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ʥʦʚʝ ʜʚʫʤʝʨʥʳʭ ʤʘʪʝʨʠʘʣʦʚè 

ʍʠʚʠʥʮʝʚ ʖ.ɺ. (ʢ.ʬ.-ʤ.ʥ. ʚ.ʥ.ʩ. ʉʌʀʈʕ ʠʤ ɺ.ɸ. ʂʦʪʝʣʴʥʠʢʦʚʘ ʈɸʅ, ʉʘʨʘʪʦʚ) çʋʧʨʘʚʣʝʥʠʝ 

ʩʧʝʢʪʨʦʤ ʠ ʧʦʪʦʢʘʤʠ ʩʧʠʥʦʚʳʭ ʚʦʣʥ ʟʘ ʩʯʝʪ ʤʝʪʘʣʣʠʟʘʮʠʠ ʪʦʥʢʦʧʣʝʥʦʯʥʦʛʦ ʬʝʨʨʠʪʦʚʦʛʦ 

ʚʦʣʥʦʚʦʜʘ ʜʣʷ ʫʩʪʨʦʡʩʪʚ ʤʘʛʥʦʥʠʢʠè 
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ʆʜʥʠʤ ʠʟ ʧʨʠʦʨʠʪʝʪʥʳʭ ʥʘʧʨʘʚʣʝʥʠʡ ʚ ʨʘʟʨʘʙʦʪʢʝ ʩʦʚʨʝʤʝʥʥʳʭ ʛʠʨʦʪʨʦʥʦʚ 

ʚʳʩʪʫʧʘʝʪ ʩʦʟʜʘʥʠʝ ʤʦʱʥʳʭ ʚʳʩʦʢʦʵʬʬʝʢʪʠʚʥʳʭ ʠʩʪʦʯʥʠʢʦʚ ʠʟʣʫʯʝʥʠʷ ʩʫʙʪʝʨʘ-

ʛʝʨʮʝʚʦʛʦ ʠ ʪʝʨʘʛʝʨʮʝʚʦʛʦ ʜʠʘʧʘʟʦʥʦʚ ʜʣʷ ʧʨʠʤʝʥʝʥʠʷ ʚ ʨʘʟʣʠʯʥʳʭ ʦʙʣʘʩʪʷʭ ʥʘʫʢʠ 

ʠ ʪʝʭʥʠʢʠ, ʚʢʣʶʯʘʷ ʥʘʛʨʝʚ ʠ ʜʠʘʛʥʦʩʪʠʢʫ ʧʣʘʟʤʳ, ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʝ ʫʩʪʘʥʦʚʢʠ ʜʣʷ 

ʦʙʨʘʙʦʪʢʠ ʤʘʪʝʨʠʘʣʦʚ, ʩʧʝʢʪʨʦʩʢʦʧʠʯʝʩʢʠʝ ʠʩʩʣʝʜʦʚʘʥʠʷ, ʤʝʜʠʮʠʥʩʢʠʝ ʧʨʠʤʝʥʝ-

ʥʠʷ, ʩʠʩʪʝʤʳ ʩʚʷʟʠ ʠ ʜʨʫʛʠʝ ʧʨʠʣʦʞʝʥʠʷ [1,2]. ɺ ʙʦʣʴʰʠʥʩʪʚʝ ʩʫʱʝʩʪʚʫʶʱʠʭ ʛʠ-

ʨʦʪʨʦʥʦʚ ʠʩʧʦʣʴʟʫʶʪʩʷ ʨʝʟʦʥʘʪʦʨʳ ʪʨʘʜʠʮʠʦʥʥʦʡ ʢʦʥʩʪʨʫʢʮʠʠ, ʧʨʝʜʩʪʘʚʣʷʶʱʠʝ 

ʩʦʙʦʡ ʧʨʦʪʷʞʝʥʥʳʡ ʩʣʘʙʦʥʝʦʜʥʦʨʦʜʥʳʡ ʧʦʣʳʡ ʤʝʪʘʣʣʠʯʝʩʢʠʡ ʚʦʣʥʦʚʦʜ ʩ ʫʩʪʨʦʡ-

ʩʪʚʦʤ ʜʠʬʨʘʢʮʠʦʥʥʦʛʦ ʚʳʚʦʜʘ ʵʥʝʨʛʠʠ. ɼʣʷ ʪʘʢʠʭ ʨʝʟʦʥʘʪʦʨʦʚ ʭʘʨʘʢʪʝʨʥʦ ʩʫʱʝ-

ʩʪʚʦʚʘʥʠʝ ʤʠʥʠʤʘʣʴʥʦʡ ʜʠʬʨʘʢʮʠʦʥʥʦʡ ʜʦʙʨʦʪʥʦʩʪʠ, ʦʧʨʝʜʝʣʷʝʤʦʡ ʩʦʦʪʥʦʰʝ-

ʥʠʝʤ ʜʣʠʥʳ ʨʝʟʦʥʘʪʦʨʘ ʢ ʜʣʠʥʝ ʚʦʣʥʳ ʛʝʥʝʨʠʨʫʝʤʦʛʦ ʠʟʣʫʯʝʥʠʷ. ɼʘʥʥʦʝ ʦʛʨʘʥʠ-

ʯʝʥʠʝ ʦʙʫʩʣʦʚʣʝʥʦ ʪʝʤ, ʯʪʦ ʯʘʩʪʦʪʘ ʛʝʥʝʨʘʮʠʠ ʚ ʪʘʢʦʡ ʢʦʥʩʪʨʫʢʮʠʠ ʙʣʠʟʢʘ ʢ ʢʨʠ-

ʪʠʯʝʩʢʦʡ ʯʘʩʪʦʪʝ ʨʘʙʦʯʝʡ ʤʦʜʳ ʚ ʦʩʥʦʚʥʦʡ ʯʘʩʪʠ ʨʝʟʦʥʘʪʦʨʘ. ʅʘʣʠʯʠʝ ʤʠʥʠʤʘʣʴ-

ʥʦʡ ʜʠʬʨʘʢʮʠʦʥʥʦʡ ʜʦʙʨʦʪʥʦʩʪʠ ʧʨʠ ʬʠʢʩʠʨʦʚʘʥʥʦʡ ʦʤʠʯʝʩʢʦʡ ʜʦʙʨʦʪʥʦʩʪʠ ʩʫ-

ʱʝʩʪʚʝʥʥʦ ʦʛʨʘʥʠʯʠʚʘʝʪ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʨʘʙʦʪʳ ʛʠʨʦʪʨʦʥʘ, ʧʦʩʢʦʣʴʢʫ ʦʪʥʦʰʝʥʠʝ 

ʵʪʠʭ ʧʘʨʘʤʝʪʨʦʚ ʦʧʨʝʜʝʣʷʝʪ ʧʦʣʝʟʥʫʶ ʚʳʭʦʜʥʫʶ ʤʦʱʥʦʩʪʴ ʛʝʥʝʨʘʪʦʨʘ. ʇʨʝʦʜʦʣʝ-

ʥʠʝ ʫʢʘʟʘʥʥʦʛʦ ʦʛʨʘʥʠʯʝʥʠʷ ʚʦʟʤʦʞʥʦ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʨʝʟʦʥʘʪʦʨʦʚ ʩ ʢʦʥʩʪʨʫʢ-

ʮʠʝʡ, ʦʪʣʠʯʘʶʱʝʡʩʷ ʦʪ ʢʣʘʩʩʠʯʝʩʢʦʡ, ʚ ʢʦʪʦʨʳʭ ʟʥʘʯʝʥʠʝ ʜʠʬʨʘʢʮʠʦʥʥʦʡ ʜʦʙʨʦʪ-

ʥʦʩʪʠ ʥʝ ʩʪʦʣʴ ʞʝʩʪʢʦ ʩʚʷʟʘʥʦ ʩ ʜʣʠʥʦʡ ʨʝʟʦʥʘʪʦʨʘ. ʇʝʨʩʧʝʢʪʠʚʥʳʤ ʧʨʠʤʝʨʦʤ ʪʘ-

ʢʦʡ ʩʪʨʫʢʪʫʨʳ ʷʚʣʷʝʪʩʷ ʵʰʝʣʝʪʥʳʡ ʨʝʟʦʥʘʪʦʨ [3,4], ʦʙʣʘʜʘʶʱʠʡ ʚʳʩʦʢʠʤʠ ʩʝʣʝʢ-

ʪʠʚʥʳʤʠ ʩʚʦʡʩʪʚʘʤʠ ʙʣʘʛʦʜʘʨʷ ʚʦʟʤʦʞʥʦʩʪʠ ʫʧʨʘʚʣʝʥʠʷ ʜʦʙʨʦʪʥʦʩʪʷʤʠ ʨʘʟʣʠʯ-

ʥʳʭ ʤʦʜ ʧʫʪʝʤ ʚʘʨʴʠʨʦʚʘʥʠʷ ʧʘʨʘʤʝʪʨʦʚ ʵʰʝʣʝʪʪʘ. ʕʪʦ ʧʦʟʚʦʣʷʝʪ ʩʫʱʝʩʪʚʝʥʥʦ 

ʩʥʠʞʘʪʴ ʜʠʬʨʘʢʮʠʦʥʥʫʶ ʜʦʙʨʦʪʥʦʩʪʴ ʨʘʙʦʯʝʡ ʤʦʜʳ, ʯʪʦ ʦʩʦʙʝʥʥʦ ʚʘʞʥʦ ʧʨʠ ʩʦ-

ʟʜʘʥʠʠ ʛʠʨʦʪʨʦʥʦʚ, ʨʘʙʦʪʘʶʱʠʭ ʥʘ ʚʪʦʨʦʡ ʛʘʨʤʦʥʠʢʝ ʮʠʢʣʦʪʨʦʥʥʦʡ ʯʘʩʪʦʪʳ [5]. 

ɺ ʧʨʝʜʩʪʘʚʣʝʥʥʦʡ ʨʘʙʦʪʝ ʨʘʟʚʠʪ ʤʝʪʦʜ ʨʘʩʯʝʪʘ ʢʦʣʝʙʘʥʠʡ ʚ ʦʪʢʨʳʪʳʭ ʘʢʩʠ-

ʘʣʴʥʦ-ʩʠʤʤʝʪʨʠʯʥʳʭ ʨʝʟʦʥʘʪʦʨʘʭ, ʦʩʥʦʚʘʥʥʳʡ ʥʘ ʩʣʘʙʦʡ ʬʦʨʤʫʣʠʨʦʚʢʝ ʫʨʘʚʥʝ-

ʥʠʡ ʵʣʝʢʪʨʦʜʠʥʘʤʠʢʠ, ʤʝʪʦʜʝ ʢʦʥʝʯʥʳʭ ʵʣʝʤʝʥʪʦʚ ʠ ʧʨʠʤʝʥʝʥʠʠ PML-ʩʣʦʝʚ ʜʣʷ 

ʦʛʨʘʥʠʯʝʥʠʷ ʨʘʩʯʝʪʥʦʡ ʦʙʣʘʩʪʠ. ʈʘʟʨʘʙʦʪʘʥʥʳʡ ʧʨʦʛʨʘʤʤʥʳʡ ʢʦʤʧʣʝʢʩ ʜʣʷ ʤʦʜʝ-

ʣʠʨʦʚʘʥʠʷ ʥʝʩʦʙʩʪʚʝʥʥʳʭ ʢʦʣʝʙʘʥʠʡ ʦʪʢʨʳʪʳʭ ʨʝʟʦʥʘʪʦʨʦʚ ʛʠʨʦʪʨʦʥʦʚ ʧʦʟʚʦʣʷʝʪ 

ʩ ʚʳʩʦʢʦʡ ʪʦʯʥʦʩʪʴʶ ʨʘʩʩʯʠʪʳʚʘʪʴ ʠʭ ʦʩʥʦʚʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ, ʚʢʣʶʯʘʷ ʯʘʩʪʦʪʳ 

ʢʦʣʝʙʘʥʠʡ, ʜʠʬʨʘʢʮʠʦʥʥʳʝ, ʦʤʠʯʝʩʢʠʝ ʠ ʧʦʣʥʳʝ ʜʦʙʨʦʪʥʦʩʪʠ, ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʧʦ-

ʣʝʡ ʤʦʜ, ʘʤʧʣʠʪʫʜʳ ʨʘʟʣʦʞʝʥʠʷ ʧʦ ʧʦʧʝʨʝʯʥʳʤ ʤʦʜʘʤ ʚʦʣʥʦʚʦʜʦʚ ʩʨʘʚʥʝʥʠʷ, ʘ 

ʪʘʢʞʝ ʜʨʫʛʠʝ ʥʝʦʙʭʦʜʠʤʳʝ ʧʘʨʘʤʝʪʨʳ. 
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7                       ʉʙʦʨʥʠʢ ʪʨʫʜʦʚ XX ɺʩʝʨʦʩʩʠʡʩʢʦʡ ʢʦʥʬʝʨʝʥʮʠʠ ʤʦʣʦʜʳʭ ʫʯʝʥʳʭ              

ɺ ʢʘʯʝʩʪʚʝ ʦʜʥʦʛʦ ʠʟ ʧʨʠʤʝʨʦʚ ʙʳʣ ʨʘʩʩʤʦʪʨʝʥ ʘʢʩʠʘʣʴʥʦ ð ʩʠʤʤʝʪʨʠʯʥʳʡ 

ʵʰʝʣʝʪʪʥʳʡ ʨʝʟʦʥʘʪʦʨ, ʧʘʨʘʤʝʪʨʳ ʢʦʪʦʨʦʛʦ ʚʟʷʪʳ ʠʟ ʨʘʙʦʪʳ [6]. ɺ ʨʝʟʫʣʴʪʘʪʝ ʧʨʦ-

ʚʝʜʸʥʥʦʛʦ ʯʠʩʣʝʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʘʢʩʠʘʣʴʥʦ-ʩʠʤʤʝʪʨʠʯʥʳʭ ʤʦʜ ʙʳʣʠ 

ʥʘʡʜʝʥʳ ʪʠʧʳ ʢʦʣʝʙʘʥʠʡ ʵʰʝʣʝʪʪʥʦʛʦ ʨʝʟʦʥʘʪʦʨʘ, ʘʥʘʣʦʛʠʯʥʳʝ ʧʨʦʜʦʣʴʥʳʤ ʤʦ-

ʜʘʤ ʩʪʘʥʜʘʨʪʥʦʛʦ ʨʝʟʦʥʘʪʦʨʘ ʚ ʪʦʤ ʩʤʳʩʣʝ, ʯʪʦ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʧʦʣʷ ʚʜʦʣʴ ʦʩʠ ʬʦʨ-

ʤʠʨʫʝʪʩʷ ʠʟ ʦʜʥʦʛʦ, ʜʚʫʭ ʠ ʪ.ʜ. ʙʦʣʝʝ ʠʣʠ ʤʝʥʝʝ ʣʦʢʘʣʠʟʦʚʘʥʥʳʭ ʫʯʘʩʪʢʦʚ ʠʟʤʝʥʝ-

ʥʠʷ ʢʦʤʧʣʝʢʩʥʦʡ ʘʤʧʣʠʪʫʜʳ ʧʦʣʷ ʦʪ ʥʝʙʦʣʴʰʦʛʦ ʜʦ ʤʘʢʩʠʤʘʣʴʥʦʛʦ ʟʥʘʯʝʥʠʷ ʠ 

ʥʘʟʘʜ ʢ ʥʝʙʦʣʴʰʦʤʫ ʟʥʘʯʝʥʠʶ. ʕʪʦ ʭʦʨʦʰʦ ʚʠʜʥʦ ʥʘ ʨʠʩ. 1, ʥʘ ʢʦʪʦʨʦʤ ʧʦʢʘʟʘʥʳ ʩ 

ʧʦʤʦʱʴʶ ʮʚʝʪʦʚʦʡ ʟʘʣʠʚʢʠ ʨʘʩʧʨʝʜʝʣʝʥʠʷ Hz- ʢʦʤʧʦʥʝʥʪʳ ʧʦʣʷ ʜʣʷ ʥʝʩʢʦʣʴʢʠʭ 

ʥʘʡʜʝʥʥʳʭ ʤʦʜ. 

 

 
                             (a) 

 
                              (ʙ) 

ʈʠʩ. 1. ʈʘʩʧʨʝʜʝʣʝʥʠe Hz- ʢʦʤʧʦʥʝʥʪʳ ʜʣʷ ʧʝʨʚʳʭ ʯʝʪʳʨʝʭ ʧʨʦʜʦʣʴʥʳʭ ʤʦʜ 

 

ʉ ʧʦʤʦʱʴʶ ʧʨʝʜʣʦʞʝʥʥʳʭ ʤʝʪʦʜʠʢ ʤʦʛʫʪ ʙʳʪʴ ʧʨʦʘʥʘʣʠʟʠʨʦʚʘʥʳ ʩʠʩʪʝʤʳ ʩ 

ʧʨʦʠʟʚʦʣʴʥʦʡ ʬʦʨʤʦʡ ʦʙʨʘʟʫʶʱʝʡ ʩʪʝʥʢʠ ʨʝʟʦʥʘʪʦʨʘ, ʚ ʪʦʤ ʯʠʩʣʝ ʨʝʟʦʥʘʪʦʨʳ ʥʝ-

ʩʪʘʥʜʘʨʪʥʦʛʦ ʪʠʧʘ: ʩʦ ʩʢʘʯʢʦʤ ʜʠʘʤʝʪʨʘ, ʩʪʫʧʝʥʯʘʪʳʝ, ʵʰʝʣʝʪʪʥʳʝ, ʩ ʜʠʘʬʨʘʛʤʘʤʠ, 

ʢʘʥʘʚʢʘʤʠ ʠ ʪ. ʜ. ɽʜʠʥʩʪʚʝʥʥʳʤ ʦʛʨʘʥʠʯʝʥʠʝʤ ʥʘ ʛʝʦʤʝʪʨʠʶ ʚʳʩʪʫʧʘʝʪ ʪʨʝʙʦʚʘ-

ʥʠʝ, ʯʪʦʙʳ ʨʝʟʦʥʘʪʦʨ ʦʩʪʘʚʘʣʩʷ ʘʢʩʠʘʣʴʥʦ ï ʩʠʤʤʝʪʨʠʯʥʳʤ. 

 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʚʳʧʦʣʥʝʥʦ ʟʘ ʩʯʝʪ ʛʨʘʥʪʘ ʈʦʩʩʠʡʩʢʦʛʦ ʥʘʫʯʥʦʛʦ ʬʦʥʜʘ ˉ 24-
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ɺ ʛʝʦʤʝʪʨʠʠ ʧʦʚʝʨʭʥʦʩʪʥʳʭ ʤʘʛʥʠʪʦʩʪʘʪʠʯʝʩʢʠʭ ʚʦʣʥ (ʇʄʉɺ) ʠʩʩʣʝʜʦʚʘʥ 

ʦʙʨʘʪʥʳʡ ʩʧʠʥʦʚʳʡ ʵʬʬʝʢʪ ʍʦʣʣʘ (ʆʉʕʍ) [1] ʚ ʩʪʨʫʢʪʫʨʝ çʬʝʨʨʠʪ ï ʧʣʘʪʠʥʘè, ʚ 

ʢʦʪʦʨʦʡ ʚʤʝʩʪʦ ʦʙʳʯʥʦ ʠʩʧʦʣʴʟʫʝʤʳʭ ʧʣʝʥʦʢ ʞʝʣʝʟʦ-ʠʪʪʨʠʝʚʦʛʦ ʛʨʘʥʘʪʘ Y3Fe5O12 

(ɾʀɻ) ʚʟʷʪʘ ʧʣʝʥʢʘ ʩʦʩʪʘʚʘ Lu2.1Bi0.9Fe5O12 ʪʦʣʱʠʥʦʡ 10 ʤʢʤ ʩ ʵʬʬʝʢʪʠʚʥʦʡ ʥʘʤʘʛ-

ʥʠʯʝʥʥʦʩʪʴʶ ʥʘʩʳʱʝʥʠʷ 4Ḿ=1460 ʕ (ʜʘʣʝʝ ï ʧʣʝʥʢʘ (ʩʪʨʫʢʪʫʨʘ) ˉ1). ʆʩʦʙʝʥʥʦ-

ʩʪʴʶ ʵʪʦʡ ʧʣʝʥʢʠ ʷʚʣʷʝʪʩʷ ʩʫʱʝʩʪʚʦʚʘʥʠʝ ʜʦʤʝʥʥʦʡ ʩʪʨʫʢʪʫʨʳ ʚ ʠʥʪʝʨʚʘʣʝ ʚʝʣʠ-

ʯʠʥ ʧʦʣʷ ʧʦʜʤʘʛʥʠʯʠʚʘʥʠʷ ʅ ʦʪ 0 ʜʦ Hså430 ʕ, ʛʜʝ Hs ï ʧʦʣʝ ʥʘʩʳʱʝʥʠʷ (ʪʦʛʜʘ ʢʘʢ 

ʚ ʧʣʝʥʢʘʭ ɾʀɻ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʫʩʣʦʚʠʡ ʨʦʩʪʘ ʠ ʧʘʨʘʤʝʪʨʦʚ ʧʣʝʥʢʠ Hs ʤʦʞʝʪ ʤʝ-

ʥʷʪʴʩʷ ʦʪ å20 ʕ ʜʦ å80 ʕ [2]). ʎʝʣʴʶ ʨʘʙʦʪʳ ʷʚʣʷʝʪʩʷ ʠʩʩʣʝʜʦʚʘʥʠʝ ʆʉʕʍ ʚ ʩʪʨʫʢ-

ʪʫʨʝ ʥʘ ʦʩʥʦʚʝ ʧʣʝʥʢʠ ˉ1 ʚ ʫʩʣʦʚʠʷʭ ʩʫʱʝʩʪʚʦʚʘʥʠʷ ʜʦʤʝʥʥʦʡ ʩʪʨʫʢʪʫʨʳ ʠ ʩʨʘʚ-

ʥʝʥʠʝ ʧʦʣʫʯʝʥʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ ʩʦ ʩʣʫʯʘʝʤ ʩʪʨʫʢʪʫʨʳ ʥʘ ʦʩʥʦʚʝ ʧʣʝʥʢʠ ɾʀɻ ʪʦʣ-

ʱʠʥʦʡ 15 ʤʢʤ, 4Ḿ=1750 ʕ (ʧʣʝʥʢʘ (ʩʪʨʫʢʪʫʨʘ) ˉ2). 

ʅʘ ʧʦʚʝʨʭʥʦʩʪʴ ʚʳʨʝʟʘʥʥʳʭ ʠʟ ʠʩʩʣʝʜʫʝʤʳʭ ʧʣʝʥʦʢ ʚʦʣʥʦʚʦʜʦʚ ʨʘʟʤʝʨʘʤʠ  

5 ʭ 10 ʤʤ ʩ ʧʦʤʦʱʴʶ ʤʘʛʥʝʪʨʦʥʥʦʛʦ ʥʘʧʳʣʝʥʠʷ ʯʝʨʝʟ ʤʘʩʢʫ ʥʘʥʦʩʠʣʘʩʴ ʦʨʠʝʥʪʠ-

ʨʦʚʘʥʥʘʷ ʚʜʦʣʴ ʜʣʠʥʥʦʡ ʩʪʦʨʦʥʳ ʚʦʣʥʦʚʦʜʘ ʧʦʣʦʩʢʘ ʧʣʘʪʠʥʳ ʪʦʣʱʠʥʦʡ 4 ʥʤ, ʨʘʟ-

ʤʝʨʘʤʠ 25 ʤʢʤ ʭ 4 ʤʤ, ʢʦʥʪʘʢʪʳ ʢ ʢʦʥʮʘʤ ʢʦʪʦʨʦʡ ʠʟʛʦʪʘʚʣʠʚʘʣʠʩʴ ʩ ʧʦʤʦʱʴʶ 

ʪʦʢʦʧʨʦʚʦʜʷʱʝʛʦ ʢʣʝʷ; ʨʝʛʠʩʪʨʠʨʦʚʘʣʘʩʴ ʚʝʣʠʯʠʥʘ ʥʘʧʨʷʞʝʥʠʷ U ʤʝʞʜʫ ʢʦʥʪʘʢ-

ʪʘʤʠ. ʉʦʧʨʦʪʠʚʣʝʥʠʝ ʧʦʣʦʩʦʢ ʩʦʩʪʘʚʣʷʣʦ 5,5 ï 6 ʢʆʤ. ʀʩʩʣʝʜʦʚʘʥʠʝ ʆʉʕʍ ʧʨʦʚʦ-

ʜʠʣʦʩʴ ʧʨʠ ʨʘʟʤʝʱʝʥʠʠ ʩʪʨʫʢʪʫʨ ʚ ʤʘʢʝʪʝ ʤʠʢʨʦʧʦʣʦʩʢʦʚʦʡ ʣʠʥʠʠ ʟʘʜʝʨʞʢʠ ʚ ʛʝʦ-

ʤʝʪʨʠʠ ʧʦʚʝʨʭʥʦʩʪʥʳʭ ʤʘʛʥʠʪʦʩʪʘʪʠʯʝʩʢʠʭ ʚʦʣʥ (ʇʄʉɺ). 

ʅʘ ʨʠʩ. 1 (ʘ) ʧʨʝʜʩʪʘʚʣʝʥ ʚʠʜ ʯʘʩʪʦʪʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ʤʦʜʫʣʷ ʢʦʵʬʬʠʮʠʝʥʪʘ 

ʧʝʨʝʜʘʯʠ ʤʘʢʝʪʘ ʜʣʷ ʥʝʩʢʦʣʴʢʠʭ ʚʝʣʠʯʠʥ ʧʦʣʷ ʧʦʜʤʘʛʥʠʯʠʚʘʥʠʷ ʅ ʩʦ ʩʪʨʫʢʪʫʨʦʡ 

ˉ1. ʂʨʠʚʳʝ 1 ʦʪʚʝʯʘʶʪ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʶ ʚ ʩʪʨʫʢʪʫʨʝ ʇʄʉɺ ʚ ʥʘʩʳʱʝʥʥʦʡ 

ʧʣʝʥʢʝ, ʢʨʠʚʳʝ 2 ʠ 3 ïʩʠʥʬʘʟʥʳʤ ʠ ʧʨʦʪʠʚʦʬʘʟʥʳʤ ʢʦʣʝʙʘʥʠʷʤ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ 

ʚ ʜʦʤʝʥʘʭ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʢʨʠʚʘʷ 4 ï ʩʧʠʥ-ʚʦʣʥʦʚʦʝ ʚʦʟʙʫʞʜʝʥʠʝ (ʉɺɺ), ʦʙʫʩʣʦʚ-

ʣʝʥʥʦʝ ʚʦʣʥʘʤʠ ʩʤʝʱʝʥʠʷ ʜʦʤʝʥʥʳʭ ʛʨʘʥʠʮ (ʢʨʠʚʘʷ 1w) [3, 4]. ʅʘ ʨʠʩ. 1 (b) ʧʨʠʚʝ-

ʜʝʥʳ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʚʝʣʠʯʠʥʳ ʧʦʣʷ ʅ ʥʠʟʢʦʯʘʩʪʦʪʥʳʭ ʛʨʘʥʠʮ f0 ʯʘʩʪʦʪʥʳʭ ʧʦʣʦʩ 

ʥʘʙʣʶʜʝʥʠʷ ʚʩʝʭ ʪʠʧʦʚ ʉɺɺ, ʨʘʩʧʨʦʩʪʨʘʥʷʶʱʠʭʩʷ ʚ ʦʙʝʠʭ ʠʩʩʣʝʜʦʚʘʥʥʳʭ ʩʪʨʫʢ-

ʪʫʨʘʭ, ʘ ʪʘʢʞʝ ʟʘʚʠʩʠʤʦʩʪʠ U(H). ɺʠʜʥʦ, ʯʪʦ ʚ ʩʪʨʫʢʪʫʨʝ ˉ2 ʛʝʥʝʨʘʮʠʷ ʕɼʉ ʥʘʙʣʶ-

ʜʘʝʪʩʷ ʜʣʷ ʚʩʝʭ ʪʠʧʦʚ ʉɺɺ, ʪʦʛʜʘ ʢʘʢ ʚ ʩʪʨʫʢʪʫʨʝ ˉ1 - ʪʦʣʴʢʦ ʜʣʷ ʩʣʫʯʘʷ ʩʠʥʬʘʟ-

ʥʳʭ ʢʦʣʝʙʘʥʠʡ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʚ ʜʦʤʝʥʘʭ. ʇʨʠ ʵʪʦʤ ʠʥʪʝʨʚʘʣ ʚʝʣʠʯʠʥ ʧʦʣʷ ʅ ʜʣʷ 

ʩʪʨʫʢʪʫʨʳ ˉ1 ʙʦʣʝʝ ʯʝʤ ʥʘ ʧʦʨʷʜʦʢ ʧʨʝʚʦʩʭʦʜʠʪ ʘʥʘʣʦʛʠʯʥʳʡ ʧʘʨʘʤʝʪʨ ʜʣʷ ʩʪʨʫʢ-

ʪʫʨʳ ˉ2, ʘ ʘʙʩʦʣʶʪʥʳʝ ʚʝʣʠʯʠʥʳ ʛʝʥʝʨʠʨʫʝʤʦʡ ʕɼʉ ʩʦʧʦʩʪʘʚʠʤʳ. 
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9                       ʉʙʦʨʥʠʢ ʪʨʫʜʦʚ XX ɺʩʝʨʦʩʩʠʡʩʢʦʡ ʢʦʥʬʝʨʝʥʮʠʠ ʤʦʣʦʜʳʭ ʫʯʝʥʳʭ              

ʉʣʝʜʫʝʪ ʜʦʙʘʚʠʪʴ, ʯʪʦ ʚ ʩʪʨʫʢʪʫʨʝ ˉ1 ʥʘ ʧʨʦʮʝʩʩ ʠʥʞʝʢʮʠʠ ʩʧʠʥʦʚʦʛʦ ʪʦʢʘ ʚ 

ʧʣʘʪʠʥʫ ʤʦʞʝʪ ʦʢʘʟʳʚʘʪʴ ʚʣʠʷʥʠʝ ʥʘʣʠʯʠʝ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʧʣʝʥʢʠ Lu2.1Bi0.9Fe5O12 

ʧʦʚʝʨʭʥʦʩʪʥʳʭ ʟʘʤʳʢʘʶʱʠʭ ʜʦʤʝʥʦʚ, ʦʪʤʝʯʝʥʥʦʝ ʚ [5]. 

ʆʪʤʝʪʠʤ ʪʘʢʞʝ, ʯʪʦ ʧʨʠ ʚʝʣʠʯʠʥʝ ʚʭʦʜʥʦʡ ʤʦʱʥʦʩʪʠ 7 ʜɹʤ ʧʨʦʮʝʩʩ ʪʨʝʭʤʘʛ-

ʥʦʥʥʦʛʦ ʨʘʩʧʘʜʘ ʧʨʠʚʦʜʠʪ ʢ ʦʛʨʘʥʠʯʝʥʠʶ ʢʦʵʬʬʠʮʠʝʥʪʘ ʧʝʨʝʜʘʯʠ ʇʄʉɺ (ʩʨʘʚʥ. 

ʢʨʠʚʳʝ 1 ʠ 1ʨ ʥʘ ʨʠʩ. 1 (ʘ)) ʠ ʧʨʦʪʠʚʦʬʘʟʥʳʭ ʢʦʣʝʙʘʥʠʡ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ (ʢʨʠʚʳʝ 

3 ʠ 3ʨ) ʚ ʦʪʣʠʯʠʝ ʦʪ ʩʣʫʯʘʷ ʩʠʥʬʘʟʥʳʭ ʢʦʣʝʙʘʥʠʡ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ (ʢʨʠʚʳʝ 2 ʠ 2ʨ).  
 

 
ʈʠʩ. 1. (ʘ) ʏʘʩʪʦʪʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʤʦʜʫʣʷ ʢʦʵʬʬʠʮʠʝʥʪʘ ʧʝʨʝʜʘʯʠ ʤʘʢʝʪʘ ʣʠʥʠʠ ʟʘʜʝʨʞʢʠ 

ʥʘ ʇʄʉɺ ʩ ʠʩʩʣʝʜʫʝʤʦʡ ʩʪʨʫʢʪʫʨʦʡ ˉ1 ʜʣʷ ʚʝʣʠʯʠʥ ʧʦʣʷ ʧʦʜʤʘʛʥʠʯʠʚʘʥʠʷ ʅ, ʫʢʘʟʘʥʥʳʭ 

ʫ ʢʨʠʚʳʭ, ʜʣʷ ʩʣʫʯʘʝʚ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʇʄʉɺ (ʢʨʠʚʘʷ 1), ʩʠʥʬʘʟʥʳʭ (ʢʨʠʚʘʷ 2) ʠ ʧʨʦʪʠ-

ʚʦʬʘʟʥʳʭ (ʢʨʠʚʘʷ 3) ʢʦʣʝʙʘʥʠʡ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʚ ʜʦʤʝʥʘʭ, ʘ ʪʘʢʞʝ ʚʦʣʥ ʩʤʝʱʝʥʠʷ ʜʦ-

ʤʝʥʥʳʭ ʛʨʘʥʠʮ (ʢʨʠʚʳʝ 4). ʀʥʜʝʢʩ ʨ ʦʪʚʝʯʘʝʪ ʚʭʦʜʥʦʡ ʤʦʱʥʦʩʪʠ 7 ʜɹʤ, ʦʪʩʫʪʩʪʚʠʝ ʠʥ-

ʜʝʢʩʘ ï (-20 ʜɹʤ). (b) ɿʘʚʠʩʠʤʦʩʪʠ ʦʪ ʚʝʣʠʯʠʥʳ ʧʦʣʷ ʅ ʜʣʠʥʥʦʚʦʣʥʦʚʳʭ ʛʨʘʥʠʮ f0 (ʧʦʢʘ-

ʟʘʥʳ ʩʪʨʝʣʢʘʤʠ) ʇʄʉɺ (ʢʨʠʚʳʝ 1yig ʠ 1lut), ʩʠʥʬʘʟʥʳʭ (ʢʨʠʚʳʝ 2yig ʠ 2lut) ʠ ʧʨʦʪʠʚʦʬʘʟʥʳʭ 

(ʢʨʠʚʳʝ 3yig ʠ 3lut) ʢʦʣʝʙʘʥʠʡ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʚ ʜʦʤʝʥʘʭ, ʘ ʪʘʢʞʝ ʚʦʣʥ ʩʤʝʱʝʥʠʷ ʜʦʤʝʥ-

ʥʳʭ ʛʨʘʥʠʮ (ʢʨʠʚʳʝ 4yig ʠ 4lut). ʀʥʜʝʢʩ yig ʦʪʚʝʯʘʝʪ ʧʣʝʥʢʝ Y3Fe5O12, ʠʥʜʝʢʩ lut ï ʧʣʝʥʢʝ 

Lu2.1Bi0.9Fe5O12. 
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ʅʘ ʩʦʚʨʝʤʝʥʥʦʤ ʵʪʘʧʝ ʨʘʟʚʠʪʠʷ ʤʝʜʠʮʠʥʳ ʘʢʪʫʘʣʴʥʦʡ ʷʚʣʷʝʪʩʷ ʟʘʜʘʯʘ ʩʦʟʜʘ-

ʥʠʷ ʢʘʧʩʫʣʠʨʦʚʘʥʥʳʭ ʬʦʨʤ ʣʝʢʘʨʩʪʚʝʥʥʳʭ ʧʨʝʧʘʨʘʪʦʚ ʩ ʜʠʩʪʘʥʮʠʦʥʥʦ ʫʧʨʘʚʣʷʝ-

ʤʳʤ ʚʳʩʚʦʙʦʞʜʝʥʠʝʤ. ʀʟʚʝʩʪʥʳ ʨʘʟʣʠʯʥʳʝ ʚʥʝʰʥʠʝ ʚʦʟʜʝʡʩʪʚʠʷ, ʧʨʠʚʦʜʷʱʠʝ ʢ 

ʠʟʤʝʥʝʥʠʶ ʧʨʦʥʠʮʘʝʤʦʩʪʠ, ʣʠʙʦ ʨʘʟʨʫʰʝʥʠʶ ʦʙʦʣʦʯʝʢ ʢʘʧʩʫʣ [1]. ʉʨʝʜʠ ʥʠʭ 

ʥʝʦʙʭʦʜʠʤʦ ʚʳʜʝʣʠʪʴ ʤʠʢʨʦʚʦʣʥʦʚʦʝ ʠʟʣʫʯʝʥʠʝ, ʧʦʩʢʦʣʴʢʫ ʦʥʦ ʩʧʦʩʦʙʥʦ ʜʝʡʩʪʚʦ-

ʚʘʪʴ ʦʜʥʦʚʨʝʤʝʥʥʦ ʥʘ ʜʦʩʪʘʪʦʯʥʦ ʙʦʣʴʰʦʝ ʢʦʣʠʯʝʩʪʚʦ ʢʘʧʩʫʣ, ʨʘʩʧʦʣʦʞʝʥʥʳʭ ʥʘ 

ʟʥʘʯʠʪʝʣʴʥʦʤ ʫʜʘʣʝʥʠʠ ʦʪ ʠʩʪʦʯʥʠʢʘ ʠʟʣʫʯʝʥʠʷ, ʢʨʦʤʝ ʪʦʛʦ ʤʠʢʨʦʚʦʣʥʦʚʦʝ ʠʟʣʫ-

ʯʝʥʠʝ ʩʧʦʩʦʙʥʦ ʧʨʦʥʠʢʘʪʴ ʚ ʙʠʦʪʢʘʥʠ ʥʘ ʛʣʫʙʠʥʫ ʧʦʨʷʜʢʘ ʝʜʠʥʠʮ ʩʘʥʪʠʤʝʪʨʦʚ [2, 

3]. ʉɺʏ ʠʟʣʫʯʝʥʠʝ ʜʦʩʪʘʪʦʯʥʦ ʜʘʚʥʦ ʠ ʫʩʧʝʰʥʦ ʠʩʧʦʣʴʟʫʝʪʩʷ ʚ ʤʝʜʠʮʠʥʝ [4-6]. ɺ 

ʩʚʷʟʠ ʩ ʵʪʠʤ ʨʝʘʣʠʟʘʮʠʷ ʚʦʟʤʦʞʥʦʩʪʠ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʤʠʢʨʦʚʦʣʥʦʚʦʛʦ ʠʟʣʫʯʝʥʠʷ 

ʜʣʷ ʚʦʟʜʝʡʩʪʚʠʷ ʥʘ ʧʨʦʥʠʮʘʝʤʦʩʪʴ ʦʙʦʣʦʯʢʠ ʤʠʢʨʦʢʘʧʩʫʣʳ ʷʚʣʷʝʪʩʷ ʘʢʪʫʘʣʴʥʦʡ ʠ 

ʧʨʘʢʪʠʯʝʩʢʠ ʟʥʘʯʠʤʦʡ ʟʘʜʘʯʝʡ. 

ɼʣʷ ʨʝʰʝʥʠʷ ʜʘʥʥʦʡ ʟʘʜʘʯʠ ʥʝʦʙʭʦʜʠʤʦ ʩʦʟʜʘʪʴ ʦʙʦʣʦʯʢʠ ʤʠʢʨʦʢʘʧʩʫʣ, ʵʬ-

ʬʝʢʪʠʚʥʦ ʧʦʛʣʦʱʘʶʱʠʝ ʤʠʢʨʦʚʦʣʥʦʚʦʝ ʠʟʣʫʯʝʥʠʝ, ʨʝʟʫʣʴʪʘʪʦʤ ʚʦʟʜʝʡʩʪʚʠʷ ʢʦʪʦ-

ʨʦʛʦ ʙʳʣʦ ʙʳ ʫʧʨʘʚʣʷʝʤʦʝ ʠʟʤʝʥʝʥʠʝ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʦʙʦʣʦʯʝʢ ʤʠʢʨʦʢʘʧʩʫʣ. 

ʅʘʠʙʦʣʝʝ ʧʨʦʩʪʳʤ ʩʧʦʩʦʙʦʤ ʦʙʝʩʧʝʯʝʥʠʷ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʠ ʧʦʣʠʤʝʨʥʳʭ ʢʘʧʩʫʣ ʢ 

ʤʠʢʨʦʚʦʣʥʦʚʦʤʫ ʠʟʣʫʯʝʥʠʶ ʷʚʣʷʝʪʩʷ ʚʚʝʜʝʥʠʝ ʚ ʩʦʩʪʘʚ ʠʭ ʦʙʦʣʦʯʝʢ ʥʝʦʨʛʘʥʠʯʝ-

ʩʢʠʭ ʯʘʩʪʠʮ, ʧʦʛʣʦʱʘʶʱʠʭ ʤʠʢʨʦʚʦʣʥʦʚʦʝ ʠʟʣʫʯʝʥʠʝ. ʊʘʢ, ʙʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ 

ʢʘʧʩʫʣʳ, ʩʦʜʝʨʞʘʱʠʝ ʚ ʦʙʦʣʦʯʢʘʭ ʥʘʥʦʯʘʩʪʠʮʳ ʤʘʛʥʝʪʠʪʘ, ʦʙʣʘʜʘʶʪ ʙʦʣʴʰʝʡ ʯʫʚ-

ʩʪʚʠʪʝʣʴʥʦʩʪʴʶ ʢ ʤʠʢʨʦʚʦʣʥʦʚʦʤʫ ʠʟʣʫʯʝʥʠʶ, ʥʝʞʝʣʠ ʥʝ ʩʦʜʝʨʞʘʱʠʝ ʯʘʩʪʠʮ [2, 

7-8]. ɺ ʩʚʷʟʠ ʩ ʵʪʠʤ ʟʘʜʘʯʘ ʧʦʠʩʢʘ ʦʧʪʠʤʘʣʴʥʦʛʦ ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ ʧʦʛʣʦʱʝʥʠʷ ʉɺʏ 

ʠʟʣʫʯʝʥʠʷ ʩʦʩʪʘʚʘ ʦʙʦʣʦʯʝʢ ʩʠʩʪʝʤʳ çʧʦʣʠʤʝʨʥʘʷ ʤʘʪʨʠʮʘ ï ʥʝʦʨʛʘʥʠʯʝʩʢʠʝ ʥʘ-

ʥʦʯʘʩʪʠʮʳè ʩʚʦʜʠʪʩʷ ʢ ʧʦʠʩʢʫ ʥʘʥʦʯʘʩʪʠʮ, ʦʙʝʩʧʝʯʠʚʘʶʱʠʭ ʤʘʢʩʠʤʘʣʴʥʦʝ ʧʦʛʣʦ-

ʱʝʥʠʝ ʉɺʏ ʠʟʣʫʯʝʥʠʷ. ʇʦ ʩʫʱʝʩʪʚʫ ʪɻʦ ʦʟʥʘʯʘʝʪ, ʯʪʦ ʚʚʝʜʝʥʠʝ ʥʘʥʦʯʘʩʪʠʮ ʚ ʦʙʦ-

ʣʦʯʢʫ ʤʠʢʨʦʢʘʧʩʫʣ ʜʦʣʞʥʦ ʧʨʠʚʦʜʠʪʴ ʢ ʫʚʝʣʠʯʝʥʠʶ ʤʥʠʤʦʡ ʢʦʤʧʦʥʝʥʪʳ ʜʠʵʣʝʢ-

ʪʨʠʯʝʩʢʦʡ (ʠʣʠ ʤʘʛʥʠʪʥʦʡ) ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʚʦʜʥʳʭ ʩʫʩʧʝʥʟʠʡ ʵʪʠʭ ʤʠʢʨʦʢʘʧʩʫʣ. 

ʇʦʩʢʦʣʴʢʫ ʢʦʥʝʯʥʳʤ ʧʨʦʜʫʢʪʦʤ ʪʝʭʥʦʣʦʛʠʠ ʷʚʣʷʝʪʩʷ ʚʦʜʥʘʷ ʩʫʩʧʝʥʟʠʷ ʤʠʢʨʦʢʘʧ-

ʩʫʣ, ʧʨʝʞʜʝ ʚʩʝʛʦ ʥʝʦʙʭʦʜʠʤʦ ʠʩʩʣʝʜʦʚʘʪʴ ʩʧʝʢʪʨ ʧʦʛʣʦʱʝʥʠʷ ʚʦʜʳ ʚ ʜʠʘʧʘʟʦʥʝ 

ʉɺʏ ʠʟʣʫʯʝʥʠʷ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ ʧʦʠʩʢʘ ʦʧʪʠʤʘʣʴʥʦʛʦ ʩʦʩʪʘʚʘ ʤʠʢ-

ʨʦʢʘʧʩʫʣ ʥʝʦʙʭʦʜʠʤʦ ʦʧʨʝʜʝʣʠʪʴ ʢʦʤʧʣʝʢʩʥʫʶ ʜʠʵʣʝʢʪʨʠʯʝʩʢʫʶ ʧʨʦʥʠʮʘʝʤʦʩʪʴ 

ʚʦʜʳ ʠ ʚʦʜʥʳʭ ʟʦʣʝʡ ʥʘʥʦʯʘʩʪʠʮ, ʚʩʪʨʘʠʚʘʝʤʳʭ ʚ ʦʙʦʣʦʯʢʠ ʢʘʧʩʫʣ. 

ɺ ʨʘʙʦʪʝ ʙʳʣʠ ʠʟʤʝʨʝʥʳ ʟʘʚʠʩʠʤʦʩʪʠ ʂʉɺʅ ʠ ʦʩʣʘʙʣʝʥʠʷ ʚʦʜʳ ʠ ʚʦʜʥʳʭ ʩʫʩ-

ʧʝʥʟʠʡ ʥʘʥʦʯʘʩʪʠʮ ʟʦʣʦʪʘ ʚ ʜʠʘʧʘʟʦʥʝ ʯʘʩʪʦʪ 7,8-10,2 ɻɻʮ. ʀʟʤʝʨʝʥʠʷ ʧʨʦʚʦʜʠʣʠʩʴ 

ʚ ʯʘʩʪʷʭ ʚʦʣʥʦʚʦʜʘ, ʧʦʣʥʦʩʪʴʶ ʟʘʧʦʣʥʝʥʥʳʭ ʠʩʩʣʝʜʫʝʤʳʤʠ ʞʠʜʢʦʩʪʷʤʠ, ʩ ʧʦʤʦ-

ʱʴʶ ʫʩʪʘʥʦʚʢʠ, ʘʚʪʦʤʘʪʠʟʠʨʫʱʝʡ ʧʨʦʮʝʩʩ ʠʟʤʝʨʝʥʠʷ ʩʧʝʢʪʨʦʚ ʦʪʨʘʞʝʥʠʷ/ʧʨʦʧʫʩ-

ʢʘʥʠʷ ʉɺʏ ʠʟʣʫʯʝʥʠʷ [9-13]. ɼʠʵʣʝʢʪʨʠʯʝʩʢʘʷ ʧʨʦʥʠʮʘʝʤʦʩʪʴ ʦʧʨʝʜʝʣʷʣʘʩʴ ʥʘ ʦʩ-

ʥʦʚʝ ʩʨʘʚʥʝʥʠʷ ʪʝʦʨʝʪʠʯʝʩʢʠ ʨʘʩʩʯʠʪʘʥʥʳʭ ʩʧʝʢʪʨʦʚ ʩ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ [14-

19]. 



11                       ʉʙʦʨʥʠʢ ʪʨʫʜʦʚ XX ɺʩʝʨʦʩʩʠʡʩʢʦʡ ʢʦʥʬʝʨʝʥʮʠʠ ʤʦʣʦʜʳʭ ʫʯʝʥʳʭ              

ɼʣʷ ʦʮʝʥʢʠ ʧʦʛʨʝʰʥʦʩʪʠ ʤʝʪʦʜʘ ʙʳʣʠ ʠʟʤʝʨʝʥʳ ʩʧʝʢʪʨʳ ʦʪʨʘʞʝʥʠʷ ʠ ʚʳʯʠʩ-

ʣʝʥʳ ʟʥʘʯʝʥʠʷ ʢʦʤʧʣʝʢʩʥʦʡ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʜʝʠʦʥʠʟʦʚʘʥʥʦʡ ʠ 

ʜʠʩʪʠʣʣʠʨʦʚʘʥʥʦʡ ʚʦʜʳ ʜʣʷ ʫʯʘʩʪʢʦʚ ʚʦʣʥʦʚʦʜʘ ʨʘʟʥʦʡ ʜʣʠʥʳ. ɹʳʣʠ ʧʨʦʚʝʜʝʥʳ 

ʠʟʤʝʨʝʥʠʷ ʩʧʝʢʪʨʦʚ ʦʪʨʘʞʝʥʠʷ ʠ ʧʨʦʧʫʩʢʘʥʠʷ, ʧʦ ʢʦʪʦʨʳʤ ʙʳʣʘ ʦʧʨʝʜʝʣʝʥʘ ʜʠ-

ʵʣʝʢʪʨʠʯʝʩʢʘʷ ʧʨʦʥʠʮʘʝʤʦʩʪʴ ʚʦʜʥʳʭ ʩʫʩʧʝʥʟʠʡ ʥʘʥʦʯʘʩʪʠʮ ʟʦʣʦʪʘ ʜʠʘʤʝʪʨʦʤ 10 

ʥʤ. 
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ʆʜʥʠʤʠ ʠʟ ʢʣʶʯʝʚʳʭ ʩʪʨʫʢʪʫʨ, ʧʨʝʜʣʘʛʘʝʤʳʭ ʜʣʷ ʨʘʟʚʠʪʠʷ ʵʣʝʤʝʥʪʥʦʡ ʙʘʟʳ 

ʤʘʛʥʦʥʠʢʠ ʠ ʩʧʠʥʪʨʦʥʠʢʠ, ʷʚʣʷʶʪʩʷ ʤʘʛʥʦʥʥʳʝ ʢʨʠʩʪʘʣʣʳ (ʄʂ) [1-3]. ʄʂ ʧʨʝʜ-

ʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʧʝʨʠʦʜʠʯʝʩʢʠʝ ʩʪʨʫʢʪʫʨʳ, ʩʬʦʨʤʠʨʦʚʘʥʥʳʝ ʥʘ ʦʩʥʦʚʝ ʤʘʛʥʠʪʥʳʭ 

ʤʘʪʝʨʠʘʣʦʚ ʠ ʠʩʧʦʣʴʟʫʝʤʳʝ ʜʣʷ ʠʟʤʝʥʝʥʠʷ ʩʚʦʡʩʪʚ ʩʧʠʥʦʚʳʭ ʚʦʣʥ (ʉɺ), ʠʣʠ ʤʘʛ-

ʥʦʥʦʚ ʚ ʄʂ, ʚ ʫʩʪʨʦʡʩʪʚʘʭ ʦʙʨʘʙʦʪʢʠ ʩʠʛʥʘʣʦʚ. ɹʣʘʛʦʜʘʨʷ ʬʦʨʤʠʨʦʚʘʥʠʶ ʟʘʧʨʝ-

ʱyʥʥʳʭ ʟʦʥ (ɿɿ) ð ʧʦʣʦʩ ʥʝʧʨʦʧʫʩʢʘʥʠʷ ʚ ʩʧʝʢʪʨʝ ʩʧʠʥʦʚʳʭ ʚʦʣʥ ð ʄʂ ʦʙʣʘʜʘʶʪ 

ʙʦʣʴʰʝʡ ʬʫʥʢʮʠʦʥʘʣʴʥʦʡ ʛʠʙʢʦʩʪʴʶ ʠ ʨʘʩʰʠʨʝʥʥʳʤʠ ʚʦʟʤʦʞʥʦʩʪʷʤʠ ʫʧʨʘʚʣʝʥʠʷ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʨʝʛʫʣʷʨʥʳʤʠ ʤʘʛʥʠʪʥʳʤʠ ʩʪʨʫʢʪʫʨʘʤʠ. ɺ 

ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʵʬʬʝʢʪʳ ʩʧʠʥʦʚʦʡ ʜʠʥʘʤʠʢʠ ʚ ʤʘʛʥʠʪʥʳʭ ʤʠʢʨʦ- ʠ ʥʘʥʦʩʪʨʫʢʪʫ-

ʨʘʭ ʘʢʪʠʚʥʦ ʠʩʩʣʝʜʫʶʪʩʷ ʚ ʩʚʷʟʠ ʩ ʧʝʨʩʧʝʢʪʠʚʦʡ ʩʦʟʜʘʥʠʷ ʥʘ ʠʭ ʦʩʥʦʚʝ ʰʠʨʦʢʦʛʦ 

ʩʧʝʢʪʨʘ ʤʥʦʛʦʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʫʩʪʨʦʡʩʪʚ ʟʘʧʠʩʠ, ʭʨʘʥʝʥʠʷ ʠ ʦʙʨʘʙʦʪʢʠ ʠʥʬʦʨʤʘ-

ʮʠʠ [3-5]. 

ɺ ʨʘʙʦʪʝ ʠʩʩʣʝʜʫʶʪʩʷ ʤʘʛʥʦʥʥʳʝ ʢʨʠʩʪʘʣʣʳ ʠʟ ʞʝʣʝʟʦ-ʠʪʪʨʠʝʚʦʛʦ ʛʨʘʥʘʪʘ 

(Y3Fe5O12, ɾʀɻ) ʩ ʧʝʨʠʦʜʠʯʝʩʢʦʡ ʩʠʩʪʝʤʦʡ ʢʘʥʘʚʦʢ ʟʘ ʩʯʸʪ ʤʦʜʫʣʷʮʠʠ ʪʦʣʱʠʥʳ 

ʄʂ. ʀʩʩʣʝʜʦʚʘʥʠʝ ʦʩʦʙʝʥʥʦʩʪʝʡ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʉɺ ʚ ʦʜʠʥʦʯʥʦʤ ʄʂ ʥʘʥʦʨʘʟ-

ʤʝʨʥʦʡ ʪʦʣʱʠʥʳ ʧʨʦʚʝʜʝʥʦ ʩ ʧʦʤʦʱʴʶ ʤʠʢʨʦʤʘʛʥʠʪʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʚ ʩʨʝʜʝ 

MuMax3. 

ʅʘ ʦʩʥʦʚʝ ʜʠʩʧʝʨʩʠʦʥʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʉɺ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʚ ʪʦʥʢʦʤ ʄʂ ʧʨʦ-

ʠʩʭʦʜʠʪ ʨʘʩʱʝʧʣʝʥʠʝ ʰʠʨʠʥʥʳʭ ʤʦʜ ʥʘ ʩʠʩʪʝʤʫ ʤʦʜ: ʦʩʥʦʚʥʫʶ (ʩ ʤʘʢʩʠʤʘʣʴʥʦʡ 

ʘʤʧʣʠʪʫʜʦʡ) ʠ ʜʦʧʦʣʥʠʪʝʣʴʥʳʝ ʤʦʜʳ, ʜʣʷ ʢʦʪʦʨʳʭ ʧʦʷʚʣʷʶʪʩʷ ʩʦʙʩʪʚʝʥʥʳʝ ʯʘ-

ʩʪʦʪʥʳʝ ʦʪʩʝʯʢʠ. ʋʚʝʣʠʯʝʥʥʳʝ ʬʨʘʛʤʝʥʪʳ ʜʠʩʧʝʨʩʠʡ ʜʣʷ ʥʘʙʣʶʜʝʥʠʷ ʤʦʜʳ ʧʝʨ-

ʚʦʛʦ ʧʦʨʷʜʢʘ ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʨʠʩ. 1. ʇʦʣʫʯʝʥʦ, ʯʪʦ ʪʘʢʦʡ ʧʘʨʘʤʝʪʨ ʢʘʢ ʦʪʥʦʰʝʥʠʝ 

ʰʠʨʠʥ ʩʪʦʣʙʠʢʘ ʠ ʢʘʥʘʚʢʠ (a/b) ʚʣʠʷʝʪ ʥʘ ʩʦʙʩʪʚʝʥʥʳʝ ʯʘʩʪʦʪʥʳʝ ʦʪʩʝʯʢʠ ʨʘʩʱʝʧ-

ʣʸʥʥʳʭ ʤʦʜ, ʥʘ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʵʥʝʨʛʠʠ ʚ ʩʠʩʪʝʤʝ ʤʦʜ, ʥʘ ʧʦʣʦʞʝʥʠʝ ʠ ʥʘʢʣʦʥ ʦʩ-

ʥʦʚʥʦʡ ʤʦʜʳ, ʘ ʪʘʢʞʝ ʥʘ ʬʦʨʤʠʨʦʚʘʥʠʝ ʟʘʧʨʝʱʸʥʥʳʭ ʟʦʥ. ʇʝʨʠʦʜ ʩʪʨʫʢʪʫʨʳ ʄʂ - 

ȹ = a + b, ʥʘ ʨʠʩ. 1(a, b) ȹ = 8 ʤʢʤ, ʥʘ ʨʠʩ. 1(c, d) - ȹ = 12 ʤʢʤ ʨʘʩʩʤʦʪʨʝʥʳ ʩʣʫʯʘʠ 

ʤʘʣʦʛʦ ʠ ʙʦʣʴʰʦʛʦ a/b. 

ʅʘ ʦʩʥʦʚʝ ʢʘʨʪ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʛʦ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ (ʨʠʩ. 2) 

ʧʦʣʫʯʝʥʦ, ʯʪʦ ʩʫʱʝʩʪʚʫʝʪ ʨʘʟʥʠʮʘ ʚ ʫʩʣʦʚʠʷʭ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʚʦʣʥ ʤʝʞʜʫ ʩʪʦʣ-

ʙʠʢʘʤʠ ʠ ʢʘʥʘʚʢʘʤʠ, ʯʪʦ ʚʳʟʳʚʘʝʪ ʬʨʘʛʤʝʥʪʘʮʠʶ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʥʘʤʘʛʥʠʯʝʥʥʦ-

ʩʪʠ. ʀʟʫʯʝʥʦ ʚʣʠʷʥʠʝ ʦʪʥʦʰʝʥʠʷ ʩʪʦʣʙʠʢ/ʢʘʥʘʚʢʘ ʥʘ ʭʘʨʘʢʪʝʨ ʬʨʘʛʤʝʥʪʘʮʠʠ ʨʘʩ-

ʧʨʝʜʝʣʝʥʠʡ ʠ ʠʭ ʧʝʨʠʦʜʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ. ʅʘ ʨʠʩ. 2 ʧʨʝʜʩʪʘʚʣʝʥʳ ʢʘʨʪʳ ʥʘʤʘʛʥʠ-

ʯʝʥʥʦʩʪʠ ʜʣʷ ʧʝʨʠʦʜʘ ȹ = 12 ʤʢʤ ʧʨʠ ʨʘʟʥʳʭ a/b. ɿʘʤʝʪʥʦ, ʯʪʦ ʦʪʥʦʰʝʥʠʝ a/b ʢʘʯʝ-

ʩʪʚʝʥʥʦ ʚʣʠʷʝʪ ʥʘ ʭʘʨʘʢʪʝʨ ʬʨʘʛʤʝʥʪʘʮʠʠ, ʠ ʙʳʣʦ ʠʩʩʣʝʜʦʚʘʥʠʝ ʚʣʠʷʥʠʝ ʧʘʨʘʤʝʪ-

ʨʦʚ, ʪʘʢʠʭ ʢʘʢ ʧʝʨʠʦʜ ʩʪʨʫʢʪʫʨʳ ȹ, a/b ʠ ʯʘʩʪʦʪʘ ʚʭʦʜʥʦʛʦ ʩʠʛʥʘʣʘ ʥʘ ʢʦʣʠʯʝʩʪʚʝʥ-

ʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ, ʪʘʢʠʝ ʢʘʢ ʯʘʩʪʦʪʘ ʬʨʘʛʤʝʥʪʘʮʠʠ ʠ ʧʝʨʠʦʜ ʦʛʠʙʘʶʱʝʡ ʩʠʛʥʘʣʘ 

(ʧʦʢʘʟʘʥ ʯʸʨʥʳʤʠ ʠ ʢʨʘʩʥʳʤʠ ʣʠʥʠʷʤʠ ʥʘ ʨʠʩ. 2), ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʬʨʘʛʤʝʥʪʘʮʠʠ. 
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ʈʠʩ. 1. ɼʠʩʧʝʨʩʠʦʥʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʤʦʜʳ n = 0 ʧʨʠ ʨʘʟʣʠʯʥʳʭ a/b ʠ ʧʝʨʠʦʜʘʭ ȹ, ʧʨʠ w = 

1 ʤʢʤ, h = 20 ʥʤ ʩ ʦʙʦʟʥʘʯʝʥʠʝʤ ɿɿ. (a, b) ȹ = 8 ʤʢʤ; (c, d) ȹ = 12 ʤʢʤ. 

 

 
ʈʠʩ. 2. ʂʘʨʪʳ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʛʦ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʜʣʷ ʄʂ ʧʨʠ ʯʘʩʪʦʪʝ ɜ = 

4.895 ɻɻʮ ʠ ȹ = 12 ʤʢʤ ʩ ʨʘʟʥʳʤʠ a/b. 

 

ʈʘʙʦʪʘ ʚʥʦʩʠʪ ʚʢʣʘʜ ʚ ʧʦʥʠʤʘʥʠʝ ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʭ ʤʝʭʘʥʠʟʤʦʚ ʨʘʩʧʨʦʩʪʨʘ-

ʥʝʥʠʷ ʉɺ ʠ ʬʦʨʤʠʨʦʚʘʥʠʷ ʩʣʦʞʥʳʭ ʩʠʛʥʘʣʦʚ ʚ ʥʘʥʦʨʘʟʤʝʨʥʳʭ ʩʪʨʫʢʪʫʨʘʭ ʥʘ ʦʩ-

ʥʦʚʝ ʄʂ. ʇʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʚʘʞʥʳ ʜʣʷ ʮʝʣʝʥʘʧʨʘʚʣʝʥʥʦʛʦ ʧʨʦʝʢʪʠʨʦʚʘʥʠʷ 

ʛʝʦʤʝʪʨʠʠ ʄʂ ʩ ʟʘʜʘʥʥʳʤʠ ʯʘʩʪʦʪʥʳʤʠ ʬʠʣʴʪʨʫʶʱʠʤʠ ʩʚʦʡʩʪʚʘʤʠ ʠ ʵʬʬʝʢʪʠʚ-

ʥʳʤ ʫʧʨʘʚʣʝʥʠʝʤ ʉɺ, ʯʪʦ ʘʢʪʫʘʣʴʥʦ ʜʣʷ ʨʘʟʚʠʪʠʷ ʩʧʠʥ-ʚʦʣʥʦʚʦʡ ʵʣʝʢʪʨʦʥʠʢʠ. 

 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ ʧʦʜʜʝʨʞʢʝ ʈʦʩʩʠʡʩʢʦʛʦ ʥʘʫʯʥʦʛʦ ʬʦʥʜʘ 

(ʛʨʘʥʪ ˉ 23-79-30027). 
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ʀʩʩʣʝʜʦʚʘʥʠʝ ʵʣʝʢʪʨʦʥʥʦ-ʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʧʝʨʬʦʨʠʨʦʚʘʥʥʦʛʦ ʛʨʘʬʝʥʘ 

(ʇɻ) ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʚʘʞʥʦʝ ʥʘʧʨʘʚʣʝʥʠʝ ʚ ʩʦʚʨʝʤʝʥʥʦʡ ʥʘʫʢʝ ʦ ʤʘʪʝʨʠʘʣʘʭ. 

ʇʝʨʬʦʨʠʨʦʚʘʥʥʳʡ ʛʨʘʬʝʥ ʦʙʣʘʜʘʝʪ ʫʥʠʢʘʣʴʥʳʤʠ ʩʚʦʡʩʪʚʘʤʠ, ʪʘʢʠʤʠ ʢʘʢ ʚʳʩʦʢʘʷ 

ʫʜʝʣʴʥʘʷ ʧʦʚʝʨʭʥʦʩʪʴ ʠ ʨʝʛʫʣʠʨʫʝʤʘʷ ʟʘʧʨʝʱʝʥʥʘʷ ʟʦʥʘ. 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʚ ʢʘʯʝʩʪʚʝ ʦʙʲʝʢʪʘ ʠʩʩʣʝʜʦʚʘʥʠʷ ʙʳʣʠ ʚʳʙʨʘʥʳ ʪʦʥʢʠʝ (ʪʦʣ-

ʱʠʥʘ ʚ ʦʜʠʥ ʩʣʦʡ) ʧʣʝʥʢʠ ʧʝʨʬʦʨʠʨʦʚʘʥʥʦʛʦ ʛʨʘʬʝʥʘ ʩ ʦʪʚʝʨʩʪʠʷʤʠ ʧʦʯʪʠ ʢʨʫʛʣʦʡ 

ʬʦʨʤʳ ʠ ʜʠʘʤʝʪʨʦʤ, ʠʟʤʝʥʷʶʱʠʤʩʷ ʚ ʜʠʘʧʘʟʦʥʝ 1 - 2 ʥʤ, ʘ ʪʘʢʞʝ ʰʠʨʠʥʦʡ ʰʝʡʢʠ, 

ʠʟʤʝʥʷʶʱʝʡʩʷ ʚ ʜʠʘʧʘʟʦʥʝ 0.7 ï 2 ʥʤ (ʨʠʩ. 1). ɺʳʙʨʘʥʥʳʝ ʛʝʦʤʝʪʨʠʯʝʩʢʠʝ ʧʘʨʘ-

ʤʝʪʨʳ, ʘ ʪʘʢʞʝ ʬʦʨʤʘ ʦʪʚʝʨʩʪʠʷ ʠ ʪʦʣʱʠʥʘ ʧʣʝʥʢʠ ʧʦʣʥʦʩʪʴʶ ʦʪʚʝʯʘʶʪ ʠʟʚʝʩʪʥʳʤ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤ ʜʘʥʥʳʤ ʧʦ ʩʠʥʪʝʟʫ ʧʝʨʬʦʨʠʨʦʚʘʥʥʦʛʦ ʛʨʘʬʝʥʘ [1]. ɺʳʙʦʨ ʧʦ-

ʯʪʠ ʢʨʫʛʣʦʡ ʬʦʨʤʳ ʦʪʚʝʨʩʪʠʷ ʜʦʧʦʣʥʠʪʝʣʴʥʦ ʦʙʫʩʣʦʚʣʝʥ ʪʝʤ, ʯʪʦ ʨʘʥʝʝ ʙʳʣʦ ʧʦ-

ʢʘʟʘʥʦ, ʯʪʦ ʧʣʸʥʢʠ ʧʝʨʬʦʨʠʨʦʚʘʥʥʦʛʦ ʛʨʘʬʝʥʘ ʩ ʧʦʯʪʠ ʢʨʫʛʣʳʤʠ ʦʪʚʝʨʩʪʠʷʤʠ ʭʘ-

ʨʘʢʪʝʨʠʟʫʶʪʩʷ ʥʘʠʙʦʣʴʰʝʡ ʵʥʝʨʛʝʪʠʯʝʩʢʦʡ ʱʝʣʴʶ ʤʝʞʜʫ ʚʘʣʝʥʪʥʦʡ ʟʦʥʦʡ ʠ ʟʦʥʦʡ 

ʧʨʦʚʦʜʠʤʦʩʪʠ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʧʣʸʥʢʘʤʠ ʩ ʦʪʚʝʨʩʪʠʷʤʠ ʪʨʝʫʛʦʣʴʥʦʡ ʠ ʧʨʷʤʦʫʛʦʣʴ-

ʥʦʡ ʬʦʨʤʳ [2]. ʂʨʦʤʝ ʪʦʛʦ, ʧʣʸʥʢʠ ʧʝʨʬʦʨʠʨʦʚʘʥʥʦʛʦ ʛʨʘʬʝʥʘ ʩ ʧʦʯʪʠ ʢʨʫʛʣʳʤʠ 

ʦʪʚʝʨʩʪʠʷʤʠ ʦʙʣʘʜʘʶʪ ʚʳʩʦʢʦʡ ʤʝʭʘʥʠʯʝʩʢʦʡ ʩʪʘʙʠʣʴʥʦʩʪʴʶ [3] ʠ ʠʟʦʪʨʦʧʥʳʤʠ 

ʫʧʨʫʛʠʤʠ ʩʚʦʡʩʪʚʘʤʠ [4]. 

ʊʝʦʨʝʪʠʯʝʩʢʠʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʨʦʚʦʜʠʣʠʩʴ ʩ ʧʦʤʦʱʴʶ ʤʝʪʦʜʘ ʬʫʥʢʮʠʦʥʘʣʘ 

ʧʣʦʪʥʦʩʪʠ ʚ ʧʨʠʙʣʠʞʝʥʠʠ ʩʠʣʴʥʦʡ ʩʚʷʟʠ ʩ ʩʘʤʦʩʦʛʣʘʩʦʚʘʥʥʳʤ ʚʳʯʠʩʣʝʥʠʝʤ ʟʘʨʷ-

ʜʦʚ (SCC DFTB) [5], ʨʝʘʣʠʟʦʚʘʥʥʦʛʦ ʚ ʧʨʦʛʨʘʤʤʥʦʤ ʧʘʢʝʪʝ ʦʪʢʨʳʪʦʛʦ ʜʦʩʪʫʧʘ 

dftb+ [6]. ɺʳʙʦʨ ʤʝʪʦʜʘ SCC DFTB ʦʙʫʩʣʦʚʣʝʥ ʚʦʟʤʦʞʥʦʩʪʴʶ ʠʩʩʣʝʜʦʚʘʥʠʷ ʬʠʟʠ-

ʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʤʘʪʝʨʠʘʣʦʚ, ʩʫʧʝʨ-ʷʯʝʝʢ ʢʦʪʦʨʳʝ ʚʢʣʶʯʘʶʪ ʪʳʩʷʯʫ ʠ ʙʦʣʝʝ ʘʪʦʤʦʚ 

ʨʘʟʣʠʯʥʳʭ ʭʠʤʠʯʝʩʢʠʭ ʵʣʝʤʝʥʪʦʚ. ʕʥʝʨʛʝʪʠʢʫ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʘʪʦʤʦʚ ʦʧʨʝʜʝʣʷʝʪ 

ʥʘʙʦʨ ʧʘʨʘʤʝʪʨʦʚ ʉʣʝʡʪʝʨʘ-ʂʦʩʪʝʨʘ. ɺ ʜʘʥʥʦʤ ʠʩʩʣʝʜʦʚʘʥʠʠ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʥʘʙʦʨ 

ʧʘʨʘʤʝʪʨʦʚ pbc-0-3 [7] ʜʣʷ ʦʧʠʩʘʥʠʷ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʘʪʦʤʦʚ ʫʛʣʝʨʦʜʘ. ʈʘʟʙʠʝʥʠʝ 

ʦʙʨʘʪʥʦʛʦ ʧʨʦʩʪʨʘʥʩʪʚʘ (ʧʝʨʚʦʡ ʟʦʥʳ ɹʨʠʣʣʶʵʥʘ) ʧʨʦʚʦʜʠʣʩʷ ʧʦ ʩʭʝʤʝ ʄʦʥʢʭʦʨ-

ʩʪʘ ï ʇʘʢʘ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʩʝʪʢʠ k-ʪʦʯʝʢ 4Ĭ4Ĭ1. 

ɼʣʷ ʧʦʩʪʨʦʝʥʥʳʭ ʩʫʧʝʨ-ʷʯʝʝʢ ʩ ʨʘʚʥʦʚʝʩʥʳʤʠ ʘʪʦʤʥʳʤʠ ʢʦʥʬʠʛʫʨʘʮʠʷʤʠ 

ʙʳʣʠ ʚʳʧʦʣʥʝʥʳ ʨʘʩʯʸʪʳ ʟʦʥʥʳʭ ʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʜʠʘʛʨʘʤʤ, ʧʦ ʨʝʟʫʣʴʪʘʪʘʤ ʘʥʘ-

ʣʠʟʘ ʢʦʪʦʨʳʭ ʙʳʣʠ ʦʧʨʝʜʝʣʝʥʳ ʘʪʦʤʥʳʝ ʢʦʥʬʠʛʫʨʘʮʠʠ ʩ ʥʘʠʙʦʣʴʰʝʡ ʚʝʣʠʯʠʥʦʡ 

ʵʥʝʨʛʝʪʠʯʝʩʢʦʡ ʱʝʣʠ ʤʝʞʜʫ ʚʘʣʝʥʪʥʦʡ ʟʦʥʦʡ ʠ ʟʦʥʦʡ ʧʨʦʚʦʜʠʤʦʩʪʠ. ʇʦʣʫʯʝʥʥʳʝ 

ʟʥʘʯʝʥʠʷ ʚʝʣʠʯʠʥʳ ʵʥʝʨʛʝʪʠʯʝʩʢʦʡ ʱʝʣʠ ʜʣʷ ʧʝʨʬʦʨʠʨʦʚʘʥʥʦʛʦ ʛʨʘʬʝʥʘ ʩʦ ʩʨʝʜ-

ʥʠʤ ʜʠʘʤʝʪʨʦʤ ʦʪʚʝʨʩʪʠʷ ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ ʪʘʙʣʠʮʝ 1. 

 

 

mailto:barkovssu@mail.ru


15                       ʉʙʦʨʥʠʢ ʪʨʫʜʦʚ XX ɺʩʝʨʦʩʩʠʡʩʢʦʡ ʢʦʥʬʝʨʝʥʮʠʠ ʤʦʣʦʜʳʭ ʫʯʝʥʳʭ              

 

ʊʘʙʣʠʮʘ 1. ɿʥʘʯʝʥʠʷ ʚʝʣʠʯʠʥʳ ʵʥʝʨʛʝʪʠʯʝʩʢʦʡ ʱʝʣʠ ʦʪ ʰʠʨʠʥʳ ʰʝʡʢʠ. 
ʄʘʣʦʝ ʦʪʚʝʨʩʪʠʝ ʉʨʝʜʥʝʝ ʦʪʚʝʨʩʪʠʝ ɹʦʣʴʰʦʝ ʦʪʚʝʨʩʪʠʝ 

WX, ʥʤ WY, ʥʤ Egap, ʵɺ WX, ʥʤ WY, ʥʤ Egap, ʵɺ WX, ʥʤ WY, ʥʤ Egap, ʵɺ 

0.74 1.01 0.00 0.74 1.01 0.21 0.74 1.01 0.00 

0.99 1.01 0.00 0.99 1.01 0.00 0.99 1.01 0.00 

1.24 1.01 0.00 1.24 1.01 0.09 1.24 1.01 0.01 

1.49 1.01 0.00 1.49 1.01 0.05 1.49 1.01 0.00 

1.73 1.01 0.00 1.73 1.01 0.00 1.73 1.01 0.00 

1.98 1.01 0.00 1.98 1.01 0.00 1.98 1.01 0.00 

2.23 1.01 0.00 2.23 1.01 0.00 2.23 1.01 0.00 

0.74 1.44 0.00 0.74 1.44 0.16 0.74 1.44 0.00 

0.74 1.87 0.00 0.74 1.87 0.09 0.74 1.87 0.00 

0.74 2.30 0.00 0.74 2.30 0.05 0.74 2.30 0.00 

 
͊ύ 

 
͋ύ 

 
͍ύ 

 
͎ύ 

 

ʈʠʩ. 1. a-ʚ) ʉʫʧʝʨʲʷʯʝʡʢʠ ʇɻ ʩ ʨʘʟʣʠʯʥʳʤ ʜʠʘʤʝʪʨʦʤ ʦʪʚʝʨʩʪʠʷ ʩ ʤʠʥʠʤʘʣʴʥʦ-ʚʦʟʤʦʞʥʳʤ 

ʰʘʛʦʤ ʫʚʝʣʠʯʝʥʠʷ ʰʠʨʠʥʳ ʰʝʡʢʠ ʚ ʥʘʧʨʘʚʣʝʥʠʷʭ çʟʠʛʟʘʛè (ʢʨʘʩʥʳʤ ʮʚʝʪʦʤ) ʠ çʢʨʝʩʣʦè (ʟʝ-

ʣʝʥʳʤ ʮʚʝʪʦʤ); ʛ) ʰʠʨʠʥʘ ʰʝʡʢʠ ʚʜʦʣʴ ʥʘʧʨʘʚʣʝʥʠʷ çʟʠʛʟʘʛè (WX) ʠ ʚʜʦʣʴ ʥʘʧʨʘʚʣʝʥʠʷ 

çʢʨʝʩʣʦè (WY). 
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ʌʘʟʦʠʟʤʝʥʷʝʤʳʝ ʤʘʪʝʨʠʘʣʳ (ʌʀʄ) ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʩʦʝʜʠʥʝʥʠʷ, ʦʙʣʘʜʘ-

ʶʱʠʝ ʥʝʩʢʦʣʴʢʠʤʠ ʩʪʘʙʠʣʴʥʳʤʠ ʧʨʠ ʥʦʨʤʘʣʴʥʳʭ ʫʩʣʦʚʠʷʭ ʬʘʟʦʚʳʤʠ ʩʦʩʪʦʷʥʠ-

ʷʤʠ ʩ ʨʘʟʣʠʯʥʳʤʠ ʩʚʦʡʩʪʚʘʤʠ (ʘʤʦʨʬʥʦʝ ʠ ʦʜʥʦ ʠʣʠ ʥʝʩʢʦʣʴʢʦ ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ) 

[1, 2]. ʅʘʠʙʦʣʝʝ ʚʘʞʥʦʡ ʦʩʦʙʝʥʥʦʩʪʴʶ ʵʪʦʛʦ ʢʣʘʩʩʘ ʤʘʪʝʨʠʘʣʦʚ ʷʚʣʷʝʪʩʷ ʩʧʦʩʦʙ-

ʥʦʩʪʴ ʤʥʦʛʦʢʨʘʪʥʦ ʠ ʙʳʩʪʨʦ ʧʝʨʝʢʣʶʯʘʪʴʩʷ ʤʝʞʜʫ ʵʪʠʤʠ ʩʦʩʪʦʷʥʠʷʤʠ ʯʝʨʝʟ ʥʘʛʨʝʚ 

ʜʦ ʪʝʤʧʝʨʘʪʫʨ ʬʘʟʦʚʳʭ ʧʝʨʝʭʦʜʦʚ [1]. ʈʘʟʣʠʯʥʳʝ ʬʘʟʦʚʳʝ ʩʦʩʪʦʷʥʠʷ ʠ ʚʳʩʦʢʠʡ 

ʢʦʥʪʨʘʩʪ ʠʭ ʩʚʦʡʩʪʚ ʧʦʟʚʦʣʠʣʠ ʫʩʧʝʰʥʦ ʨʝʘʣʠʟʦʚʘʪʴ ʪʝʭʥʦʣʦʛʠʠ ʠ ʫʩʪʨʦʡʩʪʚʘ ʭʨʘ-

ʥʝʥʠʷ ʜʘʥʥʳʭ (ʪ. ʥ. ʬʘʟʦʚʘʷ ʧʘʤʷʪʴ) [3, 4]. ʋʩʪʨʦʡʩʪʚʘ ʬʘʟʦʚʦʡ ʧʘʤʷʪʠ ʩ ʵʣʝʢʪʨʦʥ-

ʥʳʤ ʫʧʨʘʚʣʝʥʠʝʤ (PCRAM) ʷʚʣʷʶʪʩʷ ʧʝʨʩʧʝʢʪʠʚʥʳʤʠ ʢʘʢ ʜʣʷ ʵʥʝʨʛʦʥʝʟʘʚʠʩʠʤʦʡ 

ʧʘʤʷʪʠ, ʪʘʢ ʠ ʜʣʷ ʙʠʦʧʦʜʦʙʥʳʭ ʚʳʯʠʩʣʝʥʠʡ [5]. ɺ ʧʦʩʣʝʜʥʝʝ ʚʨʝʤʷ ʙʳʣʦ ʧʨʝʜʧʨʠ-

ʥʷʪʦ ʤʥʦʛʦ ʫʩʠʣʠʡ ʜʣʷ ʜʦʩʪʠʞʝʥʠʷ ʥʝʡʨʦʤʦʨʬʥʦʛʦ ʧʦʚʝʜʝʥʠʷ ʩ ʧʦʤʦʱʴʶ 

ʫʩʪʨʦʡʩʪʚ PCRAM ʠ ʚʳʷʩʥʝʥʠʷ ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʛʦ ʤʝʭʘʥʠʟʤʘ ʨʘʙʦʪʳ, ʚ ʯʘʩʪʥʦʩʪʠ 

ʨʝʘʣʠʟʘʮʠʠ ʠʩʢʫʩʩʪʚʝʥʥʳʭ ʥʝʡʨʦʥʦʚ ʠ ʩʠʥʘʧʩʦʚ [6]. 

ʂ ʯʠʩʣʫ ʥʝʜʦʩʪʘʪʢʦʚ ʜʘʥʥʦʛʦ ʢʣʘʩʩʘ ʫʩʪʨʦʡʩʪʚ ʤʦʞʥʦ ʫʢʘʟʘʪʴ: ʙʦʣʴʰʠʝ ʟʥʘʯʝ-

ʥʠʷ ʪʦʢʘ ʧʝʨʝʢʣʶʯʝʥʠʷ ʠ ʚʳʩʦʢʠʝ ʵʥʝʨʛʠʠ ʚʦʟʜʝʡʩʪʚʠʷ (ʜʦʩʪʠʛʘʶʪ ʩʦʪʝʥ ʤʠʣʣʠ-

ʚʘʪʪ). ɼʘʥʥʳʝ ʥʝʜʦʩʪʘʪʢʠ ʩʚʷʟʘʥʳ ʩ ʥʝʦʙʭʦʜʠʤʦʩʪʴʶ ʦʙʝʩʧʝʯʠʪʴ ʨʘʚʥʦʤʝʨʥʳʡ 

ʧʨʦʛʨʝʚ ʚʩʝʛʦ ʤʘʪʝʨʠʘʣʘ ʧʣʝʥʢʠ (ʪʦʣʱʠʥʳ ʦʪ ʜʝʩʷʪʢʦʚ ʜʦ ʩʦʪʝʥ ʥʘʥʦʤʝʪʨʦʚ) ʜʦ 

ʪʨʝʙʫʝʤʦʡ ʪʝʤʧʝʨʘʪʫʨʳ ʠ ʝʸ ʧʦʩʣʝʜʫʶʱʝʡ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ. ʇʨʦʮʝʩʩ ʦʙʨʘʪʥʦʛʦ ʧʝ-

ʨʝʢʣʶʯʝʥʠʷ ʪʨʝʙʫʝʪ ʨʘʚʥʦʤʝʨʥʦʛʦ ʥʘʛʨʝʚʘ ʚʩʝʛʦ ʦʙʲʝʤʘ ʌʀʄ ʩ ʝʛʦ ʧʦʩʣʝʜʫʶʱʠʤ 

ʙʳʩʪʨʳʤ ʦʭʣʘʞʜʝʥʠʝʤ. ʂʨʦʤʝ ʪʦʛʦ, ʤʦʞʥʦ ʪʘʢʞʝ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʢʨʦʤʝ ʦʪʥʦʩʠ-

ʪʝʣʴʥʦ ʜʣʠʪʝʣʴʥʦʛʦ ʚʨʝʤʝʥʠ ʧʝʨʝʢʣʶʯʝʥʠʷ ʠ ʚʳʩʦʢʠʭ ʟʘʪʨʘʪ ʵʥʝʨʛʠʠ, ʜʣʷ ʧʨʦʪʦ-

ʪʠʧʘ ʭʘʨʘʢʪʝʨʥʦ ʚʣʠʷʥʠʝ ʪʝʧʣʦʚʦʛʦ ʜʨʠʬʪʘ ʩʦʧʨʦʪʠʚʣʝʥʠʷ, ʰʫʤʳ ʠ ʥʝʨʘʚʥʦʤʝʨ-

ʥʳʡ ʥʘʛʨʝʚ ʤʘʪʝʨʠʘʣʘ ʧʣʝʥʢʠ, ʧʨʠʚʦʜʷʱʠʡ ʢ ʩʝʛʨʝʛʘʮʠʠ ʠ ʜʝʛʨʘʜʘʮʠʠ ʤʘʪʝʨʠʘʣʘ ʠ 

ʦʪʢʘʟʦʤ ʫʩʪʨʦʡʩʪʚʘ [7, 8]. 

ɺ ʧʨʝʜʩʪʘʚʣʝʥʥʦʡ ʨʘʙʦʪʝ ʚʤʝʩʪʦ ʧʣʝʥʢʠ ʌʀʄ ʧʨʝʜʣʘʛʘʝʪʩʷ ʧʨʠʤʝʥʷʪʴ ʤʘʪ-

ʨʠʮʫ ʠʟ ʧʨʦʚʦʜʷʱʝʛʦ ʤʘʪʝʨʠʘʣʘ, ʚ ʢʦʪʦʨʫʶ ʠʥʪʝʛʨʠʨʦʚʘʥʳ ʥʘʥʦʯʘʩʪʠʮʳ ʌʀʄ 

(Ge2Sb2Te5 ʠʣʠ GST). ʂ ʥʘʩʪʦʷʱʝʤʫ ʚʨʝʤʝʥʠ ʠʟʚʝʩʪʥʦ, ʯʪʦ ʥʘʥʦʯʘʩʪʠʮʳ GST ʦʜʥʦ-

ʚʨʝʤʝʥʥʦ ʦʙʣʘʜʘʶʪ ʙʦʣʝʝ ʚʳʩʦʢʦʡ ʩʢʦʨʦʩʪʴʶ ʨʦʩʪʘ ʢʨʠʩʪʘʣʣʠʪʦʚ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ 

ʧʣʝʥʢʘʤʠ GST ʚʙʣʠʟʠ ʪʝʤʧʝʨʘʪʫʨʳ ʧʣʘʚʣʝʥʠʷ ʠ ʥʠʟʢʦʡ ʚʷʟʢʦʩʪʴʶ ʚ ʦʙʣʘʩʪʠ ʥʠʟ-

ʢʠʭ ʪʝʤʧʝʨʘʪʫʨ [9]. ʇʦ ʩʨʘʚʥʝʥʠʶ ʩ ʘʨʭʠʪʝʢʪʫʨʦʡ ʩ ʵʣʝʤʝʥʪʦʤ ʌʀʄ ʚ ʚʠʜʝ ʧʣʝʥʢʠ 

ʤʘʩʩʠʚʳ ʥʘʥʦʯʘʩʪʠʮ ʪʨʝʙʫʶʪ ʤʝʥʴʰʝʡ ʵʥʝʨʛʠʠ ʠ ʜʣʠʪʝʣʴʥʦʩʪʠ ʚʨʝʤʝʥʠ ʧʝʨʝʢʣʶ-

ʯʝʥʠʷ, ʧʦʩʢʦʣʴʢʫ ʥʝʦʙʭʦʜʠʤʦ ʦʙʝʩʧʝʯʠʪʴ ʨʘʚʥʦʤʝʨʥʳʡ ʥʘʛʨʝʚ ʤʝʥʴʰʝʛʦ ʦʙʲʝʤʘ 

ʤʘʪʝʨʠʘʣʘ. ʄʝʥʴʰʠʡ ʦʙʲʝʤ ʤʘʪʝʨʠʘʣʘ ʦʙʝʩʧʝʯʠʚʘʝʪ ʙʦʣʝʝ ʙʳʩʪʨʫʶ ʠ ʵʬʬʝʢʪʠʚ-

ʥʫʶ ʩʤʝʥʫ ʬʘʟʦʚʳʭ ʩʦʩʪʦʷʥʠʡ. ɿʥʘʯʝʥʠʷ ʪʦʢʘ ʧʝʨʝʢʣʶʯʝʥʠʷ ʩʦʩʪʘʚʣʷʝʪ ʦʢʦʣʦ 1 

ʤʢɸ. ʉʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʧʨʠʤʝʥʝʥʠʝ ʥʘʥʦʯʘʩʪʠʮ ʜʦʣʞʥʦ ʛʘʨʘʥʪʠʨʦʚʘʪʴ ʙʦʣʝʝ ʙʳʩʪ-

ʨʦʝ ʧʝʨʝʢʣʶʯʝʥʠʝ (ʚʨʝʤʷ ʧʦʨʷʜʢʘ ʜʝʩʷʪʢʦʚ ʥʘʥʦʩʝʢʫʥʜ) ʠ ʙʦʣʝʝ ʜʣʠʪʝʣʴʥʦʝ ʩʦʭʨʘ-

ʥʝʥʠʝ ʬʘʟʦʚʦʛʦ ʩʦʩʪʦʷʥʠʷ ʚ ʫʩʪʨʦʡʩʪʚʝ [10]. ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʥʘʥʦʯʘʩʪʠʮ ʧʦʟʚʦʣʷʝʪ 
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17                       ʉʙʦʨʥʠʢ ʪʨʫʜʦʚ XX ɺʩʝʨʦʩʩʠʡʩʢʦʡ ʢʦʥʬʝʨʝʥʮʠʠ ʤʦʣʦʜʳʭ ʫʯʝʥʳʭ              

ʜʦʩʪʠʯʴ ʙʦʣʴʰʦʡ ʛʠʙʢʦʩʪʠ ʠ ʠʥʪʝʛʨʘʮʠʠ ʢ ʦʙʣʘʩʪʠ ʮʠʬʨʦʚʦʡ ʵʣʝʢʪʨʦʥʠʢʠ [11]. ʆʜ-

ʥʘʢʦ, ʩʦʟʜʘʥʠʝ ʧʝʨʠʦʜʠʯʝʩʢʠʭ ʥʘʥʦʨʘʟʤʝʨʥʳʭ ʘʨʭʠʪʝʢʪʫʨ ʪʨʝʙʫʝʪ ʚʳʩʦʢʦʡ ʪʦʯʥʦ-

ʩʪʠ ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʛʦ ʧʨʦʮʝʩʩʘ ʠ ʠʤʝʝʪ ʚʳʩʦʢʫʶ ʩʪʦʠʤʦʩʪʴʶ ʧʨʦʠʟʚʦʜʩʪʚʘ. ɺʤʝʩʪʝ 

ʩ ʪʝʤ ʩʦʟʜʘʪʴ ʭʘʦʪʠʯʝʩʢʠʡ ʤʘʩʩʠʚ ʥʘʥʦʯʘʩʪʠʮ ʛʦʨʘʟʜʦ ʧʨʦʱʝ ʠ ʜʝʰʝʚʣʝ. ʍʘʦʪʠʯʝ-

ʩʢʠʝ ʩʠʩʪʝʤʳ ʚʥʦʩʷʪ ʥʝʢʦʪʦʨʳʝ ʵʣʝʤʝʥʪʳ ʩʣʫʯʘʡʥʦʩʪʠ ʚ ʨʘʙʦʪʫ ʚʳʯʠʩʣʠʪʝʣʴʥʳʭ 

ʩʠʩʪʝʤ. ʊʘʢʠʝ ʵʣʝʤʝʥʪʳ ʩʣʫʯʘʡʥʦʩʪʠ ʤʦʛʫʪ ʯʨʝʟʚʳʯʘʡʥʦ ʧʦʣʝʟʥʳʤʠ ʜʣʷ ʥʝʡʨʦ-

ʤʦʨʬʥʳʭ ʘʨʭʠʪʝʢʪʫʨ, ʫʩʢʦʨʷʷ ʩʭʦʜʠʤʦʩʪʴ ʢ ʢʦʨʨʝʢʪʥʦʤʫ ʨʝʰʝʥʠʶ [12]. ʊʘʢʞʝ ʠʩ-

ʧʦʣʴʟʦʚʘʥʠʝ ʭʘʦʪʠʯʝʩʢʠʭ ʨʘʩʧʨʝʜʝʣʝʥʥʳʭ ʩʠʩʪʝʤ ʦʙʝʩʧʝʯʠʚʘʝʪ ʧʦʚʳʰʝʥʥʫʶ ʦʪʢʘ-

ʟʦʫʩʪʦʡʯʠʚʦʩʪʴ ʚʳʯʠʩʣʠʪʝʣʴʥʳʭ ʵʣʝʤʝʥʪʦʚ. 
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ɻʨʘʬʠʪʠʟʠʨʦʚʘʥʥʳʝ ʩʪʨʫʢʪʫʨʳ, ʩʬʦʨʤʠʨʦʚʘʥʥʳʝ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʠʩʢʫʩʩʪʚʝʥ-

ʥr ʭ CVD-ʘʣʤʘʟʦʚ ʤʘʪʝʨʠʘʣʦʚ, ʷʚʣʷʶʪʩʷ ʧʝʨʩʧʝʢʪʠʚʥʦʡ ʵʣʝʤʝʥʪʥʦʡ ʙʘʟʦʡ ʜʣʷ ʨʘʟ-

ʨʘʙʦʪʢʠ ʯʫʚʩʪʚʠʪʝʣʴʥʳʭ ʵʣʝʤʝʥʪʦʚ ʛʘʟʦʚʳʭ ʩʝʥʩʦʨʥʳʭ ʩʝʥʩʦʨʥʳʭ ʧʨʠʙʦʨʦʚ [1], 

ʦʙʣʘʜʘʶʱʠʭ ʚʳʩʦʢʠʤ ʙʳʩʪʨʦʜʝʡʩʪʚʠʝʤ, ʤʠʥʠʘʪʶʨʥʦʩʪʴʶ ʠ ʚʦʟʤʦʞʥʦʩʪʴʶ ʨʘʙʦ-

ʪʘʪʴ ʚ ʵʢʩʪʨʝʤʘʣʴʥʳʭ ʫʩʣʦʚʠʷʭ[2]. 

ʅʘʝhʡ ʥʘʫʯʥʦʡ ʛʨʫʧʧʦʡ ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʦʙʨʘʟʮʳ ʧʣʘʩʪʠʥʯʘʪʳʭ ʛʨʘʬʠʪʠʟʠʨʦ-

ʚʘʥʥʳʭ ʩʪʨʫʢʪʫʨ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ CVD-ʘʣʤʘʟʘ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʚʦʟʜʝʡʩʪʚʠʷ ʜʚʠ-

ʞʫʱʝʛʦʩʷ ʠʤʧʫʣʴʩʥʦʛʦ ʣʘʟʝʨʥʦʛʦ ʬʝʤʪʦʩʝʢʫʥʜʥʦʛʦ ʠʩʪʦʯʥʠʢʘ. ɺʘʨʴʠʨʦʚʘʥʠʝ ʩʢʦ-

ʨʦʩʪʠ ʜʚʠʞʝʥʠʷ ʬʦʢʫʩʘ ʧʦ ʧʦʚʝʨʭʥʦʩʪʠ ʠ ʤʦʱʥʦʩʪʠ ʠʟʣʫʯʝʥʠʷ ʧʦʟʚʦʣʠʣʠ ʩʠʥʪʝʟʠ-

ʨʦʚʘʪʴ ʦʙʨʘʟʮʳ ʩ ʨʘʟʚʠʪʦʡ ʧʦʚʝʨʭʥʦʩʪʴʶ. ʇʦʣʫʯʝʥʥʳʝ ʦʙʨʘʟʮʳ ʙʳʣʠ ʧʝʨʩʧʝʢʪʠʚ-

ʥʳʤʠ ʜʣʷ ʨʝʘʣʠʟʘʮʠʠ ʧʨʦʮʝʩʩʘ ʟʘʭʚʘʪʘ ʤʦʣʝʢʫʣ ʜʝʪʝʢʪʠʨʫʝʤʦʛʦ ʛʘʟʘ ʩʚʦʝʡ ʯʫʚʩʪʚʠ-

ʪʝʣʴʥʦʡ ʧʦʚʝʨʭʥʦʩʪʴʶ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʟʘʭʚʘʯʝʥʥʳʝ ʤʦʣʝʢʫʣʳ ʜʦʣʞʥʳ ʫʤʝʥʴʰʘʪʴ 

ʟʘʨʷʜ ʧʦʚʝʨʭʥʦʩʪʠ ʥʘ ʦʧʨʝʜʝʣʝʥʥʫʶ ʚʝʣʠʯʠʥʫ, ʯʴʝ ʠʟʤʝʥʝʥʠʝ ʧʦʟʚʦʣʠʪ ʦʧʨʝʜʝʣʠʪʴ 

ʪʠʧ ʟʘʭʚʘʯʝʥʥʦʡ ʤʦʣʝʢʫʣʳ. 

ɼʣʷ ʦʮʝʥʢʠ ʧʦʣʫʯʝʥʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʧʨʦʬʠʣʝʡ ʛʨʘʬʠʪʠʟʠʨʦʚʘʥʥʳʭ 

ʩʪʨʫʢʪʫʨ ʥʘʤʠ ʙʳʣʘ ʨʘʟʨʘʙʦʪʘʥʘ ʜʠʬʬʫʟʠʦʥʥʘʷ ʤʦʜʝʣʴ ʠʭ ʧʨʦʬʠʣʷ. ʄʦʜʝʣʴ ʙʳʣʘ 

ʚʳʙʨʘʥʘ ʠʩʭʦʜʷ ʠʟ ʪʝʨʤʦʠʥʜʫʮʠʨʦʚʘʥʥʦʛʦ ʭʘʨʘʢʪʝʨʘ ʛʨʘʬʠʪʠʟʘʮʠʠ ʠʥʠʮʠʠʨʦʚʘʥ-

ʥʦʛʦ ʜʝʬʝʢʪʘʤʠ ʚ CVD-ʘʣʤʘʟʝ [3], ʘ ʪʘʢʞʝ ʠʩʭʦʜʷ ʠʟ ʦʧʨʝʜʝʣʝʥʥʦʛʦ ʩʭʦʜʩʪʚʘ ʬʨʘʢ-

ʪʘʣʴʥʳʭ ʨʘʟʤʝʨʥʦʩʪʝʡ. ʄʦʜʝʣʴ ʙʳʣʘ ʨʝʘʣʠʟʦʚʘʥʘ ʚ ʩʨʝʜʝ MATLAB  ʚ ʨʘʤʢʘʭ ʠʤʠ-

ʪʘʮʠʦʥʥʦʛʦ ʧʦʜʭʦʜʘ, ʧʨʝʜʩʪʘʚʣʝʥʥʦʛʦ ʚ ʥʘʰʠʭ ʨʘʥʥʠʭ ʨʘʙʦʪʘʭ [4,5], ʢʦʛʜʘ ʥʘ ʧʣʦʩ-

ʢʦʡ ʧʨʷʤʦʫʛʦʣʴʥʦʡ ʨʘʩʯʝʪʥʦʡ ʦʙʣʘʩʪʠ ʦʪ ʟʘʪʨʘʚʦʯʥʦʡ ʩʪʨʫʢʪʫʨʳ ʧʨʦʠʟʚʦʜʠʣʩʷ 

ʠʪʝʨʘʮʠʦʥʥʳʡ ʨʦʩʪ ʩʪʨʫʢʪʫʨʳ ʧʦ ʧʨʘʚʠʣʫ ʢʣʝʪʦʯʥʦʛʦ ʘʚʪʦʤʘʪʘ ʩ ʦʢʨʝʩʪʥʦʩʪʴʶ 

ʅʝʡʤʘʥʘ [6]. ʗʯʝʡʢʘ ʨʘʩʯʝʪʥʦʡ ʦʙʣʘʩʪʠ ʩʪʘʥʦʚʠʣʘʩʴ ʛʨʘʬʠʪʠʟʠʨʦʚʘʥʥʦʡ ʩ ʟʘʜʘʥʥʦʡ 

ʚʝʨʦʷʪʥʦʩʪʴʶ ʚ ʩʣʫʯʘʝ ʥʘʭʦʞʜʝʥʠʷ ʫʞʝ ʛʨʘʬʠʪʠʟʠʨʦʚʘʥʥʦʡ ʩʪʨʫʢʪʫʨʳ ʚ ʦʜʥʦʡ ʠʟ 

ʢʣʝʪʦʢ ʝʝ ʦʢʨʝʩʪʥʦʩʪʠ.  ɺʝʨʦʷʪʥʦʩʪʴ ʛʨʘʬʠʪʠʟʘʮʠʠ ʦʧʨʝʜʝʣʷʣʘʩʴ ʠʩʭʦʜʷ ʠʟ ʥʦʨʤʠ-

ʨʦʚʘʥʥʦʡ ʦʮʝʥʢʠ ʩʢʦʨʦʩʪʠ ʨʦʩʪʘ ʛʨʘʬʠʪʠʟʠʨʦʚʘʥʥʦʡ ʩʪʨʫʢʪʫʨʳ, ʦʧʨʝʜʝʣʝʥʥʦʡ ʥʘ 

ʦʩʥʦʚʝ ʦʙʨʘʙʦʪʢʠ ʚʠʜʝʦʬʘʡʣʦʚ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʛʦ ʩʠʥʪʝʟʘ ʩʪʨʫʢʪʫʨ, ʧʦʣʫʯʝʥʥʳʭ 

ʩ CCD-ʢʘʤʝʨʳ. ʅʘ ʨʠʩ. 1ʘ ʧʨʠʚʝʜʝʥʦ ʉʕʄ-ʠʟʦʙʨʘʞʝʥʠʝ ʧʣʘʩʪʠʥʯʘʪʦʡ ʛʨʘʬʠʪʠʟʠ-

ʨʦʚʘʥʥʦʡ ʩʪʨʫʢʪʫʨʳ, ʧʦʣʫʯʝʥʥʦʡ ʚ ʣʘʟʝʨʥʦʤ ʵʢʩʧʝʨʠʤʝʥʪʝ ʧʨʠ ʩʢʦʨʦʩʪʠ ʜʚʠʞʝʥʠʷ 

ʬʦʢʫʩʘ 80 ʤʤ/ʩ ʠ ʤʦʱʥʦʩʪʠ ʠʤʧʫʣʴʩʘ 2 ʤɺʪ. ʅʘ ʨʠʩ. 1ʙ ʧʨʠʚʝʜʝʥʘ ʩʭʝʤʘ ʤʦʜʝʣʠ. 

ʅʘ ʨʠʩ.1ʚ ï ʨʝʟʫʣʴʪʘʪʳ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʚ ʩʣʫʯʘʝ ʚʝʣʠʯʠʥʳ ʚʝʨʦʷʪʥʦʩʪʠ ʛʨʘʬʠʪʠʟʘ-

ʮʠʠ 0.0125, ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʡ ʩʢʦʨʦʩʪʠ ʜʚʠʞʝʥʠʷ ʬʦʢʫʩʘ ʠʟ ʨʠʩ.1ʘ . 

ɼʣʷ ʦʮʝʥʢʠ ʧʦʛʨʝʰʥʦʩʪʠ ʤʦʜʝʣʠ ʧʨʦʚʦʜʠʣʦʩʴ ʩʨʘʚʥʝʥʠʝ ʩʨʝʜʥʝʡ ʚʝʣʠʯʠʥʳ 

ʬʨʘʢʪʘʣʴʥʦʡ ʨʘʟʤʝʨʥʦʩʪʠ ʦʛʠʙʘʶʱʝʡ ʧʨʦʬʠʣʝʡ ʦʙʨʘʟʮʘ, ʧʦʣʫʯʝʥʥʦʛʦ ʵʢʩʧʝʨʠʤʝʥ-

ʪʘʣʴʥʦ ʠ ʚʝʣʠʯʠʥʳ ʬʨʘʢʪʘʣʴʥʦʡ ʨʘʟʤʝʨʥʦʩʪʠ ʤʦʜʝʣʴʥʦʡ ʩʪʨʫʢʪʫʨʳ. ʆʮʝʥʢʘ ʚʝʣʠ-

ʯʠʥʳ ʬʨʘʢʪʘʣʴʥʦʡ ʨʘʟʤʝʨʥʦʩʪʠ ʧʨʦʠʟʚʦʜʠʣʘʩʴ ʤʝʪʦʜʦʤ boxcounting [7]. ɼʣʷ ʵʢʩʧʝ-

ʨʠʤʝʥʪʘʣʴʥʦʛʦ ʦʙʨʘʟʮʘ ʩʨʝʜʥʝʝ ʟʥʘʯʝʥʠʝ ʥʝ ʧʨʝʚʦʩʭʦʜʠʣʦ ʚʝʣʠʯʠʥʫ 1.39, ʜʣʷ ʤʦ-

ʜʝʣʴʥʦʛʦ - 1.35. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʚʝʣʠʯʠʥʘ ʦʪʥʦʩʠʪʝʣʴʥʦʡ ʧʦʛʨʝʰʥʦʩʪʠ ʥʝ ʧʨʝʚʦʩ-



19                       ʉʙʦʨʥʠʢ ʪʨʫʜʦʚ XX ɺʩʝʨʦʩʩʠʡʩʢʦʡ ʢʦʥʬʝʨʝʥʮʠʠ ʤʦʣʦʜʳʭ ʫʯʝʥʳʭ              

ʭʦʜʠʣʘ 2.9%, ʯʪʦ ʩʚʠʜʝʪʝʣʴʩʪʚʦʚʘʣʦ ʦ ʭʦʨʦʰʝʡ ʘʜʝʢʚʘʪʥʦʩʪʠ ʧʨʝʜʣʦʞʝʥʥʦʛʦ ʤʦ-

ʜʝʣʴʥʦʛʦ ʧʨʠʙʣʠʞʝʥʠʷ. ɹʦʣʝʝ ʪʦʛʦ, ʬʨʘʢʪʘʣʴʥʘʷ ʨʘʟʤʝʨʥʦʩʪʴ ʦʛʠʙʘʶʱʝʡ ʧʨʦʬʠʣʷ 

ʦʙʨʘʟʮʘ, ʧʦʣʫʯʝʥʥʦʛʦ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ, ʜʦʩʪʘʪʦʯʥʦ ʙʣʠʟʢʘ ʢ ʚʝʣʠʯʠʥʝ, ʭʘʨʘʢʪʝʨ-

ʥʦʡ ʜʣʷ ʬʨʘʢʪʘʣʴʥʦʛʦ ʙʨʦʫʥʦʚʩʢʦʛʦ ʜʚʠʞʝʥʠʷ (ʠʭ ʨʘʟʥʠʮʘ ʥʝ ʧʨʝʚʦʩʭʦʜʠʪ 7.9%), ʚ 

ʨʘʤʢʘʭ ʢʦʪʦʨʦʛʦ ʤʦʞʥʦ ʨʘʩʩʤʘʪʨʠʚʘʪʴ ʪʝʨʤʦʠʥʜʫʮʠʦʨʦʚʘʥʥʫʶ ʛʨʘʬʠʪʠʟʘʮʠʶ ʧʦ-

ʚʝʨʭʥʦʩʪʠ ʉVD-ʘʣʤʘʟʘ. 

 

 
ʈʠʩ. 1. (ʘ) ʉʕʄ-ʠʟʦʙʨʘʞʝʥʠʝ ʛʨʘʬʠʪʠʟʠʨʦʚʘʥʥʦʡ ʧʣʘʩʪʠʥʯʘʪʦʡ ʩʪʨʫʢʪʫʨʳ. 

(ʙ) ʉʭʝʤʘ ʜʠʬʬʫʟʠʦʥʥʦʡ ʤʦʜʝʣʠ: 1 ï ʟʘʪʨʘʚʦʯʥʘʷ ʩʪʨʫʢʪʫʨʘ, ʦʪ ʢʦʪʦʨʦʡ ʨʝʘʣʠʟʫʝʪʩʷ ʨʦʩʪ, 2- 

ʪʝʢʫʱʘʷ ʷʯʝʡʢʘ, 3 ï ʦʢʨʝʩʪʥʦʩʪʴ ʅʝʡʤʘʥʘ. (ʚ) ʄʦʜʝʣʴ ʧʨʦʬʠʣʷ ʛʨʘʬʠʪʠʟʠʨʦʚʘʥʥʦʡ ʧʣʘʩʪʠʥ-

ʯʘʪʦʡ ʩʪʨʫʢʪʫʨʳ ʚ ʩʣʫʯʘʝ ʚʝʨʦʷʪʥʦʩʪʠ ʛʨʘʬʠʪʠʟʘʮʠʠ 0.0125 ʧʦʩʣʝ 100 ʠʪʝʨʘʮʠʡ. 

 

 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʨʝʜʣʦʞʝʥʥʘʷ ʤʦʜʝʣʴ ʜʦʩʪʘʪʦʯʥʦ ʘʜʝʢʚʘʪʥʦ ʦʧʠʩʳʚʘʝʪ ʩʪʨʫʢ-

ʪʫʨʳ, ʧʦʣʫʯʝʥʥʳʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ, ʘ ʩʭʦʜʩʪʚʦ ʬʨʘʢʪʘʣʴʥʳʭ ʨʘʟʤʝʨʥʦʩʪʝʡ ʧʦʟʚʦ-

ʣʷʝʪ ʥʘʜʝʷʪʴʩʷ ʥʘ ʩʦʦʪʚʝʪʩʪʚʠʝ ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʩʚʦʡʩʪʚ, ʦʙʫʩʣʦʚʣʝʥʥʳʭ ʪʦʧʦʣʦ-

ʛʠʝʡ: ʦʧʪʠʯʝʩʢʠʭ, ʵʣʝʢʪʨʦʬʠʟʠʯʝʩʢʠʭ, ʘ ʪʘʢʞʝ ʩʦʦʪʚʝʪʩʪʚʠʝ ʩʧʦʩʦʙʥʦʩʪʠ ʟʘʭʚʘʪʳ-

ʚʘʪʴ ʤʦʣʝʢʫʣʳ ʛʘʟʘ, ʥʝʦʙʭʦʜʠʤʦʡ ʜʣʷ ʯʫʚʩʪʚʠʪʝʣʴʥʳʭ ʧʦʚʝʨʭʥʦʩʪʝʡ ʛʘʟʦʚʳʭ ʩʝʥ-

ʩʦʨʦʚ. 
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ʇʦʣʠʘʥʠʣʠʥ (ʇɸʅʀ), ʦʜʠʥ ʠʟ ʥʘʠʙʦʣʝʝ ʰʠʨʦʢʦ ʠʟʫʯʝʥʥʳʭ ʧʨʦʚʦʜʷʱʠʭ ʧʦʣʠ-

ʤʝʨʦʚ, ʧʨʠʚʣʝʢʘʶʱʠʡ ʚʥʠʤʘʥʠʝ ʙʣʘʛʦʜʘʨʷ ʩʚʦʝʡ ʚʳʩʦʢʦʡ ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʠ, 

ʧʨʦʩʪʦʪʝ ʠ ʥʠʟʢʦʡ ʩʪʦʠʤʦʩʪʠ ʧʨʦʠʟʚʦʜʩʪʚʘ, ʘ ʪʘʢʞʝ ʠʟ-ʟʘ ʚʦʟʤʦʞʥʦʩʪʠ ʝʛʦ ʧʨʠʤʝ-

ʥʝʥʠʷ ʚ ʘʥʪʠʢʦʨʨʦʟʠʦʥʥʳʭ ʧʦʢʨʳʪʠʷʭ, ʵʣʝʢʪʨʦʭʨʦʤʥʳʭ ʫʩʪʨʦʡʩʪʚʘʭ, ʩʚʝʪʦʜʠʦʜʘʭ, 

ʭʠʤʠʯʝʩʢʠʭ ʠ ʙʠʦʩʝʥʩʦʨʥʳʭ ʫʩʪʨʦʡʩʪʚʘʭ ʠ ʵʣʝʢʪʨʦʜʥʳʭ ʤʘʪʝʨʠʘʣʘʭ ʚ ʙʘʪʘʨʝʷʭ ʠ 

ʩʫʧʝʨʢʦʥʜʝʥʩʘʪʦʨʘʭ [1-3]. ɺ ʩʚʦʶ ʦʯʝʨʝʜʴ, ʫʛʣʝʨʦʜʥʳʝ ʥʘʥʦʪʨʫʙʢʠ (ʋʅʊ) ʷʚʣʷ-

ʶʪʩʷ ʦʜʥʠʤ ʠʟ ʥʘʠʙʦʣʝʝ ʰʠʨʦʢʦ ʠʩʧʦʣʴʟʫʝʤʳʭ ʥʘʧʦʣʥʠʪʝʣʝʡ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʧʦʣʠ-

ʤʝʨʥʳʭ ʢʦʤʧʦʟʠʪʦʚ, ʙʣʘʛʦʜʘʨʷ ʩʧʦʩʦʙʥʦʩʪʠ ʩʫʱʝʩʪʚʝʥʥʦ ʠʟʤʝʥʷʪʴ ʬʠʟʠʢʦ-ʭʠʤʠ-

ʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʧʦʣʫʯʘʝʤʳʭ ʤʘʪʝʨʠʘʣʦʚ []. ʉʦʯʝʪʘʥʠʝ ʩʚʦʡʩʪʚ ʋʅʊ ʠ ʇɸʅʀ ʧʫʪʝʤ 

ʚʥʝʜʨʝʥʠʷ ʋʅʊ ʚ ʤʠʢʨʦʩʪʨʫʢʪʫʨʫ ʇɸʅʀ ʧʦʟʚʦʣʷʶʪ ʩʦʟʜʘʚʘʪʴ ʥʦʚʳʝ ʬʫʥʢʮʠʦ-

ʥʘʣʴʥʳʝ ʤʘʪʝʨʠʘʣʳ ʩ ʰʠʨʦʢʠʤ ʚʦʟʤʦʞʥʳʤ ʩʧʝʢʪʨʦʤ ʧʨʠʤʝʥʝʥʝʥʠʷ [4]. ʆʜʥʘʢʦ ʦʩ-

ʥʦʚʥʳʤʠ ʧʨʦʙʣʝʤʘʤʠ, ʩʚʷʟʘʥʥʳʤʠ ʩ ʫʩʧʝʰʥʳʤ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʇɸʅʀ, ʷʚʣʷʶʪʩʷ 

ʝʛʦ ʧʣʦʭʠʝ ʤʝʭʘʥʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʠ ʥʠʟʢʘʷ ʨʘʩʪʚʦʨʠʤʦʩʪʴ ʚ ʚʦʜʥʳʭ ʠ ʦʨʛʘʥʠʯʝ-

ʩʢʠʭ ʨʘʩʪʚʦʨʠʪʝʣʷʭ. ʈʝʰʝʥʠʝ ʵʪʠʭ ʧʨʦʙʣʝʤ ʚʦʟʤʦʞʥʦ ʧʫʪʝʤ ʬʦʨʤʠʨʦʚʘʥʠʷ ʢʦʤʧʦ-

ʟʠʪʦʚ ʇɸʅʀ ʩ ʧʦʣʠʤʝʨʘʤʠ ʠʣʠ ʥʝʦʨʛʘʥʠʯʝʩʢʠʤʠ ʤʘʪʝʨʠʘʣʘʤʠ, ʦʙʣʘʜʘʶʱʠʤʠ ʣʫʯ-

ʰʠʤʠ ʤʝʭʘʥʠʯʝʩʢʠʤʠ ʩʚʦʡʩʪʚʘ, ʩʪʘʙʠʣʴʥʦʩʪʴʶ ʠ ʪʝʭʥʦʣʦʛʠʯʥʦʩʪʴʶ. ɺ ʢʘʯʝʩʪʚʝ ʪʘ-

ʢʦʛʦ ʧʦʣʠʤʝʨʘ ʚ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʚʳʙʨʘʥ ʧʦʣʠʚʠʥʠʣʦʚʳʡ ʩʧʠʨʪ (ʇɺʉ) ʠʟʚʝʩʪʥʳʡ 

ʩʚʦʠʤʠ ʦʪʣʠʯʥʳʤʠ ʘʜʛʝʟʠʦʥʥʳʤʠ, ʵʤʫʣʴʛʠʨʫʶʱʠʤʠ ʠ ʧʣʝʥʢʦʦʙʨʘʟʫʶʱʠʤʠ ʩʚʦʡ-

ʩʪʚʘʤʠ, ʚʳʩʦʢʦʡ ʧʨʦʯʥʦʩʪʴʶ ʥʘ ʨʘʩʪʷʞʝʥʠʝ ʠ ʛʠʙʢʦʩʪʴʶ, ʘ ʪʘʢʞʝ ʰʠʨʦʢʦ ʠʩʧʦʣʴ-

ʟʫʝʤʳʤ ʚ ʢʘʯʝʩʪʚʝ ʤʘʪʨʠʮʳ ʜʣʷ ʩʦʟʜʘʥʠʷ ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʥʘʥʦʢʦʤʧʦʟʠʪʥʳʭ ʤʘ-

ʪʝʨʠʘʣʦʚ ʩ ʋʅʊ [5]. 

ɺ ʵʢʩʧʝʨʠʤʝʥʪʘʭ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʇɺʉ ʤʘʨʢʠ 16/1 ʠ ʦʜʥʦʩʪʝʥʥʳʝ ʫʛʣʝʨʦʜʥʳʝ 

ʥʘʥʦʪʨʫʙʢʠ (ʆʋʅʊ) ʪʦʨʛʦʚʦʡ ʤʘʨʢʠ TuballTM, ʧʨʦʠʟʚʦʜʩʪʚʘ NanoTechCenter LTD. 

ʉʠʥʪʝʟ ʢʦʤʧʦʟʠʪʘ ʇɸʅʀ/ʆʋʅʊ ʦʩʫʱʝʩʪʚʣʷʣʩʷ ʤʝʪʦʜʦʤ ʭʠʤʠʯʝʩʢʦʡ ʧʦʣʠʤʝʨʠʟʘ-

ʮʠʠ ʘʥʠʣʣʠʥʘ ʚ ʩʦʣʷʥʦʡ ʢʠʩʣʦʪʝ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʡ ʧʝʨʩʫʣʴʬʘʪʘ ʘʤʤʦʥʠʷ ʚ ʢʘʯʝʩʪʚʝ 

ʦʢʠʩʣʠʪʝʣʷ. ʋʛʣʝʨʦʜʥʳʝ ʥʘʥʦʪʨʫʙʢʠ ʚ ʥʝʦʙʭʦʜʠʤʦʤ ʢʦʣʠʯʝʩʪʚʝ ʜʠʩʧʝʨʛʠʨʦʚʘʣʠʩʴ 

ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʩ ʩʦʣʷʥʫʶ ʢʠʩʣʦʪʫ ʩ ʧʦʤʦʱʴʶ ʫʣʴʪʨʘʟʚʫʢʘ ʧʝʨʝʜ ʥʘʯʘʣʦʤ ʩʠʥ-

ʪʝʟʘ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʩʠʥʪʝʟʘ ʧʦʣʫʯʘʣʠ ʢʦʤʧʦʟʠʪ ʇɸʅʀ/ʆʋʅʊ ʩ ʇɸʅʀ ʚ ʚʠʜʝ ʵʤʝ-

ʨʘʣʴʜʠʥʦʚʦʡ ʩʦʣʠ. ɿʘʪʝʤ ʧʦʣʫʯʝʥʥʳʡ ʢʦʤʧʦʟʠʪ ʧʝʨʝʚʦʜʠʣʩʷ ʚ ʬʦʨʤʫ ʦʩʥʦʚʘʥʠʷ 

ʧʫʪʝʤ ʜʝʧʨʦʪʦʥʠʨʦʚʘʥʠʷ ʚ ʚʦʜʥʦʤ ʨʘʩʪʚʦʨʝ ʘʤʤʠʘʢʘ. ʇʦʩʣʝ ʧʨʦʤʳʚʢʠ ʠ ʩʫʰʢʠ 

ʢʦʤʧʦʟʠʪ ʇɸʅʀ/ʆʋʅʊ ʨʘʩʩʪʚʦʨʷʣʩʷ ʚ 1-ʄʝʪʠʣ-2-ʧʠʨʨʦʣʠʜʦʥʝ ʠ ʩʤʝʰʠʚʘʣʩʷ ʩ ʧʦ-

ʤʦʱʴʶ ʛʦʤʦʛʝʥʠʟʘʪʦʨʘ ʚ ʨʘʟʣʠʯʥʳʭ ʧʨʦʧʦʨʮʠʷʭ ʩ ʚʦʜʥʳʤ ʨʘʩʩʪʚʦʨʦʤ ʇɺʉ. ʇʦʩʣʝ 

ʵʪʦʛʦ ʥʝʦʙʭʦʜʠʤʦʝ ʢʦʣʠʯʝʩʪʚʦ ʨʘʩʪʚʦʨʘ ʩ ʨʘʟʣʠʯʥʳʤ ʤʘʩʩʦʚʳʤ ʩʦʦʪʥʦʰʝʥʠʝʤ 

ʇɺʉ ʠ ʇɸʅʀ/ʆʋʅʊ ʨʘʟʣʠʚʘʣʠ ʚ ʯʘʰʢʠ ʇʝʪʨʠ ʠ ʩʫʰʠʣʠ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 80Áʉ ʚ 

ʪʝʯʝʥʠʝ 24 ʯʘʩʦʚ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ ʧʦʣʫʯʘʣʠʩʴ ʧʣʝʥʢʠ ʥʘʥʦʢʦʤʧʦʟʠʪʘ 

ʇɺʉ/ʇɸʅʀ/ʆʋʅʊ ʪʦʣʱʠʥʦʡ 30-40 ʤʢʤ ʜʣʷ ʧʨʦʚʝʜʝʥʠʷ ʵʣʝʢʪʨʠʯʝʩʢʠʭ ʠʟʤʝʨʝʥʠʡ 



21                       ʉʙʦʨʥʠʢ ʪʨʫʜʦʚ XX ɺʩʝʨʦʩʩʠʡʩʢʦʡ ʢʦʥʬʝʨʝʥʮʠʠ ʤʦʣʦʜʳʭ ʫʯʝʥʳʭ              

ʥʘ ʧʦʩʪʦʷʥʥʦʤ ʠ ʧʝʨʝʤʝʥʥʦʤ ʪʦʢʝ, ʘ ʪʘʢʞʝ ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʦʚʝʨʭʥʦʩʪʥʦʡ ʤʦʨ-

ʬʦʣʦʛʠʠ ʩ ʧʦʤʦʱʴʶ ʩʢʘʥʠʨʫʶʱʝʛʦ ʵʣʝʢʪʨʦʥʥʦʛʦ ʤʠʢʨʦʩʢʦʧʘ (SEM). ɼʣʷ ʦʧʪʠʯʝ-

ʩʢʠʭ ʠʟʤʝʨʝʥʠʡ ʤʝʪʦʜʦʤ ʚʳʪʷʛʠʚʘʥʠʷ ʠʟ ʨʘʩʪʚʦʨʘ (dip coating) ʠʟʛʦʪʘʚʣʠʚʘʣʠʩʴ ʧʦ-

ʣʠʤʝʨʥʳʝ ʧʣʝʥʢʠ ʪʦʣʱʠʥʦʡ 1 ʤʢʤ ʥʘ ʩʪʝʢʣʷʥʥʳʭ ʧʦʜʣʦʞʢʘʭ. 

ʀʩʩʣʝʜʦʚʘʥʠʷ ʩ ʧʦʤʦʱʴʶ ʦʧʪʠʯʝʩʢʦʡ ʠ ʨʘʩʪʨʦʚʦʡ ʵʣʝʢʪʨʦʥʥʦʡ ʤʠʢʨʦʩʢʦʧʠʠ 

ʧʦʢʘʟʘʣʠ, ʯʪʦ ʧʣʝʥʢʠ ʇɺʉ/ʇɸʅʀ/ʆʋʅʊ ʠʤʝʶʪ ʦʜʥʦʨʦʜʥʫʶ ʩʪʨʫʢʪʫʨʫ, ʧʨʠ ʵʪʦʤ 

ʥʝ ʥʘʙʣʶʜʘʝʪʩʷ ʟʥʘʯʠʪʝʣʴʥʳʭ ʘʛʣʦʤʝʨʘʮʠʡ ʆʋʅʊ, ʭʘʨʘʢʪʝʨʥʳʭ ʚ ʩʣʫʯʘʝ ʜʠʩʧʝʨ-

ʛʠʨʦʚʘʥʠʷ ʆʋʅʊ ʚ ʇɺʉ. ʆʪʤʝʪʠʤ, ʯʪʦ ʚ ʢʦʤʧʦʟʠʪʘʭ ʆʋʅʊ/ʇɺʉ ʧʨʠʝʤʣʝʤʦʡ ʛʦ-

ʤʦʛʝʥʠʟʘʮʠʠ ʆʋʅʊ ʫʜʘʝʪʩʷ ʜʦʙʠʪʴʩʷ ʪʦʣʴʢʦ ʚ ʩʣʫʯʘʝ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʧʦʚʝʨʭʥʦʩʪʥʦ 

ʘʢʪʠʚʥʳʭ ʚʝʱʝʩʪʚ (ʇɸɺ), ʥʘʧʨʠʤʝʨ Triton-X100 ʠʣʠ ʜʦʜʝʮʠʣʩʫʣʴʬʘʪʘ ʥʘʪʨʠʷ 

(SDS) ʥʝʟʘʚʠʩʠʤʦ ʦʪ ʬʫʥʢʮʠʦʥʘʣʠʟʘʮʠʠ. ʇɸʅʀ, ʧʦ-ʚʠʜʠʤʦʤʫ, ʚʳʩʪʫʧʘʝʪ ʚ ʜʘʥʥʦʤ 

ʩʣʫʯʘʝ ʚ ʨʦʣʠ ʇɸɺ, ʬʦʨʤʠʨʫʷ ʥʘʥʦʤʝʪʨʦʚʳʡ ʩʣʦʡ ʚʦʢʨʫʛ ʥʘʥʦʪʨʫʙʢʠ ʠ ʧʨʝʧʷʪ-

ʩʪʚʫʷ ʦʙʨʘʟʦʚʘʥʠʶ ʘʛʣʦʤʝʨʘʮʠʡ. 

ʀʩʩʣʝʜʦʚʘʥʳ ʩʧʝʢʪʨʳ ʧʨʦʧʫʩʢʘʥʠʷ ʧʣʝʥʦʢ PVA/PANI/MWCNT ʚ ʚʠʜʠʤʦʤ ʠ 

ʙʣʠʞʥʝʤ ʀʂ-ʜʠʘʧʘʟʦʥʘʭ. ɺ ʚʠʜʠʤʦʤ ʜʠʘʧʘʟʦʥʝ ʚ ʦʪʣʠʯʠʝ ʦʪ ʧʣʝʥʦʢ ʆʋʅʊ/ʇɺʉ, 

ʜʝʤʦʥʩʪʨʠʨʫʶʱʠʭ ʤʦʥʦʪʦʥʥʳʡ ʨʦʩʪ ʢʦʵʬʬʠʮʠʝʥʪʘ ʧʨʦʧʫʩʢʘʥʠʷ ʩ ʫʚʝʣʠʯʝʥʠʝʤ 

ʜʣʠʥʳ ʚʦʣʥʳ ʠʟʣʫʯʝʥʠʷ, ʧʣʝʥʢʠ PVA/PANI/MWCNT ʠʤʝʶʪ ʰʠʨʦʢʠʡ ʧʨʦʚʘʣ ʢʦ-

ʵʬʬʠʮʠʝʥʪʘ ʧʨʦʧʫʩʢʘʥʠʷ ʩ ʤʠʥʠʤʫʤʦʤ ʚ ʜʠʘʧʘʟʦʥʝ 700-800 ʥʤ. ɺ ʙʣʠʞʥʝʤ ʀʂ 

ʜʠʘʧʘʟʦʥʝ ʥʘʙʣʶʜʘʝʪʩʷ ʧʨʦʚʣ ʥʘ ʜʣʠʥʝ ʚʦʣʥʳ 1,71 ʤʢʤ, ʫʚʝʣʠʯʠʚʘʶʱʠʡʩʷ ʩ ʫʚʝ-

ʣʠʯʝʥʠʝʤ ʢʦʥʮʝʥʪʨʘʮʠʠ ʇɸʅʀ ʚ ʢʦʤʧʦʟʠʪʝ.   

ʀʟʤʝʨʝʥʠʷ ʧʨʦʚʦʜʠʤʦʩʪʠ ʧʣʝʥʦʢ ʥʘ ʧʝʨʝʤʝʥʥʦʤ ʪʦʢʝ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʯʘʩʪʦʪʥʘʷ 

ʟʘʚʠʩʠʤʦʩʪʴ ʧʨʦʚʦʜʠʤʦʩʪʠ ʠʤʝʝʪ ʚʠʜ, ʭʘʨʘʢʪʝʨʥʳʡ ʜʣʷ ʧʦʣʷʨʠʟʦʚʘʥʥʳʭ ʜʠʵʣʝʢ-

ʪʨʠʢʦʚ, ʘ ʠʤʝʥʥʦ, ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʯʘʩʪʦʪʳ ʥʘʙʣʶʜʘʝʪʩʷ ʟʘʤʝʪʥʦʝ ʫʚʝʣʠʯʝʥʠʝ ʧʨʦʚʦ-

ʜʠʤʦʩʪʠ. ʇʨʦʚʦʜʠʤʦʩʪʴ ʥʘ ʚʩʝʭ ʯʘʩʪʦʪʘʭ ʤʦʥʦʪʦʥʥʦ ʚʦʟʨʘʩʪʘʝʪ ʩ ʨʦʩʪʦʤ ʢʦʥʮʝʥ-

ʪʨʘʮʠʠ ʋʅʊ, ʥʝʟʘʚʠʩʠʤʦ ʦʪ ʢʦʥʮʝʥʪʨʘʮʠʠ ʇɸʅʀ, ʧʦʩʢʦʣʴʢʫ ʧʨʠ ʩʠʥʪʝʟʝ ʧʣʝʥʦʢ 

ʠʩʧʦʣʴʟʫʝʪʩʷ ʥʝʧʨʦʚʦʜʷʱʘʷ ʜʝʧʨʦʪʦʥʠʨʦʚʘʥʥʘʷ ʬʦʨʤʘ ʇɸʅʀ.  

 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʧʦʜʜʝʨʞʢʝ ʄʠʥʦʙʨʥʘʫʢʠ ʈʌ ʚ ʨʘʤʢʘʭ ʛʦʩʫʜʘʨ-

ʩʪʚʝʥʥʦʛʦ ʟʘʜʘʥʠʷ ʀʈʕ ʠʤ. ɺ.ɸ.ʂʦʪʝʣʴʥʠʢʦʚʘ ʈɸʅ (FFWZ-2025-0010). 
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ʆʮʝʥʢʘ ʩʠʣʳ ʥʘʧʨʘʚʣʝʥʥʦʡ ʩʚʷʟʠ ʤʦʞʝʪ ʧʨʠʤʝʥʷʪʴʩʷ ʜʣʷ ʨʝʰʝʥʠʷ ʰʠʨʦʢʦʛʦ 

ʢʨʫʛʘ ʟʘʜʘʯ ʙʠʦʤʝʜʠʮʠʥʳ, ʪʘʢʠʭ ʢʘʢ ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʚʝʛʝʪʘʪʠʚʥʦʡ 

ʩʠʩʪʝʤʳ, ʜʠʘʛʥʦʩʪʠʢʘ ʟʘʙʦʣʝʚʘʥʠʡ ʩʝʨʜʝʯʥʦ-ʩʦʩʫʜʠʩʪʦʡ ʩʠʩʪʝʤʳ ʯʝʣʦʚʝʢʘ ʠ ʠʩʩʣʝ-

ʜʦʚʘʥʠʷ ʘʢʪʠʚʥʦʩʪʠ ʢʦʨʳ ʛʦʣʦʚʥʦʛʦ ʤʦʟʛʘ [1]. ʉʠʛʥʘʣʳ ʙʠʦʣʦʛʠʯʝʩʢʦʡ ʧʨʠʨʦʜʳ 

ʦʙʣʘʜʘʶʪ ʩʣʦʞʥʦʡ ʩʪʨʫʢʪʫʨʦʡ ʠ ʦʪʣʠʯʘʶʪʩʷ ʚʳʩʦʢʦʡ ʥʝʩʪʘʮʠʦʥʘʨʥʦʩʪʴʶ, ʯʪʦ 

ʥʘʢʣʘʜʳʚʘʝʪ ʨʷʜ ʦʛʨʘʥʠʯʝʥʠʡ ʥʘ ʤʝʪʦʜʳ ʦʮʝʥʢʠ ʩʠʣʳ ʥʘʧʨʘʚʣʝʥʥʦʡ ʩʚʷʟʠ [2]. ɺ 

ʯʘʩʪʥʦʩʪʠ, ʤʝʪʦʜʳ ʜʦʣʞʥʳ ʙʳʪʴ ʧʨʠʤʝʥʠʤʳ ʢ ʢʦʨʦʪʢʠʤ ʚʨʝʤʝʥʥʳʤ ʨʷʜʘʤ ʠ ʜʝ-

ʤʦʥʩʪʨʠʨʦʚʘʪʴ ʫʩʪʦʡʯʠʚʦʩʪʴ ʢ ʠʟʤʝʨʠʪʝʣʴʥʳʤ ʰʫʤʘʤ. ʈʘʟʨʘʙʦʪʢʘ ʤʝʪʦʜʦʚ ʦʮʝʥʢʠ 

ʩʠʣʳ ʥʘʧʨʘʚʣʝʥʥʦʡ ʩʚʷʟʠ, ʦʩʥʦʚʘʥʥʳʭ ʥʘ ʧʨʠʤʝʥʝʥʠʠ ʠʩʢʫʩʩʪʚʝʥʥʳʭ ʥʝʡʨʦʥʥʳʭ 

ʩʝʪʝʡ (ʀʅʉ), ʷʚʣʷʝʪʩʷ ʧʝʨʩʧʝʢʪʠʚʥʳʤ ʥʘʧʨʘʚʣʝʥʠʝʤ ʠʩʩʣʝʜʦʚʘʥʠʡ, ʪʘʢ ʢʘʢ ʠʩʢʫʩ-

ʩʪʚʝʥʥʳʝ ʥʝʡʨʦʥʥʳʝ ʩʝʪʠ ʟʘʨʝʢʦʤʝʥʜʦʚʘʣʠ ʩʝʙʷ ʧʨʠ ʘʥʘʣʠʟʝ ʚʨʝʤʝʥʥʳʭ ʨʷʜʦʚ [3]. 

ɼʣʷ ʪʝʩʪʠʨʦʚʘʥʠʷ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʤʝʪʦʜʦʚ ʦʮʝʥʢʠ ʩʠʣʳ ʥʘʧʨʘʚʣʝʥʥʦʡ ʩʚʷʟʠ, 

ʦʩʥʦʚʘʥʥʳʭ ʥʘ ʧʨʠʤʝʥʝʥʠʠ ʀʅʉ, ʧʨʠ ʨʘʙʦʪʝ ʩ ʢʦʨʦʪʢʠʤʠ, ʦʪ 6 ʜʦ 14 ʧʝʨʠʦʜʦʚ, 

ʟʘʰʫʤʣʝʥʥʳʤʠ ʚʨʝʤʝʥʥʳʤʠ ʨʷʜʘʤʠ ʙʳʣʘ ʚʳʙʨʘʥʘ ʩʠʩʪʝʤʘ ʜʚʫʭ ʦʜʥʦʥʘʧʨʘʚʣʝʥʥʦ 

ʩʚʷʟʘʥʥʳʭ ʦʩʮʠʣʣʷʪʦʨʘ ʚʘʥ ʜʝʨ ʇʦʣʷ (1): 

‘ ρ ὼ ρ πȢυῳὼ π

‘ ρ ώ ρ πȢυῳώ Ὡώ ὼ π
ȟ  (1) 

ʛʜʝ ‘ = 2 ð ʢʦʵʬʬʠʮʠʝʥʪ ʥʝʣʠʥʝʡʥʦʩʪʠ, ῳ ð ʦʪʥʦʩʠʪʝʣʴʥʘʷ ʯʘʩʪʦʪʥʘʷ ʨʘʩʩʪʨʦʡʢʘ 

ʦʩʮʠʣʣʷʪʦʨʦʚ, ʧʘʨʘʤʝʪʨ ʠʟʤʝʥʷʣʩʷ ʦʪ -1 ʜʦ 1.5 ʩ ʰʘʛʦʤ 0.02, Ὡ ð ʢʦʵʬʬʠʮʠʝʥʪ 

ʠʥʝʨʮʠʦʥʥʳʡ ʩʚʷʟʠ, ʠʟʤʝʥʷʣʩʷ ʦʪ 0 ʜʦ 0.5 ʩ ʰʘʛʦʤ 0.005. ɺ ʠʩʩʣʝʜʦʚʘʥʠʝ ʚʢʣʶʯʘ-

ʣʠʩʴ ʥʘʙʦʨʳ ʧʘʨʘʤʝʪʨʦʚ ʩʠʩʪʝʤʳ, ʧʨʠ ʢʦʪʦʨʳʭ ʨʝʞʠʤʘ ʩʠʥʭʨʦʥʠʟʘʮʠʠ ʤʝʞʜʫ ʦʩ-

ʮʠʣʣʷʪʦʨʘʤʠ ʥʝ ʥʘʙʣʶʜʘʣʦʩʴ. ɼʣʷ ʨʝʰʝʥʠʷ ʫʨʘʚʥʝʥʠʷ ʧʨʠʤʝʥʷʣʩʷ ʤʝʪʦʜ ʕʡʣʝʨʘ ʩ 

ʰʘʛʦʤ ʠʥʪʝʛʨʠʨʦʚʘʥʠʷ 1/250, ʜʣʷ ʨʘʙʦʪʳ ʩ ʀʅʉ ʩʠʛʥʘʣ ʧʝʨʝʚʳʙʠʨʘʣʩʷ ʩ ʯʘʩʪʦʪʦʡ 

ʜʠʩʢʨʝʪʠʟʘʮʠʠ 10 ɻʮ. ʇʝʨʠʦʜʳ ʩʠʛʥʘʣʦʚ ʧʨʠ ʫʢʘʟʘʥʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʠʟʤʝʥʷʣʠʩʴ ʦʪ 

5 ʜʦ 12 ʩ. ʇʨʠ ʠʩʩʣʝʜʦʚʘʥʠʠ ʚʣʠʷʥʠʷ ʠʟʤʝʨʠʪʝʣʴʥʦʛʦ ʰʫʤʘ ʥʘ ʪʦʯʥʦʩʪʴ ʤʝʪʦʜʦʚ 

ʧʨʠʤʝʥʷʣʩʷ ʙʝʣʳʡ ʛʘʫʩʩʦʚʩʢʠʡ ʰʫʤ, ʫʨʦʚʝʥʴ ʰʫʤʘ ʦʮʝʥʠʚʘʣʩʷ ʦʪʥʦʩʠʪʝʣʴʥʦ ʜʠʩ-

ʧʝʨʩʠʠ ʥʝʟʘʰʫʤʣʝʥʥʦʛʦ ʩʠʛʥʘʣʘ. 

ɺ ʠʩʩʣʝʜʦʚʘʥʠʠ ʧʨʦʚʦʜʠʣʦʩʴ ʩʦʧʦʩʪʘʚʣʝʥʠʝ ʤʝʪʦʜʦʚ ʦʮʝʥʢʠ ʥʘʧʨʘʚʣʝʥʥʦʡ 

ʩʚʷʟʠ, ʦʩʥʦʚʘʥʥʳʭ ʥʘ ʧʨʠʤʝʥʝʥʠʠ ʀʅʉ ʪʨʝʭ ʪʠʧʦʚ: ʧʦʣʥʦʩʚʷʟʥʦʡ (FNC), ʩʚʝʨʪʦʯ-

ʥʦʡ (CNN) ʠ ʨʝʢʫʨʨʝʥʪʥʦʡ (RNN). ɺ ʢʘʯʝʩʪʚʝ ʤʝʪʨʠʢʠ ʜʣʷ ʦʮʝʥʢʠ ʪʦʯʥʦʩʪʠ ʨʘʙʦʪʳ 

ʤʝʪʦʜʦʚ ʧʨʠʤʝʥʷʣʘʩʴ ʩʨʝʜʥʷʷ ʘʙʩʦʣʶʪʥʘʷ ʦʰʠʙʢʘ (MAE).  



23                       ʉʙʦʨʥʠʢ ʪʨʫʜʦʚ XX ɺʩʝʨʦʩʩʠʡʩʢʦʡ ʢʦʥʬʝʨʝʥʮʠʠ ʤʦʣʦʜʳʭ ʫʯʝʥʳʭ              

 

ʈʠʩ. 1 ɿʘʚʠʩʠʤʦʩʪʴ MAE ʦʮʝʥʢʠ ʦʜʥʦʥʘʧʨʘʚʣʝʥʥʦʡ ʩʚʷʟʠ ʩ ʧʦʤʦʱʴʶ ʀʅʉ ʦʪ ʫʨʦʚʥʷ ʠʟʤʝ-

ʨʠʪʝʣʴʥʦʛʦ ʰʫʤʘ. ʏʝʨʥʘʷ ʩʧʣʦʰʥʘʷ ʣʠʥʠʷ ʩʦʦʪʚʝʪʩʪʚʫʝʪ CNN, ʯʝʨʥʘʷ ʧʫʥʢʪʠʨʥʘʷ ð RNN, 

ʩʝʨʘʷ ʩʧʣʦʰʥʘʷ ʣʠʥʠʷ ð FNN. 

 

ʅʘʠʙʦʣʴʰʫʶ ʫʩʪʦʡʯʠʚʦʩʪʴ ʢ ʠʟʤʝʨʠʪʝʣʴʥʦʤʫ ʰʫʤʫ ʜʦ 100% ʧʨʦʜʝʤʦʥʩʪʨʠ-

ʨʦʚʘʣ ʤʝʪʦʜ, ʦʩʥʦʚʘʥʥʳʡ ʥʘ ʧʨʠʤʝʥʝʥʠʠ RNN. ʇʨʠ ʨʘʙʦʪʝ ʩ ʚʨʝʤʝʥʥʳʤʠ ʨʷʜʘʤʠ ʚ 

ʧʨʠʩʫʪʩʪʚʠʠ ʠʟʤʝʨʠʪʝʣʴʥʦʛʦ ʰʫʤʘ ʜʦ 30%, ʥʘʠʤʝʥʴʰʫʶ ʩʨʝʜʥʶʶ ʘʙʩʦʣʶʪʥʫʶ 

ʦʰʠʙʢʫ ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʣ ʤʝʪʦʜ, ʦʩʥʦʚʘʥʥʳʡ ʥʘ ʧʨʠʤʝʥʝʥʠʠ CNN, ʦʜʥʘʢʦ ʧʨʠ 

ʨʘʙʦʪʝ ʩ ʩʠʛʥʘʣʘʤʠ ʩ ʙʦʣʝʝ ʚʳʩʦʢʠʤ ʫʨʦʚʥʝʤ ʠʟʤʝʨʠʪʝʣʴʥʦʛʦ ʰʫʤʘ ʩʨʝʜʥʷʷ ʘʙʩʦ-

ʣʶʪʥʘʷ ʦʰʠʙʢʘ ʤʝʪʦʜʘ ʟʥʘʯʠʪʝʣʴʥʦ ʚʦʟʨʘʩʪʘʝʪ.  

 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʧʦʜʜʝʨʞʢʝ ʈʦʩʩʠʡʩʢʦʛʦ ʥʘʫʯʥʦʛʦ ʬʦʥʜʘ, ʛʨʘʥʪ ˉ 

25ï72-00158. 
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ʂʦʤʧʦʟʠʪʥʳʡ ʤʘʪʝʨʠʘʣ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʩʪʨʫʢʪʫʨʫ ʠʟ ʜʚʫʭ ʢʦʤʧʦʥʝʥʪʥʳʭ 

ʬʘʟ ï ʤʘʪʨʠʮ rʠ ʥʘʧʦʣʥʠʪʝʣʷ, ʚ ʢʘʯʝʩʪʚʝ ʢʦʪʦʨʦʛʦ ʤʦʛʫʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥʳ ʢʚʘʥ-

ʪʦʚʳʝ ʪʦʯʢʠ (ʂʊ). ʇʨʠʤʝʥʝʥʠʝʤ ʚʝʱʝʩʪʚ-ʢʦʥʪʝʡʥʝʨʦʚ ʜʣʷ ʘʜʩʦʨʙʠʨʦʚʘʥʠʷ ʂʊ 

ʤʦʞʥʦ ʜʦʩʪʠʯʴ ʨʘʚʥʦʤʝʨʥʦʛʦ ʨʘʩʧʨʝʜʝʣʝʥʠ ̫ʂʊ ʚ ʤʘʪʝʨʠʘʣʝ [1], ʯʪʦ ʚʘʞʥʦ ʜʣʷ 

ʨʷʜʘ ʟʘʜʘʯ. ʆʜʥʠʤ ʠʟ ʪʘʢʠʭ ʚʝʱʝʩʪʚ ʷʚʣʷʶʪʩʷ ʩʬʝʨʠʯʝʩʢʠʝ ʯʘʩʪʠʮʳ ʢʘʨʙʦʥʘʪʘ 

ʢʘʣʴʮʠ ̫ʧʦʣʠʤʦʨʬʥʦʡ ʤʦʜʠʬʠʢʘʮʠʠ ʚʘʪʝʨʠʪ.  

ʅʘʰʝʡ ʥʘʫʯʥʦʡ ʛʨʫʧʧʦʡ ʚʝʜʝʪʩʷ ʨʘʟʨʘʙʦʪʢʘ ʢʦʤʧʦʟʠʮʠʦʥʥʦʛʦ ʤʘʪʝʨʠʘʣʘ [2-4] 

ʥʘ ʦʩʥʦʚʝ ʥʘʥʦʚʦʣʦʢʦʥ ʧʦʣʠʢʘʧʨʦʣʘʢʪʦʥʘ [5-9], ʤʠʢʨʦʯʘʩʪʠʮ ʚʘʪʝʨʠʪʘ (CaCO3) [10-

16] ʠ ʥʘʥʦʯʘʩʪʠʮ ʤʘʛʥʝʪʠʪʘ (Fe3O4) [8, 17-21]. ʇʨʦʩʪʦʪʘ ʩʠʥʪʝʟʘ ʤʘʛʥʝʪʠʪʘ ʜʘʝʪ ʚʦʟ-

ʤʦʞʥʦʩʪʴ ʝʛʦ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʚ ʢʘʯʝʩʪʚʝ ʤʦʜʝʣʴʥʦʛʦ ʘʥʘʣʦʛʘ ʂʊ. ʈʘʟʨʘʙʘʪʳʚʘʝʤʳʡ 

ʤʘʪʝʨʠʘʣ ʧʦʪʝʥʮʠʘʣʴʥʦ ʠʤʝʝʪ ʩʧʦʩʦʙʥʦʩʪʴ ʢ ʘʜʩʦʨʙʮʠʠ ʠ ʫʧʨʘʚʣʷʝʤʦʤʫ ʚʳʩʚʦʙʦʞ-

ʜʝʥʠʶ ʟʘʛʨʫʞʝʥʥʳʭ ʚ ʝʛʦ ʩʪʨʫʢʪʫʨʫ ʚʝʱʝʩʪʚ.  

ʎʝʣʴʶ ʜʘʥʥʦʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ ʷʚʣʷʝʪʩʷ ʠʟʫʯʝʥʠʝ ʚʦʟʤʦʞʥʦʩʪʠ ʟʘʛʨʫʟʢʠ ʤʦ-

ʜʝʣʴʥʦʛʦ ʚʝʱʝʩʪʚʘ ʥʘ ʧʨʠʤʝʨʝ ʨʦʜʘʤʠʥʘ ɹ (RhB) ʠ ʬʪʘʣʦʮʠʘʥʠʥʘ ʚ ʢʦʤʧʦʟʠʪʥʳʡ 

ʤʘʪʝʨʠʘʣ ʥʘ ʦʩʥʦʚʝ ʤʠʥʝʨʘʣʠʟʦʚʘʥʥʳʭ ʤʠʢʨʦʯʘʩʪʠʮʘʤʠ ʢʘʨʙʦʥʘʪʘ ʢʘʣʴʮʠʷ (ʚʘʪʝ-

ʨʠʪʘ) ʥʘʥʦʚʦʣʦʢʦʥ ʧʦʣʠʢʘʧʨʦʣʘʢʪʦʥʘ (ʇʂʃ), ʩʦʜʝʨʞʘʱʠʭ ʠ ʥʝ ʩʦʜʝʨʞʘʱʠʭ ʥʘʥʦ-

ʯʘʩʪʠʮʳ ʤʘʛʥʝʪʠʪʘ. 

ɹr ʣʠ ʧʦʜʛʦʪʦʚʣʝʥʳ ʪʨʠ ʪʠʧʘ ʦʙʨʘʟʮʦʚ ʧʣʦʱʘʜʴʶ 2,25 ʩʤ2: ʧʦʣʠʤʝʨʥʳʡ ʢʘʨʢʘʩ 

ʠʟ ʥʘʥʦʚʦʣʦʢʦʥ ʇʂʃ; ʢʦʤʧʦʟʠʪʥʳʡ ʤʘʪʝʨʠʘʣ ʥʘ ʦʩʥʦʚʝ ʚʦʣʦʢʦʥ ʇʂʃ ʠ ʤʠʢʨʦʯʘ-

ʩʪʠʮ CaCO3, ʩʦʜʝʨʞʘʱʠʡ ʠ ʥʝ ʩʦʜʝʨʞʘʱʠʡ ʥʘʥʦʯʘʩʪʠʮʳ Fe3O4. ɼʠʘʤʝʪʨ ʚʦʣʦʢʦʥ 

ʇʂʃ ʩʦʩʪʘʚʣʷʣ 100 Ñ 50 ʥʤ, ʢʦʥʮʝʥʪʨʘʮʠ ̫ʢʦʣʣʦʠʜʥʦʛʦ ʨʘʩʪʚʦʨʘ ʥʘʥʦʯʘʩʪʠʮ ʤʘʛ-

ʥʝʪʠʪʘ 1,8 ʤʛ/ʤʣ, ʜʠʘʤʝʪʨ ʯʘʩʪʠʮ 6 Ñ 1 ʥʤ. 

ʀʥʢʘʧʩʫʣʷʮʠʷ ʤʦʜʝʣʴʥʦʛʦ ʚʝʱʝʩʪʚʘ ʦʩʫʱʝʩʪʚʣʷʣʘʩʴ ʠʟ ʨʘʩʪʚʦʨʘ ʩ ʢʦʥʮʝʥʪʨʘ-

ʮʠʝʡ 0,2 ʤʢʛ/ʤʣ ʤʝʪʦʜʦʤ ʘʜʩʦʨʙʮʠʠ, ʠʥʜʫʮʠʨʦʚʘʥʥʦʡ ʟʘʤʦʨʘʞʠʚʘʥʠʝʤ [22]. ʄʠʢ-

ʨʦʧʨʦʙʠʨʢʫ ʩ 2 ʤʣ ʨʘʩʪʚʦʨʘ RhB/ʬʪʘʣʦʮʠʘʥʠʥʘ ʠ ʢʦʤʧʦʟʠʪʥʳʤ ʤʘʪʝʨʠʘʣʦʤ ʧʣʦʱʘ-

ʜʴʶ 2 ʩʤ2 ʚʳʜʝʨʞʠʚʘʣʠ ʚ ʤʦʨʦʟʠʣʴʥʦʡ ʢʘʤʝʨʝ (-18Áʉ) ʚ ʪʝʯʝʥʠʝ ʯʘʩʘ. ʇʦʩʣʝ ʨʘʟʤʦ-

ʨʘʞʠʚʘʥʠʷ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʦʙʨʘʟʝʮ ʠʟʚʣʝʢʘʣʩʷ ʠʟ ʧʨʦʙʠʨʢʠ, ʩʫʧʝʨʥʘ-

ʪʘʥʪ ʩʦʭʨʘʥʷʣʩʷ ʜʣʷ ʜʘʣʴʥʝʡʰʠʭ ʠʟʤʝʨʝʥʠʡ. ʇʝʨʝʜ ʧʨʦʤʳʚʘʥʠʝʤ ʠ ʩʫʰʢʦʡ (15 ʤʠ-

ʥʫʪ ʧʨʠ 45Áʉ) ʦʙʨʘʟʮʘ ʦʪ ʥʝʛʦ ʦʪʜʝʣʷʣʩʷ ʬʨʘʛʤʝʥʪ ʧʣʦʱʘʜʴʶ 0,2 ʩʤ2 ʜʣʷ ʧʨʦʚʝʜʝ-

ʥʠʷ ʉʕʄ ʠʩʩʣʝʜʦʚʘʥʠʡ (ʨʘʩʪʨʦʚʳʡ ʵʣʝʢʪʨʦʥʥʳʡ ʤʠʢʨʦʩʢʦʧ Mira II LMU ʬʠʨʤʳ 

çTESCANè).  

ʂʦʣʠʯʝʩʪʚʦ ʟʘʛʨʫʞʝʥʥʦʛʦ ʚ ʦʙʨʘʟʮʳ ʢʨʘʩʠʪʝʣʷ ʦʧʨʝʜʝʣʷʣʦʩʴ ʤʝʪʦʜʦʤ ʩʧʝʢ-

ʪʨʦʬʦʪʦʤʝʨʠʠ (ʩʧʝʢʪʨʦʬʦʪʦʤʝʪʨ ClarioStar, BMG Labtech (ɻʝʨʤʘʥʠʷ)). ʅʘʣʠʯʠʝ ʠ 

ʢʦʥʮʝʥʪʨʘʮʠ ̫ʨʦʜʘʤʠʥʘ ɹ ʠ ʬʪʘʣʦʮʠʘʥʠʥʘ ʦʧʨʝʜʝʣʷʣʠʩʴ ʧʦ ʭʘʨʘʢʪʝʨʥʦʤʫ ʧʠʢʫ ʧʦ-

ʛʣʦʱʝʥʠʷ ʧʨʠ ʜʣʠʥʝ ʚʦʣʥʳ 542 ʥʤ ʜʣʷ RhB [23] ʠ 679 ʥʤ ʜʣʷ ʬʪʘʣʦʮʠʘʥʠʥʘ [24]. 

ʈʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʨʦʜʘʤʠʥ ɹ ʟʘʛʨʫʞʘʝʪʩʷ ʢʘʢ ʚ ʧʦʣʠʤʝʨ-

ʥʳʝ ʚʦʣʦʢʥʘ, ʪʘʢ ʠ ʚ ʢʦʤʧʦʟʠʪʥʳʡ ʤʘʪʝʨʠʘʣ, ʦʜʥʘʢʦ ʚ ʧʦʩʣʝʜʥʠʡ ʘʜʩʦʨʙʠʨʫʝʪʩʷ ʚ 



25                       ʉʙʦʨʥʠʢ ʪʨʫʜʦʚ XX ɺʩʝʨʦʩʩʠʡʩʢʦʡ ʢʦʥʬʝʨʝʥʮʠʠ ʤʦʣʦʜʳʭ ʫʯʝʥʳʭ              

1,5 ʨʘʟʘ ʙʦʣʴʰʝ ʢʨʘʩʠʪʝʣʷ. ɿʘʛʨʫʞʝʥʥʘʷ ʚ ʢʦʤʧʦʟʠʪʥʳʡ ʤʘʪʝʨʠʘʣ ʤʘʩʩʘ ʬʪʘʣʦʮʠʘ-

ʥʠʥʘ ʚ 2 ʨʘʟʘ ʙʦʣʴʰʝ ʤʘʩʩʳ ʢʨʘʩʠʪʝʣʷ, ʘʜʩʦʨʙʠʨʦʚʘʥʥʦʛʦ ʯʠʩʪʳʤʠ ʚʦʣʦʢʥʘʤʠ ʧʦ-

ʣʠʢʘʧʨʦʣʘʢʪʦʥʘ. ʅʘʣʠʯʠʝ ʥʘʥʦʯʘʩʪʠʮ ʤʘʛʥʝʪʠʪʘ ʚ ʢʦʤʧʦʟʠʪʥʦʤ ʤʘʪʝʨʠʘʣʝ, ʥʝ ʦʢʘ-

ʟʳʚʘʝʪ ʚʣʠʷʥʠʷ ʥʘ ʤʘʩʩʫ ʟʘʛʨʫʞʝʥʥʦʛʦ ʢʨʘʩʠʪʝʣʷ (ʨʦʜʘʤʠʥʘ ɹ ʠ ʬʪʘʣʦʮʠʘʥʠʥʘ). 

ʉ ʧʦʤʦʱʴʶ ʉʕʄ ʙʳʣʦ ʠʩʩʣʝʜʦʚʘʥʦ ʚʣʠʷʥʠʝ ʟʘʛʨʫʟʢʠ ʨʦʜʘʤʠʥʘ ɹ ʥʘ ʤʦʨʬʦ-

ʣʦʛʠʶ ʩʪʨʫʢʪʫʨ, ʜʣʷ ʵʪʦʛʦ ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʉʕʄ-ʠʟʦʙʨʘʞʝʥʠʷ ʢʘʞʜʦʛʦ ʦʙʨʘʟʮʘ ʜʦ 

ʚʥʝʜʨʝʥʠʷ ʤʦʜʝʣʴʥʦʛʦ ʢʨʘʩʠʪʝʣʷ ʠ ʧʦʩʣʝ. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʨʦʜʘʤʠʥ ɹ ʥʝ ʦʢʘʟʳʚʘʝʪ 

ʥʝʛʘʪʠʚʥʦʛʦ ʚʣʠʷʥʠʷ ʥʘ ʤʦʨʬʦʣʦʛʠʶ ʧʦʚʝʨʭʥʦʩʪʠ ʠ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʦʛʦ, ʠ ʥʝʤʦ-

ʜʠʬʠʮʠʨʦʚʘʥʥʦʛʦ ʥʘʥʦʯʘʩʪʠʮʘʤʠ ʤʘʛʥʝʪʠʪʘ ʦʙʨʘʟʮʦʚ ʢʦʤʧʦʟʠʪʥʦʛʦ ʤʘʪʝʨʠʘʣʘ. 
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ɺ ʧʦʩʣʝʜʥʝʝ ʚʨʝʤʷ ʠʥʪʝʥʩʠʚʥʦ ʨʘʟʚʠʚʘʝʪʩʷ ʥʦʚʦʝ ʥʘʧʨʘʚʣʝʥʠʝ ʩʧʠʥʪʨʦʥʠʢʠð

ʤʘʛʥʦʥʠʢʘ [1, 2], ʚ ʢʦʪʦʨʦʡ ʠʥʬʦʨʤʘʮʠʷ ʧʝʨʝʜʘʸʪʩʷ ʥʝ ʟʘ ʩʯʸʪ ʜʚʠʞʝʥʠʷ ʩʧʠʥ-ʧʦ-

ʣʷʨʠʟʦʚʘʥʥʳʭ ʵʣʝʢʪʨʦʥʦʚ, ʘ ʧʦʩʨʝʜʩʪʚʦʤ ʩʧʠʥʦʚʳʭ ʚʦʣʥ (ʉɺ). ʊʘʢʦʡ ʧʦʜʭʦʜ ʧʦʟ-

ʚʦʣʷʝʪ ʨʝʘʣʠʟʦʚʳʚʘʪʴ ʰʠʨʦʢʠʡ ʩʧʝʢʪʨ ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʫʩʪʨʦʡʩʪʚ ʜʣʷ ʦʙʨʘʙʦʪʢʠ 

ʩʠʛʥʘʣʦʚ ʥʘ ʦʩʥʦʚʝ ʤʘʛʥʦʥʥʳʭ ʪʝʭʥʦʣʦʛʠʡ. 

ʆʩʦʙʦʝ ʚʥʠʤʘʥʠʝ ʚ ʩʦʚʨʝʤʝʥʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʷʭ ʫʜʝʣʷʝʪʩʷ ʧʨʠʤʝʥʝʥʠʶ ʤʘʛ-

ʥʠʪʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʚ ʙʠʦʤʝʜʠʮʠʥʝ. ʄʘʛʥʠʪʥʳʝ ʥʘʥʦʯʘʩʪʠʮʳ, ʚ ʯʘʩʪʥʦʩʪʠ ʤʘʛʥʝʪʠʪ 

(FeϝOϞ), ʘʢʪʠʚʥʦ ʠʩʧʦʣʴʟʫʶʪʩʷ ʙʣʘʛʦʜʘʨʷ ʩʚʦʠʤ ʫʥʠʢʘʣʴʥʳʤ ʩʚʦʡʩʪʚʘʤ: ʚʳʩʦʢʦʡ 
ʩʦʨʙʮʠʦʥʥʦʡ ʸʤʢʦʩʪʠ, ʩʧʦʩʦʙʥʦʩʪʠ ʢ ʜʠʩʪʘʥʮʠʦʥʥʦʤʫ ʫʧʨʘʚʣʝʥʠʶ ʚʥʝʰʥʠʤ ʤʘʛ-

ʥʠʪʥʳʤ ʧʦʣʝʤ, ʘ ʪʘʢʞʝ ʭʦʨʦʰʝʡ ʢʦʥʪʨʘʩʪʥʦʩʪʠ ʚ ʤʘʛʥʠʪʥʦ-ʨʝʟʦʥʘʥʩʥʦʡ ʪʦʤʦʛʨʘ-

ʬʠʠ (ʄʈʊ). ʇʦʤʠʤʦ ʜʠʘʛʥʦʩʪʠʯʝʩʢʠʭ ʟʘʜʘʯ, ʦʥʠ ʥʘʭʦʜʷʪ ʧʨʠʤʝʥʝʥʠʝ ʚ ʩʠʩʪʝʤʘʭ 

ʮʝʣʝʚʦʡ ʜʦʩʪʘʚʢʠ ʣʝʢʘʨʩʪʚʝʥʥʳʭ ʧʨʝʧʘʨʘʪʦʚ. 

ɺ ʢʘʯʝʩʪʚʝ ʦʩʥʦʚʥʦʛʦ ʤʘʛʥʠʪʥʦʛʦ ʤʘʪʝʨʠʘʣʘ ʜʣʷ ʬʦʨʤʠʨʦʚʘʥʠʷ ʚʦʣʥʦʚʝʜʫʱʠʭ 

ʩʪʨʫʢʪʫʨ ʚ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʠʩʧʦʣʴʟʫʶʪʩʷ ʪʦʥʢʠʝ ʧʣʸʥʢʠ ʞʝʣʝʟʦ-ʠʪʪʨʠʝʚʦʛʦ ʛʨʘʥʘʪʘ 

(ɾʀɻ), ʦʪʣʠʯʘʶʱʠʝʩʷ ʨʝʢʦʨʜʥʦ ʥʠʟʢʠʤ ʫʨʦʚʥʝʤ ʟʘʪʫʭʘʥʠʷ ʩʧʠʥʦʚʳʭ ʚʦʣʥ, ʚ ʪʦʤ 

ʯʠʩʣʝ ʧʨʠ ʥʘʥʦʤʝʪʨʦʚʳʭ ʪʦʣʱʠʥʘʭ [3]. ʀʩʩʣʝʜʫʝʤʘʷ ʩʪʨʫʢʪʫʨʘ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ 

ʧʣʝʥʢʫ ɾʀɻ ʢʨʝʩʪʦʦʙʨʘʟʥʦʡ ʬʦʨʤʳ, ʥʘ ʢʦʪʦʨʫʶ ʥʘʥʝʩʝʥʳ ʥʘʥʦʯʘʩʪʠʮʳ ʤʘʛʥʝ-

ʪʠʪʘ. 

ʂʦʥʬʠʛʫʨʘʮʠʷ ʤʠʢʨʦʚʦʣʥʦʚʦʜʘ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʜʚʫʭʩʣʦʡʥʫʶ ʩʠʩʪʝʤʫ. 

ʅʠʞʥʠʡ ʩʣʦʡ ï ɻ ʪʦ ʧʣʝʥʢʘ ɾʀɻ ʨʘʟʤʝʨʘʤʠ 4 ʤʤ Ĭ 500 ʤʢʤ ʠ ʪʦʣʱʠʥʦʡ 10 ʤʢʤ. ʅʘ 

ʚʝʨʭʥʝʤ ʩʣʦʝ, ʚ ʮʝʥʪʨʘʣʴʥʦʡ ʦʙʣʘʩʪʠ ʩʪʨʫʢʪʫʨʳ, ʧʝʨʠʦʜʠʯʝʩʢʠ (ʩ ʰʘʛʦʤ d = 10 

ʤʢʤ) ʨʘʩʧʦʣʦʞʝʥʳ ʮʠʣʠʥʜʨʠʯʝʩʢʠʝ ʥʘʥʦʯʘʩʪʠʮʳ ʤʘʛʥʝʪʠʪʘ ʜʠʘʤʝʪʨʦʤ 10 ʤʢʤ ʠ 

ʪʦʣʱʠʥʦʡ 10 ʤʢʤ (ʩʤ. ʨʠʩ. 1). 

 
ʈʠʩ. 1. ʉʭʝʤʘʪʠʯʝʩʢʦʝ ʠʟʦʙʨʘʞʝʥʠʝ ʩʠʩʪʝʤʳ ʪʨʝʭ ʤʠʢʨʦʚʦʣʥʦʚʦʜʦʚ ʩ ʠʟʤʝʥʷʶʱʝʡʩʷ ʰʠʨʠ-

ʥʦʡ, ʨʘʩʧʦʣʦʞʝʥʥʳʭ ʧʘʨʘʣʣʝʣʴʥʦ ʩ ʟʘʟʦʨʦʤ d 
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ɼʣʷ ʘʥʘʣʠʟʘ ʜʠʥʘʤʠʢʠ ʩʧʠʥʦʚʳʭ ʚʦʣʥ ʙʳʣʘ ʧʨʦʚʝʜʝʥʘ ʤʠʢʨʦʤʘʛʥʠʪʥʘʷ ʩʠʤʫ-

ʣʷʮʠʷ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʨʦʛʨʘʤʤʥʦʛʦ ʧʘʢʝʪʘ MuMax3 [4]. ʇʨʦʩʪʨʘʥʩʪʚʦ ʩʪʨʫʢ-

ʪʫʨʳ ʙʳʣʦ ʜʠʩʢʨʝʪʠʟʠʨʦʚʘʥʦ ʥʘ ʯʠʩʣʝʥʥʫʶ ʩʝʪʢʫ, ʚ ʫʟʣʘʭ ʢʦʪʦʨʦʡ ʨʝʰʘʣʦʩʴ ʫʨʘʚ-

ʥʝʥʠʝ ʃʘʥʜʘʫïʃʠʬʰʠʮʘ ʩ ʟʘʪʫʭʘʥʠʝʤ ɻʠʣʴʙʝʨʪʘ [5, 6]. ʄʦʜʝʣʠʨʦʚʘʥʠʝ ʧʨʦʚʦʜʠ-

ʣʦʩʴ ʚ ʨʝʞʠʤʝ ʚʦʟʙʫʞʜʝʥʠʷ ʧʦʚʝʨʭʥʦʩʪʥʦʡ ʤʘʛʥʠʪʦʩʪʘʪʠʯʝʩʢʦʡ ʩʧʠʥʦʚʦʡ ʚʦʣʥʳ 

(ʇʄʉɺ). ɺʥʝʰʥʝʝ ʤʘʛʥʠʪʥʦʝ ʧʦʣʝ HϚ = 1200 ʕ ʧʨʠʢʣʘʜʳʚʘʣʦʩʴ ʚʜʦʣʴ ʦʩʠ Y, ʢʘʢ ʚ 

ʧʦʣʦʞʠʪʝʣʴʥʦʤ, ʪʘʢ ʠ ʚ ʦʪʨʠʮʘʪʝʣʴʥʦʤ ʥʘʧʨʘʚʣʝʥʠʠ, ʯʪʦ ʧʦʟʚʦʣʷʣʦ ʠʩʩʣʝʜʦʚʘʪʴ 

ʚʣʠʷʥʠʝ ʦʨʠʝʥʪʘʮʠʠ ʧʦʣʷ ʥʘ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʝ ʩʧʠʥʦʚʳʭ ʚʦʣʥ. 

ʉʠʩʪʝʤʘ ʠʤʝʝʪ ʯʝʪʳʨʝ ʧʦʨʪʘ: ʦʜʠʥ ʚʭʦʜʥʦʡ (Pin) ʠ ʪʨʠ ʚʳʭʦʜʥʳʭ (Pout_1, Pout_2, 

Pout_3). ɺʭʦʜʥʦʡ ʧʦʨʪ ʰʠʨʠʥʦʡ 30 ʤʢʤ ʩʣʫʞʠʪ ʜʣʷ ʚʦʟʙʫʞʜʝʥʠʷ ʉɺʏ-ʩʠʛʥʘʣʘ, ʘ ʚʳ-

ʭʦʜʥʳʝ ʧʦʨʪʳ ï ʜʣʷ ʨʝʛʠʩʪʨʘʮʠʠ ʨʘʩʧʨʦʩʪʨʘʥʷʶʱʠʭʩʷ ʩʧʠʥʦʚʳʭ ʚʦʣʥ. 

ɻʠʙʨʠʜʥʳʝ ʢʚʘʥʪʦʚʳʝ ʩʠʩʪʝʤʳ, ʦʙʲʝʜʠʥʷʶʱʠʝ ʤʘʛʥʦʥʥʳʝ, ʤʠʢʨʦʚʦʣʥʦʚʳʝ, 

ʦʧʪʠʯʝʩʢʠʝ ʠ ʤʝʭʘʥʠʯʝʩʢʠʝ ʢʦʤʧʦʥʝʥʪʳ, ʜʝʤʦʥʩʪʨʠʨʫʶʪ ʚʳʜʘʶʱʠʝʩʷ ʭʘʨʘʢʪʝʨʠ-

ʩʪʠʢʠ: ʰʠʨʦʢʠʡ ʜʠʘʧʘʟʦʥ ʯʘʩʪʦʪʥʦʡ ʧʝʨʝʩʪʨʦʡʢʠ, ʤʠʥʠʤʘʣʴʥʳʝ ʧʦʪʝʨʠ ʥʘ ʤʘʛʥʠʪ-

ʥʦʝ ʟʘʪʫʭʘʥʠʝ, ʫʩʠʣʝʥʥʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʤʝʞʜʫ ʧʦʜʩʠʩʪʝʤʘʤʠ, ʚʳʩʦʢʫʶ ʥʝʣʠʥʝʡ-

ʥʦʩʪʴ ʠ ʚʥʫʪʨʝʥʥʶʶ ʥʝʚʟʘʠʤʥʦʩʪʴ. ʕʪʠ ʩʚʦʡʩʪʚʘ ʜʝʣʘʶʪ ʪʘʢʠʝ ʩʠʩʪʝʤʳ ʥʝ ʪʦʣʴʢʦ 

ʧʝʨʩʧʝʢʪʠʚʥʳʤʠ ʜʣʷ ʩʦʟʜʘʥʠʷ ʥʦʚʳʭ ʫʩʪʨʦʡʩʪʚ, ʥʦ ʠ ʤʦʱʥʳʤ ʠʥʩʪʨʫʤʝʥʪʦʤ ʜʣʷ 

ʠʩʩʣʝʜʦʚʘʥʠʷ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʤʘʛʥʠʪʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʩ ʦʢʨʫʞʘʶʱʝʡ ʩʨʝʜʦʡ. 

ɺ ʨʝʟʫʣʴʪʘʪʝ ʯʠʩʣʝʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʙʳʣʘ ʠʩʩʣʝʜʦʚʘʥʘ ʢʨʝʩʪʦʦʙʨʘʟʥʘʷ 

ʤʘʛʥʦʥʥʘʷ ʩʪʨʫʢʪʫʨʘ ʩ ʥʘʥʦʯʘʩʪʠʮʘʤʠ ʤʘʛʥʝʪʠʪʘ. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʥʘʧʨʘʚʣʝʥʠʝ ʚʥʝʰ-

ʥʝʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʩʫʱʝʩʪʚʝʥʥʦ ʚʣʠʷʝʪ ʥʘ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʝ ʩʧʠʥʦʚʳʭ ʚʦʣʥ, ʯʪʦ 

ʦʪʢʨʳʚʘʝʪ ʚʦʟʤʦʞʥʦʩʪʴ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʜʘʥʥʦʡ ʩʠʩʪʝʤʳ ʚ ʢʘʯʝʩʪʚʝ ʫʧʨʘʚʣʷʝʤʦʛʦ 

ʤʘʛʥʠʪʥʳʤ ʧʦʣʝʤ ʬʠʣʴʪʨʘ ʉɺʏ-ʩʠʛʥʘʣʦʚ. 

 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʧʦʜʜʝʨʞʢʝ ʛʨʘʥʪʘ ʈʅʌ (ˉ 23ï13ï00373). 
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ɺ ʧʦʩʣʝʜʥʠʝ ʛʦʜʳ ʘʢʪʠʚʥʦ ʨʘʟʚʠʚʘʝʪʩʷ ʥʘʧʨʘʚʣʝʥʠʝ ʤʘʛʥʦʥʠʢʠ [1, 2], ʧʦʩʚʷ-

ʱʸʥʥʦʝ ʠʩʩʣʝʜʦʚʘʥʠʶ ʧʨʦʮʝʩʩʦʚ ʧʝʨʝʥʦʩʘ ʤʘʛʥʠʪʥʦʛʦ ʤʦʤʝʥʪʘ (ʩʧʠʥʘ ʵʣʝʢʪʨʦʥʘ) 

ʚʤʝʩʪʦ ʪʨʘʜʠʮʠʦʥʥʦʛʦ ʧʝʨʝʥʦʩʘ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʟʘʨʷʜʘ. ʕʪʦ ʦʪʢʨʳʚʘʝʪ ʥʦʚʳʝ ʧʝʨ-

ʩʧʝʢʪʠʚʳ ʜʣʷ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʩʧʠʥʦʚʳʭ ʚʦʣʥ (ʉɺ) ʚ ʵʣʝʤʝʥʪʥʦʡ ʙʘʟʝ ʫʩʪʨʦʡʩʪʚ ʦʙ-

ʨʘʙʦʪʢʠ, ʧʝʨʝʜʘʯʠ ʠ ʭʨʘʥʝʥʠʷ ʠʥʬʦʨʤʘʮʠʠ. ʆʜʥʠʤ ʠʟ ʧʝʨʩʧʝʢʪʠʚʥʳʭ ʧʦʜʭʦʜʦʚ ʷʚ-

ʣʷʝʪʩʷ ʩʦʟʜʘʥʠʝ ʥʝʨʝʛʫʣʷʨʥʳʭ ʤʘʛʥʠʪʥʳʭ ʩʪʨʫʢʪʫʨ, ʚ ʯʘʩʪʥʦʩʪʠ, ʚʦʣʥʦʚʦʜʦʚ ʩ ʧʝ-

ʨʝʤʝʥʥʦʡ ʰʠʨʠʥʦʡ. ɺ ʢʘʯʝʩʪʚʝ ʤʘʪʝʨʠʘʣʘ ʜʣʷ ʪʘʢʠʭ ʩʪʨʫʢʪʫʨ ʰʠʨʦʢʦ ʧʨʠʤʝʥʷʶʪʩʷ 

ʪʦʥʢʠʝ ʧʣʸʥʢʠ ʞʝʣʝʟʦ-ʠʪʪʨʠʝʚʦʛʦ ʛʨʘʥʘʪʘ (ɾʀɻ), ʦʪʣʠʯʘʶʱʠʝʩʷ ʠʩʢʣʶʯʠʪʝʣʴʥʦ 

ʥʠʟʢʠʤ ʫʨʦʚʥʝʤ ʟʘʪʫʭʘʥʠʷ ʩʧʠʥʦʚʳʭ ʚʦʣʥ, ʚ ʪʦʤ ʯʠʩʣʝ ʧʨʠ ʥʘʥʦʤʝʪʨʦʚʳʭ ʪʦʣʱʠ-

ʥʘʭ [3]. ʉʦʚʨʝʤʝʥʥʳʝ ʪʝʭʥʦʣʦʛʠʠ ʩʦʟʜʘʥʠʷ ɾʀɻ-ʧʣʸʥʦʢ ʚʢʣʶʯʘʶʪ ʞʠʜʢʦʬʘʟʥʫʶ 

ʵʧʠʪʘʢʩʠʶ, ʣʘʟʝʨʥʦʝ ʥʘʧʳʣʝʥʠʝ ʠ ʠʦʥʥʦ-ʚʘʢʫʫʤʥʦʝ ʨʘʩʧʳʣʝʥʠʝ. 

ʀʩʩʣʝʜʫʝʤʘʷ ʩʠʩʪʝʤʘ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʪʨʠ ʧʘʨʘʣʣʝʣʴʥʳʭ ʚʦʣʥʦʚʦʜʘ ʪʨʘʧʝ-

ʮʠʝʚʠʜʥʦʡ ʬʦʨʤʳ ʩ ʠʟʤʝʥʷʶʱʝʡʩʷ ʰʠʨʠʥʦʡ ʠ ʬʠʢʩʠʨʦʚʘʥʥʳʤ ʤʝʞʚʦʣʥʦʚʦʜʥʳʤ 

ʟʘʟʦʨʦʤ d. ʂʘʞʜʳʡ ʚʦʣʥʦʚʦʜ ʚʳʧʦʣʥʝʥ ʠʟ ɾʀɻ-ʧʣʝʥʢʠ ʪʦʣʱʠʥʦʡ t = 10 ʤʢʤ. ɻʝʦ-

ʤʝʪʨʠʯʝʩʢʠʝ ʧʘʨʘʤʝʪʨʳ ʩʪʨʫʢʪʫʨʳ: ʜʣʠʥʘ ʚʦʣʥʦʚʦʜʦʚ L = 7000 ʤʢʤ, ʰʠʨʠʥʘ ʰʠʨʦ-

ʢʦʡ ʯʘʩʪʠ WϚ = 50 ʤʢʤ, ʰʠʨʠʥʘ ʫʟʢʦʡ ʯʘʩʪʠ Wϛ = 200 ʤʢʤ, ʰʠʨʠʥʘ ʟʘʟʦʨʘ ʤʝʞʜʫ 

ʚʦʣʥʦʚʦʜʘʤʠ d = 40 ʤʢʤ (ʩʤ. ʨʠʩ. 1). 

 
ʈʠʩ. 1. ʉʭʝʤʘʪʠʯʝʩʢʦʝ ʠʟʦʙʨʘʞʝʥʠʝ ʩʠʩʪʝʤʳ ʪʨʝʭ ʤʠʢʨʦʚʦʣʥʦʚʦʜʦʚ ʩ ʠʟʤʝʥʷʶʱʝʡʩʷ ʰʠʨʠ-

ʥʦʡ, ʨʘʩʧʦʣʦʞʝʥʥʳʭ ʧʘʨʘʣʣʝʣʴʥʦ ʩ ʟʘʟʦʨʦʤ d 

ɼʣʷ ʘʥʘʣʠʟʘ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʩʧʠʥʦʚʳʭ ʚʦʣʥ ʙʳʣʘ ʧʨʦʚʝʜʝʥʘ ʤʠʢʨʦʤʘʛʥʠʪʥʘʷ 

ʩʠʤʫʣʷʮʠʷ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʨʦʛʨʘʤʤʥʦʛʦ ʧʘʢʝʪʘ MuMax3 [4]. ɺ ʨʘʤʢʘʭ ʤʦʜʝʣʠ 

ʧʨʦʩʪʨʘʥʩʪʚʦ ʩʪʨʫʢʪʫʨʳ ʜʠʩʢʨʝʪʠʟʠʨʦʚʘʣʦʩʴ ʥʘ ʯʠʩʣʝʥʥʫʶ ʩʝʪʢʫ, ʚ ʫʟʣʘʭ ʢʦʪʦʨʦʡ 

ʨʝʰʘʣʦʩʴ ʫʨʘʚʥʝʥʠʝ ʃʘʥʜʘʫïʃʠʬʰʠʮʘ ʩ ʟʘʪʫʭʘʥʠʝʤ ɻʠʣʴʙʝʨʪʘ (ʃʃɻ) [5, 6]: 
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ʛʜʝ M ï ʚʝʢʪʦʨ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ, ‌  ρπ ï ʧʘʨʘʤʝʪʨ ʟʘʪʫʭʘʥʠʷ ʧʣʝʥʢʠ ɾʀɻ, 

╗▄██  ╗   ╗▀▄□╪▌ ╗▄● ╗╪ ï ʵʬʬʝʢʪʠʚʥʦʝ ʤʘʛʥʠʪʥʦʝ ʧʦʣʝ, ╗  ï ʚʥʝʰ-

ʥʝʝ ʤʘʛʥʠʪʥʦʝ ʧʦʣʝ, ╗▀▄□╪▌ ï ʧʦʣʝ ʨʘʟʤʘʛʥʠʯʠʚʘʥʠʷ, ╗▄● ï ʦʙʤʝʥʥʦʝ ʧʦʣʝ, ╗╪ ï 

ʧʦʣʝ ʘʥʠʟʦʪʨʦʧʠʠ, ‎  2.8 ʄɻʮ/ʕ ï ʛʠʨʦʤʘʛʥʠʪʥʦʝ ʦʪʥʦʰʝʥʠʝ. 

ɺ ʤʠʢʨʦʤʘʛʥʠʪʥʦʤ ʤʦʜʝʣʠʨʦʚʘʥʠʠ ʩʦʟʜʘʚʘʣʠʩʴ ʫʩʣʦʚʠʷ ʜʣʷ ʚʦʟʙʫʞʜʝʥʠʷ ʧʦ-

ʚʝʨʭʥʦʩʪʥʦʡ ʤʘʛʥʠʪʦʩʪʘʪʠʯʝʩʢʦʡ ʚʦʣʥʳ (ʇʄʉɺ), ʧʨʠ ʢʦʪʦʨʦʤ ʚʥʝʰʥʝʝ ʤʘʛʥʠʪʥʦʝ 

ʧʦʣʝ H0 ʧʨʠʣʘʛʘʣʦʩʴ ʚʜʦʣʴ ʦʩʠ Y. ɺʝʣʠʯʠʥʘ ʚʥʝʰʥʝʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ H0 ʩʦʩʪʘʚ-

ʣʷʣʘ 1200 ʕ. 

ʈʘʩʩʤʘʪʨʠʚʘʝʤʘʷ ʩʠʩʪʝʤʘ ʚʦʣʥʦʚʝʜʫʱʠʭ ʩʪʨʫʢʪʫʨ ʦʙʣʘʜʘʝʪ 4 ʧʦʨʪʘʤʠ. ʇʦʨʪ 

Pin, ʨʘʩʧʦʣʦʞʝʥʥʳʡ ʚ ʥʘʯʘʣʝ ʩʨʝʜʥʝʛʦ ʤʠʢʨʦʚʦʣʥʦʚʦʜʘ, ʚʳʩʪʫʧʘʣ ʚ ʨʦʣʠ ʚʭʦʜʥʦʡ 

ʘʥʪʝʥʥʳ, ʥʘ ʢʦʪʦʨʦʡ ʚʦʟʙʫʞʜʘʣʩʷ ʉɺʏ ʩʠʛʥʘʣ. ʇʦʨʪʳ Pout_1, ʨʘʩʧʦʣʦʞʝʥʥʳʡ ʚ 

ʢʦʥʮʝ ʚʝʨʭʥʝʛʦ ʤʠʢʨʦʚʦʣʥʦʚʦʜʘ, Pout_2 ʨʘʩʧʦʣʦʞʝʥʥʳʡ ʚ ʢʦʥʮʝ ʩʨʝʜʥʝʛʦ ʤʠʢʨʦʚʦʣ-

ʥʦʚʦʜʘ ʠ Pout_3, ʨʘʩʧʦʣʦʞʝʥʥʳʡ ʚ ʢʦʥʮʝ ʥʠʞʥʝʛʦ ʤʠʢʨʦʚʦʣʥʦʚʦʜʘ, ʚʳʩʪʫʧʘʣʠ ʧʨʠ-

ʝʤʥʠʢʘʤʠ ʨʘʩʧʨʦʩʪʨʘʥʷʶʱʠʭʩʷ ʩʧʠʥʦʚʳʭ ʚʦʣʥ. 

ɼʣʷ ʤʠʥʠʤʠʟʘʮʠʠ ʦʪʨʘʞʝʥʠʡ ʩʧʠʥʦʚʳʭ ʚʦʣʥ ʦʪ ʛʨʘʥʠʮ ʨʘʩʯʸʪʥʦʡ ʦʙʣʘʩʪʠ ʥʘ 

ʢʨʘʷʭ ʩʪʨʫʢʪʫʨʳ (ʦʙʦʟʥʘʯʝʥʳ ʥʘ ʨʠʩ. 1 ʰʪʨʠʭʦʚʢʦʡ) ʙʳʣʠ ʚʚʝʜʝʥʳ ʧʦʛʣʦʱʘʶʱʠʝ 

ʩʣʦʠ ʩ ʵʢʩʧʦʥʝʥʮʠʘʣʴʥʦ ʚʦʟʨʘʩʪʘʶʱʠʤ ʢʦʵʬʬʠʮʠʝʥʪʦʤ ʟʘʪʫʭʘʥʠʷ Ŭ [7]. 

ɺ ʨʝʟʫʣʴʪʘʪʝ ʯʠʩʣʝʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʠʩʩʣʝʜʦʚʘʥʘ ʜʠʥʘʤʠʢʘ ʩʧʠʥʦʚʳʭ 

ʚʦʣʥ ʚ ʩʠʩʪʝʤʝ ʪʨʸʭ ʣʘʪʝʨʘʣʴʥʦ ʩʚʷʟʘʥʥʳʭ ʤʠʢʨʦʚʦʣʥʦʚʦʜʦʚ. ʇʦʣʫʯʝʥʥʳʝ ʜʘʥʥʳʝ 

ʩʚʠʜʝʪʝʣʴʩʪʚʫʶʪ ʦ ʧʦʪʝʥʮʠʘʣʴʥʦʡ ʧʨʠʤʝʥʠʤʦʩʪʠ ʜʘʥʥʦʡ ʩʪʨʫʢʪʫʨʳ ʚ ʢʘʯʝʩʪʚʝ 

ʥʘʧʨʘʚʣʝʥʥʦʛʦ ʦʪʚʝʪʚʠʪʝʣʷ ʉɺʏ-ʩʠʛʥʘʣʦʚ, ʯʪʦ ʜʝʣʘʝʪ ʝʸ ʧʝʨʩʧʝʢʪʠʚʥʳʤ ʵʣʝʤʝʥ-

ʪʦʤ ʜʣʷ ʫʩʪʨʦʡʩʪʚ ʦʙʨʘʙʦʪʢʠ ʠʥʬʦʨʤʘʮʠʠ ʚ ʨʘʤʢʘʭ ʤʘʛʥʦʥʠʢʠ. 

 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʧʦʜʜʝʨʞʢʝ ʛʨʘʥʪʘ ʈʅʌ (ˉ 23-79-30027). 
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ʇʦʣʦʩʦʚʳʝ ʬʠʣʴʪʨʳ ʘʢʪʠʚʥʦ ʠʟʫʯʘʶʪʩʷ ʚ ʩʚʷʟʠ ʩ ʠʭ ʢʣʶʯʝʚʦʡ ʨʦʣʴʶ ʚ ʩʦʚʨʝ-

ʤʝʥʥʳʭ ʨʘʜʠʦʯʘʩʪʦʪʥʳʭ ʠ ʤʠʢʨʦʚʦʣʥʦʚʳʭ ʩʠʩʪʝʤʘʭ [1-10]. ɹʣʘʛʦʜʘʨʷ ʩʧʦʩʦʙʥʦʩʪʠ 

ʠʟʙʠʨʘʪʝʣʴʥʦ ʧʨʦʧʫʩʢʘʪʴ ʩʠʛʥʘʣʳ ʚ ʟʘʜʘʥʥʦʤ ʜʠʘʧʘʟʦʥʝ ʯʘʩʪʦʪ, ʦʥʠ ʥʘʭʦʜʷʪ ʰʠʨʦ-

ʢʦʝ ʧʨʠʤʝʥʝʥʠʝ ʚ ʨʘʜʠʦʣʦʢʘʮʠʠ, ʪʝʭʥʠʢʝ ʉɺʏ ʠ ʜʨ. [11-15]. 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʠʩʩʣʝʜʫʶʪʩʷ ʧʝʨʠʦʜʠʯʝʩʢʠʝ ʩʪʨʫʢʪʫʨʳ ï ʩʠʤʤʝʪʨʠʯʥʳʝ ʜʠʘ-

ʬʨʘʛʤʳ ʩ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʤ ʩʣʦʝʤ (ʪʝʢʩʪʦʣʠʪʦʤ) ʚ ʚʦʣʥʦʚʦʜʝ ʩʝʯʝʥʠʝʤ 23 Ĭ 10 ʤʤ, 

ʪʦʣʱʠʥʘ ʢʘʞʜʦʡ ʜʠʘʬʨʘʛʤʳ 1 ʤʤ, ʨʘʩʩʪʦʷʥʠʝ ʤʝʞʜʫ ʜʠʘʬʨʘʛʤʘʤʠ ʚ ʩʣʫʯʘʝ ʜʚʫʭ, 

ʪʨʝʭ ʠ ʯʝʪʳʨʝʭ ʜʠʘʬʨʘʛʤ 20 ʤʤ. ʐʠʨʠʥʘ ʟʘʟʦʨʘ ʜʣʷ ʝʤʢʦʩʪʥʦʡ ʠ ʠʥʜʫʢʪʠʚʥʦʡ ʜʠʘ-

ʬʨʘʛʤ 3 ʠ 15 ʤʤ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ɿʥʘʯʝʥʠʷ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʪʝʢʩʪʦ-

ʣʠʪʘ ʚʘʨʴʠʨʦʚʘʣʠʩʴ ʦʪ 1 ʜʦ 10. ʏʠʩʣʝʥʥʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʧʨʦʚʦʜʠʣʦʩʴ ʩ ʠʩʧʦʣʴʟʦ-

ʚʘʥʠʝʤ ʧʘʢʝʪʘ openEMS. 

ʅʘ ʨʠʩʫʥʢʝ 1 ʧʨʝʜʩʪʘʚʣʝʥʳ ʩʧʝʢʪʨ ʢʦʵʬʬʠʮʠʝʥʪʘ ʦʪʨʘʞʝʥʠʷ ʜʣʷ ʧʝʨʠʦʜʠʯʝ-

ʩʢʠʭ ʩʪʨʫʢʪʫʨ ʠʟ ʦʜʥʦʡ, ʜʚʫʭ, ʪʨʝʭ ʠ ʯʝʪʳʨʝʭ ʝʤʢʦʩʪʥʳʭ ʜʠʘʬʨʘʛʤ ʩ ʜʠʵʣʝʢʪʨʠʯʝ-

ʩʢʠʤ ʩʣʦʝʤ Ů = 5. ɺ ʩʣʫʯʘʝ ʦʜʥʦʡ ʜʠʘʬʨʘʛʤʳ ʧʠʢʠ ʧʦʣʦʩʳ ʧʨʦʧʫʩʢʘʥʠʷ ʦʪʩʫʪ-

ʩʪʚʫʶʪ, ʧʨʠ ʜʦʙʘʚʣʝʥʠʠ ʜʠʘʬʨʘʛʤ ʥʘʙʣʶʜʘʝʪʩʷ ʠʭ ʧʦʷʚʣʝʥʠʝ: ʜʣʷ ʜʚʫʭ ʜʠʘʬʨʘʛʤ 

ʦʜʠʥ ʧʠʢ, ʜʣʷ ʪʨʝʭ ï ʜʚʘ, ʜʣʷ ʯʝʪʳʨʝʭ ï ʪʨʠ. 

 
ʈʠʩ. 1. ʉʧʝʢʪʨ ʢʦʵʬʬʠʮʠʝʥʪʘ ʦʪʨʘʞʝʥʠʷ ʩ ʧʝʨʠʦʜʠʯʝʩʢʠʤʠ ʩʪʨʫʢʪʫʨʘʤʠ ʠʟ ʦʜʥʦʡ ʠʣʠ ʥʝ-

ʩʢʦʣʴʢʠʭ ʝʤʢʦʩʪʥʳʭ ʜʠʘʬʨʘʛʤ, ʜʠʵʣʝʢʪʨʠʯʝʩʢʘʷ ʧʨʦʥʠʮʘʝʤʦʩʪʴ ʧʦʜʣʦʞʢʠ Ů = 5. 

 

ʅʘ ʨʠʩʫʥʢʝ 2 ʧʨʝʜʩʪʘʚʣʝʥʳ ʩʧʝʢʪʨʳ ʢʦʵʬʬʠʮʠʝʥʪʘ ʦʪʨʘʞʝʥʠʷ ʜʣʷ ʯʝʪʳʨʝʭ ʝʤ-

ʢʦʩʪʥʳʭ (ʨʠʩ. 2, ʘ) ʠ ʠʥʜʫʢʪʠʚʥʳʭ (ʨʠʩ. 2, ʙ) ʜʠʘʬʨʘʛʤ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʄʦʞʥʦ ʟʘ-

ʤʝʪʠʪʴ, ʯʪʦ ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ ʟʥʘʯʝʥʠʷ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʧʦʜʣʦʞʢʠ, 

ʤʠʥʠʤʫʤʳ ʩʤʝʱʘʶʪʩʷ ʚ ʦʙʣʘʩʪʴ ʙʦʣʝʝ ʥʠʟʢʠʭ ʯʘʩʪʦʪ. ʇʨʠ Ů = 5 ʥʘʠʙʦʣʝʝ ʚʳʨʘʞʝʥ-

ʥʳʡ ʤʠʥʠʤʫʤ ʧʦʧʘʜʘʝʪ ʚ ʟʥʘʯʝʥʠʝ ʯʘʩʪʦʪʳ 10 ɻɻʮ, ʯʪʦ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʪʦʤ, ʯʪʦ 

ʪʘʢʦʡ ʧʦʣʦʩʦʚʦʡ ʬʠʣʴʪʨ ʨʘʙʦʪʘʝʪ ʥʘʠʙʦʣʝʝ ʙʣʠʟʢʦ ʢ ʦʞʠʜʘʝʤʦʤʫ ʨʝʟʫʣʴʪʘʪʫ. 
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ʘ)     ʙ) 

ʈʠʩ. 2. ʉʧʝʢʪʨ ʢʦʵʬʬʠʮʠʝʥʪʘ ʦʪʨʘʞʝʥʠʷ ʩ ʧʝʨʠʦʜʠʯʝʩʢʠʤʠ ʩʪʨʫʢʪʫʨʘʤʠ ʠʟ ʯʝʪʳʨʝʭ ʝʤʢʦʩʪ-

ʥʳʭ (ʘ) ʠ ʠʥʜʫʢʪʠʚʥʳʭ (ʙ) ʜʠʘʬʨʘʛʤ. 
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ʄʆɼʀʌʀʎʀʈʆɺɸʅʅɸʗ ʄʆɼɽʃʔ ʌʀʊʎʍʔʖ-ʅɸɻʋʄʆ  

ʉ ʉʀʅɸʇʉʆʄ, ʆʉʋʑɽʉʊɺʃʗʖʑʀʄ ʀʅʊɽɻʈʀʈʆɺɸʅʀɽ  

ɺʍʆɼʅʆɻʆ ʉʀɻʅɸʃɸ 

ɼ.ʄ. ɽʞʦʚ1, ʄ.ɼ. ʇʨʦʭʦʨʦʚ2, ɺ.ʀ. ʇʦʥʦʤʘʨʝʥʢʦ1,2, ɸ.ɺ. ʂʫʨʙʘʢʦ1,2 
1ʉʘʨʘʪʦʚʩʢʠʡ ʥʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ 

ʠʤ. ʅ.ɻ. ʏʝʨʥʳʰʝʚʩʢʦʛʦ 
2ʉʘʨʘʪʦʚʩʢʠʡ ʬʠʣʠʘʣ ʀʈʕ ʠʤ. ɺ.ɸ. ʂʦʪʝʣʴʥʠʢʦʚʘ ʈɸʅ 

E-mail: ezhovdmitryi@yandex.ru 

 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʩʧʘʡʢʦʚʳʭ ʥʝʡʨʦʥʥʳʭ ʩʝʪʝʡ ʚʳʟʳʚʘʝʪ ʠʥʪʝʨʝʩ ʫ ʩʧʝʮʠʘʣʠʩʪʦʚ 

ʠʟ ʨʘʟʣʠʯʥʳʭ ʦʙʣʘʩʪʝʡ ʥʘʫʢʠ [1]. ʕʪʠ ʩʝʪʠ ʠʩʧʦʣʴʟʫʶʪ ʙʠʦʣʦʛʠʯʝʩʢʠ ʨʝʘʣʠʩʪʠʯʥʳʝ 

ʤʦʜʝʣʠ ʥʝʡʨʦʥʦʚ, ʢʦʪʦʨʳʝ ʩʧʦʩʦʙʥʳ ʛʝʥʝʨʠʨʦʚʘʪʴ ʩʧʘʡʢʠ, ʠʤʠʪʠʨʫʷ ʘʢʪʠʚʥʦʩʪʴ 

ʨʝʘʣʴʥʳʭ ʥʝʡʨʦʥʦʚ [2]. ʅʘʠʙʦʣʝʝ ʠʟʚʝʩʪʥʳʝ ʤʦʜʝʣʠ ʚʢʣʶʯʘʶʪ çʥʘʢʦʧʣʝʥʠʝï

ʩʙʨʦʩè, ʍʦʜʞʢʠʥʘïʍʘʢʩʣʠ, ʄʦʨʨʠʩïʃʝʢʘʨʘ ʠ ʜʨʫʛʠʝ. ʂʣʘʩʩʠʯʝʩʢʠʝ ʤʦʜʝʣʠ, ʪʘʢʠʝ 

ʢʘʢ ʍʦʜʞʢʠʥʘïʍʘʢʩʣʠ ʠ ʌʠʪʮʍʴʶïʅʘʛʫʤʦ, ʚʦʩʧʨʦʠʟʚʦʜʷʪ ʪʦʣʴʢʦ ʩʧʘʡʢʠ, ʚ ʪʦ 

ʚʨʝʤʷ ʢʘʢ ʤʦʜʝʣʴ ʍʠʥʜʤʘʨʰʘïʈʦʫʟʘ ʤʦʞʝʪ ʛʝʥʝʨʠʨʦʚʘʪʴ ʙʸʨʩʪʳ.  

ɼʠʥʘʤʠʢʘ ʩʧʘʡʢʦʚʳʭ ʥʝʡʨʦʥʥʳʭ ʩʝʪʝʡ ʟʘʚʠʩʠʪ ʦʪ ʫʟʣʦʚʳʭ ʵʣʝʤʝʥʪʦʚ ʠ ʩʪʨʫʢ-

ʪʫʨʳ ʩʚʷʟʝʡ ʤʝʞʜʫ ʥʝʡʨʦʥʘʤʠ, ʛʜʝ ʚʘʞʥʫʶ ʨʦʣʴ ʠʛʨʘʶʪ ʩʠʥʘʧʩʳ [2]. ʍʠʤʠʯʝʩʢʠʝ 

ʩʠʥʘʧʩʳ ʤʦʛʫʪ ʙʳʪʴ ʚʦʟʙʫʞʜʘʶʱʠʤʠ ʠʣʠ ʪʦʨʤʦʟʥʳʤʠ, ʘ ʜʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʧʣʘ-

ʩʪʠʯʥʦʩʪʠ ʩʠʥʘʧʪʠʯʝʩʢʠʭ ʩʚʷʟʝʡ ʠʩʧʦʣʴʟʫʶʪʩʷ ʤʝʤʨʠʩʪʠʚʥʳʝ ʩʚʷʟʠ [3] ʠ ʚʨʝʤʝʥ-

ʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʩʧʘʡʢʦʚ [4]. ɺ ʧʦʩʣʝʜʥʠʝ ʛʦʜʳ ʩʧʘʡʢʦʚʳʝ ʥʝʡʨʦʥʥʳʝ ʩʝʪʠ ʘʢʪʠʚʥʦ 

ʧʨʠʤʝʥʷʶʪʩʷ ʚ ʟʘʜʘʯʘʭ ʢʣʘʩʩʠʬʠʢʘʮʠʠ ʩʠʛʥʘʣʦʚ [5], ʨʘʩʧʦʟʥʘʚʘʥʠʷ ʠʟʦʙʨʘʞʝʥʠʡ 

[6, 7] ʠ ʫʧʨʘʚʣʝʥʠʷ ʨʦʙʦʪʘʤʠ [8]. ʆʩʦʙʦʝ ʚʥʠʤʘʥʠʝ ʫʜʝʣʷʝʪʩʷ ʨʘʜʠʦʪʝʭʥʠʯʝʩʢʦʡ ʨʝ-

ʘʣʠʟʘʮʠʠ ʥʝʡʨʦʥʦʚ ʠ ʠʭ ʩʚʷʟʝʡ. ʅʝʡʨʦʧʦʜʦʙʥʳʡ ʛʝʥʝʨʘʪʦʨ ʌʠʪʮʍʴʶïʅʘʛʫʤʦ ʷʚ-

ʣʷʝʪʩʷ ʧʨʦʩʪʳʤ ʚ ʨʝʘʣʠʟʘʮʠʠ, ʥʦ ʥʝʡʨʦʥʥʳʝ ʩʝʪʠ ʥʘ ʝʛʦ ʦʩʥʦʚʝ ʧʣʦʭʦ ʦʙʫʯʘʶʪʩʷ. 

ʕʪʦ ʩʦʟʜʘʝʪ ʧʦʪʨʝʙʥʦʩʪʴ ʚ ʤʦʜʠʬʠʢʘʮʠʠ ʦʩʮʠʣʣʷʪʦʨʘ, ʧʦʟʚʦʣʷʶʱʝʡ ʫʣʫʯʰʠʪʴ ʦʙʫ-

ʯʝʥʠʝ ʠ ʨʝʘʣʠʟʘʮʠʶ ʚ ʵʢʩʧʝʨʠʤʝʥʪʘʭ. 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʧʨʝʜʣʘʛʘʝʪʩʷ ʪʘʢʘʷ ʤʦʜʠʬʠʢʘʮʠʷ ʦʩʮʠʣʣʷʪʦʨʘ ʌʠʪʮʍʴʶ-

ʅʘʛʫʤʦ (1), ʢʦʪʦʨʘʷ ʩʧʦʩʦʙʥʘ ʧʦ-ʨʘʟʥʦʤʫ ʨʝʘʛʠʨʦʚʘʪʴ ʥʝ ʪʦʣʴʢʦ ʥʘ ʠʟʤʝʥʝʥʠʝ ʘʤ-

ʧʣʠʪʫʜʳ ʚʭʦʜʷʱʝʛʦ ʚʦʟʜʝʡʩʪʚʠʷ, ʥʦ ʠ ʥʘ ʠʟʤʝʥʝʥʠʝ ʰʠʨʠʥʳ ʚʭʦʜʥʳʭ ʩʠʛʥʘʣʦʚ. ʊʘ-

ʢʘʷ ʤʦʜʝʣʴ ʦʙʣʘʜʘʝʪ ʙʦʣʝʝ ʨʘʟʥʦʦʙʨʘʟʥʦʡ ʜʠʥʘʤʠʢʦʡ, ʯʝʤ ʦʙʳʯʥʘʷ ʤʦʜʝʣʴ ʦʩʮʠʣ-

ʣʷʪʦʨʘ ʌʠʪʮʍʴʶ-ʅʘʛʫʤʦ ʠ ʤʦʞʝʪ, ʥʘʧʨʠʤʝʨ, ʩʛʝʥʝʨʠʨʦʚʘʪʴ ʥʝʩʢʦʣʴʢʦ ʩʧʘʡʢʦʚ ʚ 

ʦʪʚʝʪ ʥʘ ʝʜʠʥʠʯʥʦʝ ʚʦʟʜʝʡʩʪʚʠʝ. ʂʨʦʤʝ ʪʦʛʦ, ʠʩʧʦʣʴʟʫʷ ʪʘʢʫʶ ʤʦʜʝʣʴ ʤʦʞʥʦ ʦʪʥʦ-

ʩʠʪʝʣʴʥʦ ʣʝʛʢʦ ʨʝʘʣʠʟʦʚʘʪʴ ʦʙʫʯʘʶʱʫʶʩʷ ʩʧʘʡʢʦʚʫʶ ʥʝʡʨʦʥʥʫʶ ʩʝʪʴ ʚ ʨʘʜʠʦʬʠ-

ʟʠʯʝʩʢʦʤ ʵʢʩʧʝʨʠʤʝʥʪʝ. 
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ɺ ʵʪʦʤ ʫʨʘʚʥʝʥʠʠ u(t) ʦʧʠʩʳʚʘʝʪ ʜʠʥʘʤʠʢʫ ʤʝʤʙʨʘʥʥʦʛʦ ʧʦʪʝʥʮʠʘʣʘ ʥʝʡʨʦʥʘ, 

v(t) ʦʪʚʝʯʘʝʪ ʟʘ ʚʦʩʩʪʘʥʦʚʣʝʥʠʝ ʧʦʪʝʥʮʠʘʣʘ ʧʦʢʦʷ, e ð ʧʘʨʘʤʝʪʨ ʚʨʝʤʝʥʥʳʭ ʤʘʩ-

ʪhʘʙʦʚ, t ð ʧʦʩʪʦʷʥʥʘʷ ʚʨʝʤʝʥʠ, arest ð ʧʦʨʦʛʦʚʳʡ ʧʘʨʘʤʝʪʨ ʚ ʩʦʩʪʦʷʥʠʠ ʨʘʚʥʦʚʝ-

ʩʠʷ. Ie(t) ʠ Ii(t) ð ʚʥʝʰʥʠʝ ʪʦʢʠ, ʧʨʝʜʩʪʘʚʣʷʶʱʠʝ ʩʦʙʦʡ ʧʨʷʤʦʫʛʦʣʴʥʳʝ ʠʤʧʫʣʴʩʳ 

ʩ ʘʤʧʣʠʪʫʜʘʤʠ Ae ʠ Ai ʠ ʜʣʠʪʝʣʴʥʦʩʪʷʤʠ we ʠ wi ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ.  
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ʇʨʠ ʧʦʩʪʫʧʣʝʥʠʠ ʩʧʘʡʢʘ ʦʪ ʧʨʝʩʠʥʘʧʪʠʯʝʩʢʦʛʦ ʥʝʡʨʦʥʘ ʥʘ ʚʦʟʙʫʞʜʘʶʱʠʡ ʩʠ-

ʥʘʧʩ ʚʦʟʥʠʢʘʝʪ ʠʤʧʫʣʴʩ Ie(t), ʢʦʪʦʨʳʡ ʩʥʠʞʘʝʪ ʧʦʨʦʛʦʚʳʡ ʧʘʨʘʤʝʪʨ a(t). ɽʩʣʠ a(t) 

ʩʪʘʥʦʚʠʪʩʷ ʤʝʥʴʰʝ 1, ʦʩʮʠʣʣʷʪʦʨ (1) ʛʝʥʝʨʠʨʫʝʪ ʩʧʘʡʢ. ʇʨʠ ʧʦʩʪʫʧʣʝʥʠʠ ʩʧʘʡʢʘ ʥʘ 

ʧʦʜʘʚʣʷʶʱʠʡ ʩʠʥʘʧʩ ʚʦʟʥʠʢʘʝʪ ʠʤʧʫʣʴʩ Ii(t), ʢʦʪʦʨʳʡ ʫʚʝʣʠʯʠʚʘʝʪ a(t) ʠ ʧʨʝʧʷʪ-

ʩʪʚʫʝʪ ʛʝʥʝʨʘʮʠʠ ʩʧʘʡʢʘ ʦʩʮʠʣʣʷʪʦʨʦʤ (1). 

ʉʪʨʫʢʪʫʨʥʘʷ ʩʭʝʤʘ ʧʨʝʜʣʦʞʝʥʥʦʡ ʤʦʜʝʣʠ ʧʨʝʜʩʪʘʚʣʝʥʘ ʥʘ ʨʠʩʫʥʢʝ 1: 

 

  
ʈʠʩ. 1. ʉʭʝʤʘʪʠʯʝʩʢʦʝ ʠʟʦʙʨʘʞʝʥʠʝ ʥʝʡʨʦʧʦʜʦʙʥʦʛʦ ʦʩʮʠʣʣʷʪʦʨʘ ʌʠʪʮʍʴʶïʅʘʛʫʤʦ (FHN) 

ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʚʥʝʰʥʠʭ ʠʤʧʫʣʴʩʦʚ Ie(t) ʠ I i(t). Se ʠ Si ð ʚʦʟʙʫʞʜʘʶʱʠʡ ʠ ʧʦʜʘʚʣʷʶʱʠʡ ʩʠ-

ʥʘʧʩʳ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. 

 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʧʦʜʜʝʨʞʢʝ ʛʨʘʥʪʘ ʈʅʌ ˉ 23-12-00103. 
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ʇʈʆʉʊʈɸʅʉʊɺɽʅʅʆ-ʈɸɿɺʀʊɸʗ ɿɸʄɽɼʃʗʖʑɸʗ ʉʀʉʊɽʄɸ ʊʀʇɸ 

ʇɽʊʃʗʖʑʀʁ ɺʆʃʅʆɺʆɼ ɼʃʗ ʄʅʆɻʆʃʋʏɽɺʓʍ ʃɸʄʇ ɹɽɻʋʑɽʁ 

ɺʆʃʅʓ ʄʀʃʃʀʄɽʊʈʆɺʆɻʆ ɼʀɸʇɸɿʆʅɸ ɼʃʀʅ ɺʆʃʅ 

ʀ.ɸ. ɽʤʝʣʠʥ1,2, ʇ.ɼ. ʐʘʣʘʝʚ1, ɸ.ʖ. ʄʠʨʦʰʥʠʯʝʥʢʦ2 
1ɸʆ çʅʘʫʯʥʦ-ʧʨʦʠʟʚʦʜʩʪʚʝʥʥʦʝ ʧʨʝʜʧʨʠʷʪʠʝ çɸʣʤʘʟè. 

2ʉʘʨʘʪʦʚʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʪʝʭʥʠʯʝʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ ʠʤʝʥʠ ɻʘʛʘʨʠʥʘ ʖ.ɸ., 

E-mail: ilya.emelin.1337@mail.ru 

 

ʉʣʦʞʥʦʩʪʴ ʟʘʜʘʯ, ʢʦʪʦʨʳʝ ʥʝʦʙʭʦʜʠʤʦ ʨʝʰʘʪʴ ʧʨʠ ʨʘʟʨʘʙʦʪʢʝ ʢʦʥʩʪʨʫʢʮʠʡ ʠ 

ʪʝʭʥʦʣʦʛʠʠ ʚʩʝʭ ʦʩʥʦʚʥʳʭ ʫʟʣʦʚ ʤʦʱʥʳʭ ʣʘʤʧ ʙʝʛʫʱʝʡ ʚʦʣʥʳ ʥʝʧʨʝʨʳʚʥʦʛʦ ʜʝʡ-

ʩʪʚʠʷ ʤʠʣʣʠʤʝʪʨʦʚʦʛʦ ʜʠʘʧʘʟʦʥʘ ʜʣʠʥ ʚʦʣʥ (ʜʘʣʝʝ ï ʤʠʣʣʠʤʝʪʨʦʚʳʭ ʃɹɺ), ʤʥʦʛʦ-

ʢʨʘʪʥʦ ʚʦʟʨʘʩʪʘʝʪ ʠʟ-ʟʘ ʦʩʦʙʝʥʥʦʩʪʝʡ ʢʦʥʩʪʨʫʢʮʠʡ ʠʭ ʟʘʤʝʜʣʷʶʱʠʭ ʩʠʩʪʝʤ (ɿʉ). 

ʕʪʠ ʦʩʦʙʝʥʥʦʩʪʠ, ʩ ʫʤʝʥʴʰʝʥʠʝʤ ʜʣʠʥ ʚʦʣʥ ʫʩʠʣʠʚʘʝʤʳʭ ʩʠʛʥʘʣʦʚ, ʟʘʪʨʫʜʥʷʶʱʠʝ 

ʩʦʟʜʘʥʠʝ ʥʘʜʸʞʥʳʭ ʤʠʣʣʠʤʝʪʨʦʚʳʭ ʃɹɺ, ʚʳʟʚʘʥʳ ʥʝʦʙʭʦʜʠʤʦʩʪʴʶ ʫʤʝʥʴʰʘʪʴ ʧʦ-

ʧʝʨʝʯʥʳʝ ʨʘʟʤʝʨʳ ʚʦʣʥʦʚʝʜʫʱʠʭ ʯʘʩʪʝʡ ɿʉ ʠ ʧʨʦʣʸʪʥʳʭ ʢʘʥʘʣʦʚ ʜʣʷ ʵʣʝʢʪʨʦʥʥʳʭ 

ʧʦʪʦʢʦʚ ʚ ɿʉ, ʯʪʦʙʳ ʦʙʝʩʧʝʯʠʪʴ ʥʫʞʥʫʶ ʩʪʨʫʢʪʫʨʫ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʳʭ ʚʦʣʥ ʠ ʧʦ-

ʣʫʯʠʪʴ ʧʨʠʝʤʣʝʤʳʝ ʟʥʘʯʝʥʠʷ ʩʦʧʨʦʪʠʚʣʝʥʠʷ ʩʚʷʟʠ ʚ ʦʙʣʘʩʪʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʵʪʠʭ 

ʚʦʣʥ ʩ ʵʣʝʢʪʨʦʥʥʳʤʠ ʧʦʪʦʢʘʤʠ. ʕʪʠ ʧʨʠʥʮʠʧʠʘʣʴʥʳʝ ʩʣʦʞʥʦʩʪʠ ʭʘʨʘʢʪʝʨʥʳ ʜʣʷ 

ʚʩʝʭ ʠʟʚʝʩʪʥʳʭ ʪʠʧʦʚ ɿʉ. ʇʨʠ ʵʪʦʤ, ʢʨʦʤʝ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʧʨʦʙʣʝʤ ʦʙʝʩʧʝʯʝʥʠʷ 

ʩʪʘʙʠʣʴʥʦʩʪʠ ʧʨʦʠʟʚʦʜʩʪʚʘ ʛʦʜʥʳʭ ʧʦ ʟʘʜʘʥʥʳʤ ʪʝʭʥʠʯʝʩʢʠʤ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤ 

ʩʣʦʞʥʳʭ ʤʝʣʢʦʨʘʟʤʝʨʥʳʭ ʫʟʣʦʚ, ʫʭʫʜʰʘʶʪʩʷ ʫʩʣʦʚʠʷ ʨʝʰʝʥʠʷ ʟʘʜʘʯ ʦʙʝʩʧʝʯʝʥʠʷ 

ʥʘʜʸʞʥʦʩʪʠ ʫʟʣʦʚ ʃɹɺ ʠ, ʧʨʝʞʜʝ ʚʩʝʛʦ, ʝʸ ɿʉ. ɺ ʤʠʣʣʠʤʝʪʨʦʚʦʤ ʜʠʘʧʘʟʦʥʝ ʚʦʟʨʘʩ-

ʪʘʝʪ ʫʜʝʣʴʥʘʷ ʪʝʧʣʦʚʘʷ ʥʘʛʨʫʟʢʘ ʥʘ ʜʝʪʘʣʠ ɿʉ ʢʘʢ ʠʟ-ʟʘ ʫʤʝʥʴʰʝʥʠʷ ʠʭ ʨʘʟʤʝʨʦʚ, 

ʪʘʢ ʠ ʠʟ-ʟʘ ʨʦʩʪʘ ʉɺʏ- ʧʦʪʝʨʴ ʠ ʤʦʱʥʦʩʪʠ ʪʦʢʦʦʩʝʜʘʥʠʷ ʠʟ ʵʣʝʢʪʨʦʥʥʳʭ ʧʦʪʦʢʦʚ ʚ 

ʧʨʦʣʸʪʥʳʭ ʢʘʥʘʣʘʭ ɿʉ. ʇʨʠ ʵʪʦʤ ʠ ʫʩʣʦʚʠʷ ʦʪʚʦʜʘ ʪʝʧʣʘ ʦʪ ʜʝʪʘʣʝʡ ɿʉ ʠ ʦʩʦʙʝʥʥʦ 

ʦʪ ʧʦʚʝʨʭʥʦʩʪʠ ʧʨʦʣʸʪʥʳʭ ʢʘʥʘʣʦʚ ʫʭʫʜʰʘʶʪʩʷ, ʭʦʪʷ ʠ ʚ ʨʘʟʥʦʡ ʩʪʝʧʝʥʠ ʜʣʷ ʨʘʟ-

ʥʳʭ ʪʠʧʦʚ (ʢʦʥʩʪʨʫʢʮʠʡ) ɿʉ.   

ʇʨʝʜʧʦʯʪʠʪʝʣʴʥʳʤʠ ʚ ʧʣʘʥʝ ʨʝʰʝʥʠʷ ʫʧʦʤʷʥʫʪʳʭ ʧʨʦʙʣʝʤ ʧʨʠʟʥʘʥʳ ɿʉ ʪʠʧʘ 

ʧʝʪʣʷʶʱʠʡ ʚʦʣʥʦʚʦʜ, ʢʘʢ ʮʝʣʴʥʦʤʝʪʘʣʣʠʯʝʩʢʠʝ ʠ ʥʘʠʙʦʣʝʝ ʧʨʦʩʪʳʝ ʢʦʥʩʪʨʫʢʮʠʠ. 

ɺ ɿʉ, ʚʳʧʦʣʥʝʥʥʳʭ ʚ ʚʠʜʝ ʧʝʪʣʷʶʱʝʛʦ ʚʦʣʥʦʚʦʜʘ, ʟʘ ʩʯʸʪ ʤʦʥʦʣʠʪʥʦʩʪʠ ʢʦʥʩʪʨʫʢ-

ʮʠʠ, ʦʙʝʩʧʝʯʠʚʘʝʪʩʷ ʙʦʣʝʝ ʵʬʬʝʢʪʠʚʥʘʷ ʧʝʨʝʜʘʯʘ ʪʝʧʣʘ ʦʪ ʚʥʫʪʨʝʥʥʠʭ ʨʘʙʦʯʠʭ ʧʦ-

ʚʝʨʭʥʦʩʪʝʡ ʢ ʚʥʝʰʥʝʡ ʧʦʚʝʨʭʥʦʩʪʠ ʠʭ ʢʦʨʧʫʩʘ, ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ɿʉ, ʩʦʜʝʨʞʘʱʠʤʠ 

ʜʣʷ ʪʝʧʣʦʦʪʚʦʜʘ ʧʨʦʤʝʞʫʪʦʯʥʳʝ ʢʦʥʩʪʨʫʢʪʠʚʥʳʝ ʵʣʝʤʝʥʪʳ.  

ɺ ʪʝʯʝʥʠʝ ʧʦʩʣʝʜʥʠʭ 20 ʣʝʪ ʠʩʩʣʝʜʦʚʘʥʠʷ ʃɹɺ ʩ ɿʉ ʪʠʧʘ ʧʝʪʣʷʶʱʠʡ ʚʦʣʥʦʚʦʜ 

ʨʘʙʦʪʳ ʙʳʣʠ ʥʘʧʨʘʚʣʝʥʳ ʥʘ ʩʦʟʜʘʥʠʝ ʦʜʥʦʣʫʯʝʚʳʭ ʢʦʥʩʪʨʫʢʮʠʡ ʠ ʥʦʩʠʣʠ ʚ ʦʩʥʦʚ-

ʥʦʤ ʭʘʨʘʢʪʝʨ ʪʝʦʨʝʪʠʯʝʩʢʠʭ ʠʩʩʣʝʜʦʚʘʥʠʡ [1, 2]. ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ, ʧʨʝʜʣʘʛʘʶʪʩʷ 

ʨʘʟʣʠʯʥʳʝ ʢʦʥʩʪʨʫʢʪʦʨʩʢʠʝ ʠ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʝ ʨʝʰʝʥʠʷ ʜʣʷ ʤʥʦʛʦʣʫʯʝʚʳʭ ʃɹɺ ʩ 

ɿʉ ʪʠʧʘ ʧʝʪʣʷʶʱʠʡ ʚʦʣʥʦʚʦʜ, ʧʨʠʤʝʥʝʥʠʝ ʢʦʪʦʨʳʭ ʜʦʣʞʥʦ ʦʙʝʩʧʝʯʠʪʴ ʫʚʝʣʠʯʝ-

ʥʠʝ ʫʨʦʚʥʷ ʚʳʭʦʜʥʦʡ ʤʦʱʥʦʩʪʠ ʫʩʠʣʠʪʝʣʝʡ ʉɺʏ-ʩʠʛʥʘʣʦʚ ʚ ʤʠʣʣʠʤʝʪʨʦʚʦʤ ʜʠʘ-

ʧʘʟʦʥʝ ʜʣʠʥ ʚʦʣʥ [3-5]. 

ɺ ʨʘʙʦʪʝ ʧʨʦʚʝʜʝʥ ʢʨʘʪʢʠʡ ʦʙʟʦʨ ʠ ʦʮʝʥʢʘ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʨʘʙʦʪʳ, ʩʫʱʝʩʪʚʫ-

ʶʱʠʭ ʢʦʥʩʪʨʫʢʮʠʡ ʃɹɺ ʩ ɿʉ ʪʠʧʘ ʧʝʪʣʷʶʱʠʡ ʚʦʣʥʦʚʦʜ ʚ ʤʠʣʣʠʤʝʪʨʦʚʦʤ ʜʠʘʧʘ-

ʟʦʥʝ ʜʣʠʥ ʚʦʣʥ. ɼʘʥʘ ʢʨʘʪʢʘʷ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘ ʢʦʥʩʪʨʫʢʮʠʠ ʤʥʦʛʦʣʫʯʝʚʦʡ ʃɹɺ, ʦʪ-

ʣʠʯʘʶʱʝʡʩʷ ʦʪ ʠʟʚʝʩʪʥʳʭ ʘʥʘʣʦʛʦʚ ʫʚʝʣʠʯʝʥʥʦʡ ʜʣʠʥʦʡ ʧʨʷʤʦʣʠʥʝʡʥʳʭ ʫʯʘʩʪʢʦʚ 

ʧʝʪʣʷʶʱʝʛʦ ʚʦʣʥʦʚʦʜʘ (ʙʦʣʴʰʝ ʯʝʪʚʝʨʪʠ ʜʣʠʥʳ ʨʘʙʦʯʝʡ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʡ ʚʦʣʥʳ 
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ʚ ʚʦʣʥʦʚʦʜʝ) [6]. ʋʚʝʣʠʯʝʥʠʝ ʜʣʠʥʳ ʵʪʠʭ ʫʯʘʩʪʢʦʚ ɿʉ ʧʦʟʚʦʣʷʝʪ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ 

ʫʚʝʣʠʯʠʪʴ ʚ ʥʠʭ ʢʦʣʠʯʝʩʪʚʦ ʧʨʦʣʸʪʥʳʭ ʢʘʥʘʣʦʚ ʠ ʵʣʝʢʪʨʦʥʥʳʭ ʧʦʪʦʢʦʚ ʚ ʃɹɺ. ʊʝʭ-

ʥʠʯʝʩʢʠʤ ʨʝʟʫʣʴʪʘʪʦʤ ʷʚʣʷʝʪʩʷ ʫʚʝʣʠʯʝʥʠʝ ʚʳʭʦʜʥʦʡ ʤʦʱʥʦʩʪʠ, ʂʇɼ ʠ ʢʦʵʬʬʠ-

ʮʠʝʥʪʘ ʫʩʠʣʝʥʠʷ ʃɹɺ ʤʠʣʣʠʤʝʪʨʦʚʦʛʦ ʜʠʘʧʘʟʦʥʘ. ʈʘʩʩʤʦʪʨʝʥʳ ʢʦʥʩʪʨʫʢʪʦʨʩʢʠʝ ʠ 

ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʝ ʚʘʨʠʘʥʪʳ ʠʩʧʦʣʥʝʥʠʷ ɿʉ ʧʨʝʜʣʦʞʝʥʥʦʛʦ ʪʠʧʘ. ɺʳʧʦʣʥʝʥ ʩʨʘʚʥʠ-

ʪʝʣʴʥʳʡ ʘʥʘʣʠʟ ʪʝʭʥʦʣʦʛʠʯʥʦʩʪʠ ʵʪʠʭ ʚʘʨʠʘʥʪʦʚ ʚ ʫʩʣʦʚʠʷʭ ʧʨʦʠʟʚʦʜʩʪʚʘ ʃɹɺ, ʨʘ-

ʙʦʪʘʶʱʠʭ ʚ ʨʘʟʥʳʭ ʧʦʜʜʠʘʧʘʟʦʥʘʭ ʤʠʣʣʠʤʝʪʨʦʚʦʛʦ ʜʠʘʧʘʟʦʥʘ ʜʣʠʥ ʚʦʣʥ. 
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ʀʩʩʣʝʜʦʚʘʥʠʝ ʭʘʨʘʢʪʝʨʘ ʨʘʩʧʨʦʩʪʨʘʥʷʶʱʠʭʩʷ ʩʧʠʥʦʚʳʭ ʚʦʣʥ(ʉɺ) ʚ ʦʛʨʘʥʠ-

ʯʝʥʥʳʭ ʬʝʨʨʠʪʦʚʳʭ ʩʪʨʫʢʪʫʨʘʭ ʧʨʝʜʩʪʘʚʣʷʝʪ ʙʦʣʴʰʦʡ ʠʥʪʝʨʝʩ ʚʚʠʜʫ ʚʦʟʤʦʞʥʦʩʪʠ 

ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʤʠʢʨʦ- ʠ ʥʘʥʦʨʘʟʤʝʨʥʳʭ ʚʦʣʥʦʚʝʜʫʱʠʭ ʵʣʝʤʝʥʪʦʚ ʜʣʷ ʤʝʞʩʦʝʜʠ-

ʥʝʥʠʡ ʤʘʛʥʦʥʥʳʭ ʫʩʪʨʦʡʩʪʚ [1, 2, 3, 4]. ʇʨʠ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʠ ʉɺ ʚ ʬʝʨʨʠʪʦʚʳʭ 

ʤʠʢʨʦʚʦʣʥʦʚʦʜʘʭ(ʄɺ) ʚʘʞʥʳʤ ʩ ʧʨʘʢʪʠʯʝʩʢʦʡ ʪʦʯʢʠ ʟʨʝʥʠʷ ʷʚʣʷʝʪʩʷ ʨʘʩʩʤʦʪʨʝ-

ʥʠʝ ʤʦʜ ʜʚʫʭ ʦʩʥʦʚʥʳʭ ʪʠʧʦʚ: ʦʙʨʘʪʥʳʭ ʦʙʲʸʤʥʳʭ(ʆʆʄʉɺ)ʠ ʧʦʚʝʨʭʥʦʩʪʥʳʭ ʤʘʛ-

ʥʠʪʦʩʪʘʪʠʯʝʩʢʠʭ ʚʦʣʥ(ʇʄʉɺ). ɼʠʩʧʝʨʩʠʷ ʉɺ ʦʧʨʝʜʝʣʷʝʪʩʷ ʜʠʧʦʣʴ-ʜʠʧʦʣʴʥʳʤ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʝʤ, ʘʥʠʟʦʪʨʦʧʠʝʡ ʠ ʛʨʘʥʠʯʥʳʤʠ ʫʩʣʦʚʠʷʤʠ ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ ʵʣʝʢʪʨʦ-

ʜʠʥʘʤʠʯʝʩʢʦʛʦ ʨʘʩʩʤʦʪʨʝʥʠʷ ʚʦʣʥʦʚʦʛʦ ʧʨʦʮʝʩʩʘ ʚ ʄɺ. ʋʧʨʘʚʣʝʥʠʝ ʪʠʧʦʤ ʚʦʟ-

ʙʫʞʜʘʝʤʦʡ ʤʦʜʳ ʠ ʝʸ ʧʘʨʘʤʝʪʨʘʤʠ ʧʫʪʸʤ ʚʘʨʠʘʮʠʠ ʰʠʨʠʥʳ ʚʦʣʥʦʚʦʜʘ ʷʚʣʷʝʪʩʷ 

ʵʬʬʝʢʪʠʚʥʳʤ ʤʝʪʦʜʦʤ ʩʦʟʜʘʥʠʷ ʵʣʝʤʝʥʪʦʚ ʤʝʞʩʦʝʜʠʥʝʥʠʡ ʚ ʤʘʛʥʦʥʥʳʭ ʩʝʪʷʭ, 

ʧʦʟʚʦʣʷʶʱʠʭ ʦʩʫʱʝʩʪʚʣʷʪʴ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦ-ʯʘʩʪʦʪʥʫʶ ʩʝʣʝʢʮʠʶ ʩʠʛʥʘʣʦʚ [?]. 

 
ʈʠʩ. 1: (ʘ) ʉʭʝʤʘʪʠʯʝʩʢʦʝ ʠʟʦʙʨʘʞʝʥʠʝ ʠʩʩʣʝʜʫʝʤʦʡ ʩʪʨʫʢʪʫʨʳ ʄɺ; ʜʠʩʧʝʨʩʠʦʥʥʳʝ ʭʘʨʘʢʪʝ-

ʨʠʩʪʠʢʠ ʆʆʄʉɺ ʧʨʠ w = 1000 ʤʢʤ (b) ʠ w = 50 ʤʢʤ(c); ʜʣʷ ʩʣʫʯʘʷ ʇʄʉɺ ʧʨʠ w = 1000 ʤʢʤ 

(e) ʠ w = 50 ʤʢʤ(f); ʟʘʚʠʩʠʤʦʩʪʴ ʭʘʨʘʢʪʝʨʥʳʭ ʯʘʩʪʦʪ fd, f0, fu ʦʪ ʰʠʨʠʥʳ ʜʣʷ ʆʆʄʉɺ (d) ʠ 

ʇʄʉɺ (g). 



37                       ʉʙʦʨʥʠʢ ʪʨʫʜʦʚ XX ɺʩʝʨʦʩʩʠʡʩʢʦʡ ʢʦʥʬʝʨʝʥʮʠʠ ʤʦʣʦʜʳʭ ʫʯʝʥʳʭ              

ɺ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʤʝʪʦʜʦʤ ʤʠʢʨʦʤʘʛʥʠʪʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ(ʄʄ) ʚ ʧʨʦ-

ʛʨʘʤʤʥʦʤ ʧʘʢʝʪʝ MuMax3 [5] ʠʩʩʣʝʜʦʚʘʣʩʷ ʧʨʷʤʦʫʛʦʣʴʥʳʡ ɾʀɻ ʄɺ (ʨʠʩ.1ʘ) ʜʣʠ-

ʥʦʡ L = 4000 ʤʢʤ, ʪʦʣʱʠʥʦʡ t = 10 ʤʢʤ ʠ ʰʠʨʠʥʘ w ʢʦʪʦʨʦʛʦ ʚʘʨʴʠʨʦʚʘʣʘʩʴ ʦʪ 10 

ʜʦ 1000 ʤʢʤ. ʈʘʩʩʤʦʪʨʝʥʦ ʚʣʠʷʥʠʝ ʦʨʠʝʥʪʘʮʠʠ ʠ ʚʝʣʠʯʠʥʳ ʚʥʝʰʥʝʛʦ ʤʘʛʥʠʪʥʦʛʦ 

H0 ʧʦʣʷ ʥʘ ʜʠʩʧʝʨʩʠʦʥʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʉɺ. ʅʘ ʨʠʩ.1b ʠ ʨʠʩ.1c ʧʨʠʚʝʜʝʥʳ ʨʝ-

ʟʫʣʴʪʘʪʳ ʨʘʩʯʝʪʘ ʩʧʝʢʪʨʘ ʩʦʙʩʪʚʝʥʥʳʭ ʤʦʜ ʆʆʄʉʚ ʜʣʷ ʟʥʘʯʝʥʠʡ w = 1000 ʤʢʤ ʠ w 

= 50 ʤʢʤ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʆʩʥʦʚʥʦʝ ʚʥʠʤʘʥʠʝ ʫʜʝʣʝʥʦ ʠʟʫʯʝʥʠʶ ʦʩʦʙʝʥʥʦʩʪʝʡ 

ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʩʧʠʥʦʚʳʭ ʚʦʣʥ ʚ ʯʘʩʪʦʪʥʦʤ ʜʠʘʧʘʟʦʥʝ 3.8-5.8 ɻɻʮ. ʄʦʞʥʦ ʦʪʤʝ-

ʪʠʪʴ, ʯʪʦ ʧʦʤʠʤʦ ʠʟʤʝʥʝʥʠʷ ʤʝʞʤʦʜʦʚʦʛʦ ʨʘʩʩʪʦʷʥʠʷ ʧʨʠ ʫʤʝʥʴʰʝʥʠʠ ʰʠʨʠʥʳ 

ʄɺ ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʟʥʘʯʝʥʠʝ ʚʝʨʭʥʝʡ ʯʘʩʪʦʪʳ ʦʪʩʝʯʢʠ f0 ʬʫʥʜʘʤʝʥʪʘʣʴʥʦʡ (ʧʝʨʚʦʡ 

"ʰʠʨʠʥʥʦʡ") ʤʦʜʳ, ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʟʥʘʯʝʥʠʝ ʚʝʨʭʥʝʡ fu ʠ ʥʠʞʥʝʡ fd ʛʨʘʥʠʯʥʳʭ ʯʘ-

ʩʪʦʪ ʩʧʝʢʪʨʘ ʉɺ. ʅʘ ʨʠʩ.1d ʧʨʠʚʝʜʝʥʘ ʟʘʚʠʩʠʤʦʩʪʴ ʭʘʨʘʢʪʝʨʥʳʭ ʯʘʩʪʦʪ fd, f0, fu ʦʪ 

ʰʠʨʠʥʳ ʜʣʷ ʆʆʄʉɺ. ʇʦʩʢʦʣʴʢʫ ʚʝʣʠʯʠʥʘ ʩʪʘʪʠʯʝʩʢʦʛʦ ʚʥʫʪʨʝʥʥʝʛʦ ʧʦʣʷ ʥʝʟʥʘ-

ʯʠʪʝʣʴʥʦ ʤʝʥʷʝʪʩʷ ʧʨʠ ʥʘʤʘʛʥʠʯʠʚʘʥʠʠ ʚʜʦʣʴ ʦʩʠ x, ʦʩʥʦʚʥʦʡ ʚʢʣʘʜ ʚ ʫʚʝʣʠʯʝʥʠ-

ʝʚʝʨʭʥʝʡ ʯʘʩʪʦʪʳ ʦʪʩʝʯʢʠ f0 ʬʫʥʜʘʤʝʥʪʘʣʴʥʦʡ ʤʦʜʳ ʚʥʦʩʠʪ ʵʬʬʝʢʪ ʜʠʥʘʤʠʯʝʩʢʦʛʦ 

ʨʘʟʤʘʛʥʠʯʠʚʘʥʠʷ [6]. 

ʅʘ ʨʠʩ.1ʝ ʠ ʨʠʩ.1f ʧʨʠʚʝʜʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʨʘʩʯʝʪʘ ʩʧʝʢʪʨʘ ʩʦʙʩʪʚʝʥʥʳʭ ʤʦʜ 

ʇʄʉɺ ʜʣʷ ʟʥʘʯʝʥʠʡ w = 1000 ʤʢʤ ʠ w = 50 ʤʢʤ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ɺʠʜʥʘ ʧʦʣʦʩʘ 

ʩʫʱʝʩʪʚʦʚʘʥʠʷ ʜʠʧʦʣʴʥʳʭ ʚʦʣʥ, ʧʨʠ ʵʪʦʤ ʚʘʞʥʦ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʧʨʠ ʨʘʩʯʝʪʝ ʤʝʪʦ-

ʜʦʤ ʄʄ ʫʯʠʪʳʚʘʝʪʩʷ ʥʝʦʜʥʦʨʦʜʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʚʥʫʪʨʝʥʥʝʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ, 

ʢʦʪʦʨʦʝ ʧʨʠʚʦʜʠʪ ʢ ʜʚʫʤ ʠʥʪʝʨʝʩʥʳʤ ʵʬʬʝʢʪʘʤ. ɺʦ-ʧʝʨʚʳʭ, ʚʝʣʠʯʠʥʘ ʚʥʫʪʨʝʥʥʝʛʦ 

ʧʦʣʷ ʥʘ ʦʩʠ ʄɺ ʜʣʷ ʩʣʫʯʘʷ ʇʄʉɺ ʥʠʞʝ ʚʝʣʠʯʠʥʳ H0, ʚʚʠʜʫ ʨʘʟʤʘʛʥʠʯʠʚʘʥʠʷ ʚ 

ʥʘʧʨʘʚʣʝʥʠʠ "ʢʦʨʦʪʢʦʡ ʦʩʠ" y ʚʦʣʥʦʚʦʜʘ. ʕʪʦ ʧʨʠʚʦʜʠʪ ʢ ʫʤʝʥʴʰʝʥʠʶ ʟʥʘʯʝʥʠʷ 

ʥʠʞʥʝʡ ʯʘʩʪʦʪʳ ʦʪʩʝʯʢʠ f0 ʬʫʥʜʘʤʝʥʪʘʣʴʥʦʡ (ʧʝʨʚʦʡ "ʰʠʨʠʥʥʦʡ") ʤʦʜʳ. ʊʘʢʞʝ, 

ʵʬʬʝʢʪʳ ʜʠʥʘʤʠʯʝʩʢʦʛʦ ʨʘʟʤʘʛʥʠʯʠʚʘʥʠʷ ʧʨʠʚʦʜʷʪ ʢ ʫʤʝʥʴʰʝʥʠʶ ʯʘʩʪʦʪʳ f0 [6]. 

ɺʦ-ʚʪʦʨʳʭ, ʤʦʞʥʦ ʦʪʤʝʪʠʪʴ ʠʟʤʝʥʝʥʠʝ ʟʥʘʯʝʥʠʡ ʚʝʨʭʥʝʡ fu ʠ ʥʠʞʥʝʡ fd ʛʨʘʥʠʯʥʳʭ 

ʯʘʩʪʦʪ ʩʧʝʢʪʨʘ ʉɺ (ʩʤ. ʨʠʩ.1g). ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʚ ʨʘʙʦʪʝ ʚʳʷʚʣʝʥʳ ʚʟʘʠʤʦʩʚʷʟʠ 

ʤʝʞʜʫ ʛʝʦʤʝʪʨʠʝʡ ʄɺ, ʧʘʨʘʤʝʪʨʘʤʠ ʚʥʝʰʥʝʛʦ ʧʦʣʷ ʠ ʦʩʦʙʝʥʥʦʩʪʷʤʠ ʨʘʩʧʨʦʩʪʨʘ-

ʥʝʥʠʷ ʉɺ. ʕʪʦ ʦʪʢʨʳʚʘʝʪ ʥʦʚʳʝ ʚʦʟʤʦʞʥʦʩʪʠ ʜʣʷ ʩʦʟʜʘʥʠʷ ʤʘʛʥʦʥʥʳʭ ʣʦʛʠʯʝʩʢʠʭ 

ʵʣʝʤʝʥʪʦʚ. 
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ɺ ʩʦʚʨʝʤʝʥʥʦʤ ʤʠʨʦʚʦʤ ʩʦʦʙʱʝʩʪʚʝ ʙʨʝʤʷ ʩʝʨʜʝʯʥʦ-ʩʦʩʫʜʠʩʪʳʭ ʟʘʙʦʣʝʚʘʥʠʡ 

(ʉʉɿ) ʦʩʪʘʝʪʩʷ ʯʨʝʟʚʳʯʘʡʥʦ ʚʳʩʦʢʠʤ. ɺ ʩʪʨʫʢʪʫʨʝ ʧʨʠʯʠʥ ʟʘʙʦʣʝʚʘʝʤʦʩʪʠ ʠ ʩʤʝʨʪ-

ʥʦʩʪʠ ʥʘʩʝʣʝʥʠʷ ʉʉɿ ʫʞʝ ʚ ʪʝʯʝʥʠʝ ʤʥʦʛʠʭ ʜʝʩʷʪʠʣʝʪʠʡ ʥʝʠʟʤʝʥʥʦ ʩʦʭʨʘʥʷʶʪʩʷ 

ʥʘ ʧʝʨʚʦʤ ʤʝʩʪʝ [1]. ɹʝʟʫʩʣʦʚʥʦ, ʚ ʵʪʦʡ ʩʚʷʟʠ ʩʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ ʠ ʩʣʦʞʠʚʰʫʶʩʷ ʚ 

ʧʦʩʣʝʜʥʠʝ ʛʦʜʳ ʥʝʢʦʪʦʨʫʶ ʪʝʥʜʝʥʮʠʷ ʢ ʠʟʤʝʥʝʥʠʶ ʜʘʥʥʦʡ ʩʠʪʫʘʮʠʠ. ʊʘʢ, ʚ ʥʝʢʦ-

ʪʦʨʳʭ ʨʘʟʚʠʪʳʭ ʝʚʨʦʧʝʡʩʢʠʭ ʩʪʨʘʥʘʭ ʩʤʝʨʪʥʦʩʪʴ ʧʦ ʧʨʠʯʠʥʝ ʉʉɿ ʩʥʠʟʠʣʘʩʴ 

ʥʘʩʪʦʣʴʢʦ, ʯʪʦ ʫʩʪʫʧʠʣʘ ʩʚʦʠ ʣʠʜʠʨʫʶʱʠʝ ʧʦʟʠʮʠʠ ʣʝʪʘʣʴʥʦʩʪʠ ʦʪ ʦʥʢʦʣʦʛʠʯʝ-

ʩʢʦʡ ʧʘʪʦʣʦʛʠʠ. ʆʜʥʘʢʦ ʧʦʢʘ ʵʪʦ ʩʢʦʨʝʝ ʠʩʢʣʶʯʝʥʠʝ, ʟʘʪʨʘʛʠʚʘʶʱʝʝ ʣʠʰʴ ʥʝʙʦʣʴ-

ʰʦʡ ʧʨʦʮʝʥʪ ʥʘʩʝʣʝʥʠʷ ʟʝʤʥʦʛʦ ʰʘʨʘ [2]. ʂʨʦʤʝ ʪʦʛʦ, ʥʘ ʧʦʜʦʙʥʫʶ ʙʣʘʛʦʧʨʠʷʪʥʫʶ 

ʪʝʥʜʝʥʮʠʶ ʚ ʟʥʘʯʠʪʝʣʴʥʦʡ ʩʪʝʧʝʥʠ ʥʝʛʘʪʠʚʥʦ ʧʦʚʣʠʷʣʘ ʧʘʥʜʝʤʠʷ ʥʦʚʦʡ ʢʦʨʦʥʘʚʠ-

ʨʫʩʥʦʡ ʠʥʬʝʢʮʠʠ (COVID-19), ʢʦʪʦʨʘʷ ʥʝ ʪʦʣʴʢʦ ʷʚʠʣʘʩʴ ʬʘʢʪʠʯʝʩʢʠ ʥʦʚʳʤ ʧʘʪʦ-

ʛʝʥʝʪʠʯʝʩʢʠʤ ʬʘʢʪʦʨʦʤ ʨʦʩʪʘ ʩʝʨʜʝʯʥʦ-ʩʦʩʫʜʠʩʪʦʡ ʩʤʝʨʪʥʦʩʪʠ, ʥʦ ʠ ʧʦʚʩʝʤʝʩʪʥʦ 

ʦʛʨʘʥʠʯʠʣʘ ʜʦʩʪʫʧʥʦʩʪʴ ʢʘʨʜʠʦʣʦʛʠʯʝʩʢʦʡ ʧʦʤʦʱʠ ʜʣʷ ʧʘʮʠʝʥʪʦʚ [3]. 

ʈʝʟʫʣʴʪʘʪʳ ʵʧʠʜʝʤʠʦʣʦʛʠʯʝʩʢʠʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʧʦʢʘʟʳʚʘʶʪ, ʯʪʦ ʩʥʠʞʝʥʠʝ ʵʬ-

ʬʝʢʪʠʚʥʦʩʪʠ ʣʝʯʝʥʠʷ ʠ ʧʨʦʬʠʣʘʢʪʠʢʠ ʉʉɿ ʧʨʠʚʦʜʷʪ ʢ ʟʥʘʯʠʤʦʤʫ ʫʚʝʣʠʯʝʥʠʶ ʢʘʢ 

ʧʦʢʘʟʘʪʝʣʝʡ ʣʝʪʘʣʴʥʦʩʪʠ, ʪʘʢ ʠ ʢʦʣʠʯʝʩʪʚʘ ʛʦʩʧʠʪʘʣʠʟʘʮʠʡ. ʊʘʢ, ʥʘʧʨʠʤʝʨ, ʜʘʥʥʳʝ 

ʈʦʩʩʠʡʩʢʠʭ ʨʝʛʠʩʪʨʦʚ ʧʘʮʠʝʥʪʦʚ ʩ ʭʨʦʥʠʯʝʩʢʦʡ ʩʝʨʜʝʯʥʦʡ ʥʝʜʦʩʪʘʪʦʯʥʦʩʪʴʶ 

(ʍʉʅ) ʩʚʠʜʝʪʝʣʴʩʪʚʫʶʪ ʦʙ ʫʚʝʣʠʯʝʥʠʠ ʨʠʩʢʘ ʦʩʪʨʦʡ ʜʝʢʦʤʧʝʥʩʘʮʠʠ ʩʝʨʜʝʯʥʦʡ ʥʝ-

ʜʦʩʪʘʪʦʯʥʦʩʪʠ ʧʨʠ ʦʪʩʫʪʩʪʚʠʠ ʥʘ ʘʤʙʫʣʘʪʦʨʥʦʤ ʵʪʘʧʝ ʘʜʝʢʚʘʪʥʦʡ ʙʘʟʠʩʥʦʡ ʪʝʨʘ-

ʧʠʠ ʩʝʨʜʝʯʥʦʡ ʥʝʜʦʩʪʘʪʦʯʥʦʩʪʠ ʠ/ʠʣʠ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʥʠʟʢʠʭ ʜʦʟ ʠʥʛʠʙʠʪʦʨʦʚ ʘʥ-

ʛʠʦʪʝʥʟʠʥ-ʧʨʝʚʨʘʱʘʶʱʝʛʦ ʬʝʨʤʝʥʪʘ/ʙʣʦʢʘʪʦʨʦʚ ʨʝʮʝʧʪʦʨʦʚ ʘʥʛʠʦʪʝʥʟʠʥʘ ʠ ʙʝʪʘ-

ʙʣʦʢʘʪʦʨʦʚ, ʠʭ ʥʝʜʦʩʪʘʪʦʯʥʦʡ ʧʦʩʣʝʜʫʶʱʝʡ ʘʧʪʠʪʨʘʮʠʠ ʧʦʜ ʢʦʥʪʨʦʣʝʤ ʘʨʪʝʨʠʘʣʴ-

ʥʦʛʦ ʜʘʚʣʝʥʠʷ (ɸɼ) ʠ ʯʘʩʪʦʪʳ ʩʝʨʜʝʯʥʳʭ ʩʦʢʨʘʱʝʥʠʡ (ʏʉʉ), ʯʪʦ ʷʚʣʷʝʪʩʷ ʯʨʝʟʚʳ-

ʯʘʡʥʦ ʚʘʞʥʳʤ ʚ ʧʨʦʛʥʦʩʪʠʯʝʩʢʦʤ ʧʣʘʥʝ ʜʣʷ ʧʦʜʦʙʥʳʭ ʧʘʮʠʝʥʪʦʚ [4]. ʅʘʧʨʦʪʠʚ, 

ʚʳʩʦʢʘʷ ʧʨʠʚʝʨʞʝʥʥʦʩʪʴ ʧʘʮʠʝʥʪʦʚ ʢ ʣʝʯʝʥʠʶ ʠ ʧʨʘʚʠʣʴʥʦ ʧʦʜʦʙʨʘʥʥʘʷ ʪʝʨʘʧʠʷ 

ʘʩʩʦʮʠʠʨʦʚʘʥʳ ʩʦ ʩʥʠʞʝʥʠʝʤ ʩʤʝʨʪʥʦʩʪʠ ʦʪ ʉʉɿ ʦʪ 23% ʜʦ 47%. ʕʬʬʝʢʪʠʚʥʳ ʚ 

ʵʪʦʤ ʦʪʥʦʰʝʥʠʠ ʠ ʧʨʦʬʠʣʘʢʪʠʯʝʩʢʠʝ ʤʝʨʦʧʨʠʷʪʠʷ, ʥʘʧʨʠʤʝʨ, ʪʘʢʠʝ, ʢʘʢ ʦʪʩʫʪ-

ʩʪʚʠʝ ʚʨʝʜʥʳʭ ʧʨʠʚʳʯʝʢ, ʘʢʪʠʚʥʳʡ ʦʙʨʘʟ ʞʠʟʥʠ ʠ ʟʜʦʨʦʚʦʝ ʧʠʪʘʥʠʝ (ʦʪ 44% ʜʦ 

60% ʩʥʠʞʝʥʠʝ ʨʠʩʢʘ) [5]. ʂʘʢ ʧʨʘʚʠʣʦ, ʟʥʘʯʠʪʝʣʴʥʘʷ ʨʦʣʴ ʧʝʨʚʠʯʥʦʡ ʜʠʘʛʥʦʩʪʠʢʠ 

ʠ ʧʦʩʣʝʜʫʶʱʝʛʦ ʚʝʜʝʥʠʷ ʉʉɿ ʧʨʠʥʘʜʣʝʞʠʪ ʧʝʨʚʠʯʥʦʤʫ ʟʚʝʥʫ ʟʜʨʘʚʦʦʭʨʘʥʝʥʠʷ. ɺ 

ʩʚʷʟʠ ʩ ʵʪʠʤ ʦʩʦʙʝʥʥʦ ʘʢʪʫʘʣʴʥʦʡ ʚ ʧʨʘʢʪʠʯʝʩʢʦʡ ʤʝʜʠʮʠʥʝ ʷʚʣʷʝʪʩʷ ʧʨʦʙʣʝʤʘ ʜʠ-

ʘʛʥʦʩʪʠʢʠ ʥʘʯʘʣʴʥʳʭ ʩʪʘʜʠʡ ʩʝʨʜʝʯʥʦ-ʩʦʩʫʜʠʩʪʳʭ ʨʘʩʩʪʨʦʡʩʪʚ ʥʘ ʘʤʙʫʣʘʪʦʨʥʦʤ 

ʵʪʘʧʝ. ʆʜʥʠʤ ʠʟ ʤʝʪʦʜʦʚ, ʢʦʪʦʨʳʝ ʤʦʛʣʠ ʙʳ ʙʳʪʴ ʚʝʩʴʤʘ ʧʦʣʝʟʥʳʤʠ ʧʨʠ ʧʨʦʚʝʜʝ-

ʥʠʠ ʧʦʜʦʙʥʦʛʦ ʩʢʨʠʥʠʥʛʘ, ʷʚʣʷʝʪʩʷ ʪʝʩʪ ʰʝʩʪʠʤʠʥʫʪʥʦʡ ʭʦʜʴʙʳ (ʊ6ʄʍ) [6]. 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʚʦʟʤʦʞʥʦʩʪʴ ʜʦʧʦʣʥʠʪʴ ʩʪʘʥʜʘʨʪʥʳʝ ʢʨʠʪʝ-

ʨʠʠ ʦʮʝʥʢʠ ʧʨʠ ʧʨʦʚʝʜʝʥʠʠ ʊ6ʄʍ: ʜʠʩʪʘʥʮʠʷ, ʧʨʦʡʜʝʥʥʘʷ ʧʘʮʠʝʥʪʦʤ ʟʘ ʚʨʝʤʷ 
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ʧʨʦʚʝʜʝʥʠʷ ʪʝʩʪʘ, ʩʢʦʨʦʩʪʴ ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ ʯʘʩʪʦʪʳ ʩʝʨʜʝʯʥʳʭ ʩʦʢʨʘʱʝʥʠʡ (ʏʉʉ), 

ʘʨʪʝʨʠʘʣʴʥʦʛʦ ʜʘʚʣʝʥʠʷ (ɸɼ) ʠ ʰʢʘʣʘ ɹʦʨʛʘ. ɺ ʢʘʯʝʩʪʚʝ ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ ʢʨʠʪʝ-

ʨʠʝʚ ʧʨʠ ʧʨʦʚʝʜʝʥʠʠ ʊ6ʄʍ ʧʨʝʜʣʘʛʘʝʪʩʷ ʠʩʧʦʣʴʟʦʚʘʪʴ ʨʝʟʫʣʴʪʘʪʳ ʯʠʩʣʝʥʥʦʛʦ ʘʥʘ-

ʣʠʟʘ ʩʠʛʥʘʣʦʚ ʵʣʝʢʪʨʦʢʘʨʜʠʦʛʨʘʤʤʳ (ʕʂɻ) ʠ ʬʦʪʦʧʣʝʪʠʟʤʦʛʨʘʤʤʳ (ʌʇɻ), ʟʘʨʝʛʠ-

ʩʪʨʠʨʦʚʘʥʥʳʭ ʜʦ, ʧʦʩʣʝ ʠ ʚʦ ʚʨʝʤʷ ʧʨʦʚʝʜʝʥʠʷ ʪʝʩʪʘ. ʉʪʦʠʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʜʘʥʥʳʝ 

ʩʠʛʥʘʣʳ ʠʟ-ʟʘ ʦʩʦʙʝʥʥʦʩʪʝʡ ʧʨʦʚʝʜʝʥʠʷ ʊ6ʄʍ ʙʫʜʫʪ ʚʝʩʴʤʘ ʩʠʣʴʥʦ ʧʦʜʚʝʨʞʝʥʳ 

ʰʫʤʦʚʳʤ ʵʬʬʝʢʪʘʤ, ʯʪʦ ʚ ʩʚʦʶ ʦʯʝʨʝʜʴ, ʟʥʘʯʠʪʝʣʴʥʦ ʟʘʪʨʫʜʥʷʝʪ ʠʭ ʘʥʘʣʠʟ ʩʪʘʥ-

ʜʘʨʪʥʳʤʠ ʤʝʪʦʜʘʤʠ ʦʮʝʥʢʠ ʪʘʢʠʭ ʩʠʛʥʘʣʦʚ. ɺ ʜʘʥʥʦʤ ʩʣʫʯʘʝ ʜʣʷ ʯʠʩʣʝʥʥʦʡ ʦʙ-

ʨʘʪʢʠ ʩʠʛʥʘʣʦʚ ʙʳʣ ʠʩʧʦʣʴʟʦʚʘʥ ʧʦʜʭʦʜ ʥʘ ʦʩʥʦʚʝ ʘʥʘʣʠʟʘ ʯʘʩʪʦʪʥʳʭ ʧʘʪʪʝʨʥʦʚ ʠ 

ʩʢʝʣʝʪʘ ʵʥʝʨʛʠʠ ʥʝʧʨʝʨʳʚʥʦʡ ʚʝʡʚʣʝʪʥʦʛʦ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ [7]. ʇʦʢʘʟʘʥʘ ʚʦʟʤʦʞ-

ʥʦʩʪʴ ʜʝʪʝʢʪʠʨʦʚʘʥʠʷ ʟʘʚʠʩʠʤʦʩʪʴ ʏʉʉ ʦʪ ʚʨʝʤʝʥʠ ʥʘ ʚʩʝʤ ʚʨʝʤʝʥʥʦʤ ʠʥʪʝʨʚʘʣʝ 

ʧʨʦʚʝʜʝʥʠʷ ʊ6ʄʍ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʙʦʣʝʝ ʜʝʪʘʣʴʥʦ ʦʮʝʥʠʪʴ ʠ ʧʨʦʩʣʝʜʠʪʴ, ʢʘʢʠʤ ʦʙ-

ʨʘʟʦʤ ʚʝʜʝʪ ʩʝʙʷ ʜʘʥʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʫ ʧʘʮʠʝʥʪʘ ʚʦ ʚʨʝʤʷ ʪʝʩʪʘ, ʢʨʦʤʝ ʵʪʦʛʦ, ʝʩʪʴ 

ʚʦʟʤʦʞʥʦʩʪʴ ʦʮʝʥʠʪʴ ʤʘʪʝʤʘʪʠʯʝʩʢʠʝ ʟʘʢʦʥʳ, ʧʦ ʢʦʪʦʨʳʤ ʚʦʩʩʪʘʥʘʚʣʠʚʘʝʪʩʷ ʏʉʉ 

ʠ ʢʘʢ ʤʝʥʷʝʪʩʷ ʏʉʉ ʚʦ ʚʨʝʤʷ ʧʨʦʚʝʜʝʥʠʷ ʘʢʪʠʚʥʦʡ ʬʘʟʳ ʪʝʩʪʘ. ʂʨʦʤʝ ʵʪʦʛʦ, ʥʘ ʦʩ-

ʥʦʚʝ ʯʘʩʪʦʪʥʦʛʦ ʘʥʘʣʠʟʘ ʩʠʛʥʘʣʦʚ ʕʂɻ/ʌʇɻ ʧʦʣʫʯʘʝʪʩʷ ʜʝʪʝʢʪʠʨʦʚʘʪʴ ʯʘʩʪʦʪʫ 

ʰʘʛʘ ʧʘʮʠʝʥʪʘ ʚʦ ʚʨʝʤʷ ʘʢʪʠʚʥʦʡ ʬʘʟʳ ʪʝʩʪʘ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʨʠʤʝʥʝʥʠʝ ʩʦʚʨʝ-

ʤʝʥʥʳʭ ʤʝʪʦʜʦʚ ʯʠʩʣʝʥʥʦʛʦ ʘʥʘʣʠʟʘ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʩʠʛʥʘʣʦʚ ʚʦ ʚʨʝʤʷ ʧʨʦʚʝ-

ʜʝʥʠʷ ʊ6ʄʍ, ʦʪʢʨʳʚʘʝʪ ʥʦʚʳʝ ʧʝʨʩʧʝʢʪʠʚʳ ʜʣʷ ʙʦʣʝʝ ʜʝʪʘʣʴʥʦʡ ʜʠʘʛʥʦʩʪʠʢʠ ʩʦ-

ʩʪʦʷʥʠʷ ʩʝʨʜʝʯʥʦ ʩʦʩʫʜʠʩʪʦʡ ʩʠʩʪʝʤʳ ʧʘʮʠʝʥʪʦʚ. 

 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʚ ʨʘʤʢʘʭ ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʛʦ ʟʘʜʘʥʠʷ ʄʠʥʟʜʨʘʚʘ ʈʦʩʩʠʠ 

çʈʘʟʨʘʙʦʪʢʘ ʧʦʨʪʘʪʠʚʥʦʛʦ ʧʨʦʛʨʘʤʤʥʦ-ʘʧʧʘʨʘʪʥʦʛʦ ʢʦʤʧʣʝʢʩʘ ʜʣʷ ʜʠʩʪʘʥʮʠ-

ʦʥʥʦʛʦ ʤʦʥʠʪʦʨʠʥʛʘ ʬʫʥʢʮʠʠ ʩʝʨʜʝʯʥʦ-ʩʦʩʫʜʠʩʪʦʡ ʩʠʩʪʝʤʳ, ʘ ʪʘʢʞʝ ʘʚʪʦʤʘ-

ʪʠʟʘʮʠʠ ʪʝʩʪʘ ʩ 6-ʤʠʥʫʪʥʦʡ ʭʦʜʴʙʦʡ ʫ ʧʘʮʠʝʥʪʦʚ ʩ ʭʨʦʥʠʯʝʩʢʠʤʠ ʥʝʠʥʬʝʢʮʠ-
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ɺ ʧʦʩʣʝʜʥʠʝ ʛʦʜʳ ʚʦ ʚʩʝʤ ʤʠʨʝ ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʢʦʣʠʯʝʩʪʚʦ ʩʤʝʨʪʝʡ, ʩʚʷʟʘʥʥʳʭ 

ʩ ʭʨʦʥʠʯʝʩʢʠʤʠ ʠ ʩʝʨʜʝʯʥʦ-ʩʦʩʫʜʠʩʪʳʤʠ ʟʘʙʦʣʝʚʘʥʠʷʤʠ (ʉʉɿ). ʉʉɿ ï ʵʪʦ ʟʘʙʦʣʝ-

ʚʘʥʠʷ, ʧʦʨʘʞʘʶʱʠʝ ʢʨʦʚʝʥʦʩʥʳʝ ʩʦʩʫʜʳ ʠ ʩʝʨʜʮʝ, ʪʘʢʠʝ ʢʘʢ ʠʰʝʤʠʯʝʩʢʘʷ ʙʦʣʝʟʥʴ 

ʩʝʨʜʮʘ. ʂ ʩʝʨʜʝʯʥʳʤ ʧʘʪʦʣʦʛʠʷʤ ʧʨʠʯʠʩʣʷʶʪ ʩʝʨʜʝʯʥʫʶ ʥʝʜʦʩʪʘʪʦʯʥʦʩʪʴ, ʢʘʨʜʠʦ-

ʤʠʦʧʘʪʠʶ, ʨʝʚʤʘʪʠʯʝʩʢʠʝ ʧʦʨʘʞʝʥʠʷ ʩʝʨʜʮʘ, ʠʥʩʫʣʴʪ, ʠʥʬʘʨʢʪ ʠ ʘʨʠʪʤʠʠ. ʆʜʥʦʡ 

ʠʟ ʢʣʶʯʝʚʳʭ ʟʘʜʘʯ ʩʦʚʨʝʤʝʥʥʦʡ ʤʝʜʠʮʠʥʳ ʷʚʣʷʶʪʩʷ ʧʦʩʪʦʷʥʥʳʡ ʢʦʥʪʨʦʣʴ ʩʝʨʜʝʯ-

ʥʦʛʦ ʨʠʪʤʘ ʠ ʩʚʦʝʚʨʝʤʝʥʥʦʝ ʚʳʷʚʣʝʥʠʝ ʨʘʟʣʠʯʥʳʭ ʧʘʪʦʣʦʛʠʡ ʚ ʨʘʙʦʪʝ ʩʝʨʜʝʯʥʦ-

ʩʦʩʫʜʠʩʪʦʡ ʩʠʩʪʝʤʳ. ʉʦʛʣʘʩʥʦ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤ ʨʘʙʦʪʘʤ [1, 2], ʨʝʛʫʣʷʨʥʳʡ ʤʦ-

ʥʠʪʦʨʠʥʛ ʠ ʜʝʪʘʣʴʥʳʡ ʘʥʘʣʠʟ ʩʠʛʥʘʣʦʚ ʵʣʝʢʪʨʦʢʘʨʜʠʦʛʨʘʤʤʳ (ʕʂɻ) ʩʧʦʩʦʙʩʪʚʫʶʪ 

ʙʦʣʝʝ ʪʦʯʥʦʡ ʜʠʘʛʥʦʩʪʠʢʝ, ʵʬʬʝʢʪʠʚʥʦʤʫ ʢʦʥʪʨʦʣʶ ʠ ʧʨʦʬʠʣʘʢʪʠʢʝ ʤʥʦʛʠʭ ʙʦʣʝʟ-

ʥʝʡ ʩʝʨʜʝʯʥʦ-ʩʦʩʫʜʠʩʪʦʡ ʩʠʩʪʝʤʳ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʩʝʛʦʜʥʷ ʥʘʙʣʶʜʝʥʠʝ ʟʘ ʬʠʟʠʦ-

ʣʦʛʠʯʝʩʢʠʤʠ ʩʠʛʥʘʣʘʤʠ ʩʝʨʜʝʯʥʦ-ʩʦʩʫʜʠʩʪʦʡ ʩʠʩʪʝʤʳ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʚʝʩʴʤʘ 

ʚʘʞʥʫʶ ʟʘʜʘʯʫ, ʥʘʧʨʘʚʣʝʥʥʫʶ ʥʘ ʩʚʦʝʚʨʝʤʝʥʥʦʝ ʚʳʷʚʣʝʥʠʝ, ʢʦʥʪʨʦʣʴ ʠ ʧʨʝʜʫʧʨʝ-

ʞʜʝʥʠʝ ʧʘʪʦʣʦʛʠʡ. ʆʩʥʦʚʥʳʤʠ ʬʠʟʠʦʣʦʛʠʯʝʩʢʠʤʠ ʧʘʨʘʤʝʪʨʘʤʠ, ʠʩʧʦʣʴʟʫʝʤʳʤʠ 

ʜʣʷ ʦʮʝʥʢʠ ʩʦʩʪʦʷʥʠʷ ʩʝʨʜʝʯʥʦ-ʩʦʩʫʜʠʩʪʦʡ ʩʠʩʪʝʤʳ, ʦʩʪʘʶʪʩʷ ʯʘʩʪʦʪʘ ʩʝʨʜʝʯʥʳʭ 

ʩʦʢʨʘʱʝʥʠʡ (ʏʉʉ) ʠ ʚʘʨʠʘʙʝʣʴʥʦʩʪʴ ʩʝʨʜʝʯʥʦʛʦ ʨʠʪʤʘ (ɺʉʈ), ʦʪʨʘʞʘʶʱʠʤʠ ʨʝʛʫ-

ʣʷʮʠʶ ʚʝʛʝʪʘʪʠʚʥʦʡ ʥʝʨʚʥʦʡ ʩʠʩʪʝʤʳ ʠ ʦʙʱʝʝ ʩʘʤʦʯʫʚʩʪʚʠʝ. ʉʝʛʦʜʥʷ ʪʨʘʜʠʮʠʦʥ-

ʥʳʤ ʩʧʦʩʦʙʦʤ ʘʥʘʣʠʟʘ ʏʉʉ ʠ ɺʉʈ ʷʚʣʷʝʪʩʷ ʚʳʜʝʣʝʥʠʝ ʠʟ ʟʘʧʠʩʝʡ ʕʂɻ ʚʨʝʤʝʥʠ 

ʧʦʷʚʣʝʥʠʷ ʚʳʩʰʝʡ ʪʦʯʢʠ R ʚ QRS - ʢʦʤʧʣʝʢʩʝ ʥʘ ʵʣʝʢʪʨʦʢʘʨʜʠʦʛʨʘʤʤʝ (ʕʂɻ). ɺ 

ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʨʘʟʨʘʙʦʪʘʥʦ ʟʥʘʯʠʪʝʣʴʥʦʝ ʯʠʩʣʦ ʘʣʛʦʨʠʪʤʦʚ ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʤʝ-

ʩʪʦʧʦʣʦʞʝʥʠʷ ʢʦʤʧʣʝʢʩʘ QRS ʠ ʦʧʨʝʜʝʣʝʥʠʷ ʩʦʩʪʦʷʥʠʷ ʧʘʮʠʝʥʪʦʚ, ʩʝʨʜʝʯʥʦʡ ʜʝʷ-

ʪʝʣʴʥʦʩʪʠ, ʘʨʠʪʤʠʠ ʠ ʚʘʨʠʘʙʝʣʴʥʦʩʪʠ ʩʝʨʜʝʯʥʦʛʦ ʨʠʪʤʘ (ɺʉʈ) [3ï5]. ʂʘʢ ʧʨʘʚʠʣʦ, 

ʙʦʣʴʰʠʥʩʪʚʦ ʤʝʪʦʜʦʚ ʦʧʠʨʘʝʪʩʷ ʥʘ ʜʝʪʝʢʪʠʨʦʚʘʥʠʝ R-ʟʫʙʮʘ, ʪʘʢʘʷ ʢʦʥʮʝʧʮʠʷ 

ʚʝʩʴʤʘ ʧʨʦʩʪʘ ʚ ʨʝʘʣʠʟʘʮʠʠ ʠ ʙʳʩʪʨʦʜʝʡʩʪʚʝʥʥʘ. ʆʜʥʘʢʦ, ʧʨʠ ʥʘʨʫʰʝʥʠʷʭ ʚ ʨʘʙʦʪʝ 

ʩʝʨʜʝʯʥʦ-ʩʦʩʫʜʠʩʪʦʡ ʩʠʩʪʝʤʳ, ʚ ʯʘʩʪʥʦʩʪʠ, ʚ ʩʣʫʯʘʷʭ ʘʨʠʪʤʠʠ, R-ʟʫʙʝʮ ʤʦʞʝʪ ʜʝ-

ʬʦʨʤʠʨʦʚʘʪʴʩʷ, ʠʟʤʝʥʷʷ ʩʚʦʶ ʚʳʨʘʞʝʥʥʦʩʪʴ ʠ ʬʦʨʤʫ ʦʪ ʮʠʢʣʘ ʢ ʮʠʢʣʫ ʩʝʨʜʝʯʥʦʛʦ 

ʩʦʢʨʘʱʝʥʠʷ, ʯʪʦ ʚ ʩʚʦʶ ʦʯʝʨʝʜʴ ʩʜʝʣʘʝʪ ʥʝʚʦʟʤʦʞʥʳʤ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʢʣʘʩʩʠʯʝ-

ʩʢʦʛʦ ʧʦʜʭʦʜʘ ʢ ʘʥʘʣʠʟʫ ʏʉʉ ʠ ɺʉʈ. ʉʦʚʨʝʤʝʥʥʳʝ ʜʦʩʪʠʞʝʥʠʷ ʚ ʦʙʣʘʩʪʠ ʥʝʣʠʥʝʡ-

ʥʦʡ ʜʠʥʘʤʠʢʠ ʩʦʟʜʘʶʪ ʥʦʚʳʝ ʧʝʨʩʧʝʢʪʠʚʳ ʜʣʷ ʨʝʰʝʥʠʷ ʢʣʘʩʩʠʯʝʩʢʠʭ ʟʘʜʘʯ ʙʦʣʝʝ 

ʪʦʯʥʳʤʠ ʠ ʵʬʬʝʢʪʠʚʥʳʤʠ ʤʝʪʦʜʘʤʠ. ɺ ʯʘʩʪʥʦʩʪʠ, ʨʘʟʨʘʙʦʪʘʥʥʳʡ ʧʦʜʭʦʜ ʢʦʣʝʙʘ-

ʪʝʣʴʥʳʭ ʧʘʪʪʝʨʥʦʚ [6, 7] ï ʤʦʜʠʬʠʢʘʮʠʷ ʪʨʘʜʠʮʠʦʥʥʦʛʦ ʯʘʩʪʦʪʥʦ-ʚʨʝʤʝʥʥʦʛʦ ʘʥʘ-

ʣʠʟʘ ï ʧʨʝʜʣʘʛʘʝʪ ʵʣʝʛʘʥʪʥʦʝ ʨʝʰʝʥʠʝ ʜʣʷ ʘʥʘʣʠʟʘ ʚʘʨʠʘʙʝʣʴʥʦʩʪʠ ʩʝʨʜʝʯʥʦʛʦ 

ʨʠʪʤʘ (ɺʉʈ). 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʚʦʟʤʦʞʥʦʩʪʴ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʥʦʚʦʛʦ ʧʦʜʭʦʜʘ 

ʜʣʷ ʚʳʜʝʣʝʥʠʷ ʏʉʉ ʠ ɺʉʈ ʠʟ ʩʠʛʥʘʣʦʚ ʕʂɻ ʥʘ ʦʩʥʦʚʝ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʢʦʥʮʝʧʮʠʠ 
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ʯʘʩʪʦʪʥʳʭ ʧʘʪʪʝʨʥʦʚ ʥʘ ʧʨʠʤʝʨʝ ʦʙʱʝʜʦʩʪʫʧʥʦʡ ʙʘʟʳ ʜʘʥʥʳʭ çMIT-BIH 

Arrhythmia Databaseè [8]. ɼʘʥʥʘʷ ʙʘʟʘ ʜʘʥʥʳʭ ʩʦʩʪʦʠʪ ʠʟ 48 ʧʦʣʫʯʘʩʦʚʳʭ ʬʨʘʛʤʝʥ-

ʪʦʚ ʜʚʫʭʢʘʥʘʣʴʥʳʭ 24-ʯʘʩʦʚʳʭ ʟʘʧʠʩʝʡ ʕʂɻ, ʩʦʜʝʨʞʘʱʠʝ ʧʨʠʤʝʨʳ ʨʝʜʢʠʭ, ʥʦ ʢʣʠ-

ʥʠʯʝʩʢʠ ʚʘʞʥʳʭ ʘʨʠʪʤʠʡ: ʧʨʝʜʩʝʨʜʥʘʷ ʵʢʩʪʨʘʩʠʩʪʦʣʘ, ʥʦʨʤʘʣʴʥʘʷ ʵʢʩʪʨʘʩʠʩʪʦʣʘ, 

ʞʝʣʫʜʦʯʢʦʚʘʷ ʵʢʩʪʨʘʩʠʩʪʦʣʘ, ʞʝʣʫʜʦʯʢʦʚʘʷ ʪʘʭʠʢʘʨʜʠʷ. ɹʳʣʦ ʧʨʦʚʝʜʝʥʦ ʪʝʩʪʠʨʦ-

ʚʘʥʠʝ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʠ ʤʝʪʦʜʘ ʥʘ ʦʩʥʦʚʝ ʘʥʘʣʠʟʘ ʯʘʩʪʦʪʥʳʭ ʧʘʪʪʝʨʥʦʚ ʜʣʷ ʜʝʪʝʢ-

ʪʠʨʦʚʘʥʠʷ ʨʘʟʣʠʯʥʳʭ ʥʘʨʫʰʝʥʠʡ ʩʝʨʜʝʯʥʦʛʦ ʨʠʪʤʘ, ʝʛʦ ʫʩʪʦʡʯʠʚʦʩʪʴ ʧʨʠ ʚʳʜʝʣʝ-

ʥʠʠ ʏʉʉ ʠ ɺʉʈ ʢ ʘʨʪʝʬʘʢʪʘʤ ʥʘ ʕʂɻ ʩʠʛʥʘʣʘʭ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʦʧ-

ʪʠʤʘʣʴʥʘʷ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴ ʜʘʥʥʦʡ ʤʝʪʦʜʠʢʠ ʜʣʷ ʜʝʪʝʢʪʠʨʦʚʘʥʠʷ ʨʘʟʣʠʯʥʦʛʦ ʨʦʜʘ 

ʥʘʨʫʰʝʥʠʡ ʚ ʩʝʨʜʝʯʥʦ-ʩʦʩʫʜʠʩʪʦʡ ʩʠʩʪʝʤʝ ʜʦʩʪʠʛʘʝʪʩʷ ʧʨʠ ʦʮʝʥʢʝ ʚʪʦʨʦʡ ʠ ʪʨʝ-

ʪʴʝʡ ʛʘʨʤʦʥʠʢʠ ʩʝʨʜʝʯʥʦʛʦ ʨʠʪʤʘ. ʆʪʤʝʪʠʤ, ʯʪʦ ʪʘʢʦʡ ʵʬʬʝʢʪ ʧʦʟʚʦʣʷʝʪ ʥʝ ʪʦʣʴʢʦ 

ʦʪʩʣʝʞʠʚʘʪʴ ʧʘʪʦʣʦʛʠʠ ʚ ʩʝʨʜʝʯʥʦ-ʩʦʩʫʜʠʩʪʦʡ ʩʠʩʪʝʤʝ, ʥʦ ʠ ʠʟ-ʟʘ ʦʩʦʙʝʥʥʦʩʪʝʡ ʥʝ-

ʧʨʝʨʳʚʥʦʛʦ ʚʝʡʚʣʝʪʥʦʛʦ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ [9], ʢʦʪʦʨʦʝ ʷʚʣʷʝʪʩʷ ʦʩʥʦʚʦʡ ʠʩʧʦʣʴʟʫʝ-

ʤʦʡ ʤʝʪʦʜʠʢʠ ʯʘʩʪʦʪʥʳʭ ʧʘʪʪʝʨʥʦʚ, ʩʫʱʝʩʪʚʝʥʥʦ ʩʦʢʨʘʪʠʪʴ ʤʘʰʠʥʥʦʝ ʚʨʝʤʷ, ʥʝ-

ʦʙʭʦʜʠʤʦʝ ʜʣʷ ʚʳʜʝʣʝʥʠʷ ʩʝʨʜʝʯʥʦʛʦ ʨʠʪʤʘ. 

 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʚ ʨʘʤʢʘʭ ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʛʦ ʟʘʜʘʥʠʷ ʄʠʥʟʜʨʘʚʘ ʈʦʩʩʠʠ 

çʈʘʟʨʘʙʦʪʢʘ ʘʧʧʘʨʘʪʥʦ-ʧʨʦʛʨʘʤʤʥʦʛʦ ʢʦʤʧʣʝʢʩʘ ʜʣʷ ʥʝʠʥʚʘʟʠʚʥʦʛʦ ʤʦʥʠʪʦ-

ʨʠʥʛʘ ʠ ʧʨʦʛʥʦʟʠʨʦʚʘʥʠʷ ʜʝʢʦʤʧʝʥʩʘʮʠʠ ʢʨʦʚʦʦʙʨʘʱʝʥʠʷ ʫ ʧʘʮʠʝʥʪʦʚ ʩ ʭʨʦʥʠ-

ʯʝʩʢʦʡ ʩʝʨʜʝʯʥʦʡ ʥʝʜʦʩʪʘʪʦʯʥʦʩʪʴʶè ˉ 056-03-2025-083 ʦʪ 21.01.2025. 
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ʀ.ɺ. ʀʚʣʠʝʚʘ(ʇʝʨʝʪʦʢʠʥʘ), ɸ.ɸ. ʄʝʱʝʨʷʢʦʚʘ, ʃ.ʄ. ɹʘʙʢʦʚ, 

ɺ.ɺ. ʉʦʨʦʢʠʥ 
ʉʘʨʘʪʦʚʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʠʤ. ʅ.ɻ. ʏʝʨʥʳʰʝʚʩʢʦʛʦ, ʛ. ʉʘʨʘʪʦʚ, ʈʌ  
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ʉ ʮʝʣʴʶ ʧʨʦʜʦʣʞʝʥʠʷ ʠʟʫʯʝʥʠʷ ʥʦʚʳʭ ʩʠʩʪʝʤ ʨʷʜʘ ʭʨʦʤʝʥʦʚʦʛʦ ʨʷʜʘ ʥʘʤʠ 

ʙʳʣʠ ʧʨʦʚʝʜʝʥʳ ʨʝʘʢʮʠʠ 2-(2-ʘʤʠʥʦ-6-R-3-ʮʠʘʥʦ-4ʅ-ʭʨʦʤʝʥ-4-ʠʣ)ʤʘʣʦʥʦʥʠʪʨʠʣʘ 

ʠ ʘʤʠʜʘ ʮʠʘʥʦʫʢʩʫʩʥʦʡ ʢʠʩʣʦʪʳ ʥʘʤʠ ʙʳʣʘ ʧʦʣʫʯʝʥʳ ʭʨʦʤʝʥʦʧʠʨʠʜʠʥʳ: ʪʘʫʪʦ-

ʤʝʨʥʘʷ ʩʤʝʩʴ 2-(4-ʘʤʠʥʦ-1-ʮʠʘʥʦ-5-ʠʤʠʥʦ-1,3,5,10b-ʪʝʪʨʘʛʠʜʨʦ-2H- ʭʨʦʤʝʥʦ[3,4-

c]ʧʠʨʠʜʠʥ-2-ʠʣʠʜʝʥ)-2- ʮʠʘʥʦʘʮʝʪʘʤʠʜʘ (1a) ʠ 2-ʮʠʘʥʦ-2-(4,5-ʜʠʘʤʠʥʦ-1-ʮʠʘʥʦ-

1,10b-ʜʠʛʠʜʨʦ-2H-ʭʨʦʤʝʥ[3,4-c]ʧʠʨʠʜʠʥ-2-ʠʣʠʜʝʥ)ʘʮʝʪʘʤʠʜʘ (1b) ʠ ʪʘʫʪʦʤʝʨʥʘʷ 

ʩʤʝʩʴ 2-ʮʠʘʥʦ-2-(4,5-ʜʠʘʤʠʥʦ-9-ʙʨʦʤ-1-ʮʠʘʥʦ-1,10b-ʜʠʛʠʜʨʦ-2ʅ-ʭʨʦʤʝʥʦ[3,4-

ʩ]ʧʠʨʠʜʠʥ-2-ʠʣʠʜʝʥ)ʘʮʝʪʘʤʠʜʘ (2a) ʠ 2-(5-ʘʤʠʥʦ-9-ʙʨʦʤ-1-ʮʠʘʥʦ-4-ʠʤʠʥʦ-

1,3,4,10b-ʪʝʪʨʘʛʠʜʨʦ-2ʅ-ʭʨʦʤʝʥʦ[3,4-ʩ]ʧʠʨʠʜʠʥ-2-ʠʣʠʜʝʥ)- 2-ʮʠʘʥʘʮʝʪʘʤʠʜʘ (2b). 

ʋʩʪʘʥʦʚʠʪʴ ʩʪʨʦʝʥʠʝ ʧʦʜʦʙʥʳʭ ʧʦʣʠ(ʛʝʪʝʨʦ)ʘʨʦʤʘʪʠʯʝʩʢʠʭ ʩʠʩʪʝʤ ʚʝʩʴʤʘ ʟʘʪʨʫʜ-

ʥʠʪʝʣʴʥʦ. ɺ ʜʘʥʥʦʡ ʩʠʪʫʘʮʠʠ ʵʪʫ ʧʨʦʙʣʝʤʫ ʤʦʞʥʦ ʨʘʟʨʝʰʠʪʴ ʥʘ ʦʩʥʦʚʝ ʤʝʪʦʜʦʚ 

ʢʚʘʥʪʦʚʦʡ ʭʠʤʠʠ ʠ ʩʧʝʢʪʨʦʩʢʦʧʠʠ. ɺʳʩʦʢʠʡ ʫʨʦʚʝʥʴ ʨʘʟʚʠʪʠʷ ʩʦʚʨʝʤʝʥʥʳʭ ʤʝʪʦ-

ʜʦʚ ʧʦʩʪʨʦʝʥʠʷ ʩʪʨʫʢʪʫʨʥʦ-ʜʠʥʘʤʠʯʝʩʢʠʭ ʤʦʜʝʣʝʡ ʧʦʟʚʦʣʷʝʪ ʫʩʪʘʥʦʚʠʪʴ ʩʪʨʦʝʥʠʝ 

ʤʦʣʝʢʫʣʳ ʠ ʨʘʩʩʯʠʪʘʪʴ ʝʝ ʢʦʣʝʙʘʪʝʣʴʥʳʡ ʩʧʝʢʪʨ. 

 
            1a                           1b                             2a                         2b 

ʈʠʩ. 1. ɻʝʦʤʝʪʨʠʯʝʩʢʦʝ ʩʪʨʦʝʥʠʝ ʤʦʣʝʢʫʣ 1a, 1b, 2a, 2b 

 

ʀʂ ʩʧʝʢʪʨʳ ʟʘʧʠʩʳʚʘʣʠ ʥʘ ʌʫʨʴʝ-ʩʧʝʢʪʨʦʤʝʪʨʝ ʌʉʄ 1201 (ʈʦʩʩʠʷ) ʚ ʪʘʙʣʝʪ-

ʢʘʭ Kɺr. ʉʧʝʢʪʨʳ ʗʄʈ 1ʅ, 13ʉ, HSQC 1H/13C, COSY 1H/1ʅ, ʅʄɺʉ 1ʅ/13ʉ ʟʘʧʠ-

ʩʳʚʘʣʠ ʥʘ ʩʧʝʢʪʨʦʤʝʪʨʝ Varian (ʉʐɸ) 400 ʄɻʮ (400 ʄɻʮ ï 1ʅ) ʠ 100 ʄɻʮ (100 

ʄɻʮ ï 13C) ʚ CDCl3, ʉ3D6O, C2D6OS, ʚʥʫʪʨʝʥʥʠʡ ʩʪʘʥʜʘʨʪ ʊʄʉ. ʕʣʝʤʝʥʪʥʳʡ 

ʘʥʘʣʠʟ ʚʳʧʦʣʥʷʣʠ ʥʘ ʘʚʪʦʤʘʪʠʯʝʩʢʦʤ CHNS-ʘʥʘʣʠʟʘʪʦʨʝ VarioMICROcube (ɻʝʨ-

ʤʘʥʠʷ). ʊʝʤʧʝʨʘʪʫʨʫ ʧʣʘʚʣʝʥʠʷ ʦʧʨʝʜʝʣʷʣʠ ʚ ʦʪʢʨʳʪʦʤ ʢʘʧʠʣʣʷʨʝ. ʂʦʥʪʨʦʣʴ ʟʘ 

ʧʨʦʪʝʢʘʥʠʝʤ ʨʝʘʢʮʠʡ ʦʩʫʱʝʩʪʚʣʷʣʠ ʩ ʧʦʤʦʱʴʶ ʊʉʍ; ʵʣʶʝʥʪ ʛʝʢʩʘʥïɻ ʪʠʣʘʮʝʪʘʪï

ʭʣʦʨʦʬʦʨʤ, 2:2:1; ʧʣʘʩʪʠʥʳ FlukaSilicagel/TLC cards 254 ʥʤ ʧʨʦʷʚʣʷʣʠ ʚ ʋʌ-ʩʚʝʪʝ 

ʠ ʚ ʧʘʨʘʭ ʡʦʜʘ. ʂʦʥʪʨʦʣʴ ʟʘ ʪʝʤʧʝʨʘʪʫʨʦʡ ʦʩʫʱʝʩʪʚʣʷʣʠ ʩ ʧʦʤʦʱʴʶ ʦʧʪʦʚʦʣʦʢʦʥ-

ʥʦʛʦ ʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʩʝʥʩʦʨʘ, ʤʦʱʥʦʩʪʴ ï 630 ɺʪ. 



43                       ʉʙʦʨʥʠʢ ʪʨʫʜʦʚ XX ɺʩʝʨʦʩʩʠʡʩʢʦʡ ʢʦʥʬʝʨʝʥʮʠʠ ʤʦʣʦʜʳʭ ʫʯʝʥʳʭ              

ʎʝʣʴʶ ʥʘʰʝʡ ʨʘʙʦʪʳ ʙʳʣʦ ʧʦʩʪʨʦʝʥʠʝ ʩʪʨʫʢʪʫʨʥʦ-ʜʠʥʘʤʠʯʝʩʢʠʭ ʤʦʜʝʣʝʡ ʩʦ-

ʝʜʠʥʝʥʠʡ, ʫʩʪʘʥʦʚʣʝʥʠʝ ʩʪʨʫʢʪʫʨʳ ʠ ʧʦʣʫʯʝʥʠʝ ʀʂ ʩʧʝʢʪʨʦʚ - ʠ ʠʥʪʝʨʧʨʝʪʘʮʠʷ ʥʘ 

ʵʪʦʡ ʦʩʥʦʚʝ ʀʂ ʩʧʝʢʪʨʘ ʩʤʝʩʠ ʪʘʫʪʦʤʝʨʦʚ. 

ʄʝʪʦʜʦʤ ʪʝʦʨʠʠ ʬʫʥʢʮʠʦʥʘʣʘ ʧʣʦʪʥʦʩʪʠ ɺ3LYP/6-31g(d) [1,2], ʨʝʘʣʠʟʦʚʘʥ-

ʥʳʤ ʚ ʧʨʦʛʨʘʤʤʥʦʤ ʧʘʢʝʪʝ GAUSSIANô03 [3] ʧʨʦʚʝʜʝʥʦ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʛʝʦʤʝʪʨʠ-

ʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ ʠ ʀʂ ʩʧʝʢʪʨʦʚ ʩʦʝʜʠʥʝʥʠʡ ʚ ʛʘʨʤʦʥʠʯʝʩʢʦʤ ʧʨʠʙʣʠʞʝʥʠʠ. ʈʘʩ-

ʩʯʠʪʘʥʳ ʛʝʦʤʝʪʨʠʯʝʩʢʠʝ ʧʘʨʘʤʝʪʨʳ ʠʩʩʣʝʜʫʝʤʳʭ ʩʦʝʜʠʥʝʥʠʡ (ʨʠʩ.1). 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʫʩʪʘʥʦʚʣʝʥʘ ʩʪʨʫʢʪʫʨʘ ʩʦʝʜʠʥʝʥʠʡ, ʩʦʩʪʘʚʣʷʶʱʠʭ ʩʤʝʩʠ ʠʩ-

ʩʣʝʜʫʝʤʳʭ ʚʝʱʝʩʪʚ ʠ ʨʘʩʩʯʠʪʘʥʳ ʠʭ ʀʂ ʩʧʝʢʪʨʳ. ʇʦʜʪʚʝʨʞʜʝʥʦ ʠʭ ʥʘʣʠʯʠʝ ʚ 

ʩʤʝʩʠ, ʫʩʪʘʥʦʚʣʝʥʘ ʠʭ ʠʜʝʥʪʠʬʠʢʘʮʠʷ ʧʦ ʩʧʝʢʪʨʘʣʴʥʦ-ʩʪʨʫʢʪʫʨʥʳʤ ʧʨʠʟʥʘʢʘʤ. 

ɼʘʥʘ ʠʥʪʝʨʧʨʝʪʘʮʠʷ ʠʟʤʝʨʝʥʥʳʭ ʀʂ ʩʧʝʢʪʨʦʚ. 

 
ɹʠʙʣʠʦʛʨʘʬʠʯʝʩʢʠʡ ʩʧʠʩʦʢ 
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ʈɽʂʆʅʉʊʈʋʂʎʀʗ ʇɸʈɸʄɽʊʈʆɺ ʅɽɸɺʊʆʅʆʄʅʆʁ ʄʆɼɽʃʀ  

ʉʀʉʊɽʄʓ ɺɽɻɽʊɸʊʀɺʅʆʁ ʈɽɻʋʃʗʎʀʀ ʉʈɽɼʅɽɻʆ  

ɸʈʊɽʈʀɸʃʔʅʆɻʆ ɼɸɺʃɽʅʀʗ ʇʆ ɿɸʐʋʄʃɪʅʅʓʄ ɺʈɽʄɽʅʅʓʄ 
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ɸʚʪʦʥʦʤʥʘʷ ʨʝʛʫʣʷʮʠʠ ʢʨʦʚʦʦʙʨʘʱʝʥʠʷ ʠʛʨʘʝʪ ʢʣʶʯʝʚʫʶ ʨʦʣʴ ʚ ʧʦʜʜʝʨʞʘ-

ʥʠʠ ʛʦʤʝʦʩʪʘʟʘ [1]. ʆʙʰʠʨʥʳʡ ʧʣʘʩʪ ʨʘʙʦʪʘ ʧʦʢʘʟʘʣ ʮʝʣʝʩʦʦʙʨʘʟʥʦʩʪʴ ʠ ʧʨʘʢʪʠʯʝ-

ʩʢʫʶ ʧʦʣʴʟʫ ʦʪ ʨʘʩʩʤʦʪʨʝʥʠ ̫ɻ ʪʦʡ ʩʠʩʪʝʤʳ ʚʠʜʝ ʛʝʥʝʨʘʪʦʨʘ ʩ ʦʪʨʠʮʘʪʝʣʴʥʦʡ ʟʘʧʘʟ-

ʜʳʚʘʶʱʝʡ ʦʙʨʘʪʥʦʡ ʩʚʷʟʴʶ [2, 3], ʢʦʪʦʨʳʡ ʜʝʤʦʥʩʪʨʠʨʫʝʪ ʫʩʪʦʡʯʠʚʳʝ ʧʝʨʠʦʜʠʯʝ-

ʩʢʠʝ ʢʦʣʝʙʘʥʠʷ ʩ ʯʘʩʪʦʪʦʡ 0.1 ɻʮ. ɼʘʥʥʘʷ ʩʠʩʪʝʤʘ ʩʚʷʟʘʥʘ ʩ ʜʳʭʘʪʝʣʴʥʦʡ ʩʠʩʪʝʤʦʡ, 

ʚ ʧʨʦʩʪʝʡʰʝʤ ʩʣʫʯʘʝ ʜʳʭʘʥʠʝ ʤʦʞʝʪ ʙʳʪʴ ʨʘʩʩʤʦʪʨʝʥʦ ʢʘʢ ʚʥʝʰʥʝʝ ʚʦʟʜʝʡʩʪʚʠʝ: 

() () ( ) ( )( )( ) ()M t th ,M t M t M t kR te a b t g t=- + - + - +                          (1) 

ʛʜʝ M ï ʜʠʥʘʤʠʯʝʩʢʘʷ ʧʝʨʝʤʝʥʥʘʷ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʘʷ ʩʨʝʜʥʝʤʫ ʘʨʪʝʨʠʘʣʴʥʦʤʫ ʜʘʚ-

ʣʝʥʠʶ, Ű = 3.6 ʩʝʢʫʥʜʳ ï ʚʨʝʤʷ ʟʘʧʘʟʜʳʚʘʥʠʷ ʚ ʧʝʪʣʝ ʦʙʨʘʪʥʦʡ ʩʚʷʟʠ, ʠʥʝʨʮʠʦʥ-

ʥʦʩʪʴ Ů = 2; Ŭ = -1.65, ɓ = 1, ɔ = 0.03 - ʧʘʨʘʤʝʪʨʳ ʥʝʣʠʥʝʡʥʦʡ ʬʫʥʢʮʠʠ; k = 0.25 ï 

ʢʦʵʬʬʠʮʠʝʥʪ ʦʪʨʘʞʘʶʱʠʡ ʚʦʟʜʝʡʩʪʚʠʝ ʩʠʛʥʘʣʘ ʜʳʭʘʥʠʷ R(t). ɺ ʢʘʯʝʩʪʚʝ ʩʠʛʥʘʣʘ 

ʜʳʭʘʥʠʷ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʡ ʩʠʛʥʘʣ, ʟʘʨʝʛʠʩʪʨʠʨʦʚʘʥʥʳʡ ʪʝʥʟʦʤʝʪ-

ʨʠʯʝʩʢʠʤ ʜʘʪʯʠʢʦʤ, ʟʘʪʝʤ ʦʙʨʘʙʦʪʘʥʥʳʡ ʧʦʣʦʩʦʚʳʤ ʬʠʣʴʪʨʦʤ. ʄʦʜʝʣʴ (1) ʦʧʠʨʘ-

ʝʪʩʷ ʥʘ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʨʝʟʫʣʴʪʘʪʳ [4], ʥʘʤʠ ʚ ʤʦʜʝʣʴ ʙʳʣ ʜʦʙʘʚʣʝʥ ʛʝʩʪʝʨʝʟʠʩ 

ʩʠʛʤʦʠʜʘʣʴʥʦʡ ʧʝʨʝʜʘʪʦʯʥʦʡ ʬʫʥʢʮʠʠ, ʪʘʢ ʞʝ ʥʘʙʣʶʜʘʝʤʳʡ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ, ʠ 

ʚʦʟʜʝʡʩʪʚʠʝ ʜʳʭʘʥʠʷ. ʋʨʘʚʥʝʥʠʝ ʨʝʰʘʣʦʩʴ ʤʝʪʦʜʦʤ ʕʡʣʝʨʘ ʩ ʰʘʛʦʤ ʠʥʪʝʛʨʠʨʦʚʘ-

ʥʠʷ 0.001 ʩʝʢʫʥʜʳ. ʇʘʨʘʤʝʪʨʳ ʤʦʜʝʣʴʥʦʛʦ ʫʨʘʚʥʝʥʠʷ (1) ʦʙʣʘʜʘʶʪ ʬʠʟʠʦʣʦʛʠʯʝ-

ʩʢʠʤ ʟʥʘʯʝʥʠʝʤ, ʠ ʨʝʰʝʥʠʝ ʟʘʜʘʯʠ ʠʭ ʨʝʢʦʥʩʪʨʫʢʮʠʠ ʧʦ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤ ʚʨʝ-

ʤʝʥʥʳʤ ʨʷʜʘʤ ʩʨʝʜʥʝʛʦ ʘʨʪʝʨʠʘʣʴʥʦʛʦ ʜʘʚʣʝʥʠʷ ʧʨʝʜʩʪʘʚʣʷʝʪ ʟʥʘʯʠʪʝʣʴʥʳʡ ʠʥʪʝ-

ʨʝʩ ʜʣʷ ʤʝʜʠʮʠʥʩʢʦʡ ʜʠʘʛʥʦʩʪʠʢʠ. 

ʈʝʢʦʥʩʪʨʫʢʮʠʷ ʦʩʫʱʝʩʪʚʣʷʣʘʩʴ ʤʦʜʠʬʠʢʘʮʠʝʡ ʤʝʪʦʜʘ [5] ʠ ʤʦʞʝʪ ʙʳʪʴ ʨʘʟ-

ʙʠʪʘ ʥʘ ʜʚʘ ʵʪʘʧʘ. ʅʘ ʧʝʨʚʦʤ ʵʪʘʧʝ ʜʳʭʘʥʠʝ ʧʦʣʥʦʩʪʴʶ ʠʩʢʣʶʯʘʣʦʩʴ ʠʟ ʨʘʩʩʤʦʪʨʝ-

ʥʠʷ. ɸʥʘʣʠʟʠʨʫʝʤʳʡ ʚʨʝʤʝʥʥʦʡ ʨʷʜ ʦʙʨʘʙʘʪʳʚʘʣʩʷ ʛʨʝʙʝʥʯʘʪʳʤ ʬʠʣʴʪʨʦʤ, ʧʨʦ-

ʧʫʩʢʘʣ ʦʩʥʦʚʥʫʶ ʯʘʩʪʦʪʫ ʘʚʪʦʢʦʣʝʙʘʥʠʡ ʩʠʩʪʝʤʳ ʠ ʝʸ 3-ʶ ʛʘʨʤʦʥʠʢʫ ʠ ʧʦʜʘʚʣʷʣ 

ʯʘʩʪʦʪʳ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʜʳʭʘʥʠʶ. ɺʨʝʤʝʥʥʦʡ ʨʷʜ ʧʨʦʝʮʠʨʦʚʘʣʩʷ ʚ ʧʨʦʩʪʨʘʥ-

ʩʪʚʦ ʩ ʢʦʦʨʜʠʥʘʪʘʤʠ [() () ( ) ( )tgte ¡-¡+¡-+¡ tMtMtMtM "" ; ], ʛʜʝ e¡, t¡, g¡ - ʧʨʦʙʥʳʝ 
ʟʥʘʯʝʥʠʷ ʧʘʨʘʤʝʪʨʦʚ Ů, Ű, ɔ. ɼʘʣʝʝ ʧʨʦʚʦʜʠʣʩʷ ʧʨʷʤʦʡ ʧʝʨʝʙʦʨ ʜʘʥʥʳʭ ʧʘʨʘʤʝʪʨʦʚ 

ʩ ʧʘʨʘʣʣʝʣʴʥʳʤ ʥʘʙʣʶʜʝʥʠʝʤ ʜʣʠʥʳ ʣʦʤʘʥʦʡ ʣʠʥʠʠ, ʩʦʝʜʠʥʷʶʱʝʡ ʪʦʯʢʠ ʧʨʦʝʢ-

ʮʠʠ. ɺ ʩʣʫʯʘʝ ʧʦʣʥʦʛʦ ʩʦʦʪʚʝʪʩʪʚʠʷ ʧʨʦʙʥʳʭ ʠ ʠʩʪʠʥʥʳʭ ʧʘʨʘʤʝʪʨʦʚ, ʧʨʦʝʢʮʠʷ 

ʧʨʠʦʙʨʝʪʘʣʘ ʚʠʜ ʥʝʣʠʥʝʡʥʦʡ ʬʫʥʢʮʠʠ, ʘ ʜʣʠʪʝʣʴʥʦʩʪʴ ʣʦʤʘʥʥʦʡ ʩʪʘʥʦʚʠʣʘʩʴ ʤʠ-



45                       ʉʙʦʨʥʠʢ ʪʨʫʜʦʚ XX ɺʩʝʨʦʩʩʠʡʩʢʦʡ ʢʦʥʬʝʨʝʥʮʠʠ ʤʦʣʦʜʳʭ ʫʯʝʥʳʭ              

ʥʠʤʘʣʴʥʦʡ. ɿʘʪʝʤ ʥʝʣʠʥʝʡʥʘʷ ʬʫʥʢʮʠʷ ʚʠʜʘ () ( )xxy ba ¡¡= th  ʧʦʜʛʦʥʷʣʘʩʴ ʢ ʧʦʣʫ-

ʯʝʥʥʦʡ ʧʨʦʝʢʮʠʠ ʤʝʪʦʜʦʤ ʥʘʠʤʝʥʴʰʠʭ ʢʚʘʜʨʘʪʦʚ, ʩ ʮʝʣʴʶ ʦʮʝʥʠʪʴ ʧʘʨʘʤʝʪʨʳ Ŭ ʠ 

ɓ. 

ɺʪʦʨʳʤ ʵʪʘʧʦʤ ʙʳʣʘ ʨʝʢʦʥʩʪʨʫʢʮʠʷ ʧʘʨʘʤʝʪʨʘ k. ʇʨʦʮʝʩʩ ʨʝʢʦʥʩʪʨʫʢʮʠʠ ʢʘ-

ʯʝʩʪʚʝʥʥʦ ʧʦʚʪʦʨʷʣ ʧʨʦʮʝʩʩ ʨʝʢʦʥʩʪʨʫʢʮʠʠ ʧʘʨʘʤʝʪʨʦʚ Ů, Ű, ɔ, ʠ ʟʘʢʣʶʯʘʣʩʷ ʚ ʧʨʦ-

ʝʮʠʨʦʚʘʥʠʠ ʚʨʝʤʝʥʥʦʛʦ ʨʷʜʘ ʚ ʧʨʦʩʪʨʘʥʩʪʚʦ [

() () () ( ) ( )Ĕ ĔĔ Ĕ;M t M t k R t M t M te t g t¡+ + - + -], Ĕ ĔĔ, ,e t g - ʟʥʘʯʝʥʠʷ ʧʘʨʘʤʝʪʨʦʚ ʨʝʢʦʥ-

ʩʪʨʫʠʨʦʚʘʥʥʳʝ ʥʘ ʧʨʝʜʰʝʩʪʚʫʶʱʝʤ ʵʪʘʧʝ, k¡- ʧʨʦʙʥʦʝ ʟʥʘʯʝʥʠʝ ʧʘʨʘʤʝʪʨʘ. ʀʩ-

ʧʦʣʴʟʦʚʘʣʩʷ ʚʨʝʤʝʥʥʦʡ ʨʷʜ, ʦʙʨʘʙʦʪʘʥʥʳʡ ʧʦʣʦʩʦʚʳʤ ʬʠʣʴʪʨʦʤ, ʢʦʪʦʨʳʡ ʧʨʦʧʫʩ-

ʢʘʣ ʯʘʩʪʦʪʳ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʜʳʭʘʥʠʶ. 

ʄʝʪʦʜ ʪʝʩʪʠʨʦʚʘʣʩʷ ʥʘ ʚʨʝʤʝʥʥʳʭ ʨʷʜʘʭ ʫʨʘʚʥʝʥʠʷ (1), ʩʛʝʥʝʨʠʨʦʚʘʥʥʳʭ ʚ 

ʧʨʠʩʫʪʩʪʚʠʠ ʠʟʤʝʨʠʪʝʣʴʥʳʭ ʰʫʤʦʚ ʠ ʮʚʝʪʥʳʭ ʰʫʤʦʚ ʚ ʜʠʥʘʤʠʢʝ, ʢʦʪʦʨʳʝ ʧʝʨʝʜʘ-

ʚʘʣʠ ʩʧʝʢʪʨʘʣʴʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʰʫʤʦʚ ʚ ʨʝʘʣʴʥʳʭ ʢʘʨʜʠʦʣʦʛʠʯʝʩʢʠʭ ʩʠʛʥʘʣʘʭ. 

ʆʰʠʙʢʘ ʦʮʝʥʢʠ ʥʘʠʙʦʣʝʝ ʚʘʞʥʦʛʦ ʧʘʨʘʤʝʪʨʘ Ű ʥʝ ʧʨʝʚʳʰʘʣʘ 5% ʧʨʠ ʠʟʤʝʨʠʪʝʣʴ-

ʥʳʭ ʰʫʤʘʭ ʜʦ 5% ʠ ʰʫʤʘʭ ʚ ʜʠʥʘʤʠʢʝ ʜʦ 50%. ʋʨʦʚʝʥʴ ʰʫʤʘ ʦʮʝʥʠʚʘʣʩʷ ʢʘʢ ʦʪ-

ʥʦʰʝʥʠʝ ʜʠʩʧʝʨʩʠʠ ʰʫʤʘ ʢ ʜʠʩʧʝʨʩʠʠ ʥʝ ʟʘʰʫʤʣʸʥʥʦʛʦ ʩʠʛʥʘʣʘ. ʇʨʠ ʵʪʦʤ ʨʝʢʦʥ-

ʩʪʨʫʢʮʠʷ ʧʨʦʠʟʚʦʜʠʣʘʩʴ ʧʦ ʫʯʘʩʪʢʘʤ ʚʨʝʤʝʥʥʦʛʦ ʨʷʜʘ ʜʣʠʪʝʣʴʥʦʩʪʴʶ ʪʨʠ ʧʝʨʠʦʜʘ 

ʢʦʣʝʙʘʥʠʡ ʩ ʧʦʩʣʝʜʫʶʱʠʤ ʫʩʨʝʜʥʝʥʠʝʤ ʧʦ ʚʨʝʤʝʥʥʦʤʫ ʨʷʜʫ. 
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ʄʠʢʨʦʧʣʘʟʤʝʥʥʳʡ ʧʨʦʙʦʡ - ʵʪʦ ʣʦʢʘʣʴʥʦʝ ʷʚʣʝʥʠʝ, ʧʨʦʠʩʭʦʜʷʱʝʝ ʚ ʦʙʣʘʩʪʷʭ 

p-n-ʧʝʨʝʭʦʜʘ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʦʛʦ ʧʨʠʙʦʨʘ (ʇʇʇ) ʧʨʠ ʧʨʠʣʦʞʝʥʠʠ ʦʙʨʘʪʥʦʛʦ 

ʥʘʧʨʷʞʝʥʠʷ ʚʳʰʝ ʧʦʨʦʛʦʚʦʛʦ. ʆʥ ʩʦʧʨʦʚʦʞʜʘʝʪʩʷ ʠʤʧʫʣʴʩʘʤʠ ʣʘʚʠʥʥʦʛʦ ʪʦʢʘ ʯʝ-

ʨʝʟ ʩʪʨʫʢʪʫʨʫ ʠ ʤʦʞʝʪ ʧʨʠʚʦʜʠʪʴ ʢ ʚʦʟʥʠʢʥʦʚʝʥʠʶ ʠʤʧʫʣʴʩʥʦʛʦ ʦʧʪʠʯʝʩʢʦʛʦ ʠʟ-

ʣʫʯʝʥʠʷ. ʆʧʪʠʯʝʩʢʦʝ ʠʟʣʫʯʝʥʠʝ ʤʠʢʨʦʧʣʘʟʤ (ʄʇ) ʦʙʫʩʣʦʚʣʝʥʦ ʨʝʢʦʤʙʠʥʘʮʠʝʡ ʥʦ-

ʩʠʪʝʣʝʡ ʟʘʨʷʜʘ, ʘ ʪʘʢʞʝ ʧʝʨʝʭʦʜʘʤʠ ʤʝʞʜʫ ʣʦʢʘʣʠʟʦʚʘʥʥʳʤʠ ʩʦʩʪʦʷʥʠʷʤʠ, ʩʚʷʟʘʥ-

ʥʳʤʠ ʩ ʜʝʬʝʢʪʘʤʠ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʸʪʢʠ. ɼʘʥʥʦʝ ʠʟʣʫʯʝʥʠʝ ʥʦʩʠʪ ʬʣʫʢʪʫʠʨʫ-

ʶʱʠʡ ʭʘʨʘʢʪʝʨ ʠ ʩʦʜʝʨʞʠʪ ʠʥʬʦʨʤʘʮʠʶ ʦ ʛʝʥʝʨʘʮʠʦʥʥʦ-ʨʝʢʦʤʙʠʥʘʮʠʦʥʥʳʭ ʧʨʦ-

ʮʝʩʩʘʭ ʚ ʜʝʬʝʢʪʥʳʭ ʦʙʣʘʩʪʷʭ p-n ʧʝʨʝʭʦʜʦʚ, ʯʪʦ ʜʝʣʘʝʪ ʚʦʟʤʦʞʥʳʤ ʝʛʦ ʠʩʧʦʣʴʟʦ-

ʚʘʥʠʝ ʜʣʷ ʘʥʘʣʠʟʘ ʜʝʬʝʢʪʦʚ, ʥʝʦʜʥʦʨʦʜʥʦʩʪʝʡ ʠ ʧʨʦʮʝʩʩʦʚ ʜʝʛʨʘʜʘʮʠʠ ʚ ʧʨʠʙʦʨʝ. 

ʃʶʤʠʥʝʩʮʝʥʮʠʷ, ʚʦʟʥʠʢʘʶʱʘʷ ʚ ʨʝʞʠʤʝ ʄʇ-ʧʨʦʙʦʷ, ʦʙʥʘʨʫʞʝʥʘ ʚ ʨʘʟʣʠʯ-

ʥʳʭ ʢʣʘʩʩʘʭ ʇʇʇ: ʩʚʝʪʦʜʠʦʜʘʭ [1, 2], ʬʦʪʦʜʠʦʜʘʭ (ʚ ʪʦʤ ʯʠʩʣʝ ʥʘ ʦʩʥʦʚʝ ʥʠʪʨʠʜʘ 

ʛʘʣʣʠʷ) [3], ʪʨʘʥʟʠʩʪʦʨʘʭ [4] ʠ ʜʨ., ʚʳʧʦʣʥʝʥʥʳʭ ʧʦ ʨʘʟʣʠʯʥʳʤ ʪʝʭʥʦʣʦʛʠʷʤ ʠ ʥʘ 

ʦʩʥʦʚʝ ʨʘʟʥʦʦʙʨʘʟʥʳʭ ʤʘʪʝʨʠʘʣʦʚ. 

ɼʣʷ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ ʬʣʫʢʪʫʘʮʠʡ ʣʶʤʠʥʝʩʮʝʥʮʠʠ ʦʪʜʝʣʴ-

ʥʳʭ ʄʇ ʠ ʠʭ ʩʚʷʟʠ ʩ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʤ ʨʘʩʧʨʝʜʝʣʝʥʠʝʤ ʜʝʬʝʢʪʦʚ ʚ ʇʇʇ-ʩʪʨʫʢʪʫ-

ʨʘʭ ʘʚʪʦʨʘʤʠ ʨʘʟʨʘʙʦʪʘʥʘ ʠʟʤʝʨʠʪʝʣʴʥʘʷ ʫʩʪʘʥʦʚʢʘ, ʧʦʟʚʦʣʷʶʱʘʷ ʨʝʛʠʩʪʨʠʨʦʚʘʪʴ 

ʠʟʣʫʯʝʥʠʝ ʣʦʢʘʣʴʥʳʭ ʦʙʣʘʩʪʝʡ ʢʨʠʩʪʘʣʣʘ ʇʇʇ ʚ ʨʝʞʠʤʝ ʄʇ ʧʨʦʙʦʷ ʚʠʜʝʦʢʘʤʝʨʦʡ 

ʩ ʚʳʩʦʢʠʤ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʤ ʠ ʩʧʝʢʪʨʘʣʴʥʳʤ ʨʘʟʨʝʰʝʥʠʝʤ ʩ ʯʘʩʪʦʪʦʡ 20 ʢʘʜʨʦʚ ʚ 

ʩʝʢʫʥʜʫ, ʧʦʜʨʦʙʥʦ ʦʧʠʩʘʥʥʘʷ ʚ ʨʘʙʦʪʝ [5]. 

ɺ ʢʘʯʝʩʪʚʝ ʦʙʲʝʢʪʦʚ ʠʩʩʣʝʜʦʚʘʥʠʷ ʚʳʙʨʘʥʳ ʩʝʨʠʡʥʦ ʚʳʧʫʩʢʘʝʤʳʝ ʤʦʱʥʳʝ 

InGaN/GaN ʟʝʣʝʥʳʝ XREGRN-L1-0000-00P01 ʠ ʩʠʥʠʝ XREBLU-L1-0000-00K01 

ʩʚʝʪʦʜʠʦʜʳ, ʘ ʪʘʢʞʝ AlGaN/GaN ʬʦʪʦʜʠʦʜʳ GUVA-T11GD-L ʠ ʢʨʝʤʥʠʝʚʳʝ ʪʨʘʥ-

ʟʠʩʪʦʨʳ ʂʊ504 ʠ ʂʊ819. ʇʨʠ ʠʩʩʣʝʜʦʚʘʥʠʠ ʪʨʘʥʟʠʩʪʦʨʥʳʭ ʩʪʨʫʢʪʫʨ ʦʙʨʘʟʥʦʝ ʩʤʝ-

ʱʝʥʠʝ ʧʨʠʢʣʘʜʳʚʘʣʦʩʴ ʢ ʧʝʨʝʭʦʜʫ ʙʘʟʘ ï ɻ ʤʠʪʪʝʨ.  

ʄʝʪʦʜʠʢʘ ʠʟʤʝʨʝʥʠʷ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʠʟʣʫʯʝʥʠʷ ʄʇ ʟʘʢʣʶʯʘʣʘʩʴ ʚ ʩʣʝʜʫʶʱʝʤ. 

ʅʘ ʠʩʩʣʝʜʫʝʤʳʡ ʇʇʇ ʧʦʜʘʝʪʩʷ ʦʙʨʘʪʥʦʝ ʥʘʧʨʷʞʝʥʠʝ ʚ ʜʠʘʧʘʟʦʥʝ ʦʪ 8 ʜʦ 30 ɺ (ʦʪ 

100 ʜʦ 200 ɺ ʜʣʷ ʬʦʪʦʜʠʦʜʥʳʭ ʩʪʨʫʢʪʫʨ) ʩʪʫʧʝʥʯʘʪʦ ʩ ʰʘʛʦʤ 7,3 ʤɺ (50 ʤɺ ʜʣʷ 

ʬʦʪʦʜʠʦʜʥʳʭ ʩʪʨʫʢʪʫʨ) ʜʦ ʪʝʭ ʧʦʨ, ʧʦʢʘ ʚʠʜʝʦʢʘʤʝʨʘ ʥʝ ʟʘʬʠʢʩʠʨʦʚʘʣʘ ʥʘʯʘʣʦ 

ʄʇ-ʧʨʦʙʦʷ. ʇʦʩʣʝ ʧʦʷʚʣʝʥʠʷ ʩʪʘʙʠʣʴʥʦʛʦ ʄʇ ʧʨʦʙʦʷ ʵʣʝʢʪʨʠʯʝʩʢʠʡ ʨʝʞʠʤ ʇʇʇ 

ʬʠʢʩʠʨʦʚʘʣʩʷ ʠ ʚʳʧʦʣʥʷʣʩʷ ʟʘʭʚʘʪ ʩʝʨʠʠ ʠʟʦʙʨʘʞʝʥʠʡ ʦʪʜʝʣʴʥʦʡ ʄʇ ʩ ʯʘʩʪʦʪʦʡ 

20 ʢʘʜʨʦʚ ʚ ʩʝʢʫʥʜʫ. ʆʙʨʘʙʦʪʢʘ ʠʟʦʙʨʘʞʝʥʠʡ ʦʩʫʱʝʩʪʚʣʷʣʘʩʴ ʚ ʧʨʦʛʨʘʤʤʝ, ʥʘʧʠ-

ʩʘʥʥʦʡ ʚ ʠʥʪʝʨʘʢʪʠʚʥʦʡ ʩʨʝʜʝ ʚʳʯʠʩʣʝʥʠʡ MATLAB. ʅʘ ʦʩʥʦʚʝ ʧʦʣʫʯʝʥʥʳʭ ʜʘʥ-

ʥʳʭ ʬʦʨʤʠʨʦʚʘʣʠʩʴ ʚʨʝʤʝʥʥʳʝ ʨʷʜʳ ʜʠʩʢʨʝʪʥʳʭ ʟʥʘʯʝʥʠʡ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʠʟʣʫʯʝ-

ʥʠʷ (ʬʣʫʢʪʫʘʮʠʡ ʚʦ ʚʨʝʤʝʥʠ). ɼʘʣʝʝ ʧʫʪʝʤ ʌʫʨʴʝ-ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʚʨʝʤʝʥʥʳʭ ʨʷ-

ʜʦʚ ʨʘʩʩʯʠʪʳʚʘʣʠʩʴ ʩʧʝʢʪʨʳ ʬʣʫʢʪʫʘʮʠʡ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʠʟʣʫʯʝʥʠʷ ʄʇ ʜʠʘʧʘʟʦʥʝ 
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ʯʘʩʪʦʪ ʦʪ 0,04 ʜʦ 10 ɻʮ. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʜʣʷ ʚʩʝʭ ʠʩʩʣʝʜʦʚʘʥʥʳʭ ʦʙʨʘʟʮʦʚ ʧʨʠʙʦ-

ʨʦʚ ʩʧʝʢʪʨʳ ʬʣʫʢʪʫʘʮʠʠ ʦʧʪʠʯʝʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ ʄʇ ʠʤʝʶʪ ʚʠʜ S(f)~1 ù fɔ ʚʦ ʚʩʝʤ 

ʜʠʘʧʘʟʦʥʝ ʠʩʩʣʝʜʫʝʤʳʭ ʜʣʠʥ ʚʦʣʥ ʠʟʣʫʯʝʥʠʷ. 

ɼʣʷ ʢʘʞʜʦʛʦ ʠʩʩʣʝʜʦʚʘʥʥʦʛʦ ʦʙʨʘʟʮʘ ʙʳʣ ʦʧʨʝʜʝʣʸʥ ʧʦʢʘʟʘʪʝʣʴ ʩʪʝʧʝʥʠ ʩʧʝʢ-

ʪʨʘ ɔ, ʭʘʨʘʢʪʝʨʠʟʫʶʱʠʡ ʩʧʝʢʪʨ ʦʧʪʠʯʝʩʢʦʛʦ ʰʫʤʘ. ʇʦʣʫʯʝʥʥʳʝ ʟʥʘʯʝʥʠʷ ɔ ʧʨʝʜ-

ʩʪʘʚʣʝʥʳ ʚ ʩʚʦʜʥʦʡ ʪʘʙʣʠʮʝ 1.  

ʊʘʙʣʠʮʘ 1 

ʊʠʧ ʧʦʣʫʧʨʦʚʦʜʥʠ-

ʢʦʚʦʛʦ ʧʨʠʙʦʨʘ 

ʈʝʞʠʤ ʧʦʜʜʝʨʞʘʥʠʷ ʄʇ ʧʨʦʙʦʷ  ɿʥʘʯʝʥʠʝ ʧʦʢʘʟʘ-

ʪʝʣʷ ʩʪʝʧʝʥʠ ɔ 

ʩʧʝʢʪʨʘ ʬʣʫʢʪʫʘ-

ʮʠʡ 

ʆʙʨʘʪʥʦʝ ʥʘʧʨʷ-

ʞʝʥʠʝ, Uʦʙʨ (ɺ) 

ʆʙʨʘʪʥʳʡ ʪʦʢ, 

Iʦʙʨ (ʤʢɸ) 

XREGRN-L1-0000-

00P01 

ʦʪ 19 ʜʦ 23 ʦʪ 2 ʜʦ 10 ʦʪ 0,9 ʜʦ 0,76 

XREBLU-L1-0000-

00K01 

ʦʪ 20 ʜʦ 23 ʦʪ 2 ʜʦ 10 å 0.8 

ʂʊ504 ʦʪ 10 ʜʦ 12 ʦʪ 10 ʜʦ 120 ʦʪ 1,1 ʜʦ 1 

ʂʊ819 ʦʪ 9 ʜʦ 12  ʦʪ 200 ʜʦ 1200 

GUVA-T11GD-L ʦʪ 145 ʜʦ 155  å 0,9 

 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʨʘʩʩʤʦʪʨʝʥʳ ʦʩʦʙʝʥʥʦʩʪʠ ʠ ʨʝʞʠʤʳ ʚʦʟʥʠʢʥʦʚʝʥʠʷ ʄʇ ʧʨʦ-

ʙʦʷ ʠ ʬʣʫʢʪʫʘʮʠʡ ʦʧʪʠʯʝʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ, ʚʦʟʥʠʢʘʶʱʠʝ ʚ ʨʘʟʣʠʯʥʳʭ ʧʦʣʫʧʨʦʚʦʜ-

ʥʠʢʦʚʳʭ ʩʪʨʫʢʪʫʨʘʭ. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʢʘʢ ʠʥʪʝʥʩʠʚʥʦʩʪʴ, ʪʘʢ ʠ ʩʧʝʢʪʨʘʣʴʥʳʝ 

ʩʚʦʡʩʪʚʘ ʠʟʣʫʯʝʥʠʷ ʩʫʱʝʩʪʚʝʥʥʦ ʟʘʚʠʩʷʪ ʦʪ ʪʠʧʘ ʇʇʇ ʩʪʨʫʢʪʫʨʳ ʠ ʦʪ ʦʙʨʘʪʥʦʛʦ 

ʪʦʢʘ (ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ ʦʙʨʘʪʥʦʛʦ ʪʦʢʘ ʟʥʘʯʝʥʠʝ ʧʦʢʘʟʘʪʝʣʷ ɔ ʫʤʝʥʴʰʘʝʪʩʷ). ʇʦʣʫ-

ʯʝʥʥʳʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʧʦʜʪʚʝʨʞʜʘʶʪ ʥʘʣʠʯʠʝ ʫʩʪʦʡʯʠʚʦʡ ʚʟʘʠ-

ʤʦʩʚʷʟʠ ʤʝʞʜʫ ʧʘʨʘʤʝʪʨʘʤʠ ʬʣʫʢʪʫʘʮʠʡ ʦʧʪʠʯʝʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ ʠ ʵʣʝʢʪʨʠʯʝʩʢʠʤʠ 

ʫʩʣʦʚʠʷʤʠ ʧʨʦʙʦʷ, ʯʪʦ ʦʪʢʨʳʚʘʝʪ ʚʦʟʤʦʞʥʦʩʪʠ ʜʣʷ ʨʘʟʨʘʙʦʪʢʠ ʤʝʪʦʜʠʢ ʥʝʨʘʟʨʫ-

ʰʘʶʱʝʛʦ ʢʦʥʪʨʦʣʷ ʠ ʜʠʘʛʥʦʩʪʠʢʠ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʭ ʧʨʠʙʦʨʦʚ. 

 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʧʦʜʜʝʨʞʢʝ ʄʠʥʦʙʨʥʘʫʢʠ ʈʌ ʚ ʨʘʤʢʘʭ ɻʦʩʫʜʘʨ-

ʩʪʚʝʥʥʦʛʦ ʟʘʜʘʥʠʷ ʀʈʕ ʠʤ.ɺ.ɸ.ʂʦʪʝʣʴʥʠʢʦʚʘ ʈɸʅ (FFWZ-2025-0001). 
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ɻʨʘʬʝʥ ʩʦʭʨʘʥʷʝʪ ʩʪʘʪʫʩ ʠʩʢʣʶʯʠʪʝʣʴʥʦ ʧʝʨʩʧʝʢʪʠʚʥʦʛʦ ʬʫʥʢʮʠʦʥʘʣʴʥʦʛʦ 

ʤʘʪʝʨʠʘʣʘ ʜʣʷ ʤʠʢʨʦʵʣʝʢʪʨʦʥʠʢʠ ʢʘʢ ʚ ʪʝʢʫʱʠʭ ʨʘʟʨʘʙʦʪʢʘʭ, ʪʘʢ ʠ ʚ ʧʨʦʛʥʦʟʘʭ ʥʘ 

ʙʫʜʫʱʝʝ [1,2]. ɽʛʦ ʧʨʠʤʝʥʝʥʠʝ ʚ ʥʘʥʦʵʣʝʢʪʨʦʥʠʢʝ ʦʪʢʨʳʚʘʝʪ ʰʠʨʦʢʠʝ ʚʦʟʤʦʞʥʦ-

ʩʪʠ ʜʣʷ ʩʦʟʜʘʥʠʷ ʤʥʦʞʝʩʪʚʘ ʫʩʪʨʦʡʩʪʚ, ʚʢʣʶʯʘʷ ʪʨʘʥʟʠʩʪʦʨʳ ʥʦʚʦʛʦ ʧʦʢʦʣʝʥʠʷ, 

ʵʬʬʝʢʪʠʚʥʳʝ ʩʚʝʪʦʜʠʦʜʳ, ʛʠʙʢʠʝ ʜʠʩʧʣʝʡʥʳʝ ʪʝʭʥʦʣʦʛʠʠ ʠ ʚʳʩʦʢʦʯʫʚʩʪʚʠʪʝʣʴ-

ʥʳʝ ʩʝʥʩʦʨʥʳʝ ʩʠʩʪʝʤʳ [3,4]. ʄʘʪʝʨʠʘʣ ʜʝʤʦʥʩʪʨʠʨʫʝʪ ʚʳʜʘʶʱʠʝʩʷ ʭʘʨʘʢʪʝʨʠ-

ʩʪʠʢʠ, ʦʩʦʙʝʥʥʦ ʚʦʩʪʨʝʙʦʚʘʥʥʳʝ ʚ ʛʘʟʦʚʦʡ ʜʝʪʝʢʮʠʠ: ʵʢʩʪʨʝʤʘʣʴʥʘʷ ʯʫʚʩʪʚʠʪʝʣʴ-

ʥʦʩʪʴ ʧʦʚʝʨʭʥʦʩʪʠ, ʤʠʥʠʤʘʣʴʥʦʝ ʵʣʝʢʪʨʠʯʝʩʢʦʝ ʩʦʧʨʦʪʠʚʣʝʥʠʝ ʠ ʚʳʩʦʢʘʷ ʧʦʚʝʨʭ-

ʥʦʩʪʥʘʷ ʨʝʘʢʮʠʦʥʥʘʷ ʩʧʦʩʦʙʥʦʩʪʴ ʧʦʟʠʮʠʦʥʠʨʫʶʪ ʝʛʦ ʢʘʢ ʠʜʝʘʣʴʥʫʶ ʧʣʘʪʬʦʨʤʫ 

ʜʣʷ ʦʙʥʘʨʫʞʝʥʠʷ ʨʘʟʥʦʦʙʨʘʟʥʳʭ ʛʘʟʦʚ. ɻʘʟʦʚʳʝ ʩʝʥʩʦʨʳ, ʦʩʥʦʚʘʥʥʳʝ ʥʘ ʛʨʘʬʝʥʝ, 

ʚʳʜʝʣʷʶʪʩʷ ʩʚʦʝʡ ʵʥʝʨʛʦʵʬʬʝʢʪʠʚʥʦʩʪʴʶ, ʢʦʤʧʘʢʪʥʦʩʪʴʶ ʠ ʦʪʩʫʪʩʪʚʠʝʤ ʥʝʦʙʭʦ-

ʜʠʤʦʩʪʠ ʚ ʧʦʜʦʛʨʝʚʝ ʜʣʷ ʘʢʪʠʚʘʮʠʠ [5,6]. ʂʣʶʯʝʚʳʝ ʧʨʝʠʤʫʱʝʩʪʚʘ ʛʨʘʬʝʥʘ ʚ ʩʝʥ-

ʩʦʨʠʢʝ ʦʭʚʘʪʳʚʘʶʪ ʝʛʦ ʚʳʩʦʢʫʶ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴ ʢ ʰʠʨʦʢʦʤʫ ʩʧʝʢʪʨʫ ʛʘʟʦʚʳʭ ʩʦ-

ʝʜʠʥʝʥʠʡ, ʩʧʦʩʦʙʥʦʩʪʴ ʢ ʦʯʝʥʴ ʙʳʩʪʨʦʤʫ ʦʪʢʣʠʢʫ ʥʘ ʠʟʤʝʥʝʥʠʷ ʦʢʨʫʞʘʶʱʝʡ 

ʩʨʝʜʳ, ʩʪʘʙʠʣʴʥʫʶ ʨʘʙʦʪʫ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʠ ʦʪʥʦʩʠʪʝʣʴʥʫʶ ʧʨʦʩʪʦʪʫ 

ʠʥʪʝʛʨʘʮʠʠ ʩ ʜʨʫʛʠʤʠ ʵʣʝʢʪʨʦʥʥʳʤʠ ʢʦʤʧʦʥʝʥʪʘʤʠ [7]. ɼʦʧʦʣʥʠʪʝʣʴʥʳʤ ʬʘʢʪʦ-

ʨʦʤ, ʟʥʘʯʠʪʝʣʴʥʦ ʫʩʠʣʠʚʘʶʱʠʤ ʩʝʥʩʦʨʥʳʡ ʧʦʪʝʥʮʠʘʣ, ʷʚʣʷʝʪʩʷ ʦʛʨʦʤʥʘʷ ʫʜʝʣʴʥʘʷ 

ʧʣʦʱʘʜʴ ʧʦʚʝʨʭʥʦʩʪʠ ʛʨʘʬʝʥʘ. ʕʪʦ ʩʚʦʡʩʪʚʦ ʩʫʱʝʩʪʚʝʥʥʦ ʧʦʚʳʰʘʝʪ ʚʝʨʦʷʪʥʦʩʪʴ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʩ ʤʦʣʝʢʫʣʘʤʠ ʮʝʣʝʚʳʭ ʛʘʟʦʚ, ʯʪʦ ʚ ʩʦʚʦʢʫʧʥʦʩʪʠ ʧʦʟʚʦʣʷʝʪ ʜʝʪʝʢ-

ʪʠʨʦʚʘʪʴ ʜʘʞʝ ʠʭ ʩʣʝʜʦʚʳʝ ʢʦʥʮʝʥʪʨʘʮʠʠ ʚ ʘʪʤʦʩʬʝʨʝ [8]. 

ʆʜʥʘʢʦ ʩʫʱʝʩʪʚʝʥʥʳʤ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʤ ʚʳʟʦʚʦʤ ʦʩʪʘʝʪʩʷ ʨʘʟʨʘʙʦʪʢʘ ʤʝʪʦ-

ʜʦʚ ʧʦʣʫʯʝʥʠʷ ʚʳʩʦʢʦʢʘʯʝʩʪʚʝʥʥʦʛʦ, ʤʘʣʦʜʝʬʝʢʪʥʦʛʦ ʛʨʘʬʝʥʘ ʥʘ ʙʦʣʴʰʠʭ ʧʣʦʱʘ-

ʜʷʭ, ʧʦʣʥʦʩʪʴʶ ʩʦʚʤʝʩʪʠʤʳʭ ʩʦ ʩʪʘʥʜʘʨʪʥʳʤʠ ʧʨʦʮʝʩʩʘʤʠ ʤʠʢʨʦʵʣʝʢʪʨʦʥʠʢʠ. ʕʪʘ 

ʦʙʣʘʩʪʴ ʪʨʝʙʫʝʪ ʫʛʣʫʙʣʝʥʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ, ʯʪʦ ʧʦʜʯʝʨʢʠʚʘʝʪ ʚʳʩʦʢʫʶ ʘʢʪʫʘʣʴ-

ʥʦʩʪʴ ʥʘʫʯʥʳʭ ʠʟʳʩʢʘʥʠʡ, ʧʦʜʦʙʥʳʭ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ. 

ʎʝʣʴʶ ʜʘʥʥʦʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ ʙʳʣʘ ʨʘʟʨʘʙʦʪʢʘ ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʛʦ ʧʨʦʮʝʩʩʘ 

ʬʦʨʤʠʨʦʚʘʥʠʷ ʛʨʘʬʝʥʦʧʦʜʦʙʥʦʛʦ ʧʦʢʨʳʪʠʷ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʝʪʦʜʦʚ ʧʣʘʟʤʦʭʠ-

ʤʠʯʝʩʢʦʛʦ ʪʨʘʚʣʝʥʠʷ, ʧʨʝʜʥʘʟʥʘʯʝʥʥʦʛʦ ʩʧʝʮʠʘʣʴʥʦ ʜʣʷ ʩʦʟʜʘʥʠʷ ʘʢʪʠʚʥʦʛʦ ʵʣʝ-

ʤʝʥʪʘ ʩʦʨʙʮʠʦʥʥʦʛʦ ʛʘʟʦʚʦʛʦ ʜʘʪʯʠʢʘ. 

ʌʦʨʤʠʨʦʚʘʥʠʝ ʛʨʘʬʝʥʦʧʦʜʦʙʥʦʡ ʧʣʝʥʢʠ ʦʩʫʱʝʩʪʚʣʷʣʦʩʴ ʥʘ ʧʦʜʣʦʞʢʝ ʤʦʥʦ-

ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʢʘʨʙʠʜʘ ʢʨʝʤʥʠʷ (4H-SiC) ʜʠʘʤʝʪʨʦʤ 100 ʤʤ ʤʝʪʦʜʦʤ ʧʣʘʟʤʦʭʠ-

ʤʠʯʝʩʢʦʛʦ ʪʨʘʚʣʝʥʠʷ ʚ ʢʦʤʙʠʥʠʨʦʚʘʥʥʦʤ ʧʣʘʟʤʝʥʥʦʤ ʨʘʟʨʷʜʝ. ʊʘʢʦʡ ʨʘʟʨʷʜ ʠʥʪʝ-

ʛʨʠʨʫʝʪ ʠʥʜʫʢʪʠʚʥʦ-ʩʚʷʟʘʥʥʫʶ (ICP) ʠ ʝʤʢʦʩʪʥʦ-ʩʚʷʟʘʥʥʫʶ (CCP) ʧʣʘʟʤʫ, ʦʙʝʩʧʝ-

ʯʠʚʘʷ ʛʠʙʢʦʩʪʴ ʫʧʨʘʚʣʝʥʠʷ ʧʨʦʮʝʩʩʦʤ. ɼʣʷ ʜʦʩʪʠʞʝʥʠʷ ʢʨʠʪʠʯʝʩʢʠ ʚʘʞʥʦʡ ʙʝʟʜʝ-

ʬʝʢʪʥʦʩʪʠ ʢʦʥʝʯʥʦʡ ʧʣʝʥʢʠ ʚ ʨʘʙʦʪʝ ʠʩʩʣʝʜʦʚʘʣʘʩʴ ʠ ʧʨʠʤʝʥʷʣʘʩʴ ʠʥʥʦʚʘʮʠʦʥʥʘʷ 

ʪʝʭʥʦʣʦʛʠʷ ʜʚʫʭʵʪʘʧʥʦʛʦ ʧʣʘʟʤʦʭʠʤʠʯʝʩʢʦʛʦ ʪʨʘʚʣʝʥʠʷ. ʅʘ ʧʝʨʚʦʤ ʵʪʘʧʝ ʠʩʧʦʣʴ-

ʟʦʚʘʣʘʩʴ ʬʪʦʨʠʜʩʦʜʝʨʞʘʱʘʷ ʧʣʘʟʤʘ ʥʘ ʦʩʥʦʚʝ ʛʝʢʩʘʬʪʦʨʠʜʘ ʩʝʨʳ (SFϠ), ʢʦʪʦʨʘʷ 
ʦʙʝʩʧʝʯʠʚʘʝʪ ʩʝʣʝʢʪʠʚʥʦʝ ʫʜʘʣʝʥʠʝ ʢʨʝʤʥʠʝʚʦʡ ʢʦʤʧʦʥʝʥʪʳ ʩ ʧʦʚʝʨʭʥʦʩʪʠ ʢʘʨ-
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ʙʠʜʘ ʢʨʝʤʥʠʷ. ɺʪʦʨʦʡ ʵʪʘʧ ʟʘʜʝʡʩʪʚʦʚʘʣ ʢʠʩʣʦʨʦʜʩʦʜʝʨʞʘʱʫʶ ʧʣʘʟʤʫ, ʛʝʥʝʨʠʨʫʝ-

ʤʫʶ ʠʟ ʦʢʩʠʜʘ ʘʟʦʪʘ (NO), ʜʣʷ ʩʝʣʝʢʪʠʚʥʦʛʦ ʫʜʘʣʝʥʠʷ ʫʛʣʝʨʦʜʥʦʡ ʢʦʤʧʦʥʝʥʪʳ. ʇʦ-

ʩʣʝʜʦʚʘʪʝʣʴʥʦʝ ʠ ʤʥʦʛʦʢʨʘʪʥʦʝ ʧʦʚʪʦʨʝʥʠʝ ʵʪʦʛʦ ʢʦʤʙʠʥʠʨʦʚʘʥʥʦʛʦ ʮʠʢʣʘ ʪʨʘʚʣʝ-

ʥʠʷ (SFϠ / NO) ʧʦʟʚʦʣʠʣʦ ʵʬʬʝʢʪʠʚʥʦ ʫʜʘʣʠʪʴ ʩ ʧʦʚʝʨʭʥʦʩʪʠ ʧʦʜʣʦʞʢʠ ʜʝʬʝʢʪʥʳʝ 
ʩʣʦʠ SiC. ʌʘʢʪ ʫʩʧʝʰʥʦʛʦ ʫʜʘʣʝʥʠʷ ʵʪʠʭ ʩʣʦʝʚ ʙʳʣ ʧʦʜʪʚʝʨʞʜʝʥ ʠʩʩʣʝʜʦʚʘʥʠʷʤʠ 

ʤʝʪʦʜʘʤʠ ʘʪʦʤʥʦ-ʩʠʣʦʚʦʡ ʤʠʢʨʦʩʢʦʧʠʠ (ɸʉʄ), ʧʨʦʚʦʜʠʤʳʤʠ ʚ ʨʝʞʠʤʝ ʩʦʧʨʦʪʠʚ-

ʣʝʥʠʷ ʨʘʩʪʝʢʘʥʠʶ ʪʦʢʘ. ʊʦʣʴʢʦ ʧʦʩʣʝ ʵʪʦʡ ʧʦʜʛʦʪʦʚʠʪʝʣʴʥʦʡ ʧʨʦʮʝʜʫʨʳ ʦʯʠʩʪʢʠ 

ʧʦʜʣʦʞʢʘ ʧʦʜʚʝʨʛʘʣʘʩʴ ʦʢʦʥʯʘʪʝʣʴʥʦʡ ʦʙʨʘʙʦʪʢʝ ʚʦ ʬʪʦʨʩʦʜʝʨʞʘʱʝʡ ʧʣʘʟʤʝ 

(SFϠ), ʯʪʦ ʧʨʠʚʦʜʠʣʦ ʢ ʬʦʨʤʠʨʦʚʘʥʠʶ ʮʝʣʝʚʦʡ ʛʨʘʬʝʥʦʧʦʜʦʙʥʦʡ ʧʣʝʥʢʠ. 

 

ʈʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʦʣʫʯʝʥʳ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʦʙʦʨʫʜʦʚʘʥʠʷ ʆʆʆ 

"ʄʘʧʧʝʨ". 
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ʉʦʚʨʝʤʝʥʥʳʝ ʨʘʟʨʘʙʦʪʢʠ ʚ ʤʠʢʨʦ- ʠ ʥʘʥʦʵʣʝʢʪʨʦʥʠʢʝ ʜʠʢʪʫʶʪ ʥʝʦʙʭʦʜʠʤʦʩʪʴ 

ʩʦʟʜʘʥʠʷ ʤʘʪʝʨʠʘʣʦʚ ʩ ʫʥʠʢʘʣʴʥʳʤʠ, ʥʝʜʦʩʪʠʞʠʤʳʤʠ ʚ ʧʨʠʨʦʜʝ ʩʚʦʡʩʪʚʘʤʠ. ʄʝ-

ʪʘʤʘʪʝʨʠʘʣʳ, ʧʨʝʜʩʪʘʚʣʷʶʱʠʝ ʩʦʙʦʡ ʠʩʢʫʩʩʪʚʝʥʥʦ ʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʝ ʢʦʤʧʦ-

ʟʠʪʳ, ʜʝʤʦʥʩʪʨʠʨʫʶʪ ʵʢʩʪʨʘʦʨʜʠʥʘʨʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ, ʪʘʢʠʝ ʢʘʢ ʦʪʨʠʮʘʪʝʣʴʥʳʡ 

ʢʦʵʬʬʠʮʠʝʥʪ ʧʨʝʣʦʤʣʝʥʠʷ, ʥʝʣʠʥʝʡʥʳʝ ʦʧʪʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʠ ʜʨʫʛʠʝ ʥʝʦʙʳʯʥʳʝ 

ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʳʝ ʵʬʬʝʢʪʳ. ʕʪʠ ʤʘʪʝʨʠʘʣʳ ʦʪʢʨʳʚʘʶʪ ʥʦʚʳʝ ʛʦʨʠʟʦʥʪʳ ʜʣʷ ʬʦ-

ʪʦʥʠʢʠ, ʧʣʘʟʤʦʥʠʢʠ, ʩʝʥʩʦʨʥʳʭ ʪʝʭʥʦʣʦʛʠʡ ʠ ʫʩʪʨʦʡʩʪʚ ʤʘʣʦʟʘʤʝʪʥʦʩʪʠ [1]. ʊʝʤ 

ʥʝ ʤʝʥʝʝ, ʪʨʘʜʠʮʠʦʥʥʳʝ ʤʝʪʦʜʳ ʣʠʪʦʛʨʘʬʠʠ ʠ ʪʨʘʚʣʝʥʠʷ ʩʪʘʣʢʠʚʘʶʪʩʷ ʩ ʧʨʠʥʮʠ-

ʧʠʘʣʴʥʳʤʠ ʦʛʨʘʥʠʯʝʥʠʷʤʠ ʧʨʠ ʬʦʨʤʠʨʦʚʘʥʠʠ ʩʫʙʚʦʣʥʦʚʳʭ ʩʪʨʫʢʪʫʨ, ʥʝʦʙʭʦʜʠ-

ʤʳʭ ʜʣʷ ʤʝʪʘʤʘʪʝʨʠʘʣʦʚ [2]. ʇʣʘʟʤʦʭʠʤʠʯʝʩʢʦʝ ʪʨʘʚʣʝʥʠʝ ʧʨʝʜʣʘʛʘʝʪ ʟʥʘʯʠʪʝʣʴ-

ʥʳʝ ʧʨʝʠʤʫʱʝʩʪʚʘ, ʚʢʣʶʯʘʷ ʚʳʩʦʢʫʶ ʩʪʝʧʝʥʴ ʢʦʥʪʨʦʣʷ ʥʘʜ ʛʝʦʤʝʪʨʠʝʡ ʥʘʥʦʩʪʨʫʢ-

ʪʫʨ, ʤʘʩʰʪʘʙʠʨʫʝʤʦʩʪʴ ʠ ʩʝʣʝʢʪʠʚʥʦʩʪʴ ʦʙʨʘʙʦʪʢʠ. 

ʅʘ ʪʝʢʫʱʝʤ ʵʪʘʧʝ ʘʢʪʫʘʣʴʥʦʡ ʥʘʫʯʥʦ-ʪʝʭʥʠʯʝʩʢʦʡ ʟʘʜʘʯʝʡ ʷʚʣʷʝʪʩʷ ʨʘʟʨʘ-

ʙʦʪʢʘ ʥʦʚʳʭ ʤʝʪʦʜʦʚ ʥʘʥʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥʠʷ, ʧʦʟʚʦʣʷʶʱʠʭ ʩʦʟʜʘʚʘʪʴ ʤʝʪʘʤʘʪʝʨʠ-

ʘʣʳ ʩ ʟʘʜʘʥʥʳʤʠ ʦʧʪʠʯʝʩʢʠʤʠ ʠ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʳʤʠ ʩʚʦʡʩʪʚʘʤʠ [3]. ʈʘʩʰʠʨʝʥʠʝ 

ʬʫʥʢʮʠʦʥʘʣʴʥʦʩʪʠ ʢʨʝʤʥʠʝʚʳʭ ʧʦʜʣʦʞʝʢ ʟʘ ʩʯʝʪ ʠʥʪʝʛʨʘʮʠʠ ʤʝʪʘʤʘʪʝʨʠʘʣʦʚ ʤʦ-

ʞʝʪ ʧʨʠʚʝʩʪʠ ʢ ʩʦʟʜʘʥʠʶ ʧʨʠʥʮʠʧʠʘʣʴʥʦ ʥʦʚʳʭ ʦʧʪʦʵʣʝʢʪʨʦʥʥʳʭ ʫʩʪʨʦʡʩʪʚ, 

ʚʢʣʶʯʘʷ ʩʚʝʨʭʯʫʚʩʪʚʠʪʝʣʴʥʳʝ ʩʝʥʩʦʨʳ ʠ ʵʣʝʤʝʥʪʳ ʢʚʘʥʪʦʚʳʭ ʢʦʤʧʴʶʪʝʨʦʚ. ʊʘ-

ʢʠʤ ʦʙʨʘʟʦʤ, ʠʩʩʣʝʜʦʚʘʥʠʝ ʧʨʦʮʝʩʩʦʚ ʧʣʘʟʤʝʥʥʦʛʦ ʪʨʘʚʣʝʥʠʷ ʜʣʷ ʬʦʨʤʠʨʦʚʘʥʠʷ 

ʤʝʪʘʤʘʪʝʨʠʘʣʦʚ ʥʘ ʢʨʝʤʥʠʠ ʧʨʝʜʩʪʘʚʣʷʝʪ ʟʥʘʯʠʪʝʣʴʥʳʡ ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʡ ʠ ʧʨʠ-

ʢʣʘʜʥʦʡ ʠʥʪʝʨʝʩ, ʦʪʢʨʳʚʘʷ ʧʫʪʴ ʢ ʨʘʟʨʘʙʦʪʢʝ ʠʥʥʦʚʘʮʠʦʥʥʳʭ ʢʦʤʧʦʥʝʥʪʦʚ ʜʣʷ 

ʥʘʥʦʬʦʪʦʥʠʢʠ ʠ ʤʠʢʨʦʵʣʝʢʪʨʦʥʠʢʠ. 

ʆʙʲʝʢʪʘʤʠ ʠʩʩʣʝʜʦʚʘʥʠʷ ʩʣʫʞʠʣʠ ʢʨʝʤʥʠʝʚʳʝ ʧʣʘʩʪʠʥʳ, ʧʦʢʨʳʪʳʝ ʨʝʟʠʩʪʠʚ-

ʥʦʡ ʤʘʩʢʦʡ ʚ ʚʠʜʝ ʘʣʶʤʠʥʠʝʚʦʡ ʧʣʝʥʢʠ ʪʦʣʱʠʥʦʡ 500 ʥʤ, ʥʘʥʝʩʝʥʥʦʡ ʤʝʪʦʜʦʤ 

ʤʘʛʥʝʪʨʦʥʥʦʛʦ ʨʘʩʧʳʣʝʥʠʷ. ʇʦʚʝʨʭʥʦʩʪʴ ʧʣʘʩʪʠʥʳ ʙʳʣʘ ʨʘʟʜʝʣʝʥʘ ʥʘ ʛʨʫʧʧʫ ʦʙ-

ʨʘʟʮʦʚ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʨʷʤʦʛʦ ʵʢʩʧʦʥʠʨʦʚʘʥʠʷ ʥʘ ʛʝʥʝʨʘʪʦʨʝ ʠʟʦʙʨʘʞʝʥʠʡ. ʅʘ 

ʯʘʩʪʠ ʧʦʚʝʨʭʥʦʩʪʠ ʦʙʨʘʟʮʦʚ ʙʳʣʠ ʩʬʦʨʤʠʨʦʚʘʥʳ ʛʨʫʧʧʳ ʛʝʦʤʝʪʨʠʯʝʩʢʠʭ ʩʪʨʫʢ-

ʪʫʨ, ʤʦʜʝʣʠʨʫʶʱʠʭ ʵʣʝʤʝʥʪʳ ʪʝʨʘʛʝʨʮʦʚʳʭ ʣʠʥʟ. ɼʣʷ ʩʦʟʜʘʥʠʷ ʨʠʩʫʥʢʘ ʧʨʠʤʝ-

ʥʷʣʩʷ ʬʦʪʦʨʝʟʠʩʪ FP 9120-1, ʢʦʪʦʨʳʡ ʩʫʰʠʣʠ ʧʨʠ 110 ÁC ʚ ʪʝʯʝʥʠʝ 15 ʤʠʥʫʪ. ʇʨʦ-

ʷʚʣʝʥʠʝ ʦʩʫʱʝʩʪʚʣʷʣʠ ʚ ʚʦʜʥʦʤ ʨʘʩʪʚʦʨʝ NaOH (0,6%) ʜʦ ʧʦʣʥʦʛʦ ʪʨʘʚʣʝʥʠʷ ʘʣʶ-

ʤʠʥʠʷ ʥʘ ʫʯʘʩʪʢʘʭ, ʥʝʟʘʱʠʱʝʥʥʳʭ ʬʦʪʦʨʝʟʠʩʪʦʤ. ɺʥʦʚʴ ʥʘʥʝʩʝʥʥʳʡ ʩʣʦʡ ʬʦʪʦʨʝ-

ʟʠʩʪʘ FP 9120-1 ʧʨʝʜʦʭʨʘʥʷʣ ʧʦʚʝʨʭʥʦʩʪʴ ʧʣʘʩʪʠʥʳ ʦʪ ʟʘʛʨʷʟʥʝʥʠʷ ʧʨʠ ʨʘʟʜʝʣʝʥʠʠ 

ʦʙʨʘʟʮʦʚ ʤʝʪʦʜʦʤ ʣʘʟʝʨʥʦʡ ʨʝʟʢʠ. ʇʦʣʥʦʝ ʫʜʘʣʝʥʠʝ ʬʦʪʦʨʝʟʠʩʪʘ ʧʨʦʚʦʜʠʣʦʩʴ ʚ ʠʥ-

ʜʫʢʪʠʚʥʦ-ʩʚʷʟʘʥʥʦʡ ʢʠʩʣʦʨʦʜʥʦʡ ʧʣʘʟʤʝ ʚ ʪʝʯʝʥʠʝ 3 ʤʠʥʫʪ ʧʨʠ ʤʦʱʥʦʩʪʠ ʠʩʪʦʯ-

ʥʠʢʘ ʧʣʘʟʤʳ 650 ɺʪ ʠ ʩʦʩʪʘʚʝ ʛʘʟʦʚʦʡ ʩʤʝʩʠ OϜ/Ar (87/13). ʊʨʘʚʣʝʥʠʝ ʢʨʝʤʥʠʝʚʦʡ 
ʧʦʚʝʨʭʥʦʩʪʠ ʚʳʧʦʣʥʷʣʦʩʴ ʠʥʜʫʢʪʠʚʥʦ-ʩʚʷʟʘʥʥʦʡ ɺʏ ʧʣʘʟʤʦʡ (ʯʘʩʪʦʪʘ 13,56 ʄɻʮ) 



51                       ʉʙʦʨʥʠʢ ʪʨʫʜʦʚ XX ɺʩʝʨʦʩʩʠʡʩʢʦʡ ʢʦʥʬʝʨʝʥʮʠʠ ʤʦʣʦʜʳʭ ʫʯʝʥʳʭ              

ʩ ʧʦʩʪʦʷʥʥʳʤ ʩʤʝʱʝʥʠʝʤ, ʦʙʝʩʧʝʯʠʚʘʝʤʳʤ ɺʏ ʛʝʥʝʨʘʪʦʨʦʤ CX-600, ʤʦʱʥʦʩʪʴ ʢʦ-

ʪʦʨʦʛʦ ʦʩʪʘʚʘʣʘʩʴ ʥʝʠʟʤʝʥʥʦʡ ʥʘ ʫʨʦʚʥʝ 100 ɺʪ ʚ ʭʦʜʝ ʚʩʝʛʦ ʵʢʩʧʝʨʠʤʝʥʪʘ. ɹʳʣʠ 

ʩʬʦʨʤʠʨʦʚʘʥʳ ʪʨʠ ʛʨʫʧʧʳ ʦʙʨʘʟʮʦʚ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʛʘʟʦʚʦʡ ʩʤʝʩʠ ʥʘ ʦʩʥʦʚʝ 

CClϜFϜ. ɼʣʷ ʢʘʞʜʦʡ ʛʨʫʧʧʳ ʚʘʨʴʠʨʦʚʘʣʠʩʴ ʤʦʱʥʦʩʪʴ ʠʩʪʦʯʥʠʢʘ ʧʣʘʟʤʳ (ʛʝʥʝʨʘʪʦʨ 
Cesar), ʘ ʪʘʢʞʝ ʧʨʦʮʝʥʪʥʳʡ ʩʦʩʪʘʚ ʛʘʟʦʚʦʡ ʩʤʝʩʠ. 

ɺ ʨʝʟʫʣʴʪʘʪʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʧʦʣʫʯʝʥʳ ʤʘʩʩʠʚʳ ʩʪʨʫʢʪʫʨ 

ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʢʨʝʤʥʠʷ, ʢʦʪʦʨʳʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʨʠʩʫʥʢʝ 1.  

 

 
ʈʠʩ. 1. ʀʟʦʙʨʘʞʝʥʠʷ ʩʪʨʫʢʪʫʨ, ʧʦʣʫʯʝʥʥʳʭ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʢʨʝʤʥʠʷ ʤʝʪʦʜʦʤ ʧʣʘʟʤʦʭʠʤʠʯʝ-

ʩʢʦʛʦ ʪʨʘʚʣʝʥʠʷ. 

 

ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʫʩʪʘʥʦʚʣʝʥʳ ʟʘʚʠʩʠʤʦʩʪʠ ʛʝʦʤʝʪʨʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ 

ʩʪʨʫʢʪʫʨ ʦʪ ʧʘʨʘʤʝʪʨʦʚ ʧʣʘʟʤʝʥʥʦʡ ʦʙʨʘʙʦʪʢʠ. ʊʘʢ, ʧʨʠ ʦʙʲʝʤʥʦʡ ʜʦʣʝ ʘʢʪʠʚʥʦʛʦ 

ʛʘʟʘ 14% ʠ ʥʘʧʨʷʞʝʥʠʠ ʩʤʝʱʝʥʠʷ 157 ɺ ʚʳʩʦʪʘ ʩʪʨʫʢʪʫʨ ʩʦʩʪʘʚʣʷʣʘ 256 ʥʤ, ʘ ʩʦ-

ʦʪʚʝʪʩʪʚʠʝ ʟʘʜʘʥʥʳʤ ʨʘʟʤʝʨʘʤ ʜʦʩʪʠʛʘʣʦ 79%. ɺ ʪʦ ʞʝ ʚʨʝʤʷ ʧʨʠ ʦʙʲʝʤʥʦʡ ʜʦʣʝ 

ʘʢʪʠʚʥʦʛʦ ʛʘʟʘ 21% ʠ ʥʘʧʨʷʞʝʥʠʠ ʩʤʝʱʝʥʠʷ 168 ɺ ʚʳʩʦʪʘ ʩʪʨʫʢʪʫʨ ʫʚʝʣʠʯʠʚʘʣʘʩʴ 

ʜʦ 338 ʥʤ, ʘ ʩʦʦʪʚʝʪʩʪʚʠʝ ʟʘʜʘʥʥʳʤ ʨʘʟʤʝʨʘʤ ʩʫʱʝʩʪʚʝʥʥʦ ʚʦʟʨʘʩʪʘʣʦ ʜʦ 99%. 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʦʧʨʝʜʝʣʝʥʳ ʦʧʪʠʤʘʣʴʥʳʝ ʧʘʨʘʤʝʪʨʳ ʤʦʱʥʦʩʪʠ ʠʩʪʦʯʥʠʢʘ 

ʧʣʘʟʤʳ ʠ ʧʨʦʮʝʥʪʥʦʛʦ ʩʦʜʝʨʞʘʥʠʷ ʘʢʪʠʚʥʦʛʦ ʛʘʟʘ, ʧʦʟʚʦʣʷʶʱʠʝ ʧʦʣʫʯʘʪʴ ʥʘʥʦ-

ʩʪʨʫʢʪʫʨʳ ʟʘʜʘʥʥʦʛʦ ʨʘʟʤʝʨʘ ʩ ʤʠʥʠʤʘʣʴʥʳʤ ʦʪʢʣʦʥʝʥʠʝʤ ʦʪ ʧʨʦʝʢʪʥʳʭ ʟʥʘʯʝʥʠʡ 

ʧʦ ʫʛʣʫ ʦʪʢʣʦʥʝʥʠʷ ʠ ʣʘʪʝʨʘʣʴʥʳʤ ʨʘʟʤʝʨʘʤ. ɺ ʯʘʩʪʥʦʩʪʠ, ʧʨʠ ʤʦʱʥʦʩʪʠ ʠʥʜʫʢ-

ʪʠʚʥʦ-ʩʚʷʟʘʥʥʦʡ ʧʣʘʟʤʳ 400 ɺʪ, ʦʙʲʝʤʥʦʡ ʜʦʣʝ ʘʢʪʠʚʥʦʛʦ ʛʘʟʘ 7% ʠ ʥʘʧʨʷʞʝʥʠʠ 

ʩʤʝʱʝʥʠʷ 101 ɺ ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʩʪʨʫʢʪʫʨʳ ʚʳʩʦʪʦʡ 136 ʥʤ, ʜʝʤʦʥʩʪʨʠʨʫʶʱʠʝ 

98% ʩʦʦʪʚʝʪʩʪʚʠʝ ʟʘʜʘʥʥʳʤ ʚ ʧʨʦʝʢʪʝ ʨʘʟʤʝʨʘʤ. 

 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʚʳʧʦʣʥʝʥʦ ʧʨʠ ʧʦʜʜʝʨʞʢʝ ʛʨʘʥʪʘ ʈʦʩʩʠʡʩʢʦʛʦ ʥʘʫʯʥʦʛʦ 

ʬʦʥʜʘ ˉ 25-29-00722, https://rscf.ru/project/25-29-00722/ ʚ ʖʞʥʦʤ ʬʝʜʝʨʘʣʴʥʦʤ 

ʫʥʠʚʝʨʩʠʪʝʪʝ. 
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ʄʦʜʠʬʠʢʘʮʠʷ ʧʦʚʝʨʭʥʦʩʪʝʡ ʧʦʜʣʦʞʝʢ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʚʦʩʪʨʝʙʦʚʘʥʥʳʡ 

ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʡ ʧʨʠʝʤ, ʰʠʨʦʢʦ ʧʨʠʤʝʥʷʝʤʳʡ ʚ ʧʨʦʤʳʰʣʝʥʥʦʩʪʠ ʜʣʷ ʨʝʰʝʥʠʷ 

ʨʘʟʥʦʦʙʨʘʟʥʳʭ ʧʨʘʢʪʠʯʝʩʢʠʭ ʟʘʜʘʯ, ʥʘʧʨʘʚʣʝʥʥʳʭ ʥʘ ʧʨʠʜʘʥʠʝ ʤʘʪʝʨʠʘʣʘʤ ʩʧʝʮʠ-

ʬʠʯʝʩʢʠʭ ʵʢʩʧʣʫʘʪʘʮʠʦʥʥʳʭ ʩʚʦʡʩʪʚ ʠ ʦʙʝʩʧʝʯʝʥʠʝ ʪʨʝʙʫʝʤʳʭ ʢʦʥʩʪʨʫʢʪʠʚʥʳʭ 

ʧʘʨʘʤʝʪʨʦʚ ʢʦʥʝʯʥʳʭ ʧʨʦʜʫʢʪʦʚ [1]. ʉʨʝʜʠ ʩʦʚʨʝʤʝʥʥʳʭ ʤʝʪʦʜʦʚ ʦʙʨʘʙʦʪʢʠ ʧʣʘʟ-

ʤʝʥʥʦ-ʭʠʤʠʯʝʩʢʠʝ ʧʦʜʭʦʜʳ ʚʳʜʝʣʷʶʪʩʷ ʙʣʘʛʦʜʘʨʷ ʩʚʦʝʤʫ ʵʢʦʣʦʛʠʯʝʩʢʦʤʫ ʧʨʝʚʦʩ-

ʭʦʜʩʪʚʫ ʠ ʩʫʱʝʩʪʚʝʥʥʦ ʙʦʣʝʝ ʥʠʟʢʦʤʫ ʵʥʝʨʛʦʧʦʪʨʝʙʣʝʥʠʶ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʫʩʪʦʷʚ-

ʰʠʤʠʩʷ ʭʠʤʠʢʦ-ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʤʠ ʩʭʝʤʘʤʠ [2]. ʀʩʭʦʜʷ ʠʟ ʫʢʘʟʘʥʥʳʭ ʧʨʝʠʤʫ-

ʱʝʩʪʚ ʧʣʘʟʤʝʥʥʳʭ ʪʝʭʥʦʣʦʛʠʡ, ʩʪʘʥʦʚʠʪʩʷ ʦʯʝʚʠʜʥʦʡ ʥʘʫʯʥʘʷ ʠ ʧʨʠʢʣʘʜʥʘʷ ʟʥʘʯʠ-

ʤʦʩʪʴ ʠʩʩʣʝʜʦʚʘʥʠʷ ʢʣʶʯʝʚʳʭ ʬʘʢʪʦʨʦʚ, ʫʧʨʘʚʣʷʶʱʠʭ ʤʦʨʬʦʣʦʛʠʝʡ ʩʦʟʜʘʚʘʝʤʳʭ 

ʩʪʨʫʢʪʫʨ. 

ɺ ʨʘʤʢʘʭ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʳ ʬʦʢʫʩ ʩʦʩʨʝʜʦʪʦʯʝʥ ʥʘ ʫʩʪʘʥʦʚʣʝʥʠʠ ʢʦʨʨʝʣʷʮʠʠ 

ʤʝʞʜʫ ʟʥʘʯʝʥʠʝʤ ʫʩʢʦʨʷʶʱʝʛʦ ʥʘʧʨʷʞʝʥʠʷ ʠʦʥʥʦʛʦ ʧʫʯʢʘ, ʠʩʧʦʣʴʟʫʝʤʦʛʦ ʜʣʷ ʣʦ-

ʢʘʣʴʥʦʛʦ ʚʦʟʜʝʡʩʪʚʠʷ ʥʘ ʧʦʚʝʨʭʥʦʩʪʴ, ʠ ʨʝʟʫʣʴʪʠʨʫʶʱʝʡ ʚʳʩʦʪʦʡ ʵʣʝʤʝʥʪʦʚ, ʬʦʨ-

ʤʠʨʫʝʤʳʭ ʚ ʭʦʜʝ ʧʦʩʣʝʜʫʶʱʝʡ ʧʣʘʟʤʦʭʠʤʠʯʝʩʢʦʡ ʦʙʨʘʙʦʪʢʠ. ʇʘʨʘʣʣʝʣʴʥʦ ʠʩʩʣʝ-

ʜʫʝʪʩʷ ʚʦʟʜʝʡʩʪʚʠʝ ʜʣʠʪʝʣʴʥʦʩʪʠ ʧʨʦʮʝʩʩʘ ʦʙʨʘʙʦʪʢʠ ʥʘ ʛʝʦʤʝʪʨʠʶ ʩʪʨʫʢʪʫʨ, ʘ 

ʠʤʝʥʥʦ ï ʥʘ ʬʦʨʤʠʨʦʚʘʥʠʝ ʫʛʣʘ ʥʘʢʣʦʥʘ ʠʭ ʙʦʢʦʚʳʭ ʩʪʝʥʦʢ [3]. 

ɺ ʨʘʙʦʪʝ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʦʙʨʘʟʮʳ ʢʨʝʤʥʠʷ ʩ ʣʦʢʘʣʴʥʦʡ ʤʦʜʠʬʠʢʘʮʠʝʡ ʦʙʣʘ-

ʩʪʝʡ ʨʘʟʤʝʨʦʤ 5ʭ5 ʤʢʤ ʩʬʦʢʫʩʠʨʦʚʘʥʥʳʤ ʧʫʯʢʦʤ ʠʦʥʦʚ Ga+ ʧʨʠ ʯʠʩʣʝ ʧʨʦʭʦʜʦʚ 

ʧʫʯʢʘ ʨʘʚʥʳʤ 50, ʜʦʟʘ ʩʦʩʪʘʚʠʣʘ 13 ʧʂʣ/ʤʤ2, ʪʦʢʝ ʠʦʥʥʦʛʦ ʧʫʯʢʘ ʩʦʩʪʘʚʠʣ ï 10 ʧɸ, 

ʫʩʢʦʨʷʶʱʝʝ ʥʘʧʨʷʞʝʥʠʝ U ï 10 õ 30 ʢʵɺ. ʇʣʘʟʤʦʭʠʤʠʯʝʩʢʫʶ ʦʙʨʘʙʦʪʢʫ ʦʙʨʘʟʮʦʚ 

ʩ ʣʦʢʘʣʴʥʦ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʤʠ ʦʙʣʘʩʪʷʤʠ ʧʨʦʚʦʜʠʣʠ ʚʦ ʬʪʦʨʩʦʜʝʨʞʘʱʝʡ ʧʣʘʟʤʝ 

ʧʨʠ ʩʣʝʜʫʶʱʠʭ ʨʝʞʠʤʘʭ ʧʦʪʦʢ ʬʪʦʨʩʦʜʝʨʞʘʱʝʛʦ ʛʘʟʘ (ʛʝʢʩʘʬʪʦʨʠʜ ʩʝʨʳ) ï 13 

ʩʤ3/ʤʠʥ, ʧʦʪʦʢ ʘʨʛʦʥʘ ʩʦʩʪʘʚʠʣ ï 60 ʩʤ3/ʤʠʥ, ʜʘʚʣʝʥʠʝ ʚ ʨʝʘʢʪʦʨʝ ʩʦʩʪʘʚʠʣʦ ï 2 ʇʘ, 

ʤʦʱʥʦʩʪʴ ʠʩʪʦʯʥʠʢʘ ʠʥʜʫʢʪʠʚʥʦ-ʩʚʷʟʘʥʥʦʡ ʧʣʘʟʤʳ ï 300 ɺʪ, ʤʦʱʥʦʩʪʴ ʠʩʪʦʯʥʠʢʘ 

ʝʤʢʦʩʪʥʦʡ ʩʚʷʟʘʥʥʦʡ ʧʣʘʟʤʳ ï 50 ɺʪ, ʥʘʧʨʷʞʝʥʠʝ ʩʤʝʱʝʥʠʷ ï 31 ɺ, ʚʨʝʤʷ ʦʙʨʘ-

ʙʦʪʢʠ ʚʘʨʴʠʨʦʚʘʣʦʩʴ ʦʪ 0,25 ʜʦ 3 ʤʠʥʫʪ. 

ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ ʯʘʩʪʴ ʨʘʙʦʪʳ ʙʘʟʠʨʦʚʘʣʘʩʴ ʥʘ ʠʩʩʣʝʜʦʚʘʥʠʠ ʦʙʨʘʟʮʦʚ ʤʦ-

ʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʢʨʝʤʥʠʷ, ʧʦʜʚʝʨʛʥʫʪʳʭ ʥʘʧʨʘʚʣʝʥʥʦʡ ʣʦʢʘʣʴʥʦʡ ʤʦʜʠʬʠʢʘ-

ʮʠʠ ʩ ʧʦʤʦʱʴʶ ʩʬʦʢʫʩʠʨʦʚʘʥʥʦʛʦ ʠʦʥʥʦʛʦ ʧʫʯʢʘ (FIB) ʠʦʥʦʚ Ga+. ʄʝʪʦʜʠʢʘ ʤʦ-

ʜʠʬʠʢʘʮʠʠ ʚʢʣʶʯʘʣʘ ʦʙʣʫʯʝʥʠʝ ʟʘʜʘʥʥʳʭ ʢʚʘʜʨʘʪʥʳʭ ʫʯʘʩʪʢʦʚ ʧʦʚʝʨʭʥʦʩʪʠ ʨʘʟ-

ʤʝʨʦʤ 5Ĭ5 ʤʢʤ. ʂʨʠʪʠʯʝʩʢʠʤʠ ʧʘʨʘʤʝʪʨʘʤʠ FIB-ʦʙʨʘʙʦʪʢʠ, ʦʧʨʝʜʝʣʷʶʱʠʤʠ ʜʦʟʫ 

ʚʥʝʜʨʝʥʠʷ ʠʦʥʦʚ ʠ ʛʣʫʙʠʥʫ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʦʛʦ ʩʣʦʷ, ʙʳʣʠ ʫʩʪʘʥʦʚʣʝʥʳ: ʢʦʣʠʯʝ-

ʩʪʚʦ ʧʨʦʭʦʜʦʚ ʧʫʯʢʘ (50), ʦʙʝʩʧʝʯʠʚʘʶʱʝʝ ʩʫʤʤʘʨʥʫʶ ʜʦʟʫ 13 ʧʂʣ/ʤʤĮ; ʪʦʢ ʧʫʯʢʘ 

(10 ʧɸ); ʘ ʪʘʢʞʝ ʫʩʢʦʨʷʶʱʝʝ ʥʘʧʨʷʞʝʥʠʝ (U), ʟʥʘʯʝʥʠʷ ʢʦʪʦʨʦʛʦ ʚʳʙʠʨʘʣʠʩʴ ʠʟ 

ʜʠʘʧʘʟʦʥʘ 10ï30 ʢʵɺ ʜʣʷ ʠʟʫʯʝʥʠʷ ʝʛʦ ʚʣʠʷʥʠʷ. 



53                       ʉʙʦʨʥʠʢ ʪʨʫʜʦʚ XX ɺʩʝʨʦʩʩʠʡʩʢʦʡ ʢʦʥʬʝʨʝʥʮʠʠ ʤʦʣʦʜʳʭ ʫʯʝʥʳʭ              

ʇʣʘʟʤʝʥʥʘʷ ʦʙʨʘʙʦʪʢʘ ʧʨʦʚʦʜʠʣʘʩʴ ʚ ʩʤʝʩʠ ʛʘʟʦʚ, ʩʦʩʪʦʷʱʝʡ ʠʟ ʛʝʢʩʘʬʪʦʨʠʜʘ 

ʩʝʨʳ (SFϠ), ʚʳʩʪʫʧʘʶʱʝʛʦ ʚ ʢʘʯʝʩʪʚʝ ʦʩʥʦʚʥʦʛʦ ʪʨʘʚʠʪʝʣʷ (ʨʘʩʭʦʜ 13 ʩʤį/ʤʠʥ), ʠ 
ʘʨʛʦʥʘ (Ar), ʚʳʧʦʣʥʷʶʱʝʛʦ ʬʫʥʢʮʠʠ ʨʘʟʙʘʚʠʪʝʣʷ ʠ ʩʪʘʙʠʣʠʟʘʪʦʨʘ ʧʣʘʟʤʳ (ʨʘʩʭʦʜ 

60 ʩʤį/ʤʠʥ). ʇʨʦʮʝʩʩ ʧʨʦʪʝʢʘʣ ʧʨʠ ʧʦʩʪʦʷʥʥʦʤ ʨʘʙʦʯʝʤ ʜʘʚʣʝʥʠʠ 2 ʇʘ. ʇʣʘʟʤʘ ʛʝ-

ʥʝʨʠʨʦʚʘʣʘʩʴ ʧʨʠ ʤʦʱʥʦʩʪʠ ICP-ʠʩʪʦʯʥʠʢʘ 300 ɺʪ ʠ ʤʦʱʥʦʩʪʠ CCP-ʠʩʪʦʯʥʠʢʘ 50 

ɺʪ. ɼʣʷ ʫʧʨʘʚʣʝʥʠʷ ʵʥʝʨʛʠʝʡ ʠʦʥʦʚ, ʙʦʤʙʘʨʜʠʨʫʶʱʠʭ ʧʦʚʝʨʭʥʦʩʪʴ, ʥʘ ʧʦʜʣʦʞʢʫ 

ʧʦʜʘʚʘʣʦʩʴ ʥʘʧʨʷʞʝʥʠʝ ʩʤʝʱʝʥʠʷ 31 ɺ. ɺʨʝʤʷ ʦʙʨʘʙʦʪʢʠ ʷʚʣʷʣʦʩʴ ʥʝʟʘʚʠʩʠʤʦʡ 

ʧʝʨʝʤʝʥʥʦʡ ʠ ʠʟʤʝʥʷʣʦʩʴ ʩʠʩʪʝʤʘʪʠʯʝʩʢʠ ʦʪ 0,25 ʜʦ 3 ʤʠʥʫʪ ʩ ʮʝʣʴʶ ʦʮʝʥʢʠ ʢʠʥʝ-

ʪʠʢʠ ʪʨʘʚʣʝʥʠʷ. 

ʅʘ ʈʠʩʫʥʢʝ 1 ʧʨʝʜʩʪʘʚʣʝʥʦ ʠʟʦʙʨʘʞʝʥʠʝ, ʜʝʤʦʥʩʪʨʠʨʫʶʱʠʝ ʤʦʨʬʦʣʦʛʠʶ ʧʦ-

ʚʝʨʭʥʦʩʪʠ ʦʙʨʘʟʮʘ ʚ ʦʙʣʘʩʪʠ, ʧʦʜʚʝʨʛʥʫʪʦʡ ʣʦʢʘʣʴʥʦʡ ʤʦʜʠʬʠʢʘʮʠʠ ʠʦʥʥʳʤ ʧʫʯ-

ʢʦʤ ʧʨʠ ʫʩʢʦʨʷʶʱʝʤ ʥʘʧʨʷʞʝʥʠʠ 10 ʢʵɺ ʠ ʧʦʩʣʝʜʫʶʱʝʡ ʧʣʘʟʤʝʥʥʦʡ ʦʙʨʘʙʦʪʢʠ ʚʦ 

ʬʪʦʨʠʜʥʦʡ ʧʣʘʟʤʝ ʚ ʪʝʯʝʥʠʝ 45 ʩʝʢʫʥʜ.  

 

 
ʈʠʩ. 1. ʉʕʄ ï ʠʟʦʙʨʘʞʝʥʠʝ ʩʪʨʫʢʪʫʨʳ ʧʦʚʝʨʭʥʦʩʪʠ ʢʨʝʤʥʠʷ ʧʦʩʣʝ ʣʦʢʘʣʴʥʦʡ ʤʦʜʠʬʠʢʘʮʠʠ 

ʤʝʪʦʜʦʤ ʌʀʇ ʧʨʠ ʫʩʢʦʨʷʶʱʝʤ ʥʘʧʨʷʞʝʥʠʠ 10 ʢʵɺ ʠ ʧʣʘʟʤʦʭʠʤʠʯʝʩʢʦʡ ʦʙʨʘʙʦʪʢʠ ʚʦ ʬʪʦ-

ʨʠʨʦʚʘʥʥʦʡ ʧʣʘʟʤʝ ʚ ʪʝʯʝʥʠʝ 45 ʩʝʢʫʥʜ. 

 

ɸʥʘʣʠʟ ʠʟʦʙʨʘʞʝʥʠʡ ʚʳʷʚʠʣ ʯʝʪʢʫʶ ʟʘʚʠʩʠʤʦʩʪʴ ʛʝʦʤʝʪʨʠʠ ʬʦʨʤʠʨʫʝʤʳʭ 

ʩʪʨʫʢʪʫʨ ʦʪ ʧʘʨʘʤʝʪʨʦʚ ʦʙʨʘʙʦʪʢʠ. ʂʦʣʠʯʝʩʪʚʝʥʥʳʡ ʘʥʘʣʠʟ ʢʠʥʝʪʠʢʠ ʧʨʦʮʝʩʩʘ ʧʦʟ-

ʚʦʣʠʣ ʦʧʨʝʜʝʣʠʪʴ ʩʢʦʨʦʩʪʴ ʩʝʣʝʢʪʠʚʥʦʛʦ ʪʨʘʚʣʝʥʠʷ ʢʨʝʤʥʠʷ ʚ ʜʘʥʥʳʭ ʫʩʣʦʚʠʷʭ, 

ʢʦʪʦʨʘʷ ʩʦʩʪʘʚʠʣʘ 3.23 ʥʤ/ʩʝʢ. 

 

ʈʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʦʣʫʯʝʥʳ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʦʙʦʨʫʜʦʚʘʥʠʷ ʆʆʆ 

"ʄʘʧʧʝʨ". 
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ʈʘʟʚʠʪʠʝ ʬʦʪʦʥʥʳʭ ʫʩʪʨʦʡʩʪʚ ʥʘʥʦ-ʤʝʪʨʦʚʦʛʦ ʨʘʟʤʝʨʘ ʠ ʠʭ ʢʦʤʧʣʝʢʪʫʶʱʠʭ 

ʯʘʩʪʝʡ ʪʨʝʙʫʝʪ ʧʦʠʩʢʘ ʥʦʚʳʭ ʤʘʪʝʨʠʘʣʦʚ, ʚ ʯʘʩʪʥʦʩʪʠ ʤʝʪʘʤʘʪʝʨʠʘʣʦʚ - ʠʩʢʫʩ-

ʩʪʚʝʥʥʦ ʩʦʟʜʘʥʥʳʭ ʩʪʨʫʢʪʫʨ, ʦʙʣʘʜʘʶʱʠʭ ʟʘʜʘʥʥʳʤʠ ʩʚʦʡʩʪʚʘʤʠ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ 

ʩʦʩʪʘʚʣʷʶʱʠʭ ʠʭ ʤʘʪʝʨʠʘʣʦʚ ʠ ʢʦʥʬʠʛʫʨʘʮʠʠ. ʄʝʪʘʤʘʪʝʨʠʘʣʳ ʫʩʧʝʰʥʦ ʧʨʠʤʝʥʷ-

ʶʪʩʷ ʚ ʫʩʪʨʦʡʩʪʚʘʭ ʜʣʷ ʫʧʨʘʚʣʝʥʠʷ ʠʟʣʫʯʝʥʠʝʤ, ʘ ʪʘʢʞʝ ʛʝʥʝʨʘʮʠʠ ʠʟʣʫʯʝʥʠʷ ʚ ʰʠ-

ʨʦʢʦʤ ʜʠʘʧʘʟʦʥʝ ʯʘʩʪʦʪ [1]. ʉʨʝʜʠ ʙʦʣʴʰʦʛʦ ʯʠʩʣʘ ʤʝʪʘʤʘʪʝʨʠʘʣʦʚ, ʠʩʩʣʝʜʫʝʤʳʭ 

ʩ ʮʝʣʴʶ ʩʦʟʜʘʥʠʷ ʦʧʪʠʯʝʩʢʦʛʦ ʠ ʪʝʨʘʛʝʨʮʝʚʦʛʦ ʠʟʣʫʯʝʥʠʷ, ʥʘʠʙʦʣʝʝ ʧʝʨʩʧʝʢʪʠʚ-

ʥʳʤ ʧʨʝʜʩʪʘʚʣʷʝʪʩʷ ʛʠʧʝʨʙʦʣʠʯʝʩʢʠʡ ʤʝʪʘʤʘʪʝʨʠʘʣ (ɻʄʄ), ʢʦʪʦʨʳʡ ʷʚʣʷʝʪʩʷ 

ʯʘʩʪʥʳʤ ʩʣʫʯʘʝʤ, ʪʘʢ ʥʘʟʳʚʘʝʤʳʭ, ʛʠʧʝʨʙʦʣʠʯʝʩʢʠʭ ʩʨʝʜ (ɻʉ) [1-3]. ɻʠʧʝʨʙʦʣʠʯʝ-

ʩʢʘʷ ʩʨʝʜʘ ʷʚʣʷʝʪʩʷ ʘʥʠʟʦʪʨʦʧʥʦʡ ʩʨʝʜʦʡ ʠ ʧʦʣʫʯʠʣʘ ʩʚʦʝ ʥʘʟʚʘʥʠʝ ʚʩʣʝʜʩʪʚʠʝ ʥʝ-

ʟʘʤʢʥʫʪʦʛʦ ʪʠʧʘ ʜʠʩʧʝʨʩʠʦʥʥʳʭ ʟʘʚʠʩʠʤʦʩʪʝʡ ʚ ʧʨʦʩʪʨʘʥʩʪʚʝ ʚʦʣʥʦʚʳʭ ʚʝʢʪʦʨʦʚ, 

ʠʤʝʶʱʝʛʦ ʚ ʩʝʯʝʥʠʠ ʚʠʜ ʛʠʧʝʨʙʦʣʳ ʚ ʦʪʣʠʯʠʝ ʦʪ ʵʣʣʠʧʩʘ ʜʣʷ ʦʙʳʯʥʦʡ ʩʨʝʜʳ [2-3]. 

ɺʜʦʣʴ ʘʩʠʤʧʪʦʪ ʵʪʠʭ ʛʠʧʝʨʙʦʣ ʥʘʙʣʶʜʘʝʪʩʷ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʝ ʙʦʣʴʰʦʛʦ ʯʠʩʣʘ ʤʝʜ-

ʣʝʥʥʳʭ ʚʦʣʥ ʩ ʙʦʣʴʰʠʤʠ ʟʥʘʯʝʥʠʷʤʠ ʢʦʤʧʦʥʝʥʪ ʚʦʣʥʦʚʦʛʦ ʚʝʢʪʦʨʘ, ʯʪʦ ʦʟʥʘʯʘʝʪ 

ʙʦʣʴʰʫʶ ʧʣʦʪʥʦʩʪʴ ʬʦʪʦʥʥʳʭ ʩʦʩʪʦʷʥʠʡ ʚʥʫʪʨʠ ɻʉ ʠ ʚʝʜʝʪ ʢ ʫʩʠʣʝʥʠʶ ʚʟʘʠʤʦ-

ʜʝʡʩʪʚʠʷ ʠʟʣʫʯʝʥʠʷ ʩ ʚʝʱʝʩʪʚʦʤ [2-5]. ɼʘʥʥʦʝ ʩʚʦʡʩʪʚʦ ʧʦʟʚʦʣʷʝʪ ʨʘʩʩʤʘʪʨʠʚʘʪʴ 

ʩʨʝʜʳ ʠ ʤʝʪʘʤʘʪʝʨʠʘʣʳ, ʦʙʣʘʜʘʶʱʠʝ ʛʠʧʝʨʙʦʣʠʯʝʩʢʠʤ ʪʠʧʦʤ ʜʠʩʧʝʨʩʠʠ, ʢʘʢ ʫʥʠ-

ʢʘʣʴʥʳʝ ʦʙʲʝʢʪʳ ʠ ʤʦʪʠʚʠʨʫʝʪ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʦ ʠʭ ʧʨʠʤʝʥʝʥʠʶ ʜʣʷ ʨʘʟʨʘʙʦʪʢʠ 

ʬʦʪʦʥʥʳʭ ʫʩʪʨʦʡʩʪʚ ʩʣʝʜʫʶʱʝʛʦ ʧʦʢʦʣʝʥʠʷ. 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʪʝʦʨʝʪʠʯʝʩʢʠ ʠʩʩʣʝʜʫʶʪʩʷ ʵʬʬʝʢʪʳ ʫʩʠʣʝʥʠʷ ʠ ʛʝʥʝʨʘʮʠʠ ʚ 

ʩʪʨʫʢʪʫʨʘʭ, ʩʦʜʝʨʞʘʱʠʭ ʘʩʩʠʤʝʪʨʠʯʥʳʡ ʛʠʧʝʨʙʦʣʠʯʝʩʢʠʡ ʤʝʪʘʤʘʪʝʨʠʘʣ (ɸɻʄʄ) 

[4-5]. ɺ ʦʙʱʝʤ ʩʣʫʯʘʝ, ɸɻʄʄ ʩʦʩʪʦʠʪ ʠʟ ʧʝʨʠʦʜʠʯʝʩʢʠ ʫʧʦʨʷʜʦʯʝʥʥʳʭ ʪʦʥʢʠʭ 

ʩʣʦʝʚ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʦʛʦ (ʣʠʙʦ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʛʦ) ʤʘʪʝʨʠʘʣʘ ʠ ʠʥʚʝʨʪʠʨʦʚʘʥ-

ʥʦʛʦ ʛʨʘʬʝʥʘ (ʣʠʙʦ ʤʝʪʘʣʣʘ) (ʨʠʩ. 1, ʘ). ɸʩʠʤʤʝʪʨʠʷ ʤʝʪʘʤʘʪʝʨʠʘʣʘ ʟʘʜʘʝʪʩʷ ʧʦ-

ʩʨʝʜʩʪʚʦʤ ʥʘʢʣʦʥʘ ʦʧʪʠʯʝʩʢʦʡ ʦʩʠ, ʧʦ ʦʪʥʦʰʝʥʠʶ ʢ ʚʥʝʰʥʠʤ ʛʨʘʥʠʮʘʤ ʨʘʟʜʝʣʘ 

ʩʨʝʜʳ. ɸɻʄʄ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʵʢʩʪʨʝʤʘʣʴʥʦ ʘʥʠʟʦʪʨʦʧʥʫʶ ʦʜʥʦʦʩʥʫʶ ʩʨʝʜʫ ʠ 

ʦʧʠʩʳʚʘʝʪʩʷ ʪʝʥʟʦʨʦʤ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ Ů = {{Ů,̂ 0, 0}, {0, Ů̂, 0}, {0, 

0, Ů//}} ʫ ʢʦʪʦʨʦʛʦ ʧʨʦʜʦʣʴʥʘʷ ʠ ʧʦʧʝʨʝʯʥʘʷ ʢʦʤʧʦʥʝʥʪʳ ʠʤʝʶʪ ʨʘʟʥʳʝ ʟʥʘʢʠ. ɼʣʷ 

ʨʘʩʯʝʪʘ ʟʥʘʯʝʥʠʡ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ɻʄʄ ʠʩʧʦʣʴʟʦʚʘʥ ʤʝʪʦʜ ʛʦʤʦ-

ʛʝʥʠʟʘʮʠʠ, ʚ ʢʦʪʦʨʦʤ ʢʦʤʧʦʟʠʮʠʦʥʥʘʷ ʩʪʨʫʢʪʫʨʘ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʢʘʢ ʥʝʢʘʷ ʵʬʬʝʢ-

ʪʠʚʥʘʷ ʩʨʝʜʘ ʩ ʫʩʨʝʜʥʝʥʥʳʤʠ ʧʘʨʘʤʝʪʨʘʤʠ [4]. ʅʘ ʦʩʥʦʚʘʥʠʠ ʤʝʪʦʜʘ ʤʘʪʨʠʮ ʧʝʨʝ-

ʜʘʯʠ, ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʤʘʪʨʠʮʳ ɹʝʨʨʝʤʘʥʘ ʜʣʷ ʘʥʠʟʦʪʨʦʧʥʦʡ ʩʨʝʜʳ (ɸɻʄʄ), 

ʠʩʩʣʝʜʦʚʘʥʳ ʦʩʥʦʚʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʠʟʣʫʯʝʥʠʷ, ʨʘʩʧʨʦʩʪʨʘʥʷʶʱʝʛʦʩʷ ʚ ʛʠʧʝʨ-

ʙʦʣʠʯʝʩʢʠʭ ʩʨʝʜʘʭ [6]. ʇʨʦʠʟʚʝʜʝʥʘ ʦʮʝʥʢʘ ʧʣʦʪʥʦʩʪʠ ʬʦʪʦʥʥʳʭ ʩʦʩʪʦʷʥʠʡ ʚ ʩʣʦʞ-

ʥʦʤ ʨʝʟʦʥʘʪʦʨʝ, ʩʦʜʝʨʞʘʱʝʤ ɸɻʄʄ (ʨʠʩ.1, ʘ). ʆʧʨʝʜʝʣʝʥʦ ʚʣʠʷʥʠʝ ʧʘʨʘʤʝʪʨʦʚ 

ʩʪʨʫʢʪʫʨʳ ʥʘ ʠʟʤʝʥʝʥʠʷ ʧʣʦʪʥʦʩʪʠ ʩʦʩʪʦʷʥʠʡ (ʨʠʩ.1, ʙ, ʨʠʩ.1, ʛ). ʇʦʢʘʟʘʥʦ, ʯʪʦ ʧʨʠ-

ʩʫʪʩʪʚʠʝ ʚ ʨʝʟʦʥʘʪʦʨʝ ɸɻʄʄ ʩʫʱʝʩʪʚʝʥʥʳʤ ʦʙʨʘʟʦʤ ʫʚʝʣʠʯʠʚʘʝʪ ʧʣʦʪʥʦʩʪʴ ʬʦ-

ʪʦʥʥʳʭ ʩʦʩʪʦʷʥʠʡ N ʚ ʚʦʟʜʫʰʥʳʭ ʦʙʣʘʩʪʷʭ ʨʝʟʦʥʘʪʦʨʘ, ʟʘ ʧʨʝʜʝʣʘʤʠ ʛʠʧʝʨʙʦʣʠʯʝ-

ʩʢʦʛʦ ʩʣʦʷ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʘʥʘʣʦʛʠʯʥʳʤ ɻʄʄ ʙʝʟ ʥʘʢʣʦʥʘ ʩʣʦʝʚ (ʨʠʩ.1, ʚ). 
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(ʘ)  (ʙ)  

(ʚ)  (ʛ)  

ʈʠʩ. 1. (a) ʉʭʝʤʘʪʠʯʝʩʢʦʝ ʧʨʝʜʩʪʘʚʣʝʥʠʝ ʩʣʦʞʥʦʛʦ ʨʝʟʦʥʘʪʦʨʘ, ʩʦʜʝʨʞʘʱʝʛʦ ɸɻʄʄ. ʂʦʩʳʝ 

ʢʨʘʩʥʳʝ ʧʣʦʩʢʦʩʪʠ ʚʥʫʪʨʠ ɸɻʄʄ (ʦʙʣʘʩʪʴ 2) ʩʠʤʚʦʣʠʟʠʨʫʶʪ ʩʣʦʠ ʛʨʘʬʝʥʘ. ʆ ï ʦʧʪʠʯʝʩʢʘʷ 

ʦʩʴ, ɗ ï ʫʛʦʣ ʤʝʞʜʫ ʦʧʪʠʯʝʩʢʦʡ ʦʩʴʶ ʠ ʦʩʴʶ z (ʫʛʦʣ ʥʘʢʣʦʥʘ ʦʧʪʠʯʝʩʢʦʡ ʦʩʠ), N ï ʣʠʥʠʷ ʫʟ-

ʣʦʚ, ű ï ʫʛʦʣ ʤʝʞʜʫ ʦʩʴʶ x ʠ ʣʠʥʠʝʡ ʫʟʣʦʚ, Ŭ ï ʫʛʦʣ ʧʘʜʝʥʠʷ ʠʟʣʫʯʝʥʠʷ ʥʘ ʩʪʨʫʢʪʫʨʫ, ʩʝʨʘʷ 

ʧʦʚʝʨʭʥʦʩʪʴ ï ʧʣʦʩʢʦʩʪʴ ʧʘʜʝʥʠʷ, h ï ʦʙʱʘʷ ʪʦʣʱʠʥʘ ɸɻʄʄ. 

(ʙ-ʛ) ɿʘʚʠʩʠʤʦʩʪʴ ʜʝʡʩʪʚʠʪʝʣʴʥʳʭ (ʩʠʥʠʝ ʢʨʠʚʳʝ) ʠ ʤʥʠʤʳʭ (ʢʨʘʩʥʳʝ ʢʨʠʚʳʝ) ʯʘʩʪʝʡ ʩʦʙ-

ʩʪʚʝʥʥʳʭ ʟʥʘʯʝʥʠʡ ʦʙʳʢʥʦʚʝʥʥʳʭ ɚ1,2 ʠ ʥʝʦʙʳʢʥʦʚʝʥʥʳʭ ɚ3,4 ʚʦʣʥ ʨʘʩʧʨʦʩʪʨʘʥʷʶʱʠʭʩʷ ʚ 

ʨʝʟʦʥʘʪʦʨʝ ʦʪ z-ʢʦʤʧʦʥʝʥʪʳ ʚʦʣʥʦʚʦʛʦ ʚʝʢʪʦʨʘ: (ʙ) ɗ=0, (ʛ) ɗ=55Ü. 

(ʚ) ʇʣʦʪʥʦʩʪʴ ʬʦʪʦʥʥʳʭ ʩʦʩʪʦʷʥʠʡ ʚ ʨʝʟʦʥʘʪʦʨʝ, ʩʦʜʝʨʞʘʱʝʤ ɻʉ: ʢʨʘʩʥʘʷ ʣʠʥʠʷ ï ɻʄʄ ʙʝʟ 

ʥʘʢʣʦʥʘ ʦʧʪʠʯʝʩʢʦʡ ʦʩʠ ɗ=0, ʩʠʥʷʷ ʣʠʥʠʷ ï ɸɻʄʄ ʩ ʥʘʢʣʦʥʦʤ ʦʧʪʠʯʝʩʢʦʡ ʦʩʠ ɗ=55Ü. 

 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʚ ʨʘʤʢʘʭ ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʛʦ ʟʘʜʘʥʠʷ. 
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ʗʚʣʝʥʠʝ ʢʦʛʝʨʝʥʪʥʦʛʦ ʨʝʟʦʥʘʥʩʘ ʙʳʣʦ ʦʙʥʘʨʫʞʝʥʦ ʚ ʚʦʟʙʫʜʠʤʳʭ ʰʫʤʦʤ ʩʠ-

ʩʪʝʤʘʭ [1] ʠ ʟʘʢʣʶʯʘʣʦʩʴ ʚ ʪʦʤ, ʯʪʦ ʫ ʰʫʤʦʚʦʛʦ ʚʦʟʜʝʡʩʪʚʠʷ ʠʤʝʝʪʩʷ ʥʝʢʦʪʦʨʳʡ 

ʦʧʪʠʤʘʣʴʥʳʡ ʫʨʦʚʝʥʴ, ʧʨʠ ʢʦʪʦʨʦʤ ʠʥʜʫʮʠʨʦʚʘʥʥʳʝ ʰʫʤʦʤ ʢʦʣʝʙʘʥʠʷ ʩʪʘʥʦʚʷʪʩʷ 

ʥʘʠʙʦʣʝʝ ʨʝʛʫʣʷʨʥʳʤʠ (ʢʦʛʝʨʝʥʪʥʳʤʠ). ʅʘ ʩʝʛʦʜʥʷʰʥʠʡ ʜʝʥʴ ʷʚʣʝʥʠʝ ʢʦʛʝʨʝʥʪ-

ʥʦʛʦ ʨʝʟʦʥʘʥʩʘ ʠʩʩʣʝʜʦʚʘʥʦ ʚ ʨʘʟʣʠʯʥʳʭ ʬʠʟʠʯʝʩʢʠʭ ʤʦʜʝʣʷʭ, ʪʘʢʠʭ ʢʘʢ ï ʤʦʜʝʣʴ 

ʥʝʡʨʦʥʘ ʍʦʜʞʢʠʥʘïʍʘʢʩʣʠ [2], ʤʦʜʝʣʴ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʦʛʦ ʣʘʟʝʨʘ ʩ ʥʘʩʳʱʘʶ-

ʱʠʤʩʷ ʧʦʛʣʦʪʠʪʝʣʝʤ [3] ʠ ʜʨ. ʇʦʤʠʤʦ ʚʦʟʙʫʜʠʤʳʭ ʰʫʤʦʤ ʩʠʩʪʝʤ ʷʚʣʝʥʠʝ ʢʦʛʝ-

ʨʝʥʪʥʦʛʦ ʦʙʥʘʨʫʞʝʥʦ ʢʘʢ ʪʝʦʨʝʪʠʯʝʩʢʠ, ʪʘʢ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʚ ʭʘʦʪʠʯʝʩʢʦʡ ʙʠ-

ʩʪʘʙʠʣʴʥʦʡ ʮʝʧʠ ʏʫʘ [4], ʘ ʪʘʢʞʝ ʚ ʜʚʫʭ ʩʚʷʟʘʥʥʳʭ ʭʘʦʪʠʯʝʩʢʠʭ ʠʜʝʥʪʠʯʥʳʭ ʠʣʠ 

ʩʣʝʛʢʘ ʥʝʠʜʝʥʪʠʯʥʳʭ ʦʩʮʠʣʣʷʪʦʨʘʭ ʃʦʨʝʥʮʘ [5]. ʇʦʟʜʥʝʝ ʚ ʩʚʷʟʘʥʥʳʭ ʭʘʦʪʠʯʝʩʢʠʭ 

ʦʩʮʠʣʣʷʪʦʨʘʭ ʚ ʦʪʩʫʪʩʪʚʠʝ ʚʥʝʰʥʝʛʦ ʰʫʤʦʚʦʛʦ ʚʦʟʜʝʡʩʪʚʠʷ ʥʘʙʣʶʜʘʣʠʩʴ ʷʚʣʝʥʠʷ, 

ʧʦʣʫʯʠʚʰʠʝ ʥʘʟʚʘʥʠʷ ʜʝʪʝʨʤʠʥʠʨʦʚʘʥʥʦʛʦ ʢʦʛʝʨʝʥʪʥʦʛʦ ʨʝʟʦʥʘʥʩʘ (ɼʂʈ) ʠ ʜʝʪʝʨ-

ʤʠʥʠʨʦʚʘʥʥʦʛʦ ʘʥʪʠʢʦʛʝʨʝʥʪʥʦʛʦ ʨʝʟʦʥʘʥʩʘ (ɼɸʂʈ). ʆʥʠ ʜʠʘʛʥʦʩʪʠʨʦʚʘʣʠʩʴ ʧʨʠ 

ʠʟʤʝʥʝʥʠʠ ʦʜʥʦʛʦ ʠʟ ʫʧʨʘʚʣʷʶʱʠʭ ʧʘʨʘʤʝʪʨʦʚ ʩʚʷʟʘʥʥʳʭ ʭʘʦʪʠʯʝʩʢʠʭ ʦʩʮʠʣʣʷʪʦ-

ʨʦʚ, ʢʦʪʦʨʳʡ ʭʘʨʘʢʪʝʨʠʟʦʚʘʣʩʷ ʦʧʪʠʤʘʣʴʥʳʤ ʟʥʘʯʝʥʠʝʤ. ɺ ʩʣʫʯʘʝ ɼʂʈ ʜʣʷ ʜʘʥʥʦʛʦ 

ʦʧʪʠʤʘʣʴʥʦʛʦ ʟʥʘʯʝʥʠʷ ʫʧʨʘʚʣʷʶʱʝʛʦ ʧʘʨʘʤʝʪʨʘ ʭʘʦʪʠʯʝʩʢʠʝ ʢʦʣʝʙʘʥʠʷ ʩʪʘʥʦʚʠ-

ʣʠʩʴ ʙʦʣʝʝ ʨʝʛʫʣʷʨʥʳʤʠ, ʘ ʚ ʩʣʫʯʘʝ ɼɸʂʈ ï ʤʝʥʝʝ ʨʝʛʫʣʷʨʥʳʤʠ. ʅʘ ʩʝʛʦʜʥʷʰʥʠʡ 

ʜʝʥʴ ʠʟʚʝʩʪʥʳ ʢʘʢ ʪʝʦʨʝʪʠʯʝʩʢʠʝ, ʪʘʢ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʨʘʙʦʪʳ, ʚ ʢʦʪʦʨʳʭ ɼʂʈ 

ʥʘʙʣʶʜʘʣʩʷ ʚ ʩʚʷʟʘʥʥʳʭ ʭʘʦʪʠʯʝʩʢʠʭ ʦʩʮʠʣʣʷʪʦʨʘʭ ʈʝʩʩʣʝʨʘ ʩ ʯʘʩʪʦʪʥʦʡ ʦʪʩʪʨʦʡ-

ʢʦʡ [6, 7]. ʇʦʟʜʥʝʝ ʷʚʣʝʥʠʷ ɼʂʈ ʠ ɼɸʂʈ ʦʜʥʦʚʨʝʤʝʥʥʦ ʜʠʘʛʥʦʩʪʠʨʦʚʘʣʠʩʴ ʚ ʩʝʪʷʭ 

ʠʟ ʦʩʮʠʣʣʷʪʦʨʦʚ ʈʝʩʩʣʝʨʘ ʩ ʨʘʟʣʠʯʥʳʤʠ ʪʠʧʘʤʠ ʩʚʷʟʠ [8]. ʆʜʥʘʢʦ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ʦʙʦʠʭ ʥʝʣʠʥʝʡʥʳʭ ʷʚʣʝʥʠʡ ʚ ʜʨʫʛʠʭ ʤʦʜʝʣʴʥʳʭ ʭʘʦʪʠʯʝʩʢʠʭ ʜʠʥʘʤʠʯʝʩʢʠʭ ʩʠʩʪʝ-

ʤʘʭ ʥʝ ʧʨʦʚʦʜʠʣʠʩʴ. 

ʈʘʩʩʤʘʪʨʠʚʘʝʤʘʷ ʩʠʩʪʝʤʘ ʩʦʩʪʦʠʪ ʠʟ ʜʚʫʭ ʠʜʝʥʪʠʯʥʳʭ ʭʘʦʪʠʯʝʩʢʠʭ ʦʩʮʠʣʣʷ-

ʪʦʨʦʚ ʃʦʨʝʥʮʘ, ʩʚʷʟʘʥʥʳʭ ʜʚʫʥʘʧʨʘʚʣʝʥʥʦʡ ʩʚʷʟʴʶ. ʇʨʠ ʯʠʩʣʝʥʥʦʤ ʤʦʜʝʣʠʨʦʚʘ-

ʥʠʠ ʩʠʩʪʝʤʳ ʫʧʨʘʚʣʷʶʱʠʝ ʧʘʨʘʤʝʪʨʳ ʦʩʮʠʣʣʷʪʦʨʦʚ ʃʦʨʝʥʮʘ ʙʨʘʣʠʩʴ ʠʟ [5], ʘ ʢʦ-

ʵʬʬʠʮʠʝʥʪʳ ʩʚʷʟʠ ʧʨʝʜʧʦʣʘʛʘʣʠʩʴ ʨʘʚʥʳʤʠ ʜʨʫʛ ʜʨʫʛʫ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʯʠʩʣʝʥʥʦʛʦ 

ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʙʳʣʦ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʷʚʣʝʥʠʷ ɼʂʈ ʠ ɼɸʂʈ ʥʘʙʣʶʜʘʶʪʩʷ ʚ ʨʝ-

ʞʠʤʝ ʧʝʨʝʤʝʞʘʝʤʦʩʪʠ ʪʠʧʘ çon-offè, ʚʜʘʣʠ ʦʪ ʧʦʨʦʛʘ ʧʦʣʥʦʡ ʭʘʦʪʠʯʝʩʢʦʡ ʩʠʥʭʨʦ-

ʥʠʟʘʮʠʠ. ɼʣʷ ʧʝʨʝʤʝʥʥʳʭ X1,2 ʠ Y1,2 ʚʨʝʤʷ ʘʚʪʦʢʦʨʨʝʣʷʮʠʠ ʭʘʦʪʠʯʝʩʢʦʛʦ ʩʠʛʥʘʣʘ ʩ 

ʫʚʝʣʠʯʝʥʠʝʤ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʩʚʷʟʠ ʩʥʘʯʘʣʘ ʥʘʨʘʩʪʘʣʦ, ʘ ʟʘʪʝʤ ʩʧʘʜʘʣʦ (ʩʤ. ʨʠʩ.1ʘ). 

ɼʣʷ ʧʝʨʝʤʝʥʥʳʭ Z1,2 ʩʠʪʫʘʮʠʷ ʙʳʣʘ ʧʨʷʤʦ ʧʨʦʪʠʚʦʧʦʣʦʞʥʦʡ: ʚʨʝʤʷ ʘʚʪʦʢʦʨʨʝʣʷ-

ʮʠʠ ʚʥʘʯʘʣʝ ʩʧʘʜʘʣʦ, ʘ ʟʘʪʝʤ ʥʘʨʘʩʪʘʣʦ (ʩʤ. ʨʠʩ.1ʘ). ʇʨʠ ʵʪʦʤ ʩʫʱʝʩʪʚʦʚʘʣʠ ʦʧʪʠ-

ʤʘʣʴʥʳʝ ʟʥʘʯʝʥʠʷ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʩʚʷʟʠ, ʧʨʠ ʢʦʪʦʨʳʭ ʚʨʝʤʷ ʘʚʪʦʢʦʨʨʝʣʷʮʠʠ ʠʤʝʣʦ 

ʤʘʢʩʠʤʘʣʴʥʦʝ ʟʥʘʯʝʥʠʝ (ʷʚʣʝʥʠʝ ɼʂʈ) ʠ ʤʠʥʠʤʘʣʴʥʦʝ ʟʥʘʯʝʥʠʝ (ʷʚʣʝʥʠʝ ɼɸʂʈ). 



57                       ʉʙʦʨʥʠʢ ʪʨʫʜʦʚ XX ɺʩʝʨʦʩʩʠʡʩʢʦʡ ʢʦʥʬʝʨʝʥʮʠʠ ʤʦʣʦʜʳʭ ʫʯʝʥʳʭ              

ɹʳʣʦ ʪʘʢʞʝ ʧʨʦʚʝʜʝʥʦ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ ʜʚʫʭ ʩʚʷʟʘʥʥʳʭ ʭʘʦʪʠʯʝ-

ʩʢʠʭ ʦʩʮʠʣʣʷʪʦʨʦʚ ʃʦʨʝʥʮʘ. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ ʫʩʪʘʥʦʚʢʘ ʙʳʣʘ ʩʦʙʨʘʥʘ ʥʘ ʧʝʯʘʪ-

ʥʦʡ ʧʣʘʪʝ ʠ ʩʦʩʪʦʷʣʘ ʠʟ ʨʝʟʠʩʪʦʨʦʚ, ʢʦʥʜʝʥʩʘʪʦʨʦʚ, ʦʧʝʨʘʮʠʦʥʥʳʭ ʫʩʠʣʠʪʝʣʝʡ ʠ 

ʫʤʥʦʞʠʪʝʣʝʡ. ʇʘʨʘʤʝʪʨʳ ʦʩʮʠʣʣʷʪʦʨʦʚ ʧʦʜʙʠʨʘʣʠʩʴ ʪʘʢ, ʯʪʦʙʳ ʬʘʟʦʚʳʝ ʧʦʨʪʨʝʪʳ 

ʥʝʩʚʷʟʘʥʥʳʭ ʦʩʮʠʣʣʷʪʦʨʦʚ ʃʦʨʝʥʮʘ ʙʳʣʠ ʤʘʢʩʠʤʘʣʴʥʦ ʠʜʝʥʪʠʯʥʳʝ ʜʨʫʛ ʜʨʫʛʫ. ɺ 

ʨʝʟʫʣʴʪʘʪʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ ʙʳʣʦ ʧʦʜʪʚʝʨʞʜʝʥʦ ʩʫʱʝʩʪʚʦʚʘʥʠʝ 

ʷʚʣʝʥʠʡ ɼʂʈ ʠ ɼɸʂʈ (ʩʤ. ʨʠʩ. 1b). ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʚʨʝʤʝʥʠ ʘʚ-

ʪʦʢʦʨʨʝʣʷʮʠʠ ʭʘʦʪʠʯʝʩʢʦʛʦ ʩʠʛʥʘʣʘ ʢʘʯʝʩʪʚʝʥʥʦ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʪʝʦʨʝʪʠʯʝʩʢʠʤ ʟʘ-

ʚʠʩʠʤʦʩʪʷʤ. 

 

 
ʈʠʩ. 1. ɿʘʚʠʩʠʤʦʩʪʠ ʙʝʟʨʘʟʤʝʨʥʦʛʦ ʚʨʝʤʝʥʠ ʘʚʪʦʢʦʨʨʝʣʷʮʠʠ ʭʘʦʪʠʯʝʩʢʦʛʦ ʩʠʛʥʘʣʘ ʧʨʠ ʠʟʤʝ-

ʥʝʥʠʠ ʢʦʵʬʬʠʮʠʝʥʪʘ ʩʚʷʟʠ K ʤʝʞʜʫ ʜʚʫʤʷ ʭʘʦʪʠʯʝʩʢʠʤʠ ʦʩʮʠʣʣʷʪʦʨʘʤʠ ʃʦʨʝʥʮʘ, ʧʦʣʫʯʝʥ-

ʥʳʝ ʜʣʷ ʪʨʝʭ ʧʝʨʝʤʝʥʥʳʭ ʧʝʨʚʦʛʦ ʦʩʮʠʣʣʷʪʦʨʘ ʚ ʭʦʜʝ  

(a) ï ʯʠʩʣʝʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʠ (b) ï ʥʘʪʫʨʥʦʛʦ ʵʢʩʧʝʨʠʤʝʥʪʘ 
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ɼɸʂʈ ʚ ʜʨʫʛʠʭ ʩʚʷʟʘʥʥʳʭ ʭʘʦʪʠʯʝʩʢʠʭ ʦʩʮʠʣʣʷʪʦʨʘʭ ʢʘʢ ʩ ʠʜʝʥʪʠʯʥʳʤʠ, ʪʘʢ ʠ ʩ 

ʥʝʠʜʝʥʪʠʯʥʳʤʠ ʧʘʨʘʤʝʪʨʘʤʠ. 
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ʀʩʩʣʝʜʦʚʘʥʠʝ ʤʝʭʘʥʠʟʤʦʚ ʛʝʥʝʨʘʮʠʠ ʢʦʛʝʨʝʥʪʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʚ ʩʣʫʯʘʡʥʦ ʥʝ-

ʦʜʥʦʨʦʜʥʳʭ ʩʨʝʜʘʭ, ʪʘʢʠʭ ʢʘʢ ʩʫʩʧʝʥʟʠʠ ʥʘʥʦʯʘʩʪʠʮ ʚ ʨʘʩʪʚʦʨʘʭ ʣʘʟʝʨʥʳʭ ʢʨʘʩʠ-

ʪʝʣʝʡ, ʧʨʝʜʩʪʘʚʣʷʝʪ ʟʥʘʯʠʪʝʣʴʥʳʡ ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʡ ʠ ʧʨʠʢʣʘʜʥʦʡ ʠʥʪʝʨʝʩ ʜʣʷ ʩʦ-

ʚʨʝʤʝʥʥʦʡ ʬʦʪʦʥʠʢʠ ʠ ʣʘʟʝʨʥʦʡ ʬʠʟʠʢʠ. ʉʪʦʭʘʩʪʠʯʝʩʢʘʷ ʣʘʟʝʨʥʘʷ ʛʝʥʝʨʘʮʠʷ 

(ʉʃɻ), ʚʦʟʥʠʢʘʶʱʘʷ ʚʩʣʝʜʩʪʚʠʝ ʤʥʦʛʦʢʨʘʪʥʦʛʦ ʫʩʠʣʝʥʠʷ ʩʚʝʪʘ ʚ ʩʣʫʯʘʡʥʦ ʬʦʨʤʠ-

ʨʫʶʱʠʭʩʷ ʟʘʤʢʥʫʪʳʭ ʪʨʘʝʢʪʦʨʠʷʭ (ʚʠʨʪʫʘʣʴʥʳʭ ʨʝʟʦʥʘʪʦʨʘʭ) ʙʣʘʛʦʜʘʨʷ ʢʦʤʙʠʥʘ-

ʮʠʠ ʫʩʠʣʝʥʠʷ ʚ ʢʨʘʩʠʪʝʣʝ ʠ ʨʘʩʩʝʷʥʠʷ ʥʘ ʥʘʥʦʯʘʩʪʠʮʘʭ, ʷʚʣʷʝʪʩʷ ʢʣʶʯʝʚʳʤ ʷʚʣʝ-

ʥʠʝʤ ʚ ʵʪʦʡ ʦʙʣʘʩʪʠ [1]. ʌʠʟʠʢʘ ʧʨʦʮʝʩʩʘ ʦʧʨʝʜʝʣʷʝʪʩʷ ʩʣʦʞʥʳʤ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝʤ 

ʧʘʨʘʤʝʪʨʦʚ ʫʩʠʣʠʚʘʶʱʝʡ ʩʨʝʜʳ (ʩʝʯʝʥʠʝ ʚʳʥʫʞʜʝʥʥʦʛʦ ʠʟʣʫʯʝʥʠʷ, ʚʨʝʤʷ ʞʠʟʥʠ 

ʚʦʟʙʫʞʜʝʥʥʦʛʦ ʩʦʩʪʦʷʥʠʷ, ʢʦʥʮʝʥʪʨʘʮʠʷ) ʠ ʨʘʩʩʝʠʚʘʶʱʠʭ ʮʝʥʪʨʦʚ (ʪʨʘʥʩʧʦʨʪʥʘʷ 

ʜʣʠʥʘ ʨʘʩʩʝʷʥʠʷ l*, ʪʨʘʥʩʧʦʨʪʥʘʷ ʜʣʠʥʘ ʧʦʛʣʦʱʝʥʠʷ la, ʙʝʟʨʘʟʤʝʨʥʳʡ ʧʘʨʘʤʝʪʨ 

ɹʦʥʜʘ). ʆʧʪʠʤʠʟʘʮʠʷ ʩʦʩʪʘʚʘ ʪʘʢʠʭ ʘʢʪʠʚʥʳʭ ʩʨʝʜ, ʚ ʯʘʩʪʥʦʩʪʠ ʤʘʩʩʦʚʳʭ ʜʦʣʝʡ 

ʢʨʘʩʠʪʝʣʷ ʠ ʨʘʩʩʝʠʚʘʶʱʠʭ ʯʘʩʪʠʮ, ʢʨʠʪʠʯʝʩʢʠ ʚʘʞʥʘ ʜʣʷ ʜʦʩʪʠʞʝʥʠʷ ʟʘʜʘʥʥʳʭ 

ʩʧʝʢʪʨʘʣʴʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʛʝʥʝʨʘʮʠʠ (ʧʦʣʫʰʠʨʠʥʳ ʣʠʥʠʠ, ʩʧʝʢʪʨʘʣʴʥʦʛʦ ʢʘʯʝ-

ʩʪʚʘ) ʠ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʧʨʦʮʝʩʩʘ. ʕʪʦ ʦʪʢʨʳʚʘʝʪ ʧʝʨʩʧʝʢʪʠʚʳ ʜʣʷ ʨʘʟʨʘʙʦʪʢʠ ʧʝʨʝ-

ʩʪʨʘʠʚʘʝʤʳʭ ʠʩʪʦʯʥʠʢʦʚ ʩʚʝʪʘ, ʩʝʥʩʦʨʥʳʭ ʧʣʘʪʬʦʨʤ ʠ ʩʠʩʪʝʤ ʚʠʟʫʘʣʠʟʘʮʠʠ. 

ʎʝʣʴʶ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʳ ʷʚʣʷʝʪʩʷ ʩʠʩʪʝʤʘʪʠʯʝʩʢʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ ʚʣʠʷʥʠʷ 

ʤʘʩʩʦʚʳʭ ʜʦʣʝʡ ʢʣʶʯʝʚʳʭ ʢʦʤʧʦʥʝʥʪʦʚ ï ʣʘʟʝʨʥʳʭ ʢʨʘʩʠʪʝʣʝʡ (ʈʦʜʘʤʠʥ 6ɾ 

(ʈ6ɾ), DCM, ʂʫʤʘʨʠʥ 102) ʠ ʥʘʥʦʨʘʟʤʝʨʥʳʭ ʨʘʩʩʝʠʚʘʪʝʣʝʡ (TiO2 (ʘʥʘʪʘʟ), ZnO, 

Al2O3) ï ʥʘ ʩʧʝʢʪʨʘʣʴʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʉʃɻ ʚ ʢʦʣʣʦʠʜʥʳʭ ʩʫʩʧʝʥʟʠʷʭ. ʆʩʥʦʚʥʦʝ 

ʚʥʠʤʘʥʠʝ ʫʜʝʣʷʝʪʩʷ ʘʥʘʣʠʟʫ ʧʦʣʫʰʠʨʠʥʳ ʩʧʝʢʪʨʘʣʴʥʦʡ ʣʠʥʠʠ ʛʝʥʝʨʘʮʠʠ ȹɚ ʠ 

ʩʧʝʢʪʨʘʣʴʥʦʛʦ ʢʘʯʝʩʪʚʘ Q, ʦʧʨʝʜʝʣʷʝʤʦʛʦ ʢʘʢ ʦʪʥʦʰʝʥʠʝ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʛʝʥʝʨʘʮʠʠ 

ʢ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʩʧʦʥʪʘʥʥʦʡ ʬʣʫʦʨʝʩʮʝʥʮʠʠ ʥʘ ʧʦʨʦʛʝ ʉʃɻ (Q = Igen / Ifl.threshold). 

ʂʣʶʯʝʚʦʡ ʟʘʜʘʯʝʡ ʷʚʣʷʝʪʩʷ ʫʩʪʘʥʦʚʣʝʥʠʝ ʦʧʪʠʤʘʣʴʥʳʭ ʜʠʘʧʘʟʦʥʦʚ ʢʦʥʮʝʥʪʨʘʮʠʡ, 

ʦʙʝʩʧʝʯʠʚʘʶʱʠʭ ʤʠʥʠʤʠʟʘʮʠʶ ȹɚ ʠ ʤʘʢʩʠʤʠʟʘʮʠʶ Q, ʘ ʪʘʢʞʝ ʚʳʷʚʣʝʥʠʝ ʬʫʥʜʘ-

ʤʝʥʪʘʣʴʥʳʭ ʦʛʨʘʥʠʯʝʥʠʡ ʧʨʦʮʝʩʩʘ, ʩʚʷʟʘʥʥʳʭ ʩ ʥʘʩʳʱʝʥʠʝʤ ʫʩʠʣʝʥʠʷ, ʨʘʜʠʘʮʠ-

ʦʥʥʳʤʠ ʧʦʪʝʨʷʤʠ ʠ ʧʘʨʘʤʝʪʨʘʤʠ ʧʝʨʝʥʦʩʘ ʠʟʣʫʯʝʥʠʷ. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʝ ʠʩʩʣʝ-

ʜʦʚʘʥʠʝ ʧʨʦʚʦʜʠʣʦʩʴ ʥʘ ʩʫʩʧʝʥʟʠʷʭ, ʛʜʝ ʤʘʩʩʦʚʳʝ ʜʦʣʠ ʨʘʩʩʝʠʚʘʪʝʣʝʡ ʚʘʨʴʠʨʦʚʘ-

ʣʠʩʴ ʚ ʩʣʝʜʫʶʱʠʭ ʧʨʝʜʝʣʘʭ: ʜʣʷ ʩʠʩʪʝʤ TiO2+ʈ6ɾ ï ʦʪ 0 ʜʦ 17.24%; ZnO+ʈ6ɾ ï 

ʜʦ 9.43%; DCM+TiO2 ï ʜʦ 10.3%; ʂʫʤʘʨʠʥ 102+Al2O3 ï ʜʦ 10.1%. ʂʦʥʮʝʥʪʨʘʮʠʠ 

ʢʨʘʩʠʪʝʣʝʡ ʬʠʢʩʠʨʦʚʘʣʠʩʴ: ʈ6ɾ ï 3.4Ŀ10-3 ʤʦʣʴ/ʣ, DCM ï  6.2Ŀ10-2 ʤʦʣʴ/ʣ, ʂʫʤʘʨʠʥ 

102 ï 1.48Ŀ10-1 ʤʦʣʴ/ʣ. ʅʘʢʘʯʢʘ ʦʩʫʱʝʩʪʚʣʷʣʘʩʴ ʠʤʧʫʣʴʩʥʳʤʠ ʣʘʟʝʨʘʤʠ: ʜʣʷ ʩʠʩʪʝʤ 

ʥʘ ʦʩʥʦʚʝ ʈ6ɾ ʠ DCM ʠʩʧʦʣʴʟʦʚʘʣʦʩʴ ʠʟʣʫʯʝʥʠʝ ʩ ʜʣʠʥʦʡ ʚʦʣʥʳ 532 ʥʤ (Nd:YAG 

ʣʘʟʝʨ, 2-ʷ ʛʘʨʤʦʥʠʢʘ), ʜʣʷ ʩʠʩʪʝʤ 
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ʈʠʩ. 1. ɿʘʚʠʩʠʤʦʩʪʴ ʧʦʣʫʰʠʨʠʥʳ ʩʧʝʢʪʨʘʣʴʥʦʡ ʣʠʥʠʠ ʦʪ ʤʘʩʩʦʚʦʡ ʜʦʣʠ ʨʘʩʩʝʠʚʘʪʝʣʝʡ ʚ ʩʫʩ-

ʧʝʥʟʠʠ ʧʨʠ ʬʠʢʩʠʨʦʚʘʥʥʳʭ ʟʥʘʯʝʥʠʷʭ ʧʘʜʘʶʱʝʡ ʣʘʟʝʨʥʦʡ ʥʘʢʘʯʢʠ. ʘ ï ʜʣʷ ʨʦʜʘʤʠʥʘ 6ɾ ʩ 

ʨʘʩʩʝʠʚʘʶʱʠʤʠ ʥʘʥʦʯʘʩʪʠʮʘʤʠ ʘʥʘʪʘʟʘ TiO2; ʙ ï ʜʣʷ ʨʦʜʘʤʠʥʘ 6ɾ ʩ ʥʘʥʦʯʘʩʪʠʮʘʤʠ ZnO; ʚ 

ï ʜʣʷ DCM ʩ ʥʘʥʦʯʘʩʪʠʮʘʤʠ TiO2; ʛ ï ʜʣʷ ʢʫʤʘʨʠʥʘ 102 ʩ ʤʠʢʨʦʯʘʩʪʠʮʘʤʠ Al 2O3, ʥʘ ʜʣʠʥʝ 

ʚʦʣʥʳ ʣʘʟʝʨʥʦʡ ʥʘʢʘʯʢʠ 355 ʥʤ. 

 

ʥʘ ʦʩʥʦʚʝ ʂʫʤʘʨʠʥʘ 102 ï 355 ʥʤ (Nd:YAG ʣʘʟʝʨ, 3-ʷ ʛʘʨʤʦʥʠʢʘ). ʈʘʩʩʝʠʚʘʶʱʠʝ 

ʯʘʩʪʠʮʳ ʧʦʜʙʠʨʘʣʠʩʴ ʩ ʤʠʥʠʤʘʣʴʥʳʤ ʩʦʙʩʪʚʝʥʥʳʤ ʧʦʛʣʦʱʝʥʠʝʤ ʥʘ ʜʣʠʥʘʭ ʚʦʣʥ 

ʥʘʢʘʯʢʠ ʠ ʬʣʫʦʨʝʩʮʝʥʮʠʠ ʢʨʘʩʠʪʝʣʷ, ʯʪʦ ʧʦʜʪʚʝʨʞʜʘʣʦʩʴ ʦʪʜʝʣʴʥʳʤʠ ʩʧʝʢʪʨʦʬʦ-

ʪʦʤʝʪʨʠʯʝʩʢʠʤʠ ʠʟʤʝʨʝʥʠʷʤʠ. ʊʨʘʥʩʧʦʨʪʥʳʝ ʧʘʨʘʤʝʪʨʳ ʩʨʝʜʳ (ʪʨʘʥʩʧʦʨʪʥʘʷ 

ʜʣʠʥʘ ʨʘʩʩʝʷʥʠʷ l, ʪʨʘʥʩʧʦʨʪʥʘʷ ʜʣʠʥʘ ʧʦʛʣʦʱʝʥʠʷ la) ʨʘʩʩʯʠʪʳʚʘʣʠʩʴ ʥʘ ʦʩʥʦʚʝ 

ʪʝʦʨʠʠ ʧʝʨʝʥʦʩʘ ʠʟʣʫʯʝʥʠʷ ʚ ʜʠʬʬʫʟʠʦʥʥʦʤ ʧʨʠʙʣʠʞʝʥʠʠ, ʛʜʝ l ʦʧʨʝʜʝʣʷʝʪʩʷ ʢʘʢ 

l* = 1/(ɟůs), ʘ la = 1/(ɟůa + ŮC), ʛʜʝ ɟ ïʧʣʦʪʥʦʩʪʴ ʨʘʩʩʝʠʚʘʶʱʠʭ ʯʘʩʪʠʮ, ůs ʠ ůa ï ʩʝʯʝ-

ʥʠʷ ʨʘʩʩʝʷʥʠʷ ʠ ʧʦʛʣʦʱʝʥʠʷ ʯʘʩʪʠʮʳ, Ů ï ʤʦʣʷʨʥʳʡ ʢʦʵʬʬʠʮʠʝʥʪ ʧʦʛʣʦʱʝʥʠʷ ʢʨʘ-

ʩʠʪʝʣʷ, C ï ʝʛʦ ʢʦʥʮʝʥʪʨʘʮʠʷ. ɹʝʟʨʘʟʤʝʨʥʳʡ ʧʘʨʘʤʝʪʨ ɹʦʥʜʘ (B) ʚʳʯʠʩʣʷʣʩʷ ʢʘʢ 

B=l*/( l*+ la) [2]. ʉʧʝʢʪʨʘʣʴʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʨʝʛʠʩʪʨʠʨʦʚʘʣʠʩʴ ʩ ʧʦʤʦʱʴʶ ʩʧʝʢ-

ʪʨʦʤʝʪʨʘ ʚʳʩʦʢʦʛʦ ʨʘʟʨʝʰʝʥʠʷ. 

ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʚʳʷʚʠʣʠ ʥʘʣʠʯʠʝ ʦʧʪʠʤʘʣʴʥʳʭ ʤʘʩʩʦʚʳʭ 

ʜʦʣʝʡ ʨʘʩʩʝʠʚʘʶʱʠʭ ʯʘʩʪʠʮ, ʧʨʠ ʢʦʪʦʨʳʭ ʜʦʩʪʠʛʘʝʪʩʷ ʤʠʥʠʤʘʣʴʥʘʷ ʧʦʣʫʰʠʨʠʥʘ 

ʩʧʝʢʪʨʘʣʴʥʦʡ ʣʠʥʠʠ ʉʃɻ ʧʨʠ ʬʠʢʩʠʨʦʚʘʥʥʳʭ ʧʣʦʪʥʦʩʪʷʭ ʵʥʝʨʛʠʠ ʥʘʢʘʯʢʠ (~4Ŀ102 

ɼʞ/ʩʤ2 ʜʣʷ ʈ6ɾ, ~1.44Ŀ10-1 ɼʞ/ʩʤĮ ʜʣʷ DCM, ~5.3Ŀ10-2 ɼʞ/ʩʤ2 ʜʣʷ ʂʫʤʘʨʠʥʘ 102) 

[3]. ʄʠʥʠʤʘʣʴʥʳʝ ʥʘʙʣʶʜʘʝʤʳʝ ʟʥʘʯʝʥʠʷ ȹɚ ʩʦʩʪʘʚʠʣʠ ʧʨʠʙʣʠʟʠʪʝʣʴʥʦ 5 ʥʤ ʜʣʷ 

ʩʠʩʪʝʤʳ ʈ6ɾ+TiO2, 14 ʥʤ ʜʣʷ DCM+TiO2 ʠ 14 ʥʤ ʜʣʷ ʂʫʤʘʨʠʥʘ 102+Al2O3 [4]. ɼʣʷ 



                                  çʅʘʥʦʵʣʝʢʪʨʦʥʠʢʘ, ʥʘʥʦʬʦʪʦʥʠʢʘ ʠ ʥʝʣʠʥʝʡʥʘʷ ʬʠʟʠʢʘè                     60 

ʩʠʩʪʝʤʳ ʈ6ɾ+ZnO ʤʠʥʠʤʘʣʴʥʘʷ ʜʦʩʪʠʛʥʫʪʘʷ ȹɚ ʪʘʢʞʝ ʩʦʩʪʘʚʠʣʘ 14 ʥʤ ʧʨʠ ʤʘʩʩʦ-

ʚʦʡ ʜʦʣʝ ZnO 9.43%. ʇʦʣʫʯʝʥʥʳʝ ʟʥʘʯʝʥʠʷ ȹɚ ʩʫʱʝʩʪʚʝʥʥʦ ʤʝʥʴʰʝ ʧʦʣʫʰʠʨʠʥʳ 

ʧʦʣʦʩʳ ʩʧʦʥʪʘʥʥʦʡ ʬʣʫʦʨʝʩʮʝʥʮʠʠ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʢʨʘʩʠʪʝʣʝʡ, ʯʪʦ ʧʦʜʪʚʝʨ-

ʞʜʘʝʪ ʚʦʟʥʠʢʥʦʚʝʥʠʝ ʉʃɻ. ɸʥʘʣʠʟ ʩʧʝʢʪʨʘʣʴʥʦʛʦ ʢʘʯʝʩʪʚʘ Q ʧʦʢʘʟʘʣ, ʯʪʦ ʜʣʷ ʠʩ-

ʩʣʝʜʦʚʘʥʥʳʭ ʩʠʩʪʝʤ ʦʥʦ ʚʘʨʴʠʨʫʝʪʩʷ ʚ ʜʠʘʧʘʟʦʥʘʭ: 5-6 ʜʣʷ ʈ6ɾ, 1-1.1 ʜʣʷ DCM, 

1.5-2 ʜʣʷ ʂʫʤʘʨʠʥʘ 102 ʧʨʠ ʧʦʨʦʛʦʚʳʭ ʧʣʦʪʥʦʩʪʷʭ ʥʘʢʘʯʢʠ. ʇʨʠ ʫʚʝʣʠʯʝʥʠʠ ʠʥ-

ʪʝʥʩʠʚʥʦʩʪʠ ʥʘʢʘʯʢʠ ʚʳʰʝ ʧʦʨʦʛʘ ʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʦʧʪʠʤʘʣʴʥʳʭ, ʵʢʩʧʝʨʠʤʝʥ-

ʪʘʣʴʥʦ ʦʧʨʝʜʝʣʝʥʥʳʭ ʤʘʩʩʦʚʳʭ ʜʦʣʝʡ ʨʘʩʩʝʠʚʘʪʝʣʝʡ, ʩʧʝʢʪʨʘʣʴʥʦʝ ʢʘʯʝʩʪʚʦ ʜʣʷ 

ʚʩʝʭ ʩʠʩʪʝʤ ʚʦʟʨʘʩʪʘʝʪ, ʜʦʩʪʠʛʘʷ ʟʥʘʯʝʥʠʡ ʚ ʜʠʘʧʘʟʦʥʝ 6-10. ʕʪʘ ʦʧʪʠʤʠʟʘʮʠʷ 

ʥʘʧʨʷʤʫʶ ʩʚʷʟʘʥʘ ʩ ʜʦʩʪʠʞʝʥʠʝʤ ʫʩʣʦʚʠʡ ʵʬʬʝʢʪʠʚʥʦʛʦ ʬʦʨʤʠʨʦʚʘʥʠʷ ʟʘʤʢʥʫʪʳʭ 

ʪʨʘʝʢʪʦʨʠʡ ʩ ʚʳʩʦʢʦʡ ʜʦʙʨʦʪʥʦʩʪʴʶ (ʧʫʪʝʤ ʧʦʜʙʦʨʘ l*) ʠ ʤʠʥʠʤʠʟʘʮʠʝʡ ʧʦʪʝʨʴ (ʟʘ 

ʩʯʝʪ ʢʦʥʪʨʦʣʷ la ʠ ʧʨʝʜʦʪʚʨʘʱʝʥʠʷ ʚʳʧʘʜʝʥʠʷ ʦʩʘʜʢʘ). ʂʨʠʪʠʯʝʩʢʠʤ ʬʘʢʪʦʨʦʤ, 

ʦʛʨʘʥʠʯʠʚʘʶʱʠʤ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʉʃɻ ʧʨʠ ʚʳʩʦʢʠʭ ʤʘʩʩʦʚʳʭ ʜʦʣʷʭ ʨʘʩʩʝʠʚʘʪʝʣʝʡ 

(>15% ʜʣʷ TiO2, >9% ʜʣʷ ZnO), ʷʚʣʷʝʪʩʷ ʩʥʠʞʝʥʠʝ ʧʘʨʘʤʝʪʨʘ ɹʦʥʜʘ (B < 0.5) ʠ ʩʚʷ-

ʟʘʥʥʦʝ ʩ ʵʪʠʤ ʫʤʝʥʴʰʝʥʠʝ ʩʨʝʜʥʝʡ ʜʣʠʥʳ ʩʚʦʙʦʜʥʦʛʦ ʧʨʦʙʝʛʘ ʬʦʪʦʥʘ ʦʪʥʦʩʠ-

ʪʝʣʴʥʦ ʨʘʟʤʝʨʦʚ ʦʙʣʘʩʪʠ ʫʩʠʣʝʥʠʷ, ʯʪʦ ʚʝʜʝʪ ʢ ʫʚʝʣʠʯʝʥʠʶ ʧʦʪʝʨʴ ʥʘ ʧʦʛʣʦʱʝʥʠʝ 

ʠ ʩʥʠʞʝʥʠʶ ʫʩʠʣʝʥʠʷ ʚ ʚʠʨʪʫʘʣʴʥʳʭ ʨʝʟʦʥʘʪʦʨʘʭ. ɼʘʥʥʳʡ ʵʬʬʝʢʪ ʦʩʦʙʝʥʥʦ ʚʳʨʘ-

ʞʝʥ ʚ ʦʪʩʫʪʩʪʚʠʝ ʧʦʩʪʦʷʥʥʦʛʦ ʧʝʨʝʤʝʰʠʚʘʥʠʷ ʩʫʩʧʝʥʟʠʠ, ʧʨʠʚʦʜʷʱʝʛʦ ʢ ʩʝʜʠʤʝʥ-

ʪʘʮʠʠ ʯʘʩʪʠʮ ʠ ʣʦʢʘʣʴʥʦʡ ʥʝʦʜʥʦʨʦʜʥʦʩʪʠ ʨʘʩʩʝʠʚʘʶʱʠʭ ʩʚʦʡʩʪʚ ʚʜʦʣʴ ʦʩʠ 

ʥʘʢʘʯʢʠ. ʋʩʪʘʥʦʚʣʝʥʳ ʧʨʝʜʧʦʨʦʛʦʚʳʝ ʤʘʩʩʦʚʳʝ ʜʦʣʠ ʨʘʩʩʝʠʚʘʪʝʣʝʡ, ʧʨʠ ʢʦʪʦʨʳʭ 

ʥʘʙʣʶʜʘʝʪʩʷ ʧʦʜʘʚʣʝʥʠʝ ʠʥʜʫʮʠʨʦʚʘʥʥʦʡ ʩʦʩʪʘʚʣʷʶʱʝʡ ʬʣʫʦʨʝʩʮʝʥʮʠʠ ʠ ʦʪʩʫʪ-

ʩʪʚʠʝ ʚʳʨʘʞʝʥʥʦʛʦ ʧʦʨʦʛʘ ʉʃɻ. ʈʘʩʯʝʪʥʳʡ ɓ-ʬʘʢʪʦʨ (ʜʦʣʷ ʩʧʦʥʪʘʥʥʦʛʦ ʠʟʣʫʯʝʥʠʷ, 

ʧʦʧʘʜʘʶʱʘʷ ʚ ʣʘʟʝʨʥʫʶ ʤʦʜʫ), ʭʘʨʘʢʪʝʨʠʟʫʶʱʠʡ ʩʪʝʧʝʥʴ ʧʨʠʛʦʜʥʦʩʪʠ ʢʨʘʩʠʪʝʣʷ 

ʜʣʷ ʣʘʟʝʨʥʦʡ ʛʝʥʝʨʘʮʠʠ, ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʥʳʭ ʩʠʩʪʝʤ ʩʦʩʪʘʚʠʣ 0.25-0.3 [5 ]. ʕʪʦ ʟʥʘ-

ʯʝʥʠʝ ʭʦʨʦʰʦ ʩʦʛʣʘʩʫʝʪʩʷ ʩ ʣʠʪʝʨʘʪʫʨʥʳʤʠ ʜʘʥʥʳʤʠ (0.1-0.3) ʜʣʷ ʦʨʛʘʥʠʯʝʩʢʠʭ 

ʢʨʘʩʠʪʝʣʝʡ ʠ ʦʙʫʩʣʦʚʣʝʥʦ ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʤʠ ʧʘʨʘʤʝʪʨʘʤʠ ʢʨʘʩʠʪʝʣʷ: ʦʪʥʦʰʝ-

ʥʠʝʤ ʩʝʯʝʥʠʡ ʚʳʥʫʞʜʝʥʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ůem ʠ ʧʦʛʣʦʱʝʥʠʷ ůabs (ɓ θ ůem/(ůem + ůabs)) 

[6], ʚʨʝʤʝʥʝʤ ʞʠʟʥʠ ʚʦʟʙʫʞʜʝʥʥʦʛʦ ʩʦʩʪʦʷʥʠʷ Ű, ʢʚʘʥʪʦʚʳʤ ʚʳʭʦʜʦʤ ʬʣʫʦʨʝʩʮʝʥ-

ʮʠʠ, ʘ ʪʘʢʞʝ ʚʣʠʷʥʠʝʤ ʩʧʝʢʣ-ʤʦʜʫʣʷʮʠʠ ʣʘʟʝʨʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʚ ʩʣʫʯʘʡʥʦʡ ʩʨʝʜʝ, 

ʢʦʪʦʨʘʷ ʤʦʞʝʪ ʢʘʢ ʩʧʦʩʦʙʩʪʚʦʚʘʪʴ, ʪʘʢ ʠ ʧʨʝʧʷʪʩʪʚʦʚʘʪʴ ʬʦʨʤʠʨʦʚʘʥʠʶ ʟʘʤʢʥʫʪʳʭ 

ʪʨʘʝʢʪʦʨʠʡ ʩ ʚʳʩʦʢʠʤ ʫʩʠʣʝʥʠʝʤ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʩʦʦʪʥʦʰʝʥʠʷ ʜʣʠʥʳ ʢʦʛʝʨʝʥʪ-

ʥʦʩʪʠ ʠʩʪʦʯʥʠʢʘ ʥʘʢʘʯʢʠ ʠ ʭʘʨʘʢʪʝʨʥʦʛʦ ʨʘʟʤʝʨʘ ʥʝʦʜʥʦʨʦʜʥʦʩʪʝʡ. ʉʨʘʚʥʠʪʝʣʴ-

ʥʳʡ ʘʥʘʣʠʟ ʩʠʩʪʝʤ ʧʦʢʘʟʘʣ, ʯʪʦ ʥʘʠʣʫʯʰʠʝ ʩʧʝʢʪʨʘʣʴʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ 

(ʥʘʠʤʝʥʴʰʘʷ ȹɚ ʠ ʥʘʠʙʦʣʴʰʝʝ Q) ʜʦʩʪʠʛʘʶʪʩʷ ʜʣʷ ʈʦʜʘʤʠʥʘ 6ɾ ʩ ʥʘʥʦʯʘʩʪʠʮʘʤʠ 

TiO2 (ʘʥʘʪʘʟ), ʯʪʦ ʦʙʲʷʩʥʷʝʪʩʷ ʦʧʪʠʤʘʣʴʥʳʤ ʩʦʯʝʪʘʥʠʝʤ ʚʳʩʦʢʦʛʦ ʩʝʯʝʥʠʷ ʚʳʥʫʞ-

ʜʝʥʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʈ6ɾ ʠ ʚʳʩʦʢʦʛʦ ʢʦʵʬʬʠʮʠʝʥʪʘ ʨʘʩʩʝʷʥʠʷ TiO2 ʚ ʚʠʜʠʤʦʡ ʦʙʣʘ-

ʩʪʠ ʩʧʝʢʪʨʘ. ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʯʘʩʪʠʮ Al2O3 ʩ ʂʫʤʘʨʠʥʦʤ 102 ʪʘʢʞʝ ʜʝʤʦʥʩʪʨʠʨʫʝʪ 

ʨʘʙʦʪʦʩʧʦʩʦʙʥʦʩʪʴ ʩʠʩʪʝʤʳ, ʭʦʪʷ ʠ ʩ ʙʦʣʴʰʝʡ ȹɚ, ʯʪʦ ʯʘʩʪʠʯʥʦ ʩʚʷʟʘʥʦ ʩ ʠʩʧʦʣʴ-

ʟʦʚʘʥʠʝʤ ʤʠʢʨʦʯʘʩʪʠʮ (ʫʚʝʣʠʯʠʚʘʶʱʠʭ l* ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʥʘʥʦʯʘʩʪʠʮʘʤʠ ʧʨʠ ʪʦʡ 

ʞʝ ʤʘʩʩʦʚʦʡ ʜʦʣʝ) ʠ ʩʚʦʡʩʪʚʘʤʠ ʩʘʤʦʛʦ ʢʨʘʩʠʪʝʣʷ. ʉʠʩʪʝʤʘ DCM+TiO2 ʧʦʢʘʟʘʣʘ 

ʥʘʠʤʝʥʴʰʝʝ ʩʧʝʢʪʨʘʣʴʥʦʝ ʢʘʯʝʩʪʚʦ ʚʙʣʠʟʠ ʧʦʨʦʛʘ, ʯʪʦ ʤʦʞʝʪ ʙʳʪʴ ʩʚʷʟʘʥʦ ʩ ʙʦʣʝʝ 

ʚr ʩʦʢʠʤʠ ʥʝʨʘʜʠʘʮʠʦʥʥʳʤʠ ʧʦʪʝʨʷʤʠ ʚ ʵʪʦʤ ʢʨʘʩʠʪʝʣʝ ʠʣʠ ʦʩʦʙʝʥʥʦʩʪʷʤʠ ʝʛʦ 

ʩʧʝʢʪʨʘʣʴʥʦʛʦ ʩʦʚʧʘʜʝʥʠʷ ʩ ʨʘʩʩʝʠʚʘʪʝʣʝʤ. ʈʘʥʝʝ ʧʨʦʚʝʜʝʥʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʥʘ 

ʩʠʩʪʝʤʝ ʩ DCM ʠ ʧʦʛʣʦʱʘʶʱʠʤʠ ʯʘʩʪʠʮʘʤʠ ʧʦʜʪʚʝʨʜʠʣʠ ʢʨʠʪʠʯʝʩʢʫʶ ʚʘʞʥʦʩʪʴ 



61                       ʉʙʦʨʥʠʢ ʪʨʫʜʦʚ XX ɺʩʝʨʦʩʩʠʡʩʢʦʡ ʢʦʥʬʝʨʝʥʮʠʠ ʤʦʣʦʜʳʭ ʫʯʝʥʳʭ              

ʤʠʥʠʤʠʟʘʮʠʠ ʧʦʛʣʦʱʝʥʠʷ ʚ ʨʘʩʩʝʠʚʘʪʝʣʝ ï ʚʚʝʜʝʥʠʝ ʜʘʞʝ ʩʣʘʙʦʧʦʛʣʦʱʘʶʱʠʭ ʯʘ-

ʩʪʠʮ ʧʨʠʚʦʜʠʣʦ ʢ ʩʫʱʝʩʪʚʝʥʥʦʤʫ ʫʰʠʨʝʥʠʶ ʣʠʥʠʠ (ʜʦ ʟʥʘʯʝʥʠʡ, ʭʘʨʘʢʪʝʨʥʳʭ ʜʣʷ 

ʩʧʦʥʪʘʥʥʦʡ ʬʣʫʦʨʝʩʮʝʥʮʠʠ) ʠ ʠʩʯʝʟʥʦʚʝʥʠʶ ʧʦʨʦʛʘ ʉʃɻ ʧʨʠ ʜʦʩʪʠʞʠʤʳʭ ʧʣʦʪʥʦ-

ʩʪʷʭ ʤʦʱʥʦʩʪʠ ʥʘʢʘʯʢʠ ʜʦ 107 ɺʪ/ʩʤ2 [7]. 

ʇʨʦʚʝʜʝʥʥʳʝ ʪʝʦʨʝʪʠʯʝʩʢʠʝ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʦʜʥʦʟʥʘʯʥʦ 

ʜʝʤʦʥʩʪʨʠʨʫʶʪ ʚʦʟʤʦʞʥʦʩʪʴ ʵʬʬʝʢʪʠʚʥʦʡ ʛʝʥʝʨʘʮʠʠ ʩʪʦʭʘʩʪʠʯʝʩʢʦʛʦ ʣʘʟʝʨʥʦʛʦ 

ʠʟʣʫʯʝʥʠʷ ʩ ʫʟʢʦʡ ʩʧʝʢʪʨʘʣʴʥʦʡ ʣʠʥʠʝʡ ʚ ʩʫʩʧʝʥʟʠʷʭ ʣʘʟʝʨʥʳʭ ʢʨʘʩʠʪʝʣʝʡ, ʜʦʧʠ-

ʨʦʚʘʥʥʳʭ ʥʘʥʦʨʘʟʤʝʨʥʳʤʠ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʤʠ ʨʘʩʩʝʠʚʘʪʝʣʷʤʠ ʩ ʥʠʟʢʠʤ ʧʦʛʣʦʱʝ-

ʥʠʝʤ. ʋʩʪʘʥʦʚʣʝʥʳ ʠ ʢʦʣʠʯʝʩʪʚʝʥʥʦ ʦʧʨʝʜʝʣʝʥʳ ʦʧʪʠʤʘʣʴʥʳʝ ʤʘʩʩʦʚʳʝ ʜʦʣʠ ʨʘʩ-

ʩʝʠʚʘʶʱʠʭ ʯʘʩʪʠʮ ʜʣʷ ʩʠʩʪʝʤ ʥʘ ʦʩʥʦʚʝ ʈʦʜʘʤʠʥʘ 6ɾ, DCM ʠ ʂʫʤʘʨʠʥʘ 102, ʦʙʝʩ-

ʧʝʯʠʚʘʶʱʠʝ ʤʠʥʠʤʘʣʴʥʫʶ ʧʦʣʫʰʠʨʠʥʫ ʣʠʥʠʠ ʛʝʥʝʨʘʮʠʠ (5-14 ʥʤ) ʠ ʚʳʩʦʢʦʝ 

ʩʧʝʢʪʨʘʣʴʥʦʝ ʢʘʯʝʩʪʚʦ (ʜʦ 10). ʂʣʶʯʝʚʳʤʠ ʬʘʢʪʦʨʘʤʠ, ʦʧʨʝʜʝʣʷʶʱʠʤʠ ʵʬʬʝʢʪʠʚ-

ʥʦʩʪʴ ʉʃɻ, ʷʚʣʷʶʪʩʷ ʜʦʩʪʠʞʝʥʠʝ ʟʥʘʯʝʥʠʡ ʪʨʘʥʩʧʦʨʪʥʦʡ ʜʣʠʥʳ ʨʘʩʩʝʷʥʠʷ l*, ʩʦ-

ʠʟʤʝʨʠʤʳʭ ʩ ʨʘʟʤʝʨʦʤ ʟʦʥʳ ʥʘʢʘʯʢʠ ʠ ʜʣʠʥʦʡ ʫʩʠʣʝʥʠʷ ʢʨʘʩʠʪʝʣʷ, ʤʠʥʠʤʠʟʘʮʠʷ 

ʪʨʘʥʩʧʦʨʪʥʦʡ ʜʣʠʥʳ ʧʦʛʣʦʱʝʥʠʷ la (ʟʘ ʩʯʝʪ ʚʳʙʦʨʘ ʥʝ ʧʦʛʣʦʱʘʶʱʠʭ ʯʘʩʪʠʮ ʠ ʦʧ-

ʪʠʤʠʟʘʮʠʠ ʢʦʥʮʝʥʪʨʘʮʠʠ ʢʨʘʩʠʪʝʣʷ), ʧʦʜʜʝʨʞʘʥʠʝ ʚʳʩʦʢʦʛʦ ʟʥʘʯʝʥʠʷ ʧʘʨʘʤʝʪʨʘ 

ɹʦʥʜʘ (B > 0.5) ʠ ʧʨʝʜʦʪʚʨʘʱʝʥʠʝ ʩʝʜʠʤʝʥʪʘʮʠʠ ʯʘʩʪʠʮ. ʆʧʨʝʜʝʣʷʶʱʝʝ ʚʣʠʷʥʠʝ ʥʘ 

ʩʧʝʢʪʨʘʣʴʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʦʢʘʟʳʚʘʶʪ ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʝ ʩʚʦʡʩʪʚʘ ʢʨʘʩʠʪʝʣʷ, 

ʭʘʨʘʢʪʝʨʠʟʫʝʤʳʝ ɓ-ʬʘʢʪʦʨʦʤ (~0.25-0.3), ʠ ʤʝʭʘʥʠʟʤ ʩʧʝʢʣ-ʤʦʜʫʣʠʨʦʚʘʥʥʦʡ ʦʙ-

ʨʘʪʥʦʡ ʩʚʷʟʠ. ʇʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʠʤʝʶʪ ʚʘʞʥʦʝ ʟʥʘʯʝʥʠʝ ʜʣʷ ʨʘʟʨʘʙʦʪʢʠ ʥʦ-

ʚʳʭ ʪʠʧʦʚ ʧʝʨʝʩʪʨʘʠʚʘʝʤʳʭ ʠʩʪʦʯʥʠʢʦʚ ʩʣʫʯʘʡʥʦʛʦ ʣʘʟʝʨʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʥʘ ʞʠʜ-

ʢʦʡ ʦʩʥʦʚʝ, ʧʝʨʩʧʝʢʪʠʚʥʳʭ ʜʣʷ ʧʨʠʤʝʥʝʥʠʡ ʚ ʩʧʝʢʪʨʦʩʢʦʧʠʠ, ʙʠʦʤʝʜʠʮʠʥʩʢʦʡ ʚʠ-

ʟʫʘʣʠʟʘʮʠʠ ʠ ʩʝʥʩʦʨʠʢʝ [5], ʛʜʝ ʢʣʶʯʝʚʳʤʠ ʪʨʝʙʦʚʘʥʠʷʤʠ ʷʚʣʷʶʪʩʷ ʢʦʤʧʘʢʪʥʦʩʪʴ, 

ʧʨʦʩʪʦʪʘ ʢʦʥʩʪʨʫʢʮʠʠ ʠ ʚʦʟʤʦʞʥʦʩʪʴ ʪʦʥʢʦʡ ʥʘʩʪʨʦʡʢʠ ʩʧʝʢʪʨʘʣʴʥʳʭ ʩʚʦʡʩʪʚ ʘʢ-

ʪʠʚʥʦʡ ʩʨʝʜʳ. ɼʘʣʴʥʝʡʰʠʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʙʫʜʫʪ ʥʘʧʨʘʚʣʝʥʳ ʥʘ ʠʟʫʯʝʥʠʝ ʚʣʠʷʥʠʷ 

ʨʘʟʤʝʨʘ ʠ ʬʦʨʤʳ ʨʘʩʩʝʠʚʘʶʱʠʭ ʯʘʩʪʠʮ, ʠʩʩʣʝʜʦʚʘʥʠʝ ʢʠʥʝʪʠʢʠ ʛʝʥʝʨʘʮʠʠ ʚ ʠʤ-

ʧʫʣʴʩʥʦʤ ʨʝʞʠʤʝ ʠ ʨʘʟʨʘʙʦʪʢʫ ʩʪʘʙʠʣʠʟʠʨʦʚʘʥʥʳʭ ʩʫʩʧʝʥʟʠʡ ʜʣʷ ʜʦʣʛʦʚʨʝʤʝʥʥʦʡ 

ʨʘʙʦʪʳ. 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ ʧʦʜʜʝʨʞʢʝ ʈʦʩʩʠʡʩʢʦʛʦ ʥʘʫʯʥʦʛʦ ʬʦʥʜʘ 

(ʧʨʦʝʢʪ ˉ24-22-00333). 
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ʆʜʥʠʤ ʠʟ ʥʘʠʙʦʣʝʝ ʠʥʪʝʨʝʩʥʳʭ ʩʚʦʡʩʪʚ ʥʝʡʨʦʥʥʳʭ ʩʝʪʝʡ ʷʚʣʷʝʪʩʷ ʠʭ ʩʧʦʩʦʙ-

ʥʦʩʪʴ ʢ ʦʙʦʙʱʝʥʠʶ ʜʘʥʥʳʭ. ʕʪʦ ʜʦʩʪʠʛʘʝʪʩʷ ʟʘ ʩʯʸʪ ʠʟʚʣʝʯʝʥʠʷ ʠʟ ʜʘʥʥʳʭ ʦʩʦʙʝʥ-

ʥʦʩʪʝʡ ʠ ʟʘʚʠʩʠʤʦʩʪʝʡ, ʢʦʪʦʨʳʝ ʤʦʛʫʪ ʢʘʟʘʪʴʩʷ ʥʝʦʯʝʚʠʜʥʳʤʠ. ɺ ʢʦʥʪʝʢʩʪʝ ʨʝʢʦʥ-

ʩʪʨʫʢʮʠʠ ʜʠʥʘʤʠʯʝʩʢʠʭ ʩʠʩʪʝʤ ʵʪʘ ʩʧʦʩʦʙʥʦʩʪʴ ʤʦʞʝʪ ʩʧʦʩʦʙʩʪʚʦʚʘʪʴ ʟʥʘʯʠʪʝʣʴ-

ʥʦʤʫ ʧʨʦʛʨʝʩʩʫ ʚ ʨʘʟʨʘʙʦʪʢʝ ʤʦʜʝʣʝʡ ʥʘ ʦʩʥʦʚʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ.  

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʤʳ ʠʩʩʣʝʜʫʝʤ, ʚ ʢʘʢʦʡ ʩʪʝʧʝʥʠ ʥʝʡʨʦʥʥʳʝ ʩʝʪʠ ʤʦʛʫʪ ʚʦʩʧʨʦ-

ʠʟʚʦʜʠʪʴ ʜʠʥʘʤʠʯʝʩʢʠʝ ʨʝʞʠʤʳ ʩʠʩʪʝʤʳ, ʥʘʙʣʶʜʘʝʤʳʝ ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʟʥʘʯʝʥʠʷʭ 

ʫʧʨʘʚʣʷʶʱʠʭ ʧʘʨʘʤʝʪʨʦʚ, ʢʦʛʜʘ ʜʦʩʪʫʧʝʥ ʪʦʣʴʢʦ ʦʜʠʥ ʩʢʘʣʷʨʥʳʡ ʚʨʝʤʝʥʥʦʡ ʨʷʜ 

ʵʪʦʡ ʩʠʩʪʝʤʳ [1,2,3]. ʉʦʟʜʘʥʥʘʷ ʚ ʨʘʙʦʪʝ ʥʝʡʨʦʥʥʘʷ ʩʝʪʴ ʤʦʜʝʣʠʨʫʝʪ ʩʝʤʝʡʩʪʚʦ ʜʠ-

ʥʘʤʠʯʝʩʢʠʭ ʩʠʩʪʝʤ ʩ ʦʜʥʠʤ ʫʧʨʘʚʣʷʶʱʠʤ ʧʘʨʘʤʝʪʨʦʤ. ʕʪʦ ʩʝʤʝʡʩʪʚʦ ʜʝʤʦʥʩʪʨʠ-

ʨʫʝʪ ʧʦʚʝʜʝʥʠʝ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʝ ʧʦʚʝʜʝʥʠʶ ʠʩʭʦʜʥʦʡ ʩʠʩʪʝʤʳ, ʪ.ʝ. ʦʙʥʘʨʫʞʠʚʘʝʪ 

ʝʸ ʩʧʝʮʠʬʠʯʝʩʢʠʝ ʨʝʞʠʤʳ ʠ ʙʠʬʫʨʢʘʮʠʦʥʥʳʝ ʧʝʨʝʭʦʜʳ. 

ʕʪʦ ʜʝʤʦʥʩʪʨʠʨʫʝʪʩʷ ʥʘ ʧʨʠʤʝʨʝ ʤʦʜʝʣʠ ʬʠʟʠʦʣʦʛʠʯʝʩʢʦʛʦ ʥʝʡʨʦʥʘ ʥʘ ʦʩʥʦʚʝ 

ʬʦʨʤʘʣʠʟʤʘ ʍʦʜʞʢʠʥʘ-ʍʘʢʩʣʠ, ʢʦʪʦʨʘʷ ʟʘʜʘʸʪʩʷ ʚ ʚʠʜʝ ʩʠʩʪʝʤʳ ʪʨʸʭ ʦʙʳʢʥʦʚʝʥ-

ʥʳʭ ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʳʭ ʫʨʘʚʥʝʥʠʡ. ʉʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʠʩʭʦʜʥʳʝ ʜʘʥʥʳʝ ʜʣʷ ʜʘʣʴ-

ʥʝʡʰʝʡ ʨʝʢʦʥʩʪʨʫʢʮʠʠ ʤʦʜʝʣʠ ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʝʜʠʥʩʪʚʝʥʥʫʶ ʟʘʧʠʩʴ ʟʥʘʯʝʥʠʡ 

ʦʜʥʦʡ ʠʟ ʧʝʨʝʤʝʥʥʳʭ ʵʪʦʡ ʩʠʩʪʝʤʳ, ʧʦʣʫʯʝʥʥʫʶ ʧʨʠ ʧʦʩʪʦʷʥʥʳʭ ʟʥʘʯʝʥʠʷʭ ʧʘʨʘ-

ʤʝʪʨʦʚ ʯʠʩʣʝʥʥʦ ʩ ʧʦʩʪʦʷʥʥʳʤ ʰʘʛʦʤ ʧʦ ʚʨʝʤʝʥʠ. 

ʈʝʢʦʥʩʪʨʫʢʮʠʷ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʚ ʜʚʘ ʵʪʘʧʘ. ʉʥʘʯʘʣʘ ʦʙʫʯʘʝʪʩʷ ʚʘʨʠʘʮʠʦʥʥʳʡ 

ʘʚʪʦʢʦʜʠʨʦʚʱʠʢ, ʢʦʪʦʨʳʡ ʧʨʝʦʙʨʘʟʫʝʪ ʚʨʝʤʝʥʥʦʡ ʨʷʜ ʚ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʴ ʨʝʢʦʥ-

ʩʪʨʫʠʨʦʚʘʥʥʳʭ ʚʝʢʪʦʨʦʚ ʩʦʩʪʦʷʥʠʷ. ɿʘʪʝʤ ʦʥʠ ʠʩʧʦʣʴʟʫʶʪʩʷ ʜʣʷ ʦʙʫʯʝʥʠʷ ʤʦʜʝʣʠ, 

ʢʦʪʦʨʘʷ ʩʪʨʦʠʪʩʷ ʚ ʚʠʜʝ ʨʝʢʫʨʨʝʥʪʥʦʛʦ ʦʪʦʙʨʘʞʝʥʠʷ. ʇʦʣʫʯʝʥʥʦʝ ʧʦʩʣʝ ʦʙʫʯʝʥʠʷ 

ʦʪʦʙʨʘʞʝʥʠʝ ʬʫʥʢʮʠʦʥʠʨʫʝʪ ʢʘʢ ʜʠʥʘʤʠʯʝʩʢʘʷ ʩʠʩʪʝʤʘ ʩ ʜʠʩʢʨʝʪʥʳʤ ʚʨʝʤʝʥʝʤ, 

ʠʤʝʶʱʘʷ ʦʜʠʥ ʫʧʨʘʚʣʷʶʱʠʡ ʧʘʨʘʤʝʪʨ. ɺ ʨʘʙʦʪʝ ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥʦ, ʯʪʦ ʚʦʩʩʪʘ-

ʥʦʚʣʝʥʥʘʷ ʤʦʜʝʣʴ ʩʧʦʩʦʙʥʘ ʚʦʩʧʨʦʠʟʚʦʜʠʪʴ ʜʠʥʘʤʠʯʝʩʢʠʝ ʨʝʞʠʤʳ ʠʩʭʦʜʥʦʡ ʩʠ-

ʩʪʝʤʳ, ʚʢʣʶʯʘʷ ʪʝ, ʢʦʪʦʨʳʝ ʥʝ ʙʳʣʠ ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥʳ ʚʦ ʚʨʝʤʷ ʦʙʫʯʝʥʠʷ. 
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ɸʇʇɸʈɸʊʅɸʗ ʉʇɸʁʂʆɺɸʗ ʅɽʁʈʆʅʅɸʗ ʉɽʊʔ ʀɿ  

ʆʉʎʀʃʃʗʊʆʈʆɺ ʌʀʊʎʍʔʖ-ʅɸɻʋʄʆ ɼʃʗ ʈɸʉʇʆɿʅɸɺɸʅʀʗ 
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ʉʧʘʡʢʦʚʳʝ ʥʝʡʨʦʥʥʳʝ ʩʝʪʠ (ʉʅʉ) ï ʵʪʦ ʙʠʦʣʦʛʠʯʝʩʢʠ ʧʦʜʦʙʥʳʝ ʥʝʡʨʦʥʥʳʝ 

ʩʝʪʠ, ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʚ ʢʦʪʦʨʳʭ ʧʨʦʠʩʭʦʜʠʪ ʧʨʠ ʧʦʤʦʱʠ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ ʵʣʝʢ-

ʪʨʠʯʝʩʢʠʭ ʠʤʧʫʣʴʩʦʚ, ʥʘʟʳʚʘʝʤʳʭ ʩʧʘʡʢʘʤʠ. ʉʅʉ ʘʢʪʠʚʥʦ ʠʩʧʦʣʴʟʫʶʪʩʷ ʢʘʢ ʜʣʷ 

ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʠ ʠʩʩʣʝʜʦʚʘʥʠʷ ʙʠʦʣʦʛʠʯʝʩʢʠʭ ʥʝʡʨʦʥʥʳʭ ʩʝʪʝʡ [1], ʪʘʢ ʠ ʜʣʷ ʨʝ-

ʰʝʥʠʷ ʧʨʠʢʣʘʜʥʳʭ ʟʘʜʘʯ [2]. ʉ ʨʘʟʚʠʪʠʝʤ ʪʝʭʥʦʣʦʛʠʡ ʩʪʘʣʦ ʥʘʙʠʨʘʪʴ ʧʦʧʫʣʷʨʥʦʩʪʴ 

ʩʦʟʜʘʥʠʝ ʉʅʉ ʚ ʚʠʜʝ ʘʧʧʘʨʘʪʥʳʭ ʫʩʪʨʦʡʩʪʚ. ɸʧʧʘʨʘʪʥʳʝ ʉʅʉ ʦʙʣʘʜʘʶʪ ʚʳʩʦʢʦʡ 

ʵʥʝʨʛʦʵʬʬʝʢʪʠʚʥʦʩʪʴʶ, ʚʳʩʦʢʦʡ ʩʢʦʨʦʩʪʴʶ ʨʘʙʦʪʳ, ʚʦʟʤʦʞʥʦʩʪʴʶ ʨʘʙʦʪʳ ʚ ʨʝ-

ʘʣʴʥʦʤ ʚʨʝʤʝʥʠ, ʚʦʟʤʦʞʥʦʩʪʴʶ ʧʘʨʘʣʣʝʣʴʥʦʡ ʦʙʨʘʙʦʪʢʦʡ ʜʘʥʥʳʭ. ʅʘ ʜʘʥʥʳʡ ʤʦ-

ʤʝʥʪ ʘʧʧʘʨʘʪʥʳʝ ʉʅʉ ʪʘʢʞʝ ʧʨʠʤʝʥʷʶʪʩʷ ʜʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʠ ʨʝʰʝʥʠʷ ʧʨʠʢʣʘʜ-

ʥʳʭ ʟʘʜʘʯ [3-6]. ʆʩʪʘʝʪʩʷ ʘʢʪʫʘʣʴʥʳʤ ʨʘʟʚʠʪʠʝ ʘʧʧʘʨʘʪʥʳʭ ʨʝʰʝʥʠʡ ʜʣʷ ʩʦʟʜʘʥʠʷ 

ʠ ʦʙʫʯʝʥʠʷ ʉʅʉ. 

 
ʈʠʩʫʥʦʢ 1. ʆʙʦʙʱʝʥʥʘʷ ʩʭʝʤʘ ʜʚʫʭʩʣʦʡʥʦʡ ʩʧʘʡʢʦʚʦʡ ʥʝʡʨʦʥʥʦʡ ʩʝʪʠ ʥʘ ʦʩʥʦʚʝ ʦʩʮʠʣʣʷ-

ʪʦʨʘ ʌʠʪʮʍʴʶ-ʅʘʛʫʤʦ. ɻ ï ʥʝʡʨʦʥʳ ʧʝʨʚʦʛʦ ʩʣʦʷ (ʛʝʥʝʨʘʪʦʨʳ ʩʧʘʡʢʦʚ), ʌʍʅ ï ʥʝʡʨʦʥʳ 

ʚʪʦʨʦʛʦ ʩʣʦʷ (ʦʩʮʠʣʣʷʪʦʨʳ ʌʠʪʮʍʴʶ-ʅʘʛʫʤʦ), 1 ï ʩʭʝʤʘ ʨʝʛʠʩʪʨʘʮʠʠ ʩʧʘʡʢʦʚ, 2 ï ʩʭʝʤʘ ʠʥ-

ʪʝʛʨʠʨʫʶʱʝʛʦ ʩʠʥʘʧʩʘ, Ie(t) ï ʩʧʘʡʢʠ, ʧʨʠʭʦʜʷʱʠʝ ʥʘ ʚʦʟʙʫʞʜʘʶʱʠʡ ʚʭʦʜʳ ʥʝʡʨʦʥʦʚ, I i(t) ï 

ʩʧʘʡʢʠ, ʧʨʠʭʦʜʷʱʠʝ ʥʘ ʪʦʨʤʦʟʥʳʝ ʚʭʦʜʳ ʥʝʡʨʦʥʦʚ, U(t) ï ʤʝʤʙʨʘʥʥʳʡ ʧʦʪʝʥʮʠʘʣ. (ʘ) ï ʪʝʦ-

ʨʝʪʠʯʝʩʢʘʷ ʩʭʝʤʘ, (ʙ) ï ʩʭʝʤʘ ʨʘʜʠʦʬʠʟʠʯʝʩʢʦʡ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʫʩʪʘʥʦʚʢʠ. 

 

ɺ ʨʘʙʦʪʝ ʧʨʝʜʣʦʞʝʥʦ ʘʧʧʘʨʘʪʥʦʝ ʫʩʪʨʦʡʩʪʚʦ ʥʘ ʦʩʥʦʚʝ ʤʠʢʨʦʢʦʥʪʨʦʣʣʝʨʘ, 

ʧʦʟʚʦʣʷʶʱʝʝ ʩʦʟʜʘʚʘʪʴ ʠ ʧʨʦʚʦʜʠʪʴ ʦʙʫʯʝʥʠʝ ʉʅʉ. ʋʩʪʨʦʡʩʪʚʦ ʚʳʩʪʫʧʘʝʪ ʚ ʨʦʣʠ 

ʦʙʫʯʘʝʤʳʭ ʧʦ ʧʨʘʚʠʣʫ STDP (Spike-Timing-Dependent Plasticity) ʩʠʥʘʧʩʦʚ ʥʝʡʨʦʥ-

ʥʦʡ ʩʝʪʠ, ʧʨʠʥʠʤʘʷ ʥʘ ʚʭʦʜ ʧʨʝʩʠʥʘʧʪʠʯʝʩʢʠʝ ʩʧʘʡʢʠ ʠ ʛʝʥʝʨʠʨʫʷ ʧʦʩʪʩʠʥʘʧʪʠʯʝ-

ʩʢʠʝ ʩʧʘʡʢʠ. ʇʦʩʪʩʠʥʘʧʪʠʯʝʩʢʠʝ ʩʧʘʡʢʠ ʧʨʝʜʩʪʘʚʣʷʶʪ ʠʟ ʩʝʙʷ ʧʨʷʤʦʫʛʦʣʴʥʳʝ ʠʤ-

ʧʫʣʴʩʳ ʩ ʧʦʩʪʦʷʥʥʦʡ ʘʤʧʣʠʪʫʜʦʡ ʠ ʰʠʨʠʥʦʡ, ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʦʡ ʚʝʩʫ ʩʠʥʘʧʩʘ, ʯʪʦ 

ʫʧʨʦʱʘʝʪ ʩʦʟʜʘʥʠʝ ʘʧʧʘʨʘʪʥʳʭ ʉʅʉ ʥʘ ʦʩʥʦʚʝ ʮʠʬʨʦʚʳʭ ʫʩʪʨʦʡʩʪʚ. ɸʣʛʦʨʠʪʤ 

STDP ʠ ʬʫʥʢʮʠʷ ʟʘʙʳʚʘʥʠʷ ʙʳʣʠ ʦʧʪʠʤʠʟʠʨʦʚʘʥʳ ʜʣʷ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʚ ʨʝʘʣʴʥʦʤ 
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ʚʨʝʤʝʥʠ ʤʠʢʨʦʢʦʥʪʨʦʣʣʝʨʦʤ ʟʘʤʝʥʦʡ ʚʳʯʠʩʣʝʥʠʡ ʯʠʩʝʣ ʩ ʧʣʘʚʘʶʱʝʡ ʪʦʯʢʦʡ ʦʧʝ-

ʨʘʮʠʷʤʠ ʩ ʮʝʣʳʤʠ ʯʠʩʣʘʤʠ. 

ɺ ʢʘʯʝʩʪʚʝ ʥʝʡʨʦʥʦʚ ʚ ʘʧʧʘʨʘʪʥʦʡ ʉʅʉ ʙʳʣʠ ʠʩʧʦʣʴʟʦʚʘʥʳ ʤʦʜʠʬʠʮʠʨʦʚʘʥ-

ʥʳʝ ʦʩʮʠʣʣʷʪʦʨʳ ʌʠʪʮʍʴʶ-ʅʘʛʫʤʦ. ʄʦʜʠʬʠʢʘʮʠʷ ʟʘʢʣʶʯʘʣʘʩʴ ʚ ʩʦʟʜʘʥʠʠ ʠʥʪʝ-

ʛʨʠʨʫʶʱʝʛʦ ʩʠʥʘʧʩʘ, ʫʧʨʘʚʣʷʶʱʝʛʦ ʧʘʨʘʤʝʪʨʦʤ ʚʦʟʙʫʞʜʝʥʠʷ a(t). ɺʦʟʙʫʞʜʘʶʱʠʝ 

ʠʤʧʫʣʴʩʳ ʫʤʝʥʴʰʘʶʪ ʟʥʘʯʝʥʠʝ a(t), ʧʝʨʝʚʦʜʷ ʦʩʮʠʣʣʷʪʦʨ ʠʟ ʚʦʟʙʫʜʠʤʦʛʦ ʨʝʞʠʤʘ 

ʚ ʢʦʣʝʙʘʪʝʣʴʥʳʡ, ʚʩʣʝʜʩʪʚʠʝ ʯʝʛʦ ʦʩʮʠʣʣʷʪʦʨ ʥʘʯʠʥʘʝʪ ʛʝʥʝʨʠʨʦʚʘʪʴ ʩʧʘʡʢʠ. ʊʦʨ-

ʤʦʟʷʱʠʝ ʠʤʧʫʣʴʩʳ ʥʘʦʙʦʨʦʪ, ʫʚʝʣʠʯʠʚʘʶʪʩʷ ʟʥʘʯʝʥʠʝ a(t), ʫʤʝʥʴʰʘʷ ʚʝʨʦʷʪʥʦʩʪʴ 

ʛʝʥʝʨʘʮʠʠ ʩʧʘʡʢʘ ʦʩʮʠʣʣʷʪʦʨʦʤ. 

ɸʧʧʘʨʘʪʥʘʷ ʉʅʉ ʜʣʷ ʨʘʩʧʦʟʥʘʚʘʥʠʷ ʠʟʦʙʨʘʞʝʥʠʡ, ʩʦʩʪʦʷʣʘ ʠʟ ʜʚʫʭ ʩʣʦʝʚ: 

ʚʭʦʜʥʦʛʦ ʠ ʚʳʭʦʜʥʦʛʦ. ɺʭʦʜʥʦʡ ʩʣʦʡ ʧʨʝʜʩʪʘʚʣʷʣ ʠʟ ʩʝʙʷ ʪʨʠ ʩʝʥʩʦʨʥʳʭ ʥʝʡʨʦʥʘ, 

ʚ ʨʦʣʠ ʢʦʪʦʨʳʭ ʚʳʩʪʫʧʘʣʠ ʛʝʥʝʨʘʪʦʨʳ ʩʧʘʡʢʦʚ. ɺʳʭʦʜʥʦʡ ʩʣʦʡ ʩʦʩʪʦʷʣ ʠʟ ʜʚʫʭ ʤʦ-

ʜʠʬʠʮʠʨʦʚʘʥʥʳʭ ʦʩʮʠʣʣʷʪʦʨʦʚ ʌʠʪʮʍʴʶ-ʅʘʛʫʤʦ. ʉʝʪʴ ʦʙʫʯʘʣʘʩʴ ʥʘ ʜʚʫʭ ʢʣʘʩʩʘʭ 

ʠʟʦʙʨʘʞʝʥʠʡ, ʩʦʩʪʦʷʱʠʭ ʠʟ ʪʨʝʭ ʧʠʢʩʝʣʝʡ: ʜʚʘ ʙʝʣʳʭ ʧʠʢʩʝʣʷ ʧʦ ʢʨʘʷʤ ʠʟʦʙʨʘʞʝ-

ʥʠʷ ʠ ʦʜʠʥ ʙʝʣʳʡ ʧʠʢʩʝʣʴ ʧʦ ʮʝʥʪʨʫ. ʆʙʫʯʝʥʠʝ ʧʨʦʚʦʜʠʣʦʩʴ ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ: 

ʧʝʨʚʦʝ ʠʟʦʙʨʘʞʝʥʠʝ ʜʝʤʦʥʩʪʨʠʨʦʚʘʣʦʩʴ ʩʝʪʠ ʚ ʪʝʯʝʥʠʝ 7 ʩʝʢʫʥʜ, ʧʨʠ ʵʪʦʤ ʦʙʫʯʘ-

ʣʠʩʴ ʪʦʣʴʢʦ ʪʝ ʩʠʥʘʧʩʳ, ʢʦʪʦʨʳʝ ʧʨʠʭʦʜʷʪ ʥʘ ʧʝʨʚʳʡ ʥʝʡʨʦʥ. ʆʙʫʯʝʥʠʝ ʚʪʦʨʦʛʦ 

ʥʝʡʨʦʥʘ ʧʨʠ ʜʝʤʦʥʩʪʨʘʮʠʠ ʚʪʦʨʦʛʦ ʠʟʦʙʨʘʞʝʥʠʷ ʧʨʦʚʦʜʠʣʦʩʴ ʘʥʘʣʦʛʠʯʥʳʤ ʦʙʨʘ-

ʟʦʤ. 

ɺ ʭʦʜʝ ʦʙʫʯʝʥʠʷ ʘʧʧʘʨʘʪʥʘʷ ʉʅʉ ʥʘʫʯʠʣʘʩʴ ʨʘʩʧʦʟʥʘʚʘʪʴ ʜʚʘ ʢʣʘʩʩʘ ʠʟʦʙʨʘ-

ʞʝʥʠʡ. ʇʨʝʜʣʦʞʝʥʥʳʡ ʧʦʜʭʦʜ ʤʦʞʝʪ ʙʳʪʴ ʧʨʠʤʝʥʝʥ ʜʣʷ ʦʙʫʯʝʥʠʷ ʉʅʉ, ʩʦʩʪʦʷ-

ʱʝʡ ʠʟ ʙʦʣʴʰʝʛʦ ʢʦʣʠʯʝʩʪʚʘ ʘʧʧʘʨʘʪʥʳʭ ʥʝʡʨʦʥʦʚ, ʘ ʪʘʢʞʝ ʤʦʛʫʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦ-

ʚʘʥʳ ʜʨʫʛʠʝ ʤʦʜʝʣʠ ʥʝʡʨʦʥʦʚ. ɺʦʟʤʦʞʥʦ ʩʦʟʜʘʥʠʝ ʘʧʧʘʨʘʪʥʳʭ ʉʅʉ, ʩʦʩʪʦʷʱʠʭ ʠʟ 

ʙʦʣʴʰʝʛʦ ʢʦʣʠʯʝʩʪʚʘ ʩʣʦʝʚ, ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʨʘʟʨʘʙʦʪʘʥʥʦʛʦ ʫʩʪʨʦʡʩʪʚʘ ʜʣʷ ʦʙʫ-

ʯʝʥʠʷ ʧʦ ʧʨʘʚʠʣʫ STDP. 

 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʚʳʧʦʣʥʝʥʦ ʟʘ ʩʯʝʪ ʛʨʘʥʪʘ ʈʦʩʩʠʡʩʢʦʛʦ ʥʘʫʯʥʦʛʦ ʬʦʥʜʘ ˉ 23-

12-00103, https://rscf.ru/project/23-12-00103/. 

 
ɹʠʙʣʠʦʛʨʘʬʠʯʝʩʢʠʡ ʩʧʠʩʦʢ 

1. Fu S., Yang G., Kuai X. // Comput Intell Neurosci. 2012. Vol. 2012. 946589. 

2. Diehl P.U., Cook M. // Frontiers in Computational Neuroscience. 2015. Vol. 9. 00099. 

3. ʂʫʨʙʘʢʦ ɸ.ɺ., ʇʦʥʦʤʘʨʝʥʢʦ ɺ.ʀ., ʇʨʦʭʦʨʦʚ ʄ.ɼ. // ʇʠʩʴʤʘ ʚ ɾʫʨʥʘʣ ʪʝʭʥʠʯʝʩʢʦʡ ʬʠʟʠʢʠ. 

2022. ʊ. 48. ˉ 19. C. 43-46. 

4. ʅʘʚʨʦʮʢʘʷ ɽ.ɺ., ʂʫʨʙʘʢʦ ɸ.ɺ., ʇʦʥʦʤʘʨʝʥʢʦ ɺ.ʀ., ʇʨʦʭʦʨʦʚ ʄ. ɼ. // ʀʟʚʝʩʪʠʷ ʚʳʩʰʠʭ ʫʯʝʙ-

ʥʳʭ ʟʘʚʝʜʝʥʠʡ. ʇʨʠʢʣʘʜʥʘʷ ʥʝʣʠʥʝʡʥʘʷ ʜʠʥʘʤʠʢʘ. 2024. ʊ. 32. ˉ 1. C. 96-110. 

5. ɽʞʦʚ ɼ.ʄ., ʇʦʥʦʤʘʨʝʥʢʦ ɺ.ʀ., ʇʨʦʭʦʨʦʚ ʄ.ɼ. // ʀʟʚʝʩʪʠʷ ʉʘʨʘʪʦʚʩʢʦʛʦ ʫʥʠʚʝʨʩʠʪʝʪʘ. ʅʦ-

ʚʘʷ ʩʝʨʠʷ. ʉʝʨʠʷ: ʌʠʟʠʢʘ. 2024. ʊ. 24. ˉ 4. C. 429-441. 

6. Kurbako A.V., Ezhov D.M., Ponomarenko V.I., Prokhorov M.D. // The European Physical Journal. 

Special Topics. 2025. 

  



65                       ʉʙʦʨʥʠʢ ʪʨʫʜʦʚ XX ɺʩʝʨʦʩʩʠʡʩʢʦʡ ʢʦʥʬʝʨʝʥʮʠʠ ʤʦʣʦʜʳʭ ʫʯʝʥʳʭ              

ɼɺʀɾɽʅʀɽ ʂʈʋɻʆɺʆɻʆ ʇʈʆʌʀʃʗ ɺ ʇʈʀʉʋʊʉʊɺʀɽ ɼɺʋʍ  

ʅɽʇʆɼɺʀɾʅʓʍ ʊʆʏɽʏʅʓʍ ʆʉʆɹɽʅʅʆʉʊɽʁ 

ɽ.ʄ. ɸʨʪʝʤʦʚʘ1, ɼ.ɸ. ʃʘʛʫʥʦʚ1 
1ʋʨʘʣʴʩʢʠʡ ʤʘʪʝʤʘʪʠʯʝʩʢʠʡ ʮʝʥʪʨ, ʋʜʤʫʨʪʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ, 

ʀʞʝʚʩʢ 

E-mail: 1deqos23@gmail.com 

 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʩʪʨʦʠʪʩʷ ʢʦʥʝʯʥʦʤʝʨʥʘʷ ʤʦʜʝʣʴ ʜʣʷ ʦʧʠʩʘʥʠʷ ʙʝʩʮʠʨʢʫʣʷʮʠ-

ʦʥʥʦʛʦ ʜʚʠʞʝʥʠʷ ʢʨʫʛʦʚʦʛʦ ʧʨʦʬʠʣʷ ʚ ʠʜʝʘʣʴʥʦʡ ʥʝʩʞʠʤʘʝʤʦʡ ʞʠʜʢʦʩʪʠ, ʚ ʢʦʪʦ-

ʨʦʡ ʠʤʝʶʪʩʷ ʜʚʘ ʥʝʧʦʜʚʠʞʥʳʭ ʪʦʯʝʯʥʳʭ ʠʩʪʦʯʥʠʢʘ. 

ʅʘ ʨʠʩ. 1 ʩʭʝʤʘʪʠʯʝʩʢʠ ʠʟʦʙʨʘʞʝʥʘ ʨʘʩʩʤʘʪʨʠʚʘʝʤʘʷ ʩʠʩʪʝʤʘ ʩ ʥʝʦʙʭʦʜʠʤʳʤʠ 

ʦʙʦʟʥʘʯʝʥʠʷʤʠ. 

 
ʈʠʩ. 1. ʉʭʝʤʘʪʠʯʝʩʢʦʝ ʠʟʦʙʨʘʞʝʥʠʝ ʩʠʩʪʝʤʳ. 

 

ʊʘʢ ʢʘʢ ʞʠʜʢʦʩʪʴ ʠʜʝʘʣʴʥʘʷ ʠ ʥʝʩʞʠʤʘʝʤʘʷ, ʪʦ ʜʣʷ ʝʝ ʦʧʠʩʘʥʠʷ ʤʦʞʥʦ ʠʩʧʦʣʴ-

ʟʦʚʘʪʴ ʢʦʤʧʣʝʢʩʥʳʡ ʧʦʪʝʥʮʠʘʣ, ʢʦʪʦʨʳʡ ʜʣʷ ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʡ ʩʠʩʪʝʤʳ ʠʤʝʝʪ ʚʠʜ 

 
ʛʜʝ ό ̉ ό  ʧʨʦʝʢʮʠʠ ʩʢʦʨʦʩʪʠ ʥʘ ʦʩʠ ὕὼ ̉ ὕώ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, Ὑ  ʨʘʜʠʫʩ ʢʨʫ-

ʛʦʚʦʛʦ ʧʨʦʬʠʣʷ, ή ̉ ή  ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʠʩʪʦʯʥʠʢʦʚ, ᾀ ὼ Ὥώ  ʢʦʦʨʜʠʥʘʪʘ 

ʮʝʥʪʨʘ ʢʨʫʛʦʚʦʛʦ ʧʨʦʬʠʣʷ.   

ʉ ʧʦʤʦʱʴʶ ʢʦʤʧʣʝʢʩʥʦʛʦ ʧʦʪʝʥʮʠʘʣʘ ʚʳʯʠʩʣʷʶʪʩʷ ʩʠʣʳ, ʜʝʡʩʪʚʫʶʱʠʝ ʥʘ 

ʧʨʦʬʠʣʴ ʩʦ ʩʪʦʨʦʥʳ ʞʠʜʢʦʩʪʠ, ʧʨʠʚʦʜʷʪʩʷ ʫʨʘʚʥʝʥʠʷ ʅʴʶʪʦʥʘ ʜʣʷ ʜʚʠʞʝʥʠʷ ʢʨʫ-

ʛʦʚʦʛʦ ʧʨʦʬʠʣʷ. ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʙʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʫʨʘʚʥʝʥʠʷ ʅʴʶʪʦʥʘ ʤʦʞʥʦ 

ʟʘʧʠʩʘʪʴ ʚ ʬʦʨʤʝ ʫʨʘʚʥʝʥʠʠ ʃʘʛʨʘʥʞʘʕʡʣʝʨʘ ʠ ʧʦʣʫʯʠʪʴ ʣʘʛʨʘʥʞʠʘʥ, ʩʦʩʪʦʷʱʠʡ 

ʠʟ ʢʠʥʝʪʠʯʝʩʢʦʡ ʠ ʧʦʪʝʥʮʠʘʣʴʥʦʡ ʵʥʝʨʛʠʠ. ʀʩʧʦʣʴʟʫʷ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʃʝʞʘʥʜʨʘ 

ʫʜʘʣʦʩʴ ʧʦʣʫʯʠʪʴ ʛʘʤʠʣʴʪʦʥʠʘʥ ʠ ʛʘʤʠʣʴʪʦʥʦʚʫ ʬʦʨʤʫ ʫʨʘʚʥʝʥʠʠ. ʀʩʩʣʝʜʫʝʪʩʷ ʚʦ-

ʧʨʦʩ ʠʥʪʝʛʨʠʨʫʝʤʦʩʪʠ ʩʠʩʪʝʤʳ, ʘ ʪʘʢʞʝ ʧʨʦʚʦʜʠʪʩʷ ʧʦʠʩʢ ʯʘʩʪʥʳʭ ʨʝʰʝʥʠʠ. 

 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʚ ʨʘʤʢʘʭ ʛʦʩʟʘʜʘʥʠʷ ʄʠʥʦʙʨʥʘʫʢʠ ʈʌ (ʧʨʦʝʢʪ FEWS-

2024-0007) 
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ɼʀʅɸʄʀʂɸ ɺʆʃʅʓ ʉ ʉʀʃʔʅʆʁ ʌɸɿʆɺʆʁ ʄʆɼʋʃʗʎʀɽʁ  
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ɺ ʨʘʙʦʪʝ ʨʘʩʩʤʘʪʨʠʚʘʣʦʩʴ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʝ ʚʦʣʥʳ, ʤʦʜʫʣʠʨʦʚʘʥʥʦʡ ʧʦ ʘʤʧʣʠ-

ʪʫʜʝ ʩ ʩʠʣʴʥʦʡ ʤʦʜʫʣʷʮʠʝʡ ʧʦ ʬʘʟʝ ʚ ʩʚʝʪʦʚʦʜʝ ʩ ʟʘʚʠʩʠʤʦʩʪʴʶ ʜʠʩʧʝʨʩʠʠ ʛʨʫʧʧʦ-

ʚʳʭ ʩʢʦʨʦʩʪʝʡ ʦʪ ʜʣʠʥʳ. ʆʜʥʠʤ ʠʟ ʩʧʦʩʦʙʦʚ ʧʦʣʫʯʝʥʠʷ ʪʘʢʦʡ ʚʦʣʥʳ ʷʚʣʷʝʪʩʷ ʠʩ-

ʧʦʣʴʟʦʚʘʥʠʝ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʦʛʦ ʮʠʣʠʥʜʨʠʯʝʩʢʦʛʦ ʚʦʣʥʦʚʦʜʘ, ʢʘʢ ʧʦʢʘʟʘʥʦ ʚ ʨʘ-

ʙʦʪʝ [1]. ʇʨʠ ʵʪʦʤ, ʩʯʠʪʘʷ ʯʘʩʪʦʪʫ ʩʪʦʣʢʥʦʚʝʥʠʡ ʩʚʦʙʦʜʥʳʭ ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ ʚ ʧʦ-

ʣʫʧʨʦʚʦʜʥʠʢʝ ʩʪʨʝʤʷʱʝʡʩʷ ʢ ʥʫʣʶ, ʤʦʞʥʦ ʧʦʢʘʟʘʪʴ, ʯʪʦ ʚʦʣʥʘ ʧʦʢʘʟʘʪʝʣʷ ʧʨʝʣʦʤ-

ʣʝʥʠʷ GaAs ʦʧʨʝʜʝʣʷʝʪʩʷ ʝʛʦ ʵʬʬʝʢʪʠʚʥʳʤ ʟʥʘʯʝʥʠʝʤ [2]: 

( )0 1 coseffn n m t qzº + W -è øê ú    (1) 

ɺ ʫʩʣʦʚʠʷʭ ʩʘʤʦʩʠʥʭʨʦʥʠʟʠʨʦʚʘʥʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʕʄ ʚʦʣʥʳ, ʨʘʩʧʨʦ-

ʩʪʨʘʥʷʶʱʝʡʩʷ ʚʜʦʣʴ ʧʦʚʝʨʭʥʦʩʪʠ ʮʠʣʠʥʜʨʘ-ʤʦʜʫʣʷʪʦʨʘ ʩ ɺʇɿ, ʨʝʘʣʠʟʫʝʪʩʷ ʛʣʫʙʦ-

ʢʘʷ ʬʘʟʦʚʘʷ ʤʦʜʫʣʷʮʠʷ ʚʚʝʜʝʥʥʦʛʦ ʕʄ ʠʟʣʫʯʝʥʠʷ. ɺ ʵʪʦʤ ʩʣʫʯʘʝ, ʤʦʞʥʦ ʧʦʣʫʯʠʪʴ, 

ʩʦʦʪʥʦʰʝʥʠʝʤ ʚʳʨʘʞʝʥʠʝ ʜʣʷ ʘʤʧʣʠʪʫʜʳ ʤʦʜʫʣʠʨʫʝʤʦʛʦ ʠʟʣʫʯʝʥʠʷ ʥʘ ʚʳʭʦʜʝ ʠʟ 

ʩʚʝʪʦʚʦʜʘ-ʤʦʜʫʣʷʪʦʨʘ [1]: 

( ) ( )( ) 1 cos exp coss n a aA z l,t P t i tè ø= º +d W -d Wè øê úê ú    (2) 

ʛʜʝ ʘd ʠ ʘW  ï ʛʣʫʙʠʥʘ ʠ ʯʘʩʪʦʪʘ ʘʤʧʣʠʪʫʜʥʦʡ ʤʦʜʫʣʷʮʠʠ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʇʨʠ ʵʪʦʤ 

ʠʩʭʦʜʥʘʷ ʘʤʧʣʠʪʫʜʥʘʷ ʤʦʜʫʣʷʮʠʷ ʧʦʣʘʛʘʝʪʩʷ ʩʣʘʙʦʡ 1ad<<, nP  ï ʤʦʱʥʦʩʪʴ ʥʘʩʳ-

ʱʝʥʠʷ. ɻʣʫʙʠʥʫ ʬʘʟʦʚʦʡ ʤʦʜʫʣʷʮʠʠ ʥʘ ʚʳʭʦʜʝ ʠʟ ʮʠʣʠʥʜʨʠʯʝʩʢʦʛʦ ʚʦʣʥʦʚʦʜʘ 

ʤʦʞʥʦ ʦʮʝʥʠʪʴ ʠʟ ʩʦʦʪʥʦʰʝʥʠʷ [3]. 

ɼʠʥʘʤʠʢʘ ʚʨʝʤʝʥʥʦʡ ʦʛʠʙʘʶʱʝʡ ɺʇ ʦʧʠʩʳʚʘʝʪʩʷ ʫʨʘʚʥʝʥʠʝʤ ʜʣʷ ʘʤʧʣʠʪʫʜʳ 

ʦʛʠʙʘʶʱʝʡ ʚʠʜʘ ʅʋʐ [4, 5]: 

() 2
22

2
0

2

d zA A
i iR A A

z t

µ µ
- + =

µ µ
    (3) 

ʛʜʝ / gt zt= - v  ï ʚʨʝʤʷ ʚ ʙʝʛʫʱʝʡ ʩʠʩʪʝʤʝ ʢʦʦʨʜʠʥʘʪ, ( )2 2

2d d db w=  ï ʧʘʨʘʤʝʪʨ 

ʜʠʩʧʝʨʩʠʠ ʛʨʫʧʧʦʚʳʭ ʩʢʦʨʦʩʪʝʡ, R ï ʧʘʨʘʤʝʪʨ ʥʝʣʠʥʝʡʥʦʩʪʠ. 

ɺ ʨʘʙʦʪʝ ʨʘʩʩʤʦʪʨʝʥʘ ʧʨʦʜʦʣʴʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʜʠʩʧʝʨʩʠʠ ʛʨʫʧʧʦʚʳʭ ʩʢʦʨʦ-

ʩʪʝʡ: 

 () ( )2 20expd z d bz= -      (4) 

ʅʘ ʨʠʩ. 1 ʧʨʠʚʦʜʷʪʩʷ ʨʝʟʫʣʴʪʘʪʳ ʯʠʩʣʝʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʫʨʘʚʥʝʥʠʷ ʩʠʤ-

ʤʝʪʨʠʯʥʳʤ ʤʝʪʦʜʦʤ ʌʫʨʴʝ ʨʘʩʱʝʧʣʝʥʠʷ ʧʦ ʢʦʤʧʦʥʝʥʪʘʤ (s-SSFM)[6] ʜʣʷ ʤʦʜʫʣʠ-

ʨʦʚʘʥʥʦʡ ʚʦʣʥʳ. ʇʨʠ ʵʪʦʤ ʜʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʚ ʨʘʙʦʪʝ ʙʳʣʠ ʚʳʙʨʘʥʳ ʧʘʨʘʤʝʪʨʳ: 

ʤʦʱʥʦʩʪʴ ʤʦʜʫʣʠʨʦʚʘʥʥʦʡ ʚʦʣʥʳ 1nP =  ɺʪ, ʥʘʯʘʣʴʥʦʝ ʟʥʘʯʝʥʠʝ ʜʠʩʧʝʨʩʠʠ ʩʚʝʪʦ-

ʚʦʜʘ 
26

20 10d -=  ʩ2/ʤ, ʧʘʨʘʤʝʪʨʘ ʥʝʦʜʥʦʨʦʜʥʦʩʪʠ ɼɻʉ 

( ) ( ) 31 1
ln 10 ln 10 2.31 10

2 1000
b

L

-= = º Ö ʤï1, ʧʘʨʘʤʝʪʨ ʢʝʨʨʦʚʩʢʦʡ ʥʝʣʠʥʝʡʥʦʩʪʠ 
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210R -=  (ɺʪĬʤ)ï1, 0.01ʘd=  ʠ 
202 /ʘ nRP dW =  ï ʛʣʫʙʠʥʘ ʠ ʯʘʩʪʦʪʘ ʘʤʧʣʠʪʫʜʥʦʡ 

ʤʦʜʫʣʷʮʠʠ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʯʘʩʪʦʪʘ ʬʘʟʦʚʦʡ ʤʦʜʫʣʷʮʠʠ ʚʭʦʜʥʦʡ ʚʦʣʥʳ 
116 10W= Ö  cï1, ʛʣʫʙʠʥʘ ʬʘʟʦʚʦʡ ʤʦʜʫʣʷʮʠʠ 0;0.1;0.5;1;1.5d=  ï ʢʨʠʚʳʝ (1ï5).  

 
ʈʠʩ. 1. ɿʘʚʠʩʠʤʦʩʪʠ ʧʠʢʦʚʦʡ ʤʦʱʥʦʩʪʠ ʩʠʣʴʥʦ ʤʦʜʫʣʠʨʦʚʘʥʥʦʡ ʚʦʣʥʳ ʚ ʥʝʦʜʥʦʨʦʜʥʦʤ ʩʚʝ-

ʪʦʚʦʜʝ ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʟʥʘʯʝʥʠʷʭ ʧʘʨʘʤʝʪʨʘ ʛʣʫʙʠʥʳ ʬʘʟʦʚʦʡ ʤʦʜʫʣʷʮʠʠ ʚʚʦʜʠʤʦʡ ʚʦʣʥʳ 

0;0.1;1d=  ï ʨʠʩ. (a;b;c). 

 

ʀʟ ʨʠʩ. 1 ʚʠʜʥʦ, ʯʪʦ ʜʦʙʘʚʣʝʥʠʝ ʬʘʟʦʚʦʡ ʤʦʜʫʣʷʮʠʠ ʚʦʣʥʝ, ʚʚʦʜʠʤʳʡ ʚ ʩʚʝʪʦ-

ʚʦʜ ʩ ʥʝʦʜʥʦʨʦʜʥʦʡ ʧʦ ʜʣʠʥʝ ɼɻʉ, ʦʢʘʟʳʚʘʝʪ ʟʥʘʯʠʪʝʣʴʥʦʝ ʚʣʠʷʥʠʝ ʥʘ ʧʨʦʮʝʩʩ ʨʘʩ-

ʧʘʜʘ ʥʝʧʨʝʨʳʚʥʦʡ ʚʦʣʥʳ ʥʘ ʫʣʴʪʨʘʢʦʨʦʪʢʠʝ ʠʤʧʫʣʴʩʳ. ʊʘʢ ʚʠʜʥʦ, ʯʪʦ ʜʘʞʝ ʧʨʠ 

ʥʝʙʦʣʴʰʦʤ ʟʥʘʯʝʥʠʠ ʛʣʫʙʠʥʳ ʤʦʜʫʣʷʮʠʠ ʬʘʟʳ 0.1d= , ʥʘʯʠʥʘʶʪʩʷ ʬʦʨʤʠʨʦʚʘʪʴʩʷ 

ʠʤʧʫʣʴʩʳ ʩ ʟʘʤʝʪʥʦ ʙʦʣʴʰʝʡ ʤʦʱʥʦʩʪʴʶ, ʯʝʤ ʧʨʠ ʧʦʣʥʦʤ ʦʪʩʫʪʩʪʚʠʠ ʬʘʟʦʚʦʡ ʤʦ-

ʜʫʣʷʮʠʠ. ʇʨʠ ʵʪʦʤ ʚʠʜʥʦ, ʯʪʦ ʩ ʜʘʣʴʥʝʡʰʠʤ ʫʚʝʣʠʯʝʥʠʝʤ ʧʘʨʘʤʝʪʨʘ ʛʣʫʙʠʥʳ ʤʦ-

ʜʫʣʷʮʠʠ, ʨʦʩʪ ʧʠʢʦʚʦʡ ʤʦʱʥʦʩʪʠ ʛʝʥʝʨʠʨʫʝʤʳʭ ʠʤʧʫʣʴʩʦʚ ʜʦʚʦʣʴʥʦ ʙʳʩʪʨʦ (ʧʦ-

ʩʣʝ 1d>) ʥʘʯʠʥʘʝʪ ʚʳʭʦʜʠʪʴ ʥʘ ʥʘʩʳʱʝʥʠʝ.  

 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʧʦʜʜʝʨʞʢʝ ʈʅʌ ʚ ʨʘʤʢʘʭ ʥʘʫʯʥʦʛʦ ʧʨʦʝʢʪʘ ˉ 25-

22-20080. 
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ʇʦʠʩʢ ʥʦʚʳʭ ʩʧʦʩʦʙʦʚ ʧʦʣʫʯʝʥʠʷ ʦʧʪʠʯʝʩʢʠʭ ʫʣʴʪʨʘʢʦʨʦʪʢʠʭ ʠʤʧʫʣʴʩʦʚ 

(ʋʂʀ) ʠ ʫʧʨʘʚʣʝʥʠʷ ʠʭ ʧʘʨʘʤʝʪʨʘʤʠ ʷʚʣʷʝʪʩʷ ʦʜʥʦʡ ʠʟ ʢʣʶʯʝʚʳʭ ʟʘʜʘʯ ʩʦʚʨʝʤʝʥ-

ʥʦʡ ʣʘʟʝʨʥʦʡ ʬʠʟʠʢʠ. ʋʂʀ ʥʘʭʦʜʷʪ ʧʨʠʤʝʥʝʥʠʝ ʚʦ ʤʥʦʞʝʩʪʚʝ ʦʙʣʘʩʪʝʡ ʥʘʫʢʠ ʠ 

ʪʝʭʥʠʢʠ [1]. ɺʳʩʦʢʘʷ ʢʦʥʮʝʥʪʨʘʮʠʷ ʵʥʝʨʛʠʠ, ʰʠʨʦʢʦʧʦʣʦʩʥʳʡ ʦʧʪʠʯʝʩʢʠʡ ʩʧʝʢʪʨ 

ʠ ʯʨʝʟʚʳʯʘʡʥʦ ʢʦʨʦʪʢʦʝ ʚʨʝʤʷ ʩʚʝʪʦʚʦʛʦ ʠʟʣʫʯʝʥʠʷ, ʧʨʠʩʫʱʠʝ ʪʘʢʠʤ ʠʤʧʫʣʴʩʘʤ 

[2] ʜʝʣʘʶʪ ʠʭ ʦʯʝʥʴ ʠʥʪʝʨʝʩʥʳʤʠ ʜʣʷ ʤʥʦʛʠʭ ʧʨʠʣʦʞʝʥʠʡ, ʪʘʢʠʭ ʢʘʢ ʦʙʨʘʙʦʪʢʘ ʠ 

ʤʦʜʠʬʠʢʘʮʠʷ ʤʘʪʝʨʠʘʣʦʚ, ʣʘʟʝʨʥʘʷ ʤʠʢʨʦ- ʠ ʥʘʥʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥʠʝ ʤʘʪʝʨʠʘʣʦʚ, 

ʷʜʝʨʥʳʝ ʠ ʫʩʢʦʨʠʪʝʣʴʥʳʝ ʪʝʭʥʦʣʦʛʠʠ ʠ ʜʨ. [1,3,4]. 

ʇʨʠʚʝʜʝʥʥʦʝ ʚ ʨʘʙʦʪʝ ʠʩʩʣʝʜʦʚʘʥʠʝ ʙʘʟʠʨʫʝʪʩʷ ʥʘ ʤʦʜʝʣʠ ʚʨʝʤʝʥʥʦʡ ʦʛʠʙʘʶ-

ʱʝʡ ʚʦʣʥʦʚʦʛʦ ʧʘʢʝʪʘ, ʦʧʠʩʳʚʘʝʤʦʡ ʫʨʘʚʥʝʥʠʝʤ ʚʠʜʘ ʅʋʐ [2,5]: 

() ()2 3
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   (5) 

ɺʳʙʠʨʘʥʳ ʩʣʝʜʫʶʱʠʝ ʚʠʜʳ ʟʘʚʠʩʠʤʦʩʪʠ ʜʠʩʧʝʨʩʠʠ[6]: 
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sgn sin 2 /

2 / 1/ 2 /

n

n n n n

m m

n

n n

z L

L z L L L d
d z d d

z L

z L z L

å õë ûp +j
æ öî î
æ öé ù+j- - -î îê úî îæ ö= + ì ü
æ öp +jî î
æ öî î
æ ö+j - + +jé ùî îê úí ýç ÷

  (6) 

ʛʜʝ nL  ï ʧʝʨʠʦʜ ʤʦʜʫʣʷʮʠʠ, j ï ʥʘʯʘʣʴʥʘʷ ʬʘʟʘ, m ï ʛʣʫʙʠʥʘ ʤʦʜʫʣʷʮʠʠ.  

 
ʈʠʩ. 1. ʇʨʦʜʦʣʴʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʥʦʨʤʠʨʦʚʘʥʥʦʡ ʥʘ ʚʝʣʠʯʠʥʫ ʘʤʧʣʠʪʫʜʳ ʜʠʩʧʝʨʩʠʠ, ʥʦʤʝʨʘ 

ʢʨʠʚʳʭ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʟʘʚʠʩʠʤʦʩʪʷʤ ʠʟ ʚʳʨʘʞʝʥʠʷ (6) ʩʚʝʨʭʫ ʚʥʠʟ. 

 

ʇʨʦʚʦʜʠʣʩʷ ʘʥʘʣʠʟ ʠʤʧʫʣʴʩʘ ʚʠʜʘ:  

( ) ( )0 00, sech /A Pt t t=      (7) 

ʩ ʥʘʯʘʣʴʥʳʤʠ ʜʣʠʪʝʣʴʥʦʩʪʴʶ 
12

0=1.16 10t -Ö  ʩ, ʠ ʤʦʱʥʦʩʪʴʶ 0=15.5P  ɺʪ. 
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ʅʘ ʨʠʩ. 2 ʧʨʠʚʦʜʷʪʩʷ ʚʨʝʤʝʥʥʳʝ ʧʨʦʬʠʣʠ ʠʤʧʫʣʴʩʦʚ ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʟʥʘʯʝ-

ʥʠʷʭ ʧʨʦʜʦʣʴʥʦʡ ʢʦʦʨʜʠʥʘʪʳ z, ʧʦʣʫʯʝʥʥʳʝ ʧʫʪʝʤ ʯʠʩʣʝʥʥʦʛʦ ʨʝʰʝʥʠʷ ʫʨʘʚʥʝʥʠʷ  
ʤʝʪʦʜʦʤ SSF (ʌʫʨʴʝ ʨʘʩʱʝʧʣʝʥʠʷ ʧʦ ʬʠʟʠʯʝʩʢʠʤ ʬʘʢʪʦʨʘʤ) [2,7]. ɺʳʙʨʘʥʳ ʟʥʘʯʝ-

ʥʠʷ ʧʘʨʘʤʝʪʨʦʚ ʩʚʝʪʦʚʦʜʘ: ʥʘʯʘʣʴʥʳʝ ɼɻʉ 2ʦʛʦ 
26

20 1.276 10d -=- Ö  ʩ2/ʤ ʠ 
41

30 7.61 10d -=- Ö  ʩ3/ʤ 3ʝʛʦ ʧʦʨʷʜʢʦʚ, ʠʭ ʛʣʫʙʠʥʳ ʤʦʜʫʣʷʮʠʠ 2 0.02md =  ʠ 3 0.95md =  

ʧʝʨʠʦʜ ɼɻʉ 160nL =  ʤ, ʥʘʯʘʣʴʥʘʷ ʬʘʟʘ j p= , ʧʘʨʘʤʝʪʨ ʥʝʣʠʥʝʡʥʦʩʪʠ 

38.2 10R -= Ö  (ɺʪĀʤ)ï1. 

 

 
ʈʠʩ. 2. ɺʨʝʤʝʥʥʳʝ ʧʨʦʬʠʣʠ ʠʤʧʫʣʴʩʦʚ ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʟʥʘʯʝʥʠʷʭ ʧʨʦʜʦʣʴʥʦʡ ʢʦʦʨʜʠʥʘʪʳ.  

 

ʀʟ ʧʨʠʚʝʜʝʥʥʳʭ ʟʘʚʠʩʠʤʦʩʪʝʡ ʚʠʜʥʦ, ʯʪʦ ʧʨʦʠʩʭʦʜʷʱʝʝ ʚʥʘʯʘʣʝ ʩʞʘʪʠʝ ʠʤ-

ʧʫʣʴʩʘ ʩʤʝʥʷʝʪʩʷ ʝʛʦ ʨʘʩʱʝʧʣʝʥʠʝʤ, ʯʪʦ ʤʦʞʝʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥʦ ʜʣʷ ʩʦʟʜʘʥʠʷ 

ʩʠʩʪʝʤ ʫʧʨʘʚʣʝʥʠʷ ʣʘʟʝʨʥʳʤ ʠʟʣʫʯʝʥʠʝʤ. ɺʠʜʥʦ ʧʨʠ ʵʪʦʤ, ʯʪʦ ʥʘʠʙʦʣʴʰʝʝ ʨʘʟʜʝ-

ʣʝʥʠʝʤ ʧʨʦʠʩʭʦʜʠʪ ʧʨʠ ʚʳʙʦʨʝ ʩʠʥʫʩʦʠʜʘʣʴʥʦʛʦ ʧʨʦʬʠʣʷ ʜʠʩʧʝʨʩʠʠ. 

 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʧʦʜʜʝʨʞʢʝ ʈʅʌ ʚ ʨʘʤʢʘʭ ʥʘʫʯʥʦʛʦ ʧʨʦʝʢʪʘ ˉ 25-

22-20080. 
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ʅʘ ʜʘʥʥʦʤ ʵʪʘʧʝ ʨʘʟʚʠʪʠʷ ʪʝʭʥʦʣʦʛʠʡ ʧʨʦʠʩʭʦʜʠʪ ʧʣʘʚʥʳʡ ʧʝʨʝʭʦʜ ʦʪ ʢʣʘʩ-

ʩʠʯʝʩʢʦʡ ʵʣʝʢʪʨʦʥʠʢʠ ʢ ʢʚʘʥʪʦʚʦʡ, ʧʦʩʢʦʣʴʢʫ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʝ ʪʝʭʥʦʣʦʛʠʠ ʚʩʸ 

ʙʣʠʞʝ ʢ ʢʚʘʥʪʦʚʳʤ ʧʨʝʜʝʣʘʤ. ʉʦʙʩʪʚʝʥʥʦ, ʜʣʷ ʫʣʫʯʰʝʥʠʷ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʵʣʝʢʪʨʦʥ-

ʥʳʭ ʫʩʪʨʦʡʩʪʚ ʥʦʚʦʛʦ ʧʦʢʦʣʝʥʠʷ ʩʪʘʣʠ ʠʩʩʣʝʜʦʚʘʪʴ ʢʚʘʥʪʦʚʫʶ ʵʣʝʢʪʨʦʥʠʢʫ, ʚ ʯʘʩʪ-

ʥʦʩʪʠ ʤʘʛʥʦʥʠʢʫ [1] ʠ ʩʧʠʥʪʨʦʥʠʢʫ [2, 3]. ʄʘʛʥʦʥʠʢʘ, ʢʘʢ ʠ ʩʧʠʥʪʨʦʥʠʢʘ ʧʨʠʟʚʘʥʳ 

ʫʣʫʯʰʠʪʴ ʧʦʢʘʟʘʪʝʣʠ ʵʥʝʨʛʦʵʬʬʝʢʪʠʚʥʦʩʪʠ ʟʘ ʩʯʝʪ ʧʝʨʝʜʘʯʠ ʠʥʬʦʨʤʘʮʠʦʥʥʦʛʦ 

ʩʠʛʥʘʣʘ ʟʘ ʩʯʸʪ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʩʧʠʥʦʚ ʟʘʨʷʞʝʥʥʳʭ ʯʘʩʪʠʮ, ʘ ʥʝ ʜʚʠʞʝʥʠʷ ʯʘʩʪʠʮ, 

ʢʘʢ ʵʪʦ ʧʨʦʠʩʭʦʜʠʪ ʚ ʢʣʘʩʩʠʯʝʩʢʦʡ ʵʣʝʢʪʨʦʥʠʢʝ. 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʠʥʪʝʨʝʩʥʦ ʙʳʣʦ ʧʨʦʤʦʜʝʣʠʨʦʚʘʪʴ ʠ ʠʩʩʣʝʜʦʚʘʪʴ ʩʧʠʥ-ʚʦʣʥʦ-

ʚʳʝ ʧʨʦʮʝʩʩʳ ʚ ʙʠʩʣʦʷʭ ʞʝʣʝʟʦ-ʠʪʪʨʠʝʚʳʡ ʛʨʘʥʘʪ (YIG)/ʧʣʘʪʠʥʘ (Pt), ʧʝʨʤʘʣʣʦʡ 

(Py)/ Pt. ʊʘʢʞʝ ʠʥʪʝʨʝʩʥʦ ʙʳʣʦ ʠʩʩʣʝʜʦʚʘʪʴ, ʯʪʦ ʙʫʜʝʪ ʧʨʦʠʩʭʦʜʠʪʴ ʩ ʟʘʧʨʝʱʝʥ-

ʥʳʤʠ ʟʦʥʘʤʠ ʚ ʩʣʦʠʩʪʦʡ ʩʪʨʫʢʪʫʨʝ ʤʘʛʥʦʥʥʳʡ ʢʨʠʩʪʘʣʣ (MC)/Pt. ɼʣʷ ʜʘʥʥʦʡ ʨʘ-

ʙʦʪʳ ʤʳ ʙʨʘʣʠ ʤʘʛʥʦʥʥʳʡ ʢʨʠʩʪʘʣʣ ʚ ʚʠʜʝ ʧʣʸʥʢʠ ʠʟ YIG ʩ ʧʝʨʠʦʜʠʯʝʩʢʦʡ ʩʠʩʪʝ-

ʤʦʡ ʧʨʷʤʦʫʛʦʣʴʥʳʭ ʢʘʥʘʚʦʢ. 

ʆʩʥʦʚʥʦʡ ʠʥʪʝʨʝʩ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʪʦʤ, ʢʘʢ ʩʧʠʥʦʚʳʡ ʪʦʢ, ʚʦʟʥʠʢʘʶʱʠʡ ʠʟ-ʟʘ 

ʩʧʠʥʦʚʦʛʦ ʵʬʬʝʢʪʘ ʍʦʣʣʘ [4, 5] ʙʫʜʝʪ ʚʣʠʷʪʴ ʥʘ ʩʣʦʠ ʨʘʟʥʳʭ ʤʘʛʥʝʪʠʢʦʚ. ɸ ʠʥʪʝ-

ʨʝʩʥʦ ʵʪʦ, ʧʦʩʢʦʣʴʢʫ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʧʦʣʷʨʥʦʩʪʠ ʥʘʧʨʷʞʝʥʠʷ ʙʫʜʝʪ ʧʨʦʠʩʭʦʜʠʪʴ 

ʣʠʙʦ ʫʩʠʣʝʥʠʝ, ʣʠʙʦ ʦʩʣʘʙʣʝʥʠʝ ʪʨʘʥʩʚʝʨʩʘʣʴʥʦʡ ʢʦʤʧʦʥʝʥʪʳ ʩʧʠʥʦʚʦʡ ʚʦʣʥʳ ʚ 

ʤʘʛʥʝʪʠʢʘʭ. 

 

 
                              (ʘ)                                                                 (ʙ) 

mailto:nl_17@mail.ru


71                       ʉʙʦʨʥʠʢ ʪʨʫʜʦʚ XX ɺʩʝʨʦʩʩʠʡʩʢʦʡ ʢʦʥʬʝʨʝʥʮʠʠ ʤʦʣʦʜʳʭ ʫʯʝʥʳʭ              

 
                              (ʚ)                                                                 (ʛ) 

ʈʠʩ. 1 ɼʠʩʧʝʨʩʠʦʥʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʜʣʷ ʩʣʦʷ (ʘ) MC(YIG), (ʙ) MC(YIG)/Pt ʧʨʠ ʥʘʧʨʷʞʝ-

ʥʠʠ ʨʘʚʥʦʤ 1 ɺ, (ʚ) ʫʚʝʣʠʯʝʥʥʳʡ ʬʨʘʛʤʝʥʪ (ʘ), (ʛ) ʫʚʝʣʠʯʝʥʥʳʡ ʬʨʘʛʤʝʥʪ (ʙ). 

 

ʅʘ ʈʠʩ. 1 ʨʘʩʩʤʦʪʨʝʥʳ ʩʣʫʯʘʠ ʜʣʷ ʦʜʠʥʦʯʥʦʛʦ ʩʣʦʷ MC ʠ ʜʣʷ MC/Pt ʧʨʠ ʥʘʧʨʷ-

ʞʝʥʠʠ 1 ɺ, ʥʘ (ʚ, ʛ) ʧʨʦʠʣʣʶʩʪʨʠʨʦʚʘʥʳ ʫʚʝʣʠʯʝʥʥʳʝ ʬʨʘʛʤʝʥʪʳ (ʘ, ʙ). ʀʟ ʫʚʝʣʠ-

ʯʝʥʥʳʭ ʬʨʘʛʤʝʥʪʦʚ ʥʘ ʈʠʩ. 1(ʚ, ʛ) ʚʠʜʥʦ, ʯʪʦ ʯʘʩʪʦʪʘ ʚʦʟʙʫʞʜʝʥʠʷ ʧʦʚʝʨʭʥʦʩʪʥʳʭ 

ʩʧʠʥʦʚʳʭ ʚʦʣʥ ʨʘʩʧʦʣʦʞʝʥʘ ʥʠʞʝ ʜʣʷ ʜʚʫʭʩʣʦʡʢʠ MC/Pt. ʊʦ ʝʩʪʴ ʚʩʝ ʟʘʧʨʝʱʝʥʥʳʝ 

ʟʦʥʳ ʪʦʞʝ ʩʤʝʱʝʥʳ ʚʥʠʟ ʧʦ ʯʘʩʪʦʪʝ ʚ ʩʣʫʯʘʝ ʧʦʣʦʞʠʪʝʣʴʥʦʡ ʧʦʣʷʨʥʦʩʪʠ ʥʘʧʨʷʞʝ-

ʥʠʷ ʥʘ ʜʠʩʧʝʨʩʠʦʥʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʭ. 

ʈʘʩʩʤʘʪʨʠʚʘʝʤʘʷ ʩʪʨʫʢʪʫʨʘ ʧʦʟʚʦʣʷʝʪ ʨʘʩʰʠʨʠʪʴ ʚʦʟʤʦʞʥʦʩʪʠ ʫʩʪʨʦʡʩʪʚ, ʦʩ-

ʥʦʚʘʥʥʳʭ ʪʦʣʴʢʦ ʥʘ ʧʨʠʥʮʠʧʘʭ ʤʘʛʥʦʥʠʢʠ ʠ ʜʦʧʦʣʥʠʪʴ ʠʭ ʵʣʝʤʝʥʪʘʤʠ ʠʟ ʩʧʠʥʪʨʦ-

ʥʠʢʠ. ʊʘʢʠʝ ʫʩʪʨʦʡʩʪʚʘ ʤʦʛʫʪ ʧʦʟʚʦʣʠʪʴ ʵʬʬʝʢʪʠʚʥʝʝ ʫʧʨʘʚʣʷʪʴ ʟʘʧʨʝʱʝʥʥʳʤʠ ʟʦ-

ʥʘʤʠ ʠ ʫʣʫʯʰʠʪʴ ʪʝʭʥʦʣʦʛʠʠ ʩʦʟʜʘʥʠʷ ʉɺʏ-ʬʠʣʴʪʨʦʚ. 

 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʧʦʜʜʝʨʞʢʝ ʈʦʩʩʠʡʩʢʦʛʦ ʥʘʫʯʥʦʛʦ ʬʦʥʜʘ (ʛʨʘʥʪ ˉ 

23-79-30027). 
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ɾʝʣʝʟʦ-ʠʪʪʨʠʝʚʳʡ ʛʨʘʥʘʪ (Y3Fe5O12, ɾʀɻ) ð ʵʪʦ ʤʘʪʝʨʠʘʣ, ʦʙʣʘʜʘʶʱʠʡ ʠʩ-

ʢʣʶʯʠʪʝʣʴʥʳʤʠ ʤʘʛʥʠʪʥʳʤʠ ʠ ʚʦʣʥʦʚʳʤʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ, ʯʪʦ ʜʝʣʘʝʪ ʝʛʦ ʦʜ-

ʥʠʤ ʠʟ ʥʘʠʙʦʣʝʝ ʧʝʨʩʧʝʢʪʠʚʥʳʭ ʦʙʲʝʢʪʦʚ ʜʣʷ ʠʟʫʯʝʥʠʷ. ʕʪʦʪ ʬʝʨʨʠʤʘʛʥʠʪʥʳʡ ʜʠ-

ʵʣʝʢʪʨʠʢ ʦʙʣʘʜʘʝʪ ʠʩʢʣʶʯʠʪʝʣʴʥʦ ʥʠʟʢʠʤ ʟʘʪʫʭʘʥʠʝʤ ʩʧʠʥʦʚʳʭ ʚʦʣʥ (ʉɺ) (Ŭ Ḑ 

10ī4), ʯʪʦ ʜʝʣʘʝʪ ʝʛʦ ʠʜʝʘʣʴʥʳʤ ʜʣʷ ʠʟʫʯʝʥʠʷ ʧʨʦʮʝʩʩʦʚ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʠ ʚʟʘʠʤʦ-

ʜʝʡʩʪʚʠʷ ʤʘʛʥʦʥʦʚ, ʚ ʪʦʤ ʯʠʩʣʝ ʥʘ ʢʚʘʥʪʦʚʦʤ ʫʨʦʚʥʝ [1]. ʂʨʠʩʪʘʣʣʠʯʝʩʢʘʷ ʩʪʨʫʢ-

ʪʫʨʘ ɾʀɻ ʦʙʝʩʧʝʯʠʚʘʝʪ ʚʳʩʦʢʫʶ ʘʥʠʟʦʪʨʦʧʠʶ ʤʘʛʥʠʪʥʳʭ ʩʚʦʡʩʪʚ, ʢʦʪʦʨʳʝ ʤʦʛʫʪ 

ʵʬʬʝʢʪʠʚʥʦ ʫʧʨʘʚʣʷʪʴʩʷ ʚʥʝʰʥʠʤ ʤʘʛʥʠʪʥʳʤ ʧʦʣʝʤ. ɾʀɻ ʘʢʪʠʚʥʦ ʠʩʧʦʣʴʟʫʝʪʩʷ 

ʜʣʷ ʩʦʟʜʘʥʠʷ ʫʩʪʨʦʡʩʪʚ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦ-ʯʘʩʪʦʪʥʦʡ ʬʠʣʴʪʨʘʮʠʠ ʩʠʛʥʘʣʦʚ [2, 3], ʚ 

ʪʦʤ ʯʠʩʣʝ ʠʥʪʝʨʬʝʨʦʤʝʪʨʦʚ ʥʘ ʦʩʥʦʚʝ ʥʝʨʝʛʫʣʷʨʥʳʭ ʤʠʢʨʦʚʦʣʥʦʚʦʜʦʚ [4]. 

ɺ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʨʘʩʩʤʦʪʨʝʥʘ ʩʪʨʫʢʪʫʨʘ, ʦʙʨʘʟʦʚʘʥʥʘʷ ʩʠʩʪʝʤʦʡ ʦʨʪʦʛʦ-

ʥʘʣʴʥʳʭ ɾʀɻ ʤʠʢʨʦʚʦʣʥʦʚʦʜʦʚ ʩ ʚʢʣʶʯʝʥʥʳʤ ʚ ʥʝʝ ʢʦʣʴʮʝʚʳʤ ʨʝʟʦʥʘʪʦʨʦʤ [5]. 

ʈʝʟʦʥʘʪʦʨ ʠʤʝʣ ʬʦʨʤʫ ʟʘʤʢʥʫʪʦʛʦ ʢʦʥʪʫʨʘ, ʜʣʠʥʘ ʠ ʰʠʨʠʥʘ ʢʦʪʦʨʦʛʦ ʩʦʩʪʘʚʣʷʣʠ 

900 ʤʢʤ. ʂʦʥʪʫʨ ʦʢʨʫʞʸʥ ʯʝʪʳʨʴʤʷ ʦʨʪʦʛʦʥʘʣʴʥʦ ʨʘʩʧʦʣʦʞʝʥʥʳʤʠ ɾʀɻ ʤʠʢʨʦ-

ʚʦʣʥʦʚʦʜʘʤʠ (ʰʠʨʠʥʦʡ 300 ʤʢʤ, ʜʣʠʥʦʡ 4000 ʤʢʤ ʢʘʞʜʳʡ), ʦʙʨʘʟʫʶʱʠʤʠ ʢʨʝʩʪʦ-

ʦʙʨʘʟʥʫʶ ʢʦʥʬʠʛʫʨʘʮʠʶ (ʨʠʩ. 1a). ʊʦʣʱʠʥʘ ʚʩʝʭ ʵʣʝʤʝʥʪʦʚ ʩʦʩʪʘʚʣʷʝʪ 10 ʤʢʤ. ʊʘ-

ʢʘʷ ʛʝʦʤʝʪʨʠʷ ʧʦʟʚʦʣʷʝʪ ʠʟʫʯʘʪʴ ʢʘʢ ʧʨʷʤʦʝ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʝ ʩʧʠʥʦʚʳʭ ʚʦʣʥ ʚʜʦʣʴ 

ʧʨʷʤʦʣʠʥʝʡʥʳʭ ʚʦʣʥʦʚʝʜʫʱʠʭ ʯʘʩʪʝʡ ʩʪʨʫʢʪʫʨʳ, ʪʘʢ ʠ ʠʭ ʨʝʟʦʥʘʥʩʥʦʝ ʚʟʘʠʤʦʜʝʡ-

ʩʪʚʠʝ ʩ ʢʦʣʴʮʝʚʳʤ ʵʣʝʤʝʥʪʦʤ [6]. ʇʨʠ ʵʪʦʤ ʵʬʬʝʢʪʳ ʫʧʨʘʚʣʷʝʤʦʡ ʠʥʪʝʨʬʝʨʝʥʮʠʠ 

ʉɺ ʤʦʛʫʪ ʥʘʙʣʶʜʘʪʴʩʷ ʧʨʠ ʠʟʤʝʥʝʥʠʠ ʚʝʣʠʯʠʥʳ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʮʝʥʪʨʘʣʴʥʦʛʦ 

ʤʠʢʨʦʨʝʟʦʥʘʪʦʨʘ. 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʧʨʦʚʦʜʠʣʦʩʴ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʠʢʨʦʤʘʛʥʠʪʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘ-

ʥʠʷ ʚ ʧʨʦʛʨʘʤʤʥʦʤ ʧʘʢʝʪʝ MuMax3, ʧʦʟʚʦʣʷʶʱʝʤ ʫʯʠʪʳʚʘʪʴ ʚʩʝ ʦʩʥʦʚʥʳʝ ʚʟʘʠ-

ʤʦʜʝʡʩʪʚʠʷ ʚ ʤʘʪʝʨʠʘʣʘʭ [7]. 

ɺ ʨʘʙʦʪʝ ʠʩʩʣʝʜʦʚʘʥʦ ʚʣʠʷʥʠʝ ʦʨʠʝʥʪʘʮʠʠ ʚʥʝʰʥʝʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʥʘ ʧʝ-

ʨʝʨʘʩʧʨʝʜʝʣʝʥʠʝ ʤʦʱʥʦʩʪʠ ʉɺ ʚ ʦʙʣʘʩʪʠ ʚʳʭʦʜʥʳʭ ʪʝʨʤʠʥʘʣʦʚ ʩʪʨʫʢʪʫʨʳ. ɼʣʷ 

ʢʘʞʜʦʛʦ ʥʘʧʨʘʚʣʝʥʠʷ ʧʦʣʷ (ʚʜʦʣʴ ʦʩʝʡ ʚʦʣʥʦʚʦʜʦʚ ʠ ʧʦʜ ʫʛʣʘʤʠ 15Á ʦʪʥʦʩʠʪʝʣʴʥʦ 

ʦʩʝʡ) ʧʨʦʚʦʜʠʣʩʷ ʘʥʘʣʠʟ ʢʘʨʪ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʬʘʟʳ ʢʦʣʝʙʘʥʠʡ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ 

(ʨʠʩ. 1b). ʊʘʢʞʝ ʧʨʦʚʦʜʠʣʦʩʴ ʩʨʘʚʥʝʥʠʝ ʧʦʚʝʜʝʥʠʷ ʩʠʩʪʝʤʳ ʩ ʢʦʣʴʮʝʚʳʤ ʨʝʟʦʥʘʪʦ-

ʨʦʤ ʠ ʙʝʟ ʥʝʛʦ. ɺ ʧʦʩʣʝʜʥʝʤ ʩʣʫʯʘʝ ʠʩʩʣʝʜʦʚʘʣʘʩʴ ʧʨʦʩʪʘʷ ʢʨʝʩʪʦʦʙʨʘʟʥʘʷ ʩʪʨʫʢ-

ʪʫʨʘ ʠʟ ʯʝʪʳʨʝʭ ʚʦʣʥʦʚʦʜʦʚ. ʕʪʦ ʧʦʟʚʦʣʠʣʦ ʚʳʜʝʣʠʪʴ ʩʧʝʮʠʬʠʯʝʩʢʠʝ ʵʬʬʝʢʪʳ, 

ʩʚʷʟʘʥʥʳʝ ʠʤʝʥʥʦ ʩ ʥʘʣʠʯʠʝʤ ʢʦʣʴʮʝʚʦʛʦ ʵʣʝʤʝʥʪʘ, ʘ ʠʤʝʥʥʦ ʧʦʷʚʣʝʥʠʝ ʥʦʚʳʭ ʢʘ-

ʥʘʣʦʚ ʧʝʨʝʨʘʩʧʨʝʜʝʣʝʥʠʷ ʵʥʝʨʛʠʠ ʤʝʞʜʫ ʚʦʣʥʦʚʦʜʘʤʠ. 
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ʈʠʩ. 1: (a)ʉʭʝʤʘ ʩʪʨʫʢʪʫʨʳ; (b) ʈʘʩʧʨʦʩʪʨʘʥʝʥʠʝ ʩʠʛʥʘʣʘ ʥʘ ʯʘʩʪʦʪʝ f = 5.3 GHz ʧʨʠ ʚʦʟʙʫʞ-

ʜʝʥʠʠ ʪʝʨʤʠʥʘʣʘ 0; (c) ʘʤʧʣʠʪʫʜʥʦ-ʯʘʩʪʦʪʥʘʷ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘ ʥʘ ʢʘʞʜʦʤ ʠʟ ʚʳʭʦʜʦʚ ʩʪʨʫʢ-

ʪʫʨʳ ʧʨʠ H = 1.2 kOe. 

 

ʆʩʥʦʚʥʦʝ ʚʥʠʤʘʥʠʝ ʚ ʨʘʙʦʪʝ ʫʜʝʣʝʥʦ ʠʟʫʯʝʥʠʶ ʦʩʦʙʝʥʥʦʩʪʝʡ ʨʘʩʧʨʦʩʪʨʘʥʝ-

ʥʠʷ ʩʧʠʥʦʚʳʭ ʚʦʣʥ ʚ ʯʘʩʪʦʪʥʦʤ ʜʠʘʧʘʟʦʥʝ 3.8-5.8 ɻɻʮ (ʨʠʩ. 1c), ʩ ʘʢʮʝʥʪʦʤ ʥʘ ʪʨʠ 

ʢʣʶʯʝʚʳʭ ʘʩʧʝʢʪʘ: ʚʦ-ʧʝʨʚʳʭ, ʠʩʩʣʝʜʦʚʘʥʠʝ ʯʘʩʪʦʪʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ʢʦʵʬʬʠʮʠʝʥʪʘ 

ʧʝʨʝʜʘʯʠ ʤʝʞʜʫ ʨʘʟʣʠʯʥʳʤʠ ʧʣʝʯʘʤʠ ʢʨʝʩʪʦʦʙʨʘʟʥʦʡ ʩʪʨʫʢʪʫʨʳ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ 

ʦʧʨʝʜʝʣʠʪʴ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʢʘʥʘʣʦʚ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʩʠʛʥʘʣʦʚ; ʚʦ-ʚʪʦʨʳʭ, ʘʥʘʣʠʟ 

ʚʣʠʷʥʠʷ ʥʘʧʨʘʚʣʝʥʠʷ ʚʥʝʰʥʝʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʥʘ ʦʙʱʝʝ ʧʦʚʝʜʝʥʠʝ ʩʠʩʪʝʤʳ, 

ʚʢʣʶʯʘʷ ʠʟʤʝʥʝʥʠʝ ʨʝʞʠʤʦʚ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ; ʚ-ʪʨʝʪʴʠʭ, ʠʟʫʯʝʥʠʝ ʨʝʟʦʥʘʥʩʥʳʭ 

ʷʚʣʝʥʠʡ ʚ ʢʦʣʴʮʝʚʦʤ ʵʣʝʤʝʥʪʝ ʠ ʠʭ ʚʣʠʷʥʠʷ ʥʘ ʩʠʩʪʝʤʫ. ʊʘʢʦʡ ʢʦʤʧʣʝʢʩʥʳʡ ʧʦʜ-

ʭʦʜ ʧʦʟʚʦʣʠʣ ʚʳʷʚʠʪʴ ʚʟʘʠʤʦʩʚʷʟʴ ʤʝʞʜʫ ʛʝʦʤʝʪʨʠʝʡ ʩʪʨʫʢʪʫʨʳ, ʧʘʨʘʤʝʪʨʘʤʠ 

ʚʥʝʰʥʝʛʦ ʧʦʣʷ ʠ ʦʩʦʙʝʥʥʦʩʪʷʤʠ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʩʧʠʥʦʚʳʭ ʚʦʣʥ. ʕʪʦ ʦʪʢʨʳʚʘʝʪ 

ʥʦʚʳʝ ʚʦʟʤʦʞʥʦʩʪʠ ʜʣʷ ʩʦʟʜʘʥʠʷ ʤʘʛʥʦʥʥʳʭ ʣʦʛʠʯʝʩʢʠʭ ʵʣʝʤʝʥʪʦʚ. ʊʘʢʞʝ ʧʦʢʘ-

ʟʘʥʘ ʧʝʨʩʧʝʢʪʠʚʥʦʩʪʴ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʧʦʜʦʙʥʳʭ ʩʪʨʫʢʪʫʨ ʚ ʨʝʢʦʥʬʠʛʫʨʠʨʫʝʤʳʭ 

ʬʠʣʴʪʨʘʭ ʠ ʤʫʣʴʪʠʧʣʝʢʩʦʨʘʭ ʉɺʏ-ʜʠʘʧʘʟʦʥʘ. 

 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʧʦʜʜʝʨʞʢʝ ʛʨʘʥʪʘ ʈʅʌ (No 23-79-30027). 
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ɺ ʧʦʩʣʝʜʥʠʝ ʜʝʩʷʪʠʣʝʪʠʷ ʟʥʘʯʠʪʝʣʴʥʦ ʚʦʟʨʦʩ ʠʥʪʝʨʝʩ ʢ ʠʩʧʦʣʴʟʦʚʘʥʠʶ ʩʧʠʥʦ-

ʚʳʭ ʚʦʣʥ (ʉɺ) ʚ ʢʘʯʝʩʪʚʝ ʥʦʩʠʪʝʣʝʡ ʠʥʬʦʨʤʘʮʠʠ. ɺʘʞʥʳʤ ʧʨʝʠʤʫʱʝʩʪʚʦʤ 

ʫʩʪʨʦʡʩʪʚ, ʨʘʙʦʪʘʶʱʠʭ ʥʘ ʩʧʠʥʦʚʳʭ ʚʦʣʥʘʭ, ʷʚʣʷʶʪʩʷ ʥʠʟʢʠʡ ʫʨʦʚʝʥʴ ʵʥʝʨʛʦʧʦ-

ʪʨʝʙʣʝʥʠʷ, ʰʠʨʦʢʠʡ ʯʘʩʪʦʪʥʳʡ ʜʠʘʧʘʟʦʥ ʦʪ ʄɻʮ ʜʦ ʊɻʎ, ʦʪʩʫʪʩʪʚʠʝ ʜʞʦʫʣʝʚʘ 

ʥʘʛʨʝʚʘ. ʆʩʦʙʦʝ ʚʥʠʤʘʥʠʝ ʫʜʝʣʷʝʪʩʷ ʨʘʟʨʘʙʦʪʢʝ ʵʣʝʤʝʥʪʦʚ ʤʘʛʥʦʥʥʳʭ ʩʝʪʝʡ 

(ʄʅʉ), ʚ ʢʦʪʦʨʳʭ ʧʝʨʝʜʘʯʘ ʠ ʦʙʨʘʙʦʪʢʘ ʩʠʛʥʘʣʦʚ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʟʘ ʩʯʸʪ ʚʦʟʙʫʞ-

ʜʝʥʠʷ ʠ ʫʧʨʘʚʣʝʥʠʷ ʉɺ ʚ ʤʠʢʨʦʥʥʳʭ ʠ ʩʫʙʤʠʢʨʦʥʥʳʭ ʤʘʛʥʠʪʥʳʭ ʩʪʨʫʢʪʫʨʘʭ [1]. 

ɹʣʘʛʦʜʘʨʷ ʫʩʧʝʭʘʤ ʚ ʪʝʭʥʦʣʦʛʠʷʭ ʬʦʨʤʠʨʦʚʘʥʠʷ ʪʦʥʢʦʧʣʸʥʦʯʥʳʭ ʤʘʛʥʠʪʥʳʭ 

ʩʪʨʫʢʪʫʨ ʠ ʧʨʝʮʠʟʠʦʥʥʦʡ ʣʠʪʦʛʨʘʬʠʠ ʩʪʘʣʦ ʚʦʟʤʦʞʥʳʤ ʩʦʟʜʘʚʘʪʴ ʧʣʘʥʘʨʥʳʝ ʤʘʛ-

ʥʦʥʥʳʝ ʚʦʣʥʦʚʦʜʳ ʠ ʠʥʪʝʛʨʠʨʦʚʘʪʴ ʠʭ ʚ ʩʣʦʞʥʳʝ ʪʦʧʦʣʦʛʠʠ, ʘʥʘʣʦʛʠʯʥʳʝ ʧʦʣʫ-

ʧʨʦʚʦʜʥʠʢʦʚʳʤ ʣʦʛʠʯʝʩʢʠʤ ʩʭʝʤʘʤ [2,3]. ʊʘʢʠʝ ʤʘʛʥʦʥʥʳʝ ʫʩʪʨʦʡʩʪʚʘ ʜʝʤʦʥʩʪʨʠ-

ʨʫʶʪ ʬʫʥʢʮʠʦʥʠʨʦʚʘʥʠʝ ʵʣʝʤʝʥʪʦʚ ʣʦʛʠʢʠ (AND, OR, NOT, XOR), ʬʠʣʴʪʨʘʮʠʠ, 

ʤʫʣʴʪʠʧʣʝʢʩʠʨʦʚʘʥʠʷ ʠ ʧʝʨʝʥʘʧʨʘʚʣʝʥʠʷ ʩʠʛʥʘʣʘ [4]. ʆʩʥʦʚʥʳʤ ʦʛʨʘʥʠʯʝʥʠʝʤ ʥʘ 

ʧʫʪʠ ʩʦʟʜʘʥʠʷ ʄʅʉ ʦʩʪʘʸʪʩʷ ʟʘʪʫʭʘʥʠʝ ʉɺ, ʧʨʠʚʦʜʷʱʝʝ ʢ ʩʥʠʞʝʥʠʶ ʵʬʬʝʢʪʠʚʥʦ-

ʩʪʠ ʧʝʨʝʜʘʯʠ ʩʠʛʥʘʣʘ ʥʘ ʙʦʣʴʰʠʭ ʨʘʩʩʪʦʷʥʠʷʭ. ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʧʣʸʥʦʢ ʞʝʣʝʟʦ-ʠʪ-

ʪʨʠʝʚʦʛʦ ʛʨʘʥʘʪʘ (YIG, ɾʀɻ), ʦʙʣʘʜʘʶʱʠʭ ʨʝʢʦʨʜʥʦ ʥʠʟʢʠʤʠ ʧʦʪʝʨʷʤʠ, ʧʦʟʚʦʣʷʝʪ 

ʨʝʘʣʠʟʦʚʘʪʴ ʩʧʠʥ-ʚʦʣʥʦʚʦʡ ʪʨʘʥʩʧʦʨʪ ʥʘ ʨʘʩʩʪʦʷʥʠʷʭ ʜʦ ʥʝʩʢʦʣʴʢʠʭ ʤʠʣʣʠʤʝʪʨʦʚ. 

ʊʝʤ ʥʝ ʤʝʥʝʝ, ʭʘʨʘʢʪʝʨʥʳʝ ʜʣʠʥʳ ʚʦʣʥ ʠ ʛʘʙʘʨʠʪʳ ʚʦʣʥʦʚʦʜʦʚ ʪʨʝʙʫʶʪ ʘʣʴʪʝʨʥʘ-

ʪʠʚʥʳʭ ʧʦʜʭʦʜʦʚ ʢ ʤʠʥʠʘʪʶʨʠʟʘʮʠʠ ʠ ʧʣʦʪʥʦʡ ʠʥʪʝʛʨʘʮʠʠ. ʆʜʥʠʤ ʠʟ ʪʘʢʠʭ ʧʦʜ-

ʭʦʜʦʚ ʷʚʣʷʝʪʩʷ ʨʘʩʰʠʨʝʥʠʝ ʘʨʭʠʪʝʢʪʫʨʳ ʄʅʉ ʚ ʪʨʝʪʴʝ ʠʟʤʝʨʝʥʠʝ. ʈʝʘʣʠʟʘʮʠʷ 

ʪʨʸʭʤʝʨʥʳʭ (3D) ʩʪʨʫʢʪʫʨ ʦʪʢʨʳʚʘʝʪ ʚʦʟʤʦʞʥʦʩʪʴ ʟʥʘʯʠʪʝʣʴʥʦʛʦ ʫʚʝʣʠʯʝʥʠʷ 

ʧʣʦʪʥʦʩʪʠ ʨʘʟʤʝʱʝʥʠʷ ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʵʣʝʤʝʥʪʦʚ ʠ ʩʦʢʨʘʱʝʥʠʷ ʜʣʠʥʳ ʤʝʞʩʦ-

ʝʜʠʥʝʥʠʡ [5]. 

ɺ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʨʘʩʩʤʘʪʨʠʚʘʶʪʩʷ ʥʝʨʝʛʫʣʷʨʥʳʝ ʤʠʢʨʦʚʦʣʥʦʚʦʜʳ, ʩʬʦʨ-

ʤʠʨʦʚʘʥʥʳʝ ʥʘ ʦʩʥʦʚʝ ʩʦʝʜʠʥʝʥʠʷ ʪʦʥʢʦʧʣʸʥʦʯʥʳʭ ʬʝʨʨʦʤʘʛʥʠʪʥʳʭ ʩʪʨʫʢʪʫʨ ʚ 

ʜʚʫʭ ʚʘʨʠʘʥʪʘʭ: ʧʣʘʥʘʨʥʦʡ ʠ ʪʨʸʭʤʝʨʥʦʡ ʢʦʥʬʠʛʫʨʘʮʠʷʭ (ʨʠʩ. 1ʘ-ʙ). ɺ ʧʝʨʚʦʤ ʩʣʫ-

ʯʘʝ ʨʝʘʣʠʟʦʚʘʥʘ ɻ-ʦʙʨʘʟʥʘʷ ʩʪʨʫʢʪʫʨʘ, ʚ ʢʦʪʦʨʦʡ ʜʚʘ ʚʦʣʥʦʚʦʜʥʳʭ ʧʣʝʯʘ ʩʦʝʜʠ-

ʥʝʥʳ ʚ ʦʜʥʦʡ ʧʣʦʩʢʦʩʪʠ ʧʦʜ ʧʨʷʤʳʤ ʫʛʣʦʤ. ɺʪʦʨʦʡ ʚʦʣʥʦʚʦʜ ʚʳʧʦʣʥʝʥ ʚʳʧʦʣʥʝʥʦ 

ʧʫʪʸʤ ʪʨʝʭʤʝʨʥʦʛʦ ʦʨʪʦʛʦʥʘʣʴʥʦʛʦ ʩʦʯʣʝʥʝʥʠʷ ʪʦʥʢʠʭ ʤʘʛʥʠʪʥʳʭ ʧʣʝʥʦʢ ʦʙʝʩʧʝ-

ʯʠʚʘʶʱʫʶ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʫʶ ʤʘʨʰʨʫʪʠʟʘʮʠʶ ʩʠʛʥʘʣʘ. ɹʳʣʠ ʠʩʩʣʝʜʦʚʘʥʳ ʯʘʩʪʦʪ-

ʥʳʝ ʩʧʝʢʪʨʳ ʩʦʙʩʪʚʝʥʥʳʭ ʢʦʣʝʙʘʥʠʡ ʚ ʩʦʯʣʝʥʸʥʥʳʭ ʩʪʨʫʢʪʫʨʘʭ, ʘ ʪʘʢʞʝ ʧʨʦʩʪʨʘʥ-

ʩʪʚʝʥʥʳʝ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʩʧʠʥ-ʚʦʣʥʦʚʦʛʦ ʩʠʛʥʘʣʘ ʧʨʠ ʨʘʟʣʠʯʥʳʭ 

ʫʩʣʦʚʠʷʭ ʚʦʟʙʫʞʜʝʥʠʷ (ʨʠʩ. 1ʚ-ʛ). ʆʩʦʙʦʝ ʚʥʠʤʘʥʠʝ ʫʜʝʣʷʣʦʩʴ ʚʣʠʷʥʠʶ ʛʝʦʤʝʪʨʠ-

ʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ - h ʠʨʠʥʳ ʠ ʪʦʣʱʠʥʳ ʚʦʣʥʦʚʦʜʦʚ, ʨʘʟʤʝʨʦʚ ʦʙʣʘʩʪʠ ʩʦʯʣʝʥʝʥʠʷ, 

ʘ ʪʘʢʞʝ ʢʦʥʬʠʛʫʨʘʮʠʠ ʧʝʨʝʭʦʜʘ ʤʝʞʜʫ ʫʨʦʚʥʷʤʠ ð ʥʘ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʧʝʨʝʜʘʚʘʝ-

ʤʦʛʦ ʩʠʛʥʘʣʘ. 
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ʈʠʩ. 1. ʉʭʝʤʘʪʠʯʝʩʢʠʝ ʠʟʦʙʨʘʞʝʥʠʷ ʥʝʨʝʛʫʣʷʨʥʳʭ ʤʠʢʨʦʚʦʣʥʦʚʦʜʦʚ ʚ ʧʣʘʥʘʨʥʦʡ (a) ʠ ʪʨʝʭ-

ʤʝʨʥʦʡ (ʙ) ʢʦʥʬʠʛʫʨʘʮʠʠ. ʂʘʨʪʳ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʩʧʠʥ-ʚʦʣʥʦʚʦʛʦ ʩʠʛʥʘʣʘ ʚ ʧʣʘʥʘʨʥʦʤ (ʚ) ʠ 

ʪʨʝʭʤʝʨʥʦʤ (ʛ) ʤʠʢʨʦʚʦʣʥʦʚʦʜʘʭ. 

ʇʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʜʝʤʦʥʩʪʨʠʨʫʶʪ, ʯʪʦ ʥʝʨʝʛʫʣʷʨʥʳʝ ʩʦʯʣʝʥʸʥʥʳʝ ʤʘʛ-

ʥʦʥʥʳʝ ʚʦʣʥʦʚʦʜʳ ʧʦʟʚʦʣʷʶʪ ʵʬʬʝʢʪʠʚʥʦ ʫʧʨʘʚʣʷʪʴ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʝʤ ʩʧʠʥʦʚʳʭ 

ʚʦʣʥ ʟʘ ʩʯʸʪ ʛʝʦʤʝʪʨʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ ʩʪʨʫʢʪʫʨʳ. ʊʘʢʠʝ ʵʣʝʤʝʥʪʳ ʤʦʛʫʪ ʠʩʧʦʣʴ-

ʟʦʚʘʪʴʩʷ ʚ ʢʘʯʝʩʪʚʝ ʥʘʧʨʘʚʣʝʥʥʳʭ ʤʝʞʩʦʝʜʠʥʝʥʠʡ ʠ ʯʘʩʪʦʪʥʦ-ʩʝʣʝʢʪʠʚʥʳʭ ʙʣʦʢʦʚ 

ʚ ʤʥʦʛʦʩʣʦʡʥʳʭ ʤʘʛʥʦʥʥʳʭ ʩʭʝʤʘʭ, ʧʨʝʜʥʘʟʥʘʯʝʥʥʳʭ ʜʣʷ ʦʙʨʘʙʦʪʢʠ ʩʠʛʥʘʣʦʚ. 
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ʊʝʨʘʛʝʨʮʦʚʳʝ (ʊɻʮ) ʣʘʟʝʨʳ ʚʦʩʪʨʝʙʦʚʘʥʳ ʚ ʩʠʩʪʝʤʘʭ ʚʠʟʫʘʣʠʟʘʮʠʠ, ʤʝʜʠʮʠʥ-

ʩʢʦʡ ʜʠʘʛʥʦʩʪʠʢʝ ʠ ʩʠʩʪʝʤʘʭ ʤʦʥʠʪʦʨʠʥʛʘ [1]. ɻʨʘʬʝʥ ï ʜʚʫʤʝʨʥʳʡ ʤʘʪʝʨʠʘʣ ʩ ʫʥʠ-

ʢʘʣʴʥʳʤʠ ʩʚʦʡʩʪʚʘʤʠ, ʪʘʢʠʤʠ ʢʘʢ ʥʫʣʝʚʘʷ ʰʠʨʠʥʘ ʟʘʧʨʝʱʝʥʥʦʡ ʟʦʥʳ ʠ ʣʠʥʝʡʥʳʡ 

ʵʥʝʨʛʝʪʠʯʝʩʢʠʡ ʩʧʝʢʪʨ ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ [2]. ɺʦʟʤʦʞʥʦʩʪʴ ʩʦʟʜʘʥʠʷ ʚ ʠʥʚʝʨʪʠʨʦ-

ʚʘʥʥʦʤ ʛʨʘʬʝʥʝ ʦʪʨʠʮʘʪʝʣʴʥʦʡ ʧʨʦʚʦʜʠʤʦʩʪʠ ʚ ʊɻʮ ʜʠʘʧʘʟʦʥʝ [3], ʧʨʠʚʝʣʘ ʧʦʷʚ-

ʣʝʥʠʶ ʧʝʨʚʳʭ ʢʦʥʮʝʧʮʠʡ ʊɻʮ ʛʨʘʬʝʥʦʚʳʭ ʣʘʟʝʨʦʚ ʠ ʧʣʘʟʤʦʥʥʳʭ ʫʩʠʣʠʪʝʣʝʡ [4,5].  

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʪʝʦʨʝʪʠʯʝʩʢʠ ʠʩʩʣʝʜʫʝʪʩʷ ʣʘʟʝʨʥʘʷ ʛʝʥʝʨʘʮʠʷ ʊɻʮ ʠʟʣʫʯʝʥʠʷ 

ʚ ʤʝʪʘʣʣʦ-ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʤ ʞʝʣʦʙʝ ʩ ʘʢʪʠʚʥʳʤ (ʩ ʠʥʚʝʨʩʥʳʤ ʨʘʩʧʨʝʜʝʣʝʥʠʝʤ ʥʦ-

ʩʠʪʝʣʝʡ ʟʘʨʷʜʘ) ʛʨʘʬʝʥʦʤ (ʨʠʩ. 1ʘ). ɻʨʘʬʝʥ ʥʘʥʝʩʝʥ ʥʘ ʜʠʵʣʝʢʪʨʠʯʝʩʢʫʶ ʧʦʜʣʦʞʢʫ 

ʪʦʣʱʠʥʦʡ d, ʨʘʩʧʦʣʦʞʝʥʥʫʶ ʥʘ ʜʥʝ ʧʨʷʤʦʫʛʦʣʴʥʦʛʦ ʤʝʪʘʣʣʠʯʝʩʢʦʛʦ ʞʝʣʦʙʘ ʰʠ-

ʨʠʥʳ L ʠ ʙʝʩʢʦʥʝʯʥʦʡ ʛʣʫʙʠʥʳ (ʚ ʠʩʧʦʣʴʟʫʝʤʦʡ ʪʝʦʨʝʪʠʯʝʩʢʦʡ ʤʦʜʝʣʠ). ʊʘʢʠʤ ʦʙ-

ʨʘʟʦʤ, ʥʘʜ ʛʨʘʬʝʥʦʤ ʚʝʨʪʠʢʘʣʴʥʦ ʨʘʩʧʦʣʦʞʝʥ ʧʦʣʳʡ ʧʣʦʩʢʦʧʘʨʘʣʣʝʣʴʥʳʡ ʤʝʪʘʣ-

ʣʠʯʝʩʢʠʡ ʚʦʣʥʦʚʦʜ. ʇʦʧʝʨʝʯʥʦ-ʵʣʝʢʪʨʠʯʝʩʢʘʷ (TE) ʤʦʜʘ ʥʠʟʰʝʛʦ ʧʦʨʷʜʢʘ ʧʣʦʩʢʦ-

ʧʘʨʘʣʣʝʣʴʥʦʛʦ ʤʝʪʘʣʣʠʯʝʩʢʦʛʦ ʚʦʣʥʦʚʦʜʘ (ʠʤʝʶʱʘʷ ʥʝʥʫʣʝʚʳʝ ʢʦʤʧʦʥʝʥʪʳ ʧʦʣʷ 

Ex, Hy, Hz) ʥʦʨʤʘʣʴʥʦ ʧʘʜʘʝʪ ʥʘ ʜʥʦ ʞʝʣʦʙʘ ʠ ʫʩʠʣʠʚʘʝʪʩʷ ʧʨʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʠ ʩ 

ʘʢʪʠʚʥʳʤ ʛʨʘʬʝʥʦʤ. 

 
ʈʠʩ. 1. ʘ) ʉʭʝʤʘʪʠʯʝʩʢʦʝ ʠʟʦʙʨʘʞʝʥʠʝ ʠʩʩʣʝʜʫʝʤʦʡ ʩʪʨʫʢʪʫʨʳ. ʙ) ɿʘʚʠʩʠʤʦʩʪʴ ʩʧʝʢʪʨʘ ʢʦʵʬ-

ʬʠʮʠʝʥʪʘ ʦʪʨʘʞʝʥʠʷ ʊɻʮ ʚʦʣʥʳ ʦʪ ʰʠʨʠʥʳ ʞʝʣʦʙʘ ʧʨʠ ʪʦʣʱʠʥʝ ʧʦʜʣʦʞʢʠ d = 23 ʤʢʤ. ʉʝ-

ʨʳʤ ʮʚʝʪʦʤ ʦʙʦʟʥʘʯʝʥʘ ʦʙʣʘʩʪʴ ʯʘʩʪʦʪ ʥʠʞʝ ʦʪʩʝʯʢʠ ʥʠʟʰʝʡ TE ʤʦʜʳ ʧʣʦʩʢʦʧʘʨʘʣʣʝʣʴʥʦʛʦ 

ʤʝʪʘʣʣʠʯʝʩʢʦʛʦ ʚʦʣʥʦʚʦʜʘ. ʚ) ʉʧʝʢʪʨ ʢʦʵʬʬʠʮʠʝʥʪʘ ʦʪʨʘʞʝʥʠʷ ʊɻʮ ʚʦʣʥʳ ʧʨʠ ʰʠʨʠʥʝ ʞʝ-

ʣʦʙʘ L = 18,3 ʤʢʤ ʠ ʪʦʣʱʠʥʝ ʧʦʜʣʦʞʢʠ d = 23 ʤʢʤ (ʣʘʟʝʨʥʳʡ ʨʝʟʦʥʘʥʩ ʚʙʣʠʟʠ ʯʘʩʪʦʪʳ ʦʪ-

ʩʝʯʢʠ fcfl = 8,26 ʊɻʮ). 

 

ʅʘ ʨʠʩ. 1ʙ ʧʨʝʜʩʪʘʚʣʝʥ ʩʧʝʢʪʨ ʦʪʨʘʞʝʥʠʷ ʧʘʜʘʶʱʝʡ ʥʘ ʩʪʨʫʢʪʫʨʫ ʊɻʮ ʚʦʣʥʳ 

ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʰʠʨʠʥʳ ʞʝʣʦʙʘ ʧʨʠ ʪʦʣʱʠʥʝ ʧʦʜʣʦʞʢʠ d = 23 ʤʢʤ, ʜʝʤʦʥʩʪʨʠ-

ʨʫʶʱʠʡ ʪʨʠ ʨʝʟʦʥʘʥʩʘ ʌʘʙʨʠ-ʇʝʨʦ ʧʦ ʪʦʣʱʠʥʝ ʧʦʜʣʦʞʢʠ, ʧʨʠ ʟʥʘʯʝʥʠʷʭ ʢʚʘʟʠ-

ʵʥʝʨʛʠʠ ʌʝʨʤʠ 35 ʤʵɺ ʠ ʚʨʝʤʝʥʠ ʨʝʣʘʢʩʘʮʠʠ ʠʤʧʫʣʴʩʘ ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ ʚ ʛʨʘʬʝʥʝ 

0,3 ʧʩ [6]. ɺ ʦʙʣʘʩʪʠ ʧʦʣʦʞʠʪʝʣʴʥʦʡ ʜʝʡʩʪʚʠʪʝʣʴʥʦʡ ʯʘʩʪʠ ʧʨʦʚʦʜʠʤʦʩʪʠ ʛʨʘʬʝʥʘ 
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77                       ʉʙʦʨʥʠʢ ʪʨʫʜʦʚ XX ɺʩʝʨʦʩʩʠʡʩʢʦʡ ʢʦʥʬʝʨʝʥʮʠʠ ʤʦʣʦʜʳʭ ʫʯʝʥʳʭ              

(ʥʘ ʯʘʩʪʦʪʘʭ ʥʠʞʝ 5 ʊɻʮ ʧʨʠ ʠʩʧʦʣʴʟʫʝʤʳʭ ʚʝʣʠʯʠʥʘʭ ʧʘʨʘʤʝʪʨʦʚ) ʵʥʝʨʛʠʷ ʧʘʜʘʶ-

ʱʝʡ ʚʦʣʥʳ ʧʦʛʣʦʱʘʝʪʩʷ (ʩʤ. ʩʠʥʠʡ ʣʝʧʝʩʪʦʢ ʥʠʟʰʝʛʦ ʨʝʟʦʥʘʥʩʘ ʌʘʙʨʠ-ʇʝʨʦ ʥʘ 

ʨʠʩ. 1ʙ). ʃʘʟʝʨʥʘʷ ʛʝʥʝʨʘʮʠʷ ʊɻʮ ʠʟʣʫʯʝʥʠʷ ʚʦʟʥʠʢʘʝʪ ʚ ʦʙʣʘʩʪʠ ʦʪʨʠʮʘʪʝʣʴʥʦʡ 

ʜʝʡʩʪʚʠʪʝʣʴʥʦʡ ʯʘʩʪʠ ʧʨʦʚʦʜʠʤʦʩʪʠ ʛʨʘʬʝʥʘ (ʥʘ ʯʘʩʪʦʪʘʭ ʦʪ 5 ʜʦ 33 ʊɻʮ ʧʨʠ ʠʩ-

ʧʦʣʴʟʫʝʤʳʭ ʚʝʣʠʯʠʥʘʭ ʧʘʨʘʤʝʪʨʦʚ) ʚʙʣʠʟʠ ʯʘʩʪʦʪʳ ʦʪʩʝʯʢʠ ʧʘʜʘʶʱʝʡ ʊɻʮ ʚʦʣʥʳ 

ʧʨʠ ʚʦʟʙʫʞʜʝʥʠʠ ʨʝʟʦʥʘʥʩʘ ʌʘʙʨʠ-ʇʝʨʦ ʧʦ ʪʦʣʱʠʥʝ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʦʜʣʦʞʢʠ 

(ʩʤ. ʪʝʤʥʦ ʙʘʨʜʦʚʳʝ ʪʦʯʢʠ ʚʙʣʠʟʠ ʦʪʩʝʯʢʠ ʥʘ ʢʨʘʩʥʳʭ ʣʝʧʝʩʪʢʘʭ ʥʘ ʨʠʩ. 1ʙ). ʅʘ ʨʠʩ. 

1ʚ ʧʨʝʜʩʪʘʚʣʝʥ ʣʘʟʝʨʥʳʡ ʨʝʟʦʥʘʥʩ ʧʨʠ ʬʠʢʩʠʨʦʚʘʥʥʦʡ ʰʠʨʠʥʝ ʞʝʣʦʙʘ L = 18,3 ʤʢʤ 

ʠ ʪʦʣʱʠʥʝ ʧʦʜʣʦʞʢʠ d = 23 ʤʢʤ ʚʙʣʠʟʠ ʯʘʩʪʦʪʳ ʦʪʩʝʯʢʠ ʥʠʟʰʝʛʦ ʣʘʟʝʨʥʦʛʦ ʨʝʟʦ-

ʥʘʥʩʘ ʌʘʙʨʠ-ʇʝʨʦ ʧʦ ʪʦʣʱʠʥʝ ʧʦʜʣʦʞʢʠ fcfl = 8,26 ʊɻʮ.  

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʪʝʦʨʝʪʠʯʝʩʢʠ ʠʟʫʯʝʥʘ ʊɻʮ ʣʘʟʝʨʥʘʷ ʛʝʥʝʨʘʮʠʷ ʚ ʤʝʪʘʣʣʦ-ʜʠ-

ʵʣʝʢʪʨʠʯʝʩʢʦʤ ʞʝʣʦʙʝ ʩ ʘʢʪʠʚʥʳʤ ʛʨʘʬʝʥʦʤ ʧʨʠ ʨʝʘʣʠʩʪʠʯʥʳʭ ʟʥʘʯʝʥʠʷʭ ʢʚʘʟʠ-

ʵʥʝʨʛʠʠ ʌʝʨʤʠ ʠ ʚʨʝʤʝʥʠ ʨʝʣʘʢʩʘʮʠʠ ʠʤʧʫʣʴʩʘ ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ ʚ ʛʨʘʬʝʥʝ. ʇʦʣʫ-

ʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʤʦʛʫʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥʳ ʜʣʷ ʩʦʟʜʘʥʠʷ ʥʠʟʢʦʧʦʨʦʛʦʚʦʛʦ ʊɻʮ 

ʛʨʘʬʝʥʦʚʦʛʦ ʣʘʟʝʨʘ. 

 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʧʦʜʜʝʨʞʘʥʦ ʈʦʩʩʠʡʩʢʠʤ ʥʘʫʯʥʳʤ ʬʦʥʜʦʤ (ʧʨʦʝʢʪ ˉ 24-22-

00114). 
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ɺ ʧʦʩʣʝʜʥʝʝ ʚʨʝʤʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʬʝʨʨʦʤʘʛʥʠʪʥʳʭ ʩʪʨʫʢʪʫʨ, ʦʩʦʙʝʥʥʦ ʥʘ 

ʤʠʢʨʦ- ʠ ʥʘʥʦʫʨʦʚʥʝ, ʩʪʘʣʠ ʟʘʥʠʤʘʪʴ ʦʜʥʫ ʠʟ ʢʣʶʯʝʚʳʭ ʧʦʟʠʮʠʡ ʜʣʷ ʨʘʟʚʠʪʠʷ ʩʦ-

ʚʨʝʤʝʥʥʳʭ ʪʝʭʥʦʣʦʛʠʡ ʤʠʢʨʦ- ʠ ʥʘʥʦʵʣʝʢʪʨʦʥʠʢʠ. ɺʦʟʥʠʢʣʘ ʥʦʚʘʷ ʦʙʣʘʩʪʴ ʤʠʢʨʦ-

ʵʣʝʢʪʨʦʥʠʢʠ ð ʩʧʠʥʪʨʦʥʠʢʘ, ʙʣʘʛʦʜʘʨʷ ʚʘʞʥʳʤ ʥʘʫʯʥʳʤ ʨʝʟʫʣʴʪʘʪʘʤ, ʠʤʝʶʱʠʤ 

ʧʦʪʝʥʮʠʘʣ ʜʣʷ ʩʦʟʜʘʥʠʷ ʵʣʝʤʝʥʪʥʦʡ ʙʘʟʳ ʥʘ ʥʦʚʳʭ ʬʠʟʠʯʝʩʢʠʭ ʧʨʠʥʮʠʧʘʭ. ɺ 

ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʩʧʠʥʪʨʦʥʠʢʘ ʷʚʣʷʝʪʩʷ ʘʢʪʠʚʥʦ ʨʘʟʚʠʚʘʶʱʝʡʩʷ ʦʙʣʘʩʪʴʶ ʵʣʝʢʪʨʦ-

ʥʠʢʠ, ʚ ʢʦʪʦʨʦʡ, ʚ ʯʘʩʪʥʦʩʪʠ, ʠʟʫʯʘʶʪʩʷ ʧʨʦʮʝʩʩʳ ʧʝʨʝʥʦʩʘ ʤʘʛʥʠʪʥʦʛʦ ʤʦʤʝʥʪʘ 

ʠʣʠ ʩʧʠʥʘ ʵʣʝʢʪʨʠʯʝʩʢʠʤ ʪʦʢʦʤ ʚ ʩʪʨʫʢʪʫʨʘʭ, ʩʦʜʝʨʞʘʱʠʭ ʤʘʛʥʠʪʥʳʝ ʤʘʪʝʨʠʘʣʳ. 

ʇʝʨʝʥʦʩ ʤʘʛʥʠʪʥʦʛʦ ʤʦʤʝʥʪʘ ʤʦʞʝʪ ʦʩʫʱʝʩʪʚʣʷʪʴʩʷ ʪʘʢʞʝ ʩ ʧʦʤʦʱʴʶ ʤʘʛʥʦʥʦʚ 

ʠʣʠ ʩʧʠʥʦʚʳʭ ʚʦʣʥ ʚ ʤʘʛʥʠʪʥʳʭ ʤʝʪʘʣʣʘʭ ʠ ʜʠʵʣʝʢʪʨʠʢʘʭ. ɺ ʩʚʷʟʠ ʩ ʵʪʠʤ, ʚʦʟʥʠʢʣʦ 

ʪʘʢʦʝ ʥʘʫʯʥʦʝ ʥʘʧʨʘʚʣʝʥʠʝ, ʢʘʢ ʤʘʛʥʦʥʠʢʘ ð ʦʙʣʘʩʪʴ ʩʧʠʥʪʨʦʥʠʢʠ, ʠʟʫʯʘʶʱʘʷ ʬʠ-

ʟʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʩʧʠʥʦʚʳʭ ʚʦʣʥ ʚ ʤʘʛʥʠʪʥʳʭ ʤʠʢʨʦ- ʠ ʥʘʥʦʩʪʨʫʢʪʫʨʘʭ [1-4] 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʩʣʦʞʥʘʷ ʤʘʛʥʦʥʥʘʷ ʩʪʨʫʢʪʫʨʘ, ʧʨʝʜʩʪʘʚʣʷ-

ʶʱʘʷ ʩʦʙʦʡ ʤʠʢʨʦʚʦʣʥʦʚʦʜ ʩ ʤʥʦʞʝʩʪʚʦʤ ʙʦʢʦʚʳʭ ʦʪʚʝʪʚʣʝʥʠʡ, ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦ 

ʨʘʩʧʨʝʜʝʣʸʥʥʳʭ ʚʜʦʣʴ ʦʩʥʦʚʥʦʡ ʣʠʥʠʠ ʧʝʨʝʜʘʯʠ ʩʠʛʥʘʣʘ. ʂʦʥʬʠʛʫʨʘʮʠʷ ʚʢʣʶʯʘʝʪ 

ʮʝʥʪʨʘʣʴʥʳʡ ʨʝʟʦʥʘʪʦʨ ʧʨʷʤʦʫʛʦʣʴʥʦʡ ʬʦʨʤʳ, ʢ ʢʦʪʦʨʦʤʫ ʧʨʠʤʳʢʘʶʪ ʥʝʩʢʦʣʴʢʦ 

ʢʘʥʘʣʦʚ ʚʳʚʦʜʘ ʩʠʛʥʘʣʘ, ʦʨʠʝʥʪʠʨʦʚʘʥʥʳʭ ʚ ʨʘʟʥʳʭ ʥʘʧʨʘʚʣʝʥʠʷʭ. ɺʩʝ ʵʣʝʤʝʥʪʳ 

ʩʪʨʫʢʪʫʨʳ ʠʟʛʦʪʦʚʣʝʥʳ ʠʟ ʞʝʣʝʟʦ-ʠʪʪʨʠʝʚʦʛʦ ʛʨʘʥʘʪʘ (YIG), ʨʘʟʤʝʱʸʥʥʦʛʦ ʥʘ ʧʦʜ-

ʣʦʞʢʝ ʠʟ ʛʘʣʣʠʡ-ʛʘʜʦʣʠʥʠʝʚʦʛʦ ʛʨʘʥʘʪʘ (GGG), ʯʪʦ ʦʙʝʩʧʝʯʠʚʘʝʪ ʤʠʥʠʤʘʣʴʥʳʝ ʧʦ-

ʪʝʨʠ ʧʨʠ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʠ ʩʧʠʥʦʚʳʭ ʚʦʣʥ. ʐʠʨʠʥʘ ʮʝʥʪʨʘʣʴʥʦʡ ʦʙʣʘʩʪʠ ʩʦʩʪʘʚ-

ʣʷʝʪ 500 ʤʢʤ, ʰʠʨʠʥʘ ʙʦʢʦʚʳʭ ʢʘʥʘʣʦʚ ð ʦʪ 250 ʜʦ 500 ʤʢʤ. ʊʦʣʱʠʥʘ ʤʘʛʥʠʪʥʦʛʦ 

ʩʣʦʷ ʩʦʩʪʘʚʣʷʝʪ 10 ʤʢʤ. ʉʪʨʫʢʪʫʨʘ ʜʦʧʦʣʥʝʥʘ ʚʭʦʜʥʦʡ ʠ ʤʥʦʞʝʩʪʚʦʤ ʚʳʭʦʜʥʳʭ 

ʤʠʢʨʦʧʦʣʦʩʢʦʚʳʭ ʘʥʪʝʥʥ, ʨʘʟʤʝʱʸʥʥʳʭ ʥʘ ʢʦʥʮʘʭ ʚʦʣʥʦʚʦʜʦʚ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʨʝ-

ʛʠʩʪʨʠʨʦʚʘʪʴ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʩʠʛʥʘʣʘ ʧʦ ʚʳʭʦʜʘʤ. ʅʘʨʫʞʥʦʝ ʤʘʛʥʠʪʥʦʝ ʧʦʣʝ ʚʝʣʠ-

ʯʠʥʦʡ H = 1200 ʕ ʥʘʧʨʘʚʣʝʥʦ ʧʦʜ ʫʛʣʦʤ ʢ ʦʩʠ ʚʦʣʥʦʚʦʜʘ, ʦʙʝʩʧʝʯʠʚʘʷ ʚʦʟʙʫʞʜʝʥʠʝ 

ʧʦʚʝʨʭʥʦʩʪʥʳʭ ʤʘʛʥʠʪʦʩʪʘʪʠʯʝʩʢʠʭ ʩʧʠʥʦʚʳʭ ʚʦʣʥ (ʇʄʉɺ) ʠ ʚʦʟʤʦʞʥʦʩʪʴ ʧʨʦ-

ʩʪʨʘʥʩʪʚʝʥʥʦʛʦ ʨʘʟʜʝʣʝʥʠʷ ʤʦʜ. ɼʣʷ ʤʠʥʠʤʠʟʘʮʠʠ ʦʪʨʘʞʝʥʠʡ ʦʪ ʢʨʘʸʚ ʚʦʣʥʦʚʦʜʦʚ 

ʚ ʧʨʦʮʝʩʩʝ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʧʨʠʤʝʥʷʣʠʩʴ ʠʜʝʘʣʴʥʦ ʩʦʛʣʘʩʦʚʘʥʥʳʝ ʩʣʦʠ (PML). ʈʘʩ-

ʯʸʪʳ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʛʝʦʤʝʪʨʠʯʝʩʢʘʷ ʘʩʠʤʤʝʪʨʠʷ ʩʪʨʫʢʪʫʨʳ, ʘ ʪʘʢʞʝ ʫʛʦʣ ʥʘʢʣʦʥʘ 

ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ, ʧʨʠʚʦʜʷʪ ʢ ʠʟʙʠʨʘʪʝʣʴʥʦʡ ʬʠʣʴʪʨʘʮʠʠ ʩʠʛʥʘʣʘ, ʧʨʠ ʢʦʪʦʨʦʡ ʢʘʞ-

ʜʘʷ ʚʳʭʦʜʥʘʷ ʣʠʥʠʷ ʧʨʦʧʫʩʢʘʝʪ ʦʧʨʝʜʝʣʸʥʥʫʶ ʯʘʩʪʦʪʥʫʶ ʤʦʜʫ. ʊʘʢʘʷ ʘʨʭʠʪʝʢʪʫʨʘ 

ʧʦʟʚʦʣʷʝʪ ʨʝʘʣʠʟʦʚʘʪʴ ʬʫʥʢʮʠʦʥʘʣʴʥʳʝ ʵʣʝʤʝʥʪʳ ʩ ʤʥʦʛʦʢʘʥʘʣʴʥʦʡ ʩʝʣʝʢʮʠʝʡ 

ʩʠʛʥʘʣʦʚ ʠ ʫʧʨʘʚʣʷʝʤʳʤʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ ʧʝʨʝʜʘʯʠ. 

ʏʠʩʣʝʥʥʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʧʨʦʚʦʜʠʣʦʩʴ ʚ ʧʨʦʛʨʘʤʤʝ mumax3 [5]. ʕʪʦʪ ʧʨʦ-

ʛʨʘʤʤʥʳʡ ʧʘʢʝʪ, ʦʩʥʦʚʘʥʥʳʡ ʥʘ ʤʝʪʦʜʝ ʢʦʥʝʯʥʳʭ ʨʘʟʥʦʩʪʝʡ, ʠʩʧʦʣʴʟʫʝʪʩʷ ʜʣʷ ʨʝ-

ʰʝʥʠʷ ʚʨʝʤʝʥʥʳʭ ʠ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʭ ʟʘʜʘʯ, ʩʚʷʟʘʥʥʳʭ ʩ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʝʤ ʩʧʠ-

ʥʦʚʦʡ ʚʦʣʥʳ ʚ ʩʪʨʫʢʪʫʨʘʭ. ɼʣʷ ʵʪʦʛʦ ʩʪʨʫʢʪʫʨʘ ʨʘʟʙʠʚʘʝʪʩʷ ʥʘ ʩʝʪʢʫ, ʚ ʢʘʞʜʦʤ ʫʟʣʝ 

ʢʦʪʦʨʦʡ ʨʝʰʘʝʪʩʷ ʫʨʘʚʥʝʥʠʝ ʃʘʥʜʘʫ-ʃʠʚʰʠʮʘ-ɻʠʣʙʝʨʪʘ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʯʠʩʣʝʥʥʦʛʦ 
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ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʘʤʧʣʠʪʫʜʥʦ-ʯʘʩʪʦʪʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ (ɸʏʍ) ʩʧʠ-

ʥʦʚʦʡ ʚʦʣʥʳ. ɼʣʷ ʧʦʣʫʯʝʥʠʷ ɸʏʍ ʩʧʠʥʦʚʳʭ ʚʦʣʥ ʩʠʛʥʘʣ ʧʦʜʘʚʘʣʩʷ ʥʘ ʩʪʨʫʢʪʫʨʫ 

ʥʘ ʚʭʦʜʥʫʶ ʘʥʪʝʥʥʫ p_in ʠ ʬʠʢʩʠʨʦʚʘʣʠʩʴ ʟʥʘʯʝʥʠʷ ʘʤʧʣʠʪʫʜ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʚ 

ʚʳʭʦʜʥʳʭ ʘʥʪʝʥʥ p_1-p_5. ʆʙʨʘʙʦʪʢʘ ʨʝʟʫʣʴʪʘʪʦʚ ʤʠʢʨʦʤʘʛʥʠʪʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘ-

ʥʠʷ ʧʨʦʚʦʜʠʣʘʩʴ ʚ ʧʨʦʛʨʘʤʤʝ MATLAB. ʉ ʧʦʤʦʱʴʶ ʜʚʫʤʝʨʥʦʛʦ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ 

ʌʫʨʴʝ ʩʪʨʦʠʣʠʩʴ ʘʤʧʣʠʪʫʜʥʦ-ʯʘʩʪʦʪʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʜʣʷ ʨʘʟʣʠʯʥʳʭ ʧʘʨʘʤʝʪ-

ʨʦʚ ʩʠʩʪʝʤʳ. 

 
ʈʠʩ. 1. ʉʭʝʤʘʪʠʯʝʩʢʦʝ ʠʟʦʙʨʘʞʝʥʠʝ ʠʩʩʣʝʜʫʝʤʦʡ ʩʪʨʫʢʪʫʨʳ 

 

ʅʘ ʨʠʩ. 2 ʧʦʢʘʟʘʥʳ ɸʏʍ ʜʣʷ ʩʪʨʫʢʪʫʨʳ, ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥʥʦʡ ʥʘ ʨʠʩ. 1 ʚ 

ʜʠʘʧʘʟʦʥʝ ʯʘʩʪʦʪ 5-6 ɻɻʮ ʧʦʣʫʯʝʥʥʳʝ ʩ ʚʳʭʦʜʥʳʭ ʘʥʪʝʥʥ p_1-p_5. ʇʨʠ ʵʪʦʤ ʧʦʣʝ 

ʙʳʣʦ ʦʪʢʣʦʥʝʥʦ ʥʘ 15Á ʦʪ ʦʩʠ. ɺʠʜʥʦ, ʯʪʦ ʢʘʞʜʳʡ ʚʳʭʦʜʥʦʡ ʢʘʥʘʣ ʬʦʨʤʠʨʫʝʪ ʠʥ-

ʜʠʚʠʜʫʘʣʴʥʳʡ ʨʝʟʦʥʘʥʩʥʳʡ ʦʪʢʣʠʢ, ʯʪʦ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ ʩʝ-

ʣʝʢʮʠʠ ʩʠʛʥʘʣʘ ʧʦ ʯʘʩʪʦʪʝ. ʅʘʙʣʶʜʘʶʪʩʷ ʚʳʨʘʞʝʥʥʳʝ ʨʝʟʦʥʘʥʩʥʳʝ ʧʠʢʠ ʨʘʟʣʠʯ-

ʥʦʡ ʘʤʧʣʠʪʫʜʳ ʠ ʧʦʣʦʞʝʥʠʷ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʥʘʧʨʘʚʣʝʥʠʶ ʵʥʝʨʛʠʠ ʚ ʢʦʥʢʨʝʪ-

ʥʳʝ ʦʪʚʝʪʚʣʝʥʠʷ, ʯʪʦ ʧʦʜʪʚʝʨʞʜʘʝʪ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʫʧʨʘʚʣʝʥʠʷ ʨʘʩʧʨʝʜʝʣʝʥʠʝʤ 

ʩʠʛʥʘʣʘ ʚ ʩʪʨʫʢʪʫʨʝ ʟʘ ʩʯʸʪ ʦʨʠʝʥʪʘʮʠʠ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ. 

 

 



                                  çʅʘʥʦʵʣʝʢʪʨʦʥʠʢʘ, ʥʘʥʦʬʦʪʦʥʠʢʘ ʠ ʥʝʣʠʥʝʡʥʘʷ ʬʠʟʠʢʘè                     80 

 
ʈʠʩʫʥʦʢ 2 ï ɸʏʍ ʢʘʩʢʘʜʥʦʛʦ ʬʠʣʴʪʨʘ ʩ ʮʝʥʪʨʘʣʴʥʳʤ ʨʝʟʦʥʘʪʦʨʦʤ ʚ 500 ʤʢʤ ʠ ʦʪʢʣʦʥʝʥʠʝʤ 

ʧʦʣʷ ʚ 15 ʛʨʘʜʫʩʦʚ. ɻʜʝ ʩʠʥʠʤ - ʚʳʭʦʜ ʩ ʘʥʪʝʥʥʳ p_1, ʦʨʘʥʞʝʚʳʤ - ʚʳʭʦʜ ʩ ʘʥʪʝʥʥʳ p_2, 

ʞʸʣʪʳʤ - ʚʳʭʦʜ ʩ ʘʥʪʝʥʥʳ p_3, ʟʝʣʸʥʳʤ - ʚʳʭʦʜ ʩ ʘʥʪʝʥʥʳ p_4, ʬʠʦʣʝʪʦʚʳʤ - ʚʳʭʦʜ ʩ ʘʥ-

ʪʝʥʥʳ p_5. 

 

ɼʣʷ ʧʦʜʪʚʝʨʞʜʝʥʠʷ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ ʩʝʣʝʢʮʠʠ ʩʠʛʥʘʣʦʚ ʠ ʘʥʘʣʠʟʘ ʨʘʩʧʨʝʜʝ-

ʣʝʥʠʷ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʚ ʨʘʟʥʳʭ ʚʳʭʦʜʥʳʭ ʢʘʥʘʣʘʭ ʙʳʣʦ ʧʨʦʚʝʜʝʥʦ ʤʦʜʝʣʠʨʦʚʘ-

ʥʠʝ ʜʠʥʘʤʠʢʠ ʩʧʠʥʦʚʳʭ ʚʦʣʥ ʧʨʠ ʧʦʜʘʯʝ ʩʠʛʥʘʣʘ ʥʘ ʚʭʦʜʥʫʶ ʘʥʪʝʥʥʫ. ʇʦʣʫʯʝʥʥʳʝ 

ʢʘʨʪʳ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʨʠʩʫʥʢʝ 3. ɺʠʜʥʦ, ʯʪʦ ʢʘʞ-

ʜʳʡ ʚʳʭʦʜʥʦʡ ʚʦʣʥʦʚʦʜ ʬʦʨʤʠʨʫʝʪ ʩʦʙʩʪʚʝʥʥʫʶ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʫʶ ʤʦʜʫ, ʦʪʣʠʯʘ-

ʶʱʫʶʩʷ ʢʘʢ ʧʦ ʥʘʧʨʘʚʣʝʥʠʶ, ʪʘʢ ʠ ʧʦ ʠʥʪʝʥʩʠʚʥʦʩʪʠ, ʯʪʦ ʧʦʜʪʚʝʨʞʜʘʝʪ ʯʘʩʪʦʪʥʦ-

ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʫʶ ʬʠʣʴʪʨʘʮʠʶ ʩʠʛʥʘʣʘ ʚ ʢʘʩʢʘʜʥʦʡ ʩʪʨʫʢʪʫʨʝ. 

 
ʈʠʩʫʥʦʢ 3 ï ʇʨʦʩʪʨʘʥʩʪʚʝʥʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʚ ʩʪʨʫʢʪʫʨʝ ʢʘʩʢʘʜʥʦʛʦ 

ʬʠʣʴʪʨʘ ʩ ʮʝʥʪʨʘʣʴʥʳʤ ʨʝʟʦʥʘʪʦʨʦʤ ʚ 500 ʤʢʤ ʠ ʦʪʢʣʦʥʝʥʠʝʤ ʧʦʣʷ ʚ 15 ʛʨʘʜʫʩʦʚ. 
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ʇʨʦʚʝʜʸʥʥʳʡ ʯʠʩʣʝʥʥʳʡ ʘʥʘʣʠʟ ʧʦʢʘʟʘʣ, ʯʪʦ ʢʘʩʢʘʜʥʘʷ ʩʪʨʫʢʪʫʨʘ ʥʘ ʦʩʥʦʚʝ 

ʞʝʣʝʟʦ-ʠʪʪʨʠʝʚʦʛʦ ʛʨʘʥʘʪʘ ʦʙʝʩʧʝʯʠʚʘʝʪ ʵʬʬʝʢʪʠʚʥʫʶ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦ-ʯʘʩʪʦʪ-

ʥʫʶ ʩʝʣʝʢʮʠʶ ʩʧʠʥʦʚʳʭ ʚʦʣʥ. ɿʘ ʩʯʸʪ ʚʘʨʴʠʨʦʚʘʥʠʷ ʛʝʦʤʝʪʨʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ ʠ 

ʦʨʠʝʥʪʘʮʠʠ ʚʥʝʰʥʝʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʚʦʟʤʦʞʥʦ ʫʧʨʘʚʣʷʪʴ ʢʘʢ ʥʘʧʨʘʚʣʝʥʠʝʤ, ʪʘʢ 

ʠ ʩʧʝʢʪʨʘʣʴʥʳʤ ʩʦʩʪʘʚʦʤ ʚʳʭʦʜʥʦʛʦ ʩʠʛʥʘʣʘ. ʇʦʣʫʯʝʥʥʳʝ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʥʘʤʘʛ-

ʥʠʯʝʥʥʦʩʪʠ ʠ ʘʤʧʣʠʪʫʜʥʦ-ʯʘʩʪʦʪʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʧʦʜʪʚʝʨʞʜʘʶʪ ʥʘʣʠʯʠʝ ʚʳʨʘ-

ʞʝʥʥʳʭ ʨʝʟʦʥʘʥʩʥʳʭ ʤʦʜ ʚ ʦʪʜʝʣʴʥʳʭ ʚʳʭʦʜʥʳʭ ʢʘʥʘʣʘʭ. ʕʪʠ ʨʝʟʫʣʴʪʘʪʳ ʜʝʤʦʥ-

ʩʪʨʠʨʫʶʪ ʧʦʪʝʥʮʠʘʣ ʧʨʝʜʣʦʞʝʥʥʦʡ ʩʪʨʫʢʪʫʨʳ ʜʣʷ ʧʨʠʤʝʥʝʥʠʷ ʚ ʩʦʩʪʘʚʝ ʤʥʦʛʦʢʘ-

ʥʘʣʴʥʳʭ ʤʘʛʥʦʥʥʳʭ ʬʠʣʴʪʨʦʚ, ʩʝʣʝʢʪʦʨʦʚ ʠ ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʵʣʝʤʝʥʪʦʚ ʤʘʛʥʦʥ-

ʥʦʡ ʣʦʛʠʢʠ ʚ ʉɺʏ-ʜʠʘʧʘʟʦʥʝ. 

 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʚ ʨʘʤʢʘʭ ʚʳʧʦʣʥʝʥʠʷ ʧʨʦʝʢʪʘ ʈʅʌ 20-79-10191. 
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ʆʜʥʠʤ ʠʟ ʥʘʠʤʝʥʝʝ ʦʩʚʦʝʥʥʳʭ ʜʠʘʧʘʟʦʥʦʚ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʥʘ 

ʜʘʥʥʳʡ ʤʦʤʝʥʪ ʷʚʣʷʝʪʩʷ ʤʠʣʣʠʤʝʪʨʦʚʳʡ ʠʣʠ ʩʫʙʪʝʨʘʛʝʨʮʝʚʳʡ ʜʠʘʧʘʟʦʥ ʯʘʩʪʦʪ. 

ʇʝʨʩʧʝʢʪʠʚʥʳʤ ʧʨʠʙʦʨʦʤ ʜʣʷ ʨʘʙʦʪʳ ʚ ʜʘʥʥʦʤ ʜʠʘʧʘʟʦʥʝ ʷʚʣʷʝʪʩʷ ʪʘʢʦʡ ʚʘʢʫʫʤ-

ʥʳʡ ʉɺʏ-ʫʩʠʣʠʪʝʣʴ, ʢʘʢ ʣʘʤʧʘ ʙʝʛʫʱʝʡ ʚʦʣʥʳ (ʃɹɺ), ʢʦʪʦʨʘʷ ʩʧʦʩʦʙʥʘ ʦʙʝʩʧʝʯʠʪʴ 

ʢʘʢ ʚʳʩʦʢʫʶ ʚʳʭʦʜʥʫʶ ʤʦʱʥʦʩʪʴ, ʪʘʢ ʠ ʰʠʨʦʢʫʶ ʧʦʣʦʩʫ ʫʩʠʣʠʚʘʝʤʳʭ ʯʘʩʪʦʪ [1]. 

ʆʜʥʠʤ ʠʟ ʢʣʶʯʝʚʳʭ ʵʣʝʤʝʥʪʦʚ ʃɹɺ ʷʚʣʷʝʪʩʷ ʵʣʝʢʪʨʦʥʥʘʷ ʧʫʰʢʘ ï ʫʩʪʨʦʡʩʪʚʦ, 

ʬʦʨʤʠʨʫʶʱʝʝ ʵʣʝʢʪʨʦʥʥʳʡ ʧʫʯʦʢ ʩ ʥʝʦʙʭʦʜʠʤʳʤʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ [2]. ʕʣʝʢ-

ʪʨʦʥʥʘʷ ʧʫʰʢʘ ʩʦʩʪʦʠʪ ʠʟ ʢʘʪʦʜʘ, ʩ ʢʦʪʦʨʦʛʦ ʧʨʦʠʩʭʦʜʠʪ ʵʤʠʩʩʠʷ ʵʣʝʢʪʨʦʥʦʚ, ʬʦ-

ʢʫʩʠʨʫʶʱʠʭ ʵʣʝʢʪʨʦʜʦʚ, ʩʣʫʞʘʱʠʭ ʜʣʷ ʬʦʨʤʠʨʦʚʘʥʠʷ ʟʘʜʘʥʥʦʡ ʬʦʨʤʳ ʧʫʯʢʘ ʠ 

ʪʨʘʝʢʪʦʨʠʡ ʯʘʩʪʠʮ, ʘ ʪʘʢʞʝ ʘʥʦʜʘ, ʷʚʣʷʶʱʝʛʦʩʷ ʫʩʢʦʨʷʶʱʠʤ ʵʣʝʢʪʨʦʜʦʤ ʧʫʰʢʠ. 

ɼʣʷ ʧʨʠʤʝʥʝʥʠʷ ʚ ʤʠʥʠʘʪʶʨʥʳʭ ʃɹɺ ʩʫʙ-ʊɻʮ ʜʠʘʧʘʟʦʥʘ ʥʝʦʙʭʦʜʠʤʳ ʵʣʝʢʪʨʦʥʥʳʝ 

ʧʫʯʢʠ ʩ ʪʦʢʦʤ ʧʦʨʷʜʢʘ 100 ʤɸ ʠ ʩ ʭʘʨʘʢʪʝʨʥʦʡ ʪʦʣʱʠʥʦʡ ʧʦʨʷʜʢʘ ʩʦʪʝʥ ʤʠʢʨʦʤʝʪ-

ʨʦʚ. 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʨʘʟʨʘʙʦʪʢʠ ʵʣʝʢʪʨʦʥʥʦʡ ʧʫʰʢʠ, 

ʬʦʨʤʠʨʫʶʱʝʡ ʮʠʣʠʥʜʨʠʯʝʩʢʠʡ ʧʫʯʦʢ ʪʦʢʦʤ ~100-150 ʤɸ ʧʨʠ ʫʩʢʦʨʷʶʱʠʭ ʥʘʧʨʷ-

ʞʝʥʠʷʭ ʥʝ ʙʦʣʝʝ 15 ʢɺ. ʏʠʩʣʝʥʥʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʨʘʙʦʯʠʭ ʨʝʞʠʤʦʚ ʧʫʰʢʠ ʧʨʦʚʦ-

ʜʠʣʦʩʴ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʨʦʛʨʘʤʤʥʦʛʦ ʧʘʢʝʪʘ COMSOL Multiphysics. ʀʩʩʣʝʜʫʝ-

ʤʘʷ ʢʦʥʩʪʨʫʢʮʠʷ ʧʫʰʢʠ ʩʦʜʝʨʞʠʪ ʢʘʪʦʜ ʜʠʘʤʝʪʨʦʤ 1.26 ʤʤ, ʥʘʙʦʨ ʬʦʢʫʩʠʨʫʶʱʠʭ 

ʵʣʝʢʪʨʦʜʦʚ, ʩʦʩʪʦʷʱʠʡ ʠʟ ʪʨʝʭ ʧʣʘʩʪʠʥ ï ʜʠʘʬʨʘʛʤ ʩ ʨʘʟʣʠʯʥʳʤ ʜʠʘʤʝʪʨʦʤ, ʥʘʭʦ-

ʜʷʱʠʭʩʷ ʧʦʜ ʧʦʪʝʥʮʠʘʣʦʤ ʢʘʪʦʜʘ, ʘ ʪʘʢʞʝ ʘʥʦʜ ʩ ʚʳʭʦʜʥʳʤ ʦʪʚʝʨʩʪʠʝʤ ʜʠʘʤʝʪʨʦʤ 

0.33 ʤʤ [3]. 

ɺ ʨʝʟʫʣʴʪʘʪʝ ʙʳʣʠ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʠʩʩʣʝʜʫʝʤʘʷ ʢʦʥʬʠʛʫʨʘʮʠʷ ʧʫʰʢʠ ʧʦʟʚʦʣʷʝʪ 

ʩʬʦʨʤʠʨʦʚʘʪʴ ʵʣʝʢʪʨʦʥʥʳʡ ʧʫʯʦʢ ʜʠʘʤʝʪʨʦʤ 0.26 ʤʤ ʥʘ ʚʳʭʦʜʝ ʠʟ ʘʥʦʜʥʦʛʦ ʦʪʚʝʨ-

ʩʪʠʷ. ɹʳʣʠ ʧʦʩʪʨʦʝʥʳ ʚʦʣʴʪʘʤʧʝʨʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ (ɺɸʍ) ʵʣʝʢʪʨʦʥʥʦʡ ʧʫʰʢʠ 

ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʟʥʘʯʝʥʠʷʭ ʥʘʧʨʷʞʝʥʠʷ ʘʥʦʜʘ ʜʦ 15 ʢɺ (ʨʠʩ. 1ʘ). ʇʨʠ ʵʪʦʤ ʪʦʢ ʧʫʯʢʘ 

ʩʦʩʪʘʚʣʷʝʪ 80-150 ʤɸ ʧʨʠ ʘʥʦʜʥʦʤ ʥʘʧʨʷʞʝʥʠʠ 10-15 ʢɺ. ʉʨʝʜʥʷʷ ʧʣʦʪʥʦʩʪʴ ʪʦʢʘ 

ʧʦ ʩʝʯʝʥʠʶ ʧʫʯʢʘ ʥʘ ʚʳʭʦʜʝ ʠʟ ʵʣʝʢʪʨʦʥʥʦʡ ʧʫʰʢʠ ʩʦʩʪʘʚʣʷʝʪ ʧʨʠʤʝʨʥʦ 200 ɸ/ʩʤ2 

ʧʨʠ ʧʣʦʪʥʦʩʪʠ ʪʦʢʘ ʥʘ ʢʘʪʦʜʝ 8 ɸ/ʩʤ2. ʂʦʤʧʨʝʩʩʠʷ ʧʫʯʢʘ ʧʦ ʧʣʦʱʘʜʠ ʩʦʩʪʘʚʣʷʝʪ 

ʧʨʠʤʝʨʥʦ 25 ʝʜʠʥʠʮ. 

ʆʪʤʝʪʠʤ, ʯʪʦ ʯʠʩʣʝʥʥʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʧʨʦʚʦʜʠʣʦʩʴ ʢʘʢ ʜʣʷ ʫʧʨʦʱʝʥʥʦʡ ʘʢ-

ʩʠʘʣʴʥʦ-ʩʠʤʤʝʪʨʠʯʥʦʡ ʜʚʫʤʝʨʥʦʡ ʤʦʜʝʣʠ ʧʫʰʢʠ ʩ ʛʨʘʥʠʯʥʳʤ ʫʩʣʦʚʠʝʤ ʵʤʠʩʩʠʠ, 

ʦʧʨʝʜʝʣʷʝʤʦʡ ʟʘʢʦʥʦʤ ʩʪʝʧʝʥʠ 3/2, ʪʘʢ ʠ ʜʣʷ ʪʨʝʭʤʝʨʥʦʡ ʤʦʜʝʣʠ ʩ ʫʩʣʦʚʠʝʤ ʪʝʨ-

ʤʦʵʣʝʢʪʨʦʥʥʦʡ ʵʤʠʩʩʠʠ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʢʘʪʦʜʘ, ʫʯʠʪʳʚʘʶʱʝʡ ʨʘʟʙʨʦʩ ʵʣʝʢʪʨʦʥʦʚ 

ʧʦ ʩʢʦʨʦʩʪʷʤ ʠ ʫʛʣʘʤ ʵʤʠʩʩʠʠ. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʚ ʩʣʫʯʘʝ ʪʨʝʭʤʝʨʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ 

ʵʣʝʢʪʨʦʥʥʳʡ ʧʫʯʦʢ ʦʙʣʘʜʘʝʪ ʥʝʩʢʦʣʴʢʦ ʙ·ʣʴʰʠʤ ʨʘʜʠʫʩʦʤ, ʘ ʪʘʢʞʝ ʧʨʠ ʵʪʦʤ 

ʥʘʙʣʶʜʘʝʪʩʷ ʥʝʙʦʣʴʰʦʝ ʪʦʢʦʦʩʝʜʘʥʠʝ ʥʘ ʘʥʦʜʝ ʚʝʣʠʯʠʥʦʡ 15-25 ʤɸ. 
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83                       ʉʙʦʨʥʠʢ ʪʨʫʜʦʚ XX ɺʩʝʨʦʩʩʠʡʩʢʦʡ ʢʦʥʬʝʨʝʥʮʠʠ ʤʦʣʦʜʳʭ ʫʯʝʥʳʭ              

ʅʘ ʦʩʥʦʚʝ ʧʨʝʜʣʦʞʝʥʥʦʡ ʤʦʜʝʣʠ ʙʳʣʘ ʨʘʟʨʘʙʦʪʘʥʘ ʢʦʥʩʪʨʫʢʮʠʷ ʧʫʰʢʠ ʜʣʷ 

ʩʙʦʨʢʠ ʩ ʫʯʝʪʦʤ ʵʣʝʤʝʥʪʦʚ ʢʨʝʧʣʝʥʠʷ ʵʣʝʢʪʨʦʜʦʚ ʧʫʰʢʠ ʠ ʢʘʪʦʜʘ. ʇʨʦʚʝʜʝʥʦ ʠʟʛʦ-

ʪʦʚʣʝʥʠʝ ʦʪʜʝʣʴʥʳʭ ʢʦʤʧʦʥʝʥʪʦʚ ʧʫʰʢʠ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʪʝʭʥʦʣʦʛʠʠ ʠʤʧʫʣʴʩ-

ʥʦʡ ʣʘʟʝʨʥʦʡ ʤʠʢʨʦʦʙʨʘʙʦʪʢʠ. ʌʦʢʫʩʠʨʫʶʱʠʝ ʵʣʝʢʪʨʦʜʳ ʠ ʘʥʦʜ ʠʟʛʦʪʦʚʣʝʥʳ ʠʟ 

ʤʦʣʠʙʜʝʥʦʚʳʭ ʧʣʘʩʪʠʥ ʪʦʣʱʠʥʦʡ 150 ʤʢʤ, ʢʘʪʦʜ ï ʠʟ ʛʝʢʩʘʙʦʨʠʜʘ ʣʘʥʪʘʥʘ. ʇʦʩʣʝ 

ʠʟʛʦʪʦʚʣʝʥʠʷ ʢʦʥʩʪʨʫʢʪʠʚʥʳʭ ʵʣʝʤʝʥʪʦʚ ʙʳʣʘ ʧʨʦʚʝʜʝʥʘ ʩʙʦʨʢʘ ʤʘʢʝʪʘ. ʅʘ ʨʠʩ. 1ʙ 

ʧʨʠʚʝʜʝʥʳ ʬʦʪʦʛʨʘʬʠʠ ʠʟʛʦʪʦʚʣʝʥʥʦʛʦ ʤʘʢʝʪʘ. ʅʘ ʜʘʥʥʳʡ ʤʦʤʝʥʪ ʧʨʦʠʩʭʦʜʠʪ ʦʪ-

ʨʘʙʦʪʢʘ ʪʝʭʥʦʣʦʛʠʠ ʩʙʦʨʢʠ ʠ ʚʘʢʫʫʤʠʨʦʚʘʥʠʷ ʜʣʷ ʜʘʣʴʥʝʡʰʝʛʦ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴ-

ʥʦʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ ɺɸʍ. 

 

 
ʈʠʩ. 1. (ʘ) ï ɺɸʍ ʵʣʝʢʪʨʦʥʥʦʡ ʧʫʰʢʠ (ʢʨʘʩʥʘʷ ʣʠʥʠʷ - ʜʚʫʤʝʨʥʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ, ʩʠʥʠʝ 

ʪʦʯʢʠ ï ʧʦʣʥʳʡ ʪʦʢ ʩ ʢʘʪʦʜʘ, ʢʨʘʩʥʳʝ ʪʦʯʢʠ ï ʧʨʦʰʝʜʰʠʡ ʪʦʢ ʚ ʩʣʫʯʘʝ ʪʨʝʭʤʝʨʥʦʛʦ ʤʦʜʝʣʠ-

ʨʦʚʘʥʠʷ), (ʙ) ï ʬʦʪʦʛʨʘʬʠʠ ʠʟʛʦʪʦʚʣʝʥʥʦʡ ʵʣʝʢʪʨʦʥʥʦʡ ʧʫʰʢʠ. 

 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ ʧʦʜʜʝʨʞʢʝ ʈʅʌ (ʛʨʘʥʪ ˉ 22-12-00181-

ʇ). 
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ʈʘʟʨʘʙʦʪʢʘ ʵʣʝʢʪʨʦʚʘʢʫʫʤʥʳʭ ʫʩʪʨʦʡʩʪʚ, ʧʨʝʜʥʘʟʥʘʯʝʥʥʳʭ ʜʣʷ ʫʩʠʣʝʥʠʷ ʠ ʛʝ-

ʥʝʨʘʮʠʠ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʚ ʤʠʣʣʠʤʝʪʨʦʚʦʤ ʠ ʩʫʙʤʠʣʣʠʤʝʪʨʦʚʦʤ ʜʠʘ-

ʧʘʟʦʥʘʭ, ʩʦʭʨʘʥʷʝʪ ʚʳʩʦʢʫʶ ʘʢʪʫʘʣʴʥʦʩʪʴ. ɺ ʯʘʩʪʥʦʩʪʠ, ʧʨʠ ʯʘʩʪʦʪʘʭ ʚʳʰʝ 0.1 ʊɻʮ 

[1] ʠʤʝʥʥʦ ʚʘʢʫʫʤʥʳʝ ʧʨʠʙʦʨʳ ʦʙʝʩʧʝʯʠʚʘʶʪ ʥʘʠʙʦʣʴʰʫʶ ʚʳʭʦʜʥʫʶ ʤʦʱʥʦʩʪʴ, 

ʯʪʦ ʜʝʣʘʝʪ ʠʭ ʥʝʟʘʤʝʥʠʤʳʤʠ ʜʣʷ ʟʘʜʘʯ, ʪʨʝʙʫʶʱʠʭ ʚʳʩʦʢʦʠʥʪʝʥʩʠʚʥʦʛʦ ʠʟʣʫʯʝ-

ʥʠʷ [1-3]. ɸʢʪʠʚʥʦʝ ʦʩʚʦʝʥʠʝ ʜʘʥʥʦʛʦ ʩʧʝʢʪʨʘʣʴʥʦʛʦ ʜʠʘʧʘʟʦʥʘ ʪʨʝʙʫʝʪ ʫʩʢʦʨʝʥʥʦʡ 

ʨʘʟʨʘʙʦʪʢʠ ʠ ʧʨʦʪʦʪʠʧʠʨʦʚʘʥʠʷ ʢʦʤʧʘʢʪʥʳʭ ʩʠʩʪʝʤ, ʦʜʥʘʢʦ ʫʤʝʥʴʰʝʥʠʝ ʜʣʠʥʳ 

ʚʦʣʥʳ ʩʦʧʨʦʚʦʞʜʘʝʪʩʷ ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʳʤ ʩʦʢʨʘʱʝʥʠʝʤ ʛʘʙʘʨʠʪʦʚ ʦʩʥʦʚʥʳʭ ʵʣʝʢ-

ʪʨʦʜʠʥʘʤʠʯʝʩʢʠʭ ʵʣʝʤʝʥʪʦʚ ð ʚʦʣʥʦʚʦʜʦʚ ʠ ʟʘʤʝʜʣʷʶʱʠʭ ʩʠʩʪʝʤ ð ʜʦ ʩʦʪʝʥ 

ʤʠʢʨʦʤʝʪʨʦʚ, ʯʪʦ ʩʫʱʝʩʪʚʝʥʥʦ ʫʩʣʦʞʥʷʝʪ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʝ ʧʨʦʮʝʩʩʳ ʠʭ ʧʨʦʝʢʪʠ-

ʨʦʚʘʥʠʷ ʠ ʠʟʛʦʪʦʚʣʝʥʠʷ, ʪʨʝʙʫʷ ʧʨʠʤʝʥʝʥʠʷ ʚʳʩʦʢʦʪʦʯʥʳʭ ʤʝʪʦʜʦʚ ʤʠʢʨʦʤʝʭʘʥʠ-

ʯʝʩʢʦʡ ʦʙʨʘʙʦʪʢʠ ʠ ʩʦʚʨʝʤʝʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ. 

ɺ ʭʦʜʝ ʧʨʦʚʝʜʸʥʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʙʳʣʘ ʨʘʟʨʘʙʦʪʘʥʘ ʫʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥʥʘʷ 

ʤʝʪʦʜʠʢʘ ʧʨʦʪʦʪʠʧʠʨʦʚʘʥʠʷ ʵʣʝʢʪʨʦʜʠʥʘʤʠʯʝʩʢʠʭ ʩʪʨʫʢʪʫʨ, ʧʨʝʜʥʘʟʥʘʯʝʥʥʳʭ ʜʣʷ 

ʧʨʠʤʝʥʝʥʠʷ ʚ ʧʨʠʙʦʨʘʭ ʚʘʢʫʫʤʥʦʡ ʵʣʝʢʪʨʦʥʠʢʠ ʩʫʙʪʝʨʘʛʝʨʮʝʚʦʛʦ ʜʠʘʧʘʟʦʥʘ. ʆʩ-

ʥʦʚʦʡ ʤʝʪʦʜʠʢʠ ʧʦʩʣʫʞʠʣʘ ʪʝʭʥʦʣʦʛʠʷ 3D-ʧʝʯʘʪʠ c ʮʠʬʨʦʚʦʡ ʦʙʨʘʙʦʪʢʦʡ ʩʚʝʪʦʤ, 

ʜʦʧʦʣʥʝʥʥʘʷ ʵʪʘʧʦʤ ʤʝʪʘʣʣʠʟʘʮʠʠ ʧʦʣʫʯʝʥʥʳʭ ʦʙʨʘʟʮʦʚ ʧʦʩʨʝʜʩʪʚʦʤ ʤʘʛʥʝʪʨʦʥ-

ʥʦʛʦ ʨʘʩʧʳʣʝʥʠʷ [4,5]. ɺ ʨʘʤʢʘʭ ʨʘʙʦʪʳ ʙʳʣʠ ʨʘʩʩʤʦʪʨʝʥʳ ʦʩʦʙʝʥʥʦʩʪʠ ʧʨʦʝʢʪʠ-

ʨʦʚʘʥʠʷ ʠ ʠʟʛʦʪʦʚʣʝʥʠʷ ʪʝʩʪʦʚʳʭ ʦʙʨʘʟʮʦʚ, ʘ ʪʘʢʞʝ ʚʳʧʦʣʥʝʥ ʢʦʤʧʣʝʢʩʥʳʡ ʘʥʘʣʠʟ 

ʠʭ ʤʦʨʬʦʣʦʛʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ. 

ʅʘ ʧʝʨʚʦʥʘʯʘʣʴʥʦʤ ʵʪʘʧʝ ʙʳʣʠ ʠʟʛʦʪʦʚʣʝʥʳ ʦʧʳʪʥʳʝ ʦʙʨʘʟʮʳ ʧʨʷʤʦʫʛʦʣʴ-

ʥʳʭ ʚʦʣʥʦʚʦʜʦʚ ʩʪʘʥʜʘʨʪʦʚ WR-10 ʠ WR-15, ʧʨʝʜʥʘʟʥʘʯʝʥʥʳʭ ʜʣʷ ʨʘʙʦʪʳ ʩʦʦʪʚʝʪ-

ʩʪʚʝʥʥʦ ʚ V-ʜʠʘʧʘʟʦʥʝ (50ï70 ɻɻʮ) ʠ W-ʜʠʘʧʘʟʦʥʝ (70ï110 ɻɻʮ). ʂʦʥʩʪʨʫʢʪʠʚʥʦ 

ʢʘʞʜʳʡ ʚʦʣʥʦʚʦʜ ʩʦʩʪʦʠʪ ʠʟ ʜʚʫʭ ʵʣʝʤʝʥʪʦʚ: ʥʠʞʥʝʡ ʯʘʩʪʠ ʩ ʧʨʷʤʦʫʛʦʣʴʥʳʤ ʧʘ-

ʟʦʤ ʠ ʚʝʨʭʥʝʡ ʢʨʳʰʢʠ, ʩʦʝʜʠʥʸʥʥʳʭ ʧʨʠ ʧʦʤʦʱʠ ʚʠʥʪʦʚʦʛʦ ʢʨʝʧʣʝʥʠʷ. ʈʝʟʫʣʴʪʘʪʳ 

ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʳʭ ʠʟʤʝʨʝʥʠʡ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʧʨʠ ʪʦʣʱʠʥʝ ʤʝʪʘʣʣʠʟʘʮʠʠ 3 ʤʢʤ ʠ 

ʚʳʰʝ ʚʦʣʥʦʚʦʜʳ ʦʙʝʩʧʝʯʠʚʘʶʪ ʥʠʟʢʠʝ ʧʦʪʝʨʠ ʧʨʠ ʧʝʨʝʜʘʯʝ ʩʠʛʥʘʣʘ: ʜʣʷ WR-15 ï 

ʧʦʨʷʜʢʘ ï1 ʜɹ, ʘ ʜʣʷ WR-10 ï ʤʝʥʝʝ ï2 ʜɹ ʚ ʜʠʘʧʘʟʦʥʝ 75ï110 ɻɻʮ. 

ʅʘ ʩʣʝʜʫʶʱʝʤ ʵʪʘʧʝ ʙʳʣʠ ʩʧʨʦʝʢʪʠʨʦʚʘʥʳ ʠ ʠʟʛʦʪʦʚʣʝʥʳ ʟʘʤʝʜʣʷʶʱʠʝ ʩʠ-

ʩʪʝʤʳ (ɿʉ) ʪʠʧʘ ʦʜʠʥʦʯʥʦʡ ʛʨʝʙʸʥʢʠ V- ʠ W-ʜʠʘʧʘʟʦʥʘ. ʂʦʥʩʪʨʫʢʮʠʷ ʚʳʧʦʣʥʝʥʘ ʚ 

ʩʨʝʜʝ Autodesk Fusion 360 ʠ ʚʢʣʶʯʘʝʪ ʦʜʥʦʨʦʜʥʫʶ ʧʝʨʠʦʜʠʯʝʩʢʫʶ ʯʘʩʪʴ, ʩʦʛʣʘʩʫ-

ʶʱʠʝ ʩʝʢʮʠʠ ʩ ʧʦʩʪʝʧʝʥʥʦ ʫʤʝʥʴʰʘʶʱʝʡʩʷ ʚʳʩʦʪʦʡ ʣʘʤʝʣʝʡ ʠ ʧʣʘʚʥʳʝ ʧʝʨʝʭʦʜʳ 

ʢ ʚʦʣʥʦʚʦʜʘʤ ʩʪʘʥʜʘʨʪʘ WR-10 ʠʣʠ WR-15 (ʨʠʩ. 1ʘ). ʊʦʣʱʠʥʘ ʤʝʪʘʣʣʠʟʘʮʠʠ ʩʦ-
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ʩʪʘʚʣʷʝʪ 5 ʤʢʤ. S-ʧʘʨʘʤʝʪʨʳ ʙʳʣʠ ʠʟʤʝʨʝʥʳ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʚʝʢʪʦʨʥʦʛʦ ʘʥʘʣʠ-

ʟʘʪʦʨʘ ʮʝʧʝʡ. ɼʣʷ ʜʘʥʥʦʡ ʢʦʥʩʪʨʫʢʮʠʠ ʧʦʪʝʨʠ ʥʘ ʧʝʨʝʜʘʯʫ ʚ ʨʘʙʦʯʝʤ ʜʠʘʧʘʟʦʥʝ ʯʘ-

ʩʪʦʪ ʩʦʩʪʘʚʠʣʠ ʤʝʥʝʝ 6-  ʜɹ, ʘ ʧʦʪʝʨʠ ʥʘ ʦʪʨʘʞʝʥʠʝ ð ʙʦʣʝʝ ï20 ʜɹ. ʕʢʩʧʝʨʠʤʝʥ-

ʪʘʣʴʥʳʝ ʠʟʤʝʨʝʥʠʷ ʵʣʝʢʪʨʦʜʠʥʘʤʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ ʧʦʢʘʟʘʣʠ ʚʳʩʦʢʦʝ ʢʘʯʝʩʪʚʦ 

ʠʟʛʦʪʦʚʣʝʥʥʳʭ ʩʪʨʫʢʪʫʨ. ɺ ʯʘʩʪʥʦʩʪʠ, ʜʣʷ ɿʉ V-ʜʠʘʧʘʟʦʥʘ ʧʦʪʝʨʠ ʥʘ ʧʝʨʝʜʘʯʫ ʩʦ-

ʩʪʘʚʠʣʠ ʤʝʥʝʝ ï2 ʜɹ, ʘ ʧʦʪʝʨʠ ʥʘ ʦʪʨʘʞʝʥʠʝ ð ʙʦʣʝʝ ï20 ʜɹ (ʨʠʩ. 1ʙ). ʕʢʩʧʝʨʠʤʝʥ-

ʪʘʣʴʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʜʣʷ ʦʙʦʠʭ ʜʠʘʧʘʟʦʥʦʚ ʜʦʩʪʘʪʦʯʥʦ ʭʦʨʦʰʦ ʩʦʛʣʘʩʫʶʪʩʷ ʩ ʯʠʩ-

ʣʝʥʥʳʤ ʤʦʜʝʣʠʨʦʚʘʥʠʝʤ. 
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ʈʠʩ. 1. (ʘ) ʌʦʪʦ ʠʟʛʦʪʦʚʣʝʥʥʦʡ ɿʉ ʪʠʧʘ ʦʜʠʥʦʯʥʦʡ ʛʨʝʙʸʥʢʠ V-ʜʠʘʧʘʟʦʥʘ; (ʙ) S-ʧʘʨʘʤʝʪʨʳ 

ɿʉ: ʩʧʣʦʰʥʳʝ ʢʨʠʚʳʝ ï ʵʢʩʧʝʨʠʤʝʥʪ, ʧʫʥʢʪʠʨ ï ʯʠʩʣʝʥʥʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ.  
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ʇʨʠ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʠ ʩʧʠʥʦʚʳʭ ʚʦʣʥ ʚ ʬʝʨʨʦʤʘʛʥʠʪʥʳʭ ʧʣʸʥʢʘʭ ʥʘʙʣʶʜʘʝʪʩʷ 

ʰʠʨʦʢʠʡ ʩʧʝʢʪʨ ʥʝʣʠʥʝʡʥʳʭ ʚʦʣʥʦʚʳʭ ʷʚʣʝʥʠʡ ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ ʤʦʱʥʦʩʪʠ ʚʭʦʜ-

ʥʦʛʦ ʩʠʛʥʘʣʘ, ʩʨʝʜʠ ʢʦʪʦʨʳʭ ʤʦʞʥʦ ʚʳʜʝʣʠʪʴ ʬʦʨʤʠʨʦʚʘʥʠʝ ʩʦʣʠʪʦʥʦʚ ʦʛʠʙʘʶ-

ʱʝʡ, ʥʝʣʠʥʝʡʥʦʝ ʟʘʪʫʭʘʥʠʝ, ʘʚʪʦʤʦʜʫʣʷʮʠʷ, ʧʝʨʝʭʦʜ ʢ ʭʘʦʩʫ ʠ ʪ.ʜ. [1]. ʅʘʠʙʦʣʴʰʠʡ 

ʠʥʪʝʨʝʩ ʚʳʟʳʚʘʶʪ ʬʝʨʨʦʤʘʛʥʠʪʥʳʝ ʧʣʸʥʢʠ ʩ ʧʝʨʠʦʜʠʯʝʩʢʠʤ ʠʟʤʝʥʝʥʠʝʤ ʧʘʨʘʤʝʪ-

ʨʦʚ ï ʤʘʛʥʦʥʥʳʝ ʢʨʠʩʪʘʣʣʳ. ʊʘʢʠʝ ʩʪʨʫʢʪʫʨʳ ʟʘ ʩʯʸʪ ʬʦʨʤʠʨʦʚʘʥʠʷ ʟʘʧʨʝʱʝʥʥʳʭ 

ʟʦʥ ï ʧʦʣʦʩ ʥʝʧʨʦʧʫʩʢʘʥʠʷ ʩʧʠʥʦʚʳʭ ʚʦʣʥ, ʷʚʣʷʶʪʩʷ ʬʫʥʢʮʠʦʥʘʣʴʥʦ ʙʦʣʝʝ ʛʠʙ-

ʢʠʤʠ [2]. ʆʜʥʠʤʠ ʠʟ ʦʩʥʦʚʥʳʭ ʥʝʣʠʥʝʡʥʳʭ ʷʚʣʝʥʠʡ ʚ ʤʘʛʥʦʥʥʳʭ ʢʨʠʩʪʘʣʣʘʭ ʷʚʣʷ-

ʶʪʩʷ ʥʝʣʠʥʝʡʥʳʡ ʩʜʚʠʛ ʟʘʧʨʝʱʝʥʥʳʭ ʟʦʥ ʠ ʬʦʨʤʠʨʦʚʘʥʠʝ ʱʝʣʝʚʳʭ ʩʦʣʠʪʦʥʦʚ 

[3,4]. 

ɺ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʪʝʦʨʝʪʠʯʝʩʢʠ ʠʩʩʣʝʜʦʚʘʥʳ ʦʩʦʙʝʥʥʦʩʪʠ ʬʦʨʤʠʨʦʚʘʥʠʷ 

ʱʝʣʝʚʳʭ ʩʦʣʠʪʦʥʦʚ ʤʘʛʥʦʥʥʦʤ ʢʨʠʩʪʘʣʣʝ, ʩʬʦʨʤʠʨʦʚʘʥʥʦʤ ʥʘ ʦʩʥʦʚʝ ʬʝʨʨʦʤʘʛ-

ʥʠʪʥʦʡ ʧʣʝʥʢʠ ʩ ʧʝʨʠʦʜʠʯʝʩʢʦʡ ʩʠʩʪʝʤʦʡ ʢʘʥʘʚʦʢ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʠ ʥʘʛʨʫʟʦʢ ʚ 

ʚʠʜʝ ʩʣʦʷ ʧʦʣʫʧʨʦʚʦʜʥʠʢʘ ʣʠʙʦ ʥʦʨʤʘʣʴʥʦʛʦ ʤʝʪʘʣʣʘ. ʊʝʦʨʝʪʠʯʝʩʢʦʝ ʦʧʠʩʘʥʠʝ 

ʧʨʦʚʝʜʝʥʦ ʚ ʨʘʤʢʘʭ ʤʝʪʦʜʘ ʩʚʷʟʘʥʥʳʭ ʚʦʣʥ, ʫʯʠʪʳʚʘʶʱʝʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʧʨʷ-

ʤʦʡ ʚʦʣʥʳ ʠ ʚʦʣʥʳ, ʦʪʨʘʞʝʥʥʦʡ ʦʪ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʭ ʥʝʦʜʥʦʨʦʜʥʦʩʪʝʡ ʧʝʨʠʦʜʠ-

ʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ. ɺ ʨʘʤʢʘʭ ʜʘʥʥʦʡ ʤʦʜʝʣʠ ʚʦʟʤʦʞʥʦ ʫʩʪʘʥʦʚʠʪʴ ʤʝʭʘʥʠʟʤ ʬʦʨ-

ʤʠʨʦʚʘʥʠʷ ʱʝʣʝʚʳʭ ʩʦʣʠʪʦʥʦʚ, ʟʘʢʣʶʯʘʶʱʠʡʩʷ ʚ ʟʘʭʚʘʪʝ ʩʧʠʥ ʚʦʣʥʦʚʳʭ ʚʦʟʙʫʞ-

ʜʝʥʠʡ ʥʘ ʯʘʩʪʦʪʝ ʟʘʧʨʝʱʝʥʥʦʡ ʟʦʥʳ ʧʨʠ ʚʦʟʨʘʩʪʘʥʠʠ ʘʤʧʣʠʪʫʜʳ ʚʭʦʜʥʦʛʦ ʩʠʛʥʘʣʘ. 

ʀʟ ʨʝʟʫʣʴʪʘʪʦʚ ʯʠʩʣʝʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʚʠʜʥʦ, ʯʪʦ ʥʘ ʯʘʩʪʦʪʘʭ ʟʘʧʨʝʱʝʥ-

ʥʦʡ ʟʦʥʳ ʱʝʣʝʚʦʡ ʩʦʣʠʪʦʥ ʬʦʨʤʠʨʫʝʪʩʷ ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ ʘʤʧʣʠʪʫʜʳ ʚʭʦʜʥʦʛʦ ʠʤ-

ʧʫʣʴʩʘ. ʅʘ ʨʠʩ. 1 ʧʨʝʜʩʪʘʚʣʝʥʘ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦ-ʚʨʝʤʝʥʥʘʷ ʵʚʦʣʶʮʠʷ ʘʤʧʣʠʪʫʜʳ 

ʦʛʠʙʘʶʱʝʡ ʩʠʛʥʘʣʘ ʜʣʷ ʣʠʥʝʡʥʦʛʦ ʠ ʥʝʣʠʥʝʡʥʦʛʦ ʨʝʞʠʤʦʚ. ɺ ʦʪʣʠʯʠʝ ʦʪ ʣʠʥʝʡ-

ʥʦʛʦ ʨʝʞʠʤʘ ʧʨʠ ʤʘʣʦʡ ʘʤʧʣʠʪʫʜʝ ʚʭʦʜʥʦʛʦ ʠʤʧʫʣʴʩʘ, ʚ ʥʝʣʠʥʝʡʥʦʤ ʨʝʞʠʤʝ 

ʤʝʞʜʫ ʬʨʦʥʪʦʤ ʠ ʩʨʝʟʦʤ ʠʤʧʫʣʴʩʘ ʦʙʨʘʟʫʝʪʩʷ ʩʦʣʠʪʦʥ. ɽʛʦ ʩʢʦʨʦʩʪʴ ʥʠʞʝ ʣʠʥʝʡ-

ʥʦʡ ʛʨʫʧʧʦʚʦʡ ʩʢʦʨʦʩʪʠ ʠ ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʩ ʨʦʩʪʦʤ ʘʤʧʣʠʪʫʜʳ, ʧʨʠ ʵʪʦʤ ʘʤʧʣʠʪʫʜʘ 

ʩʦʣʠʪʦʥʘ ʧʨʝʚʳʰʘʝʪ ʚʭʦʜʥʫʶ. 

ʇʦʨʦʛʦʚʘʷ ʘʤʧʣʠʪʫʜʘ ʬʦʨʤʠʨʦʚʘʥʠʷ ʱʝʣʝʚʦʛʦ ʩʦʣʠʪʦʥʘ ʫʤʝʥʴʰʘʝʪʩʷ ʩ ʫʚʝ-

ʣʠʯʝʥʠʝʤ ʜʣʠʪʝʣʴʥʦʩʪʠ ʚʭʦʜʥʦʛʦ ʠʤʧʫʣʴʩʘ, ʧʨʠ ʵʪʦʤ ʤʦʞʝʪ ʫʚʝʣʠʯʠʚʘʪʴʩʷ ʯʠʩʣʦ 

ʬʦʨʤʠʨʫʶʱʠʭʩʷ ʩʦʣʠʪʦʥʦʚ. ʅʘ ʧʦʨʦʛ ʪʘʢʞʝ ʚʣʠʷʶʪ ʢʦʵʬʬʠʮʠʝʥʪ ʩʚʷʟʠ, ʦʧʨʝʜʝʣʷ-

ʝʤʳʡ ʛʣʫʙʠʥʦʡ ʤʦʜʫʣʷʮʠʠ ʧʣʝʥʢʠ, ʠ ʢʦʵʬʬʠʮʠʝʥʪ ʥʝʣʠʥʝʡʥʦʩʪʠ. ʌʦʨʤʠʨʦʚʘʥʠʝ 

ʑʉ ʧʨʦʠʩʭʦʜʠʪ ʚ ʦʛʨʘʥʠʯʝʥʥʦʤ ʜʠʘʧʘʟʦʥʝ ʢʦʵʬʬʠʮʠʝʥʪʘ ʩʚʷʟʠ: ʧʨʠ ʥʝʜʦʩʪʘʪʦʯ-

ʥʦʡ ʚʝʣʠʯʠʥʝ ʢʦʵʬʬʠʮʠʝʥʪʘ ʩʚʷʟʠ ʧʝʨʠʦʜʠʯʥʦʩʪʴ ʩʨʝʜʳ ʩʣʘʙʦ ʚʳʨʘʞʝʥʘ, ʠ ʚʟʘʠ-

ʤʦʜʝʡʩʪʚʠʝ ʚʦʣʥ ʥʝʜʦʩʪʘʪʦʯʥʦ ʜʣʷ ʬʦʨʤʠʨʦʚʘʥʠʷ ʩʦʣʠʪʦʥʘ, ʠ ʧʨʠ ʯʨʝʟʤʝʨʥʦ ʚʳ-

ʩʦʢʠʭ ʟʥʘʯʝʥʠʷʭ ʢʦʵʬʬʠʮʠʝʥʪʘ ʩʚʷʟʠ ʬʦʨʤʠʨʦʚʘʥʠʝ ʑʉ ʪʘʢʞʝ ʥʝ ʧʨʦʠʩʭʦʜʠʪ. ʉ 

ʨʦʩʪʦʤ ʢʦʵʬʬʠʮʠʝʥʪʘ ʥʝʣʠʥʝʡʥʦʩʪʠ ʩʨʝʜʳ ʧʦʨʦʛ ʬʦʨʤʠʨʦʚʘʥʠʷ ʩʥʠʞʘʝʪʩʷ. ʂʨʦʤʝ 

ʪʦʛʦ, ʧʦʨʦʛʦʚʘʷ ʘʤʧʣʠʪʫʜʘ ʫʤʝʥʴʰʘʝʪʩʷ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʦʪʩʪʨʦʡʢʠ ʨʘʙʦʯʝʡ ʯʘʩʪʦʪʳ 

ʦʪ ʮʝʥʪʨʘ ʟʘʧʨʝʱʝʥʥʦʡ ʟʦʥʳ. 
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ʈʠʩ. 1. ʇʨʦʩʪʨʘʥʩʪʚʝʥʥʦ-ʚʨʝʤʝʥʥʘʷ ʵʚʦʣʶʮʠʷ ʘʤʧʣʠʪʫʜʳ ʦʛʠʙʘʶʱʝʡ ʚ ʤʘʛʥʦʥʥʦʤ ʢʨʠʩʪʘʣʣʝ 

ʚ ʣʠʥʝʡʥʦʤ ʠ ʥʝʣʠʥʝʡʥʦʤ ʩʣʫʯʘʷʭ ʧʨʠ ʘʤʧʣʠʪʫʜʝ ʚʭʦʜʥʦʛʦ ʠʤʧʫʣʴʩʘ  (ʘ) ʠ 

(ʙ). 

 

ʊʘʢʞʝ ʙʳʣʦ ʧʨʦʚʝʜʝʥʦ ʠʩʩʣʝʜʦʚʘʥʠʝ ʚʣʠʷʥʠʷ ʩʧʠʥʦʚʦʛʦ ʪʦʢʘ ʥʘ ʬʦʨʤʠʨʦʚʘ-

ʥʠʝ ʱʝʣʝʚʦʛʦ ʩʦʣʠʪʦʥʘ ʚ ʩʪʨʫʢʪʫʨʝ, ʩʦʩʪʦʷʱʝʡ ʠʟ ʤʘʛʥʦʥʥʦʛʦ ʢʨʠʩʪʘʣʣʘ, ʥʘʛʨʫʞʝʥ-

ʥʦʛʦ ʥʦʨʤʘʣʴʥʳʤ ʤʝʪʘʣʣʦʤ. ʇʨʠ ʧʨʦʪʝʢʘʥʠʠ ʚ ʥʦʨʤʘʣʴʥʦʤ ʤʝʪʘʣʣʝ ʪʦʢʘ ʧʦʣʦʞʠ-

ʪʝʣʴʥʦʡ ʧʦʣʷʨʥʦʩʪʠ ʩʧʠʥʦʚʘʷ ʚʦʣʥʘ ʫʩʠʣʠʚʘʝʪʩʷ, ʯʪʦ ʩʧʦʩʦʙʩʪʚʫʝʪ ʫʤʝʥʴʰʝʥʠʶ 

ʧʦʨʦʛʘ ʬʦʨʤʠʨʦʚʘʥʠʷ ʱʝʣʝʚʦʛʦ ʩʦʣʠʪʦʥʘ. ʇʨʠ ʪʦʢʝ ʦʪʨʠʮʘʪʝʣʴʥʦʡ ʧʦʣʷʨʥʦʩʪʠ 

ʩʧʠʥʦʚʘʷ ʚʦʣʥʘ ʦʩʣʘʙʣʷʝʪʩʷ ʠ ʧʦʨʦʛ ʬʦʨʤʠʨʦʚʘʥʠʷ ʩʦʣʠʪʦʥʘ ʚ ʩʪʨʫʢʪʫʨʝ ʫʚʝʣʠʯʠ-

ʚʘʝʪʩʷ. 

ʀʩʩʣʝʜʦʚʘʥʦ ʪʘʢʞʝ ʚʣʠʷʥʠʝ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʪʦʢʘ ʚ ʩʣʦʝ ʧʦʣʫʧʨʦʚʦʜʥʠʢʘ, 

ʥʘʛʨʫʞʝʥʥʦʛʦ ʥʘ ʤʘʛʥʦʥʥʳʡ ʢʨʠʩʪʘʣʣ. ɺ ʵʪʦʤ ʩʣʫʯʘʝ ʢʦʵʬʬʠʮʠʝʥʪʳ ʚ ʩʠʩʪʝʤʝ ʚʦʣ-

ʥʦʚʳʭ ʫʨʘʚʥʝʥʠʡ ʜʣʷ ʧʨʷʤʦʡ ʠ ʦʪʨʘʞʝʥʥʦʡ ʚʦʣʥ ʩʪʘʥʦʚʷʪʩʷ ʢʦʤʧʣʝʢʩʥʳʤʠ, ʠʭ ʟʥʘ-

ʯʝʥʠʷ ʟʘʚʠʩʷʪ ʦʪ ʧʨʦʚʦʜʠʤʦʩʪʠ ʧʦʣʫʧʨʦʚʦʜʥʠʢʘ ʠ ʩʢʦʨʦʩʪʠ ʜʨʝʡʬʘ ʥʦʩʠʪʝʣʝʡ ʟʘ-

ʨʜ̫ʘ. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʬʦʨʤʠʨʦʚʘʥʠʝ ʑʉ ʚʦʟʤʦʞʥʦ ʚ ʦʧʨʝʜʝʣʝʥʥʦʤ ʜʠʘʧʘʟʦʥʝ 

ʟʥʘʯʝʥʠʡ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʪʦʢʘ ʚ ʧʦʣʫʧʨʦʚʦʜʥʠʢʝ. 

ʇʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʧʦʜʪʚʝʨʞʜʘʶʪ ʧʝʨʩʧʝʢʪʠʚʥʦʩʪʴ ʧʨʠʤʝʥʝʥʠʷ ʥʘʥʦʨʘʟ-

ʤʝʨʥʳʭ ʧʝʨʠʦʜʠʯʝʩʢʠʭ ʬʝʨʨʦʤʘʛʥʠʪʥʳʭ ʩʪʨʫʢʪʫʨ ʚ ʢʘʯʝʩʪʚʝ ʙʘʟʦʚʳʭ ʵʣʝʤʝʥʪʦʚ 

ʜʣʷ ʩʦʟʜʘʥʠʷ ʯʘʩʪʦʪʥʦ ʩʝʣʝʢʪʠʚʥʳʭ ʫʩʪʨʦʡʩʪʚ ʧʝʨʝʜʘʯʠ ʠ ʢʦʜʠʨʦʚʘʥʠʷ ʠʥʬʦʨʤʘ-

ʮʠʠ, ʠʩʧʦʣʴʟʫʶʱʠʭ ʪʘʢʠʝ ʥʝʣʠʥʝʡʥʳʝ ʵʬʬʝʢʪʳ, ʢʘʢ ʬʦʨʤʠʨʦʚʘʥʠʝ ʱʝʣʝʚʳʭ ʩʦʣʠ-

ʪʦʥʦʚ. 
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ʉʨʝʜʠ ʨʘʟʥʦʦʙʨʘʟʥʳʭ ʪʠʧʦʚ ʣʘʤʧ ʙʝʛʫʱʝʡ ʚʦʣʥʳ, ʦʜʥʦʩʝʢʮʠʦʥʥʳʝ ʃɹɺ ʧʨʝʜ-

ʩʪʘʚʣʷʶʪ ʦʩʦʙʳʡ ʠʥʪʝʨʝʩ ʙʣʘʛʦʜʘʨʷ ʩʚʦʝʡ ʧʨʦʩʪʦʪʝ ʠ ʵʬʬʝʢʪʠʚʥʦʩʪʠ. ʆʜʥʘʢʦ ʚ 

ʭʦʜʝ ʨʝʰʝʥʠʷ ʟʘʜʘʯʠ ʧʦʣʫʯʝʥʠʷ ʚʳʩʦʢʦʛʦ ʫʨʦʚʥʷ ʚʳʭʦʜʥʦʡ ʤʦʱʥʦʩʪʠ ʧʨʠ ʩʨʘʚʥʠ-

ʪʝʣʴʥʦ ʚʳʩʦʢʦʤ ʫʩʠʣʝʥʠʠ ʚ ʰʠʨʦʢʦʡ ʧʦʣʦʩʝ ʯʘʩʪʦʪ ʙʳʣʘ ʚʳʷʚʣʝʥʘ ʩʢʣʦʥʥʦʩʪʴ ʦʜ-

ʥʦʩʝʢʮʠʦʥʥʦʡ ʃɹɺ ʩ ʦʜʥʦʨʦʜʥʦʡ ʟʘʤʝʜʣʷʶʱʝʡ ʩʪʨʫʢʪʫʨʦʡ ʢ ʩʘʤʦʚʦʟʙʫʞʜʝʥʠʶ ʥʘ 

ʛʨʘʥʠʮʝ ʧʦʣʦʩʳ ʧʨʦʧʫʩʢʘʥʠʷ ʱʝʣʝʚʦʡ ʤʦʜʳ ɿʉ. ʉʘʤʦʚʦʟʙʫʞʜʝʥʠʝ ʦʜʥʦʩʝʢʮʠʦʥ-

ʥʦʡ ʣʘʤʧʳ ʦʙʫʩʣʦʚʣʝʥʦ ʚʳʧʦʣʥʝʥʠʝʤ ʩʪʘʨʪʦʚʳʭ ʫʩʣʦʚʠʡ, ʪ.ʝ. ʧʨʠ ʥʘʣʠʯʠʠ ʙʣʘʛʦ-

ʧʨʠʷʪʥʦʡ ʬʘʟʳ ʦʪʨʘʞʝʥʠʡ ʜʦʣʞʥʳ ʩʦʭʨʘʥʷʪʩʷ ʫʩʣʦʚʠʷ ʜʦʩʪʘʪʦʯʥʦʛʦ ʜʣʷ ʩʪʘʨʪʘ 

ʥʘʨʘʩʪʘʥʠʷ ʘʤʧʣʠʪʫʜʳ ʩʠʥʭʨʦʥʥʦʛʦ ʩ ʵʣʝʢʪʨʦʥʥʳʤ ʧʫʯʢʦʤ ʧʘʨʘʟʠʪʥʦʡ ʚʦʣʥʳ. ɼʣʷ 

ʦʙʝʩʧʝʯʝʥʠʷ ʩʪʘʙʠʣʴʥʦʛʦ (ʙʝʟ ʩʘʤʦʚʦʟʙʫʞʜʝʥʠʷ) ʨʝʞʠʤʘ ʨʘʙʦʪʳ ʃɹɺ ʥʝʦʙʭʦʜʠʤʦ 

ʦʙʝʩʧʝʯʠʪʴ ʨʘʙʦʪʫ ʧʨʠʙʦʨʘ ʩʦ ʩʪʘʨʪʦʚʳʤ ʟʥʘʯʝʥʠʝʤ ʪʦʢʘ ʢʘʪʦʜʘ, ʩʫʱʝʩʪʚʝʥʥʦ ʧʨʝ-

ʚʳʰʘʶʱʠʤ ʨʘʙʦʯʝʝ ʟʥʘʯʝʥʠʝ ʪʦʢʘ ʢʘʪʦʜʘ ʃɹɺ ʩ ʫʯʝʪʦʤ ʚʦʟʜʝʡʩʪʚʠʷ ʜʝʩʪʘʙʠʣʠʟʠ-

ʨʫʶʱʠʭ ʬʘʢʪʦʨʦʚ. ʇʦʩʢʦʣʴʢʫ ʚ ʦʜʥʦʩʝʢʮʠʦʥʥʦʡ ʃɹɺ ʧʨʠʥʮʠʧʠʘʣʴʥʦ ʦʪʩʫʪʩʪʚʫʶʪ 

ʧʦʛʣʦʪʠʪʝʣʠ, ʩʫʱʝʩʪʚʝʥʥʦ ʫʤʝʥʴʰʘʶʱʠʝ ʚʥʫʪʨʠ ʣʘʤʧʦʚʳʝ ʦʪʨʘʞʝʥʠʷ, ʨʘʮʠʦʥʘʣʴ-

ʥʳʤ ʩʧʦʩʦʙʦʤ ʧʦʚʳʰʝʥʠʷ ʫʩʪʦʡʯʠʚʦʩʪʠ ʪʘʢʦʡ ʃɹɺ ʷʚʣʷʝʪʩʷ ʩʦʢʨʘʱʝʥʠʝ ʵʣʝʢʪʨʠ-

ʯʝʩʢʦʡ ʜʣʠʥʳ ʫʯʘʩʪʢʘ ʟʘʤʝʜʣʷʶʱʝʡ ʩʠʩʪʝʤʳ ʩ ʮʝʣʴʶ ʩʨʳʚʘ ʚʳʧʦʣʥʝʥʠʷ ʫʩʣʦʚʠʷ 

ʥʝʦʙʭʦʜʠʤʦʛʦ ʥʘʨʘʩʪʘʥʠʷ ʘʤʧʣʠʪʫʜʳ ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʡ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ ʛʘʨʤʦ-

ʥʠʢʠ ʧʦʣʷ ʙʝʛʫʱʝʡ ʚʦʣʥʳ ʥʘ ʯʘʩʪʦʪʝ ʩʘʤʦʚʦʟʙʫʞʜʝʥʠʷ. ʕʪʦʛʦ ʤʦʞʥʦ ʜʦʩʪʠʯʴ ʧʫ-

ʪʝʤ ʨʘʟʙʠʝʥʠʷ ʦʜʥʦʨʦʜʥʦʡ ʦʜʥʦʩʝʢʮʠʦʥʥʦʡ ʟʘʤʝʜʣʷʶʱʝʡ ʩʠʩʪʝʤʳ ʪʠʧʘ ʮʝʧʦʯʢʠ 

ʩʚʷʟʘʥʥʳʭ ʨʝʟʦʥʘʪʦʨʦʚ (ʎʉʈ) ʥʘ ʫʯʘʩʪʢʠ, ʠʤʝʶʱʠʝ ʦʜʠʥʘʢʦʚʳʝ ʯʘʩʪʦʪʳ ʦʪʩʝʯʢʠ 

ʜʣʷ ʨʘʙʦʯʝʡ ʧʦʣʦʩʳ, ʥʦ ʩ ʨʘʟʥʝʩʝʥʠʝʤ ʛʨʘʥʠʯʥʳʭ ʯʘʩʪʦʪ ʜʣʷ ʱʝʣʝʚʦʡ ʤʦʜʳ [1]. ʊʘ-

ʢʠʤ ʦʙʨʘʟʦʤ, ʪʘʢʘʷ ʟʘʤʝʜʣʷʶʱʘʷ ʩʠʩʪʝʤʘ ʧʝʨʝʩʪʘʝʪ ʙʳʪʴ ʦʜʥʦʩʝʢʮʠʦʥʥʦʡ ʚ ʪʨʘʜʠ-

ʮʠʦʥʥʦʤ ʩʤʳʩʣʝ, ʥʦ, ʚʚʠʜʫ ʦʪʩʫʪʩʪʚʠʷ ʩʝʢʮʠʦʥʠʨʦʚʘʥʠʷ ʩ ʧʨʠʤʝʥʝʥʠʝʤ ʢʦʥʮʝʚʳʭ 

ʧʦʛʣʦʪʠʪʝʣʝʡ, ʦʩʪʘʝʪʩʷ çʧʨʦʟʨʘʯʥʦʡè, ʪ.ʝ. ʚ ʦʪʩʫʪʩʪʚʠʝ ʪʦʢʘ ʧʫʯʢʘ ʜʣʷ ʧʦʜʘʚʘʝʤʦʛʦ 

ʥʘ ʚʭʦʜ ʩʠʛʥʘʣʘ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʚʦʣʥʦʚʝʜʫʱʫʶ ʩʪʨʫʢʪʫʨʫ ʩ ʦʯʝʥʴ ʥʝʚʳʩʦʢʠʤ 

ʟʘʪʫʭʘʥʠʝʤ. ʇʦʜʦʙʥʦʝ çʩʝʢʮʠʦʥʠʨʦʚʘʥʠʝè, ʦʩʫʱʝʩʪʚʣʝʥʥʦʝ ʧʫʪʝʤ ʨʘʟʥʝʩʝʥʠʷ ʦʙ-

ʨʘʟʫʶʱʠʭ ʨʘʜʠʫʩʦʚ ʬʘʩʦʣʝʚʠʜʥʳʭ ʱʝʣʝʡ ʩʚʷʟʠ, ʪ.ʝ. ʩʢʘʯʢʦʦʙʨʘʟʥʦʛʦ ʠʟʤʝʥʝʥʠʷ 

ʨʘʩʩʪʦʷʥʠʷ ʜʦ ʱʝʣʠ ʩʚʷʟʠ ʦʪ ʦʩʠ ʧʨʦʣʝʪʥʦʛʦ ʢʘʥʘʣʘ ʧʨʠ ʩʦʭʨʘʥʝʥʠʠ ʫʛʣʘ ʨʘʩʢʨʳʚʘ 

ʱʝʣʠ ʩʚʷʟʠ, ʧʨʠʚʦʜʠʪ ʥʝ ʪʦʣʴʢʦ ʢ ʨʘʟʥʝʩʝʥʠʶ ʛʨʘʥʠʯʥʳʭ ʯʘʩʪʦʪ ʱʝʣʝʚʳʭ ʧʦʣʦʩ 

ʧʨʦʧʫʩʢʘʥʠʷ ʜʣʷ ʨʘʟʣʠʯʥʳʭ ʫʯʘʩʪʢʦʚ ɿʉ, ʥʦ ʠ ʢ ʩʢʘʯʢʫ ʟʘʤʝʜʣʝʥʠʷ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ 

ʠʩʧʦʣʴʟʦʚʘʪʴ ʜʘʥʥʳʡ ʧʨʠʥʮʠʧ ʧʦʩʪʨʦʝʥʠʷ ɿʉ ʥʘ ʎʉʈ, ʧʦʤʠʤʦ ʮʝʣʝʡ ʧʦʚʳʰʝʥʠʷ 

ʫʩʪʦʡʯʠʚʦʩʪʠ ʢ ʨʘʟʣʠʯʥʳʤ ʪʠʧʘʤ ʩʘʤʦʚʦʟʙʫʞʜʝʥʠʷ, ʜʣʷ ʨʘʩʰʠʨʝʥʠʷ ʧʦʣʦʩʳ ʨʘʙʦ-

ʯʠʭ ʯʘʩʪʦʪ ʠ (ʠʣʠ) ʧʦʚʳʰʝʥʠʶ ʵʣʝʢʪʨʦʥʥʦʛʦ ʂʇɼ ʣʘʤʧʳ [2]. 

ɺ ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʡ ʜʘʣʝʝ ʨʝʘʣʠʟʘʮʠʠ ʵʪʦʛʦ ʧʨʠʥʮʠʧʘ, ʩ ʮʝʣʴʶ ʧʦʚʳʰʝʥʠʷ 

ʫʩʪʦʡʯʠʚʦʩʪʠ ʢ ʩʘʤʦʚʦʟʙʫʞʜʝʥʠʶ, ʥʘ ʚʝʨʭʥʝʡ ʛʨʘʥʠʮʝ ʱʝʣʝʚʦʡ ʧʦʣʦʩʳ ʧʨʦʧʫʩʢʘ-

ʥʠʷ ʙʳʣ ʧʨʠʤʝʥʝʥ ʤʠʥʠʤʘʣʴʥʳʡ ʩʢʘʯʦʢ ʟʘʤʝʜʣʝʥʠʷ ʜʣʷ ʜʚʫʭ ʫʯʘʩʪʢʦʚ ɿʉ ʩ ʧʨʠ-

ʙʣʠʟʠʪʝʣʴʥʳʤ ʩʦʭʨʘʥʝʥʠʝʤ ʟʥʘʯʝʥʠʷ ʘʥʦʜʥʦʛʦ ʥʘʧʨʷʞʝʥʠʷ ʣʘʤʧʳ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ 
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ʧʦʣʥʦʩʪʴʶ ʦʜʥʦʨʦʜʥʳʤ ʘʥʘʣʦʛʦʤ. ʅʝʦʜʥʦʨʦʜʥʘʷ ɿʉ, ʩʦʩʪʦʷʱʘʷ ʠʟ ʜʚʫʭ ʦʜʥʦʨʦʜ-

ʥʳʭ ʫʯʘʩʪʢʦʚ ʩ ʦʜʠʥʘʢʦʚʳʤ ʢʦʣʠʯʝʩʪʚʦʤ ʨʝʟʦʥʘʪʦʨʦʚ, ʠʤʝʶʱʠʭ ʧʨʠʤʝʨʥʦ ʦʜʠʥʘ-

ʢʦʚʦʝ ʟʘʤʝʜʣʝʥʠʝ ʚ ʦʩʥʦʚʥʦʡ ʧʦʣʦʩʝ ʧʨʦʧʫʩʢʘʥʠʷ ʩ ʨʘʟʥʝʩʝʥʠʝʤ ʛʨʘʥʠʯʥʳʭ ʯʘʩʪʦʪ 

ʜʣʷ ʱʝʣʝʚʳʭ ʤʦʜ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʫʯʘʩʪʢʦʚ. ʈʘʩʯʝʪ ʜʠʩʧʝʨʩʠʦʥʥʳʭ ʭʘʨʘʢʪʝʨʠ-

ʩʪʠʢ ʜʘʥʥʳʭ ʫʯʘʩʪʢʦʚ ɿʉ ʙʳʣ ʧʨʦʚʝʜʝʥ ʧʨʠ ʧʦʤʦʱʠ ʩʦʚʨʝʤʝʥʥʦʛʦ ʧʨʦʛʨʘʤʤʥʦʛʦ 

ʦʙʝʩʧʝʯʝʥʠʷ CST Microwave Studio (CST) [3]; ʧʦ ʨʝʟʫʣʴʪʘʪʘʤ ʨʘʩʯʸʪʦʚ ʙʳʣ ʠʟʛʦ-

ʪʦʚʣʝʥ ʠ ʠʩʩʣʝʜʦʚʘʥ ʤʘʢʝʪ ʃɹɺ ʩ ʥʝʦʜʥʦʨʦʜʥʦʡ ʟʘʤʝʜʣʷʶʱʝʡ ʩʠʩʪʝʤʦʡ ʜʣʷ ʵʢʩʧʝ-

ʨʠʤʝʥʪʘʣʴʥʦʡ ʧʨʦʚʝʨʢʠ ʚʦʟʤʦʞʥʦʩʪʠ ʧʦʚʳʰʝʥʠʷ ʫʩʪʦʡʯʠʚʦʩʪʠ ʢ ʩʘʤʦʚʦʟʙʫʞʜʝ-

ʥʠʶ ʃɹɺ. 

ʇʨʦʚʝʜʝʥʥʳʝ ʨʘʩʯʸʪʳ ʚʭʦʜʥʦʛʦ ʠ ʚʳʭʦʜʥʦʛʦ ʫʯʘʩʪʢʦʚ ʟʘʤʝʜʣʷʶʱʝʡ ʩʠʩʪʝʤʳ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʛʦ ʤʘʢʝʪʘ, ʨʘʟʨʘʙʦʪʘʥʥʦʛʦ ʜʣʷ ʧʦʜʪʚʝʨʞʜʝʥʠʷ ʵʬʬʝʢʪʠʚʥʦʩʪʠ 

ʧʨʝʜʣʘʛʘʝʤʦʛʦ ʚʚʝʜʝʥʠʷ ʦʜʥʦʛʦ ʠʣʠ ʥʝʩʢʦʣʴʢʠʭ ʩʢʘʯʢʦʚ ʟʘʤʝʜʣʝʥʠʷ, ʦʩʫʱʝʩʪʚʣʷʝ-

ʤʳʭ ʩʢʘʯʢʦʦʙʨʘʟʥʳʤ ʠʟʤʝʥʝʥʠʝʤ ʨʘʩʩʪʦʷʥʠʷ ʜʦ ʱʝʣʠ ʩʚʷʟʠ ʦʪ ʦʩʠ ʧʨʦʣʝʪʥʦʛʦ ʢʘ-

ʥʘʣʘ ʧʨʠ ʩʦʭʨʘʥʝʥʠʠ ʫʛʣʘ ʨʘʩʢʨʳʚʘ ʱʝʣʠ ʩʚʷʟʠ, ʧʦʟʚʦʣʠʣʠ ʧʦʜʦʙʨʘʪʴ ʢʦʥʬʠʛʫʨʘ-

ʮʠʶ ʨʝʟʦʥʘʪʦʨʦʚ ʥʝʦʜʥʦʨʦʜʥʦʡ ɿʉ, ʦʙʝʩʧʝʯʠʚʘʶʱʠʭ ʧʨʘʢʪʠʯʝʩʢʠ ʦʜʠʥʘʢʦʚʦʝ ʟʘ-

ʤʝʜʣʝʥʠʝ ʚ ʦʩʥʦʚʥʦʡ ʧʦʣʦʩʝ ʧʨʦʧʫʩʢʘʥʠʷ ʠ ʨʘʟʥʝʩʝʥʠʝ ʧʦʣʦʩ ʧʨʦʧʫʩʢʘʥʠʷ ʱʝʣʝ-

ʚʳʭ ʤʦʜ, ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʧʨʦʪʦʪʠʧʦʤ, ʯʪʦ ʧʦʚʳʩʠʣʦ ʫʩʪʦʡʯʠʚʦʩʪʴ ʢ ʩʘʤʦʚʦʟʙʫʞʜʝ-

ʥʠʶ çʧʨʦʟʨʘʯʥʦʡè ʃɹɺ. 

ʀʩʩʣʝʜʦʚʘʥʠʷ ʤʘʢʝʪʘ ʠ ʧʨʠʙʦʨʘ-ʧʨʦʪʦʪʠʧʘ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʟʘ ʩʯʸʪ ʨʘʟʥʝʩʝʥʠʷ 

ʧʦʣʦʩ ʧʨʦʧʫʩʢʘʥʠʷ ʱʝʣʝʚʦʡ ʤʦʜʳ ʥʘ ʫʯʘʩʪʢʘʭ ʩ ʨʘʟʥʦʡ ʧʣʦʱʘʜʴʶ ʱʝʣʠ ʩʚʷʟʠ ʟʥʘ-

ʯʝʥʠʝ ʩʪʘʨʪʦʚʦʛʦ ʪʦʢʘ ʩʘʤʦʚʦʟʙʫʞʜʝʥʠʷ ʫʚʝʣʠʯʠʣʦʩʴ ʥʘ 13-15%, ʧʨʠ ʩʦʭʨʘʥʝʥʠʠ 

ʫʨʦʚʥʷ ʚʳʭʦʜʥʦʡ ʠʤʧʫʣʴʩʥʦʡ ʤʦʱʥʦʩʪʠ ʠ ʧʦʚʳʰʝʥʠʠ ʵʣʝʢʪʨʦʥʥʦʛʦ ʂʇɼ ʥʘ ʢʨʘʷʭ 

ʠʩʩʣʝʜʫʝʤʦʡ ʧʦʣʦʩʳ ʯʘʩʪʦʪ. 
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ɼʣʷ ʜʦʩʪʠʞʝʥʠʷ ʧʨʠʝʤʣʝʤʳʭ ʟʥʘʯʝʥʠʡ ʚʳʭʦʜʥʦʡ ʤʦʱʥʦʩʪʠ ʚ ʤʠʥʠʘʪʶʨʥʳʭ 

ʫʩʠʣʠʪʝʣʷʭ ʥʘ ʦʩʥʦʚʝ ʣʘʤʧʳ ʙʝʛʫʱʝʡ ʚʦʣʥʳ (ʃɹɺ) ʮʝʣʝʩʦʦʙʨʘʟʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʩʠ-

ʩʪʝʤʳ, ʚ ʢʦʪʦʨʳʭ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʩ ʤʥʦʛʦʣʫʯʝʚʳʤʠ ʵʣʝʢʪʨʦʥʥʳʤʠ 

ʧʦʪʦʢʘʤʠ. ʀʥʪʝʨʝʩ ʧʨʝʜʩʪʘʚʣʷʶʪ ʣʝʩʪʥʠʯʥʳʝ ʟʘʤʝʜʣʷʶʱʠʝ ʩʠʩʪʝʤʳ (ɿʉ) [1,2], ʢʦ-

ʪʦʨʳʝ ʚ ʦʙʱʝʤ ʩʣʫʯʘʝ ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʧʦʤʝʱʝʥʥʫʶ ʚ ʚʦʣʥʦʚʦʜ ʩʠʩʪʝʤʫ ʧʘʨʘʣ-

ʣʝʣʴʥʳʭ ʤʝʪʘʣʣʠʯʝʩʢʠʭ ʧʣʘʩʪʠʥ ʩ ʧʝʨʠʦʜʠʯʝʩʢʠ ʚʳʨʝʟʘʥʥʳʤʠ ʚ ʥʠʭ ʱʝʣʷʤʠ ʦʧʨʝ-

ʜʝʣʸʥʥʦʡ ʬʦʨʤʳ. ʄʝʞʜʫ ʧʣʘʩʪʠʥʘʤʠ ʤʦʞʝʪ ʨʘʩʧʨʦʩʪʨʘʥʷʪʴʩʷ ʥʝʩʢʦʣʴʢʦ ʵʣʝʢʪʨʦʥ-

ʥʳʭ ʧʫʯʢʦʚ. ɺ ʧʨʦʩʪʝʡʰʝʤ ʚʘʨʠʘʥʪʝ, ʢʦʛʜʘ ʦʜʥʘ ʧʣʘʩʪʠʥʘ ʩ ʧʨʷʤʦʫʛʦʣʴʥʳʤʠ ʱʝ-

ʣʷʤʠ ʧʦʤʝʱʝʥʘ ʚ ʧʨʷʤʦʫʛʦʣʴʥʳʡ ʚʦʣʥʦʚʦʜ, ʦʩʥʦʚʥʘʷ ʛʘʨʤʦʥʠʢʘ ɿʉ ʦʙʣʘʜʘʝʪ ʩʠʣʴ-

ʥʦʡ ʜʠʩʧʝʨʩʠʝʡ. ʊʘʢʫʶ ʩʪʨʫʢʪʫʨʫ ʧʨʦʙʣʝʤʘʪʠʯʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʜʣʷ ʩʦʟʜʘʥʠʷ ʰʠ-

ʨʦʢʦʧʦʣʦʩʥʳʭ ʫʩʠʣʠʪʝʣʝʡ. 

ɺ ʧʦʩʣʝʜʥʠʝ ʛʦʜʳ ʙʦʣʴʰʦʝ ʚʥʠʤʘʥʠʝ ʧʨʠʚʣʝʢʘʶʪ ʤʦʜʠʬʠʢʘʮʠʠ ʣʝʩʪʥʠʯʥʦʡ 

ɿʉ, ʢʦʪʦʨʳʝ ʤʦʛʫʪ ʧʨʦʷʚʣʷʪʴ ʩʚʦʡʩʪʚʘ ʜʚʘʞʜʳ ʦʪʨʠʮʘʪʝʣʴʥʦʛʦ ʤʝʪʘʤʘʪʝʨʠʘʣʘ, ʢʦ-

ʛʜʘ ʵʬʬʝʢʪʠʚʥʘʷ ʜʠʵʣʝʢʪʨʠʯʝʩʢʘʷ ʠ ʤʘʛʥʠʪʥʘʷ ʧʨʦʥʠʮʘʝʤʦʩʪʴ ʦʪʨʠʮʘʪʝʣʴʥʳ [3]. 

ʕʪʦʛʦ ʤʦʞʥʦ ʜʦʩʪʠʯʴ ʧʫʪʸʤ ʫʩʣʦʞʥʝʥʠʷ ʬʦʨʤʳ ʱʝʣʝʡ ʚ ʧʣʘʩʪʠʥʝ ʪʘʢʠʤ ʦʙʨʘʟʦʤ, 

ʯʪʦʙʳ ʯʘʩʪʦʪʘ ʱʝʣʝʚʦʛʦ ʨʝʟʦʥʘʥʩʘ ʦʢʘʟʘʣʘʩʴ ʥʠʞʝ ʯʘʩʪʦʪʳ ʦʪʩʝʯʢʠ ʚʦʣʥʦʚʦʜʘ. ɺ 

ʪʘʢʠʭ ɿʉ ʦʩʥʦʚʥʘʷ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʘʷ ʛʘʨʤʦʥʠʢʘ ʷʚʣʷʝʪʩʷ ʦʙʨʘʪʥʦʡ, ʘ +1-ʷ ʛʘʨʤʦ-

ʥʠʢʘ ʦʙʣʘʜʘʝʪ ʥʦʨʤʘʣʴʥʦʡ ʜʠʩʧʝʨʩʠʝʡ, ʠ ʥʘ ʥʝʡ ʦʙʝʩʧʝʯʠʚʘʝʪʩʷ ʩʠʥʭʨʦʥʠʟʤ ʧʫʯʢʘ 

ʩ ʚʦʣʥʦʡ ʚ ʜʦʩʪʘʪʦʯʥʦ ʰʠʨʦʢʦʡ ʧʦʣʦʩʝ ʯʘʩʪʦʪ ʧʨʠ ʥʝʨʝʣʷʪʠʚʠʩʪʩʢʠʭ ʫʩʢʦʨʷʶʱʠʭ 

ʥʘʧʨʷʞʝʥʠʷʭ. 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʧʨʝʜʣʦʞʝʥʘ ʣʝʩʪʥʠʯʥʘʷ ɿʉ ʩ ʱʝʣʷʤʠ ʬʦʨʤʝ çʛʘʥʪʝʣʠè (ʩʤ. 

ʨʠʩ. 1ʘ) [4,5]. ʅʘ ʦʩʥʦʚʝ ʪʝʦʨʝʪʠʯʝʩʢʠʭ ʦʮʝʥʦʢ ʜʣʷ ʯʘʩʪʦʪ ʦʪʩʝʯʝʢ ʦʩʥʦʚʥʦʡ ʤʦʜʳ 

ʙʳʣʠ ʦʧʪʠʤʠʟʠʨʦʚʘʥʳ ʛʝʦʤʝʪʨʠʯʝʩʢʠʝ ʨʘʟʤʝʨʳ ɿʉ ʩ ʮʝʣʴʶ ʧʦʣʫʯʝʥʠʷ ʥʘʠʙʦʣʴʰʝʡ 

ʰʠʨʠʥʳ ʧʦʣʦʩʳ ʧʨʦʧʫʩʢʘʥʠʷ. ʈʘʟʨʘʙʦʪʘʥʘ ʢʦʥʩʪʨʫʢʮʠʷ, ʧʦʣʦʩʘ ʧʨʦʧʫʩʢʘʥʠʷ ʦʩ-

ʥʦʚʥʦʡ ʤʦʜʳ ʢʦʪʦʨʦʡ ʣʝʞʠʪ ʚ ʜʠʘʧʘʟʦʥʝ 85ï113 ɻɻʮ. ɺ ʵʪʦʤ ʜʠʘʧʘʟʦʥʝ ʵʬʬʝʢʪʠʚ-

ʥʳʝ ʜʠʵʣʝʢʪʨʠʯʝʩʢʘʷ ʠ ʤʘʛʥʠʪʥʘʷ ʧʨʦʥʠʮʘʝʤʦʩʪʴ ʩʨʝʜʳ ʦʪʨʠʮʘʪʝʣʴʥʳ. ʅʘ +1-ʦʡ 

ʛʘʨʤʦʥʠʢʝ ʠʤʝʝʪ ʤʝʩʪʦ ʥʦʨʤʘʣʴʥʘʷ ʜʠʩʧʝʨʩʠʷ ʚʦʣʥ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʦʩʫʱʝʩʪʚʣʷʪʴ 

ʫʩʠʣʝʥʠʝ ʚ ʃɹɺ ʧʨʠ ʥʘʧʨʷʞʝʥʠʷʭ ʩʠʥʭʨʦʥʠʟʤʘ ʦʢʦʣʦ 8 ʢɺ. ɿʉ ʦʙʣʘʜʘʝʪ ʩʦʧʨʦʪʠʚ-

ʣʝʥʠʝʤ ʩʚʷʟʠ ʩʚʳʰʝ 1 ʆʤ ʚ ʜʠʘʧʘʟʦʥʝ 90-105 ɻɻʮ ʥʘ ʨʘʩʩʪʦʷʥʠʠ ʚ 100 ʤʢʤ ʦʪ ʧʣʘ-

ʩʪʠʥʳ, ʯʪʦ ʧʨʠʝʤʣʝʤʦ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʵʬʬʝʢʪʠʚʥʦʛʦ ʫʩʠʣʝʥʠʷ ʧʨʠ 70-80 ʧʝʨʠʦʜʘʭ 

ʩʠʩʪʝʤʳ. 

ʇʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʪʨʝʭʤʝʨʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʵʣʝʢʪʨʦʥʥʦ-ʚʦʣʥʦʚʦʛʦ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʤʝʪʦʜʦʤ çʯʘʩʪʠʮ ʚ ʷʯʝʡʢʝè. ʄʦʜʝʣʠʨʦʚʘʥʠʝ ʧʨʦʚʦʜʠʣʦʩʴ ʜʣʷ 75 

ʧʝʨʠʦʜʦʚ ɿʉ ʩ ʜʚʫʤʷ ʣʝʥʪʦʯʥʳʤʠ ʵʣʝʢʪʨʦʥʥʳʤʠ ʧʫʯʢʘʤʠ, ʨʘʩʧʨʦʩʪʨʘʥʷʶʱʠʤʠʩʷ 

ʩʚʝʨʭʫ ʠ ʩʥʠʟʫ ʧʣʘʩʪʠʥʳ, ʩ ʧʦʧʝʨʝʯʥʳʤ ʩʝʯʝʥʠʝʤ 0.1 ʤʤ Ĭ 0.6 ʤʤ ʠ ʩʫʤʤʘʨʥʳʤ 

ʪʦʢʦʤ 2Ĭ70 ʤɸ. ʄʦʜʝʣʠʨʦʚʘʥʠʝ ʧʨʦʚʦʜʠʣʦʩʴ ʩʦ ʩʧʝʮʠʘʣʴʥʦ ʨʘʟʨʘʙʦʪʘʥʥʳʤʠ 

mailto:rostuncova@mail.ru


91                       ʉʙʦʨʥʠʢ ʪʨʫʜʦʚ XX ɺʩʝʨʦʩʩʠʡʩʢʦʡ ʢʦʥʬʝʨʝʥʮʠʠ ʤʦʣʦʜʳʭ ʫʯʝʥʳʭ              

ʫʩʪʨʦʡʩʪʚʘʤʠ ʩʦʛʣʘʩʦʚʘʥʠʷ ʜʣʷ ʫʤʝʥʴʰʝʥʠʷ ʧʦʪʝʨʴ ʥʘ ʦʪʨʘʞʝʥʠʷ. ʇʫʯʦʢ ʬʦʢʫʩʠ-

ʨʦʚʘʣʩʷ ʦʜʥʦʨʦʜʥʳʤ ʤʘʛʥʠʪʥʳʤ ʧʦʣʝʤ 0.7 ʊʣ, ʦʙʝʩʧʝʯʠʚʘʶʱʠʤ 100% ʪʦʢʦʧʨʦ-

ʭʦʞʜʝʥʠʝ ʜʦ ʢʦʣʣʝʢʪʦʨʘ.  

ʀʩʩʣʝʜʦʚʘʥʠʷ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʦʧʪʠʤʘʣʴʥʦʝ ʟʥʘʯʝʥʠʝ ʫʩʢʦʨʷʶʱʝʛʦ ʥʘʧʨʷʞʝʥʠʷ 

ʵʣʝʢʪʨʦʥʥʦʛʦ ʧʫʯʢʘ ʩʦʩʪʘʚʣʷʝʪ 8.5 ʢɺ. ʇʨʠ ʩʥʠʞʝʥʠʠ ʥʘʧʨʷʞʝʥʠʷ ʚʦʟʥʠʢʘʝʪ ʩʘʤʦ-

ʚʦʟʙʫʞʜʝʥʠʝ ʩʠʩʪʝʤʳ ʥʘ ʚʝʨʭʥʝʡ ʦʪʩʝʯʢʝ, ʘ ʝʛʦ ʧʦʚʳʰʝʥʠʝ ʧʨʠʚʦʜʠʪ ʢ ʩʫʞʝʥʠʶ 

ʧʦʣʦʩʳ ʫʩʠʣʝʥʠʷ. ʈʘʩʯʸʪʳ ʜʝʤʦʥʩʪʨʠʨʫʶʪ ʚʦʟʤʦʞʥʦʩʪʴ ʜʦʩʪʠʞʝʥʠʷ ʢʦʵʬʬʠʮʠ-

ʝʥʪʘ ʫʩʠʣʝʥʠʷ ʙʦʣʝʝ 30 ʜɹ ʚ ʯʘʩʪʦʪʥʦʤ ʜʠʘʧʘʟʦʥʝ 91.5-95.5 ɻɻʮ. ɺʳʭʦʜʥʘʷ ʤʦʱ-

ʥʦʩʪʴ ʚ ʨʝʞʠʤʝ ʥʘʩʳʱʝʥʠʷ ʤʦʞʝʪ ʜʦʩʪʠʛʘʪʴ 50 ɺʪ ʧʨʠ ʫʨʦʚʥʷʭ ʚʭʦʜʥʦʛʦ ʩʠʛʥʘʣʘ 

ʧʦʨʷʜʢʘ 50 ʤɺʪ (ʩʤ. ʨʠʩ. 1ʙ). 

 

         
ʈʠʩ. 1. (ʘ) ʉʭʝʤʘ ʣʝʩʪʥʠʯʥʦʡ ɿʉ ʩ ʛʘʥʪʝʣʝʦʙʨʘʟʥʳʤʠ ʱʝʣʷʤʠ. (ʙ) ʈʝʟʫʣʴʪʘʪʳ ʨʘʩʯʸʪʘ ʚʳʭʦʜ-

ʥʦʡ ʤʦʱʥʦʩʪʠ ʚ ʨʘʟʨʘʙʦʪʘʥʥʦʡ ʃɹɺ ʩ ɿʉ ʩ ʛʘʥʪʝʣʝʦʙʨʘʟʥʳʤʠ ʱʝʣʷʤʠ ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʧʘʨʘ-

ʤʝʪʨʘʭ ʚʭʦʜʥʦʛʦ ʩʠʛʥʘʣʘ. 

 

ʆʜʥʠʤ ʠʟ ʜʦʩʪʦʠʥʩʪʚ ʨʘʟʨʘʙʦʪʘʥʥʦʡ ʢʦʥʩʪʨʫʢʮʠʠ ʷʚʣʷʝʪʩʷ ʤʠʥʠʘʪʶʨʠʟʘʮʠʷ 

ʧʨʠʙʦʨʘ, ʯʪʦ ʷʚʣʷʝʪʩʷ ʭʘʨʘʢʪʝʨʥʳʤ ʩʚʦʡʩʪʚʦʤ ɿʉ ʥʘ ʦʩʥʦʚʝ ʤʝʪʘʤʘʪʝʨʠʘʣʘ [3]. ʕʪʦ 

ʦʙʫʩʣʦʚʣʝʥʦ ʪʝʤ, ʯʪʦ ʧʦʣʦʩʘ ʧʨʦʧʫʩʢʘʥʠʷ ʨʘʙʦʯʝʡ ʤʦʜʳ ɿʉ ʣʝʞʠʪ ʥʠʞʝ ʯʘʩʪʦʪʳ 

ʦʪʩʝʯʢʠ ʚʦʣʥʦʚʦʜʘ. ɿʉ ʩ ʛʘʥʪʝʣʝʦʙʨʘʟʥʳʤʠ ʱʝʣʷʤʠ ʪʘʢʞʝ ʧʨʠʚʣʝʢʘʝʪ ʦʩʦʙʦʝ ʚʥʠ-

ʤʘʥʠʝ ʙʣʘʛʦʜʘʨʷ ʰʠʨʦʢʠʤ ʚʦʟʤʦʞʥʦʩʪʷʤ ʜʣʷ ʫʧʨʘʚʣʝʥʠʷ ʜʠʩʧʝʨʩʠʝʡ, ʧʦʩʢʦʣʴʢʫ 

ʱʝʣʴ ʚ ʬʦʨʤʝ çʛʘʥʪʝʣʠè ʦʙʣʘʜʘʝʪ ʯʝʪʳʨʴʤʷ ʛʝʦʤʝʪʨʠʯʝʩʢʠʤʠ ʧʘʨʘʤʝʪʨʘʤʠ, ʢʦʪʦ-

ʨʳʝ ʩʫʱʝʩʪʚʝʥʥʦ ʚʣʠʷʶʪ ʥʘ ʟʥʘʯʝʥʠʝ ʯʘʩʪʦʪʳ ʱʝʣʝʚʦʛʦ ʨʝʟʦʥʘʥʩʘ [4,5]. 

 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʧʦʜʜʝʨʞʢʝ ʈʦʩʩʠʡʩʢʦʛʦ ʥʘʫʯʥʦʛʦ ʬʦʥʜʘ (ʛʨʘʥʪ 22-

12-00181-ʇ). 
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ʊʦʥʢʠʝ ʤʝʪʘʣʣʠʯʝʩʢʠʝ ʩʣʦʠ, ʦʩʘʞʜʝʥʥʳʝ ʥʘ ʥʝʧʨʦʚʦʜʷʱʠʭ ʧʦʜʣʦʞʢʘʭ, ʥʘʭʦ-

ʜʷʪ ʰʠʨʦʢʦʝ ʧʨʠʤʝʥʝʥʠʝ ʚ ʨʘʟʣʠʯʥʳʭ ʦʙʣʘʩʪʷʭ: ʤʠʢʨʦʚʦʣʥʦʚʳʝ ʧʦʛʣʦʪʠʪʝʣʠ, ʬʦ-

ʪʦʵʣʝʢʪʨʠʯʝʩʢʠʝ ʵʣʝʤʝʥʪʳ, ʫʧʘʢʦʚʢʘ, ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʘʷ ʵʢʨʘʥʠʨʦʚʢʘ ʠ ʠʥʪʝʛʨʘʣʴ-

ʥʳʝ ʩʭʝʤʳ. ʆʩʦʙʦʝ ʚʥʠʤʘʥʠʝ ʟʘʩʣʫʞʠʚʘʝʪ ʠʟʫʯʝʥʠʝ ʧʦʛʣʦʱʝʥʠʷ ʵʣʝʢʪʨʦʤʘʛʥʠʪ-

ʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʚ ʉɺʏ ʜʠʘʧʘʟʦʥʝ, ʢʦʪʦʨʳʡ ʘʢʪʠʚʥʦ ʠʩʧʦʣʴʟʫʝʪʩʷ ʚ ʩʦʚʨʝʤʝʥʥʳʭ 

ʨʘʜʠʦʣʦʢʘʮʠʦʥʥʳʭ ʩʠʩʪʝʤʘʭ, ʩʧʫʪʥʠʢʦʚʦʡ ʩʚʷʟʠ ʠ ʪ.ʜ. ʂʘʢ ʧʦʢʘʟʳʚʘʶʪ ʠʩʩʣʝʜʦʚʘ-

ʥʠʷ, ʪʦʥʢʠʭ ʤʝʪʘʣʣʠʯʝʩʢʠʭ ʩʣʦʝʚ ʜʝʤʦʥʩʪʨʠʨʫʶʪ ʥʝʣʠʥʝʡʥʫʶ ʟʘʚʠʩʠʤʦʩʪʴ ʢʦʵʬ-

ʬʠʮʠʝʥʪʳ ʦʪʨʘʞʝʥʠʷ, ʧʨʦʧʫʩʢʘʥʠʷ ʠ ʧʦʛʣʦʱʝʥʠʷ ʦʪ ʠʟʤʝʥʝʥʠʷ ʪʦʣʱʠʥʳ ʩʣʦʷ [1]. 

ʆʩʥʦʚʥʳʤʠ ʧʘʨʘʤʝʪʨʘʤʠ, ʦʧʨʝʜʝʣʷʶʱʠʝ ʢʦʵʬʬʠʮʠʝʥʪʳ ʦʪʨʘʞʝʥʠʷ (R), ʧʨʦ-

ʧʫʩʢʘʥʠʷ (T) ʠ ʧʦʛʣʦʱʝʥʠʷ (A) ʤʝʪʘʣʣʠʯʝʩʢʠʭ ʩʣʦʝʚ ʚ ʉɺʏ-ʜʠʘʧʘʟʦʥʝ, ʷʚʣʷʶʪʩʷ 

ʪʦʣʱʠʥʘ ʠ ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʴ [2]. ʄʦʨʬʦʣʦʛʠʯʝʩʢʠʝ ʦʩʦʙʝʥʥʦʩʪʠ, ʥʘʧʨʠʤʝʨ, ʰʝ-

ʨʦʭʦʚʘʪʦʩʪʴ ʧʦʚʝʨʭʥʦʩʪʠ ʚʣʠʷʶʪ ʥʘ ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʴ. ʇʦʜʣʦʞʢʘ ʪʘʢʞʝ ʩʫʱʝ-

ʩʪʚʝʥʥʦ ʤʦʜʠʬʠʮʠʨʫʝʪ ʢʦʵʬʬʠʮʠʝʥʪʳ ʦʪʨʘʞʝʥʠʷ, ʧʨʦʧʫʩʢʘʥʠʷ ʠ ʧʦʛʣʦʱʝʥʠʷ, ʪʘʢ 

ʢʘʢ ʬʦʨʤʠʨʫʝʪ ʧʦʣʝ ʥʘ ʛʨʘʥʠʮʝ ʩ ʤʝʪʘʣʣʠʯʝʩʢʠʤ ʩʣʦʝʤ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʦʪʢʣʠʢ ʩʣʦʷ, 

ʚʳʩʪʫʧʘʶʱʝʛʦ ʚ ʨʦʣʠ ʛʨʘʥʠʯʥʦʛʦ ʫʩʣʦʚʠʷ, ʦʧʨʝʜʝʣʷʝʪʩʷ ʥʝ ʪʦʣʴʢʦ ʝʛʦ ʩʦʙʩʪʚʝʥ-

ʥʳʤʠ ʧʘʨʘʤʝʪʨʘʤʠ, ʥʦ ʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ ʚʦʣʥʳ, ʧʨʠʭʦʜʷʱʝʡ ʩʦ ʩʪʦʨʦʥʳ ʧʦʜ-

ʣʦʞʢʠ [3]. ʂʦʤʧʣʝʢʩʥʦʝ ʫʯʸʪ ʵʪʠʭ ʬʘʢʪʦʨʦʚ ʷʚʣʷʝʪʩʷ ʥʝʦʙʭʦʜʠʤʳʤ ʧʨʠ ʧʨʦʝʢʪʠʨʦ-

ʚʘʥʠʠ ʩʦʚʨʝʤʝʥʥʳʭ ʫʩʪʨʦʡʩʪʚ, ʨʘʙʦʪʘʶʱʠʭ ʚ ʉɺʏ-ʜʠʘʧʘʟʦʥʝ. 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʨʘʩʯʝʪʘ ʩʧʝʢʪʨʦʚ ʦʪʨʘʞʝʥʠʷ, ʧʨʦ-

ʧʫʩʢʘʥʠʷ ʠ ʧʦʛʣʦʱʝʥʠʷ ʩʪʨʫʢʪʫʨʳ ʩʦʩʪʦʷʱʘʷ ʠʟ ʪʦʥʢʦʛʦ ʪʠʪʘʥʦʚʦʛʦ ʩʣʦʷ ʠ ʧʦʜ-

ʣʦʞʢʝ ʚ ʜʠʘʧʘʟʦʥʝ ʯʘʩʪʦʪ ʦʪ 7 ɻɻʮ ʜʦ 13 ɻɻʮ. ʊʦʣʱʠʥʘ ʪʠʪʘʥʦʚʦʛʦ ʩʣʦʷ ʚʘʨʴʠʨʦʚʘ-

ʣʘʩʴ ʚ ʜʠʘʧʘʟʦʥʝ ʦʪ 1 ʥʤ ʜʦ 100 ʥʤ. ʉʚʦʡʩʪʚʘ ʧʦʜʣʦʞʢʘ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʧʨʝʜʤʝʪ-

ʥʦʤʫ ʩʪʝʢʣʫ ʩ ʪʦʣʱʠʥʦʡ 1 ʤʤ. ʀʩʧʦʣʴʟʫʷ ʤʝʪʦʜ ʤʘʪʨʠʮ ʧʝʨʝʥʦʩʘ (Transfer Matrix 

Method, TMM) ʨʘʩʩʯʠʪʘʥʳ ʢʦʵʬʬʠʮʠʝʥʪʳ ʦʪʨʘʞʝʥʠʷ, ʧʨʦʧʫʩʢʘʥʠʷ ʠ ʧʦʛʣʦʱʝʥʠʷ 

ʜʘʥʥʦʡ ʩʪʨʫʢʪʫʨʳ. ʅʘ ʨʠʩʫʥʢʝ 1 ʧʨʝʜʩʪʘʚʣʝʥʳ ʩʧʝʢʪʨʳ R, T, A ʩ ʪʦʣʱʠʥʦʡ ʪʠʪʘʥʦ-

ʚʦʛʦ ʩʣʦʷ 2 ʥʤ ʠ ʧʦʜʣʦʞʢʦʡ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʴʶ ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʤʫ 

ʩʪʝʢʣʘ, ʩ ʠʟʣʫʯʝʥʠʝʤ ʩʦ ʩʪʦʨʦʥʳ ʪʠʪʘʥʦʚʦʛʦ ʩʣʦʷ (a) ʠ ʩʦ ʩʪʦʨʦʥʳ ʧʦʜʣʦʞʢʠ (b). 

ʇʨʠ ʠʟʣʫʯʝʥʠʠ ʩʦ ʩʪʦʨʦʥʳ ʪʠʪʘʥʦʚʦʛʦ ʩʣʦʷ ʜʦʤʠʥʠʨʫʝʪ ʚʳʩʦʢʦʝ ʦʪʨʘʞʝʥʠʝ ʦʪ ʤʝ-

ʪʘʣʣʘ ʠ ʧʦʚʝʨʭʥʦʩʪʥʦʝ ʧʦʛʣʦʱʝʥʠʝ, ʪʦʛʜʘ ʢʘʢ ʧʨʠ ʠʟʣʫʯʝʥʠʠ ʩʦ ʩʪʦʨʦʥʳ ʧʦʜʣʦʞʢʠ 

ʩʣʘʙʦʝ ʥʘʯʘʣʴʥʦʝ ʦʪʨʘʞʝʥʠʝ ʠ ʜʚʫʢʨʘʪʥʦʝ ʧʨʦʭʦʞʜʝʥʠʝ ʚʦʣʥʳ ʯʝʨʝʟ ʧʦʜʣʦʞʢʫ ʫʩʠ-

ʣʠʚʘʶʪ ʧʦʛʣʦʱʝʥʠʝ ʚ ʪʠʪʘʥʦʚʦʤ ʩʣʦʝ. ʅʘ ʨʠʩʫʥʢʝ 2(a) ʧʨʝʜʩʪʘʚʣʝʥʘ ʟʘʚʠʩʠʤʦʩʪʴ 

R, T, A ʦʪ ʪʦʣʱʠʥʳ ʪʠʪʘʥʦʚʦʛʦ ʩʣʦʷ, ʥʘʙʣʶʜʘʝʪʩʷ ʤʘʢʩʠʤʫʤ ʧʦʛʣʦʱʝʥʠʷ ʧʨʠ ʪʦʣ-

ʱʠʥʝ 2 ʥʤ, ʧʨʠ ʠʟʤʝʥʝʥʠʠ ʥʘʧʨʘʚʣʝʥʠʷ ʠʟʣʫʯʝʥʠʷ ʩʦ ʩʪʦʨʦʥʳ ʪʠʪʘʥʦʚʦʛʦ ʩʣʦʷ ʥʘ 

ʩʪʦʨʦʥʫ ʧʦʜʣʦʞʢʠ ʢʦʵʬʬʠʮʠʝʥʪ ʦʪʨʘʞʝʥʠʷ ʫʚʝʣʠʯʠʚʘʝʪʩʷ, ʘ ʦʪʨʘʞʝʥʠʝ ʫʤʝʥʴʰʘ-

ʝʪʩʷ. ʅʘ ʨʠʩʫʥʢʝ 2(b) ʧʨʝʜʩʪʘʚʣʝʥʘ ʟʘʚʠʩʠʤʦʩʪʴ ʧʦʛʣʦʱʝʥʠʷ ʦʪ ʪʦʣʱʠʥʳ ʪʠʪʘʥʦ-

ʚʦʛʦ ʩʣʦʷ ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʟʥʘʯʝʥʠʷʭ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʧʦʜʣʦʞʢʠ. 
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ʨʝʥʮʠʷ ʫ ʛʨʘʥʠʮʳ ʪʠʪʘʥʦʚʦʛʦ ʩʣʦʷ ʠ ʧʦʜʣʦʞʢʠ, ʚ ʨʝʟʫʣʴʪʘʪʝ ʘʤʧʣʠʪʫʜʘ ʵʣʝʢʪʨʠʯʝ-

ʩʢʦʛʦ ʧʦʣʷ ʚ ʪʠʪʘʥʦʚʦʤ ʩʣʦʝ ʫʤʝʥʴʰʘʝʪʩʷ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʫʤʝʥʴʰʝʥʠʶ ʢʦʵʬʬʠʮʠ-

ʝʥʪʘ ʧʦʛʣʦʱʝʥʠʷ. 

 
ʈʠʩ. 1. ʉʧʝʢʪʨʳ ʦʪʨʘʞʝʥʠʷ (R), ʧʨʦʧʫʩʢʘʥʠʷ (T) ʠ ʧʦʛʣʦʱʝʥʠʷ (A) ʩʪʨʫʢʪʫʨʳ, ʠʟʣʫʯʝʥʠʝ ʩʦ 

ʩʪʦʨʦʥʳ: a ï ʪʠʪʘʥʦʚʦʛʦ ʩʣʦʷ, b ï ʧʦʜʣʦʞʢʦʡ. 

 
ʈʠʩ. 2. (a) ɿʘʚʠʩʠʤʦʩʪʠ ʦʪʨʘʞʝʥʠʷ (R), ʧʨʦʧʫʩʢʘʥʠʷ (T) ʠ ʧʦʛʣʦʱʝʥʠʷ (A) ʩʪʨʫʢʪʫʨʳ ʦʪ ʪʦʣ-

ʱʠʥʳ ʪʠʪʘʥʦʚʦʛʦ ʩʣʦʷ ʧʨʠ ʥʘʧʨʘʚʣʝʥʠʠ ʠʟʣʫʯʝʥʠʷ ʩʦ ʩʪʦʨʦʥʳ ʪʠʪʘʥʦʚʦʛʦ ʩʣʦʷ (ʩʧʣʦʰʥʳʝ 

ʣʠʥʠʠ), ʩʦ ʩʪʦʨʦʥʳ ʧʦʜʣʦʞʢʠ (ʧʫʥʢʪʠʨʥʳʝ ʣʠʥʠʠ); (b) ɿʘʚʠʩʠʤʦʩʪʴ ʧʦʛʣʦʱʝʥʠʷ (A) ʩʪʨʫʢ-

ʪʫʨʳ ʦʪ ʪʦʣʱʠʥʳ ʪʠʪʘʥʦʚʦʛʦ ʩʣʦʷ ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʟʥʘʯʝʥʠʷʭ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦ-

ʩʪʠ ʧʦʜʣʦʞʢʠ. 
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ɺ ʨʘʙʦʪʝ ʧʨʦʚʝʜʝʥʦ ʠʩʩʣʝʜʦʚʘʥʠʝ ʚʣʠʷʥʠʝ ʰʫʤʘ ʥʘ ʢʘʩʢʘʜ ʙʠʬʫʨʢʘʮʠʡ ʢʚʘʟʠ-

ʧʝʨʠʦʜʠʯʝʩʢʠʭ ʨʝʞʠʤʦʚ ʠ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʠʥʚʘʨʠʘʥʪʥʳʝ ʪʦʨʳ ʚ ʬʘʟʦʚʦʤ ʧʨʦ-

ʩʪʨʘʥʩʪʚʝ, ʦʪʚʝʯʘʶʱʠʝ ʥʝʩʢʦʣʴʢʠʤ ʰʘʛʘʤ ʠʟʚʝʩʪʥʦʛʦ ʩʮʝʥʘʨʠʷ ʃʘʥʜʘʫ-ʍʦʧʬʘ. ɺ 

ʢʘʯʝʩʪʚʝ ʠʩʩʣʝʜʫʝʤʦʡ ʤʦʜʝʣʠ ʠʩʧʦʣʴʟʦʚʘʥʘ ʜʠʩʢʨʝʪʥʘʷ ʚʝʨʩʠʷ ʘʥʩʘʤʙʣʷ ʧʷʪʠ ʥʝ-

ʠʜʝʥʪʠʯʥʳʭ ʦʩʮʠʣʣʷʪʦʨʦʚ ʚʘʥ ʜʝʨ ʇʦʣʷ [1,2]: 
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ɿʜʝʩʴ li ï ʧʘʨʘʤʝʪʨ ʚʦʟʙʫʞʜʝʥʠʷ i-ʛʦ ʦʩʮʠʣʣʷʪʦʨʘ, m ï ʚʝʣʠʯʠʥʘ  ʜʠʩʩʠʧʘʪʠʚ-

ʥʦʡ ʩʚʷʟʠ, D ï ʧʘʨʘʤʝʪʨ ʯʘʩʪʦʪʥʦʡ ʨʘʩʩʪʨʦʡʢʠ ʦʩʮʠʣʣʷʪʦʨʦʚ. ɺʩʣʝʜ ʟʘ [1] ʧʦʣʦʞʠʤ 

1.0
1
=l , 2.0

2
=l , 3.0

3
=l , 4.0

4
=l , 5.0

5
=l . 

ʉʥʘʯʘʣʘ ʧʘʨʘʤʝʪʨ ʜʠʩʢʨʝʪʠʟʘʮʠʠ ʚʳʙʝʨʝʤ ʤʘʣʝʥʴʢʠʤ e=0.1, ʯʪʦʙʳ ʥʘʙʣʶʜʘ-

ʣʘʩʴ ʘʥʘʣʦʛʠʷ ʩ ʠʩʭʦʜʥʦʡ ʧʦʪʦʢʦʚʦʡ ʩʠʩʪʝʤʦʡ [1,2]. ɺ ʵʪʦʤ ʩʣʫʯʘʝ ʚ ʩʠʩʪʝʤʝ (1) ʧʨʠ 

ʜʦʩʪʘʪʦʯʥʦ ʙʦʣʴʰʠʭ ʨʘʩʩʪʨʦʡʢʘʭ ʦʩʮʠʣʣʷʪʦʨʦʚ D ʧʨʠ ʫʤʝʥʴʰʝʥʠʠ ʚʝʣʠʯʠʥʳ ʩʚʷʟʠ 

m ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦ ʥʘʙʣʶʜʘʶʪʩʷ ʙʠʬʫʨʢʘʮʠʷ ʅʝʡʤʘʨʢʘ-ʉʘʢʝʨʘ NS ʠ ʢʘʩʢʘʜ ʢʚʘʟʠ-

ʧʝʨʠʦʜʠʯʝʩʢʠʭ ʙʠʬʫʨʢʘʮʠʡ ʍʦʧʬʘ QH1,2,3,4 ʧʦɻʪʘʧʥʦʛʦ ʨʦʞʜʝʥʠʷ ʢʚʘʟʠʧʝʨʠʦʜʠʯʝ-

ʩʢʠʭ ʢʦʣʝʙʘʥʠʡ ʩ ʚʦʟʨʘʩʪʘʶʱʠʤ ʯʠʩʣʦʤ ʥʝʩʦʠʟʤʝʨʠʤʳʭ ʯʘʩʪʦʪ. 

ɼʦʙʘʚʠʤ ʚ ʩʠʩʪʝʤʫ ʰʫʤ gxn ʩ ʘʤʧʣʠʪʫʜʦʡ g. ʈʝʟʫʣʴʪʘʪ ʟʘʚʠʩʠʪ ʦʪ ʪʦʛʦ, ʥʘ ʢʘʢʦʡ 

ʦʩʮʠʣʣʷʪʦʨ ï çʩʣʘʙʳʡè ʠʣʠ çʩʠʣʴʥʳʡè ï ʜʝʡʩʪʚʫʝʪ ʰʫʤ. ɼʚʘ ʵʪʠʭ ʩʣʫʯʘʷ ʠʣʣʶ-

ʩʪʨʠʨʫʝʪ ʨʠʩ. 1, ʘ-b ʚ ʚʠʜʝ ʛʨʘʬʠʢʦʚ ʃʷʧʫʥʦʚʩʢʠʭ ʧʦʢʘʟʘʪʝʣʝʡ ʜʣʷ D=3. ʅʘ ʨʠʩʫʥʢʝ 

ʩʪʨʝʣʢʘʤʠ ʫʢʘʟʘʥʳ ʪʦʯʢʠ ʢʚʘʟʠʧʝʨʠʦʜʠʯʝʩʢʠʭ ʙʠʬʫʨʢʘʮʠʡ ʚ ʩʠʩʪʝʤʝ ʙʝʟ ʰʫʤʘ. 

ʄʦʞʥʦ ʚʠʜʝʪʴ, ʯʪʦ ʚ ʧʝʨʚʦʤ ʩʣʫʯʘʝ ʩʘʤʘʷ ʚʳʩʦʢʦʯʘʩʪʦʪʥʘʷ ʙʠʬʫʨʢʘʮʠʷ QH4 ʧʦʣ-

ʥʦʩʪʴʶ ʨʘʟʨʫʰʝʥʘ. ʇʨʠ ʫʤʝʥʴʰʝʥʠʠ ʩʚʷʟʠ ʚ ʦʢʨʝʩʪʥʦʩʪʠ ʧʨʝʜʳʜʫʱʝʡ ʙʠʬʫʨʢʘʮʠʠ 

QH3 ʦʪʨʠʮʘʪʝʣʴʥʳʝ ʧʦʢʘʟʘʪʝʣʠ L4,5 ʩʥʘʯʘʣʘ ʩʦʚʧʘʜʘʶʪ, ʯʪʦ ʷʚʣʷʝʪʩʷ ʢʣʘʩʩʠʬʠʢʘ-

ʮʠʦʥʥʳʤ ʧʨʠʟʥʘʢʦʤ ʢʚʘʟʠʧʝʨʠʦʜʠʯʝʩʢʦʡ ʙʠʬʫʨʢʘʮʠʠ ʍʦʧʬʘ [3]. ʆʜʥʘʢʦ ʟʘʪʝʤ ʦʥʠ 

ʨʘʩʭʦʜʷʪʩʷ. ʇʨʠ ʵʪʦʤ ʧʦʢʘʟʘʪʝʣʴ L5 ʠʤʝʝʪ ʤʘʢʩʠʤʫʤ, ʘ ʧʦʢʘʟʘʪʝʣʴ L4 ʩ ʫʤʝʥʴʰʝ-

ʥʠʝʤ m ʩʪʨʝʤʠʪʩʷ ʢ ʥʫʣʶ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʩʧʨʘʚʘ ʦʪ QH3 ʨʝʘʣʠʟʫʝʪʩʷ çʰʫʤʦʚʦʡ ʯʝ-

ʪʳʨʝʭʯʘʩʪʦʪʥʳʡè ʨʝʞʠʤ ʩ L1,2,3º0, ʘ ʩʣʝʚʘ ï çʰʫʤʦʚʦʡ ʧʷʪʠʯʘʩʪʦʪʥʳʡè ʩ L1,2,3,4º0. 

ɸʥʘʣʦʛʠʯʥʳʤ ʦʙʨʘʟʦʤ ʰʫʤ ʪʨʘʥʩʬʦʨʤʠʨʫʝʪ ʠ ʦʩʪʘʣʴʥʳʝ ʙʠʬʫʨʢʘʮʠʠ ʠ ʨʝ-

ʞʠʤʳ, ʩ ʫʯʝʪʦʤ ʠʟʤʝʥʝʥʠʷ ʥʦʤʝʨʦʚ ʚʦʚʣʝʯʝʥʥʳʭ ʧʦʢʘʟʘʪʝʣʝʡ. ʆʪʤʝʯʘʝʤ, ʯʪʦ ʦʧʠ-

ʩʘʥʠʝ ʧʦʚʝʜʝʥʠʷ ʢʚʘʟʠʧʝʨʠʦʜʠʯʝʩʢʠʭ ʙʠʬʫʨʢʘʮʠʡ ʩ ʰʫʤʦʤ ʪʨʝʙʫʝʪ ʫʯʝʪʘ ʥʝʩʢʦʣʴ-

ʢʠʭ ʧʦʢʘʟʘʪʝʣʝʡ.  
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ʈʠʩ. 1. ɿʘʚʠʩʠʤʦʩʪʴ ʃʷʧʫʥʦʚʩʢʠʭ ʧʦʢʘʟʘʪʝʣʝʡ L ʦʪ ʚʝʣʠʯʠʥʳ ʩʚʷʟʠ ʦʩʮʠʣʣʷʪʦʨʦʚ ʚ ʩʣʫʯʘʝ 

ʚʦʟʜʝʡʩʪʚʠʷ ʰʫʤʘ ʥʘ ʩʘʤʳʡ çʩʣʘʙʳʡè (ʘ) ʠ ʩʘʤʳʡ çʩʠʣʴʥʳʡè ʦʩʮʠʣʣʷʪʦʨʳ (b), g=0.3. 

 

ɺʦ ʚʪʦʨʦʤ ʩʣʫʯʘʝ ʰʫʤ ʥʘ ʨʠʩ. 1, b ʥʘʦʙʦʨʦʪ, ʩʣʘʙʦ ʚʦʟʤʫʱʘʝʪ ʚʳʩʦʢʦʯʘʩʪʦʪ-

ʥʳʝ ʙʠʬʫʨʢʘʮʠʠ, ʘ ʥʠʟʢʦʯʘʩʪʦʪʥʳʝ (ʦʩʦʙʝʥʥʦ QH1 ʠ NS) ʧʨʘʢʪʠʯʝʩʢʠ ʧʦʣʥʦʩʪʴʶ 

ʨʘʟʨʫʰʘʝʪ.  

ʕʚʦʣʶʮʠʶ ʢʦʥʢʨʝʪʥʦʛʦ ʪʦʨʘ ʩ ʨʦʩʪʦʤ ʰʫʤʘ (ʜʝʡʩʪʚʠʝ ʥʘ ʩʠʣʴʥʳʡ ʦʩʮʠʣʣʷ-

ʪʦʨ) ʠʣʣʶʩʪʨʠʨʫʝʪ ʨʠʩ. 2 ʜʣʷ ʟʥʘʯʝʥʠʷ ʩʚʷʟʠ m, ʦʪʚʝʯʘʶʱʝʛʦ ʪʨʝʭʯʘʩʪʦʪʥʦʤʫ ʨʝ-

ʞʠʤʫ ʚ ʩʠʩʪʝʤʝ ʙʝʟ ʰʫʤʘ. ʇʨʠ ʤʘʣʦʤ ʰʫʤʝ ʧʦʢʘʟʘʪʝʣʠ L1,2 ʙʣʠʟʢʠ ʢ ʥʫʣʶ, ʪʘʢ ʯʪʦ 

çʰʫʤʦʚʦʡ ʪʨʝʭʯʘʩʪʦʪʥʳʡè ʨʝʞʠʤ ʩʦʭʨʘʥʷʝʪʩʷ. ɿʘʪʝʤ, ʦʜʥʘʢʦ, ʚʩʝ ʧʦʢʘʟʘʪʝʣʠ ʩʪʘ-

ʥʦʚʷʪʩʷ ʦʪʨʠʮʘʪʝʣʴʥʳʤʠ, ʧʨʠʯʝʤ ʪʝʤ ʙʦʣʴʰʝ, ʪʝʤ ʚʳʰʝ ʫʨʦʚʝʥʴ ʰʫʤʘ g. ʇʦ-

ʩʢʦʣʴʢʫ ʧʦʢʘʟʘʪʝʣʠ ʃʷʧʫʥʦʚʘ ʦʪʚʝʯʘʶʪ ʟʘ ʵʚʦʣʶʮʠʶ ʙʣʠʟʢʠʭ ʪʦʯʝʢ ʚ ʬʘʟʦʚʦʤ ʧʨʦ-

ʩʪʨʘʥʩʪʚʝ, ʵʪʦ ʦʟʥʘʯʘʝʪ, ʯʪʦ ʚ ʜʘʥʥʦʤ ʩʣʫʯʘʝ ʧʨʦʠʩʭʦʜʠʪ ʩʪʘʙʠʣʠʟʘʮʠʷ ʪʦʨʘ ʰʫʤʦʤ. 

ʕʪʦʪ ʩʮʝʥʘʨʠʡ ʦʢʘʟʳʚʘʝʪʩʷ ʘʣʴʪʝʨʥʘʪʠʚʥʳʤ ʠʟʚʝʩʪʥʳʤ ʩʣʫʯʘʷʤ ʭʘʦʪʠʟʘʮʠʠ ʨʝʞʠ-

ʤʦʚ ʰʫʤʦʤ, ʯʝʤʫ ʦʪʚʝʯʘʝʪ ʫʚʝʣʠʯʝʥʠʝ ʧʦʣʦʞʠʪʝʣʴʥʳʭ ʟʥʘʯʝʥʠʡ ʩʪʘʨʰʝʛʦ ʧʦʢʘʟʘ-

ʪʝʣʷ. ʅʘʧʨʠʤʝʨ, ʚ [4] ʥʘʙʣʶʜʘʣʘʩʴ ʭʘʦʪʠʟʘʮʠʷ ʜʚʫʭ-, ʪʨʝʭ- ʠ ʯʝʪʳʨʝʭʯʘʩʪʦʪʥʳʭ ʪʦ-

ʨʦʚ ʜʣʷ ʩʚʷʟʘʥʥʳʭ ʨʘʜʠʦʬʠʟʠʯʝʩʢʠʭ ʛʝʥʝʨʘʪʦʨʦʚ, ʧʨʠʯʝʤ ʪʝʤ ʙʦʣʝʝ ʩʠʣʴʥʘʷ, ʯʝʤ 

ʚʳʰʝ ʨʘʟʤʝʨʥʦʩʪʴ ʪʦʨʘ. 

 
ʈʠʩ. 2. ɿʘʚʠʩʠʤʦʩʪʴ ʃʷʧʫʥʦʚʩʢʠʭ ʧʦʢʘʟʘʪʝʣʝʡ ʦʪ ʘʤʧʣʠʪʫʜʳ ʰʫʤʘ, D=3, m=0.35. 
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ʉʪʘʙʠʣʠʟʘʮʠʶ ʪʦʨʘ ʰʫʤʦʤ ʠʣʣʶʩʪʨʠʨʫʝʪ ʨʠʩ. 3, ʥʘ ʢʦʪʦʨʦʤ ʨʘʟʥʳʤ ʮʚʝʪʦʤ 

(ʢʨʘʩʥʳʤ ʠ ʯʝʨʥʳʤ) ʧʦʢʘʟʘʥʳ ʚʨʝʤʝʥʥʳʝ ʨʝʘʣʠʟʘʮʠʠ ʜʣʷ ʨʘʟʣʠʯʥʳʭ ʥʘʯʘʣʴʥʳʭ ʪʦ-

ʯʝʢ. ʄʦʞʥʦ ʚʠʜʝʪʴ, ʯʪʦ ʧʨʠ ʚʦʟʨʘʩʪʘʥʠʠ ʜʠʩʢʨʝʪʥʦʛʦ ʚʨʝʤʝʥʠ n ʨʝʘʣʠʟʘʮʠʠ ʩʙʣʠ-

ʞʘʶʪʩʷ, ʠ ʜʘʣʝʝ ʩʦʚʧʘʜʘʶʪ. ɸʥʘʣʦʛʠʯʥʳʝ ʠʣʣʶʩʪʨʘʮʠʠ ʧʦʢʘʟʳʚʘʶʪ, ʯʪʦ ʩʪʘʙʠʣʠ-

ʟʠʨʫʶʱʝʝ ʜʝʡʩʪʚʠʝ ʰʫʤʘ ʪʝʤ ʙʦʣʴʰʝ, ʯʝʤ ʙʦʣʴʰʝ ʝʛʦ ʘʤʧʣʠʪʫʜʘ g. ʕʪʦ ʥʘʭʦʜʠʪʩʷ 

ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʛʨʘʬʠʢʘʤʠ ʃʷʧʫʥʦʚʩʢʠʭ ʧʦʢʘʟʘʪʝʣʝʡ ʨʠʩ. 2. 

 
ʈʠʩ. 3. ʉʪʘʙʠʣʠʟʘʮʠʷ ʢʚʘʟʠʧʝʨʠʦʜʠʯʝʩʢʦʛʦ ʨʝʞʠʤʘ ʰʫʤʦʤ. ɺʨʝʤʝʥʥʳʝ ʨʝʘʣʠʟʘʮʠʠ, ʦʪʚʝʯʘʶ-

ʱʠʝ ʨʘʟʥʳʤ ʥʘʯʘʣʴʥʳʤ ʩʦʩʪʦʷʥʠʷʤ ʧʷʪʦʛʦ ʦʩʮʠʣʣʷʪʦʨʘ. ɸʤʧʣʠʪʫʜʘ ʰʫʤʘ g=0.9. 

 

ʈʘʩʩʤʦʪʨʝʥʳ ʪʘʢʞʝ ʩʣʫʯʘʠ ʥʝ ʤʘʣʳʭ ʟʥʘʯʝʥʠʡ ʧʘʨʘʤʝʪʨʘ ʜʠʩʢʨʝʪʠʟʘʮʠʠ e. ʊʦ-

ʛʜʘ ʦʢʘʟʳʚʘʝʪʩʷ ʚʦʟʤʦʞʝʥ ʘʥʘʣʦʛʠʯʥʳʡ [4] ʩʮʝʥʘʨʠʡ ʭʘʦʪʠʟʘʮʠʠ ʪʦʨʦʚ. ɼʘʥʳ ʠʣ-

ʣʶʩʪʨʘʮʠʠ ʚ ʵʪʦʤ ʩʣʫʯʘʝ ʯʫʚʩʪʚʠʪʝʣʴʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ʜʠʥʘʤʠʢʠ ʩʠʩʪʝʤʳ ʧʨʠ ʤʘ-

ʣʦʡ ʚʘʨʠʘʮʠʠ ʥʘʯʘʣʴʥʳʭ ʫʩʣʦʚʠʡ ï ʵʬʬʝʢʪ ʙʘʙʦʯʢʠ, butterfly effect [5]. ʇʨʝʜʩʪʘʚ-

ʣʝʥʘ ʪʘʢʞʝ ʵʚʦʣʶʮʠʷ ʢʘʨʪ ʃʷʧʫʥʦʚʩʢʠʭ ʧʦʢʘʟʘʪʝʣʝʡ ʥʘ ʧʣʦʩʢʦʩʪʠ ʯʘʩʪʦʪʥʘʷ ʨʘʩ-

ʩʪʨʦʡʢʘ ï ʚʝʣʠʯʠʥʘ ʩʚʷʟʠ (D,m) ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ ʰʫʤʘ. ɺ ʵʪʦʤ ʩʣʫʯʘʝ ʚʳʩʦʢʦʨʘʟʤʝʨ-

ʥʳʝ ʨʝʞʠʤʳ ʠʩʯʝʟʘʶʪ, ʠ ʧʨʠ ʙʦʣʴʰʦʤ ʫʨʦʚʥʝ ʰʫʤʘ ʦʩʪʘʶʪʩʷ ʪʦʣʴʢʦ çʩʪʘʙʠʣʠʟʠ-

ʨʦʚʘʥʥʳʝè ʨʝʞʠʤʳ ʩʦ ʚʩʝʤʠ ʦʪʨʠʮʘʪʝʣʴʥʳʤʠ ʧʦʢʘʟʘʪʝʣʷʤʠ ʠ çʰʫʤʦʚʳʝ ʭʘʦʪʠʯʝ-

ʩʢʠʝè ʨʝʞʠʤʳ. ʀʩʯʝʟʘʝʪ ʠ ʛʠʧʝʨʭʘʦʩ, ʯʪʦ ʪʘʢʞʝ ʤʦʞʥʦ ʠʥʪʝʨʧʨʝʪʠʨʦʚʘʪʴ, ʢʘʢ ʨʘʟ-

ʥʦʚʠʜʥʦʩʪʴ ʩʪʘʙʠʣʠʟʘʮʠʠ ʩʠʩʪʝʤʳ ʰʫʤʦʤ. 

 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʚ ʨʘʤʢʘʭ ʛʦʩʟʘʜʘʥʠʷ ʀʥʩʪʠʪʫʪʘ ʨʘʜʠʦʪʝʭʥʠʢʠ ʠ ʵʣʝʢ-

ʪʨʦʥʠʢʠ ʠʤ. ɺ.ɸ. ʂʦʪʝʣʴʥʠʢʦʚʘ ʈɸʅ (FFWZ-2025-0016). 
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ʋʞʝ ʜʦʣʛʦʝ ʚʨʝʤʷ ʧʨʝʜʧʨʠʥʠʤʘʶʪʩʷ ʧʦʧʳʪʢʠ ʠʟʫʯʝʥʠʷ ʠʣʠ ʤʦʜʝʣʠʨʦʚʘʥʠʷ 

ʘʢʪʠʚʥʦʩʪʠ ʛʦʣʦʚʥʦʛʦ ʤʦʟʛʘ ʩ ʧʦʤʦʱʴʶ ʤʝʪʦʜʦʚ ʥʝʣʠʥʝʡʥʦʡ ʬʠʟʠʢʠ [1, 2]. ɼʝʡ-

ʩʪʚʠʪʝʣʴʥʦ, ʩʠʩʪʝʤʘ ʩʦ ʩʪʦʣʴ ʩʣʦʞʥʳʤ ʭʘʦʪʠʯʝʩʢʠʤ ʧʦʚʝʜʝʥʠʝʤ ʢʘʢ ʤʦʟʛ ʜʦʣʞʥʘ 

ʠʤʝʪʴ ʦʙʱʠʝ ʟʘʢʦʥʦʤʝʨʥʦʩʪʠ ʩ ʢʣʘʩʩʠʯʝʩʢʠʤʠ ʜʠʥʘʤʠʯʝʩʢʠʤʠ ʭʘʦʪʠʯʝʩʢʠʤʠ ʩʠ-

ʩʪʝʤʘʤʠ ʠ ʠʭ ʦʩʦʙʝʥʥʦʩʪʷʤʠ. ʂ ʧʨʠʤʝʨʫ, ʙʳʣʘ ʥʝʦʜʥʦʢʨʘʪʥʦ ʧʦʢʘʟʘʥʘ ʩʚʷʟʴ ʘʢʪʠʚ-

ʥʦʩʪʠ ʛʦʣʦʚʥʦʛʦ ʤʦʟʛʘ ʢʨʳʩ ʧʨʠ ʵʧʠʣʝʧʩʠʠ ʩ on-off ʧʝʨʝʤʝʞʘʝʤʦʩʪʴʶ [3]. 

ɺ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʣʦʛʠʯʥʦʝ ʨʘʟʚʠʪʠʝ ʵʪʠʭ ʠʜʝʡ. ʈʘʩʩʤʘʪʨʠ-

ʚʘʝʪʩʷ ʚʦʟʥʠʢʥʦʚʝʥʠʝ ʚʝʨʝʪʝʥ ʩʠʛʤʘ-ʨʠʪʤʘ ʚʦ ʚʨʝʤʷ ʩʥʘ. ɽʩʣʠ ʚ ʦʜʥʦʤ ʠʟ ʢʘʥʘʣʦʚ 

ʕʕɻ ʚʦʟʥʠʢʘʝʪ ʚʝʨʝʪʝʥʦ, ʪʦ ʤʦʞʥʦ ʩʯʠʪʘʪʴ ʦʙʱʫʶ ʜʠʥʘʤʠʢʫ ʪʫʨʙʫʣʝʥʪʥʦʡ. ɽʩʣʠ 

ʚʦ ʚʩʝʭ ʢʘʥʘʣʘʭ ʥʝʪ ʩʦʥʥʳʭ ʚʝʨʝʪʝʥ, ʪʦ ʬʘʟʘ ʩʯʠʪʘʝʪʩʷ ʣʘʤʠʥʘʨʥʦʡ. ɺ ʵʪʦʤ ʩʣʫʯʘʝ 

ʚʦʟʤʦʞʥʦ ʨʘʩʩʯʠʪʘʪʴ ʜʣʠʪʝʣʴʥʦʩʪʴ ʣʘʤʠʥʘʨʥʳʭ ʬʘʟ ʠ ʧʦʩʪʨʦʠʪʴ ʨʘʩʧʨʝʜʝʣʝʥʠʝ 

ʜʣʠʪʝʣʴʥʦʩʪʠ ʣʘʤʠʥʘʨʥʳʭ ʬʘʟ ʧʦ ʕʕɻ, ʩʥʷʪʳʤ ʚ ʪʝʯʝʥʠʠ ʥʦʯʥʦʛʦ ʩʥʘ. ʅʘ ʨʠʩʫʥʢʝ 

1,ʘ ʧʨʠʚʝʜʝʥʳ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʜʣʠʪʝʣʴʥʦʩʪʠ ʣʘʤʠʥʘʨʥʳʭ ʬʘʟ ʜʣʷ ʦʜʥʦʛʦ ʠʟ ʧʘʮʠʝʥ-

ʪʦʚ. 

ɿʘʢʦʥ, ʧʦ ʢʦʪʦʨʦʤʫ ʤʦʞʥʦ ʘʧʧʨʦʢʩʠʤʠʨʦʚʘʪʴ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʦʧʨʝʜʝʣʷʝʪʩʷ ʪʠ-

ʧʦʤ ʧʝʨʝʤʝʞʘʶʱʝʛʦʩʷ ʧʦʚʝʜʝʥʠʷ. ɺ ʩʣʫʯʘʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ ʵʪʦʪ ʟʘʢʦʥ 

ʦʧʨʝʜʝʣʷʝʪʩʷ ʩʣʝʜʫʶʱʠʤ ʩʦʦʪʥʦʰʝʥʠʝʤ ʨʠʩʫʥʦʢ 1,ʘ: 

ὴὸͯ ὃ ÅØÐὯὸȟ      (1) 

ʕʪʦ ʩʦʦʪʥʦʰʝʥʠʝ ʭʘʨʘʢʪʝʨʥʦ ʜʣʷ ʧʝʨʝʤʝʞʘʝʤʦʩʪʠ çʢʦʣʴʮʘè [4]. 

ʀʩʭʦʜʷ ʠʟ ʵʪʦʛʦ, ʣʦʛʠʯʥʦ ʙʳʣʦ ʚʳʙʨʘʪʴ ʜʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʩʠʩʪʝʤʫ, ʜʣʷ ʢʦʪʦ-

ʨʦʡ ʪʘʢʞʝ ʭʘʨʘʢʪʝʨʥʘ ʧʝʨʝʤʝʞʘʝʤʦʩʪʴ çʢʦʣʴʮʘè. ɺʳʙʦʨ ʧʘʣ ʥʘ ʭʦʨʦʰʦ ʟʘʨʝʢʦʤʝʥ-

ʜʦʚʘʚʰʫʶ ʩʝʙʷ ʚ ʥʝʣʠʥʝʡʥʦʡ ʬʠʟʠʢʝ ʤʦʜʝʣʴʥʫʶ ʩʠʩʪʝʤʫ ʦʜʥʦʥʘʧʨʘʚʣʝʥʥʦ ʩʚʷʟʘʥ-

ʥʳʭ ʦʩʮʠʣʣʷʪʦʨʦʚ ʈʝʩʩʣʝʨʘ ʩ ʙʦʣʴʰʦʡ ʨʘʩʩʪʨʦʡʢʦʡ ʧʦ ʯʘʩʪʦʪʝ.  
ὼ ‫ώ ᾀȟ
ώ ‫ὼ ὥώȟ
ᾀ ὴ ᾀ ὼ ὧȟ

ὼ ‫ώ ᾀ ‐ὼ ὼ ȟ

ώ ‫ὼ ὥώȟ

ᾀ ὴ ᾀ ὼ ὧȟ

     (2) 

ʛʜʝ (xd, yd zd) ʜʝʢʘʨʪʦʚʳ ʢʦʦʨʜʠʥʘʪʳ ʚʝʜʫʱʝʛʦ ʦʩʮʠʣʣʷʪʦʨʘ, ʢʦʪʦʨʳʡ ʚʳʧʦʣʥʷʝʪ 

ʨʦʣʴ ʚʥʫʪʨʝʥʥʝʛʦ ʚʝʜʫʱʝʛʦ ʮʝʥʪʨʘ; (ὼ, ώ, ᾀ) ï ʜʝʢʘʨʪʦʚʳ ʢʦʦʨʜʠʥʘʪʳ ʛʨʫʧʧʳ ʚʝ-

ʜʦʤʳʭ ʦʩʮʠʣʣʷʪʦʨʦʚ, ʢʦʪʦʨʳʝ ʚʳʧʦʣʥʷʶʪ ʨʦʣʴ ʩʚʷʟʘʥʥʳʭ ʩ ʚʝʜʫʱʠʤ ʮʝʥʪʨʦʤ ʢʘ-

ʥʘʣʦʚ ʕʕɻ; ‐ ï ʧʘʨʘʤʝʪʨ, ʦʪʚʝʯʘʶʱʠʡ ʟʘ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʩʚʷʟʠ. ɿʥʘʯʝʥʠʷ ʫʧʨʘʚʣʷ-
ʶʱʠʭ ʧʘʨʘʤʝʪʨʦʚ ʩʣʝʜʫʶʱʠʝ: a = 0.15, p = 0.2, c = 10.0. ʇʘʨʘʤʝʪʨʳ ‫   ρȢππ ʠ 
-πȢωυ ʦʪʚʝʯʘʶʪ ʩʦʙʩʪʚʝʥʥʳʤ ʯʘʩʪʦʪʘʤ ʚʝʜʫʱʝʡ ʠ ʚʝʜʦʤʦʡ ʧʦʜʩʠʩʪʝʤ, ʯʪʦ ʩʦ  ‫
ʦʪʚʝʪʩʪʚʫʶʪ ʙʦʣʴʰʦʡ ʨʘʩʩʪʨʦʡʢʝ ʧʦ ʯʘʩʪʦʪʝ ʠ ʚ ʜʘʥʥʦʤ ʩʣʫʯʘʝ, ʚ ʪʘʢʦʡ ʩʠʩʪʝʤʝ 
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ʥʠʞʝ ʛʨʘʥʠʮʳ ʬʘʟʦʚʦʡ ʭʘʦʪʠʯʝʩʢʦʡ ʩʠʥʭʨʦʥʠʟʘʮʠʠ ʙʫʜʝʪ ʥʘʙʣʶʜʘʪʴ ʧʝʨʝʤʝʞʘʶ-

ʱʠʝʩʷ ʧʦʚʝʜʝʥʠʝ ʪʠʧʘ çʢʦʣʴʮʦè [4]. 

ʏʠʩʣʦ ʚʝʜʦʤʳʭ ʩʠʩʪʝʤ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʯʠʩʣʫ ʢʘʥʘʣʦʚ ʥʘ ʟʘʧʠʩʠ ʕʕɻ ʠ ʨʘʚʥʷ-

ʝʪʩʷ N = 19. ʃʘʤʠʥʘʨʥʘʷ ʬʘʟʘ ʩʯʠʪʘʝʪʩʷ, ʜʝʪʝʢʪʠʨʫʝʪʩʷ ʝʩʣʠ ʨʝʞʠʤ ʬʘʟʦʚʦʡ ʩʠʥ-

ʭʨʦʥʠʟʘʮʠʠ ʥʘʙʣʶʜʘʝʪʩʷ ʜʣʷ ʚʩʝʭ ʩʠʩʪʝʤ, ʯʪʦ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʦʪʩʫʪʩʪʚʠʶ ʩʦʥʥʳʭ 

ʚʝʨʝʪʝʥ ʚʦ ʚʩʝʭ ʢʘʥʘʣʘʭ ʕʕɻ. ʕʪʦ ʥʝʦʙʭʦʜʠʤʦ, ʯʪʦʙʳ ʧʨʦʤʦʜʝʣʠʨʦʚʘʪʴ ʩʠʥʭʨʦʥʠ-

ʟʘʮʠʶ ʢʘʥʘʣʦʚ ʦʜʥʠʤ ʚʝʜʫʱʠʤ ʮʝʥʪʨʦʤ, ʢʦʪʦʨʳʤ ʚ ʜʘʥʥʦʤ ʩʣʫʯʘʝ ʚʳʩʪʫʧʘʝʪ ʚʝʜʫ-

ʱʘʷ ʩʠʩʪʝʤʘ. ɼʣʷ ʧʦʩʪʨʦʝʥʥʳʭ ʪʘʢʠʤ ʦʙʨʘʟʦʤ ʣʘʤʠʥʘʨʥʳʭ ʬʘʟ ʤʦʞʥʦ ʧʦʩʪʨʦʠʪʴ 

ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʠʭ ʜʣʠʪʝʣʴʥʦʩʪʠ ʠ ʧʦʩʪʨʦʠʪʴ ʘʧʧʨʦʢʩʠʤʘʮʠʶ ʧʦ ʟʘʢʦʥʫ (1), ʨʠʩʫʥʦʢ 

1,ʙ. 

ʀʟ ʩʨʘʚʥʝʥʠʷ ʨʠʩʫʥʢʦʚ ʘ ʠ ʙ ʥʘ ʨʠʩʫʥʢʝ 1 ʭʦʨʦʰʦ ʟʘʤʝʪʥʦ, ʯʪʦ ʜʠʥʘʤʠʢʘ 

ʩʭʦʞʘ. ʕʪʦ ʥʝ ʫʜʠʚʠʪʝʣʴʥʦ, ʪʘʢ ʢʘʢ ʤʳ ʠʟʥʘʯʘʣʴʥʦ ʧʦʜʙʠʨʘʣʠ ʩʠʩʪʝʤʫ, ʜʝʤʦʥʩʪʨʠ-

ʨʫʶʱʫʶ ʩʭʦʞʠʡ ʨʝʞʠʤ ʧʝʨʝʤʝʞʘʶʱʝʛʦʩʷ ʧʦʚʝʜʝʥʠʷ. ʆʜʥʘʢʦ, ʥʫʞʥʦ ʫʯʝʩʪʴ, ʯʪʦ 

ʥʘʢʣʦʥ ʘʧʧʨʦʢʩʠʤʠʨʫʶʱʝʡ ʣʠʥʠʠ ʠʟʤʝʥʷʝʪʩʷ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʙʣʠʟʦʩʪʠ ʢ ʛʨʘʥʠʮʝ 

ʩʠʥʭʨʦʥʠʟʘʮʠʠ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʝʩʣʠ ʜʘʥʥʘʷ ʟʘʢʦʥʦʤʝʨʥʦʩʪʴ ʩʦʭʨʘʥʠʪʩʷ ʜʣʷ ʵʢʩʧʝ-

ʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ, ʪʦ ʤʦʞʥʦ ʩʨʘʚʥʠʚʘʷ ʥʘʢʣʦʥ ʜʣʷ ʨʘʟʥʳʭ ʧʘʮʠʝʥʪʦʚ (ʧʨʷʤʦʝ 

ʩʨʘʚʥʝʥʠʝ ʩ ʤʦʜʝʣʴʥʦʡ ʩʠʪʫʘʮʠʝʡ ʪʫʪ, ʨʘʟʫʤʝʝʪʩʷ, ʥʝʫʤʝʩʪʥʦ), ʤʦʞʥʦ ʦʧʨʝʜʝʣʠʪʴ 

ʜʣʷ ʢʦʛʦ ʠʟ ʧʘʮʠʝʥʪʦʚ ʚʣʠʷʥʠʝ ʚʝʜʫʱʝʛʦ ʮʝʥʪʨʘ ʥʘ ʚʦʟʥʠʢʥʦʚʝʥʠʝ ʩʦʥʥʳʭ ʚʝʨʝʪʝʥ 

ʚʳʰʝ, ʜʣʷ ʢʦʛʦ ʥʠʞʝ ʥʝ ʧʨʠʙʝʛʘʷ ʢ ʙʦʣʝʝ ʩʣʦʞʥʳʤ ʤʝʪʦʜʘʤ.  

 

 
ʈʠʩ. 1. (ʘ) ʈʘʩʧʨʝʜʝʣʝʥʠʝ ʜʣʠʪʝʣʴʥʦʩʪʠ ʣʘʤʠʥʘʨʥʳʭ ʬʘʟ ʜʣʷ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʟʘʧʠʩʝʡ 

ʕʕɻ. (ʙ) ʈʘʩʧʨʝʜʝʣʝʥʠʝ ʜʣʠʪʝʣʴʥʦʩʪʠ ʣʘʤʠʥʘʨʥʳʭ ʬʘʟ ʜʣʷ ʤʦʜʝʣʴʥʦʡ ʩʠʩʪʝʤʳ ʠʟ ʦʩʮʠʣʣʷʪʦ-

ʨʦʚ ʈʝʩʩʣʝʨʘ. 
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ʋʩʪʨʦʡʩʪʚʘ ʥʘ ʚʦʣʥʘʭ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʛʦ ʟʘʨʷʜʘ (ɺʇɿ) ʚ ʧʦʣʫʧʨʦʚʦʜʥʠʢʘʭ ʩ 

ʦʪʨʠʮʘʪʝʣʴʥʦʡ ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʦʡ ʧʨʦʚʦʜʠʤʦʩʪʴʶ (ʆɼʇ) [1-8] ʩʧʦʩʦʙʥʳ ʦʩʫ-

ʱʝʩʪʚʣʷʪʴ ʚ ʉɺʏ ʜʠʘʧʘʟʦʥʝ, ʚʢʣʶʯʘʷ ʝʛʦ ʢʦʨʦʪʢʦʚʦʣʥʦʚʫʶ ʯʘʩʪʴ, ʫʩʠʣʝʥʠʝ [9-15], 

ʩʤʝʰʝʥʠʝ, ʧʨʝʦʙʨʘʟʦʚʘʥʠʝ ʯʘʩʪʦʪʳ [16-22], ʬʠʣʴʪʨʘʮʠʶ [23] ʠ ʜʨʫʛʠʝ ʬʫʥʢʮʠʠ. 

ɺʝʨʭʥʠʡ ʯʘʩʪʦʪʥʳʡ ʧʨʝʜʝʣ ʫʩʠʣʝʥʠʷ ʙʝʛʫʱʠʭ ɺʇɿ ʤʦʞʝʪ ʙʳʪʴ ʫʚʝʣʠʯʝʥ ʩ ʧʦʤʦ-

ʱʴ ʁɻ ʬʬʝʢʪʘ ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ɺʇɿ ʩ ʥʠʟʢʦʯʘʩʪʦʪʥʦʡ ʥʘʢʘʯʢʦʡ ʚ 

ʧʦʣʫʧʨʦʚʦʜʥʠʢʘʭ ʩ ʆɼʇ [3, 9]. ʅʘ ʦʩʥʦʚʝ ʦʙʱʝʡ ʪʝʦʨʠʠ ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʛʦ ʚʟʘʠʤʦ-

ʜʝʡʩʪʚʠʷ ɺʇɿ ʚ ʊʇʉ ʧʨʦʚʝʜʝʥ ʪʝʦʨʝʪʠʯʝʩʢʠʡ ʘʥʘʣʠʟ ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʛʦ ʚʟʘʠʤʦʜʝʡ-

ʩʪʚʠʷ ʦʩʥʦʚʥʳʭ ʤʦʜ ɺʇɿ ʚ ʊʇʉ ʘʩʠʤʤʝʪʨʠʯʥʦʛʦ ʪʠʧʘ ʥʘ ʦʩʥʦʚʝ n-GaAs ʚ ʧʨʠʙʣʠ-

ʞʝʥʠʠ ʞʝʩʪʢʦʡ ʛʨʘʥʠʮʳ ʧʦʪʦʢʘ ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ [3] ʠ ʚ ʧʨʝʜʧʦʣʦʞʝʥʠʠ ʨʘʚʝʥʩʪʚʘ 

ʯʘʩʪʦʪ rʥʠʟʢʦʯʘʩʪʦʪʥʦʡ ʥʘʢʘʯʢʠ ʛʨʘʥʠʯʥʦʡ ʯʘʩʪʦʪʝ ʫʩʠʣʠʚʘʝʤʳʭ ɺʇɿ. 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʧʨʦʚʝʜʝʥʦ ʪʝʦʨʝʪʠʯʝʩʢʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ ʚʣʠʷʥʠʷ ʯʘʩʪʦʪʳ ʠ 

ʘʤʧʣʠʪʫʜʳ ʥʘʢʘʯʢʠ, ʘ ʪʘʢʞʝ ʯʘʩʪʦʪʳ ʩʠʛʥʘʣʘ ʥʘ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʛʦ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʦʩʥʦʚʥʳʭ ʤʦʜ ɺʇɿ ʚ ʊʇʉ ʥʘ ʦʩʥʦʚʝ n-GaAs ʠ n-InP. ʈʘʩʩʯʠʪʘʥʳ 

ʢʦʵʬʬʠʮʠʝʥʪʳ ʫʩʠʣʝʥʠʷ Ka ʠ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ Kt, ʧʦʩʪʨʦʝʥʳ ʠ ʠʟʫʯʝʥʳ ʟʘʚʠʩʠʤʦ-

ʩʪʠ Ka ʠ Kt ʦʪ ʧʨʦʜʦʣʴʥʦʡ ʢʦʦʨʜʠʥʘʪʳ z (ʚʜʦʣʴ ʥʘʧʨʘʚʣʝʥʠʷ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ɺʇɿ), 

ʘʤʧʣʠʪʫʜʳ ʥʘʢʘʯʢʠ Pp, ʯʘʩʪʦʪʳ ʥʘʢʘʯʢʠ fp ʠ ʯʘʩʪʦʪʳ ʩʠʛʥʘʣʘ fʩ. 

ʇʦʢʘʟʘʥʦ, ʯʪʦ ʜʣʷ ʟʘʚʠʩʠʤʦʩʪʝʡ Ka ʠ Kt ʦʪ z: ʤʘʢʩʠʤʫʤʳ Ka ʥʘ ʟʘʚʠʩʠʤʦʩʪʷʭ 

ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʤʠʥʠʤʫʤʘʤ Kt  ʠ ʥʘʦʙʦʨʦʪ; ʫʚʝʣʠʯʝʥʠʝ Pp ʧʨʠʚʦʜʠʪ ʢ ʟʥʘʯʠʪʝʣʴ-

ʥʦʤʫ ʫʚʝʣʠʯʝʥʠʶ ʢʦʣʠʯʝʩʪʚʘ ʤʘʢcʠʤʫʤʦʚ ʠ ʤʠʥʠʤʫʤʦʚ ʟʘʚʠʩʠʤʦʩʪʝʡ; ʫʚʝʣʠʯʝʥʠʝ 

fp ʠʣʠ fʩ ʧʨʠʚʦʜʠʪ ʢ ʫʤʝʥʴʰʝʥʠʶ ʯʠʩʣʘ ʵʪʠʭ ʤʘʢʩʠʤʫʤʦʚ: ʤʘʢʩʠʤʘʣʴʥʦʝ ʟʥʘʯʝʥʠʝ 

Ka ʠ Kt ʥʘ ʚʳʭʦʜʝ (ʜʣʷ z = 50 ʤʢʤ) ʥʘʙʣʶʜʘʝʪʩʷ ʧʨʠ fpå fʩ/2 ʧʨʠ ʧʨʦʯʠʭ ʦʜʠʥʘʢʦʚʳʭ 

ʫʩʣʦʚʠʷʭ; ʢʦʣʠʯʝʩʪʚʦ ʤʘʢʩʠʤʫʤʦʚ ʠ ʤʠʥʠʤʫʤʦʚ ʟʘʚʠʩʠʤʦʩʪʝʡ Ka ʠ Kt ʦʪ z ʜʣʷ n-InP 

ʥʘʤʥʦʛʦ ʙʦʣʴʰʝ, ʯʝʤ ʜʣʷ n-GaAs. 

ɼʣʷ ʟʘʚʠʩʠʤʦʩʪʝʡ Ka ʠ Kt ʦʪ ʯʘʩʪʦʪʳ ʠ ʘʤʧʣʠʪʫʜʳ ʥʘʢʘʯʢʠ ʥʘ ʚʭʦʜʝ: ʠʟʤʝʥʝʥʠʝ 

fp ʠ Pp ʤʦʞʝʪ ʧʨʠʚʦʜʠʪʴ ʢ ʟʥʘʯʠʪʝʣʴʥʦʤʫ (ʜʦ 30 ʜɹ ʜʣʷ n-GaAs ʠ ʜʦ 45 ʜɹ ʜʣʷ n-InP) 

ʠʟʤʝʥʝʥʠʶ Ka ʠ Kt ʥʘ ʚʳʭʦʜʝ; ʠʟʤʝʥʝʥʠʝʤ Pp ʤʦʞʥʦ ʦʩʣʘʙʠʪʴ ʩʠʛʥʘʣ (ʜʦ 30 ɼʙ), 

ʧʨʠ ʵʪʦʤ Kt ʙʫʜʝʪ ʥʘʤʥʦʛʦ ʙʦʣʴʰʝ Ka, ʧʨʠʯʝʤ ʤʦʞʥʦ ʧʦʣʫʯʘʪʴ ʨʘʟʣʠʯʥʳʝ ʩʦʦʪʥʦ-

ʰʝʥʠʷ ʘʤʧʣʠʪʫʜ ʩʠʛʥʘʣʴʥʦʡ ʠ ʭʦʣʦʩʪʦʡ ʚʦʣʥ ʥʘ ʚʳʭʦʜʝ; ʠʟʤʝʥʝʥʠʝ fp ʤʦʞʝʪ ʧʨʠ-

ʚʦʜʠʪʴ ʢ ʟʘʜʘʥʥʦʤʫ ʠʟʤʝʥʝʥʠʶ Ka ʠ Kt ʥʘ ʚʳʭʦʜʝ (ʥʘʧʨʠʤʝʨ, ʫʚʝʣʠʯʝʥʠʝ/ʫʤʝʥʴʰʝ-

ʥʠʝ fp ʤʦʞʥʦ ʧʨʠʚʦʜʠʪʴ ʢ ʫʚʝʣʠʯʝʥʠʶ ʂʘ ʠ ʫʤʝʥʴʰʝʥʠʶ ʂt ʥʘ ʚʳʭʦʜʝ (ʠʣʠ ʥʘʦʙʦ-

ʨʦʪ), ʢ ʩʦʚʤʝʩʪʥʦʤʫ ʫʚʝʣʠʯʝʥʠʶ/ʫʤʝʥʴʰʝʥʠʶ ʂʘ ʠ ʂt ʥʘ ʚʳʭʦʜʝ (ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ 

Pp ʥʘ ʚʭʦʜʝ). 

ɼʣʷ ʟʘʚʠʩʠʤʦʩʪʝʡ Ka ʠ Kt ʦʪ fc: ʤʘʢʩʠʤʘʣʴʥʦʝ ʫʚʝʣʠʯʝʥʠʝ ʚʝʨʭʥʝʛʦ ʯʘʩʪʦʪʥʦʛʦ 

ʧʨʝʜʝʣʘ ʫʩʠʣʠʚʘʝʤʳʭ ɺʇɿ (ʜʦ 39,8 ɻɻʮ ʜʣʷ n-GaAs (ʧʨʠʤʝʨʥʦ 27 %) ʠ ʜʦ 106,8 ɻɻʮ 

ʜʣʷ n-InP (32 %)) ʧʨʠ ʧʦʜʘʯʝ ʥʠʟʢʦʯʘʩʪʦʪʥʦʡ ʥʘʢʘʯʢʠ ʥʘʙʣʶʜʘʝʪʩʷ ʧʨʠ fp= fc; ʚ ɻ ʪʠʭ 



                                  çʅʘʥʦʵʣʝʢʪʨʦʥʠʢʘ, ʥʘʥʦʬʦʪʦʥʠʢʘ ʠ ʥʝʣʠʥʝʡʥʘʷ ʬʠʟʠʢʘè                     100 

ʜʠʘʧʘʟʦʥʘʭ (ʜʦ 39,8 ɻɻʮ ʜʣʷ n-GaAs ʠ ʜʦ 106,8 ɻɻʮ ʜʣʷ n-InP) ʚʦʟʤʦʞʥʦ ʧʨʝʦʙʨʘʟʦ-

ʚʘʥʠʝ ʩ ʫʩʠʣʝʥʠʝʤ Kt > 0. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʥʠʟʢʦʯʘʩʪʦʪʥʘʷ ʥʘʢʘʯʢʘ ʷʚʣʷʝʪʩʷ ʦʜʥʠʤ ʠʟ ʚʘʞʥʳʭ ʧʝʨʝʩʪʨʘ-

ʠʚʘʝʤʳʭ ʧʘʨʘʤʝʪʨʦʚ ʫʩʪʨʦʡʩʪʚ ʥʘ ɺʇɿ ʚ ʊʇʉ ʩ ʆɼʇ. ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʧʦʣʫʯʝʥʥʳʭ 

ʟʘʚʠʩʠʤʦʩʪʝʡ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʫʩʠʣʝʥʠʷ ʠ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʦʪ ʯʘʩʪʦʪʳ ʠ ʘʤʧʣʠʪʫʜʳ 

ʥʘʢʘʯʢʠ, ʘ ʪʘʢʞʝ ʯʘʩʪʦʪʳ ʩʠʛʥʘʣʘ ʨʘʩʰʠʨʷʝʪ ʥʘʙʦʨ ʧʘʨʘʤʝʪʨʦʚ ʜʣʷ ʵʬʬʝʢʪʠʚʥʦʛʦ 

ʫʧʨʘʚʣʝʥʠʷ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʤʠ ʫʩʪʨʦʡʩʪʚʘʤʠ ʉɺʏ ʥʘ ʦʩʥʦʚʝ ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʛʦ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ɺʇɿ ʚ ʊʇʉ ʩ ʆɼʇ. 
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ʉʦʚʨʝʤʝʥʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʚ ʦʙʣʘʩʪʠ ʨʘʜʠʦʯʘʩʪʦʪʥʦʡ ʪʝʭʥʠʢʠ ʠ ʙʝʩʧʨʦʚʦʜ-

ʥʦʡ ʩʚʷʟʠ ʥʘʧʨʘʚʣʝʥʳ ʥʘ ʧʨʦʝʢʪʠʨʦʚʘʥʠʝ ʬʠʣʴʪʨʦʚ ʩʚʝʨʭʚʳʩʦʢʠʭ ʯʘʩʪʦʪ (ʉɺʏ), 

ʢʦʪʦʨʳʝ ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʢʣʶʯʝʚʳʝ ʢʦʤʧʦʥʝʥʪʳ ʜʣʷ ʜʦʩʪʠʞʝʥʠʷ ʚʳʩʦʢʦʢʘʯʝ-

ʩʪʚʝʥʥʦʛʦ ʩʠʛʥʘʣʘ ʠ ʤʠʥʠʤʠʟʘʮʠʠ ʧʦʤʝʭ [1-4]. ʋʧʨʘʚʣʷʝʤʳʝ ʬʠʣʴʪʨʳ, ʩʧʦʩʦʙʥʳʝ 

ʠʟʤʝʥʷʪʴ ʩʚʦʠ ʧʘʨʘʤʝʪʨʳ ʚ ʨʝʘʣʴʥʦʤ ʚʨʝʤʝʥʠ, ʷʚʣʷʶʪʩʷ ʢʨʠʪʠʯʝʩʢʠ ʚʘʞʥʳʤʠ ʢʦʤ-

ʧʦʥʝʥʪʘʤʠ ʜʣʷ ʘʜʘʧʪʠʚʥʳʭ ʨʘʜʠʦʩʠʩʪʝʤ ʠ ʩʠʩʪʝʤ ʨʘʜʠʦʵʣʝʢʪʨʦʥʥʦʡ ʙʦʨʴʙʳ [5-7]. 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʪʝʦʨʝʪʠʯʝʩʢʠ ʠʩʩʣʝʜʦʚʘʣʘʩʴ ʧʝʨʠʦʜʠʯʝʩʢʘʷ ʩʪʨʫʢʪʫʨʘ ʩ ʧʦ-

ʜʚʠʞʥʦʡ ʤʝʪʘʣʣʠʯʝʩʢʦʡ ʧʣʘʩʪʠʥʦʡ, ʧʨʝʜʩʪʘʚʣʝʥʥʘʷ ʚ ʨʘʙʦʪʝ [8]. ʇʝʨʠʦʜʠʯʝʩʢʘʷ 

ʩʪʨʫʢʪʫʨʘ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʧʨʷʤʦʫʛʦʣʴʥʳʡ ʧʘʨʘʣʣʝʣʝʧʠʧʝʜ ʠʟ ʤʘʪʝʨʠʘʣʘ ʩ ʜʠ-

ʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʴʶ 2,5 (ʯʪʦ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʧʣʘʩʪʠʢʫ PETG) ʠ ʠʤʝʝʪ 4 

ʧʨʷʤʦʫʛʦʣʴʥʳʭ ʦʪʚʝʨʩʪʠʷ ʨʘʟʤʝʨʦʤ 9 Ĭ 18 ʤʤ, ʨʘʩʩʪʦʷʥʠʝ ʤʝʞʜʫ ʢʦʪʦʨʳʤʠ 22 ʤʤ. 

ɺ ʩʝʨʝʜʠʥʝ ʧʝʨʠʦʜʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ ʜʦʙʘʚʣʝʥ ʜʝʬʝʢʪ ʬʦʨʤʳ çʙʘʙʦʯʢʘè [9, 10]. 

ʏʠʩʣʝʥʥʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʧʨʦʚʦʜʠʣʦʩʴ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʨʦʛʨʘʤʤʥʦʛʦ ʧʘʢʝʪʘ 

openEMS [11]. 

ɺ ʮʝʥʪʨ ʜʝʬʝʢʪʘ ʧʦʤʝʱʘʣʠʩʴ ʩʣʝʜʫʶʱʠʝ ʚʘʨʠʘʥʪʳ ʢʦʥʩʪʨʫʢʮʠʡ: 1) ʤʝʪʘʣʣʠ-

ʯʝʩʢʘʷ ʧʣʘʩʪʠʥʘ 7 Ĭ 20 ʤʤ, ʪʦʣʱʠʥʦʡ 1 ʤʤ; 2) ʤʝʪʘʣʣʠʯʝʩʢʘʷ ʧʣʘʩʪʠʥʘ 7 Ĭ 20 ʤʤ, 

ʪʦʣʱʠʥʦʡ 1 ʤʤ, ʩʚʦʙʦʜʥʦʝ ʩʝʯʝʥʠʝ ʚʦʣʥʦʚʦʜʘ ʧʦʣʥʦʩʪʴʶ ʟʘʧʦʣʥʝʥʦ ʜʠʵʣʝʢʪʨʠʢʦʤ 

ʪʦʣʱʠʥʦʡ 1 ʤʤ; 3) ʩʣʦʡ ʤʝʪʘʣʣʘ 7 Ĭ 20 ʤʤ, ʪʦʣʱʠʥʦʡ 0,035 ʤʤ ʥʘ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ 

ʧʦʜʣʦʞʢʝ ʪʦʣʱʠʥʦʡ 1 ʤʤ. ʅʘ ʨʠʩʫʥʢʘʭ 1 ʠ 2 ʧʨʝʜʩʪʘʚʣʝʥʳ ʩʧʝʢʪʨʳ ʢʦʵʬʬʠʮʠʝʥʪʘ 

ʧʨʦʧʫʩʢʘʥʠʷ ʧʝʨʠʦʜʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʟʥʘʯʝʥʠʷʭ ʫʛʣʘ ʧʦʚʦʨʦʪʘ 

ʜʠʘʬʨʘʛʤʳ ʠ ʚʘʨʠʘʥʪʘʭ ʨʘʩʧʦʣʦʞʝʥʠʷ ʧʣʘʩʪʠʥʳ ʚ ʮʝʥʪʨʝ ʜʝʬʝʢʪʘ.  

  
ʈʠʩ. 1. ʉʧʝʢʪʨʳ ʢʦʵʬʬʠʮʠʝʥʪʘ ʧʨʦʧʫʩʢʘʥʠʷ ʧʝʨʠʦʜʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ ʩ ʜʝʬʝʢʪʦʤ ʠ ʨʘʟʣʠʯ-

ʥʳʤʠ ʚʘʨʠʘʥʪʘʤʠ ʢʦʥʩʪʨʫʢʮʠʡ ʧʨʠ ʫʛʣʝ ʧʦʚʦʨʦʪʘ 0 ʛʨʘʜʫʩʦʚ. 
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ʈʠʩ. 2. ʉʧʝʢʪʨʳ ʢʦʵʬʬʠʮʠʝʥʪʘ ʧʨʦʧʫʩʢʘʥʠʷ ʧʝʨʠʦʜʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ ʩ ʜʝʬʝʢʪʦʤ ʠ ʨʘʟʣʠʯ-

ʥʳʤʠ ʚʘʨʠʘʥʪʘʤʠ ʢʦʥʩʪʨʫʢʮʠʡ ʧʨʠ ʫʛʣʝ ʧʦʚʦʨʦʪʘ 90 ʛʨʘʜʫʩʦʚ. 

 

ʇʨʠ ʜʦʙʘʚʣʝʥʠʠ ʜʝʬʝʢʪʘ ʬʦʨʤʳ çʙʘʙʦʯʢʘè ʚ ʧʝʨʠʦʜʠʯʝʩʢʫʶ ʩʪʨʫʢʪʫʨʫ 

ʥʘʙʣʶʜʘʣʩʷ ʨʝʟʦʥʘʥʩʥʳʡ ʧʠʢ ʧʨʦʧʫʩʢʘʥʠʷ ʥʘ ʯʘʩʪʦʪʝ 7,8 ɻɻʮ [8]. ʇʨʠ ʨʘʟʤʝʱʝʥʠʠ 

ʚ ʮʝʥʪʨʝ ʜʝʬʝʢʪʘ ʨʘʟʣʠʯʥʳʭ ʚʘʨʠʘʥʪʦʚ ʢʦʥʩʪʨʫʢʮʠʡ ʩ ʫʛʣʦʤ ʧʦʚʦʨʦʪʘ 0 ʛʨʘʜʫʩʦʚ 

(ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦ ʩʝʯʝʥʠʶ ʚʦʣʥʦʚʦʜʘ) ʨʝʟʦʥʘʥʩʥʳʡ ʧʠʢ ʧʨʘʢʪʠʯʝʩʢʠ ʥʝ ʩʤʝʱʘ-

ʝʪʩʷ (ʨʠʩ. 1). ʇʨʠ ʧʦʚʦʨʦʪʝ ʢʦʥʩʪʨʫʢʮʠʡ ʥʘ ʫʛʦʣ 90 ʛʨʘʜʫʩʦʚ ʨʝʟʦʥʘʥʩʥʳʡ ʧʠʢ ʩʤʝ-

ʱʘʝʪʩʷ ʚ ʥʠʟʢʦʯʘʩʪʦʪʥʫʶ ʦʙʣʘʩʪʴ (ʨʠʩ. 2). ʄʘʢʩʠʤʘʣʴʥʦ ʨʝʟʦʥʘʥʩʥʳʡ ʧʠʢ ʧʨʦʧʫʩ-

ʢʘʥʠʷ ʩʤʝʱʘʝʪʩʷ ʥʘ 0,5 ɻɻʮ ʧʨʠ ʜʦʙʘʚʣʝʥʠʠ ʚʪʦʨʦʛʦ ʚʘʨʠʘʥʪʘ ʢʦʥʩʪʨʫʢʮʠʠ ʚ ʮʝʥʪʨ 

ʜʝʬʝʢʪʘ. 
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ɻʨʘʬʝʥ ʠ ʥʘʥʦʪʨʫʙʢʠ ʷʚʣʷʶʪʩʷ ʦʜʥʠʤʠ ʠʟ ʥʘʠʙʦʣʝʝ ʦʙʩʫʞʜʘʝʤʳʭ ʘʣʣʦʪʨʦʧ-

ʥʭr ʤʦʜʠʬʠʢʘʮʠʡ ʫʛʣʝʨʦʜʘ ʥʘ ʧʨʦʪʷʞʝʥʠʠ ʤʥʦʛʠʭ ʣʝʪ [1]. ʆʙʲʝʜʠʥʝʥʠʝ ʛʨʘʬʝʥʘ ʠ 

ʥʘʥʦʪʨʫʙʦʢ ʚ ʛʠʙʨʠʜʥʫʶ ʩʪʨʫʢʪʫʨʫ ʜʘʣʦ ʥʦʚʳʡ ʚʠʪʦʢ ʨʘʟʚʠʪʠʷ ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʤ 

ʠʩʩʣʝʜʦʚʘʥʠʷʤ ʠ ʧʨʠʢʣʘʜʥʳʤ ʨʘʟʨʘʙʦʪʢʘʤ ʚ ʦʙʣʘʩʪʠ ʫʛʣʝʨʦʜʥʳʭ ʥʘʥʦʤʘʪʝʨʠʘʣʦʚ 

[2-4]. ɺʦʟʤʦʞʥʦʩʪʠ ʩʦʚʨʝʤʝʥʥʳʭ ʪʝʭʥʦʣʦʛʠʡ ʩʠʥʪʝʟʘ ʧʦʟʚʦʣʷʶʪ ʧʦʣʫʯʘʪʴ ʛʨʘʬʝʥ-

ʥʘʥʦʪʨʫʙʥʳʝ ʛʠʙʨʠʜʥʳʝ ʘʨʭʠʪʝʢʪʫʨʳ ʩ ʨʘʟʣʠʯʥʳʤʠ ʦʩʦʙʝʥʥʦʩʪʷʤʠ ʘʪʦʤʥʦʛʦ ʩʪʨʦ-

ʝʥʠʷ, ʚ ʪʦʤ ʯʠʩʣʝ ʩ ʨʘʟʥʦʦʙʨʘʟʥʳʤʠ ʚʟʘʠʤʥʦʡ ʦʨʠʝʥʪʘʮʠʝʡ ʥʘʥʦʪʨʫʙʦʢ ʠ ʛʨʘʬʝʥʘ, 

ʘ ʪʘʢʞʝ ʩʧʦʩʦʙʦʤ ʠʭ ʩʚʷʟʳʚʘʥʠʷ [3]. ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʚʣʠʷʥʠʝ 

ʩʪʨʫʢʪʫʨʥʳʭ ʦʩʦʙʝʥʥʦʩʪʝʡ ʚ ʚʠʜʝ ʪʦʯʝʯʥʳʭ (ʥʫʣʴʤʝʨʥʳʭ) ʜʝʬʝʢʪʦʚ ʢʨʠʩʪʘʣʣʠʯʝ-

ʩʢʦʡ ʨʝʰʝʪʢʠ ʥʘ ʵʣʝʢʪʨʦʥʥʳʝ ʠ ɻʣʝʢʪʨʦʧʨʦʚʦʜʥʳʝ ʩʚʦʡʩʪʚʘ ʛʠʙʨʠʜʥʳʭ ʥʘʥʦʩʪʨʫʢ-

ʪʫʨ ʛʨʘʬʝʥ-ʋʅʊ. ʆʙʲʝʢʪʦʤ ʠʩʩʣʝʜʦʚʘʥʠʷ ʷʚʣʷʶʪʩʷ ʢʚʘʟʠ-2D ʧʣʝʥʢʠ, ʦʙʨʘʟʦʚʘʥ-

ʥʳʝ ʛʦʨʠʟʦʥʪʘʣʴʥʦ ʦʨʠʝʥʪʠʨʦʚʘʥʥʳʤʠ ʦʜʥʦʩʪʝʥʥʳʤʠ ʋʅʊ (ʆʋʅʊ) ʪʠʧʘ zigzag 

ʜʠʘʤʝʪʨʦʤ 0.8-1.2 ʥʤ, ʟʘʢʣʶʯʝʥʥʳʤʠ ʤʝʞʜʫ ʣʠʩʪʘʤʠ ʛʨʘʬʝʥʘ ʠ ʢʦʚʘʣʝʥʪʥʦ ʩʚʷʟʘʥ-

ʥʳʤʠ ʩ ʥʠʤʠ. ɺ ʢʘʯʝʩʪʚʝ ʪʦʯʝʯʥʦʛʦ ʜʝʬʝʢʪʘ ʨʘʩʩʤʦʪʨʝʥ ʜʝʬʝʢʪ ʪʠʧʘ ʦʜʠʥʦʯʥʘʷ ʚʘ-

ʢʘʥʩʠʷ.  

ɸʪʦʤʥʘʷ ʩʪʨʫʢʪʫʨʘ ʠ ʵʣʝʢʪʨʦʥʥʦ-ʵʥʝʨʛʝʪʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʠʩʩʣʝʜʫʝ-

ʤʳʭ ʛʨʘʬʝʥ-ʥʘʥʦʪʨʫʙʥʳʭ ʛʠʙʨʠʜʥʳʭ ʢʚʘʟʠ-2D ʧʣʝʥʦʢ ʨʘʩʩʯʠʪʳʚʘʣʠʩʴ ʚ ʨʘʤʢʘʭ 

ʤʝʪʦʜʘ DFTB ʚ ʧʨʦʛʨʘʤʤʥʦʤ ʧʘʢʝʪʝ ʦʪʢʨʳʪʦʛʦ ʜʦʩʪʫʧʘ DFTB+ [5].  ʕʣʝʢʪʨʠʯʝʩʢʘʷ 

ʧʨʦʚʦʜʠʤʦʩʪʴ ʠʩʩʣʝʜʫʝʤʳʭ ʩʪʨʫʢʪʫʨ ʨʘʩʩʯʠʪʳʚʘʣʘʩʴ ʚ ʨʘʤʢʘʭ ʬʦʨʤʘʣʠʟʤʘ 

ʃʘʥʜʘʫʵʨʘ-ɹʫʪʪʠʢʝʨʘ [6] ʧʦ ʬʦʨʤʫʣʝ ʚʠʜʘ 

' ςÅςÈϳ᷿ 4%&4%Ȥ%&Ä%
Њ

ȤЊ
,                                         (1) 

ʛʜʝ T(E) ð ʫʩʨʝʜʥʸʥʥʘʷ ʬʫʥʢʮʠʷ ʧʨʦʧʫʩʢʘʥʠʷ ʵʣʝʢʪʨʦʥʦʚ, EF ð ʫʨʦʚʝʥʴ ʌʝʨʤʠ 

ʵʣʝʢʪʨʦʜʦʚ, e2/h ð ʢʚʘʥʪ ʧʨʦʚʦʜʠʤʦʩʪʠ, FT ð ʬʫʥʢʮʠʷ ʪʝʧʣʦʚʦʛʦ ʫʰʠʨʝʥʠʷ ʵʥʝʨ-

ʛʝʪʠʯʝʩʢʠʭ ʫʨʦʚʥʝʡ. ʈʘʩʯʝʪʳ ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʚʳʧʦʣʥʷʣʠʩʴ ʧʨʠ 

ʪʝʤʧʝʨʘʪʫʨʝ 300 ʂ. 

ʅʘ ʨʠʩ. 1 ʧʦʢʘʟʘʥʘ ʠʩʭʦʜʥʘʷ ʩʫʧʝʨ-ʷʯʝʡʢʘ ʢʚʘʟʠ-2D ʛʨʘʬʝʥ-ʥʘʥʦʪʨʫʙʥʦʡ 

ʧʣʝʥʢʠ. ɼʝʬʝʢʪʳ ʦʜʠʥʦʯʥʦʡ ʚʘʢʘʥʩʠʠ ʬʦʨʤʠʨʦʚʘʣʠʩʴ ʚ ʘʪʦʤʥʦʡ ʩʝʪʢʝ ʣʠʩʪʦʚ ʛʨʘ-

ʬʝʥʘ. ɹʳʣʠ ʨʘʩʩʤʦʪʨʝʥʳ ʩʣʫʯʘʠ ʩ ʦʜʥʠʤ, ʜʚʫʤʷ, ʪʨʝʤʷ ʠ ʯʝʪʳʨʴʤʷ ʜʝʬʝʢʪʘʤʠ. 

ʕʣʝʢʪʨʦʥʥʳʝ ʩʚʦʡʩʪʚʘ ʢʚʘʟʠ-2D ʫʛʣʝʨʦʜʥʳʭ ʧʣʝʥʦʢ ʘʥʘʣʠʟʠʨʦʚʘʣʠʩʴ ʥʘ ʦʩʥʦʚʝ 

ʨʘʩʧʨʝʜʝʣʝʥʠʡ DOS.  ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʠ ʙʝʟʜʝʬʝʢʪʥʘʷ, ʠ ʩʦʜʝʨʞʘʱʘʷ ʜʝʬʝʢʪʳ ʦʜʠ-

ʥʦʯʥʦʡ ʚʘʢʘʥʩʠʠ ʛʨʘʬʝʥ-ʥʘʥʦʪʨʫʙʥʳʝ ʢʚʘʟʠ-2D ʧʣʝʥʢʠ ʭʘʨʘʢʪʝʨʠʟʫʶʪʩʷ ʥʘʣʠʯʠʝʤ 

ʵʥʝʨʛʝʪʠʯʝʩʢʦʡ ʱʝʣʠ Egap ʤʝʞʜʫ ʚʘʣʝʥʪʥʦʡ ʟʦʥʦʡ ʠ ʟʦʥʦʡ ʧʨʦʚʦʜʠʤʦʩʪʠ ʚ ʟʦʥʥʦʡ 

ʩʪʨʫʢʪʫʨʝ. ɺʝʣʠʯʠʥʘ Egap ʧʨʠʚʝʜʝʥʘ ʚ ʪʘʙʣʠʮʝ 1, ʠʟ ʢʦʪʦʨʦʡ ʩʣʝʜʫʝʪ, ʯʪʦ ʩ ʧʦʷʚʣʝ-

ʥʠʝʤ ʜʝʬʝʢʪʘ ʵʥʝʨʛʝʪʠʯʝʩʢʘʷ ʱʝʣʴ ʛʠʙʨʠʜʥʦʡ ʧʣʝʥʢʠ ʩʫʞʘʝʪʩʷ, ʧʨʠʯʝʤ ʧʨʠ ʥʘʣʠ-

ʯʠʠ ʜʘʞʝ ʦʜʥʦʛʦ ʜʝʬʝʢʪʘ ʦʥʘ ʫʤʝʥʴʰʘʝʪʩʷ ʙʦʣʝʝ, ʯʝʤ ʚ 2 ʨʘʟʘ, ʘ ʧʨʠ ʥʘʣʠʯʠʠ ʪʨʝʭ 

ʠ ʯʝʪʳʨʝʭ ʜʝʬʝʢʪʦʚ - ʚ 3 ʨʘʟʘ. ʕʣʝʢʪʨʦʬʠʟʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʠʩʩʣʝʜʫʝʤʳʭ ʛʠʙʨʠʜ-

ʥʳʭ ʧʣʝʥʦʢ ʦʮʝʥʠʚʘʣʠʩʴ ʧʦ ʚʝʣʠʯʠʥʝ ʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʚʦʜʠʤʦʩʪʠ, ʨʘʩʩʯʠʪʘʥʥʦʡ 
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ʜʣʷ ʜʚʫʭ ʥʘʧʨʘʚʣʝʥʠʡ ʪʦʢʦʧʝʨʝʥʦʩʘ: zigzag (Gx) ʠ armchair (Gy) ʛʝʢʩʘʛʦʥʘʣʴʥʦʡ ʨʝ-

ʰʝʪʢʠ ʛʨʘʬʝʥʘ. ʈʘʩʩʯʠʪʘʥʥʳʝ ʟʥʘʯʝʥʠʷ ʧʨʠʚʝʜʝʥʳ ʚ ʪʘʙʣʠʮʝ 1. ʉ ʨʦʩʪʦʤ ʯʠʩʣʘ ʜʝ-

ʬʝʢʪʦʚ ʥʘʙʣʶʜʘʝʪʩʷ ʨʦʩʪ ʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʚʦʜʠʤʦʩʪʠ ʚ ʦʙʦʠʭ ʥʘʧʨʘʚʣʝʥʠʷʭ ʪʦ-

ʢʦʧʝʨʝʥʦʩʘ. ʋʚʝʣʠʯʠʚʘʝʪʩʷ ʠ ʨʘʟʥʠʮʘ ʚ ʟʥʘʯʝʥʠʷʭ Gx  ʠ Gy. ɺ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʯʠʩʣʘ 

ʜʝʬʝʢʪʦʚ ʦʥʘ ʩʦʩʪʘʚʣʷʝʪ 2.5-3 ʨʘʟʘ. 

 
 

 ʘ)                                                         ʙ)                                      

ʈʠʩ. 1. ʉʫʧʝʨ-ʷʯʝʡʢʘ ʛʨʘʬʝʥ-ʥʘʥʦʪʨʫʙʥʦʡ ʢʚʘʟʠ-2D ʧʣʝʥʢʠ: (ʘ)  ʚʠʜ ʩʧʝʨʝʜʠ, (ʙ) ʚʠʜ ʩʙʦʢʫ. 

 
ʊʘʙʣʠʮʘ 1. ʕʣʝʢʪʨʦʥʥʦ-ʵʥʝʨʛʝʪʠʯʝʩʢʠʝ ʠ ʵʣʝʢʪʨʦʬʠʟʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʛʠʙʨʠʜʥʦʡ 

ʧʣʝʥʢʠ ʛʨʘʬʝʥ-ʆʋʅʊ ʩ ʨʘʟʣʠʯʥʳʤ ʯʠʩʣʦʤ ʜʝʬʝʢʪʦʚ. 
ʂʦʣʠʯʝʩʪʚʦ ʜʝʬʝʢʪʦʚ Egap, ʵɺ Gx, ʤʢʉʤ Gy, ʤʢʉʤ 

0 0.57 25.3 51.2 

1 0.24 40.3 121.3 

2 0.23 42.1 154.2 

3 0.19 59.5 159.6 

4 0.19 75.2 167.9 

 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʚʘʨʴʠʨʫʷ ʯʠʩʣʦʤ ʜʝʬʝʢʪʦʚ ʪʠʧʘ ʦʜʠʥʦʯʥʘʷ ʚʘʢʘʥʩʠʷ, ʤʦʞʥʦ 

ʫʩʠʣʠʚʘʪʴ ʘʥʠʟʦʪʨʦʧʠʶ ʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʚʦʜʠʤʦʩʪʠ ʚ ʛʠʙʨʠʜʥʳʭ ʛʨʘʬʝʥ-ʥʘʥʦ-

ʪʨʫʙʥʳʭ ʧʣʝʥʢʘʭ, ʯʪʦ ʚʘʞʥʦ ʜʣʷ ʠʭ ʧʦʪʝʥʮʠʘʣʴʥʦʛʦ ʧʨʠʤʝʥʝʥʠʷ ʚ ʫʩʪʨʦʡʩʪʚʘʭ ʧʦ-

ʣʫʧʨʦʚʦʜʥʠʢʦʚʦʡ ʵʣʝʢʪʨʦʥʠʢʠ, ʚ ʯʘʩʪʥʦʩʪʠ, ʜʠʦʜʘʭ ʠ ʪʨʘʥʟʠʩʪʦʨʘʭ. 

 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʧʦʜʜʝʨʞʢʝ ʛʨʘʥʪʘ ʈʅʌ (ʧʨʦʝʢʪ ˉ24-79-10316). 
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3. Wu X., Mu F., Zhao H. // J. Mater. Sci. Technol. 2020. V. 55. P. 16. 
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6. Datta S. Quantum Transport: Atom to Transistor. New York, Cambridge University Press, 2005. 
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ɼʀʅɸʄʀʂɸ ɼɺʀɾɽʅʀʗ ɼɺʋʍ ʊʆʏɽʏʅʓʍ ɺʀʍʈɽʁ ɺ  

ʇʈʗʄʆʋɻʆʃʔʅʆʁ ʆɹʃɸʉʊʀ 

ɼ.ɸ. ʉʦʣʦʜʷʥʢʠʥ, ɽ.ʄ. ɸʨʪʝʤʦʚʘ 
ʌɻɹʆʋ ɺʆ çʋʜʤʫʨʪʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪè. 
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ɺ ʨʘʙʦʪʝ ʨʘʩʩʤʦʪʨʝʥʘ ʟʘʜʘʯʘ ʦ ʜʠʥʘʤʠʢʝ ʜʚʠʞʝʥʠʷ ʜʚʫʭ ʪʦʯʝʯʥʳʭ ʚʠʭʨʝʡ ʚ 

ʧʨʷʤʦʫʛʦʣʴʥʦʡ ʦʙʣʘʩʪʠ ʚʳʩʦʪʦʡ  ́ʠ ʜʣʠʥʦʡ L. ʋʨʘʚʥʝʥʠʷ ʜʚʠʞʝʥʠʷ ʤʦʞʥʦ ʧʨʝʜ-

ʩʪʘʚʠʪʴ ʚ ʛʘʤʠʣʴʪʦʥʦʚʦʡ ʬʦʨʤʝ  

 
ɿʜʝʩʴ H ï ʛʘʤʠʣʴʪʦʥʠʘʥ, ɻ1 ï ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʧʝʨʚʦʛʦ ʚʠʭʨʷ, ɻ2 ï ʠʥʪʝʥʩʠʚʥʦʩʪʴ 

ʚʪʦʨʦʛʦ ʚʠʭʨʷ, ʘ h(x, y) ï ʬʫʥʢʮʠʷ ʚʠʜʘ  

 
ʩʭʦʜʠʤʦʩʪʴ ʨʷʜʘ ʧʦʢʘʟʘʥʘ ʚ ʨʘʙʦʪʝ [1]. ɺ ʨʘʙʦʪʝ ʨʘʩʩʤʦʪʨʝʥʳ ʩʣʫʯʘʠ ʜʚʫʭ ʚʠʭʨʝʡ ʩ 

ʦʜʠʥʘʢʦʚʦʡ ʠʥʪʝʥʩʠʚʥʦʩʪʴʶ ʠ ʜʚʫʭ ʚʠʭʨʝʡ ʩ ʠʥʪʝʥʩʠʚʥʦʩʪʷʤʠ ʦʜʠʥʘʢʦʚʦʡ ʧʦ ʤʦ-

ʜʫʣʶ, ʥʦ ʨʘʟʥʦʡ ʧʦ ʟʥʘʢʫ (ʚʠʭʨʝʚʘʷ ʧʘʨʘ). 

ɺʠʭʨʠ ʩ ʦʜʠʥʘʢʦʚʦʡ ʠʥʪʝʥʩʠʚʥʦʩʪʴʶ. ɼʣʷ ʘʥʘʣʠʟʘ ʩʠʩʪʝʤʳ ʙʳʣʦ ʧʦʩʪʨʦʝʥʦ 

ʦʪʦʙʨʘʞʝʥʠʝ ʇʫʘʥʢʘʨʝ (ʩʤ. ʨʠʩ. 1). ʅʘ ʦʪʦʙʨʘʞʝʥʠʠ ʚʠʜʝʥ ʭʘʦʪʠʯʝʩʢʠʡ ʩʣʦʡ, ʯʪʦ 

ʛʦʚʦʨʠʪ ʥʝʠʥʪʝʛʨʠʨʫʝʤʦʩʪʠ ʩʠʩʪʝʤʳ.   

 
ʊʘʢʞʝ ʥʘ ʦʪʦʙʨʘʞʝʥʠʠ ʦʪʤʝʯʝʥʦ (ʢʨʘʩʥʦʡ ʪʦʯʢʦʡ) ʧʝʨʠʦʜʠʯʝʩʢʦʝ ʨʝʰʝʥʠʝ, 

ʧʨʠʥʘʜʣʝʞʘʱʝʝ ʠʥʚʘʨʠʘʥʪʥʦʤʫ ʤʥʦʛʦʦʙʨʘʟʠʶ x1+x2=L, y1+y2= .́ ɼʣʷ ʘʥʘʣʠʟʘ 

ʫʩʪʦʡʯʠʚʦʩʪʠ ʵʪʦʛʦ ʧʝʨʠʦʜʠʯʝʩʢʦʛʦ ʨʝʰʝʥʠʷ ʙʳʣʘ ʧʦʩʪʨʦʝʥʘ ʤʘʪʨʠʮʘ ʤʦʥʦʜʨʦʤʠʠ 

[2]. ʅʘ ʨʠʩ. 2 ʧʨʠʚʝʜʝʥʳ ʟʘʚʠʩʠʤʦʩʪʠ ʤʫʣʴʪʠʧʣʠʢʘʪʦʨʦʚ ʦʪ ʵʥʝʨʛʠʠ. ʀʟ ʨʠʩ. 2 

ʚʠʜʥʦ, ʯʪʦ ʩʫʱʝʩʪʚʫʝʪ ʜʚʘ ʢʨʠʪʠʯʝʩʢʠʭ ʟʥʘʯʝʥʠʷ, ʧʨʠ ʢʦʪʦʨʳʭ ʧʨʦʠʩʭʦʜʠʪ ʩʤʝʥʘ 

ʪʠʧʘ ʥʝʧʦʜʚʠʞʥʦʡ ʪʦʯʢʠ. 
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ɺʠʭʨʝʚʘʷ ʧʘʨʘ. ɼʣʷ ʘʥʘʣʠʟʘ ʩʠʩʪʝʤʳ ʙʳʣʦ ʧʦʩʪʨʦʝʥʦ ʦʪʦʙʨʘʞʝʥʠʝ ʇʫʘʥʢʘʨʝ 

(ʩʤ. ʨʠʩ. 3). ʅʘ ʦʪʦʙʨʘʞʝʥʠʠ ʚʠʜʝʥ ʭʘʦʪʠʯʝʩʢʠʡ ʩʣʦʡ, ʯʪʦ ʪʘʢʞʝ ʧʦʟʚʦʣʷʝʪ ʩʢʘʟʘʪʴ, 

ʯʪʦ ʩʠʩʪʝʤʘ ʥʝʠʥʪʝʛʨʠʨʫʝʤʘ.  

 
ʊʘʢʞʝ ʥʘ ʨʠʩ. 3 ʦʪʤʝʯʝʥʦ ʧʝʨʠʦʜʠʯʝʩʢʦʝ ʨʝʰʝʥʠʝ (ʢʨʘʩʥʘʷ ʪʦʯʢʘ) ʧʨʠʥʘʜʣʝ-

ʞʘʱʝʝ ʠʥʚʘʨʠʘʥʪʥʦʤʫ ʤʥʦʛʦʦʙʨʘʟʠʶ x1-x2=0, y1+y2= .́ ɼʣʷ ʘʥʘʣʠʟʘ ʫʩʪʦʡʯʠʚʦʩʪʠ 

ʵʪʦʛʦ ʨʝʰʝʥʠʷ ʙʳʣʘ ʧʦʩʪʨʦʝʥʘ ʤʘʪʨʠʮʘ ʤʦʥʦʜʨʦʤʠʠ ʠ ʧʨʠʚʝʜʝʥʳ ʟʘʚʠʩʠʤʦʩʪʠ 

ʤʫʣʴʪʠʧʣʠʢʘʪʦʨʦʚ ʦʪ ʵʥʝʨʛʠʠ (ʩʤ. ʨʠʩ. 4). ʀʟ ʨʠʩ. 4 ʚʠʜʥʦ, ʯʪʦ ʩʫʱʝʩʪʚʫʶʪ ʜʚʘ ʟʥʘ-

ʯʝʥʠʷ ʧʨʠ ʢʦʪʦʨʳʭ ʧʨʦʠʩʭʦʜʠʪ ʩʤʝʥʘ ʪʠʧʘ ʥʝʧʦʜʚʠʞʥʦʡ ʪʦʯʢʠ.  
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ʍɽʄʆʈɽɿʀʉʊʀʅʓʁ ʕʌʌɽʂʊ ʇʈʀ ʂʆʄʅɸʊʅʓʍ ʊɽʄʇɽʈɸʊʋʈɸʍ 

ɺ ɸʃʄɸɿʆ-ɻʈɸʌʀʊʆɺʓʍ ʅɸʅʆʂʆʄʇʆɿʀʊɸʍ 

ʄ.ɸ. ʉʦʣʦʤʘʪʠʥ1,2, ɸ.ʉ. ɺʘʨʝʞʥʠʢʦʚ2, ʅ.ʄ. ʋʰʘʢʦʚ1,3, 

ɺ.ɺ. ʉʳʩʦʝʚ2, ʈ.ʂ. ʗʬʘʨʦʚ1,3 
1ʉʘʨʘʪʦʚʩʢʠʡ ʬʠʣʠʘʣ ʀʈʕ ʠʤ. ɺ. ɸ. ʂʦʪʝʣʴʥʠʢʦʚʘ ʈɸʅ 

2ʉʘʨʘʪʦʚʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʪʝʭʥʠʯʝʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ ʠʤ. ɻʘʛʘʨʠʥʘ ʖ. ɸ. 
3ʉʘʨʘʪʦʚʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʠʤ. ʅ. ɻ. ʏʝʨʥʳʰʝʚʩʢʦʛʦ 
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ʇʨʦʜʫʢʪʳ ʞʠʟʥʝʜʝʷʪʝʣʴʥʦʩʪʠ ʯʝʣʦʚʝʢʘ, ʩʪʨʝʤʠʪʝʣʴʥʦʝ ʩʦʮʠʘʣʴʥʦ-ʵʢʦʥʦʤʠ-

ʯʝʩʢʦʝ ʨʘʟʚʠʪʠʝ ʦʙʱʝʩʪʚʘ ʠ ʨʘʩʪʫʱʘʷ ʧʦʧʫʣʷʮʠʷ ʚ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʩʪʘʥʦʚʷʪʩʷ 

ʛʣʘʚʥʳʤʠ ʠʩʪʦʯʥʠʢʘʤʠ ʟʘʛʨʷʟʥʝʥʠʡ ʦʢʨʫʞʘʶʱʝʡ ʩʨʝʜʳ. ɺ ʩʚʷʟʠ ʩ ʵʪʠʤ ʚʦʟʨʘʩʪʘʝʪ 

ʧʦʪʨʝʙʥʦʩʪʴ ʢʦʤʧʣʝʢʩʥʦ ʢʦʥʪʨʦʣʠʨʦʚʘʪʴ ʢʘʯʝʩʪʚʦ ʚʦʟʜʫʭʘ, ʦʩʦʙʝʥʥʦ ʚ ʧʦʤʝʱʝʥʠʠ, 

ʛʜʝ ʣʶʜʠ ʧʨʦʚʦʜʷʪ ʜʦ 90 % ʩʚʦʝʛʦ ʨʘʙʦʯʝʛʦ ʚʨʝʤʝʥʠ, ʜʣʷ ʪʦʛʦ ʯʪʦʙʳ ʚʦʚʨʝʤʷ 

ʧʨʝʜʦʪʚʨʘʪʠʪʴ ʩʠʤʧʪʦʤʳ ʨʘʟʣʠʯʥʳʭ ʟʘʙʦʣʝʚʘʥʠʡ [1]. ɺ ʯʘʩʪʥʦʩʪʠ, ʘʢʪʠʚʥʦ ʨʘʟʚʠ-

ʚʘʝʪʩʷ ʥʝʠʥʚʘʟʠʚʥʘʷ ʜʠʘʛʥʦʩʪʠʢʘ ʨʘʟʣʠʯʥʳʭ ʟʘʙʦʣʝʚʘʥʠʡ ʧʫʪʝʤ ʦʙʥʘʨʫʞʝʥʠʷ ʤʦ-

ʣʝʢʫʣ ʘʮʝʪʦʥʘ, ʬʦʨʤʘʣʴʜʝʛʠʜʘ, ʩʝʨʦʚʦʜʦʨʦʜʘ, ʵʪʘʥʦʣʘ ʠ ʪʨʠʤʝʪʠʣʘʤʠʥʘ ʚ ʚʳʜʳʭʘ-

ʝʤʦʤ ʚʦʟʜʫʭʝ, ʫʚʝʣʠʯʝʥʥʘʷ ʢʦʥʮʝʥʪʨʘʮʠʷ ʢʦʪʦʨʳʭ ʫ ʧʘʮʠʝʥʪʦʚ ʢʦʨʨʝʣʠʨʫʝʪ ʩ ʪʘ-

ʢʠʤʠ ʟʘʙʦʣʝʚʘʥʠʷʤʠ, ʢʘʢ ʜʠʘʙʝʪ, ʭʘʣʠʪʦʟ, ʨʘʢ ʣʝʛʢʠʭ, ʘʣʢʦʛʦʣʴʥʘ ̫ʙʦʣʝʟʥ ɹʧʝʯʝʥʠ 

ʠ ʪʨʠʤʝʪʠʣʘʤʠʥʫʨʠ.̫ ʅʘʠʙʦʣʝʝ ʧʝʨʩʧʝʢʪʠʚʥʳʤʠ ʫʩʪʨʦʡʩʪʚʘʤʠ ʜʣʷ ʨʝʰʝʥʠʷ ʜʘʥ-

ʥʦʡ ʟʘʜʘʯʠ ʷʚʣʷʶʪʩʷ ʤʫʣʴʪʠʩʝʥʩʦʨʥʳʝ ʣʠʥʝʡʢʠ, ʩʧʦʩʦʙʥʳʝ ʜʝʪʝʢʪʠʨʦʚʘʪʴ ʠ ʩʝʣʝʢ-

ʪʠʚʥʦ ʨʘʩʧʦʟʥʘʚʘʪʴ ʰʠʨʦʢʠʡ ʩʧʝʢʪʨ ʣʝʪʫʯʠʭ ʦʨʛʘʥʠʯʝʩʢʠʭ ʩʦʝʜʠʥʝʥʠʡ. ʇʨʠ ʵʪʦʤ, 

ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ ʘʚʪʦʥʦʤʥʦʡ ʨʘʙʦʪʳ ʥʘʠʙʦʣʝʝ ʧʨʝʜʧʦʯʪʠʪʝʣʴʥʳʤʠ ʷʚʣʷʶʪʩʷ ʫʩʪʨʦʡ-

ʩʪʚʘ, ʬʫʥʢʮʠʦʥʠʨʦʚʘʥʠʷ ʧʨʠ ʢʦʤʥʘʪʥʳʭ ʪʝʤʧʝʨʘʪʫʨʘʭ [2]. 

ʎʝʣʴ ʨʘʙʦʪʳ ï ʠʩʩʣʝʜʦʚʘʥʠʝ ʚʦʟʤʦʞʥʦʩʪʠ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʘʣʤʘʟʦʛʨʘʬʠʪʦʚʳʭ 

ʧʣʝʥʦʯʥʳʭ ʩʪʨʫʢʪʫʨ ʚ ʩʦʟʜʘʥʠʠ ʚʳʩʦʢʦʩʪʘʙʠʣʴʥʳʭ ʛʘʟʦʯʫʚʩʪʚʠʪʝʣʴʥʳʭ ʩʝʥʩʦʨʥʳʭ 

ʫʩʪʨʦʡʩʪʚ ʜʣʷ ʜʝʪʝʢʪʠʨʦʚʘʥʠʷ ʩʦʩʪʘʚʦʚ ʚʦʟʜʫʰʥʦʡ ʘʪʤʦʩʬʝʨʳ ʧʨʠ ʢʦʤʥʘʪʥʳʭ ʪʝʤ-

ʧʝʨʘʪʫʨʘʭ. ɼʣʷ ʝʝ ʜʦʩʪʠʞʝʥʠʷ    ʩʬʦʨʤʠʨʦʚʘʥʘ ʤʫʣʴʪʠʩʝʥʩʦʨʥʘʷ ʣʠʥʝʡʢʘ ʭʝʤʦʨʝ-

ʟʠʩʪʠʚʥʦʛʦ ʪʠʧʘ ʥʘ ʦʩʥʦʚʝ ʘʣʤʘʟʦ-ʛʨʘʬʠʪʦʚʦʛʦ ʩʣʦʷ, ʧʦʣʫʯʝʥʥʦʛʦ ʦʩʘʞʜʝʥʠʝʤ ʚ 

ʤʠʢʨʦʚʦʣʥʦʚʦʡ ʧʣʘʟʤʝ ʧʘʨʦʚ ʵʪʘʥʦʣʘ ʥʘ ʧʦʚʝʨʭʥʦʩʪʴ ʬʫʥʢʮʠʦʥʘʣʴʥʦʡ ʢʨʝʤʥʠʝʚʦʡ 

ʧʦʜʣʦʞʢʠ ʩ ʥʘʙʦʨʦʤ ʠʟʤʝʨʠʪʝʣʴʥʳʭ ʵʣʝʢʪʨʦʜʦʚ, ʪʝʨʤʦʨʝʟʠʩʪʦʨʦʚ ʠ ʥʘʛʨʝʚʘʪʝʣʝʡ. 

ʕʣʝʢʪʨʠʯʝʩʢʠʝ ʠ ʛʘʟʦʯʫʚʩʪʚʠʪʝʣʴʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʩʬʦʨʤʠʨʦʚʘʥʥʦʡ ʤʫʣʴʪʠʩʝʥ-

ʩʦʨʥʦʡ ʣʠʥʝʡʢʠ, ʚʢʣʶʯʘʶʱʝʡ 38 ʜʠʩʢʨʝʪʥʳʭ ʩʝʥʩʦʨʦʚ (ʨʠʩ. 1ʘ), ʙʳʣʠ ʠʩʩʣʝʜʦʚʘʥʳ 

ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 50 ʦʉ ʚ ʘʪʤʦʩʬʝʨʝ ʦʩʫʰʝʥʥʦʛʦ ʚʦʟʜʫʭʘ (~0-1 % RH), ʘ ʪʘʢʞʝ ʧʨʠ 

ʚʦʟʜʝʡʩʪʚʠʠ ʧʘʨʦʚ ʵʪʘʥʦʣʘ ʚ ʢʦʥʮʝʥʪʨʘʮʠʠ ~3000 ppm. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʚʦʣʴʪʘʤ-

ʧʝʨʥʘʷ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘ ʩʝʥʩʦʨʦʚ ʥʘ ʧʨʠʤʝʨʝ ʪʨʝʭ ʪʠʧʦʚʳʭ ʚ ʩʦʩʪʘʚʝ ʤʫʣʴʪʠʩʝʥʩʦʨ-

ʥʦʡ ʣʠʥʝʡʢʠ ʷʚʣʷʝʪʩʷ ʣʠʥʝʡʥʦʡ, ʯʪʦ ʧʦʜʪʚʝʨʞʜʘʝʪ ʦʤʠʯʝʩʢʠʡ ʢʦʥʪʘʢʪ ʥʘʧʳʣʝʥʥʳʭ 

ʩʪʨʫʢʪʫʨ ʩ ʠʟʤʝʨʠʪʝʣʴʥʳʤʠ ʵʣʝʢʪʨʦʜʘʤʠ ʢʨʝʤʥʠʝʚʦʡ ʧʦʜʣʦʞʢʠ (ʨʠʩ. 1ʙ). ʀʟ ʟʘʚʠ-

ʩʠʤʦʩʪʝʡ ʩʦʧʨʦʪʠʚʣʝʥʠʡ ʪʨʝʭ ʪʠʧʦʚʳʭ ʩʝʥʩʦʨʦʚ ʚ ʩʦʩʪʘʚʝ ʤʫʣʴʪʠʩʝʥʩʦʨʥʦʡ ʣʠ-

ʥʝʡʢʠ ʦʪ ʚʨʝʤʝʥʠ ʧʨʠ ʚʦʟʜʝʡʩʪʚʠʠ ʩʤʝʩʠ ʧʘʨʦʚ ʵʪʘʥʦʣʘ ʩ ʦʩʫʰʝʥʥʳʤ ʚʦʟʜʫʭʦʤ ʚ 

ʢʦʥʮʝʥʪʨʘʮʠʠ ~3000 ppm ʩʣʝʜʫʝʪ, ʯʪʦ ʦʥʠ ʩʠʥʭʨʦʥʥʦ ʠ ʦʙʨʘʪʠʤʦ ʠʟʤʝʥʷʶʪʩʷ ʧʨʠ 

ʚʦʟʜʝʡʩʪʚʠʠ ʤʦʣʝʢʫʣ ʵʪʘʥʦʣʘ (ʨʠʩ. 1ʚ). ʕʬʬʝʢʪ ʷʚʣʷʝʪʩʷ ʚʦʩʧʨʦʠʟʚʦʜʠʤʳʤ, ʘ ʘʤ-

ʧʣʠʪʫʜʘ ʠʟʤʝʥʝʥʠʷ ʚʝʣʠʯʠʥʳ R ʧʨʝʚʳʰʘʝʪ ʪʨʝʭʢʨʘʪʥʫʶ ʘʤʧʣʠʪʫʜʫ ʵʣʝʢʪʨʠʯʝ-

ʩʢʦʛʦ ʰʫʤʘ. ʇʨʠ ʵʪʦʤ ʚʝʣʠʯʠʥʳ ʭʝʤʦʨʝʟʠʩʪʠʚʥʳʭ ʦʪʢʣʠʢʦʚ ʨʘʟʣʠʯʘʶʪʩʷ ʜʣʷ ʢʘʞ-

ʜʦʛʦ ʠʟ ʪʨʝʭ ʩʝʥʩʦʨʦʚ, ʯʪʦ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʚʣʠʷʥʠʠ ʥʘ ʥʠʭ ʪʦʣʱʠʥʳ ʠ ʬʘʟʦʚʦʛʦ 
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ʩʦʩʪʘʚʘ ʘʣʤʘʟʦʛʨʘʬʠʪʦʚʦʡ ʩʪʨʫʢʪʫʨʳ (ʨʠʩ. 1ʛ). ɺ ʧʝʨʩʧʝʢʪʠʚʝ ʵʪʦ ʤʦʞʝʪ ʙʳʪʴ ʠʩ-

ʧʦʣʴʟʦʚʘʥʦ ʜʣʷ ʭʘʨʘʢʪʝʨʠʟʘʮʠʠ ʩʝʣʝʢʪʠʚʥʦʩʪʠ ʤʫʣʴʪʠʩʝʥʩʦʨʥʦʡ ʘʣʤʘʟʦʛʨʘʬʠʪʦ-

ʚʦʡ ʣʠʥʝʡʢʠ, ʢʘʢ ʢ ʧʘʨʘʤ ʵʪʘʥʦʣʘ, ʪʘʢ ʠ ʢ ʜʨʫʛʠʤ ʩʦʝʜʠʥʝʥʠʷʤ, ʷʚʣʷʶʱʠʤʠʩʷ ʤʘʨ-

ʢʝʨʘʤʠ ʨʘʟʣʠʯʥʳʭ ʟʘʙʦʣʝʚʘʥʠʡ. 

 

 
ʈʠʩʫʥʦʢ 1 ï (ʘ) ʠʟʦʙʨʘʞʝʥʠʝ  ʤʫʣʴʪʠʩʝʥʩʦʨʥʦʡ ʣʠʥʝʡʢʠ ʥʘ ʦʩʥʦʚʝ ʘʣʤʘʟʦ-ʛʨʘʬʠʪʦʚʦʛʦ ʩʣʦʷ; 

(ʙ) ʚʦʣʴʪʘʤʧʝʨʥʘʷ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘ ʪʨʝʭ ʩʝʥʩʦʨʦʚ  ʤʫʣʴʪʠʩʝʥʩʦʨʥʦʡ ʣʠʥʝʡʢʠ, ʧʦʣʫʯʝʥʥʘʷ ʚ 

ʘʪʤʦʩʬʝʨʝ ʦʩʫʰʝʥʥʦʛʦ ʚʦʟʜʫʭʘ; (ʚ) ʟʘʚʠʩʠʤʦʩʪʴ ʩʦʧʨʦʪʠʚʣʝʥʠʷ ʦʪ ʚʨʝʤʝʥʠ ʧʨʠ ʚʦʟʜʝʡʩʪʚʠʠ 

ʩʤʝʩʠ ʧʘʨʦʚ ʵʪʘʥʦʣʘ  ʩ ʦʩʫʰʝʥʥʳʤ ʚʦʟʜʫʭʦʤ ʚ ʢʦʥʮʝʥʪʨʘʮʠʠ 3000 ppm ʜʣʷ ʪʨʝʭ ʩʝʥʩʦʨʦʚ 

ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 50 ʦʉ; (ʛ) ʢʦʣʠʯʝʩʪʚʝʥʥʳʡ ʭʝʤʦʨʝʟʠʩʪʠʚʥʳʡ ʦʪʢʣʠʢ ʥʘ ʧʘʨʳ ʵʪʘʥʦʣʘ ʜʣʷ 

ʪʨʝʭ ʩʝʥʩʦʨʦʚ ʤʫʣʴʪʠʩʝʥʩʦʨʥʦʡ ʣʠʥʝʡʢʠ ʥʘ ʦʩʥʦʚʝ ʘʣʤʘʟʦʛʨʘʬʠʪʦʚʳʭ ʧʣʝʥʦʯʥʳʭ ʩʪʨʫʢʪʫʨ 
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ʄʥʦʛʦʣʫʯʝʚʳʝ ʢʣʠʩʪʨʦʥʳ (ʄʃʂ) ʥʘ ʩʝʛʦʜʥʷʰʥʠʡ ʜʝʥʴ ʰʠʨʦʢʦ ʚʦʩʪʨʝʙʦʚʘʥʳ 

ʚ ʧʨʠʙʦʨʘʭ ʜʣʷ ʩʨʝʜʩʪʚ ʪʝʣʝʢʦʤʤʫʥʠʢʘʮʠʠ ʠ ʩʚʷʟʠ ʠ ʦʭʚʘʪʳʚʘʶʪ ʜʦʩʪʘʪʦʯʥʦ ʰʠʨʦ-

ʢʠʡ ʜʠʘʧʘʟʦʥ ʯʘʩʪʦʪ [1]. ɺʝʜʝʪʩʷ ʘʢʪʠʚʥʘʷ ʨʘʟʨʘʙʦʪʢʘ ʠ ʤʠʥʠʘʪʶʨʥʳʭ ʤʥʦʛʦʣʫʯʝ-

ʚʳʭ ʢʣʠʩʪʨʦʥʦʚ (ʄʄʃʂ) [2]. ʈʝʟʦʥʘʪʦʨ ʢʣʠʩʪʨʦʥʘ ï ʵʪʦ ʢʦʥʩʪʨʫʢʮʠʷ ʦʪ ʢʦʪʦʨʦʡ 

ʟʘʚʠʩʷʪ ʚ ʦʩʥʦʚʥʦʤ ʚʳʭʦʜʥʳʝ ʧʘʨʘʤʝʪʨʳ ʧʨʠʙʦʨʘ, ʧʦʵʪʦʤʫ ʝʡ ʫʜʝʣʷʝʪʩʷ ʦʩʦʙʦʝ 

ʚʥʠʤʘʥʠʝ ʧʨʠ ʨʘʟʨʘʙʦʪʢʝ ʢʣʠʩʪʨʦʥʦʚ. ɼʣʷ ʫʧʨʘʚʣʝʥʠʷ ʩʧʝʢʪʨʦʤ ʢʦʣʝʙʘʥʠʡ ʚ ʩʦʚʨʝ-

ʤʝʥʥʳʭ ʨʝʟʦʥʘʪʦʨʘʭ ʧʨʠʤʝʥʷʶʪʩʷ ʬʦʪʦʥʥʦ-ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʝ ʨʝʰʝʪʢʠ (ʌʂʈ) ʠʣʠ 

Photonic Band Gap (PBG) ʩʪʨʫʢʪʫʨʳ [3], ʢʦʪʦʨʳʝ ʪʘʢʞʝ ʤʦʞʥʦ ʨʘʟʨʘʙʘʪʳʚʘʪʴ ʜʣʷ 

ʧʣʘʥʘʨʥʳʭ ʩʠʩʪʝʤ ʩ ʧʦʤʦʱʴʶ ʪʝʭʥʦʣʦʛʠʠ ʠʥʪʝʛʨʠʨʦʚʘʥʥʳʭ ʚ ʧʦʜʣʦʞʢʫ ʚʦʣʥʦʚʦ-

ʜʦʚ (ʀʇɺ-ʪʝʭʥʦʣʦʛʠʡ) [4]. ʉ ʮʝʣʴʶ ʩʥʠʞʝʥʠʷ ʤʘʩʩʦʛʘʙʘʨʠʪʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʠ ʧʦ-

ʜʘʚʣʝʥʠʷ ʚʥʝʧʦʣʦʩʥʳʭ ʩʠʛʥʘʣʦʚ ʨʘʟʨʘʙʘʪʳʚʘʶʪʩʷ ʝʤʢʦʩʪʥʦ-ʥʘʛʨʫʞʝʥʥʳʝ ʨʝʟʦʥʘ-

ʪʦʨʳ [5]. 

ɺ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʠʩʩʣʝʜʫʝʪʩʷ ʤʥʦʛʦʣʫʯʝʚʦʡ ʦʙʲʸʤʥʳʡ ʜʚʫʭʟʘʟʦʨʥʳʡ ʨʝʟʦ-

ʥʘʪʦʨ (ʨʠʩ. 1), ʧʝʨʩʧʝʢʪʠʚʥʳʡ ʜʣʷ ʧʨʠʤʝʥʝʥʠʷ ʚ ʧʨʠʙʦʨʘʭ ʢʣʠʩʪʨʦʥʥʦʛʦ ʪʠʧʘ. ɺ 

ʢʦʥʩʪʨʫʢʮʠʠ ʠʩʧʦʣʴʟʦʚʘʥʘ ʌʂʈ ʚ ʚʠʜʝ ʜʚʫʭ ʨʷʜʦʚ ʤʝʪʘʣʣʠʯʝʩʢʠʭ ʩʪʝʨʞʥʝʡ 2, ʨʘ-

ʜʠʫʩʦʤ ŭ ʨʘʩʧʦʣʦʞʝʥʥʳʭ ʩ ʰʘʛʦʤ æ ʧʦ ʧʝʨʠʤʝʪʨʫ ʨʝʟʦʥʘʪʦʨʘ ʠ ʝʤʢʦʩʪʥʘʷ ʥʘʛʨʫʟʢʘ 

ʛʨʠʙʦʚʠʜʥʦʡ ʬʦʨʤʳ, ʩʦʩʪʦʷʱʘʷ ʠʟ ʦʧʦʨʥʦʛʦ ʩʪʝʨʞʥʷ 4, ʟʘʢʨʝʧʣʝʥʥʦʛʦ ʥʘ ʙʦʢʦʚʦʡ 

ʩʪʝʥʢʝ ʨʝʟʦʥʘʪʦʨʘ ʩ ʦʜʥʦʡ ʩʪʦʨʦʥʳ ʠ ʪʦʥʢʠʤ ʜʠʩʢʦʤ 3 ʩ ʜʨʫʛʦʡ. ʅʘ ʪʦʥʢʦʤ ʜʠʩʢʝ 

ʧʦ ʦʢʨʫʞʥʦʩʪʠ ʨʘʩʧʦʣʦʞʝʥʳ ʰʝʩʪʴ ʮʝʥʪʨʘʣʴʥʳʭ ʧʨʦʣʝʪʥʳʭ ʵʣʝʢʪʨʦʜʦʚ 5 ʜʣʷ ʵʣʝʢ-

ʪʨʦʥʥʦʛʦ ʧʦʪʦʢʘ, ʘ ʥʘ ʙʦʢʦʚʳʭ ʩʪʝʥʢʘʭ ʨʘʩʧʦʣʦʞʝʥʳ ʙʦʢʦʚʳʝ ʧʨʦʣʝʪʥʳʝ ʵʣʝʢ-

ʪʨʦʜʳ 7, ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʮʝʥʪʨʘʣʴʥʳʝ ʠ ʙʦʢʦʚʳʝ ʵʣʝʢʪʨʦʜʳ ʦʙʨʘʟʫʶʪ ʜʚʘ ʚʳʩʦʢʦ-

ʯʘʩʪʦʪʥʳʭ ʟʘʟʦʨʘ 8, ʛʜʝ ʵʣʝʢʪʨʦʥʥʳʡ ʧʦʪʦʢ ʚʟʘʠʤʦʜʝʡʩʪʚʫʝʪ ʩ ʉɺʏ-ʧʦʣʝʤ. ɺʩʷ ʢʦʥ-

ʩʪʨʫʢʮʠʷ ʧʦʤʝʱʝʥʘ ʚ ʢʦʨʧʫʩ ʧʨʷʤʦʫʛʦʣʴʥʦʛʦ ʩʝʯʝʥʠʷ.  

ʇʨʠʤʝʥʝʥʠʝ ʝʤʢʦʩʪʥʦʡ ʛʨʠʙʦʚʠʜʥʦʡ ʥʘʛʨʫʟʢʠ ʚ ʨʝʟʦʥʘʪʦʨʝ ʧʦʟʚʦʣʷʝʪ ʫʤʝʥʴ-

ʰʠʪʴ ʝʛʦ ʛʘʙʘʨʠʪʥʳʝ ʨʘʟʤʝʨʳ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʪʨʘʜʠʮʠʦʥʥʳʤʠ ʧʨʷʤʦʫʛʦʣʴʥʳʤʠ 

ʨʝʟʦʥʘʪʦʨʘʤʠ ʢʣʠʩʪʨʦʥʘ, ʘ ʪʘʢʞʝ ʫʚʝʣʠʯʠʪʴ ʨʘʟʥʦʩ ʧʦ ʯʘʩʪʦʪʝ ʤʝʞʜʫ ʦʩʥʦʚʥʦʡ ʧʨʦ-

ʪʠʚʦʬʘʟʥʦʡ ʤʦʜʦʡ ʠ ʚʳʩʰʠʤʠ ʤʦʜʘʤʠ. 

ɹʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʜʠʘʤʝʪʨ ʩʪʝʨʞʥʝʡ ʌʂʈ ʦʢʘʟʳʚʘʝʪ ʚʣʠʷʥʠʝ ʥʘ ʩʧʝʢʪʨ ʢʦʣʝ-

ʙʘʥʠʡ ʨʝʟʦʥʘʪʦʨʘ. ʂʨʠʪʝʨʠʝʤ ʦʮʝʥʢʠ ʙʳʣʦ ʚʟʷʪʦ ʨʝʟʦʥʘʥʩʥʦʝ ʩʦʧʨʦʪʠʚʣʝʥʠʝ ʥʘ 

ʨʘʟʣʠʯʥʳʭ ʯʘʩʪʦʪʘʭ R0n=Q0n*ɟ0n, ʛʜʝ Q0n ï ʩʦʙʩʪʚʝʥʥʘʷ ʜʦʙʨʦʪʥʦʩʪʴ ʨʝʟʦʥʘʪʦʨʘ; ɟ0n 

ï ʭʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʦʝ ʩʦʧʨʦʪʠʚʣʝʥʠʝ. ɺʳʷʩʥʝʥʦ, ʯʪʦ ʯʘʩʪʦʪʘ ʤʦʜ ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ 

ʜʠʘʤʝʪʨʘ ʩʪʝʨʞʥʷ ʚʝʜʝʪ ʩʝʙʷ ʧʦ-ʨʘʟʥʦʤʫ, ʢʘʢ ʠ ʨʝʟʦʥʘʥʩʥʦʝ ʩʦʧʨʦʪʠʚʣʝʥʠʝ, ʯʪʦ ʜʦ-

ʢʘʟʳʚʘʝʪ ʚʦʟʤʦʞʥʦʩʪʴ ʩʝʣʝʢʮʠʠ ʤʦʜ ʩ ʧʦʤʦʱʴʶ ʠʟʤʝʥʝʥʠʝ ʧʘʨʘʤʝʪʨʦʚ ʩʪʝʨʞʥʝʡ. 

ʇʝʨʚʘʷ ʧʨʦʪʠʚʦʬʘʟʥʘʷ ʤʦʜʘ ʧʦʜʘʚʣʷʝʪʩʷ ʧʨʠ ʤʘʣʦʤ ʜʠʘʤʝʪʨʝ ʩʪʝʨʞʥʝʡ, ʚʳʩʰʘʷ 

ʧʨʦʪʠʚʦʬʘʟʥʘʷ ʤʦʜʘ ʧʦʜʘʚʣʷʝʪʩʷ ʧʨʠ ʙʦʣʴʰʦʤ ʜʠʘʤʝʪʨʝ ʩʪʝʨʞʥʝʡ, ʘ ʥʘ ʚʳʩʰʫʶ 

ʩʠʥʬʘʟʥʫʶ ʤʦʜʫ ʫʚʝʣʠʯʝʥʠʝ ʜʠʘʤʝʪʨʘ ʩʪʝʨʞʥʝʡ ʦʢʘʟʳʚʘʝʪ ʥʘʠʙʦʣʴʰʝʝ ʚʣʠʷʥʠʝ ʠ 

ʧʦʜʘʚʣʷʝʪ ʝʸ. 
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ʇʨʦʚʝʜʝʥʦ ʠʩʩʣʝʜʦʚʘʥʠʝ ʚʣʠʷʥʠʷ ʜʣʠʥʳ ʦʧʦʨʥʦʛʦ ʩʪʝʨʞʥʷ ʥʘ ʯʘʩʪʦʪʫ, ʭʘʨʘʢ-

ʪʝʨʠʩʪʠʯʝʩʢʦʝ ʩʦʧʨʦʪʠʚʣʝʥʠʝ ʠ ʩʦʙʩʪʚʝʥʥʫʶ ʜʦʙʨʦʪʥʦʩʪʴ ʜʣʷ  ʥʝʩʢʦʣʴʢʠʭ ʤʦʜ ʦʙʲ-

ʸʤʥʦʛʦ ʨʝʟʦʥʘʪʦʨʘ. ɺʳʷʩʥʝʥʦ, ʯʪʦ ʜʣʠʥʘ ʦʧʦʨʥʦʛʦ ʩʪʝʨʞʥʷ ʥʘʧʨʷʤʫʶ ʚʣʠʷʝʪ ʥʘ ʠʥ-

ʜʫʢʪʠʚʥʦʩʪʴ ʩʠʩʪʝʤʳ ʧʨʠ ʬʠʢʩʠʨʦʚʘʥʥʦʡ ʝʤʢʦʩʪʠ ʟʘ ʩʯʝʪ ʩʦʭʨʘʥʝʥʠʷ ʨʘʟʤʝʨʦʚ ʚʳ-

ʩʦʢʦʯʘʩʪʦʪʥʳʭ ʟʘʟʦʨʦʚ. ʇʨʠ ʫʚʝʣʠʯʝʥʠʠ ʜʣʠʥʳ ʩʪʝʨʞʥʷ ʯʘʩʪʦʪʳ ʚʩʝʭ ʤʦʜ ʩʥʠʞʘ-

ʶʪʩʷ. ʅʝʦʙʭʦʜʠʤʦ ʦʪʤʝʪʠʪʴ ʥʘʠʤʝʥʴʰʝʝ ʟʥʘʯʝʥʠʝ ʩʦʙʩʪʚʝʥʥʦʡ ʜʦʙʨʦʪʥʦʩʪʠ, ʩʦʦʪ-

ʚʝʪʩʪʚʫʶʱʝʝ ʥʠʟʰʝʡ ʧʨʦʪʠʚʦʬʘʟʥʦʡ ʤʦʜʝ, ʢʦʪʦʨʦʝ ʙʦʣʝʝ ʯʝʤ ʚ ʜʚʘ ʨʘʟʘ ʥʠʞʝ ʯʝʤ 

ʫ ʚʳʩʰʝʡ ʩʠʥʬʘʟʥʦʡ ʤʦʜʳ, ʯʪʦ ʤʦʞʥʦ ʦʙʲʷʩʥʠʪʴ ʙʦʣʴʰʦʡ ʝʤʢʦʩʪʥʦʡ ʥʘʛʨʫʟʢʦʡ 

ʨʝʟʦʥʘʪʦʨʘ. ʕʪʦ ʤʦʞʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʜʣʷ ʫʚʝʣʠʯʝʥʠʷ ʰʠʨʦʢʦʧʦʣʦʩʥʦʩʪʠ ʨʝʟʦʥʘ-

ʪʦʨʘ. 

ʀʩʩʣʝʜʦʚʘʥʦ ʪʘʢ ʞʝ ʚʣʠʷʥʠʝ ʝʤʢʦʩʪʠ ʚʳʩʦʢʦʯʘʩʪʦʪʥʳʭ ʟʘʟʦʨʦʚ ʥʘ ʝʛʦ ʵʣʝʢ-

ʪʨʦʜʠʥʘʤʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ. ɽʤʢʦʩʪʴ ʠʟʤʝʥʷʣʘʩʴ ʧʫʪʝʤ ʫʚʝʣʠʯʝʥʠʷ ʜʣʠʥʳ 

ʚʳʩʦʢʦʯʘʩʪʦʪʥʳʭ ʟʘʟʦʨʦʚ ʧʨʠ ʬʠʢʩʠʨʦʚʘʥʥʦʡ ʠʥʜʫʢʪʠʚʥʦʩʪʠ. ʇʨʠ ʵʪʦʤ ʥʘʜʦ ʫʯʠ-

ʪʳʚʘʪʴ, ʯʪʦ ʧʨʠ ʠʟʤʝʥʝʥʠʠ ʜʣʠʥʳ ʚʳʩʦʢʦʯʘʩʪʦʪʥʳʭ ʟʘʟʦʨʦʚ ʙʫʜʫʪ ʠʟʤʝʥʷʪʴʩʷ ʵʣʝʢ-

ʪʨʦʥʥʳʝ ʧʘʨʘʤʝʪʨʳ ʨʝʟʦʥʘʪʦʨʘ. 

 

 
ʈʠʩ. 1. ʂʦʥʩʪʨʫʢʮʠʷ ʜʚʫʭʟʘʟʦʨʥʦʛʦ ʝʤʢʦʩʪʥʦ-ʥʘʛʨʫʞʝʥʥʦʛʦ ʦʙʲʝʤʥʦʛʦ ʨʝʟʦʥʘʪʦʨʘ. 

ʆʩʥʦʚʥʳʝ ʨʘʟʤʝʨʳ ʨʝʟʦʥʘʪʦʨʘ ʚ ʤʤ: ɸ=25, H=6.5,  D=13,   d=1.4,   l=1.7,  a=0.7   ŭ=0.3,  æ=3. 
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ʇʨʠ ʜʚʫʭʧʘʨʘʤʝʪʨʠʯʝʩʢʦʤ ʘʥʘʣʠʟʝ ʥʝʣʠʥʝʡʥʳʭ ʩʠʩʪʝʤ ʦʢʘʟʳʚʘʶʪʩʷ ʪʠʧʠʯ-

ʥʳʤʠ ʵʣʝʤʝʥʪʘʨʥʳʝ ʩʪʨʫʢʪʫʨʳ, ʢʦʪʦʨʳʝ ʧʦʣʫʯʠʣʠ ʥʘʟʚʘʥʠʝ çʢʨʝʚʝʪʦʢè. ʆʥʠ ʦʙʥʘ-

ʨʫʞʝʥʳ ʚ ʦʯʝʥʴ ʙʦʣʴʰʦʤ ʢʦʣʠʯʝʩʪʚʝ ʢʘʢ ʙʘʟʦʚʳʭ ʤʦʜʝʣʝʡ ʥʝʣʠʥʝʡʥʦʡ ʜʠʥʘʤʠʢʠ 

(ʥʘʧʨʠʤʝʨ, ʚ ʦʪʦʙʨʘʞʝʥʠʠ ʕʥʦ [1], ʩʠʩʪʝʤʝ ʈʝʩʩʣʝʨʘ [2]), ʪʘʢ ʠ ʚ ʢʦʥʢʨʝʪʥʳʭ ʧʨʠ-

ʤʝʨʘʭ ʩʠʩʪʝʤ ʨʘʟʣʠʯʥʦʡ ʧʨʠʨʦʜʳ. ʂʨʝʚʝʪʢʠ ʩʬʦʨʤʠʨʦʚʘʥʳ ʦʧʨʝʜʝʣʝʥʥʳʤ ʦʙʨʘʟʦʤ 

ʫʩʪʨʦʝʥʥʦʡ ʩʠʩʪʝʤʦʡ ʙʠʬʫʨʢʘʮʠʦʥʥʳʭ ʣʠʥʠʡ ʠ ʦʪʚʝʯʘʶʱʠʭ ʠʤ ʦʙʣʘʩʪʝʡ ʧʝʨʠʦʜʠ-

ʯʝʩʢʠʭ ʨʝʞʠʤʦʚ. ʉʦʛʣʘʩʥʦ [3], ʪʘʢʠʝ ʩʪʨʫʢʪʫʨʳ ʙʳʚʘʶʪ ʜʚʫʭ ʪʠʧʦʚ: ʩrossroad area 

ʠ spring area. 

ʉʦʚʩʝʤ ʥʝʜʘʚʥʦ ʧʦʷʚʠʣʠʩʴ ʩʦʦʙʱʝʥʠʷ ʦ ʚʦʟʤʦʞʥʦʩʪʠ ʢʨʝʚʝʪʦʢ ʥʘ ʙʘʟʝ ʜʚʫʭ-

ʯʘʩʪʦʪʥʳʭ ʢʚʘʟʠʧʝʨʠʦʜʠʯʝʩʢʠʭ ʨʝʞʠʤʦʚ ʜʣʷ ʦʪʦʙʨʘʞʝʥʠʡ ʪʠʧʘ ʭʠʱʥʠʢ-ʞʝʨʪʚʘ 

[4,5] ʠ ʥʝʘʚʪʦʥʦʤʥʦʡ ʤʝʭʘʥʠʯʝʩʢʦʡ ʩʠʩʪʝʤʳ [6]. ʄʳ ʜʝʤʦʥʩʪʨʠʨʫʝʤ ʚʦʟʤʦʞʥʦʩʪʴ 

ʢʚʘʟʠʧʝʨʠʦʜʠʯʝʩʢʠʭ ʜʚʫʭʯʘʩʪʦʪʥʳʭ ʢʨʝʚʝʪʦʢ ʜʣʷ ʜʠʩʢʨʝʪʥʦʡ ʚʝʨʩʠʠ ʠʟʚʝʩʪʥʦʡ 

ʢʣʠʤʘʪʠʯʝʩʢʦʡ ʤʦʜʝʣʠ ʃʦʨʝʥʮ-84 [7]: 
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ʅʘ ʨʠʩ. 1 ʧʦʢʘʟʘʥʳ ʧʦʨʪʨʝʪʳ ʢʚʘʟʠʧʝʨʠʦʜʠʯʝʩʢʠʭ ʢʨʝʚʝʪʦʢ ʥʘ ʙʘʟʝ ʘʪʪʨʘʢʪʦʨʘ 

ʚ ʚʠʜʝ ʠʥʚʘʨʠʘʥʪʥʦʡ ʢʨʠʚʦʡ IC (ʜʚʫʭʯʘʩʪʦʪʥʳʡ ʨʝʞʠʤ) ʥʘ ʢʘʨʪʘʭ ʣʷʧʫʥʦʚʩʢʠʭ ʧʦ-

ʢʘʟʘʪʝʣʝʡ L ʥʘ ʧʣʦʩʢʦʩʪʠ ʦʩʥʦʚʥʳʭ ʫʧʨʘʚʣʷʶʱʠʭ ʧʘʨʘʤʝʪʨʦʚ (F, G) ʜʣʷ ʘ=0.25, 

b=4. ʊʝʤ ʩʘʤʳʤ ʤʳ ʠʣʣʶʩʪʨʠʨʫʝʤ ʫʥʠʚʝʨʩʘʣʴʥʦʩʪʴ ʵʪʦʛʦ ʬʝʥʦʤʝʥʘ. ʊʘʢʞʝ ʩʫʱʝ-

ʩʪʚʝʥʥʳʤ ʷʚʣʷʝʪʩʷ ʦʙʥʘʨʫʞʝʥʠʝ, ʚ ʦʪʣʠʯʠʝ ʦʪ [4-6], ʪʘʢʠʭ ʩʪʨʫʢʪʫʨ ʜʚʫʭ ʪʠʧʦʚ, ʩʦ-

ʦʪʚʝʪʩʪʚʫʶʱʠʭ ʨʠʩ. 1, ʘ ʠ b. ʅʘ ʨʠʩʫʥʢʝ ʢʨʝʚʝʪʢʠ ʚʩʪʨʦʝʥʳ ʚ ʦʙʣʘʩʪʴ ʭʘʦʩʘ ʉh0, 

ʦʩʦʙʝʥʥʦʩʪʴ ʢʦʪʦʨʦʛʦ ʩʦʩʪʦʠʪ ʚ ʥʘʣʠʯʠʠ ʥʫʣʝʚʦʛʦ ʧʦʢʘʟʘʪʝʣʷ ʃʷʧʫʥʦʚʘ. ʉʥʠʟʫ ʢʨʝ-

ʚʝʪʢʘ ʧʝʨʚʦʛʦ ʪʠʧʘ ʦʛʨʘʥʠʯʝʥʘ ʣʠʥʠʝʡ ʞʝʩʪʢʦʡ ʙʠʬʫʨʢʘʮʠʠ ʠʥʚʘʨʠʘʥʪʥʳʭ ʢʨʠʚʳʭ 

FC, ʘ ʚʥʫʪʨʠ ʥʝʝ ʥʘʙʣʶʜʘʶʪʩʷ ʣʠʥʠʠ ʫʜʚʦʝʥʠʷ ʠʥʚʘʨʠʘʥʪʥʳʭ ʢʨʠʚʳʭ DC. ɼʣʷ ʢʨʝ-

ʚʝʪʢʠ ʚʪʦʨʦʛʦ ʪʠʧʘ ʣʠʥʠʷ FC ʚ ʪʦʯʢʝ ʢʦʨʘʟʤʝʨʥʦʩʪʠ ʜʚʘ DFC ʧʨʝʚʨʘʱʘʝʪʩʷ ʚ ʣʠʥʠʶ 

ʫʜʚʦʝʥʠʷ DC ʠ ʣʠʥʠʶ ʞʝʩʪʢʦʛʦ ʧʝʨʝʭʦʜʘ ʥʘ ʙʘʟʝ ʫʜʚʦʝʥʥʦʡ ʠʥʚʘʨʠʘʥʪʥʦʡ ʢʨʠʚʦʡ. 

ɺ ʩʠʩʪʝʤʝ (1) ʩ ʢʚʘʟʠʧʝʨʠʦʜʠʯʝʩʢʠʤ ʚʦʟʜʝʡʩʪʚʠʝʤ ʧʦʷʚʣʷʶʪʩʷ ʢʨʝʚʝʪʢʠ ʫʞʝ 

ʥʘ ʙʘʟʝ ʪʨʝʭʯʘʩʪʦʪʥʳʭ ʨʝʞʠʤʦʚ. ʅʘ ʨʠʩ. 2, ʘ ʪʘʢʠʝ ʢʨʝʚʝʪʢʠ ʚʩʪʨʦʝʥʳ ʚ ʘʥʘʣʦʛʠʯ-

ʥʳʡ ʷʟʳʢʫ ɸʨʥʦʣʴʜʘ ʷʟʳʢ ʪʨʝʭʯʘʩʪʦʪʥʦʡ ʢʚʘʟʠʧʝʨʠʦʜʠʯʥʦʩʪʠ, ʢʦʪʦʨʦʤʫ ʦʪʚʝʯʘʝʪ 

ʜʚʫʤʝʨʥʳʡ ʪʦʨ 2ʊ ʚ ʦʪʦʙʨʘʞʝʥʠʠ (1). ɺʥʫʪʨʠ ʷʟʳʢʘ ʥʘʙʣʶʜʘʶʪʩʷ ʫʜʚʦʝʥʠʷ ʪʘʢʦʛʦ 

ʪʦʨʘ Dʊ. ʉʘʤ ʷʟʳʢ ʧʦʛʨʫʞʝʥ ʚ ʦʙʣʘʩʪʴ ʯʝʪʳʨʝʭʯʘʩʪʦʪʥʦʡ ʢʚʘʟʠʧʝʨʠʦʜʠʯʥʦʩʪʠ ʩ 

ʘʪʪʨʘʢʪʦʨʦʤ ʚ ʚʠʜʝ ʪʨʝʭʤʝʨʥʦʛʦ ʪʦʨʘ 3ʊ. ʅʘ ʨʠʩ. 2, b ʧʨʝʜʩʪʘʚʣʝʥʘ ʪʨʝʭʯʘʩʪʦʪʥʘʷ 

ʢʨʝʚʝʪʢʘ ʧʝʨʚʦʛʦ ʪʠʧʘ. ʆʥʘ ʧʦʛʨʫʞʝʥʘ ʚ ʦʙʣʘʩʪʴ ʭʘʦʩʘ ʉh00, ʢʦʪʦʨʳʡ ʭʘʨʘʢʪʝʨʠʟʫ-

ʝʪʩʷ ʫʞʝ ʜʚʫʤʷ ʥʫʣʝʚʳʤʠ ʧʦʢʘʟʘʪʝʣʷʤʠ ʃʷʧʫʥʦʚʘ. ʊʘʢʦʡ ʞʝ ʭʘʦʩ ʚʦʟʥʠʢʘʝʪ ʚʥʫʪʨʠ 

ʷʟʳʢʦʚ ʠ ʚ ʦʙʣʘʩʪʠ ʠʭ ʧʝʨʝʢʨʳʪʠʷ ʥʘ ʨʠʩ. 2, ʘ. ɺʥʫʪʨʠ ʢʨʝʚʝʪʢʠ ʥʘʙʣʶʜʘʶʪʩʷ ʫʜʚʦ-

ʝʥʠʷ ʪʦʨʦʚ Dʊ. 
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ɺ ʧʦʩʣʝʜʥʝʝ ʚʨʝʤʷ ʤʥʦʛʦʣʫʯʝʚʳʝ ʢʣʠʩʪʨʦʥʳ (ʄʃʂ) ʥʘʭʦʜʷʪ ʰʠʨʦʢʦʝ ʧʨʠʤʝ-

ʥʝʥʠʝ ʚ ʪʝʭʥʠʢʝ ʩʚʝʨʭʚʳʩʦʢʠʭ ʯʘʩʪʦʪ ʠ ʠʭ ʨʘʟʨʘʙʦʪʢʦʡ ʟʘʥʠʤʘʶʪʩʷ ʥʘʫʯʥʳʝ 

ʛʨʫʧʧʳ ʚ ʈʦʩʩʠʠ ʠ ʟʘ ʨʫʙʝʞʦʤ. ɺʝʜʫʪʩʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʠ ʨʘʟʨʘʙʦʪʢʠ ʤʦʱʥʳʭ ʫʩʠʣʠ-

ʪʝʣʝʡ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʳʭ ʢʦʣʝʙʘʥʠʡ ʥʘ ʦʩʥʦʚʝ ʄʃʂ ʨʘʟʣʠʯʥʳʭ ʜʠʘʧʘʟʦʥʦʚ [1-4]. 

ʅʘʨʷʜʫ ʩ ʵʪʠʤ ʚ ʧʦʩʣʝʜʥʝʝ ʚʨʝʤʷ ʧʦʣʫʯʘʶʪ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʝ ʨʘʟʣʠʯʥʳʝ ʵʣʝʢ-

ʪʨʦʜʠʥʘʤʠʯʝʩʢʠʝ ʩʪʨʫʢʪʫʨʳ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʝʪʘʤʘʪʝʨʠʘʣʦʚ (ʄʊʄ) [5-7]. ʀʩ-

ʩʣʝʜʦʚʘʥʠʷʤ ʧʦ ʧʨʠʤʝʥʝʥʠʶ ʄʊʄ ʚ ʨʘʟʣʠʯʥʳʭ ʧʨʠʙʦʨʘʭ ʚʘʢʫʫʤʥʦʡ ʵʣʝʢʪʨʦʥʠʢʠ 

ʠ ʫʩʢʦʨʠʪʝʣʷʭ ʙʳʣ ʧʦʩʚʷʱʝʥ ʨʷʜ ʨʘʙʦʪ [8]. ʆʜʥʘʢʦ ʚʦʧʨʦʩʳ ʧʨʠʤʝʥʝʥʠʷ ʤʝʪʘʤʘʪʝ-

ʨʠʘʣʘ, ʠ ʢʘʢ ʯʘʩʪʥʳʡ ʩʣʫʯʘʡ ʢʦʣʴʮʝʚʦʛʦ ʧʣʘʥʘʨʥʦʛʦ ʨʘʟʨʝʟʥʦʛʦ ʨʝʟʦʥʘʪʦʨʘ (ʂʇʈʈ) 

ʚ ʜʚʫʭʟʘʟʦʨʥʳʭ ʢʣʠʩʪʨʦʥʥʳʭ ʨʝʟʦʥʘʪʦʨʘʭ, ʘ ʪʘʢʞʝ ʚʣʠʷʥʠʝ ʵʪʠʭ ʵʣʝʤʝʥʪʦʚ ʥʘ ʵʣʝʢ-

ʪʨʦʜʠʥʘʤʠʯʝʩʢʠʝ ʧʘʨʘʤʝʪʨʳ ʨʝʟʦʥʘʪʦʨʦʚ ʥʝ ʠʩʩʣʝʜʦʚʘʥʳ. ʇʨʠʤʝʥʝʥʠʝ ʂʇʈʈ ʚ ʨʝ-

ʟʦʥʘʪʦʨʘʭ ʧʦʟʚʦʣʷʝʪ ʧʦʜʘʚʣʷʪʴ ʥʝʞʝʣʘʪʝʣʴʥʳʝ ʤʦʜʳ, ʢʘʢ ʧʨʘʚʠʣʦ, ʚʳʩʰʠʝ ʤʦʜʳ 

[7, 9]. 

ʎʝʣʴʶ ʜʘʥʥʦʡ ʨʘʙʦʪʳ ʷʚʣʷʣʦʩʴ ʠʟʫʯʝʥʠʝ ʚʣʠʷʥʠʷ ʂʇʈʈ ʥʘ ʵʣʝʢʪʨʦʥʥʳʝ ʠ 

ʵʣʝʢʪʨʦʜʠʥʘʤʠʯʝʩʢʠʝ ʧʘʨʘʤʝʪʨʳ ʜʚʫʭʟʘʟʦʨʥʦʛʦ ʤʥʦʛʦʢʘʥʘʣʴʥʦʛʦ ʢʣʠʩʪʨʦʥʥʦʛʦ 

ʨʝʟʦʥʘʪʦʨʘ. 

ʂʦʥʩʪʨʫʢʮʠʷ ʠʩʩʣʝʜʫʝʤʦʛʦ ʜʚʫʭʟʘʟʦʨʥʦʛʦ ʤʥʦʛʦʢʘʥʘʣʴʥʦʛʦ ʢʣʠʩʪʨʦʥʦʛʦ ʨʝ-

ʟʦʥʘʪʦʨʘ ʧʨʠʚʝʜʝʥʘ ʥʘ ʨʠʩʫʥʢʝ 1. ʆʥ ʩʦʩʪʦʠʪ ʠʟ ʮʠʣʠʥʜʨʠʯʝʩʢʦʛʦ ʢʦʨʧʫʩʘ 1, ʜʠ-

ʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʦʜʣʦʞʢʠ 2, ʂʇʈʈ ʵʣʝʤʝʥʪʘ 3, ʧʦʣʦʩʢʦʚʦʡ ʯʝʪʚʝʨʪʴʚʦʣʥʦʚʦʡ ʣʠʥʠʠ 

4, ʮʝʥʪʨʘʣʴʥʦʛʦ ʵʣʝʢʪʨʦʜʘ 5 ʩ ʧʨʦʣʸʪʥʳʤʠ ʢʘʥʘʣʘʤʠ ʠ ʜʚʫʭ ʙʦʢʦʚʳʭ ʵʣʝʢʪʨʦʜʦʚ 6 

ʪʘʢʞʝ ʩ ʧʨʦʣʸʪʥʳʤʠ ʢʘʥʘʣʘʤʠ. ʆʧʠʩʘʥʠʝ ʢʦʥʩʪʨʫʢʮʠʠ ʠ ʛʝʦʤʝʪʨʠʯʝʩʢʠʝ ʨʘʟʤʝʨʳ 

ʧʨʠʚʝʜʝʥʳ ʚ [9]. 

 
ʈʠʩ. 1. ʂʦʥʩʪʨʫʢʮʠʷ ʢʣʠʩʪʨʦʥʥʦʛʦ ʨʝʟʦʥʘʪʦʨʘ. 
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ʀʩʩʣʝʜʦʚʘʣʠʩʴ ʵʣʝʢʪʨʦʜʠʥʘʤʠʯʝʩʢʠʝ ʠ ʵʣʝʢʪʨʦʥʥʳʝ ʧʘʨʘʤʝʪʨʳ ʜʚʫʭ ʢʦʥ-

ʩʪʨʫʢʮʠʡ ʨʝʟʦʥʘʪʦʨʘ: ʙʝʟ ʂʇʈʈ ʠ ʩ ʂʇʈʈ. ʆʙʳʯʥʦ ʧʦʜʦʙʥʳʝ ʨʝʟʦʥʘʪʦʨʳ, ʧʨʠʤʝʥʷ-

ʝʤʳʝ ʚ ʧʨʠʙʦʨʘʭ ʢʣʠʩʪʨʦʥʥʦʛʦ ʪʠʧʘ, ʨʘʙʦʪʘʶʪ ʣʠʙʦ ʥʘ ʥʠʟʰʝʤ ʪʠʧʝ ʢʦʣʝʙʘʥʠʡ ʠʣʠ 

ʥʘ ʚʪʦʨʦʡ ʤʦʜʝ, ʧʨʠ ʢʦʪʦʨʳʭ ʦʙʝʩʧʝʯʠʚʘʶʪʩʷ ʚʳʩʦʢʠʝ ʵʣʝʢʪʨʦʜʠʥʘʤʠʯʝʩʢʠʝ ʧʘʨʘ-

ʤʝʪʨʳ. ʈʝʟʫʣʴʪʘʪʳ ʨʘʩʯʝʪʘ ʵʣʝʢʪʨʦʜʠʥʘʤʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ (ʯʘʩʪʦʪʳ F, ʩʦʙʩʪʚʝʥ-

ʥʦʡ ʜʦʙʨʦʪʥʦʩʪʠ Q0 ʠ ʭʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʦʛʦ ʩʦʧʨʦʪʠʚʣʝʥʠʷ ɟ) ʧʨʠʚʝʜʝʥʳ ʚ ʪʘʙʣʠʮʝ 

1. 

 
ʊʘʙʣʠʮʘ 1. ʈʝʟʫʣʴʪʘʪʳ ʨʘʩʯʝʪʘ ʵʣʝʢʪʨʦʜʠʥʘʤʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ ʨʝʟʦʥʘʪʦʨʦʚ. 

ˉ 

ʤʦʜʳ 

ʊʠʧ ʢʦʣʝ-

ʙʘʥʠʡ 

ʈʝʟʦʥʘʪʦʨ ʙʝʟ ʂʇʈʈ ʊʠʧ ʢʦʣʝʙʘ-

ʥʠʡ 

ʈʝʟʦʥʘʪʦʨ ʩ ʂʇʈʈ 

F, ɻɻʮ Q0 ɟ, ʆʤ F, ɻɻʮ Q0 ɟ, ʆʤ 

1  ́ 1,32951 2904,36 295,99  ́ 1,26373 1814,01 288,17 

2 2 ́ 2,21092 8401,27 244,74 2 ́ 2,21112 8081,72 221,51 

 

ʅʘ ʨʠʩʫʥʢʘʭ 2 ʠ 3 ʧʨʠʚʝʜʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʨʘʩʯʸʪʘ ʵʣʝʢʪʨʦʥʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʨʝ-

ʟʦʥʘʪʦʨʘ ʥʘ ʧʨʦʪʠʚʦʬʘʟʥʦʤ (ˊ) ʠ ʩʠʥʬʘʟʥʦʤ ʚʠʜʘʭ ʢʦʣʝʙʘʥʠʡ (2ˊ): ʟʘʚʠʩʠʤʦʩʪʠ ʢʦ-

ʵʬʬʠʮʠʝʥʪʘ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʄ ʠ ʦʪʥʦʩʠʪʝʣʴʥʦʡ ʵʣʝʢʪʨʦʥʥʦʡ ʧʨʦ-

ʚʦʜʠʤʦʩʪʠ Ge/G0 ʦʪ ʫʩʢʦʨʷʶʱʝʛʦ ʥʘʧʨʷʞʝʥʠʷ.  

 
ʈʠʩ. 2. ɿʘʚʠʩʠʤʦʩʪʴ ʢʦʵʬʬʠʮʠʝʥʪʘ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʄ (1, 3) ʠ ʦʪʥʦʩʠʪʝʣʴʥʦʡ ʘʢʪʠʚʥʦʡ ʧʨʦʚʦ-

ʜʠʤʦʩʪʠ Ge/G0 (2, 4) ʦʪ ʫʩʢʦʨʷʶʱʝʛʦ ʥʘʧʨʷʞʝʥʠʷ U, ʢɺ ʜʣʷ ʧʨʦʪʠʚʦʬʘʟʥʛʦ (ˊ) ʪʠʧʘ ʢʦʣʝʙʘ-

ʥʠʡ: 1, 2 - ʨʝʟʦʥʘʪʦʨ ʙʝʟ ʂʇʈʈ; 3, 4 ï ʨʝʟʦʥʘʪʦʨ ʩ ʂʇʈʈ.  

 
ʈʠʩ. 3. ɿʘʚʠʩʠʤʦʩʪʴ ʢʦʵʬʬʠʮʠʝʥʪʘ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʄ (1, 3) ʠ ʦʪʥʦʩʠʪʝʣʴʥʦʡ ʘʢʪʠʚʥʦʡ ʧʨʦʚʦ-

ʜʠʤʦʩʪʠ Ge/G0 (2, 4) ʦʪ ʫʩʢʦʨʷʶʱʝʛʦ ʥʘʧʨʷʞʝʥʠʷ U, ʢɺ ʜʣʷ ʩʠʥʬʘʟʥʦʛʦ (2ˊ) ʪʠʧʘ ʢʦʣʝʙʘʥʠʡ: 

1, 2 - ʨʝʟʦʥʘʪʦʨ ʙʝʟ ʂʇʈʈ; 3, 4 ï ʨʝʟʦʥʘʪʦʨ ʩ ʂʇʈʈ. 
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ʀʟ ʧʨʠʚʝʜʸʥʥʦʛʦ ʨʘʩʯʸʪʘ ʜʣʷ ʨʝʟʦʥʘʪʦʨʘ ʙʝʟ ʂʇʈʈ ʚʠʜʥʦ, ʯʪʦ ʜʣʷ ʧʨʦʪʠʚʦʬʘʟ-

ʥʦʛʦ ʚʠʜʘ ʢʦʣʝʙʘʥʠʡ ʦʧʪʠʤʘʣʴʥʳʡ ʨʝʞʠʤ ʥʘʭʦʜʠʪʩʷ ʚ ʜʠʘʧʘʟʦʥʝ ʦʪ 3,5 ʜʦ 4,2 ʢɺ, 

ʵʣʝʢʪʨʦʥʥʘʷ ʧʨʦʚʦʜʠʤʦʩʪʴ Ge/G0 ʧʦʣʦʞʠʪʝʣʴʥʘ ʠ ʩʘʤʦʚʦʟʙʫʞʜʝʥʠʝ ʦʪʩʫʪʩʪʚʫʝʪ, 

ʢʦʵʬʬʠʮʠʝʥʪ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʄ ʦʢʦʣʦ 0,7 ï 0,8. ʆʧʪʠʤʘʣʴʥʳʡ ʨʝʞʠʤ ʨʘʙʦʪʳ ʜʣʷ 

ʨʝʟʦʥʘʪʦʨʘ ʩ ʂʇʈʈ ʥʘʭʦʜʠʪʩʷ ʚ ʜʠʘʧʘʟʦʥʝ ʦʪ 3,5 ʜʦ 3,85 ʢɺ, ʵʣʝʢʪʨʦʥʥʘʷ ʧʨʦʚʦʜʠ-

ʤʦʩʪʴ Ge/G0 ʧʦʣʦʞʠʪʝʣʴʥʘ ʠ ʩʘʤʦʚʦʟʙʫʞʜʝʥʠʝ ʦʪʩʫʪʩʪʚʫʝʪ, ʘ ʢʦʵʬʬʠʮʠʝʥʪ ʚʟʘʠʤʦ-

ʜʝʡʩʪʚʠʷ ʄ ʜʦʩʪʠʛʘʝʪ ʟʥʘʯʝʥʠʡ 0,8 ï 0,9.  ʊʘʢʞʝ ʚʠʜʥʦ, ʯʪʦ ʧʨʠ ʚʢʣʶʯʝʥʠʠ ʚ ʩʪʨʫʢ-

ʪʫʨʫ ʂʇʈʈ ʧʨʦʠʩʭʦʜʠʪ ʫʣʫʯʰʝʥʠʝ ʢʦʵʬʬʠʮʠʝʥʪʘ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʥʘ 0,1, ʥʦ ʧʨʠ 

ʵʪʦʤ ʧʘʜʘʝʪ ʵʣʝʢʪʨʦʥʥʘʷ ʧʨʦʚʦʜʠʤʦʩʪʴ ʠ ʦʩʪʘʸʪʩʷ ʧʦʣʦʞʠʪʝʣʴʥʦʡ. 

ɼʣʷ ʩʠʥʬʘʟʥʦʛʦ ʚʠʜʘ ʢʦʣʝʙʘʥʠʡ ʦʧʪʠʤʘʣʴʥʳʡ ʨʝʞʠʤ ʥʘʭʦʜʠʪʩʷ ʚ ʜʠʘʧʘʟʦʥʝ 

ʦʪ 6,5 ʜʦ 7 ʢɺ, ʵʣʝʢʪʨʦʥʥʘʷ ʧʨʦʚʦʜʠʤʦʩʪʴ Ge/G0 > 0.1 ï ʩʘʤʦʚʦʟʙʫʞʜʝʥʠʝ ʦʪʩʫʪ-

ʩʪʚʫʝʪ, ʢʦʵʬʬʠʮʠʝʥʪ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʜʦʩʪʠʛʘʝʪ ʄ=0,8. 

ʈʝʟʦʥʘʪʦʨ ʠʤʝʝʪ ʤʘʣʦʛʘʙʘʨʠʪʥʫʶ ʢʦʥʩʪʨʫʢʮʠʶ ʠ ʭʦʨʦʰʠʝ ʵʣʝʢʪʨʦʥʥʳʝ ʧʘʨʘ-

ʤʝʪʨʳ ʥʘ ʧʝʨʚʳʭ ʜʚʫʭ ʪʠʧʘʭ ʢʦʣʝʙʘʥʠʡ. ʇʦʜʦʙʥʳʡ ʜʚʫʭʟʘʟʦʨʥʳʡ ʤʥʦʛʦʢʘʥʘʣʴʥʳʡ 

ʨʝʟʦʥʘʪʦʨ ʤʦʞʝʪ ʥʘʡʪʠ ʧʨʠʤʝʥʝʥʠʝ ʚ ʤʥʦʛʦʣʫʯʝʚʳʭ ʧʨʠʙʦʨʘʭ ʢʣʠʩʪʨʦʥʥʦʛʦ ʪʠʧʘ 

ʜʣʷ ʨʘʟʣʠʯʥʳʭ ʩʠʩʪʝʤ ʪʝʣʝʢʦʤʤʫʥʠʢʘʮʠʡ ʠ ʩʚʷʟʠ. 
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ʆʩʦʙʳʡ ʠʥʪʝʨʝʩ ʧʨʠ ʦʩʚʦʝʥʠʠ ʤʠʣʣʠʤʝʪʨʦʚʦʛʦ ʜʠʘʧʘʟʦʥʘ ʚʳʟʳʚʘʝʪ ʨʘʟʨʘ-

ʙʦʪʢʘ ʣʘʤʧ ʙʝʛʫʱʝʡ ʚʦʣʥʳ (ʃɹɺ) ʩ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦ-ʨʘʟʚʠʪʳʤʠ ʵʣʝʢʪʨʦʜʠʥʘʤʠʯʝ-

ʩʢʠʤʠ ʩʪʨʫʢʪʫʨʘʤʠ, ʚ ʢʦʪʦʨʳʭ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʟʘʤʝʜʣʝʥʥʦʡ ʵʣʝʢ-

ʪʨʦʤʘʛʥʠʪʥʦʡ ʚʦʣʥʳ ʩ ʚʳʩʦʢʦʘʩʧʝʢʪʥʳʤʠ ʵʣʝʢʪʨʦʥʥʳʤʠ ʧʫʯʢʘʤʠ (ʕʇ), ʥʘʧʨʠʤʝʨ, 

ʣʝʥʪʦʯʥʳʤʠ. ʊʘʢʦʡ ʧʨʠʙʦʨ ʩʧʦʩʦʙʝʥ ʦʙʝʩʧʝʯʠʪʴ ʵʬʬʝʢʪʠʚʥʦʝ ʰʠʨʦʢʦʧʦʣʦʩʥʦʝ 

ʫʩʠʣʝʥʠʝ ʚʭʦʜʥʦʛʦ ʩʠʛʥʘʣʘ ʠ ʚʳʩʦʢʠʝ ʟʥʘʯʝʥʠʷ ʚʳʭʦʜʥʦʡ ʤʦʱʥʦʩʪʠ ʧʨʠ ʨʘʙʦʪʝ ʚ 

ʤʠʣʣʠʤʝʪʨʦʚʦʤ ʜʠʘʧʘʟʦʥʝ ʯʘʩʪʦʪ [1]. ʆʜʥʘʢʦ ʜʣʷ ʦʙʝʩʧʝʯʝʥʠʷ ʜʣʠʪʝʣʴʥʦʛʦ ʵʣʝʢ-

ʪʨʦʥʥʦ-ʚʦʣʥʦʚʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʪʨʝʙʫʝʪʩʷ ʩʦʟʜʘʥʠʝ ʫʩʣʦʚʠʡ ʜʣʷ ʫʩʪʦʡʯʠʚʦʡ 

ʪʨʘʥʩʧʦʨʪʠʨʦʚʢʠ ʕʇ ʥʘ ʨʘʩʩʪʦʷʥʠ ̫ʚ ʥʝʩʢʦʣʴʢʦ ʩʘʥʪʠʤʝʪʨʦʚ ʚʜʦʣʴ ʧʨʦʣʪyʥʦʛʦ ʢʘ-

ʥʘʣʘ. ʀʟʚʝʩʪʥʦ, ʯʪʦ ʦʩʥʦʚʥʳʤ ʩʧʦʩʦʙʦʤ ʬʦʢʫʩʠʨʦʚʢʠ ʵʣʝʢʪʨʦʥʥʳʭ ʧʫʯʢʦʚ ʚ ʢʣʘʩ-

ʩʠʯʝʩʢʠʭ ʧʨʠʙʦʨʘʭ ʉɺʏ-ʵʣʝʢʪʨʦʥʠʢʠ ʷʚʣʷʝʪʩʷ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʬʦʢʫʩʠʨʫʶʱʠʭ ʩʠ-

ʩʪʝʤ ʥʘ ʧʦʩʪʦʷʥʥʳʭ ʤʘʛʥʠʪʘʭ [2]. ʉʫʱʝʩʪʚʫʝʪ ʜʚʘ ʦʩʥʦʚʥʳʭ ʧʦʜʭʦʜʘ ʜʣʷ ʦʙʝʩʧʝʯʝ-

ʥʠʷ ʪʨʘʥʩʧʦʨʪʠʨʦʚʢʠ ʣʝʥʪʦʯʥʳʭ ʧʫʯʢʦʚ: ʬʦʢʫʩʠʨʦʚʢʘ ʦʜʥʦʨʦʜʥʳʤ ʧʨʦʜʦʣʴʥʳʤ 

ʤʘʛʥʠʪʥʳʤ ʧʦʣʝʤ, ʘ ʪʘʢʞʝ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʧʝʨʠʦʜʠʯʝʩʢʠʭ ʤʘʛʥʠʪʥʳʭ ʧʦʣʝʡ, ʩʦʟʜʘ-

ʚʘʝʤʳʭ ʤʘʛʥʠʪʥʳʤʠ ʧʝʨʠʦʜʠʯʝʩʢʠʤʠ ʬʦʢʫʩʠʨʫʶʱʠʤʠ ʩʠʩʪʝʤ (ʄʇʌʉ). 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʠʩʩʣʝʜʫʶʪʩʷ ʧʨʦʮʝʩʩʳ ʬʦʢʫʩʠʨʦʚʢʠ ʣʝʥʪʦʯʥʦʛʦ ʕʇ ʧʦʩʪʦʷʥ-

ʥʳʤʠ ʤʘʛʥʠʪʥʳʤʠ ʧʦʣʷʤʠ ʚ ʧʨʦʣʸʪʥʦʤ ʢʘʥʘʣʝ ʤʠʥʠʘʪʶʨʥʦʡ ʃɹɺ 

W-ʜʠʘʧʘʟʦʥʘ (75-110 ɻɻʮ) ʩ ɿʉ ʪʠʧʘ ʩʜʚʦʝʥʥʘʷ ʛʨʝʙʝʥʢʘ ʚ ʧʨʷʤʦʫʛʦʣʴʥʦʤ ʚʦʣʥʦ-

ʚʦʜʝ. ʇʨʝʜʧʦʣʘʛʘʝʪʩʷ, ʯʪʦ ʜʣʷ ʦʙʝʩʧʝʯʝʥʠʷ ʚʳʭʦʜʥʳʭ ʤʦʱʥʦʩʪʝʡ ʧʦʨʷʜʢʘ ʥʝʩʢʦʣʴ-

ʢʠʭ ʜʝʩʷʪʢʦʚ ʚʘʪʪ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʚ ʪʘʢʦʤ ʧʨʠʙʦʨʝ ʧʨʦʠʩʭʦʜʠʪ ʩ ʕʇ ʩʝʯʝʥʠʝʤ 

500Ĭ150 ʤʢʤ2, ʪʦʢʦʤ 100 ʤɸ (ʧʣʦʪʥʦʩʪʴ ʪʦʢʘ ~133 ɸ/ʩʤ2) ʧʨʠ ʥʘʧʨʷʞʝʥʠʠ 14.6 ʢɺ 

[3]. 

ʅʘ ʧʝʨʚʦʤ ʵʪʘʧʝ ʙʳʣ ʨʘʩʩʤʦʪʨʝʥ ʩʣʫʯʘʡ ʬʦʢʫʩʠʨʦʚʢʠ ʣʝʥʪʦʯʥʦʛʦ ʕʇ ʧʦʩʪʦ-

ʷʥʥʳʤ ʦʜʥʦʨʦʜʥʳʤ ʧʨʦʜʦʣʴʥʳʤ ʤʘʛʥʠʪʥʳʤ ʧʦʣʝʤ. ʀʟʚʝʩʪʥʦ, ʯʪʦ ʨʝʘʣʴʥʳʝ ʕʇ, 

ʬʦʨʤʠʨʫʝʤʳʝ ʵʣʝʢʪʨʦʥʥʳʤʠ ʧʫʰʢʘʤʠ, ʦʙʣʘʜʘʶʪ ʥʘ ʤʝʩʪʝ ʚʣʸʪʘ ʚ ʧʨʦʩʪʨʘʥʩʪʚʦ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʨʘʟʙʨʦʩʦʤ, ʢʘʢ ʧʦ ʫʛʣʘʤ ʚʣʸʪʘ, ʪʘʢ ʠ ʧʦ ʚʝʣʠʯʠʥʝ ʩʢʦʨʦʩʪʠ. ɺ ʨʘʤ-

ʢʘʭ ʜʘʥʥʦʡ ʨʘʙʦʪʳ ʫʯʠʪʳʚʘʣʩʷ ʨʘʟʙʨʦʩ ʧʦ ʩʢʦʨʦʩʪʷʤ ʚʝʣʠʯʠʥʦʡ 1% ʠ ʧʦ ʫʛʣʘʤ 

ʚʣʸʪʘ ʚʝʣʠʯʠʥʦʡ 2Á. 

ʇʦʢʘʟʘʥʦ, ʯʪʦ ʜʣʷ ʦʙʝʩʧʝʯʝʥʠʷ ʧʦʣʥʦʡ ʪʨʘʥʩʧʦʨʪʠʨʦʚʢʠ ʵʣʝʢʪʨʦʥʥʦʛʦ ʧʫʯʢʘ 

ʚʜʦʣʴ ʧʨʦʣʸʪʥʦʛʦ ʢʘʥʘʣʘ ʥʘ ʨʘʩʩʪʦʷʥʠʷ ʧʦʨʷʜʢʘ 10 ʩʤ ʪʨʝʙʫʶʪʩʷ ʤʘʛʥʠʪʥʳʝ ʧʦʣʷ 

ʚʝʣʠʯʠʥʦʡ 0.8 ʊʣ. ʀʟʚʝʩʪʥʦ, ʯʪʦ ʧʨʠ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʠ ʧʦʪʦʢʘ ʵʣʝʢʪʨʦʥʦʚ ʚ ʩʢʨʝ-

ʱʝʥʥʳʭ ʵʣʝʢʪʨʠʯʝʩʢʠʭ ʠ ʤʘʛʥʠʪʥʳʭ ʧʦʣʷʭ ʕʇ ʧʦʜʚʝʨʞʝʥ ʜʠʦʢʦʪʨʦʥʥʦʡ ʥʝʫʩʪʦʡ-

ʯʠʚʦʩʪʠ, ʢʦʪʦʨʘʷ ʧʨʠʚʦʜʠʪ ʢ S-ʦʙʨʘʟʥʦʤʫ ʠʩʢʨʠʚʣʝʥʠʶ ʧʨʦʬʠʣʷ ʧʫʯʢʘ [4]. ʇʨʠ 

ʵʪʦʤ ʚ ʩʠʣʫ ʥʘʣʠʯʠʷ ʨʘʟʙʨʦʩʘ ʦʪʜʝʣʴʥʳʝ ʯʘʩʪʠʮʳ ʜʚʠʛʘʶʪʩʷ ʧʦ ʪʨʘʝʢʪʦʨʠʷʤ ʩ ʨʘʟ-

ʣʠʯʥʳʤ ʮʠʢʣʦʪʨʦʥʥʳʤ ʨʘʜʠʫʩʦʤ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʧʫʣʴʩʘʮʠʷʤ ʦʛʠʙʘʶʱʝʡ ʕʇ 
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(ʨʠʩ. 1). ʉʥʠʞʝʥʠʝ ʚʝʣʠʯʠʥʳ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʧʨʠʚʦʜʠʪ ʢ ʦʩʝʜʘʥʠʶ ʦʪʜʝʣʴʥʳʭ ʯʘ-

ʩʪʠʮ ʥʘ ʩʪʝʥʢʠ ʧʨʦʣʸʪʥʦʛʦ ʢʘʥʘʣʘ. ɼʣʷ ʩʥʠʞʝʥʠʷ ʜʝʬʦʨʤʘʮʠʠ ʵʣʝʢʪʨʦʥʥʦʛʦ ʧʫʯʢʘ 

ʪʨʝʙʫʶʪʩʷ ʙʦʣʝʝ ʚʳʩʦʢʠʝ ʤʘʛʥʠʪʥʳʝ ʧʦʣʷ. ʆʜʥʘʢʦ ʚʳʩʦʢʠʝ ʤʘʛʥʠʪʥʳʝ ʧʦʣʷ ʧʨʠ-

ʚʦʜʷʪ ʢ ʫʚʝʣʠʯʝʥʠʶ ʠ ʫʪʷʞʝʣʝʥʠʶ ʬʦʢʫʩʠʨʫʶʱʝʡ ʩʠʩʪʝʤʳ, ʯʪʦ ʧʨʝʧʷʪʩʪʚʫʝʪ ʤʠ-

ʥʠʘʪʶʨʠʟʘʮʠʠ ʧʨʠʙʦʨʘ ʚ ʮʝʣʦʤ. 

 

 
ʈʠʩ. 1. (ʘ) ï ʦʛʠʙʘʶʱʘʷ ʵʣʝʢʪʨʦʥʥʦʛʦ ʧʫʯʢʘ ʧʦ ʚʝʨʪʠʢʘʣʴʥʦʤʫ ʥʘʧʨʘʚʣʝʥʠʶ (ʧʫʥʢʪʠʨʥʳʤʠ 

ʣʠʥʠʷʤʠ ʧʦʢʘʟʘʥʳ ʛʨʘʥʠʮʳ ʧʨʦʣʪyʥʦʛʦ ʢʘʥʘʣʘ); (ʙ) ï ʜʠʥʘʤʠʢʘ ʕʇ ʚ ʧʨʦʣʸʪʥʦʤ ʢʘʥʘʣʝ ʧʨʠ 

ʚʝʣʠʯʠʥʝ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ 0.8 ʊʣ ʩ ʫʯʝʪʦʤ ʨʘʟʙʨʦʩʘ ʯʘʩʪʠʮ ʧʦ ʩʢʦʨʦʩʪʷʤ ʠ ʫʛʣʘʤ ʚʣʪyʘ. 

 

ɼʣʷ ʫʤʝʥʴʰʝʥʠʷ ʛʘʙʘʨʠʪʦʚ ʠ ʩʥʠʞʝʥʠʷ ʤʘʩʩʳ ʫʩʪʨʦʡʩʪʚʘ ʮʝʣʝʩʦʦʙʨʘʟʥʳʤ 

ʦʢʘʟʳʚʘʝʪʩʷ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʄʇʌʉ, ʢʦʪʦʨʳʝ ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʧʦʩʣʝʜʦʚʘʪʝʣʴ-

ʥʦʩʪʴ ʥʝʙʦʣʴʰʠʭ ʤʘʛʥʠʪʦʚ, ʨʘʟʜʝʣʝʥʥʳʭ ʤʝʞʜʫ ʩʦʙʦʡ ʞʝʣʝʟʥʳʤʠ ʧʦʣʶʩʥʳʤʠ 

ʥʘʢʦʥʝʯʥʠʢʘʤʠ. ʊʘʢʠʝ ʩʠʩʪʝʤʳ ʦʙʝʩʧʝʯʠʚʘʶʪ ʢʦʥʬʠʛʫʨʘʮʠʶ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ, 

ʙʣʠʟʢʫʶ ʢ ʩʠʥʫʩʦʠʜʘʣʴʥʦʡ ʚʜʦʣʴ ʧʨʦʜʦʣʴʥʦʛʦ ʥʘʧʨʘʚʣʝʥʠʷ [5]. ɹʳʣʦ ʧʨʦʚʝʜʝʥʦ 

ʠʩʩʣʝʜʦʚʘʥʠʝ ʜʠʥʘʤʠʢʠ ʕʇ ʠ ʧʦʜʦʙʨʘʥʘ ʢʦʥʬʠʛʫʨʘʮʠʷ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ, ʧʦʟʚʦʣʷ-

ʶʱʘʷ ʪʨʘʥʩʧʦʨʪʠʨʦʚʘʪʴ ʧʦʪʦʢ ʵʣʝʢʪʨʦʥʦʚ ʚʜʦʣʴ ʧʨʦʣʸʪʥʦʛʦ ʢʘʥʘʣʘ ʧʨʘʢʪʠʯʝʩʢʠ 

ʙʝʟ ʦʩʝʜʘʥʠʷ. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʚ ʜʘʥʥʦʤ ʩʣʫʯʘʝ ʚʝʣʠʯʠʥʘ ʧʨʦʜʦʣʴʥʦʡ ʢʦʤʧʦʥʝʥʪʳ 

ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʥʘ ʦʩʠ ʧʫʯʢʘ ʜʦʣʞʥʘ ʩʦʩʪʘʚʣʷʪʴ 0.15-0.16 ʊʣ ʧʨʠ ʧʝʨʠʦʜʝ ʤʘʛʥʠʪ-

ʥʦʡ ʩʠʩʪʝʤʳ 7 ʤʤ. 
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