥʠʷ ʧʦʣʝʡ ʌʄʈ ʜʣʷ ʣʶʙʳʭ ʧʘʨʘʤʝʪʨʦʚ ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ. 

ʕʪʠ ʫʨʘʚʥʝʥʠʷ ʩʦʚʤʝʩʪʥʦ ʩ ʧʨʝʜʣʦʞʝʥʥʦʡ ʮʝʣʝʚʦʡ ʬʫʥʢʮʠʝʡ ʦʧʪʠʤʠʟʘʮʠʦʥʥʦʡ ʟʘʜʘʯʠ 

ʧʦʟʚʦʣʷʶʪ ʥʘʭʦʜʠʪʴ ʧʘʨʘʤʝʪʨʳ ʪʝʦʨʝʪʠʯʝʩʢʦʡ ʤʦʜʝʣʠ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʵʢʩʧʝʨʠʤʝʥ-

ʪʘʣʴʥʦʡ ʫʛʣʦʚʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ʧʦʣʷ ʌʄʈ. 

2. ʈʘʟʨʘʙʦʪʘʥʥʘʷ ʤʠʢʨʦʤʘʛʥʠʪʥʘʷ ʤʦʜʝʣʴ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʬʝʨʨʦʤʘʛʥʝʪʠʢʘ 

ʧʦʟʚʦʣʷʝʪ ʠʩʧʦʣʴʟʦʚʘʪʴ ʵʬʬʝʢʪʠʚʥʳʝ ʤʝʪʦʜʳ ʠ ʘʣʛʦʨʠʪʤʳ ʣʠʥʝʡʥʦʡ ʘʣʛʝʙʨʳ ʜʣʷ ʨʘʩʯʝʪʘ 

ʩʪʘʪʠʯʝʩʢʠʭ ʠ ʜʠʥʘʤʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʤʘʛʥʠʪʥʳʭ ʤʘʪʝʨʠʘʣʦʚ. ɺ 

ʯʘʩʪʥʦʩʪʠ, ʘʣʛʦʨʠʪʤ ʨʝʰʝʥʠʷ ʩʠʩʪʝʤʳ ʣʠʥʝʡʥʳʭ ʥʝʦʜʥʦʨʦʜʥʳʭ ʫʨʘʚʥʝʥʠʡ ʩ ʥʝʦʧʨʝʜʝ-

ʣʝʥʥʳʤʠ ʤʥʦʞʠʪʝʣʷʤʠ ʃʘʛʨʘʥʞʘ ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʫʩʪʦʡʯʠʚʦʛʦ ʨʘʚʥʦʚʝʩʥʦʛʦ ʩʦʩʪʦʷʥʠʷ 

ʬʝʨʨʦʤʘʛʥʝʪʠʢʘ; ʤʝʪʦʜ ʩʦʙʩʪʚʝʥʥʳʭ ʟʥʘʯʝʥʠʡ ʠ ʩʦʙʩʪʚʝʥʥʳʭ ʚʝʢʪʦʨʦʚ, ʘ ʪʘʢʞʝ ʤʝʪʦʜ 

ʥʝʦʧʨʝʜʝʣʝʥʥʳʭ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʧʨʠ ʨʝʰʝʥʠʠ ʩʠʩʪʝʤʳ ʣʠʥʝʘʨʠʟʦʚʘʥʥʳʭ ʜʠʬʬʝʨʝʥʮʠ-
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ʘʣʴʥʳʭ ʫʨʘʚʥʝʥʠʡ ʃʘʥʜʘʫ ï ʃʠʬʰʠʮʘ ʜʣʷ ʨʘʩʯʝʪʘ ʥʦʨʤʘʣʴʥʳʭ ʤʦʜ ʢʦʣʝʙʘʥʠʡ ʥʘʤʘʛ-

ʥʠʯʝʥʥʦʩʪʠ ʠ ʩʧʝʢʪʨʘ ʉɺʏ-ʧʦʛʣʦʱʝʥʠʷ ʬʝʨʨʦʤʘʛʥʝʪʠʢʘ. 

3. ɺ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʊʄʇ ʩ ʨʘʟʤʝʨʦʤ ʢʨʠʩʪʘʣʣʠʪʦʚ ʚʳʰʝ ʧʦʨʦʛʦʚʦʛʦ ʟʥʘ-

ʯʝʥʠʷ Dcr ʥʘ ʯʘʩʪʦʪʝ, ʦʧʨʝʜʝʣʷʝʤʦʡ ʧʘʨʘʤʝʪʨʘʤʠ ʧʣʝʥʢʠ, ʚʦʟʥʠʢʘʝʪ ʵʬʬʝʢʪ ʨʝʟʢʦʛʦ 

ʫʰʠʨʝʥʠʷ ʠ ʩʤʝʱʝʥʠʷ ʣʠʥʠʠ ʌʄʈ. ʇʨʠʨʦʜʘ ʵʬʬʝʢʪʘ ʦʙʫʩʣʦʚʣʝʥʘ ʨʘʩʩʝʷʥʠʝʤ ʩʧʠʥʦʚʳʭ 

ʚʦʣʥ ʥʘ ʢʚʘʟʠʧʝʨʠʦʜʠʯʝʩʢʦʡ ʤʘʛʥʠʪʥʦʡ ʩʪʨʫʢʪʫʨʝ çʨʷʙʠè ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ, ʚʦʟʥʠʢʘʶ-

ʱʝʡ ʚ ʪʦʥʢʦʡ ʧʣʝʥʢʝ ʠʟ-ʟʘ ʩʣʫʯʘʡʥʦʡ ʦʨʠʝʥʪʘʮʠʠ ʦʩʝʡ ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ ʦʪʜʝʣʴ-

ʥʳʭ ʢʨʠʩʪʘʣʣʠʪʦʚ. ɺʝʣʠʯʠʥʘ Dcr ʚ ʦʙʱʝʤ ʩʣʫʯʘʝ ʟʘʚʠʩʠʪ ʦʪ ʪʦʣʱʠʥʳ, ʢʦʥʩʪʘʥʪʳ ʦʙʤʝ-

ʥʘ A ʠ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʥʘʩʳʱʝʥʠʷ Ms ʧʣʝʥʢʠ, ʥʦ ʧʨʠʙʣʠʞʝʥʥʦ ʤʦʞʝʪ ʙʳʪʴ ʦʮʝʥʝʥʘ ʢʘʢ 

Dcr å Lex, ʛʜʝ ʭʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʠʡ ʧʘʨʘʤʝʪʨ 2/2 sex MAL =  ʦʧʨʝʜʝʣʷʝʪʩʷ ʢʦʥʢʫʨʝʥʮʠʝʡ 

ʵʥʝʨʛʠʡ ʦʙʤʝʥʥʦʛʦ ʠ ʤʘʛʥʠʪʦʩʪʘʪʠʯʝʩʢʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ. 

4. ɺʧʝʨʚʳʝ ʦʙʥʘʨʫʞʝʥʥʘʷ ʚ ʥʝʦʜʥʦʨʦʜʥʦ ʜʝʬʦʨʤʠʨʦʚʘʥʥʦʡ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ 

ʪʦʥʢʦʡ ʧʝʨʤʘʣʣʦʝʚʦʡ (Ni71.5Fe28.5) ʧʣʝʥʢʝ ʦʜʥʦʥʘʧʨʘʚʣʝʥʥʘʷ ʤʘʛʥʠʪʥʘʷ ʘʥʠʟʦʪʨʦʧʠʷ ʚ̫-

ʣʷʝʪʩʷ ʧʨʦʷʚʣʝʥʠʝʤ ʬʣʝʢʩʦʤʘʛʥʠʪʥʦʛʦ ʵʬʬʝʢʪʘ. 

5. ʈʘʟʨʘʙʦʪʘʥʥʳʡ ʤʝʪʦʜ ʪʝʢʩʪʫʨʠʨʦʚʘʥʠʷ ʩ ʧʦʤʦʱʴʶ ʘʣʤʘʟʥʦʛʦ ʨʝʟʮʘ ʧʦʚʝʨʭʥʦʩʪʠ 

ʧʦʜʣʦʞʢʠ ʧʦʟʚʦʣʷʝʪ ʠʟʛʦʪʘʚʣʠʚʘʪʴ ʪʦʥʢʠʝ ʧʣʝʥʢʠ ʩ ʧʝʨʠʦʜʠʯʝʩʢʠ ʤʦʜʫʣʠʨʦʚʘʥʥʳʤ 

ʧʨʦʬʠʣʝʤ ʠ ʙʣʘʛʦʜʘʨʷ ʵʪʦʤʫ ʚ ʰʠʨʦʢʠʭ ʧʨʝʜʝʣʘʭ ʢʦʥʪʨʦʣʠʨʫʝʤʦ ʫʧʨʘʚʣʷʪʴ ʠʭ ʤʘʛʥʠʪ-

ʥʦʡ ʘʥʠʟʦʪʨʦʧʠʝʡ, ʯʘʩʪʦʪʦʡ ʠ ʰʠʨʠʥʦʡ ʣʠʥʠʠ ʝʩʪʝʩʪʚʝʥʥʦʛʦ ʌʄʈ. ʇʦʣʫʯʝʥʥʳʝ ʥʘ ʦʩ-

ʥʦʚʝ ʤʝʪʦʜʘ ʅʝʪʟʝʣʴʤʘʥʘ ʘʥʘʣʠʪʠʯʝʩʢʠʝ ʬʦʨʤʫʣʳ ʜʣʷ ʢʦʤʧʦʥʝʥʪ ʪʝʥʟʦʨʘ ʨʘʟʤʘʛʥʠʯʠ-

ʚʘʶʱʠʭ ʬʘʢʪʦʨʦʚ ʧʦʟʚʦʣʷʶʪ ʫʩʪʘʥʦʚʠʪʴ ʩʚʷʟʴ ʤʝʞʜʫ ʧʘʨʘʤʝʪʨʘʤʠ ʪʝʢʩʪʫʨʳ ʠ ʤʘʛʥʠʪʥʦʡ 

ʘʥʠʟʦʪʨʦʧʠʝʡ ʪʘʢʠʭ ʧʣʝʥʦʢ. 

6. ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʚ ʧʨʝʜʣʦʞʝʥʥʦʡ ʢʦʥʩʪʨʫʢʮʠʠ ʤʠʢʨʦʧʦʣʦʩʢʦʚʦʛʦ ʤʘʛʥʠʪʦʤʝʪʨʘ 

ʩʣʘʙʳʭ ʢʚʘʟʠʩʪʘʮʠʦʥʘʨʥʳʭ ʠ ʚʳʩʦʢʦʯʘʩʪʦʪʥʳʭ ʤʘʛʥʠʪʥʳʭ ʧʦʣʝʡ ʤʥʦʛʦʩʣʦʡʥʦʡ ʪʦʥʢʦ-

ʧʣʝʥʦʯʥʦʡ ʩʪʨʫʢʪʫʨʳ, ʩʦʩʪʦʷʱʝʡ ʠʟ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʪʦʥʢʠʭ ʤʘʛʥʠʪʥʳʭ ʧʣʝʥʦʢ, 

ʨʘʟʜʝʣʝʥʥʳʭ ʥʝʤʘʛʥʠʪʥʳʤʠ ʧʨʦʩʣʦʡʢʘʤʠ, ʧʦʟʚʦʣʷʝʪ ʩʫʱʝʩʪʚʝʥʥʦ ʫʚʝʣʠʯʠʪʴ ʦʙʲʝʤ 

ʤʘʛʥʠʪʦʯʫʚʩʪʚʠʪʝʣʴʥʦʛʦ ʤʘʪʝʨʠʘʣʘ ʙʝʟ ʦʙʨʘʟʦʚʘʥʠʷ ʚ ʥʝʤ ʜʦʤʝʥʥʦʡ ʩʪʨʘʡʧ-ʩʪʨʫʢʪʫʨʳ ʠ 

ʪʝʤ ʩʘʤʳʤ ʢʨʘʪʥʦ ʧʦʚʳʩʠʪʴ ʢʦʵʬʬʠʮʠʝʥʪ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʠ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴ ʨʘʟʨʘʙʦ-

ʪʘʥʥʦʛʦ ʫʩʪʨʦʡʩʪʚʘ. 

ʃʠʯʥʳʡ ʚʢʣʘʜ ʘʚʪʦʨʘ 

ɺʩʝ ʧʨʝʜʩʪʘʚʣʝʥʥʳʝ ʚ ʜʠʩʩʝʨʪʘʮʠʠ ʦʨʠʛʠʥʘʣʴʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʧʦʣʫʯʝʥʳ ʣʠʯʥʦ 

ʘʚʪʦʨʦʤ ʣʠʙʦ ʧʨʠ ʝʛʦ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦʤ ʫʯʘʩʪʠʠ. ɸʚʪʦʨʦʤ ʦʩʫʱʝʩʪʚʣʣ̫ʠʩʴ ʧʦʩʪʘʥʦʚʢʘ 
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ʮʝʣʠ ʠ ʟʘʜʘʯ, ʨʘʟʨʘʙʦʪʢʘ ʪʝʦʨʝʪʠʯʝʩʢʠʭ ʤʦʜʝʣʝʡ, ʘ ʪʘʢʞʝ ʘʥʘʣʠʪʠʯʝʩʢʠʭ ʠ ʯʠʩʣʝʥʥʳʭ 

ʤʝʪʦʜʦʚ ʠʭ ʨʘʩʯʝʪʘ, ʧʨʦʚʝʜʝʥʠʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʠ ʪʝʦʨʝʪʠʯʝʩʢʠʭ ʠʩʩʣʝʜʦʚʘʥʠʡ, 

ʘʥʘʣʠʟ, ʠʥʪʝʨʧʨʝʪʘʮʠʷ ʠ ʦʙʦʙʱʝʥʠʝ ʧʦʣʫʯʝʥʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ. ʇʨʝʜʣʦʞʝʥʘ ʠ ʨʝʘʣʠʟʦʚʘʥʘ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ ʤʝʪʦʜʠʢʘ ʦʧʨʝʜʝʣʝʥʠʷ ʤʘʛʥʠʪʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʪʦʥʢʠʭ ʧʣʝʥʦʢ, ʨʘʟ-

ʨʘʙʦʪʘʥʳ ʯʠʩʣʝʥʥʳʝ ʤʝʪʦʜʳ ʠ ʧʨʦʛʨʘʤʤʘ ʤʠʢʨʦʤʘʛʥʠʪʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʩʪʘʪʠʯʝʩʢʠʭ 

ʠ ʚʳʩʦʢʦʯʘʩʪʦʪʥʳʭ ʩʚʦʡʩʪʚ ʤʘʛʥʠʪʥʳʭ ʥʘʥʦ- ʠ ʛʝʪʝʨʦʩʪʨʫʢʪʫʨ, ʧʨʝʜʣʦʞʝʥʳ ʤʝʪʦʜʳ 

ʨʘʩʯʝʪʘ ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ ʥʘʢʣʦʥʥʦ ʦʩʘʞʜʝʥʥʳʭ ʪʦʥʢʠʭ ʧʣʝʥʦʢ, ʫʧʨʫ-

ʛʦ-ʥʘʧʨʷʞʝʥʥʳʭ ʧʣʝʥʦʢ, ʘ ʪʘʢʞʝ ʧʣʝʥʦʢ, ʦʩʘʞʜʝʥʥʳʭ ʥʘ ʧʝʨʠʦʜʠʯʝʩʢʠ ʪʝʢʩʪʫʨʠʨʦʚʘʥ-

ʥʳʝ ʧʦʜʣʦʞʢʠ. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʨʦʚʦʜʠʣʘʩʴ ʩʦʚʤʝʩʪʥʦ ʩ ʩʦʘʚʪʦʨʘʤʠ. 

ʆʩʥʦʚʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʠ ʧʦʣʦʞʝʥʠʷ, ʚʳʥʦʩʠʤʳʝ ʥʘ ʟʘʱʠʪʫ, ʦʪʨʘʞʘʶʪ ʧʝʨʩʦʥʘʣʴʥʳʡ 

ʚʢʣʘʜ ʘʚʪʦʨʘ ʚ ʦʧʫʙʣʠʢʦʚʘʥʥʳʝ ʩ ʩʦʘʚʪʦʨʘʤʠ ʨʘʙʦʪʳ. 

ʉʪʝʧʝʥʴ ʜʦʩʪʦʚʝʨʥʦʩʪʠ ʠ ʘʧʨʦʙʘʮʠʷ ʨʘʙʦʪʳ 

ɺ ʨʘʙʦʪʝ ʚʳʧʦʣʥʝʥʦ ʢʦʨʨʝʢʪʥʦʝ, ʜʦʩʪʘʪʦʯʥʦ ʧʦʣʥʦʝ ʪʝʦʨʝʪʠʯʝʩʢʦʝ ʦʙʦʩʥʦʚʘʥʠʝ 

ʚʩʝʭ ʧʨʝʜʣʘʛʘʝʤʳʭ ʤʦʜʝʣʝʡ, ʤʝʪʦʜʦʚ ʠ ʘʣʛʦʨʠʪʤʦʚ ʨʘʩʯʝʪʘ. ʊʝʦʨʝʪʠʯʝʩʢʠʝ ʨʝʟʫʣʴʪʘʪʳ ʠ 

ʚʳʚʦʜʳ ʥʦʩʷʪ ʷʩʥʳʡ, ʥʝʧʨʦʪʠʚʦʨʝʯʠʚʳʡ ʦʧʫʙʣʠʢʦʚʘʥʥʳʤ ʨʘʙʦʪʘʤ ʭʘʨʘʢʪʝʨ. ʕʢʩʧʝʨʠ-

ʤʝʥʪʘʣʴʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʨʦʚʝʜʝʥʳ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʩʦʚʨʝʤʝʥʥʳʭ ʠ ʘʧʨʦʙʠʨʦʚʘʥʥʳʭ 

ʤʝʪʦʜʠʢ ʥʘ ʚʳʩʦʢʦʪʦʯʥʳʭ ʧʨʠʙʦʨʘʭ ʠ ʫʩʪʘʥʦʚʢʘʭ. ɼʦʩʪʦʚʝʨʥʦʩʪʴ ʧʦʣʫʯʝʥʥʳʭ ʚ ʨʘʙʦʪʝ 

ʨʝʟʫʣʴʪʘʪʦʚ ʧʦʜʪʚʝʨʞʜʘʝʪʩʷ ʩʦʛʣʘʩʠʝʤ ʪʝʦʨʠʠ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘ, ʘ ʪʘʢʞʝ ʩʦʦʪʚʝʪʩʪʚʠʝʤ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤ ʠ ʪʝʦʨʝʪʠʯʝʩʢʠʤ ʨʝʟʫʣʴʪʘʪʘʤ, ʧʨʝʜʩʪʘʚʣʝʥʥʳʤ ʚ ʦʪʢʨʳʪʦʡ ʧʝʯʘʪʠ 

ʜʨʫʛʠʤʠ ʠʩʩʣʝʜʦʚʘʪʝʣʷʤʠ. 

ʄʘʪʝʨʠʘʣʳ ʜʠʩʩʝʨʪʘʮʠʠ ʦʧʫʙʣʠʢʦʚʘʥʳ ʚ 43 ʧʝʯʘʪʥʳʭ ʨʘʙʦʪʘʭ ʚ ʨʝʮʝʥʟʠʨʫʝʤʳʭ 

ʞʫʨʥʘʣʘʭ ʠʟ ʩʧʠʩʢʘ ɺɸʂ, ʩʨʝʜʠ ʢʦʪʦʨʳʭ IEEE Sensors Journal, Journal of Magnetism and 

Magnetic Materials, Physica Status Solidi ï Rapid Research Letters, Journal of Alloys and 

Compounds, Physical Review B, Journal of Physics D: Applied Physics, Physica B: Condensed 

Matter, Journal of Physics Condensed Matter, Russian Physics Journal, Materials Research 

Express, Solid State Phenomena, Journal of Siberian Federal University. Mathematics & 

Physics, çʇʠʩʴʤʘ ʚ ɾʕʊʌè, çʇʠʩʴʤʘ ʚ ɾʊʌè, çʌʠʟʠʢʘ ʪʚʝʨʜʦʛʦ ʪʝʣʘè, çʇʨʠʙʦʨʳ ʠ 

ʪʝʭʥʠʢʘ ʵʢʩʧʝʨʠʤʝʥʪʘè, çɿʘʚʦʜʩʢʘʷ ʣʘʙʦʨʘʪʦʨʠʷ. ɼʠʘʛʥʦʩʪʠʢʘ ʤʘʪʝʨʠʘʣʦʚè, çɺʳʯʠʩʣʠ-

ʪʝʣʴʥʳʝ ʤʝʪʦʜʳ ʠ ʧʨʦʛʨʘʤʤʠʨʦʚʘʥʠʝè, çʋʩʧʝʭʠ ʩʦʚʨʝʤʝʥʥʦʡ ʨʘʜʠʦɻ ʣʝʢʪʨʦʥʠʢʠè. 

ʆʩʥʦʚʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʨʘʙʦʪʳ ʙʳʣʠ ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʩʣʝʜʫʶʱʠʭ ʢʦʥʬʝʨʝʥʮʠʷʭ: 

ʄʝʞʜʫʥʘʨʦʜʥʦʡ ʢʦʥʬʝʨʝʥʮʠʠ çʅʦʚʳʝ ʤʘʛʥʠʪʥʳʝ ʤʘʪʝʨʠʘʣʳ ʤʠʢʨʦʵʣʝʢʪʨʦʥʠʢʠè, 

ʄʦʩʢʚʘ ï 2000, 2002, 2006; ʄʝʞʜʫʥʘʨʦʜʥʦʡ ʢʦʥʬʝʨʝʥʮʠʠ çʅʦʚʦʝ ʚ ʤʘʛʥʝʪʠʟʤʝ ʠ ʤʘʛ-
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ʥʠʪʥʳʭ ʤʘʪʝʨʠʘʣʘʭè, ʄʦʩʢʚʘ ï 2009, 2018, ɸʩʪʨʘʭʘʥʴ ï 2012; ɹʘʡʢʘʣʴʩʢʦʡ ʤʝʞʜʫʥʘ-

ʨʦʜʥʦʡ ʢʦʥʬʝʨʝʥʮʠʠ çʄʘʛʥʠʪʥʳʝ ʤʘʪʝʨʠʘʣʳ. ʅʦʚʳʝ ʪʝʭʥʦʣʦʛʠʠè, ʀʨʢʫʪʩʢ ï 2001, 2008, 

2014, 2016; ʄʝʞʜʫʥʘʨʦʜʥʦʡ ʢʦʥʬʝʨʝʥʮʠʠ çFunctional Materialsè (ICFM-2001), ʂʨʳʤ, 

ʋʢʨʘʠʥʘ ï 2001; ʄʝʞʜʫʥʘʨʦʜʥʦʡ ʢʦʥʬʝʨʝʥʮʠʠ çʉɺʏ-ʪʝʭʥʠʢʘ ʠ ʪʝʣʝʢʦʤʤʫʥʠʢʘʮʠʦʥʥʳʝ 

ʪʝʭʥʦʣʦʛʠʠè ʉʝʚʘʩʪʦʧʦʣʴ, ʋʢʨʘʠʥʘ ï 2004, 2007, 2009; Workshop çTrends in nanome-

chanics and nanoengineeringè, ʂʨʘʩʥʦʷʨʩʢ ï 2009; International Conference on Soft Magnetic 

Materials Conference, ʊʫʨʠʥ, ʀʪʘʣʠʷ ï 2009, ʆʩʪʨʦʚ ʂʦʩ, ɻʨʝʮʠʷ ï 2011, ɹʫʜʘʧʝʰʪ, 

ɺʝʥʛʨʠʷ ï 2013; ɺʩʝʨʦʩʩʠʡʩʢʦʡ ʢʦʥʬʝʨʝʥʮʠʠ çʉʦʚʨʝʤʝʥʥʳʝ ʧʨʦʙʣʝʤʳ ʨʘʜʠʦʵʣʝʢʪʨʦ-

ʥʠʢʠè, ʂʨʘʩʥʦʷʨʩʢ ï 2010, 2011, 2013, 2015, 2016; ʄʝʞʜʫʥʘʨʦʜʥʦʡ ʢʦʥʬʝʨʝʥʮʠʠ çɸʢ-

ʪʫʘʣʴʥʳʝ ʧʨʦʙʣʝʤʳ ʨʘʜʠʦʬʠʟʠʢʠè, ʊʦʤʩʢ ï 2010, 2012, 2013; International Siberian Con-

ference on Control and Communications (SIBCON), ʂʨʘʩʥʦʷʨʩʢ ï 2013, ʊʦʤʩʢ ï 2019; 

Euro-Asian Symposium çTrends in Magnetismè (EASTMAG), ɺʣʘʜʠʚʦʩʪʦʢ ï 2013, ʂʨʘʩ-

ʥʦʷʨʩʢ ï 2016, ɽʢʘʪʝʨʠʥʙʫʨʛ ï 2019; Magnetic and Optics Research International Symposium 

(MORIS), ʉʘʡʪʘʤʘ, ʗʧʦʥʠʷ ï 2013; European Conference on Magnetic Sensors and Actuators 

(EMSA), ɺʝʥʘ, ɸʚʩʪʨʠʷ ï 2014, ɸʬʠʥʳ, ɻʨʝʮʠʷ ï 2018; The International Symposium on 

Hysteresis Modeling and Micromagnetics (HMM), ʗʩʩʳ, ʈʫʤʳʥʠʷ ï 2015, ʀʨʘʢʣʠʦʥ, ɻʨʝʮʠʷ 

ï 2019; The International Conference on Modern Development of Magnetic Resonance, ʂʘʟʘʥʴ 

ï 2015, 2016; Joint European Magnetic Symposia, ɻʣʘʟʛʦ, ɺʝʣʠʢʦʙʨʠʪʘʥʠʷ ï 2016, ʄʘʡʥʮ, 

ɻʝʨʤʘʥʠʷ ï 2018; ʄʝʞʜʫʥʘʨʦʜʥʘʷ ʢʦʥʬʝʨʝʥʮʠʷ çIEEE Sensors-2017è, ɻʣʘʟʛʦ, ɺʝʣʠʢʦ-

ʙʨʠʪʘʥʠʷ ï 2017; ʄʝʞʜʫʥʘʨʦʜʥʦʡ ʢʦʥʬʝʨʝʥʮʠʠ çMagnetic Frontiers: Magnetic Sensorsè, 

ʃʠʩʩʘʙʦʥ, ʇʦʨʪʫʛʘʣʠʷ ï 2019; Ural Symposium on Biomedical Engineering, Radioelectronics 

and Information Technology (USBEREIT) Ekaterinburg, Russia ï 2020. 

ʇʫʙʣʠʢʘʮʠʠ 

ʇʦ ʪʝʤʝ ʜʠʩʩʝʨʪʘʮʠʠ ʦʧʫʙʣʠʢʦʚʘʥʳ 43 ʩʪʘʪʴʠ ʚ ʨʝʮʝʥʟʠʨʫʝʤʳʭ ʞʫʨʥʘʣʘʭ ʠʟ ʩʧʠʩʢʘ 

ʚʢʣʶʯʝʥʥʳʭ ɺɸʂ ʈʌ ʚ ʇʝʨʝʯʝʥʴ ʚʝʜʫʱʠʭ ʨʝʮʝʥʟʠʨʫʝʤʳʭ ʥʘʫʯʥʳʭ ʠʟʜʘʥʠʡ ʜʣʷ ʧʫʙʣʠ-

ʢʘʮʠʠ ʨʝʟʫʣʴʪʘʪʦʚ ʜʠʩʩʝʨʪʘʮʠʡ ʥʘ ʩʦʠʩʢʘʥʠʝ ʫʯʝʥʦʡ ʩʪʝʧʝʥʠ ʜʦʢʪʦʨʘ ʥʘʫʢ, ʧʦʣʫʯʝʥʦ 8 

ʧʘʪʝʥʪʦʚ ʈʌ ʠ 9 ʩʚʠʜʝʪʝʣʴʩʪʚ ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʡ ʨʝʛʠʩʪʨʘʮʠʠ ʧʨʦʛʨʘʤʤ ʜʣʷ ʕɺʄ ʚ ʈʦʩ-

ʧʘʪʝʥʪʝ. 

ʆʙʲʝʤ ʠ ʩʪʨʫʢʪʫʨʘ ʜʠʩʩʝʨʪʘʮʠʠ 

ɼʠʩʩʝʨʪʘʮʠʷ ʩʦʩʪʦʠʪ ʠʟ ʚʚʝʜʝʥʠʷ, ʩʝʤʠ ʛʣʘʚ, ʟʘʢʣʶʯʝʥʠʷ, ʜʚʫʭ ʧʨʠʣʦʞʝʥʠʡ ʠ 

ʩʧʠʩʢʘ ʮʠʪʠʨʫʝʤʦʡ ʣʠʪʝʨʘʪʫʨʳ. ʆʙʱʠʡ ʦʙʲʝʤ ʜʠʩʩʝʨʪʘʮʠʠ ʩʦʩʪʘʚʣʷʝʪ 296 ʩʪʨʘʥʠʮ ʠ 

ʚʢʣʶʯʘʝʪ 91 ʨʠʩʫʥʦʢ, 12 ʪʘʙʣʠʮ ʠ 346 ʙʠʙʣʠʦʛʨʘʬʠʯʝʩʢʠʭ ʩʩʣrʦʢ. 
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ɻʃɸɺɸ 1. ʉɺʏ-ʄɸɻʅʀʊʅʓɽ ʄɸʊɽʈʀɸʃʓ 

ʄʘʛʥʠʪʥʳʝ ʤʘʪʝʨʠʘʣʳ ʰʠʨʦʢʦ ʠʩʧʦʣʴʟʫʶʪʩʷ ʚ ʉɺʏ-ʪʝʭʥʠʢʝ ʚ ʢʘʯʝʩʪʚʝ ʢʦʤʧʦ-

ʥʝʥʪʦʚ ʚʳʩʦʢʦʯʘʩʪʦʪʥʳʭ ʫʩʪʨʦʡʩʪʚ. ʇʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʴ ʪʘʢʠʭ ʫʩʪʨʦʡʩʪʚ ʚ ʦʩʥʦʚʥʦʤ 

ʟʘʚʠʩʠʪ ʦʪ ʧʘʨʘʤʝʪʨʦʚ ʤʘʛʥʠʪʥʳʭ ʤʘʪʝʨʠʘʣʦʚ, ʠʩʧʦʣʴʟʫʝʤʳʭ ʧʨʠ ʠʭ ʠʟʛʦʪʦʚʣʝʥʠʠ. 

ʂʣʶʯʝʚʳʤʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ, ʦʧʨʝʜʝʣʷʶʱʠʤʠ ʩʚʦʡʩʪʚʘ ʤʘʪʝʨʠʘʣʘ ʥʘ ʉɺʏ, ʷʚʣʷʶʪʩʷ 

ʜʠʥʘʤʠʯʝʩʢʘʷ ʤʘʛʥʠʪʥʘʷ ʧʨʦʥʠʮʘʝʤʦʩʪʴ ʠ ʚʝʣʠʯʠʥʘ ʤʘʛʥʠʪʥʳʭ ʧʦʪʝʨʴ. ɺ ʧʝʨʚʦʡ ʛʣʘʚʝ 

ʨʘʩʩʤʦʪʨʝʥʘ ʧʨʠʨʦʜʘ ʯʘʩʪʦʪʥʦʡ ʜʠʩʧʝʨʩʠʠ ʤʘʛʥʠʪʥʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʚ ʉɺʏ-ʜʠʘʧʘʟʦʥʝ ʠ 

ʨʦʣʴ ʬʝʨʨʦʤʘʛʥʠʪʥʦʛʦ ʨʝʟʦʥʘʥʩʘ ʚ ʝʝ ʬʦʨʤʠʨʦʚʘʥʠʠ. ʇʨʦʘʥʘʣʠʟʠʨʦʚʘʥʳ ʬʫʥʜʘʤʝʥ-

ʪʘʣʴʥʳʝ ʦʛʨʘʥʠʯʝʥʠʷ ʥʘ ʧʘʨʘʤʝʪʨʳ ʯʘʩʪʦʪʥʦʡ ʜʠʩʧʝʨʩʠʠ ʤʘʛʥʠʪʥʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ 

ʤʘʪʝʨʠʘʣʦʚ. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʥʘʠʙʦʣʝʝ ʚʳʩʦʢʠʝ ʟʥʘʯʝʥʠʷ ʉɺʏ-ʤʘʛʥʠʪʥʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ 

ʨʝʘʣʠʟʫʶʪʩʷ ʚ ʪʦʥʢʠʭ ʤʘʛʥʠʪʥʳʭ ʧʣʝʥʢʘʭ, ʢʦʪʦʨʳʝ ʤʦʛʫʪ ʧʨʘʢʪʠʯʝʩʢʠ ʥʘ ʜʚʘ ʧʦʨʷʜʢʘ 

ʧʨʝʚʳʰʘʪʴ ʤʘʛʥʠʪʥʫʶ ʧʨʦʥʠʮʘʝʤʦʩʪʴ ʠʭ ʦʙʲʝʤʥʳʭ ʘʥʘʣʦʛʦʚ. ʊʘʢʞʝ ʨʘʩʩʤʦʪʨʝʥʦ 

ʚʣʠʷʥʠʝ ʵʣʝʢʪʨʦʧʨʦʚʦʜʷʱʠʭ ʩʚʦʡʩʪʚ ʥʘ ʚʳʩʦʢʦʯʘʩʪʦʪʥʫʶ ʤʘʛʥʠʪʥʫ  ʁʧʨʦʥʠʮʘʝʤʦʩʪʴ 

ʩʨʝʜʳ ʠ ʨʦʣʴ ʩʢʠʥ-ʵʬʬʝʢʪʘ ʚ ʦʛʨʘʥʠʯʝʥʠʠ ʯʘʩʪʦʪʥʦʛʦ ʜʠʘʧʘʟʦʥʘ. 

ɼʘʣʝʝ ʚ ʛʣʘʚʝ ʢʨʘʪʢʦ ʩʬʦʨʤʫʣʠʨʦʚʘʥʳ ʧʨʝʜʲʷʚʣʷʝʤʳʝ ʢ ʤʘʛʥʠʪʥʳʤ 

ʉɺʏ-ʤʘʪʝʨʠʘʣʘʤ ʪʨʝʙʦʚʘʥʠʷ ʠ ʚʳʨʘʙʦʪʘʥʳ ʦʩʥʦʚʥʳʝ ʢʨʠʪʝʨʠʠ ʠʭ ʦʮʝʥʢʠ. ʈʘʩʩʤʦʪʨʝʥʳ 

ʪʨʘʜʠʮʠʦʥʥʦ ʠʩʧʦʣʴʟʫʝʤʳʝ ʚ ʉɺʏ-ʪʝʭʥʠʢʝ ʬʝʨʨʠʪʳ. ʇʨʦʘʥʘʣʠʟʠʨʦʚʘʥʳ ʜʦʩʪʦʠʥʩʪʚʘ ʠ 

ʥʝʜʦʩʪʘʪʢʠ ʬʝʨʨʠʪʦʚ-ʰʧʠʥʝʣʝʡ, ʛʨʘʥʘʪʦʚ ʠ ʛʝʢʩʘʬʝʨʨʠʪʦʚ. ʆʩʥʦʚʥʦʝ ʚʥʠʤʘʥʠʝ ʚ ʜʘʥʥʦʡ 

ʛʣʘʚʝ ʫʜʝʣʷʝʪʩʷ ʘʤʦʨʬʥʳʤ ʠ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʤ ʩʧʣʘʚʘʤ ʢʘʢ ʥʦʚʳʤ ʧʝʨʩʧʝʢʪʠʚʥʳʤ 

ʤʘʛʥʠʪʥʳʤ ʤʘʪʝʨʠʘʣʘʤ ʉɺʏ-ʵʣʝʢʪʨʦʥʠʢʠ. ʈʘʩʩʤʦʪʨʝʥʘ ʧʨʠʨʦʜʘ ʬʦʨʤʠʨʦʚʘʥʠʷ ʧʨʝʚʦʩ-

ʭʦʜʥʳʭ ʤʘʛʥʠʪʦʤʷʛʢʠʭ ʩʚʦʡʩʪʚ ʠ ʚʳʩʦʢʦʡ ʤʘʛʥʠʪʥʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʪʘʢʠʭ ʤʘʪʝʨʠʘʣʦʚ. 

ʇʦʢʘʟʘʥʦ, ʯʪʦ ʧʦ ʩʦʚʦʢʫʧʥʦʩʪʠ ʢʣʶʯʝʚʳʭ ʧʘʨʘʤʝʪʨʦʚ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʝ ʩʧʣʘʚʳ ʷʚ-

ʣʷʶʪʩʷ ʦʜʥʠʤʠ ʠʟ ʥʘʠʙʦʣʝʝ ʧʨʠʚʣʝʢʘʪʝʣʴʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʜʣʷ ʉɺʏ-ʧʨʠʣʦʞʝʥʠʡ. 

1.1 ʏʘʩʪʦʪʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʤʘʛʥʠʪʥʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʤʘʪʝʨʠʘʣʦʚ 

ɺ ʥʠʟʢʦʯʘʩʪʦʪʥʦʤ ʜʠʘʧʘʟʦʥʝ ʚʧʣʦʪʴ ʜʦ ~ 10
5
ï10

6
 ɻʮ ʧʦʚʝʜʝʥʠʝ ʤʘʛʥʠʪʥʳʭ ʤʘʪʝ-

ʨʠʘʣʦʚ, ʢʘʢ ʧʨʘʚʠʣʦ, ʥʝ ʟʘʚʠʩʠʪ ʦʪ ʯʘʩʪʦʪʳ ʚʥʝʰʥʝʛʦ ʧʝʨʝʤʝʥʥʦʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʠ 

ʦʧʨʝʜʝʣʷʝʪʩʷ ʪʦʣʴʢʦ ʝʛʦ ʚʝʣʠʯʠʥʦʡ ʚ ʢʘʞʜʳʡ ʢʦʥʢʨʝʪʥʳʡ ʤʦʤʝʥʪ ʚʨʝʤʝʥʠ. ʅʘ ʯʘʩʪʦʪʘʭ, 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʢʦʨʦʪʢʦʚʦʣʥʦʚʦʡ ʠ ʤʝʪʨʦʚʦʡ ʯʘʩʪʠ ʨʘʜʠʦʜʠʘʧʘʟʦʥʘ, ʥʘʯʠʥʘʶʪ ʩʢʘʟʳ-

ʚʘʪʴʩʷ ʢʦʣʝʙʘʥʠʷ ʜʦʤʝʥʥʳʭ ʩʪʝʥʦʢ, ʘ ʥʘ ʉɺʏ ï ʢʦʣʝʙʘʥʠʷ ʤʘʛʥʠʪʥʳʭ ʤʦʤʝʥʪʦʚ ʢʘʢ 
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ʚʥʫʪʨʠ ʦʪʜʝʣʴʥʳʭ ʜʦʤʝʥʦʚ, ʪʘʢ ʠ ʚ ʧʦʣʥʦʩʪʴʶ ʥʘʤʘʛʥʠʯʝʥʥʦʤ ʜʦ ʥʘʩʳʱʝʥʠʷ ʦʙʨʘʟʮʝ [21]. 

ɺ ʉɺʏ-ʜʠʘʧʘʟʦʥʝ ʬʝʨʨʠ- ʠ ʬʝʨʨʦʤʘʛʥʝʪʠʢʠ, ʢʘʢ ʧʨʘʚʠʣʦ, ʠʩʧʦʣʴʟʫʶʪʩʷ ʚ ʫʩʣʦʚʠʷʭ 

ʚʦʟʙʫʞʜʝʥʠʷ ʚ ʥʠʭ ʦʜʥʦʨʦʜʥʦʡ ʧʨʝʮʝʩʩʠʠ ʤʘʛʥʠʪʥʳʭ ʤʦʤʝʥʪʦʚ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʷʚʣʝʥʠʶ 

ʬʝʨʨʦʤʘʛʥʠʪʥʦʛʦ ʨʝʟʦʥʘʥʩʘ (ʌʄʈ). ʕʪʦ ʷʚʣʝʥʠʝ, ʢʦʪʦʨʦʝ ʠʟʥʘʯʘʣʴʥʦ ʙʳʣʦ ʧʨʝʜʩʢʘʟʘʥʦ 

ɸʨʢʘʜʝɹʚʳʤ ʚ 1912 ʛ. [22], ʘ ʟʘʪʝʤ ʚ 1946 ʛ. ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʦʙʥʘʨʫʞʝʥʦ ɻʨʠʬʬʠʪʩʦʤ 

[23], ʚ ʟʥʘʯʠʪʝʣʴʥʦʡ ʩʪʝʧʝʥʠ ʦʧʨʝʜʝʣʷʝʪ ʚʳʩʦʢʦʯʘʩʪʦʪʥʳʡ ʦʪʢʣʠʢ ʤʘʛʥʠʪʥʳʭ ʤʘʪʝʨʠʘʣʦʚ. 

ʅʝʦʜʥʦʨʦʜʥʳʝ ʪʠʧʳ ʧʨʝʮʝʩʩʠʠ ʤʘʛʥʠʪʥʳʭ ʤʦʤʝʥʪʦʚ ï ʩʧʠʥʦʚʳʝ ʚʦʣʥʳ, ʧʨʝʜʩʢʘʟʘʥʥʳʝ ʚ 

1930 ʛ. ɹʣʦʭʦʤ [24], ʟʥʘʯʠʪʝʣʴʥʦ ʦʙʦʛʘʱʘʶʪ ʯʘʩʪʦʪʥʳʡ ʩʧʝʢʪʨ ʤʘʛʥʠʪʥʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ 

ʤʘʪʝʨʠʘʣʦʚ ʠ ʥʘʭʦʜʷʪ ʩʘʤʦʝ ʰʠʨʦʢʦʝ ʧʨʠʤʝʥʝʥʠʝ ʚ ʨʷʜʝ ʥʦʚʳʭ ʩʧʠʥ-ʚʦʣʥʦʚʳʭ 

ʉɺʏ-ʫʩʪʨʦʡʩʪʚ [25, 26].  

ʄʘʛʥʠʪʥʘʷ ʧʨʦʥʠʮʘʝʤʦʩʪʴ ʤʘʪʝʨʠʘʣʦʚ ʦʧʨʝʜʝʣʷʝʪʩʷ ʥʝ ʪʦʣʴʢʦ ʚʥʫʪʨʝʥʥʝʡ ʜʠʥʘ-

ʤʠʢʦʡ ʤʘʛʥʠʪʥʳʭ ʤʦʤʝʥʪʦʚ, ʥʦ ʦʥʘ ʪʘʢʞʝ ʟʘʚʠʩʠʪ ʦʪ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʚʥʝʰʥʝʛʦ ʚʳʩʦʢʦ-

ʯʘʩʪʦʪʥʦʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʚ ʠʭ ʦʙʲʝʤʝ [27]. ʀʟʤʝʥʷʶʱʠʝʩʷ ʚʦ ʚʨʝʤʝʥʠ ʤʘʛʥʠʪʥʳʝ ʧʦʣʷ 

ʠʥʜʫʮʠʨʫʶʪ ʚ ʵʣʝʢʪʨʦʧʨʦʚʦʜʷʱʠʭ ʬʝʨʨʦʤʘʛʥʝʪʠʢʘʭ ʚʠʭʨʝʚʳʝ ʪʦʢʠ. ʕʪʠ ʪʦʢʠ, ʚ ʩʚʦʶ 

ʦʯʝʨʝʜʴ, ʷʚʣʷʶʪʩʷ ʠʩʪʦʯʥʠʢʦʤ ʚʥʫʪʨʝʥʥʝʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣ̫, ʢʦʪʦʨʦʝ ʵʢʨʘʥʠʨʫʝʪ 

ʚʥʝʰʥʝʝ, ʪʝʤ ʩʘʤʳʤ ʧʨʝʜʦʪʚʨʘʱʘʷ ʝʛʦ ʧʨʦʥʠʢʥʦʚʝʥʠʝ ʚ ʧʨʦʚʦʜʥʠʢ. ʕʪʦ ʷʚʣʝʥʠʝ, ʥʘʟʳ-

ʚʘʝʤʦʝ ʩʢʠʥ-ʵʬʬʝʢʪʦʤ [28], ʦʢʘʟʳʚʘʝʪ ʩʠʣʴʥʦʝ ʚʣʠʷʥʠʝ ʥʘ ʯʘʩʪʦʪʥʫ  ʁʜʠʩʧʝʨʩʠʶ ʤʘʛ-

ʥʠʪʥʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʧʨʦʚʦʜʷʱʠʭ ʤʘʪʝʨʠʘʣʦʚ ʚ ʉɺʏ-ʜʠʘʧʘʟʦʥʝ, ʠ ʚ ʨʷʜʝ ʩʣʫʯʘʝʚ ʵʪʦ 

ʚʣʠʷʥʠʝ ʤʦʞʝʪ ʙʳʪʴ ʦʧʨʝʜʝʣʷʶʱʠʤ. 

1.1.1 ʌʝʨʨʦʤʘʛʥʠʪʥʳʡ ʨʝʟʦʥʘʥʩ 

ʇʨʠ ʘʥʘʣʠʟʝ ʧʨʦʮʝʩʩʦʚ, ʩʚʷʟʘʥʥʳʭ ʩ ʜʠʥʘʤʠʢʦʡ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʨʘʟʣʠʯʥʳʭ 

ʬʝʨʨʦʤʘʛʥʠʪʥʳʭ ʤʘʪʝʨʠʘʣʦʚ, ʦʙʳʯʥʦ ʠʩʧʦʣʴʟʫʝʪʩʷ ʫʨʘʚʥʝʥʠʝ ʃʘʥʜʘʫ ï ʃʠʬʰʠʮʘ [29] 

(1.1a) ʠ ʝʛʦ ʤʦʜʠʬʠʢʘʮʠʷ, ʧʨʝʜʣʦʞʝʥʥʘʷ ɻʠʣʴʙʝʨʪʦʤ [30] (1.1b): 
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ʛʜʝ t ï ʚʨʝʤʷ, ɔ ï ʛʠʨʦʤʘʛʥʠʪʥʦʝ ʦʪʥʦʰʝʥʠʝ ʨʘʚʥʦʝ 1.76Ĭ10
7
 ʨʘʜ/ʩ ʕ, M  ï ʚʝʢʪʦʨ ʥʘʤʘʛ-

ʥʠʯʝʥʥʦʩʪʠ, ʘ Ms = |M | ï ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʴ ʥʘʩʳʱʝʥʠʷ ʬʝʨʨʦʤʘʛʥʠʪʥʦʛʦ ʦʙʨʘʟʮʘ. ɺʭʦ-

ʜʷʱʝʝ ʚ ʵʪʠ ʫʨʘʚʥʝʥʠʷ ʵʬʬʝʢʪʠʚʥʦʝ ʤʘʛʥʠʪʥʦʝ ʧʦʣʝ MH µ-µ= /Feff
 ʫʯʠʪʳʚʘʝʪ ʥʘʨʷʜʫ ʩ 
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ʚʥʝʰʥʠʤ ʧʦʣʝʤ H  ɻ ʬʬʝʢʪʠʚʥʳʝ ʧʦʣʷ, ʦʙʫʩʣʦʚʣʝʥʥʳʝ ʨʘʟʣʠʯʥʳʤʠ ʤʘʛʥʠʪʥʳʤʠ ʚʢʣʘʜʘʤʠ 

ʚ ʵʥʝʨʛʠʶ F ʬʝʨʨʦʤʘʛʥʝʪʠʢʘ. ɹʝʟʨʘʟʤʝʨʥʳʡ ʵʬʬʝʢʪʠʚʥʳʡ ʧʘʨʘʤʝʪʨ ʟʘʪʫʭʘʥʠʷ Ŭ ʤʦʞʝʪ 

ʠʟʤʝʥʷʪʴʩʷ ʦʪ 0.001 ʜʣʷ çʠʜʝʘʣʴʥʳʭè ʤʦʥʦʢʨʠʩʪʘʣʣʦʚ ʜʦ 0.01 ʜʣʷ ʪʦʥʢʠʭ ʤʘʛʥʠʪʥʳʭ 

ʧʣʝʥʦʢ (ʊʄʇ) ʠʣʠ ʜʦ 0.3 ʠ ʙʦʣʝʝ ʜʣʷ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʬʝʨʨʠʪʦʚ. ɺ ʫʨʘʚʥʝʥʠʷʭ (1.1a) 

ʠ (1.1b) ʧʝʨʚʳʡ ʯʣʝʥ ʦʧʠʩʳʚʘʝʪ ʧʨʝʮʝʩʩʠʶ ʚʝʢʪʦʨʘ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ M  ʦʪʥʦʩʠʪʝʣʴʥʦ 

ʥʘʧʨʘʚʣʝʥʠʷ ʵʬʬʝʢʪʠʚʥʦʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ H
eff
, ʘ ʚʪʦʨʦʡ ʯʣʝʥ ʦʧʠʩʳʚʘʝʪ ʧʨʦʮʝʩʩʳ 

ʜʠʩʩʠʧʘʮʠʠ, ʪ. ʝ. ʧʦʪʝʨʠ ʵʥʝʨʛʠʠ. ʇʨʠ ʤʘʣʳʭ ʧʘʨʘʤʝʪʨʘʭ ʜʠʩʩʠʧʘʮʠʠ ʚʳʨʘʞʝʥʠʷ (1.1a) ʠ 

(1.1b) ʵʢʚʠʚʘʣʝʥʪʥʳ, ʢʘʢ ʧʦʢʘʟʘʥʦ ʚ [31]. 

ɼʣʷ ʨʝʰʝʥʠʷ ʟʘʜʘʯʠ ʦʧʨʝʜʝʣʝʥʠʷ ʧʝʨʝʤʝʥʥʦʡ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʬʝʨʨʦʤʘʛʥʝʪʠʢʘ 

ʧʦʜ ʚʦʟʜʝʡʩʪʚʠʝʤ ʚʳʩʦʢʦʯʘʩʪʦʪʥʦʛʦ ʧʦʣʷ ʧʦʤʠʤʦ ʫʨʘʚʥʝʥʠʷ ʜʚʠʞʝʥʠʷ (1.1a) ʠʣʠ (1.1b) 

ʥʝʦʙʭʦʜʠʤʦ ʪʘʢʞʝ ʠʩʧʦʣʴʟʦʚʘʪʴ ʫʨʘʚʥʝʥʠʷ ʵʣʝʢʪʨʦʜʠʥʘʤʠʢʠ (ʫʨʘʚʥʝʥʠʷ ʄʘʢʩʚʝʣʣʘ), ʘ 

ʪʘʢʞʝ ʫʯʠʪʳʚʘʪʴ ʛʨʘʥʠʯʥʳʝ ʫʩʣʦʚʠʷ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʦʙʨʘʟʮʘ. ʇʨʦʩʪʝʡʰʘʷ ʠʟ ʪʘʢʠʭ 

ʵʣʝʢʪʨʦʜʠʥʘʤʠʯʝʩʢʠʭ ʛʨʘʥʠʯʥʳʭ ʟʘʜʘʯ ï ʟʘʜʘʯʘ ʦʙ ʦʜʥʦʨʦʜʥʦʤ ʬʝʨʨʦʤʘʛʥʠʪʥʦʤ ʨʝʟʦ-

ʥʘʥʩʝ ʚ ʤʘʣʦʤ ʵʣʣʠʧʩʦʠʜʝ ï ʙʳʣʘ ʨʝʰʝʥʘ ʂʠʪʪʝʣʝʤ ʚ 1948 ʛ. [32]. ʆʥ ʧʦʢʘʟʘʣ, ʯʪʦ ʚʥʫʪʨʠ 

ʤʘʣʦʡ (ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʜʣʠʥʦʡ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʡ ʚʦʣʥʳ) ʬʝʨʨʦʤʘʛʥʠʪʥʦʡ ʯʘʩʪʠʮʳ ʵʣ-

ʣʠʧʩʦʠʜʘʣʴʥʦʡ ʬʦʨʤʳ ʤʘʛʥʠʪʥʦʝ ʧʦʣʝ ʦʜʥʦʨʦʜʥʦ, ʘ ʤʘʛʥʠʪʥʳʝ ʤʦʤʝʥʪʳ ʚʩʝʭ ʘʪʦʤʦʚ 

ʧʘʨʘʣʣʝʣʴʥʳ. ɽʩʣʠ ʚʳʙʨʘʪʴ ʜʝʢʘʨʪʦʚʫ ʩʠʩʪʝʤʫ ʢʦʦʨʜʠʥʘʪ ʚʜʦʣʴ ʛʣʘʚʥʳʭ ʦʩʝʡ ʵʣʣʠʧʩʦʠʜʘ, 

ʪʦ ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʚʥʝʰʥʝʛʦ ʧʦʩʪʦʷʥʥʦʛʦ ʧʦʣʷ H ʚ ʥʘʧʨʘʚʣʝʥʠʠ ʦʩʠ x ʠ ʧʝʨʝʤʝʥʥʦʛʦ ʚr -

ʩʦʢʦʯʘʩʪʦʪʥʦʛʦ hrf ʚʜʦʣʴ ʦʩʠ y, ʢʦʤʧʦʥʝʥʪʳ ʵʬʬʝʢʪʠʚʥʦʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʚʥʫʪʨʠ ʦʙ-

ʨʘʟʮʘ ʙʫʜʫʪ ʨʘʚʥʳ 

 zz
eff
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eff
yxx
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x MNHMNhHMNHH -=-=-= ,, , (1.2) 

ʛʜʝ Mx, My, Mz ï ʢʦʤʧʦʥʝʥʪʳ ʚʝʢʪʦʨʘ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ M, ʘ Nx, Ny, Nz ï ʨʘʟʤʘʛʥʠʯʠ-

ʚʘʶʱʠʝ ʬʘʢʪʦʨʳ ʵʣʣʠʧʩʦʠʜʘ [21]. 

ʈʝʰʝʥʠʝ ʫʨʘʚʥʝʥʠʷ (1.1b) ʚ ʧʨʠʙʣʠʞʝʥʠʠ ʤʘʣʳʭ ʢʦʣʝʙʘʥʠʡ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʵʣ-

ʣʠʧʩʦʠʜʘ ʥʘ ʯʘʩʪʦʪʝ ɤ = 2f́, ʨʘʚʥʦʡ ʯʘʩʪʦʪʝ ʚʥʝʰʥʝʛʦ ʚʳʩʦʢʦʯʘʩʪʦʪʥʦʛʦ ʤʘʛʥʠʪʥʦʛʦ 

ʧʦʣʷ hrf  ́e
iɤt
, ʧʨʠʚʦʜʠʪ ʢ ʚʳʨʘʞʝʥʠʶ ʜʣʷ ʚʳʩʦʢʦʯʘʩʪʦʪʥʦʡ ʤʘʛʥʠʪʥʦʡ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ 

 
)(4

1
22

0 yz

zM

rf

y

ih

M

w+waw+w-w

ww

p
º=c . (1.3) 
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ɿʜʝʩʴ ɤM = ɔ4 Ḿs, ɤy = ɔ[H + (Ny ï Nx)Ms], ɤz = ɔ[H + (Nz ï Nx)Ms], ʘ ʯʘʩʪʦʪʘ ʌʄʈ ʦʧʨʝ-

ʜʝʣʷʝʪʩʷ ʠʟʚʝʩʪʥʦʡ ʬʦʨʤʫʣʦʡ ʂʠʪʪʝʣʷ [32] 

 ])(][)([2 00 sxzsxyzy MNNHMNNHf -+-+g=ww=p=w . (1.4) 

ʇʦʣʫʯʝʥʥʦʝ ʂʠʪʪʝʣʝʤ ʚʳʨʘʞʝʥʠʝ ʜʣʷ ʤʘʛʥʠʪʥʦʡ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ (1.3) ʠ ʬʦʨʤʫʣʘ 

ʜʣʷ ʯʘʩʪʦʪʳ ʌʄʈ (1.4) ʰʠʨʦʢʦ ʠʩʧʦʣʴʟʫʶʪʩʷ ʥʘ ʧʨʘʢʪʠʢʝ, ʧʦʩʢʦʣʴʢʫ ʧʦʟʚʦʣʷʶʪ ʦʧʨʝ-

ʜʝʣʠʪʴ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʴ ʠ ʯʘʩʪʦʪʫ ʌʄʈ ʜʣʷ ʨʷʜʘ ʚʘʞʥʳʭ ʧʨʝʜʝʣʴʥʳʭ ʩʣʫʯʘʝʚ, ʥʘʧʨʠʤʝʨ 

[21]: 

- ʩʬʝʨʠʯʝʩʢʦʛʦ ʬʝʨʨʦʤʘʛʥʝʪʠʢʘ ʩ Nx = Ny = Nz =4 /́3; 

- ʢʘʩʘʪʝʣʴʥʦ ʥʘʤʘʛʥʠʯʝʥʥʦʡ ʧʣʝʥʢʠ ʩ Nx = Ny = 0, Nz =4ˊ; 

- ʧʨʦʜʦʣʴʥʦ ʥʘʤʘʛʥʠʯʝʥʥʦʛʦ ʩʠʣʴʥʦ ʚʳʪʷʥʫʪʦʛʦ ʮʠʣʠʥʜʨʘ ʩ Nx =0, Ny = Nz =2 .́ 

ʂʨʦʤʝ ʪʦʛʦ, ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʤʝʪʦʜʘ ʵʬʬʝʢʪʠʚʥʳʭ ʨʘʟʤʘʛʥʠʯʠʚʘʶʱʠʭ ʬʘʢʪʦʨʦʚ [21] ʧʦ-

ʟʚʦʣʷʝʪ ʩ ʧʦʤʦʱʴʶ ʬʦʨʤʫʣ (1.3) ʠ (1.4) ʦʧʨʝʜʝʣʠʪʴ ʤʘʛʥʠʪʥʫʶ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʴ ʠ ʯʘʩ-

ʪʦʪʫ ʌʄʈ ʜʣʷ ʧʨʦʠʟʚʦʣʴʥʦʛʦ ʘʥʠʟʦʪʨʦʧʥʦʛʦ ʬʝʨʨʦʤʘʛʥʝʪʠʢʘ. ʅʘʧʨʠʤʝʨ, ʚ ʩʣʫʯʘʝ ʢʘʩʘ-

ʪʝʣʴʥʦ ʥʘʤʘʛʥʠʯʝʥʥʦʡ ʊʄʇ ʩ ʦʜʥʦʦʩʥʦʡ ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʝʡ Ha ʯʘʩʪʦʪʘ ʌʄʈ 

 )4)((0 saa MHHHH p+°°g=w . (1.5) 

ɺ ʧʦʩʣʝʜʥʝʤ ʚʳʨʘʞʝʥʠʠ ʟʥʘʢ ʧʣʩʁ ʧʨʠ Ha ʦʪʥʦʩʠʪʩʷ ʢ ʩʣʫʯʘʶ ʥʘʤʘʛʥʠʯʠʚʘʥʠʷ ʚʥʝʰʥʠʤ 

ʧʦʣʝʤ ʚʜʦʣʴ ʦʩʠ ʣʝʛʢʦʛʦ ʥʘʤʘʛʥʠʯʠʚʘʥʠʷ (ʆʃʅ), ʘ ʟʥʘʢ ʤʠʥʫʩ ï ʚʜʦʣʴ ʦʩʠ ʪʨʫʜʥʦʛʦ ʥʘ-

ʤʘʛʥʠʯʠʚʘʥʠʷ (ʆʊʅ). 

ʏʘʩʪʦʪʥʦ-ʟʘʚʠʩʠʤʘʷ ʤʘʛʥʠʪʥʘʷ ʧʨʦʥʠʮʘʝʤʦʩʪʴ ʚʳʨʘʞʘʝʪʩʷ ʯʝʨʝʟ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʴ 

ʢʘʢ ɛ = 1+4́ ɢ [21] ʠ ʜʣʷ ʵʣʣʠʧʩʦʠʜʘʣʴʥʦʡ ʬʝʨʨʦʤʘʛʥʠʪʥʦʡ ʯʘʩʪʠʮʳ ʠʤʝʝʪ ʩʣʝʜʫʶʱʠʡ 

ʚʠʜ 

 
)(

1)(
22

0 yz

zM

i
i

w+waw+w-w

ww
+=m¡¡-m¡=wm . (1.6) 

ʅʘ ʨʠʩʫʥʢʝ 1.1 ʧʨʠʚʝʜʝʥʘ ʪʠʧʠʯʥʘʷ ʜʣʷ ʙʦʣʴʰʠʥʩʪʚʘ ʬʝʨʨʦʤʘʛʥʠʪʥʳʭ ʤʘʪʝʨʠʘʣʦʚ 

ʯʘʩʪʦʪʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʢʦʤʧʣʝʢʩʥʦʡ ʤʘʛʥʠʪʥʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ɛ = ɛ'īiɛ''. ʄʘʨʢʝʨʳ ï 

ʨʝʟʫʣʴʪʘʪʳ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʠʟʤʝʨʝʥʠʡ (ʜʝʪʘʣʠ ʵʢʩʧʝʨʠʤʝʥʪʘ ʧʨʠʚʝʜʝʥʳ ʚ ʛʣʘʚʝ 6), 

ʩʧʣʦʰʥʳʝ ʣʠʥʠʠ ï ʪʝʦʨʝʪʠʯʝʩʢʠʝ ʟʘʚʠʩʠʤʦʩʪʠ, ʚʳʯʠʩʣʝʥʥʳʝ ʩ ʧʦʤʦʱʴʶ ʚʳʨʘʞʝ-

ʥʠʷ (1.6). ʍʦʪʷ ʚʳʨʘʞʝʥʠʝ (1.6) ʠʟʥʘʯʘʣʴʥʦ ʙʳʣʦ ʧʦʣʫʯʝʥʦ ʜʣʷ ʠʜʝʘʣʠʟʠʨʦʚʘʥʥʦʡ ʤʦʜʝʣʠ 
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ʤʘʣʦʛʦ ʦʜʥʦʨʦʜʥʦ ʥʘʤʘʛʥʠʯʝʥʥʦʛʦ ʵʣʣʠʧʩʦʠʜʘ, ʦʥʦ ʜʦʩʪʘʪʦʯʥʦ ʭʦʨʦʰʦ ʦʧʠʩʳʚʘʝʪ ʯʘʩ-

ʪʦʪʥʫʶ ʟʘʚʠʩʠʤʦʩʪʴ ɛ ʤʥʦʛʠʭ ʬʝʨʨʦʤʘʛʥʠʪʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʠ ʧʦʪʦʤʫ ʯʘʩʪʦ ʠʩʧʦʣʟɹʫʝʪʩʷ 

ʥʘ ʧʨʘʢʪʠʢʝ. 

  

 

ʈʠʩʫʥʦʢ 1.1 ï ʏʘʩʪʦʪʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʜʝʡʩʪʚʠʪʝʣʴʥʦʡ ʠ ʤʥʠʤʦʡ ʯʘʩʪʝʡ ʢʦʤʧʣʝʢʩʥʦʡ 

ʤʘʛʥʠʪʥʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ɛ = ɛ'īiɛ'' ʧʨʠ H = 0 ʜʣʷ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʧʣʝʥʢʠ Fe20Ni80 

ʪʦʣʱʠʥʦʡ 110 ʥʤ, ʦʩʘʞʜʝʥʥʦʡ ʥʘ ʪʝʢʩʪʫʨʠʨʦʚʘʥʥʫʶ ʧʦʜʣʦʞʢʫ ʩ ʧʝʨʠʦʜʦʤ 5 ʤʢʤ 

(ʜʝʪʘʣʠ ʵʢʩʧʝʨʠʤʝʥʪʘ ʧʨʠʚʝʜʝʥʳ ʚ ʛʣʘʚʝ 6). ʄʘʨʢʝʨʳ ï ʨʝʟʫʣʴʪʘʪʳ ʠʟʤʝʨʝʥʠʡ, 

ʣʠʥʠʠ ï ʪʝʦʨʝʪʠʯʝʩʢʠʝ ʟʘʚʠʩʠʤʦʩʪʠ ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ (1.6) 

ɼʝʡʩʪʚʠʪʝʣʴʥʘʷ ʯʘʩʪʴ ʤʘʛʥʠʪʥʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ɛ' ʭʘʨʘʢʪʝʨʠʟʫʝʪ ʜʠʥʘʤʠʯʝʩʢʠʝ 

ʩʚʦʡʩʪʚʘ ʤʘʪʝʨʠʘʣʘ, ʪʦʛʜʘ ʢʘʢ ɛ'' ʦʪʚʝʯʘʝʪ ʟʘ ʤʘʛʥʠʪʥʳʝ ʧʦʪʝʨʠ ʚ ʥʝʤ [28]. ʂʘʢ ʚʠʜʥʦ ʠʟ 

ʨʠʩʫʥʢʘ 1.1, ʤʘʛʥʠʪʥʘʷ ʧʨʦʥʠʮʘʝʤʦʩʪʴ ɛ' ʚ ʯʘʩʪʦʪʥʦʤ ʜʠʘʧʘʟʦʥʝ ʦʪ ʥʫʣʷ ʠ ʧʨʠʤʝʨʥʦ ʜʦ f0 

ʦʩʪʘʝʪʩʷ ʧʨʘʢʪʠʯʝʩʢʠ ʧʦʩʪʦʷʥʥʦʡ ʠ ʨʘʚʥʦʡ ʩʪʘʪʠʯʝʩʢʦʡ ʤʘʛʥʠʪʥʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʤʘ-

ʪʝʨʠʘʣʘ Õs = ɛ'(f = 0). ɺ ʦʙʣʘʩʪʠ ʬʝʨʨʦʤʘʛʥʠʪʥʦʛʦ ʨʝʟʦʥʘʥʩʘ ɛ' ʩʥʘʯʘʣʘ ʚʦʟʨʘʩʪʘʝʪ, ʘ ʧʦ-

ʪʦʤ ʚ ʪʦʯʢʝ f = f0 ʨʝʟʢʦ ʧʘʜʘʝʪ ʥʠʞʝ ʥʫʣʷ, ʯʪʦ ʩʪʘʥʦʚʠʪʩʷ ʥʝʧʨʠʝʤʣʝʤʳʤ ʜʣʷ ʙʦʣʴʰʠʥʩʪʚʘ 

ʪʝʭʥʠʯʝʩʢʠʭ ʧʨʠʤʝʥʝʥʠʡ. ʇʦʵʪʦʤʫ ʜʣʷ ʧʨʠʙʣʠʞʝʥʥʦʡ ʦʮʝʥʢʠ ʚʳʩʦʢʦʯʘʩʪʦʪʥʳʭ ʭʘʨʘʢ-

ʪʝʨʠʩʪʠʢ ʬʝʨʨʦʤʘʛʥʠʪʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʫʜʦʙʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʢʦʣʠʯʝʩʪʚʝʥʥʳʝ ʟʥʘʯʝʥʠʷ 

ʪʦʣʴʢʦ ʜʚʫʭ ʧʘʨʘʤʝʪʨʦʚ ʯʘʩʪʦʪʥʦʡ ʜʠʩʧʝʨʩʠʠ ʤʘʛʥʠʪʥʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ: Õs ʠ f0. ʏʘʩʪʦʪʫ 

ʌʄʈ f0 ʤʦʞʥʦ ʨʘʩʩʤʘʪʨʠʚʘʪʴ ʢʘʢ ʚʝʨʭʥʶʶ ʛʨʘʥʠʮʫ ʨʘʙʦʯʝʛʦ ʜʠʘʧʘʟʦʥʘ ʯʘʩʪʦʪ, ʚ ʢʦʪʦʨʦʤ 

ʜʠʥʘʤʠʯʝʩʢʠʡ ʤʘʛʥʠʪʥʳʡ ʦʪʢʣʠʢ ʤʘʪʝʨʠʘʣʘ ʦʪʣʠʯʝʥ ʦʪ ʥʫʣʷ ʠ ʧʨʠʙʣʠʞʝʥʥʦ ʨʘʚʝʥ ʚʝ-

ʣʠʯʠʥʝ ʝʝ ʩʪʘʪʠʯʝʩʢʦʡ ʤʘʛʥʠʪʥʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ Õs [15, 16]. 
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1.1.2 ʌʫʥʜʘʤʝʥʪʘʣʴʥʳʝ ʦʛʨʘʥʠʯʝʥʠʷ ʤʘʛʥʠʪʥʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ 

ʤʘʪʝʨʠʘʣʦʚ 

ɼʣʷ ʙʦʣʴʰʠʥʩʪʚʘ ʉɺʏ-ʧʨʠʣʦʞʝʥʠʡ ʥʝʦʙʭʦʜʠʤʦ, ʯʪʦʙʳ ʦʙʘ ʧʘʨʘʤʝʪʨʘ ʯʘʩʪʦʪʥʦʡ 

ʜʠʩʧʝʨʩʠʠ ʤʘʛʥʠʪʥʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʤʘʪʝʨʠʘʣʦʚ Õs ʠ f0 ʧʨʠʥʠʤʘʣʠ ʢʘʢ ʤʦʞʥʦ ʙʦʣʝʝ 

ʚʳʩʦʢʠʝ ʟʥʘʯʝʥʠʷ. ʆʜʥʘʢʦ ʨʦʩʪ ʯʘʩʪʦʪʳ ʌʄʈ f0 ʧʨʠʚʦʜʠʪ ʢ ʩʥʠʞʝʥʠʶ ʩʪʘʪʠʯʝʩʢʦʡ 

ʤʘʛʥʠʪʥʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ Õs, ʠ ʥʘʦʙʦʨʦʪ. ɽʩʣʠ ʚ ʢʘʯʝʩʪʚʝ ʧʨʠʤʝʨʘ ʨʘʩʩʤʦʪʨʝʪʴ ʤʦʜʝʣʴ 

ʤʘʣʦʛʦ ʦʜʥʦʨʦʜʥʦ ʥʘʤʘʛʥʠʯʝʥʥʦʛʦ ʩʬʝʨʠʯʝʩʢʦʛʦ ʬʝʨʨʦʤʘʛʥʝʪʠʢʘ ʩ Nx = Ny = Nz =4 /́3, ʪʦ 

ʩʦʛʣʘʩʥʦ (1.6) 

 ss Mf pg¡=-m 4)1( 0 , (1.7) 

ʛʜʝ ɔǋ = ɔ/2  ́å 2.8 ʄɻʮ/ʕ. ʉʦʦʪʥʦʰʝʥʠʝ (1.7) ʧʦʢʘʟʳʚʘʝʪ, ʯʪʦ ʦʜʥʦʚʨʝʤʝʥʥʳʡ ʨʦʩʪ ʠ Õs, ʠ 

f0 ʥʝʚʦʟʤʦʞʝʥ, ʧʦʩʢʦʣʴʢʫ ʠʭ ʧʨʦʠʟʚʝʜʝʥʠʝ ʚʩʝʛʜʘ ʜʦʣʞʥʦ ʦʩʪʘʚʘʪʴʩʷ ʧʦʩʪʦʷʥʥʳʤ ʠ 

ʨʘʚʥʳʤ ʚʝʣʠʯʠʥʝ, ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʦʡ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʥʘʩʳʱʝʥʠʷ ʬʝʨʨʦʤʘʛʥʝʪʠʢʘ ʄs. 

ɺ ʦʙʱʝʤ ʩʣʫʯʘʝ ʧʘʨʘʤʝʪʨʳ Õs ʠ f0 ʩʣʦʞʥʳʤ ʦʙʨʘʟʦʤ ʟʘʚʠʩʷʪ ʦʪ ʭʠʤʠʯʝʩʢʦʛʦ ʩʦ-

ʩʪʘʚʘ ʠ ʪʝʭʥʦʣʦʛʠʠ ʠʟʛʦʪʦʚʣʝʥʠʷ ʤʘʛʥʠʪʥʦʛʦ ʤʘʪʝʨʠʘʣʘ, ʝʛʦ ʤʠʢʨʦʤʘʛʥʠʪʥʦʡ ʠ ʤʠʢʨʦ-

ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨ,r ʘ ʪʘʢʞʝ ʦʪ ʚʝʣʠʯʠʥʳ ʧʨʠʣʦʞʝʥʥʦʛʦ ʚʥʝʰʥʝʛʦ ʤʘʛʥʠʪʥʦʛʦ 

ʧʦʣʷ [15]. ʆʜʥʘʢʦ ʜʣʷ ʙʦʣʴʰʠʥʩʪʚʘ ʦʙʲʝʤʥʳʭ ʤʘʛʥʠʪʥʳʭ ʤʘʪʝʨʠʘʣʦʚ Õs ʠ f0 ʩʚʷʟʘʥʳ ʜʨʫʛ 

ʩ ʜʨʫʛʦʤ ʘʥʘʣʦʛʠʯʥʳʤ ʚʳʨʘʞʝʥʠʶ (1.7) ʩʦʦʪʥʦʰʝʥʠʝʤ 

 ss Mf pg¡=-m 4
3

2
)1( 0 , (1.8) 

ʢʦʪʦʨʦʝ ʚ ʣʠʪʝʨʘʪʫʨʝ ʥʦʩʠʪ ʥʘʟʚʘʥʠʝ ʟʘʢʦʥʘ ʉʥʫʢʘ [15, 16]. ɺʳʨʘʞʝʥʠʝ (1.8) ʙʳʣʦ ʧʦ-

ʣʫʯʝʥʦ ʉʥʫʢʦʤ ʜʣʷ ʦʙʲʝʤʥʦʛʦ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʤʘʪʝʨʠʘʣʘ, ʩʦʩʪʦʷʱʝʛʦ ʠʟ ʦʜʥʦ-

ʜʦʤʝʥʥʳʭ ʟʝʨʝʥ ʩʬʝʨʠʯʝʩʢʦʡ ʬʦʨʤʳ. ɺʝʣʠʯʠʥʫ ʚ ʧʨʘʚʦʡ ʯʘʩʪʠ (1.8) ʧʨʠʥʷʪʦ ʥʘʟʳʚʘʪʴ 

[33] ʢʦʥʩʪʘʥʪʦʡ ʉʥʫʢʘ: KS = (2/3)ɔǋ4 Ḿs. ɺʘʞʥʦ, ʯʪʦ ʢʦʥʩʪʘʥʪʘ ʉʥʫʢʘ ʦʧʨʝʜʝʣʷʝʪʩʷ 

ʪʦʣʴʢʦ ʚʝʣʠʯʠʥʦʡ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʥʘʩʳʱʝʥʠʷ ʤʘʛʥʠʪʥʦʛʦ ʤʘʪʝʨʠʘʣʘ ʠ ʥʝ ʟʘʚʠʩʠʪ ʦʪ 

ʜʨʫʛʠʭ ʝʛʦ ʧʘʨʘʤʝʪʨʦʚ. ɼʣʷ ʙʦʣʴʰʠʥʩʪʚʘ ʬʝʨʨʠʪʦʚ ʢʦʥʩʪʘʥʪʘ ʉʥʫʢʘ ʥʘʭʦʜʠʪʩʷ ʚ ʜʠʘʧʘ-

ʟʦʥʝ ʦʪ 2 ʜʦ 5 ɻɻʮ [33]. ʌʝʨʨʦʤʘʛʥʠʪʥʳʝ ʤʝʪʘʣʣʳ ʠ ʩʧʣʘʚʳ ʤʦʛʫʪ ʠʤʝʪʴ ʙʦʣʝʝ ʚʳʩʦʢʠʝ 

ʟʥʘʯʝʥʠʷ KS ʟʘ ʩʯʝʪ ʙʦʣʝʝ ʚʳʩʦʢʦʡ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʥʘʩʳʱʝʥʠʷ. ʅʘʧʨʠʤʝʨ, ʜʣʷ ʞʝʣʝʟʘ ʩ 

Ms = 1700 ɻʩ ʢʦʥʩʪʘʥʪʘ ʉʥʫʢʘ KS å 40 ɻɻʮ. 

ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʤʘʛʥʠʪʥʳʭ ʩʨʝʜ ʚ ʬʦʨʤʝ ʪʦʥʢʠʭ ʧʣʝʥʦʢ ʠʣʠ ʪʦʥʢʠʭ ʩʣʦʝʚ ʧʦʟʚʦʣʷʝʪ 

ʩʫʱʝʩʪʚʝʥʥʦ ʧʦʚʳʩʠʪʴ ʠʭ ʤʘʛʥʠʪʥʫʶ ʧʨʦʥʠʮʘʝʤʦʩʪʴ, ʘ ʪʘʢʞʝ ʚʝʨʭʥʶʶ ʛʨʘʥʠʮʫ ʜʠʘʧʘ-
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ʟʦʥʘ ʨʘʙʦʯʠʭ ʯʘʩʪʦʪ ʫʩʪʨʦʡʩʪʚ ʥʘ ʠʭ ʦʩʥʦʚʝ [15, 16]. ʀʟ-ʟʘ ʩʠʣʴʥʦ ʚʳʨʘʞʝʥʥʦʡ ʘʥʠʟʦ-

ʪʨʦʧʠʠ ʬʦʨʤʳ ʪʦʥʢʦʧʣʝʥʦʯʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʚʝʢʪʦʨ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʚ ʦʪʥʦʩʠʪʝʣʴʥʦ 

ʥʝʙʦʣʴʰʠʭ ʚʥʝʰʥʠʭ ʧʦʣʷʭ ʣʝʞʠʪ ʚ ʠʭ ʧʣʦʩʢʦʩʪʠ. ʕʪʦ ʧʨʠʚʦʜʠʪ ʢ ʦʪʣʠʯʥʦʤʫ ʦʪ (1.7) ʠ 

(1.8) ʩʦʦʪʥʦʰʝʥʠʶ ʤʝʞʜʫ ʩʪʘʪʠʯʝʩʢʦʡ ʤʘʛʥʠʪʥʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʴʶ ʠ ʯʘʩʪʦʪʦʡ ʌʄʈ 

 22
0 )4()1( ss Mf pg¡=-m , (1.9) 

ʯʘʩʪʦ ʥʘʟʳʚʘʝʤʦʤʫ ʚ ʥʘʫʯʥʦʡ ʣʠʪʝʨʘʪʫʨʝ ʟʘʢʦʥʦʤ ɸʰʝ [16, 17]. ʇʦʩʣʝʜʥʝʝ ʫʨʘʚʥʝʥʠʝ 

ʣʝʛʢʦ ʤʦʞʝʪ ʙʳʪʴ ʧʦʣʫʯʝʥʦ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʠʟ ʚʳʨʘʞʝʥʠʷ (1.6) ʜʣʷ ʩʣʫʯʘʷ ʢʘʩʘʪʝʣʴʥʦ 

ʥʘʤʘʛʥʠʯʝʥʥʦʡ ʬʝʨʨʦʤʘʛʥʠʪʥʦʡ ʧʣʝʥʢʠ ʩ Nx = Ny = 0, Nz = 4ˊ. ʉʦʦʪʥʦʰʝʥʠʝ ɸʰʝ (1.9) 

ʜʦʢʘʟʳʚʘʝʪ ʧʨʝʠʤʫʱʝʩʪʚʦ ʪʦʥʢʦʧʣʝʥʦʯʥʳʭ ʤʘʛʥʠʪʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʠʭ 

ʦʙʲʝʤʥʳʤʠ ʘʥʘʣʦʛʘʤʠ. ʊʘʢ, ʠʟ ʫʨʘʚʥʝʥʠʷ (1.8) ʜʣʷ ʦʙʲʝʤʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʩʣʝʜʫʝʪ, ʯʪʦ 

0/~ fMssm , ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʩʦʛʣʘʩʥʦ ʫʨʘʚʥʝʥʠʶ (1.9), ʜʣʷ ʧʣʘʥʘʨʥʳʭ ʤʘʛʥʠʪʥʳʭ ʩʪʨʫʢʪʫʨ 

ʤʘʛʥʠʪʥʘʷ ʧʨʦʥʠʮʘʝʤʦʩʪʴ 2
0

2 /~ fMssm . ɺ ʧʨʘʢʪʠʯʝʩʢʠ ʚʘʞʥʳʭ ʩʣʫʯʘʷʭ, ʢʘʢ ʧʨʘʚʠʣʦ, 

f0 << ɔǋ4Ḿs, ʠ ʫʨʘʚʥʝʥʠʝ (1.8) ʜʦʧʫʩʢʘʝʪ ʛʦʨʘʟʜʦ ʤʝʥʴʰʠʝ ʟʥʘʯʝʥʠʷ ʩʪʘʪʠʯʝʩʢʦʡ ʤʘʛ-

ʥʠʪʥʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʩʦʦʪʥʦʰʝʥʠʝʤ ɸʰʝ. ʊʘʢ, ʥʘʧʨʠʤʝʨ, ʜʣʷ ʤʘʪʝ-

ʨʠʘʣʦʚ ʥʘ ʦʩʥʦʚʝ Fe ʩ Ms = 1700 ɻʩ ʥʘ ʯʘʩʪʦʪʝ f0 = 1 ɻɻʮ ʩʦʦʪʥʦʰʝʥʠʝ (1.8) ʜʘʝʪ ʟʥʘʯʝʥʠʝ 

Õs å 40, ʪʦʛʜʘ ʢʘʢ (1.9) ʧʨʠʚʦʜʠʪ ʢ ʟʥʘʯʝʥʠʶ ʧʦʯʪʠ ʥʘ ʜʚʘ ʧʦʨʷʜʢʘ ʙʦʣʝʝ ʚʳʩʦʢʦʤʫ 

Õs å 3600. ʇʦʵʪʦʤʫ ʊʄʇ ʠ ʧʣʘʥʘʨʥʳʝ ʤʘʛʥʠʪʥʳʝ ʩʪʨʫʢʪʫʨʳ ʷʚʣʷʶʪʩʷ ʥʘʠʣʫʯʰʠʤ ʚʳ-

ʙʦʨʦʤ ʜʣʷ ʨʝʰʝʥʠʷ ʪʝʭ ʧʨʠʢʣʘʜʥʳʭ ʟʘʜʘʯ, ʛʜʝ ʥʝʦʙʭʦʜʠʤʳ ʚʳʩʦʢʠʝ ʟʥʘʯʝʥʠʷ ʚʳʩʦʢʦ-

ʯʘʩʪʦʪʥʦʡ ʤʘʛʥʠʪʥʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ [15]. 

1.1.3 ɺʣʠʷʥʠʝ ʩʢʠʥ-ʵʬʬʝʢʪʘ 

ʊʦʥʢʠʝ ʬʝʨʨʦʤʘʛʥʠʪʥʳʝ ʧʣʝʥʢʠ ʦʙʳʯʥʦ ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʤʘʪʝʨʠʘʣʳ ʩ ʚʳʩʦʢʦʡ 

ʧʨʦʚʦʜʠʤʦʩʪʴʶ, ʧʦʵʪʦʤʫ ʚʣʠʷʥʠʝ ʩʢʠʥ-ʵʬʬʝʢʪʘ ʥʘ ʚʳʩʦʢʦʯʘʩʪʦʪʥʫʶ ʤʘʛʥʠʪʥʫʶ ʧʨʦ-

ʥʠʮʘʝʤʦʩʪʴ ʧʣʝʥʦʢ ʤʦʞʝʪ ʙʳʪʴ ʩʫʱʝʩʪʚʝʥʥʳʤ [34]. ʉʢʠʥ-ʵʬʬʝʢʪ ʚʦʟʥʠʢʘʝʪ ʠʟ-ʟʘ ʚʠʭ-

ʨʝʚʳʭ ʪʦʢʦʚ (ʪʦʢʦʚ ʌʫʢʦ), ʢʦʪʦʨʳʝ ʥʘʚʦʜʷʪʩʷ ʚ ʧʨʦʚʦʜʷʱʝʤ ʤʘʪʝʨʠʘʣʝ ʧʘʜʘʶʱʝʡ ʵʣʝʢ-

ʪʨʦʤʘʛʥʠʪʥʦʡ ʚʦʣʥʦʡ. ɺʠʭʨʝʚʳʝ ʪʦʢʠ ʚʳʟʳʚʘʶʪ ʟʘʪʫʭʘʥʠʝ ʵʪʦʡ ʚʦʣʥʳ ʧʦ ʤʝʨʝ ʝʝ ʨʘʩ-

ʧʨʦʩʪʨʘʥʝʥʠʷ ʚʛʣʫʙʴ ʧʨʦʚʦʜʥʠʢʘ. ʀʟ-ʟʘ ʢʦʥʝʯʥʦʡ ʛʣʫʙʠʥʳ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʧʘʜʘʶɦ ʝʡ 

ʚʦʣʥʳ ʚʳʩʦʢʦʯʘʩʪʦʪʥʳʝ ʩʚʦʡʩʪʚʘ ʧʨʦʚʦʜʷʱʝʡ ʊʄʇ ʦʧʨʝʜʝʣʷʶʪʩʷ ʵʬʬʝʢʪʠʚʥʦʡ ʤʘʛ-

ʥʠʪʥʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʴ  ʁÕeff, ʦʪʣʠʯʥʦʡ ʦʪ ʩʦʙʩʪʚʝʥʥʦʡ ʤʘʛʥʠʪʥʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ Õ. 

ʉʦʦʪʥʦʰʝʥʠʝ ʤʝʞʜʫ ɛeff ʠ ɛ ʜʣʷ ʪʦʥʢʦʡ ʧʣʝʥʢʠ ʭʦʨʦʰʦ ʠʟʚʝʩʪʥʦ [35] ʠ ʚʳʨʘʞʘʝʪʩʷ ʢʘʢ 
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ʛʜʝ d ïʪʦʣʱʠʥʘ ʧʣʝʥʢʠ, ʘ mwr=d /2  ʦʧʨʝʜʝʣʷʝʪ ʛʣʫʙʠʥʫ ʩʢʠʥ-ʩʣʦʷ ʧʣʝʥʢʠ, ʵʣʝʢʪʨʠ-

ʯʝʩʢʦʝ ʩʦʧʨʦʪʠʚʣʝʥʠʝ ʢʦʪʦʨʦʡ ʦʙʦʟʥʘʯʝʥʦ ʢʘʢ ɟ. 

ɺʣʠʷʥʠʝ ʚʠʭʨʝʚʳʭ ʪʦʢʦʚ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʪʦʤ, ʯʪʦ ʧʠʢ ʤʘʛʥʠʪʥʦʛʦ ʧʦʛʣʦʱʝʥʠʷ ʤʦ-

ʞʝʪ ʨʘʩʧʦʣʘʛʘʪʴʩʷ ʥʠʞʝ ʯʘʩʪʦʪʳ ʬʝʨʨʦʤʘʛʥʠʪʥʦʛʦ ʨʝʟʦʥʘʥʩʘ. ɺ ʪʦʣʩʪʳʭ ʧʨʦʚʦʜʷʱʠʭ 

ʧʣʝʥʢʘʭ, ʢʦʛʜʘ ʩʢʠʥ-ʵʬʬʝʢʪ ʥʘʠʙʦʣʝʝ ʷʨʢʦ ʚʳʨʘʞʝʥ, ʩʧʝʢʪʨ ʤʘʛʥʠʪʥʦʛʦ ʧʦʛʣʦʱʝʥʠʷ 

ʤʦʞʝʪ ʬʦʨʤʠʨʦʚʘʪʴʩʷ ʠʩʢʣʶʯʠʪʝʣʴʥʦ ʟʘ ʩʯʝʪ ʩʢʠʥ-ʵʬʬʝʢʪʘ, ʘ ʚʢʣʘʜ ʬʝʨʨʦʤʘʛʥʠʪʥʦʛʦ 

ʨʝʟʦʥʘʥʩʘ ʧʨʝʥʝʙʨʝʞʠʤʦ ʤʘʣ [27]. ɺ ʵʪʦʤ ʩʣʫʯʘʝ ʧʠʢ ʧʦʛʣʦʱʝʥʠʷ ʥʘʭʦʜʠʪʩʷ ʧʨʠʤʝʨʥʦ ʥʘ 

ʯʘʩʪʦʪʝ 
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ʛʜʝ ʛʣʫʙʠʥʘ ʧʨʦʥʠʢʥʦʚʝʥʠʷ ʨʘʚʥʘ ʧʦʣʦʚʠʥʝ ʪʦʣʱʠʥ rʧʣʝʥʢʠ: d/2ŭ = 1. ʇʨʠ ʵʪʦʤ ʜʝʡʩʪ-

ʚʠʪʝʣʴʥʘʷ ʯʘʩʪʴ ʤʘʛʥʠʪʥʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʧʘʜʘʝʪ ʜʦ 2/3 ʦʪ ʩʚʦʝʛʦ ʧʝʨʚʦʥʘʯʘʣʴʥʦʛʦ 

ʟʥʘʯʝʥʠʷ, ʪ. ʝ. ʜʦ å 2Õs/3. ʕʪʦ ʫʤʝʥʴʰʝʥʠʝ ʯʘʩʪʦʪʳ ʩʨʝʟʘ fed ʦʛʨʘʥʠʯʠʚʘʝʪ ʚʦʟʤʦʞʥʦʩʪʠ 

ʧʨʠʤʝʥʝʥʠʷ ʧʣʝʥʦʢ ʚ ʉɺʏ-ʜʠʘʧʘʟʦʥʝ. ʇʦʩʢʦʣʴʢʫ ʩʢʠʥ-ʵʬʬʝʢʪ ʥʝ ʚʣʠʷʝʪ ʥʘ ʩʪʘʪʠʯʝʩʢʫʶ 

ʧʨʦʥʠʮʘʝʤʦʩʪʴ Õs, ʩʦʦʪʥʦʰʝʥʠʝ ɸʰʝ (1.9) ʥʝ ʚʳʧʦʣʥʷʝʪʩʷ ʠʟ-ʟʘ ʩʥʠʞʝʥʠʷ ʛʨʘʥʠʯʥʦʡ 

ʯʘʩʪʦʪʳ fed ʥʠʞʝ ʯʘʩʪʦʪʳ ʌʄʈ f0 [34]. ʂʘʢ ʚʠʜʥʦ ʠʟ (1.11), ʧʨʦʠʟʚʝʜʝʥʠʝ ÕsĀfed ʥʝ ʟʘʚʠʩʠʪ 

ʦʪ ʤʘʛʥʠʪʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʧʣʝʥʢʠ, ʘ ʦʧʨʝʜʝʣʷʝʪʩʷ ʦʪʥʦʰʝʥʠʝʤ ɟ/d
2
. 

1.2 ʊʨʝʙʦʚʘʥʠʷ ʢ ʤʘʛʥʠʪʥʳʤ ʤʘʪʝʨʠʘʣʘʤ ʜʣʷ ʠʭ ʧʨʠʤʝʥʝʥʠʷ ʚ 

ʉɺʏ-ʜʠʘʧʘʟʦʥʝ 

ʂ ʤʘʛʥʠʪʥʳʤ ʤʘʪʝʨʠʘʣʘʤ ʢʘʢ ʢʦʤʧʦʥʝʥʪʘʤ ʩʦʚʨʝʤʝʥʥʳʭ ʉɺʏ-ʫʩʪʨʦʡʩʪʚ ʧʨʝʜ̡ -

ʷʚʣʷʝʪʩʷ ʨʷʜ ʪʨʝʙʦʚʘʥʠʡ [36, 37]. 

1. ʄʘʛʥʠʪʥʳʝ ʤʘʪʝʨʠʘʣʳ ʜʦʣʞʥʳ ʦʙʣʘʜʘʪʴ ʚʳʩʦʢʦʡ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʴʶ ʥʘʩʳʱʝʥʠʷ 

Ms. ʂʘʢ ʩʣʝʜʫʝʪ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʠʟ ʫʨʘʚʥʝʥʠʷ (1.8) ʠʣʠ (1.9), ʫʚʝʣʠʯʝʥʠʝ Ms ʧʨʠʚʦʜʠʪ ʢ 

ʨʦʩʪʫ ʤʘʛʥʠʪʥʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʤʘʪʝʨʠʘʣʦʚ ʚ ʨʘʙʦʯʝʤ ʜʠʘʧʘʟʦʥʝ ʯʘʩʪʦʪ. 

2. ʈʘʙʦʯʠʡ ʯʘʩʪʦʪʥʳʡ ʜʠʘʧʘʟʦʥ, ʢʦʪʦʨʳʡ, ʢʘʢ ʙʳʣʦ ʫʞʝ ʦʪʤʝʯʝʥʦ, ʦʧʨʝʜʝʣʷʝʪʩʷ 

ʯʘʩʪʦʪʦʡ ʌʄʈ f0 (1.4), ʤʦʞʥʦ ʢʦʥʪʨʦʣʠʨʦʚʘʪʴ ʚʥʝʰʥʠʤ ʤʘʛʥʠʪʥʳʤ ʧʦʣʝʤ H. ʆʜʥʘʢʦ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʜʦʧʦʣʥʠʪʝʣʴʥʦʡ ʧʦʜʤʘʛʥʠʯʠʚʘʶʱʝʡ ʩʠʩʪʝʤʳ ʧʨʠʚʦʜʠʪ ʢ ʫʚʝʣʠʯʝʥʠʶ 

ʨʘʟʤʝʨʘ ʠ ʚʝʩʘ, ʘ ʪʘʢʞʝ ʢ ʫʩʣʦʞʥʝʥʠʶ ʠ ʫʜʦʨʦʞʘʥʠʶ ʢʦʥʝʯʥʦʛʦ ʤʘʛʥʠʪʦʵʣʝʢʪʨʦʥʥʦʛʦ 
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ʉɺʏ-ʫʩʪʨʦʡʩʪʚʘ. ʇʦʵʪʦʤʫ ʜʣʷ ʬʦʨʤʠʨʦʚʘʥʠʷ ʨʘʙʦʯʝʛʦ ʯʘʩʪʦʪʥʦʛʦ ʜʠʘʧʘʟʦʥʘ ʥʝʦʙʭʦ-

ʜʠʤʦ ʦʙʝʩʧʝʯʠʪʴ ʢʦʥʪʨʦʣʠʨʫʝʤʫʶ ʦʜʥʦʦʩʥʫʶ ʤʘʛʥʠʪʥʫʶ ʘʥʠʟʦʪʨʦʧʠʶ Ha ʤʘʛʥʠʪʥʦʛʦ 

ʤʘʪʝʨʠʘʣʘ. ʊʘʢ, ʥʘʧʨʠʤʝʨ, ʜʣʷ ʪʦʥʢʠʭ ʦʜʥʦʦʩʥʳʭ ʧʣʝʥʦʢ ʠ H = 0 ʚʝʨʭʥʷʷ ʛʨʘʥʠʮʘ ʨʘʙʦ-

ʯʝʛʦ ʜʠʘʧʘʟʦʥʘ ʦʧʨʝʜʝʣʷʝʪʩʷ ʯʘʩʪʦʪʦʡ ʝʩʪʝʩʪʚʝʥʥʦʛʦ ʌʄʈ, ʢʦʪʦʨʘʷ ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ (1.5) 

ʨʘʚʥʘ )4()2/(0 saa MHHf p+pg= . 

3. ɿʘ ʠʩʢʣʶʯʝʥʠʝʤ ʧʨʠʤʝʥʝʥʠʷ ʤʘʛʥʠʪʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʚ ʢʘʯʝʩʪʚʝ ʧʦʛʣʦʪʠʪʝʣʝʡ, 

ʜʣʷ ʙʦʣʴʰʠʥʩʪʚʘ ʧʨʠʣʦʞʝʥʠʡ, ʢʘʢ ʧʨʘʚʠʣʦ, ʪʨʝʙʫʶʪʩʷ ʤʘʣʳʝ ʤʘʛʥʠʪʥʳʝ ʧʦʪʝʨʠ ʚ ʨʘ-

ʙʦʯʝʤ ʯʘʩʪʦʪʥʦʤ ʜʠʘʧʘʟʦʥʝ. ɼʣʷ ʵʪʦʛʦ ʰʠʨʠʥʘ ʣʠʥʠʠ ʌʄʈ ȹf (ʧʨʠ ʨʘʟʚʝʨʪʢʝ ʧʦ ʯʘʩʪʦʪʝ) 

ʠʣʠ ȹH (ʧʨʠ ʨʘʟʚʝʨʪʢʝ ʧʦ ʧʦʣʶ) ʜʦʣʞʥʘ ʙʳʪʴ ʫʟʢʦʡ, ʪʘʢ ʢʘʢ ʦʥʘ ʙʫʜʝʪ ʦʧʨʝʜʝʣʷʪʴ ʜʦʙ-

ʨʦʪʥʦʩʪʴ ʫʩʪʨʦʡʩʪʚʘ, ʩʦʟʜʘʥʥʦʛʦ ʥʘ ʦʩʥʦʚʝ ʪʘʢʦʛʦ ʤʘʛʥʠʪʥʦʛʦ ʤʘʪʝʨʠʘʣʘ. ɺ ʨʝʘʣʴʥʳʭ 

ʤʘʛʥʠʪʥʳʭ ʩʠʩʪʝʤʘʭ ʜʠʩʩʠʧʘʮʠʷ ʵʥʝʨʛʠʠ ʠ, ʢʘʢ ʩʣʝʜʩʪʚʠʝ, ʰʠʨʠʥʘ ʣʠʥʠʠ ʌʄʈ ʩʚʷʟʘʥʳ ʩ 

ʧʨʦʮʝʩʩʘʤʠ ʩʧʠʥ-ʨʝʰʝʪʯʘʪʦʡ ʨʝʣʘʢʩʘʮʠʠ ʠ ʥʝʦʜʥʦʨʦʜʥʦʡ ʧʨʝʮʝʩʩʠʝʡ ʚʝʢʪʦʨʘ ʥʘʤʘʛʥʠ-

ʯʝʥʥʦʩʪʠ, ʪ. ʝ. ʚʦʟʙʫʞʜʝʥʠʝʤ ʩʧʠʥʦʚʳʭ ʚʦʣʥ. 

4. ʄʘʛʥʠʪʥʳʝ ʤʘʪʝʨʠʘʣʳ ʜʦʣʞʥʳ ʦʙʣʘʜʘʪʴ ʚr ʩʦʢʠʤ ʫʜʝʣʴʥʳʤ ʵʣʝʢʪʨʠʯʝʩʢʠʤ ʩʦ-

ʧʨʦʪʠʚʣʝʥʠʝʤ ɟ. ɽʩʣʠ ʚʝʱʝʩʪʚʦ ʦʙʣʘʜʘʝʪ ʚʳʩʦʢʦʡ ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʴʶ, ʧʨʠ ʧʦʤʝɦ ʝʥʠʠ 

ʝʛʦ ʚ ʙʳʩʪʨʦʧʝʨʝʤʝʥʥʦʝ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʝ ʧʦʣʝ ʚ ʥʝʤ ʙʫʜʫʪ ʠʥʜʫʮʠʨʦʚʘʪʴʩʷ ʚʠʭʨʝʚʳʝ 

ʪʦʢʠ, ʧʨʠʚʦʜʷʱʠʝ ʢ ʜʦʧʦʣʥʠʪʝʣʴʥʳʤ ʤʘʛʥʠʪʥʳʤ ʧʦʪʝʨʷʤ, ʩʥʠʞʝʥʠʶ ʤʘʛʥʠʪʥʦʡ ʧʨʦ-

ʥʠʮʘʝʤʦʩʪʠ ʩʨʝʜʳ (1.10) ʠ ʦʛʨʘʥʠʯʝʥʠʶ ʨʘʙʦʯʝʛʦ ʯʘʩʪʦʪʥʦʛʦ ʜʠʘʧʘʟʦʥʘ, ʦʧʨʝʜʝʣʷʝʤʦʛʦ 

ʯʘʩʪʦʪʦʡ ʩʨʝʟʘ fed (1.11). 

5. ʇʨʝʜʧʦʯʪʠʪʝʣʴʥʘ ʥʠʟʢʘʷ ʤʘʛʥʠʪʦʩʪʨʠʢʮʠʷ, ʪ.ʢ. ʚ ʧʨʦʮʝʩʩʝ ʠʟʛʦʪʦʚʣʝʥʠ,̫ ʢʘʢ 

ʧʨʘʚʠʣʦ, ʚʦʟʥʠʢʘʶʪ ʥʝʦʜʥʦʨʦʜʥʳʝ ʥʘʧʨʷʞʝʥʠʷ ʚ ʤʘʪʝʨʠʘʣʝ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʥʝʢʦʥʪʨʦ-

ʣʠʨʫʝʤʦʤʫ ʠʟʤʝʥʝʥʠʶ ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ, ʩʥʠʞʝʥʠʶ ʤʘʛʥʠʪʥʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ, 

ʥʝʦʜʥʦʨʦʜʥʦʤʫ ʨʘʩʧʨʝʜʝʣʝʥʠʶ ʤʘʛʥʠʪʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʠ ʫʰʠʨʝʥʠʶ ʣʠʥʠʠ ʌʄʈ. 

6. ɼʣʷ ʩʥʠʞʝʥʠʷ ʛʠʩʪʝʨʝʟʠʩʥʳʭ ʧʦʪʝʨʴ ʠ ʫʚʝʣʠʯʝʥʠʷ ʤʘʛʥʠʪʥʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ 

ʤʘʪʝʨʠʘʣ ʜʦʣʞʝʥ, ʢʘʢ ʧʨʘʚʠʣʦ, ʥʘʭʦʜʠʪʴʩʷ ʚ ʦʜʥʦʨʦʜʥʦʤ ʦʜʥʦʜʦʤʝʥʥʦʤ ʩʦʩʪʦʷʥʠʠ ʠ 

ʠʤʝʪʴ ʥʠʟʢʫʶ ʢʦʵʨʮʠʪʠʚʥʫʶ ʩʠʣʫ Hc. ʄʘʛʥʠʪʥʳʝ ʤʘʪʝʨʠʘʣʳ ʩ ʤʘʣʦʡ ʚʝʣʠʯʠʥʦʡ Hc ʦʪ-

ʥʦʩʷʪʩʷ ʢ ʢʣʘʩʩʫ ʤʘʛʥʠʪʦʤʷʛʢʠʭ ʤʘʪʝʨʠʘʣʦʚ, ʤʘʛʥʠʪʥʘʷ ʧʨʦʥʠʮʘʝʤʦʩʪʴ ʢʦʪʦʨʳʭ 

Õs  ́1/Hc [9]. 

7. ʏʪʦʙʳ ʩʦʦʪʚʝʪʩʪʚʦʚʘʪʴ ʪʝʥʜʝʥʮʠʷʤ ʨʘʟʚʠʪʠʷ ʉɺʏ-ʵʣʝʢʪʨʦʥʠʢʠ, ʩʚʷʟʘʥʥʳʤ ʩ 

ʠʥʪʝʛʨʘʮʠʝʡ ʠ ʤʠʥʠʘʪʶʨʠʟʘʮʠʝʡ ʵʣʝʢʪʨʦʥʥʳʭ ʢʦʤʧʦʥʝʥʪʦʚ, ʪʝʭʥʦʣʦʛʠʷ ʠʟʛʦʪʦʚʣʝʥʠʷ 

ʤʘʛʥʠʪʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʜʦʣʞʥʘ ʙʳʪʴ ʩʦʚʤʝʩʪʠʤʘ ʩ ʩʦʚʨʝʤʝʥʥʳʤʠ ʠʥʪʝʛʨʘʣʴʥʳʤʠ ʪʝʭ-

ʥʦʣʦʛʠʷʤʠ. ʊʘʢ, ʥʘʧʨʠʤʝʨ, ʤʘʢʩʠʤʘʣʴʥʘʷ ʪʝʤʧʝʨʘʪʫʨʘ ʦʙʨʘʙʦʪʢʠ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ 
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ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʦʡ ʪʝʭʥʦʣʦʛʠʠ ʠʥʪʝʛʨʘʣʴʥʳʭ ʩʭʝʤ ʂʄʆʇ (ʢʦʤʧʣʝʤʝʥʪʘʨʥʘʷ ʩʪʨʫʢʪʫʨʘ 

ʤʝʪʘʣʣ-ʦʢʩʠʜ-ʧʦʣʫʧʨʦʚʦʜʥʠʢ) ʩʦʩʪʘʚʣʷʝʪ ~ 450 ÁC [36], ʯʪʦ ʦʛʨʘʥʠʯʠʚʘʝʪ ʧʨʠʤʝʥʝʥʠʝ 

ʤʘʛʥʠʪʥʳʭ ʤʘʪʝʨʠʘʣʦʚ, ʜʣʷ ʠʟʛʦʪʦʚʣʝʥʠʷ ʢʦʪʦʨʳʭ ʪʨʝʙʫʝʪʩʷ ʙʦʣʝʝ ʚʳʩʦʢʘʷ ʪʝʤʧʝʨʘʪʫʨʘ. 

ʆʩʥʦʚʥʳʝ ʪʨʫʜʥʦʩʪʠ, ʩ ʢʦʪʦʨʳʤʠ ʧʨʠʭʦʜʠʪʩʷ ʩʪʘʣʢʠʚʘʪʴʩʷ ʧʨʠ ʠʟʛʦʪʦʚʣʝʥʠʠ 

ʉɺʏ-ʤʘʛʥʠʪʥʳʭ ʤʘʪʝʨʠʘʣʦʚ, ʟʘʢʣʶʯʘʶʪʩʷ ʚ ʪʦʤ, ʯʪʦ ʫʣʫʯʰʝʥʠʝ ʦʜʥʦʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʘ-

ʨʘʤʝʪʨʘ ʤʦʞʝʪ ʧʨʠʚʝʩʪʠ ʢ ʫʭʫʜʰʝʥʠʶ ʜʨʫʛʦʛʦ. ʊʘʢ, ʥʘʧʨʠʤʝʨ, ʜʣʷ ʫʚʝʣʠʯʝʥʠʷ ʤʘʛʥʠʪ-

ʥʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʠ ʩʥʠʞʝʥʠʷ ʧʦʪʝʨʴ ʥʘ ʚʠʭʨʝʚʳʝ ʪʦʢʠ ʪʨʝʙʫʝʪʩʷ, ʯʪʦʙʳ ʪʘʢʠʝ ʧʘʨʘ-

ʤʝʪʨʳ, ʢʘʢ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʴ ʥʘʩʳʱʝʥʠʷ ʠ ʫʜʝʣʴʥʦʝ ʵʣʝʢʪʨʠʯʝʩʢʦʝ ʩʦʧʨʦʪʠʚʣʝʥʠʝ, ʙʳʣʠ 

ʤʘʢʩʠʤʠʟʠʨʦʚʘʥʳ. ʆʜʥʘʢʦ ʚ ʜʝʡʩʪʚʠʪʝʣʴʥʦʩʪʠ ʵʪʠ ʧʘʨʘʤʝʪʨʳ ʥʝ ʤʦʛʫʪ ʙʳʪʴ ʥʘʩʪʨʦʝʥʳ 

ʥʝʟʘʚʠʩʠʤʦ ʠʟ-ʟʘ ʪʦʛʦ, ʯʪʦ ʦʥʠ ʚʟʘʠʤʦʩʚʷʟʘʥʳ ʜʨʫʛ ʩ ʜʨʫʛʦʤ ʯʝʨʝʟ ʤʠʢʨʦʩʪʨʫʢʪʫʨʫ ʤʘ-

ʪʝʨʠʘʣʘ. ʋʚʝʣʠʯʝʥʠʝ ʵʣʝʢʪʨʦʩʦʧʨʦʪʠʚʣʝʥʠʷ ʦʙʳʯʥʦ ʜʦʩʪʠʛʘʝʪʩʷ ʟʘ ʩʯʝʪ ʩʥʠʞʝʥʠʷ ʥʘ-

ʤʘʛʥʠʯʝʥʥʦʩʪʠ ʥʘʩʳʱʝʥʠʷ ʧʫʪʝʤ ʫʚʝʣʠʯʝʥʠʷ ʜʦʣʠ ʥʝʤʘʛʥʠʪʥʳʭ ʵʣʝʤʝʥʪʦʚ ʚ ʩʦʩʪʘʚʝ 

ʤʘʪʝʨʠʘʣʘ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʥʝʦʙʭʦʜʠʤʳ ʦʧʨʝʜʝʣʝʥʥʳʝ ʢʦʤʧʨʦʤʠʩʩ rʧʨʠ ʚʳʙʦʨʝ ʠʣʠ 

ʠʟʛʦʪʦʚʣʝʥʠʠ ʤʘʛʥʠʪʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʜʣʷ ʫʩʪʨʦʡʩʪʚ, ʨʘʙʦʪʘʶʱʠʭ ʚ ʉɺʏ-ʜʠʘʧʘʟʦʥʝ. 

1.3 ʌʝʨʨʠʪʳ 

ʊʨʘʜʠʮʠʦʥʥʳʤʠ ʤʘʛʥʠʪʥʳʤʠ ʤʘʪʝʨʠʘʣʘʤʠ, ʠʩʧʦʣʴʟʫʝʤʳʤʠ ʚ ʢʘʯʝʩʪʚʝ ʘʢʪʠʚʥʦʡ 

ʩʨʝʜʳ ʜʣʷ ʫʧʨʘʚʣʝʥʠʷ ʉɺʏ-ʩʠʛʥʘʣʦʤ, ʷʚʣʷʶʪʩʷ ʬʝʨʨʠʪʳ. ʀʥʪʝʥʩʠʚʥʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ 

ʬʝʨʨʠʪʦʚ ʥʘʯʘʣʦʩʴ ʚ 40-ʭ ʛʦʜʘʭ ʧʨʦʰʣʦʛʦ ʩʪʦʣʝʪʠʷ, ʢʦʛʜʘ ʚʳʷʩʥʠʣʦʩʴ, ʯʪʦ ʦʥʠ ʷʚʣʷʶʪʩʷ 

ʥʘʠʙʦʣʝʝ ʧʨʠʛʦʜʥʳʤʠ ʤʘʪʝʨʠʘʣʘʤʠ ʜʣʷ ʧʨʠʤʝʥʝʥʠʷ ʚ ʤʠʢʨʦʚʦʣʥʦʚʦʤ ʜʠʘʧʘʟʦʥʝ ʜʣʠʥ 

ʚʦʣʥ [38]. ʌʝʨʨʠʪʳ ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʤʘʛʥʠʪʥʳʝ ʦʢʩʠʜʳ ʞʝʣʝʟʘ ʠ ʦʪʥʦʩʷʪʩʷ ʢ ʢʣʘʩʩʫ 

ʤʘʛʥʠʪʦʜʠʵʣʝʢʪʨʠʢʦʚ. ʆʥʠ ʦʙʣʘʜʘʶʪ ʫʤʝʨʝʥʥʦʡ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʠ ʦʪʥʦʩʠʪʝʣʴʥʦ ʚʳ-

ʩʦʢʦʡ ʤʘʛʥʠʪʥʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʴʶ, ʘ ʪʘʢʞʝ ʙʦʣʴʰʠʤ ʫʜʝʣʴʥʳʤ ʩʦʧʨʦʪʠʚʣʝʥʠʝʤ 

(ɟ = 10
7
ï10

11
 ʆʤĀʩʤ), ʯʪʦ ʚʳʛʦʜʥʦ ʦʪʣʠʯʘʝʪ ʠʭ ʦʪ ʜʨʫʛʠʭ ʉɺʏ-ʤʘʛʥʠʪʥʳʭ ʤʘʪʝʨʠʘʣʦʚ. 

ʌʝʨʨʠʪʦʚʳʝ ʵʣʝʤʝʥʪʳ ʰʠʨʦʢʦ ʧʨʠʤʝʥʷʶʪʩʷ ʚ ʫʧʨʘʚʣʷʝʤʳʭ ʉɺʏ-ʫʩʪʨʦʡʩʪʚʘʭ, ʪʘʢʠʭ ʢʘʢ 

ʮʠʨʢʫʣʷʪʦʨʳ, ʬʘʟʦʚʨʘʱʘʪʝʣʠ ʠ ʧʝʨʝʩʪʨʘʠʚʘʝʤʳʝ ʬʠʣʴʪʨʳ. ʋʩʪʨʦʡʩʪʚʘ ʥʘ ʦʩʥʦʚʝ ʬʝʨ-

ʨʠʪʦʚ ʚʩʝʩʪʦʨʦʥʥʝ ʠʟʫʯʝʥʳ ʠ ʰʠʨʦʢʦ ʧʨʠʤʝʥʷʶʪʩʷ ʚ ʨʘʟʣʠʯʥʳʭ ʨʘʜʠʦʪʝʭʥʠʯʝʩʢʠʭ ʩʠʩ-

ʪʝʤʘʭ [4, 39]. ɹʣʘʛʦʜʘʨʷ ʦʯʝʥʴ ʚʳʩʦʢʦʤʫ ʫʜʝʣʴʥʦʤʫ ʩʦʧʨʦʪʠʚʣʝʥʠʶ, ʛʠʙʢʦʩʪʠ ʚ ʥʘ-

ʩʪʨʦʡʢʝ ʤʘʛʥʠʪʥʳʭ ʩʚʦʡʩʪʚ, ʧʨʦʩʪʦʪʝ ʠʟʛʦʪʦʚʣʝʥʠʷ ʠ ʥʠʟʢʦʡ ʩʪʦʠʤʦʩʪʠ ʬʝʨʨʠʪʳ ʷʚʣʷ-

ʶʪʩʷ ʤʘʪʝʨʠʘʣʘʤʠ ʥʦʤʝʨ ʦʜʠʥ ʜʣʷ ʉɺʏ-ʧʨʠʣʦʞʝʥʠʡ. ʆʜʥʘʢʦ ʨʘʙʦʯʠʡ ʜʠʘʧʘʟʦʥ ʯʘʩʪʦʪ, 
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ʜʦʧʫʩʪʠʤʘʷ ʤʦʱʥʦʩʪʴ ʠ ʪʝʤʧʝʨʘʪʫʨʥʘʷ ʩʪʘʙʠʣʴʥʦʩʪʴ ʬʝʨʨʠʪʦʚʳʭ ʫʩʪʨʦʡʩʪʚ ʥʫʞʜʘʶʪʩʷ ʚ 

ʫʣʫʯʰʝʥʠʠ. 

ʅʘʠʙʦʣʝʝ ʯʘʩʪʦ ʠʩʧʦʣʴʟʫʝʤʳʝ ʉɺʏ-ʬʝʨʨʠʪʳ ï ʵʪʦ ʰʧʠʥʝʣʠ. ʐʧʠʥʝʣʠ ʤʦʞʥʦ ʠʩ-

ʧʦʣʴʟʦʚʘʪʴ ʚ ʜʠʘʧʘʟʦʥʝ 3ï30 ɻɻʮ [39]. ʌʝʨʨʠʪʳ-ʰʧʠʥʝʣʠ ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʦʢʩʠʜʳ 

ʞʝʣʝʟʘ, ʠʤʝʶʱʠʝ ʢʨʠʩʪʘʣʣʠʯʝʩʢʫʶ ʩʪʨʫʢʪʫʨʫ ʤʠʥʝʨʘʣʘ MgAl2O4. ʆʙʱʘʷ ʬʦʨʤʫʣʘ ʬʝʨ-

ʨʠʪʦʚ ð MeFe2O4, ʛʜʝ ʄe ð ʜʚʫʭʚʘʣʝʥʪʥʳʡ ʤʝʪʘʣʣ (Mn, Fe, Co, Ni, Zn, Mg, Cu ʠ Cd) ʠʣʠ 

ʠʭ ʢʦʤʙʠʥʘʮʠʷ. ɹʦʣʴʰʠʥʩʪʚʦ ʵʪʠʭ ʩʦʝʜʠʥʝʥʠʡ ʷʚʣʷʶʪʩʷ ʬʝʨʨʠʤʘʛʥʝʪʠʢʘʤʠ. ʄʘʛʥʠʪʥʳʝ 

ʠ ʵʣʝʢʪʨʠʯʝʩʢʠʝ ʧʘʨʘʤʝʪʨʳ ʨʘʩʧʨʦʩʪʨʘʥʝʥʥʳʭ ʰʧʠʥʝʣʝʡ ʧʨʠʚʝʜʝʥʳ ʚ ʪʘʙʣʠʮʝ 1.1. 

ʆʜʥʠʤ ʠʟ ʥʘʠʙʦʣʝʝ ʧʦʧʫʣʷʨʥʳʭ ʰʧʠʥʝʣʝʡ ʷʚʣʷʝʪʩʷ ʩʤʝʰʘʥʥʳʡ ʬʝʨʨʠʪ 

MnxMgyFezO4. ʅʘʤʘʛʥʠʯʝʥʥʦʩʪʴ ʥʘʩʳʱʝʥʠʷ 4Ḿs ʬʝʨʨʠʪʘ MgMn ʤʦʞʝʪ ʚʘʨʴʠʨʦʚʘʪʴʩʷ ʦʪ 

1200 ʜʦ 2800 ɻʩ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʪʝʤʧʝʨʘʪʫʨ rʩʧʝʢʘʥʠʷ ʠ ʩʢʦʨʦʩʪʠ ʦʭʣʘʞʜʝʥʠʷ. ʌʝʨ-

ʨʠʪʳ MnMg ʦʙʣʘʜʘʶʪ ʦʪʥʦʩʠʪʝʣʴʥʦ ʥʠʟʢʦʡ ʪʝʤʧʝʨʘʪʫʨʥʦʡ ʩʪʘʙʠʣʴʥʦʩʪʴʶ 

(dM/dT = 2.6Ĭ10
ï3

) ʠ ʠʩʧʦʣʴʟʫʶʪʩʷ ʧʨʠ ʤʘʣʦʤ ʫʨʦʚʥʝ ʉɺʏ-ʤʦʱʥʦʩʪʠ ʚ ʜʠʘʧʘʟʦʥʝ 

7ï15 ɻɻʮ. ɼʣʷ ʤʦʱʥʳʭ ʉɺʏ-ʧʨʠʣʦʞʝʥʠʡ ʧʨʝʜʧʦʯʪʠʪʝʣʴʥʳ ʬʝʨʨʠʪʳ NiFe2O4 (ʪʘʙʣʠ-

ʮʘ 1.1). 

ʃʠʪʠʝʚʳʝ ʬʝʨʨʠʪʳ ʷʚʣʷʶʪʩʷ ʥʘʠʙʦʣʝʝ ʯʘʩʪʦ ʠʩʧʦʣʴʟʫʝʤʳʤʠ ʉɺʏ-ʰʧʠʥʝʣʷʤʠ. 

ʉʨʝʜʠ ʉɺʏ-ʰʧʠʥʝʣʝʡ ʣʠʪʠʝʚʳʝ ʧʦʢʘʟʳʚʘʪʁ ʣʫʯʰʠʝ ʩʚʦʡʩʪʚʘ (ʤʘʣʳʝ ʧʦʪʝʨʠ, ʦʪʥʦʩʠ-

ʪʝʣʴʥʦ ʚʳʩʦʢʘ ̫ʪʝʤʧʝʨʘʪʫʨʘ ʂʶʨʠ TC), ʥʦ ʠʭ ʧʦʣʫʯʝʥʠʝ ʟʥʘʯʠʪʝʣʴʥʦ ʩʣʦʞʥʝʝ, ʪʘʢ ʢʘʢ Li 

ʯʘʩʪʠʯʥʦ ʠʩʧʘʨʷʝʪʩʷ ʧʨʠ ʦʙʞʠʛʝ. ʅʘʧʨʠʤʝʨ, Li 0.5Fe2.5O4 ʠʤʝʝʪ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʴ ʥʘʩʳ-

ʱʝʥʠʷ 4 Ḿs = 3900 ɻʩ, ʪʝʤʧʝʨʘʪʫʨʫ ʂʶʨʠ TC = 670 ÁC ʠ ʦʪʥʦʩʠʪʝʣʴʥʦ ʫʟʢʫʶ ʰʠʨʠʥʫ 

ʣʠʥʠʠ ȹH = 14 ʕ (ʥʘ ʯʘʩʪʦʪʝ 10 ɻɻʮ). ʂʦɻ ʨʮʠʪʠʚʥʘʷ ʩʠʣʘ Li 0.5Fe2.5O4 ʩʦʩʪʘʚʣʷʝʪ Hc = 2.3 ʕ, 

ʘ ʩʪʘʪʠʯʝʩʢʘʷ ʤʘʛʥʠʪʥʘʷ ʧʨʦʥʠʮʘʝʤʦʩʪʴ Õs = 87 [40]. ʂʦʤʤʝʨʯʝʩʢʠʝ ʤʠʢʨʦʧʦʣʦʩʢʦʚʳʝ 

ʮʠʨʢʫʣʷʪʦʨʳ (TransTech) ʜʣʷ ʜʠʘʧʘʟʦʥʘ ʯʘʩʪʦʪ 6ï18 ɻɻʮ ʠʟʛʦʪʘʚʣʠʚʘʶʪʩʷ ʥʘ ʦʩʥʦʚʝ 

ʬʝʨʨʠʪʦʚ-ʰʧʠʥʝʣʝʡ LiMnTi, ʦʙʣʘʜʘʶʱʠʭ ʭʦʨʦʰʝʡ ʪʝʨʤʦʩʪʦʡʢʦʩʪʴʶ [39]. 

ʊʘʙʣʠʮʘ 1.1 ï ʆʩʥʦʚʥʳʝ ʤʘʛʥʠʪʥʳʝ ʠ ʵʣʝʢʪʨʠʯʝʩʢʠʝ ʧʘʨʘʤʝʪʨʳ ʰʧʠʥʝʣʝʡ [4, 39, 41] 

ʉʦʩʪʘʚ 4Ḿs (ɻʩ) TC (ÁC) ɟ (ʆʤĀcʤ) f0(ɻɻʮ) 

MnFe2O4 4800 304 10
4
 3ï30 

MgFe2O4 1500 440 10
6
 3ï30 

NiFe2O4 3000 587 10
9
 3ï30 

Li 0.5Fe2.5O4 3900 670 10
-2
 3ï30 
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ʌʝʨʨʠʤʘʛʥʠʪʥʳʝ ʬʝʨʨʠʪʳ-ʛʨʘʥʘʪʳ ʠʤʝʶʪ ʟʥʘʯʠʪʝʣʴʥʦ ʤʝʥʴʰʠʝ ʤʘʛʥʠʪʥʳʝ ʧʦ-

ʪʝʨʠ, ʯʝʤ ʬʝʨʨʠʪʳ-ʰʧʠʥʝʣʠ, ʠ ʧʦʵʪʦʤʫ ʠʤʝʥʥʦ ʠʤ ʦʪʜʘʶʪ ʧʨʝʜʧʦʯʪʝʥʠʝ ʚʦ ʤʥʦʛʠʭ 

ʉɺʏ-ʧʨʠʣʦʞʝʥʠʷʭ. ʉ ʤʦʤʝʥʪʘ ʩʚʦʝʛʦ ʦʪʢʨʳʪʠʷ ʚ 1956 ʛʦʜʫ ʞʝʣʝʟʦʠʪʪʨʠʝʚʳʡ ʛʨʘʥʘʪ 

Y3Fe5O12 (ɾʀɻ) ʦʩʪʘʝʪʩʷ ʣʫʯʰʠʤ ʉɺʏ-ʤʘʪʝʨʠʘʣʦʤ ʚ ʜʠʘʧʘʟʦʥʝ 1ï10 ɻɻʮ [39]. ʄʦʥʦ-

ʢʨʠʩʪʘʣʣ ɾʀɻ ʦʙʣʘʜʘʝʪ ʚʳʩʦʢʦʡ ʩʪʨʫʢʪʫʨʥʦʡ ʠ ʭʠʤʠʯʝʩʢʦʡ ʩʪʘʙʠʣʴʥʦʩʪʴʶ. ɹʣʘʛʦʜʘʨʷ 

ʩʚʦʝʤʫ ʙʣʠʟʢʦʤʫ ʢ ʠʜʝʘʣʴʥʦʤʫ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʤʫ ʩʪʨʦʝʥʠʶ ʠ ʦʪʩʫʪʩʪʚʠʶ ʜʝʬʝʢʪʦʚ 

ʤʦʥʦʢʨʠʩʪʘʣʣ ʞʝʣʝʟʦʠʪʪʨʠʝʚʦʛʦ ʛʨʘʥʘʪʘ ʠʤʝʝʪ ʦʯʝʥʴ ʥʠʟʢʠʝ ʉɺʏ-ʧʦʪʝʨʠ, ʩʣʝʜʩʪʚʠʝʤ 

ʯʝʛʦ ʷʚʣʷʝʪʩʷ ʢʨʘʡʥʝ ʫʟʢʘʷ ʣʠʥʠʷ ʬʝʨʨʦʤʘʛʥʠʪʥʦʛʦ ʨʝʟʦʥʘʥʩʘ (ȹH = 0.6 ʕ ʥʘ ʯʘʩʪʦʪʝ 

10 ɻɻʮ) [42]. ɺʤʝʩʪʝ ʩ ʪʝʤ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʴ ʥʘʩʳʱʝʥʠʷ ɾʀɻ 4 Ḿs = 1740 ɻʩ ʢʨʘʡʥʝ ʤʘʣʘ 

(ʪʘʙʣʠʮʘ 1.2). 

ɺ ʧʦʩʣʝʜʥʝʝ ʚʨʝʤʷ ʙʦʣʴʰʦʝ ʚʥʠʤʘʥʠʝ ʫʜʝʣʷʝʪʩʷ ʛʝʢʩʘʛʦʥʘʣʴʥʳʤ ʬʝʨʨʠʪʘʤ ʢʘʢ 

ʉɺʏ-ʤʘʪʝʨʠʘʣʘʤ ʜʣʷ ʜʠʘʧʘʟʦʥʘ 1ï100 ɻɻʮ [39]. ɼʣʷ ʪʦʛʦ ʯʪʦʙʳ ʠʩʧʦʣʴʟʦʚʘʪʴ ʬʝʨʨʠ-

ʪ-rʰʧʠʥʝʣʠ ʠʣʠ ʛʨʘʥʘʪʳ ʚ ʤʠʣʣʠʤʝʪʨʦʚʦʤ ʜʠʘʧʘʟʦʥʝ ʜʣʠʥ ʚʦʣʥ, ʥʝʦʙʭʦʜʠʤʳ ʚʥʝʰʥʠʝ 

ʤʘʛʥʠʪʥʳʝ ʧʦʣʷ ʩʤʝʱʝʥʠʷ ʩʚʳʰʝ 20 ʢʕ. ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʬʝʨʨʠʪʦʚ ʩ ʙʦʣʴʰʦʡ ʚʝʣʠʯʠʥʦʡ 

ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ ʠ, ʢʘʢ ʩʣʝʜʩʪʚʠʝ, ʚʳʩʦʢʦʡ ʯʘʩʪʦʪʦʡ ʝʩʪʝʩʪʚʝʥʥʦʛʦ ʌʄʈ ʧʦʟʚʦ-

ʣʷʝʪ ʦʪʢʘʟʘʪʴʩʷ ʦʪ ʜʦʧʦʣʥʠʪʝʣʴʥʦʡ ʧʦʜʤʘʛʥʠʯʠʚʘʶʱʝʡ ʩʠʩʪʝʤʳ ʚ ʢʦʥʝʯʥʦʤ 

ʉɺʏ-ʫʩʪʨʦʡʩʪʚʝ. ʌʝʨʨʠʤʘʛʥʠʪʥʳʝ ʦʢʩʠʜʳ, ʠʤʝʶʱʠʝ ʢʨʠʩʪʘʣʣʠʯʝʩʢʫʶ ʩʪʨʫʢʪʫʨʫ, ʧʦ-

ʜʦʙʥʫʶ ʤʠʥʝʨʘʣʫ ʤʘʛʥʝʪʦʧʣʶʤʙʠʪʫ, ʥʘʟʳʚʘʶʪʩʷ ʛʝʢʩʘʬʝʨʨʠʪʘʤʠ. ɻʝʢʩʘʬʝʨʨʠʪʳ 

ʦʙʳʯʥʦ ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʤʘʛʥʠʪʦʞʝʩʪʢʠʝ ʤʘʪʝʨʠʘʣʳ ʩ ʚʳʩʦʢʦʡ ʢʦʵʨʮʠʪʠʚʥʦʡ ʩʠʣʦʡ ʠ 

ʙʦʣʴʰʦʡ ʚʝʣʠʯʠʥʦʡ ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ. ɻʝʢʩʘʬʝʨʨʠʪʳ ʠʤʝʶʪ ʚʥʫʪʨʝʥʥʝʝ ʧʦʣʝ 

ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ ʜʦ 35 ʢʕ, ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʴ ʥʘʩʳʱʝʥʠʷ 4Ḿs ʜʦ 5 ʢɻʩ ʠ ʚʳʩʦʢʫʶ 

ʪʝʤʧʝʨʘʪʫʨʫ ʂʶʨʠ ʦʢʦʣʦ 500 ÁC. ʊʘʢ, ʥʘʧʨʠʤʝʨ, ʰʠʨʦʢʦ ʨʘʩʧʨʦʩʪʨʘʥʝʥʥʳʡ ʛʝʢʩʘʬʝʨʨʠʪ 

ʙʘʨʠʷ BaFe12O19 ʄ-ʪʠʧʘ (ʪʘʙʣʠʮʘ 1.2) ʙʣʘʛʦʜʘʨʷ ʦʩʦʙʝʥʥʦʩʪʷʤ ʩʚʦʝʡ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ 

ʩʪʨʫʢʪʫʨʳ, ʦʙʣʘʜʘʝʪ ʦʯʝʥʴ ʚʳʩʦʢʠʤ ʧʦʣʝʤ ʘʥʠʟʦʪʨʦʧʠʠ Ha = 17 ʢʕ, ʩʤʝʱʘʶɦ ʝʤ ʯʘʩʪʦʪʫ 

ʝʩʪʝʩʪʚʝʥʥʦʛʦ ʬʝʨʨʦʤʘʛʥʠʪʥʦʛʦ ʨʝʟʦʥʘʥʩʘ ʜʦ 36 ɻɻʮ [4]. ɻʝʢʩʘʬʝʨʨʠʪʳ ʷʚʣʷʶʪʩʷ ʭʦ-

ʨʦʰʠʤʠ ʜʠʵʣʝʢʪʨʠʢʘʤʠ ʩ ʦʯʝʥʴ ʥʠʟʢʠʤʠ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʤʠ ʧʦʪʝʨʷʤʠ ʠ ʚʳʩʦʢʦʡ ʪʝʤʧʝ-

ʨʘʪʫʨʥʦʡ ʩʪʘʙʠʣʴʥʦʩʪʴʶ. ʀʟ-ʟʘ ʚʳʩʦʢʦʡ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʦʡ ʘʥʠʟʦʪʨʦʧʠʠ, ʩʚʟ̫ʘʥʥʦʡ 

ʩ ʩʠʣʴʥʳʤ ʩʧʠʥ-ʦʨʙʠʪʘʣʴʥʳʤ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝʤ, ʰʠʨʠʥʘ ʣʠʥʠʠ ʌʄʈ ʠ ʢʦʥʩʪʘʥʪʘ ʟʘʪʫ-

ʭʘʥʠʷ Ŭ ʥʘʤʥʦʛʦ ʙʦʣʴʰʝ, ʯʝʤ ʫ ɾʀɻ. 
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ʊʘʙʣʠʮʘ 1.2 ï ʆʩʥʦʚʥʳʝ ʤʘʛʥʠʪʥʳʝ ʠ ʵʣʝʢʪʨʠʯʝʩʢʠʝ ʧʘʨʘʤʝʪʨʳ ʞʝʣʝʟʦʠʪʪʨʠʝʚʦʛʦ 

ʛʨʘʥʘʪʘ ʠ ʛʝʢʩʘʬʝʨʨʠʪʘ ʙʘʨʠʷ ʄ-ʪʠʧʘ [4, 39, 41] 

ʉʦʩʪʘʚ 4Ḿs (ɻʩ) Ha (ʕ) TC (ÁC) Hc (ʕ) ɟ (ʆʤĀcʤ) f0 (ɻɻʮ) 

Y3Fe5O12 1740 40 285 <10 10
10 

1ï10 

BaFe12O19 4770 17000 450 3000 10
6
 1ï100 

 

ʇʨʠʚʣʝʢʘʪʝʣʴʥʦʩʪʴ ʬʝʨʨʠʪʦʚ ʦʙʫʩʣʦʚʣʝʥʘ, ʧʨʝʞʜʝ ʚʩʝʛʦ, ʠʭ ʚʳʩʦʢʠʤ ʫʜʝʣʴʥʤr 

ʵʣʝʢʪʨʠʯʝʩʢʠʤ ʩʦʧʨʦʪʠʚʣʝʥʠʝʤ, ʢʦʪʦʨʦʝ ʧʦʟʚʦʣʷʝʪ ʩʥʠʟʠʪʴ ʧʦʪʝʨʠ ʥʘ ʚʠʭʨʝʚʳʝ ʪʦʢʠ. 

ʕʪʦ ʷʚʣʷʝʪʩʷ ʦʜʥʦʡ ʠʟ ʦʩʥʦʚʥʳʭ ʧʨʠʯʠʥ ʰʠʨʦʢʦʛʦ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʬʝʨʨʠʪʦʚ ʚ 

ʉɺʏ-ʪʝʭʥʠʢʝ ʚ ʢʘʯʝʩʪʚʝ ʢʦʤʧʦʥʝʥʪʦʚ ʚʳʩʦʢʦʯʘʩʪʦʪʥʳʭ ʫʩʪʨʦʡʩʪʚ. ʆʜʥʘʢʦ ʤʘʛʥʠʪʥʳʝ 

ʩʚʦʡʩʪʚʘ ʬʝʨʨʠʪʦʚ ʟʥʘʯʠʪʝʣʴʥʦ ʫʩʪʫʧʘʶʪ ʩʚʦʡʩʪʚʘʤ ʬʝʨʨʦʤʘʛʥʠʪʥʳʭ ʤʝʪʘʣʣʦʚ ʠ ʩʧʣʘ-

ʚʦʚ. ʅʘʤʘʛʥʠʯʝʥʥʦʩʪʴ ʥʘʩʳʱʝʥʠʷ ʠ ʤʘʛʥʠʪʥʘʷ ʧʨʦʥʠʮʘʝʤʦʩʪʴ ʬʝʨʨʠʪʦʚ ʚ 5ï10 ʨʘʟ 

ʤʝʥʴʰʝ, ʯʝʤ ʫ ʬʝʨʨʦʤʘʛʥʝʪʠʢʦʚ. ʀʟ-ʟʘ ʬʝʨʨʠʤʘʛʥʠʪʥʦʡ ʧʨʠʨʦʜʳ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ 

ʙʦʣʴʰʠʥʩʪʚʦ ʧʝʨʩʧʝʢʪʠʚʥʳʭ ʜʣʷ ʉɺʏ-ʬʝʨʨʠʪʦʚ ʠʤʝʶʪ ʩʨʘʚʥʠʪʝʣʴʥʦ ʥʠʟʢʫ  ʁʪʝʤʧʝʨʘ-

ʪʫʨʫ ʂʶʨʠ ʠ, ʢʘʢ ʩʣʝʜʩʪʚʠʝ, ʥʠʟʢʫʶ ʪʝʤʧʝʨʘʪʫʨʥʫʶ ʩʪʘʙʠʣʴʥʦʩʪʴ [43]. 

ʉʣʝʜʫʝʪ ʪʘʢʞʝ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʧʨʠ ʠʟʛʦʪʦʚʣʝʥʠʠ ʬʝʨʨʠʪʦʚ ʪʨʝʙʫʶʪʩʷ ʜʦʩʪʘʪʦʯʥʦ 

ʚʳʩʦʢʠʝ ʪʝʤʧʝʨʘʪʫʨʳ, ʧʦʨʷʜʢʘ 800 Áʉ [44]. ʊʘʢʘʷ ʚʳʩʦʢʘʷ ʪʝʤʧʝʨʘʪʫʨʘ ʷʚʣʷʝʪʩʷ ʥʝʫʩʪ-

ʨʘʥʠʤʳʤ ʧʨʝʧʷʪʩʪʚʠʝʤ ʜʣʷ ʜʦʩʪʠʞʝʥʠʷ ʦʜʥʦʡ ʠʟ ʛʣʘʚʥʳʭ ʮʝʣʝʡ ʠʩʩʣʝʜʦʚʘʪʝʣʝʡ ʚ ʦʙ-

ʣʘʩʪʠ ʨʘʟʨʘʙʦʪʢʠ ʠʥʪʝʛʨʘʣʴʥʦʡ ʉɺʏ-ʵʣʝʢʪʨʦʥʠʢʠ ï ʠʥʪʝʛʨʘʮʠʠ ʤʘʛʥʠʪʥʳʭ ʩʨʝʜ ʩ ʧʦʣʫ-

ʧʨʦʚʦʜʥʠʢʦʚʳʤʠ ʫʩʪʨʦʡʩʪʚʘʤʠ. ɺ ʩʣʫʯʘʝ ʬʝʨʨʠʪʦʚ ʜʣʷ ʪʘʢʦʡ ʠʥʪʝʛʨʘʮʠʠ ʪʨʝʙʫʝʪʩʷ 

ʦʩʘʞʜʝʥʠʝ ʠ ʨʦʩʪ ʬʝʨʨʠʪʦʚʦʡ ʧʣʝʥʢʠ ʥʘ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʦʡ ʧʦʜʣʦʞʢʝ. ʆʜʥʘʢʦ ʚʳʷʩ-

ʥʠʣʦʩʴ, ʯʪʦ ʧʨʠ ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʦʩʘʞʜʝʥʠʷ ʦʯʝʥʴ ʪʨʫʜʥʦ ʜʦʙʠʪʴʩʷ ʦʨʠʝʥʪʘʮʠʦʥ-

ʥʦʛʦ ʨʦʩʪʘ ʬʝʨʨʠʪʦʚ. ʂʨʦʤʝ ʪʦʛʦ, ʚʦ ʚʨʝʤʷ ʦʩʘʞʜʝʥʠʷ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʧʦʜʣʦʞʢʠ ʬʦʨ-

ʤʠʨʫʶʪʩʷ ʦʢʠʩʣʳ, ʢʦʪʦʨʳʝ ʧʨʝʧʷʪʩʪʚʫʶʪ ʵʧʠʪʘʢʩʠʘʣʴʥʦʤʫ ʨʦʩʪʫ ʬʝʨʨʠʪʦʚʳʭ ʩʣʦʝʚ. 

1.4 ʄʘʛʥʠʪʦʤʷʛʢʠʝ ʘʤʦʨʬʥʳʝ ʠ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʝ ʩʧʣʘʚʳ 

ɺ ʧʦʩʣʝʜʥʠʝ ʜʝʩʷʪʠʣʝʪʠʷ ʚʩʝ ʙʦʣʴʰʝʝ ʚʥʠʤʘʥʠʝ ʫʜʝʣʷʝʪʩʷ ʨʘʟʨʘʙʦʪʢʘʤ ʚ ʦʙʣʘʩʪʠ 

ʩʦʟʜʘʥʠʷ ʠ ʧʨʠʤʝʥʝʥʠʷ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʠ ʘʤʦʨʬʥʳʭ ʩʧʣʘʚʦʚ, ʠʥʪʝʨʝʩ ʢ ʢʦʪʦʨʳʤ 

ʩʚʷʟʘʥ ʩ ʢʘʨʜʠʥʘʣʴʥʦʡ ʧʝʨʝʩʪʨʦʡʢʦʡ ʧʨʘʢʪʠʯʝʩʢʠ ʚʩʝʭ ʠʭ ʬʠʟʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʚ ʨʝʟʫʣʴ-

ʪʘʪʝ ʫʤʝʥʴʰʝʥʠʷ ʨʘʟʤʝʨʘ ʩʪʨʫʢʪʫʨʥʳʭ ʵʣʝʤʝʥʪʦʚ (ʢʨʠʩʪʘʣʣʠʪʦʚ, ʯʘʩʪʠʮ, ʟʝʨʝʥ) ʥʠʞʝ 

ʥʝʢʦʪʦʨʦʛʦ ʧʦʨʦʛʦʚʦʛʦ ʟʥʘʯʝʥʠʷ. ʋʤʝʥʴʰʝʥʠʝ ʨʘʟʤʝʨʘ ʢʨʠʩʪʘʣʣʠʪʦʚ ʚ ʤʘʛʥʠʪʥʳʭ ʥʘ-

ʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʠ ʘʤʦʨʬʥʳʭ ʩʧʣʘʚʘʭ ʧʨʠʚʦʜʠʪ ʩʨʝʜʠ ʧʨʦʯʝʛʦ ʠ ʢ ʬʦʨʤʠʨʦʚʘʥʠʶ ʫ 
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ʥʠʭ ʥʦʚʳʭ ʫʥʠʢʘʣʴʥʳʭ ʤʘʛʥʠʪʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ, ʤʥʦʛʦʦʙʝʱʘʶʱʠʭ ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ 

ʧʨʠʤʝʥʝʥʠʷ ʪʘʢʠʭ ʤʘʪʝʨʠʘʣʦʚ ʚ ʢʘʯʝʩʪʚʝ ʢʦʤʧʦʥʝʥʪʦʚ ʉɺʏ-ʫʩʪʨʦʡʩʪʚ [19, 45]. 

ʊʘʢ, ʚ ʤʘʛʥʠʪʦʤʷʛʢʠʭ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʠ ʘʤʦʨʬʥʳʭ ʤʘʪʝʨʠʘʣʘʭ ʟʘ ʩʯʝʪ 

ʫʤʝʥʴʰʝʥʠʷ ʨʘʟʤʝʨʘ ʩʪʨʫʢʪʫʨʥʳʭ ʵʣʝʤʝʥʪʦʚ ʫʜʘʝʪʩʷ ʟʥʘʯʠʪʝʣʴʥʦ ʧʦʜʘʚʠʪʴ ʤʘʛʥʠʪʦʢ-

ʨʠʩʪʘʣʣʠʯʝʩʢʫʶ ʘʥʠʟʦʪʨʦʧʠʶ, ʯʪʦ, ʚ ʩʚʦʶ ʦʯʝʨʝʜʴ, ʧʨʠʚʦʜʠʪ ʢ ʩʫʱʝʩʪʚʝʥʥʦʤʫ ʩʥʠʞʝ-

ʥʠʶ ʢʦʵʨʮʠʪʠʚʥʦʡ ʩʠʣʳ ʠ ʫʚʝʣʠʯʝʥʠʶ ʤʘʛʥʠʪʥʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʩʨʝʜʳ [46ï49]. ʅʘ 

ʨʠʩʫʥʢʝ 1.2 ʚ ʢʘʯʝʩʪʚʝ ʧʨʠʤʝʨʘ ʧʨʝʜʩʪʘʚʣʝʥʳ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʜʘʥʥʳʝ ʠʟ ʨʘʙʦʪʳ [9], 

ʦʪʨʘʞʘʶʱʠʝ ʚʣʠʷʥʠʝ ʨʘʟʤʝʨʘ (ʜʠʘʤʝʪʨʘ) D0 ʢʨʠʩʪʘʣʣʠʪʦʚ (ʩʪʨʫʢʪʫʨʥʦʡ ʢʦʨʨʝʣʷʮʠʦʥʥʦʡ 

ʜʣʠʥʳ) ʥʘ ʚʝʣʠʯʠʥʫ ʢʦʵʨʮʠʪʠʚʥʦʡ ʩʠʣʳ Hc ʜʣʷ ʨʘʟʣʠʯʥʳʭ ʘʤʦʨʬʥʳʭ, ʥʘʥʦ- ʠ ʧʦʣʠʢʨʠ-

ʩʪʘʣʣʠʯʝʩʢʠʭ ʤʝʪʘʣʣʠʯʝʩʢʠʭ ʩʧʣʘʚʦʚ. ʅʘ ʜʘʥʥʦʤ ʨʠʩʫʥʢʝ ʟʘʚʠʩʠʤʦʩʪʴ Hc(D0) ʧʦʩʪʨʦʝʥʘ 

ʚ ʰʠʨʦʢʦʤ ʜʠʘʧʘʟʦʥʝ ʟʥʘʯʝʥʠʡ D0, ʥʘʯʠʥʘʷ ʦʪ ʘʪʦʤʥʳʭ ʨʘʩʩʪʦʷʥʠʡ ʚ ʘʤʦʨʬʥʳʭ ʤʘʪʝ-

ʨʠʘʣʘʭ ʜʦ ʤʘʢʨʦʩʢʦʧʠʯʝʩʢʠʭ ʨʘʟʤʝʨʦʚ ʢʨʠʩʪʘʣʣʠʪʦʚ (ʟʝʨʝʥ) ʚ ʤʘʩʩʠʚʥʳʭ ʧʦʣʠʢʨʠʩʪʘʣ-

ʣʘʭ. ʂʘʢ ʚʠʜʥʦ ʠʟ ʨʠʩʫʥʢʘ, ʫʤʝʥʴʰʝʥʠʝ D0 ʚ ʜʠʘʧʘʟʦʥʝ ʦʪ 1 ʤʤ ʧʨʠʤʝʨʥʦ ʜʦ 100 ʥʤ ʩʦ-

ʧʨʦʚʦʞʜʘʝʪʩʷ ʨʦʩʪʦʤ ʢʦʵʨʮʠʪʠʚʥʦʡ ʩʠʣʳ ʢʘʢ 1/D0, ʯʪʦ ʦʙʫʩʣʦʚʣʝʥʦ ʫʚʝʣʠʯʝʥʠʝʤ ʧʣʦʪ-

ʥʦʩʪʠ ʜʝʬʝʢʪʦʚ (ʦʙʲʝʤʥʦʡ ʜʦʣʠ ʤʝʞʟʝʨʝʥʥʳʭ ʛʨʘʥʠʮ). ɽʩʣʠ ʨʘʟʤʝʨ ʢʨʠʩʪʘʣʣʠʪʦʚ ʩʪʘ-

ʥʦʚʠʪʩʷ ʤʝʥʴʰʝ ʨʘʜʠʫʩʘ ʦʙʤʝʥʥʳʭ ʢʦʨʨʝʣʷʮʠʡ (ʧʦʨʷʜʢʘ 100 ʥʤ), ʪʦ ʧʨʦʠʩʭʦʜʠʪ ʨʝʟʢʦʝ 

ʩʥʠʞʝʥʠʝ ʢʦʵʨʮʠʪʠʚʥʦʡ ʩʠʣʳ, ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʦʝ ʰʝʩʪʦʡ ʩʪʝʧʝʥʠ D0. 

  

 

ʈʠʩʫʥʦʢ 1.2 ï ɿʘʚʠʩʠʤʦʩʪ ɹʢʦʵʨʮʠʪʠʚʥʦʡ ʩʠʣʳ Hc ʦʪ ʨʘʟʤʝʨʘ ʢʨʠʩʪʘʣʣʠʪʦʚ D0 

ʜʣʷ ʨʘʟʣʠʯʥʳʭ ʤʘʛʥʠʪʦʤʷʛʢʠʭ ʤʝʪʘʣʣʠʯʝʩʢʠʭ ʩʧʣʘʚʦʚ [9] 
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ɼʣʷ ʦʙʲʷʩʥʝʥʠʷ ʩʚʦʡʩʪʚ ʤʘʛʥʠʪʦʤʷʛʢʠʭ ʘʤʦʨʬʥʳʭ ʠ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʩʧʣʘʚʦʚ 

ɸʣʴʙʝʥʦʤ [47] ʙʳʣʘ ʧʨʝʜʣʦʞʝʥʘ ʤʦʜʝʣʴ ʩʣʫʯʘʡʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ, ʢʦʪʦʨʘʷ ʧʦʣʫʯʠʣʘ 

ʜʘʣʴʥʝʡʰʝʝ ʨʘʟʚʠʪʠʝ ʚ ʨʘʙʦʪʘʭ ɻʝʨʮʝʨʘ [48]. ʉʦʛʣʘʩʥʦ ʵʪʦʡ ʤʦʜʝʣʠ (ʨʠʩʫʥʦʢ 1.3), ʤʘʛ-

ʥʠʪʥʳʝ ʩʚʦʡʩʪʚʘ ʘʥʩʘʤʙʣʷ ʤʘʣʦʨʘʟʤʝʨʥʳʭ ʢʨʠʩʪʘʣʣʠʪʦʚ ʟʘʚʠʩʷʪ ʦʪ ʩʦʦʪʥʦʰʝʥʠʷ ʵʥʝʨʛʠʠ 

ʣʦʢʘʣʴʥʦʡ ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ ʠ ʬʝʨʨʦʤʘʛʥʠʪʥʦʡ ʦʙʤʝʥʥʦʡ ʵʥʝʨʛʠʠ [50]. ɺ ʢʨʫʧ-

ʥʦʟʝʨʥʠʩʪʳʭ ʦʙʨʘʟʮʘʭ ʩ ʤʘʛʥʠʪʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʘʥʠʟʦʪʨʦʧʠʝʡ ʂ1 ʚʝʢʪʦʨ ʥʘʤʘʛʥʠʯʝʥ-

ʥʦʩʪʠ ʦʨʠʝʥʪʠʨʫʝʪʩʷ ʚʜʦʣʴ ʆʃʅ ʢʨʠʩʪʘʣʣʠʪʦʚ. ʉ ʫʤʝʥʴʰʝʥʠʝʤ ʨʘʟʤʝʨʦʚ ʢʨʠʩʪʘʣʣʠʪʦʚ 

ʦʪʥʦʩʠʪʝʣʴʥʳʡ ʚʢʣʘʜ ʦʙʤʝʥʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʩʪʘʥʦʚʠʪʩʷ ʚʳʰʝ, ʚʦʟʥʠʢʘʝʪ ʢʦʨʨʝʣʷ-

ʮʠʷ ʥʘʧʨʘʚʣʝʥʠʡ ʤʘʛʥʠʪʥʳʭ ʤʦʤʝʥʪʦʚ ʠ, ʚ ʢʦʥʝʯʥʦʤ ʩʯʝʪʝ, ʚʩʝ ʦʥʠ ʦʨʠʝʥʪʠʨʫʶʪʩʷ ʧʘ-

ʨʘʣʣʝʣʴʥʦ ʜʨʫʛ ʜʨʫʛʫ. ɻʨʘʥʠʯʥʳʡ ʨʘʟʤʝʨ ʥʘʥʦʯʘʩʪʠʮʳ, ʧʨʠ ʢʦʪʦʨʦʤ ʤʘʛʥʠʪʥʳʝ ʤʦʤʝʥʪʳ 

ʩʦʩʝʜʥʠʭ ʢʨʠʩʪʘʣʣʠʪʦʚ ʥʘʯʠʥʘʶʪ ʚʳʩʪʨʘʠʚʘʪʴʩʷ ʧʘʨʘʣʣʝʣʴʥʦ, ʦʧʨʝʜʝʣʷʝʪʩʷ ʨʘʩʩʪʦʷʥʠʝʤ 

ʜʝʡʩʪʚʠʷ ʦʙʤʝʥʥʳʭ ʩʠʣ, ʥʘʟʳʚʘʝʤʳʤ ʦʙʤʝʥʥʦʡ ʜʣʠʥʦʡ L0 

 100 / KAL j= , (1.12) 

ʛʜʝ A ï ʢʦʥʩʪʘʥʪʘ ʦʙʤʝʥʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ, ʘ ʤʥʦʞʠʪʝʣʴ ʧʦʨʷʜʢʘ ʝʜʠʥʠʮʳ ű0 ʦʧʨʝʜʝ-

ʣʷʝʪʩʷ ʩʠʤʤʝʪʨʠʝʡ ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ ʠ ʫʛʣʦʤ ʦʪʢʣʦʥʝʥʠ ̫ʩʧʠʥʦʚ ʚ ʧʨʝʜʝʣʘʭ L0. 

ɿʥʘʯʝʥʠʷ ʦʙʤʝʥʥʦʡ ʜʣʠʥʳ ʜʣʷ ʩʧʣʘʚʦʚ ʥʘ ʦʩʥʦʚʝ ʢʦʙʘʣʴʪʘ ï L0 å 5ï10 ʥʤ, ʘ ʜʣʷ ʩʧʣʘʚʦʚ 

ʥʘ ʦʩʥʦʚʝ ʞʝʣʝʟʘ ï L0 å 20ï40 ʥʤ. 

 

 

ʈʠʩʫʥʦʢ 1.3 ï ʉʭʝʤʘʪʠʯʝʩʢʦʝ ʠʟʦʙʨʘʞʝʥʠʝ ʤʦʜʝʣʠ ʩʣʫʯʘʡʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ ʜʣʷ 

ʢʨʠʩʪʘʣʣʠʪʦʚ ʨʘʟʤʝʨʦʤ D0, ʚʥʝʜʨʝʥʥʳʭ ʚ ʘʤʦʨʬʥʫʶ ʬʝʨʨʦʤʘʛʥʠʪʥʫʶ ʤʘʪʨʠʮʫ. 

ɼʚʦʡʥʳʝ ʩʪʨʝʣʢʠ ʫʢʘʟʳʚʘʶʪ ʥʘ ʩʣʫʯʘʡʥʦ ʦʨʠʝʥʪʠʨʦʚʘʥʥʳʝ ʆʃʅ, ʟʘʰʪʨʠʭʦʚʘʥʥʘʷ 

ʦʙʣʘʩʪʴ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʬʝʨʨʦʤʘʛʥʠʪʥʳʡ ʢʦʨʨʝʣʷʮʠʦʥʥʳʡ ʦʙʲʝʤ, ʚ ʧʨʝʜʝʣʘʭ 

ʢʦʪʦʨʦʛʦ ʦʨʠʝʥʪʘʮʠʷ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ M  ʧʦʩʪʦʷʥʥʘ [9] 
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ʂʦʛʜʘ ʨʘʟʤʝʨ D0 ʤʝʥʴʰʝ ʦʙʤʝʥʥʦʡ ʜʣʠʥʳ L0, ʵʬʬʝʢʪʠʚʥʘʷ ʢʦʥʩʪʘʥʪʘ ʤʘʛʥʠʪʥʦʡ 

ʘʥʠʟʦʪʨʦʧʠʠ <K>, ʧʨʝʜʦʧʨʝʜʝʣʷʶʱʘʷ ʤʘʛʥʠʪʦʤʷʛʢʠʝ ʩʚʦʡʩʪʚʘ ʩʨʝʜʳ, ʬʦʨʤʠʨʫʝʪʩʷ ʫʩ-

ʨʝʜʥʝʥʠʝʤ ʧʦ N ʩʣʫʯʘʡʥʦ ʦʨʠʝʥʪʠʨʦʚʘʥʥʳʤ ʢʨʠʩʪʘʣʣʠʪʘʤ ʚ ʧʨʝʜʝʣʘʭ ʩʚʷʟʘʥʥʦʡ ʦʙ-

ʤʝʥʥʳʤ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝʤ ʦʙʣʘʩʪʠ: 

 NKK /1>=< . (1.13) 

ɺʘʞʥʳʤ ʘʩʧʝʢʪʦʤ ʚ ʤʦʜʝʣʠ ʩʣʫʯʘʡʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ [50] ʷʚʣʷʝʪʩʷ ʪʦ, ʯʪʦ ʫʩʨʝʜ-

ʥʝʥʠʝ ʵʥʝʨʛʠʠ ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ ʧʨʠ D0 < L0 ʧʨʠʚʦʜʠʪ ʪʘʢʞʝ ʢ ʨʘʩʰʠʨʝʥʠʶ ʵʬ-

ʬʝʢʪʠʚʥʦʛʦ ʨʘʜʠʫʩʘ ʦʙʤʝʥʥʦʡ ʢʦʨʨʝʣʷʮʠʠ ʠʣʠ ʵʬʬʝʢʪʠʚʥʦʡ ʜʣʠʥʳ ʦʙʤʝʥʘ Lex (ʨʠʩʫ-

ʥʦʢ 1.3), ʢʦʪʦʨʘʷ ʦʧʨʝʜʝʣʷʝʪʩʷ ʢʘʢ 

 ><j= KALex /0 . (1.14) 

ʏʠʩʣʦ ʟʝʨʝʥ ʚ ʦʙʤʝʥʥʦ-ʩʚʷʟʘʥʥʦʡ ʦʙʣʘʩʪʠ ʜʣʷ ʤʘʛʥʠʪʥʦʡ ʩʨʝʜʳ ʩʦʩʪʘʚʣʷʝʪ N = (Lex/D0)
m
, 

ʛʜʝ ʩʪʝʧʝʥʴ m = 1,2,3 ʦʧʨʝʜʝʣʷʝʪ ʨʘʟʤʝʨʥʦʩʪʴ ʩʨʝʜʳ. ɺ ʵʪʦʤ ʩʣʫʯʘʝ ʩʦʚʤʝʩʪʥʦʝ ʨʝʰʝʥʠʝ 

ʫʨʘʚʥʝʥʠʡ (1.13) ʠ (1.14) ʧʨʠʚʦʜʠʪ ʢ ʩʣʝʜʫʶʱʠʤ ʚʳʨʘʞʝʥʠʷʤ ʜʣʷ ʵʬʬʝʢʪʠʚʥʦʡ ʜʣʠʥʳ 

ʦʙʤʝʥʘ ʠ ʘʥʠʟʦʪʨʦʧʠʠ [51] 
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ʀʟ ʧʦʣʫʯʝʥʥʳʭ ʚʳʨʘʞʝʥʠʡ ʚʠʜʥʦ, ʯʪʦ ʨʘʟʤʝʨ ʢʨʠʩʪʘʣʣʠʪʦʚ ʩʫʱʝʩʪʚʝʥʥʳʤ ʦʙʨʘʟʦʤ 

ʚʣʠʷʝʪ ʥʘ ʵʬʬʝʢʪʠʚʥʫʶ ʘʥʠʟʦʪʨʦʧʠʶ. ʊʘʢ, ʜʣʷ ʤʘʛʥʠʪʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʩ m = 3, ʪ. ʝ. ʜʣʷ 

ʦʙʲʝʤʥʳʭ ʤʘʩʩʠʚʥʳʭ ʦʙʨʘʟʮʦʚ, ʵʬʬʝʢʪʠʚʥʘʷ ʘʥʠʟʦʪʨʦʧʠʷ ʚʦʟʨʘʩʪʘʝʪ ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʦ 

ʰʝʩʪʦʡ ʩʪʝʧʝʥʠ ʨʘʟʤʝʨʘ ʢʨʠʩʪʘʣʣʠʪʦʚ <K>  ́ 6
0D . ɼʣʷ ʜʚʫʤʝʨʥʳʭ ʪʦʥʢʠʭ ʧʣʝʥʦʢ (m = 2) 

ʵʪʘ ʟʘʚʠʩʠʤʦʩʪʴ ʫʞʝ ʠʤʝʝʪ ʚʠʜ <K>  ́ 2
0D . ɺ ʩʣʫʯʘʝ ʥʘʥʦʧʨʦʚʦʣʦʢ ʫʩʨʝʜʥʝʥʠʝ ʙʫʜʝʪ 

ʧʨʦʠʩʭʦʜʠʪʴ ʪʦʣʴʢʦ ʚ ʦʜʥʦʤ ʥʘʧʨʘʚʣʝʥʠʠ (m = 1), ʠ ʟʘʚʠʩʠʤʦʩʪʴ ʵʬʬʝʢʪʠʚʥʦʡ ʘʥʠʟʦ-

ʪʨʦʧʠʠ ʦʪ D0 ʙʫʜʝʪ ʠʤʝʪʴ ʚʠʜ <K>  ́ 3/2
0D . ʉʪʦʣʴ ʩʠʣʴʥʦʝ ʚʣʠʷʥʠʝ ʩʪʨʫʢʪʫʨʥʦʛʦ ʧʘʨʘ-

ʤʝʪʨʘ D0 ʥʘ ɻʬʬʝʢʪʠʚʥʫʶ ʤʘʛʥʠʪʥʫʶ ʘʥʠʟʦʪʨʦʧʠʶ (1.15) ʪʘʢʞʝ ʧʨʦʷʚʣʷʝʪʩʷ ʠ ʥʘ ʜʨʫʛʠʭ 

ʤʘʛʥʠʪʥʳʭ ʩʚʦʡʩʪʚʘʭ ʘʤʦʨʬʥʳʭ ʠ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʤʘʪʝʨʠʘʣʦʚ. ɺ ʯʘʩʪʥʦʩʪʠ, ʫʩ-

ʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʩʥʠʞʝʥʠʝ ʘʥʠʟʦʪʨʦʧʠʠ ʬʝʨʨʦʤʘʛʥʝʪʠʢʘ ʩʦʧʨʦʚʦʞʜʘʝʪʩʷ ʫʚʝʣʠʯʝʥʠʝʤ 

ʤʘʛʥʠʪʥʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ɛs  ́1/<K> ʠ ʫʤʝʥʴʰʝʥʠʝʤ ʢʦʵʨʮʠʪʠʚʥʦʡ ʩʠʣʳ Hc  ́<K> [9]. 
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ʉʫʱʝʩʪʚʫʝʪ ʙʦʣʴʰʦʝ ʯʠʩʣʦ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʩʚʠʜʝʪʝʣʴʩʪʚ, ʧʦʜʪʚʝʨʞʜʘʶʱʠʭ ʪʘʢʠʝ 

ʟʘʢʦʥʦʤʝʨʥʦʩʪʠ (ʨʠʩʫʥʦʢ 1.4). 

ɸʤʦʨʬʥʳʝ ʠ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʝ ʩʧʣʘʚʳ ʦʙʣʘʜʘʶʪ ʫʥʠʢʘʣʴʥʳʤ ʩʦʯʝʪʘʥʠʝʤ ʚʳ-

ʩʦʢʦʡ ʤʘʛʥʠʪʥʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ɛs ʠ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʥʘʩʳʱʝʥʠʷ 4 Ḿs, ʢʦʪʦʨʳʝ ʟʥʘ-

ʯʠʪʝʣʴʥʦ ʧʨʝʚʦʩʭʦʜʪ̫ ʧʘʨʘʤʝʪʨʳ ʬʝʨʨʠʪʦʚ (ʨʠʩʫʥʦʢ 1.5). ɼʣʷ ʘʤʦʨʬʥʳʭ ʩʧʣʘʚʦʚ ʩʘʤʦʝ 

ʚʳʩʦʢʦʝ ʟʥʘʯʝʥʠʝ ʤʘʛʥʠʪʥʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ɛs > 10
5
 ʤʦʞʝʪ ʙʳʪʴ ʧʦʣʫʯʝʥʦ ʪʦʣʴʢʦ ʚ 

ʩʧʣʘʚʘʭ ʥʘ ʦʩʥʦʚʝ ʢʦʙʘʣʴʪʘ ʩ 4Ḿs < 6 ʢɻʩ ʩ ʥʠʟʢʦʡ ʪʝʤʧʝʨʘʪʫʨʦʡ ʂʶʨʠ TC < 250 Áʉ [52]. 

ɺ ʪʦ ʞʝ ʚʨʝʤʷ ʜʣʷ ʘʤʦʨʬʥʳʭ ʩʧʣʘʚʦʚ ʭʘʨʘʢʪʝʨʥʦ ʩʫʝɦʩʪʚʝʥʥʦʝ ʩʥʠʞʝʥʠʝ ʤʘʛʥʠʪʥʦʡ 

ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʩ ʨʦʩʪʦʤ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʥʘʩʳʱʝʥʠʷ. 

  

 

ʈʠʩʫʥʦʢ 1.4 ï ɿʘʚʠʩʠʤʦʩʪʴ ʢʦʵʨʮʠʪʠʚʥʦʡ ʩʠʣr Hc ʠ ʩʪʘʪʠʯʝʩʢʦʡ ʤʘʛʥʠʪʥʦʡ 

ʧʨʦʥʠʮʘʝʤʦʩʪʠ Õs ʩʧʣʘʚʦʚ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʩʨʝʜʥʝʛʦ ʨʘʟʤʝʨʘ ʢʨʠʩʪʘʣʣʠʪʦʚ D0 [9] 

ʅʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʝ ʩʧʣʘʚʳ ʥʘ ʦʙʱʝʤ ʬʦʥʝ ʩʨʝʜʠ ʧʨʝʜʩʪʘʚʣʝʥʥʳʭ ʥʘ ʨʠʩʫʥʢʝ 1.5 

ʨʘʟʣʠʯʥʳʭ ʤʘʛʥʠʪʦʤʷʛʢʠʭ ʤʘʪʝʨʠʘʣʦʚ ʚʳʜʝʣʷʶʪʩʷ ʙʦʣʴʰʦʡ ʚʝʣʠʯʠʥʦʡ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ 

ʥʘʩʳʱʝʥʠʷ ʠ ʦʜʥʦʚʨʝʤʝʥʥʦ ʚʳʩʦʢʦʡ ʥʘʯʘʣʴʥʦʡ ʤʘʛʥʠʪʥʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʴʶ. ɼʣʷ ʧʨʠ-
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ʣʦʞʝʥʠʡ, ʨʘʙʦʪʘʶʱʠʭ ʚ ʉɺʏ-ʜʠʘʧʘʟʦʥʝ, ɻ ʪʦ ʦʟʥʘʯʘʝʪ, ʯʪʦ ʩʦʛʣʘʩʥʦ (1.8) ʠʣʠ (1.9) ʯʘʩʪʦʪʘ 

ʬʝʨʨʦʤʘʛʥʠʪʥʦʛʦ ʨʝʟʦʥʘʥʩʘ ʙʫʜʝʪ ʫʚʝʣʠʯʝʥʘ ʧʨʠ ʩʦʭʨʘʥʝʥʠʠ ʜʦʩʪʘʪʦʯʥʦ ʚʳʩʦʢʦʡ ʤʘʛ-

ʥʠʪʥʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʚ ʨʘʙʦʯʝʤ ʜʠʘʧʘʟʦʥʝ ʯʘʩʪʦʪ, ʘ ʵʪʦ, ʚ ʩʚʦʶ ʦʯʝʨʝʜʴ, ʧʦʟʚʦʣʠʪ 

ʩʦʟʜʘʚʘʪʴ ʫʩʪʨʦʡʩʪʚʘ ʥʘ ʙʦʣʝʝ ʚʳʩʦʢʠʭ ʯʘʩʪʦʪʘʭ ʧʨʠ ʤʠʥʠʤʘʣʴʥʳʭ ʧʦʪʝʨʷʭ ʵʥʝʨʛʠʠ. 

  

 

ʈʠʩʫʥʦʢ 1.5 ï ɺʟʘʠʤʦʩʚʷʟʴ ʥʘʯʘʣʴʥʦʡ ʤʘʛʥʠʪʥʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʠ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ 

ʥʘʩʳʱʝʥʠʷ ʜʣʷ ʨʘʟʣʠʯʥʳʭ ʤʘʛʥʠʪʦʤʷʛʢʠʭ ʤʘʪʝʨʠʘʣʦʚ [9] 

ʅʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʝ ʤʝʪʘʣʣʠʯʝʩʢʠʝ ʩʧʣʘʚʳ ʦʜʥʦʚʨʝʤʝʥʥʦ ʜʝʤʦʥʩʪʨʠʨʫʶʪ ʚ 

5ï10 ʨʘʟ ʙʦʣʝʝ ʚʳʩʦʢʦʝ ʫʜʝʣʴʥʦʝ ʵʣʝʢʪʨʠʯʝʩʢʦʝ ʩʦʧʨʦʪʠʚʣʝʥʠʝ (ɟ = 60ï130 ʤʢʆʤĀcʤ) ʠ, 

ʢʘʢ ʩʣʝʜʩʪʚʠʝ, ʙʦʣʝʝ ʥʠʟʢʠʝ ʧʦʪʝʨʠ ʥʘ ʚʠʭʨʝʚʳʝ ʪʦʢʠ, ʯʝʤ ʠʭ ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʝ ʘʥʘʣʦʛʠ 

[53]. ʅʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʝ ʤʘʪʝʨʠʘʣʳ ʦʙʣʘʜʘʶʪ ʦʪʥʦʩʠʪʝʣʴʥʦ ʥʝʙʦʣʴʰʦʡ ʢʦʥʩʪʘʥʪʦʡ 

ʤʘʛʥʠʪʦʩʪʨʠʢʮʠʠ ɚs, ʯʪʦ ʧʦʣʦʞʠʪʝʣʴʥʦ ʩʢʘʟʳʚʘʝʪʩʷ ʥʘ ʩʪʘʙʠʣʴʥʦʩʪʠ ʤʘʛʥʠʪʥʳʭ ʩʚʦʡʩʪʚ 

ʪʘʢʠʭ ʩʪʨʫʢʪʫʨ. ʂʨʦʤʝ ʪʦʛʦ, ʤʘʛʥʠʪʥʘʷ ʧʨʦʥʠʮʘʝʤʦʩʪʴ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʤʘʛʥʠʪʥʳʭ 

ʩʧʣʘʚʦʚ, ʙʣʘʛʦʜʘʨʷ ʚʳʩʦʢʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʂʶʨʠ ʩʣʘʙʦ ʟʘʚʠʩʠʪ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ʠ ʦʩʪʘʝʪʩʷ 

ʩʪʘʙʠʣʴʥʦ ʚʳʩʦʢʦʡ ʚ ʰʠʨʦʢʦʤ ʜʠʘʧʘʟʦʥʝ. ʆʩʥʦʚʥʳʝ ʧʘʨʘʤʝʪʨʳ ʥʝʢʦʪʦʨʳʭ ʰʠʨʦʢʦ ʠʟ-

ʚʝʩʪʥʳʭ ʘʤʦʨʬʥʳʭ ʠ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʩʧʣʘʚʦʚ ʧʨʠʚʝʜʝʥʳ ʚ ʪʘʙʣʠʮʝ 1.3. 

ʇʝʨʚʦʥʘʯʘʣʴʥʦ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʝ ʤʘʛʥʠʪʦʤʷʛʢʠʝ ʤʘʪʝʨʠʘʣʳ ʨʘʩʩʤʘʪʨʠʚʘʣʠʩʴ 

ʚ ʢʘʯʝʩʪʚʝ ʟʘʤʝʥʳ ʬʝʨʨʠʪʦʚ ʚ ʩʝʨʜʝʯʥʠʢʘʭ ʪʨʘʥʩʬʦʨʤʘʪʦʨʦʚ ʠ ʚ ʜʨʫʛʠʭ ʥʠʟʢʦʯʘʩʪʦʪʥʳʭ 

(ʚ ʢɻʮ-ʜʠʘʧʘʟʦʥʝ) ʫʩʪʨʦʡʩʪʚʘʭ. ʅʘʧʨʠʤʝʨ, ʫʞʝ ʥʝʩʢʦʣʴʢʦ ʣʝʪ ʤʘʛʥʠʪʥʳʝ ʥʘʥʦʢʨʠʩʪʘʣ-

ʣʠʯʝʩʢʠʝ ʩʪʨʫʢʪʫʨʳ ʷʚʣʷʶʪʩʷ ʰʠʨʦʢʦ ʠʩʧʦʣʴʟʫʝʤʳʤ ʤʘʪʝʨʠʘʣʘʤʠ ʚ ʠʤʧʫʣʴʩʥʳʭ ʠʩ-

ʪʦʯʥʠʢʘʭ ʵʣʝʢʪʨʦʧʠʪʘʥʠʷ, ʧʦʢʨʳʚʘʶʱʠʭ ʰʠʨʦʢʠʡ ʜʠʘʧʘʟʦʥ ʤʦʱʥʦʩʪʝʡ: ʦʪ 100 ɺʪ ʜʣʷ 
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ʧʨʠʤʝʥʝʥʠʡ ʚ ʠʩʪʦʯʥʠʢʘʭ ʧʠʪʘʥʠʷ ʧʝʨʩʦʥʘʣʴʥʳʭ ʢʦʤʧʴʶʪʝʨʦʚ ʜʦ 1 ʄɺʪ ʜʣʷ ʞʝʣʝʟʥʦ-

ʜʦʨʦʞʥʦʛʦ ʪʨʘʥʩʧʦʨʪʘ [52]. ʇʨʠ ʵʪʦʤ ʚʦ ʚʩʝʭ ʧʝʨʝʯʠʩʣʝʥʥʳʭ ʫʩʪʨʦʡʩʪʚʘʭ ʥʘʥʦʢʨʠʩʪʘʣ-

ʣʠʯʝʩʢʠʝ ʤʘʪʝʨʠʘʣʳ ʠʩʧʦʣʴʟʫʶʪʩʷ ʚ ʢʘʯʝʩʪʚʝ ʟʘʤʝʥʳ ʤʘʩʩʠʚʥʳʭ ʤʘʛʥʠʪʥʳʭ ʩʨʝʜ, ʥʘ-

ʧʨʠʤʝʨ ʚ ʚʠʜʝ ʣʝʥʪ, ʩʢʣʝʝʥʥʳʭ ʚʤʝʩʪʝ, ʬʦʨʤʠʨʫʷ ʪʘʢʠʤ ʦʙʨʘʟʦʤ ʦʙʲʝʤʥʫʶ ʩʪʨʫʢʪʫʨʫ. 

ʆʜʥʘʢʦ ʚ ʧʦʩʣʝʜʥʝʝ ʚʨʝʤʷ ʦʩʦʙʦʝ ʚʥʠʤʘʥʠʝ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʭ ʛʨʫʧʧ ʧʨʠʚʣʝʯʝʥʦ ʢ 

ʠʟʫʯʝʥʠʶ ʉɺʏ-ʩʚʦʡʩʪʚ ʤʘʛʥʠʪʥʳʭ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʧʣʝʥʦʢ, ʯʪʦ ʦʙʫʩʣʦʚʣʝʥʦ 

ʙʦʣʴʰʠʤʠ ʧʝʨʩʧʝʢʪʠʚʘʤʠ ʠʭ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʚ ʧʨʠʣʦʞʝʥʠʷʭ ʉɺʏ-ʵʣʝʢʪʨʦʥʠʢʠ [10, 

54ï59]. 

ʊʘʙʣʠʮʘ 1.3 ï ʆʩʥʦʚʥʳʝ ʧʘʨʘʤʝʪʨʳ ʥʝʢʦʪʦʨʳʭ ʘʤʦʨʬʥʳʭ ʠ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ 

ʩʧʣʘʚʦʚ [53, 60, 61] 

ʉʦʩʪʘʚ 4 Ḿs (ɻʩ) Õs TC (ÁC) Hc (ʕ) ɟ (ʆʤĀcʤ) ɚs (Ĭ10
ï6

) 

Co67Fe4B14.5Si14.5 

Amorphous alloys 

(Co-based) 

6 200 5Ĭ10
5
 320 0.007 120Ĭ10

ï6
 0.5 

Fe78B13Si9 

Amorphous alloys 

(Fe-based) 

15 600 1Ĭ10
5
 415 0.025 130Ĭ10

ï6
 37 

Fe15Ni80Mo5 

Permalloy/Mumetall 
8 000 5Ĭ10

5
 420 0.004 70Ĭ10

ï6
 1 

Fe73.5Si13.5B9Nb3Cu1 

Nanocrystalline alloys 

(FINEMET) 

12 400 5Ĭ10
5
 570 0.007 118Ĭ10

ï6
 2.1 

Fe86Cu1Zr7B6 

Nanocrystalline alloys 

(NANOPERM) 

15 200 0.5Ĭ10
5
 600 0.04 56Ĭ10

ï6
 0.1 

1.5 ɺʳʚʦʜʳ 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʚ ʉɺʏ-ʜʠʘʧʘʟʦʥʝ ʤʘʛʥʠʪʥʘʷ ʧʨʦʥʠʮʘʝʤʦʩʪʴ ʤʘʛʥʠʪʦʫʧʦʨʷʜʦʯʝʥ-

ʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʩ ʚʳʩʦʢʠʤ ʫʜʝʣʴʥʳʤ ʵʣʝʢʪʨʠʯʝʩʢʠʤ ʩʦʧʨʦʪʠʚʣʝʥʠʝʤ ʚ ʦʩʥʦʚʥʦʤ ʦʧʨʝ-

ʜʝʣʷʝʪʩʷ ʬʝʨʨʦʤʘʛʥʠʪʥʳʤ ʨʝʟʦʥʘʥʩʦʤ. ɼʣʷ ʧʨʠʙʣʠʞʝʥʥʦʡ ʦʮʝʥʢʠ ʚʳʩʦʢʦʯʘʩʪʦʪʥʳʭ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʪʘʢʠʭ ʤʘʪʝʨʠʘʣʦʚ ʥʘ ʧʨʘʢʪʠʢʝ, ʢʘʢ ʧʨʘʚʠʣʦ, ʠʩʧʦʣʴʟʫʶʪ ʢʦʣʠʯʝʩʪʚʝʥʥʳʝ 

ʟʥʘʯʝʥʠʷ ʪʦʣʴʢʦ ʜʚʫʭ ʧʘʨʘʤʝʪʨʦʚ ʯʘʩʪʦʪʥʦʡ ʜʠʩʧʝʨʩʠʠ ʤʘʛʥʠʪʥʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ: f0 ʠ Õs. 

ʏʘʩʪʦʪʘ ʌʄʈ f0 ʧʨʠʙʣʠʞʝʥʥʦ ʦʧʨʝʜʝʣʷʝʪ ʚʝʨʭʥʶʶ ʛʨʘʥʠʮʫ ʨʘʙʦʯʝʛʦ ʜʠʘʧʘʟʦʥʘ ʯʘʩʪʦʪ, ʘ 

ʩʪʘʪʠʯʝʩʢʘʷ ʤʘʛʥʠʪʥʘʷ ʧʨʦʥʠʮʘʝʤʦʩʪʴ Õs ʭʘʨʘʢʪʝʨʠʟʫʝʪ ʚʝʣʠʯʠʥʫ ʜʠʥʘʤʠʯʝʩʢʦʛʦ ʤʘʛ-
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ʥʠʪʥʦʛʦ ʦʪʢʣʠʢʘ (ʜʝʡʩʪʚʠʪʝʣʴʥʫʶ ʯʘʩʪʴ ʤʘʛʥʠʪʥʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ) ʤʘʪʝʨʠʘʣʘ ʚ ʨʘʙʦʯʝʤ 

ʜʠʘʧʘʟʦʥʝ. ɼʣʷ ʙʦʣʴʰʠʥʩʪʚʘ ʪʝʭʥʠʯʝʩʢʠʭ ʧʨʠʣʦʞʝʥʠʡ ʪʨʝʙʫʝʪʩʷ, ʯʪʦʙʳ ʦʙʘ ʵʪʠʭ ʧʘʨʘ-

ʤʝʪʨʘ ʧʨʠʥʠʤʘʣʠ ʢʘʢ ʤʦʞʥʦ ʙʦʣʝʝ ʚʳʩʦʢʠʝ ʟʥʘʯʝʥʠʷ. ʆʜʥʘʢʦ ʦʜʥʦʚʨʝʤʝʥʥʳʡ ʨʦʩʪ ʩʪʘ-

ʪʠʯʝʩʢʦʡ ʤʘʛʥʠʪʥʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʠ ʯʘʩʪʦʪʳ ʌʄʈ ʥʝʚʦʟʤʦʞʝʥ ʠʟ-ʟʘ ʬʫʥʜʘʤʝʥʪʘʣʴʥʦʛʦ 

ʦʛʨʘʥʠʯʝʥʠʷ. ʊʘʢ, ʥʘʧʨʠʤʝʨ, ʜʣʷ ʦʙʲʝʤʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʵʪʦ ʦʛʨʘʥʠʯʝʥʠʝ ʚʳʨʘʞʝʥʦ ʟʘ-

ʢʦʥʦʤ ʉʥʫʢʘ, ʩʦʛʣʘʩʥʦ ʢʦʪʦʨʦʤʫ ʧʨʦʠʟʚʝʜʝʥʠʝ f0 ʠ Õs ʝʩʪʴ ʧʦʩʪʦʷʥʥʘʷ ʚʝʣʠʯʠʥʘ, ʟʘʚʠ-

ʩʷʱʘʷ ʪʦʣʴʢʦ ʦʪ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʥʘʩʳʱʝʥʠʷ ʤʘʪʝʨʠʘʣʘ. 

ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʤʘʛʥʠʪʥʳʭ ʩʨʝʜ ʚ ʬʦʨʤʝ ʪʦʥʢʠʭ ʧʣʝʥʦʢ ʠʣʠ ʪʦʥʢʠʭ ʩʣʦʝʚ ʧʦʟʚʦʣʷʝʪ 

ʩʫʱʝʩʪʚʝʥʥʦ ʧʦʚʳʩʠʪʴ ʠʭ ʤʘʛʥʠʪʥʫʶ ʧʨʦʥʠʮʘʝʤʦʩʪʴ, ʘ ʪʘʢʞʝ ʚʝʨʭʥʶʶ ʛʨʘʥʠʮʫ ʜʠʘʧʘ-

ʟʦʥʘ ʨʘʙʦʯʠʭ ʯʘʩʪʦʪ ʉɺʏ-ʫʩʪʨʦʡʩʪʚ ʥʘ ʠʭ ʦʩʥʦʚʝ. ʀʟ-ʟʘ ʩʠʣʴʥʦ ʚʳʨʘʞʝʥʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ 

ʬʦʨʤʳ ʪʦʥʢʦʧʣʝʥʦʯʥʳʭ ʤʘʛʥʠʪʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʚʝʢʪʦʨ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ, ʢʘʢ ʧʨʘʚʠʣʦ, 

ʣʝʞʠʪ ʚ ʠʭ ʧʣʦʩʢʦʩʪʠ. ʕʪʦ ʧʨʠʚʦʜʠʪ ʢ ʜʨʫʛʦʤʫ ʦʪʣʠʯʥʦʤʫ ʦʪ ʟʘʢʦʥʘ ʉʥʫʢʘ ʩʦʦʪʥʦʰʝʥʠʶ 

ʤʝʞʜʫ ʩʪʘʪʠʯʝʩʢʦʡ ʤʘʛʥʠʪʥʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʴʶ ʠ ʯʘʩʪʦʪʦʡ ʌʄʈ, ʯʘʩʪʦ ʥʘʟʳʚʘʝʤʦʤʫ ʚ 

ʥʘʫʯʥʦʡ ʣʠʪʝʨʘʪʫʨʝ ʟʘʢʦʥʦʤ ɸʰʝ. ɿʘʢʦʥ ɸʰʝ ʜʦʢʘʟʳʚʘʝʪ ʧʨʝʠʤʫʱʝʩʪʚʦ ʧʣʘʥʘʨʥʳʭ 

ʤʘʛʥʠʪʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʠʭ ʦʙʲʝʤʥʳʤʠ ʘʥʘʣʦʛʘʤʠ, ʯʪʦ ʜʝʣʘʝʪ ʊʄʇ ʚʝʩʴʤʘ 

ʧʝʨʩʧʝʢʪʠʚʥʳʤʠ ʦʙʲʝʢʪʘʤʠ ʜʣʷ ʪʝʭ ʪʝʭʥʠʯʝʩʢʠʭ ʧʨʠʣʦʞʝʥʠʡ, ʚ ʢʦʪʦʨʳʭ ʥʝʦʙʭʦʜʠʤʘ 

ʚʳʩʦʢʘʷ ʜʠʥʘʤʠʯʝʩʢʘʷ ʤʘʛʥʠʪʥʘʷ ʧʨʦʥʠʮʘʝʤʦʩʪʴ. 

ʊʨʘʜʠʮʠʦʥʥʳʤʠ ʉɺʏ ʤʘʛʥʠʪʥʳʤʠ ʤʘʪʝʨʠʘʣʘʤʠ ʷʚʣʷʶʪʩʷ ʬʝʨʨʠʪʳ. ʆʩʥʦʚʥʦʝ 

ʜʦʩʪʦʠʥʩʪʚʦ ʬʝʨʨʠʪʦʚ ï ʵʪʦ ʚʳʩʦʢʦʝ ʫʜʝʣʴʥʦʝ ʵʣʝʢʪʨʠʯʝʩʢʦʝ ʩʦʧʨʦʪʠʚʣʝʥʠʝ, ʙʣʘʛʦʜʘʨʷ 

ʯʝʤʫ ʤʘʛʥʠʪʥʳʝ ʧʦʪʝʨʠ ʥʘ ʚʠʭʨʝʚʳʝ ʪʦʢʠ ʚ ʥʠʭ ʤʠʥʠʤʘʣʴʥʳ. ʆʜʥʘʢʦ ʤʘʛʥʠʪʥʳʝ ʩʚʦʡ-

ʩʪʚʘ ʬʝʨʨʠʪʦʚ ʟʥʘʯʠʪʝʣʴʥʦ ʫʩʪʫʧʘʶʪ ʩʚʦʡʩʪʚʘʤ ʬʝʨʨʦʤʘʛʥʠʪʥʳʭ ʤʝʪʘʣʣʦʚ ʠ ʩʧʣʘʚʦʚ. 

ʅʘʤʘʛʥʠʯʝʥʥʦʩʪʴ ʥʘʩʳʱʝʥʠʷ ʠ ʤʘʛʥʠʪʥʘʷ ʧʨʦʥʠʮʘʝʤʦʩʪʴ ʬʝʨʨʠʪʦʚ ʚ 5-10 ʨʘʟ ʤʝʥʴʰʝ, 

ʯʝʤ ʫ ʬʝʨʨʦʤʘʛʥʝʪʠʢʦʚ. ɹʦʣʴʰʠʥʩʪʚʦ ʬʝʨʨʠʪʦʚ ʠʤʝʶʪ ʩʨʘʚʥʠʪʝʣʴʥʦ ʥʠʟʢʫʶ ʪʝʤʧʝʨʘ-

ʪʫʨʫ ʂʶʨʠ ʠ, ʢʘʢ ʩʣʝʜʩʪʚʠʝ, ʥʠʟʢʫʶ ʪʝʤʧʝʨʘʪʫʨʥʫʶ ʩʪʘʙʠʣʴʥʦʩʪʴ. ʂʨʦʤʝ ʪʦʛʦ, ʧʨʠ ʠʟ-

ʛʦʪʦʚʣʝʥʠʠ ʬʝʨʨʠʪʦʚ ʪʨʝʙʫʶʪʩʷ ʜʦʩʪʘʪʦʯʥʦ ʚʳʩʦʢʠʝ ʪʝʤʧʝʨʘʪʫʨʳ, ʧʦʨʷʜʢʘ 800 Áʉ. ʊʘʢʘʷ 

ʚʳʩʦʢʘʷ ʪʝʤʧʝʨʘʪʫʨʘ ʷʚʣʷʝʪʩʷ ʥʝʫʩʪʨʘʥʠʤʳʤ ʧʨʝʧʷʪʩʪʚʠʝʤ ʜʣʷ ʜʦʩʪʠʞʝʥʠʷ ʦʜʥʦʡ ʠʟ 

ʛʣʘʚʥʳʭ ʮʝʣʝʡ ʠʩʩʣʝʜʦʚʘʪʝʣʝʡ ʚ ʦʙʣʘʩʪʠ ʨʘʟʨʘʙʦʪʢʠ ʠʥʪʝʛʨʘʣʴʥʦʡ ʉɺʏ-ʵʣʝʢʪʨʦʥʠʢʠ ï 

ʠʥʪʝʛʨʘʮʠʠ ʤʘʛʥʠʪʥʳʭ ʩʨʝʜ ʩ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʤʠ ʫʩʪʨʦʡʩʪʚʘʤʠ. 

ɺ ʧʦʩʣʝʜʥʠʝ ʚʨʝʤʷ ʙʦʣʴʰʦʝ ʚʥʠʤʘʥʠʝ ʫʜʝʣʷʝʪʩʷ ʨʘʟʨʘʙʦʪʢʘʤ ʚ ʦʙʣʘʩʪʠ ʩʦʟʜʘʥʠʷ ʠ 

ʧʨʠʤʝʥʝʥʠʷ ʤʘʛʥʠʪʦʤʷʛʢʠʭ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʩʧʣʘʚʦʚ. ʆʜʥʠʤ ʠʟ ʚʘʞʥʝʡʰʠʭ ʨʝ-

ʟʫʣʴʪʘʪʦʚ, ʧʦʣʫʯʝʥʥʳʭ ʚ ʭʦʜʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʪʘʢʠʭ ʤʘʪʝʨʠʘʣʦʚ, ʙʳʣʦ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʝ 

ʦʙʥʘʨʫʞʝʥʠʝ ʠ ʪʝʦʨʝʪʠʯʝʩʢʦʝ ʦʙʦʩʥʦʚʘʥʠʝ ʩʠʣʴʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ʢʦʵʨʮʠʪʠʚʥʦʡ ʩʠʣʳ ʠ 
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ʤʘʛʥʠʪʥʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʦʪ ʨʘʟʤʝʨʘ ʢʨʠʩʪʘʣʣʠʪʦʚ. ɺ ʯʘʩʪʥʦʩʪʠ, ʙʳʣʦ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ 

ʝʩʣʠ ʨʘʟʤʝʨ ʢʨʠʩʪʘʣʣʠʪʦʚ ʩʪʘʥʦʚʠʪʩʷ ʤʝʥʴʰʝ ʥʝʢʦʪʦʨʦʛʦ ʢʨʠʪʠʯʝʩʢʦʛʦ ʟʥʘʯʝʥʠʷ (ʧʦ-

ʨʷʜʢʘ 100 ʥʤ), ʪʦ ʧʨʦʠʩʭʦʜʠʪ ʨʝʟʢʦʝ ʩʥʠʞʝʥʠʝ ʢʦʵʨʮʠʪʠʚʥʦʡ ʩʠʣʳ, ʩʦʧʨʦʚʦʞʜʘʝʤʦʝ 

ʘʥʘʣʦʛʠʯʥʳʤ ʨʦʩʪʦʤ ʤʘʛʥʠʪʥʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʩʨʝʜʳ. 

ʄʘʛʥʠʪʦʤʷʛʢʠʝ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʝ ʩʧʣʘʚʳ ʚʳʜʝʣʷʶʪʩʷ ʥʘʠʣʫʯʰʝʡ ʢʦʤʙʠʥʘ-

ʮʠʝʡ ʚʳʩʦʢʦʡ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʥʘʩʳʱʝʥʠʷ ʠ ʥʘʯʘʣʴʥʦʡ ʤʘʛʥʠʪʥʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʩʨʝʜʠ 

ʨʘʟʣʠʯʥʳʭ ʤʘʛʥʠʪʥʳʭ ʤʘʪʝʨʠʘʣʦʚ, ʟʥʘʯʠʪʝʣʴʥʦ ʧʨʝʚʦʩʭʦʜʷ ʧʦ ʵʪʠʤ ʧʘʨʘʤʝʪʨʘʤ ʬʝʨʨʠʪʳ. 

ɼʣʷ ʧʨʠʣʦʞʝʥʠʡ, ʨʘʙʦʪʘʶʱʠʭ ʚ ʉɺʏ-ʜʠʘʧʘʟʦʥʝ, ʵʪʦ ʦʟʥʘʯʘʝʪ ʨʘʩʰʠʨʝʥʠʝ ʜʠʘʧʘʟʦʥʘ 

ʨʘʙʦʯʠʭ ʯʘʩʪʦʪ ʧʨʠ ʩʦʭʨʘʥʝʥʠʠ ʜʦʩʪʘʪʦʯʥʦ ʚʳʩʦʢʦʡ ʤʘʛʥʠʪʥʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ. ɺ ʜʦ-

ʧʦʣʥʝʥʠʝ ʢ ʵʪʦʤʫ ʨʷʜ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʩʧʣʘʚʦʚ ʦʙʣʘʜʘʝʪ ʥʝʙʦʣʴʰʦʡ ʚʝʣʠʯʠʥʦʡ 

ʢʦʥʩʪʘʥʪʳ ʤʘʛʥʠʪʦʩʪʨʠʢʮʠʠ ʠ ʚʳʩʦʢʦʡ ʪʝʤʧʝʨʘʪʫʨʦʡ ʂʶʨʠ, ʯʪʦ ʦʙʝʩʧʝʯʠʚʘʝʪ ʥʝʦʙʭʦ-

ʜʠʤʫʶ ʤʝʭʘʥʠʯʝʩʢʫʶ ʠ ʪʝʤʧʝʨʘʪʫʨʥʫʶ ʩʪʘʙʠʣʴʥʦʩʪʴ. ʉʥʠʞʝʥʠʶ ʧʦʪʝʨʴ ʥʘ ʚʠʭʨʝʚʳʝ 

ʪʦʢʠ ʩʧʦʩʦʙʩʪʚʫʝʪ ʠʭ ʦʪʥʦʩʠʪʝʣʴʥʦ ʚʳʩʦʢʦʝ ʫʜʝʣʴʥʦʝ ʵʣʝʢʪʨʠʯʝʩʢʦʝ ʩʦʧʨʦʪʠʚʣʝʥʠʝ, 

ʢʦʪʦʨʦʝ ʚ 5ï10 ʨʘʟ ʚʳʰʝ, ʯʝʤ ʫ ʤʦʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʤʘʪʝʨʠʘʣʦʚ ʪʦʛʦ ʞʝ ʩʦʩʪʘʚʘ. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʤʦʞʥʦ ʩʜʝʣʘʪʴ ʦʙʱʠʡ ʚʳʚʦʜ, ʯʪʦ ʤʘʛʥʠʪʦʤʷʛʢʠʝ ʥʘʥʦʢʨʠʩʪʘʣʣʠ-

ʯʝʩʢʠʝ ʪʦʥʢʠʝ ʧʣʝʥʢʠ ʷʚʣʷʶʪʩʷ ʧʨʝʚʦʩʭʦʜʥʳʤʠ ʢʘʥʜʠʜʘʪʘʤʠ ʥʘ ʨʦʣʴ ʤʘʛʥʠʪʥʳʭ ʢʦʤ-

ʧʦʥʝʥʪʦʚ ʩʦʚʨʝʤʝʥʥʳʭ ʉɺʏ-ʫʩʪʨʦʡʩʪʚ. 
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ɻʃɸɺɸ 2. ʄɸɻʅʀʊʅʓɽ ʀɿʄɽʈɽʅʀʗ ʇɸʈɸʄɽʊʈʆɺ 

ʅɸʅʆʂʈʀʉʊɸʃʃʀʏɽʉʂʀʍ ʇʃɽʅʆʂ ʅɸ ʉɺʏ 

ʅʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʝ ʪʦʥʢʠʝ ʤʘʛʥʠʪʥʳʝ ʧʣʝʥʢʠ ʚ ʦʪʣʠʯʠʝ ʦʪ ʭʦʨʦʰʦ ʠʟʫʯʝʥʥʳʭ 

ʦʙʲʝʤʥʳʭ ʤʘʛʥʠʪʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʧʨʦʷʚʣʷʶʪ ʦʛʨʦʤʥʦʝ ʨʘʟʥʦʦʙʨʘʟʠʝ ʫʥʠʢʘʣʴʥʳʭ ʩʚʦʡʩʪʚ, 

ʩʚʷʟʘʥʥʳʭ ʩʦ ʩʪʨʫʢʪʫʨʥʳʤʠ, ʨʘʟʤʝʨʥʳʤʠ ʠ ʠʥʪʝʨʬʝʡʩʥʳʤʠ ʵʬʬʝʢʪʘʤʠ. ɼʣʷ ʧʨʦʝʢʪʠ-

ʨʦʚʘʥʠʷ ʥʘ ʠʭ ʦʩʥʦʚʝ ʩʦʚʨʝʤʝʥʥʳʭ ʉɺʏ-ʫʩʪʨʦʡʩʪʚ ʥʝʦʙʭʦʜʠʤʦ ʠʤʝʪʴ ʥʘʜʝʞʥʳʝ ʠ ʜʦʩ-

ʪʦʚʝʨʥʳʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʤʝʪʦʜʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʤʘʛʥʠʪʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʧʣʝʥʦʢ. 

ɺʪʦʨʘʷ ʛʣʘʚʘ ʜʠʩʩʝʨʪʘʮʠʠ ʧʦʩʚʷʱʝʥʘ ʵʪʦʤʫ ʚʦʧʨʦʩʫ. ɺ ʧʝʨʚʦʡ ʯʘʩʪʠ ʜʘʥʦ ʦʧʠʩʘʥʠʝ ʜʚʫʭ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʫʩʪʘʥʦʚʦʢ: ʩʢʘʥʠʨʫʶʱʝʛʦ ʠ ʰʠʨʦʢʦʧʦʣʦʩʥʦʛʦ ʩʧʝʢʪʨʦʤʝʪʨʦʚ ʬʝʨ-

ʨʦʤʘʛʥʠʪʥʦʛʦ ʨʝʟʦʥʘʥʩʘ (ʌʄʈ), ʧʨʝʜʥʘʟʥʘʯʝʥʥʳʭ ʜʣʷ ʧʨʦʚʝʜʝʥʠʷ ʩ ʚʳʩʦʢʦʡ ʪʦʯʥʦʩʪʴʶ 

ʠʟʤʝʨʝʥʠʡ ʣʦʢʘʣʴʥʳʭ ʠ ʠʥʪʝʛʨʘʣʴʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʧʣʝʥʦʢ. ʇʨʠʚʝʜʝʥʳ ʠʭ ʩʭʝʤ,r 

ʧʨʠʥʮʠʧ ʜʝʡʩʪʚʠʷ ʠ ʦʩʥʦʚʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ. ɺʦ ʚʪʦʨʦʡ ʯʘʩʪʠ ʛʣʘʚʳ ʧʦʜʨʦʙʥʦ ʨʘʩ-

ʩʤʦʪʨʝʥʘ ʧʨʝʜʣʦʞʝʥʥʘʷ ʤʝʪʦʜʠʢʘ ʦʧʨʝʜʝʣʝʥʠʷ ʵʬʬʝʢʪʠʚʥʦʡ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʥʘʩʳ-

ʱʝʥʠʷ ʠ ʧʘʨʘʤʝʪʨʦʚ ʧʣʘʥʘʨʥʦʡ ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ ʪʦʥʢʠʭ ʧʣʝʥʦʢ ʠʟ ʫʛʣʦʚʳʭ ʟʘ-

ʚʠʩʠʤʦʩʪʝʡ ʨʝʟʦʥʘʥʩʥʦʛʦ ʧʦʣʷ. ʉʬʦʨʤʫʣʠʨʦʚʘʥʳ ʢʣʶʯʝʚʳʝ ʧʨʦʙʣʝʤʳ, ʩʚʷʟʘʥʥʳʝ ʩ 

ʨʝʘʣʠʟʘʮʠʝʡ ʤʝʪʦʜʠʢʠ, ʘ ʪʘʢʞʝ ʧʦʢʘʟʘʥʳ ʩʧʦʩʦʙʳ ʠʭ ʨʝʰʝʥʠʷ. ɺ ʪʨʝʪʴʝʡ ʯʘʩʪʠ ʛʣʘʚʳ 

ʧʨʠʚʝʜʝʥʳ ʧʨʠʤʝʨʳ, ʜʝʤʦʥʩʪʨʠʨʫʶʱʠʝ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʧʨʝʜʣʦʞʝʥʥʦʡ ʤʝʪʦʜʠʢʠ. 

ʄʘʪʝʨʠʘʣʳ ʜʘʥʥʦʡ ʛʣʘʚʳ ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ ʩʣʝʜʫʶʱʠʭ ʨʘʙʦʪʘʭ ʠʟ ʩʧʠʩʢʘ ʧʫʙʣʠʢʘ-

ʮʠʡ ʘʚʪʦʨʘ (ʧʨʠʣʦʞʝʥʠʝ ɸ): ɸ1, ɸ4, ɸ21, ɸ27, ɸ29, ɸ32, ɸ38, ɸ40, ɸ42, ɸ46ï48, ɸ52, 

ɸ55, ɸ57, ɸ59. 

2.1 ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʫʩʪʘʥʦʚʢʠ 

2.1.1 ʉʢʘʥʠʨʫʶʱʠʡ ʩʧʝʢʪʨʦʤʝʪʨ ʌʄʈ 

ɼʣʷ ʧʨʦʚʝʜʝʥʠʷ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʣʦʢʘʣʴʥʳʭ ʠ ʠʥʪʝʛʨʘʣʴʥʳʭ 

ʤʘʛʥʠʪʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʪʦʥʢʠʭ ʧʣʝʥʦʢ ʚ ʨʘʙʦʪʝ ʠʩʧʦʣʴʟʦʚʘʣʩʷ 

ʫʥʠʢʘʣʴʥʳʡ ʩʢʘʥʠʨʫʶʱʠʡ ʩʧʝʢʪʨʦʤʝʪʨ ʌʄʈ, ʨʘʟʨʘʙʦʪʘʥʥʳʡ ʚ ʀʌ ʉʆ ʈɸʅ [62ï65]. 

ʉʧʝʢʪʨʦʤʝʪʨ ʚ ʰʠʨʦʢʦʤ ʜʠʘʧʘʟʦʥʝ ʩʚʝʨʭʚʳʩʦʢʠʭ ʯʘʩʪʦʪ ʧʦʟʚʦʣʷʝʪ ʩ ʚʳʩʦʢʦʡ ʪʦʯʥʦʩʪʴʶ 

ʠʟʤʝʨʷʪʴ ʩʧʝʢʪʨʳ ʬʝʨʨʦʤʘʛʥʠʪʥʦʛʦ ʨʝʟʦʥʘʥʩʘ ʩ ʣʦʢʘʣʴʥʳʭ ʫʯʘʩʪʢʦʚ ʪʦʥʢʠʭ ʧʣʝʥʦʢ 

ʧʣʦʱʘʜʴʶ 0.08ï0.8 ʤʤ
2
 ʠ ʩ ʧʦʤʦʱʴʶ ʨʘʩʩʤʦʪʨʝʥʥʦʡ ʚ ʜʘʥʥʦʡ ʛʣʘʚʝ ʤʝʪʦʜʠʢʠ ʦʧʨʝʜʝʣʷʪʴ 
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ʦʩʥʦʚʥʳʝ ʤʘʛʥʠʪʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʦʙʨʘʟʮʦʚ. ʆʙʱʘʷ ʩʭʝʤʘ ʩʢʘ-

ʥʠʨʫʶʱʝʛʦ ʩʧʝʢʪʨʦʤʝʪʨʘ ʌʄʈ ʠ ʢʦʥʩʪʨʫʢʮʠʠ ʠʟʤʝʨʠʪʝʣʴʥʦʡ ʉɺʏ-ʛʦʣʦʚʢʠ ʧʨʝʜʩʪʘʚ-

ʣʝʥʘ ʥʘ ʨʠʩʫʥʢʝ 2.1. 

  

 

ʈʠʩʫʥʦʢ 2.1 ï ɹʣʦʢ-ʩʭʝʤʘ ʩʢʘʥʠʨʫʶʱʝʛʦ ʩʧʝʢʪʨʦʤʝʪʨʘ ʌʄʈ ʠ ʩʭʝʤʘ ʫʩʪʨʦʡʩʪʚʘ 

ʠʟʤʝʨʠʪʝʣʴʥʦʡ ʉɺʏ-ʛʦʣʦʚʢʠ 

ɺ ʩʧʝʢʪʨʦʤʝʪʨʝ ʚ ʢʘʯʝʩʪʚʝ ʉɺʏ-ʜʘʪʯʠʢʘ ʠʩʧʦʣʴʟʫʝʪʩʷ ʤʠʥʠʘʪʶʨʥʳʡ ʤʠʢʨʦʧʦ-

ʣʦʩʢʦʚʳʡ ʨʝʟʦʥʘʪʦʨ, ʠʟʛʦʪʦʚʣʝʥʥʳʡ ʥʘ ʧʦʜʣʦʞʢʝ ʩ ʚʳʩʦʢʦʡ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠ-

ʮʘʝʤʦʩʪʴʶ [62, 63, 66ï68]. ʊʘʢʦʡ ʨʝʟʦʥʘʪʦʨ ʦʪʣʠʯʘʝʪʩʷ ʤʠʥʠʘʪʶʨʥʦʩʪʴʶ, ʘ ʝʛʦ ʯʫʚʩʪʚʠ-

ʪʝʣʴʥʦʩʪʴ ʤʦʞʝʪ ʟʥʘʯʠʪʝʣʴʥʦ ʧʨʝʚʳʰʘʪʴ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴ ʧʦʣʳʭ ʦʙʲʝʤʥʳʭ ʨʝʟʦʥʘʪʦʨʦʚ. 

ɺʙʣʠʟʠ ʧʫʯʥʦʩʪʠ ʚʳʩʦʢʦʯʘʩʪʦʪʥʦʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʚ ʮʝʥʪʨʝ ʤʝʪʘʣʣʠʟʠʨʦʚʘʥʥʦʛʦ ʩʣʦʷ 

(ʵʢʨʘʥʘ) ʥʘ ʥʠʞʥʝʡ ʧʦʚʝʨʭʥʦʩʪʠ ʨʝʟʦʥʘʪʦʨʘ ʩʬʦʨʤʠʨʦʚʘʥʦ ʥʝʙʦʣʴʰʦʝ ʠʟʤʝʨʠʪʝʣʴʥʦʝ 

ʦʪʚʝʨʩʪʠʝ, ʙʣʘʛʦʜʘʨʷ ʢʦʪʦʨʦʤʫ ʠ ʦʙʝʩʧʝʯʠʚʘʝʪʩʷ ʣʦʢʘʣʴʥʦʩʪʴ ʠʟʤʝʨʝʥʠʡ. ʈʝʟʦʥʘʥʩʥʦʝ 

ʧʦʛʣʦʱʝʥʠʝ ʉɺʏ-ʤʦʱʥʦʩʪʠ ʠʩʩʣʝʜʫʝʤʳʤ ʫʯʘʩʪʢʦʤ ʪʦʥʢʦʧʣʝʥʦʯʥʦʛʦ ʦʙʨʘʟʮʘ ʚ ʩʧʝʢ-

ʪʨʦʤʝʪʨʝ ʨʝʛʠʩʪʨʠʨʫʝʪʩʷ ʤʦʜʫʣʷʮʠʦʥʥʳʤ ʤʝʪʦʜʦʤ [63] ʧʦ ʠʟʤʝʥʝʥʠʶ ʜʦʙʨʦʪʥʦʩʪʠ ʨʝ-

ʟʦʥʘʪʦʨʘ ʚ ʧʨʦʮʝʩʩʝ ʨʘʟʚʝʨʪʢʠ ʧʦʩʪʦʷʥʥʦʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ, ʧʨʠʣʦʞʝʥʥʦʛʦ ʚ ʧʣʦʩʢʦʩʪʠ 
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ʧʣʝʥʢʠ. ʇʨʠ ʵʪʦʤ ʠʟʤʝʨʠʪʝʣʴʥʦʝ ʦʪʚʝʨʩʪʠʝ ʤʠʢʨʦʧʦʣʦʩʢʦʚʦʛʦ ʨʝʟʦʥʘʪʦʨʘ ʩʣʫʞʠʪ ʣʦʢʘ-

ʣʠʟʦʚʘʥʥʳʤ ʠʩʪʦʯʥʠʢʦʤ ʚʳʩʦʢʦʯʘʩʪʦʪʥʦʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʠ ʢʘʥʘʣʦʤ ʩʚʷʟʠ ʤʝʞʜʫ ʠʩ-

ʩʣʝʜʫʝʤʦʡ ʧʣʝʥʢʦʡ ʠ ʨʝʟʦʥʘʪʦʨʦʤ. ʆʩʥʦʚʥʳʤ ʜʦʩʪʦʠʥʩʪʚʦʤ ʩʢʘʥʠʨʫʶʱʝʛʦ ʩʧʝʢʪʨʦ-

ʤʝʪʨʘ ʷʚʣʷʝʪʩʷ ʝʛʦ ʚʳʩʦʢʘʷ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴ, ʦʙʫʩʣʦʚʣʝʥʥʘʷ ʙʦʣʴʰʠʤ ʢʦʵʬʬʠʮʠʝʥʪʦʤ 

ʟʘʧʦʣʥʝʥʠʷ ʤʠʢʨʦʧʦʣʦʩʢʦʚʦʛʦ ʨʝʟʦʥʘʪʦʨʘ ʠʟʤʝʨʷʝʤʳʤ ʫʯʘʩʪʢʦʤ ʦʙʨʘʟʮʘ ʚ ʩʠʣʫ ʤʠ-

ʥʠʘʪʶʨʥʦʩʪʠ ʨʝʟʦʥʘʪʦʨʘ. 

ʅʘ ʦʩʥʦʚʝ ʪʘʢʦʛʦ ʤʠʢʨʦʧʦʣʦʩʢʦʚʦʛʦ ʨʝʟʦʥʘʪʦʨʘ ʙʳʣʦ ʨʘʟʨʘʙʦʪʘʥʦ ʙʦʣʴʰʦʝ ʢʦʣʠ-

ʯʝʩʪʚʦ ʩʤʝʥʥʳʭ ʚʳʩʦʢʦʯʫʚʩʪʚʠʪʝʣʴʥʳʭ ʉɺʏ-ʛʦʣʦʚʦʢ (ʨʠʩʫʥʦʢ 2.1), ʧʦʟʚʦʣʷʶʱʠʭ ʧʨʦ-

ʚʦʜʠʪʴ ʠʟʤʝʨʝʥʠʷ ʥʘ ʣʦʢʘʣʴʥʳʭ ʫʯʘʩʪʢʘʭ ʤʘʛʥʠʪʥʳʭ ʧʣʝʥʦʢ. ʅʘʙʦʨ ʚʳʩʦʢʦʯʫʚʩʪʚʠ-

ʪʝʣʴʥʳʭ ʛʦʣʦʚʦʢ, ʚʭʦʜʷʱʠʭ ʚ ʩʦʩʪʘʚ ʩʧʝʢʪʨʦʤʝʪʨʘ, ʧʝʨʝʢʨʳʚʘʝʪ ʜʠʘʧʘʟʦʥ ʯʘʩʪʦʪ ʦʪ 

100 ʄɻʮ ʜʦ 6 ɻɻʮ, ʦʥʠ ʠʤʝʶʪ ʨʘʟʣʠʯʥʳʝ ʜʠʘʤʝʪʨʳ ʠʟʤʝʨʠʪʝʣʴʥʳʭ ʦʪʚʝʨʩʪʠʡ ʦʪ 0.1 ʜʦ 

1 ʤʤ. ʇʨʦʮʝʩʩ ʟʘʧʠʩʠ ʠ ʦʙʨʘʙʦʪʢʠ ʩʧʝʢʪʨʦʚ ʌʄʈ ʘʚʪʦʤʘʪʠʟʠʨʦʚʘʥ ʙʣʘʛʦʜʘʨʷ ʧʨʠʤʝʥʝ-

ʥʠʶ ʧʝʨʩʦʥʘʣʴʥʦʡ ʕɺʄ [69]. ɸʚʪʦʤʘʪʠʟʠʨʦʚʘʥ ʪʘʢʞʝ ʠ ʧʨʦʮʝʩʩ ʦʧʨʝʜʝʣʝʥʠ ̫ʧʘʨʘʤʝʪʨʦʚ 

ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ, ʵʬʬʝʢʪʠʚʥʦʡ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʥʘʩʳʱʝʥʠʷ ʠ ʢʦʵʨʮʠʪʠʚʥʦʡ 

ʩʠʣʳ ʣʦʢʘʣʴʥʳʭ ʫʯʘʩʪʢʦʚ ʪʦʥʢʦʡ ʤʘʛʥʠʪʥʦʡ ʧʣʝʥʢʠ (ʊʄʇ) [70ï72]. 

ʂʦʥʩʪʨʫʢʪʠʚʥʦ ʩʢʘʥʠʨʫʶʱʠʡ ʩʧʝʢʪʨʦʤʝʪʨ ʩʦʩʪʦʠʪ ʠʟ ʪʨʝʭ ʦʪʜʝʣʴʥʳʭ ʙʣʦʢʦʚ [63, 

70] (ʨʠʩʫʥʦʢ 2.1). ʇʝʨʚʳʡ ʙʣʦʢ ï ʙʣʦʢ ʜʘʪʯʠʢʘ ï ʩʦʜʝʨʞʠʪ ʉɺʏ-ʛʦʣʦʚʢʫ, ʩʪʦʣʠʢ, ʥʘ ʢʦ-

ʪʦʨʦʤ ʨʘʟʤʝʱʘʝʪʩʷ ʊʄʇ, ʠ ʢʦʣʴʮʘ ɻʝʣʴʤʛʦʣʴʮʘ. ʉʪʦʣʠʢ ʤʦʞʝʪ ʧʝʨʝʤʝʱʘʪʴʩʷ ʧʦ ʜʚʫʤ 

ʠʟʤʝʨʷʝʤʳʤ ʢʦʦʨʜʠʥʘʪʘʤ ʚ ʛʦʨʠʟʦʥʪʘʣʴʥʦʡ ʧʣʦʩʢʦʩʪʠ ʠ ʧʦʚʦʨʘʯʠʚʘʪʴʩʷ ʚʤʝʩʪʝ ʩ ʠʩ-

ʩʣʝʜʫʝʤʳʤ ʦʙʨʘʟʮʦʤ ʚʦʢʨʫʛ ʦʩʠ, ʩʦʚʧʘʜʘʶʱʝʡ ʩ ʦʩʴʶ ʠʟʤʝʨʠʪʝʣʴʥʦʡ ʛʦʣʦʚʢʠ. ʂʦʣʴʮʘ 

ɻʝʣʴʤʛʦʣʴʮʘ ʩʦʟʜʘʶʪ ʚ ʧʣʦʩʢʦʩʪʠ ʧʣʝʥʢʠ ʧʦʜ ʟʘʜʘʥʥʳʤ ʫʛʣʦʤ űH ʧʦʩʪʦʷʥʥʦʝ ʤʘʛʥʠʪʥʦʝ 

ʧʦʣʝ ʨʘʟʚʝʨʪʢʠ H, ʤʦʜʫʣʠʨʫʝʤʦʝ ʩ ʯʘʩʪʦʪʦʡ 1 ʢɻʮ. ɸʤʧʣʠʪʫʜʘ ʤʦʜʫʣʠʨʫʶʱʝʛʦ ʧʦʣʷ 

ʫʩʪʘʥʘʚʣʠʚʘʝʪʩʷ ʚ ʧʨʝʜʝʣʘʭ 0.01·5.0 ʕ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʰʠʨʠʥʳ ʣʠʥʠʠ ʌʄʈ ʠʩʩʣʝʜʫʝ-

ʤʦʡ ʧʣʝʥʢʠ. 

ɺʪʦʨʦʡ ʙʣʦʢ ï ʙʣʦʢ ʬʦʨʤʠʨʦʚʘʥʠʷ ʩʠʛʥʘʣʘ. ʆʥ ʩʦʩʪʦʠʪ ʠʟ ʢʘʥʘʣʘ ʧʨʠʝʤʘ ʩʠʛʥʘʣʘ, 

ʢʦʪʦʨʳʡ ʦʜʥʦʚʨʝʤʝʥʥʦ ʧʦʜʜʝʨʞʠʚʘʝʪ ʟʘʜʘʥʥʳʡ ʨʝʞʠʤ ʨʘʙʦʪʳ ʉɺʏ-ʛʝʥʝʨʘʪʦʨʘ ʚ ʠʟʤʝ-

ʨʠʪʝʣʴʥʦʡ ʛʦʣʦʚʢʝ ʠ ʦʩʫʱʝʩʪʚʣʷʝʪ ʩʠʥʭʨʦʥʥʦʝ ʜʝʪʝʢʪʠʨʦʚʘʥʠʝ ʩʠʛʥʘʣʘ; ʫʟʣʘ ʨʘʟʚʝʨʪʢʠ ʠ 

ʤʦʜʫʣʷʮʠʠ, ʢʦʪʦʨʳʡ ʦʩʫʱʝʩʪʚʣʷʝʪ ʧʠʪʘʥʠʝ ʢʘʪʫʰʝʢ ʨʘʟʚʝʨʪʢʠ ʠ ʤʦʜʫʣʷʮʠʠ; ʫʟʣʘ 

ʫʧʨʘʚʣʝʥʠʷ ʧʨʠʚʦʜʦʤ ʩʪʦʣʠʢʘ. ʉʚʷʟʴ ʩ ʢʦʤʧʴʶʪʝʨʦʤ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʯʝʨʝʟ ʢʦʥʪʨʦʣʣʝʨ 

ʧʦ ʙʳʩʪʨʦʜʝʡʩʪʚʫʶʱʝʤʫ ʧʦʩʣʝʜʦʚʘʪʝʣʥɹʦʤʫ ʢʘʥʘʣʫ [63]. 

ʊʨʝʪʴʠʤ ʙʣʦʢʦʤ ï ʙʣʦʢʦʤ ʫʧʨʘʚʣʝʥʠʷ ʩʧʝʢʪʨʦʤʝʪʨʦʤ ʠ ʦʙʨʘʙʦʪʢʠ ʠʥʬʦʨʤʘʮʠʠ ï 

ʩʣʫʞʠʪ ʧʝʨʩʦʥʘʣʴʥʳʡ ʢʦʤʧʴʶʪʝʨ. ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʩʧʝʮʠʘʣʴʥʦ ʨʘʟʨʘʙʦʪʘʥʥʦʡ ʧʨʦʛʨʘʤʤʳ 
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ʜʣʷ ʕɺʄ ʧʦʟʚʦʣʷʝʪ ʫʩʪʘʥʘʚʣʠʚʘʪ ɹʚʩʝ ʥʝʦʙʭʦʜʠʤʳʝ ʨʝʞʠʤʳ ʨʘʙʦʪʳ ʩʧʝʢʪʨʦʤʝʪʨʘ, ʚ 

ʨʝʘʣʴʥʦʤ ʤʘʩʰʪʘʙʝ ʚʨʝʤʝʥʠ ʥʘʙʣʶʜʘʪʴ ʟʘ ʧʨʦʮʝʩʩʦʤ ʧʨʦʚʦʜʠʤʳʭ ʠʟʤʝʨʝʥʠʡ, ʦʙʨʘʙʘ-

ʪʳʚʘʪʴ ʠ ʘʥʘʣʠʟʠʨʦʚʘʪʴ ʧʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ [69, 72]. 

2.1.2 ʐʠʨʦʢʦʧʦʣʦʩʥʳʡ ʩʧʝʢʪʨʦʤʝʪʨ ʌʄʈ 

ɼʣʷ ʧʨʦʚʝʜʝʥʠʷ ʠʟʤʝʨʝʥʠʡ ʤʘʛʥʠʪʥʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʪʦʥʢʠʭ ʧʣʝʥʦʢ ʚ ʰʠʨʦʢʦʡ 

ʧʦʣʦʩʝ ʯʘʩʪʦʪ ʉɺʏ-ʜʠʘʧʘʟʦʥʘ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʰʠʨʦʢʦʧʦʣʦʩʥʳʡ ʩʧʝʢʪʨʦʤʝʪʨ ʌʄʈ, ʨʘʟ-

ʨʘʙʦʪʘʥʥʳʡ ʚ ʀʌ ʉʆ ʈɸʅ [73]. ɺ ʢʘʯʝʩʪʚʝ ʉɺʏ-ʜʘʪʯʠʢʘ ʚ ʩʧʝʢʪʨʦʤʝʪʨʝ ʠʩʧʦʣʴʟʫʝʪʩʷ 

ʢʦʨʦʪʢʦʟʘʤʢʥʫʪʘ ̫ʧʦʣʦʩʢʦʚʘʷ ʣʠʥʠʷ (ʠʟʤʝʨʠʪʝʣʴʥʘ ̫ʷʯʝʡʢʘ), ʧʦʜʢʣʶʯʝʥʥʘ ̫ʢ ʚʝʢʪʦʨ-

ʥʦʤʫ ʘʥʘʣʠʟʘʪʦʨʫ ʮʝʧʝʡ (VNA, R&S ZNB20). ʂʦʥʩʪʨʫʢʮʠʷ ʠʟʤʝʨʠʪʝʣʴʥʦʡ ʉɺʏ-ʷʯʝʡʢʠ, 

ʚʥʫʪʨʠ ʢʦʪʦʨʦʡ ʨʘʟʤʝʱʘʝʪʩʷ ʠʩʩʣʝʜʫʝʤʳʡ ʦʙʨʘʟʝʮ ʊʄʇ, ʘ ʪʘʢʞʝ ʦʙʱʘʷ ʩʭʝʤʘ ʚʩʝʡ ʠʟ-

ʤʝʨʠʪʝʣʴʥʦʡ ʩʠʩʪʝʤʳ (ʰʠʨʦʢʦʧʦʣʦʩʥʦʛʦ ʩʧʝʢʪʨʦʤʝʪʨʘ ʌʄʈ) ʧʨʝʜʩʪʘʚʣʝʥʘ ʥʘ ʨʠʩʫʥ-

ʢʝ 2.2. 

  

 

ʈʠʩʫʥʦʢ 2.2 ï ʆʙʱʘʷ ʩʭʝʤʘ ʠʟʤʝʨʠʪʝʣʴʥʦʡ ʫʩʪʘʥʦʚʢʠ ʠ 

ʢʦʥʩʪʨʫʢʮʠʷ ʠʟʤʝʨʠʪʝʣʴʥʦʡ ʉɺʏ-ʷʯʝʡʢʠ 
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ʂʣʶʯʝʚʳʤ ʵʣʝʤʝʥʪʦʤ ʩʧʝʢʪʨʦʤʝʪʨʘ ʌʄʈ ʷʚʣʷʝʪʩʷ ʠʟʤʝʨʠʪʝʣʴʥʘʷ ʉɺʏ-ʷʯʝʡʢʘ. 

ɼʣʷ ʧʦʚʳʰʝʥʠʷ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʠ ʠ ʩʥʠʞʝʥʠʷ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʳʭ ʧʦʤʝʭ ʢʦʨʦʪʢʦʟʘʤʢ-

ʥʫʪʘʷ ʤʠʢʨʦʧʦʣʦʩʢʦʚʘʷ ʣʠʥʠʷ ʨʘʟʤʝʱʝʥʘ ʚ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʤ ʵʢʨʘʥʝ, ʢʦʪʦʨʳʤ ʩʣʫʞʠʪ 

ʤʝʪʘʣʣʠʯʝʩʢʠʡ ʢʦʨʧʫʩ ʠʟʤʝʨʠʪʝʣʴʥʦʡ ʷʯʝʡʢʠ. ɸ ʜʣʷ ʪʦʛʦ ʯʪʦʙʳ ʦʙʝʩʧʝʯʠʪʴ ʩʚʦʙʦʜʥʦʝ 

ʚʨʘʱʝʥʠʝ ʤʘʛʥʠʪʥʦʡ ʩʠʩʪʝʤʳ ʚʦʢʨʫʛ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʛʦ ʦʙʨʘʟʮʘ, ʧʦʤʝʱʝʥʥʦʛʦ ʚ ʠʟ-

ʤʝʨʠʪʝʣʴʥʫʶ ʷʯʝʡʢʫ, ʉɺʏ-ʨʘʟʲʝʤ ʤʠʢʨʦʧʦʣʦʩʢʦʚʦʡ ʣʠʥʠʠ ʚʳʧʦʣʥʝʥ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦ 

ʝʝ ʧʣʦʩʢʦʩʪʠ (ʨʠʩʫʥʦʢ 2.2). ʇʦʣʦʩʘ ʯʘʩʪʦʪ ʠʟʤʝʨʠʪʝʣʴʥʦʡ ʩʠʩʪʝʤʳ ʩʚʝʨʭʫ ʦʛʨʘʥʠʯʠʚʘ-

ʝʪʩʷ ʥʠʞʘʡʰʝʡ ʩʦʙʩʪʚʝʥʥʦʡ ʨʝʟʦʥʘʥʩʥʦʡ ʯʘʩʪʦʪʦʡ ʉɺʏ- ʯ̫ʝʡʢʠ, ʢʦʪʦʨʘʷ ʦʧʨʝʜʝʣʷʝʪʩʷ ʝʝ 

ʨʘʟʤʝʨʘʤʠ. ɼʣʷ ʠʟʫʯʘʝʤʳʭ ʚ ʨʘʙʦʪʝ ʦʙʨʘʟʮʦʚ ʨʘʟʤʝʨʦʤ 12Ĭ12Ĭ0.5 ʤʤ
3
 ʨʝʟʦʥʘʥʩʥʘʷ ʯʘʩ-

ʪʦʪʘ ʷʯʝʡʢʠ ʙʳʣʘ ~10 ɻɻʮ, ʘ ʯʘʩʪʦʪʥʳʡ ʜʠʘʧʘʟʦʥ ʠʟʤʝʨʠʪʝʣʴʥʦʡ ʩʠʩʪʝʤʳ ʩʦʩʪʘʚʣʷʣ 

100 ʄɻʮ ï 9.5 ɻɻʮ. 

ʀʟʤʝʨʠʪʝʣʴʥʘʷ ʷʯʝʡʢʘ ʨʘʟʤʝʱʘʝʪʩʷ ʚʥʫʪʨʠ ʤʘʛʥʠʪʥʦʡ ʩʠʩʪʝʤʳ, ʬʦʨʤʠʨʫʶʱʝʡ 

ʧʦʩʪʦʷʥʥʦʝ ʤʘʛʥʠʪʥʦʝ ʧʦʣʝ ʚ ʧʣʦʩʢʦʩʪʠ ʪʦʥʢʦʧʣʝʥʦʯʥʦʛʦ ʦʙʨʘʟʮʘ. ʉʦʩʪʦʷʱʘʷ ʠʟ ʜʚʫʭ 

ʧʘʨ ʢʦʣʝʮ ɻʝʣʴʤʛʦʣʴʮʘ ʤʘʛʥʠʪʥʘʷ ʩʠʩʪʝʤʘ ʧʦʜʢʣʶʯʘʝʪʩʷ ʢ ʚʳʭʦʜʫ ʜʚʫʭ ʫʧʨʘʚʣʷʝʤʳʭ 

ʧʝʨʩʦʥʘʣʴʥʳʤ ʢʦʤʧʴʶʪʝʨʦʤ ʠʩʪʦʯʥʠʢʦʚ ʪʦʢʘ. ʉ ʧʦʤʦʱʴʶ ʧʝʨʩʦʥʘʣʴʥʦʛʦ ʢʦʤʧʴʶʪʝʨʘ ʠ 

ʜʚʫʭ ʰʘʛʦʚʳʭ ʜʚʠʛʘʪʝʣʝʡ (ʥʝ ʧʦʢʘʟʘʥʳ ʥʘ ʨʠʩʫʥʢʝ 2.2) ʚʥʫʪʨʝʥʥʠʝ ʠ ʚʥʝʰʥʠʝ ʢʦʣʴʮʘ 

ɻʝʣʴʤʛʦʣʴʮʘ ʤʦʛʫʪ ʙʳʪʴ ʫʩʪʘʥʦʚʣʝʥʳ ʧʦʜ ʟʘʜʘʥʥʳʤ ʫʛʣʦʤ ʦʪʥʦʩʠʪʝʣʴʥʦ ʠʟʤʝʨʠʪʝʣʴʥʦʡ 

ʷʯʝʡʢʠ. ɺʥʝʰʥʷʷ ʧʘʨʘ ʢʦʣʝʮ ʠʩʧʦʣʴʟʫʝʪʩʷ ʜʣʷ ʢʘʣʠʙʨʦʚʢʠ ʚʝʢʪʦʨʥʦʛʦ ʘʥʘʣʠʟʘʪʦʨʘ ʮʝʧʝʡ 

ʚ ʧʘʨʘʣʣʝʣʴʥʳʭ ʧʦʣʷʭ, ʢʦʛʜʘ ʧʦʩʪʦʷʥʥʦʝ ʤʘʛʥʠʪʥʦʝ ʧʦʣʝ ʢʦʣʝʮ ʧʘʨʘʣʣʝʣʴʥʦ 

ʉɺʏ-ʤʘʛʥʠʪʥʦʤʫ ʧʦʣʁ hrf. ɸ ʚʥʫʪʨʝʥʥʷʷ ʧʘʨʘ ʢʦʣʝʮ ɻʝʣʴʤʛʦʣʴʮʘ ï ʜʣʷ ʧʨʦʚʝʜʝʥʠʷ ʠʟ-

ʤʝʨʝʥʠʡ. 

ɺ ʰʠʨʦʢʦʧʦʣʦʩʥʦʤ ʩʧʝʢʪʨʦʤʝʪʨʝ ʌʄʈ ʠʟʤʝʨʝʥʠʷ ʧʨʦʚʦʜʷʪʩʷ ʧʨʠ ʨʘʟʚʝʨʪʢʝ ʯʘʩ-

ʪʦʪʳ f ʜʣʷ ʨʘʟʣʠʯʥʳʭ ʟʥʘʯʝʥʠʡ ʚʥʝʰʥʝʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ H ʦʪ ï1 ʢʕ ʜʦ 1 ʢʕ, ʩʦʟʜʘ-

ʚʘʝʤʦʛʦ ʚʥʫʪʨʝʥʥʠʤʠ ʢʦʣʴʮʘʤʠ ɻʝʣʴʤʛʦʣʴʮʘ ʚ ʧʣʦʩʢʦʩʪʠ ʦʙʨʘʟʮʘ. ʂʦʤʧʣʝʢʩʥʘʷ ʤʘʛ-

ʥʠʪʥʘʷ ʧʨʦʥʠʮʘʝʤʦʩʪʴ ɛ = ɛ'īiɛ'' ʧʣʝʥʦʢ ʦʧʨʝʜʝʣʷʝʪʩʷ ʧʦ ʚʝʣʠʯʠʥʝ ʢʦʤʧʦʥʝʥʪʳ ʤʘʪʨʠʮʳ 

ʨʘʩʩʝʷʥʠʷ S11, ʭʘʨʘʢʪʝʨʠʟʫʶʱʝʡ ʢʦʵʬʬʠʮʠʝʥʪ ʦʪʨʘʞʝʥʠʷ ʦʪ ʠʟʤʝʨʠʪʝʣʴʥʦʡ ʷʯʝʡʢʠ, ʩ 

ʧʦʤʦʱʴʶ ʘʥʘʣʠʪʠʯʝʩʢʦʛʦ ʚʳʨʘʞʝʥʠʷ ʠʟ ʨʘʙʦʪʳ [74]. ʇʝʨʝʜ ʢʘʞʜʳʤ ʠʟʤʝʨʝʥʠʝʤ ʚʳʩʦ-

ʢʦʯʘʩʪʦʪʥʳʭ ʤʘʛʥʠʪʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʪʦʥʢʠʭ ʧʣʝʥʦʢ ʠʟ ʦʙʱʝʛʦ ʩʠʛʥʘʣʘ ʠʟʤʝʨʠʪʝʣʴʥʦʡ 

ʷʯʝʡʢʠ ʚʯrʠʪʘʝʪʩʷ ʩʠʛʥʘʣ, ʩʦʟʜʘʚʘʝʤʳʡ ʧʦʜʣʦʞʢʦʡ. ɼʣʷ ʵʪʦʛʦ ʩ ʧʦʤʦʱʴʶ ʤʘʛʥʠʪʥʦʛʦ 

ʧʦʣʷ, ʩʦʟʜʘʚʘʝʤʦʛʦ ʚʥʝʰʥʝʡ ʧʘʨʦʡ ʢʦʣʝʮ ɻʝʣʴʤʛʦʣʴʮʘ, ʠʟʤʝʨʷʝʤʳʡ ʦʙʨʘʟʝʮ ʥʘʤʘʛʥʠ-

ʯʠʚʘʣʩʷ ʜʦ ʥʘʩʳʱʝʥʠʷ ʚ ʥʘʧʨʘʚʣʝʥʠʠ ʧʘʨʘʣʣʝʣʴʥʦʤ ʦʨʠʝʥʪʘʮʠʠ ʚʳʩʦʢʦʯʘʩʪʦʪʥʦʛʦ ʧʦʣʷ 

hrf. ɺ ʵʪʦʤ ʩʣʫʯʘʝ ʤʘʛʥʠʪʥʳʡ ʦʪʢʣʠʢ ʧʣʝʥʢʠ ʠʩʯʝʟʘʝʪ, ʘ ʩʠʛʥʘʣ ʦʪ ʧʦʜʣʦʞʢʠ ʥʘ ʚʳʭʦʜʝ 
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ʠʟʤʝʨʠʪʝʣʴʥʦʡ ʷʯʝʡʢʠ ʠʩʧʦʣʴʟʫʝʪʩʷ ʜʣʷ ʢʘʣʠʙʨʦʚʢʠ ʚʝʢʪʦʨʥʦʛʦ ʘʥʘʣʠʟʘʪʦʨʘ ʮʝʧʝʡ. ʇʦ-

ʩʣʝ ʵʪʦʛʦ ʧʨʦʚʦʜʷʪʩʷ ʠʟʤʝʨʝʥʠʷ ɛ ʚ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ H, ʧʨʠʣʦʞʝʥʥʦʤ ʦʨʪʦʛʦʥʘʣʴʥʦ ʥʘ-

ʧʨʘʚʣʝʥʠʶ ʚʳʩʦʢʦʯʘʩʪʦʪʥʦʛʦ ʧʦʣʷ, ʧʨʠ ʢʦʪʦʨʦʤ ʥʘʙʣʶʜʘʣʩʷ ʤʘʢʩʠʤʘʣʴʥʳʡ ʤʘʛʥʠʪʥʳʡ 

ʦʪʢʣʠʢ ʧʣʝʥʢʠ. 

2.2 ʄʝʪʦʜʠʢʘ ʦʧʨʝʜʝʣʝʥʠʷ ʧʘʨʘʤʝʪʨʦʚ ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ ʪʦʥʢʠʭ 

ʤʘʛʥʠʪʥʳʭ ʧʣʝʥʦʢ ʥʘ ʦʩʥʦʚʝ ʌʄʈ 

ʂʣʶʯʝʚʫʶ ʨʦʣʴ ʚ ʬʠʟʠʢʝ ʪʦʥʢʠʭ ʧʣʝʥʦʢ ʠ ʪʦʥʢʦʧʣʝʥʦʯʥʳʭ ʩʪʨʫʢʪʫʨ ʠʛʨʘʝʪ ʤʘʛ-

ʥʠʪʥʘʷ ʘʥʠʟʦʪʨʦʧʠʷ, ʢʦʪʦʨʘʷ ʩʫʱʝʩʪʚʝʥʥʦ ʦʪʣʠʯʘʝʪʩʷ ʦʪ ʘʥʠʟʦʪʨʦʧʠʠ ʦʙʲʝʤʥʳʭ ʤʘʪʝ-

ʨʠʘʣʦʚ [75]. ʍʦʨʦʰʦ ʠʟʚʝʩʪʥʦ, ʯʪʦ ʥʘ ʧʘʨʘʤʝʪʨʳ ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ ʚ ʥʠʟʢʦʨʘʟ-

ʤʝʨʥʳʭ ʩʠʩʪʝʤʘʭ ʩʠʣʴʥʦʝ ʚʣʠʷʥʠʝ ʦʢʘʟʳʚʘʶʪ ʫʩʣʦʚʠʷ ʨʦʩʪʘ ʠ ʦʙʨʘʙʦʪʢʠ ʦʙʨʘʟʮʘ, ʯʠʩ-

ʪʦʪʘ ʩʧʣʘʚʦʚ, ʪʝʤʧʝʨʘʪʫʨʘ ʠ ʰʝʨʦʭʦʚʘʪʦʩʪʴ ʧʦʜʣʦʞʢʠ, ʪʦʣʱʠʥʘ ʠ ʤʦʨʬʦʣʦʛʠʷ ʧʣʝʥʦʢ, 

ʤʝʞʬʘʟʥʳʝ ʛʨʘʥʠʮʳ ʠ ʩʪʨʫʢʪʫʨʘ ʠʥʪʝʨʬʝʡʩʦʚ, ʤʝʭʘʥʠʯʝʩʢʠʝ ʜʝʬʦʨʤʘʮʠʠ ʠ ʪ.ʜ. ɺ ʨʝ-

ʟʫʣʴʪʘʪʝ ʚʦʟʜʝʡʩʪʚʠʷ ʚʩʝʭ ʵʪʠʭ ʬʘʢʪʦʨʦʚ ʚ ʧʣʝʥʢʘʭ ʦʙʨʘʟʫʝʪʩʷ ʩʤʝʰʘʥʥʘʷ, ʩʦʩʪʦʷʱʘʷ ʠʟ 

ʨʘʟʣʠʯʥʳʭ ʘʥʠʟʦʪʨʦʧʥʳʭ ʚʢʣʘʜʦʚ ʤʘʛʥʠʪʥʘ ̫ʘʥʠʟʦʪʨʦʧʠʷ, ʘʥʘʣʠʟ ʠ ʦʧʨʝʜʝʣʝʥʠʝ ʵʬ-

ʬʝʢʪʠʚʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʢʦʪʦʨʦʡ ʷʚʣʷʝʪʩʷ ʦʯʝʥʴ ʘʢʪʫʘʣʴʥʦʡ ʟʘʜʘʯʝʡ. 

ʉʫʱʝʩʪʚʫʶʪ ʨʘʟʣʠʯʥʳʝ ʤʝʪʦʜʳ ʜʣʷ ʢʦʣʠʯʝʩʪʚʝʥʥʦʛʦ ʦʧʨʝʜʝʣʝʥʠʷ ʤʘʛʥʠʪʥʦʡ 

ʘʥʠʟʦʪʨʦʧʠʠ ʪʦʥʢʠʭ ʧʣʝʥʦʢ. ʊʘʢ, ʥʘʧʨʠʤʝʨ, ʰʠʨʦʢʦʝ ʧʨʠʤʝʥʝʥʠʝ ʧʨʠ ʠʟʫʯʝʥʠʠ ʤʘʛ-

ʥʠʪʥʳʭ ʩʚʦʡʩʪʚ ʥʠʟʢʦʨʘʟʤʝʨʥʳʭ ʩʪʨʫʢʪʫʨ ʥʘʰʣʠ ʤʝʪʦʜʳ, ʦʩʥʦʚʘʥʥʳʝ ʥʘ ʤʘʛʥʠʪʦʦʧʪʠ-

ʯʝʩʢʦʤ ʵʬʬʝʢʪʝ ʂʝʨʨʘ [76, 77] ʠ ʵʬʬʝʢʪʝ ʨʘʩʩʝʠʚʘʥʠʷ ʩʚʝʪʘ ʄʘʥʜʝʣʴʰʪʘʤʘ ï ɹʨʠʣʶʵʥʘ 

[78]. ɺ ʪʦ ʞʝ ʚʨʝʤʷ ʦʜʥʠʤ ʠʟ ʥʘʠʙʦʣʝʝ ʯʫʚʩʪʚʠʪʝʣʴʥʳʭ ʠ ʤʦʱʥʳʭ ʤʝʪʦʜʦʚ ʜʣʷ ʠʟʫʯʝʥʠʷ 

ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ ʠ ʜʠʥʘʤʠʢʠ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʤʘʛʥʠʪʥʳʭ ʧʣʝʥʦʢ ʷʚʣʷʝʪʩʷ ʤʝʪʦʜ 

ʌʄʈ, ʢʦʪʦʨʳʡ ʧʦʤʠʤʦ ʚʩʝʛʦ ʧʨʦʯʝʛʦ ʪʘʢʞʝ ʧʦʟʚʦʣʷʝʪ ʠʟʤʝʨʷʪʴ ʚʘʞʥʝʡʰʠʡ ʧʦʢʘʟʘʪʝʣʴ 

ʠʭ ʢʘʯʝʩʪʚʘ ï ʰʠʨʠʥʫ ʣʠʥʠʠ ʌʄʈ [79ï81]. 

ʅʝʩʤʦʪʨʷ ʥʘ ʪʦ, ʯʪʦ ʤʝʪʦʜ ʌʄʈ ʷʚʣʷʝʪʩʷ ʠʟʚʝʩʪʥʳʤ ʠ ʭʦʨʦʰʦ ʨʘʟʚʠʪʳʤ ʵʢʩʧʝʨʠ-

ʤʝʥʪʘʣʴʥʳʤ ʤʝʪʦʜʦʤ, ʧʨʠ ʦʙʨʘʙʦʪʢʝ ʠ ʠʥʪʝʨʧʨʝʪʘʮʠʠ ʨʝʟʫʣʴʪʘʪʦʚ ʠʟʤʝʨʝʥʠʡ, ʢʘʢ ʧʨʘ-

ʚʠʣʦ, ʚʦʟʥʠʢʘʶʪ ʦʧʨʝʜʝʣʝʥʥʳʝ ʪʨʫʜʥʦʩʪʠ. ɺ ʯʘʩʪʥʦʩʪʠ, ʜʣʷ ʛʣʫʙʦʢʦʛʦ ʧʦʥʠʤʘʥʠʷ ʩʚʷʟʠ 

ʤʝʞʜʫ ʩʪʨʫʢʪʫʨʦʡ ʠ ʤʘʛʥʠʪʥʳʤʠ ʩʚʦʡʩʪʚʘʤʠ ʧʦʣʫʯʘʝʤʳʭ ʊʄʇ ʪʨʝʙʫʝʪʩʷ ʪʦʯʥʦʝ ʦʧʨʝ-

ʜʝʣʝʥʠʝ ʨʘʟʣʠʯʥʳʭ ʚʢʣʘʜʦʚ ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ. ʅʘ ʧʨʘʢʪʠʢʝ ʧʨʠ ʨʝʰʝʥʠʠ ʵʪʦʡ ʟʘ-

ʜʘʯʠ ʧʨʠʭʦʜʠʪʩʷ ʩʪʘʣʢʠʚʘʪʴʩʷ ʩ ʨʷʜʦʤ ʧʨʦʙʣʝʤ, ʨʝʰʝʥʠʝ ʢʦʪʦʨʳʭ ʙʫʜʝʪ ʧʦʜʨʦʙʥʦ ʨʘʩ-

ʩʤʦʪʨʝʥʦ ʚ ʜʘʥʥʦʡ ʛʣʘʚʝ. 
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2.2.1 ʊʝʦʨʝʪʠʯʝʩʢʘʷ ʤʦʜʝʣʴ 

ʀʟʤʝʨʝʥʠʷ ʤʝʪʦʜʦʤ ʌʄʈ ʦʙʳʯʥʦ ʧʨʦʚʦʜʷʪ ʚ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ, ʜʦʩʪʘʪʦʯʥʦʤ ʜʣʷ 

ʥʘʩʳʱʝʥʠʷ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʛʦ ʦʙʨʘʟʮʘ ʊʄʇ. ʇʦʵʪʦʤʫ ʧʣʘʥʘʨʥʦʝ ʤʘʛʥʠʪʥʦʝ ʧʦʣʝ, 

ʩʦʟʜʘʚʘʝʤʦʝ ʢʦʣʴʮʘʤʠ ɻʝʣʴʤʛʦʣʴʮʘ ʩʧʝʢʪʨʦʤʝʪʨʦʚ ʥʘ ʨʠʩʫʥʢʘʭ 2.1 ʠ 2.2, ʦʙʝʩʧʝʯʠʚʘʝʪ 

ʦʜʥʦʜʦʤʝʥʥʦʝ ʤʘʛʥʠʪʥʦʝ ʩʦʩʪʦʷʥʠʝ ʧʣʝʥʢʠ, ʢʦʪʦʨʦʝ ʤʦʞʥʦ ʦʭʘʨʘʢʪʝʨʠʟʦʚʘʪʴ ʚʝʢʪʦʨʦʤ 

ʦʜʥʦʨʦʜʥʦʡ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ M . ʊʦʛʜʘ ʬʝʥʦʤʝʥʦʣʦʛʠʯʝʩʢʘʷ ʤʦʜʝʣʴ ʦʜʥʦʜʦʤʝʥʥʦʡ ʊʄʇ 

ʚ ʩʬʝʨʠʯʝʩʢʦʡ ʩʠʩʪʝʤʝ ʢʦʦʨʜʠʥʘʪ, ʛʜʝ ɗ ʠ ű ʦʙʦʟʥʘʯʘʶʪ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ ʧʦʣʷʨʥʳʡ ʠ 

ʘʟʠʤʫʪʘʣʴʥʳʡ ʫʛʣ rʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ M, ʦʧʠʩʳʚʘʝʪʩʷ ʚʳʨʘʞʝʥʠʝʤ ʜʣʷ ʧʣʦʪʥʦʩʪʠ ʩʚʦ-

ʙʦʜʥʦʡ ʵʥʝʨʛʠʠ 

 ),(sin)cos(),( jq+qj-j-=jq a
Hs FHMF . (2.1) 

ʇʝʨʚʳʡ ʯʣʝʥ ʜʘʥʥʦʛʦ ʚʳʨʘʞʝʥʠʷ ʦʧʠʩʳʚʘʝʪ ʵʥʝʨʛʠʶ ɿʝʝʤʘʥʘ, ʘ ʚʪʦʨʦʡ ï ʵʥʝʨʛʠʶ ʤʘʛ-

ʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ ʧʣʝʥʢʠ ʩ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʴʶ ʥʘʩʳʱʝʥʠʷ Ms = |M |. ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, 

ʯʪʦ ʜʣʷ ʨʘʟʨʘʙʦʪʢʠ ʦʙʱʝʡ, ʫʥʠʚʝʨʩʘʣʴʥʦʡ ʤʝʪʦʜʠʢʠ ʠʟʥʘʯʘʣʴʥʦ ʥʝ ʜʝʣʘʝʪʩʷ ʥʠʢʘʢʠʭ 

ʧʨʝʜʧʦʣʦʞʝʥʠʡ ʦʪʥʦʩʠʪʝʣʴʥʦ ʧʨʠʨʦʜʳ ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ, ʘ ʪʘʢʞʝ ʚʠʜʘ ʩʘʤʦʡ 

ʬʫʥʢʮʠʠ F
a
(ɗ,ű). ʕʪʦʪ ʚʦʧʨʦʩ ʧʦʜʨʦʙʥʦ ʙʫʜʝʪ ʨʘʩʩʤʦʪʨʝʥ ʚ ʨʘʟʜʝʣʝ 2.2.3. 

ʋʩʣʦʚʠʝ ʬʝʨʨʦʤʘʛʥʠʪʥʦʛʦ ʨʝʟʦʥʘʥʩʘ ʜʣʷ ʊʄʇ ʤʦʞʝʪ ʙʳʪʴ ʧʦʣʫʯʝʥʦ ʩ ʧʦʤʦʱʴʶ 

ʤʝʪʦʜʘ ʵʬʬʝʢʪʠʚʥʳʭ ʨʘʟʤʘʛʥʠʯʠʚʘʶʱʠʭ ʬʘʢʪʦʨʦʚ [81] ʠ ʬʦʨʤʫʣʳ ʂʠʪʪʝʣʷ (1.4), ʥʘ-

ʧʨʠʤʝʨ ʪʘʢ, ʢʘʢ ʧʦʢʘʟʘʥʦ ʚ [70]. ʆʜʥʘʢʦ ʚ ʜʘʥʥʦʤ ʩʣʫʯʘʝ ʛʦʨʘʟʜʦ ʫʜʦʙʥʝʝ ʚʦʩʧʦʣʴʟʦ-

ʚʘʪʴʩʷ ʬʦʨʤʫʣʦʡ ʉʤʠʪʘ ï ʉʫʣʘ [81ï83] ʜʣʷ ʯʘʩʪʦʪʳ ʌʄʈ  

 [ ]2/1

,0
sin MM

FFF
M Ms

jqqjqqjj -
q

g
=w . (2.2) 

ɺ ʜʘʥʥʦʤ ʚʳʨʘʞʝʥʠʠ ʠʩʧʦʣʴʟʫʶʪʩʷ ʟʥʘʯʝʥʠʷ ʯʘʩʪʥʳʭ ʧʨʦʠʟʚʦʜʥʳʭ ʧʣʦʪʥʦʩʪʠ ʩʚʦʙʦʜ-

ʥʦʡ ʵʥʝʨʛʠʠ Fij (i,j = ɗ,ű) ʜʣʷ ʨʘʚʥʦʚʝʩʥʳʭ ʫʛʣʦʚ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ɗ = ɗM ʠ ű = űM.. ʇʨʠ 

ʵʪʦʤ ʨʘʚʥʦʚʝʩʥʳʝ ʫʛʣʳ ɗM ʠ űM ʦʧʨʝʜʝʣʷʶʪʩʷ ʠʟ ʫʩʣʦʚʠʷ ʤʠʥʠʤʫʤʘ ʧʣʦʪʥʦʩʪʠ ʩʚʦʙʦʜʥʦʡ 

ʵʥʝʨʛʠʠ ʩ ʧʦʤʦʱʴʶ ʩʣʝʜʫʶʱʠʭ ʫʨʘʚʥʝʥʠʡ 

 0),( =jqj MMF ,     0),( =jqq MMF . (2.3) 
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ʀʟ-ʟʘ ʙʦʣʴʰʦʡ ʚʝʣʠʯʠʥʳ ʨʘʟʤʘʛʥʠʯʠʚʘʶʱʝʛʦ ʧʦʣʷ ʚʜʦʣʴ ʦʩʠ, ʦʨʪʦʛʦʥʘʣʴʥʦʡ ʢ 

ʧʣʦʩʢʦʩʪʠ ʧʣʝʥʢʠ, ʚʢʣʘʜ ʤʘʛʥʠʪʦʩʪʘʪʠʯʝʩʢʦʡ ʵʥʝʨʛʠʠ ʚ ʦʙʱʝʝ ʚʳʨʘʞʝʥʠʝ ʧʣʦʪʥʦʩʪʠ 

ʵʥʝʨʛʠʠ ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ F
a
(ɗ,ű), ʢʘʢ ʧʨʘʚʠʣʦ, ʷʚʣʷʝʪʩʷ ʦʧʨʝʜʝʣʷʶʱʠʤ. ʇʦʵʪʦʤʫ 

ʧʨʠ ʥʘʤʘʛʥʠʯʠʚʘʥʠʠ ʤʘʛʥʠʪʥʳʤ ʧʦʣʝʤ ʚ ʧʣʦʩʢʦʩʪʠ ʦʙʨʘʟʮʘ ʨʘʚʥʦʚʝʩʥʦʝ ʥʘʧʨʘʚʣʝʥʠʝ 

ʚʝʢʪʦʨʘ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ M  ʚ ʙʦʣʴʰʠʥʩʪʚʝ ʧʨʘʢʪʠʯʝʩʢʠ ʚʘʞʥʳʭ ʩʣʫʯʘʝʚ ʪʘʢʞʝ ʣʝʞʠʪ ʚ 

ʧʣʦʩʢʦʩʪʠ ʧʣʝʥʢʠ, ʪ. ʝ. ɗM = /́2. ɺ ʵʪʦʤ ʩʣʫʯʘʝ ʫʨʘʚʥʝʥʠʝ ʜʣʷ ʯʘʩʪʦʪʳ ʌʄʈ (2.2) ʠ ʫʩ-

ʣʦʚʠʝ ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʨʘʚʥʦʚʝʩʥʦʛʦ ʥʘʧʨʘʚʣʝʥʠʷ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ űM ʚ ʧʣʦʩʢʦʩʪʠ 

ʧʣʝʥʢʠ (2.3) ʩ ʫʯʝʪʦʤ ʚʳʨʘʞʝʥʠʷ ʜʣʷ ʧʣʦʪʥʦʩʪʠ ʩʚʦʙʦʜʥʦʡ ʵʥʝʨʛʠʠ (2.1) ʤʦʞʥʦ ʟʘʧʠʩʘʪʴ 

ʚ ʚʠʜʝ 
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 0/)sin( =+j-j j s
a

HMR MFH . (2.5) 

ɽʩʣʠ ʠʟʚʝʩʪʥʦ ʚʳʨʘʞʝʥʠʝ ʜʣʷ ʵʥʝʨʛʠʠ ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ F
a
(ɗ,ű), ʩʦʚʤʝʩʪʥʦʝ ʨʝ-

ʰʝʥʠʝ ʩʠʩʪʝʤʳ ʫʨʘʚʥʝʥʠʡ (2.4) ʠ (2.5) ʜʘʝʪ ʚʦʟʤʦʞʥʦʩʪʴ ʦʧʨʝʜʝʣʠʪʴ ʟʥʘʯʝʥʠʝ ʨʝʟʦ-

ʥʘʥʩʥʦʛʦ ʧʦʣʷ HR ʜʣʷ ʬʠʢʩʠʨʦʚʘʥʥʦʛʦ ʟʥʘʯʝʥʠʷ ʯʘʩʪʦʪʳ f0 = ɤ0/2  ́ʧʝʨʝʤʝʥʥʦʛʦ ʤʘʛ-

ʥʠʪʥʦʛʦ ʧʦʣʷ hrf. 

2.2.2 ɸʣʛʦʨʠʪʤ ʨʘʩʯʝʪʘ ʩʠʩʪʝʤʳ ʥʝʣʠʥʝʡʥʳʭ ʫʨʘʚʥʝʥʠʡ 

ɼʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʚʭʦʜʷʱʠʭ ʚ ʚʳʨʘʞʝʥʠʝ F
a
(ɗ,ű) ʧʘʨʘʤʝʪʨʦʚ ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦ-

ʧʠʠ ʥʘ ʦʩʥʦʚʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʟʥʘʯʝʥʠʡ ʨʝʟʦʥʘʥʩʥʦʛʦ ʧʦʣʷ 
exp
RH  ʠʩʧʦʣʴʟʫʶʪʩʷ 

ʨʘʟʣʠʯʥʳʝ ʯʠʩʣʝʥʥʳʝ ʤʝʪʦʜʳ ʘʧʧʨʦʢʩʠʤʘʮʠʠ ʫʛʣʦʚʦʡ ʟʘʚʠʩʠʤʦʩʪʠ )(exp
HRH j  ʪʝʦʨʝʪʠ-

ʯʝʩʢʦʡ ʢʨʠʚʦʡ HR(űH) [70]. ʇʨʘʢʪʠʯʝʩʢʘʷ ʨʝʘʣʠʟʘʮʠʷ ʪʘʢʠʭ ʤʝʪʦʜʦʚ ʩʪʘʣʢʠʚʘʝʪʩʷ ʩ ʪʨʝʤʷ 

ʧʨʦʙʣʝʤʘʤʠ, ʢʦʪʦʨʳʝ ʥʘʧʨʷʤʫʶ ʚʣʠʷʶʪ ʥʘ ʪʦʯʥʦʩʪʴ ʠ ʜʦʩʪʦʚʝʨʥʦʩʪʴ ʧʦʣʫʯʘʝʤʳʭ ʨʝ-

ʟʫʣʴʪʘʪʦʚ. 

ʇʝʨʚʘʷ ʧʨʦʙʣʝʤʘ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʩʚʷʟʘʥʘ ʩ ʨʝʘʣʠʟʘʮʠʝʡ ʘʣʛʦʨʠʪʤʘ ʩʦʚʤʝʩʪʥʦʛʦ 

ʨʝʰʝʥʠʷ ʥʝʣʠʥʝʡʥʳʭ ʫʨʘʚʥʝʥʠʡ ʨʘʚʥʦʚʝʩʠʷ (2.5) ʠ ʫʩʣʦʚʠʷ ʌʄʈ (2.4) ʜʣʷ ʚʳʯʠʩʣʝʥʠʷ 

ʪʝʦʨʝʪʠʯʝʩʢʦʡ ʢʨʠʚʦʡ HR(űH). ʇʨʠ ʨʘʩʯʝʪʝ ʨʝʟʦʥʘʥʩʥʦʛʦ ʧʦʣʷ ʪʨʝʙʫʝʪʩʷ ʟʥʘʥʠʝ ʨʘʚʥʦ-

ʚʝʩʥʦʛʦ ʥʘʧʨʘʚʣʝʥʠʷ M, ʚ ʪʦ ʞʝ ʚʨʝʤʷ ʜʣʷ ʚʳʯʠʩʣʝʥʠʷ ʧʦʩʣʝʜʥʝʛʦ ʪʨʝʙʫʶʪʩʷ ʧʨʝʜʚʘ-

ʨʠʪʝʣʴʥʦʝ ʟʥʘʥʠʝ ʚʥʝʰʥʝʛʦ ʧʦʣʷ. ɽʩʣʠ ʚ ʪʝʦʨʝʪʠʯʝʩʢʦʡ ʤʦʜʝʣʠ ʧʣʝʥʢʠ ʬʠʛʫʨʠʨʫʝʪ ʥʝ-
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ʙʦʣʴʰʦʝ ʢʦʣʠʯʝʩʪʚʦ ʧʘʨʘʤʝʪʨʦʚ ʘʥʠʟʦʪʨʦʧʠʠ, ʵʪʘ ʧʨʦʙʣʝʤʘ ʦʪʥʦʩʠʪʝʣʴʥʦ ʣʝʛʢʦ ʨʘʟʨʝ-

ʰʘʝʪʩʷ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʩʦʚʨʝʤʝʥʥʳʭ ʤʘʪʝʤʘʪʠʯʝʩʢʠʭ ʧʘʢʝʪʦʚ [84]. ʆʜʥʘʢʦ ʫʚʝʣʠʯʝʥʠʝ 

ʯʠʩʣʘ ʥʝʠʟʚʝʩʪʥʳʭ ʚ ʪʝʦʨʝʪʠʯʝʩʢʦʡ ʤʦʜʝʣʠ ʧʨʠʚʦʜʠʪ ʥʝ ʪʦʣʴʢʦ ʢ ʩʫʱʝʩʪʚʝʥʥʦʤʫ ʨʦʩʪʫ 

ʚʨʝʤʝʥʠ ʨʘʩʯʝʪʘ, ʥʦ ʠ ʚʣʝʯʝʪ ʟʘ ʩʦʙʦʡ ʧʦʷʚʣʝʥʠʝ ʪʨʫʜʥʦʢʦʥʪʨʦʣʠʨʫʝʤʳʭ ʦʰʠʙʦʢ. ʅʘʠ-

ʙʦʣʝʝ ʧʨʦʩʪʳʤ ʠ ʛʨʫʙʳʤ ʩʧʦʩʦʙʦʤ ʦʙʭʦʞʜʝʥʠʷ ʵʪʦʡ ʧʨʦʙʣʝʤʳ ʷʚʣʷʝʪʩʷ ʠʩʧʦʣʟɹʦʚʘʥʠʝ ʚ 

ʢʘʯʝʩʪʚʝ ʨʘʚʥʦʚʝʩʥʦʡ ʦʨʠʝʥʪʘʮʠʠ M  ʥʘʧʨʘʚʣʝʥʠ ̫ʚʥʝʰʥʝʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ [85]. ʊʘʢʦʡ 

ʧʦʜʭʦʜ, ʢʘʢ ʧʨʘʚʠʣʦ, ʧʨʠʚʦʜʠʪ ʢ ʩʝʨʴʝʟʥʦʡ ʧʦʛʨʝʰʥʦʩʪʠ ʚ ʦʧʨʝʜʝʣʝʥʠʠ ʤʘʛʥʠʪʥʳʭ ʧʘ-

ʨʘʤʝʪʨʦʚ. ɼʨʫʛʘʷ ʧʨʘʢʪʠʯʝʩʢʘʷ ʚʦʟʤʦʞʥʦʩʪʴ, ʟʘʢʣʶʯʘʶʱʘʷʩʷ ʚ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʣʠʥʝʡ-

ʥʦʛʦ ʧʨʠʙʣʠʞʝʥʠʷ ʜʣʷ ʨʘʚʥʦʚʝʩʥʳʭ ʫʛʣʦʚ [86], ʪʘʢʞʝ ʥʝ ʛʘʨʘʥʪʠʨʫʝʪ ʪʦʯʥʦʩʪʠ ʧʦʣʫ-

ʯʘʝʤʳʭ ʨʝʟʫʣʴʪʘʪʦʚ. 

ɹr ʣʦ ʧʨʝʜʣʦʞʝʥʦ ʜʦʩʪʘʪʦʯʥʦ ʧʨʦʩʪʦʝ ʨʝʰʝʥʠʝ ʜʘʥʥʦʡ ʧʨʦʙʣʝʤʳ, ʢʦʪʦʨʦʝ ʤʦʞʥʦ 

ʠʩʧʦʣʴʟʦʚʘʪʴ ʚʦ ʚʩʝʭ ʩʣʫʯʘʷʭ, ʢʦʛʜʘ ʚʝʢʪʦʨʳ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʠ ʚʥʝʰʥʝʛʦ ʤʘʛʥʠʪʥʦʛʦ 

ʧʦʣʷ ʣʝʞʘʪ ʚ ʦʜʥʦʡ ʧʣʦʩʢʦʩʪʠ. ɼʣʷ ʵʪʦʛʦ ʧʨʝʦʙʨʘʟʫʝʤ ʩʠʩʪʝʤʫ ʥʝʣʠʥʝʡʥʳʭ ʫʨʘʚʥʝʥʠʡ 

(2.4ï2.5) ʢ ʚʠʜʫ 
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 (2.6) 

ɽʩʣʠ ʪʝʧʝʨʴ ʧʝʨʝʡʪʠ ʢ ʢʦʤʧʣʝʢʩʥʦʤʫ ʧʨʝʜʩʪʘʚʣʝʥʠʶ ʜʘʥʥʳʭ ʚʳʨʘʞʝʥʠʡ, ʠʩʧʦʣʴʟʫʷ 

ʦʙʦʟʥʘʯʝʥʠʷ Z(űM) = f(űM) + ig(űM) ʠ Z
*
(űM) = f(űM) ï ig(űM), ʧʦʣʫʯʠʤ 
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ʀʣʠ ʚ ʵʢʩʧʦʥʝʥʮʠʘʣʴʥʦʡ ʬʦʨʤʝ ʟʘʧʠʩʠ ʢʦʤʧʣʝʢʩʥʦʡ ʬʫʥʢʮʠʠ 
))(arg(

)()( MZi
MM eZZ

j
j=j  

 )()),(arg( MRMMH ZHZ j=j-j=j . (2.8) 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʦʣʫʯʝʥʦ ʜʚʘ ʫʨʘʚʥʝʥʠʷ, ʦʜʥʦ ʠʟ ʢʦʪʦʨʳʭ ʷʚʣʷʝʪʩʷ ʥʝʟʘʚʠʩʠʤʳʤ. ʇʝʨʚʦʝ 

ʫʨʘʚʥʝʥʠʝ ʩ ʧʦʤʦʱʴʶ ʧʨʦʩʪʦʛʦ ʠʪʝʨʘʮʠʦʥʥʦʛʦ ʘʣʛʦʨʠʪʤʘ ʧʦʟʚʦʣʷʝʪ ʦʧʨʝʜʝʣʷʪʴ ʚʩʝ 

ʨʘʚʥʦʚʝʩʥʳʝ ʥʘʧʨʘʚʣʝʥʠʷ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ űM ʜʣʷ ʣʶʙʳʭ ʧʘʨʘʤʝʪʨʦʚ ʤʘʛʥʠʪʥʦʡ ʘʥʠ-
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ʟʦʪʨʦʧʠʠ. ɺʪʦʨʦʝ ï ʨʘʩʩʯʠʪʳʚʘʪʴ ʜʣʷ ʟʘʜʘʥʥʦʡ ʯʘʩʪʦʪʳ ʉɺʏ-ʚʦʟʙʫʞʜʝʥʠʷ ʟʥʘʯʝʥʠʷ ʧʦ-

ʣʝʡ ʌʄʈ. 

2.2.3 ʈʘʟʣʦʞʝʥʠʝ ʧʣʘʥʘʨʥʦʡ ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ ʧʦ 

ʦʨʪʦʛʦʥʘʣʴʥʳʤ ʬʫʥʢʮʠʷʤ 

ɺʪʦʨʘʷ ʚʘʞʥʘʷ ʧʨʦʙʣʝʤʘ, ʩ ʢʦʪʦʨʦʡ ʯʘʩʪʦ ʧʨʠʭʦʜʠʪʩʷ ʩʪʘʣʢʠʚʘʪʴʩʷ ʧʨʠ ʨʘʟʨʘʙʦʪʢʝ 

ʯʠʩʣʝʥʥʦʡ ʧʨʦʮʝʜʫʨʳ ʦʧʨʝʜʝʣʝʥʠʷ ʢʦʥʩʪʘʥʪ ʘʥʠʟʦʪʨʦʧʠʠ, ʩʚʷʟʘʥʘ ʩ ʬʦʨʤʦʡ ʪʝʦʨʝʪʠʯʝ-

ʩʢʦʛʦ ʧʨʝʜʩʪʘʚʣʝʥʠʷ ʵʥʝʨʛʠʠ ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ F
a
. ɼʣʷ ʦʜʥʦʜʦʤʝʥʥʦʛʦ ʩʦʩʪʦʷʥʠʷ 

ʦʙʱʝʝ ʚʳʨʘʞʝʥʠʝ ʵʥʝʨʛʠʠ ʤʦʞʝʪ ʙʳʪʴ ʟʘʧʠʩʘʥʦ ʚ ʚʠʜʝ ʨʘʟʣʦʞʝʥʠʷ ʚ ʨʷʜ ʧʦ ʙʘʟʠʩʥʳʤ 

ʬʫʥʢʮʠʷʤ fn(M ) 

 ...)()()()( 3322110 ++++= MMMM fKfKfKKF a  , (2.9) 

ʛʜʝ ʢʦʵʬʬʠʮʠʝʥʪʳ ʧʨʠ ʯʣʝʥʘʭ ʵʪʦʛʦ ʨʷʜʘ Kn ʷʚʣʷʶʪʩʷ ʬʝʥʦʤʝʥʦʣʦʛʠʯʝʩʢʠʤʠ ʢʦʥʩʪʘʥ-

ʪʘʤʠ, ʭʘʨʘʢʪʝʨʠʟʫʶʱʠʤʠ ʤʘʛʥʠʪʥʫʶ ʘʥʠʟʦʪʨʦʧʠʶ ʚʝʱʝʩʪʚʘ. 

ɺʳʙʦʨ ʙʘʟʠʩʥʳʭ ʬʫʥʢʮʠʡ ʚ ʧʝʨʚʫʶ ʦʯʝʨʝʜʴ ʜʠʢʪʫʝʪʩʷ ʩʦʦʙʨʘʞʝʥʠʷʤʠ ʧʨʦʩʪʦʪʳ ʠ 

ʫʜʦʙʩʪʚʘ ʤʘʪʝʤʘʪʠʯʝʩʢʦʛʦ ʦʧʠʩʘʥʠʷ. ʊʘʢ, ʜʣʷ ʤʦʥʦʢʨʠʩʪʘʣʣʦʚ ʥʘʠʙʦʣʝʝ ʨʘʩʧʨʦʩʪʨʘ-

ʥʝʥʥʳʤ ʷʚʣʷʝʪʩʷ ʧʨʝʜʩʪʘʚʣʝʥʠʝ ʵʥʝʨʛʠʠ ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ F
a
 ʚ ʚʠʜʝ ʨʘʟʣʦʞʝʥʠʷ ʚ 

ʩʪʝʧʝʥʥʦʡ ʨʷʜ ʧʦ ʥʘʧʨʘʚʣʷʶʱʠʤ ʢʦʩʠʥʫʩʘʤ Ŭi = Mi/Ms (i = x,y,z) ʚʝʢʪʦʨʘ ʥʘʤʘʛʥʠʯʝʥʥʦ-

ʩʪʠ ʚ ʜʝʢʘʨʪʦʚʦʡ ʩʠʩʪʝʤʝ ʢʦʦʨʜʠʥʘʪ. ɺ ʧʨʠʣʦʞʝʥʠʠ ɹ ʧʨʠʚʦʜʠʪʩʷ ʧʨʠʤʝʨ ʪʘʢʦʛʦ ʨʘʟʣʦ-

ʞʝʥʠʷ ʜʣʷ ʤʦʥʦʢʨʠʩʪʘʣʣʦʚ ʢʫʙʠʯʝʩʢʦʡ ʩʠʥʛʦʥʠʠ. ʆʜʥʘʢʦ ʪʘʢʘʷ ʬʦʨʤʘ ʪʝʦʨʝʪʠʯʝʩʢʦʛʦ 

ʧʨʝʜʩʪʘʚʣʝʥʠʷ ʵʥʝʨʛʠʠ ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ ʩʦʜʝʨʞʠʪ ʚ ʩʝʙʝ ʧʨʠʥʮʠʧʠʘʣʴʥʦʝ ʦʛʨʘ-

ʥʠʯʝʥʠʝ, ʚ ʦʩʥʦʚʝ ʢʦʪʦʨʦʡ ʣʝʞʠʪ ʥʝʦʜʥʦʟʥʘʯʥʦʩʪʴ ʚʳʙʦʨʘ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʨʷʜʘ Kn. ʅʝ-

ʦʨʪʦʛʦʥʘʣʴʥʦʩʪ ɹ ʠʩʧʦʣʴʟʫʝʤʳʭ ʚ ʪʘʢʦʤ ʨʘʟʣʦʞʝʥʠʠ ʙʘʟʠʩʥʳʭ ʬʫʥʢʮʠʡ ʧʨʠʚʦʜʠʪ ʢ 

ʩʤʝʰʠʚʘʥʠʶ ʘʥʠʟʦʪʨʦʧʥʳʭ ʚʢʣʘʜʦʚ ʨʘʟʣʠʯʥʳʭ ʧʦʨʷʜʢʦʚ, ʯʪʦ ʫʩʣʦʞʥʷʝʪ ʤʘʪʝʤʘʪʠʯʝ-

ʩʢʫʶ ʦʙʨʘʙʦʪʢʫ ʠ ʬʠʟʠʯʝʩʢʫʶ ʠʥʪʝʨʧʨʝʪʘʮʠʶ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ [87]. 

ʉ ʪʝʦʨʝʪʠʯʝʩʢʦʡ ʪʦʯʢʠ ʟʨʝʥʠʷ ʣʫʯʰʝʝ ʦʧʠʩʘʥʠʝ ʦʙʝʩʧʝʯʠʚʘʝʪʩʷ ʦʨʪʦʛʦʥʘʣʴʥʳʤʠ 

ʬʫʥʢʮʠʷʤʠ. ʅʘʠʙʦʣʝʝ ʝʩʪʝʩʪʚʝʥʥʳʡ ʚʳʙʦʨ ï ʩʬʝʨʠʯʝʩʢʠʝ ʛʘʨʤʦʥʠʯʝʩʢʠʝ ʬʫʥʢʮʠʠ, ʢʦ-

ʪʦʨʳʝ ʷʚʣʷʶʪʩʷ ʠ ʧʦʣʥʳʤʠ, ʠ ʦʨʪʦʥʦʨʤʠʨʦʚʘʥʥʳʤʠ [75, 87, 88] 

 ää jq=jqk=jq
mn

nm
n

mn

nmnm
a mKYF

,,

cos)(sin),(),(  , (2.10) 
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ʛʜʝ Ynm(ɗ,ű) ï ʩʬʝʨʠʯʝʩʢʠʝ ʛʘʨʤʦʥʠʢʠ, ʘ ʢʦʵʬʬʠʮʠʝʥʪʳ ʘʥʠʟʦʪʨʦʧʠʠ ənm ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ 

ʚʳʨʘʞʘʶʪʩʷ ʯʝʨʝʟ ʢʦʥʩʪʘʥʪʳ ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ m
nK . ʋʨʘʚʥʝʥʠʝ (2.10) ʚʳʛʣʷʜʠʪ 

ʥʝʩʢʦʣʴʢʦ ʩʣʦʞʥʝʝ, ʯʝʤ ʨʘʟʣʦʞʝʥʠʝ ʧʦ ʥʘʧʨʘʚʣʷʶʱʠʤ ʢʦʩʠʥʫʩʘʤ Ŭi, ʥʦ ʫ ʥʝʛʦ ʝʩʪʴ ʨʷʜ 

ʧʨʝʠʤʫʱʝʩʪʚ [87]. ʂʦʵʬʬʠʮʠʝʥʪʳ ʘʥʠʟʦʪʨʦʧʠʠ ʧʨʦʱʝ ʨʘʩʩʯʠʪʘʪʴ ʠ ʧʦʣʫʯʠʪʴ ʵʢʩʧʝʨʠ-

ʤʝʥʪʘʣʴʥʦ, ʦʥʠ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʫʩʪʘʥʦʚʣʝʥʥʦʤʫ ʧʦʨʷʜʢʫ ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ ʠ ʥʝ 

ʟʘʚʠʩʷʪ ʜʨʫʛ ʦʪ ʜʨʫʛʘ. 

ɼʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʧʘʨʘʤʝʪʨʦʚ ʧʣʘʥʘʨʥʦʡ ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ ʚ ʊʄʇ ʠʟ ʫʛʣʦʚʳʭ 

ʟʘʚʠʩʠʤʦʩʪʝʡ ʨʝʟʦʥʘʥʩʥʦʛʦ ʧʦʣʷ ʚʳʨʘʞʝʥʠʝ (2.10) ʣʫʯʰʝ ʧʨʝʜʩʪʘʚʠʪʴ ʚ ʙʦʣʝʝ ʫʜʦʙʥʦʤ 

ʚʠʜʝ ï ʚ ʬʦʨʤʝ ʨʘʟʣʦʞʝʥʠʷ ʚ ʨʷʜ ʌʫʨʴʝ ʧʦ ʫʛʣʫ ű 

 ää
>

j-jq+q=j-jq=jq
0

0 )(cos)()()(cos)(),(
m

mm

m

mm
a mAAmAF . (2.11) 

ɿʥʘʯʝʥʠʷ ʚʭʦʜʷʱʠʭ ʚ (2.11) ʧʘʨʘʤʝʪʨʦʚ Am(ɗ = /́2) ʠ űm ʦʧʨʝʜʝʣʷʶʪ ʚʝʣʠʯʠʥʫ ʠ ʘʟʠʤʫ-

ʪʘʣʴʥʦʝ ʥʘʧʨʘʚʣʝʥʠʝ ʧʣʘʥʘʨʥʦʡ ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ m-ʛʦ ʧʦʨʷʜʢʘ. ɺ ʢʘʯʝʩʪʚʝ ʧʨʠ-

ʤʝʨʘ ʚ ʧʨʠʣʦʞʝʥʠʠ ɹ ʧʨʠʚʦʜʷʪʩʷ ʩʦʦʪʥʦh ʝʥʠʷ ʤʝʞʜʫ ʢʦʥʩʪʘʥʪʘʤʠ ʘʥʠʟʦʪʨʦʧʠʠ Kn ʠ Am 

ʜʣʷ ʩʣʫʯʘʷ ʵʧʠʪʘʢʩʠʘʣʴʥʳʭ ʧʣʝʥʦʢ ʩ ʢʫʙʠʯʝʩʢʦʡ ʩʠʤʤʝʪʨʠʝʡ. ɼʣʷ ʫʜʦʙʩʪʚʘ ʜʘʣʥɹʝʡʰʝʛʦ 

ʘʥʘʣʠʟʘ ʧʨʠʚʝʜʝʤ ʥʝʢʦʪʦʨʳʝ ʯʘʩʪʥʳʝ ʧʨʦʠʟʚʦʜʥʳʝ F
a
(ɗ,ű), ʚʭʦʜʷʱʠʝ ʚ (2.6)  
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 (2.12) 

ʛʜʝ )( Mmm AA q= , 
Mmm AA q=qqµµ=¡ |/ , 

Mmm AA q=qqµµ=¡¡ |/ 22 . 

ɸʥʘʣʠʟ ʫʨʘʚʥʝʥʠʡ (2.6) ʧʦʢʘʟʳʚʘʝʪ, ʯʪʦ ʜʣʷ ʨʘʟʨʘʙʦʪʢʠ ʯʠʩʣʝʥʥʦʛʦ ʘʣʛʦʨʠʪʤʘ 

ʦʧʨʝʜʝʣʝʥʠʷ ʧʘʨʘʤʝʪʨʦʚ ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ ʪʨʝʙʫʶʪʩʷ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦ ʟʘʜʘʪʴ ʨʘʟ-

ʣʦʞʝʥʠʝ ʵʥʝʨʛʠʠ F
a
 ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ (2.11). ɼʨʫʛʠʤʠ ʩʣʦʚʘʤʠ, ʪʨʝʙʫʝʪʩʷ ʦʧʨʝʜʝʣʠʪʴ 

ʬʫʥʢʮʠʦʥʘʣʴʥʫʶ ʟʘʚʠʩʠʤʦʩʪʴ Am(ɗ). ʆʜʥʘʢʦ ʚ ʥʝʢʦʪʦʨʳʭ ʩʣʫʯʘʷʭ ʵʪʦ ʩʜʝʣʘʪʴ ʥʝ ʧʨʝ-
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ʜʦʩʪʘʚʣʷʝʪʩʷ ʚʦʟʤʦʞʥʳʤ. ɼʝʡʩʪʚʠʪʝʣʴʥʦ, ʚ ʪʦʥʢʠʭ ʧʣʝʥʢʘʭ ʥʘʨʫʰʝʥʠʝ ʩʠʤʤʝʪʨʠʠ ʥʘ 

ʧʦʚʝʨʭʥʦʩʪʷʭ ʠ ʛʨʘʥʠʮʘʭ, ʫʧʨʫʛʠʝ ʜʝʬʦʨʤʘʮʠʠ, ʚʦʟʥʠʢʘʶʱʠʭ ʠʟ-ʟʘ ʥʝʩʦʦʪʚʝʪʩʪʚʠʷ ʢʦ-

ʵʬʬʠʮʠʝʥʪʦʚ ʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʨʘʩʰʠʨʝʥʠʷ ʠ ʧʘʨʘʤʝʪʨʦʚ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʝʪʢʠ ʧʦʜ-

ʣʦʞʢʠ ʠ ʧʣʝʥʢʠ ʠʣʠ ʩʤʝʞʥʳʭ ʩʣʦʝʚ, ʰʝʨʦʭʦʚʘʪʦʩʪʴ, ʚʟʘʠʤʦʜʠʬʬʫʟʠʷ ʠ ʦʙʤʝʥʥʦʝ ʚʟʘʠ-

ʤʦʜʝʡʩʪʚʠʝ ʥʘ ʛʨʘʥʠʮʝ ʨʘʟʜʝʣʘ ʠ/ʠʣʠ ʧʦʚʝʨʭʥʦʩʪʠ ʧʣʝʥʢʠ, ʜʝʬʝʢʪʳ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ 

ʨʝʰʝʪʢʠ ʠ ʪ.ʧ. ʤʦʛʫʪ ʩʫʱʝʩʪʚʝʥʥʦ ʠʟʤʝʥʷʪʴ ʤʘʛʥʠʪʥʫʶ ʘʥʠʟʦʪʨʦʧʠʶ ʚ ʩʨʘʚʥʝʥʠʠ ʩ ʩʦ-

ʦʪʚʝʪʩʪʚʫʶʱʠʤʠ ʠʤ ʦʙʲʝʤʥʳʤʠ ʤʘʪʝʨʠʘʣʘʤʠ. ɺ ʨʝʟʫʣʴʪʘʪʝ F
a
 ʤʦʞʝʪ ʙʳʪʴ ʩʫʧʝʨʧʦʟʠ-

ʮʠʝʡ ʧʨʦʠʟʚʦʣʴʥʦʛʦ ʯʠʩʣʘ ʘʥʠʟʦʪʨʦʧʥʳʭ ʚʢʣʘʜʦʚ, ʠʟ-ʟʘ ʯʝʛʦ ʜʦʩʪʘʪʦʯʥʦ ʩʣʦʞʥʦ ʟʘʨʘʥʝʝ 

ʟʘʧʠʩʘʪʴ ʧʦʜʣʠʥʥʦʝ ʚʳʨʘʞʝʥʠʝ ʵʥʝʨʛʠʠ ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ. ʇʦʵʪʦʤʫ ʪʨʝʙʫʝʪʩʷ 

ʩʧʦʩʦʙ ʦʙʦʡʪʠ ʵʪʦ ʦʛʨʘʥʠʯʝʥʠʝ. 

ʂʘʢ ʙʳʣʦ ʫʞʝ ʦʪʤʝʯʝʥʦ, ʠʟ-ʟʘ ʟʥʘʯʠʪʝʣʴʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ ʬʦʨʤʳ, ʧʨʠʩʫʱʝʡ ʪʦʥʢʠʤ 

ʧʣʝʥʢʘʤ, ʚʭʦʜʷʱʠʡ ʚ s
a MF /qq  ʯʣʝʥ (ʧʨʠʣʦʞʝʥʠʝ ɹ) 
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ʦʙʦʟʥʘʯʘʶʱʠʡ ʵʬʬʝʢʪʠʚʥʦʝ ʧʦʣʝ ʨʘʟʤʘʛʥʠʯʠʚʘʥʠʷ ʚʜʦʣʴ ʦʩʠ z, ʚ ʙʦʣʴʰʠʥʩʪʚʝ ʧʨʘʢʪʠ-

ʯʝʩʢʠ ʚʘʞʥʳʭ ʩʣʫʯʘʝʚ ʷʚʣʷʝʪʩʷ ʜʦʤʠʥʠʨʫʶʱʠʤ, ʪ. ʝ. effs
a MMF pºqq 4/ . ɿʜʝʩʴ ʪʘʢʞʝ 

ʚʚʝʜʝʥʦ ʦʙʦʟʥʘʯʝʥʠʝ ʵʬʬʝʢʪʠʚʥʦʡ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʥʘʩʳʱʝʥʠʷ Meff, ʦʪʨʘʞʘʶʱʝʡ ʪʦʪ 

ʬʘʢʪ, ʯʪʦ ʠʟ-ʟʘ ʘʜʜʠʪʠʚʥʦʩʪʠ ʚʭʦʜʷʱʠʭ ʚ ʧʨʘʚʫʶ ʯʘʩʪʴ ʚʳʨʘʞʝʥʠʷ (2.13) ʩʣʘʛʘʝʤʳʭ ʥʝʪ 

ʧʨʠʥʮʠʧʠʘʣʴʥʦʡ ʚʦʟʤʦʞʥʦʩʪʠ ʦʧʨʝʜʝʣʠʪʴ ʠʩʪʠʥʥʫʶ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʴ ʥʘʩʳʱʝʥʠʷ Ms 

ʤʘʪʝʨʠʘʣʦʚ ʤʝʪʦʜʦʤ ʌʄʈ. 

ɸʥʠʟʦʪʨʦʧʠʷ ʬʦʨʤʳ ʊʄʇ ʠʛʨʘʝʪ ʚʘʞʥʫʶ ʨʦʣʴ ʚ ʠʟʤʝʨʝʥʠʷʭ ʤʝʪʦʜʦʤ ʌʄʈ. ɺʝ-

ʣʠʯʠʥʘ ʨʘʟʤʘʛʥʠʯʠʚʘʶʱʠʭ ʧʦʣʝʡ 4ˊMeff ʚ ʤʝʪʘʣʣʠʯʝʩʢʠʭ ʬʝʨʨʦʤʘʛʥʠʪʥʳʭ ʧʣʝʥʢʘʭ 

ʦʙʳʯʥʦ ʤʥʦʛʦʢʨʘʪʥʦ ʧʨʝʚʦʩʭʦʜʠʪ ʚʝʣʠʯʠʥʫ ʧʦʣʝʡ ʘʥʠʟʦʪʨʦʧʠʠ, ʠʩʪʦʯʥʠʢʦʤ ʢʦʪʦʨʦʡ 

ʷʚʣʷʝʪʩʷ ʩʧʠʥ-ʦʨʙʠʪʘʣʴʥʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ. ʅʘʧʨʠʤʝʨ, ʜʣʷ ʵʧʠʪʘʢʩʠʘʣʴʥʳʭ ʧʣʝʥʦʢ ʞʝ-

ʣʝʟʘ ʧʦʣʝ ʢʫʙʠʯʝʩʢʦʡ ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ 2K4/Ms
1
 ʩʦʩʪʘʚʣʷʝʪ ~ 10

2
 ʕ, ʪʦʛʜʘ ʢʘʢ ʵʬ-

ʬʝʢʪʠʚʥʦʝ ʧʦʣʝ ʨʘʟʤʘʛʥʠʯʠʚʘʥʠʷ ʥʘ ʜʚʘ ʧʦʨʷʜʢʘ ʧʨʝʚʳʰʘʝʪ ʵʪʦ ʟʥʘʯʝʥʠʠ ʠ ʩʦʩʪʘʚʣʷʝʪ 

ʦʢʦʣʦ 10 ʢʕ [89]. ʋʯʠʪʳʚʘʷ ʵʪʦ, ʤʦʞʥʦ ʧʨʠʙʣʠʞʝʥʥʦ ʨʘʩʩʯʠʪʘʪʴ ʟʥʘʯʝʥʠʷ ʬʫʥʢʮʠʡ f(űM) 

ʠ g(űM) ʙʝʟ ʦʛʨʘʥʠʯʠʚʘʶʱʠʭ ʫʩʣʦʚʠʡ ʥʘ ʟʥʘʥʠʝ ʘʥʘʣʠʪʠʯʝʩʢʦʛʦ ʚʠʜʘ ʢʦʵʬʬʠʮʠʝʥʪʦʚ 

                                              
1
 ɿʜʝʩʴ ʜʣʷ ʦʙʦʟʥʘʯʝʥʠʷ ʢʦʥʩʪʘʥʪʳ ʘʥʠʟʦʪʨʦʧʠʠ ʠʩʧʦʣʴʟʦʚʘʣʦʩʴ K4 ʚʤʝʩʪʦ ʦʙʱʝʧʨʠʥʷ-

ʪʦʛʦ K1. ʉʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʧʦʷʩʥʝʥʠʷ ʧʨʠʚʝʜʝʥʳ ʚ ʧʨʠʣʦʞʝʥʠʠ ɹ. 
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ʨʘʟʣʦʞʝʥʠʷ Am(ɗ) ʨʷʜʘ (2.11). ɼʝʡʩʪʚʠʪʝʣʴʥʦ, ʝʩʣʠ ʚ (2.6) ʧʦʣʦʞʠʪʴ effs
a MMF p=qq 4/  ʠ 

0/ =qj s
a MF , ʪʦ ʜʣʷ ʚʳʯʠʩʣʝʥʠʷ ʨʝʟʦʥʘʥʩʥʦʛʦ ʧʦʣʷ HR ʧʦʪʨʝʙʫʝʪʩʷ ʟʥʘʥʠʝ ʪʦʣʴʢʦ ʧʘ-

ʨʘʤʝʪʨʦʚ Am ʠ 0A¡¡ ʨʘʟʣʦʞʝʥʠʷ ʚ ʨʷʜ ʌʫʨʴʝ ʧʣʘʥʘʨʥʦʡ ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ, ʟʥʘʯʝʥʠʷ 

ʢʦʪʦʨʳʭ ʤʦʞʥʦ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʧʦʣʫʯʠʪʴ ʠʟ ʨʝʟʫʣʴʪʘʪʦʚ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʠʟʤʝʨʝ-

ʥʠʡ. 

ɼʣʷ ʦʮʝʥʢʠ ʦʰʠʙʢʠ ʪʘʢʦʛʦ ʨʦʜʘ ʧʨʠʙʣʠʞʝʥʠʷ ʚ (2.6) ʧʨʦʠʟʚʝʜʝʤ ʟʘʤʝʥʫ 

)1(4/ e+p=qq effs
a MMF  ʠ hp=qj effs

a MMF 4/ , ʛʜʝ ʤʘʣʳʝ ʧʘʨʘʤʝʪʨʳ Ů ʠ ɖ ʤʥʦʛʦ ʤʝʥʴʰʝ 

ʝʜʠʥʠʮʳ. ʂʨʦʤʝ ʪʦʛʦ, ʜʣʷ ʦʮʝʥʢʠ ʚʣʠʷʥʠʷ ʦʪʢʣʦʥʝʥʠʷ ʨʘʚʥʦʚʝʩʥʦʡ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʠʟ 

ʧʣʦʩʢʦʩʪʠ ʧʣʝʥʢʠ ʚʚʝʜʝʤ ʜʦʧʦʣʥʠʪʝʣʴʥʳʡ ʤʘʣʳʡ ʧʘʨʘʤʝʪʨ ɚ = ɗM ï ˊ/2. ʅʝʩʣʦʞʥʦ ʧʦ-

ʢʘʟʘʪʴ, ʯʪʦ ʚ ʣʠʥʝʡʥʦʤ ʧʨʠʙʣʠʞʝʥʠʠ ʧʦ ʤʘʣʳʤ ʧʘʨʘʤʝʪʨʘʤ Ů, ɖ ʠ ɚ ʚʭʦʜʷʱʘʷ ʚ (2.6) 

ʬʫʥʢʮʠʷ f(űM) ʙʫʜʝʪ ʠʤʝʪʴ ʚʠʜ 

 l-h+ew-ws--ws-wºj
jjqqjjj

s

a

s

a

s

a

M
M

F

M

F

M

F
f )()](1[)](1)[()( 000000 HH . (2.14) 

ɿʜʝʩʴ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʦʙʦʟʥʘʯʝʥʠʷ 

 

,
4

1
,4

4

1

,
4

1
,

4
,

4

1 0

2

0
0

s

a

eff
eff

s

a

eff

s

a

effeffeff

M

F

M
M

M

F

M

M

F

MMM

qjqq

q

p
=hù

ú

ø
é
ê

è
p-

p
=e

p
-=l

p
=söö

÷

õ
ææ
ç

å

g

w

p
=

H
H

 (2.15) 

ʛʜʝ, ʢʘʢ ʙʫʜʝʪ ʧʦʢʘʟʘʥʦ ʜʘʣʝʝ, H0(ɤ0) ʦʟʥʘʯʘʝʪ ʩʨʝʜʥʝʝ ʟʥʘʯʝʥʠʝ ʨʝʟʦʥʘʥʩʥʦʛʦ ʧʦʣʷ, ʘ 

ʜʦʧʦʣʥʠʪʝʣʴʥʳʡ ʤʘʣʳʡ ʧʘʨʘʤʝʪʨ ů ʚʦʟʥʠʢʘʝʪ ʠʟ-ʟʘ ʣʠʥʝʡʥʦʡ ʘʧʧʨʦʢʩʠʤʘʮʠʠ ʢʚʘʜʨʘʪ-

ʥʦʛʦ ʢʦʨʥʷ ʚ (2.6). 

ɽʩʣʠ ʪʝʧʝʨʴ ʚʦʩʧʦʣʴʟʦʚʘʪʴʩʷ ʚʳʨʘʞʝʥʠʝʤ ʜʣʷ aFjj ʠʟ (2.12), ʧʦʣʫʯʠʤ 
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ʛʜʝ smam MAmH /2=  ï ʧʦʣʝ ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ m-ʧʦʨʷʜʢʘ. ʊʨʝʙʫʝʪʩʷ ʩʜʝʣʘʪʴ ʥʝ-

ʙʦʣʴʰʦʝ ʧʦʷʩʥʝʥʠʝ ʚ ʧʦʣʴʟʫ ʩʜʝʣʘʥʥʦʛʦ ʚʳʙʦʨʘ ʬʦʨʤʫʣʳ ʜʣʷ ʨʘʩʯʝʪʘ Ham. ɺʦ-ʧʝʨʚʳʭ, 
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ʜʣʷ ʦʜʥʦʦʩʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ ʩ ʢʦʥʩʪʘʥʪʦʡ K2, ʚʳʯʠʩʣʝʥʥʦʝ ʧʦ ʧʨʝʜʣʦʞʝʥʥʦʡ ʬʦʨʤʫʣʝ 

ʧʦʣʝ Ha2 = 2K2/Ms ʩʦʚʧʘʜʘʝʪ ʩ ʦʙʱʝʧʨʠʥʷʪʳʤ. ɺ ʪʦ ʞʝ ʚʨʝʤʷ ʥʝ ʩʫʱʝʩʪʚʫʝʪ ʝʜʠʥʦʡ ʪʦʯʢʠ 

ʟʨʝʥʠʷ ʚ ʚʦʧʨʦʩʝ ʦʧʨʝʜʝʣʝʥʠ ̫ʧʦʣʝʡ ʘʥʠʟʦʪʨʦʧʠʠ, ʠ ʜʣʷ ʦʧʠʩʘʥʠʷ ʘʥʠʟʦʪʨʦʧʠʠ ʙʦʣʝʝ 

ʚʳʩʦʢʦʛʦ ʧʦʨʷʜʢʘ ʠʩʧʦʣʴʟʫʶʪʩʷ ʨʘʟʣʠʯʥʳʝ ʥʝʵʢʚʠʚʘʣʝʥʪʥʳʝ ʚʳʨʘʞʝʥʠʷ [87]. ɺʦ-ʚʪʦʨʳʭ, 

ʥʘ ʚʳʩʦʢʠʭ ʯʘʩʪʦʪʘʭ ʠ, ʢʘʢ ʩʣʝʜʩʪʚʠʝ, ʧʨʠ ʙʦʣʴʰʠʭ ʟʥʘʯʝʥʠʷʭ ʨʝʟʦʥʘʥʩʥʳʭ ʧʦʣʝʡ HR 

ʤʦʞʥʦ ʩʯʠʪʘʪʴ űM å űH ʠ HR å f(űM), ʪ. ʝ.  
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ʊʦʛʜʘ ʩʦʛʣʘʩʥʦ (2.17) Ham ʭʘʨʘʢʪʝʨʠʟʫʝʪ ʩʪʝʧʝʥʴ ʦʪʢʣʦʥʝʥʠʷ HR ʦʪ ʩʨʝʜʥʝʛʦ ʟʥʘʯʝʥʠʷ H0. 

ʇʦʵʪʦʤʫ ʙʣʘʛʦʜʘʨʷ ʩʜʝʣʘʥʥʦʤʫ ʚʳʙʦʨʫ ʚʩʝ ʧʦʣʷ ʘʥʠʟʦʪʨʦʧʠʠ Ham ʙʫʜʫʪ ʚʳʯʠʩʣʝʥʳ ʠʟ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʫʛʣʦʚʳʭ ʟʘʚʠʩʠʤʦʩʪʝʡ ʧʦʣʷ ʌʄʈ ʩ ʦʜʠʥʘʢʦʚʦʡ ʠʥʩʪʨʫʤʝʥʪʘʣʴʥʦʡ 

ʪʦʯʥʦʩʪʴʶ. 

ʆʮʝʥʠʤ ʚʣʠʷʥʠʝ ʤʘʣʳʭ ʧʘʨʘʤʝʪʨʦʚ Ů, ɖ ʠ ɚ ʥʘ ʚʝʣʠʯʠʥʫ ʨʝʟʦʥʘʥʩʥʦʛʦ ʧʦʣʷ HR. ɼʣʷ 

ʵʪʦʛʦ ʩʥʘʯʘʣʘ ʟʘʤʝʪʠʤ, ʯʪʦ ʚʭʦʜʷʱʠʝ ʚ (2.17) ʜʚʘ ʧʦʩʣʝʜʥʠʭ ʩʣʘʛʘʝʤʳʭ ʩ ʫʯʝʪʦʤ (2.15) ʠ 

(2.12) ʠʤʝʶʪ ʦʜʠʥ ʧʦʨʷʜʦʢ ~ 22
mAm ¡ ʠ ʤʦʛʫʪ ʙʳʪʴ ʦʙʲʝʜʝʥʳ ʜʣʷ ʦʮʝʥʢʠ ʧʦʛʨʝʰʥʦʩʪʠ 

ʦʧʨʝʜʝʣʝʥʠʷ ʧʘʨʘʤʝʪʨʦʚ ʧʣʘʥʘʨʥʦʡ ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ ʠʟ ʫʛʣʦʚʳʭ ʟʘʚʠʩʠʤʦʩʪʝʡ 

ʨʝʟʦʥʘʥʩʥʦʛʦ ʧʦʣʷ HR(űH). ʂʨʦʤʝ ʪʦʛʦ, ʧʦʩʢʦʣʴʢʫ ʢʚʘʜʨʘʪʥʳʡ ʢʦʨʝʥʴ ʚ (2.6) ʚʩʝʛʜʘ ʤʦʞʝʪ 

ʙʳʪʴ ʚʳʯʠʩʣʝʥ ʪʦʯʥʦ, ʪʦ ʜʣʷ ʦʮʝʥʢʠ ʚʣʠʷʥʠʷ Ů, ɖ ʠ ɚ ʥʘ ʚʝʣʠʯʠʥʫ HR ʧʘʨʘʤʝʪʨ ů ʚ (2.17) 

ʤʦʞʥʦ ʦʧʫʩʪʠʪʴ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʧʦʣʫʯʠʤ 

 h+ew-j-j+wº
qj

>

ä
s

a

m

mHamR
M

F
mHH 2)()(cos)( 00

0

00 HH . (2.18) 

ʅʝʦʙʭʦʜʠʤʦ ʝʱʝ ʟʘʤʝʪʠʪʴ, ʯʪʦ Ů ʠ ɖ ʷʚʣʷʶʪʩʷ ʬʫʥʢʮʠʷʤʠ )(cos mMm j-j  ʠ 

)(sin mMm j-j . ʕʪʦ ʦʟʥʘʯʘʝʪ, ʯʪʦ ʚʥʦʩʠʤʘʷ ʠʤʠ ʧʦʛʨʝʰʥʦʩʪʴ ʦʪʥʦʩʠʪʩʷ ʢ ʪʦʯʥʦʩʪʠ ʦʧ-

ʨʝʜʝʣʝʥʠʷ ʧʦʣʝʡ ʘʥʠʟʦʪʨʦʧʠʠ Ham, ʘ ʥʝ H0. ɺ ʪʘʙʣʠʮʝ 2.1 ʧʨʠʚʦʜʷʪʩʷ ʤʘʢʩʠʤʘʣʴʥʳʝ 

ʟʥʘʯʝʥʠʷ ʵʪʠʭ ʚʝʣʠʯʠʥ ʜʣʷ ʥʝʢʦʪʦʨʳʭ ʤʘʛʥʠʪʥʳʭ ʤʦʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʤʘʪʝʨʠʘʣʦʚ ʩ 

ʨʘʟʣʠʯʥʦʡ ʦʨʠʝʥʪʘʮʠʝʡ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʦʡ ʧʣʦʩʢʦʩʪʠ. 

ʀʟ ʧʨʠʚʝʜʝʥʥʦʡ ʪʘʙʣʠʮʳ 2.1 ʚʠʜʥʦ, ʯʪʦ ʧʘʨʘʤʝʪʨ ɖ ʦʪʣʠʯʝʥ ʦʪ ʥʫʣʷ ʪʦʣʴʢʦ ʪʦʛʜʘ, 

ʢʦʛʜʘ ʚ ʠʟʫʯʘʝʤʦʡ ʤʘʛʥʠʪʥʦʡ ʩʠʩʪʝʤʝ ʠʤʝʪʁ ʤʝʩʪʦ ʣʝʛʢʠʝ ʦʩʠ ʘʥʠʟʦʪʨʦʧʠʠ, ʥʘʧʨʘʚ-

ʣʝʥʥʳʝ ʧʦʜ ʫʛʣʦʤ ʢ ʧʣʦʩʢʦʩʪʠ ʧʣʝʥʢʠ (ʟʘ ʠʩʢʣʶʯʝʥʠʝʤ ˊ/2). ʇʨʠ ʵʪʦʤ, ʧʦʩʢʦʣʴʢʫ ʤʥʦ-
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ʞʠʪʝʣʴ s
a MF /2 qj  ʧʦʨʷʜʢʘ ʧʦʣʝʡ ʘʥʠʟʦʪʨʦʧʠʠ, ʪʦ ʧʦʩʣʝʜʥʠʡ ʯʣʝʥ ʚ ʚʳʨʘʞʝʥʠʠ (2.18) 

ʚʥʦʩʠʪ ʦʪʥʦʩʠʪʝʣʴʥʫʶ ʧʦʛʨʝʰʥʦʩʪʴ ʦʢʦʣʦ 1ï2 %. 

ʊʘʙʣʠʮʘ 2.1 ï ʄʘʢʩʠʤʘʣʴʥʳʝ ʟʥʘʯʝʥʠʷ ʧʘʨʘʤʝʪʨʦʚ Ů ʠ ɖ ʜʣʷ ʥʝʢʦʪʦʨʳʭ ʤʦʥʦʢʨʠʩʪʘʣʣʦʚ. 

ʅʘʤʘʛʥʠʯʝʥʥʦʩʪʴ ʥʘʩʳʱʝʥʠʷ ʠ ʢʦʥʩʪʘʥʪʳ ʘʥʠʟʦʪʨʦʧʠʠ ʚʟʷʪʳ ʠʟ [90] 

 
Ms 

(ɻʩ) 

K4 

(ʵʨʛ/ʩʤ
3
) 

K6 

(ʵʨʛ/ʩʤ
3
) 

(001) (011) (111) 

Ů ɖ Ů ɖ Ů ɖ 

Ŭ-Fe 1739 4.8Ĭ10
5
 ï1.0Ĭ10

5
 0.007 0 0.025 0 0.0002 0.006 

Ni 493 ï4.5Ĭ10
4
 ï2.5Ĭ10

4
 0.005 0 0.029 0 0.0004 0.008 

Fe3O4 478 ï11.0Ĭ10
4
 ï3.0Ĭ10

4
 0.018 0 0.076 0 0.0006 0.018 

 

ʅʘʠʙʦʣʝʝ ʩʫʱʝʩʪʚʝʥʥʫʶ ʧʦʛʨʝʰʥʦʩʪʴ ʤʦʞʝʪ ʦʢʘʟʳʚʘʪʴ ʧʨʝʜʧʦʩʣʝʜʥʠʡ ʯʣʝʥ ʚ 

(2.18), ʧʦʩʢʦʣʴʢʫ ʦʥ ʧʨʦʧʦʨʮʠʦʥʘʣʝʥ ʩʨʝʜʥʝʤʫ ʟʥʘʯʝʥʠʶ ʨʝʟʦʥʘʥʩʥʦʛʦ ʧʦʣʷ ʠ ʢʘʢ ʩʣʝ-

ʜʫʝʪ ʠʟ (2.15) ï ʢʚʘʜʨʘʪʫ ʯʘʩʪʦʪʳ ʚʦʟʙʫʞʜʝʥʠʷ. ʕʪʦ ʟʥʘʯʠʪ, ʯʪʦ ʚ ʩʣʫʯʘʝ, ʢʦʛʜʘ ʘʥʘʣʠ-

ʪʠʯʝʩʢʠʡ ʚʠʜ ʧʦʣʷ ʘʥʠʟʦʪʨʦʧʠʠ ʥʝ ʤʦʞʝʪ ʙʳʪʴ ʷʚʥʦ ʦʧʨʝʜʝʣʝʥ ʠ ʤʘʣʳʤʠ ʧʘʨʘʤʝʪʨʘʤʠ Ů ʠ 

ɖ ʧʨʠʥʝʙʨʝʛʘʶʪ, ʩ ʮʝʣʴʶ ʫʚʝʣʠʯʝʥʠʷ ʪʦʯʥʦʩʪʠ ʦʧʨʝʜʝʣʝʥʠʷ ʤʘʛʥʠʪʥʳʭ ʧʘʨʘʤʝʪʨʦʚ 

ʧʨʝʜʧʦʯʪʠʪʝʣʴʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʙʦʣʝʝ ʥʠʟʢʠʝ ʯʘʩʪʦʪʳ. ʉ ʜʨʫʛʦʡ ʩʪʦʨʦʥʳ, ʬʝʥʦʤʝʥʦʣʦ-

ʛʠʯʝʩʢʘʷ ʤʦʜʝʣʴ ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ ʩʧʨʘʚʝʜʣʠʚʘ ʪʦʣʴʢʦ ʜʣʷ ʦʜʥʦʜʦʤʝʥʥʦʛʦ, ʥʘ-

ʤʘʛʥʠʯʝʥʥʦʛʦ ʜʦ ʥʘʩʳʱʝʥʠʷ ʦʙʨʘʟʮʘ. ʅʘʨʫʰʝʥʠʝ ʵʪʦʛʦ ʫʩʣʦʚʠʷ ʤʦʞʝʪ ʩʪʘʪʴ ʦʩʥʦʚʥʳʤ 

ʠʩʪʦʯʥʠʢʦʤ ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ ʦʰʠʙʦʢ. ʇʦʵʪʦʤʫ ʧʨʠ ʧʨʦʚʝʜʝʥʠʠ ʵʢʩʧʝʨʠʤʝʥʪʘ ʥʝʦʙʭʦ-

ʜʠʤʦ ʠʜʪʠ ʥʘ ʢʦʤʧʨʦʤʠʩʩ ʤʝʞʜʫ ʜʚʫʤʷ ʵʪʠʤʠ ʫʩʣʦʚʠʷʤʠ. 

ɼʣʷ ʦʮʝʥʢʠ ʘʙʩʦʣʶʪʥʦʡ ʧʦʛʨʝʰʥʦʩʪʠ ȹHŮ ʚʝʣʠʯʠʥʳ ʧʦʣʷ ʧʣʘʥʘʨʥʦʡ ʤʘʛʥʠʪʥʦʡ 

ʘʥʠʟʦʪʨʦʧʠʠ ʤʦʞʥʦ ʚʦʩʧʦʣʴʟʦʚʘʪʴʩʷ ʜʘʥʥʳʤʠ ʠʟ ʵʢʩʧʝʨʠʤʝʥʪʘ ʩ ʧʦʤʦʱʴʶ ʩʣʝʜʫʶʱʝʛʦ 

ʚʳʨʘʞʝʥʠʷ 

 
eff

am

M

H
H

p
w=ewºD e

4

)(
)()( max

00max00 HH , (2.19) 

ʛʜʝ max)( amH  ï ʤʘʢʩʠʤʘʣʴʥʦʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʝ ʟʥʘʯʝʥʠʝ ʧʦʣ ̫ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ. 

2.2.4 ɺʳʙʦʨ ʮʝʣʝʚʦʡ ʬʫʥʢʮʠʠ  

ʊʨʝʪʴʷ ʧʨʦʙʣʝʤʘ ʩʚʷʟʘʥʘ ʩ ʚʳʙʦʨʦʤ ʚʠʜʘ ʮʝʣʝʚʦʡ ʬʫʥʢʮʠʠ fobj ʜʣʷ ʨʝʘʣʠʟʘʮʠʠ ʘʣ-

ʛʦʨʠʪʤʘ ʤʠʥʠʤʠʟʘʮʠʠ ʨʘʩʭʦʞʜʝʥʠʷ ʤʝʞʜʫ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʠ ʪʝʦʨʝʪʠʯʝʩʢʦʡ ʢʨʠʚʳʤʠ. 
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ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʦʙʱʝʧʨʠʥʷʪʦʛʦ ʚʳʨʘʞʝʥʠʷ 2exp )]()([ HRHRobj HHf j-j= , ʢʘʢ ʧʦʢʘʟʳʚʘʝʪ 

ʧʨʘʢʪʠʢʘ, ʥʝ ʚʩʝʛʜʘ ʦʙʝʩʧʝʯʠʚʘʝʪ ʥʘʭʦʞʜʝʥʠʝ ʦʧʪʠʤʘʣʴʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʪʝʦʨʝʪʠʯʝʩʢʦʡ 

ʤʦʜʝʣʠ, ʘ ʠʪʦʛʦʚʳʡ ʨʝʟʫʣʴʪʘʪ ʤʦʞʝʪ ʩʠʣʴʥʦ ʟʘʚʠʩʝʪʴ ʦʪ ʚʳʙʦʨʘ ʥʘʯʘʣʴʥʳʭ ʟʥʘʯʝʥʠʡ, ʘ 

ʪʘʢʞʝ ʯʘʩʪʦʪʳ ʧʨʦʚʦʜʠʤʳʭ ʠʟʤʝʨʝʥʠʡ. 

ʇʨʠ ʟʘʧʠʩʠ ʚʳʨʘʞʝʥʠʷ (2.17) ʧʨʝʜʧʦʣʘʛʘʣʦʩʴ, ʯʪʦ űM å űH ʠ HR å f(űM). ʆʜʥʘʢʦ 

ʪʘʢʦʝ ʧʨʠʙʣʠʞʝʥʠʝ ʩʧʨʘʚʝʜʣʠʚʦ ʪʦʣʴʢʦ ʥʘ ʚʳʩʦʢʠʭ ʯʘʩʪʦʪʘʭ, ʪ. ʝ. ʧʨʠ ʙʦʣʴʰʠʭ ʟʥʘʯʝ-

ʥʠʷʭ ʨʝʟʦʥʘʥʩʥʳʭ ʧʦʣʝʡ HR. ɺ ʦʙʱʝʤ ʩʣʫʯʘʝ, HR(űH) = f(űM)/cos(űM ï űH) ʠ ʥʘ ʥʠʟʢʠʭ 

ʯʘʩʪʦʪʘʭ ʠʟʤʝʨʝʥʠʡ ʨʦʣʴ ʩʪʦʷʱʝʛʦ ʚ ʟʥʘʤʝʥʘʪʝʣʝ ʢʦʩʠʥʫʩʘ ʤʦʞʝʪ ʙʳʪʴ ʩʫʱʝʩʪʚʝʥʥʦʡ. 

ʇʦʵʪʦʤʫ ʨʘʟʣʦʞʝʥʠʝ ʫʛʣʦʚʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ʨʝʟʦʥʘʥʩʥʦʛʦ ʧʦʣʷ HR(űH) ʚ ʨʷʜ ʌʫʨʴʝ, ʚʳ-

ʨʘʞʝʥʥʦʝ ʬʦʨʤʫʣʦʡ (2.17), ʩʪʘʥʦʚʠʪʩʷ ʥʝʩʧʨʘʚʝʜʣʠʚʳʤ. ɺ ʪʦ ʞʝ ʚʨʝʤʷ, ʢʘʢ ʚʠʜʥʦ ʠʟ 

(2.16), ʟʘʚʠʩʠʤʦʩʪʴ f(űM) ʧʨʠ ʣʶʙʳʭ ʟʥʘʯʝʥʠʷʭ ʨʝʟʦʥʘʥʩʥʦʛʦ ʧʦʣʷ HR ʠʤʝʝʪ ʥʘʠʙʦʣʝʝ 

ʧʨʦʩʪʦʡ ʚʠʜ.
2
 ʅʘ ʦʩʥʦʚʘʥʠʠ ʵʪʦʛʦ ʜʣʷ ʨʝʰʝʥʠʷ ʦʧʪʠʤʠʟʘʮʠʦʥʥʦʡ ʟʘʜʘʯʠ ʧʨʝʜʣʦʞʝʥ 

ʩʣʝʜʫʶʱʠʡ ʚʠʜ ʮʝʣʝʚʦʡ ʬʫʥʢʮʠʠ  

 2exp )]()cos()([ MHMHRobj fHf j-j-jj= . (2.20) 

ʊʘʢʦʡ ʚʳʙʦʨ, ʢʘʢ ʙʫʜʝʪ ʧʦʢʘʟʘʥʦ ʚ ʩʣʝʜʫʶʱʝʤ ʨʘʟʜʝʣʝ, ʧʦʟʚʦʣʷʝʪ ʵʬʬʝʢʪʠʚʥʦ ʦʧʨʝʜʝ-

ʣʷʪʴ ʧʘʨʘʤʝʪʨʳ ʪʝʦʨʝʪʠʯʝʩʢʦʡ ʤʦʜʝʣʠ, ʚ ʪʦʤ ʯʠʩʣʝ ʠʟ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʫʛʣʦʚʳʭ ʟʘ-

ʚʠʩʠʤʦʩʪʝʡ )(exp
HRH j , ʠʤʝʶʱʠʭ ʥʝʩʢʦʣʴʢʦ ʟʥʘʯʝʥʠʡ ʨʝʟʦʥʘʥʩʥʳʭ ʧʦʣʝʡ ʧʨʠ ʦʧʨʝʜʝ-

ʣʝʥʥʳʭ ʫʛʣʘʭ. 

2.3 ʇʨʠʤʝʨʳ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʨʝʘʣʠʟʘʮʠʠ ʠ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʤʝʪʦʜʠʢʠ 

ʦʧʨʝʜʝʣʝʥʠʷ ʤʘʛʥʠʪʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʊʄʇ 

2.3.1 ʀʟʤʝʨʝʥʠʝ ʧʘʨʘʤʝʪʨʦʚ ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ ʠ ʫʛʣʦʚ ʨʘʟʦʨʠʝʥʪʘʮʠʠ 

ʚ ʵʧʠʪʘʢʩʠʘʣʴʥʦʡ ʪʦʥʢʦʡ ʧʣʝʥʢʝ ʥʘ ʚʠʮʠʥʘʣʴʥʦʡ ʧʦʜʣʦʞʢʝ 

ʕʧʠʪʘʢʩʠʘʣʴʥʳʝ ʬʝʨʨʦʤʘʛʥʠʪʥʳʝ ʧʣʝʥʢʠ ʠ ʨʘʟʣʠʯʥʳʝ ʩʣʦʠʩʪʳʝ ʩʪʨʫʢʪʫʨʳ, ʚʳ-

ʨʘʱʝʥʥʳʝ ʥʘ ʤʦʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʧʦʜʣʦʞʢʘʭ, ʘʢʪʠʚʥʦ ʠʩʩʣʝʜʫʶʪʩʷ ʙʣʘʛʦʜʘʨʷ ʧʝʨ-

ʩʧʝʢʪʠʚʘʤ ʠʭ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʚ ʢʘʯʝʩʪʚʝ ʵʣʝʤʝʥʪʦʚ ʤʘʛʥʠʪʦʵʣʝʢʪʨʦʥʥʳʭ ʫʩʪʨʦʡʩʪʚ [91, 

                                              
2
 ʇʨʠʤʝʨ ʨʘʟʣʦʞʝʥʠʷ f(űM) ʧʨʝʜʩʪʘʚʣʝʥ ʚ ʨʘʟʜʝʣʝ 2.3.1.1. 
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92]. ʇʨʠ ʵʪʦʤ ʜʣʷ ʠʟʛʦʪʦʚʣʝʥʠʷ ʪʘʢʠʭ ʩʪʨʫʢʪʫʨ, ʢʘʢ ʧʨʘʚʠʣʦ, ʧʨʠʤʝʥʷʶʪʩʷ ʪʨʘʜʠʮʠʦʥʥʳʝ 

ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʝ ʪʝʭʥʦʣʦʛʠʠ, ʠʩʧʦʣʴʟʫʝʤʳʝ ʚ ʤʠʢʨʦʵʣʝʢʪʨʦʥʠʢʝ. ɺ ʧʦʩʣʝʜʥʠʝ ʛʦʜʳ 

ʦʩʦʙʦʝ ʚʥʠʤʘʥʠʝ ʫʜʝʣʷʝʪʩʷ ʠʟʫʯʝʥʠʶ ʤʘʛʥʠʪʥʳʭ ʧʣʝʥʦʢ, ʚʳʨʘʱʝʥʥʳʭ ʥʘ ʚʠʮʠʥʘʣʴʥʳʭ 

ʩʨʝʟʘʭ ʤʦʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʧʦʜʣʦʞʝʢ Si(111), ʜʣʷ ʢʦʪʦʨʳʭ ʭʦʨʦʰʦ ʨʘʟʚʠʪʳ ʤʝʪʦʜʳ 

ʩʦʟʜʘʥʠʷ ʩʪʫʧʝʥʯʘʪʳʭ ʧʦʚʝʨʭʥʦʩʪʝʡ, ʦʙʝʩʧʝʯʠʚʘʶʱʠʭ ʚʳʩʦʢʫʶ ʪʦʯʥʦʩʪʴ ʚʝʣʠʯʠʥʳ ʰʘʛʘ 

ʠ ʚʳʩʦʪʳ ʩʪʫʧʝʥʝʡ [93, 94]. ʇʨʠ ʵʪʦʤ ʧʦʷʚʣʷʝʪʩʷ ʚʦʟʤʦʞʥʦʩʪʴ ʚ ʰʠʨʦʢʠʭ ʧʨʝʜʝʣʘʭ 

ʫʧʨʘʚʣʷʪʴ ʤʘʛʥʠʪʥʳʤʠ ʩʚʦʡʩʪʚʘʤʠ ʧʣʝʥʦʢ, ʚʘʨʴʠʨʫʷ ʚ ʥʝʙʦʣʴʰʠʭ ʧʨʝʜʝʣʘʭ ʫʛʦʣ ʨʘʟʦ-

ʨʠʝʥʪʘʮʠʠ ʚʠʮʠʥʘʣʴʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ Si(111) [95, 96]. ɺ ʯʘʩʪʥʦʩʪʠ, ʵʢʩʧʝʨʠʤʝʥʪʳ ʧʦʢʘ-

ʟʳʚʘʶʪ, ʯʪʦ ʟʥʘʯʠʪʝʣʴʥʳʝ ʠʟʤʝʥʝʥʠʷ ʘʥʠʟʦʪʨʦʧʥʳʭ ʩʚʦʡʩʪʚ ʊʄʇ ʥʘʙʣʶʜʘʶʪʩʷ ʜʘʞʝ ʧʨʠ 

ʫʛʣʘʭ ʦʪʢʣʦʥʝʥʠʷ ʧʣʦʩʢʦʩʪʠ ʧʦʜʣʦʞʢʠ ʦʪ ʩʠʥʛʫʣʷʨʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʤʝʥʝʝ ʯʝʤ ʥʘ ʦʜʠʥ 

ʛʨʘʜʫʩ [97]. ʆʜʥʘʢʦ ʧʨʠʨʦʜʘ ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ ʧʣʝʥʦʢ ʥʘ ʚʠʮʠʥʘʣʴʥʳʭ ʧʦʚʝʨʭʥʦ-

ʩʪʷʭ ʜʦ ʢʦʥʮʘ ʥʝ ʚʳʷʩʥʝʥʘ, ʧʦʵʪʦʤʫ ʪʘʢʠʤ ʠʩʩʣʝʜʦʚʘʥʠʷʤ ʧʦʩʚʷʱʘʝʪʩʷ ʤʥʦʞʝʩʪʚʦ ʨʘʙʦʪ 

[95ï98], ʚ ʢʦʪʦʨʳʭ ʜʣʷ ʢʦʣʠʯʝʩʪʚʝʥʥʦʛʦ ʦʧʨʝʜʝʣʝʥʠʷ ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ ʠʩʧʦʣʴ-

ʟʫʶʪʩʷ ʨʘʟʣʠʯʥʳʝ ʤʝʪʦʜʳ, ʚ ʪʦʤ ʯʠʩʣʝ ʠ ʤʝʪʦʜ ʌʄʈ, ʦʙʣʘʜʘʶʱʠʡ ʥʝ ʪʦʣʴʢʦ ʜʦʩʪʘʪʦʯʥʦʡ 

ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴʶ, ʥʦ ʠ ʚʳʩʦʢʦʡ ʪʦʯʥʦʩʪʴʶ ʠʟʤʝʨʝʥʠʷ [79]. 

ɺ ʜʘʥʥʦʤ ʨʘʟʜʝʣʝ ʧʨʠʚʝʜʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʤʘʛʥʠʪʥʳʭ ʩʚʦʡʩʪʚ ʵʧʠ-

ʪʘʢʩʠʘʣʴʥʳʭ ʪʦʥʢʠʭ ʧʣʝʥʦʢ Fe3Si, ʚʳʨʘʱʝʥʥʳʭ ʥʘ ʚʠʮʠʥʘʣʴʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʢʨʝʤʥʠʷ 

Si(111) ʩ ʤʘʣʳʤ ʫʛʣʦʤ ʨʘʟʦʨʠʝʥʪʘʮʠʠ [99, 100]. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʧʨʝʜʣʦʞʝʥʥʘʷ ʚ ʨʘʟʜʝʣʝ 2.2 

ʤʝʪʦʜʠʢʘ ʧʦʟʚʦʣʷʝʪ ʩ ʚʳʩʦʢʦʡ ʪʦʯʥʦʩʪʴʶ ʦʧʨʝʜʝʣʷʪʴ ʥʝ ʪʦʣʴʢʦ ʧʘʨʘʤʝʪʨʳ ʤʘʛʥʠʪʥʦʡ 

ʘʥʠʟʦʪʨʦʧʠʠ ʤʦʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʦʙʨʘʟʮʦʚ, ʥʦ ʠ ʫʛʣʳ ʨʘʟʦʨʠʝʥʪʘʮʠʠ ʢʨʠʩʪʘʣʣʦʛʨʘ-

ʬʠʯʝʩʢʦʡ ʧʣʦʩʢʦʩʪʠ ʧʦʜʣʦʞʢʠ. 

2.3.1.1 ʊʝʦʨʝʪʠʯʝʩʢʘʷ ʤʦʜʝʣ ɹ

ɼʣʷ ʤʦʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʊʄʇ, ʦʩʘʞʜʝʥʥʦʡ ʥʘ ʚʠʮʠʥʘʣʴʥʫʶ ʧʦʚʝʨʭʥʦʩʪʴ (111) ʩ 

ʤʘʣʳʤ ʫʛʣʦʤ ʨʘʟʦʨʠʝʥʪʘʮʠʠ d, ʤʦʜʝʣʴ ʢʦʪʦʨʦʡ ʧʨʝʜʩʪʘʚʣʝʥʘ ʥʘ ʨʠʩʫʥʢʝ 2.3, ʧʣʦʪʥʦʩʪʴ 

ʵʥʝʨʛʠʠ ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ ʟʘʧʠʰʝʤ ʚ ʚʠʜʝ 

.)(cossin)cos(sincoscos2),( 2
22

211
222 mc

s
a FKKKMF +j-jq-j-jq-q-qp=jq ^  (2.21) 

ɿʜʝʩʴ ʧʝʨʚʦʝ ʩʣʘʛʘʝʤʦʝ ʦʧʠʩʳʚʘʝʪ ʚʢʣʘʜ ʵʥʝʨʛʠʠ ʨʘʟʤʘʛʥʠʯʠʚʘʶʱʝʛʦ ʧʦʣʷ ʧʣʝʥʢʠ. 

ɺʪʦʨʦʝ ʩʣʘʛʘʝʤʦʝ ʦʧʠʩʳʚʘʝʪ ʵʥʝʨʛʠʶ ʦʜʥʦʦʩʥʦʡ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ ʩ ʢʦʥ-

ʩʪʘʥʪʦʡ ^K , ʢʦʪʦʨʘʷ, ʢʘʢ ʠʟʚʝʩʪʥʦ, ʚ ʪʦʥʢʦʡ ʧʣʝʥʢʝ ʫʯʠʪʳʚʘʝʪ ʥʘʨʫʰʝʥʠʝ ʩʠʤʤʝʪʨʠʠ ʥʘ 
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ʝʝ ʧʦʚʝʨʭʥʦʩʪʠ ʠ ʥʘ ʠʥʪʝʨʬʝʡʩʝ ʤʝʞʜʫ ʧʣʝʥʢʦʡ ʠ ʧʦʜʣʦʞʢʦʡ. ʉʣʝʜʫʶʱʠʝ ʜʚʘ ʩʣʘʛʘʝʤʳʭ 

ʚ (2.21) ʦʧʠʩʳʚʘʶʪ ʵʥʝʨʛʠʠ ʦʜʥʦʥʘʧʨʘʚʣʝʥʥʦʡ ʩ ʢʦʥʩʪʘʥʪʦʡ K1 ʠ ʦʜʥʦʦʩʥʦʡ ʩ ʢʦʥʩʪʘʥʪʦʡ 

K2 ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ, ʧʦʣʷ ʢʦʪʦʨʳʭ Ha1 ʠ Ha2 ʥʘʭʦʜʷʪʩʷ ʚ ʧʣʦʩʢʦʩʪʠ ʧʣʝʥʢʠ ʠ ʥʘ-

ʧʨʘʚʣʝʥʳ ʧʦʜ ʫʛʣʘʤʠ ű1 ʠ ű2 (ʨʠʩʫʥʦʢ 2.3, b). ʇʦʩʣʝʜʥʝʝ ʩʣʘʛʘʝʤʦʝ F
mc

 ï ʵʥʝʨʛʠʷ ʤʘʛ-

ʥʠʪʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʘʥʠʟʦʪʨʦʧʠʠ, ʩʚʷʟʘʥʥʘʷ ʩ ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʝʡ ʢʫʙʠʯʝʩʢʦʛʦ 

ʢʨʠʩʪʘʣʣʘ. 

  

 

ʈʠʩʫʥʦʢ 2.3 ï ʄʦʜʝʣʴ ʠ ʩʭʝʤʘ ʨʘʩʧʦʣʦʞʝʥʠʷ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʦʡ ʧʣʦʩʢʦʩʪʠ (111) 

ʤʦʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʧʣʝʥʢʠ ʦʪʥʦʩʠʪʝʣʴʥʦ ʝʝ ʧʦʚʝʨʭʥʦʩʪʠ ï (a). ʇʨʠʥʷʪʳʝ ʦʙʦʟʥʘʯʝʥʠʷ 

ʬʝʥʦʤʝʥʦʣʦʛʠʯʝʩʢʦʡ ʤʦʜʝʣʠ ʊʄʇ (ʚʠʜ ʩʚʝʨʭʫ) ï (b) 

ʀʟʚʝʩʪʥʦ, ʯʪʦ ʜʣʷ ʢʨʠʩʪʘʣʣʦʚ ʢʫʙʠʯʝʩʢʦʡ ʩʠʥʛʦʥʠʠ ʵʥʝʨʛʠ ̫ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦ-

ʧʠʠ ʩ ʢʦʥʩʪʘʥʪʦʡ K4 ʟʘʧʠʩʳʚʘʝʪʩʷ ʚ ʚʠʜʝ )( 2
3

2
1

2
3

2
2

2
2

2
14 aa+aa+aa=KFmc , ʛʜʝ Ŭ1, Ŭ2, Ŭ3 ï 

ʥʘʧʨʘʚʣʷʶʱʠʝ ʢʦʩʠʥʫʩ rʚʝʢʪʦʨʘ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ M  ʦʪʥʦʩʠʪʝʣʴʥʦ ʦʩʝʡ ʯʝʪʚʝʨʪʦʛʦ 

ʧʦʨʷʜʢʘ [100], [010], [001]. ɺ ʩʣʫʯʘʝ, ʢʦʛʜʘ ʤʦʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʝ ʪʦʥʢʠʝ ʧʣʝʥʢʠ ʬʦʨ-
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ʤʠʨʫʶʪʩʷ ʥʘ ʚʠʮʠʥʘʣʴʥʳʭ ʧʦʚʝʨʭʥʦʩʪʷʭ (111), ʜʣʷ ʢʦʪʦʨʳʭ ʭʘʨʘʢʪʝʨʥʳ ʤʘʣʳʝ ʫʛʣʳ ʨʘ-

ʟʦʨʠʝʥʪʘʮʠʠ ŭ, ʢʘʢ ʧʨʘʚʠʣʦ, ʥʝ ʧʨʝʚʳʰʘʶʱʠʝ 5Á, ʧʨʠ ʚʳʯʠʩʣʝʥʠʠ F
mc

 ʤʦʞʥʦ ʚʦʩʧʦʣʴ-

ʟʦʚʘʪʴʩʷ ʣʠʥʝʡʥʳʤ ʧʨʠʙʣʠʞʝʥʠʝʤ ʨʘʟʣʦʞʝʥʠʷ ʵʥʝʨʛʠʠ ʧʦ ʤʘʣʦʤʫ ʧʘʨʘʤʝʪʨʫ ŭ. ʊʦʛʜʘ ʜʣʷ 

ʛʝʦʤʝʪʨʠʠ ʪʦʥʢʦʡ ʧʣʝʥʢʠ, ʧʨʝʜʩʪʘʚʣʝʥʥʦʡ ʥʘ ʨʠʩʫʥʢʝ 2.3, ʤʘʛʥʠʪʦʢʨʠʩʪʘʣʣʠʯʝʩʢʘʷ 

ʘʥʠʟʦʪʨʦʧʠʷ ʙʫʜʝʪ ʠʤʝʪʴ ʩʣʝʜʫʶʱʠʡ ʚʠʜ 
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ɼʣʷ ʦʙʦʩʥʦʚʘʥʠʷ ʧʨʝʜʣʦʞʝʥʥʦʡ ʚ ʨʘʟʜʝʣʝ 2.2 ʤʝʪʦʜʠʢʠ ʫʜʦʙʥʦ ʜʦʧʦʣʥʠʪʝʣʴʥʦ 

ʧʦʣʫʯʠʪʴ ʧʨʠʙʣʠʞʝʥʥʦʝ ʚʳʨʘʞʝʥʠʝ ʜʣʷ f(űM). ʀʩʧʦʣʴʟʫʷ (2.16), ʧʦʣʫʯʠʤ 
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ɸʥʘʣʠʟ ʧʦʩʣʝʜʥʝʛʦ ʚʳʨʘʞʝʥʠʷ ʧʦʟʚʦʣʷʝʪ ʩʜʝʣʘʪʴ ʨʷʜ ʚʘʞʥʳʭ ʚʳʚʦʜʦʚ. ɺʦ-ʧʝʨʚʳʭ, ʟʘ-

ʚʠʩʠʤʦʩʪʴ f(űM) ʚ ʦʪʣʠʯʠʝ ʦʪ ʫʛʣʦʚʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ʨʝʟʦʥʘʥʩʥʦʛʦ ʧʦʣʷ 

HR(űH) = f(űM)/cos(űM ï űH) ʠʤʝʝʪ ʧʨʦʩʪʦʡ ʚʠʜ ʠ ʩʦʜʝʨʞʠʪ ʚʩʝʛʦ ʥʝʩʢʦʣʴʢʦ ʦʩʥʦʚʥʳʭ 

ʯʣʝʥʦʚ ʨʘʟʣʦʞʝʥʠʷ ʚ ʨʷʜ ʌʫʨʴʝ ʧʦ ʨʘʚʥʦʚʝʩʥʦʤʫ ʫʛʣʫ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ űM. ʕʪʦ ʷʚʣʷʝʪʩʷ 

ʦʩʥʦʚʥʳʤ ʘʨʛʫʤʝʥʪʦʤ ʚ ʧʦʣʴʟʫ ʚʳʙʦʨʘ ʮʝʣʝʚʦʡ ʬʫʥʢʮʠʠ (2.20). ɺʦ-ʚʪʦʨʳʭ, ʚʳʨʘʞʝ-

ʥʠʝ (2.23) ʫʜʦʙʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʥʘʯʘʣʴʥʳʭ ʟʥʘʯʝʥʠʡ ʧʘʨʘʤʝʪʨʦʚ ʤʦʜʝʣʠ. 

ʀ, ʥʘʢʦʥʝʮ, ʚ-ʪʨʝʪʴʠʭ, ʫʨʘʚʥʝʥʠʝ (2.23) ʜʦʧʫʩʢʘʝʪ 6 ʵʢʚʠʚʘʣʝʥʪʥʳʭ ʥʘʧʨʘʚʣʝʥʠʡ ʫʛʣʘ 

3/44 p°j¡=j n , ʛʜʝ n ï ʮʝʣʦʝ ʯʠʩʣʦ, ʠ, ʢʘʢ ʩʣʝʜʩʪʚʠʝ, 6 ʵʢʚʠʚʘʣʝʥʪʥʳʭ ʘʟʠʤʫʪʘʣʴʥʳʭ 



54 
 

ʫʛʣʦʚ ʨʘʟʦʨʠʝʥʪʘʮʠʠ Ŭ = ű4 + ɝ. ɼʨʫʛʠʤʠ ʩʣʦʚʘʤʠ, ʠʟ ʘʥʘʣʠʟʘ ʫʛʣʦʚʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ʨʝ-

ʟʦʥʘʥʩʥʦʛʦ ʧʦʣʷ ʥʝʣʴʟʷ ʦʜʥʦʟʥʘʯʥʦ ʦʧʨʝʜʝʣʠʪʴ Ŭ, ʦʜʥʘʢʦ ʥʘʧʨʘʚʣʝʥʠʝ ʘʟʠʤʫʪʘʣʴʥʦʛʦ 

ʫʛʣʘ ʨʘʟʦʨʠʝʥʪʘʮʠʠ ʤʦʞʥʦ ʚʳʙʨʘʪʴ, ʠʩʭʦʜʷ ʠʟ ʦʙʱʠʭ ʬʠʟʠʯʝʩʢʠʭ ʩʦʦʙʨʘʞʝʥʠʡ, ʥʘʧʨʠ-

ʤʝʨ, ʠʟ ʘʥʘʣʠʟʘ ʥʘʧʨʘʚʣʝʥʠʷ ű2 ʬʦʨʤʠʨʫʝʤʦʡ ʚ ʧʣʝʥʢʝ ʦʜʥʦʦʩʥʦʡ ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦ-

ʧʠʠ ï ʪʘʢ, ʢʘʢ ʙʣrʦ ʧʦʢʘʟʘʥʦ ʚ [99]. 

2.3.1.2 ɸʧʨʦʙʘʮʠʷ ʤʝʪʦʜʠʢʠ ʠ ʦʙʩʫʞʜʝʥʠʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʨʝʟʫʣʪɹʘʪʦʚ 

ɼʣʷ ʘʧʨʦʙʘʮʠʠ ʤʝʪʦʜʠʢʠ ʙʳʣʠ ʧʨʦʚʝʜʝʥʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʪʨʝʭ ʦʙʨʘʟʮʦʚ ʵʧʠʪʘʢʩʠ-

ʘʣʴʥʳʭ ʪʦʥʢʠʭ ʧʣʝʥʦʢ ʩʠʣʠʮʠʜʘ ʞʝʣʝʟʘ. ʇʣʝʥʢʠ ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʤʝʪʦʜʦʤ ʦʜʥʦʚʨʝʤʝʥ-

ʥʦʛʦ ʪʝʨʤʠʯʝʩʢʦʛʦ ʠʩʧʘʨʝʥʠʷ ʞʝʣʝʟʘ ʠ ʢʨʝʤʥʠʷ ʠʟ ʜʚʫʭ ʪʠʛʣʝʡ ʚ ʩʚʝʨʭʚʳʩʦʢʦʤ ʚʘʢʫʫʤʝ 

(1.3Ĭ10
ï8

 ʇʘ) ʩ ʧʦʩʣʝʜʫʶʱʠʤ ʦʩʘʞʜʝʥʠʝʤ ʘʪʦʤʦʚ ʥʘ ʜʦʧʠʨʦʚʘʥʥʫʶ ʙʦʨʦʤ ʘʪʦʤʘʨʥʦ 

ʯʠʩʪʫʶ ʚʠʮʠʥʘʣʴʥʫʶ ʧʦʜʣʦʞʢʫ Si(111), ʢʘʢ ʵʪʦ ʦʧʠʩʘʥʦ ʚ ʨʘʙʦʪʝ [101]. ʆʙʨʘʟʮʳ ʙʳʣʠ 

ʚʳʨʘʱʝʥʳ ʥʘ ʚʠʮʠʥʘʣʴʥʳʭ ʧʦʚʝʨʭʥʦʩʪʷʭ Si(111) ʩ ʧʘʩʧʦʨʪʥʳʤʠ ʫʛʣʘʤʠ ʨʘʟʦʨʠʝʥʪʘʮʠʠ: 

0.1Á ï ʧʝʨʚʳʡ ʦʙʨʘʟʝʮ, 0.6Á ï ʚʪʦʨʦʡ ʠ 4Á ï ʪʨʝʪʠʡ. ʀʩʩʣʝʜʦʚʘʥʠʝ ʤʘʛʥʠʪʥʳʭ ʩʚʦʡʩʪʚ ʥʘ 

ʣʦʢʘʣʴʥʳʭ ʫʯʘʩʪʢʘʭ ʧʣʝʥʦʢ ʧʨʦʚʦʜʠʣʦʩʴ ʥʘ ʘʚʪʦʤʘʪʠʟʠʨʦʚʘʥʥʦʤ ʩʢʘʥʠʨʫʶʱʝʤ ʩʧʝʢ-

ʪʨʦʤʝʪʨʝ ʬʝʨʨʦʤʘʛʥʠʪʥʦʛʦ ʨʝʟʦʥʘʥʩʘ (ʨʘʟʜʝʣ 2.1) ʥʘ ʯʘʩʪʦʪʝ ʚʦʟʙʫʞʜʝʥʠʷ f0 = 3.329 ɻɻʮ. 

ʋʛʣʦʚʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʧʦʣʷ ʌʄʈ ʚ ʢʘʞʜʦʤ ʦʙʨʘʟʮʝ ʩʥʠʤʘʣʠʩʴ ʩ ʜʚʫʭ ʣʦʢʘʣʴʥʳʭ ʫʯʘʩʪʢʦʚ 

(ʧʣʦʱʘʜʴʶ ~0.8 ʤʤ
2
), ʨʘʩʧʦʣʦʞʝʥʥʳʭ ʥʘ ʨʘʩʩʪʦʷʥʠʠ 4 ʤʤ ʜʨʫʛ ʦʪ ʜʨʫʛʘ. 

ʈʝʟʫʣʴʪʘʪʳ ʠʟʤʝʨʝʥʠʡ ʨʝʟʦʥʘʥʩʥʦʛʦ ʧʦʣʷ HR (ʢʨʘʩʥʳʝ ʢʨʫʛʣʳʝ ʤʘʨʢʝʨʳ) ʠ h ʠʨʠʥʳ 

ʣʠʥʠʠ ʌʄʈ ȹH (ʩʠʥʠʝ ʪʨʝʫʛʦʣʴʥʳʝ ʤʘʨʢʝʨʳ), ʜʣʷ ʦʜʥʦʡ ʪʦʯʢʠ ʢʘʞʜʦʛʦ ʦʙʨʘʟʮʘ, ʧʨʝʜ-

ʩʪʘʚʣʝʥʳ ʥʘ ʨʠʩʫʥʢʝ 2.4. ʅʘ ʵʪʦʤ ʨʠʩʫʥʢʝ ʩʧʣʦʰʥʳʤʠ ʣʠʥʠʷʤʠ ʧʦʢʘʟʘʥʳ ʪʝʦʨʝʪʠʯʝʩʢʠʝ 

ʫʛʣʦʚʳʝ ʟʘʚʠʩʠʤʦʩʪʠ HR(űH) ʩ ʧʘʨʘʤʝʪʨʘʤʠ ʤʦʜʝʣʠ ʧʣʝʥʢʠ, ʧʦʣʫʯʝʥʥʳʤʠ ʠʟ ʵʢʩʧʝʨʠ-

ʤʝʥʪʘʣʴʥʳʭ ʟʘʚʠʩʠʤʦʩʪʝʡ ʩ ʧʦʤʦʱʴʶ ʨʘʟʨʘʙʦʪʘʥʥʦʡ ʤʝʪʦʜʠʢʠ. ɺʠʜʥʦ ʭʦʨʦʰʝʝ ʩʦʛʣʘʩʠʝ 

ʤʝʞʜʫ ʪʝʦʨʠʝʡ ʠ ʵʢʩʧʝʨʠʤʝʥʪʦʤ. 

ɼʣʷ ʠʣʣʶʩʪʨʘʮʠʠ ʩʠʣʴʥʦʛʦ ʚʣʠʷʥʠʷ ʫʛʣʦʚ ʨʘʟʦʨʠʝʥʪʘʮʠʠ ʧʣʦʩʢʦʩʪʠ ʧʦʜʣʦʞʢʠ ʥʘ 

ʫʛʣʦʚʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʨʝʟʦʥʘʥʩʥʦʛʦ ʧʦʣʷ ʚ ʢʘʯʝʩʪʚʝ ʧʨʠʤʝʨʘ ʜʣʷ ʜʚʫʭ ʦʙʨʘʟʮʦʚ ʥʘ ʨʠ-

ʩʫʥʢʝ 2.4 (a) ʠ 2.4 (b) ʧʫʥʢʪʠʨʥʳʤʠ ʣʠʥʠʷʤʠ ʜʦʧʦʣʥʠʪʝʣʴʥʦ ʧʨʝʜʩʪʘʚʣʝʥʳ ʪʝʦʨʝʪʠʯʝʩʢʠʝ 

ʟʘʚʠʩʠʤʦʩʪʠ ʜʣʷ ʤʦʜʝʣʠ ʧʣʝʥʢʠ ʥʘ ʩʠʥʛʫʣʷʨʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ (111) ʩ d = 0 ,̄ ʧʦʩʪʨʦʝʥʥʳʝ 

ʪʘʢʞʝ ʜʣʷ ʦʧʪʠʤʘʣʴʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʪʝʦʨʝʪʠʯʝʩʢʦʡ ʤʦʜʝʣʠ. ʍʦʨʦʰʦ ʚʠʜʥʦ, ʯʪʦ ʜʘʞʝ 

ʤʘʣʦʝ ʦʪʢʣʦʥʝʥʠʝ d å 0.1̄  ʠ d å 0.6̄  ʧʣʦʩʢʦʩʪʠ ʧʣʝʥʦʢ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʆʙʨʘʟʮʦʚ 1 ʠ 2 

ʦʪ ʩʠʥʛʫʣʷʨʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ (111) ʧʨʠʚʦʜʠʪ ʩʫʱʝʩʪʚʝʥʥʦʤʫ ʠʟʤʝʥʝʥʠʶ ʧʦʚʝʜʝʥʠʷ ʨʝ-

ʟʦʥʘʥʩʥʳʭ ʢʨʠʚʳʭ. 
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ʈʠʩʫʥʦʢ 2.4 ï ɿʘʚʠʩʠʤʦʩʪʴ ʨʝʟʦʥʘʥʩʥʦʛʦ ʧʦʣʷ HR ʠ ʰʠʨʠʥʳ ʣʠʥʠʠ ʌʄʈ ȹH ʦʪ 

ʥʘʧʨʘʚʣʝʥʠʷ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʨʘʟʚʝʨʪʢʠ űH ʜʣʷ: (a) ʆʙʨʘʟʝʮ 1, (b) ʆʙʨʘʟʝʮ 2, 

(c) ʆʙʨʘʟʝʮ 3. ʄʘʨʢʝʨʳ ï ʵʢʩʧʝʨʠʤʝʥʪ, ʩʧʣʦʰʥʘʷ ʣʠʥʠʷ ï ʪʝʦʨʝʪʠʯʝʩʢʠʡ ʨʘʩʯʝʪ 

ʜʣʷ ʤʦʜʝʣʠ ʧʣʝʥʢʠ ʥʘ ʚʠʮʠʥʘʣʴʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʩ d Í 0, ʧʫʥʢʪʠʨʥʘ ̫ʣʠʥʠʷ ï 

ʥʘ ʩʠʥʛʫʣʷʨʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ (d = 0 )̄ 

ɺʳʯʠʩʣʝʥʥʳʝ ʧʘʨʘʤʝʪʨʳ ʠʟʤʝʨʝʥʥʳʭ ʦʙʨʘʟʮʦʚ ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ ʪʘʙʣʠʮʝ 2.2. ɺʠʜʥʦ, 

ʯʪʦ ʧʘʨʘʤʝʪʨʳ ʜʣʷ ʨʘʟʥʳʭ ʫʯʘʩʪʢʦʚ ʚ ʧʨʝʜʝʣʘʭ ʢʘʞʜʦʛʦ ʦʙʨʘʟʮʘ ʭʦʨʦʰʦ ʩʦʛʣʘʩʫʶʪʩʷ 

ʜʨʫʛ ʩ ʜʨʫʛʦʤ. ʆʜʥʘʢʦ ʥʘʙʣʶʜʘʶʪʩʷ ʥʝʢʦʪʦʨʳʝ ʦʪʣʠʯʠʷ ʫʩʨʝʜʥʝʥʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʦʙ-

ʨʘʟʮʦʚ ʤʝʞʜʫ ʩʦʙʦʡ. ʇʨʠʯʠʥʘ ʵʪʦʛʦ ʤʦʞʝʪ ʙʳʪʴ ʩʚʷʟʘʥʘ ʩ ʥʝʟʥʘʯʠʪʝʣʴʥʳʤ ʠʟʤʝʥʝʥʠʝʤ 
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ʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʦʛʦ ʩʦʩʪʘʚʘ ʚ ʠʩʩʣʝʜʫʝʤʳʭ ʧʣʝʥʢʘʭ. ɺ ʪʦ ʞʝ ʚʨʝʤʷ ʧʦʣʫʯʝʥʥʳʝ ʟʥʘʯʝʥʠʷ 

ʧʦʣʷʨʥʦʛʦ ʫʛʣʘ ʨʘʟʦʨʠʝʥʪʘʮʠʠ d ʚʠʮʠʥʘʣʴʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ Si(111) ʜʦʩʪʘʪʦʯʥʦ ʭʦʨʦʰʦ 

ʩʦʚʧʘʜʘʶʪ ʩʦ ʟʥʘʯʝʥʠʷʤʠ, ʟʘʷʚʣʝʥʥʳʤʠ ʧʨʦʠʟʚʦʜʠʪʝʣʷʤʠ ʧʦʜʣʦʞʝʢ. 

ʊʘʙʣʠʮʘ 2.2 ï ʆʧʪʠʤʘʣʴʥʳʝ ʧʘʨʘʤʝʪʨʳ ʤʦʜʝʣʠ ʊʄʇ ʜʣʷ ʪʨʝʭ ʦʙʨʘʟʮʦʚ ʩʠʣʠʮʠʜʘ ʞʝʣʝʟʘ, 

ʧʦʣʫʯʝʥʥʳʝ ʠʟ ʫʛʣʦʚʳʭ ʟʘʚʠʩʠʤʦʩʪʝʡ ʧʦʣʷ ʌʄʈ ʩ ʧʦʤʦʱʴʶ ʧʨʝʜʣʦʞʝʥʥʦʡ ʤʝʪʦʜʠʢʠ 

 
Meff 

(ɻʩ) 

Ha1=K1/Meff 

(ʕ) 

ű1  

(Á) 

Ha2=2K2/Meff 

(ʕ) 

ű2 

(Á) 

Ha4=2K4/Meff 

(ʕ) 

ű4 

(Ñnˊ/3, Á) 

Ŭ=ű4+ɝ 

(Ñnˊ/3, Á) 

ŭ 

(Á)  

ʆʙʨʘʟʝʮ 1 

1 1 590,7 0,04 ï39,6 1,21 156,3 297,35 30,7 48,4 0,097 

2 1 583,1 0,04 40,0 1,11 157,0 296,95 31,0 48,2 0,098 

 1 586,9 0,04 0,2 1,16 156,6 297,15 30,9 48,3 0,097 

ʆʙʨʘʟʝʮ 2 

1 1 697.8 0.02 250.6 1.01 44.5 352.09 31.8 28.9 0.62 

2 1 694.9 0.02 376.8 1.51 36.2 343.74 31.9 29.3 0.64 

 1 696.3 0.02 313.7 1.26 40.4 347.91 31.8 29.1 0.63 

ʆʙʨʘʟʝʮ 3 

1 1 490,2 0,28 54,0 31,86 93,7 498,76 30,7 27,6 3,93 

2 1 491,5 0,14 229,0 28,70 95,6 498,53 29,7 23,1 3,77 

 1 490,9 0,21 141,5 30,28 94,6 498,64 30,2 25,4 3,85 

 

ʇʨʝʜʣʦʞʝʥʥʘʷ ʤʝʪʦʜʠʢʘ ʣʝʛʢʦ ʤʦʞʝʪ ʙʳʪʴ ʦʙʦʙʱʝʥʘ (ʨʘʩʰʠʨʝʥʘ) ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ 

ʧʘʨʘʤʝʪʨʦʚ ʤʦʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʧʣʝʥʦʢ, ʚʨrʘʱʝʥʥʳʭ ʥʘ ʧʦʜʣʦʞʢʘʭ ʩ ʧʨʦʠʟʚʦʣʴʥʳʤ 

ʩʨʝʟʦʤ. ɺ ʯʘʩʪʥʦʩʪʠ, ʚ ʩʣʝʜʫʶʱʝʤ ʨʘʟʜʝʣʝ ʵʪʘ ʤʝʪʦʜʠʢʘ ʙʳʣʘ ʫʩʧʝʰʥʦ ʘʜʘʧʪʠʨʦʚʘʥʘ ʜʣʷ 

ʪʦʯʥʦʛʦ ʦʧʨʝʜʝʣʝʥʠʷ ʧʘʨʘʤʝʪʨʦʚ ʧʣʘʥʘʨʥʦʡ ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ ʩ ʧʨʦʠʟʚʦʣʴʥʳʤ 

ʢʦʣʠʯʝʩʪʚʦʤ ʯʣʝʥʦʚ ʨʘʟʣʦʞʝʥʠʷ. 

2.3.2 ʀʟʤʝʨʝʥʠʝ ʵʬʬʝʢʪʠʚʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʧʣʘʥʘʨʥʦʡ ʤʘʛʥʠʪʥʦʡ 

ʘʥʠʟʦʪʨʦʧʠʠ ʚ ʥʘʢʣʦʥʥʦ ʦʩʘʞʜʝʥʥʳʭ ʧʣʝʥʢʘʭ 

ʆʜʥʠʤ ʠʟ ʭʦʨʦʰʦ ʠʟʚʝʩʪʥʳʭ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʧʨʠʝʤʦʚ, ʢʦʪʦʨʳʡ ʧʦʟʚʦʣʷʝʪ ʧʨʠ 

ʧʦʣʫʯʝʥʠʠ ʧʣʝʥʦʢ ʚʘʨʴʠʨʦʚʘʪʴ ʚʝʣʠʯʠʥʫ ʧʦʣʷ ʦʜʥʦʦʩʥʦʡ ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ ʠ ʥʘ-

ʧʨʘʚʣʝʥʠʝ ʦʩʠ ʣʝʛʢʦʛʦ ʥʘʤʘʛʥʠʯʠʚʘʥʠʷ (ʆʃʅ), ʧʨʠʯʝʤ ʚ ʜʦʩʪʘʪʦʯʥʦ ʰʠʨʦʢʠʭ ʧʨʝʜʝʣʘʭ, 

ʷʚʣʷʝʪʩʷ ʤʝʪʦʜ ʥʘʢʣʦʥʥʦʛʦ ʥʘʧʳʣʝʥʠʷ (ʛʣʘʚʘ 6). ɿʘʤʝʪʠʤ, ʯʪʦ ʙʦʣʴʰʠʥʩʪʚʦ ʵʢʩʧʝʨʠ-

ʤʝʥʪʦʚ ʧʦ ʠʟʫʯʝʥʠʶ ʧʨʠʨʦʜʳ çʥʘʢʣʦʥʥʦʡè ʘʥʠʟʦʪʨʦʧʠʠ ʚ ʤʘʛʥʠʪʥʳʭ ʧʣʝʥʢʘʭ ʧʨʦʚʦ-

ʜʠʣʦʩʴ ʧʨʠ ʩʨʘʚʥʠʪʝʣʴʥʦ ʙʦʣʴʰʠʭ ʫʛʣʘʭ ʦʪʢʣʦʥʝʥʠʷ ʧʦʪʦʢʘ ʦʩʘʞʜʘʝʤʳʭ ʯʘʩʪʠʮ ʦʪ 

ʥʦʨʤʘʣʠ ʢ ʧʦʜʣʦʞʢʝ. ʆʜʥʘʢʦ ʥʝʜʘʚʥʦ ʚ ʪʦʥʢʠʭ ʧʣʝʥʢʘʭ ʧʝʨʤʘʣʣʦʷ ʙʳʣʦ ʦʙʥʘʨʫʞʝʥʦ, ʯʪʦ 

ʜʘʞʝ ʥʝʙʦʣʴʰʦʝ ʦʪʢʣʦʥʝʥʠʝ ʦʩʘʞʜʘʝʤʳʭ ʯʘʩʪʠʮ (ʧʦʨʷʜʢʘ 2)̄, ʧʨʠʚʦʜʠʪ ʢ ʟʘʤʝʪʥʳʤ ʠʟ-
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ʤʝʥʝʥʠʷʤ ʤʘʛʥʠʪʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʧʦʣʫʯʘʝʤʳʭ ʦʙʨʘʟʮʦʚ [102]. ʕʪʦʪ ʬʘʢʪ ʩʪʠʤʫʣʠʨʦʚʘʣ 

ʧʨʦʚʝʜʝʥʠʝ ʨʘʙʦʪ, ʚ ʨʝʟʫʣʴʪʘʪʝ ʢʦʪʦʨʳʭ ʙʳʣ ʦʙʥʘʨʫʞʝʥ ʵʬʬʝʢʪ ʚʟʘʠʤʥʦʡ ʢʦʤʧʝʥʩʘʮʠʠ 

ʦʜʥʦʦʩʥʦʡ ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ, ʥʘʚʝʜʝʥʥʦʡ ʥʘʢʣʦʥʥʳʤ ʦʩʘʞʜʝʥʠʝʤ ʯʘʩʪʠʮ, ʠ ʦʨʪʦ-

ʛʦʥʘʣʴʥʦʡ ʢ ʥʝʡ ʦʜʥʦʦʩʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ, ʥʘʚʝʜʝʥʥʦʡ ʧʦʩʪʦʷʥʥʳʤ ʤʘʛʥʠʪʥʳʤ ʧʦʣʝʤ [103, 

104]. ɼʘʥʥʳʡ ʵʬʬʝʢʪ ʙʳʣ ʦʙʥʘʨʫʞʝʥ ʩ ʧʦʤʦʱʴʶ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʤʝʪʦʜʠʢʠ, ʦʧʠ-

ʩʘʥʥʦʡ ʚ ʨʘʟʜʝʣʝ 2.2. 

2.3.2.1 ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʤʝʪʦʜʳ ʠʟʛʦʪʦʚʣʝʥʠʷ ʠ ʠʩʩʣʝʜʦʚʘʥʠʷ ʊʄʇ 

ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʡ ʦʙʨʘʟʝʮ ʊʄʇ ʪʦʣʱʠʥʦʡ 61 ʥʤ ʙʳʣ ʧʦʣʫʯʝʥ ʤʝʪʦʜʦʤ ʪʝʨʤʠ-

ʯʝʩʢʦʛʦ ʦʩʘʞʜʝʥʠʷ ʧʝʨʤʘʣʣʦʷ Ni82Fe18 ʚ ʚʘʢʫʫʤʝ ʥʘ ʩʪʝʢʣʷʥʥʫ  ʁʧʦʜʣʦʞʢʫ ʪʦʣʱʠʥʦʡ 

0.5 ʤʤ ʠ ʧʦʧʝʨʝʯʥʳʤʠ ʨʘʟʤʝʨʘʤʠ 10Ĭ10 ʤʤ
2
. ɹʘʟʦʚʦʝ ʜʘʚʣʝʥʠʝ ʚ ʚʘʢʫʫʤʥʦʡ ʢʘʤʝʨʝ ʥʝ 

ʧʨʝʚʳʰʘʣʦ 10
ï4

 ʇʘ, ʧʨʠ ʵʪʦʤ ʩʢʦʨʦʩʪʴ ʦʩʘʞʜʝʥʠʷ ʧʘʨʦʚ ʤʝʪʘʣʣʘ ʩʦʩʪʘʚʠʣʘ ~ 1 ʥʤ/ʩ. 

ʈʘʩʩʪʦʷʥʠʝ ʤʝʞʜʫ ʠʩʧʘʨʠʪʝʣʝʤ (ʘʣʫʥʜʦʚʳʤ ʪʠʛʝʣʝʤ) ʠ ʧʦʜʣʦʞʢʦʡ ʩʦʩʪʘʚʣʷʣʦ 240 ʤʤ, 

ʧʨʠ ʵʪʦʤ ʧʦʜʣʦʞʢʘ ʙʳʣʘ ʥʘʢʣʦʥʝʥʘ ʧʦʜ ʫʛʣʦʤ ʧʨʠʤʝʨʥʦ 8Á, ʪʘʢ, ʢʘʢ ʧʦʢʘʟʘʥʦ ʥʘ ʨʠʩʫʥ-

ʢʝ 2.5 (a). ʀʟ-ʟʘ ʨʘʩʭʦʞʜʝʥʠʷ ʧʫʯʢʘ ʦʩʘʞʜʘʝʤʳʭ ʯʘʩʪʠʮ (ʨʠʩʫʥʦʢ 2.5, a) ʫʛʦʣ ʦʩʘʞʜʝʥʠʷ Ŭ 

ʨʘʚʥʦʤʝʨʥʦ ʠʟʤʝʥʷʣʩʷ ʚ ʜʠʘʧʘʟʦʥʝ ʦʪ 7Á ʜʦ 9.2Á ʚʜʦʣʴ ʦʩʠ x ʊʄʇ. ɺ ʧʨʦʮʝʩʩʝ ʦʩʘʞʜʝʥʠʷ 

ʚ ʧʣʦʩʢʦʩʪʠ ʧʣʝʥʢʠ ʧʨʠʢʣʘʜʳʚʘʣʦʩʴ ʦʨʠʝʥʪʠʨʫʶʱʝʝ ʧʦʩʪʦʷʥʥʦʝ ʚʥʝʰʥʝʝ ʤʘʛʥʠʪʥʦʝ 

ʧʦʣʝ H = 200 ʕ. ʅʘʧʨʘʚʣʝʥʠʝ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʙʳʣʦ ʚʳʙʨʘʥʦ ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʯʪʦʙʳ ʥʘ-

ʚʝʜʝʥʥʘʷ ʚʥʝʰʥʠʤ ʧʦʣʝʤ H ʤʘʛʥʠʪʥʘʷ ʘʥʠʟʦʪʨʦʧʠʷ Hu ʠ ʤʘʛʥʠʪʥʘ ̫ʘʥʠʟʦʪʨʦʧʠʷ Hk, ʠʥ-

ʜʫʮʠʨʦʚʘʥʥʘʷ ʥʘʢʣʦʥʥʳʤ ʦʩʘʞʜʝʥʠʝʤ ʯʘʩʪʠʮ, ʙʳʣʠ ʚʟʘʠʤʥʦ ʦʨʪʦʛʦʥʘʣʴʥʳ (ʨʠʩʫ-

ʥʦʢ 2.5). 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʤʘʛʥʠʪʥʳʭ ʩʚʦʡʩʪʚ ʠʟʛʦʪʦʚʣʝʥʥʦʛʦ ʦʙʨʘʟʮʘ ʊʄʇ ʧʨʦʚʦʜʠʣʦʩʴ ʩ 

ʧʦʤʦʱʴʶ ʩʢʘʥʠʨʫʶʱʝʛʦ ʩʧʝʢʪʨʦʤʝʪʨʘ ʌʄʈ (ʨʘʟʜʝʣ 2.1). ʀʟʤʝʨʝʥʠʷ ʧʨʦʚʦʜʠʣʠʩʴ ʥʘ 

ʯʘʩʪʦʪʝ f0 = 2.274 ɻɻʮ ʩ ʣʦʢʘʣʴʥʳʭ ʫʯʘʩʪʢʦʚ ʨʘʟʤʝʨʦʤ 1 ʤʤ
2
 ʩ ʰʘʛʦʤ 1 ʤʤ ʚʜʦʣʴ ʮʝʥ-

ʪʨʘʣʴʥʦʡ ʦʩʠ x ʧʣʝʥʢʠ, ʩʦʚʧʘʜʘʶʱʝʡ ʩ ʆʃʅ, ʥʘʚʝʜʝʥʥʦʡ ʚʥʝʰʥʠʤ ʧʦʣʝʤ ʤʘʛʥʠʪʥʦʡ 

ʘʥʠʟʦʪʨʦʧʠʠ Hu. ɺ ʢʘʯʝʩʪʚʝ ʧʨʠʤʝʨʘ ʥʘ ʨʠʩʫʥʢʝ 2.6 ʜʣʷ ʪʨʝʭ ʣʦʢʘʣʴʥʳʭ ʫʯʘʩʪʢʦʚ ʊʄʇ ʩ 

Ŭ = 7.6Á, 8.3Á ʠ 9.0Á ʤʘʨʢʝʨʘʤʠ ʠʟʦʙʨʘʞʝʥʳ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʫʛʣʦʚʳʝ ʟʘʚʠʩʠʤʦʩʪʠ 

ʧʦʣʷ ʌʄʈ. ʇʨʝʜʩʪʘʚʣʝʥʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ HR(űH) ʜʝʤʦʥʩʪʨʠʨʫʶʪ ʩʠʣʴʥʦʝ ʚʣʠʷʥʠʝ ʫʛʣʘ 

ʦʩʘʞʜʝʥʠʷ Ŭ ʥʘ ʚʝʣʠʯʠʥʫ ʠ ʥʘʧʨʘʚʣʝʥʠʝ ʆʃʅ ʦʜʥʦʦʩʥʦʡ ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ. ɹʦʣʝʝ 

ʪʦʛʦ, ʧʨʠ ʦʧʨʝʜʝʣʝʥʥʳʭ ʫʛʣʘʭ Ŭ ʤʝʥʷʝʪʩʷ ʠ ʩʘʤ ʭʘʨʘʢʪʝʨ ʘʥʠʟʦʪʨʦʧʠʠ. 
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ʈʠʩʫʥʦʢ 2.5 ï ʉʭʝʤʘ ʦʩʘʞʜʝʥʠʷ ʊʄʇ ï (a) ʠ ʝʝ ʜʚʫʭʩʣʦʡʥʘʷ ʪʝʦʨʝʪʠʯʝʩʢʘʷ ʤʦʜʝʣʴ ï (b) 

  

 

ʈʠʩʫʥʦʢ 2.6 ï ʋʛʣʦʚʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʧʦʣʷ ʌʄʈ HR(űH) ʜʣʷ ʪʨʝʭ ʣʦʢʘʣʴʥʳʭ ʫʯʘʩʪʢʦʚ ʩ 

ʢʦʦʨʜʠʥʘʪʘʤʠ x=ï2 ʤʤ (Ŭ=7.6Á), 1 ʤʤ (Ŭ=8.3Á) ʠ 4 ʤʤ (Ŭ=9.0Á) ʦʪʥʦʩʠʪʝʣʴʥʦ ʮʝʥʪʨʘ ʊʄʇ. 

ʄʘʨʢʝʨʳ ï ʵʢʩʧʝʨʠʤʝʥʪ, ʣʠʥʠʠ ï ʪʝʦʨʝʪʠʯʝʩʢʠʡ ʨʘʩʯʝʪ 

2.3.2.2 ɸʧʨʦʙʘʮʠʷ ʤʝʪʦʜʠʢʠ ʠ ʦʙʩʫʞʜʝʥʠʝ ʨʝʟʫʣʪɹʘʪʦʚ 

ɼʣʷ ʘʥʘʣʠʟʘ ʠ ʠʥʪʝʨʧʨʝʪʘʮʠʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʟʘʚʠʩʠʤʦʩʪʝʡ HR(űH) ʩ ʧʦʤʦʱʴʶ 

ʨʘʟʨʘʙʦʪʘʥʥʦʡ ʚ ʨʘʟʜʝʣʝ 2.2 ʤʝʪʦʜʠʢʠ ʙʳʣʠ ʦʧʨʝʜʝʣʝʥʳ ʟʥʘʯʝʥʠʷ ʵʬʬʝʢʪʠʚʥʳʭ ʧʘʨʘ-
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ʤʝʪʨʦʚ ʧʣʘʥʘʨʥʦʡ ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ (2.11). ʂʘʢ ʚʠʜʥʦ ʠʟ ʨʠʩʫʥʢʘ 2.6, ʥʘ ʢʦʪʦʨʦʤ 

ʘʧʧʨʦʢʩʠʤʠʨʫʶʱʠʝ ʪʝʦʨʝʪʠʯʝʩʢʠʝ ʢʨʠʚʳʝ HR(űH) ʧʦʢʘʟʘʥʳ ʩʧʣʦʰʥʳʤʠ ʣʠʥʠʷʤʠ, ʚʳ-

ʨʘʞʝʥʠʝ (2.11) ʜʦʩʪʘʪʦʯʥʦ ʭʦʨʦʰʦ ʦʧʠʩʳʚʘʝʪ ʘʥʠʟʦʪʨʦʧʥʳʝ ʩʚʦʡʩʪʚʘ ʥʘʢʣʦʥʥʦ ʦʩʘʞ-

ʜʝʥʥʦʛʦ ʚ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ ʦʙʨʘʟʮʘ ʪʦʥʢʦʡ ʧʣʝʥʢʠ. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʟʥʘʯʝʥʠʷ ʵʬ-

ʬʝʢʪʠʚʥʳʭ ʧʘʨʘʤʝʪʨʦʚ (smam MAmH /2=  ʠ űm) ʘʥʠʟʦʪʨʦʧʠʠ ʚʪʦʨʦʛʦ, ʯʝʪʚʝʨʪʦʛʦ ʠ ʰʝʩ-

ʪʦʛʦ ʧʦʨʷʜʢʘ ʜʣʷ ʣʦʢʘʣʴʥʳʭ ʫʯʘʩʪʢʦʚ ʧʣʝʥʢʠ ʚʜʦʣʴ ʦʩʠ x ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʨʠʩʫʥʢʝ 2.7 

ʤʘʨʢʝʨʘʤʠ. 

  

 

ʈʠʩʫʥʦʢ 2.7 ï ɿʥʘʯʝʥʠʷ ʵʬʬʝʢʪʠʚʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʧʣʘʥʘʨʥʦʡ ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ 

(Ham ʠ űm, ʜʣʷ m = 2,4,6) ʣʦʢʘʣʴʥʳʭ ʫʯʘʩʪʢʦʚ ʊʄʇ ʚʜʦʣʴ ʦʩʠ x. ʄʘʨʢʝʨʳ ï ʵʢʩʧʝʨʠʤʝʥʪ, 

ʣʠʥʠʠ ï ʨʝʟʫʣʴʪʘʪʳ ʤʠʢʨʦʤʘʛʥʠʪʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʤʦʜʝʣʠ ʜʚʫʭʩʣʦʡʥʦʡ ʧʣʝʥʢʠ 
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ʅʘʙʣʶʜʘʝʤʦʝ ʥʘ ʨʠʩʫʥʢʝ 2.7 ʠʟʤʝʥʝʥʠʝ ʚʝʣʠʯʠʥʳ Ha2(x) ʠ ʥʘʧʨʘʚʣʝʥʠʷ ű2(x) ʧʦʣʷ 

ʦʜʥʦʦʩʥʦʡ ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ (ʚʪʦʨʦʛʦ ʧʦʨʷʜʢʘ) ʚʜʦʣʴ ʦʩʠ x ʊʄʇ ʜʝʤʦʥʩʪʨʠʨʫʶʪ 

çʢʦʥʢʫʨʝʥʮʠʶè ʜʚʫʭ ʤʝʭʘʥʠʟʤʦʚ, ʫʯʘʩʪʚʫʶʱʠʭ ʚ ʬʦʨʤʠʨʦʚʘʥʠʠ ʨʝʟʫʣʴʪʠʨʫʶʱʝʡ 

(ʩʫʤʤʘʨʥʦʡ) ʘʥʠʟʦʪʨʦʧʠʠ. ɼʝʡʩʪʚʠʪʝʣʴʥʦ, ʧʦʤʠʤʦ ʥʘʚʝʜʝʥʥʦʡ ʚʥʝʰʥʠʤ ʧʦʣʝʤ ʦʜʥʦʦʩ-

ʥʦʡ ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ ʩ ʧʦʩʪʦʷʥʥʳʤ ʜʣʷ ʚʩʝʡ ʊʄʇ ʟʥʘʯʝʥʠʝʤ Hu, ʜʦʧʦʣʥʠʪʝʣʴʥʳʤ 

ʠʩʪʦʯʥʠʢʦʤ ʨʝʟʫʣʴʪʠʨʫʶʱʝʡ ʘʥʠʟʦʪʨʦʧʠʠ ʷʚʣʷʝʪʩʷ ʦʜʥʦʦʩʥʘʷ ʤʘʛʥʠʪʥʘ ̫ʘʥʠʟʦʪʨʦʧʠʷ Hk, 

ʚʝʣʠʯʠʥʘ ʢʦʪʦʨʦʡ ʧʨʷʤʦ ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʘ (ʛʣʘʚʘ 6) ʫʛʣʫ ʦʩʘʞʜʝʥʠʷ ʯʘʩʪʠʮ Ŭ ʠ, ʩʣʝʜʦ-

ʚʘʪʝʣʴʥʦ, ʢʦʦʨʜʠʥʘʪʝ x. ʇʦʩʢʦʣʴʢʫ ʥʘʧʨʘʚʣʝʥʠʷ ʦʩʝʡ ʣʝʛʢʦʛʦ ʥʘʤʘʛʥʠʯʠʚʘʥʠʷ ʜʣʷ Hu ʠ Hk 

ʧʨʠ ʠʟʛʦʪʦʚʣʝʥʠʠ ʊʄʇ ʙʳʣʠ ʚʳʙʨʘʥʳ ʦʨʪʦʛʦʥʘʣʴʥʦ ʜʨʫʛ ʜʨʫʛʫ, ʪʦ ʨʝʟʫʣʴʪʠʨʫʶʱʝʝ 

ʟʥʘʯʝʥʠʝ ʧʦʣʷ ʦʜʥʦʦʩʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ
3
 ʦʧʨʝʜʝʣʷʝʪʩʷ ʠʭ ʨʘʟʥʦʩʪʴʶ, ʘ ʨʝʟʫʣʪɹʠʨʫʶʱʝʝ 

ʥʘʧʨʘʚʣʝʥʠʝ ʆʃʅ ï ʥʘʧʨʘʚʣʝʥʠʝʤ ʧʨʝʦʙʣʘʜʘʶʱʝʡ ʘʥʠʟʦʪʨʦʧʠʠ. 

ʊʘʢ, ʜʣʷ ʫʯʘʩʪʢʦʚ ʊʄʇ ʩ ʢʦʦʨʜʠʥʘʪʘʤʠ x < 1ʤʤ ʥʘʚʝʜʝʥʥʘʷ ʚʥʝʰʥʠʤ ʧʦʣʝʤ ʘʥʠ-

ʟʦʪʨʦʧʠʷ ʧʨʝʦʙʣʘʜʘʝʪ (Hu > Hk), ʘ ʨʝʟʫʣʴʪʠʨʫʶʱʝʝ ʧʦʣʝ Ha2(x) = Hu ï Hk(x) ʣʠʥʝʡʥʦ 

ʫʤʝʥʴʰʘʝʪʩʷ ʩ ʨʦʩʪʦʤ x. ʇʨʠ ʵʪʦʤ ʆʃʅ ű2 å 1.5̄  ʧʨʘʢʪʠʯʝʩʢʠ ʩʦʚʧʘʜʘʝʪ ʩ ʦʩʴʶ x, ʚʜʦʣʴ 

ʢʦʪʦʨʦʛʦ ʙʳʣʦ ʧʨʠʣʦʞʝʥʦ ʤʘʛʥʠʪʥʦʝ ʧʦʣʝ H ʚʦ ʚʨʝʤʷ ʦʩʘʞʜʝʥʠʷ ʊʄʇ (ʨʠʩʫʥʦʢ 2.5, a). 

ʇʨʠ ʫʛʣʝ Ŭ ʦʢʦʣʦ 8.3Á (x = 1 ʤʤ) ʨʝʟʫʣʴʪʠʨʫʶʱʘʷ ʦʜʥʦʦʩʥʘʷ ʘʥʠʟʦʪʨʦʧʠʷ ʠʤʝʝʪ ʤʠʥʠ-

ʤʘʣʴʥʦʝ ʟʥʘʯʝʥʠʝ, ʯʪʦ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʪʦʤ, ʯʪʦ ʥʘʚʝʜʝʥʥʳʝ ʧʦʣʝʤ ʠ ʥʘʢʣʦʥʥʳʤ ʦʩʘ-

ʞʜʝʥʠʝʤ ʘʥʠʟʦʪʨʦʧʠʠ ʧʨʘʢʪʠʯʝʩʢʠ ʢʦʤʧʝʥʩʠʨʫʶʪ ʜʨʫʛ ʜʨʫʛʘ ʚ ʵʪʦʡ ʦʙʣʘʩʪʠ ʦʙʨʘʟʮʘ. ɼʣʷ 

ʙʦʣʴʰʠʭ ʫʛʣʦʚ Ŭ (x > 1 ʤʤ) ʥʘʢʣʦʥʥʦʝ ʦʩʘʞʜʝʥʠʝ ʩʪʘʥʦʚʠʪʩʷ ʜʦʤʠʥʠʨʫʶʱʠʤ ʠʩʪʦʯʥʠ-

ʢʦʤ ʘʥʠʟʦʪʨʦʧʠʠ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʨʝʟʢʦʤʫ ʨʘʟʚʦʨʦʪʫ ű2 ʧʨʠʤʝʨʥʦ ʥʘ 80Á ʚ ʥʘʧʨʘʚʣʝʥʠʠ 

ʆʃʅ ʥʘʢʣʦʥʥʦ ʠʥʜʫʮʠʨʦʚʘʥʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ Hk, ʘ ʪʘʢʞʝ ʢ ʨʦʩʪʫ ʵʬʬʝʢʪʠʚʥʦʛʦ ʧʦʣʷ 

Ha2(x) = Hk(x) ï Hu ʩ ʨʦʩʪʦʤ x. ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʧʦʜʦʙʥʳʡ ʵʬʬʝʢʪ ʢʦʤʧʝʥʩʘʮʠʠ ʦʜ-

ʥʦʦʩʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ ʨʘʩʩʤʦʪʨʝʥ ʚ ʨʘʟʜʝʣʝ 5.1, ʛʜʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦ-

ʚʘʥʠʷ ʤʘʛʥʠʪʥʳʭ ʥʝʦʜʥʦʨʦʜʥʦʩʪʝʡ ʊʄʇ ʧʦʜ ʚʦʟʜʝʡʩʪʚʠʝʤ ʫʧʨʫʛʠʭ ʥʘʧʨʷʞʝʥʠʡ. 

ʇʦʤʠʤʦ ʦʜʥʦʦʩʥʦʡ (ʩ m = 2) ʘʥʠʟʦʪʨʦʧʠʠ ʟʥʘʯʠʪʝʣʴʥʦʝ ʚʣʠʷʥʠʝ ʥʘ ʤʘʛʥʠʪʥʦʝ 

ʧʦʚʝʜʝʥʠʝ ʊʄʇ ʦʢʘʟʳʚʘʶʪ ʩʦʩʪʘʚʣʷʶʱʠʝ ʘʥʠʟʦʪʨʦʧʠʠ ʯʝʪʚʝʨʪʦʛʦ ʠ ʰʝʩʪʦʛʦ ʧʦʨʷʜʢʘ 

(ʨʠʩʫʥʦʢ 2.7), ʯʪʦ ʩʚʦʡʩʪʚʝʥʥʦ, ʢʘʢ ʧʨʘʚʠʣʦ, ʪʦʣʴʢʦ ʤʦʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʤ ʦʙʨʘʟʮʘʤ. 

ʅʘʣʠʯʠʝ ʩʦʩʪʘʚʣʷʶʱʠʭ Ha4 ʠ Ha6 ʤʦʞʝʪ ʫʢʘʟʳʚʘʪʴ ʥʘ ʪʦ, ʯʪʦ ʧʣʝʥʢʘ ʩʦʩʪʦʠʪ ʠʟ ʩʣʦʝʚ ʠʣʠ 

ʦʙʣʘʩʪʝʡ, ʩʚʷʟʘʥʥʳʭ ʦʙʤʝʥʥʳʤ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝʤ ʠ ʦʪʣʠʯʘʶʱʠʭʩʷ ʜʨʫʛ ʦʪ ʜʨʫʛʘ ʤʘʛ-

ʥʠʪʥʳʤʠ ʧʘʨʘʤʝʪʨʘʤʠ [105, 106]. ɺ ʨʘʙʦʪʘʭ [107ï109] ʙʳʣʦ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʦʙʥʘʨʫ-

                                              
3
 ʏʪʦʙʳ ʫʙʝʜʠʪʴʩʷ ʚ ʵʪʦʤ, ʤʦʞʥʦ ʚʦʩʧʦʣʴʟʦʚʘʪʴʩʷ ʚʳʨʘʞʝʥʠʝʤ (5.11) ʠʟ 5 ʛʣʘʚʳ, ʚ ʢʦ-

ʪʦʨʦʡ ʥʝʦʙʭʦʜʠʤʦ ʟʘʤʝʥʠʪʴ Hů ʥʘ Hk 
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ʞʝʥʦ ʠ ʪʝʦʨʝʪʠʯʝʩʢʠ ʧʦʜʪʚʝʨʞʜʝʥʦ, ʯʪʦ ʜʚʫʭʩʣʦʡʥʳʝ ʩʠʩʪʝʤʳ ʩ ʦʨʪʦʛʦʥʘʣʴʥʦ ʦʨʠʝʥʪʠ-

ʨʦʚʘʥʥʦʡ ʦʜʥʦʦʩʥʦʡ ʘʥʠʟʦʪʨʦʧʠʝʡ ʚ ʦʪʜʝʣʴʥʳʭ ʩʣʦ̫ʭ ʜʝʤʦʥʩʪʨʠʨʫʶʪ ʵʬʬʝʢʪʠʚʥʫʶ 

ʤʘʛʥʠʪʥʫʶ ʘʥʠʟʦʪʨʦʧʠʶ ʯʝʪʚʝʨʪʦʛʦ ʧʦʨʷʜʢʘ. ʂʘʢ ʧʦʢʘʟʘʥʦ ʚ ʰʝʩʪʦʡ ʛʣʘʚʝ, ʥʘʢʣʦʥʥʦʝ 

ʦʩʘʞʜʝʥʠʝ ʠʟ-ʟʘ ʵʬʬʝʢʪʘ çʟʘʪʝʥʝʥʠʷè ʧʨʠʚʦʜʠʪ ʢ ʥʝʦʜʥʦʨʦʜʥʦʤʫ ʨʘʩʧʨʝʜʝʣʝʥʠ ʁʤʘʛ-

ʥʠʪʥʳʭ ʯʘʩʪʠʮ ʧʦ ʪʦʣʱʠʥʝ ʧʣʝʥʢʠ. ʇʨʠʯʝʤ ʧʣʦʪʥʦʩʪʴ ʊʄʇ ʥʝʣʠʥʝʡʥʦ ʫʙʳʚʘʝʪ ʧʦ ʥʘ-

ʧʨʘʚʣʝʥʠʶ ʦʪ ʧʦʜʣʦʞʢʠ ʢ ʝʝ ʧʦʚʝʨʭʥʦʩʪʠ. ʇʦʵʪʦʤʫ ʚ ʨʘʤʢʘʭ ʜʦʧʫʩʪʠʤʦʛʦ ʧʨʠʙʣʠʞʝʥʠʷ 

ʥʘʢʣʦʥʥʦ ʦʩʘʞʜʝʥʥʫʶ ʊʄʇ ʤʦʞʥʦ ʨʘʩʩʤʘʪʨʠʚʘʪʴ ʢʘʢ ʜʚʫʭʩʣʦʡʥʫʶ ʩʪʨʫʢʪʫʨʫ ʩ ʵʬ-

ʬʝʢʪʠʚʥʳʤʠ ʫʩʨʝʜʥʝʥʥʳʤʠ ʧʘʨʘʤʝʪʨʘʤʠ ʦʪʜʝʣʴʥʳʭ ʩʣʦʝʚ (ʨʠʩʫʥʦʢ 2.5, b). ʇʨʝʜʧʦʣʦ-

ʞʠʤ, ʯʪʦ ʥʠʞʥʠʡ ʩʣʦʡ ʊʄʇ ʪʦʣʱʠʥʦʡ d1 ʦʜʥʦʨʦʜʝʥ ʠ ʤʘʛʥʠʪʥʘʷ ʘʥʠʟʦʪʨʦʧʠʷ, ʩʚʷʟʘʥʥʘʷ 

ʩ ʥʝʦʜʥʦʨʦʜʥʦʡ ʤʦʨʬʦʣʦʛʠʝʡ ʠʟ-ʟʘ ʥʘʢʣʦʥʥʦʛʦ ʦʩʘʞʜʝʥʠʷ ʯʘʩʪʠʮ, ʦʪʩʫʪʩʪʚʫʝʪ. ɹʫʜʝʤ 

ʩʯʠʪʘʪʴ, ʯʪʦ ʚ ʦʪʣʠʯʠʝ ʦʪ ʥʠʞʥʝʛʦ ʩʣʦʷ, ʚ ʚʝʨʭʥʝʤ ʥʝʦʜʥʦʨʦʜʥʦʤ ʩʣʦʝ ʪʦʣʱʠʥʦʡ d2 

ʤʘʛʥʠʪʥʘʷ ʘʥʠʟʦʪʨʦʧʠʷ, ʦʙʫʩʣʦʚʣʝʥʥʘʷ ʥʘʢʣʦʥʥʳʤ ʦʩʘʞʜʝʥʠʝʤ, ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ ʫʩ-

ʨʝʜʥʝʥʥʳʤʠ ʧʘʨʘʤʝʪʨʘʤʠ Hk ʠ űk. ɼʣʷ ʚʩʝʛʦ ʦʙʲʝʤʘ ʜʚʫʭʩʣʦʡʥʦʡ ʊʄʇ ʜʣʷ ʧʨʦʩʪʦʪʳ 

ʪʘʢʞʝ ʧʨʠʤʝʤ, ʯʪʦ ʢʦʥʩʪʘʥʪʘ ʦʙʤʝʥʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ A, ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʴ ʥʘʩʳʱʝʥʠʷ 

Ms, ʘ ʪʘʢʞʝ ʧʘʨʘʤʝʪʨʳ ʥʘʚʝʜʝʥʥʦʡ ʚʥʝʰʥʠʤ ʤʘʛʥʠʪʥʳʤ ʧʦʣʝʤ ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ 

Hu ʠ űu ʧʦʩʪʦʷʥʥr  ʠ ʭʘʨʘʢʪʝʨʠʟʫʶʪʩʷ ʥʝʢʦʪʦʨʳʤʠ ʫʩʨʝʜʥʝʥʥʳʤʠ ʟʥʘʯʝʥʠʷʤʠ. 

ɼʣʷ ʧʦʜʪʚʝʨʞʜʝʥʠʷ ʚʳʜʚʠʥʫʪʦʡ ʛʠʧʦʪʝʟʳ ʚ ʨʘʤʢʘʭ ʨʘʩʩʤʦʪʨʝʥʥʦʡ ʤʦʜʝʣʠ ʩ ʧʦ-

ʤʦʱʴʶ ʤʠʢʨʦʤʘʛʥʠʪʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ (ʛʣʘʚʘ 3) ʙʳʣʠ ʠʩʩʣʝʜʦʚʘʥʳ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ 

ʜʚʫʭʩʣʦʡʥʦʡ ʧʣʝʥʢʠ. ʊʘʢ ʞʝ, ʢʘʢ ʠ ʚ ʵʢʩʧʝʨʠʤʝʥʪʝ, ʵʬʬʝʢʪʠʚʥʳʝ ʧʘʨʘʤʝʪʨʳ ʧʣʘʥʘʨʥʦʡ 

ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ ʦʧʨʝʜʝʣʷʣʠʩʴ ʠʟ ʫʛʣʦʚʳʭ ʟʘʚʠʩʠʤʦʩʪʝʡ ʧʦʣʷ ʌʄʈ HR(űH), ʧʦ-

ʣʫʯʝʥʥʳʭ ʤʠʢʨʦʤʘʛʥʠʪʥʳʤ ʨʘʩʯʝʪʦʤ. ɺ ʨʘʩʯʝʪʘʭ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʩʣʝʜʫʶʱʠʝ ʦʧʪʠ-

ʤʘʣʴʥʳʝ ʧʘʨʘʤʝʪʨʳ ʪʝʦʨʝʪʠʯʝʩʢʦʡ ʤʦʜʝʣʠ: ʪʦʣʱʠʥʘ ʥʠʞʥʝʛʦ ʩʣʦʷ d1 = 12.2 ʥʤ 

(d1/d = 0.2), ʢʦʥʩʪʘʥʪʘ ʦʙʤʝʥʘ A = 0.025Ĭ10
6
 ʵʨʛ/ʩʤ, ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʴ ʥʘʩʳʱʝʥʠʷ 

Ms = 734 ɻʩ, ʧʘʨʘʤʝʪʨ ʟʘʪʫʭʘʥʠʷ Ŭ = 0.0062, ʘ ʥʘʚʝʜʝʥʥʘʷ ʧʦʣʝʤ H ʦʜʥʦʦʩʥʘ ̫ʘʥʠʟʦʪʨʦʧʠ ̫

Hu = 14.4 ʕ ʠ űu = ï2.07Á. ʆʧʪʠʤʘʣʴʥʳʝ ʟʥʘʯʝʥʠʷ ʧʘʨʘʤʝʪʨʦʚ ʥʘʚʝʜʝʥʥʦʡ ʥʘʢʣʦʥʥʳʤ 

ʦʩʘʞʜʝʥʠʝʤ ʘʥʠʟʦʪʨʦʧʠʠ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʢʦʦʨʜʠʥʘʪʳ x ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʨʠʩʫʥʢʝ 2.8. 

ʅʘ ʨʠʩʫʥʢʝ 2.7 ʣʠʥʠʷʤʠ ʧʦʢʘʟʘʥʳ ʧʦʣʫʯʝʥʥʳʝ ʤʠʢʨʦʤʘʛʥʠʪʥʳʤ ʤʦʜʝʣʠʨʦʚʘʥʠʝʤ ʟʘʚʠ-

ʩʠʤʦʩʪʠ ʵʬʬʝʢʪʠʚʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ ʚʪʦʨʦʛʦ, ʯʝʪʚʝʨʪʦʛʦ ʠ ʰʝʩʪʦʛʦ 

ʧʦʨʷʜʢʘ ʦʪ ʢʦʦʨʜʠʥʘʪʳ ʣʦʢʘʣʴʥʦʛʦ ʫʯʘʩʪʢʘ ʊʄʇ. ʍʦʨʦʰʝʝ ʩʦʚʧʘʜʝʥʠʝ ʯʠʩʣʝʥʥʳʭ ʠ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ ʧʦʜʪʚʝʨʞʜʘʝʪ ʧʨʠʤʝʥʠʤʦʩʪʴ ʜʚʫʭʩʣʦʡʥʦʡ ʤʦʜʝʣʠ ʜʣʷ 

ʦʙʲʷʩʥʝʥʠʷ ʬʦʨʤʠʨʦʚʘʥʠʷ ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ ʚʳʩhʠʭ ʧʦʨʷʜʢʦʚ ʚ ʊʄʇ, ʧʦʣʫʯʝʥ-

ʥʦʡ ʥʘʢʣʦʥʥʳʤ ʦʩʘʞʜʝʥʠʝʤ ʚʦ ʚʥʝʰʥʝʤ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ. 
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ʈʠʩʫʥʦʢ 2.8 ï ʆʧʪʠʤʘʣʴʥʳʝ (ʧʦʜʛʦʥʦʯʥʳʝ) ʧʘʨʘʤʝʪʨʳ ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ, ʥʘʚʝ-

ʜʝʥʥʦʡ ʥʘʢʣʦʥʥʳʤ ʦʩʘʞʜʝʥʠʝʤ, ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʢʦʦʨʜʠʥʘʪʳ ʣʦʢʘʣʴʥʦʛʦ ʫʯʘʩʪʢʘ ʊʄʇ 

2.4 ɺʳʚʦʜʳ 

ʉʨʝʜʠ ʨʘʟʣʠʯʥʳʭ ʨʘʜʠʦʬʠʟʠʯʝʩʢʠʭ ʤʝʪʦʜʦʚ ʠʩʩʣʝʜʦʚʘʥʠʷ ʤʘʛʥʠʪʥʳʭ ʤʘʪʝʨʠʘʣʦʚ 

ʤʝʪʦʜ ʌʄʈ ʷʚʣʷʝʪʩʷ ʦʜʥʠʤ ʠʟ ʥʘʠʙʦʣʝʝ ʯʫʚʩʪʚʠʪʝʣʴʥʳʭ ʠ ʨʘʩʧʨʦʩʪʨʘʥʝʥʥʳʭ. ʆʥ ʧʦ-

ʟʚʦʣʷʝʪ ʠʟʫʯʘʪʴ ʥʝ ʪʦʣʴʢʦ ʤʘʛʥʠʪʥʫ  ʁʘʥʠʟʦʪʨʦʧʠʶ ʠ ʜʠʥʘʤʠʢʫ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʤʘʪʝ-

ʨʠʘʣʦʚ, ʥʦ ʠ, ʧʦʤʠʤʦ ʚʩʝʛʦ ʧʨʦʯʝʛʦ, ʠʟʤʝʨʷʪʴ ʚʘʞʥʝʡʰʠʡ ʧʦʢʘʟʘʪʝʣʴ ʠʭ ʢʘʯʝʩʪʚʘ ï ʠh-

ʨʠʥʫ ʣʠʥʠʠ ʌʄʈ. ɼʣʷ ʧʨʦʚʝʜʝʥʠʷ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʣʦʢʘʣʴʥʳʭ ʠ ʠʥ-

ʪʝʛʨʘʣʴʥʳʭ ʤʘʛʥʠʪʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʪʦʥʢʠʭ ʧʣʝʥʦʢ ʚ ʀʌ ʉʆ ʈɸʅ ʙʳʣʠ ʨʘʟʨʘʙʦʪʘʥʳ 

ʜʚʘ ʫʥʠʢʘʣʴʥʳʭ ʩʧʝʢʪʨʦʤʝʪʨʘ ʌʄʈ. ʕʪʦ ʩʢʘʥʠʨʫʶʱʠʡ ʩʧʝʢʪʨʦʤʝʪʨ ʌʄʈ, ʢʦʪʦʨʳʡ ʜʣʷ 

ʬʠʢʩʠʨʦʚʘʥʥʦʡ ʯʘʩʪʦʪʳ ʚ ʜʠʘʧʘʟʦʥʝ 0.1ï6 ɻɻʮ ʧʦʟʚʦʣʷʝʪ ʩ ʚrʩʦʢʦʡ ʪʦʯʥʦʩʪʴʶ ʠʟʤʝʨʷʪʴ 

ʧʦʣʝʚʳʝ ʩʧʝʢʪʨʳ ʬʝʨʨʦʤʘʛʥʠʪʥʦʛʦ ʨʝʟʦʥʘʥʩʘ ʩ ʣʦʢʘʣʴʥʳʭ ʫʯʘʩʪʢʦʚ ʪʦʥʢʠʭ ʧʣʝʥʦʢ 

ʧʣʦʱʘʜʴʶ 0.08ï0.8 ʤʤ
2
. ɸ ʪʘʢʞʝ ʰʠʨʦʢʦʧʦʣʦʩʥʳʡ ʩʧʝʢʪʨʦʤʝʪʨ ʌʄʈ, ʢʦʪʦʨʳʡ ʜʣʷ 

ʬʠʢʩʠʨʦʚʘʥʥʦʛʦ ʟʥʘʯʝʥʠʷ ʚʥʝʰʥʝʛʦ ʧʦʣʷ ʧʦʟʚʦʣʷʝʪ ʩ ʚʳʩʦʢʦʡ ʪʦʯʥʦʩʪʴʶ ʠʟʤʝʨʷʪʴ ʯʘʩ-

ʪʦʪʥʳʝ ʩʧʝʢʪʨʳ ʤʘʛʥʠʪʥʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʦʙʨʘʟʮʦʚ ʚ ʜʠʘʧʘʟʦʥʝ 

0.1ï9.5 ɻɻʮ. ʆʩʥʦʚʥʳʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ ʨʘʙʦʪʳ ʙʳʣʠ 

ʧʦʣʫʯʝʥʳ ʙʣʘʛʦʜʘʨʷ ʚʳʩʦʢʦʡ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʠ ʠ ʪʦʯʥʦʩʪʠ ʵʪʠʭ ʧʨʠʙʦʨʦʚ. 

ʅʝʩʤʦʪʨʷ ʥʘ ʪʦ, ʯʪʦ ʤʝʪʦʜ ʌʄʈ ʷʚʣʷʝʪʩʷ ʠʟʚʝʩʪʥʳʤ ʠ ʭʦʨʦʰʦ ʨʘʟʚʠʪʳʤ ʵʢʩʧʝʨʠ-

ʤʝʥʪʘʣʴʥʳʤ ʤʝʪʦʜʦʤ, ʰʠʨʦʢʦ ʧʨʠʤʝʥʷʝʤʳʤ ʥʘ ʧʨʘʢʪʠʢʝ, ʧʨʠ ʘʥʘʣʠʟʝ ʠ ʦʙʨʘʙʦʪʢʝ ʵʢʩ-
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ʧʝʨʠʤʝʥʪʘʣʥɹʳʭ ʜʘʥʥʳʭ ʧʨʠʭʦʜʠʪʩʷ ʩʪʘʣʢʠʚʘʪʴʩʷ ʩ ʨʷʜʦʤ ʧʨʦʙʣʝʤ, ʦʪ ʨʝʰʝʥʠʷ ʢʦʪʦʨʳʭ 

ʥʘʧʨʷʤʫʶ ʟʘʚʠʩʠʪ ʪʦʯʥʦʩʪʴ ʠ ʜʦʩʪʦʚʝʨʥʦʩʪʴ ʧʦʣʫʯʘʝʤʳʭ ʨʝʟʫʣʴʪʘʪʦʚ. ɺ ʯʘʩʪʥʦʩʪʠ, ʜʣʷ 

ʛʣʫʙʦʢʦʛʦ ʧʦʥʠʤʘʥʠʷ ʩʚʷʟʠ ʤʝʞʜʫ ʩʪʨʫʢʪʫʨʦʡ ʠ ʤʘʛʥʠʪʥʳʤʠ ʩʚʦʡʩʪʚʘʤʠ ʪʦʥʢʠʭ ʧʣʝʥʦʢ 

ʪʨʝʙʫʝʪʩʷ ʪʦʯʥʦʝ ʦʧʨʝʜʝʣʝʥʠʝ ʨʘʟʣʠʯʥʳʭ ʚʢʣʘʜʦʚ ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ, ʧʨʠʨʦʜʘ ʢʦ-

ʪʦʨʳʭ, ʢʘʢ ʧʨʘʚʠʣʦ, ʟʥʘʯʠʪʝʣʴʥʦ ʨʘʟʥʦʦʙʨʘʟʥʝʝ, ʯʝʤ ʚ ʦʙʲʝʤʥʳʭ ʤʘʪʝʨʠʘʣʘʭ. ʇʨʠ ʨʝ-

ʰʝʥʠʠ ʵʪʦʡ ʟʘʜʘʯʠ ʥʘ ʧʝʨʚʦʝ ʤʝʩʪʦ ʚʳʭʦʜʠʪ ʧʨʦʙʣʝʤʘ ʜʦʩʪʦʚʝʨʥʦʩʪʠ ʠ ʦʙʦʩʥʦʚʘʥʥʦʩʪʠ 

ʠʩʧʦʣʴʟʫʝʤʦʡ ʧʨʠ ʘʥʘʣʠʟʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ ʘʥʘʣʠʪʠʯʝʩʢʦʡ ʤʦʜʝʣʠ ʧʣʝʥʢʠ, ʘ 

ʪʘʢʞʝ ʚʳʯʠʩʣʠʪʝʣʴʥʳʝ ʦʛʨʘʥʠʯʝʥʠʷ ʤʝʪʦʜʦʚ ʝʝ ʨʘʩʯʝʪʘ ʠ ʘʣʛʦʨʠʪʤʦʚ ʦʧʨʝʜʝʣʝʥʠʷ ʧʘ-

ʨʘʤʝʪʨʦʚ ʤʦʜʝʣʠ. 

ɺ ʜʘʥʥʦʡ ʛʣʘʚʝ ʨʘʩʩʤʦʪʨʝʥ ʦʙʱʠʡ ʧʦʜʭʦʜ ʢ ʨʝʰʝʥʠʶ ʪʘʢʦʛʦ ʨʦʜʘ ʧʨʦʙʣʝʤ. ɺ ʯʘ-

ʩʪʥʦʩʪʠ, ʧʨʝʜʣʦʞʝʥ ʩʧʦʩʦʙ ʨʝʰʝʥʠʷ ʩʠʩʪʝʤʳ ʜʚʫʭ ʩʚʷʟʘʥʥʳʭ ʥʝʣʠʥʝʡʥʳʭ ʫʨʘʚʥʝʥʠʡ, 

ʦʧʠʩʳʚʘʶʱʠʭ ʫʩʣʦʚʠʝ ʨʘʚʥʦʚʝʩʠʷ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʠ ʫʩʣʦʚʠʝ ʌʄʈ ʦʜʥʦʨʦʜʥʦ ʥʘʤʘʛ-

ʥʠʯʝʥʥʦʡ ʚ ʧʣʦʩʢʦʩʪʠ ʧʣʝʥʢʠ. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʨʝʰʝʥʠʝ ʵʪʦʡ ʟʘʜʘʯʠ ʩʚʦʜʠʪʩʷ ʢ ʜʚʫʤ ʥʝ-

ʣʠʥʝʡʥʳʤ ʫʨʘʚʥʝʥʠʷʤ, ʦʜʥʦ ʠʟ ʢʦʪʦʨʳʭ ʷʚʣʷʝʪʩʷ ʥʝʟʘʚʠʩʠʤʳʤ. ʇʦʩʣʝʜʦʚʘʪʝʣʴʥʦʝ ʨʝ-

ʰʝʥʠʝ ʵʪʠʭ ʫʨʘʚʥʝʥʠʡ ʧʦʟʚʦʣʷʝʪ ʨʘʩʩʯʠʪʳʚʘʪʴ ʟʥʘʯʝʥʠʷ ʨʝʟʦʥʘʥʩʥʳʭ ʧʦʣʝʡ ʜʣʷ ʣʶʙʳʭ 

ʧʘʨʘʤʝʪʨʦʚ ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ. ʊʘʢʞʝ ʨʘʟʨʘʙʦʪʘʥʘ ʬʝʥʦʤʝʥʦʣʦʛʠʯʝʩʢʘʷ ʤʦʜʝʣʴ 

ʊʄʇ, ʦʧʠʩʳʚʘʶʱʘʷ ʧʣʘʥʘʨʥʫʶ ʤʘʛʥʠʪʥʫʶ ʘʥʠʟʦʪʨʦʧʠʶ ʚ ʚʠʜʝ ʨʘʟʣʦʞʝʥʠʷ ʚ ʨʷʜ ʌʫʨʴʝ 

ʧʦ ʘʟʠʤʫʪʘʣʴʥʦʤʫ ʫʛʣʫ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʪʘʢʘʷ çʦʙʱʘʷè ʤʦʜʝʣʴ ʥʘʠʙʦʣʝʝ 

ʧʦʜʭʦʜʠʪ ʜʣʷ ʠʟʫʯʝʥʠʷ ʩʚʦʡʩʪʚ ʧʣʝʥʦʢ, ʤʘʛʥʠʪʥʘʷ ʘʥʠʟʦʪʨʦʧʠʷ ʢʦʪʦʨʳʭ ʦʙʫʩʣʦʚʣʝʥʘ 

ʩʫʧʝʨʧʦʟʠʮʠʝʡ ʘʥʠʟʦʪʨʦʧʥʳʭ ʚʢʣʘʜʦʚ ʨʘʟʣʠʯʥʦʡ ʧʨʠʨʦʜʳ. 

ʅʘ ʦʩʥʦʚʝ ʧʨʝʜʣʦʞʝʥʥʦʛʦ ʩʧʦʩʦʙʘ ʨʝʰʝʥʠʷ ʩʠʩʪʝʤʳ ʥʝʣʠʥʝʡʥʳʭ ʫʨʘʚʥʝʥʠʡ ʜʣʷ 

ʫʩʣʦʚʠʷ ʨʘʚʥʦʚʝʩʠʷ ʠ ʫʩʣʦʚʠʷ ʌʄʈ, ʘ ʪʘʢʞʝ ʟʘʜʘʥʥʦʛʦ ʚʠʜʘ ʮʝʣʝʚʦʡ ʬʫʥʢʮʠʠ ʦʧʪʠʤʠ-

ʟʘʮʠʦʥʥʦʡ ʟʘʜʘʯʠ, ʨʝʘʣʠʟʦʚʘʥʘ ʤʝʪʦʜʠʢʘ ʦʧʨʝʜʝʣʝʥʠʷ ʠʟ ʠʟʤʝʨʝʥʥʳʭ ʫʛʣʦʚʳʭ ʟʘʚʠʩʠ-

ʤʦʩʪʝʡ ʨʝʟʦʥʘʥʩʥʦʛʦ ʧʦʣʷ ʧʘʨʘʤʝʪʨʦʚ ʪʝʦʨʝʪʠʯʝʩʢʦʡ ʤʦʜʝʣʠ. ʇʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥʦ, ʯʪʦ 

ʤʝʪʦʜʠʢʘ ʧʦʟʚʦʣʷʝʪ ʩ ʚʳʩʦʢʦʡ ʪʦʯʥʦʩʪʴʶ ʦʧʨʝʜʝʣʷʪʴ ʧʘʨʘʤʝʪʨʳ ʪʝʦʨʝʪʠʯʝʩʢʦʡ ʤʦʜʝʣʠ, ʚ 

ʪʦʤ ʯʠʩʣʝ ʠʟ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʫʛʣʦʚʳʭ ʟʘʚʠʩʠʤʦʩʪʝʡ, ʠʤʝʶʱʠʭ ʥʝʩʢʦʣʴʢʦ ʟʥʘʯʝʥʠʡ 

ʨʝʟʦʥʘʥʩʥʳʭ ʧʦʣʝʡ ʧʨʠ ʦʧʨʝʜʝʣʝʥʥʳʭ ʫʛʣʘʭ ʚʥʝʰʥʝʛʦ ʧʦʣʷ. ʂʨʦʤʝ ʪʦʛʦ, ʧʦʢʘʟʘʥʦ, ʯʪʦ ʩ 

ʧʦʤʦʱʴʶ ʧʨʝʜʣʦʞʝʥʥʦʡ ʤʝʪʦʜʠʢʠ ʧʦʤʠʤʦ ʧʘʨʘʤʝʪʨʦʚ ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ ʠ ʵʬ-

ʬʝʢʪʠʚʥʦʡ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʥʘʩʳʱʝʥʠʷ ʤʦʞʥʦ ʦʜʥʦʚʨʝʤʝʥʥʦ ʦʧʨʝʜʝʣʠʪʴ ʧʦʣʷʨʥʳʡ ʠ 

ʘʟʠʤʫʪʘʣʴʥʳʡ ʫʛʣʳ ʨʘʟʦʨʠʝʥʪʘʮʠʠ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʦʡ ʧʣʦʩʢʦʩʪʠ ʧʦʜʣʦʞʢʠ ʵʧʠʪʘʢ-

ʩʠʘʣʴʥʳʭ ʧʣʝʥʦʢ. ʄʝʪʦʜʠʢʘ ʨʝʘʣʠʟʦʚʘʥʘ ʚ ʚʠʜʝ ʧʨʦʛʨʘʤʤʳ ʜʣʷ ʕɺʄ, ʚʭʦʜʷʱʝʡ ʩʦʩʪʘʚ 

ʧʨʦʛʨʘʤʤʥʦʛʦ ʦʙʝʩʧʝʯʝʥʠʷ ʩʢʘʥʠʨʫʶʱʝʛʦ ʩʧʝʢʪʨʦʤʝʪʨʘ ʌʄʈ. 



64 
 

ɻʃɸɺɸ 3. ʏʀʉʃɽʅʅʓɽ ʄɽʊʆɼʓ ɼʃʗ ʀɿʋʏɽʅʀʗ ʉʊɸʊʀʏɽʉʂʀʍ ʀ 

ɼʀʅɸʄʀʏɽʉʂʀʍ ʍɸʈɸʂʊɽʈʀʉʊʀʂ ʅɸʅʆʂʈʀʉʊɸʃʃʀʏɽʉʂʀʍ 

ʊʆʅʂʀʍ ʄɸɻʅʀʊʅʓʍ ʇʃɽʅʆʂ 

ʈʘʟʚʠʪʠʝ ʯʠʩʣʝʥʥʳʭ ʤʝʪʦʜʦʚ ʤʠʢʨʦʤʘʛʥʠʪʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʠ ʟʥʘʯʠʪʝʣʴʥʳʡ 

ʨʦʩʪ ʚʳʯʠʩʣʠʪʝʣʴʥʦʡ ʤʦʱʥʦʩʪʠ ʩʦʚʨʝʤʝʥʥʳʭ ʢʦʤʧʴʶʪʝʨʦʚ ʦʪʢʨʳʚʘʶʪ ʥʦʚʳʝ ʚʦʟʤʦʞ-

ʥʦʩʪʠ ʚ ʠʟʫʯʝʥʠʠ ʩʚʦʡʩʪʚ ʤʘʛʥʠʪʥʳʭ ʤʘʪʝʨʠʘʣʦʚ. ʄʠʢʨʦʤʘʛʥʠʪʥʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʚ 

ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʟʘʥʠʤʘʝʪ ʧʨʦʤʝʞʫʪʦʯʥʦʝ ʧʦʣʦʞʝʥʠʝ ʤʝʞʜʫ ʪʝʦʨʠʝʡ ʠ ʵʢʩʧʝʨʠʤʝʥʪʦʤ. 

ʇʨʠ ʵʪʦʤ ʦʥʦ ʷʚʣʷʝʪʩʷ ʦʩʦʙʝʥʥʦ ʵʬʬʝʢʪʠʚʥʳʤ, ʘ ʚʦ ʤʥʦʛʠʭ ʩʣʫʯʘʷʭ ï ʝʜʠʥʩʪʚʝʥʥʦ ʚʦʟ-

ʤʦʞʥʳʤ ʠʥʩʪʨʫʤʝʥʪʦʤ ʠʟʫʯʝʥʠʷ ʬʠʟʠʢʠ ʨʝʘʣʴʥʳʭ ʦʙʲʝʢʪʦʚ, ʢʦʛʜʘ ʧʨʘʢʪʠʯʝʩʢʠ ʥʝʚʦʟ-

ʤʦʞʥʦ ʧʦʣʫʯʠʪʴ ʘʥʘʣʠʪʠʯʝʩʢʦʝ ʨʝʰʝʥʠʝ ʟʘʜʘʯʠ ʠ ʩʫʱʝʩʪʚʫʶʪ ʙʦʣʴʰʠʝ ʪʝʭʥʠʯʝʩʢʠʝ 

ʪʨʫʜʥʦʩʪʠ ʚ ʨʝʘʣʠʟʘʮʠʠ ʵʢʩʧʝʨʠʤʝʥʪʘ. 

ʅʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʝ ʤʘʪʝʨʠʘʣʳ ʷʚʣʷʶʪʩʷ ʦʜʥʠʤʠ ʠʟ ʩʘʤʳʭ ʩʣʦʞʥʳʭ ʦʙʲʝʢʪʦʚ ʩ 

ʪʦʯʢʠ ʟʨʝʥʠʷ ʯʠʩʣʝʥʥʦʛʦ ʤʠʢʨʦʤʘʛʥʠʪʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ. ʀʟ-ʟʘ ʩʣʫʯʘʡʥʦʛʦ ʭʘʨʘʢʪʝʨʘ 

ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ ʚ ʦʪʜʝʣʴʥʳʭ ʢʨʠʩʪʘʣʣʠʪʘʭ ʠʟʫʯʝʥʠʝ ʧʨʦʮʝʩʩʦʚ 

ʧʝʨʝʤʘʛʥʠʯʠʚʘʥʠʷ ʠ ʜʠʥʘʤʠʢʠ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʪʘʢʠʭ ʥʝʦʜʥʦʨʦʜʥʳʭ ʩʨʝʜ ʚʦʟʤʦʞʥʦ 

ʣʠʰʴ ʩʪʘʪʠʩʪʠʯʝʩʢʠ. ʇʦʵʪʦʤʫ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʜʦʩʪʦʚʝʨʥʳʭ ʠ ʨʝʣʝʚʘʥʪʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ 

ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʚ ʯʠʩʣʝʥʥʦʡ ʤʦʜʝʣʠ ʥʝʦʙʭʦʜʠʤʦ ʫʯʠʪʳʚʘʪʴ ʙʦʣʴʰʦʝ (ʩʪʘʪʠʩʪʠʯʝʩʢʠ 

ʟʥʘʯʠʤʦʝ) ʢʦʣʠʯʝʩʪʚʦ ʥʘʥʦʢʨʠʩʪʘʣʣʠʪʦʚ. ʕʪʦ ʥʘʢʣʘʜʳʚʘʝʪ ʨʷʜ ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ ʪʨʝʙʦ-

ʚʘʥʠʡ ʢ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʠ ʠ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʠʩʧʦʣʴʟʫʝʤʳʭ ʧʨʠ ʤʦʜʝʣʠʨʦʚʘʥʠʠ ʤʝʪʦ-

ʜʦʚ ʠ ʘʣʛʦʨʠʪʤʦʚ ʨʘʩʯʝʪʘ. 

ɺ ʜʘʥʥʦʡ ʛʣʘʚʝ ʨʘʩʩʤʦʪʨʝʥʳ ʨʘʟʨʘʙʦʪʘʥʥʳʝ ʯʠʩʣʝʥʥʳʝ ʤʝʪʦʜʳ ʠ ʧʨʦʛʨʘʤʤʘ ʜʣʷ 

ʕɺʄ, ʢʦʪʦʨʳʝ ʚ ʨʘʚʥʦʡ ʩʪʝʧʝʥʠ ʤʦʛʫʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥʳ ʜʣʷ ʠʟʫʯʝʥʠʷ ʩʪʘʪʠʯʝʩʢʠʭ ʠ 

ʜʠʥʘʤʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʢʘʢ ʦʜʥʦʨʦʜʥʳʭ, ʪʘʢ ʠ ʥʝʦʜʥʦʨʦʜʥʳʭ ʬʝʨʨʦʤʘʛʥʠʪʥʳʭ ʦʙʲʝʢʪʦʚ 

ʧʨʦʠʟʚʦʣʴʥʦʡ ʬʦʨʤʳ ʠ ʦʙʲʝʤʘ. ʆʜʥʘʢʦ ʦʩʥʦʚʥʦʡ ʘʢʮʝʥʪ ʩʜʝʣʘʥ ʥʘ ʠʟʫʯʝʥʠʠ ʠ ʘʥʘʣʠʟʝ 

ʚʦʟʤʦʞʥʦʩʪʝʡ ʵʪʠʭ ʤʝʪʦʜʦʚ, ʧʨʝʞʜʝ ʚʩʝʛʦ ʚ ʨʝʰʝʥʠʠ ʟʘʜʘʯ, ʩʚʷʟʘʥʥʳʭ ʩ ʧʝʨʝʤʘʛʥʠʯʠ-

ʚʘʥʠʝʤ ʠ ʜʠʥʘʤʠʢʦʡ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʚ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʪʦʥʢʠʭ ʧʣʝʥʢʘʭ. ɺ ʧʝʨʚʦʡ 

ʯʘʩʪʠ ʧʨʠʚʝʜʝʥʦ ʦʧʠʩʘʥʠʝ ʵʬʬʝʢʪʠʚʥʦʛʦ ʧʦʜʭʦʜʘ ʜʣʷ ʨʘʩʯʝʪʘ ʨʘʚʥʦʚʝʩʥʦʛʦ ʨʘʩʧʨʝʜʝ-

ʣʝʥʠʷ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʚ ʜʠʩʢʨʝʪʥʦʡ ʤʠʢʨʦʤʘʛʥʠʪʥʦʡ ʤʦʜʝʣʠ ʬʝʨʨʦʤʘʛʥʝʪʠʢʘ, ʦʩʥʦ-

ʚʘʥʥʦʛʦ ʥʘ ʤʝʪʦʜʝ ʥʝʦʧʨʝʜʝʣʝʥʥʳʭ ʤʥʦʞʠʪʝʣʝʡ ʃʘʛʨʘʥʞʘ. ʇʨʦʘʥʘʣʠʟʠʨʦʚʘʥʳ ʧʨʦʙʣʝʤʳ 

ʩʭʦʜʠʤʦʩʪʠ ʠʪʝʨʘʮʠʦʥʥʦʛʦ ʧʨʦʮʝʩʩʘ ʠ ʫʩʪʦʡʯʠʚʦʩʪʠ ʧʦʣʫʯʝʥʥʦʛʦ ʨʝʰʝʥʠʷ. ʈʘʩʩʤʦʪʨʝʥʳ 

ʯʠʩʣʝʥʥʳʝ ʧʨʦʮʝʜʫʨʳ, ʧʦʟʚʦʣʷʶʱʠʝ ʥʝ ʪʦʣʴʢʦ ʩʫʱʝʩʪʚʝʥʥʦ ʫʤʝʥʴʰʠʪʴ ʦʙʲʝʤ ʟʘʪʨʘʯʠ-
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ʚʘʝʤʦʡ ʦʧʝʨʘʪʠʚʥʦʡ ʧʘʤʷʪʠ ʕɺʄ, ʥʦ ʠ ʟʥʘʯʠʪʝʣʴʥʦ ʫʩʢʦʨʠʪʴ ʧʨʦʮʝʩʩ ʚʳʯʠʩʣʝʥʠʡ. ʇʦ-

ʢʘʟʘʥ ʧʨʠʤʝʨ ʨʘʩʯʝʪʘ ʧʝʪʝʣʴ ʛʠʩʪʝʨʝʟʠʩʘ ʜʣʷ ʤʘʛʥʠʪʦʤʷʛʢʠʭ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʤʘ-

ʪʝʨʠʘʣʦʚ. 

ɺʦ ʚʪʦʨʦʡ ʯʘʩʪʠ ʛʣʘʚʳ ʨʘʩʩʤʦʪʨʝʥʳ ʜʚʘ ʯʠʩʣʝʥʥʳʭ ʤʝʪʦʜʘ, ʥʘʠʙʦʣʝʝ ʧʦʜʭʦʜʷʱʠʭ 

ʜʣʷ ʨʘʩʯʝʪʘ ʜʠʥʘʤʠʢʠ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʤʘʪʝʨʠʘʣʦʚ. ʇʝʨʚʳʡ ʦʩ-

ʥʦʚʘʥ ʥʘ ʧʨʝʜʩʪʘʚʣʝʥʠʠ ʠ ʧʦʠʩʢʝ ʨʝʰʝʥʠʷ ʩʠʩʪʝʤʳ ʣʠʥʝʘʨʠʟʦʚʘʥʥʳʭ ʜʠʬʬʝʨʝʥʮʠʘʣʴ-

ʥʳʭ ʫʨʘʚʥʝʥʠʡ ʃʘʥʜʘʫ ï ʃʠʬʰʠʮʘ ʚ ʚʠʜʝ ʨʘʟʣʦʞʝʥʠʷ ʧʦ ʩʦʙʩʪʚʝʥʥʳʤ ʚʝʢʪʦʨʘʤ ʥʦʨ-

ʤʘʣʴʥʳʭ ʤʦʜ ʢʦʣʝʙʘʥʠʡ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ. ɺʪʦʨʦʡ ʦʩʥʦʚʘʥ ʥʘ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʥʝʦʧʨʝʜʝ-

ʣʝʥʥʳʭ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʜʣʷ ʨʝʰʝʥʠʷ ʩʠʩʪʝʤʳ ʣʠʥʝʘʨʠʟʦʚʘʥʥʳʭ ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʳʭ 

ʫʨʘʚʥʝʥʠʡ ʃʘʥʜʘʫ ï ʃʠʬʰʠʮʘ. ɼʣʷ ʩʨʘʚʥʠʪʝʣʴʥʦʛʦ ʘʥʘʣʠʟʘ ʠ ʦʮʝʥʢʠ ʵʬʬʝʢʪʠʚʥʦʩʪʠ 

ʨʘʩʩʤʦʪʨʝʥʥʳʭ ʤʝʪʦʜʦʚ ʚʦ ʚʪʦʨʦʡ ʯʘʩʪʠ ʜʦʧʦʣʥʠʪʝʣʴʥʦ ʧʨʝʜʩʪʘʚʣʝʥʳ ʧʦʣʫʯʝʥʥʳʝ ʩ ʠʭ 

ʧʦʤʦʱʴʶ ʨʝʟʫʣʴʪʘʪʳ ʯʠʩʣʝʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʚʳʩʦʢʦʯʘʩʪʦʪʥʦʡ ʤʘʛʥʠʪʥʦʡ ʚʦʩʧʨʠ-

ʠʤʯʠʚʦʩʪʠ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʪʦʥʢʠʭ ʧʣʝʥʦʢ. ʈʘʩʩʤʦʪʨʝʥʳ ʜʦʩʪʦʠʥʩʪʚʘ ʠ ʥʝʜʦʩʪʘʪʢʠ 

ʤʝʪʦʜʦʚ, ʘ ʪʘʢʞʝ ʦʩʦʙʝʥʥʦʩʪʠ ʧʨʠʤʝʥʝʥʠʷ ʤʝʪʦʜʦʚ ʥʘ ʧʨʘʢʪʠʢʝ. 

ɺ ʪʨʝʪʴʝʡ ʯʘʩʪʠ ʧʨʠʚʦʜʠʪʩʷ ʢʨʘʪʢʦʝ ʦʧʠʩʘʥʠʝ ʘʨʭʠʪʝʢʪʫʨʳ ʠ ʦʩʥʦʚʥʳʭ ʢʦʤʧʦ-

ʥʝʥʪʦʚ ʧʨʦʛʨʘʤʤʳ ʜʣʷ ʕɺʄ çMultiLayersè, ʨʘʟʨʘʙʦʪʘʥʥʦʡ ʥʘ ʦʩʥʦʚʝ ʧʨʝʜʩʪʘʚʣʝʥʥʳʭ ʚ 

ʜʘʥʥʦʡ ʛʣʘʚʝ ʯʠʩʣʝʥʥʳʭ ʤʝʪʦʜʦʚ. ʇʨʦʛʨʘʤʤʘ ʧʨʝʜʥʘʟʥʘʯʝʥʘ ʜʣʷ ʧʨʦʚʝʜʝʥʠʷ ʯʠʩʣʝʥʥʳʭ 

ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʧʦ ʠʟʫʯʝʥʠʶ ʤʘʛʥʠʪʥʦʡ ʤʠʢʨʦʩʪʨʫʢʪʫʨʳ, ʧʝʪʝʣʴ ʤʘʛʥʠʪʥʦʛʦ ʛʠʩʪʝʨʝʟʠʩʘ, 

ʘ ʪʘʢʞʝ ʚʳʩʦʢʦʯʘʩʪʦʪʥʳʭ ʩʚʦʡʩʪʚ ʢʘʢ ʦʜʥʦʩʣʦʡʥʳʭ, ʪʘʢ ʠ ʤʥʦʛʦʩʣʦʡʥʳʭ ʤʘʛʥʠʪʥʳʭ 

ʥʘʥʦ- ʠ ʛʝʪʝʨʦʩʪʨʫʢʪʫʨ ʥʘ ʦʩʥʦʚʝ ʨʘʟʨʘʙʦʪʘʥʥʦʡ ʤʠʢʨʦʤʘʛʥʠʪʥʦʡ ʤʦʜʝʣʠ. 

ʄʘʪʝʨʠʘʣʳ ʜʘʥʥʦʡ ʛʣʘʚʳ ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ ʩʣʝʜʫʶʱʠʭ ʨʘʙʦʪʘʭ ʠʟ ʩʧʠʩʢʘ ʧʫʙʣʠʢʘ-

ʮʠʡ ʘʚʪʦʨʘ (ʧʨʠʣʦʞʝʥʠʝ ɸ): ɸ17, ɸ19, ɸ33ïɸ37, ɸ56, ɸ58, ɸ60. 

3.1 ʄʠʢʨʦʤʘʛʥʠʪʥʳʡ ʨʘʩʯʝʪ ʨʘʚʥʦʚʝʩʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʬʝʨʨʦʤʘʛʥʝʪʠʢʘ ʥʘ 

ʦʩʥʦʚʝ ʤʝʪʦʜʘ ʤʥʦʞʠʪʝʣʝʡ ʃʘʛʨʘʥʞʘ 

ɺ ʨʘʤʢʘʭ ʤʠʢʨʦʤʘʛʥʠʪʥʦʡ ʤʦʜʝʣʠ ʨʝʰʝʥʠʝ ʨʷʜʘ ʟʘʜʘʯ ʧʨʠʚʦʜʠʪ ʢ ʚʘʞʥʦʡ ʧʨʦ-

ʙʣʝʤʝ ʦʧʨʝʜʝʣʝʥʠʷ ʨʘʚʥʦʚʝʩʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʠʣʠ ʨʘʚʥʦʚʝʩʥʦʡ ʢʦʥʬʠʛʫʨʘʮʠʠ ʨʘʩʧʨʝʜʝ-

ʣʝʥʠʷ ʤʘʛʥʠʪʥʳʭ ʤʦʤʝʥʪʦʚ ʚ ʠʩʩʣʝʜʫʝʤʦʤ ʦʙʲʝʢʪʝ. ʂ ʯʠʩʣʫ ʪʘʢʠʭ ʟʘʜʘʯ ʦʪʥʦʩʷʪʩʷ ʟʘʜʘʯʠ 

ʠʩʩʣʝʜʦʚʘʥʠʷ ʩʪʘʪʠʯʝʩʢʠʭ ʤʘʛʥʠʪʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʩʨʝʜ, ʥʘʧʨʠʤʝʨ, ʠʟʫʯʝʥʠʝ ʜʦʤʝʥʥʦʡ 

ʩʪʨʫʢʪʫʨʳ [110] ʠʣʠ ʧʝʪʝʣʴ ʛʠʩʪʝʨʝʟʠʩʘ ʧʨʠ ʧʝʨʝʤʘʛʥʠʯʠʚʘʥʠʠ ʦʙʨʘʟʮʦʚ [111]. ɸ ʪʘʢʞʝ 

ʟʘʜʘʯʠ ʠʩʩʣʝʜʦʚʘʥʠʷ ʠʭ ʜʠʥʘʤʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ, ʥʘʧʨʠʤʝʨ, ʦʧʨʝʜʝʣʝʥʠʝ ʥʦʨʤʘʣʥɹʳʭ ʤʦʜ 
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ʤʘʛʥʠʪʥʳʭ ʢʦʣʝʙʘʥʠʡ ʥʘʥʦʯʘʩʪʠʮ [112, 113] ʠʣʠ ʨʘʩʯʝʪ ʩʧʝʢʪʨʘ ʧʦʛʣʦʱʝʥʠʷ 

ʩʧʠʥ-ʚʦʣʥʦʚʦʛʦ ʨʝʟʦʥʘʥʩʘ [114]. ʀʟʚʝʩʪʥʦ ʥʝʩʢʦʣʴʢʦ ʨʘʟʣʠʯʥʳʭ ʧʦʜʭʦʜʦʚ, ʧʦʟʚʦʣʷʶʱʠʭ 

ʦʧʨʝʜʝʣʠʪʴ ʨʘʚʥʦʚʝʩʥʫʶ ʢʦʥʬʠʛʫʨʘʮʠʶ ʤʘʛʥʠʪʥʳʭ ʤʦʤʝʥʪʦʚ [115], ʢʘʞʜʳʡ ʠʟ ʢʦʪʦʨʳʭ, 

ʢʘʢ ʧʨʘʚʠʣʦ, ʦʨʠʝʥʪʠʨʦʚʘʥ ʥʘ ʨʝʰʝʥʠʝ ʦʧʨʝʜʝʣʝʥʥʦʛʦ ʢʣʘʩʩʘ ʟʘʜʘʯ. ʅʘʧʨʠʤʝʨ, ʧʦʜʭʦʜ, 

ʦʩʥʦʚʘʥʥʳʡ ʥʘ ʠʥʪʝʛʨʠʨʦʚʘʥʠʠ ʤʝʪʦʜʦʤ ʈʫʥʛʝ ï ʂʫʪʪʘ ʩʠʩʪʝʤʳ ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʳʭ 

ʫʨʘʚʥʝʥʠʡ ʃʘʥʜʘʫ ï ʃʠʬʰʠʮʘ ï ɻʠʣʴʙʝʨʪʘ ʜʣʷ ʢʘʞʜʦʡ ʧʦʩʣʝʜʫʶʱʝʡ ʢʦʥʬʠʛʫʨʘʮʠʠ 

ʤʘʛʥʠʪʥʳʭ ʤʦʤʝʥʪʦʚ, ʥʘʯʠʥʘʷ ʩʦ ʩʣʫʯʘʡʥʦ ʟʘʜʘʥʥʦʡ. ʕʪʦʪ ʧʦʜʭʦʜ ʷʚʣʷʝʪʩʷ ʥʘʠʙʦʣʝʝ 

ʦʙʱʠʤ, ʠ ʦʥ ʨʝʘʣʠʟʦʚʘʥ ʚ ʪʘʢʠʭ ʠʟʚʝʩʪʥʳʭ ʧʘʢʝʪʘʭ ʧʦ ʤʠʢʨʦʤʘʛʥʠʪʥʦʤʫ ʤʦʜʝʣʠʨʦʚʘʥʠʶ, 

ʢʘʢ OOMMF [116] ʠ magpar [117], ʚ ʢʦʪʦʨʳʭ ʤʦʞʥʦ ʠʟʫʯʘʪʴ ʩʪʘʪʠʯʝʩʢʠʝ ʠ ʜʠʥʘʤʠʯʝʩʢʠʝ 

ʩʚʦʡʩʪʚʘ ʩʠʩʪʝʤʳ. ʅʝʩʤʦʪʨʷ ʥʘ ʵʪʦ, ʜʘʥʥʳʡ ʧʦʜʭʦʜ ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʨʘʚʥʦʚʝʩʥʦʛʦ ʩʦ-

ʩʪʦʷʥʠʷ ʦʙʣʘʜʘʝʪ ʨʷʜʦʤ ʚʳʯʠʩʣʠʪʝʣʴʥʳʭ ʥʝʜʦʩʪʘʪʢʦʚ. ɺʦ-ʧʝʨʚʳʭ, ʫ ʥʝʛʦ ʩʨʘʚʥʠʪʝʣʴʥʦ 

ʥʠʟʢʘʷ ʩʢʦʨʦʩʪʴ, ʧʦʩʢʦʣʴʢʫ ʧʨʠ ʧʦʣʫʯʝʥʠʠ ʢʦʥʝʯʥʦʛʦ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʤʘʛʥʠʪʥʳʭ ʤʦ-

ʤʝʥʪʦʚ ʧʨʦʠʩʭʦʜʠʪ ʚʳʯʠʩʣʝʥʠʝ ʚʩʝʡ ʵʚʦʣʶʮʠʠ ʤʘʛʥʠʪʥʦʡ ʩʠʩʪʝʤʳ ʚʦ ʚʨʝʤʝʥʠ. 

ɺʦ-ʚʪʦʨʳʭ, ʚ ʚʳʯʠʩʣʠʪʝʣʴʥʦʤ ʘʣʛʦʨʠʪʤʝ ʥʝʦʙʭʦʜʠʤʦ ʧʨʝʜʧʨʠʥʠʤʘʪʴ ʩʧʝʮʠʘʣʴʥʳʝ ʤʝʨʳ 

ʜʣʷ ʩʦʭʨʘʥʝʥʠʷ ʚʝʣʠʯʠʥʳ ʜʠʧʦʣʴʥʳʭ ʤʦʤʝʥʪʦʚ ʧʦʩʪʦʷʥʥʦʡ [118]. 

ʉʣʝʜʫʶʱʠʡ ʧʦʜʭʦʜ, ʧʦʟʚʦʣʷʶʱʠʡ ʧʦʣʫʯʠʪʴ ʢʦʥʬʠʛʫʨʘʮʠʠ ʤʘʛʥʠʪʥʳʭ ʤʦʤʝʥʪʦʚ, 

ʜʦʩʪʘʪʦʯʥʦ ʙʣʠʟʢʠʝ ʢ ʦʩʥʦʚʥʦʤʫ ʨʘʚʥʦʚʝʩʥʦʤʫ ʩʦʩʪʦʷʥʠʶ ʩʠʩʪʝʤʳ, ʦʩʥʦʚʘʥ ʥʘ ʤʝʪʦʜʝ 

ʄʦʥʪʝ-ʂʘʨʣʦ [110]. ʆʜʥʘʢʦ ʚ ʥʝʤ ʪʨʝʙʫʶʪʩʷ ʙʦʣʴʰʠʝ ʟʘʪʨʘʪʳ ʤʘʰʠʥʥʦʛʦ ʚʨʝʤʝʥʠ ʫʞʝ 

ʧʨʠ ʦʪʥʦʩʠʪʝʣʴʥʦ ʥʝʙʦʣʴʰʦʤ ʢʦʣʠʯʝʩʪʚʝ ʜʠʧʦʣʝʡ ʚ ʤʦʜʝʣʠ. ɽʱʝ ʦʜʠʥ ʧʦʜʭʦʜ ʦʩʥʦʚʘʥ ʥʘ 

ʤʠʥʠʤʠʟʘʮʠʠ ʬʫʥʢʮʠʦʥʘʣʘ ʵʥʝʨʛʠʠ ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʡ ʩʠʩʪʝʤʳ ʨʘʟʣʠʯʥʳʤʠ ʤʝʪʦʜʘʤʠ, 

ʥʘʧʨʠʤʝʨ, ʤʝʪʦʜʦʤ ʨʝʣʘʢʩʘʮʠʠ ʠʣʠ ʛʨʘʜʠʝʥʪʥʦʛʦ ʩʧʫʩʢʘ [119]. ʅʘʣʠʯʠʝ ʙʦʣʴʰʦʛʦ ʯʠʩʣʘ 

ʤʝʪʘʩʪʘʙʠʣʴʥʳʭ ʩʦʩʪʦʷʥʠʡ ʠ ʥʝʣʠʥʝʡʥʦʩʪʠ ʩʠʩʪʝʤʳ ʧʨʠʚʦʜʷʪ ʢ ʪʦʤʫ, ʯʪʦ ʚʳʯʠʩʣʠ-

ʪʝʣʴʥʳʝ ʧʨʦʮʝʜʫʨʳ ʢʨʘʡʥʝ ʥʝʫʩʪʦʡʯʠʚʳ, ʤʦʛʫʪ ʠʤʝʪʴ ʧʣʦʭʫʶ ʩʭʦʜʠʤʦʩʪʴ ʠʣʠ ʜʘʞʝ 

ʨʘʩʭʦʜʠʪʴʩʷ. ʇʨʠʤʝʥʝʥʠʝ ʵʪʦʛʦ ʧʦʜʭʦʜʘ ʪʘʢʞʝ ʦʛʨʘʥʠʯʝʥʦ ʨʘʩʩʤʦʪʨʝʥʠʝʤ ʤʦʜʝʣʝʡ ʩ 

ʦʪʥʦʩʠʪʝʣʴʥʦ ʥʝʙʦʣʴʰʠʤ ʢʦʣʠʯʝʩʪʚʦʤ ʜʠʩʢʨʝʪʥʳʭ ʵʣʝʤʝʥʪʦʚ. 

ʍʦʨʦʰʠʝ ʨʝʟʫʣʴʪʘʪʳ ʧʦ ʦʧʨʝʜʝʣʝʥʠʶ ʨʘʚʥʦʚʝʩʥʦʡ ʢʦʥʬʠʛʫʨʘʮʠʠ ʤʘʛʥʠʪʥʦʛʦ ʩʦ-

ʩʪʦʷʥʠʷ ʢʦʤʧʣʝʢʩʘ ʯʘʩʪʠʮ ʜʘʝʪ ʧʦʜʭʦʜ, ʦʩʥʦʚʘʥʥʳʡ ʥʘ ʨʝʣʘʢʩʘʮʠʠ ʩʠʩʪʝʤʳ ʚ ʩʦʦʪʚʝʪ-

ʩʪʚʠʠ ʩ ʧʦʚʝʜʝʥʠʝʤ ʝʝ ʚʥʫʪʨʝʥʥʠʭ ʵʬʬʝʢʪʠʚʥʳʭ ʤʘʛʥʠʪʥʳʭ ʧʦʣʝʡ, ʜʝʡʩʪʚʫʶʱʠʭ ʥʘ 

ʢʘʞʜʳʡ ʜʠʧʦʣʴ. ɼʣʷ ʵʪʦʛʦ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦ ʠʣʠ ʚ ʩʣʫʯʘʡʥʦʤ ʧʦʨʷʜʢʝ ʨʘʩʩʯʠʪʳʚʘʝʪʩʷ 

ʣʦʢʘʣʴʥʦʝ ʧʦʣʝ ʥʘ ʦʧʨʝʜʝʣʝʥʥʦʤ ʤʘʛʥʠʪʥʦʤ ʜʠʧʦʣʝ ʠ ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʜʝʡʩʪʚʫʶʱʠʤʠ 

ʩʠʣʘʤʠ ʫʩʪʘʥʘʚʣʠʚʘʝʪʩʷ ʝʛʦ ʥʦʚʦʝ ʧʦʣʦʞʝʥʠʝ. ɺʳʯʠʩʣʝʥʠʷ ʧʨʦʜʦʣʞʘʶʪʩʷ ʜʦ ʪʝʭ ʧʦʨ, 

ʧʦʢʘ ʥʝ ʩʪʘʙʠʣʠʟʠʨʫʶʪʩʷ ʧʦʣʦʞʝʥʠʷ ʚʩʝʭ ʤʘʛʥʠʪʥʳʭ ʤʦʤʝʥʪʦʚ. ɺ ʙʦʣʴʰʠʥʩʪʚʝ ʩʣʫʯʘʝʚ 
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ʵʪʦʪ ʤʝʪʦʜ ʷʚʣʷʝʪʩʷ ʙʦʣʝʝ ʥʘʜʝʞʥʳʤ ʠ ʥʘʠʙʦʣʝʝ ʙʳʩʪʨʳʤ, ʦʜʥʘʢʦ ʚʦʟʤʦʞʥʳ ʩʠʪʫʘʮʠʠ 

ʟʘʮʠʢʣʠʚʘʥʠʷ ʠʪʝʨʘʮʠʦʥʥʳʭ ʚʳʯʠʩʣʝʥʠʡ ʧʨʠ ʚʦʟʥʠʢʥʦʚʝʥʠʠ ʩʢʘʯʢʦʚ ʤʝʞʜʫ ʜʚʫʤʷ ʥʝ-

ʫʩʪʦʡʯʠʚʳʤʠ ʩʦʩʪʦʷʥʠʷʤʠ [115]. ʈʘʩʩʤʦʪʨʝʥʥʳʡ ʚ ʜʘʥʥʦʤ ʨʘʟʜʝʣʝ ʤʝʪʦʜ, ʧʦ ʩʫʪʠ, ʷʚ-

ʣʷʝʪʩʷ ʦʙʦʙʱʝʥʠʝʤ ʧʦʩʣʝʜʥʝʛʦ ʧʦʜʭʦʜʘ. ʇʨʠ ʵʪʦʤ ʤʝʪʦʜ ʣʠʰʝʥ ʤʥʦʛʠʭ ʥʝʜʦʩʪʘʪʢʦʚ, 

ʥʘʧʨʠʤʝʨ, ʚʦʟʤʦʞʥʦʛʦ ʟʘʮʠʢʣʠʚʘʥʠʷ ʚʳʯʠʩʣʝʥʠʡ. ʂʨʦʤʝ ʪʦʛʦ, ʧʦʩʪʘʚʣʝʥʥʘʷ ʟʘʜʘʯʘ ʦʧ-

ʨʝʜʝʣʝʥʠʷ ʨʘʚʥʦʚʝʩʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʤʘʛʥʠʪʥʳʭ ʤʦʤʝʥʪʦʚ ʩʚʦʜʠʪʩʷ ʢ ʟʘʜʘʯʝ ʣʠʥʝʡʥʦʡ 

ʘʣʛʝʙʨʳ, ʯʪʦ, ʚ ʩʚʦʶ ʦʯʝʨʝʜʴ, ʧʦʟʚʦʣʷʝʪ ʧʨʠʤʝʥʷʪʴ ʵʬʬʝʢʪʠʚʥʳʝ ʯʠʩʣʝʥʥʳʝ ʤʝʪʦʜʳ ʜʣʷ 

ʙʦʣʴʰʦʛʦ ʯʠʩʣʘ ʚʟʘʠʤʦʜʝʡʩʪʚʫʶʱʠʭ ʜʠʧʦʣʝʡ, ʚ ʪʦʤ ʯʠʩʣʝ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʨʘʟʨʷʞʝʥʥʳʭ 

ʤʘʪʨʠʮ ʠ ʧʘʨʘʣʣʝʣʴʥʳʭ ʚʳʯʠʩʣʝʥʠʡ ʧʨʠ ʨʝʰʝʥʠʠ ʙʦʣʴʰʠʭ ʟʘʜʘʯ ʥʘ ʤʥʦʛʦʧʨʦʮʝʩʩʦʨʥʳʭ 

ʩʪʘʥʮʠʷʭ [120ï123]. 

3.1.1 ʇʦʩʪʘʥʦʚʢʘ ʟʘʜʘʯʠ 

ʄʠʢʨʦʤʘʛʥʝʪʠʟʤ ï ʵʪʦ ʢʣʘʩʩʠʯʝʩʢʘʷ ʬʝʥʦʤʝʥʦʣʦʛʠʯʝʩʢʘʷ ʪʝʦʨʠʷ, ʢʦʪʦʨʘʷ ʥʝ ʩʪʘ-

ʚʠʪ ʩʚʦʝʡ ʮʝʣʴʶ ʦʙʲʷʩʥʝʥʠʝ ʧʨʠʨʦʜʳ ʩʧʦʥʪʘʥʥʦʡ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ, ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦ-

ʪʨʦʧʠʠ ʠ ʜʨʫʛʠʭ ʵʬʬʝʢʪʦʚ, ʧʨʠʩʫʱʠʭ ʤʘʛʥʠʪʦʫʧʦʨʷʜʦʯʝʥʥʳʤ ʚʝʱʝʩʪʚʘʤ. ʊʘʢʦʝ ʦʙʲʷʩ-

ʥʝʥʠʝ ʤʦʞʥʦ ʜʘʪʴ ʪʦʣʴʢʦ ʥʘ ʤʠʢʨʦʩʢʦʧʠʯʝʩʢʦʤ ʢʚʘʥʪʦʚʦ-ʤʝʭʘʥʠʯʝʩʢʦʤ ʫʨʦʚʥʝ. ɺ ʪʝʦʨʠʠ 

ʤʠʢʨʦʤʘʛʥʝʪʠʟʤʘ ʵʪʠ ʵʬʬʝʢʪʳ ʧʦʩʪʫʣʠʨʫʶʪʩʷ ʠ ʫʯʠʪʳʚʘʶʪʩʷ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʤ ʦʙʨʘʟʦʤ 

ʟʘʧʠʩʘʥʥʳʤʠ ʚʳʨʘʞʝʥʠʷʤʠ ʜʣʷ ʩʚʦʙʦʜʥʦʡ ʵʥʝʨʛʠʠ. ʕʪʘ ʪʝʦʨʠʷ ʩʪʘʚʠʪ ʩʚʦʝʡ ʟʘʜʘʯʝʡ 

ʥʘʡʪʠ, ʠʩʭʦʜʷ ʪʦʣʴʢʦ ʠʟ ʚʳʨʘʞʝʥʠʷ ʩʚʦʙʦʜʥʦʡ ʵʥʝʨʛʠʠ ʠ ʦʙʱʝʛʦ ʫʨʘʚʥʝʥʠʷ ʜʚʠʞʝʥʠʷ 

ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ, ʟʘʚʠʩʠʤʦʩʪʴ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ M (r ,t) ʦʪ ʢʦʦʨʜʠʥʘʪʳ ʠ ʚʨʝʤʝʥʠ [124]. 

ɺʦʟʤʦʞʥʦʩʪʴ ʪʘʢʦʡ ʬʝʥʦʤʝʥʦʣʦʛʠʯʝʩʢʦʡ ʪʝʦʨʠʠ ʦʩʥʦʚʳʚʘʝʪʩʷ ʥʘ ʪʦʤ, ʯʪʦ ʚ ʨʝ-

ʟʫʣʴʪʘʪʝ ʦʙʤʝʥʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʥʘʧʨʘʚʣʝʥʠʝ ʩʧʠʥʦʚ ʥʘ ʩʦʩʝʜʥʠʭ ʫʟʣʘʭ ʨʝʰʝʪʢʠ 

ʤʦʞʝʪ ʠʟʤʝʥʷʪʩɹʷ ʣʠʰʴ ʥʘ ʤʘʣʳʡ ʫʛʦʣ. ʇʦʵʪʦʤʫ ʤʦʞʥʦ ʘʧʧʨʦʢʩʠʤʠʨʦʚʘʪʴ ʫʛʣʳ, ʭʘʨʘʢ-

ʪʝʨʠʟʫʶʱʠʝ ʥʘʧʨʘʚʣʝʥʠʷ ʩʧʠʥʦʚ, ʥʝʧʨʝʨʳʚʥʳʤʠ ʬʫʥʢʮʠʷʤʠ ʢʦʦʨʜʠʥʘʪ ʩʦʚʝʨʰʝʥʥʦ 

ʘʥʘʣʦʛʠʯʥʦ ʟʘʤʝʥʝ ʠʥʜʠʚʠʜʫʘʣʴʥʳʭ ʘʪʦʤʥʳʭ ʤʘʩʩ ʥʝʧʨʝʨʳʚʥʦʡ ʧʣʦʪʥʦʩʪʴʶ ʤʘʩʩʳ ʚ 

ʤʝʭʘʥʠʢʝ: ʩʫʤʤʳ ʧʦ ʫʟʣʘʤ ʨʝʰʝʪʢʠ ʟʘʤʝʥʷʶʪʩʷ ʠʥʪʝʛʨʘʣʘʤʠ ʧʦ ʦʙʲʝʤʫ. ʀʩʢʦʤʦʡ ʚʝ-

ʣʠʯʠʥʦʡ ʩʪʘʥʦʚʠʪʩʷ ʚʝʢʪʦʨ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ M (r ,t), ʢʦʤʧʦʥʝʥʪʳ ʢʦʪʦʨʦʛʦ ʥʝʧʨʝʨʳʚʥʦ 

ʤʝʥʷʶʪʩʷ ʚ ʧʨʦʩʪʨʘʥʩʪʚʝ ʠ ʚʨʝʤʝʥʠ. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʚ ʬʝʨʨʦʤʘʛ-

ʥʠʪʥʦʤ ʦʙʨʘʟʮʝ ʧʨʠ ʟʘʜʘʥʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʥʠʞʝ ʪʦʯʢʠ ʂʶʨʠ ʚʝʣʠʯʠʥʘ sMt =),(rM  ʚ̫-

ʣʷʝʪʩʷ ʧʦʩʪʦʷʥʥʦʡ ʠ ʥʝ ʟʘʚʠʩʠʪ ʦʪ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʭ ʢʦʦʨʜʠʥʘʪ, ʝʩʣʠ ʦʙʨʘʟʝʮ ʥʘʭʦʜʠʪʩʷ 

ʚ ʩʨʘʚʥʠʪʝʣʴʥʦ ʥʝʙʦʣʴʰʦʤ ʧʦʩʪʦʷʥʥʦʤ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ. 
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ʉʦʛʣʘʩʥʦ ʬʝʥʦʤʝʥʦʣʦʛʠʯʝʩʢʦʡ ʪʝʦʨʠʠ, ʠʩʧʦʣʴʟʫʝʤʦʡ ʚ ʤʠʢʨʦʤʘʛʥʝʪʠʟʤʝ, ʩʚʦ-

ʙʦʜʥʘʷ ʵʥʝʨʛʠʷ F ʬʝʨʨʦʤʘʛʥʠʪʥʦʛʦ ʪʝʣʘ ʩ ʢʦʥʬʠʛʫʨʘʮʠʝʡ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ M (r ) ʚ 

ʙʦʣʴʰʠʥʩʪʚʝ ʩʣʫʯʘʝʚ ʤʦʞʝʪ ʙʳʪʴ ʟʘʧʠʩʘʥʘ ʢʘʢ ʩʫʤʤʘ ʵʥʝʨʛʠʠ ʚʥʝʰʥʝʛʦ ʧʦʩʪʦʷʥʥʦʛʦ 

ʧʦʣʷ H (ʵʥʝʨʛʠʠ ɿʝʝʤʘʥʘ), ʵʥʝʨʛʠʠ ʦʙʤʝʥʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ (ʦʙʤʝʥʥʦʡ ʞʝʩʪʢʦʩʪʠ), 

ʵʥʝʨʛʠʠ ʨʘʟʤʘʛʥʠʯʠʚʘʶʱʝʛʦ ʧʦʣʷ (ʠʣʠ ʤʘʛʥʠʪʦʩʪʘʪʠʯʝʩʢʦʡ ʵʥʝʨʛʠʠ), ʘ ʪʘʢʞʝ ʵʥʝʨʛʠʠ 

ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ [124] 
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lMnMMHMMH . (3.1) 

ʇʘʨʘʤʝʪʨʳ ʬʝʨʨʦʤʘʛʥʠʪʥʦʛʦ ʦʙʨʘʟʮʘ ʟʘʜʘʥʳ ʢʦʥʩʪʘʥʪʦʡ ʦʙʤʝʥʥʦʡ ʞʝʩʪʢʦʩʪʠ A, ʥʘ-

ʤʘʛʥʠʯʝʥʥʦʩʪʴ ʁ ʥʘʩʳʱʝʥʠʷ Ms, ʢʦʥʩʪʘʥʪʦʡ ʦʜʥʦʦʩʥʦʡ ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ Ku, 

ʝʜʠʥʠʯʥʳʤ ʚʝʢʪʦʨʦʤ n, ʩʦʚʧʘʜʘʶʱʠʤ ʩ ʥʘʧʨʘʚʣʝʥʠʝʤ ʦʩʠ ʣʝʛʢʦʛʦ ʥʘʤʘʛʥʠʯʠʚʘʥʠʷ. 

ʇʦʤʠʤʦ ʦʙʱʝʡ ʜʣʷ ʚʩʝʛʦ ʦʙʨʘʟʮʘ ʦʜʥʦʦʩʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ ʩ ʢʦʥʩʪʘʥʪʦʡ Ku, ʚ ʚʳʨʘʞʝ-

ʥʠʠ (3.1) ʜʣʷ ʦʧʠʩʘʥʠʷ ʩʚʦʡʩʪʚ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʤʘʪʝʨʠʘʣʦʚ ʜʦʧʦʣʥʠʪʝʣʴʥʦ ʫʯʠ-

ʪʳʚʘʝʪʩʷ ʵʥʝʨʛʠʷ ʦʜʥʦʦʩʥʦʡ ʣʦʢʘʣʴʥʦʡ ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ K ʩʦ ʩʣʫʯʘʡʥʳʤ ʥʘ-

ʧʨʘʚʣʝʥʠʝʤ ʚ ʢʨʠʩʪʘʣʣʠʪʘʭ ʦʩʝʡ ʣʝʛʢʦʛʦ ʥʘʤʘʛʥʠʯʠʚʘʥʠʷ l = l(r ). ɺʭʦʜʷʱʝʝ ʚ (3.1) ʧʦʣʝ 

ʨʘʟʤʘʛʥʠʯʠʚʘʥʠʷ H
m
 ʦʧʨʝʜʝʣʷʝʪʩʷ ʠʟ ʫʩʣʦʚʠʡ ʤʘʛʥʠʪʦʩʪʘʪʠʯʝʩʢʦʛʦ ʧʨʠʙʣʠʞʝʥʠʷ ʫʨʘʚ-

ʥʝʥʠʡ ʄʘʢʩʚʝʣʣʘ rot(H
m
) = 0 ʠ div(H

m
) =ï4  ́div(M). ʇʨʠ ʵʪʦʤ ʠʥʪʝʛʨʠʨʦʚʘʥʠʝ ʨʘʩʧʨʦ-

ʩʪʨʘʥʷʝʪʩʷ ʥʘ ʚʝʩʴ ʦʙʲʝʤ ʦʙʨʘʟʮʘ V. 

ʈʘʟʤʘʛʥʠʯʠʚʘʶʱʝʝ ʧʦʣʝ ʦʙʫʩʣʦʚʣʝʥʦ ʥʘʣʠʯʠʝʤ ʦʙʲʝʤʥʳʭ ʠ ʧʦʚʝʨʭʥʦʩʪʥʳʭ 

çʤʘʛʥʠʪʥʳʭ ʟʘʨʜ̫ʦʚè ʚ ʦʙʨʘʟʮʝ, ʠ ʜʣʷ ʟʘʜʘʥʥʦʡ ʢʦʥʬʠʛʫʨʘʮʠʠ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ M (r ) 

ʤʦʞʝʪ ʙʳʪʴ ʚʳʯʠʩʣʝʥʦ ʠʥʪʝʛʨʠʨʦʚʘʥʠʝʤ ʧʦ ʚʩʝʤ ʤʘʛʥʠʪʥʳʤ ʧʦʣʷʤ ʵʣʝʤʝʥʪʘʨʥʳʭ ʜʠ-

ʧʦʣʝʡ, ʥʘ ʢʦʪʦʨʳʝ ʚʩʝʛʜʘ ʤʦʞʥʦ ʨʘʟʙʠʪʴ ʦʙʲʝʢʪ. ʉ ʫʯʝʪʦʤ ʦʙʦʟʥʘʯʝʥʠʷ ɟ = r  ï r ', ʧʦʣʝ 

ʨʘʟʤʘʛʥʠʯʠʚʘʥʠʷ ʤʦʞʝʪ ʙʳʪʴ ʟʘʧʠʩʘʥʦ ʚ ʚʠʜʝ 
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ʘ ʪʘʢʞʝ ʤʦʞʝʪ ʙʳʪʴ ʚʳʨʘʞʝʥʦ ʯʝʨʝʟ ʩʠʤʤʝʪʨʠʯʥʳʡ ʪʝʥʟʦʨ, ʦʧʠʩʳʚʘʶʱʠʡ ʤʘʛʥʠʪʦʩʪʘ-

ʪʠʯʝʩʢʦʝ (ʤʘʛʥʠʪʦʜʠʧʦʣʴʥʦʝ) ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ 33³ÍR
mG  [125] 

 ñ ¡¡¡-=

V

mm VdG )()(),( rMrrrMH . (3.3) 
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ʇʨʠ ʤʠʢʨʦʤʘʛʥʠʪʥʦʤ ʤʦʜʝʣʠʨʦʚʘʥʠʠ ʥʝ ʚʩʝʛʜʘ ʪʨʝʙʫʝʪʩʷ ʚʢʣʶʯʘʪʴ ʚ ʬʫʥʢʮʠʦʥʘʣ 

ʩʚʦʙʦʜʥʦʡ ʵʥʝʨʛʠʠ ʚʩʝ ʯʣʝʥʳ, ʟʘʧʠʩʘʥʥʳʝ ʚ (3.1). ʅʘʧʨʠʤʝʨ, ʧʨʠ ʠʟʫʯʝʥʠʠ ʠʟʦʪʨʦʧʥʳʭ 

ʬʝʨʨʦʤʘʛʥʝʪʠʢʦʚ ʵʥʝʨʛʠʶ ʘʥʠʟʦʪʨʦʧʠʠ ʤʦʞʥʦ ʥʝ ʫʯʠʪʳʚʘʪʴ. ʀʣʠ ʚ ʩʣʫʯʘʝ ʦʜʥʦʨʦʜʥʦ 

ʥʘʤʘʛʥʠʯʝʥʥʳʭ ʪʝʣ ʥɻʝʨʛʠʷ ʦʙʤʝʥʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʦʙʨʘʱʘʝʪʩʷ ʚ ʥʫʣʴ. ɺ ʪʦ ʞʝ ʚʨʝʤʷ 

ʫʯʝʪ ʠʣʠ ʥʝ ʫʯʝʪ ʢʘʢʦʛʦ-ʣʠʙʦ ʯʣʝʥʘ ʵʥʝʨʛʠʠ ʩʠʣʴʥʦ ʩʢʘʟʳʚʘʝʪʩʷ ʥʘ ʚʳʯʠʩʣʠʪʝʣʴʥʳʭ 

ʚʦʟʤʦʞʥʦʩʪʷʭ ʘʣʛʦʨʠʪʤʘ. ʅʝʦʙʭʦʜʠʤʦ ʨʘʟʣʠʯʘʪʴ ʜʚʘ ʚʘʞʥʳʭ ʩʣʫʯʘʷ. 

ʃʦʢʘʣʴʥʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ. ʉʦʩʪʘʚʣʷʶʱʠʝ ʵʥʝʨʛʠʠ, ʚʢʣʶʯʘʷ ʦʙʤʝʥ, ʘʥʠʟʦʪʨʦʧʠʶ 

ʠ ʵʥʝʨʛʠʶ ɿʝʝʤʘʥʘ, ʦʧʠʩʳʚʘʶʪ ʣʦʢʘʣʴʥʳʡ (ʚ ʧʨʦʩʪʨʘʥʩʪʚʝ) ʭʘʨʘʢʪʝʨ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ. 

ʕʪʦ ʦʟʥʘʯʘʝʪ, ʯʪʦ ʣʦʢʘʣʴʥʦʝ ʠʟʤʝʥʝʥʠʝ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʚʣʠʷʝʪ ʥʘ ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʝ 

ʧʦʣʝ ʣʠʰʴ ʚʙʣʠʟʠ ʪʦʯʢʠ, ʛʜʝ ʵʪʦ ʠʟʤʝʥʝʥʠʝ ʧʨʦʠʟʦʰʣʦ. 

ɼʘʣʴʥʦʜʝʡʩʪʚʫʶɦ ʝʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ. ʉ ʜʨʫʛʦʡ ʩʪʦʨʦʥʳ, ʤʘʛʥʠʪʦʩʪʘʪʠʯʝʩʢʘʷ 

ʵʥʝʨʛʠʷ ʧʦ ʦʧʨʝʜʝʣʝʥʠʶ ʦʧʠʩʳʚʘʝʪʩʷ ʜʘʣʴʥʦʜʝʡʩʪʚʫʶʱʠʤ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝʤ. ʇʦʵʪʦʤʫ 

ʣʶʙʦʝ ʣʦʢʘʣʴʥʦʝ ʠʟʤʝʥʝʥʠʝ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʧʨʠʚʦʜʠʪ ʢ ʛʣʦʙʘʣʴʥʦʤʫ ʠʟʤʝʥʝʥʠʶ H
m
, 

ʯʪʦ ʜʝʣʘʝʪ ʨʝʰʝʥʠʝ ʟʘʜʘʯʠ ʩʝʨʴʝʟʥʦʡ ʧʨʦʙʣʝʤʦʡ, ʛʣʘʚʥʳʤ ʦʙʨʘʟʦʤ ʠʟ-ʟʘ ʙʦʣʴʰʦʛʦ ʢʦ-

ʣʠʯʝʩʪʚʘ ʪʨʝʙʫʝʤʳʭ ʚʳʯʠʩʣʝʥʠʡ. 

ɼʣʷ ʪʦʛʦ ʯʪʦʙʳ ʥʘʡʪʠ ʨʘʚʥʦʚʝʩʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ, ʥʝʦʙʭʦʜʠʤʦ 

ʤʠʥʠʤʠʟʠʨʦʚʘʪʴ ʧʦʣʥʫʶ ʵʥʝʨʛʠʶ ʬʝʨʨʦʤʘʛʥʝʪʠʢʘ (3.1) ʧʨʠ ʫʩʣʦʚʠʠ, ʯʪʦ ʘʙʩʦʣʶʪʥʦʝ 

ʟʥʘʯʝʥʠʝ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʷʚʣʷʝʪʩʷ ʧʦʩʪʦʷʥʥʦʡ ʚʝʣʠʯʠʥʦʡ 22 )( sM=rM . ʕʪʦ ʥʝʣʠʥʝʡ-

ʥʦʝ ʦʛʨʘʥʠʯʝʥʠʝ ʚʤʝʩʪʝ ʩ ʥʝʣʦʢʘʣʴʥʦʩʪʴʶ ʤʘʛʥʠʪʦʩʪʘʪʠʯʝʩʢʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠ ̫ʧʨʠʚʦ-

ʜʠʪ ʢ ʜʦʚʦʣʴʥʦ ʩʣʦʞʥʦʡ ʟʘʜʘʯʝ ʤʠʥʠʤʠʟʘʮʠʠ, ʢʦʪʦʨʘʷ ʤʦʞʝʪ ʙʳʪʴ ʘʥʘʣʠʪʠʯʝʩʢʠ ʨʝʰʝʥʘ 

ʪʦʣʴʢʦ ʜʣʷ ʥʝʢʦʪʦʨʳʭ ʧʨʦʩʪʳʭ ʩʣʫʯʘʝʚ, ʪʘʢʠʭ ʢʘʢ, ʥʘʧʨʠʤʝʨ, ʚʳʯʠʩʣʝʥʠʝ ʢʨʠʪʠʯʝʩʢʦʛʦ 

ʧʦʣʷ ʧʝʨʝʤʘʛʥʠʯʠʚʘʥʠʷ ʚ ʦʜʥʦʨʦʜʥʦ ʥʘʤʘʛʥʠʯʝʥʥʳʭ ʵʣʣʠʧʩʦʠʜʘʣʴʥʳʭ ʯʘʩʪʠʮʘʭ ʠʣʠ 

ʙʝʩʢʦʥʝʯʥʳʭ ʮʠʣʠʥʜʨʘʭ [124]. ʇʦʵʪʦʤʫ ʬʘʢʪʠʯʝʩʢʠ ʚʦ ʚʩʝʭ ʧʨʘʢʪʠʯʝʩʢʠ ʚʘʞʥʳʭ ʩʣʫʯʘʷʭ 

ʨʝʰʝʥʠʝ ʵʪʦʡ ʟʘʜʘʯʠ ʚʦʟʤʦʞʥʦ ʪʦʣʴʢʦ ʯʠʩʣʝʥʥʳʤʠ ʤʝʪʦʜʘʤʠ. 

3.1.2 ɼʠʩʢʨʝʪʥʘʷ ʤʦʜʝʣʴ ʬʝʨʨʦʤʘʛʥʝʪʠʢʘ 

ʇʨʠ ʨʝʰʝʥʠʠ ʤʠʢʨʦʤʘʛʥʠʪʥʳʭ ʟʘʜʘʯ, ʢʘʢ ʧʨʘʚʠʣʦ, ʠʩʧʦʣʴʟʫʶʪ ʜʚʘ ʦʩʥʦʚʥʳʭ ʤʝ-

ʪʦʜʘ ʜʠʩʢʨʝʪʠʟʘʮʠʠ ʠʩʩʣʝʜʫʝʤʦʛʦ ʦʙʲʝʢʪʘ: ʤʝʪʦʜ ʢʦʥʝʯʥʳʭ ʨʘʟʥʦʩʪʝʡ ʠ ʤʝʪʦʜ ʢʦʥʝʯʥʳʭ 

ʵʣʝʤʝʥʪʦʚ. ʇʨʠ ʵʪʦʤ ʚʳʙʦʨ ʤʝʪʦʜʘ ʜʠʩʢʨʝʪʠʟʘʮʠʠ ʥʝ ʪʨʠʚʠʘʣʝʥ ʠ ʟʘʚʠʩʠʪ ʦʪ ʤʥʦʛʠʭ 

ʬʘʢʪʦʨʦʚ. ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʥʝʪ ʝʜʠʥʦʡ ʪʦʯʢʠ ʟʨʝʥʠʷ, ʢʘʢʦʡ ʠʟ ʤʝʪʦʜʦʚ ʣʫʯʰʝ ʜʣʷ 

ʯʠʩʣʝʥʥʦʛʦ ʨʝʰʝʥʠʷ ʟʘʜʘʯ ʪʝʦʨʠʠ ʤʠʢʨʦʤʘʛʥʝʪʠʟʤʘ. ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʚʳʙʦʨ ʙʳʣ ʩʜʝʣʘʥ ʚ 
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ʧʦʣʴʟʫ ʢʦʥʝʯʥʦ-ʨʘʟʥʦʩʪʥʦʛʦ ʤʝʪʦʜʘ, ʢʦʪʦʨʳʡ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʤʝʪʦʜʦʤ ʢʦʥʝʯʥʳʭ ʵʣʝ-

ʤʝʥʪʦʚ ʭʫʞʝ ʧʦʜʭʦʜʠʪ ʜʣʷ ʘʧʧʨʦʢʩʠʤʘʮʠʠ ʠʩʢʨʠʚʣʝʥʥʳʭ ʧʦʚʝʨʭʥʦʩʪʝʡ ʦʙʨʘʟʮʦʚ, ʥʦ ʚ ʪʦ 

ʞʝ ʚʨʝʤʷ ʦʙʣʘʜʘʝʪ ʙʦʣʝʝ ʚʳʩʦʢʠʤ ʙʳʩʪʨʦʜʝʡʩʪʚʠʝʤ ʧʨʠ ʨʘʩʯʝʪʝ ʨʘʟʤʘʛʥʠʯʠʚʘʶʱʝʛʦ 

ʧʦʣʷ [126]. 

ɺ ʩʣʫʯʘʝ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ ʜʠʩʢʨʝʪʠʟʘʮʠʠ ʤʝʪʦʜʦʤ ʢʦʥʝʯʥʳʭ ʨʘʟʥʦʩʪʝʡ ʬʝʨʨʦ-

ʤʘʛʥʝʪʠʢ ʧʨʝʜʩʪʘʚʣʷʝʪʩʷ ʜʠʩʢʨʝʪʥʦʡ ʩʨʝʜʦʡ, ʩʦʩʪʦʷʱʝʡ ʠʟ N ʦʜʠʥʘʢʦʚʳʭ (ʦʙʲʝʤʦʤ 

V0=æxæyæz) ʧʨʷʤʦʫʛʦʣʴʥʳʭ ʧʘʨʘʣʣʝʣʝʧʠʧʝʜʦʚ ʩ ʦʙʨʘʟʫʶʱʠʤʠ æx, æy, æz, ʧʘʨʘʣʣʝʣʴ-

ʥʳʤʠ ʢʦʦʨʜʠʥʘʪʥʳʤ ʦʩʷʤ. ʇʨʝʜʧʦʣʘʛʘʝʪʩʷ, ʯʪʦ ʚ ʧʨʝʜʝʣʘʭ ʢʘʞʜʦʡ ʷʯʝʡʢʠ ʥʘʤʘʛʥʠʯʝʥ-

ʥʦʩʪʴ ʦʜʥʦʨʦʜʥʘ ʠ ʦʧʠʩʳʚʘʝʪʩʷ ʚʝʢʪʦʨʦʤ ),,(
)()()( z

i
y

i
x

ii MMM=M , ʛʜʝ i=1,..,N. ɿʜʝʩʴ ʠ 

ʜʘʣʝʝ ʚ ʛʣʘʚʝ ʠʩʧʦʣʴʟʫʝʪʩʷ ʩʣʝʜʫʶʱʘ ̫ʠʥʜʝʢʩʘʮʠ ̫ʚʝʢʪʦʨʥʳʭ ʠ ʪʝʥʟʦʨʥʳʭ ʚʝʣʠʯʠʥ: 

ʥʠʞʥʠʡ ʠʥʜʝʢʩ ʫʢʘʟʳʚʘʝʪ ʥʘ ʦʧʨʝʜʝʣʝʥʥʳʡ ʜʠʩʢʨʝʪʥʳʡ ʵʣʝʤʝʥʪ ʩʠʩʪʝʤʳ, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ 

ʚʝʨʭʥʠʡ (ʚ ʢʨʫʛʣʳʭ ʩʢʦʙʢʘʭ) ï ʥʘ ʩʦʦʪʚʝʪʩʪʚʫʶʱʫʶ ʢʦʤʧʦʥʝʥʪʫ ʜʘʥʥʦʡ ʚʝʣʠʯʠʥʳ. ʉ 

ʫʯʝʪʦʤ ʦʙʦʟʥʘʯʝʥʠʷ J = A/d
2
 (ʛʜʝ d

2
 = æx

2
+æy

2
+æz

2
 ï ʢʚʘʜʨʘʪ ʨʘʩʩʪʦʷʥʠ ̫ʤʝʞʜʫ ʩʦʩʝʜ-

ʥʠʤʠ ʜʠʩʢʨʝʪʥʳʤʠ ʵʣʝʤʝʥʪʘʤʠ) ʬʫʥʢʮʠʦʥʘʣ ʩʚʦʙʦʜʥʦʡ ʵʥʝʨʛʠʠ (3.1) ʙʫʜʝʪ ʠʤʝʪʴ ʚʠʜ 
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)1( lMnMMMMMMH .(3.4) 

ɿʜʝʩʴ J ï ʧʦʩʪʦʷʥʥʘʷ ʦʙʤʝʥʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ (ʧʨʠ ʵʪʦʤ ʚʪʦʨʦʡ ʟʥʘʢ ʩʫʤʤʳ ʧʦ j ʚ 

ʦʙʤʝʥʥʦʡ ʵʥʝʨʛʠʠ ʨʘʩʧʨʦʩʪʨʘʥʷʝʪʩʷ ʪʦʣʴʢʦ ʥʘ ʙʣʠʞʘʡʰʠʭ Ni ʩʦʩʝʜʝʡ i-ʛʦ ʜʠʩʢʨʝʪʥʦʛʦ 

ʵʣʝʤʝʥʪʘ), Ki ï ʢʦʥʩʪʘʥʪʘ ʣʦʢʘʣʴʥʦʡ ʦʜʥʦʦʩʥʦʡ ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ, ʘ l i ï ʝʜʠʥʠʯʥʳʡ 

ʚʝʢʪʦʨ, ʩʦʚʧʘʜʘʶʱʠʡ ʩ ʥʘʧʨʘʚʣʝʥʠʝʤ ʦʩʠ ʣʝʛʢʦʛʦ ʥʘʤʘʛʥʠʯʠʚʘʥʠʷ ʚ ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʡ 

ʜʠʩʢʨʝʪʥʦʡ ʷʯʝʡʢʝ. 

ʕʥʝʨʛʠʷ ʨʘʟʤʘʛʥʠʯʠʚʘʶʱʝʛʦ ʧʦʣʷ, ʦʙʫʩʣʦʚʣʝʥʥʘʷ ʤʘʛʥʠʪʦʩʪʘʪʠʯʝʩʢʠʤ ʚʟʘʠʤʦ-

ʜʝʡʩʪʚʠʝʤ ʤʝʞʜʫ i-ʤ ʠ j-ʤ ʜʠʩʢʨʝʪʥʳʤʠ ʵʣʝʤʝʥʪʘʤʠ, ʦʧʠʩʳʚʘʝʪʩʷ ʩʠʤʤʝʪʨʠʯʥʳʤ ʪʝʥ-

ʟʦʨʦʤ 
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GGG

GG rr . (3.5) 

ɼʣʷ ʚʳʯʠʩʣʝʥʠʷ ʝʛʦ ʢʦʤʧʦʥʝʥʪ ʦʙʳʯʥʦ ʧʦʣʴʟʫʶʪʩʷ ʣʠʙʦ ʧʨʠʙʣʠʞʝʥʠʝʤ, ʦʩʥʦʚʘʥʥʳʤ ʥʘ 

ʫʯʝʪʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʧʘʨʳ ʪʦʯʝʯʥʳʭ ʤʘʛʥʠʪʥʳʭ ʜʠʧʦʣʝʡ [120] 
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, (3.6) 

ʛʜʝ E ï ʝʜʠʥʠʯʥʘʷ ʤʘʪʨʠʮʘ ʨʘʟʤʝʨʦʤ 3Ĭ3, ɟij = r i ï r j ï ʚʝʢʪʦʨ ʨʘʩʩʪʦʷʥʠʷ ʤʝʞʜʫ i ʠ j ʜʠ-

ʧʦʣʷʤʠ, ʘ ʟʥʘʢ Ã ʦʙʦʟʥʘʯʘʝʪ ʪʝʥʟʦʨʥʦʝ ʧʨʦʠʟʚʝʜʝʥʠʝ, ʣʠʙʦ ʪʦʯʥʳʤ ʘʥʘʣʠʪʠʯʝʩʢʠʤ ʚʳ-

ʨʘʞʝʥʠʝʤ, ʧʦʣʫʯʝʥʥʳʤ ʚ ʨʘʙʦʪʝ [125], ʢʦʪʦʨʦʝ ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ ʚʳʯʠʩʣʝʥʠʡ ʙʦʣʝʝ ʪʨʫ-

ʜʦʝʤʢʦʝ. 

ʇʦ ʘʥʘʣʦʛʠʠ ʩ ʪʝʥʟʦʨʦʤ ʤʘʛʥʠʪʦʩʪʘʪʠʯʝʩʢʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ m
ijG  ʤʦʞʥʦ ʜʦʧʦʣ-

ʥʠʪʝʣʴʥʦ ʚʚʝʩʪʠ ʩʠʤʤʝʪʨʠʯʥʳʝ ʪʝʥʟʦʨʳ, ʦʧʠʩʳʚʘʶʱʠʝ ʦʙʤʝʥʥʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ 

33³ÍR
e
ijG , ʦʙʱʫʶ ʜʣʷ ʚʩʝʡ ʧʣʝʥʢʠ ʦʜʥʦʦʩʥʫʶ ʤʘʛʥʠʪʥʫʶ ʘʥʠʟʦʪʨʦʧʠʶ 33³ÍR

u
ijG  ʠ 

ʩʣʫʯʘʡʥʫʶ ʦʜʥʦʦʩʥʫʶ ʤʘʛʥʠʪʥʫʶ ʘʥʠʟʦʪʨʦʧʠʶ 33³ÍR
k
ijG , ʵʣʝʤʝʥʪʳ ʢʦʪʦʨʳʭ ʦʧʨʝʜʝ-

ʣʷʶʪʩʷ ʩʣʝʜʫʶʱʠʤʠ ʚʳʨʘʞʝʥʠʷʤʠ 
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, (3.7) 

ʛʜʝ ŭij ʦʙʦʟʥʘʯʘʝʪ ʩʠʤʚʦʣ ʂʨʦʥʝʢʝʨʘ. ʆʙʦʟʥʘʯʘʷ ʩʫʤʤʘʨʥʳʡ ʪʝʥʟʦʨ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʤʝ-

ʞʜʫ i-ʤ ʠ j-ʤ ʜʠʩʢʨʝʪʥʳʤʠ ʵʣʝʤʝʥʪʘʤʠ ʢʘʢ k
ij

u
ij

m
ij

e
ijij GGGGG +++= , ʚʳʨʘʞʝʥʠʝ ʜʣʷ 

ʩʚʦʙʦʜʥʦʡ ʵʥʝʨʛʠʠ (3.4) ʩ ʪʦʯʥʦʩʪʴʶ ʜʦ ʯʣʝʥʦʚ, ʥʝ ʟʘʚʠʩʷʱʠʭ ʦʪ M i, ʤʦʞʝʪ ʙʳʪʴ ʧʨʝʜ-

ʩʪʘʚʣʝʥʦ ʚ ʚʠʜʝ 
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MMMH . (3.8) 

ɼʘʥʥʦʝ ʚʳʨʘʞʝʥʠʝ ʫʜʦʙʥʦ ʟʘʧʠʩʘʪʴ ʚ ʢʦʤʧʘʢʪʥʦʡ ʤʘʪʨʠʯʥʦʡ ʬʦʨʤʝ 

 ö
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õ
æ
ç

å
+-= xbGxxVbxGF TT

2

1
),,( 0 , (3.9) 

ʛʜʝ ʩʠʤʤʝʪʨʠʯʥʘʷ ʤʘʪʨʠʮʘ NN
ijGG 33)( ³Í= R , 13)( ³Í= N

ix RM , 13)( ³Í= N
ib RH , ʘ 

ʧʨʝʬʠʢʩ çTè ʦʟʥʘʯʘʝʪ ʪʨʘʥʩʧʦʥʠʨʦʚʘʥʠʝ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʤʦʜʝʣʠʨʫʝʤʘʷ ʩʨʝʜʘ ʦʧʠʩʳʚʘ-

ʝʪʩʷ ʦʙʦʙʱʝʥʥʦʡ ʤʘʪʨʠʮʝʡ G, ʟʥʘʯʝʥʠʷ ʵʣʝʤʝʥʪʦʚ ʢʦʪʦʨʦʡ ʭʘʨʘʢʪʝʨʠʟʫʶʪ ʪʦʣʴʢʦ ʤʘʛ-

ʥʠʪʥʳʝ ʩʚʦʡʩʪʚʘ ʩʘʤʦʡ ʩʨʝʜʳ ʠ ʥʝ ʟʘʚʠʩʷʪ ʥʠ ʦʪ ʚʥʝʰʥʠʭ ʫʩʣʦʚʠʡ, ʟʘʜʘʥʥʳʭ ʚʝʢʪʦʨʦʤ b, 

ʥʠ ʦʪ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʚ ʥʝʡ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ, ʟʘʜʘʥʥʦʛʦ ʚʝʢʪʦʨʦʤ x. 



72 
 

3.1.3 ʆʧʨʝʜʝʣʝʥʠʝ ʨʘʚʥʦʚʝʩʥʦʛʦ ʩʦʩʪʦʷʥʠʷ 

ʋʩʣʦʚʠʝʤ ʨʘʚʥʦʚʝʩʠʷ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʚ ʬʝʨʨʦʤʘʛʥʠʪʥʦʡ ʩʨʝʜʝ ʷʚʣʷʝʪʩʷ ʩʪʘʮʠʦ-

ʥʘʨʥʦʩʪʴ (ʤʠʥʠʤʫʤ) ʩʚʦʙʦʜʥʦʡ ʵʥʝʨʛʠʠ (3.8), ʪ. ʝ. ʨʘʚʝʥʩʪʚʦ ʥʫʣʶ ʝʝ ʚʘʨʠʘʮʠʠ 

0),..,( 1 =d NF MM , ʧʨʠ ʟʘʜʘʥʥʦʤ ʦʛʨʘʥʠʯʝʥʠʠ 22
si M=M  (i=1,..,N). ʅʝʩʣʦʞʥʦ ʧʦʢʘʟʘʪʴ, 

ʯʪʦ ʵʪʦʪ ʬʫʥʢʮʠʦʥʘʣ ʦʛʨʘʥʠʯʝʥ ʩʥʠʟʫ, ʧʦʵʪʦʤʫ ʩʨʝʜʠ ʚʩʝʭ ʝʛʦ ʤʠʥʠʤʫʤʦʚ ʠʤʝʝʪʩʷ ʘʙ-

ʩʦʣʶʪʥʳʡ. ʇʨʦʯʠʝ ʞʝ ʣʦʢʘʣʴʥʳʝ ʤʠʥʠʤʫʤʳ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʤʝʪʘʩʪʘʙʠʣʴʥʳʤ ʩʦʩʪʦʷʥʠʷʤ 

ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ. ʂʘʢ ʠʟʚʝʩʪʥʦ, ʦʪʥʦʩʠʪʝʣʴʥʘʷ ʫʩʪʦʡʯʠʚʦʩʪʴ ʤʝʪʘʩʪʘʙʠʣʴʥʳʭ ʩʦʩʪʦʷʥʠʡ 

ʬʫʥʢʮʠʦʥʘʣʘ (3.8) ʧʨʠʚʦʜʠʪ ʢ ʤʘʛʥʠʪʥʦʤʫ ʛʠʩʪʝʨʝʟʠʩʫ, ʪ. ʝ. ʢ ʟʘʚʠʩʠʤʦʩʪʠ ʩʦʩʪʦʷʥʠʷ 

ʩʠʩʪʝʤʳ ʦʪ ʝʝ ʧʨʝʜʳʩʪʦʨʠʠ. ʀʩʧʦʣʴʟʫʷ ʤʝʪʦʜ ʥʝʦʧʨʝʜʝʣʝʥʥʳʭ ʤʥʦʞʠʪʝʣʝʡ ʃʘʛʨʘʥʞʘ 

[127], ʥʝʦʙʭʦʜʠʤʦʝ ʫʩʣʦʚʠʝ ʨʘʚʥʦʚʝʩʠʷ ʤʦʞʝʪ ʙʳʪʴ ʟʘʧʠʩʘʥʦ ʚ ʚʠʜʝ ʩʠʩʪʝʤʳ ʫʨʘʚʥʝʥʠʡ 
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, (3.10) 

ʛʜʝ i=1,..,N; ɜi ï ʧʦʩʪʦʷʥʥʳʝ ʤʥʦʞʠʪʝʣʠ ʃʘʛʨʘʥʞʘ, ʘ ŭ/ŭM i ï ʚʘʨʠʘʮʠʦʥʥʘʷ ʧʨʦʠʟʚʦʜʥʘʷ, 

ʢʦʪʦʨʘʷ ʚ ʥʘʰʝʤ ʩʣʫʯʘʝ ʨʘʚʥʘ Ö/ÖM i. ɺʚʦʜʷ ʵʬʬʝʢʪʠʚʥʦʝ ʣʦʢʘʣʥɹʦʝ ʤʘʛʥʠʪʥʦʝ ʧʦʣʝ 
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, (3.11) 

ʧʦʣʫʯʘʝʤ ʩʠʩʪʝʤʫ ʫʨʘʚʥʝʥʠʡ, ʢʦʪʦʨʦʡ ʜʦʣʞʥʦ ʫʜʦʚʣʝʪʚʦʨʷʪʴ ʣʶʙʦʝ ʨʘʚʥʦʚʝʩʥʦʝ ʨʘʩ-

ʧʨʝʜʝʣʝʥʠʝ ʚʝʢʪʦʨʘ M 0 ʚ ʬʝʨʨʦʤʘʛʥʠʪʥʦʡ ʩʨʝʜʝ 

 iiN
eff
i 0001 ),..,( MMMH n=  (i=1,..,N). (3.12) 

ʌʠʟʠʯʝʩʢʠʡ ʩʤʳʩʣ ʧʦʩʣʝʜʥʠʭ ʫʨʘʚʥʝʥʠʡ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʪʦʤ, ʯʪʦ ʚ ʩʦʩʪʦʷʥʠʠ ʨʘʚ-

ʥʦʚʝʩʠʷ ʢʘʞʜʳʡ ʤʘʛʥʠʪʥʳʡ ʤʦʤʝʥʪ M 0i ʩʦʚʧʘʜʘʝʪ ʧʦ ʥʘʧʨʘʚʣʝʥʠʶ ʩ ʵʬʬʝʢʪʠʚʥʳʤ ʣʦ-

ʢʘʣʴʥʳʤ ʤʘʛʥʠʪʥʳʤ ʧʦʣʝʤ, ʩʦʟʜʘʚʘʝʤʳʤ ʢʘʢ ʚʥʝʰʥʠʤ ʧʦʣʝʤ, ʪʘʢ ʠ ʵʬʬʝʢʪʠʚʥʳʤʠ ʧʦ-

ʣʷʤʠ, ʦʙʫʩʣʦʚʣʝʥʥʳʤʠ ʘʥʠʟʦʪʨʦʧʠʝʡ, ʦʙʤʝʥʥʳʤ ʠ ʤʘʛʥʠʪʦʩʪʘʪʠʯʝʩʢʠʤ ʚʟʘʠʤʦʜʝʡʩʪ-

ʚʠʝʤ ʜʠʩʢʨʝʪʥʳʭ ʵʣʝʤʝʥʪʦʚ, ʚʭʦʜʷʱʠʭ ʚ ʩʦʩʪʘʚ ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʡ ʩʠʩʪʝʤʳ. ʂʦʵʬʬʠʮʠʝʥʪ 

ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʦʩʪʠ ɜi ʧʨʠ ʵʪʦʤ ʦʙʝʩʧʝʯʠʚʘʝʪ ʧʦʩʪʦʷʥʩʪʚʦ ʜʣʠʥʳ ʤʘʛʥʠʪʥʦʛʦ ʤʦʤʝʥʪʘ. 

ɿʘʤʝʪʠʤ, ʯʪʦ ʚʭʦʜʷʱʠʝ ʚ ʚʳʨʘʞʝʥʠʝ ʜʣʷ ʩʚʦʙʦʜʥʦʡ ʵʥʝʨʛʠʠ (3.4) ʯʣʝʥʳ, ʫʯʠʪʳ-

ʚʘʶʱʠʝ ʨʘʟʣʠʯʥʳʝ ʚʠʜʳ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ (ʟʘ ʠʩʢʣʶʯʝʥʠʝʤ ʵʥʝʨʛʠʠ ɿʝʝʤʘʥʘ), ʷʚʣʷʶʪʩʷ 
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ʢʚʘʜʨʘʪʠʯʥʳʤʠ ʬʦʨʤʘʤʠ ʦʪʥʦʩʠʪʝʣʴʥʦ M i, ʘ ʧʦʵʪʦʤʫ ʩʠʩʪʝʤʘ ʫʨʘʚʥʝʥʠʡ (3.12) ʷʚʣʷʝʪʩʷ 

ʣʠʥʝʡʥʦʡ. ʇʨʠ ʵʪʦʤ ʩʚʷʟʘʥʥʳʡ ʩ ʥʘʣʠʯʠʝʤ ʚʥʝʥhʝʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʣʠʥʝʡʥʳʡ ʯʣʝʥ ʚ 

(3.4), ʧʨʠʚʦʜʠʪ ʢ ʪʦʤʫ, ʯʪʦ ʵʪʘ ʩʠʩʪʝʤʘ ʩʪʘʥʦʚʠʪʩʷ ʥʝʦʜʥʦʨʦʜʥʦʡ. 

ʕʬʬʝʢʪʠʚʥʦʝ ʣʦʢʘʣʴʥʦʝ ʤʘʛʥʠʪʥʦʝ ʧʦʣʝ ʩ ʫʯʝʪʦʤ (3.11) ʧʨʠʥʠʤʘʝʪ ʚʠʜ 
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ɽʩʣʠ ʚʚʝʩʪʠ ʜʠʘʛʦʥʘʣʴʥʫʶ ʤʘʪʨʠʮʫ D=diag(ɜ1, ɜ1, ɜ1, ɜ2, ɜ2, ... , ɜ3N), ʩʦʩʪʦʷʱʫʶ ʠʟ ʥʝʦʧ-

ʨʝʜʝʣʝʥʥʳʭ ʤʥʦʞʠʪʝʣʝʡ ʃʘʛʨʘʥʞʘ, ʪʦ ʩʠʩʪʝʤʫ (3.12) ʤʦʞʝʤ ʟʘʧʠʩʘʪʴ ʚ ʤʘʪʨʠʯʥʦʤ ʚʠʜʝ 

 bDxGx -=- . (3.14) 

ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʫʨʘʚʥʝʥʠʷ (3.12) ʠ (3.14) ʘʚʪʦʤʘʪʠʯʝʩʢʠ ʥʝ ʦʙʝʩʧʝʯʠʚʘʶʪ 

ʫʩʪʦʡʯʠʚʦʩʪʴ ʨʘʚʥʦʚʝʩʥʦʛʦ ʨʘʩʧʨʝʜʝʣʝʥʠ ̫ʚʝʢʪʦʨʘ M 0. ɼʣʷ ʵʪʦʛʦ ʥʝʦʙʭʦʜʠʤʦ, ʯʪʦʙʳ 

ʚʪʦʨʘʷ ʚʘʨʠʘʮʠʷ ʬʫʥʢʮʠʦʥʘʣʘ ʩʚʦʙʦʜʥʦʡ ʵʥʝʨʛʠʠ (3.4) ʙʳʣʘ ʙʦʣʴʰʝ ʥʫʣʷ. ʀʣʠ 
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ʕʪʦ ʥʝʨʘʚʝʥʩʪʚʦ ʧʦʟʚʦʣʷʝʪ ʩʬʦʨʤʫʣʠʨʦʚʘʪʴ ʩʣʝʜʫʶʱʝʝ ʫʩʣʦʚʠʝ ʫʩʪʦʡʯʠʚʦʩʪʠ ʨʘʚʥʦ-

ʚʝʩʥʦʛʦ ʩʦʩʪʦʷʥʠʷ: ʜʣʷ ʧʦʣʫʯʝʥʥʦʛʦ ʥʘ ʦʩʥʦʚʘʥʠʠ ʫʨʘʚʥʝʥʠʡ (3.12) ʨʘʩʧʨʝʜʝʣʝʥʠʷ M 0 

ʤʘʪʨʠʮʘ C = G ï D ʜʦʣʞʥʘ ʙʳʪʴ ʧʦʣʦʞʠʪʝʣʴʥʦ ʦʧʨʝʜʝʣʝʥʥʦʡ. 

3.1.4 ɸʣʛʦʨʠʪʤ ʨʘʩʯʝʪʘ 

ɼʣʷ ʨʝʰʝʥʠʷ ʤʘʪʨʠʯʥʦʛʦ ʫʨʘʚʥʝʥʠʷ (3.14) ʠʩʧʦʣʴʟʦʚʘʣʩ ̫ʯʠʩʣʝʥʥʳʡ ʘʣʛʦʨʠʪʤ, 

ʧʨʝʜʩʪʘʚʣʷʶʱʠʡ ʩʦʙʦʡ ʤʦʜʠʬʠʢʘʮʠʶ ʩʪʝʧʝʥʥʦʛʦ ʤʝʪʦʜʘ, ʠʩʧʦʣʴʟʫʝʤʦʛʦ ʚ ʣʠʥʝʡʥʦʡ 

ʘʣʛʝʙʨʝ ʧʨʠ ʨʝʰʝʥʠʠ ʯʘʩʪʠʯʥʦʡ ʧʨʦʙʣʝʤʳ ʩʦʙʩʪʚʝʥʥʳʭ ʟʥʘʯʝʥʠʡ [128]. ʏʪʦʙʳ ʧʨʦʜʝ-

ʤʦʥʩʪʨʠʨʦʚʘʪʴ ʝʛʦ, ʩʥʘʯʘʣʘ ʧʝʨʝʧʠʰʝʤ (3.14) ʚ ʚʠʜʝ Dx = Gx + b. ʆʙʦʟʥʘʯʘʷ y = Dx, ʟʘ-

ʧʠʰʝʤ ʩʣʝʜʫʶʱʫʶ ʠʪʝʨʘʮʠʦʥʥʫʶ ʩʭʝʤʫ 
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ʂʦɻʬʬʠʮʠʝʥʪʳ ʜʠʘʛʦʥʘʣʴʥʦʡ ʤʘʪʨʠʮʳ 1
1
-
+iD  ʷʚʣʷʶʪʩʷ ʥʦʨʤʠʨʫʶʱʠʤʠ ʤʥʦʞʠʪʝʣʷʤʠ ʜʣʷ 

x ʠ ʧʦʜʙʠʨʘʶʪʩʷ ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʯʪʦʙʳ ʚʳʧʦʣʥʷʣʦʩʴ ʫʩʣʦʚʠʝ ʥʦʨʤʠʨʦʚʢʠ sM=M . 

ɺʳʯʠʩʣʝʥʠʷ ʧʨʝʢʨʘʱʘʣʠʩʴ, ʝʩʣʠ ʤʘʢʩʠʤʘʣʴʥʦʝ ʦʪʢʣʦʥʝʥʠʝ ʵʣʝʤʝʥʪʦʚ ʚʝʢʪʦʨʘ x ʥʝ 

ʧʨʝʚʳʰʘʣʦ ʟʘʜʘʥʥʦʝ ʟʥʘʯʝʥʠʝ. 

ʉ ʬʠʟʠʯʝʩʢʦʡ ʪʦʯʢʠ ʟʨʝʥʠʷ ʜʘʥʥʳʡ ʘʣʛʦʨʠʪʤ ʦʩʥʦʚʘʥ ʥʘ ʨʝʣʘʢʩʘʮʠʠ ʩʠʩʪʝʤʳ ʚ 

ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʚʥʫʪʨʝʥʥʠʤʠ ʵʬʬʝʢʪʠʚʥʳʤʠ ʤʘʛʥʠʪʥʳʤʠ ʧʦʣʷʤʠ, ʜʝʡʩʪʚʫʶʱʠʤʠ ʥʘ 

ʢʘʞʜʳʡ ʤʘʛʥʠʪʥʳʡ ʤʦʤʝʥʪ. ɼʣʷ ʪʝʢʫʱʝʛʦ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ xi ʚʳʯʠʩʣʷ-

ʝʪʩʷ ʵʬʬʝʢʪʠʚʥʦʝ ʣʦʢʘʣʴʥʦʝ ʧʦʣʝ yi+1, ʠ ʚ ʥʘʧʨʘʚʣʝʥʠʠ ʜʝʡʩʪʚʫʶʱʝʡ ʩʠʣʳ ʫʩʪʘʥʘʚʣʠʚʘ-

ʝʪʩʷ ʥʦʚʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ xi+1. 

ʇʨʦʙʣʝʤʘ, ʩ ʢʦʪʦʨʦʡ ʧʨʠʭʦʜʠʪʩʷ ʩʪʘʣʢʠʚʘʪʴʩʷ ʧʨʠ ʨʝʘʣʠʟʘʮʠʠ ʜʘʥʥʦʛʦ ʘʣʛʦʨʠʪʤʘ, 

ʵʪʦ ʟʘʮʠʢʣʠʚʘʥʠʝ ʠʪʝʨʘʮʠʡ ʧʨʠ ʚʳʯʠʩʣʝʥʠʠ, ʩʦʧʨʦʚʦʞʜʘʶʱʝʝʩʷ ʩʢʘʯʢʘʤʠ ʤʝʞʜʫ ʜʚʫʤʷ 

ʥʝʫʩʪʦʡʯʠʚʳʤʠ ʩʦʩʪʦʷʥʠʷʤʠ. ʄʦʞʥʦ ʧʦʢʘʟʘʪʴ, ʯʪʦ ʥʝʦʙʭʦʜʠʤʳʤ ʫʩʣʦʚʠʝʤ ʩʭʦʜʠʤʦʩʪʠ 

(ʚ ʪʦʤ ʯʠʩʣʝ ʦʪʩʫʪʩʪʚʠʷ ʟʘʮʠʢʣʠʚʘʥʠʷ) ʵʪʦʛʦ ʠʪʝʨʘʮʠʦʥʥʦʛʦ ʧʨʦʮʝʩʩʘ ʷʚʣʷʝʪʩʷ ʧʦʣʦʞʠ-

ʪʝʣʴʥʘʷ ʦʧʨʝʜʝʣʝʥʥʦʩʪʴ ʤʘʪʨʠʮʳ G. ɺ ʥʘʰʝʤ ʩʣʫʯʘʝ ʵʪʦʛʦ ʚʩʝʛʜʘ ʤʦʞʥʦ ʜʦʙʠʪʴʩʷ, ʝʩʣʠ 

ʚʤʝʩʪʦ ʤʘʪʨʠʯʥʦʛʦ ʫʨʘʚʥʝʥʠʷ (3.14) ʨʝʰʘʪʴ ʫʨʘʚʥʝʥʠʝ G'x ï D'x = ïb, ʛʜʝ G' = G + ɝE, 

D' = D + ɝE, ʘ E ï ʝʜʠʥʠʯʥʘʷ ʤʘʪʨʠʮʘ. ɺʳʙʨʘʚ ʧʦʜʭʦʜʷʱʠʤ ʦʙʨʘʟʦʤ ɝ > 0 (ʥʘʧʨʠʤʝʨ, ʢʘʢ 

ɝ = ïɚmin, ʛʜʝ ɚmin ï ʤʠʥʠʤʘʣʴʥʦʝ ʩʦʙʩʪʚʝʥʥʦʝ ʯʠʩʣʦ ʤʘʪʨʠʮʳ G), ʧʦʣʫʯʠʤ ʧʦʣʦʞʠʪʝʣʴʥʦ 

ʦʧʨʝʜʝʣʝʥʥʫʶ ʤʘʪʨʠʮʫ G'. ʉ ʬʠʟʠʯʝʩʢʦʡ ʪʦʯʢʠ ʟʨʝʥʠʷ ʪʘʢʦʝ ʧʨʝʦʙʨʘʟʦʚʘʥʠʝ ʦʟʥʘʯʘʝʪ 

ʫʚʝʣʠʯʝʥʠʝ ʵʥʝʨʛʠʠ ʩʠʩʪʝʤʳ (3.4) ʥʘ ʧʦʩʪʦʷʥʥʫʶ ʚʝʣʠʯʠʥʫ x2sVM , ʢʦʪʦʨʘʷ ʥʝ ʟʘʚʠʩʠʪ ʦʪ 

ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ M i. ʇʦʵʪʦʤʫ ʵʪʘ ʜʦʙʘʚʢʘ ʥʝ ʚʣʠʷʝʪ ʥʘ ʦʧʨʝʜʝʣʝʥʠʝ 

ʨʘʚʥʦʚʝʩʥʦʛʦ ʩʦʩʪʦʷʥʠʷ. 

ʇʦʣʫʯʝʥʥʦʝ ʨʝʰʝʥʠʝ x0, ʦʪʚʝʯʘʶʱʝʝ ʨʘʚʥʦʚʝʩʥʦʤʫ ʨʘʩʧʨʝʜʝʣʝʥʠʶ ʥʘʤʘʛʥʠʯʝʥ-

ʥʦʩʪʠ M 0, ʥʝʦʙʭʦʜʠʤʦ ʧʨʦʚʝʨʠʪʴ ʥʘ ʫʩʪʦʡʯʠʚʦʩʪʴ. ɽʩʣʠ ʨʘʩʧʨʝʜʝʣʝʥʠʶ x0 ʩʦʦʪʚʝʪʩʪʚʫʝʪ 

ʜʠʘʛʦʥʘʣʴʥʘʷ ʤʘʪʨʠʮʘ ʥʦʨʤʠʨʦʚʦʯʥʳʭ ʢʦʵʬʬʠʮʠʝʥʪʦʚ (ʤʥʦʞʠʪʝʣʝʡ ʃʘʛʨʘʥʞʘ) D0', ʪʦ, 

ʢʘʢ ʫʞʝ ʙʳʣʦ ʧʦʢʘʟʘʥʦ, ʥʝʦʙʭʦʜʠʤʳʤ ʫʩʣʦʚʠʝʤ ʫʩʪʦʡʯʠʚʦʩʪʠ ʧʦʣʫʯʝʥʥʦʛʦ ʨʝʰʝʥʠʷ 

ʷʚʣʷʝʪʩʷ ʧʦʣʦʞʠʪʝʣʴʥʘʷ ʦʧʨʝʜʝʣʝʥʥʦʩʪʴ ʤʘʪʨʠʮʳ C = G' ï D0'. ɽʩʣʠ ɚc ï ʤʠʥʠʤʘʣʴʥʦʝ 

ʩʦʙʩʪʚʝʥʥʦʝ ʯʠʩʣʦ ʤʘʪʨʠʮʳ C, ʘ zc ï ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʡ ʝʤʫ ʩʦʙʩʪʚʝʥʥʳʡ ʚʝʢʪʦʨ, ʪʦ ʫʩ-

ʣʦʚʠʝ ʫʩʪʦʡʯʠʚʦʩʪʠ ʧʦʣʫʯʝʥʥʦʛʦ ʨʝʰʝʥʠʷ ʤʦʞʥʦ ʟʘʧʠʩʘʪʴ ʢʘʢ ɚc>0. ɽʩʣʠ ʵʪʦ ʫʩʣʦʚʠʝ ʥʝ 

ʚʳʧʦʣʥʷʝʪʩʷ, ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʥʝʫʩʪʦʡʯʠʚʦ, ʘ ʚʝʢʪʦʨ zc ʦʧʨʝʜʝʣʷʝʪ ʥʘ-

ʧʨʘʚʣʝʥʠʝ ʨʝʣʘʢʩʘʮʠʠ ʩʠʩʪʝʤʳ. 
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3.1.5 ʋʩʢʦʨʷʶʱʠʝ ʧʨʦʮʝʜʫʨʳ 

ʇʦʜʘʚʣʷʶʱʘʷ ʯʘʩʪʴ ʤʘʰʠʥʥʦʛʦ ʚʨʝʤʝʥʠ ʧʨʠ ʘʥʘʣʠʟʝ ʣʶʙʦʡ ʤʠʢʨʦʤʘʛʥʠʪʥʦʡ ʤʦ-

ʜʝʣʠ ʥʝʦʙʭʦʜʠʤʘ ʜʣʷ ʚʳʯʠʩʣʝʥʠʷ ʧʦʣʷ ʠʣʠ ʵʥʝʨʛʠʠ ʨʘʟʤʘʛʥʠʯʠʚʘʥʠʷ. ɺʳʯʠʩʣʝʥʠʝ ʵʪʦʛʦ 

ʧʦʣʷ ʜʣʷ ʦʜʥʦʡ ʷʯʝʡʢʠ ʪʨʝʙʫʝʪ ʩʫʤʤʠʨʦʚʘʥʠʷ ʚʢʣʘʜʦʚ ʧʦ ʚʩʝʤ ʜʨʫʛʠʤ ʷʯʝʡʢʘʤ (3.2). 

ʇʦʵʪʦʤʫ ʚ ʧʨʦʩʪʦʤ ʘʣʛʦʨʠʪʤʝ ʪʨʝʙʫʝʪʩʷ O(N) ʦʧʝʨʘʮʠʡ ʜʣʷ ʢʘʞʜʦʡ ʷʯʝʡʢʠ (ʛʜʝ N ï ʦʙʱʝʝ 

ʢʦʣʠʯʝʩʪʚʦ ʷʯʝʝʢ), ʘ ʜʣʷ ʚʩʝʡ ʩʠʩʪʝʤʳ ï O(N
2
) ʦʧʝʨʘʮʠʡ. ɼʣʷ ʚʳʯʠʩʣʝʥʠʷ ʜʨʫʛʠʭ ʩʦ-

ʩʪʘʚʣʷʶʱʠʭ ʵʬʬʝʢʪʠʚʥʦʛʦ ʧʦʣʷ ʪʨʝʙʫʝʪʩʷ ʧʦʨʷʜʢʘ O(N) ʦʧʝʨʘʮʠʡ ʥʘ ʦʜʥʫ ʠʪʝʨʘʮʠʶ ʜʣʷ 

ʚʩʝʛʦ ʦʙʲʝʤʘ ʬʝʨʨʦʤʘʛʥʝʪʠʢʘ. ʇʦʵʪʦʤʫ ʦʯʝʥʴ ʚʘʞʥʦ ʨʘʩʩʤʦʪʨʝʪʴ ʤʝʪʦʜʳ, ʧʦʟʚʦʣʷʶʱʠʝ 

ʫʩʢʦʨʠʪʴ ʧʨʦʮʝʩʩ ʚʳʯʠʩʣʝʥʠʷ ʧʦʣʷ ʨʘʟʤʘʛʥʠʯʠʚʘʥʠʷ. 

3.1.5.1 ʋʩʝʯʝʥʠʝ ʨʘʜʠʫʩʘ ʤʘʛʥʠʪʦʩʪʘʪʠʯʝʩʢʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ 

ɺ ʩʠʣʫ ʜʘʣʴʥʦʜʝʡʩʪʚʫʶʱʝʡ ʧʨʠʨʦʜʳ, ʧʨʠʩʫʱʝʡ ʤʘʛʥʠʪʦʩʪʘʪʠʯʝʩʢʦʤʫ ʚʟʘʠʤʦ-

ʜʝʡʩʪʚʠʶ, ʤʘʪʨʠʮʘ NNm
ij

m GG 33)( ³Í= R  ʙʫʜʝʪ ʧʣʦʪʥʦʡ, ʚ ʦʪʣʠʯʠʝ ʦʪ ʤʘʪʨʠʮ, ʦʪʚʝʯʘʶ-

ʱʠʭ ʦʙʤʝʥʥʦʤʫ ʚʟʘʠʤʦʜʝʡʩʪʚʠʶ NNe
ij

e GG 33)( ³Í= R  ʠ ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ 

NNu
ij

u GG 33)( ³Í= R , NNk
ij

k GG 33)( ³Í= R , ʫ ʢʦʪʦʨʳʭ ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ (3.7) ʣʠʰʴ ʦʪʥʦʩʠ-

ʪʝʣʴʥʦ ʥʝʙʦʣʴʰʦʝ ʯʠʩʣʦ ʵʣʝʤʝʥʪʦʚ ʙʫʜʝʪ ʦʪʣʠʯʥʦ ʦʪ ʥʫʣʷ. ʆʜʥʘʢʦ ʚ ʨʷʜʝ ʩʣʫʯʘʝʚ ʧʨʠ 

ʤʦʜʝʣʠʨʦʚʘʥʠʠ ʤʘʛʥʠʪʥʳʭ ʩʨʝʜ ʨʘʜʠʫʩ ʤʘʛʥʠʪʦʩʪʘʪʠʯʝʩʢʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʤʦʞʥʦ 

ʦʛʨʘʥʠʯʠʪʴ ʠ ʫʯʠʪʳʚʘʪʴ ʚʣʠʷʥʠʝ ʪʦʣʴʢʦ ʥʝʢʦʪʦʨʦʛʦ ʥʝʙʦʣʴh ʦʛʦ ʢʦʣʠʯʝʩʪʚʘ ʩʦʩʝʜʥʠʭ 

ʜʠʩʢʨʝʪʥʳʭ ʵʣʝʤʝʥʪʦʚ, ʧʦʧʘʜʘʶʱʠʭ ʚ ʫʩʝʯʝʥʥʫʶ ʦʙʣʘʩʪʴ [120]. ɺ ʨʝʟʫʣʴʪʘʪʝ ʤʘʪʨʠʮʘ G
m
 

ʠ, ʢʘʢ ʩʣʝʜʩʪʚʠʝ, ʦʙʦʙʱʝʥʥʘʷ ʤʘʪʨʠʮʘ ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ G ʙʫʜʫʪ ʣʝʥʪʦʯʥʳʤʠ, ʠ ʙʦʣʴʰʘʷ 

ʯʘʩʪʴ ʠʭ ʵʣʝʤʝʥʪʦʚ ʩʪʘʥʝʪ ʥʫʣʷʤʠ. ʕʪʦ ʜʘʝʪ ʚʦʟʤʦʞʥʦʩʪʴ ʧʨʠ ʨʝʘʣʠʟʘʮʠʠ ʧʨʦʛʨʘʤʤ 

ʯʠʩʣʝʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʠʩʧʦʣʴʟʦʚʘʪʴ ʩʪʘʥʜʘʨʪʥʳʝ ʤʘʪʝʤʘʪʠʯʝʩʢʠʝ ʙʠʙʣʠʦʪʝʢʠ ʣʠ-

ʥʝʡʥʦʡ ʘʣʛʝʙʨʳ, ʚ ʢʦʪʦʨʳʭ ʨʝʘʣʠʟʦʚʘʥʘ ʧʦʜʜʝʨʞʢʘ ʨʘʙʦʪʳ ʩ ʨʘʟʨʝʞʝʥʥʳʤʠ ʤʘʪʨʠʮʘʤʠ. 

ɺ ʵʪʦʤ ʩʣʫʯʘʝ ʯʠʩʣʦ ʦʧʝʨʘʮʠʡ ʠ ʢʦʣʠʯʝʩʪʚʦ ʵʣʝʤʝʥʪʦʚ, ʪʨʝʙʫʶʱʠʭ ʭʨʘʥʝʥʠʷ ʚ ʦʧʝʨʘ-

ʪʠʚʥʦʡ ʧʘʤʷʪʠ, ʙʫʜʝʪ ʧʦʨʷʜʢʘ O(kN), ʛʜʝ k ï ʢʦʣʠʯʝʩʪʚʦ ʣʝʥʪ ʤʘʪʨʠʮʳ G, ʦʧʨʝʜʝʣʷʝʤʦʝ 

ʨʘʜʠʫʩʦʤ ʤʘʛʥʠʪʦʩʪʘʪʠʯʝʩʢʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ. 

ɺʦʧʨʦʩ, ʢʦʛʜʘ ʪʘʢʘʷ ʘʧʧʨʦʢʩʠʤʘʮʠʷ ʷʚʣʷʝʪʩʷ ʜʦʧʫʩʪʠʤʦʡ, ʦʯʝʥʴ ʚʘʞʝʥ. ʅʝʧʦʣʥʳʡ 

ʫʯʝʪ ʤʘʛʥʠʪʦʩʪʘʪʠʯʝʩʢʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʧʨʠʚʦʜʠʪ ʢ ʥʝʜʦʩʪʦʚʝʨʥʳʤ ʨʝʟʫʣʴʪʘʪʘʤ. ɺ 

ʩʣʫʯʘʝ ʦʙʲʝʤʥʳʭ ʪʨʝʭʤʝʨʥʳʭ ʦʙʲʝʢʪʦʚ ʧʨʠ ʚʳʯʠʩʣʝʥʠʠ ʧʦʣʷ ʨʘʟʤʘʛʥʠʯʠʚʘʥʠʷ ʤʘʛʥʠʪ-

ʥʦʝ ʜʠʧʦʣʴ-ʜʠʧʦʣʴʥʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ (3.2) ʫʙʳʚʘʝʪ ʦʙʨʘʪʥʦ ʧʨʦʧʦʨ-
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ʮʠʦʥʘʣʴʥʦ ʪʨʝʪʝʡ ʩʪʝʧʝʥʠ ʨʘʩʩʪʦʷʥʠʷ ʤʝʞʜʫ ʜʠʩʢʨʝʪʥʳʤʠ ʵʣʝʤʝʥʪʘʤʠ, ʪ. ʝ. ʢʘʢ ɟ
ï3
. ɺ ʪʦ 

ʞʝ ʚʨʝʤʷ, ʝʩʣʠ ʵʣʝʤʝʥʪ ʦʙʲʝʤʘ ʪʨʝʭʤʝʨʥʦʛʦ ʪʝʣʘ ʚ ʩʬʝʨʠʯʝʩʢʠʭ ʢʦʦʨʜʠʥʘʪʘʭ dV ~ ɟ
2
dɟ 

ʧʦʜʩʪʘʚʠʪʴ ʚ (3.2), ʠʥʪʝʛʨʠʨʦʚʘʥʠʝ, ʦʯʝʚʠʜʥʦ, ʧʨʠʚʝʜʝʪ ʢ ʣʦʛʘʨʠʬʤʠʯʝʩʢʦʡ ʟʘʚʠʩʠʤʦʩʪʠ 

ʧʦʣʷ ʨʘʟʤʘʛʥʠʯʠʚʘʥʠʷ ~ ln(ɟ). ʕʪʦ ʦʟʥʘʯʘʝʪ, ʯʪʦ ʧʦʣʝ ʤʘʛʥʠʪʥʦʛʦ ʜʠʧʦʣʷ, ʫʙʳʚʘʶʱʝʝ ʩ 

ʨʘʩʩʪʦʷʥʠʝʤ ʢʘʢ ɟ
ï3
, ʢʦʤʧʝʥʩʠʨʫʝʪʩʷ ʟʘ ʩʯʝʪ ʨʦʩʪʘ ʯʠʩʣʘ ʜʠʧʦʣʝʡ, ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʦʛʦ ɟ

3
. 

ʇʦʵʪʦʤʫ ʚʢʣʘʜʳ ʦʪ ʚʩʝʭ ʷʯʝʝʢ, ʥʝʟʘʚʠʩʠʤʦ ʦʪ ʨʘʩʩʪʦʷʥʠʷ ʤʝʞʜʫ ʥʠʤʠ, ʷʚʣʷʶʪʩʷ ʦʜʠʥʘ-

ʢʦʚʦ ʩʫʱʝʩʪʚʝʥʥʳʤʠ ʠ ʚ ʦʙʱʝʤ ʩʣʫʯʘʝ ʜʦʣʞʥʳ ʙʳʪʴ ʫʯʪʝʥʳ. 

ʇʨʠ ʠʩʩʣʝʜʦʚʘʥʠʠ ʦʜʥʦʤʝʨʥʳʭ ʠ ʜʚʫʤʝʨʥʳʭ ʤʘʛʥʠʪʥʳʭ ʩʪʨʫʢʪʫʨ, ʥʘʧʨʠʤʝʨ, ʪʘʢʠʭ 

ʢʘʢ ʥʘʥʦʥʠʪʠ, ʥʘʥʦʧʨʦʚʦʣʦʢʠ, ʜʚʫʤʝʨʥʳʝ ʤʘʩʩʠʚʳ ʥʘʥʦʯʘʩʪʠʮ, ʪʦʥʢʦʧʣʝʥʦʯʥʳʝ ʥʘʥʦ- ʠ 

ʛʝʪʝʨʦʩʪʨʫʢʪʫʨʳ, ʪʘʢʦʝ ʧʨʠʙʣʠʞʝʥʠʝ ʦʢʘʟʳʚʘʝʪʩʷ ʦʧʨʘʚʜʘʥʥʳʤ. ʕʣʝʤʝʥʪ ʦʙʲʝʤʘ dV ʜʣʷ 

ʦʜʥʦʤʝʨʥʳʭ ʠ ʜʚʫʤʝʨʥʳʭ ʩʪʨʫʢʪʫʨ ʙʫʜʝʪ ʧʨʦʧʦʨʮʠʦʥʘʣʝʥ dɟ ʠ ɟdɟ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʯʪʦ 

ʧʨʠʚʝʜʝʪ ʢ ʟʘʚʠʩʠʤʦʩʪʠ ʨʘʟʤʘʛʥʠʯʠʚʘʶʱʝʛʦ ʧʦʣʷ ʦʪ ɟ ʢʘʢ ~ ɟ
ï2

 ʠ ~ ɟ
ï1
. ʕʪʦ ʜʘʝʪ ʥʘʤ 

ʚʦʟʤʦʞʥʦʩʪʴ ʧʨʠ ʨʝʰʝʥʠʠ ʤʠʢʨʦʤʘʛʥʠʪʥʳʭ ʟʘʜʘʯ ʦʛʨʘʥʠʯʠʪʴ ʨʘʜʠʫʩ ʤʘʛʥʠʪʦʩʪʘʪʠʯʝ-

ʩʢʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ, ʯʪʦ ʧʨʠʚʝʜʝʪ ʢ ʟʥʘʯʠʪʝʣʴʥʦʤʫ ʩʦʢʨʘʱʝʥʠʶ ʚʨʝʤʝʥʠ ʨʘʩʯʝʪʘ ʠ 

ʫʤʝʥʴh ʝʥʠʶ ʦʙʲʝʤʘ ʪʨʝʙʫʝʤʦʡ ʦʧʝʨʘʪʠʚʥʦʡ ʧʘʤʷʪʠ. ʕʬʬʝʢʪʠʚʥʦʩʪʴ ʠ ʧʨʘʚʦʤʝʨʥʦʩʪʴ 

ʪʘʢʦʛʦ ʧʨʠʙʣʠʞʝʥʠʷ ʠʩʩʣʝʜʦʚʘʣʠʩʴ ʚ ʨʘʙʦʪʝ [120] ʧʨʠ ʠʟʫʯʝʥʠʠ ʤʘʛʥʠʪʥʦʡ ʤʠʢʨʦ-

ʩʪʨʫʢʪʫʨʳ ʠ ʧʨʦʮʝʩʩʦʚ ʧʝʨʝʤʘʛʥʠʯʠʚʘʥʠʷ ʚ ʪʦʥʢʠʭ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʧʣʝʥʢʘʭ ʩʦ 

ʩʣʫʯʘʡʥʳʤ ʨʘʟʙʨʦʩʦʤ ʦʩʝʡ ʘʥʠʟʦʪʨʦʧʠʠ ʚ ʜʠʩʢʨʝʪʥʳʭ ʷʯʝʡʢʘʭ. 

ɺ ʩʣʫʯʘʝ ʪʨʝʭʤʝʨʥʳʭ ʦʙʲʝʢʪʦʚ, ʢʘʢ ʙʳʣʦ ʫʞʝ ʦʪʤʝʯʝʥʦ, ʫʩʝʯʝʥʠʝ ʨʘʜʠʫʩʘ ʤʘʛʥʠ-

ʪʦʩʪʘʪʠʯʝʩʢʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʥʝʜʦʧʫʩʪʠʤʦ, ʧʦʵʪʦʤʫ ʥʝʦʙʭʦʜʠʤʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʜʨʫʛʠʝ 

ʧʦʜʭʦʜʷʱʠʝ ʤʝʪʦʜʳ ʧʨʠ ʨʘʩʯʝʪʝ ʨʘʟʤʘʛʥʠʯʠʚʘʶʱʝʛʦ ʧʦʣʷ. ʆʜʥʠʤ ʠʟ ʥʘʠʙʦʣʝʝ ʫʜʘʯʥʳʭ 

ʨʝʰʝʥʠʡ ʷʚʣʷʝʪʩʷ ʧʦʜʭʦʜ, ʦʩʥʦʚʘʥʥʳʡ ʥʘ ʤʝʪʦʜʝ ʙʳʩʪʨʦʛʦ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʌʫʨʴʝ [129, 

130], ʨʘʩʩʤʦʪʨʝʥʥʳʡ ʚ ʩʣʝʜʫʶʱʝʤ ʨʘʟʜʝʣʝ. 

3.1.5.2 ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʤʝʪʦʜʘ ʙʳʩʪʨʦʛʦ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʌʫʨʴʝ 

ɺʦʟʤʦʞʥʦʩʪʴ ʩʫʱʝʩʪʚʝʥʥʦ ʫʩʢʦʨʠʪʴ ʢʨʠʪʠʯʝʩʢʫʶ ʯʘʩʪʴ ʨʘʩʯʝʪʘ ʧʦʣʷ ʨʘʟʤʘʛʥʠ-

ʯʠʚʘʥʠʷ ʩʦʩʪʦʠʪ ʚ ʧʨʠʤʝʥʝʥʠʠ ʘʣʛʦʨʠʪʤʘ ʙʳʩʪʨʦʛʦ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʌʫʨʴʝ (ɹʇʌ). ɺ 

ʩʣʫʯʘʝ, ʝʩʣʠ ʩʝʪʢʘ ʜʠʩʢʨʝʪʠʟʘʮʠʠ ʙʳʣʘ ʚʳʙʨʘʥʘ ʪʨʘʥʩʣʷʮʠʦʥʥʦ ʠʥʚʘʨʠʘʥʪʥʦʡ (ʨʝʛʫ-

ʣʷʨʥʦʡ), ʪʦ ʤʘʪʨʠʯʥʳʝ ʵʣʝʤʝʥʪʳ )( ji
mm

ij GG rr -¹  ʟʘʚʠʩʪ̫ ʪʦʣʴʢʦ ʦʪ ʚʝʢʪʦʨʘ ʨʘʟʥʦʩʪʠ 

ʤʝʞʜʫ ʮʝʥʪʨʘʤʠ ʷʯʝʝʢ i ʠ j. ɺ ʩʘʤʦʤ ʜʝʣʝ, ʨʘʟʤʘʛʥʠʯʠʚʘʶʱʝʝ ʧʦʣʝ ʚ i ʷʯʝʡʢʝ 
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 j

j

m
ij

m
i G MH ä=  (3.17) 

ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʜʠʩʢʨʝʪʥʳʡ ʘʥʘʣʦʛ ʩʚʝʨʪʢʠ (3.3), ʛʜʝ ʧʨʦʠʟʚʝʜʝʥʠʝ 

VdGm ¡¡¡- )()( rMrr  ʦʧʨʝʜʝʣʷʝʪ ʧʦʣʝ ʨʘʟʤʘʛʥʠʯʠʚʘʥʠʷ, ʩʦʟʜʘʚʘʝʤʦʝ ʚ ʪʦʯʢʝ r  ʵʣʝʤʝʥ-

ʪʘʨʥʳʤ ʤʘʛʥʠʪʥʳʤ ʤʦʤʝʥʪʦʤ, ʨʘʩʧʦʣʦʞʝʥʥʤr ʚ ʪʦʯʢʝ r '. ɼʠʩʢʨʝʪʥʘʷ ʩʚʝʨʪʢʘ (3.17) 

ʤʦʞʝʪ ʙʳʪʴ ʚʳʯʠʩʣʝʥʘ ʩ ʧʦʤʦʱʴʶ ʜʠʩʢʨʝʪʥʦʛʦ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʌʫʨʴʝ, ʢʦʪʦʨʦʝ ʦʯʝʥʴ 

ʵʬʬʝʢʪʠʚʥʦ ʤʦʞʝʪ ʙʳʪʴ ʨʝʘʣʠʟʦʚʘʥʦ ʠʟʚʝʩʪʥʳʤ ʘʣʛʦʨʠʪʤʦʤ, ʥʘʟʳʚʘʝʤʳʤ ʙʳʩʪʨʳʤ 

ʧʨʝʦʙʨʘʟʦʚʘʥʠʝʤ ʌʫʨʴʝ. ʌʘʢʪʠʯʝʩʢʠ ʩ ʧʦʤʦʱʴʶ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʌʫʨʴʝ ʩʚʝʨʪʢʘ ʚ ʧʨʦ-

ʩʪʨʘʥʩʪʚʝʥʥʦ-ʚʨʝʤʝʥʥʦʡ ʦʙʣʘʩʪʠ ʤʦʞʝʪ ʙʳʪʴ ʧʨʝʦʙʨʘʟʦʚʘʥʘ ʚ ʩʢʘʣʷʨʥʦʝ ʧʨʦʠʟʚʝʜʝʥʠʝ ʚ 

ʯʘʩʪʦʪʥʦʡ ʦʙʣʘʩʪʠ. 

ʈʝʘʣʠʟʘʮʠʷ ʵʪʦʡ, ʥʘ ʧʝʨʚʳʡ ʚʟʛʣʷʜ, ʧʨʦʩʪʦʡ ʠʜʝʠ ʦʩʣʦʞʥʷʝʪʩʷ ʠʟ-ʟʘ ʫʩʣʦʚʠʡ, ʥʘ-

ʢʣʘʜʳʚʘʝʤʳʭ ʪʝʦʨʝʤʦʡ ʦ ʩʚʝʨʪʢʝ. ʇʝʨʚʦʝ ʫʩʣʦʚʠʝ ʪʨʝʙʫʝʪ, ʯʪʦʙʳ ʢʦʥʬʠʛʫʨʘʮʠʷ ʥʘʤʘʛ-

ʥʠʯʝʥʥʦʩʪʠ ʙʳʣʘ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦ-ʧʝʨʠʦʜʠʯʝʩʢʦʡ ʬʫʥʢʮʠʝʡ. ɺʪʦʨʦʝ ʫʩʣʦʚʠʝ ʪʨʝʙʫʝʪ, 

ʯʪʦʙʳ ʬʫʥʢʮʠʷ ʤʘʛʥʠʪʦʩʪʘʪʠʯʝʩʢʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʠʤʝʣʘ ʢʦʥʝʯʥʳʡ ʨʘʜʠʫʩ ʜʝʡʩʪʚʠʷ 

ʠʣʠ, ʧʦ ʢʨʘʡʥʝʡ ʤʝʨʝ, ʤʦʛʣʘ ʙʳʪʴ çʫʩʝʯʝʥʘè ʥʘ ʥʝʢʦʪʦʨʦʤ ʢʦʥʝʯʥʦʤ ʨʘʩʩʪʦʷʥʠʠ. 

ʂʦʥʮʝʧʪʫʘʣʴʥʦ ʩʘʤʳʡ ʧʨʦʩʪʦʡ ʩʧʦʩʦʙ ʨʘʟʨʝʰʠʪʴ ʵʪʠ ʪʨʫʜʥʦʩʪʠ ʜʣʷ ʢʦʥʝʯʥʳʭ 

(ʦʛʨʘʥʠʯʝʥʥʳʭ) ʩʠʩʪʝʤ ʠʟʚʝʩʪʝʥ. ɸ ʠʤʝʥʥʦ, ʤʦʞʥʦ ʨʘʩʩʤʦʪʨʝʪʴ ʧʨʦʩʪʨʘʥʩʪʚʝʥ-

ʥʦ-ʧʝʨʠʦʜʠʯʝʩʢʫʶ ʩʠʩʪʝʤʫ, ʩʦʩʪʦʷʱʫʶ ʠʟ ʙʝʩʢʦʥʝʯʥʦʛʦ ʯʠʩʣʘ ʘʙʩʦʣʶʪʥʦ ʦʜʠʥʘʢʦʚʳʭ 

ʢʦʧʠʡ ʠʩʩʣʝʜʫʝʤʦʡ ʩʠʩʪʝʤʳ, ʨʘʟʜʝʣʝʥʥʳʭ ʦʙʣʘʩʪʷʤʠ ʪʦʛʦ ʞʝ ʩʘʤʦʛʦ ʨʘʟʤʝʨʘ, ʥʦ ʩ ʥʫ-

ʣʝʚʦʡ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʴʶ. ʊʘʢʦʡ ʧʦʜʭʦʜ ʯʘʩʪʦ ʠʩʧʦʣʴʟʫʝʪʩʷ ʚ ʨʘʜʠʦʪʝʭʥʠʢʝ ʧʨʠ ʦʙʨʘ-

ʙʦʪʢʝ ʥʝʧʝʨʠʦʜʠʯʝʩʢʠʭ ʩʠʛʥʘʣʦʚ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʦʙʝʩʧʝʯʠʚʘʝʪʩʷ ʥʝ ʪʦʣʴʢʦ ʧʨʦʩʪʨʘʥʩʪ-

ʚʝʥʥʘʷ ʧʝʨʠʦʜʠʯʥʦʩʪʴ ʠʟʫʯʘʝʤʦʡ ʩʠʩʪʝʤʳ, ʥʦ ʠ ʦʪʩʫʪʩʪʚʠʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʤʝʞʜʫ ʨʘʟ-

ʣʠʯʥʳʤʠ ʢʦʧʠʷʤʠ ʩʠʩʪʝʤʳ. ʉʣʝʜʦʚʘʪʝʣʴʥʦ, ʚʩʝ ʩʚʦʡʩʪʚʘ ʵʪʦʡ ʠʩʢʫʩʩʪʚʝʥʥʦʡ ʧʝʨʠʦʜʠ-

ʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ ʧʦʣʥʦʩʪʴʶ ʦʧʨʝʜʝʣʷʶʪʩʷ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷʤʠ ʚ ʧʨʝʜʝʣʘʭ ʦʪʜʝʣʴʥʦʡ 

ʢʦʧʠʠ, ʷʚʣʷʶʱʝʡʩʷ ʠʟʥʘʯʘʣʴʥʦ ʦʙʲʝʢʪʦʤ ʠʩʩʣʝʜʦʚʘʥʠʷ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʦʙʘ ʫʩʣʦʚʠʷ 

ʪʝʦʨʝʤʳ ʦ ʩʚʝʨʪʢʝ ʚʳʧʦʣʥʝʥʳ, ʯʪʦ ʜʘʝʪ ʥʘʤ ʚʦʟʤʦʞʥʦʩʪʴ ʠʩʧʦʣʴʟʦʚʘʪʴ ʝʝ ʜʣʷ ʚʳʯʠʩʣʝ-

ʥʠʷ ʨʘʟʤʘʛʥʠʯʠʚʘʶʱʝʛʦ ʧʦʣʷ. 

ʅʘʧʨʠʤʝʨ, ʝʩʣʠ ʠʟʫʯʘʝʤʳʡ ʦʙʨʘʟʝʮ ʨʘʟʙʠʚʘʝʪʩʷ ʥʘ N = nxnynz ʧʨʷʤʦʫʛʦʣʴʥʳʭ ʧʘ-

ʨʘʣʣʝʣʝʧʠʧʝʜʦʚ ʩ ʦʙʨʘʟʫʶʱʠʤʠ, ʧʘʨʘʣʣʝʣʴʥʳʤʠ ʢʦʦʨʜʠʥʘʪʥʳʤ ʦʩʷʤ, ʩ nx, ny, nz ʷʯʝʝʢ 

ʚʜʦʣʴ ʦʩʝʡ x, y, z, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʪʦ ʨʘʟʤʝʨʳ ʜʦʧʦʣʥʝʥʥʦʡ ʥʫʣʷʤʠ ʩʝʪʢʠ ʜʠʩʢʨʝʪʠʟʘʮʠʠ ʚ 

ʢʘʞʜʦʤ ʥʘʧʨʘʚʣʝʥʠʠ ʙʫʜʫʪ ʨʘʚʥʳ 2nx, 2ny, 2nz. ɿʘʤʝʪʠʤ, ʯʪʦ ʢʘʞʜʘ ̫ʷʯʝʡʢʘ ʚ ʧʨʦʩʪʨʘʥ-
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ʩʪʚʝ ʤʦʞʝʪ ʙʳʪʴ ʪʘʢʞʝ ʦʜʥʦʟʥʘʯʥʦ ʦʧʨʝʜʝʣʝʥʘ ʧʦʩʨʝʜʩʪʚʦʤ ʪʨʝʭ ʠʥʜʝʢʩʦʚ i, j, k ʚʜʦʣʴ 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʦʩʝʡ x, y, z. ʊʦʛʜʘ ʜʠʩʢʨʝʪʥʫʶ ʩʚʝʨʪʢʫ (3.17) ʤʦʞʥʦ ʧʨʝʜʩʪʘʚʠʪʴ 
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ɽʩʣʠ ʦʙʦʟʥʘʯʠʪʴ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʝ ʢʦʦʨʜʠʥʘʪʳ ʢʘʢ Ŭ,ɓ={x,y,z}, ʪʦ ʚ ʦʙʱʝʤ ʚʠʜʝ ʩʚʝʨʪʢʘ 

ʢʦʤʧʦʥʝʥʪ ʧʦʣʷ ʨʘʟʤʘʛʥʠʯʠʚʘʥʠʷ ʙʫʜʝʪ ʠʤʝʪʴ ʚʠʜ 
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ʠʣʠ ʚ ʢʦʤʧʘʢʪʥʦʡ ʤʘʪʨʠʯʥʦʡ ʬʦʨʤʝ 
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ʛʜʝ ʚʝʢʪʦʨʳ 18)()( , ³ba Í Nm MH R , ʘ ʩʠʤʤʝʪʨʠʯʥʘʷ ʤʘʪʨʠʮʘ NNmG 88)( ³abÍR . ɼʠʩʢʨʝʪʥʦʝ 

ʧʨʝʦʙʨʘʟʦʚʘʥʠʝ ʌʫʨʴʝ 18)(Ĕ ³aÍ NmH C  ʚʝʢʪʦʨʘ )(amH  ʤʦʞʝʪ ʙʳʪʴ ʚʳʨʘʞʝʥʦ ʢʘʢ 
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ʛʜʝ im - ʤʥʠʤʘʷ ʝʜʠʥʠʮʘ, ʠ kx, ky, kz ï ʧʝʨʝʤʝʥʥʳʝ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ ʯʘʩʪʦʪ.r ɸʥʘʣʦ-

ʛʠʯʥʳʝ ʚʳʨʘʞʝʥʠʷ ʤʦʛʫʪ ʙʳʪʴ ʟʘʧʠʩʘʥʳ ʜʣʷ 18Ĕ ³bÍ NM C ʠ 18)(Ĕ ³abÍ NmG C . ʊʦʛʜʘ, ʚ ʩʦ-

ʦʪʚʝʪʩʪʚʠʠ ʩ ʪʝʦʨʝʤʦʡ ʦ ʩʚʝʨʪʢʝ, ʚʳʨʘʞʝʥʠʝ (3.21) ʤʦʞʝʪ ʙʳʪʴ ʟʘʧʠʩʘʥʦ ʚ ʯʘʩʪʦʪʥʦʡ 

ʦʙʣʘʩʪʠ ʢʘʢ ʩʢʘʣʷʨʥʦʝ ʧʨʦʠʟʚʝʜʝʥʠʝ ʜʚʫʭ ʚʝʢʪʦʨʦʚ 
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ɺ ʩʚʦʶ ʦʯʝʨʝʜʴ Ŭ-ʢʦʤʧʦʥʝʥʪʘ H
m
 (Ŭ={ x,y,z} ) ʤʦʞʝʪ ʙʳʪʴ ʧʦʣʫʯʝʥʘ ʦʙʨʘʪʥʳʤ ʧʨʝʦʙʨʘ-

ʟʦʚʘʥʠʝʤ ʌʫʨʴʝ ʚʳʨʘʞʝʥʠʷ (3.23). 



79 
 

ɺ ʨʝʟʫʣʴʪʘʪʝ ʪʨʝʙʫʝʤʳʝ ʚʳʯʠʩʣʠʪʝʣʴʥʳʝ ʟʘʪʨʘʪʳ ʥʘ ʦʧʨʝʜʝʣʝʥʠʝ ʨʘʟʤʘʛʥʠʯʠ-

ʚʘʁʱʝʛʦ ʧʦʣʷ ʤʦʞʥʦ ʦʙʦʙʱʠʪʴ ʚ ʩʣʝʜʫʶʱʠʭ ʧʫʥʢʪʘʭ. 

1. ʅʘ ʩʪʘʜʠʠ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦʡ ʦʙʨʘʙʦʪʢʠ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʜʦʣʞʥr  ʙʳʪʴ ʦʧʨʝʜʝʣʝʥ r

ʠ ʩʦʭʨʘʥʝʥ rʚ ʧʘʤʷʪʠ ʰʝʩʪʴ ʠʟ ʜʝʚʷʪʠ (ʚ ʩʠʣʫ ʩʠʤʤʝʪʨʠʠ) ʌʫʨʴʝ-ʦʙʨʘʟʦʚ )(Ĕ abmG  ʤʘʪʨʠʮ 

ʤʘʛʥʠʪʦʩʪʘʪʠʯʝʩʢʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ )(abmG  (Ŭ,ɓ={x,y,z} ). 

2. ʇʨʠ ʨʘʩʯʝʪʝ ʨʘʟʤʘʛʥʠʯʠʚʘʶʱʝʛʦ ʧʦʣʷ ʥʘ ʢʘʞʜʦʡ ʠʪʝʨʘʮʠʠ ʥʝʦʙʭʦʜʠʤʦ ʤʝʪʦʜʦʤ 

ɹʇʌ ʚʳʯʠʩʣʠʪʴ ʰʝʩʪʴ ʧʨʝʦʙʨʘʟʦʚʘʥʠʡ: ʪʨʠ ʩʚʷʟʘʥʥʳʝ ʩ ʚʝʢʪʦʨʦʤ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ, ʘ 

ʠʤʝʥʥʦ )(ĔxM , )(ĔyM , )(ĔzM , ʘ ʪʘʢʞʝ ʪʨʠ ʦʙʨʘʪʥʳʭ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʢʦʤʧʦʥʝʥʪʦʚ ʨʘʟʤʘʛ-

ʥʠʯʠʚʘʶʱʝʛʦ ʧʦʣʷ )(Ĕ xmH , )(Ĕ ymH , )(Ĕ zmH , ʧʦʣʫʯʝʥʥʳʭ ʚ ʯʘʩʪʦʪʥʦʡ ʦʙʣʘʩʪʠ ʩ ʧʦʤʦʱʴʶ 

(3.23). 

ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʤʝʪʦʜʘ ɹʇʌ ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʨʘʟʤʘʛʥʠʯʠʚʘʶʱʝʛʦ ʧʦʣʷ ʧʨʠʚʦʜʠʪ ʢ 

ʯʠʩʣʫ ʦʧʝʨʘʮʠʡ ʧʦʨʷʜʢʘ O(NlogN). ʕʪʦ ʧʦʟʚʦʣʷʝʪ ʟʥʘʯʠʪʝʣʴʥʦ ʩʥʠʟʠʪʴ ʚʳʯʠʩʣʠʪʝʣʴʥʫʶ 

ʪʨʫʜʦʝʤʢʦʩʪʴ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʧʨʷʤʳʤ ʤʝʪʦʜʦʤ ʨʘʩʯʝʪʘ ʧʦʣʷ ʧʦ ʬʦʨʤʫʣʝ (3.17), ʜʣʷ 

ʨʝʘʣʠʟʘʮʠʠ ʢʦʪʦʨʦʛʦ ʪʨʝʙʫʝʪʩʷ O(N
2
) ʦʧʝʨʘʮʠʡ. ʂʨʦʤʝ ʪʦʛʦ, ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʤʝʪʦʜʘ ɹʇʌ 

ʧʨʠʚʦʜʠʪ ʢ ʩʫʱʝʩʪʚʝʥʥʦʤʫ ʫʤʝʥʴʰʝʥʠʶ ʦʙʲʝʤʘ ʪʨʝʙʫʝʤʦʡ ʧʘʤʷʪʠ, ʪʘʢ ʢʘʢ ʚʤʝʩʪʦ ʭʨʘ-

ʥʝʥʠʷ ʵʣʝʤʝʥʪʦʚ ʤʘʪʨʠʮʳ ʤʘʛʥʠʪʦʩʪʘʪʠʯʝʩʢʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ mG , ʯʠʩʣʦ ʢʦʪʦʨʳʭ ʩʦ-

ʩʪʘʚʣʷʝʪ (3N)
2
, ʪʨʝʙʫʝʪʩʷ ʭʨʘʥʝʥʠʝ ʪʦʣʴʢʦ 6Ĭ2

3
ĬN ʵʣʝʤʝʥʪʦʚ ʌʫʨʴʝ-ʦʙʨʘʟʦʚ )(Ĕ abmG . 

3.1.6 ʇʨʠʤʝʨ ʨʘʩʯʝʪʘ ʧʝʪʝʣʴ ʛʠʩʪʝʨʝʟʠʩʘ ʜʣʷ ʤʘʛʥʠʪʦʤʷʛʢʠʭ 

ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʤʘʪʝʨʠʘʣʦʚ 

ʈʘʟʨʘʙʦʪʘʥʥʳʡ ʧʦʜʭʦʜ ʢ ʦʧʨʝʜʝʣʝʥʠʶ ʦʩʥʦʚʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʜʠʩʢʨʝʪʥʦʡ ʤʦʜʝʣʠ 

ʬʝʨʨʦʤʘʛʥʝʪʠʢʘ ʧʦʟʚʦʣʷʝʪ ʥʝ ʪʦʣʴʢʦ ʥʘʭʦʜʠʪʴ ʨʘʚʥʦʚʝʩʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʤʘʛʥʠʪʥʳʭ 

ʤʦʤʝʥʪʦʚ ʜʣʷ ʣʶʙʳʭ ʟʘʜʘʥʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʠʩʩʣʝʜʫʝʤʦʡ ʩʪʨʫʢʪʫʨʳ, ʥʦ ʠ ʠʟʫʯʘʪʴ ʧʨʦ-

ʮʝʩʩʳ ʝʝ ʧʝʨʝʤʘʛʥʠʯʠʚʘʥʠʷ. ɺ ʢʘʯʝʩʪʚʝ ʧʨʠʤʝʨʘ ʙʳʣʠ ʨʘʩʩʯʠʪʘʥʳ ʧʝʪʣʠ ʛʠʩʪʝʨʝʟʠʩʘ ʜʣʷ 

ʤʘʩʩʠʚʥʳʭ (ʪʨʝʭʤʝʨʥʳʭ), ʪʦʥʢʦʧʣʝʥʦʯʥʳʭ (ʜʚʫʤʝʨʥʳʭ) ʠ ʦʜʥʦʤʝʨʥʳʭ ʤʘʛʥʠʪʦʤʷʛʢʠʭ 

ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʤʘʪʝʨʠʘʣʦʚ [50]. ʂʘʢ ʙʳʣʦ ʧʦʢʘʟʘʥʦ ʚ ʨʘʟʜʝʣʝ 1.4, ʜʣʷ ʦʧʠʩʘʥʠʷ 

ʤʘʛʥʠʪʥʳʭ ʩʚʦʡʩʪʚ ʪʘʢʠʭ ʤʘʪʝʨʠʘʣʦʚ ʰʠʨʦʢʦʝ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʝ ʧʦʣʫʯʠʣʘ ʤʦʜʝʣʴ ʩʣʫ-

ʯʘʡʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ ɸʣʴʙʝʥʘ, ʩʧʨʘʚʝʜʣʠʚʦʩʪʴ ʢʦʪʦʨʦʡ ʧʦʜʪʚʝʨʞʜʘʝʪʩʷ ʨʝʟʫʣʪɹʘʪʘʤʠ 

ʤʥʦʛʠʭ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʨʘʙʦʪ. ʉʦʛʣʘʩʥʦ ʵʪʦʡ ʤʦʜʝʣʠ ʚ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʤʘʪʝ-

ʨʠʘʣʘʭ, ʢʦʛʜʘ ʨʘʟʤʝʨ ʢʨʠʩʪʘʣʣʠʪʦʚ D0 ʥʝ ʧʨʝʚʳʰʘʝʪ ʜʣʠʥʫ ʦʙʤʝʥʥʳʭ ʢʦʨʨʝʣʷʮʠʡ Lex 

(~ 100 ʥʤ), ʦʙʤʝʥʥʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʤʝʞʜʫ ʥʠʤʠ ʧʨʠʚʦʜʠʪ ʢ ʫʩʨʝʜʥʝʥʠʶ ʩʣʫʯʘʡʥʦʡ 
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ʘʥʠʟʦʪʨʦʧʠʠ ʦʪʜʝʣʴʥʳʭ ʢʨʠʩʪʘʣʣʠʪʦʚ ʠ, ʢʘʢ ʩʣʝʜʩʪʚʠʝ, ʢ ʟʥʘʯʠʪʝʣʴʥʦʤʫ ʩʥʠʞʝʥʠʶ ʢʦ-

ʵʨʮʠʪʠʚʥʦʡ ʩʠʣʳ ʠ ʨʦʩʪʫ ʤʘʛʥʠʪʥʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʩʨʝʜʳ. ɺ ʨʘʟʜʝʣʝ 1.4 ʧʦʢʘʟʘʥʦ, ʯʪʦ 

ʜʣʷ ʦʙʲʝʤʥʳʭ ʤʘʩʩʠʚʥʳʭ ʦʙʨʘʟʮʦʚ ʢʦʵʨʮʠʪʠʚʥʘʷ ʩʠʣʘ ʚʦʟʨʘʩʪʘʝʪ ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʦ 

ʰʝʩʪʦʡ ʩʪʝʧʝʥʠ ʨʘʟʤʝʨʘ ʢʨʠʩʪʘʣʣʠʪʦʚ Hc  ́ 6
0D . ɼʣʷ ʜʚʫʤʝʨʥʳʭ ʪʦʥʢʠʭ ʧʣʝʥʦʢ ʵʪʘ ʟʘ-

ʚʠʩʠʤʦʩʪʴ ʫʞʝ ʠʤʝʝʪ ʚʠʜ Hc  ́ 2
0D , ʘ ʜʣʷ ʦʜʥʦʤʝʨʥʳʭ ʥʘʥʦʧʨʦʚʦʣʦʢ ï Hc  ́ 3/2

0D . 

ɼʣʷ ʧʨʦʚʝʨʢʠ ʵʪʠʭ ʩʦʦʪʥʦʰʝʥʠʡ ʥʘ ʦʩʥʦʚʝ ʧʨʝʜʣʦʞʝʥʥʦʡ ʚʳʰʝ ʜʠʩʢʨʝʪʥʦʡ ʤʦ-

ʜʝʣʠ ʬʝʨʨʦʤʘʛʥʝʪʠʢʘ ʠ ʘʣʛʦʨʠʪʤʦʚ ʝʝ ʨʘʩʯʝʪʘ ʙʳʣʦ ʚʳʧʦʣʥʝʥʦ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʧʨʦʮʝʩʩʦʚ 

ʧʝʨʝʤʘʛʥʠʯʠʚʘʥʠʷ ʤʘʛʥʠʪʦʤʷʛʢʠʭ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʤʘʪʝʨʠʘʣʦʚ. ʄʦʜʝʣʠʨʦʚʘʥʠʝ 

ʧʨʦʚʦʜʠʣʦʩʴ ʜʣʷ ʦʜʥʦʤʝʨʥʳʭ, ʜʚʫʤʝʨʥʳʭ ʠ ʪʨʝʭʤʝʨʥʳʭ ʤʘʛʥʠʪʥʳʭ ʩʠʩʪʝʤ ʧʣʦʪʥʦʫʧʘ-

ʢʦʚʘʥʥʳʭ ʥʘʥʦʯʘʩʪʠʮ ʩʦ ʩʣʫʯʘʡʥʳʤ ʨʘʩʧʨʝʜʝʣʝʥʠʝʤ ʦʩʝʡ ʦʜʥʦʦʩʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ, ʩ 

ʯʠʩʣʦʤ ʯʘʩʪʠʮ 16384Ĭ1Ĭ1, 256Ĭ256Ĭ1, 64Ĭ64Ĭ64 ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʈʘʟʤʝʨ ʥʘʥʦʯʘʩʪʠʮ 

ʚʘʨʴʠʨʦʚʘʣʩʷ ʦʪ 1 ʜʦ 1000 ʥʤ. ʄʘʛʥʠʪʥʳʝ ʧʘʨʘʤʝʪʨʳ ʩʦʦʪʚʝʪʩʪʚʦʚʘʣʠ ʥʘʥʦʢʨʠʩʪʘʣʣʠ-

ʯʝʩʢʦʤʫ ʩʧʣʘʚʫ Fe73.5Cu1Nb3Si13.5B9, ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʴ ʥʘʩʳʱʝʥʠʷ ʢʦʪʦʨʦʛʦ 4 Ḿs = 12 ʢɻʩ 

(1.2 ʊʣ), ʢʦʥʩʪʘʥʪʘ ʦʙʤʝʥʘ A = 1Ĭ10
ï6

 ʵʨʛ/ʩʤ (1Ĭ10
ï11

 ɼʞ/ʤ), ʘ ʧʦʣʝ ʦʜʥʦʦʩʥʦʡ ʘʥʠʟʦ-

ʪʨʦʧʠʠ Hk =2K/Ms = 171.7 ʕ (K = 8200 ɼʞ/ʤ
3
) [48]. ʂʘʢ ʠʟʚʝʩʪʥʦ, ʚ ʤʦʜʝʣʠ ɸʣʴʙʝʥʘ ʥʝ 

ʫʯʠʪʳʚʘʝʪʩʷ ʤʘʛʥʠʪʦʩʪʘʪʠʯʝʩʢʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʯʘʩʪʠʮ, ʧʦʵʪʦʤʫ ʜʣʷ ʯʠʩʪʦʪʳ ʵʢʩʧʝ-

ʨʠʤʝʥʪʘ ʚ ʨʘʩʯʝʪʘʭ ʦʥʦ ʪʘʢʞʝ ʥʝ ʫʯʠʪʳʚʘʣʦʩʴ. 

ʅʘ ʨʠʩʫʥʢʝ 3.1 ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʨʘʩʯʝʪʘ ʟʘʚʠʩʠʤʦʩʪʝʡ ʢʦʵʨʮʠʪʠʚʥʦʡ ʩʠʣʳ 

ʦʪ ʨʘʟʤʝʨʘ ʥʘʥʦʢʨʠʩʪʘʣʣʠʪʦʚ, ʧʨʠʯʝʤ ʙʝʣʳʝ ʪʦʯʢʠ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʩʣʫʯʘʶ ʦʜʥʦʤʝʨʥʦʡ, 

ʪʨʝʫʛʦʣʴʥʠʢʠ ï ʜʚʫʤʝʨʥʦʡ, ʘ ʩʠʥʠʝ ʪʦʯʢʠ ï ʪʨʝʭʤʝʨʥʦʡ ʤʘʛʥʠʪʥʳʤ ʩʠʩʪʝʤʘʤ. ɺʠʜʥʦ, ʯʪʦ 

ʧʨʠ ʟʥʘʯʝʥʠʷʭ ʨʘʟʤʝʨʘ ʟʝʨʥʘ ʙʦʣʝʝ 100 ʥʤ ʧʦʚʝʜʝʥʠʝ ʢʦʵʨʮʠʪʠʚʥʦʡ ʩʠʣʳ ʥʝ ʟʘʚʠʩʠʪ ʦʪ 

ʨʘʟʤʝʨʥʦʩʪʠ ʤʦʜʝʣʠ, ʧʨʠ ʵʪʦʤ ʚʝʣʠʯʠʥʘ ʢʦʵʨʮʠʪʠʚʥʦʡ ʩʠʣʳ ʧʨʘʢʪʠʯʝʩʢʠ ʥʝ ʠʟʤʝʥʷʝʪʩʷ. 

ɺ ʵʪʦʤ ʩʣʫʯʘʝ ʨʘʟʤʝʨʳ ʯʘʩʪʠʮ ʩʫʱʝʩʪʚʝʥʥʦ ʙʦʣʴʰʝ ʜʣʠʥʳ ʦʙʤʝʥʘ L0 (ʨʘʟʜʝʣ 1.4), ʧʦ-

ʵʪʦʤʫ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʤʝʞʜʫ ʟʝʨʥʘʤʠ ʧʨʘʢʪʠʯʝʩʢʠ ʦʪʩʫʪʩʪʚʫʝʪ. ʇʨʠ ʫʤʝʥʴʰʝʥʠʠ 

D0 < 100 ʥʤ ʥʘʯʠʥʘʝʪʩʷ çʧʦʜʘʚʣʝʥʠʝè ʤʘʛʥʠʪʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʘʥʠʟʦʪʨʦʧʠʠ, ʠ ʢʦʵʨʮʠ-

ʪʠʚʥʘʷ ʩʠʣʘ ʙʳʩʪʨʦ ʧʘʜʘʝʪ. ɸʧʧʨʦʢʩʠʤʘʮʠʷ ʟʘʚʠʩʠʤʦʩʪʝʡ ʥʘ ʵʪʠʭ ʫʯʘʩʪʢʘʭ ʬʫʥʢʮʠʝʡ 

paDDf 00)( =  ʜʘʝʪ ʩʣʝʜʫʶʱʠʝ ʟʥʘʯʝʥʠʷ ʧʦʢʘʟʘʪʝʣʷ ʩʪʝʧʝʥʠ: ʜʣʷ ʦʜʥʦʤʝʨʥʳʭ ʩʠʩʪʝʤ 

p = 0.67, ʜʣʷ ʜʚʫʤʝʨʥʳʭ p = 1.95, ʜʣʷ ʪʨʝʭʤʝʨʥʳʭ p = 6.11, ʯʪʦ ʭʦʨʦʰʦ ʩʦʛʣʘʩʫʝʪʩʷ ʩ 

ʨʘʩʩʯʠʪʘʥʥʳʤʠ ʧʦ ʤʦʜʝʣʠ ɸʣʴʙʝʥʘ. ʇʨʠ ʟʥʘʯʝʥʠʷʭ ʨʘʟʤʝʨʘ ʢʨʠʩʪʘʣʣʠʪʦʚ ʙʦʣʝʝ 100 ʥʤ 

ʧʦʚʝʜʝʥʠʝ ʢʦʵʨʮʠʪʠʚʥʦʡ ʩʠʣʳ ʨʘʩʯʝʪʥʦʡ ʤʦʜʝʣʠ ʦʪʣʠʯʘʝʪʩʷ ʦʪ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʥʘ-

ʙʣʶʜʘʝʤʦʡ ʟʘʚʠʩʠʤʦʩʪʠ 1/D0. ʕʪʦ ʩʚʷʟʘʥʦ ʩ ʪʝʤ, ʯʪʦ ʚ ʨʘʩʯʝʪʘʭ (ʪʘʢ ʞʝ, ʢʘʢ ʠ ʚ ʤʦʜʝʣʠ 
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ɸʣʴʙʝʥʘ) ʥʝ ʫʯʠʪʳʚʘʣʦʩʴ ʤʘʛʥʠʪʦʩʪʘʪʠʯʝʩʢʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ, ʢʦʪʦʨʦʝ ʧʨʠ ʪʘʢʠʭ ʨʘʟ-

ʤʝʨʘʭ ʥʘʥʦʢʨʠʩʪʘʣʣʠʪʦʚ ʩʪʘʥʦʚʠʪʩʷ ʧʨʝʦʙʣʘʜʘʶʱʠʤ. 

  

 

ʈʠʩʫʥʦʢ 3.1 ï ɿʘʚʠʩʠʤʦʩʪʠ ʢʦʵʨʮʠʪʠʚʥʦʡ ʩʠʣʳ Hc ʦʪ ʨʘʟʤʝʨʘ ʥʘʥʦʢʨʠʩʪʘʣʣʠʪʦʚ D0 ʜʣʷ 

ʦʜʥʦʤʝʨʥʳʭ (ʙʝʣʳʝ ʪʦʯʢʠ), ʜʚʫʤʝʨʥʳʭ (ʪʨʝʫʛʦʣʴʥʠʢʠ) ʠ ʪʨʝʭʤʝʨʥʳʭ (ʩʠʥʠʝ ʪʦʯʢʠ) 

ʤʘʛʥʠʪʥʳʭ ʩʠʩʪʝʤ ʩʦ ʩʣʫʯʘʡʥʳʤ ʨʘʩʧʨʝʜʝʣʝʥʠʝʤ ʆʃʅ 

ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʨʘʟʤʝʨ ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʡ ʦʜʥʦʤʝʨʥʦʡ ʩʠʩʪʝʤʳ ʜʣʷ ʚʩʝʛʦ 

ʜʠʘʧʘʟʦʥʘ ʠʩʧʦʣʴʟʫʝʤʳʭ ʚ ʨʘʩʯʝʪʘʭ D0, ʟʥʘʯʠʪʝʣʴʥʦ ʧʨʝʚʳʰʘʣ ʵʬʬʝʢʪʠʚʥʳʡ ʨʘʜʠʫʩ 

ʦʙʤʝʥʥʦʡ ʢʦʨʨʝʣʷʮʠʠ Lex (ʨʘʟʜʝʣ 1.4) ʚ ʦʪʣʠʯʠʝ ʦʪ ʠʩʩʣʝʜʫʝʤʳʭ ʜʚʫʤʝʨʥʳʭ ʠ ʪʨʝʭʤʝʨ-

ʥʳʭ ʩʠʩʪʝʤ, ʜʣʷ ʢʦʪʦʨʳʭ ʧʨʠ ʤʘʣʳʭ ʟʥʘʯʝʥʠʷʭ ʨʘʟʤʝʨʘ ʢʨʠʩʪʘʣʣʠʪʦʚ Lex ʩʪʘʥʦʚʠʣʦʩʴ 

ʙʦʣʴʰʝ ʬʠʟʠʯʝʩʢʠʭ ʨʘʟʤʝʨʦʚ ʠʟʫʯʘʝʤʦʡ ʩʠʩʪʝʤʳ. ʕʪʦ ʧʨʠʚʦʜʠʣʦ ʢ ʥʝʧʦʣʥʦʤʫ ʫʩʨʝʜ-

ʥʝʥʠʶ ʤʘʛʥʠʪʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʘʥʠʟʦʪʨʦʧʠʠ ʠ, ʢʘʢ ʩʣʝʜʩʪʚʠʝ, ʢ ʦʪʢʣʦʥʝʥʠʶ ʟʘʚʠʩʠʤʦ-

ʩʪʠ Hc(D0) ʦʪ ʧʨʝʜʩʢʘʟʘʥʥʦʡ ʪʝʦʨʝʪʠʯʝʩʢʠ. 

ʅʘ ʨʠʩʫʥʢʝ 3.2 (a) ʧʨʝʜʩʪʘʚʣʝʥʳ ʧʝʪʣʠ ʛʠʩʪʝʨʝʟʠʩʘ ʠʟʫʯʘʝʤʳʭ ʩʠʩʪʝʤ ʜʣʷ 

D0 = 100 ʥʤ, ʘ ʥʘ ʨʠʩʫʥʢʝ 3.2 (b) ï ʜʣʷ D0 < 100 ʥʤ. ɺʠʜʥʦ, ʯʪʦ ʧʨʠ ʙʣʠʟʢʠʭ ʟʥʘʯʝʥʠʷʭ 

ʢʦʵʨʮʠʪʠʚʥʦʡ ʩʠʣʳ ʨʘʟʤʝʨʳ ʥʘʥʦʢʨʠʩʪʘʣʣʠʪʦʚ ʩʫʱʝʩʪʚʝʥʥʦ ʦʪʣʠʯʘʶʪʩʷ ʜʣʷ ʩʠʩʪʝʤ 

ʨʘʟʣʠʯʥʦʡ ʨʘʟʤʝʨʥʦʩʪʠ: D0 = 3 ʥʤ, 32 ʥʤ ʠ 70 ʥʤ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ ʜʣʷ ʦʜʥʦʤʝʨʥʦʡ, ʜʚʫ-

ʤʝʨʥʦʡ ʠ ʪʨʝʭʤʝʨʥʦʡ ʩʠʩʪʝʤ. 
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ʈʠʩʫʥʦʢ 3.2 ï ʇʝʪʣʠ ʛʠʩʪʝʨʝʟʠʩʘ ʦʜʥʦʤʝʨʥʳʭ (ʰʪʨʠʭʧʫʥʢʪʠʨʥʳʝ), ʜʚʫʤʝʨʥʳʭ (ʩʧʣʦʰ-

ʥʳʝ) ʠ ʪʨʝʭʤʝʨʥʳʭ (ʰʪʨʠʭʦʚʳʝ ʣʠʥʠʠ) ʩʠʩʪʝʤ ʩʦ ʩʣʫʯʘʡʥʳʤ ʨʘʩʧʨʝʜʝʣʝʥʠʝʤ ʆʃʅ. 

(a) ï D0 = 100 ʥʤ, (b) ï D0 = 3 ʥʤ, 32 ʥʤ, 70 ʥʤ 

3.2 ʄʠʢʨʦʤʘʛʥʠʪʥʳʡ ʨʘʩʯʝʪ ʥʦʨʤʘʣʴʥʳʭ ʤʘʛʥʠʪʥʳʭ ʤʦʜ ʢʦʣʝʙʘʥʠʡ 

ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʠ ʩʧʝʢʪʨʘ ʧʦʛʣʦʱʝʥʠʷ ʬʝʨʨʦʤʘʛʥʝʪʠʢʘ 

ʂʘʢ ʠʟʚʝʩʪʥʦ, ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʉɺʏ-ʫʩʪʨʦʡʩʪʚ, ʠʩʧʦʣʴʟʫʶʱʠʭ ʤʘʛʥʠʪʥʳʝ ʤʘʪʝ-

ʨʠʘʣʳ ʚ ʢʘʯʝʩʪʚʝ ʘʢʪʠʚʥʳʭ ʩʨʝʜ, ʩʠʣʴʥʦ ʟʘʚʠʩʷʪ ʦʪ ʩʧʝʢʪʨʘ ʩʦʙʩʪʚʝʥʥʳʭ ʢʦʣʝʙʘʥʠʡ ʥʘ-

ʤʘʛʥʠʯʝʥʥʦʩʪʠ, ʢʦʪʦʨʳʡ, ʚ ʩʚʦʶ ʦʯʝʨʝʜʴ, ʦʧʨʝʜʝʣʷʝʪʩʷ ʤʥʦʛʠʤʠ ʬʘʢʪʦʨʘʤʠ, ʚ ʪʦʤ ʯʠʩʣʝ 

ʩʪʨʫʢʪʫʨʦʡ ʠ ʬʦʨʤʦʡ ʦʙʨʘʟʮʦʚ. ʆʜʥʘʢʦ ʠʟʫʯʝʥʠʝ ʜʠʥʘʤʠʢʠ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʧʦʜ ʚʦʟ-

ʜʝʡʩʪʚʠʝʤ ʚʳʩʦʢʦʯʘʩʪʦʪʥʳʭ ʠ ʧʦʩʪʦʷʥʥʳʭ ʤʘʛʥʠʪʥʳʭ ʧʦʣʝʡ ʦʯʝʥʴ ʚʘʞʥʦ ʪʘʢʞʝ ʜʣʷ 

ʚʳʷʩʥʝʥʠʷ ʧʨʠʨʦʜʳ ʠ ʫʩʣʦʚʠʡ ʚʦʟʥʠʢʥʦʚʝʥʠʷ ʨʘʟʣʠʯʥʳʭ ʤʦʜ ʢʦʣʝʙʘʥʠʡ ʚ ʩʣʦʞʥʳʭ 

ʤʘʛʥʠʪʥʳʭ ʩʪʨʫʢʪʫʨʘʭ [131, 132]. ʇʨʠ ʨʝʰʝʥʠʠ ʪʘʢʠʭ ʟʘʜʘʯ ʠʩʧʦʣʴʟʫʶʪʩʷ ʢʘʢ ʘʥʘʣʠʪʠ-

ʯʝʩʢʠʝ, ʪʘʢ ʠ ʯʠʩʣʝʥʥʳʝ ʤʝʪʦʜʳ. ɸʥʘʣʠʪʠʯʝʩʢʠʝ ʤʝʪʦʜʳ ʦʩʥʦʚʘʥʳ ʣʠʙʦ ʥʘ ʨʝʰʝʥʠʠ 

ʢʣʘʩʩʠʯʝʩʢʦʛʦ ʫʨʘʚʥʝʥʠʷ ʋʦʢʝʨʘ [133, 134], ʦʧʠʩʳʚʘʶʱʝʛʦ ʜʠʥʘʤʠʯʝʩʢʠʝ ʚʘʨʠʘʮʠʠ 

ʤʘʛʥʠʪʦʩʪʘʪʠʯʝʩʢʦʛʦ ʧʦʪʝʥʮʠʘʣʘ ʚ ʦʜʥʦʨʦʜʥʦ ʥʘʤʘʛʥʠʯʝʥʥʦʤ ʦʙʨʘʟʮʝ, ʣʠʙʦ ʥʘ ʠʩʧʦʣʴ-

ʟʦʚʘʥʠʠ ʪʝʥʟʦʨʥʳʭ ʬʫʥʢʮʠʡ ɻʨʠʥʘ [135, 136]. ʇʨʠ ʵʪʦʤ, ʢʘʢ ʧʨʘʚʠʣʦ, ʘʥʘʣʠʪʠʯʝʩʢʦʝ 

ʨʝʝhʥʠʝ ʤʦʞʥʦ ʧʦʣʫʯʠʪʴ ʣʠʰʴ ʚ ʩʣʫʯʘʝ ʦʜʥʦʨʦʜʥʦʛʦ ʚʥʫʪʨʝʥʥʝʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʚ 

ʠʩʩʣʝʜʫʝʤʳʭ ʦʙʲʝʢʪʘʭ, ʧʦʵʪʦʤʫ ʦʙʨʘʟʮʳ ʜʦʣʞʥʳ ʠʤʝʪʴ ʩʬʝʨʠʯʝʩʢʫ  ʁʠʣʠ ʵʣʣʠʧʩʦʠ-

ʜʘʣʴʥʫ  ʁʬʦʨʤʫ. ʉ ʫʯʝʪʦʤ ʵʪʦʛʦ ʚ ʨʷʜʝ ʨʘʙʦʪ ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʪʦʯʥʳʝ ʘʥʘʣʠʪʠʯʝʩʢʠʝ ʨʝ-
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ʰʝʥʠʷ ʜʣʷ ʥʝʢʦʪʦʨʳʭ ʦʙʲʝʢʪʦʚ, ʚ ʯʘʩʪʥʦʩʪʠ, ʜʣʷ ʩʬʝʨʦʠʜʘ, ʙʝʩʢʦʥʝʯʥʳʭ ʧʣʘʩʪʠʥʳ ʠ 

ʮʠʣʠʥʜʨʘ [81]. 

ʇʦʣʫʯʠʪʴ ʨʝʰʝʥʠʝ ʩ ʪʨʝʙʫʝʤʦʡ ʪʦʯʥʦʩʪʴʶ ʜʣʷ ʤʘʛʥʠʪʥʳʭ ʦʙʨʘʟʮʦʚ çʩʣʦʞʥʦʡè 

ʬʦʨʤʳ ʧʦʟʚʦʣʷʶʪ ʯʠʩʣʝʥʥʳʝ ʤʝʪʦʜʳ ʥʘ ʦʩʥʦʚʝ ʪʝʦʨʠʠ ʤʠʢʨʦʤʘʛʥʠʪʠʟʤʘ [124], ʢʦʪʦʨʳʝ 

ʘʢʪʠʚʥʦ ʨʘʟʚʠʚʘʶʪʩʷ ʚ ʧʦʩʣʝʜʥʠʝ ʛʦʜʳ. ɺ ʨʘʙʦʪʘʭ [137, 138] ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʩʦʙʩʪ-

ʚʝʥʥʳʭ ʯʘʩʪʦʪ ʠ ʩʦʙʩʪʚʝʥʥʳʭ ʤʦʜ ʢʦʣʝʙʘʥʠʡ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʙʳʣʦ ʧʨʝʜʣʦʞʝʥʦ ʠʩ-

ʧʦʣʴʟʦʚʘʪʴ ʩʪʘʥʜʘʨʪʥʳʝ ʧʨʦʛʨʘʤʤʳ, ʠʟʥʘʯʘʣʴʥʦ ʨʘʟʨʘʙʦʪʘʥʥʳʝ ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʦʩ-

ʥʦʚʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʚ ʦʙʨʘʟʮʝ. ʇʨʠ ʨʝʰʝʥʠʠ ʙʳʣ ʠʩʧʦʣʴʟʦʚʘʥ ʌʫʨʴʝ 

ʘʥʘʣʠʟ ʦʪʢʣʠʢʘ ʤʘʛʥʠʪʥʦʡ ʩʠʩʪʝʤʳ, ʩʚʷʟʘʥʥʳʡ ʩ ʜʠʥʘʤʠʢʦʡ ʚʳʙʨʘʥʥʳʭ ʢʦʤʧʦʥʝʥʪʦʚ 

ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ, ʥʘ ʠʤʧʫʣʴʩ ʧʨʠʣʦʞʝʥʥʦʛʦ ʚʥʝʰʥʝʛʦ ʧʦʣʷ. ʆʩʥʦʚʥʳʝ ʪʨʫʜʥʦʩʪʠ ʪʘʢʦʛʦ 

ʧʦʜʭʦʜʘ ï ʩʣʦʞʥʦʩʪʴ ʬʦʨʤʠʨʦʚʘʥʠʷ ʧʦʜʭʦʜʷʱʝʛʦ ʠʤʧʫʣʴʩʘ ʧʦʣʷ, ʪʘʢ ʢʘʢ ʚ ʩʠʣʫ ʥʝʣʠ-

ʥʝʡʥʦʩʪʠ ʩʨʝʜʳ ʧʨʠ ʙʦʣʴʰʠʭ ʘʤʧʣʠʪʫʜʘʭ ʢʦʣʝʙʘʥʠʡ ʥʦʨʤʘʣʴʥʳʝ ʤʦʜʳ ʩʪʘʥʦʚʷʪʩʷ ʩʚʷ-

ʟʘʥʥʳʤʠ, ʘ ʵʪʦ ʥʝ ʧʦʟʚʦʣʷʝʪ ʦʪʜʝʣʠʪʴ ʠʭ ʜʨʫʛ ʦʪ ʜʨʫʛʘ. 

ɺ ʧʦʩʣʝʜʥʠʝ ʛʦʜʳ ʜʣʷ ʨʝʰʝʥʠʷ ʵʪʦʡ ʟʘʜʘʯʠ ʨʘʟʨʘʙʦʪʘʥʳ ʯʠʩʣʝʥʥʳʝ ʤʝʪʦʜʳ [112, 

114, 139], ʫʞʝ ʧʦʣʫʯʠʚʰʠʝ ʰʠʨʦʢʦʝ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʝ. ʆʥʠ ʦʩʥʦʚʘʥʳ ʥʘ ʣʠʥʝʘʨʠʟʘʮʠʠ 

ʫʨʘʚʥʝʥʠʷ ʃʘʥʜʘʫ ï ʃʠʬʰʠʮʘ ʜʣʷ ʩʣʫʯʘʷ ʤʘʣʳʭ ʢʦʣʝʙʘʥʠʡ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʦʪʥʦʩʠ-

ʪʝʣʴʥʦ ʦʩʥʦʚʥʦʛʦ ʩʦʩʪʦʷʥʠʷ, ʨʝʰʝʥʠʝ ʢʦʪʦʨʦʛʦ ʩʚʦʜʠʪʩʷ ʢ ʩʪʘʥʜʘʨʪʥʦʡ ʟʘʜʘʯʝ ʥʘ ʩʦʙ-

ʩʪʚʝʥʥʳʝ ʚʝʢʪʦʨʳ ʠ ʩʦʙʩʪʚʝʥʥʳʝ ʟʥʘʯʝʥʠʷ. ʕʪʘ ʠʜʝ̫ ʨʝʘʣʠʟʦʚʘʥʘ ʚ [122, 140] (ʨʘʟ-

ʜʝʣ 3.2.2), ʛʜʝ ʦʧʠʩʘʥ ʧʦʜʭʦʜ ʢ ʚʳʯʠʩʣʝʥʠʶ ʥʦʨʤʘʣʴʥʳʭ ʤʦʜ ʢʦʣʝʙʘʥʠʡ ʥʘʤʘʛʥʠʯʝʥʥʦ-

ʩʪʠ ʠ ʩʧʝʢʪʨʘ ʩʧʠʥ-ʚʦʣʥʦʚʦʛʦ ʧʦʛʣʦʱʝʥʠʷ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʨʘʟʨʘʙʦʪʘʥʥʦʡ ʨʘʥʝʝ ʜʠʩ-

ʢʨʝʪʥʦʡ ʤʦʜʝʣʠ ʠʟʫʯʘʝʤʦʛʦ ʦʙʲʝʢʪʘ [120, 121, 141] (ʨʘʟʜʝʣ 3.1). 

ɺ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʤʘʛʥʠʪʥʳʭ ʤʘʪʝʨʠʘʣʘʭ ʠʟ-ʟʘ ʬʣʫʢʪʫʘʮʠʠ ʚʥʫʪʨʝʥʥʝʛʦ 

ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʩʧʝʢʪʨ ʤʘʛʥʠʪʥʳʭ ʢʦʣʝʙʘʥʠʡ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ, ʚʦʟʙʫʞʜʘʝʤʳʡ ʦʜʥʦ-

ʨʦʜʥʳʤ ʧʝʨʝʤʝʥʥʳʤ ʤʘʛʥʠʪʥʳʤ ʧʦʣʝʤ, ʩʪʘʥʦʚʠʪʩʷ ʧʨʘʢʪʠʯʝʩʢʠ ʥʝʧʨʝʨʳʚʥʳʤ. ʇʦʵʪʦʤʫ 

ʧʨʠ ʠʟʫʯʝʥʠʠ ʠʭ ʚʳʩʦʢʦʯʘʩʪʦʪʥʳʭ ʩʚʦʡʩʪʚ, ʢʘʢ ʧʨʘʚʠʣʦ, ʥʝʣʴʟʷ ʦʛʨʘʥʠʯʠʚʘʪʴʩʷ ʨʘʩ-

ʩʤʦʪʨʝʥʠʝʤ ʦʪʜʝʣʴʥʳʭ ʩʦʩʪʘʚʣʷʶʱʠʭ ʵʪʦʛʦ ʩʧʝʢʪʨʘ, ʧʦʩʢʦʣʴʢʫ ʵʪʦ ʧʨʠʚʦʜʠʪ ʢ ʟʥʘʯʠ-

ʪʝʣʴʥʳʤ ʦʰʠʙʢʘʤ. ʈʘʩʯʝʪ ʞʝ ʧʦʣʥʦʛʦ ʩʧʝʢʪʨʘ ʤʦʜʝʣʠ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʬʝʨʨʦʤʘʛ-

ʥʝʪʠʢʘ ʩ ʙʦʣʴʰʠʤ ʢʦʣʠʯʝʩʪʚʦʤ ʜʠʩʢʨʝʪʥʳʭ ʵʣʝʤʝʥʪʦʚ ʤʝʪʦʜʦʤ ʩʦʙʩʪʚʝʥʥʳʭ ʚʝʢʪʦʨʦʚ ʠ 

ʩʦʙʩʪʚʝʥʥʳʭ ʟʥʘʯʝʥʠʡ ʚ ʙʦʣʴʰʠʥʩʪʚʝ ʩʣʫʯʘʝʚ ʩʪʘʥʦʚʠʪʩʷ ʥʝʚʦʟʤʦʞʥʳʤ ʠʟ-ʟʘ ʨʝʟʢʦʛʦ 

ʚʦʟʨʘʩʪʘʥʠʷ ʪʨʝʙʫʝʤʦʛʦ ʦʙʲʝʤʘ ʦʧʝʨʘʪʠʚʥʦʡ ʧʘʤʷʪʠ ʕɺʄ ʠ ʚʨʝʤʝʥʠ ʨʘʩʯʝʪʘ. ɺ ʨʘʙʦʪʝ 

[123] ʙʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʤʝʪʦʜʘ ʥʝʦʧʨʝʜʝʣʝʥʥʳʭ ʢʦʵʬʬʠʮʠʝʥʪʦʚ (ʨʘʟ-
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ʜʝʣ 3.2.3) ʩʪʘʥʦʚʠʪʩʷ ʥʘʠʙʦʣʝʝ ʧʨʝʜʧʦʯʪʠʪʝʣʴʥʳʤ ʧʨʠ ʤʦʜʝʣʠʨʦʚʘʥʠʠ ʚʳʩʦʢʦʯʘʩʪʦʪʥʳʭ 

ʩʚʦʡʩʪʚ ʨʝʘʣʴʥʳʭ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʤʘʪʝʨʠʘʣʦʚ (ʨʘʟʜʝʣ 3.2.4). 

3.2.1 ʃʠʥʝʘʨʠʟʘʮʠʷ ʫʨʘʚʥʝʥʠʷ ʃʘʥʜʘʫ ï ʃʠʬʰʠʮʘ 

ɼʣʷ ʨʝʘʣʠʟʘʮʠʠ ʯʠʩʣʝʥʥʳʭ ʘʣʛʦʨʠʪʤʦʚ ʨʘʩʯʝʪʘ ʜʠʥʘʤʠʢʠ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʬʝʨ-

ʨʦʤʘʛʥʝʪʠʢʘ ʫʜʦʙʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʫʨʘʚʥʝʥʠʝ ʃʘʥʜʘʫ ï ʃʠʬʰʠʮʘ (1.1a), 

ʘ ʥʝ ʝʛʦ ʤʦʜʠʬʠʢʘʮʠʶ, ʪ. ʝ. ʫʨʘʚʥʝʥʠʝ ʃʘʥʜʘʫ ï ʃʠʬʰʠʮʘ ï ɻʠʣʴʙʝʨʪʘ (1.1b). ɺ ʨʘʤʢʘʭ 

ʜʠʩʢʨʝʪʥʦʡ ʤʦʜʝʣʠ, ʦʧʠʩʘʥʠʝ ʢʦʪʦʨʦʡ ʧʨʝʜʩʪʘʚʣʝʥʦ ʚ ʨʘʟʜʝʣʝ 3.1.2, ʫʨʘʚʥʝʥʠʝ (1.1a), 

ʦʧʠʩʳʚʘʶʱʝʝ ʜʠʥʘʤʠʢʫ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ i-ʡ ʷʯʝʡʢʠ (i=1,.., N), ʠʤʝʝʪ ʚʠʜ 
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ɿʜʝʩʴ ʧʝʨʚʳʡ ʯʣʝʥ ʦʧʠʩʳʚʘʝʪ ʧʨʝʮʝʩʩʠʶ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʚʦʢʨʫʛ ʣʦʢʘʣʴʥʦʛʦ ʵʬʬʝʢ-

ʪʠʚʥʦʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ (3.13), ʚʪʦʨʦʡ ʦʧʠʩʳʚʘʝʪ ʟʘʪʫʭʘʥʠʝ ʚ ʩʠʩʪʝʤʝ, ɔ ï ʛʠʨʦʤʘʛʥʠʪ-

ʥʦʝ ʦʪʥʦʰʝʥʠʝ, Ŭ ï ʧʘʨʘʤʝʪʨ ʟʘʪʫʭʘʥʠʷ. 

ʋʨʘʚʥʝʥʠʝ (3.24) ʷʚʣʷʝʪʩʷ ʥʝʣʠʥʝʡʥʳʤ, ʧʦʵʪʦʤʫ ʜʣʷ ʝʛʦ ʨʝʰʝʥʠʷ, ʢʘʢ ʧʨʘʚʠʣʦ, 

ʠʩʧʦʣʴʟʫʶʪ ʤʝʪʦʜ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʳʭ ʧʨʠʙʣʠʞʝʥʠʡ [81]. ʈʘʟʜʝʣʠʚ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʴ ʠ 

ʵʬʬʝʢʪʠʚʥʦʝ ʤʘʛʥʠʪʥʦʝ ʧʦʣʝ ʥʘ ʩʪʘʪʠʯʝʩʢʫʶ ʠ ʜʠʥʘʤʠʯʝʩʢʫʶ ʯʘʩʪʠ, ʨʝʰʝʥʠʝ ʠʱʫʪ ʚ 

ʚʠʜʝ 
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ʛʜʝ M 0i ï ʨʘʚʥʦʚʝʩʥʘʷ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʴ i-ʡ ʷʯʝʡʢʠ, ʢʦʪʦʨʘʷ, ʢʘʢ ʧʦʢʘʟʘʥʦ ʚ ʨʘʟʜʝʣʝ 3.1.3, 

ʤʦʞʝʪ ʙʳʪʴ ʦʧʨʝʜʝʣʝʥʘ ʠʟ ʩʠʩʪʝʤʳ ʣʠʥʝʡʥʳʭ ʥʝʦʜʥʦʨʦʜʥʳʭ ʫʨʘʚʥʝʥʠʡ ʩ ʥʝʦʧʨʝʜʝ-

ʣʝʥʥʳʤʠ ʤʥʦʞʠʪʝʣʷʤʠ ʃʘʛʨʘʥʞʘ ɜi (3.12). ʇʨʠ ʵʪʦʤ ʩʪʘʪʠʯʝʩʢʘʷ ʠ ʜʠʥʘʤʠʯʝʩʢʘʷ ʯʘʩʪʠ 

ʵʬʬʝʢʪʠʚʥʦʛʦ ʧʦʣʷ ʦʧʨʝʜʝʣʷʶʪʩʷ ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ (3.12ï3.13) ʢʘʢ 
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ʇʨʠ ʤʘʣʳʭ ʟʥʘʯʝʥʠʷʭ ʘʤʧʣʠʪʫʜʳ ʚʥʝʰʥʝʛʦ ʚʳʩʦʢʦʯʘʩʪʦʪʥʦʛʦ ʧʦʣʷ )(trf
ih  ï ʩʣʫʯʘʝ, 

ʥʘʠʙʦʣʝʝ ʯʘʩʪʦ ʚʩʪʨʝʯʘʶʱʝʤʩʷ ʥʘ ʧʨʘʢʪʠʢʝ ï ʧʦʣʫʯʘʝʤ ʫʩʣʦʚʠʷ ʤʘʣʳʭ ʢʦʣʝʙʘʥʠʡ 

|||)(| 0ii t Mm <<  ʠ |||)(| 0
eff
i

eff
i t Hh << , ʘ ʩ ʫʯʝʪʦʤ ʩʣʝʜʫʶʱʠʭ ʦʙʦʟʥʘʯʝʥʠʡ 
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, (3.27) 

ʫʨʘʚʥʝʥʠʝ ʜʚʠʞʝʥʠʷ (3.24) ʚ ʣʠʥʝʡʥʦʤ ʧʨʠʙʣʠʞʝʥʠʠ ʙʫʜʝʪ ʠʤʝʪʴ ʚʠʜ 

 rf
ii

N

j

jij
i NB

t
hm

m
+=

µ

µ
ä
=1

. (3.28) 

ʇʦʣʫʯʝʥʥʘʷ ʩʠʩʪʝʤʘ ʫʨʘʚʥʝʥʠʡ ʩʦʩʪʘʚʣʷʝʪ ʦʩʥʦʚʫ ʨʘʟʨʘʙʘʪʳʚʘʝʤʳʭ ʤʝʪʦʜʦʚ ʨʘʩ-

ʯʝʪʘ ʜʠʥʘʤʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʬʝʨʨʦʤʘʛʥʠʪʥʳʭ ʩʨʝʜ. ɺ ʜʘʥʥʦʡ ʛʣʘʚʝ ʨʘʩʩʤʦʪʨʠʤ ʩʣʝʜʫʶ-

ʱʠʝ ʜʚʘ. 

3.2.2 ʈʝʰʝʥʠʝ ʩʠʩʪʝʤʳ ʫʨʘʚʥʝʥʠʡ ʃʘʥʜʘʫ ï ʃʠʬʰʠʮʘ ʤʝʪʦʜʦʤ 

ʩʦʙʩʪʚʝʥʥʳʭ ʟʥʘʯʝʥʠʡ ʠ ʩʦʙʩʪʚʝʥʥʳʭ ʚʝʢʪʦʨʦʚ 

ʀʟʚʝʩʪʥʳʤ ʨʝʰʝʥʠʝʤ ʩʠʩʪʝʤʳ (3.28) ʷʚʣʷʝʪʩʷ ʤʝʪʦʜ, ʢʦʪʦʨʡr ʩʚʦʜʠʪʩʷ ʢ ʩʪʘʥ-

ʜʘʨʪʥʦʡ ʟʘʜʘʯʝ ʥʘ ʩʦʙʩʪʚʝʥʥʳʝ ʚʝʢʪʦʨʘ Vm ʠ ʩʦʙʩʪʚʝʥʥʳʝ ʟʥʘʯʝʥʠʷ ɚm ʤʘʪʨʠʮʳ 

NN
ijBB 33)( ³Í= R  [112, 114, 122, 139, 140]. ʇʨʠ ʪʘʢʦʤ ʧʦʜʭʦʜʝ ʦʙʱʝʝ ʨʝʰʝʥʠʝ ʩʠʩʪʝʤʳ 

(3.28) ʤʦʞʝʪ ʙʳʪʴ ʟʘʧʠʩʘʥʦ ʚ ʚʠʜʝ ʨʘʟʣʦʞʝʥʠʷ ʧʦ ʣʠʥʝʡʥʦ-ʥʝʟʘʚʠʩʠʤʳʤ ʩʦʙʩʪʚʝʥʥʳʤ 

ʚʝʢʪʦʨʘʤ ʥʦʨʤʘʣʴʥʳʭ ʤʘʛʥʠʪʥʳʭ ʤʦʜ ʢʦʣʝʙʘʥʠʡ 

 ä
=

=
M

m

mjmj tct
1

)()( Vm  (j=1,2,..,N), (3.29) 

ʛʜʝ Vm=[Vm1; Vm2; é; VmN], ʘ Vm1; Vm2; é; VmN ï ʘʤʧʣʠʪʫʜʳ ʢʦʣʝʙʘʥʠʡ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ 

ʚ ʢʘʞʜʦʡ ʷʯʝʡʢʝ ʥʘ ʯʘʩʪʦʪʝ m-ʡ ʤʦʜʳ, M ï ʯʠʩʣʦ ʫʯʠʪʳʚʘʝʤʳʭ ʚ ʨʘʩʯʝʪʝ ʤʦʜ (M Ò 2N). ɺ 

ʫʩʪʘʥʦʚʠʚʰʝʤʩʷ ʨʝʞʠʤʝ ʚʝʣʠʯʠʥʘ cm(t) ʧʨʠ ʫʩʣʦʚʠʠ ʚʦʟʙʫʞʜʝʥʠʷ ʬʝʨʨʦʤʘʛʥʠʪʥʦʡ ʩʠʩ-

ʪʝʤʳ ʦʜʥʦʨʦʜʥʳʤ ʧʝʨʝʤʝʥʥʳʤ ʤʘʛʥʠʪʥʳʤ ʧʦʣʝʤ tirf et w-= 0)( hh  ʩ ʯʘʩʪʦʪʦʡ ɤ ʦʧʠʩʳ-

ʚʘʝʪʩʷ ʚʳʨʘʞʝʥʠʝʤ [122] 
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ɺʭʦʜʷʱʠʝ ʚ (3.30) ʚʝʢʪʦʨʳ Um=[Um1; Um2; é; UmN] ʦʧʨʝʜʝʣʷʶʪʩʷ ʠʟ ʫʩʣʦʚʠʷ 

U=(V
T
ĿV)
ï1

 V
T
 (ʟʜʝʩʴ ʧʨʝʬʠʢʩ çTè ʦʟʥʘʯʘʝʪ ʪʨʘʥʩʧʦʥʠʨʦʚʘʥʠʝ, ʘ çï1è ï ʦʙʨʘʪʥʫʶ ʤʘʪ-

ʨʠʮʫ), ʛʜʝ NM
miUU 3)( ³Í= C , ʘ NM

mjVV 3)( ³Í= C . ʇʨʠ ʵʪʦʤ ʩʦʙʩʪʚʝʥʥʦʝ ʟʥʘʯʝʥʠʝ m-ʡ 

ʤʦʜʳ ʷʚʣʷʝʪʩʷ ʢʦʤʧʣʝʢʩʥʦʡ ʚʝʣʠʯʠʥʦʡ, ʢʦʪʦʨʘʷ ʩʚʷʟʘʥʘ ʩ ʨʝʟʦʥʘʥʩʥʦʡ ʯʘʩʪʦʪʦʡ ɤm ʠ 

ʟʘʪʫʭʘʥʠʝʤ ȹɤm ʤʦʜʳ ʚʳʨʘʞʝʥʠʝʤ ɚm = ȹɤmïiɤm. 

ʋʩʣʦʚʠʝʤ ʚʦʟʙʫʞʜʝʥʠʷ m-ʡ ʤʦʜʳ ʢʦʣʝʙʘʥʠʡ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʷʚʣʷʝʪʩʷ ʥʝʨʘʚʝʥ-

ʩʪʚʦ ʥʫʣʶ ʪʘʢ ʥʘʟʳʚʘʝʤʦʛʦ çʠʥʪʝʛʨʘʣʘ ʚʦʟʙʫʞʜʝʥʠʷè, ʩʪʦʷʱʝʛʦ ʚ ʯʠʩʣʠʪʝʣʝ (3.30). ʇʨʠ 

ʦʜʥʦʨʦʜʥʦʤ ʚʥʝʰʥʝʤ ʧʦʣʝ h0 çʠʥʪʝʛʨʘʣ ʚʦʟʙʫʞʜʝʥʠʷè ʤʦʞʝʪ ʙʳʪʴ ʧʨʝʜʩʪʘʚʣʝʥ ʚ ʚʠʜʝ 

ʩʢʘʣʷʨʥʦʛʦ ʧʨʦʠʟʚʝʜʝʥʠʷ ʚʝʢʪʦʨʘ h0 ʠ ʚʝʢʪʦʨʘ ä=
=

N

i imim N
1
Uw , ʤʦʜʫʣʴ ʢʦʪʦʨʦʛʦ 

Am=|wm| ʭʘʨʘʢʪʝʨʠʟʫʝʪ ʘʤʧʣʠʪʫʜʫ ʦʜʥʦʨʦʜʥʦʛʦ ʚʦʟʙʫʞʜʝʥʠʷ ʤʦʜʳ. 

ʋʩʨʝʜʥʝʥʠʝ mj(t) ʧʦ ʦʙʲʝʤʫ V ʧʨʠʚʦʜʠʪ ʢ 

 ää
=

w-

= wD+w-w

Ã
-==
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m
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j e
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t
1
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1

1
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wv
mm , ʛʜʝ ä

=

=
N

j

mjm
N 1

1
Vv . (3.31) 

ʀʟ ʢʦʪʦʨʦʛʦ ʥʘʧʨʷʤʫʶ ʚʳʪʝʢʘʝʪ ʚʳʨʘʞʝʥʠʝ ʜʣʷ ʪʝʥʟʦʨʘ ʚʳʩʦʢʦʯʘʩʪʦʪʥʦʡ ʚʦʩʧʨʠʠʤʯʠ-

ʚʦʩʪʠ 

 ä
= wD+w-w

Ã
-=c

M

m mm

mm

i
i

1

wvf
. (3.32) 

3.2.3 ʈʝʰʝʥʠʝ ʩʠʩʪʝʤʳ ʫʨʘʚʥʝʥʠʡ ʃʘʥʜʘʫ ï ʃʠʬʰʠʮʘ ʤʝʪʦʜʦʤ 

ʥʝʦʧʨʝʜʝʣʝʥʥʳʭ ʢʦʵʬʬʠʮʠʝʥʪʦʚ 

ɼʨʫʛʠʤ, ʙʦʣʝʝ ʧʨʦʩʪʳʤ, ʷʚʣʷʝʪʩʷ ʤʝʪʦʜ [142ï145], ʢʦʪʦʨʦʡ ʩ ʧʦʤʦʱʴʶ ʧʦʜʩʪʘ-

ʥʦʚʢʠ ti
ii et w-= 0)( mm  ʠ ti

i
rf
i et w-= 0)( hh  ʩʚʦʜʠʪ ʩʠʩʪʝʤʫ ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʳʭ ʫʨʘʚʥʝʥʠʡ 

(3.28) ʢ ʩʠʩʪʝʤʝ ʣʠʥʝʡʥʳʭ ʥʝʦʜʥʦʨʦʜʥʳʭ ʫʨʘʚʥʝʥʠʡ 

 ii

N

j

jiji NBi 0

1

00 hmm +=w- ä
=

, (3.33) 

ʧʦʩʣʝʜʫʶʱʝʝ ʨʝʰʝʥʠʝ ʢʦʪʦʨʦʡ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʩʪʘʥʜʘʨʪʥʳʤʠ ʯʠʩʣʝʥʥʳʤʠ ʤʝʪʦʜʘʤʠ 

ʣʠʥʝʡʥʦʡ ʘʣʛʝʙʨʳ. ʅʘʧʨʠʤʝʨ, ʠʪʝʨʘʮʠʦʥʥʳʤʠ ʤʝʪʦʜʘʤʠ ʩʦʧʨʷʞʝʥʥʳʭ ʛʨʘʜʠʝʥʪʦʚ ʠʣʠ 

ʤʠʥʠʤʘʣʴʥʳʭ ʥʝʚʷʟʦʢ. ʅʦ ʟʜʝʩʴ ʩʣʝʜʫʝʪ ʩʜʝʣʘʪʴ ʦʜʥʦ ʦʯʝʥʴ ʚʘʞʥʦʝ ʟʘʤʝʯʘʥʠʝ. ɺ ʩʠʣʫ 

ʥʘʢʣʘʜʳʚʘʝʤʳʭ ʦʛʨʘʥʠʯʝʥʠʡ si M=M  ʠʟ ʦʙʱʝʛʦ ʯʠʩʣʘ ʫʨʘʚʥʝʥʠʡ (3.33), ʨʘʚʥʦʛʦ 3N, 
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ʪʦʣʴʢʦ 2N ʚ̫ʣʷʶʪʩʷ ʣʠʥʝʡʥʦ-ʥʝʟʘʚʠʩʠʤʳʤʠ. ʕʪʦ ʦʙʩʪʦʷʪʝʣʴʩʪʚʦ ʧʦʟʚʦʣʷʝʪ ʫʤʝʥʴʰʠʪʴ 

ʯʠʩʣʦ ʥʝʠʟʚʝʩʪʥʳʭ ʩ 3N ʜʦ 2N. ɼʣʷ ʵʪʦʛʦ, ʚ ʯʘʩʪʥʦʩʪʠ, ʚ ʢʘʞʜʦʡ ʜʠʩʢʨʝʪʥʦʡ ʷʯʝʡʢʝ 

ʤʦʞʥʦ ʧʝʨʝʡʪʠ ʢ ʩʠʩʪʝʤʝ ʢʦʦʨʜʠʥʘʪ, ʦʩʴ z ʢʦʪʦʨʦʡ ʩʦʚʧʘʜʘʝʪ ʩ ʨʘʚʥʦʚʝʩʥʳʤ ʥʘʧʨʘʚʣʝ-

ʥʠʝʤ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʚ ʥʝʡ. ʊʦʛʜʘ ʧʝʨʝʭʦʜ ʚ ʥʦʚʫʶ ʩʠʩʪʝʤʫ ʢʦʦʨʜʠʥʘʪ ʠ ʦʙʨʘʪʥʦ ʙʫʜʝʪ 

ʦʩʫʱʝʩʪʚʣʷʪʴʩʷ ʧʘʨʦʡ ʚʟʘʠʤʥʦ ʦʙʨʘʪʥʳʭ ʧʨʝʦʙʨʘʟʦʚʘʥʠʡ iii T 00 mm =¡ ; i
T
ii T 00 mm ¡= ; 

iii T 00 hh =¡ , ʛʜʝ ʤʘʪʨʠʮʘ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ Ti ʠʤʝʝʪ ʚʠʜ ʩ ʫʯʝʪʦʤ ʪʦʛʦ, ʯʪʦ ʘʟʠʤʫʪʘʣʴʥʳʡ ʠ 

ʥʦʨʤʘʣʴʥʳʡ ʫʛʣʳ ʚʝʢʪʦʨʘ M 0i ʨʘʚʥʳ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ űi ʠ ɗi 
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. (3.34) 

ʇʨʠ ʧʝʨʝʭʦʜʝ ʚ ʥʦʚʦʡ ʩʠʩʪʝʤʝ ʢʦʦʨʜʠʥʘʪ ʢ ʜʚʫʤʝʨʥʦʡ ʟʘʜʘʯʝ, ʪ. ʝ. ʦʛʨʘʥʠʯʠʚʘʷʩʴ ʨʘʩ-

ʩʤʦʪʨʝʥʠʝʤ ʪʦʣʴʢʦ x ʠ y ʢʦʤʧʦʥʝʥʪ ʫ ʚʝʢʪʦʨʥʳʭ ʠ ʪʝʥʟʦʨʥʳʭ ʚʝʣʠʯʠʥ, ʠʤʝʝʤ 

 ù
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NL . (3.35) 

ʇʨʠ ʵʪʦʤ ʫʨʘʚʥʝʥʠʝ (3.33) ʧʨʠʦʙʨʝʪʘʝʪ ʚʠʜ 

 i

N

j

jijA 0

1

0 hm ¡-=¡¡ä
=

, (3.36) 

ʛʜʝ LiEGA ijijiijij ¡wd+dn-¡=¡ . 

ʉʠʩʪʝʤʫ (3.36) ʫʜʦʙʥʦ ʟʘʧʠʩʘʪʴ ʚ ʢʦʤʧʘʢʪʥʦʡ ʤʘʪʨʠʯʥʦʡ ʬʦʨʤʝ Ax=b, ʛʜʝ 

NN
ijAA 22)( ³Í¡= C , 12

0 )( ³Í¡= N
jx Cm , 12

0 )( ³Í¡-= N
ib Ch . ɽʝ ʨʝʰʝʥʠʝ ʩ ʧʦʩʣʝʜʫʶʱʠʤ 

ʧʝʨʝʭʦʜʦʤ ʚ ʩʠʩʪʝʤʫ ʢʦʦʨʜʠʥʘʪ, ʩʚʷʟʘʥʥʫʶ ʩ ʤʦʜʝʣʠʨʫʝʤʦʡ ʧʣʝʥʢʦʡ ʧʦʩʨʝʜʩʪʚʦʤ ʦʙ-

ʨʘʪʥʦʛʦ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ i
T
ii T 00 mm ¡= , ʦʧʨʝʜʝʣʷʝʪ ʨʝʰʝʥʠʝ (3.33). 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʜʣʷ ʟʘʜʘʥʥʦʛʦ ʧʦʣʷ ʚʦʟʙʫʞʜʝʥʠʷ h0k ʠ ʟʘʜʘʥʥʦʡ ʫʛʣʦʚʦʡ ʯʘʩʪʦʪʳ ɤ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʤʝʪʦʜʘ ʧʦʟʚʦʣʷʝʪ ʥʘʡʪʠ ʟʥʘʯʝʥʠʷ ʜʠʥʘʤʠʯʝʩʢʦʡ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ m0i(ɤ). 

ʈʘʩʩʤʘʪʨʠʚʘʷ ʦʨʪʦʛʦʥʘʣʴʥʳʡ ʙʘʟʠʩ ʚʝʢʪʦʨʦʚ ʚʦʟʙʫʞʜʝʥʠʷ ),,(
)3(

0
)2(

0
)1(

0 iii hhh  ʠ ʨʝʘʢʮʠʶ 

ʤʘʛʥʠʪʥʦʡ ʩʠʩʪʝʤʳ ʥʘ ʥʠʭ ),,(
)3(

0
)2(

0
)1(

0 iii mmm , ʣʦʢʘʣʴʥʳʡ ʪʝʥʟʦʨ ʚʳʩʦʢʦʯʘʩʪʦʪʥʦʡ ʚʦʩ-

ʧʨʠʠʤʯʠʚʦʩʪʠ ʙʫʜʝʪ ʦʧʨʝʜʝʣʷʪʴʩʷ ʬʦʨʤʫʣʦʡ [146] 
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ʘ ʪʝʥʟʦʨ ʜʠʥʘʤʠʯʝʩʢʦʡ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ, ʫʩʨʝʜʥʝʥʥʳʡ ʧʦ ʚʩʝʤʫ ʦʙʲʝʤʫ, ʚʳʨʘʞʝʥʠʝʤ 

 ä
=

abab c=c
N

i

i
N 1

)()( 1
  (Ŭ, ɓ = 1,2,3). (3.38) 

ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʨʘʩʩʤʦʪʨʝʥʥʳʝ ʟʜʝʩʴ ʤʝʪʦʜʳ ʧʦʟʚʦʣʷʶʪ ʧʨʦʚʦʜʠʪʴ ʠʩʩʣʝ-

ʜʦʚʘʥʠʷ ʜʠʥʘʤʠʢʠ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʥʝ ʪʦʣʴʢʦ ʚ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʤʘʪʝʨʠʘʣʘʭ, ʥʦ ʠ ʚ 

ʣʶʙʳʭ ʜʨʫʛʠʭ ʬʝʨʨʦʤʘʛʥʠʪʥʳʭ ʦʙʲʝʢʪʘʭ ʣʶʙʦʡ ʟʘʜʘʥʥʦʡ ʬʦʨʤʳ, ʚ ʪʦʤ ʯʠʩʣʝ ʠ ʚ ʤʥʦ-

ʛʦʩʣʦʡʥʳʭ ʧʣʝʥʦʯʥʳʭ ʩʪʨʫʢʪʫʨʘʭ. 

3.2.4 ʇʨʠʤʝʨ ʯʠʩʣʝʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʜʠʥʘʤʠʢʠ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʚ 

ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʪʦʥʢʠʭ ʤʘʛʥʠʪʥʳʭ ʧʣʝʥʢʘʭ 

ʆʧʠʩʘʥʥʳʝ ʚ ʨʘʟʜʝʣʘʭ 3.2.2 ʠ 3.2.3 ʤʝʪʦʜʳ ʙʳʣʠ ʧʨʠʤʝʥʝʥʳ ʜʣʷ ʨʘʩʯʝʪʘ ʚʳʩʦʢʦ-

ʯʘʩʪʦʪʥʦʡ ʤʘʛʥʠʪʥʦʡ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʪʦʥʢʠʭ ʧʣʝʥʦʢ. ʄʝʪʦʜ, 

ʦʩʥʦʚʘʥʥʳʡ ʥʘ ʧʨʝʜʩʪʘʚʣʝʥʠʠ ʨʝʰʝʥʠʷ ʚ ʚʠʜʝ ʨʘʟʣʦʞʝʥʠʷ ʧʦ ʩʦʙʩʪʚʝʥʥʳʤ ʚʝʢʪʦʨʘʤ 

ʥʦʨʤʘʣʴʥʳʭ ʤʘʛʥʠʪʥʳʭ ʤʦʜ ʢʦʣʝʙʘʥʠʡ, ʜʣʷ ʢʨʘʪʢʦʩʪʠ ʜʘʣʝʝ ʙʫʜʝʤ ʥʘʟʳʚʘʪʴ çʄʝʪʦʜ 1è ʠ 

ʦʙʦʟʥʘʯʘʪʴ ʥʘ ʨʠʩʫʥʢʘʭ ʢʘʢ çM1è. ɺ ʪʦ ʚʨʝʤʷ ʢʘʢ ʯʠʩʣʝʥʥʫʶ ʨʝʘʣʠʟʘʮʠʶ ʤʝʪʦʜʘ ʥʝʦʧ-

ʨʝʜʝʣʝʥʥʳʭ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʜʣʷ ʨʝʰʝʥʠ ̫ʩʠʩʪʝʤʳ ʫʨʘʚʥʝʥʠʡ ʃʘʥʜʘʫ ï ʃʠʬʰʠʮʘ ʙʫʜʝʤ 

ʠʜʝʥʪʠʬʠʮʠʨʦʚʘʪʴ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ ʢʘʢ çʄʝʪʦʜ 2è, ʠʣʠ çM2è. 

ʏʠʩʣʝʥʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʨʦʚʦʜʠʣʠʩʴ ʥʘ ʧʣʝʥʢʘʭ, ʧʨʝʜʩʪʘʚʣʷʶʱʠʭ ʩʦʙʦʡ ʤʦʥʦ-

ʩʣʦʠ ʧʣʦʪʥʦʫʧʘʢʦʚʘʥʥʳʭ ʥʘʥʦʯʘʩʪʠʮ ʩʦ ʩʣʫʯʘʡʥʳʤ ʨʘʩʧʨʝʜʝʣʝʥʠʝʤ ʚ ʧʨʦʩʪʨʘʥʩʪʚʝ ʦʩʝʡ 

ʘʥʠʟʦʪʨʦʧʠʠ, ʩ ʯʠʩʣʦʤ ʯʘʩʪʠʮ 128Ĭ128Ĭ1 ʠ 1024Ĭ1024Ĭ1. ʈʘʟʤʝʨ ʥʘʥʦʯʘʩʪʠʮ D0 ʩʦʚʧʘʜʘʣ 

ʩ ʨʘʟʤʝʨʦʤ ʜʠʩʢʨʝʪʥʳʭ ʷʯʝʝʢ ʠ ʚʘʨʴʠʨʦʚʘʣʩʷ ʦʪ 12 ʜʦ 100 ʥʤ. ɼʣʷ ʫʩʪʨʘʥʝʥʠʷ ʢʨʘʝʚʳʭ 

ʵʬʬʝʢʪʦʚ, ʩʚʷʟʘʥʥʳʭ ʩ ʥʝʦʜʥʦʨʦʜʥʦʩʪʴʶ ʚʥʫʪʨʝʥʥʝʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʚ ʦʙʨʘʟʮʘʭ ʢʦ-

ʥʝʯʥʳʭ ʨʘʟʤʝʨʦʚ, ʠʩʧʦʣʴʟʦʚʘʣʠʩ ɹʜʚʫʤʝʨʥʳʝ ʧʝʨʠʦʜʠʯʝʩʢʠʝ ʛʨʘʥʠʯʥʳʝ ʫʩʣʦʚʠʷ ʜʣʷ 

ʦʙʤʝʥʥʦʛʦ ʠ ʤʘʛʥʠʪʦʩʪʘʪʠʯʝʩʢʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ [147]. ɼʣʷ ʦʧʨʝʜʝʣʝʥʥʦʩʪʠ, ʪʘʢ ʞʝ, ʢʘʢ 

ʠ ʚ ʨʘʟʜʝʣʝ 3.1.6, ʤʘʛʥʠʪʥʳʝ ʧʘʨʘʤʝʪʨʳ ʠʩʩʣʝʜʫʝʤʳʭ ʦʙʨʘʟʮʦʚ ʙʳʣʠ ʚʳʙʨʘʥʳ ʚ ʩʦʦʪ-

ʚʝʪʩʪʚʠʠ ʩ ʭʦʨʦʰʦ ʠʟʚʝʩʪʥʳʤ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʤ ʩʧʣʘʚʦʤ Fe73.5Cu1Nb3Si13.5B9 [48], 

ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʴ ʥʘʩʳʱʝʥʠʷ ʢʦʪʦʨʦʛʦ 4 Ḿs = 12 ʢɻʩ (1.2 ʊʣ), ʢʦʥʩʪʘʥʪʘ ʦʙʤʝʥʘ 

A = 1Ĭ10
 ï6

 ʵʨʛ/ʩʤ (1Ĭ10
 ï11

 ɼʞ/ʤ), ʧʦʣʝ ʣʦʢʘʣʴʥʦʡ ʦʜʥʦʦʩʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ 

Hk =2K/Ms = 171.7 ʕ (K = 8200 ɼʞ/ʤ
3
). ɺʦ ʚʩʝʭ ʨʘʩʯʝʪʘʭ ʠʩʧʦʣʴʟʦʚʘʣʦʩʴ ʦʜʥʦ ʠ ʪʦ ʞʝ 
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ʩʣʫʯʘʡʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʦʩʝʡ ʘʥʠʟʦʪʨʦʧʠʠ, ʘ ʜʣʷ ʦʙʣʝʛʯʝʥʠʷ ʘʥʘʣʠʟʘ ʨʝʟʫʣʴʪʘʪʦʚ ʦʙʱʘʷ 

ʜʣʷ ʚʩʝʡ ʧʣʝʥʢʠ ʤʘʛʥʠʪʥʘʷ ʘʥʠʟʦʪʨʦʧʠʷ Ku ʥʝ ʫʯʠʪʳʚʘʣʘʩʴ. ɺʥʝʰʥʝʝ ʧʦʩʪʦʷʥʥʦʝ ʤʘʛ-

ʥʠʪʥʦʝ ʧʦʣʝ H, ʨʘʚʥʦʝ 94.744 ʕ (7.54 ʢɸ/ʤ), ʙʳʣʦ ʧʨʠʣʦʞʝʥʦ ʚ ʧʣʦʩʢʦʩʪʠ ʧʣʝʥʢʠ ʚʜʦʣʴ 

ʦʩʠ x, ʘ ʧʣʘʥʘʨʥʦʝ ʧʝʨʝʤʝʥʥʦʝ ʦʜʥʦʨʦʜʥʦʝ ʧʦʣʝ h0 ʙʳʣʦ ʥʘʧʨʘʚʣʝʥʦ ʦʨʪʦʛʦʥʘʣʴʥʦ H 

ʚʜʦʣʴ y. ʇʘʨʘʤʝʪʨ ʟʘʪʫʭʘʥʠʷ Ŭ = 0.005. 

ʀʩʩʣʝʜʦʚʘʥʠʷ ʙʳʣʠ ʥʘʧʨʘʚʣʝʥʳ ʥʘ ʚʳʯʠʩʣʝʥʠʝ ʯʘʩʪʦʪʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ʫʩʨʝʜʥʝʥ-

ʥʦʡ ʩʢʘʣʷʨʥʦʡ ʜʠʥʘʤʠʯʝʩʢʦʡ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ ɢ ʚʜʦʣʴ ʧʨʠʣʦʞʝʥʥʦʛʦ ʧʝʨʝʤʝʥʥʦʛʦ ʧʦʣʷ. 

ʇʦʵʪʦʤʫ ʢʘʢ ʚ ʄʝʪʦʜʝ 1, ʪʘʢ ʠ ʚ ʄʝʪʦʜʝ 2 ʜʣʷ ʝʝ ʨʘʩʯʝʪʘ ʠʩʧʦʣʴʟʦʚʘʣʦʩʴ ʚʳʨʘʞʝʥʠʝ 
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ɼʣʷ ʦʙʦʩʥʦʚʘʥʠʷ ʦʛʨʘʥʠʯʝʥʠʡ, ʩ ʢʦʪʦʨʳʤʠ ʧʨʠʭʦʜʠʪʩʷ ʩʪʘʣʢʠʚʘʪʴʩʷ ʧʨʠ ʚʳʧʦʣ-

ʥʝʥʠʠ ʧʨʦʮʝʩʩʘ ʤʦʜʝʣʠʨʦʚʘʥʠʷ, ʧʨʠʚʝʜʝʤ ʦʮʝʥʢʫ ʦʙʲʝʤʘ ʟʘʪʨʘʯʠʚʘʝʤʳʭ ʨʝʩʫʨʩʦʚ ʕɺʄ 

ʜʣʷ ʢʘʞʜʦʛʦ ʠʟ ʜʚʫʭ ʤʝʪʦʜʦʚ. ɺ ʄʝʪʦʜʝ 1 ʜʣʷ ʨʘʩʯʝʪʘ M ʩʦʙʩʪʚʝʥʥʳʭ ʚʝʢʪʦʨʦʚ ʨʘʟʤʝʨʦʤ 

2NĬ1 ʯʠʩʣʦ ʦʧʝʨʘʮʠʡ ʠ ʢʦʣʠʯʝʩʪʚʦ ʵʣʝʤʝʥʪʦʚ, ʪʨʝʙʫʶʱʠʭ ʭʨʘʥʝʥʠʷ ʚ ʦʧʝʨʘʪʠʚʥʦʡ ʧʘ-

ʤʷʪʠ, ʙʫʜʝʪ ʧʦʨʷʜʢʘ O(MĬ2N). ʇʦʣʥʳʡ ʨʘʩʯʝʪ ʚʩʝʭ ʤʦʜ ʢʦʣʝʙʘʥʠʡ ʧʨʠʚʦʜʠʪ ʢ ʦʮʝʥʢʝ 

ʧʦʨʷʜʢʘ O(4N
2
). ɺ ʄʝʪʦʜʝ 2 ʪʨʝʙʫʝʪʩʷ ʨʘʩʯʝʪ ʪʦʣʴʢʦ 2N ʥʝʠʟʚʝʩʪʥʳʭ ʘʤʧʣʠʪʫʜ ʜʠʥʘʤʠ-

ʯʝʩʢʦʡ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ, ʧʦʵʪʦʤʫ ʦʮʝʥʢʘ ʟʘʪʨʘʯʠʚʘʝʤʳʭ ʨʝʩʫʨʩʦʚ ʕɺʄ ʜʘʝʪ ʟʥʘʯʝʥʠʝ 

ʧʦʨʷʜʢʘ O(2N). ɺ ʵʪʦʡ ʩʚʷʟʠ ʧʨʠ ʤʦʜʝʣʠʨʦʚʘʥʠʠ ʜʠʥʘʤʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʦʚ ʥʘʥʦʢʨʠ-

ʩʪʘʣʣʠʯʝʩʢʠʭ ʪʦʥʢʠʭ ʤʘʛʥʠʪʥʳʭ ʧʣʝʥʦʢ ʩ ʧʦʤʦʱʴʶ ʄʝʪʦʜʘ 1 ʚ ʯʠʩʣʝʥʥʦʡ ʤʦʜʝʣʠ ʠʩ-

ʧʦʣʴʟʦʚʘʣʦʩʴ ʪʦʣʴʢʦ 128Ĭ128Ĭ1 ʜʠʩʢʨʝʪʥʳʭ ʵʣʝʤʝʥʪʦʚ. ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʞʝ ʄʝʪʦʜʘ 2 

ʧʦʟʚʦʣʠʣʦ ʨʘʩʩʯʠʪʘʪʴ ʤʦʜʝʣʠ ʩ ʯʠʩʣʦʤ ʢʨʠʩʪʘʣʣʠʪʦʚ, ʨʘʚʥʳʤ 128Ĭ128Ĭ1 ʠ 1024Ĭ1024Ĭ1. 

ʌʝʥʦʤʝʥʦʣʦʛʠʯʝʩʢʘʷ ʪʝʦʨʠʷ ʦʜʥʦʨʦʜʥʦʛʦ ʬʝʨʨʦʤʘʛʥʠʪʥʦʛʦ ʨʝʟʦʥʘʥʩʘ ʜʣʷ ʠʟʦ-

ʪʨʦʧʥʦʡ ʦʜʥʦʨʦʜʥʦ ʥʘʤʘʛʥʠʯʝʥʥʦʡ ʪʦʥʢʦʡ ʤʘʛʥʠʪʥʦʡ ʧʣʝʥʢʠ (ʨʘʟʜʝʣ 1.1) ʜʘʝʪ ʧʨʦʩʪʦʝ 

ʚʳʨʘʞʝʥʠʝ ʜʣʷ ʤʘʛʥʠʪʥʦʡ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ uuu ic¡¡-c¡=c , ʤʥʠʤʘʷ ʯʘʩʪʴ ʢʦʪʦʨʦʛʦ ʠʤʝʝʪ 

ʚʠʜ [81] 
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ʛʜʝ ɤM = ɔ4 Ḿs, ɤH = ɔH, ʘ ʨʝʟʦʥʘʥʩʥʘʷ ʯʘʩʪʦʪʘ )(2 00 HMHf w+ww=p=w  ʜʣʷ ʧʘʨʘ-

ʤʝʪʨʦʚ, ʠʩʧʦʣʴʟʫʝʤʳʭ ʚ ʨʘʩʯʝʪʘʭ (Ms = 955 ɻʩ, H = 94.744 ʕ), ʨʘʚʥʘ f0 = 3ɻɻʮ. ʄʘʢʩʠ-

ʤʘʣʴʥʦʝ ʟʥʘʯʝʥʠʝ uc¡¡  ʥʘʙʣʶʜʘʝʪʩʷ ʥʘ ʨʝʟʦʥʘʥʩʥʦʡ ʯʘʩʪʦʪʝ ʠ ʨʘʚʥʦ 

1792/)( 00 ºapºwc¡¡=c¡¡ HMsuu . 
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ɺ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʪʦʥʢʠʭ ʧʣʝʥʢʘʭ ʚʣʠʷʥʠʝ ʩʣʫʯʘʡʥʦʡ ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦ-

ʧʠʠ ʤʦʞʝʪ ʧʨʠʚʦʜʠʪʴ ʢ ʩʫʱʝʩʪʚʝʥʥʦʤʫ ʠʟʤʝʥʝʥʠʶ ʧʦʚʝʜʝʥʠʷ ɢ(ɤ). ʕʪʦ ʧʦʜʪʚʝʨʞʜʘʝʪʩʷ 

ʨʝʟʫʣʴʪʘʪʘʤʠ ʤʦʜʝʣʠʨʦʚʘʥʠʷ, ʧʨʝʜʩʪʘʚʣʝʥʥʳʤʠ ʥʘ ʨʠʩʫʥʢʘʭ 3.3ï3.5. 

  

 

ʈʠʩʫʥʦʢ 3.3 ï ʏʘʩʪʦʪʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʘʤʧʣʠʪʫʜ ʦʜʥʦʨʦʜʥʦʛʦ ʚʦʟʙʫʞʜʝʥʠʷ Am 

ʥʦʨʤʘʣʴʥʳʭ ʤʘʛʥʠʪʥʳʭ ʤʦʜ ʢʦʣʝʙʘʥʠʡ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʪʦʥʢʦʡ ʧʣʝʥʢʠ ʩ ʨʘʟʤʝʨʦʤ 

ʢʨʠʩʪʘʣʣʠʪʦʚ D0 = 12, 24, 32, 42, 56 ʠ 100 ʥʤ. ʅʘ ʚʢʣʘʜʢʘʭ: ʯʘʩʪʦʪʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ 

ʤʥʠʤʦʡ ʯʘʩʪʠ ʥʦʨʤʠʨʦʚʘʥʥʦʡ ʤʘʛʥʠʪʥʦʡ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ ʜʣʷ ʦʜʥʦʨʦʜʥʦʡ (ʣʠʥʠʷ) 

ʠ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ (ʢʨʫʛʣʳʝ ʤʘʨʢʝʨʳ) ʪʦʥʢʠʭ ʧʣʝʥʦʢ 
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ʈʠʩʫʥʦʢ 3.4 ï ʏʘʩʪʦʪʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʤʥʠʤʦʡ (ʩʚʝʨʭʫ) ʠ ʜʝʡʩʪʚʠʪʝʣʴʥʦʡ (ʩʥʠʟʫ) ʯʘʩʪʝʡ 

ʥʦʨʤʠʨʦʚʘʥʥʦʡ ʚʳʩʦʢʦʯʘʩʪʦʪʥʦʡ ʤʘʛʥʠʪʥʦʡ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ 

ʪʦʥʢʦʡ ʧʣʝʥʢʠ ʩ ʨʘʟʤʝʨʦʤ ʢʨʠʩʪʘʣʣʠʪʦʚ D0 = 12, 24 ʠ 32 ʥʤ 

  

 

ʈʠʩʫʥʦʢ 3.5 ï ʏʘʩʪʦʪʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʤʥʠʤʦʡ (ʩʚʝʨʭʫ) ʠ ʜʝʡʩʪʚʠʪʝʣʴʥʦʡ (ʩʥʠʟʫ) ʯʘʩʪʝʡ 

ʥʦʨʤʠʨʦʚʘʥʥʦʡ ʚʳʩʦʢʦʯʘʩʪʦʪʥʦʡ ʤʘʛʥʠʪʥʦʡ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ 

ʪʦʥʢʦʡ ʧʣʝʥʢʠ ʩ ʨʘʟʤʝʨʦʤ ʢʨʠʩʪʘʣʣʠʪʦʚ D0 = 42, 56 ʠ 100 ʥʤ 

ɺ ʯʘʩʪʥʦʩʪʠ, ʥʘ ʚʩʪʘʚʢʘʭ ʢ ʨʠʩʫʥʢʫ 3.3 ʩʧʣʦʰʥʦʡ ʣʠʥʝʡ ʧʦʢʘʟʘʥʘ ʥʦʨʤʠʨʦʚʘʥʥʘʷ ʥʘ ʚʝ-

ʣʠʯʠʥʫ 0uc¡¡ ʟʘʚʠʩʠʤʦʩʪʴ (3.40), ʘ ʢʨʫʛʣʳʤʠ ʤʘʨʢʝʨʘʤʠ ï ʨʝʟʫʣʴʪʘʪʳ ʨʘʩʯʝʪʘ 0/ uc¡¡c¡¡ , 
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ʧʦʣʫʯʝʥʥʳʝ ʩ ʧʦʤʦʱʴʶ ʄʝʪʦʜʘ 1 ʜʣʷ ʨʘʟʣʠʯʥʳʭ ʟʥʘʯʝʥʠʡ ʨʘʟʤʝʨʘ ʢʨʠʩʪʘʣʣʠʪʦʚ D0. ʇʨʠ 

ʵʪʦʤ ʚ ʨʘʩʯʝʪʝ ʫʯʠʪʳʚʘʣʠʩʴ ʚʩʝ ʤʦʜʳ ʢʦʣʝʙʘʥʠʡ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ M = 2N, ʘ ʯʠʩʣʦ ʜʠʩ-

ʢʨʝʪʥʳʭ ʵʣʝʤʝʥʪʦʚ N = 128Ĭ128Ĭ1. 

ɼʣʷ ʘʥʘʣʠʟʘ ʠ ʠʥʪʝʨʧʨʝʪʘʮʠʠ ʧʦʣʫʯʝʥʥʳʭ ʟʘʚʠʩʠʤʦʩʪʝʡ ʜʦʧʦʣʥʠʪʝʣʴʥʦ ʙʳʣʠ 

ʨʘʩʩʯʠʪʘʥ  rʩʦʦʪʥʦʰʝʥʠʷ ʤʝʞʜʫ ʦʙʤʝʥʥʦʡ ʵʥʝʨʛʠʝʡ F
e
 = ïVJ = ïVA/D0

2
 ʠ ʵʥʝʨʛʠʝʡ ʩʣʫ-

ʯʘʡʥʦʡ ʦʜʥʦʦʩʥʦʡ ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ F
k
 = ïVK = ïVMsHk/2. ʕʪʠ ʜʘʥʥʳʝ ʩʠʩʪʝʤʘ-

ʪʠʟʠʨʦʚʘʥʳ ʚ ʪʘʙʣʠʮʝ 3.1. ʀʟ ʧʨʝʜʩʪʘʚʣʝʥʥʳʭ ʥʘ ʨʠʩʫʥʢʘʭ ʢʨʠʚʳʭ ʚʠʜʥʦ, ʯʪʦ ʚ ʧʣʝʥʢʘʭ, 

ʜʣʷ ʢʦʪʦʨʳʭ ʦʪʥʦʰʝʥʠʝ F
e
/F

k
 > 1, ʦʙʤʝʥʥʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʤʝʞʜʫ ʢʨʠʩʪʘʣʣʠʪʘʤʠ ʚ 

ʟʥʘʯʠʪʝʣʴʥʦʡ ʩʪʝʧʝʥʠ ʧʦʜʘʚʣʷʝʪ ʚʣʠʷʥʠʝ ʣʦʢʘʣʴʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ. ʕʪʦ ʦʩʦʙʝʥʥʦ ʚʠʜʥʦ 

ʜʣʷ ʧʣʝʥʢʠ ʩ D0 = 12 ʥʤ, ʜʣʷ ʢʦʪʦʨʦʡ ʦʙʤʝʥʥʘʷ ʵʥʝʨʛʠʷ ʙʦʣʝʝ ʯʝʤ ʚ 8 ʨʘʟ ʧʨʝʚʳʰʘʝʪ 

ʵʥʝʨʛʠʶ ʩʣʫʯʘʡʥʦʡ ʦʜʥʦʦʩʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ. ʇʦ ʩʚʦʠʤ ʤʘʛʥʠʪʥʳʤ ʩʚʦʡʩʪʚʘʤ ʦʥʘ ʧʨʠ-

ʙʣʠʞʘʝʪʩʷ ʢ ʠʟʦʪʨʦʧʥʦʡ ʦʜʥʦʨʦʜʥʦ ʥʘʤʘʛʥʠʯʝʥʥʦʡ ʪʦʥʢʦʡ ʤʘʛʥʠʪʥʦʡ ʧʣʝʥʢʝ, ʘ ʛʨʘʬʠʢ 

ʝʝ ʤʘʛʥʠʪʥʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʧʨʘʢʪʠʯʝʩʢʠ ʩʦʚʧʘʜʘʝʪ ʩ ʪʝʦʨʝʪʠʯʝʩʢʦʡ ʟʘʚʠʩʠʤʦ-

ʩʪʴʶ (3.40). 

ʊʘʙʣʠʮʘ 3.1 ï ʉʦʦʪʥʦʰʝʥʠʷ ʤʝʞʜʫ ʦʙʤʝʥʥʦʡ ʵʥʝʨʛʠʝʡ F
e
 ʠ ʵʥʝʨʛʠʝʡ ʩʣʫʯʘʡʥʦʡ 

ʦʜʥʦʦʩʥʦʡ ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ F
k
 ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʪʦʥʢʠʭ ʤʘʛʥʠʪʥʳʭ ʧʣʝʥʦʢ 

ʜʣʷ ʨʘʟʣʠʯʥʳʭ ʨʘʟʤʝʨʦʚ ʢʨʠʩʪʘʣʣʠʪʦʚ D0 

D0 12 ʥʤ 24 ʥʤ 32 ʥʤ 42 ʥʤ 56 ʥʤ 100 ʥʤ 

F
e
/F

k
 8.47 2.12 1.19 0.69 0.39 0.12 

F
k
/F

e
 0.12 0.47 0.84 1.45 2.57 8.2 

 

ʉ ʫʚʝʣʠʯʝʥʠʝʤ ʨʘʟʤʝʨʘ ʢʨʠʩʪʘʣʣʠʪʦʚ ʚʣʠʷʥʠʝ ʵʥʝʨʛʠʠ ʩʣʫʯʘʡʥʦʡ ʦʜʥʦʦʩʥʦʡ ʘʥʠ-

ʟʦʪʨʦʧʠʠ ʥʘʯʠʥʘʝʪ ʜʦʤʠʥʠʨʦʚʘʪʴ ʥʘʜ ʦʙʤʝʥʥʦʡ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʟʥʘʯʠʪʝʣʴʥʦʤʫ ʫʰʠʨʝ-

ʥʠʶ ʠ ʘʩʠʤʤʝʪʨʠʠ ʣʠʥʠʠ ɢ''(f), ʘ ʪʘʢʞʝ ʢ ʩʜʚʠʛʫ ʨʝʟʦʥʘʥʩʥʦʡ ʯʘʩʪʦʪʳ. ɽʩʣʠ ʨʘʟʤʝʨ ʢʨʠ-

ʩʪʘʣʣʠʪʘ ʧʨʝʚʳʰʘʝʪ ʨʘʜʠʫʩ ʦʙʤʝʥʥʦʡ ʢʦʨʨʝʣʷʮʠʠ, ʯʪʦ ʩʧʨʘʚʝʜʣʠʚʦ ʜʣʷ ʧʣʝʥʢʠ ʩ 

D0 = 100 ʥʤ, ʜʣʷ ʢʦʪʦʨʦʡ ʵʥʝʨʛʠʷ ʩʣʫʯʘʡʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ ʙʦʣʝʝ ʯʝʤ ʚ 8 ʨʘʟ ʧʨʝʚʳʰʘʝʪ 

ʦʙʤʝʥʥʫʶ, ʪʦ ʘʤʧʣʠʪʫʜʘ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʭ ʬʣʫʢʪʫʘʮʠʡ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʟʥʘʯʠʪʝʣʴʥʦ 

ʚʦʟʨʘʩʪʘʝʪ. ʕʪʦ ʧʨʠʚʦʜʠʪ ʢ ʤʘʢʩʠʤʘʣʴʥʦʡ ʪʨʘʥʩʬʦʨʤʘʮʠʠ ʟʘʚʠʩʠʤʦʩʪʠ ɢ''(f). 

ɺʘʞʥʳʤ ʜʦʩʪʦʠʥʩʪʚʦʤ ʄʝʪʦʜʘ 1 ʷʚʣʷʝʪʩʷ ʪʦ, ʯʪʦ ʧʦʤʠʤʦ ʨʘʩʯʝʪʘ ʚʳʩʦʢʦʯʘʩʪʦʪʥʦʡ 

ʤʘʛʥʠʪʥʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʪʦʥʢʠʭ ʤʘʛʥʠʪʥʳʭ ʧʣʝʥʦʢ, ʵʪʦʪ ʤʝʪʦʜ 

ʧʦʟʚʦʣʷʝʪ ʦʧʨʝʜʝʣʠʪʴ ʩʪʨʫʢʪʫʨʫ ʩʧʝʢʪʨʘ ʚʦʟʙʫʞʜʘʝʤʳʭ ʚʥʝʥhʠʤ ʧʝʨʝʤʝʥʥʳʤ ʧʦʣʝʤ 

ʨʝʟʦʥʘʥʩʥʳʭ ʤʦʜ. ʊʘʢ, ʥʘʧʨʠʤʝʨ, ʥʘ ʨʠʩʫʥʢʝ 3.3 ʧʦʢʘʟʘʥʦ ʯʘʩʪʦʪʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʘʤ-
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ʧʣʠʪʫʜ ʦʜʥʦʨʦʜʥʦʛʦ ʚʦʟʙʫʞʜʝʥʠʷ Am ʥʦʨʤʘʣʴʥʳʭ ʤʘʛʥʠʪʥʳʭ ʤʦʜ ʢʦʣʝʙʘʥʠʡ ʜʣʷ ʨʘʟ-

ʣʠʯʥʳʭ ʟʥʘʯʝʥʠʡ ʨʘʟʤʝʨʘ ʢʨʠʩʪʘʣʣʠʪʦʚ. ʀʟ ʨʠʩʫʥʢʘ ʚʠʜʥʦ, ʯʪʦ ʩ ʨʦʩʪʦʤ ʨʘʟʤʝʨʘ ʯʘʩʪʠʮ 

ʯʠʩʣʦ ʚʦʟʙʫʞʜʘʝʤʳʭ ʤʦʜ ʠ ʠʭ ʘʤʧʣʠʪʫʜʘ ʨʝʟʢʦ ʚʦʟʨʘʩʪʘʝʪ. ɽʩʣʠ ʜʣʷ ʧʣʝʥʢʠ ʩ D0 = 12 ʥʤ 

ʬʘʢʪʠʯʝʩʢʠ ʪʦʣʴʢʦ ʧʝʨʚʳʝ ʯʝʪʳʨʝ ʥʠʞʘʡʰʠʭ ʤʦʜʳ ʚʥʦʩʪ̫ ʦʩʥʦʚʥʦʡ ʚʢʣʘʜ ʚ ʚʳʩʦʢʦ-

ʯʘʩʪʦʪʥʫʶ ʤʘʛʥʠʪʥʫʶ ʧʨʦʥʠʮʘʝʤʦʩʪʴ, ʪʦ ʜʣʷ ʧʣʝʥʢʠ ʩ D0 = 100 ʥʤ ʧʨʘʢʪʠʯʝʩʢʠ ʚʩʝ ʤʦʜʳ 

ʫʯʘʩʪʚʫʶʪ ʚ ʬʦʨʤʠʨʦʚʘʥʠʠ ʨʝʟʫʣʴʪʠʨʫʶʱʝʡ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ. ɺʘʞʥʦ ʦʪʤʝʪʠʪʴ ʦʙʥʘ-

ʨʫʞʝʥʥʳʡ ʜʣʷ ʧʣʝʥʦʢ ʩ D0 = 24, 32 ʠ 42 ʥʤ ʜʦʧʦʣʥʠʪʝʣʴʥʳʡ ʧʠʢ ʚ ʨʘʩʧʨʝʜʝʣʝʥʠʠ Am(ɤm), 

ʦʪʤʝʯʝʥʥʳʡ ʥʘ ʨʠʩʫʥʢʘʭ ʩʪʨʝʣʢʦʡ. ʇʨʠʨʦʜʘ ʵʪʦʛʦ ʧʠʢʘ ʠ ʝʛʦ ʚʣʠʷʥʠʝ ʥʘ ʤʘʛʥʠʪʥʫʶ 

ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʴ ʨʘʩʩʤʦʪʨʝʥ rʚ ʩʣʝʜʫʶʱʝʡ ʛʣʘʚʝ. 

ɼʣʷ ʩʨʘʚʥʝʥʠʷ, ʘʥʘʣʠʟʘ ʠ ʚʝʨʠʬʠʢʘʮʠʠ ʨʘʩʩʤʘʪʨʠʚʘʝʤʳʭ ʚ ʨʘʙʦʪʝ ʤʝʪʦʜʦʚ ʥʘ ʨʠ-

ʩʫʥʢʘʭ 3.4 ʠ 3.5 ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʨʘʩʯʝʪʘ ʜʝʡʩʪʚʠʪʝʣʴʥʦʡ ʠ ʤʥʠʤʦʡ ʯʘʩʪʝʡ 

ʤʘʛʥʠʪʥʦʡ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ ʜʣʷ ʨʘʟʣʠʯʥʳʭ D0. ɼʣʷ ʤʦʜʝʣʠ ʩ ʯʠʩʣʦʤ ʢʨʠʩʪʘʣʣʠʪʦʚ, 

ʨʘʚʥʳʤ 128Ĭ128Ĭ1, ʥʦʨʤʠʨʦʚʘʥʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ 0/)( uf c¡¡c¡¡  ʠ 0/)( uf c¡¡c¡ , ʧʦʣʫʯʝʥʥʳʝ ʩ 

ʧʦʤʦʱʴʶ ʄʝʪʦʜʘ 1, ʚ ʢʦʪʦʨʦʤ ʫʯʠʪʳʚʘʣʠʩʴ ʚʩʝ M = 2N = 32768 ʤʦʜʳ, ʥʘ ʨʠʩʫʥʢʘʭ ʦʙʦ-

ʟʥʘʯʝʥʳ ʢʨʫʛʣʳʤʠ ʤʘʨʢʝʨʘʤʠ, ʄʝʪʦʜʦʤ 2 ï ʩʧʣʦʰʥʦʡ ʣʠʥʠʝʡ. ʂʘʢ ʤʦʞʥʦ ʫʚʠʜʝʪʴ ʠʟ 

ʨʠʩʫʥʢʦʚ, ʜʘʥʥʳʝ, ʧʦʣʫʯʝʥʥʳʝ ʦʙʦʠʤʠ ʤʝʪʦʜʘʤʠ, ʠʜʝʥʪʠʯʥʳ. 

ʆʜʥʘʢʦ ʩʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʟʘʪʨʘʯʝʥʥʦʝ ʥʘ ʧʨʦʚʝʜʝʥʠʝ ʨʘʩʯʝʪʘ ʚʨʝʤʷ ʩ ʠʩʧʦʣʴ-

ʟʦʚʘʥʠʝʤ ʄʝʪʦʜʘ 1 ʙʳʣʦ ʧʨʠʤʝʨʥʦ ʥʘ ʧʦʨʷʜʦʢ ʙʦʣʴʰʝ, ʯʝʤ ʜʣʷ ʄʝʪʦʜʘ 2. ʉʪʘʥʜʘʨʪʥʳʡ 

ʩʧʦʩʦʙ ʩʥʠʞʝʥʠʷ ʟʘʪʨʘʯʠʚʘʝʤʳʭ ʧʨʠ ʚʳʯʠʩʣʝʥʠʷʭ ʨʝʩʫʨʩʦʚ ʕɺʄ, ʢʦʪʦʨʳʝ, ʢʘʢ ʙʳʣʦ 

ʦʪʤʝʯʝʥʦ ʨʘʥʝʝ, ʜʣʷ ʄʝʪʦʜʘ 1 ʩʦʩʪʘʚʣʷʶʪ ʧʦʨʷʜʢʘ O(MĬ2N), ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʫʤʝʥʴʰʝʥʠʠ 

ʦʙʱʝʛʦ ʯʠʩʣʘ ʠʩʧʦʣʴʟʫʝʤʳʭ ʚ ʨʘʩʯʝʪʝ ʤʦʜ. ɼʣʷ ʘʥʘʣʠʟʘ ʩʪʝʧʝʥʠ ʚʣʠʷʥʠʷ ʢʦʣʠʯʝʩʪʚʘ 

ʫʯʠʪʳʚʘʝʤʳʭ ʚ ʤʦʜʝʣʠʨʦʚʘʥʠʠ ʤʦʜ ʥʘ ʪʦʯʥʦʩʪʴ ʨʘʩʯʝʪʘ ʚʳʩʦʢʦʯʘʩʪʦʪʥʦʡ ʚʦʩʧʨʠʠʤʯʠ-

ʚʦʩʪʠ ʥʘ ʨʠʩʫʥʢʘʭ 3.4 ʠ 3.5 ʜʦʧʦʣʥʠʪʝʣʴʥʦ ʧʨʝʜʩʪʘʚʣʝʥʳ ʟʘʚʠʩʠʤʦʩʪʠ 0/)( uf c¡¡c¡¡  ʠ 

0/)( uf c¡¡c¡  ʜʣʷ ʜʚʫʭ ʟʥʘʯʝʥʠʡ M, ʦʪʣʠʯʥʳʭ ʦʪ 2N. ʆʙʱʠʡ ʚʳʚʦʜ, ʢʦʪʦʨʳʡ ʤʦʞʥʦ ʩʜʝʣʘʪʴ 

ʧʨʠ ʘʥʘʣʠʟʝ ʧʦʣʫʯʝʥʥʳʭ ʜʘʥʥʳʭ, ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʪʦʤ, ʯʪʦ ʜʣʷ ʧʣʝʥʦʢ, ʫ ʢʦʪʦʨʳʭ ʦʙʤʝʥʥʘʷ 

ʵʥʝʨʛʠʷ ʙʦʣʴʰʝ ʵʥʝʨʛʠʠ ʩʣʫʯʘʡʥʦʡ ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ F
e
/F

k
 > 1, ʫʜʦʚʣʝʪʚʦʨʠʪʝʣʴ-

ʥʘʷ ʪʦʯʥʦʩʪʴ ʨʘʩʯʝʪʘ ɢ(ɤ) ʤʦʞʝʪ ʙʳʪʴ ʜʦʩʪʠʛʥʫʪʘ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʄ ʧʦʨʷʜʢʘ 0.1 % ʦʪ 

ʦʙʱʝʛʦ ʯʠʩʣʘ ʤʦʜ 2N. ɼʣʷ ʧʣʝʥʦʢ ʩ F
e
/F

k
 < 1 ʧʦʜʦʙʥʫʶ ʦʮʝʥʢʫ ʚ ʦʙʱʝʤ ʩʣʫʯʘʝ ʩʜʝʣʘʪʴ ʥʝ 

ʧʨʝʜʦʩʪʘʚʣʷʝʪʩʷ ʚʦʟʤʦʞʥʳʤ. 

ɼʣʷ ʯʠʩʣʝʥʥʦʡ ʤʦʜʝʣʠ ʧʣʝʥʢʠ ʩ N = 128Ĭ128Ĭ1 ʦʙʨʘʱʘʶʪ ʥʘ ʩʝʙʷ ʚʥʠʤʘʥʠʝ ʥʘ-

ʙʣʶʜʘʝʤʳʝ ʥʘ ʛʨʘʬʠʢʘʭ ɢ(ɤ) ʩʚʦʝʦʙʨʘʟʥʳʝ çʦʩʮʠʣʣʷʮʠʠè, ʢʦʪʦʨʳʝ ʥʘʠʙʦʣʝʝ ʷʨʢʦ ʚʳ-

ʨʘʞʝʥʳ ʜʣʷ ʧʣʝʥʦʢ ʩ ʙʦʣʴʰʠʤ ʨʘʟʤʝʨʦʤ ʢʨʠʩʪʘʣʣʠʪʦʚ. ʇʨʠʯʠʥʘ ʠʭ ʚʦʟʥʠʢʥʦʚʝʥʠʷ ʩʚ̫-
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ʟʘʥʘ ʩ ʥʝʜʦʩʪʘʪʦʯʥʦʩʪʴʶ ʫʩʨʝʜʥʝʥʠʷ ʠʥʪʝʛʨʘʣʴʥʳʭ ʤʘʛʥʠʪʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʧʣʝʥʢʠ 

ʠʟ-ʟʘ ʤʘʣʦʛʦ ʢʦʣʠʯʝʩʪʚʘ ʢʨʠʩʪʘʣʣʠʪʦʚ, ʫʯʠʪʳʚʘʝʤʳʭ ʚ ʯʠʩʣʝʥʥʦʡ ʤʦʜʝʣʠ. ɼʘʥʥʳʡ ʚʳʚʦʜ 

ʧʦʜʪʚʝʨʞʜʘʝʪʩʷ ʨʝʟʫʣʴʪʘʪʘʤʠ ʨʘʩʯʝʪʘ ɢ(ɤ) ʜʣʷ N = 1024Ĭ1024Ĭ1 ʩ ʧʦʤʦʱʴʶ ʄʝʪʦʜʘ 2. ʅʘ 

ʨʠʩʫʥʢʘʭ 3.4 ʠ 3.5 ʯʘʩʪʦʪʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʤʘʛʥʠʪʥʦʡ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ, ʚʳʯʠʩʣʝʥʥʳʝ 

ʜʣʷ ʨʘʟʣʠʯʥʳʭ ʟʥʘʯʝʥʠʡ D0, ʧʦʢʘʟʘʥʳ ʰʪʨʠʭʦʚʦʡ ʣʠʥʠʝʡ. ɺʠʜʥʦ, ʯʪʦ ʫʯʝʪ ʙʦʣʴʰʝʛʦ 

ʢʦʣʠʯʝʩʪʚʘ ʢʨʠʩʪʘʣʣʠʪʦʚ ʧʨʠʚʦʜʠʪ ʢ ʩʛʣʘʞʠʚʘʥʠʶ ʨʘʩʩʯʠʪʳʚʘʝʤʳʭ ʢʨʠʚʳʭ. 

ɸʥʘʣʠʟ ʤʝʪʦʜʦʚ ʧʦʟʚʦʣʷʝʪ ʩʜʝʣʘʪʴ ʨʷʜ ʥʝʢʦʪʦʨʳʭ ʚʳʚʦʜʦʚ ʦʪʥʦʩʠʪʝʣʴʥʦ ʠʭ ʜʦʩ-

ʪʦʠʥʩʪʚ ʠ ʥʝʜʦʩʪʘʪʢʦʚ, ʘ ʪʘʢʞʝ ʦʩʦʙʝʥʥʦʩʪʠ ʧʨʠʤʝʥʝʥʠʷ ʠʭ ʥʘ ʧʨʘʢʪʠʢʝ. ʄʝʪʦʜ, ʦʩʥʦ-

ʚʘʥʥʳʡ ʥʘ ʧʨʝʜʩʪʘʚʣʝʥʠʠ ʨʝʰʝʥʠʷ ʩʠʩʪʝʤʳ ʣʠʥʝʘʨʠʟʦʚʘʥʥʳʭ ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʳʭ 

ʫʨʘʚʥʝʥʠʡ ʃʘʥʜʘʫ ï ʃʠʬʰʠʮʘ ʚ ʚʠʜʝ ʨʘʟʣʦʞʝʥʠʷ ʧʦ ʩʦʙʩʪʚʝʥʥʳʤ ʚʝʢʪʦʨʘʤ ʥʦʨʤʘʣʴʥʳʭ 

ʤʘʛʥʠʪʥʳʭ ʤʦʜ ʢʦʣʝʙʘʥʠʡ, ʦʙʣʘʜʘʝʪ ʚʘʞʥʳʤ ʧʨʝʠʤʫʱʝʩʪʚʦʤ, ʧʦʩʢʦʣʴʢʫ ʧʦʤʠʤʦ ʤʘʛ-

ʥʠʪʥʦʡ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʪʦʥʢʠʭ ʧʣʝʥʦʢ ʧʦʟʚʦʣʷʝʪ ʦʧʨʝʜʝʣʠʪʴ 

ʩʪʨʫʢʪʫʨʫ ʩʧʝʢʪʨʘ ʚʦʟʙʫʞʜʘʝʤʳʭ ʚʥʝʥhʠʤ ʚʳʩʦʢʦʯʘʩʪʦʪʥʳʤ ʧʦʣʝʤ ʨʝʟʦʥʘʥʩʥʳʭ ʤʦʜ. ɺ 

ʯʘʩʪʥʦʩʪʠ, ʚ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʵʪʦ ʧʦʟʚʦʣʠʣʦ ʦʙʥʘʨʫʞʠʪʴ ʚ ʩʪʨʫʢʪʫʨʝ ʩʧʝʢʪʨʘ ʥʝʢʦʪʦʨʳʭ 

ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʧʣʝʥʦʢ ʜʦʧʦʣʥʠʪʝʣʴʥʳʡ ʧʠʢ ʚʦʟʙʫʞʜʝʥʠʷ, ʧʨʠʨʦʜʘ ʢʦʪʦʨʦʛʦ ʙʫʜʝʪ 

ʨʘʩʩʤʦʪʨʝʥʘ ʚ ʩʣʝʜʫʶʱʝʡ ʛʣʘʚʝ. 

ɺ ʪʦ ʞʝ ʚʨʝʤʷ ʦʩʥʦʚʥʳʤ ʥʝʜʦʩʪʘʪʢʦʤ ʵʪʦʛʦ ʤʝʪʦʜʘ ʷʚʣʷʶʪʩʷ ʪʨʝʙʫʝʤʳʡ ʙʦʣʴʰʦʡ 

ʦʙʲʝʤ ʦʧʝʨʘʪʠʚʥʦʡ ʧʘʤʷʪʠ ʕɺʄ ʠ ʙʦʣʴʰʦʝ ʚʨʝʤ ̫ʨʘʩʯʝʪʘ. ʆʮʝʥʢʘ ʟʘʪʨʘʯʠʚʘʝʤʳʭ ʨʝ-

ʩʫʨʩʦʚ ʕɺʄ ʧʨʠ ʨʘʩʯʝʪʝ ʚʩʝʭ ʤʦʜ ʢʦʣʝʙʘʥʠʡ ʚ ʤʦʜʝʣʠ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʧʣʝʥʢʠ ʩ N 

ʢʨʠʩʪʘʣʣʠʪʘʤʠ ʜʘʝʪ ʟʥʘʯʝʥʠʝ ʧʦʨʷʜʢʘ O(4N
2
). ʐʠʨʦʢʦ ʧʨʠʤʝʥʷʝʤʳʡ ʥʘ ʧʨʘʢʪʠʢʝ ʩʪʘʥ-

ʜʘʨʪʥʳʡ ʩʧʦʩʦʙ ʩʥʠʞʝʥʠʷ ʟʘʪʨʘʯʠʚʘʝʤʳʭ ʨʝʩʫʨʩʦʚ ʕɺʄ ʟʘ ʩʯʝʪ ʫʤʝʥʴʰʝʥʠ ̫ʦʙʱʝʛʦ 

ʢʦʣʠʯʝʩʪʚʘ ʠʩʧʦʣʴʟʫʝʤʳʭ ʚ ʨʘʩʯʝʪʝ ʤʦʜ ʚ ʦʧʨʝʜʝʣʝʥʥʳʭ ʧʨʝʜʝʣʘʭ ʧʨʠʤʝʥʠʤ ʪʦʣʴʢʦ ʜʣʷ 

ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʤʘʛʥʠʪʥʳʭ ʧʣʝʥʦʢ, ʫ ʢʦʪʦʨʳʭ ʵʥʝʨʛʠʷ ʦʙʤʝʥʘ ʧʨʝʚʳʰʘʝʪ ʵʥʝʨʛʠʶ 

ʩʣʫʯʘʡʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ. 

ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʞʝ ʤʝʪʦʜʘ ʥʝʦʧʨʝʜʝʣʝʥʥʳʭ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʜʣʷ ʨʝʰʝʥʠʷ ʩʠʩʪʝʤʳ 

ʣʠʥʝʘʨʠʟʦʚʘʥʥʳʭ ʫʨʘʚʥʝʥʠʡ ʃʘʥʜʘʫ ï ʃʠʬʰʠʮʘ ʧʦʟʚʦʣʷʝʪ ʟʥʘʯʠʪʝʣʴʥʦ ʧʦʥʠʟʠʪʴ ʪʨʝ-

ʙʦʚʘʥʠʷ ʢ ʦʙʲʝʤʫ ʠʩʧʦʣʴʟʫʝʤʦʡ ʦʧʝʨʘʪʠʚʥʦʡ ʧʘʤʷʪʠ ʕɺʄ ʠ ʚʨʝʤʝʥʠ ʨʘʩʯʝʪʘ. ʆʮʝʥʢʘ 

ʟʘʪʨʘʯʠʚʘʝʤʳʭ ʵʪʠʤ ʤʝʪʦʜʦʤ ʨʝʩʫʨʩʦʚ ʕɺʄ ʜʘʝʪ ʟʥʘʯʝʥʠʝ ʧʦʨʷʜʢʘ O(2N). ʇʦʵʪʦʤʫ ʧʨʠ 

ʤʦʜʝʣʠʨʦʚʘʥʠʠ ʚʳʩʦʢʦʯʘʩʪʦʪʥʳʭ ʩʚʦʡʩʪʚ ʨʝʘʣʴʥʳʭ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʪʦʥʢʠʭ ʤʘʛ-

ʥʠʪʥʳʭ ʧʣʝʥʦʢ (ʩ ʙʦʣʴʰʠʤ ʢʦʣʠʯʝʩʪʚʦʤ ʢʨʠʩʪʘʣʣʠʪʦʚ) ʵʪʦʪ ʤʝʪʦʜ ʥʘʠʙʦʣʝʝ ʧʨʝʜʧʦʯʪʠ-

ʪʝʣʝʥ. 
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3.3 ʇʨʦʛʨʘʤʤʘ ʤʠʢʨʦʤʘʛʥʠʪʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ çMultiLayersè 

ɼʣʷ ʨʝʰʝʥʠʷ ʩʪʘʪʠʯʝʩʢʠʭ ʠ ʜʠʥʘʤʠʯʝʩʢʠʭ ʟʘʜʘʯ ʪʝʦʨʠʠ ʤʠʢʨʦʤʘʛʥʝʪʠʟʤʘ ʙʳʣʘ 

ʨʘʟʨʘʙʦʪʘʥʘ ʠ ʟʘʨʝʛʠʩʪʨʠʨʦʚʘʥʘ ʚ ʈʦʩʧʘʪʝʥʪʝ ʧʨʦʛʨʘʤʤʘ ʕɺʄ: çʇʨʦʛʨʘʤʤʘ ʨʘʩʯʝʪʘ ʜʦ-

ʤʝʥʥʦʡ ʩʪʨʫʢʪʫʨʳ, ʧʨʦʮʝʩʩʦʚ ʧʝʨʝʤʘʛʥʠʯʠʚʘʥʠʷ ʠ ʩʧʝʢʪʨʘ ʩʧʠʥʚʦʣʥʦʚʦʛʦ ʧʦʛʣʦʱʝʥʠʷ 

ʤʥʦʛʦʩʣʦʡʥʳʭ ʥʘʥʦ- ʠ ʛʝʪʝʨʦʩʪʨʫʢʪʫʨ çMultiLayersèè [148, 149]. ʇʨʦʛʨʘʤʤʘ ʧʨʝʜʥʘʟʥʘ-

ʯʝʥʘ ʜʣʷ ʧʨʦʚʝʜʝʥʠʷ ʯʠʩʣʝʥʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʧʦ ʠʟʫʯʝʥʠʶ ʤʘʛʥʠʪʥʦʡ ʤʠʢʨʦʩʪʨʫʢʪʫʨʳ, 

ʧʝʪʝʣʴ ʤʘʛʥʠʪʥʦʛʦ ʛʠʩʪʝʨʝʟʠʩʘ, ʘ ʪʘʢʞʝ ʩʧʝʢʪʨʘʣʴʥʳʭ ʩʚʦʡʩʪʚ ʤʥʦʛʦʩʣʦʡʥʳʭ ʤʘʛʥʠʪʥʳʭ 

ʥʘʥʦ- ʠ ʛʝʪʝʨʦʩʪʨʫʢʪʫʨ ʥʘ ʦʩʥʦʚʝ ʨʘʟʨʘʙʦʪʘʥʥʦʡ ʤʠʢʨʦʤʘʛʥʠʪʥʦʡ ʤʦʜʝʣʠ. 

ʇʨʦʛʨʘʤʤʘ ʙʳʣʘ ʥʘʧʠʩʘʥʘ ʥʘ ʚʩʪʨʦʝʥʥʦʤ M-ʷʟʳʢʝ ʩʠʩʪʝʤʳ ʢʦʤʧʴʶʪʝʨʥʦʡ ʤʘʪʝ-

ʤʘʪʠʢʠ MATLAB [150], ʚ ʪʦ ʞʝ ʚʨʝʤʷ ʢʨʠʪʠʯʝʩʢʠʝ ʤʦʜʫʣʠ ʨʘʩʯʝʪʘ ï ʥʘ ʚʳʩʦʢʦʫʨʦʚʥʝʚʦʤ 

ʷʟʳʢʝ ʧʨʦʛʨʘʤʤʠʨʦʚʘʥʠʷ C++. MATLAB  ʧʨʝʜʣʘʛʘʝʪ ʬʫʥʢʮʠʠ ʜʣʷ ʨʘʙʦʪʳ ʩ ʤʘʪʨʠʮʘʤʠ, ʚ 

ʪʦʤ ʯʠʩʣʝ ʠ ʨʘʟʨʷʞʝʥʥʳʤʠ, ʘ ʪʘʢʞʝ ʬʫʥʢʮʠʠ ʜʣʷ ʨʝʰʝʥʠʷ ʟʘʜʘʯ ʣʠʥʝʡʥʦʡ ʘʣʛʝʙʨʳ [128, 

151]. ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʵʪʠʭ ʬʫʥʢʮʠʡ ʩʫʱʝʩʪʚʝʥʥʦ ʫʧʨʦʱʘʝʪ ʨʝʘʣʠʟʘʮʠʶ ʧʨʦʛʨʘʤʤʳ. ɺ 

ʧʨʦʛʨʘʤʤʝ ʪʘʢʞʝ ʨʝʘʣʠʟʦʚʘʥʘ ʧʦʜʜʝʨʞʢʘ ʧʘʨʘʣʣʝʣʴʥʳʭ ʚʳʯʠʩʣʝʥʠʡ ʥʘ ʦʩʥʦʚʝ ʧʨʦ-

ʛʨʘʤʤʥʦʛʦ ʠʥʪʝʨʬʝʡʩʘ MPI [152]. 

3.3.1 ɸʨʭʠʪʝʢʪʫʨʘ ʧʨʦʛʨʘʤʤʳ 

ɼʣʷ ʨʝʘʣʠʟʘʮʠʠ ʤʠʢʨʦʤʘʛʥʠʪʥʦʡ ʤʦʜʝʣʠ ʙʳʣʘ ʨʘʟʨʘʙʦʪʘʥʘ ʘʙʩʪʨʘʢʪʥʘʷ ʘʨʭʠʪʝʢ-

ʪʫʨʘ, ʢʦʪʦʨʘ ̫ʩʣʫʞʠʪ ʦʩʥʦʚʦʡ ʜʣʷ ʨʝʘʣʠʟʘʮʠʠ ʠʥʜʠʚʠʜʫʘʣʴʥʳʭ ʦʩʦʙʝʥʥʦʩʪʝʡ ʤʦʜʝʣʠ ʠ 

ʧʦʟʚʦʣʷʝʪ ʩʜʝʣʘʪʴ ʧʨʦʛʨʘʤʤʥʦʝ ʦʙʝʩʧʝʯʝʥʠʝ ʣʝʛʢʠʤ ʜʣʷ ʪʝʩʪʠʨʦʚʘʥʠʷ ʠ ʨʘʩʰʠʨʝʥʠ̫. ɼʣʷ 

ʵʪʦʛʦ ʘʨʭʠʪʝʢʪʫʨʘ ʜʦʣʞʥʘ ʙʳʪʴ ʤʦʜʫʣʴʥʦʡ. ɹʦʣʴʰʦʝ ʚʥʠʤʘʥʠʝ ʥʝʦʙʭʦʜʠʤʦ ʫʜʝʣʠʪʴ ʟʘ-

ʚʠʩʠʤʦʩʪʷʤ ʤʝʞʜʫ ʤʦʜʫʣʷʤʠ ï ʦʥʠ ʜʦʣʞʥʳ ʙʳʪʴ ʜʨʝʚʦʚʠʜʥʳʤʠ ʠ ʥʝ ʩʦʜʝʨʞʘʪʴ ʮʠʢʣʳ. 

ʂʨʦʤʝ ʪʦʛʦ, ʦʩʦʙʦʝ ʚʥʠʤʘʥʠʝ ʙʳʣʦ ʫʜʝʣʝʥʦ ʩʦʟʜʘʥʠʶ ʪʘʢʦʡ ʘʨʭʠʪʝʢʪʫʨʳ, ʢʦʪʦʨʘʷ ʚ 

ʥʘʠʙʦʣʴʰʝʡ ʩʪʝʧʝʥʠ ʦʪʚʝʯʘʣʘ ʙʳ ʧʨʠʥʮʠʧʫ ʬʠʟʠʯʝʩʢʦʛʦ ʧʦʜʦʙʠʷ ʨʝʘʣʴʥʦʛʦ ʠ ʯʠʩʣʝʥ-

ʥʦʛʦ ʵʢʩʧʝʨʠʤʝʥʪʦʚ. 

ɸʙʩʪʨʘʢʪʥʘʷ ʘʨʭʠʪʝʢʪʫʨʘ, ʧʨʝʜʩʪʘʚʣʝʥʥʘʷ ʥʘ ʨʠʩʫʥʢʝ 3.6, ʩʦʩʪʦʠʪ ʠʟ ʧʷʪʠ ʦʩʥʦʚ-

ʥʳʭ ʢʦʤʧʦʥʝʥʪʦʚ: Object, Problem, Solver, Static Analyzer ʠ Dynamic Analyzer. ʀʩʧʦʣʴ-

ʟʦʚʘʥʠʝ ʜʘʥʥʳʭ ʢʦʤʧʦʥʝʥʪʦʚ ʥʝʦʙʭʦʜʠʤʦ ʜʣʷ ʪʦʛʦ, ʯʪʦʙʳ ʦʪʜʝʣʠʪʴ ʨʝʘʣʠʟʘʮʠʶ ʯʠʩ-

ʣʝʥʥʳʭ ʘʣʛʦʨʠʪʤʦʚ ʦʪ ʚʥʝʰʥʠʭ ʠʥʪʝʨʬʝʡʩʦʚ. ʆʥʠ ʫʧʨʘʚʣʷʶʪ ʘʚʪʦʤʘʪʠʟʘʮʠʝʡ, ʮʝʣʦʩʪ-

ʥʦʩʪʴʶ, ʩʠʥʭʨʦʥʠʟʘʮʠʝʡ ʠ ʠʥʠʮʠʘʣʠʟʘʮʠʝʡ, ʘ ʪʘʢʞʝ ʧʦʟʚʦʣʷʶʪ ʪʝʩʪʠʨʦʚʘʪʴ ʚʭʦʜʥʳʝ 
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ʧʘʨʘʤʝʪʨʳ ʥʘ ʧʨʘʚʠʣʴʥʦʩʪʴ ʠ ʠʩʧʨʘʚʣʷʪʴ ʦʰʠʙʦʯʥʳʝ ʜʘʥʥʳʝ ʧʦ ʥʝʦʙʭʦʜʠʤʦʩʪʠ, ʪʘʢʠʤ 

ʦʙʨʘʟʦʤ, ʫʧʨʦʱʘ̫ ʦʧʨʝʜʝʣʝʥʠʝ ʦʙʲʝʢʪʘ ʠ ʧʨʦʙʣʝʤʳ ʠʩʩʣʝʜʦʚʘʥʠʷ. 
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ʈʠʩʫʥʦʢ 3.6 ï ɸʨʭʠʪʝʢʪʫʨʘ ʧʨʦʛʨʘʤʤʳ çMultiLayersè 

3.3.2 ʂʦʤʧʦʥʝʥʪ rObject ʠ Problem 

ʂʦʤʧʦʥʝʥʪ Object ʩʣʫʞʠʪ ʜʣʷ ʦʧʠʩʘʥʠʷ ʠ ʟʘʜʘʥʠʷ ʩʚʦʡʩʪʚ ʤʦʜʝʣʠʨʫʝʤʦʛʦ ʦʙʝ̡ʢʪʘ 

ʠʩʩʣʝʜʦʚʘʥʠʷ. ʆʥ ʚʢʣʶʯʘʝʪ ʚ ʩʝʙʷ ʦʧʠʩʘʥʠʝ ʛʝʦʤʝʪʨʠʠ ʠ ʧʘʨʘʤʝʪʨʦʚ ʜʠʩʢʨʝʪʠʟʘʮʠʠ ʦʙ-

ʨʘʟʮʘ, ʘ ʪʘʢʞʝ ʚʩʶ ʥʝʦʙʭʦʜʠʤʫʶ ʠʥʬʦʨʤʘʮʠʶ ʦ ʤʘʛʥʠʪʥʳʭ ʩʚʦʡʩʪʚʘʭ ʤʦʜʝʣʠ. ɺ ʩʦʦʪ-

ʚʝʪʩʪʚʠʠ ʩ ʨʘʟʨʘʙʦʪʘʥʥʦʡ ʤʠʢʨʦʤʘʛʥʠʪʥʦʡ ʤʦʜʝʣʴʶ, ʧʨʦʛʨʘʤʤʘ ʚʢʣʶʯʘʝʪ ʟʘʜʘʥʠʝ ʩʣʝ-

ʜʫʶʱʠʭ ʦʩʥʦʚʥʳʭ ʤʘʛʥʠʪʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ: 

ï ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʴ ʥʘʩʳʱʝʥʠʷ; 

ï ʚʝʣʠʯʠʥʘ ʠ ʥʘʧʨʘʚʣʝʥʠʝ ʦʜʥʦʦʩʥʦʡ ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ; 

ï ʢʦʥʩʪʘʥʪʘ ʦʙʤʝʥʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ; 

ï ʪʠʧ ʠ ʩʧʦʩʦʙ ʨʘʩʯʝʪʘ ʤʘʛʥʠʪʦʩʪʘʪʠʯʝʩʢʦʛʦ (ʤʘʛʥʠʪʦʜʠʧʦʣʴʥʦʛʦ) ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ; 

ï ʥʘʯʘʣʴʥʘʷ ʢʦʥʬʠʛʫʨʘʮʠʷ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʦʙʨʘʟʮʘ (ʥʘʯʘʣʴʥʳʝ ʫʩʣʦʚʠʷ). 

ʂʦʤʧʦʥʝʥʪ Object ʧʦʟʚʦʣʷʝʪ ʭʨʘʥʠʪʴ ʜʘʥʥʳʝ ʦʙ ʦʙʲʝʢʪʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʚ ʬʘʡʣʝ, ʠ, ʧʨʠ 

ʥʝʦʙʭʦʜʠʤʦʩʪʠ, ʦʥ ʤʦʞʝʪ ʤʥʦʛʦʢʨʘʪʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴʩʷ ʜʣʷ ʨʝʰʝʥʠʷ ʨʘʟʣʠʯʥʳʭ ʟʘʜʘʯ 
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ʠʩʩʣʝʜʦʚʘʥʠʷ, ʢʦʪʦʨʳʝ ʦʧʨʝʜʝʣʷʶʪʩʷ ʢʦʤʧʦʥʝʥʪʦʡ Problem. ɺ ʢʘʯʝʩʪʚʝ ʧʨʠʤʝʨʘ ʥʘ ʨʠ-

ʩʫʥʢʝ 3.7 ʧʨʝʜʩʪʘʚʣʝʥʦ ʠʥʪʝʨʬʝʡʩʥʦʝ ʦʢʥʦ ʧʦʣʴʟʦʚʘʪʝʣʷ ObjectEd ʜʣʷ ʩʦʟʜʘʥʠʷ ʠ ʨʝ-

ʜʘʢʪʠʨʦʚʘʥʠʷ ʢʦʤʧʦʥʝʥʪʳ Object. 

 

ʈʠʩʫʥʦʢ 3.7 ï ʀʥʪʝʨʬʝʡʩʥʦʝ ʦʢʥʦ ʧʦʣʴʟʦʚʘʪʝʣʷ ʜʣʷ ʩʦʟʜʘʥʠʷ ʠ ʨʝʜʘʢʪʠʨʦʚʘʥʠʷ 

ʢʦʤʧʦʥʝʥʪʳ Object 

ʂʦʤʧʦʥʝʥʪ Problem (ʨʠʩʫʥʦʢ 3.6) ʩʣʫʞʠʪ ʜʣʷ ʧʦʩʪʘʥʦʚʢʠ ʧʨʦʙʣʝʤʳ ʠʩʩʣʝʜʦʚʘʥʠʷ, 

ʪ. ʝ. ʜʣʷ ʩʦʟʜʘʥʠʷ (ʠʤʠʪʘʮʠʠ) ʫʩʣʦʚʠʡ, ʦʧʠʩʳʚʘʶʱʠʭ ʚʥʝʰʥʝʝ ʚʦʟʜʝʡʩʪʚʠʝ ʥʘ ʦʙʲʝʢʪ 

ʠʩʩʣʝʜʦʚʘʥʠʷ. ʂ ʯʠʩʣʫ ʪʘʢʠʭ ʚʦʟʜʝʡʩʪʚʠʡ ʧʨʠ ʨʝʰʝʥʠʠ ʩʪʘʪʠʯʝʩʢʠʭ ʟʘʜʘʯ ʤʠʢʨʦʤʘʛʥʝ-

ʪʠʟʤʘ (Static Problem) ʦʪʥʦʩʠʪʩʷ ʚʥʝʰʥʝʝ ʧʦʩʪʦʷʥʥʦʝ ʤʘʛʥʠʪʥʦʝ ʧʦʣʝ, ʘ ʚ ʩʣʫʯʘʝ ʨʝʰʝʥʠʷ 

ʜʠʥʘʤʠʯʝʩʢʠʭ ʟʘʜʘʯ (Dynamic Problem) ï ʚʳʩʦʢʦʯʘʩʪʦʪʥʦʝ ʚʦʟʙʫʞʜʘʶɦ ʝʝ ʤʘʛʥʠʪʥʦʝ 

ʧʦʣʝ. ʅʘ ʨʠʩʫʥʢʝ 3.8 ʧʨʝʜʩʪʘʚʣʝʥʦ ʠʥʪʝʨʬʝʡʩʥʦʝ ʦʢʥʦ ʧʦʣʴʟʦʚʘʪʝʣʷ ProblemEd ʜʣʷ ʩʦʟ-

ʜʘʥʠʷ ʠ ʨʝʜʘʢʪʠʨʦʚʘʥʠʷ ʢʦʤʧʦʥʝʥʪʳ Problem. 

ʂʦʤʧʦʥʝʥʪ Problem ʫʩʣʦʚʥʦ ʨʘʟʙʠʪ ʥʘ ʜʚʘ ʧʦʜʢʦʤʧʦʥʝʥʪʘ: 

Static Problem ʠʩʧʦʣʴʟʫʝʪʩʷ ʜʣʷ ʟʘʜʘʥʠʷ ʩʪʘʪʠʯʝʩʢʠʭ ʟʘʜʘʯ ʤʠʢʨʦʤʘʛʥʝʪʠʟʤʘ. ɺ 

ʯʘʩʪʥʦʩʪʠ, ʧʨʠ ʤʦʜʝʣʠʨʦʚʘʥʠʠ ʧʨʦʮʝʩʩʦʚ ʧʝʨʝʤʘʛʥʠʯʠʚʘʥʠʷ ʧʦʜʢʦʤʧʦʥʝʥʪʘ Static 
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Problem ʧʦʟʚʦʣʷʝʪ ʟʘʜʘʪʴ ʥʘʧʨʘʚʣʝʥʠʝ, ʤʠʥʠʤʘʣʴʥʦʝ ʠ ʤʘʢʩʠʤʘʣʴʥʦʝ ʟʥʘʯʝʥʠʝ ʧʨʠʣʦ-

ʞʝʥʥʦʛʦ ʚʥʝʰʥʝʛʦ ʧʦʣʷ, ʘ ʪʘʢʞʝ ʰʘʛ ʝʛʦ ʠʟʤʝʥʝʥʠʷ. ɺ ʥʝʢʦʪʦʨʳʭ ʩʣʫʯʘʷʭ ʚʦʟʥʠʢʘʝʪ 

ʥʝʦʙʭʦʜʠʤʦʩʪʴ ʟʘʜʘʥʠʷ ʧʨʦʠʟʚʦʣʴʥʦʛʦ ʥʘʙʦʨʘ ʜʠʩʢʨʝʪʥʳʭ ʟʥʘʯʝʥʠʡ ʧʦʣʷ, ʘ ʪʘʢʞʝ ʪʦʯ-

ʥʦʩʪʴ ʧʨʦʚʦʜʠʤʳʭ ʠʟʤʝʨʝʥʠʡ (ʚʳʯʠʩʣʝʥʠʡ). ɺʩʝ ʵʪʦ ʨʝʘʣʠʟʫʝʪʩʷ ʚ ʢʦʤʧʦʥʝʥʪʝ Static 

Problem. 

Dynamic Problem ʠʩʧʦʣʴʟʫʝʪʩʷ ʜʣʷ ʟʘʜʘʥʠʷ ʜʠʥʘʤʠʯʝʩʢʠʭ ʟʘʜʘʯ ʤʠʢʨʦʤʘʛʥʝʪʠʟʤʘ. 

ʇʨʠ ʤʦʜʝʣʠʨʦʚʘʥʠʠ ʧʦʣʝʚʦʛʦ ʩʧʝʢʪʨʘ ʧʦʛʣʦʱʝʥʠʷ (ʧʨʠ ʨʘʟʚʝʨʪʢʝ ʚʥʝʰʥʝʛʦ ʤʘʛʥʠʪʥʦʛʦ 

ʧʦʣʷ ʩ ʧʦʩʪʦʷʥʥʦʡ ʯʘʩʪʦʪʦʡ ʚʦʟʙʫʞʜʝʥʠʷ) ʧʦʜʢʦʤʧʦʥʝʥʪʘ Dynamic Problem ʧʦʟʚʦʣʷʝʪ 

ʟʘʜʘʪʴ ʯʘʩʪʦʪʫ, ʘʤʧʣʠʪʫʜʫ ʠ ʥʘʧʨʘʚʣʝʥʠʝ ʧʝʨʝʤʝʥʥʦʛʦ ʧʦʣʷ, ʘ ʚ ʩʣʫʯʘʝ ʯʘʩʪʦʪʥʦʛʦ 

ʩʧʝʢʪʨʘ (ʧʨʠ ʧʦʩʪʦʷʥʥʦʤ ʟʥʘʯʝʥʠʠ ʚʥʝʰʥʝʛʦ ʧʦʣʷ) ï ʜʠʘʧʘʟʦʥ ʯʘʩʪʦʪ ʠ ʰʘʛ ʜʠʩʢʨʝʪʠ-

ʟʘʮʠʠ. ʂʨʦʤʝ ʪʦʛʦ, ʠʤʝʝʪʩʷ ʚʦʟʤʦʞʥʦʩʪʴ ʟʘʜʘʪʴ ʢʦʣʠʯʝʩʪʚʦ ʨʘʩʯʝʪʥʳʭ ʤʠʥʠʤʘʣʴʥʳʭ ʠʣʠ 

ʤʘʢʩʠʤʘʣʴʥʳʭ ʤʘʛʥʠʪʥʳʭ ʤʦʜ ʢʦʣʝʙʘʥʠʡ, ʠʣʠ ʢʦʣʠʯʝʩʪʚʦ ʤʦʜ, ʥʘʠʙʦʣʝʝ ʙʣʠʟʢʠʭ ʢ ʟʘ-

ʜʘʥʥʦʡ ʯʘʩʪʦʪʝ. 

 

ʈʠʩʫʥʦʢ 3.8 ï ʀʥʪʝʨʬʝʡʩʥʦʝ ʦʢʥʦ ʧʦʣʴʟʦʚʘʪʝʣʷ ʜʣʷ ʩʦʟʜʘʥʠʷ 

ʠ ʨʝʜʘʢʪʠʨʦʚʘʥʠʷ ʢʦʤʧʦʥʝʥʪʳ Problem 
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3.3.3 ʂʦʤʧʦʥʝʥʪ Solver 

ʄʦʜʝʣʠʨʦʚʘʥʠʝ ʚʳʧʦʣʥʷʝʪʩʷ ʩ ʧʦʤʦʱʴʶ ʢʦʤʧʦʥʝʥʪʳ Solver (ʨʠʩʫʥʦʢ 3.9). ɼʣʷ 

ʵʪʦʛʦ ʚ ʩʨʝʜʫ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʩʥʘʯʘʣʘ ʧʦʤʝʱʘʝʪʩʷ ʦʙʲʝʢʪ Object, ʧʦʩʣʝ ʯʝʛʦ ʧʨʦʠʩʭʦʜʠʪ 

ʠʥʠʮʠʘʣʠʟʘʮʠʷ ʦʙʲʝʢʪʘ ʠʩʩʣʝʜʦʚʘʥʠʷ. ʇʨʠ ʠʥʠʮʠʘʣʠʟʘʮʠʠ ʦʙʲʝʢʪʘ ʧʨʦʠʩʭʦʜʠʪ ʜʠʩʢʨʝ-

ʪʠʟʘʮʠʷ ʩʨʝʜʳ, ʩʦʟʜʘʶʪʩʷ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʧʦʣʝʡ ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦ-

ʧʠʠ, ʨʘʩʩʯʠʪʳʚʘʶʪʩʷ ʤʘʪʨʠʮʳ ʦʙʤʝʥʥʦʛʦ, ʘʥʠʟʦʪʨʦʧʥʦʛʦ, ʤʘʛʥʠʪʦʩʪʘʪʠʯʝʩʢʦʛʦ ʚʟʘʠ-

ʤʦʜʝʡʩʪʚʠʷ, ʟʘʜʘʝʪʩʷ ʥʘʯʘʣʴʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ. ɺʩʝ ʜʘʥʥʳʝ ʩʦʭʨʘʥʷ-

ʶʪʩʷ ʚ ʬʘʡʣ, ʯʪʦʙʳ ʧʨʠ ʤʥʦʛʦʢʨʘʪʥʦʤ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʦʙʲʝʢʪʘ ʠʩʩʣʝʜʦʚʘʥʠʷ (ʧʨʠ ʧʨʦ-

ʚʝʜʝʥʠʠ ʥʘʜ ʥʠʤ ʨʘʟʥʦʦʙʨʘʟʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ) ʥʝ ʧʦʚʪʦʨʷʪʴ ʦʜʠʥʘʢʦʚʳʭ ʜʝʡʩʪʚʠʡ. 

 

ʈʠʩʫʥʦʢ 3.9 ï ʀʥʪʝʨʬʝʡʩʥʦʝ ʦʢʥʦ ʧʦʣʴʟʦʚʘʪʝʣʷ ʢʦʤʧʦʥʝʥʪʳ Solver 
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ɼʘʣʝʝ ʚ ʩʨʝʜʫ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʧʦʤʝʱʘʝʪʩʷ ʦʙʲʝʢʪ Problem, ʢʦʪʦʨʳʡ ʦʧʠʩʳʚʘʝʪ ʪʫ 

ʟʘʜʘʯʫ ʠʣʠ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʴ ʜʝʡʩʪʚʠʡ, ʢʦʪʦʨʳʝ ʥʝʦʙʭʦʜʠʤʦ ʚʳʧʦʣʥʠʪʴ ʥʘʜ ʦʙʲʝʢʪʦʤ 

Object. ʀʥʠʮʠʘʣʠʟʘʮʠʷ ʦʙʲʝʢʪʘ Problem ʧʨʠʚʦʜʠʪ ʢ ʬʦʨʤʠʨʦʚʘʥʠʶ ʥʘ ʦʩʥʦʚʝ ʜʘʥʥʳʭ ʦʙ 

ʦʙʲʝʢʪʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʩʪʨʫʢʪʫʨʳ ʚʳʭʦʜʥʳʭ ʬʘʡʣʦʚ ʜʘʥʥʳʭ. 

ɻʣʘʚʥʳʤ ʵʣʝʤʝʥʪʘʤʠ ʢʦʤʧʦʥʝʥʪʳ Solver ʷʚʣʷʶʪʩʷ Static Driver ʠ Dynamic Driver, 

ʢʦʪʦʨʳʝ ʧʦʟʚʦʣʷʶʪ ʘʚʪʦʤʘʪʠʟʠʨʦʚʘʪʴ ʧʨʦʮʝʩʩ ʨʘʩʯʝʪʘ, ʚʳʧʦʣʥʠʪʴ ʥʝʦʙʭʦʜʠʤʳʝ ʚʳʯʠʩ-

ʣʝʥʠʷ, ʘ ʪʘʢʞʝ ʩʠʥʭʨʦʥʠʟʠʨʦʚʘʪʴ ʜʘʥʥʳʝ ʩ ʚʥʝʰʥʠʤʠ ʧʨʠʣʦʞʝʥʠʷʤʠ, ʪʘʢʠʤʠ ʢʘʢ Static 

Analyzer ʠ Dynamic Analyzer. ʆʙʱʘʷ ʩʭʝʤʘ ʚʣʦʞʝʥʥʳʭ ʢʦʤʧʦʥʝʥʪ Static Driver ʠ Dynamic 

Driver ʧʦʢʘʟʘʥʘ ʥʘ ʨʠʩʫʥʢʝ 3.10 (a) ʠ 3.10 (b) ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. 

   
(ʘ) (ʙ) 

 

Static  

Driver  

ɺʭʦʜʥʳʝ ʧʘʨʘʤʝʪʨʳ 

ʉʪʘʨʪ 

ʂʨʠʪʝʨʠʡ 

ʦʢʦʥʯʘʥʠʷ 

ʀʟʤʝʥʝʥʠʝ 

ʧʘʨʘʤʝʪʨʦʚ 

ɺʳʯʠʩʣʠʪʝʣʴʥʦʝ 

ʷʜʨʦ 

ɿʘʧʠʩʴ ʚʳʭʦʜʥʳʭ 

ʜʘʥʥʳʭ 

ʉʠʥʭʨʦʥʠʟʘʮʠʷ ʩ 

Static Analyzer  

ʆʢʦʥʯʘʥʠʝ 

Dynamic  

Driver  

ɺʭʦʜʥʳʝ ʧʘʨʘʤʝʪʨʳ 

ʉʪʘʨʪ 

ʂʨʠʪʝʨʠʡ 

ʦʢʦʥʯʘʥʠʷ 

ʀʟʤʝʥʝʥʠʝ 

ʧʘʨʘʤʝʪʨʦʚ 

ɺʳʯʠʩʣʠʪʝʣʴʥʦʝ 

ʷʜʨʦ 

ɿʘʧʠʩʴ ʚʳʭʦʜʥʳʭ 

ʜʘʥʥʳʭ 

ʉʠʥʭʨʦʥʠʟʘʮʠʷ ʩ 

Dynamic  Analyzer  

ʆʢʦʥʯʘʥʠʝ 

ɿʘʛʨʫʟʢʘ 

ʩʪʘʪʠʯʝʩʢʠʭ ʜʘʥʥʳʭ 

(a) (b) 

 

ʈʠʩʫʥʦʢ 3.10 ï ɸʨʭʠʪʝʢʪʫʨʘ ʙʘʟʦʚʳʭ ʵʣʝʤʝʥʪʦʚ ʢʦʤʧʦʥʝʥʪʳ Solver: 

ʢʦʤʧʦʥʝʥʪ Static Driver ï (a), ʢʦʤʧʦʥʝʥʪ Dynamic Driver ï (b) 

ʇʨʠ ʧʨʦʚʝʜʝʥʠʠ ʯʠʩʣʝʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ, ʯʘʩʪʦ ʪʨʝʙʫʝʪʩʷ ʦʧʨʝʜʝʣʠʪʴ ʚʣʠʷʥʠʝ 

ʦʜʥʦʛʦ ʠʟ ʧʘʨʘʤʝʪʨʦʚ ʚʥʝʰʥʝʛʦ ʚʦʟʜʝʡʩʪʚʠʷ ʥʘ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʦʙʲʝʢʪʘ ʠʩʩʣʝʜʦʚʘʥʠʷ. 

ɼʣʷ ʵʪʦʛʦ ʪʨʝʙʫʝʪʩʷ ʚʳʧʦʣʥʝʥʠʝ ʦʜʥʦʪʠʧʥʳʭ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʳʭ ʨʘʩʯʝʪʦʚ. ɺ ʢʘʯʝʩʪʚʝ 
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ʧʨʠʤʝʨʘ ʤʦʞʥʦ ʧʨʠʚʝʩʪʠ ʨʘʩʯʝʪ ʧʝʪʣʠ ʛʠʩʪʝʨʝʟʠʩʘ. ʇʝʪʣʷ ʛʠʩʪʝʨʝʟʠʩʘ ʦʧʠʩʳʚʘʝʪ ʠʟʤʝ-

ʥʝʥʠʝ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʢʘʢ ʬʫʥʢʮʠʶ ʦʪ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʳʭ ʟʥʘʯʝʥʠʡ ʚʥʝʰʥʝʛʦ ʤʘʛʥʠʪ-

ʥʦʛʦ ʧʦʣ̫, ʠʟʤʝʥʷʶʱʠʭʩʷ ʦʪ ïHmax ʜʦ Hmax ʠ ʚ ʦʙʨʘʪʥʦʤ ʥʘʧʨʘʚʣʝʥʠʠ. ʇʨʠ ʨʘʩʯʝʪʝ ʦʯʝ-

ʨʝʜʥʦʛʦ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʚ ʢʘʯʝʩʪʚʝ ʥʘʯʘʣʴʥʦʛʦ ʫʩʣʦʚʠʷ ʚʳʙʠʨʘʝʪʩʷ 

ʨʘʚʥʦʚʝʩʥʦʝ ʩʦʩʪʦʷʥʠʝ, ʧʦʣʫʯʝʥʥʦʝ ʥʘ ʧʨʝʜʳʜʫʱʝʤ ʰʘʛʝ ʧʨʦʮʝʩʩʘ ʤʦʜʝʣʠʨʦʚʘʥʠʷ. 

ɼʨʫʛʠʤ ʧʨʠʤʝʨʦʤ ʷʚʣʷʝʪʩʷ ʨʘʩʯʝʪ ʩʧʝʢʪʨʘ ʩʧʠʥ-ʚʦʣʥʦʚʦʛʦ ʧʦʛʣʦʱʝʥʠʷ ʧʨʠ ʨʘʟʚʝʨʪʢʝ 

ʚʥʝʰʥʝʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ. ʈʝʰʝʥʠʝ ʪʘʢʦʛʦ ʨʦʜʘ ʟʘʜʘʯ ʷʚʣʷʝʪʩʷ ʦʩʥʦʚʥʳʤ ʥʘʟʥʘʯʝʥʠʝʤ 

ʜʨʘʡʚʝʨʦʚ Static Driver ʠ Dynamic Driver. 

ʊʝʢʫʱʝʝ ʩʦʩʪʦʷʥʠʝ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʩ ʧʦʤʦɦ ʴʶ ʜʨʘʡʚʝʨʦʚ ʤʦʞʝʪ ʙʳʪʴ ʩʦʭʨʘʥʝʥʦ ʚ 

ʚʳʭʦʜʥʦʡ ʬʘʡʣ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʚʩʝʛʜʘ ʩʫʱʝʩʪʚʫʝʪ ʚʦʟʤʦʞʥʦʩʪʴ ʧʨʦʜʦʣʞʠʪʴ ʤʦʜʝʣʠ-

ʨʦʚʘʥʠʝ, ʧʨʝʨʚʘʥʥʦʝ ʚ ʩʣʫʯʘʝ ʘʚʘʨʠʡʥʦʛʦ ʧʨʝʢʨʘʱʝʥʠʷ ʨʘʙʦʪʳ ʧʨʦʛʨʘʤʤʳ. ɺʳʭʦʜʥʦʡ 

ʬʘʡʣ ʜʘʥʥʳʭ ʪʘʢʞʝ ʷʚʣʷʝʪʩʷ ʦʩʥʦʚʦʡ ʜʣʷ ʧʦʩʣʝʜʫʶʱʝʡ ʦʙʨʘʙʦʪʢʠ ʠ ʘʥʘʣʠʟʘ ʩ ʧʦʤʦʱʴʶ 

ʚʥʝʰʥʠʭ ʧʨʠʣʦʞʝʥʠʡ, ʪʘʢʠʭ ʢʘʢ Static Analyzer ʠ Dynamic Analyzer. ʆʜʥʦ ʠʟ ʜʦʧʦʣʥʠ-

ʪʝʣʴʥʳʭ ʥʘʟʥʘʯʝʥʠʡ ʜʨʘʡʚʝʨʦʚ ï ʦʙʝʩʧʝʯʠʪʴ ʩʠʥʭʨʦʥʠʟʘʮʠʶ ʜʘʥʥʳʭ ʩ ʚʥʝʰʥʠʤʠ ʧʨʠ-

ʣʦʞʝʥʠʷʤʠ Static Analyzer ʠ Dynamic Analyzer. 

3.3.4 ʂʦʤʧʦʥʝʥʪ rStatic Analyzer ʠ Dynamic Analyzer 

Static Analyzer ʷʚʣʷʝʪʩʷ ʜʦʧʦʣʥʠʪʝʣʴʥʦʡ ʢʦʤʧʦʥʝʥʪʦʡ ʠ ʩʣʫʞʠʪ ʜʣʷ ʚʠʟʫʘʣʠʟʘʮʠʠ 

ʧʦʣʫʯʝʥʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ ʯʠʩʣʝʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʩʪʘʪʠʯʝʩʢʠʭ ʟʘʜʘʯ, ʘ ʪʘʢʞʝ ʧʦʟʚʦ-

ʣʷʝʪ ʚʳʧʦʣʥʷʪʴ ʨʘʟʣʠʯʥʳʝ ʜʦʧʦʣʥʠʪʝʣʴʥʳʝ ʜʝʡʩʪʚʠʷ ʥʘʜ ʚʳʭʦʜʥʳʤʠ ʜʘʥʥʳʤʠ. ʇʦʜ 

ʛʨʘʬʠʯʝʩʢʦʡ ʚʠʟʫʘʣʠʟʘʮʠʝʡ ʧʦʥʠʤʘʝʪʩʷ ʧʦʩʪʨʦʝʥʠʝ ʛʨʘʬʠʯʝʩʢʦʡ ʠʥʬʦʨʤʘʮʠʠ ʚ ʚʠʜʝ 

ʛʨʘʬʠʢʦʚ, ʟʘʚʠʩʠʤʦʩʪʝʡ, ʪʘʢʠʭ ʢʘʢ ʧʝʪʣʠ ʛʠʩʪʝʨʝʟʠʩʘ, ʘ ʪʘʢʞʝ ʚ ʚʠʜʝ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʧʦ-

ʪʝʥʮʠʘʣʴʥʳʭ ʠ ʚʝʢʪʦʨʥʳʭ ʧʦʣʝʡ (ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ, ʧʦʣʷ ʘʥʠʟʦʪʨʦʧʠʠ ʠ ʜʨ.) ʚ ʧʨʦ-

ʩʪʨʘʥʩʪʚʝ ʦʙʨʘʟʮʘ. Static Analyzer ʧʦʟʚʦʣʷʝʪ ʩʦʭʨʘʥʷʪʴ ʧʦʣʫʯʝʥʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʚ ʬʘʡʣʳ, 

ʘ ʪʘʢʞʝ ʵʢʩʧʦʨʪʠʨʦʚʘʪʴ ʪʨʝʭʤʝʨʥʳʝ ʧʦʣʷ ʚ ʩʧʝʮʠʘʣʠʟʠʨʦʚʘʥʥʳʝ ʛʨʘʬʠʯʝʩʢʠʝ ʙʠʙʣʠʦ-

ʪʝʢʠ. ʅʘ ʨʠʩʫʥʢʝ 3.11 ʚ ʢʘʯʝʩʪʚʝ ʧʨʠʤʝʨʘ ʧʨʝʜʩʪʘʚʣʝʥʦ ʠʥʪʝʨʬʝʡʩʥʦʝ ʦʢʥʦ ʧʦʣʴʟʦʚʘʪʝʣʷ 

ʢʦʤʧʦʥʝʥʪʳ Static Analyzer. 
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ʈʠʩʫʥʦʢ 3.11 ï ʀʥʪʝʨʬʝʡʩʥʦʝ ʦʢʥʦ ʧʦʣʴʟʦʚʘʪʝʣʷ ʢʦʤʧʦʥʝʥʪʳ Static Analyzer 

Dynamic Analyzer ʷʚʣʷʝʪʩʷ ʜʦʧʦʣʥʠʪʝʣʴʥʦʡ ʢʦʤʧʦʥʝʥʪʦʡ ʠ ʩʣʫʞʠʪ ʜʣʷ ʚʠʟʫʘʣʠ-

ʟʘʮʠʠ ʧʦʣʫʯʝʥʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ ʯʠʩʣʝʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʜʠʥʘʤʠʯʝʩʢʠʭ ʟʘʜʘʯ, ʘ ʪʘʢʞʝ 

ʧʦʟʚʦʣʷʝʪ ʚʳʧʦʣʥʷʪʴ ʨʘʟʣʠʯʥʳʝ ʜʦʧʦʣʥʠʪʝʣʴʥʳʝ ʜʝʡʩʪʚʠʷ ʥʘʜ ʚʳʭʦʜʥʳʤʠ ʜʘʥʥʳʤʠ. 

ɼʘʥʥʳʡ ʢʦʤʧʦʥʝʥʪ ʧʦʟʚʦʣʷʝʪ ʩʪʨʦʠʪʴ ʛʨʘʬʠʯʝʩʢʠʝ ʟʘʚʠʩʠʤʦʩʪʠ ʢʘʢ ʧʦʣʝʚʦʛʦ, ʪʘʢ ʠ ʯʘ-

ʩʪʥʦʛʦ ʩʧʝʢʪʨʘ ʧʦʛʣʦʱʝʥʠʷ, ʘ ʪʘʢʞʝ ʘʥʘʣʦʛʠʯʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʜʣʷ ʤʘʛʥʠʪʥʦʡ ʧʨʦʥʠ-

ʮʘʝʤʦʩʪʠ ʩʨʝʜʳ (ʦʙʲʝʢʪʘ ʠʩʩʣʝʜʦʚʘʥʠʷ). ʂʨʦʤʝ ʪʦʛʦ, ʥʘ ʦʩʥʦʚʝ ʫʞʝ ʠʤʝʶʱʠʭʩʷ ʜʘʥʥʳʭ 

ʢʦʤʧʦʥʝʥʪ Dynamic Analyzer ʧʦʟʚʦʣʷʝʪ ʧʝʨʝʩʯʠʪʘʪʴ ʚʳʰʝʫʧʦʤʷʥʫʪʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʜʣʷ 

ʜʨʫʛʠʭ ʟʥʘʯʝʥʠʡ ʥʘʧʨʘʚʣʝʥʠʷ ʠ ʘʤʧʣʠʪʫʜʳ ʚʳʩʦʢʦʯʘʩʪʦʪʥʦʛʦ ʧʦʣʷ ʚ ʧʨʦʠʟʚʦʣʴʥʦʡ ʯʘʩ-

ʪʦʪʥʦʡ ʦʙʣʘʩʪʠ. 

Dynamic Analyzer ʪʘʢʞʝ ʧʦʟʚʦʣʷʝʪ ʩʪʨʦʠʪʴ ʜʦʧʦʣʥʠʪʝʣʴʥʫʶ ʛʨʘʬʠʯʝʩʢʫʶ ʠʥʬʦʨ-

ʤʘʮʠʠ ʚ ʚʠʜʝ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʧʦʪʝʥʮʠʘʣʴʥʳʭ (ʘʤʧʣʠʪʫʜʘ ʢʦʣʝʙʘʥʠʡ, ʢʦʦʨʜʠʥʘʪʥʘʷ ʧʨʦ-

ʝʢʮʠʷ ʚʝʢʪʦʨʦʚ ʠ ʜʨ.), ʘ ʪʘʢʞʝ ʚʝʢʪʦʨʥʳʭ ʧʦʣʝʡ (ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʤʦʜ ʢʦʣʝʙʘʥʠʡ, ʥʘʤʘʛ-



103 
 

ʥʠʯʝʥʥʦʩʪʠ, ʧʦʣʷ ʘʥʠʟʦʪʨʦʧʠʠ ʠ ʜʨ.) ʚ ʧʨʦʩʪʨʘʥʩʪʚʝ ʦʙʨʘʟʮʘ (ʦʙʲʝʢʪʘ ʠʩʩʣʝʜʦʚʘʥʠʷ). 

Dynamic Analyzer ʧʦʟʚʦʣʷʝʪ ʩʦʭʨʘʥʷʪʴ ʧʦʣʫʯʝʥʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʚ ʬʘʡʣʳ, ʘ ʪʘʢʞʝ ʵʢʩ-

ʧʦʨʪʠʨʦʚʘʪʴ ʪʨʝʭʤʝʨʥʳʝ ʧʦʣʷ ʚ ʩʧʝʮʠʘʣʠʟʠʨʦʚʘʥʥʳʝ ʛʨʘʬʠʯʝʩʢʠʝ ʙʠʙʣʠʦʪʝʢʠ. ʅʘ ʨʠ-

ʩʫʥʢʝ 3.12 ʚ ʢʘʯʝʩʪʚʝ ʧʨʠʤʝʨʘ ʧʨʝʜʩʪʘʚʣʝʥʦ ʠʥʪʝʨʬʝʡʩʥʦʝ ʦʢʥʦ ʧʦʣʴʟʦʚʘʪʝʣʷ ʢʦʤʧʦ-

ʥʝʥʪʳ Dynamic Analyzer. 

 

ʈʠʩʫʥʦʢ 3.12 ï ʀʥʪʝʨʬʝʡʩʥʦʝ ʦʢʥʦ ʧʦʣʴʟʦʚʘʪʝʣʷ ʢʦʤʧʦʥʝʥʪʳ Dynamic Analyzer 

3.4 ɺʳʚʦʜʳ 

ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʪʝʦʨʠʷ ʤʠʢʨʦʤʘʛʥʝʪʠʟʤʘ ʷʚʣʷʝʪʩʷ ʜʦʩʪʘʪʦʯʥʦ ʦʙʦʩʥʦʚʘʥʥʦʡ 

ʬʠʟʠʯʝʩʢʦʡ ʪʝʦʨʠʝʡ, ʠʤʝʶʱʝʡ ʚʘʞʥʳʝ ʧʨʠʣʦʞʝʥʠʷ ʚ ʩʘʤʳʭ ʨʘʟʣʠʯʥʳʭ ʦʙʣʘʩʪʷʭ ʬʠʟʠʢʠ 

ʤʘʛʥʠʪʥʳʭ ʷʚʣʝʥʠʡ, ʠ ʧʨʝʞʜʝ ʚʩʝʛʦ ʚ ʬʠʟʠʢʝ ʤʘʛʥʠʪʥʳʭ ʥʘʥʦʩʪʨʫʢʪʫʨ. ʆʜʥʘʢʦ, ʥʝʩʤʦʪʨʷ 

ʥʘ ʷʩʥʦʩʪʴ ʠ ʧʨʦʩʪʦʪʫ ʠʩʧʦʣʴʟʫʝʤʳʭ ʚ ʪʝʦʨʠʠ ʤʠʢʨʦʤʘʛʥʝʪʠʟʤʘ ʬʠʟʠʯʝʩʢʠʭ ʧʨʝʜʩʪʘʚ-
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ʣʝʥʠʡ, ʢʦʣʠʯʝʩʪʚʦ ʟʘʜʘʯ, ʢʦʪʦʨʳʝ ʫʜʘʣʦʩʴ ʨʝʰʠʪʴ ʚ ʨʘʤʢʘʭ ʵʪʦʡ ʪʝʦʨʠʠ ʘʥʘʣʠʪʠʯʝʩʢʠ, 

ʦʛʨʘʥʠʯʝʥʥʦ ʩʨʘʚʥʠʪʝʣʴʥʦ ʥʝʙʦʣʴʰʠʤ ʯʠʩʣʦʤ ʧʨʦʩʪʳʭ ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ ʠʭ ʤʦʜʝʣʠ ʩʣʫʯʘʝʚ. 

ɺ ʪʦ ʞʝ ʚʨʝʤʷ ʜʣʷ ʤʥʦʛʠʭ ʠʥʪʝʨʝʩʥʳʭ ʠ ʚʝʩʴʤʘ ʚʘʞʥʳʭ ʚ ʧʨʘʢʪʠʯʝʩʢʦʤ ʦʪʥʦʰʝʥʠʠ ʟʘʜʘʯ 

ʘʥʘʣʠʪʠʯʝʩʢʦʝ ʨʝʰʝʥʠʝ ʧʦʣʫʯʝʥʦ ʙʳʪʴ ʥʝ ʤʦʞʝʪ. ʕʪʦ ʷʚʣʷʝʪʩʷ ʩʝʨʴʝʟʥʳʤ ʧʨʝʧʷʪʩʪʚʠʝʤ 

ʥʘ ʧʫʪʠ ʪʝʦʨʝʪʠʯʝʩʢʠʭ ʤʝʪʦʜʦʚ ʠʩʩʣʝʜʦʚʘʥʠʷ. 

ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʤʝʪʦʜʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʦʟʚʦʣʷʶʪ ʠʟʫʯʘʪʴ ʥʝ ʤʦʜʝʣʴʥʳʝ, ʘ 

ʨʝʘʣʴʥʳʝ ʤʘʛʥʠʪʥʳʝ ʩʠʩʪʝʤʳ. ʆʜʥʘʢʦ ʠ ʟʜʝʩʴ ʠʩʩʣʝʜʦʚʘʪʝʣʴ ʦʛʨʘʥʠʯʝʥ ʣʠʰʴ ʪʝʤʠ 

ʜʘʥʥʳʤʠ, ʢʦʪʦʨʳʝ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʤʦʛʫʪ ʙʳʪʴ ʠʟʚʣʝʯʝʥʳ ʠʟ ʨʝʟʫʣʴʪʘʪʦʚ ʠʟʤʝʨʝʥʠʡ, ʯʪʦ 

ʚʦ ʤʥʦʛʠʭ ʩʣʫʯʘʷʭ ʙʳʚʘʝʪ ʥʝʜʦʩʪʘʪʦʯʥʳʤ. ʊʘʢ, ʥʘʧʨʠʤʝʨ, ʚ ʥʘʥʦʬʠʟʠʢʝ ʩʫʱʝʩʪʚʫʶʪ 

ʩʝʨʴʝʟʥʳʝ ʪʨʫʜʥʦʩʪʠ ʚ ʧʦʣʫʯʝʥʠʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ ʤʝʪʦʜʘʤʠ ʜʦʩʪʦʚʝʨʥʦʡ ʠʥʬʦʨ-

ʤʘʮʠʠ ʦ ʥʘʥʦʨʘʟʤʝʨʥʳʭ ʦʙʲʝʢʪʘʭ, ʯʘʩʪʦ ʦʙʣʘʜʘʶʱʠʭ ʩʣʦʞʥʦʡ ʛʝʦʤʝʪʨʠʝʡ. ʀʩʧʦʣʴʟʦ-

ʚʘʥʠʝ ʞʝ ʚʳʯʠʩʣʠʪʝʣʴʥʳʭ ʨʝʩʫʨʩʦʚ ʢʦʤʧʴʶʪʝʨʦʚ ʧʦʟʚʦʣʷʝʪ ʥʘʤ ʧʨʠʤʝʥʷʪʴ ʙʦʣʝʝ 

ʩʣʦʞʥʳʝ, ʵʬʬʝʢʪʠʚʥʳʝ ʤʦʜʝʣʠ, ʢʦʪʦʨʳʝ ʦʙʝʩʧʝʯʠʚʘʶʪ ʥʘʠʙʦʣʝʝ ʧʦʣʥʫʶ, ʛʣʫʙʦʢʫʶ 

ʩʚʷʟʴ ʤʝʞʜʫ ʵʢʩʧʝʨʠʤʝʥʪʦʤ ʠ ʪʝʦʨʠʝʡ. ʕʪʦ ʩ ʦʜʥʦʡ ʩʪʦʨʦʥʳ ʜʘʝʪ ʥʘʤ ʙʦʣʴʰʫʶ ʚʦʟ-

ʤʦʞʥʦʩʪʴ ʚ ʠʥʪʝʨʧʨʝʪʘʮʠʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ, ʘ ʩ ʜʨʫʛʦʡ ï ʧʦʟʚʦʣʷʝʪ ʟʘ-

ʤʝʥʠʪʴ ʜʦʨʦʛʦʩʪʦʷʱʠʡ ʨʝʘʣʴʥʳʡ ʵʢʩʧʝʨʠʤʝʥʪ ʥʝʜʦʨʦʛʠʤ ʠ ʚʝʩʴʤʘ ʠʥʬʦʨʤʘʪʠʚʥʳʤ 

ʯʠʩʣʝʥʥʳʤ ʵʢʩʧʝʨʠʤʝʥʪʦʤ. 

ʅʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʝ ʤʘʪʝʨʠʘʣʳ ʷʚʣʷʶʪʩʷ ʦʜʥʠʤʠ ʠʟ ʩʘʤʳʭ ʩʣʦʞʥʳʭ ʦʙʲʝʢʪʦʚ ʩ 

ʪʦʯʢʠ ʟʨʝʥʠʷ ʯʠʩʣʝʥʥʦʛʦ ʤʠʢʨʦʤʘʛʥʠʪʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ. ɺʦ-ʧʝʨʚʳʭ, ʠʟ-ʟʘ ʩʣʫʯʘʡʥʦʛʦ 

ʭʘʨʘʢʪʝʨʘ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ ʚ ʦʪʜʝʣʴʥʳʭ ʢʨʠʩʪʘʣʣʠʪʘʭ ʠʟʫʯʝʥʠʝ 

ʧʨʦʮʝʩʩʦʚ ʧʝʨʝʤʘʛʥʠʯʠʚʘʥʠʷ ʠ ʜʠʥʘʤʠʢʠ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʪʘʢʠʭ ʥʝʦʜʥʦʨʦʜʥʳʭ ʩʨʝʜ 

ʚʦʟʤʦʞʥʦ ʣʠʰʴ ʩʪʘʪʠʩʪʠʯʝʩʢʠ. ʇʦʵʪʦʤʫ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʜʦʩʪʦʚʝʨʥʳʭ ʠ ʨʝʣʝʚʘʥʪʥʳʭ ʨʝ-

ʟʫʣʴʪʘʪʦʚ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʚ ʯʠʩʣʝʥʥʦʡ ʤʦʜʝʣʠ ʥʝʦʙʭʦʜʠʤʦ ʫʯʠʪʳʚʘʪʴ ʙʦʣʴʰʦʝ (ʩʪʘʪʠ-

ʩʪʠʯʝʩʢʠ ʟʥʘʯʠʤʦʝ) ʢʦʣʠʯʝʩʪʚʦ ʥʘʥʦʢʨʠʩʪʘʣʣʠʪʦʚ. ɺʦ-ʚʪʦʨʳʭ, ʚ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ 

ʤʘʛʥʠʪʥʳʭ ʤʘʪʝʨʠʘʣʘʭ ʠʟ-ʟʘ ʬʣʫʢʪʫʘʮʠʠ ʚʥʫʪʨʝʥʥʝʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʩʧʝʢʪʨ ʤʘʛʥʠʪ-

ʥʳʭ ʢʦʣʝʙʘʥʠʡ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ, ʚʦʟʙʫʞʜʘʝʤʳʡ ʦʜʥʦʨʦʜʥʳʤ ʧʝʨʝʤʝʥʥʳʤ ʤʘʛʥʠʪʥʳʤ 

ʧʦʣʝʤ, ʩʪʘʥʦʚʠʪʩʷ ʧʨʘʢʪʠʯʝʩʢʠ ʥʝʧʨʝʨʳʚʥʳʤ. ʇʦʵʪʦʤʫ ʧʨʠ ʠʟʫʯʝʥʠʠ ʠʭ ʚʳʩʦʢʦʯʘʩ-

ʪʦʪʥʳʭ ʩʚʦʡʩʪʚ, ʢʘʢ ʧʨʘʚʠʣʦ, ʥʝʣʴʟʷ ʦʛʨʘʥʠʯʠʚʘʪʴʩʷ ʨʘʩʩʤʦʪʨʝʥʠʝʤ ʦʪʜʝʣʴʥʳʭ ʩʦʩʪʘʚ-

ʣʷʶʱʠʭ ʵʪʦʛʦ ʩʧʝʢʪʨʘ, ʧʦʩʢʦʣʴʢʫ ʵʪʦ ʧʨʠʚʦʜʠʪ ʢ ʟʥʘʯʠʪʝʣʴʥʳʤ ʦʰʠʙʢʘʤ. ɺʩʝ ʵʪʦ ʥʘ-

ʢʣʘʜʳʚʘʝʪ ʨʷʜ ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ ʪʨʝʙʦʚʘʥʠʡ ʢ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʠ ʠ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʠʩ-

ʧʦʣʴʟʫʝʤʳʭ ʧʨʠ ʤʦʜʝʣʠʨʦʚʘʥʠʠ ʤʝʪʦʜʦʚ ʠ ʘʣʛʦʨʠʪʤʦʚ ʨʘʩʯʝʪʘ. 
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ɺ ʜʘʥʥʦʡ ʛʣʘʚʝ ʧʦʜʨʦʙʥʦ ʨʘʩʩʤʦʪʨʝʥʳ ʨʘʟʨʘʙʦʪʘʥʥʳʝ ʤʝʪʦʜʳ ʠ ʯʠʩʣʝʥʥʳʝ ʘʣʛʦ-

ʨʠʪʤʳ, ʢʦʪʦʨʳʝ ʥʘʠʙʦʣʝʝ ʵʬʬʝʢʪʠʚʥʳ ʧʨʝʞʜʝ ʚʩʝʛʦ ʚ ʨʝʰʝʥʠʠ ʟʘʜʘʯ, ʩʚʷʟʘʥʥʳʭ ʩ ʠʟʫ-

ʯʝʥʠʝʤ ʤʘʛʥʠʪʥʦʡ ʤʠʢʨʦʩʪʨʫʢʪʫʨʳ, ʧʨʦʮʝʩʩʦʚ ʧʝʨʝʤʘʛʥʠʯʠʚʘʥʠʷ, ʜʠʥʘʤʠʢʠ ʥʘʤʘʛʥʠ-

ʯʝʥʥʦʩʪʠ ʠ ʩʧʝʢʪʨʘ ʧʦʛʣʦʱʝʥʠʷ ʚ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʤʘʪʝʨʠʘʣʘʭ. ɺ ʯʘʩʪʥʦʩʪʠ, ʥʘ 

ʦʩʥʦʚʝ ʦʙʦʙʱʝʥʥʦʡ ʤʘʪʨʠʮʳ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ, ʫʯʠʪʳʚʘʶʱʝʡ ʦʙʤʝʥʥʦʝ ʠ ʤʘʛʥʠʪʦʩʪʘʪʠ-

ʯʝʩʢʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ, ʘ ʪʘʢʞʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʤʘʛʥʠʪʥʳʭ ʤʦʤʝʥʪʦʚ ʩ ʚʥʝʰʥʠʤ ʤʘʛ-

ʥʠʪʥʳʤ ʧʦʣʝʤ ʠ ʧʦʣʝʤ ʦʜʥʦʦʩʥʦʡ ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ, ʨʘʩʩʤʦʪʨʝʥʘ ʜʠʩʢʨʝʪʥʘʷ ʤʦ-

ʜʝʣʴ ʬʝʨʨʦʤʘʛʥʝʪʠʢʘ. ʉʬʦʨʤʫʣʠʨʦʚʘʥʘ ʟʘʜʘʯʘ ʦʧʨʝʜʝʣʝʥʠʷ ʝʛʦ ʨʘʚʥʦʚʝʩʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʚ 

ʚʠʜʝ ʩʠʩʪʝʤʳ ʣʠʥʝʡʥʳʭ ʥʝʦʜʥʦʨʦʜʥʳʭ ʫʨʘʚʥʝʥʠʡ ʩ ʥʝʦʧʨʝʜʝʣʝʥʥʳʤʠ ʤʥʦʞʠʪʝʣʷʤʠ 

ʃʘʛʨʘʥʞʘ ʠ ʜʣ ̫ʝʝ ʨʝʰʝʥʠʷ ʧʨʝʜʩʪʘʚʣʝʥ ʩʨʘʚʥʠʪʝʣʴʥʦ ʧʨʦʩʪʦʡ ʠ ʵʬʬʝʢʪʠʚʥʳʡ ʯʠʩʣʝʥ-

ʥʳʡ ʘʣʛʦʨʠʪʤ. ʇʨʦʘʥʘʣʠʟʠʨʦʚʘʥʘ ʧʨʦʙʣʝʤʘ ʩʭʦʜʠʤʦʩʪʠ ʠʪʝʨʘʮʠʦʥʥʦʛʦ ʧʨʦʮʝʩʩʘ ʠ ʧʦ-

ʢʘʟʘʥ ʩʧʦʩʦʙ ʝʝ ʨʝʰʝʥʠʷ. ʉʬʦʨʤʫʣʠʨʦʚʘʥ ʢʨʠʪʝʨʠʡ ʫʩʪʦʡʯʠʚʦʩʪʠ ʧʦʣʫʯʝʥʥʦʛʦ ʨʘʚʥʦ-

ʚʝʩʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʠ ʧʨʠ ʦʪʩʫʪʩʪʚʠʠ ʫʩʪʦʡʯʠʚʦʩʪʠ ʧʦʢʘʟʘʥ ʩʧʦʩʦʙ ʦʧʨʝʜʝʣʝʥʠʷ ʥʘʧʨʘʚ-

ʣʝʥʠʷ ʧʦʩʣʝʜʫʶʱʝʡ ʨʝʣʘʢʩʘʮʠʠ ʤʦʜʝʣʠʨʫʝʤʦʡ ʩʠʩʪʝʤʳ. ʅʘ ʦʩʥʦʚʝ ʤʝʪʦʜʦʚ ʨʘʟʨʷʞʝʥʥʦʡ 

ʤʘʪʨʠʮʳ ʠ ʙʳʩʪʨʦʛʦ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʌʫʨʴʝ ʨʘʩʩʤʦʪʨʝʥʳ ʵʬʬʝʢʪʠʚʥʳʝ ʫʩʢʦʨʷʶʱʠʝ 

ʧʨʦʮʝʜʫʨʳ ʜʣʷ ʧʨʝʜʣʦʞʝʥʥʦʛʦ ʘʣʛʦʨʠʪʤʘ ʨʘʩʯʝʪʘ. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʫʩʢʦ-

ʨʷʶʱʠʭ ʧʨʦʮʝʜʫʨ ʧʦʟʚʦʣʷʝʪ ʥʝ ʪʦʣʴʢʦ ʩʫʱʝʩʪʚʝʥʥʦ ʫʤʝʥʴʰʠʪʴ ʦʙʲʝʤ ʟʘʪʨʘʯʠʚʘʝʤʦʡ 

ʦʧʝʨʘʪʠʚʥʦʡ ʧʘʤʷʪʠ ʕɺʄ, ʥʦ ʠ ʟʥʘʯʠʪʝʣʴʥʦ ʫʩʢʦʨʠʪʴ ʧʨʦʮʝʩʩ ʚʳʯʠʩʣʝʥʠʡ. 

ʈʘʟʨʘʙʦʪʘʥʥʳʡ ʯʠʩʣʝʥʥʳʡ ʘʣʛʦʨʠʪʤ ʦʧʨʝʜʝʣʝʥʠʷ ʨʘʚʥʦʚʝʩʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʜʘʝʪ 

ʚʦʟʤʦʞʥʦʩʪʴ ʠʟʫʯʘʪʴ ʥʝ ʪʦʣʴʢʦ ʤʘʛʥʠʪʥʫʶ ʤʠʢʨʦʩʪʨʫʢʪʫʨʫ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʤʘ-

ʪʝʨʠʘʣʦʚ, ʥʦ ʠ ʧʦʣʫʯʘʪʴ ʧʝʪʣʠ ʛʠʩʪʝʨʝʟʠʩʘ ʜʣʷ ʨʘʟʣʠʯʥʳʭ ʦʨʠʝʥʪʘʮʠʡ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ, 

ʧʨʦʚʦʜʠʪʴ ʠʩʩʣʝʜʦʚʘʥʠʝ ʧʨʦʮʝʩʩʦʚ ʧʝʨʝʤʘʛʥʠʯʠʚʘʥʠʷ ʧʣʝʥʦʢ. ɺ ʢʘʯʝʩʪʚʝ ʧʨʠʤʝʨʘ ʚ 

ʜʘʥʥʦʡ ʛʣʘʚʝ ʧʨʠʚʝʜʝʥ ʨʘʩʯʝʪ ʧʝʪʝʣʴ ʛʠʩʪʝʨʝʟʠʩʘ ʜʣʷ ʤʘʩʩʠʚʥʳʭ (ʪʨʝʭʤʝʨʥʳʭ), ʪʦʥʢʦʧ-

ʣʝʥʦʯʥʳʭ (ʜʚʫʤʝʨʥʳʭ) ʠ ʦʜʥʦʤʝʨʥʳʭ ʤʘʛʥʠʪʦʤʷʛʢʠʭ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʤʘʪʝʨʠʘʣʦʚ. 

ʍʦʨʦʰʝʝ ʩʦʛʣʘʩʠʝ ʨʝʟʫʣʴʪʘʪʦʚ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʟʘʚʠʩʠʤʦʩʪʠ ʢʦʵʨʮʠʪʠʚʥʦʡ ʩʠʣʳ ʦʪ ʨʘʟ-

ʤʝʨʘ ʢʨʠʩʪʘʣʣʠʪʦʚ ʩ ʚʳʚʦʜʘʤʠ ʪʝʦʨʝʪʠʯʝʩʢʦʡ ʤʦʜʝʣʠ ʩʣʫʯʘʡʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ ɸʣʴʙʝʥʘ 

ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʜʦʩʪʦʚʝʨʥʦʩʪʠ ʠ ʦʙʦʩʥʦʚʘʥʥʦʩʪʠ ʜʠʩʢʨʝʪʥʦʡ ʤʦʜʝʣʠ ʬʝʨʨʦʤʘʛʥʝʪʠʢʘ 

ʠ ʤʝʪʦʜʦʚ ʝʝ ʨʘʩʯʝʪʘ. 

ɼʨʫʛʠʤ ʚʘʞʥʳʤ ʥʘʧʨʘʚʣʝʥʠʝʤ ʠʩʩʣʝʜʦʚʘʥʠʡ ʚ ʪʝʦʨʠʠ ʤʠʢʨʦʤʘʛʥʝʪʠʟʤʘ ʷʚʣʷʝʪʩʷ 

ʠʟʫʯʝʥʠʝ ʜʠʥʘʤʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʬʝʨʨʦʤʘʛʥʠʪʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʧʦʜ ʚʦʟʜʝʡʩʪʚʠʝʤ ʚʳʩʦ-

ʢʦʯʘʩʪʦʪʥʳʭ ʚʥʝʰʥʠʭ ʧʦʣʝʡ. ʅʘ ʦʩʥʦʚʝ ʧʨʝʜʣʦʞʝʥʥʦʡ ʜʠʩʢʨʝʪʥʦʡ ʤʦʜʝʣʠ ʬʝʨʨʦʤʘʛʥʝ-

ʪʠʢʘ ʙʳʣʠ ʨʘʟʨʘʙʦʪʘʥʳ ʜʚʘ ʵʬʬʝʢʪʠʚʥʳʭ ʤʝʪʦʜʘ ʯʠʩʣʝʥʥʦʛʦ ʠʥʪʝʛʨʠʨʦʚʘʥʠʷ ʜʠʥʘʤʠ-
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ʯʝʩʢʦʛʦ ʫʨʘʚʥʝʥʠʷ ʃʘʥʜʘʫ ï ʃʠʬʰʠʮʘ, ʧʦʜʨʦʙʥʦ ʨʘʩʩʤʦʪʨʝʥʥʳʝ ʚ ʜʘʥʥʦʡ ʛʣʘʚʝ. ʇʝʨʚʳʡ 

ʦʩʥʦʚʘʥ ʥʘ ʧʨʝʜʩʪʘʚʣʝʥʠʠ ʠ ʧʦʠʩʢʝ ʨʝʰʝʥʠʷ ʩʠʩʪʝʤʳ ʣʠʥʝʘʨʠʟʦʚʘʥʥʳʭ ʜʠʬʬʝʨʝʥʮʠ-

ʘʣʴʥʳʭ ʫʨʘʚʥʝʥʠʡ ʃʘʥʜʘʫ ï ʃʠʬʰʠʮʘ ʚ ʚʠʜʝ ʨʘʟʣʦʞʝʥʠʷ ʧʦ ʩʦʙʩʪʚʝʥʥʳʤ ʚʝʢʪʦʨʘʤ 

ʥʦʨʤʘʣʴʥʳʭ ʤʦʜ ʢʦʣʝʙʘʥʠʡ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ. ʕʪʦʪ ʤʝʪʦʜ ʦʙʣʘʜʘʝʪ ʚʘʞʥʳʤ ʧʨʝʠʤʫʱʝ-

ʩʪʚʦʤ, ʧʦʩʢʦʣʴʢʫ ʧʦʤʠʤʦ ʤʘʛʥʠʪʥʦʡ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʤʘʪʝʨʠʘʣʦʚ 

ʧʦʟʚʦʣʷʝʪ ʦʧʨʝʜʝʣʠʪʴ ʩʪʨʫʢʪʫʨʫ ʩʧʝʢʪʨʘ ʚʦʟʙʫʞʜʘʝʤʳʭ ʚʥʝʰʥʠʤ ʚʳʩʦʢʦʯʘʩʪʦʪʥʳʤ ʧʦ-

ʣʝʤ ʨʝʟʦʥʘʥʩʥʳʭ ʤʦʜ. ɺ ʪʦ ʞʝ ʚʨʝʤʷ ʦʩʥʦʚʥʳʤ ʥʝʜʦʩʪʘʪʢʦʤ ʵʪʦʛʦ ʤʝʪʦʜʘ ʷʚʣʷʶʪʩʷ 

ʙʦʣʴʰʦʡ ʦʙʲʝʤ ʟʘʪʨʘʯʠʚʘʝʤʦʡ ʦʧʝʨʘʪʠʚʥʦʡ ʧʘʤʷʪʠ ʕɺʄ ʠ ʜʣʠʪʝʣʴʥʦʝ ʚʨʝʤ ̫ʨʘʩʯʝʪʘ. 

ɺʪʦʨʦʡ ʤʝʪʦʜ ʦʩʥʦʚʘʥ ʥʘ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʥʝʦʧʨʝʜʝʣʝʥʥʳʭ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʜʣʷ ʨʝʰʝʥʠʷ 

ʩʠʩʪʝʤʳ ʣʠʥʝʘʨʠʟʦʚʘʥʥʳʭ ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʳʭ ʫʨʘʚʥʝʥʠʡ ʃʘʥʜʘʫ ï ʃʠʬʰʠʮʘ. ʇʦʢʘʟʘʥʦ, 

ʯʪʦ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʤʝʪʦʜʘ ʥʝʦʧʨʝʜʝʣʝʥʥʳʭ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʧʦʟʚʦʣʷʝʪ ʟʥʘʯʠʪʝʣʴʥʦ ʧʦ-

ʥʠʟʠʪʴ ʪʨʝʙʦʚʘʥʠʷ ʢ ʦʙʲʝʤʫ ʠʩʧʦʣʴʟʫʝʤʦʡ ʦʧʝʨʘʪʠʚʥʦʡ ʧʘʤʷʪʠ ʕɺʄ ʠ ʚʨʝʤʝʥʠ ʨʘʩʯʝʪʘ. 

ɼʣʷ ʜʝʤʦʥʩʪʨʘʮʠʠ ʯʠʩʣʝʥʥʳʭ ʤʝʪʦʜʦʚ ʚ ʜʘʥʥʦʡ ʛʣʘʚʝ ʧʨʠʚʝʜʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʯʠʩ-

ʣʝʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʚʳʩʦʢʦʯʘʩʪʦʪʥʦʡ ʤʘʛʥʠʪʥʦʡ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ ʥʘʥʦʢʨʠʩʪʘʣʣʠ-

ʯʝʩʢʠʭ ʪʦʥʢʠʭ ʧʣʝʥʦʢ. ʅʘ ʦʩʥʦʚʝ ʧʨʦʚʝʜʝʥʥʦʛʦ ʘʥʘʣʠʟʘ ʠ ʦʮʝʥʢʠ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʯʠʩ-

ʣʝʥʥʳʭ ʤʝʪʦʜʦʚ ʩʜʝʣʘʥ ʨʷʜ ʚʳʚʦʜʦʚ ʦʪʥʦʩʠʪʝʣʴʥʦ ʠʭ ʜʦʩʪʦʠʥʩʪʚ ʠ ʥʝʜʦʩʪʘʪʢʦʚ, ʘ ʪʘʢʞʝ 

ʩʧʝʮʠʬʠʢʠ ʧʨʠʤʝʥʝʥʠʷ ʤʝʪʦʜʦʚ ʥʘ ʧʨʘʢʪʠʢʝ. ɺ ʯʘʩʪʥʦʩʪʠ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʧʨʠ ʤʦʜʝʣʠʨʦ-

ʚʘʥʠʠ ʚʳʩʦʢʦʯʘʩʪʦʪʥʳʭ ʩʚʦʡʩʪʚ ʨʝʘʣʴʥʳʭ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʪʦʥʢʠʭ ʤʘʛʥʠʪʥʳʭ 

ʧʣʝʥʦʢ (ʩ ʙʦʣʴʰʠʤ ʢʦʣʠʯʝʩʪʚʦʤ ʢʨʠʩʪʘʣʣʠʪʦʚ) ʤʝʪʦʜ ʥʝʦʧʨʝʜʝʣʝʥʥʳʭ ʢʦʵʬʬʠʮʠʝʥʪʦʚ 

ʥʘʠʙʦʣʝʝ ʧʨʝʜʧʦʯʪʠʪʝʣʝʥ. 

ʅʘ ʦʩʥʦʚʝ ʧʨʝʜʣʦʞʝʥʥʦʡ ʜʠʩʢʨʝʪʥʦʡ ʤʦʜʝʣʠ ʬʝʨʨʦʤʘʛʥʝʪʠʢʘ, ʘ ʪʘʢʞʝ ʥʘ ʦʩʥʦʚʝ 

ʨʘʟʨʘʙʦʪʘʥʥʳʭ ʤʝʪʦʜʦʚ ʠ ʘʣʛʦʨʠʪʤʦʚ ʝʝ ʨʘʩʯʝʪʘ, ʨʘʟʨʘʙʦʪʘʥʘ ʠ ʟʘʨʝʛʠʩʪʨʠʨʦʚʘʥʘ ʚ ʈʦʩ-

ʧʘʪʝʥʪʝ ʧʨʦʛʨʘʤʤʘ ʜʣʷ ʕɺʄ çMultiLayersè. ʇʨʦʛʨʘʤʤʘ ʧʨʝʜʥʘʟʥʘʯʝʥʘ ʜʣʷ ʧʨʦʚʝʜʝʥʠʷ 

ʯʠʩʣʝʥʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʧʦ ʠʟʫʯʝʥʠʶ ʤʘʛʥʠʪʥʦʡ ʤʠʢʨʦʩʪʨʫʢʪʫʨʳ, ʧʝʪʝʣʴ ʤʘʛʥʠʪʥʦʛʦ 

ʛʠʩʪʝʨʝʟʠʩʘ, ʘ ʪʘʢʞʝ ʚʳʩʦʢʦʯʘʩʪʦʪʥʳʭ ʩʚʦʡʩʪʚ ʢʘʢ ʦʜʥʦʩʣʦʡʥʳʭ, ʪʘʢ ʠ ʤʥʦʛʦʩʣʦʡʥʳʭ 

ʤʘʛʥʠʪʥʳʭ ʥʘʥʦ- ʠ ʛʝʪʝʨʦʩʪʨʫʢʪʫʨ. ɺʘʞʥʦ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʧʨʦʛʨʘʤʤʘ ʜʣʷ ʕɺʄ 

çMultiLayersè ʠʤʝʝʪ ʫʜʦʙʥʳʡ ʠʥʪʝʨʬʝʡʩ ʧʦʣʴʟʦʚʘʪʝʣʷ ʠ ʧʦʟʚʦʣʷʝʪ ʧʨʦʚʦʜʠʪʴ ʠʩʩʣʝʜʦ-

ʚʘʥʠʝ ʥʝ ʪʦʣʴʢʦ ʧʣʝʥʦʯʥʳʭ, ʥʦ ʠ ʦʙʲʝʤʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʧʨʦʠʟʚʦʣʴʥʦʡ ʨʘʟʤʝʨʥʦʩʪʠ ʚ ʪʨʝʭ 

ʥʘʧʨʘʚʣʝʥʠʷʭ. 
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ɻʃɸɺɸ 4. ɺʃʀʗʅʀɽ ʈɸɿʄɽʈɸ ʂʈʀʉʊɸʃʃʀʊʆɺ ʅɸ ʄɸɻʅʀʊʅʓɽ 

ʉɺʆʁʉʊɺɸ ʅɸʅʆʂʈʀʉʊɸʃʃʀʏɽʉʂʀʍ ʊʆʅʂʀʍ ʇʃɽʅʆʂ 

ʂʘʢ ʙʳʣʦ ʦʪʤʝʯʝʥʦ ʚ ʧʝʨʚʦʡ ʛʣʘʚʝ, ʚ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʝ ʩʧʣʘʚʳ 

ʨʘʩʩʤʘʪʨʠʚʘʶʪʩʷ ʢʘʢ ʥʦʚʳʝ ʧʝʨʩʧʝʢʪʠʚʥʳʝ ʤʘʪʝʨʠʘʣʳ, ʧʨʠʚʣʝʢʘʶʱʠʝ ʤʥʦʛʦʦʙʨʘʟʠʝʤ ʠ 

ʥʝʦʙʳʯʥʦʩʪʴʶ ʤʘʛʥʠʪʥʳʭ ʩʚʦʡʩʪʚ ʠ ʥʦʚʳʤʠ ʚʦʟʤʦʞʥʦʩʪʷʤʠ ʠʭ ʧʨʘʢʪʠʯʝʩʢʦʛʦ ʠʩʧʦʣʴ-

ʟʦʚʘʥʠʷ. ʅʘ ʦʙʱʝʤ ʬʦʥʝ ʩʨʝʜʠ ʤʘʛʥʠʪʦʤʷʛʢʠʭ ʤʘʪʝʨʠʘʣʦʚ ʦʥʠ ʚʳʜʝʣʷʶʪʩʷ ʥʘʠʣʫʯʰʝʡ 

ʢʦʤʙʠʥʘʮʠʝʡ ʚʳʩʦʢʦʡ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʥʘʩʳʱʝʥʠʷ ʠ ʥʘʯʘʣʴʥʦʡ ʤʘʛʥʠʪʥʦʡ ʧʨʦʥʠʮʘʝ-

ʤʦʩʪʠ, ʯʪʦ ʠʤʝʝʪ ʧʝʨʚʦʩʪʝʧʝʥʥʦʝ ʟʥʘʯʝʥʠʝ ʜʣʷ ʉɺʏ-ʧʨʠʣʦʞʝʥʠʡ. ʆʜʥʠʤ ʠʟ ʥʘʠʙʦʣʝʝ 

ʚʘʞʥʳʭ ʬʘʢʪʦʨʦʚ, ʦʧʨʝʜʝʣʷʶʱʠʤ ʧʨʘʢʪʠʯʝʩʢʠ ʚʩʝ ʢʣʶʯʝʚʳʝ ʤʘʛʥʠʪʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ 

ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʩʧʣʘʚʦʚ, ʷʚʣʷʝʪʩʷ ʨʘʟʤʝʨ ʢʨʠʩʪʘʣʣʠʪʦʚ. ʋʩʪʘʥʦʚʣʝʥʠʶ ʬʫʥʜʘ-

ʤʝʥʪʘʣʴʥʦʡ ʩʚʷʟʠ ʤʝʞʜʫ ʨʘʟʤʝʨʦʤ ʢʨʠʩʪʘʣʣʠʪʦʚ ʠ ʤʘʛʥʠʪʥʳʤʠ ʩʚʦʡʩʪʚʘʤʠ ʥʘʥʦʢʨʠ-

ʩʪʘʣʣʠʯʝʩʢʠʭ ʪʦʥʢʠʭ ʧʣʝʥʦʢ ʠ ʧʦʩʚʷʱʝʥʘ ʥʘʩʪʦʷʱʘʷ ʛʣʘʚʘ. 

ɺ ʧʝʨʚʦʡ ʯʘʩʪʠ ʛʣʘʚʳ ʩ ʧʦʤʦʱʴʶ ʤʠʢʨʦʤʘʛʥʠʪʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʜʝʪʘʣʴʥʦ ʠʟʫ-

ʯʝʥ ʦʜʠʥ ʠʟ ʘʩʧʝʢʪʦʚ ʬʦʨʤʠʨʦʚʘʥʠʷ ʩʚʦʡʩʪʚ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʧʣʝʥʦʢ, ʩʚʟ̫ʘʥʥʳʡ ʩ 

ʚʣʠʷʥʠʝʤ ʨʘʟʤʝʨʘ ʢʨʠʩʪʘʣʣʠʪʦʚ ʥʘ ʤʘʛʥʠʪʥʫʶ ʤʠʢʨʦʩʪʨʫʢʪʫʨʫ ʠ ʚʳʩʦʢʦʯʘʩʪʦʪʥʫ  ʁʜʠ-

ʥʘʤʠʢʫ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʧʣʝʥʦʢ. ɺʥʘʯʘʣʝ ʧʨʠʚʦʜʠʪʩʷ ʧʦʜʨʦʙʥʦʝ ʦʙʦʩʥʦʚʘʥʠʝ ʯʠʩʣʝʥ-

ʥʦʡ ʤʦʜʝʣʠ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʪʦʥʢʦʡ ʧʣʝʥʢʠ, ʘ ʪʘʢʞʝ ʦʧʠʩʘʥʠʝ ʥʝʢʦʪʦʨʳʭ ʜʝʪʘʣʝʡ 

ʤʦʜʝʣʠʨʦʚʘʥʠʷ. ɼʘʣʝʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʤʘʛʥʠʪʥʦʡ ʤʠʢʨʦʩʪʨʫʢ-

ʪʫʨʳ ʧʣʝʥʦʢ. ɺ ʯʘʩʪʥʦʩʪʠ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʙʣʘʛʦʜʘʨʷ ʩʣʫʯʘʡʥʦʤʫ ʨʘʩʧʨʝʜʝʣʝʥʠʶ ʦʩʝʡ 

ʣʝʛʢʦʛʦ ʥʘʤʘʛʥʠʯʠʚʘʥʠʷ ʦʪʜʝʣʴʥʳʭ ʢʨʠʩʪʘʣʣʠʪʦʚ ʚ ʧʣʝʥʢʘʭ ʬʦʨʤʠʨʫʝʪʩʷ ʢʚʘʟʠʧʝʨʠʦ-

ʜʠʯʝʩʢʘʷ ʩʪʦʭʘʩʪʠʯʝʩʢʘʷ ʤʘʛʥʠʪʥʘʷ ʩʪʨʫʢʪʫʨʘ ï çʨʷʙʴè ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ. ʄʝʪʦʜʘʤʠ 

ʢʦʨʨʝʣʷʮʠʦʥʥʦʛʦ ʘʥʘʣʠʟʘ ʥʝʦʜʥʦʨʦʜʥʦʡ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʦʧʨʝʜʝʣʝʥʳ ʟʘʚʠʩʠʤʦʩʪʠ ʦʩ-

ʥʦʚʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʬʦʨʤʠʨʫʝʤʦʡ ʚ ʧʣʝʥʢʝ ʤʘʛʥʠʪʥʦʡ ʤʠʢʨʦʩʪʨʫʢʪʫʨʳ ʦʪ ʨʘʟʤʝʨʘ ʢʨʠ-

ʩʪʘʣʣʠʪʦʚ ʠ ʚʝʣʠʯʠʥʳ ʧʨʠʣʦʞʝʥʥʦʛʦ ʚʥʝʥhʝʛʦ ʧʦʣʷ. 

ɼʘʣʝʝ ʚ ʛʣʘʚʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʚʳʩʦʢʦʯʘʩʪʦʪʥʳʭ ʩʚʦʡʩʪʚ 

ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʪʦʥʢʠʭ ʧʣʝʥʦʢ. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʧʨʠ ʧʨʝʚʳʰʝʥʠʠ ʥʝʢʦʪʦʨʦʛʦ ʧʦʨʦ-

ʛʦʚʦʛʦ ʨʘʟʤʝʨʘ ʢʨʠʩʪʘʣʣʠʪʦʚ ʚ ʧʣʝʥʢʘʭ ʥʘʙʣʶʜʘʝʪʩʷ ʨʝʟʢʦʝ ʫʰʠʨʝʥʠʝ ʠ ʩʤʝʱʝʥʠʝ ʣʠʥʠʠ 

ʌʄʈ. ɼʣʷ ʦʙʲʷʩʥʝʥʠʷ ʧʨʠʨʦʜʳ ʥʘʙʣʶʜʘʝʤʳʭ ʚ ʩʧʝʢʪʨʝ ʧʦʛʣʦʱʝʥʠʷ ʦʩʦʙʝʥʥʦʩʪʝʡ ʜʦ-

ʧʦʣʥʠʪʝʣʴʥʦ ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʪʝʦʨʝʪʠʯʝʩʢʦʛʦ ʘʥʘʣʠʟʘ, ʚʳʧʦʣʥʝʥʥʦʛʦ ʚ ʨʘʤʢʘʭ 

ʪʝʦʨʠʠ ʜʚʫʭʤʘʛʥʦʥʥʳʭ ʧʨʦʮʝʩʩʦʚ ʨʘʩʩʝʷʥʠʷ ɸʨʠʘʩʘ ʠ ʄʠʣʩʘ, ʘ ʪʘʢʞʝ ʜʠʥʘʤʠʯʝʩʢʦʡ 

ʪʝʦʨʠʠ çʨʷʙʠè ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʀʛʥʘʪʯʝʥʢʦ ʠ ɼʝʛʪ̫ʨʝʚʘ. 
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ɺʪʦʨʘʷ ʯʘʩʪʴ ʛʣʘʚʳ ʧʦʩʚʷʱʝʥʘ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʤʫ ʠ ʪʝʦʨʝʪʠʯʝʩʢʦʤʫ ʠʩʩʣʝʜʦ-

ʚʘʥʠʶ ʦʙʥʘʨʫʞʝʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʝʤ ʵʬʬʝʢʪʘ ʨʝʟʢʦʛʦ ʫʰʠʨʝʥʠ ̫ʠ ʩʤʝʱʝʥʠ ̫ʣʠʥʠʠ 

ʌʄʈ. ɺʥʘʯʘʣʝ ʧʨʠʚʦʜʠʪʩʷ ʢʨʘʪʢʦʝ ʦʧʠʩʘʥʠʝ ʤʝʪʦʜʦʚ ʠʟʛʦʪʦʚʣʝʥʠʷ ʠ ʠʩʩʣʝʜʦʚʘʥʠʷ ʥʘ-

ʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʧʝʨʤʘʣʣʦʝʚʳʭ Fe20Ni80 ʧʣʝʥʦʢ ʩ ʨʘʟʣʠʯʥʳʤ ʨʘʟʤʝʨʦʤ ʢʨʠʩʪʘʣʣʠʪʦʚ. 

ɼʘʣʝʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʩʪʨʫʢʪʫʨʥʳʭ ʠ ʤʘʛʥʠʪʦʩʪʨʫʢʪʫʨʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ, ʨʝ-

ʟʫʣʴʪʘʪʳ ʩʢʘʥʠʨʫʶʱʝʡ ʠ ʰʠʨʦʢʦʧʦʣʦʩʥʦʡ ʌʄʈ-ʩʧʝʢʪʨʦʩʢʦʧʠʠ, ʘ ʪʘʢʞʝ ʨʝʟʫʣʴʪʘʪʳ 

ʯʠʩʣʝʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʤʘʛʥʠʪʥʦʡ ʩʪʨʫʢʪʫʨʳ ʠ ʚʳʩʦʢʦʯʘʩʪʦʪʥʦʡ ʤʘʛʥʠʪʥʦʡ ʧʨʦʥʠ-

ʮʘʝʤʦʩʪʠ ʠʩʩʣʝʜʫʝʤʳʭ ʧʣʝʥʦʢ. ɼʣʷ ʦʙʲʷʩʥʝʥʠʷ ʤʝʭʘʥʠʟʤʘ ʠ ʦʩʦʙʝʥʥʦʩʪʝʡ ʬʦʨʤʠʨʦʚʘ-

ʥʠʷ ʵʬʬʝʢʪʘ ʨʝʟʢʦʛʦ ʫʰʠʨʝʥʠ ̫ʠ ʩʤʝʱʝʥʠ ̫ʣʠʥʠʠ ʌʄʈ ʜʦʧʦʣʥʠʪʝʣʴʥʦ ʨʘʩʩʤʦʪʨʝʥʘ 

ʜʚʫʭʤʘʛʥʦʥʥʘʷ ʤʦʜʝʣʴ ʨʘʩʩʝʷʥʠʷ. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʦʙʥʘʨʫʞʝʥʥʳʡ ʵʬʬʝʢʪ ʩʚʷʟʘʥ ʩ ʨʘʩ-

ʩʝʷʥʠʝʤ ʩʧʠʥʦʚʳʭ ʚʦʣʥ ʥʘ ʥʝʦʜʥʦʨʦʜʥʦʡ ʩʪʦʭʘʩʪʠʯʝʩʢʦʡ ʤʘʛʥʠʪʥʦʡ ʩʪʨʫʢʪʫʨʝ ï çʨʷʙʠè 

ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ. 

ʄʘʪʝʨʠʘʣʳ ʜʘʥʥʦʡ ʛʣʘʚʳ ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ ʩʣʝʜʫʶʱʠʭ ʨʘʙʦʪʘʭ ʠʟ ʩʧʠʩʢʘ ʧʫʙʣʠʢʘ-

ʮʠʡ ʘʚʪʦʨʘ (ʧʨʠʣʦʞʝʥʠʝ ɸ): ɸ2, ɸ8, ɸ9, ɸ17ïɸ19, ɸ22, ɸ43. 

4.1 ʏʠʩʣʝʥʥʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ ʚʣʠʷʥʠʷ ʨʘʟʤʝʨʘ ʢʨʠʩʪʘʣʣʠʪʦʚ ʥʘ ʤʘʛʥʠʪʥʫ  ʁ

ʤʠʢʨʦʩʪʨʫʢʪʫʨʫ ʠ ʚʳʩʦʢʦʯʘʩʪʦʪʥʫ  ʁʚʦʩʧʨʠʠʤʯʠʚʦʩʪ ɹ

ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʪʦʥʢʠʭ ʧʣʝʥʦʢ 

ʆʜʥʠʤ ʠʟ ʚʘʞʥʝʡʰʠʭ ʨʝʟʫʣʴʪʘʪʦʚ, ʧʦʣʫʯʝʥʥʳʭ ʚ ʭʦʜʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʥʘʥʦʢʨʠ-

ʩʪʘʣʣʠʯʝʩʢʠʭ ʤʘʪʝʨʠʘʣʦʚ (ʨʘʟʜʝʣ 1.4), ʙʳʣʦ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʝ ʦʙʥʘʨʫʞʝʥʠʝ ʩʣʦʞʥʦʡ 

ʟʘʚʠʩʠʤʦʩʪʠ ʤʘʛʥʠʪʥʦʡ ʤʠʢʨʦʩʪʨʫʢʪʫʨʳ, ʘʥʠʟʦʪʨʦʧʠʠ, ʢʦʵʨʮʠʪʠʚʥʦʡ ʩʠʣʳ ʠ ʧʨʦʥʠ-

ʮʘʝʤʦʩʪʠ ʤʘʛʥʠʪʥʦʡ ʩʨʝʜʳ ʦʪ ʨʘʟʤʝʨʘ ʢʨʠʩʪʘʣʣʠʪʘ (ʟʝʨʥʘ) [9, 48]. ɼʣʷ ʦʧʠʩʘʥʠʷ ʵʪʦʡ 

ʩʚʷʟʠ ʚ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʩʘʤʦʝ ʰʠʨʦʢʦʝ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʝ ʧʦʣʫʯʠʣʘ ʤʦʜʝʣʴ ʩʣʫʯʘʡʥʦʡ 

ʘʥʠʟʦʪʨʦʧʠʠ (RAM ï Random Anisotropy Model), ʠʟʥʘʯʘʣʴʥʦ ʧʨʝʜʣʦʞʝʥʥʘʷ ɸʣʴʙʝʥʦʤ ʠ 

ʜʨ. [47] ʠ ʚ ʜʘʣʴʥʝʡʰʝʤ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʘʷ ɻʝʨʮʝʨʦʤ [46]. ʉʦʛʣʘʩʥʦ ʵʪʦʡ ʤʦʜʝʣʠ ʚ ʥʘ-

ʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʤʘʪʝʨʠʘʣʘʭ, ʢʦʛʜʘ ʨʘʟʤʝʨ ʟʝʨʥʘ ʥʝ ʧʨʝʚʳʰʘʝʪ ʜʣʠʥʫ ʦʙʤʝʥʥʳʭ ʢʦʨ-

ʨʝʣʷʮʠʡ, ʦʙʤʝʥʥʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʤʝʞʜʫ ʢʨʠʩʪʘʣʣʠʪʘʤʠ ʧʨʠʚʦʜʠʪ ʢ ʫʩʨʝʜʥʝʥʠʶ ʩʣʫ-

ʯʘʡʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ ʦʪʜʝʣʴʥʳʭ ʢʨʠʩʪʘʣʣʠʪʦʚ ʠ, ʢʘʢ ʩʣʝʜʩʪʚʠʝ, ʢ ʟʥʘʯʠʪʝʣʴʥʦʤʫ ʩʥʠʞʝ-

ʥʠʶ ʢʦʵʨʮʠʪʠʚʥʦʡ ʩʠʣʳ ʠ ʨʦʩʪʫ ʤʘʛʥʠʪʥʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʩʨʝʜʳ. ʄʥʦʛʠʝ ʵʢʩʧʝʨʠʤʝʥ-

ʪʘʣʴʥʳʝ ʨʘʙʦʪʳ ʧʦʜʪʚʝʨʞʜʘʶʪ ʩʧʨʘʚʝʜʣʠʚʦʩʪʴ RAM ʥʝ ʪʦʣʴʢʦ ʜʣʷ ʦʜʥʦʬʘʟʥʳʭ ʤʘʪʝ-

ʨʠʘʣʦʚ, ʥʦ ʪʘʢʞʝ ʜʣʷ ʤʥʦʛʦʬʘʟʥʳʭ ʠ ʛʨʘʥʫʣʠʨʦʚʘʥʥʳʭ ʚʝʱʝʩʪʚ [153]. 
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ɺ ʩʠʣʫ ʧʨʦʩʪʳʭ ʠ ʷʩʥʳʭ ʢʦʥʮʝʧʮʠʡ, ʣʝʞʘʱʠʭ ʚ ʦʩʥʦʚʝ ʪʝʦʨʝʪʠʯʝʩʢʦʡ ʤʦʜʝʣʠ, 

RAM ʰʠʨʦʢʦ ʠʩʧʦʣʴʟʫʝʪʩʷ ʜʣʷ ʠʥʪʝʨʧʨʝʪʘʮʠʠ ʤʘʛʥʠʪʦʤʷʛʢʠʭ ʩʚʦʡʩʪʚ ʥʝ ʪʦʣʴʢʦ ʦʙʲ-

ʝʤʥʳʭ ʤʘʪʝʨʠʘʣʦʚ, ʥʦ ʠ ʜʚʫʤʝʨʥʳʭ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʪʦʥʢʠʭ ʧʣʝʥʦʢ ʠ ʤʥʦʛʦʩʣʦʡ-

ʥʳʭ ʪʦʥʢʦʧʣʝʥʦʯʥʳʭ ʩʪʨʫʢʪʫʨ [153ï156]. ʆʜʥʘʢʦ, ʥʝʩʤʦʪʨʷ ʥʘ ʫʙʝʜʠʪʝʣʴʥʳʝ ʘʨʛʫʤʝʥʪʳ 

ʚ ʧʦʣʴʟʫ ʪʝʦʨʠʠ RAM, ʦʥʘ ʤʦʞʝʪ ʠʩʧʦʣʴʟʦʚʘʪʴʩʷ ʠʩʢʣʶʯʠʪʝʣʴʥʦ ʜʣʷ ʢʘʯʝʩʪʚʝʥʥʦʛʦ, ʥʦ 

ʥʝ ʜʣʷ ʢʦʣʠʯʝʩʪʚʝʥʥʦʛʦ ʘʥʘʣʠʟʘ ʩʪʘʪʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʪʦʥʢʠʭ ʧʣʝ-

ʥʦʢ. ʄʘʛʥʠʪʦʩʪʘʪʠʯʝʩʢʦʝ (ʤʘʛʥʠʪʦʜʠʧʦʣʴʥʦʝ) ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʤʝʞʜʫ ʢʨʠʩʪʘʣʣʠʪʘʤʠ, 

ʢʦʪʦʨʳʤ ʧʨʝʥʝʙʨʝʛʘʶʪ ʚ ʤʦʜʝʣʠ RAM, ʚ ʪʦʥʢʠʭ ʧʣʝʥʢʘʭ ʧʨʠʚʦʜʠʪ ʢ ʪʨʘʥʩʬʦʨʤʘʮʠʠ 

ʬʦʨʤʳ ʠ ʨʘʟʤʝʨʘ ʦʙʣʘʩʪʠ, ʧʦ ʢʦʪʦʨʦʡ ʧʨʦʠʩʭʦʜʠʪ ʫʩʨʝʜʥʝʥʠʝ ʩʣʫʯʘʡʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ 

ʦʪʜʝʣʴʥʳʭ ʢʨʠʩʪʘʣʣʠʪʦʚ [157], ʘ ʪʘʢʞʝ ʢ ʬʦʨʤʠʨʦʚʘʥʠʶ ʚʥʫʪʨʝʥʥʠʭ ʥʝʦʜʥʦʨʦʜʥʳʭ ʧʦ-

ʣʝʡ ʨʘʟʤʘʛʥʠʯʠʚʘʥʠʷ [158]. ɺ ʯʘʩʪʥʦʩʪʠ, ʤʘʛʥʠʪʦʩʪʘʪʠʯʝʩʢʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʩʦʚʤʝʩʪʥʦ 

ʩ ʦʙʤʝʥʥʳʤ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝʤ ʧʨʠʚʦʜʠʪ ʢ ʬʦʨʤʠʨʦʚʘʥʠʶ ʚ ʧʣʝʥʢʘʭ ʥʝʦʜʥʦʨʦʜʥʦʡ ʩʪʦ-

ʭʘʩʪʠʯʝʩʢʦʡ ʤʘʛʥʠʪʥʦʡ ʩʪʨʫʢʪʫʨʳ, ʥʘʟʳʚʘʝʤʦʡ çʨʷʙʴʶè ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ. çʈʷʙʴè ʥʘ-

ʤʘʛʥʠʯʝʥʥʦʩʪʠ ʚ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʧʣʝʥʢʘʭ ʷʚʣʷʝʪʩʷ ʭʦʨʦʰʦ ʫʩʪʘʥʦʚʣʝʥʥʳʤ ʠ ʠʟ-

ʚʝʩʪʥʳʤ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤ ʬʘʢʪʦʤ [159], ʦʜʥʘʢʦ ʚ ʨʘʤʢʘʭ ʪʝʦʨʠʠ RAM ʝʝ ʦʙʲʷʩʥʠʪʴ 

ʥʝʣʴʟʷ. 

ʅʘʠʙʦʣʝʝ ʧʦʣʥʘʷ ʪʝʦʨʝʪʠʯʝʩʢʘʷ ʤʦʜʝʣʴ, ʫʯʠʪʳʚʘʶʱʘʷ ʚ ʦʪʣʠʯʠʝ ʦʪ RAM ʜʦʧʦʣ-

ʥʠʪʝʣʴʥʦ ʠ ʤʘʛʥʠʪʦʩʪʘʪʠʯʝʩʢʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʤʝʞʜʫ ʢʨʠʩʪʘʣʣʠʪʘʤʠ ʪʦʥʢʠʭ ʧʣʝʥʦʢ, 

ʙʳʣʘ ʨʘʩʩʤʦʪʨʝʥʘ ʝʱʝ ʚ ʢʦʥʮʝ 1960-ʭ ʛʦʜʦʚ ɻʦʬʬʤʘʥʥʦʤ [157, 158], ʍʘʨʪʦʤ [160], ʀʛ-

ʥʘʪʯʝʥʢʦ [161] ʚ ʨʘʤʢʘʭ ʪʝʦʨʠʠ çʨʷʙʠè ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ. ʀʟ-ʟʘ ʜʘʣʴʥʦʜʝʡʩʪʚʫʶʱʝʡ 

ʧʨʠʨʦʜʳ ʤʘʛʥʠʪʦʩʪʘʪʠʯʝʩʢʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ [162] ʩʪʨʦʛʦʝ ʘʥʘʣʠʪʠʯʝʩʢʦʝ ʨʝʰʝʥʠʝ 

ʤʠʢʨʦʤʘʛʥʠʪʥʦʡ ʟʘʜʘʯʠ ʦ ʚʣʠʷʥʠʠ ʨʘʟʤʝʨʘ ʟʝʨʝʥ ʥʘ ʩʪʘʪʠʯʝʩʢʠʝ ʠ ʚʳʩʦʢʦʯʘʩʪʦʪʥʳʝ 

ʩʚʦʡʩʪʚʘ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʪʦʥʢʠʭ ʧʣʝʥʦʢ ʥʝʚʦʟʤʦʞʥʦ. ʇʦʵʪʦʤʫ ʧʦʣʫʯʝʥʥʳʝ ʚ ʨʘʤ-

ʢʘʭ ʪʝʦʨʠʠ çʨʷʙʠè ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʘʥʘʣʠʪʠʯʝʩʢʠʝ ʚʳʨʘʞʝʥʠʷ, ʩʚʷʟʳʚʘʶʱʠʝ ʤʠʢʨʦ-

ʢʨʠʩʪʘʣʣʠʯʝʩʢʫʶ ʩʪʨʫʢʪʫʨʫ ʧʣʝʥʦʢ ʩ ʝʝ ʤʘʢʨʦʩʢʦʧʠʯʝʩʢʠʤʠ ʤʘʛʥʠʪʥʳʤʠ ʭʘʨʘʢʪʝʨʠ-

ʩʪʠʢʘʤʠ, ʥʦʩʷʪ ʣʠʰʴ ʧʨʠʙʣʠʞʝʥʥʳʡ ʭʘʨʘʢʪʝʨ. ʅʘ ʩʝʛʦʜʥʷʰʥʠʡ ʜʝʥʴ ʚʩʝ ʝʱʝ ʘʢʪʫʘʣʴ-

ʥʳʤʠ ʦʩʪʘʶʪʩʷ ʚʦʧʨʦʩʳ: ʥʘʩʢʦʣʴʢʦ ʦʙʦʩʥʦʚʘʥʥʳʤʠ ʷʚʣʷʶʪʩʷ ʠʩʧʦʣʴʟʫʝʤʳʝ ʚ ʨʘʤʢʘʭ 

ʪʝʦʨʠʠ çʨʷʙʠè ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʧʨʠʙʣʠʞʝʥʠʷ, ʠ ʢʘʢʦʚʳ ʛʨʘʥʠʮʳ ʧʨʠʤʝʥʠʤʦʩʪʠ ʧʦʣʫ-

ʯʝʥʥʳʭ ʘʥʘʣʠʪʠʯʝʩʢʠʭ ʚʳʨʘʞʝʥʠʡ. 

ɺ ʧʦʩʣʝʜʥʠʝ ʛʦʜʳ ʙʣʘʛʦʜʘʨʷ ʨʘʟʚʠʪʠʶ ʯʠʩʣʝʥʥʳʭ ʤʝʪʦʜʦʚ ʤʠʢʨʦʤʘʛʥʠʪʥʦʛʦ ʤʦ-

ʜʝʣʠʨʦʚʘʥʠʷ ʠ ʟʥʘʯʠʪʝʣʴʥʦʤʫ ʨʦʩʪʫ ʚʳʯʠʩʣʠʪʝʣʴʥʦʡ ʤʦʱʥʦʩʪʠ ʩʦʚʨʝʤʝʥʥʳʭ ʢʦʤʧʴʶ-

ʪʝʨʦʚ ʚʦʟʥʠʢʣʘ ʚʦʟʤʦʞʥʦʩʪʴ ʩ ʚʳʩʦʢʦʡ ʪʦʯʥʦʩʪʴʶ ʠʩʩʣʝʜʦʚʘʪʴ ʨʘʟʣʠʯʥʳʝ ʩʣʦʞʥʳʝ 
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ʤʘʛʥʠʪʥʳʝ ʩʠʩʪʝʤʳ [162]. ʄʠʢʨʦʤʘʛʥʠʪʥʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʚ ʥʘʰʠ ʜʥʠ ʩʪʘʣʦ ʩʪʘʥ-

ʜʘʨʪʥʳʤ, ʰʠʨʦʢʦ ʠʩʧʦʣʴʟʫʝʤʳʤ ʠ ʟʘʨʝʢʦʤʝʥʜʦʚʘʚʰʠʤ ʩʝʙʷ ʥʘ ʧʨʘʢʪʠʢʝ ʠʥʩʪʨʫʤʝʥʪʦʤ, 

ʦʙʝʩʧʝʯʠʚʘʶʱʠʤ ʛʣʫʙʦʢʦʝ ʧʦʥʠʤʘʥʠʝ ʬʠʟʠʢʠ ʧʨʦʮʝʩʩʦʚ, ʧʨʦʪʝʢʘʶʱʠʭ ʚ ʪʦʥʢʠʭ ʤʘʛ-

ʥʠʪʥʳʭ ʧʣʝʥʢʘʭ (ʊʄʇ). ʊʘʢ, ʥʘʧʨʠʤʝʨ, ʩ ʧʦʤʦʱʴʶ ʤʠʢʨʦʤʘʛʥʠʪʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʚ 

ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʪʦʥʢʠʭ ʤʘʛʥʠʪʥʳʭ ʧʣʝʥʢʘʭ ʫʜʘʣʦʩʴ ʠʩʩʣʝʜʦʚʘʪʴ ʢʦʨʨʝʣʷʮʠʦʥʥʳʝ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʥʝʦʜʥʦʨʦʜʥʦʡ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʠ ʧʨʦʜʚʠʥʫʪʴʩʷ ʚ ʧʦʥʠʤʘʥʠʠ ʧʨʦʮʝʩʩʦʚ 

ʬʦʨʤʠʨʦʚʘʥʠʷ ʤʘʛʥʠʪʥʦʡ ʤʠʢʨʦʩʪʨʫʢʪʫʨʳ [163ï165], ʠʟʫʯʠʪʴ ʧʨʦʮʝʩʩʳ ʧʝʨʝʤʘʛʥʠʯʠ-

ʚʘʥʠʷ ʠ ʫʩʪʘʥʦʚʠʪʴ ʚʣʠʷʥʠʝ ʩʪʨʫʢʪʫʨʥʳʭ [120, 165, 166] ʠ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ [167, 168] 

ʧʘʨʘʤʝʪʨʦʚ ʥʘ ʢʦʵʨʮʠʪʠʚʥʫʶ ʩʠʣʫ ʠ ʦʩʪʘʪʦʯʥʫʶ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʴ. ɺ ʪʦ ʞʝ ʚʨʝʤʷ ʤʠʢ-

ʨʦʤʘʛʥʠʪʥʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʚʳʩʦʢʦʯʘʩʪʦʪʥʳʭ ʩʚʦʡʩʪʚ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʪʦʥʢʠʭ 

ʤʘʛʥʠʪʥʳʭ ʧʣʝʥʦʢ [169, 170] ʥʝ ʥʘʭʦʜʠʪ ʩʪʦʣʴ ʰʠʨʦʢʦʛʦ ʧʨʠʤʝʥʝʥʠʷ ʥʘ ʧʨʘʢʪʠʢʝ ʠʟ-ʟʘ 

ʙʦʣʴʰʠʭ ʚʳʯʠʩʣʠʪʝʣʴʥʳʭ ʪʨʫʜʥʦʩʪʝʡ, ʩ ʢʦʪʦʨʳʤʠ ʧʨʠʭʦʜʠʪʩʷ ʩʪʘʣʢʠʚʘʪʴʩʷ ʧʨʠ ʨʝʰʝ-

ʥʠʠ ʪʘʢʦʛʦ ʨʦʜʘ ʟʘʜʘʯ (ʛʣʘʚʘ 3). ɺ ʜʘʥʥʦʤ ʨʘʟʜʝʣʝ ʩ ʧʦʤʦʱʴʶ ʤʠʢʨʦʤʘʛʥʠʪʥʦʛʦ ʤʦʜʝ-

ʣʠʨʦʚʘʥʠʷ ʜʝʪʘʣʴʥʦ ʠʩʩʣʝʜʫʝʪʩʷ ʚʣʠʷʥʠʝ ʨʘʟʤʝʨʘ ʢʨʠʩʪʘʣʣʠʪʦʚ ʥʘ ʤʘʛʥʠʪʥʫʶ ʤʠʢʨʦ-

ʩʪʨʫʢʪʫʨʫ ʠ ʚʳʩʦʢʦʯʘʩʪʦʪʥʫʶ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʴ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʪʦʥʢʠʭ ʧʣʝʥʦʢ 

[164, 171ï174, 123]. ʇʨʠ ʵʪʦʤ ʦʩʦʙʦʝ ʚʥʠʤʘʥʠʝ ʫʜʝʣʷʝʪʩʷ ʠʟʫʯʝʥʠʶ ʧʨʠʯʠʥ, ʧʨʠʚʦʜʷʱʠʭ 

ʢ ʫʰʠʨʝʥʠʶ ʣʠʥʠʠ ʬʝʨʨʦʤʘʛʥʠʪʥʦʛʦ ʨʝʟʦʥʘʥʩʘ ʚ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʧʣʝʥʢʘʭ. 

4.1.1 ʆʙʦʩʥʦʚʘʥʠʝ ʯʠʩʣʝʥʥʦʡ ʤʦʜʝʣʠ 

ʅʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʝ ʪʦʥʢʠʝ ʤʘʛʥʠʪʥʳʝ ʧʣʝʥʢʠ, ʢʘʢ ʧʨʘʚʠʣʦ, ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ 

ʜʚʫʤʝʨʥʳʡ ʤʘʩʩʠʚ ʙʝʩʧʦʨʷʜʦʯʥʦ ʦʨʠʝʥʪʠʨʦʚʘʥʥʳʭ ʢʨʠʩʪʘʣʣʠʪʦʚ ʨʘʟʤʝʨʦʤ ʥʝ ʙʦʣʝʝ 

100 ʥʤ, ʚʥʝʜʨʝʥʥʳʭ ʚ ʘʤʦʨʬʥʫʶ ʤʘʪʨʠʮʫ [175]. ʉʨʝʜʥʠʡ ʨʘʟʤʝʨ D0 ʠ ʢʦʥʩʪʘʥʪʘ ʢʨʠ-

ʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʦʡ ʘʥʠʟʦʪʨʦʧʠʠ K ʢʨʠʩʪʘʣʣʠʪʦʚ ʷʚʣʷʶʪʩʷ ʦʜʥʠʤʠ ʠʟ ʥʘʠʙʦʣʝʝ ʚʘʞʥʳʭ 

ʧʘʨʘʤʝʪʨʦʚ, ʬʦʨʤʠʨʫʶʱʠʭ ʠʥʪʝʛʨʘʣʴʥʳʝ ʤʘʛʥʠʪʥʳʝ ʩʚʦʡʩʪʚʘ ʪʦʥʢʠʭ ʧʣʝʥʦʢ. ʇʨʠ ʵʪʦʤ 

ʥʝ ʤʝʥʝʝ ʚʘʞʥʫʶ ʨʦʣʴ ʠʛʨʘʝʪ ʤʝʞʟʝʨʝʥʥʘʷ ʘʤʦʨʬʥʘʷ ʬʘʟʘ ʪʦʣʱʠʥʦʡ ʦʢʦʣʦ 1 ʥʤ [175], 

ʢʦʪʦʨʘʷ ʦʙʝʩʧʝʯʠʚʘʝʪ ʦʙʤʝʥʥʫʶ ʩʚʷʟʴ ʤʝʞʜʫ ʢʨʠʩʪʘʣʣʠʪʘʤʠ. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʠʩ-

ʩʣʝʜʦʚʘʥʠʷ ʧʦʜʪʚʝʨʞʜʘʶʪ [9, 153, 175], ʯʪʦ ʘʤʦʨʬʥʘʷ ʬʘʟʘ ʠʤʝʝʪ ʛʦʨʘʟʜʦ ʙʦʣʝʝ ʥʠʟʢʫʶ 

ʪʝʤʧʝʨʘʪʫʨʫ ʂʶʨʠ Tcam ʠ, ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʙʦʣʝʝ ʥʠʟʢʦʝ ʟʥʘʯʝʥʠʝ ʢʦʥʩʪʘʥʪʳ ʦʙʤʝʥʘ Aam, 

ʯʝʤ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʘʷ ʬʘʟʘ. ɺ ʩʣʫʯʘʝ, ʢʦʛʜʘ ʨʘʙʦʯʘʷ ʪʝʤʧʝʨʘʪʫʨʘ ʧʨʝʚʳʰʘʝʪ Tcam, ʠʣʠ 

ʚ ʩʣʫʯʘʝ çʥʝʦʧʪʠʤʠʟʠʨʦʚʘʥʥʦʛʦè ʩʦʩʪʘʚʘ ʩ Aam = 0 ʤʘʛʥʠʪʥʘʷ ʩʚʷʟʴ ʤʝʞʜʫ ʢʨʠʩʪʘʣʣʠʪʘʤʠ 

ʥʘʨʫʰʘʝʪʩʷ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʫʭʫʜʰʝʥʠʶ ʤʘʛʥʠʪʦʤʷʛʢʠʭ ʩʚʦʡʩʪʚ ʧʣʝʥʦʢ. 
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ʅʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʝ ʤʘʪʝʨʠʘʣʳ ʷʚʣʷʶʪʩʷ ʦʜʥʠʤʠ ʠʟ ʩʘʤʳʭ ʩʣʦʞʥʳʭ ʦʙʲʝʢʪʦʚ ʩ 

ʪʦʯʢʠ ʟʨʝʥʠʷ ʯʠʩʣʝʥʥʦʛʦ ʤʠʢʨʦʤʘʛʥʠʪʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ [123, 176]. ʉ ʦʜʥʦʡ ʩʪʦʨʦʥʳ, 

ʠʟ-ʟʘ ʩʣʫʯʘʡʥʦʛʦ ʭʘʨʘʢʪʝʨʘ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ ʚ ʦʪʜʝʣʴʥʳʭ ʢʨʠ-

ʩʪʘʣʣʠʪʘʭ ʠʟʫʯʝʥʠʝ ʧʨʦʮʝʩʩʦʚ ʧʝʨʝʤʘʛʥʠʯʠʚʘʥʠʷ ʠ ʜʠʥʘʤʠʢʠ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʥʝʦʜ-

ʥʦʨʦʜʥʦʡ ʧʣʝʥʢʠ ʚʦʟʤʦʞʥʦ ʣʠʰʴ ʩʪʘʪʠʩʪʠʯʝʩʢʠ. ʇʦʵʪʦʤʫ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʜʦʩʪʦʚʝʨʥʳʭ ʠ 

ʨʝʣʝʚʘʥʪʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʚ ʯʠʩʣʝʥʥʦʡ ʤʦʜʝʣʠ ʥʝʦʙʭʦʜʠʤʦ ʫʯʠʪʳʚʘʪʴ 

ʙʦʣʴʰʦʝ (ʩʪʘʪʠʩʪʠʯʝʩʢʠ ʟʥʘʯʠʤʦʝ) ʢʦʣʠʯʝʩʪʚʦ ʥʘʥʦʢʨʠʩʪʘʣʣʠʪʦʚ. ʉ ʜʨʫʛʦʡ ʩʪʦʨʦʥʳ, 

ʨʘʟʤʝʨ ʢʨʠʩʪʘʣʣʠʪʦʚ ʪʘʢʞʝ ʥʝ ʷʚʣʷʝʪʩʷ ʧʦʩʪʦʷʥʥʳʤ ʠ ʠʤʝʝʪ ʥʝʢʦʪʦʨʳʡ ʨʘʟʙʨʦʩ. ʇʨʠ 

ʵʪʦʤ ʛʨʘʥʠʮʳ ʤʝʞʜʫ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʠ ʘʤʦʨʬʥʦʡ ʬʘʟʘʤʠ ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʩʣʦʞʥʳʝ 

ʢʨʠʚʦʣʠʥʝʡʥʳʝ ʧʦʚʝʨʭʥʦʩʪʠ. ʕʪʦ ʚ ʩʚʦʶ ʦʯʝʨʝʜʴ ʥʘʢʣʘʜʳʚʘʝʪ ʜʦʧʦʣʥʠʪʝʣʴʥʳʝ ʪʨʝʙʦ-

ʚʘʥʠʷ ʢ ʫʨʦʚʥʶ ʜʠʩʢʨʝʪʠʟʘʮʠʠ ʤʠʢʨʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ ʤʦʜʝʣʠʨʫʝʤʦʛʦ ʦʙʲ-

ʝʢʪʘ. ʆʜʥʦʚʨʝʤʝʥʥʦʝ ʚʳʧʦʣʥʝʥʠʝ ʚʩʝʭ ʵʪʠʭ ʪʨʝʙʦʚʘʥʠʡ ʥʝʚʦʟʤʦʞʥʦ ʠʟ-ʟʘ ʩʫʱʝʩʪʚʫʶʱʠʭ 

ʦʛʨʘʥʠʯʝʥʠʡ ʚʳʯʠʩʣʠʪʝʣʴʥʳʭ ʤʦʱʥʦʩʪʝʡ. ʇʦʵʪʦʤʫ ʪʨʝʙʫʝʪʩʷ ʚʟʚʝʰʝʥʥʳʡ ʧʦʜʭʦʜ ʢ 

ʫʧʨʦʱʝʥʠʶ ʯʠʩʣʝʥʥʦʡ ʤʦʜʝʣʠ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʧʣʝʥʢʠ. 

ɺʦ-ʧʝʨʚʳʭ, ʢʘʢ ʙʳʣʦ ʧʦʢʘʟʘʥʦ ʨʘʟʥʳʤʠ ʘʚʪʦʨʘʤʠ (ʥʘʧʨʠʤʝʨ, [153, 175]), ʤʥʦʛʦ-

ʬʘʟʥʳʝ (ʚ ʪʦʤ ʯʠʩʣʝ ʠ ʜʚʫʭʬʘʟʥʳʝ) ʤʘʛʥʠʪʥʳʝ ʩʠʩʪʝʤʳ ʜʣʷ ʙʦʣʴʰʠʥʩʪʚʘ ʥʘʥʦʢʨʠʩʪʘʣ-

ʣʠʯʝʩʢʠʭ ʩʧʣʘʚʦʚ ʚ ʪʝʦʨʠʠ RAM ʤʦʞʥʦ ʨʘʩʩʤʘʪʨʠʚʘʪʴ ʢʘʢ ʦʜʥʦʬʘʟʥʳʝ ʧʨʠ ʩʦʦʪʚʝʪʩʪ-

ʚʫʶʱʝʡ ʧʝʨʝʥʦʨʤʠʨʦʚʢʝ ʧʘʨʘʤʝʪʨʦʚ ʤʦʜʝʣʠ. ʊʘʢʠʝ ʩʠʩʪʝʤʳ ʦʧʠʩʳʚʘʶʪʩʷ ʥʝʢʦʪʦʨʳʤʠ 

ʵʬʬʝʢʪʠʚʥʳʤʠ (ʫʩʨʝʜʥʝʥʥʳʤʠ) ʧʘʨʘʤʝʪʨʘʤʠ ʤʦʜʝʣʠ: ʩʨʝʜʥʠʤ ʵʬʬʝʢʪʠʚʥʳʤ ʨʘʟʤʝʨʦʤ 

ʢʨʠʩʪʘʣʣʠʪʦʚ D0, ʵʬʬʝʢʪʠʚʥʦʡ ʢʦʥʩʪʘʥʪʦʡ ʣʦʢʘʣʴʥʦʡ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʦʡ ʘʥʠʟʦʪʨʦ-

ʧʠʠ K, ʵʬʬʝʢʪʠʚʥʦʡ ʢʦʥʩʪʘʥʪʦʡ ʦʙʤʝʥʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ A å Aam. ʇʦʵʪʦʤʫ ʚ ʨʘʤʢʘʭ 

ʧʨʝʜʚʘʨʠʪʝʣʴʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʤʦʞʥʦ ʦʛʨʘʥʠʯʠʪʴʩʷ ʨʘʩʩʤʦʪʨʝʥʠʝʤ ʪʦʣʴʢʦ ʦʜʥʦʬʘʟʥʦʡ 

ʤʦʜʝʣʠ ʧʣʝʥʢʠ ʠ ʥʝ ʠʟʫʯʘʪʴ ʚʣʠʷʥʠʝ ʨʝʘʣʴʥʦʡ ʚʥʫʪʨʝʥʥʝʡ ʤʠʢʨʦʩʪʨʫʢʪʫʨʳ ʥʘ ʤʘʛʥʠʪʥʳʝ 

ʩʚʦʡʩʪʚʘ ʪʦʥʢʠʭ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʧʣʝʥʦʢ. 

ɺʦ-ʚʪʦʨʳʭ, ʥʝʦʙʭʦʜʠʤʦ ʧʨʠʥʷʪʴ ʚʦ ʚʥʠʤʘʥʠʝ, ʯʪʦ ʤʘʛʥʠʪʥʳʝ ʤʦʤʝʥʪʳ ʚʥʫʪʨʠ 

ʢʨʠʩʪʘʣʣʠʪʘ ʩʚʷʟʘʥʳ ʙʦʣʝʝ ʩʠʣʴʥʦʡ ʦʙʤʝʥʥʦʡ ʩʚʷʟʴʶ, ʯʝʤ ʤʦʤʝʥʪʳ ʩʦʩʝʜʥʠʭ ʢʨʠʩʪʘʣ-

ʣʠʪʦʚ, ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʢʦʪʦʨʳʭ ʦʙʫʩʣʦʚʣʝʥʦ ʪʦʥʢʦʡ ʘʤʦʨʬʥʦʡ ʧʨʦʩʣʦʡʢʦʡ. ʂʨʦʤʝ ʪʦʛʦ, 

ʚ ʜʘʥʥʦʤ ʠʩʩʣʝʜʦʚʘʥʠʠ ʠʟʫʯʘʣʘʩʴ ʤʘʛʥʠʪʥʘ ̫ʤʠʢʨʦʩʪʨʫʢʪʫʨʘ ʠ ʚʳʩʦʢʦʯʘʩʪʦʪʥʳʝ ʩʚʦʡ-

ʩʪʚʘ ʧʣʝʥʦʢ ʥʘ ʦʙʨʘʪʠʤʦʤ ʫʯʘʩʪʢʝ ʧʝʪʣʠ ʛʠʩʪʝʨʝʟʠʩʘ. ʇʨʠ ʵʪʦʤ, ʢʘʢ ʙʫʜʝʪ ʚʠʜʥʦ ʥʝʧʦ-

ʩʨʝʜʩʪʚʝʥʥʦ ʠʟ ʨʝʟʫʣʴʪʘʪʦʚ ʤʦʜʝʣʠʨʦʚʘʥʠʷ, ʢʨʠʩʪʘʣʣʠʪʳ ʚ ʤʦʜʝʣʠ ʠʤʝʣʠ ʦʪʥʦʩʠʪʝʣʴʥʦ 

ʤʘʣʳʡ ʨʘʟʤʝʨ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʨʘʜʠʫʩʦʤ ʤʘʛʥʠʪʥʳʭ (ʦʙʤʝʥʥʳʭ ʠ ʤʘʛʥʠʪʦʜʠʧʦʣʴʥʳʭ) 

ʢʦʨʨʝʣʷʮʠʡ, ʚ ʧʨʝʜʝʣʘʭ ʢʦʪʦʨʳʭ ʤʘʛʥʠʪʥʳʡ ʤʦʤʝʥʪ ʦʩʪʘʝʪʩʷ ʧʨʘʢʪʠʯʝʩʢʠ ʦʜʥʦʨʦʜʥʳʤ. 
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ʕʪʦ ʜʘʝʪ ʦʩʥʦʚʘʥʠʝ ʨʘʩʩʤʘʪʨʠʚʘʪʴ ʦʪʜʝʣʴʥʳʝ ʢʨʠʩʪʘʣʣʠʪʳ ʢʘʢ ʤʘʛʥʠʪʦʚʟʘʠʤʦʜʝʡʩʪ-

ʚʫʶʱʠʝ ʤʝʞʜʫ ʩʦʙʦʡ ʦʜʥʦʨʦʜʥʦ ʥʘʤʘʛʥʠʯʝʥʥʳʝ ʯʘʩʪʠʮʳ ʉʪʦʥʝʨʪʘ ï ɺʦʣʴʬʘʨʪʘ, ʪ. ʝ. 

ʠʩʧʦʣʴʟʦʚʘʪʴ ʧʨʠʙʣʠʞʝʥʠʝ ʤʘʢʨʦʩʧʠʥʘ [177, 178]. 

4.1.2 ɼʝʪʘʣʠ ʤʠʢʨʦʤʘʛʥʠʪʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ 

ʀʩʩʣʝʜʦʚʘʥʠʷ ʧʨʦʚʦʜʠʣʠʩʴ ʥʘ ʧʣʝʥʢʘʭ, ʧʨʝʜʩʪʘʚʣʷʶʱʠʭ ʩʦʙʦʡ ʤʦʥʦʩʣʦʠ ʧʣʦʪ-

ʥʦʫʧʘʢʦʚʘʥʥʳʭ ʥʘʥʦʯʘʩʪʠʮ ʩ ʯʠʩʣʦʤ N = 1024Ĭ1024Ĭ1 ʩʦ ʩʣʫʯʘʡʥʳʤ ʨʘʩʧʨʝʜʝʣʝʥʠʝʤ 

ʦʩʝʡ ʘʥʠʟʦʪʨʦʧʠʠ. ʈʘʟʤʝʨ ʥʘʥʦʯʘʩʪʠʮ D0 ʩʦʦʪʚʝʪʩʪʚʦʚʘʣ ʨʘʟʤʝʨʫ ʜʠʩʢʨʝʪʥʳʭ ʷʯʝʝʢ ʚ 

ʤʦʜʝʣʠ ʠ ʚʘʨʴʠʨʦʚʘʣʩʷ ʚ ʧʨʝʜʝʣʘʭ 12ï100 ʥʤ. ɼʣʷ ʫʩʪʨʘʥʝʥʠʷ ʚʣʠʷʥʠʷ ʥʘ ʨʝʟʫʣʴʪʘʪʳ 

ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʘʥʠʟʦʪʨʦʧʠʠ ʬʦʨʤʳ ʢʨʠʩʪʘʣʣʠʪʘ ʜʠʩʢʨʝʪʥʘʷ ʷʯʝʡʢʘ ʙʳʣʘ ʚʳʙʨʘʥʘ ʚ 

ʬʦʨʤʝ ʢʫʙʘ, ʘ ʝʝ ʦʙʲʝʤ ʩʦʦʪʚʝʪʩʪʚʦʚʘʣ ʩʨʝʜʥʝʤʫ ʦʙʲʝʤʫ ʢʨʠʩʪʘʣʣʠʪʘ 3
00 DV = . ʇʦʵʪʦʤʫ 

ʪʦʣʱʠʥʘ ʦʜʥʦʩʣʦʡʥʦʡ ʧʣʝʥʢʠ d ʙʳʣʘ ʨʘʚʥʘ D0. ɼʣʷ ʚʳʯʠʩʣʝʥʠʷ ʢʦʤʧʦʥʝʥʪ ʪʝʥʟʦʨʘ 

ʤʘʛʥʠʪʦʩʪʘʪʠʯʝʩʢʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʤʝʞʜʫ ʢʨʠʩʪʘʣʣʠʪʘʤʠ ʠʩʧʦʣʴʟʦʚʘʣʦʩʴ ʘʥʘʣʠʪʠʯʝ-

ʩʢʦʝ ʚʳʨʘʞʝʥʠʝ ʠʟ ʨʘʙʦʪʳ [125]. ʏʪʦʙʳ ʠʩʢʣʶʯʠʪʴ ʢʨʘʝʚʳʝ ʵʬʬʝʢʪ,r ʩʚʷʟʘʥʥʳʝ ʩ ʥʝ-

ʦʜʥʦʨʦʜʥʦʩʪʴʶ ʚʥʫʪʨʝʥʥʝʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʚʙʣʠʟʠ ʛʨʘʥʠʮ ʦʙʨʘʟʮʦʚ, ʧʨʠ ʨʘʩʯʝʪʝ 

ʵʥʝʨʛʠʡ ʦʙʤʝʥʥʦʛʦ ʠ ʤʘʛʥʠʪʦʩʪʘʪʠʯʝʩʢʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ ʠʩʧʦʣʴʟʦʚʘʣʠʩ ɹʜʚʫʤʝʨʥʳʝ 

ʧʝʨʠʦʜʠʯʝʩʢʠʝ ʛʨʘʥʠʯʥʳʝ ʫʩʣʦʚʠʷ [147]. 

ɼʣʷ ʦʧʨʝʜʝʣʝʥʥʦʩʪʠ, ʪʘʢ ʞʝ, ʢʘʢ ʠ ʚ ʨʘʟʜʝʣʝ 3.1.6 ʠ 3.2.4, ʤʘʛʥʠʪʥʳʝ ʧʘʨʘʤʝʪʨʳ 

ʠʩʩʣʝʜʫʝʤʳʭ ʦʙʨʘʟʮʦʚ ʚʳʙʨʘʥʳ ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʭʦʨʦʰʦ ʠʟʚʝʩʪʥʳʤ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝ-

ʩʢʠʤ ʩʧʣʘʚʦʤ Fe73.5Cu1Nb3Si13.5B9 [48], ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʴ ʥʘʩʳʱʝʥʠʷ ʢʦʪʦʨʦʛʦ 

4Ḿs = 12 ʢɻʩ (1.2 ʊʣ), ɻ ʬʬʝʢʪʠʚʥʘʷ ʢʦʥʩʪʘʥʪʘ ʦʙʤʝʥʘ A = 1Ĭ10
ï6

 ʵʨʛ/ʩʤ (1Ĭ10
ï11

 ɼʞ/ʤ), ʘ 

ʧʘʨʘʤʝʪʨ ʟʘʪʫʭʘʥʠʷ Ŭ = 0.005. ʉʣʫʯʘʡʥʘʷ ʤʘʛʥʠʪʥʘʷ ʘʥʠʟʦʪʨʦʧʠʷ ʙʳʣʘ ʟʘʜʘʥʘ ʧʦʩʪʦʷʥ-

ʥʳʤ ʜʣʷ ʚʩʝʭ ʢʨʠʩʪʘʣʣʠʪʦʚ ʧʦʣʝʤ ʦʜʥʦʦʩʥʦʡ ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ 

Hk =2K/Ms = 171.7 ʕ (K = 8200 ɼʞ/ʤ
3
) ʠ ʩʣʫʯʘʡʥʳʤ ʥʘʧʨʘʚʣʝʥʠʝʤ ʦʩʝʡ ʣʝʛʢʦʛʦ ʥʘʤʘʛ-

ʥʠʯʠʚʘʥʠʷ l i (i=1,2,..,N) ʟʝʨʝʥ (ʨʘʟʜʝʣ 3.1.2). ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʥʘʧʨʘʚʣʝʥʠʝ ʦʩʝʡ 

ʘʥʠʟʦʪʨʦʧʠʠ l i ʚʘʨʴʠʨʦʚʘʣʦʩʴ ʦʪ ʢʨʠʩʪʘʣʣʠʪʘ ʢ ʢʨʠʩʪʘʣʣʠʪʫ ʩʣʫʯʘʡʥʳʤ ʨʘʚʥʦʚʝʨʦʷʪʥʳʤ 

ʚ ʧʨʦʩʪʨʘʥʩʪʚʝ ʦʙʨʘʟʦʤ, ʫʜʦʚʣʝʪʚʦʨʷʶʱʠʤ ʩʣʝʜʫʶʱʝʡ ʬʫʥʢʮʠʠ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʚʝʢʪʦʨʘ l 

ʚ ʩʬʝʨʠʯʝʩʢʦʡ ʩʠʩʪʝʤʝ ʢʦʦʨʜʠʥʘʪ: f(l) = f(ɗ,ű) = sin ɗ/4ˊ, ʛʜʝ ɗ ʠ ű ï ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ ʧʦ-

ʣʷʨʥʳʡ ʠ ʘʟʠʤʫʪʘʣʴʥʳʡ ʫʛʣʳ ʚʝʢʪʦʨʘ l. ʇʨʠ ʵʪʦʤ ʦʙʱʘʷ ʜʣʷ ʚʩʝʡ ʧʣʝʥʢʠ ʤʘʛʥʠʪʥʘʷ 

ʘʥʠʟʦʪʨʦʧʠʷ ʥʝ ʫʯʠʪʳʚʘʣʘʩʴ. 
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ɺʥʝʰʥʝʝ ʧʦʩʪʦʷʥʥʦʝ H ʠ ʧʝʨʝʤʝʥʥʦʝ ʤʘʛʥʠʪʥʦʝ ʧʦʣʝ h
rf
(t) ʧʨʠʢʣʘʜʳʚʘʣʠʩʴ ʚ 

ʧʣʦʩʢʦʩʪʠ ʧʣʝʥʢʠ ʠ ʙʳʣʠ ʥʘʧʨʘʚʣʝʥʳ ʦʨʪʦʛʦʥʘʣʴʥʦ ʜʨʫʛ ʜʨʫʛʫ. ɺ ʪʘʙʣʠʮʝ 3.1 ʜʣʷ ʘʥʘ-

ʣʠʟʘ ʨʝʟʫʣʴʪʘʪʦʚ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʜʦʧʦʣʥʠʪʝʣʴʥʦ ʧʨʠʚʝʜʝʥʳ ʩʦʦʪʥʦʰʝʥʠʷ ʤʝʞʜʫ ʦʙ-

ʤʝʥʥʦʡ ʵʥʝʨʛʠʝʡ 2
0/ DVAF e -=  ʠ ʵʥʝʨʛʠʝʡ ʩʣʫʯʘʡʥʦʡ ʦʜʥʦʦʩʥʦʡ ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦ-

ʧʠʠ VKF k -=  ʧʣʝʥʢʠ, ʛʜʝ V ï ʝʝ ʦʙʲʝʤ. 

ɼʣʷ ʠʟʫʯʝʥʠʷ ʤʘʛʥʠʪʥʦʡ ʤʠʢʨʦʩʪʨʫʢʪʫʨʳ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʪʦʥʢʠʭ ʧʣʝʥʦʢ 

ʠʩʧʦʣʴʟʦʚʘʣʩ ̫ʘʣʛʦʨʠʪʤ ʨʘʩʯʝʪʘ ʨʘʚʥʦʚʝʩʥʦʡ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ, ʦʧʠʩʘʥʥʳʡ ʚ ʨʘʟʜʝʣʝ 3.1. 

ɺ ʪʦ ʚʨʝʤʷ ʢʘʢ ʜʣʷ ʨʘʩʯʝʪʘ ʚʳʩʦʢʦʯʘʩʪʦʪʥʦʡ ʤʘʛʥʠʪʥʦʡ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ ʧʣʝʥʦʢ ʙʳʣʘ 

ʠʩʧʦʣʴʟʦʚʘʥʘ ʯʠʩʣʝʥʥʘ ̫ʨʝʘʣʠʟʘʮʠ ̫ʤʝʪʦʜʘ ʥʝʦʧʨʝʜʝʣʝʥʥʳʭ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʜʣʷ ʨʝʰʝ-

ʥʠʷ ʩʠʩʪʝʤʳ ʣʠʥʝʘʨʠʟʦʚʘʥʥʳʭ ʫʨʘʚʥʝʥʠʡ ʃʘʥʜʘʫ ï ʃʠʬʰʠʮʘ (ʨʘʟʜʝʣ 3.2.3). ʂʘʢ ʧʦʢʘʟʘʥʦ 

ʚ ʨʘʟʜʝʣʝ 3.2, ʜʘʥʥʳʡ ʤʝʪʦʜ ʚ ʩʨʘʚʥʝʥʠʠ ʩ ʤʝʪʦʜʦʤ, ʦʩʥʦʚʘʥʥʳʤ ʥʘ ʨʘʟʣʦʞʝʥʠʠ ʨʝʰʝʥʠʷ 

ʣʠʥʝʘʨʠʟʦʚʘʥʥʦʛʦ ʫʨʘʚʥʝʥʠʷ ʃʘʥʜʘʫ ï ʃʠʬʰʠʮʘ ʧʦ ʩʦʙʩʪʚʝʥʥʳʤ ʚʝʢʪʦʨʘʤ ʥʦʨʤʘʣʴʥʳʭ 

ʤʘʛʥʠʪʥʳʭ ʤʦʜ ʢʦʣʝʙʘʥʠʡ, ʧʦʟʚʦʣʷʝʪ ʟʥʘʯʠʪʝʣʴʥʦ ʧʦʥʠʟʠʪʴ ʪʨʝʙʦʚʘʥʠʷ ʢ ʦʙʲʝʤʫ ʠʩ-

ʧʦʣʴʟʫʝʤʦʡ ʦʧʝʨʘʪʠʚʥʦʡ ʧʘʤʷʪʠ ʕɺʄ ʠ ʚʨʝʤʝʥʠ ʨʘʩʯʝʪʘ. 

4.1.3 ʄʘʛʥʠʪʥʘʷ ʤʠʢʨʦʩʪʨʫʢʪʫʨʘ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʪʦʥʢʠʭ ʧʣʝʥʦʢ 

ʆʩʥʦʚʥʦʡ ʦʩʦʙʝʥʥʦʩʪʴʶ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʪʦʥʢʠʭ ʤʘʛʥʠʪʥʳʭ ʧʣʝʥʦʢ ʷʚʣʷʝʪʩʷ 

ʤʘʣʳʡ ʨʘʟʤʝʨ ʢʨʠʩʪʘʣʣʠʪʦʚ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʵʬʬʝʢʪʠʚʥʳʤ ʨʘʜʠʫʩʦʤ ʦʙʤʝʥʥʦʛʦ ʠ ʤʘʛ-

ʥʠʪʦʩʪʘʪʠʯʝʩʢʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ. ʇʦʵʪʦʤʫ ʥʘʣʠʯʠʝ ʤʘʛʥʠʪʥʦʡ ʩʚʷʟʠ ʤʝʞʜʫ ʢʨʠʩʪʘʣ-

ʣʠʪʘʤʠ ʧʨʠʚʦʜʠʪ ʢ ʫʩʨʝʜʥʝʥʠʶ ʠ ʯʘʩʪʠʯʥʦʤʫ ʧʦʜʘʚʣʝʥʠ ʁʩʣʫʯʘʡʥʦʡ ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦ-

ʪʨʦʧʠʠ ʦʪʜʝʣʴʥʳʭ ʢʨʠʩʪʘʣʣʠʪʦʚ. ʆʜʥʘʢʦ ʫʩʨʝʜʥʝʥʠʝ ʣʦʢʘʣʴʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ ʦʙʳʯʥʦ ʥʝ 

ʙʳʚʘʝʪ ʧʦʣʥʳʤ. ʕʪʦ ʧʨʠʚʦʜʠʪ ʢ ʦʪʢʣʦʥʝʥʠʷʤ ʚʝʢʪʦʨʘ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʦʪʥʦʩʠʪʝʣʴʥʦ 

ʥʝʢʦʪʦʨʦʛʦ ʩʨʝʜʥʝʛʦ ʥʘʧʨʘʚʣʝʥʠʷ. ʇʨʠ ʵʪʦʤ ʚʦʟʥʠʢʘʝʪ ʩʚʦʝʦʙʨʘʟʥʘʷ ʤʘʛʥʠʪʥʘʷ ʩʪʨʫʢ-

ʪʫʨʘ ʩ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʤʠ ʦʪʢʣʦʥʝʥʠʷʤʠ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʚʦʟʣʝ ʥʝʢʦʪʦʨʦʛʦ ʩʨʝʜʥʝʛʦ 

ʥʘʧʨʘʚʣʝʥʠʷ, ʥʘʟʳʚʘʝʤʘʷ çʨʷʙʴʶè ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ [157ï161]. 

ʂʘʢ ʠʟʚʝʩʪʥʦ, ʚ ʤʘʛʥʠʪʦʦʧʪʠʯʝʩʢʠʭ ʧʦʣʷʨʠʟʘʮʠʦʥʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʘʭ ʧʦ ʠʟʫʯʝʥʠʶ 

çʨʷʙʠè ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʦʪʨʘʞʝʥʥʦʛʦ ʩʚʝʪʘ ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʘ ʧʦʧʝʨʝʯ-

ʥʦʡ ʢʦʤʧʦʥʝʥʪʝ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ My ʧʨʠ ʥʘʤʘʛʥʠʯʠʚʘʥʠʠ ʦʙʨʘʟʮʘ ʚʜʦʣʴ ʦʩʠ x. ɼʣʷ ʩʦ-

ʦʪʚʝʪʩʪʚʫʶʱʝʡ ʛʝʦʤʝʪʨʠʠ ʥʘ ʨʠʩʫʥʢʝ 4.1, ʢʦʛʜʘ ʚʥʝʰʥʝʝ ʧʦʩʪʦʷʥʥʦʝ ʤʘʛʥʠʪʥʦʝ ʧʦʣʝ H ʠ 

ʩʨʝʜʥʷʷ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʴ <M i> ʥʘʧʨʘʚʣʝʥʳ ʚʜʦʣʴ ʦʩʠ x, ʧʦʢʘʟʘʥʳ ʨʝʟʫʣʴʪʘʪʳ ʯʠʩʣʝʥ-

ʥʦʛʦ ʨʘʩʯʝʪʘ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʥʦʨʤʠʨʦʚʘʥʥʦʡ ʧʦʧʝʨʝʯʥʦʡ ʢʦʤʧʦʥʝʥʪʳ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ 
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my = My/Ms ʧʦ ʧʣʦʱʘʜʠ ʦʙʨʘʟʮʘ ʜʣʷ ʧʦʣʷ H = 10 ʕ ʠ D0 = 12, 24, 42, 75 ʥʤ. ʂʨʦʤʝ ʪʦʛʦ, ʥʘ 

ʨʠʩʫʥʢʝ 4.2 ʧʦʢʘʟʘʥʦ, ʢʘʢ ʤʝʥʷʝʪʩʷ ʢʘʨʪʠʥʘ ʨʘʩʧʨʝʜʝʣʝʥʠʷ my ʧʦ ʧʣʦʱʘʜʠ ʧʣʝʥʢʠ c 

D0 = 24 ʥʤ ʧʨʠ ʠʟʤʝʥʝʥʠʠ ʚʝʣʠʯʠʥʳ ʧʨʠʣʦʞʝʥʥʦʛʦ ʚʥʝʰʥʝʛʦ ʧʦʣʷ H. ʅʘ ʧʨʝʜʩʪʘʚʣʝʥʥʳʭ 

ʨʠʩʫʥʢʘʭ ʮʚʝʪʦʤ ʦʪʦʙʨʘʞʘʝʪʩʷ ʩʪʝʧʝʥʴ ʦʪʢʣʦʥʝʥʠʷ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʚʧʨʘʚʦ ʠ ʚʣʝʚʦ ʦʪ 

ʩʨʝʜʥʝʛʦ ʥʘʧʨʘʚʣʝʥʠʷ. ʇʦʣʫʯʝʥʥʳʝ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʦʪʨʘʞʘʶʪ ʩʪʨʫʢʪʫʨʫ çʨʷʙʠè ʥʘʤʘʛ-

ʥʠʯʝʥʥʦʩʪʠ ʠ ʭʦʨʦʰʦ ʩʦʛʣʘʩʫʶʪʩʷ ʩ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ ʠʟʦʙʨʘʞʝʥʠʷʤʠ ʩʪʦʭʘʩʪʠʯʝ-

ʩʢʦʡ ʤʘʛʥʠʪʥʦʡ ʩʪʨʫʢʪʫʨʳ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʧʣʝʥʦʢ, ʥʘʙʣʶʜʘʝʤʳʤʠ ʩ ʧʦʤʦʱʴʶ 

ʂʝʨʨʦʚʩʢʦʡ ʤʠʢʨʦʩʢʦʧʠʠ [179]. 

  

 

ʈʠʩʫʥʦʢ 4.1 ï ʂʘʨʪʠʥʳ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʧʦ ʧʣʦʱʘʜʠ ʊʄʇ ʥʦʨʤʠʨʦʚʘʥʥʦʡ ʢʦʤʧʦʥʝʥʪʳ 

ʨʘʚʥʦʚʝʩʥʦʡ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ my=My/Ms ʜʣʷ ʯʝʪʳʨʝʭ ʟʥʘʯʝʥʠʡ ʨʘʟʤʝʨʘ ʢʨʠʩʪʘʣʣʠʪʦʚ 

ʧʣʝʥʢʠ D0 = 12, 24, 42, 75 ʥʤ. ɿʥʘʯʝʥʠʝ ʚʥʝʰʥʝʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ H = 10 ʕ. ʅʘ ʚʢʣʘʜʢʘʭ 

ï ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʤʘʛʥʠʪʥʳʭ ʤʦʤʝʥʪʦʚ ʢʨʠʩʪʘʣʣʠʪʦʚ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʫʛʣʘ ʠʭ ʦʪʢʣʦʥʝʥʠʷ 

ʦʪ ʦʩʠ x. (ʇʨʠʤʝʯʘʥʠʝ: ʚʥʝʰʥʝʝ ʧʦʩʪʦʷʥʥʦʝ ʤʘʛʥʠʪʥʦʝ ʧʦʣʝ ʠ ʩʨʝʜʥʷʷ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʴ 

ʥʘʧʨʘʚʣʝʥʳ ʚʜʦʣʴ ʦʩʠ x.) 

ʅʘ ʚʩʪʘʚʢʘʭ ʨʠʩʫʥʢʦʚ 4.1 ʠ 4.2 ʜʦʧʦʣʥʠʪʝʣʴʥʦ ʧʨʠʚʝʜʝʥʳ ʛʨʘʬʠʢʠ ʨʘʩʧʨʝʜʝʣʝʥʠʷ 

ʤʘʛʥʠʪʥʳʭ ʤʦʤʝʥʪʦʚ ʦʪʜʝʣʴʥʳʭ ʢʨʠʩʪʘʣʣʠʪʦʚ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʫʛʣʘ ʠʭ ʦʪʢʣʦʥʝʥʠʷ ʦʪ 

ʩʨʝʜʥʝʡ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ. ɸʥʘʣʠʟ ʨʠʩʫʥʢʦʚ ʧʦʢʘʟʳʚʘʝʪ, ʯʪʦ ʩ ʨʦʩʪʦʤ ʨʘʟʤʝʨʘ ʢʨʠʩʪʘʣ-

ʣʠʪʦʚ ʤʘʛʥʠʪʥʳʝ ʢʦʨʨʝʣʷʮʠʠ, ʪ. ʝ. ʨʘʟʤʝʨ ʩʚʷʟʘʥʥʳʭ ʦʙʤʝʥʥʳʤ ʠ ʤʘʛʥʠʪʦʩʪʘʪʠʯʝʩʢʠʤ 
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ʚʟʘʠʤʦʜʝʡʩʪʚʠʝʤ ʦʙʣʘʩʪʝʡ, ʫʤʝʥʴʰʘʶʪʩʷ. ʇʨʠ ʵʪʦʤ ʚʦʟʨʘʩʪʘʝʪ ʘʤʧʣʠʪʫʜʘ ʬʣʫʢʪʫʘʮʠʡ 

ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ. ʅʝʩʢʦʣʴʢʦ ʜʨʫʛʘʷ ʢʘʨʪʠʥʘ ʥʘʙʣʶʜʘʝʪʩʷ ʧʨʠ ʠʟʤʝʥʝʥʠʠ ʚʝʣʠʯʠʥʳ 

ʚʥʝʰʥʝʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ. ʉ ʨʦʩʪʦʤ H ʨʘʟʤʝʨ ʤʘʛʥʠʪʥʳʭ ʢʦʨʨʝʣʷʮʠʡ ʪʘʢʞʝ ʫʤʝʥʴʰʘ-

ʝʪʩʷ, ʦʜʥʘʢʦ, ʢʘʢ ʭʦʨʦʰʦ ʚʠʜʥʦ ʠʟ ʨʘʩʧʨʝʜʝʣʝʥʠʡ ʤʘʛʥʠʪʥʳʭ ʤʦʤʝʥʪʦʚ ʥʘ ʚʩʪʘʚʢʘʭ ʨʠ-

ʩʫʥʢʘ 4.2, ʘʤʧʣʠʪʫʜʘ ʬʣʫʢʪʫʘʮʠʡ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʟʥʘʯʠʪʝʣʴʥʦ ʩʥʠʞʘʝʪʩʷ, ʯʪʦ ʩʚʠʜʝ-

ʪʝʣʴʩʪʚʫʝʪ ʦ ʧʨʠʙʣʠʞʝʥʠʠ ʢ ʥʘʩʳʱʝʥʠʶ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʧʣʝʥʢʠ. 

  

 

ʈʠʩʫʥʦʢ 4.2 ï ʂʘʨʪʠʥʳ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʧʦ ʧʣʦʱʘʜʠ ʊʄʇ ʥʦʨʤʠʨʦʚʘʥʥʦʡ ʢʦʤʧʦʥʝʥʪʳ 

ʨʘʚʥʦʚʝʩʥʦʡ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ my = My/Ms ʜʣʷ ʯʝʪʳʨʝʭ ʟʥʘʯʝʥʠʡ ʚʥʝʰʥʝʛʦ ʧʦʣʷ H. ʈʘʟ-

ʤʝʨ ʢʨʠʩʪʘʣʣʠʪʦʚ ʧʣʝʥʢʠ D0 = 24 ʥʤ. ʅʘ ʚʢʣʘʜʢʘʭ ï ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʤʘʛʥʠʪʥʳʭ ʤʦʤʝʥʪʦʚ 

ʢʨʠʩʪʘʣʣʠʪʦʚ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʫʛʣʘ ʠʭ ʦʪʢʣʦʥʝʥʠʷ ʦʪ ʦʩʠ x. (ʇʨʠʤʝʯʘʥʠʝ: ʚʥʝʰʥʝʝ ʧʦ-

ʩʪʦʷʥʥʦʝ ʤʘʛʥʠʪʥʦʝ ʧʦʣʝ ʠ ʩʨʝʜʥʷʷ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʴ ʥʘʧʨʘʚʣʝʥʳ ʚʜʦʣʴ ʦʩʠ x.) 

ʅʘʠʙʦʣʝʝ ʩʪʨʦʛʘʷ ʠ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʘʷ ʩʪʘʪʠʯʝʩʢʘʷ ʪʝʦʨʠʷ ʪʘʢʦʡ ʪʦʥʢʦʡ ʤʘʛʥʠʪʥʦʡ 

ʤʠʢʨʦʩʪʨʫʢʪʫʨʳ ʙʳʣʘ ʨʘʟʚʠʪʘ ʚ ʨʘʙʦʪʘʭ ɻʦʬʬʤʘʥʘ [157, 158]. ɻʦʬʬʤʘʥ, ʦʧʠʨʘʷʩʴ ʥʘ 

ʨʝʟʫʣʴʪʘʪʳ ʵʣʝʢʪʨʦʥʥʦʡ ʤʠʢʨʦʩʢʦʧʠʠ, ʨʘʟʨʘʙʦʪʘʣ ʤʦʜʝʣʴ ʥʝʚʟʘʠʤʦʜʝʡʩʪʚʫʶʱʠʭ ʤʝʞʜʫ 

ʩʦʙʦʡ ʤʘʛʥʠʪʦʩʚʷʟʘʥʥʳʭ ʦʙʣʘʩʪʝʡ, ʬʦʨʤʠʨʫʝʤʳʭ ʚ ʧʣʝʥʢʝ. ʈʘʟʤʝʨ ʠ ʬʦʨʤʘ ʪʘʢʠʭ ʦʙ-

ʣʘʩʪʝʡ ʟʘʚʠʩʠʪ ʦʪ ʨʘʜʠʫʩʘ ʦʙʤʝʥʥʦʛʦ ʠ ʤʘʛʥʠʪʦʩʪʘʪʠʯʝʩʢʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ, ʦʪ ʨʘʟʤʝʨʘ 

ʢʨʠʩʪʘʣʣʠʪʦʚ ʠ ʚʝʣʠʯʠʥʳ ʧʨʠʣʦʞʝʥʥʦʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ. ɺ ʦʙʱʝʤ ʩʣʫʯʘʝ ʪʘʢʘʷ ʩʚ̫-

ʟʘʥʥʘʷ ʤʘʛʥʠʪʥʳʤ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝʤ ʦʙʣʘʩʪʴ (ʤʘʛʥʠʪʦʢʦʨʨʝʣʠʨʦʚʘʥʥʘʷ ʦʙʣʘʩʪʴ) ̫ ʚʣ̫ʝʪʩʷ 
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ʵʣʣʠʧʩʦʠʜʦʤ, ʩʠʣʴʥʦ ʚʳʪʷʥʫʪʳʤ ʚ ʥʘʧʨʘʚʣʝʥʠʠ, ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦʤ ʩʨʝʜʥʝʡ ʥʘʤʘʛʥʠ-

ʯʝʥʥʦʩʪʠ. ɼʣʠʥr ʧʦʣʫʦʩʝʡ ʵʣʣʠʧʩʦʠʜʘ ʚʜʦʣʴ R|| ʠ ʧʦʧʝʨʝʢ R̂  ʩʨʝʜʥʝʛʦ ʥʘʧʨʘʚʣʝʥʠʷ ʥʘ-

ʤʘʛʥʠʯʝʥʥʦʩʪʠ ʚ ʣʠʥʝʡʥʦʤ ʧʨʠʙʣʠʞʝʥʠʠ ʨʘʚʥʳ [157] 

 HDR /||= ,              4/32/14/14 -
^= HMDdR s , (4.1) 

ʛʜʝ D = 2A/Ms.  

ʀʩʧʦʣʴʟʫʷ ʫʩʨʝʜʥʝʥʠʝ ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ ʦʪʜʝʣʴʥʳʭ ʙʝʩʧʦʨʷʜʦʯʥʦ ʦʨʠʝʥ-

ʪʠʨʦʚʘʥʥʳʭ ʢʨʠʩʪʘʣʣʠʪʦʚ ʚ ʧʨʝʜʝʣʘʭ ʤʘʛʥʠʪʦʢʦʨʨʝʣʠʨʦʚʘʥʥʦʡ ʦʙʣʘʩʪʠ, ɻʦʬʬʤʘʥ ʧʦ-

ʣʫʯʠʣ ʚʳʨʘʞʝʥʠʝ ʜʣʷ ʜʠʩʧʝʨʩʠʠ ʧʦʧʝʨʝʯʥʦʡ ʩʦʩʪʘʚʣʷʶʱʝʡ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ 

 
4/34/34/10

2
2

4 HDMd

S
md

s

ym
p

>==< . (4.2) 

ɺ ʚʳʨʘʞʝʥʠʝ (4.2) ʚʭʦʜʠʪ ʚʚʝʜʝʥʥʘʷ ɻʦʬʬʤʘʥʦʤ ʩʪʨʫʢʪʫʨʥʘʷ ʢʦʥʩʪʘʥʪʘ S, ʢʦʪʦʨʘʷ ʜʘʝʪ 

ʢʦʣʠʯʝʩʪʚʝʥʥʦʝ ʦʧʠʩʘʥʠʝ ʤʘʛʥʠʪʦʩʪʨʫʢʪʫʨʥʳʭ ʩʚʦʡʩʪʚ ʧʣʝʥʢʠ ʠ ʦʧʨʝʜʝʣʷʝʪʩʷ ʢʘʢ 

nKDS /10 s= , ʛʜʝ ů1 ï ʢʦʥʩʪʘʥʪʘ, ʭʘʨʘʢʪʝʨʠʟʫʶʱʘʷ ʩʨʝʜʥʝʢʚʘʜʨʘʪʠʯʝʩʢʦʝ ʦʪʢʣʦʥʝʥʠʝ 

ʦʩʝʡ ʣʝʛʢʦʛʦ ʥʘʤʘʛʥʠʯʠʚʘʥʠʷ (ʆʃʅ) ʢʨʠʩʪʘʣʣʠʪʦʚ ( 15/21=s  ʜʣʷ ʦʜʥʦʦʩʥʦʡ ʘʥʠʟʦ-

ʪʨʦʧʠʠ, 105/81=s  ʚ ʩʣʫʯʘʝ ʢʫʙʠʯʝʩʢʦʡ ʘʥʠʟʦʪʨʦʧʠʠ), ʘ n ï ʯʠʩʣʦ ʢʨʠʩʪʘʣʣʠʪʦʚ ʧʦ 

ʪʦʣʱʠʥʝ ʧʣʝʥʢʠ. 

ɼʣʷ ʯʠʩʣʝʥʥʦʡ ʦʮʝʥʢʠ ʜʠʩʧʝʨʩʠʠ ʨʘʚʥʦʚʝʩʥʦʡ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʠ ʧʨʦʩʪʨʘʥʩʪ-

ʚʝʥʥʦʡ ʧʨʦʪʷʞʝʥʥʦʩʪʠ ʤʘʛʥʠʪʥʳʭ ʢʦʨʨʝʣʷʮʠʡ (ʨʘʟʤʝʨʦʚ ʤʘʛʥʠʪʦʩʚʷʟʘʥʥʳʭ ʦʙʣʘʩʪʝʡ) 

ʠʩʧʦʣʴʟʦʚʘʣʘʩʴ ʢʦʨʨʝʣʷʮʠʦʥʥʘ ̫ʬʫʥʢʮʠ ̫ʥʦʨʤʠʨʦʚʘʥʥʦʡ ʢʦʤʧʦʥʝʥʪʳ ʥʘʤʘʛʥʠʯʝʥʥʦ-

ʩʪʠ my 

 >+¡¡=< )()()( rrmrmrK yym . (4.3) 

ɿʥʘʯʝʥʠʝ ʢʦʨʨʝʣʷʮʠʦʥʥʦʡ ʬʫʥʢʮʠʠ ʧʨʠ r = 0 ʦʧʨʝʜʝʣʷʝʪ ʜʠʩʧʝʨʩʠʶ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ: 

dm = Km(0). ɺ ʪʦ ʚʨʝʤʷ ʢʘʢ ʤʘʛʥʠʪʥʳʝ ʢʦʨʨʝʣʷʮʠʦʥʥʳʝ ʨʘʜʠʫʩʳ ʚʜʦʣʴ R|| ʠ ʧʦʧʝʨʝʢ R̂  

ʩʨʝʜʥʝʛʦ ʥʘʧʨʘʚʣʝʥʠʷ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʦʧʨʝʜʝʣʷʣʠʩʴ ʠʟ ʬʫʥʢʮʠʡ Km(r) ʢʘʢ ʨʘʩʩʪʦʷʥʠʝ 

(ʚʜʦʣʴ ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʛʦ ʥʘʧʨʘʚʣʝʥʠʷ), ʥʘ ʢʦʪʦʨʦʤ ʢʦʨʨʝʣʷʮʠʠ ʦʩʣʘʙʣʷʶʪʩʷ ʚ 

e å 2.718 ʨʘʟ, ʪ. ʝ. ʠʟ ʫʩʣʦʚʠʷ eKRK mm /)0()( ||, =^ . ʅʘ ʨʠʩʫʥʢʝ 4.3 ʧʨʝʜʩʪʘʚʣʝʥʳ ʟʘʚʠ-

ʩʠʤʦʩʪʠ ʜʠʩʧʝʨʩʠʠ dm, ʘ ʪʘʢʞʝ ʧʨʦʜʦʣʴʥʦʛʦ R|| ʠ ʧʦʧʝʨʝʯʥʦʛʦ R̂  ʢʦʨʨʝʣʷʮʠʦʥʥʳʭ ʨʘ-

ʜʠʫʩʦʚ ʦʪ ʚʝʣʠʯʠʥʳ ʧʨʠʣʦʞʝʥʥʦʛʦ ʚʥʝʰʥʝʛʦ ʧʦʣʷ, ʧʦʣʫʯʝʥʥʳʝ ʩ ʧʦʤʦʱʴʶ ʢʦʨʨʝʣʷʮʠ-
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ʦʥʥʦʛʦ ʘʥʘʣʠʟʘ ʨʘʩʧʨʝʜʝʣʝʥʠʡ ʨʘʚʥʦʚʝʩʥʦʡ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʪʦʥʢʠʭ ʧʣʝʥʦʢ ʩ D0 = 12, 24, 

42, 75 ʥʤ. ʊʘʢʞʝ ʥʘ ʵʪʦʤ ʨʠʩʫʥʢʝ ʰʪʨʠʭʦʚʳʤʠ ʣʠʥʠʷʤʠ ʧʨʝʜʩʪʘʚʣʝʥʳ ʪʝʦʨʝʪʠʯʝʩʢʠʝ 

ʟʘʚʠʩʠʤʦʩʪʠ ʵʪʠʭ ʧʘʨʘʤʝʪʨʦʚ, ʚʳʯʠʩʣʝʥʥʳʝ ʧʦ ʬʦʨʤʫʣʘʤ (4.1) ʠ (4.2). 

 

 
 

ʈʠʩʫʥʦʢ 4.3 ï ɿʘʚʠʩʠʤʦʩʪʠ ʜʠʩʧʝʨʩʠʠ dm ï (a), ʧʨʦʜʦʣʴʥʦʛʦ R|| ï (b) ʠ ʧʦʧʝʨʝʯʥʦʛʦ R̂  ï (c) 

ʢʦʨʨʝʣʷʮʠʦʥʥʳʭ ʨʘʜʠʫʩʦʚ ʥʦʨʤʠʨʦʚʘʥʥʦʡ ʢʦʤʧʦʥʝʥʪʳ ʨʘʚʥʦʚʝʩʥʦʡ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ 

my = My/Ms ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʊʄʇ ʦʪ ʚʥʝʰʥʝʛʦ ʧʦʣʷ H ʜʣʷ ʥʝʩʢʦʣʴʢʠʭ ʟʥʘʯʝʥʠʡ D0. 

ʄʘʨʢʝʨʳ ï ʤʦʜʝʣʠʨʦʚʘʥʠʝ, ʰʪʨʠʭʦʚʳʝ ʣʠʥʠʠ ï ʪʝʦʨʝʪʠʯʝʩʢʠʡ ʨʘʩʯʝʪ 

ʧʦ ʬʦʨʤʫʣʘʤ (4.1) ʠ (4.2) 



118 
 

ɺʠʜʥʦ, ʯʪʦ ʣʠʥʝʡʥʘʷ ʪʝʦʨʠʷ ɻʦʬʬʤʘʥʘ ʪʝʤ ʣʫʯʰʝ ʩʦʛʣʘʩʫʝʪʩʷ ʩ ʨʝʟʫʣʴʪʘʪʘʤʠ ʤʦ-

ʜʝʣʠʨʦʚʘʥʠʷ, ʯʝʤ ʤʝʥʴʰʝ ʨʘʟʤʝʨ ʢʨʠʩʪʘʣʣʠʪʦʚ ʫʩʪʘʥʦʚʣʝʥ ʚ ʨʘʩʯʝʪʝ. ɺ ʦʙʣʘʩʪʠ ʙʦʣʴʰʠʭ 

ʤʘʛʥʠʪʥʳʭ ʧʦʣʝʡ ʥʘʙʣʶʜʘʝʤʳʝ ʨʘʟʣʠʯʠʷ ʩʚʷʟʘʥʳ ʩ ʪʝʤ, ʯʪʦ ʜʘʣʴʥʝʡh ʝʝ ʫʤʝʥʴʰʝʥʠʝ 

ʨʘʟʤʝʨʘ ʤʘʛʥʠʪʦʢʦʨʨʝʣʠʨʦʚʘʥʥʦʡ ʦʙʣʘʩʪʠ ʩ ʨʦʩʪʦʤ H ʦʛʨʘʥʠʯʠʚʘʝʪʩʷ ʨʘʟʤʝʨʦʤ ʩʘʤʠʭ 

ʢʨʠʩʪʘʣʣʠʪʦʚ. ʅʘ ʵʪʦ, ʚ ʯʘʩʪʥʦʩʪʠ, ʦʙʨʘʱʘʣ ʚʥʠʤʘʥʠʝ ʚ ʩʚʦʝʡ ʨʘʙʦʪʝ ʍʘʨʪ [160], ʢʦʪʦʨʳʡ 

ʚʤʝʩʪʦ (4.1) ʠʩʧʦʣʴʟʦʚʘʣ ʧʨʠʙʣʠʞʝʥʠʝ RHDR +º /||  ʚ ʩʣʫʯʘʝ, ʢʦʛʜʘ ʨʘʜʠʫʩ ʦʙʤʝʥʥʳʭ 

ʢʦʨʨʝʣʷʮʠʡ HD /  ʩʪʘʥʦʚʠʣʩʷ ʩʦʠʟʤʝʨʠʤʳʤ ʩ ʨʘʜʠʫʩʦʤ ʢʨʠʩʪʘʣʣʠʪʦʚ R = D0/2. ʂʘʢ 

ʚʠʜʥʦ ʠʟ ʨʠʩʫʥʢʘ 4.3(b), ʧʦʣʫʯʝʥʥʦʝ ʥʘ ʦʩʥʦʚʝ ʜʘʥʥʳʭ ʯʠʩʣʝʥʥʦʛʦ ʤʠʢʨʦʤʘʛʥʠʪʥʦʛʦ 

ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʟʥʘʯʝʥʠʝ ʧʨʦʜʦʣʴʥʦʛʦ ʢʦʨʨʝʣʷʮʠʦʥʥʦʛʦ ʨʘʜʠʫʩʘ R|| ʩʪʨʝʤʠʪʩʷ ʢ R ʧʨʠ 

H Ÿ Ð. 

ɺ ʦʙʣʘʩʪʠ ʤʘʣʳʭ ʧʦʣʝʡ ʪʘʢʞʝ ʥʘʙʣʶʜʘʶʪʩʷ ʨʘʩʭʦʞʜʝʥʠʝ ʨʝʟʫʣʴʪʘʪʦʚ ʨʘʩʯʝʪʘ ʠ 

ʪʝʦʨʠʠ. ʕʪʠ ʨʘʟʣʠʯʠʷ ʩʚʷʟʘʥʳ ʩ ʪʝʤ, ʯʪʦ ʧʨʠ ʪʘʢʦʤ ʩʦʦʪʥʦʰʝʥʠʠ ʚʝʣʠʯʠʥʳ ʚʥʝʰʥʝʛʦ 

ʧʦʣʷ ʠ ʤʘʛʥʠʪʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʦʙʨʘʟʮʘ ʣʠʥʝʡʥʦʝ ʧʨʠʙʣʠʞʝʥʠʝ, ʠʩʧʦʣʴʟʫʝʤʦʝ ɻʦʬʬʤʘʥʦʤ 

ʧʨʠ ʚʳʚʦʜʝ ʬʦʨʤʫʣ (4.1) ʠ (4.2), ʩʪʘʥʦʚʠʪʩʷ ʥʝʜʦʩʪʘʪʦʯʥʳʤ. ʂʘʢ ʧʦʢʘʟʘʣʠ ʩʥʘʯʘʣʘ ʍʘʨʪ 

[160], ʘ ʟʘʪʝʤ ʠ ɻʦʬʬʤʘʥ [157], ʧʨʠ ʩʨʝʜʥʝʢʚʘʜʨʘʪʠʯʝʩʢʦʤ ʦʪʢʣʦʥʝʥʠʠ ʥʘʧʨʘʚʣʝʥʠʷ ʥʘ-

ʤʘʛʥʠʯʝʥʥʦʩʪʠ p>ºj< /180md  ʙʦʣʝʝ ʯʝʤ ʥʘ 1ï2Á ʚ ʪʝʦʨʝʪʠʯʝʩʢʦʡ ʤʦʜʝʣʠ ʥʝʦʙʭʦʜʠʤʦ 

ʫʯʠʪʳʚʘʪʴ ʚʣʠʷʥʠʝ ʥʝʣʠʥʝʡʥʳʭ ʯʣʝʥʦʚ ʫʨʘʚʥʝʥʠʷ ʜʣʷ ʨʘʚʥʦʚʝʩʥʦʡ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ. 

ʇʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʪʘʢʞʝ ʭʦʨʦʰʦ ʩʦʛʣʘʩʫʶʪʩʷ ʩ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ ʜʘʥ-

ʥʳʤʠ ʜʨʫʛʠʭ ʘʚʪʦʨʦʚ. ʊʘʢ, ʚ ʨʘʙʦʪʝ ʀʩʭʘʢʦʚʘ ʩ ʩʦʘʚʪ. [180] ʧʨʠʚʦʜʠʪʩʷ ʵʢʩʧʝʨʠʤʝʥ-

ʪʘʣʴʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʜʠʩʧʝʨʩʠʠ ʧʦʧʝʨʝʯʥʦʡ ʩʦʩʪʘʚʣʷʶʱʝʡ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ dm ʦʪ ʚʝ-

ʣʠʯʠʥʳ ʚʥʝʰʥʝʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʜʣʷ ʪʦʥʢʦʡ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʧʣʝʥʢʠ Co93P7 

ʪʦʣʱʠʥʦʡ 10 ʥʤ. ʊʘʢ ʞʝ, ʢʘʢ ʚ ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʡ ʟʜʝʩʴ ʯʠʩʣʝʥʥʦʡ ʤʦʜʝʣʠ, ʨʘʟʤʝʨʳ ʢʨʠ-

ʩʪʘʣʣʠʪʦʚ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʩʧʣʘʚʘ Co93P7 ʙʳʣʠ ʧʦʨʷʜʢʘ ʪʦʣʱʠʥʳ ʧʣʝʥʢʠ. ɸʚʪʦʨʳ 

ʵʪʦʡ ʨʘʙʦʪʳ ʫʩʪʘʥʦʚʠʣʠ, ʯʪʦ ʚ ʦʙʣʘʩʪʠ ʧʦʣʝʡ 0.2 õ 2 ʢʕ ʟʘʚʠʩʠʤʦʩʪʴ dm ~ H
ï3/4
. ɼʘʥʥʳʡ 

ʨʝʟʫʣʴʪʘʪ ʭʦʨʦʰʦ ʩʦʛʣʘʩʫʝʪʩʷ ʩ ʬʦʨʤʫʣʦʡ (4.2) ʠ ʨʝʟʫʣʴʪʘʪʘʤʠ ʯʠʩʣʝʥʥʦʛʦ ʤʦʜʝʣʠʨʦ-

ʚʘʥʠʷ, ʧʦʢʘʟʘʥʥʳʤʠ ʥʘ ʨʠʩʫʥʢʝ 4.3. ʅʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʩʘʤʠ ʤʘʛʥʠʪʥʳʝ ʢʦʨʨʝʣʷʮʠʠ ʥʘ-

ʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʧʣʝʥʢʠ Co ʤʝʪʦʜʦʤ ʤʘʣʦʫʛʣʦʚʦʛʦ ʥʝʡʪʨʦʥʥʦʛʦ ʨʘʩʩʝʷʥʠʷ ʠʩʩʣʝʜʦ-

ʚʘʣʠʩʴ ʚ ʨʘʙʦʪʝ ʄʠʭʝʣʴʩʘ ʩ ʩʦʘʚʪ. [181]. ʈʘʟʤʝʨ ʢʨʠʩʪʘʣʣʠʪʦʚ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ 

ʧʣʝʥʢʠ Co ʩʦʩʪʘʚʣʷʣ 10 ʥʤ. ʆʜʥʘʢʦ ʧʨʠ ʵʪʦʤ ʪʦʣʱʠʥʘ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʛʦ ʦʙʨʘʟʮʘ ʩʦ-

ʩʪʘʚʣʷʣʘ 160 ʤʢʤ. ʇʦʣʫʯʝʥʥʘʷ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʜʣʠʥʳ ʤʘʛʥʠʪʥʳʭ ʢʦʨ-

ʨʝʣʷʮʠʡ ʙʳʣʘ ʘʧʧʨʦʢʩʠʤʠʨʦʚʘʥʘ ʟʘʚʠʩʠʤʦʩʪʴʶ 0|| /~ DHDR + , ʯʪʦ ʪʘʢʞʝ ʦʪʥʦʩʠ-
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ʪʝʣʴʥʦ ʥʝʧʣʦʭʦ ʩʦʛʣʘʩʫʝʪʩʷ ʩ ʧʦʣʫʯʝʥʥʳʤʠ ʨʝʟʫʣʴʪʘʪʘʤʠ ʯʠʩʣʝʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ. 

ʂʨʦʤʝ ʪʦʛʦ, ʚ ʨʘʙʦʪʝ [181] ʙʳʣʘ ʠʟʤʝʨʝʥʘ ʠ ʟʘʚʠʩʠʤʦʩʪʴ ʜʠʩʧʝʨʩʠʠ dm ʥʘʥʦʢʨʠʩʪʘʣʣʠ-

ʯʝʩʢʦʡ ʧʣʝʥʢʠ ʦʪ ʚʥʝʰʥʝʛʦ ʧʦʣʷ. ʄʠʭʝʣʴʩ ʩ ʩʦʘʚʪʦʨʘʤʠ ʘʧʧʨʦʢʩʠʤʠʨʦʚʘʣʠ ʵʪʫ ʟʘʚʠʩʠ-

ʤʦʩʪʴ ʢʘʢ dm ~ H
ï1
. ʆʜʥʘʢʦ ʚʥʠʤʘʪʝʣʴʥʳʡ ʘʥʘʣʠʟ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ dm(H) 

ʨʘʙʦʪʳ [181] ʧʦʟʚʦʣʷʝʪ ʩʜʝʣʘʪʴ ʚʧʦʣʥʝ ʦʙʦʩʥʦʚʘʥʥʳʡ ʚʳʚʦʜ, ʯʪʦ ʣʫʯʰʝʡ ʘʧʧʨʦʢʩʠʤʘ-

ʮʠʝʡ ʜʣʷ ʥʝʝ ʙʳʣʘ ʙʳ dm ~ H
ï3/4

. 

4.1.4 ɺʳʩʦʢʦʯʘʩʪʦʪʥʘʷ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʴ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ 

ʪʦʥʢʠʭ ʧʣʝʥʦʢ 

ʌʝʥʦʤʝʥʦʣʦʛʠʯʝʩʢʘʷ ʪʝʦʨʠʷ ʦʜʥʦʨʦʜʥʦʛʦ ʬʝʨʨʦʤʘʛʥʠʪʥʦʛʦ ʨʝʟʦʥʘʥʩʘ ʜʣʷ ʠʟʦ-

ʪʨʦʧʥʦʡ ʦʜʥʦʨʦʜʥʦ ʥʘʤʘʛʥʠʯʝʥʥʦʡ ʊʄʇ (ʨʘʟʜʝʣ 1.1) ʜʘʝʪ ʧʨʦʩʪʦʝ ʚʳʨʘʞʝʥʠʝ ʜʣʷ ʤʘʛ-

ʥʠʪʥʦʡ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ 
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=c¡¡-c¡=c , (4.4) 

ʛʜʝ ɤM = ɔ4 Ḿs, ɤH = ɔH, )(2 00 HMHf w+ww=p=w  ʦʧʨʝʜʝʣʷʝʪ ʯʘʩʪʦʪʫ ʦʜʥʦʨʦʜʥʦʛʦ 

ʬʝʨʨʦʤʘʛʥʠʪʥʦʛʦ ʨʝʟʦʥʘʥʩʘ (ʌʄʈ), ʘ ɤ = 2 f́ ï ʯʘʩʪʦʪʫ ʚʥʝʰʥʝʛʦ ʧʝʨʝʤʝʥʥʦʛʦ ʤʘʛʥʠʪ-

ʥʦʛʦ ʧʦʣʷ (ʯʘʩʪʦʪʫ ʉɺʏ-ʚʦʟʙʫʞʜʝʥʠʷ). 

ɺ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʪʦʥʢʠʭ ʧʣʝʥʢʘʭ ʚʣʠʷʥʠʝ ʩʣʫʯʘʡʥʦʡ ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦ-

ʧʠʠ ʤʦʞʝʪ ʧʨʠʚʦʜʠʪʴ ʢ ʩʫʱʝʩʪʚʝʥʥʦʤʫ ʠʟʤʝʥʝʥʠʶ ʧʦʚʝʜʝʥʠʷ ʚʳʩʦʢʦʯʘʩʪʦʪʥʦʡ ʚʦʩ-

ʧʨʠʠʤʯʠʚʦʩʪʠ [123, 173]. ʕʪʦ ʧʦʜʪʚʝʨʞʜʘʝʪʩʷ ʨʝʟʫʣʴʪʘʪʘʤʠ ʨʘʩʯʝʪʘ ɢ(H), ʧʨʝʜʩʪʘʚʣʝʥ-

ʥʳʤʠ ʥʘ ʨʠʩʫʥʢʝ 4.4. ʅʘ ʜʘʥʥʦʤ ʨʠʩʫʥʢʝ ʰʪʨʠʭʦʚʳʤʠ ʣʠʥʠʷʤʠ ʧʦʢʘʟʘʥʳ ʨʝʟʫʣʴʪʘʪʳ 

ʨʘʩʯʝʪʘ ʜʝʡʩʪʚʠʪʝʣʴʥʦʡ ɢ'(H) ʠ ʤʥʠʤʦʡ ɢ''(H) ʯʘʩʪʝʡ ʚʳʩʦʢʦʯʘʩʪʦʪʥʦʡ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ 

ʧʦ ʬʦʨʤʫʣʝ (4.4), ʘ ʢʨʫʛʣʳʤʠ ʤʘʨʢʝʨʘʤʠ ï ʨʝʟʫʣʴʪʘʪʳ ʯʠʩʣʝʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ɢ(H). 

ɿʘʚʠʩʠʤʦʩʪʠ ʥʘ ʨʠʩʫʥʢʝ 4.4 ʧʦʣʫʯʝʥʳ ʜʣʷ ʨʷʜʘ ʟʥʘʯʝʥʠʡ ʯʘʩʪʦʪʳ ʚʥʝʰʥʝʛʦ ʧʝʨʝʤʝʥʥʦʛʦ 

ʧʦʣʷ f = f1 = 10.75, 4.65, 3.5, 2.9 ʠ 3.25 ɻɻʮ, ʧʨʠ ʢʦʪʦʨʳʭ ʚ ʦʙʨʘʟʮʘʭ ʩ D0 = 24, 42, 56, 75 ʠ 

100 ʥʤ ʥʘʙʣʶʜʘʣʦʩʴ ʤʘʢʩʠʤʘʣʴʥʦʝ ʫʰʠʨʝʥʠʝ ʣʠʥʠʠ ʌʄʈ. ɺ ʦʙʨʘʟʮʝ ʩ D0 = 12 ʥʤ, ʢʘʢ 

ʙʫʜʝʪ ʧʦʢʘʟʘʥʦ ʜʘʣʝʝ, ʫʰʠʨʝʥʠʝ ʣʠʥʠʠ ʌʄʈ ʤʦʥʦʪʦʥʥʦ ʚʦʟʨʘʩʪʘʝʪ ʩ ʨʦʩʪʦʤ ʯʘʩʪʦʪʳ f ʠ 

ʥʝ ʠʤʝʝʪ ʚʳʨʘʞʝʥʥʦʛʦ ʤʘʢʩʠʤʫʤʘ. ʇʦʵʪʦʤʫ ʜʣʷ ʥʝʛʦ, ʪʘʢ ʞʝ, ʢʘʢ ʠ ʜʣʷ ʦʙʨʘʟʮʘ ʩ 

D0 = 24 ʥʤ, ʥʘ ʨʠʩʫʥʢʝ 4.4 ʟʘʚʠʩʠʤʦʩʪʴ ɢ(H) ʧʦʣʫʯʝʥʘ ʜʣʷ f = 10.75 ɻɻʮ. 
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ʈʠʩʫʥʦʢ 4.4 ï ʇʦʣʝʚʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʚʳʩʦʢʦʯʘʩʪʦʪʥʦʡ ʤʘʛʥʠʪʥʦʡ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ ɢ(H) 

ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʪʦʥʢʠʭ ʧʣʝʥʦʢ ʩ ʨʘʟʤʝʨʦʤ ʢʨʠʩʪʘʣʣʠʪʦʚ D0 = 12, 24, 42, 56, 75 ʠ 

100 ʥʤ ʥʘ ʯʘʩʪʦʪʘʭ ʤʘʢʩʠʤʘʣʴʥʦʛʦ ʫʰʠʨʝʥʠʷ ʣʠʥʠʠ ʌʄʈ (ʢʨʫʛʣʳʝ ʤʘʨʢʝʨʳ). 

ʐʪʨʠʭʦʚʳʝ ʣʠʥʠʠ ï ʪʝʦʨʝʪʠʯʝʩʢʠʝ ʟʘʚʠʩʠʤʦʩʪʠ ɢ(H) ʜʣʷ ʦʜʥʦʨʦʜʥʦ 

ʥʘʤʘʛʥʠʯʝʥʥʳʭ ʪʦʥʢʠʭ ʧʣʝʥʦʢ (ʬʦʨʤʫʣʘ 4.4) 

ʀʟ ʧʨʝʜʩʪʘʚʣʝʥʥʳʭ ʥʘ ʨʠʩʫʥʢʘʭ ʢʨʠʚʳʭ ʚʠʜʥʦ, ʯʪʦ ʚ ʧʣʝʥʢʘʭ, ʜʣʷ ʢʦʪʦʨʳʭ ʦʪʥʦ-

ʰʝʥʠʠ F
e
/F

k
 > 1, ʦʙʤʝʥʥʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʤʝʞʜʫ ʢʨʠʩʪʘʣʣʠʪʘʤʠ ʚ ʟʥʘʯʠʪʝʣʴʥʦʡ ʩʪʝʧʝʥʠ 

ʧʦʜʘʚʣʷʝʪ ʚʣʠʷʥʠʝ ʣʦʢʘʣʴʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ. ʕʪʦ ʦʩʦʙʝʥʥʦ ʚʠʜʥʦ ʜʣʷ ʧʣʝʥʢʠ ʩ D0 = 12 ʥʤ, 

ʜʣʷ ʢʦʪʦʨʦʡ ʦʙʤʝʥʥʘʷ ʵʥʝʨʛʠʷ ʙʦʣʝʝ ʯʝʤ ʚ 8 ʨʘʟ ʧʨʝʚʳʰʘʝʪ ʵʥʝʨʛʠʶ ʩʣʫʯʘʡʥʦʡ ʦʜʥʦʦʩ-

ʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ (ʪʘʙʣʠʮʘ 3.1). ʇʦ ʩʚʦʠʤ ʤʘʛʥʠʪʥʳʤ ʩʚʦʡʩʪʚʘʤ ʦʥʘ ʧʨʠʙʣʠʞʘʝʪʩʷ ʢ 

ʠʟʦʪʨʦʧʥʦʡ ʦʜʥʦʨʦʜʥʦ ʥʘʤʘʛʥʠʯʝʥʥʦʡ ʪʦʥʢʦʡ ʤʘʛʥʠʪʥʦʡ ʧʣʝʥʢʝ, ʘ ʛʨʘʬʠʢ ʝʝ ʤʘʛʥʠʪʥʦʡ 

ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʧʨʘʢʪʠʯʝʩʢʠ ʩʦʚʧʘʜʘʝʪ ʩ ʪʝʦʨʝʪʠʯʝʩʢʦʡ ʟʘʚʠʩʠʤʦʩʪʴʶ (4.4). ʉ ʫʚʝʣʠʯʝ-

ʥʠʝʤ ʨʘʟʤʝʨʘ ʢʨʠʩʪʘʣʣʠʪʦʚ ʚʣʠʷʥʠʝ ʵʥʝʨʛʠʠ ʩʣʫʯʘʡʥʦʡ ʦʜʥʦʦʩʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ ʥʘʯʠʥʘʝʪ 

ʜʦʤʠʥʠʨʦʚʘʪʴ ʥʘʜ ʦʙʤʝʥʥʦʡ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʟʥʘʯʠʪʝʣʴʥʦʤʫ ʫʰʠʨʝʥʠʶ ʠ ʘʩʠʤʤʝʪʨʠʠ 

ʣʠʥʠʠ ɢ''(H), ʘ ʪʘʢʞʝ ʢ ʩʜʚʠʛʫ ʨʝʟʦʥʘʥʩʥʦʡ ʯʘʩʪʦʪʳ. ɽʩʣʠ ʨʘʟʤʝʨ ʢʨʠʩʪʘʣʣʠʪʘ ʩʪʘʥʦʚʠʪʩʷ 

ʩʦʧʦʩʪʘʚʠʤʳʤ ʩ ʨʘʜʠʫʩʦʤ ʦʙʤʝʥʥʦʡ ʢʦʨʨʝʣʷʮʠʠ, ʯʪʦ ʩʧʨʘʚʝʜʣʠʚʦ ʜʣʷ ʧʣʝʥʢʠ ʩ 

D0 = 100 ʥʤ, ʜʣʷ ʢʦʪʦʨʦʡ ʵʥʝʨʛʠʷ ʩʣʫʯʘʡʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ ʙʦʣʝʝ ʯʝʤ ʚ 8 ʨʘʟ ʧʨʝʚʳʰʘʝʪ 

ʦʙʤʝʥʥʫʶ (ʪʘʙʣʠʮʘ 3.1), ʪʦ ʘʤʧʣʠʪʫʜʘ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʭ ʬʣʫʢʪʫʘʮʠʡ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ 

ʟʥʘʯʠʪʝʣʴʥʦ ʚʦʟʨʘʩʪʘʝʪ. ʕʪʦ ʧʨʠʚʦʜʠʪ ʢ ʤʘʢʩʠʤʘʣʴʥʦʡ ʪʨʘʥʩʬʦʨʤʘʮʠʠ ʟʘʚʠʩʠʤʦʩʪʠ ɢ(H). 
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4.1.5 ʆʩʦʙʝʥʥʦʩʪʠ ʩʤʝʱʝʥʠʷ ʠ ʫʰʠʨʝʥʠʷ ʣʠʥʠʠ ʌʄʈ 

ʆʯʝʚʠʜʥʦ, ʯʪʦ ʰʠʨʠʥʘ ʣʠʥʠʠ ʬʝʨʨʦʤʘʛʥʠʪʥʦʛʦ ʨʝʟʦʥʘʥʩʘ ʣʶʙʦʛʦ ʤʘʛʥʠʪʥʦʛʦ ʤʘ-

ʪʝʨʠʘʣʘ ʚ ʧʝʨʚʫʶ ʦʯʝʨʝʜʴ, ʦʧʨʝʜʝʣʷʝʪʩʷ ʝʛʦ ʩʦʙʩʪʚʝʥʥʳʤ ʢʦʵʬʬʠʮʠʝʥʪʦʤ ʟʘʪʫʭʘʥʠʷ. 

ʆʜʥʘʢʦ ʥʘʣʠʯʠʝ ʚ ʥʠʭ ʚʥʫʪʨʝʥʥʠʭ ʥʝʦʜʥʦʨʦʜʥʦʩʪʝʡ ʤʦʞʝʪ ʧʨʠʚʦʜʠʪʴ ʢ ʜʨʫʛʠʤ ʥʝʩʦʙ-

ʩʪʚʝʥʥʳʤ ʤʝʭʘʥʠʟʤʘʤ ʨʝʣʘʢʩʘʮʠʠ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ, ʩʨʝʜʠ ʢʦʪʦʨʳʭ ʚʘʞʥʫʶ ʨʦʣʴ ʠʛʨʘʶʪ 

ʜʚʫʭʤʘʛʥʦʥʥʳʝ ʧʨʦʮʝʩʩʳ ʨʘʩʩʝʷʥʠ ̫ [81]. ʕʪʠ ʧʨʦʮʝʩʩʳ ʩʦʧʨʦʚʦʞʜʘʶʪʩʷ ʟʘʪʫʭʘʥʠʝʤ 

ʩʧʠʥʦʚʳʭ ʚʦʣʥ (ʤʘʛʥʦʥʦʚ) ʧʨʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʠ ʩ ʥʝʦʜʥʦʨʦʜʥʳʤʠ ʚʥʫʪʨʝʥʥʠʤʠ ʤʘʛ-

ʥʠʪʥʳʤʠ ʧʦʣʷʤʠ, ʠʩʪʦʯʥʠʢʦʤ ʢʦʪʦʨʳʭ ʤʦʛʫʪ ʩʣʫʞʠʪʴ ʥʝʦʜʥʦʨʦʜʥʦʩʪʠ ʤʘʛʥʠʪʥʦʡ ʩʨʝʜ r

ʩʘʤʦʡ ʨʘʟʣʠʯʥʦʡ ʬʠʟʠʯʝʩʢʦʡ ʧʨʠʨʦʜʳ. ʅʘʧʨʠʤʝʨ, ʚ ʨʘʙʦʪʘʭ [170, 182] ʨʘʩʩʤʦʪʨʝʥʦ 

ʚʣʠʷʥʠʝ ʩʣʫʯʘʡʥʦʡ ʣʦʢʘʣʴʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ ʥʘ ʜʚʫʭʤʘʛʥʦʥʥʳʝ ʧʨʦʮʝʩʩʳ ʨʘʩʩʝʷʥʠʷ ʚ 

ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʪʦʥʢʠʭ ʧʣʝʥʢʘʭ, ʘ ʚ [183, 184] ʠʟʫʯʘʝʪʩʷ ʚʣʠʷʥʠʝ ʩʣʫʯʘʡʥʦʛʦ ʨʘʩ-

ʧʨʝʜʝʣʝʥʠʷ ʥʝʦʜʥʦʨʦʜʥʦʩʪʝʡ ʠ ʰʝʨʦʭʦʚʘʪʦʩʪʝʡ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʧʣʝʥʦʢ. ɼʣʷ ʨʘʟʜʝʣʝʥʠʷ 

ʩʦʙʩʪʚʝʥʥʳʭ ʠ ʥʝʩʦʙʩʪʚʝʥʥʳʭ ʤʝʭʘʥʠʟʤʦʚ ʨʝʣʘʢʩʘʮʠʠ ʤʦʞʥʦ ʟʘʧʠʩʘʪʴ ʨʝʟʦʥʘʥʩʥʦʝ ʧʦʣʝ 

HR ʠ ʰʠʨʠʥʫ ʣʠʥʠʠ ȹH ʌʄʈ, ʧʦʣʫʯʝʥʥʳʝ ʚ ʨʝʟʫʣʴʪʘʪʝ ʯʠʩʣʝʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ, ʚ 

ʚʠʜʝ ʩʫʤʤʳ, ʩʦʩʪʦʷʱʝʡ ʠʟ ʜʚʫʭ ʯʘʩʪʝʡ 
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ʛʜʝ ʧʝʨʚʳʡ ʯʣʝʥ ʧʨʘʚʦʡ ʯʘʩʪʠ ʢʘʞʜʦʛʦ ʠʟ ʜʚʫʭ ʚʳʨʘʞʝʥʠʡ ʦʪʚʝʯʘʝʪ ʟʘ ʦʜʥʦʨʦʜʥʳʡ ʌʄʈ 

ʪʦʥʢʦʡ ʧʣʝʥʢʠ ʙʝʟ ʫʯʝʪʘ ʝʝ ʥʝʦʜʥʦʨʦʜʥʦʡ ʩʪʨʫʢʪʫʨʳ, ʚʪʦʨʦʡ ï ʟʘ ʜʚʫʭʤʘʛʥʦʥʥʳʝ ʧʨʦ-

ʮʝʩʩʳ ʨʘʩʩʝʷʥʠʷ ʩʧʠʥʦʚʳʭ ʚʦʣʥ ʥʘ ʥʝʦʜʥʦʨʦʜʥʦʩʪʷʭ. ʈʝʟʦʥʘʥʩʥʦʝ ʧʦʣʝ H0 ʫʜʦʚʣʝʪʚʦʨʷʝʪ 

ʫʩʣʦʚʠʶ )(2 00 HMHf w+ww=p=w , ʠ ʥʘ ʨʝʟʦʥʘʥʩʥʳʭ ʯʘʩʪʦʪʘʭ f0 ʤʝʥʝʝ ~ 10ï15 ɻɻʮ 

ʤʦʞʝʪ ʧʨʠʙʣʠʞʝʥʥʦ ʙʳʪʴ ʥʘʡʜʝʥʦ ʚ ʚʠʜʝ sMfH /)/( 2
00 gpº . ʐʠʨʠʥʘ ʣʠʥʠʠ ʦʜʥʦʨʦʜ-

ʥʦʛʦ ʌʄʈ ʦʧʨʝʜʝʣʷʝʪʩʷ ʭʦʨʦʰʦ ʠʟʚʝʩʪʥʳʤ ʚʳʨʘʞʝʥʠʝʤ gpa=D /4 00 fH  [81]. 

ʉʦʛʣʘʩʥʦ ʪʝʦʨʠʠ ʜʚʫʭʤʘʛʥʦʥʥʳʭ ʧʨʦʮʝʩʩʦʚ ʨʘʩʩʝʷʥʠʷ, ʨʘʟʨʘʙʦʪʘʥʥʦʡ ɸʨʠʘʩʦʤ ʠ 

ʄʠʣʩʦʤ ʜʣʷ ʥʝʦʜʥʦʨʦʜʥʳʭ ʫʣʴʪʨʘʪʦʥʢʠʭ ʧʣʝʥʦʢ [184], ʯʘʩʪʦʪʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʫʰʠʨʝʥʠʷ 

ʣʠʥʠʠ ʌʄʈ ȹH
(2m)

 ʦʧʠʩʳʚʘʝʪʩʷ ʚʳʨʘʞʝʥʠʝʤ 

 
2/)2/(

2/)2/(
arcsin

4
arcsin

22
0

22
0

0

0)m2(

MM

MM

s fff

fff

MH

H
H

++

-+
G=

p+
G=D , (4.6) 



122 
 

ʰʠʨʦʢʦ ʠʩʧʦʣʴʟʫʝʤʳʤ ʥʘ ʧʨʘʢʪʠʢʝ ʜʣʷ ʠʥʪʝʨʧʨʝʪʘʮʠʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʟʘʚʠʩʠʤʦʩʪʝʡ 

ȹH(f0) [185ï187]. ɿʜʝʩʴ pw= 2/MMf , ʘ ɻ ï ʯʘʩʪʦʪʥʦ-ʥʝʟʘʚʠʩʠʤʘʷ ʧʦʩʪʦʷʥʥʘʷ, ʭʘʨʘʢʪʝ-

ʨʠʟʫʶʱʘʷ çʠʥʪʝʥʩʠʚʥʦʩʪʴè ʤʘʛʥʠʪʥʳʭ ʥʝʦʜʥʦʨʦʜʥʦʩʪʝʡ. ʂʘʢ ʚʠʜʥʦ ʠʟ (4.6), ʟʘʚʠʩʠ-

ʤʦʩʪʴ ȹH
(2m)

(f0) ʷʚʣʷʝʪʩʷ ʤʦʥʦʪʦʥʥʦ ʫʚʝʣʠʯʠʚʘʶʱʝʡʩʷ ʜʦ ʥʝʢʦʪʦʨʦʛʦ ʥʘʩʳʱʝʥʠʷ 

ʬʫʥʢʮʠʝʡ ʙʝʟ ʢʘʢʠʭ-ʣʠʙʦ ʦʩʦʙʝʥʥʦʩʪʝʡ. 

ʆʜʥʘʢʦ, ʢʘʢ ʧʦʢʘʟʘʣ ʯʠʩʣʝʥʥʳʡ ʨʘʩʯʝʪ ʤʠʢʨʦʤʘʛʥʠʪʥʦʡ ʤʦʜʝʣʠ ʊʄʇ, ʫ ʥʘʥʦʢʨʠ-

ʩʪʘʣʣʠʯʝʩʢʠʭ ʧʣʝʥʦʢ ʩ ʨʘʟʤʝʨʦʤ ʢʨʠʩʪʘʣʣʠʪʦʚ D0 ʚʳʰʝ ʥʝʢʦʪʦʨʦʛʦ ʧʦʨʦʛʦʚʦʛʦ ʟʥʘʯʝʥʠʷ 

ʥʘ ʦʧʨʝʜʝʣʝʥʥʦʡ ʯʘʩʪʦʪʝ f1, ʟʘʚʠʩʷʱʝʡ ʦʪ ʧʘʨʘʤʝʪʨʦʚ ʧʣʝʥʢʠ, ʥʘʙʣʶʜʘʝʪʩʷ ʨʝʟʢʦʝ ʫʚʝ-

ʣʠʯʝʥʠʝ ʧʦʛʣʦʱʝʥʠʷ ʚʳʩʦʢʦʯʘʩʪʦʪʥʦʡ ʤʦʱʥʦʩʪʠ ʠ, ʢʘʢ ʩʣʝʜʩʪʚʠʝ, ʨʝʟʢʦʝ ʫʰʠʨʝʥʠʝ 

ʣʠʥʠʠ ʌʄʈ. ɺ ʢʘʯʝʩʪʚʝ ʧʨʠʤʝʨʘ ʥʘ ʨʠʩʫʥʢʝ 4.5 (a) ʜʣʷ ʜʚʫʭ ʟʥʘʯʝʥʠʡ D0 = 12 ʠ 24 ʥʤ 

ʩʧʣʦʰʥʳʤʠ ʣʠʥʠʷʤʠ ʧʦʩʪʨʦʝʥʳ ʟʘʚʠʩʠʤʦʩʪʠ ȹH
(2m)

(f0), ʧʦʣʫʯʝʥʥʳʝ ʯʠʩʣʝʥʥʳʤ ʤʠʢʨʦ-

ʤʘʛʥʠʪʥʳʤ ʤʦʜʝʣʠʨʦʚʘʥʠʝʤ ʚʳʩʦʢʦʯʘʩʪʦʪʥʦʡ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ 

ʪʦʥʢʠʭ ʧʣʝʥʦʢ. ʐʪʨʠʭʦʚʳʤʠ ʣʠʥʠʷʤʠ ʥʘ ʨʠʩʫʥʢʝ 4.5 (a) ʜʦʧʦʣʥʠʪʝʣʴʥʦ ʧʦʢʘʟʘʥʘ ʘʧ-

ʧʨʦʢʩʠʤʘʮʠʷ ʟʘʚʠʩʠʤʦʩʪʝʡ ȹH
(2m)

(f0) ʧʦ ʬʦʨʤʫʣʝ (4.6). ɺʠʜʥʦ, ʯʪʦ ʜʣʷ ʧʣʝʥʢʠ ʩ ʦʪʥʦʩʠ-

ʪʝʣʴʥʦ ʤʘʣʳʤ ʨʘʟʤʝʨʦʤ ʢʨʠʩʪʘʣʣʠʪʦʚ D0 = 12 ʥʤ ʠ ʪʦʣʱʠʥʦʡ d = D0 ʪʝʦʨʠʷ ɸʨʠʘʩʘ ʠ 

ʄʠʣʩʘ ʜʦʩʪʘʪʦʯʥʦ ʭʦʨʦʰʦ ʦʧʠʩʳʚʘʝʪ ʧʦʣʫʯʝʥʥʫʶ ʟʘʚʠʩʠʤʦʩʪʴ ȹH
(2m)

(f0). ʆʜʥʘʢʦ ʜʣʷ 

ʧʣʝʥʢʠ ʩ D0 = 24 ʥʤ ʫʰʠʨʝʥʠʝ ʣʠʥʠʠ ʌʄʈ ȹH
(2m)

 ʠʤʝʝʪ ʦʩʪʨʳʡ ʧʠʢ ʥʘ ʯʘʩʪʦʪʝ 

f1 å 10.75 ɻɻʮ, ʧʨʠ ʵʪʦʤ ʥʘ ʚʳʩʦʢʠʭ ʯʘʩʪʦʪʘʭ ʥʘʙʣʶʜʘʝʪʩʷ ʜʦʩʪʘʪʦʯʥʦ ʭʦʨʦʰʝʝ ʩʦʛʣʘʩʠʝ 

ʤʠʢʨʦʤʘʛʥʠʪʥʦʛʦ ʨʘʩʯʝʪʘ ʩ ʪʝʦʨʠʝʡ ɸʨʠʘʩʘ ʠ ʄʠʣʩʘ. 

ʂʘʢ ʠ ʩʣʝʜʦʚʘʣʦ ʦʞʠʜʘʪʴ, ʫʰʠʨʝʥʠʝ ʣʠʥʠʠ ʌʄʈ ʟʘ ʩʯʝʪ ʜʚʫʭʤʘʛʥʦʥʥʦʛʦ ʤʝʭʘ-

ʥʠʟʤʘ ʨʝʣʘʢʩʘʮʠʠ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʥʘ ʚʝʣʠʯʠʥʫ ȹH
(2m)

 ʦʜʥʦʚʨʝʤʝʥʥʦ ʩʦʧʨʦʚʦʞʜʘʝʪʩʷ 

ʠʟʤʝʥʝʥʠʝʤ ʨʝʟʦʥʘʥʩʥʦʛʦ ʧʦʣʷ ʥʘ ʚʝʣʠʯʠʥʫ H
(2m)

 ʦʪʥʦʩʠʪʝʣʴʥʦ ʧʦʣʷ H0, ʩʦʦʪʚʝʪʩʪʚʫʶ-

ʱʝʛʦ ʧʦʣʶ ʌʄʈ ʦʜʥʦʨʦʜʥʦʡ ʧʣʝʥʢʠ ʙʝʟ çʨʷʙʠè ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ. ʕʪʦʪ ʬʘʢʪ ʧʦʜʪʚʝʨ-

ʞʜʘʶʪ ʧʨʝʜʩʪʘʚʣʝʥʥʳʝ ʥʘ ʨʠʩʫʥʢʝ 4.5 (b) ʟʘʚʠʩʠʤʦʩʪʠ H
(2m)

(f0) ʜʣʷ ʥʘʥʦʢʨʠʩʪʘʣʠʯʝʩʢʠʭ 

ʧʣʝʥʦʢ ʩ D0 = 12 ʠ 24 ʥʤ. ʀʟ ʨʠʩʫʥʢʘ ʚʠʜʥʦ, ʯʪʦ ʟʘʚʠʩʠʤʦʩʪʴ H
(2m)

(f0) ʜʣʷ ʧʣʝʥʢʠ ʩ 

D0 = 12 ʥʤ ʩ ʨʦʩʪʦʤ ʨʝʟʦʥʘʥʩʥʦʡ ʯʘʩʪʦʪʳ ʩʥʘʯʘʣʘ ʧʣʘʚʥʦ ʚʦʟʨʘʩʪʘʝʪ ʠ ʜʦʩʪʠʛʘʝʪ ʩʚʦʝʛʦ 

ʤʘʢʩʠʤʫʤʘ ʦʢʦʣʦ 1 ʕ ʥʘ ʯʘʩʪʦʪʝ ʧʨʠʤʝʨʥʦ 21 ɻɻʮ, ʘ ʟʘʪʝʤ ʤʦʥʦʪʦʥʥʦ ʩʥʠʞʘʝʪʩʷ ʚʧʣʦʪʴ 

ʜʦ ʥʫʣʷ ʥʘ ʯʘʩʪʦʪʝ 160 ɻɻʮ. ʆʪʣʠʯʥʦʝ ʧʦʚʝʜʝʥʠʝ ʧʦʢʘʟʳʚʘʝʪ ʟʘʚʠʩʠʤʦʩʪʴ H
(2m)

(f0) ʜʣʷ 

ʥʘʥʦʢʨʠʩʪʘʣʠʯʝʩʢʦʡ ʧʣʝʥʢʠ ʩ D0 = 24 ʥʤ. ʈʝʟʢʦʝ ʚʦʟʨʘʩʪʘʥʠʝ ʫʰʠʨʝʥʠ ̫ʣʠʥʠʠ ʌʄʈ 

ʪʘʢʞʝ ʩʦʧʨʦʚʦʞʜʘʝʪʩʷ ʠ ʟʥʘʯʠʪʝʣʴʥʳʤ ʩʤʝʱʝʥʠʝʤ ʨʝʟʦʥʘʥʩʥʦʛʦ ʧʦʣʷ H
(2m)

 ʢʘʢ ʚ ʦʙʣʘʩʪʴ 

ʧʦʣʦʞʠʪʝʣʴʥʳʭ, ʪʘʢ ʠ ʚ ʦʙʣʘʩʪʴ ʦʪʨʠʮʘʪʝʣʴʥʳʭ ʤʘʛʥʠʪʥʳʭ ʧʦʣʝʡ. ʇʨʠʯʝʤ ʩʤʝʥʘ ʟʥʘʢʘ 

H
(2m)

 ʥʘʙʣʶʜʘʝʪʩʷ ʧʨʠʤʝʨʥʦ ʚ ʪʦʯʢʝ ʤʘʢʩʠʤʘʣʴʥʦʛʦ ʫʰʠʨʝʥʠʷ ʣʠʥʠʠ ʌʄʈ ʥʘ ʯʘʩʪʦʪʝ 
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f1 å 10.75 ɻɻʮ. ʉʣʝʜʫʝʪ ʦʙʨʘʪʠʪʴ ʚʥʠʤʘʥʠʝ ʥʘ ʭʘʨʘʢʪʝʨʥʳʡ ʜʣʷ ʨʝʟʦʥʘʥʩʥʳʭ ʩʠʩʪʝʤ ʚʠʜ 

ʟʘʚʠʩʠʤʦʩʪʝʡ H
(2m)

(f0) ʠ ȹH
(2m)
, ʢʦʪʦʨʳʝ ʧʦʜʦʙʥʦ ʜʝʡʩʪʚʠʪʝʣʴʥʦʡ ʠ ʤʥʠʤʦʡ ʯʘʩʪʷʤ ʨʝ-

ʟʦʥʘʥʩʥʦʡ ʢʨʠʚʦʡ ʦʧʠʩʚrʘʶʪ ʥʝʢʦʪʦʨʳʡ çʢʦʣʝʙʘʪʝʣʴʥʳʡ ʧʨʦʮʝʩʩè. 

  

 

ʈʠʩʫʥʦʢ 4.5 ï ʏʘʩʪʦʪʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʫʰʠʨʝʥʠʷ ʣʠʥʠʠ ʌʄʈ ȹH
(2m)

 (a) ʠ ʩʤʝʱʝʥʠʷ 

ʨʝʟʦʥʘʥʩʥʦʛʦ ʧʦʣʷ H
(2m)

 (b), ʧʦʣʫʯʝʥʥʳʝ ʯʠʩʣʝʥʥʳʤ ʤʠʢʨʦʤʘʛʥʠʪʥʳʤ ʤʦʜʝʣʠʨʦʚʘʥʠʝʤ 

ʚʳʩʦʢʦʯʘʩʪʦʪʥʦʡ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʪʦʥʢʠʭ ʧʣʝʥʦʢ ʩ ʨʘʟʤʝʨʦʤ 

ʢʨʠʩʪʘʣʣʠʪʦʚ D0 =12 ʠ 24 ʥʤ. ʐʪʨʠʭʦʚʳʝ ʣʠʥʠʠ ï ʘʧʧʨʦʢʩʠʤʘʮʠʷ ʧʦ ʬʦʨʤʫʣʝ (4.6) 

ʉ ʫʚʝʣʠʯʝʥʠʝʤ ʨʘʟʤʝʨʘ ʢʨʠʩʪʘʣʣʠʪʦʚ ʊʄʇ ʦʙʥʘʨʫʞʝʥʥʘʷ çʨʝʟʦʥʘʥʩʥʘʷè ʦʩʦʙʝʥ-

ʥʦʩʪʴ ʜʚʫʭʤʘʛʥʦʥʥʳʭ ʧʨʦʮʝʩʩʦʚ ʨʘʩʩʝʷʥʠʷ ʩʦʭʨʘʥʷʝʪʩʷ (ʨʠʩʫʥʦʢ 4.6), ʧʨʠ ʵʪʦʤ ʙʳʩʪʨʦ 

ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʨʝʣʘʢʩʘʮʠʦʥʥʳʡ ʚʢʣʘʜ ȹH
(2m)

 ʚ ʰʠʨʠʥʫ ʣʠʥʠʠ ʌʄʈ ʠ ʤʦʥʦʪʦʥʥʦ ʧʦʥʠ-

ʞʘʝʪʩʷ ʯʘʩʪʦʪʘ çʨʝʟʦʥʘʥʩʘè f1 (ʪʘʙʣʠʮʘ 4.1). 
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ʈʠʩʫʥʦʢ 4.6 ï ʏʘʩʪʦʪʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʩʤʝʱʝʥʠʷ ʨʝʟʦʥʘʥʩʥʦʛʦ ʧʦʣʷ H
(2m)

 

(ʢʚʘʜʨʘʪʥʳʝ ʤʘʨʢʝʨʳ) ʠ ʫʰʠʨʝʥʠʷ ʣʠʥʠʠ ʌʄʈ ȹH
(2m)

 (ʢʨʫʛʣʳʝ ʤʘʨʢʝʨʳ), 

ʧʦʣʫʯʝʥʥʳʝ ʤʠʢʨʦʤʘʛʥʠʪʥʳʤ ʤʦʜʝʣʠʨʦʚʘʥʠʝʤ ʚʳʩʦʢʦʯʘʩʪʦʪʥʦʡ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ 

ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʪʦʥʢʠʭ ʧʣʝʥʦʢ ʩ ʨʘʟʤʝʨʘʤʠ ʢʨʠʩʪʘʣʣʠʪʦʚ 

D0 = 24, 32, 42, 56, 75 ʠ 100 ʥʤ. ʊʦʣʱʠʥʘ ʧʣʝʥʦʢ d = D0 

ʀʟ ʪʘʙʣʠʮʳ 4.1 ʚʠʜʥʦ, ʯʪʦ ʜʣʷ ʧʣʝʥʢʠ ʩ ʨʘʟʤʝʨʦʤ ʢʨʠʩʪʘʣʣʠʪʦʚ 24 ʥʤ ʟʘ ʩʯʝʪ 

ʜʚʫʭʤʘʛʥʦʥʥʳʭ ʧʨʦʮʝʩʩʦʚ ʨʘʩʩʝʷʥʠʷ ʰʠʨʠʥʘ ʣʠʥʠʠ ʌʄʈ ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʧʨʠʤʝʨʥʦ ʚ 

ʧʦʣʪʦʨʘ ʨʘʟʘ, ʘ ʜʣʷ ʧʣʝʥʢʠ ʩ D0 = 100 ʥʤ ï ʙʦʣʴʰʝ, ʯʝʤ ʥʘ ʧʦʨʷʜʦʢ. ɼʣʷ ʢʘʞʜʦʛʦ ʠʟ ʦʙ-

ʨʘʟʮʦʚ ʚ ʪʘʙʣʠʮʝ 4.1 ʜʦʧʦʣʥʠʪʝʣʴʥʦ ʧʨʠʚʝʜʝʥʳ ʢʦʨʨʝʣʷʮʠʦʥʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʥʝʦʜ-

ʥʦʨʦʜʥʦʡ ʩʪʦʭʘʩʪʠʯʝʩʢʦʡ ʤʘʛʥʠʪʥʦʡ ʩʪʨʫʢʪʫʨʳ ʧʣʝʥʦʢ, ʧʦʣʫʯʝʥʥʳʝ ʚ ʪʦʯʢʝ f1. ʉʨʝʜʥʝ-

ʢʚʘʜʨʘʪʠʯʝʩʢʦʝ ʦʪʢʣʦʥʝʥʠʝ <ű> ʥʝʦʜʥʦʨʦʜʥʦʡ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʦʪ ʩʨʝʜʥʝʛʦ ʥʘʧʨʘʚʣʝ-

ʥʠʷ ʧʦʢʘʟʳʚʘʝʪ ʧʨʘʢʪʠʯʝʩʢʠ ʣʠʥʝʡʥʳʡ ʨʦʩʪ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʨʘʟʤʝʨʘ ʢʨʠʩʪʘʣʣʠʪʦʚ ʊʄʇ ʩ 

0.6Á ʜʣʷ D0 = 24 ʥʤ ʜʦ 4Á ʜʣʷ D0 = 100 ʥʤ. ʕʪʦ ʛʦʚʦʨʠʪ ʦ ʚʦʟʨʘʩʪʘʶʱʝʡ ʨʦʣʠ ʩ ʨʦʩʪʦʤ D0 ʚ 

ʧʨʦʮʝʩʩʘʭ ʨʝʣʘʢʩʘʮʠʠ ʚʥʫʪʨʝʥʥʠʭ ʥʝʦʜʥʦʨʦʜʥʳʭ ʤʘʛʥʠʪʥʳʭ ʧʦʣʝʡ, ʚʦʟʥʠʢʘʶʱʠʭ ʚ 

ʧʣʝʥʢʝ ʠʟ-ʟʘ ʜʠʩʧʝʨʩʠʠ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ. ɺ ʯʘʩʪʥʦʩʪʠ, ʢʘʢ ʚʠʜʥʦ ʠʟ ʨʠʩʫʥʢʘ 4.6, ʜʠʩ-
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ʧʝʨʩʠʷ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʧʨʠʚʦʜʠʪ ʢ ʠʩʢʘʞʝʥʠʶ ʠ çʫʰʠʨʝʥʠʶè ʟʘʚʠʩʠʤʦʩʪʝʡ ȹH
(2m)

(f0) ʠ 

H
(2m)

(f0), ʠ, ʢʘʢ ʩʣʝʜʩʪʚʠʝ, ʢ ʩʤʝʱʝʥʠʶ ʯʘʩʪʦʪʳ ʤʘʢʩʠʤʘʣʴʥʦʛʦ ʫʰʠʨʝʥʠʷ ʣʠʥʠʠ ʌʄʈ f1. 

ʊʘʙʣʠʮʘ 4.1 ï ɿʘʚʠʩʠʤʦʩʪʠ ʦʪ ʨʘʟʤʝʨʘ ʢʨʠʩʪʘʣʣʠʪʦʚ D0 ʊʄʇ ʯʘʩʪʦʪʳ ʤʘʢʩʠʤʘʣʴʥʦʛʦ 

ʫʰʠʨʝʥʠʷ ʣʠʥʠʠ ʌʄʈ f1 ʟʘ ʩʯʝʪ ʜʚʫʭʤʘʛʥʦʥʥʦʛʦ ʤʝʭʘʥʠʟʤʘ ʨʘʩʩʝʷʥʠʷ ʥʘ çʨʷʙʠè 

ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ, ʚʝʣʠʯʠʥʳ ʫʰʠʨʝʥʠʷ DH2m, ʘ ʪʘʢʞʝ ʨʝʟʦʥʘʥʩʥʦʛʦ ʧʦʣʷ H0 ʠ ʰʠʨʠʥʳ 

ʣʠʥʠʠ DH0 ʜʣʷ ʧʣʝʥʦʢ ʚ ʦʪʩʫʪʩʪʚʠʠ çʨʷʙʠè. ɼʣʷ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʟʥʘʯʝʥʠʡ D0 ʠ H0 

ʧʨʠʚʝʜʝʥʳ ʢʦʨʨʝʣʷʮʠʦʥʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʥʝʦʜʥʦʨʦʜʥʦʡ ʩʪʦʭʘʩʪʠʯʝʩʢʦʡ ʤʘʛʥʠʪʥʦʡ 

ʩʪʨʫʢʪʫʨʳ ʧʣʝʥʦʢ: ʜʠʩʧʝʨʩʠʠ dm, ʩʨʝʜʥʝʢʚʘʜʨʘʪʠʯʝʩʢʦʛʦ ʦʪʢʣʦʥʝʥʠʷ p>ºj< /180md , 

ʧʨʦʜʦʣʴʥʦʛʦ R|| ʠ ʧʦʧʝʨʝʯʥʦʛʦ R̂  ʢʦʨʨʝʣʷʮʠʦʥʥʳʭ ʨʘʜʠʫʩʦʚ ʧʦʧʝʨʝʯʥʦʡ ʢʦʤʧʦʥʝʥʪʳ 

ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ my = My/Ms 

D0 (ʥʤ) f1 (ɻɻʮ) DH2m (ʕ) H0 (ʕ) DH0 (ʕ) dmĬ10
4
 <ű> (Á) 2R||/D0 2 R̂ /D0 

24 10.75 16.9 1121 38.4 1.2 0.6 1.4 5.4 

32 6.65 25.7 452 23.7 3.8 1.1 1.5 8.8 

42 4.66 35.0 225 16.6 9.5 1.8 1.5 12.8 

56 3.46 47.6 129 12.5 21.2 2.6 1.4 16.8 

75 2.89 82.2 89 10.4 39.3 3.6 1.2 19.3 

100 3.26 123.7 111 11.6 41.4 4.0 1.1 17.6 

 

ʆʙʥʘʨʫʞʝʥʥʘʷ ʤʠʢʨʦʤʘʛʥʠʪʥʳʤ ʤʦʜʝʣʠʨʦʚʘʥʠʝʤ çʨʝʟʦʥʘʥʩʥʘʷè ʦʩʦʙʝʥʥʦʩʪʴ 

ʩʤʝʱʝʥʠʷ ʠ ʫʰʠʨʝʥʠʷ ʣʠʥʠʠ ʌʄʈ ʙʳʣʘ ʪʝʦʨʝʪʠʯʝʩʢʠ ʦʧʠʩʘʥʘ ʚ ʨʘʙʦʪʝ ʀʛʥʘʪʯʝʥʢʦ ʠ 

ɼʝʛʪ̫ʨʝʚʘ [188], ʢʦʪʦʨʳʝ ʩ ʫʯʝʪʦʤ ʨʘʥʝʝ ʦʧʫʙʣʠʢʦʚʘʥʥʦʡ ʀʛʥʘʪʯʝʥʢʦ ʩʪʘʪʴʠ [161] 

ʚʧʝʨʚʳʝ ʨʘʟʨʘʙʦʪʘʣʠ ʜʠʥʘʤʠʯʝʩʢʫʶ ʪʝʦʨʠʶ çʨʷʙʠè ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ. ʀʛʥʘʪʯʝʥʢʦ ʠ 

ɼʝʛʪʷʨʝʚ ʫʩʪʘʥʦʚʠʣʠ, ʯʪʦ ʤʝʭʘʥʠʟʤʦʤ ʩʤʝʱʝʥʠʷ ʠ ʘʩʩʠʤʝʪʨʠʯʥʦʛʦ ʫʰʠʨʝʥʠʷ ʣʠʥʠʠ 

ʌʄʈ ʷʚʣʷʝʪʩʷ ʚʦʟʙʫʞʜʝʥʠʝ ʩʧʠʥʦʚʳʭ ʚʦʣʥ ʦʜʥʦʨʦʜʥʳʤ ʚʥʝʰʥʠʤ ʚʳʩʦʢʦʯʘʩʪʦʪʥʳʤ 

ʧʦʣʝʤ ʚʩʣʝʜʩʪʚʠʝ ʥʝʦʜʥʦʨʦʜʥʦʩʪʠ ʚʥʫʪʨʝʥʥʠʭ ʧʦʣʝʡ, ʦʙʫʩʣʦʚʣʝʥʥʳʭ ʢʘʢ ʩʣʫʯʘʡʥʳʤ 

ʧʦʣʝʤ ʣʦʢʘʣʴʥʦʡ ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ, ʪʘʢ ʠ ʥʝʦʜʥʦʨʦʜʥʦʡ ʩʪʦʭʘʩʪʠʯʝʩʢʦʡ ʤʘʛʥʠʪʥʦʡ 

ʩʪʨʫʢʪʫʨʦʡ. ʆʥʠ ʪʘʢʞʝ ʪʝʦʨʝʪʠʯʝʩʢʠ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʩʤʝʱʝʥʠʝ ʠ ʫʰʠʨʝʥʠʝ ʣʠʥʠʠ ʌʄʈ ʚ 

ʪʘʢʠʭ ʥʝʦʜʥʦʨʦʜʥʳʭ ʧʣʝʥʢʘʭ ʥʦʩʷʪ çʨʝʟʦʥʘʥʩʥʳʡè ʭʘʨʘʢʪʝʨ, ʘ ʟʥʘʯʝʥʠʝ ʜʣʷ ʯʘʩʪʦʪʳ f1, 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʡ ʤʘʢʩʠʤʫʤʫ ʫʰʠʨʝʥʠʷ ʣʠʥʠʠ ʌʄʈ ȹH
(2m)

 ʠ ʠʟʤʝʥʝʥʠʁ  ʟʥʘʢʘ ʩʤʝʱʝʥʠʷ 

ʨʝʟʦʥʘʥʩʥʦʛʦ ʧʦʣʷ H
(2m)
, ʦʧʨʝʜʝʣʷʝʪʩʷ ʩʣʝʜʫʶʱʠʤ ʧʨʠʙʣʠʞʝʥʥʳʤ ʚrʨʘʞʝʥʠʝʤ 
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ʅʘ ʨʠʩʫʥʢʝ 4.7 ʢʨʫʛʣʳʤʠ ʤʘʨʢʝʨʘʤʠ ʧʨʝʜʩʪʘʚʣʝʥʘ ʟʘʚʠʩʠʤʦʩʪʴ ʯʘʩʪʦʪʳ ʤʘʢʩʠ-

ʤʘʣʴʥʦʛʦ ʫʰʠʨʝʥʠʷ ʣʠʥʠʠ ʌʄʈ f1 ʦʪ ʨʘʟʤʝʨʘ ʢʨʠʩʪʘʣʣʠʪʦʚ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʧʣʝʥʦʢ, 

ʧʦʣʫʯʝʥʥʘʷ ʥʘ ʦʩʥʦʚʝ ʜʘʥʥʳʭ ʯʠʩʣʝʥʥʦʛʦ ʤʠʢʨʦʤʘʛʥʠʪʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ. ʐʪʨʠʭʦʚʦʡ 

ʣʠʥʠʝʡ ʥʘ ʵʪʦʤ ʞʝ ʨʠʩʫʥʢʝ ʧʦʢʘʟʘʥʘ ʪʝʦʨʝʪʠʯʝʩʢʘʷ ʟʘʚʠʩʠʤʦʩʪʴ f1(D0), ʧʦʣʫʯʝʥʥʘʷ ʩ 

ʧʦʤʦʱʴʶ ʬʦʨʤʫʣʳ (4.7) ʩ ʫʯʝʪʦʤ ʪʦʛʦ, ʯʪʦ ʚ ʯʠʩʣʝʥʥʦʡ ʤʦʜʝʣʠ ʪʦʣʱʠʥʘ ʧʣʝʥʢʠ ʩʦʦʪ-

ʚʝʪʩʪʚʦʚʘʣʘ ʨʘʟʤʝʨʫ ʢʨʠʩʪʘʣʣʠʪʦʚ. ɺʠʜʥʦ, ʯʪʦ ʜʘʥʥʳʝ ʯʠʩʣʝʥʥʦʛʦ ʵʢʩʧʝʨʠʤʝʥʪʘ ʚ ʮʝʣʦʤ 

ʭʦʨʦʰʦ ʩʦʛʣʘʩʫʶʪʩʷ ʩ ʪʝʦʨʠʝʡ ʀʛʥʘʪʯʝʥʢʦ ʠ ɼʝʛʪ̫ʨʝʚʘ. 

  

 

ʈʠʩʫʥʦʢ 4.7 ï ɿʘʚʠʩʠʤʦʩʪʴ ʨʝʟʦʥʘʥʩʥʦʡ ʯʘʩʪʦʪʳ f1, ʧʨʠ ʢʦʪʦʨʦʡ ʥʘʙʣʶʜʘʝʪʩʷ ʤʘʢʩʠ-

ʤʘʣʴʥʦʝ ʫʰʠʨʝʥʠʝ ʣʠʥʠʠ ʌʄʈ, ʦʪ ʨʘʟʤʝʨʘ ʢʨʠʩʪʘʣʣʠʪʦʚ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʊʄʇ. 

ʂʨʫʛʣʳʝ ʤʘʨʢʝʨʳ ï ʨʝʟʫʣʴʪʘʪ ʤʠʢʨʦʤʘʛʥʠʪʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ, ʰʪʨʠʭʦʚʘʷ 

ʣʠʥʠʷ ï ʨʘʩʯʝʪ ʧʦ ʬʦʨʤʫʣʝ (4.7), ʪʨʝʫʛʦʣʴʥʳʝ ʤʘʨʢʝʨʳ ï ʨʘʩʯʝʪ ʥʘ ʦʩʥʦʚʝ 

ʜʚʫʭʤʘʛʥʦʥʥʦʡ ʤʦʜʝʣʠ ʨʘʩʩʝʷʥʠʷ (ʨʘʟʜʝʣ 4.2.5.2) 

ʀʥʪʝʨʝʩʥʦ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʧʦʜʦʙʥʳʡ çʨʝʟʦʥʘʥʩʥʳʡè ʧʠʢ ʫʰʠʨʝʥʠʷ ʣʠʥʠʠ ʌʄʈ ʙʳʣ 

ʦʙʥʘʨʫʞʝʥ ʚ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʪʦʥʢʠʭ ʬʝʨʨʦʤʘʛʥʠʪʥʳʭ ʧʣʝʥʢʘʭ Co40Fe40B20 [189]. ɺ 

ʵʪʦʡ ʨʘʙʦʪʝ ʘʚʪʦʨʳ ʠʩʩʣʝʜʦʚʘʣʠ ʚʣʠʷʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ ʦʪʞʠʛʘ ʥʘ ʧʨʦʮʝʩʩʳ ʢʨʠʩʪʘʣʣʠ-

ʟʘʮʠʠ ʠ ʧʘʨʘʤʝʪʨʳ ʬʝʨʨʦʤʘʛʥʠʪʥʦʛʦ ʨʝʟʦʥʘʥʩʘ ʪʦʥʢʦʡ ʧʣʝʥʢʠ. ɹʳʣʦ ʦʙʥʘʨʫʞʝʥʦ, ʯʪʦ 

ʧʨʠ ʧʨʝʚʳʰʝʥʠʠ ʚʩʣʝʜʩʪʚʠʝ ʦʪʞʠʛʘ ʨʘʟʤʝʨʘ ʢʨʠʩʪʘʣʣʠʪʦʚ ʥʝʢʦʪʦʨʦʛʦ ʧʦʨʦʛʦʚʦʛʦ ʟʥʘ-

ʯʝʥʠʷ ~14 ʥʤ ʥʘ ʯʘʩʪʦʪʝ f1~5.5 ɻɻʮ ʥʘʙʣʶʜʘʣʦʩʴ ʨʝʟʢʦʝ ʫʰʠʨʝʥʠʝ ʣʠʥʠʠ ʌʄʈ, ʢʦʪʦʨʦʝ 

ʪʘʢʞʝ ʩʦʧʨʦʚʦʞʜʘʣʦʩʴ ʟʥʘʯʠʪʝʣʴʥʳʤ ʩʤʝʱʝʥʠʝʤ ʨʝʟʦʥʘʥʩʥʦʛʦ ʧʦʣʷ. ʇʨʠʯʝʤ ʵʪʦ ʩʤʝ-

ʱʝʥʠʝ ʥʦʩʠʣʦ çʨʝʟʦʥʘʥʩʥʳʡè ʭʘʨʘʢʪʝʨ ʩ ʠʟʤʝʥʝʥʠʝʤ ʟʥʘʢʘ ʚ ʦʢʨʝʩʪʥʦʩʪʠ f1. ʆʮʝʥʢʘ ʨʝ-

ʟʦʥʘʥʩʥʦʡ ʯʘʩʪʦʪʳ f1 ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʬʦʨʤʫʣʦʡ (4.7) ʜʣʷ ʧʘʨʘʤʝʪʨʦʚ ʦʙʨʘʟʮʘ Co40Fe40B20, 

ʧʨʠʚʝʜʝʥʥʳʭ ʚ [189], ʜʘʝʪ ʙʣʠʟʢʦʝ ʢ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤ ʟʥʘʯʝʥʠʝ 5.3 ɻɻʮ. 
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4.2 ʕʬʬʝʢʪ ʫʰʠʨʝʥʠʷ ʠ ʩʤʝʱʝʥʠʷ ʣʠʥʠʠ ʌʄʈ ʚ ʪʦʥʢʠʭ 

ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʧʝʨʤʘʣʣʦʝʚʳʭ ʧʣʝʥʢʘʭ 

ɺ ʧʨʝʜʳʜʫʱʝʤ ʨʘʟʜʝʣʝ ʙʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʤʘʛʥʠʪʥʳʝ ʧʘʨʘʤʝʪʨʳ ʥʘʥʦʢʨʠʩʪʘʣʣʠ-

ʯʝʩʢʠʭ ʪʦʥʢʠʭ ʧʣʝʥʦʢ ʚ ʟʥʘʯʠʪʝʣʴʥʦʡ ʩʪʝʧʝʥʠ ʦʧʨʝʜʝʣʷʶʪʩʷ ʨʘʟʤʝʨʦʤ ʢʨʠʩʪʘʣʣʠʪʦʚ. 

ɽʩʣʠ ʠʭ ʨʘʟʤʝʨ ʥʝ ʧʨʝʚʳʰʘʝʪ ʜʣʠʥʫ ʤʘʛʥʠʪʥʳʭ ʢʦʨʨʝʣʷʮʠʡ, ʚʣʠʷʥʠʝ ʦʙʤʝʥʥʦʛʦ ʠ ʤʘʛ-

ʥʠʪʦʩʪʘʪʠʯʝʩʢʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʧʨʠʚʦʜʠʪ ʢ ʫʩʨʝʜʥʝʥʠʶ ʩʣʫʯʘʡʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ ʦʪ-

ʜʝʣʴʥʳʭ ʢʨʠʩʪʘʣʣʠʪʦʚ ʠ, ʢʘʢ ʩʣʝʜʩʪʚʠʝ, ʢ ʟʥʘʯʠʪʝʣʴʥʦʤʫ ʩʥʠʞʝʥʠʶ ʢʦʵʨʮʠʪʠʚʥʦʡ ʩʠʣʳ ʠ 

ʨʦʩʪʫ ʤʘʛʥʠʪʥʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʩʨʝʜʳ. ʇʨʠ ʵʪʦʤ ʚ ʧʣʝʥʢʝ ʬʦʨʤʠʨʫʝʪʩʷ ʩʚʦʝʦʙʨʘʟʥʘʷ 

ʚʦʣʥʦʦʙʨʘʟʥʘʷ ʢʚʘʟʠʧʝʨʠʦʜʠʯʝʩʢʘʷ ʤʘʛʥʠʪʥʘʷ ʩʪʨʫʢʪʫʨʘ, ʩ ʜʣʠʥʦʡ ʚʦʣʥʳ, ʟʘʚʠʩʷʱʝʡ ʢʘʢ 

ʦʪ ʤʘʛʥʠʪʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʧʣʝʥʢʠ, ʪʘʢ ʠ ʦʪ ʚʝʣʠʯʠʥʳ ʧʨʠʣʦʞʝʥʥʦʛʦ ʚʥʝʰʥʝʛʦ ʧʦʣʷ. ʊʘʢʘʷ 

ʥʝʦʜʥʦʨʦʜʥʘʷ ʤʘʛʥʠʪʥʘʷ ʩʪʨʫʢʪʫʨʘ ʤʦʞʝʪ ʧʨʠʚʦʜʠʪʴ ʢ ʜʦʧʦʣʥʠʪʝʣʴʥʳʤ ʤʝʭʘʥʠʟʤʘʤ 

ʟʘʪʫʭʘʥʠʷ ʚ ʪʦʥʢʠʭ ʧʣʝʥʢʘʭ [190, 191]. 

ɺ ʜʘʥʥʦʤ ʨʘʟʜʝʣʝ ʧʦʜʨʦʙʥʦ ʨʘʩʩʤʦʪʨʝʥ ʦʙʥʘʨʫʞʝʥʥʳʡ ʚ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ 

ʧʝʨʤʘʣʣʦʝʚʦʡ ʪʦʥʢʦʡ ʧʣʝʥʢʝ ʵʬʬʝʢʪ ʨʝʟʢʦʛʦ ʫʰʠʨʝʥʠ ̫ʠ ʩʤʝʱʝʥʠ ̫ʣʠʥʠʠ ʌʄʈ, ʦʙʫ-

ʩʣʦʚʣʝʥʥʳʡ ʨʘʩʩʝʷʥʠʝʤ ʩʧʠʥʦʚʳʭ ʚʦʣʥ ʥʘ ʢʚʘʟʠʧʝʨʠʦʜʠʯʝʩʢʦʡ ʤʘʛʥʠʪʥʦʡ ʩʪʨʫʢʪʫʨʝ 

çʨʷʙʠè ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ. ɼʣʷ ʜʝʪʘʣʴʥʦʛʦ ʘʥʘʣʠʟʘ ʦʙʥʘʨʫʞʝʥʥʦʛʦ ʵʬʬʝʢʪʘ ʨʝʟʫʣʴʪʘʪʳ 

ʩʪʨʫʢʪʫʨʥʳʭ ʠ ʤʘʛʥʠʪʦʩʪʨʫʢʪʫʨʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ, ʘ ʪʘʢʞʝ ʨʝʟʫʣʴʪʘʪʳ ʩʢʘʥʠʨʫʶʱʝʡ ʠ 

ʰʠʨʦʢʦʧʦʣʦʩʥʦʡ ʌʄʈ-ʩʧʝʢʪʨʦʩʢʦʧʠʠ, ʙʳʣʠ ʜʦʧʦʣʥʝʥʳ ʨʝʟʫʣʴʪʘʪʘʤʠ ʯʠʩʣʝʥʥʦʛʦ ʤʦ-

ʜʝʣʠʨʦʚʘʥʠʷ ʤʘʛʥʠʪʥʦʡ ʩʪʨʫʢʪʫʨʳ ʠ ʚʳʩʦʢʦʯʘʩʪʦʪʥʦʡ ʤʘʛʥʠʪʥʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʠʩ-

ʩʣʝʜʫʝʤʳʭ ʦʙʨʘʟʮʦʚ. ʂʨʦʤʝ ʪʦʛʦ, ʜʣʷ ʦʙʲʷʩʥʝʥʠʷ ʤʝʭʘʥʠʟʤʘ ʠ ʦʩʦʙʝʥʥʦʩʪʝʡ ʬʦʨʤʠʨʦ-

ʚʘʥʠʷ ʵʬʬʝʢʪʘ ʨʘʩʩʤʦʪʨʝʥʘ ʜʚʫʭʤʘʛʥʦʥʥʘʷ ʤʦʜʝʣʴ ʨʘʩʩʝʷʥʠʷ, ʩ ʧʦʤʦʱʴʶ ʢʦʪʦʨʦʡ ʙʳʣʦ 

ʧʦʣʫʯʝʥʦ ʚʳʨʘʞʝʥʠʝ ʜʣʷ ʦʮʝʥʢʠ ʧʦʨʦʛʦʚʦʛʦ ʨʘʟʤʝʨʘ ʢʨʠʩʪʘʣʣʠʪʦʚ, ʚʳʰʝ ʢʦʪʦʨʦʛʦ ʚʦʟ-

ʥʠʢʘʝʪ ʵʪʦʪ ʵʬʬʝʢʪ. 

4.2.1 ʀʟʛʦʪʦʚʣʝʥʠʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʦʙʨʘʟʮʦʚ 

ɼʚʝ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʝ ʪʦʥʢʠʝ ʤʘʛʥʠʪʥʳʝ ʧʣʝʥʢʠ (ʆʙʨʘʟʝʮ 1 ʠ ʆʙʨʘʟʝʮ 2) 

ʪʦʣʱʠʥʦʡ 40 ʥʤ ʙʳʣʠ ʠʟʛʦʪʦʚʣʝʥʳ ʦʜʥʦʚʨʝʤʝʥʥʦ ʚ ʭʦʜʝ ʝʜʠʥʦʛʦ ʮʠʢʣʘ ʦʩʘʞʜʝʥʠʷ ʤʝ-

ʪʦʜʦʤ DC-ʤʘʛʥʝʪʨʦʥʥʦʛʦ ʨʘʩʧʳʣʝʥʠ ̫ʤʠʰʝʥʠ Fe20Ni80. ʊʦʥʢʠʝ ʧʣʝʥʢʠ ʥʘʧʳʣʷʣʠʩʴ ʥʘ 

ʢʚʘʜʨʘʪʥʳʝ ʧʦʜʣʦʞʢʠ ʠʟ ʢʚʘʨʮʝʚʦʛʦ ʩʪʝʢʣʘ ʩ ʰʝʨʦʭʦʚʘʪʦʩʪʴʶ ~ 1 ʥʤ ʨʘʟʤʝʨʦʤ 

12Ĭ12Ĭ0.5 ʤʤ
3
. ʇʨʝʜʚʘʨʠʪʝʣʴʥʦ ʧʦʜʣʦʞʢʠ ʙʳʣʠ ʦʯʠʱʝʥʳ ʚ ʫʣʴʪʨʘʟʚʫʢʦʚʦʡ ʚʘʥʥʝ ʚ ʛʦ-

ʨʷʯʠʭ ʨʘʩʪʚʦʨʘʭ: ʩʣʘʙʦʤ ʤʳʣʴʥʦʤ, ʘ ʟʘʪʝʤ ʚ 10%-ʤ ʨʘʩʪʚʦʨʝ ʧʝʨʦʢʩʠʜʘ ʚʦʜʦʨʦʜʘ, ʧʦʩʣʝ 
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ʯʝʛʦ ʚʳʩʫʰʝʥʳ ʚ ʧʘʨʘʭ ʠʟʦʧʨʦʧʘʥʦʣʘ. ɼʣʷ ʠʩʢʣʶʯʝʥʠʷ ʚʦʟʤʦʞʥʦʩʪʠ ʬʦʨʤʠʨʦʚʘʥʠʷ 

ʙʦʣʴʰʠʭ ʢʨʠʩʪʘʣʣʠʪʦʚ ʥʘ ʥʘʯʘʣʴʥʦʡ ʩʪʘʜʠʠ ʨʦʩʪʘ ʤʘʛʥʠʪʥʦʡ ʧʣʝʥʢʠ, ʧʦʜʣʦʞʢʠ ʙʳʣʠ 

ʧʨʝʜʚʘʨʠʪʝʣʴʥʦ ʧʦʢʨʳʪʳ ʤʝʪʦʜʦʤ ʪʝʨʤʠʯʝʩʢʦʛʦ ʠʩʧʘʨʝʥʠʷ ʘʤʦʨʬʥʳʤ ʩʣʦʝʤ SiO ʪʦʣ-

ʱʠʥʦʡ 200 ʥʤ. ʇʦʜʣʦʞʢʠ ʨʘʟʤʝʱʘʣʠʩʴ ʚ ʧʦʜʣʦʞʢʦʜʝʨʞʘʪʝʣʝ ʩ ʢʚʘʜʨʘʪʥʦʡ ʤʘʩʢʦʡ ʨʘʟ-

ʤʝʨʘʤʠ 10Ĭ10 ʤʤ
2
. ʈʘʩʩʪʦʷʥʠʝ ʤʝʞʜʫ ʤʠʰʝʥʴʶ ʠ ʧʦʜʣʦʞʢʦʡ ʩʦʩʪʘʚʣʷʣʦ 170 ʤʤ. 

ʋʜʝʣʴʥʘʷ ʧʣʦʪʥʦʩʪʴ ʤʦʱʥʦʩʪʠ ʤʘʛʥʝʪʨʦʥʘ ʚʙʣʠʟʠ ʤʠʰʝʥʠ ʧʦʜʜʝʨʞʠʚʘʣʘʩʴ ʧʦʩʪʦʷʥʥʦʡ 

ʥʘ ʫʨʦʚʥʝ 4.7 ɺʪ/ʩʤ
2
, ʯʪʦ ʦʙʝʩʧʝʯʠʚʘʣʦ ʩʢʦʨʦʩʪ ɹʦʩʘʞʜʝʥʠʷ 0.25 ʥʤ/ʩ. ɹʘʟʦʚʦʝ ʜʘʚʣʝʥʠʝ ʚ 

ʢʘʤʝʨʝ ʩʦʩʪʘʚʣʷʣʦ 3Ĭ10
ï4

 ʇʘ, ʘ ʤʘʛʥʝʪʨʦʥʥʦʝ ʠʩʧʘʨʝʥʠʝ ʧʨʦʠʩʭʦʜʠʣʦ ʚ ʘʪʤʦʩʬʝʨʝ ʘʨʛʦʥʘ 

ʧʨʠ ʜʘʚʣʝʥʠʠ 2Ĭ10
ï1

 ʇʘ. ɺʦ ʚʨʝʤʷ ʧʨʦʮʝʩʩʘ ʦʩʘʞʜʝʥʠʷ ʪʝʤʧʝʨʘʪʫʨʘ ʧʦʜʣʦʞʝʢ ʧʦʜʜʝʨ-

ʞʠʚʘʣʘʩʴ ʥʘ ʫʨʦʚʥʝ 200 Áʉ. ʇʨʠ ʵʪʦʤ ʜʣʷ ʥʘʚʝʜʝʥʠʷ ʚ ʦʙʨʘʟʮʝ ʧʣʘʥʘʨʥʦʡ ʦʜʥʦʦʩʥʦʡ 

ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ ʚ ʧʣʦʩʢʦʩʪʠ ʧʣʝʥʢʠ ʙʳʣʦ ʧʨʠʣʦʞʝʥʦ ʧʦʩʪʦʷʥʥʦʝ ʦʜʥʦʨʦʜʥʦʝ 

ʤʘʛʥʠʪʥʦʝ ʧʦʣʝ ʚʝʣʠʯʠʥʦʡ 200 ʕ. ʇʦ ʦʢʦʥʯʘʥʠʶ ʦʩʘʞʜʝʥʠʷ ʧʣʝʥʦʢ ʆʙʨʘʟʝʮ 1 ʠʟʚʣʝʢʘʣʩʷ 

ʠʟ ʢʘʤʝʨʳ ʜʣʷ ʧʨʦʚʝʜʝʥʠʷ ʠʩʩʣʝʜʦʚʘʥʠʡ, ʘ ʆʙʨʘʟʝʮ 2 ʜʦ ʠʟʚʣʝʯʝʥʠʷ ʠʟ ʢʘʤʝʨʳ ʧʦʜʚʝʨ-

ʛʘʣʩʷ ʜʦʧʦʣʥʠʪʝʣʴʥʦʤʫ ʦʪʞʠʛʫ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 350 Áʉ (ʩ ʮʝʣʴʶ ʨʦʩʪʘ ʢʨʠʩʪʘʣʣʠʪʦʚ ʚ 

ʥʝʤ) ʚ ʪʝʯʝʥʠʝ 3 ʯʘʩʦʚ ʧʨʠ ʜʘʚʣʝʥʠʠ ʚ ʢʘʤʝʨʝ 3Ĭ10
ï4

 ʇʘ ʠ ʪʘʢʞʝ ʚ ʦʨʠʝʥʪʠʨʫʶʱʝʤ ʤʘʛ-

ʥʠʪʥʦʤ ʧʦʣʝ 200 ʕ. 

4.2.2 ʄʝʪʦʜʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʦʙʨʘʟʮʦʚ 

4.2.2.1 ʆʧʨʝʜʝʣʝʥʠʝ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʠ ʤʘʛʥʠʪʥʦʡ ʩʪʨʫʢʪʫʨ r

ʄʦʨʬʦʣʦʛʠ,̫ ʤʠʢʨʦʩʪʨʫʢʪʫʨʘ ʠ ʣʦʢʘʣʴʥʳʡ ʵʣʝʤʝʥʪʥʳʡ ʩʦʩʪʘʚ ʧʦʣʫʯʝʥʥʳʭ ʦʙ-

ʨʘʟʮʦʚ ʙʳʣʠ ʠʩʩʣʝʜʦʚʘʥʳ ʩ ʧʦʤʦʱʴʶ ʧʨʦʩʚʝʯʠʚʘʶʱʝʡ ʵʣʝʢʪʨʦʥʥʦʡ ʤʠʢʨʦʩʢʦʧʠʠ (ʇʕʄ) 

ʥʘ ʤʠʢʨʦʩʢʦʧʝ JEM-2100 (JEOL Ltd.), ʨʘʙʦʪʘʶʱʝʤ ʧʨʠ ʫʩʢʦʨʷʶʱʝʤ ʥʘʧʨʷʞʝʥʠʠ 200 ʢɺ. 

ʄʠʢʨʦʩʢʦʧ ʙʳʣ ʦʩʥʘʱʝʥ ʵʥʝʨʛʦʜʠʩʧʝʨʩʠʦʥʥʳʤ ʩʧʝʢʪʨʦʤʝʪʨʦʤ (ʕɼʉ) Oxford Inca 

x-sight, ʢʦʪʦʨʳʡ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʜʣʷ ʢʦʥʪʨʦʣʷ ʵʣʝʤʝʥʪʥʦʛʦ ʩʦʩʪʘʚʘ ʦʙʨʘʟʮʦʚ. ɼʣʷ ʦʧʨʝ-

ʜʝʣʝʥʠʷ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ ʥʘʥʦʯʘʩʪʠʮ ʙʳʣʠ ʠʩʧʦʣʴʟʦʚʘʥʳ ʤʝʪʦʜʳ ʤʠʢʨʦʜʠ-

ʬʨʘʢʮʠʠ ʵʣʝʢʪʨʦʥʦʚ ʠ ʧʨʦʩʚʝʯʠʚʘʶʱʝʡ ʵʣʝʢʪʨʦʥʥʦʡ ʤʠʢʨʦʩʢʦʧʠʠ ʚʳʩʦʢʦʛʦ ʨʘʟʨʝʰʝʥʠʷ 

(ʇʕʄɺʈ). ʄʘʛʥʠʪʥʘʷ ʩʪʨʫʢʪʫʨʘ ʪʦʥʢʠʭ ʧʣʝʥʦʢ ʚʠʟʫʘʣʠʟʠʨʦʚʘʣʘʩʴ ʤʝʪʦʜʦʤ ʃʦʨʝʥʮʝʚʦʡ 

ʧʨʦʩʚʝʯʠʚʘʶʱʝʡ ʵʣʝʢʪʨʦʥʥʦʡ ʤʠʢʨʦʩʢʦʧʠʠ (ʃʦʨʝʥʮʝʚʘ ʇʕʄ) [192, 193] ʥʘ ʵʣʝʢʪʨʦʥʥʦʤ 

ʤʠʢʨʦʩʢʦʧʝ JEM-2100 (JEOL Ltd.). ɼʣʷ ʧʨʦʚʝʜʝʥʠʷ ʵʣʝʢʪʨʦʥʥʦ-ʤʠʢʨʦʩʢʦʧʠʯʝʩʢʠʭ ʠʩ-

ʩʣʝʜʦʚʘʥʠʡ ʧʦʣʫʯʝʥʥʳʝ ʪʦʥʢʠʝ ʧʣʝʥʢʠ ʦʪʜʝʣʷʣʠʩʴ ʦʪ ʧʦʜʣʦʞʢʠ ʩ ʧʦʤʦʱʴʶ 10%-ʛʦ 
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ʚʦʜʥʦʛʦ ʨʘʩʪʚʦʨʘ ʧʣʘʚʠʢʦʚʦʡ (HF) ʢʠʩʣʦʪʳ ʠ ʚʳʩʘʞʠʚʘʣʠʩʴ ʥʘ ʵʣʝʢʪʨʦʥʥ-

ʥʦ-ʤʠʢʨʦʩʢʦʧʠʯʝʩʢʠʝ ʧʦʜʜʝʨʞʠʚʘʶʱʠʝ ʩʝʪʦʯʢʠ. 

4.2.2.2 ʀʟʤʝʨʝʥʠʝ ʚʳʩʦʢʦʯʘʩʪʦʪʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʪʦʥʢʠʭ ʧʣʝʥʦʢ 

ɺʳʩʦʢʦʯʘʩʪʦʪʥʳʝ ʤʘʛʥʠʪʥʳʝ ʩʚʦʡʩʪʚʘ ʧʦʣʫʯʝʥʥʳʭ ʦʙʨʘʟʮʦʚ ʙʳʣʠ ʠʩʩʣʝʜʦʚʘʥʳ ʩ 

ʧʦʤʦʱʴʶ ʰʠʨʦʢʦʧʦʣʦʩʥʦʛʦ ʩʧʝʢʪʨʦʤʝʪʨʘ ʌʄʈ ʚ ʜʠʘʧʘʟʦʥʝ ʯʘʩʪʦʪ ʦʪ 100 ʄɻʮ ʜʦ 

9.5 ɻɻʮ. ʀʟʤʝʨʝʥʠʷ ʧʨʦʚʦʜʠʣʠʩʴ ʧʨʠ ʨʘʟʚʝʨʪʢʝ ʯʘʩʪʦʪʳ f ʜʣʷ ʨʘʟʣʠʯʥʳʭ ʟʥʘʯʝʥʠʡ 

ʚʥʝʰʥʝʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ H ʦʪ 0 ʜʦ 1 ʢʕ. ʂʦʥʩʪʨʫʢʮʠʷ ʠʟʤʝʨʠʪʝʣʴʥʦʡ ʷʯʝʡʢʠ, ʚʥʫʪʨʠ 

ʢʦʪʦʨʦʡ ʨʘʟʤʝʱʘʣʩʷ ʠʩʩʣʝʜʫʝʤʳʡ ʦʙʨʘʟʝʮ ʪʦʥʢʦʡ ʤʘʛʥʠʪʥʦʡ ʧʣʝʥʢʠ, ʦʙʱʘʷ ʩʭʝʤʘ 

ʩʧʝʢʪʨʦʤʝʪʨʘ ʌʄʈ ʠ ʤʝʪʦʜʠʢʘ ʠʟʤʝʨʝʥʠʡ ʧʨʠʚʝʜʝʥʳ ʚ ʨʘʟʜʝʣʝ 2.1.2. 

ɼʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʤʘʛʥʠʪʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʦʙʨʘʟʮʦʚ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʩʢʘʥʠʨʫʶʱʠʡ 

ʩʧʝʢʪʨʦʤʝʪʨ ʌʄʈ (ʨʘʟʜʝʣ 2.1.1). ʀʟʤʝʨʝʥʠʷ ʧʨʦʚʦʜʠʣʠʩʴ ʥʘ ʯʘʩʪʦʪʝ 2.5 ɻɻʮ ʧʨʠ ʨʘʟ-

ʚʝʨʪʢʝ ʚʥʝʰʥʝʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ, ʧʨʠʣʦʞʝʥʥʦʛʦ ʚ ʧʣʦʩʢʦʩʪʠ ʦʙʨʘʟʮʘ. ʕʬʬʝʢʪʠʚʥʘʷ 

ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʴ ʥʘʩʳʱʝʥʠʷ Meff ʠ ʚʝʣʠʯʠʥʘ ʧʦʣʷ ʧʣʘʥʘʨʥʦʡ ʦʜʥʦʦʩʥʦʡ ʤʘʛʥʠʪʥʦʡ 

ʘʥʠʟʦʪʨʦʧʠʠ Hu ʦʧʨʝʜʝʣʷʣʠʩʴ ʠʟ ʩʥʷʪʳʭ ʫʛʣʦʚʳʭ ʟʘʚʠʩʠʤʦʩʪʝʡ ʨʝʟʦʥʘʥʩʥʦʛʦ ʧʦʣʷ ʩ ʠʩ-

ʧʦʣʴʟʦʚʘʥʠʝʤ ʤʝʪʦʜʠʢʠ, ʦʧʠʩʘʥʥʦʡ ʚ ʨʘʟʜʝʣʝ 2.2. ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʠʩʧʦʣʴʟʦʚʘʥʠʝ 

ʤʝʪʦʜʘ ʌʄʈ ʧʦʟʚʦʣʷʝʪ ʦʧʨʝʜʝʣʷʪʴ ʥʝ ʩʘʤʫ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʴ ʥʘʩʳʱʝʥʠʷ Ms ʧʣʝʥʦʢ, ʘ 

ʣʠʰʴ ʝʝ ʥʝʢʦʪʦʨʦʝ ʵʬʬʝʢʪʠʚʥʦʝ ʟʥʘʯʝʥʠʝ Meff = Ms ï H /̂4ˊ (ʚʳʨʘʞʝʥʠʝ 2.13). ɺʭʦʜʷʱʝʝ ʚ 

ʵʪʦ ʚʳʨʘʞʝʥʠʝ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʘʷ ʤʘʛʥʠʪʥʘʷ ʘʥʠʟʦʪʨʦʧʠʷ H  ̂ʤʦʞʝʪ ʙʳʪʴ ʩʚʷʟʘʥʘ ʢʘʢ ʩ 

ʧʦʚʝʨʭʥʦʩʪʥʦʡ ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʝʡ ʧʣʝʥʢʠ [18], ʪʘʢ ʠ ʩ ʥʝʦʜʥʦʨʦʜʥʳʤʠ ʨʘʟʤʘʛʥʠ-

ʯʠʚʘʶʱʠʤʠ ʧʦʣʷʤʠ, ʚʦʟʥʠʢʘʶʱʠʤʠ, ʥʘʧʨʠʤʝʨ, ʠʟ-ʟʘ ʬʦʨʤʠʨʦʚʘʥʠʷ ʚ ʧʣʝʥʢʝ ʩʪʦʣʙʯʘʪʦʡ 

ʤʠʢʨʦʩʪʨʫʢʪʫʨʳ [167, 194] ʠʣʠ ʠʟ-ʟʘ ʰʝʨʦʭʦʚʘʪʦʩʪʝʡ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʧʦʜʣʦʞʢʠ [195]. 

ʂʘʢ ʧʨʘʚʠʣʦ, H  ̂<< 4Ḿs, ʧʦʵʪʦʤʫ ʧʨʠʙʣʠʞʝʥʥʦ ʤʦʞʥʦ ʩʯʠʪʘʪʴ Meff å Ms . 

4.2.2.3 ɼʝʪʘʣʠ ʤʠʢʨʦʤʘʛʥʠʪʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ 

ɼʣʷ ʧʨʦʚʝʜʝʥʠʷ ʯʠʩʣʝʥʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʤʘʛʥʠʪʥʦʡ ʤʠʢʨʦʩʪʨʫʢʪʫʨʳ ʠ ʚʳʩʦʢʦ-

ʯʘʩʪʦʪʥʦʡ ʤʘʛʥʠʪʥʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʪʦʥʢʠʭ ʧʣʝʥʦʢ ʠʩʧʦʣʴʟʦʚʘ-

ʣʘʩʴ ʤʠʢʨʦʤʘʛʥʠʪʥʘʷ ʤʦʜʝʣʴ, ʧʦʜʨʦʙʥʦʝ ʦʧʠʩʘʥʠʝ ʢʦʪʦʨʦʡ ʜʘʥʦ ʚ ʨʘʟʜʝʣʝ 3.1. ɼʠʩʢʨʝ-

ʜʠʪʘʮʠʷ ʤʦʜʝʣʠ ʙʳʣʘ ʚʳʧʦʣʥʝʥʘ ʤʝʪʦʜʦʤ ʢʦʥʝʯʥʳʭ ʨʘʟʥʦʩʪʝʡ [120]. ɺ ʨʝʟʫʣʴʪʘʪʝ ʨʘʩ-

ʩʤʘʪʨʠʚʘʝʤʳʡ ʦʙʲʝʢʪ ʨʘʟʙʠʚʘʣʩʷ ʥʘ N ʦʜʠʥʘʢʦʚʳʭ ʜʠʩʢʨʝʪʥʳʭ ʷʯʝʝʢ ʚ ʬʦʨʤʝ ʧʘʨʘʣʣʝ-

ʣʝʧʠʧʝʜʘ ʦʙʲʝʤʦʤ V0 ʩ ʚʝʢʪʦʨʘʤʠ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ M i, (i=1,2,..,N), ʧʦʩʪʦʷʥʥʳʤʠ ʚ ʧʨʝ-



130 
 

ʜʝʣʘʭ ʢʘʞʜʦʡ ʷʯʝʡʢʠ. ʈʘʟʤʝʨ ʷʯʝʝʢ ʚ ʧʣʦʩʢʦʩʪʠ ʧʣʝʥʢʠ ʩʦʦʪʚʝʪʩʪʚʦʚʘʣ ʩʨʝʜʥʝʤʫ ʨʘʟʤʝʨʫ 

ʢʨʠʩʪʘʣʣʠʪʦʚ D0, ʘ ʚʳʩʦʪʘ ʷʯʝʝʢ ʙʳʣʘ ʨʘʚʥʘ ʪʦʣʱʠʥʝ ʧʣʝʥʢʠ d, ʪ. ʝ. dDV 2
00 = . ʆʙʱʝʝ 

ʢʦʣʠʯʝʩʪʚʦ ʜʠʩʢʨʝʪʥʳʭ ʷʯʝʝʢ ʚ ʧʣʦʩʢʦʩʪʠ ʧʣʝʥʢʠ xy ʩʦʩʪʘʚʠʣʦ 

N = NxĬNy = 2048Ĭ2048 å 4Ĭ10
6
. ʏʪʦʙʳ ʠʩʢʣʶʯʠʪʴ ʢʨʘʝʚʳʝ ʵʬʬʝʢʪʳ, ʩʚʷʟʘʥʥʳʝ ʩ ʥʝʦʜ-

ʥʦʨʦʜʥʦʩʪʴʶ ʚʥʫʪʨʝʥʥʝʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʚʙʣʠʟʠ ʛʨʘʥʠʮ ʦʙʨʘʟʮʦʚ [196], ʧʨʠ ʨʘʩʯʝʪʝ 

ʵʥʝʨʛʠʡ ʦʙʤʝʥʥʦʛʦ ʠ ʤʘʛʥʠʪʦʩʪʘʪʠʯʝʩʢʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ ʜʦʧʦʣʥʠʪʝʣʴʥʦ ʠʩʧʦʣʴʟʦʚʘ-

ʣʠʩʴ ʜʚʫʤʝʨʥʳʝ ʧʝʨʠʦʜʠʯʝʩʢʠʝ ʛʨʘʥʠʯʥʳʝ ʫʩʣʦʚʠʷ [147]. 

ʄʘʛʥʠʪʥʘʷ ʤʠʢʨʦʩʪʨʫʢʪʫʨʘ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʪʦʥʢʠʭ ʧʣʝʥʦʢ ʦʧʨʝʜʝʣʷʣʘʩʴ ʠʟ 

ʨʝʰʝʥʠʷ ʩʠʩʪʝʤʳ ʣʠʥʝʡʥʳʭ ʥʝʦʜʥʦʨʦʜʥʳʭ ʫʨʘʚʥʝʥʠʡ ʩ ʥʝʦʧʨʝʜʝʣʝʥʥʳʤʠ ʤʥʦʞʠʪʝʣʷʤʠ 

ʃʘʛʨʘʥʞʘ (ʨʘʟʜʝʣ 3.1). ʇʦʣʫʯʝʥʥʦʝ ʨʘʚʥʦʚʝʩʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʧʨʦ-

ʚʝʨʷʣʦʩʴ ʥʘ ʫʩʪʦʡʯʠʚʦʩʪʴ, ʠ, ʝʩʣʠ ʵʪʦ ʫʩʣʦʚʠʝ ʥʝ ʚʳʧʦʣʥʷʣʦʩʴ, ʦʩʫʱʝʩʪʚʣʷʣʩʷ ʧʦʠʩʢ 

ʥʦʚʦʛʦ ʨʘʚʥʦʚʝʩʥʦʛʦ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʚ ʥʘʧʨʘʚʣʝʥʠʠ ʨʝʣʘʢʩʘʮʠʠ ʩʠʩ-

ʪʝʤʳ (ʨʘʟʜʝʣ 3.1.4). ɼʣʷ ʨʘʩʯʝʪʘ ʚʳʩʦʢʦʯʘʩʪʦʪʥʦʡ ʤʘʛʥʠʪʥʦʡ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ (ʧʨʦʥʠ-

ʮʘʝʤʦʩʪʠ) ʧʣʝʥʦʢ ʠʩʧʦʣʴʟʦʚʘʣʘʩʴ ʯʠʩʣʝʥʥʘʷ ʨʝʘʣʠʟʘʮʠʷ ʤʝʪʦʜʘ ʥʝʦʧʨʝʜʝʣʝʥʥʳʭ ʢʦʵʬ-

ʬʠʮʠʝʥʪʦʚ ʜʣʷ ʨʝʰʝʥʠʷ ʩʠʩʪʝʤʳ ʣʠʥʝʘʨʠʟʦʚʘʥʥʳʭ ʫʨʘʚʥʝʥʠʡ ʃʘʥʜʘʫ ï ʃʠʬʰʠʮʘ (ʨʘʟ-

ʜʝʣ 3.2.3), ʦʧʠʩʳʚʘʶʱʠʭ ʜʚʠʞʝʥʠʝ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʚ ʢʘʞʜʦʡ ʷʯʝʡʢʝ. 

4.2.3 ʂʨʠʩʪʘʣʣʠʯʝʩʢʘʷ ʠ ʤʘʛʥʠʪʥʘʷ ʩʪʨʫʢʪʫʨʘ ʦʙʨʘʟʮʦʚ 

4.2.3.1 ʉʦʩʪʘʚ ʠ ʢʨʠʩʪʘʣʣʠʯʝʩʢʘʷ ʩʪʨʫʢʪʫʨʘ ʧʣʝʥʦʢ 

ʄʠʢʨʦʩʪʨʫʢʪʫʨʘ ʠʟʛʦʪʦʚʣʝʥʥʳʭ ʪʦʥʢʠʭ ʤʘʛʥʠʪʥʳʭ ʧʣʝʥʦʢ ʠʩʩʣʝʜʦʚʘʣʘʩʴ ʩ ʧʦ-

ʤʦʱʴʶ ʧʨʦʩʚʝʯʠʚʘʶʱʝʡ ʵʣʝʢʪʨʦʥʥʦʡ ʤʠʢʨʦʩʢʦʧʠʠ ʚʳʩʦʢʦʛʦ ʨʘʟʨʝʰʝʥʠʷ. ʈʝʟʫʣʴʪʘʪʳ 

ʜʣʷ ʠʩʭʦʜʥʦʛʦ ʆʙʨʘʟʮʘ 1 ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʨʠʩʫʥʢʘʭ 4.8 (a ï c), ʪʦʛʜʘ ʢʘʢ ʜʣʷ ʦʪʦʞʞʝʥ-

ʥʦʛʦ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 350 Áʉ ʆʙʨʘʟʮʘ 2 ʥʘ ʨʠʩʫʥʢʘʭ 4.8 (d ï f). ʂʘʢ ʚʠʜʥʦ ʠʟ ʨʠʩʫʥ-

ʢʘ 4.8 (a), ʧʣʝʥʢʘ ʚ ʠʩʭʦʜʥʦʤ ʩʦʩʪʦʷʥʠʠ (ʆʙʨʘʟʝʮ 1) ʠʤʝʝʪ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʫʶ ʩʪʨʫʢ-

ʪʫʨʫ. ʕʣʝʢʪʨʦʥʦʛʨʘʤʤʘ, ʧʦʣʫʯʝʥʥʘʷ ʦʪ ʫʯʘʩʪʢʘ ʧʣʝʥʢʠ ʜʠʘʤʝʪʨʦʤ 1.3 ʤʢʤ, ʧʨʝʜʩʪʘʚʣʝʥʘ 

ʥʘ ʚʩʪʘʚʢʝ ʨʠʩʫʥʢʘ 4.8 (a). ɼʘʥʥʘʷ ʵʣʝʢʪʨʦʥʦʛʨʘʤʤʘ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʩʣʫʯʘʡʥʦʡ ʦʨʠ-

ʝʥʪʘʮʠʠ ʦʪʜʝʣʴʥʳʭ ʢʨʠʩʪʘʣʣʠʪʦʚ. ʕʪʠ ʧʣʦʪʥʦʫʧʘʢʦʚʘʥʥʳʝ ʯʘʩʪʠʮʳ ʜʠʘʤʝʪʨʦʤ ʦʪ 4 ʜʦ 

28 ʥʤ ʦʙʨʘʟʫʶʪ ʩʧʣʦʰʥʫʶ ʧʣʝʥʢʫ. ʅʘ ʨʠʩʫʥʢʝ 4.8 (c) ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʩʪʘʪʠ-

ʩʪʠʯʝʩʢʦʡ ʦʙʨʘʙʦʪʢʠ ʇʕʄ ʠʟʦʙʨʘʞʝʥʠʡ ʜʣʷ ʆʙʨʘʟʮʘ 1. ʈʘʩʧʨʝʜʝʣʝʥʠʝ ʜʠʘʤʝʪʨʘ ʯʘʩʪʠʮ 

ʠʤʝʝʪ ʧʨʘʢʪʠʯʝʩʢʠ ʩʠʤʤʝʪʨʠʯʥʫʶ ʬʦʨʤʫ ʠ ʤʦʞʝʪ ʙʳʪʴ ʭʦʨʦʰʦ ʦʧʠʩʘʥʦ ʥʦʨʤʘʣʴʥʳʤ 
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ʨʘʩʧʨʝʜʝʣʝʥʠʝʤ ɻʘʫʩʩʘ ʩʦ ʩʨʝʜʥʠʤ ʟʥʘʯʝʥʠʝʤ D0 = 11.6 ʥʤ ʠ ʩʪʘʥʜʘʨʪʥʳʤ ʦʪʢʣʦʥʝʥʠʝʤ 

ů = 3.4 ʥʤ. 

  

 

ʈʠʩʫʥʦʢ 4.8 ï ʀʟʦʙʨʘʞʝʥʠʷ ʇʕʄ (a, d), ʇʕʄɺʈ (b, e) ʠ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʯʘʩʪʠʮ ʧʦ 

ʨʘʟʤʝʨʫ (c, f) ʜʣʷ ʆʙʨʘʟʮʘ 1 ʠ ʆʙʨʘʟʮʘ 2 ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʅʘ ʚʩʪʘʚʢʘʭ ʨʠʩʫʥʢʦʚ (a, d) 

ʧʨʝʜʩʪʘʚʣʝʥʳ ʵʣʝʢʪʨʦʥʦʛʨʘʤʤʳ ʜʣʷ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʦʙʨʘʟʮʦʚ 

ʂʘʢ ʚʠʜʥʦ ʠʟ ʨʠʩʫʥʢʦʚ 4.8 (d ï f), ʦʪʞʠʛ ʚ ʪʝʯʝʥʠʝ 3 ʯʘʩʦʚ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 350 Áʉ 

ʆʙʨʘʟʮʘ 2 ʧʨʠʚʝʣ ʢ ʦʞʠʜʘʝʤʦʤʫ ʨʦʩʪʫ ʢʨʠʩʪʘʣʣʠʪʦʚ. ʇʨʠ ʵʪʦʤ ʥʘʙʣʶʜʘʝʪʩʷ ʟʥʘʯʠ-

ʪʝʣʴʥʳʡ ʨʘʟʙʨʦʩ ʟʥʘʯʝʥʠʡ ʠʭ ʜʠʘʤʝʪʨʦʚ: ʦʪ 4 ʜʦ 150 ʥʤ ʩʦ ʩʨʝʜʥʠʤ ʟʥʘʯʝʥʠʝʤ 

D0 = 40.1 ʥʤ ʠ ʩʪʘʥʜʘʨʪʥʳʤ ʦʪʢʣʦʥʝʥʠʝʤ ů = 22.1 ʥʤ. ɺ ʦʪʣʠʯʠʝ ʦʪ ʠʩʭʦʜʥʦʛʦ ʩʦʩʪʦʷʥʠʷ, 

ʢʘʢ ʫ ʧʣʝʥʢʠ ʙʝʟ ʦʪʞʠʛʘ, ʜʣʷ ʆʙʨʘʟʮʘ 2 ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʯʘʩʪʠʮ ʧʦ ʨʘʟʤʝʨʫ (ʨʠʩʫʥʦʢ 4.8, f) 

ʥʦʩʠʪ ʘʩʩʠʤʝʪʨʠʯʥʳʡ ʭʘʨʘʢʪʝʨ ʠ ʚ ʙʦʣʴʰʝʡ ʩʪʝʧʝʥʠ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʥʝ ʥʦʨʤʘʣʴʥʦʤʫ, ʘ 

ʣʦʛʥʦʨʤʘʣʴʥʦʤʫ ʨʘʩʧʨʝʜʝʣʝʥʠʶ, ʯʪʦ ʩʧʨʘʚʝʜʣʠʚʦ ʜʣʷ ʙʦʣʴʰʠʥʩʪʚʘ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝ-

ʩʢʠʭ ʤʘʪʝʨʠʘʣʦʚ [197]. 
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ʇʦ ʜʘʥʥʳʤ ʕɼʉ, ʘʪʦʤʥʳʝ ʢʦʥʮʝʥʪʨʘʮʠʠ Fe ʠ Ni ʩʦʩʪʘʚʠʣʠ Fe ï 20ҕ0.5 ʘʪ. %; Ni ï 

80ҕ0.5 ʘʪ. % ʢʘʢ ʜʣʷ ʆʙʨʘʟʮʘ 1, ʪʘʢ ʠ ʆʙʨʘʟʮʘ 2. ɸʥʘʣʠʟ ʵʣʝʢʪʨʦʥʦʛʨʘʤʤ (ʚʩʪʘʚʢʠ ʥʘ 

ʨʠʩʫʥʢʘʭ 4.8 (a, d)), ʘ ʪʘʢʞʝ ʨʝʟʫʣʴʪʘʪʦʚ ʇʕʄɺʈ (ʨʠʩʫʥʦʢ 4.8 (b, e)), ʧʦʢʘʟʘʣ, ʯʪʦ ʧʣʝʥʢʠ 

ʩʦʩʪʦʷʪ ʠʟ ʢʨʠʩʪʘʣʣʠʪʦʚ Fe20Ni80 (ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʘʷ ʛʨʫʧʧʘ Fm-3m, ʧʘʨʘʤʝʪʨ ʨʝʰʝʪʢʠ 

a = 3.55 ¡). ʅʘ ʵʣʝʢʪʨʦʥʦʛʨʘʤʤʘʭ ʥʘʙʣʶʜʘʝʪʩʷ ʧʦʣʥʳʡ ʥʘʙʦʨ ʜʠʬʨʘʢʮʠʦʥʥʳʭ ʨʝʬʣʝʢʩʦʚ 

ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʪʠʧʘ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʛʨʘʥʝʮʝʥʪʨʠʨʦʚʘʥʥʦʡ ʢʫʙʠʯʝʩʢʦʡ (ɻʎʂ) 

ʨʝʰʝʪʢʝ Fe20Ni80. ʈʝʟʫʣʴʪʘʪʳ ʩʪʨʫʢʪʫʨʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʠ ʜʘʥʥʳʝ ʦʙ ʵʣʝʤʝʥʪʥʦʤ ʩʦʩʪʘʚʝ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʦʙʨʘʟʮʦʚ ʦʙʦʙʱʝʥʳ ʚ ʪʘʙʣʠʮʝ 4.2. 

ʊʘʙʣʠʮʘ 4.2 ï ʉʪʨʫʢʪʫʨʥʳʝ ʠ ʤʘʛʥʠʪʥʳʝ ʧʘʨʘʤʝʪʨʳ ʆʙʨʘʟʮʘ 1 ʠ ʆʙʨʘʟʮʘ 2 

ʇʘʨʘʤʝʪʨʳ ʆʙʨʘʟʝʮ 1 ʆʙʨʘʟʝʮ 2 

ʉʪʨʫʢʪʫʨʥʳʝ ʧʘʨʘʤʝʪʨʳ 

ʉʨʝʜʥʠʡ ʨʘʟʤʝʨ ʢʨʠʩʪʘʣʣʠʪʦʚ D0 (ʥʤ) 11.6 40.1 

ʉʪʘʥʜʘʨʪʥʦʝ ʦʪʢʣʦʥʝʥʠʝ ʨʘʟʤʝʨʘ 

ʢʨʠʩʪʘʣʣʠʪʦʚ ů (ʥʤ) 
3.4 22.1 

ʍʠʤʠʯʝʩʢʠʡ ʩʦʩʪʘʚ
 

Fe/Ni (at.%) 20/80 20/80 

ʄʘʛʥʠʪʥʳʝ ʧʘʨʘʤʝʪʨʳ 

ʕʬʬʝʢʪʠʚʥʘʷ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʴ 

ʥʘʩʳʱʝʥʠʷ Meff (ɻʩ) 
873.4 Ñ 6.2 915.0 Ñ 7.6 

ʇʦʣʝ ʧʣʘʥʘʨʥʦʡ ʦʜʥʦʦʩʥʦʡ 

ʘʥʠʟʦʪʨʦʧʠʠ Hu (ʕ) 
4.0 Ñ 0.21 3.2 Ñ 0.26 

ʂʦʥʩʪʘʥʪʘ ʧʣʘʥʘʨʥʦʡ ʦʜʥʦʦʩʥʦʡ 

ʘʥʠʟʦʪʨʦʧʠʠ Ku = HuMs/2 (ʵʨʛ/ʩʤ
3
) 

(1.75 Ñ 0.07) Ĭ10
3
 (1.46 Ñ 0.11) Ĭ10

3
 

ʇʘʨʘʤʝʪʨʳ ʤʠʢʨʦʤʘʛʥʠʪʥʦʡ ʤʦʜʝʣʠ
 

ʂʦʥʩʪʘʥʪʘ ʣʦʢʘʣʴʥʦʡ ʦʜʥʦʦʩʥʦʡ 

ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ K (ʵʨʛ/ʩʤ
3
) 

 

12.55Ĭ10
4
 

 

6.90Ĭ10
4
 

ʂʦʥʩʪʘʥʪʘ ʦʙʤʝʥʘ A (ʵʨʛ/ʩʤ) 1Ĭ10
ï6

 1Ĭ10
ï6

 

ʇʘʨʘʤʝʪʨ ʟʘʪʫʭʘʥʠʷ Ŭ 0.0065 0.0065 

 

4.2.3.2 ʄʘʛʥʠʪʥʘʷ ʩʪʨʫʢʪʫʨʘ 

ʅʘ ʨʠʩʫʥʢʝ 4.9 ʧʨʝʜʩʪʘʚʣʝʥʳ ʭʘʨʘʢʪʝʨʥʳʝ ʜʣʷ ʆʙʨʘʟʮʘ 1 (ʨʠʩʫʥʦʢ 4.9 (a, b)) ʠ 

ʆʙʨʘʟʮʘ 2 (ʨʠʩʫʥʦʢ 4.9 (d, e)) ʠʟʦʙʨʘʞʝʥʠʷ ʤʘʛʥʠʪʥʦʡ ʩʪʨʫʢʪʫʨʳ, ʧʦʣʫʯʝʥʥʳʝ ʩ ʧʦʤʦ-
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ʱʴʶ ʃʦʨʝʥʮʝʚʦʡ ʵʣʝʢʪʨʦʥʥʦʡ ʤʠʢʨʦʩʢʦʧʠʠ ʙʝʟ ʚʥʝʰʥʝʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʚ ʦʙʣʘʩʪʠ 

ʧʣʝʥʦʢ. ʂʦʥʪʨʘʩʪ, ʦʪʨʘʞʘʶʱʠʡ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʚ ʧʣʝʥʢʘʭ, ʚʦʟʥʠʢʘʝʪ 

ʙʣʘʛʦʜʘʨʷ ʦʪʢʣʦʥʝʥʠʶ ʵʣʝʢʪʨʦʥʦʚ ʧʨʠ ʠʭ ʧʨʦʭʦʞʜʝʥʠʠ ʯʝʨʝʟ ʤʘʛʥʠʪʥʳʡ ʪʦʥʢʦʧʣʝʥʦʯ-

ʥʳʡ ʦʙʨʘʟʝʮ [192, 193]. 

  

 

ʈʠʩʫʥʦʢ 4.9 ï ʀʟʦʙʨʘʞʝʥʠʷ ʃʦʨʝʥʮʝʚʦʡ ʇʕʄ ʜʣʷ ʆʙʨʘʟʮʘ 1 (a, b), ʆʙʨʘʟʮʘ 2 (d, e) ʠ 

ʨʝʟʫʣʴʪʘʪʳ ʯʠʩʣʝʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʤʘʛʥʠʪʥʦʡ ʩʪʨʫʢʪʫʨʳ (c, f) ʜʣʷ ʆʙʨʘʟʮʦʚ 1 ʠ 2 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʅʘ ʚʩʪʘʚʢʘʭ ʨʠʩʫʥʢʦʚ (c, f) ï ʧʦʢʘʟʘʥʦ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʤʘʛʥʠʪʥʳʭ 

ʤʦʤʝʥʪʦʚ ʢʨʠʩʪʘʣʣʠʪʦʚ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʫʛʣʘ ʠʭ ʦʪʢʣʦʥʝʥʠʷ ʦʪ ʦʩʠ x 

ʂʘʢ ʚʠʜʥʦ ʠʟ ʨʠʩʫʥʢʦʚ 4.9 (a, b), ʚ ʆʙʨʘʟʮʝ 1 ʦʪʯʝʪʣʠʚʦ ʥʘʙʣʶʜʘʶʪʩʷ ʤʘʣʦʫʛʣʦʚʳʝ ʜʦ-

ʤʝʥʥʳʝ ʛʨʘʥʠʮʳ ʅʝʝʣʷ, ʢʦʪʦʨʳʝ ʥʘ ʠʟʦʙʨʘʞʝʥʠʠ ʧʨʦʷʚʣʷʶʪʩʷ ʚ ʚʠʜʝ ʪʝʤʥʳʭ ʠ ʩʚʝʪʣʳʭ 

ʣʠʥʠʡ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʥʘʧʨʘʚʣʝʥʠʷ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʧʦ ʦʙʝʠʤ ʩʪʦʨʦʥʘʤ ʛʨʘʥʠʮʳ. 

ʂʨʦʤʝ ʪʦʛʦ, ʥʘʙʣʶʜʘʝʪʩʷ ʠ ʠʟʤʝʥʝʥʠʝ ʥʘʧʨʘʚʣʝʥʠʷ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʚʥʫʪʨʠ ʩʘʤʦʛʦ ʜʦ-

ʤʝʥʘ, ʢʦʪʦʨʦʝ ʧʨʦʷʚʣʷʝʪʩʷ ʥʘ ʠʟʦʙʨʘʞʝʥʠʠ ʚ ʚʠʜʝ ʪʦʥʢʠʭ ʩʚʝʪʣʳʭ ʠ ʪʝʤʥʳʭ ʚʦʣʥʦʦʙ-

ʨʘʟʥʳʭ ʣʠʥʠʡ, ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʳʭ ʣʦʢʘʣʴʥʦʤʫ ʥʘʧʨʘʚʣʝʥʠʶ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ M . ʊʘʢʘʷ 

ʪʦʥʢʘʷ ʤʘʛʥʠʪʥʘʷ ʩʪʨʫʢʪʫʨʘ, ʠʟʚʝʩʪʥʘʷ ʢʘʢ çʨʷʙʴè ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ, ʷʚʣʷʝʪʩʷ ʩʣʝʜʩʪ-
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ʚʠʝʤ ʩʣʫʯʘʡʥʦʡ ʦʨʠʝʥʪʘʮʠʠ ʣʦʢʘʣʴʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ ʢʘʞʜʦʛʦ ʢʨʠʩʪʘʣʣʠʪʘ [157ï161]. ʋ 

ʦʪʦʞʞʝʥʥʦʛʦ ʆʙʨʘʟʮʘ 2 (ʨʠʩʫʥʦʢ 4.9 (d, e)) ʥʝ ʥʘʙʣʶʜʘʶʪʩʷ ʦʪʯʝʪʣʠʚʦ ʚʳʨʘʞʝʥʥʳʝ ʜʦ-

ʤʝʥʥʳʝ ʛʨʘʥʠʮʳ ʅʝʝʣʷ, ʢʘʢ ʫ ʆʙʨʘʟʮʘ 1. ɺʤʝʩʪʝ ʩ ʪʝʤ ʘʤʧʣʠʪʫʜʘ çʨʷʙʠè ʥʘʤʘʛʥʠʯʝʥ-

ʥʦʩʪʠ ʫ ʥʝʛʦ ʟʥʘʯʠʪʝʣʴʥʦ ʚʳʰʝ. 

4.2.4 ʈʝʟʫʣʴʪʘʪʳ ʉɺʏ-ʠʟʤʝʨʝʥʠʡ ʠ ʤʠʢʨʦʤʘʛʥʠʪʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ 

4.2.4.1 ʉɺʏ-ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ 

ʉ ʧʦʤʦʱʴʶ ʩʢʘʥʠʨʫʶʱʝʛʦ ʩʧʝʢʪʨʦʤʝʪʨʘ ʌʄʈ ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ 

ʟʥʘʯʝʥʠʷ ʵʬʬʝʢʪʠʚʥʦʡ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʥʘʩʳʱʝʥʠʷ Meff ʠ ʚʝʣʠʯʠʥʳ ʧʦʣʷ ʦʜʥʦʦʩʥʦʡ 

ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ Hu, ʥʘʚʝʜʝʥʥʦʡ ʚ ʧʨʦʮʝʩʩʝ ʦʩʘʞʜʝʥʠʷ ʧʣʝʥʦʢ ʚʥʝʰʥʠʤ ʤʘʛ-

ʥʠʪʥʳʤ ʧʦʣʝʤ. ʀʟʤʝʨʝʥʠʷ ʧʨʦʚʦʜʠʣʠʩʴ ʩ ʣʦʢʘʣʴʥʳʭ ʫʯʘʩʪʢʦʚ ʨʘʟʤʝʨʦʤ 1 ʤʤ
2
 ʩ ʰʘʛʦʤ 

1 ʤʤ ʧʦ ʚʩʝʡ ʧʣʦʱʘʜʠ ʧʣʝʥʢʠ. ʈʝʟʫʣʴʪʘʪʳ ʠʟʤʝʨʝʥʠʡ ʧʘʨʘʤʝʪʨʦʚ ʜʣʷ ʆʙʨʘʟʮʦʚ 1 ʠ 2 

ʧʨʠʚʝʜʝʥʳ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ ʥʘ ʨʠʩʫʥʢʝ 4.10 (a, b) ʠ 4.10 (c, d). ʂʘʢ ʚʠʜʥʦ ʠʟ ʨʠʩʫʥʢʘ, 

ʩʨʘʚʥʠʪʝʣʴʥʦ ʚʳʩʦʢʘʷ ʦʜʥʦʨʦʜʥʦʩʪʴ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʤʘʛʥʠʪʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʥʘʙʣʶ-

ʜʘʝʪʩʷ ʚ ʮʝʥʪʨʘʣʴʥʦʡ ʯʘʩʪʠ ʧʣʝʥʦʢ. ʇʨʠ ʵʪʦʤ ʥʘ ʢʨʘʷʭ ʧʣʝʥʦʢ ʥʘʙʣʶʜʘʶʪʩʷ ʟʥʘʯʠʪʝʣʴ-

ʥʳʝ ʦʪʢʣʦʥʝʥʠʷ ʧʦʣʷ ʥʘʚʝʜʝʥʥʦʡ ʦʜʥʦʦʩʥʦʡ ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ Hu ʠ ʟʘʤʝʪʥʦʝ 

ʫʤʝʥʴʰʝʥʠʝ ʵʬʬʝʢʪʠʚʥʦʡ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʥʘʩʳʱʝʥʠʷ Meff. ʇʦʜʦʙʥʦʝ ʧʦʚʝʜʝʥʠʝ ʤʘʛ-

ʥʠʪʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʚ ʧʣʝʥʢʘʭ ʨʘʥʝʝ ʠʟʫʯʘʣʦʩʴ ʚ ʨʘʙʦʪʘʭ [196, 198], ʚ ʢʦʪʦʨʳʭ ʙʳʣʦ ʫʩ-

ʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʧʨʠʨʦʜʘ ʪʘʢʠʭ ʢʨʘʝʚʳʭ ʵʬʬʝʢʪʦʚ ʚ ʦʩʥʦʚʥʦʤ ʩʚʷʟʘʥʘ ʩ ʥʝʦʜʥʦʨʦʜʥʳʤʠ 

ʨʘʟʤʘʛʥʠʯʠʚʘʶʱʠʤʠ ʧʦʣʷʤʠ, ʚʦʟʥʠʢʘʶʱʠʤʠ ʥʘ ʢʨʘʷʭ ʦʙʨʘʟʮʦʚ ʢʦʥʝʯʥʳʭ ʨʘʟʤʝʨʦʚ. 

ʋʩʨʝʜʥʝʥʥʳʝ ʟʥʘʯʝʥʠʷ ʠʟʤʝʨʝʥʥʳʭ ʤʘʛʥʠʪʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʜʣʷ ʦʙʦʠʭ ʦʙʨʘʟʮʦʚ 

ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ ʪʘʙʣʠʮʝ 4.2. ʆʙʥʘʨʫʞʝʥʦ, ʯʪʦ ʦʪʞʠʛ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 350 ÁC ʚ ʪʝʯʝʥʠʝ 

3 ʯʘʩʦʚ ʧʨʠʚʝʣ ʢ ʨʦʩʪʫ ʵʬʬʝʢʪʠʚʥʦʡ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʥʘʩʳʱʝʥʠʷ Meff ʩ 873.4 ɻʩ ʜʦ 

915 ɻʩ ʠ ʩʥʠʞʝʥʠʶ ʚʝʣʠʯʠʥʳ ʧʦʣʷ Hu ʩ 4 ʕ ʜʦ 3.2 ʕ. ʊʘʢʦʝ ʠʟʤʝʥʝʥʠʝ ʤʘʛʥʠʪʥʳʭ ʧʘʨʘ-

ʤʝʪʨʦʚ ʦʙʫʩʣʦʚʣʝʥʦ ʨʦʩʪʦʤ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʬʘʟʳ ʠ ʩʥʠʞʝʥʠʝʤ ʦʪʥʦʩʠʪʝʣʴʥʦʡ ʜʦʣʠ 

ʤʝʞʟʝʨʝʥʥʦʡ ʘʤʦʨʬʥʦʡ ʬʘʟʳ. 
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ʈʠʩʫʥʦʢ 4.10 ï ʈʘʩʧʨʝʜʝʣʝʥʠʝ ʵʬʬʝʢʪʠʚʥʦʡ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʥʘʩʳʱʝʥʠʷ Meff ʠ ʧʦʣʷ 

ʦʜʥʦʦʩʥʦʡ ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ Hu ʧʦ ʧʣʦʱʘʜʠ ʆʙʨʘʟʮʘ 1 (a, b) ʠ ʆʙʨʘʟʮʘ 2 (c, d) 

ʉ ʧʦʤʦʱʴʶ ʰʠʨʦʢʦʧʦʣʦʩʥʦʛʦ ʩʧʝʢʪʨʦʤʝʪʨʘ ʌʄʈ ʚ ʜʠʘʧʘʟʦʥʝ ʯʘʩʪʦʪ f ʦʪ 100 ʄɻʮ 

ʜʦ 9.5 ɻɻʮ ʠ ʟʥʘʯʝʥʠʡ ʚʥʝʰʥʝʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ H ʦʪ 0 ʜʦ 1 ʢʕ ʙʳʣʠ ʠʩʩʣʝʜʦʚʘʥʳ ʚʳ-

ʩʦʢʦʯʘʩʪʦʪʥʳʝ ʩʚʦʡʩʪʚʘ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʦʙʨʘʟʮʦʚ. ɼʣʷ ʆʙʨʘʟʮʘ 1 ʠ ʆʙʨʘʟʮʘ 2 ʥʘ 

ʨʠʩʫʥʢʘʭ 4.11 (b) ʠ 4.11 (d) ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ ʧʨʝʜʩʪʘʚʣʝʥʳ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ f ʠ H ʤʥʠʤʦʡ 

ʯʘʩʪʠ ʤʘʛʥʠʪʥʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ɛ = ɛ'īiɛ''. ʀʟʤʝʨʝʥʠʷ ʧʨʦʚʦʜʠʣʠʩʴ ʧʨʠ ʦʨʠʝʥʪʘʮʠʠ 

ʚʥʝʰʥʝʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʚʜʦʣʴ ʦʩʠ ʪʨʫʜʥʦʛʦ ʥʘʤʘʛʥʠʯʠʚʘʥʠʷ (ʆʊʅ). ʉʣʝʜʫʝʪ ʦʙʨʘʪʠʪʴ 

ʚʥʠʤʘʥʠʝ, ʯʪʦ ʤʘʢʩʠʤʘʣʴʥʦʝ ʧʦʛʣʦʱʝʥʠʝ ʧʣʝʥʢʦʡ, ʢʦʪʦʨʦʝ ʦʧʠʩʳʚʘʝʪʩʷ ʤʥʠʤʦʡ ʯʘʩʪʴʶ 

ʤʘʛʥʠʪʥʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ɛ'', ʥʘʙʣʶʜʘʝʪʩʷ, ʢʦʛʜʘ ʯʘʩʪʦʪʘ ʚʦʟʙʫʞʜʝʥʠʷ f = ɤ/2ˊ ʩʦʚʧʘ-

ʜʘʝʪ ʩ ʯʘʩʪʦʪʦʡ ʌʄʈ. ɺ ʵʪʦʤ ʩʣʫʯʘʝ ɛ''max å ɤM/Ŭɤ, ʛʜʝ ɤM = ɔ4 Ḿs, ɔ ï ʛʠʨʦʤʘʛʥʠʪʥʦʝ 

ʦʪʥʦʰʝʥʠʝ ʨʘʚʥʦʝ 1.76Ĭ10
7
 ʨʘʜ/ʩ ʕ, ʘ Ŭ ï ʙʝʟʨʘʟʤʝʨʥʳʡ ʧʘʨʘʤʝʪʨ ʟʘʪʫʭʘʥʠʷ. ʉ ʫʚʝʣʠʯʝ-
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ʥʠʝʤ ʚʥʝʰʥʝʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ, ʧʨʠʣʦʞʝʥʥʦʛʦ ʢ ʧʣʝʥʢʝ, ʚʦʟʨʘʩʪʘʝʪ ʯʘʩʪʦʪʘ ʌʄʈ, ʚ 

ʨʝʟʫʣʴʪʘʪʝ ʯʝʛʦ ɛ''max ʫʙʳʚʘʝʪ ʦʙʨʘʪʥʦ ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʦ ɤ. ʇʦʵʪʦʤʫ, ʜʣʷ ʪʦʛʦ ʯʪʦʙʳ 

ʭʦʨʦʰʦ ʙʳʣʠ ʚʠʜʥʳ ʜʝʪʘʣʠ ʌʄʈ-ʩʧʝʢʪʨʦʚ ʚʦ ʚʩʝʤ ʯʘʩʪʦʪʥʦʤ ʜʠʘʧʘʟʦʥʝ ʦʪ 0 ʜʦ 8 ɻɻʮ, ʥʘ 

ʨʠʩʫʥʢʘʭ 4.11 (b, d) ʮʚʝʪʦʤ ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʦʨʤʠʨʦʚʘʥʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ɛ''(f,H)Ŀɤ/ɤM. 

ʊʘʢʘʷ ʥʦʨʤʠʨʦʚʢʘ ʧʦʟʚʦʣʠʣʘ ʦʪʦʙʨʘʟʠʪʴ ʩʧʝʢʪʨʳ ɛ''(f,H) ʚ ʦʜʥʦʤ ʤʘʩʰʪʘʙʝ ʠ ʫʣʫʯʰʠʪʴ 

ʚʠʟʫʘʣʴʥʦʝ ʚʦʩʧʨʠʷʪʠʝ ʦʙʣʘʩʪʠ ʤʘʢʩʠʤʘʣʴʥʦʛʦ ʫʰʠʨʝʥʠʷ ʣʠʥʠʠ ʌʄʈ. 

  

 

ʈʠʩʫʥʦʢ 4.11 ï ʈʝʟʫʣʴʪʘʪʳ ʌʄʈ-ʠʟʤʝʨʝʥʠʡ. (a, ʩ) ʅʦʨʤʠʨʦʚʘʥʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ 

ʜʝʡʩʪʚʠʪʝʣʴʥʦʡ ɛ' ʠ ʤʥʠʤʦʡ ɛ'' ʯʘʩʪʝʡ ʤʘʛʥʠʪʥʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʦʪ ʚʝʣʠʯʠʥʳ ʚʥʝʰʥʝʛʦ 

ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ H, ʠʟʤʝʨʝʥʥʳʝ ʥʘ ʯʘʩʪʦʪʝ f = 4 ɻɻʮ (ʩʧʣʦʰʥʳʝ ʣʠʥʠʠ) ʠ ʚʳʯʠʩʣʝʥʥʳʝ 

ʧʦ ʬʦʨʤʫʣʝ (4.8) (ʰʪʨʠʭʦʚʳʝ ʣʠʥʠʠ) ʜʣʷ ʆʙʨʘʟʮʘ 1 ʠ ʆʙʨʘʟʮʘ 2. (b, d) ʅʦʨʤʠʨʦʚʘʥʥʳʝ 

ʟʘʚʠʩʠʤʦʩʪʠ ɛ''(f,H)Ŀɤ/ɤM ʜʣʷ ʆʙʨʘʟʮʘ 1 ʠ ʆʙʨʘʟʮʘ 2. ʅʘ ʚʩʪʘʚʢʘʭ ʨʠʩʫʥʢʦʚ (b, d) 

ʧʨʝʜʩʪʘʚʣʝʥʳ ʬʨʘʛʤʝʥʪʳ ʥʦʨʤʠʨʦʚʘʥʥʳʭ ʩʧʝʢʪʨʦʚ ɛ''(H), ʠʟʤʝʨʝʥʥʳʭ 

ʥʘ ʦʙʦʟʥʘʯʝʥʥʳʭ ʯʘʩʪʦʪʘʭ 



137 
 

ɺ ʢʘʯʝʩʪʚʝ ʧʨʠʤʝʨʘ ʥʘ ʨʠʩʫʥʢʘʭ 4.11 (a, c) ʩʧʣʦʰʥʳʤʠ ʣʠʥʠʷʤʠ ʪʘʢʞʝ ʧʦʢʘʟʘʥʳ ʬʨʘʛ-

ʤʝʥʪʳ ʥʦʨʤʠʨʦʚʘʥʥʳʭ ʩʧʝʢʪʨʦʚ ʌʄʈ ɛ'(H) ʠ ɛ''(H) ʥʘ ʯʘʩʪʦʪʝ f = 4 ɻɻʮ. 

ʂʘʢ ʙʳʣʦ ʧʦʢʘʟʘʥʦ ʚ ʨʘʟʜʝʣʝ 1.1.1, ʬʝʥʦʤʝʥʦʣʦʛʠʯʝʩʢʘʷ ʪʝʦʨʠʷ ʬʝʨʨʦʤʘʛʥʠʪʥʦʛʦ 

ʨʝʟʦʥʘʥʩʘ ʜʣʷ ʦʜʥʦʨʦʜʥʦ ʥʘʤʘʛʥʠʯʝʥʥʦʡ ʪʦʥʢʦʡ ʧʣʝʥʢʠ ʩ ʦʜʥʦʦʩʥʦʡ ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦ-

ʪʨʦʧʠʝʡ ʜʘʝʪ ʧʨʦʩʪʦʝ ʚʳʨʘʞʝʥʠʝ ʜʣʷ ʤʘʛʥʠʪʥʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ 
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1),(
22

0 yz

zM

i
iHf
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ww
+=m¡¡-m¡=m , (4.8) 

ʛʜʝ yzf ww=p=w 00 2  ʦʧʨʝʜʝʣʷʝʪ ʯʘʩʪʦʪʫ ʦʜʥʦʨʦʜʥʦʛʦ ʌʄʈ. ʇʨʠ ʥʘʤʘʛʥʠʯʠʚʘʥʠʠ 

ʧʣʝʥʢʠ ʚʜʦʣʴ ʆʊʅ, ʢʘʢ ʚ ʵʢʩʧʝʨʠʤʝʥʪʝ, ʟʥʘʯʝʥʠʷ ɤz ʠ ɤy ʦʧʨʝʜʝʣʷʶʪʩʷ ʠʟ ʫʩʣʦʚʠʡ 

 
. ʜʣʷ        )();4(

, ʜʣʷ /)();4( 22

uuysz

uuuyusz

HHHHHM

HHHHHHM

²-g=w+pg=w

¢-g=w+pg=w
 (4.9) 

ɼʣʷ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʟʥʘʯʝʥʠʡ ʤʘʛʥʠʪʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʧʣʝʥʦʢ ʥʘ ʨʠʩʫʥʢʘʭ 4.11 (a, c) 

ʰʪʨʠʭʦʚʳʤʠ ʣʠʥʠʷʤʠ ʧʦʢʘʟʘʥʳ ʪʝʦʨʝʪʠʯʝʩʢʠʝ ʟʘʚʠʩʠʤʦʩʪʠ ɛ'(H) ʠ ɛ''(H), ʧʦʣʫʯʝʥʥʳʝ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʚʳʨʘʞʝʥʠʷ (4.8). ʀʟ ʧʨʝʜʩʪʘʚʣʝʥʥʳʭ ʥʘ ʨʠʩʫʥʢʘʭ ʢʨʠʚʳʭ ʚʠʜʥʦ, ʯʪʦ 

ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʘʷ ʩʪʨʫʢʪʫʨʘ ʧʣʝʥʦʢ ʧʨʠʚʦʜʠʪ ʢ ʩʤʝʱʝʥʠʶ ʨʝʟʦʥʘʥʩʥʦʛʦ ʧʦʣʷ ʠ 

ʫʰʠʨʝʥʠʶ ʣʠʥʠʠ ʌʄʈ. ʇʨʠʯʝʤ ʪʘʢʘʷ ʪʨʘʥʩʬʦʨʤʘʮʠʷ ʩʧʝʢʪʨʘ ʌʄʈ ʚʳʨʘʞʝʥʘ ʩʠʣʴʥʝʝ 

ʜʣʷ ʆʙʨʘʟʮʘ 2, ʫ ʢʦʪʦʨʦʛʦ ʩʨʝʜʥʠʡ ʨʘʟʤʝʨ ʢʨʠʩʪʘʣʣʠʪʦʚ ʚ 3.5 ʙʦʣʴʰʝ, ʯʝʤ ʫ ʆʙʨʘʟʮʘ 1. 

ʂʘʢ ʙʳʣʦ ʫʞʝ ʦʪʤʝʯʝʥʦ ʚ ʨʘʟʜʝʣʝ 4.1.5, h ʠʨʠʥʘ ʣʠʥʠʠ ʌʄʈ ʣʶʙʦʛʦ ʤʘʛʥʠʪʥʦʛʦ 

ʤʘʪʝʨʠʘʣʘ ʚ ʧʝʨʚʫʶ ʦʯʝʨʝʜʴ ʦʧʨʝʜʝʣʷʝʪʩʷ ʝʛʦ ʩʦʙʩʪʚʝʥʥʳʤ ʢʦʵʬʬʠʮʠʝʥʪʦʤ ʟʘʪʫʭʘʥʠʷ. 

ʆʜʥʘʢʦ ʥʘʣʠʯʠʝ ʚʥʫʪʨʝʥʥʠʭ ʥʝʦʜʥʦʨʦʜʥʦʩʪʝʡ ʚ ʤʘʛʥʠʪʥʳʭ ʦʙʨʘʟʮʘʭ ʤʦʞʝʪ ʧʨʠʚʦʜʠʪʴ ʢ 

ʜʨʫʛʠʤ ʥʝʩʦʙʩʪʚʝʥʥʳʤ ʤʝʭʘʥʠʟʤʘʤ ʨʝʣʘʢʩʘʮʠʠ ʢʦʣʝʙʘʥʠʡ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ, ʩʨʝʜʠ ʢʦ-

ʪʦʨʳʭ ʚʘʞʥʫʶ ʨʦʣʴ ʠʛʨʘʶʪ ʜʚʫʭʤʘʛʥʦʥʥʳʝ ʧʨʦʮʝʩʩʳ ʨʘʩʩʝʷʥʠ ̫ [81]. ɼʣʷ ʨʘʟʜʝʣʝʥʠʷ 

ʩʦʙʩʪʚʝʥʥʳʭ ʠ ʥʝʩʦʙʩʪʚʝʥʥʳʭ ʤʝʭʘʥʠʟʤʦʚ ʨʝʣʘʢʩʘʮʠʠ ʫʜʦʙʥʦ ʟʘʧʠʩʘʪʴ ʵʢʩʧʝʨʠʤʝʥ-

ʪʘʣʴʥʦ ʧʦʣʫʯʝʥʥʳʝ ʟʥʘʯʝʥʠʷ ʨʝʟʦʥʘʥʩʥʦʛʦ ʧʦʣʷ HR ʠ ʰʠʨʠʥʳ ʣʠʥʠʠ ȹH ʌʄʈ ʚ ʚʠʜʝ 

ʩʫʤʤ, ʩʦʩʪʦʷʱʠʭ ʠʟ ʜʚʫʭ ʩʣʘʛʘʝʤʳʭ ʚ ʚʠʜʝ (4.5), ʛʜʝ ʧʝʨʚʳʡ ʯʣʝʥ ʧʨʘʚʦʡ ʯʘʩʪʠ ʢʘʞʜʦʛʦ 

ʠʟ ʜʚʫʭ ʚʳʨʘʞʝʥʠʡ ʦʪʚʝʯʘʝʪ ʟʘ ʦʜʥʦʨʦʜʥʳʡ ʌʄʈ ʪʦʥʢʦʡ ʧʣʝʥʢʠ ʙʝʟ ʫʯʝʪʘ ʝʝ ʥʝʦʜʥʦ-

ʨʦʜʥʦʡ ʩʪʨʫʢʪʫʨʳ, ʚʪʦʨʦʡ (ʢʘʢ ʙʫʜʝʪ ʧʦʢʘʟʘʥʦ ʚ ʨʘʟʜʝʣʝ 4.2.5) ï ʟʘ ʜʚʫʭʤʘʛʥʦʥʥʳʝ ʧʨʦ-

ʮʝʩʩʳ ʨʘʩʩʝʷʥʠʷ ʩʧʠʥʦʚʳʭ ʚʦʣʥ ʥʘ ʥʝʦʜʥʦʨʦʜʥʦʩʪʷʭ. ʈʝʟʦʥʘʥʩʥʦʝ ʧʦʣʝ H0 ʫʜʦʚʣʝʪʚʦʨʷʝʪ 

ʫʩʣʦʚʠʶ yzf ww=p=w 00 2 , ʘ ʰʠʨʠʥʘ ʣʠʥʠʠ ʦʜʥʦʨʦʜʥʦʛʦ ʌʄʈ ʦʧʨʝʜʝʣʷʝʪʩʷ ʭʦʨʦʰʦ 
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ʠʟʚʝʩʪʥʳʤ ʚʳʨʘʞʝʥʠʝʤ gap=D /4 00 fH  [81]. ʀʩʧʦʣʴʟʫʷ ʪʝʦʨʝʪʠʯʝʩʢʠʝ ʟʥʘʯʝʥʠʷ H0 ʠ 

ȹH0, ʩ ʧʦʤʦʱʴʶ (4.5) ʤʦʞʥʦ ʚʳʜʝʣʠʪʴ ʩʦʩʪʘʚʣʷʶʱʠʝ H
(2m)

 ʠ ȹH
(2m)

 ʠʟ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴ-

ʥʳʭ ʟʥʘʯʝʥʠʡ HR ʠ ȹH. 

ʅʘ ʨʠʩʫʥʢʘʭ 4.12 (a, b) ʤʘʨʢʝʨʘʤʠ ʧʦʢʘʟʘʥʳ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʜʦ-

ʧʦʣʥʠʪʝʣʴʥʦʛʦ ʚʢʣʘʜʘ ʚ ʰʠʨʠʥʫ ʣʠʥʠʠ ʌʄʈ ȹH
(2m)

 ʠ ʩʤʝʱʝʥʠʝ ʨʝʟʦʥʘʥʩʥʦʛʦ ʧʦʣʷ ȹH
(2m)

 

ʦʪ ʯʘʩʪʦʪʳ f0 ʜʣʷ ʆʙʨʘʟʮʘ 1 (ʪʨʝʫʛʦʣʴʥʳʝ) ʠ ʆʙʨʘʟʮʘ 2 (ʢʨʫʛʣʳʝ ʤʘʨʢʝʨʳ). ʀʟʥʘʯʘʣʴʥʦ 

ʩʣʝʜʫʝʪ ʦʙʨʘʪʠʪʴ ʚʥʠʤʘʥʠʝ ʥʘ ʨʝʟʢʦʝ ʫʰʠʨʝʥʠʝ ʠ ʩʤʝʱʝʥʠʝ ʨʝʟʦʥʘʥʩʥʦʛʦ ʧʦʣʷ, ʥʘʙʣʶ-

ʜʘʝʤʦʝ ʜʣʷ ʦʙʦʠʭ ʦʙʨʘʟʮʦʚ ʥʘ ʥʠʟʢʠʭ ʯʘʩʪʦʪʘʭ ʤʝʥʝʝ 1 ɻɻʮ. ʊʘʢʦʝ ʧʦʚʝʜʝʥʠʝ ʣʝʛʢʦ ʧʦ-

ʥʷʪʴ ʠʟ ʜʘʥʥʳʭ ʥʘ ʨʠʩʫʥʢʘʭ 4.11 (b) ʠ 4.11 (d), ʛʜʝ ʥʘ ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ ʚʩʪʘʚʢʘʭ ʧʦʢʘʟʘʥʳ 

ʥʦʨʤʠʨʦʚʘʥʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ɛ''(H) ʥʘ ʯʘʩʪʦʪʝ 0.6 ɻɻʮ (ʆʙʨʘʟʝʮ 1) ʠ 0.8 ɻɻʮ (ʆʙʨʘʟʝʮ 2). 

  

 

ʈʠʩʫʥʦʢ 4.12 ï ʏʘʩʪʦʪʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ (a) ï ʫʰʠʨʝʥʠʷ ʣʠʥʠʠ ʌʄʈ ȹH
(2m)

 ʠ 

(b) ï ʩʤʝʱʝʥʠʷ ʨʝʟʦʥʘʥʩʥʦʛʦ ʧʦʣʷ H
(2m)
, ʧʦʣʫʯʝʥʥʳʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʩ ʧʦʤʦʱʴʶ 

ʰʠʨʦʢʦʧʦʣʦʩʥʦʛʦ ʩʧʝʢʪʨʦʤʝʪʨʘ ʌʄʈ (ʤʘʨʢʝʨʳ) ʠ ʯʠʩʣʝʥʥʳʤ ʤʦʜʝʣʠʨʦʚʘʥʠʝʤ (ʣʠʥʠʠ) 

ʜʣʷ ʆʙʨʘʟʮʘ 1 ʠ ʆʙʨʘʟʮʘ 2 



139 
 

ɺʠʜʥʦ, ʯʪʦ ʧʨʠ ʥʘʤʘʛʥʠʯʠʚʘʥʠʠ ʧʣʝʥʦʢ ʚʜʦʣʴ ʆʊʅ ʚ ʧʦʣʝ H å Hu ʚ ʩʧʝʢʪʨʝ ʌʄʈ ʚʦʟ-

ʥʠʢʘʝʪ ʜʦʧʦʣʥʠʪʝʣʴʥʳʡ ʨʝʟʦʥʘʥʩʥʳʡ ʧʠʢ. ʕʪʦʪ ʨʝʟʦʥʘʥʩʥʳʡ ʧʠʢ, ʢʦʪʦʨʳʡ ʚʧʝʨʚʳʝ ʙʳʣ 

ʦʙʥʘʨʫʞʝʥ ʚ ʨʘʙʦʪʝ [199], ʧʨʠʚʦʜʠʪ ʢ ʪʨʘʥʩʬʦʨʤʘʮʠʠ ʩʧʝʢʪʨʘ ʠ, ʢʘʢ ʩʣʝʜʩʪʚʠʝ, ʢ ʫʰʠ-

ʨʝʥʠʶ ʣʠʥʠʠ ʌʄʈ ʠ ʩʜʚʠʛʫ ʨʝʟʦʥʘʥʩʥʦʛʦ ʧʦʣʷ. ʅʘ ʙʦʣʝʝ ʚʳʩʦʢʠʭ ʯʘʩʪʦʪʘʭ (ʚʳʰʝ 1 ɻɻʮ) 

ʫʰʠʨʝʥʠʝ ʣʠʥʠʠ ʌʄʈ ȹH
(2m)

 ʩ ʨʦʩʪʦʤ f0 ʜʣʷ ʆʙʨʘʟʮʘ 1 ʥʦʩʠʪ ʤʦʥʦʪʦʥʥʳʡ, ʧʣʘʚʥʦ ʚʦʟ-

ʨʘʩʪʘʶʱʠʡ ʭʘʨʘʢʪʝʨ. ʊʘʢʦʝ ʧʦʚʝʜʝʥʠʝ ʭʦʨʦʰʦ ʩʦʛʣʘʩʫʝʪʩʷ ʩ ʪʝʦʨʠʝʡ ʜʚʫʭʤʘʛʥʦʥʥʳʭ 

ʧʨʦʮʝʩʩʦʚ, ʨʘʟʨʘʙʦʪʘʥʥʦʡ ɸʨʠʘʩʦʤ ʠ ʄʠʣʩʦʤ ʜʣʷ ʥʝʦʜʥʦʨʦʜʥʳʭ ʫʣʴʪʨʘʪʦʥʢʠʭ ʧʣʝʥʦʢ 

[184]. ʆʜʥʘʢʦ ʜʣʷ ʆʙʨʘʟʮʘ 2 ʥʘʙʣʶʜʘʝʪʩʷ ʨʝʟʢʦʝ ʫʰʠʨʝʥʠʝ ʣʠʥʠʠ ʌʄʈ ʩ ʤʘʢʩʠʤʘʣʥɹʳʤ 

ʟʥʘʯʝʥʠʝʤ ȹH
(2m)

 å 14 ʕ ʥʘ ʯʘʩʪʦʪʝ f0 å 5 ɻɻʮ. ʋh ʠʨʝʥʠʝ ʣʠʥʠʠ ʌʄʈ ʦʜʥʦʚʨʝʤʝʥʥʦ ʩʦ-

ʧʨʦʚʦʞʜʘʝʪʩʷ ʠʟʤʝʥʝʥʠʝʤ ʨʝʟʦʥʘʥʩʥʦʛʦ ʧʦʣʷ ʥʘ ʚʝʣʠʯʠʥʫ H
(2m)

 ʦʪʥʦʩʠʪʝʣʴʥʦ ʧʦʣʷ H0. ʀʟ 

ʨʠʩʫʥʢʘ 4.12 (b) ʚʠʜʥʦ, ʯʪʦ ʟʘʚʠʩʠʤʦʩʪʴ H
(2m)

(f0) ʜʣʷ ʆʙʨʘʟʮʘ 1 ʩ ʨʦʩʪʦʤ ʨʝʟʦʥʘʥʩʥʦʡ 

ʯʘʩʪʦʪʳ ʚ ʜʠʘʧʘʟʦʥʝ 1ï9.5 ɻɻʮ ʩʥʘʯʘʣʘ ʧʣʘʚʥʦ ʚʦʟʨʘʩʪʘʝʪ ʠ ʜʦʩʪʠʛʘʝʪ ʩʚʦʝʛʦ ʤʘʢʩʠʤʫʤʘ 

1.8 ʕ ʥʘ ʯʘʩʪʦʪʝ ~ 5 ɻɻʮ, ʘ ʟʘʪʝʤ ʤʦʥʦʪʦʥʥʦ ʩʥʠʞʘʝʪʩʷ ʜʦ 1 ʕ. ʉʭʦʞʝʝ, ʥʦ ʟʥʘʯʠʪʝʣʴʥʦ 

ʩʠʣʴʥʝʝ ʚʳʨʘʞʝʥʥʦʝ ʧʦʚʝʜʝʥʠʝ H
(2m)

(f0) ʥʘʙʣʶʜʘʝʪʩʷ ʠ ʜʣʷ ʆʙʨʘʟʮʘ 2. ʄʘʢʩʠʤʘʣʴʥʘʷ 

ʚʝʣʠʯʠʥʘ ʩʤʝʱʝʥʠʷ ʨʝʟʦʥʘʥʩʥʦʛʦ ʧʦʣʷ ʚ 4.5 ʕ ʜʦʩʪʠʛʘʝʪ ʥʘ ʯʘʩʪʦʪʝ ~ 4.5 ɻɻʮ ʠ ʩʪʘʥʦ-

ʚʠʪʩʷ ʙʣʠʟʢʠʤ ʢ ʥʫʣʶ ʥʘ ʯʘʩʪʦʪʝ ~ 9.5 ɻɻʮ. 

4.2.4.2 ʈʝʟʫʣʴʪʘʪʳ ʤʠʢʨʦʤʘʛʥʠʪʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ 

ɼʣʷ ʪʝʦʨʝʪʠʯʝʩʢʦʛʦ ʦʧʠʩʘʥʠʷ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʦʙʥʘʨʫʞʝʥʥʦʛʦ ʵʬʬʝʢʪʘ ʨʝʟʢʦʛʦ 

ʫʰʠʨʝʥʠʷ ʣʠʥʠʠ ʌʄʈ ʠ ʩʤʝʱʝʥʠʷ ʨʝʟʦʥʘʥʩʥʦʛʦ ʧʦʣʷ ʙʳʣʦ ʚʳʧʦʣʥʝʥʦ ʯʠʩʣʝʥʥʦʝ ʤʦ-

ʜʝʣʠʨʦʚʘʥʠʝ ʤʘʛʥʠʪʥʦʡ ʤʠʢʨʦʩʪʨʫʢʪʫʨʳ ʠ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʧʣʝʥʦʢ. 

ʇʘʨʘʤʝʪʨʳ ʤʠʢʨʦʤʘʛʥʠʪʥʦʡ ʤʦʜʝʣʠ ʜʣʷ ʆʙʨʘʟʮʘ 1 ʠ ʆʙʨʘʟʮʘ 2 ʧʨʠʚʝʜʝʥʳ ʚ ʪʘʙʣʠʮʝ 4.2. 

ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʚ ʯʠʩʣʝʥʥʦʡ ʤʦʜʝʣʠ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʟʥʘʯʝʥʠʷ 

ʜʣʷ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʥʘʩʳʱʝʥʠʷ Ms = Meff ʠ ʢʦʥʩʪʘʥʪʳ ʥʘʚʝʜʝʥʥʦʡ ʦʜʥʦʦʩʥʦʡ ʘʥʠʟʦ-

ʪʨʦʧʠʠ Ku. ɼʣʷ ʦʙʦʠʭ ʦʙʨʘʟʮʦʚ ʠʩʧʦʣʴʟʦʚʘʣʦʩʴ ʦʜʥʦ ʠ ʪʦ ʞʝ ʟʥʘʯʝʥʠʝ ʧʘʨʘʤʝʪʨʘ ʟʘʪʫ-

ʭʘʥʠʷ Ŭ, ʦʪʚʝʯʘʶʱʝʛʦ ʟʘ ʩʦʙʩʪʚʝʥʥʳʝ ʤʝʭʘʥʠʟʤʳ ʨʝʣʘʢʩʘʮʠʠ. ɿʥʘʯʝʥʠʝ Ŭ = 0.0065 ʙʳʣʦ 

ʦʮʝʥʝʥʦ ʠʟ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ ʜʣʷ ʆʙʨʘʟʮʘ 1 ʥʘ ʯʘʩʪʦʪʝ f0 å 9.5 ɻɻʮ. ɺ ʢʘʯʝʩʪʚʝ 

ʢʦʥʩʪʘʥʪʳ ʦʙʤʝʥʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʠʩʧʦʣʴʟʦʚʘʣʦʩʴ ʪʠʧʠʯʥʦʝ ʜʣʷ ʧʝʨʤʘʣʣʦʷ (Fe20Ni80) 

ʟʥʘʯʝʥʠʝ A = 1Ĭ10
ï6

 ʵʨʛ/ʩʤ. 

ɺʘʞʥʳʤ ʧʘʨʘʤʝʪʨʦʤ ʯʠʩʣʝʥʥʦʡ ʤʦʜʝʣʠ ʷʚʣʷʝʪʩʷ ʢʦʥʩʪʘʥʪʘ K ʣʦʢʘʣʴʥʦʡ ʤʘʛʥʠʪ-

ʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ. ʇʦʤʠʤʦ ʦʙʲʝʤʥʦʡ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʦʡ ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ 

ʦʪʜʝʣʴʥʳʭ ʢʨʠʩʪʘʣʣʠʪʦʚ ʜʦʧʦʣʥʠʪʝʣʴʥʳʤ ʝʝ ʠʩʪʦʯʥʠʢʦʤ ʤʦʛʫʪ ʩʣʫʞʠʪʴ ʣʦʢʘʣʴʥʳʝ ʫʧ-
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ʨʫʛʠʝ ʥʘʧʨʷʞʝʥʠʷ [9, 200] ʠ ʠʭ ʛʨʘʜʠʝʥʪʳ [201], ʚʦʟʥʠʢʘʶʱʠʝ ʠʟ-ʟʘ ʥʝʩʦʦʪʚʝʪʩʪʚʠʷ ʢʦ-

ʵʬʬʠʮʠʝʥʪʘ ʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʨʘʩʰʠʨʝʥʠʷ ʧʦʜʣʦʞʢʠ ʠ ʧʣʝʥʢʠ, ʘ ʪʘʢʞʝ ʠʟ-ʟʘ ʜʝʬʝʢʪʦʚ 

ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʝʪʢʠ ʥʘʥʦʯʘʩʪʠʮ. ʂʨʦʤʝ ʪʦʛʦ, ʚʘʞʥʫʶ ʨʦʣʴ ʚ ʯʘʩʪʠʮʘʭ ʥʘʥʦʨʘʟʤʝʨʘ 

ʠʛʨʘʝʪ ʧʦʚʝʨʭʥʦʩʪʥʘʷ ʤʘʛʥʠʪʥʘʷ ʘʥʠʟʦʪʨʦʧʠʷ. ʕʤʧʠʨʠʯʝʩʢʠ ʙʳʣʦ ʫʩʪʘʥʦʚʣʝʥʦ [202], ʯʪʦ 

ʝʝ ʚʢʣʘʜ ʚ ʵʬʬʝʢʪʠʚʥʫʶ ʣʦʢʘʣʴʥʫʶ ʘʥʠʟʦʪʨʦʧʠʶ ʚʦʟʨʘʩʪʘʝʪ ʩ ʫʤʝʥʴʰʝʥʠʝʤ ʨʘʟʤʝʨʘ 

ʢʨʠʩʪʘʣʣʠʪʦʚ ʢʘʢ K = Kv + 6Ks/D0, ʛʜʝ Kv ʠ Ks ï ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ ʢʦʥʩʪʘʥʪʳ ʦʙʲʝʤʥʦʡ ʠ 

ʧʦʚʝʨʭʥʦʩʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ ʥʘʥʦʯʘʩʪʠʮ. ɿʥʘʯʝʥʠʷ K ʜʣʷ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʦʙʨʘʟʮʦʚ 

ʧʦʜʙʠʨʘʣʠʩʴ ʜʣʷ ʥʘʠʣʫʯʰʝʛʦ ʩʦʛʣʘʩʠʷ ʪʝʦʨʝʪʠʯʝʩʢʠʭ ʨʝʟʫʣʴʪʘʪʦʚ ʩ ʵʢʩʧʝʨʠʤʝʥʪʦʤ. 

ɿʥʘʯʝʥʠʝ K ʜʣʷ ʆʙʨʘʟʮʘ 1 ʦʢʘʟʘʣʦʩʴ ʧʨʠʤʝʨʥʦ ʚ 1.8 ʨʘʟʘ ʙʦʣʴʰʝ, ʯʝʤ ʜʣʷ ʆʙʨʘʟʮʘ 2 

(ʪʘʙʣʠʮʘ 4.2), ʯʪʦ, ʩʢʦʨʝʝ ʚʩʝʛʦ, ʩʚʷʟʘʥʦ ʩ ʚʣʠʷʥʠʝʤ ʧʦʚʝʨʭʥʦʩʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ. ʆʮʝʥʢʘ 

ʢʦʥʩʪʘʥʪ ʦʙʲʝʤʥʦʡ ʠ ʧʦʚʝʨʭʥʦʩʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ ʜʣʷ ʚʳʙʨʘʥʥʳʭ ʟʥʘʯʝʥʠʡ K ʧʨʠʚʦʜʠʪ ʢ 

ʚʧʦʣʥʝ ʨʘʟʫʤʥʳʤ ʨʝʟʫʣʴʪʘʪʘʤ: Kv = 4.6Ĭ10
4
 ʵʨʛ/ʩʤ

3
 ʠ Ks = 1.54Ĭ10

ï2
 ʵʨʛ/ʩʤ

2
. 

ʏʠʩʣʝʥʥʳʡ ʵʢʩʧʝʨʠʤʝʥʪ ʧʦ ʠʟʫʯʝʥʠʶ ʤʘʛʥʠʪʥʦʡ ʤʠʢʨʦʩʪʨʫʢʪʫʨʳ ʥʘʥʦʢʨʠʩʪʘʣ-

ʣʠʯʝʩʢʠʭ ʧʣʝʥʦʢ ʙʳʣ ʚʳʧʦʣʥʝʥ ʜʣʷ ʩʣʫʯʘʷ, ʢʦʛʜʘ ʚʥʝʰʥʝʝ ʤʘʛʥʠʪʥʦʝ ʧʦʣʝ H ʙʳʣʦ ʥʘ-

ʧʨʘʚʣʝʥʦ ʚʜʦʣʴ ʆʊʅ. ɺ ʜʝʢʘʨʪʦʚʦʡ ʩʠʩʪʝʤʝ ʢʦʦʨʜʠʥʘʪ, ʛʜʝ ʧʣʦʩʢʦʩʪʴ xy ʩʦʚʧʘʜʘʣʘ ʩ 

ʧʣʦʩʢʦʩʪʴʶ ʧʣʝʥʢʠ, ʥʘʧʨʘʚʣʝʥʠʝ ʆʊʅ ʙʳʣʦ ʚʳʙʨʘʥʦ ʚʜʦʣʴ ʦʩʠ x. ʀʟʥʘʯʘʣʴʥʦ ʧʣʝʥʢʘ 

ʥʘʤʘʛʥʠʯʠʚʘʣʘʩʴ ʜʦ ʥʘʩʳʱʝʥʠʷ ʤʘʛʥʠʪʥʳʤ ʧʦʣʝʤ 100 ʢʕ, ʧʦʩʣʝ ʯʝʛʦ ʧʦʣʝ H ʩ ʥʝʢʦʪʦʨʳʤ 

ʰʘʛʦʤ ʫʤʝʥʴʰʘʣʦʩʴ ʜʦ ʥʫʣʷ. ɺ ʩʣʫʯʘʝ ʆʙʨʘʟʮʘ 1 ʫʤʝʥʴʰʝʥʠʝ ʧʦʣʷ H ʩʥʘʯʘʣʘ ʧʨʠʚʝʣʦ ʢ 

ʨʦʩʪʫ ʬʣʫʢʪʫʘʮʠʠ (ʨʷʙʠ) ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ M, ʘ ʟʘʪʝʤ ʢ ʥʝʢʦʛʝʨʝʥʪʥʦʤʫ ʨʘʟʥʦʥʘʧʨʘʚ-

ʣʝʥʥʦʤʫ ʚʨʘʱʝʥʠʶ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʥʘ ʦʪʜʝʣʴʥʳʭ ʫʯʘʩʪʢʘʭ ʧʦ ʥʘʧʨʘʚʣʝʥʠʶ ʢ ʦʩʠ y ʠ 

ʦʙʨʘʟʦʚʘʥʠʶ ʤʘʣʦʫʛʣʦʚʳʭ ʜʦʤʝʥʥʳʭ ʛʨʘʥʠʮ, ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʳʭ ʧʦʣʶ ʠ ʆʊʅ. ʅʘ ʨʠ-

ʩʫʥʢʝ 4.9 (c) ʧʦʢʘʟʘʥʦ ʧʦʣʫʯʝʥʥʦʝ ʜʣʷ H = 0 ʨʘʩʧʨʝʜʝʣʝʥʠʝ ÖMy/Öx, ʢʦʪʦʨʦʝ ʢʘʯʝʩʪʚʝʥʥʦ 

ʩʦʛʣʘʩʫʝʪʩʷ ʩ ʨʝʟʫʣʴʪʘʪʘʤʠ ʃʦʨʝʥʮʝʚʦʡ ʵʣʝʢʪʨʦʥʥʦʡ ʤʠʢʨʦʩʢʦʧʠʠ ʥʘ ʨʠʩʫʥʢʝ 4.9 (b). 

ʉʪʨʝʣʦʯʢʘʤʠ ʥʘ ʨʠʩʫʥʢʝ 4.9 (c) ʩʭʝʤʘʪʠʯʥʦ ʧʦʢʘʟʘʥʦ ʥʘʧʨʘʚʣʝʥʠʝ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ M  ʚ 

ʦʪʜʝʣʴʥʳʭ ʜʦʤʝʥʘʭ, ʘ ʥʘ ʚʩʪʘʚʢʝ ʢ ʨʠʩʫʥʢʫ ʜʦʧʦʣʥʠʪʝʣʴʥʦ ʧʨʠʚʝʜʝʥ ʛʨʘʬʠʢ ʩʪʘʪʠʩʪʠ-

ʯʝʩʢʦʛʦ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʤʘʛʥʠʪʥʳʭ ʤʦʤʝʥʪʦʚ ʦʪʜʝʣʴʥʳʭ ʢʨʠʩʪʘʣʣʠʪʦʚ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ 

ʫʛʣʘ ʠʭ ʦʪʢʣʦʥʝʥʠʷ ʦʪ ʩʨʝʜʥʝʡ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ. ɺ ʆʙʨʘʟʮʝ 2 ʫʤʝʥʴh ʝʥʠʝ ʧʦʣʷ ʪʘʢʞʝ 

ʧʨʠʚʦʜʠʪ ʨʦʩʪʫ ʬʣʫʢʪʫʘʮʠʠ (ʨʷʙʠ) ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ, ʦʜʥʘʢʦ ʚ ʧʦʣʝ H = 0 (ʨʠʩʫʥʦʢ 4.9, f) 

ʯʝʪʢʦ ʚʳʨʘʞʝʥʥʦʡ ʜʦʤʝʥʥʦʡ ʩʪʨʫʢʪʫʨʳ ʥʝ ʥʘʙʣʶʜʘʝʪʩʷ. 

ʉ ʧʦʤʦʱʴʶ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʤʘʛʥʠʪʥʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ 

ʧʣʝʥʦʢ ʙʳʣʠ ʠʟʫʯʝʥʳ ʦʩʦʙʝʥʥʦʩʪʠ ʧʨʦʮʝʩʩʦʚ ʫʰʠʨʝʥʠʷ ʣʠʥʠʷ ʌʄʈ ȹH
(2m)

 ʠ ʩʤʝʱʝʥʠʷ 

ʨʝʟʦʥʘʥʩʥʦʛʦ ʧʦʣʷ H
(2m)
. ʅʘ ʨʠʩʫʥʢʘʭ 4.12 (a ʠ b) ʩʧʣʦʰʥʳʤʠ ʣʠʥʠʷʤʠ ʧʦʢʘʟʘʥʳ ʟʘʚʠ-
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ʩʠʤʦʩʪʠ ȹH
(2m)

(f0) ʠ H
(2m)

(f0), ʧʦʣʫʯʝʥʥʳʝ ʥʘ ʦʩʥʦʚʝ ʯʠʩʣʝʥʥʦʛʦ ʨʘʩʯʝʪʘ. ʍʦʨʦʰʝʝ ʢʦʣʠ-

ʯʝʩʪʚʝʥʥʦʝ ʩʦʛʣʘʩʠʝ ʨʝʟʫʣʴʪʘʪʦʚ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘ ʥʘʙʣʶʜʘʝʪʩʷ ʜʣʷ ʆʙ-

ʨʘʟʮʘ 1. ʅʝʙʦʣʴʰʦʝ ʦʪʣʠʯʠʝ, ʚʝʨʦʷʪʥʦ, ʦʙʫʩʣʦʚʣʝʥʦ ʜʠʩʧʝʨʩʠʝʡ ʨʘʟʤʝʨʘ ʢʨʠʩʪʘʣʣʠʪʦʚ ʚ 

ʨʝʘʣʴʥʦʤ ʦʙʨʘʟʮʝ (ʨʠʩʫʥʦʢ 4.8, c), ʪʦʛʜʘ ʢʘʢ ʚ ʯʠʩʣʝʥʥʦʡ ʤʦʜʝʣʠ ʨʘʟʤʝʨ ʢʨʠʩʪʘʣʣʠʪʦʚ 

ʩʯʠʪʘʣʩʷ ʧʦʩʪʦʷʥʥʳʤ ʠ ʨʘʚʥʳʤ D0. 

ɼʣʷ ʆʙʨʘʟʮʘ 2 ʯʠʩʣʝʥʥʳʡ ʨʘʩʯʝʪ ʧʦʢʘʟʳʚʘʝʪ, ʯʪʦ ʯʘʩʪʦʪʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʫʰʠʨʝʥʠ ̫

ʣʠʥʠʠ ʌʄʈ ȹH
(2m)

 ʠʤʝʝʪ ʦʩʪʨʳʡ ʧʠʢ ʥʘ ʯʘʩʪʦʪʝ ~ 5 ɻɻʮ (ʨʠʩʫʥʦʢ 4.12, a). ʈʝʟʢʦʝ ʚʦʟ-

ʨʘʩʪʘʥʠʝ ʫʰʠʨʝʥʠ ̫ʣʠʥʠʠ ʌʄʈ ʪʘʢʞʝ ʩʦʧʨʦʚʦʞʜʘʝʪʩʷ ʠ ʟʥʘʯʠʪʝʣʴʥʳʤ ʩʤʝʱʝʥʠʝʤ ʨʝ-

ʟʦʥʘʥʩʥʦʛʦ ʧʦʣʷ H
(2m)

 ʢʘʢ ʚ ʦʙʣʘʩʪʴ ʧʦʣʦʞʠʪʝʣʴʥʳʭ, ʪʘʢ ʠ ʚ ʦʙʣʘʩʪʴ ʦʪʨʠʮʘʪʝʣʴʥʳʭ 

ʟʥʘʯʝʥʠʡ. ʇʨʠʯʝʤ ʩʤʝʥʘ ʟʥʘʢʘ H
(2m)

 ʥʘʙʣʶʜʘʝʪʩʷ ʧʨʠʤʝʨʥʦ ʚ ʪʦʯʢʝ ʤʘʢʩʠʤʘʣʴʥʦʛʦ 

ʫʰʠʨʝʥʠʷ ʣʠʥʠʠ ʌʄʈ (ʨʠʩʫʥʦʢ 4.12, b). ɺʠʜʥʦ, ʯʪʦ ʨʝʟʫʣʴʪʘʪʳ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʚ ʮʝʣʦʤ 

ʜʦʩʪʘʪʦʯʥʦ ʭʦʨʦʰʦ ʩʦʛʣʘʩʫʶʪʩʷ ʩ ʨʝʟʫʣʴʪʘʪʘʤʠ ʵʢʩʧʝʨʠʤʝʥʪʘ. ʆʜʥʘʢʦ ʩʠʣʴʥʘʷ ʜʠʩʧʝʨ-

ʩʠʷ ʨʘʟʤʝʨʘ ʢʨʠʩʪʘʣʣʠʪʦʚ ʚ ʆʙʨʘʟʮʝ 2 (ʨʠʩʫʥʦʢ 4.8, f), ʦʯʝʚʠʜʥʦ ʧʨʠʚʦʜʠʪ ʢ çʨʘʟʤʳʪʠʶè 

ʦʩʪʨʦʛʦ ʧʠʢʘ ʥʘ ʧʦʣʫʯʝʥʥʦʡ ʤʦʜʝʣʠʨʦʚʘʥʠʝʤ ʟʘʚʠʩʠʤʦʩʪʠ ȹH
(2m)

(f0) ʠ, ʢʘʢ ʩʣʝʜʩʪʚʠʝ, ʢ 

ʩʛʣʘʞʠʚʘʥʠʶ ʢʨʠʚʦʡ H
(2m)

(f0). 

ɼʣʷ ʪʦʛʦ ʯʪʦʙʳ ʫʙʝʜʠʪʩʷ ʚ ʩʧʨʘʚʝʜʣʠʚʦʩʪʠ ʚʳʜʚʠʥʫʪʦʛʦ ʧʨʝʜʧʦʣʦʞʝʥʠʷ, ʙʳʣ ʚʳ-

ʧʦʣʥʝʥ ʨʘʩʯʝʪ ʩʧʝʢʪʨʦʚ ʧʦʛʣʦʱʝʥʠʷ 15 ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʧʣʝʥʦʢ ʩ ʨʘʟʣʠʯʥʳʤ ʨʘʟ-

ʤʝʨʦʤ ʢʨʠʩʪʘʣʣʠʪʦʚ ʚ ʜʠʘʧʘʟʦʥʝ ʦʪ 10.1 ʥʤ ʜʦ 80.1 ʥʤ ʩ ʰʘʛʦʤ 5 ʥʤ. ʆʩʪʘʣʴʥʳʝ ʧʘʨʘ-

ʤʝʪʨʳ ʧʣʝʥʦʢ ʩʦʚʧʘʜʘʣʠ ʠ ʩʦʦʪʚʝʪʩʪʚʦʚʘʣʠ ʧʘʨʘʤʝʪʨʘʤ ʯʠʩʣʝʥʥʦʡ ʤʦʜʝʣʠ ʜʣʷ ʆʙʨʘʟʮʘ 2. 

ʇʦʩʣʝ ʵʪʦʛʦ ʧʦʣʫʯʝʥʥʳʝ ʩʧʝʢʪʨʳ ʩʫʤʤʠʨʦʚʘʣʠʩʴ ʩ ʚʝʩʦʤ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʤ ʬʫʥʢʮʠʠ 

ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʯʘʩʪʠʮ ʧʦ ʨʘʟʤʝʨʫ ʜʣʷ ʆʙʨʘʟʮʘ 2 (ʨʠʩʫʥʦʢ 4.8, f). ʋʰʠʨʝʥʠʝ ʠ ʩʜʚʠʛ ʧʦ-

ʣʫʯʝʥʥʳʭ ʪʘʢʠʤ ʦʙʨʘʟʦʤ çʠʥʪʝʛʨʘʣʴʥʳʭè ʣʠʥʠʡ ʌʄʈ ʧʦʢʘʟʘʥʳ ʥʘ ʨʠʩʫʥʢʝ 4.12 ʧʫʥʢ-

ʪʠʨʥʳʤʠ ʣʠʥʠʷʤʠ. ɺʠʜʥʦ, ʯʪʦ ʜʠʩʧʝʨʩʠʷ ʨʘʟʤʝʨʘ ʢʨʠʩʪʘʣʣʠʪʦʚ ʜʝʡʩʪʚʠʪʝʣʴʥʦ ʧʨʠʚʝʣʘ ʢ 

ʩʛʣʘʞʠʚʘʥʠʶ ʢʨʠʚʳʭ ȹH
(2m)

(f0) ʠ H
(2m)

(f0), ʧʦʣʫʯʝʥʥʳʭ ʤʦʜʝʣʠʨʦʚʘʥʠʝʤ ʜʣʷ ʆʙʨʘʟʮʘ 2 ʩ 

ʨʘʟʤʝʨʦʤ D0 =40.1 ʥʤ. ʂʨʦʤʝ ʪʦʛʦ, ʫʯʝʪ ʜʠʩʧʝʨʩʠʠ ʪʘʢʞʝ ʫʣʫʯʰʠʣ ʢʦʨʨʝʣʷʮʠʶ ʤʝʞʜʫ 

ʨʝʟʫʣʴʪʘʪʘʤʠ ʨʘʩʯʝʪʘ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘ. ʆʪʩʫʪʩʪʚʠʝ ʞʝ ʧʦʣʥʦʛʦ ʩʦʚʧʘʜʝʥʠʷ ʤʝʞʜʫ ʤʦʜʝ-

ʣʠʨʦʚʘʥʠʝʤ ʠ ʵʢʩʧʝʨʠʤʝʥʪʦʤ, ʚʝʨʦʷʪʥʦ, ʩʚʷʟʘʥʦ ʩ ʪʝʤ, ʯʪʦ ʚ ʯʠʩʣʝʥʥʦʡ ʤʦʜʝʣʠ ʥʝʦʙʭʦ-

ʜʠʤ ʫʯʝʪ ʥʝ ʪʦʣʴʢʦ ʜʠʩʧʝʨʩʠʠ ʨʘʟʤʝʨʘ ʢʨʠʩʪʘʣʣʠʪʦʚ, ʥʦ ʪʘʢʞʝ ʠ ʜʠʩʧʝʨʩʠʠ ʥʘʤʘʛʥʠ-

ʯʝʥʥʦʩʪʠ ʥʘʩʳʱʝʥʠʷ ʠ ʢʦʥʩʪʘʥʪʳ ʣʦʢʘʣʴʥʦʡ ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ, ʢʦʪʦʨʘʷ ʧʨʘʢʪʠ-

ʯʝʩʢʠ ʚʩʝʛʜʘ ʧʨʠʩʫʪʩʪʚʫʝʪ ʚ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʤʘʪʝʨʠʘʣʘʭ. 
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4.2.5 ʄʝʭʘʥʠʟʤ ʫʰʠʨʝʥʠʷ ʣʠʥʠʠ ʌʄʈ 

ɼʣʷ ʪʦʛʦ ʯʪʦʙʳ ʜʘʪʴ ʥʘʛʣʷʜʥʦʝ ʦʙʲʷʩʥʝʥʠʝ ʦʙʥʘʨʫʞʝʥʥʦʤʫ ʚ ʆʙʨʘʟʮʝ 2 ʵʬʬʝʢʪʫ 

ʨʝʟʢʦʛʦ ʫʰʠʨʝʥʠ ̫ʣʠʥʠʠ ʌʄʈ ʥʘ ʯʘʩʪʦʪʝ ~ 5 ɻɻʮ, ʘ ʪʘʢʞʝ ʜʣʷ ʪʦʛʦ ʯʪʦʙʳ ʦʙʲʷʩʥʠʪʴ 

ʧʨʠʯʠʥʫ ʦʪʩʫʪʩʪʚʠʷ ʵʪʦʛʦ ʵʬʬʝʢʪʘ ʚ ʆʙʨʘʟʮʝ 1, ʩʥʘʯʘʣʘ ʨʘʩʩʤʦʪʨʠʤ ʚʣʠʷʥʠʝ ʥʘʥʦʢʨʠ-

ʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ ʪʦʥʢʦʡ ʧʣʝʥʢʠ ʥʘ ʬʦʨʤʠʨʦʚʘʥʠʝ ʤʘʛʥʠʪʥʦʡ ʩʪʨʫʢʪʫʨʳ. ɿʘʪʝʤ 

ʧʦʢʘʞʝʤ ʨʦʣʴ ʤʘʛʥʠʪʥʦʡ ʩʪʨʫʢʪʫʨʳ ʚ ʜʚʫʭʤʘʛʥʦʥʥʳʭ ʧʨʦʮʝʩʩʘʭ ʨʘʩʩʝʷʥʠʷ ʩʧʠʥʦʚʳʭ 

ʚʦʣʥ, ʘ ʪʘʢʞʝ ʫʩʪʘʥʦʚʠʤ ʢʨʠʪʠʯʝʩʢʠʡ ʨʘʟʤʝʨ ʢʨʠʩʪʘʣʣʠʪʦʚ, ʥʠʞʝ ʢʦʪʦʨʦʛʦ ʵʬʬʝʢʪ ʨʝʟ-

ʢʦʛʦ ʫʰʠʨʝʥʠ ̫ʣʠʥʠʠ ʌʄʈ ʥʝ ʥʘʙʣʶʜʘʝʪʩʷ ʚ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʧʣʝʥʢʘʭ. 

4.2.5.1 ʉʚʷʟʴ ʤʝʞʜʫ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʠ ʤʠʢʨʦʤʘʛʥʠʪʥʦʡ ʩʪʨʫʢʪʫʨʦʡ 

ʅʘ ʨʠʩʫʥʢʝ 4.13 ʧʨʝʜʩʪʘʚʣʝʥʘ ʦʙʱʘʷ ʩʭʝʤʘ ʬʦʨʤʠʨʦʚʘʥʠʷ ʤʘʛʥʠʪʥʦʡ ʩʪʨʫʢʪʫʨʳ ʚ 

ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʪʦʥʢʠʭ ʤʘʛʥʠʪʥʳʭ ʧʣʝʥʢʘʭ. ʆʩʥʦʚʥʦʡ ʦʩʦʙʝʥʥʦʩʪʴʶ ʪʘʢʠʭ ʧʣʝʥʦʢ 

ʷʚʣʷʝʪʩʷ ʤʘʣʳʡ ʨʘʟʤʝʨ ʢʨʠʩʪʘʣʣʠʪʦʚ D0 ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʵʬʬʝʢʪʠʚʥʳʤ ʨʘʜʠʫʩʦʤ ʦʙ-

ʤʝʥʥʦʛʦ ʠ ʤʘʛʥʠʪʦʩʪʘʪʠʯʝʩʢʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ. ʇʦʵʪʦʤʫ ʥʘʣʠʯʠʝ ʤʘʛʥʠʪʥʦʡ ʩʚʷʟʠ 

ʤʝʞʜʫ ʢʨʠʩʪʘʣʣʠʪʘʤʠ ʧʨʠʚʦʜʠʪ ʢ ʫʩʨʝʜʥʝʥʠʶ ʠ ʯʘʩʪʠʯʥʦʤʫ ʧʦʜʘʚʣʝʥʠ ʁʩʣʫʯʘʡʥʦʡ 

ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ ʦʪʜʝʣʴʥʳʭ ʢʨʠʩʪʘʣʣʠʪʦʚ. ʆʜʥʘʢʦ, ʢʘʢ ʫʞʝ ʦʪʤʝʯʘʣʦʩʴ ʚ ʨʘʟʜʝ-

ʣʝ 4.1.3, ʥʝʧʦʣʥʦʝ ʫʩʨʝʜʥʝʥʠʝ ʣʦʢʘʣʴʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ ʧʨʠʚʦʜʠʪ ʢ ʬʦʨʤʠʨʦʚʘʥʠʶ ʚ 

ʧʣʝʥʢʝ ʢʚʘʟʠʧʝʨʠʦʜʠʯʝʩʢʦʡ ʤʘʛʥʠʪʥʦʡ ʩʪʨʫʢʪʫʨ rï çʨʷʙʠè ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ. ɻʦʬʬʤʘʥ 

ʜʣʷ ʦʧʠʩʘʥʠʷ ʪʘʢʦʡ ʤʘʛʥʠʪʥʦʡ ʩʪʨʫʢʪʫʨʳ ʠʩʧʦʣʴʟʦʚʘʣ ʤʦʜʝʣʴ ʥʝʚʟʘʠʤʦʜʝʡʩʪʚʫʶʱʠʭ 

ʤʝʞʜʫ ʩʦʙʦʡ ʤʘʛʥʠʪʦʩʚʷʟʘʥʥʳʭ ʦʙʣʘʩʪʝʡ, ʬʦʨʤʠʨʫʝʤʳʭ ʚ ʧʣʝʥʢʝ. ʈʘʟʤʝʨ ʠ ʬʦʨʤʘ ʪʘʢʠʭ 

ʦʙʣʘʩʪʝʡ ʟʘʚʠʩʠʪ ʦʪ ʨʘʜʠʫʩʘ ʦʙʤʝʥʥʦʛʦ ʠ ʤʘʛʥʠʪʦʩʪʘʪʠʯʝʩʢʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ, ʘ ʪʘʢʞʝ 

ʦʪ ʚʝʣʠʯʠʥʳ ʧʨʠʣʦʞʝʥʥʦʛʦ ʚʥʝʰʥʝʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ. ɺ ʦʙʱʝʤ ʩʣʫʯʘʝ ʪʘʢʘʷ ʩʚʷʟʘʥʥʘʷ 

ʤʘʛʥʠʪʥʳʤ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝʤ ʦʙʣʘʩʪʴ (ʤʘʛʥʠʪʦʢʦʨʨʝʣʠʨʦʚʘʥʥʘʷ ʦʙʣʘʩʪʴ) ʷʚʣʷʝʪʩʷ ʵʣ-

ʣʠʧʩʦʠʜʦʤ, ʩʠʣʴʥʦ ʚʳʪʷʥʫʪʳʤ ʚ ʥʘʧʨʘʚʣʝʥʠʠ, ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦʤ ʩʨʝʜʥʝʡ ʥʘʤʘʛʥʠʯʝʥ-

ʥʦʩʪʠ (ʨʠʩʫʥʦʢ 4.13). ɺ ʣʠʥʝʡʥʦʤ ʧʨʠʙʣʠʞʝʥʠʠ [158] ʜʣʠʥʘ ʧʦʣʫʦʩʠ ʵʣʣʠʧʩʦʠʜʘ R|| ʧʨʠ 

ʥʘʤʘʛʥʠʯʠʚʘʥʠʠ ʧʣʝʥʢʠ ʚʜʦʣʴ ʆʊʅ 

 )/(|| uHHDR -= , (4.10) 

ʛʜʝ D = 2A/Ms. ɼʘʥʥʦʝ ʚʳʨʘʞʝʥʠʝ ʦʪʣʠʯʘʝʪʩʷ ʦʪ (4.1), ʧʦʩʢʦʣʴʢʫ ʚ ʯʠʩʣʝʥʥʦʡ ʤʦʜʝʣʠ 

ʨʘʟʜʝʣʘ 4.1 ʥʝ ʫʯʠʪʳʚʘʣʘʩʴ ʥʘʚʝʜʝʥʥʘʷ ʚʥʝʰʥʠʤ ʤʘʛʥʠʪʥʳʤ ʧʦʣʝʤ (ʦʙʱʘʷ ʜʣʷ ʚʩʝʡ 

ʧʣʝʥʢʠ) ʦʜʥʦʦʩʥʘʷ ʘʥʠʟʦʪʨʦʧʠʷ Hu. ʀʩʧʦʣʴʟʫʷ ʫʩʨʝʜʥʝʥʠʝ ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ ʦʪ-
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ʜʝʣʴʥʳʭ ʢʨʠʩʪʘʣʣʠʪʦʚ ʩʦ ʩʣʫʯʘʡʥʦʡ ʦʨʠʝʥʪʘʮʠʝʡ ʦʩʝʡ ʘʥʠʟʦʪʨʦʧʠʠ ʚ ʧʨʝʜʝʣʘʭ ʤʘʛʥʠ-

ʪʦʢʦʨʨʝʣʠʨʦʚʘʥʥʦʡ ʦʙʣʘʩʪʠ, ɻʦʬʬʤʘʥ ʧʦʣʫʯʠʣ ʚʳʨʘʞʝʥʠʝ ʜʣʷ ʜʠʩʧʝʨʩʠʠ ʧʦʧʝʨʝʯʥʦʡ 

ʩʦʩʪʘʚʣʷʶʱʝʡ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ, ʘ ʪʘʢʞʝ ʥʘʠʙʦʣʝʝ ʚʝʨʦʷʪʥʫʶ ʦʩʥʦʚʥʫʶ ʜʣʠʥʫ ʧʝʨʠʦʜʘ 

ʧʨʦʜʦʣʴʥʦʡ çʨʷʙʠè ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ )/(22 || uR HHDR -p=p=l . 

  

 

ʈʠʩʫʥʦʢ 4.13 ï ʉʭʝʤʘʪʠʯʝʩʢʘʷ ʠʣʣʶʩʪʨʘʮʠʷ ʬʦʨʤʠʨʦʚʘʥʠʷ ʢʚʘʟʠʧʝʨʠʦʜʠʯʝʩʢʦʡ 

ʤʘʛʥʠʪʥʦʡ ʩʪʨʫʢʪʫʨʳ ʚ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʪʦʥʢʦʡ ʤʘʛʥʠʪʥʦʡ ʧʣʝʥʢʝ 

ʆʧʠʨʘʷʩʴ ʥʘ ʨʝʟʫʣʴʪʘʪʳ ʯʠʩʣʝʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʤʘʛʥʠʪʥʦʡ ʩʪʨʫʢʪʫʨʳ ʜʣʷ 

ʆʙʨʘʟʮʘ 1 ʠ ʆʙʨʘʟʮʘ 2, ʤʝʪʦʜʦʤ ʢʦʨʨʝʣʷʮʠʦʥʥʦʛʦ ʘʥʘʣʠʟʘ (ʜʝʪʘʣʠ ʧʨʠʚʝʜʝʥʳ ʚ ʨʘʟʜʝ-

ʣʝ 4.1.3) ʙʳʣʘ ʚʳʧʦʣʥʝʥʘ ʦʮʝʥʢʘ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ ʧʨʦʪʷʞʝʥʥʦʩʪʠ ʧʨʦʜʦʣʴʥʳʭ ʤʘʛ-

ʥʠʪʥʳʭ ʢʦʨʨʝʣʷʮʠʡ, ʪ. ʝ. ʙʳʣ ʦʧʨʝʜʝʣʝʥ ʩʨʝʜʥʠʡ ʨʘʟʤʝʨ ʤʘʛʥʠʪʦʩʚʷʟʘʥʥʳʭ ʦʙʣʘʩʪʝʡ 

ʚʜʦʣʴ ʥʘʧʨʘʚʣʝʥʠʷ ʩʨʝʜʥʝʡ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ R||. ɼʣʷ ʵʪʠʭ ʦʙʨʘʟʮʦʚ ʥʘ ʨʠʩʫʥʢʝ 4.14 ʧʦ-

ʩʪʨʦʝʥʳ ʟʘʚʠʩʠʤʦʩʪʠ R|| ʦʪ ʚʝʣʠʯʠʥʳ ʵʬʬʝʢʪʠʚʥʦʛʦ ʚʥʫʪʨʝʥʥʝʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ H ï Hu. 

ʊʘʢʞʝ ʥʘ ʵʪʦʤ ʨʠʩʫʥʢʝ ʰʪʨʠʭʦʚʦʡ ʣʠʥʠʝʡ ʧʨʝʜʩʪʘʚʣʝʥʘ ʪʝʦʨʝʪʠʯʝʩʢʘʷ ʟʘʚʠʩʠʤʦʩʪʴ, 

ʚʳʯʠʩʣʝʥʥʘʷ ʜʣʷ ʧʘʨʘʤʝʪʨʦʚ ʆʙʨʘʟʮʘ 1 ʧʦ ʬʦʨʤʫʣʝ (4.10). ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʜʣʷ 

ʆʙʨʘʟʮʘ 2 ʵʪʘ ʪʝʦʨʝʪʠʯʝʩʢʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʧʨʘʢʪʠʯʝʩʢʠ ʥʝ ʦʪʣʠʯʘʝʪʩʷ ʦʪ ʧʨʝʜʩʪʘʚʣʝʥʥʦʡ 

ʥʘ ʨʠʩʫʥʢʝ 4.14 ʪʝʦʨʝʪʠʯʝʩʢʦʡ ʢʨʠʚʦʡ. 

ɺʠʜʥʦ, ʯʪʦ ʣʠʥʝʡʥʘʷ ʪʝʦʨʠʷ ɻʦʬʬʤʘʥʘ ʭʦʨʦʰʦ ʩʦʛʣʘʩʫʝʪʩʷ ʩ ʨʝʟʫʣʴʪʘʪʘʤʠ ʤʦʜʝ-

ʣʠʨʦʚʘʥʠʷ ʜʣʷ ʤʘʛʥʠʪʥʳʭ ʧʦʣʝʡ ʤʝʞʜʫ 1 ʕ ʠ 1000 ʕ ʜʣʷ ʆʙʨʘʟʮʘ 1 ʠ ʤʝʞʜʫ 10 ʕ ʠ 100 ʕ 

ʜʣʷ ʆʙʨʘʟʮʘ 2. ʇʨʠ ʙʦʣʴʰʠʭ ʟʥʘʯʝʥʠʷʭ H ï Hu ʨʘʟʤʝʨ ʤʘʛʥʠʪʦʢʦʨʨʝʣʠʨʦʚʘʥʥʦʡ ʦʙʣʘʩʪʠ 

ʦʛʨʘʥʠʯʠʚʘʝʪʩʷ ʨʘʟʤʝʨʦʤ ʩʘʤʠʭ ʢʨʠʩʪʘʣʣʠʪʦʚ. ʂʘʢ ʚʠʜʥʦ ʠʟ ʨʠʩʫʥʢʘ 4.14, ʟʥʘʯʝʥʠʝ 

ʧʨʦʜʦʣʴʥʦʛʦ ʢʦʨʨʝʣʷʮʠʦʥʥʦʛʦ ʨʘʜʠʫʩʘ R|| ʩʪʨʝʤʠʪʩʷ ʢ R=D0/2 ʧʨʠ H ï Hu Ÿ Ð. ɺ ʦʙʣʘʩʪʠ 
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ʤʘʣʳʭ ʧʦʣʝʡ ʪʘʢʞʝ ʥʘʙʣʶʜʘʶʪʩʷ ʨʘʩʭʦʞʜʝʥʠʝ ʨʝʟʫʣʴʪʘʪʦʚ ʨʘʩʯʝʪʘ ʠ ʪʝʦʨʠʠ. ʕʪʠ ʨʘʟ-

ʣʠʯʠʷ ʩʚʷʟʘʥʳ ʩ ʪʝʤ, ʯʪʦ ʚ ʤʘʣʳʭ ʧʦʣʷʭ ʩʠʣʴʥʦ ʚʦʟʨʘʩʪʘʝʪ ʘʤʧʣʠʪʫʜʘ çʨʷʙʠè ʥʘʤʘʛʥʠ-

ʯʝʥʥʦʩʪʠ, ʠ ʣʠʥʝʡʥʦʝ ʧʨʠʙʣʠʞʝʥʠʝ, ʠʩʧʦʣʴʟʫʝʤʦʝ ɻʦʬʬʤʘʥʦʤ ʧʨʠ ʚʳʚʦʜʝ ʬʦʨʤʫ-

ʣ  r(4.10), ʩʪʘʥʦʚʠʪʩʷ ʥʝʜʦʩʪʘʪʦʯʥʳʤ [157, 160]. 

  

 

ʈʠʩʫʥʦʢ 4.14 ï ɿʘʚʠʩʠʤʦʩʪʴ ʧʨʦʜʦʣʴʥʦʛʦ ʢʦʨʨʝʣʷʮʠʦʥʥʦʛʦ ʨʘʜʠʫʩʘ R|| ʦʪ ʚʝʣʠʯʠʥʳ 

ʵʬʬʝʢʪʠʚʥʦʛʦ ʚʥʫʪʨʝʥʥʝʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʜʣʷ ʆʙʨʘʟʮʘ 1 (ʢʨʫʛʣʳʝ ʤʘʨʢʝʨʳ) ʠ 

ʆʙʨʘʟʮʘ 2 (ʪʨʝʫʛʦʣʴʥʳʝ ʤʘʨʢʝʨʳ). ʐʪʨʠʭʦʚʦʡ ʣʠʥʠʝʡ ʧʦʢʘʟʘʥʘ ʪʝʦʨʝʪʠʯʝʩʢʘʷ 

ʟʘʚʠʩʠʤʦʩʪʴ, ʚʳʯʠʩʣʝʥʥʘʷ ʧʦ ʬʦʨʤʫʣʝ (4.10) 

4.2.5.2 ɼʚʫʭʤʘʛʥʦʥʥʘʷ ʤʦʜʝʣʴ ʫʰʠʨʝʥʠʷ ʣʠʥʠʠ ʌʄʈ 

ʂʚʘʟʠʧʝʨʠʦʜʠʯʝʩʢʘʷ ʩʪʨʫʢʪʫʨʘ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʩ ʧʝʨʠʦʜʦʤ ɚR ʷʚʣʷʝʪʩʷ ʧʨʠʯʠʥʦʡ 

ʚʦʟʥʠʢʥʦʚʝʥʠʷ ʚ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʪʦʥʢʠʭ ʧʣʝʥʢʘʭ ʤʘʛʥʠʪʥʳʭ ʥʝʦʜʥʦʨʦʜʥʦʩʪʝʡ ʩ 

ʭʘʨʘʢʪʝʨʥʳʤ çʨʘʟʤʝʨʦʤè R|| ʠ ʚʦʣʥʦʚʳʤ ʯʠʩʣʦʤ ||/1/2 Rk RR =lp= . ʆʪʣʠʯʠʪʝʣʴʥʦʡ 

ʦʩʦʙʝʥʥʦʩʪʴʶ ʵʪʠʭ ʥʝʦʜʥʦʨʦʜʥʦʩʪʝʡ ʷʚʣʷʝʪʩʷ ʪʦ, ʯʪʦ ʠʭ ʨʘʟʤʝʨ ʟʘʚʠʩʠʪ ʥʝ ʪʦʣʴʢʦ ʦʪ 

ʤʘʛʥʠʪʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʧʣʝʥʢʠ, ʥʦ ʠ ʦʪ ʚʝʣʠʯʠʥʳ ʧʨʠʣʦʞʝʥʥʦʛʦ ʚʥʝʰʥʝʛʦ ʧʦʣʷ. ɺ ʨʘʤʢʘʭ 

ʪʝʦʨʠʠ ʜʚʫʭʤʘʛʥʦʥʥʳʭ ʧʨʦʮʝʩʩʦʚ ʨʘʩʩʝʷʥʠʷ [81, 182, 184] ʤʘʛʥʠʪʥʳʝ ʥʝʦʜʥʦʨʦʜʥʦʩʪʠ, ʚ 

ʯʘʩʪʥʦʩʪʠ ʩʚʷʟʘʥʥʳʝ ʠ ʩ ʥʝʦʜʥʦʨʦʜʥʦʡ ʤʘʛʥʠʪʥʦʡ ʩʪʨʫʢʪʫʨʦʡ, ʨʘʩʩʤʘʪʨʠʚʘʶʪʩʷ ʢʘʢ 

ʚʦʟʤʫʱʝʥʠʝ ʩʦʙʩʪʚʝʥʥʳʭ ʤʘʛʥʠʪʥʳʭ ʢʦʣʝʙʘʥʠʡ (ʩʧʠʥʦʚʳʭ ʚʦʣʥ) ʦʜʥʦʨʦʜʥʦʛʦ ʦʙʨʘʟʮʘ. 

ʅʝʦʜʥʦʨʦʜʥʦʩʪʠ ʥʝ ʪʦʣʴʢʦ ʥʘʨʫʰʘʶʪ ʦʨʪʦʛʦʥʘʣʴʥʦʩʪʴ ʩʦʙʩʪʚʝʥʥʳʭ ʤʦʜ ʢʦʣʝʙʘʥʠʡ ʥʘ-

ʤʘʛʥʠʯʝʥʥʦʩʪʠ, ʥʦ ʠ ʧʨʠʚʦʜʷʪ ʢ ʩʚʷʟʠ ʤʝʞʜʫ ʥʠʤʠ. ʕʪʦ ʚʳʟʳʚʘʝʪ ʧʝʨʝʢʘʯʢʫ ʵʥʝʨʛʠʠ ʠʟ 

ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʛʦ ʪʠʧʘ ʢʦʣʝʙʘʥʠʡ (ʚ ʯʘʩʪʥʦʩʪʠ, ʦʜʥʦʨʦʜʥʦʛʦ ʌʄʈ) ʚ ʥʝʦʜʥʦʨʦʜʥʳʝ 
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ʪʠʧʳ ʢʦʣʝʙʘʥʠʡ, ʪ. ʝ. ʢ ʚʦʟʥʠʢʥʦʚʝʥʠʶ ʜʦʧʦʣʥʠʪʝʣʴʥʦʡ ʜʠʩʩʠʧʘʮʠʠ, ʘ ʪʘʢʞʝ ʢ ʩʜʚʠʛʫ 

ʨʝʟʦʥʘʥʩʥʳʭ ʯʘʩʪʦʪ. 

ɼʠʩʧʝʨʩʠʦʥʥʦʝ ʫʨʘʚʥʝʥʠʝ ʩʧʠʥʦʚʳʭ ʚʦʣʥ ʜʣʷ ʦʜʥʦʦʩʥʦʡ ʦʜʥʦʨʦʜʥʦʡ ʪʦʥʢʦʡ 

ʤʘʛʥʠʪʥʦʡ ʧʣʝʥʢʠ, ʥʘʤʘʛʥʠʯʝʥʥʦʡ ʚʜʦʣʴ ʆʊʅ, ʠʤʝʝʪ ʚʠʜ [184] 

 )]1(sin4][4[ 222
kksuksk NMDkHHNMDkH -jp++-p++g=w . (4.11) 

ɿʜʝʩʴ Dk
2
 ï ʧʦʣʝ ʦʙʤʝʥʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʜʣʷ ʩʧʠʥʦʚʦʡ ʚʦʣʥʳ ʩ ʚʦʣʥʦʚʳʤ ʚʝʢʪʦʨʦʤ k 

(k = |k|), űk ï ʫʛʦʣ ʤʝʞʜʫ ʥʘʧʨʘʚʣʝʥʠʝʤ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʩʧʠʥʦʚʦʡ ʚʦʣʥʳ ʠ ʨʘʚʥʦʚʝʩʥʦʡ 

ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʴʶ, Nk ï ʨʘʟʤʘʛʥʠʯʠʚʘʶʱʠʡ ʬʘʢʪʦʨ, ʟʘʚʠʩʷʱʠʡ ʦʪ ʚʦʣʥʦʚʦʛʦ ʯʠʩʣʘ k ʠ 

ʪʦʣʱʠʥʳ ʧʣʝʥʢʠ d. ɺ ʧʨʠʙʣʠʞʝʥʠʠ ʪʦʥʢʦʡ ʧʣʝʥʢʠ, ʫ ʢʦʪʦʨʦʡ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʴ ʥʝʟʥʘ-

ʯʠʪʝʣʴʥʦ ʠʟʤʝʥʷʝʪʩʷ ʧʦ ʝʝ ʪʦʣʠɦʥʝ, ʵʪʦʪ ʬʘʢʪʦʨ ʠʤʝʝʪ ʚʠʜ [160] 

 
kd

e
dkN

kd

k

--
=

1
),( . (4.12) 

ʂʘʢ ʧʦʜʨʦʙʥʦ ʧʦʢʘʟʘʥʦ ʚ ʨʘʙʦʪʝ [184], ʨʘʩʩʝʷʥʠʝ ʩʧʠʥʦʚʳʭ ʚʦʣʥ ʥʘ ʤʘʛʥʠʪʥʳʭ 

ʥʝʦʜʥʦʨʦʜʥʦʩʪʷʭ ʚʦʟʤʦʞʥʦ ʪʦʣʴʢʦ ʧʨʠ űk å 0. ɼʣʷ ʵʪʦʛʦ ʩʣʫʯʘʷ ʥʘ ʨʠʩʫʥʢʝ 4.15 (a) ʛʨʘ-

ʬʠʯʝʩʢʠ ʧʨʝʜʩʪʘʚʣʝʥʘ ʜʠʩʧʝʨʩʠʦʥʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ (4.11). ɿʜʝʩʴ ɤ0 ʧʦʢʘʟʳʚʘʝʪ ʯʘʩʪʦʪʫ 

ʦʜʥʦʨʦʜʥʦʛʦ ʌʄʈ ʩ k = 0. ʀʟ ʨʠʩʫʥʢʘ ʚʠʜʥʦ, ʯʪʦ ʯʘʩʪʦʪʘ ʦʜʥʦʨʦʜʥʦʛʦ ʌʄʈ ʪʘʢʞʝ ʩʦʚ-

ʧʘʜʘʝʪ ʩ ʯʘʩʪʦʪʦʡ ʩʧʠʥʦʚʦʡ ʚʦʣʥʳ ʩ k = ks. ʅʘʣʠʯʠʝ ʥʝʦʜʥʦʨʦʜʥʦʛʦ ʚʥʫʪʨʝʥʥʝʛʦ ʤʘʛ-

ʥʠʪʥʦʛʦ ʧʦʣʷ (ʤʘʛʥʠʪʥʳʭ ʥʝʦʜʥʦʨʦʜʥʦʩʪʝʡ) ʩ ʚʦʣʥʦʚʳʤ ʯʠʩʣʦʤ kR, ʩʦʚʧʘʜʘʶʱʠʤ ʩ ks, 

ʦʙʝʩʧʝʯʠʚʘʝʪ ʧʝʨʝʢʘʯʢʫ ʵʥʝʨʛʠʠ ʦʜʥʦʨʦʜʥʳʭ ʢʦʣʝʙʘʥʠʡ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʪʦʥʢʦʡ ʧʣʝʥʢʠ 

ʚ ʵʥʝʨʛʠʶ ʩʧʠʥʦʚʦʡ ʚʦʣʥʳ ʩ ʚʦʣʥʦʚʳʤ ʯʠʩʣʦʤ ks. ʇʨʦʠʩʭʦʜʠʪ ʪʘʢ ʥʘʟʳʚʘʝʤʦʝ ʜʚʫʭʤʘʛ-

ʥʦʥʥʦʝ ʨʘʩʩʝʷʥʠʝ ʩʧʠʥʦʚʳʭ ʚʦʣʥ ʥʘ ʥʝʦʜʥʦʨʦʜʥʦʩʪʷʭ, ʩʦʧʨʦʚʦʞʜʘʝʤʦʝ ʫʰʠʨʝʥʠʝʤ ʣʠ-

ʥʠʠ ʌʄʈ ʠ ʩʤʝʱʝʥʠʝʤ ʨʝʟʦʥʘʥʩʥʦʛʦ ʧʦʣʷ. 

ʅʘ ʨʠʩʫʥʢʝ 4.15 (b) ʜʣʷ ʧʘʨʘʤʝʪʨʦʚ ʆʙʨʘʟʮʦʚ 1 ʠ 2 ʣʠʥʠʷʤʠ ʧʦʢʘʟʘʥʳ ʜʦʤʥʦ-

ʞʝʥʥʳʝ ʥʘ d ʟʘʚʠʩʠʤʦʩʪʠ ks ʦʪ ʨʝʟʦʥʘʥʩʥʦʡ ʯʘʩʪʦʪʳ f0 = ɤ0/2ˊ, ʧʦʣʫʯʝʥʥʳʝ ʯʠʩʣʝʥʥʳʤ 

ʨʝʰʝʥʠʝʤ ʫʨʘʚʥʝʥʠʷ 

 00 )0,,( w==jw ksk kH . (4.13) 

ʂʨʦʤʝ ʪʦʛʦ, ʥʘ ʵʪʦʤ ʨʠʩʫʥʢʝ ʜʦʧʦʣʥʠʪʝʣʴʥʦ ʧʨʝʜʩʪʘʚʣʝʥʳ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʟʘʚʠʩʠʤʦ-

ʩʪʠ kR(f0). ʇʨʠ ʚʳʯʠʩʣʝʥʠʠ )(/1)( 0||0 fRfkR =  ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʟʥʘʯʝʥʠʷ ʜʣʷ ʧʨʦʜʦʣʴʥʦʛʦ 

ʢʦʨʨʝʣʷʮʠʦʥʥʦʛʦ ʨʘʜʠʫʩʘ R||, ʧʦʣʫʯʝʥʥʳʝ ʥʘ ʦʩʥʦʚʝ ʤʠʢʨʦʤʘʛʥʠʪʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ 
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ʤʘʛʥʠʪʥʦʡ ʤʠʢʨʦʩʪʨʫʢʪʫʨʳ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʧʣʝʥʦʢ (ʨʠʩʫʥʦʢ 4.14). ɸʥʘʣʠʟ ʨʠ-

ʩʫʥʢʘ 4.15 (b) ʧʦʟʚʦʣʷʝʪ ʧʦʥʷʪʴ ʧʨʠʯʠʥʫ, ʧʦʯʝʤʫ ʜʣʷ ʆʙʨʘʟʮʘ 1 ʩʦ ʩʨʝʜʥʠʤ ʨʘʟʤʝʨʦʤ 

ʢʨʠʩʪʘʣʣʠʪʦʚ D0 = 11.6 ʥʤ ʵʬʬʝʢʪ ʨʝʟʢʦʛʦ ʫʰʠʨʝʥʠ ̫ʣʠʥʠʠ ʌʄʈ ʥʝ ʥʘʙʣʶʜʘʝʪʩʷ: ʟʘʚʠ-

ʩʠʤʦʩʪʴ kR(f0) ʥʝ ʧʝʨʝʩʝʢʘʝʪ ʢʨʠʚʫʶ ks(f0), ʘ ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʚʦ ʚʩʝʤ ʯʘʩʪʦʪʥʦʤ ʜʠʘʧʘʟʦʥʝ 

ʫʩʣʦʚʠʝ ʚʦʟʥʠʢʥʦʚʝʥʠʷ ʵʬʬʝʢʪʘ ks = kR ʚʳʧʦʣʥʝʥʦ ʙʳʪʴ ʥʝ ʤʦʞʝʪ. ʅʘʧʨʦʪʠʚ, ʜʣʷ ʆʙ-

ʨʘʟʮʘ 2 ʩʦ ʩʨʝʜʥʠʤ ʨʘʟʤʝʨʦʤ ʢʨʠʩʪʘʣʣʠʪʦʚ D0 = 40.1 ʥʤ ʢʨʠʚʳʝ kR(f0) ʠ ks(f0) ʧʝʨʝʩʝʢʘ-

ʶʪʩʷ ʚ ʪʦʯʢʝ f0 å 5 ɻɻʮ, ʚ ʢʦʪʦʨʦʡ ʠ ʥʘʙʣʶʜʘʝʪʩʷ ʤʘʢʩʠʤʘʣʴʥʦʝ ʨʘʩʩʝʷʥʠʝ ʩʧʠʥʦʚʳʭ ʚʦʣʥ 

ʥʘ ʤʘʛʥʠʪʥʳʭ ʥʝʦʜʥʦʨʦʜʥʦʩʪʷʭ çʨʷʙʠè ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ. 

  

 

ʈʠʩʫʥʦʢ 4.15 ï (a) ɼʠʩʧʝʨʩʠʦʥʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ (4.11) ʠ ʩʭʝʤʘʪʠʯʝʩʢʘʷ ʠʣʣʶʩʪʨʘʮʠʷ 

ʜʚʫʭʤʘʛʥʦʥʥʦʛʦ ʧʨʦʮʝʩʩʘ ʨʘʩʩʝʷʥʠʷ ʥʘ ʢʚʘʟʠʧʝʨʠʦʜʠʯʝʩʢʦʡ ʤʘʛʥʠʪʥʦʡ ʩʪʨʫʢʪʫʨʝ ï 

çʨʷʙʠè ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ. (b) ʏʘʩʪʦʪʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʤʘʢʩʠʤʘʣʴʥʦʛʦ ʚʦʣʥʦʚʦʛʦ ʯʠʩʣʘ ks 

(ʣʠʥʠʠ), ʚʳʯʠʩʣʝʥʥʘʷ ʩ ʧʦʤʦʱʴʶ ʫʨʘʚʥʝʥʠʷ (4.13), ʠ ʚʦʣʥʦʚʦʛʦ ʯʠʩʣʘ çʨʷʙʠè 

ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ kR (ʤʘʨʢʝʨʳ), ʧʦʣʫʯʝʥʥʘʷ ʯʠʩʣʝʥʥʳʤ ʤʦʜʝʣʠʨʦʚʘʥʠʝʤ, 

ʜʣʷ ʆʙʨʘʟʮʘ 1 ʠ ʆʙʨʘʟʮʘ 2 
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ɺ ʧʦʜʪʚʝʨʞʜʝʥʠʝ ʵʪʦʛʦ ʚʳʚʦʜʘ ʥʘ ʨʠʩʫʥʢʝ 4.7 ʪʨʝʫʛʦʣʴʥʳʤʠ ʤʘʨʢʝʨʘʤʠ ʜʦʧʦʣʥʠ-

ʪʝʣʴʥʦ ʧʨʝʜʩʪʘʚʣʝʥʘ ʟʘʚʠʩʠʤʦʩʪʴ f1(D0), ʧʦʣʫʯʝʥʥʘʷ ʠʟ ʩʦʦʪʥʦʰʝʥʠʷ ks = kR ʜʣʷ ʧʣʝʥʦʢ ʩ 

ʨʘʟʣʠʯʥʳʤ ʨʘʟʤʝʨʦʤ ʢʨʠʩʪʘʣʣʠʪʦʚ. ɺʠʜʥʦ, ʯʪʦ ʵʪʘ ʟʘʚʠʩʠʤʦʩʪʴ ʭʦʨʦʰʦ ʢʦʨʨʝʣʣʠʨʫʝʪ ʩ 

ʨʝʟʫʣʴʪʘʪʘʤʠ ʯʠʩʣʝʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ. ʆʜʥʘʢʦ, ʟʘ ʠʩʢʣʶʯʝʥʠʝʤ ʪʦʯʢʠ ʩ D0 = 100 ʥʤ, 

ʧʦʣʫʯʝʥʥʳʝ ʟʥʘʯʝʥʠʷ f1(D0) ʦʢʘʟʘʣʠʩʴ ʥʝʩʢʦʣʴʢʦ ʟʘʚʳʰʝʥʥʳʤʠ ʧʦ ʩʨʘʚʥʝʥʠʶ ʨʝʟʫʣʴʪʘ-

ʪʘʤʠ ʯʠʩʣʝʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ. ʕʪʦ ʩʚʷʟʘʥʦ ʩ ʪʝʤ, ʯʪʦ ʧʨʠ ʚʳʯʠʩʣʝʥʠʠ ks(f0) ʠʩʧʦʣʴ-

ʟʦʚʘʣʦʩʴ ʜʠʩʧʝʨʩʠʦʥʥʦʝ ʫʨʘʚʥʝʥʠʝ ʩʧʠʥʦʚʳʭ ʚʦʣʥ (4.11), ʩʧʨʘʚʝʜʣʠʚʦʝ ʜʣʷ ʦʜʥʦʨʦʜʥʳʭ 

ʪʦʥʢʠʭ ʧʣʝʥʦʢ. ɺ ʩʣʫʯʘʝ ʥʝʦʜʥʦʨʦʜʥʳʭ ʤʘʛʥʠʪʥʳʭ ʩʨʝʜ, ʢʘʢ ʧʦʢʘʟʘʥʦ ʚ [203, 204], ʜʠʩ-

ʧʝʨʩʠʦʥʥʳʡ ʟʘʢʦʥ ʩʧʠʥʦʚʳʭ ʚʦʣʥ ʥʝʩʢʦʣʴʢʦ ʤʦʜʠʬʠʮʠʨʫʝʪʩʷ, ʯʪʦ, ʚ ʯʘʩʪʥʦʩʪʠ, ʧʨʠʚʦʜʠʪ 

ʢ ʭʘʨʘʢʪʝʨʥʳʤ ʠʟʣʦʤʘʤ ʥʘ ʜʠʩʧʝʨʩʠʦʥʥʳʭ ʢʨʠʚʳʭ, ʥʘʙʣʶʜʘʝʤʳʭ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ 

[205]. ʆʜʥʘʢʦ ʵʪʦʪ ʟʘʢʦʥ ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ ʘʥʘʣʠʟʘ ʠʤʝʝʪ ʟʥʘʯʠʪʝʣʴʥʦ ʙʦʣʝʝ ʩʣʦʞʥʳʡ ʚʠʜ, 

ʧʦʵʪʦʤʫ ʚʳʙʦʨ ʙʳʣ ʩʜʝʣʘʥ ʚ ʧʦʣʴʟʫ ʙʦʣʝʝ ʧʨʦʩʪʦʛʦ ʚʳʨʘʞʝʥʠ ̫(4.11). 

ɺ ʨʘʤʢʘʭ ʨʘʩʩʤʦʪʨʝʥʥʦʡ ʪʝʦʨʝʪʠʯʝʩʢʦʡ ʤʦʜʝʣʠ ʥʝʩʣʦʞʥʦ ʧʦʣʫʯʠʪʴ ʚʳʨʘʞʝʥʠʝ ʜʣʷ 

ʤʠʥʠʤʘʣʴʥʦʛʦ ʢʨʠʪʠʯʝʩʢʦʛʦ (ʧʦʨʦʛʦʚʦʛʦ) ʨʘʟʤʝʨʘ ʢʨʠʩʪʘʣʣʠʪʦʚ Dcr, ʧʨʠ ʢʦʪʦʨʦʤ ʚʦʟ-

ʥʠʢʘʝʪ ʵʬʬʝʢʪ ʨʝʟʢʦʛʦ ʫʰʠʨʝʥʠ ̫ʣʠʥʠʠ ʌʄʈ. ʀʟ ʨʠʩʫʥʢʘ 4.15 (b) ʚʠʜʥʦ, ʯʪʦ ʟʘʚʠʩʠʤʦ-

ʩʪʠ ks(f0) ʤʦʥʦʪʦʥʥʦ ʚʦʟʨʘʩʪʘʶʪ ʜʦ ʥʝʢʦʪʦʨʦʛʦ ʧʨʝʜʝʣʴʥʦʛʦ ʟʥʘʯʝʥʠʷ ks(Ð), ʢʦʪʦʨʦʝ ʩ 

ʫʯʝʪʦʤ (4.12) ʠ (4.13) 

 exsks LdkNk /)),(1(2)( -p=¤ , (4.14) 

ʛʜʝ ʭʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʠʡ ʧʘʨʘʤʝʪʨ ï ʜʣʠʥʘ ʦʙʤʝʥʘ 
2/2 sex MAL =  ʦʧʨʝʜʝʣʷʝʪʩʷ ʢʦʥʢʫ-

ʨʝʥʮʠʝʡ ʵʥʝʨʛʠʡ ʦʙʤʝʥʥʦʛʦ ʠ ʤʘʛʥʠʪʦʩʪʘʪʠʯʝʩʢʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ [18]. 

ɺ ʩʚʦʶ ʦʯʝʨʝʜʴ ʜʣʷ ʦʙʦʠʭ ʦʙʨʘʟʮʦʚ ʤʦʥʦʪʦʥʥʦ ʚʦʟʨʘʩʪʘʶʱʠʝ ʟʘʚʠʩʠʤʦʩʪʠ kR(f0) 

ʪʘʢʞʝ ʩʪʨʝʤʷʪʩʷ ʢ ʢʦʥʝʯʥʦʤʫ ʟʥʘʯʝʥʠʶ ʧʨʠ ʙʦʣʴʰʠʭ ʟʥʘʯʝʥʠʷʭ f0. ʂʘʢ ʙʳʣʦ ʧʦʢʘʟʘʥʦ ʚ 

ʧʨʝʜʳʜʫʱʝʤ ʨʘʟʜʝʣʝ, ʧʨʦʜʦʣʴʥʳʡ ʢʦʨʨʝʣʷʮʠʦʥʥʳʡ ʨʘʜʠʫʩ R|| ʧʨʠ H Ÿ Ð ʜʦʩʪʠʛʘʝʪ 

ʟʥʘʯʝʥʠʷ R = D0/2, ʠ, ʩʣʝʜʦʚʘʪʝʣʴʥʦ, kR(Ð) = 2/D0. ʂʘʢ ʚʠʜʥʦ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʠʟ ʨʠʩʫʥ-

ʢʘ 4.15 (b), ʫʩʣʦʚʠʝ ʚʦʟʥʠʢʥʦʚʝʥʠʷ ʵʬʬʝʢʪʘ ʧʝʨʝʢʘʯʢʠ ʵʥʝʨʛʠʠ ʧʨʠ ks = kR ʚʦʟʤʦʞʥʦ 

ʪʦʣʴʢʦ ʧʨʠ ʫʩʣʦʚʠʠ kR(Ð) Ò ks(Ð). ʇʦʵʪʦʤʫ, ʠʩʧʦʣʴʟʫʷ ʨʘʚʝʥʩʪʚʦ kR(Ð) = ks(Ð), ʤʦʞʥʦ 

ʟʘʧʠʩʘʪʴ ʚʳʨʘʞʝʥʠʝ ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʧʦʨʦʛʦʚʦʛʦ ʨʘʟʤʝʨʘ ʢʨʠʩʪʘʣʣʠʪʘ Dcr 

 excrcr LDdgD Ö= )/( . (4.15) 
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ɺʭʦʜʷʱʘʷ ʚ (4.15) ʬʫʥʢʮʠʷ )),/2(1(/2)/( dDkNDdg crkcr =-p=  ʟʘʚʠʩʠʪ ʪʦʣʴʢʦ 

ʦʪ ʦʪʥʦʰʝʥʠʷ ʨʘʟʤʝʨʘ ʢʨʠʩʪʘʣʣʠʪʦʚ ʢ ʪʦʣʱʠʥʝ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʪʦʥʢʦʡ ʤʘʛʥʠʪʥʦʡ 

ʧʣʝʥʢʠ. ɺ ʪʘʙʣʠʮʝ 4.3 ʧʨʠʚʦʜʠʪʩʷ ʨʷʜ ʟʥʘʯʝʥʠʡ ʬʫʥʢʮʠʠ g(z) ʜʣʷ ʥʝʩʢʦʣʴʢʠʭ ʟʥʘʯʝʥʠʡ 

ʘʨʛʫʤʝʥʪʘ z = d/Dcr. ʌʫʥʢʮʠʷ g(z) ʩ ʨʦʩʪʦʤ z ʙʳʩʪʨʦ ʫʙʳʚʘʝʪ ʠ ʩʪʨʝʤʠʪʩʷ ʢ ʧʦʩʪʦʷʥʥʦʤʫ 

ʟʥʘʯʝʥʠʶ ~ 0.8. ʇʦʵʪʦʤʫ ʜʣʷ ʜʦʩʪʘʪʦʯʥʦ ʪʦʣʩʪʳʭ ʧʣʝʥʦʢ (ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʨʘʟʤʝʨʦʤ 

ʢʨʠʩʪʘʣʣʠʪʦʚ) ʢʨʠʪʠʯʝʩʢʠʡ ʨʘʟʤʝʨ ʧʨʠʙʣʠʞʝʥʥʦ ʨʘʚʝʥ Dcr å 0.8 Lex. ɺ ʩʣʫʯʘʝ ʤʦʥʦʩʣʦʝʚ, 

ʢʘʢ ʚʠʜʥʦ ʠʟ ʪʘʙʣʠʮʳ 4.3, ʢʨʠʪʠʯʝʩʢʠʡ ʨʘʟʤʝʨ Dcr å Lex. ʈʘʩʯʝʪ ʧʦ ʬʦʨʤʫʣʝ (4.15) ʜʣʷ 

ʧʘʨʘʤʝʪʨʦʚ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʦʙʨʘʟʮʦʚ ʜʘʝʪ ʟʥʘʯʝʥʠʝ Dcr = 14.3 ʥʤ, ʯʪʦ ʩʦʛʣʘʩʫʝʪʩʷ ʩ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ ʨʝʟʫʣʴʪʘʪʘʤʠ, ʧʨʝʜʩʪʘʚʣʝʥʥʳʤʠ ʥʘ ʨʠʩʫʥʢʝ 4.12. 

ʊʘʙʣʠʮʘ 4.3 ï ɿʥʘʯʝʥʠʷ ʚʭʦʜʷʱʝʡ ʚ (4.15) ʬʫʥʢʮʠʠ g(d/Dcr) ʜʣʷ ʥʝʩʢʦʣʴʢʠʭ ʟʥʘʯʝʥʠʡ 

ʘʨʛʫʤʝʥʪʘ 

d/Dcr 0.25 0.5 1 2 3 5 10 100 

g(d/Dcr) 1.73 1.32 1.06 0.92 0.87 0.84 0.82 0.80 

 

4.3 ɺʳʚʦʜʳ 

ʈʘʟʤʝʨ ʢʨʠʩʪʘʣʣʠʪʦʚ ʷʚʣʷʝʪʩʷ ʦʜʥʠʤ ʠʟ ʩʘʤʳʭ ʚʘʞʥʳʭ ʬʘʢʪʦʨʦʚ, ʦʧʨʝʜʝʣʷʶʱʠʭ 

ʢʣʶʯʝʚʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʪʦʥʢʠʭ ʤʘʛʥʠʪʥʳʭ ʧʣʝʥʦʢ, ʯʪʦ ʠʤʝʝʪ 

ʧʝʨʚʦʩʪʝʧʝʥʥʦʝ ʟʥʘʯʝʥʠʝ ʜʣʷ ʰʠʨʦʢʦʛʦ ʩʧʝʢʪʨʘ ʧʨʘʢʪʠʯʝʩʢʠʭ ʧʨʠʣʦʞʝʥʠʡ. ɺ ʥʘʩʪʦʷʱʝʡ 

ʛʣʘʚʝ ʩ ʧʦʤʦʱʴʶ ʤʠʢʨʦʤʘʛʥʠʪʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʜʝʪʘʣʴʥʦ ʠʟʫʯʝʥ ʦʜʠʥ ʠʟ ʘʩʧʝʢʪʦʚ 

ʬʦʨʤʠʨʦʚʘʥʠʷ ʩʚʦʡʩʪʚ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʧʣʝʥʦʢ, ʩʚʷʟʘʥʥʳʡ ʩ ʚʣʠʷʥʠʝʤ ʨʘʟʤʝʨʘ 

ʢʨʠʩʪʘʣʣʠʪʦʚ ʥʘ ʤʘʛʥʠʪʥʫʶ ʤʠʢʨʦʩʪʨʫʢʪʫʨʫ ʧʣʝʥʦʢ ʠ ʝʝ ʩʚʷʟʠ ʩ ʧʨʦʮʝʩʩʘʤʠ ʚʳʩʦʢʦ-

ʯʘʩʪʦʪʥʦʡ ʜʠʥʘʤʠʢʠ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ. 

ɺ ʯʘʩʪʥʦʩʪʠ, ʜʣʷ ʫʩʪʘʥʦʚʣʝʥʠʷ ʬʫʥʜʘʤʝʥʪʘʣʴʥʦʡ ʩʚʷʟʠ ʤʝʞʜʫ ʣʦʢʘʣʴʥʳʤʠ (ʤʠʢ-

ʨʦʩʪʨʫʢʪʫʨʥʳʤʠ) ʠ ʠʥʪʝʛʨʘʣʴʥʳʤʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʪʦʥʢʠʭ 

ʧʣʝʥʦʢ ʩ ʧʦʤʦʱʴʶ ʤʠʢʨʦʤʘʛʥʠʪʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʠ ʤʝʪʦʜʦʚ ʢʦʨʨʝʣʷʮʠʦʥʥʦʛʦ ʘʥʘʣʠʟʘ 

ʙʳʣʠ ʧʨʦʚʝʜʝʥʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʨʦʮʝʩʩʦʚ ʬʦʨʤʠʨʦʚʘʥʠʷ ʚ ʥʠʭ ʤʘʛʥʠʪʥʦʡ ʤʠʢʨʦʩʪʨʫʢ-

ʪʫʨʳ. ɹʳʣʦ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʙʣʘʛʦʜʘʨʷ ʩʣʫʯʘʡʥʦʤʫ ʨʘʩʧʨʝʜʝʣʝʥʠʶ ʦʩʝʡ ʣʝʛʢʦʛʦ ʥʘ-

ʤʘʛʥʠʯʠʚʘʥʠʷ ʦʪʜʝʣʴʥʳʭ ʢʨʠʩʪʘʣʣʠʪʦʚ ʚ ʧʣʝʥʢʘʭ ʬʦʨʤʠʨʫʝʪʩʷ ʢʚʘʟʠʧʝʨʠʦʜʠʯʝʩʢʘʷ 

ʩʪʦʭʘʩʪʠʯʝʩʢʘʷ ʤʘʛʥʠʪʥʘʷ ʩʪʨʫʢʪʫʨʘ ï çʨʷʙʴè ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʩ ʜʣʠʥʦʡ ʚʦʣʥʳ, ʟʘʚʠ-
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ʩʷʱʝʡ ʢʘʢ ʦʪ ʤʘʛʥʠʪʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʩʘʤʦʡ ʧʣʝʥʢʠ, ʪʘʢ ʠ ʦʪ ʚʝʣʠʯʠʥʳ ʧʨʠʣʦʞʝʥʥʦʛʦ 

ʚʥʝʰʥʝʛʦ ʧʦʣʷ. ʂʦʨʨʝʣʷʮʠʦʥʥʳʡ ʘʥʘʣʠʟ ʧʦʧʝʨʝʯʥʦʡ ʢʦʤʧʦʥʝʥʪʳ ʥʝʦʜʥʦʨʦʜʥʦʡ ʥʘʤʘʛ-

ʥʠʯʝʥʥʦʩʪʠ ʧʦʢʘʟʘʣ, ʯʪʦ ʙʣʘʛʦʜʘʨʷ ʦʙʤʝʥʥʦʤʫ ʠ ʤʘʛʥʠʪʦʩʪʘʪʠʯʝʩʢʦʤʫ ʚʟʘʠʤʦʜʝʡʩʪʚʠʶ ʚ 

ʧʣʦʩʢʦʩʪʠ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʧʣʝʥʦʢ ʬʦʨʤʠʨʫʶʪʩʷ ʤʘʛʥʠʪʦʢʦʨʨʝʣʠʨʦʚʘʥʥʳʝ ʦʙʣʘʩʪʠ, 

ʩʠʣʴʥʦ ʚʳʪʷʥʫʪʳʝ ʚ ʥʘʧʨʘʚʣʝʥʠʠ, ʦʨʪʦʛʦʥʘʣʴʥʦʤ ʩʨʝʜʥʝʡ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ. ɹʳʣʦ ʫʩ-

ʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʫʩʨʝʜʥʝʥʠʝ ʩʣʫʯʘʡʥʦʡ ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ ʚ ʧʨʝʜʝʣʘʭ ʦʪʜʝʣʴʥʳʭ 

ʤʘʛʥʠʪʦʢʦʨʨʝʣʠʨʦʚʘʥʥʳʭ ʦʙʣʘʩʪʝʡ ʧʨʠʚʦʜʠʪ ʢ ʫʣʫʯʰʝʥʠʶ ʪʨʝʙʫʝʤʳʭ ʜʣʷ ʚʳʩʦʢʦʯʘʩ-

ʪʦʪʥʳʭ ʧʨʠʣʦʞʝʥʠʡ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʤʘʛʥʠʪʥʳʭ ʧʣʝʥʦʢ. ʉʨʘʚʥʠʪʝʣʴʥʳʡ ʘʥʘʣʠʟ ʨʝʟʫʣʴ-

ʪʘʪʦʚ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʩ ʦʩʥʦʚʥʳʤʠ ʚʳʚʦʜʘʤʠ ʪʝʦʨʠʠ çʨʷʙʠè ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʧʦʟʚʦʣʠʣ 

ʦʧʨʝʜʝʣʠʪʴ ʧʨʝʜʝʣʳ ʧʨʠʤʝʥʠʤʦʩʪʠ ʧʦʣʫʯʝʥʥʳʭ ɻʦʬʬʤʘʥʦʤ ʠ ʍʘʨʪʦʤ ʘʥʘʣʠʪʠʯʝʩʢʠʭ 

ʚʳʨʘʞʝʥʠʡ ʜʣʷ ʦʧʠʩʘʥʠʷ ʩʪʘʪʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʪʦʥʢʠʭ ʧʣʝʥʦʢ. 

ʉ ʧʦʤʦʱʴʶ ʤʠʢʨʦʤʘʛʥʠʪʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʠʩʩʣʝʜʦʚʘʥʦ ʚʣʠʷʥʠʝ ʨʘʟʤʝʨʦʚ 

ʢʨʠʩʪʘʣʣʠʪʦʚ ʠ ʥʝʦʜʥʦʨʦʜʥʦʡ ʩʪʦʭʘʩʪʠʯʝʩʢʦʡ ʤʘʛʥʠʪʥʦʡ ʩʪʨʫʢʪʫʨʳ çʨʷʙʠè ʥʘʤʘʛʥʠ-

ʯʝʥʥʦʩʪʠ ʥʘ ʚʳʩʦʢʦʯʘʩʪʦʪʥʳʝ ʩʚʦʡʩʪʚʘ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʪʦʥʢʠʭ ʤʘʛʥʠʪʥʳʭ ʧʣʝʥʦʢ. 

ɹʳʣʦ ʦʙʥʘʨʫʞʝʥʦ, ʯʪʦ ʜʣʷ ʧʣʝʥʦʢ, ʠʤʝʶʱʠʭ ʨʘʟʤʝʨ ʢʨʠʩʪʘʣʣʠʪʦʚ ʥʠʞʝ ʥʝʢʦʪʦʨʦʛʦ ʧʦ-

ʨʦʛʦʚʦʛʦ ʟʥʘʯʝʥʠʷ, ʟʘʚʠʩʠʤʦʩʪʴ ʫʰʠʨʝʥʠʷ ʣʠʥʠʠ ʌʄʈ ʦʪ ʯʘʩʪʦʪʳ ʥʦʩʠʪ ʤʦʥʦʪʦʥʥʳʡ 

ʭʘʨʘʢʪʝʨ ʠ ʭʦʨʦʰʦ ʦʧʠʩʳʚʘʝʪʩʷ ʢʣʘʩʩʠʯʝʩʢʦʡ ʪʝʦʨʠʝʡ ɸʨʠʘʩʘ ʠ ʄʠʣʩʘ. ʆʜʥʘʢʦ ʧʨʠ 

ʧʨʝʚʳʰʝʥʠʠ ʨʘʟʤʝʨʘ ʢʨʠʩʪʘʣʣʠʪʦʚ ʧʦʨʦʛʦʚʦʛʦ ʟʥʘʯʝʥʠʷ Dcr ʫʰʠʨʝʥʠʝ ʣʠʥʠʠ ʌʄʈ ʠʤʝʝʪ 

ʨʝʟʢʠʡ ʧʠʢ ʥʘ ʦʧʨʝʜʝʣʝʥʥʦʡ ʯʘʩʪʦʪʝ f1, ʩʚʷʟʘʥʥʦʡ ʩ ʪʦʣʱʠʥʦʡ, ʨʘʟʤʝʨʦʤ ʢʨʠʩʪʘʣʣʠʪʦʚ ʠ 

ʤʘʛʥʠʪʥʳʤʠ ʧʘʨʘʤʝʪʨʘʤʠ ʧʣʝʥʢʠ. ʇʨʠ ʵʪʦʤ ʥʘʙʣʶʜʘʝʪʩʷ ʩʫʱʝʩʪʚʝʥʥʦʝ ʩʤʝʱʝʥʠʝ ʨʝ-

ʟʦʥʘʥʩʥʦʛʦ ʧʦʣʷ ʌʄʈ, ʧʨʠʯʝʤ ʚʝʣʠʯʠʥʘ ʩʤʝʱʝʥʠʷ ʤʝʥʷʝʪ ʟʥʘʢ ʥʘ ʯʘʩʪʦʪʝ ~ f1. ɺʳʜʚʠ-

ʥʫʪʘ ʛʠʧʦʪʝʟʘ, ʯʪʦ ʦʙʥʘʨʫʞʝʥʥʳʡ ʵʬʬʝʢʪ çʨʝʟʦʥʘʥʩʥʦʛʦè ʫʰʠʨʝʥʠʷ ʠ ʩʤʝʱʝʥʠʷ ʣʠʥʠʠ 

ʌʄʈ ʩʚʷʟʘʥ ʩ ʨʘʩʩʝʷʥʠʝʤ ʩʧʠʥʦʚʳʭ ʚʦʣʥ ʥʘ ʥʝʦʜʥʦʨʦʜʥʦʡ ʩʪʦʭʘʩʪʠʯʝʩʢʦʡ ʤʘʛʥʠʪʥʦʡ 

ʩʪʨʫʢʪʫʨʝ. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʜʘʥʥʘʷ ʛʠʧʦʪʝʟʘ ʩʦʛʣʘʩʫʝʪʩʷ ʩ ʦʩʥʦʚʥʳʤʠ ʚʳʚʦʜʘʤʠ ʜʠʥʘʤʠ-

ʯʝʩʢʦʡ ʪʝʦʨʠʠ çʨʷʙʠè ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ, ʨʘʟʨʘʙʦʪʘʥʥʦʡ ʀʛʥʘʪʯʝʥʢʦ ʠ ɼʝʛʪ̫ʨʝʚʳʤ. 

ɼʣʷ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʧʨʦʚʝʨʢʠ ʨʝʟʫʣʴʪʘʪʦʚ ʯʠʩʣʝʥʥʦʛʦ ʤʠʢʨʦʤʘʛʥʠʪʥʦʛʦ ʤʦ-

ʜʝʣʠʨʦʚʘʥʠʷ ʙʳʣʠ ʧʨʦʚʝʜʝʥʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʧʝʨʤʘʣʣʦʝʚʳʭ Fe20Ni80 

ʧʣʝʥʦʢ ʪʦʣʱʠʥʦʡ 40 ʥʤ, ʨʘʟʣʠʯʘʶʱʠʭʩʷ ʨʘʟʤʝʨʘʤʠ ʢʨʠʩʪʘʣʣʠʪʦʚ. ɺ ʦʙʨʘʟʮʝ ʩ ʫʚʝʣʠ-

ʯʝʥʥʳʤʠ ʢʨʠʩʪʘʣʣʠʪʘʤʠ ʚ ʨʝʟʫʣʴʪʘʪʝ ʧʨʦʚʝʜʝʥʥʦʛʦ ʦʪʞʠʛʘ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 350 ʉ̄ 

ʨʝʟʢʦʝ ʫʰʠʨʝʥʠʝ ʣʠʥʠʠ ʌʄʈ ʥʘʙʣʶʜʘʝʪʩʷ ʥʘ ʯʘʩʪʦʪʝ ~5 ɻɻʮ. ʈʝʟʫʣʴʪʘʪʳ ʧʨʦʚʝʜʝʥʥʳʭ 

ʩʪʨʫʢʪʫʨʥʳʭ ʠ ʤʘʛʥʠʪʦʩʪʨʫʢʪʫʨʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ, ʘ ʪʘʢʞʝ ʨʝʟʫʣʴʪʘʪʳ ʯʠʩʣʝʥʥʦʛʦ ʤʦ-

ʜʝʣʠʨʦʚʘʥʠʷ ʧʦʟʚʦʣʠʣʠ ʫʩʪʘʥʦʚʠʪʴ ʧʨʠʨʦʜʫ ʦʙʥʘʨʫʞʝʥʥʦʛʦ ʵʬʬʝʢʪʘ. ʇʦʢʘʟʘʥʦ, ʯʪʦ 
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ʵʬʬʝʢʪ ʨʝʟʢʦʛʦ ʫʰʠʨʝʥʠʷ ʠ ʩʤʝʱʝʥʠʷ ʣʠʥʠʠ ʌʄʈ ʦʙʫʩʣʦʚʣʝʥ ʨʘʩʩʝʷʥʠʝʤ ʩʧʠʥʦʚʳʭ 

ʚʦʣʥ ʥʘ ʢʚʘʟʠʧʝʨʠʦʜʠʯʝʩʢʦʡ ʤʘʛʥʠʪʥʦʡ ʩʪʨʫʢʪʫʨʝ çʨʷʙʠè ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ, ʚʦʟʥʠʢʘʶ-

ʱʝʡ ʚ ʪʦʥʢʦʡ ʧʣʝʥʢʝ ʠʟ-ʟʘ ʩʣʫʯʘʡʥʦʡ ʦʨʠʝʥʪʘʮʠʠ ʦʩʝʡ ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ ʦʪʜʝʣʴ-

ʥʳʭ ʢʨʠʩʪʘʣʣʠʪʦʚ. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʵʪʦʪ ʵʬʬʝʢʪ ʚʦʟʥʠʢʘʝʪ ʪʦʣʴʢʦ ʚ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝ-

ʩʢʠʭ ʧʣʝʥʢʘʭ ʩ ʨʘʟʤʝʨʦʤ ʢʨʠʩʪʘʣʣʠʪʦʚ, ʧʨʝʚʳʰʘʶʱʠʤ ʥʝʢʦʪʦʨʦʝ ʧʦʨʦʛʦʚʦʝ ʟʥʘʯʝʥʠʝ Dcr. 

ʉ ʧʦʤʦʱʴʶ ʜʚʫʭʤʘʛʥʦʥʥʦʡ ʤʦʜʝʣʠ ʨʘʩʩʝʷʥʠʷ ʩʧʠʥʦʚʳʭ ʚʦʣʥ ʚ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ 

ʪʦʥʢʦʡ ʤʘʛʥʠʪʥʦʡ ʧʣʝʥʢʠ ʜʘʥʦ ʦʙʲʷʩʥʝʥʠʝ ʦʙʥʘʨʫʞʝʥʥʦʛʦ ʵʬʬʝʢʪʘ ʨʝʟʢʦʛʦ ʫʰʠʨʝʥʠʷ 

ʣʠʥʠʠ ʌʄʈ ʠ ʧʦʣʫʯʝʥʦ ʚʳʨʘʞʝʥʠʝ ʜʣʷ ʧʦʨʦʛʦʚʦʛʦ ʟʥʘʯʝʥʠʷ Dcr. ɺʝʣʠʯʠʥʘ Dcr ʚ ʦʙʱʝʤ 

ʩʣʫʯʘʝ ʟʘʚʠʩʠʪ ʦʪ ʪʦʣʱʠʥʳ, ʢʦʥʩʪʘʥʪʳ ʦʙʤʝʥʘ A ʠ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʥʘʩʳʱʝʥʠʷ Ms 

ʧʣʝʥʢʠ, ʥʦ ʧʨʠʙʣʠʞʝʥʥʦ ʤʦʞʝʪ ʙʳʪʴ ʦʮʝʥʝʥʘ ʢʘʢ Dcr å Lex, ʛʜʝ ʭʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʠʡ ʧʘ-

ʨʘʤʝʪʨ 2/2 sex MAL =  ʦʧʨʝʜʝʣʷʝʪʩʷ ʢʦʥʢʫʨʝʥʮʠʝʡ ʵʥʝʨʛʠʡ ʦʙʤʝʥʥʦʛʦ ʠ ʤʘʛʥʠʪʦʩʪʘʪʠ-

ʯʝʩʢʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ.  

ʇʨʦʚʝʜʝʥʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʨʘʩʰʠʨʷʶʪ ʧʨʝʜʩʪʘʚʣʝʥʠʷ ʦ ʮʝʧʦʯʢʝ ʩʚʷʟʠ: çʥʘʥʦʩʪ-

ʨʫʢʪʫʨʘ ï ʤʘʛʥʠʪʥʘʷ ʩʪʨʫʢʪʫʨʘ ï ʜʠʥʘʤʠʢʘ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠè, ʠ ʦʪʢʨʳʚʘʶʪ ʥʦʚʳʝ ʚʦʟ-

ʤʦʞʥʦʩʪʠ ʜʣʷ ʦʧʪʠʤʠʟʘʮʠʠ ʚʳʩʦʢʦʯʘʩʪʦʪʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʪʦʥ-

ʢʠʭ ʧʣʝʥʦʢ. 
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ɻʃɸɺɸ 5. ʌʆʈʄʀʈʆɺɸʅʀɽ ʄɸɻʅʀʊʅʆʁ ɸʅʀɿʆʊʈʆʇʀʀ ɺ ʊʆʅʂʀʍ 

ʇʃɽʅʂɸʍ ʇʆɼ ɺʆɿɼɽʁʉʊɺʀɽʄ ʅɽʆɼʅʆʈʆɼʅʓʍ ʋʇʈʋɻʀʍ 

ʅɸʇʈʗɾɽʅʀʁ 

ɺʘʞʥʳʤ ʬʘʢʪʦʨʦʤ, ʦʢʘʟʳʚʘʶʱʠʤ ʚʣʠʷʥʠʝ ʧʨʘʢʪʠʯʝʩʢʠ ʥʘ ʚʩʝ ʤʘʛʥʠʪʥʳʝ ʭʘʨʘʢ-

ʪʝʨʠʩʪʠʢʠ ʤʘʪʝʨʠʘʣʦʚ, ʷʚʣʷʶʪʩʷ ʤʝʭʘʥʠʯʝʩʢʠʝ ʥʘʧʨʷʞʝʥʠʷ. ʆʥʠ ʫʯʘʩʪʚʫʶʪ ʚ ʬʦʨʤʠʨʦ-

ʚʘʥʠʠ ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ, ʢʦʵʨʮʠʪʠʚʥʦʡ ʩʠʣr, ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ, ʩʫʱʝʩʪʚʝʥʥʦ 

ʩʢʘʟʳʚʘʶʪʩʷ ʥʘ ʧʝʨʝʩʪʨʦʡʢʝ ʜʦʤʝʥʥʦʡ ʩʪʨʫʢʪʫʨʳ ʠ ʧʨʦʮʝʩʩʘʭ ʧʝʨʝʤʘʛʥʠʯʠʚʘʥʠʷ ʩʨʝʜʳ, 

ʷʚʣʷʶʪʩʷ ʠʩʪʦʯʥʠʢʦʤ ʤʘʛʥʠʪʥʳʭ ʥʝʦʜʥʦʨʦʜʥʦʩʪʝʡ ʠ ʧʨʠʯʠʥʦʡ ʫʰʠʨʝʥʠʷ ʣʠʥʠʠ ʬʝʨ-

ʨʦʤʘʛʥʠʪʥʦʛʦ ʨʝʟʦʥʘʥʩʘ. ʆʩʦʙʦʝ ʟʥʘʯʝʥʠʝ ʦʥʠ ʧʨʠʦʙʨʝʪʘʶʪ ʚ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ 

ʪʦʥʢʠʭ ʧʣʝʥʢʘʭ ʠʟ-ʟʘ ʚʦʟʥʠʢʘʶʱʠʭ ʚ ʥʠʭ ʣʦʢʘʣʴʥʳʭ ʩʪʨʫʢʪʫʨʥʳʭ ʥʝʦʜʥʦʨʦʜʥʦʩʪʝʡ, ʘ 

ʪʘʢʞʝ ʠʟ-ʟʘ ʥʝʫʩʪʨʘʥʠʤʦʛʦ ʫʧʨʫʛʦʛʦ ʚʦʟʜʝʡʩʪʚʠʷ ʧʦʜʣʦʞʢʠ ʥʘ ʥʠʭ. 

ɺ ʜʘʥʥʦʡ ʛʣʘʚʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʪʝʦʨʝʪʠʯʝʩʢʠʭ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ 

ʠʩʩʣʝʜʦʚʘʥʠʡ ʧʨʠʨʦʜʳ ʬʦʨʤʠʨʦʚʘʥʠʷ ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ 

ʪʦʥʢʠʭ ʧʣʝʥʦʢ ʧʦʜ ʚʦʟʜʝʡʩʪʚʠʝʤ ʥʝʦʜʥʦʨʦʜʥʳʭ ʫʧʨʫʛʠʭ ʥʘʧʨʷʞʝʥʠʡ. ɺ ʧʝʨʚʦʡ ʯʘʩʪʠ 

ʨʘʩʩʤʦʪʨʝʥʦ ʚʣʠʷʥʠʝ ʥʝʦʜʥʦʨʦʜʥʳʭ ʜʚʫʦʩʥʳʭ ʥʘʧʨʷʞʝʥʠʡ ʥʘ ʤʘʛʥʠʪʥʫʶ ʘʥʠʟʦʪʨʦʧʠʶ ʠ 

ʝʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʧʦ ʧʣʦʱʘʜʠ ʪʦʥʢʠʭ ʧʣʝʥʦʢ. ɺ ʯʘʩʪʥʦʩʪʠ, ʚʳʧʦʣʥʝʥ ʪʝʦʨʝʪʠʯʝʩʢʠʡ 

ʨʘʩʯʝʪ ʤʘʛʥʠʪʥʦʡ ʦʜʥʦʦʩʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ ʪʦʥʢʦʡ ʧʣʝʥʢʠ, ʠʥʜʫʮʠʨʦʚʘʥʥʦʡ ʜʚʫʦʩʥʳʤʠ 

ʫʧʨʫʛʠʤʠ ʥʘʧʨʷʞʝʥʠʷʤʠ. ʇʨʠʚʝʜʝʥʦ ʦʧʠʩʘʥʠʝ ʤʝʪʦʜʠʢʠ ʠʟʛʦʪʦʚʣʝʥʠʷ ʵʢʩʧʝʨʠʤʝʥ-

ʪʘʣʴʥʳʭ ʪʦʥʢʠʭ ʧʣʝʥʦʢ ʠ ʩʧʦʩʦʙʘ ʩʦʟʜʘʥʠʷ ʚ ʥʠʭ ʫʧʨʫʛʠʭ ʥʘʧʨʷʞʝʥʠʡ. ʇʨʝʜʩʪʘʚʣʝʥʳ 

ʨʝʟʫʣʴʪʘʪʳ ʯʠʩʣʝʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʚ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʦʙʨʘʟʮʘʭ 

ʢʦʤʧʦʥʝʥʪ ʪʝʥʟʦʨʘ ʫʧʨʫʛʠʭ ʥʘʧʨʷʞʝʥʠʡ. ʅʘ ʦʩʥʦʚʝ ʪʝʦʨʝʪʠʯʝʩʢʦʛʦ ʘʥʘʣʠʟʘ ʜʘʥʦ ʦʙʲʷʩ-

ʥʝʥʠʝ ʥʘʙʣʶʜʘʝʤʳʭ ʚ ʧʣʝʥʢʘʭ ʥʝʦʜʥʦʨʦʜʥʦʛʦ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʧʘʨʘʤʝʪʨʦʚ ʦʜʥʦʦʩʥʦʡ 

ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ. 

ɺʦ ʚʪʦʨʦʡ ʯʘʩʪʠ ʛʣʘʚʳ ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʦʙʥʘʨʫʞʝʥʥʦʛʦ ʚ 

ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʪʦʥʢʦʡ ʧʣʝʥʢʝ Ni71.5Fe28.5 ʥʦʚʦʛʦ ʷʚʣʝʥʠʷ ï ʦʜʥʦʥʘʧʨʘʚʣʝʥʥʦʡ 

ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ, ʠʥʜʫʮʠʨʦʚʘʥʥʦʡ ʥʝʦʜʥʦʨʦʜʥʳʤʠ ʜʝʬʦʨʤʘʮʠʷʤʠ. ɺ ʯʘʩʪʥʦʩʪʠ, 

ʜʘʥʦ ʦʧʠʩʘʥʠʝ ʦʩʦʙʝʥʥʦʩʪʝʡ ʠʟʛʦʪʦʚʣʝʥʠʷ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʛʦ ʦʙʨʘʟʮʘ ʠ ʫʩʪʨʦʡʩʪʚʘ 

ʩʦʟʜʘʥʠʷ ʚ ʝʛʦ ʧʣʦʩʢʦʩʪʠ ʟʘʜʘʥʥʦʛʦ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʫʧʨʫʛʠʭ ʜʝʬʦʨʤʘʮʠʡ. ʇʨʠʚʝʜʝʥʳ 

ʨʝʟʫʣʴʪʘʪʳ ʠʟʤʝʨʝʥʠʡ ʦʜʥʦʦʩʥʦʡ ʠ ʦʜʥʦʥʘʧʨʘʚʣʝʥʥʦʡ ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ ʧʦ ʧʣʦ-

ʱʘʜʠ ʧʣʝʥʢʠ, ʘ ʪʘʢʞʝ ʨʝʟʫʣʴʪʘʪʳ ʨʘʩʯʝʪʘ ʚ ʥʝʡ ʫʧʨʫʛʠʭ ʜʝʬʦʨʤʘʮʠʡ. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʦʜ-

ʥʦʥʘʧʨʘʚʣʝʥʥʘʷ ʘʥʠʟʦʪʨʦʧʠʷ ʷʚʣʷʝʪʩʷ ʩʣʝʜʩʪʚʠʝʤ ʬʣʝʢʩʦʤʘʛʥʠʪʥʦʛʦ ʵʬʬʝʢʪʘ. 
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ʄʘʪʝʨʠʘʣʳ ʜʘʥʥʦʡ ʛʣʘʚʳ ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ ʩʣʝʜʫʶʱʠʭ ʨʘʙʦʪʘʭ ʠʟ ʩʧʠʩʢʘ ʧʫʙʣʠʢʘ-

ʮʠʡ ʘʚʪʦʨʘ (ʧʨʠʣʦʞʝʥʠʝ ɸ): ɸ11, ɸ39ïɸ42, ɸ51. 

5.1 ʀʩʩʣʝʜʦʚʘʥʠʝ ʚʣʠʷʥʠʷ ʜʚʫʦʩʥʳʭ ʫʧʨʫʛʠʭ ʥʘʧʨʷʞʝʥʠʡ ʥʘ ʤʘʛʥʠʪʥʫʶ 

ʘʥʠʟʦʪʨʦʧʠʶ ʪʦʥʢʠʭ ʧʣʝʥʦʢ 

ʈʘʟʨʘʙʦʪʢʘ ʬʠʟʠʯʝʩʢʠʭ ʦʩʥʦʚ ʠ ʤʝʪʦʜʦʚ ʩʠʥʪʝʟʘ ʪʦʥʢʠʭ ʤʘʛʥʠʪʥʳʭ ʧʣʝʥʦʢ (ʊʄʇ), 

ʦʙʣʘʜʘʶʱʠʭ ʚʳʩʦʢʦʡ ʤʘʛʥʠʪʥʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʴʶ ʥʘ ʩʚʝʨʭʚʳʩʦʢʠʭ ʯʘʩʪʦʪʘʭ (ʉɺʏ), ʷʚ-

ʣʷʝʪʩʷ ʦʜʥʦʡ ʠʟ ʚʘʞʥʝʡʰʠʭ ʟʘʜʘʯ ʩʦʚʨʝʤʝʥʥʦʡ ʬʠʟʠʢʠ ʤʘʛʥʠʪʥʳʭ ʷʚʣʝʥʠʡ. ʀʟʚʝʩʪʥʦ, 

ʯʪʦ ʜʦʩʪʠʞʠʤʳʝ ʧʘʨʘʤʝʪʨʳ ʠ ʥʘʜʝʞʥʦʩʪʴ ʨʘʙʦʪʳ ʤʥʦʛʠʭ ʫʩʪʨʦʡʩʪʚ ʥʘ ʦʩʥʦʚʝ ʤʘʛʥʠʪʥʳʭ 

ʧʣʝʥʦʢ ʚ ʟʥʘʯʠʪʝʣʴʥʦʡ ʤʝʨʝ ʦʧʨʝʜʝʣʷʶʪʩʷ ʩʪʝʧʝʥʴʶ ʥʝʦʜʥʦʨʦʜʥʦʩʪʠ ʤʘʛʥʠʪʥʳʭ ʭʘʨʘʢ-

ʪʝʨʠʩʪʠʢ ʠʩʧʦʣʴʟʫʝʤʦʛʦ ʤʘʪʝʨʠʘʣʘ, ʘ ʪʘʢʞʝ ʭʘʨʘʢʪʝʨʦʤ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʵʪʠʭ ʥʝʦʜʥʦʨʦʜ-

ʥʦʩʪʝʡ ʧʦ ʧʣʦʱʘʜʠ ʧʣʝʥʦʢ. ʇʨʠ ʵʪʦʤ ʜʠʩʧʝʨʩʠʷ ʚʝʣʠʯʠʥʳ ʠ ʥʘʧʨʘʚʣʝʥʠʷ ʧʦʣʷ ʘʥʠʟʦ-

ʪʨʦʧʠʠ, ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʥʘʩʳʱʝʥʠʷ, ʰʠʨʠʥʳ ʣʠʥʠʠ ʬʝʨʨʦʤʘʛʥʠʪʥʦʛʦ ʨʝʟʦʥʘʥʩʘ (ʌʄʈ) 

ʠ ʜʨʫʛʠʭ ʧʘʨʘʤʝʪʨʦʚ, ʦʪ ʢʦʪʦʨʳʭ ʟʘʚʠʩʠʪ ʤʘʛʥʠʪʥʘʷ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʴ, ʩʚʷʟʘʥʘ ʩ ʢʦʥ-

ʢʨʝʪʥʦʡ ʪʝʭʥʦʣʦʛʠʝʡ ʠʟʛʦʪʦʚʣʝʥʠʷ ʧʣʝʥʦʢ, ʧʨʠʯʝʤ ʵʪʘ ʜʠʩʧʝʨʩʠʷ, ʢʘʢ ʧʨʘʚʠʣʦ, ʨʘʩʪʝʪ ʩ 

ʫʤʝʥʴʰʝʥʠʝʤ ʪʦʣʱʠʥʳ ʦʙʨʘʟʮʦʚ [206, 207]. ʕʪʦʪ ʬʘʢʪ ʦʙʫʩʣʦʚʣʝʥ ʥʝ ʪʦʣʴʢʦ ʤʘʪʝʨʠʘʣʦʤ 

ʠ ʩʦʩʪʦʷʥʠʝʤ ʧʦʚʝʨʭʥʦʩʪʠ ʧʦʜʣʦʞʢʠ (ʰʝʨʦʭʦʚʘʪʦʩʪʴʶ, ʩʪʝʧʝʥʴʶ ʦʯʠʩʪʢʠ, ʥʘʣʠʯʠʝʤ ʠʣʠ 

ʦʪʩʫʪʩʪʚʠʝʤ ʙʫʬʝʨʥʦʛʦ ʧʦʜʩʣʦʷ), ʥʦ ʠ ʥʝʦʜʥʦʨʦʜʥʳʤʠ ʫʧʨʫʛʠʤʠ ʥʘʧʨʷʞʝʥʠʷʤʠ, ʚʦʟ-

ʥʠʢʘʶʱʠʤʠ ʤʝʞʜʫ ʧʦʜʣʦʞʢʦʡ ʠ ʧʣʝʥʢʦʡ ʚ ʧʨʦʮʝʩʩʝ ʝʝ ʠʟʛʦʪʦʚʣʝʥʠʷ, ʘ ʪʘʢʞʝ ʛʨʘʜʠ-

ʝʥʪʥʳʤʠ ʥʘʧʨʷʞʝʥʠʷʤʠ, ʩʫʱʝʩʪʚʫʶʱʠʤʠ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʧʣʝʥʢʠ ʧʨʠ ʥʘʣʠʯʠʠ ʫ ʥʝʝ 

ʟʘʱʠʪʥʦʛʦ ʧʦʢʨʳʪʠʷ. ɼʨʫʛʠʤʠ ʩʣʦʚʘʤʠ, ʧʣʝʥʢʫ, ʚ ʦʪʣʠʯʠʝ ʦʪ ʦʙʲʝʤʥʦʛʦ ʤʘʛʥʠʪʥʦʛʦ 

ʤʘʪʝʨʠʘʣʘ, ʥʝʚʦʟʤʦʞʥʦ ʨʘʩʩʤʘʪʨʠʚʘʪʴ ʚ ʦʪʜʝʣʴʥʦʩʪʠ ʦʪ ʧʦʜʣʦʞʢʠ. ʋʧʨʫʛʠʝ ʥʘʧʨʷʞʝʥʠʷ 

ʠ ʠʭ ʛʨʘʜʠʝʥʪʳ, ʦʙʫʩʣʦʚʣʝʥʥʳʝ ʧʦʜʣʦʞʢʦʡ, ʩʠʣʴʥʦ ʚʣʠʷʶʪ ʧʦʯʪʠ ʥʘ ʚʩʝ ʤʘʛʥʠʪʥʳʝ ʭʘ-

ʨʘʢʪʝʨʠʩʪʠʢʠ ʧʣʝʥʦʢ. ɺ ʯʘʩʪʥʦʩʪʠ, ʩ ʥʘʧʨʷʞʝʥʠʷʤʠ ʩʚʷʟʘʥ ʦʜʠʥ ʠʟ ʤʝʭʘʥʠʟʤʦʚ ʚʦʟʥʠʢ-

ʥʦʚʝʥʠʷ ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ [208], ʦʪ ʥʠʭ ʟʘʚʠʩʷʪ ʚʝʣʠʯʠʥʘ ʠ ʩʪʝʧʝʥʴ ʥʝʦʜʥʦʨʦʜʥʦ-

ʩʪʠ ʧʦʣʷ ʘʥʠʟʦʪʨʦʧʠʠ, ʢʦʵʨʮʠʪʠʚʥʦʡ ʩʠʣʳ, ʵʬʬʝʢʪʠʚʥʦʡ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʥʘʩʳʱʝʥʠʷ 

[63]. 

ʄʘʢʩʠʤʘʣʴʥʳʝ ʟʥʘʯʝʥʠʷ ʉɺʏ-ʤʘʛʥʠʪʥʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʚ ʧʣʝʥʢʘʭ, ʢʘʢ ʧʨʘʚʠʣʦ, 

ʥʘʙʣʶʜʘʶʪʩʷ ʚʙʣʠʟʠ ʦʜʥʦʨʦʜʥʦʛʦ ʬʝʨʨʦʤʘʛʥʠʪʥʦʛʦ ʨʝʟʦʥʘʥʩʘ ʠ ʨʝʟʦʥʘʥʩʦʚ ʨʘʟʣʠʯʥʳʭ 

ʤʘʛʥʠʪʦʩʪʘʪʠʯʝʩʢʠʭ ʠ ʩʧʠʥ-ʚʦʣʥʦʚʳʭ ʢʦʣʝʙʘʥʠʡ, ʦʜʥʘʢʦ ʤʘʛʥʠʪʥʳʝ ʥʝʦʜʥʦʨʦʜʥʦʩʪʠ, 

ʫʰʠʨʷʷ ʨʝʟʦʥʘʥʩʥʳʝ ʣʠʥʠʠ, ʤʦʛʫʪ ʩʫʱʝʩʪʚʝʥʥʦ ʧʦʥʠʟʠʪʴ ʤʘʛʥʠʪʥʫʶ ʧʨʦʥʠʮʘʝʤʦʩʪʴ 
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ʊʄʇ. ɹʦʣʝʝ ʪʦʛʦ, ʜʘʞʝ ʥʝʙʦʣʴʰʠʝ ʥʝʦʜʥʦʨʦʜʥʦʩʪʠ ʚʝʣʠʯʠʥʳ ʠ ʥʘʧʨʘʚʣʝʥʠʷ ʧʦʣʷ ʦʜʥʦ-

ʦʩʥʦʡ ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ ʧʦʯʪʠ ʧʦʣʥʦʩʪʴʶ ʧʦʜʘʚʣʷʶʪ ʥʝʨʝʟʦʥʘʥʩʥʫʶ ʤʘʛʥʠʪʥʫʶ 

ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʴ ʧʣʝʥʦʢ ʚ ʉɺʏ-ʜʠʘʧʘʟʦʥʝ [199], ʘ ʪʘʢʞʝ ʉɺʏ-ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʴ, ʩʚʷ-

ʟʘʥʥʫʶ ʩ ʤʝʪʘʩʪʘʙʠʣʴʥʳʤ ʩʦʩʪʦʷʥʠʝʤ ʤʘʛʥʠʪʥʦʛʦ ʤʦʤʝʥʪʘ ʚ ʊʄʇ [209]. 

ʇʦʵʪʦʤʫ ʚʘʞʥʳʤʠ ʠ ʘʢʪʫʘʣʴʥʳʤʠ ʷʚʣʷʶʪʩʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʨʠʨʦʜʳ ʤʘʛʥʠʪʥʳʭ 

ʥʝʦʜʥʦʨʦʜʥʦʩʪʝʡ ʚ ʪʦʥʢʠʭ ʧʣʝʥʢʘʭ. ʊʘʢʠʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʦʤʦʛʘʶʪ ʦʧʨʝʜʝʣʠʪʴ ʚʦʟʤʦʞ-

ʥʳʝ ʧʫʪʠ ʠ ʤʝʪʦʜʳ ʦʧʪʠʤʠʟʘʮʠʠ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʫʩʣʦʚʠʡ ʧʨʠ ʧʦʣʫʯʝʥʠʠ ʧʣʝʥʦʯʥʳʭ 

ʦʙʨʘʟʮʦʚ ʜʣʷ ʜʦʩʪʠʞʝʥʠʷ ʧʨʝʜʝʣʴʥʦ ʚʳʩʦʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ. ɺ ʜʘʥʥʦʤ ʨʘʟʜʝʣʝ ʪʝʦʨʝ-

ʪʠʯʝʩʢʠ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʠʟʫʯʘʝʪʩʷ ʚʣʠʷʥʠʝ ʩʧʝʮʠʘʣʴʥʦ ʩʦʟʜʘʥʥʳʭ ʚ ʦʙʨʘʟʮʘʭ ʧʝʨ-

ʤʘʣʣʦʝʚʳʭ ʧʣʝʥʦʢ ʥʝʦʜʥʦʨʦʜʥʳʭ ʫʧʨʫʛʠʭ ʥʘʧʨʷʞʝʥʠʡ ʥʘ ʚʝʣʠʯʠʥʫ ʠ ʭʘʨʘʢʪʝʨ ʥʝʦʜʥʦ-

ʨʦʜʥʦʩʪʝʡ ʦʜʥʦʦʩʥʦʡ ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ [210]. 

5.1.1 ʈʘʩʯʝʪ ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ ʪʦʥʢʦʡ ʧʣʝʥʢʠ, ʠʥʜʫʮʠʨʦʚʘʥʥʦʡ 

ʜʚʫʦʩʥʳʤʠ ʫʧʨʫʛʠʤʠ ʥʘʧʨʷʞʝʥʠʷʤʠ 

ʂʘʢ ʠʟʚʝʩʪʥʦ [211], ʚ ʩʣʫʯʘʝ ʫʧʨʫʛʦʠʟʦʪʨʦʧʥʦʡ ʩʨʝʜʳ ʩ ʠʟʦʪʨʦʧʥʦʡ ʤʘʛʥʠʪʦʩʪ-

ʨʠʢʮʠʝʡ ʚʢʣʘʜ ʚ ʤʘʛʥʠʪʥʫʶ ʘʥʠʟʦʪʨʦʧʠʶ, ʦʙʫʩʣʦʚʣʝʥʥʳʡ ʚʦʟʜʝʡʩʪʚʠʝʤ ʦʜʥʦʨʦʜʥʦʛʦ 

ʥʘʧʨʷʞʝʥʠʷ s, ʦʜʥʦʦʩʥʦʛʦ ʧʦ ʩʚʦʝʡ ʧʨʠʨʦʜʝ, ʤʦʞʥʦ ʦʧʨʝʜʝʣʠʪʴ ʠʟ ʧʣʦʪʥʦʩʪʠ ʤʘʛʥʠʪʦ-

ʫʧʨʫʛʦʡ ʵʥʝʨʛʠʠ 

 ( )sj-jsl-= 2cos
2

3
s

meF , (5.1) 

ʛʜʝ ls ï ʢʦʥʩʪʘʥʪʘ ʤʘʛʥʠʪʦʩʪʨʠʢʮʠʠ, (ű ï űs) ï ʫʛʦʣ ʤʝʞʜʫ ʚʝʢʪʦʨʦʤ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʠ 

ʥʘʧʨʘʚʣʝʥʠʝʤ ʦʜʥʦʨʦʜʥʦʛʦ ʥʘʧʨʷʞʝʥʠʷ (ʨʠʩʫʥʦʢ 5.1). ʆʜʥʘʢʦ ʚ ʨʝʘʣʴʥʳʭ ʤʘʛʥʠʪʥʳʭ 

ʧʣʝʥʢʘʭ ʥʘʧʨʷʞʝʥʠʷ, ʩʦʟʜʘʚʘʝʤʳʝ ʧʦʜʣʦʞʢʦʡ, ʚ ʦʙʱʝʤ ʩʣʫʯʘʝ ʷʚʣʷʶʪʩʷ ʜʚʫʦʩʥʳʤʠ. 

ʇʦʵʪʦʤʫ ʯʘʩʪʦ ʠʩʧʦʣʴʟʫʝʤʦʝ ʤʥʦʛʠʤʠ ʘʚʪʦʨʘʤʠ ʧʨʠʙʣʠʞʝʥʠʝ, ʢʦʛʜʘ ʥʘʧʨʷʞʝʥʠʷ ʚ 

ʧʣʝʥʢʘʭ ʩʯʠʪʘʶʪʩʷ ʦʜʥʦʨʦʜʥʳʤʠ, ʥʝ ʩʦʚʩʝʤ ʢʦʨʨʝʢʪʥʦ. ʇʨʠʯʝʤ ʦʰʠʙʦʯʥʦʩʪʴ ʪʘʢʦʛʦ 

ʧʨʠʙʣʠʞʝʥʠʷ ʦʩʦʙʝʥʥʦ ʩʠʣʴʥʦ ʧʨʦʷʚʣʷʝʪʩʷ ʚ ʩʣʫʯʘʝ ʣʦʢʘʣʴʥʳʭ ʠʟʤʝʨʝʥʠʡ ʦʙʨʘʟʮʦʚ. 

ʏʪʦʙʳ ʠʟʙʝʞʘʪʴ ʵʪʦʡ ʥʝʪʦʯʥʦʩʪʠ, ʧʦʣʫʯʠʤ ʚʳʨʘʞʝʥʠʝ ʜʣʷ ʤʘʛʥʠʪʦʫʧʨʫʛʦʡ ʵʥʝʨʛʠʠ, 

ʫʯʠʪʳʚʘʷ ʜʚʫʦʩʥʳʡ ʭʘʨʘʢʪʝʨ ʪʝʥʟʦʨʘ ʚʥʝʰʥʠʭ ʥʘʧʨʷʞʝʥʠʡ
e
iks , ʛʜʝ i,k ={x,y,z} . 
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ʇʣʦʪʥʦʩʪʴ ʩʚʦʙʦʜʥʦʡ ʵʥʝʨʛʠʠ ʫʧʨʫʛʦʠʟʦʪʨʦʧʥʦʛʦ ʤʘʛʥʝʪʠʢʘ F
s
, ʦʙʫʩʣʦʚʣʝʥʥʘʷ 

ʣʠʰʴ ʝʛʦ ʫʧʨʫʛʠʤʠ ʩʚʦʡʩʪʚʘʤʠ, ʚʳʯʠʩʣʷʝʪʩʷ ʢʘʢ ʩʫʤʤʘ ʪʨʝʭ ʧʣʦʪʥʦʩʪʝʡ ʵʥʝʨʛʠʡ: ʤʘʛ-

ʥʠʪʦʫʧʨʫʛʦʡ F
me
, ʫʧʨʫʛʠʭ ʥʘʧʨʷʞʝʥʠʡ ʚ ʤʘʪʝʨʠʘʣʝ F

el
 ʠ ʚʥʝʰʥʠʭ ʥʘʧʨʷʞʝʥʠʡ el

eF  [211] 

 ][6])
3

1
()

3

1
()

3

1
[(3 222

xzzxyzzyxyyxszzzyyyxxxs
me uuuuuuF aa+aa+aaml--a+-a+-aml-= ,  

 )(2())(2(
2

1 222222
xzyzxyxxzzzzyyyyxxzzyyxx

el uuuuuuuuuuuuF ++m+++l+++m+l= , (5.2) 

 )222( e
xzxz

e
yzyz

e
xyxy

e
zzzz

e
yyyy

e
xxxx

el
e uuuuuuF s+s+s+s+s+s= .  

ɿʜʝʩʴ l ʠ m ï ʢʦʵʬʬʠʮʠʝʥʪʳ ʃʘʤʝ; zyx aaa ,,  - ʥʘʧʨʘʚʣʷʶʱʠʝ ʢʦʩʠʥʫʩʳ ʤʘʛʥʠʪʥʦʛʦ 

ʤʦʤʝʥʪʘ; iku  ï ʢʦʤʧʦʥʝʥʪʳ ʪʝʥʟʦʨʘ ʫʧʨʫʛʠʭ ʜʝʬʦʨʤʘʮʠʡ, ʦʙʫʩʣʦʚʣʝʥʥʳʭ ʤʘʛʥʠʪʦʩʪ-

ʨʠʢʮʠʝʡ ʠ ʚʥʝʰʥʠʤʠ ʥʘʧʨʷʞʝʥʠʷʤʠ; e
izs  ï ʢʦʤʧʦʥʝʥʪʳ ʪʝʥʟʦʨʘ ʚʥʝʰʥʠʭ ʫʧʨʫʛʠʭ ʥʘ-

ʧʨʷʞʝʥʠʡ. 

  

 

ʈʠʩʫʥʦʢ 5.1 ï ʄʦʜʝʣʴ ʊʄʇ ʩ ʦʜʥʦʦʩʥʦʡ ʘʥʠʟʦʪʨʦʧʠʝʡ ʚ ʧʣʦʩʢʦʩʪʠ 

ʈʘʚʥʦʚʝʩʥʳʝ ʢʦʤʧʦʥʝʥʪʳ ʤʘʛʥʠʪʦʩʪʨʠʢʮʠʦʥʥʳʭ ʜʝʬʦʨʤʘʮʠʡ ʥʘʭʦʜʷʪʩʷ ʠʟ ʫʩʣʦ-

ʚʠʷ ʤʠʥʠʤʫʤʘ ʧʣʦʪʥʦʩʪʠ ʩʚʦʙʦʜʥʦʡ ʵʥʝʨʛʠʠ 0/ =µµ s
ikuF . ʇʦʜʩʪʘʚʣʷʷ ʥʘʡʜʝʥʥʳʝ 

ʢʦʤʧʦʥʝʥʪʳ iku  ʚ ʚʳʨʘʞʝʥʠʝ ʜʣʷ ʧʣʦʪʥʦʩʪʠ ʩʚʦʙʦʜʥʦʡ ʵʥʝʨʛʠʠ F
s
, ʩ ʪʦʯʥʦʩʪʴʶ ʜʦ ʯʣʝ-

ʥʦʚ, ʥʝ ʟʘʚʠʩʷʱʠʭ ʦʪ ʥʘʧʨʘʚʣʝʥʠʷ ʤʘʛʥʠʪʥʦʛʦ ʤʦʤʝʥʪʘ, ʧʦʣʫʯʠʤ 
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 )222(
2

3 222
zx

e
xzzy

e
yzyx

e
xyz

e
zzy

e
yyx

e
xxsF aas+aas+aas+as+as+asl-=s . (5.3) 

ʇʨʠ ʵʪʦʤ ʜʣʷ ʊʄʇ, ʧʣʦʩʢʦʩʪʴ ʢʦʪʦʨʦʡ ʩʦʚʧʘʜʘʝʪ ʩ ʧʣʦʩʢʦʩʪʴʶ xy, ʤʦʞʥʦ ʩʯʠʪʘʪʴ, ʯʪʦ 

e
izs = 0 [212]. 

ʇʨʝʦʙʨʘʟʫʝʤ ʚʳʨʘʞʝʥʠʝ (5.3) ʢ ʚʠʜʫ, ʫʜʦʙʥʦʤʫ ʜʣʷ ʘʥʘʣʠʟʘ. ʉ ʵʪʦʡ ʮʝʣʴʶ ʚʚʝʜʝʤ 

ʥʦʚʫʶ ʩʠʩʪʝʤʫ ʢʦʦʨʜʠʥʘʪ xǋyǋz ʧʦʚʦʨʦʪʦʤ ʚʦʢʨʫʛ ʦʩʠ z ʥʘ ʫʛʦʣ űs, ʪʘʢ ʯʪʦʙʳ ʝʝ ʦʩʠ ʩʦʚ-

ʧʘʜʘʣʠ ʩ ʛʣʘʚʥʳʤʠ ʦʩʷʤʠ ʪʝʥʟʦʨʘ ʚʥʝʰʥʠʭ ʥʘʧʨʷʞʝʥʠʡ e
iks . ɺ ʵʪʦʤ ʩʣʫʯʘʝ ʛʣʘʚʥʳʝ 

ʟʥʘʯʝʥʠʷ e
xs , e

ys  ʪʝʥʟʦʨʘ e
iks  ʦʧʨʝʜʝʣʷʶʪʩʷ ʠʟ ʩʣʝʜʫʶʱʠʭ ʚʳʨʘʞʝʥʠʡ [212] 

 
22)(

4

1
,)(

2

1
,)(

2

1 e
xy

e
yy

e
xx

e
yy

e
xx

e
y

e
yy

e
xx

e
x rrr s+s-s=°s+s=ss+s=s _ , (5.4) 

ʛʜʝ ʚʝʨʭʥʠʡ ʟʥʘʢ ʩʣʦʞʝʥʠʷ ʠʣʠ ʚʳʯʠʪʘʥʠʷ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʩʣʫʯʘʶ e
xxs ¢ e

yʫs , ʥʠʞʥʠʡ ï 

ʧʨʦʪʠʚʦʧʦʣʦʞʥʦʤʫ ʩʣʫʯʘʶ. ʇʨʠ ʵʪʦʤ ʫʛʦʣ űs ʦʧʨʝʜʝʣʷʝʪʩʷ ʚʳʨʘʞʝʥʠʝʤ 

 
e
yy

e
xx

e
xy

s-s

s
=js

2
2tg . (5.5) 

ʀʩʧʦʣʴʟʫ ̫ʛʣʘʚʥʳʝ ʟʥʘʯʝʥʠʷ ʪʝʥʟʦʨʘ ʚʥʝʰʥʠʭ ʥʘʧʨʷʞʝʥʠʡ e
iks , ʩ ʪʦʯʥʦʩʪʴʶ ʜʦ 

ʯʣʝʥʦʚ, ʥʝ ʟʘʚʠʩʷʱʠʭ ʦʪ ʥʘʧʨʘʚʣʝʥʠʷ ʤʘʛʥʠʪʥʦʛʦ ʤʦʤʝʥʪʘ, ʚʳʨʘʞʝʥʠʝ (5.3) ʤʦʞʥʦ 

ʧʨʝʜʩʪʘʚʠʪʴ ʢʘʢ 

 22

2

3
))((

2

3
z

e
ysyyxx

e
y

e
xsF asl+ga+gas-sl-=s . (5.6) 

ɺ ʩʣʫʯʘʝ ʊʄʇ ʩ ʧʣʘʥʘʨʥʳʤ ʨʘʩʧʦʣʦʞʝʥʠʝʤ ʤʘʛʥʠʪʥʦʛʦ ʤʦʤʝʥʪʘ ʚʳʨʘʞʝʥʠʝ (5.6) 

ʧʨʠʥʠʤʘʝʪ ʧʨʦʩʪʦʡ ʚʠʜ 

 ( )s
s j-jsl-= 2cos

2

3 e
effsF . (5.7) 

ɿʜʝʩʴ űs ï ʫʛʦʣ ʥʘʧʨʘʚʣʝʥʠ ̫ʛʣʘʚʥʦʡ ʦʩʠ ʪʝʥʟʦʨʘ xǋ, ʢʦʪʦʨʳʡ ʤʦʞʥʦ ʥʘʡʪʠ ʠʟ ʫʩʣʦ-

ʚʠʷ (5.5), e
effs  ï ʵʬʬʝʢʪʠʚʥʦʝ ʦʜʥʦʨʦʜʥʦʝ ʥʘʧʨʷʞʝʥʠʝ, ʦʧʨʝʜʝʣʷʝʤʦʝ ʢʘʢ 

 
22 4)( e

xy
e
yy

e
xx

e
eff s+s-s=s _ , (5.8) 
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ʛʜʝ ʚʝʨʭʥʠʡ ʟʥʘʢ ʚʳʯʠʪʘʥʠʷ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʩʣʫʯʘʶ e
xxs ¢

e
yʫs . 

ɺ ʨʝʟʫʣʴʪʘʪʝ ʚʝʣʠʯʠʥʫ ʧʦʣʷ ʦʜʥʦʦʩʥʦʡ ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ, ʠʥʜʫʮʠʨʦʚʘʥʥʦʡ 

ʫʧʨʫʛʠʤʠ ʥʘʧʨʷʞʝʥʠʷʤʠ ʚ ʧʣʝʥʢʝ, ʥʝʩʣʦʞʥʦ ʚʳʯʠʩʣʠʪʴ ʧʦ ʬʦʨʤʫʣʝ 

 e
eff

s

s

M
H s

l
=s

3
. (5.9) 

ʇʫʩʪʴ Hu ï ʚʝʣʠʯʠʥʘ ʧʦʣʷ ʦʜʥʦʦʩʥʦʡ ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ, ʥʘʚʝʜʝʥʥʦʡ ʚʥʝʰ-

ʥʠʤ ʧʦʩʪʦʷʥʥʳʤ ʤʘʛʥʠʪʥʳʤ ʧʦʣʝʤ, ʧʨʠʣʦʞʝʥʥʳʤ ʧʨʠ ʥʘʧʳʣʝʥʠʠ ʊʄʇ ʧʦʜ ʫʛʣʦʤ űu. ɺ 

ʵʪʦʤ ʩʣʫʯʘʝ ʵʥʝʨʛʠʷ ʥʘʙʣʶʜʘʝʤʦʡ ʚ ʵʢʩʧʝʨʠʤʝʥʪʝ ʦʜʥʦʦʩʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ 

2/)(cos2 asa
a MHF j-j-=  ʙʫʜʝʪ ʨʘʚʥʘ ʩʫʤʤʝ ʵʥʝʨʛʠʡ ʤʘʛʥʠʪʦʫʧʨʫʛʦʡ ʘʥʠʟʦʪʨʦʧʠʠ 

2/)(cos2 ss
s j-j-= sMHF  ʠ ʵʥʝʨʛʠʠ ʘʥʠʟʦʪʨʦʧʠʠ 2/)(cos2 uu

u MHF j-j-= , ʥʘʚʝ-

ʜʝʥʥʦʡ ʤʘʛʥʠʪʥʳʤ ʧʦʣʝʤ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʥʝʩʣʦʞʥʦ ʧʦʣʫʯʠʪʴ ʩʠʩʪʝʤʫ ʫʨʘʚʥʝʥʠʡ 

 
î
í

î
ì

ë

j-j+j-j=j-j

j-j+j-j=j-j

ss

ss

),(2sin)(2sin)(2sin

)(2cos)(2cos)(2cos

HHH

HHH

uuaa

uuaa

 (5.10) 

ʠʟ ʢʦʪʦʨʦʡ ʦʧʨʝʜʝʣʷʝʪʩʷ ʚʝʣʠʯʠʥʘ ʨʝʘʣʴʥʦʛʦ ʧʦʣʷ ʘʥʠʟʦʪʨʦʧʠʠ ʠ ʫʛʦʣ ʝʛʦ ʥʘʧʨʘʚʣʝʥʠʷ 

 
. )(

2

1

,)(2cos222

ù
ú

ø
é
ê

è

ö
ö
÷

õ
æ
æ
ç

å
j-j

+

-
+j+j=j

j-j++=

s
s

s
s

sss

u
u

u
ua

uuua

tg
HH

HH
arctg

HHHHH

 (5.11) 

ʉʧʨʘʚʝʜʣʠʚʦʩʪʴ ʧʦʣʫʯʝʥʥʳʭ ʬʦʨʤʫʣ (5.5), (5.9) ʠ (5.11) ʙʳʣʘ ʧʦʜʪʚʝʨʞʜʝʥʘ ʚ ʭʦʜʝ ʩʧʝ-

ʮʠʘʣʴʥʦ ʦʨʛʘʥʠʟʦʚʘʥʥʦʛʦ ʵʢʩʧʝʨʠʤʝʥʪʘ. 

5.1.2 ʆʩʦʙʝʥʥʦʩʪʠ ʠʟʛʦʪʦʚʣʝʥʠʷ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʦʙʨʘʟʮʦʚ 

ɼʣʷ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ ʚʣʠʷʥʠʷ ʜʚʫʦʩʥʳʭ ʫʧʨʫʛʠʭ ʥʘʧʨʷʞʝʥʠʡ ʥʘ 

ʤʘʛʥʠʪʥʳʝ ʩʚʦʡʩʪʚʘ ʊʄʇ ʙʳʣʘ ʩʧʝʮʠʘʣʴʥʦ ʠʟʛʦʪʦʚʣʝʥʘ ʩʝʨʠʷ ʠʟ ʪʨʝʭ ʦʙʨʘʟʮʦʚ. ʆʙʨʘʟʮʳ 

ʧʨʝʜʩʪʘʚʣʷʣʠ ʩʦʙʦʡ ʧʣʝʥʢʠ ʪʦʣʱʠʥʦʡ 50 ʥʤ, ʧʦʣʫʯʝʥʥʳʝ ʚʘʢʫʫʤʥʳʤ ʥʘʧʳʣʝʥʠʝʤ ʧʝʨ-

ʤʘʣʣʦʷ Ni75Fe25 ʥʘ ʧʦʜʦʛʨʝʪʳʝ ʜʦ 250 Áʉ ʧʦʣʠʨʦʚʘʥʥʳʝ ʩʪʝʢʣʷʥʥʳʝ ʧʦʜʣʦʞʢʠ ʨʘʟʤʝʨʦʤ 

10³24³0.5 ʤʤ. ʅʘʧʳʣʝʥʠʝ ʧʨʦʠʟʚʦʜʠʣʦʩʴ ʦʜʥʦʚʨʝʤʝʥʥʦ ʥʘ ʪʨʠ ʧʦʜʣʦʞʢʠ, ʨʘʩʧʦʣʦ-
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ʞʝʥʥʳʝ ʚ ʦʜʥʦʡ ʧʣʦʩʢʦʩʪʠ ʚ ʬʦʨʤʝ ʙʫʢʚʳ çʇè ʪʘʢ, ʯʪʦ ʦʨʠʝʥʪʠʨʫʶʱʝʝ ʧʣʘʥʘʨʥʦʝ ʤʘʛ-

ʥʠʪʥʦʝ ʧʦʣʝ H ʜʣʷ ʜʚʫʭ ʧʦʜʣʦʞʝʢ (L) ʠ (K) ʩʦʚʧʘʜʘʣʦ ʩ ʥʘʧʨʘʚʣʝʥʠʝʤ ʠʭ ʜʣʠʥʥʳʭ ʦʩʝʡ, ʘ 

ʜʣʷ ʪʨʝʪʝʡ ï (T) ï ʙʳʣʦ ʦʨʪʦʛʦʥʘʣʴʥʦ ʝʡ (ʨʠʩʫʥʦʢ 5.2).  

  

 

ʈʠʩʫʥʦʢ 5.2 ï ʉʭʝʤʘ ʥʘʧʳʣʝʥʠʷ ʠ ʨʘʩʧʦʣʦʞʝʥʠʝ ʧʦʜʣʦʞʝʢ ʥʘ ʜʝʨʞʘʪʝʣʝ 

ʧʨʠ ʠʟʛʦʪʦʚʣʝʥʠʠ ʦʙʨʘʟʮʦʚ T, L ʠ K. 1 ï ʪʠʛʝʣʴ, 2 ï ʧʦʜʣʦʞʢʦʜʝʨʞʘʪʝʣʴ, 

3 ï ʤʝʜʥʘ ̫ʧʨʦʚʦʣʦʯʢʘ, 4 ïʧʦʜʣʦʞʢʘ 

ʇʨʠ ʥʘʧʳʣʝʥʠʠ ʦʙʨʘʟʮʦʚ ʧʦʜʣʦʞʢʠ ʙʳʣʠ ʟʘʬʠʢʩʠʨʦʚʘʥʳ ʥʘ ʤʝʪʘʣʣʠʯʝʩʢʦʤ ʧʦʜ-

ʣʦʞʢʦʜʝʨʞʘʪʝʣʝ ʟʘ ʩʚʦʠ ʢʦʥʮʳ ʩʧʝʮʠʘʣʴʥʳʤʠ ʟʘʞʠʤʘʤʠ. ʇʨʠʯʝʤ ʧʦʜʣʦʞʢʠ (L) ʠ (T) 

ʠʩʧʳʪʳʚʘʣʠ ʥʝʙʦʣʴʰʫʶ ʫʧʨʫʛʫʶ ʜʝʬʦʨʤʘʮʠʶ ʠʟʛʠʙʦʤ ʥʘ ʤʝʜʥʳʭ ʧʨʦʚʦʣʦʯʢʘʭ ʜʠʘ-

ʤʝʪʨʦʤ 50 ʤʢʤ, ʧʦʜʣʦʞʝʥʥʳʭ ʧʦʜ ʥʠʭ ʚʜʦʣʴ ʢʦʨʦʪʢʠʭ ʦʩʝʡ. ɺ ʵʪʦʤ ʩʣʫʯʘʝ ʧʨʦʚʦʣʦʯʢʘ ʠ 

ʟʘʞʠʤʳ, ʦʭʚʘʪʳʚʘʶʱʠʝ ʧʦʜʣʦʞʢʫ ʧʦ ʚʩʝʡ ʰʠʨʠʥʝ, ʠʟʛʠʙʘʶʪ ʝʝ ʧʦʯʪʠ ʧʦ ʜʫʛʝ ʦʢʨʫʞ-

ʥʦʩʪʠ. ɼʨʫʛʠʤʠ ʩʣʦʚʘʤʠ, ʧʦʜʣʦʞʢʘ ʜʝʬʦʨʤʠʨʫʝʪʩʷ ʚ ʚʠʜʝ ʫʯʘʩʪʢʘ ʮʠʣʠʥʜʨʠʯʝʩʢʦʡ 

ʦʙʦʣʦʯʢʠ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʚʦʟʥʠʢʥʦʚʝʥʠʶ ʥʘ ʝʝ ʧʦʚʝʨʭʥʦʩʪʠ ʧʦʤʠʤʦ ʧʨʦʜʦʣʴʥʳʭ ʥʘ-

ʧʨʷʞʝʥʠʡ ï ʧʦʧʝʨʝʯʥʳʭ. ʇʦ ʟʘʚʝʨʰʝʥʠʠ ʥʘʧʳʣʝʥʠʷ ʦʙʨʘʟʮʦʚ ʦʩʚʦʙʦʞʜʝʥʥʳʝ ʠʟ ʟʘʞʠʤʦʚ 

ʧʦʜʣʦʞʢʠ (L) ʠ (T), ʨʘʩʧʨʷʤʣʷʷʩʴ, ʩʦʦʙʱʘʶʪ ʤʘʛʥʠʪʥʳʤ ʧʣʝʥʢʘʤ ʧʦʧʝʨʝʯʥʦʝ ʠ ʧʨʦ-

ʜʦʣʴʥʦʝ ʛʨʘʜʠʝʥʪʥʦʝ ʩʞʘʪʠʝ. ʇʨʠʯʝʤ, ʧʦʩʢʦʣʴʢʫ ʪʦʣʱʠʥʘ ʧʦʜʣʦʞʝʢ ʟʥʘʯʠʪʝʣʴʥʦ ʙʦʣʴʰʝ 

ʪʦʣʱʠʥʳ ʧʣʝʥʦʢ, ʜʝʬʦʨʤʘʮʠʷ ʧʦʩʣʝʜʥʠʭ ʧʦʣʥʦʩʪʴʶ ʦʧʨʝʜʝʣʷʝʪʩʷ ʜʝʬʦʨʤʘʮʠʝʡ ʧʦʜʣʦ-

ʞʝʢ. 
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5.1.3 ʈʘʩʯʝʪ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʜʚʫʦʩʥʳʭ ʫʧʨʫʛʠʭ ʥʘʧʨʷʞʝʥʠʡ ʚ ʧʣʦʩʢʦʩʪʠ 

ʪʦʥʢʦʡ ʤʘʛʥʠʪʥʦʡ ʧʣʝʥʢʠ 

ɼʣʷ ʨʘʩʯʝʪʘ ʚʝʣʠʯʠʥʳ ʫʧʨʫʛʠʭ ʥʘʧʨʷʞʝʥʠʡ ʚ ʤʘʛʥʠʪʥʳʭ ʧʣʝʥʢʘʭ, ʦʩʘʞʜʝʥʥʳʭ ʥʘ 

ʜʝʬʦʨʤʠʨʦʚʘʥʥʳʝ ʧʦʜʣʦʞʢʠ, ʚʚʝʜʝʤ ʜʝʢʘʨʪʦʚʫ ʩʠʩʪʝʤʫ ʢʦʦʨʜʠʥʘʪ ʩ ʥʘʯʘʣʦʤ ʚ ʮʝʥʪʨʝ 

ʧʦʜʣʦʞʢʠ ʪʘʢ, ʯʪʦʙʳ ʧʣʦʩʢʦʩʪʴ ʊʄʇ ʩʦʚʧʘʜʘʣʘ ʩ ʧʣʦʩʢʦʩʪʴʶ xy, ʘ ʦʩʴ x ʩʦʚʧʘʜʘʣʘ ʩ 

ʥʘʧʨʘʚʣʝʥʠʝʤ ʜʣʠʥʥʦʡ ʦʩʠ ʧʦʜʣʦʞʢʠ (ʨʠʩʫʥʦʢ 5.1). ʇʨʠ ʵʪʦʤ ʛʨʘʥʠʯʥʳʝ ʫʩʣʦʚʠʷ ʚ ʣʶ-

ʙʦʡ ʪʦʯʢʝ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʨʘʟʜʝʣʘ ʧʣʝʥʢʠ ʠ ʧʦʜʣʦʞʢʠ ʟʘʜʘʶʪʩʷ ʩʣʝʜʫʶʱʠʤʠ ʩʦʦʪʥʦ-

ʰʝʥʠʷʤʠ [213] 

 
f
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s
iz s=s . (5.12) 

ʛʜʝ siU  ʠ f
iU  ï ʢʦʤʧʦʥʝʥʪʳ ʚʝʢʪʦʨʘ ʩʤʝʱʝʥʠʷ, ʘ s

izs  ʠ 
f
izs  ï ʥʦʨʤʘʣʴʥʳʝ ʢ ʧʣʦʩʢʦʩʪʠ 

ʢʦʤʧʦʥʝʥʪʳ ʪʝʥʟʦʨʘ ʥʘʧʨʷʞʝʥʠʷ ʜʣʷ ʧʦʜʣʦʞʢʠ ʠ ʧʣʝʥʢʠ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʕʪʠ ʫʩʣʦʚʠʷ 

ʦʙʝʩʧʝʯʠʚʘʶʪ ʥʝʧʨʝʨʳʚʥʦʩʪʴ ʢʦʤʧʦʥʝʥʪ xxu , xyu , yyu  ʪʝʥʟʦʨʘ ʜʝʬʦʨʤʘʮʠʡ ʠ ʢʦʤʧʦʥʝʥʪ 

xzs , yzs , zzs ʪʝʥʟʦʨʘ ʥʘʧʨʷʞʝʥʠʡ ʜʘʥʥʦʡ ʜʚʫʭʩʣʦʡʥʦʡ ʩʠʩʪʝʤʳ. 

ʇʦʩʢʦʣʴʢʫ ʪʦʣʱʠʥ rʧʦʜʣʦʞʢʠ ʠ ʦʩʦʙʝʥʥʦ ʧʣʝʥʢʠ ʤʘʣʳ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʠʭ ʣʠ-

ʥʝʡʥʳʤʠ ʨʘʟʤʝʨʘʤʠ, ʪʦ ʢʦʤʧʦʥʝʥʪʘʤʠ xzs , yzs  ʠ zzs  ʤʦʞʥʦ ʧʨʝʥʝʙʨʝʯʴ [212]. ʀʩʭʦʜʷ 

ʠʟ ʪʦʛʦ, ʯʪʦ ʦʪʥʦʰʝʥʠʝ ʪʦʣʱʠʥʳ ʊʄʇ ʢ ʪʦʣʱʠʥʝ ʧʦʜʣʦʞʢʠ ~10
ï4
, ʤʦʞʥʦ ʪʘʢʞʝ ʩʯʠʪʘʪʴ, 

ʯʪʦ ʢʦʤʧʦʥʝʥʪʳ ʪʝʥʟʦʨʘ ʜʝʬʦʨʤʘʮʠʡ ʚ ʧʣʝʥʢʝ f
xxu , f

xyu  ʠ f
yyu  ʧʦ ʝʝ ʪʦʣʱʠʥʝ ʧʦʩʪʦʷʥʥʳ ʠ 

ʨʘʚʥʳ ʩʦʦʪʚʝʪʩʪʚʫʶɦ ʠʤ ʢʦʤʧʦʥʝʥʪʘʤ ʪʝʥʟʦʨʘ ʜʝʬʦʨʤʘʮʠʡ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʧʦʜʣʦʞʢʠ 

e
xxu , e

xyu , e
yyu , ʦʧʨʝʜʝʣʷʝʤʳʭ ʠʟ ʫʩʣʦʚʠʷ ʤʝʭʘʥʠʯʝʩʢʦʛʦ ʨʘʚʥʦʚʝʩʠʷ ʠʟʛʠʙʘ ʪʦʣʴʢʦ ʦʜʥʦʡ 

ʧʦʜʣʦʞʢʠ. ʇʨʠ ʵʪʠʭ ʫʩʣʦʚʠʷʭ ʥʝʩʣʦʞʥʦ ʚʳʯʠʩʣʠʪʴ ʢʦʤʧʦʥʝʥʪʳ ʪʝʥʟʦʨʘ ʚʥʝʰʥʠʭ ʥʘ-

ʧʨʷʞʝʥʠʡ ʊʄʇ [212] 
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ɿʜʝʩʴ E ï ʤʦʜʫʣʴ ʖʥʛʘ, ʘ n ï ʢʦʬɻʬʠʮʠʝʥʪ ʇʫʘʩʩʦʥʘ ʤʘʪʝʨʠʘʣʘ ʧʣʝʥʢʠ. 

ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʚ ʊʄʇ ʧʦʤʠʤʦ ʜʝʬʦʨʤʘʮʠʡ, ʩʚʷʟʘʥʥʳʭ ʩ ʠʟʛʠʙʦʤ ʧʦʜʣʦʞʢʠ, 

ʧʨʠʩʫʪʩʪʚʫʶʪ ʜʝʬʦʨʤʘʮʠʠ, ʦʙʫʩʣʦʚʣʝʥʥʳʝ ʨʘʟʣʠʯʠʝʤ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʪʝʤʧʝʨʘʪʫʨʥʦʛʦ 



159 
 

ʨʘʩʰʠʨʝʥʠʷ ʧʦʜʣʦʞʢʠ ʠ ʧʣʝʥʢʠ. ʆʜʥʘʢʦ ʢʘʢ ʜʣʷ ʧʦʜʣʦʞʢʠ, ʪʘʢ ʠ ʜʣʷ ʊʄʇ ʪʝʤʧʝʨʘʪʫʨ-

ʥʦʝ ʨʘʩʰʠʨʝʥʠʝ ʠʟʦʪʨʦʧʥʦ. ʇʦʵʪʦʤʫ ʠʟʦʪʨʦʧʝʥ ʠ ʠʭ ʚʢʣʘʜ, ʦʜʠʥʘʢʦʚʳʡ ʧʦ ʚʩʝʡ ʧʦ-

ʚʝʨʭʥʦʩʪʠ ʦʙʨʘʟʮʘ, ʚ ʢʦʤʧʦʥʝʥʪʳ ʪʝʥʟʦʨʘ ʚʥʝʰʥʠʭ ʥʘʧʨʷʞʝʥʠʡ, ʘ ʟʥʘʯʠʪ, ʚ ʜʘʣʴʥʝʡʰʝʤ 

ʠʭ ʤʦʞʥʦ ʥʝ ʫʯʠʪʳʚʘʪʴ. 

ʈʘʩʯʝʪ ʢʦʤʧʦʥʝʥʪ ʪʝʥʟʦʨʘ ʜʝʬʦʨʤʘʮʠʡ e
xxu , e

xyu , e
yyu  ʦʩʫʱʝʩʪʚʣʷʣʩʷ ʤʝʪʦʜʦʤ ʢʦ-

ʥʝʯʥʳʭ ʵʣʝʤʝʥʪʦʚ ʩ ʧʦʤʦʱʴʶ ʤʘʪʝʤʘʪʠʯʝʩʢʦʛʦ ʧʘʢʝʪʘ COMSOL Multiphysics [214]. ʇʦ 

ʬʦʨʤʫʣʘʤ (5.13) ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʢʦʤʧʦʥʝʥʪ ʪʝʥʟʦʨʘ ʚʥʝʰʥʠʭ ʥʘʧʨʷʞʝʥʠʡ 

ʧʣʝʥʢʠ, ʧʨʝʜʩʪʘʚʣʝʥʥʳʭ ʥʘ ʨʠʩʫʥʢʝ 5.3. ʇʨʠ ʵʪʦʤ ʚ ʨʘʩʯʝʪʘʭ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʢʦʵʬʬʠ-

ʮʠʝʥʪʳ ʇʫʘʩʩʦʥʘ ʜʣʷ ʩʪʝʢʣʘ n = 0.17 ʠ ʜʣʷ ʧʝʨʤʘʣʣʦʝʚʦʡ ʧʣʝʥʢʠ n = 0.3, ʘ ʪʘʢʞʝ ʤʦʜʫʣʴ 

ʖʥʛʘ ʜʣʷ ʧʣʝʥʢʠ ɽ= 2³10
12

 ʜʠʥ/ʩʤ
2
 ʠʣʠ 200 ɻʇʘ. 

  

 

ʈʠʩʫʥʦʢ 5.3 ï ʈʘʩʧʨʝʜʝʣʝʥʠʝ ʚʳʯʠʩʣʝʥʥʳʭ ʟʥʘʯʝʥʠʡ ʢʦʤʧʦʥʝʥʪ ʪʝʥʟʦʨʘ ʚʥʝʰʥʠʭ 

ʥʘʧʨʷʞʝʥʠʡ ʧʦ ʧʣʦʱʘʜʠ ʧʝʨʤʘʣʣʦʝʚʦʡ ʊʄʇ ʥʘ ʩʪʝʢʣʷʥʥʦʡ ʧʦʜʣʦʞʢʝ ʩ ʦʩʝʚʦʡ 

ʜʝʬʦʨʤʘʮʠʝʡ ʠʟʛʠʙʦʤ 
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ɸʥʘʣʠʟ ʨʘʩʧʨʝʜʝʣʝʥʠʡ ʧʦʢʘʟʳʚʘʝʪ, ʯʪʦ ʧʨʦʜʦʣʴʥʳʝ ʩʞʠʤʘʶʱʠʝ ʥʘʧʨʷʞʝʥʠʷ exxs  

ʣʠʥʝʡʥʦ ʥʘʨʘʩʪʘʶʪ ʢ ʮʝʥʪʨʫ ʦʙʨʘʟʮʘ, ʘ ʠʟʦʣʠʥʠʠ ʵʪʠʭ ʥʘʧʨʷʞʝʥʠʡ ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ 

ʧʦʯʪʠ ʧʨʷʤʳʝ ʣʠʥʠʠ ʧʘʨʘʣʣʝʣʴʥʳʝ ʦʩʠ y. ʇʦʧʝʨʝʯʥʳʝ ʥʘʧʨʷʞʝʥʠʷ e
yys  ʪʘʢʞʝ ʜʦʩʪʠʛʘʶʪ 

ʥʘʠʙʦʣʴʰʠʭ ʟʥʘʯʝʥʠʡ ʚ ʮʝʥʪʨʝ ʦʙʨʘʟʮʘ, ʦʜʥʘʢʦ ʦʥʠ ʧʦʯʪʠ ʚ 3 ʨʘʟʘ ʤʝʥʴʰʝ ʧʨʦʜʦʣʴʥʳʭ, ʘ 

ʢʨʦʤʝ ʪʦʛʦ, ʠʭ ʠʟʦʣʠʥʠʠ ʠʟʦʛʥʫʪʳ ʠ ʥʘʧʦʤʠʥʘʶʪ ʢʦʥʮʝʥʪʨʠʯʝʩʢʠʭ ʵʣʣʠʧʩʳ. ʇʦʤʠʤʦ 

ʧʨʦʜʦʣʴʥʳʭ ʠ ʧʦʧʝʨʝʯʥʳʭ ʥʘʧʨʷʞʝʥʠʡ ʧʨʠ ʠʟʛʠʙʝ ʧʦʜʣʦʞʢʠ ʚʦʟʥʠʢʘʶʪ ʥʝʙʦʣʴʰʠʝ 

ʩʜʚʠʛʦʚʳʝ e
xys , ʢʦʪʦʨʳʝ ʠʟʤʝʥʷʶʪʩʷ ʚ ʧʨʝʜʝʣʘʭ ʦʪ ï2.5 ʜʦ 2.5 ʄʇʘ. 

5.1.4 ʈʝʟʫʣʴʪʘʪʳ ʠʟʤʝʨʝʥʠʡ 

ʄʘʛʥʠʪʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʊʄʇ ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʩ ʧʦʤʦʱʴʶ ʩʢʘʥʠʨʫʶʱʝʛʦ 

ʩʧʝʢʪʨʦʤʝʪʨʘ ʌʄʈ (ʨʘʟʜʝʣ 2.1.1). ɼʠʘʤʝʪʨ ʠʟʤʝʨʠʪʝʣʴʥʦʛʦ ʦʪʚʝʨʩʪʠʷ ʉɺʏ-ʛʦʣʦʚʢʠ ʩʦ-

ʩʪʘʚʣʷʣ ʦʢʦʣʦ 1 ʤʤ, ʘ ʟʥʘʯʠʪ, ʣʦʢʘʣʴʥʦʩʪʴ ʠʟʤʝʨʝʥʠʡ ʦʧʨʝʜʝʣʷʣʘʩʴ ʧʣʦʱʘʜʴʶ ʫʯʘʩʪʢʘ 

ʧʣʝʥʢʠ ~0.8 ʤʤ
2
. ʀʟʤʝʨʝʥʠʷ ʧʨʦʚʦʜʠʣʠʩʴ ʥʘ ʯʘʩʪʦʪʝ 2274 ʄɻʮ ʧʦ ʚʩʝʡ ʧʣʦʱʘʜʠ ʦʙʨʘʟʮʘ 

ʩ ʰʘʛʦʤ 1 ʤʤ. ʇʘʨʘʤʝʪʨʳ ʦʜʥʦʦʩʥʦʡ ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ ʙʳʣʠ ʦʧʨʝʜʝʣʝʥʳ ʠʟ ʵʢʩ-

ʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʫʛʣʦʚʳʭ ʟʘʚʠʩʠʤʦʩʪʝʡ ʨʝʟʦʥʘʥʩʥʦʛʦ ʧʦʣʷ ʌʄʈ ʩ ʧʦʤʦʱʴʶ ʦʧʠʩʘʥʥʦʡ ʚ 

ʨʘʟʜʝʣʝ 2.2 ʤʝʪʦʜʠʢʠ. 

ʅʘ ʨʠʩʫʥʢʝ 5.4 ʧʨʝʜʩʪʘʚʣʝʥʳ ʛʨʘʬʠʢʠ ʧʦʚʝʨʭʥʦʩʪʝʡ ʠ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʠʤ ʪʦʧʦ-

ʣʦʛʠʠ, ʦʪʨʘʞʘʶʱʠʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʧʦʣʷ ʦʜʥʦʦʩʥʦʡ ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ ʠ ʫʛʣʘ ʝʛʦ 

ʦʨʠʝʥʪʘʮʠʠ ʧʦ ʧʣʦʱʘʜʠ ʜʣʷ ʥʘʧʨʷʞʝʥʥʳʭ ʦʙʨʘʟʮʦʚ T ï (a) ʠ L ï (b). ɺʠʜʥʦ, ʯʪʦ ʜʣʷ ʦʙ-

ʨʘʟʮʘ T ʩʫʱʝʩʪʚʫʶʱʝʝ ʥʘʨʘʩʪʘʥʠʝ ʫʧʨʫʛʦʛʦ ʩʞʘʪʠʷ ʚʜʦʣʴ ʜʣʠʥʥʦʡ ʦʩʠ ʦʪ ʢʦʥʮʦʚ ʢ 

ʮʝʥʪʨʫ ʊʄʇ ʩʦʧʨʦʚʦʞʜʘʝʪʩʷ ʧʦʯʪʠ ʣʠʥʝʡʥʳʤ ʫʚʝʣʠʯʝʥʠʝʤ ʧʦʣʷ ʦʜʥʦʦʩʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ 

ʧʨʠʙʣʠʟʠʪʝʣʴʥʦ ʚ ʜʚʘ ʨʘʟʘ. ʇʨʝʜʝʣʳ ʠʟʤʝʥʝʥʠʷ Ha ~5.5ï11 ʕ, ʧʨʠ ʵʪʦʤ ʥʘʙʣʶʜʘʝʪʩʷ 

ʧʦʯʪʠ ʩʪʨʦʛʘʷ ʦʩʝʚʘʷ ʩʠʤʤʝʪʨʠʷ ʢʘʨʪʠʥʳ ʨʘʩʧʨʝʜʝʣʝʥʠʷ Ha. ʀʥʪʝʨʝʩʥʦ ʧʦʚʝʜʝʥʠʝ ʫʛʣʘ 

ʦʨʠʝʥʪʘʮʠʠ ʦʩʠ ʣʝʛʢʦʛʦ ʥʘʤʘʛʥʠʯʠʚʘʥʠʷ (ʆʃʅ) űa, ʠʟʤʝʨʝʥʥʦʛʦ ʦʪʥʦʩʠʪʝʣʴʥʦ ʥʘʧʨʘʚ-

ʣʝʥʠʷ ʚʥʝʰʥʝʛʦ ʦʨʠʝʥʪʠʨʫʶʱʝʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ H (ʨʠʩʫʥʦʢ 5.2), ʧʨʠʢʣʘʜʚrʘʝʤʦʛʦ 

ʧʨʠ ʥʘʧʳʣʝʥʠʠ ʦʙʨʘʟʮʦʚ, ʚ ʜʘʥʥʦʤ ʩʣʫʯʘʝ ʦʪʥʦʩʠʪʝʣʴʥʦ ʥʘʧʨʘʚʣʝʥʠʷ ʢʦʨʦʪʢʦʡ ʦʩʠ 

ʧʦʜʣʦʞʢʠ. ɺʦ-ʧʝʨʚʳʭ, ʚʠʜʥʳ ʷʨʢʦ ʚʳʨʘʞʝʥʥʳʝ ʜʚʝ ʚʝʨʰʠʥʳ ʠ ʜʚʝ ʚʧʘʜʠʥʳ, ʨʘʩʧʦʣʦ-

ʞʝʥʥʳʝ ʚ çh ʘʭʤʘʪʥʦʤè ʧʦʨʷʜʢʝ ʧʨʠʤʝʨʥʦ ʥʘ ʧʦʣʦʚʠʥʝ ʧʣʦʱʘʜʠ ʊʄʇ ʚ ʦʙʣʘʩʪʠ ʝʝ ʩʝ-

ʨʝʜʠʥʳ. ɺʦ-ʚʪʦʨʳʭ, ʢʘʨʪʠʥʘ ʨʘʩʧʨʝʜʝʣʝʥʠʷ űa ʠʤʝʝʪ ʧʦʯʪʠ ʩʪʨʦʛʫʶ ʟʝʨʢʘʣʴʥʦ-ʦʩʝʚʫʶ 

ʩʠʤʤʝʪʨʠʶ, ʧʨʠ ʵʪʦʤ ʠʟʤʝʥʝʥʠʝ ʥʘʧʨʘʚʣʝʥʠʷ ʫʛʣʘ ʘʥʠʟʦʪʨʦʧʠʠ ʥʘʙʣʶʜʘʝʪʩʷ ʚ ʧʨʝʜʝʣʘʭ 

ʦʪ ï2  ̄ʜʦ +8.̄ ʉʨʘʚʥʠʚʘʷ ʪʘʢʦʝ ʧʦʚʝʜʝʥʠʝ ʦʪʢʣʦʥʝʥʠʷ ʫʛʣʘ ʦʩʠ ʣʝʛʢʦʛʦ ʥʘʤʘʛʥʠʯʠʚʘʥʠʷ 
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ʧʦ ʧʣʦʱʘʜʠ ʧʣʝʥʢʠ ʩ ʘʥʘʣʦʛʠʯʥʳʤ ʨʘʩʧʨʝʜʝʣʝʥʠʝʤ ʨʘʩʩʯʠʪʘʥʥʦʡ ʩʜʚʠʛʦʚʦʡ ʢʦʤʧʦʥʝʥʪʳ 

ʪʝʥʟʦʨʘ ʥʘʧʨʷʞʝʥʠʡ e
xys  (ʨʠʩʫʥʦʢ 5.3), ʧʨʦʩʣʝʞʠʚʘʝʪʩʷ ʭʦʨʦʰʘʷ ʢʦʨʨʝʣʮ̫ʠʷ. 

  

  

 

ʈʠʩʫʥʦʢ 5.4 ï ʀʟʤʝʨʝʥʥʳʝ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʚʝʣʠʯʠʥʳ ʧʦʣʷ ʦʜʥʦʦʩʥʦʡ ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦ-

ʪʨʦʧʠʠ ʠ ʝʛʦ ʥʘʧʨʘʚʣʝʥʠʷ ʧʦ ʧʣʦʱʘʜʠ ʥʘʧʨʷʞʝʥʥʳʭ ʊʄʇ ʜʣʷ T ï (a) ʠ L ï (b) ʦʙʨʘʟʮʦʚ 

ɼʣʷ ʦʙʨʘʟʮʘ L ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʠʩʩʣʝʜʫʝʤʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʠʤʝʪʁ ʙʦʣʝʝ ʩʣʦʞʥʳʡ 

ʚʠʜ. ɺ ʯʘʩʪʥʦʩʪʠ, Ha ʚʜʦʣʴ ʜʣʠʥʥʦʡ ʦʩʠ ʦʪ ʢʦʥʮʦʚ ʢ ʮʝʥʪʨʫ ʊʄʇ ʩʥʘʯʘʣʘ ʣʠʥʝʡʥʦ 

ʫʤʝʥʴʰʘʝʪʩʷ ʦʪ ~2.5 ʕ ʧʨʘʢʪʠʯʝʩʢʠ ʜʦ 0, ʘ ʧʦʪʦʤ ʪʘʢʞʝ ʣʠʥʝʡʥʦ ʚʦʟʨʘʩʪʘʝʪ ʜʦ ~3 ʕ. ʇʨʠ 

ʵʪʦʤ ʥʘʧʨʘʚʣʝʥʠʝ ʦʩʠ ʣʝʛʢʦʛʦ ʥʘʤʘʛʥʠʯʠʚʘʥʠʷ űa, ʠʟʤʝʨʝʥʥʦʝ ʚ ʜʘʥʥʦʤ ʩʣʫʯʘʝ ʦʪʥʦʩʠ-

ʪʝʣʴʥʦ ʥʘʧʨʘʚʣʝʥʠʷ ʜʣʠʥʥʦʡ ʦʩʠ ʧʦʜʣʦʞʢʠ, ʙʣʠʟʢʦ ʢ ʥʫʣʶ ʥʘ ʢʦʥʮʘʭ ʤʘʛʥʠʪʥʦʡ ʧʣʝʥʢʠ, 

ʥʦ ʨʝʟʢʦ ʠʟʤʝʥʷʝʪʩʷ ʧʨʠʤʝʨʥʦ ʜʦ ï90Á ʚ ʧʝʨʝʭʦʜʥʦʡ ʦʙʣʘʩʪʠ, ʛʜʝ Ha ʦʙʨʘʱʘʝʪʩʷ ʚ 0. 

ʂʨʦʤʝ ʪʦʛʦ, ʧʨʠʙʣʠʟʠʪʝʣʴʥʦ ʥʘ ʧʦʣʦʚʠʥʝ ʧʣʦʱʘʜʠ ʊʄʇ ʚ ʦʙʣʘʩʪʠ ʝʝ ʩʝʨʝʜʠʥʳ ʘʥʘʣʦ-

ʛʠʯʥʦ ʦʙʨʘʟʮʫ T, ʥʘʙʣʶʜʘʝʪʩʷ çh ʘʭʤʘʪʥʦʝè ʦʪʢʣʦʥʝʥʠʝ ʫʛʣʘ űa ʦʪ ï90Á. 
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ʂʦʥʪʨʦʣʴʥʳʡ ʦʙʨʘʟʝʮ (K), ʦʩʘʞʜʝʥʥʳʡ ʥʘ ʥʝʜʝʬʦʨʤʠʨʦʚʘʥʥʫʶ ʧʦʜʣʦʞʢʫ, ʢʘʢ ʠ 

ʩʣʝʜʦʚʘʣʦ ʦʞʠʜʘʪʴ, ʧʦʢʘʟʘʣ ʩʫʱʝʩʪʚʝʥʥʦ ʤʝʥʴʰʠʝ ʠʟʤʝʥʝʥʠʷ ʵʪʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʧʦ 

ʩʚʦʝʡ ʧʣʦʱʘʜʠ. ʆʜʥʘʢʦ ʠ ʚ ʥʝʤ ʥʘʙʣʶʜʘʝʤʘʷ ʢʘʨʪʠʥʘ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʧʦʣʷ ʦʜʥʦʦʩʥʦʡ 

ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ ʜʦʩʪʘʪʦʯʥʦ ʷʨʢʦ ʦʪʨʘʞʘʝʪ ʬʦʨʤʫ ʧʦʜʣʦʞʢʠ. ʕʪʦ ʧʦʣʝ ʜʦʩʪʠʛʘʝʪ 

ʤʘʢʩʠʤʘʣʴʥʳʭ ʟʥʘʯʝʥʠʡ Ha º3.8 ʕ ʚ ʮʝʥʪʨʘʣʴʥʦʡ ʯʘʩʪʠ ʧʣʝʥʢʠ ʚʜʦʣʴ ʝʝ ʜʣʠʥʥʦʡ ʦʩʠ, ʥʦ 

ʤʦʥʦʪʦʥʥʦ ʫʤʝʥʴʰʘʝʪʩʷ ~0.4 ʕ ʢ ʝʝ ʢʨʘʷʤ. ʆʯʝʚʠʜʥʦ, ʯʪʦ ʪʘʢʦʝ ʧʦʚʝʜʝʥʠʝ ʩʚʷʟʘʥʦ ʩ 

ʥʘʣʠʯʠʝʤ ʛʨʘʜʠʝʥʪʥʦʛʦ ʨʘʩʪʷʞʝʥʠʷ ʊʄʇ ʧʦ ʚʩʝʤ ʥʘʧʨʘʚʣʝʥʠʷʤ ʦʪ ʢʨʘʝʚ ʢ ʮʝʥʪʨʫ, ʦʙʫ-

ʩʣʦʚʣʝʥʥʦʛʦ ʟʥʘʯʠʪʝʣʴʥʳʤ ʨʘʟʣʠʯʠʝʤ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʨʘʩʰʠʨʝʥʠʷ ʤʘ-

ʪʝʨʠʘʣʘ ʧʦʜʣʦʞʢʠ ʠ ʧʝʨʤʘʣʣʦʷ. ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʜʣʷ ʦʙʨʘʟʮʘ (K) ʨʘʟʙʨʦʩ ʫʛʣʦʚ 

ʥʘʧʨʘʚʣʝʥʠʷ ʦʩʝʡ ʣʝʛʢʦʛʦ ʥʘʤʘʛʥʠʯʠʚʘʥʠʷ ʧʦ ʧʣʦʱʘʜʠ ʧʣʝʥʢʠ ʪʘʢʞʝ ʥʝʚʝʣʠʢ ʠ ʣʝʞʠʪ ʚ 

ʠʥʪʝʨʚʘʣʝ ~2ï5Á. 

5.1.5 ɸʥʘʣʠʟ ʧʦʣʫʯʝʥʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ 

ɼʣʷ ʦʙʲʷʩʥʝʥʠʷ ʩʪʦʣʴ ʩʣʦʞʥʦʛʦ ʧʦʚʝʜʝʥʠʷ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʥʘʙʣʶʜʘʝʤʳʭ ʨʘʩ-

ʧʨʝʜʝʣʝʥʠʡ ʧʦʣʷ Ha ʠ ʫʛʣʘ űa ʚ ʥʘʧʨʷʞʝʥʥʳʭ ʦʙʨʘʟʮʘʭ ʙʳʣ ʚʳʧʦʣʥʝʥ ʬʝʥʦʤʝʥʦʣʦʛʠʯʝ-

ʩʢʠʡ ʨʘʩʯʝʪ ʵʬʬʝʢʪʠʚʥʳʭ ʟʥʘʯʝʥʠʡ ʧʦʣʷ ʦʜʥʦʦʩʥʦʡ ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ ʠ ʫʛʣʘ ʥʘ-

ʧʨʘʚʣʝʥʠʷ ʦʩʠ ʣʝʛʢʦʛʦ ʥʘʤʘʛʥʠʯʠʚʘʥʠʷ. ʇʦ ʬʦʨʤʫʣʘʤ (5.5), (5.9) ʠ (5.11) ʙʳʣʠ ʨʘʩʩʯʠ-

ʪʘʥʳ ʨʘʩʧʨʝʜʝʣʝʥʠʷ Ha ʠ űa ʧʦ ʧʣʦʱʘʜʠ ʥʘʧʨʷʞʝʥʥʳʭ ʧʝʨʤʘʣʣʦʝʚʳʭ ʧʣʝʥʦʢ, ʧʨʝʜʩʪʘʚ-

ʣʝʥʥʳʝ ʥʘ ʨʠʩʫʥʢʝ 5.5: ʚʚʝʨʭʫ ï ʜʣʷ ʦʙʨʘʟʮʘ T, ʚʥʠʟʫ ï ʜʣʷ L. ɺ ʨʘʩʯʝʪʝ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ 

ʩʣʝʜʫʶʱʠʝ ʧʘʨʘʤʝʪʨʳ ʊʄʇ: ʢʦʥʩʪʘʥʪʘ ʤʘʛʥʠʪʦʩʪʨʠʢʮʠʠ sl= 5Ö10
ï6
; ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʴ 

ʥʘʩʳʱʝʥʠʷ Ms = 960 ɻʩ; ʧʦʣʝ ʦʜʥʦʦʩʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ, ʥʘʚʝʜʝʥʥʦʡ ʤʘʛʥʠʪʥʳʤ ʧʦʣʝʤ 

Hu = 4 ʕ; ʥʘʧʨʘʚʣʝʥʠʝ ʦʩʠ ʣʝʛʢʦʛʦ ʥʘʤʘʛʥʠʯʠʚʘʥʠʷ ʜʣʷ ʦʙʨʘʟʮʘ L űu = 0Á, ʘ ʜʣʷ ʦʙʨʘʟʮʘ T 

űu = 90Á. 

ʉʨʘʚʥʠʚʘʷ ʧʦʣʫʯʝʥʥʳʝ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʩ ʠʟʤʝʨʝʥʥʳʤʠ ʥʘ ʨʠʩʫʥʢʝ 5.4, ʤʦʞʥʦ ʛʦ-

ʚʦʨʠʪʴ ʦ ʭʦʨʦʰʝʤ ʢʘʯʝʩʪʚʝʥʥʦʤ ʠ ʢʦʣʠʯʝʩʪʚʝʥʥʦʤ ʩʦʚʧʘʜʝʥʠʠ ʪʝʦʨʠʠ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘ. 

ʅʝʩʣʦʞʥʦ ʜʘʪʴ ʠ ʦʙʲʷʩʥʝʥʠʝ ʪʘʢʦʤʫ ʧʦʚʝʜʝʥʠʶ Ha ʠ űa. ɺ ʩʣʫʯʘʝ ʦʙʨʘʟʮʘ L ʦʩʠ ʣʝʛʢʦʛʦ 

ʥʘʤʘʛʥʠʯʠʚʘʥʠʷ ʜʣʷ ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ Hu ʠ ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ Hs ʨʘʩʧʦʣʘ-

ʛʘʶʪʩʷ ʧʨʘʢʪʠʯʝʩʢʠ ʦʨʪʦʛʦʥʘʣʴʥʦ ʜʨʫʛ ʜʨʫʛʫ. ʇʦʵʪʦʤʫ ʧʦ ʤʝʨʝ ʣʠʥʝʡʥʦʛʦ ʥʘʨʘʩʪʘʥʠʷ Hs 

ʚʜʦʣʴ ʜʣʠʥʥʦʡ ʦʩʠ ʧʣʝʥʢʠ ʦʪ ʢʨʘʝʚ ʢ ʮʝʥʪʨʫ ʵʬʬʝʢʪʠʚʥʦʝ ʧʦʣʝ ʘʥʠʟʦʪʨʦʧʠʠ Ha º Hu ï Hs 

ʣʠʥʝʡʥʦ ʫʤʝʥʴʰʘʝʪʩʷ. ʇʨʠ ʵʪʦʤ ʵʬʬʝʢʪʠʚʥʦʝ ʥʘʧʨʘʚʣʝʥʠʝ ʦʩʠ ʣʝʛʢʦʛʦ ʥʘʤʘʛʥʠʯʠʚʘʥʠʷ 

űa ʩʦʚʧʘʜʘʝʪ ʩ ʥʘʧʨʘʚʣʝʥʠʝʤ űu ʠ ʨʘʚʥʦ 0Á. ʂʦʛʜʘ Ha ʩʪʘʥʦʚʠʪʩʷ ʨʘʚʥʳʤ 0, ʥʘʧʨʘʚʣʝʥʠʝ űa 
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ʨʝʟʢʦ ʠʟʤʝʥʷʝʪʩʷ ʥʘ 90Á ʠ ʩʦʚʧʘʜʘʝʪ ʩ ʥʘʧʨʘʚʣʝʥʠʝʤ ʦʩʠ ʣʝʛʢʦʛʦ ʥʘʤʘʛʥʠʯʠʚʘʥʠʷ ʤʘʛ-

ʥʠʪʦʫʧʨʫʛʦʡ ʘʥʠʟʦʪʨʦʧʠʠ Hs. ʇʨʠ ʜʘʣʴʥʝʡʰʝʤ ʫʚʝʣʠʯʝʥʠʠ Hs ʢ ʮʝʥʪʨʫ ʊʄʇ ʵʬʬʝʢ-

ʪʠʚʥʦʝ ʧʦʣʝ ʘʥʠʟʦʪʨʦʧʠʠ Ha º Hs ï Hu ʣʠʥʝʡʥʦ ʥʘʨʘʩʪʘʝʪ. 

  

  

 

ʈʠʩʫʥʦʢ 5.5 ï ʊʝʦʨʝʪʠʯʝʩʢʠʝ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʚʝʣʠʯʠʥʳ ʧʦʣʷ ʠ ʥʘʧʨʘʚʣʝʥʠʷ ʦʜʥʦʦʩʥʦʡ 

ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ ʧʦ ʧʣʦʱʘʜʠ ʥʘʧʨʷʞʝʥʥʳʭ ʊʄʇ ʜʣʷ T ï (a) ʠ L ï (b) ʦʙʨʘʟʮʦʚ 

ɺ ʩʣʫʯʘʝ ʦʙʨʘʟʮʘ T ʦʩʠ ʣʝʛʢʦʛʦ ʥʘʤʘʛʥʠʯʠʚʘʥʠʷ ʜʣʷ ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ Hu ʠ 

ʤʘʛʥʠʪʦʫʧʨʫʛʦʡ ʘʥʠʟʦʪʨʦʧʠʠ Hs ʧʨʘʢʪʠʯʝʩʢʠ ʩʦʚʧʘʜʘʶʪ. ʇʦʵʪʦʤʫ ʧʦ ʤʝʨʝ ʣʠʥʝʡʥʦʛʦ 

ʥʘʨʘʩʪʘʥʠʷ Hs ʚʜʦʣʴ ʜʣʠʥʥʦʡ ʦʩʠ ʧʣʝʥʢʠ ʦʪ ʢʨʘʝʚ ʢ ʮʝʥʪʨʫ ʵʬʬʝʢʪʠʚʥʦʝ ʧʦʣʝ ʘʥʠʟʦ-

ʪʨʦʧʠʠ Ha º Hu + Hs ʪʘʢʞʝ ʣʠʥʝʡʥʦ ʫʚʝʣʠʯʠʚʘʝʪʩʷ. ʇʨʠ ʵʪʦʤ çh ʘʭʤʘʪʥʦʝè ʦʪʢʣʦʥʝʥʠʝ 

ʫʛʣʘ űa, ʦʪ ʩʨʝʜʥʝʛʦ ʟʥʘʯʝʥʠʷ ʠ ʚ ʪʦʤ, ʠ ʚ ʜʨʫʛʦʤ ʦʙʨʘʟʮʝ ʩʚʷʟʘʥʦ ʩ ʥʝʙʦʣʴʰʠʤʠ ʦʪʢʣʦ-

ʥʝʥʠʷʤʠ ʦʩʠ ʣʝʛʢʦʛʦ ʥʘʤʘʛʥʠʯʠʚʘʥʠʷ ʤʘʛʥʠʪʦʫʧʨʫʛʦʡ ʘʥʠʟʦʪʨʦʧʠʠ Hs ʠʟ-ʟʘ ʥʘʣʠʯʠʷ ʚ 

ʧʣʝʥʢʘʭ ʩʜʚʠʛʦʚʳʭ ʢʦʤʧʦʥʝʥʪ ʪʝʥʟʦʨʘ ʫʧʨʫʛʠʭ ʥʘʧʨʷʞʝʥʠʡ. 
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5.2 ʆʜʥʦʥʘʧʨʘʚʣʝʥʥʘʷ ʤʘʛʥʠʪʥʘʷ ʘʥʠʟʦʪʨʦʧʠʷ ʚ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ 

ʪʦʥʢʦʡ ʧʝʨʤʘʣʣʦʝʚʦʡ ʧʣʝʥʢʝ, ʠʥʜʫʮʠʨʦʚʘʥʥʘʷ ʛʨʘʜʠʝʥʪʦʤ ʜʝʬʦʨʤʘʮʠʡ 

ʂʘʢ ʧʦʢʘʟʘʣʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ, ʧʦʜ ʚʦʟʜʝʡʩʪʚʠʝʤ ʥʝʦʜʥʦʨʦʜʥʳʭ 

ʫʧʨʫʛʠʭ ʥʘʧʨʷʞʝʥʠʡ ʚ ʧʣʝʥʢʘʭ ʧʦʤʠʤʦ ʦʜʥʦʦʩʥʦʡ ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ ʚʦʟʥʠʢʘʝʪ 

ʥʦʚʳʡ ʪʠʧ ʘʥʠʟʦʪʨʦʧʠʠ ï ʦʜʥʦʥʘʧʨʘʚʣʝʥʥʘʷ ʤʘʛʥʠʪʥʘʷ ʘʥʠʟʦʪʨʦʧʠʷ, ʠʥʜʫʮʠʨʦʚʘʥʥʘʷ 

ʛʨʘʜʠʝʥʪʘʤʠ ʫʧʨʫʛʦʡ ʜʝʬʦʨʤʘʮʠʠ. ɼʣʷ ʪʦʛʦ ʯʪʦʙʳ ʧʦʜʨʦʙʥʦ ʠʟʫʯʠʪʴ ʵʪʦ ʚʧʝʨʚʳʝ ʦʙʥʘ-

ʨʫʞʝʥʥʦʝ ʷʚʣʝʥʠʝ, ʙʳʣʦ ʚʳʧʦʣʥʝʥʦ ʩʧʝʮʠʘʣʴʥʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ [201], ʦʧʠʩʘʥʠʝ ʢʦʪʦʨʦʛʦ 

ʧʨʝʜʩʪʘʚʣʝʥʦ ʚ ʜʘʥʥʦʤ ʨʘʟʜʝʣʝ. 

5.2.1 ʌʣʝʢʩʦʤʘʛʥʠʪʥʳʡ ʵʬʬʝʢʪ ʚ ʤʘʛʥʠʪʦʫʧʦʨʷʜʦʯʝʥʥʳʭ ʩʨʝʜʘʭ 

ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʥʘʙʣʶʜʘʝʪʩʷ ʟʥʘʯʠʪʝʣʴʥʳʡ ʨʦʩʪ ʯʠʩʣʘ ʧʫʙʣʠʢʘʮʠʡ, ʧʦʩʚʷ-

ʱʝʥʥʳʭ ʪʘʢ ʥʘʟʳʚʘʝʤʳʤ ʬʣʝʢʩʦʵʬʬʝʢʪʘʤ. ɺ ʥʘʠʙʦʣʝʝ ʦʙʱʝʤ ʩʣʫʯʘʝ ʧʦʜ ʬʣʝʢʩʦʵʬʬʝʢ-

ʪʦʤ ʧʦʥʠʤʘʝʪʩʷ ʠʟʤʝʥʝʥʠʝ ʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʦʣʷʨʠʟʘʮʠʠ ʠʣʠ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʚ ʦʪʚʝʪ ʥʘ 

ʥʝʦʜʥʦʨʦʜʥʦʝ ʤʝʭʘʥʠʯʝʩʢʦʝ ʚʦʟʜʝʡʩʪʚʠʝ (ʛʨʘʜʠʝʥʪ ʫʧʨʫʛʠʭ ʜʝʬʦʨʤʘʮʠʠ ʠʣʠ ʥʘʧʨʷʞʝ-

ʥʠʡ). ʀʩʪʦʨʠʯʝʩʢʠ ʧʝʨʚʳʤ ʙʳʣʦ ʦʪʢʨʳʪʠʝ ʬʣʝʢʩʦʵʣʝʢʪʨʠʯʝʩʪʚʘ. ʉʚʷʟʴ ʤʝʞʜʫ ʵʣʝʢʪʨʠ-

ʯʝʩʢʦʡ ʧʦʣʷʨʠʟʘʮʠʝʡ ʠ ʛʨʘʜʠʝʥʪʦʤ ʜʝʬʦʨʤʘʮʠʡ ʚ ʢʨʠʩʪʘʣʣʘʭ ʪʝʦʨʝʪʠʯʝʩʢʠ ʠʟʫʯʘʣʘʩʴ 

ʝʱʝ ʚ 1960-ʭ ʛʦʜʘʭ ʚ ʨʘʙʦʪʘʭ ʄʘʰʢʝʚʠʯʘ ʠ ʊʦʣʧʳʛʦ [215, 216], ʠ ʂʦʛʘʥʘ [217]. ʆʜʥʘʢʦ 

ʚʧʣʦʪʴ ʜʦ ʢʦʥʮʘ 90-ʭ ʛʦʜʦʚ ʧʨʦʰʣʦʛʦ ʩʪʦʣʝʪʠʷ ʠʥʪʝʨʝʩ ʢ ʬʣʝʢʩʦʵʣʝʢʪʨʠʯʝʩʢʦʤʫ ʵʬʬʝʢʪʫ 

ʙʳʣ ʚʝʩʴʤʘ ʦʛʨʘʥʠʯʝʥʥʳʤ ʠʟ-ʟʘ ʤʘʣʦʡ ʚʝʣʠʯʠʥʳ ʩʘʤʦʛʦ ʵʬʬʝʢʪʘ ʚ ʦʙʲʝʤʥʳʭ ʤʘʪʝʨʠʘʣʘʭ. 

ʉ ʥʘʯʘʣʦʤ 2000-ʭ ʛʦʜʦʚ ʩʠʪʫʘʮʠʷ ʢʦʨʝʥʥʳʤ ʦʙʨʘʟʦʤ ʠʟʤʝʥʷʝʪʩʷ ʚ ʩʚʷʟʠ ʩ ʢʦʣʦʩʩʘʣʴʥʳʤ 

ʧʨʦʛʨʝʩʩʦʤ ʢʘʢ ʚ ʦʙʣʘʩʪʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʛʦ ʠʟʫʯʝʥʠʷ ʬʣʝʢʩʦʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʵʬʬʝʢʪʘ, 

ʪʘʢ ʠ ʚ ʦʙʣʘʩʪʠ ʩʠʥʪʝʟʘ ʥʦʚʳʭ ʤʘʪʝʨʠʘʣʦʚ. ʇʝʨʚʳʝ ʩʠʩʪʝʤʘʪʠʯʝʩʢʠʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ 

ʠʩʩʣʝʜʦʚʘʥʠʷ ʵʬʬʝʢʪʘ ʚ ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʦʡ ʢʝʨʘʤʠʢʝ, ʧʨʦʚʝʜʝʥʥʳʝ ʄʘ ʠ ʂʨʦʩʩʦʤ 

[218ï220], ʘ ʪʘʢʞʝ ɿʫʙʢʦ ʠ ʜʨ. [221], ʧʦʢʘʟʘʣʠ, ʯʪʦ ʬʣʝʢʩʦʵʣʝʢʪʨʠʯʝʩʢʠʡ ʵʬʬʝʢʪ ʦʢʘʟʘʣʩʷ 

ʥʘʤʥʦʛʦ ʩʠʣʴʥʝʝ, ʯʝʤ ʦʞʠʜʘʣʦʩʴ ʥʘ ʦʩʥʦʚʝ ʧʨʝʜʳʜʫʱʠʭ ʪʝʦʨʝʪʠʯʝʩʢʠʭ ʦʮʝʥʦʢ. ʕʪʦ ʧʦ-

ʟʚʦʣʠʣʦ ʛʨʫʧʧʝ ʂʨʦʩʩʘ [222, 223] ʨʝʘʣʠʟʦʚʘʪʴ ʥʘ ʦʩʥʦʚʝ ʬʣʝʢʩʦʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʵʬʬʝʢʪʘ 

ʧʝʨʚʳʝ ʧʴʝʟʦʵʣʝʢʪʨʠʯʝʩʢʠʝ ʢʦʤʧʦʟʠʪʳ, ʧʴʝʟʦʵʣʝʢʪʨʠʯʝʩʢʠʡ ʦʪʢʣʠʢ ʢʦʪʦʨʳʭ ʩʦʧʦʩʪʘʚʠʤ 

ʩ ʪʘʢʦʚʳʤ ʚ ʢʦʤʤʝʨʯʝʩʢʠʭ ʧʴʝʟʦɻ ʣʝʢʪʨʠʢʘʭ. 

ʈʘʟʚʠʪʠʝ ʥʘʥʦʪʝʭʥʦʣʦʛʠʡ ʪʘʢʞʝ ʩʧʦʩʦʙʩʪʚʦʚʘʣʦ ʟʥʘʯʠʪʝʣʴʥʦʤʫ ʨʦʩʪʫ ʠʥʪʝʨʝʩʘ ʢ 

ʬʣʝʢʩʦʵʣʝʢʪʨʠʯʝʩʪʚʫ, ʪʘʢ ʢʘʢ ʙʦʣʴʰʠʝ ʛʨʘʜʠʝʥʪʳ ʜʝʬʦʨʤʘʮʠʠ, ʯʘʩʪʦ ʧʨʠʩʫʪʩʪʚʫʶʱʠʝ ʥʘ 

ʥʘʥʦʫʨʦʚʥʝ, ʤʦʛʫʪ ʧʨʠʚʦʜʠʪʴ ʢ ʩʠʣʴʥʳʤ ʬʣʝʢʩʦʵʣʝʢʪʨʠʯʝʩʢʠʤ ʵʬʬʝʢʪʘʤ. ʌʣʝʢʩʦʵʣʝʢ-
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ʪʨʠʯʝʩʢʠʡ ʦʪʢʣʠʢ ʨʘʟʣʠʯʥʳʭ ʥʘʥʦʩʪʨʫʢʪʫʨ ʠʟʫʯʘʣʩʷ ʚ ʨʘʙʦʪʘʭ ʂʘʪʘʣʦʥʘ ʠ ʜʨ. [224, 225], 

ʐʘʨʤʘ ʠ ʜʨ. [226, 227], ʂʘʣʠʥʠʥʘ ʠ ʄʝʥʴʝ [228], ʘ ʪʘʢʞʝ ʃʠ ʠ ʜʨ. [229]. ɺ ʯʘʩʪʥʦʩʪʠ ʙʳʣʦ 

ʧʦʢʘʟʘʥʦ, ʯʪʦ ʚ ʪʦʥʢʠʭ ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʣʝʥʢʘʭ ʚʦʟʥʠʢʘʶʪ ʙʦʣʴʰʠʝ ʛʨʘʜʠʝʥʪʳ 

ʜʝʬʦʨʤʘʮʠʠ ʠʟ-ʟʘ ʨʘʩʩʦʛʣʘʩʦʚʘʥʠʷ ʨʝʰʝʪʢʠ ʩ ʧʦʜʣʦʞʢʦʡ (ʜʦ 10
6
ī10

7
 ʨʘʟ ʙʦʣʴʰʝ, ʯʝʤ ʚ 

ʦʙʲʝʤʥʳʭ ʤʦʥʦʢʨʠʩʪʘʣʣʘʭ [229]) ʠ ʯʪʦ ʬʣʝʢʩʦʵʣʝʢʪʨʠʯʝʩʢʠʡ ʵʬʬʝʢʪ ʚ ʪʘʢʠʭ ʧʣʝʥʢʘʭ 

ʩʫʱʝʩʪʚʝʥʥʦ ʚʣʠʷʝʪ ʥʘ ʠʭ ʬʫʥʢʮʠʦʥʘʣʴʥʳʝ ʩʚʦʡʩʪʚʘ. ʅʝʜʘʚʥʝʝ ʦʪʢʨʳʪʠʝ ʬʘʟʦʚʦʛʦ ʩʦ-

ʩʫʱʝʩʪʚʦʚʘʥʠʷ ʚ ʩʠʣʴʥʦ ʜʝʬʦʨʤʠʨʦʚʘʥʥʳʭ ʪʦʥʢʠʭ ʧʣʝʥʢʘʭ BiFeO3 ʧʨʠʚʣʝʢʣʦ ʜʦʧʦʣʥʠ-

ʪʝʣʴʥʦʝ ʚʥʠʤʘʥʠʝ ʢ ʬʣʝʢʩʦʵʣʝʢʪʨʠʯʝʩʪʚʫ ʠʟ-ʟʘ ʦʛʨʦʤʥʳʭ (ʧʦʨʷʜʢʘ 10
7
 ʤ
ī1

) ʛʨʘʜʠʝʥʪʦʚ 

ʜʝʬʦʨʤʘʮʠʡ, ʚʦʟʥʠʢʘʶʱʠʭ ʠʟ-ʟʘ ʨʘʟʥʦʩʪʠ ʧʘʨʘʤʝʪʨʦʚ ʨʝʰʝʪʢʠ ʥʘ ʛʨʘʥʠʮʝ ʨʘʟʜʝʣʘ ʪʝʪ-

ʨʘʛʦʥʘʣʴʥʦʡ ʠ ʨʦʤʙʦʵʜʨʠʯʝʩʢʦʡ ʬʘʟ [230, 231]. ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʨʦʣʴ ʬʣʝʢʩʦʵʣʝʢ-

ʪʨʠʯʝʩʢʦʛʦ ʵʬʬʝʢʪʘ ʚ ʬʠʟʠʢʝ ʜʠʵʣʝʢʪʨʠʢʦʚ ʠ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚ ʰʠʨʦʢʦ ʧʨʠʟʥʘʥʘ, ʘ ʩʘʤ 

ʵʬʬʝʢʪ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʢʘʢ ʤʥʦʛʦʦʙʝʱʘʶʱʠʡ ʜʣʷ ʧʨʘʢʪʠʯʝʩʢʦʛʦ ʧʨʠʤʝʥʝʥʠʷ [232]. 

ʅʘ ʬʦʥʝ ʦʯʝʚʠʜʥʳʭ ʜʦʩʪʠʞʝʥʠʡ ʚ ʦʙʣʘʩʪʠ ʬʣʝʢʩʦʵʣʝʢʪʨʠʯʝʩʪʚʘ ʢʘʞʝʪʩʷ ʫʜʠʚʠ-

ʪʝʣʴʥʳʤ ʪʦʪ ʬʘʢʪ, ʯʪʦ ʬʣʝʢʩʦʤʘʛʥʠʪʥʳʡ ʵʬʬʝʢʪ, ʫʩʪʘʥʘʚʣʠʚʘʶʱʠʡ ʩʚʷʟʴ ʤʝʞʜʫ ʥʘ-

ʤʘʛʥʠʯʝʥʥʦʩʪʴʶ ʠ ʛʨʘʜʠʝʥʪʦʤ ʜʝʬʦʨʤʘʮʠʡ, ʦʩʪʘʝʪʩʷ ʧʨʘʢʪʠʯʝʩʢʠ ʥʝʠʟʫʯʝʥʥʳʤ ʷʚʣʝ-

ʥʠʝʤ. ʉʫʱʝʩʪʚʫʝʪ ʪʦʣʴʢʦ ʥʝʙʦʣʴʰʦʝ ʢʦʣʠʯʝʩʪʚʦ ʨʘʙʦʪ, ʧʦʩʚʷʱʝʥʥʳʭ ʵʪʦʡ ʪʝʤʝ 

[233ï238]. ʃʫʢʘʰʝʚ ʠ ʉʘʙʠʨʠʘʥʦʚ [233] ʠʟ ʧʝʨʚʳʭ ʧʨʠʥʮʠʧʦʚ ʨʘʩʩʯʠʪʘʣʠ ʢʦʵʬʬʠʮʠʝʥʪ 

ʬʣʝʢʩʦʤʘʛʥʠʪʥʦʡ ʩʚʷʟʠ ʜʣʷ ʘʥʪʠʧʝʨʦʚʩʢʠʪʘ Mn3GaN, ʢʦʪʦʨʳʡ ʩʦʩʪʘʚʠʣ 0.2 ɛɺĀʤ (ɛɺ ï 

ʤʘʛʥʝʪʦʥ ɹʦʨʘ). ɽʣʠʩʝʝʚ ʠ ʜʨ. ʚ [234, 235] ʪʝʦʨʝʪʠʯʝʩʢʠ ʫʩʪʘʥʦʚʠʣʠ, ʯʪʦ ʬʣʝʢʩʦʤʘʛ-

ʥʠʪʥʳʡ ʵʬʬʝʢʪ ʚ ʙʝʟʛʨʘʥʠʯʥʳʭ ʩʨʝʜʘʭ ʤʦʞʝʪ ʩʫʱʝʩʪʚʦʚʘʪʴ ʚ 69 ʠʟ 90 ʤʘʛʥʠʪʥʳʭ ʢʣʘʩʩʦʚ, 

ʘ ʚ ʦʙʨʘʟʮʘʭ ʢʦʥʝʯʥʳʭ ʨʘʟʤʝʨʦʚ ʚʙʣʠʟʠ ʧʦʚʝʨʭʥʦʩʪʠ ï ʚ ʣʶʙʦʤ ʠʟ ʥʠʭ. ʊʝʦʨʝʪʠʯʝʩʢʦʝ 

ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʬʣʝʢʩʦʤʘʛʥʠʪʥʦʛʦ ʵʬʬʝʢʪʘ ʚ ʧʦʜʚʝʨʛʥʫʪʦʤ ʠʟʛʠʙʫ ʥʘʥʦʨʘʟʤʝʨʥʦʤ 

ʢʨʦʥʰʪʝʡʥʝ ʚʳʧʦʣʥʝʥʦ ʚ ʥʝʜʘʚʥʝʡ ʨʘʙʦʪʝ [236]. ɺʤʝʩʪʝ ʩ ʪʝʤ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʠʩ-

ʩʣʝʜʦʚʘʥʠʷ ʬʣʝʢʩʦʤʘʛʥʝʪʠʟʤʘ ʝʱʝ ʙʦʣʝʝ ʦʛʨʘʥʠʯʝʥʳ. ʅʘ ʩʝʛʦʜʥʷʰʥʠʡ ʜʝʥʴ ʩʫʱʝʩʪʚʫʝʪ 

ʣʠʰʴ ʜʚʝ ʨʘʙʦʪʳ, ʚ ʢʦʪʦʨʳʭ ʧʨʝʜʩʪʘʚʣʝʥʳ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʩʚʠʜʝʪʝʣʴʩʪʚʘ ʚ ʧʦʣʴʟʫ 

ʩʫʱʝʩʪʚʦʚʘʥʠʷ ʬʣʝʢʩʦʤʘʛʥʠʪʥʦʛʦ ʵʬʬʝʢʪʘ. ɺ ʨʘʙʦʪʝ [237] ɾʘʥʛ ʠ ʜʨ. ʧʨʠ ʠʩʩʣʝʜʦʚʘʥʠʠ 

ʜʚʫʭʬʘʟʥʳʭ ʪʦʥʢʠʭ ʧʣʝʥʦʢ ʧʝʨʦʚʩʢʠʪʘ BiFeO3 ʦʙʥʘʨʫʞʠʣʠ ʧʷʪʠʢʨʘʪʥʦʝ ʫʚʝʣʠʯʝʥʠʝ 

ʩʧʦʥʪʘʥʥʦʡ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ (ʜʦ 30ï40 ɻʩ) ʚʙʣʠʟʠ ʤʝʞʬʘʟʥʳʭ ʛʨʘʥʠʮ ï ʪʦ ʝʩʪʴ ʚ ʪʝʭ 

ʦʙʣʘʩʪʷʭ ʦʙʨʘʟʮʘ, ʛʜʝ ʬʦʨʤʠʨʫʶʪʩʷ ʤʘʢʩʠʤʘʣʴʥʳʝ ʛʨʘʜʠʝʥʪʳ ʜʝʬʦʨʤʘʮʠʡ. ɸʚʪʦʨʳ 

ʩʚʷʟʘʣʠ ʥʘʙʣʶʜʘʝʤʦʝ ʫʚʝʣʠʯʝʥʠʝ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʩ ʬʣʝʢʩʦʤʘʛʥʠʪʥʳʤ ʵʬʬʝʢʪʦʤ ʠ 

ʦʮʝʥʠʣʠ ʝʛʦ ʟʥʘʯʝʥʠʝ ʥʘ ʫʨʦʚʥʝ ~4 ɛɺĀʥʤ. ɺ ʜʨʫʛʦʤ ʠʩʩʣʝʜʦʚʘʥʠʠ ʧʣʝʥʦʢ ʬʝʨʨʠʪʘ ʚʠʩ-

ʤʫʪʘ BiFeO3, ʣʝʛʠʨʦʚʘʥʥʳʭ 5 % La [238], ʙʳʣʦ ʦʙʥʘʨʫʞʝʥʦ, ʯʪʦ ʚ ʪʝʭ ʦʙʣʘʩʪʷʭ ʦʙʨʘʟʮʘ, 
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ʛʜʝ ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʧʨʠʣʦʞʝʥʥʦʛʦ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ ʬʦʨʤʠʨʦʚʘʣʘʩʴ ʚʳʪʷʥʫʪʘʷ 

ʩʪʨʘʡʧ-ʩʪʨʫʢʪʫʨʘ ʠʟ ʯʝʨʝʜʫʶʱʠʭʩʷ ʬʘʟ, ʘʥʪʠʬʝʨʨʦʤʘʛʥʠʪʥʘʷ ʦʩʴ ʙʳʣʘ ʥʘʧʨʘʚʣʝʥʘ ʧʝʨ-

ʧʝʥʜʠʢʫʣʷʨʥʦ ʧʨʦʜʦʣʴʥʦʡ ʦʩʠ ʩʪʨʘʡʧ-ʩʪʨʫʢʪʫʨ.r ɺʳʧʦʣʥʝʥʥʳʡ ʘʚʪʦʨʘʤʠ ʨʘʙʦʪʳ ʪʝʦ-

ʨʝʪʠʯʝʩʢʠʡ ʘʥʘʣʠʟ ʧʦʢʘʟʘʣ, ʯʪʦ ʪʘʢʦʝ ʤʘʛʥʠʪʥʦʝ ʧʦʚʝʜʝʥʠʝ ʤʦʞʝʪ ʙʳʪʴ ʦʙʲʷʩʥʝʥʦ ʬʦʨ-

ʤʠʨʦʚʘʥʠʝʤ ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʛʨʘʜʠʝʥʪʘ ʜʝʬʦʨʤʘʮʠʡ ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ ʚʙʣʠʟʠ 

ʤʝʞʬʘʟʥʳʭ ʛʨʘʥʠʮ. 

ɺʤʝʩʪʝ ʩ ʪʝʤ ʜʦ ʩʠʭ ʧʦʨ ʥʝʪ ʧʨʷʤʳʭ ʫʙʝʜʠʪʝʣʴʥʳʭ ʜʦʢʘʟʘʪʝʣʴʩʪʚ ʩʫʱʝʩʪʚʦʚʘʥʠʷ 

ʬʣʝʢʩʦʤʘʛʥʠʪʥʦʛʦ ʵʬʬʝʢʪʘ, ʘ ʪʘʢʞʝ ʦʪʩʫʪʩʪʚʫʶʪ ʢʘʢʠʝ-ʣʠʙʦ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʟʥʘ-

ʯʝʥʠʷ ʝʛʦ ʚʝʣʠʯʠʥʳ, ʧʦʣʫʯʝʥʥʳʝ ʧʨʷʤʳʤʠ ʤʝʪʦʜʘʤʠ. ɼʘʣʝʝ ʙʫʜʝʪ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʦʙʥʘ-

ʨʫʞʝʥʥʘʷ ʚ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʪʦʥʢʦʡ ʧʣʝʥʢʝ Ni71.5Fe28.5 ʦʜʥʦʥʘʧʨʘʚʣʝʥʥʘʷ ʘʥʠʟʦ-

ʪʨʦʧʠʷ, ʠʥʜʫʮʠʨʦʚʘʥʥʘ ̫ ʛʨʘʜʠʝʥʪʦʤ ʜʝʬʦʨʤʘʮʠʡ, ʷʚʣʷʝʪʩʷ ʧʨʦʷʚʣʝʥʠʝʤ ʬʣʝʢʩʦʤʘʛ-

ʥʠʪʥʦʛʦ ʵʬʬʝʢʪʘ. 

5.2.2 ʌʝʥʦʤʝʥʦʣʦʛʠʯʝʩʢʦʝ ʦʧʠʩʘʥʠʝ ʬʣʝʢʩʦʤʘʛʥʠʪʥʦʛʦ ʵʬʬʝʢʪʘ 

ʄʘʛʥʠʪʦʤʝʭʘʥʠʯʝʩʢʘʷ ʩʚʷʟʴ ʬʝʥʦʤʝʥʦʣʦʛʠʯʝʩʢʠ ʦʧʠʩʳʚʘʝʪʩʷ ʧʫʪʝʤ ʜʦʙʘʚʣʝʥʠʷ 

ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ ʯʣʝʥʦʚ ʢ ʚʳʨʘʞʝʥʠʶ ʜʣʷ ʧʣʦʪʥʦʩʪʠ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʦʛʦ ʧʦʪʝʥʮʠʘʣʘ, 

ʪʦ ʝʩʪʴ ʧʣʦʪʥʦʩʪʠ ʩʚʦʙʦʜʥʦʡ ʵʥʝʨʛʠʠ ʤʘʛʥʠʪʦʩʪʨʠʢʮʠʦʥʥʦʡ F
strict

 ʠ ʬʣʝʢʩʦʤʘʛʥʠʪʥʦʡ 
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 ʩʚʷʟʠ [235] 
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ʛʜʝ Mk,l ï ʢʦʤʧʦʥʝʥʪʳ ʚʝʢʪʦʨʘ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ, uij ï ʢʦʤʧʦʥʝʥʪʳ ʪʝʥʟʦʨʘ ʜʝʬʦʨʤʘʮʠʡ, 

qijkl ï ʢʦʤʧʦʥʝʥʪʳ ʪʝʥʟʦʨʘ ʤʘʛʥʠʪʦʫʧʨʫʛʠʭ ʧʦʩʪʦʷʥʥʳʭ, ʠ Qijkl ï ʢʦʤʧʦʥʝʥʪʳ ʪʝʥʟʦʨʘ 

ʬʣʝʢʩʦʤʘʛʥʠʪʥʦʡ ʩʚʷʟʠ. ʆʛʨʘʥʠʯʠʚʘʷʩʴ ʨʘʩʩʤʦʪʨʝʥʠʝʤ ʪʦʣʴʢʦ ʦʜʥʦʨʦʜʥʦ ʥʘʤʘʛʥʠʯʝʥ-

ʥʦʡ (ʚ ʧʣʦʩʢʦʩʪʠ), ʫʧʨʫʛʦ- ʠ ʤʘʛʥʠʪʦʠʟʦʪʨʦʧʥʦʡ ʊʄʇ ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʠʟʛʠʙʘʶʱʝʡ ʦʜ-

ʥʦʦʩʥʦʡ ʜʝʬʦʨʤʘʮʠʠ u ʚʜʦʣʴ ʦʩʠ x ʚʳʨʘʞʝʥʠʝ (5.14) ʧʨʝʦʙʨʘʟʫʝʪʩʷ ʢ ʚʠʜʫ 
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quMF , (5.15) 

ʛʜʝ Ms ï ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʴ ʥʘʩʳʱʝʥʠʷ ʊʄʇ, ű ï ʧʣʘʥʘʨʥʳʡ ʫʛʦʣ ʤʝʞʜʫ ʚʝʢʪʦʨʦʤ ʥʘ-

ʤʘʛʥʠʯʝʥʥʦʩʪʠ ʠ ʦʩʴʶ x. ʇʦʩʣʝʜʥʝʝ ʚʳʨʘʞʝʥʠʝ ʦʪʨʘʞʘʝʪ ʭʦʨʦʰʦ ʠʟʚʝʩʪʥʳʡ ʬʘʢʪ [239], 

ʯʪʦ ʤʘʛʥʠʪʦʩʪʨʠʢʮʠʦʥʥʳʡ ʚʢʣʘʜ ʚ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠʡ ʧʦʪʝʥʮʠʘʣ ʧʨʠʚʦʜʠʪ ʢ ʦʜʥʦʦʩʥʦʡ 

ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ ʩ ʵʬʬʝʢʪʠʚʥʳʤ ʧʦʣʝʤ 
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ʛʜʝ ɚs ï ʢʦʥʩʪʘʥʪʘ ʤʘʛʥʠʪʦʩʪʨʠʢʮʠʠ, E ï ʤʦʜʫʣʴ ʖʥʛʘ, ɜ ï ʢʦʵʬʬʠʮʠʝʥʪ ʇʫʘʩʩʦʥʘ ʧʣʝʥʢʠ. 

ɺ ʪʦ ʞʝ ʚʨʝʤʷ ʩʦʛʣʘʩʥʦ (5.15) ʬʣʝʢʩʦʤʘʛʥʠʪʥʳʡ ʵʬʬʝʢʪ ʜʦʣʞʝʥ ʧʨʦʷʚʣʷʪʴʩʷ ʚ ʚʠʜʝ ʦʜ-

ʥʦʥʘʧʨʘʚʣʝʥʥʦʡ ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ ʩ ʵʬʬʝʢʪʠʚʥʳʤ ʧʦʣʝʤ 

 u
Q

x

uQ

M

F
H

x

flexo
Ð-=

µ

µ
-=

µ

µ
-=s

22
1 . (5.17) 

ɼʣʷ ʧʨʦʚʝʨʢʠ ʵʪʦʛʦ ʬʘʢʪʘ ʙʳʣ ʧʨʦʚʝʜʝʥ ʩʧʝʮʠʘʣʴʥʦ ʦʨʛʘʥʠʟʦʚʘʥʥʳʡ ʵʢʩʧʝʨʠʤʝʥʪ. 

5.2.3 ʆʙʨʘʟʝʮ ʠ ʤʝʪʦʜʠʢʘ ʠʟʤʝʨʝʥʠʡ 

ʀʩʩʣʝʜʫʝʤʳʡ ʦʙʨʘʟʝʮ ʊʄʇ ʙʳʣ ʠʟʛʦʪʦʚʣʝʥ ʚʘʢʫʫʤʥʳʤ ʪʝʨʤʠʯʝʩʢʠʤ ʨʘʩʧʳʣʝʥʠʝʤ 

ʧʝʨʤʘʣʣʦʷ ʥʘ ʧʦʣʠʨʦʚʘʥʥʫʶ ʩʪʝʢʣʷʥʥʫʶ ʧʦʜʣʦʞʢʫ ʨʘʟʤʝʨʦʤ 8Ĭ24 ʤʤ. ɺ ʢʘʯʝʩʪʚʝ ʠʩ-

ʭʦʜʥʦʛʦ ʤʘʪʝʨʠʘʣʘ ʙʳʣ ʚʳʙʨʘʥ ʤʘʛʥʠʪʦʩʪʨʠʢʮʠʦʥʥʳʡ ʩʦʩʪʘʚ Ni71Fe29 ʩ ʦʪʥʦʩʠʪʝʣʴʥʦ 

ʙʦʣʴʰʦʡ ʢʦʥʩʪʘʥʪʦʡ ʤʘʛʥʠʪʦʩʪʨʠʢʮʠʠ ɚs å 17Ĭ10
ï6

 [240]. ɼʣʷ ʫʤʝʥʴʰʝʥʠʷ ʰʝʨʦʭʦʚʘʪʦ-

ʩʪʠ ʧʦʚʝʨʭʥʦʩʪʴ ʧʦʜʣʦʞʢʠ ʙʳʣʘ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦ ʧʦʢʨʳʪʘ ʘʤʦʨʬʥʳʤ ʩʣʦʝʤ SiO ʪʦʣʱʠ-

ʥʦʡ 500 ʥʤ. ɼʣʷ ʪʦʛʦ ʯʪʦʙʳ ʦʙʝʩʧʝʯʠʪʴ ʢʦʥʪʨʦʣʠʨʫʝʤʳʡ ʛʨʘʜʠʝʥʪ ʜʝʬʦʨʤʘʮʠʠ, ʧʦʜ-

ʣʦʞʢʘ ʠʤʝʣʘ ʩʧʝʮʠʘʣʴʥʳʡ ʧʨʦʬʠʣʴ [241] ʪʘʢ, ʢʘʢ ʧʦʢʘʟʘʥʦ ʥʘ ʨʠʩʫʥʢʝ 5.6. ʊʦʣʱʠʥʘ 

ʧʦʜʣʦʞʢʠ ʧʦʩʝʨʝʜʠʥʝ ʧʨʝʪʝʨʧʝʚʘʣʘ ʩʢʘʯʦʢ, ʧʨʠ ʵʪʦʤ ʣʝʚʘʷ ʯʘʩʪʴ ʧʦʜʣʦʞʢʠ ʠʤʝʣʘ ʪʦʣ-

ʱʠʥʫ, ʨʘʚʥʫʶ 2 ʤʤ, ʘ ʧʨʘʚʘʷ ï 1 ʤʤ. ʂʨʦʤʝ ʪʦʛʦ, ʩʚʝʨʭʫ ʥʘ ʢʨʘʷʭ ʚʜʦʣʴ ʢʦʨʦʪʢʦʡ ʩʪʦʨʦʥʳ 

ʧʦʜʣʦʞʢʠ ʜʣʷ ʩʧʝʮʠʘʣʴʥʳʭ ʢʨʝʧʣʝʥʠʡ ʜʦʧʦʣʥʠʪʝʣʴʥʦ ʙʳʣʠ ʩʜʝʣʘʥʳ ʫʛʣʫʙʣʝʥʠʷ ʨʘʟʤʝ-

ʨʦʤ 0.5Ĭ1 ʤʤ (ʨʠʩʫʥʦʢ 5.6). ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʦʙʱʠʡ ʨʘʟʤʝʨ ʦʩʘʞʜʝʥʥʦʡ ʊʄʇ ʩʦʩʪʘʚʣʷʣ 

8Ĭ22 ʤʤ. ɺ ʧʨʦʮʝʩʩʝ ʦʩʘʞʜʝʥʠʷ ʪʝʤʧʝʨʘʪʫʨʘ ʧʦʜʣʦʞʢʠ ʧʦʜʜʝʨʞʠʚʘʣʘʩʴ ʥʘ ʫʨʦʚʥʝ 200 Áʉ. 

ʇʨʠ ʵʪʦʤ ʚ ʧʣʦʩʢʦʩʪʠ ʧʣʝʥʢʠ ʚʜʦʣʴ ʝʝ ʜʣʠʥʥʦʡ ʦʩʠ ʙʳʣʦ ʧʨʠʣʦʞʝʥʦ ʦʨʠʝʥʪʠʨʫʶʱʝʝ 

ʚʥʝʰʥʝʝ ʤʘʛʥʠʪʥʦʝ ʧʦʣʝ ~200 ʕ. ɹʘʟʦʚʦʝ ʜʘʚʣʝʥʠʝ ʚ ʢʘʤʝʨʝ ʙʳʣʦ ʥʠʞʝ 10
ī3

 ʇʘ, ʘ ʩʢʦ-

ʨʦʩʪʴ ʦʩʘʞʜʝʥʠʷ ʩʦʩʪʘʚʣʷʣʘ 1 ʥʤ/ʩ. ʅʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʘʷ ʩʪʨʫʢʪʫʨʘ ʦʙʨʘʟʮʘ ʩʦ ʩʨʝʜʥʠʤ 

ʨʘʟʤʝʨʦʤ ʢʨʠʩʪʘʣʣʠʪʦʚ 8 ʥʤ ʠʟʤʝʨʝʥʘ ʤʝʪʦʜʦʤ ʧʨʦʩʚʝʯʠʚʘʶʱʝʡ ʵʣʝʢʪʨʦʥʥʦʡ ʤʠʢʨʦ-

ʩʢʦʧʠʠ, ʘ ʨʝʥʪʛʝʥʦʬʣʶʵʨʝʩʮʝʥʪʥʳʤ ʘʥʘʣʠʟʦʤ ʦʧʨʝʜʝʣʝʥ ʝʛʦ ʩʦʩʪʘʚ Ni71.5Fe28.5 ʚ ʚʝʩʦʚʳʭ 

ʧʨʦʮʝʥʪʘʭ ʠ ʪʦʣʱʠʥʘ 70 ʥʤ. ʕʣʝʢʪʨʦʥʦʛʨʘʤʤʘ ʠʩʩʣʝʜʫʝʤʦʛʦ ʫʯʘʩʪʢʘ ʊʄʇ ʫʩʪʘʥʦʚʠʣʘ 

ʩʣʫʯʘʡʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʢʨʠʩʪʘʣʣʠʪʦʚ. ʂʘʢ ʧʦʢʘʟʘʥʦ ʚ ʪʨʝʪʴʝʡ ʛʣʘʚʝ, ʚ ʪʘʢʠʭ ʥʘʥʦʢʨʠ-

ʩʪʘʣʣʠʯʝʩʢʠʭ ʤʘʪʝʨʠʘʣʘʭ, ʩ ʨʘʟʤʝʨʦʤ ʢʨʠʩʪʘʣʣʠʪʦʚ ʤʥʦʛʦ ʤʝʥʴʰʠʭ ʨʘʜʠʫʩʘ ʢʦʨʨʝʣʷʮʠʠ 

ʦʙʤʝʥʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ, ʟʘ ʩʯʝʪ ʫʩʨʝʜʥʝʥʠʷ ʤʘʛʥʠʪʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʘʥʠʟʦʪʨʦʧʠʠ 

ʥʘʙʣʶʜʘʝʪʩʷ ʟʥʘʯʠʪʝʣʴʥʦʝ ʩʥʠʞʝʥʠʝ ʢʦʵʨʮʠʪʠʚʥʦʡ ʩʠʣʳ. 
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ʈʠʩʫʥʦʢ 5.6 ï ʉʭʝʤʘʪʠʯʝʩʢʦʝ ʠʟʦʙʨʘʞʝʥʠʝ ʜʝʨʞʘʪʝʣʷ ʜʣʷ ʬʦʨʤʠʨʦʚʘʥʠʷ ʢʦʥʪʨʦʣʠʨʫʝ-

ʤʳʭ ʜʝʬʦʨʤʘʮʠʡ ʚ ʧʦʜʣʦʞʢʝ ʩ ʊʄʇ, ʘ ʪʘʢʞʝ ʠʟʦʙʨʘʞʝʥʠʝ ʠʩʧʦʣʴʟʫʝʤʦʡ ʚ ʵʢʩʧʝʨʠʤʝʥʪʝ 

ʢʦʦʨʜʠʥʘʪʥʦʡ ʩʠʩʪʝʤʳ ʩ ʫʢʘʟʘʥʠʝʤ ʚʟʘʠʤʥʦʛʦ ʨʘʩʧʦʣʦʞʝʥʠʷ ʠʟʤʝʨʷʝʤʳʭ ʚʝʣʠʯʠʥ 

ɼʣʷ ʩʦʟʜʘʥʠʷ ʜʝʬʦʨʤʘʮʠʠ ʚ ʧʣʦʩʢʦʩʪʠ ʊʄʇ ʦʙʨʘʟʝʮ ʧʦʤʝʱʘʣʩʷ ʚ ʩʧʝʮʠʘʣʴʥʳʡ 

ʜʝʨʞʘʪʝʣʴ, ʦʙʝʩʧʝʯʠʚʘʶʱʠʡ ʢʦʥʪʨʦʣʠʨʫʝʤʳʡ ʠʟʛʠʙ ʧʦʜʣʦʞʢʠ. ɼʣʷ ʵʪʦʛʦ ʣʝʚʘʷ ʧʦʣʦʚʠʥʘ 

ʧʦʜʣʦʞʢʠ ʨʘʟʤʝʱʘʣʘʩʴ ʥʘ ʨʦʚʥʦʤ ʤʝʪʘʣʣʠʯʝʩʢʦʤ ʦʩʥʦʚʘʥʠʠ, ʘ ʝʝ ʣʝʚʳʡ ʢʨʘʡ ʩ ʧʦʤʦʱʴʶ 

ʚʠʥʪʦʚ ʠ ʩʧʝʮʠʘʣʴʥʦʛʦ ʟʘʞʠʤʘ ʙʳʣ ʧʨʠʞʘʪ ʢ ʦʩʥʦʚʘʥʠʶ (ʨʠʩʫʥʦʢ 5.6). ʇʨʘʚʳʡ ʢʨʘʡ 

ʧʦʜʣʦʞʢʠ ʩ ʧʦʤʦʱʴʶ ʩʧʝʮʠʘʣʴʥʦʛʦ ʢʨʦʥʰʪʝʡʥʘ (ʥʝ ʧʦʢʘʟʘʥʥʦʛʦ ʥʘ ʨʠʩʫʥʢʝ 5.6) ʩʤʝ-

ʱʘʣʩʷ ʚʥʠʟ ʥʘ ʨʘʩʩʪʦʷʥʠʝ hz = 140 ʤʢʤ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʵʪʦʛʦ ʧʦʜʣʦʞʢʘ ʠʟʛʠʙʘʣʘʩʴ, ʢʘʢ 

ʩʭʝʤʘʪʠʯʥʦ ʧʦʢʘʟʘʥʦ ʥʘ ʨʠʩʫʥʢʝ 5.6, ʠ ʩʦʟʜʘʚʘʣʘ ʚ ʊʄʇ ʛʨʘʜʠʝʥʪʥʳʝ ʜʝʬʦʨʤʘʮʠʠ, ʢʦ-

ʪʦʨʳʝ ʙʳʣʠ ʨʘʩʩʯʠʪʘʥʳ ʤʝʪʦʜʦʤ ʢʦʥʝʯʥʳʭ ʵʣʝʤʝʥʪʦʚ ʩ ʧʦʤʦʱʴʶ ʤʘʪʝʤʘʪʠʯʝʩʢʦʛʦ ʧʘ-

ʢʝʪʘ COMSOL Multiphysics [214]. 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʤʘʛʥʠʪʥʳʭ ʩʚʦʡʩʪʚ ʣʦʢʘʣʴʥʳʭ ʫʯʘʩʪʢʦʚ ʧʣʝʥʢʠ Ni71.5Fe28.5 ʧʨʦʚʦ-

ʜʠʣʦʩʴ ʥʘ ʩʢʘʥʠʨʫʶʱʝʤ ʩʧʝʢʪʨʦʤʝʪʨʝ ʬʝʨʨʦʤʘʛʥʠʪʥʦʛʦ ʨʝʟʦʥʘʥʩʘ (ʨʘʟʜʝʣ 2.1.1), ʢʦʪʦ-

ʨʳʡ ʧʦʟʚʦʣʷʝʪ ʨʝʛʠʩʪʨʠʨʦʚʘʪʴ ʩʧʝʢʪʨʳ ʌʄʈ ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʥʘʧʨʘʚʣʝʥʠʷʭ űH ʤʘʛʥʠʪ-

ʥʦʛʦ ʧʦʣʷ ʨʘʟʚʝʨʪʢʠ H. ʀʟʤʝʨʝʥʠʷ ʧʨʦʚʦʜʠʣʠʩʴ ʥʘ ʯʘʩʪʦʪʝ 2.274 ɻɻʮ ʧʦ ʚʩʝʡ ʧʣʦʱʘʜʠ 

ʦʙʨʘʟʮʘ ʩ ʰʘʛʦʤ 1 ʤʤ, ʘ ʚʙʣʠʟʠ ʩʪʫʧʝʥʠ ï ʩ ʰʘʛʦʤ 0.5 ʤʤ. ɼʣʷ ʪʦʛʦ ʯʪʦʙʳ ʠʟʙʝʞʘʪʴ ʥʝ-

ʦʜʥʦʨʦʜʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ, ʧʝʨʝʜ ʢʘʞʜʳʤ ʠʟʤʝʨʝʥʠʝʤ ʚ ʧʣʦʩʢʦʩʪʠ ʊʄʇ 

ʧʨʠʢʣʘʜʳʚʘʣʦʩʴ ʧʦʣʝ H = 300 ʕ, ʘ ʟʘʧʠʩʴ ʩʧʝʢʪʨʘ ʌʄʈ ʧʨʦʠʟʚʦʜʠʣʘʩʴ ʧʨʠ ʦʙʨʘʪʥʦʡ 

ʨʘʟʚʝʨʪʢʝ ʧʦʣʷ. ʅʘʤʘʛʥʠʯʝʥʥʦʩʪʴ ʥʘʩʳʱʝʥʠʷ Ms ʠ ʧʘʨʘʤʝʪʨ rʦʜʥʦʦʩʥʦʡ (ʚʝʣʠʯʠʥʘ ʧʦʣʷ 

H2 ʠ ʥʘʧʨʘʚʣʝʥʠʝ ʦʩʠ ʣʝʛʢʦʛʦ ʥʘʤʘʛʥʠʯʠʚʘʥʠʷ ű2) ʠ ʦʜʥʦʥʘʧʨʘʚʣʝʥʥʦʡ (ʚʝʣʠʯʠʥʘ ʧʦʣʷ H1 

ʠ ʥʘʧʨʘʚʣʝʥʠʝ ű1) ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ ʦʧʨʝʜʝʣʷʣʠʩʴ ʠʟ ʫʛʣʦʚʳʭ ʟʘʚʠʩʠʤʦʩʪʝʡ ʧʦʣʷ 

ʌʄʈ ʩ ʧʦʤʦʱʴʶ ʦʧʠʩʘʥʥʦʡ ʚ ʨʘʟʜʝʣʝ 2.2 ʤʝʪʦʜʠʢʠ. ʂʦʦʨʜʠʥʘʪʥʘʷ ʩʠʩʪʝʤʘ ʠ ʦʙʱʘʷ 

ʩʭʝʤʘ ʚʟʘʠʤʥʦʛʦ ʨʘʩʧʦʣʦʞʝʥʠʷ ʠʟʤʝʨʷʝʤʳʭ ʚʝʣʠʯʠʥ ʧʨʝʜʩʪʘʚʣʝʥʘ ʥʘ ʨʠʩʫʥʢʝ 5.6. 
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5.2.4 ʆʙʩʫʞʜʝʥʠʝ ʨʝʟʫʣʴʪʘʪʦʚ ʠʟʤʝʨʝʥʠʡ 

ʅʘ ʨʠʩʫʥʢʝ 5.7 ʤʘʨʢʝʨʘʤʠ ʧʦʢʘʟʘʥʳ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʫʛʣʦʚʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʨʝ-

ʟʦʥʘʥʩʥʦʛʦ ʧʦʣʷ HR(jH) ʠ ʰʠʨʠʥʳ ʣʠʥʠʠ ʌʄʈ ȹH(jH), ʩʥʷʪʳʝ ʚʜʦʣʴ ʜʣʠʥʥʦʡ ʦʩʠ ʧʦʜ-

ʚʝʨʞʝʥʥʦʛʦ ʠʟʛʠʙʫ ʦʙʨʘʟʮʘ ʜʣʷ ʪʨʝʭ ʪʦʯʝʢ ʩ ʢʦʦʨʜʠʥʘʪʘʤʠ x = ī1 ʤʤ (ʢʚʘʜʨʘʪʥʳʝ), 0 ʤʤ 

(ʢʨʫʛʣʳʝ), ʠ 1.5 ʤʤ (ʪʨʝʫʛʦʣʴʥʳʝ ʤʘʨʢʝʨʳ). ʉʧʣʦʰʥʳʤʠ ʣʠʥʠʷʤʠ ʥʘ ʵʪʦʤ ʨʠʩʫʥʢʝ ʧʦ-

ʢʘʟʘʥʳ ʪʝʦʨʝʪʠʯʝʩʢʠʝ ʟʘʚʠʩʠʤʦʩʪʠ, ʢʦʪʦʨʳʝ ʜʦʩʪʘʪʦʯʥʦ ʭʦʨʦʰʦ ʩʦʚʧʘʜʘʶʪ ʩ ʵʢʩʧʝʨʠ-

ʤʝʥʪʘʣʴʥʳʤʠ, ʟʘ ʠʩʢʣʶʯʝʥʠʝʤ ʫʛʣʦʚʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ʰʠʨʠʥʳ ʣʠʥʠʠ ȹH(jH) ʜʣʷ ʪʦʯʢʠ 

x = ī1 ʤʤ. ʕʪʦ ʥʘʙʣʶʜʘʝʤʦʝ ʥʝʙʦʣʴʰʦʝ ʨʘʟʣʠʯʠʝ ʜʣʷ ȹH(jH) ʛʦʚʦʨʠʪ, ʧʦ ʚʩʝʡ ʚʠʜʠʤʦʩʪʠ, 

ʦ ʥʝʢʦʪʦʨʦʤ ʜʦʧʦʣʥʠʪʝʣʴʥʦʤ ʤʝʭʘʥʠʟʤʝ ʨʝʣʘʢʩʘʮʠʠ ʚ ʜʘʥʥʦʡ ʪʦʯʢʝ. 

  

 

ʈʠʩʫʥʦʢ 5.7 ï ɿʘʚʠʩʠʤʦʩʪʠ ʨʝʟʦʥʘʥʩʥʦʛʦ ʧʦʣʷ HR ʠ ʰʠʨʠʥʳ ʣʠʥʠʠ ʌʄʈ ȹH ʦʪ 

ʥʘʧʨʘʚʣʝʥʠʷ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʨʘʟʚʝʨʪʢʠ űH ʜʣʷ ʪʨʝʭ ʣʦʢʘʣʴʥʳʭ ʫʯʘʩʪʢʦʚ ʧʣʝʥʢʠ 

Ni71.5Fe28.5 ʩ ʢʦʦʨʜʠʥʘʪʘʤʠ y = 0 ʠ x = ī1 ʤʤ (ʢʚʘʜʨʘʪʥʳʝ), 0 ʤʤ (ʢʨʫʛʣʳʝ), 1.5 ʤʤ 

(ʪʨʝʫʛʦʣʴʥʳʝ ʤʘʨʢʝʨʳ). ʄʘʨʢʝʨʳ ï ʵʢʩʧʝʨʠʤʝʥʪ, ʩʧʣʦʰʥʘʷ ʣʠʥʠʷ ï ʨʘʩʯʝʪ 
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ɸʥʘʣʠʟ ʟʘʚʠʩʠʤʦʩʪʝʡ HR(jH) ʧʦʢʘʟʳʚʘʝʪ, ʯʪʦ ʚ ʮʝʥʪʨʘʣʴʥʦʡ ʪʦʯʢʝ x = 0 ʤʤ ʠʩʩʣʝ-

ʜʫʝʤʦʡ ʧʣʝʥʢʠ Ni75Fe25 ʠʤʝʝʪ ʤʝʩʪʦ ʪʦʣʴʢʦ ʦʜʥʦʦʩʥʘʷ ʤʘʛʥʠʪʥʘʷ ʘʥʠʟʦʪʨʦʧʠʷ H2 (ʘʥʠ-

ʟʦʪʨʦʧʠʷ ʚʪʦʨʦʛʦ ʧʦʨʷʜʢʘ), ʪʦʛʜʘ ʢʘʢ ʚ ʪʦʯʢʘʭ ʩʣʝʚʘ ʠ ʩʧʨʘʚʘ ʦʪ ʥʝʝ ʧʦʤʠʤʦ ʦʜʥʦʦʩʥʦʡ 

ʘʥʠʟʦʪʨʦʧʠʠ ʧʨʠʩʫʪʩʪʚʫʝʪ ʠ ʦʜʥʦʥʘʧʨʘʚʣʝʥʥʘʷ ʤʘʛʥʠʪʥʘʷ ʘʥʠʟʦʪʨʦʧʠʷ H1 (ʘʥʠʟʦʪʨʦʧʠʷ 

ʧʝʨʚʦʛʦ ʧʦʨʷʜʢʘ). ɺ ʪʦʯʢʝ x = ī1 ʤʤ ʚʝʣʠʯʠʥʘ H1 ʩʦʩʪʘʚʠʣʘ ~1.8 ʕ, ʧʨʠ ʵʪʦʤ ʥʘʧʨʘʚʣʝʥʠʝ 

ʦʜʥʦʥʘʧʨʘʚʣʝʥʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ ű1 ~ 180Á. ɺ ʪʦ ʞʝ ʚʨʝʤʷ ʭʦʪʷ ʚʝʣʠʯʠʥʘ ʦʜʥʦʥʘʧʨʘʚʣʝʥ-

ʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ ʚ ʪʦʯʢʝ x = 1.5 ʤʤ ʧʨʘʢʪʠʯʝʩʢʠ ʚ 7 ʨʘʟ ʤʝʥʴʰʝ H1 ~ 0.25 ʕ, ʦʪʯʝʪʣʠʚʦ 

ʚʠʜʥʦ, ʯʪʦ ʦʥʘ ʠʤʝʝʪ ʧʨʦʪʠʚʦʧʦʣʦʞʥʦʝ ʥʘʧʨʘʚʣʝʥʠʝ ű1 ~ 0Á. 

ʆʙʱʘʷ ʢʘʨʪʠʥʘ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʧʘʨʘʤʝʪʨʦʚ ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ ʧʦ ʚʩʝʡ ʧʣʦ-

ʱʘʜʠ ʥʝʦʜʥʦʨʦʜʥʦ ʜʝʬʦʨʤʠʨʦʚʘʥʥʦʡ ʊʄʇ ʧʨʝʜʩʪʘʚʣʝʥʘ ʥʘ ʨʠʩʫʥʢʝ 5.8. ʀʟ ʨʠʩʫʥʢʘ 

ʚʠʜʥʦ, ʯʪʦ ʢʘʢ ʜʣʷ ʦʜʥʦʦʩʥʦʡ ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ H2 (ʨʠʩʫʥʦʢ 5.8, a), ʪʘʢ ʠ ʜʣʷ ʦʜ-

ʥʦʥʘʧʨʘʚʣʝʥʥʦʡ H1 (ʨʠʩʫʥʦʢ 5.8, b) ʠʟʤʝʥʝʥʠʷ ʥʦʩʷʪ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʦʜʥʦʤʝʨʥʳʡ ʭʘ-

ʨʘʢʪʝʨ ʧʘʨʘʣʣʝʣʴʥʦ ʦʩʠ x, ʪʦʛʜʘ ʢʘʢ ʚʜʦʣʴ ʰʠʨʠʥʳ ʦʙʨʘʟʮʘ ʵʪʠ ʠʟʤʝʥʝʥʠʷ ʥʝʩʫʱʝʩʪ-

ʚʝʥʥʳ. ɼʣʷ ʦʙʱʝʛʦ ʘʥʘʣʠʟʘ ʠʟʤʝʨʝʥʥʳʝ ʤʘʛʥʠʪʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʙʳʣʠ ʫʩʨʝʜʥʝʥʳ 

ʚʜʦʣʴ ʦʩʠ y. ʇʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʛʨʘʬʠʢʘʭ ʨʠʩʫʥʢʦʚ 5.9 (c, d, e, f). 

ʂʨʦʤʝ ʩʨʝʜʥʠʭ ʟʥʘʯʝʥʠʡ ʥʘ ʵʪʠʭ ʛʨʘʬʠʢʘʭ ʧʣʘʥʢʘʤʠ ʜʦʧʦʣʥʠʪʝʣʴʥʦ ʦʪʣʦʞʝʥʳ ʟʥʘʯʝʥʠʷ 

ʩʨʝʜʥʝʢʚʘʜʨʘʪʠʯʥʦʛʦ ʦʪʢʣʦʥʝʥʠʷ ʫʩʨʝʜʥʷʝʤʳʭ ʚʝʣʠʯʠʥ. 

  

 

ʈʠʩʫʥʦʢ 5.8 ï ʈʘʩʧʨʝʜʝʣʝʥʠʝ ʧʘʨʘʤʝʪʨʦʚ ʦʜʥʦʦʩʥʦʡ ï (a), ʠ ʦʜʥʦʥʘʧʨʘʚʣʝʥʥʦʡ ï (b) 

ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ ʧʦ ʧʣʦʱʘʜʠ ʊʄʇ Ni71.5Fe28.5 ʧʦʜ ʚʦʟʜʝʡʩʪʚʠʝʤ ʠʟʛʠʙʥʦʡ 

ʜʝʬʦʨʤʘʮʠʠ çʩʪʫʧʝʥʯʘʪʦʡè ʧʦʜʣʦʞʢʠ. ɹʝʣʳʝ ʯʝʨʪʦʯʢʠ ʠ ʩʪʨʝʣʢʠ ï ʥʘʧʨʘʚʣʝʥʠʝ 

ʦʩʝʡ ʣʝʛʢʦʛʦ ʥʘʤʘʛʥʠʯʠʚʘʥʠʷ ʠ ʦʜʥʦʥʘʧʨʘʚʣʝʥʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ 
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ɼʣʷ ʘʥʘʣʠʟʘ ʠ ʠʥʪʝʨʧʨʝʪʘʮʠʠ ʧʦʣʫʯʝʥʥʳʭ ʜʘʥʥʳʭ ʜʦʧʦʣʥʠʪʝʣʴʥʦ ʙʳʣ ʚʧrʦʣʥʝʥ 

ʨʘʩʯʝʪ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʢʦʤʧʦʥʝʥʪ ʪʝʥʟʦʨʘ ʜʝʬʦʨʤʘʮʠʡ ʧʦ ʧʣʦʱʘʜʠ ʊʄʇ. ɸʙʩʦʣʶʪʥʦʝ 

ʟʥʘʯʝʥʠʝ ʧʨʦʜʦʣʴʥʦʡ ʢʦʤʧʦʥʝʥʪʳ ʪʝʥʟʦʨʘ ʜʝʬʦʨʤʘʮʠʡ uxx ʙʦʣʝʝ ʯʝʤ ʥʘ ʧʦʨʷʜʦʢ ʧʨʝ-

ʚʳʰʘʣʘ ʚʝʣʠʯʠʥʫ ʧʣʘʥʘʨʥʳʭ ʢʦʤʧʦʥʝʥʪ uxy, uyy. ʂʨʦʤʝ ʪʦʛʦ, ʠʟʤʝʥʝʥʠʝ ʢʦʤʧʦʥʝʥʪʳ uxx 

ʚʜʦʣʴ ʦʩʠ y ʙʳʣʦ ʧʨʝʥʝʙʨʝʞʠʤʦ ʤʘʣʦ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʠʟʤʝʥʝʥʠʷʤʠ ʚʜʦʣʴ ʦʩʠ x. ʇʦʵʪʦʤʫ 

ʧʨʠʥʷʪʦʝ ʧʨʠʙʣʠʞʝʥʠʝ, ʯʪʦ ʠʥʜʫʮʠʨʦʚʘʥʥʳʝ ʠʟʛʠʙʦʤ ʜʝʬʦʨʤʘʮʠʠ ʚ ʧʣʝʥʢʝ ʷʚʣʷʶʪʩʷ ʢʘʢ 

ʦʜʥʦʦʩʥʳʤʠ, ʪʘʢ ʠ ʦʜʥʦʤʝʨʥʳʤʠ, ʚʧʦʣʥʝ ʜʦʧʫʩʪʠʤʦ. ʇʨʦʜʦʣʴʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʦʜʥʦʦʩ-

ʥʦʡ ʜʝʬʦʨʤʘʮʠʠ ʧʣʝʥʢʠ u(x) = uxx(x) ʠ ʝʝ ʧʨʦʠʟʚʦʜʥʦʡ du(x)/dx ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʨʠʩʫʥ-

ʢʘʭ 5.9 (a, b). 

  

 

ʈʠʩʫʥʦʢ 5.9 ï ɿʘʚʠʩʠʤʦʩʪʠ ʦʪ ʢʦʦʨʜʠʥʘʪʳ x ʫʩʨʝʜʥʝʥʥʳʭ ʚʜʦʣʴ ʦʩʠ y ʧʘʨʘʤʝʪʨʦʚ ʊʄʇ: 

(a, b) ï ʦʜʥʦʦʩʥʦʡ ʜʝʬʦʨʤʘʮʠʠ u(x) ʠ ʝʝ ʧʨʦʠʟʚʦʜʥʦʡ du(x)/dx; (c, d) ï ʚʝʣʠʯʠʥʳ ʧʦʣʷ 

ʦʜʥʦʦʩʥʦʡ H2 ʠ ʦʜʥʦʥʘʧʨʘʚʣʝʥʥʦʡ H1 ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ; (e, f) ï ʥʘʧʨʘʚʣʝʥʠʷ ʆʃʅ 

ű2 ʠ ʦʜʥʦʥʘʧʨʘʚʣʝʥʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ ű1. ʄʘʨʢʝʨʳ ï ʵʢʩʧʝʨʠʤʝʥʪ, ʣʠʥʠʠ ï ʨʘʩʯʝʪ 
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ʈʘʩʩʯʠʪʘʥʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ u(x), ʢʘʢ ʚʠʜʥʦ ʠʟ ʨʠʩʫʥʢʘ 5.9, ʜʦʩʪʘʪʦʯʥʦ ʭʦʨʦʰʦ ʢʦʨ-

ʨʝʣʠʨʫʝʪ ʩ ʟʘʚʠʩʠʤʦʩʪʴʶ ʚʝʣʠʯʠʥʳ ʧʦʣʷ ʦʜʥʦʦʩʥʦʡ ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ H2(x), ʯʪʦ 

ʩʦʛʣʘʩʫʝʪʩʷ ʩ ʚʳʨʘʞʝʥʠʝʤ (5.16). ʆʜʥʘʢʦ ʩʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʧʦʤʠʤʦ ʦʜʥʦʦʩʥʦʡ 

ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ ʫʧʨʫʛʠʭ ʜʝʬʦʨʤʘʮʠʡ Hů2 ʚ ʊʄʇ ʚʦ ʚʨʝʤʷ ʦʩʘʞʜʝʥʠʷ ʚʥʝʰʥʠʤ 

ʧʦʣʝʤ ʚʜʦʣʴ ʦʩʠ x ʙʳʣʘ ʠʥʜʫʮʠʨʦʚʘʥʘ ʦʜʥʦʦʩʥʘʷ ʤʘʛʥʠʪʥʘʷ ʘʥʠʟʦʪʨʦʧʠʷ Hu, ʚʝʣʠʯʠʥʘ 

ʢʦʪʦʨʦʡ, ʢʘʢ ʧʦʢʘʟʘʣʠ ʠʟʤʝʨʝʥʠʷ ʦʙʨʘʟʮʘ ʙʝʟ ʜʝʬʦʨʤʘʮʠʠ, ʩʦʩʪʘʚʠʣʘ Hu ~ 10 ʕ. ʋʯʠʪʳʚʘʷ, 

ʯʪʦ ʜʣʷ ʠʩʩʣʝʜʫʝʤʦʛʦ ʩʦʩʪʘʚʘ ʧʣʝʥʢʠ Ni71.5Fe28.5 ʢʦʥʩʪʘʥʪʘ ʤʘʛʥʠʪʦʩʪʨʠʢʮʠʠ ɚs > 0, ʘ u > 0, 

ʪʦ, ʢʘʢ ʧʦʢʘʟʘʥʦ ʚ ʨʘʟʜʝʣʝ 5.1.1, ʥʘʙʣʶʜʘʝʤʘʷ ʚ ʵʢʩʧʝʨʠʤʝʥʪʝ ʚʝʣʠʯʠʥʘ ʧʦʣʷ ʦʜʥʦʦʩʥʦʡ 

ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ H2 ʙʫʜʝʪ ʨʝʟʫʣʴʪʘʪʦʤ ʧʨʦʩʪʦʡ ʩʫʤʤʳ H2(x) = Hu + Hů2(x). ʅʘ 

ʨʠʩʫʥʢʝ 5.9 (c) ʣʠʥʠʝʡ ʧʦʢʘʟʘʥʳ ʨʝʟʫʣʴʪʘʪʳ ʨʘʩʯʝʪʘ ʵʪʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ʜʣʷ ʩʣʝʜʫʶʱʠʭ 

ʟʥʘʯʝʥʠʡ ʧʘʨʘʤʝʪʨʦʚ ʪʝʦʨʝʪʠʯʝʩʢʦʡ ʤʦʜʝʣʠ ʊʄʇ: ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʴ ʥʘʩʳʱʝʥʠʷ 

Ms = 1022 ɻʩ ʠ ʢʦʥʩʪʘʥʪʘ ʤʘʛʥʠʪʦʩʪʨʠʢʮʠʠ ɚs = 16.3Ĭ10
ï6

 ï ɻ ʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʟʥʘʯʝʥʠʷ, 

ʧʦʣʫʯʝʥʥʳʝ ʜʣʷ ʜʝʬʦʨʤʠʨʦʚʘʥʥʦʛʦ ʦʙʨʘʟʮʘ, ʘ ʪʘʢʞʝ ʤʦʜʫʣʴ ʖʥʛʘ E = 200 ɻʇʘ ʠ ʢʦʵʬ-

ʬʠʮʠʝʥʪ ʇʫʘʩʩʦʥʘ ɜ = 0.3 ï ʩʪʘʥʜʘʨʪʥʳʝ ʟʥʘʯʝʥʠʷ ʜʣʷ ʧʝʨʤʘʣʣʦʝʚʦʡ ʧʣʝʥʢʠ, ʚʟʷʪʳʝ ʠʟ 

[242]. ɺʠʜʥʦ, ʯʪʦ ʜʘʥʥʳʝ ʵʢʩʧʝʨʠʤʝʥʪʘ ʠ ʨʘʩʯʝʪʘ ʭʦʨʦʰʦ ʩʦʛʣʘʩʫʶʪʩʷ. ʅʝʙʦʣʴʰʦʝ ʦʪ-

ʢʣʦʥʝʥʠʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʟʥʘʯʝʥʠʡ ʥʘʧʨʘʚʣʝʥʠʷ ʦʩʠ ʣʝʛʢʦʛʦ ʥʘʤʘʛʥʠʯʠʚʘʥʠʷ ʦʪ 

ʪʝʦʨʝʪʠʯʝʩʢʠʭ ʟʥʘʯʝʥʠʡ (ʣʠʥʠʷ ʥʘ ʨʠʩʫʥʢʝ 5.9, e), ʚʝʨʦʷʪʥʦ, ʩʚʷʟʘʥʦ ʩ ʥʝʢʦʪʦʨʳʤ ʨʘʩ-

ʩʦʛʣʘʩʦʚʘʥʠʝʤ ʤʝʞʜʫ ʥʘʧʨʘʚʣʝʥʠʷʤʠ ʆʃʅ ʜʣʷ Hu ʠ Hů2 (ʨʘʟʜʝʣ 5.1.1). 

ʅʘʠʙʦʣʝʝ ʠʥʪʝʨʝʩʥʦʝ ʧʦʚʝʜʝʥʠʝ ʧʦʢʘʟʳʚʘʝʪ ʦʜʥʦʥʘʧʨʘʚʣʝʥʥʘʷ ʤʘʛʥʠʪʥʘʷ ʘʥʠʟʦ-

ʪʨʦʧʠʷ, ʢʦʪʦʨʘʷ, ʢʘʢ ʚʠʜʥʦ ʥʘ ʨʠʩʫʥʢʝ 5.9 (b, d, f), ʥʘʭʦʜʠʪʩʷ ʚ ʧʨʷʤʦʡ ʢʦʨʨʝʣʷʮʠʠ ʩ 

ʛʨʘʜʠʝʥʪʦʤ ʫʧʨʫʛʠʭ ʜʝʬʦʨʤʘʮʠʡ. ʉʚʷʟʴ ʤʝʞʜʫ ʛʨʘʜʠʝʥʪʦʤ ʜʝʬʦʨʤʘʮʠʡ ʠ ʦʜʥʦʥʘʧʨʘʚ-

ʣʝʥʥʦʡ ʘʥʠʟʦʪʨʦʧʠʝʡ ʧʦʜʪʚʝʨʞʜʘʝʪ ʠ ʪʝʦʨʝʪʠʯʝʩʢʠʡ ʨʘʩʯʝʪ ʧʦ ʬʦʨʤʫʣʝ (5.17). ʊʝʦʨʝ-

ʪʠʯʝʩʢʠʝ ʢʨʠʚʳʝ (ʩʧʣʦʰʥʳʝ ʣʠʥʠʠ ʥʘ ʨʠʩʫʥʢʝ 5.9 (d, f)) ʜʣʷ ʚʝʣʠʯʠʥʳ ʠ ʥʘʧʨʘʚʣʝʥʠʷ 

ʠʥʜʫʮʠʨʦʚʘʥʥʦʡ ʥʝʦʜʥʦʨʦʜʥʳʤʠ ʜʝʬʦʨʤʘʮʠʷʤʠ ʦʜʥʦʥʘʧʨʘʚʣʝʥʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ ʭʦʨʦ-

ʰʦ ʩʦʛʣʘʩʫʶʪʩʷ ʩ ʵʢʩʧʝʨʠʤʝʥʪʦʤ. ʅʘʙʣʶʜʘʝʤʦʝ ʥʘ ʢʨʘʷʭ ʊʄʇ ʥʝʢʦʪʦʨʦʝ ʦʪʣʠʯʠʝ ʤʝʞʜʫ 

ʪʝʦʨʠʝʡ ʠ ʵʢʩʧʝʨʠʤʝʥʪʦʤ ʩʚʷʟʘʥʦ ʩʦ ʩʣʦʞʥʦʩʪʴʶ ʫʯʝʪʘ ʩʪʝʧʝʥʠ ʚʣʠʷʥʠʷ ʨʝʘʣʴʥʦʛʦ ʟʘ-

ʞʠʤʘ ʥʘ ʢʨʘʷʭ ʧʦʜʣʦʞʢʠ ʧʨʠ ʨʘʩʯʝʪʝ ʜʝʬʦʨʤʘʮʠʠ ʠʩʩʣʝʜʫʝʤʦʛʦ ʦʙʨʘʟʮʘ. 

ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʜʘʥʥʳʝ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʚ ʧʦʣʴʟʫ ʬʣʝʢʩʦʤʘʛʥʠʪʥʦʡ ʧʨʠʨʦʜʳ 

ʦʙʥʘʨʫʞʝʥʥʦʡ ʚ ʧʣʝʥʢʝ Ni71.5Fe28.5 ʦʜʥʦʥʘʧʨʘʚʣʝʥʥʦʡ ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ. ʇʦʣʫ-

ʯʝʥʥʦʝ ʧʦʜʛʦʥʢʦʡ ʧʘʨʘʤʝʪʨʘ (ʜʣʷ ʥʘʠʣʫʯʰʝʛʦ ʩʦʦʪʚʝʪʩʪʚʠʷ ʪʝʦʨʠʠ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘ) 

ʟʥʘʯʝʥʠʝ ʢʦʥʩʪʘʥʪʳ ʬʣʝʢʩʦʤʘʛʥʠʪʥʦʛʦ ʵʬʬʝʢʪʘ Q ʩʦʩʪʘʚʠʣʦ 1.5Ĭ10
3
 ʕĀʩʤ. ʕʪʦ ʟʥʘʯʝʥʠʝ ʚ 

10
7
 ʨʘʟ ʧʨʝʚʳʰʘʝʪ ʪʝʦʨʝʪʠʯʝʩʢʦʝ ʟʥʘʯʝʥʠʝ Q, ʧʦʣʫʯʝʥʥʦʝ ʠʟ ʧʝʨʚʳʭ ʧʨʠʥʮʠʧʦʚ ʃʫʢʘ-
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ʰʝʚrʤ ʠ ʉʘʙʠʨʠʘʥʦʚʤr, ʥʦ ʜʣʷ ʘʥʪʠʧʝʨʦʚʩʢʠʪʘ Mn3GaN [234], ʘ ʪʘʢʞʝ ʪʝʦʨʝʪʠʯʝʩʢʫʶ 

ʦʮʝʥʢʫ ʜʣʷ ʢʦʥʩʪʘʥʪʳ ʬʣʝʢʩʦʤʘʛʥʠʪʥʦʛʦ ʵʬʬʝʢʪʘ, ʚʳʧʦʣʥʝʥʥʫʶ ɽʣʠʩʝʝʚʳʤ ʠ ʜʨ. ʚ [235]. 

ɿʥʘʯʝʥʠʝ Q = 1.5Ĭ10
3
 ʕĀʩʤ ʪʘʢʞʝ ʚ ~ 10

7
 ʨʘʟ ʙʦʣʴʰʝ ʦʮʝʥʦʯʥʦʡ ʚʝʣʠʯʠʥʳ, ʧʦʣʫʯʝʥʥʦʡ ʥʘ 

ʦʩʥʦʚʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ ʜʣʷ ʧʝʨʦʚʩʢʠʪʘ BiFeO3 [237]. ʇʦʩʢʦʣʴʢʫ ʬʣʝʢʩʦ-

ʤʘʛʥʠʪʥʳʡ ʵʬʬʝʢʪ ʷʚʣʷʝʪʩʷ ʤʘʣʦʠʟʫʯʝʥʥʳʤ ʷʚʣʝʥʠʝʤ, ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ ʜʣʷ 

ʩʨʘʚʥʝʥʠʷ ʧʨʘʢʪʠʯʝʩʢʠ ʥʝʪ. ʆʛʨʦʤʥʦʝ ʨʘʩʭʦʞʜʝʥʠʝ ʚ ʚʝʣʠʯʠʥʝ ʤʝʞʜʫ ʧʦʣʫʯʝʥʥʳʤ 

ʬʣʝʢʩʦʤʘʛʥʠʪʥʳʤ ʢʦʵʬʬʠʮʠʝʥʪʦʤ ʠ ʧʨʝʜʳʜʫʱʠʤʠ ʪʝʦʨʝʪʠʯʝʩʢʠʤʠ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴ-

ʥʳʤʠ ʦʮʝʥʢʘʤʠ ʤʦʞʝʪ ʙʳʪʴ ʩʚʷʟʘʥʦ, ʚʦ-ʧʝʨʚʳʭ, ʩ ʙʦʣʴʰʦʡ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʴ  ʁʧʝʨʤʘʣʣʦʷ 

ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʴʶ ʧʝʨʦʚʩʢʠʪʘ BiFeO3 ʠ ʘʥʪʠʧʝʨʦʚʩʢʠʪʘ Mn3GaN, ʘ 

ʚʦ-ʚʪʦʨʳʭ, ʩ ʛʠʛʘʥʪʩʢʠʤʠ ʛʨʘʜʠʝʥʪʘʤʠ ʜʝʬʦʨʤʘʮʠʡ, ʢʦʪʦʨʳʝ ʤʦʛʫʪ ʚʦʟʥʠʢʘʪʴ ʥʘ ʛʨʘʥʠ-

ʮʘʭ ʟʝʨʝʥ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ ʊʄʇ, ʧʦʜʚʝʨʛʥʫʪʦʡ ʠʟʛʠʙʫ. 

5.3 ɺʳʚʦʜʳ 

ɺ ʦʪʣʠʯʠʝ ʦʪ ʦʙʲʝʤʥʳʭ ʤʘʪʝʨʠʘʣʦʚ, ʧʣʝʥʢʠ ʥʝʚʦʟʤʦʞʥʦ ʨʘʩʩʤʘʪʨʠʚʘʪʴ ʦʪʜʝʣʴʥʦ 

ʦʪ ʧʦʜʣʦʞʝʢ. ʋʧʨʫʛʠʝ ʥʘʧʨʷʞʝʥʠʷ ʠ ʠʭ ʛʨʘʜʠʝʥʪʳ, ʦʙʫʩʣʦʚʣʝʥʥʳʝ ʧʦʜʣʦʞʢʦʡ, ʩʠʣʴʥʦ 

ʚʣʠʷʶʪ ʧʦʯʪʠ ʥʘ ʚʩʝ ʤʘʛʥʠʪʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʧʣʝʥʦʢ. ʆʥʠ ʫʯʘʩʪʚʫʶʪ ʚ ʬʦʨʤʠʨʦʚʘʥʠʠ 

ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ, ʢʦʵʨʮʠʪʠʚʥʦʡ ʩʠʣr, ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ, ʩʫʱʝʩʪʚʝʥʥʦ ʩʢʘʟʳʚʘ-

ʶʪʩʷ ʥʘ ʧʝʨʝʩʪʨʦʡʢʝ ʜʦʤʝʥʥʦʡ ʩʪʨʫʢʪʫʨʳ ʠ ʧʨʦʮʝʩʩʘʭ ʧʝʨʝʤʘʛʥʠʯʠʚʘʥʠʷ ʩʨʝʜʳ, ʷʚʣʷ-

ʶʪʩʷ ʠʩʪʦʯʥʠʢʦʤ ʤʘʛʥʠʪʥʳʭ ʥʝʦʜʥʦʨʦʜʥʦʩʪʝʡ ʠ ʧʨʠʯʠʥʦʡ ʫʰʠʨʝʥʠʷ ʣʠʥʠʠ ʌʄʈ. ʆʩʦ-

ʙʦʝ ʟʥʘʯʝʥʠʝ ʥʝʦʜʥʦʨʦʜʥʳʝ ʥʘʧʨʷʞʝʥʠʷ ʧʨʠʦʙʨʝʪʘʶʪ ʚ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʪʦʥʢʠʭ 

ʧʣʝʥʢʘʭ, ʚ ʢʦʪʦʨʳʭ ʚʝʣʠʯʠʥʘ ʛʨʘʜʠʝʥʪʦʚ ʜʝʬʦʨʤʘʮʠʡ ʠ ʥʘʧʨʷʞʝʥʠʡ ʠʟ-ʟʘ ʣʦʢʘʣʴʥʳʭ 

ʩʪʨʫʢʪʫʨʥʳʭ ʥʝʦʜʥʦʨʦʜʥʦʩʪʝʡ ʤʦʞʝʪ ʚ 10
6
 ʨʘʟ ʧʨʝʚʳʰʘʪʴ ʟʥʘʯʝʥʠʷ, ʪʠʧʠʯʥʳʝ ʜʣʷ ʦʙ̡-

ʝʤʥʳʭ ʤʦʥʦʢʨʠʩʪʘʣʣʦʚ. 

ɺ ʜʘʥʥʦʡ ʛʣʘʚʝ ʩ ʧʦʤʦʱʴʶ ʩʢʘʥʠʨʫʶʱʝʛʦ ʩʧʝʢʪʨʦʤʝʪʨʘ ʌʄʈ ʠ ʪʝʦʨʝʪʠʯʝʩʢʠʭ 

ʨʘʩʯʝʪʦʚ ʜʦʩʪʘʪʦʯʥʦ ʧʦʜʨʦʙʥʦ ʠʟʫʯʝʥʘ ʧʨʠʨʦʜʘ ʬʦʨʤʠʨʦʚʘʥʠʷ ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ, ʘ 

ʪʘʢʞʝ ʧʨʠʯʠʥʘ ʝʝ ʥʝʦʜʥʦʨʦʜʥʦʛʦ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʧʦ ʧʣʦʱʘʜʠ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʧʣʝ-

ʥʦʢ, ʥʘʭʦʜʷʱʠʭʩʷ ʧʦʜ ʚʦʟʜʝʡʩʪʚʠʝʤ ʚʥʝʰʥʠʭ ʫʧʨʫʛʠʭ ʥʘʧʨʷʞʝʥʠʡ. ɺ ʯʘʩʪʥʦʩʪʠ, ʯʠʩ-

ʣʝʥʥʳʝ ʨʘʩʯʝʪʳ ʢʦʤʧʦʥʝʥʪ ʪʝʥʟʦʨʦʚ ʫʧʨʫʛʠʭ ʜʝʬʦʨʤʘʮʠʡ ʠ ʥʘʧʨʷʞʝʥʠʡ, ʩʦʟʜʘʚʘʝʤʳʭ ʚ 

ʫʧʨʫʛʦʠʟʦʪʨʦʧʥʦʡ ʊʄʇ ʤʝʪʦʜʦʤ ʠʟʛʠʙʘ ʫʧʨʫʛʦʠʟʦʪʨʦʧʥʦʡ ʧʦʜʣʦʞʢʠ, ʧʦʢʘʟʘʣʠ, ʯʪʦ 

ʥʘʧʨʷʞʝʥʠʷ ʥʝʦʜʥʦʨʦʜʥʦ ʨʘʩʧʨʝʜʝʣʝʥʳ ʧʦ ʧʣʦʱʘʜʠ ʦʙʨʘʟʮʘ ʠ ʥʦʩʷʪ ʜʚʫʦʩʥʳʡ ʭʘʨʘʢʪʝʨ. 

ɹʳʣʦ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʩʜʚʠʛʦʚʳʝ ʢʦʤʧʦʥʝʥʪʳ ʪʝʥʟʦʨʘ ʥʘʧʨʷʞʝʥʠʡ ʣʠʰʴ ʥʘ ʧʦʨʷʜʦʢ 
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ʤʝʥʴʰʝ ʧʦ ʚʝʣʠʯʠʥʝ ʜʠʘʛʦʥʘʣʴʥʳʭ ʢʦʤʧʦʥʝʥʪ, ʧʦʵʪʦʤʫ ʦʥʠ ʪʦʞʝ ʦʢʘʟʳʚʘʶʪ ʟʘʤʝʪʥʦʝ 

ʚʣʠʷʥʠʝ ʥʘ ʬʦʨʤʠʨʦʚʘʥʠʝ ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ. ɺ ʩʚʷʟʠ ʩ ʵʪʠʤ ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʘʥʘ-

ʣʠʪʠʯʝʩʢʠʝ ʚʳʨʘʞʝʥʠʷ ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʚʝʣʠʯʠʥʳ ʧʦʣʷ ʠ ʥʘʧʨʘʚʣʝʥʠʷ ʦʜʥʦʦʩʥʦʡ ʤʘʛ-

ʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ, ʠʥʜʫʮʠʨʦʚʘʥʥʦʡ ʜʚʫʦʩʥʳʤʠ ʫʧʨʫʛʠʤʠ ʥʘʧʨʷʞʝʥʠʷʤʠ. ʇʨʦʚʝʜʝʥ-

ʥʳʝ ʩ ʧʦʤʦʱʴʶ ʩʢʘʥʠʨʫʶʱʝʛʦ ʩʧʝʢʪʨʦʤʝʪʨʘ ʌʄʈ ʠʟʤʝʨʝʥʠʷ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʧʘʨʘʤʝʪʨʦʚ 

ʤʘʛʥʠʪʥʦʡ ʦʜʥʦʦʩʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ ʧʦ ʧʣʦʱʘʜʠ ʧʦʜʚʝʨʛʥʫʪʳʭ ʢʦʥʪʨʦʣʠʨʫʝʤʦʤʫ ʠʟʛʠʙʫ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʦʙʨʘʟʮʦʚ ʪʦʥʢʠʭ ʧʣʝʥʦʢ Ni75Fe25 ʧʦʣʥʦʩʪʴʶ ʧʦʜʪʚʝʨʜʠʣʠ ʨʝʟʫʣʴʪʘʪʳ 

ʪʝʦʨʝʪʠʯʝʩʢʠʭ ʨʘʩʯʝʪʦʚ. 

ʂʨʦʤʝ ʪʦʛʦ, ʚ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʪʦʥʢʦʡ ʧʝʨʤʘʣʣʦʝʚʦʡ ʧʣʝʥʢʝ Ni71.5Fe28.5 ʙʳʣʦ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʦʙʥʘʨʫʞʝʥʦ ʥʦʚʦʝ ʷʚʣʝʥʠʝ ï ʦʜʥʦʥʘʧʨʘʚʣʝʥʥʘʷ ʤʘʛʥʠʪʥʘʷ ʘʥʠʟʦʪʨʦ-

ʧʠʷ, ʠʥʜʫʮʠʨʦʚʘʥʥʘʷ ʥʝʦʜʥʦʨʦʜʥʦʡ ʜʝʬʦʨʤʘʮʠʝʡ. ɺ ʦʪʣʠʯʠʝ ʦʪ ʭʦʨʦʰʦ ʠʟʫʯʝʥʥʦʡ ʦʜ-

ʥʦʥʘʧʨʘʚʣʝʥʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ, ʚʦʟʥʠʢʘʶʱʝʡ ʚ ʬʝʨʨʦʤʘʛʥʠʪʥʦ-ʘʥʪʠʬʝʨʨʦʤʘʛʥʠʪʥʳʭ 

ʩʠʩʪʝʤʘʭ ʦʙʤʝʥʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ, ʘ ʪʘʢʞʝ ʦʜʥʦʥʘʧʨʘʚʣʝʥʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ ʚ çʩʣʘʙʳʭ 

ʬʝʨʨʦʤʘʛʥʝʪʠʢʘʭè, ʦʙʫʩʣʦʚʣʝʥʥʦʡ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝʤ ɼʟʷʣʦʰʠʥʩʢʦʛʦ ï ʄʦʨʠʠ, ʦʜʥʦʥʘ-

ʧʨʘʚʣʝʥʥʘʷ ʤʘʛʥʠʪʥʘʷ ʘʥʠʟʦʪʨʦʧʠʷ, ʠʥʜʫʮʠʨʦʚʘʥʥʘʷ ʛʨʘʜʠʝʥʪʘʤʠ ʫʧʨʫʛʦʡ ʜʝʬʦʨʤʘʮʠʠ, 

ʦʙʥʘʨʫʞʝʥʘ ʚʧʝʨʚʳʝ. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʵʪʘ ʦʜʥʦʥʘʧʨʘʚʣʝʥʥʘʷ ʘʥʠʟʦʪʨʦʧʠʷ ʷʚʣʷʝʪʩʷ ʩʣʝʜ-

ʩʪʚʠʝʤ ʬʣʝʢʩʦʤʘʛʥʠʪʥʦʛʦ ʵʬʬʝʢʪʘ, ʫʩʪʘʥʘʚʣʠʚʘʶʱʝʛʦ ʩʚʷʟʴ ʤʝʞʜʫ ʠʟʤʝʥʝʥʠʝʤ ʥʘʤʘʛ-

ʥʠʯʝʥʥʦʩʪʠ ʊʄʇ ʠ ʚʝʣʠʯʠʥʦʡ ʛʨʘʜʠʝʥʪʘ ʜʝʬʦʨʤʘʮʠʠ. ʋʩʪʘʥʦʚʣʝʥʦ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʝ 

ʟʥʘʯʝʥʠʝ ʢʦʵʬʬʠʮʠʝʥʪʘ ʬʣʝʢʩʦʤʘʛʥʠʪʥʦʡ ʩʚʷʟʠ Q = 1.5Ĭ10
3
 ʕĀʩʤ ʜʣʷ ʪʦʥʢʦʡ ʧʣʝʥʢʠ 

Ni71.5Fe28.5, ʢʦʪʦʨʦʝ ʧʨʠʤʝʨʥʦ ʚ 10
7
 ʨʘʟ ʧʨʝʚʳʰʘʝʪ ʦʮʝʥʢʫ ʵʪʦʡ ʚʝʣʠʯʠʥʳ ʜʣʷ ʘʥʪʠʧʝ-

ʨʦʚʩʢʠʪʘ Mn3GaN ʠ ʧʝʨʦʚʩʢʠʪʘ BiFeO3. ʇʦʣʫʯʝʥʥʘʷ ʙʦʣʴʰʘʷ ʚʝʣʠʯʠʥʘ ʢʦʥʩʪʘʥʪʳ 

ʬʣʝʢʩʦʤʘʛʥʠʪʥʦʛʦ ʵʬʬʝʢʪʘ Q ʚ ʩʦʯʝʪʘʥʠʠ ʩ ʢʦʣʦʩʩʘʣʴʥʳʤʠ ʛʨʘʜʠʝʥʪʘʤʠ ʜʝʬʦʨʤʘʮʠʡ ʠ 

ʥʘʧʨʷʞʝʥʠʡ, ʢʦʪʦʨʳʝ, ʢʘʢ ʧʨʘʚʠʣʦ, ʚʦʟʥʠʢʘʶʪ ʠʟ-ʟʘ ʥʝʦʜʥʦʨʦʜʥʦʩʪʝʡ ʥʘʥʦʢʨʠʩʪʘʣʣʠ-

ʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ, ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʩʫʱʝʩʪʚʝʥʥʦʡ ʨʦʣʠ ʬʣʝʢʩʦʤʘʛʥʝʪʠʟʤʘ ʚ ʬʦʨʤʠʨʦ-

ʚʘʥʠʠ ʠ ʦʧʨʝʜʝʣʝʥʠʠ ʤʘʛʥʠʪʥʳʭ ʩʚʦʡʩʪʚ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʪʦʥʢʠʭ ʧʣʝʥʦʢ. 
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ɻʃɸɺɸ 6. ɺʃʀʗʅʀɽ ʇɽʈʀʆɼʀʏɽʉʂʆʁ ʊɽʂʉʊʋʈʓ ʇʆɼʃʆɾɽʂ ʀ 

ʅɸʂʃʆʅʅʆɻʆ ʆʉɸɾɼɽʅʀʗ ɸʊʆʄʆɺ ʅɸ ʄɸɻʅʀʊʅʋʖ 

ɸʅʀɿʆʊʈʆʇʀʖ ʀ ʉɺʏ-ʉɺʆʁʉʊɺɸ ʊʆʅʂʀʍ ʇʃɽʅʆʂ 

ʆʜʥʦʡ ʠʟ ʥʘʠʙʦʣʝʝ ʚʘʞʥʳʭ ʟʘʜʘʯ, ʩʚʷʟʘʥʥʳʭ ʩ ʧʨʘʢʪʠʯʝʩʢʦʡ ʨʝʘʣʠʟʘʮʠʝʡ 

ʉɺʏ-ʫʩʪʨʦʡʩʪʚ ʥʘ ʦʩʥʦʚʝ ʤʘʛʥʠʪʥʳʭ ʢʦʤʧʦʥʝʥʪʦʚ, ʷʚʣʷʝʪʩʷ ʨʘʟʨʘʙʦʪʢʘ ʪʝʭʥʦʣʦʛʠʠ 

ʩʠʥʪʝʟʘ ʪʦʥʢʠʭ ʧʣʝʥʦʢ ʩ ʪʨʝʙʫʝʤʳʤʠ ʤʘʛʥʠʪʥʳʤʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ, ʠ ʧʨʝʞʜʝ ʚʩʝʛʦ, ʩ 

ʟʘʜʘʥʥʳʤʠ ʧʘʨʘʤʝʪʨʘʤʠ ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ. ʈʝʰʝʥʠʝ ʪʘʢʦʡ ʟʘʜʘʯʠ ʤʦʞʥʦ ʦʙʝʩʧʝ-

ʯʠʪʴ ʟʘ ʩʯʝʪ ʮʝʣʝʥʘʧʨʘʚʣʝʥʥʦʛʦ ʫʧʨʘʚʣʝʥʠʷ ʩʪʨʫʢʪʫʨʦʡ ʧʣʝʥʦʢ ʥʘ ʤʠʢʨʦʥʥʦʤ ʠ ʩʫʙ-

ʤʠʢʨʦʥʥʦʤ ʤʘʩʰʪʘʙʘʭ ʜʣʠʥʳ. ʉʨʝʜʠ ʤʝʪʦʜʦʚ ʩʦʟʜʘʥʠʷ ʧʣʝʥʦʢ ʩ ʧʨʝʜʦʧʨʝʜʝʣʝʥʥʦʡ 

ʩʪʨʫʢʪʫʨʦʡ ʤʝʪʦʜ ʦʩʘʞʜʝʥʠʷ ʘʪʦʤʦʚ ʥʘ ʧʦʜʣʦʞʢʫ ʩ ʠʩʢʫʩʩʪʚʝʥʥʦ ʩʬʦʨʤʠʨʦʚʘʥʥʦʡ ʪʝʢ-

ʩʪʫʨʦʡ ʠ ʤʝʪʦʜ ʥʘʢʣʦʥʥʦʛʦ ʦʩʘʞʜʝʥʠʷ ʷʚʣʷʶʪʩʷ ʦʜʥʠʤʠ ʠʟ ʥʘʠʙʦʣʝʝ ʧʨʦʩʪʳʭ ʠ ʚ ʪʦ ʞʝ 

ʚʨʝʤʷ ʥʘʠʙʦʣʝʝ ʵʬʬʝʢʪʠʚʥʳʭ. ɺʦʟʤʦʞʥʦʩʪʴ ʩ ʧʦʤʦʱʴʶ ʧʘʨʘʤʝʪʨʦʚ ʪʝʢʩʪʫʨʳ ʧʦʜʣʦʞʢʠ 

ʠ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ ʥʘʢʣʦʥʥʦʛʦ ʦʩʘʞʜʝʥʠʷ ʚ ʰʠʨʦʢʠʭ ʧʨʝʜʝʣʘʭ ʠʟʤʝʥʷʪʴ 

ʩʪʘʪʠʯʝʩʢʠʝ ʠ ʜʠʥʘʤʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʧʣʝʥʦʢ ʩʦʟʜʘʝʪ ʥʝʦʙʭʦʜʠʤʳʝ ʫʩʣʦʚʠʷ ʜʣʷ ʧʦʣʫ-

ʯʝʥʠʷ ʪʦʥʢʦʧʣʝʥʦʯʥʳʭ ʤʘʛʥʠʪʥʳʭ ʩʪʨʫʢʪʫʨ ʩ ʟʘʜʘʥʥʳʤʠ ʜʣʷ ʉɺʏ-ʧʨʠʣʦʞʝʥʠʡ ʭʘʨʘʢ-

ʪʝʨʠʩʪʠʢʘʤʠ. 

ɺ ʧʝʨʚʦʡ ʯʘʩʪʠ ʛʣʘʚʳ ʨʘʩʩʤʦʪʨʝʥʳ ʚʦʟʤʦʞʥʦʩʪʠ ʜʦʩʪʘʪʦʯʥʦ ʧʨʦʩʪʦʛʦ ʠ ʥʝʜʦʨʦʛʦ 

ʤʝʪʦʜʘ ʠʟʛʦʪʦʚʣʝʥʠʷ ʧʣʝʥʦʢ ʙʦʣʴʰʦʡ ʧʣʦʱʘʜʠ ʩ ʧʝʨʠʦʜʠʯʝʩʢʠ ʤʦʜʫʣʠʨʦʚʘʥʥʦʡ ʩʪʨʫʢ-

ʪʫʨʦʡ ʟʘ ʩʯʝʪ ʬʦʨʤʠʨʦʚʘʥʠʷ ʘʣʤʘʟʥʳʤ ʨʝʟʮʦʤ ʧʘʨʘʣʣʝʣʴʥʳʭ ʨʠʩʦʢ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ 

ʧʦʜʣʦʞʢʠ. ʇʦʩʣʝ ʢʨʘʪʢʦʛʦ ʦʙʦʩʥʦʚʘʥʠʷ ʘʢʪʫʘʣʴʥʦʩʪʠ ʧʨʦʙʣʝʤʳ ʜʘʥʦ ʦʧʠʩʘʥʠʝ ʩʘʤʦʛʦ 

ʤʝʪʦʜʘ ʠʟʛʦʪʦʚʣʝʥʠʷ ʧʣʝʥʦʢ, ʘ ʪʘʢʞʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʤʝʪʦʜʦʚ ʠʭ ʠʩʩʣʝʜʦʚʘʥʠʷ. ɼʣʷ 

ʘʥʘʣʠʟʘ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ ʨʘʩʩʤʦʪʨʝʥʘ ʪʝʦʨʝʪʠʯʝʩʢʘʷ ʤʦʜʝʣʴ ʤʘʛʥʠʪʥʦʡ 

ʧʣʝʥʢʠ ʥʘ ʧʝʨʠʦʜʠʯʝʩʢʠ ʪʝʢʩʪʫʨʠʨʦʚʘʥʥʦʡ ʧʦʜʣʦʞʢʝ ʠ ʧʦʣʫʯʝʥʳ ʚʳʨʘʞʝʥʠʷ ʜʣʷ ʨʘʩʯʝʪʘ 

ʢʦʤʧʦʥʝʥʪ ʪʝʥʟʦʨʘ ʨʘʟʤʘʛʥʠʯʠʚʘʶʱʠʭ ʬʘʢʪʦʨʦʚ. ɼʘʣʝʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʠʩ-

ʩʣʝʜʦʚʘʥʠʷ ʚʣʠʷʥʠʷ ʧʘʨʘʤʝʪʨʦʚ ʪʝʢʩʪʫʨʳ ʥʘ ʤʘʛʥʠʪʥʫʶ ʘʥʠʟʦʪʨʦʧʠʶ, ʵʬʬʝʢʪʠʚʥʫʶ 

ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʴ ʥʘʩʳʱʝʥʠʷ, ʩʪʘʪʠʯʝʩʢʫʶ ʤʘʛʥʠʪʥʫʶ ʧʨʦʥʠʮʘʝʤʦʩʪʴ, ʯʘʩʪʦʪʫ ʝʩʪʝʩʪ-

ʚʝʥʥʦʛʦ ʬʝʨʨʦʤʘʛʥʠʪʥʦʛʦ ʨʝʟʦʥʘʥʩʘ (ʌʄʈ), ʘ ʪʘʢʞʝ ʥʘ ʵʬʬʝʢʪʠʚʥʳʡ ʧʘʨʘʤʝʪʨ ʟʘʪʫʭʘʥʠʷ 

ʢʦʣʝʙʘʥʠʡ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʧʣʝʥʦʢ. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʧʨʝʜʣʦʞʝʥʥʳʡ ʤʝʪʦʜ ʠʤʝʝʪ ʚʳʩʦʢʠʡ 

ʧʦʪʝʥʮʠʘʣ ʜʣʷ ʩʦʟʜʘʥʠʷ ʠ ʦʧʪʠʤʠʟʘʮʠʠ ʪʝʭʥʦʣʦʛʠʠ ʩʠʥʪʝʟʘ ʧʣʝʥʦʢ ʩ ʪʨʝʙʫʝʤʳʤʠ ʜʣʷ 

ʩʚʝʨʭʚʳʩʦʢʦʯʘʩʪʦʪʥʳʭ ʧʨʠʣʦʞʝʥʠʡ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ. 
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ɺʦ ʚʪʦʨʦʡ ʯʘʩʪʠ ʛʣʘʚʳ ʧʨʠʚʝʜʝʥʳ ʦʩʥʦʚʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʠ 

ʪʝʦʨʝʪʠʯʝʩʢʠʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʚʣʠʷʥʠʷ ʫʛʣʘ ʦʩʘʞʜʝʥʠʷ ʘʪʦʤʦʚ ʥʘ ʬʦʨʤʠʨʦʚʘʥʠʝ ʩʪʦʣʙ-

ʯʘʪʦʡ ʤʠʢʨʦʩʪʨʫʢʪʫʨʳ ʠ ʤʘʛʥʠʪʥʳʭ ʩʚʦʡʩʪʚ ʪʦʥʢʠʭ ʧʣʝʥʦʢ. ɺ ʯʘʩʪʥʦʩʪʠ, ʨʘʩʩʤʦʪʨʝʥʘ 

ʤʦʜʝʣʴ ʙʘʣʣʠʩʪʠʯʝʩʢʦʛʦ ʦʩʘʞʜʝʥʠʷ ʠ ʨʘʟʨʘʙʦʪʘʥʥʘʷ ʥʘ ʝʝ ʦʩʥʦʚʝ ʧʨʦʛʨʘʤʤʘ ʤʦʜʝʣʠʨʦ-

ʚʘʥʠʷ ʧʨʦʮʝʩʩʘ ʨʦʩʪʘ ʪʦʥʢʠʭ ʧʣʝʥʦʢ. ɼʣʷ ʠʟʫʯʝʥʠʷ ʤʘʛʥʠʪʥʳʭ ʩʚʦʡʩʪʚ ʧʦʣʫʯʝʥʥʳʭ ʤʦ-

ʜʝʣʠʨʦʚʘʥʠʝʤ ʪʦʥʢʦʧʣʝʥʦʯʥʳʭ ʩʪʨʫʢʪʫʨ ʜʘʥʦ ʦʧʠʩʘʥʠʝ ʤʝʪʦʜʘ ʨʘʩʯʝʪʘ ʫʩʨʝʜʥʝʥʥʳʭ ʧʦ 

ʦʙʲʝʤʫ ʧʣʝʥʦʢ ʢʦʤʧʦʥʝʥʪ ʪʝʥʟʦʨʘ ʨʘʟʤʘʛʥʠʯʠʚʘʥʠʷ. ʇʨʠʚʝʜʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʵʢʩʧʝʨʠ-

ʤʝʥʪʘʣʴʥʳʭ ʠʟʤʝʨʝʥʠʡ ʠ ʯʠʩʣʝʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʟʘʚʠʩʠʤʦʩʪʠ ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦ-

ʧʠʠ ʦʪ ʫʛʣʘ ʦʩʘʞʜʝʥʠʷ ʪʦʥʢʠʭ ʧʣʝʥʦʢ. 

ɺ ʪʨʝʪʴʝʡ ʯʘʩʪʠ ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʯʠʩʣʝʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʩʪʨʫʢʪʫʨʥʳʭ 

ʠ ʤʘʛʥʠʪʥʳʭ ʩʚʦʡʩʪʚ ʪʦʥʢʠʭ ʧʣʝʥʦʢ, ʥʘʢʣʦʥʥʦ ʦʩʘʞʜʝʥʥʳʭ ʥʘ ʥʘʥʦʪʝʢʩʪʫʨʠʨʦʚʘʥʥʳʝ 

ʧʦʜʣʦʞʢʠ. ɺ ʯʘʩʪʥʦʩʪʠ, ʧʦʢʘʟʘʥʦ ʚʣʠʷʥʠʝ ʧʘʨʘʤʝʪʨʦʚ ʦʩʘʞʜʝʥʠʷ ʠ ʪʝʢʩʪʫʨʳ ʧʦʜʣʦʞʢʠ 

ʥʘ ʬʦʨʤʠʨʦʚʘʥʠʝ ʤʠʢʨʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ, ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ, ʘ ʪʘʢʞʝ ʠʭ 

ʚʣʠʷʥʠʝ ʥʘ ʧʨʦʮʝʩʩʳ ʧʝʨʝʤʘʛʥʠʯʠʚʘʥʠʷ ʪʦʥʢʠʭ ʧʣʝʥʦʢ. 

ʄʘʪʝʨʠʘʣʳ ʜʘʥʥʦʡ ʛʣʘʚʳ ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ ʩʣʝʜʫʶʱʠʭ ʨʘʙʦʪʘʭ ʠʟ ʩʧʠʩʢʘ ʧʫʙʣʠʢʘ-

ʮʠʡ ʘʚʪʦʨʘ (ʧʨʠʣʦʞʝʥʠʝ ɸ): ɸ3, ɸ5, ɸ23, ɸ24, ɸ26, ɸ28, ɸ29, ɸ31, ɸ32, ɸ53, ɸ54. 

6.1 ʅʘʩʪʨʦʡʢʘ ʉɺʏ-ʩʚʦʡʩʪʚ ʪʦʥʢʦʡ ʤʘʛʥʠʪʥʦʡ ʧʣʝʥʢʠ ʩ ʧʦʤʦʱʴʶ 

ʧʝʨʠʦʜʠʯʝʩʢʠ ʪʝʢʩʪʫʨʠʨʦʚʘʥʥʦʡ ʧʦʜʣʦʞʢʠ 

ʉ ʧʨʘʢʪʠʯʝʩʢʦʡ ʪʦʯʢʠ ʟʨʝʥʠʷ ʦʯʝʥʴ ʘʢʪʫʘʣʴʥʦʡ ʷʚʣʷʝʪʩʷ ʧʨʦʙʣʝʤʘ ʮʝʣʝʥʘʧʨʘʚ-

ʣʝʥʥʦʛʦ ʩʠʥʪʝʟʘ ʪʦʥʢʠʭ ʧʣʝʥʦʢ ʩ ʟʘʜʘʥʥʳʤʠ ʜʣʷ ʉɺʏ-ʧʨʠʣʦʞʝʥʠʡ ʩʚʦʡʩʪʚʘʤʠ. ʂʘʢ ʙʳʣʦ 

ʧʦʢʘʟʘʥʦ ʚ ʧʝʨʚʦʡ ʛʣʘʚʝ, ʯʘʩʪʦʪʥʳʡ ʜʠʘʧʘʟʦʥ ʨʘʙʦʪʳ ʉɺʏ-ʫʩʪʨʦʡʩʪʚ ʥʘ ʦʩʥʦʚʝ ʪʦʥʢʠʭ 

ʧʣʝʥʦʢ, ʢʘʢ ʧʨʘʚʠʣʦ, ʦʧʨʝʜʝʣʷʝʪʩʷ ʯʘʩʪʦʪʦʡ ʝʩʪʝʩʪʚʝʥʥʦʛʦ ʌʄʈ. ʉʦʛʣʘʩʥʦ ʫʨʘʚʥʝʥʠʶ 

ʂʠʪʪʝʣʷ (1.5) ʯʘʩʪʦʪʘ ʝʩʪʝʩʪʚʝʥʥʦʛʦ ʌʄʈ ʜʣʷ ʪʦʥʢʠʭ ʧʣʝʥʦʢ ʩ ʦʜʥʦʦʩʥʦʡ ʤʘʛʥʠʪʥʦʡ 

ʘʥʠʟʦʪʨʦʧʠʝʡ Ha ʦʧʨʝʜʝʣʷʝʪʩʷ ʚʳʨʘʞʝʥʠʝʤ )4()2/(0 saa MHHf p+pg= , ʛʜʝ ɔ ï ʛʠʨʦ-

ʤʘʛʥʠʪʥʦʝ ʦʪʥʦʰʝʥʠʝ, ʘ Ms ï ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʴ ʥʘʩʳʱʝʥʠʷ. ɺ ʦʙʱʝʤ ʩʣʫʯʘʝ ʜʣʷ ʦʧʨʝʜʝ-

ʣʝʥʥʦʛʦ ʤʘʛʥʠʪʥʦʛʦ ʤʘʪʝʨʠʘʣʘ ʚʝʣʠʯʠʥʘ Ms ʧʨʘʢʪʠʯʝʩʢʠ ʦʩʪʘʝʪʩʷ ʧʦʩʪʦʷʥʥʦʡ. ʉʣʝʜʦ-

ʚʘʪʝʣʴʥʦ, ʠʟʤʝʥʝʥʠʝ ʨʝʟʦʥʘʥʩʥʦʡ ʯʘʩʪʦʪʳ ʚ ʰʠʨʦʢʠʭ ʧʨʝʜʝʣʘʭ ʤʦʞʥʦ ʦʙʝʩʧʝʯʠʪʴ ʟʘ ʩʯʝʪ 

ʫʧʨʘʚʣʝʥʠʷ ʧʦʣʝʤ Ha. ʉʫʱʝʩʪʚʫʝʪ ʤʥʦʞʝʩʪʚʦ ʤʝʪʦʜʦʚ ʬʦʨʤʠʨʦʚʘʥʠʷ ʚ ʧʣʝʥʢʝ ʦʜʥʦʦʩʥʦʡ 

ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ. ʅʘʧʨʠʤʝʨ, ʦʜʥʦʦʩʥʘʷ ʘʥʠʟʦʪʨʦʧʠʷ ʤʦʞʝʪ ʙʳʪʴ ʠʥʜʫʮʠʨʦʚʘʥʘ 

ʚʥʝʰʥʠʤ ʤʘʛʥʠʪʥʳʤ ʧʦʣʝʤ, ʧʨʠʣʦʞʝʥʥʳʤ ʚ ʧʣʦʩʢʦʩʪʠ ʧʣʝʥʢʠ ʚʦ ʚʨʝʤʷ ʦʩʘʞʜʝʥʠʷ 
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(ʨʘʟʜʝʣʳ 2.3.2, 4.2) ʠʣʠ ʧʦʩʣʝ ʦʩʘʞʜʝʥʠʷ ʧʫʪʝʤ ʪʝʨʤʦʦʙʨʘʙʦʪʢʠ [243]. ɺ ʰʠʨʦʢʠʭ ʧʨʝ-

ʜʝʣʘʭ ʤʦʞʥʦ ʫʧʨʘʚʣʷʪʴ ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʝʡ, ʠʩʧʦʣʴʟʫʷ ʤʝʪʦʜ ʥʘʢʣʦʥʥʦʛʦ ʦʩʘʞʜʝ-

ʥʠʷ (ʨʘʟʜʝʣ 6.2), ʘ ʚ ʤʘʛʥʠʪʦʩʪʨʠʢʮʠʦʥʥʳʭ ʤʘʪʝʨʠʘʣʘʭ ʪʘʢʞʝ ʩ ʧʦʤʦʱʴʶ ʫʧʨʫʛʠʭ ʥʘ-

ʧʨʷʞʝʥʠʡ (ʛʣʘʚʘ 5). 

ɺ ʧʦʩʣʝʜʥʝʝ ʚʨʝʤʷ ʩ ʨʘʟʚʠʪʠʝʤ ʥʘʥʦʪʝʭʥʦʣʦʛʠʡ ʘʢʪʠʚʥʦ ʨʘʟʨʘʙʘʪʳʚʘʶʪʩʷ ʤʝʪʦʜʳ 

ʩʦʟʜʘʥʠʷ ʧʣʝʥʦʢ ʩ ʧʝʨʠʦʜʠʯʝʩʢʦʡ ʤʦʜʫʣʷʮʠʝʡ ʩʪʨʫʢʪʫʨʳ ʠʣʠ ʛʝʦʤʝʪʨʠʠ ʥʘ ʤʠʢʨʦʥʥʦʤ ʠ 

ʩʫʙʤʠʢʨʦʥʥʦʤ ʤʘʩʰʪʘʙʘʭ ʜʣʠʥʳ [131, 244, 245]. ʊʘʢ, ʥʘʧʨʠʤʝʨ, ʩ ʧʦʤʦʱʴʶ ʪʘʢʠʭ ʤʝ-

ʪʦʜʦʚ, ʢʘʢ ʦʧʪʠʯʝʩʢʘʷ ʠ ʵʣʝʢʪʨʦʥʥʦ-ʣʫʯʝʚʘʷ ʣʠʪʦʛʨʘʬʠʷ, ʠʦʥʥʦ-ʣʫʯʝʚʦʝ ʪʨʘʚʣʝʥʠʝ ʙʳʣʠ 

ʦʪʨʘʙʦʪʘʥʳ ʪʝʭʥʦʣʦʛʠʠ ʠʟʛʦʪʦʚʣʝʥʠʷ ʤʘʛʥʠʪʥʳʭ ʩʪʨʫʢʪʫʨ, ʩʦʩʪʦʷʱʠʭ ʠʟ ʦʪʜʝʣʴʥʳʭ 

ʤʠʢʨʦ- ʠʣʠ ʥʘʥʦʧʦʣʦʩʦʢ [246ï250], ʘ ʪʘʢʞʝ ʧʣʝʥʦʢ ʩ ʧʝʨʠʦʜʠʯʝʩʢʠ ʤʦʜʫʣʠʨʦʚʘʥʥʦʡ 

ʧʦʚʝʨʭʥʦʩʪʴʶ [251ï253]. ɼʣʷ ʩʦʟʜʘʥʠʷ ʧʝʨʠʦʜʠʯʝʩʢʠ ʪʝʢʩʪʫʨʠʨʦʚʘʥʥʦʡ ʧʦʜʣʦʞʢʠ ʠ 

ʧʦʩʣʝʜʫʶʱʝʛʦ ʦʩʘʞʜʝʥʠʷ ʥʘ ʥʝʝ ʤʘʛʥʠʪʥʦʡ ʧʣʝʥʢʠ ʧʨʝʜʣʦʞʝʥʳ ʠ ʫʩʧʝʰʥʦ ʨʝʘʣʠʟʦʚʘʥʳ 

ʤʝʪʦʜʳ ʠʦʥʥʦ-ʣʫʯʝʚʦʡ ʵʨʦʟʠʠ [195, 244, 254, 255], ʪʝʨʤʦʦʙʨʘʙʦʪʢʠ ʩʘʧʬʠʨʦʚʦʡ ʧʦʜ-

ʣʦʞʢʠ [256ï258] ʠ ʜʨ. ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʪʘʢʠʭ ʤʝʪʦʜʦʚ ʧʦʟʚʦʣʷʝʪ ʚ ʰʠʨʦʢʠʭ ʧʨʝʜʝʣʘʭ ʠʟ-

ʤʝʥʷʪʴ ʠ ʢʦʥʪʨʦʣʠʨʦʚʘʪʴ ʢʘʢ ʤʘʛʥʠʪʥʫʶ ʘʥʠʟʦʪʨʦʧʠʶ [195, 246ï249, 251, 254ï258], ʪʘʢ ʠ 

ʤʘʛʥʠʪʥʫʶ ʧʨʦʥʠʮʘʝʤʦʩʪʴ [246ï248, 251, 257, 258] ʧʦʣʫʯʘʝʤʳʭ ʪʦʥʢʦʧʣʝʥʦʯʥʳʭ 

ʩʪʨʫʢʪʫʨ. 

ɺ ʜʘʥʥʦʤ ʨʘʟʜʝʣʝ ʨʘʩʩʤʦʪʨʝʥʳ ʚʦʟʤʦʞʥʦʩʪʠ ʜʦʩʪʘʪʦʯʥʦ ʧʨʦʩʪʦʛʦ ʠ ʫʥʠʚʝʨʩʘʣʴ-

ʥʦʛʦ ʤʝʪʦʜʘ ʩʦʟʜʘʥʠʷ ʤʠʢʨʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʭ ʪʦʥʢʠʭ ʤʘʛʥʠʪʥʳʭ ʧʣʝʥʦʢ ʩ ʟʘʜʘʥʥʳʤʠ 

ʢʦʥʪʨʦʣʠʨʫʝʤʳʤʠ ʉɺʏ-ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ. ɼʘʥʥʳʡ ʤʝʪʦʜ ʦʩʥʦʚʘʥ ʥʘ ʩʦʟʜʘʥʠʠ ʘʣʤʘʟ-

ʥʳʤ ʨʝʟʮʦʤ ʧʝʨʠʦʜʠʯʝʩʢʦʡ ʨʝʰʝʪʢʠ ʮʘʨʘʧʠʥ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʧʦʜʣʦʞʢʠ ʜʣʷ ʧʦʩʣʝʜʫʶ-

ʱʝʛʦ ʦʩʘʞʜʝʥʠʷ ʥʘ ʥʝʝ ʤʘʛʥʠʪʥʦʡ ʧʣʝʥʢʠ. ʊʘʢʦʡ ʧʦʜʭʦʜ ʧʦʟʚʦʣʷʝʪ ʠʟʛʦʪʘʚʣʠʚʘʪʴ ʧʣʝʥʢʠ 

ʙʦʣʴʰʦʡ ʧʣʦʱʘʜʠ ʩ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦ ʤʦʜʫʣʠʨʦʚʘʥʥʳʤ ʧʨʦʬʠʣʝʤ ʠ, ʢʘʢ ʧʦʢʘʟʘʥʦ ʚ 

ʜʘʥʥʦʡ ʛʣʘʚʝ, ʚ ʰʠʨʦʢʠʭ ʧʨʝʜʝʣʘʭ ʢʦʥʪʨʦʣʠʨʫʝʤʦ ʫʧʨʘʚʣʷʪʴ ʚʝʣʠʯʠʥʦʡ ʤʘʛʥʠʪʥʦʡ 

ʘʥʠʟʦʪʨʦʧʠʠ, ʯʘʩʪʦʪʦʡ ʝʩʪʝʩʪʚʝʥʥʦʛʦ ʌʄʈ, ʘ ʪʘʢʞʝ ʧʘʨʘʤʝʪʨʦʤ ʟʘʪʫʭʘʥʠʷ ʢʦʣʝʙʘʥʠʡ 

ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ. 

6.1.1 ʄʝʪʦʜʠʢʘ ʠʟʛʦʪʦʚʣʝʥʠʷ ʪʦʥʢʠʭ ʧʣʝʥʦʢ ʩ ʧʝʨʠʦʜʠʯʝʩʢʠ 

ʤʦʜʫʣʠʨʦʚʘʥʥʦʡ ʩʪʨʫʢʪʫʨʦʡ 

ɼʣʷ ʘʧʨʦʙʘʮʠʠ ʠ ʠʩʩʣʝʜʦʚʘʥʠʷ ʚʦʟʤʦʞʥʦʩʪʝʡ ʧʨʝʜʣʦʞʝʥʥʦʛʦ ʤʝʪʦʜʘ, ʙʳʣʠ ʠʟʛʦ-

ʪʦʚʣʝʥʳ ʜʚʝ ʩʝʨʠʠ (ʉʝʨʠʷ 1 ʠ ʉʝʨʠʷ 2) ʦʙʨʘʟʮʦʚ, ʧʦʣʫʯʝʥʥʳʝ ʦʩʘʞʜʝʥʠʝʤ ʧʝʨʤʘʣʣʦʷ ʥʘ 

ʧʦʜʣʦʞʢʠ ʩ ʠʩʢʫʩʩʪʚʝʥʥʦʡ ʪʝʢʩʪʫʨʦʡ. ʉ ʧʦʤʦʱʴʶ ʩʧʝʮʠʘʣʴʥʦ ʨʘʟʨʘʙʦʪʘʥʥʦʛʦ ʘʚʪʦʤʘ-



178 
 

ʪʠʯʝʩʢʦʛʦ ʢʦʦʨʜʠʥʘʪʦʛʨʘʬʘ (ʨʠʩʫʥʦʢ 6.1) ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʢʚʘʜʨʘʪʥʳʭ ʧʦʜʣʦʞʝʢ ʠʟ 

ʢʚʘʨʮʝʚʦʛʦ ʩʪʝʢʣʘ ʩ ʰʝʨʦʭʦʚʘʪʦʩʪʴʶ ~ 1 ʥʤ ʠ ʨʘʟʤʝʨʘʤʠ 12Ĭ12Ĭ0.5 ʤʤ
3
 ʘʣʤʘʟʥʳʤ ʨʝʟʮʦʤ 

ʥʘʥʦʩʠʣʘʩʴ ʩʝʨʠʷ ʧʘʨʘʣʣʝʣʴʥʳʭ ʨʠʩʦʢ (ʢʘʥʘʚʦʢ). ɺ ʢʘʞʜʦʡ ʩʝʨʠʠ, ʩʦʩʪʦʷʱʝʡ ʠʟ 3 ʦʙ-

ʨʘʟʮʦʚ, ʪʘʢʠʤ ʩʧʦʩʦʙʦʤ ʙʳʣʠ ʩʬʦʨʤʠʨʦʚʘʥʳ ʧʝʨʠʦʜʠʯʝʩʢʠʝ ʩʪʨʫʢʪʫʨʳ ʩ ʧʝʨʠʦʜʦʤ l = 20, 

10 ʠ 5 ʤʢʤ. ʇʨʠʯʝʤ ʩʠʣʘ ʥʘʞʠʤʘ ʘʣʤʘʟʥʦʛʦ ʨʝʟʮʘ ʥʘ ʧʦʚʝʨʭʥʦʩʪʴ ʩʪʝʢʣʘ ʜʣʷ ʉʝʨʠʠ 1 

ʙʳʣʘ ʧʨʠʤʝʨʥʦ ʚ 1.5 ʨʘʟʘ ʤʝʥʴʰʝ, ʯʝʤ ʜʣʷ ʉʝʨʠʠ 2. ʇʦʩʣʝ ʥʘʥʝʩʝʥʠʷ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ 

ʧʦʜʣʦʞʝʢ ʪʝʢʩʪʫʨʳ ʙʳʣʘ ʧʨʦʚʝʜʝʥʘ ʩʪʘʥʜʘʨʪʥʘ ̫ʧʨʦʮʝʜʫʨʘ ʦʯʠʩʪʢʠ ʧʦʜʣʦʞʝʢ ʚ ʫʣʴʪʨʘ-

ʟʚʫʢʦʚʦʡ ʚʘʥʥʝ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʳʣʴʥʦʛʦ, ʘ ʟʘʪʝʤ 10 %-ʛʦ ʨʘʩʪʚʦʨʘ H2O2. 

  

 

ʈʠʩʫʥʦʢ 6.1 ï ʆʙʱʠʡ ʚʠʜ ʢʦʥʩʪʨʫʢʮʠʠ ʘʚʪʦʤʘʪʠʟʠʨʦʚʘʥʥʦʛʦ ʢʦʦʨʜʠʥʘʪʦʛʨʘʬʘ, 

ʧʨʝʜʥʘʟʥʘʯʝʥʥʦʛʦ ʜʣʷ ʬʦʨʤʠʨʦʚʘʥʠʷ ʟʘʜʘʥʥʦʡ ʪʝʢʩʪʫʨʳ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʧʦʜʣʦʞʢʠ 

ʅʘ ʧʦʜʛʦʪʦʚʣʝʥʥʳʝ ʪʘʢʠʤ ʦʙʨʘʟʦʤ ʧʦʜʣʦʞʢʠ ʦʩʘʞʜʘʣʠʩʴ ʪʦʥʢʠʝ ʧʝʨʤʘʣʣʦʝʚʳʝ 

ʧʣʝʥʢʠ ʪʦʣʱʠʥʦʡ 110 ʥʤ. ɼʦʧʦʣʥʠʪʝʣʴʥʦ, ʦʩʘʞʜʝʥʠʝʤ ʧʝʨʤʘʣʣʦʷ ʥʘ ʛʣʘʜʢʫʶ ʧʦʜʣʦʞʢʫ 

ʙʳʣ ʠʟʛʦʪʦʚʣʝʥ ʢʦʥʪʨʦʣʴʥʳʡ ʦʙʨʘʟʝʮ ʧʣʝʥʢʠ ʪʘʢʦʡ ʞʝ ʪʦʣʱʠʥʳ. ɺʩʝ ʦʙʨʘʟʮʳ ʜʚʫʭ ʩʝ-

ʨʠʡ, ʘ ʪʘʢʞʝ ʢʦʥʪʨʦʣʴʥʳʡ ʦʙʨʘʟʝʮ, ʙʳʣʠ ʠʟʛʦʪʦʚʣʝʥʳ ʚ ʭʦʜʝ ʝʜʠʥʦʛʦ ʮʠʢʣʘ ʦʩʘʞʜʝʥʠʷ 

ʤʝʪʦʜʦʤ DC-ʤʘʛʥʝʪʨʦʥʥʦʛʦ ʨʘʩʧʳʣʝʥʠʷ ʤʠʰʝʥʠ Fe20Ni80. ɹʘʟʦʚʦʝ ʜʘʚʣʝʥʠʝ ʚ ʢʘʤʝʨʝ 
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ʩʦʩʪʘʚʣʷʣʦ 3Ĭ10
ï4

 ʇʘ, ʘ ʤʘʛʥʝʪʨʦʥʥʦʝ ʠʩʧʘʨʝʥʠʝ ʧʨʦʠʩʭʦʜʠʣʦ ʚ ʘʪʤʦʩʬʝʨʝ ʘʨʛʦʥʘ ʧʨʠ 

ʜʘʚʣʝʥʠʠ 2Ĭ10
ï1

 ʇʘ. ɺʦ ʚʨʝʤʷ ʧʨʦʮʝʩʩʘ ʦʩʘʞʜʝʥʠʷ ʪʝʤʧʝʨʘʪʫʨʘ ʧʦʜʣʦʞʝʢ ʧʦʜʜʝʨʞʠʚʘ-

ʣʘʩʴ ʥʘ ʫʨʦʚʥʝ 200 Áʉ. ʇʨʠ ʵʪʦʤ ʚ ʧʣʦʩʢʦʩʪʠ ʦʩʘʞʜʘʝʤʳʭ ʧʣʝʥʦʢ ʙʳʣʦ ʧʨʠʣʦʞʝʥʦ ʧʦ-

ʩʪʦʷʥʥʦʝ ʦʜʥʦʨʦʜʥʦʝ ʤʘʛʥʠʪʥʦʝ ʧʦʣʝ ʚʝʣʠʯʠʥʦʡ 200 ʕ, ʢʦʪʦʨʦʝ ʙʳʣʦ ʜʣʷ ʦʙʨʘʟʮʦʚ ʉʝ-

ʨʠʠ 1 ʦʨʠʝʥʪʠʨʦʚʘʥʦ ʧʘʨʘʣʣʝʣʴʥʦ ʰʪʨʠʭʘʤ, ʘ ʜʣʷ ʦʙʨʘʟʮʦʚ ʉʝʨʠʠ 2 ï ʦʨʪʦʛʦʥʘʣʴʥʦ. ʕʪʦ 

ʧʦʣʝ ʠʥʜʫʮʠʨʦʚʘʣʦ ʚ ʧʣʝʥʢʘʭ ʦʜʥʦʦʩʥʫʶ ʤʘʛʥʠʪʥʫʶ ʘʥʠʟʦʪʨʦʧʠʶ Hu ʩ ʦʩʴʶ ʣʝʛʢʦʛʦ 

ʥʘʤʘʛʥʠʯʠʚʘʥʠʷ (ʆʃʅ) ʚʜʦʣʴ ʰʪʨʠʭʦʚ ʜʣʷ ʦʙʨʘʟʮʦʚ ʉʝʨʠʠ 1 ʠ ʦʨʪʦʛʦʥʘʣʴʥʦ ʰʪʨʠʭʘʤ 

ʜʣʷ ʦʙʨʘʟʮʦʚ ʉʝʨʠʠ 2. 

6.1.2 ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʤʝʪʦʜʳ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ʊʦʣʱʠʥʘ ʠ ʩʦʩʪʘʚ ʧʦʣʫʯʝʥʥʳʭ ʦʙʨʘʟʮʦʚ ʢʦʥʪʨʦʣʠʨʦʚʘʣʠʩʴ ʩ ʧʦʤʦʱʴʶ ʨʝʥʪʛʝ-

ʥʦʬʣʫʦʨʝʩʮʝʥʪʥʦʛʦ ʘʥʘʣʠʟʘ ʥʘ ʩʧʝʢʪʨʦʤʝʪʨʝ Pioneer S4 (Bruker). ʉʨʝʜʥʷʷ ʪʦʣʱʠʥʘ ʧʣʝ-

ʥʦʢ ʩʦʩʪʘʚʠʣʘ 110Ñ2 ʥʤ, ʘ ʦʪʢʣʦʥʝʥʠʝ ʭʠʤʠʯʝʩʢʦʛʦ ʩʦʩʪʘʚʘ ʧʣʝʥʦʢ ʦʪ ʠʩʭʦʜʥʦʛʦ ʩʦʩʪʘʚʘ 

ʤʠʰʝʥʠ Fe20Ni80 ʥʝ ʧʨʝʚʳʰʘʣʦ 0.6 %. ɸʥʘʣʠʟ ʩʬʦʨʤʠʨʦʚʘʥʥʦʡ ʪʝʢʩʪʫʨʳ ʧʦʚʝʨʭʥʦʩʪʠ 

ʧʣʝʥʦʢ ʙʳʣ ʚʳʧʦʣʥʝʥ ʩ ʧʦʤʦʱʴʶ ʧʦʣʷʨʠʟʘʮʠʦʥʥʦʛʦ ʦʧʪʠʯʝʩʢʦʛʦ ʤʠʢʨʦʩʢʦʧʘ Axio 

Imager.A1m (Carl Zeiss). ʅʘ ʨʠʩʫʥʢʝ 6.2 ʚ ʢʘʯʝʩʪʚʝ ʧʨʠʤʝʨʘ ʧʨʝʜʩʪʘʚʣʝʥʳ ʬʦʪʦʛʨʘʬʠʠ 

ʧʣʝʥʦʢ ʉʝʨʠʠ 1. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʧʦʚʝʨʭʥʦʩʪʴ ʧʣʝʥʦʢ ʧʦʣʥʦʩʪʴʶ ʧʦʚʪʦʨʷʝʪ ʩʬʦʨʤʠʨʦ-

ʚʘʥʥʫʶ ʪʝʢʩʪʫʨʫ ʧʦʜʣʦʞʝʢ ʠ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʩʠʩʪʝʤʫ ʧʘʨʘʣʣʝʣʴʥʳʭ ʫʛʣʫʙʣʝʥʠʡ 

(ʢʘʥʘʚʦʢ) ʰʠʨʠʥʦʡ ~ 1.5 ʤʢʤ. ʇʨʠ ʵʪʦʤ ʬʘʢʪʠʯʝʩʢʠʡ ʧʝʨʠʦʜ ʧʦʣʫʯʝʥʥʳʭ ʩʪʨʫʢʪʫʨ ʩʦ-

ʩʪʘʚʠʣ l = 20.3Ñ0.27, 10.2Ñ0.26 ʠ 4.9Ñ0.18 ʤʢʤ. 

  

 

ʈʠʩʫʥʦʢ 6.2 ï ʌʦʪʦʛʨʘʬʠʠ ʧʦʚʝʨʭʥʦʩʪʠ ʧʣʝʥʦʢ ʉʝʨʠʠ 1, ʧʦʣʫʯʝʥʥʳʝ ʩ ʧʦʤʦʱʴʶ 

ʧʦʣ̫ʨʠʟʘʮʠʦʥʥʦʛʦ ʦʧʪʠʯʝʩʢʦʛʦ ʤʠʢʨʦʩʢʦʧʘ Axio Imager.A1m (Carl Zeiss) 
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ʄʘʛʥʠʪʥʘʷ ʧʨʦʥʠʮʘʝʤʦʩʪʴ ʧʦʣʫʯʝʥʥʳʭ ʦʙʨʘʟʮʦʚ ʙʳʣʘ ʠʟʤʝʨʝʥʘ ʩ ʧʦʤʦʱʴʶ ʠh-

ʨʦʢʦʧʦʣʦʩʥʦʛʦ ʩʧʝʢʪʨʦʤʝʪʨʘ ʌʄʈ ʚ ʜʠʘʧʘʟʦʥʝ ʯʘʩʪʦʪ ʦʪ 100 ʄɻʮ ʜʦ 9.5 ɻʮ. ʀʟʤʝʨʝʥʠʷ 

ʧʨʦʚʦʜʠʣʠʩʴ ʧʨʠ ʨʘʟʚʝʨʪʢʝ ʯʘʩʪʦʪʳ f ʜʣʷ ʨʘʟʣʠʯʥʳʭ ʟʥʘʯʝʥʠʡ ʚʥʝʰʥʝʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ 

H, ʧʨʠʣʦʞʝʥʥʦʛʦ ʚ ʧʣʦʩʢʦʩʪʠ ʦʙʨʘʟʮʘ. ʂʦʥʩʪʨʫʢʮʠʷ ʠʟʤʝʨʠʪʝʣʴʥʦʡ ʷʯʝʡʢʠ, ʚʥʫʪʨʠ ʢʦ-

ʪʦʨʦʡ ʨʘʟʤʝʱʘʣʩʷ ʠʩʩʣʝʜʫʝʤʳʡ ʦʙʨʘʟʝʮ ʪʦʥʢʦʡ ʤʘʛʥʠʪʥʦʡ ʧʣʝʥʢʠ, ʦʙʱʘʷ ʩʭʝʤʘ ʩʧʝʢ-

ʪʨʦʤʝʪʨʘ ʌʄʈ ʠ ʤʝʪʦʜʠʢʘ ʠʟʤʝʨʝʥʠʡ ʧʨʠʚʝʜʝʥʳ ʚ ʨʘʟʜʝʣʝ 2.1.2.  

6.1.3 ʊʝʦʨʝʪʠʯʝʩʢʘʷ ʤʦʜʝʣʴ ʤʘʛʥʠʪʥʦʡ ʧʣʝʥʢʠ ʥʘ ʧʝʨʠʦʜʠʯʝʩʢʠ 

ʪʝʢʩʪʫʨʠʨʦʚʘʥʥʦʡ ʧʦʜʣʦʞʢʝ 

ʊʝʦʨʝʪʠʯʝʩʢʠʡ ʘʥʘʣʠʟ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ ʙʳʣ ʚʳʧʦʣʥʝʥ ʥʘ ʦʩʥʦʚʝ ʤʦʜʝʣʠ 

ʪʦʥʢʦʡ ʤʘʛʥʠʪʥʦʡ ʧʣʝʥʢʠ ʩ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦ ʤʦʜʫʣʠʨʦʚʘʥʥʳʤ ʧʨʦʬʠʣʝʤ, ʧʨʝʜʩʪʘʚʣʝʥ-

ʥʦʡ ʥʘ ʨʠʩʫʥʢʝ 6.3. ɼʣʷ ʦʮʝʥʢʠ ʚʝʣʠʯʠʥʳ ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ ʪʘʢʠʭ ʧʣʝʥʦʢ ʠʩ-

ʧʦʣʴʟʦʚʘʣʩʷ ʧʨʝʜʣʦʞʝʥʥʳʡ ʅʝʪʟʝʣʴʤʘʥʦʤ ʤʝʪʦʜʦʤ [259], ʢʦʪʦʨʳʡ ʚ ʩʣʫʯʘʝ ʛʨʘʥʫʣʠʨʦ-

ʚʘʥʥʳʭ ʧʣʝʥʦʢ ʧʦʟʚʦʣʷʝʪ ʦʪʥʦʩʠʪʝʣʴʥʦ ʧʨʦʩʪʦ ʦʧʨʝʜʝʣʠʪʴ ʢʦʤʧʦʥʝʥʪʳ ʫʩʨʝʜʥʝʥʥʦʛʦ ʧʦ 

ʦʙʲʝʤʫ ʪʝʥʟʦʨʘ ʨʘʟʤʘʛʥʠʯʠʚʘʶʱʠʭ ʬʘʢʪʦʨʦʚ. ɺ ʨʘʤʢʘʭ ʤʦʜʝʣʠ ʛʨʘʥʫʣʠʨʦʚʘʥʥʦʡ ʪʦʥʢʦʡ 

ʧʣʝʥʢʠ ʅʝʪʟʝʣʴʤʘʥ ʨʘʩʩʤʦʪʨʝʣ ʜʚʘ ʧʨʝʜʝʣʴʥʳʭ ʩʣʫʯʘʷ: ʦʪʜʝʣʴʥʦʡ ʠʟʦʣʠʨʦʚʘʥʥʦʡ ʯʘʩ-

ʪʠʮʳ (ʦʙʲʝʢʪʘ ʠʣʠ ʵʣʝʤʝʥʪʘ ʩʪʨʫʢʪʫʨʳ) ʩ ʪʝʥʟʦʨʦʤ ʨʘʟʤʘʛʥʠʯʠʚʘʥʠʷ N
obj

 ʠ ʦʜʥʦʨʦʜʥʦ 

ʥʘʤʘʛʥʠʯʝʥʥʦʡ ʧʣʝʥʢʠ ʩ ʪʝʥʟʦʨʦʤ ʨʘʟʤʘʛʥʠʯʠʚʘʥʠʷ N
film
, ʘ ʟʘʪʝʤ ʚʳʨʘʟʠʣ ʧʣʦʪʥʦʩʪʴ 

ʵʥʝʨʛʠʠ ʨʘʟʤʘʛʥʠʯʠʚʘʥʠʷ ʚ ʚʠʜʝ 

 MMMM
filmobjm NpNppF 2

2

1
)1(

2

1
+-= , (6.1) 

ʛʜʝ ʄ ï ʚʝʢʪʦʨ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʦʙʨʘʟʮʘ, ʘ ʢʦɻʬʬʠʮʠʝʥʪ ʫʧʘʢʦʚʢʠ p ʦʧʨʝʜʝʣʷʝʪ ʦʪʥʦ-

ʩʠʪʝʣʴʥʫ  ʁʜʦʣʶ ʤʘʛʥʠʪʥʳʭ ʯʘʩʪʠʮ ʚ ʦʙʨʘʟʮʝ. ʇʝʨʚʳʡ ʯʣʝʥ ʧʨʘʚʦʡ ʯʘʩʪʠ ʵʪʦʛʦ ʚʳʨʘ-

ʞʝʥʠʷ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʤʘʛʥʠʪʥʫʶ ʵʥʝʨʛʠʶ, ʩʚʷʟʘʥʥʫʶ ʩ ʬʦʨʤʦʡ ʩʘʤʠʭ ʯʘʩʪʠʮ, ʘ 

ʚʪʦʨʦʡ ï ʵʥʝʨʛʠʶ ʨʘʟʤʘʛʥʠʯʠʚʘʥʠʷ, ʩʚʷʟʘʥʥʫʶ ʩ ʦʙʱʝʡ ʛʝʦʤʝʪʨʠʝʡ ʧʣʝʥʢʠ. ɺ ʵʪʦʤ ʩʣʫ-

ʯʘʝ ʧʦʣʝ ʨʘʟʤʘʛʥʠʯʠʚʘʥʠʷ ʦʧʨʝʜʝʣʷʝʪʩʷ ʚʳʨʘʞʝʥʠʝʤ 

 MMM
M

H NpNNp
d

dF

p

filmobj
m

m -=---=-= )1(
1

, (6.2) 

ʘ ʵʬʬʝʢʪʠʚʥʳʡ ʪʝʥʟʦʨ ʨʘʟʤʘʛʥʠʯʠʚʘʶʱʠʭ ʬʘʢʪʦʨʦʚ ʛʨʘʥʫʣʠʨʦʚʘʥʥʦʡ ʧʣʝʥʢʠ 

filmobj pNNpN +-= )1( . 
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ʈʠʩʫʥʦʢ 6.3 ï ʄʦʜʝʣʴ ʪʦʥʢʦʡ ʤʘʛʥʠʪʥʦʡ ʧʣʝʥʢʠ ʥʘ ʧʝʨʠʦʜʠʯʝʩʢʠ 

ʪʝʢʩʪʫʨʠʨʦʚʘʥʥʦʡ ʧʦʜʣʦʞʢʝ 

ɺ ʨʘʙʦʪʝ [194] ɼʫʙʦʚʠʢ ʧʦʢʘʟʘʣ, ʯʪʦ ʜʘʥʥʳʡ ʤʝʪʦʜ ʧʨʠʤʝʥʠʤ ʥʝ ʪʦʣʴʢʦ ʢ ʛʨʘʥʫ-

ʣʠʨʦʚʘʥʥʳʤ ʧʣʝʥʢʘʤ, ʥʦ ʠ ʢ ʜʨʫʛʠʤ ʥʝʦʜʥʦʨʦʜʥʳʤ ʤʘʛʥʠʪʥʳʤ ʛʝʪʝʨʦʩʪʨʫʢʪʫʨʘʤ ʧʨʦ-

ʠʟʚʦʣʴʥʦʡ ʬʦʨʤʳ ʠ ʨʘʟʤʝʨʦʚ. ɺ ʯʘʩʪʥʦʩʪʠ, ʚ ʵʪʦʡ ʨʘʙʦʪʝ ʙʳʣʠ ʨʘʩʩʤʦʪʨʝʥʳ ʧʨʠʤʝʨʳ 

ʨʘʩʯʝʪʘ ʧʦʣʝʡ ʨʘʟʤʘʛʥʠʯʠʚʘʥʠʷ ʜʣʷ ʤʥʦʛʦʩʣʦʡʥʦʡ ʧʣʝʥʢʠ, ʧʣʝʥʢʠ ʩʦ ʩʪʦʣʙʯʘʪʦʡ ʤʠʢ-

ʨʦʩʪʨʫʢʪʫʨʦʡ, ʘ ʪʘʢʞʝ ʬʝʨʨʦʤʘʛʥʠʪʥʦʡ ʧʣʝʥʢʠ ʩ ʰʝʨʦʭʦʚʘʪʦʩʪʷʤʠ ʥʘ ʠʭ ʧʦʚʝʨʭʥʦʩʪʠ. 

ɼʣʷ ʪʦʛʦ ʯʪʦʙʳ ʚʦʩʧʦʣʴʟʦʚʘʪʴʩʷ ʜʘʥʥʳʤ ʤʝʪʦʜʦʤ ʜʣʷ ʨʘʩʯʝʪʘ ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ, 

ʦʙʫʩʣʦʚʣʝʥʥʦʡ ʧʝʨʠʦʜʠʯʝʩʢʠʤʠ ʩʪʫʧʝʥʴʢʘʤʠ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʦʙʨʘʟʮʘ ʠ ʥʘ ʠʥʪʝʨʬʝʡʩʝ 

ʧʣʝʥʢʘ/ʧʦʜʣʦʞʢʘ, ʨʘʟʦʙʴʝʤ ʧʨʦʬʠʣʴ ʧʦʣʫʯʝʥʥʦʡ ʤʘʛʥʠʪʥʦʡ ʩʪʨʫʢʪʫʨʳ ʥʘ ʪʨʠ ʩʣʦʷ ʪʘʢ, 

ʢʘʢ ʧʦʢʘʟʘʥʦ ʥʘ ʨʠʩʫʥʢʝ 6.3. ʊʦʛʜʘ ʚʳʨʘʞʝʥʠʝ ʜʣʷ ʧʣʦʪʥʦʩʪʠ ʤʘʛʥʠʪʦʩʪʘʪʠʯʝʩʢʦʡ ʵʥʝʨ-

ʛʠʠ ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ [194] ʙʫʜʝʪ ʠʤʝʪʴ ʚʠʜ 

 , (6.3) 

ʛʜʝ ti, pi ʠ  ï ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ ʪʦʣʱʠʥʘ, ʧʣʦʪʥʦʩʪʴ ʠ ʪʝʥʟʦʨ ʨʘʟʤʘʛʥʠʯʠʚʘʥʠʷ ʠʟʦʣʠ-

ʨʦʚʘʥʥʳʭ çʯʘʩʪʠʮè (ʚʳʪʷʥʫʪʳʭ ʧʦʣʦʩʦʢ) i-ʛʦ ʩʣʦʷ, ʘ t ï ʪʦʣʱʠʥʘ ʚʩʝʭ ʩʣʦʝʚ. ɺ ʩʦʦʪʚʝʪ-

ʩʪʚʠʠ ʩ ʨʠʩʫʥʢʦʤ 6.3 ʪʦʣʱʠʥʘ ʦʪʜʝʣʴʥʳʭ ʩʣʦʝʚ t1 = t3 = h, t2 = dïh, ʘ ʪʦʣʱʠʥʘ ʚʩʝʡ 






















































































































































































