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ɺ ʩʦʚʨʝʤʝʥʥʦʡ ʤʝʜʠʮʠʥʝ ʚʩʝ ʙʦʣʴʰʝʝ ʚʥʠʤʘʥʠʝ ʫʜʝʣʷʝʪʩʷ ʥʝʠʥʚʘʟʠʚʥʳʤ ʤʝʪʦʜʘʤ 

ʭʠʨʫʨʛʠʠ. ʕʪʦ ʩʚʷʟʘʥʦ ʩ ʪʝʤ, ʯʪʦ ʫ ʜʘʥʥʳʭ ʤʝʪʦʜʦʚ ʠʤʝʝʪʩʷ ʤʥʦʞʝʩʪʚʦ ʧʨʝʠʤʫʱʝʩʪʚ ʧʦ 

ʩʨʘʚʥʝʥʠʶ ʩʦ ʩʪʘʥʜʘʨʪʥʳʤʠ ʩʧʦʩʦʙʘʤʠ ʭʠʨʫʨʛʠʯʝʩʢʦʛʦ ʚʤʝʰʘʪʝʣʴʩʪʚʘ, ʥʘʧʨʠʤʝʨ, 

ʫʩʢʦʨʝʥʥʦʝ ʚʦʩʩʪʘʥʦʚʣʝʥʠʝ ʧʘʮʠʝʥʪʘ ʠʣʠ ʫʤʝʥʴʰʝʥʠʝ ʨʠʩʢʦʚ ʦʩʣʦʞʥʝʥʠʡ ʧʦʩʣʝ 

ʤʘʥʠʧʫʣʷʮʠʡ [1]. ʂ ʧʦʜʦʙʥʳʤ ʪʝʭʥʦʣʦʛʠʤ̫, ʥʘʧʨʠʤʝʨ, ʦʪʥʦʩʠʪʩʷ ʤʦʱʥʳʡ 

ʬʦʢʫʩʠʨʦʚʘʥʥʳʡ ʫʣʴʪʨʘʟʚʫʢ (ʘʥʛʣ. HIFU ï high intensity focused ultrasound). ʄʝʪʦʜ HIFU 

ʦʩʥʦʚʘʥ ʥʘ ʩʣʝʜʫʶʱʝʤ ʧʨʠʥʮʠʧʝ: ʠʟʣʫʯʘʪʝʣʴ, ʨʘʩʧʦʣʦʞʝʥʥʳʡ ʚʥʝ ʪʝʣʘ ʯʝʣʦʚʝʢʘ ʯʝʨʝʟ 

ʩʦʛʣʘʩʫʶʱʫʶ ʩʨʝʜʫ (ʚʦʜʫ ʠʣʠ ʩʧʝʮʠʘʣʴʥʳʡ ʛʝʣʴ) ʬʦʢʫʩʠʨʫʝʪ ʤʦʱʥʳʡ ʫʣʴʪʨʘʟʚʫʢʦʚʦʡ 

ʧʫʯʦʢ ʚ ʦʧʨʝʜʝʣʝʥʥʫʶ ʦʙʣʘʩʪʴ ʪʝʣʘ, ʚ ʢʦʪʦʨʦʡ ʥʝʦʙʭʦʜʠʤʦ ʦʩʫʱʝʩʪʚʠʪʴ ʭʠʨʫʨʛʠʯʝʩʢʦʝ 

ʚʦʟʜʝʡʩʪʚʠʝ. ʕʪʦ ʚʦʟʜʝʡʩʪʚʠʝ ʤʦʞʝʪ ʙʳʪʴ ʥʘʧʨʘʚʣʝʥʦ, ʥʘʧʨʠʤʝʨ, ʥʘ ʨʘʟʨʫʰʝʥʠʝ ʛʝʤʘʪʦʤ 

ʠ ʦʧʫʭʦʣʝʡ ʚ ʨʘʟʣʠʯʥʳʭ ʦʨʛʘʥʘʭ ʪʝʣʘ ʯʝʣʦʚʝʢʘ, ʨʘʟʨʫʰʝʥʠʝ ʪʨʦʤʙʦʚ, ʦʩʪʘʥʦʚʢʫ 

ʚʥʫʪʨʝʥʥʠʭ ʢʨʦʚʦʪʝʯʝʥʠʡ, ʪʨʘʥʩʧʦʨʪʠʨʦʚʢʫ ʣʝʢʘʨʩʪʚ ʚ ʥʫʞʥʫʶ ʦʙʣʘʩʪʴ ʦʨʛʘʥʠʟʤʘ ʠ 

ʜʨʫʛʠʝ ʧʨʠʤʝʥʝʥʠʷ [2]. ʆʩʥʦʚʥʳʤʠ ʧʨʦʷʚʣʝʥʠʷʤʠ ʫʣʴʪʨʘʟʚʫʢʦʚʦʛʦ ʚʦʟʜʝʡʩʪʚʠʷ 

ʷʚʣʷʶʪʩʷ ʥʘʛʨʝʚ ʪʢʘʥʠ, ʦʪʯʝʛʦ ʚʦʟʥʠʢʘʝʪ ʝʸ ʪʝʧʣʦʚʘʷ ʜʝʥʘʪʫʨʘʮʠʷ, ʠʣʠ ʤʝʭʘʥʠʯʝʩʢʦʝ 

ʨʘʟʨʫʰʝʥʠʝ ʪʢʘʥʠ, ʥʘʧʨʷʤʫʶ ʩʚʷʟʘʥʥʦʝ ʩ ʢʘʚʠʪʘʮʠʦʥʥʳʤʠ ʵʬʬʝʢʪʘʤʠ. ʊʘʢʞʝ ʚʦʟʤʦʞʝʥ 

ʢʦʤʙʠʥʠʨʦʚʘʥʥʳʡ ʵʬʬʝʢʪ, ʚ ʢʦʪʦʨʦʤ ʚʘʞʥʫʶ ʨʦʣʴ ʠʛʨʘʝʪ ʦʙʨʘʟʦʚʘʥʠʝ ʧʘʨʦ-ʛʘʟʦʚʦʛʦ 

ʧʫʟʳʨʷ ʟʘ ʩʯʝʪ ʢʠʧʝʥʠʷ ʪʢʘʥʠ [3].  

ʆʜʥʠʤ ʠʟ ʚʦʟʤʦʞʥʳʭ ʧʨʠʣʦʞʝʥʠʡ ʤʝʭʘʥʠʯʝʩʢʦʛʦ ʚʦʟʜʝʡʩʪʚʠʷ HIFU ʷʚʣʷʝʪʩʷ 

ʨʘʟʨʫʰʝʥʠʝ ʚʥʫʪʨʝʥʥʠʭ ʛʝʤʘʪʦʤ. ɼʦ ʩʠʭ ʧʦʨ ʥʝʪ ʵʬʬʝʢʪʠʚʥʳʭ ʠ ʙʳʩʪʨʳʭ ʩʧʦʩʦʙʦʚ 

ʥʝʠʥʚʘʟʠʚʥʦʛʦ ʣʝʯʝʥʠʷ ʛʝʤʘʪʦʤ, ʧʦʩʣʝʦʧʝʨʘʮʠʦʥʥʳʭ, ʣʠʙʦ ʦʙʨʘʟʫʶʱʠʭʩʷ ʧʦʩʣʝ 

ʨʘʟʣʠʯʥʳʭ ʪʨʘʚʤ. ʆʜʥʘʢʦ ʵʪʦ ʷʚʣʷʝʪʩʷ ʙʦʣʴʰʦʡ ʧʨʦʙʣʝʤʦʡ, ʪʘʢ ʢʘʢ ʩʘʤʦʩʪʦʷʪʝʣʴʥʦʝ 

ʨʘʩʩʘʩʳʚʘʥʠʝ ʛʝʤʘʪʦʤʳ ʟʘʥʠʤʘʝʪ ʦʯʝʥʴ ʜʦʣʛʦʝ ʚʨʝʤ,̫ ʘ ʪʘʢʞʝ ʧʨʠʥʦʩʠʪ ʧʘʮʠʝʥʪʫ  

ʧʦʩʪʦʷʥʥʫʶ ʙʦʣʴ ʚ ʦʙʣʘʩʪʠ ʛʝʤʘʪʦʤʳ. ʂʨʦʤʝ ʪʦʛʦ, ʜʘʥʥʳʡ ʚʠʜ ʣʝʯʝʥʠʷ ʤʦʞʝʪ 

ʩʦʧʨʦʚʦʞʜʘʪʴʩʷ ʦʩʣʦʞʥʝʥʠʷʤʠ. ʆʙʳʯʥʦ ʠʩʧʦʣʴʟʫʝʪʩʷ ʭʠʨʫʨʛʠʯʝʩʢʦʝ ʫʜʘʣʝʥʠʝ ʛʝʤʘʪʦʤ 

ʩ ʧʦʩʣʝʜʫʶʱʠʤ ʫʩʪʘʥʦʚʣʝʥʠʝ ʤʥʦʛʦʜʥʝʚʥʦʛʦ ʜʨʝʥʘʞʘ. ʅʝʜʘʚʥʦ ʙʣr ʧʨʝʜʣʦʞʝʥ ʤʝʪʦʜ 

ʨʘʟʞʠʞʝʥʠʷ ʛʝʤʘʪʦʤ  ʤʦʱʥʳʤ ʫʣʴʪʨʘʟʚʫʢʦʚʳʤ ʧʫʯʢʦʤ ʩ ʜʘʣʴʥʝʡʰʝʡ ʘʩʧʠʨʘʮʠʝʡ 

ʧʨʦʜʫʢʪʦʚ ʨʘʟʨʫʰʝʥʠʷ ʯʝʨʝʟ ʪʦʥʢʫʶ ʠʛʣʫ, ʚʩʪʘʚʣʝʥʥʫʶ ʚ ʨʘʟʨʫʰʝʥʥʫʶ ʦʙʣʘʩʪʴ 

ʛʝʤʘʪʦʤʳ [4]. 

ɼʣʷ ʧʨʦʚʝʜʝʥʠʷ ʧʦʜʦʙʥʳʭ ʭʠʨʫʨʛʠʯʝʩʢʠʭ ʤʘʥʠʧʫʣʷʮʠʡ, ʦʩʥʦʚʘʥʥʳʭ ʥʘ 

ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʤʝʪʦʜʘ HIFU, ʥʝʦʙʭʦʜʠʤʦ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦʝ ʧʣʘʥʠʨʦʚʘʥʠʝ ʦʧʝʨʘʪʠʚʥʦʛʦ 

ʚʤʝʰʘʪʝʣʴʩʪʚʘ ʠ ʨʘʟʨʘʙʦʪʢʘ ʙʝʟʦʧʘʩʥʦʛʦ ʠ ɻʬʬʝʢʪʠʚʥʦʛʦ ʧʨʦʪʦʢʦʣʘ ʪʝʨʘʧʝʚʪʠʯʝʩʢʦʛʦ 

ʚʦʟʜʝʡʩʪʚʠʷ, ʯʪʦ ʚ ʮʝʣʦʤ ʷʚʣʷʝʪʩʷ ʦʜʥʦʡ ʠʟ ʦʩʥʦʚʥʳʭ ʟʘʜʘʯ ʚ ʥʝʠʥʚʘʟʠʚʥʦʡ 

ʫʣʴʪʨʘʟʚʫʢʦʚʦʡ ʭʠʨʫʨʛʠʠ. ʆʜʥʦʡ ʠʟ ʩʦʩʪʘʚʣʷʶʱʠʭ ʜʣʷ ʩʦʟʜʘʥʠʷ ʪʘʢʦʛʦ ʧʨʦʪʦʢʦʣʘ 

ʦʙʣʫʯʝʥʠʷ ʷʚʣʷʝʪʩʷ ʢʦʣʠʯʝʩʪʚʝʥʥʘʷ ʠʥʬʦʨʤʘʮʠʷ ʦ ʧʘʨʘʤʝʪʨʘʭ ʫʣʴʪʨʘʟʚʫʢʦʚʦʛʦ ʧʦʣ̫ ʚ 

ʦʙʣʫʯʘʝʤʦʡ ʦʙʣʘʩʪʠ ʚʙʣʠʟʠ ʬʦʢʫʩʘ, ʘ ʪʘʢʞʝ ʚ ʝʛʦ ʦʢʨʝʩʪʥʦʩʪʠ. ʇʨʠ ʵʪʦʤ ʥʝʦʙʭʦʜʠʤʦ 

ʫʯʠʪʳʚʘʪʴ, ʯʪʦ ʙʠʦʣʦʛʠʯʝʩʢʠʝ ʪʢʘʥʠ ʪʝʣʘ ʯʝʣʦʚʝʢʘ ʦʙʣʘʜʘʶʪ ʥʝʦʜʥʦʨʦʜʥʦʡ ʩʪʨʫʢʪʫʨʦʡ. 

ʆʧʨʝʜʝʣʝʥʠʝ ʟʚʫʢʦʚʦʛʦ ʧʦʣʷ ʜʘʚʣʝʥʠʷ ʚ ʪʝʣʝ ʯʝʣʦʚʝʢʘ ʚ ʢʣʠʥʠʯʝʩʢʠʭ ʫʩʣʦʚʠʷʭ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʨʘʟʣʠʯʥʳʭ ʠʟʤʝʨʠʪʝʣʴʥʳʭ ʤʝʪʦʜʦʚ ʷʚʣʷʝʪʩʷ ʦʯʝʥʴ ʩʣʦʞʥʳʤ ʠ ʚ 

ʙʦʣʴʰʠʥʩʪʚʝ ʩʣʫʯʘʝʚ ʥʝʚʦʟʤʦʞʥʳʤ ʧʨʦʮʝʩʩʦʤ. ʏʠʩʣʝʥʥʳʡ ʵʢʩʧʝʨʠʤʝʥʪ ʷʚʣʷʝʪʩʷ 

ʘʣʴʪʝʨʥʘʪʠʚʥʳʤ ʩʧʦʩʦʙʦʤ ʧʦʣʫʯʝʥʠʷ ʢʦʣʠʯʝʩʪʚʝʥʥʦʡ ʠʥʬʦʨʤʘʮʠʠ ʦ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ 

ʩʪʨʫʢʪʫʨʝ ʫʣʴʪʨʘʟʚʫʢʦʚʦʛʦ ʧʫʯʢʘ ʠ ʜʦʩʪʠʛʘʝʤʳʭ ʫʨʦʚʥʷʭ [5]. 
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ɼʣʷ ʦʧʠʩʘʥʠʷ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʫʣʴʪʨʘʟʚʫʢʘ ʚ ʥʝʦʜʥʦʨʦʜʥʦʡ ʩʨʝʜʝ, ʪʘʢʦʡ, ʢʘʢ 

ʙʠʦʣʦʛʠʯʝʩʢʘʷ ʪʢʘʥʴ, ʯʘʩʪʦ ʠʩʧʦʣʴʟʫʝʪʩʷ ʫʨʘʚʥʝʥʠʝ ɺʝʩʪʝʨʚʝʣʴʪʘ [6,7]: 
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ɿʜʝʩʴ p ï ʘʢʫʩʪʠʯʝʩʢʦʝ ʜʘʚʣʝʥʠʝ, c0 ï ʩʢʦʨʦʩʪʴ ʟʚʫʢʘ, ɟ0 ï ʧʣʦʪʥʦʩʪʴ, Ů ï ʥʝʣʠʥʝʡʥʳʡ 

ʧʘʨʘʤʝʪʨ, ŭ ï ʢʦʵʬʬʠʮʠʝʥʪ ʪʝʨʤʦʚʷʟʢʦʛʦ ʧʦʛʣʦʱʝʥʠʷ ʩʨʝʜʳ. ʃʠʥʝʡʥʳʡ ʦʧʝʨʘʪʦʨ La(p) 

ʦʧʠʩʳʚʘʝʪ ʯʘʩʪʦʪʥʦ-ʟʘʚʠʩʠʤʦʝ ʧʦʛʣʦʱʝʥʠʝ ʚʠʜʘ Ŭ(f) = Ŭ0(f/f0)
ɖ ʠ ʩʦʦʪʚʝʪʩʪʚʫʶʱʫʶ 

ʜʠʩʧʝʨʩʠʶ, ʭʘʨʘʢʪʝʨʥʳʝ ʜʣʷ ʙʠʦʣʦʛʠʯʝʩʢʠʭ ʪʢʘʥʝʡ, Ŭ0 ï ʢʦʵʬʬʠʮʠʝʥʪ ʧʦʛʣʦʱʝʥʠʷ ʥʘ 

ʯʘʩʪʦʪʝ f0. ɺ ʜʘʥʥʦʤ ʫʨʘʚʥʝʥʠʠ ʚʩʝ ʚʳʰʝʧʝʨʝʯʠʩʣʝʥʥʳʝ ʘʢʫʩʪʠʯʝʩʢʠʝ ʧʘʨʘʤʝʪʨʳ 

ʷʚʣʷʶʪʩʷ ʬʫʥʢʮʠʷʤʠ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʭ ʢʦʦʨʜʠʥʘʪ. ɻʣʘʚʥʳʡ ʵʬʬʝʢʪ ʦʪ 

ʥʝʦʜʥʦʨʦʜʥʦʩʪʝʡ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʨʝʬʨʘʢʮʠʠ ʧʫʯʢʘ ʥʘ ʥʝʦʜʥʦʨʦʜʥʦʩʪʷʭ ʩʢʦʨʦʩʪʠ ʟʚʫʢʘ ʩ 

ʧʦʩʣʝʜʫʶʱʠʤ ʥʘʨʫʰʝʥʠʝʤ ʬʦʢʫʩʠʨʦʚʢʠ [8]. ʅʝʦʜʥʦʨʦʜʥʦʩʪʠ ʧʣʦʪʥʦʩʪʠ ʚ ʦʩʥʦʚʥʦʤ 

ʧʨʠʚʦʜʷʪ ʢ ʫʤʝʥʴʰʝʥʠʶ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʧʫʯʢʘ ʧʨʠ ʧʨʦʭʦʞʜʝʥʠʠ ʛʨʘʥʠʮʳ ʨʘʟʜʝʣʘ ʩʣʦʝʚ 

ʪʢʘʥʠ ʩ ʨʘʟʥʦʡ ʧʣʦʪʥʦʩʪʴʶ. 

ʀʟ ʚʳʰʝʩʢʘʟʘʥʥʦʛʦ ʩʣʝʜʫʝʪ, ʯʪʦ ʜʣ ̫ ʧʦʩʪʨʦʝʥʠʷ ʨʝʰʝʥʠʷ ʫʨʘʚʥʝʥʠʷ (1) 

ʥʝʦʙʭʦʜʠʤʦ ʟʥʘʥʠʝ ʚʩʝʭ ʚʭʦʜʷʱʠʭ ʚ ʥʝʛʦ ʘʢʫʩʪʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ ʩʨʝʜʳ ʚ ʢʘʞʜʦʡ 

ʪʦʯʢʝ ʧʨʦʩʪʨʘʥʩʪʚʘ. ʕʪʠʤʠ ʧʘʨʘʤʝʪʨʘʤʠ ʷʚʣʷʶʪʩʷ: ʩʢʦʨʦʩʪ ɹʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʟʚʫʢʘ, 

ʧʣʦʪʥʦʩʪ,ɹ ʢʦʵʬʬʠʮʠʝʥʪ rʧʦʛʣʦʱʝʥʠʷ ʠ ʥʝʣʠʥʝʡʥʦʩʪʠ. ʀʟʚʝʩʪʥʦ, ʯʪʦ ʩʢʦʨʦʩʪʴ ʟʚʫʢʘ ʠ 

ʧʣʦʪʥʦʩʪʴ ʙʠʦʣʦʛʠʯʝʩʢʠʭ ʪʢʘʥʝʡ ʜʦʩʪʘʪʦʯʥʦ ʩʠʣʴʥʦ ʢʦʨʨʝʣʠʨʫʶʪ ʜʨʫʛ ʩ ʜʨʫʛʦʤ, ʘ 

ʟʥʘʯʠʪ ʟʥʘʥʠʝ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʛʦ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʦʜʥʦʛʦ ʠʟ ʵʪʠʭ ʧʘʨʘʤʝʪʨʦʚ ʜʦʩʪʘʪʦʯʥʦ 

ʜʣʷ ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ ʜʨʫʛʦʛʦ [9]. ʆʜʥʘʢʦ ʦʩʪʘʣʴʥʳʝ ʘʢʫʩʪʠʯʝʩʢʠʝ ʧʘʨʘʤʝʪʨʳ ʥʝ ʠʤʝʶʪ 

ʪʘʢʦʡ ʩʠʣʴʥʦʡ ʩʚʷʟʠ ʜʨʫʛ ʩ ʜʨʫʛʦʤ, ʠʟ-ʟʘ ʯʝʛʦ ʥʝʦʙʭʦʜʠʤʦ ʚʦʩʩʪʘʥʘʚʣʠʚʘʪʴ 

ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʵʪʠʭ ʧʘʨʘʤʝʪʨʦʚ ʠʥʳʤʠ ʩʧʦʩʦʙʘʤʠ. ʂʨʦʤʝ ʪʦʛʦ, ʥʝʦʙʭʦʜʠʤʦ ʫʯʠʪʳʚʘʪʴ, 

ʯʪʦ ʘʢʫʩʪʠʯʝʩʢʠʝ ʧʘʨʘʤʝʪʨʳ ʛʝʤʘʪʦʤ ʠ ʥʦʚʦʦʙʨʘʟʦʚʘʥʠʡ ʚ ʪʝʣʝ ʟʘʯʘʩʪʫʶ ʷʚʣʷʶʪʩʷ 

ʥʝʠʟʚʝʩʪʥʳʤʠ. ʆʜʥʘʢʦ ʝʩʣʠ ʩʯʠʪʘʪʴ, ʯʪʦ ʦʪʜʝʣʴʥʳʝ ʪʢʘʥʠ ʠ ʦʨʛʘʥʳ ʷʚʣʷʶʪʩʷ 

ʦʜʥʦʨʦʜʥʳʤʠ ʧʦ ʩʚʦʝʤʫ ʦʙʲʝʤʫ, ʪʦ ʜʦʩʪʘʪʦʯʥʦ ʚʳʜʝʣʠʪʴ ʚʩʝ ʦʙʣʘʩʪʠ, ʧʨʠʥʘʜʣʝʞʘʱʠʝ 

ʵʪʦʡ ʪʢʘʥʠ (ʠʣʠ ʦʨʛʘʥʫ) ʠ ʧʨʠʩʚʦʠʪʴ ʠʤ ʟʥʘʯʝʥʠʷ ʠʩʢʦʤʳʭ ʧʘʨʘʤʝʪʨʦʚ, ʢʦʪʦʨʳʝ 

ʠʟʚʝʩʪʥʳ ʠʟ ʣʠʪʝʨʘʪʫʨʳ [10]. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʜʣʷ ʨʝʰʝʥʠʷ ʟʘʜʘʯʠ ʦʧʨʝʜʝʣʝʥʠʷ 

ʘʢʫʩʪʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ ʥʝʦʙʭʦʜʠʤʦ ʦʪʩʝʛʤʝʥʪʠʨʦʚʘʪʴ ʧʦ ʪʠʧʫ ʪʢʘʥʠ ʠʣʠ ʦʨʛʘʥʫ 

ʜʠʘʛʥʦʩʪʠʯʝʩʢʠʝ ʠʟʦʙʨʘʞʝʥʠʷ ʪʝʣʘ ʯʝʣʦʚʝʢʘ, ʢʦʪʦʨʳʝ ʤʦʛʫʪ ʙʳʪʴ ʧʦʣʫʯʝʥʳ, ʥʘʧʨʠʤʝʨ, 

ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʝʪʦʜʘ ʢʦʤʧʴʶʪʝʨʥʦʡ ʪʦʤʦʛʨʘʬʠʠ. 

 
ʈʠʩ.1 ï ɻʝʦʤʝʪʨʠʷ ʬʦʢʫʩʠʨʦʚʢʠ ʫʣʴʪʨʘʟʚʫʢʦʚʦʛʦ ʧʫʯʢʘ ʚ ʪʝʣʝ ʯʝʣʦʚʝʢʘ.  ʈʘʩʧʨʝʜʝʣʝʥʠʝ ʩʢʦʨʦʩʪʠ ʟʚʫʢʘ ʩ0, 

ʚʦʩʩʪʘʥʦʚʣʝʥʥʦʝ ʧʦ ʜʘʥʥʳʤ ʢʦʤʧʴʶʪʝʨʥʦʡ ʪʦʤʦʛʨʘʬʠʠ ʯʝʣʦʚʝʢʘ ʚ ʧʣʦʩʢʦʩʪʠ xy. 
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ʂʦʤʧʴʶʪʝʨʥʘʷ ʪʦʤʦʛʨʘʬʠʷ (ʂʊ) ʷʚʣʷʝʪʩʷ ʦʜʥʠʤ ʠʟ ʥʘʠʙʦʣʝʝ ʫʩʧʝʰʥʳʭ ʤʝʪʦʜʦʚ 

ʥʝʨʘʟʨʫʰʘʶʱʝʛʦ ʧʦʩʣʦʡʥʦʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ ʚʥʫʪʨʝʥʥʝʡ ʩʪʨʫʢʪʫʨʳ ʪʝʣʘ ʯʝʣʦʚʝʢʘ. ʄʝʪʦʜ 

ʦʩʥʦʚʘʥ ʥʘ ʠʟʤʝʨʝʥʠʠ ʠ ʢʦʤʧʴʶʪʝʨʥʦʡ ʦʙʨʘʙʦʪʢʝ ʨʘʟʥʦʩʪʠ ʦʩʣʘʙʣʝʥʠʷ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ 

ʠʟʣʫʯʝʥʠʷ ʨʘʟʣʠʯʥʳʤʠ ʧʦ ʧʣʦʪʥʦʩʪʠ ʪʢʘʥʷʤʠ [11]. ʇʦʵʪʦʤʫ ʠʟ ʂʊ ʠʟʦʙʨʘʞʝʥʠʡ, ʷʨʢʦʩʪʴ 

ʢʦʪʦʨʳʭ ʦʧʠʩʳʚʘʝʪʩʷ ʧʦ ʰʢʘʣʝ ʍʘʫʥʩʬʠʣʴʜʘ, ʤʦʞʥʦ ʚʦʩʩʪʘʥʦʚʠʪʴ ʧʣʦʪʥʦʩʪʴ ʪʢʘʥʝʡ ʚ 

ʢʘʞʜʦʡ ʪʦʯʢʝ ʪʝʣʘ ʧʘʮʠʝʥʪʘ, ʘ ʟʘʪʝʤ ʩʢʦʨʦʩʪʴ ʟʚʫʢʘ. 

ʈʘʩʧʨʝʜʝʣʝʥʠʷ ʩʢʦʨʦʩʪʠ ʟʚʫʢʘ ʚ ʜʘʣʴʥʝʡʰʝʤ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʚ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʜʣʷ 

ʩʝʛʤʝʥʪʘʮʠʠ ʂʊ ʠʟʦʙʨʘʞʝʥʠʡ ʥʘ ʦʩʥʦʚʝ ʥʘʣʠʯʠʷ ʢʦʥʪʨʘʩʪʘ ʧʦ ʵʪʦʤʫ ʧʘʨʘʤʝʪʨʫ ʤʝʞʜʫ 

ʨʘʟʣʠʯʥʳʤʠ ʪʢʘʥʷʤʠ ʠ ʦʨʛʘʥʘʤʠ. ʊʘʢ, ʨʘʥʝʝ ʙʳʣʘ ʚʳʧʦʣʥʝʥʘ ʩʝʛʤʝʥʪʘʮʠʷ ʂʊ ʪʦʨʩʘ 

ʯʝʣʦʚʝʢʘ ʩ ʚʳʜʝʣʝʥʠʝʤ ʟʜʦʨʦʚʦʡ ʧʦʯʢʠ, ʢʦʞʠ, ʞʠʨʦʚʦʡ ʠ ʤʳʰʝʯʥʦʡ ʪʢʘʥʝʡ, ʘ ʪʘʢʞʝ 

ʢʦʩʪʝʡ [12], (ʈʠʩ. 1). ʎʝʣʴʶ ʜʘʥʥʦʡ ʨʘʙʦʪʳ ʷʚʣʷʝʪʩʷ ʩʦʟʜʘʥʠʝ ʫʥʠʚʝʨʩʘʣʴʥʳʭ ʘʣʛʦʨʠʪʤʦʚ 

ʩʝʛʤʝʥʪʘʮʠʠ ʜʣʷ ʨʘʟʣʠʯʥʳʭ ʪʠʧʦʚ ʛʝʤʘʪʦʤ, ʘ ʪʘʢʞʝ ʦʧʨʝʜʝʣʝʥʠʝ ʫʜʦʙʥʳʭ ʠ ʙʝʟʦʧʘʩʥʳʭ 

ʢʦʨʠʜʦʨʦʚ ʦʙʣʫʯʝʥʠʷ. ʉʝʛʤʝʥʪʘʮʠʷ ʛʝʤʘʪʦʤʳ ̫ ʚʣʷʝʪʩʷ ʜʦʩʪʘʪʦʯʥʦ ʩʣʦʞʥʦʡ ʟʘʜʘʯʝʡ, ʪʘʢ 

ʢʘʢ ʝʝ ʦʩʥʦʚʥʳʝ ʘʢʫʩʪʠʯʝʩʢʠʝ ʧʘʨʘʤʝʪʨʳ ʠʟʥʘʯʘʣʴʥʦ ʥʝʠʟʚʝʩʪʥʳ, ʘ ʦʙʲʝʤ, ʢʘʢ ʧʨʘʚʠʣʦ, 

ʚʘʨʴʠʨʫʝʪʩ ̫ʦʪ 100 ʤʣ ʜʦ 1000 ʤʣ. ʂʨʦʤʝ ʪʦʛʦ, ʛʝʤʘʪʦʤʳ ʠʥʦʛʜʘ ʠʤʝʶʪ ʩʭʦʞʠʝ ʩʢʦʨʦʩʪʠ 

ʟʚʫʢʘ ʩ ʨʘʩʧʦʣʦʞʝʥʥʳʤʠ ʨʷʜʦʤ ʪʢʘʥʷʤʠ ʠ ʦʨʛʘʥʘʤʠ.  

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʘʣʛʦʨʠʪʤ ʚʳʜʝʣʝʥʠʷ ʛʝʤʘʪʦʤʳ ʙʳʣ ʘʥʘʣʦʛʠʯʝʥ ʘʣʛʦʨʠʪʤʫ, 

ʠʩʧʦʣʴʟʦʚʘʥʥʦʤʫ ʜʣʷ ʚʳʜʝʣʝʥʠʷ ʜʨʫʛʠʭ ʦʨʛʘʥʦʚ, ʪʘʢʠʭ ʢʘʢ ʧʦʯʢʘ ʠʣʠ ʧʝʯʝʥʴ. ʈʘʙʦʪʘ 

ʘʣʛʦʨʠʪʤʘ ʦʩʥʦʚʳʚʘʝʪʩʷ ʥʘ ʩʣʝʜʫʶʱʠʭ ʩʚʦʡʩʪʚʘʭ ʛʝʤʘʪʦʤʳ. ʊʘʢ ʢʘʢ ʛʝʤʘʪʦʤʘ, ʢʘʢ 

ʧʨʘʚʠʣʦ, ʠʤʝʝʪ ʯʝʪʢʠʡ ʢʦʥʪʫʨ ʠ ʦʙʚʦʣʘʢʠʚʘʝʪʩʷ ʞʠʨʦʚʦʡ ʧʨʦʩʣʦʡʢʦʡ, ʪʦ ʝʝ ʤʦʞʥʦ 

ʚʳʜʝʣʷʪʴ ʧʦ ʤʝʪʦʜʫ ʧʦʠʩʢʘ ʢʦʥʪʨʘʩʪʘ ʧʦ ʩʢʦʨʦʩʪʠ ʟʚʫʢʘ ʦʪʥʦʩʠʪʝʣʴʥʦ ʩʢʦʨʦʩʪʠ ʟʚʫʢʘ 

ʩʘʤʦʡ ʞʠʨʦʚʦʡ ʧʨʦʩʣʦʡʢʠ. ɺ ʥʘʯʘʣʝ ʨʘʙʦʪʳ ʘʣʛʦʨʠʪʤʘ ʚʨʫʯʥʫʶ ʦʪʤʝʯʘʝʪʩʷ ʪʦʯʢʘ 

(ʧʠʢʩʝʣʴ), ʢʦʪʦʨʘʷ ʟʘʚʝʜʦʤʦ ʧʨʠʥʘʜʣʝʞʠʪ ʛʝʤʘʪʦʤʝ. ɼʘʣʝʝ ʦʪʥʦʩʠʪʝʣʴʥʦ ʥʝʝ ʥʘʯʠʥʘʝʪʩʷ 

ʧʦʠʩʢ ʩʦʩʝʜʥʠʭ ʪʦʯʝʢ ʩʦ ʩʭʦʞʝʡ ʩʢʦʨʦʩʪʴʶ ʟʚʫʢʘ, ʪʦ ʝʩʪʴ ʥʘʭʦʜʷʱʝʡʩʷ ʚ ʥʝʦʙʭʦʜʠʤʦʤ 

ʜʠʘʧʘʟʦʥʝ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʟʘʢʨʘʰʠʚʘʝʪʩʷ ʦʢʨʫʞʘʶʱʘʷ ʵʪʫ ʪʦʯʢʫ ʦʙʣʘʩʪʴ ʜʦ ʪʝʭ ʧʦʨ, 

ʧʦʢʘ ʧʨʦʛʨʘʤʤʘ ʥʝ ʜʦʭʦʜʠʪ ʜʦ ʪʦʯʝʢ, ʛʜʝ ʩʢʦʨʦʩʪʴ ʟʚʫʢʘ ʩʠʣʴʥʦ ʚʳʰʝ ʠʣʠ ʩʠʣʴʥʦ ʥʠʞʝ 

ʪʦʡ, ʯʪʦ ʧʨʠʥʘʜʣʝʞʠʪ ʪʦʯʢʘʤ, ʣʝʞʘʱʠʤ ʚ ʛʝʤʘʪʦʤʝ. ʇʦʨʦʛʦʚʳʝ ʟʥʘʯʝʥʠʷ ʧʨʠ ʵʪʦʤ 

ʚʳʩʪʘʚʣʷʣʠʩʴ ʚʨʫʯʥʫʶ, ʘ ʢʦʥʪʨʦʣʴ ʦʩʫʱʝʩʪʚʣʷʣʩʷ ʚʠʟʫʘʣʴʥʦ ʩʨʘʚʥʝʥʠʝʤ 

ʦʪʩʝʛʤʝʥʪʠʨʦʚʘʥʥʦʡ ʦʙʣʘʩʪʠ ʠ ʠʩʭʦʜʥʦʛʦ ʠʟʦʙʨʘʞʝʥʠʷ. ʊʘʢ, ʩʢʦʨʦʩʪʴ ʟʚʫʢʘ ʚʩʝʭ 

ʨʘʩʩʤʦʪʨʝʥʥʳʭ ʛʝʤʘʪʦʤ ʥʘʭʦʜʠʪʩʷ ʚ ʜʠʘʧʘʟʦʥʝ 1550 ʤ/ʩ ʜʦ 1650 ʤ/ʩ, ʘ ʧʣʦʪʥʦʩʪʴ ʙʣʠʟʢʘ 

ʢ ʧʣʦʪʥʦʩʪʠ ʚʦʜʳ, ʯʪʦ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʪʦʤʫ ʬʘʢʪʫ, ʯʪʦ ʛʝʤʘʪʦʤʘ, ʧʦ ʩʫʪʠ, ʷʚʣʷʝʪʩʷ 

ʩʚʝʨʥʫʚʰʝʡʩʷ ʢʨʦʚʴʶ. 

ʇʨʠʤʝʨʳ ʨʝʟʫʣʴʪʘʪʦʚ ʩʝʛʤʝʥʪʘʮʠʠ ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʨʠʩ.2. ʅʘ ʨʠʩ.2 (ʘ) ʧʦʢʘʟʘʥ 

ʦʪʩʝʛʤʝʥʪʠʨʦʚʘʥʥʳʡ ʩʣʦʡ ʛʝʤʘʪʦʤʳ ʧʝʯʝʥʠ, ʛʜʝ ʪʝʤʥʦ ʢʨʘʩʥʳʤ ʚʳʜʝʣʝʥʘ ʧʝʯʝʥʴ, ʷʨʢʦ-

ʢʨʘʩʥʳʤ ï ʛʝʤʘʪʦʤʘ, ʨʳʞʠʤ ï ʢʦʩʪʠ, ʩʚʝʪʣʦ-ʩʠʥʠʤ ï ʞʠʨʦʚʘʷ ʧʨʦʩʣʦʡʢʘ, ʘ ʷʨʢʦ-ʛʦʣʫʙʳʤ 

ï ʢʦʞʘ. ʅʘ ʨʠʩ.2 (ʚ) ʧʦʢʘʟʘʥ ʵʪʦʪ ʞʝ ʩʣʦʡ ʜʦ ʩʝʛʤʝʥʪʘʮʠʠ, ʥʘ ʢʦʪʦʨʦʤ ʚʠʜʥʦ, ʯʪʦ 

ʛʝʤʘʪʦʤʘ ʠʤʝʝʪ ʩʭʦʞʫʶ ʩʢʦʨʦʩʪʴ ʟʚʫʢʘ ʩ ʥʝʢʦʪʦʨʳʤʠ ʜʨʫʛʠʤʠ ʦʨʛʘʥʘʤʠ ʪʝʣʘ ʯʝʣʦʚʝʢʘ, 

ʥʘʧʨʠʤʝʨ, ʩ ʞʝʣʯʥʳʤ ʧʫʟʳʨʝʤ, ʢʦʪʦʨʳʡ ʨʘʩʧʦʣʦʞʝʥ ʯʫʪʴ ʥʠʞʝ ʟʘʜʥʝʡ ʯʘʩʪʠ ʧʝʯʝʥʠ. ʅʘ 

ʨʠʩ.2 (ʙ) ʧʨʝʜʩʪʘʚʣʝʥ ʦʪʩʝʛʤʝʥʪʠʨʦʚʘʥʥʳʡ ʩʣʦʡ ʧʦʜʢʦʞʥʦʡ ʛʝʤʘʪʦʤʳ ʚ ʦʙʣʘʩʪʠ 

ʢʠʰʝʯʥʠʢʘ, ʛʜʝ ʷʨʢʦ-ʞʝʣʪʳʤ ʚʳʜʝʣʝʥʘ ʛʝʤʘʪʦʤʘ, ʨʳʞʠʤ ï ʢʦʩʪʠ, ʩʚʝʪʣʦ-ʩʠʥʠʤ ï 

ʞʠʨʦʚʘʷ ʧʨʦʩʣʦʡʢʘ, ʘ ʷʨʢʦ-ʟʝʣʝʥʳʤ ï ʢʦʞʘ. ʅʘ ʨʠʩ.2 (ʛ) ʧʦʢʘʟʘʥ ʵʪʦʪ ʞʝ ʩʣʦʡ ʜʦ 

ʩʝʛʤʝʥʪʘʮʠʠ, ʥʘ ʢʦʪʦʨʦʤ, ʪʘʢ ʞʝ, ʢʘʢ ʠ ʩʦ ʩʣʫʯʘʝʤ ʩ ʛʝʤʘʪʦʤʦʡ ʧʝʯʝʥʠ, ʚʠʜʥʦ, ʯʪʦ 

ʧʦʜʢʦʞʥʘʷ ʛʝʤʘʪʦʤʘ ʠʤʝʝʪ ʩʭʦʞʫʶ ʩʢʦʨʦʩʪʴ ʟʚʫʢʘ ʩ ʥʝʢʦʪʦʨʳʤʠ ʜʨʫʛʠʤʠ ʦʨʛʘʥʘʤʠ ʪʝʣʘ 

ʯʝʣʦʚʝʢʘ, ʥʘʧʨʠʤʝʨ, ʩ ʫʯʘʩʪʢʘʤʠ ʢʠʰʝʯʥʠʢʘ. 

ʀʟ ʧʦʣʫʯʝʥʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ ʚʠʜʥʦ, ʯʪʦ ʛʝʤʘʪʦʤʳ ʤʦʞʥʦ ʩʝʛʤʝʥʪʠʨʦʚʘʪʴ ʪʘʢ ʞʝ, 

ʢʘʢ ʠ ʟʜʦʨʦʚʳʝ ʦʨʛʘʥʳ, ʦʜʥʘʢʦ, ʜʣʷ ʢʘʞʜʦʡ ʦʪʜʝʣʴʥʦʡ ʛʝʤʘʪʦʤʳ ʪʨʝʙʫʝʪʩʷ ʧʦʜʙʠʨʘʪʴ 

ʩʚʦʠ ʧʦʨʦʛʦʚʳʝ ʟʥʘʯʝʥʠʷ ʩʢʦʨʦʩʪʠ ʟʚʫʢʘ. ɺ ʜʘʣʴʥʝʡʰʝʤ ʧʣʘʥʠʨʫʝʪʩʷ ʠʩʧʦʣʴʟʦʚʘʥʠʝ 

ʧʦʣʫʯʝʥʥʳʭ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʭ ʨʘʩʧʨʝʜʝʣʝʥʠʡ ʜʣʷ ʚʳʧʦʣʥʝʥʠʷ ʯʠʩʣʝʥʥʦʛʦ 

ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʫʣʴʪʨʘʟʚʫʢʦʚʳʭ ʧʫʯʢʦʚ ʥʘ ʦʩʥʦʚʝ ʫʨʘʚʥʝʥʠʷ (1).  
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ʈʠʩ.2 (a) ï ʆʪʩʝʛʤʝʥʪʠʨʦʚʘʥʥʳʡ ʩʣʦʡ ʪʦʨʩʘ ʪʝʣʘ ʯʝʣʦʚʝʢʘ ʚ ʧʣʦʩʢʦʩʪʠ xy ʩ ʛʝʤʘʪʦʤʦʡ ʧʝʯʝʥʠ, (ʙ) ï ʂʊ ʪʝʣʘ 

ʯʝʣʦʚʝʢʘ ʩ ʛʝʤʘʪʦʤʦʡ ʧʝʯʝʥʠ ʜʦ ʩʝʛʤʝʥʪʘʮʠʠ, (ʚ) ï ʦʪʩʝʛʤʝʥʪʠʨʦʚʘʥʥʳʡ ʩʣʦʡ ʪʦʨʩʘ ʪʝʣʘ ʯʝʣʦʚʝʢʘ ʚ 

ʧʣʦʩʢʦʩʪʠ xy ʩ ʧʦʜʢʦʞʥʦʡ ʛʝʤʘʪʦʤʦʡ, (ʛ) ï ʂʊ ʪʝʣʘ ʯʝʣʦʚʝʢʘ ʩ ʧʦʜʢʦʞʥʦʡ ʛʝʤʘʪʦʤʦʡ ʜʦ ʩʝʛʤʝʥʪʘʮʠʠ. 
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  ɸʢʫʩʪʦʦʧʪʠʯʝʩʢʦʝ (ɸʆ) ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʧʨʠʚʦʜʠʪ ʢ ʜʠʬʨʘʢʮʠʠ ʩʚʝʪʘ ʥʘ 

ʫʣʴʪʨʘʟʚʫʢʦʚʦʡ ʚʦʣʥʝ [1]. ʀʥʪʝʥʩʠʚʥʦʩʪʴ ʜʠʬʨʘʛʠʨʦʚʘʥʥʦʛʦ ʩʚʝʪʘ ʟʘʚʠʩʠʪ ʢʘʢ ʦʪ 

ʤʦʱʥʦʩʪʠ ʫʣʴʪʨʘʟʚʫʢʦʚʦʡ ʚʦʣʥʳ ʠ ʩʦʙʣʶʜʝʥʠʷ ʫʩʣʦʚʠʷ ʬʘʟʦʚʦʛʦ ʩʠʥʭʨʦʥʠʟʤʘ ɹʨʵʛʛʘ, 

ʪʘʢ ʠ ʦʪ ʪʘʢʦʛʦ ʚʘʞʥʦʛʦ ʧʘʨʘʤʝʪʨʘ ʘʢʫʩʪʦʦʧʪʠʯʝʩʢʦʡ ʩʨʝʜʳ, ʢʘʢ ʚʝʣʠʯʠʥʘ 

ʘʢʫʩʪʦʦʧʪʠʯʝʩʢʦʛʦ ʢʘʯʝʩʪʚʘ ʄ2. ɺ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʙʳʣʠ ʠʟʤʝʨʝʥʳ ʟʥʘʯʝʥʠʷ ʚʝʣʠʯʠʥʳ 

ʘʢʫʩʪʦʦʧʪʠʯʝʩʢʦʛʦ ʢʘʯʝʩʪʚʘ ʚ ʦʙʨʘʟʮʝ ʢʨʠʩʪʘʣʣʘ ʣʠʪʠʡ-ʥʘʪʨʠʡ-ʤʦʣʠʙʜʝʥ (LNM) ʧʨʠ 

ʜʠʬʨʘʢʮʠʠ ʥʘ ʧʨʦʜʦʣʴʥʦʡ ʘʢʫʩʪʠʯʝʩʢʦʡ ʚʦʣʥʝ. ʊʘʢʞʝ ʙʳʣʠ ʠʟʤʝʨʝʥʳ ʩʢʦʨʦʩʪʠ 

ʧʨʦʜʦʣʴʥʳʭ ʘʢʫʩʪʠʯʝʩʢʠʭ ʚʦʣʥ ʧʨʠ ʠʭ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʠ ʚʜʦʣʴ ʛʣʘʚʥʳʭ 

ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʠʭ ʦʩʝʡ ʠ ʚʝʣʠʯʠʥʳ ʟʘʪʫʭʘʥʠʷ ʵʪʠʭ ʚʦʣʥ.  

ʆʙʣʘʩʪʴ ʧʨʠʤʝʥʝʥʠʷ ʢʨʠʩʪʘʣʣʦʚ ʩʣʦʞʥʳʭ ʤʦʣʠʙʜʘʪʦʚ ʚʝʩʴʤʘ ʰʠʨʦʢʘ. ʀʭ 

ʧʨʠʤʝʥʷʶʪ ʚ ʢʘʯʝʩʪʚʝ ʩʮʠʥʪʠʣʣʷʪʦʨʦʚ, ʜʝʪʝʢʪʦʨʦʚ ʜʚʦʡʥʦʛʦ ɓ-ʨʘʩʧʘʜʘ, ʜʘʪʯʠʢʦʚ 

çʪʝʤʥʦʡ ʤʘʪʝʨʠʠè, ʘ ʪʘʢʞʝ ʘʢʫʩʪʦʦʧʪʠʯʝʩʢʠʭ ʤʦʜʫʣʷʪʦʨʦʚ ʣʘʟʝʨʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʠ 

ʧʨ.[1,3]. ɺ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʨʝʰʘʣʘʩʴ ʢʘʢ ʟʘʜʘʯʘ ʧʦ ʚʳʨʘʱʠʚʘʥʠʶ ʢʨʠʩʪʘʣʣʦʚ ʩʣʦʞʥʳʭ 

ʤʦʣʠʙʜʘʪʦʚ, ʪʘʢ ʠ ʟʘʜʘʯʘ ʧʦ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʤʫ ʠʟʫʯʝʥʠʶ ʠʭ ʘʢʫʩʪʦʦʧʪʠʯʝʩʢʠʭ 

ʩʚʦʡʩʪʚ. 

ʄʦʥʦʢʨʠʩʪʘʣʣ ʩʦʩʪʘʚʘ LiNa5Mo9O30 ʭʘʨʘʢʪʝʨʠʟʠʨʫʝʪʩʷ ʥʠʟʰʝʡ, ʦʨʪʦʨʦʤʙʠʯʝʩʢʦʡ 

ʩʠʤʤʝʪʨʠʝʡ mm2, ʩ ʧʘʨʘʤʝʪʨʘʤʠ ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ a=7.2265, b=37.1575, c=17.9398. 

ɼʠʵʣʝʢʪʨʠʯʝʩʢʘʷ ʦʩʴ ʍ ʩʦʚʧʘʜʘʝʪ ʩ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʦʡ ʦʩʴʶ ʘ, ʦʩʴ Y ʦʩʴʶ ʩ, ʘ ʦʩʴ Z 

ʩʦʚʧʘʜʘʝʪ ʩ ʦʩʴʶ b. ʂʨʠʩʪʘʣʣ ʥʝ ʷʚʣʷʝʪʩʷ ʚʦʜʦʨʘʩʪʚʦʨʠʤʳʤ ʠ ʠʤʝʝʪ ʪʚʝʨʜʦʩʪʴ ʧʦ ʰʢʘʣʝ 

ʄʦʦʩʘ ʨʘʚʥʫʶ 5. ɺʧʝʨʚʳʝ ʬʘʟʘ LiNa5Mo9O30 ʙʳʣʘ ʧʦʣʫʯʝʥʘ ʚ ʨʘʙʦʪʝ [4], ʚʧʝʨʚʳʝ 

ʤʦʥʦʢʨʠʩʪʘʣʣ LiNa5Mo9O30 ʙʳʣ ʚʳʨʘʱʝʥ ʚ ʨʘʙʦʪʝ [5]. ʄʦʥʦʢʨʠʩʪʘʣʣ LNM ʧʨʠʥʘʜʣʝʞʠʪ 

ʢ ʦʨʪʦʨʦʤʙʠʯʝʩʢʦʡ ʩʠʩʪʝʤʝ. ʇʣʦʪʥʦʩʪʴ ʢʨʠʩʪʘʣʣʘ ʩʦʩʪʘʚʣʷʝʪ 4.04 ʛʨ/ʩʤ3 [5]. 

ɼʣʷ ʚʳʨʘʱʠʚʘʥʠʷ ʤʦʥʦʢʨʠʩʪʘʣʣʘ ʙʳʣʠ ʠʩʧʦʣʴʟʦʚʘʥʳ ʩʚʝʨʭʯʠʩʪʳʝ ʨʝʘʢʪʠʚʳ, 

Li2CO3, Na2CO3, ʯʠʩʪʦʪʦʡ 4N, ʧʨʦʠʟʚʦʜʩʪʚʘ Fox-Chemocals GmbH, ʠ ʦʩʦʙʦ ʯʠʩʪʳʡ 
ʦʢʩʠʜ ʤʦʣʠʙʜʝʥʘ ʯʠʩʪʦʪʦʡ 6N, ʧʨʦʠʟʚʦʜʩʪʚʘ ARMOLED. ʂʦʥʪʨʦʣʴ ʢʘʯʝʩʪʚʘ ʨʝʘʢʪʠʚʦʚ 

ʧʨʦʚʦʜʠʣʩʷ ʤʝʪʦʜʦʤ ICP-MS. 

ʄʝʪʦʜʦʤ ʢʨʫʪʠʣʴʥʳʭ ʢʦʣʝʙʘʥʠʡ ʙʳʣʘ ʦʧʨʝʜʝʣʝʥʘ ʚʷʟʢʦʩʪʴ ʨʘʩʧʣʘʚʘ ʢʦʪʦʨʘʷ 

ʩʦʩʪʘʚʠʣʘ 25 ʩʇʟ ʧʨʠ 600 ʦʉ. ʇʣʦʪʥʦʩʪʴ ʨʘʩʧʣʘʚʘ ʙʳʣʘ ʦʧʨʝʜʝʣʝʥʘ 

ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʳʤ ʘʨʝʦʤʝʪʨʦʤ ʠ ʩʦʩʪʘʚʠʣʘ 3.25 ʛ/ʩʤ3. 

ʄʦʥʦʢʨʠʩʪʘʣʣ ʩʦʩʪʘʚʘ LiNa5Mo9O30 ʠʤʝʝʪ ʢʦʥʛʨʫʵʥʪʥʳʡ ʭʘʨʘʢʪʝʨ ʧʣʘʚʣʝʥʠʷ ʠ ʙʳʣ 

ʚʳʨʘʱʝʥ ʥʠʟʢʦʛʨʘʜʠʝʥʪʥʳʤ ʤʝʪʦʜʦʤ ʏʦʭʨʘʣʴʩʢʦʛʦ ʧʨʠ ʛʨʘʜʠʝʥʪʝ ʪʝʤʧʝʨʘʪʫʨʳ ʚ 

ʨʘʩʧʣʘʚʝ 1 ʂ/ʩʤ. ʉʢʦʨʦʩʪʴ ʚʳʪʷʛʠʚʘʥʠʷ ʩʦʩʪʘʚʠʣʘ 1 ʤʤ/ʯʘʩ, ʩʢʦʨʦʩʪʴ ʚʨʘʱʝʥʠʷ 

ʢʨʠʩʪʘʣʣʘ ʚʘʨʴʠʨʦʚʘʣʘʩʴ ʦʪ 8 ʜʦ 25 ʦʙ/ʤʠʥ. ɺʳʨʘʱʠʚʘʥʠʝ ʢʨʠʩʪʘʣʣʘ ʧʨʦʚʦʜʠʣʠ ʠʟ 

ʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʦʛʦ ʩʦʩʪʘʚʘ ʥʘ ʟʘʪʨʘʚʢʫ, ʦʨʠʝʥʪʠʨʦʚʘʥʥʫʶ ʚ ʥʘʧʨʘʚʣʝʥʠʠ ʛʣʘʚʥʦʡ ʦʩʠ. 

ʂʦʥʪʨʦʣʴ ʩʪʝʭʠʦʤʝʪʨʠʠ ʚʳʨʘʱʝʥʥʦʛʦ ʢʨʠʩʪʘʣʣʘ ʧʨʦʚʦʜʠʣʠ ʤʝʪʦʜʦʤ ɺʀʄʉ, ʧʦ ʚʩʝʡ 

ʜʣʠʥʝ ʙʫʣʠ. ɹʳʣʦ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ 75% ʙʫʣʠ ʠʤʝʝʪ ʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʠʡ ʩʦʩʪʘʚ. 

ɼʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʦʧʪʠʤʘʣʴʥʳʭ ʫʩʣʦʚʠʡ ʚʳʨʘʱʠʚʘʥʠʷ ʤʦʥʦʢʨʠʩʪʘʣʣʘ ʙʳʣʦ 

ʧʨʦʚʝʜʝʥʦ ʯʠʩʣʝʥʥʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʪʝʧʣʦʚʦʛʦ ʫʟʣʘ. ʈʘʩʩʯʠʪʘʥʥʘʷ ʢʦʥʬʠʛʫʨʘʮʠʷ 

ʪʝʧʣʦʚʦʛʦ ʫʟʣʘ ʧʦʟʚʦʣʠʣʘ ʚʳʨʘʩʪʠʪʴ ʢʘʯʝʩʪʚʝʥʥʳʡ ʤʦʥʦʢʨʠʩʪʘʣʣ, ʤʘʩʩʘ ʢʦʪʦʨʦʛʦ ʙʦʣʝʝ 

250 ʛʨʘʤʤ. 
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   ʀʟʤʝʨʝʥʠʷ ʢʦʵʬʬʠʮʠʝʥʪʘ ʘʢʫʩʪʦʦʧʪʠʯʝʩʢʦʛʦ ʢʘʯʝʩʪʚʘ ʧʨʦʚʦʜʠʣʠʩʴ ʧʦ ʤʝʪʦʜʫ 

ɼʠʢʩʦʥʘ-ʂʦʵʥʘ [6]. ɺ ʢʘʯʝʩʪʚʝ ʠʩʪʦʯʥʠʢʘ ʩʚʝʪʘ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʛʝʣʠʡ-ʥʝʦʥʦʚʳʡ ʣʘʟʝʨ ʩ 

ʜʣʠʥʦʡ ʚʦʣʥʳ 633 ʥʤ. ʋʣʴʪʨʘʟʚʫʢ ʧʨʦʭʦʜʠʣ ʩʥʘʯʘʣʘ ʯʝʨʝʟ ʙʫʬʝʨʥʫʶ ʷʯʝʡʢʫ ʥʘ ʦʩʥʦʚʝ 

ʧʣʘʚʣʝʥʦʛʦ ʢʚʘʨʮʘ, ʘ ʟʘʪʝʤ ʯʝʨʝʟ ʛʣʠʮʝʨʠʥʦʚʫʶ ʩʢʣʝʡʢʫ ʧʨʦʭʦʜʠʣ ʚ ʠʩʩʣʝʜʫʝʤʳʡ 

ʦʙʨʘʟʝʮ. ʉʘʤ ʦʙʨʘʟʝʮ ʙʳʣ ʚʳʨʝʟʘʥ ʚ ʚʠʜʝ ʧʨʷʤʦʫʛʦʣʴʥʦʛʦ ʧʘʨʘʣʣʝʣʝʧʠʧʝʜʘ ʪʘʢ, ʯʪʦ ʝʛʦ 

ʨʝʙʨʘ ʙʳʣʠ ʧʘʨʘʣʣʝʣʴʥʳ ʛʣʘʚʥʳʤ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʠʤ ʦʩʷʤ. ʈʘʟʤʝʨʳ ʦʙʨʘʟʮʘ ʙʳʣʠ 

ʩʣʝʜʫʶʱʠʤʠ: 4,6 ʤʤ ʚʜʦʣʴ ʦʩʠ a, 11,5 ʤʤ ʚʜʦʣʴ ʦʩʠ b ʠ 8,7 ʤʤ ʚʜʦʣʴ ʦʩʠ c.  

ʀʩʩʣʝʜʫʝʤʳʡ ʦʙʨʘʟʝʮ ʚʳʨʝʟʘʥ ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʯʪʦ ʝʛʦ ʛʨʘʥʠ ʦʨʪʦʛʦʥʘʣʴʥʳ 

ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʠʤ ʦʩʷʤ.  

ʊʦ ʦʙʩʪʦʷʪʝʣʴʩʪʚʦ, ʯʪʦ ʜʘʥʥʳʡ ʦʙʨʘʟʝʮ ʚʳʨʝʟʘʥ ʧʦ ʵʪʠʤ ʦʩʷʤ, ʪʘʢʞʝ ʙʳʣʦ 

ʧʦʜʪʚʝʨʞʜʝʥʦ ʧʦʣʫʯʝʥʠʝʤ ʢʦʥʦʩʢʦʧʠʯʝʩʢʠʭ ʢʘʨʪʠʥ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ 

ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʶ ʩʚʝʪʘ ʚʜʦʣʴ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʦʩʝʡ, ʢʦʪʦʨʳʝ ʚ ʜʘʥʥʦʤ ʢʨʠʩʪʘʣʣʝ 

ʩʦʚʧʘʜʘʶʪ ʩ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʠʤʠ. ɺ ʨʘʙʦʪʝ ʪʘʢʞʝ ʙʳʣʘ ʧʦʣʫʯʝʥʘ ʢʦʥʦʩʢʦʧʠʯʝʩʢʘʷ 

ʢʘʨʪʠʥʘ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʘʷ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʶ ʩʚʝʪʘ ʚʜʦʣʴ ʦʧʪʠʯʝʩʢʠʭ ʦʩʝʡ ʦʙʨʘʟʮʘ.  

  ʄʝʪʦʜʦʤ ɼʠʢʩʦʥʘ ʙʳʣʠ ʧʨʦʚʝʜʝʥʳ ʠʟʤʝʨʝʥʠʷ ʚʝʣʠʯʠʥ ʘʢʫʩʪʦʦʧʪʠʯʝʩʢʦʛʦ 

ʢʘʯʝʩʪʚʘ ʢʨʠʩʪʘʣʣʘ LNM. ʀʟʤʝʨʝʥʠʷ ʧʨʦʚʦʜʠʣʠʩʴ ʥʘ ʧʨʦʜʦʣʴʥʦʡ ʫʣʴʪʨʘʟʚʫʢʦʚʦʡ ʚʦʣʥʝ 

ʩ ʯʘʩʪʦʪʦʡ 80 ʄɻʮ.  ɺ ʢʘʯʝʩʪʚʝ ʙʫʬʝʨʘ ʪʘʢʞʝ ʠʩʧʦʣʴʟʦʚʘʣʘʩʴ ɸʆ ʷʯʝʡʢʘ ʥʘ ʦʩʥʦʚʝ 

ʧʣʘʚʣʝʥʦʛʦ ʢʚʘʨʮʘ. ʀʟʤʝʨʝʥʠʷ ʙʳʣʠ ʧʨʦʚʝʜʝʥʳ ʜʣʷ ʪʨʝʭ ʥʘʧʨʘʚʣʝʥʠʡ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ 

ʫʣʴʪʨʘʟʚʫʢʘ (ʚʜʦʣʴ ʦʩʝʡ a, b ʠ c), ʠ ʰʝʩʪʠ ʥʘʧʨʘʚʣʝʥʠʡ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʩʚʝʪʘ ʩ ʜʣʠʥʦʡ 

ʚʦʣʥʳ ɚ=633 ʥʤ. ʇʦʣʷʨʠʟʘʮʠʠ ʩʚʝʪʘ ʩʦʚʧʘʜʘʣʠ ʩ ʩʦʙʩʪʚʝʥʥʳʤʠ ʦʧʪʠʯʝʩʢʠʤʠ ʤʦʜʘʤʠ 

ʦʙʨʘʟʮʘ.  ʈʝʟʫʣʴʪʘʪʳ ʠʟʤʝʨʝʥʠʷ ʢʦʵʬʬʠʮʠʝʥʪʘ ɸʆ ʢʘʯʝʩʪʚʘ ʄ2 ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ ʪʘʙʣʠʮʝ.  

  ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʚ ʢʨʠʩʪʘʣʣʘʭ ʦʨʪʦʨʦʤʙʠʯʝʩʢʦʡ ʩʠʩʪʝʤʳ ʜʣʷ ʧʨʦʜʦʣʴʥʦʡ 

ʫʣʴʪʨʘʟʚʫʢʦʚʦʡ ʚʦʣʥʳ ʠ ʜʣʷ ʢʘʞʜʦʛʦ ʠʟ ʪʨʝʭ ʥʘʧʨʘʚʣʝʥʠʡ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ 

ʘʢʫʩʪʠʯʝʩʢʦʡ ʚʦʣʥʳ, ʧʘʨʘʣʣʝʣʴʥʳʭ ʛʣʘʚʥʳʤ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʠʤ ʦʩʷʤ ʝʩʪʴ ʪʦʣʴʢʦ 

ʪʨʠ ʨʘʟʣʠʯʥʳʭ ʟʥʘʯʝʥʠʷ ʄ2, ʘ ʥʝ ʯʝʪʳʨʝ. ʆʜʥʘʢʦ ʚ ʪʘʙʣʠʮʝ, ʛʜʝ ʧʨʝʜʩʪʘʚʣʝʥʳ 

ʠʟʤʝʨʝʥʥʳʝ ʚ ʨʘʙʦʪʝ ʟʥʘʯʝʥʠʷ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ɸʆ ʢʘʯʝʩʪʚʘ ʄ2, ʜʣʷ ʢʘʞʜʦʛʦ 

ʥʘʧʨʘʚʣʝʥʠʷ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʘʢʫʩʪʠʯʝʩʢʦʡ ʚʦʣʥʳ ʧʨʠʚʝʜʝʥʳ ʟʥʘʯʝʥʠʷ ʯʝʪʳʨʝʭ 

ʢʦʵʬʬʠʮʠʝʥʪʦʚ ɸʆ ʢʘʯʝʩʪʚʘ, ʘ ʥʝ ʪʨʝʭ. ʊʝ ʧʘʨʳ ʢʦʵʬʬʠʮʠʝʥʪʦʚ, ʢʦʪʦʨʳʝ ʚ ʪʝʦʨʠʠ 

ʜʦʣʞʥʳ ʙʳʪʴ ʨʘʚʥʳʤʠ, ʧʨʠʚʝʜʝʥʳ ʚ ʦʜʥʦʡ ʩʪʨʦʢʝ ʠ ʩʦʚʧʘʜʘʶʪ ʜʨʫʛ ʩ ʜʨʫʛʦʤ ʚ ʧʨʝʜʝʣʘʭ 

ʧʦʛʨʝʰʥʦʩʪʠ.  

 

 ʊʘʙʣʠʮʘ 1. ɿʥʘʯʝʥʠʷ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʘʢʫʩʪʦʦʧʪʠʯʝʩʢʦʛʦ ʢʘʯʝʩʪʚʘ 

ʅʘʧʨʘʚʣʝʥʠʝ 

ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ 

ʘʢʫʩʪʠʯʝʩʢʦʡ 

ʚʦʣʥʳ (ʚʜʦʣʴ ʦʩʠ) 

ʅʘʧʨʘʚʣʝʥʠʝ 

ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ 

ʩʚʝʪʘ (ʚʜʦʣʴ ʦʩʠ) 

ʅʘʧʨʘʚʣʝʥʠʝ 

ʧʦʣʷʨʠʟʘʮʠʠ 

ʩʚʝʪʘ (ʚʝʢʪʦʨ 

ɽ ʚʜʦʣʴ ʦʩʠ) 

ɿʥʘʯʝʥʠʝ ʢʦʵʬʬʠʮʠʝʥʪʘ 

ʘʢʫʩʪʦʦʧʪʠʯʝʩʢʦʛʦ 

ʢʘʯʝʩʪʚʘ ʄ2, ʭ10
-18 ʩʝʢ3/ʛʨ 

a(X) b (Z), c (Y) a (X) 
11,9Ñ2.4 

8,4Ñ1.7 

a(X) b (Z) c (Y) 13,1Ñ2.6 

a(X) c (Y) b (Z) 10,9Ñ2.2 

b (Z) a(X), c (Y) b (Z) 
2,0Ñ0,4 

1,7Ñ0,3 

b (Z) a(X) c (Y) 0,9Ñ0,2 
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b (Z) c (Y) a (X) 1.1Ñ0.2 

c (Y) a(X), b (Z) c (Y) 
5.5Ñ1.1 

6.4Ñ1.3 

c (Y) a(X) b (Z) 8.1Ñ1.6 

c (Y) b (Z) a (X) 5.5Ñ1.1 

   

  ɺʘʞʥʦʡ ʭʘʨʘʢʪʝʨʠʩʪʠʢʦʡ ʪʦʛʦ ʠʣʠ ʠʥʦʛʦ ʤʘʪʝʨʠʘʣʘ, ʯʝʨʝʟ ʢʦʪʦʨʳʡ ʧʨʠ ʝʛʦ 

ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʚ ʪʝʭʥʦʣʦʛʠʠ ʠ ʪʝʭʥʠʢʝ ʧʨʦʭʦʜʠʪ ʘʢʫʩʪʠʯʝʩʢʘʷ ʚʦʣʥʘ, ʷʚʣʷʝʪʩʷ ʚʝʣʠʯʠʥʘ 

ʟʘʪʫʭʘʥʠʷ ʚ ʥʝʤ ʫʣʴʪʨʘʟʚʫʢʘ. ɿʘʪʫʭʘʥʠʝ ʫʣʴʪʨʘʟʚʫʢʘ ï ɻ ʪʦ ʫʤʝʥʴʰʝʥʠʝ ʘʤʧʣʠʪʫʜʳ ʠ, ʢʘʢ 

ʩʣʝʜʩʪʚʠʝ, ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʟʚʫʢʦʚʦʡ ʚʦʣʥʳ ʧʦ ʤʝʨʝ ʝʝ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʚ ʩʨʝʜʝ.  

 ɿʘʪʫʭʘʥʠʝ ʫʣʴʪʨʘʟʚʫʢʘ ʧʨʦʠʩʭʦʜʠʪ ʧʦ ʨʘʟʣʠʯʥʳʤ ʬʠʟʠʯʝʩʢʠʤ ʧʨʠʯʠʥʘʤ. 

ʆʩʥʦʚʥʳʤʠ ʠʟ ʥʠʭ ʷʚʣʷʶʪʩʷ ʩʣʝʜʫʶʱʠʝ: (1) ʫʙʳʚʘʥʠʝ ʘʤʧʣʠʪʫʜʳ ʚʦʣʥʳ ʧʦ ʤʝʨʝ 

ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʦʪ ʠʩʪʦʯʥʠʢʘ, ʦʙʫʩʣʦʚʣʝʥʥʦʝ ʨʘʩʭʦʜʠʤʦʩʪʴʶ ʫʣʴʪʨʘʟʚʫʢʦʚʦʡ ʚʦʣʥʳ, 

(2) ʨʘʩʩʝʷʥʠʝ ʫʣʴʪʨʘʟʚʫʢʘ ʥʘ ʥʝʦʜʥʦʨʦʜʥʦʩʪʷʭ ʩʨʝʜʳ ʠ (3) ʧʦʛʣʦʱʝʥʠʝ ʫʣʴʪʨʘʟʚʫʢʘ, ʘ 

ʠʤʝʥʥʦ ʥʝʦʙʨʘʪʠʤʳʡ ʧʝʨʝʭʦʜ ʵʥʝʨʛʠʠ ʟʚʫʢʦʚʦʡ ʚʦʣʥʳ, ʥʘʧʨʠʤʝʨ, ʚ ʪʝʧʣʦ. 

  ʇʦʛʣʦʱʝʥʠʝ ʫʣʴʪʨʘʟʚʫʢʘ ʦʙʫʩʣʦʚʣʝʥʦ ʨʘʟʣʠʯʥʳʤʠ ʬʠʟʠʯʝʩʢʠʤʠ ʤʝʭʘʥʠʟʤʘʤʠ: 

ʚʷʟʢʦʩʪʴʶ ʠ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʴʶ ʩʨʝʜʳ, ʚʟʘʠʤʦʜʝʡʩʪʚʠʝʤ ʚʦʣʥʳ ʩ ʨʘʟʣʠʯʥʳʤʠ 

ʤʦʣʝʢʫʣʷʨʥʳʤʠ ʧʨʦʮʝʩʩʘʤʠ ʚʝʱʝʩʪʚʘ ʠ ʜʨ.  

 ʀʟʤʝʨʝʥʠʷ ʟʘʪʫʭʘʥʠʷ ʫʣʴʪʨʘʟʚʫʢʘ ʚ ʤʦʥʦʢʨʠʩʪʘʣʣʝ LNM ʧʨʦʚʦʜʠʣʠʩʴ 

ʘʢʫʩʪʦʦʧʪʠʯʝʩʢʠʤ ʩʧʦʩʦʙʦʤ. ʀʟʚʝʩʪʥʦ, ʯʪʦ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʜʠʬʨʘʛʠʨʦʚʘʥʥʦʛʦ ʩʚʝʪʘ  ʧʨʠ 

ʘʢʫʩʪʦʦʧʪʠʯʝʩʢʦʤ ʵʬʬʝʢʪʝ ʟʘʚʠʩʠʪ ʦʪ ʤʥʦʞʝʩʪʚʘ ʬʘʢʪʦʨʦʚ [1]. ʏʪʦ ʞʝ ʢʘʩʘʝʪʩʷ 

ʟʘʚʠʩʠʤʦʩʪʠ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʜʠʬʨʘʛʠʨʦʚʘʥʥʦʛʦ ʩʚʝʪʘ ʦʪ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʫʣʴʪʨʘʟʚʫʢʦʚʦʡ 

ʚʦʣʥʳ ʚ ʦʙʣʘʩʪʠ ʘʢʫʩʪʦʦʧʪʠʯʝʩʢʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ, ʪʦ ʧʨʠ ʤʘʣʦʡ ʵʬʬʝʢʪʠʚʥʦʩʪʠ 

ʜʠʬʨʘʢʮʠʠ ʦʥʘ ʷʚʣʷʝʪʩʷ ʧʨʘʢʪʠʯʝʩʢʠ ʣʠʥʝʡʥʦʡ.  ʕʪʦ ʦʙʩʪʦʷʪʝʣʴʩʪʚʦ ʧʦʟʚʦʣʷʝʪ ʧʨʦʚʝʩʪʠ 

ʠʟʤʝʨʝʥʠʝ ʚʝʣʠʯʠʥʳ ʟʘʪʫʭʘʥʠʷ ʫʣʴʪʨʘʟʚʫʢʘ [7]. 

  ɿʘʪʫʭʘʥʠʝ ʫʣʴʪʨʘʟʚʫʢʘ ʘʢʫʩʪʦʦʧʪʠʯʝʩʢʠʤ ʤʝʪʦʜʦʤ ʤʦʞʥʦ ʪʘʢʞʝ ʠʟʤʝʨʠʪʴ 

ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ. ʋʣʴʪʨʘʟʚʫʢʦʚʘʷ ʚʦʣʥʘ ʟʘʧʫʩʢʘʝʪʩʷ ʚ ʢʨʠʩʪʘʣʣ ʚ ʠʤʧʫʣʴʩʥʦʤ 

ʨʝʞʠʤʝ. ɼʣʠʪʝʣʴʥʦʩʪʴ ʠʤʧʫʣʴʩʘ ʜʦʣʞʥʘ ʙʳʪʴ ʜʦʩʪʘʪʦʯʥʦ ʤʘʣʦʡ, ʘ ʧʝʨʠʦʜ ʩʣʝʜʦʚʘʥʠʷ 

ʠʤʧʫʣʴʩʦʚ ï ʤʥʦʛʦ ʙʦʣʴʰʝ ʜʣʠʪʝʣʴʥʦʩʪʠ ʠʤʧʫʣʴʩʘ. ɼʠʘʤʝʪʨ ʣʘʟʝʨʥʦʛʦ ʣʫʯʘ, 

ʧʨʦʭʦʜʷʱʝʛʦ ʯʝʨʝʟ ʩʨʝʜʫ, ʜʦʣʞʝʥ ʙʳʪʴ ʩʫʱʝʩʪʚʝʥʥʦ ʤʝʥʴʰʝ ʨʘʟʤʝʨʦʚ ʠʩʩʣʝʜʫʝʤʦʛʦ 

ʦʙʨʘʟʮʘ. ʀʤʧʫʣʴʩ ʫʣʴʪʨʘʟʚʫʢʦʚʦʡ ʚʦʣʥʳ, ʟʘʧʫʱʝʥʥʳʡ ʚ ʠʩʩʣʝʜʫʝʤʫʶ ʩʨʝʜʫ ʯʝʨʝʟ 

ʚʭʦʜʥʫʶ ʛʨʘʥʴ, ʨʘʩʧʨʦʩʪʨʘʥʷʝʪʩʷ ʚ ʥʝʡ ʚʜʦʣʴ ʠʩʩʣʝʜʫʝʤʦʛʦ ʥʘʧʨʘʚʣʝʥʠʷ, ʧʨʦʭʦʜʠʪ 

ʯʝʨʝʟ ʣʘʟʝʨʥʳʡ ʧʫʯʦʢ ʠ ʧʦʩʣʝ ʦʪʨʘʞʘʝʪʩʷ ʦʪ ʛʨʘʥʠ, ʧʨʦʪʠʚʦʧʦʣʦʞʥʦʡ ʛʨʘʥʠ ʚʭʦʜʥʦʡ, 

ʟʘʪʝʤ ʚʦʟʚʨʘʱʘʝʪʩʷ ʥʘʟʘʜ ʠ ʩʥʦʚʘ ʧʨʦʭʦʜʠʪ ʯʝʨʝʟ ʣʘʟʝʨʥʳʡ ʧʫʯʦʢ.  

  ʀʟ-ʟʘ ʟʘʪʫʭʘʥʠʷ ʫʣʴʪʨʘʟʚʫʢʦʚʦʡ ʚʦʣʥʳ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʜʠʬʨʘʛʠʨʦʚʘʥʥʦʛʦ ʩʚʝʪʘ I2 

ʥʘ ʠʤʧʫʣʴʩʝ, ʠʜʫʱʝʤ ʦʙʨʘʪʥʦ, ʙʫʜʝʪ ʤʝʥʴʰʝ ʠʥʪʝʥʩʠʚʥʦʩʪʠ I1. ɼʠʬʨʘʛʠʨʦʚʘʥʥʳʝ ʧʫʯʢʠ 

ʧʦʧʘʜʘʶʪ ʥʘ ʬʦʪʦʧʨʠʝʤʥʠʢ ʠ ʨʝʛʠʩʪʨʠʨʫʶʪʩʷ ʦʩʮʠʣʣʦʛʨʘʬʦʤ, ʢʦʪʦʨʳʡ 

ʩʠʥʭʨʦʥʠʟʠʨʦʚʘʥ ʩ ʟʘʜʘʶʱʠʤ ʛʝʥʝʨʘʪʦʨʦʤ ʠʤʧʫʣʴʩʦʚ. ʈʝʛʠʩʪʨʘʮʠʷ ʠʥʪʝʥʩʠʚʥʦʩʪʠ 

ʢʘʞʜʦʛʦ ʠʤʧʫʣʴʩʘ ʧʨʦʚʦʜʠʪʩʷ ʧʦʩʣʝ ʪʦʛʦ, ʢʘʢ ʫʛʦʣ ʧʘʜʝʥʠʷ ʩʚʝʪʘ ʥʘ ʫʣʴʪʨʘʟʚʫʢ 

ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʚʳʧʦʣʥʝʥʠʶ ʫʩʣʦʚʠʷ ʬʘʟʦʚʦʛʦ ʩʠʥʭʨʦʥʠʟʤʘ ɹʨʵʛʛʘ [1, ʇʘʨʳʛʠʥ].  

ʈʘʩʩʪʦʷʥʠʝ L, ʢʦʪʦʨʦʝ ʧʨʦʰʣʘ ʘʢʫʩʪʠʯʝʩʢʘʷ ʚʦʣʥʘ ʚ ʩʨʝʜʝ ʤʝʞʜʫ ʜʚʫʤʷ ʵʪʠʤʠ ʘʢʪʘʤʠ 

ʨʘʩʩʝʷʥʠʷ, ʥʝʩʣʦʞʥʦ ʦʧʨʝʜʝʣʠʪʴ ʢʘʢ ʧʨʦʠʟʚʝʜʝʥʠʝ ʩʢʦʨʦʩʪʠ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ 

ʫʣʴʪʨʘʟʚʫʢʦʚʦʡ ʚʦʣʥʳ ʚʜʦʣʴ ʚʳʙʨʘʥʥʦʛʦ ʥʘʧʨʘʚʣʝʥʠʷ ʚ ʩʨʝʜʝ v ʥʘ ʚʨʝʤʝʥʥʫʶ ʟʘʜʝʨʞʢʫ 

ʤʝʞʜʫ ʧʝʨʚʳʤ ʠ ʚʪʦʨʳʤ ʠʤʧʫʣʴʩʦʤ ʜʠʬʨʘʛʠʨʦʚʘʥʥʦʛʦ ʩʚʝʪʘ: Ű ï L=v Ű.  ʆʪʥʦʰʝʥʠʝ a= 

I2/I1 ʜʘʝʪ ʥʘʤ ʘʙʩʦʣʶʪʥʦʝ ʟʥʘʯʝʥʠʝ ʟʘʪʫʭʘʥʠʷ ʫʣʴʪʨʘʟʚʫʢʘ ʧʦ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʚ ʩʣʫʯʘʝ 

ʧʨʦʭʦʞʜʝʥʠ ̫ʫʣʴʪʨʘʟʚʫʢʦʚʦʡ ʚʦʣʥʦʡ ʩ ʯʘʩʪʦʪʦʡ f ʨʘʩʩʪʦʷʥʠʷ L ʚ ʩʨʝʜʝ. 

ɺʝʣʠʯʠʥʘ 
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ʜʘʝʪ ʟʥʘʯʝʥʠʝ ʟʘʪʫʭʘʥʠʷ ʚ ʝʜʠʥʠʮʘʭ ʜɹ/ʩʤĿɻɻʮ2. 

  ɼʘʥʥʳʡ ʧʦʜʭʦʜ ʢ ʠʟʤʝʨʝʥʠʶ ʟʘʪʫʭʘʥʠʷ ʫʣʴʪʨʘʟʚʫʢʘ ʧʦʟʚʦʣʷʝʪ ʠʟʙʝʞʘʪʴ 

ʥʝʦʙʭʦʜʠʤʦʩʪʠ ʧʨʦʧʫʩʢʘʥʠʷ ʣʘʟʝʨʥʦʛʦ ʧʫʯʢʘ ʯʝʨʝʟ ʨʘʟʣʠʯʥʳʝ ʦʙʣʘʩʪʠ ʠʩʩʣʝʜʫʝʤʦʛʦ 

ʦʙʨʘʟʮʘ ʠ, ʢʘʢ ʩʣʝʜʩʪʚʠʝ, ʥʝ ʪʨʝʙʫʝʪ ʥʦʨʤʠʨʦʚʢʠ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʜʠʬʨʘʛʠʨʦʚʘʥʥʦʛʦ ʩʚʝʪʘ 

ʥʘ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʧʨʦʰʝʜʰʝʛʦ ʧʫʯʢʘ I0. ʊʘʢʘʷ ʥʦʨʤʠʨʦʚʢʘ ʚʥʦʩʠʪ ʜʦʧʦʣʥʠʪʝʣʴʥʫʶ 

ʧʦʛʨʝʰʥʦʩʪʴ ʚ ʪʦʤ ʩʣʫʯʘʝ, ʝʩʣʠ ʦʧʪʠʯʝʩʢʠʝ ʛʨʘʥʠ ʦʙʨʘʟʮʘ ʧʦ-ʨʘʟʥʦʤʫ ʚ ʨʘʟʣʠʯʥʳʭ 

ʪʦʯʢʘʭ ʵʪʠʭ ʛʨʘʥʝʡ ʨʘʩʩʝʠʚʘʶʪ ʣʘʟʝʨʥʳʡ ʧʫʯʦʢ. ʊʘʢʞʝ ʩʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʠʟʤʝʨʝʥʠʷ 

ʟʘʪʫʭʘʥʠʷ ʩʣʝʜʫʝʪ ʧʨʦʚʦʜʠʪʴ ʥʘ ʩʪʦʣʴ ʚʳʩʦʢʠʭ ʯʘʩʪʦʪʘʭ, ʥʘ ʢʦʪʦʨʳʭ ʦʥʦ ʩʝʙʷ ʥʘʯʠʥʘʝʪ 

ʧʨʦʷʚʣʷʪʴ.  

  ʕʪʦʪ ʤʝʪʦʜ ʠʤʝʝʪ ʩʣʝʜʫʶʱʠʝ ʦʛʨʘʥʠʯʝʥʠʷ: (1) ʚ ʠʩʩʣʝʜʫʝʤʦʡ ʩʨʝʜʝ ʚʘʞʥʘ 

ʨʝʘʣʠʟʘʮʠʷ ʘʢʫʩʪʦʦʧʪʠʯʝʩʢʦʛʦ ʨʘʩʩʝʷʥʠʷ ʠ ʨʝʛʠʩʪʨʘʮʠʷ ʜʚʫʭ ʫʧʦʤʷʥʫʪʳʭ ʚʳʰʝ 

ʠʤʧʫʣʴʩʦʚ, (2) ʨʘʩʭʦʜʠʤʦʩʪʴ ʫʣʴʪʨʘʟʚʫʢʘ ʜʦʣʞʥʘ ʙʳʪʴ ʤʘʣʦʡ, ʘ ʫʣʴʪʨʘʟʚʫʢʦʚʘʷ ʚʦʣʥʘ 

ʜʦʣʞʥʘ ʨʘʩʧʨʦʩʪʨʘʥʷʪʴʩʷ ʚʜʦʣʴ ʪʝʭ ʥʘʧʨʘʚʣʝʥʠʡ ʩʨʝʜʳ, ʛʜʝ ʥʝʪ ʩʫʱʝʩʪʚʝʥʥʦʛʦ 

ʘʢʫʩʪʠʯʝʩʢʦʛʦ ʩʥʦʩʘ.  

  ɼʣʷ ʧʨʦʚʝʨʢʠ ʜʘʥʥʦʛʦ ʤʝʪʦʜʘ ʠʟʤʝʨʝʥʠʷ ʟʘʪʫʭʘʥʠʷ ʧʨʦʜʦʣʴʥʦʡ ʫʣʴʪʨʘʟʚʫʢʦʚʦʡ 

ʚʦʣʥʳ ʩ ʯʘʩʪʦʪʦʡ 180 ʄɻʮ ʙʳʣʠ ʩʥʘʯʘʣʘ ʧʨʦʚʝʜʝʥʳ ʠʟʤʝʨʝʥʠʷ ʟʘʪʫʭʘʥʠʷ ʚ 

ʘʢʫʩʪʦʦʧʪʠʯʝʩʢʦʡ ʷʯʝʡʢʝ ʥʘ ʦʩʥʦʚʝ ʧʣʘʚʣʝʥʦʛʦ ʢʚʘʨʮʘ. ʕʪʠ ʠʟʤʝʨʝʥʠʷ ʜʘʣʠ ʚʝʣʠʯʠʥʫ 

ʘʙʩʦʣʶʪʥʦʛʦ ʟʘʪʫʭʘʥʠʷ a=0,83 ʨʘʟʘ ʧʨʠ ʧʨʦʭʦʞʜʝʥʠʠ ʚʦʣʥʦʡ ʚ ʵʪʦʡ ʩʨʝʜʝ ʧʫʪʠ L=2,3 ʩʤ. 

ʇʝʨʝʩʯʝʪ ʵʪʦʛʦ ʟʥʘʯʝʥʠʷ ʚ ʝʜʠʥʠʮʳ ʜɹ/ʩʤĿɻɻʮ2 ʜʘʝʪ ʟʥʘʯʝʥʠʝ ʟʘʪʫʭʘʥʠʷ, ʨʘʚʥʦʝ -11 

ʜɹ/ʩʤĿɻɻʮ2, ʯʪʦ ʙʣʠʟʢʦ ʢ ʜʘʥʥʳʤ, ʧʦʣʫʯʝʥʥʳʤ ʚ ʨʘʟʣʠʯʥʳʭ ʨʘʙʦʪʘʭ.  

   ʀʟʤʝʨʝʥʥʳʝ ʟʥʘʯʝʥʠʷ ʩʢʦʨʦʩʪʝʡ ʧʨʦʜʦʣʴʥʳʭ ʘʢʫʩʪʠʯʝʩʢʠʭ ʚʦʣʥ 

ʘʢʫʩʪʦʦʧʪʠʯʝʩʢʠʤ ʩʧʦʩʦʙʦʤ (ʩʨʘʚʥʝʥʠʝʤ ʫʛʣʦʚ ʨʘʟʚʝʜʝʥʠʷ ʣʫʯʝʡ, ʜʠʬʨʘʛʠʨʦʚʘʥʥʳʭ ʚ 

+1 ʠ -1 ʧʦʨʷʜʦʢ ʜʠʬʨʘʢʮʠʠ ʚ ʧʣʘʚʣʝʥʦʤ ʢʚʘʨʮʝ ʠ ʚ ʦʙʨʘʟʮʝ) ʧʦʣʫʯʠʣʠʩʴ ʩʣʝʜʫʶʱʠʤʠ: 

Va=4100Ñ10 ʤ/ʩ,   Vb=5235Ñ10 ʤ/ʩ,     Vc=4780Ñ10 ʤ/ʩ. 

  ʇʨʦʜʦʣʴʥʘʷ ʫʣʴʪʨʘʟʚʫʢʦʚʘʷ ʚʦʣʥʘ ʩ ʯʘʩʪʦʪʦʡ 180 ʄɻʮ ʛʝʥʝʨʠʨʦʚʘʣʘʩʴ ʚ 

ʫʧʦʤʷʥʫʪʦʡ ʚʳʰʝ ʘʢʫʩʪʦʦʧʪʠʯʝʩʢʦʡ ʷʯʝʡʢʝ (ʙʫʬʝʨʝ) ʥʘ ʦʩʥʦʚʝ ʧʣʘʚʣʝʥʦʛʦ ʢʚʘʨʮʘ ʠ 

ʟʘʧʫʩʢʘʣʘʩʴ ʚ ʦʙʨʘʟʝʮ LNM ʧʦʦʯʝʨʝʜʥʦ ʚʜʦʣʴ ʢʘʞʜʦʡ ʠʟ ʪʨʝʭ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʠʭ 

ʦʩʝʡ ï a, b ʠ c. ɸʢʫʩʪʠʯʝʩʢʠʡ ʢʦʥʪʘʢʪ ʚʭʦʜʥʦʡ ʜʣʷ ʫʣʴʪʨʘʟʚʫʢʘ ʛʨʘʥʠ ʦʙʨʘʟʮʘ ʠ ʚʳʭʦʜʥʦʡ 

ʛʨʘʥʠ ʙʫʬʝʨʘ ʦʩʫʱʝʩʪʚʣʷʣʩʷ ʯʝʨʝʟ ʩʣʦʡ ʛʣʠʮʝʨʠʥʘ. ɻʨʘʥʴ ʦʙʨʘʟʮʘ, ʧʨʦʪʠʚʦʧʦʣʦʞʥʘʷ 

ʚʭʦʜʥʦʡ ʛʨʘʥʠ (ʦʪʨʘʞʘʶʱʘʷ ʛʨʘʥʴ), ʥʝ ʠʤʝʣʘ ʘʢʫʩʪʠʯʝʩʢʦʛʦ ʢʦʥʪʘʢʪʘ ʩ ʢʘʢʠʤ-ʣʠʙʦ 

ʪʚʝʨʜʳʤ ʠʣʠ ʞʠʜʢʠʤ ʪʝʣʦʤ ʜʣʷ ʪʦʛʦ, ʯʪʦʙʳ ʢʦʵʬʬʠʮʠʝʥʪ ʦʪʨʘʞʝʥʠʷ ʫʣʴʪʨʘʟʚʫʢʦʚʦʛʦ 

ʠʤʧʫʣʴʩʘ ʦʪ ʵʪʦʡ ʛʨʘʥʠ ʤʦʞʥʦ ʙʳʣʦ ʩʯʠʪʘʪʴ ʨʘʚʥʳʤ ʝʜʠʥʠʮʝ. ʂʨʠʩʪʘʣʣ ʧʨʦʩʚʝʯʠʚʘʣʩʷ 

ʣʘʟʝʨʥʳʤ ʣʫʯʦʤ ʦʪ ʛʝʣʠʡ-ʥʝʦʥʦʚʦʛʦ ʣʘʟʝʨʘ ʩ ʜʣʠʥʦʡ ʚʦʣʥʳ 633 ʥʤ ʠ ʜʠʘʤʝʪʨʦʤ ʦʢʦʣʦ 1 

ʤʤ. ʀʟʤʝʨʝʥʠʷ ʟʘʪʫʭʘʥʠʷ ʫʣʴʪʨʘʟʚʫʢʘ ʧʨʦʚʦʜʠʣʠʩʴ ʦʧʠʩʘʥʥʳʤ ʚʳʰʝ ʩʧʦʩʦʙʦʤ, ʘ 

ʠʤʝʥʥʦ ʠʟʤʝʨʝʥʠʝʤ ʦʪʥʦʰʝʥʠʷ ʠʥʪʝʥʩʠʚʥʦʩʪʠ I2 ʜʠʬʨʘʛʠʨʦʚʘʥʥʦʛʦ ʩʚʝʪʘ ʥʘ 

ʘʢʫʩʪʠʯʝʩʢʦʤ ʠʤʧʫʣʴʩʝ ʧʦʩʣʝ ʝʛʦ ʦʪʨʘʞʝʥʠʷ ʦʪ ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʡ ʛʨʘʥʠ ʩ ʝʛʦ 

ʠʥʪʝʥʩʠʚʥʦʩʪʴʶ I1 ʚ ʨʝʟʫʣʴʪʘʪʝ ʜʠʬʨʘʢʮʠʠ ʥʘ ʪʦʤ ʞʝ ʠʤʧʫʣʴʩʝ, ʠʜʫʱʝʤ ʚ ʥʘʧʨʘʚʣʝʥʠʠ 

ʦʪʨʘʞʘʶʱʝʡ ʛʨʘʥʠ. ʃʫʯ ʩʚʝʪʘ ʧʨʦʧʫʩʢʘʣʩʷ ʯʝʨʝʟ ʦʙʨʘʟʝʮ ʥʘ ʜʚʫʭ ʨʘʟʥʳʭ ʨʘʩʩʪʦʷʥʠʷʭ ʦʪ 

ʦʪʨʘʞʘʶʱʝʡ ʛʨʘʥʠ, ʯʪʦ ʜʘʚʘʣʦ 2 ʨʘʟʣʠʯʥʳʭ ʟʥʘʯʝʥʠʷ ʘʙʩʦʣʶʪʥʦʛʦ ʟʘʪʫʭʘʥʠʷ ʘ (ʘ<1) ʜʣʷ 

ʜʚʫʭ ʨʘʟʣʠʯʥʳʭ ʨʘʩʩʪʦʷʥʠʡ (ʜʣʠʥ ʧʨʦʙʝʛʘ ʚʦʣʥʳ), ʧʨʦʡʜʝʥʥʳʭ ʫʣʴʪʨʘʟʚʫʢʦʤ. ʊʘʢʞʝ 

ʙʳʣʠ ʨʘʩʩʯʠʪʘʥʳ ʟʥʘʯʝʥʠʷ ʟʘʪʫʭʘʥʠʷ ɻ ʚ ʝʜʠʥʠʮʘʭ ʜɹ/ʩʤĿɻɻʮ2. ɹʦʣʝʝ ʙʣʠʟʢʠʤ ʢ 

ʠʩʪʠʥʥʦʤʫ ʟʥʘʯʝʥʠʶ ɻ ʩʣʝʜʫʝʪ ʩʯʠʪʘʪʴ ʪʦ, ʢʦʪʦʨʦʝ ʨʘʩʩʯʠʪʘʥʦ ʜʣʷ ʩʣʫʯʘʷ ʙʦʣʴʰʝʛʦ 

ʨʘʩʩʪʦʷʥʠʷ, ʧʨʦʡʜʝʥʥʦʛʦ ʫʣʴʪʨʘʟʚʫʢʦʤ ʚ ʚʳʙʨʘʥʥʦʤ ʥʘʧʨʘʚʣʝʥʠʠ ʚ ʦʙʨʘʟʮʝ. 

ʇʦʛʨʝʰʥʦʩʪʴ ʦʧʨʝʜʝʣʝʥʠʷ ʩʢʦʨʦʩʪʠ ʫʣʴʪʨʘʟʚʫʢʘ ʩʦʩʪʘʚʣʷʝʪ 0,5%, ʧʦʛʨʝʰʥʦʩʪʴ 

ʦʧʨʝʜʝʣʝʥʠʷ ʧʨʦʤʝʞʫʪʢʘ ʚʨʝʤʝʥʠ Ű, ʘ, ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʠ ʜʣʠʥʳ ʧʨʦʙʝʛʘ L ï ʦʢʦʣʦ 5%. 
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ʇʦʛʨʝʰʥʦʩʪʴ ʦʧʨʝʜʝʣʝʥʠʷ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʫʣʴʪʨʘʟʚʫʢʦʚʦʡ ʚʦʣʥʳ (ʠʥʪʝʥʩʠʚʥʦʩʪʠ 

ʜʠʬʨʘʛʠʨʦʚʘʥʥʦʛʦ ʩʚʝʪʘ) ï ʦʢʦʣʦ 10%.  

  ɺ ʪʘʙʣʠʮʝ, ʧʨʠʚʝʜʝʥʥʦʡ ʥʠʞʝ, ʧʨʠʚʝʜʝʥʳ ʟʥʘʯʝʥʠʷ ʘʙʩʦʣʶʪʥʦʛʦ ʟʘʪʫʭʘʥʠʷ ʘ ʧʨʠ 

ʜʣʠʥʝ ʧʨʦʙʝʛʘ ʚʦʣʥʳ L ʠ ʟʘʪʫʭʘʥʠʷ ɻ ʚ ʝʜʠʥʠʮʘʭ ʜɹ/ʩʤĿɻɻʮ2.  

 

ʊʘʙʣʠʮʘ 2. ʀʟʤʝʨʝʥʥʳʝ ʟʥʘʯʝʥʠʷ ʟʘʪʫʭʘʥʠʷ ʫʣʴʪʨʘʟʚʫʢʘ ʚ ʤʦʥʦʢʨʠʩʪʘʣʣʝ LNM 

ʅʘʧʨʘʚʣʝʥʠʝ 
I1, ʦʪʥ. 

ʝʜ. 

I2, ʦʪʥ. 

ʝʜ. 
L, ʩʤ ʘ=I2/I1 

ɻ, ʜɹ/ʩʤ 

(180 ʄɻʮ) 

ɻ, 

ʜɹ/ʩʤĿɻɻʮ2 

a 
70 

 

64  
 

0,53 0,91 0,73 
20Ñ2 

48 46 0,33 0,96 0,56 

b 
56 50 1,8 0,89 0,27 

9Ñ1 
48 44 1,1 0,92 0,34 

c 
95 85 1,2 0,89 0,39 

11Ñ1 
100 95 0,7 0,95 0,33 

 

ʀʟʤʝʨʝʥʥʳʝ ʟʥʘʯʝʥʠʷ ʟʘʪʫʭʘʥʠʷ ʫʣʴʪʨʘʟʚʫʢʘ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʜʘʥʥʳʡ ʧʘʨʘʤʝʪʨ 

ʷʚʣʷʝʪʩʷ ʚʧʦʣʥʝ ʜʦʧʫʩʪʠʤʳʤ ʜʣʷ ʧʨʠʤʝʥʝʥʠʷ ʢʨʠʩʪʘʣʣʘ ʣʠʪʠʡ-ʥʘʪʨʠʡ-ʤʦʣʠʙʜʝʥʘ 

(LNM) ʚ ʘʢʫʩʪʦʦʧʪʠʢʝ.  

 

  ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʦ ʛʨʘʥʪʫ ʈʅʌ 19-12-00072. 
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ʚʦʣʥʳ ʦʧʠʩʳʚʘʶʪʩʷ ʫʨʘʚʥʝʥʠʝʤ ɹʶʨʛʝʨʩʘ ʚ ʩʣʝʜʫʶʱʝʤ ʚʠʜʝ: 
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ɺ (2) V  ʵʪʦ ʢʦʣʝʙʘʪʝʣʴʥʘʷ ʩʢʦʨʦʩʪʴ, ʥʦʨʤʠʨʦʚʘʥʥʘʷ ʥʘ u0  ʘʤʧʣʠʪʫʜʥʦʝ ʠʣʠ 

ʧʠʢʦʚʦʝ ʟʥʘʯʝʥʠʝ ʩʢʦʨʦʩʪʠ. ɺʨʝʤʷ ɗ ʠʟʤʝʨʝʥʦ ʚ ʩʠʩʪʝʤʝ ʢʦʦʨʜʠʥʘʪ, ʙʝʛʫʱʝʡ ʚʤʝʩʪʝ ʩ 

ʚʦʣʥʦʡ ʩʦ ʩʢʦʨʦʩʪʴʶ ʟʚʫʢʘ c0, ʥʦʨʤʠʨʦʚʘʥʥʦʝ ʥʘ ʭʘʨʘʢʪʝʨʥʫʶ ʜʣʠʪʝʣʴʥʦʩʪʴ ɤ 1 ʩʠʛʥʘʣʘ. 

ʈʘʩʩʪʦʷʥʠʝ z ʠʟʤʝʨʝʥʦ ʚ ʝʜʠʥʠʮʘʭ ʜʣʠʥ ʦʙʨʘʟʦʚʘʥʠʷ ʨʘʟʨʳʚʘ xSH; ũ  ʦʙʨʘʪʥʦʝ 

ʘʢʫʩʪʠʯʝʩʢʦʝ ʯʠʩʣʦ ʈʝʡʥʦʣʴʜʩʘ. ʍʘʨʘʢʪʝʨʠʩʪʠʢʠ ʩʨʝʜʳ: Ů, b ï ʧʘʨʘʤʝʪʨʳ ʥʝʣʠʥʝʡʥʦʩʪʠ 

ʠ ʜʠʩʩʠʧʘʮʠʠ, ɟ0 ï ʨʘʚʥʦʚʝʩʥʘʷ ʧʣʦʪʥʦʩʪʴ [1]. 

ɺʟʘʠʤʦʜʝʡʩʪʚʠʝ ʩʠʛʥʘʣʦʚ ʩ ʫʜʘʨʥʳʤ ʬʨʦʥʪʦʤ, ʤʦʜʝʣʠʨʫʝʤʳʤ ʣʠʥʝʡʥʦ 

ʥʘʢʣʦʥʝʥʥʳʤ ʫʯʘʩʪʢʦʤ ʧʨʦʬʠʣʷ, ʫʜʦʙʥʦ ʦʧʠʩʳʚʘʪʴ ʩ ʧʦʤʦʱʴʶ ʧʨʦʝʢʪʠʚʥʦʛʦ 

ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ. ɽʩʣʠ V=ū(z, ɗ) ï ʪʦʯʥʦʝ ʨʝʰʝʥʠʝ (1), ʪʦ ʨʝʰʝʥʠʝʤ ʙʫʜʝʪ ʚʳʨʘʞʝʥʠʝ: 
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ɺʪʦʨʦʝ ʩʣʘʛʘʝʤʦʝ ʚ (3) ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʬʨʦʥʪ ʚʦʣʥʳ, ʥʘʨʘʩʪʘʶʱʠʡ ʚʦ ʚʨʝʤʝʥʠ ʧʦ 

ʣʠʥʝʡʥʦʤʫ ʟʘʢʦʥʫ: ʧʝʨʝʜʥʠʡ ʧʨʠ z<z0 ʠ ʟʘʜʥʠʡ ʧʨʠ z>z0 (ʜʣʷ ʧʝʨʠʦʜʠʯʝʩʢʦʡ ʚʦʣʥʳ). 

ʈʘʩʩʤʦʪʨʠʤ ʤʦʜʝʣʴʥʫʶ ʟʘʜʘʯʫ ï ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʠʥʪʝʥʩʠʚʥʦʛʦ ʛʘʨʤʦʥʠʯʝʩʢʦʛʦ 

ʩʠʛʥʘʣʘ VLF ʩ ɺʏ ʩʠʛʥʘʣʦʤ VHF ʚ ʚʠʜʝ ʩʫʤʤr ʜʚʫʭ ʩʠʥʫʩʦʠʜ ʥʘ ʯʘʩʪʦʪʘʭ ʛʘʨʤʦʥʠʢ [2]: 
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ʈʠʩ. 1. ɺʟʘʠʤʦʜʝʡʩʪʚʠʝ ʠʥʪʝʥʩʠʚʥʦʛʦ ʛʘʨʤʦʥʠʯʝʩʢʦʛʦ ʩʠʛʥʘʣʘ ʩ ʚʳʩʦʢʦʯʘʩʪʦʪʥʳʤ ʩʠʛʥʘʣʦʤ. 
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ʅʘ ʨʠʩ. 1.1 ʠ 1.2 ʩʧʣʦʰʥʦʡ ʣʠʥʠʝʡ ʧʦʢʘʟʘʥʦ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʝ ʚʳʩʦʢʦʯʘʩʪʦʪʥʦʛʦ 

ʩʠʛʥʘʣʘ ʚ ʦʪʩʫʪʩʪʚʠʝ ʠʥʪʝʥʩʠʚʥʦʡ ʛʘʨʤʦʥʠʯʝʩʢʦʡ ʚʦʣʥʳ ʥʘʢʘʯʢʠ, ʰʪʨʠʭʦʚʦʡ ʣʠʥʠʝʡ ï 

ʬʦʨʤʘ ɺʏ ʩʠʛʥʘʣʘ, ʧʦʣʫʯʝʥʥʘʷ ʚʳʯʠʪʘʥʠʝʤ ʥʘʢʘʯʢʠ ʠʟ ʩʤʝʩʠ ʩʠʛʥʘʣ-ʥʘʢʘʯʢʘ, 

ʧʫʥʢʪʠʨʥʦʡ ʣʠʥʠʝʡ ï ʠʥʪʝʥʩʠʚʥʳʡ ʩʠʛʥʘʣ ʧʨʠ z=0.5 (ʨʠʩ. 1.1) ʠ z=0.9 (ʨʠʩ. 1.2). ʏʠʩʣʦ 

ɻʦʣʴʜʙʝʨʛʘ ũ=0.01, ɤ0=1, a0=1. ʇʨʠ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʠ ɺʏ ʰʫʤʘ ʧʨʦʠʩʭʦʜʠʪ ʩʣʠʷʥʠʝ 

ʨʘʟʨʳʚʦʚ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʧʝʨʝʤʝʱʝʥʠʶ ʩʧʝʢʪʨʘ ʚ ʦʙʣʘʩʪʴ ʥʠʟʢʠʭ ʯʘʩʪʦʪ. 

ɺʟʘʠʤʦʜʝʡʩʪʚʠʝ ɺʏ ʩʠʛʥʘʣʘ ʩ ʚʦʣʥʦʡ ʥʘʢʘʯʢʠ ʥʘ ʝʝ ʧʝʨʝʜʥʝʤ ʬʨʦʥʪʝ ʧʨʠʚʦʜʠʪ ʢ 

ʫʚʝʣʠʯʝʥʠʶ ʘʤʧʣʠʪʫʜʳ ʩʠʛʥʘʣʘ, ʫʤʝʥʴʰʝʥʠʶ ʝʛʦ ʚʨʝʤʝʥʥʦʛʦ ʤʘʩʰʪʘʙʘ ʠ ʢ ʙʦʣʝʝ 

ʨʘʥʥʝʤʫ ʩʣʠʷʥʠʶ ʨʘʟʨʳʚʦʚ. ʅʘ ʟʘʜʥʝʤ ʬʨʦʥʪʝ ʧʨʦʠʩʭʦʜʪ̫ ʧʨʦʪʠʚʦʧʦʣʦʞʥʳʝ ʧʨʦʮʝʩʩʳ. 
ʇʨʠ ʧʨʦʭʦʞʜʝʥʠʠ ʚʦʣʥʦʡ ʨʘʩʩʪʦʷʥʠʷ z=z0 ʣʠʥʝʡʥʦ ʥʘʨʘʩʪʘʶʱʠʡ ʬʨʦʥʪ ʩʪʘʥʦʚʠʪʩʷ 

çʚʝʨʪʠʢʘʣʴʥʳʤè, ʧʦʷʚʣʷʶʪʩʷ ʥʝʦʜʥʦʟʥʘʯʥʦʩʪʠ ʚ ʧʨʝʦʙʨʘʟʦʚʘʥʠʠ (3). ɼʣʷ ʫʩʪʨʘʥʝʥʠʷ 

ʦʩʦʙʝʥʥʦʩʪʠ ʥʫʞʥʦ ʫʯʝʩʪʴ ʩʛʣʘʞʠʚʘʥʠʝ ʬʨʦʥʪʘ ʟʘ ʩʯʝʪ ʜʠʩʩʠʧʘʮʠʠ. 

ɺ ʫʨʘʚʥʝʥʠʠ (1) ʩʯʠʪʘʝʤ ʨʝʛʫʣʷʨʥʦʝ ʚʦʟʤʫʱʝʥʠʝ V0 ʩʠʣʴʥʦʡ ʚʦʣʥʦʡ, ʘ ʩʠʛʥʘʣ V1 

ʩʣʘʙʳʤ. ʀʱʝʤ ʨʝʰʝʥʠʝ ʚ ʚʠʜʝ V=V0+V1. ʇʫʩʪʴ ʩʠʣʴʥʘʷ ʚʦʣʥʘ ʫʜʦʚʣʝʪʚʦʨʷʝʪ ʫʨʘʚʥʝʥʠʶ 

(1). ʊʦʛʜʘ ʫʨʘʚʥʝʥʠʝ ʜʣʷ ʚʩʧʦʤʦʛʘʪʝʣʴʥʦʡ ʬʫʥʢʮʠʠ S ʩʣʘʙʦʛʦ ʩʠʛʥʘʣʘ [2, 3]: 
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ʇʨʠʙʣʠʞʝʥʥʳʤ ʨʝʰʝʥʠʝʤ ʫʨʘʚʥʝʥʠʷ ɹʶʨʛʝʨʩʘ, ʦʧʠʩʳʚʘʶʱʠʤ ʬʦʨʤʠʨʦʚʘʥʠʝ 

ʬʨʦʥʪʘ ʫʜʘʨʥʦʡ ʚʦʣʥʳ ʚ ʜʠʩʩʠʧʘʪʠʚʥʦʡ ʩʨʝʜʝ, ʷʚʣʷʝʪʩʷ V0=tanh(a(z)ɗ). ʍʘʨʘʢʪʝʨʥʘʷ 

ʰʠʨʠʥʘ ʵʪʦʛʦ ʬʨʦʥʪʘ æɗ=a 1(z) ʤʦʞʝʪ ʠʟʤʝʥʷʪʴʩ ̫ʩ ʨʘʩʩʪʦʷʥʠʝʤ ʩʦʛʣʘʩʥʦ (ʩʤ. ʨʠʩ. 2): 
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ʈʠʩ. 2. ɻʨʘʜʠʝʥʪ ʫʜʘʨʥʦʛʦ ʬʨʦʥʪʘ a(z): 1 ï ʧʨʠ a0=0.2, 2 ï ʧʨʠ a0=0.6. 

 

ʆʛʨʘʥʠʯʠʤʩʷ ʮʝʥʪʨʘʣʴʥʦʡ ʦʙʣʘʩʪʴʶ ʬʨʦʥʪʘ, ʜʣʷ ʯʝʛʦ ʟʘʤʝʥʠʤ ʛʠʧʝʨʙʦʣʠʯʝʩʢʠʡ 

ʪʘʥʛʝʥʩ ʝʛʦ ʘʨʛʫʤʝʥʪʦʤ. ʇʨʠ ʵʪʦʤ ʫʨʘʚʥʝʥʠʝ (5) ʩ ʧʝʨʝʤʝʥʥʳʤ ʢʦʵʬʬʠʮʠʝʥʪʦʤ ʫʜʘʝʪʩʷ 

ʩʚʝʩʪʠ ʢ ʫʨʘʚʥʝʥʠʶ ʜʠʬʬʫʟʠʠ ʩ ʧʦʤʦʱʴʶ ʟʘʤʝʥʳ ʧʝʨʝʤʝʥʥʳʭ: 
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ʋʨʘʚʥʝʥʠʝ ʜʣʷ ʢʦʨʨʝʣʷʮʠʦʥʥʦʡ ʬʫʥʢʮʠʠ ʚʩʧʦʤʦʛʘʪʝʣʴʥʦʡ ʧʝʨʝʤʝʥʥʦʡ S: 
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ɽʛʦ ʨʝʰʝʥʠʝʤ ʧʨʠ ʥʝʢʦʪʦʨʦʤ ʥʘʯʘʣʴʥʦʤ ʫʩʣʦʚʠʠ ʷʚʣʷʝʪʩʷ ʬʫʥʢʮʠʷ: 
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ʊʦʛʜʘ ʥʝʪʨʫʜʥʦ ʚʳʯʠʩʣʠʪʴ ʢʦʨʨʝʣʷʮʠʦʥʥʫʶ ʬʫʥʢʮʠʶ ʰʫʤʘ: 
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ɺ ʢʘʯʝʩʪʚʝ ʧʨʠʤʝʨʘ ʚʦʟʴʤʝʤ ʨʝʰʝʥʠʝ ʫʨʘʚʥʝʥʠʷ (9) ʚ ʚʠʜʝ ʬʫʥʢʮʠʠ ɻʘʫʩʩʘ: 
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ɺ ʵʪʦʤ ʩʣʫʯʘʝ ʢʦʨʨʝʣʷʮʠʦʥʥʘʷ ʬʫʥʢʮʠʷ ʰʫʤʘ ʠʤʝʝʪ ʚʠʜ: 
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ɿʜʝʩʴ I(z)  ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʚʦʣʥʳ, ʢʦʪʦʨʘʷ ʚʳʨʘʞʘʝʪʩʷ ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ: 
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ʈʠʩ. 3. ʀʥʪʝʥʩʠʚʥʦʩʪʴ ʰʫʤʦʚʦʛʦ ʩʠʛʥʘʣʘ I ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʛʨʘʜʠʝʥʪʘ ʫʜʘʨʥʦʛʦ ʬʨʦʥʪʘ a ʧʨʠ ũ=0.1. 

 

ʅʘ ʨʠʩ. 3 ʠʟʦʙʨʘʞʝʥʘ ʟʘʚʠʩʠʤʦʩʪʴ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʩʠʛʥʘʣʘ ʦʪ ʛʨʘʜʠʝʥʪʘ ʫʜʘʨʥʦʛʦ 

ʬʨʦʥʪʘ a, ʢʦʪʦʨʳʡ ʤʝʥʷʝʪʩʷ ʦʪ ʥʘʯʘʣʴʥʦʛʦ ʟʥʘʯʝʥʠʷ a0 ʜʦ ʩʪʘʮʠʦʥʘʨʥʦʛʦ ʟʥʘʯʝʥʠʷ 

a*=1/2ũ=5 ʧʨʠ ũ=0.1. ʉ ʫʚʝʣʠʯʝʥʠʝʤ ʨʘʩʩʪʦʷʥʠʷ, ʢʦʛʜʘ ʢʨʫʪʠʟʥʘ ʬʨʦʥʪʘ ʨʘʩʪʝʪ, 

ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʦʪ ʠʩʭʦʜʥʦʛʦ ʟʥʘʯʝʥʠʷ, ʧʨʦʭʦʜʠʪ ʯʝʨʝʟ ʤʘʢʩʠʤʫʤ ʠ ʟʘʪʝʤ 

ʩʪʨʝʤʠʪʩʷ ʢ ʥʫʣ.ʁ ɿʘʤʝʪʠʤ, ʯʪʦ ʥʝʤʦʥʦʪʦʥʥʦʝ ʧʦʚʝʜʝʥʠʝ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʩʚʷʟʘʥʦ ʠʤʝʥʥʦ 

ʩ ʫʯʝʪʦʤ ʜʠʩʩʠʧʘʪʠʚʥʳʭ ʧʨʦʮʝʩʩʦʚ ʚ ʩʨʝʜʝ: ʬʦʨʤʠʨʫʶʱʠʡʩʷ ʬʨʦʥʪ ʤʦʞʝʪ ʫʩʠʣʠʚʘʪʴ 

ʧʦʧʫʪʥʳʡ ʰʫʤ ʚ ʩʨʝʜʝ, ʘ ʫʞʝ ʩʬʦʨʤʠʨʦʚʘʚʰʠʡʩʷ ʬʨʦʥʪ, ʥʘʧʨʦʪʠʚ, ʦʩʣʘʙʣʷʪʴ ʝʛʦ. ʇʨʠ 

ʤʘʣʳʭ ʟʥʘʯʝʥʠʷʭ a0 ʥʘʢʘʯʢʘ ʠʤʝʝʪ ʪʘʢʦʡ ʤʘʣʳʡ ʥʘʢʣʦʥ, ʯʪʦ ʥʘ ʥʘʯʘʣʴʥʦʤ ʫʯʘʩʪʢʝ 

ʧʨʘʢʪʠʯʝʩʢʠ ʥʝ ʚʣʠʷʝʪ ʥʘ ʩʠʛʥʘʣ. ɺ ʵʪʦʤ ʩʣʫʯʘʝ, ʥʝʩʤʦʪʨʷ ʥʘ ʤʘʣʦʩʪʴ ũ, ʧʨʦʠʩʭʦʜʠʪ 

ʟʘʪʫʭʘʥʠʝ. ɿʘʪʝʤ ʚʩʪʫʧʘʝʪ ʚ ʜʝʡʩʪʚʠʝ ʥʘʢʘʯʢʘ, ʠ ʧʨʦʠʩʭʦʜʠʪ ʫʩʠʣʝʥʠʝ, ʢʦʪʦʨʦʝ ʧʨʠ 

ʧʨʠʙʣʠʞʝʥʠʠ ʢ ʩʪʘʮʠʦʥʘʨʫ ʩʤʝʥʷʪʩʷ ʟʘʪʫʭʘʥʠʝʤ. 
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ʈʘʩʩʤʦʪʨʠʤ ʩʣʫʯʘʡ ʩʪʘʮʠʦʥʘʨʥʦʛʦ ʬʨʦʥʪʘ V0=tanh(ɗ/2ũ), ʢʦʪʦʨʳʡ ʷʚʣʷʝʪʩʷ ʪʦʯʥʳʤ 

ʨʝʰʝʥʠʝʤ ʫʨʘʚʥʝʥʠʷ (1). ʊʦʛʜʘ ʫʨʘʚʥʝʥʠʝ (5) ʩʚʦʜʠʪʩʷ ʢ ʫʨʘʚʥʝʥʠʶ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ 

ʜʣʷ ʚʩʧʦʤʦʛʘʪʝʣʴʥʦʡ ʬʫʥʢʮʠʠ U(z, ɗ): 
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 (14) 

ʉʣʝʜʦʚʘʪʝʣʴʥʦ, ʧʦʣʫʯʘʝʤ: 
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1  (15) 

ɺ ʢʘʯʝʩʪʚʝ ʧʨʠʤʝʨʘ ʠʟʫʯʠʤ ʧʦʚʝʜʝʥʠʝ ʙʠʧʦʣʷʨʥʦʛʦ ʠʤʧʫʣʴʩʘ: 

 () ( )( )2*
0 exp qq

q
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d
V  (16) 

ʀʟ (5), (14), (15) ʧʦʣʝ ʩʢʦʨʦʩʪʠ ʚʳʨʘʞʘʝʪʩʷ ʢʘʢ: 
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ʈʠʩ. 4. ʌʦʨʤʘ ʙʠʧʦʣʷʨʥʦʛʦ ʠʤʧʫʣʴʩʘ ʧʨʠ ɗ*=8 ʜʣʷ ʨʘʩʩʪʦʷʥʠʡ z=0, 2, 8, 10: 1 ï ũ=1, 2 ï ũ=0.1. 

 

ʂʦʛʜʘ ʠʤʧʫʣʴʩ ʜʦʩʪʠʛʘʝʪ ʫʜʘʨʥʦʛʦ ʬʨʦʥʪʘ, ʝʛʦ ʧʦʚʝʜʝʥʠʝ ʩʪʘʥʦʚʠʪʩʷ ʨʘʟʣʠʯʥʳʤ 

ʧʨʠ ʙʦʣʴʰʠʭ ʠ ʤʘʣʳʭ ʯʠʩʣʘʭ ɻʦʣʴʜʙʝʨʛʘ. ʅʘ ʨʠʩ. 4 ʩʧʣʦʰʥʦʡ ʣʠʥʠʝʡ ʠʟʦʙʨʘʞʝʥʘ ʬʦʨʤʘ 

ʠʤʧʫʣʴʩʘ ʧʨʠ z=0, h ʪʨʠʭʦʚʦʡ ï z=2, h ʪʨʠʭ-ʧʫʥʢʪʠʨʥʦʡ ï z=8, ʧʫʥʢʪʠʨʥʦʡ ï z=10. ʇʨʠ 

ʤʘʣʳʭ ʟʥʘʯʝʥʠʷʭ ũ ʠʟ-ʟʘ ʩʞʘʪʠʷ ʚ ʦʢʨʝʩʪʥʦʩʪʠ ʫʜʘʨʥʦʛʦ ʬʨʦʥʪʘ ʥʘʙʣʶʜʘʝʪʩʷ ʫʚʝʣʠʯʝʥʠʝ 

ʘʤʧʣʠʪʫʜʳ ʠʤʧʫʣʴʩʘ, ʟʘʪʝʤ ʦʥʘ ʫʙʳʚʘʝʪ ʠʟ-ʟʘ ʜʠʩʩʠʧʘʮʠʠ. ʇʨʠ ʙʦʣʴʰʠʭ ũ ʜʠʩʩʠʧʘʮʠʷ 

ʩʪʘʥʦʚʠʪʩʷ ʧʨʝʦʙʣʘʜʘʶʱʝʡ, ʠ ʘʤʧʣʠʪʫʜʘ ʠʤʧʫʣʴʩʘ ʚʩʝ ʚʨʝʤʷ ʫʙʳʚʘʝʪ. 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʧʦʜʜʝʨʞʢʝ ʛʨʘʥʪʘ ʈʅʌ ˉ 19-12-00256. 

 

ʃʀʊɽʈɸʊʋʈɸ 
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ʆʩʦʙʝʥʥʦʩʪʠ ʜʠʩʧʝʨʩʠʠ ʢʣʠʥʦʚʳʭ ʚʦʣʥ ʚ ʮʠʣʠʥʜʨʠʯʝʩʢʠʭ ʦʙʨʘʟʮʘʭ ʩ 

ʚʥʝʰʥʝʡ ʠ ʚʥʫʪʨʝʥʥʝʡ ʢʦʥʫʩʦʦʙʨʘʟʥʦʡ ʧʦʚʝʨʭʥʦʩʪʴʶ ʢʣʠʥʘ 
 

ɸ.ʀ. ʂʦʨʦʙʦʚ1, ɸ.ɸ. ɸʛʘʬʦʥʦʚ1, ʄ.ʖ. ʀʟʦʩʠʤʦʚʘ1, ɸ.ʀ. ʂʦʢʰʘʡʩʢʠʡ1, ʈ.ɸ. ɾʦʩʪʢʦʚ2 
1ʄɻʋ ʠʤʝʥʠ ʄ.ɺ. ʃʦʤʦʥʦʩʦʚʘ, ʬʠʟʠʯʝʩʢʠʡ ʬʘʢʫʣʴʪʝʪ, ʢʘʬʝʜʨʘ ʘʢʫʩʪʠʢʠ 

2 ʀʥʩʪʠʪʫʪ ʬʠʟʠʢʠ ɿʝʤʣʠ ʠʤ. ʆ.ʖ. ʐʤʠʜʪʘ ʈɸʅ 

agafonov.alexander94@gmail.com   
 

ʆʙʥʘʨʫʞʝʥʥʳʝ ʚ 1972 ʜʚʫʤʷ ʥʝʟʘʚʠʩʠʤʳʤʠ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʤʠ ʛʨʫʧʧʘʤʠ ʧʦʜ 

ʨʫʢʦʚʦʜʩʪʚʦʤ ʃʘʛʘʩʩʘ ʠ ʄʘʨʘʜʫʜʠʥʘ [1, 2], ʢʣʠʥʦʚʳʝ ʫʧʨʫʛʠʝ ʚʦʣʥʳ (ʂʋɺ) ʜʦ ʩʠʭ ʧʦʨ 

ʷʚʣʷʶʪʩʷ ʦʙʲʝʢʪʦʤ ʧʨʠʩʪʘʣʴʥʦʛʦ ʚʥʠʤʘʥʠʷ. ʉʦʛʣʘʩʥʦ ʯʠʩʣʝʥʥʳʤ ʨʘʩʯʝʪʘʤ [1], ʚʜʦʣʴ 

ʨyʙʝʨ ʪʚʝʨʜʦʪʝʣʴʥʳʭ ʣʠʥʝʡʥʳʭ ʢʣʠʥʴʝʚ ʩ ʫʛʣʘʤʠ ʨʘʩʢʨʳʚʘ ʦʪ 00 ʜʦ 900 ʤʦʛʫʪ 

ʨʘʩʧʨʦʩʪʨʘʥʷʪʴʩʷ ʥʝʩʢʦʣʴʢʦ ʘʥʪʠʩʠʤʤʝʪʨʠʯʥʳʭ (ʠʟʛʠʙʥʳʭ) ʣʦʢʘʣʠʟʦʚʘʥʥʳʭ ʤʦʜ ʂʋɺ. 

ʇʨʠ ʵʪʦʤ ʠʭ ʩʢʦʨʦʩʪʠ ʟʘʚʠʩʷʪ ʪʦʣʴʢʦ ʦʪ ʫʛʣʘ ʠ ʤʘʪʝʨʠʘʣʘ ʢʣʠʥʘ ʠ ʥʝ ʦʙʣʘʜʘʪʁ 

ʜʠʩʧʝʨʩʠʝʡ: 

 
max

sin ,

90

n RV V n

n

q

q

º

< ¯
 (1) 

ɿʜʝʩʴ ʠ ʜʘʣʝʝ VR ï ʩʢʦʨʦʩʪʴ ʧʦʚʝʨʭʥʦʩʪʥʦʡ ʚʦʣʥʳ ʥʘ ʙʦʢʦʚʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʢʣʠʥʘ, 

n ï ʥʦʤʝʨ ʤʦʜʳ ʂʋɺ, q - ʫʛʦʣ ʨʘʩʢʨʳʚʘ ʢʣʠʥʘ.  

ʇʨʦʚʝʜʝʥʥʳʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʢʣʠʥʦʚʳʭ ʚʦʣʥ ʧʦʜʪʚʝʨʞʜʘʶʪ 

ʦʪʩʫʪʩʪʚʠʝ ʜʠʩʧʝʨʩʠʠ ʩʢʦʨʦʩʪʠ ʂʋɺ, ʠʭ ʥʠʟʢʫʶ ʩʢʦʨʦʩʪʴ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʠ ʚʳʩʦʢʫʶ 

ʣʦʢʘʣʠʟʘʮʠ ʁ ʵʥʝʨʛʠʠ ʂʋɺ ʫ ʨʝʙʨʘ ʢʣʠʥʘ. ʕʪʠ ʩʚʦʡʩʪʚʘ ʂʋɺ ʧʨʝʜʩʪʘʚʣʷʶʪʩʷ 

ʧʝʨʩʧʝʢʪʠʚʥʳʤʠ ʜʣʷ ʥʝʨʘʟʨʫʰʘʶʱʝʛʦ ʢʦʥʪʨʦʣʷ [3, 4]. ʕʥʝʨʛʠʷ ʘʥʪʠʩʠʤʤʝʪʨʠʯʥʳʭ ʤʦʜ 

ʂʋɺ ʩʢʦʥʮʝʥʪʨʠʨʦʚʘʥʘ ʚ ʦʢʨʝʩʪʥʦʩʪʠ ʨʝʙʨʘ ʢʣʠʥʘ, ʩʤʝʱʝʥʠʝ ʯʘʩʪʠʮ ʚ ʠʟʛʠʙʥʦʡ ʂʋɺ ʚ 

ʦʩʥʦʚʥʦʤ ʧʨʦʠʩʭʦʜʠʪ ʚ ʥʘʧʨʘʚʣʝʥʠʠ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦʤ ʧʣʦʩʢʦʩʪʠ, ʨʘʟʜʝʣʷʶʱʝʡ ʫʛʦʣ 

ʢʣʠʥʘ ʧʦʧʦʣʘʤ, ʠ ʵʢʩʧʦʥʝʥʮʠʘʣʴʥʦ ʟʘʪʫʭʘʝʪ ʩ ʨʘʩʩʪʦʷʥʠʝʤ ʦʪ ʨʝʙʨʘ ʢʣʠʥʘ 

ɺ ʩʠʣʫ ʪʦʛʦ, ʯʪʦ ʚ ʦʩʥʦʚʥʦʤ ʢʣʠʥʦʚʠʜʥʳʝ ʩʪʨʫʢʪʫʨʳ (ʨʝʙʨʘ ʣʦʧʘʩʪʠ, ʢʨʳʣʦ, 

ʢʨʦʤʢʠ ʨʝʞʫʱʠʭ ʠʥʩʪʨʫʤʝʥʪʦʚ (ʩʚʝʨʣʘ, ʙʫʨʳ ʠ ʜʨ.)) ʠʤʝʶʪ ʛʝʦʤʝʪʨʠʶ ʦʪʣʠʯʥʫʶ ʦʪ 

ʧʨʷʤʦʛʦ ʢʣʠʥʘ, ʥʘʧʨʠʤʝʨ, ʩ ʫʩʝʯʝʥʠʷʤʠ, ʚʳʝʤʢʘʤʠ (ʣʦʢʘʣʴʥʳʤ ʫʩʝʯʝʥʠʝʤ), ʘ ʪʘʢʞʝ ʩ 

ʠʟʛʠʙʦʤ ʨʝʙʨʘ ʢʣʠʥʘ, ʪʦ ʠʩʩʣʝʜʦʚʘʥʠʝ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʘʢʫʩʪʠʯʝʩʢʠʭ ʚʦʣʥ ʚ ʪʘʢʠʭ 

ʩʪʨʫʢʪʫʨʘʭ ʷʚʣʷʝʪʩʷ ʘʢʪʫʘʣʴʥʦʡ ʟʘʜʘʯʝʡ.  

ɺ.ɺ. ʂʨʳʣʦʚ ʚ [5] ʩ ʧʦʤʦʱʴʶ ʣʫʯʝʚʦʛʦ ʧʦʜʭʦʜʘ ʘʥʘʣʠʪʠʯʝʩʢʠ ʨʘʩʩʯʠʪʘʣ ʜʠʩʧʝʨʩʠʶ 

ʩʢʦʨʦʩʪʠ ʤʦʜ ʂʋɺ ʚ ʢʣʠʥʦʚʠʜʥʳʭ ʩʪʨʫʢʪʫʨʘʭ, ʦʛʨʘʥʠʯʝʥʥʳʭ ʢʦʥʠʯʝʩʢʦʡ ʧʦʚʝʨʭʥʦʩʪʴʶ 

ʩ ʦʜʥʦʡ ʩʪʦʨʦʥʳ ʠ ʮʠʣʠʥʜʨʠʯʝʩʢʦʡ ʩ ʜʨʫʛʦʡ (ʨʠʩ. 1 ʘ,ʙ) ʚ ʢʣʠʥʴʷʭ ʩ ʤʘʣʳʤʠ ʫʛʣʘʤʠ 

ʨʘʩʢʨʳʚʘ. ɹʳʣʦ ʧʦʢʘʟʘʥʦ ʯʪʦ ʩʢʦʨʦʩʪʴ ʂʋɺ ʚ ʮʠʣʠʥʜʨʠʯʝʩʢʦʤ ʢʣʠʥʝ ʦʙʣʘʜʘʝʪ 

ʜʠʩʧʝʨʩʠʝʡ: 

1

0 0

3 1
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è ø
= +é ù
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,     (2) 

ʛʜʝ V1, b0=w/V1 ʩʢʦʨʦʩʪʴ ʠ ʚʦʣʥʦʚʦʡ ʚʝʢʪʦʨ ʧʝʨʚʦʡ ʤʦʜʳ ʂʋɺ ʚ ʧʨʷʤʦʣʠʥʝʡʥʦʤ 

ʢʣʠʥʝ, r0=R/sin(q/2)ï ʨʘʜʠʫʩ ʢʨʠʚʠʟʥʳ ʢʣʠʥʘ (ʠʤʝʝʪ ʦʪʨʠʮʘʪʝʣʴʥʦʝ ʟʥʘʯʝʥʠʝ, ʚ ʩʣʫʯʘʝ 

ʢʣʠʥʘ ʦʛʨʘʥʠʯʝʥʥʦʛʦ ʚʥʝʰʥʝʡ ʢʦʥʠʯʝʩʢʦʡ ʧʦʚʝʨʭʥʦʩʪʴʶ), q - ʫʛʦʣ ʨʘʩʢʨʳʚʘ ʢʣʠʥʘ, R ï 

ʨʘʜʠʫʩ ʦʛʨʘʥʠʯʠʚʘʶʱʝʛʦ ʮʠʣʠʥʜʨʘ. ɸʚʪʦʨ [5] ʫʢʘʟʳʚʘʝʪ, ʯʪʦ ʚʳʨʘʞʝʥʠʝ (2) ʧʨʠʤʝʥʠʤʦ 

ʪʦʣʴʢʦ ʚ ʩʣʫʯʘʝ, ʢʦʛʜʘ ʨʘʜʠʫʩ ʢʨʠʚʠʟʥʳ ʟʥʘʯʠʪʝʣʴʥʦ ʧʨʝʚʳʰʘʝʪ ʜʣʠʥʫ ʚʦʣʥʳ, ʘ ʜʣʷ 

ʧʝʨʚʦʡ ʤʦʜʳ ʂʋɺ ʧʦʢʘʟʳʚʘʝʪ ʪʝʥʜʝʥʮʠʶ ʠʟʤʝʥʝʥʠʷ ʩʢʦʨʦʩʪʠ ʩ ʯʘʩʪʦʪʦʡ.   

ɺ ʥʘʰʝʡ ʨʘʙʦʪʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʯʠʩʣʝʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ  

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʢʣʠʥʦʚʳʭ ʘʢʫʩʪʠʯʝʩʢʠʭ ʚʦʣʥ ʚ ʮʠʣʠʥʜʨʠʯʝʩʢʠʭ 

ʢʣʠʥʴʷʭ, ʠʩʩʣʝʜʦʚʘʥʳ ʣʦʢʘʣʠʟʘʮʠʷ ʠ ʜʠʩʧʝʨʩʠʷ ʩʢʦʨʦʩʪʠ ʂʋɺ. ʂʨʦʤʝ ʪʦʛʦ, ʧʨʦʚʝʜʝʥʳ 
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ʠʩʩʣʝʜʦʚʘʥʠʷ ʩʢʦʨʦʩʪʠ ʂʋɺ ʚ ʩʣʫʯʘʝ, ʢʦʛʜʘ ʚʥʫʪʨʝʥʥʷʷ ʧʦʚʝʨʭʥʦʩʪʴ ʢʣʠʥʘ ʛʨʘʥʠʯʠʪ ʩ 

ʞʠʜʢʦʩʪʴʶ.  

ɼʣʷ ʧʨʦʚʝʜʝʥʠʷ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʠʟ ʧʨʫʪʢʘ ʩʧʣʘʚʘ ʘʣʶʤʠʥʠʷ ɼ16 

ʜʠʘʤʝʪʨʦʤ 98 ʤʤ ʙʳʣʠ ʠʟʛʦʪʦʚʣʝʥʳ ʜʚʘ ʮʠʣʠʥʜʨʠʯʝʩʢʠʭ ʢʣʠʥʘ ʩ ʫʛʣʘʤʠ ʨʘʚʥʳʤʠ, ʫʛʦʣ 

ʢʣʠʥʘ ʩ ʧʦʣʦʞʠʪʝʣʴʥʦʡ ʢʨʠʚʠʟʥʦʡ 32,78Á. ɼʠʘʤʝʪʨ ʦʛʨʘʥʠʯʠʚʘʶʱʝʛʦ ʮʠʣʠʥʜʨʘ ʚ ʢʣʠʥʝ 

ʩ ʦʪʨʠʮʘʪʝʣʴʥʦʡ ʢʨʠʚʠʟʥʦʡ ʩʦʩʪʘʚʣʷʣ 73,2 ʤʤ, ʘ ʫʛʦʣ 32,06Á (ʈʠʩ. 1 ʘ, ʙ) ʀʟʤʝʨʝʥʥʘʷ 

ʩʢʦʨʦʩʪʴ ʧʦʚʝʨʭʥʦʩʪʥʦʡ ʚʦʣʥʳ ʚ ʤʘʪʝʨʠʘʣʝ ʢʣʠʥʘ ʙʳʣʘ ʨʘʚʥʘ 2950 ʤ/ʩ.  

 

 
ʈʠʩ. 1. (ʘ) ʎʠʣʠʥʜʨʠʯʝʩʢʠʡ ʢʣʠʥ ʩ ʧʦʣʦʞʠʪʝʣʴʥʦʡ ʢʨʠʚʠʟʥʦʡ; (ʙ) ʮʠʣʠʥʜʨʠʯʝʩʢʠʡ ʢʣʠʥ ʩ ʦʪʨʠʮʘʪʝʣʴʥʦʡ 

ʢʨʠʚʠʟʥʦʡ; (ʚ) ï ʧʨʠʤʝʨ ʨʝʟʫʣʴʪʘʪʘ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʂʋɺ ʚʜʦʣʴ ʨʝʙʨʘ (60 ʢɻʮ). 

 

ʊʨʝʭʤʝʨʥʦʝ ʯʠʩʣʝʥʥʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʂʋɺ ʚ ʮʠʣʠʥʜʨʠʯʝʩʢʠʭ 

ʦʙʨʘʟʮʘʭ ʟʘʜʘʥʥʦʡ ʢʦʥʬʠʛʫʨʘʮʠʠ ʙʳʣʦ ʚʳʧʦʣʥʝʥʦ ʩ ʧʦʤʦʱʴʶ ʩʧʝʮʠʘʣʴʥʦʛʦ 

ʧʨʦʛʨʘʤʤʥʦʛʦ ʦʙʝʩʧʝʯʝʥʠʷ [6], ʩʦʟʜʘʥʥʦʛʦ ʚ ʩʨʝʜʝ COMSOL Multiphysics 5.4 [7]. 

ɻʨʘʥʠʯʥʳʝ ʫʩʣʦʚʠʷ ʤʦʜʝʣʠ ʩʦʦʪʚʝʪʩʪʚʦʚʘʣʠ ʩʚʦʙʦʜʥʳʤ ʚʥʝʰʥʠʤ ʛʨʘʥʷʤ ʢʣʠʥʘ, ʘ 

ʥʠʞʥʷʷ ʯʘʩʪʴ ï ʩʣʘʙʦʦʪʨʘʞʘʶʱʝʤʫ ʫʩʣʦʚʠʶ ʜʣʷ ʧʨʘʢʪʠʯʝʩʢʠ ʧʦʣʥʦʛʦ ʠʩʢʣʶʯʝʥʠʷ 

ʚʣʠʷʥʠʷ ʦʪʨʘʞʝʥʥʦʛʦ ʩʠʛʥʘʣʘ. ɼʣʷ ʵʪʦʡ ʞʝ ʮʝʣʠ ʧʨʦʪʷʞʝʥʥʦʩʪʴ ʤʦʜʝʣʠ ʦʛʨʘʥʠʯʠʚʘʣʘʩʴ 

10 ʜʣʠʥʘʤʠ ʚʦʣʥ, ʘ ʥʘ ʧʨʦʪʠʚʦʧʦʣʦʞʥʦʡ ʦʪ ʠʩʪʦʯʥʠʢʘ ʪʦʨʮʝʚʦʡ ʛʨʘʥʠ ʢʣʠʥʘ ʟʘʜʘʥʦ 

ʩʣʘʙʦʦʪʨʘʞʘʶʱʝʝ ʫʩʣʦʚʠʝ, ʧʨʠ ʵʪʦʤ ʥʘ ʙʣʠʞʥʝʡ ʪʦʨʮʝʚʦʡ ʛʨʘʥʠ ʟʘʜʘʥʦ ʫʩʣʦʚʠʝ 

ʩʠʤʤʝʪʨʠʠ. ʀʩʪʦʯʥʠʢ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʤʦʜʫʣʠʨʦʚʘʥʥʫʶ ʦʢʥʦʤ ʍʘʥʥʠʥʛʘ ʰʠʨʠʥʦʡ 

2/F ʛʘʨʤʦʥʠʯʝʩʢʫʶ ʩʠʣʫ ʘʤʧʣʠʪʫʜʦʡ 1 ʅ, ʧʨʠʣʦʞʝʥʥʫʶ ʢ ʚʝʨʰʠʥʝ ʢʣʠʥʘ ʠ 

ʥʘʧʨʘʚʣʝʥʥʫʶ ʚʜʦʣʴ ʣʠʥʠʠ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦʡ ʝʛʦ ʨʝʙʨʫ ʠ ʙʠʩʩʝʢʪʨʠʩʝ. 

ʈʝʰʝʥʠʝ ʟʘʜʘʯʠ ʧʨʦʚʦʜʠʣʦʩʴ ʚʦ ʚʨʝʤʝʥʥʦʡ ʦʙʣʘʩʪʠ, ʘ ʝ y ʜʣʠʪʝʣʴʥʦʩʪʴ 

ʦʧʨʝʜʝʣʷʣʘʩʴ ʚʨʝʤʝʥʝʤ, ʥʝʦʙʭʦʜʠʤʳʤ ʂʋɺ ʜʣʷ ʧʨʦʭʦʞʜʝʥʠʷ ʚʩʝʡ ʤʦʜʝʣʠ. ʈʘʟʤʝʨ 

ʢʦʥʝʯʥʳʭ ʵʣʝʤʝʥʪʦʚ ʙʳʣ ʚʳʙʨʘʥ ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʯʪʦʙʳ ʦʰʠʙʢʘ ʨʘʩʯʝʪʦʚ ʥʝ ʧʨʝʚʳʰʘʣʘ 

0.5%, ʘ ʰʘʛ ʧʦ ʚʨʝʤʝʥʠ ʫʜʦʚʣʝʪʚʦʨʷʣ ʫʩʣʦʚʠʶ ʌʨʠʜʨʠʭʩʘ-ʃʝʚʠ-ʂʫʨʘʥʪʘ ʩ ʜʚʦʡʥʳʤ 

ʟʘʧʘʩʦʤ ʧʨʦʯʥʦʩʪʠ. 

ʈʝʟʫʣʴʪʘʪʳ ʤʦʜʝʣʠʨʦʚʘʥʠʷ (ʜʠʩʧʝʨʩʠʦʥʥʳʝ ʢʨʠʚʳʝ ʠ ʣʦʢʘʣʠʟʘʮʠʷ) ʧʨʝʜʩʪʘʚʣʝʥʳ 

ʩʦʚʤʝʩʪʥʦ ʩ ʨʝʟʫʣʴʪʘʪʘʤʠ ʘʥʘʣʠʪʠʯʝʩʢʦʛʦ ʨʘʩʯʝʪʘ ʧʦ ʬʦʨʤʫʣʝ ʂʨʳʣʦʚʘ (2) ʠ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ (ʨʠʩ. 1ʚ, 3, 4).  

ɼʣʷ ʧʨʦʚʝʜʝʥʠʷ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʠʩʧʦʣʴʟʦʚʘʣʘʩʴ 

ʢʦʤʧʴʶʪʝʨʠʟʦʚʘʥʥʘʷ ʫʣʴʪʨʘʟʚʫʢʦʚʘʷ ʫʩʪʘʥʦʚʢʘ (ʨʠʩ. 2 ʘ) [8]. ʀʟʤʝʨʝʥʠʷ ʧʨʦʚʦʜʠʣʠʩʴ 

ʠʤʧʫʣʴʩʥʳʤ ʤʝʪʦʜʦʤ. ɺʦʟʙʫʞʜʝʥʠʝ ʠ ʧʨʠʝʤ ʫʣʴʪʨʘʟʚʫʢʦʚʳʭ ʂʋɺ ʧʨʦʚʦʜʠʣʦʩʴ ʤʝʪʦʜʦʤ 

point-to-point ʩ ʧʦʤʦʱʴʶ ʩʠʩʪʝʤʳ ʠʟ ʪʨʸʭ ʪʦʯʝʯʥʳʭ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʝʡ (S ï ʟʦʥʜʠʨʫʶʱʠʡ 

ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʴ, R1-R2 ï ʧʨʠʥʠʤʘʶʱʠʝ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʠ ʩ ʢʦʥʠʯʝʩʢʠʤʠ 

ʢʦʥʮʝʥʪʨʘʪʦʨʘʤʠ). ʉʢʦʨʦʩʪʴ ʂʋɺ ʦʧʨʝʜʝʣʷʣʘʩʴ ʧʦ ʟʘʜʝʨʞʢʝ ʠʤʧʫʣʴʩʘ ʂʋɺ, ʘ ʪʘʢʞʝ 

ʧʫʪʝʤ ʚʠʟʫʘʣʠʟʘʮʠʠ ʢʦʣʝʙʘʥʠʡ ʨʝʙʨʘ ʢʣʠʥʘ ʣʘʟʝʨʥʳʤ ʚʠʙʨʦʤʝʪʨʦʤ (ʨʠʩ. 2 ʙ). ʂʨʦʤʝ 
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ʪʦʛʦ, ʚʠʟʫʘʣʠʟʘʮʠʷ ʧʦʟʚʦʣʠʣʘ ʧʦʣʫʯʠʪʴ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʘʤʧʣʠʪʫʜʳ ʂʋɺ 

ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦ ʨʝʙʨʫ ʢʣʠʥʘ ʠ ʦʮʝʥʠʪʴ ʣʦʢʘʣʠʟʘʮʠʶ ʂʋɺ ʫ ʨʝʙʨʘ ʢʣʠʥʘ.  

 
ʈʠʩ. 2. (ʘ) ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ ʫʩʪʘʥʦʚʢʘ; (ʙ) ʚʠʟʫʘʣʠʟʘʮʠʷ ʂʋɺ ʩ ʧʦʤʦʱʴʶ ʣʘʟʝʨʥʦʛʦ ʚʠʙʨʦʤʝʪʨʘ. 

 

ʍʘʨʘʢʪʝʨ ʠʟʤʝʨʝʥʥʦʡ ʜʠʩʧʝʨʩʠʦʥʥʦʡ ʢʨʠʚʦʡ ʩʢʦʨʦʩʪʠ ʂʋɺ ʩʦʦʪʚʝʪʩʪʚʫʝʪ 

ʘʥʘʣʠʪʠʯʝʩʢʠʤ ʦʮʝʥʢʘʤ ʠ ʨʝʟʫʣʴʪʘʪʘʤ ʤʦʜʝʣʠʨʦʚʘʥʠʷ. ʋʚʝʣʠʯʝʥʠʝ ʩʢʦʨʦʩʪʠ ʂʋɺ ʚ 

ʩʣʫʯʘʝ ʮʠʣʠʥʜʨʠʯʝʩʢʦʛʦ ʢʣʠʥʘ ʩ ʧʦʣʦʞʠʪʝʣʴʥʦʡ ʢʨʠʚʠʟʥʦʡ ʧʦʩʣʝ 200 ʢɻʮ ʦʙʲʷʩʥʷʝʪʩʷ 

ʥʝʙʦʣʴʰʠʤ ʫʩʝʯʝʥʠʝʤ ʢʣʠʥʘ (ʤʝʥʝʝ 0,1 ʤʤ) ʚʦ ʚʨʝʤʷ ʝʛʦ ʠʟʛʦʪʦʚʣʝʥʠʷ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ 

ʫʚʝʣʠʯʝʥʠʶ ʞʝʩʪʢʦʩʪʠ ʢʣʠʥʘ ʜʣʷ ʂʋɺ ʩ ʤʝʥʴʰʠʤʠ ʜʣʠʥʘʤʠ ʚʦʣʥ.  

ʀʟʤʝʨʝʥʠʝ ʣʦʢʘʣʠʟʘʮʠʠ ʂʋɺ ʧʨʦʚʦʜʠʣʦʩʴ ʚʜʦʣʴ ʧʨʷʤʦʡ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦ ʨʝʙʨʫ 

ʢʣʠʥʘ. ʅʘ ʨʠʩ. 3ʙ ʧʨʠʚʝʜʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʛʦ ʠʟʤʝʨʝʥʠʷ ʣʦʢʘʣʠʟʘʮʠʠ 

ʂʋɺ ʚ ʢʣʠʥʝ ʢʘʢ ʩ ʧʦʣʦʞʠʪʝʣʴʥʦʡ, ʪʘʢ ʠ ʩ ʦʪʨʠʮʘʪʝʣʴʥʦʡ ʢʨʠʚʠʟʥʦʡ. ɸʤʧʣʠʪʫʜʘ ʩʠʛʥʘʣʘ 

ʥʦʨʤʠʨʦʚʘʣʘʩʴ ʥʘ ʝʝ ʤʘʢʩʠʤʫʤ, ʘ ʨʘʩʩʪʦʷʥʠʝ ʦʪ ʚʝʨʰʠʥʳ ʢʣʠʥʘ ʥʘ ʜʣʠʥʫ ʚʦʣʥʳ ʂʋɺ ʥʘ 

ʯʘʩʪʦʪʝ ʵʢʩʧʝʨʠʤʝʥʪʘ. ʈʝʟʫʣʴʪʘʪʳ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʠ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʧʦʢʘʟʳʚʘʶʪ, ʯʪʦ 

ʣʦʢʘʣʠʟʘʮʠʷ ʂʋɺ ʚ ʮʠʣʠʥʜʨʠʯʝʩʢʦʤ ʢʣʠʥʝ ʚʳʰʝ, ʯʝʤ ʚ ʧʨʷʤʦʤ ʢʣʠʥʝ [9]. 

  
(ʘ)     (ʙ) 

ʈʠʩ. 3. (ʘ) ɼʠʩʧʝʨʩʠʦʥʥʳʝ ʢʨʠʚʳʝ ʜʣʷ ʮʠʣʠʥʜʨʠʯʝʩʢʠʭ ʢʣʠʥʴʝʚ ʩ ʧʦʣʦʞʠʪʝʣʴʥʦʡ ʠ ʦʪʨʠʮʘʪʝʣʴʥʦʡ 

ʢʨʠʚʠʟʥʦʡ; (ʙ) ʣʦʢʘʣʠʟʘʮʠʷ ʂʋɺ ʚ ʮʠʣʠʥʜʨʠʯʝʩʢʠʭ ʢʣʠʥʴʷʭ ʩ ʧʦʣʦʞʠʪʝʣʴʥʦʡ ʠ ʦʪʨʠʮʘʪʝʣʴʥʦʡ ʢʨʠʚʠʟʥʦʡ. 

 

ɹʳʣʠ ʧʨʦʚʝʜʝʥʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʟʘʚʠʩʠʤʦʩʪʠ ʩʢʦʨʦʩʪʠ ʂʋɺ ʦʪ ʫʨʦʚʥʷ ʞʠʜʢʦʩʪʠ, 

ʟʘʧʦʣʥʷʶʱʝʡ ʮʠʣʠʥʜʨʠʯʝʩʢʠʡ ʢʣʠʥ (ʨʠʩ. 4). ɻʨʘʥʠʯʥʳʝ ʫʩʣʦʚʠʷ ʩ ʨʘʟʥʳʭ ʩʪʦʨʦʥ ʢʣʠʥʘ 

ʧʨʠ ʵʪʦʤ ʙʳʣʠ ʨʘʟʣʠʯʥʳʤʠ. ɺ ʢʘʯʝʩʪʚʝ ʞʠʜʢʦʩʪʠ ʠʩʧʦʣʴʟʦʚʘʣʘʩʴ ʚʦʜʘ, ʝʝ ʫʨʦʚʝʥʴ 

ʦʮʝʥʠʚʘʣʩʷ ʚ ʜʦʣʷʭ ʜʣʠʥʳ ʚʦʣʥʳ ʦʪ ʨʝʙʨʘ ʢʣʠʥʘ (x/ɚ), ʧʨʠ ʵʪʦʤ ʟʥʘʯʝʥʠʶ 0 

ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʫʨʦʚʝʥʴ ʚʦʜʳ ʫ ʨʝʙʨʘ ʢʣʠʥʘ, ʘ ʫʚʝʣʠʯʝʥʠʝ ʟʥʘʯʝʥʠʷ x/ɚ ʩʦʦʪʚʝʪʩʪʚʫʝʪ 

ʫʤʝʥʴʰʝʥʠʶ ʫʨʦʚʥʷ ʚʦʜʳ ʚ ʢʣʠʥʝ. ʂʘʢ ʚʠʜʥʦ ʥʘ ʨʠʩ. 4, ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ ʦʙʣʘʩʪʠ ʢʣʠʥʘ 

ʩʚʦʙʦʜʥʦʡ ʦʪ ʞʠʜʢʦʩʪʠ, ʩʢʦʨʦʩʪʴ ʂʋɺ ʥʘʯʠʥʘʝʪ ʨʝʟʢʦ ʫʚʝʣʠʯʠʚʘʪʴʩʷ ʜʦ ʩʢʦʨʦʩʪʠ ʂʋɺ 

ʚ ʩʫʭʦʤ ʢʣʠʥʝ. ʇʨʠ ʵʪʦʤ ʦʩʥʦʚʥʦʝ ʠʟʤʝʥʝʥʠʝ ʩʢʦʨʦʩʪʠ ʧʨʦʠʩʭʦʜʠʪ ʚ ʦʙʣʘʩʪʠ 

ʣʦʢʘʣʠʟʘʮʠʠ ʢʣʠʥʦʚʦʡ ʚʦʣʥʳ.  
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ʈʠʩ. 4. ɿʘʚʠʩʠʤʦʩʪʴ ʩʢʦʨʦʩʪʠ ʂʋɺ ʦʪ ʨʘʩʩʪʦʷʥʠʷ ʜʦ ʧʦʚʝʨʭʥʦʩʪʠ ʞʠʜʢʦʩʪʠ (ʯʘʩʪʦʪʘ - 200 ʢɻʮ). 

 

 ɺ ʨʘʙʦʪʝ ʧʨʝʜʣʦʞʝʥʳ ʤʝʪʦʜʠʢʠ ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʫʧʨʫʛʠʭ ʚʦʣʥ ʚ ʮʠʣʠʥʜʨʠʯʝʩʢʠʭ 

ʢʣʠʥʴʷʭ. ɼʣʷ ʧʨʦʚʝʜʝʥʠʷ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʠʟ ʩʧʣʘʚʘ ʘʣʶʤʠʥʠʷ ɼ16 

ʙʳʣʠ ʠʟʛʦʪʦʚʣʝʥʳ ʜʚʘ ʦʙʨʘʟʮʘ ʮʠʣʠʥʜʨʠʯʝʩʢʠʭ ʢʣʠʥʴʝʚ ʩ ʧʦʣʦʞʠʪʝʣʴʥʦʡ ʠ 

ʦʪʨʠʮʘʪʝʣʴʥʦʡ ʢʨʠʚʠʟʥʦʡ. ʈʘʟʨʘʙʦʪʘʥʘ ʤʝʪʦʜʠʢʘ ʜʣʷ ʚʦʟʙʫʞʜʝʥʠʷ ʠ ʨʝʛʠʩʪʨʘʮʠʠ ʂʋɺ ʚ 

ʵʪʠʭ ʢʣʠʥʴʷʭ. ʄʝʪʦʜʦʤ ʣʘʟʝʨʥʦʡ ʠʥʪʝʨʬʝʨʦʤʝʪʨʠʠ ʙʳʣʠ ʚʠʟʫʘʣʠʟʠʨʦʚʘʥʳ ʂʋɺ ʠ 

ʠʟʤʝʨʝʥʘ ʠʭ ʣʦʢʘʣʠʟʘʮʠʷ ʫ ʨʝʙʨʘ ʢʣʠʥʘ. ɹʳʣʦ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʣʦʢʘʣʠʟʘʮʠʷ ʂʋɺ ʚ 

ʮʠʣʠʥʜʨʠʯʝʩʢʠʭ ʢʣʠʥʴʷʭ ʩʠʣʴʥʝʝ ʣʦʢʘʣʠʟʘʮʠʠ ʂʋɺ ʚ ʣʠʥʝʡʥʳʭ ʢʣʠʥʴʷʭ. ʀʤʧʫʣʴʩʥʳʤ 

ʫʣʴʪʨʘʟʚʫʢʦʚʳʤ ʤʝʪʦʜʦʤ ʚ ʠʥʪʝʨʚʘʣʝ ʯʘʩʪʦʪ (100-600) ʢɻʮ ʚ ʠʟʛʦʪʦʚʣʝʥʥʳʭ ʦʙʨʘʟʮʘʭ 

ʢʣʠʥʴʝʚ ʠʟʤʝʨʝʥʘ ʜʠʩʧʝʨʩʠʷ ʂʋɺ. ʆʙʥʘʨʫʞʝʥʘ ʟʥʘʯʠʪʝʣʴʥʘʷ ʜʠʩʧʝʨʩʠʷ ʂʋɺ. ɹʳʣʠ 

ʧʨʦʚʝʜʝʥʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʟʘʚʠʩʠʤʦʩʪʠ ʩʢʦʨʦʩʪʠ ʂʋɺ ʦʪ ʫʨʦʚʥʷ ʞʠʜʢʦʩʪʠ, ʟʘʧʦʣʥʷʶʱʝʡ 

ʮʠʣʠʥʜʨʠʯʝʩʢʠʡ ʢʣʠʥ.  ɹʳʣ ʧʨʦʚʝʜʝʥ ʯʠʩʣʝʥʥʳʡ ʨʘʩʯʝʪ ʠ ʯʠʩʣʝʥʥʳʤ ʤʝʪʦʜʦʤ 

ʩʤʦʜʝʣʠʨʦʚʘʥʦ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʝ ʂʋɺ ʚ ʮʠʣʠʥʜʨʠʯʝʩʢʠʭ ʦʙʨʘʟʮʘʭ ʠʩʩʣʝʜʦʚʘʥʥʳʭ ʚ 

ʨʘʙʦʪʝ ʢʦʥʬʠʛʫʨʘʮʠʡ ʢʣʠʥʴʝʚ. 

ʈʝʟʫʣʴʪʘʪʳ ʯʠʩʣʝʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ (ʜʠʩʧʝʨʩʠʦʥʥʳʝ ʢʨʠʚʳʝ ʠ ʣʦʢʘʣʠʟʘʮʠʷ 

ʂʋɺ), ʘʥʘʣʠʪʠʯʝʩʢʦʛʦ ʘʥʘʣʠʟʘ ʩʦʛʣʘʩʥʦ ʬʦʨʤʫʣʝ (2) ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ 

ʠʩʩʣʝʜʦʚʘʥʠʡ, ʧʨʦʚʝʜʝʥʥʳʭ ʚ ʨʘʙʦʪʝ, ʥʘʭʦʜʷʪʩʷ ʚ ʫʜʦʚʣʝʪʚʦʨʠʪʝʣʴʥʦʤ ʩʦʛʣʘʩʠʠ. 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ ʧʦʜʜʝʨʞʢʝ ʛʨʘʥʪʘ ʈʌʌʀ (ʧʨʦʝʢʪ ˉ 17-02-01123) 

ʠ ʛʨʘʥʪʘ ʇʨʝʟʠʜʝʥʪʘ ʈʦʩʩʠʡʩʢʦʡ ʌʝʜʝʨʘʮʠʠ ʜʣʷ ʧʦʜʜʝʨʞʢʠ ʥʘʫʯʥʳʭ ʰʢʦʣ ˉ ʅʐ-

5545.2018.5. 
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ɺ ʨʘʙʦʪʝ ʨʘʩʩʤʘʪʨʠʚʘʶʪʩʷ ʚʦʟʤʦʞʥʦʩʪʠ ʧʨʠʤʝʥʝʥʠʷ ʜʦʧʣʝʨʦʚʩʢʦʛʦ ʤʝʪʦʜʘ 

ʠʟʤʝʨʝʥʠʷ ʫʧʨʫʛʦʩʪʠ ʤʳʰʮ. ʀʜʝʷ ʤʝʪʦʜʘ (ʨʠʩ. 1) ʩʦʩʪʦʠʪ ʚ ʛʝʥʝʨʘʮʠʠ ʩʜʚʠʛʦʚʳʭ ʚʦʣʥ ʚ 

ʤʳʰʝʯʥʦʡ ʪʢʘʥʠ ʩ ʧʦʤʦʱʴʶ ʚʠʙʨʠʨʫʶʱʝʡ ʥʘʩʘʜʢʠ, ʧʨʠʣʦʞʝʥʥʦʡ ʢ ʧʦʚʝʨʭʥʦʩʪʠ ʢʦʞʠ. 

ɺʦʟʥʠʢʘʶʱʠʝ ʚ ʤʳʰʮʝ ʩʤʝʱʝʥʠʷ ʨʝʛʠʩʪʨʠʨʫʶʪʩʷ ʩ ʧʦʤʦʱʴʶ ʟʦʥʜʠʨʫʶʱʠʭ 

ʫʣʴʪʨʘʟʚʫʢʦʚʳʭ ʠʤʧʫʣʴʩʦʚ. ɼʦʩʪʦʠʥʩʪʚʦʤ ʵʪʦʛʦ ʤʝʪʦʜʘ ʷʚʣʷʝʪʩʷ ʧʨʦʩʪʦʪʘ ʨʝʘʣʠʟʘʮʠʠ, 

ʥʝʜʦʩʪʘʪʢʦʤ ð ʤʘʣʘʷ ʛʣʫʙʠʥʘ ʠʟʤʝʨʝʥʠʷ ʫʧʨʫʛʦʩʪʠ, ʯʪʦ ʦʙʫʩʣʦʚʣʝʥʦ ʟʥʘʯʠʪʝʣʴʥʳʤ 

ʟʘʪʫʭʘʥʠʝʤ ʩʜʚʠʛʦʚʦʡ ʚʦʣʥʳ, ʨʘʩʧʨʦʩʪʨʘʥʷʶʱʝʡʩʷ ʦʪ ʧʦʚʝʨʭʥʦʩʪʠ [1]. ʕʪʘ ʧʨʦʙʣʝʤʘ 

ʤʦʞʝʪ ʙʳʪʴ ʩʫʱʝʩʪʚʝʥʥʦʡ ʧʨʠ ʠʩʩʣʝʜʦʚʘʥʠʠ ʪʘʢʠʭ ʦʨʛʘʥʦʚ, ʢʘʢ ʧʝʯʝʥʴ, ʥʘʭʦʜʷʱʠʭʩʷ 

ʛʣʫʙʦʢʦ ʚ ʪʝʣʝ. ɼʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʫʧʨʫʛʦʩʪʠ ʩʢʝʣʝʪʥʳʭ ʤʳʰʮ, ʨʘʩʧʦʣʦʞʝʥʥʳʭ ʩʨʘʟʫ ʧʦʜ 

ʢʦʞʥʳʤ ʧʦʢʨʦʚʦʤ, ʵʪʘ ʧʨʦʙʣʝʤʘ ʥʝʩʫʱʝʩʪʚʝʥʥʘ. ʉʢʝʣʝʪʥʳʝ ʤʳʰʮʳ ʦʙʣʘʜʘʶʪ 

ʩʫʱʝʩʪʚʝʥʥʦʡ ʘʥʠʟʦʪʨʦʧʠʝʡ: ʫʧʨʫʛʦʩʪʴ ʚʜʦʣʴ ʠ ʧʦʧʝʨʝʢ ʤʳʰʝʯʥʳʭ ʚʦʣʦʢʦʥ ʨʘʟʣʠʯʥʘ. 

ʎʝʣʴʶ ʨʘʙʦʪʳ ʙʳʣʦ ʠʟʫʯʝʥʠʝ ʧʦʪʝʥʮʠʘʣʴʥʦʡ ʚʦʟʤʦʞʥʦʩʪʠ ʠʩʧʦʣʴʟʦʚʘʥʠʷ 

ʜʦʧʣʝʨʦʚʩʢʦʛʦ ʤʝʪʦʜʘ ʜʣʷ ʠʟʤʝʨʝʥʠʷ ʫʧʨʫʛʦʩʪʠ ʘʥʠʟʦʪʨʦʧʥʦʡ ʩʨʝʜʳ. 

ʈʠʩ. 1 ʆʙʱʘʷ ʩʭʝʤʘ ʨʝʘʣʠʟʘʮʠʠ ʜʦʧʣʝʨʦʚʩʢʦʛʦ ʤʝʪʦʜʘ 
 

ʉʜʚʠʛʦʚʳʝ ʜʝʬʦʨʤʘʮʠʠ ʚ ʪʢʘʥʠ ʩʦʟʜʘʶʪʩʷ ʩ ʧʦʤʦʱʴʶ ʚʠʙʨʠʨʫʶʱʝʡ ʥʘʩʘʜʢʠ, 

ʢʦʣʝʙʣʶʱʝʡʩʷ ʧʦ ʛʘʨʤʦʥʠʯʝʩʢʦʤʫ ʟʘʢʦʥʫ ʩ ʯʘʩʪʦʪʦʡ ʊʦʛʜʘ ʚʠʙʨʘʮʠʦʥʥʦʝ .‫ 

ʩʤʝʱʝʥʠʝ ‚ ʨʘʩʩʝʠʚʘʪʝʣʷ ʤʦʞʥʦ ʟʘʧʠʩʘʪʴ:  

 ‚ὸ ‚ίὭὲ‫ὸ •  (1) 

ʅʘ ʪʦʨʮʝ ʚʠʙʨʠʨʫʶʱʝʡ ʥʘʩʘʜʢʠ ʫʩʪʘʥʦʚʣʝʥ ʫʣʴʪʨʘʟʚʫʢʦʚʦʡ (ʋɿ) 

ʧʴʝʟʦʧʨʝʦʙʨʘʟʦʚʘʪʝʣʴ, ʚʳʧʦʣʥʷʶʱʠʡ ʨʦʣʴ ʠʟʣʫʯʘʪʝʣʷ ʠ ʧʨʠʝʤʥʠʢʘ ʋɿ ʠʤʧʫʣʴʩʦʚ. 

ʇʴʝʟʦʧʨʝʦʙʨʘʟʦʚʘʪʝʣʴ ʠʟʣʫʯʘʝʪ ʟʦʥʜʠʨʫʶʱʠʝ ʠʤʧʫʣʴʩʳ ʩ ʚʳʩʦʢʦʯʘʩʪʦʪʥʳʤ 

ʟʘʧʦʣʥʝʥʠʝʤ ʥʘ ʯʘʩʪʦʪʝ ‫ : 

mailto:asfandiiarov.sa14@physics.msu.ru
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 ίὸ ίίὭὲ‫ὸ (2) 

ʏʘʩʪʦʪʘ ʠʤʧʫʣʴʩʘ, ʦʪʨʘʞʝʥʥʦʛʦ ʦʪ ʜʚʠʞʫʱʝʛʦʩʷ ʨʘʩʩʝʠʚʘʪʝʣʷ ʩ ʥʦʤʝʨʦʤ i, 

ʠʟʤʝʥʷʝʪʩʷ ʟʘ ʩʯʝʪ ʵʬʬʝʢʪʘ ɼʦʧʣʝʨʘ, ʚ ʨʝʟʫʣʴʪʘʪʝ ʯʝʛʦ ʧʨʠʥʷʪʳʡ ʩʠʛʥʘʣ ʠʤʝʝʪ ʚʠʜ: 

 ίὸ ίίὭὲ‫ὸ άίὭὲ‫ὸ • •  (3) 

ʛʜʝ ά  ð ʜʦʧʣʝʨʦʚʩʢʠʡ ʠʥʜʝʢʩ ʤʦʜʫʣʷʮʠʠ. 

ʈʠʩ.2 ɹʣʦʢ-ʩʭʝʤʘ ʠ ʬʦʪʦ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʫʩʪʘʥʦʚʢʠ 
 

ʇʨʠʥʷʪʳʡ ʩʠʛʥʘʣ ʧʨʦʭʦʜʠʪ ʢʚʘʜʨʘʪʫʨʥʫʶ ʦʙʨʘʙʦʪʢʫ, ʧʦʜʨʦʙʥʦʝ ʦʧʠʩʘʥʠʝ ʢʦʪʦʨʦʡ 

ʧʨʠʚʝʜʝʥʦ ʚ ʨʘʙʦʪʝ [1]. ʉ ʧʦʤʦʱʴʶ ʜʘʥʥʦʡ ʦʙʨʘʙʦʪʢʠ ʤʦʞʥʦ ʧʦʣʫʯʠʪʴ ʟʘʢʦʥ ʠʟʤʝʥʝʥʠʷ 

ʢʦʣʝʙʘʪʝʣʴʥʦʡ ʩʢʦʨʦʩʪʠ ‬‚ὸȾ‬ὸ. ɺʦʩʩʪʘʥʦʚʠʚ ʩʢʦʨʦʩʪʠ ʜʚʫʭ ʙʣʠʟʢʦ ʣʝʞʘʱʠʭ 

ʨʘʩʩʝʠʚʘʪʝʣʝʡ ʠ ʦʧʨʝʜʝʣʠʚ ʧʦ ʥʠʤ ʨʘʟʥʦʩʪʴ ʬʘʟ ῳ‪ ʤʝʞʜʫ ʢʦʣʝʙʘʥʠʷʤʠ ʵʪʠʭ ʜʚʫʭ 

ʨʘʩʩʝʠʚʘʪʝʣʝʡ ʥʘ ʨʘʩʩʪʦʷʥʠʠ ῳὼ, ʤʦʞʥʦ ʦʧʨʝʜʝʣʠʪʴ ʩʢʦʨʦʩʪʴ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ 

ʩʜʚʠʛʦʚʦʡ ʚʦʣʥʳ ὧ ʤʝʞʜʫ ʵʪʠʤʠ ʨʘʩʩʝʠʚʘʪʝʣʷʤʠ ʠ ʤʦʜʫʣʴ ʩʜʚʠʛʘ Õ: 

 ὧ   ‘ ”ὧ (4) 

ʛʜʝ   ð ʠʟʤʝʨʝʥʥʘʷ ʯʘʩʪʦʪʘ ʢʦʣʝʙʘʥʠʡ ʨʘʩʩʝʠʚʘʪʝʣʝʡ.  

ʇʨʠʥʠʤʘʝʤʳʡ ʩʠʛʥʘʣ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʴ ʠʤʧʫʣʴʩʦʚ 

ʦʪʨʘʞʝʥʥʳʭ ʦʪ ʥʝʦʜʥʦʨʦʜʥʦʩʪʝʡ ʩʨʝʜʳ. ɺʨʝʤʝʥʥʘʷ ʟʘʜʝʨʞʢʘ ʦʪʨʘʞʝʥʥʦʛʦ ʦʪ 

ʥʝʦʜʥʦʨʦʜʥʦʩʪʠ ʩʨʝʜʳ ʠʤʧʫʣʴʩʘ ʦʧʨʝʜʝʣʷʝʪʩʷ ʝʝ ʨʘʩʩʪʦʷʥʠʝʤ ʦʪ ʠʟʣʫʯʘʪʝʣʷ. ʇʨʠʥʷʪʳʡ 

ʩʠʛʥʘʣ ʜʝʣʠʪʩʷ ʥʘ ʦʪʨʝʟʢʠ ʨʘʚʥʦʡ ʜʣʠʪʝʣʴʥʦʩʪʠ ʤʠʥʠʤʘʣʴʥʦʛʦ ʨʘʟʤʝʨʘ, ʢʦʪʦʨʳʡ 

ʦʧʨʝʜʝʣʷʝʪʩʷ ʨʘʟʨʝʰʝʥʠʝʤ ʧʦ ʛʣʫʙʠʥʝ. ʂʘʞʜʳʡ ʦʪʨʝʟʦʢ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʧʠʢʩʝʣʶ 

ʨʘʟʨʝʰʝʥʠʷ ɸ-ʩʢʘʥʘ ʠ ʭʘʨʘʢʪʝʨʠʟʫʝʪ ʠʟʤʝʨʠʪʝʣʴʥʳʡ ʦʙʲʝʤ, ʥʘʭʦʜʷʱʠʡʩʷ ʚ ʵʪʦʤ 

ʧʠʢʩʝʣʝ. ʉʠʛʥʘʣ ʠʟ ʠʥʪʝʨʝʩʫʶʱʝʛʦ ʧʠʢʩʝʣʷ ʧʨʦʭʦʜʠʪ ʜʦʧʣʝʨʦʚʩʢʫʶ ʦʙʨʘʙʦʪʢʫ, 

ʨʝʟʫʣʴʪʘʪʦʤ ʢʦʪʦʨʦʡ ʷʚʣʷʝʪʩʷ ʟʥʘʯʝʥʠʝ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʝ ʪʦʯʢʝ ʧʨʦʬʠʣʷ ʢʦʣʝʙʘʪʝʣʴʥʦʡ 

ʩʢʦʨʦʩʪʠ ʠʟʤʝʨʠʪʝʣʴʥʦʛʦ ʦʙʲʝʤʘ, ʥʘʭʦʜʷʱʝʛʦʩʷ ʚ ʜʘʥʥʦʤ ʧʠʢʩʝʣʝ. ʇʦʚʪʦʨʥʳʝ 

ʠʟʣʫʯʝʥʠʷ ʫʣʴʪʨʘʟʚʫʢʦʚʳʭ ʠʤʧʫʣʴʩʦʚ ʧʦʟʚʦʣʷʶʪ ʚʦʩʩʪʘʥʘʚʣʠʚʘʪʴ ʩʣʝʜʫʶʱʠʝ ʪʦʯʢʠ 

ʧʨʦʬʠʣʷ ʩʢʦʨʦʩʪʠ.  

ʆʧʠʩʘʥʥʳʡ ʘʣʛʦʨʠʪʤ ʦʙʨʘʙʦʪʢʠ ʩʠʛʥʘʣʦʚ ʨʝʘʣʠʟʦʚʘʥ ʚ ʩʨʝʜʝ LabView ʠ ʧʨʦʚʝʨʝʥ 

ʥʘ ʤʦʜʝʣʴʥʳʭ ʩʠʛʥʘʣʘʭ, ʨʘʩʩʯʠʪʘʥʥʳʭ ʚ Matlab. ʆʧʨʝʜʝʣʝʥʳ ʧʨʦʬʠʣʠ ʢʦʣʝʙʘʪʝʣʴʥʦʡ 

ʩʢʦʨʦʩʪʠ, ʯʘʩʪʦʪʘ ʠ ʘʤʧʣʠʪʫʜʘ ʢʦʣʝʙʘʥʠʡ ʜʚʫʭ ʩʦʩʝʜʥʠʭ ʨʘʩʩʝʠʚʘʪʝʣʝʡ. ʇʦ ʩʜʚʠʛʫ ʬʘʟ 

ʦʧʨʝʜʝʣʝʥ ʤʦʜʫʣʴ ʩʜʚʠʛʘ ʩʨʝʜʳ, ʢʦʪʦʨʳʡ ʧʦʣʥʦʩʪʴʶ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʟʘʜʘʥʥʦʤʫ ʟʥʘʯʝʥʠʶ. 
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ʈʠʩ. 3 ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʧʨʦʬʠʣʠ ʢʦʣʝʙʘʪʝʣʴʥʳʭ ʩʢʦʨʦʩʪʝʡ 
 

ʉʭʝʤʘ ʠ ʬʦʪʦʛʨʘʬʠʷ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʫʩʪʘʥʦʚʢʠ ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʨʠʩ. 2. 

ʀʩʧʦʣʴʟʦʚʘʣʠʩʴ ʟʦʥʜʠʨʫʶʱʠʝ ʠʤʧʫʣʴʩʳ ʩ ʩʠʥʫʩʦʠʜʘʣʴʥʳʤ ʟʘʧʦʣʥʝʥʠʝʤ ʥʘ ʯʘʩʪʦʪʝ 2 

ʄɻʮ ʠ ʜʣʠʥʦʡ 8 ʧʝʨʠʦʜʦʚ, ʯʪʦ ʜʘʝʪ ʨʘʟʨʝʰʝʥʠʝ ʧʦ ʛʣʫʙʠʥʝ ʧʦʨʷʜʢʘ 3 ʤʤ. ʀʤʧʫʣʴʩʳ 

ʠʟʣʫʯʘʶʪʩʷ ʩ ʧʦʤʦʱʴʶ ʧʴʝʟʦʢʝʨʘʤʠʯʝʩʢʦʛʦ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷ ʜʠʘʤʝʪʨʦʤ 1 ʩʤ. ɺ ʢʘʯʝʩʪʚʝ 

ʫʧʨʫʛʦʡ ʩʨʝʜʳ ʠʩʧʦʣʴʟʫʝʪʩʷ ʬʘʥʪʦʤ ʚ ʚʠʜʝ ʢʫʙʠʢʘ ʩʦ ʩʪʦʨʦʥʦʡ a= 2.5 ʩʤ, ʠʟʛʦʪʦʚʣʝʥʥʳʡ 

ʠʟ ʧʣʘʩʪʠʩʦʣʘ. ʄʦʜʫʣʴ ʩʜʚʠʛʘ ʬʘʥʪʦʤʘ ʦʧʨʝʜʝʣʝʥ ʤʝʪʦʜʦʤ ʚʜʘʚʣʠʚʘʥʠʷ ʰʘʨʠʢʘ ʠ 

ʩʦʩʪʘʚʠʣ 16 ʢʇʘ. ʈʦʣʴ ʨʘʩʩʝʠʚʘʪʝʣʝʡ ʚʳʧʦʣʥʷʶʪ ʜʚʝ ʤʝʜʥʳʝ ʧʨʦʚʦʣʦʢʠ, ʨʘʩʧʦʣʦʞʝʥʥʳʝ 

ʥʘ ʨʘʩʩʪʦʷʥʠʠ 8 ʤʤ ʜʨʫʛ ʦʪ ʜʨʫʛʘ. ɺʥʝʰʥʝʝ ʚʦʟʜʝʡʩʪʚʠʝ ʥʘ ʯʘʩʪʦʪʝ 80 ɻʮ, ʛʝʥʝʨʠʨʫʶʱʝʝ 

ʩʜʚʠʛʦʚʳʝ ʚʦʣʥʳ ʚ ʩʨʝʜʝ, ʩʦʟʜʘʝʪʩʷ ʩ ʧʦʤʦʱʴʶ ʚʠʙʨʘʪʦʨʘ ʠ ʧʨʠʢʨʝʧʣʝʥʥʦʡ ʢ ʧʦʜʚʠʞʥʦʡ 

ʯʘʩʪʠ ʚʠʙʨʘʪʦʨʘ ʥʘʩʘʜʢʠ, ʧʨʝʜʩʪʘʚʣʷʶʱʝʡ ʠʟ ʩʝʙʷ ʧʦʣʳʡ ʮʠʣʠʥʜʨ ʩ ʚʥʝʰʥʠʤ ʜʠʘʤʝʪʨʦʤ 

2.5 ʩʤ. ʂʦʣʝʙʘʪʝʣʴʥʦʝ ʫʩʢʦʨʝʥʠʝ ʚʠʙʨʘʪʦʨʘ ʠʟʤʝʨʷʣʦʩʴ ʩ ʧʦʤʦʱʴʶ ʘʢʩʝʣʝʨʦʤʝʪʨʘ, 

ʞʝʩʪʢʦ ʧʨʠʢʨʫʯʝʥʥʦʛʦ ʢ ʥʘʩʘʜʢʝ. 

ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʦʧʨʝʜʝʣʝʥʳ ʜʚʘ ʧʝʨʠʦʜʘ ʧʨʦʬʠʣʝʡ ʢʦʣʝʙʘʪʝʣʴʥʦʡ ʩʢʦʨʦʩʪʠ 

ʜʚʫʭ ʨʘʩʩʝʠʚʘʪʝʣʝʡ (ʨʠʩ. 3). ʀʟʤʝʨʝʥʘ ʯʘʩʪʦʪʘ ʢʦʣʝʙʘʥʠʡ, ʢʦʪʦʨʘʷ ʩʦʩʪʘʚʠʣʘ 81,15 ɻʮ. 

ʅʝʩʦʦʪʚʝʪʩʪʚʠʝ ʵʪʦʛʦ ʟʥʘʯʝʥʠʷ ʟʘʜʘʚʘʝʤʦʤʫ ʥʘ ʚʠʙʨʘʪʦʨʝ (80 ɻʮ) ʩʚʷʟʘʥʦ ʩ ʤʘʣʳʤ 

ʚʨʝʤʝʥʝʤ ʟʘʧʠʩʠ, ʢʦʪʦʨʦʝ ʩʦʩʪʘʚʠʣʦ 28 ʤʩ. ʆʧʨʝʜʝʣʝʥʘ ʘʤʧʣʠʪʫʜʘ ʢʦʣʝʙʘʥʠʡ 

ʨʘʩʩʝʠʚʘʪʝʣʝʡ, ʢʦʪʦʨʘʷ ʩʦʩʪʘʚʠʣʘ 0.01 ʤʤ, ʘʤʧʣʠʪʫʜʘ ʩʤʝʱʝʥʠʷ, ʠʟʤʝʨʷʝʤʦʛʦ 

ʘʢʩʝʣʝʨʦʤʝʪʨʦʤ ʩʦʩʪʘʚʠʣʘ 0.05 ʤʤ. ʈʘʟʣʠʯʠʝ ʨʝʟʫʣʴʪʘʪʦʚ ʩʚʷʟʘʥʦ ʩ ʟʘʪʫʭʘʥʠʝʤ 

ʚʦʟʤʫʱʝʥʠʷ, ʨʘʩʧʨʦʩʪʨʘʥʷʝʤʦʛʦ ʚ ʩʨʝʜʝ. ʊʘʢʞʝ ʦʧʨʝʜʝʣʝʥʘ ʨʘʟʥʦʩʪʴ ʬʘʟ ʢʦʣʝʙʘʥʠʡ 

ʨʘʩʩʝʠʚʘʪʝʣʝʡ ʨʘʚʥʘʷ 0.12 ʨʘʜ. ʆʜʥʘʢʦ ʧʨʠ ʟʘʜʘʥʥʳʭ ʧʘʨʘʤʝʪʨʘʭ ʵʢʩʧʝʨʠʤʝʥʪʘ, 

ʚʝʣʠʯʠʥʘ ʜʦʣʞʥʘ ʙʳʣʘ ʩʦʩʪʘʚʠʪʴ 1 ʨʘʜ. ʊʘʢʦʝ ʨʘʟʣʠʯʠʝ ʨʘʟʥʦʩʪʠ ʬʘʟ ʦʙʫʩʣʦʚʣʝʥʦ 

ʤʘʣʳʤʠ ʨʘʟʤʝʨʘʤʠ ʫʧʨʫʛʦʛʦ ʬʘʥʪʦʤʘ ʠ ʦʙʨʘʟʦʚʘʥʠʝʤ ʚ ʥʝʤ ʩʪʦʷʯʝʡ ʚʦʣʥʳ. ɼʣʠʥʘ 

ʩʜʚʠʛʦʚʦʡ ʚʦʣʥʳ ʥʘ ʯʘʩʪʦʪʝ 80 ɻʮ ʨʘʚʥʘ 5 ʩʤ, ʯʪʦ ʚ 2 ʨʘʟʘ ʙʦʣʴʰʝ ʩʪʦʨʦʥʳ ʢʫʙʠʢʘ ʠʟ 

ʧʣʘʩʪʠʩʦʣʘ. ʊ.ʝ. ʯʘʩʪʦʪʘ 80 ɻʮ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʧʝʨʚʦʡ ʤʦʜʝ ʢʦʣʝʙʘʥʠʡ, ʢʦʛʜʘ a=0.5ɚ. ɺ 

ʜʘʣʴʥʝʡʰʝʤ ʧʣʘʥʠʨʫʝʪʩʷ ʠʟʛʦʪʦʚʠʪʴ ʬʘʥʪʦʤ ʙʦʣʴʰʠʭ ʨʘʟʤʝʨʦʚ ʜʣʷ ʤʠʥʠʤʠʟʘʮʠʠ 

ʦʪʨʘʞʝʥʠʡ ʠ ʨʝʘʣʠʟʘʮʠʠ ʨʝʞʠʤʘ ʙʝʛʫʱʝʡ ʚʦʣʥʳ. 

 

ʃʀʊɽʈɸʊʋʈɸ 
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ʄʥʦʛʦʢʨʘʪʥʦʝ ʦʪʨʘʞʝʥʠʝ ʘʢʫʩʪʠʯʝʩʢʠʭ ʚʦʣʥ ʚ ʢʨʠʩʪʘʣʣʝ 

ʧʘʨʘʪʝʣʣʫʨʠʪʘ ʠ ʝʛʦ ʧʨʠʤʝʥʝʥʠʷ ʚ ʘʢʫʩʪʦʦʧʪʠʢʝ 
 

ʅ.ɺ. ʇʦʣʠʢʘʨʧʦʚʘ, ɺ.ɹ. ɺʦʣʦʰʠʥʦʚ 
ʌʠʟʠʯʝʩʢʠʡ ʬʘʢʫʣʴʪʝʪ ʄʦʩʢʦʚʩʢʦʛʦ ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʛʦ ʫʥʠʚʝʨʩʠʪʝʪʘ  

ʠʤ. ʄ.ɺ.ʃʦʤʦʥʦʩʦʚʘ, 119991 ʄʦʩʢʚʘ,  ʈʦʩʩʠʷ 

polikarp@phys.msu.ru 

 

ɺ ʨʘʙʦʪʝ ʪʝʦʨʝʪʠʯʝʩʢʠ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʠʩʩʣʝʜʫʝʪʩʷ ʷʚʣʝʥʠʝ ʤʥʦʛʦʢʨʘʪʥʦʛʦ 

ʦʪʨʘʞʝʥʠʷ ʦʙʲʝʤʥʳʭ ʘʢʫʩʪʠʯʝʩʢʠʭ ʚʦʣʥ ʚ ʢʨʠʩʪʘʣʣʝ ʧʘʨʘʪʝʣʣʫʨʠʪʘ. ɺ ʯʘʩʪʥʦʩʪʠ, 

ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʤʥʦʛʦʢʨʘʪʥʦʝ ʘʢʫʩʪʠʯʝʩʢʦʝ ʦʪʨʘʞʝʥʠʝ ʦʪ ʜʚʫʭ ʩʚʦʙʦʜʥʳʭ ʛʨʘʥʝʡ 

ʢʨʠʩʪʘʣʣʘ, ʨʘʟʜʝʣʷʶʱʠʭ ʢʨʠʩʪʘʣʣ ʩ ʚʘʢʫʫʤʦʤ ʠʣʠ ʚʦʟʜʫʭʦʤ. ʎʝʣʴʶ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ʷʚʠʣʦʩʴ ʚʳʷʩʥʝʥʠʝ ʚʦʟʤʦʞʥʦʩʪʠ ʧʨʠʤʝʥʝʥʠʷ ʷʚʣʝʥʠʷ ʤʥʦʛʦʢʨʘʪʥʦʛʦ ʘʢʫʩʪʠʯʝʩʢʦʛʦ  

ʦʪʨʘʞʝʥʠʷ ʚ ʘʢʫʩʪʦʦʧʪʠʢʝ [1,2]. ɼʣʷ ʠʟʫʯʝʥʠʷ ʷʚʣʝʥʠʷ ʤʥʦʛʦʢʨʘʪʥʦʛʦ ʦʪʨʘʞʝʥʠʷ 

ʘʢʫʩʪʠʯʝʩʢʠʭ ʚʦʣʥ ʚ ʢʨʠʩʪʘʣʣʝ ʙʳʣʘ ʠʟʛʦʪʦʚʣʝʥʘ ʘʢʫʩʪʦʦʧʪʠʯʝʩʢʘʷ ʷʯʝʡʢʘ ʠʟ 

ʧʘʨʘʪʝʣʣʫʨʠʪʘ ʩʧʝʮʠʘʣʴʥʦʡ ʬʦʨʤʳ. ʗʯʝʡʢʘ ʧʨʝʜʩʪʘʚʣʷʣʘ ʩʦʙʦʡ ʯʝʪʳʨʝʭʛʨʘʥʥʫʶ ʧʨʠʟʤʫ 

ʩ ʜʚʫʤʷ ʧʘʨʘʣʣʝʣʴʥʳʤʠ ʙʦʢʦʚʳʤʠ ʛʨʘʥʷʤʠ ʠ ʜʚʫʤʷ ʙʦʢʦʚʳʤʠ ʛʨʘʥʷʤʠ, ʨʘʩʧʦʣʦʞʝʥʥʳʤ 

ʧʦʜ ʫʛʣʦʤ ʜʨʫʛ ʢ ʜʨʫʛʫ. ʅʘ ʈʠʩ. 1 ʧʨʝʜʩʪʘʚʣʝʥʘ ʬʦʪʦʛʨʘʬʠʷ ʧʨʠʟʤʳ, 

 

 
 

ʈʠʩ. 1. ʆʙʱʠʡ ʚʠʜ ʘʢʫʩʪʦʦʧʪʠʯʝʩʢʦʡ ʷʯʝʡʢʠ ʠʟ ʢʨʠʩʪʘʣʣʘ ʧʘʨʘʪʝʣʣʫʨʠʪʘ. 

 

ʠʟ ʢʦʪʦʨʦʡ ʚʠʜʥʘ ʚʟʘʠʤʥʘʷ ʦʨʠʝʥʪʘʮʠʷ ʯʝʪʳʨʝʭ ʙʦʢʦʚʳʭ ʛʨʘʥʝʡ ʢʨʠʩʪʘʣʣʘ.  ʆʧʪʠʯʝʩʢʘʷ 

ʦʩʴ Z ʢʨʠʩʪʘʣʣʘ ʧʘʨʘʪʝʣʣʫʨʠʪʘ ʥʘʧʨʘʚʣʝʥʘ ʚʝʨʪʠʢʘʣʴʥʦ ʚʚʝʨʭ, ʪ.ʝ. ʚʜʦʣʴ ʤʘʣʦʛʦ ʨʝʙʨʘ 

ʧʨʠʟʤʳ. ʇʨʠ ʵʪʦʤ ʚʩʝ ʛʨʘʥʠ ʧʨʠʟʤʳ ʙʳʣʠ ʧʣʦʩʢʠʤʠ ʠ ʧʦʣʠʨʦʚʘʥʥʳʤʠ.  

ʂ ʣʝʚʦʡ ʙʦʢʦʚʦʡ ʛʨʘʥʠ ʧʨʠʟʤʳ, ʨʘʩʧʦʣʦʞʝʥʥʦʡ ʧʦʜ ʫʛʣʦʤ 820 ʢ ʦʩʠ [110], ʙʳʣ 

ʧʨʠʢʨʝʧʣʝʥ ʧʴʝʟʦʵʣʝʢʪʨʠʯʝʩʢʠʡ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʴ (PT) ʠʟ ʢʨʠʩʪʘʣʣʘ ʥʠʦʙʘʪʘ ʣʠʪʠʷ X-

ʩʨʝʟʘ. ʇʨʝʦʙʨʘʟʦʚʘʪʝʣʴ ʛʝʥʝʨʠʨʦʚʘʣ ʦʙʲʝʤʥʫʶ ʢʚʘʟʠʩʜʚʠʛʦʚʫʶ ʘʢʫʩʪʠʯʝʩʢʫʶ ʚʦʣʥʫ, 

ʢʦʪʦʨʘʷ ʨʘʩʧʨʦʩʪʨʘʥʷʣʘʩʴ ʚʜʦʣʴ ʥʘʧʨʘʚʣʝʥʠʷ ʚ ʢʨʠʩʪʘʣʣʝ ʩ ʨʝʢʦʨʜʥʦ ʙʦʣʴʰʠʤ ʫʛʣʦʤ 

ʘʢʫʩʪʠʯʝʩʢʦʛʦ ʩʥʦʩʘ ɣ = 740 [3-5]. ɼʘʥʥʘʷ ʚʦʣʥʘ ʛʝʥʝʨʠʨʦʚʘʣʘʩʴ ʚ ʢʨʠʩʪʘʣʣʝ ʪʘʢʠʤ 
ʦʙʨʘʟʦʤ, ʯʪʦ ʝʸ ʚʦʣʥʦʚʦʡ ʚʝʢʪʦʨ ʙʳʣ ʥʘʧʨʘʚʣʝʥ ʚ ʩʪʦʨʦʥʫ ʚʝʨʭʥʝʡ ʙʦʢʦʚʦʡ ʛʨʘʥʠ 

ʧʨʠʟʤʳ, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʧʦʪʦʢ ʘʢʫʩʪʠʯʝʩʢʦʡ ʵʥʝʨʛʠʠ ʙʳʣ ʥʘʧʨʘʚʣʝʥ ʚ ʩʪʦʨʦʥʫ ʥʠʞʥʝʡ 

ʙʦʢʦʚʦʡ ʛʨʘʥʠ, ʦʨʠʝʥʪʠʨʦʚʘʥʥʦʡ ʚʜʦʣʴ ʦʩʠ [100]. ʅʘ ʈʠʩ. 2 ʧʦʢʘʟʘʥʘ ʧʨʠʟʤʘ ʠ 

ʦʨʠʝʥʪʘʮʠʷ ʝʸ ʛʨʘʥʝʡ ʦʪʥʦʩʠʪʝʣʴʥʦ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʠʭ ʦʩʝʡ ʧʘʨʘʪʝʣʣʫʨʠʪʘ.  

ʅʘ ʈʠʩ. 3 ʫʢʘʟʘʥʳ ʥʘʧʨʘʚʣʝʥʠʷ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʠʩʭʦʜʥʦʡ ʧʘʜʘʶʱʝʡ ʚʦʣʥʳ (1), 

ʦʪʨʘʞʝʥʥʳʭ ʚʦʣʥ (2) - (5), ʘ ʪʘʢʞʝ ʚʦʣʥʦʚʳʭ ʬʨʦʥʪʦʚ ʚʩʝʭ ʧʷʪʠ ʘʢʫʩʪʠʯʝʩʢʠʭ ʚʦʣʥ.  

ʉʧʝʮʠʘʣʴʥʳʡ ʚʳʙʦʨ ʢʦʥʬʠʛʫʨʘʮʠʠ ʧʨʠʟʤʳ ʦʙʝʩʧʝʯʠʣ ʧʘʜʝʥʠʝ ʠʩʭʦʜʥʦʡ ʘʢʫʩʪʠʯʝʩʢʦʡ 
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ʚʦʣʥʳ (1) ʥʘ ʝʸ ʥʠʞʥʶʶ ʛʨʘʥʴ, ʢʘʢ ʧʦʢʘʟʘʥʦ ʥʘ ʈʠʩ. 3. ɸʥʘʣʠʟ ʧʦʢʘʟʘʣ, ʯʪʦ ʧʦʩʣʝ ʧʘʜʝʥʠʷ 

ʚʦʣʥʳ (1) ʧʨʦʠʩʭʦʜʠʣʦ ʝʸ ʦʪʨʘʞʝʥʠʝ, ʚ ʨʝʟʫʣʴʪʘʪʝ ʯʝʛʦ ʨʦʞʜʘʣʠʩʴ ʚʦʣʥʳ (2) ʠ (3). 

ʈʘʩʩʤʦʪʨʝʥʠʝ ʧʨʦʙʣʝʤʳ ʧʦʢʘʟʘʣʦ, ʯʪʦ ʚ ʨʝʟʫʣʴʪʘʪʝ ʧʘʜʝʥʠʷ ʠ ʤʥʦʛʦʢʨʘʪʥʳʭ 

ʘʢʫʩʪʠʯʝʩʢʠʭ ʦʪʨʘʞʝʥʠʡ ʚ ʧʣʦʩʢʦʩʪʠ (001) ʢʨʠʩʪʘʣʣʘ ʦʜʥʦʚʨʝʤʝʥʥʦ ʨʘʩʧʨʦʩʪʨʘʥʷʣʠʩʴ 

ʧʷʪʴ ʢʚʘʟʠʩʜʚʠʛʦʚʳʭ ʚʦʣʥ, ʢʘʢ ʧʦʢʘʟʘʥʦ ʥʘ ʈʠʩ. 3. ɺʩʝ ʵʪʠ ʚʦʣʥʳ ʙʳʣʠ ʦʨʠʝʥʪʠʨʦʚʘʥʳ 

ʚʜʦʣʴ ʨʘʟʣʠʯʥʳʭ ʥʘʧʨʘʚʣʝʥʠʡ ʠ ʭʘʨʘʢʪʝʨʠʟʦʚʘʣʠʩʴ ʧʷʪʴʶ ʥʝʨʘʚʥʳʤʠ ʜʨʫʛ ʜʨʫʛʫ ʫʛʣʘʤʠ 

ʘʢʫʩʪʠʯʝʩʢʦʛʦ ʩʥʦʩʘ [5]. ʇʨʠ ʧʨʦʚʝʜʝʥʠʠ ʠʩʩʣʝʜʦʚʘʥʠʡ ʤʝʪʦʜʘʤʠ ʘʢʫʩʪʦʦʧʪʠʢʠ ʥʘ ʜʣʠʥʝ 

ʚʦʣʥʳ ʣʘʟʝʨʥʦʛʦ ʩʚʝʪʘ ɚ = 532 ʥʤ ʠ ʯʘʩʪʦʪʝ ʟʚʫʢʘ f = 87 Mɻʮ ʙʳʣʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ 

ʦʧʨʝʜʝʣʝʥʳ ʥʘʧʨʘʚʣʝʥʠʷ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʧʷʪʠ ʟʚʫʢʦʚʳʭ ʚʦʣʥ, ʘ ʪʘʢʞʝ ʠʟʤʝʨʝʥʳ ʠʭ 

ʬʘʟʦʚʳʝ ʠ ʛʨʫʧʧʦʚʳʝ ʩʢʦʨʦʩʪʠ. ʇʨʠ ʟʦʥʜʠʨʦʚʘʥʠʠ ʘʢʫʩʪʠʯʝʩʢʠʭ ʧʫʯʢʦʚ ʣʘʟʝʨʥʳʤ ʣʫʯʦʤ 

ʙʳʣʠ ʪʘʢʞʝ ʦʧʨʝʜʝʣʝʥʳ ʢʦʵʬʬʠʮʠʝʥʪʳ ʦʪʨʘʞʝʥʠʷ ʘʢʫʩʪʠʯʝʩʢʠʭ ʚʦʣʥ ʦʪ ʙʦʢʦʚʳʭ ʛʨʘʥʝʡ 

ʢʨʠʩʪʘʣʣʘ ʠ ʢʦʵʬʬʠʮʠʝʥʪʳ ʟʘʪʫʭʘʥʠʷ ʫʣʴʪʨʘʟʚʫʢʘ [5].  

 

 
ʈʠʩ. 2. ʅʘʧʨʘʚʣʝʥʠʷ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʠʭ ʦʩʝʡ ʚ ʧʨʠʟʤʝ ʠʟ ʢʨʠʩʪʘʣʣʘ ʧʘʨʘʪʝʣʣʫʨʠʪʘ. 

 

ʅʘ ʦʩʥʦʚʝ ʧʦʣʫʯʝʥʥʳʭ ʜʘʥʥʳʭ ʦ ʟʘʢʦʥʦʤʝʨʥʦʩʪʷʭ ʤʥʦʛʦʢʨʘʪʥʦʛʦ ʦʪʨʘʞʝʥʠʷ 

ʘʢʫʩʪʠʯʝʩʢʠʭ ʧʫʯʢʦʚ ʚ ʢʨʠʩʪʘʣʣʝ ʙʳʣʘ ʨʘʩʩʤʦʪʨʝʥʘ ʚʦʟʤʦʞʥʦʩʪʴ ʩʦʟʜʘʥʠʷ 

ʘʢʫʩʪʦʦʧʪʠʯʝʩʢʦʛʦ ʫʩʪʨʦʡʩʪʚʘ ʜʣʷ ʫʧʨʘʚʣʝʥʠʷ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ ʦʧʪʠʯʝʩʢʠʭ ʧʫʯʢʦʚ. ɺ 

ʯʘʩʪʥʦʩʪʠ, ʦʢʘʟʘʣʦʩʴ, ʯʪʦ ʜʘʥʥʳʡ ʢʨʠʩʪʘʣʣ ʤʦʞʝʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥ ʚ ʢʘʯʝʩʪʚʝ ʥʦʚʦʡ 

ʤʦʜʠʬʠʢʘʮʠʠ ʢʚʘʟʠʢʦʣʣʠʥʝʘʨʥʦʛʦ ʘʢʫʩʪʦʦʧʪʠʯʝʩʢʦʛʦ ʬʠʣʴʪʨʘ. ɸʥʘʣʠʟ ʧʦʢʘʟʘʣ, ʯʪʦ ʚ 

ʧʨʝʜʣʘʛʘʝʤʦʤ ʫʩʪʨʦʡʩʪʚʝ ʩ ʧʦʤʦʱʴʶ ʝʜʠʥʩʪʚʝʥʥʦʛʦ ʧʴʝʟʦʵʣʝʢʪʨʠʯʝʩʢʦʛʦ 

ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷ ʤʦʞʝʪ ʦʜʥʦʚʨʝʤʝʥʥʦ ʛʝʥʝʨʠʨʦʚʘʪʴʩʷ ʢʘʢ ʤʠʥʠʤʫʤ ʪʨʠ ʧʨʦʪʷʞʝʥʥʳʭ 

ʘʢʫʩʪʠʯʝʩʢʠʭ ʧʫʯʢʘ. ʅʘ ʈʠʩ. 3 ʵʪʠ ʧʫʯʢʠ ʦʪʤʝʯʝʥʳ ʮʠʬʨʘʤʠ  (3), (4) ʠ (5). ɺʘʞʥʦ, ʯʪʦ 

ʧʫʯʢʠ ʨʘʩʧʨʦʩʪʨʘʥʷʶʪʩʷ ʧʦʜ ʨʘʟʣʠʯʥʳʤʠ ʫʛʣʘʤʠ ʢ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʠʤ ʦʩʷʤ 

ʤʘʪʝʨʠʘʣʘ. ʕʪʦ ʦʟʥʘʯʘʝʪ, ʯʪʦ ʬʘʟʦʚʳʝ ʩʢʦʨʦʩʪʠ ʧʫʯʢʦʚ ʥʝʦʜʠʥʘʢʦʚʳ. ɺ ʦʪʣʠʯʠʝ ʦʪ 

ʬʘʟʦʚʳʭ ʩʢʦʨʦʩʪʝʡ ʟʚʫʢʘ, ʚʩʝ ʦʪʨʘʞʝʥʥʳʝ ʧʫʯʢʠ ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ ʦʜʥʦʡ ʠ ʪʦʡ ʞʝ 

ʘʢʫʩʪʠʯʝʩʢʦʡ ʯʘʩʪʦʪʦʡ. ʆʜʥʘʢʦ, ʥʝʩʤʦʪʨʷ ʥʘ ʨʘʚʝʥʩʪʚʦ ʘʢʫʩʪʠʯʝʩʢʠʭ ʯʘʩʪʦʪ, ʜʣʠʥʳ ʚʦʣʥ 

ʫʣʴʪʨʘʟʚʫʢʘ ʚ ʦʪʨʘʞʝʥʥʳʭ ʨʫʯʢʘʭ ʥʝ ʨʘʚʥʳ ʜʨʫʛ ʜʨʫʛʫ. ʇʦʵʪʦʤʫ, ʝʩʣʠ ʚ ʷʯʝʡʢʝ ʙʫʜʝʪ 

ʨʝʘʣʠʟʦʚʘʥʦ ʘʢʫʩʪʦʦʧʪʠʯʝʩʢʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʩ ʢʘʞʜʳʤ ʠʟ ʧʫʯʢʦʚ, ʫʩʣʦʚʠʷ ʬʘʟʦʚʦʛʦ 

ʩʠʥʭʨʦʥʠʟʤʘ ʙʫʜʫʪ ʚʳʧʦʣʥʷʪʴʩʷ ʥʝ ʜʣʷ ʦʜʥʠʭ ʠ ʪʝʭ ʞʝ, ʘ ʜʣʷ ʨʘʟʥʳʭ ʜʣʠʥ ʚʦʣʥ 

ʫʣʴʪʨʘʟʚʫʢʘ.   
 

 

ɽʩʣʠ ʥʘ ʙʦʢʦʚʳʝ ʛʨʘʥʠ ʩʦʟʜʘʥʥʦʡ ʘʢʫʩʪʦʦʧʪʠʯʝʩʢʦʡ ʷʯʝʡʢʠ ʥʘʧʨʘʚʠʪʴ ʪʨʠ 

ʦʧʪʠʯʝʩʢʠʭ ʧʫʯʢʘ ʥʝʤʦʥʦʭʨʦʤʘʪʠʯʝʩʢʦʛʦ ʩʚʝʪʘ, ʧʨʠʯʝʤ ʧʦʩʣrʘʪʴ ʩʚʝʪ ʪʘʢʠʤ ʦʙʨʘʟʦʤ, 

ʯʪʦʙʳ ʩʚʝʪʦʚʳʝ ʣʫʯʠ ʨʘʩʧʨʦʩʪʨʘʥʷʣʠʩʴ ʢʦʣʣʠʥʝʘʨʥʦ ʩ ʛʨʫʧʧʦʚʳʤʠ  ʩʢʦʨʦʩʪʷʤʠ 

ʫʣʴʪʨʘʟʚʫʢʘ, ʪ.ʝ. ʚʜʦʣʴ ʧʦʪʦʢʘ ʵʥʝʨʛʠʠ ʪʨʝʭ ʦʪʨʘʞʝʥʥʳʭ ʘʢʫʩʪʠʯʝʩʢʠʭ ʧʫʯʢʦʚ, ʪʦʛʜʘ ʧʨʠ 

ʚʳʧʦʣʥʝʥʠʠ ʫʩʣʦʚʠʷ ʙʨʵʛʛʦʚʩʢʦʛʦ ʩʠʥʭʨʦʥʠʟʤʘ ʤʦʞʝʪ ʧʨʦʠʟʦʡʪʠ ʷʚʣʝʥʠʝ 

ʢʚʘʟʠʢʦʣʣʠʥʝʘʨʥʦʡ ʜʠʬʨʘʢʮʠʠ ʩʚʝʪʘ ʥʘ ʫʣʴʪʨʘʟʚʫʢʝ [1]. ɹʣʘʛʦʜʘʨʷ ʪʦʤʫ, ʯʪʦ ʜʠʬʨʘʢʮʠʷ 
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ʩʚʝʪʘ ʦʩʫʱʝʩʪʚʠʪʩʷ ʥʘ ʧʨʦʪʷʞʝʥʥʳʭ ʨʝʰʝʪʢʘʭ ʩ ʙʦʣʴʰʦʡ ʜʣʠʥʦʡ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʩʚʝʪʘ 

ʠ ʟʚʫʢʘ, ʩʝʣʝʢʪʠʚʥʦʩʪʴ ʜʠʬʨʘʢʮʠʠ ʦʢʘʞʝʪʩʷ ʚʳʩʦʢʦʡ ʠ ʩʨʘʚʥʠʤʦʡ ʩ ʩʝʣʝʢʪʠʚʥʦʩʪʴʶ 

ʜʠʬʨʘʢʮʠʠ ʚ ʩʦʚʨʝʤʝʥʥʳʭ ʢʚʘʟʠʢʦʣʣʠʥʝʘʨʥʳʭ ʘʢʫʩʪʦʦʧʪʠʯʝʩʢʠʭ ʬʠʣʴʪʨʘʭ. ʕʪʦ 

ʦʟʥʘʯʘʝʪ, ʯʪʦ ʩʦʟʜʘʥʥʫʶ ʘʢʫʩʪʦʦʧʪʠʯʝʩʢʫʶ ʷʯʝʡʢʫ ʤʦʞʥʦ ʨʝʢʦʤʝʥʜʦʚʘʪʴ ʜʣʷ 

ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʚ ʢʘʯʝʩʪʚʝ ʢʚʘʟʠʢʦʣʣʠʥʝʘʨʥʦʛʦ ʬʠʣʴʪʨʘ ʩ ʚʳʩʦʢʠʤ ʩʧʝʢʪʨʘʣʴʥʳʤ 

ʨʘʟʨʝʰʝʥʠʝʤ.  

 

 
 

ʈʠʩ. 3. ʅʘʧʨʘʚʣʝʥʠʷ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʘʢʫʩʪʠʯʝʩʢʠʭ ʧʫʯʢʦʚ ʚ ʢʨʠʩʪʘʣʣʝ ʧʘʨʘʪʝʣʣʫʨʠʪʘ. 

 

ɺ ʦʪʣʠʯʠʝ ʦʪ ʩʫʱʝʩʪʚʫʶʱʠʭ ʬʠʣʴʪʨʦʚ, ʧʨʝʜʣʘʛʘʝʤʦʝ ʫʩʪʨʦʡʩʪʚʦ ʦʢʘʟʳʚʘʝʪʩʷ 

ʤʥʦʛʦʢʘʥʘʣʴʥʳʤ, ʪ.ʝ. ʠʤʝʝʪ ʪʨʠ ʦʧʪʠʯʝʩʢʠʭ ʚʭʦʜʘ ʠ ʤʦʞʝʪ ʦʜʥʦʚʨʝʤʝʥʥʦ ʬʠʣʴʪʨʦʚʘʪʴ 

ʩʚʝʪ ʥʘ ʪʨʝʭ ʨʘʟʥʳʭ ʜʣʠʥʘʭ ʚʦʣʥ ʩʚʝʪʘ. ʆʯʝʚʠʜʥʦ, ʯʪʦ ʩʦʦʪʥʦʰʝʥʠʝ ʪʨʝʭ ʦʧʪʠʯʝʩʢʠʭ 

ʜʣʠʥ ʚʦʣʥ ʚ ʦʪʬʠʣʴʪʨʦʚʘʥʥʦʤ ʠʟʣʫʯʝʥʠʠ ʙʫʜʝʪ ʦʧʨʝʜʝʣʷʪʴʩʷ ʩʦʦʪʥʦʰʝʥʠʝʤ ʬʘʟʦʚʳʭ 

ʩʢʦʨʦʩʪʝʡ ʪʨʝʭ ʘʢʫʩʪʠʯʝʩʢʠʭ ʧʫʯʢʦʚ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʷʚʣʝʥʠʝ ʤʥʦʛʦʢʨʘʪʥʦʛʦ ʦʪʨʘʞʝʥʠʷ 

ʘʢʫʩʪʠʯʝʩʢʠʭ ʧʫʯʢʦʚ ʚ ʢʨʠʩʪʘʣʣʝ ʧʘʨʘʪʝʣʣʫʨʠʪʘ Nfrbv j,hfpjv? ɺ ʠʪʦʛʝ,   

 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ ʧʦʜʜʝʨʞʢʝ ʛʨʘʥʪʘ ʈʦʩʩʠʡʩʢʦʛʦ ʅʘʫʯʥʦʛʦ ʬʦʥʜʘ 

ʈʅʌ ̄19-12-00072. 
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ʀʥʚʘʨʠʘʥʪʥʦʩʪʴ ʜʚʫʤʝʨʥʦʡ ʟʘʜʘʯʠ ʘʢʫʩʪʦʦʧʪʠʯʝʩʢʦʛʦ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʢ ʥʘʧʨʘʚʣʝʥʠʶ ʚʝʢʪʦʨʘ ʨʘʩʩʪʨʦʡʢʠ 
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ɸʢʫʩʪʦʦʧʪʠʯʝʩʢʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʜʠʬʨʘʢʮʠʶ ʦʧʪʠʯʝʩʢʦʛʦ 

ʠʟʣʫʯʝʥʠʷ ʥʘ ʫʣʴʪʨʘʟʚʫʢʝ ʠ ʥʘʭʦʜʠʪ ʰʠʨʦʢʠʝ ʧʨʠʤʝʥʝʥʠʷ ʚ ʥʘʫʢʝ ʠ ʪʝʭʥʠʢʝ. ʊʝʤ ʥʝ 

ʤʝʥʝʝ, ʩʪʨʦʛʦʩʪʴ ʤʘʪʝʤʘʪʠʯʝʩʢʠʭ ʤʦʜʝʣʝʡ ʜʘʥʥʦʛʦ ʷʚʣʝʥʠʷ ʜʦ ʩʠʭ ʧʦʨ ʦʩʪʘʚʣʷʝʪ ʞʝʣʘʪʴ 

ʣʫʯʰʝʛʦ. ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʘʢʫʩʪʦʦʧʪʠʯʝʩʢʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʯʘʱʝ ʚʩʝʛʦ 

ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʢʘʢ ʦʜʥʦʤʝʨʥʘʷ ʟʘʜʘʯʘ. ʊʘʢʘʷ ʤʦʜʝʣʴ ʫʜʦʚʣʝʪʚʦʨʠʪʝʣʴʥʦ ʦʧʠʩʳʚʘʝʪ 

ʤʥʦʛʠʝ ʨʝʞʠʤʳ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ, ʦʜʥʘʢʦ ʧʨʠ ʙʦʣʴʰʠʭ ʫʛʣʘʭ ʧʘʜʝʥʠʷ ʠʣʠ ʜʠʬʨʘʢʮʠʠ 

ʠʟʣʫʯʝʥʠʷ ʦʥʘ ʧʨʠʚʦʜʠʪ ʢ ʬʠʟʠʯʝʩʢʠ ʥʝʘʜʝʢʚʘʪʥʳʤ ʨʝʟʫʣʴʪʘʪʘʤ [1]. ɹʦʣʝʝ ʦʙʱʝʡ 

ʤʦʜʝʣʴʶ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʷʚʣʷʝʪʩʷ ʜʚʫʤʝʨʥʘʷ ʟʘʜʘʯʘ. ɼʚʫʤʝʨʥʳʝ ʫʨʘʚʥʝʥʠʷ ʩʚʷʟʘʥʥʳʭ 

ʤʦʜ, ʧʨʠʤʝʥʝʥʥʳʝ ʘʚʪʦʨʦʤ ʨʘʥʝʝ ʚ ʨʘʙʦʪʝ [2], ʧʦʟʚʦʣʷʶʪ ʦʧʨʝʜʝʣʠʪʴ ʵʥʝʨʛʝʪʠʯʝʩʢʫʶ 

ʩʪʨʫʢʪʫʨʫ ʚʟʘʠʤʦʜʝʡʩʪʚʫʶʱʠʭ ʚʦʣʥʦʚʳʭ ʧʫʯʢʦʚ ʧʨʠ ʣʶʙʳʭ ʫʛʣʘʭ ʧʘʜʝʥʠʷ ʠ 

ʜʠʬʨʘʢʮʠʠ, ʥʦ ʥʝ ʦʧʠʩʳʚʘʶʪ ʠʭ ʬʘʟʦʚʦʡ ʩʪʨʫʢʪʫʨʳ. ʕʪʦ ʩʚʷʟʘʥʦ ʩ ʥʝʦʜʥʦʟʥʘʯʥʦʩʪʴʶ 

ʚʳʙʦʨʘ ʦʜʥʦʛʦ ʠʟ ʚʭʦʜʷʱʠʭ ʚ ʵʪʠ ʫʨʘʚʥʝʥʠʷ ʧʘʨʘʤʝʪʨʦʚ ï ʚʝʢʪʦʨʘ ʘʢʫʩʪʦʦʧʪʠʯʝʩʢʦʡ 

ʨʘʩʩʪʨʦʡʢʠ. ʅʘʩʪʦʷʱʘʷ ʨʘʙʦʪʘ ʩʪʘʚʠʪ ʩʚʦʝʡ ʮʝʣʴʶ ʚʳʷʚʠʪʴ ʩʚʷʟʴ ʤʝʞʜʫ ʥʘʧʨʘʚʣʝʥʠʝʤ 

ʚʝʢʪʦʨʘ ʨʘʩʩʪʨʦʡʢʠ ʠ ʨʝʰʝʥʠʷʤʠ ʜʠʬʨʘʢʮʠʦʥʥʦʡ ʟʘʜʘʯʠ. 

ɸʢʫʩʪʦʦʧʪʠʯʝʩʢʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʫʜʦʙʥʦ ʦʧʠʩʳʚʘʪʴ ʤʝʪʦʜʦʤ ʤʝʜʣʝʥʥʦ 

ʤʝʥʷʶʱʠʭʩʷ ʘʤʧʣʠʪʫʜ [2,3], ʦʩʥʦʚʘʥʥʳʤ ʥʘ ʧʦʜʩʪʘʥʦʚʢʝ ʚ ʚʦʣʥʦʚʦʝ ʫʨʘʚʥʝʥʠʝ (1) 

ʧʨʦʙʥʦʛʦ ʨʝʰʝʥʠʷ (2), ʛʜʝ E ï ʥʘʧʨʷʞʝʥʥʦʩʪʴ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ, ʘ Cp - ʢʦʤʧʣʝʢʩʥʘʷ 

ʘʤʧʣʠʪʫʜʘ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʡ ʚʦʣʥʳ p-ʛʦ ʧʦʨʷʜʢʘ ʜʠʬʨʘʢʮʠʠ: 

)sin(2Ĕ  ), Ĕ(
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ʆʙʱʝʧʨʠʥʷʪʳʡ ʚ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʤʝʪʦʜ ʦʧʠʩʘʥʠʷ ʘʢʫʩʪʦʦʧʪʠʯʝʩʢʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ 

ʧʨʝʜʧʦʣʘʛʘʝʪ [3], ʯʪʦ ʢʦʤʧʣʝʢʩʥʘʷ ʘʤʧʣʠʪʫʜʘ Cp ʟʘʚʠʩʠʪ ʪʦʣʴʢʦ ʦʪ ʦʜʥʦʡ ʢʦʦʨʜʠʥʘʪʳ x, 

ʦʪʩʯʠʪʳʚʘʝʤʦʡ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦ ʥʘʧʨʘʚʣʝʥʠʶ ʫʣʴʪʨʘʟʚʫʢʦʚʦʛʦ ʩʪʦʣʙʘ (ʨʠʩ. 1ʘ): 

( )ä -=
p

pppy trkixCEeE )(exp)(0 w
dddd

     (3) 

 
ʈʠʩ. 1. ʇʦʩʪʘʥʦʚʢʘ ʟʘʜʘʯʠ ʘʢʫʩʪʦʦʧʪʠʯʝʩʢʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ (ʘ) ʠ ʚʝʢʪʦʨʥʘʷ ʜʠʘʛʨʘʤʤʘ (ʙ) 

 

ɼʣʷ ʧʨʦʩʪʦʪʳ ʨʘʩʩʤʦʪʨʝʥʠʷ ʦʛʨʘʥʠʯʠʤʩʷ ʜʘʣʝʝ ʙʨʵʛʛʦʚʩʢʠʤ ʨʝʞʠʤʦʤ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ, 

ʧʨʠ ʢʦʪʦʨʦʤ ʩʫʱʝʩʪʚʫʶʪ ʪʦʣʴʢʦ 0-ʡ ʠ 1-ʡ ʜʠʬʨʘʢʮʠʦʥʥʳʝ ʧʦʨʷʜʢʠ. ʊʦʛʜʘ ʚʦʣʥʦʚʦʝ 

ʫʨʘʚʥʝʥʠʝ (1) ʩ ʧʦʜʩʪʘʥʦʚʢʦʡ (3) ʧʨʠʚʦʜʠʪʩʷ ʢ ʚʠʜʫ: 

ʘ) ʙ) 
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ʛʜʝ ɚ ï ʦʧʪʠʯʝʩʢʘʷ ʜʣʠʥʘ ʚʦʣʥʳ, lp /2 nq D=  ï ʢʦʵʬʬʠʮʠʝʥʪ ʘʢʫʩʪʦʦʧʪʠʯʝʩʢʦʡ ʩʚʷʟʠ, ʘ 

Kkk
dddd
--= 01h  ï ʚʝʢʪʦʨ ʘʢʫʩʪʦʦʧʪʠʯʝʩʢʦʡ ʨʘʩʩʪʨʦʡʢʠ. ʅʘ ʥʝʛʦ ʥʘʢʣʘʜʳʚʘʝʪʩʷ ʫʩʣʦʚʠʝ 

0=zh , ʢʦʪʦʨʦʝ ʩʣʝʜʫʝʪ ʠʟ ʦʜʥʦʨʦʜʥʦʩʪʠ ʟʘʜʘʯʠ ʚ ʥʘʧʨʘʚʣʝʥʠʠ ʦʩʠ z. ʕʪʦ ʫʩʣʦʚʠʝ 

ʦʧʨʝʜʝʣʷʝʪ ʚʝʢʪʦʨʥʫʶ ʜʠʘʛʨʘʤʤʫ (ʨʠʩ. 1ʙ), ʦʜʥʦʟʥʘʯʥʦ ʩʚʷʟʳʚʘʶʱʫʶ ʚʦʣʥʦʚʳʝ 

ʚʝʢʪʦʨʳ ʚʩʝʭ ʚʟʘʠʤʦʜʝʡʩʪʚʫʶʱʠʭ ʚʦʣʥ, ʯʪʦ ʚ ʩʚʦʶ ʦʯʝʨʝʜʴ ʧʦʟʚʦʣʷʝʪ ʦʧʠʩʘʪʴ ʵʬʬʝʢʪ 

ʩʢʘʥʠʨʦʚʘʥʠʷ ʜʠʬʨʘʢʮʠʦʥʥʦʛʦ ʧʦʨʷʜʢʘ ʧʨʠ ʠʟʤʝʥʝʥʠʠ ʯʘʩʪʦʪʳ ʫʣʴʪʨʘʟʚʫʢʘ [3]. 

ʏʣʝʥʳ ʫʨʘʚʥʝʥʠʡ (4), ʩʦʜʝʨʞʘʱʠʝ ʚʪʦʨʳʝ ʧʨʦʠʟʚʦʜʥʳʝ ʧʦ ʢʦʦʨʜʠʥʘʪʘʤ, ʠʤʝʶʪ 

ʙʦʣʝʝ ʚʳʩʦʢʠʡ ʧʦʨʷʜʦʢ ʤʘʣʦʩʪʠ ʧʦ ʧʘʨʘʤʝʪʨʫ ɚ/l ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʦʩʪʘʣʴʥʳʤʠ 

ʩʣʘʛʘʝʤʳʤʠ, ʠ ʚ ʩʚʷʟʠ ʩ ʵʪʠʤ ʦʪʙʨʘʩʳʚʘʶʪʩʷ. ʍʘʨʘʢʪʝʨʥʘʷ ʚʝʣʠʯʠʥʘ ʦʪʥʦʰʝʥʠʷ ɚ/l ʚ 

ʘʢʫʩʪʦʦʧʪʠʯʝʩʢʠʭ ʫʩʪʨʦʡʩʪʚʘʭ ʩʦʩʪʘʚʣʷʝʪ 10-3 ʠ ʤʝʥʝʝ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʦʩʪʘʝʪʩʷ ʩʠʩʪʝʤʘ 

ʫʨʘʚʥʝʥʠʡ, ʢʦʪʦʨʳʝ ʜʘʣʝʝ ʙʫʜʝʤ ʥʘʟʳʚʘʪʴ ʦʜʥʦʤʝʨʥʳʤʠ ʫʨʘʚʥʝʥʠʷʤʠ ʩʚʷʟʘʥʥʳʭ ʤʦʜ: 
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ɼʦʩʪʦʠʥʩʪʚʦʤ ʤʝʪʦʜʘ ʚʝʢʪʦʨʥʳʭ ʜʠʘʛʨʘʤʤ ʷʚʣʷʝʪʩʷ ʝʛʦ ʧʨʦʩʪʦʪʘ, ʢʦʪʦʨʘʷ ʧʦ ʩʫʪʠ 

ʩʚʦʜʠʪ ʬʠʟʠʯʝʩʢʫ  ʁʟʘʜʘʯʫ ʢ ʛʝʦʤʝʪʨʠʯʝʩʢʦʡ. ʆʜʥʘʢʦ, ʥʝʩʤʦʪʨʷ ʥʘ ʰʠʨʦʢʦʝ ʧʨʠʤʝʥʝʥʠʝ 

ʵʪʦʛʦ ʤʝʪʦʜʘ ʚ ʘʢʫʩʪʦʦʧʪʠʢʝ, ʚ ʣʠʪʝʨʘʪʫʨʝ ʧʨʘʢʪʠʯʝʩʢʠ ʦʪʩʫʪʩʪʚʫʝʪ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʝ 

ʦʙʩʫʞʜʝʥʠʝ ʝʛʦ ʬʠʟʠʯʝʩʢʦʡ ʘʜʝʢʚʘʪʥʦʩʪʠ. ɼʝʡʩʪʚʠʪʝʣʴʥʦ, ʟʘʜʘʯʘ ʘʢʫʩʪʦʦʧʪʠʯʝʩʢʦʛʦ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʚʩʝʛʜʘ ʷʚʣʷʝʪʩʷ, ʢʘʢ ʤʠʥʠʤʫʤ, ʜʚʫʤʝʨʥʦʡ, ʠ ʧʦʵʪʦʤʫ ʧʨʝʜʩʪʘʚʣʝʥʠʝ 

ʢʦʤʧʣʝʢʩʥʦʡ ʘʤʧʣʠʪʫʜʳ ʢʘʢ ʬʫʥʢʮʠʠ ʦʜʥʦʡ ʢʦʦʨʜʠʥʘʪʳ ʥʝ ʧʦʟʚʦʣʷʝʪ ʦʧʠʩʘʪʴ 

ʧʨʦʠʟʚʦʣʴʥʦʛʦ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʚ ʩʨʝʜʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ. ʇʦʣʝ ʚʠʜʘ 

( ))(exp)( trkixCE ppp w-=
ddd

 ʥʝ ʷʚʣʷʝʪʩʷ ʧʣʦʩʢʦʡ ʚʦʣʥʦʡ, ʠ ʧʦʵʪʦʤʫ ʥʝ ʤʦʞʝʪ 

ʨʘʩʩʤʘʪʨʠʚʘʪʴʩʷ ʢʘʢ ʵʣʝʤʝʥʪ ʙʘʟʠʩʘ ʜʣʷ ʨʘʟʣʦʞʝʥʠʷ ʚʦʣʥʦʚʦʛʦ ʧʫʯʢʘ. ʀʥʘʯʝ ʛʦʚʦʨʷ, 

ʧʨʦʠʟʚʦʣʴʥʳʡ ʚʦʣʥʦʚʦʡ ʧʫʯʦʢ ʥʝʣʴʟʷ ʧʨʝʜʩʪʘʚʠʪʴ ʢʘʢ ʩʫʤʤʫ ʧʦʣʝʡ ʪʘʢʦʛʦ ʚʠʜʘ. 

ɺʳʭʦʜʦʤ ʠʟ ʧʦʣʦʞʝʥʠʷ ʤʦʞʝʪ ʙʳʪʴ ʧʦʣʥʳʡ ʦʪʢʘʟ ʦʪ ʨʘʟʣʦʞʝʥʠʷ ʚʦʣʥʦʚʳʭ ʧʫʯʢʦʚ ʧʦ 

ʢʘʢʦʤʫ-ʣʠʙʦ ʙʘʟʠʩʫ. ɼʣʷ ʵʪʦʛʦ ʥʝʦʙʭʦʜʠʤʦ ʠʩʢʘʪʴ ʨʝʰʝʥʠʝ ʚʦʣʥʦʚʦʛʦ ʫʨʘʚʥʝʥʠʷ ʚ ʚʠʜʝ 

(2), ʛʜʝ ʢʘʞʜʦʝ ʠʟ ʩʣʘʛʘʝʤʳʭ ( ))(exp),( trkizxCE ppp w-=
ddd

 ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʦʧʨʝʜʝʣʝʥʥʦʤʫ 

ʚʦʣʥʦʚʦʤʫ ʧʫʯʢʫ. ʀʤʝʥʥʦ ʥʘ ʪʘʢʦʤ ʧʦʜʭʦʜʝ ʦʩʥʦʚʘʥ ʭʦʨʦʰʦ ʠʟʚʝʩʪʥʳʡ ʚ ʪʝʦʨʠʠ 

ʜʠʬʨʘʢʮʠʠ ʠ ʥʝʣʠʥʝʡʥʦʡ ʦʧʪʠʢʝ ʤʝʪʦʜ ʧʘʨʘʙʦʣʠʯʝʩʢʠʭ ʫʨʘʚʥʝʥʠʡ [4]. 

ʇʦʜʩʪʘʥʦʚʢʘ ʧʨʦʙʥʦʛʦ ʨʝʰʝʥʠʷ (2) ʚ ʚʦʣʥʦʚʦʝ ʫʨʘʚʥʝʥʠʝ (1) ʧʨʠʚʦʜʠʪ ʢ 

ʩʣʝʜʫʶʱʝʡ ʩʠʩʪʝʤʝ ʫʨʘʚʥʝʥʠʡ: 
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ʛʜʝ pm
d

 - ʦʨʪ ʚʝʢʪʦʨʘ pk
d
, ʘ lp /2 nk=  - ʝʛʦ ʤʦʜʫʣʴ. ʉʠʩʪʝʤʘ (6) ʠʤʝʝʪ ʙʝʩʢʦʦʨʜʠʥʘʪʥʫʶ 

ʬʦʨʤʫ, ʪʦ ʝʩʪʴ ʥʝ ʟʘʚʠʩʠʪ ʦʪ ʚʳʙʦʨʘ ʩʠʩʪʝʤʳ ʢʦʦʨʜʠʥʘʪ x, z. ʀʤʝʥʥʦ ʚ ʵʪʦʤ ʠ 

ʟʘʢʣʶʯʘʝʪʩʷ ʝʝ ʧʨʠʥʮʠʧʠʘʣʴʥʦʝ ʦʪʣʠʯʠʝ ʦʪ ʦʜʥʦʤʝʨʥʦʡ ʩʠʩʪʝʤʳ (5). ʇʦʩʢʦʣʴʢʫ ʟʘʜʘʯʘ 

ʫʞʝ ʥʝ ʷʚʣʷʝʪʩʷ ʦʜʥʦʨʦʜʥʦʡ ʚʜʦʣʴ ʢʘʢʦʡ-ʣʠʙʦ ʠʟ ʢʦʦʨʜʠʥʘʪʥʳʭ ʦʩʝʡ, ʚʝʢʪʦʨ ʨʘʩʩʪʨʦʡʢʠ 

h
d

 ʤʦʞʝʪ ʠʤʝʪʴ ʣʶʙʦʝ ʥʘʧʨʘʚʣʝʥʠʝ. ɺ ʩʚʦʶ ʦʯʝʨʝʜʴ, ʵʪʦ ʦʙʩʪʦʷʪʝʣʴʩʪʚʦ ʥʝ ʧʦʟʚʦʣʷʝʪ 

ʦʜʥʦʟʥʘʯʥʦ ʧʦʩʪʨʦʠʪʴ ʚʝʢʪʦʨʥʫʶ ʜʠʘʛʨʘʤʤʫ ʘʢʫʩʪʦʦʧʪʠʯʝʩʢʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ, ʪʦ ʝʩʪʴ 

ʚʥʦʩʠʪ ʧʨʦʠʟʚʦʣ ʚ ʩʦʦʪʥʦʰʝʥʠʝ ʤʝʞʜʫ ʚʝʢʪʦʨʘʤʠ 0k
d

, 1k
d

 ʠ K
d

. 

ɼʣʷ ʫʧʨʦʱʝʥʠʷ ʧʦʩʪʘʥʦʚʢʠ ʛʨʘʥʠʯʥʳʭ ʫʩʣʦʚʠʡ ʚ ʤʝʪʦʜʝ ʤʝʜʣʝʥʥʦ ʤʝʥʷʶʱʠʭʩʷ 

ʘʤʧʣʠʪʫʜ ʚʦʟʤʦʞʝʥ ʧʝʨʝʭʦʜ ʦʪ ʚʦʣʥʦʚʦʛʦ ʫʨʘʚʥʝʥʠʷ ʢ ʧʘʨʘʙʦʣʠʯʝʩʢʦʤʫ, ʧʦʩʢʦʣʴʢʫ 



ʊʨʫʜʳ ʰʢʦʣʳ-ʩʝʤʠʥʘʨʘ çɺʦʣʥʳ-2019è. ɸʢʫʩʪʠʢʘ ʠ ʘʢʫʩʪʦʦʧʪʠʢʘ 
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ʢʦʤʧʣʝʢʩʥʳʝ ʘʤʧʣʠʪʫʜʳ ʧʦ-ʨʘʟʥʦʤʫ ʠʟʤʝʥʷʶʪʩʷ ʚʜʦʣʴ ʠ ʧʦʧʝʨʝʢ ʚʦʣʥʦʚʦʛʦ ʧʫʯʢʘ. ʕʪʦ 

ʧʦʟʚʦʣʷʝʪ ʧʨʝʥʝʙʨʝʯʴ ʚʪʦʨʳʤʠ ʧʨʦʠʟʚʦʜʥʳʤʠ ʢʦʤʧʣʝʢʩʥʳʭ ʘʤʧʣʠʪʫʜ ʚʜʦʣʴ 

ʥʘʧʨʘʚʣʝʥʠʷ ʚʦʣʥʦʚʦʛʦ ʚʝʢʪʦʨʘ, ʧʨʠ ʵʪʦʤ ʩʦʭʨʘʥʠʚ ʚʪʦʨʳʝ ʧʨʦʠʟʚʦʜʥʳʝ ʚ ʧʦʧʝʨʝʯʥʦʤ 

ʥʘʧʨʘʚʣʝʥʠʠ [4]. ʊʦʛʜʘ ʩʠʩʪʝʤʘ ʫʨʘʚʥʝʥʠʡ (6) ʧʨʠʥʠʤʘʝʪ ʚʠʜ: 
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ʛʜʝ ʚʚʝʜʝʥʦ ʦʙʦʟʥʘʯʝʥʠʝ ʜʣʷ ʦʧʝʨʘʪʦʨʘ 
22 )( Ð-Ð=D̂ pp m

d
. 

ʋʨʘʚʥʝʥʠʝ (7) ʟʘʤʝʥʷʝʪ ʨʝʘʣʴʥʫʶ ʩʬʝʨʠʯʝʩʢʫʶ ʚʦʣʥʦʚʫʶ ʧʦʚʝʨʭʥʦʩʪʴ ʥʘ 

ʢʘʩʘʪʝʣʴʥʫʶ ʢ ʥʝʡ ʧʘʨʘʙʦʣʠʯʝʩʢʫʶ, ʧʨʠʯʝʤ ʢʨʠʚʠʟʥʘ ʩʬʝʨʳ ʠ ʧʘʨʘʙʦʣʦʠʜʘ ʚ ʪʦʯʢʝ 

ʢʘʩʘʥʠʷ ʩʦʚʧʘʜʘʝʪ. ʇʦʵʪʦʤʫ ʦʰʠʙʢʘ ʚ ʥʘʭʦʞʜʝʥʠʠ ʬʘʟʳ ʚʦʣʥʳ ʠʤʝʝʪ, ʧʦ ʢʨʘʡʥʝʡ ʤʝʨʝ, 

ʪʨʝʪʠʡ ʧʦʨʷʜʦʢ ʤʘʣʦʩʪʠ ʧʦ ʧʘʨʘʤʝʪʨʫ ɚ/l. ʀʤʝʥʥʦ ʚ ʵʪʦʤ ʟʘʢʣʶʯʘʝʪʩʷ ʬʠʟʠʯʝʩʢʠʡ ʩʤʳʩʣ 

ʦʪʙʨʘʩʳʚʘʥʠʷ ʚʪʦʨʳʭ ʧʨʦʠʟʚʦʜʥʳʭ ʦʪ Cp ʚ ʥʘʧʨʘʚʣʝʥʠʠ ʚʦʣʥʦʚʦʛʦ ʚʝʢʪʦʨʘ ʚ ʫʨʘʚʥʝʥʠʷʭ 

(6). ɺ ʦʜʥʦʤʝʨʥʦʤ ʞʝ ʩʣʫʯʘʝ ʚʩʝʛʜʘ ʦʪʙʨʘʩʳʚʘʶʪʩʷ ʚʪʦʨʳʝ ʧʨʦʠʟʚʦʜʥʳʝ ʚʜʦʣʴ 

ʢʦʦʨʜʠʥʘʪʳ x, ʚʥʝ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʥʘʧʨʘʚʣʝʥʠʷ ʚʦʣʥʦʚʦʛʦ ʚʝʢʪʦʨʘ. ɽʩʣʠ ʚʦʣʥʦʚʳʝ 

ʚʝʢʪʦʨʳ ʚʟʘʠʤʦʜʝʡʩʪʚʫʶʱʠʭ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʳʭ ʚʦʣʥ ʙʣʠʟʢʠ ʢ ʦʩʠ x, ʦʰʠʙʢʘ ʚ 

ʦʧʨʝʜʝʣʝʥʠʠ ʬʘʟʳ ʥʝ ʠʛʨʘʝʪ ʨʝʰʘʶʱʝʡ ʨʦʣʠ, ʯʪʦ ʠ ʦʙʲʷʩʥʷʝʪ ʫʩʧʝʰʥʦʝ ʧʨʠʤʝʥʝʥʠʝ 

ʦʜʥʦʤʝʨʥʦʛʦ ʫʨʘʚʥʝʥʠʷ ʩʚʷʟʘʥʥʳʭ ʤʦʜ ʚ ʘʢʫʩʪʦʦʧʪʠʢʝ. ʆʜʥʘʢʦ ʧʨʠ ʫʛʣʘʭ ʜʠʬʨʘʢʮʠʠ ʚ 

ʜʝʩʷʪʢʠ ʛʨʘʜʫʩʦʚ ʵʪʘ ʦʰʠʙʢʘ ʩʪʘʥʦʚʠʪʩʷ ʨʝʰʘʶʱʝʡ, ʠ ʪʘʢʠʝ ʨʝʞʠʤʳ ʜʠʬʨʘʢʮʠʠ 

ʧʨʠʥʮʠʧʠʘʣʴʥʦ ʤʦʛʫʪ ʙʳʪʴ ʦʧʠʩʘʥʳ ʪʦʣʴʢʦ ʜʚʫʤʝʨʥʳʤʠ ʫʨʘʚʥʝʥʠʷʤʠ ʩʚʷʟʘʥʥʳʭ ʤʦʜ. 

ʂʦʣʠʯʝʩʪʚʝʥʥʳʡ ʢʨʠʪʝʨʠʡ ʧʨʠʤʝʥʠʤʦʩʪʠ ʦʜʥʦʤʝʨʥʦʡ ʤʦʜʝʣʠ ʫʢʘʟʘʥ ʚ ʨʘʙʦʪʝ [2]. 

ʅʝʨʝʰʝʥʥʦʡ ʧʨʦʙʣʝʤʦʡ ʜʚʫʤʝʨʥʦʛʦ ʦʧʠʩʘʥʠʷ ʘʢʫʩʪʦʦʧʪʠʯʝʩʢʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ 

ʜʦ ʩʠʭ ʧʦʨ ʦʩʪʘʚʘʣʩʷ ʚʳʙʦʨ ʥʘʧʨʘʚʣʝʥʠʷ ʚʝʢʪʦʨʘ ʨʘʩʩʪʨʦʡʢʠ. ʕʪʦ ʥʘʧʨʘʚʣʝʥʠʝ ʥʝ ʚʣʠʷʝʪ 

ʥʘ ʤʦʜʫʣʴ ʢʦʤʧʣʝʢʩʥʦʡ ʘʤʧʣʠʪʫʜʳ Cp, ʥʦ ʚʣʠʷʝʪ ʥʘ ʘʨʛʫʤʝʥʪ ʵʪʦʡ ʚʝʣʠʯʠʥʳ. 

ʈʘʩʩʤʦʪʨʠʤ ʙʦʣʝʝ ʧʦʜʨʦʙʥʦ ʭʘʨʘʢʪʝʨ ʵʪʦʛʦ ʚʣʠʷʥʠʷ. 

ʇʫʩʪʴ ʨʝʰʝʥʠʝ ),(1,0 zxC  ʩʠʩʪʝʤʳ ʫʨʘʚʥʝʥʠʡ (7), ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʝ ʢʘʢʦʤʫ-ʣʠʙʦ 

ʚʝʢʪʦʨʫ h
d
, ʠʟʚʝʩʪʥʦ. ʇʫʪʝʤ ʧʦʜʩʪʘʥʦʚʢʠ ʚ ʫʨʘʚʥʝʥʠʷ ʤʦʞʥʦ ʧʨʦʚʝʨʠʪʴ, ʯʪʦ ʬʫʥʢʮʠʠ 

),(),( 00 zxCzxC =¡ , )exp(),(),( 11 ræizxCzxC
dd

=¡    (8) 

ʙʫʜʫʪ ʫʜʦʚʣʝʪʚʦʨʷʪʴ ʩʠʩʪʝʤʝ (7) ʩ ʜʨʫʛʠʤ ʚʝʢʪʦʨʦʤ ʨʘʩʩʪʨʦʡʢʠ h¡
d
, ʝʩʣʠ hh

ddd
-¡=æ . ʇʨʠ 

ʵʪʦʤ ʤʳ ʧʨʝʥʝʙʨʝʛʘʝʤ ʯʣʝʥʘʤʠ ʪʨʝʪʴʝʛʦ ʠ ʙʦʣʝʝ ʚʳʩʦʢʠʭ ʧʦʨʷʜʢʦʚ ʤʘʣʦʩʪʠ ʧʦ 

ʧʘʨʘʤʝʪʨʫ ɚ/l, ʯʪʦ ʦʧʨʘʚʜʳʚʘʝʪʩʷ ʪʦʯʥʦʩʪʴʶ ʠʩʧʦʣʴʟʫʝʤʦʛʦ ʧʘʨʘʙʦʣʠʯʝʩʢʦʛʦ 

ʧʨʠʙʣʠʞʝʥʠʷ. ɽʩʣʠ ʚʤʝʩʪʦ ʧʘʨʘʙʦʣʠʯʝʩʢʠʭ ʫʨʘʚʥʝʥʠʡ (7) ʨʘʩʩʤʘʪʨʠʚʘʪʴ ʫʨʘʚʥʝʥʠʷ (6), 

ʪʦʯʥʦ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʚʦʣʥʦʚʦʤʫ ʫʨʘʚʥʝʥʠʶ, ʪʦ ʨʝʰʝʥʠʷ (8) ʙʫʜʫʪ ʫʜʦʚʣʝʪʚʦʨʷʪʴ ʠʤ 

ʥʝ ʧʨʠʙʣʠʞʝʥʥʦ, ʘ ʪʦʯʥʦ. ʆʪʤʝʪʠʤ, ʯʪʦ ʨʘʟʣʠʯʥʳʤ ʥʘʧʨʘʚʣʝʥʠʷʤ ʚʝʢʪʦʨʘ ʨʘʩʩʪʨʦʡʢʠ h
d

 

ʠ h¡
d

 ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʜʚʘ ʨʘʟʣʠʯʥʳʭ ʚʝʢʪʦʨʘ 1k
d

 ʠ 1k¡
d
, ʢʘʢ ʧʦʢʘʟʘʥʦ ʥʘ ʨʠʩ. 2. 

 
ʈʠʩ. 2. ɺʝʢʪʦʨʥʘʷ ʜʠʘʛʨʘʤʤʘ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʘʷ ʜʚʫʤʝʨʥʦʡ ʟʘʜʘʯʝ 

 

' 

' 
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ʇʦʢʘʞʝʤ, ʯʪʦ ʨʝʰʝʥʠʷ ),(1,0 zxC  ʠ ),(1,0 zxC¡  ʵʢʚʠʚʘʣʝʥʪʥʳ, ʪʦ ʝʩʪʴ ʩʦʦʪʚʝʪʩʪʚʫʶʪ 

ʦʜʥʦʤʫ ʠ ʪʦʤʫ ʞʝ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʤʫ ʧʦʣʶ ),( zxE
d

 ʚ ʩʨʝʜʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ. ʉʦʛʣʘʩʥʦ 

ʚʳʨʘʞʝʥʠʶ (2), ʢʦʤʧʣʝʢʩʥʳʝ ʘʤʧʣʠʪʫʜʳ ),(1,0 zxC  ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʧʦʣʶ ʚʠʜʘ: 

( )[ ( )])  (exp),()  (exp),( 11000 trmkizxCtrmkizxCEeE y ww -+-=
dddddd

   (9) 

ʊʦ ʞʝ ʩʘʤʦʝ ʚʳʨʘʞʝʥʠʝ ʤʦʞʥʦ ʧʦʣʫʯʠʪʴ, ʧʦʜʩʪʘʚʣʷʷ ʨʝʰʝʥʠʷ (8) ʚ ʚʳʨʘʞʝʥʠʝ (2) ʠ 

ʫʯʠʪʳʚʘʷ, ʯʪʦ )( 11 mmkæ
ddddd
-¡=-¡= hh . ɺ ʩʠʣʫ ʧʨʦʠʟʚʦʣʴʥʦʩʪʠ ʚʳʙʦʨʘ ʚʝʢʪʦʨʦʚ h

d
 ʠ h¡
d

, 

ʤʳ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʣʶʙʦʤʫ ʥʘʧʨʘʚʣʝʥʠʶ ʚʝʢʪʦʨʘ ʨʘʩʩʪʨʦʡʢʠ ʚ ʫʨʘʚʥʝʥʠʷʭ (7), ʘ ʟʥʘʯʠʪ ʠ 

ʣʶʙʦʤʫ ʚʠʜʫ ʚʝʢʪʦʨʥʦʡ ʜʠʘʛʨʘʤʤʳ ʨʠʩ. 2, ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʦʜʥʦ ʠ ʪʦ ʞʝ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʝ 

ʧʦʣʝ ʚ ʩʨʝʜʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʤʦʞʥʦ ʩʢʘʟʘʪʴ, ʯʪʦ ʜʚʫʤʝʨʥʳʝ ʫʨʘʚʥʝʥʠʷ 

ʩʚʷʟʘʥʥʳʭ ʤʦʜ ʚ ʬʦʨʤʝ (7) ʷʚʣʷʶʪʩʷ ʠʥʚʘʨʠʘʥʪʥʳʤʠ ʧʦ ʦʪʥʦʰʝʥʠʶ ʢ ʥʘʧʨʘʚʣʝʥʠʶ 

ʚʝʢʪʦʨʘ ʨʘʩʩʪʨʦʡʢʠ. ɼʨʫʛʠʤʠ ʩʣʦʚʘʤʠ, ʥʘʧʨʘʚʣʝʥʠʝ ʚʝʢʪʦʨʘ ʨʘʩʩʪʨʦʡʢʠ ʷʚʣʷʝʪʩʷ 

ʣʠʰʥʠʤ ʧʘʨʘʤʝʪʨʦʤ ʚ ʵʪʠʭ ʫʨʘʚʥʝʥʠʷʭ ʠ ʤʦʞʝʪ ʚʳʙʠʨʘʪʴʩʷ ʧʨʦʠʟʚʦʣʴʥʦ, ʥʘʧʨʠʤʝʨ, 

ʠʩʭʦʜʷ ʠʟ ʥʘʠʙʦʣʴʰʝʛʦ ʫʜʦʙʩʪʚʘ ʠʭ ʨʝʰʝʥʠʷ. 

ʉʣʝʜʫʝʪ ʦʙʨʘʪʠʪʴ ʚʥʠʤʘʥʠʝ ʥʘ ʪʦ, ʯʪʦ ʚ ʜʚʫʤʝʨʥʦʤ ʩʣʫʯʘʝ, ʚ ʦʪʣʠʯʠʝ ʦʪ 

ʦʜʥʦʤʝʨʥʦʛʦ, ʚʝʢʪʦʨʳ 1,0k
d

 ʫʞʝ ʥʝ ʠʤʝʶʪ ʬʠʟʠʯʝʩʢʦʛʦ ʩʤʳʩʣʘ ʚʦʣʥʦʚʳʭ ʚʝʢʪʦʨʦʚ, 

ʧʦʩʢʦʣʴʢʫ ʚʦʣʥʦʚʦʤʫ ʧʫʯʢʫ, ʚ ʧʨʠʥʮʠʧʝ, ʥʝʣʴʟʷ ʧʨʠʧʠʩʘʪʴ ʢʘʢʦʡ-ʣʠʙʦ ʦʧʨʝʜʝʣʝʥʥʳʡ 

ʚʦʣʥʦʚʦʡ ʚʝʢʪʦʨ. ʇʦʵʪʦʤʫ ʧʦʩʪʨʦʝʥʠʝ ʚʝʢʪʦʨʥʦʡ ʜʠʘʛʨʘʤʤʳ, ʘʥʘʣʦʛʠʯʥʦʡ ʨʠʩ. 1ʙ, ʜʣʷ 

ʥʘʭʦʞʜʝʥʠʷ ʫʛʣʘ ʩʢʘʥʠʨʦʚʘʥʠʷ ʜʠʬʨʘʛʠʨʦʚʘʥʥʦʛʦ ʧʫʯʢʘ, ʚ ʜʚʫʤʝʨʥʦʤ ʩʣʫʯʘʝ ʷʚʣʷʝʪʩʷ 

ʙʝʩʩʤʳʩʣʝʥʥʳʤ. ʉʢʘʥʠʨʦʚʘʥʠʝ ʚʦʣʥʦʚʦʛʦ ʧʫʯʢʘ ʦʧʠʩʳʚʘʝʪʩʷ ʥʝ ʚʝʢʪʦʨʦʤ ʨʘʩʩʪʨʦʡʢʠ, ʘ 

ʢʨʠʚʠʟʥʦʡ ʚʦʣʥʦʚʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʠ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʤ ʨʘʩʧʨʝʜʝʣʝʥʠʝʤ ʬʘʟ ʚ ʧʫʯʢʝ 

1-ʛʦ ʜʠʬʨʘʢʮʠʦʥʥʦʛʦ ʧʦʨʷʜʢʘ. ɺ ʩʚʦʶ ʦʯʝʨʝʜʴ, ʢʨʠʚʠʟʥʘ ʚʦʣʥʦʚʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʠ 

ʬʘʟʦʚʘʷ ʩʪʨʫʢʪʫʨʘ ʚʟʘʠʤʦʜʝʡʩʪʚʫʶʱʠʭ ʚʦʣʥʦʚʳʭ ʧʫʯʢʦʚ ʦʧʨʝʜʝʣʷʝʪʩʷ ʯʣʝʥʘʤʠ 

ʫʨʘʚʥʝʥʠʡ ʩʚʷʟʘʥʥʳʭ ʤʦʜ, ʩʦʜʝʨʞʘʱʠʤʠ ʚʪʦʨʳʝ ʧʨʦʠʟʚʦʜʥʳʝ ʢʦʤʧʣʝʢʩʥʳʭ ʘʤʧʣʠʪʫʜ. 

ɺ ʦʜʥʦʤʝʨʥʦʤ ʩʣʫʯʘʝ ʢʨʠʚʠʟʥʘ ʚʦʣʥʦʚʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʥʝ ʫʯʠʪʳʚʘʝʪʩʷ ʠʟ-ʟʘ 

ʦʪʩʫʪʩʪʚʠʷ ʪʘʢʠʭ ʯʣʝʥʦʚ ʚ ʫʨʘʚʥʝʥʠʷʭ ʩʚʷʟʘʥʥʳʭ ʤʦʜ. ʀʤʝʥʥʦ ʧʦʵʪʦʤʫ ʧʨʠʭʦʜʠʪʩʷ 

ʧʨʠʧʠʩʳʚʘʪʴ ʚʝʢʪʦʨʫ ʨʘʩʩʪʨʦʡʢʠ ʦʧʨʝʜʝʣʝʥʥʦʝ ʥʘʧʨʘʚʣʝʥʠʝ ʠ ʥʘʭʦʜʠʪʴ ʫʛʦʣ ʜʠʬʨʘʢʮʠʠ 

ʠʟ ʚʝʢʪʦʨʥʦʡ ʜʠʘʛʨʘʤʤʳ. ʇʨʠ ʤʘʣʳʭ ʫʛʣʘʭ ʧʘʜʝʥʠʷ ʩʚʝʪʘ ʥʘ ʨʝʰʝʪʢʫ ʪʘʢʦʡ ʧʦʜʭʦʜ ʝʱʝ 

ʜʘʝʪ ʧʨʘʚʠʣʴʥʳʝ ʨʝʟʫʣʴʪʘʪʳ, ʥʦ ʦʙʣʘʩʪʴ ʝʛʦ ʧʨʠʤʝʥʝʥʠʷ ʧʨʠʥʮʠʧʠʘʣʴʥʦ ʦʛʨʘʥʠʯʝʥʘ. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʤʝʪʦʜ ʚʝʢʪʦʨʥʳʭ ʜʠʘʛʨʘʤʤ ʤʦʞʥʦ ʨʘʩʩʤʘʪʨʠʚʘʪʴ ʢʘʢ ʩʫʨʨʦʛʘʪ 

ʦʪʙʨʦʰʝʥʥʳʭ ʚʪʦʨʳʭ ʧʨʦʠʟʚʦʜʥʳʭ ʚ ʫʨʘʚʥʝʥʠʷʭ ʩʚʷʟʘʥʥʳʭ ʤʦʜ. 

ɼʚʫʤʝʨʥʳʝ ʫʨʘʚʥʝʥʠʷ ʩʚʷʟʘʥʥʳʭ ʤʦʜ, ʚ ʦʪʣʠʯʠʝ ʦʪ ʦʜʥʦʤʝʨʥʳʭ, ʧʦʟʚʦʣʷʶʪ 

ʦʧʠʩʘʪʴ ʣʶʙʳʝ ʩʦʦʪʥʦʰʝʥʠʷ ʫʛʣʦʚ ʧʘʜʝʥʠʷ ʠ ʜʠʬʨʘʢʮʠʠ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʛʦ ʠʟʣʫʯʝʥʠʷ 

ʥʘ ʫʣʴʪʨʘʟʚʫʢʝ. ʂ ʥʝʜʦʩʪʘʪʢʘʤ ʜʚʫʤʝʨʥʦʛʦ ʦʧʠʩʘʥʠʷ ʤʦʞʥʦ ʦʪʥʝʩʪʠ ʙʦʣʴʰʫʶ 

ʤʘʪʝʤʘʪʠʯʝʩʢʫʶ ʩʣʦʞʥʦʩʪʴ ʟʘʜʘʯʠ. ɺ ʦʪʣʠʯʠʝ ʦʪ ʩʠʩʪʝʤʳ ʦʙʳʢʥʦʚʝʥʥʳʭ 

ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʳʭ ʫʨʘʚʥʝʥʠʡ ʧʝʨʚʦʛʦ ʧʦʨʷʜʢʘ (4), ʜʚʫʤʝʨʥʘʷ ʟʘʜʘʯʘ ʧʨʠʚʦʜʠʪ ʢ 

ʩʠʩʪʝʤʝ ʫʨʘʚʥʝʥʠʡ ʚʪʦʨʦʛʦ ʧʦʨʷʜʢʘ ʚ ʯʘʩʪʥʳʭ ʧʨʦʠʟʚʦʜʥʳʭ (7). ʊʘʢʘʷ ʩʠʩʪʝʤʘ ʪʨʝʙʫʝʪ 

ʯʠʩʣʝʥʥʦʛʦ ʨʝʰʝʥʠʷ ʜʘʞʝ ʚ ʩʘʤʳʭ ʧʨʦʩʪʳʭ ʛʝʦʤʝʪʨʠʷʭ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ. 

 

ʈʘʙʦʪʘ ʧʦʜʜʝʨʞʘʥʘ ʛʨʘʥʪʦʤ ʈʅʌ ˉ 19-12-00072. 
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ʷʚʣʷʝʪʩʷ ʥʘʥʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʡ ʢʨʝʤʥʠʡ, ʪʘʢ ʢʘʢ ʦʥ ʠʤʝʝʪ ʨʷʜ ʮʝʥʥʳʭ ʩʚʦʡʩʪʚ, ʪʘʢʠʭ 

ʢʘʢ ʙʠʦʩʦʚʤʝʩʪʠʤʦʩʪʴ, ʙʠʦʜʝʛʨʘʜʠʨʫʝʤʦʩʪʴ ʠ ʚʳʩʦʢʘʷ ʧʨʦʥʠʢʘʶʱʘʷ ʩʧʦʩʦʙʥʦʩʪʴ. 

ʅʘʥʦʯʘʩʪʠʮʳ (ʅʏ) ʢʨʝʤʥʠʷ ʩʧʦʩʦʙʥʳ ʧʦʚʳʰʘʪʴ ʧʨʦʥʠʮʘʝʤʦʩʪʴ ʢʣʝʪʦʯʥʳʭ ʤʝʤʙʨʘʥ, ʘ 

ʪʘʢʞʝ ʥʘʢʘʧʣʠʚʘʪʴʩʷ ʚ ʦʧʫʭʦʣʝʚʳʭ ʪʢʘʥʷʭ ʚ ʧʘʩʩʠʚʥʦʤ ʨʝʞʠʤʝ ʟʘ ʩʯʸʪ ʧʨʠʢʨʝʧʣʝʥʠʷ ʢ 

ʥʠʤ ʨʝʮʝʧʪʦʨʦʚ, ʩʧʝʮʠʬʠʯʥʳʭ ʜʣʷ ʦʧʨʝʜʝʣʸʥʥʳʭ ʦʧʫʭʦʣʝʡ [1]. ʀʥʪʝʨʝʩʥʳʤ ʢʘʢ ʩ ʪʦʯʢʠ 

ʟʨʝʥʠʷ ʬʠʟʠʢʠ, ʪʘʢ ʠ ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ ʙʠʦʣʦʛʠʠ ʠ ʤʝʜʠʮʠʥʳ ʧʨʝʜʩʪʘʚʣʷʝʪʩʷ ʠʟʫʯʝʥʠʝ 

ʩʚʦʡʩʪʚ ʅʏ ʢʨʝʤʥʠʷ ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʚʥʝʰʥʠʭ ʧʦʣʝʡ. ʆʩʥʦʚʥʘʷ ʠʜʝʷ ʙʘʟʠʨʫʝʪʩʷ ʥʘ ʪʦʤ 

ʬʘʢʪʝ, ʯʪʦ ʥʘʣʠʯʠʝ ʅʏ ʚ ʪʢʘʥʷʭ ʧʨʠʚʦʜʠʪ ʢ ʜʦʧʦʣʥʠʪʝʣʴʥʦʤʫ ʧʦʛʣʦʱʝʥʠʶ 

ʫʣʴʪʨʘʟʚʫʢʦʚʳʭ ʚʦʣʥ, ʯʪʦ ʧʦʟʚʦʣʠʪ ʧʨʦʚʦʜʠʪʴ ʥʘʮʝʣʝʥʥʦʝ ʚʦʟʜʝʡʩʪʚʠʝ ʥʘ ʦʧʫʭʦʣʝʚʳʝ 

ʪʢʘʥʠ [2]. ʎʝʣʴʶ ʜʘʥʥʦʡ ʨʘʙʦʪʳ ʷʚʣʷʣʦʩʴ ʦʧʨʝʜʝʣʝʥʠʝ ʧʦʨʦʛʘ ʢʘʚʠʪʘʮʠʠ ʚ ʚʦʜʥʳʭ 

ʩʫʩʧʝʥʟʠʷʭ ʢʨʝʤʥʠʝʚʳʭ ʅʏ ʠ ʠʟʤʝʨʝʥʠʝ ʥʘʛʨʝʚʘ ʩʫʩʧʝʥʟʠʠ ʧʨʠ ʫʣʴʪʨʘʟʚʫʢʦʚʦʡ 

ʢʘʚʠʪʘʮʠʠ.  

 

 
ʈʠʩ.1.  ʉʭʝʤʘ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʫʩʪʘʥʦʚʢʠ. 

 

ɺ ʵʢʩʧʝʨʠʤʝʥʪʝ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʛʠʜʨʦʬʦʙʥʳʝ ʢʨʝʤʥʠʝʚʳʝ ʅʏ, ʧʦʣʫʯʝʥʥʳʝ ʤʝʪʦʜʦʤ 

ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʛʦ ʪʨʘʚʣʝʥʠʷ. 

ʈʝʛʠʩʪʨʘʮʠʷ ʧʦʨʦʛʘ ʢʘʚʠʪʘʮʠʠ ʠ ʝʸ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʦʩʫʱʝʩʪʚʣʷʣʘʩʴ ʧʦ ʠʟʤʝʨʝʥʠʶ 

ʘʤʧʣʠʪʫʜʳ ʩʫʙʛʘʨʤʦʥʠʢʠ ʚ ʩʧʝʢʪʨʝ ʚʦʣʥʳ, ʧʨʦʰʝʜʰʝʡ ʯʝʨʝʟ ʩʫʩʧʝʥʟʠʶ ʅʏ. 

ʂʘʚʠʪʘʮʠʦʥʥʳʝ ʧʫʟʳʨʴʢʠ ʧʨʠ ʩʭʣʦʧʳʚʘʥʠʠ ʚ ʫʣʴʪʨʘʟʚʫʢʦʚʦʤ ʧʦʣʝ ʠʟʣʫʯʘʶʪ ʠʤʧʫʣʴʩʳ 

ʩ ʰʠʨʦʢʠʤ ʩʧʝʢʪʨʦʤ ʯʘʩʪʦʪ. ʇʨʠ ʥʠʟʢʠʭ, ʧʦʜʧʦʨʦʛʦʚʳʭ ʠʥʪʝʥʩʠʚʥʦʩʪʷʭ ʚ ʩʧʝʢʪʨʝ 

ʚʦʣʥʳ, ʧʨʦʰʝʜʰʝʡ ʯʝʨʝʟ ʩʫʩʧʝʥʟʠʶ ʅʏ ʥʘʙʣʶʜʘʝʪʩʷ ʢʦʤʧʦʥʝʥʪʘ ʪʦʣʴʢʦ ʦʩʥʦʚʥʦʡ 

ʯʘʩʪʦʪʳ ʫʣʴʪʨʘʟʚʫʢʘ f. ʉ ʧʦʚʳʰʝʥʠʝʤ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʩʧʝʢʪʨ ʠʟʣʫʯʘʝʤʦʛʦ ʩʠʛʥʘʣʘ 

ʩʪʘʥʦʚʠʪʩʷ ʙʦʣʝʝ ʩʣʦʞʥʳʤ ʠ ʤʦʞʝʪ ʚʢʣʶʯʘʪʴ ʙʦʣʝʝ ʚʳʩʦʢʠʝ ʛʘʨʤʦʥʠʢʠ ʠ ʩʫʙʛʘʨʤʦʥʠʢʠ. 

ɺʦʟʥʠʢʥʦʚʝʥʠʝ ʛʘʨʤʦʥʠʢʠ ʠʣʠ ʩʫʙʛʘʨʤʦʥʠʢʠ ʚ ʩʧʝʢʪʨʝ ʩʠʛʥʘʣʘ ʩʯʠʪʘʝʪʩʷ ʧʦʢʘʟʘʪʝʣʝʤ 

ʥʝʣʠʥʝʡʥʦʛʦ ʜʚʠʞʝʥʠʷ ʧʫʟʳʨʴʢʘ. ʅʘʠʙʦʣʝʝ ʘʢʪʠʚʥʦ ʠʟʫʯʘʣʦʩʴ ʚʦʟʥʠʢʥʦʚʝʥʠʝ 

ʩʫʙʛʘʨʤʦʥʠʢʠ f/2, ʧʦʩʢʦʣʴʢʫ ʠʤʝʥʥʦ ʜʣʷ ʥʝʸ ʧʦʣʫʯʝʥʳ ʤʥʦʛʦʢʨʘʪʥʳʝ ʩʚʠʜʝʪʝʣʴʩʪʚʘ 
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ʩʫʱʝʩʪʚʦʚʘʥʠʷ ʩʚʷʟʠ ʤʝʞʜʫ ʠʟʣʫʯʝʥʠʝʤ ʟʚʫʢʘ ʠ ʟʘʨʝʛʠʩʪʨʠʨʦʚʘʥʥʳʤʠ ʙʠʦʣʦʛʠʯʝʩʢʠʤʠ 

ʵʬʬʝʢʪʘʤʠ [3]. 

ɺ ʨʘʙʦʪʝ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʛʝʥʝʨʘʪʦʨ Tektronix AFG 3021ɺ, ʧʴʝʟʦʵʣʝʢʪʨʠʯʝʩʢʠʡ 

ʠʟʣʫʯʘʪʝʣʴ, ʛʠʜʨʦʬʦʥ Precision Acoustics ʠ ʮʠʬʨʦʚʦʡ ʦʩʮʠʣʣʦʛʨʘʬ Tektronix TDS 3032B. 

ʅʘ ʠʟʣʫʯʘʪʝʣʴ ʧʦʜʘʝʪʩʷ ʩʠʛʥʘʣ, ʢʦʪʦʨʳʡ, ʧʨʝʦʙʨʘʟʫʶʩʴ ʚ ʫʣʴʪʨʘʟʚʫʢʦʚʫʶ ʚʦʣʥʫ 

ʯʘʩʪʦʪʦʡ 2091 ʢɻʮ, ʧʨʦʭʦʜʠʪ ʯʝʨʝʟ ʩʫʩʧʝʥʟʠʶ ʢʨʝʤʥʠʝʚʳʭ ʅʏ. ʇʨʦʰʝʜʰʘʷ ʚʦʣʥʘ 

ʬʠʢʩʠʨʫʝʪʩʷ ʧʨʠʝʤʥʠʢʦʤ, ʨʝʟʦʥʘʥʩʥʘʷ ʯʘʩʪʦʪʘ ʢʦʪʦʨʦʛʦ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʩʫʙʨʘʛʦʤʠʥʢʝ 

f/2, ʪʦ ʝʩʪʴ 1045ʢɻʮ. ʉʠʛʥʘʣ ʩ ʧʨʠʝʤʥʠʢʘ ʧʦʜʘʝʪʩʷ ʥʘ ʦʩʮʠʣʣʦʛʨʘʬ ʠ ʟʘʧʠʩʳʚʘʝʪʩʷ ʚ 

ʧʘʤʷʪʴ ʇʂ. ɺ ʢʶʚʝʪʝ ʩ ʩʫʩʧʝʥʟʠʝʡ ʪʘʢʞʝ ʨʘʩʧʦʣʘʛʘʝʪʩʷ ʪʝʨʤʦʧʘʨʘ ʜʠʘʤʝʪʨʦʤ 0.2 ʤʤ, 

ʬʠʢʩʠʨʫʶʱʘʷ ʠʟʤʝʥʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ. 
 

ʈʠʩ.2. ɸʤʧʣʠʪʫʜʘ ʩʫʙʛʘʨʤʦʥʠʢʠ, ʠʟʤʝʨʝʥʥʳʝ ʚ ʩʫʩʧʝʥʟʠʠ ʢʨʝʤʥʠʝʚʳʭ ʅʏ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʘʤʧʣʠʪʫʜʳ 

ʘʢʫʩʪʠʯʝʩʢʦʛʦ ʜʘʚʣʝʥʠʷ (ʘ), ʠʟʤʝʥʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ ʚʦʜʳ ʠ ʩʫʩʧʝʥʟʠʠ (ʙ). 

 

ʀʟ ʧʦʣʫʯʝʥʥʳʭ ʛʨʘʬʠʢʦʚ ʚʠʜʥʦ, ʯʪʦ ʚ ʩʫʩʧʝʥʟʠʠ ʢʨʝʤʥʠʝʚʳʭ ʅʏ ʟʥʘʯʠʪʝʣʴʥʦ ʥʠʞʝ 

ʧʦʨʦʛ ʢʘʚʠʪʘʮʠʠ ʠ ʩʫʱʝʩʪʚʝʥʥʦ ʙʦʣʴʰʝ ʢʦʣʝʙʘʥʠʷ ʪʝʤʧʝʨʘʪʫʨʳ. ʕʪʦ ʧʨʦʠʩʭʦʜʠʪ ʠʟ-ʟʘ 

ʪʦʛʦ, ʯʪʦ ʧʨʠ ʜʚʠʞʝʥʠʠ ʢʨʝʤʥʠʝʚʳʭ ʅʏ ʚ ʫʣʴʪʨʘʟʚʫʢʦʚʦʤ ʧʦʣʝ ʧʦʷʚʣʷʝʪʩʷ 

ʜʦʧʦʣʥʠʪʝʣʴʥʘʷ ʩʠʣʘ ʚʷʟʢʦʛʦ ʪʨʝʥʠʷ ʠ, ʢʘʢ ʩʣʝʜʩʪʚʠʝ, ʜʦʧʦʣʥʠʪʝʣʴʥʦʝ ʧʦʛʣʦʱʝʥʠʝ 

ʵʥʝʨʛʠʠ, ʯʪʦ ʤʦʞʝʪ ʙʳʪʴ ʫʯʪʝʥʦ ʚ ʫʨʘʚʥʝʥʠʠ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ: 

”ὅ
‬Ὕ

‬ὸ
 ῳὝς‌Ὅ 

ʛʜʝ Ŭ ï ʢʦʵʬʬʠʮʠʝʥʪ ʧʦʛʣʦʱʝʥʠʷ, ʦʙʫʩʣʦʚʣʝʥʥʳʡ ʥʘʣʠʯʠʝʤ ʅʏ ʚ ʨʘʩʪʚʦʨʝ.  

ʋʢʘʟʘʥʥʳʝ ʥʘ ʛʨʘʬʠʢʘʭ ʟʥʘʯʝʥʠʷ ʥʘʛʨʝʚʘ ʷʚʣʷʶʪʩʷ ʫʩʨʝʜʥʝʥʥʳʤʠ ʟʘ 60 ʩʝʢʫʥʜ ʚ 

ʦʪʥʦʩʠʪʝʣʴʥʦ ʙʦʣʴʰʦʡ ʦʙʣʘʩʪʠ. ʃʦʢʘʣʴʥʳʝ ʞʝ ʪʝʤʧʝʨʘʪʫʨʥʳʝ ʚʩʧʣʝʩʢʠ, ʦʙʫʩʣʦʚʣʝʥʥʳʝ 

ʩʭʣʦʧʳʚʘʥʠʝʤ ʧʫʟʳʨʴʢʦʚ ʢʠʩʣʦʨʦʜʘ, ʩʦʜʝʨʞʘʱʝʛʦʩʷ ʚ ʧʦʨʘʭ ʢʨʝʤʥʠʷ, ʤʦʛʫʪ ʜʦʩʪʠʛʘʪʴ 

ʩʦʪʝʥ ʛʨʘʜʫʩʦʚ ʎʝʣʴʩʠʷ ʠ ʦʢʘʟʳʚʘʪʴ ʟʥʘʯʠʪʝʣʴʥʦʝ ʚʣʠʷʥʠʝ ʥʘ ʙʠʦʣʦʛʠʯʝʩʢʠʝ ʪʢʘʥʠ.   
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ʈʘʟʨʫʰʝʥʠʝ ʪʨʦʤʙʦʚ ʬʦʢʫʩʠʨʦʚʘʥʥʳʤ ʫʣʴʪʨʘʟʚʫʢʦʤ 
 

ʗ.ɽ. ɾʠʮʢʘʷ, ɸ.ɸ. ʃʝʰʠʥʘ 
ʄʦʩʢʦʚʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʠʤʝʥʠ ʄ.ɺ. ʃʦʤʦʥʦʩʦʚʘ 
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ʊʨʦʤʙʦʟ ï ʬʦʨʤʠʨʦʚʘʥʠʝ ʚʥʫʪʨʠ ʢʨʦʚʝʥʦʩʥʳʭ ʩʦʩʫʜʦʚ ʩʚʝʨʪʢʦʚ ʢʨʦʚʠ, 

ʧʨʝʧʷʪʩʪʚʫʶʱʠʭ ʩʚʦʙʦʜʥʦʤʫ ʧʦʪʦʢʫ ʢʨʦʚʠ ʧʦ ʢʨʦʚʝʥʦʩʥʦʡ ʩʠʩʪʝʤʝ. ʂʦʛʜʘ ʢʨʦʚʝʥʦʩʥʳʡ 

ʩʦʩʫʜ ʧʦʚʨʝʞʜʘʝʪʩʷ, ʦʨʛʘʥʠʟʤ ʠʩʧʦʣʴʟʫʝʪ ʵʣʝʤʝʥʪʳ ʢʨʦʚʠ ʪʨʦʤʙʦʮʠʪʳ ʠ ʙʝʣʦʢ ʬʠʙʨʠʥ 

ʜʣʷ ʬʦʨʤʠʨʦʚʘʥʠʷ ʩʛʫʩʪʢʘ ʢʨʦʚʠ (ʪʨʦʤʙʘ), ʧʨʝʜʦʪʚʨʘʱʘʶʱʝʛʦ ʧʦʪʝʨʶ ʢʨʦʚʠ, ʦʜʥʘʢʦ 

ʧʨʠ ʵʪʦʤ ʧʝʨʝʢʨʳʚʘʝʪʩʷ ʨʫʩʣʦ ʩʦʩʫʜʘ. ʍʘʨʘʢʪʝʨʥʳʝ ʧʨʦʜʦʣʴʥʳʝ ʨʘʟʤʝʨʳ ʪʨʦʤʙʘ ï 

ʥʝʩʢʦʣʴʢʦ ʩʘʥʪʠʤʝʪʨʦʚ.   

ɺ ʨʘʙʦʪʝ ʠʟʫʯʘʝʪʩʷ ʢʘʚʠʪʘʮʠʦʥʥʳʡ ʤʝʭʘʥʠʟʤ ʯʘʩʪʠʯʥʦʛʦ ʨʘʟʨʫʰʝʥʠʷ ʪʨʦʤʙʘ ʩ 

ʮʝʣʴʶ ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ ʩʣʘʙʦʛʦ ʢʨʦʚʦʪʦʢʘ ʩʢʚʦʟʴ ʪʨʦʤʙ. ɼʣʷ ʵʪʦʛʦ ʚ ʮʝʥʪʨʘʣʴʥʫʶ ʯʘʩʪʴ 

ʪʨʦʤʙʘ ʬʦʢʫʩʠʨʫʝʪʩʷ ʋɿ ʧʫʯʦʢ ʩ ʯʘʩʪʦʪʦʡ 2025 ʢɻʮ ʚ ʪʝʯʝʥʠʝ ʥʝʩʢʦʣʴʢʠʭ ʜʝʩʷʪʢʦʚ 

ʩʝʢʫʥʜ. ɸʤʧʣʠʪʫʜʘ ʋɿ ʚʦʣʥʳ ʧʨʝʚʳʰʘʝʪ ʧʦʨʦʛ ʘʢʫʩʪʠʯʝʩʢʦʡ ʢʘʚʠʪʘʮʠʠ ʚ ʪʨʦʤʙʝ. 

ɺʦʟʥʠʢʥʦʚʝʥʠʝ ʠ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʢʘʚʠʪʘʮʠʠ ʨʝʛʠʩʪʨʠʨʫʝʪʩʷ ʧʦ ʘʤʧʣʠʪʫʜʝ ʩʫʙʛʘʨʤʦʥʠʢʠ 

ʚ ʩʧʝʢʪʨʝ ʨʘʩʩʝʷʥʥʦʛʦ ʩʠʛʥʘʣʘ.  

ʇʨʦʚʝʜʝʥʦ ʯʠʩʣʝʥʥʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʜʠʥʘʤʠʢʠ ʧʫʟʳʨʴʢʘ ʚ ʋɿ ʧʦʣʝ ʚ ʪʨʦʤʙʝ ʚ 

ʫʩʣʦʚʠʷʭ, ʙʣʠʟʢʠʭ ʢ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤ. ɼʠʥʘʤʠʢʘ ʧʫʟʳʨʴʢʘ ʨʘʩʩʯʠʪʳʚʘʣʘʩʴ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʫʨʘʚʥʝʥʠʷ ʈʵʣʝʷ ï ʇʣʝʩʩʝʪʘ ʩ ʫʯʝʪʦʤ ʚʷʟʢʦʩʪʠ ʢʨʦʚʠ ʠ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ 

ʥʘʪʷʞʝʥʠʷ. ʈʘʩʩʯʠʪʘʥʥʦʝ ʟʥʘʯʝʥʠʝ ʧʦʨʦʛʘ ʢʘʚʠʪʘʮʠʠ ʚ ʧʨʝʜʧʦʣʦʞʝʥʠʠ ʥʘʣʠʯʠʷ 

ʚʦʟʜʫʰʥʳʭ ʟʘʨʦʜʳʰʝʡ ʤʠʢʨʦʥʥʦʛʦ ʨʘʟʤʝʨʘ ʚ ʧʣʘʟʤʝ ʢʨʦʚʠ ʥʘ ʯʘʩʪʦʪʝ 2025 ʢɻʮ 

ʩʦʩʪʘʚʠʣʦ 5 ʘʪʤ.  ʇʨʠ ʧʨʝʚʳʰʝʥʠʠ ʘʤʧʣʠʪʫʜʳ ʘʢʫʩʪʠʯʝʩʢʦʛʦ ʜʘʚʣʝʥʠʷ 5Ŀʘʪʤ ʚ 

ʟʘʚʠʩʠʤʦʩʪʠ ʨʘʜʠʫʩʘ ʧʫʟʳʨʴʢʘ ʦʪ ʚʨʝʤʝʥʠ ʧʦʷʚʣʷʶʪʩʷ ʧʨʦʧʫʩʢʠ ʧʝʨʠʦʜʘ. ʇʨʠ ʵʪʦʤ ʚ 

ʩʧʝʢʪʨʝ ʨʘʩʩʝʷʥʥʦʛʦ ʩʠʛʥʘʣʘ ʚʦʟʥʠʢʘʝʪ ʚʦʣʥʘ ʥʘ ʯʘʩʪʦʪʝ ʩʫʙʛʘʨʤʦʥʠʢʠ.  

 

 
ʈʠʩ.1. ɿʘʚʠʩʠʤʦʩʪʴ ʨʘʜʠʫʩʦʚ ʧʫʟʳʨʴʢʦʚ ʦʪ ʚʨʝʤʝʥʠ ʚ ʧʣʘʟʤʝ ʢʨʦʚʠ ʧʨʠ ʘʤʧʣʠʪʫʜʝ ʘʢʫʩʪʠʯʝʩʢʦʛʦ ʜʘʚʣʝʥʠʷ 

5 ʘʪʤ. ʅʘʯʘʣʴʥʳʝ ʨʘʜʠʫʩʳ ʧʫʟʳʨʴʢʦʚ 0.5 ʤʢʤ, 1.92 ʤʢʤ ʠ 2.5 ʤʢʤ. ʇʫʟʳʨʝʢ 1.92 ʤʢʤ ʷʚʣʷʝʪʩʷ ʨʝʟʦʥʘʥʩʥʳʤ 

ʜʣʷ ʚʦʣʥʳ ʩ ʯʘʩʪʦʪʦʡ 2025 ʢɻʮ. 
 

ɹʳʣʠ ʧʨʦʚʝʜʝʥʳ ʠʟʤʝʨʝʥʠʷ ʧʦʨʦʛʦʚ ʘʢʫʩʪʠʯʝʩʢʦʡ ʢʘʚʠʪʘʮʠʠ ʚ ʚʦʜʝ, ʬʘʥʪʦʤʝ 

ʢʨʦʚʠ ʠ ʚ ʤʦʜʝʣʠ ʪʨʦʤʙʘ. ʀʟʤʝʨʝʥʠʷ ʧʨʦʚʦʜʠʣʠʩʴ ʚ ʢʶʚʝʪʝ ʩ ʟʘʢʨʝʧʣʝʥʥʦʡ ʚ ʥʝʡ 

ʧʣʘʩʪʠʢʦʚʦʡ ʪʨʫʙʢʦʡ ʩ ʠʟʫʯʘʝʤʳʤ ʬʘʥʪʦʤʦʤ. ʂʶʚʝʪʘ ʧʦʤʝʱʘʣʘʩʴ ʚ ʙʘʩʩʝʡʥ ʩ ʚʦʜʦʡ ʠ 

ʫʩʪʘʥʘʚʣʠʚʘʣʘʩʴ ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʯʪʦʙʳ ʬʦʢʫʩ ʠʟʣʫʯʘʪʝʣʷ ʥʘʭʦʜʠʣʩʷ ʚʥʫʪʨʠ ʪʨʫʙʢʠ 

ʚʙʣʠʟʠ ʝʝ ʮʝʥʪʨʘ, ʛʜʝ ʨʘʩʧʦʣʘʛʘʣʩʷ ʪʨʦʤʙ. ɺ ʨʘʙʦʪʝ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʬʦʢʫʩʠʨʫʶʱʠʡ 

ʧʴʝʟʦʠʟʣʫʯʘʪʝʣʴ ʩ ʜʠʘʤʝʪʨʦʤ 64 ʤʤ ʠ ʬʦʢʫʩʥʳʤ ʨʘʩʩʪʦʷʥʠʝʤ 68 ʤʤ. ʅʘ ʠʟʣʫʯʘʪʝʣʴ 

ʧʦʜʘʚʘʣʦʩʴ ʛʘʨʤʦʥʠʯʝʩʢʦʝ ʥʘʧʨʷʞʝʥʠʝ ʯʘʩʪʦʪʦʡ 2025 ʢɻʮ  ʩ ʛʝʥʝʨʘʪʦʨʘ ʩʠʛʥʘʣʦʚ 

çTektronix AFG3021Bè, ʫʩʠʣʝʥʥʦʝ ʩ ʧʦʤʦʱʴʶ ʫʩʠʣʠʪʝʣʷ. ʋʣʴʪʨʘʟʚʫʢʦʚʦʡ ʩʠʛʥʘʣ, 
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ʧʨʦʰʝʜʰʠʡ ʯʝʨʝʟ ʪʨʫʙʢʫ, ʨʝʛʠʩʪʨʠʨʦʚʘʣʩʷ ʩ ʧʦʤʦʱʴʶ ʧʣʦʩʢʦʛʦ ʧʴʝʟʦʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷ ʩ 

ʨʝʟʦʥʘʥʩʥʦʡ ʯʘʩʪʦʪʦʡ 1 ʄɻʮ, ʩʠʛʥʘʣ ʩ ʢʦʪʦʨʦʛʦ ʧʦʜʘʚʘʣʩʷ ʥʘ ʦʩʮʠʣʣʦʛʨʘʬ çTektronix 

TDS3032Bè. ʅʘ ʵʢʨʘʥʝ ʦʩʮʠʣʣʦʛʨʘʬʘ ʥʘʙʣʶʜʘʣʩʷ ʩʧʝʢʪʨ ʩʠʛʥʘʣʘ, ʢʦʪʦʨʳʡ 

ʨʝʛʠʩʪʨʠʨʦʚʘʣʩʷ ʠ ʧʨʠ ʥʝʦʙʭʦʜʠʤʦʩʪʠ ʟʘʧʠʩʳʚʘʣʩʷ ʚ ʬʘʡʣ. ʇʨʦʮʝʩʩ ʢʘʚʠʪʘʮʠʠ 

ʬʠʢʩʠʨʦʚʘʣʩʷ ʧʦ ʧʦʷʚʣʝʥʠʶ ʚ ʩʧʝʢʪʨʝ ʩʠʛʥʘʣʘ ʩʫʙʛʘʨʤʦʥʠʢʠ. ʇʦʨʦʛ ʢʘʚʠʪʘʮʠʠ ʚ ʪʨʦʤʙʝ 

ʮʝʣʴʥʦʡ ʢʨʦʚʠ ʙʳʣ ʟʘʬʠʢʩʠʨʦʚʘʥ ʧʨʠ ʘʤʧʣʠʪʫʜʝ ʜʘʚʣʝʥʠʷ ʋɿ ʚʦʣʥʳ ʚ ʬʦʢʫʩʝ 35 ʘʪʤ. 

ʕʪʠ ʟʥʘʯʝʥʠʷ ʩʫʱʝʩʪʚʝʥʥʦ ʚʳʰʝ ʧʦʨʦʛʘ ʢʘʚʠʪʘʮʠʠ ʚ ʚʦʜʝ (7-8 ʘʪʤ). ɹʳʣʠ ʪʘʢʞʝ 

ʠʟʤʝʨʝʥʳ ʩʧʝʢʪʨʦʛʨʘʤʤʳ ʧʨʠ ʘʤʧʣʠʪʫʜʝ ʜʘʚʣʝʥʠʷ ʋɿ ʚʦʣʥʳ ʚ ʬʦʢʫʩʝ 35 - 60 ʘʪʤ. 

ʆʪʤʝʯʝʥʦ, ʯʪʦ ʩʠʛʥʘʣ ʥʘ ʯʘʩʪʦʪʝ ʩʫʙʛʘʨʤʦʥʠʢʠ ʧʦʷʚʣʷʝʪʩʷ ʥʝ ʩʨʘʟʫ ʧʦʩʣʝ ʚʢʣʶʯʝʥʠʷ ʋɿ, 

ʘ ʩ ʥʝʢʦʪʦʨʦʡ ʟʘʜʝʨʞʢʦʡ, ʢʦʪʦʨʘʷ ʤʝʥʷʝʪʩʷ ʚ ʙʦʣʴʰʠʭ ʧʨʝʜʝʣʘʭ ʦʪ 5 ʜʦ 50 ʩʝʢ. ɺʨʝʤʷ 

ʟʘʜʝʨʞʢʠ ʧʦʷʚʣʝʥʠʷ ʩʠʛʥʘʣʘ ʩʫʙʛʘʨʤʦʥʠʢʠ ʟʘʚʠʩʠʪ ʦʪ ʧʨʝʜʳʩʪʦʨʠʠ ʠ ʘʤʧʣʠʪʫʜʳ 

ʜʘʚʣʝʥʠʷ ʋɿ. ɺʦʟʤʦʞʥʦʩʪʴ ʪʘʢʦʡ ʟʘʜʝʨʞʢʠ ʤʦʞʥʦ ʦʙʲʷʩʥʠʪʴ ʧʦʩʪʝʧʝʥʥʳʤ ʨʦʩʪʦʤ ʯʠʩʣʘ 

ʢʘʚʠʪʘʮʠʦʥʥʳʭ ʧʫʟʳʨʴʢʦʚ ʠʟ ʥʝʤʥʦʛʦʯʠʩʣʝʥʥʳʭ ʟʘʨʦʜʳʰʝʡ ʢʘʚʠʪʘʮʠʠ.  

ɹʳʣʠ ʧʦʣʫʯʝʥʳ ʋɿ ʠʟʦʙʨʘʞʝʥʠʷ ʪʨʫʙʢʠ ʩ ʪʨʦʤʙʦʤ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝ 

ʜʠʘʛʥʦʩʪʠʯʝʩʢʦʡ ʩʠʩʪʝʤʳ çTerasonè ʩ ʜʘʪʯʠʢʦʤ 10L5. ʊʨʫʙʢʘ ʧʨʠ ʵʪʦʤ ʙʳʣʘ ʧʦʛʨʫʞʝʥʘ 

ʚ ʚʦʜʫ ʥʘ ʛʣʫʙʠʥʫ 4 ʩʤ. ʅʘ ʈʠʩ. 2(ʘ, ʙ) ʧʦʢʘʟʘʥʦ ʋɿ ʠʟʦʙʨʘʞʝʥʠʝ ʪʨʫʙʢʠ ʩ ʪʨʦʤʙʦʤ ʩʨʘʟʫ 

ʠ ʯʝʨʝʟ 5 ʤʠʥʫʪ ʧʦʩʣʝ ʦʙʣʫʯʝʥʠʷ ʋɿ ʩ ʘʤʧʣʠʪʫʜʦʡ ʜʘʚʣʝʥʠʷ 50 ʘʪʤ ʚ ʪʝʯʝʥʠʝ 1 ʤʠʥʫʪʳ. 

ɹʝʣʘʷ ʛʦʨʠʟʦʥʪʘʣʴʥʘʷ ʧʦʣʦʩʘ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʚʝʨʭʥʝʡ ʧʦʚʝʨʭʥʦʩʪʠ ʪʨʫʙʢʠ, ʥʠʞʝ ʚʠʜʥʳ 

ʦʪʨʘʞʝʥʠʷ ʦʪ ʥʝʦʜʥʦʨʦʜʥʦʩʪʝʡ ʚ ʩʘʤʦʤ ʪʨʦʤʙʝ. ʅʘ ʨʘʩʩʪʦʷʥʠʠ 4 ʤʤ ʥʠʞʝ ʚʝʨʭʥʝʡ 

ʛʨʘʥʠʮʳ ʚʠʜʥʘ ʤʝʥʝʝ ʷʨʢʘʷ ʧʦʣʦʩʘ, ʧʦʣʫʯʝʥʥʘʷ ʧʨʠ ʦʪʨʘʞʝʥʠʠ ʦʪ ʜʨʫʛʦʡ ʧʦʚʝʨʭʥʦʩʪʠ 

ʪʨʫʙʢʠ. ʀʟʦʙʨʘʞʝʥʠʝ ʪʨʦʤʙʘ, ʧʦʣʫʯʝʥʥʦʝ ʩʨʘʟʫ ʧʦʩʣʝ ʦʙʣʫʯʝʥʠʷ, ʷʨʯʝ, ʯʝʤ 

ʠʟʦʙʨʘʞʝʥʠʝ, ʧʦʣʫʯʝʥʥʦʝ ʯʝʨʝʟ 5 ʤʠʥʫʪ ʧʦʩʣʝ ʦʙʣʫʯʝʥʠʷ, ʭʦʪʷ ʫʩʣʦʚʠʷ ʚʠʟʫʘʣʠʟʘʮʠʠ 

ʦʩʪʘʚʘʣʠʩʴ ʥʝʠʟʤʝʥʥʳʤʠ. ʕʪʦ ʦʙʲʷʩʥʷʝʪʩʷ ʪʝʤ, ʯʪʦ ʩʨʘʟʫ ʧʦʩʣʝ ʦʙʣʫʯʝʥʠʷ ʚ ʪʨʦʤʙʝ 

ʠʤʝʶʪʩʷ ʤʥʦʛʦʯʠʩʣʝʥʥʳʝ ʤʠʢʨʦʧʫʟʳʨʴʢʠ ʚʦʟʜʫʭʘ, ʚʦʟʥʠʢʰʠʝ ʪʘʤ ʚ ʨʝʟʫʣʴʪʘʪʝ 

ʢʘʚʠʪʘʮʠʠ. ʅʘʠʙʦʣʴʰʘʷ ʠʭ ʢʦʥʮʝʥʪʨʘʮʠʷ ʥʘʙʣʶʜʘʝʪʩʷ ʫ ʚʝʨʭʥʝʡ ʛʨʘʥʠʮʳ. ʉ ʪʝʯʝʥʠʝʤ 

ʚʨʝʤʝʥʠ ʧʫʟʳʨʴʢʠ ʨʘʩʩʘʩʳʚʘʶʪʩʷ ʟʘ ʩʯʝʪ ʜʠʬʬʫʟʠʠ ʛʘʟʘ ʚ ʪʨʦʤʙ.  ɺʨʝʤʷ ʞʠʟʥʠ 

ʧʫʟʳʨʴʢʦʚ ʩʦʩʪʘʚʣʷʝʪ ʧʦʨʷʜʢʘ ʥʝʩʢʦʣʴʢʠʭ ʤʠʥʫʪ.  

    

ʘ)                                                                        ʙ) 
ʈʠʩ.2. ʋɿ-ʠʟʦʙʨʘʞʝʥʠʝ ʪʨʫʙʢʠ ʩ ʪʨʦʤʙʦʤ ʮʝʣʴʥʦʡ ʢʨʦʚʠ ʩʨʘʟʫ ʧʦʩʣʝ ʦʙʣʫʯʝʥʠʷ (ʘ) ʠ ʯʝʨʝʟ 5 ʤʠʥʫʪ ʧʦʩʣʝ 

ʦʙʣʫʯʝʥʠʷ (ʙ). 
 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʢʘʚʠʪʘʮʠʷ ʚ ʪʨʦʤʙʝ ʮʝʣʴʥʦʡ ʢʨʦʚʠ ʜʦʩʪʠʛʘʝʪʩʷ ʧʨʠ 

ʘʤʧʣʠʪʫʜʘʭ ʜʘʚʣʝʥʠʷ ʚ ʬʦʢʫʩʝ ʋɿ ʠʟʣʫʯʘʪʝʣʷ, ʧʨʝʚʳʰʘʶʱʠʭ 35 ʘʪʤ. ɼʘʣʴʥʝʡʰʝʝ 

ʫʚʝʣʠʯʝʥʠʝ ʘʤʧʣʠʪʫʜʳ ʜʘʚʣʝʥʠʷ ʧʨʠʚʦʜʠʪ ʢ ʠʥʪʝʥʩʠʬʠʢʘʮʠʠ ʧʨʦʮʝʩʩʘ ʢʘʚʠʪʘʮʠʠ ʠ 

ʨʦʩʪʫ ʯʠʩʣʘ ʢʘʚʠʪʘʮʠʦʥʥʳʭ ʧʫʟʳʨʴʢʦʚ. ɼʣʷ ʣʦʢʘʣʴʥʦʡ ʵʤʫʣʴʩʠʬʠʢʘʮʠʠ ʪʨʦʤʙʘ 

ʪʨʝʙʫʶʪʩʷ ʜʘʚʣʝʥʠʷ, ʧʨʝʚʳʰʘʶʱʠʝ 70 ʘʪʤ, ʯʪʦ ʙʳʣʦ ʥʝʜʦʩʪʠʞʠʤʦ ʚ ʫʩʣʦʚʠʷʭ ʥʘʰʠʭ 

ʠʟʤʝʨʝʥʠʡ. ʇʣʘʥʠʨʫʝʪʩʷ ʧʨʦʚʝʜʝʥʠʝ ʠʟʤʝʨʝʥʠʡ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʙʦʣʝʝ ʤʦʱʥʦʛʦ 

ʫʩʠʣʠʪʝʣʷ, ʧʦʟʚʦʣʷʶʱʝʛʦ ʜʦʩʪʠʯʴ ʘʤʧʣʠʪʫʜ ʜʘʚʣʝʥʠʷ 100 ï 120 ʘʪʤ. 
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ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʨʘʩʩʝʷʥʠʷ ʫʣʴʪʨʘʟʚʫʢʦʚʦʡ ʚʦʣʥʳ ʥʘ 

ʫʧʨʫʛʦʤ ʰʘʨʝ ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʝʛʦ ʘʢʫʩʪʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ 
 

ʃ.ʄ. ʂʦʪʝʣʴʥʠʢʦʚʘ, ɼ.ɸ. ʅʠʢʦʣʘʝʚ, ʉ.ɸ. ʎʳʩʘʨʴ, ʆ.ɸ. ʉʘʧʦʞʥʠʢʦʚ 
ʌʠʟʠʯʝʩʢʠʡ ʬʘʢʫʣʴʪʝʪ, 

ʄʦʩʢʦʚʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʠʤʝʥʠ ʄ.ɺ. ʃʦʤʦʥʦʩʦʚʘ 
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ʇʨʠ ʧʨʦʚʝʜʝʥʠʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʩʦ ʩʬʝʨʠʯʝʩʢʠʤʠ ʦʙʲʝʢʪʘʤʠ 

ʚʘʞʥʦ ʟʥʘʪʴ ʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ, ʪʘʢʠʝ ʢʘʢ ʨʘʟʤʝʨ, ʧʣʦʪʥʦʩʪʴ, ʩʢʦʨʦʩʪʠ ʧʨʦʜʦʣʴʥʳʭ ʠ 

ʩʜʚʠʛʦʚʳʭ ʚʦʣʥ. ɽʩʣʠ ʜʠʘʤʝʪʨ ʰʘʨʘ ʤʦʞʝʪ ʙʳʪʴ ʠʟʤʝʨʝʥ ʰʪʘʥʛʝʥʮʠʨʢʫʣʝʤ ʠʣʠ 

ʤʠʢʨʦʤʝʪʨʦʤ, ʘ ʧʣʦʪʥʦʩʪʴ ï ʦʧʨʝʜʝʣʝʥʘ ʠʟ ʫʢʘʟʘʥʥʦʛʦ ʜʠʘʤʝʪʨʘ ʠ ʥʘʡʜʝʥʥʦʡ 

ʚʟʚʝʰʠʚʘʥʠʝʤ  ʤʘʩʩʳ, ʪʦ ʩʢʦʨʦʩʪʠ ʫʧʨʫʛʠʭ ʚʦʣʥ ʚ ʩʬʝʨʠʯʝʩʢʦʤ ʨʘʩʩʝʠʚʘʪʝʣʝ ʤʘʣʦʛʦ 

ʨʘʟʤʝʨʘ ʪʨʫʜʥʦ ʠʟʤʝʨʠʪʴ ʧʨʦʩʪʳʤ ʦʙʨʘʟʦʤ. ɺ ʩʚʷʟʠ ʩ ʵʪʠʤ ʧʨʝʜʩʪʘʚʣʷʝʪ ʠʥʪʝʨʝʩ 

ʨʘʟʨʘʙʦʪʢʘ ʤʝʪʦʜʘ ʦʧʨʝʜʝʣʝʥʠʷ ʟʥʘʯʝʥʠʡ ʩʢʦʨʦʩʪʝʡ ʩʜʚʠʛʦʚʳʭ ʠ ʧʨʦʜʦʣʴʥʳʭ ʚʦʣʥ 

ʠʩʭʦʜʷ ʠʟ ʠʟʤʝʨʝʥʠʷ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʨʘʩʩʝʷʥʠʷ ʧʣʦʩʢʦʡ ʟʚʫʢʦʚʦʡ ʚʦʣʥʳ ʥʘ ʫʧʨʫʛʦʤ ʰʘʨʝ.  
ɺ ʨʘʙʦʪʝ ʧʨʠʚʝʜʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʪʝʦʨʝʪʠʯʝʩʢʦʛʦ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʛʦ 

ʠʩʩʣʝʜʦʚʘʥʠʷ ʨʘʩʩʝʷʥʠʷ ʧʣʦʩʢʦʡ ʘʢʫʩʪʠʯʝʩʢʦʡ ʚʦʣʥʳ ʤʝʛʘʛʝʨʮʦʚʦʛʦ ʜʠʘʧʘʟʦʥʘ ʯʘʩʪʦʪ 

ʥʘ ʫʧʨʫʛʦʤ ʰʘʨʝ ʤʠʣʣʠʤʝʪʨʦʚʦʛʦ ʨʘʟʤʝʨʘ ʚ ʞʠʜʢʦʩʪʠ. 
ɼʣʷ ʧʨʦʚʝʜʝʥʠʷ ʯʠʩʣʝʥʥʦʛʦ ʨʘʩʯʝʪʘ ʠʩʧʦʣʴʟʦʚʘʣʘʩʴ ʩʣʝʜʫʶʱʘʷ ʤʦʜʝʣʴ. ʇʫʩʪʴ ʥʘ 

ʫʧʨʫʛʠʡ ʰʘʨ ʨʘʜʠʫʩʘ a , ʧʦʛʨʫʞʝʥʥʳʡ ʚ ʞʠʜʢʦʩʪʴ, ʧʘʜʘʝʪ ʧʣʦʩʢʘʷ ʛʘʨʤʦʥʠʯʝʩʢʘʷ ʚʦʣʥʘ: 
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ck w= z

q

( ) ( )
()( ) ()( )kahkakah

kajkakaj
c

nnn

nnn
n

'

'
11 -G

-G
-=

mailto:email@mymail.ru


ʊʨʫʜʳ ʰʢʦʣʳ-ʩʝʤʠʥʘʨʘ çɺʦʣʥʳ-2019è. ɸʢʫʩʪʠʢʘ ʠ ʘʢʫʩʪʦʦʧʪʠʢʘ 

 

 

38 

 

ʧʘʜʘʶʱʝʡ ʚʦʣʥʳ ʚʥʫʪʨʴ ʨʘʩʩʝʠʚʘʪʝʣʷ [2,3]. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʘʨʘʤʝʪʨʳ ʨʘʩʩʝʷʥʥʦʛʦ ʧʦʣʷ 

ʠʥʜʠʚʠʜʫʘʣʴʥʳ ʜʣʷ ʢʦʥʢʨʝʪʥʦʛʦ ʰʘʨʘ, ʧʦʛʨʫʞʝʥʥʦʛʦ ʚ ʢʦʥʢʨʝʪʥʫʶ ʞʠʜʢʦʩʪʴ. 
ʅʘ ʦʩʥʦʚʘʥʠʠ ʬʦʨʤʫʣ (2) ʠ (3) ʚ ʩʨʝʜʝ MATLAB ʙʳʣʘ ʚʳʧʦʣʥʝʥʘ ʩʝʨʠʷ ʨʘʩʯʝʪʦʚ 

ʧʦ ʥʘʭʦʞʜʝʥʠʶ ʫʛʣʦʚʦʛʦ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʘʤʧʣʠʪʫʜʳ ʨʘʩʩʝʷʥʥʦʛʦ ʧʦʣʷ, ʩʦʟʜʘʥʥʦʛʦ 

ʧʣʦʩʢʦʡ ʚʦʣʥʦʡ, ʧʘʜʘʶʱʝʡ ʥʘ ʫʧʨʫʛʠʡ ʰʘʨ. ɺ ʩʣʫʯʘʝ, ʝʩʣʠ ʨʘʜʠʫʩ ʰʘʨʘ ʩʨʘʚʥʠʤ ʩ 

ʜʣʠʥʦʡ ʚʦʣʥʳ ʠʣʠ ʤʝʥʴʰʝ ʥʝʝ, ʤʦʛʫʪ ʚʦʟʥʠʢʘʪʴ ʚʥʫʪʨʝʥʥʠʝ ʨʝʟʦʥʘʥʩʳ ʥʘ ʦʧʨʝʜʝʣʝʥʥʳʭ 

ʯʘʩʪʦʪʘʭ. ʇʨʠ ʵʪʦʤ ʧʨʦʠʩʭʦʜʠʪ ʨʝʟʢʦʝ ʠʟʤʝʥʝʥʠʝ ʘʤʧʣʠʪʫʜʳ ʨʘʩʩʝʷʥʥʦʛʦ ʧʦʣʷ ʠ ʚ 

ʥʝʢʦʪʦʨʳʭ ʩʣʫʯʘʷʭ ʧʦʷʚʣʷʶʪʩʷ ʜʦʧʦʣʥʠʪʝʣʴʥʳʝ ʤʠʥʠʤʫʤʳ ʚ ʧʦʧʝʨʝʯʥʦʤ 

ʨʘʩʧʨʝʜʝʣʝʥʠʠ, ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦʤ ʦʩʠ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʧʘʜʘʶʱʝʡ ʚʦʣʥʳ. ɺ ʩʣʫʯʘʝ 

ʜʣʠʥʥʳʭ ʚʦʣʥ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʘʤʧʣʠʪʫʜʳ ʜʣʷ ʢʘʞʜʦʛʦ ʰʘʨʘ ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ 

ʧʦʣʦʞʝʥʠʷʤʠ ʤʠʥʠʤʫʤʦʚ ʠ ʤʘʢʩʠʤʫʤʦʚ, ʢʦʪʦʨʳʝ ʨʘʩʧʦʣʦʞʝʥʳ ʧʦʜ ʦʧʨʝʜʝʣʝʥʥʳʤʠ 

ʫʛʣʘʤʠ, ʩʤʝʱʘʶʪʩʷ ʧʨʠ ʠʟʤʝʥʝʥʠʠ ʯʘʩʪʦʪʳ ʧʘʜʘʶʱʝʡ ʚʦʣʥʳ ʠ ʟʘʚʠʩʷʪ ʦʪ ʧʘʨʘʤʝʪʨʦʚ 

ʨʘʩʩʝʠʚʘʪʝʣʷ. ʇʦʣʫʯʝʥʥʘʷ ʢʘʨʪʠʥʘ ʨʘʩʩʝʷʥʥʦʛʦ ʧʦʣʷ ʤʦʞʝʪ ʧʦʟʚʦʣʠʪʴ ʦʧʨʝʜʝʣʠʪʴ 

ʥʝʠʟʚʝʩʪʥʳʝ ʧʘʨʘʤʝʪʨʳ ʨʘʩʩʝʠʚʘʪʝʣʷ: ʩʢʦʨʦʩʪʠ ʩʜʚʠʛʦʚʳʭ ʠ ʧʨʦʜʦʣʴʥʳʭ ʚʦʣʥ.  
ʀʟʤʝʨʝʥʠʷ ʧʨʦʚʦʜʠʣʠʩʴ ʥʘ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʫʩʪʘʥʦʚʢʝ, ʧʨʝʜʩʪʘʚʣʝʥʥʦʡ ʥʘ 

ʨʠʩ. 1. ɺ ʙʘʩʩʝʡʥ ʩ ʜʝʛʘʟʠʨʦʚʘʥʥʦʡ ʚʦʜʦʡ ʧʦʤʝʱʘʣʩʷ ʧʣʦʩʢʠʡ ʧʴʝʟʦʢʝʨʘʤʠʯʝʩʢʠʡ 

ʠʟʣʫʯʘʪʝʣʴ ʜʠʘʤʝʪʨʦʤ 38 ʤʤ (Olympus, USA) ʩ ʨʝʟʦʥʘʥʩʥʦʡ ʯʘʩʪʦʪʦʡ 1 ʄɻʮ. ʅʘ 

ʠʟʣʫʯʘʪʝʣʴ ʧʦʜʘʚʘʣʩʷ ʠʤʧʫʣʴʩʥʳʡ ʩʠʛʥʘʣ ʩ ʛʝʥʝʨʘʪʦʨʘ, ʩʦʩʪʦʷʱʠʡ ʠʟ 5 ʮʠʢʣʦʚ, ʩ 

ʮʝʥʪʨʘʣʴʥʦʡ ʯʘʩʪʦʪʦʡ 1 ʄɻʮ. ʀʟʤʝʨʝʥʠʝ ʘʢʫʩʪʠʯʝʩʢʦʛʦ ʩʠʛʥʘʣʘ ʦʩʫʱʝʩʪʚʣʷʣʦʩʴ  ʩ 

ʧʦʤʦʱʴʶ ʤʠʥʠʘʪʶʨʥʦʛʦ ʛʠʜʨʦʬʦʥʘ ʢʘʧʩʫʣʴʥʦʛʦ ʪʠʧʘ (Onda, USA), ʢʦʪʦʨʳʡ 

ʧʝʨʝʤʝʱʘʣʩʷ ʩ ʧʦʤʦʱʴʶ ʩʠʩʪʝʤʳ ʤʠʢʨʦʧʦʟʠʮʠʦʥʠʨʦʚʘʥʠʷ (Precision Acoustics, UK) 

ʚʜʦʣʴ ʪʨʝʭ ʚʟʘʠʤʥʦ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʳʭ ʦʩʝʡ ʚʦ ʚʨʝʤʷ ʩʢʘʥʠʨʦʚʘʥʠʷ. ʈʘʩʩʝʠʚʘʪʝʣʴ 

ʢʨʝʧʠʣʩʷ ʩ ʧʦʤʦʱʴʶ ʩʠʩʪʝʤʳ ʥʘʪʷʥʫʪʳʭ ʨʳʙʦʣʦʚʥʳʭ ʣʝʩʦʢ, ʤʘʣʘʷ ʪʦʣʱʠʥʘ ʢʦʪʦʨʳʭ 

(35.7 ʤʢʤ) ʤʠʥʠʤʠʟʠʨʦʚʘʣʘ ʠʭ ʚʣʠʷʥʠʝ ʥʘ ʘʢʫʩʪʠʯʝʩʢʦʝ ʧʦʣʝ. 
 

 
ʈʠʩ. 1. ʉʭʝʤʘ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʫʩʪʘʥʦʚʢʠ (1 ï ʛʝʥʝʨʘʪʦʨ, 2 ï ʧʨʝʜʫʩʠʣʠʪʝʣʴ, 3 ï ʦʩʮʠʣʣʦʛʨʘʬ, 4 ï 

ʙʘʩʩʝʡʥ ʩ ʚʦʜʦʡ, 5 ï ʧʣʦʩʢʠʡ ʠʟʣʫʯʘʪʝʣʴ, 6 - ʛʠʜʨʦʬʦʥ). 
 

ɺ ʢʘʯʝʩʪʚʝ ʨʘʩʩʝʠʚʘʪʝʣʷ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʩʪʘʣʴʥʦʡ ʰʘʨ ʜʠʘʤʝʪʨʦʤ 4.8 ʤʤ (ʠʟʤʝʨʝʥʦ 

ʰʪʘʥʛʝʥʮʠʨʢʫʣʝʤ ʩ ʪʦʯʥʦʩʪʴʶ 0.1 ʤʤ) ʠ ʤʘʩʩʦʡ 438 ʤʛ (ʠʟʤʝʨʝʥʦ ʚʟʚʝʰʠʚʘʥʠʝʤ ʥʘ 

ʵʣʝʢʪʨʦʥʥʳʭ ʚʝʩʘʭ ʩ ʪʦʯʥʦʩʪʴʶ 1 ʤʛ). ʂʘʢ ʠʟʚʝʩʪʥʦ, ʦʜʥʦʡ ʠʟ ʭʘʨʘʢʪʝʨʠʩʪʠʢ 

ʩʬʝʨʠʯʝʩʢʦʛʦ ʨʘʩʩʝʠʚʘʪʝʣʷ ʷʚʣʷʝʪʩʷ ʩʝʯʝʥʠʝ ʨʘʩʩʝʷʥʠʷ sS, ʦʧʨʝʜʝʣʷʝʤʦʝ ʢʘʢ 

ʦʪʥʦʰʝʥʠʝ ʧʦʣʥʦʡ ʨʘʩʩʝʷʥʥʦʡ ʤʦʱʥʦʩʪʠ ʢ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʧʘʜʘʶʱʝʡ ʚʦʣʥʳ [4,5].  

ʏʠʩʣʝʥʥʳʡ ʨʘʩʯʝʪ ʩʝʯʝʥʠʷ ʨʘʩʩʝʷʥʠʷ ʜʣʷ ʠʩʧʦʣʴʟʫʝʤʦʛʦ ʚ ʵʢʩʧʝʨʠʤʝʥʪʝ ʩʪʘʣʴʥʦʛʦ ʰʘʨʘ, 

ʥʦʨʤʠʨʦʚʘʥʥʳʡ ʥʘ ʧʣʦʱʘʜʴ ʝʛʦ ʧʦʧʝʨʝʯʥʦʛʦ ʩʝʯʝʥʠʷ 
2ap , ʧʦʢʘʟʘʥ ʥʘ ʨʠʩ. 2-ʘ. ʈʝʟʢʠʝ 

ʠʟʤʝʥʝʥʠʷ ʚ ʩʝʯʝʥʠʠ (ʧʠʢʠ ʠʣʠ ʧʨʦʚʘʣʳ) ʥʘ ʦʧʨʝʜʝʣʝʥʥʳʭ ʯʘʩʪʦʪʘʭ ʛʦʚʦʨʷʪ ʦ 
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ʨʝʟʦʥʘʥʩʥʳʭ ʷʚʣʝʥʠʷʭ ʚʥʫʪʨʠ ʰʘʨʘ, ʢʦʪʦʨʳʝ ʚʣʠʷʶʪ ʥʘ ʢʘʯʝʩʪʚʝʥʥʫʶ ʢʘʨʪʠʥʫ 

ʨʘʩʩʝʷʥʥʦʛʦ ʧʦʣʷ. ɺ ʤʘʣʦʡ ʦʢʨʝʩʪʥʦʩʪʠ ʯʘʩʪʦʪʳ 1 ʄɻʮ ʪʘʢʠʝ ʨʝʟʦʥʘʥʩʳ ʦʪʩʫʪʩʪʚʫʶʪ. 
  

 
ʈʠʩ. 2. ʘ) ʉʝʯʝʥʠʝ ʨʘʩʩʝʷʥʠʷ, ʥʦʨʤʠʨʦʚʘʥʥʦʝ ʥʘ ʧʣʦʱʘʜʴ ʧʦʧʝʨʝʯʥʦʛʦ ʩʝʯʝʥʠʷ ʰʘʨʘ; ʙ) ʘʤʧʣʠʪʫʜʘ 

ʘʢʫʩʪʠʯʝʩʢʦʛʦ ʜʘʚʣʝʥʠʷ ʧʦʣʷ ʧʣʦʩʢʦʛʦ ʠʟʣʫʯʘʪʝʣʷ ʜʠʘʤʝʪʨʦʤ 38 ʤʤ, ʨʘʙʦʪʘʶʱʝʛʦ ʥʘ ʯʘʩʪʦʪʝ 1 ʄɻʮ. 
 

ɼʣʷ ʧʨʝʮʠʟʠʦʥʥʦʛʦ ʠʟʤʝʨʝʥʠʷ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʨʘʩʩʝʷʥʠʷ ʪʨʝʙʫʝʪʩʷ ʩʦʟʜʘʪʴ ʚ 

ʵʢʩʧʝʨʠʤʝʥʪʝ ʨʝʞʠʤ ʧʣʦʩʢʦʡ ʙʝʛʫʱʝʡ ʚʦʣʥʳ. ɼʣʷ ʵʪʦʡ ʮʝʣʠ ʙʳʣ ʠʩʧʦʣʴʟʦʚʘʥ ʧʣʦʩʢʠʡ 

ʠʟʣʫʯʘʪʝʣʴ, ʧʦʣʝ ʢʦʪʦʨʦʛʦ ʚ ʥʝʢʦʪʦʨʳʭ ʦʙʣʘʩʪʷʭ ʧʨʦʩʪʨʘʥʩʪʚʘ ʤʦʞʥʦ ʨʘʩʩʤʘʪʨʠʚʘʪʴ ʩ 

ʭʦʨʦʰʠʤ ʧʨʠʙʣʠʞʝʥʠʝʤ ʢʘʢ ʦʜʥʦʨʦʜʥʦʝ ʠ ʩʯʠʪʘʪʴ, ʯʪʦ ʝʩʣʠ ʚ ʵʪʦ ʤʝʩʪʦ ʧʦʤʝʩʪʠʪʴ 

ʨʘʩʩʝʠʚʘʪʝʣʴ, ʪʦ ʥʘ ʥʝʛʦ ʙʫʜʝʪ ʧʘʜʘʪʴ ʧʣʦʩʢʘʷ ʚʦʣʥʘ. ʅʘ ʦʩʥʦʚʝ ʠʥʪʝʛʨʘʣʘ ʈʵʣʝʷ [5] ʚ 

ʩʣʫʯʘʝ ʛʘʨʤʦʥʠʯʝʩʢʦʛʦ ʢʦʣʝʙʘʥʠʷ ʠʟʣʫʯʘʪʝʣʷ ʩ ʯʘʩʪʦʪʦʡ 1 ʄɻʮ ʙʳʣʦ ʨʘʩʩʯʠʪʘʥʦ 

ʘʢʫʩʪʠʯʝʩʢʦʝ ʧʦʣʝ ʚ ʧʣʦʩʢʦʩʪʠ, ʧʨʦʭʦʜʷʱʝʡ ʯʝʨʝʟ ʘʢʫʩʪʠʯʝʩʢʫʶ ʦʩʴ ʠʟʣʫʯʘʪʝʣʷ, 

ʨʝʟʫʣʴʪʘʪ ʯʠʩʣʝʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʧʨʠʚʝʜʝʥ ʥʘ ʨʠʩ. 2-ʙ. ɺʙʣʠʟʠ ʠʟʣʫʯʘʪʝʣʷ (ʙʣʠʞʥʷʷ 

ʟʦʥʘ) ʧʦʣʝ ʠʤʝʝʪ ʩʣʦʞʥʫʶ ʦʩʮʠʣʣʠʨʫʶʱʫʶ ʩʪʨʫʢʪʫʨʫ, ʩʚʷʟʘʥʥʫʶ ʩ ʜʠʬʨʘʢʮʠʦʥʥʳʤʠ 

ʵʬʬʝʢʪʘʤʠ, ʥʦ ʫʞʝ ʥʘ ʨʘʩʩʪʦʷʥʠʠ ʧʦʨʷʜʢʘ 25 ʩʤ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʘʤʧʣʠʪʫʜʳ ʚ ʥʝʢʦʪʦʨʦʡ 

ʦʙʣʘʩʪʠ ʷʚʣʷʝʪʩʷ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦ ʦʜʥʦʨʦʜʥʳʤ, ʧʦʵʪʦʤʫ ʚʦʣʥʫ, ʣʦʢʘʣʠʟʦʚʘʥʥʫʶ ʥʘ 

ʵʪʦʤ ʨʘʩʩʪʦʷʥʠʠ, ʤʦʞʥʦ ʩʯʠʪʘʪʴ ʢʚʘʟʠʧʣʦʩʢʦʡ.  
 

 
ʈʠʩ. 3. ʈʘʩʧʨʝʜʝʣʝʥʠʷ ʥʦʨʤʠʨʦʚʘʥʥʦʡ ʘʤʧʣʠʪʫʜʳ ʠ ʬʘʟʳ ʘʢʫʩʪʠʯʝʩʢʦʛʦ ʜʘʚʣʝʥʠʷ: ʩʚʝʨʭʫ ï ʜʚʫʤʝʨʥʳʝ 

ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʚ ʧʣʦʩʢʦʩʪʠ (x,y), ʩʥʠʟʫ ï ʩʝʯʝʥʠʷ ʨʘʩʧʨʝʜʝʣʝʥʠʡ, ʧʨʦʭʦʜʷʱʠʝ ʯʝʨʝʟ ʮʝʥʪʨ ʩʠʤʤʝʪʨʠʠ. 
 

ʏʪʦʙʳ ʫʙʝʜʠʪʴʩʷ ʚ ʪʦʤ, ʯʪʦ ʧʦʣʝ ʚ ʵʪʦʡ ʦʙʣʘʩʪʠ ʜʝʡʩʪʚʠʪʝʣʴʥʦ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ 

ʧʣʦʩʢʫʶ ʚʦʣʥʫ, ʥʘ ʨʘʩʩʪʦʷʥʠʠ 250 ʤʤ ʦʪ ʧʦʚʝʨʭʥʦʩʪʠ ʠʟʣʫʯʘʪʝʣʷ ʙʳʣʦ ʠʟʤʝʨʝʥʦ 

ʜʚʫʤʝʨʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʘʤʧʣʠʪʫʜʳ ʠ ʬʘʟʳ ʧʦʣʷ ʠʟʣʫʯʘʪʝʣʷ ʚ ʧʣʦʩʢʦʩʪʠ (x,y) ʩ ʰʘʛʦʤ 

1 ʤʤ. ʅʘ ʨʠʩ. 3 ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʪʝʦʨʝʪʠʯʝʩʢʦʛʦ ʨʘʩʯʝʪʘ ʥʘ ʦʩʥʦʚʝ ʠʥʪʝʛʨʘʣʘ 

ʈʵʣʝʷ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʠʟʤʝʨʝʥʠʡ ʘʤʧʣʠʪʫʜʳ ʠ ʬʘʟʳ ʧʦʣʷ ʠʟʣʫʯʘʪʝʣʷ. ʀʟ 

ʨʘʩʧʨʝʜʝʣʝʥʠʡ ʩʣʝʜʫʝʪ, ʯʪʦ ʧʦʣʝ ʤʦʞʥʦ ʩʯʠʪʘʪʴ ʨʘʜʠʘʣʴʥʦ ʩʠʤʤʝʪʨʠʯʥʳʤ ʠ 

ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦ ʦʜʥʦʨʦʜʥʳʤ ʥʘ ʧʦʧʝʨʝʯʥʦʤ ʩʝʯʝʥʠʠ ʜʠʘʤʝʪʨʦʤ 5 ʤʤ. 
ʇʨʠ ʧʨʦʚʝʜʝʥʠʠ ʵʢʩʧʝʨʠʤʝʥʪʘ ʩʪʘʣʴʥʦʡ ʰʘʨ ʟʘʢʨʝʧʣʷʣʩʷ ʥʘ ʨʘʩʩʪʦʷʥʠʠ 255 ʤʤ ʦʪ 

ʠʟʣʫʯʘʪʝʣʷ ʠ ʥʘ ʨʘʩʩʪʦʷʥʠʠ 100 ʤʤ ʦʪ ʮʝʥʪʨʘ ʰʘʨʘ ʧʨʦʚʦʜʠʣʠʩʴ ʠʟʤʝʨʝʥʠʷ 

ʘʢʫʩʪʠʯʝʩʢʦʛʦ ʧʦʣʷ ʚʜʦʣʴ ʦʩʝʡ x, y (ʨʠʩ. 1) ʩ ʰʘʛʦʤ 2 ʤʤ (ʚ ʜʘʣʴʥʝʡʰʝʤ ʙʫʜʝʤ ʥʘʟʳʚʘʪʴ 
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ʵʪʦ ʧʦʣʝ ʧʦʣʥʳʤ). ɺ ʵʪʠʭ ʞʝ ʪʦʯʢʘʭ ʙʳʣʦ ʠʟʤʝʨʝʥʦ ʧʦʣʝ ʧʨʠ ʦʪʩʫʪʩʪʚʠʠ ʨʘʩʩʝʠʚʘʪʝʣʷ 

(ʧʘʜʘʶʱʝʝ ʧʦʣʝ) ʜʦ ʠ ʧʦʩʣʝ ʠʟʤʝʨʝʥʠʡ ʧʦʣʥʦʛʦ ʧʦʣʷ. 
ʉʣʦʞʥʦʩʪʴ ʵʢʩʧʝʨʠʤʝʥʪʘ ʟʘʢʣʶʯʘʣʘʩʴ ʚ ʪʦʤ, ʯʪʦ ʟʘ ʚʨʝʤʷ ʧʨʦʚʝʜʝʥʠʷ 

ʵʢʩʧʝʨʠʤʝʥʪʘ ʭʦʪʷ ʠ ʩʣʘʙʦ, ʥʦ ʤʝʥʷʣʘʩʴ ʪʝʤʧʝʨʘʪʫʨʘ ʚʦʜʳ, ʯʪʦ ʚʝʣʦ ʢ ʩʜʚʠʛʫ ʬʘʟʳ 

ʨʝʛʠʩʪʨʠʨʫʝʤʦʛʦ ʩʠʛʥʘʣʘ. ʇʦʵʪʦʤʫ ʙʳʣʦ ʧʨʠʥʷʪʦ ʨʝʰʝʥʠʝ ʘʥʘʣʠʟʠʨʦʚʘʪʴ ʨʘʩʩʝʷʥʥʦʝ 

ʧʦʣʝ ʥʝ ʧʦ ʨʘʟʥʦʩʪʠ ʢʦʤʧʣʝʢʩʥʳʭ ʘʤʧʣʠʪʫʜ ʧʦʣʥʦʛʦ ʠ ʧʘʜʘʶʱʝʛʦ ʧʦʣʷ, ʘ ʧʦ ʨʘʟʥʦʩʪʠ ʠʭ 

ʜʝʡʩʪʚʠʪʝʣʴʥʳʭ ʘʤʧʣʠʪʫʜ, ʢʦʪʦʨʳʝ ʛʦʨʘʟʜʦ ʤʝʥʝʝ ʯʫʚʩʪʚʠʪʝʣʴʥʳ ʢ ʠʟʤʝʥʝʥʠʷʤ 

ʪʝʤʧʝʨʘʪʫʨʳ (ʙʳʣʘ ʚʳʯʠʩʣʝʥʘ ʨʘʟʥʦʩʪʴ ʜʝʡʩʪʚʠʪʝʣʴʥʳʭ ʘʤʧʣʠʪʫʜ ʧʘʜʘʶʱʠʭ ʧʦʣʝʡ ʜʦ ʠ 

ʧʦʩʣʝ ʧʨʦʚʝʜʝʥʠʷ ʠʟʤʝʨʝʥʠʡ ʩ ʨʘʩʩʝʠʚʘʪʝʣʝʤ; ʦʪʥʦʩʠʪʝʣʴʥʘʷ ʦʰʠʙʢʘ, ʚʦʟʥʠʢʘʶʱʘʷ ʧʨʠ 

ʪʘʢʦʤ ʧʦʜʭʦʜʝ, ʤʝʥʴʰʝ 0.5 % ʥʘ ʨʘʩʩʪʦʷʥʠʷʭ ʥʝ ʙʦʣʝʝ 4 ʩʤ ʦʪ ʘʢʫʩʪʠʯʝʩʢʦʡ ʦʩʠ). 

ʀʩʧʦʣʴʟʫʝʤʳʡ ʠʤʧʫʣʴʩʥʳʡ ʨʝʞʠʤ ʠʟʣʫʯʘʪʝʣʷ ʜʘʣ ʚʦʟʤʦʞʥʦʩʪʴ ʠʩʩʣʝʜʦʚʘʪʴ 

ʧʦʣʫʯʝʥʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʥʘ ʥʘʙʦʨʝ ʙʣʠʟʢʠʭ ʯʘʩʪʦʪ, ʫʯʠʪʳʚʘʷ ʠʟʤʝʥʝʥʠʝ ʧʘʜʘʶʱʝʛʦ ʥʘ 

ʰʘʨʠʢ ʧʦʣʷ ʠʟʣʫʯʘʪʝʣʷ ʧʨʠ ʠʟʤʝʥʝʥʠʠ ʯʘʩʪʦʪʳ. ɺʘʨʴʠʨʫʷ ʥʝʠʟʚʝʩʪʥʳʝ ʧʘʨʘʤʝʪʨʳ 

(ʩʢʦʨʦʩʪʠ ʧʨʦʜʦʣʴʥʳʭ lc  ʠ ʧʦʧʝʨʝʯʥʳʭ ʚʦʣʥ tc ) ʚ ʪʝʦʨʝʪʠʯʝʩʢʠʭ ʨʘʩʯʝʪʘʭ ʠ ʩʨʘʚʥʠʚʘʷ 

ʧʦʣʫʯʝʥʥʳʝ ʛʨʘʬʠʢʠ ʩ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ, ʤʦʞʥʦ ʥʘʡʪʠ ʟʥʘʯʝʥʠʷ ʵʪʠʭ ʧʘʨʘʤʝʪʨʦʚ. 

ʆʧʨʝʜʝʣʝʥʥʳʝ ʪʘʢʠʤ ʩʧʦʩʦʙʦʤ ʧʘʨʘʤʝʪʨʳ ʦʢʘʟʘʣʠʩʴ ʩʣʝʜʫʶʱʠʤʠ: ʩʤcl 1005950°=  

ʠ ʩʤct 503350°= . ʅʘ ʨʠʩ. 4 ʧʨʠʚʝʜʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʠʟʤʝʨʝʥʠʡ ʠ 
ʪʝʦʨʝʪʠʯʝʩʢʠʝ ʨʘʩʯʝʪʳ ʜʣʷ ʯʘʩʪʦʪʳ 1 ʄɻʮ.  
 

 
ʈʠʩ. 4. ʈʘʟʥʦʩʪʴ ʤʦʜʫʣʝʡ ʢʦʤʧʣʝʢʩʥʳʭ ʘʤʧʣʠʪʫʜ ʧʦʣʥʦʛʦ ʠ ʧʘʜʘʶʱʝʛʦ ʧʦʣʷ ʚʜʦʣʴ ʜʚʫʭ ʢʦʦʨʜʠʥʘʪʥʳʭ 

ʦʩʝʡ x ʠ y, ʠʟʤʝʨʝʥʥʳʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ (ʯʝʨʥʳʝ ʢʨʠʚʳʝ) ʠ ʯʠʩʣʝʥʥʦ ʨʘʩʩʯʠʪʘʥʥʳʝ (ʩʠʥʠʝ ʢʨʠʚʳʝ). 

ʂʨʘʩʥʳʝ ʢʨʠʚʳʝ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʘʙʩʦʣʶʪʥʦʡ ʦʰʠʙʢʝ ʦʧʨʝʜʝʣʝʥʠʷ ʨʘʟʥʦʩʪʠ ʤʦʜʫʣʝʡ. 
 

ʇʨʝʜʣʦʞʝʥʥʳʡ ʚ ʨʘʙʦʪʝ ʤʝʪʦʜ ʧʦʢʘʟʳʚʘʝʪ ʚʦʟʤʦʞʥʦʩʪʴ ʦʧʨʝʜʝʣʝʥʠʷ ʧʨʦʜʦʣʴʥʳʭ 

ʠ ʩʜʚʠʛʦʚʳʭ ʚʦʣʥ ʠʟ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʨʘʩʩʝʷʥʠʷ. ʏʪʦʙʳ ʫʤʝʥʴʰʠʪʴ ʦʰʠʙʢʫ ʧʨʠ 

ʦʧʨʝʜʝʣʝʥʠʠ ʩʢʦʨʦʩʪʝʡ, ʥʫʞʥʦ ʧʨʦʚʦʜʠʪʴ ʠʟʤʝʨʝʥʠʷ ʧʨʠ ʥʝʠʟʤʝʥʷʶʱʠʭʩʷ ʚʥʝʰʥʠʭ 

ʫʩʣʦʚʠʷʭ (ʪʝʤʧʝʨʘʪʫʨʘ ʚʦʜʳ), ʘ ʪʘʢʞʝ ʚʳʙʠʨʘʪʴ ʜʣʷ ʠʟʤʝʨʝʥʠʡ ʪʝ ʨʘʩʩʪʦʷʥʠʷ ʦʪ ʰʘʨʠʢʘ, 

ʥʘ ʢʦʪʦʨʳʭ ʨʘʩʩʝʷʥʥʳʡ ʩʠʛʥʘʣ ʙʫʜʝʪ ʟʘʤʝʪʥʳʤ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʧʦʣʝʤ ʠʟʣʫʯʘʪʝʣʷ.  
ɸʚʪʦʨʳ ʧʨʠʟʥʘʪʝʣʴʥʳ ɺ.ɸ. ʈʦʞʢʦʚʫ ʟʘ ʧʦʤʦʱʴ ʚ ʠʟʛʦʪʦʚʣʝʥʠʠ ʩʠʩʪʝʤʳ ʢʨʝʧʣʝʥʠʷ 

ʨʘʩʩʝʠʚʘʪʝʣʝʡ. ʈʘʙʦʪʘ ʧʦʜʜʝʨʞʘʥʘ ʛʨʘʥʪʦʤ ʈʌʌʀ 17-02-00261. 
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ʄʝʪʦʜʳ ʫʧʨʘʚʣʝʥʠʷ ʦʧʪʠʯʝʩʢʠʤ ʠʟʣʫʯʝʥʠʝʤ, ʦʩʥʦʚʘʥʥʳʝ ʥʘ ʘʢʫʩʪʦʦʧʪʠʯʝʩʢʦʤ 

(ɸʆ) ʵʬʬʝʢʪʝ, ʥʘʭʦʜʷʪ ʰʠʨʦʢʦʝ ʧʨʠʤʝʥʝʥʠʝ ʚ ʨʘʟʣʠʯʥʳʭ ʦʙʣʘʩʪʷʭ ʥʘʫʢʠ ʠ ʪʝʭʥʠʢʠ [1,2]. 

ʉʦʚʨʝʤʝʥʥʳʝ ɸʆ ʧʨʠʙʦʨʳ, ʪʘʢʠʝ ʢʘʢ ʤʦʜʫʣʷʪʦʨʳ, ʜʝʬʣʝʢʪʦʨʳ ʠ ʬʠʣʴʪʨʳ ʷʚʣʷʶʪʩʷ 

ʚʦʩʪʨʝʙʦʚʘʥʥʳʤʠ ʠ ʢʦʥʢʫʨʝʥʪʦʩʧʦʩʦʙʥʳʤʠ ʫʩʪʨʦʡʩʪʚʘʤʠ ʜʣʷ ʫʧʨʘʚʣʝʥʠʷ ʩʚʝʪʦʚʳʤʠ 

ʧʫʯʢʘʤʠ. ʀʭ ʚʳʩʦʢʦʝ ʙʳʩʪʨʦʜʝʡʩʪʚʠʝ, ʤʘʣʦʝ ʫʧʨʘʚʣʷʶʱʝʝ ʥʘʧʨʷʞʝʥʠʝ, ʥʘʜʝʞʥʦʩʪʴ ʠ 

ʧʨʦʩʪʦʪʘ ʢʦʥʩʪʨʫʢʮʠʠ ʜʘʶʪ ʚʦʟʤʦʞʥʦʩʪʴ ʦʧʝʨʘʪʠʚʥʦ ʠ ʩ ʚʳʩʦʢʦʡ ʪʦʯʥʦʩʪʴʶ ʫʧʨʘʚʣʷʪʴ 

ʘʤʧʣʠʪʫʜʦʡ, ʯʘʩʪʦʪʦʡ, ʬʘʟʦʡ ʠ ʧʦʣʷʨʠʟʘʮʠʝʡ ʩʚʝʪʦʚʦʡ ʚʦʣʥʳ, ʘ ʪʘʢʞʝ ʠʟʤʝʥʷʪʴ   

ʥʘʧʨʘʚʣʝʥʠʝ ʝʝ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ. ʃʘʟʝʨʥʘʷ ʬʠʟʠʢʘ, ʵʢʦʣʦʛʠʷ, ʤʝʜʠʮʠʥʘ, 

ʪʝʣʝʢʦʤʤʫʥʠʢʘʮʠʦʥʥʳʝ ʩʠʩʪʝʤʳ, ʚʦʝʥʥʦʝ ʜʝʣʦ ï ʵʪʦ ʣʠʰʴ ʯʘʩʪʴ ʩʧʠʩʢʘ ʦʙʣʘʩʪʝʡ, ʛʜʝ 

ɸʆ ʫʩʪʨʦʡʩʪʚʘ ʥʘʰʣʠ ʩʚʦʸ ʧʨʠʤʝʥʝʥʠʝ ʠ ʦʙʝʩʧʝʯʠʣʠ ʚʳʭʦʜ ʤʥʦʛʠʭ ʧʨʠʙʦʨʦʚ ʥʘ 

ʢʘʯʝʩʪʚʝʥʥʦ ʥʦʚʳʡ ʫʨʦʚʝʥʴ. 
ʂʨʠʩʪʘʣʣ ʧʘʨʘʪʝʣʣʫʨʠʪʘ ʷʚʣʷʝʪʩʷ, ʥʘ ʥʘʩʪʦʷʱʠʡ ʜʝʥʴ, ʦʩʥʦʚʥʳʤ ʢʨʠʩʪʘʣʣʦʤ, 

ʧʨʠʤʝʥʷʝʤʳʤ ʚ ʘʢʫʩʪʦʦʧʪʠʢʝ [1,2]. ʗʨʢʦ ʚʳʨʘʞʝʥʥʘʷ ʘʢʫʩʪʠʯʝʩʢʘʷ ʘʥʠʟʦʪʨʦʧʠʷ 

ʢʨʠʩʪʘʣʣʘ ʜʦʧʫʩʢʘʝʪ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʝ ʫʣʴʪʨʘʟʚʫʢʦʚʦʡ ʤʦʜʳ ʩ ʯʨʝʟʚʳʯʘʡʥʦ ʥʠʟʢʠʤ 

ʟʥʘʯʝʥʠʝʤ ʬʘʟʦʚʦʡ ʩʢʦʨʦʩʪʠ, ʯʪʦ ʦʙʝʩʧʝʯʠʚʘʝʪ ʚʳʩʦʢʫʶ ɸʆ ʵʬʬʝʢʪʠʚʥʦʩʪʴ. ɺʳʩʦʢʘʷ 

ʩʪʝʧʝʥʴ ʘʢʫʩʪʦʦʧʪʠʯʝʩʢʦʡ ʘʥʠʟʦʪʨʦʧʠʠ ʤʘʪʝʨʠʘʣʘ ʧʨʝʜʦʩʪʘʚʣʷʝʪ, ʚ ʩʚʦʶ ʦʯʝʨʝʜʴ, 

ʚʦʟʤʦʞʥʦʩʪʴ ʙʦʣʝʝ ʛʠʙʢʦʛʦ ʧʦʜʙʦʨʘ ʢʦʥʬʠʛʫʨʘʮʠʠ ʷʯʝʡʢʠ ʧʦʜ ʢʦʥʢʨʝʪʥʦʝ ɸʆ 

ʫʩʪʨʦʡʩʪʚʦ. ʉ ʜʨʫʛʦʡ ʩʪʦʨʦʥʳ, ʩʠʣʴʥʘʷ ʘʥʠʟʦʪʨʦʧʠʷ ʤʘʪʝʨʠʘʣʘ ʥʘʢʣʘʜʳʚʘʝʪ ʞʝʩʪʢʠʝ 

ʪʨʝʙʦʚʘʥʠʷ ʥʘ ʪʦʯʥʦʩʪʴ ʠʟʛʦʪʦʚʣʝʥʠʷ ʫʩʪʨʦʡʩʪʚ. ʐʠʨʦʢʠʡ ʩʧʝʢʪʨ ʧʨʠʤʝʥʝʥʠʷ ɸʆ 

ʫʩʪʨʦʡʩʪʚ ʚʣʝʯʝʪ ʟʘ ʩʦʙʦʡ ʦʙʰʠʨʥʳʡ ʠ ʨʘʟʥʦʦʙʨʘʟʥʳʡ ʩʧʠʩʦʢ ʪʨʝʙʦʚʘʥʠʡ, 

ʧʨʝʜʲʷʚʣʷʝʤʳʭ ʟʘʢʘʟʯʠʢʦʤ ʢ ʢʘʞʜʦʡ ʢʦʥʢʨʝʪʥʦʡ ɸʆ ʷʯʝʡʢʝ. ʆʯʝʚʠʜʥʦ, ʯʪʦ ʚʩʝ 

ʨʘʟʥʦʦʙʨʘʟʠʝ ʪʨʝʙʦʚʘʥʠʡ ʟʘʢʘʟʯʠʢʦʚ ʥʝ ʤʦʞʝʪ ʙʳʪʴ ʫʜʦʚʣʝʪʚʦʨʝʥʦ ʝʜʠʥʩʪʚʝʥʥʳʤ 

ʤʘʪʝʨʠʘʣʦʤ, ʧʦʩʢʦʣʴʢʫ ʠ ʫ ʢʨʠʩʪʘʣʣʘ ʧʘʨʘʪʝʣʣʫʨʠʪʘ ʝʩʪʴ ʨʷʜ ʩʫʱʝʩʪʚʝʥʥʳʭ 

ʥʝʜʦʩʪʘʪʢʦʚ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʚʦʟʥʠʢʘʝʪ ʟʘʜʘʯʘ ʧʦʠʩʢʘ ʥʦʚʳʭ ʤʘʪʝʨʠʘʣʦʚ, ʚ ʪʦʤ ʯʠʩʣʝ ʠ 

ʜʚʫʦʩʥʳʭ ʢʨʠʩʪʘʣʣʦʚ, ʢʦʪʦʨʳʝ, ʥʝʩʤʦʪʨʷ ʥʘ ʨʘʩʯʝʪʥʳʝ ʠ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʝ ʪʨʫʜʥʦʩʪʠ, 

ʦʙʣʘʜʘʶʪ ʧʦʪʝʥʮʠʘʣʴʥʦ ʙʦʣʴʰʠʤ ʨʘʟʥʦʦʙʨʘʟʠʝʤ ʜʦʧʫʩʪʠʤʳʭ ʚʘʨʠʘʥʪʦʚ ɸʆ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ, ʯʪʦ ʜʝʣʘʝʪ ʧʝʨʩʧʝʢʪʠʚʥʳʤ ʠʟʫʯʝʥʠʝ ʠʭ ʩʚʦʡʩʪʚ [3,4].  
ʎʝʣʴʶ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʳ ʷʚʠʣʦʩʴ ʠʩʩʣʝʜʦʚʘʥʠʝ ʚʘʨʠʘʥʪʘ ɸʆ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʩ 

ʦʜʥʦʚʨʝʤʝʥʥʦ ʥʠʟʢʦʡ ʫʛʣʦʚʦʡ ʠ ʯʘʩʪʦʪʥʦʡ ʩʝʣʝʢʪʠʚʥʦʩʪʴʶ ʜʠʬʨʘʢʮʠʠ ʚ ʜʚʫʦʩʥʳʭ 

ʢʨʠʩʪʘʣʣʘʭ. ʈʘʩʯʝʪʳ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ɸʆ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʚʳʧʦʣʥʝʥʳ ʜʣʷ ʢʨʠʩʪʘʣʣʘ 

ʡʦʜʥʦʚʘʪʦʡ ʢʠʩʣʦʪʳ (a-HIO3), ʜʣʷ ʢʦʪʦʨʦʛʦ ʠʟʚʝʩʪʥʳ ʚʩʝ ʢʦʤʧʦʥʝʥʪʳ 

ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʛʦ, ʫʧʨʫʛʦʛʦ ʠ ʬʦʪʦʫʧʨʫʛʦʛʦ ʪʝʥʟʦʨʦʚ, ʘ ʪʘʢʞʝ ʪʝʥʟʦʨʘ ʛʠʨʘʮʠʠ [5-7]. 
ʁʦʜʥʦʚʘʪʘʷ ʢʠʩʣʦʪʘ ï ʩʠʥʪʝʪʠʯʝʩʢʠʡ ʤʦʥʦʢʨʠʩʪʘʣʣ ʨʦʤʙʠʯʝʩʢʦʡ ʩʠʥʛʦʥʠʠ (ʢʣʘʩʩ 

222), ʦʙʣʘʜʘʶʱʠʡ ʭʦʨʦʰʠʤʠ ʥʝʣʠʥʝʡʥʦ-ʦʧʪʠʯʝʩʢʠʤʠ ʠ ʘʢʫʩʪʦʦʧʪʠʯʝʩʢʠʤʠ ʩʚʦʡʩʪʚʘʤʠ. 

ʇʨʠ ʵʪʦʤ ʚʳʩʦʢʘʷ ɸʆ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʥʘʙʣʶʜʘʝʪʩʷ ʢʘʢ ʜʣʷ ʚʘʨʠʘʥʪʘ ʠʟʦʪʨʦʧʥʦʡ 

ʜʠʬʨʘʢʮʠʠ, ʪʘʢ ʠ ʜʣʷ ʚʘʨʠʘʥʪʘ ʘʥʠʟʦʪʨʦʧʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ. ɿʜʝʩʴ ʥʝʦʙʭʦʜʠʤʦ 

ʦʪʤʝʪʠʪʴ, ʯʪʦ ʢʨʠʩʪʘʣʣʳ ʨʦʤʙʠʯʝʩʢʦʡ ʩʠʥʛʦʥʠʠ, ʠʟ ʚʩʝʭ ʩʠʥʛʦʥʠʡ ʜʚʫʦʩʥʳʭ ʢʨʠʩʪʘʣʣʦʚ 

ʟʘʩʣʫʞʠʚʘʶʪ ʦʩʦʙʦʛʦ ʚʥʠʤʘʥʠʷ, ʧʨʦʜʠʢʪʦʚʘʥʥʦʛʦ ʚʦʟʤʦʞʥʳʤ  ʧʨʠʢʣʘʜʥʳʤ ʟʥʘʯʝʥʠʝʤ. 

ʆʙʣʘʜʘʷ ʫʥʠʢʘʣʴʥʳʤ, ʙʦʣʝʝ ʩʣʦʞʥʳʤ ʪʠʧʦʤ ʦʧʪʠʯʝʩʢʦʡ ʘʥʠʟʦʪʨʦʧʠʠ, ʧʨʠʩʫʱʠʤ ʪʦʣʴʢʦ 

ʜʚʫʦʩʥʳʤ ʢʨʠʩʪʘʣʣʘʤ, ʢʨʠʩʪʘʣʣʳ ʨʦʤʙʠʯʝʩʢʦʡ ʩʠʥʛʦʥʠʠ ʦʢʘʟʳʚʘʶʪʩʷ ʩʦʧʦʩʪʘʚʠʤʳʤʠ 

ʧʦ ʩʣʦʞʥʦʩʪʠ ʦʙʨʘʙʦʪʢʠ ʠ ʶʩʪʠʨʦʚʢʠ ʩ ʦʜʥʦʦʩʥʳʤʠ ʢʨʠʩʪʘʣʣʘʤʠ, ʯʝʛʦ, ʢ ʩʦʞʘʣʝʥʠʶ, 
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ʥʝʣʴʟʷ ʩʢʘʟʘʪʴ ʧʨʦ ʤʦʥʦʢʣʠʥʥʫʶ ʠ ʪʨʠʢʣʠʥʥʫʶ ʩʠʥʛʦʥʠʠ. ʆʜʥʘʢʦ ʢʦʥʢʨʝʪʥʦ ʢʨʠʩʪʘʣʣ 

ʡʦʜʥʦʚʘʪʦʡ ʢʠʩʣʦʪʳ, ʷʚʣʷʷʩʴ ʛʠʛʨʦʩʢʦʧʠʯʥʳʤ, ʥʝ ʤʦʞʝʪ ʧʦʭʚʘʩʪʘʪʴʩʷ ʚʳʩʦʢʦʡ 

ʪʝʭʥʦʣʦʛʠʯʥʦʩʪʴʶ. ʊʘʢ ʯʪʦ ʚʳʙʦʨ ʡʦʜʥʦʚʘʪʦʡ ʢʠʩʣʦʪʳ ʚ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʦʙʫʩʣʦʚʣʝʥ, 

ʚ ʙʦʣʴʰʝʡ ʩʪʝʧʝʥʠ, ʨʘʩʧʨʦʩʪʨʘʥʝʥʥʦʩʪʴʶ ʤʘʪʝʨʠʘʣʘ ʠ, ʯʪʦ ʥʝʤʘʣʦʚʘʞʥʦ, ʥʘʣʠʯʠʝʤ ʚ 

ʣʠʪʝʨʘʪʫʨʝ ʚʩʝʭ ʥʝʦʙʭʦʜʠʤʳʭ ʢʦʥʩʪʘʥʪ ʜʣʷ ʧʨʦʚʝʜʝʥʠʷ ʨʘʩʯʝʪʦʚ. 
ʉʦʚʨʝʤʝʥʥʳʝ ɸʆ ʫʩʪʨʦʡʩʪʚʘ ʨʘʙʦʪʘʶʪ, ʢʘʢ ʧʨʘʚʠʣʦ, ʚ ɹʨʵʛʛʦʚʩʢʦʤ ʠʣʠ 

ʧʨʦʤʝʞʫʪʦʯʥʦʤ ʨʝʞʠʤʝ, ʯʪʦ ʦʙʝʩʧʝʯʠʚʘʝʪ ʚʳʩʦʢʫʶ ɸʆ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʠ ʚʳʩʦʢʦʝ 

ʙʳʩʪʨʦʜʝʡʩʪʚʠʝ [1,2]. ʆʜʥʘʢʦ ʚʳʩʦʢʘʷ ʫʛʣʦʚʘʷ ʠ ʯʘʩʪʦʪʥʘʷ ʩʝʣʝʢʪʠʚʥʦʩʪʴ ɸʆ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ, ʧʨʠʩʫʱʘʷ ɹʨʵʛʛʦʚʩʢʦʤʫ ʨʝʞʠʤʫ ʜʠʬʨʘʢʮʠʠ, ʤʦʞʝʪ ʧʨʠʚʦʜʠʪʴ ʢ 

ʩʥʠʞʝʥʠʶ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ɸʆ ʫʩʪʨʦʡʩʪʚ. ʅʘʧʨʠʤʝʨ, ʚʳʩʦʢʘʷ ʫʛʣʦʚʘʷ ʩʝʣʝʢʪʠʚʥʦʩʪʴ ɸʆ 

ʜʠʬʨʘʢʮʠʠ ʚ ʦʙʣʘʩʪʠ ʜʝʬʣʝʢʪʦʨʥʦʡ ʛʝʦʤʝʪʨʠʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʧʨʠʚʦʜʠʪ ʢ  

ʩʫʱʝʩʪʚʝʥʥʦʤʫ ʩʫʞʝʥʠʶ ʫʛʣʦʚʦʛʦ ʜʠʘʧʘʟʦʥʘ ʜʝʬʣʝʢʪʦʨʘ ʠ ʤʦʜʫʣʷʪʦʨʘ. ɻʠʨʦʪʨʦʧʥʳʝ 

ʜʚʫʦʩʥʳʝ ʢʨʠʩʪʘʣʣʳ, ʚʚʠʜʫ ʩʣʦʞʥʦʛʦ ʚʠʜʘ ʚʦʣʥʦʚʳʭ ʧʦʚʝʨʭʥʦʩʪʝʡ ʚʙʣʠʟʠ ʦʧʪʠʯʝʩʢʠʭ 

ʦʩʝʡ  ʧʦʟʚʦʣʷʶʪ ʨʝʘʣʠʟʦʚʳʚʘʪʴ ʚʘʨʠʘʥʪʳ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʩ ʦʜʥʦʚʨʝʤʝʥʥʦ ʥʠʟʢʦʡ 

ʫʛʣʦʚʦʡ ʠ ʯʘʩʪʦʪʥʦʡ ʩʝʣʝʢʪʠʚʥʦʩʪʴʶ ʜʘʞʝ ʚ  ɹʨʵʛʛʦʚʩʢʦʤ ʨʝʞʠʤʝ ʜʠʬʨʘʢʮʠʠ [3,4]. 

ʆʜʥʘʢʦ ʯʘʩʪʦʪʥʳʡ ʜʠʘʧʘʟʦʥ ɸʆ ʷʯʝʡʢʠ ʦʧʨʝʜʝʣʷʝʪʩʷ, ʚ ʪʘʢʦʤ ʩʣʫʯʘʝ, ʚʝʣʠʯʠʥʦʡ 

ʛʠʨʦʪʨʦʧʠʠ ʤʘʪʝʨʠʘʣʘ, ʢʦʪʦʨʘʷ ʚ ʩʚʦʶ ʦʯʝʨʝʜʴ ʩʠʣʴʥʦ ʟʘʚʠʩʠʪ ʦʪ ʜʣʠʥʳ ʚʦʣʥʳ 

ʧʘʜʘʶʱʝʛʦ ʠʟʣʫʯʝʥʠʷ. ɼʨʫʛʠʤ ʥʝʛʘʪʠʚʥʳʤ ʤʦʤʝʥʪʦʤ ʪʘʢʦʡ ʢʦʥʬʠʛʫʨʘʮʠʠ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʷʚʣʷʝʪʩʷ ʥʝʦʜʥʦʨʦʜʥʘʷ ʧʦʣʷʨʠʟʘʮʠʷ ʜʠʬʨʘʛʠʨʦʚʘʥʥʦʛʦ ʠʟʣʫʯʝʥʠʷ, ʯʪʦ 

ʩʫʱʝʩʪʚʝʥʥʦ ʩʫʞʘʝʪ ʨʝʘʣʴʥʳʡ ʯʘʩʪʦʪʥʳʡ ʜʠʘʧʘʟʦʥ ɸʆ ʷʯʝʡʢʠ. 
ʆʪʣʠʯʠʪʝʣʴʥʦʡ ʦʩʦʙʝʥʥʦʩʪʴʶ ɸʆ ʜʠʬʨʘʢʮʠʠ ʚ ʜʚʫʦʩʥʳʭ ʢʨʠʩʪʘʣʣʘʭ ʷʚʣʷʝʪʩʷ 

ʟʘʚʠʩʠʤʦʩʪʴ ʛʝʦʤʝʪʨʠʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʦʪ ʜʣʠʥʳ ʚʦʣʥʳ ʧʘʜʘʶʱʝʛʦ ʠʟʣʫʯʝʥʠʷ, 

ʦʙʫʩʣʦʚʣʝʥʥʘʷ ʵʬʬʝʢʪʦʤ ʜʠʩʧʝʨʩʠʠ ʧʦʣʦʞʝʥʠʷ ʦʧʪʠʯʝʩʢʠʭ ʦʩʝʡ. ʆʪʤʝʯʝʥʥʘʷ 

ʦʩʦʙʝʥʥʦʩʪʴ ʧʨʠʚʦʜʠʪ ʢ ʥʝʦʙʭʦʜʠʤʦʩʪʠ ʢʦʨʨʝʢʮʠʠ ʛʝʦʤʝʪʨʠʠ ʚʟʠʤʦʜʝʡʩʪʚʠʷ, ʢʦʪʦʨʘʷ 

ʤʦʞʝʪ ʙʳʪʴ ʨʝʘʣʠʟʦʚʘʥʘ, ʥʘʧʨʠʤʝʨ, ʧʫʪʝʤ ʠʟʤʝʥʝʥʠʷ, ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʜʣʠʥʳ ʚʦʣʥʳ 

ʧʘʜʘʶʱʝʛʦ ʠʟʣʫʯʝʥʠʷ, ʬʘʟʦʚʦʡ ʟʘʜʝʨʞʢʠ ʤʝʞʜʫ ʦʪʜʝʣʴʥʳʤʠ ʩʝʢʮʠʷʤʠ ʧʴʝʟʦ-

ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷ. ʄʠʥʫʩʦʤ ʜʘʥʥʦʛʦ ʨʝʰʝʥʠʷ ʷʚʣʷʝʪʩʷ ʩʣʦʞʥʦʩʪʴ ʠ ʜʦʨʦʛʦʚʠʟʥʘ ɸʆ 

ʷʯʝʡʢʠ. ɸʣʴʪʝʨʥʘʪʠʚʥʳʤ ʚʘʨʠʘʥʪʦʤ ʤʦʞʝʪ ʩʣʫʞʠʪʴ ʧʨʠʤʝʥʝʥʠʝ ʧʘʩʩʠʚʥʦʛʦ  

ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷ ʩ ʘʥʪʠʬʘʟʥʳʤ ʚʦʟʙʫʞʜʝʥʠʝʤ ʩʦʩʝʜʥʠʭ ʩʝʢʮʠʡ. ʊʘʢʦʡ ʧʦʜʭʦʜ ʪʘʢʞʝ 

ʧʦʟʚʦʣʷʝʪ ʚ ʥʝʢʦʪʦʨʦʤ ʩʧʝʢʪʨʘʣʴʥʦʤ ʜʠʘʧʘʟʦʥʝ ʯʘʩʪʠʯʥʦ ʢʦʤʧʝʥʩʠʨʦʚʘʪʴ ʠʟʤʝʥʝʥʠʝ 

ʛʝʦʤʝʪʨʠʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ, ʧʨʠ ʵʪʦʤ, ʚ ʩʨʘʚʥʝʥʠʠ ʩ ʧʨʝʜʳʜʫʱʠʤ ʚʘʨʠʘʥʪʦʤ, ʩʣʦʞʥʦʩʪʴ 

ʠʟʛʦʪʦʚʣʝʥʠʷ ʷʯʝʡʢʠ ʩʥʠʞʘʝʪʩʷ ʥʘ ʧʦʨʷʜʦʢ. ɿʜʝʩʴ ʥʝʦʙʭʦʜʠʤʦ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʚʩʣʝʜʩʪʚʠʝ 

ʟʘʤʝʪʥʦʡ ʜʠʩʧʝʨʩʠʠ ʧʦʣʦʞʝʥʠʷ ʦʧʪʠʯʝʩʢʠʭ ʦʩʝʡ ʜʣʷ ʢʨʠʩʪʘʣʣʘ ʡʦʜʥʦʚʘʪʦʡ ʢʠʩʣʦʪʳ, 

ʪʨʝʙʫʶʪʩʷ ʩʝʢʮʠʠ ʩ ʜʦʚʦʣʴʥʦ ʤʘʣʳʤ ʧʝʨʠʦʜʦʤ. ʇʦʵʪʦʤʫ ʜʣʷ ʦʙʝʩʧʝʯʝʥʠʷ ʥʝʦʙʭʦʜʠʤʦʡ 

ʜʣʠʥʳ ɸʆ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷ ʜʦʣʞʝʥ ʩʦʜʝʨʞʘʪʴ ʙʦʣʴʰʦʝ ʯʠʩʣʦ ʩʝʢʮʠʡ, 

ʯʪʦ ʩʫʱʝʩʪʚʝʥʥʦ ʫʩʣʦʞʥʷʝʪ ʢʦʥʩʪʨʫʢʮʠʶ ɸʆ ʷʯʝʡʢʠ.  
ɸʆ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ  ʚ ʧʝʨʠʦʜʠʯʝʩʢʠ ʥʝʦʜʥʦʨʦʜʥʦʤ ʘʢʫʩʪʠʯʝʩʢʦʤ ʧʦʣʝ ʧʦʟʚʦʣʷʝʪ 

ʨʝʘʣʠʟʦʚʘʪʴ ʚʘʨʠʘʥʪ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʩ ʦʜʥʦʚʨʝʤʝʥʥʦ ʥʠʟʢʦʡ ʫʛʣʦʚʦʡ ʠ ʯʘʩʪʦʪʥʦʡ 

ʩʝʣʝʢʪʠʚʥʦʩʪʴʶ ʜʠʬʨʘʢʮʠʠ ʠ ʧʨʠ ʦʪʭʦʜʝ ʦʪ ʦʧʪʠʯʝʩʢʠʭ ʦʩʝʡ ʜʚʫʦʩʥʦʛʦ ʢʨʠʩʪʘʣʣʘ. ɺ 

ʪʘʢʦʤ ʩʣʫʯʘʝ ʥʝ ʥʘʢʣʘʜʳʚʘʝʪʩʷ ʥʠʢʘʢʠʭ ʪʨʝʙʦʚʘʥʠʡ ʥʘ ʛʠʨʦʪʨʦʧʠʶ ʢʨʠʩʪʘʣʣʘ, ʯʪʦ 

ʩʫʱʝʩʪʚʝʥʥʦ ʨʘʩʰʠʨʷʝʪ ʯʘʩʪʦʪʥʳʡ ʜʠʘʧʘʟʦʥ ʷʯʝʡʢʠ. ʅʘ ʨʠʩ. 1 ʧʨʠʚʝʜʝʥʳ ʦʙʣʘʩʪʠ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʧʨʠ ʨʘʟʚʦʨʦʪʝ ʧʣʦʩʢʦʩʪʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʢ ʦʩʠ, ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦʡ ʢ 

ʧʣʦʩʢʦʩʪʠ, ʩʦʜʝʨʞʘʱʝʡ ʦʧʪʠʯʝʩʢʠʝ ʦʩʠ. ʇʨʠ ʵʪʦʤ ʨʠʩ. 1,ʙ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʙʦʣʴʰʝʤʫ 

ʨʘʟʚʦʨʦʪʫ ʧʣʦʩʢʦʩʪʠ. ɹʦʣʴʰʠʡ ʨʘʟʚʦʨʦʪ ʧʣʦʩʢʦʩʪʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʦʙʝʩʧʝʯʠʚʘʝʪ, ʧʨʠ 

ʩʦʧʦʩʪʘʚʠʤʳʭ ʧʝʨʠʦʜʘʭ ʩʝʢʮʠʦʥʠʨʦʚʘʥʥʦʛʦ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷ, ʙʦʣʝʝ ʦʜʥʦʨʦʜʥʳʡ ʠ 

ʰʠʨʦʢʠʡ ʯʘʩʪʦʪʥʳʡ ʜʠʘʧʘʟʦʥ ɸʆ ʷʯʝʡʢʠ, ʧʨʠ ʵʪʦʤ ʪʨʝʙʫʝʤʘʷ ʧʝʨʝʩʪʨʦʡʢʘ ʯʘʩʪʦʪʳ 

ʤʝʞʜʫ ʪʘʥʛʝʥʮʠʘʣʴʥʦʡ ʠ ʜʝʬʣʝʢʪʦʨʥʦʡ ʛʝʦʤʝʪʨʠʝʡ ʫʚʝʣʠʯʠʚʘʝʪʩʷ. ʅʘ ʨʠʩ. 2 

ʧʨʝʜʩʪʘʚʣʝʥʘ ʘʤʧʣʠʪʫʜʥʘʷ ʩʪʨʫʢʪʫʨʘ ʘʢʫʩʪʠʯʝʩʢʦʛʦ ʧʦʣʷ ʚ ʧʣʦʩʢʦʩʪʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ 

ʜʣʷ ʨʘʩʩʤʘʪʨʠʚʘʝʤʳʭ ʢʦʥʬʠʛʫʨʘʮʠʡ ʩʨʝʟʘ ʢʨʠʩʪʘʣʣʘ. ʄʘʣʳʡ ʧʝʨʠʦʜ ʩʝʢʮʠʡ 

ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷ ʧʨʠʚʦʜʠʪ ʢ ʩʣʦʞʥʦʡ ʘʤʧʣʠʪʫʜʥʦʡ ʠ, ʯʪʦ ʙʦʣʝʝ ʚʘʞʥʦ, ʬʘʟʦʚʦʡ 



ʊʨʫʜʳ ʰʢʦʣʳ-ʩʝʤʠʥʘʨʘ çɺʦʣʥʳ-2019è. ɸʢʫʩʪʠʢʘ ʠ ʘʢʫʩʪʦʦʧʪʠʢʘ 

 

 

43 

 

ʩʪʨʫʢʪʫʨʝ ʘʢʫʩʪʠʯʝʩʢʦʛʦ ʧʦʣʷ. ɺ ʥʘʰʝʤ ʩʣʫʯʘʝ ʩʠʪʫʘʮʠʷ ʥʝʤʥʦʛʦ ʧʦʜʧʨʘʚʣʷʝʪʩʷ ʩʣʘʙʦʡ 

ʘʢʫʩʪʠʯʝʩʢʦʡ ʘʥʠʟʦʪʨʦʧʠʝʡ ʡʦʜʥʦʚʘʪʦʡ ʢʠʩʣʦʪʳ ʜʣʷ ʨʘʩʩʤʘʪʨʠʚʘʝʤʳʭ ʩʨʝʟʦʚ 

ʢʨʠʩʪʘʣʣʘ; ʧʘʨʘʤʝʪʨ ʘʢʫʩʪʠʯʝʩʢʦʡ ʘʥʠʟʦʪʨʦʧʠʠ ʙʣʠʟʦʢ ʢ 1, ʘ ʫʛʦʣ ʘʢʫʩʪʠʯʝʩʢʦʛʦ ʩʥʦʩʘ ʚ 

ʧʣʦʩʢʦʩʪʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʥʝ ʧʨʝʚʳʰʘʝʪ ¯3  [8-10].         
 

      
                                             (ʘ)                                                                                       (ʙ) 

ʈʠʩ. 1.  ʆʙʣʘʩʪʠ ɸʆ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ 
 

ɿʘʜʘʯʘ ɸʆ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʜʣʷ ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʛʦ ʚʘʨʠʘʥʪʘ ʜʠʬʨʘʢʮʠʠ, ʩ ʫʯʝʪʦʤ 

ʨʝʘʣʴʥʦʡ ʩʪʨʫʢʪʫʨʳ ʘʢʫʩʪʠʯʝʩʢʦʛʦ ʧʫʯʢʘ, ʤʦʞʝʪ ʙʳʪʴ ʨʝʰʝʥʘ ʥʘ ʦʩʥʦʚʝ ʜʚʫʤʝʨʥʳʭ 

ʫʨʘʚʥʝʥʠʡ ʩʚʷʟʘʥʥʳʭ ʤʦʜ, ʦʧʠʩʳʚʘʶʱʠʭ ʠʟʤʝʥʝʥʠʝ ʘʤʧʣʠʪʫʜ ʚʟʘʠʤʦʜʝʡʩʪʚʫʶʱʠʭ 

ʩʚʝʪʦʚʳʭ ʧʫʯʢʦʚ ʚʜʦʣʴ ʥʘʧʨʘʚʣʝʥʠʡ ʧʦʪʦʢʘ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʡ ʵʥʝʨʛʠʠ. ɺ ʥʘʰʝʤ ʩʣʫʯʘʝ 

ʩʠʪʫʘʮʠʷ ʩʫʱʝʩʪʚʝʥʥʦ ʫʧʨʦʱʘʝʪʩʷ ʪʝʤ, ʯʪʦ ʧʨʠ ʜʠʬʨʘʢʮʠʠ ʚʙʣʠʟʠ ʪʘʥʛʝʥʮʠʘʣʴʥʦʡ 

ʪʦʯʢʠ ʤʦʞʥʦ ʧʨʝʥʝʙʨʝʯʴ ʨʘʟʣʠʯʠʝʤ ʚ ʥʘʧʨʘʚʣʝʥʠʷʭ ʧʦʪʦʢʦʚ ʵʥʝʨʛʠʠ 

ʚʟʘʠʤʦʜʝʡʩʪʚʫʶʱʠʭ ʩʚʝʪʦʚʳʭ ʧʫʯʢʦʚ.     
 

     
(ʘ)                                                                           (ʙ) 
ʈʠʩ. 2. ɸʤʧʣʠʪʫʜʥʘʷ ʩʪʨʫʢʪʫʨʘ ʘʢʫʩʪʠʯʝʩʢʦʛʦ ʧʫʯʢʘ 

ʅʘ ʨʠʩ. 3 ʧʨʠʚʝʜʝʥʳ ʫʛʣʦʚʳʝ ʠ ʯʘʩʪʦʪʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʜʣʷ 
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ʨʘʩʩʤʘʪʨʠʚʘʝʤʳʭ ʩʨʝʟʦʚ ʢʨʠʩʪʘʣʣʘ. ʍʘʨʘʢʪʝʨʠʩʪʠʢʠ ʜʣʷ ʩʨʝʟʘ ʩ ʙʦʣʴʰʠʤ ʨʘʟʚʦʨʦʪʦʤ 

ʧʣʦʩʢʦʩʪʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʠʟʦʙʨʘʞʝʥʳ ʧʫʥʢʪʠʨʦʤ. ʏʠʩʣʝʥʥʳʝ ʨʘʩʯʝʪʳ ʧʦʢʘʟʳʚʘʶʪ, 

ʯʪʦ, ʫʛʣʦʚʦʡ ʠ ʯʘʩʪʦʪʥʳʡ ʜʠʘʧʘʟʦʥʳ ʷʯʝʡʢʠ, ʥʝʩʤʦʪʨʷ ʥʘ ʥʝʦʜʥʦʨʦʜʥʫʶ ʘʤʧʣʠʪʫʜʥʫʶ 

ʠ ʬʘʟʦʚʫʶ ʩʪʨʫʢʪʫʨʫ ʘʢʫʩʪʠʯʝʩʢʦʛʦ ʧʫʯʢʘ, ʧʨʘʢʪʠʯʝʩʢʠ ʥʝ ʟʘʚʠʩʷʪ ʦʪ ʩʤʝʱʝʥʠʷ 

ʧʘʜʘʶʱʝʛʦ ʩʚʝʪʦʚʦʛʦ ʧʫʯʢʘ ʚʜʦʣʴ ʦʩʠ Z. ʀʟʚʝʩʪʥʦ, ʯʪʦ ʧʨʠ ʦʨʪʦʛʦʥʘʣʴʥʦʤ ʧʘʜʝʥʠʠ, ʚ 

ʨʝʞʠʤʝ ʥʠʟʢʦʡ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʜʠʬʨʘʢʮʠʠ, ʫʛʣʦʚʘʷ ʠ ʯʘʩʪʦʪʥʘʷ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʳ, ʩ ʧʦʧʨʘʚʢʦʡ ʥʘ ʘʢʫʩʪʦʦʧʪʠʯʝʩʢʫʶ ʘʥʠʟʦʪʨʦʧʠʶ, 

ʫʛʣʦʚʦʤʫ ʩʧʝʢʪʨʫ ʌʫʨʴʝ ʘʢʫʩʪʠʯʝʩʢʦʛʦ ʧʫʯʢʘ ʚ ʧʣʦʩʢʦʩʪʠ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷ. ɺ 

ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʤ ʩʣʫʯʘʝ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʜʠʬʨʘʢʮʠʠ ʜʦʩʪʠʛʘʝʪ 100%, ʥʦ ʪʝʥʜʝʥʮʠʷ, ʧʦ-

ʚʠʜʠʤʦʤʫ, ʩʦʭʨʘʥʷʝʪʩʷ.  
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(ʘ)                                                                               (ʙ) 

ʈʠʩ. 3. ʋʛʣʦʚʳʝ (ʘ) ʠ ʯʘʩʪʦʪʥʳʝ (ʙ) ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ɸʆ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ 
 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ ʧʦʜʜʝʨʞʢʝ ʛʨʘʥʪʘ ʈʌʌʀ, ʛʨʘʥʪ ˉ 17-07-00369. 
 

ʃʀʊɽʈɸʊʋʈɸ 
 

1. ɺ.ʀ. ɹʘʣʘʢʰʠʡ, ɺ.ʅ. ʇʘʨʳʛʠʥ, ʃ.ɽ. ʏʠʨʢʦʚ "ʌʠʟʠʯʝʩʢʠʝ ʦʩʥʦʚʳ ʘʢʫʩʪʦʦʧʪʠʢʠ"  

ʄ.: ʈʘʜʠʦ ʠ ʩʚʷʟʴ, 1985. 
2. J. Xu and R. Stroud, Acousto-Optic Devices: Principles, Design, and Applications 

Wiley, 1992. 
3. V.I. Balakshy, M. I. Kupreychik // Opt. Spectrosc. 2017. V. 123. P. 463. 

4. V.I. Balakshy, M. I. Kupreychik // Applied Optics. 2018. V. 57. P. 5549. 

5. D. A. Pinnow and R. W. Dixon // Appl. Phys. Lett. 1968. V. 13. P. 156. 

6. ʅ. ʈ. ʀʚʘʥʦʚ, ʆ. ɸ. ʏʠʭʣʘʜʟʝ // ʂʨʠʩʪʘʣʣʦʛʨʘʬʠʷ. 1976. V. 21. No 1. P. 125. 

7. H. Naito and H. Inaba // Opto-electron. 1972. V. 4. P. 335. 

8. V. I. Balakshy and S. N. Mantsevich // Acoust. Physics. 2012. V. 58. P. 549.  

9. S. N. Mantsevich et al. // Ultrasonics. 2017. V. 78. P. 175. 

10. V. I. Balakshy, A. S. Voloshin, and V. Ya. Molchanov // Ultrasonics. 2015. V. 59.  

P. 102. 



ʊʨʫʜʳ ʰʢʦʣʳ-ʩʝʤʠʥʘʨʘ çɺʦʣʥʳ-2019è. ɸʢʫʩʪʠʢʘ ʠ ʘʢʫʩʪʦʦʧʪʠʢʘ 

 

 

46 

 

ʏʠʩʣʝʥʥʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʠ 3D ʚʠʟʫʘʣʠʟʘʮʠʷ ʩʜʚʠʛʦʚʳʭ ʚʦʣʥ ʚ 

ʤʷʛʢʠʭ ʙʠʦʣʦʛʠʯʝʩʢʠʭ ʪʢʘʥʷʭ 
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ʏʠʩʣʝʥʥʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʤʝʜʠʮʠʥʩʢʦʛʦ ʫʣʴʪʨʘʟʚʫʢʘ ʟʥʘʯʠʪʝʣʴʥʦ ʧʨʦʜʚʠʥʫʣʦʩʴ. 

ʕʪʦ ʦʪʢʨʳʚʘʝʪ ʤʥʦʞʝʩʪʚʦ ʚʦʟʤʦʞʥʦʩʪʝʡ ʜʣʷ ʤʝʜʠʮʠʥʩʢʦʛʦ ʫʣʴʪʨʘʟʚʫʢʘ ʠ 

ʩʦʧʫʪʩʪʚʫʶʱʠʭ ʪʝʭʥʦʣʦʛʠʠ. ʄʥʦʛʦʯʠʩʣʝʥʥʳʝ ʥʦʚʳʝ ʦʧʨʝʜʝʣʷʶʱʠʝ ʫʨʘʚʥʝʥʠʷ ʠ 

ʘʣʛʦʨʠʪʤʳ ʧʦʷʚʠʣʠʩʴ ʠ ʙʳʣʠ ʧʨʠʤʝʥʝʥʳ ʜʣʷ ʠʟʫʯʝʥʠʷ ʨʘʟʣʠʯʥʳʭ ʤʝʜʠʮʠʥʩʢʠʭ 

ʫʣʴʪʨʘʟʚʫʢʦʚʳʭ ʧʨʠʣʦʞʝʥʠʡ, ʚ ʪʦʤ ʯʠʩʣʝ ʚʠʟʫʘʣʠʟʘʮʠʠ ʫʣʴʪʨʘʟʚʫʢʘ. ʂʨʦʤʝ ʪʦʛʦ, 

ʙʣʘʛʦʜʘʨʷ ʙʳʩʪʨʦʡ ʧʨʦʛʨʝʩʩʠʠ ʢʦʤʧʴʶʪʝʨʦʚ, ʤʦʜʝʣʠʨʫʶʱʠʭ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʝ 

ʘʢʫʩʪʠʯʝʩʢʠʭ ʚʦʣʥ ʚ ʪʨʝʭʤʝʨʥʦʤ ʧʨʦʩʪʨʘʥʩʪʚʝ, ʢʨʫʧʥʦʤʘʩʰʪʘʙʥʳʝ ʜʦʤʝʥʳ ʩʪʘʣʠ 

ʨʝʘʣʴʥʦʩʪʴʶ [1]. 

ʇʨʦʚʝʜʝʥʠʝ ʬʠʟʠʯʝʩʢʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʪʨʝʙʫʝʪ ʟʥʘʯʠʪʝʣʴʥʦʡ ʧʦʜʛʦʪʦʚʢʠ, 

ʩʚʷʟʘʥʥʦʡ ʩ ʧʦʜʛʦʪʦʚʢʦʡ ʦʙʲʝʢʪʘ ʤʦʜʝʣʠʨʦʚʘʥʠʷ, ʠ ʣʶʙʘʷ ʜʦʧʫʱʝʥʥʘʷ ʦʰʠʙʢʘ ʩʝʨʴʝʟʥʦ 

ʚʣʠʷʝʪ ʥʘ ʨʝʟʫʣʴʪʘʪ, ʧʦʵʪʦʤʫ ʯʠʩʣʝʥʥʳʡ ʵʢʩʧʝʨʠʤʝʥʪ ʧʦʟʚʦʣʷʝʪ ʧʨʝʜʩʢʘʟʘʪʴ ʨʝʟʫʣʴʪʘʪ 

ʬʠʟʠʯʝʩʢʦʛʦ ʠʟʤʝʨʝʥʠʷ, ʦʮʝʥʠʪʴ ʨʝʟʫʣʴʪʘʪ, ʠ ʧʨʠ ʥʘʣʠʯʠʠ ʦʰʠʙʢʠ ʟʘʤʝʪʠʪʴ ʝʝ ʠ ʚʥʝʩʪʠ 

ʧʦʧʨʘʚʢʠ. 

ʈʘʩʧʨʦʩʪʨʘʥʝʥʠʝ ʚʦʣʥ ʚ ʫʧʨʫʛʠʭ ʩʨʝʜʘʭ ʫʜʦʙʥʦ ʤʦʜʝʣʠʨʦʚʘʪʴ ʚ ʧʘʢʝʪʝ MATLAB , 

ʦʧʪʠʤʠʟʠʨʦʚʘʥʥʦʤ ʜʣʷ ʨʘʙʦʪʳ ʩ ʤʘʪʨʠʮʘʤʠ ʙʦʣʴʰʦʛʦ ʨʘʟʤʝʨʘ, ʘ ʜʣʷ ʫʜʦʙʩʪʚʘ ʨʘʙʦʪʳ ʩ 

ʧʨʦʩʪʨʘʥʩʪʚʦʤ toolbox k-Wave, ʩʦʟʜʘʥʥʳʡ ʜʣʷ ʨʘʩʯʝʪʘ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʚʦʣʥ ʚ ʫʧʨʫʛʠʭ 

ʩʨʝʜʘʭ. 

ʏʠʩʣʝʥʥʘʷ ʤʦʜʝʣʴ ʥʘʙʦʨʘ ʩʢʨʠʧʪʦʚ k-wave ʧʦʜʨʘʟʫʤʝʚʘʝʪ ʨʘʙʦʪʫ ʩ ʧʨʦʩʪʨʘʥʩʪʚʦʤ 

ʢʘʢ ʠʥʠʮʠʘʣʠʟʘʮʠʶ ʤʘʪʨʠʮʳ ʟʘʜʘʥʥʦʛʦ ʨʘʟʤʝʨʘ, ʢʘʞʜʦʤʫ ʵʣʝʤʝʥʪʫ ʢʦʪʦʨʦʡ 

ʧʨʠʩʚʘʠʚʘʶʪʩʷ ʥʝʦʙʭʦʜʠʤʳʝ ʬʠʟʠʯʝʩʢʠʝ ʧʘʨʘʤʝʪʨʳ, ʥʝʦʙʭʦʜʠʤʳʝ ʜʣʷ ʨʘʩʯʝʪʘ ʧʦʣʷ ʚ 

ʪʦʯʢʝ. ɺ ʧʨʦʩʪʨʘʥʩʪʚʝ k-wave ʜʘʥʥʘʷ ʤʘʪʨʠʮʘ ʠʤʝʝʪ ʥʘʟʚʘʥʠʝ kgrid.  

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʙʳʣʦ ʧʨʦʚʝʜʝʥʦ ʯʠʩʣʝʥʥʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʤʝʪʦʜʘ ʵʣʘʩʪʦʛʨʘʬʠʠ 

ʩʜʚʠʛʦʚʦʡ ʚʦʣʥʦʡ (Shear Wave Elasticity Imaging SWEI). ɼʘʥʥʳʡ ʤʝʪʦʜ ʙʳʣ ʨʝʘʣʠʟʦʚʘʥ 

ʥʘ ʩʠʩʪʝʤʝ Verasonics ʩ ʦʪʢʨʳʪʦʡ ʘʨʭʠʪʝʢʪʫʨʦʡ ʥʘ ʢʘʬʝʜʨʝ ʘʢʫʩʪʠʢʠ ʚ ʣʘʙʦʨʘʪʦʨʠʷ 

ʙʠʦʤʝʜʠʮʠʥʩʢʠʭ ʪʝʭʥʦʣʦʛʠʡ, ʤʝʜʠʮʠʥʩʢʦʛʦ ʧʨʠʙʦʨʦʩʪʨʦʝʥʠʷ ʠ ʘʢʫʩʪʠʯʝʩʢʦʡ 

ʜʠʘʛʥʦʩʪʠʢʠ çʄʝʜʃʘʙè ʅʅɻʋ ʠʤ. ʅ.ʀ. ʃʦʙʘʯʝʚʩʢʦʛʦ [2]. ʕʪʦ ʧʦʟʚʦʣʷʝʪ ʧʨʦʚʝʨʷʪʴ 

ʨʝʟʫʣʴʪʘʪʳ, ʧʦʣʫʯʝʥʥʳʝ ʩ ʧʦʤʦʱʴʶ ʯʠʩʣʝʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ, ʥʘ ʧʨʘʢʪʠʢʝ. 

ʈʝʘʣʠʟʘʮʠʷ ʯʠʩʣʝʥʥʦʛʦ ʨʝʰʝʥʠʷ ʟʘʜʘʯʠ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʧʦʜʨʘʟʫʤʝʚʘʝʪ ʨʘʟʜʝʣʝʥʠʝ 

ʥʘ ʵʪʘʧʳ: ʩʥʘʯʘʣʘ ʟʘʜʘʝʪʩʷ ʩʨʝʜʘ, ʚ ʢʦʪʦʨʦʡ ʧʨʦʚʦʜʠʪʩʷ ʤʦʜʝʣʠʨʦʚʘʥʠʝ (ʵʪʦ ʤʦʞʝʪ ʙʳʪʴ 

ʢʘʢ ʣʠʥʝʡʥʘʷ ʩʨʝʜʘ, ʪʘʢ ʠ ʥʝʣʠʥʝʡʥʦʝ ʧʨʦʩʪʨʘʥʩʪʚʦ), ʧʦʩʣʝ ʵʪʦʛʦ ʩʪʘʚʠʪʩʷ ʜʘʪʯʠʢ (ʚ 

ʜʘʥʥʦʤ ʩʣʫʯʘʝ ʵʪʦ ʤʦʜʝʣʴ ʩʪʘʥʜʘʨʪʥʦʛʦ ʣʠʥʝʡʥʦʛʦ ʜʘʪʯʠʢʘ ʜʣʷ ʫʣʴʪʨʘʟʚʫʢʦʚʳʭ 

ʠʩʩʣʝʜʦʚʘʥʠʡ), ʠ, ʥʘʢʦʥʝʮ, ʩʠʤʫʣʷʮʠʷ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʚʦʣʥ ʚ ʩʨʝʜʝ. 

ɺ ʩʣʫʯʘʝ ʩ ʣʠʥʝʡʥʳʤ ʜʘʪʯʠʢʦʤ ʠʟʣʫʯʘʪʝʣʝʤ ʷʚʣʷʝʪʩʷ ʬʘʟʠʨʦʚʘʥʥʘʷ ʘʥʪʝʥʥʘʷ 

ʨʝʰʝʪʢʘ, ʩʦʩʪʦʷʱʘʷ ʠʟ 128 ʵʣʝʤʝʥʪʦʚ. ɺ ʨʘʤʢʘʭ ʟʘʜʘʥʥʦʡ ʯʠʩʣʝʥʥʦʡ ʤʦʜʝʣʠ ʵʪʦ 128 

ʪʦʯʝʯʥʳʭ ʠʩʪʦʯʥʠʢʦʚ(ʨʠʩ.1ʘ). ɼʣʷ ʧʦʣʫʯʝʥʠʷ ʩʜʚʠʛʦʚʦʡ ʚʦʣʥʳ ʥʝʦʙʭʦʜʠʤʦ 

ʩʬʦʢʫʩʠʨʦʚʘʪʴ ʠʟʣʫʯʘʪʝʣʠ ʚ ʪʦʯʢʫ. ʕʪʦ ʜʦʩʪʠʛʘʝʪʩʷ ʩ ʧʦʤʦʱʴʶ ʢʚʘʜʨʘʪʠʯʥʦʛʦ ʬʘʟʦʚʦʛʦ 

ʥʘʙʝʛʘ ʥʘ ʢʘʞʜʦʤ ʠʟʣʫʯʘʪʝʣʝ, ʟʘ ʥʦʣʴ ʩʯʠʪʘʝʤ ʮʝʥʪʨ ʜʘʪʯʠʢʘ. ɼʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ 

ʩʜʚʠʛʦʚʦʡ ʚʦʣʥʳ ʠʩʪʦʯʥʠʢ ʨʘʩʧʦʣʦʞʝʥ ʚ ʦʙʣʘʩʪʠ ʧʷʪʥʘ ʬʦʢʫʩʠʨʦʚʢʠ ʠ ʩʦʩʪʦʠʪ ʠʟ 8 

ʵʣʝʤʝʥʪʦʚ, ʨʘʩʧʦʣʦʞʝʥʥʳʭ ʚ ʬʦʨʤʝ ʨʦʤʙʘ (ʨʠʩ.1ʙ). ʉʨʝʜʘ ʚ ʜʘʥʥʦʡ ʤʦʜʝʣʠ ʧʨʠʥʷʪʘ 

ʦʜʥʦʨʦʜʥʦʡ, ʩ ʪʘʢʠʤʠ ʭʘʨʘʢʪʝʨʥʳʤʠ ʧʘʨʘʤʝʪʨʘʤʠ, ʢʘʢ ʧʣʦʪʥʦʩʪʴ ɟ = 1020 ʢʛ/ʤ3 ʠ 

ʩʢʦʨʦʩʪʴ ʟʚʫʢʘ ʉ = 1540 ʤ/ʩ. 
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ʈʠʩ. 1. ʘ) ɺʠʟʫʘʣʠʟʘʮʠʷ ʨʘʩʯʝʪʥʦʛʦ ʜʘʚʣʝʥʠʷ ʬʦʢʫʩʠʨʦʚʢʠ ʫʣʴʪʨʘʟʚʫʢʦʚʳʭ ʠʟʣʫʯʘʪʝʣʝʡ, ʘʥʘʣʦʛʠʯʥʳʭ 
ʣʠʥʝʡʥʦʤʫ ʤʝʜʠʮʠʥʩʢʦʤʫ ʜʘʪʯʠʢʫ L7-4, ʙ) ɺʠʟʫʘʣʠʟʘʮʠʷ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʩʜʚʠʛʦʚʦʡ ʚʦʣʥʳ ʥʘ ʦʩʥʦʚʝ 
ʨʘʩʯʝʪʘ ʜʘʚʣʝʥʠʷ ʧʨʠ ʬʦʢʫʩʠʨʦʚʢʝ 

 

ʉʦʩʪʦʷʥʠʝ ʩʨʝʜʳ ʚ ʧʨʦʮʝʩʩʝ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʩʦʭʨʘʥʷʝʪʩʷ ʚ ʚʠʜʝ ʤʘʩʩʠʚʘ 

ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʜʘʚʣʝʥʠʷ ʥʘ ʢʘʞʜʦʤ ʠʪʝʨʘʮʠʦʥʥʦʤ ʰʘʛʝ ʘʣʛʦʨʠʪʤʘ, ʯʪʦ, ʧʨʠ ʩʦʭʨʘʥʝʥʠʠ 

ʵʪʠʭ ʜʘʥʥʳʭ, ʧʦʟʚʦʣʷʝʪ ʚʠʟʫʘʣʠʟʠʨʦʚʘʪʴ ʥʝ ʪʦʣʴʢʦ ʨʝʟʫʣʴʪʘʪ ʚ ʢʦʥʝʯʥʳʡ ʤʦʤʝʥʪ 

ʚʨʝʤʝʥʠ, ʥʦ ʠ ʵʚʦʣʶʮʠʶ ʩʨʝʜʳ. 

ɼʣʷ ʪʦʛʦ, ʯʪʦʙʳ ʙʦʣʝʝ ʥʘʛʣʷʜʥʦ ʚʠʟʫʘʣʠʟʠʨʦʚʘʪʴ ʧʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ, 

ʠʩʧʦʣʴʟʦʚʘʥʦ ʧʨʦʛʨʘʤʤʥʦʝ ʦʙʝʩʧʝʯʝʥʠʝ Autodesk Maya ï ʧʘʢʝʪ ʜʣʷ ʨʘʙʦʪʳ ʩ 3d 

ʛʨʘʬʠʢʦʡ ʠ ʘʥʠʤʘʮʠʝʡ. ɽʛʦ ʧʨʝʠʤʫʱʝʩʪʚʦʤ ʧʝʨʝʜ ʘʥʘʣʦʛʘʤʠ ʷʚʣʷʝʪʩʷ ʪʦ, ʯʪʦ ʠʟʥʘʯʘʣʴʥʦ 

ʦʥ ʨʘʟʨʘʙʘʪʳʚʘʣʩʷ ʜʣʷ ʨʘʙʦʪʳ ʩ ʚʝʨʰʠʥʥʦʡ ʛʝʦʤʝʪʨʠʝʡ, ʘ ʥʝ ʧʣʦʩʢʦʩʪʥʦʡ, ʯʪʦ ʦʯʝʥʴ 

ʫʜʦʙʥʦ ʧʨʠ ʧʝʨʝʥʦʩʝ ʜʘʥʥʳʭ ʜʣʷ ʚʠʟʫʘʣʠʟʘʮʠʠ, ʧʦʣʫʯʝʥʠʝ ʢʦʪʦʨʳʭ ʦʩʥʦʚʘʥʦ ʥʘ 

ʢʦʦʨʜʠʥʘʪʥʦʡ ʩʝʪʢʝ [3]. 

ʆʥ ʦʙʣʘʜʘʝʪ ʩʚʦʠʤ ʩʢʨʠʧʪʦʚʳʤ ʷʟʳʢʦʤ ʧʨʦʛʨʘʤʤʠʨʦʚʘʥʠʷ, ʯʪʦ ʧʦʟʚʦʣʠʣʦ 

ʠʩʧʦʣʴʟʦʚʘʪʴ ʯʠʩʣʝʥʥʳʝ ʟʥʘʯʝʥʠʷ, ʧʦʣʫʯʝʥʥʳʝ ʚ k-Wave, ʜʣʷ ʚʠʟʫʘʣʠʟʘʮʠʠ ʛʝʥʝʨʘʮʠʠ 

ʫʣʴʪʨʘʟʚʫʢʦʚʦʛʦ ʧʫʯʢʘ ʠ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʩʜʚʠʛʦʚʦʡ ʚʦʣʥʳ ʩ ʧʦʤʦʱʴʶ ʛʝʦʤʝʪʨʠʯʝʩʢʠʭ 

ʧʨʠʤʠʪʠʚʦʚ. 

ɼʣʷ ʧʦʣʫʯʝʥʠʷ ʪʨʝʭʤʝʨʥʦʛʦ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʠʩʧʦʣʴʟʦʚʘʣʘʩʴ ʮʠʣʠʥʜʨʠʯʝʩʢʘʷ 

ʩʠʤʤʝʪʨʠʷ ʦʪʥʦʩʠʪʝʣʴʥʦ ʦʩʠ ʬʦʢʫʩʠʨʦʚʢʠ ʫʣʴʪʨʘʟʚʫʢʦʚʦʛʦ ʧʫʯʢʘ, ʧʦʩʢʦʣʴʢʫ 

ʧʦʣʫʯʝʥʥʦʝ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʝ ʩʜʚʠʛʦʚʦʡ ʚʦʣʥʳ ʩʧʨʘʚʝʜʣʠʚʦ ʜʣʷ ʣʶʙʦʛʦ ʥʘʧʨʘʚʣʝʥʠʷ, 

ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦʛʦ ʢ ʦʩʠ ʬʦʢʫʩʠʨʦʚʢʠ ʧʫʯʢʘ. 

ɼʘʥʥʳʝ ʯʠʩʣʝʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʠʟ MatLab ʵʢʩʧʦʨʪʠʨʫʶʪʩʷ ʚʦ ʚʥʝʰʥʠʡ 

ʪʝʢʩʪʦʚʳʡ ʬʘʡʣ, ʩ ʢʦʪʦʨʳʤ ʨʘʙʦʪʘʝʪ ʚʥʝʰʥʠʡ ʩʢʨʠʧʪ, ʚʳʜʝʣʷʷ ʛʨʘʥʠʮʳ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ 

ʩʜʚʠʛʦʚʦʡ ʚʦʣʥʳ ʠ ʧʨʝʦʙʨʘʟʦʚʳʚʘʷ ʠʭ ʚ ʛʨʘʥʠʮʳ ʛʝʦʤʝʪʨʠʯʝʩʢʠʭ ʧʨʠʤʠʪʠʚʦʚ, ʩ 

ʧʦʤʦʱʴʶ ʢʦʪʦʨʳʭ 2D ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʝ ʚʠʟʫʘʣʠʟʠʨʫʝʪʩʷ ʢʘʢ 3D. ɺ ʢʘʯʝʩʪʚʝ 

ʧʨʦʤʝʞʫʪʦʯʥʦʛʦ ʷʟʳʢʘ ʤʝʞʜʫ MatLab ʠ Autodesk Maya ʠʩʧʦʣʴʟʦʚʘʣʩʷ Python. 

ʉʨʝʜʩʪʚʘʤʠ ʛʨʘʬʠʯʝʩʢʦʛʦ ʨʝʜʘʢʪʦʨʘ ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʪʨʝʭʤʝʨʥʳʝ ʤʦʜʝʣʠ ʧʷʪʥʘ 

ʬʦʢʫʩʠʨʦʚʢʠ ʠ ʛʨʘʥʠʮʳ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʩʜʚʠʛʦʚʦʡ ʚʦʣʥʳ (ʨʠʩ.2). ɼʣʷ ʥʘʛʣʷʜʥʦʩʪʠ ʚ 

ʧʨʦʩʪʨʘʥʩʪʚʦ ʜʦʙʘʚʣʝʥʦ ʛʨʘʬʠʯʝʩʢʦʝ ʨʝʰʝʥʠʝ ʠʟ k-Wave, ʯʪʦ ʧʦʟʚʦʣʠʣʦ 
ʚʠʟʫʘʣʠʟʠʨʦʚʘʪʴ ʫʣʴʪʨʘʟʚʫʢʦʚʦʡ ʧʫʯʦʢ ʠ ʚʦʣʥʦʚʦʡ ʬʨʦʥʪ ʥʘ ʬʦʥʝ ʧʨʦʮʝʩʩʘ 

ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʜʘʚʣʝʥʠʷ ʚ ʩʨʝʜʝ.  

ɼʘʥʥʳʡ ʧʨʦʛʨʘʤʤʥʳʡ ʧʘʢʝʪ ʧʦʟʚʦʣʷʝʪ ʨʘʙʦʪʘʪʴ ʩ ʘʥʠʤʘʮʠʝʡ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ 

ʧʦʢʘʟʘʪʴ ʥʝ ʪʦʣʴʢʦ ʤʦʤʝʥʪʥʦʝ ʧʦʣʦʞʝʥʠʝ ʚʦʣʥʦʚʦʛʦ ʬʨʦʥʪʘ, ʥʦ ʠ ʝʛʦ ʵʚʦʣʶʮʠʶ ʚʦ 

ʚʨʝʤʝʥʠ. ɼʣʷ ʵʪʦʛʦ ʥʝʦʙʭʦʜʠʤʦ ʥʘ ʢʘʞʜʦʡ ʠʪʝʨʘʮʠʠ ʘʣʛʦʨʠʪʤʘ ʚʳʛʨʫʞʘʪʴ ʜʦʥʥʳʝ ʠʟ 
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MatLab, ʩʪʨʦʠʪʴ ʚ ʛʨʘʬʠʯʝʩʢʦʤ ʨʝʜʘʢʪʦʨʝ ʪʝʢʫʱʝʝ ʩʦʩʪʦʷʥʠʝ ʩʨʝʜʳ, ʧʦʩʣʝ ʯʝʛʦ 

ʧʨʦʜʦʣʞʠʪʴ ʚʳʧʦʣʥʝʥʠʝ ʘʣʛʦʨʠʪʤʘ, ʧʦʚʪʦʨʷʷ ʧʨʦʮʝʩʩ ʚʠʟʫʘʣʠʟʘʮʠʠ ʥʘ ʢʘʞʜʦʤ ʰʘʛʝ.  

 

ʈʠʩ.2 ɺʠʟʫʘʣʠʟʘʮʠʷ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʬʨʦʥʪʘ ʩʜʚʠʛʦʚʦʡ ʚʦʣʥʳ ʩʨʝʜʩʪʚʘʤʠ Autodesk Maya 
 

ɼʣʷ ʩʨʘʚʥʝʥʠʷ ʯʠʩʣʝʥʥʦʛʦ ʠ ʬʠʟʠʯʝʩʢʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ 

ʨʝʟʫʣʴʪʘʪʳ background ʬʘʥʪʦʤʘ. ʌʠʟʠʯʝʩʢʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʙʳʣʦ ʨʝʘʣʠʟʦʚʘʥʦ ʥʘ 

ʩʠʩʪʝʤʝ Verasonics ʩ ʦʪʢʨʳʪʦʡ ʘʨʭʠʪʝʢʪʫʨʦʡ ʥʘ ʢʘʬʝʜʨʝ ʘʢʫʩʪʠʢʠ ʚ ʣʘʙʦʨʘʪʦʨʠʷ 

ʙʠʦʤʝʜʠʮʠʥʩʢʠʭ ʪʝʭʥʦʣʦʛʠʡ, ʤʝʜʠʮʠʥʩʢʦʛʦ ʧʨʠʙʦʨʦʩʪʨʦʝʥʠʷ ʠ ʘʢʫʩʪʠʯʝʩʢʦʡ 

ʜʠʘʛʥʦʩʪʠʢʠ çʄʝʜʃʘʙè ʅʅɻʋ ʠʤ. ʅ.ʀ. ʃʦʙʘʯʝʚʩʢʦʛʦ. Background ʠʟʤʝʨʷʣʩʷ ʥʘ ʬʘʥʪʦʤʝ 

CIRS model 049A. ɼʣʷ ʯʠʩʣʝʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʦʧʠʩʘʥʥʳʡ ʚʳʰʝ 

ʘʣʛʦʨʠʪʤ, ʚ ʢʘʯʝʩʪʚʝ ʚʭʦʜʥʳʭ ʜʘʥʥʳʭ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʩʣʝʜʫʶʱʠʝ ʩʚʦʡʩʪʚʘ ʩʨʝʜʳ: ʉ = 

1540 m/s, ɟ = 1010 kg/m3. ʇʘʨʘʤʝʪʨʳ ʠʩʪʦʯʥʠʢʘ: f = 5MHz, 128 ʠʟʣʫʯʘʪʝʣʝʡ, ʘʥʘʣʦʛʠʯʥʳʭ 

ʣʠʥʝʡʥʦʤʫ ʤʝʜʠʮʠʥʩʢʦʤʫ ʜʘʪʯʠʢʫ L7-4. 

 K-wave CIRS 

V ʩʜʚʠʛʦʚʘʷ, ʤ/ʩ 3.12 2.35 

E, ʢʇʘ 29.49 16.7 

 

ʅʘ ʪʝʢʫʱʠʡ ʤʦʤʝʥʪ ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʚ ʦʜʥʦʨʦʜʥʦʡ 

ʩʨʝʜʝ, ʵʪʦ ʥʝʦʙʭʦʜʠʤʦ ʜʣʷ ʧʨʦʚʝʨʢʠ ʠ ʦʪʣʘʜʢʠ ʘʣʛʦʨʠʪʤʘ(ʥʦ ʥʝʦʙʭʦʜʠʤʳʝ ʜʦʧʦʣʥʝʥʠʷ 

ʜʣʷ ʫʯʝʪʘ ʥʝʣʠʥʝʡʥʦʩʪʠ ʩʨʝʜʳ ʚ ʘʣʛʦʨʠʪʤ ʟʘʣʦʞʝʥʳ). ɺ ʜʘʣʴʥʝʡʰʝʤ ʷ ʧʣʘʥʠʨʫʶ 

ʜʦʨʘʙʦʪʘʪʴ ʠ ʧʨʠʤʝʥʠʪʴ ʜʘʥʥʳʡ ʘʣʛʦʨʠʪʤ ʜʣʷ ʨʘʩʩʤʦʪʨʝʥʠʷ ʥʝʦʜʥʦʨʦʜʥʳʭ ʩʨʝʜ, ʪʘʢ ʢʘʢ 

ʚ ʤʝʜʠʮʠʥʩʢʦʤ ʧʨʠʣʦʞʝʥʠʠ ʠʤʝʥʥʦ ʦʥʠ ʧʨʝʜʩʪʘʚʣʷʶʪ ʥʘʠʙʦʣʴʰʠʡ ʠʥʪʝʨʝʩ, ʚ ʢʘʯʝʩʪʚʝ 

ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʤʷʛʢʠʭ ʙʠʦʣʦʛʠʯʝʩʢʠʭ ʪʢʘʥʝʡ. 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʧʦʜʜʝʨʞʢʝ ʛʨʘʥʪʘ ʈʅʌ, ʧʨʦʝʢʪ 19-12-00256. 
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ʃʘʟʝʨʥʘʷ ʘʙʣʷʮʠʷ ʪʚʝʨʜʳʭ ʪʝʣ ʚ ʞʠʜʢʦʩʪʠ ʷʚʣʷʝʪʩʷ ʦʜʥʠʤ ʠʟ ʚʦʩʪʨʝʙʦʚʘʥʥʳʭ 

ʤʝʪʦʜʦʚ ʧʦʣʫʯʝʥʠʷ ʥʘʥʦʯʘʩʪʠʮ [1], ʧʦʟʚʦʣʷʶʱʠʤ ʩʠʥʪʝʟʠʨʦʚʘʪʴ ʥʘʥʦʯʘʩʪʠʮ rʟʘʜʘʥʥʳʭ 

ʨʘʟʤʝʨʦʚ ʠ ʩʚʦʡʩʪʚ ʠʟ ʨʘʟʣʠʯʥʳʭ ʤʘʪʝʨʠʘʣʦʚ, ʚ ʪʦʤ ʯʠʩʣʝ ʠ ʪʦʛʜʘ, ʢʦʛʜʘ ʠʩʧʦʣʴʟʦʚʘʥʠʝ 

ʜʨʫʛʠʭ ʤʝʪʦʜʦʚ ʟʘʪʨʫʜʥʠʪʝʣʴʥʦ [2]. ɺʘʞʥʦ, ʯʪʦ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʘʙʣʷʮʠʦʥʥʳʭ ʯʘʩʪʠʮ ʧʦ 

ʨʘʟʤʝʨʘʤ ʟʘʚʠʩʠʪ ʦʪ ʣʦʢʘʣʴʥʦʛʦ ʤʠʢʨʦʩʢʦʧʠʯʝʩʢʦʛʦ ʜʘʚʣʝʥʠ ̫ʧʘʨʦʚ ʞʠʜʢʦʩʪʠ, ʢʦʪʦʨʦʝ 

ʚ ʧʨʦʮʝʩʩʝ ʣʘʟʝʨʥʦʡ ʘʙʣʷʮʠʠ ʜʦʩʪʠʛʘʝʪ ʩʦʪʝʥ ʘʪʤʦʩʬʝʨ [2]. ʊʘʢʠʝ ʚʝʣʠʯʠʥʳ ʜʘʚʣʝʥʠʷ (ʠ 

ʙʦʣʝʝ!) ʣʦʢʘʣʴʥʦ ʤʦʛʫʪ ʜʦʩʪʠʛʘʪʴʩʷ ʚ ʚʳʩʦʢʦʠʥʪʝʥʩʠʚʥʳʭ ʫʣʴʪʨʘʟʚʫʢʦʚʳʭ ʧʫʯʢʘʭ, ʘ 

ʪʘʢʞʝ ʠʤʝʶʪ ʤʝʩʪʦ ʧʨʠ ʩʪʠʤʫʣʠʨʦʚʘʥʥʦʡ ʤʦʱʥʳʤ ʫʣʴʪʨʘʟʚʫʢʦʤ ʢʘʚʠʪʘʮʠʠ [3]. 

ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʵʪʠʭ ʫʣʴʪʨʘʟʚʫʢʦʚʳʭ ʷʚʣʝʥʠʡ, ʘ ʪʘʢʞʝ ʵʬʬʝʢʪʘ ʫʣʴʪʨʘʟʚʫʢʦʚʦʛʦ 

ʨʘʩʧʳʣʝʥʠʷ ʧʦʟʚʦʣʷʝʪ ʚʳʨʘʙʘʪʳʚʘʪʴ ʨʘʟʥʦʦʙʨʘʟʥʳʝ ʥʘʥʦʯʘʩʪʠʮʳ ʟʘ ʩʯʝʪ ʭʠʤʠʯʝʩʢʠʭ 

ʨʝʘʢʮʠʡ, ʠʥʜʫʮʠʨʦʚʘʥʥʳʭ ʟʚʫʢʦʤ ʚ ʦʙʲʝʤʝ ʩ ʨʘʩʪʚʦʨʦʤ ʨʝʘʛʝʥʪʦʚ [4]. ʅʝʜʦʩʪʘʪʢʦʤ 

ʧʦʜʦʙʥʳʭ ʤʝʪʦʜʦʚ ʷʚʣʷʝʪʩʷ ʥʘʣʠʯʠʝ ʧʨʠʤʝʩʝʡ ʚ ʥʘʥʦʯʘʩʪʠʮʘʭ ʚ ʚʠʜʝ ʧʦʚʝʨʭʥʦʩʪʥʦ-

ʘʢʪʠʚʥʳʭ ʚʝʱʝʩʪʚ (ʇɸɺ). ɺ ʨʘʙʦʪʝ [5] ʵʪʫ ʧʨʦʙʣʝʤʫ ʨʝʰʠʣʠ ʟʘ ʩʯʝʪ ʫʣʴʪʨʘʟʚʫʢʦʚʦʛʦ 

ʦʙʣʫʯʝʥʠʷ ʘʣʶʤʠʥʠʝʚʳʭ ʧʣʝʥʦʢ ʥʘʥʦʤʝʪʨʦʚʦʡ ʪʦʣʱʠʥʳ, ʧʦʛʨʫʞʝʥʥʳʭ ʚ ʞʠʜʢʦʩʪʴ. ɺ 

ʨʝʟʫʣʴʪʘʪʝ ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʥʘʥʦʯʘʩʪʠʮʳ ʘʣʶʤʠʥʠʷ ʙʝʟ ʧʨʠʩʫʪʩʪʚʠʷ ʇɸɺ. ɺ ʪʦʞʝ ʚʨʝʤʷ, 

ʚ [6] ʙʳʣʦ ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥʦ, ʯʪʦ ʧʝʨʠʦʜʠʯʝʩʢʦʝ (~ 200 ɻʮ) ʚʦʟʜʝʡʩʪʚʠʝ 

ʩʬʦʢʫʩʠʨʦʚʘʥʥʳʭ ʫʣʴʪʨʘʟʚʫʢʦʚʳʭ ʨʘʜʠʦʠʤʧʫʣʴʩʦʚ ʩ ʥʝʩʫʱʝʡ ʯʘʩʪʦʪʦʡ ʦʪ 170 ʢɻʮ ʜʦ 

800 ʢɻʮ ʠ ʘʤʧʣʠʪʫʜʦʡ ʜʘʚʣʝʥʠʷ ʚ ʬʦʢʫʩʝ ʧʦʨʷʜʢʘ 6 ʄʇʘ ʥʘ ʛʠʧʩʦʚʳʝ ʬʘʥʪʦʤʳ ʧʦʯʝʯʥʳʭ 

ʢʘʤʥʝʡ ʚ ʚʦʜʝ ʧʨʠʚʦʜʠʪ ʢ ʠʭ ʬʨʘʛʤʝʥʪʘʮʠʠ. ʇʨʠ ʵʪʦʤ ʨʘʟʤʝʨ ʬʨʘʛʤʝʥʪʦʚ ʩ ʨʦʩʪʦʤ 

ʥʝʩʫʱʝʡ ʯʘʩʪʦʪʳ ʫʤʝʥʴʰʘʝʪʩʷ ʦʪ ʥʝʩʢʦʣʴʢʠʭ ʤʠʣʣʠʤʝʪʨʦʚ ʜʦ ʜʦʣʝʡ ʤʠʣʣʠʤʝʪʨʘ. ʉ 

ʫʯʝʪʦʤ ʚʩʝʭ ʵʪʠʭ ʬʘʢʪʦʨʦʚ ʮʝʣʴ ʜʘʥʥʦʡ ʨʘʙʦʪʳ ʩʦʩʪʦʷʣʘ ʚ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʧʨʦʚʝʨʢʝ 

ʥʦʚʦʡ ʚʦʟʤʦʞʥʦʩʪʠ ʦʙʨʘʟʦʚʘʥʠʷ ʥʘʥʦʯʘʩʪʠʮ, ʧʨʠ ʢʦʪʦʨʦʡ ʣʘʟʝʨʥʳʡ ʧʫʯʦʢ ʚ 

ʢʣʘʩʩʠʯʝʩʢʦʡ ʩʭʝʤʝ ʣʘʟʝʨʥʦʡ ʘʙʣʷʮʠʠ ʪʚʝʨʜʳʭ ʪʝʣ ʚ ʞʠʜʢʦʩʪʠ ʟʘʤʝʥʝʥ ʥʘ 

ʚʳʩʦʢʦʠʥʪʝʥʩʠʚʥʳʡ ʫʣʴʪʨʘʟʚʫʢʦʚʦʡ ʧʫʯʦʢ ʤʝʛʘʛʝʨʮʦʚʦʛʦ ʜʠʘʧʘʟʦʥʘ.  

ʉʭʝʤʘ ʠ ʤʝʪʦʜʠʢʘ ʵʢʩʧʝʨʠʤʝʥʪʦʚ. ʋʧʨʦʱʝʥʥʘʷ ʩʭʝʤʘ ʵʢʩʧʝʨʠʤʝʥʪʦʚ 

ʧʨʝʜʩʪʘʚʣʝʥʘ ʥʘ ʈʠʩ. 1a. ʋʣʴʪʨʘʟʚʫʢʦʚʦʡ ʧʫʯʦʢ ʚ ʚʦʜʝ ʩʦʟʜʘʚʘʣʩʷ ʧʴʝʟʦʢʝʨʘʤʠʯʝʩʢʠʤ 

ʵʣʝʤʝʥʪʦʤ (1) ʚ ʚʠʜʝ ʩʬʝʨʠʯʝʩʢʦʛʦ ʩʝʛʤʝʥʪʘ ʜʠʘʤʝʪʨʦʤ 28 ʤʤ. ʋʣʴʪʨʘʟʚʫʢʦʚʦʡ 

ʧʨʝʦʙʨʘʟʦʚʘʪʝʣ ɹ ʚʦʟʙʫʞʜʘʣʩʷ ʨʘʜʠʦʠʤʧʫʣʴʩʘʤʠ ʩ ʥʝʩʫʱʝʡ ʯʘʩʪʦʪʦʡ 1.80 ʄɻʮ ʠ 

ʜʣʠʪʝʣʴʥʦʩʪʴ ʁ 1 ʤʩ, ʩʣʝʜʫʶʱʠʤʠ ʩ ʧʝʨʠʦʜʦʤ 5 ʤʩ. ʀʤʧʫʣʴʩʳ ʬʦʨʤʠʨʦʚʘʣʠʩʴ ʚ 

ʛʝʥʝʨʘʪʦʨʝ Tektronix AFG 3102 ʠ ʫʩʠʣʠʚʘʣʠʩʴ ʢʘʩʢʘʜʦʤ ʫʩʠʣʠʪʝʣʝʡ ʤʦʱʥʦʩʪʠ. 

ʆʢʦʥʝʯʥʳʡ ʫʩʠʣʠʪʝʣ ɹOM3500HF ʠʤʝʣ ʚʳʭʦʜʥʫʶ ʤʦʱʥʦʩʪʴ ʜʦ 3.5 ʢɺʪ. ʄʘʢʩʠʤʘʣʴʥʘʷ 

ʜʣʠʪʝʣʴʥʦʩʪʴ ʫʣʴʪʨʘʟʚʫʢʦʚʦʛʦ ʚʦʟʜʝʡʩʪʚʠʷ ʥʝ ʧʨʝʚʳʰʘʣʘ 3 ʤʠʥʫʪʳ. ʀʟʤʝʨʝʥʠʷ ʦʩʝʚʳʭ 

ʠ ʧʦʧʝʨʝʯʥʳʭ ʨʘʩʧʨʝʜʝʣʝʥʠʡ ʧʦʣʷ ʰʠʨʦʢʦʧʦʣʦʩʥʳʤ (ʜʦ 30 ʄɻʮ) ʟʚʫʢʦʧʨʦʟʨʘʯʥʳʤ 

PVDF-ʛʠʜʨʦʬʦʥʦʤ GEC Marconi ʩ ʜʠʘʤʝʪʨʦʤ ʧʴʝʟʦʘʢʪʠʚʥʦʡ ʟʦʥʳ 0.5 ʤʤ ʧʦʢʘʟʘʣʠ, ʯʪʦ 

ʬʦʢʘʣʴʥʘʷ ʧʝʨʝʪʷʞʢʘ ʩʬʦʢʫʩʠʨʦʚʘʥʥʦʛʦ ʫʣʴʪʨʘʟʚʫʢʦʚʦʛʦ ʧʫʯʢʘ ʨʘʩʧʦʣʦʞʝʥʘ ʚ ʦʙʣʘʩʪʠ 

57-70 ʤʤ ʦʪ ʠʟʣʫʯʘʪʝʣʷ (1), ʘ ʝʝ ʜʠʘʤʝʪʨ ʩʦʩʪʘʚʣʷʝʪ ~ 4 ʤʤ. ʍʘʨʘʢʪʝʨʥʘʷ ʥʝʣʠʥʝʡʥʘʷ 

ʬʦʨʤʘ ʚʨʝʤʝʥʥʦʛʦ ʧʨʦʬʠʣʷ ʘʢʫʩʪʠʯʝʩʢʦʛʦ ʜʘʚʣʝʥʠʷ (ʈʠʩ. 1ʙ) ʩ ʰʠʨʠʥʦʡ ʫʜʘʨʥʦʛʦ 

ʬʨʦʥʪʘ ~ 30 ʥʩ ʧʦʣʫʯʝʥʘ ʥʘ ʦʩʠ ʧʫʯʢʘ ʥʘ ʨʘʩʩʪʦʷʥʠʠ 61 ʤʤ ʦʪ ʠʟʣʫʯʘʪʝʣʷ (1) ʚ ʪʦʯʢʝ, ʛʜʝ 

ʩʫʤʤʘʨʥʳʡ ʧʝʨʝʧʘʜ ʘʢʫʩʪʠʯʝʩʢʦʛʦ ʜʘʚʣʝʥʠʷ ʤʘʢʩʠʤʘʣʝʥ ʠ ʩʦʩʪʘʚʣʷʝʪ 50 ʄʇʘ. ʊʘʢʦʝ 

ʟʥʘʯʝʥʠʝ ʙʣʠʟʢʦ ʢ ʪʝʤ, ʯʪʦ ʠʤʝʶʪ ʤʝʩʪʦ ʚ ʩʦʚʨʝʤʝʥʥʳʭ ʣʠʪʦʪʨʠʧʪʝʨʘʭ, ʩ ʧʦʤʦʱʴʶ 
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ʢʦʪʦʨʳʭ ʫʩʧʝʰʥʦ ʜʨʦʙʷʪ ʢʘʤʥʠ in vivo ʚ ʦʨʛʘʥʠʟʤʝ ʯʝʣʦʚʝʢʘ.   

 

 
ʈʠʩ. 1. ʘ) - ʫʧʨʦʱʝʥʥʘʷ ʩʭʝʤʘ ʵʢʩʧʝʨʠʤʝʥʪʘ: 1 - ʩʬʦʢʫʩʠʨʦʚʘʥʥʳʡ ʫʣʴʪʨʘʟʚʫʢʦʚʦʡ ʧʴʝʟʦʧʨʝʦʙʨʘʟʦʚʘʪʝʣʴ 

ʩ ʨʘʙʦʯʝʡ ʯʘʩʪʦʪʦʡ F=1.80 ʄɻʮ, ʧʝʨʠʦʜ ʩʣʝʜʦʚʘʥʠʷ ʫʣʴʪʨʘʟʚʫʢʦʚʳʭ ʠʤʧʫʣʴʩʦʚ T=5 ʤʩ, ʠʭ ʜʣʠʪʝʣʴʥʦʩʪʴ 

t=1 ʤʩ. 2 - ʛʠʧʩʦʚʳʡ ʦʙʨʘʟʝʮ, 3 - ʛʝʨʤʝʪʠʯʥʦ ʟʘʢʨʳʚʘʝʤʘʷ ʢʶʚʝʪʘ ʩʦ ʟʚʫʢʦʧʨʦʟʨʘʯʥʳʤ ʦʢʥʦʤ 4. ʇʫʥʢʪʠʨʦʤ 

ʦʙʦʟʥʘʯʝʥ ʫʣʴʪʨʘʟʚʫʢʦʚʦʡ ʧʫʯʦʢ. ʙ) - ʚʨʝʤʝʥʥʦʡ ʧʨʦʬʠʣʴ ʘʢʫʩʪʠʯʝʩʢʦʛʦ ʜʘʚʣʝʥʠʷ ʚ ʦʙʣʘʩʪʠ ʬʦʢʘʣʴʥʦʡ 

ʧʝʨʝʪʷʞʢʠ ʫʣʴʪʨʘʟʚʫʢʦʚʦʛʦ ʧʫʯʢʘ.  

 

ʅʝʩʢʦʣʴʢʦ ʪʚʝʨʜʦʪʝʣʴʥʳʭ ʦʙʨʘʟʮʦʚ (2) ʩ ʧʨʦʯʥʦʩʪʴʶ ʥʘ ʩʞʘʪʠʝ 2.5 ʄʇʘ, ʙʳʣʠ 

ʠʟʛʦʪʦʚʣʝʥʳ ʠʟ ʩʫʭʦʡ ʛʠʧʩʦʚʦʡ ʩʤʝʩʠ "ɹʆʃɸʈʉ" ʠ ʨʘʟʤʝʱʘʣʠʩʴ ʚ ʬʦʢʘʣʴʥʦʡ ʦʙʣʘʩʪʠ 

ʫʣʴʪʨʘʟʚʫʢʦʚʦʛʦ ʧʫʯʢʘ. ɸʢʫʩʪʠʯʝʩʢʠʝ ʧʘʨʘʤʝʪʨʳ ʦʙʨʘʟʮʦʚ ʦʢʘʟʘʣʠʩʴ ʙʣʠʟʢʠ ʢ ʜʘʥʥʳʤ, 

ʧʨʠʚʝʜʝʥʥʳʤ ʚ [6-8] ʜʣʷ ʛʠʧʩʦʚʳʭ ʬʘʥʪʦʤʦʚ ʧʦʯʝʯʥʳʭ ʢʘʤʥʝʡ. ʇʨʠ ʬʦʪʦ- ʠ 

ʚʠʜʝʦʨʝʛʠʩʪʨʘʮʠʠ ʭʦʜʘ ʠ ʨʝʟʫʣʴʪʘʪʦʚ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʦʙʨʘʟʮʳ ʬʠʢʩʠʨʦʚʘʣʠʩʴ ʥʘ ʧʦʜʚʝʩʝ 

ʠʟ ʢʘʧʨʦʥʦʚʳʭ ʥʠʪʝʡ. ʉ ʮʝʣʴʶ ʩʙʦʨʘ ʘʙʣʷʮʠʦʥʥʳʭ ʯʘʩʪʠʮ ʜʣʷ ʧʦʩʣʝʜʫʶʱʠʭ ʠʟʤʝʨʝʥʠʡ 

ʠʭ ʧʘʨʘʤʝʪʨʦʚ ʦʙʨʘʟʝʮ ʧʨʠʢʣʝʠʚʘʣʩʷ ʢ ʩʪʝʥʢʝ ʛʝʨʤʝʪʠʯʥʦʡ ʠ ʟʘʧʦʣʥʝʥʥʦʡ 

ʜʠʩʪʠʣʣʠʨʦʚʘʥʥʦʡ ʚʦʜʦʡ ʢʶʚʝʪʳ ʩʦ ʟʚʫʢʦʧʨʦʟʨʘʯʥʳʤ ʦʢʥʦʤ (ʩʤ. ʈʠʩ. 1a). 

ʈʘʩʧʨʝʜʝʣʝʥʠʷ ʘʙʣʷʮʠʦʥʥʳʭ ʯʘʩʪʠʮ ʧʦ ʨʘʟʤʝʨʘʤ ʠ ʤʘʩʩʘʤ ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʥʘ ʣʘʟʝʨʥʦʤ 

ʘʥʘʣʠʟʘʪʦʨʝ ʨʘʟʤʝʨʦʚ ʯʘʩʪʠʮ Shimadzu SALD-7500 ʜʣʷ ʜʚʫʭ ʥʝʟʘʚʠʩʠʤʳʭ ʧʨʦʙ. ʇʨʠ 

ʠʟʤʝʨʝʥʠʷʭ ʧʨʦʙʳ ʠʥʪʝʥʩʠʚʥʦ ʧʝʨʝʤʝʰʠʚʘʣʠʩʴ ʩ ʮʝʣʴʶ ʨʘʟʨʫʰʝʥʠʷ ʢʨʫʧʥʳʭ 

ʘʛʣʦʤʝʨʘʮʠʡ ʯʘʩʪʠʮ, ʚʦʟʥʠʢʘʶʱʠʭ ʧʦʩʣʝ ʫʣʴʪʨʘʟʚʫʢʦʚʦʛʦ ʚʦʟʜʝʡʩʪʚʠʷ. ʈʝʟʫʣʴʪʘʪ 

ʠʟʤʝʨʝʥʠʡ ʬʠʢʩʠʨʦʚʘʣʩʷ, ʢʦʛʜʘ ʨʝʛʠʩʪʨʠʨʫʝʤʳʝ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʯʘʩʪʠʮ ʧʝʨʝʩʪʘʚʘʣʠ 

ʠʟʤʝʥʷʪʴʩʷ ʩʦ ʚʨʝʤʝʥʝʤ. 

ʈʝʟʫʣʴʪʘʪʳ ʠ ʠʭ ʦʙʩʫʞʜʝʥʠʝ. ʇʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʚʦʟʜʝʡʩʪʚʠʝ 

ʤʦʱʥʳʭ ʨʘʜʠʦʠʤʧʫʣʴʩʦʚ ʫʣʴʪʨʘʟʚʫʢʘ, ʩʬʦʢʫʩʠʨʦʚʘʥʥʳʭ ʥʘ ʧʦʚʝʨʭʥʦʩʪʴ ʛʠʧʩʦʚʦʛʦ 

ʬʘʥʪʦʤʘ ʧʦʯʝʯʥʦʛʦ ʢʘʤʥʷ, ʧʨʠʚʦʜʠʪ ʢ ʝʝ ʠʥʪʝʥʩʠʚʥʦʤʫ ʣʦʢʘʣʴʥʦʤʫ ʨʘʟʨʫʰʝʥʠʶ, 

ʩʦʧʨʦʚʦʞʜʘʶʱʠʤʩʷ ʤʠʢʨʦʚʟʨʳʚʘʤʠ ʚ ʦʙʣʘʩʪʠ ʬʦʢʫʩʠʨʦʚʢʠ. ʍʦʪʷ ʚʳʷʩʥʝʥʠʝ ʤʝʭʘʥʠʟʤʘ 

ʪʘʢʦʛʦ ʨʘʟʨʫʰʝʥʠʷ ʥʝ ʚʭʦʜʠʪ ʚ ʮʝʣʠ ʜʘʥʥʦʡ ʨʘʙʦʪʳ, ʚʩʝ ʞʝ ʦʪʤʝʪʠʤ, ʯʪʦ ʚ ʜʘʥʥʳʭ 

ʫʩʣʦʚʠʷʭ ʥʘʠʙʦʣʝʝ ʚʝʨʦʷʪʥʳʤ ʤʝʭʘʥʠʟʤʦʤ ʜʝʩʪʨʫʢʮʠʠ ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ ʥʘʥʦʯʘʩʪʠʮ 

ʧʨʝʜʩʪʘʚʣʷʝʪʩʷ ʫʣʴʪʨʘʟʚʫʢʦʚʘʷ ʢʘʚʠʪʘʮʠʷ. ɺʦ-ʧʝʨʚʳʭ, ʦʮʝʥʢʘ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʚ ʬʦʢʫʩʝ 

ʜʘʝʪ ʚʝʣʠʯʠʥʫ ʧʦʨʷʜʢʘ 400 ɺʪ/ʩʤ2, ʯʪʦ ʥʘʤʥʦʛʦ ʧʨʝʚʦʩʭʦʜʠʪ ʤʘʢʩʠʤʘʣʴʥʦʝ ʟʥʘʯʝʥʠʝ 

ʧʦʨʦʛʘ ʢʘʚʠʪʘʮʠʠ 10 ɺʪ/ʩʤ2 ʚ ʚʦʜʝ ʜʣʷ ʥʝʩʫʱʝʡ ʯʘʩʪʦʪʳ ʫʣʴʪʨʘʟʚʫʢʘ 2 ʄɻʮ, 

ʧʨʠʚʝʜʝʥʥʦʛʦ ʚ [9]. ɺʦʟʥʠʢʥʦʚʝʥʠʶ ʢʘʚʠʪʘʮʠʠ ʚ ʜʘʥʥʳʭ ʫʩʣʦʚʠʷʭ ʩʧʦʩʦʙʩʪʚʫʝʪ ʠ 

ʙʦʣʴʰʘʷ ʚʝʣʠʯʠʥʘ ʜʘʚʣʝʥʠʷ (~10 ʄʇʘ), ʟʘʨʝʛʠʩʪʨʠʨʦʚʘʥʥʘʷ ʚ ʬʘʟʝ ʨʘʟʨʷʞʝʥʠʷ. ʅʘʢʦʥʝʮ, 

ʩʦʛʣʘʩʥʦ [10], ʧʨʠ ʥʝʩʫʱʝʡ ʯʘʩʪʦʪʝ ʫʣʴʪʨʘʟʚʫʢʘ 2 ʄɻʮ ʠ ʜʣʠʪʝʣʴʥʦʩʪʠ ʠʤʧʫʣʴʩʦʚ ʚ 

ʠʥʪʝʨʚʘʣʝ ʦʪ 0.03 ʤʩ ʜʦ 10 ʤʩ ʫʨʦʚʝʥʴ ʘʢʫʩʪʠʯʝʩʢʦʡ ʢʘʚʠʪʘʮʠʠ ʚ ʚʦʜʝ ʤʘʢʩʠʤʘʣʝʥ ʧʨʠ 

ʟʥʘʯʝʥʠʷʭ ʢʦʵʬʬʠʮʠʝʥʪʘ ʟʘʧʦʣʥʝʥʠʷ K ʦʪ 10 ʜʦ 30%. ɺ ʥʘʰʝʤ ʩʣʫʯʘʝ K=20%, ʯʪʦ ʪʘʢʞʝ 

ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʚ ʧʦʣʴʟʫ ʨʘʟʚʠʪʠʷ ʘʢʫʩʪʠʯʝʩʢʦʡ ʢʘʚʠʪʘʮʠʠ. ʆʜʥʦʡ ʠʟ ʭʘʨʘʢʪʝʨʥʳʭ ʝʝ 

ʦʩʦʙʝʥʥʦʩʪʝʡ ʷʚʣʷʝʪʩʷ ʚʟʨʳʚʥʦʡ ʭʘʨʘʢʪʝʨ ʩʭʣʦʧʳʚʘʥʠʷ ʢʘʚʠʪʘʮʠʦʥʥʳʭ ʧʫʟʳʨʴʢʦʚ, 

ʩʦʧʨʦʚʦʞʜʘʶʱʝʛʦʩʷ ʦʙʨʘʟʦʚʘʥʠʝʤ ʫʜʘʨʥʳʭ ʚʦʣʥ. ɽʩʣʠ, ʢʘʢ ʚ ʜʘʥʥʦʤ ʩʣʫʯʘʝ, ʢʦʣʣʘʧʩ 



ʊʨʫʜʳ ʰʢʦʣʳ-ʩʝʤʠʥʘʨʘ çɺʦʣʥʳ-2019è. ɸʢʫʩʪʠʢʘ ʠ ʘʢʫʩʪʦʦʧʪʠʢʘ 

 

 

51 

 

ʧʫʟʳʨʴʢʘ ʧʨʦʠʩʭʦʜʠʪ ʚʙʣʠʟʠ ʪʚʝʨʜʦʡ ʧʦʚʝʨʭʥʦʩʪʠ, ʪʦ ʵʪʦ ʚʳʟʳʚʘʝʪ ʦʙʨʘʟʦʚʘʥʠʝ 

ʤʠʢʨʦʧʦʪʦʢʦʚ, ʢʦʪʦʨʳʝ ʚ ʜʦʧʦʣʥʝʥʠʝ ʢ ʫʜʘʨʥʦʡ ʚʦʣʥʝ ʪʘʢʞʝ ʚʦʟʜʝʡʩʪʚʫʶʪ ʥʘ 

ʧʦʚʝʨʭʥʦʩʪʴ, ʚʳʟʳʚʘʷ ʝʝ ʵʨʦʟʠʶ.  

 

 

ʈʠʩ. 2. ɸ) ʍʘʨʘʢʪʝʨʥʘʷ ʢʘʨʪʠʥʘ ʫʣʴʪʨʘʟʚʫʢʦʚʦʡ ʘʙʣʷʮʠʠ ʛʠʧʩʦʚʦʛʦ ʦʙʨʘʟʮʘ 2. a) - "ʦʙʣʘʢʘ" ʙʦʣʝʝ ʢʨʫʧʥʳʭ 

ʯʘʩʪʠʮ, ʤʝʜʣʝʥʥʦ ʦʩʝʜʘʶʱʠʭ ʥʘ ʜʥʦ ʙʘʩʩʝʡʥʘ, b) - "ʦʙʣʘʢʘ" ʥʘʠʙʦʣʝʝ ʤʝʣʢʠʭ ʯʘʩʪʠʮ, ʜʨʝʡʬʫʶʱʠʭ ʚ 

ʘʢʫʩʪʠʯʝʩʢʦʤ ʧʦʪʦʢʝ ʢ ʚʦʜʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ, ʩ) - ʫʚʝʣʠʯʝʥʥʦʝ ʠʟʦʙʨʘʞʝʥʠʝ ʬʦʢʘʣʴʥʦʡ ʦʙʣʘʩʪʠ 

ʩʬʦʢʫʩʠʨʦʚʘʥʥʦʛʦ ʫʣʴʪʨʘʟʚʫʢʦʚʦʛʦ ʧʫʯʢʘ ʩ ʥʘʠʙʦʣʝʝ ʤʝʣʢʠʤʠ ʯʘʩʪʠʮʘʤʠ, ʟʘʭʚʘʯʝʥʥʳʤʠ ʚ ʫʟʣʳ ʩʪʦʷʯʝʡ 

ʫʣʴʪʨʘʟʚʫʢʦʚʦʡ ʚʦʣʥʳ. Fg - ʚʝʢʪʦʨ ʩʠʣʳ ʪʷʞʝʩʪʠ. B) ʌʦʪʦʛʨʘʬʠʷ ʘʙʣʷʮʠʦʥʥʳʭ ʯʘʩʪʠʮ, ʧʦʣʫʯʝʥʥʘʷ ʥʘ 

ʦʧʪʠʯʝʩʢʦʤ ʤʠʢʨʦʩʢʦʧʝ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʭ40. 

 

ʅʘ ʈʠʩ. 2A ʧʨʠʚʝʜʝʥʘ ʬʦʪʦʛʨʘʬʠʷ, ʠʣʣʶʩʪʨʠʨʫʶʱʘʷ ʭʘʨʘʢʪʝʨʥʳʝ ʧʨʦʮʝʩʩʳ, 

ʥʘʙʣʶʜʘʝʤʳʝ ʧʨʠ ʫʣʴʪʨʘʟʚʫʢʦʚʦʡ ʘʙʣʷʮʠʠ, ʨʝʘʣʠʟʫʝʤʦʡ ʚ ʧʨʝʜʣʦʞʝʥʥʦʡ ʩʭʝʤʝ. ʂʘʢ 

ʚʠʜʥʦ, ʚʟʚʝʩʴ ʘʙʣʷʮʠʦʥʥʳʭ ʯʘʩʪʠʮ, ʚʳʥʝʩʝʥʥʳʭ ʩ ʧʦʚʝʨʭʥʦʩʪʠ ʦʙʨʘʟʮʘ 2 ʚ ʚʦʜʫ ʚ ʚʠʜʝ 

ʩʚʦʝʦʙʨʘʟʥʳʭ "ʦʙʣʘʢʦʚ" (ʩʤ. ʈʠʩ. 2, ʦʙʣʘʩʪʠ, ʚʳʜʝʣʝʥʥʳʝ ʦʚʘʣʘʤʠ), ʫʚʣʝʢʘʝʪʩʷ 

ʦʙʨʘʟʫʶʱʠʤʠʩʷ ʘʢʫʩʪʠʯʝʩʢʠʤʠ ʧʦʪʦʢʘʤʠ. ɹʦʣʝʝ ʢʨʫʧʥʳʝ ʯʘʩʪʠʮʳ ʜʨʝʡʬʫʶʪ ʚ ʧʦʪʦʢʝ ʚ 

ʥʘʧʨʘʚʣʝʥʠʠ ʜʥʘ ʙʘʩʩʝʡʥʘ (ʦʙʣʘʩʪʴ ʦʚʘʣʘ (ʘ) ʥʘ ʈʠʩ. 2). ʆʜʥʦʚʨʝʤʝʥʥʦ ʦʯʝʥʴ ʤʝʣʢʠʝ 

ʯʘʩʪʠʮʳ, ʥʝ ʦʧʫʩʢʘʷʩʴ ʥʘ ʜʥʦ ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʩʠʣʳ ʪʷʞʝʩʪʠ, ʜʨʝʡʬʫʶʪ ʚ ʪʦʤ ʯʠʩʣʝ ʠ ʢ 

ʧʦʚʝʨʭʥʦʩʪʠ ʚʦʜʳ (ʦʙʣʘʩʪʴ ʦʚʘʣʘ (b) ʥʘ ʈʠʩ. 2). ʏʘʩʪʴ ʪʘʢʠʭ ʦʯʝʥʴ ʤʝʣʢʠʭ ʘʙʣʷʮʠʦʥʥʳʭ 

ʯʘʩʪʠʮ ʟʘ ʩʯʝʪ ʜʝʡʩʪʚʠʷ ʨʘʜʠʘʮʠʦʥʥʳʭ ʩʠʣ ʚ ʩʪʦʷʯʝʡ ʫʣʴʪʨʘʟʚʫʢʦʚʦʡ ʚʦʣʥʝ 

ʟʘʭʚʘʪʳʚʘʝʪʩʷ ʚ ʝʝ ʫʟʣʘʭ [11] ʠ, ʪʝʤ ʩʘʤʳʤ, ʚʠʟʫʘʣʠʟʠʨʫʝʪ ʝʝ ʬʨʦʥʪʳ ʚ ʦʙʣʘʩʪʠ 

ʬʦʢʘʣʴʥʦʡ ʧʝʨʝʪʷʞʢʠ (ʦʙʣʘʩʪʴ (ʩ) ʥʘ ʈʠʩ. 2, ʫʚʝʣʠʯʝʥʥʦʝ ʠʟʦʙʨʘʞʝʥʠʝ ʦʙʣʘʩʪʠ 

ʬʦʢʘʣʴʥʦʡ ʧʝʨʝʪʷʞʢʠ). ʊʘʢʦʝ ʧʦʚʝʜʝʥʠʝ ʪʚʝʨʜʦʪʝʣʴʥʳʭ ʘʙʣʷʮʠʦʥʥʳʭ ʯʘʩʪʠʮ ʚ ʚʦʜʝ 

ʩʣʫʞʠʪ ʢʘʯʝʩʪʚʝʥʥʳʤ ʩʚʠʜʝʪʝʣʴʩʪʚʦʤ ʪʦʛʦ, ʯʪʦ ʠʭ ʨʘʟʤʝʨʳ ʘʥʦʤʘʣʴʥʦ ʤʘʣʳ. 

ʈʝʟʫʣʴʪʘʪʳ ʢʦʣʠʯʝʩʪʚʝʥʥʦʛʦ ʘʥʘʣʠʟʘ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʘʙʣʷʮʠʦʥʥʳʭ ʯʘʩʪʠʮ ʧʦ 

ʨʘʟʤʝʨʘʤ ʠ ʤʘʩʩʘʤ ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʈʠʩ. 3. ʂʘʢ ʚʠʜʥʦ ʧʦ ʣʝʚʳʤ ʯʘʩʪʷʤ ʦʙʝʠʭ 

ʛʠʩʪʦʛʨʘʤʤ, ʚ ʨʝʟʫʣʴʪʘʪʝ ʫʣʴʪʨʘʟʚʫʢʦʚʦʡ ʘʙʣʷʮʠʠ ʩʨʝʜʠ ʧʨʦʯʠʭ ʜʝʡʩʪʚʠʪʝʣʴʥʦ 

ʦʙʨʘʟʫʝʪʩʷ ʟʥʘʯʠʪʝʣʴʥʦʝ ʯʠʩʣʦ ʯʘʩʪʠʮ ʥʘʥʦʤʝʪʨʦʚʳʭ ʨʘʟʤʝʨʦʚ. ɺ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ 

ʚʝʨʭʥʝʡ ʛʠʩʪʦʛʨʘʤʤʦʡ ʥʘʠʙʦʣʴʰʝʝ ʯʠʩʣʦ ʪʘʢʠʭ ʯʘʩʪʠʮ ʠʤʝʝʪ ʨʘʟʤʝʨʳ, ʨʘʩʧʨʝʜʝʣʝʥʥʳʝ 

ʚ ʠʥʪʝʨʚʘʣʝ ʦʪ 20 ʥʤ ʜʦ 60 ʥʤ ʩ ʤʘʢʩʠʤʫʤʦʤ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʧʨʠ 35 ʥʤ. ʇʨʠ ʵʪʦʤ ʠʟ 

ʥʠʞʥʝʡ ʛʠʩʪʦʛʨʘʤʤʳ ʩʣʝʜʫʝʪ, ʯʪʦ ʦʙʱʘʷ ʤʘʩʩʘ ʪʘʢʠʭ ʥʘʥʦʯʘʩʪʠʮ ʩʦʩʪʘʚʣʷʝʪ ʯʫʪʴ ʙʦʣʴʰʝ 

ʧʦʣʦʚʠʥʳ ʦʙʱʝʡ ʤʘʩʩʳ ʘʙʣʷʮʠʦʥʥʳʭ ʯʘʩʪʠʮ ʚ ʦʪʦʙʨʘʥʥʳʭ ʧʨʦʙʘʭ. ɺʪʦʨʘʷ ʧʦʣʦʚʠʥʘ 

ʤʘʩʩʳ ʧʨʠʭʦʜʠʪʩʷ ʥʘ ʯʘʩʪʠʮʳ ʩʫʱʝʩʪʚʝʥʥʦ ʙʦʣʴʰʠʭ ʨʘʟʤʝʨʦʚ, ʦʜʥʘʢʦ ʠʭ ʦʪʥʦʩʠʪʝʣʴʥʦʝ 
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ʯʠʩʣʦ ʢʨʘʡʥʝ ʤʘʣʦ.  

 

 

ʈʠʩ. 3. ɻʠʩʪʦʛʨʘʤʤʳ ʨʘʩʧʨʝʜʝʣʝʥʠʡ ʥʦʨʤʠʨʦʚʘʥʥʦʛʦ ʯʠʩʣʘ ʘʙʣʷʮʠʦʥʥʳʭ ʯʘʩʪʠʮ ʧʦ ʨʘʟʤʝʨʘʤ (ʚʝʨʭʥʠʡ 

ʛʨʘʬʠʢ) ʠ ʧʦ ʤʘʩʩʝ (ʥʠʞʥʠʡ ʛʨʘʬʠʢ). 

 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʚʧʝʨʚʳʝ ʟʘʨʝʛʠʩʪʨʠʨʦʚʘʥʦ ʦʙʨʘʟʦʚʘʥʠʝ ʥʘʥʦʯʘʩʪʠʮ ʩ ʨʘʟʤʝʨʘʤʠ ʚ 

ʜʝʩʷʪʢʠ ʥʘʥʦʤʝʪʨʦʚ ʧʨʠ ʘʙʣʷʮʠʠ ʛʠʧʩʦʚʦʛʦ ʦʙʨʘʟʮʘ ʚ ʚʦʜʝ, ʨʝʘʣʠʟʫʝʤʦʡ 

ʩʬʦʢʫʩʠʨʦʚʘʥʥʳʤʠ ʫʣʴʪʨʘʟʚʫʢʦʚʳʤʠ ʠʤʧʫʣʴʩʘʤʠ ʩ ʥʝʩʫʱʝʡ ʯʘʩʪʦʪʦʡ 1.8 ʄɻʮ ʠ 

ʩʫʤʤʘʨʥʳʤ ʧʝʨʝʧʘʜʦʤ ʘʢʫʩʪʠʯʝʩʢʦʛʦ ʜʘʚʣʝʥʠʷ ʚ ʬʦʢʫʩʝ 50 ʄʇʘ.  

ɹʣʘʛʦʜʘʨʥʦʩʪʠ. ʈʘʙʦʪʘ ʧʦʜʜʝʨʞʘʥʘ ʧʨʦʛʨʘʤʤʦʡ ʇʨʝʟʠʜʠʫʤʘ ʈɸʅ I.7 

"ɸʢʪʫʘʣʴʥʳʝ ʧʨʦʙʣʝʤʳ ʬʦʪʦʥʠʢʠ, ʟʦʥʜʠʨʦʚʘʥʠʝ ʥʝʦʜʥʦʨʦʜʥʳʭ ʩʨʝʜ ʠ ʤʘʪʝʨʠʘʣʦʚ". 

ɸʚʪʦʨʳ ʙʣʘʛʦʜʘʨʥʳ ʢ.ʪ.ʥ. ʃ.ʄ. ʂʨʫʪʷʥʩʢʦʤʫ, ʢ.ʬ.-ʤ.ʥ. ɺ.ʅ. ʃʝʜʥʝʚʫ ʠ ʢ.ʬ.-ʤ.ʥ. ɸ.ɺ. 

ʉʠʤʘʢʠʥʫ ʟʘ ʧʦʤʦʱʴ ʚ ʨʘʙʦʪʝ ʠ ʢʦʥʩʫʣʴʪʘʮʠʠ.  
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ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ ʨʝʘʣʠʟʘʮʠʷ ʥʝʣʠʥʝʡʥʦʛʦ ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʛʦ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʢʘʧʠʣʣʷʨʥʦ-ʛʨʘʚʠʪʘʮʠʦʥʥʳʭ ʚʦʣʥ, ʠʥʜʫʮʠʨʦʚʘʥʥʦʛʦ 

ʨʘʜʠʘʮʠʦʥʥʳʤ ʜʘʚʣʝʥʠʝʤ ʫʣʴʪʨʘʟʚʫʢʘ  
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ɺʟʘʠʤʦʜʝʡʩʪʚʠʝ ʫʣʴʪʨʘʟʚʫʢʘ ʩ ʚʦʟʤʫʱʝʥʠʷʤʠ ʧʦʚʝʨʭʥʦʩʪʠ ʞʠʜʢʦʩʪʠ ʧʨʝʜʩʪʘʚʣʷʝʪ 

ʠʥʪʝʨʝʩ ʢʘʢ ʜʣʷ ʬʫʥʜʘʤʝʥʪʘʣʴʥʦʡ ʬʠʟʠʢʠ, ʪʘʢ ʠ ʜʣʷ ʚʦʟʤʦʞʥʳʭ ʧʨʠʤʝʥʝʥʠʡ ʚ 

ʠʥʪʝʥʩʠʚʥʦ ʨʘʟʚʠʚʘʶʱʝʡʩʷ ʤʠʢʨʦ-ʘʢʫʩʪʦ-ʬʣʶʠʜʠʢʝ [1], ʘ  

ʪʘʢʞʝ ʧʨʠ ʣʘʙʦʨʘʪʦʨʥʦʤ ʤʦʜʝʣʠʨʦʚʘʥʠʠ ʤʝʛʘʤʘʩʰʪʘʙʥʳʭ ʚʦʣʥʦʚʳʭ  

ʧʨʦʮʝʩʩʦʚ ʚ ʦʢʝʘʥʝ [2]. ʇʨʦʩʪʝʡʰʠʤ ʧʨʦʷʚʣʝʥʠʝʤ ʪʘʢʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ  

ʷʚʣʷʝʪʩʷ ʣʠʥʝʡʥʦʝ ʚʦʟʙʫʞʜʝʥʠʝ ʢʘʧʠʣʣʷʨʥʦ-ʛʨʘʚʠʪʘʮʠʦʥʥʳʭ ʚʦʣʥ (ʂɻɺ) ʟʘ  

ʩʯʝʪ ʨʘʜʠʘʮʠʦʥʥʦʛʦ ʜʘʚʣʝʥʠʷ ʘʢʫʩʪʠʯʝʩʢʠʭ ʧʫʯʢʦʚ (ʩʤ. ʥʘʧʨʠʤʝʨ [3]). ɼʨʫʛʠʤ ʩʧʦʩʦʙʦʤ 

ʚʦʟʙʫʞʜʝʥʠʷ ʂɻɺ ʷʚʣʷʝʪʩʷ ʧʘʨʘʤʝʪʨʠʯʝʩʢʠʡ ʤʝʭʘʥʠʟʤ, ʠʟʚʝʩʪʥʳʡ  

ʢʘʢ ʥʝʫʩʪʦʡʯʠʚʦʩʪʴ ʌʘʨʘʜʝʷ [4]. ʄʦʜʫʣʷʮʠʷ ʯʘʩʪʦʪʳ ʂɻɺ, ʟʘ ʩʯʝʪ ʘʢʫʩʪʠʯʝʩʢʦʡ 

ʚʠʙʨʘʮʠʠ ʧʦʚʝʨʭʥʦʩʪʠ ʞʠʜʢʦʩʪʠ, ʦʙʫʩʣʦʚʣʝʥʥʦʡ ʵʬʬʝʢʪʦʤ ʠʥʝʨʮʠʠ,  

ʦʧʠʩʘʥʘ ʚ [5]. ɺ [4,5] ʧʘʨʘʤʝʪʨʠʯʝʩʢʘʷ ʤʦʜʫʣʷʮʠʷ ʣʠʥʝʡʥʦʛʦ ʧʘʨʘʤʝʪʨʘ ʩʨʝʜʳ  

ʧʨʠʚʦʜʠʪ ʢ ʣʠʥʝʡʥʦ ʩʚʷʟʘʥʥʳʤ ʧʘʨʘʤ ʬʘʟʦʩʦʧʨʷʞʝʥʥʳʭ ʚʦʣʥ. ʆʜʥʘʢʦ, ʢʦʛʜʘ  

ʚʥʝʰʥʷʷ ʩʠʣʘ ʤʦʜʫʣʠʨʫʝʪ ʥʝʣʠʥʝʡʥʳʡ ʧʘʨʘʤʝʪʨ ʩʠʩʪʝʤʳ, ʚʦʟʥʠʢʘʝʪ ʜʨʫʛʦʡ  

ʪʠʧ ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ, ʧʨʠʚʦʜʷʱʠʡ ʢ ʩʚʷʟʳʚʘʥʠʶ ʚʦʣʥʦʚʳʭ  

ʪʨʠʘʜ. ɺ ʢʘʯʝʩʪʚʝ ʦʜʥʦʛʦ ʠʟ ʧʦʜʦʙʥʳʭ ʧʨʠʤʝʨʦʚ ʤʦʞʥʦ ʫʢʘʟʘʪʴ ʤʦʜʫʣʷʮʠʶ ʥʝʣʠʥʝʡʥʳʭ 

ʫʧʨʫʛʠʭ ʤʦʜʫʣʝʡ ʚ ʤʘʛʥʠʪʥʳʭ ʢʨʠʩʪʘʣʣʘʭ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʳʤ  

ʧʦʣʝʤ [6]. ɺʘʞʥʦʡ ʦʩʦʙʝʥʥʦʩʪʴʶ ʪʘʢʦʛʦ ʥʝʣʠʥʝʡʥʦʛʦ ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ 

ʷʚʣʷʝʪʩʷ ʚʦʟʤʦʞʥʦʩʪʴ ʚʦʟʥʠʢʥʦʚʝʥʠʷ ʚʟʨʳʚʥʦʡ ʥʝʫʩʪʦʡʯʠʚʦʩʪʠ  

ʪʨʝʭ ʩʚʷʟʘʥʥʳʭ ʫʣʴʪʨʘʟʚʫʢʦʚʳʭ ʚʦʣʥ [7]. ɺ [8] ʪʝʦʨʝʪʠʯʝʩʢʠ ʧʦʢʘʟʘʥʦ, ʯʪʦ  

ʟʘʚʠʩʠʤʦʩʪʴ ʩʠʣ ʨʘʜʠʘʮʠʦʥʥʦʛʦ ʜʘʚʣʝʥʠʷ ʠʟʣʫʯʝʥʠʷ ʧʣʦʩʢʦʡ ʫʣʴʪʨʘʟʚʫʢʦʚʦʡ  

ʚʦʣʥʳ ʦʪ ʬʦʨʤʳ ʧʦʚʝʨʭʥʦʩʪʠ, ʥʘ ʢʦʪʦʨʫʶ ʦʥʠ ʜʝʡʩʪʚʫʶʪ, ʪʘʢʞʝ ʤʦʞʝʪ  

ʩʣʫʞʠʪʴ ʩʚʦʝʦʙʨʘʟʥʳʤ ʤʝʭʘʥʠʟʤʦʤ ʥʝʣʠʥʝʡʥʦʛʦ ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ 

ʪʨʠʘʜ ʂɻɺ. ɺ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʧʝʨʚʳʝ ʨʝʟʫʣʴʪʘʪʳ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ 

ʨʝʘʣʠʟʘʮʠʠ ʥʝʣʠʥʝʡʥʦʛʦ ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʫʣʴʪʨʘʟʚʫʢʘ  

ʠ ʂɻɺ, ʨʘʩʩʤʦʪʨʝʥʥʦʛʦ ʚ [8], ʠ ʠʟʤʝʨʝʥʠʡ ʘʤʧʣʠʪʫʜ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʪʨʠʘʜ ʂɻɺ.  

ʉʭʝʤʘ ʠ ʤʝʪʦʜʠʢʘ ʵʢʩʧʝʨʠʤʝʥʪʘ. ʉʭʝʤʘ ʵʢʩʧʝʨʠʤʝʥʪʘ ʧʦʢʘʟʘʥʘ ʥʘ  

ʈʠʩ. 1. ʉʪʝʢʣʷʥʥʘʷ ʢʶʚʝʪʘ ʩ ʨʘʟʤʝʨʘʤʠ 50ʭ18ʭ30 ʤʤ ʧʦ ʦʩʷʤ X, Y ʠ Z ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ 

ʟʘʧʦʣʥʷʣʘʩʴ ʜʦ ʫʨʦʚʥʷ 15 ʤʤ ʠʥʝʨʪʥʦʡ ʠ ʥʝʪʦʢʩʠʯʥʦʡ ʞʠʜʢʦʩʪʴʶ  

FC-72 (Perfluorohexane). ɼʚʘ ʧʨʷʤʦʫʛʦʣʴʥʳʭ ʧʴʝʟʦʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷ (1 ʠ 2 ʥʘ ʈʠʩ. 1)  

ʩ ʨʝʟʦʥʘʥʩʥʳʤʠ ʯʘʩʪʦʪʘʤʠ 1.0 ʄɻʮ ʨʘʩʧʦʣʘʛʘʣʠʩʴ ʦʜʠʥ ʥʘʜ ʜʨʫʛʠʤ ʠ  

ʢʦʥʪʘʢʪʠʨʦʚʘʣʠ ʩ ʜʥʦʤ ʢʶʚʝʪʳ ʯʝʨʝʟ ʘʢʫʩʪʠʯʝʩʢʠʡ ʛʝʣʴ. ɺʝʨʭʥʠʡ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʴ, 

ʠʤʝʚʰʠʡ ʨʘʟʤʝʨʳ 50ʭ18 ʤʤ ʚʜʦʣʴ ʦʩʝʡ X ʠ Y, ʧʝʨʝʢʨʳʚʘʣ ʚʩʶ ʧʣʦʱʘʜʴ  

ʜʥʘ ʢʶʚʝʪʳ. ɺʪʦʨʦʡ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʴ, ʠʤʝʚʰʠʡ ʨʘʟʤʝʨʳ 14ʭ18 ʤʤ,  

ʨʘʩʧʦʣʘʛʘʣʩʷ ʧʦʜ ʧʝʨʚʳʤ ʩʠʤʤʝʪʨʠʯʥʦ ʦʪʥʦʩʠʪʝʣʴʥʦ ʚʝʨʪʠʢʘʣʴʥʦʡ ʦʩʠ  

ʷʯʝʡʢʠ Z. ʇʨʝʦʙʨʘʟʦʚʘʪʝʣʠ ʚʦʟʙʫʞʜʘʣʠʩʴ ʘʤʧʣʠʪʫʜʥʦ-ʤʦʜʫʣʠʨʦʚʘʥʥʳʤʠ  

(AM) ʨʘʜʠʦʯʘʩʪʦʪʥʳʤʠ (ʈʏ) ʩʠʛʥʘʣʘʤʠ, ʧʨʠ ʵʪʦʤ ʚʝʨʭʥʠʡ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʴ  

1 ʷʚʣʷʣʩʷ ʠʩʪʦʯʥʠʢʦʤ ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʡ ʥʘʢʘʯʢʠ, ʘ ʥʠʞʥʠʡ  

ʩʣʫʞʠʣ ʜʣʷ ʚʦʟʙʫʞʜʝʥʠʷ ʤʦʜ ʂɻɺ, ʫʯʘʩʪʚʫʶʱʠʭ ʚ  ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʤ   ʚʟʘʠʤʦʜʝʡʩʪʚʠʠ.  
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ʈʠʩ. 1 (ʘ) - ʫʧʨʦʱʝʥʥʘʷ ʩʭʝʤʘ ʵʢʩʧʝʨʠʤʝʥʪʘ, 1 - ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʴ ʥʘʢʘʯʢʠ, 2- ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʴ.  

(ʙ, ʚ) - ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʝ ʧʨʦʬʠʣʠ 2-ʦʡ ʠ 4-ʦʡ ʤʦʜʳ ʂɻɺ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ; 
 

ɼʣʷ ʫʩʪʨʘʥʝʥʠʷ ʢʦʛʝʨʝʥʪʥʦʡ ʠʥʪʝʨʬʝʨʝʥʮʠʠ ʨʘʙʦʯʠʝ ʯʘʩʪʦʪʳ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʝʡ ʥʘʢʘʯʢʠ 

Fp ʠ ʤʦʜ Fsp ʙʳʣʠ ʦʪʩʪʨʦʝʥʳ ʜʨʫʛ ʦʪ ʜʨʫʛʘ ʥʘ 5 ʢɻʮ: Fp=1030 ʢɻʮ ʠ  

Fsp=1035 ʢɻʮ. ʂʦʣʝʙʘʥʠʷ ʧʦʚʝʨʭʥʦʩʪʠ ʞʠʜʢʦʩʪʠ ʚ ʧʣʦʩʢʦʩʪʠ ZX ʨʝʛʠʩʪʨʠʨʦʚʘʣʠʩʴ  

ʥʘ ʚʠʜʝʦʢʘʤʝʨʫ. ʇʦʩʣʝʜʦʚʘʪʝʣʴʥʘʷ ʦʙʨʘʙʦʪʢʘ ʢʘʜʨʦʚ ʧʦʟʚʦʣʷʣʘ ʧʦʣʫʯʘʪʴ  

ʚʨʝʤʝʥʥʫʶ ʟʘʚʠʩʠʤʦʩʪʴ z(0,t) ʘʤʧʣʠʪʫʜʳ ʢʦʣʝʙʘʥʠʡ ʧʦʚʝʨʭʥʦʩʪʠ ʚ ʟʘʜʘʥʥʦʤ 

ʚʝʨʪʠʢʘʣʴʥʦʤ ʩʝʯʝʥʠʠ. ʈʝʟʦʥʘʥʩʥʳʝ ʢʨʠʚʳʝ ʠ ʩʦʙʩʪʚʝʥʥʳʝ ʯʘʩʪʦʪʳ f ʚʪʦʨʦʡ  

ʠ ʯʝʪʚʝʨʪʦʡ ʤʦʜ ʩʪʦʷʯʠʭ ʂɻɺ ʙʳʣʠ ʠʟʤʝʨʝʥʳ ʧʨʠ ʚʦʟʙʫʞʜʝʥʠʠ ʥʠʞʥʝʛʦ 

ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷ ʈʏ-ʩʠʛʥʘʣʦʤ, ʯʘʩʪʦʪʘ ʤʦʜʫʣʷʮʠʠ ʢʦʪʦʨʦʛʦ ʣʠʥʝʡʥʦ ʠʟʤʝʥʷʣʘʩʴ ʚ 

ʜʠʘʧʘʟʦʥʝ ʦʪ 4 ɻʮ ʜʦ 9 ɻʮ. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʜʣʷ ʤʘʣʳʭ ʘʤʧʣʠʪʫʜ f2=5.265 ɻʮ,  

f4=7.873 ɻʮ ʜʣʷ ʚʪʦʨʦʡ ʠ ʯʝʪʚʝʨʪʦʡ ʤʦʜʳ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ɺ ʵʢʩʧʝʨʠʤʝʥʪʘʭ  

ʧʦ ʪʨʝʭʚʦʣʥʦʚʦʤʫ ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʤʫ ʚʟʘʠʤʦʜʝʡʩʪʚʠʶ ʥʠʞʥʠʡ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʴ 

ʚʦʟʙʫʞʜʘʣʩʷ ʈʏ-ʩʠʛʥʘʣʦʤ, ʩ ʯʘʩʪʦʪʦʡ ʤʦʜʫʣʷʮʠʠ f2, ʣʠʙʦ ʩʠʛʥʘʣʦʤ ʩ ʦʛʠʙʘʶʱʝʡ, 

ʧʨʝʜʩʪʘʚʣʷʚʰʝʡ ʩʦʙʦʡ ʩʫʤʤʫ ʛʘʨʤʦʥʠʯʝʩʢʠʭ ʢʦʤʧʦʥʝʥʪ ʥʘ ʯʘʩʪʦʪʝ ʨʝʟʦʥʘʥʩʘ  

ʚʪʦʨʦʡ ʠ ʯʝʪʚʝʨʪʦʡ ʤʦʜ. ɼʣʷ ʚʦʟʙʫʞʜʝʥʠʷ ʚʝʨʭʥʝʛʦ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷ  

ʥʘ ʯʘʩʪʦʪʝ ʥʘʢʘʯʢʠ ʠʩʧʦʣʴʟʦʚʘʣʘʩʴ ɸʄ-ʤʦʜʫʣʷʮʠʷ ʩ ʯʘʩʪʦʪʦʡ fp. ɺ  

ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʫʩʣʦʚʠʷʤʠ ʥʝʣʠʥʝʡʥʦʛʦ ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʛʦ ʨʝʟʦʥʘʥʩʘ, ʧʦʣʫʯʝʥʥʳʤʠ  

ʚ [8], ʥʝʦʙʭʦʜʠʤʘʷ ʜʣʷ ʧʨʦʮʝʩʩʘ ʚʟʨʳʚʥʦʡ ʥʝʫʩʪʦʡʯʠʚʦʩʪʠ ʯʘʩʪʦʪʘ  

ʥʘʢʘʯʢʠ ʦʧʨʝʜʝʣʷʣʘʩʴ ʢʘʢ fp=2f2-f4 (ʩʤ. ʜʘʣʝʝ).  
ʈʝʟʫʣʴʪʘʪʳ ʠ ʠʭ ʦʙʩʫʞʜʝʥʠʝ. ʊʠʧʠʯʥʳʡ ʩʧʝʢʪʨ ʢʦʣʝʙʘʥʠʡ ʧʦʚʝʨʭʥʦʩʪʠ  

FC-72 ʚ ʩʨʝʜʥʝʤ ʩʝʯʝʥʠʠ ʢʶʚʝʪʳ, ʧʦʣʫʯʝʥʥʳʡ ʜʣʷ ʩʣʫʯʘʷ ʚʦʟʙʫʞʜʝʥʠʷ ʚʪʦʨʦʡ ʤʦʜʳ ʩ 

ʯʘʩʪʦʪʦʡ f2=5.265 ɻʮ ʠ ʥʘʢʘʯʢʠ ʩ ʯʘʩʪʦʪʦʡ fp=2.680 ɻʮ, ʧʦʢʘʟʘʥ ʥʘ ʈʠʩ. 2. ʊʫʪ ʞʝ 

ʧʨʠʚʝʜʝʥʳ ʠ ʠʟʤʝʨʝʥʥʳʝ ʨʝʟʦʥʘʥʩʥʳʝ ʢʨʠʚʳʝ ʜʣʷ ʦʙʝʠʭ ʤʦʜ. ʉʨʘʟʫ ʦʪʤʝʪʠʤ, ʯʪʦ ʚ 

ʪʝʦʨʠʠ [8] ʧʦʣʝ ʘʢʫʩʪʠʯʝʩʢʦʛʦ ʨʘʜʠʘʮʠʦʥʥʦʛʦ ʜʘʚʣʝʥʠʷ ʥʘʢʘʯʢʠ ʚ ʦʛʨʘʥʠʯʝʥʥʦʡ ʢʶʚʝʪʝ 

ʧʨʝʜʧʦʣʘʛʘʝʪʩʷ ʦʜʥʦʨʦʜʥʳʤ ʠ ʧʦʪʦʤʫ ʩʘʤʦ ʧʦ ʩʝʙʝ ʥʝ ʤʦʞʝʪ ʚʳʟʚʘʪʴ ʚʦʟʤʫʱʝʥʠʷ 

ʠʜʝʘʣʴʥʦ ʧʣʦʩʢʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʞʠʜʢʦʩʪʠ ʚ ʩʠʣʫ ʥʝʩʞʠʤʘʝʤʦʩʪʠ ʧʦʩʣʝʜʥʝʡ.  

ʆʜʥʘʢʦ ʚ ʨʝʘʣʴʥʦʩʪʠ ʧʦʜ ʚʦʟʜʝʡʩʪʚʠʝʤ ʧʦʣʷ ʥʘʢʘʯʢʠ ʧʦʚʝʨʭʥʦʩʪʴ FC-72 ʚʩʝ ʞʝ  

ʠʩʧʳʪʳʚʘʣʘ ʥʝʟʥʘʯʠʪʝʣʴʥʳʝ ʚʦʟʤʫʱʝʥʠʷ, ʪ.ʢ. ʝʝ ʠʥʪʝʨʬʝʡʩ ʥʝ ʙʳʣ ʘʙʩʦʣʶʪʥʦ ʧʣʦʩʢʠʤ  

ʠʟ-ʟʘ ʥʘʣʠʯʠʷ ʤʝʥʠʩʢʦʚ ʫ ʩʪʝʥʦʢ ʢʶʚʝʪʳ, ʘ ʙʣʠʞʥʝʝ ʧʦʣʝ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷ ʥʘʢʘʯʢʠ  

ʥʝ ʷʚʣʷʣʦʩʴ ʘʙʩʦʣʶʪʥʦ ʦʜʥʦʨʦʜʥʳʤ. ʕʪʠʤ ʦʙʲʷʩʥʷʝʪʩʷ ʧʨʠʩʫʪʩʪʚʠʝ ʚ  

ʩʧʝʢʪʨʝ ʢʦʤʧʦʥʝʥʪʳ ʥʘ ʯʘʩʪʦʪʝ ʥʘʢʘʯʢʠ fp. ʂʘʢ ʠ ʧʨʝʜʩʢʘʟʳʚʘʣʦʩʴ ʚ [8], ʚ  

ʨʝʟʫʣʴʪʘʪʝ ʥʝʣʠʥʝʡʥʦʛʦ ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʚ ʩʧʝʢʪʨʝ ʥʘʙʣʶʜʘʝʪʩʷ  

ʢʦʤʧʦʥʝʥʪʘ ʩ ʯʘʩʪʦʪʦʡ 2f2-fp=7.850 ɻʮ (ʩʤ. ʈʠʩ. 2 ʙ). ʆʜʥʦʚʨʝʤʝʥʥʦ,  

ʚʩʣʝʜʩʪʚʠʝ ʥʝʣʠʥʝʡʥʦʩʪʠ, ʧʨʠʩʫʱʝʡ ʂɻɺ [9], ʧʨʦʠʩʭʦʜʠʪ ʩʤʝʰʝʥʠʝ ʚʪʦʨʦʡ  

ʤʦʜʳ ʄ2 ʩ ʥʝʨʝʟʦʥʘʥʩʥʳʤʠ ʢʦʣʝʙʘʥʠʷʤʠ ʥʘ ʯʘʩʪʦʪʝ ʥʘʢʘʯʢʠ, ʜʘʶʱʝʝ ʚ  

ʩʧʝʢʪʨʝ ʢʦʤʧʦʥʝʥʪʫ ʥʘ ʯʘʩʪʦʪʝ f=f2+fp=7.945 ɻʮ, ʘ ʪʘʢʞʝ ʢʘʩʢʘʜʥʘʷ ʛʝʥʝʨʘʮʠʷ  
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ʪʨʝʪʴʝʡ ʛʘʨʤʦʥʠʢʠ ʥʘʢʘʯʢʠ ʩ ʯʘʩʪʦʪʦʡ 3fp=8.040 ɻʮ. ɿʥʘʯʝʥʠʝ ʪʨʝʙʫʝʤʦʡ  

ʯʘʩʪʦʪʳ ʥʘʢʘʯʢʠ fp=2.680 ɻʮ ʙʳʣʦ ʧʦʣʫʯʝʥʦ ʩ ʫʯʝʪʦʤ ʠʟʤʝʨʝʥʥʦʛʦ ʚʦ  

ʚʩʧʦʤʦʛʘʪʝʣʴʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʘʭ ʠʟʚʝʩʪʥʦʛʦ ʵʬʬʝʢʪʘ (ʩʤ. [9,10]) ʥʝʣʠʥʝʡʥʦʛʦ ʩʜʚʠʛʘ  

ʨʝʟʦʥʘʥʩʥʦʡ ʯʘʩʪʦʪʳ ʤʦʜʳ (ʚ ʜʘʥʥʦʤ ʩʣʫʯʘʝ ʯʝʪʚʝʨʪʦʡ) ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ  

ʘʤʧʣʠʪʫʜʳ ʜʨʫʛʦʡ ʤʦʜʳ (ʚʪʦʨʦʡ).  
 

 
ʈʠʩ. 2. ʉʧʝʢʪʨʘʣʴʥʳʝ ʢʦʤʧʦʥʝʥʪʳ ʢʦʣʝʙʘʥʠʡ ʧʦʚʝʨʭʥʦʩʪʠ FC-72 ʚ ʩʨʝʜʥʝʤ ʩʝʯʝʥʠʠ  

ʢʶʚʝʪʳ ʧʨʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʠ ʚʪʦʨʦʡ ʤʦʜʳ ʩ ʯʘʩʪʦʪʦʡ f2=5.265 ɻʮ ʠ ʥʘʢʘʯʢʠ ʩ ʯʘʩʪʦʪʦʡ fp=2.680 ɻʮ.  

(ʘ) - ʦʙʱʠʡ ʚʠʜ ʩʧʝʢʪʨʘ ʢʦʣʝʙʘʥʠʡ ʧʨʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʠ (ʩʧʣʦʰʥʘʷ ʣʠʥʠʷ) ʠ  

ɸʏʍ ʩʠʩʪʝʤʳ (ʧʫʥʢʪʠʨʥʘʷ ʣʠʥʠʷ), (ʙ) ï ʢʦʤʧʦʥʝʥʪʳ ʚʙʣʠʟʠ ʯʝʪʚʝʨʪʦʡ ʤʦʜʳ. 
 

ʏʘʩʪʦʪʥʳʡ ʦʪʢʣʠʢ ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʙʳʣ ʠʟʤʝʨʝʥ ʚ ʵʢʩʧʝʨʠʤʝʥʪʘʭ  

ʩ ʨʘʟʣʠʯʥʦʡ ʯʘʩʪʦʪʦʡ ʥʘʢʘʯʢʠ. ʈʝʟʫʣʴʪʘʪ ʧʦʜʪʚʝʨʜʠʣ ʢʦʨʨʝʣʷʮʠʶ  

ʤʝʞʜʫ ʯʘʩʪʦʪʥʦʡ ʟʘʚʠʩʠʤʦʩʪʴʶ ʘʤʧʣʠʪʫʜʳ ʧʘʨʘʤʝʪʨʠʯʝʩʢʠ ʛʝʥʝʨʠʨʫʝʤʳʭ  

ʢʦʣʝʙʘʥʠʡ ʠ ʨʝʟʦʥʘʥʩʥʦʡ ʢʨʠʚʦʡ ʯʝʪʚʝʨʪʦʡ ʤʦʜʳ ʄ4.  
ɺʦʟʙʫʞʜʝʥʠʝ ʥʠʞʥʝʛʦ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷ ɺʏ-ʩʠʛʥʘʣʦʤ ʩ ɸʄ-ʦʛʠʙʘʶʱʝʡ ʚ  

ʚʠʜʝ ʣʠʥʝʡʥʦʡ ʩʫʧʝʨʧʦʟʠʮʠʠ ʜʚʫʭ ʦʜʥʦʪʦʥʦʚʳʭ ʩʠʛʥʘʣʦʚ ʠʩʧʦʣʴʟʦʚʘʣʦʩʴ ʚ 

ʵʢʩʧʝʨʠʤʝʥʪʘʭ, ʚ ʢʦʪʦʨʳʭ ʦʜʥʦʚʨʝʤʝʥʥʦ ʚʦʟʙʫʞʜʘʣʠʩʴ ʚʪʦʨʘʷ ʄ2 ʠ ʯʝʪʚʝʨʪʘʷ  

ʄ4 ʤʦʜʳ ʩ ʯʘʩʪʦʪʘʤʠ f2=5.265 ɻʮ ʠ f4=7.873 ɻʮ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʇʨʠ ʵʪʦʤ  

ʚʤʝʩʪʦ ʟʘʜʘʥʠʷ ʪʦʯʥʦʛʦ ʟʥʘʯʝʥʠʷ ʯʘʩʪʦʪʳ ʥʘʢʘʯʢʠ fp=2.657 ɻʮ, ʦʥʘ ʙʳʣʘ ʦʪʩʪʨʦʝʥʘ  

ʥʘ ʤʘʣʦʝ ʟʥʘʯʝʥʠʝ Dfp=+0.065 ɻʮ, ʪʘʢ ʯʪʦ fp=2.722 ɻʮ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʢʦʤʙʠʥʘʮʠʦʥʥʳʝ 

ʯʘʩʪʦʪʳ ʦʢʘʟʘʣʠʩʴ ʪʘʢʞʝ ʦʪʩʪʨʦʝʥʳ ʦʪ ʢʦʤʧʦʥʝʥʪ, ʚʦʟʥʠʢʘʶʱʠʭ ʚ ʨʝʟʫʣʴʪʘʪʝ  

ʧʨʷʤʦʛʦ ʚʦʟʙʫʞʜʝʥʠʷ. ɸʤʧʣʠʪʫʜʳ ʚʦʟʙʫʞʜʝʥʠʷ ʤʦʜ ʙʳʣʠ ʚʳʙʨʘʥʳ ʜʦʩʪʘʪʦʯʥʦ ʤʘʣʳʤʠ 

(A2=1103 ʤʢʤ ʠ A4=758 ʤʢʤ). ʇʦʣʫʯʝʥʥʳʡ ʩʧʝʢʪʨ ʢʦʣʝʙʘʥʠʡ ʧʨʝʜʩʪʘʚʣʝʥ  

ʥʘ ʈʠʩ.3. ʇʘʨʘʤʝʪʨʠʯʝʩʢʠ ʛʝʥʝʨʠʨʫʝʤʳʝ ʢʦʤʧʦʥʝʥʪʳ ʩʧʝʢʪʨʘ ʠʤʝʶʪ  

ʯʘʩʪʦʪʳ f2
*=f2+Dfp=5.330 ɻʮ ʠ f4

*=f4-Dfp=7.808 ɻʮ ʠ ʘʤʧʣʠʪʫʜʳ A2*=134 ʤʢʤ  

ɸ4*=105 ʤʢʤ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. 

ɼʘʥʥʳʝ, ʧʨʝʜʩʪʘʚʣʝʥʥʳʝ ʥʘ ʈʠʩ. 3, ʧʦʟʚʦʣʷʶʪ ʢʦʣʠʯʝʩʪʚʝʥʥʦ ʦʭʘʨʘʢʪʝʨʠʟʦʚʘʪʴ 

ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ. ʈʝʟʫʣʴʪʘʪʳ ʘʥʘʣʠʟʘ  

ʧʦʢʘʟʳʚʘʶʪ, ʯʪʦ ʚ ʧʨʦʚʝʜʝʥʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʘʭ ʨʝʘʣʠʟʫʝʪʩʷ ʧʦʜʧʦʨʦʛʦʚʳʡ  

ʨʝʞʠʤ ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʩ ʠʥʢʨʝʤʝʥʪʦʤ, ʧʨʠʤʝʨʥʦ ʚ  

ʯʝʪʳʨʝ ʨʘʟʘ ʤʝʥʴʰʠʤ ʧʦʨʦʛʦʚʦʛʦ ʟʥʘʯʝʥʠʷ ʚʟʨʳʚʥʦʡ ʥʝʫʩʪʦʡʯʠʚʦʩʪʠ.  
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ɺʳʧʦʣʥʝʥʠʝ ʫʩʣʦʚʠʡ ʚʦʟʥʠʢʥʦʚʝʥʠʷ ʚʟʨʳʚʥʦʡ ʥʝʫʩʪʦʡʯʠʚʦʩʪʠ, ʧʦ-ʚʠʜʠʤʦʤʫ, ʪʨʝʙʫʝʪ  

ʫʣʫʯʰʝʥʠʷ ʩʪʨʫʢʪʫʨʳ ʧʦʣʷ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷ ʥʘʢʘʯʢʠ ʩ ʮʝʣʴʶ ʩʥʠʞʝʥʠʷ ʥʝʦʜʥʦʨʦʜʥʦʩʪʠ 

ʝʛʦ ʙʣʠʞʥʝʛʦ ʧʦʣʷ.  

ɹʣʘʛʦʜʘʨʥʦʩʪʠ. ʈʘʙʦʪʘ ʧʦʜʜʝʨʞʘʥʘ CNRS, ʘ ʪʘʢʞʝ ʛʨʘʥʪʦʤ  

ʈʌʌʀ 18-52-16001 ʅʎʅʀʃ_ʘ ʠ ʧʨʦʛʨʘʤʤʦʡ ʇʨʝʟʠʜʠʫʤʘ ʈɸʅ I.7  

"ɸʢʪʫʘʣʴʥʳʝ ʧʨʦʙʣʝʤʳ ʬʦʪʦʥʠʢʠ, ʟʦʥʜʠʨʦʚʘʥʠʝ ʥʝʦʜʥʦʨʦʜʥʳʭ ʩʨʝʜ ʠ ʤʘʪʝʨʠʘʣʦʚ". 

ɸʚʪʦʨʳ ʪʘʢʞʝ ʙʣʘʛʦʜʘʨʥʳ ʧʨʦʬ. Farzam Zoueshtiagh ʟʘ ʧʦʣʝʟʥʳʝ ʦʙʩʫʞʜʝʥʠʷ  

ʚʦʧʨʦʩʦʚ ʤʝʭʘʥʠʢʠ ʞʠʜʢʦʩʪʝʡ. 

 

 

 
ʈʠʩ. 3. ɺʠʜ ʩʧʝʢʪʨʘ ʜʣʷ ʩʣʫʯʘʷ ʥʝʣʠʥʝʡʥʦʛʦ ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ  

ʩ ʦʜʥʦʚʨʝʤʝʥʥʳʤ ʫʯʘʩʪʠʝʤ ʚʪʦʨʦʡ ʠ ʯʝʪʚʝʨʪʦʡ ʤʦʜ, ʚʦʟʙʫʞʜʝʥʥʳʭ ʥʘ ʯʘʩʪʦʪʘʭ f2=5.265 ɻʮ  

ʠ f4=7.873 ɻʮ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʏʘʩʪʦʪʘ ʥʘʢʘʯʢʠ fp=2.722 ɻʮ ʩʜʚʠʥʫʪʘ ʥʘ Dfp=0.065 ɻʮ ʦʪ  

ʪʦʯʥʦʛʦ ʟʥʘʯʝʥʠʷ ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʛʦ ʨʝʟʦʥʘʥʩʘ. 
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ʀʩʩʣʝʜʦʚʘʥʳ ʦʧʪʠʯʝʩʢʠʝ, ʘʢʫʩʪʠʯʝʩʢʠʝ ʠ ʘʢʫʩʪʦʦʧʪʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʙʦʨʘʪʦʚ, 

ʦʪʥʦʩʷʱʠʭʩʷ ʢ ʩʝʤʝʡʩʪʚʫ ʪʨʠʛʦʥʘʣʴʥʳʭ ʢʨʠʩʪʘʣʣʦʚ Ŭ-BaB2O4 ʠ ɓ-BaB2O4. ʀʩʩʣʝʜʦʚʘʥʠʝ 

ʧʨʦʚʦʜʠʣʦʩʴ ʜʣʷ ʚʳʷʩʥʝʥʠʷ ʚʦʟʤʦʞʥʦʩʪʠ ʧʨʠʤʝʥʝʥʠʷ ʢʨʠʩʪʘʣʣʦʚ ʚ ʘʢʫʩʪʦʦʧʪʠʯʝʩʢʠʭ 

ʧʨʠʙʦʨʘʭ. ʂ ʪʘʢʠʤ ʧʨʠʙʦʨʘʤ, ʚ ʯʘʩʪʥʦʩʪʠ, ʦʪʥʦʩʷʪʩʷ ʘʢʫʩʪʦʦʧʪʠʯʝʩʢʠʝ ʜʝʬʣʝʢʪʦʨʳ ʠ 

ʬʠʣʴʪʨʳ [1]. ʍʦʨʦʰʦ ʠʟʚʝʩʪʥʦ, ʯʪʦ ʘʢʫʩʪʦʦʧʪʠʯʝʩʢʠʝ ʧʨʠʙʦʨʳ ʰʠʨʦʢʦ ʠʩʧʦʣʴʟʫʶʪʩʷ 

ʜʣʷ ʫʧʨʘʚʣʝʥʠʷ ʧʘʨʘʤʝʪʨʘʤʠ ʩʚʝʪʦʚʳʭ ʧʫʯʢʦʚ ʚ ʦʧʪʠʢʝ, ʩʧʝʢʪʨʦʩʢʦʧʠʠ, ʣʘʟʝʨʥʦʡ ʬʠʟʠʢʝ 

ʠ ʪʝʭʥʠʢʝ, ʦʧʪʠʯʝʩʢʦʡ ʦʙʨʘʙʦʪʢʝ ʠʥʬʦʨʤʘʮʠʠ ʠ ʚ ʜʨʫʛʠʭ ʨʘʟʜʝʣʘʭ ʥʘʫʢʠ ʠ ʪʝʭʥʠʢʠ. 

ʇʦʜʦʙʥʳʝ ʧʨʠʙʦʨʳ ʜʦʢʘʟʘʣʠ ʩʚʦʠ ʧʨʝʠʤʫʱʝʩʪʚʘ ʧʨʠ ʨʘʙʦʪʝ ʚ ʚʠʜʠʤʦʤ ʩʚʝʪʝ, ʘ ʪʘʢʞʝ 

ʙʣʠʞʥʝʤ ʠʥʬʨʘʢʨʘʩʥʦʤ ʜʠʘʧʘʟʦʥʝ ʩʧʝʢʪʨʘ. ʆʜʥʘʢʦ ʘʥʘʣʦʛʠʯʥʳʭ ʧʨʠʙʦʨʦʚ ʜʣʷ 

ʫʣʴʪʨʘʬʠʦʣʝʪʦʚʦʛʦ ʜʠʘʧʘʟʦʥʘ ʥʝʪ ʠʟ-ʟʘ ʥʝʜʦʩʪʘʪʢʘ ʢʨʠʩʪʘʣʣʦʚ, ʧʨʦʟʨʘʯʥʳʭ ʥʘ ʜʣʠʥʘʭ 

ʚʦʣʥ 200-350 ʥʤ ʠ ʠʤʝʶʱʠʭ ʙʦʣʴʰʠʝ ʟʥʘʯʝʥʠʷ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʘʢʫʩʪʦʦʧʪʠʯʝʩʢʦʛʦ 

ʢʘʯʝʩʪʚʘ [2]. ʊʘʢʞʝ ʦʢʘʟʘʣʦʩʴ, ʯʪʦ ʙʦʣʴʰʠʥʩʪʚʦ ʢʨʠʩʪʘʣʣʦʚ, ʧʨʦʟʨʘʯʥʳʭ ʚ 

ʫʣʴʪʨʘʬʠʦʣʝʪʝ, ʷʚʣʷʶʪʩʷ ʦʧʪʠʯʝʩʢʠ ʠʟʦʪʨʦʧʥʳʤʠ. ʆʜʥʘʢʦ ʚ ʠʟʦʪʨʦʧʥʳʭ ʢʨʠʩʪʘʣʣʘʭ ʥʝ 

ʤʦʞʝʪ ʥʘʙʣʶʜʘʪʴʩʷ ʥʘʠʙʦʣʝʝ ʠʥʪʝʨʝʩʥʳʡ ʜʣʷ ʧʨʘʢʪʠʢʠ ʚʘʨʠʘʥʪ ʜʠʬʨʘʢʮʠʠ ʩʚʝʪʘ ʥʘ 

ʫʣʴʪʨʘʟʚʫʢʝ - çʘʥʠʟʦʪʨʦʧʥʘʷè ʜʠʬʨʘʢʮʠʷ ɹʨʵʛʛʘ.  

 

 
                                      a)                                                                      ʙ) 

 

ʈʠʩ. 1. ɿʘʚʠʩʠʤʦʩʪʠ ʦʙʨʘʪʥʳʭ ʘʢʫʩʪʠʯʝʩʢʠʭ ʩʢʦʨʦʩʪʝʡ ʚ YZ ʧʣʦʩʢʦʩʪʠ  

ʢʨʠʩʪʘʣʣʦʚ Ŭ-BaB2O4 (ʘ) ʠ ɓ-BaB2O4 (ʙ). 

 

ʂʘʢ ʠʟʚʝʩʪʥʦ, ʜʣʷ ʥʘʙʣʶʜʝʥʠʷ ʘʥʠʟʦʪʨʦʧʥʦʡ ʜʠʬʨʘʢʮʠʠ ʥʝʦʙʭʦʜʠʤʦ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʜʚʫʣʫʯʝʧʨʝʣʦʤʣʷʶʱʠʭ ʢʨʠʩʪʘʣʣʦʚ [1]. ʂʨʠʩʪʘʣʣʳ Ŭ-BaB2O4 ʠ ɓ-BaB2O4 

ʷʚʣʷʶʪʩʷ ʜʚʫʣʫʯʝʧʨʝʣʦʤʣʷʶʱʠʤʠ ʠ ʧʨʦʟʨʘʯʥʳʤʠ ʚ ʫʣʴʪʨʘʬʠʦʣʝʪʝ ʥʘ ʜʣʠʥʘʭ ʚʦʣʥ 

ʚʧʣʦʪʴ ʜʦ 200 ʥʤ. ʇʦʵʪʦʤʫ ʠʩʩʣʝʜʦʚʘʥʠʝ ʬʠʟʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʜʘʥʥʳʭ ʢʨʠʩʪʘʣʣʦʚ 

ʧʨʝʜʩʪʘʚʣʷʝʪ ʟʥʘʯʠʪʝʣʴʥʳʡ ʠʥʪʝʨʝʩ ʜʣʷ ʘʢʫʩʪʦʦʧʪʠʢʠ. 

ʇʨʠ ʧʨʦʚʝʜʝʥʠʠ ʠʩʩʣʝʜʦʚʘʥʠʡ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʜʘʥʥʳʝ ʦ ʢʨʠʩʪʘʣʣʘʭ, ʩʦʙʨʘʥʥʳʝ ʚ 

ʧʫʙʣʠʢʘʮʠʷʭ [2,3]. ɹʳʣʠ ʨʘʩʩʯʠʪʘʥʳ ʩʢʦʨʦʩʪʠ ʧʨʦʜʦʣʴʥʳʭ ʠ ʩʜʚʠʛʦʚʳʭ ʘʢʫʩʪʠʯʝʩʢʠʭ 

ʚʦʣʥ ʚ ʙʘʟʦʚʳʭ ʧʣʦʩʢʦʩʪʷʭ XY, XZ ʠ YZ ʤʘʪʝʨʠʘʣʦʚ, ʘ ʪʘʢʞʝ ʠ ʚ ʧʨʦʠʟʚʦʣʴʥʳʭ 

ʧʣʦʩʢʦʩʪʷʭ. ɺ ʢʘʯʝʩʪʚʝ ʧʨʠʤʝʨʘ ʥʘ ʈʠʩ.1 ʧʦʢʘʟʘʥʦ ʨʘʩʩʯʠʪʘʥʥʦʝ ʩʝʯʝʥʠʝ ʦʙʨʘʪʥʳʭ 

ʘʢʫʩʪʠʯʝʩʢʠʭ ʩʢʦʨʦʩʪʝʡ ʚ ʧʣʦʩʢʦʩʪʠ YZ ʜʚʫʭ ʢʨʠʩʪʘʣʣʦʚ. ʇʨʠ ʨʘʩʯʝʪʘʭ ʢʦʥʩʪʘʥʪʳ ʩ14 
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ʙʳʣʠ ʚʳʙʨʘʥʳ ʨʘʟʥʳʭ ʟʥʘʢʦʚ. ʇʨʠ ʘʥʘʣʠʟʝ ʦʧʨʝʜʝʣʷʣʠʩʴ ʥʘʧʨʘʚʣʝʥʠʷ ʧʦʣʷʨʠʟʘʮʠʠ 

ʫʧʨʫʛʠʭ ʚʦʣʥ ʠ ʚʝʣʠʯʠʥʳ ʫʛʣʦʚ ʘʢʫʩʪʠʯʝʩʢʦʛʦ ʩʥʦʩʘ ʜʣʷ ʪʨʝʭ ʘʢʫʩʪʠʯʝʩʢʠʭ ʤʦʜ.  

 ʅʘ ʦʩʥʦʚʝ ʥʘʡʜʝʥʥʳʭ ʟʥʘʯʝʥʠʡ ʘʢʫʩʪʠʯʝʩʢʠʭ ʩʢʦʨʦʩʪʝʡ ʠ ʠʟʚʝʩʪʥʳʭ ʠʟ 

ʣʠʪʝʨʘʪʫʨʳ ʚʝʣʠʯʠʥ ʧʦʢʘʟʘʪʝʣʝʡ ʧʨʝʣʦʤʣʝʥʠʷ ʢʨʠʩʪʘʣʣʦʚ ʙʳʣʠ ʨʘʩʩʯʠʪʘʥʳ ʯʘʩʪʦʪʥʳʝ 

ʟʘʚʠʩʠʤʦʩʪʠ ʙʨʵʛʛʦʚʩʢʠʭ ʫʛʣʦʚ ʜʠʬʨʘʢʮʠʠ ɗd(f). ɼʘʥʥʳʝ ʨʘʩʯʝʪʦʚ ʜʣʷ ʧʣʦʩʢʦʩʪʠ YZ 

ʢʨʠʩʪʘʣʣʦʚ ʧʦʢʘʟʘʥʳ ʥʘ ʈʠʩ.2. ʈʘʩʯʝʪ ʧʨʦʚʦʜʠʣʩʷ ʜʣʷ ʥʝʦʙʳʢʥʦʚʝʥʥʦ ʧʦʣʷʨʠʟʦʚʘʥʥʳʭ 

ʩʚʝʪʦʚʳʭ ʣʫʯʝʡ ʚ ʢʨʠʩʪʘʣʣʘʭ Ŭ-BaB2O4 (ʘ) ʠ ɓ-BaB2O4 (ʙ). ɼʣʠʥʘ ʚʦʣʥʳ ʩʚʝʪʘ ʙʳʣʘ 

ʚʳʙʨʘʥʘ ʨʘʚʥʦʡ ɚ=633 ʥʤ, ʘ ʥʘʧʨʘʚʣʝʥʠʝ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʤʝʜʣʝʥʥʦʡ ʩʜʚʠʛʦʚʦʡ 

ʘʢʫʩʪʠʯʝʩʢʦʡ ʚʦʣʥʳ ʦʧʨʝʜʝʣʷʣʦʩʴ ʫʛʣʦʤ Ŭ=50, ʦʪʩʯʠʪʳʚʘʝʤʳʤ ʚ ʧʣʦʩʢʦʩʪʠ YZ 

ʦʪʥʦʩʠʪʝʣʴʥʦ ʦʩʠ Y ʢʨʠʩʪʘʣʣʦʚ. ʇʨʠ ʘʥʘʣʠʟʝ ʨʘʩʩʤʘʪʨʠʚʘʣʠʩʴ ʠ ʦʙʱʠʝ ʩʣʫʯʘʠ 

ʜʠʬʨʘʢʮʠʠ ʚ ʧʨʦʠʟʚʦʣʴʥʳʭ ʧʣʦʩʢʦʩʪʷʭ ʤʘʪʝʨʠʘʣʦʚ, ʘ ʪʘʢʞʝ ʠ ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʫʛʣʘʭ 

ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʤʝʜʣʝʥʥʳʭ ʠ ʙʳʩʪʨʳʭ ʩʜʚʠʛʦʚʳʭ ʘʢʫʩʪʠʯʝʩʢʠʭ ʚʦʣʥ.   

 

 
                                  

                                   ʘ)                                                                                            ʙ)  
ʈʠʩ. 2. ʏʘʩʪʦʪʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʫʛʣʦʚ ɹʨʵʛʛʘ ʧʨʠ ʰʠʨʦʢʦʘʧʝʨʪʫʨʥʦʡ ʜʠʬʨʘʢʮʠʠ ʥʘ ʜʣʠʥʝ ʚʦʣʥʳ ʩʚʝʪʘ 633 

ʥʤ ʚ ʧʣʦʩʢʦʩʪʠ YZ  Ŭ-BaB2O4 (ʘ) ʠ ɓ-BaB2O4(ʙ). 

 

ʇʨʦʚʝʜʝʥʥʳʝ ʨʘʩʯʝʪʳ ʟʘʚʠʩʠʤʦʩʪʝʡ ʫʛʣʦʚ ɹʨʵʛʛʘ ʦʪ ʘʢʫʩʪʠʯʝʩʢʦʡ ʯʘʩʪʦʪʳ ʚ 

ʢʨʠʩʪʘʣʣʘʭ Ŭ-BaB2O4 ʠ ɓ-BaB2O4 ʧʦʢʘʟʘʣʠ, ʯʪʦ ʜʚʫʣʫʯʝʧʨʝʣʦʤʣʝʥʠʝ ʢʨʠʩʪʘʣʣʦʚ 

ʩʝʤʝʡʩʪʚʘ BBO ʦʢʘʟʘʣʦʩʴ ʚʝʩʴʤʘ ʙʦʣʴʰʠʤ, ʘ ʩʢʦʨʦʩʪʠ ʘʢʫʩʪʠʯʝʩʢʠʭ ʚʦʣʥ ʚ ʩʣʫʯʘʝ 

ʰʠʨʦʢʦʘʧʝʨʪʫʨʥʦʡ ʜʠʬʨʘʢʮʠʠ ʩʚʝʪʘ ʜʦʩʪʘʪʦʯʥʦ ʚʳʩʦʢʠʤʠ. ʇʦʵʪʦʤʫ ʧʨʠ ʧʝʨʝʭʦʜʝ ʚ 

ʫʣʴʪʨʘʬʠʦʣʝʪʦʚʳʡ ʜʠʘʧʘʟʦʥ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʛʦ ʩʧʝʢʪʨʘ ʯʘʩʪʦʪʳ ʘʢʫʩʪʠʯʝʩʢʠʭ ʚʦʣʥ ʚ 

ʨʝʞʠʤʘʭ ʰʠʨʦʢʦʘʧʝʨʪʫʨʥʦʡ ʜʠʬʨʘʢʮʠʠ ʚ ʦʙʦʠʭ ʢʨʠʩʪʘʣʣʘʭ ʤʦʛʣʠ ʩʦʩʪʘʚʣʷʪʴ ʥʝʩʢʦʣʴʢʦ 

ʩʦʪʝʥ ʤʝʛʘʛʝʨʮ. ʉ ʵʪʦʡ ʪʦʯʢʠ ʟʨʝʥʠʷ ʥʘ ʧʨʘʢʪʠʢʝ ʧʨʝʜʧʦʯʪʠʪʝʣʴʥʝʝ ʠʩʧʦʣʴʟʦʚʘʪʴ 

ʨʝʞʠʤʳ ʜʠʬʨʘʢʮʠʠ ʠ ʛʝʦʤʝʪʨʠʠ ʘʢʫʩʪʦʦʧʪʠʯʝʩʢʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ, ʧʨʠ ʢʦʪʦʨʳʭ 

ʩʚʝʪʦʚʳʝ ʚʦʣʥʳ ʨʘʩʧʨʦʩʪʨʘʥʷʶʪʩʷ ʚʙʣʠʟʠ ʦʧʪʠʯʝʩʢʦʡ ʦʩʠ ʢʨʠʩʪʘʣʣʦʚ, ʘ ʜʠʬʨʘʢʮʠʷ 

ʦʙʝʩʧʝʯʠʚʘʪʴʩʷ ʤʝʜʣʝʥʥʳʤʠ ʩʜʚʠʛʦʚʳʤʠ ʘʢʫʩʪʠʯʝʩʢʠʤʠ ʚʦʣʥʘʤʠ, ʩʢʦʨʦʩʪʴ ʢʦʪʦʨʳʭ 

ʥʠʞʝ ʩʢʦʨʦʩʪʠ ʙʳʩʪʨʳʭ ʩʜʚʠʛʦʚʳʭ ʚʦʣʥ. ʆʜʥʘʢʦ ʧʦʠʩʢ ʠʥʪʝʨʝʩʥʳʭ ʜʣʷ ʧʨʠʤʝʥʝʥʠʡ 

ʛʝʦʤʝʪʨʠʡ ʘʢʫʩʪʦʦʧʪʠʯʝʩʢʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʚ ʢʨʠʩʪʘʣʣʘʭ Ŭ-BaB2O4 ʠ ɓ-BaB2O4 ʩ 

ʫʯʝʪʦʤ ʣʠʰʴ ʟʥʘʯʝʥʠʡ ʯʘʩʪʦʪ ʘʢʫʩʪʠʯʝʩʢʠʭ ʚʦʣʥ ʦʢʘʟʳʚʘʝʪʩʷ ʥʝʩʦʩʪʦʷʪʝʣʴʥʳʤ. ʇʨʠ 

ʘʥʘʣʠʟʝ ʥʝʦʙʭʦʜʠʤʦ ʫʯʠʪʳʚʘʪʴ ʬʦʪʦʫʧʨʫʛʠʝ ʩʚʦʡʩʪʚʘ ʢʨʠʩʪʘʣʣʦʚ, ʦʧʨʝʜʝʣʷʶʱʠʝ 

ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʘʢʫʩʪʦʦʧʪʠʯʝʩʢʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ. ʇʦʵʪʦʤʫ ʥʘʨʷʜʫ ʩ ʨʘʩʯʝʪʦʤ 

ʩʢʦʨʦʩʪʝʡ ʘʢʫʩʪʠʯʝʩʢʠʭ ʚʦʣʥ ʠ ʯʘʩʪʦʪ ʙʨʵʛʛʦʚʩʢʦʛʦ ʩʠʥʭʨʦʥʠʟʤʘ, ʚ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʙʳʣʠ 

ʧʨʦʚʝʜʝʥʳ ʨʘʩʯʝʪʳ ʵʬʬʝʢʪʠʚʥʦʡ ʬʦʪʦʫʧʨʫʛʦʡ ʢʦʥʩʪʘʥʪʳ ʠ ʢʦʵʬʬʠʮʠʝʥʪʦʚ 

ʘʢʫʩʪʦʦʧʪʠʯʝʩʢʦʛʦ ʢʘʯʝʩʪʚʘ ʢʨʠʩʪʘʣʣʦʚ  M2 [1].  

ʆʧʨʝʜʝʣʝʥʠʝ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʘʢʫʩʪʦʦʧʪʠʯʝʩʢʦʛʦ ʢʘʯʝʩʪʚʘ ʢʨʠʩʪʘʣʣʦʚ Ŭ-BaB2O4 ʠ 

ɓ-BaB2O4 ʚ ʧʣʦʩʢʦʩʪʷʭ XZ ʠ YZ ʧʨʦʚʦʜʠʣʦʩʴ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʥʘʡʜʝʥʥʳʭ ʚʝʣʠʯʠʥ 

ʬʘʟʦʚʦʡ ʩʢʦʨʦʩʪʠ ʘʢʫʩʪʠʯʝʩʢʠʭ ʚʦʣʥ ʠ ʥʘʧʨʘʚʣʝʥʠʡ ʠʭ ʧʦʣʷʨʠʟʘʮʠʠ. ɼʘʥʥʳʝ ʦ 

ʧʣʦʪʥʦʩʪʠ ʢʨʠʩʪʘʣʣʦʚ, ʘ ʪʘʢʞʝ ʦ ʟʥʘʯʝʥʠʷʭ ʠʭ ʬʦʪʦʫʧʨʫʛʠʭ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʙʳʣʠ ʚʟʷʪʳ 
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ʠʟ ʨʘʙʦʪʳ [2].  ʈʘʩʯʝʪ ʧʘʨʘʤʝʪʨʘ M2 ʢʨʠʩʪʘʣʣʦʚ Ŭ-BaB2O4 ʠ ɓ-BaB2O4 ʧʦʢʘʟʘʣ, ʯʪʦ ʝʛʦ 

ʟʥʘʯʝʥʠʝ ʚ ʧʣʦʩʢʦʩʪʠ XZ ʧʨʠ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʠ ʩʚʝʪʘ ʚʙʣʠʟʠ ʦʩʠ Z ʚ ʨʝʞʠʤʘʭ 

ʘʥʠʟʦʪʨʦʧʥʦʡ ʜʠʬʨʘʢʮʠʠ ʯʨʝʟʚʳʯʘʡʥʦ ʤʘʣʦ ʠ ʧʨʠʙʣʠʟʠʪʝʣʴʥʦ ʥʘ ʧʦʨʷʜʦʢ ʫʩʪʫʧʘʝʪ 

ʟʥʘʯʝʥʠʶ ʜʘʥʥʦʛʦ ʢʦʵʬʬʠʮʠʝʥʪʘ ʚ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʤ ʢʚʘʨʮʝ ʠ ʚ ʜʠʛʠʜʨʦʬʦʩʬʘʪʝ ʢʘʣʠʷ. 

ʉ ʜʨʫʛʦʡ ʩʪʦʨʦʥʳ, ʘʢʫʩʪʦʦʧʪʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʢʨʠʩʪʘʣʣʦʚ ʚ ʧʣʦʩʢʦʩʪʠ YZ 

ʦʢʘʟʘʣʠʩʴ ʚʳʰʝ, ʯʝʤ ʚ ʧʣʦʩʢʦʩʪʠ XZ.  

ʅʘ ʈʠʩ. 3 ʚ ʧʦʣʷʨʥʳʭ ʢʦʦʨʜʠʥʘʪʘʭ ʧʦʢʘʟʘʥʳ ʨʘʩʩʯʠʪʘʥʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ 

ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʘʢʫʩʪʦʦʧʪʠʯʝʩʢʦʛʦ ʢʘʯʝʩʪʚʘ ʢʨʠʩʪʘʣʣʦʚ Ŭ-BaB2O4 (ʘ) ʠ ɓ-BaB2O4 (ʙ) ʧʨʠ 

ʠʟʤʝʥʝʥʠʷʭ ʥʘʧʨʘʚʣʝʥʠʷ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʟʚʫʢʘ ʦʪʥʦʩʠʪʝʣʴʥʦ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʠʭ 

ʦʩʝʡ ʤʘʪʝʨʠʘʣʦʚ. ʅʘ ʨʠʩʫʥʢʘʭ ʟʥʘʯʝʥʠʷ ʧʘʨʘʤʝʪʨʘ M2 ʦʪʣʦʞʝʥʳ ʚʜʦʣʴ ʨʘʜʠʫʩʘ ʚ 

ʝʜʠʥʠʮʘʭ 10-18 ʩ3/ʛ, ʧʨʠ ʵʪʦʤ ʥʫʣʝʚʦʤʫ ʫʛʣʫ ʥʘ ʨʠʩʫʥʢʘʭ ʩʦʦʪʚʝʪʩʪʚʫʝʪ 

 

 
 

                                  ʘ)                                                                                                     ʙ) 
ʈʠʩ. 3. ʂʦʵʬʬʠʮʠʝʥʪ ʘʢʫʩʪʦʦʧʪʠʯʝʩʢʦʛʦ ʢʘʯʝʩʪʚʘ ʢʨʠʩʪʘʣʣʦʚ  Ŭ-BaB2O4 (ʘ) ʠ ɓ-BaB2O4 (ʙ) ʚ ʧʣʦʩʢʦʩʪʠ YZ 

ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʥʘʧʨʘʚʣʝʥʠʷ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʟʚʫʢʘ.  

 

ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʝ ʩʚʝʪʘ ʚʜʦʣʴ ʦʩʠ Y, ʘ ʫʛʦʣ 900 ʦʧʨʝʜʝʣʷʝʪ ʦʩʴ Z.  ʀʟ  ʨʠʩʫʥʢʦʚ ʩʣʝʜʫʝʪ, 

ʯʪʦ ʚʝʣʠʯʠʥʘ ʢʦʵʬʬʠʮʠʝʥʪʘ ʢʘʯʝʩʪʚʘ ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʧʨʠ ʧʨʠʙʣʠʞʝʥʠʠ ʥʘʧʨʘʚʣʝʥʠʷ 

ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʟʚʫʢʘ ʢ ʦʩʠ Z ʤʘʪʝʨʠʘʣʦʚ. ʆʜʥʘʢʦ ʘʥʘʣʠʟ ʧʦʢʘʟʘʣ, ʯʪʦ ʟʥʘʯʝʥʠʷ 

ʘʢʫʩʪʠʯʝʩʢʠʭ ʯʘʩʪʦʪ ʧʨʠ ʵʪʦʤ ʦʢʘʟʳʚʘʶʪʩʷ ʚʳʩʦʢʠʤʠ ʠ ʚ ʫʣʴʪʨʘʬʠʦʣʝʪʦʚʦʤ ʜʠʘʧʘʟʦʥʝ 

ʜʦʩʪʠʛʘʶʪ ʥʝʩʢʦʣʴʢʦ ʩʦʪʝʥ ʤʝʛʘʛʝʨʮ ʠʣʠ ʜʘʞʝ ʝʜʠʥʠʮ ʛʠʛʘʨʝʨʮ. ʕʪʦ ʦʙʩʪʦʷʪʝʣʴʩʪʚʦ 

ʥʝʦʙʭʦʜʠʤʦ ʫʯʠʪʳʚʘʪʴ ʧʨʠ ʨʘʟʨʘʙʦʪʢʝ ʘʢʫʩʪʦʦʧʪʠʯʝʩʢʠʭ ʫʩʪʨʦʡʩʪʚ ʥʘ ʢʨʠʩʪʘʣʣʘʭ Ŭ-

BaB2O4 ʠ ɓ-BaB2O4.  

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ ʧʦʜʜʝʨʞʢʝ ʛʨʘʥʪʘ ʈʦʩʩʠʡʩʢʦʛʦ ʅʘʫʯʥʦʛʦ ʬʦʥʜʘ 

ʈʅʌ ̄19-12-00072. 
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ʊʝʥʜʝʥʮʠʝʡ ʩʦʚʨʝʤʝʥʥʦʡ ʦʧʪʦʵʣʝʢʪʨʦʥʠʢʠ ʠ ʬʦʪʦʥʠʢʠ ʷʚʣʷʝʪʩʷ ʩʦʟʜʘʥʠʝ 

ʢʦʤʧʘʢʪʥʳʭ ʫʩʪʨʦʡʩʪʚ ʜʣʷ ʵʣʝʢʪʨʦʥʥʦʛʦ ʫʧʨʘʚʣʝʥʠʷ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ ʦʧʪʠʯʝʩʢʦʛʦ 

ʠʟʣʫʯʝʥʠʷ. ʆʜʥʠʤʠ ʠʟ ʥʘʠʙʦʣʝʝ ʨʘʩʧʨʦʩʪʨʘʥʝʥʥʳʭ ʩʨʝʜʠ ʥʠʭ ʷʚʣʷʶʪʩʷ 

ʘʢʫʩʪʦʦʧʪʠʯʝʩʢʠʝ (ɸʆ). ɿʘ ʩʯʝʪ ʜʠʬʨʘʢʮʠʠ ʩʚʝʪʘ ʥʘ ʨʝʰʝʪʢʘʭ, ʩʦʟʜʘʥʥʳʭ ʘʢʫʩʪʠʯʝʩʢʠʤ 

ʧʦʣʝʤ, ʤʦʞʥʦ ʦʩʫʱʝʩʪʚʠʪʴ ʫʧʨʘʚʣʝʥʠʝ ʥʘʧʨʘʚʣʝʥʠʝʤ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʩʚʝʪʦʚʳʭ 

ʧʫʯʢʦʚ, ʠʥʪʝʥʩʠʚʥʦʩʪʴʶ, ʧʦʣʷʨʠʟʘʮʠʝʡ ʠ ʩʧʝʢʪʨʘʣʴʥʳʤ ʩʦʩʪʘʚʦʤ [1,2]. ʇʨʠ ʵʪʦʤ ʚ 

ʢʘʯʝʩʪʚʝ ʩʨʝʜ ʜʣʷ ʨʝʘʣʠʟʘʮʠʠ ɸʆ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʠʩʧʦʣʴʟʫʶʪʩʷ, ʚ ʦʩʥʦʚʥʦʤ, ʦʜʥʦʦʩʥʳʝ 

ʠ ʜʚʫʦʩʥʳʝ ʢʨʠʩʪʘʣʣʳ. ɼʘʞʝ ʧʨʠ ʧʨʦʠʟʚʦʜʩʪʚʝ ʚ ʙʦʣʴʰʠʭ ʢʦʣʠʯʝʩʪʚʘʭ ʠʟʛʦʪʦʚʣʝʥʠʝ 

ɸʆ ʷʯʝʝʢ ʥʘ ʦʩʥʦʚʝ ʪʘʢʠʭ ʢʨʠʩʪʘʣʣʦʚ ʪʨʝʙʫʝʪ ʧʨʠʤʝʥʝʥʠʷ ʚʳʩʦʢʦʪʝʭʥʦʣʦʛʠʯʥʳʭ ʠ 

ʪʨʫʜʦʝʤʢʠʭ ʧʨʦʮʝʜʫʨ ʚʳʨʘʱʠʚʘʥʠʷ, ʨʝʟʢʠ, ʦʨʠʝʥʪʘʮʠʠ ʠ ʜʨ. ʀʤʝʶʱʠʝʩʷ 

ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʝ ʧʨʝʧʷʪʩʪʚʠʷ ʠ ʦʛʨʘʥʠʯʝʥʥʳʡ ʚʳʙʦʨ ʢʨʠʩʪʘʣʣʦʚ ʧʨʠʚʦʜʠʪ ʢ ʥʝʧʦʣʥʦʤʫ 

ʠʩʧʦʣʴʟʦʚʘʥʠʶ ʚʩʝʭ ʚʦʟʤʦʞʥʦʩʪʝʡ ɸʆ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʠ ʜʦʩʪʘʪʦʯʥʦ ʚʳʩʦʢʦʡ ʩʪʦʠʤʦʩʪʠ 

ɸʆ ʫʩʪʨʦʡʩʪʚ. ʆʜʥʠʤ ʠʟ ʥʘʧʨʘʚʣʝʥʠʡ ʜʘʣʴʥʝʡʰʝʛʦ ʨʘʟʚʠʪʠʷ ɸʆ ʪʝʭʥʦʣʦʛʠʡ ʷʚʣʷʝʪʩʷ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʞʠʜʢʦʩʪʝʡ ʚ ʢʘʯʝʩʪʚʝ ʨʘʙʦʯʝʡ ʩʨʝʜʳ ɸʆ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ [3]. ʅʝʩʤʦʪʨʷ 

ʥʘ ʠʟʦʪʨʦʧʠʶ ʩʨʝʜʳ ʠ, ʢʘʢ ʩʣʝʜʩʪʚʠʝ, ʥʝʚʦʟʤʦʞʥʦʩʪʴ ʨʝʘʣʠʟʘʮʠʠ ʤʥʦʛʠʭ ʰʠʨʦʢʦ 

ʠʩʧʦʣʴʟʫʝʤʳʭ ʛʝʦʤʝʪʨʠʡ ɸʆ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ, ɸʆ ʜʠʬʨʘʢʮʠʷ ʚ ʞʠʜʢʦʩʪʠ ʠʤʝʝʪ 

ʩʫʱʝʩʪʚʝʥʥʳʝ ʜʦʩʪʦʠʥʩʪʚʘ. ʂ ʥʠʤ ʤʦʞʥʦ ʦʪʥʝʩʪʠ ʚʦʟʤʦʞʥʦʩʪʴ ʠʟʛʦʪʦʚʣʝʥʠʷ ʧʦʯʪʠ 

ʣʶʙʦʡ ʬʦʨʤʳ ʨʘʙʦʯʝʡ ʩʨʝʜʳ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʩʦʟʜʘʚʘʪʴ ʘʢʫʩʪʠʯʝʩʢʠʝ ʧʦʣʷ ʩʣʦʞʥʦʡ 

ʩʪʨʫʢʪʫʨʳ, ʥʘʧʨʠʤʝʨ, ʩ ʨʘʩʧʨʝʜʝʣʝʥʠʝʤ ɹʝʩʩʝʣʷ [4]. ʊʝʭʥʦʣʦʛʠʯʥʦʩʪʴ ʠ ʥʠʟʢʘʷ 

ʩʪʦʠʤʦʩʪʴ ʠʟʛʦʪʦʚʣʝʥʠʷ ɸʆ ʷʯʝʝʢ ʥʘ ʦʩʥʦʚʝ ʞʠʜʢʦʩʪʝʡ ʧʦʟʚʦʣʷʝʪ ʩʦʟʜʘʚʘʪʴ ʢʦʤʧʘʢʪʥʳʝ 

ʠ ʵʬʬʝʢʪʠʚʥʳʝ ʫʩʪʨʦʡʩʪʚʘ ʜʣʷ ʫʧʨʘʚʣʝʥʠʷ ʦʧʪʠʯʝʩʢʠʤ ʠʟʣʫʯʝʥʠʝʤ. ʊʘʢ, ʥʘʧʨʠʤʝʨ, 

ʪʘʢʠʝ ɸʆ ʵʣʝʤʝʥʪʳ ʫʞʝ ʠʩʧʦʣʴʟʫʶʪʩʷ ʜʣʷ ʧʨʝʮʠʟʠʦʥʥʦʡ ʬʦʢʫʩʠʨʦʚʢʠ ʠʟʣʫʯʝʥʠʷ ʚ 

ʨʘʟʣʠʯʥʳʭ ʦʙʣʘʩʪʷʭ ʩʦʚʨʝʤʝʥʥʦʡ ʤʠʢʨʦʩʢʦʧʠʠ [5-7]. ʇʨʠ ʵʪʦʤ ʜʦ ʥʘʩʪʦʷʱʝʛʦ ʚʨʝʤʝʥʠ 

ʚʦʟʤʦʞʥʦʩʪʠ ʧʨʠʤʝʥʝʥʠʷ ɸʆ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʚ ʞʠʜʢʦʩʪʷʭ ʜʣʷ ʫʧʨʘʚʣʝʥʠʷ 

ʩʧʝʢʪʨʘʣʴʥʳʤʠ ʠ ʘʤʧʣʠʪʫʜʥʦ-ʬʘʟʦʚʳʤʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ ʦʧʪʠʯʝʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ ʥʝ 

ʠʩʩʣʝʜʦʚʘʥʳ ʚ ʧʦʣʥʦʡ ʤʝʨʝ ʥʠ ʪʝʦʨʝʪʠʯʝʩʢʠ, ʥʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ. 

ʅʘʩʪʦʷʱʘʷ ʨʘʙʦʪʘ ʥʘʧʨʘʚʣʝʥʘ ʥʘ ʪʝʦʨʝʪʠʯʝʩʢʠʡ ʘʥʘʣʠʟ ʚʦʟʤʦʞʥʦʩʪʝʡ ʫʧʨʘʚʣʝʥʠʷ 

ʘʤʧʣʠʪʫʜʥʦ-ʬʘʟʦʚʦʡ ʠ ʩʧʝʢʪʨʘʣʴʥʦʡ ʩʪʨʫʢʪʫʨʦʡ ʦʧʪʠʯʝʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ ʟʘ ʩʯʝʪ ʝʛʦ 

ʧʨʦʧʫʩʢʘʥʠʷ ʯʝʨʝʟ ɸʆ ʵʣʝʤʝʥʪ, ʧʨʝʜʩʪʘʚʣʷʶʱʠʡ ʩʦʙʦʡ ʥʘʧʦʣʥʝʥʥʳʡ ʞʠʜʢʦʩʪʴʶ ʩʦʩʫʜ 

ʦʩʝʩʠʤʤʝʪʨʠʯʥʦʡ ʬʦʨʤʳ, ʚʩʷ ʙʦʢʦʚʘʷ ʧʦʚʝʨʭʥʦʩʪʴ ʢʦʪʦʨʦʛʦ ʷʚʣʷʝʪʩʷ ʠʩʪʦʯʥʠʢʦʤ 

ʘʢʫʩʪʠʯʝʩʢʦʡ ʚʦʣʥʳ. ɺ ʵʪʦʤ ʩʣʫʯʘʝ ʩʠʥʬʘʟʥʦʛʦ ʚʦʟʙʫʞʜʝʥʠʷ ʫʣʴʪʨʘʟʚʫʢʘ ʩʪʨʫʢʪʫʨʘ ʧʦʣʷ 

ʚʥʫʪʨʠ ʮʠʣʠʥʜʨʘ ʦʧʨʝʜʝʣʷʝʪʩʷ ʚʨʝʤʝʥʥʦʡ ʟʘʚʠʩʠʤʦʩʪʴʶ ʧʦʜʘʚʘʝʤʦʡ ʯʘʩʪʦʪʳ w(t). ɼʣʷ 

ʠʩʩʣʝʜʦʚʘʥʠʷ ʚʦʟʤʦʞʥʦʩʪʝʡ ʫʧʨʘʚʣʝʥʠʷ ʵʪʦʡ ʩʪʨʫʢʪʫʨʦʡ ʚ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʧʨʦʚʝʜʝʥʦ 

ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʧʦʣʷ ʩ ʧʦʤʦʱʴʶ ʧʨʦʛʨʘʤʤʥʦʡ ʩʨʝʜʳ COMSOL Multiphysics. 

ɺ ʩʣʫʯʘʝ ʮʠʣʠʥʜʨʘ ʨʘʜʠʫʩʘ r0 ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦ-ʚʨʝʤʝʥʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʜʘʚʣʝʥʠʷ 

ʚʥʫʪʨʠ ʥʝʛʦ ʠʤʝʝʪ ʚʠʜ [8]: 

0( , ) ( )cos( )p r t pJ Kr tw=D  (1) 

ʛʜʝ J0 - ʬʫʥʢʮʠʷ ɹʝʩʩʝʣʷ, K ʠ ɤ ï ʚʦʣʥʦʚʦʡ ʚʝʢʪʦʨ ʠ ʫʛʣʦʚʘʷ ʯʘʩʪʦʪʘ ʟʚʫʢʘ, 

Dp ~ ɟV 2U0Ö(Kr0)
1/2Öexp(iKr 0) - ʘʤʧʣʠʪʫʜʘ ʢʦʣʝʙʘʥʠʡ ʜʘʚʣʝʥʠʷ, ɟ ï ʧʣʦʪʥʦʩʪʴ ʩʨʝʜʳ, V ï 

ʩʢʦʨʦʩʪʴ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʟʚʫʢʘ ʚ ʩʨʝʜʝ, U0 - ʘʤʧʣʠʪʫʜʘ ʜʝʬʦʨʤʘʮʠʠ ʟʚʫʢʦʚʦʡ ʚʦʣʥʳ. 

https://www.polyus.info/
https://www.polyus.info/
mailto:machikhin@ntcup.ru
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ɺʘʨʠʘʮʠʠ ʜʘʚʣʝʥʠʷ ʧʨʠʚʦʜʷʪ ʢ ʦʙʨʘʟʦʚʘʥʠʶ ʚ ʩʨʝʜʝ ʦʩʮʠʣʣʠʨʫʶʱʝʛʦ 

ʦʩʝʩʠʤʤʝʪʨʠʯʥʦʛʦ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʧʦʢʘʟʘʪʝʣʷ ʧʨʝʣʦʤʣʝʥʠʷ 

0 0( , ) ( )cos( )n r t n nJ Kr tw= +D      (2) 

n0 - ʧʦʢʘʟʘʪʝʣʴ ʧʨʝʣʦʤʣʝʥʠʷ ʥʝʚʦʟʤʫʱʝʥʥʦʡ ʩʨʝʜʳ, Dn ~ Dp. ʂʘʢ ʧʦʢʘʟʘʥʦ ʚ [4], ʧʨʠ 

ʧʦʜʘʯʝ ʧʦʩʪʦʷʥʥʦʡ ʯʘʩʪʦʪʳ ʟʚʫʢʘ w ʪʘʢʦʡ ʢʦʤʧʦʥʝʥʪ ʚʝʜʝʪ ʩʝʙʷ ʧʦ ʦʪʥʦʰʝʥʠʶ ʢ 

ʦʧʪʠʯʝʩʢʦʤʫ ʠʟʣʫʯʝʥʠʶ ʩ ʜʣʠʥʦʡ ʚʦʣʥʳ l ʢʘʢ ʣʠʥʟʘ ʩ ʦʧʪʠʯʝʩʢʦʡ ʩʠʣʦʡ 1/F = (Dn/4)K2L, 

ʛʜʝ L ï ʜʣʠʥʘ ʮʠʣʠʥʜʨʘ. 

ʅʘ ʦʩʥʦʚʝ ʨʝʰʝʥʠʷ (1) ʤʦʞʥʦ ʤʦʜʝʣʠʨʦʚʘʪʴ ʠ ʙʦʣʝʝ ʩʣʦʞʥʳʝ ʘʢʫʩʪʠʯʝʩʢʠʝ ʧʦʣʷ, 

ʥʘʧʨʠʤʝʨ, ʷʚʣʷʶʱʠʝʩʷ ʢʦʤʙʠʥʘʮʠʝʡ ʥʝʩʢʦʣʴʢʠʭ ʯʘʩʪʦʪ. ɼʣʷ ʧʨʠʤʝʨʘ ʥʘ ʨʠʩ. 1 

ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʘʩʩʯʠʪʘʥʥʳʝ ʠ ʩʤʦʜʝʣʠʨʦʚʘʥʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʘʢʫʩʪʠʯʝʩʢʦʛʦ ʜʘʚʣʝʥʠʷ 

ʚʥʫʪʨʠ ʮʠʣʠʥʜʨʠʯʝʩʢʦʡ ʠʟʣʫʯʘʶʱʝʡ ʧʦʚʝʨʭʥʦʩʪʠ, ʟʘʧʦʣʥʝʥʥʦʡ ʚʦʜʦʡ. ʇʨʠʚʝʜʝʥʥʳʝ 

ʛʨʘʬʠʢʠ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʚʦʟʙʫʞʜʝʥʠʶ ʥʘ ʬʠʢʩʠʨʦʚʘʥʥʦʡ ʯʘʩʪʦʪʝ (w/(2p) = 300 ʢɻʮ) ʠ 

ʥʝʩʪʘʮʠʦʥʘʨʥʦʤʫ ʚʦʟʙʫʞʜʝʥʠʶ, ʩʦʧʨʦʚʦʞʜʘʶʱʝʤʫʩʷ ʜʝʚʠʘʮʠʝʡ ʯʘʩʪʦʪʳ ʚ ʜʠʘʧʘʟʦʥʝ 

100-500 ʢɻʮ. ʊʝʦʨʝʪʠʯʝʩʢʠʡ ʨʘʩʯʝʪ ʧʨʦʚʦʜʠʣʩʷ ʧʦ ʚʳʰʝʧʨʠʚʝʜʝʥʥʳʤ ʬʦʨʤʫʣʘʤ, ʘ 

ʯʠʩʣʝʥʥʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ - ʚ ʩʨʝʜʝ çComsol multiphysicsè ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʠʥʪʝʨʬʝʡʩʘ 

çConvected Wave Equation, Time Explicitè. ɺʠʜʥʦ, ʯʪʦ ʩʤʦʜʝʣʠʨʦʚʘʥʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ 

ʜʦʩʪʘʪʦʯʥʦ ʭʦʨʦʰʦ ʩʦʛʣʘʩʫʶʪʩʷ ʩ ʪʝʦʨʝʪʠʯʝʩʢʠʤʠ, ʨʘʩʯʝʪʥʳʤʠ. ʕʪʦ ʜʘʝʪ ʦʩʥʦʚʘʥʠʷ 

ʧʦʣʘʛʘʪʴ, ʯʪʦ ʪʘʢʦʡ ʧʦʜʭʦʜ ʤʦʞʥʦ ʵʬʬʝʢʪʠʚʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʜʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʠ ʙʦʣʝʝ 

ʩʣʦʞʥʳʭ ʩʪʨʫʢʪʫʨ. 

 

     

 

 
ʈʠʩ. 1. ʄʛʥʦʚʝʥʥʦʝ ʨʘʜʠʘʣʴʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʠʟʙʳʪʦʯʥʦʛʦ ʜʘʚʣʝʥʠʷ ʚ ʮʠʣʠʥʜʨʠʯʝʩʢʦʤ ʩʦʩʫʜʝ.   

ɺʚʝʨʭʫ ï ʪʦʯʥʳʡ ʨʘʩʯʝʪ, ʚʥʠʟʫ ï ʯʠʩʣʝʥʥʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ.   

ʉʣʝʚʘ - ʯʘʩʪʦʪʘ 300 ʢɻʮ, ʩʧʨʘʚʘ ï ʚ ʥʝʢʦʪʦʨʳʡ ʤʦʤʝʥʪ ʚʨʝʤʝʥʠ ʧʨʠ ʩʢʘʥʠʨʦʚʘʥʠʠ ʯʘʩʪʦʪʳ: 100-500 ʢɻʮ. 

 

ʆʧʠʩʘʥʥʘʷ ʨʝʘʣʠʟʘʮʠʷ ʷʚʣʷʝʪʩʷ ʯʘʩʪʥʳʤ ʩʣʫʯʘʝʤ ʤʝʪʦʜʘ ʫʧʨʘʚʣʝʥʠʷ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ ʦʧʪʠʯʝʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ, ʦʩʥʦʚʘʥʥʦʛʦ ʥʘ ʧʨʦʧʫʩʢʘʥʠʠ ʩʚʝʪʘ ʯʝʨʝʟ 

ʩʨʝʜʫ, ʩʚʦʡʩʪʚʘ ʢʦʪʦʨʦʡ ʫʧʨʘʚʣʷʝʤʳʤ ʦʙʨʘʟʦʤ ʨʝʛʫʣʠʨʫʶʪʩʷ ʘʢʫʩʪʠʯʝʩʢʠʤ ʧʦʣʝʤ, 
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ʩʦʟʜʘʚʘʝʤʳʤ ʦʜʥʠʤ ʠʣʠ ʥʝʩʢʦʣʴʢʠʤʠ ʘʢʫʩʪʠʯʝʩʢʠʤʠ ʠʟʣʫʯʘʪʝʣʷʤʠ. ɺ ʨʘʩʩʤʦʪʨʝʥʥʦʤ 

ʩʣʫʯʘʝ ʚ ʢʘʯʝʩʪʚʝ ʩʨʝʜʳ ʫʜʦʙʥʦ ʚʳʙʨʘʪʴ ʞʠʜʢʦʩʪʴ. ʕʪʦ, ʥʝʩʤʦʪʨʷ ʥʘ ʙʦʣʝʝ ʦʛʨʘʥʠʯʝʥʥʳʡ 

ʚʳʙʦʨ ʛʝʦʤʝʪʨʠʡ ɸʆ ʜʠʬʨʘʢʮʠʡ ʠʟ-ʟʘ ʠʟʦʪʨʦʧʠʠ ʨʘʙʦʯʝʡ ʩʨʝʜʳ, ʜʘʝʪ ʚʦʟʤʦʞʥʦʩʪʴ 

ʠʟʛʦʪʦʚʣʝʥʠʷ ʨʘʙʦʯʝʡ ʩʨʝʜʳ ʩʣʦʞʥʦʡ ʬʦʨʤʳ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʟʘ ʩʯʝʪ ʵʪʦʛʦ ʩʦʟʜʘʚʘʪʴ 

ʘʢʫʩʪʠʯʝʩʢʠʝ ʧʦʣʷ ʩʣʦʞʥʦʡ ʩʪʨʫʢʪʫʨʳ. ʊʝʭʥʦʣʦʛʠʯʥʦʩʪʴ ʠ ʥʠʟʢʘʷ ʩʪʦʠʤʦʩʪʴ 

ʠʟʛʦʪʦʚʣʝʥʠʷ ɸʆ ʢʦʤʧʦʥʝʥʪʦʚ ʥʘ ʦʩʥʦʚʝ ʞʠʜʢʦʩʪʝʡ ʦʪʢʨʳʚʘʝʪ ʚʦʟʤʦʞʥʦʩʪʠ ʩʦʟʜʘʥʠʷ 

ʢʦʤʧʘʢʪʥʳʭ ʠ ʵʬʬʝʢʪʠʚʥʳʭ ɸʆ ʫʩʪʨʦʡʩʪʚ ʜʣʷ ʫʧʨʘʚʣʝʥʠʷ ʚʦʣʥʦʚʳʤ ʬʨʦʥʪʦʤ 

ʦʧʪʠʯʝʩʢʦʛʦ ʧʦʪʦʢʘ.  

ʂʨʦʤʝ ʪʦʛʦ, ʤʦʞʥʦ ʩʫʱʝʩʪʚʝʥʥʦ ʨʘʩʰʠʨʠʪʴ ʨʘʩʩʤʘʪʨʠʚʘʝʤʳʡ ʤʝʪʦʜ ʫʧʨʘʚʣʝʥʠʷ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ ʦʧʪʠʯʝʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ, ʥʘʧʨʠʤʝʨ, ʟʘ ʩʯʝʪ ʧʦʜʘʯʠ ʤʦʜʫʣʠʨʦʚʘʥʥʦʛʦ 

ʘʢʫʩʪʠʯʝʩʢʦʛʦ ʩʠʛʥʘʣʘ, ʘ ʪʘʢʞʝ ʧʫʪʝʤ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʧʦʚʝʨʭʥʦʩʪʠ ʚʨʘʱʝʥʠʷ ʙʦʣʝʝ 

ʩʣʦʞʥʦʡ (ʥʝʮʠʣʠʥʜʨʠʯʝʩʢʦʡ) ʬʦʨʤʳ. 
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ʀʩʩʣʝʜʦʚʘʥʠʝ ʩʢʘʣʷʨʥʦ-ʚʝʢʪʦʨʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʘʢʫʩʪʠʯʝʩʢʦʛʦ 

ʧʦʣʷ ʩ ʧʦʤʦʱʴʶ ʨʘʟʥʝʩʝʥʥʳʭ ʚ ʧʨʦʩʪʨʘʥʩʪʚʝ ʢʦʤʙʠʥʠʨʦʚʘʥʥʳʭ 

ʧʨʠʝʤʥʳʭ ʤʦʜʫʣʝʡ 
 

ɽ.ɺ. ʄʝʜʚʝʜʝʚʘ1, ɹ.ʀ. ɻʦʥʯʘʨʝʥʢʦ1, ɸ.ʉ. ʐʫʨʫʧ1, 2, 3 
1ʄʦʩʢʦʚʩʢʠʡ ɻʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʠʤʝʥʠ ʄ.ɺ. ʃʦʤʦʥʦʩʦʚʘ,  

ʬʠʟʠʯʝʩʢʠʡ ʬʘʢʫʣʴʪʝʪ, ʢʘʬʝʜʨʘ ʘʢʫʩʪʠʢʠ 
2ʀʥʩʪʠʪʫʪ ʦʢʝʘʥʦʣʦʛʠʠ ʠʤ. ʇ.ʇ. ʐʠʨʰʦʚʘ ʈɸʅ 

3ʀʥʩʪʠʪʫʪ ʬʠʟʠʢʠ ɿʝʤʣʠ ʠʤ. ʆ.ʖ. ʐʤʠʜʪʘ ʈɸʅ 

medvedeva.ev15@physics.msu.ru 

 

ʇʝʨʩʧʝʢʪʠʚʥʳʤ ʥʘʧʨʘʚʣʝʥʠʝʤ ʨʘʟʚʠʪʠʷ ʤʝʪʦʜʦʚ ʧʘʩʩʠʚʥʦʡ ʘʢʫʩʪʠʯʝʩʢʦʡ 

ʪʦʤʦʛʨʘʬʠʠ ʦʢʝʘʥʘ, ʦʩʥʦʚʘʥʥʳʭ ʥʘ ʦʮʝʥʢʝ ʬʫʥʢʮʠʠ ɻʨʠʥʘ ʩʨʝʜʳ ʩ ʧʦʤʦʱʴʶ 

ʜʚʫʭʪʦʯʝʯʥʦʡ ʚʟʘʠʤʥʦʡ ʢʦʨʨʝʣʷʮʠʠ ʰʫʤʦʚʳʭ ʧʦʣʝʡ [1], ʷʚʣʷʝʪʩʷ ʠʩʧʦʣʴʟʦʚʘʥʠʝ 

ʢʦʤʙʠʥʠʨʦʚʘʥʥʳʭ ʧʨʠʝʤʥʳʭ ʤʦʜʫʣʝʡ, ʩʧʦʩʦʙʥʳʭ ʚ ʦʜʥʦʡ ʪʦʯʢʝ ʧʨʦʩʪʨʘʥʩʪʚʘ 

ʨʝʛʠʩʪʨʠʨʦʚʘʪʴ ʢʘʢ ʩʢʘʣʷʨʥʳʝ, ʪʘʢ ʠ ʚʝʢʪʦʨʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʘʢʫʩʪʠʯʝʩʢʠʭ ʧʦʣʝʡ [2]. 

ʊʘʢʦʡ ʧʦʜʭʦʜ ʧʦʟʚʦʣʷʝʪ ʧʦʣʫʯʘʪʴ ʝʜʠʥʦʚʨʝʤʝʥʥʦ ʟʘʤʝʪʥʦ ʙʦʣʴʰʠʡ ʦʙʲʝʤ ʠʥʬʦʨʤʘʮʠʠ 

ʦ ʩʪʨʫʢʪʫʨʝ ʚʦʣʥʦʚʦʛʦ ʧʦʣʷ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʦʜʠʥʦʯʥʳʭ ʧʨʠʝʤʥʠʢʦʚ 

ʜʘʚʣʝʥʠʷ. ʊʝʦʨʝʪʠʯʝʩʢʠʝ ʦʮʝʥʢʠ ʧʦʢʘʟʳʚʘʶʪ [3], ʯʪʦ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʢʦʤʙʠʥʠʨʦʚʘʥʥʳʭ 

ʧʨʠʝʤʥʳʭ ʤʦʜʫʣʝʡ ʚ ʧʘʩʩʠʚʥʦʡ ʪʦʤʦʛʨʘʬʠʠ ʧʦʟʚʦʣʷʝʪ ʩʫʱʝʩʪʚʝʥʥʦ ʩʦʢʨʘʪʠʪʴ ʚʨʝʤʷ 

ʥʘʢʦʧʣʝʥʠʷ ʰʫʤʦʚʦʛʦ ʩʠʛʥʘʣʘ, ʪʨʝʙʫʝʤʦʛʦ ʜʣʷ ʜʦʩʪʦʚʝʨʥʦʡ ʦʮʝʥʢʠ ʬʫʥʢʮʠʠ ɻʨʠʥʘ. 

ʅʘʩʪʦʷʱʘʷ ʨʘʙʦʪʘ ʧʦʩʚʷʱʝʥʘ ʘʥʘʣʠʟʫ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ, ʧʦʣʫʯʝʥʥʳʭ ʚ 

ʨʝʟʫʣʴʪʘʪʝ ʠʟʤʝʨʝʥʠʡ ʣʝʪʦʤ ʠ ʟʠʤʦʡ 2018-19 ʛʛ. ʚ ʘʢʚʘʪʦʨʠʠ ʂʣʷʟʴʤʠʥʩʢʦʛʦ 

ʚʦʜʦʭʨʘʥʠʣʠʱʘ ʥʘ ʛʠʜʨʦʘʢʫʩʪʠʯʝʩʢʦʤ ʧʦʣʠʛʦʥʝ ʄɻʋ. ɼʣʷ ʧʨʦʚʝʜʝʥʠʷ ʵʢʩʧʝʨʠʤʝʥʪʘ 

ʚʜʘʣʠ ʦʪ ʙʝʨʝʛʘ ʙʳʣ ʚʳʙʨʘʥ ʧʨʦʪʷʞʝʥʥʳʡ ʚ ʛʦʨʠʟʦʥʪʘʣʴʥʦʤ ʥʘʧʨʘʚʣʝʥʠʠ ʨʦʚʥʳʡ 

ʫʯʘʩʪʦʢ ʚʦʜʥʦʛʦ ʩʣʦʷ ʛʣʫʙʠʥʦʡ ʧʨʠʤʝʨʥʦ 8 ʤʝʪʨʦʚ. ʅʘ ʜʥʦ ʙʳʣʠ ʫʩʪʘʥʦʚʣʝʥʳ ʜʚʘ 

ʨʘʟʥʝʩʝʥʥʳʭ ʚ ʧʨʦʩʪʨʘʥʩʪʚʝ ʢʦʤʙʠʥʠʨʦʚʘʥʥʳʭ ʧʨʠʝʤʥʳʭ ʤʦʜʫʣʷ (ʂʇʄ ˉ1 ʠ ˉ2), 

ʦʩʫʱʝʩʪʚʣʷʚʰʠʭ ʦʜʥʦʚʨʝʤʝʥʥʦʝ ʠʟʤʝʨʝʥʠʝ ʟʚʫʢʦʚʦʛʦ ʜʘʚʣʝʥʠʷ ʠ ʪʨʝʭ ʚʟʘʠʤʥʦ 

ʦʨʪʦʛʦʥʘʣʴʥʳʭ ʩʦʩʪʘʚʣʷʶʱʠʭ ʢʦʣʝʙʘʪʝʣʴʥʦʡ ʩʢʦʨʦʩʪʠ ʰʫʤʦʚʦʛʦ ʧʦʣʷ. ʇʨʠ ʵʪʦʤ 

ʦʨʠʝʥʪʘʮʠʷ ʛʦʨʠʟʦʥʪʘʣʴʥʳʭ ʢʘʥʘʣʦʚ ʧʨʠʝʤʥʳʭ ʤʦʜʫʣʝʡ ʙʳʣʘ ʦʜʠʥʘʢʦʚʦʡ. ɺ ʣʝʪʥʠʡ 

ʧʝʨʠʦʜ ʨʘʩʩʪʦʷʥʠʝ ʦʪ ʂʇʄ ˉ2 ʜʦ ʧʨʦʭʦʜʷʱʠʭ ʤʠʤʦ ʩʫʜʦʚ ʚ ʨʘʟʥʳʝ ʤʦʤʝʥʪʳ 

ʬʠʢʩʠʨʦʚʘʣʦʩʴ ʩ ʧʦʤʦʱʴʶ ʣʘʟʝʨʥʦʛʦ ʜʘʣʴʥʦʤʝʨʘ. ɼʣʷ ʘʥʘʣʠʟʘ ʙʳʣ ʚʳʜʝʣʝʥ ʦʪʨʝʟʦʢ 

ʟʘʧʠʩʠ, ʥʘ ʢʦʪʦʨʦʤ ʯʝʪʢʦ ʧʨʦʩʣʝʞʠʚʘʣʦʩʴ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʝ ʠʟʤʝʥʝʥʠʝ ʰʫʤʦʚʦʛʦ 

ʩʠʛʥʘʣʘ ʦʪ ʧʨʦʭʦʜʷʱʝʛʦ ʦʜʠʥʦʯʥʦʛʦ ʩʫʜʥʘ; ʤʘʢʩʠʤʘʣʴʥʦʝ ʨʘʩʩʪʦʷʥʠʝ ʜʦ ʂʇʄ 

ʩʦʩʪʘʚʣʷʣʦ 160 ʤ, ʤʠʥʠʤʘʣʴʥʦʝ ï 70 ʤ (ʪʨʘʚʝʨʟ). ɺ ʤʘʨʪʝ 2019 ʛ. ʙʳʣʠ ʦʩʫʱʝʩʪʚʣʝʥʳ 

ʜʦʧʦʣʥʠʪʝʣʴʥʳʝ ʠʟʤʝʨʝʥʠʷ ʩʦʙʩʪʚʝʥʥʳʭ ʰʫʤʦʚ ʘʢʚʘʪʦʨʠʠ ʂʣʷʟʴʤʠʥʩʢʦʛʦ 

ʚʦʜʦʭʨʘʥʠʣʠʱʘ ʧʨʠ ʥʘʣʠʯʠʠ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʘʢʚʘʪʦʨʠʠ ʣʝʜʦʚʦʛʦ ʧʦʢʨʦʚʘ ʚ ʘʥʘʣʦʛʠʯʥʳʭ 

ʫʩʣʦʚʠʷʭ ʵʢʩʧʝʨʠʤʝʥʪʘ. 

ʇʨʠ ʠʩʩʣʝʜʦʚʘʥʠʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ, ʟʘʧʠʩʘʥʥʳʭ  ʚ ʣʝʪʥʠʡ ʧʝʨʠʦʜ, ʙʳʣʘ 

ʧʦʣʫʯʝʥʘ ʢʘʨʪʠʥʘ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ ʰʫʤʦʚ ʘʢʚʘʪʦʨʠʠ ʧʨʠ ʥʘʣʠʯʠʠ 

ʜʚʠʞʫʱʝʛʦʩʷ ʰʫʤʦʚʦʛʦ ʠʩʪʦʯʥʠʢʘ. ʆʙʨʘʙʦʪʢʘ ʜʘʥʥʳʭ ʧʨʦʚʦʜʠʣʘʩʴ ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ 

ʘʣʛʦʨʠʪʤʦʤ, ʧʨʝʜʩʪʘʚʣʝʥʥʳʤ ʚ ʨʘʙʦʪʝ [4]. ɼʠʘʧʘʟʦʥ ʫʛʣʦʚ ʦʪ 0 ʜʦ 360Ü ʙʳʣ ʨʘʟʙʠʪ ʥʘ n 

ʩʝʢʪʦʨʦʚ 0jD , ʜʣʷ ʢʘʞʜʦʛʦ ʠʟ ʢʦʪʦʨʳʭ ʟʥʘʯʝʥʠʝ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʦʧʨʝʜʝʣʷʣʦʩʴ ʢʘʢ ʩʫʤʤʘ 

ʤʦʜʫʣʝʡ ʚʝʢʪʦʨʦʚ ʧʦʪʦʢʘ ʘʢʫʩʪʠʯʝʩʢʦʡ ʤʦʱʥʦʩʪʠ ʜʣʷ N  ʨʘʟʣʠʯʥʳʭ ʜʠʩʢʨʝʪʥʳʭ 

ʩʦʩʪʘʚʣʷʶʱʠʭ if  ʠʟ ʚʳʙʨʘʥʥʦʡ ʧʦʣʦʩʳ ʯʘʩʪʦʪ: 

 ä=
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ʅʘ ʨʠʩ. 1 ʠʟʦʙʨʘʞʝʥʘ ʧʦʣʫʯʝʥʥʘʷ ʥʘ ʦʩʥʦʚʝ (1) ʦʮʝʥʢʘ ʟʘʚʠʩʠʤʦʩʪʠ ʫʛʣʦʚʦʛʦ 

ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʰʫʤʦʚ ʘʢʚʘʪʦʨʠʠ ʧʨʠ ʥʘʣʠʯʠʠ ʧʨʦʭʦʜʷʱʝʛʦ ʩʫʜʥʘ. 
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ʅʘʙʣʶʜʘʝʪʩʷ ʫʚʝʣʠʯʝʥʠʝ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʧʦ ʤʝʨʝ ʧʨʠʙʣʠʞʝʥʠʷ ʰʫʤʦʚʦʛʦ ʠʩʪʦʯʥʠʢʘ ʢ 

ʂʇʄ ˉ1 ʠ ˉ2, ʟʥʘʯʝʥʠʝ ʢʦʪʦʨʦʡ ʜʦʩʪʠʛʘʝʪ ʤʘʢʩʠʤʫʤʘ ʚ ʥʘʧʨʘʚʣʝʥʠʠ, 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʤ ʧʝʣʝʥʛʫ ʥʘ ʠʩʪʦʯʥʠʢ ʚ ʤʦʤʝʥʪ ʪʨʘʚʝʨʟʘ. 
 

 
ʈʠʩ. 1. ʆʮʝʥʢʘ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ ʰʫʤʦʚ ʘʢʚʘʪʦʨʠʠ ʚ ʧʦʣʷʨʥʳʭ ʢʦʦʨʜʠʥʘʪʘʭ ʧʨʠ 

ʧʨʦʭʦʞʜʝʥʠʠ ʩʫʜʥʘ ʤʠʤʦ ʂʇʄ ˉ1 (ʘ) ʠ ʤʠʤʦ ʂʇʄ ˉ2 (ʙ). ʄʘʢʩʠʤʫʤʳ ʠʥʪʝʥʩʠʚʥʦʩʪʝʡ ʩʦʚʧʘʜʘʶʪ ʩ 

ʥʘʧʨʘʚʣʝʥʠʷʤʠ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʤʠ ʧʝʣʝʥʛʫ ʥʘ ʠʩʪʦʯʥʠʢ ʚ ʤʦʤʝʥʪ ʪʨʘʚʝʨʟʘ. 

 

ʆʙʨʘʙʦʪʢʘ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ ʦʩʫʱʝʩʪʚʣʷʣʘʩʴ ʩ ʫʯʝʪʦʤ ʩʠʥʭʨʦʥʠʟʘʮʠʠ 

ʩʠʛʥʘʣʦʚ, ʧʦʩʪʫʧʘʚʰʠʭ ʩ ʢʘʞʜʦʛʦ ʠʟ ʜʚʫʭ ʧʨʠʝʤʥʳʭ ʤʦʜʫʣʝʡ ʥʘ ʘʥʘʣʦʛʦ-ʮʠʬʨʦʚʳʝ 

ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʠ. ɼʣʷ ʵʪʦʛʦ ʦʜʥʦʚʨʝʤʝʥʥʦ ʩ ʟʘʧʠʩʴʶ ʘʢʫʩʪʠʯʝʩʢʠʭ ʠʟʤʝʨʝʥʠʡ ʥʘ 

ʜʦʧʦʣʥʠʪʝʣʴʥʳʝ ʢʘʥʘʣʳ ʦʙʦʠʭ ɸʎʇ ʚ ʨʝʘʣʴʥʦʤ ʤʘʩʰʪʘʙʝ ʚʨʝʤʝʥʠ ʧʦʩʪʫʧʘʣ ʩʠʛʥʘʣ ʩ 

ʦʜʥʦʡ ʠ ʪʦʡ ʞʝ ʨʘʜʠʦʩʪʘʥʮʠʠ. ʉʠʥʭʨʦʥʠʟʘʮʠʷ ʩ ʪʦʯʥʦʩʪʴʶ ʜʦ ʦʪʩʯʝʪʘ ʧʦʟʚʦʣʠʣʘ 

ʧʨʠʩʪʫʧʠʪʴ ʢ ʢʦʨʨʝʣʷʮʠʦʥʥʦʤʫ ʘʥʘʣʠʟʫ ʰʫʤʦʚʳʭ ʧʦʣʝʡ ʘʢʚʘʪʦʨʠʠ. ɹʳʣʠ ʚʳʙʨʘʥʳ 

ʟʘʧʠʩʠ ʜʣʠʪʝʣʴʥʦʩʪʴʶ ʧʨʠʤʝʨʥʦ 40 ʤʠʥʫʪ, ʢʦʛʜʘ ʰʫʤ ʙʳʣ ʥʘʠʙʦʣʝʝ ʙʣʠʟʦʢ ʢ 

ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦ ʠʟʦʪʨʦʧʥʦʤʫ ʠ ʩʪʘʮʠʦʥʘʨʥʦʤʫ. ɼʦʧʦʣʥʠʪʝʣʴʥʦ ʧʨʠʤʝʥʷʣʠʩʴ 

ʧʨʦʮʝʜʫʨʳ ʦʙʝʣʝʥʠʷ [5], ʯʪʦ ʧʦʟʚʦʣʠʣʦ ʧʨʝʜʩʪʘʚʠʪʴ ʩʠʛʥʘʣʳ ʩ ʦʙʦʠʭ ʂʇʄ ʧʨʠʙʣʠʞʝʥʥʦ 

ʚ ʚʠʜʝ ʙʝʣʦʛʦ ʰʫʤʘ, ʩʧʝʢʪʨʘʣʴʥʳʝ ʩʦʩʪʘʚʣʷʶʱʠʝ ʢʦʪʦʨʦʛʦ ʨʘʩʧʨʝʜʝʣʝʥʳ ʨʘʚʥʦʤʝʨʥʦ ʚ 

ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʤ ʜʠʘʧʘʟʦʥʝ ʯʘʩʪʦʪ. ʆʙʝ ʟʘʧʠʩʠ ʙʳʣʠ ʨʘʟʙʠʪʳ ʥʘ ʨʝʘʣʠʟʘʮʠʠ ʧʦ 30 

ʩʝʢʫʥʜ, ʜʣʷ ʢʘʞʜʦʛʦ ʠʟ ʥʠʭ ʚ ʧʦʣʦʩʝ ʯʘʩʪʦʪ 5-50 ɻʮ ʧʦʣʫʯʝʥʘ ʬʫʥʢʮʠʷ ʚʟʘʠʤʥʦʡ 

ʢʦʨʨʝʣʷʮʠʠ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʩʫʤʤʠʨʦʚʘʥʠʷ ʠ ʥʦʨʤʠʨʦʚʘʥʠʷ ʥʘ ʤʘʢʩʠʤʘʣʴʥʦʝ ʟʥʘʯʝʥʠʝ ʙʳʣ 

ʚʳʜʝʣʝʥ ʢʦʨʨʝʣʷʮʠʦʥʥʳʡ ʧʠʢ (ʨʠʩ. 2ʘ) ʩʦ ʩʣʦʞʥʦʡ ʚʨʝʤʝʥʥʦʡ ʩʪʨʫʢʪʫʨʦʡ. ɼʣʷ ʘʥʘʣʠʟʘ 

ʧʦʣʫʯʝʥʥʦʛʦ ʨʝʟʫʣʴʪʘʪʘ ʚʳʯʠʩʣʷʣʘʩʴ ʩʧʝʢʪʨʦʛʨʘʤʤʘ ),(sp fK t¡  ʬʫʥʢʮʠʠ ʚʟʘʠʤʥʦʡ 

ʢʦʨʨʝʣʷʮʠʠ ʥʘ ʦʩʥʦʚʝ ʦʢʦʥʥʦʛʦ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʌʫʨʴʝ [6], ʛʜʝ t¡ ï ʚʨʝʤʝʥʥʘʷ ʟʘʜʝʨʞʢʘ, 
ʩʦʦʪʚʝʪʩʪʚʫʶʱʘʷ ʩʜʚʠʛʫ ʦʢʥʘ ʚʜʦʣʴ ʚʨʝʤʝʥʥʦʡ ʦʩʠ. ʅʘ ʨʠʩ. 2 ʚʠʜʥʦ, ʯʪʦ ʦʩʥʦʚʥʘʷ 

ʵʥʝʨʛʠʷ ʩʠʛʥʘʣʘ ʩʦʩʨʝʜʦʪʦʯʝʥʘ ʚ ʨʘʡʦʥʝ 35 ɻʮ. ʈʘʥʝʝ ʙʳʣʦ ʧʦʢʘʟʘʥʦ [6], ʯʪʦ ʦʩʥʦʚʥʦʡ 

ʚʢʣʘʜ ʚ ʬʦʨʤʠʨʦʚʘʥʠʝ ʢʦʨʨʝʣʷʮʠʦʥʥʦʡ ʬʫʥʢʮʠʠ ʰʫʤʦʚ ʤʦʞʝʪ ʜʘʚʘʪʴ ʪʦʯʢʘ 

ʩʪʘʮʠʦʥʘʨʥʦʡ ʬʘʟʳ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʘʷ ʣʦʢʘʣʴʥʦʤʫ ʤʠʥʠʤʫʤʫ ʛʨʫʧʧʦʚʦʡ ʩʢʦʨʦʩʪʠ ʦʜʥʦʡ 

ʠʟ ʥʠʟʰʠʭ ʘʢʫʩʪʠʯʝʩʢʠʭ ʤʦʜ. ʆʜʥʘʢʦ ʜʣʷ ʫʩʣʦʚʠʡ ʵʢʩʧʝʨʠʤʝʥʪʘ ʢʨʠʪʠʯʝʩʢʘʷ ʯʘʩʪʦʪʘ 

ʧʝʨʚʦʡ ʥʦʨʤʘʣʴʥʦʡ ʚʦʣʥʳ ʩʦʩʪʘʚʣʷʝʪ ʦʢʦʣʦ 80-100 ɻʮ (ʧʦ ʨʝʟʫʣʴʪʘʪʘʤ ʧʨʝʜʳʜʫʱʠʭ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʨʘʙʦʪ ʚ ʵʪʦʡ ʘʢʚʘʪʦʨʠʠ). ɹʳʣʦ ʧʨʦʚʝʜʝʥʦ ʯʠʩʣʝʥʥʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ, 

ʧʦʢʘʟʘʚʰʝʝ, ʯʪʦ ʧʨʠ ʥʘʣʠʯʠʠ ʚ ʜʥʝ ʘʢʚʘʪʦʨʠʠ ʧʨʦʤʝʞʫʪʦʯʥʦʛʦ ʩʣʦʷ ʩʦ ʩʢʦʨʦʩʪʴʶ ʟʚʫʢʘ 

ʧʨʠʤʝʨʥʦ 200-300 ʤ/ʩ ʚʦʟʤʦʞʥʦ ʬʦʨʤʠʨʦʚʘʥʠʝ ʚʦʣʥʳ, ʣʦʢʘʣʠʟʦʚʘʥʥʦʡ ʯʘʩʪʠʯʥʦ ʚ ʵʪʦʤ 

ʥʠʟʢʦʩʢʦʨʦʩʪʥʦʤ ʩʣʦʝ, ʛʨʫʧʧʦʚʘʷ ʩʢʦʨʦʩʪʴ ʢʦʪʦʨʦʡ ʢʘʢ ʨʘʟ ʠ ʦʙʣʘʜʘʝʪ ʤʠʥʠʤʫʤʦʤ 

ʚʙʣʠʟʠ 35 ɻʮ. ʆ ʥʘʣʠʯʠʠ ʪʘʢʦʛʦ ʥʠʟʢʦʩʢʦʨʦʩʪʥʦʛʦ ʩʣʦʷ ʦʩʘʜʢʦʚ ʚ ʘʢʚʘʪʦʨʠʠ 
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ʂʣʷʟʴʤʠʥʩʢʦʛʦ ʚʦʜʦʭʨʘʥʠʣʠʱʘ ʠʟʚʝʩʪʥʦ, ʝʛʦ ʧʨʠʩʫʪʩʪʚʠʝ ʦʙʲʷʩʥʷʝʪʩʷ ʚʳʩʦʢʠʤ 

ʩʦʜʝʨʞʘʥʠʝʤ ʧʫʟʳʨʴʢʦʚ ʤʝʪʘʥʘ [7], ʧʦʚʳʰʝʥʥʘʷ ʢʦʥʮʝʥʪʨʘʮʠʷ ʢʦʪʦʨʳʭ ʤʦʞʝʪ 

ʧʨʠʚʦʜʠʪʴ ʢ ʩʪʦʣʴ ʢʨʠʪʠʯʝʩʢʦʤʫ ʧʦʥʠʞʝʥʠʶ ʩʢʦʨʦʩʪʠ ʟʚʫʢʘ.  

ʇʦʣʫʯʝʥʥʳʝ ʚ ʭʦʜʝ ʧʨʦʚʝʜʝʥʥʳʭ ʥʘʪʫʨʥʳʭ ʠʟʤʝʨʝʥʠʡ ʜʘʥʥʳʝ ʚ ʩʦʚʦʢʫʧʥʦʩʪʠ ʩ 

ʘʣʛʦʨʠʪʤʘʤʠ ʦʙʨʘʙʦʪʢʠ, ʯʠʩʣʝʥʥʦ ʨʝʘʣʠʟʦʚʘʥʥʳʤʠ ʠ ʘʧʨʦʙʠʨʦʚʘʥʥʳʤʠ ʚ ʥʘʩʪʦʷʱʝʡ 

ʨʘʙʦʪʝ, ʷʚʣʷʶʪʩʷ ʦʩʥʦʚʦʡ ʜʣʷ ʨʘʟʚʠʪʠʷ ʤʝʪʦʜʦʚ ʧʘʩʩʠʚʥʦʡ ʪʦʤʦʛʨʘʬʠʠ ʤʝʣʢʦʛʦ ʤʦʨʷ, 

ʠʩʧʦʣʴʟʫʶʱʝʡ ʚʝʢʪʦʨʥʦ-ʬʘʟʦʚʳʝ ʤʝʪʦʜʳ ʠʟʤʝʨʝʥʠʡ. ʇʝʨʩʧʝʢʪʠʚʥʳʤ ʷʚʣʷʝʪʩʷ 

ʢʦʨʨʝʣʷʮʠʦʥʥʘ ̫ ʦʙʨʘʙʦʪʢʘ ʰʫʤʦʚ ʩ ʫʯʸʪʦʤ ʬʦʨʤʠʨʦʚʘʥʠʷ ʢʘʨʜʠʦʠʜʳ ʥʘ ʢʘʞʜʦʤ 

ʢʦʤʙʠʥʠʨʦʚʘʥʥʦʤ ʧʨʠʝʤʥʦʤ ʤʦʜʫʣʝ, ʘ ʪʘʢʞʝ ʨʘʟʨʘʙʦʪʢʘ ʩʭʝʤʳ ʧʘʩʩʠʚʥʦʛʦ 

ʤʦʥʠʪʦʨʠʥʛʘ, ʫʯʠʪʳʚʘʶʱʫʶ ʘʥʠʟʦʪʨʦʧʠ ʁ ʰʫʤʦʚʦʛʦ ʧʦʣʷ. ʂʘʢ ʧʦʢʘʟʳʚʘʶʪ 

ʪʝʦʨʝʪʠʯʝʩʢʠʝ ʦʮʝʥʢʠ ʠ ʧʨʝʜʚʘʨʠʪʝʣʴʥʳʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʨʝʟʫʣʴʪʘʪʳ [1, 4], ʚ ʵʪʦʤ 

ʩʣʫʯʘʝ ʚʦʟʤʦʞʥʦ ʩʫʱʝʩʪʚʝʥʥʦʝ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʦʜʠʥʦʯʥʳʭ ʧʨʠʝʤʥʠʢʦʚ 

ʜʘʚʣʝʥʠʷ ʩʦʢʨʘʱʝʥʠʝ ʚʨʝʤʝʥʠ ʥʘʢʦʧʣʝʥʠʷ ʰʫʤʦʚ, ʪʨʝʙʫʝʤʦʛʦ ʜʣʷ ʜʦʩʪʦʚʝʨʥʦʡ ʦʮʝʥʢʠ 

ʚʨʝʤʝʥ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʡ ʩʠʛʥʘʣʦʚ ʤʝʞʜʫ ʧʨʠʝʤʥʳʤʠ ʩʪʘʥʮʠʷʤʠ.  

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ ʧʦʜʜʝʨʞʢʝ ʛʨʘʥʪʘ ʈʌʌʀ ˉ 16-29-02097 ʦʬʠ_ʤ, 

ʘ ʪʘʢʞʝ ʛʨʘʥʪʘ ʇʨʝʟʠʜʝʥʪʘ ʈʌ ʜʣʷ ʥʘʫʯʥʳʭ ʰʢʦʣ ˉ ʅʐ 5545.2018.5. 

 

 
ʈʠʩ. 2. ʅʦʨʤʠʨʦʚʘʥʥʘʷ ʬʫʥʢʮʠʷ ʚʟʘʠʤʥʦʡ ʢʦʨʨʝʣʷʮʠʠ ʦʙʝʣʝʥʥʳʭ ʰʫʤʦʚʳʭ ʩʠʛʥʘʣʦʚ, ʧʨʠʥʷʪʳʭ ʥʘ ʧʘʨʝ 

ʨʘʟʥʝʩʝʥʥʳʭ ʚ ʧʨʦʩʪʨʘʥʩʪʚʝ ʛʠʜʨʦʬʦʥʦʚ (ʘ); ʩʧʝʢʪʨʦʛʨʘʤʤʘ ʥʦʨʤʠʨʦʚʘʥʥʦʡ ʢʦʨʨʝʣʷʮʠʦʥʥʦʡ ʬʫʥʢʮʠʠ (ʙ). 
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ʪʨʘʥʩʧʦʨʪ ʚ ʤʝʪʘʣʣʠʯʝʩʢʠʭ ʥʘʥʦʧʨʦʚʦʜʘʭ 
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ɸʢʫʩʪʦʵʣʝʢʪʨʦʥʥʳʡ ʵʬʬʝʢʪ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʛʝʥʝʨʘʮʠʠ ʘʢʫʩʪʦʵʣʝʢʪʨʦʥʥʦʛʦ ʪʦʢʘ 

ʘʢʫʩʪʠʯʝʩʢʦʡ ʚʦʣʥʦʡ ʚ ʦʪʩʫʪʩʪʚʠʠ ʚʥʝʰʥʠʭ ʠʩʪʦʯʥʠʢʦʚ [1]. ɺ ʧʦʩʣʝʜʥʝʝ ʚʨʝʤʷ ʵʪʦ 

ʷʚʣʝʥʠʝ ʧʨʠʚʣʝʢʣʦ ʢ ʩʝʙʝ ʚʥʠʤʘʥʠʝ ʠʩʩʣʝʜʦʚʘʪʝʣʝʡ ʢʘʢ ʦʜʠʥ ʠʟ ʚʦʟʤʦʞʥʳʭ ʩʧʦʩʦʙʦʚ 

ʢʦʥʪʨʦʣʠʨʦʚʘʪʴ ʜʚʠʞʝʥʠʝ ʤʘʩʩʠʚʥʳʭ ʦʙʲʝʢʪʦʚ ʚ ʢʚʘʥʪʦʚʦʤ ʨʝʞʠʤʝ [2].  

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʠʩʩʣʝʜʦʚʘʣʦʩʴ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʤʝʞʜʫ SH0 ʘʢʫʩʪʠʯʝʩʢʦʡ ʚʦʣʥʦʡ ʚ 

ʧʴʝʟʦʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʣʘʩʪʠʥʝ ʥʠʦʙʘʪʘ ʣʠʪʠʷ ʠ ʵʣʝʢʪʨʦʥʘʤʠ ʧʨʦʚʦʜʠʤʦʩʪʠ ʚ ʟʦʣʦʪʦʤ 

ʥʘʥʦʧʨʦʚʦʜʝ, ʨʘʩʧʦʣʦʞʝʥʥʦʤ ʥʘ ʝʝ ʧʦʚʝʨʭʥʦʩʪʠ. ɼʣʷ ʚʦʟʙʫʞʜʝʥʠʷ ʠ ʧʨʠʝʤʘ 

ʘʢʫʩʪʠʯʝʩʢʦʡ ʚʦʣʥʳ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʜʚʘ ʚʩʪʨʝʯʥʦ-ʰʪʳʨʝʚʳʭ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷ (ɺʐʇ), 

ʨʘʩʧʦʣʦʞʝʥʥʳʭ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʧʣʘʩʪʠʥʳ. ʅʘʥʦʩʪʨʫʢʪʫʨʘ ʤʝʞʜʫ ʚʩʪʨʝʯʥʦ-ʰʪʳʨʝʚʳʤʠ 

ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷʤʠ ʬʦʨʤʠʨʦʚʘʣʘʩʴ ʧʨʠ ʧʦʤʦʱʠ ʵʣʝʢʪʨʦʥʥʦ-ʣʫʯʝʚʦʡ ʥʘʥʦʣʠʪʦʛʨʘʬʠʠ. 

ʅʘ ʩʦʟʜʘʥʥʫʶ ʥʘʥʦʩʪʨʫʢʪʫʨʫ ʧʦʜʘʚʘʣʦʩʴ ʥʘʧʨʷʞʝʥʠʝ ʘʤʧʣʠʪʫʜʦʡ 0.2 ɺ, ʠ ʩʥʠʤʘʣʘʩʴ 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʘʷ ʚʦʣʴʪʘʤʧʝʨʥʘʷ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘ. ɼʘʣʝʝ ʥʘʧʨʷʞʝʥʠʝ ʩ ʯʘʩʪʦʪʦʡ 

3.25ʄɻʮ. ʠ ʘʤʧʣʠʪʫʜʦʡ ʜʦ 7.5 ɺ ʧʦʜʘʚʘʣʦʩʴ ʥʘ ʚʭʦʜʥʦʡ ɺʐʇ ʠ ʚʦʟʙʫʞʜʘʣʘʩʴ 

ʧʴʝʟʦʘʢʪʠʚʥʘʷ SH0 ʚʦʣʥʘ. ɹʳʣʦ ʦʙʥʘʨʫʞʝʥʦ, ʯʪʦ ʵʣʝʢʪʨʠʯʝʩʢʦʝ ʧʦʣʝ, ʩʦʧʨʦʚʦʞʜʘʶʱʝʝ 

ʘʢʫʩʪʠʯʝʩʢʫʶ ʚʦʣʥʫ, ʟʘ ʩʯʝʪ ʫʚʣʝʯʝʥʠʷ ʵʣʝʢʪʨʦʥʦʚ ʧʨʠʚʦʜʠʪ ʢ ʚʦʟʥʠʢʥʦʚʝʥʠʶ 

ʜʦʧʦʣʥʠʪʝʣʴʥʦʡ ʕɼʉ, ʧʨʠʣʦʞʝʥʥʦʡ ʢ ʥʘʥʦʧʨʦʚʦʜʫ. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʜʘʥʥʳʡ ʵʬʬʝʢʪ ʪʝʤ 

ʩʠʣʴʥʝʝ, ʯʝʤ ʚʳʰʝ ʢʦʵʬʬʠʮʠʝʥʪ ʵʣʝʢʪʨʦʤʝʭʘʥʠʯʝʩʢʦʡ ʩʚʷʟʠ ʘʢʫʩʪʠʯʝʩʢʦʡ ʚʦʣʥʳ. 

ʆʙʥʘʨʫʞʝʥʘ ʟʘʚʠʩʠʤʦʩʪʴ ʩʦʧʨʦʪʠʚʣʝʥʠʷ ʥʘʥʦʧʨʦʚʦʜʘ ʦʪ ʘʤʧʣʠʪʫʜʳ ʘʢʫʩʪʠʯʝʩʢʦʡ 

ʚʦʣʥʳ ʠ ʦʙʩʫʞʜʝʥʘ ʚʦʟʤʦʞʥʦʩʪʴ ʝʝ ʦʙʲʷʩʥʝʥʠʷ ʨʘʟʦʛʨʝʚʦʤ ʥʘʥʦʧʨʦʚʦʜʘ ʘʢʫʩʪʠʯʝʩʢʦʡ 

ʚʦʣʥʦʡ. 

 
ʈʠʩ. 1. ʉʤʝʱʝʥʠʝ ʚʦʣʴʪʘʤʧʝʨʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʥʘʥʦʧʨʦʚʦʜʘ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʘʤʧʣʠʪʫʜʳ ʘʢʫʩʪʠʯʝʩʢʦʡ 

ʚʦʣʥʳ, ʧʨʦʭʦʜʷʱʝʡ ʚʜʦʣʴ ʥʝʛʦ. 

 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʧʦʜʜʝʨʞʢʝ ʈʅʌ ˉ18-49-08005 ʠ ʈʌʌʀ ˉ19-07-01091. 

 

ʃʀʊɽʈɸʊʋʈɸ 
 

mailto:email@mymail.ru


ʊʨʫʜʳ ʰʢʦʣʳ-ʩʝʤʠʥʘʨʘ çɺʦʣʥʳ-2019è. ɸʢʫʩʪʠʢʘ ʠ ʘʢʫʩʪʦʦʧʪʠʢʘ 

 

 

67 

 

1. Entin-Wohlman, O., Levinson, Y. and Galperin, Y.M., 2000. Acoustoelectric effect in 

a finite-length ballistic quantum channel. Physical Review B, 62(11), p.7283.  

2. Chu, Y., Kharel, P., Renninger, W.H., Burkhart, L.D., Frunzio, L., Rakich, P.T. and 

Schoelkopf, R.J., 2017. Quantum acoustics with superconducting qubits. Science, 358(6360), 

pp.199-202. 

 



ʊʨʫʜʳ ʰʢʦʣʳ-ʩʝʤʠʥʘʨʘ çɺʦʣʥʳ-2019è. ɸʢʫʩʪʠʢʘ ʠ ʘʢʫʩʪʦʦʧʪʠʢʘ 

 

 

68 

 

ʇʠʢʦʩʝʢʫʥʜʥʘʷ ʘʢʫʩʪʠʢʘ ʚ ʥʘʥʦʩʪʨʫʢʪʫʨʘʭ 

ʩʦ ʩʚʝʨʭʙʳʩʪʨʳʤ ʬʘʟʦʚʳʤ ʧʝʨʝʭʦʜʦʤ 
 

ʗ.ɸ. ʄʦʛʫʥʦʚ
1
, ɸ.ɽ. ʌʝʜʷʥʠʥ

1,2
, F. Fern§ndez

3
, S. Lysenko

3
, A.J. Kent

4
, ɸ.ɺ. ʑʝʨʙʘʢʦʚ

1,5
, 

ɸ.ʄ. ʂʘʣʘʰʥʠʢʦʚʘ
1
, ɸ.ɺ. ɸʢʠʤʦʚ

4
 

1ʌʠʟʠʢʦ-ʪʝʭʥʠʯʝʩʢʠʡ ʠʥʩʪʠʪʫʪ ʠʤ. ɸ.ʌ. ʀʦʬʬʝ ʈɸʅ, 194021 ʉʘʥʢʪ-ʇʝʪʝʨʙʫʨʛ 
2ʋʥʠʚʝʨʩʠʪʝʪ ʠʥʬʦʨʤʘʮʠʦʥʥʳʭ ʪʝʭʥʦʣʦʛʠʡ, ʤʝʭʘʥʠʢʠ ʠ ʦʧʪʠʢʠ, 197101 ʉʘʥʢʪ-ʇʝʪʝʨʙʫʨʛ 

3Department of Physics, University of Puerto Rico, Mayaguez, Puerto Rico 00681, USA 
4School of Physics and Astronomy, University of Nottingham, Nottingham, NG7 2RD, UK 

5Experimentelle Physik 2, Technische Universitªt Dortmund, D-44227 Dortmund, Germany 

mogunov@mail.ioffe.ru 

 

ʇʠʢʦʩʝʢʫʥʜʥʘʷ ʘʢʫʩʪʠʢʘ ʠʟʫʯʘʝʪ ʚʦʧʨʦʩʳ ʛʝʥʝʨʘʮʠʠ, ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʠ 

ʜʝʪʝʢʪʠʨʦʚʘʥʠʷ ʧʘʢʝʪʦʚ ʘʢʫʩʪʠʯʝʩʢʠʭ ʬʦʥʦʥʦʚ ʩ ʪʠʧʠʯʥʳʤʠ ʜʣʠʪʝʣʴʥʦʩʪʷʤʠ ʦʪ ʝʜʠʥʠʮ 

ʜʦ ʩʦʪʝʥ ʧʠʢʦʩʝʢʫʥʜ ʠ ʯʘʩʪʦʪʘʤʠ, ʜʦʩʪʠʛʘʶʱʠʤʠ ʊɻʮ. ʊʘʢʠʝ ʚʦʣʥʦʚʳʝ ʧʘʢʝʪʳ 

ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʧʠʢʦʩʝʢʫʥʜʥʳʝ ʠʤʧʫʣʴʩʳ ʧʨʦʜʦʣʴʥʦʡ ʠʣʠ ʩʜʚʠʛʦʚʦʡ ʜʝʬʦʨʤʘʮʠʠ 

ʩ ʪʠʧʠʯʥʳʤʠ ʘʤʧʣʠʪʫʜʘʤʠ ~10-3 [1, 2]. ʆʩʦʙʳʡ ʠʥʪʝʨʝʩʝ ʧʨʝʜʩʪʘʚʣʷʝʪ  ʚʦʟʜʝʡʩʪʚʠʝ ʪʘʢʠʭ 

ʠʤʧʫʣʴʩʦʚ ʥʘ ʨʘʟʣʠʯʥʳʝ ʤʘʪʝʨʠʘʣʳ ʠ ʥʘʥʦʩʪʨʫʢʪʫʨʳ, ʢʦʪʦʨʦʝ ʩʝʡʯʘʩ ʨʘʩʩʤʘʪʨʠʚʘʶʪʩʷ 

ʢʘʢ ʧʝʨʩʧʝʢʪʠʚʥʳʡ ʥʝʪʝʨʤʠʯʝʩʢʠʡ ʤʝʪʦʜ ʫʧʨʘʚʣʝʥʠʷ ʩʚʦʡʩʪʚʘʤʠ ʤʘʪʝʨʠʘʣʦʚ, 

ʣʦʢʘʣʠʟʦʚʘʥʥʳʡ ʥʘ ʧʠʢʦʩʝʢʫʥʜʥʦʤ ʠ ʥʘʥʦʤʝʪʨʦʚʦʤ ʤʘʩʰʪʘʙʘʭ. ɺ ʵʪʦʡ ʩʚʷʟʠ, ʨʘʩʪʝʪ 

ʥʝʦʙʭʦʜʠʤʦʩʪʴ ʢʘʢ ʚ ʧʦʠʩʢʝ ʥʦʚʳʭ, ʙʦʣʝʝ ʠʥʪʝʥʩʠʚʥʳʭ ʵʬʬʝʢʪʦʚ, ʚʦʟʙʫʞʜʘʝʤʳʭ ʪʘʢʠʤ 

ʚʦʟʜʝʡʩʪʚʠʝʤ, ʪʘʢ ʠ ʚ ʥʦʚʳʭ ʩʧʦʩʦʙʘʭ ʛʝʥʝʨʘʮʠʠ ʠʤʧʫʣʴʩʦʚ ʜʝʬʦʨʤʘʮʠʠ ʩ ʙʦʣʝʝ 

ʚʳʩʦʢʠʤʠ ʘʤʧʣʠʪʫʜʘʤʠ ʠ ʢʦʥʪʨʦʣʠʨʫʝʤʳʤʠ ʧʘʨʘʤʝʪʨʘʤʠ. ɺ ʥʘʰʝʡ ʨʘʙʦʪʝ ʤʳ ʚʧʝʨʚʳʝ 

ʧʨʝʜʣʘʛʘʝʤ ʠʩʧʦʣʴʟʦʚʘʪʴ ʥʘʥʦʩʪʨʫʢʪʫʨʳ ʩʦ ʩʚʝʨʭʙʳʩʪʨʳʤ ʬʦʪʦʠʥʜʫʮʠʨʦʚʘʥʥʳʤ 

ʧʝʨʝʭʦʜʦʤ ʜʠʵʣʝʢʪʨʠʢ-ʤʝʪʘʣʣ (i) ʜʣʷ ʛʝʥʝʨʘʮʠʠ ʠʤʧʫʣʴʩʦʚ ʜʝʬʦʨʤʘʮʠʠ ʙʦʣʴʰʠʭ 

ʘʤʧʣʠʪʫʜ [3]; (ii)  ʜʣʷ ʫʧʨʘʚʣʝʥʠʷ ʵʪʠʤ ʧʝʨʝʭʦʜʦʤ ʟʘ ʩʯʝʪ ʚʦʟʜʝʡʩʪʚʠʷ ʠʤʧʫʣʴʩʦʚ 

ʜʝʬʦʨʤʘʮʠʠ [4].  

 

(i) ɻʝʥʝʨʘʮʠʷ ʠʤʧʫʣʴʩʦʚ ʜʝʬʦʨʤʘʮʠʠ ʙʦʣʴʰʦʡ ʘʤʧʣʠʪʫʜʳ ʚ ʪʦʥʢʦʡ ʧʣʝʥʢʝ 

VO2 

ɻʝʥʝʨʘʮʠʷ ʧʠʢʦʩʝʢʫʥʜʥʳʭ ʠʤʧʫʣʴʩʦʚ ʜʝʬʦʨʤʘʮʠʠ ʪʨʘʜʠʮʠʦʥʥʦ ʨʝʘʣʠʟʫʝʪʩʷ ʟʘ 

ʩʯʝʪ ʙʳʩʪʨʦʛʦ ʪʝʨʤʠʯʝʩʢʦʛʦ ʨʘʩʰʠʨʝʥʠʷ ʪʦʥʢʠʭ ʤʝʪʘʣʣʠʯʝʩʢʠʭ ʧʣʝʥʦʢ-

ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʝʡ, ʚʳʟʚʘʥʥʦʛʦ ʚʦʟʜʝʡʩʪʚʠʝʤ ʬʝʤʪʦʩʝʢʫʥʜʥʦʛʦ ʣʘʟʝʨʥʦʛʦ 

ʠʤʧʫʣʴʩʘ [1, 2]. ʊʘʢʠʤ ʦʙʨʘʟʦʤ ʤʦʞʥʦ ʧʦʣʫʯʠʪʴ ʠʤʧʫʣʴʩʳ ʩ ʜʣʠʪʝʣʴʥʦʩʪʴʶ ʚʧʣʦʪʴ ʜʦ 

ʝʜʠʥʠʮ ʧʠʢʦʩʝʢʫʥʜ ʠ ʘʤʧʣʠʪʫʜʦʡ ʥʝ ʙʦʣʝʝ ʧʨʦʮʝʥʪʘ [2]. ʇʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʚ ʢʘʯʝʩʪʚʝ 

ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʭ ʤʘʪʝʨʠʘʣʦʚ, ʟʘ ʛʝʥʝʨʘʮʠʶ ʠʤʧʫʣʴʩʘ ʜʝʬʦʨʤʘʮʠʠ 

ʦʪʚʝʯʘʝʪ ʚ ʦʩʥʦʚʥʦʤ ʚʦʟʙʫʞʜʝʥʠʝ ʵʣʝʢʪʨʦʥʦʚ, ʘ ʨʦʣʴ ʪʝʨʤʠʯʝʩʢʦʛʦ ʨʘʩʰʠʨʝʥʠʷ ʦʪʭʦʜʠʪ 

ʥʘ ʚʪʦʨʦʡ ʧʣʘʥ [5]. ʕʪʦ ʧʨʠʚʦʜʠʪ ʢ ʜʨʫʛʠʤ ʜʣʠʪʝʣʴʥʦʩʪʷʤ, ʘʤʧʣʠʪʫʜʘʤ ʠ 

ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦ-ʚʨʝʤʝʥʥʳʤ ʧʨʦʬʠʣʷʤ ʛʝʥʝʨʠʨʫʝʤʳʭ ʠʤʧʫʣʴʩʦʚ ʜʝʬʦʨʤʘʮʠʠ. 

ʉʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʧʨʠʤʝʥʝʥʠʝ ʤʘʪʝʨʠʘʣʘ, ʩʧʦʩʦʙʥʦʛʦ ʧʝʨʝʢʣʶʯʘʪʴʩʷ ʤʝʞʜʫ 

ʤʝʪʘʣʣʠʯʝʩʢʠʤ ʠ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʤ ʩʦʩʪʦʷʥʠʝʤ, ʤʦʞʝʪ ʧʦʟʚʦʣʠʪʴ çʥʘʩʪʨʘʠʚʘʪʴè 

ʧʘʨʘʤʝʪʨʳ ʛʝʥʝʨʠʨʫʝʤʳʭ ʠʤʧʫʣʴʩʦʚ. ʅʘʠʙʦʣʝʝ ʧʝʨʩʧʝʢʪʠʚʥʳʤ ʠʟ ʪʘʢʠʭ ʩʦʝʜʠʥʝʥʠʡ 

ʷʚʣʷʝʪʩʷ ʜʠʦʢʩʠʜ ʚʘʥʘʜʠʷ VO2 ï ʤʦʜʝʣʴʥʳʡ ʤʘʪʝʨʠʘʣ, ʦʙʣʘʜʘʶʱʠʡ ʩʚʝʨʭʙʳʩʪʨʳʤ 

ʬʦʪʦʠʥʜʫʮʠʨʦʚʘʥʥʳʤ ʬʘʟʦʚʳʤ ʧʝʨʝʭʦʜʦʤ ʜʠʵʣʝʢʪʨʠʢ-ʤʝʪʘʣʣ (ʉʇɼʄ) [4, 6, 7]. ʉʇɼʄ 

ʚ VO2 ʩʦʧʨʦʚʦʞʜʘʝʪʩʷ ʩʚʝʨʭʙʳʩʪʨʦʡ ʪʨʘʥʩʬʦʨʤʘʮʠʝʡ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʝʪʢʠ, ʠ 

ʤʦʞʥʦ ʦʞʠʜʘʪʴ ʧʦʷʚʣʝʥʠʝ ʥʦʚʦʛʦ ʚʢʣʘʜ ʚ ʛʝʥʝʨʘʮʠʶ ʠʤʧʫʣʴʩʘ ʜʝʬʦʨʤʘʮʠʠ, ʩʚʷʟʘʥʥʦʛʦ 

ʩ ʵʪʦʡ ʪʨʘʥʩʬʦʨʤʘʮʠʝʡ [3]. 

ɼʣʷ ʛʝʥʝʨʘʮʠʠ ʠʤʧʫʣʴʩʦʚ ʜʝʬʦʨʤʘʮʠʠ ʚ ʜʠʦʢʩʠʜʝ ʚʘʥʘʜʠʷ ʠʩʧʦʣʴʟʦʚʘʣʘʩʴ 

ʵʧʠʪʘʢʩʠʘʣʴʥʘʷ ʧʣʝʥʢʘ VO2 ʪʦʣʱʠʥʦʡ 106 ʥʤ, ʚʳʨʘʱʝʥʥʘʷ ʤʝʪʦʜʦʤ ʠʤʧʫʣʴʩʥʦʛʦ 

ʣʘʟʝʨʥʦʛʦ ʥʘʧʳʣʝʥʠʷ ʥʘ r-ʧʣʦʩʢʦʩʪʠ ʩʘʧʬʠʨʘ ʩ ʦʨʠʝʥʪʘʮʠʝʡ [100]M1 (ʩʤ. [7]). ʉ ʦʙʨʘʪʥʦʡ 
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ʩʪʦʨʦʥʳ ʧʦʜʣʦʞʢʠ ʙʳʣʘ ʥʘʧʳʣʝʥʘ ʧʣʝʥʢʘ ʭʨʦʤʘ ʪʦʣʱʠʥʦʡ 32 ʥʤ, ʩʣʫʞʘʱʘʷ ʜʣʷ 

ʜʝʪʝʢʪʠʨʦʚʘʥʠʷ ʠʤʧʫʣʴʩʦʚ ʜʝʬʦʨʤʘʮʠʠ. 

ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ ʫʩʪʘʥʦʚʢʘ ʙʳʣʘ ʧʦʩʪʨʦʝʥʘ ʥʘ ʦʩʥʦʚʝ ʘʨʭʠʪʝʢʪʫʨʳ çʥʘʢʘʯʢʘ-

ʟʦʥʜʠʨʦʚʘʥʠʝè. ʀʩʪʦʯʥʠʢʦʤ ʩʣʫʞʠʣʘ ʬʝʤʪʦʩʝʢʫʥʜʥʘʷ ʣʘʟʝʨʥʘʷ ʩʠʩʪʝʤʘ ʩ ʨʘʙʦʯʠʤ ʪʝʣʦʤ 

Yb:KGd(WO4)2, ʮʝʥʪʨʘʣʴʥʦʡ ʜʣʠʥʦʡ ʚʦʣʥʳ 1028 ʥʤ, ʯʘʩʪʦʪʦʡ ʩʣʝʜʦʚʘʥʠʷ ʠʤʧʫʣʴʩʦʚ 

5 ʢɻʮ ʠ ʵʥʝʨʛʠʝʡ ʚ ʠʤʧʫʣʴʩʝ ʜʦ 1 ʤɼʞ. ʀʤʧʫʣʴʩ ʥʘʢʘʯʢʠ ʚʦʟʜʝʡʩʪʚʫʝʪ ʥʘ 

ʦʧʪʦʘʢʫʩʪʠʯʝʩʢʠʡ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʴ (ʚ ʜʘʥʥʦʤ ʩʣʫʯʘʝ, ʧʣʝʥʢʫ VO2) ʠ ʩʦʟʜʘʝʪ ʚ ʥʝʤ 

ʠʤʧʫʣʴʩ ʜʝʬʦʨʤʘʮʠʠ. ʕʪʦʪ ʠʤʧʫʣʴʩ ʧʨʦʭʦʜʠʪ ʯʝʨʝʟ ʩʘʧʬʠʨʦʚʫʶ ʧʦʜʣʦʞʢʫ ʠ ʧʦʧʘʜʘʝʪ ʚ 

ʧʣʝʥʢʫ Cr, ʤʝʥʷʷ ʝʝ ʧʦʢʘʟʘʪʝʣʴ ʧʨʝʣʦʤʣʝʥʠʷ ʟʘ ʩʯʝʪ ʬʦʪʦʫʧʨʫʛʦʛʦ ʵʬʬʝʢʪʘ. ɺ 

ʵʢʩʧʝʨʠʤʝʥʪʝ ʠʟʤʝʨʷʣʦʩʴ ʦʪʨʘʞʝʥʠʝ ʟʦʥʜʠʨʫʶʱʝʛʦ ʠʤʧʫʣʴʩʘ ʦʪ Cr ʧʣʝʥʢʠ ʚ 

ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʚʨʝʤʝʥʠ ʟʘʜʝʨʞʢʠ ʦʪʥʦʩʠʪʝʣʴʥʦ ʠʤʧʫʣʴʩʘ ʥʘʢʘʯʢʠ. ʀʟʤʝʨʝʥʠʷ 

ʧʨʦʚʦʜʠʣʠʩʴ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ 295 K ʠ 360 ʂ ï ʥʠʞʝ ʠ ʚʳʰʝ ʪʝʤʧʝʨʘʪʫʨʳ ʬʘʟʦʚʦʛʦ 

ʧʝʨʝʭʦʜʘ ʜʠʵʣʝʢʪʨʠʢ-ʤʝʪʘʣʣ ʚ VO2: TC=340 ʂ. 

ʇʝʨʚʳʝ ʞʝ ʵʢʩʧʝʨʠʤʝʥʪʳ ʧʦ ʛʝʥʝʨʘʮʠʠ ʠʤʧʫʣʴʩʘ ʜʝʬʦʨʤʘʮʠʠ ʚ ʧʣʝʥʢʝ VO2 

ʧʦʢʘʟʘʣʠ [3], ʯʪʦ ʠʤʧʫʣʴʩʳ, ʜʦʩʪʠʛʘʶʱʠʝ ʧʣʝʥʢʠ Cr, ʭʘʨʘʢʪʝʨʠʟʫʶʪʩʷ ʙʦʣʴʰʦʡ 

ʜʣʠʪʝʣʴʥʦʩʪʴʶ, ʩʦʩʪʘʚʣʷʶʱʝʡ 200 ʧʩ ʧʨʠ ʫʤʝʨʝʥʥʦʡ ʧʣʦʪʥʦʩʪʠ ʵʥʝʨʛʠʠ 13 ʤɼʞ/ʩʤ2 ʚ 

ʠʤʧʫʣʴʩʝ ʥʘʢʘʯʢʠ. ɼʣʠʪʝʣʴʥʦʩʪʴ ʜʝʪʝʢʪʠʨʫʝʤʳʭ ʠʤʧʫʣʴʩʦʚ ʜʝʬʦʨʤʘʮʠʠ ʦʧʨʝʜʝʣʷʝʪʩʷ 

ʢʘʢ ʧʘʨʘʤʝʪʨʘʤʠ ʩʘʧʬʠʨʘ, ʪʘʢ ʠ ʘʤʧʣʠʪʫʜʦʡ ʜʝʬʦʨʤʘʮʠʠ, ʛʝʥʝʨʠʨʫʝʤʦʡ ʚ VO2, ʯʪʦ 

ʩʚʷʟʘʥʦ ʩ ʥʝʣʠʥʝʡʥʦʩʪʴʶ ʠ ʜʠʩʧʝʨʩʠʝʡ ʧʨʠ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʠ ʧʘʢʝʪʘ ʘʢʫʩʪʠʯʝʩʢʠʭ 

ʬʦʥʦʥʦʚ ʯʝʨʝʟ ʩʘʧʬʠʨʦʚʫʶ ʧʦʜʣʦʞʢʫ [2]. ʕʪʦ ʧʦʟʚʦʣʠʣʦ ʦʜʥʦʟʥʘʯʥʦ ʩʚʷʟʘʪʴ 

ʜʣʠʪʝʣʴʥʦʩʪʴ ʠʤʧʫʣʴʩʦʚ ʜʝʬʦʨʤʘʮʠʠ ʩ ʠʭ ʘʤʧʣʠʪʫʜʦʡ ʚ ʤʦʤʝʥʪ ʛʝʥʝʨʘʮʠʠ ʚ VO2. ʊʘʢ, 

ʜʣʠʪʝʣʴʥʦʩʪʠ 200 ʧʩ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʘʤʧʣʠʪʫʜʘ ~1.4%, ʩʨʘʚʥʠʤʘʷ ʩ ʨʝʢʦʨʜʥʳʤʠ 

ʨʝʟʫʣʴʪʘʪʘʤʠ 1.5%, ʧʦʣʫʯʝʥʥʳʤʠ ʚ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʦʡ ʩʚʝʨʭʨʝʰʝʪʢʝ [8]. 

ʂʨʦʤʝ ʪʦʛʦ, ʟʘʚʠʩʠʤʦʩʪʴ ʘʤʧʣʠʪʫʜʳ ʬʦʪʦʠʥʜʫʮʠʨʦʚʘʥʥʦʡ ʜʝʬʦʨʤʘʮʠʠ ʚ ʧʣʝʥʢʝ 

VO2 ʦʪ ʧʦʛʣʦʱʝʥʥʦʡ ʚ ʥʝʡ ʵʥʝʨʛʠʠ J ʦʢʘʟʘʣʘʩʴ ʩʫʱʝʩʪʚʝʥʥʦ ʥʝʣʠʥʝʡʥʦʡ ʚ ʜʠʘʧʘʟʦʥʝ 

ʤʝʞʜʫ ʧʦʨʦʛʦʚʦʡ ʵʥʝʨʛʠʝʡ ʉʇɼʄ JT ʠ ʵʥʝʨʛʠʝʡ ʥʘʩʳʱʝʥʠʷ ʉʇɼʄ JS. ʕʪʦ ʥʘʙʣʶʜʝʥʠʝ 

ʷʚʣʷʝʪʩʷ ʧʨʷʤʳʤ ʜʦʢʘʟʘʪʝʣʴʩʪʚʦʤ ʚʢʣʘʜʘ ʉʇɼʄ ʚ ʧʨʦʮʝʩʩ ʛʝʥʝʨʘʮʠʠ ʠʤʧʫʣʴʩʘ 

ʜʝʬʦʨʤʘʮʠʠ. ʇʨʦʚʝʜʝʥʥʳʝ ʨʘʩʯʝʪʳ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʟʥʘʯʝʥʠʝ ʘʤʧʣʠʪʫʜʳ ʜʝʬʦʨʤʘʮʠʠ ʚ 

ʛʝʥʝʨʠʨʫʝʤʦʤ ʠʤʧʫʣʴʩʝ ʦʙʫʩʣʦʚʣʝʥʦ ʥʝ ʪʦʣʴʢʦ ʪʝʨʤʦʫʧʨʫʛʠʤ ʚʢʣʘʜʦʤ ʠ ʚʢʣʘʜʦʤ ʦʪ 

ʚʦʟʙʫʞʜʝʥʥʳʭ ʵʣʝʢʪʨʦʥʦʚ, ʥʦ ʠ ʜʦʧʦʣʥʠʪʝʣʴʥʳʤ ʚʢʣʘʜʦʤ, ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʩʚʷʟʘʥʥʳʤ 

ʩ ʉʇɼʄ, ʠ ʭʘʨʘʢʪʝʨʠʟʫʶʱʠʤʩʷ ʩʫʱʝʩʪʚʝʥʥʦʡ ʚʝʣʠʯʠʥʦʡ ʚ ʜʦʣʠ ʧʨʦʮʝʥʪʘ [3]. ʕʪʦʪ 

ʚʢʣʘʜ, ʢʘʢ ʠ ʦʞʠʜʘʣʦʩʴ, ʥʝ ʙʳʣ ʦʙʥʘʨʫʞʝʥ ʧʨʠ ʚʦʟʙʫʞʜʝʥʠʠ VO2 ʚ ʤʝʪʘʣʣʠʯʝʩʢʦʡ ʬʘʟʝ.  

 

(ii)  ʋʧʨʘʚʣʝʥʠʝ ʩʚʝʨʭʙʳʩʪʨʳʤ ʧʝʨʝʭʦʜʦʤ ʜʠʵʣʝʢʪʨʠʢ-ʤʝʪʘʣ ʜʠʥʘʤʠʯʝʩʢʦʡ 

ʜʝʬʦʨʤʘʮʠʝʡ ʚ ʥʘʥʦʩʪʨʦʚʢʘʭ VO2 

ɼʦʩʪʠʞʝʥʠʝ ʚʳʩʦʢʠʭ ʘʤʧʣʠʪʫʜ ʧʠʢʦʩʝʢʫʥʜʥʳʭ ʠʤʧʫʣʴʩʦʚ ʜʝʬʦʨʤʘʮʠʠ ʦʩʦʙʝʥʥʦ 

ʚʘʞʥʦ ʚ ʩʚʝʪʝ ʪʦʛʦ, ʯʪʦ ʧʨʠʣʦʞʝʥʠʝ ʪʘʢʠʭ ʠʤʧʫʣʴʩʦʚ ʩʧʦʩʦʙʥʦ ʩʫʱʝʩʪʚʝʥʥʦ 

ʤʦʜʠʬʠʮʠʨʦʚʘʪʴ ʨʘʟʣʠʯʥʳʝ ʩʚʦʡʩʪʚʘ ʤʘʪʝʨʠʘʣʦʚ ʥʘ ʩʫʙʥʘʥʦʩʝʢʫʥʜʥʦʤ ʚʨʝʤʝʥʥʦʤ 

ʤʘʩʰʪʘʙʝ. ʋʞʝ ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥʦ ʚʦʟʙʫʞʜʝʥʠʝ ʜʠʥʘʤʠʢʠ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ [9], 

ʛʝʥʝʨʘʮʠʷ ʪʝʨʘʛʝʨʮʦʚʦʛʦ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʛʦ ʠʟʣʫʯʝʥʠʷ [10], ʤʦʜʫʣʷʮʠʷ ʢʦʥʮʝʥʪʨʘʮʠʠ 

ʥʦʩʠʪʝʣʝʡ ʪʦʢʘ [11] ʧʨʠ ʧʦʤʦʱʠ ʪʘʢʦʛʦ ʚʦʟʜʝʡʩʪʚʠʷ. ʇʝʨʩʧʝʢʪʠʚʥʳʤ ʤʦʞʝʪ ʦʢʘʟʘʪʴʩʷ 

ʧʨʠʤʝʥʝʥʠʝ ʧʠʢʦʩʝʢʫʥʜʥʳʭ ʠʤʧʫʣʴʩʦʚ ʜʝʬʦʨʤʘʮʠʠ ʜʣʷ ʫʧʨʘʚʣʝʥʠʷ ʩʚʝʨʭʙʳʩʪʨʳʤʠ 

ʬʘʟʦʚʳʤʠ ʧʝʨʝʭʦʜʘʤʠ, ʪʘʢ ʢʘʢ ʭʦʨʦʰʦ ʠʟʚʝʩʪʥʦ, ʯʪʦ ʪʘʢʠʝ ʧʝʨʝʭʦʜʳ ʯʫʚʩʪʚʠʪʝʣʴʥʳ ʢ 

ʩʪʘʪʠʯʝʩʢʦʡ ʜʝʬʦʨʤʘʮʠʠ [12]. ʉʇɼʄ ʚ ʜʠʦʢʩʠʜʝ ʚʘʥʘʜʠʷ ʩʦʧʨʦʚʦʞʜʘʝʪʩʷ ʟʥʘʯʠʪʝʣʴʥʳʤ 

ʠʟʤʝʥʝʥʠʝʤ ʦʧʪʠʯʝʩʢʠʭ ʠ ʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ, ʧʨʦʠʩʭʦʜʷʱʠʤ ʥʘ 

ʩʫʙʧʠʢʦʩʝʢʫʥʜʥʦʤ ʚʨʝʤʝʥʥʦʤ ʤʘʩʰʪʘʙʝ. ɹʣʘʛʦʜʘʨʷ ʩʠʣʴʥʦʡ ʵʣʝʢʪʨʦʥ-ʬʦʥʦʥʥʦʡ 

ʩʚʷʟʠ [7], ʉʇɼʄ ʚ VO2 ʷʚʣʷʝʪʩʷ ʦʪʣʠʯʥʳʤ ʢʘʥʜʠʜʘʪʦʤ ʜʣʷ ʚʦʟʜʝʡʩʪʚʠʷ ʥʘ ʥʝʛʦ 

ʧʠʢʦʩʝʢʫʥʜʥʳʭ ʠʤʧʫʣʴʩʦʚ ʜʝʬʦʨʤʘʮʠʠ ʠ ʧʦʣʫʯʝʥʠʷ ʟʥʘʯʠʪʝʣʴʥʳʭ ʧʦ ʘʤʧʣʠʪʫʜʝ 

ʵʬʬʝʢʪʦʚ, ʯʪʦ ʥʘʤ ʫʜʘʣʦʩʴ ʫʩʧʝʰʥʦ ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʪʴ [4]. 
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ɼʣʷ ʠʟʫʯʝʥʠʷ ʚʦʟʜʝʡʩʪʚʠʷ ʧʠʢʦʩʝʢʫʥʜʥʳʭ ʠʤʧʫʣʴʩʦʚ ʜʝʬʦʨʤʘʮʠʠ ʥʘ ʉʇɼʄ, 

ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʩʣʦʡ ʥʘʥʦʦʩʪʨʦʚʢʦʚ VO2, ʧɻʠʪʘʢʩʠʘʣʴʥʦ ʚʳʨʘʱʝʥʥʳʭ ʤʝʪʦʜʦʤ 

ʠʤʧʫʣʴʩʥʦʛʦ ʣʘʟʝʨʥʦʛʦ ʥʘʧʳʣʝʥʠʷ ʥʘ c-ʧʣʦʩʢʦʩʪʠ ʩʘʧʬʠʨʘ ʚ ʦʨʠʝʥʪʘʮʠʠ [020]M1 

(ʩʤ. [7]). ʉʨʝʜʥʷʷ ʚʳʩʦʪʘ ʥʘʥʦʦʩʪʨʦʚʢʦʚ ʩʦʩʪʘʚʠʣʘ 70Ñ20 ʥʤ, ʘ ʜʠʘʤʝʪʨ 200Ñ60 ʥʤ. 
ʉ ʦʙʨʘʪʥʦʡ ʩʪʦʨʦʥʳ ʧʦʜʣʦʞʢʠ ʙʳʣʘ ʦʩʘʞʜʝʥʘ ʧʣʝʥʢʘ ʘʣʶʤʠʥʠʷ ʪʦʣʱʠʥʦʡ 140 ʥʤ, 

ʢʦʪʦʨʘʷ ʠʩʧʦʣʴʟʦʚʘʣʘʩʴ ʜʣʷ ʛʝʥʝʨʘʮʠʠ ʠʤʧʫʣʴʩʦʚ ʜʝʬʦʨʤʘʮʠʠ, ʢʦʪʦʨʳʝ ʟʘʪʝʤ 

ʠʥʞʝʢʪʠʨʦʚʘʣʠʩʴ ʚ VO2. 

 

 
ʈʠʩ. 1. (ʘ) ʉʭʝʤʘ ʵʢʩʧʝʨʠʤʝʥʪʘ ʧʦ ʚʦʟʜʝʡʩʪʚʠʶ ʧʠʢʦʩʝʢʫʥʜʥʳʭ ʠʤʧʫʣʴʩʦʚ ʜʝʬʦʨʤʘʮʠʠ ʥʘ ʉʇɼʄ ʚ 

ʥʘʥʦʦʩʪʨʦʚʢʘʭ VO2. (ʙ) ʉʭʝʤʘ, ʧʦʷʩʥʷʶʱʘʷ ʩʤʳʩʣ ʟʘʜʝʨʞʝʢ t, t0 ʠ ȹt ʤʝʞʜʫ ʦʧʪʠʯʝʩʢʠʤʠ ʠʤʧʫʣʴʩʘʤʠ ʠ 

ʠʤʧʫʣʴʩʘʤʠ ʜʝʬʦʨʤʘʮʠʠ. (ʚ) ʕʣʘʩʪʦʦʧʪʠʯʝʩʢʠʡ ʦʪʢʣʠʢ ʥʘʥʦʦʩʪʨʦʚʢʦʚ VO2 ʧʨʠ ʦʪʩʫʪʩʪʚʠʠ ʉʇɼʄ, (ʛ) ʧʨʠ 

ʧʦʣʥʦʤ ʉʇɼʄ, (ʜ) ʧʨʠ ʯʘʩʪʠʯʥʦʤ ʉʇɼʄ. (ʝ) ɺʢʣʘʜ ʚ ʉʇɼʄ, ʠʥʜʫʮʠʨʦʚʘʥʥʳʡ ʜʠʥʘʤʠʯʝʩʢʦʡ 

ʜʝʬʦʨʤʘʮʠʝʡ ʩʞʘʪʠʷ ʠ ʨʘʩʪʷʞʝʥʠʷ. (ʞ) ɸʤʧʣʠʪʫʜʘ ʠʥʜʫʮʠʨʦʚʘʥʥʦʛʦ ʜʠʥʘʤʠʯʝʩʢʦʡ ʜʝʬʦʨʤʘʮʠʝʡ ʚʢʣʘʜʘ 

ʚ ʉʇʄɼ ʧʨʠ ʨʘʟʥʳʭ ʵʥʝʨʛʠʷʭ ʥʘʢʘʯʢʠ. 

 

ɼʣʷ ʠʟʫʯʝʥʠʷ ʚʦʟʜʝʡʩʪʚʠʷ ʠʤʧʫʣʴʩʦʚ ʜʝʬʦʨʤʘʮʠʠ ʥʘ ʉʇɼʄ, ʠʤʧʫʣʴʩ ʥʘʢʘʯʢʠ 

ʥʘʧʨʘʚʣʷʣʩʷ ʥʘ ʧʣʝʥʢʫ ʘʣʶʤʠʥʠʷ ʜʣʷ ʛʝʥʝʨʘʮʠʠ ʠʤʧʫʣʴʩʘ ʜʝʬʦʨʤʘʮʠʠ, ʘ ʠʤʧʫʣʴʩ 

ʟʦʥʜʠʨʦʚʘʥʠʷ ï ʥʘ ʥʘʥʦʦʩʪʨʦʚʢʠ VO2. ʏʪʦʙʳ ʠʥʜʫʮʠʨʦʚʘʪʴ ʉʇɼʄ ʚ ʥʘʥʦʦʩʪʨʦʚʢʘʭ VO2, 

ʥʘ ʥʠʭ ʙʳʣ ʥʘʧʨʘʚʣʝʥ ʝʱʝ ʦʜʠʥ ʣʘʟʝʨʥʳʡ ʠʤʧʫʣʴʩ (ʧʦʢʘʟʘʥ ʢʨʘʩʥʳʤ ʥʘ ʈʠʩ. 1(ʘ)), 

ʟʘʜʝʨʞʘʥʥʳʡ ʚʦ ʚʨʝʤʝʥʠ ʦʪʥʦʩʠʪʝʣʴʥʦ ʠʤʧʫʣʴʩʘ ʥʘʢʘʯʢʠ ʥʘ ʬʠʢʩʠʨʦʚʘʥʥʳʝ ʟʥʘʯʝʥʠʷ t0 

(ʈʠʩ. 1(ʙ)). 

ɺ ɻʢʩʧʝʨʠʤʝʥʪʘʭ ʠʩʧʦʣʴʟʦʚʘʣʘʩʴ ʩʘʤʘʷ ʚʳʩʦʢʘʷ ʘʤʧʣʠʪʫʜʘ ʜʝʬʦʨʤʘʮʠʠ, ʜʦʩʪʫʧʥʘʷ 

ʩ ʘʣʶʤʠʥʠʝʚʳʤ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʝʤ, ʧʨʠ ʧʣʦʪʥʦʩʪʠ ʵʥʝʨʛʠʠ ʚ ʠʤʧʫʣʴʩʘʭ ʥʘʢʘʯʢʠ 

60 ʤɼʞ/ʩʤ2. ʇʦʩʣʝ ʥʝʣʠʥʝʡʥʦʛʦ ʧʨʦʭʦʞʜʝʥʠʷ ʯʝʨʝʟ ʧʦʜʣʦʞʢʫ [2], ʠʤʧʫʣʴʩ ʜʦʩʪʠʛʘʣ 

ʜʣʠʪʝʣʴʥʦʩʪʠ ~100 ʧʩ ʠ ʠʤʝʣ ʘʤʧʣʠʪʫʜʫ ~0.1%. ʇʦ ʬʦʨʤʝ ʵʣʘʩʪʦʦʧʪʠʯʝʩʢʦʛʦ ʦʪʢʣʠʢʘ ʚ 

ʥʘʥʦʦʩʪʨʦʚʢʘʭ VO2 (ʩʧʣʦʰʥʘʷ ʢʨʠʚʘʷ ʥʘ ʈʠʩ. 1(ʚ) ʠ ʯʝʨʥʘʷ ʢʨʠʚʘʷ ʥʘ ʈʠʩ. 1(ʛ, ʜ)) ʤʦʞʥʦ 

ʦʧʨʝʜʝʣʠʪʴ ʤʦʤʝʥʪʳ ʠʭ ʥʘʠʙʦʣʴʰʝʛʦ ʩʞʘʪʠʷ ʠ ʨʘʩʪʷʞʝʥʠʷ. 

ɺ ʦʩʥʦʚʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʘʭ ʣʘʟʝʨʥʳʡ ʠʤʧʫʣʴʩ ʚʦʟʙʫʞʜʘʣ ʉʇɼʄ ʚ VO2 ʚ ʤʦʤʝʥʪ 

ʥʘʠʙʦʣʴʰʝʛʦ ʨʘʩʪʷʞʝʥʠʷ, ʥʘʠʙʦʣʴʰʝʛʦ ʩʞʘʪʠʷ, ʠʣʠ ʥʫʣʝʚʦʡ ʜʝʬʦʨʤʘʮʠʠ ʚ 

ʥʘʥʦʦʩʪʨʦʚʢʘʭ (ʪ.ʝ. ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʚʨʝʤʝʥʘʭ ʟʘʜʝʨʞʢʠ t0). ɽʩʣʠ ʧʣʦʪʥʦʩʪʴ ʵʥʝʨʛʠʠ 

ʣʘʟʝʨʥʦʛʦ ʠʤʧʫʣʴʩʘ, ʚʦʟʜʝʡʩʪʚʫʶʱʝʛʦ ʥʘ VO2, ʙʳʣʘ ʚʳʰʝ ʫʨʦʚʥʷ ʥʘʩʳʱʝʥʠʷ ʉʇɼʄ 

WS=20 ʤɼʞ/ʩʤ2, ʪʦ ʧʦʣʫʯʝʥʥʳʡ ʦʪʢʣʠʢ (ʢʨʘʩʥʘʷ ʢʨʠʚʘʷ ʥʘ ʈʠʩ. 1(ʛ)) ʭʦʨʦʰʦ ʦʧʠʩʳʚʘʣʩʷ 

ʠʟʤʝʥʝʥʠʝʤ ʵʣʘʩʪʦʦʧʪʠʯʝʩʢʠʭ ʧʦʩʪʦʷʥʥʳʭ VO2 ʚʩʣʝʜʩʪʚʠʝ ʝʛʦ ʧʨʝʚʨʘʱʝʥʠʷ ʚ ʤʝʪʘʣʣ 

ʧʨʠ ʉʇɼʄ.  

ɻʣʘʚʥʳʡ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʡ ʨʝʟʫʣʴʪʘʪ ʙʳʣ ʧʦʣʫʯʝʥ ʧʨʠ ʧʣʦʪʥʦʩʪʷʭ ʵʥʝʨʛʠʠ 

ʠʤʧʫʣʴʩʘ, ʚʦʟʙʫʞʜʘʶʱʝʛʦ ʉʇɼʄ, ʥʠʞʝ ʥʘʩʳʱʝʥʠʷ, ʥʦ ʚʳʰʝ ʧʦʨʦʛʦʚʦʛʦ ʟʥʘʯʝʥʠʷ WT=6 

ʤɼʞ/ʩʤ2 (ʢʨʘʩʥʘʷ ʢʨʠʚʘʷ ʥʘ ʈʠʩ. 1(ʜ)). ʊʘʢʦʡ ʫʨʦʚʝʥʴ ʚʦʟʙʫʞʜʝʥʠʷ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʪʦʤʫ, 
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ʯʪʦ ʪʦʣʴʢʦ ʯʘʩʪʴ ʥʘʥʦʦʩʪʨʦʚʢʦʚ VO2 ʩʦʚʝʨʰʠʣʘ ʧʝʨʝʭʦʜ ʚ ʤʝʪʘʣʣʠʯʝʩʢʫʶ ʬʘʟʫ. ɺ ʵʪʦʡ 

ʩʠʪʫʘʮʠʠ ʚ ʦʪʢʣʠʢʝ ʧʦʷʚʣʷʝʪʩʷ ʜʦʧʦʣʥʠʪʝʣʴʥʳʡ ʚʢʣʘʜ (ʟʘʢʨʘʰʝʥʥʘʷ ʦʙʣʘʩʪʴ ʥʘ 

ʈʠʩ. 1(ʜ)), ʦʙʫʩʣʦʚʣʝʥʥʳʡ ʜʣʷ ʪʘʢʦʛʦ t0 ʚʦʟʜʝʡʩʪʚʠʝʤ ʨʘʩʪʷʛʠʚʘʶʱʝʡ ʯʘʩʪʠ 

ʧʠʢʦʩʝʢʫʥʜʥʦʛʦ ʠʤʧʫʣʴʩʘ ʜʝʬʦʨʤʘʮʠʠ ʥʘ ʉʇɼʄ. ʕʢʩʧʝʨʠʤʝʥʪʳ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʜʘʥʥʳʡ 

ʚʢʣʘʜ ʟʘʚʠʩʠʪ ʦʪ ʘʤʧʣʠʪʫʜʳ ʠ ʟʥʘʢʘ ʤʛʥʦʚʝʥʥʦʡ ʜʝʬʦʨʤʘʮʠʠ, ʧʨʠʩʫʪʩʪʚʫʶʱʝʡ ʚ VO2 

ʚ ʤʦʤʝʥʪ ʚʦʟʙʫʞʜʝʥʠʷ ʉʇɼʄ, ʘ ʜʘʣʴʥʝʡʰʘʷ ʢʠʥʝʪʠʢʘ ʬʘʟʦʚʦʛʦ ʧʝʨʝʭʦʜʘ ʥʝ ʟʘʚʠʩʠʪ ʦʪ 

ʜʠʥʘʤʠʯʝʩʢʦʡ ʜʝʬʦʨʤʘʮʠʠ, ʧʨʦʜʦʣʞʘʶʱʝʡ ʚʦʟʜʝʡʩʪʚʦʚʘʪʴ ʥʘ ʥʘʥʦʦʩʪʨʦʚʢʠ VO2. ʊʘʢʠʤ 

ʦʙʨʘʟʦʤ, ʚʘʨʴʠʨʫʷ ʟʘʜʝʨʞʢʫ ʤʝʞʜʫ ʤʦʤʝʥʪʦʤ ʚʦʟʙʫʞʜʝʥʠʷ ʉʇɼʄ ʠ ʤʦʤʝʥʪʦʤ ʧʨʠʭʦʜʘ 

ʬʨʦʥʪʘ ʠʤʧʫʣʴʩʘ ʜʝʬʦʨʤʘʮʠʠ, ʤʦʞʥʦ ʫʩʠʣʠʚʘʪʴ ʠʣʠ ʦʩʣʘʙʣʷʪʴ ʩʚʝʨʭʙʳʩʪʨʳʡ ʬʘʟʦʚʳʡ 

ʧʝʨʝʭʦʜ ʚ ʥʘʥʦʦʩʪʨʦʚʢʘʭ VO2. ʅʘ ʈʠʩ. 1(ʝ) ʦʪʜʝʣʴʥʦ ʧʦʢʘʟʘʥ ʚʢʣʘʜ, ʩʚʷʟʘʥʥʳʡ ʩ 

ʜʝʬʦʨʤʘʮʠʝʡ, ʢʦʛʜʘ ʉʇɼʄ ʚʦʟʙʫʞʜʘʣʩʷ ʚʦ ʚʨʝʤʷ ʨʘʩʪʷʛʠʚʘʶʱʝʡ (ʞʝʣʪʳʡ) ʠ 

ʩʞʠʤʘʶʱʝʡ (ʛʦʣʫʙʦʡ) ʯʘʩʪʠ ʧʠʢʦʩʝʢʫʥʜʥʦʛʦ ʠʤʧʫʣʴʩʘ ʜʝʬʦʨʤʘʮʠʠ. ɺʠʜʥʦ, ʯʪʦ ʵʪʦʪ 

ʚʢʣʘʜ ʨʝʣʘʢʩʠʨʫʝʪ ʥʘ ʥʘʥʦʩʝʢʫʥʜʥʦʤ ʚʨʝʤʝʥʥʦʤ ʤʘʩʰʪʘʙʝ. ʈʠʩ. 1(ʞ) ʜʝʤʦʥʩʪʨʠʨʫʝʪ 

ʘʤʧʣʠʪʫʜʫ ʫʩʠʣʝʥʠʷ (ʢʨʘʩʥʘʷ) ʠ ʦʩʣʘʙʣʝʥʠʷ (ʩʠʥʷʷ) ʉʇɼʄ ʜʣʷ ʨʘʟʣʠʯʥʳʭ ʫʨʦʚʥʝʡ 

ʚʦʟʙʫʞʜʝʥʠʷ W. ʄʘʢʩʠʤʫʤ ʵʬʬʝʢʪʘ ʥʘʙʣʶʜʘʝʪʩʷ ʤʝʞʜʫ WT ʠ WS ʠ ʩʦʩʪʘʚʣʷʝʪ ~1%. ʀʟ 

ʵʪʦʛʦ ʥʘʙʣʶʜʝʥʠʷ ʩ ʦʜʥʦʟʥʘʯʥʦʩʪʴʶ ʩʣʝʜʫʝʪ, ʯʪʦ ʚʣʠʷʥʠʝ ʤʛʥʦʚʝʥʥʦʡ ʜʝʬʦʨʤʘʮʠʠ ʥʘ 

ʉʇɼʄ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʠʟʤʝʥʝʥʠʶ ʯʠʩʣʘ ʥʘʥʦʦʩʪʨʦʚʢʦʚ, ʧʝʨʝʭʦʜʷʱʠʭ ʚ ʥʦʚʫʶ ʬʘʟʫ, ʧʨʠ 

ʵʪʦʤ ʧʨʦʜʦʣʴʥʘʷ ʜʝʬʦʨʤʘʮʠʷ ʩʞʘʪʠʷ ʫʚʝʣʠʯʠʚʘʝʪ ʠʭ ʢʦʣʠʯʝʩʪʚʦ, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ 

ʧʨʦʜʦʣʴʥʦʝ ʨʘʩʪʷʞʝʥʠʝ ʫʤʝʥʴʰʘʝʪ. ɼʣʷ ʦʙʲʷʩʥʝʥʠʷ ʚʳʰʝʦʧʠʩʘʥʥʳʭ ʵʬʬʝʢʪʦʚ ʙʳʣʘ 

ʧʦʩʪʨʦʝʥʘ ʤʦʜʝʣʴ ʥʘ ʙʘʟʝ ʬʝʥʦʤʝʥʦʣʦʛʠʯʝʩʢʦʡ ʪʝʦʨʠʠ ʃʘʥʜʘʫ, ʢʦʪʦʨʘʷ, ʥʘʨʷʜʫ ʩ 

ʜʝʪʘʣʷʤʠ ʵʢʩʧʝʨʠʤʝʥʪʘ, ʧʦʜʨʦʙʥʦ ʠʟʣʦʞʝʥʘ ʚ ʥʘʰʝʡ ʨʘʙʦʪʝ [4]. 

 

ɿʘʢʣʶʯʝʥʠʝ 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʜʠʦʢʩʠʜ ʚʘʥʘʜʠʷ VO2, ʜʝʤʦʥʩʪʨʠʨʫʶʱʠʡ  ʩʚʝʨʭʙʳʩʪʨʳʡ ʬʘʟʦʚʳʡ 

ʧʝʨʝʭʦʜ ʜʠʵʣʝʢʪʨʠʢ-ʤʝʪʘʣʣ, ʩʦʧʨʦʚʦʞʜʘʶʱʠʡʩʷ ʩʪʨʫʢʪʫʨʥʦʡ ʪʨʘʥʩʬʦʨʤʘʮʠʝʡ, ïï 

ʷʚʣʷʝʪʩʷ ʥʦʚʳʤ ʠ ʤʥʦʛʦʦʙʝʱʘʶʱʠʤ ʤʘʪʝʨʠʘʣʦʤ ʜʣʷ ʛʝʥʝʨʘʮʠʠ ʧʠʢʦʩʝʢʫʥʜʥʳʭ 

ʠʤʧʫʣʴʩʦʚ ʜʝʬʦʨʤʘʮʠʠ ʙʦʣʴʰʦʡ ʘʤʧʣʠʪʫʜʳ. ʊʘʢʞʝ, ʩʚʝʨʭʙʳʩʪʨʳʡ ʬʘʟʦʚʳʡ ʧʝʨʝʭʦʜ ʚ 

ʵʪʦʤ ʤʘʪʝʨʠʘʣʝ ʤʦʞʝʪ ʙʳʪʴ ʢʦʥʪʨʦʣʠʨʫʝʤʦ ʫʩʠʣʝʥ ʠʣʠ ʦʩʣʘʙʣʝʥ ʟʘ ʩʯʝʪ ʚʦʟʜʝʡʩʪʚʠʷ ʥʘ 

VO2 ʧʠʢʦʩʝʢʫʥʜʥʳʭ ʠʤʧʫʣʴʩʦʚ ʜʝʬʦʨʤʘʮʠʠ. 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʧʦʜʜʝʨʞʢʝ ʛʨʘʥʪʘ ʈʌʌʀ ˉ 17-52-10015 ʠ Royal Society 

Grant ˉ IEC\R2\170217. ʈʘʙʦʪʘ ʧʦ ʛʝʥʝʨʘʮʠʠ ʠʤʧʫʣʴʩʦʚ ʜʝʬʦʨʤʘʮʠʠ ʚ VO2 ʯʘʩʪʠʯʥʦ 

ʧʦʜʜʝʨʞʘʥʘ ɻʦʩɿʘʜʘʥʠʝʤ (ʌʠʟʠʯʝʩʢʠʝ ʥʘʫʢʠ, ʥʘʧʨʘʚʣʝʥʠʝ 8, ʪʝʤʘ 8.5). 
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ɸʢʫʩʪʦʦʧʪʠʯʝʩʢʠʝ (ɸʆ) ʫʩʪʨʦʡʩʪʚʘ ʰʠʨʦʢʦ ʠʩʧʦʣʴʟʫʶʪʩʷ ʜʣʷ ʫʧʨʘʚʣʝʥʠʷ 

ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʳʤ ʠʟʣʫʯʝʥʠʝʤ ʚ ʚʠʜʠʤʦʤ, ʠʥʬʨʘʢʨʘʩʥʦʤ ʠ ʫʣʴʪʨʘʬʠʦʣʝʪʦʚʦʤ 

ʜʠʘʧʘʟʦʥʘʭ [1,2]. ʆʧʨʝʜʝʣʷʶʱʠʤʠ ʬʘʢʪʦʨʘʤʠ ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ ʚʳʙʦʨʘ ʤʘʪʝʨʠʘʣʘ ɸʆ 

ʷʯʝʡʢʠ ʷʚʣʷʪʁʩʷ ʢʦʵʬʬʠʮʠʝʥʪ ɸʆ ʢʘʯʝʩʪʚʘ M2, ʘ ʪʘʢʞʝ ʧʨʦʟʨʘʯʥʦʩʪʴ. ɺ ʧʦʩʣʝʜʥʠʝ ʛʦʜʳ 

ʠʥʪʝʥʩʠʚʥʦ ʦʩʚʘʠʚʘʝʪʩʷ ʪʝʨʘʛʝʨʮʝʚʳʡ (ʊɻʮ) ʜʠʘʧʘʟʦʥ, ʢʦʪʦʨʦʤʫ ʩʦʦʪʚʝʪʩʪʚʫʝʪ 

ʠʟʣʫʯʝʥʠʝ ʩ ʜʣʠʥʘʤʠ ʚʦʣʥ ʦʪ 30 ʜʦ 300 ʤʢʤ. ɼʣʷ ʫʧʨʘʚʣʝʥʠʷ ʣʘʟʝʨʥʳʤ ʊɻʮ ʠʟʣʫʯʝʥʠʝʤ 

ʠʩʧʦʣʴʟʫʶʪʩʷ, ʢʘʢ ʧʨʘʚʠʣʦ, ʤʝʪʘʣʣʠʯʝʩʢʠʝ ʠ ʢʨʝʤʥʠʝʚʳʝ ʜʠʬʨʘʢʮʠʦʥʥʳʝ ʵʣʝʤʝʥʪʳ. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ɸʆ ʵʬʬʝʢʪ ʤʦʞʝʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥ ʜʣʷ ʩʦʟʜʘʥʠʷ ʙʳʩʪʨʦʜʝʡʩʪʚʫʶʱʠʭ 

ʫʩʪʨʦʡʩʪʚ ʦʙʨʘʙʦʪʢʠ ʠʥʬʦʨʤʘʮʠʠ ʊɻʮ ʜʠʘʧʘʟʦʥʘ ʠ ʧʨʠʤʝʥʸʥ ʚ ʦʙʣʘʩʪʷʭ ʥʘʫʢʠ ʠ 

ʪʝʭʥʠʢʠ, ʥʝ ʪʨʝʙʫʶʱʠʭ ʙʦʣʴʰʠʭ ʟʥʘʯʝʥʠʡ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʜʠʬʨʘʛʠʨʦʚʘʥʥʦʛʦ ʠʟʣʫʯʝʥʠʷ. 

ɺ ʨʘʙʦʪʝ [3] ʧʨʠʚʝʜʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʝʜʠʥʩʪʚʝʥʥʦʛʦ ʮʠʢʣʘ ʵʢʩʧʝʨʠʤʝʥʪʘ ʧʦ ɸʆ 

ʜʠʬʨʘʢʮʠʠ ʊɻʎ ʠʟʫʯʝʥʠʷ ʚ ʩʞʠʞʝʥʥʳʭ ʠʥʝʨʪʥʳʭ ʛʘʟʘʭ. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ɸʆ ʢʘʯʝʩʪʚʦ 

M2 ʵʪʠʭ ʚʝʱʝʩʪʚ ʥʘ ʥʝʩʢʦʣʴʢʦ ʧʦʨʷʜʢʦʚ ʙʦʣʴʰʝ, ʯʝʤ ʚ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʭ 

ʤʦʥʦʢʨʠʩʪʘʣʣʘʭ ʠ ʦʙʳʯʥʳ ʞʠʜʢʦʩʪʷʭ, ʘ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʜʠʬʨʘʢʮʠʠ ʤʦʞʝʪ ʜʦʩʪʠʛʘʪʴ 

80%. ʆʜʥʘʢʦ ʜʘʥʥʳʡ ʨʝʟʫʣʴʪʘʪ ʙʳʣ ʧʦʣʫʯʝʥ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 14ʉ̄, ʯʪʦ ʪʨʝʙʫʝʪ ʥʘʣʠʯʠʷ 

ʩʠʩʪʝʤʳ ʦʭʣʘʞʜʝʥʠʷ. 

ʇʨʦʚʝʜʸʥʥʳʡ ʮʠʢʣ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʊɻʮ ʠʟʣʫʯʝʥʠʷ 

ʥʦʚʦʩʠʙʠʨʩʢʦʛʦ ʣʘʟʝʨʘ ʥʘ ʩʚʦʙʦʜʥʳʭ ʵʣʝʢʪʨʦʥʘʭ ʧʦʢʘʟʘʣ, ʯʪʦ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʜʠʬʨʘʢʮʠʠ 

ʚ ʩʞʠʞʝʥʥʦʤ ʵʣʝʛʘʟʝ (SF6) ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 23ʉ̄ ʩʦʩʪʘʚʣʷʝʪ ʦʢʦʣʦ 1%, ʘ ʜʠʘʧʘʟʦʥ 

ʚʥʝʰʥʝʛʦ ʫʛʣʘ ɹʨʵʛʛʘ ʜʦʩʪʠʛʘʝʪ 1,25 ̄(ʩʤ. ʈʠʩ. 1). 

 

 
ʈʠʩ. 1. ɿʘʚʠʩʠʤʦʩʪʴ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʜʠʬʨʘʢʮʠʠ ʦʪ ʫʛʣʘ ʧʦʚʦʨʦʪʘ ʢʶʚʝʪʳ 
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ʉʦʧʦʩʪʘʚʣʝʥʠʝ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʜʠʬʨʘʢʮʠʠ ʠʟ ʨʘʙʦʪʳ [3] ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʘʥʘʣʠʪʠʯʝʩʢʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ɸʆ ʢʘʯʝʩʪʚʘ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ, ʘ ʪʘʢʞʝ ʠʟʚʝʩʪʥʦʛʦ 

ʩʦʦʪʥʦʰʝʥʠʷ ʜʣʷ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʜʠʬʨʘʢʮʠʠ ʦʪ ʜʣʠʥʳ ʚʦʣʥʳ ʠ ʨʘʟʤʝʨʦʚ ʠʟʣʫʯʘʪʝʣʷ 

ʟʚʫʢʘ, ʩ ʧʘʨʘʤʝʪʨʘʤʠ ʧʨʦʚʝʜʸʥʥʦʛʦ ʥʘʤʠ ʵʢʩʧʝʨʠʤʝʥʪʘ ʜʘʣʦ ʟʥʘʯʝʥʠʝ ʵʬʬʝʢʪʠʚʥʦʩʪʠ 

ʜʠʬʨʘʢʮʠʠ, ʚ ʧʨʝʜʝʣʘʭ ʧʦʛʨʝʰʥʦʩʪʠ ʩʦʚʧʘʚʰʝʝ ʩ ʧʦʣʫʯʝʥʥʳʤ ʚ ʵʢʩʧʝʨʠʤʝʥʪʝ. 

ʀʟʤʝʨʝʥʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʜʠʬʨʘʢʮʠʠ ʦʪ ʯʘʩʪʦʪʳ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ 

ʩʠʛʥʘʣʘ, ʧʦʜʘʚʘʝʤʦʛʦ ʥʘ ʧʴʝʟʦʧʨʝʦʙʨʘʟʦʚʘʪʝʣʴ, ʧʨʠʚʝʜʝʥʘ ʥʘ ʈʠʩ. 2. 

 

 
ʈʠʩ. 2. ɿʘʚʠʩʠʤʦʩʪʴ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʜʠʬʨʘʢʮʠʠ ʦʪ ʯʘʩʪʦʪʳ ʫʣʴʪʨʘʟʚʫʢʘ 

 

ʋʤʝʥʴʰʝʥʠʝ ʤʘʢʩʠʤʘʣʴʥʦʛʦ ʟʥʘʯʝʥʠʷ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʜʠʬʨʘʢʮʠʠ ʚ 4 ʨʘʟʘ ʩʚʷʟʘʥʦ 

ʩ ʪʝʤ, ʯʪʦ ʪʝʤʧʝʨʘʪʫʨʘ ʵʣʝʛʘʟʘ ʚ ʵʪʦʤ ʵʢʩʧʝʨʠʤʝʥʪʝ ʙʳʣʘ 27ʉ̄, ʪ.ʝ. ʥʘ 4ʉ̄ ʚʳʰʝ, ʯʝʤ ʧʨʠ 

ʠʟʤʝʨʝʥʠʠ ʫʛʣʦʚʦʡ ʟʘʚʠʩʠʤʦʩʪʠ. ʀʟʤʝʨʝʥʥʘʷ ʧʦʣʦʩʘ ʯʘʩʪʦʪ ʫʣʴʪʨʘʟʚʫʢʘ, ʧʨʠ ʢʦʪʦʨʦʡ 

ʧʨʦʠʩʭʦʜʠʪ ʵʬʬʝʢʪʠʚʥʦʝ (ʧʦ ʫʨʦʚʥʶ 0,5) ɸʆ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ, ʩʦʩʪʘʚʠʣʘ 8 ʢɻʮ.  

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ ʧʦʜʜʝʨʞʢʝ ʛʨʘʥʪʘ ʈʅʌ 18-12-00430. 

 

ʃʀʊɽʈɸʊʋʈɸ 
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ʆʮʝʥʢʘ ʧʘʨʘʤʝʪʨʦʚ ʘʢʫʩʪʦʦʧʪʠʯʝʩʢʠʭ ʫʩʪʨʦʡʩʪʚ ʫʧʨʘʚʣʝʥʠʷ 

ʪʝʨʘʛʝʨʮʝʚʳʤ ʠʟʣʫʯʝʥʠʝʤ ʥʘ ʦʩʥʦʚʝ ʤʦʥʦʢʨʠʩʪʘʣʣʦʚ 
 

ʇ.ɸ. ʅʠʢʠʪʠʥ1,2 
1ʄʦʩʢʦʚʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʠʤ. ʄ.ɺ. ʃʦʤʦʥʦʩʦʚʘ, ʬʠʟʠʯʝʩʢʠʡ ʬʘʢʫʣʴʪʝʪ, 

ʈʦʩʩʠʷ, 119991, ʄʦʩʢʚʘ, ʃʝʥʠʥʩʢʠʝ ʛʦʨʳ, ʜ. 1, ʩʪʨ. 2 
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ɸʢʫʩʪʦʦʧʪʠʯʝʩʢʠʝ (ɸʆ) ʫʩʪʨʦʡʩʪʚʘ ʰʠʨʦʢʦ ʠʩʧʦʣʴʟʫʶʪʩʷ ʜʣʷ ʫʧʨʘʚʣʝʥʠʷ 

ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʳʤ ʠʟʣʫʯʝʥʠʝʤ ʚ ʚʠʜʠʤʦʤ, ʠʥʬʨʘʢʨʘʩʥʦʤ ʠ ʫʣʴʪʨʘʬʠʦʣʝʪʦʚʦʤ 

ʜʠʘʧʘʟʦʥʘʭ [1,2]. ʆʧʨʝʜʝʣʷʶʱʠʤʠ ʬʘʢʪʦʨʘʤʠ ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ ʚʳʙʦʨʘ ʤʘʪʝʨʠʘʣʘ ɸʆ 

ʷʯʝʡʢʠ ʷʚʣʷʪʁʩʷ ʢʦʵʬʬʠʮʠʝʥʪ ɸʆ ʢʘʯʝʩʪʚʘ M2, ʘ ʪʘʢʞʝ ʧʨʦʟʨʘʯʥʦʩʪʴ. ʅʠʞʝ ʧʨʠʚʝʜʝʥʳ 

ʤʘʪʝʨʠʘʣʳ, ʢʦʪʦʨʳʝ ʠʩʧʦʣʴʟʫʶʪʩʷ ʚ ʪʦʤ ʠʣʠ ʠʥʦʤ ʩʧʝʢʪʨʘʣʴʥʦʤ ʜʠʘʧʘʟʦʥʝ: 

¶ ʫʣʴʪʨʘʬʠʦʣʝʪʦʚʳʡ ʜʠʘʧʘʟʦʥ: SiO2, MgF2, KDP, TeO2; 

¶ ʚʠʜʠʤʳʡ ʜʠʘʧʘʟʦʥ: CaMoO4, LiNbO3, TeO2; 

¶ ʙʣʠʞʥʠʡ ʠʥʬʨʘʢʨʘʩʥʳʡ (ʀʂ) ʜʠʘʧʘʟʦʥ: TeO2; 

¶ ʩʨʝʜʥʠʡ ʀʂ ʜʠʘʧʘʟʦʥ: Ge, Hg2Cl2, Hg2Br2, Tl3AsSe3, Te. 

ɺ ʧʦʩʣʝʜʥʠʝ ʛʦʜʳ ʠʥʪʝʥʩʠʚʥʦ ʦʩʚʘʠʚʘʝʪʩʷ ʪʝʨʘʛʝʨʮʝʚʳʡ (ʊɻʮ) ʜʠʘʧʘʟʦʥ, ʢʦʪʦʨʦʤʫ 

ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʠʟʣʫʯʝʥʠʝ ʩ ʜʣʠʥʘʤʠ ʚʦʣʥ ʦʪ 30 ʜʦ 300 ʤʢʤ. ʆʩʥʦʚʥʳʝ ʦʙʣʘʩʪʠ 

ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʊɻʮ ʠʟʣʫʯʝʥʠʷ ʩʣʝʜʫʶʱʠʝ: 1) ʤʦʣʝʢʫʣʷʨʥʘʷ ʩʧʝʢʪʨʦʩʢʦʧʠʷ; 2) ʊɻʮ-

ʚʠʜʝʥʠʝ ʯʝʨʝʟ ʦʜʝʞʜʫ, ʩʫʭʦʝ ʜʝʨʝʚʦ, ʙʫʤʘʛʫ, ʧʣʘʩʪʠʢ, ʘ ʪʘʢʞʝ ʠʩʧʦʣʴʟʫʷ ʙʣʠʟʢʦʝ ʢ 100% 

ʦʪʨʘʞʝʥʠʝ ʦʪ ʤʝʪʘʣʣʦʚ ʠ ʧʦʛʣʦʱʝʥʠʝ ʚʦʜʦʡ; 3) ʤʝʜʠʮʠʥʘ; 4) ʢʘʥʘʣʳ ʩʚʷʟʠ ʩʦ 

ʩʧʫʪʥʠʢʘʤʠ, ʘ ʪʘʢʞʝ ʯʝʨʝʟ ʤʫʪʥʳʝ ʠ ʟʘʜʳʤʣʸʥʥʳʝ ʩʨʝʜʳ; 5) ʊɻʮ-ʘʩʪʨʦʥʦʤʠʷ (ʤʘʢʩʠʤʫʤ 

ʪʝʧʣʦʚʦʛʦ ʠʟʣʫʯʝʥʠʷ ʘʩʪʝʨʦʠʜʦʚ). 

ɼʣʷ ʫʧʨʘʚʣʝʥʠʷ ʣʘʟʝʨʥʳʤ ʊɻʮ ʠʟʣʫʯʝʥʠʝʤ ʠʩʧʦʣʴʟʫʶʪʩʷ, ʢʘʢ ʧʨʘʚʠʣʦ, 

ʤʝʪʘʣʣʠʯʝʩʢʠʝ ʠ ʢʨʝʤʥʠʝʚʳʝ ʜʠʬʨʘʢʮʠʦʥʥʳʝ ʵʣʝʤʝʥʪʳ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ɸʆ ʵʬʬʝʢʪ 

ʤʦʞʝʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥ ʜʣʷ ʩʦʟʜʘʥʠʷ ʙʳʩʪʨʦʜʝʡʩʪʚʫʶʱʠʭ ʫʩʪʨʦʡʩʪʚ ʦʙʨʘʙʦʪʢʠ 

ʠʥʬʦʨʤʘʮʠʠ ʊɻʮ ʜʠʘʧʘʟʦʥʘ ʠ ʧʨʠʤʝʥʸʥ ʚ ʦʙʣʘʩʪʷʭ ʥʘʫʢʠ ʠ ʪʝʭʥʠʢʠ, ʥʝ ʪʨʝʙʫʶʱʠʭ 

ʙʦʣʴʰʠʭ ʟʥʘʯʝʥʠʡ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʜʠʬʨʘʛʠʨʦʚʘʥʥʦʛʦ ʠʟʣʫʯʝʥʠʷ. ʎʝʣʴʶ ʜʘʥʥʦʡ ʨʘʙʦʪʳ 

ʷʚʣʷʝʪʩʷ ʚʳʙʦʨ ʤʦʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʩʨʝʜ, ʥʘʠʙʦʣʝʝ ʧʨʠʛʦʜʥʳʭ ʜʣʷ ʩʦʟʜʘʥʠʷ ɸʆ 

ʫʩʪʨʦʡʩʪʚ, ʨʘʙʦʪʘʶʱʠʭ ʩ ʊɻʮ ʠʟʣʫʯʝʥʠʝʤ. 

ʂʘʢ ʠʟʚʝʩʪʥʦ, ʚ ʊɻʮ ʜʠʘʧʘʟʦʥʝ ʤʥʦʛʠʝ ʩʨʝʜʳ ʠʤʝʶʪ ʩʠʣʴʥʳʝ ʣʠʥʠʠ ʧʦʛʣʦʱʝʥʠʷ. ɺ 

ʪʦ ʞʝ ʚʨʝʤʷ, ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʧʨʠʝʤʣʝʤʳʭ ʟʥʘʯʝʥʠʡ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʜʠʬʨʘʢʮʠʠ ʜʣʠʥʘ 

ʦʙʣʘʩʪʠ ɸʆ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʜʦʣʞʥʘ ʩʦʩʪʘʚʣʷʪʴ ʧʦʨʷʜʢʘ 1 ʩʤ. ʇʦʵʪʦʤʫ ʙʳʣʠ ʚʳʙʨʘʥʳ 

ʪʦʣʴʢʦ ʦʪʥʦʩʠʪʝʣʴʥʦ ʧʨʦʟʨʘʯʥʳʝ ʩʨʝʜʳ ʩ ʧʦʢʘʟʘʪʝʣʝʤ ʧʦʛʣʦʱʝʥʠʷ ʠʟʣʫʯʝʥʠʷ ʥʝ ʙʦʣʝʝ 

 a<5 ʩʤ-1, ʢʦʠʤʠ ʷʚʣʷʶʪʩʷ ʢʫʙʠʯʝʩʢʠʝ ʢʨʠʩʪʘʣʣʳ. ɺʧʝʨʚʳʝ ʩʠʩʪʝʤʘʪʠʟʠʨʦʚʘʥʳ 

ʘʢʫʩʪʠʯʝʩʢʠʝ, ʦʧʪʠʯʝʩʢʠʝ ʠ ʬʦʪʦʫʧʨʫʛʠʝ ʩʚʦʡʩʪʚʘ ʤʦʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʩʨʝʜ ʚ ʊɻʮ 

ʜʠʘʧʘʟʦʥʝ: 1) ʜʝʡʩʪʚʠʪʝʣʴʥʘʷ n ʠ ʤʥʠʤʘ ̫ k ʯʘʩʪʠ ʧʦʢʘʟʘʪʝʣʷ ʧʨʝʣʦʤʣʝʥʠʷ ʧʨʠ 

l=100 ʤʢʤ; 2) ʧʣʦʪʥʦʩʪʴ r; 3) ʫʧʨʫʛʠʝ ʧʦʩʪʦʷʥʥʳʝ c11, c12 ʠ c44; 4) ʢʦʵʬʬʠʮʠʝʥʪ 

ʟʘʪʫʭʘʥʠʷ ʘʢʫʩʪʠʯʝʩʢʦʡ ʚʦʣʥʳ as, ʘ ʪʘʢʞʝ  5) ʬʦʪʦʫʧʨʫʛʠʝ ʧʦʩʪʦʷʥʥʳʝ p11, p12 ʠ p44 ʜʣʷ 

ʠʥʬʨʘʢʨʘʩʥʦʛʦ ʜʠʘʧʘʟʦʥʘ. 

ʈʘʩʩʤʦʪʨʝʥʥʳʝ ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʝ ʩʨʝʜʳ ʭʘʨʘʢʪʝʨʠʟʫʶʪʩʷ ʟʥʘʯʝʥʠʷʤʠ ʩʢʦʨʦʩʪʠ 

ʟʚʫʢʘ ʦʢʦʣʦ Vº5 ʢʤ/ʩ ʠ ʧʣʦʪʥʦʩʪʠ rº5 ʛ/ʩʤ3. ʇʦʢʘʟʘʪʝʣʴ ʧʨʝʣʦʤʣʝʥʠʷ ʢʨʠʩʪʘʣʣʦʚ ʚ ʊɻʮ 

ʜʠʘʧʘʟʦʥʝ ʚʘʨʴʠʨʫʝʪʩʷ ʦʪ n=3 ʜʦ n=4, ʘ ʥʘʠʙʦʣʝʝ ʧʨʦʟʨʘʯʥʳʤʠ ʷʚʣʷʶʪʩʷ ʢʨʝʤʥʠʡ (Si) ʠ 

ʘʥʪʠʤʦʥʠʜ ʛʘʣʣʠʷ (GaSb). ʅʠʟʢʠʝ ʟʥʘʯʝʥʠʷ a ʧʦʢʘʟʘʪʝʣʷ ʧʦʛʣʦʱʝʥʠʷ ʠʟʣʫʯʝʥʠʷ  

ʘʥʪʠʤʦʥʠʜʘ ʛʘʣʣʠʷ ʦʙʫʩʣʦʚʣʝʥʳ ʪʝʤ, ʯʪʦ ʦʥʠ ʙʳʣʠ ʠʟʤʝʨʝʥʳ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ ʞʠʜʢʦʛʦ 

ʛʝʣʠʷ, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʟʥʘʯʝʥʠʷ a ʜʣʷ ʦʩʪʘʣʴʥʳʭ ʢʨʠʩʪʘʣʣʦʚ ʙʳʣʠ ʦʧʨʝʜʝʣʝʥʳ ʧʨʠ 

ʢʦʤʥʘʪʥʳʭ ʪʝʤʧʝʨʘʪʫʨʘʭ. ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʩ ʧʦʥʠʞʝʥʠʝʤ ʪʝʤʧʝʨʘʪʫʨʳ ʢʨʠʩʪʘʣʣʳ, 
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ʢʘʢ ʧʨʘʚʠʣʦ, ʩʪʘʥʦʚʷʪʩʷ ʙʦʣʝʝ ʧʨʦʟʨʘʯʥʳʤʠ. ʇʦʵʪʦʤʫ, ʩʪʨʦʛʦ ʛʦʚʦʨʷ, ʥʝʣʴʟʷ ʧʨʦʚʝʩʪʠ 

ʩʨʘʚʥʝʥʠʝ ɸʆ ʩʚʦʡʩʪʚ ʘʥʪʠʤʦʥʠʜʘ ʛʘʣʣʠʷ ʠ ʦʩʪʘʣʴʥʳʭ ʢʨʠʩʪʘʣʣʦʚ. 

ɺ ʨʘʙʦʪʝ ʠʩʩʣʝʜʦʚʘʥʦ ʜʚʘ ʦʩʥʦʚʥʳʭ ʨʝʞʠʤʘ ʨʘʙʦʪʳ ɸʆ ʫʩʪʨʦʡʩʪʚ ɺ ʊɻʮ 

ʜʠʘʧʘʟʦʥʝ: 1) ʢʚʘʟʠʦʨʪʦʛʦʥʘʣʴʥʘʷ ʛʝʦʤʝʪʨʠʷ ɸʆ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ, ʢʦʛʜʘ ʫʛʦʣ ʦʪʢʣʦʥʝʥʠʷ 

ʜʠʬʨʘʛʠʨʦʚʘʥʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʤʘʣ ʠ ʦʥʦ ʨʘʩʧʨʦʩʪʨʘʥʷʝʪʩʷ ʧʨʠʤʝʨʥʦ ʚ ʪʫ ʞʝ ʩʪʦʨʦʥʫ, ʯʪʦ 

ʠ ʠʟʣʫʯʝʥʠʷ ʥʫʣʝʚʦʛʦ ʜʠʬʨʘʢʮʠʦʥʥʦʛʦ ʧʦʨʷʜʢʘ; 2) ʢʦʣʣʠʥʝʘʨʥʘʷ ʛʝʦʤʝʪʨʠʷ, ʧʨʠ ʢʦʪʦʨʦʡ 

ʚʦʣʥʦʚʳʝ ʚʝʢʪʦʨʳ ʚʟʘʠʤʦʜʝʡʩʪʚʫʶʱʠʭ ʚʦʣʥ ʧʘʨʘʣʣʝʣʴʥʳ. ʇʦʩʢʦʣʴʢʫ ʨʘʩʩʤʦʪʨʝʥʥʳʝ 

ʢʨʠʩʪʘʣʣʳ ʷʚʣʷʶʪʩʷ ʦʧʪʠʯʝʩʢʠ ʠʟʦʪʨʦʧʥʳʤʠ, ʪʦ ʧʨʠ ʢʦʣʣʠʥʝʘʨʥʦʡ ʛʝʦʤʝʪʨʠʠ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʚʦʣʥʦʚʦʡ ʚʝʢʪʦʨ ʟʚʫʢʘ ʜʦʣʞʝʥ ʙʳʪʴ ʚ 2 ʨʘʟʘ ʙʦʣʴʰʝ ʚʦʣʥʦʚʦʛʦ ʚʝʢʪʦʨʘ 

ʠʟʣʫʯʝʥʠʷ. ɺ ʵʪʦʤ ʩʣʫʯʘʝ ʜʠʬʨʘʛʠʨʦʚʘʥʥʦʝ ʠʟʣʫʯʝʥʠʝ ʨʘʩʧʨʦʩʪʨʘʥʷʝʪʩʷ ʥʘʚʩʪʨʝʯʫ 

ʧʘʜʘʶʱʝʤʫ ʥʘ ɸʆ ʷʯʝʡʢʫ ʠʟʣʫʯʝʥʠʶ, ʘ ʜʣʷ ʦʧʠʩʘʥʠʷ ʜʘʥʥʦʛʦ ʷʚʣʝʥʠʷ ʠʩʧʦʣʴʟʫʝʪʩʷ 

ʪʝʨʤʠʥ çʦʙʨʘʪʥʘʷè ʢʦʣʣʠʥʝʘʨʥʘʷ ʜʠʬʨʘʢʮʠʷ. 

ʇʦʩʢʦʣʴʢʫ ʵʬʬʝʢʪʠʚʥʦʩʪʴ I1/I0 ɸʆ ʜʠʬʨʘʢʮʠʠ ʦʙʨʘʪʥʦ ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʘ ʢʚʘʜʨʘʪʫ 

ʜʣʠʥʳ ʚʦʣʥʳ ʠʟʣʫʯʝʥʠʷ, ʪʦ ʚ ʊɻʮ ʜʠʘʧʘʟʦʥʝ ʭʘʨʘʢʪʝʨʥʳʝ ʟʥʘʯʝʥʠʷ I1/I0 ʩʦʩʪʘʚʣʷʶʪ ʜʦʣʠ 

ʧʨʦʮʝʥʪʘ. ʕʪʦʪ ʬʘʢʪ ʧʦʟʚʦʣʠʣ ʠʩʧʦʣʴʟʦʚʘʪʴ ʘʥʘʣʠʪʠʯʝʩʢʠʝ ʟʘʚʠʩʠʤʦʩʪʠ ʜʣʷ 

ʦʧʪʠʤʘʣʴʥʦʡ ʜʣʠʥʳ ɸʆ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ Lopt, ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʜʠʬʨʘʢʮʠʠ  I1/I0 ʠ ʧʦʣʦʩʳ 

ʯʘʩʪʦʪ DF ʫʣʴʪʨʘʟʚʫʢʘ, ʧʦʣʫʯʝʥʥʳʝ ʚ  ʧʨʠʙʣʠʞʝʥʠʠ ʟʘʜʘʥʥʦʛʦ ʧʦʣʷ ʚ ʨʘʙʦʪʘʭ [3,4]. ʅʘ 

ʦʩʥʦʚʝ ʧʦʣʫʯʝʥʥʳʭ ʜʘʥʥʳʭ ʧʦʩʪʨʦʝʥʳ ʜʠʘʛʨʘʤʤʳ, ʩʚʷʟʳʚʘʶʱʠʝ ʤʘʢʩʠʤʘʣʴʥʦʝ ʯʠʩʣʦ 

ʨʘʟʨʝʰʠʤʳʭ ʵʣʝʤʝʥʪʦʚ N ʠ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʜʠʬʨʘʢʮʠʠ  I1/I0 ʜʣʷ ɸʆ ʜʝʬʣʝʢʪʦʨʦʚ, 

ʨʘʙʦʪʘʶʱʠʭ ʚ ʨʝʞʠʤʝ ʢʚʘʟʠʦʨʪʦʛʦʥʘʣʴʥʦʡ ʛʝʦʤʝʪʨʠʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ, ʘ ʪʘʢʞʝ 

ʜʠʘʛʨʘʤʤʳ, ʩʚʷʟʳʚʘʶʱʠʝ ʩʧʝʢʪʨʘʣʴʥʦʝ ʨʘʟʨʝʰʝʥʠʝ R ʠ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʜʠʬʨʘʢʮʠʠ  I1/I0 

ʜʣʷ ɸʆ ʬʠʣʴʪʨʦʚ, ʨʘʙʦʪʘʶʱʠʭ ʚ ʨʝʞʠʤʝ ʢʦʣʣʠʥʝʘʨʥʦʡ  ʛʝʦʤʝʪʨʠʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ. 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ ʧʦʜʜʝʨʞʢʝ ʛʨʘʥʪʘ ʈʅʌ 18-12-00430. 
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ɸʢʫʩʪʠʯʝʩʢʦʝ ʧʦʣʝ - ʵʪʦ ʦʙʣʘʩʪʴ ʧʨʦʩʪʨʘʥʩʪʚʘ, ʚ ʢʦʪʦʨʦʡ ʨʘʩʧʨʦʩʪʨʘʥʷʶʪʩʷ 

ʫʧʨʫʛʠʝ ʢʦʣʝʙʘʥʠʷ ʠ ʚʦʣʥʳ. ɸʢʫʩʪʠʯʝʩʢʠʝ ʧʦʣʷ ʧʨʠʤʝʥʷʶʪʩʷ ʚ ʨʘʟʣʠʯʥʳʭ ʦʙʣʘʩʪʷʭ 

ʥʘʫʢʠ (ʥʘʧʨʠʤʝʨ, ʦʧʨʝʜʝʣʝʥʠʝ ʬʠʟʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ) ʠ ʧʨʦʠʟʚʦʜʩʪʚʝʥʥʳʭ 

ʦʪʨʘʩʣʷʭ, ʪʘʢʠʭ ʢʘʢ ʥʝʨʘʟʨʫʰʘʶʱʠʡ ʢʦʥʪʨʦʣʴ, ʜʝʬʝʢʪʦʩʢʦʧʠʷ, ʵʥʝʨʛʝʪʠʢʘ, 

ʘʨʭʠʪʝʢʪʫʨʥʘʷ ʘʢʫʩʪʠʢʘ, ʤʝʜʠʮʠʥʘ (ʜʠʘʛʥʦʩʪʠʢʘ, ʪʝʨʘʧʠʷ), ʙʠʦʣʦʛʠʷ (ʨʘʟʨʳʚ ʦʙʦʣʦʯʢʠ 

ʢʣʝʪʦʢ, ʧʨʦʚʦʮʠʨʦʚʘʥʠʝ ʤʫʪʘʮʠʠ), ʵʭʦʣʦʢʘʮʠʷ, ʬʨʝʟʝʨʦʚʢʘ, ʧʨʦʠʟʚʦʜʩʪʚʦ ʘʙʨʘʟʠʚʘ, 

ʧʨʠʛʦʪʦʚʣʝʥʠʝ ʦʜʥʦʨʦʜʥʳʭ ʩʤʝʩʝʡ - ʛʦʤʦʛʝʥʠʟʘʮʠʷ (ʢʦʩʤʝʪʠʯʝʩʢʠʝ ʠ ʬʘʨʤʘʮʝʚʪʠʯʝʩʢʠʝ 

ʩʨʝʜʩʪʚʘ, ʣʘʢʠ ʠ ʢʨʘʩʢʠ), ʢʘʚʠʪʘʮʠʦʥʥʘʷ ʵʨʦʟʠʷ, ʨʘʩʭʦʜʦʤʝʪʨʠʷ, ʠʥʪʝʥʩʠʬʠʢʘʮʠʷ 

ʛʘʣʴʚʘʥʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʦʚ ʠ ʪ. ʜ. ʇʨʠ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʠ ʫʧʨʫʛʦʡ ʚʦʣʥʳ ʚ ʩʨʝʜʝ ʚʦʟʥʠʢʘʶʪ 

ʦʙʣʘʩʪʠ ʩʞʘʪʠʷ ʠ ʨʘʟʨʝʞʝʥʠʷ, ʭʘʨʘʢʪʝʨʠʟʫʶʱʠʝʩʷ ʠʟʤʝʥʝʥʠʝʤ ʜʘʚʣʝʥʠʷ ʠ ʧʣʦʪʥʦʩʪʠ 

ʩʨʝʜʳ. ɼʣʷ ʚʠʟʫʘʣʠʟʘʮʠʠ ʪʘʢʠʭ ʧʦʣʝʡ ʠʩʧʦʣʴʟʫʶʪʩʷ ʥʝʩʢʦʣʴʢʦ ʦʩʥʦʚʥʳʭ ʤʝʪʦʜʦʚ: ʤʝʪʦʜ 

ʛʦʣʦʛʨʘʬʠʯʝʩʢʦʡ ʠʥʪʝʨʬʝʨʦʤʝʪʨʠʠ, ʪʝʥʝʚʦʡ (ʰʣʠʨʝʥ) ʤʝʪʦʜ, ʤʝʪʦʜ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ 

ʨʝʣʴʝʬʘ ʠ ʧʨʦʯʠʝ [4]. ʈʘʩʩʤʦʪʨʠʤ ʫʢʘʟʘʥʥʳʝ ʚʳʰʝ ʤʝʪʦʜʳ ʧʦʜʨʦʙʥʝʝ. 
 

1. ʄʝʪʦʜ ʘʢʫʩʪʠʯʝʩʢʦʡ ʛʦʣʦʛʨʘʬʠʠ 

ɺ ʦʩʥʦʚʝ ʤʝʪʦʜʘ ʘʢʫʩʪʠʯʝʩʢʦʡ ʛʦʣʦʛʨʘʬʠʠ, ʢʘʢ ʠ ʚ ʤʝʪʦʜʝ ʦʧʪʠʯʝʩʢʦʡ ʛʦʣʦʛʨʘʬʠʠ, 

ʣʝʞʠʪ ʧʨʠʥʮʠʧ ʩʨʘʚʥʝʥʠʷ ʚʦʣʥʦʚʳʭ ʬʨʦʥʪʦʚ ʜʚʫʭ ʟʚʫʢʦʚʳʭ ʚʦʣʥ (ʦʧʦʨʥʦʡ ʠ ʨʘʩʩʝʷʥʥʦʡ 

ʦʙʲʝʢʪʦʤ). ɺ ʨʝʟʫʣʴʪʘʪʝ ʠʥʪʝʨʬʝʨʝʥʮʠʠ ʟʚʫʢʦʚʳʭ ʚʦʣʥ ʧʦʣʫʯʘʝʪʩʷ ʢʘʨʪʠʥʘ ʟʚʫʢʦʚʦʛʦ 

ʧʦʣʷ, ʢʦʪʦʨʘʷ ʟʘʧʠʩʳʚʘʝʪʩʷ ʩ ʧʨʠʤʝʥʝʥʠʝʤ ʵʣʝʢʪʨʦʘʢʫʩʪʠʯʝʩʢʠʭ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʝʡ - 

ʧʨʠʝʤʥʠʢʦʚ ʟʚʫʢʘ (ʛʠʜʨʦʬʦʥʦʚ, ʤʠʢʨʦʬʦʥʦʚ ʠ ʧʨ.). ɿʘʪʝʤ ʧʦ ʧʦʣʫʯʝʥʥʦʡ ʟʘʧʠʩʠ ï 

ʘʢʫʩʪʠʯʝʩʢʦʡ ʛʦʣʦʛʨʘʤʤʝ ï ʚʦʩʩʪʘʥʘʚʣʠʚʘʝʪʩʷ ʠʣʠ ʠʩʭʦʜʥʦʝ ʠʟʦʙʨʘʞʝʥʠʝ ʧʨʝʜʤʝʪʘ, ʠʣʠ 

ʩʪʨʫʢʪʫʨʘ ʨʘʩʩʝʷʥʥʦʛʦ ʧʨʝʜʤʝʪʦʤ ʧʦʣʷ ʥʘ ʥʝʢʦʪʦʨʦʤ ʨʘʩʩʪʦʷʥʠʠ ʦʪ ʥʝʛʦ. ʇʦʵʪʦʤʫ ʣʝʛʢʦ 

ʧʦʣʫʯʠʪʴ ʪʨʝʭʤʝʨʥʫʶ ʘʢʫʩʪʠʯʝʩʢʫʶ ʛʦʣʦʛʨʘʤʤʫ ʥʝʧʨʦʟʨʘʯʥʳʭ ʧʨʝʜʤʝʪʦʚ. ɺʦʩʩʪʘʥʦʚʠʚ 

ʟʘʪʝʤ ʠʟʦʙʨʘʞʝʥʠʝ ʚ ʚʠʜʠʤʦʤ ʩʚʝʪʝ, ʤʳ ʧʦʣʫʯʠʤ ʚʦʟʤʦʞʥʦʩʪʴ ʫʚʠʜʝʪʴ ʚʥʫʪʨʝʥʥʝʝ 

ʩʪʨʦʝʥʠʝ ʵʪʠʭ ʪʝʣ, ʥʘʧʨʠʤʝʨ, ʩʪʨʫʢʪʫʨʫ ʤʝʪʘʣʣʠʯʝʩʢʦʛʦ ʩʪʝʨʞʥʷ ʠ ʧʨ. ʇʨʠ ʵʪʦʤ 

ʧʦʣʫʯʝʥʠʝ ʢʦʣʠʯʝʩʪʚʝʥʥʦʡ ʠʥʬʦʨʤʘʮʠʠ ʪʨʝʙʫʝʪ ʛʨʦʤʦʟʜʢʠʭ ʤʘʪʝʤʘʪʠʯʝʩʢʠʭ 

ʚʳʯʠʩʣʝʥʠʡ ʠ ʩʣʦʞʥʦʛʦ ʘʧʧʘʨʘʪʫʨʥʦʛʦ ʨʝʰʝʥʠʷ ʠʟʤʝʨʠʪʝʣʴʥʦʛʦ ʫʩʪʨʦʡʩʪʚʘ, ʯʪʦ 

ʧʨʠʚʦʜʠʪ ʚ ʠʟʚʝʩʪʥʦʡ ʤʝʨʝ ʢ ʫʚʝʣʠʯʝʥʠʶ ʧʦʛʨʝʰʥʦʩʪʠ ʠ ʪʨʫʜʥʦʩʪʠ ʧʦʣʫʯʝʥʠʷ 

ʠʟʤʝʨʠʪʝʣʴʥʦʡ ʠʥʬʦʨʤʘʮʠʠ ʚ ʨʝʘʣʴʥʦʤ ʚʨʝʤʝʥʠ [1, 2]. 

 

2. ʐʣʠʨʝʥ ʤʝʪʦʜ  

ʉʚʝʪʦʚʘʷ ʚʦʣʥʘ ʧʨʦʭʦʜʠʪ ʯʝʨʝʟ ʩʨʝʜʫ, ʚ ʢʦʪʦʨʦʡ ʨʘʩʧʨʦʩʪʨʘʥʷʝʪʩʷ ʟʚʫʢʦʚʘʷ ʚʦʣʥʘ, 

ʠ, ʙʣʘʛʦʜʘʨʷ ʠʟʤʝʥʝʥʠʶ ʢʦʵʬʬʠʮʠʝʥʪʘ ʧʨʝʣʦʤʣʝʥʠʷ ʫʯʘʩʪʢʘ ʩʨʝʜʳ, ʩʚʷʟʘʥʥʫʶ ʩ 

ʠʟʤʝʥʝʥʠʝʤ ʧʣʦʪʥʦʩʪʠ, ʥʘ ʵʢʨʘʥʝ ʧʦʷʚʣʷʝʪʩʷ ʠʟʦʙʨʘʞʝʥʠʝ ʩʪʨʫʢʪʫʨʳ ʟʚʫʢʦʚʦʛʦ ʧʦʣʷ, ʪʦ 

ʝʩʪʴ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʜʘʚʣʝʥʠʷ. ʕʪʦʪ ʤʝʪʦʜ ʥʘʛʣʷʜʥʦ ʧʦʢʘʟʳʚʘʝʪ ʫʟʣʳ ʠ ʧʫʯʥʦʩʪʠ 

ʜʘʚʣʝʥʠʷ ʟʚʫʢʦʚʦʡ ʚʦʣʥʳ. 

ʊʝʥʝʚʦʡ ʤʝʪʦʜ ʧʦʟʚʦʣʷʝʪ ʩʜʝʣʘʪʴ ʚʠʜʠʤʳʤʠ ʧʨʦʝʢʮʠʠ ʟʚʫʢʦʚʳʭ ʚʦʣʥ ʚ ʞʠʜʢʦʩʪʷʭ 

(ʨʠʩ. 1 ʘ, ʙ), ʧʨʠ ʵʪʦʤ ʷʚʣʷʝʪʩʷ ʧʨʦʩʪʳʤ, ʵʬʬʝʢʪʠʚʥʳʤ ʠ ʜʦʩʪʘʪʦʯʥʦ ʪʦʯʝʥʳʤ. ʆʜʥʘʢʦ 

ʥʝʚʦʟʤʦʞʥʦ ʚʠʟʫʘʣʠʟʠʨʦʚʘʪʴ ʩʣʘʙʳʝ ʚʦʟʤʫʱʝʥʠʷ ʥʘ ʬʦʥʝ ʩʠʣʴʥʳʭ, ʪʘʢ ʢʘʢ ʧʦʩʣʝʜʥʠʝ 

ʟʘʰʫʤʣʷʶʪ ʠʟʦʙʨʘʞʝʥʠʝ ʚ ʮʝʣʦʤ; ʪʨʝʙʫʝʪʩʷ ʦʧʪʠʯʝʩʢʘʷ ʧʨʦʟʨʘʯʥʦʩʪʴ ʠʩʩʣʝʜʫʝʤʦʡ 

ʥʝʦʜʥʦʨʦʜʥʦʩʪʠ; ʝʩʣʠ ʦʧʪʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʩʨʝʜʳ ʦʪʣʠʯʥʳ ʦʪ ʚʦʟʜʫʰʥʦʡ, ʪʦ ʥʝʦʙʭʦʜʠʤʘ 

ʟʘʤʢʥʫʪʘʷ ʩʠʩʪʝʤʘ, ʧʨʠʯʝʤ ʩʪʝʢʣʘ ʢʘʤʝʨʳ ʜʦʣʞʥʳ ʦʙʣʘʜʘʪʴ ʚʳʩʦʢʠʤʠ ʦʧʪʠʯʝʩʢʠʤʠ 



ʊʨʫʜʳ ʰʢʦʣʳ-ʩʝʤʠʥʘʨʘ çɺʦʣʥʳ-2019è. ɸʢʫʩʪʠʢʘ ʠ ʘʢʫʩʪʦʦʧʪʠʢʘ 

 

 

77 

 

ʩʚʦʡʩʪʚʘʤʠ ʠ, ʧʨʠʤʝʥʷʷ ʜʘʥʥʳʡ ʤʝʪʦʜ, ʥʝʣʴʟʷ ʦʧʨʝʜʝʣʠʪʴ ʟʥʘʯʝʥʠʝ ʜʘʚʣʝʥʠʷ ʠ ʬʘʟʳ 

ʚʦʣʥʳ ʚ ʧʨʦʩʪʨʘʥʩʪʚʝ [3]. 

 

  
ʈʠʩ. 1. ʊʝʥʝʚʘʷ ʢʘʨʪʠʥʘ ʘʢʫʩʪʠʯʝʩʢʦʡ ʚʦʣʥʳ ʦʪ ʘ) ʩʬʦʢʫʩʠʨʦʚʘʥʥʦʛʦ ʠ ʙ) ʧʣʦʩʢʦʛʦ ʧʴʝʟʦʠʟʣʫʯʘʪʝʣʷ. 

 

3. ʉʣʘʙʳʝ ʩʪʦʨʦʥʳ ʩʫʱʝʩʪʚʫʶʱʠʭ ʤʝʪʦʜʦʚ 

ʈʘʩʩʤʦʪʨʠʤ ʩʨʝʜʫ, ʷʚʣʷʶʱʫʶʩʷ ʥʝʧʨʦʟʨʘʯʥʦʡ ʞʠʜʢʦʩʪʴʶ, ʥʘʧʨʠʤʝʨ, ʚʦʜʫ (ʩ 

ʦʢʨʘʩʢʦʡ), ʚ ʢʦʪʦʨʫʶ ʧʦʤʝʱʝʥ ʠʩʩʣʝʜʫʝʤʳʡ ʦʙʲʝʢʪ. ɺ ʜʘʥʥʦʡ ʩʨʝʜʝ ʥʝʚʦʟʤʦʞʥʦ 

ʧʨʠʤʝʥʠʪʴ ʪʝʥʝʚʦʡ ʤʝʪʦʜ, ʙʦʣʴʰʘʷ ʯʘʩʪʴ ʩʚʝʪʦʚʦʛʦ ʧʦʪʦʢʘ ʥʝ ʙʫʜʝʪ ʧʨʦʭʦʜʠʪʴ ʯʝʨʝʟ 

ʞʠʜʢʦʩʪʴ. ʄʝʪʦʜʳ, ʦʩʥʦʚʘʥʥʳʝ ʥʘ ʪʝʧʣʦʚʳʭ ʚʦʟʜʝʡʩʪʚʠʷʭ ʫʣʴʪʨʘʟʚʫʢʘ, ʙʫʜʫʪ ʜʘʚʘʪʴ 

ʥʝʜʦʩʪʦʚʝʨʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʧʨʠ ʧʨʠʩʫʪʩʪʚʠʠ ʧʦʪʦʢʦʚ (ʪ.ʝ. ʥʝʦʜʥʦʨʦʜʥʦʩʪʠ ʩʨʝʜʳ), ʪʘʢ 

ʢʘʢ ʩʚʦʡʩʪʚʘ ʠʩʩʣʝʜʫʝʤʦʛʦ ʦʙʲʝʢʪʘ ʙʫʜʫʪ ʠʟʤʝʥʷʪʴʩʷ. ʇʦʵʪʦʤʫ ʧʨʝʜʣʘʛʘʝʪʩʷ 

ʠʩʧʦʣʴʟʦʚʘʪʴ ʩʪʝʨʞʥʝʚʦʡ ʤʝʪʦʜ. 

 

4. ʉʪʝʨʞʥʝʚʦʡ ʤʝʪʦʜ 

ʇʨʠʥʮʠʧ ʜʝʡʩʪʚʠʷ ʠ ʫʩʪʨʦʡʩʪʚʦ: ʚ ʚʦʣʥʦʚʦʜʥʦʤ ʩʪʝʨʞʥʝ ʚʦʟʙʫʞʜʘʝʪʩʷ ʠ 

ʨʘʩʧʨʦʩʪʨʘʥʷʝʪʩʷ ʘʢʫʩʪʠʯʝʩʢʠʡ ʩʠʛʥʘʣ. ɼʦʡʜʷ ʜʦ ʢʦʥʮʘ ʩʪʝʨʞʥʷ, ʘʢʫʩʪʠʯʝʩʢʠʝ ʚʦʣʥʳ 

ʚʦʟʙʫʞʜʘʶʪ ʦʙʲʝʤʥʫʶ ʚʦʣʥʫ ʚ ʞʠʜʢʦʩʪʠ. ʇʦʩʣʝ ʦʪʨʘʞʝʥʠʷ ʘʢʫʩʪʠʯʝʩʢʦʛʦ ʩʠʛʥʘʣʘ ʦʪ 

ʦʙʲʝʢʪʘ ʚ ʞʠʜʢʦʩʪʠ ʠʣʠ ʩʪʝʥʦʢ ʩʦʩʫʜʘ, ʚ ʢʦʪʦʨʦʤ ʥʘʭʦʜʠʪʩʷ ʞʠʜʢʦʩʪʴ, ʜʘʥʥʳʡ ʠʤʧʫʣʴʩ 

ʨʝʛʠʩʪʨʠʨʫʝʪʩʷ ʠ ʟʘʧʠʩʳʚʘʝʪʩʷ ʘʢʫʩʪʠʯʝʩʢʠʤʠ ʤʝʪʦʜʘʤʠ. ʈʝʛʠʩʪʨʠʨʫʝʤʳʝ ʩʠʛʥʘʣʳ 

ʩʨʘʚʥʠʚʘʶʪʩʷ ʧʦ ʚʨʝʤʝʥʠ ʩ ʦʧʦʨʥʳʤ ʩʠʛʥʘʣʦʤ ʠ ʤʝʞʜʫ ʩʦʙʦʡ ʜʣʷ ʧʦʣʫʯʝʥʠʷ 

ʠʥʬʦʨʤʘʮʠʠ ʦʙ ʠʩʩʣʝʜʫʝʤʦʤ ʦʙʲʝʢʪʝ, ʪʘʢʦʡ ʢʘʢ ʝʛʦ ʨʘʩʧʦʣʦʞʝʥʠʝ ʚ ʞʠʜʢʦʩʪʠ, ʨʘʟʤʝʨ 

ʠ ʬʦʨʤʘ (ʧʦʚʝʨʭʥʦʩʪʥʳʡ ʨʝʣʴʝʬ). 

ɼʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʨʦʜʦʣʴʥʳʭ ʚʦʣʥ ʚ ʩʪʝʨʞʥʷʭ ʧʦʩʪʦʷʥʥʦʛʦ ʩʝʯʝʥʠʷ ʠʩʧʦʣʴʟʫʝʪʩʷ 

ʫʨʘʚʥʝʥʠʝ ʧʨʦʜʦʣʴʥʳʭ ʢʦʣʝʙʘʥʠʡ ʩʪʝʨʞʥʷ ʩ ʫʯʝʪʦʤ ʧʦʛʣʦʱʝʥʠʷ ʚ ʩʣʝʜʫʶʱʝʤ ʚʠʜʝ: 

                                                
‬ό

‬ὸ
ὅ
‬ό

‬ὼ

Ὁ

”

‬ό

‬ὸ‬ὼ
ȟ        ὅ

Ὁ

”
ȟ                                      ρ 

ʛʜʝ Ὁ ï ʤʦʜʫʣʴ ʖʥʛʘ, Ὁᴂ - ʢʦʵʬʬʠʮʠʝʥʪ ʚʷʟʢʦʩʪʠ, ” ï ʧʣʦʪʥʦʩʪʴ ʤʘʪʝʨʠʘʣʘ ʩʪʝʨʞʥʷ, 
ὅ ï ʩʪʝʨʞʥʝʚʘʷ ʩʢʦʨʦʩʪʴ. ʋʨʘʚʥʝʥʠʝ 1 ʠʤʝʝʪ ʨʝʰʝʥʠʝ ʧʨʠ ʚʦʟʜʝʡʩʪʚʠʠ ʥʘ ʢʦʥʝʮ 

ʩʪʝʨʞʥʷ ʛʘʨʤʦʥʠʯʝʩʢʦʡ ʩʠʣʦʡ, ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʙʝʛʫʱʠʝ ʟʘʪʫʭʘʶʱʠʝ ʚʦʣʥʳ ʠ ʠʤʝʝʪ 

ʨʝʟʦʥʘʥʩʥʳʡ ʭʘʨʘʢʪʝʨ. 

 

ɺʳʙʦʨ ʤʘʪʝʨʠʘʣ ʜʣʷ ʚʦʣʥʦʚʦʜʥʳʭ ʩʪʝʨʞʥʝʡ 
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ʈʠʩ. 2. ɿʘʚʠʩʠʤʦʩʪʴ ʘʤʧʣʠʪʫʜʳ ʫʧʨʫʛʦʡ ʚʦʣʥʳ ʦʪ ʨʘʩʩʪʦʷʥʠʷ 

 

ʂʘʢ ʚʠʜʥʦ ʠʟ ʛʨʘʬʠʢʘ ʟʘʚʠʩʠʤʦʩʪʠ ʘʤʧʣʠʪʫʜʳ ʦʪ ʨʘʩʩʪʦʷʥʠʷ, ʢʦʪʦʨʦʝ ʚʦʣʥʘ 

ʧʨʦʰʣʘ ʧʦ ʩʪʝʨʞʥʶ (ʨʠʩ. 1), ʢʦʵʬʬʠʮʠʝʥʪ ʟʘʪʫʭʘʥʠʷ ʚ ʞʠʜʢʦʩʪʷʭ ʤʝʥʴʰʝ, ʯʝʤ ʚ ʪʚʝʨʜʳʭ 

ʪʝʣʘʭ. ʇʦʵʪʦʤʫ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʪʘʢʞʝ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʞʠʜʢʠʭ ʚʦʣʥʦʚʦʜʦʚ, ʥʘʭʦʜʷʱʠʭʩʷ 

ʚ ʪʚʸʨʜʦʡ ʦʙʦʣʦʯʢʝ. 

ʉʪʨʫʢʪʫʨʘ ʞʠʜʢʦʛʦ ʚʦʣʥʦʚʦʜʘ 

ʉʪʝʨʞʝʥʴ ʩʦʩʪʦʠʪ ʠʟ ʪʚʝʨʜʦʡ ʪʨʫʙʢʠ, ʟʘʧʦʣʥʝʥʥʦʡ ʞʠʜʢʦʩʪʴʶ (ʞʠʜʢʦʩʪʴ 

ʥʘʭʦʜʠʪʩʷ ʧʦʜ ʜʘʚʣʝʥʠʝʤ, ʯʪʦʙʳ ʥʝ ʩʦʟʜʘʚʘʪʴ ʜʦʧʦʣʥʠʪʝʣʴʥʳʝ ʛʨʘʥʠʮʳ ʨʘʟʜʝʣʘ ʩʨʝʜ). 

ɼʣʷ ʧʨʠʤʝʨʘ ʚʦʟʴʤʸʤ ʤʘʪʝʨʠʘʣ ʜʣʷ ʟʘʧʦʣʥʝʥʠʷ ʪʨʫʙʢʠ ʩ ʤʠʥʠʤʘʣʴʥʳʤ ʢʦʵʬʬʠʮʠʝʥʪʦʤ 

ʟʘʪʫʭʘʥʠʷ ʚʦʣʥ ï ʵʪʠʣʦʚʳʡ ʩʧʠʨʪ (ʩʢʦʨʦʩʪʴ ʟʚʫʢʘ ʚ ʵʪʦʡ ʩʨʝʜʝ: ʉ=1180 ʤ/ʩ, ʧʣʦʪʥʦʩʪʴ 

ʩʨʝʜʳ: ”=789 ʢʛ/ʤ3).  

ʈʘʩʩʤʦʪʨʠʤ ʪʝʣʦ, ʥʘʭʦʜʷʱʝʝʩʷ ʚ ʧʦʜʢʨʘʰʝʥʥʦʡ ʚʦʜʝ (ʩʢʦʨʦʩʪʴ ʟʚʫʢʘ ʚ ʵʪʦʡ ʩʨʝʜʝ: 

ʉʚå1485 ʤ/c, ʧʣʦʪʥʦʩʪʴ ʩʨʝʜʳ: ”ʚå997 ʢʛ/ʤ3). ʊʦʛʜʘ P ï ʢʦʵʬʬʠʮʠʝʥʪ ʧʨʦʭʦʞʜʝʥʠʷ ʚʦʣʥʳ 

ʯʝʨʝʟ ʛʨʘʥʠʮʫ ʩʨʝʜ (ʵʪʠʣʦʚʳʡ ʩʧʠʨʪ ʠ ʚʦʜʘ) ʧʦ ʬʦʨʤʫʣʝ ʌʨʝʥʝʣʷ ʨʘʚʝʥ: 

                                                       ὖ
ςϽ”ʉ

”ʚὅʚ ”ὅ
πȢχχ                                                          ς 

ʆʪʩʶʜʘ ʩʣʝʜʫʝʪ, ʯʪʦ, ʥʝʩʤʦʪʨʷ ʥʘ ʤʘʣʝʥʴʢʠʡ ʢʦʵʬʬʠʮʠʝʥʪ ʟʘʪʫʭʘʥʠʷ, ʚ ʚʦʜʫ ʙʫʜʫʪ 

ʧʨʦʭʦʜʠʪʴ ʚʦʣʥʳ ʠʥʪʝʥʩʠʚʥʦʩʪʴʶ ʥʝ ʙʦʣʝʝ 80% ʦʪ ʥʘʯʘʣʴʥʦʛʦ ʩʠʛʥʘʣʘ. 

ɽʩʣʠ ʥʝʪ ʛʨʘʥʠʮʳ ʨʘʟʜʝʣʘ ʩʨʝʜ, ʪʦ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʚʦʣʥʳ ʟʘʚʠʩʠʪ ʪʦʣʴʢʦ ʦʪ 

ʢʦʵʬʬʠʮʠʝʥʪʘ ʟʘʪʫʭʘʥʠʷ. ʉʣʝʜʦʚʘʪʝʣʴʥʦ, ʯʪʦʙʳ ʧʦʣʫʯʠʪʴ ʥʘʠʙʦʣʝʝ ʩʠʣʴʥʳʡ ʩʠʛʥʘʣ, 

ʞʠʜʢʘʷ ʯʘʩʪʴ ʩʪʝʨʞʥʷ ʜʦʣʞʥʘ ʩʦʩʪʦʷʪʴ ʠʟ ʪʦʛʦ ʚʝʱʝʩʪʚʘ, ʯʪʦ ʠ ʩʨʝʜʘ, ʚ ʢʦʪʦʨʦʡ 

ʥʘʭʦʜʠʪʩʷ ʪʝʣʦ. ʊʚʝʨʜʘʷ ʩʦʩʪʘʚʣʷʶʱʘʷ ʚʦʣʥʦʚʦʜʘ ʜʦʣʞʥʘ ʩʠʣʴʥʦ ʦʪʨʘʞʘʪʴ ʚʦʣʥʳ 

ʚʥʫʪʨʴ ʩʪʝʨʞʥʷ ʠ ʥʝ ʜʦʣʞʥʘ ʧʦʛʣʦʱʘʪʴ ʠʭ, ʯʪʦʙʳ ʠʟʙʝʞʘʪʴ ʧʦʪʝʨʠ ʩʠʛʥʘʣʘ. ʊʦʛʜʘ ʠʟ 

ʬʦʨʤʫʣʳ ʌʨʝʥʝʣʷ ʩʣʝʜʫʝʪ, ʯʪʦ ʝʩʣʠ ʧʣʦʪʥʦʩʪʴ ʪʨʫʙʢʠ ”ʪ ʠ ʩʢʦʨʦʩʪʴ ʟʚʫʢʘ ʚ ʪʚʝʨʜʦʡ 
ʯʘʩʪʠ ʩʪʝʨʞʥʷ ʉʪ , ʪʦ ʢʦʵʬʬʠʮʠʝʥʪ ʦʪʨʘʞʝʥʠʷ ʦʙʨʘʪʠʪʩʷ ʚ ʥʦʣʴ, ʢʦʛʜʘ ”ʪ Cʪ = ”ʚ ὅʚ (ʪ.ʝ. 
ʢʦʛʜʘ ʧʨʦʠʟʚʝʜʝʥʠʝ ʧʣʦʪʥʦʩʪʠ ʠ ʩʢʦʨʦʩʪʠ ʟʚʫʢʘ ʚ ʪʚʝʨʜʦʡ ʯʘʩʪʠ ʩʪʝʨʞʥʷ ʨʘʚʥʦ 

ʧʨʦʠʟʚʝʜʝʥʠʶ ʧʣʦʪʥʦʩʪʠ ʠ ʩʢʦʨʦʩʪʠ ʟʚʫʢʘ ʚ ʞʠʜʢʦʡ ʩʨʝʜʝ, ʚʦʣʥʘ ʧʨʦʭʦʜʠʪ ʠ 

ʧʦʛʣʦʱʘʝʪʩʷ ʪʚʝʨʜʦʡ ʩʪʝʥʢʦʡ). ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʜʣʷ ʪʦʛʦ ʯʪʦʙʳ ʚʦʣʥʘ ʚ ʚʦʣʥʦʚʦʜʝ ʥʝ 

ʟʘʪʫʭʣʘ ʠ ʢʦʥʮʝʥʪʨʠʨʦʚʘʣʘʩʴ ʚ ʞʠʜʢʦʡ ʯʘʩʪʠ, ʥʝʦʙʭʦʜʠʤʦ ʧʦʜʦʙʨʘʪʴ ʪʘʢʦʡ ʤʘʪʝʨʠʘʣ ʜʣʷ 

ʪʨʫʙʢʠ, ʯʪʦʙʳ ʘʢʫʩʪʠʯʝʩʢʠʡ ʠʤʧʝʜʘʥʩ (”C) ʞʠʜʢʦʡ ʯʘʩʪʠ ʩʠʣʴʥʦ ʦʪʣʠʯʘʣʩʷ ʦʪ ʪʚʸʨʜʦʡ. 
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ʈʝʟʫʣʴʪʘʪʳ ʯʠʩʣʝʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʩʠʩʪʝʤʳ 

ʄʝʪʦʜʦʤ ʢʦʥʝʯʥʳʭ ʵʣʝʤʝʥʪʦʚ ʙʳʣʦ ʧʨʦʚʝʜʝʥʦ ʯʠʩʣʝʥʥʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʩʠʩʪʝʤʳ, 

ʩʦʩʪʦʷʱʝʡ ʠʟ ʦʜʥʦʛʦ ʚʦʣʥʦʚʦʜʘ ʠʟ ʵʪʠʣʦʚʦʛʦ ʩʧʠʨʪʘ ʜʠʘʤʝʪʨʦʤ 1ʤʤ ʠ ʜʣʠʥʦʡ 500ʤʤ. 

ɼʘʥʥʳʡ ʩʪʝʨʞʝʥʴ ʩʦʧʨʠʢʘʩʘʝʪʩʷ ʩ ʦʙʲʝʤʦʤ ʚʦʜʳ. ʅʘ ʚʥʝʰʥʠʡ ʢʦʥʝʮ ʚʦʣʥʦʚʦʜʘ 

ʧʦʜʘʚʘʣʘʩʴ ʘʢʫʩʪʠʯʝʩʢʘʷ ʚʦʣʥʘ ʯʘʩʪʦʪʦʡ 1 ʄɻʮ ʠ ʘʤʧʣʠʪʫʜʦʡ 50 ʢʇʘ. ʇʦʩʣʝ ʪʦʛʦ, ʢʘʢ 

ʩʠʛʥʘʣ ʧʨʦʰʝʣ ʧʦ ʚʩʝʡ ʜʣʠʥʝ ʩʪʝʨʞʥʷ (500 ʤʤ), ʘʤʧʣʠʪʫʜʘ ʩʥʠʟʠʣʘʩʴ ʜʦ 100 ʇʘ. ʅʠʞʝ 

ʥʘ ʨʠʩʫʥʢʝ 3 ʧʦʢʘʟʘʥʘ ʟʘʚʠʩʠʤʦʩʪʴ ʘʢʫʩʪʠʯʝʩʢʦʛʦ ʜʘʚʣʝʥʠʷ ʚʦʣʥʳ ʦʪ ʨʘʩʩʪʦʷʥʠʷ ʠ 

ʩʪʨʫʢʪʫʨʘ ʧʦʣʷ. 

 
ʈʠʩ. 3. ɿʘʚʠʩʠʤʦʩʪʴ ʘʢʫʩʪʠʯʝʩʢʦʛʦ ʜʘʚʣʝʥʠʷ ʚʦʣʥʳ ʦʪ ʨʘʩʩʪʦʷʥʠʷ 

 

ʀʟ ʧʦʣʫʯʝʥʥʳʭ ʜʘʥʥʳʭ ʚʠʜʥʦ, ʯʪʦ ʙʦʣʴʰʘʷ ʯʘʩʪʴ ʚʦʣʥʳ ʦʪʨʘʞʘʝʪʩʷ ʦʪ ʛʨʘʥʠʮʳ 

ʨʘʟʜʝʣʘ ʩʨʝʜ, ʠ ʪʘʢʠʤ ʦʙʨʘʟʦʤ ʘʢʫʩʪʠʯʝʩʢʘʷ ʚʦʣʥʘ ʧʨʦʭʦʜʠʪ ʚ ʜʨʫʛʫʶ ʩʨʝʜʫ 

ʥʝʵʬʬʝʢʪʠʚʥʦ, ʪʝʤ ʩʘʤʳʤ ʧʦʣʝʟʥʳʡ ʩʠʛʥʘʣ, ʧʨʦʰʝʜʰʠʡ ʚ ʚʦʜʫ, ʧʦʣʥʦʩʪʴʶ ʟʘʪʫʭʘʝʪ 

ʚʙʣʠʟʠ ʛʨʘʥʠʮʳ ʨʘʟʜʝʣʘ, ʯʪʦ ʜʝʣʘʝʪ ʥʝʚʦʟʤʦʞʥʳʤ ʜʘʣʴʥʝʡʰʫʶ ʝʛʦ ʨʝʛʠʩʪʨʘʮʠʶ ʠ 

ʦʧʠʩʘʥʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʠʩʩʣʝʜʫʝʤʳʭ ʦʙʲʝʢʪʦʚ, ʥʘʭʦʜʷʱʠʭʩʷ ʚ ʵʪʦʡ ʩʨʝʜʝ. 

ʉʣʝʜʦʚʘʪʝʣʴʥʦ, ʜʣʷ ʪʦʛʦ, ʯʪʦʙʳ ʜʦʙʠʪʴʩʷ ʵʬʬʝʢʪʠʚʥʦʛʦ ʧʨʦʭʦʞʜʝʥʠʷ ʚʦʣʥʳ ʚ 

ʠʟʫʯʘʝʤʫʶ ʩʨʝʜʫ, ʥʝʦʙʭʦʜʠʤʦ ʧʦʜʙʠʨʘʪʴ ʚʦʣʥʦʚʦʜ ʩ ʘʢʫʩʪʠʯʝʩʢʠʤ ʠʤʧʝʜʘʥʩʦʤ 

ʧʨʠʤʝʨʥʦ ʨʘʚʥʳʤ ʘʢʫʩʪʠʯʝʩʢʦʤʫ ʠʤʧʝʜʘʥʩʫ ʠʩʩʣʝʜʫʝʤʦʡ ʩʨʝʜʳ. 

ʇʨʠʤʝʥʝʥʠʝ ʩʪʝʨʞʥʝʚʦʛʦ ʤʝʪʦʜʘ ʧʦʟʚʦʣʷʝʪ ʚʠʟʫʘʣʠʟʠʨʦʚʘʪʴ ʦʙʲʝʢʪʳ, 

ʧʦʤʝʱʝʥʥʳʝ ʚ ʞʠʜʢʦʩʪʴ, ʚ ʪʦʤ ʯʠʩʣʝ ʥʝʧʨʦʟʨʘʯʥʳʝ ʞʠʜʢʦʩʪʠ, ʛʜʝ ʧʨʠʤʝʥʝʥʠʝ ʪʝʥʝʚʦʛʦ 

ʤʝʪʦʜʘ ʥʝʚʦʟʤʦʞʥʦ, ʘ ʪʘʢʞʝ ʭʠʤʠʯʝʩʢʠ ʘʢʪʠʚʥʳʝ ʠ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʳʝ, ʪʘʢ ʢʘʢ 

ʩʫʱʝʩʪʚʫʶʱʠʝ ʧʴʝʟʦʵʣʝʤʝʥʪʳ ʥʝʩʧʦʩʦʙʥʳ ʨʘʙʦʪʘʪʴ ʚ ʪʘʢʠʭ ʞʝʩʪʢʠʭ ʫʩʣʦʚʠʷʭ. 

ʈʝʟʫʣʴʪʘʪʳ, ʧʦʣʫʯʝʥʥʳʝ ʚ ʭʦʜʝ ʯʠʩʣʝʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ, ʩʦʚʧʘʜʘʶʪ ʩ ʪʝʦʨʝʪʠʯʝʩʢʠʤʠ 

ʧʨʝʜʧʦʣʦʞʝʥʠʷʤʠ, ʠ ʷʚʣʷʶʪʩʷ ʧʝʨʚʳʤ ʰʘʛʦʤ ʜʣʷ ʨʝʘʣʠʟʘʮʠʠ ʜʘʥʥʦʛʦ ʤʝʪʦʜʘ 

ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʚ ʟʦʥʜʠʨʫʶʱʠʭ ʧʨʠʙʦʨʘʭ. 
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ɺʣʠʷʥʠʝ ʨʘʟʣʠʯʥʳʭ ʪʨʘʝʢʪʦʨʠʡ ʧʝʨʝʤʝʱʝʥʠʷ ʬʦʢʫʩʘ ʥʘ 

ʨʘʚʥʦʤʝʨʥʦʩʪʴ ʪʝʧʣʦʚʳʭ ʵʬʬʝʢʪʦʚ ʧʨʠ ʠʤʧʫʣʴʩʥʦʤ ʥʝʣʠʥʝʡʥʦʤ 

ʚʦʟʜʝʡʩʪʚʠʠ ʫʣʴʪʨʘʟʚʫʢʦʚʦʛʦ ʬʦʢʫʩʠʨʦʚʘʥʥʦʛʦ ʧʫʯʢʘ ʥʘ 

ʙʠʦʣʦʛʠʯʝʩʢʫʶ ʪʢʘʥʴ 
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ɺ ʧʦʩʣʝʜʥʝʝ ʚʨʝʤʷ ʪʝʭʥʦʣʦʛʠʷ ʥʝʠʥʚʘʟʠʚʥʦʡ ʫʣʴʪʨʘʟʚʫʢʦʚʦʡ ʭʠʨʫʨʛʠʠ ʘʢʪʠʚʥʦ 

ʨʘʟʚʠʚʘʝʪʩʷ ʩ ʮʝʣʴʶ ʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥʠʷ ʠ ʧʨʠʤʝʥʝʥʠʷ ʚ ʙʦʣʝʝ ʰʠʨʦʢʦʤ ʢʨʫʛʝ ʟʘʜʘʯ. 

ʈʘʟʨʫʰʝʥʠʷ ʚ ʙʠʦʣʦʛʠʯʝʩʢʦʡ ʪʢʘʥʠ, ʧʦʣʫʯʝʥʥʳʝ ʧʫʪʝʤ ʚʦʟʜʝʡʩʪʚʠʷ ʤʦʱʥʦʛʦ 

ʬʦʢʫʩʠʨʦʚʘʥʥʦʛʦ ʫʣʴʪʨʘʟʚʫʢʘ, ʤʦʛʫʪ ʙʳʪʴ ʜʚʫʭ ʚʠʜʦʚ ï ʤʝʭʘʥʠʯʝʩʢʠʝ ʠ ʪʝʧʣʦʚʳʝ. 

ʊʝʭʥʦʣʦʛʠʷ HIFU (ʦʪ ʘʥʛʣ. ʘʙʙʨʝʚʠʘʪʫʨʳ High Intensity Focused Ultrasound) ʠʩʧʦʣʴʟʫʝʪʩʷ 

ʚ ʠʩʩʣʝʜʦʚʘʥʠʷʭ ʠ ʢʣʠʥʠʯʝʩʢʦʡ ʧʨʘʢʪʠʢʝ ʜʣʷ ʪʝʧʣʦʚʦʡ ʘʙʣ̫ʮʠʠ ʦʧʫʭʦʣʝʡ, ʦʩʪʘʥʦʚʢʠ 

ʢʨʦʚʦʪʝʯʝʥʠʡ, ʪʨʘʥʩʧʦʨʪʘ ʣʝʢʘʨʩʪʚʝʥʥʳʭ ʩʨʝʜʩʪʚ ʠ ʜʨ. [1]. ʆʜʥʘʢʦ ʥʘ ʧʨʘʢʪʠʢʝ ʤʦʞʝʪ 

ʚʦʟʥʠʢʘʪʴ ʥʝʞʝʣʘʪʝʣʴʥʳʡ ʧʝʨʝʛʨʝʚ ʙʣʠʟʢʦ ʨʘʩʧʦʣʦʞʝʥʥʳʭ ʢ ʠʟʣʫʯʘʪʝʣʶ ʪʢʘʥʝʡ ʠ 

ʢʦʩʪʝʡ, ʘ ʪʘʢʞʝ ʩʫʱʝʩʪʚʝʥʥʘʷ ʥʝʣʦʢʘʣʠʟʦʚʘʥʥʦʩʪʴ ʨʝʟʫʣʴʪʘʪʦʚ ʦʙʣʫʯʝʥʠʷ ʟʘ ʩʯʝʪ 

ʜʠʬʬʫʟʠʠ ʪʝʧʣʘ. ɼʣʷ ʫʩʪʨʘʥʝʥʠʷ ʚʳʰʝʧʝʨʝʯʠʩʣʝʥʥʳʭ ʥʝʜʦʩʪʘʪʢʦʚ ʥʝʜʘʚʥʦ ʙʳʣʦ 

ʧʨʝʜʣʦʞʝʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʠʤʧʫʣʴʩʥʦ-ʧʝʨʠʦʜʠʯʝʩʢʠʝ ʫʜʘʨʥʦ-ʚʦʣʥʦʚʳʝ ʨʝʞʠʤʳ 

ʦʙʣʫʯʝʥʠʷ [2], ʚ ʢʦʪʦʨʳʭ ʟʘ ʩʯʝʪ ʥʝʣʠʥʝʡʥʳʭ ʵʬʬʝʢʪʦʚ ʧʨʦʠʩʭʦʜʠʪ ʦʙʨʘʟʦʚʘʥʠʝ 

ʚʳʩʦʢʦʘʤʧʣʠʪʫʜʥʳʭ ʫʜʘʨʥʳʭ ʬʨʦʥʪʦʚ ʚ ʬʦʢʫʩʝ ʠʟʣʫʯʘʪʝʣʷ, ʚʩʣʝʜʩʪʚʠʝ ʯʝʛʦ ʧʨʦʠʩʭʦʜʠʪ 

ʨʝʟʢʦʝ ʫʚʝʣʠʯʝʥʠʝ ʧʦʛʣʦʱʝʥʠʷ ʵʥʝʨʛʠʠ ʚʦʣʥʳ ʥʘ ʦʙʨʘʟʫʶʱʠʭʩʷ ʨʘʟʨʳʚʘʭ. 

ʇʨʝʜʣʦʞʝʥʥʳʡ ʨʝʞʠʤ ʦʙʣʫʯʝʥʠʷ ʧʦʣʫʯʠʣ ʥʘʟʚʘʥʠʝ ʤʝʪʦʜʘ ʛʠʩʪʦʪʨʠʧʩʠʠ ʩ ʢʠʧʝʥʠʝʤ, ʘ 

ʝʛʦ ʦʩʥʦʚʥʳʤ ʧʨʝʠʤʫʱʝʩʪʚʦʤ ʷʚʣʷʝʪʩʷ ʚʦʟʤʦʞʥʦʩʪʴ ʧʦʣʫʯʘʪʴ ʤʝʭʘʥʠʯʝʩʢʠʝ 

ʨʘʟʨʫʰʝʥʠʷ ʪʢʘʥʠ. ɺ ʤʝʪʦʜʝ ʛʠʩʪʦʪʨʠʧʩʠʠ ʩ ʢʠʧʝʥʠʝʤ ʵʬʬʝʢʪʳ ʪʝʧʣʦʚʦʡ ʜʠʬʬʫʟʠʠ 

ʩʣʘʙʦ ʚʳʨʘʞʝʥʳ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʧʦʣʫʯʘʪʴ ʤʝʭʘʥʠʯʝʩʢʠʝ ʨʘʟʨʫʰʝʥʠʷ ʙʠʦʣʦʛʠʯʝʩʢʦʡ 

ʪʢʘʥʠ ʚ ʩʪʨʦʛʦ ʟʘʜʘʥʥʦʡ ʦʙʣʘʩʪʠ. 

ɺ ʢʣʠʥʠʯʝʩʢʦʡ ʧʨʘʢʪʠʢʝ ʚ ʢʘʯʝʩʪʚʝ ʫʣʴʪʨʘʟʚʫʢʦʚʳʭ ʪʝʨʘʧʝʚʪʠʯʝʩʢʠʭ ʠʟʣʫʯʘʪʝʣʝʡ 

ʯʘʩʪʦ ʠʩʧʦʣʴʟʫʶʪʩʷ ʤʥʦʛʦʵʣʝʤʝʥʪʥʳʝ ʬʘʟʠʨʦʚʘʥʥʳʝ ʨʝʰʝʪʢʠ, ʥʘʭʦʜʷʱʠʝʩʷ ʚʥʝ ʪʝʣʘ 

ʯʝʣʦʚʝʢʘ ʠ ʩʧʦʩʦʙʥʳʝ ʧʝʨʝʤʝʱʘʪʴ ʬʦʢʫʩ ʵʣʝʢʪʨʦʥʥʳʤ ʦʙʨʘʟʦʤ. ʅʝʜʘʚʥʦ ʩ ʧʦʤʦʱʴʶ 

ʢʣʠʥʠʯʝʩʢʦʡ ʩʠʩʪʝʤʳ MRg HIFU Sonalleve V1 3.0T, Philips Healthcare ʙʳʣ ʧʨʦʚʝʜʝʥ 

ʵʢʩʧʝʨʠʤʝʥʪ ʧʦ ʠʩʩʣʝʜʦʚʘʥʠʶ ʚʦʟʤʦʞʥʦʩʪʝʡ ʧʦʣʫʯʝʥʠʷ ʦʙʲʝʤʥʳʭ ʨʘʟʨʫʰʝʥʠʡ ʚ ʪʢʘʥʠ 

ʛʦʚʷʞʴʝʡ ʧʝʯʝʥʠ ex-vivo ʤʝʪʦʜʦʤ ʛʠʩʪʦʪʨʠʧʩʠʠ ʩ ʢʠʧʝʥʠʝʤ [3]. ʇʫʯʦʢ ʤʦʱʥʦʛʦ 

ʬʦʢʫʩʠʨʦʚʘʥʥʦʛʦ ʫʣʴʪʨʘʟʚʫʢʘ, ʩʦʟʜʘʚʘʝʤʳʡ 256-ʵʣʝʤʝʥʪʥʦʡ ʪʝʨʘʧʝʚʪʠʯʝʩʢʦʡ ʨʝʰʝʪʢʦʡ 

ʩ ʬʦʢʫʩʥʳʤ ʨʘʩʩʪʦʷʥʠʝʤ F = 120 ʤʤ, ʧʨʦʭʦʜʠʣ ʯʝʨʝʟ ʩʦʛʣʘʩʫʶʱʫʶʩ ̫ʩʨʝʜʫ (ʚʦʜʫ), 

ʥʘʛʨʝʚʘʣ ʫʯʘʩʪʦʢ ʪʢʘʥʠ ʥʘ ʛʣʫʙʠʥʝ 2.5 ʩʤ, ʚʳʟʳʚʘʷ ʝʛʦ ʣʦʢʘʣʴʥʦʝ ʨʘʟʨʫʰʝʥʠʝ (ʨʠʩ. 1ʘ). 

ɼʣʷ ʧʦʣʫʯʝʥʠʷ ʦʙʲʝʤʥʦʛʦ ʨʘʟʨʫʰʝʥʠʷ ʪʢʘʥʠ ʬʦʢʫʩ ʨʝʰʝʪʢʠ ʧʝʨʝʤʝʱʘʣʩʷ ʧʦ ʜʠʩʢʨʝʪʥʦʡ 

ʪʨʘʝʢʪʦʨʠʠ ʚ ʥʝʩʢʦʣʴʢʠʭ ʩʣʦʷʭ, ʧʨʠ ʵʪʦʤ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʢʦʵʬʬʠʮʠʝʥʪʘ ʟʘʧʦʣʥʝʥʠʷ 

ʧʨʠ ʦʙʣʫʯʝʥʠʠ ʠʤʧʫʣʴʩʘʤʠ ʜʣʠʪʝʣʴʥʦʩʪʴʶ 10 ʤʩ ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʨʘʟʥʳʝ ʧʦ ʩʚʦʡʩʪʚʘʤ 

ʨʘʟʨʫʰʝʥʠʷ. ʇʨʠ ʢʦʵʬʬʠʮʠʝʥʪʝ ʟʘʧʦʣʥʝʥʠʷ ʨʘʚʥʦʤ 1% ʧʨʦʠʩʭʦʜʠʣʦ ʤʝʭʘʥʠʯʝʩʢʦʝ 

ʨʘʟʨʫʰʝʥʠʝ ʙʝʟ ʪʝʧʣʦʚʳʭ ʵʬʬʝʢʪʦʚ, ʧʨʠ ʙʦʣʝʝ ʚʳʩʦʢʠʭ ʟʥʘʯʝʥʠʷʭ ʬʦʨʤʠʨʦʚʘʣʘʩʴ 

ʨʘʟʨʫʰʝʥʥʘʷ ʪʝʧʣʦʚʘʷ ʧʘʩʪʘ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʵʢʩʧʝʨʠʤʝʥʪʘ ʙʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʚ 

ʢʣʠʥʠʯʝʩʢʦʡ ʩʠʩʪʝʤʝ Sonalleve V1 ʚʦʟʤʦʞʥʦ ʜʦʙʠʪʴʩʷ ʯʠʩʪʦ ʤʝʭʘʥʠʯʝʩʢʠʭ ʨʘʟʨʫʰʝʥʠʡ 

ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʠʤʧʫʣʴʩʦʚ ʜʣʠʪʝʣʴʥʦʩʪʴʶ ʤʝʥʝʝ 10 ʤʩ, ʩʣʝʜʫʶʱʠʭ ʩ 

ʢʦʵʬʬʠʮʠʝʥʪʦʤ ʟʘʧʦʣʥʝʥʠʷ ʤʝʥʝʝ 1%. ʇʨʠ ʪʘʢʠʭ ʫʩʣʦʚʠʷʭ ʪʝʧʣʦʚʘʷ ʜʝʥʘʪʫʨʘʮʠʷ ʪʢʘʥʠ 

ʟʘ ʚʨʝʤʷ ʫʣʴʪʨʘʟʚʫʢʦʚʦʛʦ ʚʦʟʜʝʡʩʪʚʠʷ ʦʪʩʫʪʩʪʚʫʝʪ, ʦʜʥʘʢʦ ʥʘʛʨʝʚ ʪʢʘʥʠ ʪʝʤ ʥʝ ʤʝʥʝʝ 

ʧʨʦʠʩʭʦʜʠʪ. 
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ʅʘ ʜʘʥʥʳʡ ʤʦʤʝʥʪ ʦʩʪʘʝʪʩʷ ʘʢʪʫʘʣʴʥʳʤ ʚʦʧʨʦʩ, ʥʘʩʢʦʣʴʢʦ ʙʫʜʫʪ ʦʪʣʠʯʘʪʴʩʷ 

ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʪʝʤʧʝʨʘʪʫʨʳ ʚ ʦʙʲʝʤʝ ʪʢʘʥʠ ʧʨʠ ʝʝ ʦʙʣʫʯʝʥʠʠ ʧʦ ʦʜʥʦʡ ʠ ʪʦʡ ʞʝ 

ʛʝʦʤʝʪʨʠʯʝʩʢʦʡ ʪʨʘʝʢʪʦʨʠʠ, ʥʦ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʨʘʟʣʠʯʥʦʡ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ 

ʦʙʣʫʯʝʥʠʷ ʜʠʩʢʨʝʪʥʳʭ ʬʦʢʫʩʦʚ ʪʨʘʝʢʪʦʨʠʠ ʚʦ ʚʨʝʤʝʥʠ, ʪ.ʝ. ʨʘʟʣʠʯʥʳʭ ʧʨʦʪʦʢʦʣʦʚ 

ʦʙʣʫʯʝʥʠʷ, ʠ ʢʘʢʦʚʘ ʨʘʚʥʦʤʝʨʥʦʩʪʴ ʥʘʛʨʝʚʘ ʪʢʘʥʠ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʧʨʦʪʦʢʦʣʘ 

ʦʙʣʫʯʝʥʠʷ. ʎʝʣʴʶ ʜʘʥʥʦʡ ʨʘʙʦʪʳ ʙʳʣʦ ʩʨʘʚʥʝʥʠʝ ʚ ʯʠʩʣʝʥʥʦʤ ʵʢʩʧʝʨʠʤʝʥʪʝ 

ʪʝʤʧʝʨʘʪʫʨʥʳʭ ʧʦʣʝʡ ʧʨʠ ʠʩʩʣʝʜʦʚʘʥʠʠ ʜʚʫʭ ʧʨʦʪʦʢʦʣʦʚ ʦʙʣʫʯʝʥʠʷ ʪʢʘʥʠ ʚ 

ʠʤʧʫʣʴʩʥʳʭ ʨʝʞʠʤʘʭ, ʭʘʨʘʢʪʝʨʥʳʭ ʜʣʷ ʛʠʩʪʦʪʨʠʧʩʠʠ, ʥʦ ʩ ʤʝʥʴʰʝʡ ʜʣʠʪʝʣʴʥʦʩʪʴʶ 

ʨʘʟʨʳʚʥʳʭ ʠʤʧʫʣʴʩʦʚ, ʥʝ ʧʨʠʚʦʜʷʱʠʭ ʢ ʢʠʧʝʥʠʶ. ʆʪʣʠʯʠʝ ʜʚʫʭ ʩʣʫʯʘʝʚ ʙʳʣʦ ʚ ʪʦʤ, ʯʪʦ 

ʚ ʦʜʥʦʤ ʠʟ ʥʠʭ ʢʘʞʜʘʷ ʪʦʯʢʘ ʪʨʘʝʢʪʦʨʠʠ ʦʙʣʫʯʘʣʘʩʴ 15-ʶ ʠʤʧʫʣʴʩʘʤʠ ʧʦʜʨʷʜ, ʟʘʪʝʤ 

ʬʦʢʫʩ ʨʝʰʝʪʢʠ ʧʝʨʝʤʝʱʘʣʩʷ ʥʘ ʩʣʝʜʫʶʱʫʶ ʪʦʯʢʫ, ʧʨʠ ʵʪʦʤ ʧʦ ʪʨʘʝʢʪʦʨʠʠ ʩʦʚʝʨʰʘʣʩʷ 

ʪʦʣʴʢʦ ʦʜʠʥ ʦʙʭʦʜ. ɺʦ ʚʪʦʨʦʤ ʩʣʫʯʘʝ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦ ʦʙʣʫʯʘʣʘʩʴ ʦʜʥʠʤ ʠʤʧʫʣʴʩʦʤ 

ʢʘʞʜʘʷ ʪʦʯʢʘ ʪʨʘʝʢʪʦʨʠʠ, ʧʨʠ ʵʪʦʤ ʙʳʣʦ ʩʦʚʝʨʰʝʥʦ 15 ʦʙʭʦʜʦʚ ʪʨʘʝʢʪʦʨʠʠ. 

ʊʨʘʝʢʪʦʨʠʷ ʩʦʩʪʦʷʣʘ ʠʟ ʜʚʫʭ ʢʦʥʮʝʥʪʨʠʯʝʩʢʠʭ ʦʢʨʫʞʥʦʩʪʝʡ ʨʘʜʠʫʩʘʤʠ 2 ʠ 4 ʤʤ. 

ʇʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʴ ʵʣʝʢʪʨʦʥʥʦʛʦ ʧʝʨʝʤʝʱʝʥʠʷ ʬʦʢʫʩʘ ʨʝʰʝʪʢʠ ʚʳʙʠʨʘʣʘʩʴ ʪʘʢʠʤ 

ʦʙʨʘʟʦʤ, ʯʪʦʙʳ ʮʝʥʪʨʳ ʩʦʟʜʘʚʘʝʤʳʭ ʨʘʟʨʫʰʝʥʠʡ ʙʳʣʠ ʤʘʢʩʠʤʘʣʴʥʦ ʫʜʘʣʝʥʳ ʜʨʫʛ ʦʪ 

ʜʨʫʛʘ (ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʴ ʧʦʢʘʟʘʥʘ ʮʠʬʨʘʤʠ ʥʘ ʨʠʩ. 1ʙ) [4]. ɺʨʝʤʷ ʥʘʛʨʝʚʘ ʚʳʙʠʨʘʣʦʩʴ 

ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʯʪʦʙʳ ʥʝ ʜʦʩʪʠʛʘʣʘʩʴ ʪʝʤʧʝʨʘʪʫʨʘ ʢʠʧʝʥʠʷ ʪʢʘʥʠ, ʠ ʩʦʩʪʘʚʣʷʣʦ 4.9 ʤʩ. 

ʂʦʵʬʬʠʮʠʝʥʪ ʟʘʧʦʣʥʝʥʠʷ ʙʳʣ ʨʘʚʝʥ 1%. ɺʨʝʤʷ ʧʝʨʝʤʝʱʝʥʠʷ ʬʦʢʫʩʘ ʙʳʣʦ ʨʘʚʥʦ 0.49 ʩ, 

ʥʘʛʨʝʚ ʧʨʦʠʩʭʦʜʠʣ ʚ ʦʜʥʦʤ ʩʣʦʝ, ʥʘʯʘʣʴʥʘʷ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʚʦʣʥʳ ʥʘ ʵʣʝʤʝʥʪʘʭ ʨʝʰʝʪʢʠ 

ʩʦʩʪʘʚʣʷʣʘ 6 ɺʪ/ʩʤ2 ʠ ʙʳʣʘ ʙʣʠʟʢʘ ʢ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤ ʥʘʯʘʣʴʥʳʤ ʫʩʣʦʚʠʷʤ. ʇʨʠ 

ʪʘʢʦʤ ʫʨʦʚʥʝ ʥʘʯʘʣʴʥʦʡ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʥʘ ʵʣʝʤʝʥʪʘʭ ʨʝʰʝʪʢʠ ʧʨʦʬʠʣʴ ʚʦʣʥʳ ʚ ʬʦʢʫʩʝ 

ʠʩʢʘʞʘʝʪʩʷ ʠ ʦʙʨʘʟʫʝʪʩʷ ʫʜʘʨʥʳʡ ʬʨʦʥʪ (ʨʠʩ. 1ʚ), ʟʘ ʩʯʝʪ ʢʦʪʦʨʦʛʦ ʧʦʛʣʦʱʝʥʠʝ 

ʘʢʫʩʪʠʯʝʩʢʦʡ ʵʥʝʨʛʠʠ ʩʦʩʨʝʜʦʪʦʯʝʥʦ ʚ ʤʘʣʦʤ ʦʙʲʝʤʝ, ʘ ʪʝʤʧʝʨʘʪʫʨʘ ʤʦʞʝʪ 

ʫʚʝʣʠʯʠʚʘʪʴʩʷ ʚ 10 ʨʘʟ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩʦ ʩʣʫʯʘʝʤ ʦʙʣʫʯʝʥʠʷ ʛʘʨʤʦʥʠʯʝʩʢʦʡ ʚʦʣʥʦʡ ʪʦʡ 

ʞʝ ʠʥʪʝʥʩʠʚʥʦʩʪʠ. 

 

 
ʈʠʩ.1 (ʘ) ʉʭʝʤʘ ʯʠʩʣʝʥʥʦʛʦ ʵʢʩʧʝʨʠʤʝʥʪʘ. HIFU-ʨʝʰʝʪʢʘ ʩ ʬʦʢʫʩʥʳʤ ʨʘʩʩʪʦʷʥʠʝʤ F = 120 ʤʤ ʠ ʦʙʨʘʟʝʮ 

ʪʢʘʥʠ ʧʝʯʝʥʠ ʪʦʣʱʠʥʦʡ h = 5 ʩʤ ʧʦʤʝʱʝʥʳ ʚ ʚʦʜʫ. (ʙ) ʊʨʘʝʢʪʦʨʠʷ ʥʘʛʨʝʚʘ, ʩʦʩʪʦʷʱʘʷ ʠʟ ʜʚʫʭ ʦʢʨʫʞʥʦʩʪʝʡ 

ʨʘʜʠʫʩʘʤʠ 2 ʠ 4 ʤʤ. ʇʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʴ ʪʦʯʝʢ ʥʘ ʪʨʘʝʢʪʦʨʠʠ ʚʳʙʠʨʘʣʘʩʴ ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʯʪʦʙʳ ʦʥʠ ʙʳʣʠ 

ʤʘʢʩʠʤʘʣʴʥʦ ʫʜʘʣʝʥʳ ʜʨʫʛ ʦʪ ʜʨʫʛʘ, ʩʦʩʝʜʥʠʝ ʪʦʯʢʠ ʥʘʭʦʜʠʣʠʩʴ ʥʘ ʨʘʩʩʪʦʷʥʠʠ ʧʦʨʷʜʢʘ 2 ʤʤ. (ʚ) ʇʨʦʬʠʣʴ 

ʚʦʣʥʳ ʚ ʬʦʢʫʩʝ ʪʝʨʘʧʝʚʪʠʯʝʩʢʦʡ ʨʝʰʝʪʢʠ. 

 

ʌʦʢʫʩʠʨʦʚʢʘ ʫʣʴʪʨʘʟʚʫʢʦʚʦʛʦ ʧʫʯʢʘ ʚ ʦʙʨʘʟʮʝ ʛʦʚʷʞʴʝʡ ʧʝʯʝʥʠ ʦʧʠʩʳʚʘʣʘʩʴ ʩ 

ʧʦʤʦʱʴʶ ʫʨʘʚʥʝʥʠʷ ɺʝʩʪʝʨʚʝʣʴʪʘ. ɻʨʘʥʠʯʥʦʝ ʫʩʣʦʚʠʝ ʚ ʤʦʜʝʣʠʨʦʚʘʥʠʠ 

ʩʦʦʪʚʝʪʩʪʚʦʚʘʣʦ ʬʘʟʠʨʦʚʘʥʥʦʡ ʨʝʰʝʪʢʝ Sonalleve V1 3.0T, Philips Healthcare [5,6]. 

ɸʢʫʩʪʠʯʝʩʢʠʡ ʥʝʣʠʥʝʡʥʳʡ ʪʨʝʭʤʝʨʥʳʡ ʨʘʩʯʝʪ ʫʨʘʚʥʝʥʠʷ ɺʝʩʪʝʨʚʝʣʴʪʘ ʠʩʧʦʣʴʟʦʚʘʣʩʷ 

ʜʣʷ ʥʘʭʦʞʜʝʥʠʷ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʭ ʨʘʩʧʨʝʜʝʣʝʥʠʡ ʧʣʦʪʥʦʩʪʠ ʤʦʱʥʦʩʪʠ ʪʝʧʣʦʚʳʭ 

ʠʩʪʦʯʥʠʢʦʚ Q ʚ ʪʢʘʥʠ, ʢʦʪʦʨʳʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʨʠʩ. 2ʘ ʚ ʬʦʢʘʣʴʥʦʡ ʠ ʘʢʩʠʘʣʴʥʦʡ 

ʧʣʦʩʢʦʩʪʷʭ. ʈʘʩʩʯʠʪʘʥʥʳʝ ʪʝʧʣʦʚʳʝ ʠʩʪʦʯʥʠʢʠ Q ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʧʨʠ ʤʦʜʝʣʠʨʦʚʘʥʠʠ 
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ʥʝʦʜʥʦʨʦʜʥʦʛʦ ʫʨʘʚʥʝʥʠʷ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ (1), ʥʝʦʙʭʦʜʠʤʦʛʦ ʜʣʷ ʥʘʭʦʞʜʝʥʠʷ 

ʪʝʧʣʦʚʦʛʦ ʧʦʣʷ: 

 
pC

Q
T

t

T

0r
c +D=

µ

µ
, (1) 

ʛʜʝ T  ï ʪʝʤʧʝʨʘʪʫʨʘ, t  ï ʚʨʝʤʷ, c ï ʢʦʵʬʬʠʮʠʝʥʪ ʪʝʤʧʝʨʘʪʫʨʦʧʨʦʚʦʜʥʦʩʪʠ, Cp ï 

ʪʝʧʣʦʝʤʢʦʩʪʴ ʦʙʨʘʟʮʘ,
 0
r

 
- ʧʣʦʪʥʦʩʪʴ. ɿʥʘʯʝʥʠʷ ʬʠʟʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ ʚ ʫʨʘʚʥʝʥʠʠ (1) 

ʩʦʦʪʚʝʪʩʪʚʦʚʘʣʠ ʪʢʘʥʠ ʧʝʯʝʥʠ ʠ ʙʳʣʠ ʨʘʚʥʳ c = 1.93Ö10-7 ʤ2/ʩ , 0
rCp = 

3.06Ö106 ɼʞ/(ʤ3ȪC). 

ʇʨʷʤʦʡ ʧʦʜʭʦʜ ʢ ʤʦʜʝʣʠʨʦʚʘʥʠʶ ʫʨʘʚʥʝʥʠʷ (1) ʩ ʧʦʤʦʱʴʶ ʢʦʥʝʯʥʦ-ʨʘʟʥʦʩʪʥʳʭ 

ʤʝʪʦʜʦʚ ʪʨʝʙʫʝʪ ʙʦʣʴʰʠʭ ʤʘʩʩʠʚʦʚ ʜʘʥʥʳʭ ʠ ʜʣʠʪʝʣʴʥʳʭ ʨʘʩʯʝʪʦʚ, ʧʦʩʢʦʣʴʢʫ 

ʠʟʤʝʥʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ ʚʢʣʶʯʘʝʪ ʚ ʩʝʙʷ ʙʳʩʪʨʦʝ ʣʦʢʘʣʴʥʦʝ ʚʦʟʜʝʡʩʪʚʠʝ ʚ ʝʜʠʥʠʯʥʦʤ 

ʬʦʢʫʩʝ ʠ ʛʦʨʘʟʜʦ ʙʦʣʝʝ ʤʝʜʣʝʥʥʦʝ ʥʘʛʨʝʚʘʥʠʝ ʧʦʣʥʦʛʦ ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʛʦ ʦʙʲʝʤʘ ʪʢʘʥʠ. 

ɼʣʷ ʫʧʨʦʱʝʥʠʷ ʨʝʰʝʥʠʷ ʫʨʘʚʥʝʥʠʷ ʧʨʠʤʝʥʷʣʩʷ ʩʧʝʢʪʨʘʣʴʥʳʡ ʧʦʜʭʦʜ, ʘ ʩʚʦʡʩʪʚʦ 

ʣʠʥʝʡʥʦʩʪʠ ʫʨʘʚʥʝʥʠʷ (1) ʧʦʟʚʦʣʠʣʦ ʥʝʟʘʚʠʩʠʤʦ ʜʦʙʘʚʣʷʪʴ ʨʝʟʫʣʴʪʘʪʳ ʟʘʨʘʥʝʝ 

ʨʘʩʩʯʠʪʘʥʥʦʛʦ ʥʘʛʨʝʚʘ ʝʜʠʥʠʯʥʦʛʦ ʬʦʢʫʩʘ ʚ ʨʘʟʥʳʝ ʪʦʯʢʠ ʪʨʘʝʢʪʦʨʠʠ, ʯʪʦ ʩʫʱʝʩʪʚʝʥʥʦ 

ʦʧʪʠʤʠʟʠʨʦʚʘʣʦ ʨʘʩʯʝʪʳ [7].  

ʅʘ ʨʠʩ. 2ʙ ʧʦʢʘʟʘʥ ʛʨʘʬʠʢ ʦʜʥʦʤʝʨʥʦʛʦ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʪʝʤʧʝʨʘʪʫʨʳ ʚ ʝʜʠʥʠʯʥʦʤ 

ʬʦʢʫʩʝ ʚ ʤʦʤʝʥʪ ʦʢʦʥʯʘʥʠʷ ʥʘʛʨʝʚʘ (t = 4.9 ʤʩ). ʅʝʩʤʦʪʨʷ ʥʘ ʦʯʝʥʴ ʢʦʨʦʪʢʦʝ ʚʨʝʤʷ 

ʥʘʛʨʝʚʘ, ʧʦʚʳʰʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ ʧʨʦʠʩʭʦʜʠʪ ʧʦʯʪʠ ʜʦ 100ÁC, ʘ ʢ ʤʦʤʝʥʪʫ ʧʦʚʪʦʨʥʦʛʦ 

ʦʙʣʫʯʝʥʠʷ ʩʣʝʜʫʶʱʝʛʦ ʬʦʢʫʩʘ ʪʢʘʥʴ ʫʩʧʝʚʘʝʪ ʦʩʪʳʪʴ ʜʦ 25ÁC (ʨʠʩ. 2ʚ,ʛ). ʊʘʢʠʤ ʦʙʨʘʟʦʤ, 

ʥʘʛʨʝʚ ʪʢʘʥʠ ʟʘ ʚʨʝʤʷ ʧʝʨʝʢʣʶʯʝʥʠʷ ʤʝʞʜʫ ʬʦʢʫʩʘʤʠ (0.49 ʩ) ʩʦʩʪʘʚʣʷʝʪ ʧʨʠʤʝʨʥʦ 5Áʉ. 

ʈʘʟʤʝʨ ʪʝʧʣʦʚʦʛʦ ʧʷʪʥʘ ʧʦ ʫʨʦʚʥʶ Ὡ  ʦʪ ʤʘʢʩʠʤʫʤʘ ʚ ʤʦʤʝʥʪ ʚʨʝʤʝʥʠ 0.49 ʩ ʩʦʩʪʘʚʣʷʣ 

2 ʤʤ ʚ ʧʦʧʝʨʝʯʥʦʤ ʥʘʧʨʘʚʣʝʥʠʠ ʠ 6 ʤʤ ʚ ʧʨʦʜʦʣʴʥʦʤ ʥʘʧʨʘʚʣʝʥʠʠ (ʨʠʩ. 2ʚ). ʇʦʢʘʟʘʥʥʦʝ 

ʥʘ ʨʠʩ. 2ʚ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ ʝʜʠʥʠʯʥʦʛʦ ʬʦʢʫʩʘ ʠʩʧʦʣʴʟʦʚʘʣʦʩʴ ʚ ʪʨʝʭʤʝʨʥʦʤ 

ʚʠʜʝ ʚ ʯʠʩʣʝʥʥʦʤ ʤʦʜʝʣʠʨʦʚʘʥʠʠ ʪʝʧʣʦʚʦʛʦ ʧʦʣʷ ʧʨʠ ʦʙʣʫʯʝʥʠʠ ʦʙʲʝʤʘ ʪʢʘʥʠ ʧʦ 

ʪʨʘʝʢʪʦʨʠʠ. 

 

 
ʈʠʩ.2 (ʘ) ʇʨʦʩʪʨʘʥʩʪʚʝʥʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʧʣʦʪʥʦʩʪʠ ʤʦʱʥʦʩʪʠ ʪʝʧʣʦʚʳʭ ʠʩʪʦʯʥʠʢʦʚ ʚ ʬʦʢʘʣʴʥʦʡ 

ʧʣʦʩʢʦʩʪʠ (ʩʣʝʚʘ) ʠ ʚ ʘʢʩʠʘʣʴʥʦʡ ʧʣʦʩʢʦʩʪʠ (ʩʧʨʘʚʘ). (ʙ) ʆʜʥʦʤʝʨʥʳʝ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʪʝʤʧʝʨʘʪʫʨʳ 

ʝʜʠʥʠʯʥʦʛʦ ʬʦʢʫʩʘ ʚ ʤʦʤʝʥʪ ʚʨʝʤʝʥʠ t = 4.9 ʤʩ ʚ ʬʦʢʘʣʴʥʦʡ (ʩʣʝʚʘ) ʠ ʘʢʩʠʘʣʴʥʦʡ (ʩʧʨʘʚʘ) ʧʣʦʩʢʦʩʪʷʭ. (ʚ) 

ʇʨʦʩʪʨʘʥʩʪʚʝʥʥʦʝ ʠ ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʝ ʝʤʫ ʦʜʥʦʤʝʨʥʦʝ (ʛ) ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ ʝʜʠʥʠʯʥʦʛʦ ʬʦʢʫʩʘ 

ʚ ʤʦʤʝʥʪ ʚʨʝʤʝʥʠ t = 0.49 ʩ ʚ ʬʦʢʘʣʴʥʦʡ (ʩʣʝʚʘ) ʠ ʘʢʩʠʘʣʴʥʦʡ (ʩʧʨʘʚʘ) ʧʣʦʩʢʦʩʪʷʭ. 

  

ʉʨʘʚʥʝʥʠʝ ʜʚʫʭ ʧʨʦʪʦʢʦʣʦʚ ʦʙʣʫʯʝʥʠʷ ʧʦʢʘʟʘʣʦ, ʯʪʦ ʨʝʞʠʤ ʩ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʳʤ 

ʦʙʣʫʯʝʥʠʝʤ ʢʘʞʜʦʛʦ ʬʦʢʫʩʘ 15-ʶ ʠʤʧʫʣʴʩʘʤʠ ʧʦʜʨʷʜ ʤʝʪʦʜʦʤ ʛʠʩʪʦʪʨʠʧʩʠʠ ʬʦʨʤʠʨʫʝʪ 

ʥʝʦʜʥʦʨʦʜʥʦʝ ʠ ʥʝʩʠʤʤʝʪʨʠʯʥʦʝ ʦʪʥʦʩʠʪʝʣʴʥʦ ʮʝʥʪʨʘ ʦʙʲʝʤʘ ʪʝʧʣʦʚʦʝ ʧʷʪʥʦ (ʨʠʩ. 3ʘ, 

ʩʣʝʚʘ). ʇʠʢʦʚʦʝ ʟʥʘʯʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ ʚ ʵʪʦʤ ʨʝʞʠʤʝ ʩʦʩʪʘʚʣʷʝʪ 47ÁC ʥʘ ʤʦʤʝʥʪ 

ʦʢʦʥʯʘʥʠʷ ʥʘʛʨʝʚʘ. ʂʨʦʤʝ ʪʦʛʦ, ʥʘʢʦʧʣʝʥʠʝ ʪʝʧʣʘ ʚ ʦʜʥʦʡ ʪʦʯʢʝ ʟʘ 15 ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʳʭ 
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ʠʤʧʫʣʴʩʦʚ ʤʦʞʝʪ ʧʨʠʚʦʜʠʪʴ ʢ ʪʝʧʣʦʚʦʡ ʜʝʥʘʪʫʨʘʮʠʠ ʪʢʘʥʠ ʠ ʩʫʱʝʩʪʚʝʥʥʦʤʫ 

ʧʨʦʷʚʣʝʥʠʶ ʪʝʧʣʦʚʳʭ ʵʬʬʝʢʪʦʚ. 

ɺʦ ʚʪʦʨʦʤ ʨʝʞʠʤʝ ʦʙʣʫʯʝʥʠʷ, ʧʨʠ ʢʦʪʦʨʦʤ ʢʘʞʜʘʷ ʪʦʯʢʘ ʪʨʘʝʢʪʦʨʠʠ ʦʙʣʫʯʘʣʘʩʴ 

ʦʜʠʥ ʨʘʟ, ʥʦ ʩʦʚʝʨʰʘʣʦʩʴ 15 ʦʙʭʦʜʦʚ ʧʦ ʪʨʘʝʢʪʦʨʠʠ, ʢʘʞʜʳʡ ʬʦʢʫʩ ʢ ʤʦʤʝʥʪʫ 

ʩʣʝʜʫʶʱʝʛʦ ʠʤʧʫʣʴʩʘ ʫʩʧʝʚʘʝʪ ʦʩʪʳʪʴ, ʚ ʨʝʟʫʣʴʪʘʪʝ ʯʝʛʦ ʥʘʛʨʝʚ ʙʦʣʝʝ ʦʜʥʦʨʦʜʥʳʡ, 

ʩʠʤʤʝʪʨʠʯʥʳʡ, ʠ ʜʦʩʪʠʛʘʝʪʩʷ ʤʝʥʴʰʝʝ ʧʠʢʦʚʦʝ ʟʥʘʯʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ (35ÁC) (ʨʠʩ. 3ʙ). 

ɺ ʘʢʩʠʘʣʴʥʦʡ ʧʣʦʩʢʦʩʪʠ ʨʘʟʣʠʯʠʝ ʪʝʤʧʝʨʘʪʫʨʥʳʭ ʨʘʩʧʨʝʜʝʣʝʥʠʡ ʤʝʥʝʝ ʚʳʨʘʞʝʥʦ 

(ʨʠʩ. 3ʘ,ʙ, ʩʧʨʘʚʘ), ʧʦʩʢʦʣʴʢʫ ʪʝʧʣʦ ʦʪ ʫʜʘʣʝʥʥʳʭ ʦʪ ʦʩʠ ʠʟʣʫʯʘʪʝʣʷ ʪʦʯʝʢ ʪʨʘʝʢʪʦʨʠʠ ʥʝ 

ʫʩʧʝʚʘʝʪ ʨʘʩʧʨʦʩʪʨʘʥʠʪʴʩʷ ʢ ʫʢʘʟʘʥʥʦʡ ʧʣʦʩʢʦʩʪʠ. ʇʨʦʜʦʣʴʥʳʝ ʨʘʟʤʝʨʳ ʪʝʤʧʝʨʘʪʫʨʥʳʭ 

ʧʷʪʝʥ ʚ ʘʢʩʠʘʣʴʥʦʡ ʧʣʦʩʢʦʩʪʠ ʚ ʜʚʫʭ ʨʝʞʠʤʘʭ ʩʦʩʪʘʚʣʷʶʪ 15 - 20 ʤʤ. 

  

 
ʈʠʩ.3 ʈʘʩʧʨʝʜʝʣʝʥʠʷ ʪʝʤʧʝʨʘʪʫʨʥʳʭ ʧʦʣʝʡ ʚ ʜʚʫʭ ʨʝʞʠʤʘʭ ʚ ʤʦʤʝʥʪ ʦʢʦʥʯʘʥʠʷ ʥʘʛʨʝʚʘ t = 175.91 ʩʝʢʫʥʜ. 

ʚ ʬʦʢʘʣʴʥʦʡ ʧʣʦʩʢʦʩʪʠ (ʩʣʝʚʘ) ʠ ʚ ʘʢʩʠʘʣʴʥʦʡ ʧʣʦʩʢʦʩʪʠ (ʩʧʨʘʚʘ). (ʘ) ï ʨʝʞʠʤ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʛʦ 

ʦʙʣʫʯʝʥʠʷ ʢʘʞʜʦʛʦ ʬʦʢʫʩʘ ʧʦ 15 ʨʘʟ. (ʙ) - ʨʝʞʠʤ ʦʙʣʫʯʝʥʠʷ ʚʩʝʡ ʪʨʘʝʢʪʦʨʠʠ 15 ʨʘʟ. 

 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʚ ʨʘʙʦʪʝ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʧʨʠ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʤ ʦʙʣʫʯʝʥʠʠ ʢʘʞʜʦʡ 

ʪʦʯʢʠ ʪʨʘʝʢʪʦʨʠʠ 15-ʶ ʠʤʧʫʣʴʩʘʤʠ ʧʦʜʨʷʜ ʚʦʟʥʠʢʘʝʪ ʩʫʱʝʩʪʚʝʥʥʳʡ ʧʝʨʝʛʨʝʚ ʪʢʘʥʠ ï 

ʧʠʢʦʚʘʷ ʪʝʤʧʝʨʘʪʫʨʘ ʦʢʘʟʳʚʘʝʪʩʷ ʥʘ 12ÁC ʚʳʰʝ, ʯʝʤ ʚ ʨʝʞʠʤʝ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʛʦ 

ʦʙʣʫʯʝʥʠʷ ʧʦ ʪʨʘʝʢʪʦʨʠʠ ʢʘʞʜʦʡ ʪʦʯʢʠ ʦʜʠʥ ʨʘʟ, ʘ ʠʪʦʛʦʚʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ 

ʥʝʩʠʤʤʝʪʨʠʯʥʦ ʦʪʥʦʩʠʪʝʣʴʥʦ ʮʝʥʪʨʘ ʠ ʥʝʦʜʥʦʨʦʜʥʦ. ʈʝʟʫʣʴʪʘʪʳ ʨʘʙʦʪʳ ʧʦʟʚʦʣʷʶʪ 

ʩʜʝʣʘʪʴ ʚʳʚʦʜ, ʯʪʦ ʧʨʦʪʦʢʦʣ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʛʦ ʦʙʣʫʯʝʥʠʷ ʦʜʠʥ ʨʘʟ ʢʘʞʜʦʡ ʪʦʯʢʠ ʧʦ 

ʪʨʘʝʢʪʦʨʠʠ ʧʨʝʜʧʦʯʪʠʪʝʣʴʥʝʝ ʜʣʷ ʫʤʝʥʴʰʝʥʠʷ ʣʦʢʘʣʴʥʳʭ ʪʝʧʣʦʚʳʭ ʵʬʬʝʢʪʦʚ ʧʨʠ 

ʧʦʣʫʯʝʥʠʠ ʤʝʭʘʥʠʯʝʩʢʠʭ ʦʙʲʝʤʥʳʭ ʨʘʟʨʫʰʝʥʠʡ. 
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ʚʦʣʥʦʚʦʜʘʤʠ 
 

ɸ.ʉ. ʇʠʣʠʧʯʫʢ, ɸ.ɸ. ʇʠʣʠʧʯʫʢ 
ʀʥʩʪʠʪʫʪ ʬʠʟʠʢʠ ʠʤ. ʃ.ɺ. ʂʠʨʝʥʩʢʦʛʦ ʉʆ ʈɸʅ, ʂʨʘʩʥʦʷʨʩʢ, ʈʦʩʩʠʡʩʢʘʷ ʌʝʜʝʨʘʮʠʷ 

Artem-S-Pilipchuk@iph.krasn.ru 

 

ɺ ʣʠʪʝʨʘʪʫʨʝ ʙʳʣʦ ʧʨʝʜʣʦʞʝʥʦ ʙʦʣʴʰʦʝ ʢʦʣʠʯʝʩʪʚʦ ʨʘʟʣʠʯʥʳʭ ʩʪʨʫʢʪʫʨ ʜʣʷ  

ʛʝʥʝʨʘʮʠʠ ʘʢʫʩʪʠʯʝʩʢʠʭ ʧʦʣʝʡ ʩ ʦʨʙʠʪʘʣʴʥʳʤ ʫʛʣʦʚʳʤ ʤʦʤʝʥʪʦʤ (ʆʋʄ) [1-4], ʦʜʥʘʢʦ 

ʧʦʜʘʚʣʷʶʱʝʝ ʠʭ ʙʦʣʴʰʠʥʩʪʚʦ ʠʤʝʝʪ ʣʠʙʦ ʥʝʧʨʦʩʪʫʶ ʛʝʦʤʝʪʨʠʶ, ʣʠʙʦ ʚʳʩʦʢʫʶ 

ʩʣʦʞʥʦʩʪʴ ʠʟʛʦʪʦʚʣʝʥʠʷ. ʄʳ ʧʨʝʜʣʘʛʘʝʤ ʧʨʦʩʪʫʶ ʩʠʩʪʝʤʫ, ʧʦʟʚʦʣʷʶʱʫʶ ʜʦʙʠʪʴʩʷ 

ʘʥʘʣʦʛʠʯʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ ð ʥʘ ʦʩʥʦʚʝ ʝʜʠʥʩʪʚʝʥʥʦʛʦ ʮʠʣʠʥʜʨʠʯʝʩʢʦʛʦ ʨʝʟʦʥʘʪʦʨʘ. 
ʉʠʩʪʝʤʘ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʮʠʣʠʥʜʨʠʯʝʩʢʠʡ ʘʢʫʩʪʠʯʝʩʢʠʡ ʨʝʟʦʥʘʪʦʨ ʨʘʜʠʫʩʘ R ʩ 

ʥʝʢʦʘʢʩʠʘʣʴʥʦ ʧʨʠʩʦʝʜʠʥʝʥʥʳʤʠ ʢ ʝʛʦ ʪʦʨʮʘʤ ʚʦʣʥʦʚʦʜʘʤʠ ʤʝʥʴʰʝʛʦ ʨʘʜʠʫʩʘ r1 < r2 < 

R, ʢʘʢ ʧʦʢʘʟʘʥʦ ʥʘ ʨʠʩ.1. ʇʨʠʯʝʤ ʦʜʠʥ ʠʟ ʪʦʨʮʦʚ ʨʝʟʦʥʘʪʦʨʘ ʤʦʞʝʪ ʜʚʠʛʘʪʴʩʷ ʚʜʦʣʴ ʝʛʦ 

ʦʩʠ, ʠʟʤʝʥʷʷ ʜʣʠʥʫ ʨʝʟʦʥʘʪʦʨʘ, ʠ ʧʦʚʦʨʘʯʠʚʘʪʴʩʷ ʥʘ ʫʛʦʣ ȹ◖, ʩʤʝʱʘʷ ʦʩʠ ʚʦʣʥʦʚʦʜʦʚ 

ʜʨʫʛ ʦʪʥʦʩʠʪʝʣʴʥʦ ʜʨʫʛʘ. ʊʘʢʘʷ ʩʠʩʪʝʤʘ ʤʦʞʝʪ ʙʳʪʴ ʣʝʛʢʦ ʠʟʛʦʪʦʚʣʝʥʘ ʜʣʷ ʧʨʦʚʝʜʝʥʠʷ 

ʨʝʘʣʴʥʦʛʦ ʵʢʩʧʝʨʠʤʝʥʪʘ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʦʨʰʥʝʚʳʭ ʚʦʣʥʦʚʦʜʦʚ, ʧʣʦʪʥʦ 

ʧʨʠʣʝʛʘʶʱʠʭ ʢ ʩʪʝʥʢʘʤ ʨʝʟʦʥʘʪʦʨʘ. ɺ ʦʩʥʦʚʝ ʤʝʭʘʥʠʟʤʘ ʛʝʥʝʨʘʮʠʠ ʘʢʫʩʪʠʯʝʩʢʦʛʦ ʧʦʣʷ 

ʩ ʦʨʙʠʪʘʣʴʥʳʤ ʫʛʣʦʚʳʤ ʤʦʤʝʥʪʦʤ ʦʜʥʠʤ ʮʠʣʠʥʜʨʠʯʝʩʢʦʤ  ʨʝʟʦʥʘʪʦʨʦʤ ʣʝʞʠʪ 

ʥʝʩʢʦʣʴʢʦ ʚʘʞʥʳʭ ʧʨʠʥʮʠʧʦʚ. 
 

 
ʈʠʩ. 1. ʎʠʣʠʥʜʨʠʯʝʩʢʠʡ ʘʢʫʩʪʠʯʝʩʢʠʡ ʨʝʟʦʥʘʪʦʨ ʩ ʥʝʢʦʘʢʩʠʘʣʴʥʦ ʧʦʜʢʣʶʯʝʥʥʳʤʠ ʢ ʝʛʦ ʪʦʨʮʘʤ 

ʚʦʣʥʦʚʦʜʘʤʠ ʤʝʥʴʰʝʛʦ ʨʘʜʠʫʩʘ. 
 

ɺʦ-ʧʝʨʚʳʭ, ʚʦʣʥʦʚʦʜʳ ʜʦʣʞʥʳ ʙʳʪʴ ʧʦʜʢʣʶʯʝʥʳ ʢ ʪʦʨʮʘʤ ʨʝʟʦʥʘʪʦʨʘ 

ʥʝʢʦʘʢʩʠʘʣʴʥʦ. ʈʘʩʧʨʦʩʪʨʘʥʷʶʱʠʝʩʷ ʚ ʚʦʣʥʦʚʦʜʘʭ ʤʦʜʳ ʭʘʨʘʢʪʝʨʠʟʫʶʪʩʷ ʜʚʫʤʷ 

ʠʥʜʝʢʩʘʤʠ (ʢʚʘʥʪʦʚʳʤʠ ʯʠʩʣʘʤʠ): ʦʨʙʠʪʘʣʴʥʳʤ ʠʥʜʝʢʩʦʤ p (ʦʨʙʠʪʘʣʴʥʳʡ ʫʛʣʦʚʦʡ 

ʤʦʤʝʥʪ (ʆʋʄ)) ʠ ʨʘʜʠʘʣʴʥʳʤ ʠʥʜʝʢʩʦʤ q, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʩʦʙʩʪʚʝʥʥʳʝ ʤʦʜʳ ʨʝʟʦʥʘʪʦʨʘ 

- ʪʨʝʤʷ - mnl (ʦʨʙʠʪʘʣʴʥʳʤ, ʨʘʜʠʘʣʴʥʳʤ ʠ ʘʢʩʠʘʣʴʥʳʤ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ). ʀʟ-ʟʘ 

ʥʝʢʦʘʢʩʠʘʣʴʥʦʛʦ ʧʦʜʢʣʶʯʝʥʠʷ ʚʦʣʥʦʚʦʜʦʚ ʢ ʨʝʟʦʥʘʪʦʨʫ ʫʛʣʦʚʦʡ ʤʦʤʝʥʪ ʥʝ ʩʦʭʨʘʥʷʝʪʩʷ, 

ʠ ʠʥʞʝʢʪʠʨʫʝʤʘʷ ʚ ʩʠʩʪʝʤʫ ʚʦʣʥʘ ʩ ʥʫʣʝʚʳʤ ʦʨʙʠʪʘʣʴʥʳʤ ʠʥʜʝʢʩʦʤ ʚʦʟʙʫʞʜʘʝʪ 

ʩʦʙʩʪʚʝʥʥʳʝ ʩʦʩʪʦʷʥʠʷ ʨʝʟʦʥʘʪʦʨʘ ʩ ʥʝʥʫʣʝʚʳʤ ʦʨʙʠʪʘʣʴʥʳʤ ʠʥʜʝʢʩʦʤ. 
ɺʦ-ʚʪʦʨʳʭ, ʜʦʣʞʥʘ ʠʤʝʪʴ ʤʝʩʪʦ ʢʦʥʚʝʨʩʠʷ ʠʟ ʢʘʥʘʣʘ ʩ ʥʫʣʝʚʳʤ ʆʋʄ (p = 0) ʚ 

ʢʘʥʘʣʳ ʩ ʥʝʥʫʣʝʚʳʤ ʆʋʄ (p Í 0). ʂʦʣʠʯʝʩʪʚʦ ʦʪʢʨʳʪʳʭ ʜʣʷ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʚ 

ʚʦʣʥʦʚʦʜʘʭ ʢʘʥʘʣʦʚ ʦʧʨʝʜʝʣʷʝʪʩʷ ʢʦʣʠʯʝʩʪʚʦʤ ʜʝʡʩʪʚʠʪʝʣʴʥʳʭ ʚʦʣʥʦʚʳʭ ʯʠʩʝʣ: 
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ʚʦʟʥʠʢʘʶʱʝʛʦ ʠʟ-ʟʘ ʛʨʘʥʠʯʥʳʭ ʫʩʣʦʚʠʡ ʅʝʡʤʘʥʘ ʥʘ ʩʪʝʥʢʘʭ ʚʦʣʥʦʚʦʜʦʚ ʧʨʠ ʨʝʰʝʥʠʠ 

ʫʨʘʚʥʝʥʠʷ ɻʝʣʴʤʛʦʣʴʮʘ, ʛʜʝ J - ʬʫʥʢʮʠʷ ɹʝʩʩʝʣʷ. ɽʩʣʠ ʯʘʩʪʦʪʘ ʫʜʦʚʣʝʪʚʦʨʷʝʪ ʫʩʣʦʚʠʶ 

ɛ11 / r1 > ɤ > ɛ11 / r2, ʧʦʜʚʦʜʷʱʠʡ ʚʦʣʥʦʚʦʜ ʧʦʜʜʝʨʞʠʚʘʝʪ ʝʜʠʥʩʪʚʝʥʥʫʶ 

ʨʘʩʧʨʦʩʪʨʘʥʷʶʱʫʶʩʷ ʤʦʜʫ (p = 0, q = 1), ʘ ʚʳʚʦʜʷʱʠʡ - ʫʞʝ ʪʨʠ (p = 0, q = 1, p = Ñ1, q = 

1).  

 

 
ʈʠʩ. 1. ʈʘʩʧʨʝʜʝʣʝʥʠʝ ʘʢʫʩʪʠʯʝʩʢʦʛʦ ʧʦʣʷ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʩʠʩʪʝʤʳ ʚ ʪʦʯʢʝ ʩ ʤʘʢʩʠʤʘʣʴʥʦʡ ʢʦʥʚʝʨʩʠʝʡ. 

 

ɺ-ʪʨʝʪʴʠʭ, ʦʩʠ ʚʦʣʥʦʚʦʜʦʚ ʜʦʣʞʥʳ ʙʳʪʴ ʩʜʚʠʥʫʪʳ ʜʨʫʛ ʦʪʥʦʩʠʪʝʣʴʥʦ ʜʨʫʛʘ ʥʘ 

ʥʝʢʦʪʦʨʳʡ ʫʛʦʣ ȹ◖, ʢʘʢ ʧʦʢʘʟʘʥʦ ʥʘ ʨʠʩ.1. ɺ ʨʘʙʦʪʝ [5] ʙʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʧʨʠ ȹ◖ Í 0 

ʘʢʫʩʪʠʯʝʩʢʠʡ ʧʦʪʦʢ ʚʥʫʪʨʠ ʨʝʟʦʥʘʪʦʨʘ ʥʘʯʠʥʘʝʪ ʟʘʢʨʫʯʠʚʘʪʴʩʷ. ʏʠʩʣʝʥʥʳʝ ʨʘʩʯʝʪʳ 

ʧʦʢʘʟʳʚʘʶʪ, ʯʪʦ ʚ ʨʘʩʩʤʦʪʨʝʥʥʦʤ ʩʣʫʯʘʝ ʢʦʵʬʬʠʮʠʝʥʪʳ ʪʨʘʥʩʤʠʩʩʠʠ t01;11 ʠ t01;-11 ʥʝ 

ʩʦʚʧʘʜʘʶʪ, ʚʩʣʝʜʩʪʚʠʝ ʯʝʛʦ ʘʢʫʩʪʠʯʝʩʢʠʡ ʧʦʪʦʢ, ʧʨʦʰʝʜʰʠʡ ʯʝʨʝʟ ʩʠʩʪʝʤʫ, ʧʨʦʜʦʣʞʘʝʪ 

ʚʨʘʱʘʪʴʩʷ (ʩʤ. ʨʠʩ.2). 

ɺʩʝ ʯʠʩʣʝʥʥʳʝ ʨʘʩʯʝʪʳ ʧʨʦʚʦʜʠʣʠʩʴ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʘʢʫʩʪʠʯʝʩʢʦʡ ʪʝʦʨʠʠ 

ʩʚʷʟʘʥʥʳʭ ʤʦʜ, ʢʦʪʦʨʘʷ ʷʚʣʷʝʪʩʷ ʘʜʘʧʪʘʮʠʝʡ ʤʝʪʦʜʘ ʥʝʵʨʤʠʪʦʚʦʛʦ ʵʬʬʝʢʪʠʚʥʦʛʦ 

ʛʘʤʠʣʴʪʦʥʠʘʥʘ, ʭʦʨʦʰʦ ʩʝʙʷ ʟʘʨʝʢʦʤʝʥʜʦʚʘʚʰʝʛʦ ʚ ʦʙʣʘʩʪʠ ʢʚʘʥʪʦʚʦʡ ʤʝʭʘʥʠʢʠ ʠ 

ʦʧʪʠʢʠ, ʢ ʛʨʘʥʠʯʥʳʤ ʫʩʣʦʚʠʷʤ ʅʝʡʤʘʥʘ [6]. 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʚʳʧʦʣʥʝʥʦ ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ ʧʦʜʜʝʨʞʢʝ ʈʌʌʀ ʚ ʨʘʤʢʘʭ ʥʘʫʯʥʦʛʦ 

ʧʨʦʝʢʪʘ ˉ18-32-00234. 
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ɸʢʫʩʪʦʦʧʪʠʯʝʩʢʠʝ ʫʩʪʨʦʡʩʪʚʘ ʘʢʪʠʚʥʦ ʠʩʧʦʣʴʟʫʶʪʩʷ ʜʣʷ ʫʧʨʘʚʣʝʥʠʷ ʧʘʨʘʤʝʪʨʘʤʠ 

ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʛʦ ʠʟʣʫʯʝʥʠʷ [1,2]. ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʘʢʫʩʪʦʦʧʪʠʯʝʩʢʠʝ ʫʩʪʨʦʡʩʪʚʘ 

ʧʦʟʚʦʣʷʶʪ ʵʬʬʝʢʪʠʚʥʦ ʫʧʨʘʚʣʷʪʴ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʩ 

ʜʣʠʥʘʤʠ ʚʦʣʥ, ʥʝ ʧʨʝʚʳʰʘʶʱʠʤʠ ʟʥʘʯʝʥʠʝ ‗ ρπ ̍̋.̍ ʇʦʵʪʦʤʫ ʘʢʪʫʘʣʴʥʦʡ ʟʘʜʘʯʝʡ 

ʷʚʣʷʝʪʩʷ ʧʦʠʩʢ ʠ ʠʟʫʯʝʥʠʝ ʩʚʦʡʩʪʚ ʘʢʫʩʪʦʦʧʪʠʯʝʩʢʠʭ ʤʘʪʝʨʠʘʣʦʚ, ʧʨʠʛʦʜʥʳʭ ʜʣʷ 

ʩʦʟʜʘʥʠʷ ʫʩʪʨʦʡʩʪʚ, ʧʦʟʚʦʣʷʶʱʠʭ ʨʘʙʦʪʘʪʴ ʚ ʩʨʝʜʥʝʤ ʠ ʜʘʣʴʥʝʤ ʠʥʬʨʘʢʨʘʩʥʦʤ 

ʜʠʘʧʘʟʦʥʘʭ. ʀʟʚʝʩʪʥʦ, ʯʪʦ ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʝ ʩʦʝʜʠʥʝʥʠʷ ʥʘ ʦʩʥʦʚʝ ʨʪʫʪʠ, ʪʝʣʣʫʨʘ ʠ 

ʪʘʣʣʠʷ ʥʘʯʠʥʘʶʪ ʥʘʭʦʜʠʪʴ ʰʠʨʦʢʦʝ ʧʨʠʤʝʥʝʥʠʝ ʚ ʘʢʫʩʪʦʦʧʪʠʢʝ ʜʣʷ ʫʧʨʘʚʣʝʥʠʷ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʚ ʚʠʜʠʤʦʤ, ʘ ʪʘʢʞʝ ʚ ʙʣʠʞʥʝʤ ʠ 

ʩʨʝʜʥʝʤ ʠʥʬʨʘʢʨʘʩʥʦʤ ʜʠʘʧʘʟʦʥʘʭ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʛʦ ʩʧʝʢʪʨʘ [3-7]. ʊʘʢʠʝ ʢʨʠʩʪʘʣʣʳ, 

ʢʘʢ ʂʈʉ-5 (TlBr-TlI ), ʠʦʜʠʜ ʠʥʜʠʷ (InI), ʪʝʣʣʫʨ (Te), ʧʘʨʘʪʝʣʣʫʨʠʪ (TeO2), ʢʘʣʦʤʝʣʴ 

(Hg2Cl2), ʙʨʦʤʠʜ ʨʪʫʪʠ (Hg2Br2) ʠ ʜʨ., ʭʘʨʘʢʪʝʨʠʟʫʶʪʩʷ ʠʩʢʣʶʯʠʪʝʣʴʥʦ ʚʳʩʦʢʠʤʠ 

ʟʥʘʯʝʥʠʷʤʠ ʢʦʵʬʬʠʮʠʝʥʪʘ ʘʢʫʩʪʦʦʧʪʠʯʝʩʢʦʛʦ ʢʘʯʝʩʪʚʘ. ɹʦʣʴʰʠʝ ʟʥʘʯʝʥʠʷ 

ʢʦʵʬʬʠʮʠʝʥʪʘ ʢʘʯʝʩʪʚʘ M2 ʟʥʘʯʠʪʝʣʴʥʦ ʩʥʠʞʘʶʪ ʪʨʝʙʦʚʘʥʠʷ ʢ ʫʨʦʚʥʶ ʫʧʨʘʚʣʷʶʱʝʡ 

ʵʣʝʢʪʨʠʯʝʩʢʦʡ ʤʦʱʥʦʩʪʠ ʚ ʘʢʫʩʪʦʦʧʪʠʯʝʩʢʠʭ ʧʨʠʙʦʨʘʭ ʥʘ ʦʩʥʦʚʝ ʨʪʫʪʠ, ʪʘʣʣʠʷ ʠ 

ʪʝʣʣʫʨʘ [3-7]. ʇʦʵʪʦʤʫ ʟʘʜʘʯʝʡ ʜʘʥʥʦʡ ʨʘʙʦʪʳ ʷʚʠʣʩʷ ʘʥʘʣʠʟ ʘʢʫʩʪʦʦʧʪʠʯʝʩʢʠʭ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʢʨʠʩʪʘʣʣʘ ʙʨʦʤʠʜʘ ʨʪʫʪʠ. ʆʢʘʟʘʣʦʩʴ, ʯʪʦ ʧʘʨʘʤʝʪʨʳ ʙʨʦʤʠʜʘ ʨʪʫʪʠ ʢ 

ʥʘʩʪʦʷʱʝʤʫ ʚʨʝʤʝʥʠ ʠʩʩʣʝʜʦʚʘʥʳ ʥʝʜʦʩʪʘʪʦʯʥʦ ʧʦʣʥʦ, ʥʝʩʤʦʪʨʷ ʥʘ ʚʳʩʦʢʫʶ 

ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʜʘʥʥʦʛʦ ʤʘʪʝʨʠʘʣʘ. ʇʦʵʪʦʤʫ ʪʝʤʘʪʠʢʘ ʥʘʩʪʦʷʱʝʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ ï ʘʥʘʣʠʟ 

ʰʠʨʦʢʦʘʧʝʨʪʫʨʥʦʡ ʜʠʬʨʘʢʮʠʠ ʚ ʙʨʦʤʠʜʝ ʨʪʫʪʠ ʧʨʝʜʩʪʘʚʣʷʝʪʩʷ ʘʢʪʫʘʣʴʥʦʡ ʠ ʚʘʞʥʦʡ ʜʣʷ 

ʘʢʫʩʪʦʦʧʪʠʢʠ. 

ʂʨʠʩʪʘʣʣ ʙʨʦʤʠʜʘ ʨʪʫʪʠ Hg2Br2, ʢʘʢ ʠ ʢʨʠʩʪʘʣʣ ʢʘʣʦʤʝʣʠ Hg2Cl2, ʦʪʥʦʩʠʪʩʷ ʢ 

ʪʝʪʨʘʛʦʥʘʣʴʥʦʡ ʩʠʥʛʦʥʠʠ. ʕʪʦʪ ʢʨʠʩʪʘʣʣ ʦʙʣʘʜʘʝʪ ʰʠʨʦʢʠʤ ʜʠʘʧʘʟʦʥʦʤ ʧʨʦʟʨʘʯʥʦʩʪʠ 

ʥʘ ʜʣʠʥʘʭ ʚʦʣʥ ‗ πȢτς σπ ̍̋,̍ ʘ ʪʘʢʞʝ ʩʠʣʴʥʦʡ ʦʧʪʠʯʝʩʢʦʡ ʘʥʠʟʦʪʨʦʧʠʝʡ. ʅʘ ʜʣʠʥʝ 

ʚʦʣʥʳ ʠʥʬʨʘʢʨʘʩʥʦʛʦ ʩʚʝʪʘ ‗ ρπȢφ ̍̋ ̍ʛʣʘʚʥʳʝ ʧʦʢʘʟʘʪʝʣʠ ʧʨʝʣʦʤʣʝʥʠʷ ʢʨʠʩʪʘʣʣʘ 

ʨʘʚʥʳ ὲ ςȢπσ ὲ ςȢχπ. ʀʟ ʣʠʪʝʨʘʪʫʨʥʳʭ ʜʘʥʥʳʭ ʜʣʷ ʜʘʥʥʦʛʦ ʢʨʠʩʪʘʣʣʘ ʠʟʚʝʩʪʝʥ 

ʧʦʣʥʳʡ ʥʘʙʦʨ ʟʥʘʯʝʥʠʡ ʫʧʨʫʛʠʭ ʢʦʥʩʪʘʥʪ, ʧʦʟʚʦʣʷʶʱʠʡ ʨʘʩʩʯʠʪʘʪʴ ʬʘʟʦʚʳʝ ʩʢʦʨʦʩʪʠ 

ʘʢʫʩʪʠʯʝʩʢʠʭ ʚʦʣʥ ʚʦ ʚʩʝʭ ʥʘʧʨʘʚʣʝʥʠʷʭ ʚ ʤʘʪʝʨʠʘʣʝ [7]. ʆʜʥʘʢʦ ʬʦʪʦʫʧʨʫʛʠʝ 

ʢʦʥʩʪʘʥʪʳ ʢʨʠʩʪʘʣʣʘ ʜʦ ʩʠʭ ʧʦʨ ʥʝ ʙʳʣʠ ʠʟʤʝʨʝʥʳ, ʧʦʵʪʦʤʫ ʦʢʘʟʘʣʠʩʴ ʥʝ 

ʦʧʨʝʜʝʣʝʥʥʳʤʠ ʠ ʟʥʘʯʝʥʠʷ ʢʦʵʬʬʠʮʠʝʥʪʘ ʘʢʫʩʪʦʦʧʪʠʯʝʩʢʦʛʦ ʢʘʯʝʩʪʚʘ ʤʘʪʝʨʠʘʣʘ ὓ. ʉ 
ʜʨʫʛʦʡ ʩʪʦʨʦʥʳ, ʠʟ ʣʠʪʝʨʘʪʫʨʳ ʠʟʚʝʩʪʥʳ ʚʳʩʦʢʠʝ ʟʥʘʯʝʥʠʷ ʘʢʫʩʪʦʦʧʪʠʯʝʩʢʦʛʦ ʢʘʯʝʩʪʚʘ 

ʢʨʘʡʥʝ ʙʣʠʟʢʦʛʦ ʧʦ ʬʠʟʠʯʝʩʢʠʤ ʩʚʦʡʩʪʚʘʤ ʢʨʠʩʪʘʣʣʘ ʢʘʣʦʤʝʣʠ [6,7]. ʕʪʦ ʜʘʝʪ ʦʩʥʦʚʘʥʠʷ 

ʦʞʠʜʘʪʴ ʚʳʩʦʢʫʶ ʘʢʫʩʪʦʦʧʪʠʯʝʩʢʫʶ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʠ ʢʨʠʩʪʘʣʣʘ ʙʨʦʤʠʜʘ ʨʪʫʪʠ. ɺ 

ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʧʨʦʚʝʜʝʥʳ ʨʘʩʯʝʪʳ ʬʘʟʦʚʳʭ ʩʢʦʨʦʩʪʝʡ ʘʢʫʩʪʠʯʝʩʢʠʭ ʚʦʣʥ, ʘ ʪʘʢʞʝ 

ʟʘʚʠʩʠʤʦʩʪʝʡ ʫʛʣʘ ɹʨʵʛʛʘ ʦʪ ʘʢʫʩʪʠʯʝʩʢʦʡ ʯʘʩʪʦʪʳ ʜʣʷ ʨʘʟʣʠʯʥʳʭ ʥʘʧʨʘʚʣʝʥʠʡ 

ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʫʣʴʪʨʘʟʚʫʢʘ ʚ ʧʣʦʩʢʦʩʪʠ ρρπ ʤʘʪʝʨʠʘʣʘ. ɺ ʜʘʣʴʥʝʡʰʝʤ, ʧʣʘʥʠʨʫʝʪʩʷ 

ʠʟʤʝʨʝʥʠʝ ʬʦʪʦʫʧʨʫʛʠʭ ʢʦʥʩʪʘʥʪ ʠ ʨʘʩʯʝʪʳ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʘʢʫʩʪʦʦʧʪʠʯʝʩʢʦʛʦ ʢʘʯʝʩʪʚʘ 

ʙʨʦʤʠʜʘ ʨʪʫʪʠ ʚ ʩʣʫʯʘʝ ʨʘʟʣʠʯʥʳʭ ʨʝʞʠʤʦʚ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʩʚʝʪʘ ʠ ʟʚʫʢʘ. 

ʅʘ ʈʠʩ. 1 ʧʦʢʘʟʘʥʘ ʚʝʢʪʦʨʥʘʷ ʜʠʘʛʨʘʤʤʘ ʘʢʫʩʪʦʦʧʪʠʯʝʩʢʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ [1,2] ʚ 

ʢʨʠʩʪʘʣʣʝ ʙʨʦʤʠʣʘ ʨʪʫʪʠ. ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʘʥʘʣʠʟʠʨʫʝʪʩʷ ʚʘʨʠʘʥʪ ʜʠʬʨʘʢʮʠʠ, 
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ʘʥʘʣʦʛʠʯʥʳʡ ʪʦʤʫ, ʢʦʪʦʨʳʡ ʦʙʳʯʥʦ ʠʩʧʦʣʴʟʫʝʪʩʷ ʚ ʢʨʠʩʪʘʣʣʝ ʧʘʨʘʪʝʣʣʫʨʠʪʘ ʚ 

ʧʣʦʩʦʢʦʩʪʠ ρρπ ʚ ʩʣʫʯʘʝ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʤʝʜʣʝʥʥʦʡ ʩʜʚʠʛʦʚʦʡ ʘʢʫʩʪʠʯʝʩʢʦʡ ʚʦʣʥʳ 

[1,2]. ʇʨʠ ʚʳʧʦʣʝʥʝʥʠʠ ʫʩʣʦʚʠʷ ɹʨʵʛʛʘ ʩʧʨʘʚʝʜʣʠʚʦ ʚʝʢʪʦʨʥʦʝ ʩʦʦʪʥʦʰʝʥʠʝ ʤʝʞʜʫ 

ʚʦʣʥʦʚʳʤʠ ʚʝʪʦʨʘʤʠ ʧʘʜʘʶʱʝʛʦ Ὧ ʠ ʜʠʬʨʘʛʠʨʦʚʘʥʥʦʛʦ Ὧ ʩʚʝʪʘ, ʘ ʪʘʢʞʝ ʚʦʣʥʦʚʳʤ 

ʚʝʢʪʦʨʦʤ ʫʣʴʪʨʘʟʚʫʢʘ ὑ: 

 Ὧ ὑ  Ὧ. (1) 

ʅʘ ʈʠʩ.1 ʧʦʢʘʟʘʥʦ, ʯʪʦ ʧʘʜʘʶʱʘʷ ʩʚʝʪʦʚʘʷ ʚʦʣʥʘ ʷʚʣʷʝʪʩʷ ʥʝʦʙʳʢʥʦʚʝʥʥʦʡ, ʘ 

ʜʠʬʨʘʛʠʨʦʚʘʥʥʘʷ ʚʦʣʥʘ ï ʦʙʳʢʥʦʚʝʥʥʦʡ ʩʚʝʪʦʡ ʤʦʜʦʡ ʀʟ ʩʦʦʪʥʦʰʝʥʠʷ (1) ʩ ʧʦʤʦʱʴʶ 

ʚʝʢʪʦʨʥʦʛʦ ʧʦʩʪʨʦʝʥʠʷ ʥʘ ʈʠʩ. 1 ʤʦʞʥʦ ʦʧʨʝʜʝʣʠʪʴ ʟʘʚʠʩʠʤʦʩʪʴ ʫʛʣʘ ɹʨʵʛʛʘ — ʦʪ 

ʘʢʫʩʪʠʯʝʩʢʦʡ ʯʘʩʪʦʪʳ ʩʠʭʨʦʥʠʟʤʘ Ὢ ʜʣʷ  

 

 
ʈʠʩ. 1. ɺʝʢʪʦʨʥʘʷ ʜʠʘʛʨʘʤʤʘ ʘʢʩʪʦʦʧʪʠʯʝʩʢʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʚ ʢʨʠʨʠʩʪʘʣʣʝ ʙʨʦʤʠʜʘ ʨʪʫʪʠ. 

 

ʩʣʫʯʘʷ ʘʥʠʟʦʪʨʦʧʥʦʡ ʘʢʫʩʪʦʦʧʪʠʯʝʩʢʦʡ ʜʠʬʨʘʢʮʠʠ [1,2]: 

 Ὢ  ὲίὭὲ—  ὲ  ὲὧέί— Ȣ (2) 

ɺ ʩʦʦʪʥʦʰʝʥʠʠ (2) ὠ ï ʩʢʦʨʦʩʪʴ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʫʣʴʪʨʘʟʚʫʢʦʚʦʡ ʚʦʣʥʳ ʚ ʚʳʙʨʘʥʥʦʤ 

ʥʘʧʨʘʚʣʝʥʠʠ, ὲ ʠ ὲ ï ʧʦʢʘʟʘʪʝʣʠ ʧʨʝʣʦʤʣʝʥʠʷ ʜʣʷ ʧʘʜʘʶʱʝʡ (ʥʝʦʙʳʢʥʦʚʝʥʥʦʡ) ʠ 

ʜʠʬʨʘʛʠʨʦʚʘʥʥʦʡ (ʦʙʳʢʥʦʚʝʥʥʦʡ) ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʳʭ ʚʦʣʥ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ɺ 

ʩʦʦʪʥʦʰʝʥʠʠ (2) ʥʝʦʙʭʦʜʠʤʦ ʫʯʠʪʳʚʘʪʴ ʘʥʠʟʦʪʨʦʧʠʶ ʫʧʨʫʛʠʭ ʩʚʦʡʩʪʚ ʢʨʠʩʪʘʣʣʘ, 

ʧʨʠʚʦʜʷʱʠʭ ʢ ʟʘʚʠʩʠʤʦʩʪʠ ʬʘʟʦʚʦʡ ʩʢʦʨʦʩʪʠ ʫʣʴʪʨʘʟʚʫʢʘ ὠ ʦʪ ʥʘʧʨʘʚʣʝʥʠʷ ʝʛʦ 

ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʠ, ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʦʪ ʫʛʣʘ ʩʨʝʟʘ ʢʨʠʩʪʘʣʣʘ ‌. ʋʛʦʣ ʩʨʝʟʘ ‌, ʢʘʢ ʩʣʝʜʫʝʪ 
ʠʟ ʨʠʩʫʥʢʘ, ʚ ʧʣʦʩʢʦʩʪʠ ʜʠʬʨʘʢʮʠʠ ʦʧʨʝʜʝʣʷʝʪ ʥʘʧʨʘʚʣʝʥʠʝ ʚʦʣʥʦʚʦʛʦ ʚʝʢʪʦʨʘ ʟʚʫʢʘ ὑ 

ʦʪʥʦʩʠʪʝʣʴʥʦ ʦʩʠ [110]. ɸʥʘʣʠʟ ʧʦʢʘʟʘʣ, ʯʪʦ ʦʪ ʫʛʣʘ ʩʨʝʟʘ ‌ ʠ ʥʘʧʨʘʚʣʝʥʠʷ 

ʨʘʩʧʨʦʩʪʨʘʝʥʠʷ ʧʘʜʘʶʱʝʡ ʚʦʣʥʳ — ʪʘʢʞʝ ʟʘʚʠʩʠʪ ʠ ʧʦʢʘʟʘʪʝʣʴ ʧʨʝʣʦʤʣʝʥʠʷ ὲ. ʜʣʷ 

ʧʘʜʘʶʱʝʡ ʥʝʦʙʳʢʥʦʚʝʥʥʦʡ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʡ ʚʦʣʥʳ. ɼʘʥʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʜʣʷ 

ʧʦʢʘʟʘʪʝʣʷ ʧʨʝʣʦʤʣʝʥʠʷ ὲ ʟʘʜʘʝʪʩʷ ʩʣʝʜʫʶʱʠʤ ʩʦʦʪʥʦʰʝʥʠʝʤ [1]: 

 ὲ  ὲὲȾὲίὭὲ— ‌  ὲὧέί— ‌ . (3) 
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ʈʝʟʫʣʴʪʘʪʳ ʨʘʩʯʝʪʦʚ ʟʘʚʠʩʠʤʦʩʪʝʡ ʧʦʢʘʟʘʪʝʣʷ ʧʨʝʣʦʤʣʝʥʠʷ ὲ ʦʪ ʫʛʣʘ ɹʨʵʛʛʘ — ʜʣʷ 

ʨʘʟʣʠʯʥʳʭ ʫʛʣʦʚ ʩʨʝʟʘ ʢʨʠʩʪʘʣʣʘ ʚ ʜʠʘʧʘʟʦʥʝ ‌ π ςρЈ ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʈʠʩ.2. ʀʟ 
ʨʠʩʫʥʢʘ ʚʠʜʥʦ, ʯʪʦ ʧʦʢʘʟʘʪʝʣʴ ʧʨʝʣʦʤʣʝʥʠʷ ʧʘʜʘʶʱʝʡ ʩʚʝʪʦʚʡ ʚʦʣʥʳ ʟʘʚʠʩʠʪ ʦʪ 

ʙʨʵʛʛʦʚʩʢʦʛʦ ʫʛʣʘ ʧʘʜʝʥʠʷ ʩʚʝʪʘ ʠ ʚʦʟʨʘʩʪʘʝʪ ʩ ʝʛʦ ʫʚʝʣʠʯʝʥʠʝʤ. 

 

 
ʈʠʩ. 2. ɿʘʚʠʩʠʤʦʩʪʴ ʧʦʢʘʟʘʪʝʣʷ ʧʨʝʣʦʤʣʝʥʠʷ ʦʪ ʫʛʣʘ ɹʨʵʛʛʘ ʜʣʷ ʨʘʟʣʠʯʥʳʭ ʫʛʣʦʚ ʩʨʝʟʘ ʢʨʠʩʪʘʣʣʘ. 

 

ʇʨʠ ʠʩʩʣʝʜʦʚʘʥʠʠ ʢʨʠʩʪʘʣʣʘ ʙʨʦʤʠʜʘ ʨʪʫʪʠ ʧʨʦʚʦʜʠʣʠʩʴ ʨʘʩʯʝʪʳ ʬʘʟʦʚʳʭ 

ʩʢʦʨʦʩʪʝʡ ʘʢʫʩʪʠʯʝʩʢʠʭ ʚʦʣʥ ʚ ʧʣʦʩʢʦʩʪʠ ρρπ ʢʨʠʩʪʘʣʣʘ. ʈʘʩʯʝʪ ʧʦʢʘʟʘʣ, ʯʪʦ ʬʘʟʦʚʘʷ 

ʩʢʦʨʦʩʪʴ ὠ ʤʝʜʣʝʥʥʳʭ ʩʜʚʠʛʦʚʳʭ ʘʢʫʩʪʠʯʝʩʢʠʭ ʚʦʣʥ ʩʠʣʴʥʦ ʤʝʥʷʝʪʩʷ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ 

ʥʘʧʨʘʚʣʝʥʠʷ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʟʚʫʢʘ. ʕʪʘ ʩʢʦʨʦʩʪʴ ʤʦʞʝʪ ʜʦʩʪʠʛʘʪʴ ʚʝʩʴʤʘ ʥʠʟʢʦʛʦ 

ʟʥʘʯʝʥʠʷ ὠ  ςψς ̍Ⱦὧȟ ʝʩʣʠ ʟʚʫʢ ʨʘʩʧʨʦʩʪʨʘʥʷʝʪʩʷ ʚʜʦʣʴ ʦʩʠ [110] ʠʣʠ ʚʙʣʠʟʠ ʥʝʛʦ. 

ʅʘ ʦʩʥʦʚʝ ʜʘʥʥʳʭ ʨʘʩʯʝʪʦʚ ʧʦʢʘʟʘʪʝʣʷ ʧʨʝʣʦʤʣʝʥʠʷ ὲ ʠ ʩʢʦʨʦʩʪʝʡ ʘʢʫʩʪʠʯʝʩʢʠʭ 
ʚʦʣʥ ὠ ʚ ʧʣʦʩʢʦʩʪʠ ρρπ ʢʨʠʩʪʘʣʣʘ ʙʨʦʤʠʜʘ ʨʪʫʪʠ ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʟʘʚʠʩʠʤʦʩʪʠ ʫʛʣʘ 

ɹʨʵʛʛʘ — ʦʪ ʘʢʫʩʪʠʯʝʩʢʦʡ ʯʘʩʪʦʪʳ Ὢ. ʈʘʩʯʝʪ ʙʨʵʛʛʦʚʩʢʠʭ ʫʛʣʦʚ ʧʨʦʚʦʜʠʣʩʷ ʜʣʷ ʜʣʠʥʳ 
ʚʦʣʥʳ ʠʥʬʨʘʢʨʘʩʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ‗ ρπȢφ ̍̋.̍ ʇʨʠ ʵʪʦʤ ʩʯʠʪʘʣʦʩʴ, ʯʪʦ ʫʣʴʪʨʘʟʚʫʢ 

ʨʘʩʧʨʦʩʪʨʘʥʷʝʪʩʷ ʧʦʜ ʨʘʟʣʠʯʥʳʤʠ ʫʛʣʘʤʠ Ŭ ʦʪʥʦʩʠʪʝʣʴʥʦ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʦʡ ʦʩʠ 

ρρπ. ʈʝʟʫʣʴʪʘʪʳ ʨʘʩʯʝʪʦʚ ʟʘʚʠʩʠʤʦʩʪʠ ʫʛʣʦʚ ɹʨʵʛʛʘ ʦʪ ʘʢʫʩʪʠʯʝʩʢʦʡ ʯʘʩʪʦʪʳ 

—Ὢ ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʈʠʩ. 3. 

ʂʘʢ ʚʠʜʥʦ ʠʟ ʛʨʘʬʠʢʦʚ, ʧʨʠ ʫʛʣʘʭ ʩʨʝʟʘ, ʟʘʢʣʶʯʝʥʥʳʭ ʚ ʧʨʝʜʝʣʘʭ ρς ‌ ρψЈ, ʥʘ 
ʫʛʣʦʯʘʩʪʦʪʥʳʭ ʟʘʚʠʩʠʤʦʩʪʷʭ —Ὢ ʠʤʝʶʪʩʷ ʫʯʘʩʪʢʠ, ʙʣʠʟʢʠʝ ʢ ʚʝʨʪʠʢʘʣʴʥʳʤ. ʇʨʠ ʵʪʦʤ 

ʧʨʦʠʟʚʦʜʥʘʷ ʬʫʥʢʮʠʠ Ὢ—  ʨʘʚʥʘ ʥʫʣʶ, ʪ.ʝ. ὨὪ ȾὨ— π. ʀʟʚʝʩʪʥʦ, ʯʪʦ ʜʘʥʥʳʝ ʫʯʘʩʪʢʠ 
ʢʨʠʚʳʭ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʰʠʨʦʢʦʘʧʝʨʪʫʨʥʦʡ ʛʝʦʤʝʪʨʠʠ ʘʢʫʩʪʦʦʧʪʠʯʝʩʢʦʛʦ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ, ʢʦʛʜʘ ʟʘʢʣʶʯʝʥʥʳʝ ʚ ʜʦʩʪʘʪʦʯʥʦ ʰʠʨʦʢʦʤ ʫʛʣʦʚʦʤ ʜʠʘʧʘʟʦʥʝ 

ʢʦʤʧʦʥʝʥʪʳ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʛʦ ʩʧʝʢʪʨʘ ʧʘʜʘʶʱʝʛʦ ʠʟʣʫʯʝʥʠʷ ʦʢʘʟʳʚʘʶʪʩʷ ʚ 

ʩʠʥʭʨʦʥʠʟʤʝ ʧʨʠ ʦʜʥʦʡ ʠ ʪʦʡ ʞʝ ʯʘʩʪʦʪʝ ʫʣʴʪʨʘʟʚʫʢʘ [1,2]. ʆʯʝʚʠʜʥʦ, ʯʪʦ ʚ ʧʦʜʦʙʥʦʡ 

ʛʝʦʤʝʪʨʠʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʘʢʫʩʪʦʦʧʪʠʯʝʩʢʦʝ ʫʩʪʨʦʡʩʪʚʦ ʤʦʞʝʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥʦ ʜʣʷ 

ʦʙʨʘʙʦʪʢʠ ʠʟʦʙʨʘʞʝʥʠʡ ʠʣʠ ʨʘʙʦʪʝ ʩ ʦʧʪʠʯʝʩʢʠʤʠ ʧʫʯʢʘʤʠ, ʠʤʝʶʱʠʤʠ ʙʦʣʴʰʫʶ 

ʫʛʣʦʚʫʶ ʨʘʩʭʦʜʠʤʦʩʪʴ. 

ʅʘʠʙʦʣʴʰʘʷ ʧʨʦʪʷʞʝʥʥʦʩʪʴ ʧʣʦʩʢʦʛʦ ʫʯʘʩʪʢʘ ʥʘ ʫʛʣʦʯʘʩʪʦʪʥʦʡ ʭʘʨʘʢʪʝʨʠʩʪʠʢʝ 

—Ὢ ʥʘʙʣʶʜʘʝʪʩʷ ʧʨʠ ʫʛʣʝ ʩʨʝʟʘ ‌ ρφЈ ʠ ʯʘʩʪʦʪʝ ʫʣʴʪʨʘʟʚʫʢʘ Ὢ σπ ̇ː.̗ ɺʳʙʦʨ 
ʜʘʥʥʦʡ ʛʝʦʤʝʪʨʠʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ, ʚ ʧʨʠʥʮʠʧʝ, ʧʦʟʚʦʣʷʝʪ ʦʙʨʘʙʘʪʳʚʘʪʴ ʧʫʯʢʠ ʩ ʫʛʣʦʚʦʡ 

ʘʧʝʨʪʫʨʦʡ ʚ ʢʨʠʩʪʘʣʣʝ ʜʦ ςπЈ, ʫʛʣʦʚʘʷ ʘʧʝʨʪʫʨʘ ʚʦʟʜʫʭʝ ʧʨʠ ʵʪʦʤ ʤʦʞʝʪ ʜʦʩʪʠʛʘʪʴ 
ʨʝʢʦʨʜʥʦʡ ʚʝʣʠʯʠʥʳ 50ʦ. ʆʜʥʘʢʦ ʥʝʦʙʭʦʜʠʤʦ ʧʨʠʥʠʤʘʪʴ ʚʦ ʚʥʠʤʘʥʠʝ ʦʛʨʘʥʠʯʝʥʠʷ, 

ʥʘʣʘʛʘʝʤʳʝ ʠʟʚʝʩʪʥʳʤ ʫʩʣʦʚʠʝʤ, ʠʩʢʣʶʯʘʶʱʠʤ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʝ ʧʝʨʝʢʨʳʪʠʝ 
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ʧʘʜʘʶʱʝʛʦ ʠ ʜʠʬʨʘʛʠʨʦʚʘʥʥʦʛʦ ʧʫʯʢʦʚ ʩʚʝʪʘ. ʇʦʵʪʦʤʫ ʨʝʘʣʴʥʦ ʜʦʩʪʠʞʠʤʘʷ ʫʛʣʦʚʘʷ 

ʘʧʝʨʪʫʨʘ ʤʦʞʝʪ ʦʢʘʟʘʪʴʩʷ ʚ ʥʝʩʢʦʣʴʢʦ ʨʘʟ ʙʦʣʝʝ ʫʟʢʦʡ. 

 

 
ʈʠʩ. 3. ɿʘʚʠʩʠʤʦʩʪʴ ʫʛʣʘ ɹʨʵʛʛʘ ʦʪ ʯʘʩʪʦʪʳ ʫʣʴʪʨʘʟʚʫʢʘ ʜʣʷ ʨʘʟʣʠʯʥʳʭ ʩʨʝʟʦʚ ʢʨʠʩʪʘʣʣʘ. 

 

ʈʘʩʯʝʪʳ, ʧʨʦʚʝʜʝʥʥʳʝ ʚ ʜʘʥʥʦʡ ʨʘʙʦʪʝ, ʧʦʢʘʟʳʚʘʶʪ, ʯʪʦ ʢʨʠʩʪʘʣʣ ʙʨʦʤʠʜʘ ʨʪʫʪʠ 

ʤʦʞʝʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥ ʜʣʷ ʩʦʟʜʘʥʠʷ ʰʠʨʦʢʦʘʧʝʨʪʫʨʥʦʛʦ ʬʠʣʴʪʨʘ, ʩʧʦʩʦʙʥʦʛʦ 

ʘʥʘʣʠʟʠʨʦʚʘʪʴ ʠʟʦʙʨʘʞʝʥʠʷ ʚ ʩʨʝʜʥʝʤ ʠ ʜʘʣʴʥʝʤ ʠʥʬʨʘʢʨʘʩʥʳʭ ʜʠʘʧʘʟʦʥʘʭ ʩʧʝʢʪʨʘ. 

ʆʢʘʟʘʣʦʩʴ, ʯʪʦ ʢʨʠʩʪʘʣʣ ʧʨʠʛʦʜʝʥ ʠ ʜʣʷ ʨʘʟʨʘʙʦʪʢʠ ʘʢʫʩʪʦʦʧʪʠʯʝʩʢʦʛʦ ʜʝʬʣʝʢʪʦʨʘ, 

ʦʙʝʩʧʝʯʠʚʘʶʱʝʛʦ ʦʪʢʣʦʥʝʥʠʝ ʠʟʣʫʯʝʥʠʷ ὅὕ ʣʘʟʝʨʘ. ʇʨʠ ʵʪʦʤ ʚʝʩʴʤʘ ʥʠʟʢʘʷ ʯʘʩʪʦʪʘ 

ʫʣʴʪʨʘʟʚʫʢʦʚʦʡ ʚʦʣʥʳ ʩʫʱʝʩʪʚʝʥʥʦ ʫʧʨʦʱʘʝʪ ʧʨʦʮʝʩʩ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʩʦʛʣʘʩʦʚʘʥʠʷ 

ʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ ʧʴʝʟʦʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷ ʠ ʠʩʪʦʯʥʠʢʘ ʚʳʩʦʢʦʯʘʩʪʦʪʥʦʛʦ 

ʫʧʨʘʚʣʷʶʱʝʛʦ ʥʘʧʨʷʞʝʥʠʷ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʨʦʚʝʜʝʥʥʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ ʜʦʢʘʟʳʚʘʝʪ 

ʧʝʨʩʧʝʢʪʠʚʥʦʩʪʴ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʢʨʠʩʪʘʣʣʦʚ ʙʨʦʤʠʜʘ ʨʪʫʪʠ ʧʨʠ ʩʦʟʜʘʥʠʠ ʥʦʚʳʭ 

ʘʢʫʩʪʦʦʧʪʠʯʝʩʢʠʭ ʜʝʬʣʝʢʪʦʨʦʚ ʠ ʬʠʣʴʪʨʦʚ ʩʨʝʜʥʝʛʦ ʠ ʜʘʣʴʥʝʛʦ ʠʥʬʨʘʢʨʘʩʥʦʛʦ 

ʜʠʘʧʘʟʦʥʦʚ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʛʦ ʩʧʝʢʪʨʘ. 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʧʦʜʜʝʨʞʢʝ ʛʨʘʥʪʘ ʈʦʩʩʠʡʩʢʦʛʦ ʅʘʫʯʥʦʛʦ ʬʦʥʜʘ (ʈʅʌ) 

 ̄19-12-00072. 
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1ʊʦʤʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʩʠʩʪʝʤ ʫʧʨʘʚʣʝʥʠʷ ʠ ʨʘʜʠʦʵʣʝʢʪʨʦʥʠʢʠ 
2 ʋʨʘʣʴʩʢʠʡ ʌʝʜʝʨʘʣʴʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ, ɽʢʘʪʝʨʠʥʙʫʨʛ 
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ʇʝʨʠʦʜʠʯʝʩʢʠʝ ʜʦʤʝʥʥʳʝ ʩʪʨʫʢʪʫʨ r(ʇɼʉ) ʚ ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʢʨʠʩʪʘʣʣʘʭ 

ʜʝʣʘʶʪ ʚʦʟʤʦʞʥʳʤ ʨʝʘʣʠʟʘʮʠʶ ʥʘ ʠʭ ʦʩʥʦʚʝ ʚʳʩʦʢʦʵʬʬʝʢʪʠʚʥʳʭ ʥʝʣʠʥʝʡʥʳʭ 

ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʝʡ ʩʧʝʢʪʨʘ ʚ ʨʝʞʠʤʝ ʬʘʟʦʚʦʛʦ ʢʚʘʟʠʩʠʥʭʨʦʥʠʟʤʘ [1], ʘ ʪʘʢʞʝ ʙʨʵʛʛʦʚʩʢʠʭ 

ʜʝʬʣʝʢʪʦʨʦʚ ʠ ʧʝʨʝʢʣʶʯʘʪʝʣʝʡ ʣʘʟʝʨʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʩ ʥʠʟʢʠʤʠ ʟʥʘʯʝʥʠʷʤʠ 

ʫʧʨʘʚʣʷʶʱʝʛʦ ʧʦʩʪʦʷʥʥʦʛʦ [2 4] ʠ ʠʤʧʫʣʴʩʥʦʛʦ [5] ʥʘʧʨʷʞʝʥʠʷ. ʈʘʟʤʝʨʳ ʜʦʤʝʥʦʚ ʚ 

ʪʘʢʠʭ ʩʪʨʫʢʪʫʨʘʭ ʜʦʣʞʥʳ ʙʳʪʴ ʚʳʜʝʨʞʘʥʳ ʩ ʪʦʯʥʦʩʪʴʶ ʥʝ ʭʫʞʝ 20 ʥʤ. ʆʜʥʘʢʦ ʨʝʘʣʴʥʳʝ 

ʇɼʉ ʚ ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʢʨʠʩʪʘʣʣʘʭ ʠʤʝʶʪ ʚʘʨʠʘʮʠʠ ʨʘʟʤʝʨʦʚ ʜʦʤʝʥʦʚ ʠ ʦʰʠʙʢʠ ʚ 

ʧʦʣʦʞʝʥʠʷʭ ʜʦʤʝʥʥʳʭ ʛʨʘʥʠʮ; ʧʦʩʣʝʜʥʠʝ ʪʘʢʞʝ ʤʦʛʫʪ ʠʤʝʪʴ ʥʘʢʣʦʥ ʦʪʥʦʩʠʪʝʣʴʥʦ 

ʧʦʣʷʨʥʦʡ ʦʩʠ, ʜʦʩʪʠʛʘʶʱʠʡ ʚ ʥʠʦʙʘʪʝ ʣʠʪʠʷ 0.2Á ʠ ʙʦʣʝʝ [6, 7]. ʕʬʬʝʢʪʠʚʥʳʤ ʤʝʪʦʜʦʤ 

ʦʧʨʝʜʝʣʝʥʠʷ ʢʘʯʝʩʪʚʘ ʇɼʉ ʷʚʣʷʝʪʩʷ ʜʠʬʨʘʢʮʠʷ ʩʚʝʪʦʚʳʭ ʧʫʯʢʦʚ, ʦʙʳʯʥʦ 

ʨʘʩʩʤʘʪʨʠʚʘʝʤʘʷ ʜʣʷ ʩʪʨʫʢʪʫʨ ʩ ʥʝʥʘʢʣʦʥʥʳʤʠ ʜʦʤʝʥʥʳʤʠ ʩʪʝʥʢʘʤʠ [8 ï 11]. 

ɺ ʥʘʩʪʦʷʱʝʤ ʩʦʦʙʱʝʥʠʠ ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʜʠʬʨʘʢʮʠʠ 

ɹʨʵʛʛʘ ʥʘ ʇɼʉ, ʩʬʦʨʤʠʨʦʚʘʥʥʳʭ ʤʝʪʦʜʦʤ ʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʝʨʝʧʦʣʷʨʠʟʘʮʠʠ ʚ ʢʨʠʩʪʘʣʣʘʭ 

LiNbO3:5%MgO, LiTaO3 ʠ KTiOPO4. ʊʝʦʨʝʪʠʯʝʩʢʠʡ ʘʥʘʣʠʟ ʨʘʩʧʨʝʜʝʣʝʥʠʷ 

ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʩʚʝʪʘ ʚ ʜʠʬʨʘʢʮʠʦʥʥʳʭ ʤʘʢʩʠʤʫʤʘʭ ʧʨʦʚʝʜʝʥ ʥʘ ʦʩʥʦʚʘʥʠʠ ʧʦʣʫʯʝʥʥʳʭ 

ʚ ʨʘʙʦʪʘʭ [10, 11] ʩʦʦʪʥʦʰʝʥʠʡ ʜʣʷ ʚʦʟʤʫʱʝʥʠʡ ʪʝʥʟʦʨʘ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ 

ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʥʘ ʦʧʪʠʯʝʩʢʠʭ ʯʘʩʪʦʪʘʭ, ʩʦʟʜʘʚʘʝʤʳʭ ʜʦʤʝʥʥʳʤʠ ʩʪʝʥʢʘʤʠ ʚ ʢʨʠʩʪʘʣʣʘʭ 

ʩʠʤʤʝʪʨʠʠ 3m, ʩ ʫʯʝʪʦʤ ʠʭ ʦʪʢʣʦʥʝʥʠʷ ʦʪ ʧʣʦʩʢʦʩʪʠ YZ ʥʘ ʥʝʙʦʣʴʰʦʡ ʫʛʦʣ Ŭ (ʨʠʩ. 1). 

 

 
 

ʈʠʩ.1. ʉʭʝʤʘʪʠʯʝʩʢʦʝ ʠʟʦʙʨʘʞʝʥʠʝ ʢʨʠʩʪʘʣʣʘ ʥʠʦʙʘʪʘ ʣʠʪʠʷ ʩʦ ʩʬʦʨʤʠʨʦʚʘʥʥʦʡ ʚ ʥʝʤ ʇɼʉ ʩ 

ʧʝʨʠʦʜʦʤ L. ʉʠʥʠʤ ʠ ʞʝʣʪʳʤ ʮʚʝʪʦʤ ʚʳʜʝʣʝʥʳ ʦʙʣʘʩʪʠ ʩ ʨʘʟʣʠʯʥʦʡ ʧʦʣʷʨʠʟʘʮʠʝʡ. x ʠ z ï 

ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʠʝ ʦʩʠ. ɺʝʢʪʦʨʳ ʨʝʰʝʪʢʠ K r ʧʦʢʘʟʘʥʳ ʨʘʟʜʝʣʴʥʦ ʜʣʷ ʜʚʫʭ ʩʠʩʪʝʤ ʜʦʤʝʥʥʳʭ ʩʪʝʥʦʢ, ʩ 

ʥʘʢʣʦʥʦʤ ʚʧʨʘʚʦ ʠ ʚʣʝʚʦ. ʇʘʨʘʤʝʪʨ z0 ʦʧʨʝʜʝʣʷʝʪ ʢʦʦʨʜʠʥʘʪʫ, ʛʜʝ ʪʦʣʱʠʥʳ ʠʩʭʦʜʥʳʭ ʠ 

ʧʝʨʝʧʦʣʷʨʠʟʦʚʘʥʥʳʭ ʦʙʣʘʩʪʝʡ ʨʘʚʥʳ, ʠ zm ʭʘʨʘʢʪʝʨʠʟʫʝʪ ʨʘʟʤʝʨ ʜʣʷ ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʡ ʤʦʜʝʣʠ ʜʦʤʝʥʥʦʡ 

ʩʪʨʫʢʪʫʨʳ ʚʜʦʣʴ ʦʩʠ z. ʋʛʦʣ a ʦʧʨʝʜʝʣʷʝʪ ʥʘʢʣʦʥ ʜʦʤʝʥʥʳʭ ʩʪʝʥʦʢ ʢ ʧʦʣʷʨʥʦʡ ʦʩʠ C ʢʨʠʩʪʘʣʣʘ. 
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ɺ ʵʢʩʧʝʨʠʤʝʥʪʘʭ ʠʩʩʣʝʜʦʚʘʣʘʩʴ ʙʨʵʛʛʦʚʩʢʘʷ ʜʠʬʨʘʢʮʠʷ ʥʘ ʇɼʉ ʚ ʢʨʠʩʪʘʣʣʘʭ 

LiTaO3 ʠ KTiOPO4 ʩ ʥʝʥʘʢʣʦʥʥʳʤʠ ʩʪʝʥʢʘʤʠ ʠ ʥʘ ʜʦʤʝʥʥʦʡ ʩʪʨʫʢʪʫʨʝ ʚ ʦʙʨʘʟʮʝ 

LiNbO3:5%MgO ʩ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʤ ʧʝʨʠʦʜʦʤ  ȿ = 8.79 ʤʢʤ, ʥʘʢʣʦʥ ʩʪʝʥʦʢ ʢʦʪʦʨʦʡ 

ʦʪʥʦʩʠʪʝʣʴʥʦ ʧʦʣʷʨʥʦʡ ʦʩʠ z ʦʮʝʥʠʚʘʣʩʷ ʢʘʢ 0.3Á. ʈʘʟʤʝʨʳ ʦʙʨʘʟʮʦʚ ʚʜʦʣʴ ʦʩʠ z 

ʩʦʩʪʘʚʣʷʣʠ  h = 1 ʤʤ ʜʣʷ LiTaO3 ʠ LiNbO3:5%MgO, ʠ h = 2 ʤʤ ʜʣʷ ʢʨʠʩʪʘʣʣʘ KTiOPO4. 

ɼʣʠʥʘ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʩʚʝʪʦʚʳʭ ʧʫʯʢʦʚ, ʨʘʩʧʨʦʩʪʨʘʥʷʶʱʠʭʩʷ ʚ ʧʣʦʩʢʦʩʪʠ XY ʧʦʜ ʫʛʣʦʤ 

ɹʨʵʛʛʘ ʢ ʦʩʠ Y, ʨʘʚʥʷʣʘʩʴ d = 2 ʤʤ ʚ ʢʨʠʩʪʘʣʣʘʭ LiTaO3 ʠ LiNbO3:5%MgO, ʠ d = 4 ʤʤ ʚ 

KTiOPO4. 

  ɼʣʷ ʠʟʫʯʝʥʠʷ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʩʚʝʪʘ ʚ ʜʠʬʨʘʢʮʠʦʥʥʳʭ ʤʘʢʩʠʤʫʤʘʭ 

ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʟʦʥʜʠʨʫʶʱʠʡ ʧʫʯʦʢ He-Ne ʣʘʟʝʨʘ ʩ ʜʣʠʥʦʡ ʚʦʣʥʳ ɚ = 632.8 ʥʤ, 

ʤʦʱʥʦʩʪʴʶ ʦʢʦʣʦ 1 ʤɺʪ ʩ ʛʘʫʩʩʦʚʳʤ ʨʘʩʧʨʝʜʝʣʝʥʠʝʤ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʠ ʩ ʚʝʢʪʦʨʦʤ 

ʧʦʣʷʨʠʟʘʮʠʠ, ʦʨʠʝʥʪʠʨʦʚʘʥʥʳʤ ʚʜʦʣʴ ʧʦʣʷʨʥʦʡ ʦʩʠ C.  ɽʛʦ ʬʦʢʫʩʠʨʦʚʢʘ ʩʬʝʨʠʯʝʩʢʦʡ 

ʣʠʥʟʦʡ ʩ ʬʦʢʫʩʥʳʤ ʨʘʩʩʪʦʷʥʠʝʤ F = 350 ʤʤ ʧʦʟʚʦʣʷʣʘ ʧʦʣʫʯʘʪʴ ʥʘ ʚʭʦʜʥʦʡ ʛʨʘʥʠ 

ʠʩʩʣʝʜʫʝʤʦʛʦ ʦʙʨʘʟʮʘ, ʨʘʟʤʝʱʘʝʤʦʛʦ ʥʘ ʧʦʚʦʨʦʪʥʦʤ ʩʪʦʣʠʢʝ, ʧʝʨʝʪʷʞʢʫ ʩ ʜʠʘʤʝʪʨʦʤ 

ʦʢʦʣʦ 300 ʤʢʤ, ʮʝʥʪʨ ʢʦʪʦʨʦʡ ʤʦʞʥʦ ʙʳʣʦ ʧʝʨʝʤʝʱʘʪʴ ʚʜʦʣʴ ʦʩʠ z.   

ʍʘʨʘʢʪʝʨʥʘʷ ʬʦʪʦʛʨʘʬʠʷ ʧʝʨʚʦʛʦ ʜʠʬʨʘʢʮʠʦʥʥʦʛʦ ʤʘʢʩʠʤʫʤʘ, ʥʘʙʣʶʜʘʝʤʦʛʦ ʥʘ 

ʨʘʩʩʪʦʷʥʠʠ 1400 ʤʤ ʦʪ ʚʳʭʦʜʥʦʡ ʛʨʘʥʠ ʢʨʠʩʪʘʣʣʘ LiNbO3:5%MgO, ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʛʦ 

ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʶ ʩʬʦʢʫʩʠʨʦʚʘʥʥʦʛʦ ʧʘʜʘʶʱʝʛʦ ʣʘʟʝʨʥʦʛʦ ʧʫʯʢʘ ʧʦʜ ʫʛʣʦʤ ɹʨʵʛʛʘ ɗB1 ʢ 

ʦʩʠ y, ʧʨʝʜʩʪʘʚʣʝʥʘ ʥʘ ʨʠʩ. 2. ʇʨʠ ʵʪʦʤ ʧʦʣʦʞʝʥʠʝ ʮʝʥʪʨʘ ʧʝʨʝʪʷʞʢʠ ʧʘʜʘʶʱʝʛʦ ʧʫʯʢʘ 

ʥʘ ʦʩʠ z, ʨʘʩʧʦʣʦʞʝʥʥʦʡ ʚʝʨʪʠʢʘʣʴʥʦ, ʧʦʜʙʠʨʘʣʦʩʴ ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʯʪʦʙʳ ʥʘʙʣʶʜʘʝʤʘʷ 

ʢʘʨʪʠʥʘ ʙʳʣʘ ʩʠʤʤʝʪʨʠʯʥʦʡ ʦʪʥʦʩʠʪʝʣʴʥʦ ʛʦʨʠʟʦʥʪʘʣʴʥʦ ʦʨʠʝʥʪʠʨʦʚʘʥʥʦʡ ʦʩʠ X.  ʂʘʢ 

ʚʠʜʥʦ ʠʟ ʨʠʩʫʥʢʘ, ʚʩʣʝʜʩʪʚʠʝ ʜʠʬʨʘʢʮʠʠ ʧʘʜʘʶʱʝʛʦ ʩʚʝʪʦʚʦʛʦ ʧʫʯʢʘ ʥʘ ʜʚʫʭ ʩʠʩʪʝʤʘʭ 

ʥʘʢʣʦʥʥʳʭ ʜʦʤʝʥʥʳʭ ʩʪʝʥʦʢ ʩ ʧʝʨʠʦʜʦʤ ȿ (ʩʤ. ʨʠʩ. 1), ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʠʥʪʝʥʩʠʚʥʦʩʪʠ 

ʜʠʬʨʘʛʠʨʦʚʘʥʥʦʛʦ ʩʚʝʪʘ ʚʜʦʣʴ ʦʩʠ z ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ ʜʚʫʤʷ ʙʨʵʛʛʦʚʩʢʠʤʠ ʤʘʢʩʠʤʫʤʘʤʠ, 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʤʠ ʚʝʢʪʦʨʘʤ ʨʝʰʝʪʦʢ r+K  ʠ r-K .      

 

 
 

ʈʠʩ.1. ʌʦʪʦʛʨʘʬʠʷ ʙʨʵʛʛʦʚʩʢʦʛʦ ʜʠʬʨʘʢʮʠʦʥʥʦʛʦ ʤʘʢʩʠʤʫʤʘ ʧʝʨʚʦʛʦ ʧʦʨʷʜʢʘ ʜʣʷ ʧʘʜʘʶʱʝʛʦ 

ʛʘʫʩʩʦʚʘ ʧʫʯʢʘ He-Ne ʣʘʟʝʨʘ (ɚ = 632.8 ʥʤ),  ʬʦʢʫʩʠʨʦʚʘʥʥʦʛʦ ʣʠʥʟʦʡ ʩ ʬʦʢʫʩʥʳʤ ʨʘʩʩʪʦʷʥʠʝʤ F = 350 ʤʤ 

ʥʘ ʚʭʦʜʥʫʶ ʛʨʘʥʴ ʢʨʠʩʪʘʣʣʘ LiNbO3:5%MgO ʩ ʇɼʉ, ʠʤʝʶʱʝʡ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʡ ʧʝʨʠʦʜ ȿ = 8.79 ʤʢʤ ʠ 

ʜʦʤʝʥʥʳʝ ʩʪʝʥʢʠ, ʥʘʢʣʦʥʝʥʥʳʝ ʢ ʧʦʣʷʨʥʦʡ ʦʩʠ C ʥʘ ʫʛʦʣ Ŭ å 0.3Á. ʆʩʴ z ʢʨʠʩʪʘʣʣʘ ʨʘʩʧʦʣʦʞʝʥʘ 

ʚʝʨʪʠʢʘʣʴʥʦ, ʦʩʴ x ï ʛʦʨʠʟʦʥʪʘʣʴʥʦ. 

 

ʇʨʦʚʝʜʝʥʥʳʡ ʪʝʦʨʝʪʠʯʝʩʢʠʡ ʘʥʘʣʠʟ ʧʦʟʚʦʣʠʣ ʧʦʣʫʯʠʪʴ ʘʥʘʣʠʪʠʯʝʩʢʦʝ ʚʳʨʘʞʝʥʠʝ 

ʜʣʷ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʛʦ ʩʧʝʢʪʨʘ ʚʦʟʤʫʱʝʥʠʡ, ʥʘʚʦʜʠʤʳʭ ʚ ʢʨʠʩʪʘʣʣʝ ʜʚʫʤʷ ʩʠʩʪʝʤʘʤʠ 

ʜʦʤʝʥʥʳʭ ʩʪʝʥʦʢ, ʠʟʦʙʨʘʞʝʥʥʳʭ ʥʘ ʨʠʩ. 1. ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʜʘʣʝʝ ʧʨʠ ʘʥʘʣʠʟʝ ʜʠʬʨʘʢʮʠʠ 

ʛʘʫʩʩʦʚʘ ʩʚʝʪʦʚʦʛʦ ʧʫʯʢʘ ʥʘ ʚʦʟʤʫʱʝʥʠʷʭ ʦʧʪʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʢʨʠʩʪʘʣʣʘ ʩ ʪʘʢʠʤ 

ʩʧʝʢʪʨʦʤ ʠ ʧʦʜʭʦʜʘ, ʦʩʥʦʚʘʥʥʦʛʦ ʥʘ ʧʨʷʤʦʤ ʠ ʦʙʨʘʪʥʦʤ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷʭ ʌʫʨʴʝ ʜʣʷ 
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ʩʚʝʪʦʚʦʛʦ ʧʦʣʷ ʠ ʝʛʦ ʨʘʟʣʦʞʝʥʠʠ ʚ ʫʛʣʦʚʦʡ ʩʧʝʢʪʨ ʧʣʦʩʢʠʭ ʚʦʣʥ [12, 13], ʧʦʟʚʦʣʠʣʦ 

ʧʦʣʫʯʠʪʴ ʠʥʪʝʛʨʘʣʴʥʦʝ ʚʳʨʘʞʝʥʠʝ, ʧʨʠʛʦʜʥʦʝ ʜʣʷ ʯʠʩʣʝʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ 

ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʩʚʝʪʘ ʚ ʜʠʬʨʘʢʮʠʦʥʥʳʭ ʤʘʢʩʠʤʫʤʘʭ ʧʝʨʚʦʛʦ ʠ ʚʪʦʨʦʛʦ 

ʧʦʨʷʜʢʦʚ. ʉʨʘʚʥʝʥʠʝ ʨʝʟʫʣʴʪʘʪʦʚ ʯʠʩʣʝʥʥʦʛʦ ʘʥʘʣʠʟʘ ʩ ʧʦʣʫʯʝʥʥʳʤʠ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ ʜʘʥʥʳʤʠ ʧʦʢʘʟʘʣʦ, ʯʪʦ ʤʝʞʜʫ ʥʠʤʠ ʠʤʝʝʪʩʷ ʫʜʦʚʣʝʪʚʦʨʠʪʝʣʴʥʦʝ 

ʩʦʛʣʘʩʠʝ ʧʨʠ ʫʛʣʝ ʥʘʢʣʦʥʘ ʜʦʤʝʥʥʳʭ ʩʪʝʥʦʢ Ŭ = 0.3Á.     

ʇʨʦʚʝʜʝʥʥʳʝ ʵʢʩʧʝʨʠʤʝʥʪʳ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʥʳʭ ʦʙʨʘʟʮʦʚ LiTaO3 ʠ 

KTiOPO4 ʩ ʇɼʉ ʥʝ ʥʘʙʣʶʜʘʝʪʩʷ ʨʘʩʱʝʧʣʝʥʠʷ ʙʨʵʛʛʦʚʩʢʠʭ ʜʠʬʨʘʢʮʠʦʥʥʳʭ ʤʘʢʩʠʤʫʤʦʚ 

ʥʘ ʜʚʘ ʩʚʝʪʦʚʳʭ ʧʷʪʥʘ, ʠʤʝʶʱʝʛʦ ʤʝʩʪʦ ʧʨʠ ʜʠʬʨʘʢʮʠʠ ʥʘ ʇɼʉ ʚ ʢʨʠʩʪʘʣʣʝ 

LiNbO3:5%MgO (ʩʤ. ʨʠʩ. 2). ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʠʝ ʢʨʠʩʪʘʣʣʳ LiTaO3 ʠ 

KTiOPO4 ʧʦʟʚʦʣʷʶʪ ʩʬʦʨʤʠʨʦʚʘʪʴ ʚ ʥʠʭ ʤʝʪʦʜʦʤ ʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʝʨʝʧʦʣʷʨʠʟʘʮʠʠ ʇɼʉ 

ʩ ʥʝʥʘʢʣʦʥʥʳʤʠ ʜʦʤʝʥʥʳʤʠ ʩʪʝʥʢʘʤʠ. ɺʳʧʦʣʥʝʥʥʳʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ, 

ʪʝʦʨʝʪʠʯʝʩʢʠʡ ʘʥʘʣʠʟ ʠ ʯʠʩʣʝʥʥʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʣʠ ʚʦʟʤʦʞʥʦʩʪʠ 

ʵʬʬʝʢʪʠʚʥʦʛʦ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʜʠʬʨʘʢʮʠʠ ʩʚʝʪʘ ʥʘ ʚʦʟʤʫʱʝʥʠʷʭ, ʩʦʟʜʘʚʘʝʤʳʭ ʇɼʉ ʚ 

ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʢʨʠʩʪʘʣʣʘʭ LiNbO3:5%MgO, LiTaO3 ʠ KTiOPO4, ʜʣʷ ʢʦʥʪʨʦʣʷ ʠʭ 

ʢʘʯʝʩʪʚʘ ʠ ʦʧʨʝʜʝʣʝʥʠʷ ʧʘʨʘʤʝʪʨʦʚ, ʪʘʢʠʭ ʢʘʢ ʥʘʢʣʦʥ ʠ ʵʬʬʝʢʪʠʚʥʘʷ ʦʧʪʠʯʝʩʢʘʷ 

ʪʦʣʱʠʥʘ ʜʦʤʝʥʥʳʭ ʩʪʝʥʦʢ.   

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ ʧʦʜʜʝʨʞʢʝ ʄʠʥʠʩʪʝʨʩʪʚʘ ʦʙʨʘʟʦʚʘʥʠʷ ʠ ʥʘʫʢʠ 

ʈʦʩʩʠʡʩʢʦʡ ʌʝʜʝʨʘʮʠʠ ʚ ʨʘʤʢʘʭ ɻʦʩʟʘʜʘʥʠʷ ʥʘ 2017-2019 ʛʦʜʳ (ʧʨʦʝʢʪʳ ˉ 

3.1110.2017/4.6 ʠ ˉ 3.8898.2017/8.9) ʠ ʈʌʌʀ (ʛʨʘʥʪ 16-29-14046-ʦʬʠ_ʤ). 
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ɸʢʫʩʪʦʦʧʪʠʯʝʩʢʠʝ ʫʩʪʨʦʡʩʪʚʘ ʰʠʨʦʢʦ ʧʨʠʤʝʥʷʶʪʩʷ ʜʣʷ ʨʝʰʝʥʠʷ ʨʘʟʣʠʯʥʳʭ ʟʘʜʘʯ 

ʚ ʦʧʪʠʢʝ, ʦʧʪʦʵʣʝʢʪʨʦʥʠʢʝ, ʩʧʝʢʪʨʦʩʢʦʧʠʠ, ʦʧʪʠʯʝʩʢʦʡ ʦʙʨʘʙʦʪʢʝ ʠʥʬʦʨʤʘʮʠʠ ʠ 

ʣʘʟʝʨʥʦʡ ʪʝʭʥʠʢʝ [1]. ʆʪʥʦʩʠʪʝʣʴʥʘʷ ʧʨʦʩʪʦʪʘ ʢʦʥʩʪʨʫʢʮʠʠ, ʦʪʩʫʪʩʪʚʠʝ ʤʝʭʘʥʠʯʝʩʢʠʭ 

ʜʚʠʞʫʱʠʭʩʷ ʯʘʩʪʝʡ ʠ ʫʥʠʚʝʨʩʘʣʴʥʦʩʪʴ ʦʙʫʩʣʘʚʣʠʚʘʶʪ ʠʭ ʰʠʨʦʢʦʝ ʧʨʠʤʝʥʝʥʠʝ ʚ 

ʣʘʟʝʨʥʦʡ ʪʝʭʥʠʢʝ, ʦʙʨʘʙʦʪʢʝ ʩʠʛʥʘʣʦʚ ʠ ʬʠʣʴʪʨʘʮʠʠ ʠʟʦʙʨʘʞʝʥʠʡ. ɹʦʣʴʰʠʥʩʪʚʦ 

ʘʢʫʩʪʦʦʧʪʠʯʝʩʢʠʭ ʧʨʠʙʦʨʦʚ ʨʘʩʩʯʠʪʘʥʳ ʥʘ ʨʘʙʦʪʫ ʚ ʚʠʜʠʤʦʤ ʠ ʙʣʠʞʥʝʤ ʠʥʬʨʘʢʨʘʩʥʦʤ 

ʜʠʘʧʘʟʦʥʝ, ʦʜʥʘʢʦ ʩʫʱʝʩʪʚʫʶʪ ʘʢʫʩʪʦʦʧʪʠʯʝʩʢʠʝ ʧʨʠʙʦʨʳ, ʨʘʙʦʪʘʶʱʠʝ ʚ ʜʘʣʴʥʝʤ ʀʂ 

ʜʠʘʧʘʟʦʥʝ[2]. ʇʝʨʝʭʦʜ ʚ ʜʣʠʥʥʦʚʦʣʥʦʚʫʶ ʦʙʣʘʩʪʴ ʩʦʧʨʷʞʝʥ ʩ ʨʷʜʦʤ ʪʨʫʜʥʦʩʪʝʡ: ʚʦ-

ʧʝʨʚʳʭ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʘʢʫʩʪʦʦʧʪʠʯʝʩʢʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʩʧʘʜʘʝʪ ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʦ 

ʢʚʘʜʨʘʪʫ ʜʣʠʥʳ ʚʦʣʥʳ ʩʚʝʪʘ, ʘ ʪʘʢʞʝ ʚʩʪʘʝʪ ʧʨʦʙʣʝʤʘ ʧʦʠʩʢʘ ʠʥʳʭ ʤʘʪʝʨʠʘʣʦʚ, 

ʧʨʦʟʨʘʯʥʳʭ ʚ ʜʘʥʥʦʡ ʦʙʣʘʩʪʠ ʩʧʝʢʪʨʘ. ɸʢʫʩʪʦʦʧʪʠʯʝʩʢʠʝ ʤʘʪʝʨʠʘʣʳ, ʦʙʳʯʥʦ 

ʧʨʠʤʝʥʷʶʱʠʝʩʷ ʚ ʚʠʜʠʤʦʡ ʯʘʩʪʠ ʩʧʝʢʪʨʘ, ʥʝʧʨʦʟʨʘʯʥʳ ʜʣʷ ʜʣʠʥ ʚʦʣʥ ʧʦʨʷʜʢʘ 5-15 ʤʢʤ. 

ɸʢʪʠʚʥʦ ʚʝʜʝʪʩʷ ʧʦʠʩʢ ʥʦʚʳʭ ʤʘʪʝʨʠʘʣʦʚ ʠ ʤʝʪʦʜʦʚ ʦʧʪʠʤʠʟʘʮʠʠ ʘʢʫʩʪʦʦʧʪʠʯʝʩʢʦʡ 

ʷʯʝʡʢʠ[3]. 

ʄʳ ʧʨʝʜʣʘʛʘʝʤ ʩʭʝʤʫ ʘʢʫʩʪʦʦʧʪʠʯʝʩʢʦʛʦ ʤʦʜʫʣʷʪʦʨʘ, ʨʘʙʦʪʘʶʱʝʛʦ ʥʘ ʜʣʠʥʝ 

ʚʦʣʥʳ ʠʟʣʫʯʝʥʠʷ 10,6 ʤʢʤ, ʦʩʥʦʚʘʥʥʦʛʦ ʥʘ ʫʩʠʣʝʥʠʠ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʘʢʫʩʪʦʦʧʪʠʯʝʩʢʦʛʦ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʟʘ ʩʯʝʪ ʚʦʟʙʫʞʜʝʥʠʠ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʬʦʥʦʥ-ʧʦʣʷʨʠʪʦʥʘ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ 

ʢʘʨʙʠʜʘ ʢʨʝʤʥʠʷ. ʌʦʥʦʥ-ʧʦʣʷʨʠʪʦʥ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʩʚʷʟʘʥʥʳʝ ʢʦʣʝʙʘʥʠʷ ʟʘʨʷʜʦʚ 

ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʝʪʢʠ ʧʦʣʫʧʨʦʚʦʜʥʠʢʘ ʠ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʳʭ ʚʦʣʥ. ʉ ʪʦʯʢʠ ʟʨʝʥʠʷ 

ʤʘʪʝʤʘʪʠʯʝʩʢʦʛʦ ʦʧʠʩʘʥʠʷ ʧʨʦʠʩʭʦʜʷʱʠʭ ʧʨʦʮʝʩʩʦʚ, ʬʦʥʦʥ-ʧʦʣʷʨʠʪʦʥʳ ʘʥʘʣʦʛʠʯʥʳ 

ʧʦʚʝʨʭʥʦʩʪʥʳʤ ʧʣʘʟʤʦʥʘʤ. ʆʜʥʘʢʦ ʚ ʦʪʣʠʯʠʝ ʦʪ ʤʝʪʘʣʣʦʚ, ʛʜʝ ʦʪʨʠʮʘʪʝʣʴʥʘʷ 

ʜʠʵʣʝʢʪʨʠʯʝʩʢʘʷ ʧʨʦʥʠʮʘʝʤʦʩʪʴ ʦʙʝʩʧʝʯʠʚʘʝʪʩʷ ʛʘʟʦʤ ʩʚʦʙʦʜʥʳʭ ʵʣʝʢʪʨʦʥʦʚ, ʚ ʩʣʫʯʘʝ 

ʢʘʨʙʠʜʘ ʢʨʝʤʥʠʷ ʠʤʝʝʪ ʤʝʩʪʦ ʨʝʟʦʥʘʥʩʥʦʝ ʧʦʛʣʦʱʝʥʠʝ ʠʥʬʨʘʢʨʘʩʥʦʛʦ ʠʟʣʫʯʝʥʠʷ. 

   
ʈʠʩ.1. ʉʭʝʤʘ ʤʦʜʫʣʷʪʦʨʘ 

 

ɺʦʟʙʫʞʜʝʥʠʝ ʬʦʥʦʥʘ ʧʨʦʠʟʚʦʜʠʪʩʷ ʤʝʪʦʜʦʤ ʆʪʪʦ ʥʘ ʛʨʘʥʠʮʝ ʨʘʟʜʝʣʘ ʚʦʟʜʫʭ-SiC ʩ 

ʧʦʤʦʱʴʶ ʧʨʠʟʤʳ ʠʟ ʘʨʩʝʥʠʜʘ ʛʘʣʣʠʷ(n = 3,27; k<<n). ʉʭʝʤʘ ʤʦʜʫʣʷʪʦʨʘ ʧʨʝʜʩʪʘʚʣʝʥʘ ʥʘ 

ʈʠʩ 1. ɺʦʟʤʦʞʥʦʩʪʴ ʩʫʱʝʩʪʚʦʚʘʥʠʷ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʬʦʥʦʥ-ʧʦʣʷʨʠʪʦʥʘ ʦʧʨʝʜʝʣʷʝʪʩʷ 

ʫʩʣʦʚʠʝʤ 1}Re{ 0 >kkspp , ʘ ʝʛʦ ʟʘʪʫʭʘʥʠʝ ʤʥʠʤʦʡ ʯʘʩʪʴʶ kspp. ɺ ʪʘʙʣʠʮʝ 1 ʧʨʝʜʩʪʘʚʣʝʥʳ 

ʨʝʟʫʣʴʪʘʪʳ ʨʘʩʯʝʪʦʚ ʧʘʨʘʤʝʪʨʦʚ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʬʦʥʦʥʘ ʥʘ ʜʣʠʥʝ ʚʦʣʥʳ 10,6 ʤʢʤ: ʜʣʠʥʘ 

ʚʦʣʥʳ, ʜʣʠʥʘ ʧʨʦʙʝʛʘ ʠ ʛʣʫʙʠʥʳ ʣʦʢʘʣʠʟʘʮʠʡ ʜʣʷ ʢʘʨʙʠʜʘ ʢʨʝʤʥʠʷ SiC ʠ ʦʢʩʠʜʘ 

ʙʝʨʠʣʣʠʷ BeO. ʂʘʨʙʠʜ ʢʨʝʤʥʠʷ ʠʤʝʝʪ ʣʠʥʠʶ ʧʦʛʣʦʱʝʥʠʷ ʥʘ 10,6 ʤʢʤ, ʠʟ-ʟʘ ʵʪʦʛʦ ʜʣʷ 

ʥʝʛʦ ʚʳʧʦʣʥʷʝʪʩʷ ʫʩʣʦʚʠʝ ʩʫʱʝʩʪʚʦʚʘʥʠʝ ʧʦʚʝʨʭʥʦʩʪʥʳʭ ʧʣʘʟʤʦʥʥʳʭ ʚʦʣʥ (n = 0,06; 
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k = 1,21). ɼʘʥʥʳʡ ʤʘʪʝʨʠʘʣ ʚ ʩʨʝʜʥʝʤ ʀʂ ʜʠʘʧʘʟʦʥʝ ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ ʧʣʘʟʤʦʥʠʢʠ ʧʦʭʦʞ 

ʥʘ ʤʝʪʘʣʣʳ ʚ ʚʠʜʠʤʦʤ ʩʧʝʢʪʨʝ: ʣʦʢʘʣʠʟʘʮʠʠ ʚ ʚʦʟʜʫʭʝ ʠ ʤʝʪʘʣʣʝ ʦʪʣʠʯʘʶʪʩʷ ʚʩʝʛʦ ʥʘ 

ʦʜʠʥ ʧʦʨʷʜʦʢ, ʘ ʜʣʠʥʘ ʧʨʦʙʝʛʘ ʤʝʥʴʰʝ ʜʣʠʥʳ ʚʦʣʥʳ. ɸʥʘʣʦʛʠʯʥʘʷ ʩʠʪʫʘʮʠʷ ʧʨʦʠʩʭʦʜʠʪ 

ʩ ʦʢʩʠʜʦʤ ʙʝʨʠʣʣʠʷ BeO (n = 0,05; k = 1,583), ʦʜʥʘʢʦ ʜʣʠʥʘ ʧʨʦʙʝʛʘ ʬʦʥʦʥ-ʧʦʣʷʨʠʪʦʥʘ 

ʥʘ ʧʦʨʷʜʦʢ ʙʦʣʴʰʝ ʜʣʠʥʳ ʚʦʣʥʳ. ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʠʟʤʝʨʝʥʥʳʝ 

ʜʣʠʥʳ ʧʨʦʙʝʛʘ ʥʘ 10 ʤʢʤ ʤʦʛʫʪ ʙʳʪʴ ʚ 2-3 ʨʘʟʘ ʤʝʥʴʰʝ ʪʝʦʨʝʪʠʯʝʩʢʠʭ ʟʥʘʯʝʥʠʡ[4]. 

ʆʩʥʦʚʥʳʤ ʚʢʣʘʜʦʤ ʚ ʜʘʥʥʦʝ ʨʘʩʭʦʞʜʝʥʠʝ ʷʚʣʷʝʪʩʷ ʚʳʩʦʢʘʷ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴ 

ʧʦʚʝʨʭʥʦʩʪʥʳʭ ʧʦʣʷʨʠʪʦʥʦʚ ʢ ʥʝʨʦʚʥʦʩʪʷʤ ʧʦʚʝʨʭʥʦʩʪʠ ʠ ʩʣʝʜʫʶʱʠʝ ʠʟ ʵʪʦʛʦ 

ʨʘʩʩʝʠʚʘʥʠʝ ʚ ʚʠʜʝ ʦʙʲʝʤʥʦʛʦ ʠʟʣʫʯʝʥʠʷ. 

 
ʊʘʙʣʠʮʘ 1. ʇʘʨʘʤʝʪʨʳ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʬʦʥʦʥ-ʧʦʣʷʨʠʪʦʥʘ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ SiC ʠ BeO 

ʄʘʪʝʨʠʘʣ ɻʣʫʙʠʥʘ 

ʣʦʢʘʣʠʟʘʮʠʠ ʚ 

ʚʦʟʜʫʭʝ, ʩʤ 

ɻʣʫʙʠʥʘ 

ʣʦʢʘʣʠʟʘʮʠʠ ʚ 

ʤʝʪʘʣʣʝ, ʩʤ 

ɼʣʠʥʘ ʚʦʣʥʳ, 

ʩʤ 

ɼʣʠʥʘ ʧʨʦʙʝʛʘ, 

ʩʤ 

SiC 1,19Ā10-4  7,99Ā10-5  6,109105Ā10-4  4,75Ā10-4  

BeO 2,08Ā10-4  8,27Ā10-5  8,230685Ā10-4  3,13Ā10-3  

 

ɼʣʷ ʥʘʭʦʞʜʝʥʠʷ ʚʣʠʷʥʠʷ ʧʨʠʟʤʳ ʚ ʛʝʦʤʝʪʨʠʠ ʆʪʪʦ, ʥʫʞʥʦ ʩʰʠʪʴ ʧʦʣʷ Hy ʠ Ex ʧʨʠ 

ʧʦʣʥʦʤ ʚʥʫʪʨʝʥʥʝʤ ʦʪʨʘʞʝʥʠʠ ʥʘ ʛʨʘʥʠʮʝ ʧʨʠʟʤʘ-ʚʦʟʜʫʭ ʠ ʧʨʠ ʚʦʟʙʫʞʜʝʥʠʠ 

ʧʦʣʷʨʠʪʦʥʘ ʥʘ ʛʨʘʥʠʮʝ ʨʘʟʜʝʣʘ SiC-ʜʠʵʣʝʢʪʨʠʢ. ɼʣʷ ʢʦʵʬʬʠʮʠʝʥʪʘ ʦʪʨʘʞʝʥʠʷ ʩʠʩʪʝʤʳ 

ʧʨʠʟʤʘ-ʚʦʟʜʫʭ-SiC ʧʨʠ ʊʄ-ʧʦʣʷʨʠʟʘʮʠʠ ʧʦʣʫʯʝʥʘ ʘʥʘʣʠʪʠʯʝʩʢʘʷ ʬʦʨʤʫʣʘ(1): 
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ʛʜʝ kz ï ʚʝʣʠʯʠʥʘ ʧʨʦʝʢʮʠʠ ʚʦʣʥʦʚʦʛʦ ʚʝʢʪʦʨʘ ʧʘʜʘʶʱʝʡ ʚʦʣʥʳ ʥʘ ʦʩʴ OZ, ɔd ï ʚʝʣʠʯʠʥʘ 

ʣʦʢʘʣʠʟʘʮʠʠ ʬʦʥʦʥʘ ʚ ʚʦʟʜʫʭʝ, Ůd = 1 ï ʜʠʵʣʝʢʪʨʠʯʝʩʢʘʷ ʧʨʦʥʠʮʘʝʤʦʩʪʴ ʚʦʟʜʫʭʘ, ɔm ï 

ʣʦʢʘʣʠʟʘʮʠʷ ʬʦʥʦʥʘ ʚ ʤʝʪʘʣʣʝ, Ům ï ʜʠʵʣʝʢʪʨʠʯʝʩʢʘʷ ʧʨʦʥʠʮʘʝʤʦʩʪʴ SiC, Ůp ï 

ʜʠʵʣʝʢʪʨʠʯʝʩʢʘʷ ʧʨʦʥʠʮʘʝʤʦʩʪʴ ʧʨʠʟʤʳ, ʘ d ï ʚʝʣʠʯʠʥʘ ʟʘʟʦʨʘ ʤʝʞʜʫ ʧʨʠʟʤʦʡ ʠ 

ʢʘʨʙʠʜʦʤ ʢʨʝʤʥʠʷ. 

ʄʦʜʫʣʷʮʠʷ ʦʪʨʘʞʝʥʠʷ ʧʨʦʠʟʚʦʜʠʪʩʷ ʩ ʧʦʤʦʱʴʶ ʧʨʦʜʦʣʴʥʦʡ ʘʢʫʩʪʠʯʝʩʢʦʡ ʚʦʣʥʳ 

ʩ ʧʣʦʪʥʦʩʪʴʶ ʤʦʱʥʦʩʪʠ W = 1W/mm2, ʚʦʟʙʫʞʜʘʝʤʦʡ ʧʴʝʟʦʵʣʝʢʪʨʠʯʝʩʢʠʤ 

ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʝʤ ʥʘ ʚʝʨʭʫʰʢʝ ʧʨʠʟʤʳ. ɸʢʫʩʪʠʯʝʩʢʠʝ ʢʦʣʝʙʘʥʠʷ ʦʙʝʩʧʝʯʠʚʘʶʪ 

ʚʘʨʠʘʮʠʶ ʢʘʢ ʪʦʣʱʠʥʳ ʚʦʟʜʫʰʥʦʛʦ ʟʘʟʦʨʘ ŭd ʪʘʢ ʠ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ 

ʧʨʠʟʤʳ ŭŮ: 
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ʛʜʝ ɟ ï ʧʣʦʪʥʦʩʪʴ ʤʘʪʝʨʠʘʣʘ ʧʨʠʟʤʳ, v ï ʩʢʦʨʦʩʪʴ ʟʚʫʢʘ, Ů ï ʜʠʵʣʝʢʪʨʠʯʝʩʢʘʷ 

ʧʨʦʥʠʮʘʝʤʦʩʪʴ, f ï ʯʘʩʪʦʪʘ ʫʣʴʪʨʘʟʚʫʢʘ.  

ʂʘʢ ʩʣʝʜʫʝʪ ʠʟ (2), ʚʝʣʠʯʠʥʘ ʚʘʨʠʘʮʠʠ ʟʘʟʦʨʘ ʟʘʚʠʩʠʪ ʦʪ ʯʘʩʪʦʪʳ ʟʚʫʢʘ. ʉʣʝʜʫʝʪ 

ʦʪʤʝʪʠʪʴ, ʯʪʦ ʬʦʨʤʫʣʘ (1) ʥʝ ʫʯʠʪʳʚʘʝʪ ʘʢʫʩʪʠʯʝʩʢʫʶ ʜʠʩʩʠʧʘʮʠʶ, ʢʦʪʦʨʘʷ 

ʩʫʱʝʩʪʚʝʥʥʘ ʥʘ ʯʘʩʪʦʪʘʭ ʩʚʳʰʝ 108 ɻʮ. ʀʟ-ʟʘ ʵʪʦʛʦ ʚ ʨʘʩʯʝʪʘʭ ʤ  rʠʩʧʦʣʴʟʦʚʘʣʠ ʯʘʩʪʦʪʫ 

ʟʚʫʢʘ f=25ʄɻʮ. ʆʜʥʘʢʦ, ʦʙʣʘʩʪʴ ʘʢʫʩʪʦʦʧʪʠʯʝʩʢʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʥʝ ʧʨʝʚʳʰʘʝʪ 
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ʥʝʩʢʦʣʴʢʦ ʤʠʢʨʦʥ, ʪʘʢ ʯʪʦ ʟʘ ʩʯʝʪ ʫʤʝʥʴʰʝʥʠʠ ʨʘʟʤʝʨʘ ʧʨʠʟʤʳ ʚʦʟʤʦʞʥʦ ʜʦʩʪʠʯ 

ʤʦʜʫʣʷʮʠʠ ʥʘ ʯʘʩʪʦʪʘʭ ʜʦ ʥʝʩʢʦʣʴʢʠʭ ʛʠʛʘʛʝʨʮ. 

ɺ ʬʦʨʤʫʣʝ (2) p ï ʵʪʦ ʢʦʤʧʦʥʝʥʪ ʪʝʥʟʦʨʘ ʬʦʪʦʫʧʨʫʛʦʩʪʠ ʤʘʪʝʨʠʘʣʘ ʧʨʠʟʤʳ, 

ʦʧʠʩʳʚʘʶʱʠʡ ʧʨʦʜʦʣʴʥʫʶ ʜʝʬʦʨʤʘʮʠʶ ʚ ʥʘʧʨʘʚʣʝʥʠʠ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʟʚʫʢʘ. ʊʘʢ ʢʘʢ 

ʤ  r ʨʘʩʩʤʘʪʨʠʚʘʝʤ ʧʨʦʜʦʣʴʥʳʝ ʘʢʫʩʪʠʯʝʩʢʠʝ ʚʦʣʥʳ, ʪʦ ʤ  r ʚʳʙʠʨʘʝʤ ʵʬʬʝʢʪʠʚʥʫʶ 

ʬʦʪʦʫʧʨʫʛʫʶ ʧʦʩʪʦʷʥʥʫʶ ʢʘʢ ʥʘʠʙʦʣʴʰʝʝ ʟʥʘʯʝʥʠʝ ʠʟ p11, p22 ʠʣʠ p33 ʢʦʤʧʦʥʝʪ ʪʝʥʟʦʨʘ 

ʬʦʪʦʫʧʨʫʛʦʩʪʠ. ɿʥʘʯʝʥʠʷ ʚʝʣʠʯʠʥ ʤʦʜʫʣʷʮʠʠ ʚʦʟʜʫʰʥʦʛʦ ʟʘʟʦʨʘ ʠ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ 

ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʨʘʟʣʠʯʥʳʭ ʠʥʬʨʘʢʨʘʩʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʈʠʩ. 2. 

   
ʈʠʩ.2. ʉʨʘʚʥʝʥʠʝ ʠʥʬʨʘʢʨʘʩʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʧʨʠʟʤʳ 

 

ʂʘʢ ʩʣʝʜʫʝʪ ʠʟ ʜʘʥʥʳʭ, ʧʨʝʜʩʪʘʚʣʝʥʥʳʭ ʥʘ ʈʠʩ. 2, ʥʘʠʣʫʯʰʠʡ ʨʝʟʫʣʴʪʘʪ 

ʦʙʝʩʧʝʯʠʚʘʝʪʩʷ ʧʨʠʤʝʥʝʥʠʝʤ ʘʨʩʝʥʠʜʘ ʛʘʣʣʠʷ GaAs ʠ ʠʟ-ʟʘ ʵʪʦʛʦ ʠʤʝʥʥʦ ʦʥ ʙʳʣ ʚʳʙʨʘʥ 

ʚ ʢʘʯʝʩʪʚʝ ʤʘʪʝʨʠʘʣʘ ʧʨʠʟʤʳ. ʈʘʩʯʝʪʳ ʧʦʢʘʟʳʚʘʶʪ, ʯʪʦ ʜʣʷ ʩʣʫʯʘʷ ʧʦʣʦʞʠʪʝʣʴʥʦʡ 

ʬʦʪʦʫʧʨʫʛʦʡ ʧʦʩʪʦʷʥʥʦʡ Bi12GeO20, CdS ʠ KRS-5 ʚʣʠʷʥʠʝ ŭŮ ʠ ŭd ʥʘ ʤʦʜʫʣʷʮʠʶ 

ʢʦʵʬʬʠʮʠʝʥʪʘ ʦʪʨʘʞʝʥʠʷ ʩʢʣʘʜʳʚʘʝʪʩʷ, ʘ ʜʣʷ ʩʣʫʯʘʷ ʦʪʨʠʮʘʪʝʣʴʥʦʡ ʬʦʪʦʫʧʨʫʛʦʡ 

ʧʦʩʪʦʷʥʥʦʡ GaP, Ge ʠ GaAs ʥʘʦʙʦʨʦʪ ʚʳʯʠʪʘʝʪʩʷ. ʅʝʩʤʦʪʨʷ ʥʘ ɻ ʪʦ, ʤ  rʚʳʙʨʘʣʠ ʘʨʩʝʥʠʜ 

ʛʘʣʣʠʷ GaAs ʚ ʢʘʯʝʩʪʚʝ ʤʘʪʝʨʠʘʣʘ ʧʨʠʟʤʳ ʜʣʷ ʥʘʰʝʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ ʠʟ-ʟʘ ʙʦʣʴʰʠʭ 

ʘʙʩʦʣʶʪʥʳʭ ʟʥʘʯʝʥʠʡ ŭŮ ʠ ŭd. ɸʥʘʣʠʟ ʧʦʢʘʟʳʚʘʝʪ, ʯʪʦ ʜʣʷ ʩʪʨʫʢʪʫʨ, ʦʩʥʦʚʘʥʥʳʭ ʥʘ 

ʧʨʠʤʝʥʝʥʠʠ ʧʦʚʝʨʭʥʦʩʪʥʳʭ ʧʦʣʷʨʠʪʦʥʦʚ, ʚʘʨʠʘʮʠʷ ʟʘʟʦʨʘ ŭd ʚʥʦʩʠʪ ʛʦʨʘʟʜʦ ʙʦʣʝʝ 

ʩʫʱʝʩʪʚʝʥʥʳʡ ʚʢʣʘʜ, ʯʝʤ ʚʘʨʠʘʮʠʷ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʧʨʠʟʤʳ ŭŮ. 

ɺ ʩʣʫʯʘʝ ʧʦʣʫʙʝʩʢʦʥʝʯʥʦʛʦ ʢʨʠʩʪʘʣʣʘ ʢʘʨʙʠʜʘ ʢʨʝʤʥʠʷ ʚ ʛʝʦʤʝʪʨʠʠ ʆʪʪʦ ʛʣʫʙʠʥʘ 

ʨʝʟʦʥʘʥʩʘ ʜʦʩʪʠʛʘʝʪ 20%, ʦʜʥʘʢʦ ʟʘʤʝʥʷʷ ʧʦʣʫʙʝʩʢʦʥʝʯʥʳʡ ʢʨʠʩʪʘʣʣ ʥʘ ʧʣʝʥʢʫ 

ʪʦʣʱʠʥʦʡ 570 ʥʤ ʠ ʧʨʠʤʝʥʷʷ ʧʦʜʣʦʞʢʫ ʠʟ ʩʫʣʴʬʠʜʘ ʮʠʥʢʘ, ʚʦʟʤʦʞʥʦ ʜʦʙʠʪʴʩʷ ʥʫʣʝʚʦʛʦ 

ʤʠʥʠʤʘʣʴʥʦʛʦ ʦʪʨʘʞʝʥʠʷ. 

   
ʈʠʩ.3. ɿʘʚʠʩʠʤʦʩʪʴ ʢʦʵʬʬʠʮʠʝʥʪʘ ʦʪʨʘʞʝʥʠʷ(ʩʣʝʚʘ) ʠ ʤʦʜʫʣʷʮʠʠ(ʩʧʨʘʚʘ) ʦʪ ʫʛʣʘ ʠ ʟʘʟʦʨʘ 
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ʅʘ ʈʠʩ 3 ʧʨʝʜʩʪʘʚʣʝʥʳ ʟʘʚʠʩʠʤʦʩʪʠ ʢʦʵʬʬʠʮʠʝʥʪʘ ʦʪʨʘʞʝʥʠʷ(ʩʣʝʚʘ) ʠ 

ʤʦʜʫʣʷʮʠʠ(ʩʧʨʘʚʘ) ʦʪ ʫʛʣʘ ʠ ʚʝʣʠʯʠʥʳ ʟʘʟʦʨʘ ʠ ʜʣʷ ʩʠʩʪʝʤʳ ʧʨʠʟʤʘ-ʚʦʟʜʫʭ-SiC-ZnS ʧʨʠ 

ʊʄ ʧʦʣʷʨʠʟʘʮʠʠ. ɺ ʦʪʣʠʯʠʝ ʦʪ ʤʝʪʘʣʣʦʚ ʚ ʜʘʣʴʥʝʤ ʠʥʬʨʘʢʨʘʩʥʦʤ ʜʠʘʧʘʟʦʥʝ, ʫ 

ʧʦʛʣʦʱʘʶʱʠʭ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚ ʨʝʟʦʥʘʥʩʥʳʝ ʫʛʣʳ ʥʘʭʦʜʷʪʩʷ ʥʘ ʟʥʘʯʠʪʝʣʴʥʦʤ 

ʫʜʘʣʝʥʠʠ ʦʪ ʫʛʣʘ ʧʦʣʥʦʛʦ ʚʥʫʪʨʝʥʥʝʛʦ ʦʪʨʘʞʝʥʠʷ, ʪʘʢ ʯʪʦ ʤʦʜʳ ʌʘʙʨʠ-ʇʝʨʦ ʥʝ 

ʥʘʢʣʘʜʳʚʘʶʪʩʷ ʥʘ ʢʘʨʪʠʥʫ ʬʦʥʦʥʥʦʛʦ ʨʝʟʦʥʘʥʩʘ. ɹʦʣʴʰʘʷ ʰʠʨʠʥʘ ʨʝʟʦʥʘʥʩʘ ʧʦʟʚʦʣʷʝʪ 

ʨʘʙʦʪʘʪʴ ʩ ʰʠʨʦʢʦʧʦʣʦʩʥʳʤʠ ʧʫʯʢʘʤʠ ʧʨʠ ʧʨʘʚʠʣʴʥʦ ʧʦʜʦʙʨʘʥʥʦʡ ʰʠʨʠʥʝ ʟʘʟʦʨʘ. 

 

   
ʈʠʩ.4. ɿʘʚʠʩʠʤʦʩʪʴ ʢʦʵʬʬʠʮʠʝʥʪʘ ʦʪʨʘʞʝʥʠʷ(ʩʣʝʚʘ) ʠ ʤʦʜʫʣʷʮʠʠ(ʩʧʨʘʚʘ) ʦʪ ʫʛʣʘ ʠ ʟʘʟʦʨʘ 

 

ʅʘ ʈʠʩ 4 ʧʨʝʜʩʪʘʚʣʝʥʳ ʟʘʚʠʩʠʤʦʩʪʠ ʢʦʵʬʬʠʮʠʝʥʪʘ ʦʪʨʘʞʝʥʠʷ(ʩʣʝʚʘ) ʠ 

ʤʦʜʫʣʷʮʠʠ(ʩʧʨʘʚʘ) ʦʪ ʫʛʣʘ ʠ ʚʝʣʠʯʠʥʳ ʟʘʟʦʨʘ ʠ ʜʣʷ ʩʠʩʪʝʤʳ ʧʨʠʟʤʘ-ʚʦʟʜʫʭ-BeO-ZnS 

ʧʨʠ ʊʄ ʧʦʣʷʨʠʟʘʮʠʠ. ʆʧʪʠʤʘʣʴʥʘʷ ʪʦʣʱʠʥʘ ʧʣʝʥʢʠ ʦʢʩʠʜʘ ʙʝʨʠʣʣʠʷ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʘʷ 

ʥʫʣʝʚʦʤʫ ʤʠʥʠʤʘʣʴʥʦʤʫ ʦʪʨʘʞʝʥʠʶ, ʩʦʩʪʘʚʣʷʝʪ 470 ʥʤ. ʍʦʪʷ ʫʛʦʣ ʬʦʥʦʥʥʦʛʦ ʨʝʟʦʥʘʥʩʘ 

ʜʣʷ ʢʘʨʙʠʜʘ ʢʨʝʤʥʠʷ ʠ ʦʢʩʠʜʘ ʙʝʨʠʣʣʠʷ ʦʪʣʠʯʘʝʪʩʷ ʥʘ 10 ʛʨʘʜʫʩʦʚ, ʚ ʦʩʪʘʣʴʥʦʤ ʢʘʨʪʠʥʘ 

ʚʝʩʴʤʘ ʩʭʦʞʘ 

ʈʘʙʦʪʘ ʧʦʜʜʝʨʞʘʥʘ ʈʌʌʀ (ʛʨʘʥʪ  ̄18-29-20113). 
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ʈʝʘʣʠʟʘʮʠʷ ʤʝʪʦʜʘ Supersonic Shear Wave Elastography ʥʘ 

ʘʢʫʩʪʠʯʝʩʢʦʡ ʩʠʩʪʝʤʝ Verasonics ʠ ʩʨʘʚʥʝʥʠʝ ʩ ʤʝʪʦʜʦʤ SWEI 
 

ɸ.ɽ. ʉʧʠʚʘʢ, ɸ.ɽ. ʉʠʤʦʥʦʚ 
ʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ  

ʅʠʞʝʛʦʨʦʜʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʠʤ. ʅ.ʀ. ʃʦʙʘʯʝʚʩʢʦʛʦ  

strigino831@gmail.com 

 

ʄʝʪʦʜ ʵʣʘʩʪʦʛʨʘʬʠʷ ʥʘ ʩʜʚʠʛʦʚʳʭ ʚʦʣʥʘʭ (SWEI Shear Wave Elasticity Imaging), 

ʢʦʪʦʨʳʡ ʧʦ ʠʟʤʝʨʝʥʠʷʤ ʠʭ ʩʢʦʨʦʩʪʝʡ ʧʦʟʚʦʣʷʝʪ ʦʮʝʥʠʪʴ ʫʧʨʫʛʠʝ ʩʚʦʡʩʪʚʘ ʤʷʛʢʠʭ 

ʙʠʦʣʦʛʠʯʝʩʢʠʭ ʪʢʘʥʝʡ, ʘ ʠʤʝʥʥʦ ʤʦʜʫʣʠ ʩʜʚʠʛʘ ʠ ʖʥʛʘ, ʷʚʣʷʝʪʩʷ ʦʜʥʠʤ ʠʟ ʥʘʠʙʦʣʝʝ 

ʠʥʬʦʨʤʘʪʠʚʥʳʭ ʤʝʪʦʜʦʚ ʫʣʴʪʨʘʟʚʫʢʦʚʦʡ ʜʠʘʛʥʦʩʪʠʢʠ. ɼʘʥʥʳʡ ʤʝʪʦʜ ʙʳʣ ʧʨʝʜʩʪʘʚʣʝʥ 

ʚ 1998 ʛʦʜʫ, ʠ ʩʝʡʯʘʩ ʦʥ ʠʥʪʝʛʨʠʨʫʝʪʩʷ ʚ ʙʦʣʴʰʫʶ ʯʘʩʪʴ ʜʠʘʛʥʦʩʪʠʯʝʩʢʠʭ 

ʫʣʴʪʨʘʟʚʫʢʦʚʳʭ ʩʠʩʪʝʤ ʵʢʩʧʝʨʪʥʦʛʦ ʢʣʘʩʩʘ. ɼʘʥʥʳʡ ʤʝʪʦʜ ʪʘʢʞʝ ʙʳʣ ʨʝʘʣʠʟʦʚʘʥ ʥʘ 

ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʦʡ ʫʣʴʪʨʘʟʚʫʢʦʚʦʡ ʩʠʩʪʝʤʝ Verasonics ʚ ʣʘʙʦʨʘʪʦʨʠʠ ʄʝʜʃʘʙ [1]. 

ʂʣʘʩʩʠʯʝʩʢʘʷ ʩʭʝʤʘ SWEI ʚʳʛʣʷʜʠʪ ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ. ʉʜʚʠʛʦʚʘʷ ʚʦʣʥʘ 

ʚʦʟʙʫʞʜʘʝʪʩʷ ʤʦʱʥʦʡ ʩʬʦʢʫʩʠʨʦʚʘʥʥʦʡ ʚʦʣʥʦʡ ʚ ʪʦʣʱʝ ʦʙʨʘʟʮʘ (ʨʠʩ. 1). ɼʣʷ ʵʪʦʛʦ ʚ 

ʩʨʝʜʫ ʥʘʧʨʘʚʣʷʝʪʩʷ ʨʘʜʠʦʠʤʧʫʣʴʩ ʦʙʳʯʥʦʡ (ʧʨʦʜʦʣʴʥʦʡ) ʫʣʴʪʨʘʟʚʫʢʦʚʦʡ ʚʦʣʥʳ. 

ʉʤʝʱʝʥʠʝ ʩʨʝʜʳ ʦʧʨʝʜʝʣʷʝʪʩʷ ʫʣʴʪʨʘʟʚʫʢʦʚʳʤ ʤʝʪʦʜʦʤ. ɼʣʷ ʵʪʦʛʦ ʜʦ 

ʩʬʦʢʫʩʠʨʦʚʘʥʥʦʛʦ ʠʤʧʫʣʴʩʘ ʧʦʜʘʝʪʩʷ ʢʦʨʦʪʢʠʡ ʥʝʩʬʦʢʫʩʠʨʦʚʘʥʥʳʡ ʦʧʦʨʥʳʡ 

ʠʟʦʙʨʘʞʘʶʱʠʡ ʠʤʧʫʣʴʩ. ʇʦʩʣʝ ʪʦʣʢʘʶʱʝʛʦ ʠʤʧʫʣʴʩʘ ʚ ʩʨʝʜʫ ʧʦʜʘʝʪʩʷ 

ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʴ ʠʟʦʙʨʘʞʘʶʱʠʭ ʠʤʧʫʣʴʩʦʚ, ʠʜʝʥʪʠʯʥʳʭ ʦʧʦʨʥʦʤʫ. ʉ ʧʦʤʦʱʴʶ 

ʚʳʯʠʩʣʝʥʠʷ ʢʦʨʨʝʣʷʮʠʠ ʜʘʥʥʳʭ ʠʤʧʫʣʴʩʦʚ ʩ ʦʧʦʨʥʳʤ ʨʝʛʠʩʪʨʠʨʫʝʪʩʷ ʩʤʝʱʝʥʠʝ ʩʨʝʜʳ 

ɝ(x,t) ʢʘʢ ʬʫʥʢʮʠʷ ʚʨʝʤʝʥʠ t ʥʘ ʨʘʟʣʠʯʥʳʭ ʨʘʩʩʪʦʷʥʠʷʭ ʭ ʦʪ ʪʦʯʢʠ ʬʦʢʫʩʘ ʪʦʣʢʘʶʱʝʛʦ 

ʠʤʧʫʣʴʩʘ. ʀʟ ʬʫʥʢʮʠʡ ʩʤʝʱʝʥʠʡ ʤʦʞʥʦ ʦʧʨʝʜʝʣʠʪʴ ʚʨʝʤʷ ʧʨʠʭʦʜʘ ʬʨʦʥʪʘ ʩʜʚʠʛʦʚʦʡ 

ʚʦʣʥʳ ʚ ʦʧʨʝʜʝʣʝʥʥʫʶ ʪʦʯʢʫ ʠ ʧʦʩʯʠʪʘʪʴ ʩʢʦʨʦʩʪʴ ʚʦʣʥʳ [2]. 

 

ʈʠʩ. 1. ɺʠʟʫʘʣʠʟʘʮʠʷ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʩʜʚʠʛʦʚʦʡ ʚʦʣʥʳ ʧʨʠ ʨʘʙʦʪʝ ʤʝʪʦʜʘ SWEI ʥʘ ʘʢʫʩʪʠʯʝʩʢʦʡ 

ʩʠʩʪʝʤʝ Verasonics. 

 

ʉʝʛʦʜʥʷ ʥʘʙʠʨʘʪʁ ʧʦʧʫʣʷʨʥʦʩʪʴ ʵʢʩʧʝʨʪʥʳʝ ʩʠʩʪʝʤʳ ʬʠʨʤʳ Supersonic (Aixplorer, 

Aixplorer Mach 30), ʚ ʢʦʪʦʨʳʭ ʠʩʧʦʣʴʟʫʝʪʩʷ ʙʦʣʝʝ ʩʦʚʝʨʰʝʥʥʘʷ ʤʝʪʦʜʠʢʘ ʦʧʨʝʜʝʣʝʥʠʷ 

ʵʣʘʩʪʠʯʥʦʩʪʠ ʪʢʘʥʠ, Supersonic Shear Wave Elastography (sSWE). ɼʘʥʥʳʡ ʤʝʪʦʜ ʚʧʝʨʚʳʝ 

ʙʳʣ ʧʨʝʜʩʪʘʚʣʝʥ ʚ 2004 ʛʦʜʫ, ʠ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʜʘʣʴʥʝʡʰʝʝ ʨʘʟʚʠʪʠʝ ʤʝʪʦʜʘ SWEI 

[3]. ʆʩʥʦʚʥʦʝ ʦʪʣʠʯʠʝ ʥʦʚʦʛʦ ʤʝʪʦʜʘ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʦʪʦʙʨʘʞʝʥʠʠ ʜʘʥʥʳʭ ʦ ʵʣʘʩʪʠʯʥʦʩʪʠ 

ʩʨʝʜʳ (ʤʦʜʫʣʷ ʖʥʛʘ) ʥʝ ʚ ʦʜʥʦʡ ʚʳʙʨʘʥʥʦʡ ʪʦʯʢʝ, ʘ ʥʘ ʮʝʣʦʤ ʫʯʘʩʪʢʝ ʠʩʩʣʝʜʫʝʤʦʛʦ 

ʦʙʲʝʢʪʘ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʙʦʣʝʝ ʧʦʜʨʦʙʥʦ ʠʩʩʣʝʜʦʚʘʪʴ ʦʙʣʘʩʪʴ ʠʥʪʝʨʝʩʦʚ. ɼʘʥʥʳʡ ʤʝʪʦʜ 

ʙʳʣ ʨʝʘʣʠʟʦʚʘʥ ʥʘ ʘʢʫʩʪʠʯʝʩʢʦʡ ʩʠʩʪʝʤʝ Verasonics.  
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ʉʫʪʴ ʜʘʥʥʦʛʦ ʤʝʪʦʜʘ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʤ ʧʫʩʢʝ ʥʝʩʢʦʣʴʢʠʭ 

ʩʬʦʢʫʩʠʨʦʚʘʥʥʳʭ ʠʤʧʫʣʴʩʦʚ, ʩʤʝʱʘʷ ʪʦʯʢʫ ʬʦʢʫʩʠʨʦʚʢʠ ʚʩʝ ʥʠʞʝ (ʠʣʠ ʚʳʰʝ, ʚ 

ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʨʝʞʠʤʘ ʨʘʙʦʪʳ) ʩ ʢʘʞʜʳʤ ʚʳʩʪʨʝʣʦʤ. ʇʨʠ ʵʪʦʤ ʜʦʣʞʥʦ ʚʳʧʦʣʥʷʪʩʷ 

ʫʩʣʦʚʠʝ, ʧʨʠ ʢʦʪʦʨʦʤ ʩʤʝʱʝʥʠʝ ʬʦʢʫʩʘ ʩʠʩʪʝʤʳ ʜʦʣʞʥʦ ʧʨʦʠʩʭʦʜʠʪʴ ʙʳʩʪʨʝʝ ʧʦ 

ʩʨʘʚʥʝʥʠʶ ʩʜʚʠʛʦʚʦʡ ʚʦʣʥʳ ʚ ʠʩʩʣʝʜʫʝʤʦʡ ʩʨʝʜʝ. ɺ ʢʘʞʜʦʡ ʪʦʯʢʠ ʬʦʢʫʩʠʨʦʚʢʠ 

ʦʙʨʘʟʫʝʪʩʷ ʟʦʥʘ ʧʦʚʳʰʝʥʥʦʛʦ ʜʘʚʣʝʥʠʷ, ʠ ʧʦʜ ʚʦʟʜʝʡʩʪʚʠʝʤ ʨʘʜʠʘʮʠʦʥʥʦʡ ʩʠʣʳ 

ʥʘʯʠʥʘʝʪ ʨʘʩʧʨʦʩʪʨʘʥʷʪʩʷ ʩʜʚʠʛʦʚʘʷ ʚʦʣʥʘ. ʇʨʠ ʚʳʧʦʣʥʝʥʠʠ ʚʳʰʝʦʧʠʩʘʥʥʦʛʦ ʫʩʣʦʚʠʷ, 

ʠʟ ʬʨʦʥʪʦʚ ʩʜʚʠʛʦʚʳʭ ʚʦʣʥ ʥʘʯʥʝʪ ʦʙʨʘʟʦʚʳʚʘʪʴʩʷ ʪʘʢ ʥʘʟʳʚʘʝʤʘʷ plane shear wave 

(ʧʣʦʩʢʘʷ ʩʜʚʠʛʦʚʘʷ ʚʦʣʥʘ), ʘʥʘʣʦʛʠʯʥʦ ʷʚʣʝʥʠʶ ʢʦʥʫʩʘ ʄʘʭʘ (ʨʠʩ. 2). ɼʣʷ ʚʳʚʦʜʘ 

ʠʩʢʦʤʳʭ ʜʘʥʥʳʭ (ʩʢʦʨʦʩʪʠ ʩʜʚʠʛʦʚʦʡ ʚʦʣʥʳ ʠ ʤʦʜʫʣʷ ʚ ʢʘʞʜʦʡ ʪʦʯʢʠ), ʚʳʯʠʩʣʷʝʪʩʷ 

ʩʤʝʱʝʥʠʝ ʚ ʢʘʞʜʦʡ ʪʦʯʢʠ ʥʘ ʧʫʪʠ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʶ plane shear wave, ʘʥʘʣʦʛʠʯʥʦ ʪʦʤʫ, 

ʢʘʢ ʵʪʦ ʧʨʦʠʟʚʦʜʠʪʩʷ ʚ ʤʝʪʦʜʝ SWEI, ʧʦʩʣʝ ʯʝʛʦ ʧʨʠʤʝʥʷʝʪʩʷ ʠʥʚʝʨʩʠʦʥʥʳʡ ʘʣʛʦʨʠʪʤ. 

ʈʠʩ. 2. ɺʠʟʫʘʣʠʟʘʮʠʷ ʬʦʨʤʠʨʦʚʘʥʠʷ plane shear wave ʚ ʤʝʪʦʜʝ sSWE ʥʘ ʘʢʫʩʪʠʯʝʩʢʦʡ ʩʠʩʪʝʤʝ Verasonics. 

 

ɼʣʷ ʩʨʘʚʥʝʥʠʷ ʤʝʪʦʜʠʢ ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ ʠʪʦʛʦʚʦʛʦ ʟʥʘʯʝʥʠʷ ʤʦʜʫʣʷ ʖʥʛʘ ʚ 

ʠʩʩʣʝʜʫʝʤʦʡ ʩʨʝʜʝ, ʙʳʣʦ ʧʨʦʚʝʜʝʥʦ ʥʝʩʢʦʣʴʢʦ ʠʟʤʝʨʝʥʠʡ ʢʘʣʠʙʨʦʚʘʥʥʳʭ ʬʘʥʪʦʤʦʚ 

ʬʠʨʤʳ Blue Phantom ʠ CIRS. ʈʝʟʫʣʴʪʘʪʳ ʠʟʤʝʨʝʥʠʷ ʩʨʝʜ (Background) ʧʨʠʚʝʜʝʥʳ ʚ 

ʪʘʙʣʠʮʝ. 

 

ʂʘʣʠʙʨʦʚʘʥʥʳʡ ʬʘʥʪʦʤ 
ɿʥʘʯʝʥʠʝ ʤʦʜʫʣʷ ʖʥʛʘ, ʢʇʘ 

SWEI sSWE 

CIRS model 049 Elasticity 

QA Phantom 
17.5 18.02 

Blue Phantom Elastography 

Ultrasound Breast Phantom 
51.34 51.9 

 

ʅʘ ʜʘʥʥʳʡ ʤʦʤʝʥʪ ʧʨʦʚʦʜʠʪʩʷ ʧʦʣʥʦʮʝʥʥʦʝ ʪʝʩʪʠʨʦʚʘʥʠʝ ʨʘʙʦʪʦʩʧʦʩʦʙʥʦʩʪʠ 

ʤʝʪʦʜʘ sSWE ʥʘ ʧʨʝʜʤʝʪ ʢʦʨʨʝʢʪʥʦʩʪʠ ʦʪʦʙʨʘʞʝʥʠʷ ʢʦʥʝʯʥʦʛʦ ʨʝʟʫʣʴʪʘʪʘ. ʆʥʦ 

ʧʨʦʭʦʜʠʪ ʥʘ ʦʩʥʦʚʝ ʩʨʘʚʥʝʥʠʷ ʩ ʨʝʟʫʣʴʪʘʪʘʤʠ, ʧʦʣʫʯʘʝʤʳʤʠ ʥʘ Verasonics ʩ ʧʦʤʦʱʴʶ 

ʤʝʪʦʜʘ SWEI ʠ ʥʘ ʵʢʩʧʝʨʪʥʳʭ ʩʠʩʪʝʤʘʭ Siemens Acuson S2000 (ʤʝʪʦʜ SWEI) ʠ 

Supersonic Aixplorer (ʤʝʪʦʜ sSWE). 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʧʦʜʜʝʨʞʢʝ ʛʨʘʥʪʘ ʈʌʌʀ, ʧʨʦʝʢʪ 18-42-520056. 
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ʄʘʛʥʠʪʦʵʣʝʢʪʨʠʯʝʩʢʠʡ ʵʬʬʝʢʪ ʦʧʠʩʳʚʘʝʪʩʷ ʩʦʦʪʥʦʰʝʥʠʷʤʠ, ʠʟʣʦʞʝʥʥʳʝ ʚ ʢʥʠʛʝ 

[1] ʠʥʪʝʨʝʩ ʢ ʩʨʝʜʘʤ ʩ ʤʘʛʥʠʪʦʵʣʝʢʪʨʠʯʝʩʢʠʤ ʵʬʬʝʢʪʦʤ ʩʚʷʟʘʥ ʩ ʚʦʟʤʦʞʥʦʩʪʷʤʠ ʝʛʦ 

ʧʨʠʤʝʥʝʥʠʷ ʜʣʷ ʩʦʟʜʘʥʠʷ ʙʝʩʧʨʦʚʦʜʥʳʭ ʠʩʪʦʯʥʠʢʦʚ ʵʥʝʨʛʠʠ, ʠʩʧʦʣʴʟʦʚʘʥʠʷ 

ʤʫʣʴʪʠʬʝʨʨʦʠʜʥʳʭ  ʩʪʨʫʢʪʫʨ ʚ ʣʦʛʠʯʝʩʢʠʭ ʵʣʝʤʝʥʪʘʭ ʠ ʧʦʩʪʦʷʥʥʳʭ ʤʘʛʥʠʪʥʳʭ ʧʦʣʝʡ ʠ 

ʪ.ʜ.[2-3] 

ʈʝʰʝʥʠʝ ʧʦʩʪʘʚʣʝʥʥʳʭ, ʚ ʜʘʥʥʳʡ ʨʘʙʦʪʝ ʟʘʜʘʯ, ʦʩʥʦʚʘʥʦ ʥʘ ʤʝʪʦʜʝ ʤʘʪʨʠʮʘʥʪʘ ʥʘ 

ʝʛʦ ʦʩʥʦʚʘ ʙʳʣʠ ʨʘʩʩʤʦʪʨʝʥʳ ʨʘʟʣʠʯʥʳʝ ʟʘʜʘʯʠ ʚʦʣʥʦʚʳʭ ʧʨʦʮʝʩʩʦʚ ʚ ʘʥʠʟʦʪʨʦʧʥʳʭ 

ʫʧʨʫʛʠʭ ʩʨʝʜʘʭ, ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʳʡ ʚʦʣʥʳ ʚ ʢʨʠʩʪʘʣʣʘʭ, ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʝ ʩʚʷʟʘʥʥʳʭ 

ʫʧʨʫʛʠʭ ʠ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʳʭ ʚʦʣʥ ʚ ʧʴʝʟʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʠ ʧʴʝʟʦʤʘʛʥʠʪʥʳʭ ʩʨʝʜʘʭ ʩ 

ʤʘʛʥʠʪʦʵʣʝʢʪʨʠʯʝʩʢʠʤ  ʵʬʬʝʢʪʦʤ [4-14] 

1. ʋʨʘʚʥʝʥʠʷ ʄʘʢʩʚʝʣʣʘ ʠ ʤʘʪʝʨʠʘʣʴʥʳʝ ʩʦʦʪʥʦʰʝʥʠʷ. 

ʇʨʦʮʝʩʩʳ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʧʣʦʩʢʠʭ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʳʭ ʚʦʣʥ, ʚ ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʡ 

ʩʨʝʜʝ, ʦʧʠʩʳʚʘʶʪʩʷ ʫʨʘʚʥʝʥʠʷʤʠ ʄʘʢʩʚʝʣʣʘ: 

                                 

(g, t)
(g, t) ;

dB
rotE

dt
=-

     

(g, t)
(g, t)

dD
rotH

dt
=

                             
(1)

                                 
 

div (g, t) 0;D = (g, t) 0divB =  

ʠ ʤʘʪʝʨʠʘʣʴʥʳʤʠ ʩʦʦʪʥʦʰʝʥʠʷʤʠ  

( ) ( ) ( ), , ,D g t E g t H g te a= -
 
( ) ( ) ( ), , ,B g t H g t E g tm a= -

                
(2) 

ʟʜʝʩʴ    ( ) 2, ,g x o z R
 

ɺʦʣʥʦʚʦʡ ʚʝʢʪʦʨ ʢ ʥʘʭʦʜʠʪʩʷ ʚ ʧʣʦʩʢʦʩʪʠ .xz ,e m-ʪʝʥʟʦʨʳ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʠ 

ʤʘʛʥʠʪʥʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʝʡ,   a-ʪʝʥʟʦʨ ʤʘʛʥʠʪʦʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʵʬʬʝʢʪʘ.  
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ɺ ʤʝʪʦʜʝ ʤʘʪʨʠʮʘʥʪʘ, ʩʠʩʪʝʤʘ ʫʨʘʚʥʝʥʠʠ (1)-(2) ʧʨʠʚʦʜʠʪʩʷ ʢ ʩʠʩʪʝʤʝ 

ʦʙʳʢʥʦʚʝʥʥʳʭ ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʳʭ ʫʨʘʚʥʝʥʠʠ (ʆɼʋ) ʧʝʨʚʦʛʦ ʧʦʨʷʜʢʘ ʦʪʥʦʩʠʪʝʣʴʥʦ 

ʢʦʤʧʦʥʝʥʪ ʚʝʢʪʦʨʦʚ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ E   ʠ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʝʡ H  ʥʘ ʦʩʥʦʚʝ ʧʨʝʜʩʪʘʚʣʝʥʠʷ 

ʨʝʰʝʥʠʡ:

 
                

( ) () [ ], exp xf g t f z i t ik xw= -
     
ʠ     ()

dW
BW z

dz
=

                               
(4)                  

ʦʪʥʦʩʠʪʝʣʴʥʦ ʚʝʢʪʦʨʘ      ()( ), , ,
t

y x y xW z E H H E=  
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ʟʜʝʩʴ ὸ ʟʥʘʢ ʪʨʘʥʩʧʦʥʠʨʦʚʘʥʠʷ ʚʝʢʪʦʨ-ʩʪʨʦʢʠ ʚ ʚʝʢʪʦʨ ʩʪʦʣʙʝʮ. ʄʘʪʨʠʮʘ 4( )iB b j=

ʠʤʝʝʪ ʩʣʝʜʫʶʱʫʶ ʩʪʨʫʢʪʫʨʫ: 
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                                                            (5) 

ʕʣʝʤʝʥʪʳ  i jb  ʠʤʝʝʪ ʚʠʜ: 

2

(12) (14) (21) 2
; ; ( );x

x x x z

k
b i b i b iwm wa w e e

w b
= =- = -

2 2
2

(23) (34) (43)2 2
( ); ; ( ;x x z

x z x x z z z

k k
b i b i b i

m
w a a we w m b e m a

w b w b
=- - =- =- - = -                    (6) 

ʇʦʩʢʦʣʴʢʫ ʩʠʩʪʝʤʘ ʆɼʋ, ʚ ʜʘʥʥʳʤ ʩʣʫʯʘʝ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʦʪʥʦʩʠʪʝʣʴʥʦ ʧʝʨʝʤʝʥʥʦʡ z, 

ʠʤʝʷ ʚ ʚʠʜʫ ʧʦʧʝʨʝʯʥʦʩʪʴ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʳʭ ʚʦʣʥ, ʫʨʘʚʥʝʥʠʷ (1)-(2) ʧʦʟʚʦʣʷʶʪ 

ʠʩʢʣʶʯʠʪʴ ʢʦʤʧʦʥʝʥʪʳ ʧʦʣʝʡ zE ʠ zH , ʥʘʧʨʘʚʣʝʥʥʳʭ ʚʜʦʣʴ ʦʩʠ z.  

2. ʋʛʣʳ ʧʨʝʣʦʤʣʝʥʠʷ ʚʦʣʥ ʊɽ ʠ ʊʄ ʧʦʣʷʨʠʟʘʮʠʠ ʠʥʜʠʢʘʪʨʠʩʳ ʚʦʣʥʦʚʳʭ ʚʝʢʪʦʨʦʚ 

ʚʦʣʥ ʊɽ ʠ ʊʄ ʧʦʣʷʨʠʟʘʮʠʠ ʚ ʦʜʥʦʦʩʥʳʭ ʢʨʠʩʪʘʣʣʘʭ ʩ ʤʘʛʥʠʪʦʵʣʝʢʪʨʠʯʝʩʢʠʤ ʵʬʬʝʢʪʦʤ 

ʦʧʠʩʳʚʘʶʪʩʷ ʫʨʘʚʥʝʥʠʷʤʠ  [17]: 
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ʌʦʨʤʫʣʘ (9), ʦʧʨʝʜʝʣʠʪ ʫʛʦʣ ʧʨʝʣʦʤʣʝʥʠʷ ʚʦʣʥʳ ʊɽ ʧʦʣʷʨʠʟʘʮʠʠ ʥʘ ʛʨʘʥʠʮʝ ʢʦʥʪʘʢʪʘ 

ʩʨʝʜ ʥʘʧʨʘʚʣʝʥʠʝ ʚʝʢʪʦʨʘ ʬʘʟʦʚʳʡ ʩʢʦʨʦʩʪʠ. ɸʥʘʣʦʛʠʯʥʦ,  ʚ ʩʣʫʯʘʝ ʚʦʣʥʳ ʊʄ 

ʧʦʣʷʨʠʟʘʮʠʠ (ʬʦʨʤʫʣʘ (10)): 
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(10) 

ʌʦʨʤʫʣʘ  (11) ʦʧʨʝʜʝʣʠʪʴ ʫʛʦʣ ʤʝʞʜʫ ʚʝʢʪʦʨʘʤʠ ʬʘʟʦʚʳʭ ʩʢʦʨʦʩʪʝʡ ʊɽ ʠ ʊʄ ʚʦʣʥ ʧʨʠ 

ʫʛʣʝ ʧʦʣʥʦʛʦ ʚʥʫʪʨʝʥʥʝʛʦ ʦʪʨʘʞʝʥʠʷ.     
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2
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k k k

x x

x

k A B A B
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w b w b
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w b

è ø- - - - +
ê úD =
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                                  (11)  

3. ʅʘʧʨʘʚʣʝʥʠʝ ʚʝʢʪʦʨʦʚ ʛʨʫʧʧʦʚʳʭ ʩʢʦʨʦʩʪʝʡ ʚʦʣʥ ʊɽ ʠ ʊʄ ʧʦʣʷʨʠʟʘʮʠʠ 

 ɺ ʨʘʙʦʪʝ [14]  ʠʟ ʘʥʘʣʠʟʘ ʠʥʜʠʢʘʪʨʠʩ ʬʘʟʦʚʳʭ ʩʢʦʨʦʩʪʝʡ ʥʘ ʦʩʥʦʚʝ ʩʦʦʪʥʦʰʝʥʠʷ ʈʝʣʝʷ 

ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʛʨʫʧʧʦʚʦʡ ʩʢʦʨʦʩʪʠ ʙʳʣʦ ʧʦʣʫʯʝʥʦ: 

                               
tan ( ) tan ,TE TEA Bb b= +  

   
tan ( ) tanTʄ TʄA Bb b= -                            (12) 
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ʋʛʦʣ     TEb -ʦʧʨʝʜʝʣʷʝʪ ʥʘʧʨʘʚʣʝʥʠʝ ʛʨʫʧʧʦʚʦʡ ʩʢʦʨʦʩʪʠ ʊɽ ʚʦʣʥʳ ʚ ʦʜʥʦʦʩʥʳʭ 

ʢʨʠʩʪʘʣʣʘʭ ʩ ʤʘʛʥʠʪʦʵʣʝʢʪʨʠʯʝʩʢʠʤ ʵʬʬʝʢʪʦʤ. 

ʌʦʨʤʫʣʳ (13), (14) ʦʧʨʝʜʝʣʷʶʪ ʟʘʚʠʩʠʤʦʩʪʴ ʥʘʧʨʘʚʣʝʥʠʷ ʛʨʫʧʧʦʚʳʭ ʩʢʦʨʦʩʪʝʡ 

ʚʦʣʥ ʊɽ ʠ ʊʄ ʧʦʣʷʨʠʟʘʮʠʠ ʦʪ ʫʛʣʘ ʧʘʜʝʥʠʷ ʚʦʣʥʳ 0q. 

                                       0

2 2

0 0

0

2

s
( )

(

in

s n
a

) i
t n TE

x

k
ɸ ɺ

ɸ ɺ kw
b

q

q

b +-
= +                                  (13) 

                                      

0

2 2

0 0

0

2

s
( )

(

in

s n
a

) i
t n Tʄ

x

k
ɸ ɺ

ɸ ɺ kw
b

q

q

b --
= -                                   (14) 

ʂʨʦʤʝ ʪʦʛʦ, ʪʘʢʞʝ ʚʦʟʤʦʞʥʦ ʦʧʨʝʜʝʣʝʥʠʝ ʟʘʚʠʩʠʤʦʩʪʠ TE ʊʄb b b- =D ʦʪ ʫʛʣʘ 

ʧʘʜʝʥʠʝ ʚʦʣʥʳ  0qʧʦʩʢʦʣʴʢʫ ʩʦʦʪʥʦʰʝʥʠʝ 
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(15) 

4. ʉʣʝʜʩʪʚʠʷ ʧʦʣʫʯʝʥʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ ʜʣʷ ʦʜʥʦʦʩʥʳʭ ʢʨʠʩʪʘʣʣʦʚ ʧʨʠ ʦʪʩʫʪʩʪʚʠʠ 

ʤʘʛʥʠʪʦʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʵʬʬʝʢʪʘ  

ʌʦʨʤʫʣʳ (16)-(19) ʧʨʠ 0 0, sin 1
2

p
q q= =ʦʧʨʝʜʝʣʷʶʪ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʚʝʣʠʯʠʥʳ 

ʧʨʠ ʫʛʣʝ ʧʦʣʥʦʛʦ  ʚʥʫʪʨʝʥʥʝʛʦ ʦʪʨʘʞʝʥʠʷ.  ɺ ʯʘʩʪʥʦʩʪʠ (16) ʦʧʨʝʜʝʣʷʶʪ ʫʛʣʳ ʧʦʣʥʦʛʦ 

ʚʥʫʪʨʝʥʥʝʛʦ ʦʪʨʘʞʝʥʠʷ ʜʣʷ ʦʜʥʦʦʩʥʳʭ ʢʨʠʩʪʘʣʣʦʚ. 

       

             

22

0

2 2 2

0 0

2 0sin

( sin
tan

)

z

x x

TE

z

k

k

m

m
q

e mw

q

q-
=  ,

22

0

2 2 2

0 0

2 0sin

( sin
tan

)
Tʄ

z

z

x x

k

k

e

e
q

e mw

q

q-
=                  (16)             

               

00

2 2 2

0 0

sin
ta ,

sin
n x

z x

TE

z

k

k

m

m w

q
b

e m q-
=      

  

00

2 2 2

0 0

sin
t

si
an

n
T

x

z z

ʄ

x

k

k

q
b

e m

e

e w q-
=     (17) 

              

2 2 2 2

0 0 0 0 0 0

2 2 2 2 2

0 0 0 0 0 0

sin sin sin

tan

sin sin sin

x x
z x x z

z z

x x
z x x z

z z

k k k

k k k

e m
q w e m q w e m q

e m
q

e m
w e m q w e m q q

e m

è ø
- - -é ù

ê úD =

- - +

             (18) 

           

2 2 2 2

0 0 0 0 0 0

2 2 2 2 2

0 0 0 0 0 0

sin sin sin

tan

sin sin sin

x x
z x x z

z z

z z
z x x z

x x

k k k

k k k

m e
q w e m q w e m q

m e
b

e m
w e m q w e m q q

e m

è ø
- - -é ù

ê úD =

- - +

                (19) 

ʂʨʦʤʝ ʪʦʛʦ, ʚ ʩʣʫʯʘʝ ʦʜʥʦʨʦʜʥʳʭ ʠʟʦʪʨʦʧʥʳʭ ʩʨʝʜ ʠʟ (16) ʩʣʝʜʫʝʪ: 
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TE Tʄ TE ʊʄ
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q q b b= = = = tan 0; tan 0q bD = D = 

ʆʧʨʝʜʝʣʝʥʳ ʫʛʣʳ ʧʨʝʣʦʤʣʝʥʠʷ ʚʦʣʥ ʊɽ ʠ ʊʄ ʧʦʣʷʨʠʟʘʮʠʠ ʥʘ ʛʨʘʥʠʮʝ 

ʦʜʥʦʨʦʜʥʦʛʦ ʠʟʦʪʨʦʧʥʦʛʦ ʜʠʵʣʝʢʪʨʠʢʘ ʠ ʦʜʥʦʦʩʥʳʭ ʢʨʠʩʪʘʣʣʦʚ ʩ 

ʤʘʛʥʠʪʦʵʣʝʢʪʨʠʯʝʩʢʠʤ ʵʬʬʝʢʪʦʤ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʫʛʣʘ ʧʘʜʘʶʱʠʡ ʚʦʣʥʳ. ʇʦʣʫʯʝʥʳ 

ʬʦʨʤʫʣʳ ʦʧʨʝʜʝʣʷʶʱʠʝ ʨʘʟʥʦʩʪʠ ʫʛʣʦʚ ʤʝʞʜʫ ʬʘʟʦʚʳʤ ʠ ʛʨʫʧʧʦʚʳʤʠ ʩʢʦʨʦʩʪʷʤʠ ʜʣʷ 

ʚʦʣʥ ʊɽ ʠ ʊʄ ʧʦʣʷʨʠʟʘʮʠʠ. ʇʨʠʚʝʜʝʥʳ ʩʣʝʜʩʪʚʠʷ ʧʦʣʫʯʝʥʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ ʜʣʷ 

ʦʜʥʦʦʩʥʳʭ ʢʨʠʩʪʘʣʣʦʚ ʧʨʠ ʦʪʩʫʪʩʪʚʠʠ ʚʦʣʥʘʭ ʤʘʛʥʠʪʦʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʵʬʬʝʢʪʘ ʠ 

ʩʣʝʜʩʪʚʠʷ ʧʨʠ ʠʟʦʪʨʦʧʥʦʩʪʠ ʦʙʝʠʭ ʩʨʝʜ. ʇʦʣʫʯʝʥʳ ʟʥʘʯʝʥʠʷ ʫʛʣʦʚ ʧʦʣʥʦʛʦ ʚʥʫʪʨʝʥʥʝʛʦ 

ʦʪʨʘʞʝʥʠʷ ʜʣʷ ʊɽ ʠ ʊʄ ʚʦʣʥ. ʆʧʨʝʜʝʣʝʥʳ ʥʘʧʨʘʚʣʝʥʠʷ ʛʨʫʧʧʦʚʳʭ ʩʢʦʨʦʩʪʝʡ ʧʨʠ ʫʛʣʦʚ 

ʧʦʣʥʦʛʦ ʚʥʫʪʨʝʥʥʝʛʦ ʦʪʨʘʞʝʥʠʷ. 
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ʆʙʱʘʷ ʪʝʥʜʝʥʮʠʷ ʨʘʟʚʠʪʠʷ ʘʢʫʩʪʠʯʝʩʢʠʭ ʤʝʪʦʜʦʚ ʢʦʥʪʨʦʣʷ ʠ ʜʠʘʛʥʦʩʪʠʢʠ ʩʚʷʟʘʥʘ 

ʩ ʠʟʫʯʝʥʠʝʤ ʠʟʤʝʥʝʥʠʡ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦ-ʚʨʝʤʝʥʥʦʡ ʩʪʨʫʢʪʫʨʳ ʧʦʣʷ, ʚʳʟʚʘʥʥʳʭ 

ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʝʤ ʫʣʴʪʨʘʟʚʫʢʦʚʳʭ ʢʦʣʝʙʘʥʠʡ ʚ ʢʦʥʪʨʦʣʠʨʫʝʤʦʡ ʩʨʝʜʝ. 

ʈʘʩʩʤʘʪʨʠʚʘʝʤʳʡ ʚ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʤʝʪʦʜ ʢʦʛʝʨʝʥʪʥʦ-ʦʧʪʠʯʝʩʢʦʡ ʚʠʟʫʘʣʠʟʘʮʠʠ 

ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʭ ʨʘʩʧʨʝʜʝʣʝʥʠʡ ʧʣʦʪʥʦʩʪʠ ʧʦʪʦʢʘ ʵʥʝʨʛʠʠ ʘʢʫʩʪʠʯʝʩʢʦʛʦ ʧʦʣʷ 

ʧʦʟʚʦʣʷʝʪ ʧʦʣʫʯʘʪʴ ʩʪʠʛʤʘʪʠʯʝʩʢʦʝ ʩʚʝʪʦʩʠʣʴʥʦʝ ʠʟʦʙʨʘʞʝʥʠʝ ʘʢʫʩʪʠʯʝʩʢʦʛʦ ʦʙʲʝʢʪʘ. 

ɺ ʨʘʥʥʠʭ ʨʘʙʦʪʘʭ ʘʚʪʦʨʦʚ [1,2] ʦʧʠʩʘʥ ʤʝʪʦʜ ʚʠʟʫʘʣʠʟʘʮʠʠ ʘʢʫʩʪʠʯʝʩʢʠʭ ʧʦʣʝʡ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʛʠʙʨʠʜʥʦʛʦ ʘʢʫʩʪʦʦʧʪʠʯʝʩʢʦʛʦ ʧʨʦʮʝʩʩʦʨʘ ʩ ʜʚʦʡʥʳʤ ʌʫʨʴʝ-

ʧʨʝʦʙʨʘʟʦʚʘʥʠʝʤ ʘʥʘʣʠʟʠʨʫʝʤʦʛʦ ʩʠʛʥʘʣʘ. ʆʧʪʠʯʝʩʢʠʡ ʦʙʨʘʟ ʘʢʫʩʪʠʯʝʩʢʦʛʦ ʧʦʣʷ ʚ 

ʦʙʲʝʢʪʥʦʡ ʧʣʦʩʢʦʩʪʠ ʬʦʨʤʠʨʫʝʪʩʷ ʚ ʨʝʟʫʣʴʪʘʪʝ ʙʨʵʛʛʦʚʩʢʦʡ ʜʠʬʨʘʢʮʠʠ ʠ ʜʚʫʭ 

ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʳʭ ʌʫʨʴʝ-ʧʨʝʦʙʨʘʟʦʚʘʥʠʡ: ʦʪʦʙʨʘʞʘʝʤʦʛʦ ʜʚʫʤʝʨʥʦʛʦ ʨʘʩʧʨʝʜʝʣʝʥʠʷ 

ʘʢʫʩʪʠʯʝʩʢʦʛʦ ʧʦʣʷ ʠ ʢʦʛʝʨʝʥʪʥʦʛʦ ʩʚʝʪʦʚʦʛʦ ʧʦʣʷ, ʜʠʬʨʘʛʠʨʦʚʘʥʥʦʛʦ ʥʘ ʘʥʩʘʤʙʣʝ 

ʧʣʦʩʢʠʭ ʘʢʫʩʪʠʯʝʩʢʠʭ ʚʦʣʥ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʌʫʨʴʝ-ʦʙʨʘʟʫ ʘʢʫʩʪʠʯʝʩʢʦʛʦ ʧʦʣʷ. ʇʝʨʚʦʝ 

ʌʫʨʴʝ-ʧʨʝʦʙʨʘʟʦʚʘʥʠʝ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʟʘ ʩʯʝʪ ʘʢʫʩʪʠʯʝʩʢʦʡ ʣʠʥʟʳ, ʦʙʨʘʟʦʚʘʥʥʦʡ 

ʩʦʧʨʷʞʝʥʥʳʤʠ ʩʬʝʨʠʯʝʩʢʠʤʠ ʧʦʚʝʨʭʥʦʩʪʷʤʠ ʜʚʫʭ ʢʨʠʩʪʘʣʣʦʚ, ʩʦʝʜʠʥʝʥʥʳʭ ʩ ʧʦʤʦʱʴʶ 

ʪʦʥʢʦʛʦ ʩʣʦʷ ʘʢʫʩʪʠʯʝʩʢʦʛʦ ʢʣʝʷ. ʌʦʢʫʩʥʦʝ ʨʘʩʩʪʦʷʥʠʝ ʜʘʥʥʦʡ ʣʠʥʟʳ ʦʧʨʝʜʝʣʷʝʪʩʷ 

ʚʳʨʘʞʝʥʠʝʤ: 
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ɿʜʝʩʴ 1v  ʠ 2v ï ʩʢʦʨʦʩʪʠ ʫʧʨʫʛʠʭ ʚʦʣʥ ʚ ʢʨʠʩʪʘʣʣʘʭ ʘʢʫʩʪʦʦʧʪʠʯʝʩʢʦʛʦ ʧʨʦʮʝʩʩʦʨʘ, 

ʦʙʨʘʟʫʶʱʠʭ ʘʢʫʩʪʠʯʝʩʢʫʶ ʣʠʥʟʫ, Rï ʨʘʜʠʫʩ ʩʦʧʨʷʞʝʥʥʳʭ ʩʬʝʨʠʯʝʩʢʠʭ ʧʦʚʝʨʭʥʦʩʪʝʡ 

ʢʨʠʩʪʘʣʣʦʚ. ɺʪʦʨʦʝ ʌʫʨʴʝ-ʧʨʝʦʙʨʘʟʦʚʘʥʠʝ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ  ʦʧʪʠʯʝʩʢʦʡ ʣʠʥʟʦʡ 

ʦʙʲʝʢʪʠʚʘ ʬʦʪʦʧʨʠʝʤʥʠʢʘ. 

ʄʝʭʘʥʠʟʤ ʨʘʙʦʪʳ ʫʩʪʨʦʡʩʪʚʘ ʬʦʨʤʠʨʦʚʘʥʠʷ ʦʧʪʠʯʝʩʢʦʛʦ ʠʟʦʙʨʘʞʝʥʠʷ 

ʘʢʫʩʪʠʯʝʩʢʦʛʦ ʦʙʲʝʢʪʘ, ʨʘʩʩʤʦʪʨʝʥ ʚ ʨʘʙʦʪʝ [2]. ʂʘʞʜʦʡ ʪʦʯʢʝ ʦʙʲʝʢʪʥʦʡ ʧʣʦʩʢʦʩʪʠ, 

ʥʘʭʦʜʷʱʝʡʩʷ ʚ ʧʝʨʝʜʥʝʡ ʬʦʢʘʣʴʥʦʡ ʧʣʦʩʢʦʩʪʠ ʘʢʫʩʪʠʯʝʩʢʦʡ ʣʠʥʟʳ, ʩʦʦʪʚʝʪʩʪʚʫʝʪ 

ʦʧʨʝʜʝʣʝʥʥʦʝ ʥʘʧʨʘʚʣʝʥʠʝ ʚʦʣʥʦʚʦʛʦ ʚʝʢʪʦʨʘ ʧʣʦʩʢʦʡ ʘʢʫʩʪʠʯʝʩʢʦʡ ʚʦʣʥʳ, 

ʨʘʩʧʨʦʩʪʨʘʥʷʶʱʝʡʩʷ ʚ ʬʦʪʦʫʧʨʫʛʦʡ ʩʨʝʜʝ ʟʘ ʘʢʫʩʪʠʯʝʩʢʦʡ ʣʠʥʟʦʡ ʠ, ʚ ʢʦʥʝʯʥʦʤ ʠʪʦʛʝ, 

ʦʧʨʝʜʝʣʝʥʥʦʝ ʥʘʧʨʘʚʣʝʥʠʝ ʚʦʣʥʦʚʦʛʦ ʚʝʢʪʦʨʘ ʧʣʦʩʢʦʡ ʩʚʝʪʦʚʦʡ ʚʦʣʥʳ, ʬʦʨʤʠʨʫʝʤʦʡ ʚ 

ʨʝʟʫʣʴʪʘʪʝ ʜʠʬʨʘʢʮʠʠ ɹʨʵʛʛʘ ʣʘʟʝʨʥʦʛʦ ʧʫʯʢʘ ʧʨʠ ʝʛʦ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʠ ʚ 

ʘʢʫʩʪʦʦʧʪʠʯʝʩʢʦʤ ʢʨʠʩʪʘʣʣʝ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʫʩʪʘʥʘʚʣʠʚʘʝʪʩʷ ʚʟʘʠʤʥʦ-ʦʜʥʦʟʥʘʯʥʦʝ 

ʩʦʦʪʚʝʪʩʪʚʠʝ ʤʝʞʜʫ ʪʦʯʢʘʤʠ ʦʙʲʝʢʪʥʦʡ ʧʣʦʩʢʦʩʪʠ ʠ ʧʣʦʩʢʦʩʪʠ ʠʟʦʙʨʘʞʝʥʠʷ ʚ ʟʘʜʥʝʡ 

ʬʦʢʘʣʴʥʦʡ ʧʣʦʩʢʦʩʪʠ ʦʧʪʠʯʝʩʢʦʡ ʣʠʥʟʳ, ʦʩʫʱʝʩʪʚʣʷʶʱʝʡ ʌʫʨʴʝ-ʧʨʝʦʙʨʘʟʦʚʘʥʠʝ 

ʜʠʬʨʘʛʠʨʦʚʘʥʥʦʛʦ ʩʚʝʪʦʚʦʛʦ ʧʦʣʷ. ʈʠʩ. 1 ʠʣʣʶʩʪʨʠʨʫʝʪ ʩʦʦʪʚʝʪʩʪʚʠʝ ʤʝʞʜʫ ʪʦʯʢʘʤʠ 

ʢʨʠʚʦʡ A...B, ʧʨʝʜʩʪʘʚʣʷʶʱʝʡ ʩʦʙʦʡ ʫʯʘʩʪʦʢ ʩʝʯʝʥʠʷ ʘʢʫʩʪʠʯʝʩʢʦʛʦ ʢʦʥʫʩʘ ʦʙʲʝʢʪʥʦʡ 

ʧʣʦʩʢʦʩʪʴʶ, ʠ ʢʨʠʚʦʡ A'...B', ʷʚʣʷʶʱʝʡʩʷ ʫʯʘʩʪʢʦʤ ʩʝʯʝʥʠʷ ʦʧʪʠʯʝʩʢʦʛʦ ʢʦʥʫʩʘ 

ʧʣʦʩʢʦʩʪʴʶ ʠʟʦʙʨʘʞʝʥʠʷ. 
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ʈʠʩ 1. ɺʝʢʪʦʨʥʘʷ ʩʭʝʤʘ ʛʠʙʨʠʜʥʦʛʦ ʘʢʫʩʪʦʦʧʪʠʯʝʩʢʦʛʦ ʧʨʦʮʝʩʩʦʨʘ. 
dAk
d

,
dBk
d

 ï ʚʦʣʥʦʚʳʝ ʚʝʢʪʦʨʳ 

ʜʠʬʨʘʛʠʨʦʚʘʥʥʳʭ ʩʚʝʪʦʚʳʭ ʚʦʣʥ ʦʪ ʪʦʯʝʢ ɸ ʠ B ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ,
dAK
d

, 
dBK
d

 ï ʚʦʣʥʦʚʳʝ ʚʝʢʪʦʨʳ 

ʘʢʫʩʪʠʯʝʩʢʠʭ ʚʦʣʥ ʦʪ ʪʦʯʝʢ ɸ ʠ B, 
ik
d

 ï ʚʦʣʥʦʚʦʡ ʚʝʢʪʦʨ ʧʘʜʘʶʱʝʛʦ ʣʘʟʝʨʥʦʛʦ ʣʫʯʘ, ʃ1 ï ʘʢʫʩʪʠʯʝʩʢʘʷ 

ʣʠʥʟʘ, ʃ2 ï ʦʧʪʠʯʝʩʢʘʷ ʣʠʥʟʘ. 

 

ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʚʩʣʝʜʩʪʚʠʝ ʧʨʠʩʫʱʝʛʦ ʩʭʝʤʝ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ 

ʘʥʘʤʦʨʬʠʨʦʚʘʥʠʷ ʩʠʩʪʝʤʘ ʚʠʟʫʘʣʠʟʘʮʠʠ ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʛʦ ʪʠʧʘ ʥʝ ʷʚʣʷʝʪʩʷ 

ʠʟʦʧʣʘʥʘʪʠʯʥʦʡ. ɺ ʨʘʙʦʪʝ [3] ʧʦʢʘʟʘʥʦ, ʯʪʦ ʫʛʣʦʚʳʝ ʨʘʟʤʝʨʳ ʦʙʲʝʢʪʘ ʠ ʝʛʦ ʦʪʦʙʨʘʞʝʥʠʷ 

ʚʜʦʣʴ ʢʨʠʚʦʡ A...B ʦʪʣʠʯʘʝʪʩʷ ʥʘ ʚʝʣʠʯʠʥʫ ʢʦʵʬʬʠʮʠʝʥʪʘ ʘʥʘʤʦʨʬʠʨʦʚʘʥʠʷ m. 

ɺʝʣʠʯʠʥʘ ʘʥʘʤʦʨʬʠʨʦʚʘʥʠʷ ʟʘʚʠʩʠʪ ʦʪ ʧʘʨʘʤʝʪʨʦʚ ʩʨʝʜʳ, ʚ ʢʦʪʦʨʦʡ ʧʨʦʠʩʭʦʜʠʪ 

ʘʢʫʩʪʦʦʧʪʠʯʝʩʢʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ, ʯʘʩʪʦʪʳ ʩʚʝʪʘ ʠ ʯʘʩʪʦʪʳ ʘʢʫʩʪʠʯʝʩʢʦʡ ʚʦʣʥʳ, ʠ 

ʦʧʨʝʜʝʣʷʝʪʩʷ ʢʘʢ: 

2nv

fl
m=                                (2) 

ʛʜʝ f  ï ʯʘʩʪʦʪʘ ʘʢʫʩʪʠʯʝʩʢʦʡ ʚʦʣʥʳ, l ï ʜʣʠʥʥʘ ʚʦʣʥʳ ʩʚʝʪʘ ʚ ʚʘʢʫʫʤʝ, n  ï ʧʦʢʘʟʘʪʝʣʴ 

ʧʨʝʣʦʤʣʝʥʠʷ ʩʚʝʪʦʚʦʡ ʚʦʣʥʳ ʚ ʢʨʠʩʪʘʣʣʝ, ʚ ʢʦʪʦʨʦʤ ʧʨʦʠʩʭʦʜʠʪ ʘʢʫʩʪʦʦʧʪʠʯʝʩʢʦʝ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʫʛʣʦʚʦʡ ʤʘʩʰʪʘʙ ʢʘʨʪʠʥʳ ʦʪʦʙʨʘʞʘʝʤʦʛʦ 

ʘʢʫʩʪʠʯʝʩʢʦʛʦ ʧʦʣʷ ʙʫʜʝʪ ʠʟʤʝʥʷʪʴʩʷ ʦʪ 1 ʜʣʷ ʥʘʧʨʘʚʣʝʥʠʷ ʚʜʦʣʴ ʦʩʠ ʢʦʦʨʜʠʥʘʪ Z (ʨʠʩ. 

1) ʜʦ ʚʝʣʠʯʠʥʳ m ʜʣʷ ʥʘʧʨʘʚʣʝʥʠʷ ʚʜʦʣʴ ʦʩʠ ʢʦʦʨʜʠʥʘʪ X. 

ɺ ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʤ ʩʧʦʩʦʙʝ ʚʠʟʫʘʣʠʟʘʮʠʠ ʬʦʪʦʫʧʨʫʛʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ 

ʧʨʦʠʩʭʦʜʠʪ ʚ ʜʦʩʪʘʪʦʯʥʦ ʰʠʨʦʢʦʤ ʫʛʣʦʚʦʤ ʩʧʝʢʪʨʝ ʚ ʥʘʧʨʘʚʣʝʥʠʠ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦʤ 

ʧʣʦʩʢʦʩʪʠ ʘʢʫʩʪʦʦʧʪʠʯʝʩʢʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ. ɺ ʪʦ ʚʨʝʤʷ ʢʘʢ ʜʣʷ ʦʩʫʱʝʩʪʚʣʝʥʠʷ 

ʚʠʟʫʘʣʠʟʘʮʠʠ ʚ ʰʠʨʦʢʦʤ ʫʛʣʦʚʦʤ ʩʧʝʢʪʨʝ ʚ ʧʣʦʩʢʦʩʪʠ ʘʢʫʩʪʦʦʧʪʠʯʝʩʢʦʛʦ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʥʝʦʙʭʦʜʠʤʦ ʣʠʙʦ ʦʙʝʩʧʝʯʠʪʴ ʩʢʘʥʠʨʦʚʘʥʠʝ ʧʦ ʫʛʣʫ ʧʘʜʘʶʱʝʛʦ 

ʣʘʟʝʨʥʦʛʦ ʧʫʯʢʘ, ʣʠʙʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʨʘʩʭʦʜʷʱʠʡʩʷ ʦʧʪʠʯʝʩʢʠʡ ʧʫʯʦʢ. 
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ʋʚʝʣʠʯʝʥʠʝ ʫʛʣʦʚʦʛʦ ʩʧʝʢʪʨʘ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʩ ʧʦʤʦʱʴʶ ʠʟʤʝʥʝʥʠʷ ʫʛʣʘ ʧʘʜʝʥʠʷ 

ʣʘʟʝʨʥʦʛʦ ʣʫʯʘ ʩʥʠʞʘʝʪ ʙʳʩʪʨʦʜʝʡʩʪʚʠʝ ʩʠʩʪʝʤʳ ʚʠʟʫʘʣʠʟʘʮʠʠ, ʘ ʪʘʢ ʞʝ ʧʨʝʜʧʦʣʘʛʘʝʪ 

ʥʘʣʠʯʠʝ ʜʦʧʦʣʥʠʪʝʣʴʥʦʡ ʩʠʩʪʝʤʳ ʫʧʨʘʚʣʝʥʠʷ. ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʨʘʩʭʦʜʷʱʝʛʦʩʷ ʠʣʠ 

ʩʭʦʜʷʱʝʛʦʩʷ ʦʧʪʠʯʝʩʢʦʛʦ ʧʫʯʢʘ ʧʦʟʚʦʣʷʝʪ ʠʟʙʝʞʘʪʴ ʦʪʤʝʯʝʥʥʳʭ ʪʝʭʥʠʯʝʩʢʠʭ ʧʨʦʙʣʝʤ, 

ʥʦ ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ ʥʝʟʥʘʯʠʪʝʣʴʥʳʤ ʫʤʝʥʴʰʝʥʠʝʤ ʩʚʝʪʦʩʠʣ r ʧʦʣʫʯʘʝʤʦʛʦ 

ʠʟʦʙʨʘʞʝʥʠʷ. 

ʉʠʩʪʝʤʘ ʬʦʨʤʠʨʦʚʘʥʠʷ ʩʚʝʪʦʚʦʛʦ ʧʫʯʢʘ, ʩʦʩʪʦʷʱʘʷ ʠʟ ʮʠʣʠʥʜʨʠʯʝʩʢʠʭ ʣʠʥʟ, 

ʧʦʟʚʦʣʷʝʪ ʩʦʟʜʘʪʴ ʰʠʨʦʢʠʡ ʣʘʟʝʨʥʳʡ ʧʫʯʦʢ ʠ ʜʦʙʠʪʴʩʷ ʤʘʢʩʠʤʘʣʴʥʦ ʚʦʟʤʦʞʥʦʡ 

ʨʘʟʨʝʰʘʶʱʝʡ ʩʧʦʩʦʙʥʦʩʪʠ ʘʢʫʩʪʦʦʧʪʠʯʝʩʢʦʛʦ ʧʨʦʮʝʩʩʦʨʘ [4]. ʆʧʪʠʯʝʩʢʘʷ ʩʭʝʤʘ, 

ʦʙʝʩʧʝʯʠʚʘʶʱʘʷ ʫʢʘʟʘʥʥʫʶ ʛʝʦʤʝʪʨʠʶ ʘʢʫʩʪʦʦʧʪʠʯʝʩʢʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ, 

ʧʨʝʜʩʪʘʚʣʝʥʘ ʥʘ ʈʠʩ. 2. ʆʥʘ ʩʦʜʝʨʞʠʪ ʜʚʝ ʮʠʣʠʥʜʨʠʯʝʩʢʠʝ ʣʠʥʟʳ, ʦʩʠ ʢʦʪʦʨʳʭ ʣʝʞʘʪ ʚ 

ʧʣʦʩʢʦʩʪʠ ʘʢʫʩʪʦʦʧʪʠʯʝʩʢʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ, ʠ ʦʜʥʫ ʮʠʣʠʥʜʨʠʯʝʩʢʫʶ ʣʠʥʟʫ, ʦʩʴ 

ʢʦʪʦʨʦʡ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʘ ʧʣʦʩʢʦʩʪʠ ʘʢʫʩʪʦʦʧʪʠʯʝʩʢʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ. ɼʚʝ ʧʝʨʚʳʝ 

ʣʠʥʟʳ ʬʦʨʤʠʨʫʶʪ ʚ ʥʘʧʨʘʚʣʝʥʠʠ, ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦʤ ʧʣʦʩʢʦʩʪʠ ʘʢʫʩʪʦʦʧʪʠʯʝʩʢʦʛʦ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ, ʢʦʣʣʠʤʠʨʦʚʘʥʥʳʡ ʧʫʯʦʢ ʩʚʝʪʘ ʰʠʨʠʥʦʡ, ʨʘʚʥʦʡ ʨʘʟʤʝʨʫ ʦʧʪʠʯʝʩʢʦʡ 

ʛʨʘʥʠ ʷʯʝʡʢʠ ɹʨʵʛʛʘ. ʊʨʝʪʴʷ ʣʠʥʟʘ ʩʦʟʜʘʝʪ ʨʘʩʭʦʜʷʱʠʡʩʷ ʚ ʧʣʦʩʢʦʩʪʠ ʜʠʬʨʘʢʮʠʠ 

ʩʚʝʪʦʚʦʡ ʧʫʯʦʢ. 

ʈʠʩ 2. ʆʧʪʠʯʝʩʢʘʷ ʩʭʝʤʘ ʫʩʪʨʦʡʩʪʚʘ ʚʠʟʫʘʣʠʟʘʮʠʠ: 1 ï ʘʢʫʩʪʦʦʧʪʠʯʝʩʢʘʷ ̫ ʯʝʡʢʘ ɹʨʵʛʛʘ, 2 - ʢʨʠʩʪʘʣʣ, 

ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʢʦʪʦʨʦʛʦ ʥʘʭʦʜʠʪʩʷ ʘʢʫʩʪʠʯʝʩʢʠʡ ʦʙʲʝʢʪ 4, 3 - ʢʨʠʩʪʘʣʣ, ʚ ʢʦʪʦʨʦʤ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ 

ʘʢʫʩʪʦʦʧʪʠʯʝʩʢʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ, 5 ï ʩʦʧʨʷʞʝʥʥʳʝ ʩʬʝʨʠʯʝʩʢʠʝ ʧʦʚʝʨʭʥʦʩʪʠ ʢʨʠʩʪʘʣʣʦʚ, 6 ï 

ʘʢʫʩʪʠʯʝʩʢʘʷ ʧʦʛʣʦʱʘʶʱʘʷ ʥʘʛʨʫʟʢʘ, 7 ï ʠʩʪʦʯʥʠʢ ʢʦʛʝʨʝʥʪʥʦʛʦ ʦʧʪʠʯʝʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ, 8, 9 ï 

ʮʠʣʠʥʜʨʠʯʝʩʢʠʝ ʣʠʥʟʳ ʢʦʣʣʠʤʘʪʦʨʘ, 10 ï ʮʠʣʠʥʜʨʠʯʝʩʢʘʷ ʣʠʥʟʘ ʩ ʦʩʴʶ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦʡ ʧʣʦʩʢʦʩʪʠ, 

ʘʢʫʩʪʦʦʧʪʠʯʝʩʢʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ, 11 ï ʦʧʪʠʯʝʩʢʘʷ ʩʠʩʪʝʤʘ ʦʙʨʘʙʦʪʢʠ ʜʠʬʨʘʛʠʨʦʚʘʥʥʦʛʦ ʩʚʝʪʦʚʦʛʦ 

ʧʫʯʢʘ, 12 ï ʫʩʪʨʦʡʩʪʚʦ ʨʝʛʠʩʪʨʘʮʠʠ ʠʟʦʙʨʘʞʝʥʠʷ ʦʙʲʝʢʪʘ, 13 ï ʣʫʯ ʣʘʟʝʨʘ. 

 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʜʣʷ ʪʝʦʨʝʪʠʯʝʩʢʦʡ ʦʮʝʥʢʠ ʨʘʟʨʝʰʘʶʱʝʡ ʩʧʦʩʦʙʥʦʩʪʠ ʫʩʪʨʦʡʩʪʚʘ 

ʚʠʟʫʘʣʠʟʘʮʠʠ ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʦʙʱʝʧʨʠʥʷʪʦʡ ʤʝʪʦʜʠʢʦʡ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʢʨʠʪʝʨʠʡ ʈʝʣʝʷ. 

ɼʣʷ ʪʦʛʦ ʯʪʦʙʳ ʜʚʘ ʩʚʝʪʦʚʳʭ ʧʷʪʥʘ ʙʳʣʠ ʨʘʟʨʝʰʝʥʳ ʧʦ ʢʨʠʪʝʨʠʶ ʈʝʣʝʷ, ʦʥʠ ʜʦʣʞʥʳ 

ʙʳʪʴ ʨʘʟʜʝʣʝʥʳ ʠʥʪʝʨʚʘʣʦʤ  

F
nD

x 2

l
D = ,      (3) 

ʛʜʝ D  ï ʘʧʝʨʪʫʨʘ ʘʢʫʩʪʦʦʧʪʠʯʝʩʢʦʛʦ ʧʨʦʮʝʩʩʦʨʘ, F 2  ï ʬʦʢʫʩʥʦʝ ʨʘʩʩʪʦʷʥʠʝ ʩʦʙʠʨʘʶʱʝʡ 

ʣʠʥʟʳ ʩʠʩʪʝʤʳ ʦʙʨʘʙʦʪʢʠ ʠʟʦʙʨʘʞʝʥʠʷ. 
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(ʘ)     (ʙ) 

ʈʠʩ 3. ɻʨʘʬʠʢʠ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʩʚʝʪʘ ʚ ʠʟʦʙʨʘʞʝʥʠʠ ʠʟʣʫʯʘʶʱʠʭ ʵʣʝʤʝʥʪʦʚ 

ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷ ʧʨʠ ʘʧʝʨʪʫʨʝ 0,6 ʤʤ (a) ʠ 6 ʤʤ (ʙ) ʚ ʥʘʧʨʘʚʣʝʥʠʠ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦʤ ʧʣʦʩʢʦʩʪʠ 

ʜʠʬʨʘʢʮʠʠ. 

 

ʇʨʠ ʧʨʦʚʝʜʝʥʠʠ ʵʢʩʧʝʨʠʤʝʥʪʘ ʨʘʟʨʝʰʘʶʱʘʷ ʩʧʦʩʦʙʥʦʩʪʴ ʦʧʨʝʜʝʣʷʣʘʩʴ ʚ 

ʥʘʧʨʘʚʣʝʥʠʠ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦʤ ʧʣʦʩʢʦʩʪʠ ʘʢʫʩʪʦʦʧʪʠʯʝʩʢʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ. 

ɼʠʬʨʘʢʮʠʷ ʩʚʝʪʦʚʳʭ ʚʦʣʥ ʦʩʫʱʝʩʪʚʣʷʣʘʩʴ ʚ ʢʨʠʩʪʘʣʣʝ ʥʠʦʙʘʪʘ ʣʠʪʠʷ X-ʩʨʝʟʘ, ʩ 

ʦʧʪʠʯʝʩʢʦʡ ʛʨʘʥʴʶ, ʥʦʨʤʘʣʴ ʢ ʢʦʪʦʨʦʡ ʧʦʚʸʨʥʫʪʘ ʥʘ 45Á ʦʪ ʦʩʠ Y ʢ ʦʩʠ Z. ɺ ʢʘʯʝʩʪʚʝ 

ʠʩʪʦʯʥʠʢʘ ʢʦʛʝʨʝʥʪʥʦʛʦ ʩʚʝʪʘ ʠʩʧʦʣʴʟʦʚʘʣʩʷ He-Ne ʣʘʟʝʨ ʩ ʜʣʠʥʥʦʡ ʚʦʣʥʳ 632,8 ʥʤ. 

ʆʙʲʝʢʪʦʤ ʚʠʟʫʘʣʠʟʘʮʠʠ, ʠʟʣʫʯʘʶʱʠʤ ʫʧʨʫʛʠʝ ʚʦʣʥʳ, ʙʳʣʘ ʩʠʩʪʝʤʘ ʧʴʝʟʦʵʣʝʢʪʨʠʯʝʩʢʠʭ 

ʵʣʝʤʝʥʪʦʚ ʩ ʵʣʝʢʪʨʦʜʘʤʠ ʚ ʬʦʨʤʝ ʢʚʘʜʨʘʪʦʚ ʩʦ ʩʪʦʨʦʥʦʡ 70 ʤʢʤ, ʨʘʩʧʦʣʦʞʝʥʥʳʭ ʚ ʜʚʘ 

ʨʷʜʘ ʩ ʧʝʨʠʦʜʦʤ ʩʣʝʜʦʚʘʥʠʷ 200 ʤʢʤ. 

ɺ ʭʦʜʝ ʘʥʘʣʠʟʘ ʨʝʟʫʣʴʪʘʪʦʚ ʧʨʦʚʦʜʠʣʦʩʴ ʩʨʘʚʥʝʥʠʝ ʦʪʥʦʰʝʥʠʷ ʰʠʨʠʥʳ 

ʠʟʣʫʯʘʶʱʝʛʦ ʵʣʝʤʝʥʪʘ ʵʣʝʢʪʨʦʘʢʫʩʪʠʯʝʩʢʦʛʦ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷ ʢ ʧʝʨʠʦʜʫ ʩʣʝʜʦʚʘʥʠʷ 

ʠʟʣʫʯʘʪʝʣʝʡ ʚ ʧʦʣʫʯʝʥʥʦʤ ʠʟʦʙʨʘʞʝʥʠʠ ʧʨʠ ʨʘʟʣʠʯʥʦʡ ʰʠʨʠʥʝ ʩʚʝʪʦʚʦʛʦ ʧʫʯʢʘ. ʇʨʠ 

ʟʥʘʯʝʥʠʠ ʘʧʝʨʪʫʨʳ ʨʘʚʥʦʤ 0,6 ʤʤ ʩʦʛʣʘʩʥʦ ʬʦʨʤʫʣʝ (3) ʪʝʦʨʝʪʠʯʝʩʢʦʝ ʟʥʘʯʝʥʠʝ 

ʨʘʟʨʝʰʝʥʠʷ ʨʘʚʥʦ 79 ʤʢʤ. ʉ ʫʚʝʣʠʯʝʥʠʝʤ ʘʧʝʨʪʫʨʳ ʜʦ 6 ʤʤ ʨʘʟʨʝʰʝʥʠʝ ʚʦʟʨʘʩʪʘʝʪ ʜʦ 8 

ʤʢʤ. 

ʉ ʧʦʤʦʱʴʶ ʧʨʦʛʨʘʤʤʳ çImageJè, ʥʘ ʦʩʥʦʚʝ ʘʥʘʣʠʟʘ ʧʦʣʫʯʝʥʥʳʭ ʚ 

ʘʢʫʩʪʦʦʧʪʠʯʝʩʢʦʤ ʧʨʦʮʝʩʩʦʨʝ ʠʟʦʙʨʘʞʝʥʠʡ ʠʟʣʫʯʘʪʝʣʝʡ ʙʳʣʠ ʧʦʩʪʨʦʝʥʳ ʛʨʘʬʠʢʠ 

ʟʘʚʠʩʠʤʦʩʪʠ ʷʨʢʦʩʪʠ ʠʟʦʙʨʘʞʝʥʠʷ ʠʟʣʫʯʘʶʱʠʭ ʵʣʝʤʝʥʪʦʚ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷ, ʦʪ 

ʢʦʦʨʜʠʥʘʪʳ ʚ ʥʘʧʨʘʚʣʝʥʠʠ ʦʮʝʥʢʠ ʨʘʟʨʝʰʘʶʱʝʡ ʩʧʦʩʦʙʥʦʩʪʠ. 

ʆʧʨʝʜʝʣʷʷ ʰʠʨʠʥʫ ʠʟʣʫʯʘʪʝʣʷ ʧʦ ʫʨʦʚʥʶ ʧʘʜʝʥʠʷ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʥʘ 3ʜʙ, ʙʳʣʦ 

ʥʘʡʜʝʥʦ ʦʪʥʦʰʝʥʠʝ ʰʠʨʠʥʳ ʠʟʣʫʯʘʶʱʝʛʦ ʵʣʝʤʝʥʪʘ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷ ʢ ʧʝʨʠʦʜʫ 

ʩʣʝʜʦʚʘʥʠʷ ʠʟʣʫʯʘʪʝʣʝʡ. ɼʣʷ ʘʧʝʨʪʫʨʳ 0,6 ʤʤ ʵʪʦ ʦʪʥʦʰʝʥʠʝ ʨʘʚʥʦ 0,71, ʘ ʜʣʷ ʘʧʝʨʪʫʨʳ 

ʨʘʚʥʦʡ 6 ʤʤ ʦʥʦ ʩʦʩʪʘʚʣʷʝʪ 0,33, ʙʣʠʟʢʦʝ ʢ ʨʝʘʣʴʥʦʤʫ ʟʥʘʯʝʥʠʶ 0,35. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʨʦʚʝʜʸʥʥʳʡ ʵʢʩʧʝʨʠʤʝʥʪ ʧʦʢʘʟʘʣ ʨʦʩʪ ʨʘʟʨʝʰʘʶʱʝʡ ʩʧʦʩʦʙʥʦʩʪʠ 

ʛʠʙʨʠʜʥʦʛʦ ʘʢʫʩʪʦʦʧʪʠʯʝʩʢʦʛʦ ʧʨʦʮʝʩʩʦʨʘ ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ ʝʛʦ ʘʧʝʨʪʫʨʳ. 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ ʧʦʜʜʝʨʞʢʝ ʈʌʌʀ (ʧʨʦʝʢʪ ˉ 18-07-00687). 
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ʇʨʠ ʨʝʰʝʥʠʠ ʨʘʟʣʠʯʥʳʭ ʟʘʜʘʯ ʚ ʦʙʣʘʩʪʠ ʫʣʴʪʨʘʟʚʫʢʦʚʦʡ ʚʠʟʫʘʣʠʟʘʮʠʠ ʯʘʩʪʦ 

ʚʦʟʥʠʢʘʝʪ ʩʠʪʫʘʮʠʷ, ʢʦʛʜʘ ʤʝʞʜʫ ʫʣʴʪʨʘʟʚʫʢʦʚʦʡ ʨʝʰʝʪʢʦʡ ʠ ʠʩʩʣʝʜʫʝʤʳʤ ʦʙʲʝʢʪʦʤ 

ʥʘʭʦʜʠʪʩʷ ʨʷʜ ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ ʩʣʦʝʚ. ʇʨʠ ʥʘʣʠʯʠʠ ʝʜʠʥʩʪʚʝʥʥʦʛʦ ʩʣʦʷ ʩ ʠʟʚʝʩʪʥʦʡ 

ʪʦʣʱʠʥʦʡ ʠ ʩʢʦʨʦʩʪʴʶ ʟʚʫʢʘ ʚ ʥʝʤ ʦʙʳʯʥʦ ʨʘʩʩʯʠʪʳʚʘʶʪ ʚʨʝʤʷ ʧʨʦʭʦʞʜʝʥʠʷ ʚʦʣʥ 

ʤʝʞʜʫ ʵʣʝʤʝʥʪʘʤʠ ʨʝʰʝʪʢʠ ʠ ʪʦʯʢʦʡ ʬʦʢʫʩʠʨʦʚʢʠ, ʫʯʠʪʳʚʘʷ ʧʨʝʣʦʤʣʝʥʠʝ ʚʦʣʥ ʥʘ 

ʛʨʘʥʠʮʝ ʨʘʟʜʝʣʘ [1]. ʆʙʲʝʤ ʚʳʯʠʩʣʝʥʠʡ, ʥʝʦʙʭʦʜʠʤʳʡ ʜʣʷ ʨʝʘʣʠʟʘʮʠʠ ʪʘʢʦʛʦ ʧʦʜʭʦʜʘ, 

ʷʚʣʷʝʪʩʷ ʚʝʩʴʤʘ ʟʥʘʯʠʪʝʣʴʥʳʤ, ʧʨʠʯʝʤ ʧʨʠ ʥʘʣʠʯʠʠ ʜʚʫʭ ʠ ʙʦʣʝʝ ʩʣʦʝʚ ʦʥ ʨʝʟʢʦ 

ʚʦʟʨʘʩʪʘʝʪ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʥʝʚʦʟʤʦʞʥʦʩʪʠ ʧʨʘʢʪʠʯʝʩʢʦʛʦ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʜʘʥʥʦʛʦ 

ʤʝʪʦʜʘ. 

ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʧʣʦʩʢʠʭ, ʛʘʨʤʦʥʠʯʝʩʢʠʭ ʚʦʣʥ ʧʦʟʚʦʣʷʝʪ ʩʫʱʝʩʪʚʝʥʥʦ ʫʧʨʦʩʪʠʪʴ 

ʧʨʦʙʣʝʤʫ, ʧʦʩʢʦʣʴʢʫ ʫʯʝʩʪʴ ʠʭ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʝ ʯʝʨʝʟ ʩʣʦʠ ʩʨʘʚʥʠʪʝʣʴʥʦ ʣʝʛʢʦ. ɺʤʝʩʪʝ 

ʩ ʪʝʤ, ʝʩʣʠ ʚ ʨʝʛʠʩʪʨʠʨʫʝʤʦʤ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦïʚʨʝʤʝʥʥʦʤ ʩʠʛʥʘʣʝ ʤʦʞʥʦ ʚʳʜʝʣʠʪʴ 

ʦʪʢʣʠʢ ʦʪ ʛʨʘʥʠʮʳ ʦʙʣʘʩʪʠ ʚʠʟʫʘʣʠʟʘʮʠʠ, ʪʦ ʙʦʣʝʝ ʵʬʬʝʢʪʠʚʥʳʤ ʧʨʝʜʩʪʘʚʣʷʝʪʩʷ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʧʣʦʩʢʠʭ, ʠʤʧʫʣʴʩʥʳʭ ʚʦʣʥ. ʅʝʜʘʚʥʦ ʪʘʢʦʡ ʧʦʜʭʦʜ ʙʳʣʠ ʠʩʧʦʣʴʟʦʚʘʥ ʜʣʷ 

ʠʟʤʝʨʝʥʠʷ ʪʦʣʱʠʥʳ ʩʣʦʷ ʠ ʩʢʦʨʦʩʪʠ ʟʚʫʢʘ ʚ ʥʝʤ [2]. ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʥʘ ʦʩʥʦʚʝ 

ʨʘʟʣʦʞʝʥʠʷ ʩʠʛʥʘʣʘ ʨʝʰʝʪʢʠ ʚ ʩʧʝʢʪʨ ʧʣʦʩʢʠʭ, ʠʤʧʫʣʴʩʥʳʭ ʚʦʣʥ ʧʨʝʜʣʘʛʘʝʪʩʷ ʤʝʪʦʜ 

ʚʠʟʫʘʣʠʟʘʮʠʠ ʯʝʨʝʟ ʥʘʙʦʨ ʩʣʦʝʚ ʩ ʥʝʠʟʚʝʩʪʥʳʤʠ ʧʘʨʘʤʝʪʨʘʤʠ, ʘ ʪʘʢʞʝ ʤʝʪʦʜ ʠʟʤʝʨʝʥʠʷ 

ʩʢʦʨʦʩʪʠ ʟʚʫʢʘ ʚ ʦʙʣʘʩʪʠ ʚʠʟʫʘʣʠʟʘʮʠʠ ʧʦ ʩʠʛʥʘʣʫ ʦʜʠʥʦʯʥʦʛʦ ʤʘʣʦʛʦ ʦʪʨʘʞʘʪʝʣʷ.  

 

 
ʈʠʩ. 1. ʉʭʝʤʘ ʠʟʤʝʨʝʥʠʡ: 1ï ʫʣʴʪʨʘʟʚʫʢʦʚʘʷ ʨʝʰʝʪʢʘ; 2 ï ʩʣʦʠ; 3 ï ʦʙʣʘʩʪʴ ʚʠʟʫʘʣʠʟʘʮʠʠ. 

 

ʉʭʝʤʘ ʠʟʤʝʨʝʥʠʡ ʧʦʢʘʟʘʥʘ ʥʘ ʈʠʩ. 1. ʇʨʦʩʪʨʘʥʩʪʚʝʥʥʦïʚʨʝʤʝʥʥʦʡ ʩʠʛʥʘʣ v(x1,x2,t), 

ʨʝʛʠʩʪʨʠʨʫʝʤʳʡ ʨʝʰʝʪʢʦʡ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʧʦʣʦʞʝʥʠʡ ʧʝʨʝʜʘʶʱʝʛʦ ʠ ʧʨʠʝʤʥʦʛʦ 

ʵʣʝʤʝʥʪʦʚ x1, x2 ʠ ʚʨʝʤʝʥʠ t, ʤʦʞʝʪ ʙʳʪʴ ʨʘʟʣʦʞʝʥ ʚ ʩʧʝʢʪʨ ʦʪʢʣʠʢʦʚ ʧʣʦʩʢʠʭ 

ʠʤʧʫʣʴʩʥʳʭ ʚʦʣʥ ʧʫʪʝʤ ʝʛʦ ʠʥʪʝʛʨʠʨʦʚʘʥʠʷ ʧʦ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʤ ʢʦʦʨʜʠʥʘʪʘʤ: 

 ὠίȟίȟ† Ḁὺ ὼȟὼȟ† ίὼ ίὼ ὨὼὨὼ  , (1) 
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ʛʜʝ ʧʝʨʝʤʝʥʥʳʝ s1, s2 ʠʤʝʶʪ ʩʤʳʩʣ ʛʦʨʠʟʦʥʪʘʣʴʥʳʭ ʧʨʦʝʢʮʠʡ ʚʝʢʪʦʨʦʚ ʤʝʜʣʝʥʥʦʩʪʠ 

ʧʘʜʘʶʱʝʡ ʠ ʨʘʩʩʝʷʥʥʦʡ ʧʣʦʩʢʠʭ ʚʦʣʥ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʇʨʠ ʧʨʦʭʦʞʜʝʥʠʠ ʥʘʙʦʨʘ ʩʣʦʝʚ 

ʧʣʦʩʢʠʝ ʚʦʣʥʳ ʧʨʠʦʙʨʝʪʘʶʪ ʟʘʜʝʨʞʢʠ: 

 † ί ВὨ ὅ ί (2) 

ʛʜʝ d ï ʪʦʣʱʠʥʳ ʩʣʦʝʚ ʠ C ï ʩʢʦʨʦʩʪʴ ʟʚʫʢʘ ʚ ʥʠʭ.  

ʉʧʝʢʪʨ ʦʪʢʣʠʢʘ, ʨʘʩʩʝʷʥʥʦʛʦ ʪʦʯʝʯʥʳʤ ʦʪʨʘʞʘʪʝʣʝʤ ʩ ʢʦʦʨʜʠʥʘʪʘʤʠ (x0, z0), ʤʦʞʝʪ 

ʙʳʪʴ ʧʨʝʜʩʪʘʚʣʝʥ ʚ ʚʠʜʝ ʩʚʝʨʪʢʠ ʧʦ ʚʨʝʤʝʥʥʦʡ ʧʝʨʝʤʝʥʥʦʡ: 

 ὠ ίȟίȟ† ὃ ίȟί ὴ† z‏† † ί † ί † † . (3) 

ɿʜʝʩʴ ʘʤʧʣʠʪʫʜʘ ʩʧʝʢʪʨʘ A0 ʦʧʨʝʜʝʣʷʝʪʩʷ ʜʠʘʛʨʘʤʤʦʡ ʥʘʧʨʘʚʣʝʥʥʦʩʪʠ ʵʣʝʤʝʥʪʦʚ 

ʨʝʰʝʪʢʠ ʠ ʢʦʵʬʬʠʮʠʝʥʪʘʤʠ ʧʨʦʭʦʞʜʝʥʠʷ ʧʣʦʩʢʠʭ ʚʦʣʥ ʯʝʨʝʟ ʛʨʘʥʠʮʳ ʤʝʞʜʫ ʩʣʦʷʤʠ, 

p(Ű) ʷʚʣʷʝʪʩʷ ʚʨʝʤʝʥʥʳʤ ʠʤʧʫʣʴʩʥʳʤ ʦʪʢʣʠʢʦʤ ʠʟʤʝʨʠʪʝʣʴʥʦʡ ʩʠʩʪʝʤʳ, ʘ ʚʨʝʤʝʥʥʳʝ 

ʟʘʜʝʨʞʢʠ ʧʣʦʩʢʠʭ ʚʦʣʥ ʧʨʠ ʠʭ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʠ ʦʪ ʚʝʨʭʥʝʡ ʛʨʘʥʠʮʳ ʦʙʣʘʩʪʠ 

ʚʠʟʫʘʣʠʟʘʮʠʠ ʜʦ ʦʪʨʘʞʘʪʝʣʷ ʚ ʛʦʨʠʟʦʥʪʘʣʴʥʦʤ ʠ ʚʝʨʪʠʢʘʣʴʥʦʤ ʥʘʧʨʘʚʣʝʥʠʷʭ ʨʘʚʥʳ, 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ: 

 † ὼ ί ί , (4) 

 † ᾀ ὅ ί ὅ ί . (5) 

ɼʣʷ ʚʦʣʥ, ʦʪʨʘʞʝʥʥʳʭ ʦʪ ʚʝʨʭʥʝʡ ʠ ʥʠʞʥʝʡ ʛʨʘʥʠʮ ʦʙʣʘʩʪʠ ʚʠʟʫʘʣʠʟʘʮʠʠ, ʠʤʝʝʪ 

ʤʝʩʪʦ ʟʝʨʢʘʣʴʥʦʝ ʦʪʨʘʞʝʥʠʝ s1=s2, ʧʦʵʪʦʤʫ ʠʭ ʩʧʝʢʪʨʳ ʠʤʝʶʪ ʚʠʜ:  

 ὠ ίȟ† ὃ ίὴ† z‏† ς† ί , (6) 

 ὠ ίȟ† ὃ ίὴ† z‏† ς† ί ςὨЍὅ ί . (7) 

ʀʟʤʝʨʷʷ ʟʘʜʝʨʞʢʫ V2 ʦʪʥʦʩʠʪʝʣʴʥʦ V1 ʢʘʢ ʬʫʥʢʮʠʶ ʧʘʨʘʤʝʪʨʘ s, ʤʦʞʥʦ ʤʝʪʦʜʦʤ 

ʥʝʣʠʥʝʡʥʦʛʦ ʦʮʝʥʠʚʘʥʠʷ ʦʧʨʝʜʝʣʠʪʴ ʩʢʦʨʦʩʪʴ ʫʣʴʪʨʘʟʚʫʢʘ ʚ ʤʘʪʝʨʠʘʣʝ ʩʣʦʷ C ʠ ʝʛʦ 

ʪʦʣʱʠʥʫ d. ʊʘʢʦʡ ʧʦʜʭʦʜ ʙʳʣ ʨʘʟʚʠʪ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʧʦʜʪʚʝʨʞʜʝʥ ʚ ʨʘʙʦʪʝ [2]. ɽʩʣʠ 

ʩʠʛʥʘʣ ʦʪ ʥʠʞʥʝʡ ʛʨʘʥʠʮʳ ʟʦʥʳ ʚʠʟʫʘʣʠʟʘʮʠʠ ʥʝ ʜʦʩʪʫʧʝʥ ʜʣʷ ʨʝʛʠʩʪʨʘʮʠʠ, ʥʦ ʚ 

ʧʨʠʥʷʪʦʤ ʩʠʛʥʘʣʝ ʤʦʞʝʪ ʙʳʪʴ ʚʳʜʝʣʝʥ ʩʠʛʥʘʣ ʦʪ ʦʪʜʝʣʴʥʦʛʦ ʪʦʯʝʯʥʦʛʦ ʦʪʨʘʞʘʪʝʣʷ, ʪʦ 

ʪʦʛʜʘ ʪʘʢʞʝ ʧʨʝʜʩʪʘʚʣʷʝʪʩʷ ʚʦʟʤʦʞʥʳʤ ʦʧʨʝʜʝʣʝʥʠʝ ʩʢʦʨʦʩʪʠ C ʠ ʢʦʦʨʜʠʥʘʪ 

ʦʪʨʘʞʘʪʝʣʷ. ɼʣʷ ʵʪʦʛʦ ʧʦ ʩʧʝʢʪʨʫ V1 ʠʟʤʝʨʷʶʪ ʟʘʜʝʨʞʢʫ ʧʣʦʩʢʠʭ ʚʦʣʥ ŰL(s), ʦʪʨʘʞʝʥʥʳʭ 

ʦʪ ʚʝʨʭʥʝʡ ʧʣʦʩʢʦʩʪʠ ʩʣʦʷ. ɼʘʣʝʝ, ʚ ʦʪʢʣʠʢʝ ʪʦʯʝʯʥʦʛʦ ʦʪʨʘʞʘʪʝʣʷ ʧʦʣʘʛʘʶʪ s1= s2 , ʯʪʦ 

ʧʦʟʚʦʣʷʝʪ ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ (4) ʥʝ ʫʯʠʪʳʚʘʪʴ ʟʘʜʝʨʞʢʫ Űx, ʘ ʪʘʢʞʝ ʧʨʦʠʟʚʦʜʷʪ 

ʢʦʤʧʝʥʩʘʮʠʶ ʟʘʜʝʨʞʢʠ ŰL(s). ʇʦʩʣʝ ʵʪʦʛʦ ʧʦ ʧʦʣʫʯʝʥʥʦʤʫ ʩʧʝʢʪʨʫ V0(s,s,Ű) ʤʦʞʥʦ 

ʠʟʤʝʨʠʪʴ ʟʘʚʠʩʠʤʦʩʪʴ Űz(s) ʠ, ʧʦʣʴʟʫʷʩʴ ʤʦʜʝʣʴʥʳʤ ʩʦʦʪʥʦʰʝʥʠʝʤ (5), ʧʨʦʚʝʩʪʠ ʦʮʝʥʢʫ 

ʩʢʦʨʦʩʪʠ C ʠ ʛʣʫʙʠʥʳ z0.   

 

     
ʈʠʩ. 2. ʉʠʛʥʘʣ ʦʪ ʪʝʩʪʦʚʦʛʦ ʦʪʚʝʨʩʪʠʷ vjk(t) (j=16) ʠ ʩʧʝʢʪʨ V(s,Ű). 
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ʇʨʝʜʣʦʞʝʥʥʳʡ ʤʝʪʦʜ ʠʟʤʝʨʝʥʠʷ ʩʢʦʨʦʩʪʠ ʟʚʫʢʘ ʚ ʩʣʦʝ ʧʦ ʩʠʛʥʘʣʫ, ʟʘʧʠʩʘʥʥʦʤʫ ʦʪ 

ʦʜʠʥʦʯʥʦʛʦ ʪʦʯʝʯʥʦʛʦ ʦʪʨʘʞʘʪʝʣʷ, ʙʳʣ ʧʦʜʪʚʝʨʞʜʝʥ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʥʘ ʨʷʜʝ 

ʪʝʩʪʦʚʳʭ ʦʙʨʘʟʮʦʚ. ɺ ʵʢʩʧʝʨʠʤʝʥʪʝ ʠʩʧʦʣʴʟʦʚʘʣʘ 64ïɻ ʣʝʤʝʥʪʥʘʷ ʫʣʴʪʨʘʟʚʫʢʦʚʘʷ 

ʨʝʰʝʪʢʘ ʩ ʮʝʥʪʨʘʣʴʥʦʡ ʯʘʩʪʦʪʦʡ 5 ʄɻʮ ʠ ʧʝʨʠʦʜʦʤ ʨʘʩʧʦʣʦʞʝʥʠʷ ʧʨʷʤʦʫʛʦʣʴʥʳʭ 

ʵʣʝʤʝʥʪʦʚ 0.6 ʤʤ.  

ʅʘ ʈʠʩ. 2 ʧʦʢʘʟʘʥʳ ʨʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʦʪʚʝʨʩʪʠʷ ʜʠʘʤʝʪʨʦʤ 0.8 ʤʤ, 

ʚʳʧʦʣʥʝʥʥʦʤ ʚ ʜʶʨʘʣʶʤʠʥʠʝʚʦʤ ʙʣʦʢʝ ʥʘ ʛʣʫʙʠʥʝ 12.5 ʤʤ. ʄʝʞʜʫ ʨʝʰʝʪʢʦʡ ʠ ʙʣʦʢʦʤ 

ʜʦʧʦʣʥʠʪʝʣʴʥʦ ʥʘʭʦʜʠʣʘʩʴ ʧʣʘʩʪʠʥʘ ʠʟ ʧʦʣʠʩʪʠʨʦʣʘ ʪʦʣʱʠʥʦʡ 25.4 ʤʤ. ʉʣʝʚʘ ʚ ʚʠʜʝ 

ʧʦʣʫʪʦʥʦʚʦʛʦ ʠʟʦʙʨʘʞʝʥʠʷ ʧʨʝʜʩʪʘʚʣʝʥ ʩʠʛʥʘʣ vjk(t) ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʚʨʝʤʝʥʠ ʠ ʥʦʤʝʨʘ 

ʧʨʠʝʤʥʦʛʦ ʵʣʝʤʝʥʪʘ k ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʵʣʝʤʝʥʪʘ ʩ ʥʦʤʝʨʦʤ j=16 ʚ ʢʘʯʝʩʪʚʝ 

ʧʝʨʝʜʘʶʱʝʛʦ. ɺ ʩʠʛʥʘʣʝ ʧʨʠʩʫʪʩʪʚʫʝʪ ʦʪʢʣʠʢ ʚʦʣʥ, ʦʪʨʘʞʝʥʥʳʭ ʦʪ ʥʘʨʫʞʥʦʡ ʛʨʘʥʠʮʳ 

ʘʣʶʤʠʥʠʝʚʦʛʦ ʩʣʦʷ v1 ʠ ʦʪʢʣʠʢ ʦʪ ʪʝʩʪʦʚʦʛʦ ʦʪʚʝʨʩʪʠʷ v0. ʉʧʨʘʚʘ ʧʦʢʘʟʘʥ ʩʧʝʢʪʨ ʧʣʦʩʢʠʭ 

ʚʦʣʥ V(s,Ű), ʨʘʩʩʯʠʪʘʥʥʳʡ ʧʦ ʧʨʠʥʷʪʦʤʫ ʩʠʛʥʘʣʫ. ʇʦ ʠʟʤʝʨʝʥʥʦʡ ʟʘʜʝʨʞʢʝ Űz(s) ʤʝʞʜʫ 

ʦʪʢʣʠʢʘʤʠ V1 ʠ V0 ʙʳʣʠ ʦʧʨʝʜʝʣʝʥʳ ʩʢʦʨʦʩʪʴ C= 6220 ʤ/ʩ ʠ ʨʘʩʩʪʦʷʥʠʝ z0=12.2 ʤʤ, ʯʪʦ 

ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʨʝʘʣʴʥʳʤ ʟʥʘʯʝʥʠʷʤ.  

ɼʣʷ ʧʦʩʪʨʦʝʥʠʷ ʠʟʦʙʨʘʞʝʥʠʡ ʧʦ ʧʨʝʜʣʘʛʘʝʤʦʤʫ ʤʝʪʦʜʫ ʧʦ ʠʟʤʝʨʝʥʥʦʤʫ 

ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦïʚʨʝʤʝʥʥʦʤʫ ʩʠʛʥʘʣʫ ʨʘʩʩʯʠʪʳʚʘʝʪʩʷ ʩʧʝʢʪʨ ʧʣʦʩʢʠʭ ʚʦʣʥ V(s1,s2,Ű), ʚ 

ʢʦʪʦʨʦʤ ʨʘʟʜʝʣʷʶʪ ʩʦʩʪʘʚʣʷʶʱʠʝ V1 ʠ V0 . ʀʩʧʦʣʴʟʫʷ ʩʦʩʪʘʚʣʷʶʱʫʶ V1, ʧʨʦʠʟʚʦʜʠʪʩʷ 

ʠʟʤʝʨʝʥʠʝ ʟʘʜʝʨʞʢʠ ʧʣʦʩʢʠʭ ʚʦʣʥ ŰL(s) ʠ ʝʝ ʢʦʤʧʝʥʩʘʮʠʷ ʚ ʩʦʩʪʘʚʣʷʶʱʝʡ ʩʧʝʢʪʨʘ V0. 

ʇʨʠ ʬʦʨʤʠʨʦʚʘʥʠʠ ʠʟʦʙʨʘʞʝʥʠʷ ʜʣʷ ʢʘʞʜʦʡ ʪʦʯʢʠ ʦʙʣʘʩʪʠ ʚʠʟʫʘʣʠʟʘʮʠʠ ʧʨʦʠʟʚʦʜʠʪʩʷ 

ʪʘʢʞʝ ʢʦʤʧʝʥʩʘʮʠʷ ʟʘʜʝʨʞʝʢ Űx, Űz ʠ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʩʫʤʤʠʨʦʚʘʥʠʝ ʧʦ ʧʘʨʘʤʝʪʨʘʤ (s1,s2).  

 

   
ʈʠʩ. 3. ʉʧʝʢʪʨ V0(s1,s2,Ű), (s2 =0.026 ʤʤ/ʤʢʩ) ʠ ʧʦʣʫʯʝʥʥʦʝ ʠʟʦʙʨʘʞʝʥʠʝ. 

 

ɺ ʢʘʯʝʩʪʚʝ ʪʝʩʪʦʚʦʛʦ ʦʙʲʝʢʪʘ ʚʠʟʫʘʣʠʟʘʮʠʠ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʘʣʶʤʠʥʠʝʚʳʡ ʙʣʦʢ ʩ 

ʪʨʝʤʷ ʤʘʣʳʤʠ ʦʪʚʝʨʩʪʠʷʤʠ, ʨʘʩʧʦʣʦʞʝʥʥʳʤʠ ʥʘ ʨʘʟʥʦʡ ʛʣʫʙʠʥʝ. ʄʝʞʜʫ ʙʣʦʢʦʤ ʠ 

ʫʣʴʪʨʘʟʚʫʢʦʚʦʡ ʨʝʰʝʪʢʦʡ ʥʘʭʦʜʠʣʩʷ ʩʣʦʡ ʧʦʣʠʩʪʠʨʦʣʘ ʪʦʣʱʠʥʦʡ 25.4 ʤʤ. ʈʘʩʩʪʦʷʥʠʷ 

ʤʝʞʜʫ ʦʪʚʝʨʩʪʠʷʤʠ ʧʦ ʛʦʨʠʟʦʥʪʘʣʠ ʩʦʩʪʘʚʣʷʣʠ 10 ʤʤ, ʧʦ ʚʝʨʪʠʢʘʣʠ ï 2 ʤʤ. ʅʘ ʈʠʩ. 3 

ʧʨʝʜʩʪʘʚʣʝʥ ʨʘʩʩʯʠʪʘʥʥʳʡ ʩʧʝʢʪʨ ʧʣʦʩʢʠʭ ʚʦʣʥ ʢʦʤʧʦʥʝʥʪʳ V0, ʧʦʢʘʟʘʥʥʳʡ ʧʨʠ 

ʬʠʢʩʠʨʦʚʘʥʥʦʤ ʟʥʘʯʝʥʠʠ ʧʘʨʘʤʝʪʨʘ s2. ɺ ʩʧʝʢʪʨʝ ʚʠʜʥʳ ʦʪʜʝʣʴʥʳʝ ʦʪʢʣʠʢʠ, 

ʦʙʨʘʟʦʚʘʥʥʳʝ ʦʪʨʘʞʝʥʠʝʤ ʦʪ ʦʪʚʝʨʩʪʠʡ. ʇʦʣʫʯʝʥʥʦʝ ʠʟʦʙʨʘʞʝʥʠʝ, ʧʦʢʘʟʘʥʥʦʝ ʥʘ ʈʠʩ. 3 

ʩʧʨʘʚʘ, ʧʨʘʚʠʣʴʥʦ ʚʦʩʧʨʦʠʟʚʦʜʠʪ ʧʦʣʦʞʝʥʠʝ ʦʪʚʝʨʩʪʠʡ.  

 

 

ʃʀʊɽʈɸʊʋʈɸ 

 

1. L.L Jeune et al. // Ultrasonics. 2016. V. 64. P. 128. 

2. S.A. Titov, R.G. Maev // IEEE Trans. UFFC. 2013. V. 60. No 7. P. 1435.  



ʊʨʫʜʳ ʰʢʦʣʳ-ʩʝʤʠʥʘʨʘ çɺʦʣʥʳ-2019è. ɸʢʫʩʪʠʢʘ ʠ ʘʢʫʩʪʦʦʧʪʠʢʘ 

 

 

111 

 

ʀʟʫʯʝʥʠʝ ʩʚʦʡʩʪʚ ʬʠʟʠʦʣʦʛʠʯʝʩʢʦʛʦ ʨʘʩʪʚʦʨʘ ʧʨʠ ʩʤʝʰʠʚʘʥʠʠ ʩ 

ʚʳʩʦʢʦʨʘʟʙʘʚʣʝʥʥʳʤ ʨʘʩʪʚʦʨʦʤ NaCl ʤʝʪʦʜʦʤ ʘʢʫʩʪʠʯʝʩʢʦʡ 

ʩʧʝʢʪʨʦʤʝʪʨʠʠ 
 

ɸ.ɸ. ʍʘʨʯʝʚʩʢʠʡ
1
, ʄ.ɽ. ɸʩʪʘʰʝʚ2, ʅ.ʅ. ʈʦʜʠʦʥʦʚʘ

1
, ɻ.ʆ. ʉʪʝʧʘʥʦʚ1, ʉ.ɸ. ʊʘʨʘʩʦʚ3 

1ʆʆʆ çʅʇʌ çʄʘʪʝʨʠʘ ʄʝʜʠʢʘ ʍʦʣʜʠʥʛè 
2ʀʥʩʪʠʪʫʪ ʙʠʦʬʠʟʠʢʠ ʢʣʝʪʢʠ ʈɸʅ 

3ʅʀʀ ʆʙʱʝʡ ʧʘʪʦʣʦʛʠʠ ʠ ʧʘʪʦʬʠʟʠʦʣʦʛʠʠ 

nauka@materiamedica.ru 

 

ɿʘʜʘʯʘ ʠʩʩʣʝʜʦʚʘʥʠʷ ʬʠʟʠʯʝʩʢʠʭ, ʠ ʚ ʪʦʤ ʯʠʩʣʝ, ʘʢʫʩʪʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ 

ʙʠʦʣʦʛʠʯʝʩʢʠʭ ʞʠʜʢʦʩʪʝʡ ʘʢʪʫʘʣʴʥʘ ʠ ʠʤʝʝʪ ʢʘʢ ʧʨʠʢʣʘʜʥʦʡ ʤʝʜʠʮʠʥʩʢʠʡ ʠ 

ʙʠʦʣʦʛʠʯʝʩʢʠʡ ʭʘʨʘʢʪʝʨ, ʪʘʢ ʠ ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʡ ʥʘʫʯʥʳʡ ʘʩʧʝʢʪ. ʆʜʥʦʡ ʠʟ ʩʘʤʳʭ 

ʧʨʦʩʪʳʭ ʠ ʨʘʩʧʨʦʩʪʨʘʥʸʥʥʳʭ ʤʦʜʝʣʝʡ ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʬʠʟʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ 

ʙʠʦʣʦʛʠʯʝʩʢʠʭ ʞʠʜʢʦʩʪʝʡ ʷʚʣʷʝʪʩʷ ʬʠʟʠʦʣʦʛʠʯʝʩʢʠʡ ʨʘʩʪʚʦʨ (ʚʦʜʥʳʡ ʨʘʩʪʚʦʨ ʭʣʦʨʠʜʘ 

ʥʘʪʨʠʷ (NaCl), 0,9 %), ʢʦʪʦʨʳʡ ʧʦ ʦʩʤʦʪʠʯʝʩʢʠʤ ʩʚʦʡʩʪʚʘʤ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʧʣʘʟʤʝ ʢʨʦʚʠ. 

ɺ ʨʘʙʦʪʝ [1] ʚʳʩʢʘʟʘʥʦ ʧʨʝʜʧʦʣʦʞʝʥʠʝ, ʯʪʦ ʚʳʩʦʢʠʝ ʨʘʟʚʝʜʝʥʠʷ (ɺʈ) ʚʝʱʝʩʪʚ ʩʧʦʩʦʙʥʳ 

ʚʟʘʠʤʦʜʝʡʩʪʚʦʚʘʪʴ c ʚʦʜʥʦʡ ʩʨʝʜʦʡ ʦʨʛʘʥʠʟʤʘ. ʎʝʣʴʶ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʳ ʩʪʘʣʦ 

ʠʩʩʣʝʜʦʚʘʥʠʝ ʚʣʠʷʥʠʷ ʚʳʩʦʢʠʭ ʨʘʟʚʝʜʝʥʠʡ ʬʠʟʠʦʣʦʛʠʯʝʩʢʦʛʦ ʨʘʩʪʚʦʨʘ ʥʘ ʩʘʤ 

ʬʠʟʠʦʣʦʛʠʯʝʩʢʠʡ ʨʘʩʪʚʦʨ. ɿʘʜʘʯʝʡ ʠʩʩʣʝʜʦʚʘʥʠʷ ʙʳʣʦ ʠʟʫʯʠʪʴ ʘʢʫʩʪʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ 

ʚʦʜʥʦʛʦ ʨʘʩʪʚʦʨʘ NaCl, ʩʤʝʰʘʥʥʦʛʦ ʩ ʚʳʩʦʢʠʤ ʨʘʟʚʝʜʝʥʠʝʤ ʨʘʩʪʚʦʨʘ NaCl, ʩ ʧʦʤʦʱʴʶ 

ʙʝʩʢʦʥʪʘʢʪʥʦʛʦ ʤʝʪʦʜʘ - ʨʝʟʦʥʘʥʩʥʦʛʦ ʠʟʤʝʨʝʥʠʷ ʩʢʦʨʦʩʪʠ ʫʣʴʪʨʘʟʚʫʢʘ ʚ ʩʧʝʢʪʨʦʤʝʪʨʝ 

ʬʠʢʩʠʨʦʚʘʥʥʦʡ ʜʣʠʥʳ [2]. ʀʟʚʝʩʪʥʦ, ʯʪʦ ʘʢʫʩʪʠʯʝʩʢʠʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʙʠʦʣʦʛʠʯʝʩʢʠʭ 

ʞʠʜʢʦʩʪʝʡ ʧʦʟʚʦʣʷʶʪ ʠʟʫʯʠʪʴ ʪʦʥʢʠʝ ʩʪʨʫʢʪʫʨʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʠʩʩʣʝʜʫʝʤʳʭ 

ʨʘʩʪʚʦʨʦʚ ʠ ʤʝʞʤʦʣʝʢʫʣʷʨʥʳʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ [3].   

ɼʣʷ ʨʝʰʝʥʠʷ ʧʦʩʪʘʚʣʝʥʥʦʡ ʟʘʜʘʯʠ ʘʥʘʣʠʟʠʨʦʚʘʣʠ ʨʘʩʪʚʦʨ NaCl (ʠʩʭʦʜʥʦʡ 

ʢʦʥʮʝʥʪʨʘʮʠʠ 1,8%) ʩʤʝʰʘʥʥʳʡ: 

Å ʩ ʚʳʩʦʢʠʤ ʨʘʟʚʝʜʝʥʠʝʤ ʨʘʩʪʚʦʨʘ NaCl (ʤʥʦʛʦʩʪʘʜʠʡʥʦʝ ʨʘʟʚʝʜʝʥʠʝ ʚ 1024 ʨʘʟ) ʚ 

ʦʙʲʝʤʥʦʤ ʩʦʦʪʥʦʰʝʥʠʠ 1:1 ʜʦ ʢʦʥʝʯʥʦʡ ʢʦʥʮʝʥʪʨʘʮʠʠ NaCl ~ 0,9 %;  

Å ʩ ʘʥʘʣʦʛʠʯʥʳʤ ʨʘʟʚʝʜʝʥʠʝʤ ʚʦʜʳ, ʚ ʦʙʲʝʤʥʦʤ ʩʦʦʪʥʦʰʝʥʠʠ 1:1 ʜʦ ʢʦʥʝʯʥʦʡ 

ʢʦʥʮʝʥʪʨʘʮʠʠ NaCl ~ 0,9 % - ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʚ ʢʘʯʝʩʪʚʝ ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʛʦ ʢʦʥʪʨʦʣʷ;  

Å c ʚʦʜʦʡ, ʚ ʦʙʲʝʤʥʦʤ ʩʦʦʪʥʦʰʝʥʠʠ 1:1 ʜʦ ʢʦʥʝʯʥʦʡ ʢʦʥʮʝʥʪʨʘʮʠʠ NaCl ~ 0,9 % - 

ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʜʣʷ ʢʦʥʪʨʦʣʷ ʨʘʩʪʚʦʨʠʪʝʣʷ.  

ʇʨʠ ʧʨʠʛʦʪʦʚʣʝʥʠʠ ʚʩʝʭ ʨʘʩʪʚʦʨʦʚ ʠ ʚʳʩʦʢʠʭ ʨʘʟʚʝʜʝʥʠʡ ʠʩʧʦʣʴʟʦʚʘʣʠ ʪʦʣʴʢʦ 

ʚʦʜʫ ʦʯʠʱʝʥʥʫ ,ʁ ʧʦʣʫʯʝʥʥʫ  ʁʥʘ ʫʩʪʘʥʦʚʢʝ Milli-Q Integral 5 Water Purification System 

(ʉʐɸ). ɺʩʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʦʙʨʘʟʮʳ ʙʳʣʠ ʧʨʝʜʦʩʪʘʚʣʝʥʳ ʆʆʆ çʅʇʌ çʄʘʪʝʨʠʘ 

ʄʝʜʠʢʘ ʍʦʣʜʠʥʛè ʚ ʟʘʰʠʬʨʦʚʘʥʥʦʤ ʚʠʜʝ. 
ɼʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʘʢʫʩʪʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʚʳʰʝʧʝʨʝʯʠʩʣʝʥʥʳʭ ʨʘʩʪʚʦʨʦʚ 

ʠʩʧʦʣʴʟʦʚʘʣʠ ʤʝʪʦʜ ʨʝʟʦʥʘʥʩʥʦʛʦ ʠʟʤʝʨʝʥʠʷ ʩʢʦʨʦʩʪʠ ʟʚʫʢʘ ʚ ʠʥʪʝʨʬʝʨʦʤʝʪʨʝ 

ʬʠʢʩʠʨʦʚʘʥʥʦʡ ʜʣʠʥʳ, ʧʨʝʠʤʫʱʝʩʪʚʦʤ ʢʦʪʦʨʦʛʦ ʷʚʣʷʶʪʩʷ ʚʳʩʦʢʘʷ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴ ʠ 

ʪʦʯʥʦʩʪʴ ʠʟʤʝʨʝʥʠʡ, ʦʪʩʫʪʩʪʚʠʝ ʥʝʦʙʭʦʜʠʤʦʩʪʠ ʚʥʝʩʝʥʠʷ ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ ʨʝʘʢʪʠʚʦʚ, ʘ 

ʪʘʢʞʝ ʤʘʣʳʡ ʦʙʲʝʤ ʠʩʩʣʝʜʫʝʤʦʛʦ ʦʙʨʘʟʮʘ ʞʠʜʢʦʩʪʠ. ʇʨʠʥʮʠʧ ʠʟʤʝʨʝʥʠʷ ʟʘʢʣʶʯʘʝʪʩʷ ʚ 

ʠʩʩʣʝʜʦʚʘʥʠʠ ʨʝʟʦʥʘʥʩʥʳʭ ʩʚʦʡʩʪʚ ʩʦʩʪʘʚʥʦʛʦ ʨʝʟʦʥʘʪʦʨʘ, ʚʢʣʶʯʘʶʱʝʛʦ ʚ ʩʝʙʷ ʦʙʨʘʟʝʮ 

ʠʩʩʣʝʜʫʝʤʦʡ ʞʠʜʢʦʩʪʠ. ʄʝʭʘʥʠʟʤ ʜʘʥʥʦʛʦ ʤʝʪʦʜʘ ʩʦʩʪʦʠʪ ʚ ʩʨʘʚʥʝʥʠʠ ʠʟʤʝʨʷʝʤʳʭ 

ʟʥʘʯʝʥʠʡ ʧʘʨʘʤʝʪʨʦʚ ʚ ʜʚʫʭ ʧʘʨʘʣʣʝʣʴʥʳʭ ʷʯʝʡʢʘʭ ï ɻ ʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʠ ʢʦʥʪʨʦʣʴʥʦʡ. 

ʉʭʝʤʘ ʠʟʤʝʨʝʥʠʷ ʦʩʥʦʚʘʥʘ ʥʘ ʤʝʪʦʜʘʭ ʮʠʬʨʦʚʦʛʦ ʘʥʘʣʠʟʘ ʛʘʨʤʦʥʠʯʝʩʢʠʭ ʩʠʛʥʘʣʦʚ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʨʦʤʳʰʣʝʥʥʦ ʚʳʧʫʩʢʘʝʤʳʭ ʤʦʜʫʣʝʡ ʩʙʦʨʘ ʜʘʥʥʳʭ ʩ ʦʮʝʥʢʦʡ ʪʦʯʥʦʩʪʠ 

ʧʦʣʫʯʘʝʤʳʭ ʨʝʟʫʣʴʪʘʪʦʚ.  

mailto:nauka@materiamedica.ru
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ɺ ʭʦʜʝ ʠʟʤʝʨʝʥʠʡ ʘʥʘʣʠʟʠʨʦʚʘʣʠ ʘʤʧʣʠʪʫʜʥʦ-ʯʘʩʪʦʪʥʫ  ʁʭʘʨʘʢʪʝʨʠʩʪʠʢʫ (ɸʏʍ) 

ʷʯʝʝʢ ʫʣʴʪʨʘʟʚʫʢʦʚʦʛʦ ʠʥʪʝʨʬʝʨʦʤʝʪʨʘ ʚ ʜʠʘʧʘʟʦʥʝ 6,8-7,8 ʄɻʮ ʩ ʰʘʛʦʤ 2 ʢɻʮ ʜʣʷ 

ʦʧʨʝʜʝʣʝʥʠʷ ʧʦʣʦʞʝʥʠʷ ʨʝʟʦʥʘʥʩʥʳʭ ʧʠʢʦʚ. ɼʘʣʝʝ ʫʩʪʘʥʦʚʢʘ ʧʝʨʝʢʣʶʯʘʣʘʩʴ ʚ ʨʝʞʠʤ 

ʫʜʝʨʞʘʥʠʷ ʚʳʙʨʘʥʥʦʛʦ ʨʝʟʦʥʘʥʩʥʦʛʦ ʧʠʢʘ. ʉʠʩʪʝʤʘ ʘʚʪʦʤʘʪʠʯʝʩʢʠ ʠʟʤʝʨʷʣʘ ʯʘʩʪʦʪʫ ʠ 

ʰʠʨʠʥʫ ʨʝʟʦʥʘʥʩʥʦʛʦ ʧʠʢʘ ʚ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʷʯʝʡʢʝ, ʘ ʪʘʢʞʝ ʯʘʩʪʦʪʫ ʨʝʟʦʥʘʥʩʥʦʛʦ 

ʧʠʢʘ ʚ ʢʦʥʪʨʦʣʴʥʦʡ ʷʯʝʡʢʝ. 

ʅʘ ʨʠʩʫʥʢʝ 1 ʧʨʠʚʝʜʝʥʘ ɸʏʍ, ʟʘʨʝʛʠʩʪʨʠʨʦʚʘʥʥʘʷ ʧʨʠ ʠʟʤʝʨʝʥʠʠ ʷʯʝʝʢ, 

ʟʘʧʦʣʥʝʥʥʳʭ ʙʠʜʠʩʪʠʣʣʠʨʦʚʘʥʥʦʡ ʚʦʜʦʡ ʧʨʠ ʩʢʘʥʠʨʦʚʘʥʠʠ ʜʠʘʧʘʟʦʥʘ ʦʪ 1 ʜʦ 8,7 ʄɻʮ. 

 
ʈʠʩ. 1. ɸʤʧʣʠʪʫʜʥʦ-ʯʘʩʪʦʪʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʋɿ ʠʟʤʝʨʠʪʝʣʴʥʳʭ ʷʯʝʝʢ.  

 

ɺʠʜʥʦ, ʯʪʦ ʢʦʵʬʬʠʮʠʝʥʪ ʵʣʝʢʪʨʦʤʝʭʘʥʠʯʝʩʢʦʡ ʧʝʨʝʜʘʯʠ ʧʴʝʟʦʢʨʠʩʪʘʣʣʘ - 

ʜʝʪʝʢʪʦʨʘ ʚʘʨʴʠʨʫʝʪ ʦʪ ʥʫʣʷ ʧʨʠ 1 ʄɻʮ ʜʦ ʙʣʠʟʢʠʭ ʢ ʝʜʠʥʠʮʝ ʟʥʘʯʝʥʠʡ ʧʨʠ 8,7 ʄɻʮ (ʜʣʷ 

ʷʯʝʡʢʠ 1, çʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ ʷʯʝʡʢʘè) ʠ ʧʨʠʤʝʨʥʦ ʜʦ 0,25 (ʜʣʷ ʷʯʝʡʢʠ 2 ï 

çʂʦʥʪʨʦʣʴʥʘʷ ʷʯʝʡʢʘè). ɺ ʪʝʯʝʥʠʝ 20 ʤʠʥʫʪ ʧʨʦʚʦʜʠʣʠ 240 ʠʟʤʝʨʝʥʠʡ (ʪʦʯʝʢ). ɼʘʣʝʝ 

ʧʦʣʫʯʝʥʥʳʝ ʜʘʥʥʳʝ ʫʩʨʝʜʥʷʣʠ ʠ ʧʨʠʚʦʜʠʣʠ ʢ ʩʢʦʨʦʩʪʠ ʟʚʫʢʘ ʧʦ ʪʘʙʣʠʯʥʳʤ ʜʘʥʥʳʤ ʜʣʷ 

ʩʢʦʨʦʩʪʠ ʟʚʫʢʘ ʚ ʚʦʜʝ. ɼʘʥʥʘʷ ʧʨʦʮʝʜʫʨʘ ʚʳʧʦʣʥʷʣʘʩʴ ʩ ʧʦʤʦʱʴʶ ʢʘʣʠʙʨʦʚʦʯʥʳʭ 

ʵʢʩʧʝʨʠʤʝʥʪʦʚ, ʢʦʪʦʨʳʝ ʧʨʦʚʦʜʠʣʠ ʚ ʢʦʥʮʝ ʢʘʞʜʦʡ ʝʞʝʜʥʝʚʥʦʡ ʩʝʨʠʠ ʠʟʤʝʨʝʥʠʡ. 

ʂʘʞʜʫʶ ʧʘʨʫ: ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʡ ʠ ʢʦʥʪʨʦʣʴʥʳʡ ʦʙʨʘʟʮʳ (ʚ ʢʘʯʝʩʪʚʝ ʢʦʥʪʨʦʣʷ 

ʠʩʧʦʣʴʟʦʚʘʣʠ ʚʦʜʫ ʦʯʠʱʝʥʥʫʶ 1 ʢʣʘʩʩʘ, ʧʦʣʫʯʝʥʥʫʶ ʥʘ ʫʩʪʘʥʦʚʢʝ Milli-Q) ʠʟʤʝʨʷʣʠ 6 

ʨʘʟ ʜʣʷ ʫʚʝʣʠʯʝʥʠʷ ʪʦʯʥʦʩʪʠ ʠʟʤʝʨʝʥʠʡ ʠ ʦʮʝʥʢʠ ʨʘʟʙʨʦʩʦʚ. ʉʢʦʨʦʩʪʴ ʟʚʫʢʘ ʚ ʷʯʝʡʢʝ 

ʦʧʨʝʜʝʣʷʝʪʩʷ ʧʦ ʬʦʨʤʫʣʝ (1):  

 
n

lf
V n2
= , (1) 

ʛʜʝ fn - ʨʝʟʦʥʘʥʩʥʘʷ ʯʘʩʪʦʪʘ ʚ ʷʯʝʡʢʝ, n - ʥʦʤʝʨ ʠʩʧʦʣʴʟʫʝʤʦʛʦ ʨʝʟʦʥʘʥʩʥʦʛʦ ʧʠʢʘ (86 ʜʣʷ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʠ 85 ʜʣʷ ʢʦʥʪʨʦʣʴʥʦʡ ʷʯʝʡʢʠ), l - ʜʣʠʥʘ ʷʯʝʡʢʠ (ʦʧʨʝʜʝʣʷʝʪʩʷ ʠʟ 

ʵʢʩʧʝʨʠʤʝʥʪʘ ʩ ʚʦʜʦʡ, ʠ ʪʘʙʣʠʯʥʦʛʦ ʟʥʘʯʝʥʠʷ 1481 ʤ/ʩ ʜʣʷ 20Áʉ). ʀʟʤʝʥʝʥʠʝ ʩʢʦʨʦʩʪʠ 

ʟʚʫʢʘ ʟʘ ʩʯʝʪ ʜʦʙʘʚʢʠ ʚʝʱʝʩʪʚʘ ʚ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʫʶ ʷʯʝʡʢʫ ʦʧʨʝʜʝʣʷʝʪʩʷ ʧʦ ʬʦʨʤʫʣʝ 

(2): 
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 ʢʦʥʪʨVVV -=D ʵʢʩʧ , (2) 

ʅʠʞʝ ʥʘ ʨʠʩʫʥʢʝ 2 ʧʨʠʚʝʜʝʥʳ ʫʩʨʝʜʥʸʥʥʳʝ ʛʨʘʬʠʢʠ ʥʦʨʤʠʨʦʚʘʥʥʦʡ ʨʘʟʥʦʩʪʥʦʡ 

(ʤʝʞʜʫ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʠ ʢʦʥʪʨʦʣʴʥʦʡ ʷʯʝʡʢʘʤʠ) ʩʢʦʨʦʩʪʠ ʫʣʴʪʨʘʟʚʫʢʘ ʚ 

ʠʩʩʣʝʜʫʝʤʳʭ ʦʙʨʘʟʮʘʭ ʜʣʷ ʜʚʫʭ ʘʥʘʣʦʛʠʯʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʦʚ (ʧʦ 6 ʧʦʚʪʦʨʦʚ ʠʟʤʝʨʝʥʠʡ 

ʚ ʧʝʨʚʦʤ ʠ 7 ʚʦ ʚʪʦʨʦʤ), ʧʨʦʚʝʜʸʥʥʳʭ ʚ ʨʘʟʣʠʯʥʳʝ ʜʥʠ (ʜʘʥʥʳʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ ʚʠʜʝ 

ʩʨʝʜʥʝʝ ҕ ʩʪʘʥʜʘʨʪʥʘ ̫ʦʰʠʙʢʘ ʩʨʝʜʥʝʛʦ ʜʣʷ 13 ʧʦʚʪʦʨʦʚ ʠʟʤʝʨʝʥʠʡ.  

 

 
ʈʠʩ.2. ʉʨʘʚʥʝʥʠʝ ʪʝʩʪʠʨʫʝʤʳʭ ʦʙʨʘʟʮʦʚ ʧʦ ʫʩʨʝʜʥʸʥʥʦʡ ʥʦʨʤʠʨʦʚʘʥʥʦʡ ʨʘʟʥʦʩʪʥʦʡ ʩʢʦʨʦʩʪʠ ʟʚʫʢʘ. 

ɼʘʥʥʳʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ ʚʠʜʝ ʩʨʝʜʥʝʝ Ñ ʩʪʘʥʜʘʨʪʥʘʷ ʦʰʠʙʢʘ ʩʨʝʜʥʝʛʦ, ʫʩʨʝʜʥʸʥʥʳʝ ʧʦ 13 ʧʦʚʪʦʨʘʤ 

ʠʟʤʝʨʝʥʠʡ.  

 

 ʂʘʢ ʚʠʜʥʦ ʠʟ ʨʠʩ.2, ʚ ʨʘʟʣʠʯʥʳʭ ʪʝʩʪʠʨʫʝʤʳʭ ʦʙʨʘʟʮʘʭ ʥʘʙʣʶʜʘʝʪʩʷ ʨʘʟʣʠʯʥʘʷ 

ʨʘʟʥʦʩʪʥʘʷ ʩʢʦʨʦʩʪʴ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʟʚʫʢʘ, ʥʝʩʤʦʪʨʷ ʥʘ ʪʦ, ʯʪʦ ʢʦʥʮʝʥʪʨʘʮʠʷ NaCl ʚʦ 

ʚʩʝʭ ʦʙʨʘʟʮʘʭ ʩʦʩʪʘʚʣʷʣʘ 0,9% (ʘ ʚ ʦʙʨʘʟʮʝ ñNaCl + ɺʈ NaClò ~ 0,9%).  ʀʥʪʝʨʝʩʥʦ, ʯʪʦ 

ʫʩʨʝʜʥʸʥʥʘʷ ʥʦʨʤʠʨʦʚʘʥʥʘ ̫ ʨʘʟʥʦʩʪʥʘ ̫ ʩʢʦʨʦʩʪ ɹ ʟʚʫʢʘ ʚ ʦʙʨʘʟʮʝ ñNaCl + ʚʦʜʘò ï 

ʜʦʩʪʠʛʘʝʪ ʥʘʠʙʦʣʴʰʝʛʦ ʟʥʘʯʝʥʠʷ, ʪʦʛʜʘ ʢʘʢ ʚ ʦʙʨʘʟʮʝ ñNaCl + ɺʈ NaClò - ʥʘʠʤʝʥʴʰʝʛʦ. 

ʇʦʢʘʟʘʥʥʳʝ ʨʘʟʣʠʯʠʷ ʨʘʩʪʚʦʨʦʚ ʧʦ ʩʢʦʨʦʩʪʠ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʟʚʫʢʘ ʤʦʛʫʪ ʙʳʪʴ 

ʦʙʫʩʣʦʚʣʝʥʳ ʨʘʟʣʠʯʥʦʡ ʩʪʨʫʢʪʫʨʦʡ ʥʝʦʜʥʦʨʦʜʥʦʩʪʝʡ ʚ ʠʩʩʣʝʜʫʝʤʳʭ ʨʘʩʪʚʦʨʘʭ. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʥʘʩʪʦʷʱʘʷ ʨʘʙʦʪʘ ʷʚʣʷʝʪʩʷ ʧʠʣʦʪʥʦʡ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʨʘʙʦʪʦʡ, 

ʫʩʪʘʥʘʚʣʠʚʘʶʱʝʡ ʥʘʣʠʯʠʝ ʦʩʦʙʝʥʥʦʩʪʝʡ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʤʝʞʜʫ ʬʠʟʠʦʣʦʛʠʯʝʩʢʠʤ 

ʨʘʩʪʚʦʨʦʤ ʠ ʝʛʦ ʚʳʩʦʢʠʤ ʨʘʟʚʝʜʝʥʠʝʤ (ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʢʦʥʪʨʦʣʷʤʠ).  
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ɸʢʫʩʪʦʦʧʪʠʯʝʩʢʠʡ ʵʬʬʝʢʪ ʥʘ ʩʜʚʠʛʦʚʳʭ ʘʢʫʩʪʠʯʝʩʢʠʭ ʚʦʣʥʘʭ ʚ 

ʢʨʠʩʪʘʣʣʝ KRS-5 
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ʅʘ ʩʝʛʦʜʥʷʰʥʠʡ ʜʝʥʴ ʘʢʫʩʪʦʦʧʪʠʯʝʩʢʠʝ (ɸʆ) ʧʨʠʙʦʨʳ ʰʠʨʦʢʦ ʠʩʧʦʣʴʟʫʶʪʩʷ ʜʣʷ 

ʫʧʨʘʚʣʝʥʠʷ ʧʘʨʘʤʝʪʨʘʤʠ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʚ ʦʧʪʠʢʝ, ʣʘʟʝʨʥʦʡ ʪʝʭʥʠʢʝ, 

ʩʧʝʢʪʨʦʩʢʦʧʠʠ, ʘ ʪʘʢʞʝ ʚ ʫʩʪʨʦʡʩʪʚʘʭ ʦʧʪʠʯʝʩʢʦʡ ʦʙʨʘʙʦʪʢʠ ʠʥʬʦʨʤʘʮʠʠ. 

ɸʢʫʩʪʦʦʧʪʠʯʝʩʢʠʝ ʧʨʠʙʦʨʳ ʦʙʣʘʜʘʶʪ ʚʳʩʦʢʠʤ ʙʳʩʪʨʦʜʝʡʩʪʚʠʝʤ, ʘ ʪʘʢʞʝ ʤʘʣʳʤʠ 

ʵʣʝʢʪʨʠʯʝʩʢʠʤʠ ʠ ʦʧʪʠʯʝʩʢʠʤʠ ʧʦʪʝʨʷʤʠ [1]. ʅʘ ʜʘʥʥʳʡ ʤʦʤʝʥʪ ʫʞʝ ʩʦʟʜʘʥʳ 

ʘʢʫʩʪʦʦʧʪʠʯʝʩʢʠʝ ʧʨʠʙʦʨʳ, ʢʦʪʦʨʳʝ ʵʬʬʝʢʪʠʚʥʦ ʫʧʨʘʚʣʷʶʪ ʠʟʣʫʯʝʥʠʝʤ ʚ ʜʠʘʧʘʟʦʥʝ 

ʜʣʠʥ ʚʦʣʥ ʦʪ ʫʣʴʪʨʘʬʠʦʣʝʪʦʚʳʭ ʜʦ ʙʣʠʞʥʠʭ ʠʥʬʨʘʢʨʘʩʥʳʭ. ʆʜʥʘʢʦ ʧʨʦʙʣʝʤʘ ʩʦʟʜʘʥʠʷ 

ʧʨʠʙʦʨʦʚ ʜʣʷ ʩʨʝʜʥʝʛʦ ʠ ʜʘʣʴʥʝʛʦ ʠʥʬʨʘʢʨʘʩʥʦʛʦ ʜʠʘʧʘʟʦʥʦʚ, ʦʩʪʘʝʪʩʷ ʥʝʨʝʰʝʥʥʦʡ. 

ɿʘʯʘʩʪʫʶ ʜʘʥʥʘʷ ʧʨʦʙʣʝʤʘ ʦʙʫʩʣʦʚʣʝʥʘ ʦʪʩʫʪʩʪʚʠʝʤ ʤʘʪʝʨʠʘʣʦʚ, ʧʨʦʟʨʘʯʥʳʭ ʚ ʰʠʨʦʢʦʤ 

ʜʠʘʧʘʟʦʥʝ ʜʣʠʥ ʚʦʣʥ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʛʦ ʩʧʝʢʪʨʘ ʠ ʦʙʣʘʜʘʶʱʠʭ ʭʦʨʦʰʠʤʠ ɸʆ 

ʩʚʦʡʩʪʚʘʤʠ, ʥʘʧʨʠʤʝʨ, ʙʦʣʴʰʠʤ ʟʥʘʯʝʥʠʝʤ ɸʆ ʢʘʯʝʩʪʚʘ M2. ɺ ʣʠʪʝʨʘʪʫʨʝ ʠʤʝʝʪʩʷ 

ʥʝʩʢʦʣʴʢʦ ʨʘʙʦʪ, ʚ ʢʦʪʦʨʳʭ ʠʟʫʯʘʶʪʩʷ ʩʚʦʡʩʪʚʘ ʤʘʪʝʨʠʘʣʦʚ, ʧʨʠʛʦʜʥʳʭ ʜʣʷ ʨʝʰʝʥʠʷ 

ʪʘʢʦʛʦ ʨʦʜʘ ʟʘʜʘʯ [2]. ɺ ʢʘʯʝʩʪʚʝ ʧʦʜʦʙʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʤʦʛʫʪ ʨʘʩʩʤʘʪʨʠʚʘʪʴʩʷ 

ʩʦʝʜʠʥʝʥʠʷ ʥʘ ʦʩʥʦʚʝ ʨʪʫʪʠ: ʢʘʣʦʤʝʣʴ (Hg2Cl2), ʙʨʦʤʠʜ (Hg2Br2) ʠ ʡʦʜʠʜ (Hg2I2) ʨʪʫʪʠ 

[2], ʤʦʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʡ ʪʝʣʣʫʨ (Te) [3], ʘ ʪʘʢʞʝ ʩʦʝʜʠʥʝʥʠʷ ʥʘ ʦʩʥʦʚʝ ʪʘʣʣʠʷ [4-6]. 
 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʚʦʟʤʦʞʥʦʩʪʴ ʧʨʠʤʝʥʝʥʠʷ ʚ ʢʘʯʝʩʪʚʝ ʦʩʥʦʚʳ ʜʣʷ 

ɸʆ ʧʨʠʙʦʨʦʚ ʢʨʠʩʪʘʣʣʦʚ ʛʘʣʦʛʝʥʠʜʦʚ ʪʘʣʣʠʷ KRS-5 (Tl-Cl, Tl-I), ʢʦʪʦʨʳʝ ʷʚʣʷʶʪʩʷ 

ʧʨʦʟʨʘʯʥʳʤʠ ʦʪ ʚʠʜʠʤʦʛʦ ʜʠʘʧʘʟʦʥʘ (ɚ = 0.61 ʤʢʤ) ʜʦ ʜʘʣʴʥʝʛʦ ʠʥʬʨʘʢʨʘʩʥʦʛʦ 

ʜʠʘʧʘʟʦʥʘ (ɚ = 45 ʤʢʤ) [5, 6]. ʇʨʠ ʵʪʦʤ ʤʘʪʝʨʠʘʣ ʦʙʣʘʜʘʝʪ ʜʦʩʪʘʪʦʯʥʦ ʭʦʨʦʰʠʤ ɸʆ 

ʢʘʯʝʩʪʚʦʤ, ʢʦʪʦʨʦʝ ʜʦʩʪʠʛʘʝʪ ʚʝʣʠʯʠʥʳ M2 = 1200 Ŀ 10-18 c3Ŀʛ-1 ʚʙʣʠʟʠ ʛʨʘʥʠʮʳ 

ʧʨʦʟʨʘʯʥʦʩʪʠ ʚ ʚʠʜʠʤʦʤ ʜʠʘʧʘʟʦʥʝ. ʆʜʥʘʢʦ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʝ ʩʦʝʜʠʥʝʥʠʝ ʪʘʣʣʠʷ 

ʷʚʣʷʝʪʩʷ ʦʧʪʠʯʝʩʢʠ ʠʟʦʪʨʦʧʥʳʤ ʢʫʙʠʯʝʩʢʠʤ ʢʨʠʩʪʘʣʣʦʤ, ʯʪʦ ʦʛʨʘʥʠʯʠʚʘʝʪ ʚʦʟʤʦʞʥʦʩʪʠ 

ʧʨʠʤʝʥʝʥʠʷ KRS-5 ʚ ʘʢʫʩʪʦʦʧʪʠʯʝʩʢʠʭ ʫʩʪʨʦʡʩʪʚʘʭ. ɺ ʨʘʙʦʪʝ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ 

ʚʦʟʤʦʞʥʦʩʪʴ ʩʦʟʜʘʥʠʷ ʚ ʢʨʠʩʪʘʣʣʝ KRS-5 ʠʩʢʫʩʩʪʚʝʥʥʦʡ ʦʧʪʠʯʝʩʢʦʡ ʘʥʠʟʦʪʨʦʧʠʠ ʟʘ 

ʩʯʝʪ ʚʥʝʰʥʝʛʦ ʩʪʘʪʠʯʝʩʢʦʛʦ ʜʘʚʣʝʥʠʷ [7,8]. ʇʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʪʝʦʨʝʪʠʯʝʩʢʦʛʦ 

ʘʥʘʣʠʟʘ ʚʣʠʷʥʠʷ ʩʪʘʪʠʯʝʩʢʦʛʦ ʜʘʚʣʝʥʠʷ ʥʘ ʯʘʩʪʦʪʥʳʝ ʢʨʠʚʳʝ ʫʛʣʦʚ ʙʨʵʛʛʦʚʩʢʦʛʦ 

ʩʠʥʭʨʦʥʠʟʤʘ. ʊʘʢʞʝ ʦʙʩʫʞʜʘʶʪʩʷ ʧʘʨʘʤʝʪʨʳ ʩʦʟʜʘʥʥʦʡ ɸʆ ʷʯʝʡʢʠ ʥʘ ʦʩʥʦʚʝ ʢʨʠʩʪʘʣʣʘ 

KRS-5 ʩ ʧʨʠʣʦʞʝʥʥʳʤ ʚʥʝʰʥʠʤ ʜʘʚʣʝʥʠʝʤ. 
 

ɺ ʭʦʜʝ ʪʝʦʨʝʪʠʯʝʩʢʦʛʦ ʘʥʘʣʠʟʘ ʙʳʣʠ ʠʟʫʯʝʥʳ ʘʢʫʩʪʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʢʫʙʠʯʝʩʢʦʛʦ 

ʢʨʠʩʪʘʣʣʘ KRS-5, ʧʨʠ ʵʪʦʤ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʣʠʪʝʨʘʪʫʨʥʳʝ ʜʘʥʥʳʝ ʦ ʟʥʘʯʝʥʠʷʭ ʫʧʨʫʛʠʭ 

ʤʦʜʫʣʝʡ cij [6]. ɺ ʭʦʜʝ ʨʘʩʯʝʪʘ ʙʳʣʠ ʚʳʯʠʩʣʝʥʳ ʩʢʦʨʦʩʪʠ ʘʢʫʩʪʠʯʝʩʢʠʭ ʚʦʣʥ ʚʜʦʣʴ 

ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʠʭ ʦʩʝʡ ʤʘʪʝʨʠʘʣʘ. ɺ ʯʘʩʪʥʦʩʪʠ, ʦʢʘʟʘʣʦʩʴ, ʯʪʦ ʚʜʦʣʴ ʦʩʠ X 

ʨʘʩʧʨʦʩʪʨʘʥʷʝʪʩʷ ʧʨʦʜʦʣʴʥʘʷ ʤʦʜʘ ʩʦ ʩʢʦʨʦʩʪʴʶ VL = 2120 ʤ/ʩ ʠ ʜʚʝ ʩʜʚʠʛʦʚʳʝ ʤʦʜʳ ʩʦ 

ʩʢʦʨʦʩʪʴʶ VS = 890 ʤ/ʩ. ɺʩʝ ʫʢʘʟʘʥʥʳʝ ʘʢʫʩʪʠʯʝʩʢʠʝ ʤʦʜʳ ʷʚʣʷʶʪʩʷ ʯʠʩʪʳʤʠ ʠ 

ʧʦʣʷʨʠʟʦʚʘʥʥʳʤʠ ʚʜʦʣʴ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʠʭ ʦʩʝʡ (ʧʨʦʜʦʣʴʥʘʷ ʤʦʜʘ ʚʜʦʣʴ ʦʩʠ X, 

ʩʜʚʠʛʦʚʳʝ ï ʚʜʦʣʴ ʦʩʝʡ Y ʠ Z). ɺʘʞʥʦ, ʯʪʦ ʧʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʨʘʩʯʝʪʦʚ ʩʦʚʧʘʣʠ ʩ 

ʜʘʥʥʳʤʠ, ʠʤʝʶʱʠʤʠʩʷ ʚ ʣʠʪʝʨʘʪʫʨʝ [5,6]. 

ʈʘʩʯʝʪ ʢʦʵʬʬʠʮʠʝʥʪʘ ɸʆ ʢʘʯʝʩʪʚʘ ʙʳʣ ʚʳʧʦʣʥʝʥ ʜʣʷ ʩʜʚʠʛʦʚʦʡ ʘʢʫʩʪʠʯʝʩʢʦʡ 

ʤʦʜʳ ʚʜʦʣʴ ʦʩʠ X ʩ ʧʦʣʷʨʠʟʘʮʠʝʡ ʚʜʦʣʴ ʦʩʠ Y. ɸʢʫʩʪʦʦʧʪʠʯʝʩʢʦʝ ʢʘʯʝʩʪʚʦ 



ʊʨʫʜʳ ʰʢʦʣʳ-ʩʝʤʠʥʘʨʘ çɺʦʣʥʳ-2019è. ɸʢʫʩʪʠʢʘ ʠ ʘʢʫʩʪʦʦʧʪʠʢʘ 

 

 

115 

 

ʨʘʩʩʯʠʪʳʚʘʣʦʩʴ ʜʣʷ ʩʣʫʯʘʷ ʢʚʘʟʠʦʨʪʦʛʦʥʘʣʴʥʦʛʦ ʘʢʫʩʪʦʦʧʪʠʯʝʩʢʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ 

ʚʙʣʠʟʠ ʦʩʠ Z ʢʨʠʩʪʘʣʣʘ. ɼʘʥʥʳʡ ʪʠʧ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʙʳʣ ʚʳʙʨʘʥ ʠʟ-ʟʘ ʚʳʩʦʢʦʛʦ 

ʢʦʵʬʬʠʮʠʝʥʪʘ ɸʆ ʢʘʯʝʩʪʚʘ M2 = 1200 Ŀ 10-18 c3Ŀʛ-1 ʧʨʠ ʜʠʬʨʘʢʮʠʠ ʦʧʪʠʯʝʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ 

ʩ ʜʣʠʥʦʡ ʚʦʣʥʳ ɚ = 0.63 ʤʢʤ. ʆʜʥʘʢʦ, ʜʣʷ ʧʨʦʚʝʜʝʥʠʷ ʢʦʨʨʝʢʪʥʳʭ ʨʘʩʯʝʪʦʚ ʥʘ ʜʨʫʛʠʭ 

ʜʣʠʥʘʭ ʚʦʣʥ ʙʳʣʦ ʥʝʦʙʭʦʜʠʤʦ ʫʯʠʪʳʚʘʪʴ ʩʠʣʴʥʫʶ ʜʠʩʧʝʨʩʠʶ ʧʦʢʘʟʘʪʝʣʷ ʧʨʝʣʦʤʣʝʥʠʷ 

ʢʨʠʩʪʘʣʣʘ [6]. ʕʪʘ ʜʠʩʧʝʨʩʠʷ ʧʨʠʚʦʜʠʪ ʢ ʫʤʝʥʴʰʝʥʠʶ ʚʝʣʠʯʠʥʳ ʘʢʫʩʪʦʦʧʪʠʯʝʩʢʦʛʦ 

ʢʘʯʝʩʪʚʘ. ɺ ʯʘʩʪʥʦʩʪʠ, ʥʘ ʜʣʠʥʝ ʚʦʣʥʳ ɚ = 3.39 ʤʢʤ ʚʝʣʠʯʠʥʘ ɸʆ ʢʘʯʝʩʪʚʘ ʩʥʠʞʘʝʪʩʷ ʜʦ 

ʟʥʘʯʝʥʠʷ M2 = 780 Ŀ 10-18 c3Ŀʛ-1. 
 

ɺ ʭʦʜʝ ʪʝʦʨʝʪʠʯʝʩʢʦʛʦ ʘʥʘʣʠʟʘ ʙʳʣʦ ʨʘʩʩʤʦʪʨʝʥʦ ʚʣʠʷʥʠʝ ʚʥʝʰʥʝʛʦ ʩʪʘʪʠʯʝʩʢʦʛʦ 

ʜʘʚʣʝʥʠʷ ʥʘ ʦʧʪʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʢʨʠʩʪʘʣʣʘ KRS-5. ʀʟ ʪʝʦʨʠʠ ʠʟʚʝʩʪʥʦ, ʯʪʦ ʧʨʠʣʦʞʝʥʠʝ 

ʩʪʘʪʠʯʝʩʢʦʛʦ ʥʘʧʨʷʞʝʥʠʷ ʢ ʢʨʠʩʪʘʣʣʫ ʠʟʤʝʥʷʝʪ ʚʠʜ ʝʛʦ ʦʧʪʠʯʝʩʢʦʡ ʠʥʜʠʢʘʪʨʠʩʳ [1], ʯʪʦ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʜʦʢʘʟʘʥʦ ʚ ʨʘʙʦʪʘʭ [7,8] ʥʘ ʧʨʠʤʝʨʝ ʢʨʠʩʪʘʣʣʦʚ ʬʦʩʬʠʜʘ ʛʘʣʣʠʷ ʠ 

ʢʚʘʨʮʘ. ɺ ʩʣʫʯʘʝ ʢʨʠʩʪʘʣʣʘ KRS-5 ʩʪʘʪʠʯʝʩʢʦʝ ʥʘʧʨʷʞʝʥʠʝ ʧʨʠʢʣʘʜʳʚʘʣʦʩʴ ʚʜʦʣʴ 

ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʦʡ ʦʩʠ X. ʇʨʠ ʵʪʦʤ ʢʫʙʠʯʝʩʢʠʡ ʤʘʪʝʨʠʘʣ ʩʪʘʥʦʚʠʣʩʷ ʦʧʪʠʯʝʩʢʠ 

ʦʜʥʦʦʩʥʳʤ ʢʨʠʩʪʘʣʣʦʤ ʩ ʦʧʪʠʯʝʩʢʦʡ ʦʩʴʶ ʚʜʦʣʴ ʦʩʠ X: 
 

ʩʪe

ʩʪo

eoo

Spnn

Spnn

nn

z

nn

y

nn

x

12

3

11

3

2

2

2

2

2

2

5.0

5.0

1
)()()(

Ö=

Ö=

=
-

+
-

+
-

d

d

ddd

      (1) 

 

ʛʜʝ Sʩʪ ï ʩʪʘʪʠʯʝʩʢʘʷ ʜʝʬʦʨʤʘʮʠʷ. ʈʘʩʯʝʪ ʧʨʦʚʦʜʠʣʩʷ ʜʣʷ ʦʧʪʠʯʝʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ ʩ 

ʜʣʠʥʦʡ ʚʦʣʥʳ ɚ = 0.63 ʤʢʤ ʠ ʜʣʷ ʩʣʝʜʫʶʱʠʭ ʧʘʨʘʤʝʪʨʦʚ ʢʨʠʩʪʘʣʣʘ KRS-5: n = 2.57 ï 

ʧʦʢʘʟʘʪʝʣʴ ʧʨʝʣʦʤʣʝʥʠʷ ʥʝʚʦʟʤʫʱʝʥʥʦʛʦ ʦʙʨʘʟʮʘ, p11 = 0.213, p12 = 0.144 ï ʢʦʤʧʦʥʝʥʪʳ 

ʪʝʥʟʦʨʘ ʬʦʪʦʫʧʨʫʛʦʩʪʠ [6]. ʀʟ ʧʨʝʜʩʪʘʚʣʝʥʥʦʛʦ ʚʳʨʘʞʝʥʠʷ ʚʠʜʥʦ, ʯʪʦ ʥʘʚʝʜʝʥʥʘʷ 

ʦʧʪʠʯʝʩʢʘʷ ʘʥʠʟʦʪʨʦʧʠʷ ʪʝʤ ʩʠʣʴʥʝʝ, ʯʝʤ ʙʦʣʴʰʝ ʨʘʟʥʠʮʘ ʚ ʟʥʘʯʝʥʠʷʭ ʬʦʪʦʫʧʨʛʫʛʠʭ 

ʧʦʩʪʦʷʥʥʳʭ p11 ʠ p12 ʠ ʯʝʤ ʙʦʣʴʰʝ ʚʝʣʠʯʠʥʘ ʩʪʘʪʠʯʝʩʢʦʡ ʜʝʬʦʨʤʘʮʠʠ Sʩʪ. 
 

ʅʘ ʨʠʩʫʥʢʝ 1ʘ ʧʨʝʜʩʪʘʚʣʝʥʘ ʬʦʪʦʛʨʘʬʠʷ ɸʆ ʷʯʝʡʢʠ, ʚʳʨʝʟʘʥʥʦʡ ʚʜʦʣʴ 

ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʠʭ ʦʩʝʡ ʢʨʠʩʪʘʣʣʘ. ɼʣʷ ʚʳʙʨʘʥʥʳʭ ʥʘʧʨʘʚʣʝʥʠʡ ʩʚʝʪʦʚʳʭ ʠ 

ʟʚʫʢʦʚʳʭ ʚʦʣʥ ʚ ʩʣʫʯʘʝ ʠʥʜʫʮʠʨʦʚʘʥʥʦʡ ʦʧʪʠʯʝʩʢʦʡ ʘʥʠʟʦʪʨʦʧʠʠ ʙʳʣʠ ʨʘʩʩʯʠʪʘʥʳ 

ʟʘʚʠʩʠʤʦʩʪʠ ʫʛʣʘ ɹʨʵʛʛʘ ʦʪ ʯʘʩʪʦʪʳ ʫʣʴʪʨʘʟʚʫʢʘ. ʈʘʩʯʝʪ ʧʨʦʚʦʜʠʣʩʷ ʜʣʷ ʜʣʠʥʳ ʚʦʣʥʳ 

ʩʚʝʪʦʚʦʛʦ ʠʟʣʫʯʝʥʠʷ ɚ = 0.632 ʤʢʤ. ʈʝʟʫʣʴʪʘʪʳ ʨʘʩʯʝʪʘ ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʨʠʩʫʥʢʝ 1ʙ. 

ɺʝʣʠʯʠʥʘ ʩʪʘʪʠʯʝʩʢʦʡ ʜʝʬʦʨʤʘʮʠʠ ʙʳʣʘ ʚʳʙʨʘʥʘ ʨʘʚʥʦʡ  Sʩʪ = 2 Ā 10-4.  
 

ʅʘ ʨʠʩʫʥʢʝ 1ʘ ʧʦʢʘʟʘʥ ʢʫʙʠʯʝʩʢʠʡ ʢʨʠʩʪʘʣʣ KRS-5, ʢʦʪʦʨʳʡ ʙʳʣ ʟʘʬʠʢʩʠʨʦʚʘʥ ʚ 

ʪʠʩʢʘʭ ʚʤʝʩʪʝ ʩ ʦʙʨʘʟʮʦʤ ʠʟ ʪʷʞʝʣʦʛʦ ʬʣʠʥʪʘ ʊʌ-7. ʌʣʠʥʪ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʜʣʷ ʦʮʝʥʢʠ 

ʚʝʣʠʯʠʥʳ ʧʨʠʣʦʞʝʥʥʦʛʦ ʩʪʘʪʠʯʝʩʢʦʛʦ ʜʘʚʣʝʥʠʷ. ɸʢʫʩʪʠʯʝʩʢʘʷ ʚʦʣʥʘ ʚʦʟʙʫʞʜʘʣʘʩʴ ʚ 

ʢʨʠʩʪʘʣʣʝ KRS-5 ʧʨʠ ʧʦʤʦʱʠ ʧʨʠʢʣʝʝʥʥʦʛʦ ʙʫʬʝʨʘ ʥʘ ʦʩʥʦʚʝ ʢʚʘʨʮʘ. ʂʦʥʬʠʛʫʨʘʮʠʷ ɸʆ 

ʷʯʝʡʢʠ ʠ ʢʦʥʩʪʨʫʢʮʠʷ ʟʘʞʠʤʘ ʢʨʠʩʪʘʣʣʘ ʧʦʟʚʦʣʷʣʘ ʧʨʠʢʣʘʜʳʚʘʪʴ ʩʪʘʪʠʯʝʩʢʦʝ ʜʘʚʣʝʥʠʝ 

ʚʧʣʦʪʴ ʜʦ ʚʝʣʠʯʠʥʳ p = 150 ʘʪʤ. ɺ ʯʘʩʪʥʦʩʪʠ, ʥʘ ʨʠʩʫʥʢʝ 1ʙ ʧʨʝʜʩʪʘʚʣʝʥʳ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʪʦʯʢʠ, ʧʦʣʫʯʝʥʥʳʝ ʧʨʠ ʚʥʝʰʥʝʤ ʜʘʚʣʝʥʠʠ ʦʢʦʣʦ p å 50-60 ʘʪʤ. ʀʟ 

ʨʠʩʫʥʢʘ ʚʠʜʥʦ, ʯʪʦ ʢʨʠʚʳʝ ʙʨʵʛʛʦʚʩʢʦʛʦ ʩʠʥʭʨʦʥʠʟʤʘ ʧʨʠ ʧʨʠʣʦʞʝʥʠʠ ʚʥʝʰʥʝʛʦ 

ʜʘʚʣʝʥʠʷ ʢʘʯʝʩʪʚʝʥʥʦ ʠʟʤʝʥʷʶʪʩʷ. ʅʘʧʨʠʤʝʨ, ʧʦʷʚʣʷʶʪʩʷ ʦʙʣʘʩʪʠ ʜʝʬʣʝʢʪʦʨʥʦʛʦ 

ʚʘʨʠʘʥʪʘ ʜʠʬʨʘʢʮʠʠ. ʇʨʠ ʫʢʘʟʘʥʥʦʡ ʚʝʣʠʯʠʥʝ ʩʪʘʪʠʯʝʩʢʦʛʦ ʜʘʚʣʝʥʠʷ ʜʝʬʣʝʢʪʦʨʥʘʷ 

ʛʝʦʤʝʪʨʠʷ ʥʘʙʣʶʜʘʣʘʩʴ ʧʨʠ ʫʛʣʝ ɹʨʵʛʛʘ ɗ = 0.5ƺ ʠ ʯʘʩʪʦʪʝ ʫʣʴʪʨʘʟʚʫʢʘ f = 35 ʄɻʮ. 
  

ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ ʧʨʦʚʦʜʠʣʦʩʴ ʚ ʜʠʘʧʘʟʦʥʝ ʯʘʩʪʦʪ ʫʣʴʪʨʘʟʚʫʢʘ 

f = 30-80 ʄɻʮ, ʯʪʦ ʙʳʣʦ ʫʜʦʙʥʦ ʩ ʪʝʭʥʠʯʝʩʢʦʡ ʪʦʯʢʠ ʟʨʝʥʠʷ. ʇʨʠ ʵʪʦʤ ʚ ʵʢʩʧʝʨʠʤʝʥʪʝ 

ʠʩʩʣʝʜʦʚʘʣʘʩʴ ʦʙʣʘʩʪʴ ʜʝʬʣʝʢʪʦʨʥʦʡ ʛʝʦʤʝʪʨʠʠ ʚ ʜʠʘʧʘʟʦʥʝ ʯʘʩʪʦʪ ʫʣʴʪʨʘʟʚʫʢʘ f = 30-
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45 ʄɻʮ. ʂ ʩʦʞʘʣʝʥʠʶ, ʚ ʭʦʜʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ ʙʳʣʦ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ 

ʧʨʠ ʧʦʚʳʰʝʥʠʠ ʜʘʚʣʝʥʠʷ ʫʤʝʥʴʰʘʣʘʩʴ ʧʦʣʦʩʘ ʘʢʫʩʪʠʯʝʩʢʠʭ ʯʘʩʪʦʪ ʜʠʬʨʘʢʮʠʠ ʠ 

ʟʥʘʯʠʪʝʣʴʥʦ ʩʥʠʞʘʣʘʩʴ ʝʸ ʵʬʬʝʢʪʠʚʥʦʩʪʴ. ʅʘʠʙʦʣʝʝ ʚʝʨʦʷʪʥʦ, ʯʪʦ ʵʪʦ ʙʳʣʦ ʩʚʷʟʘʥʦ ʩ 

ʫʭʫʜʰʝʥʠʝʤ ʩʢʣʝʡʢʠ ʤʝʞʜʫ ʢʨʠʩʪʘʣʣʦʤ KRS-5 ʠ ʙʫʬʝʨʦʤ ʠʟ ʢʚʘʨʮʘ, ʚ ʨʝʟʫʣʴʪʘʪʝ ʯʝʛʦ 

ʚʦʣʥʳ ʥʘ ʚʳʩʦʢʠʭ ʯʘʩʪʦʪʘʭ ʫʣʴʪʨʘʟʚʫʢʘ ʧʝʨʝʩʪʘʚʘʣʠ ʵʬʬʝʢʪʠʚʥʦ ʧʨʦʭʦʜʠʪʴ ʚ ʢʨʠʩʪʘʣʣ 

KRS-5. 

 
 

 
 

(ʘ)      (ʙ) 

ʈʠʩ. 1. ʌʦʪʦʛʨʘʬʠʷ ʷʯʝʡʢʠ ʥʘ ʦʩʥʦʚʝ ʢʨʠʩʪʘʣʣʘ KRS-5 ʩ ʩʠʩʪʝʤʦʡ ʧʦʜʘʯʠ ʜʘʚʣʝʥʠʷ (ʘ). ʊʝʦʨʝʪʠʯʝʩʢʠʝ ʠ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʯʘʩʪʦʪʥʳʝ ʢʨʠʚʳʝ ʫʛʣʦʚ ʙʨʵʛʛʦʚʩʢʦʛʦ ʩʠʥʭʨʦʥʠʟʤʘ ʧʨʠ ʚʝʣʠʯʠʥʝ ʚʥʝʰʥʝʛʦ ʜʘʚʣʝʥʠʷ 

p = 50 ʘʪʤ (ʙ). 
 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʚ ʨʘʙʦʪʝ ʪʝʦʨʝʪʠʯʝʩʢʠ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʠʟʫʯʝʥ ʩʧʦʩʦʙ ʩʦʟʜʘʥʠʷ 

ʦʧʪʠʯʝʩʢʦʡ ʘʥʠʟʦʪʨʦʧʠʠ ʚ ʢʫʙʠʯʝʩʢʦʤ ʢʨʠʩʪʘʣʣʝ KRS-5. ʇʨʝʜʣʦʞʝʥ ʚʘʨʠʘʥʪ 

ʘʢʫʩʪʦʦʧʪʠʯʝʩʢʦʡ ʷʯʝʡʢʠ ʜʣʷ ʥʘʙʣʶʜʝʥʠʷ ʘʥʠʟʦʪʨʦʧʥʦʡ ʜʠʬʨʘʢʮʠʠ ʥʘ ʩʜʚʠʛʦʚʳʭ 

ʘʢʫʩʪʠʯʝʩʢʠʭ ʚʦʣʥʘʭ ʚ ʜʘʥʥʦʤ ʢʨʠʩʪʘʣʣʝ. ɺ ʭʦʜʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ʧʦʣʫʯʝʥʳ ʯʘʩʪʦʪʥʳʝ ʢʨʠʚʳʝ ʫʛʣʦʚ ʙʨʵʛʛʦʚʩʢʦʛʦ ʩʠʥʭʨʦʥʠʟʤʘ ʜʣʷ ʨʘʟʥʳʭ ʚʝʣʠʯʠʥ 

ʚʥʝʰʥʝʛʦ ʩʪʘʪʠʯʝʩʢʦʛʦ ʜʘʚʣʝʥʠʷ. ʇʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʜʦʢʘʟʳʚʘʶʪ ʚʦʟʤʦʞʥʦʩʪʴ 

ʚʥʝʩʝʥʠʷ ʚ ʢʨʠʩʪʘʣʣ KRS-5 ʚʥʝʰʥʝ ʫʧʨʘʚʣʷʝʤʦʛʦ ʜʚʫʣʫʯʝʧʨʝʣʦʤʣʝʥʠʷ. ʊʘʢʞʝ ʜʦʢʘʟʘʥʘ 

ʧʝʨʩʧʝʢʪʠʚʥʦʩʪʴ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʚ ʠʥʬʨʘʢʨʘʩʥʦʤ ʜʠʘʧʘʟʦʥʝ ʩʧʝʢʪʨʘ ʘʢʫʩʪʦʦʧʪʠʯʝʩʢʠʭ 

ʢʨʠʩʪʘʣʣʦʚ KRS-5 ʩ ʫʧʨʘʚʣʷʝʤʦʡ ʦʧʪʠʯʝʩʢʦʡ ʘʥʠʟʦʪʨʦʧʠʝʡ.  
 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ ʧʦʜʜʝʨʞʢʝ ʛʨʘʥʪʘ ʈʦʩʩʠʡʩʢʦʛʦ ʅʘʫʯʥʦʛʦ ʬʦʥʜʘ 

ˉ19-12-00072. 
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ʄʝʪʦʜ ʥʝʠʥʚʘʟʠʚʥʦʡ ʫʣʴʪʨʘʟʚʫʢʦʚʦʡ ʭʠʨʫʨʛʠʠ ʠʩʧʦʣʴʟʫʝʪʩʷ ʚ ʢʣʠʥʠʯʝʩʢʦʡ 

ʧʨʘʢʪʠʢʝ ʜʣʷ ʣʝʯʝʥʠʷ ʵʩʩʝʥʮʠʘʣʴʥʦʛʦ ʪʨʝʤʦʨʘ, ʙʦʣʝʟʥʠ ʇʘʨʢʠʥʩʦʥʘ ʠ ʨʘʟʨʫʰʝʥʠʷ 

ʚʥʫʪʨʠʤʦʟʛʦʚʳʭ ʦʧʫʭʦʣʝʡ. ʀʜʝʷ ʤʝʪʦʜʘ ʩʦʩʪʦʠʪ ʚ ʬʦʢʫʩʠʨʦʚʢʝ ʫʣʴʪʨʘʟʚʫʢʦʚʦʛʦ ʧʫʯʢʘ 

ʯʝʨʝʟ ʠʥʪʘʢʪʥʳʡ ʯʝʨʝʧ ʚ ʟʘʜʘʥʥʳʝ ʫʯʘʩʪʢʠ ʤʦʟʛʘ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʠʭ ʣʦʢʘʣʴʥʦʤʫ ʥʘʛʨʝʚʫ 

ʠ ʪʝʧʣʦʚʦʡ ʜʝʥʘʪʫʨʘʮʠʠ [1].  ɼʣʷ ʵʪʦʛʦ ʠʩʧʦʣʴʟʫʶʪʩʷ ʤʥʦʛʦʵʣʝʤʝʥʪʥʳʝ ʨʝʰʝʪʢʠ 

ʧʦʣʫʩʬʝʨʠʯʝʩʢʦʡ ʬʦʨʤʳ ʩ ʯʘʩʪʦʪʦʡ 650 ʢɻʮ, ʧʦʟʚʦʣʷʶʱʠʝ ʢʦʤʧʝʥʩʠʨʦʚʘʪʴ ʘʙʝʨʨʘʮʠʠ, 

ʚʳʟʚʘʥʥʳʝ ʧʨʠʩʫʪʩʪʚʠʝʤ ʢʦʩʪʝʡ ʯʝʨʝʧʘ. ɼʣʷ ʨʘʟʨʘʙʦʪʢʠ ʥʦʚʳʭ ʧʨʦʪʦʢʦʣʦʚ ʦʙʣʫʯʝʥʠʷ 

ʥʝʜʘʚʥʦ ʙʳʣʠ ʧʨʝʜʣʦʞʝʥʳ ʢʦʤʧʘʢʪʥʳʝ ʨʝʰʸʪʢʠ ʩ ʙʦʣʝʝ ʚʳʩʦʢʦʡ ʯʘʩʪʦʪʦʡ 1 ʄɻʮ ʚ 

ʬʦʨʤʝ ʩʝʛʤʝʥʪʘ ʩʬʝʨʳ ʠ ʤʘʢʩʠʤʘʣʴʥʦ ʧʣʦʪʥʳʤ ʟʘʧʦʣʥʝʥʠʝʤ ʧʦʚʝʨʭʥʦʩʪʠ ʩʣʫʯʘʡʥʦ 

ʨʘʩʧʦʣʦʞʝʥʥʳʤʠ ʵʣʝʤʝʥʪʘʤʠ (ʨʠʩ. 1) [2]. ʆʜʥʘʢʦ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʪʘʢʠʭ ʨʝʰʸʪʦʢ 

ʫʩʠʣʠʚʘʝʪʩʷ ʚʣʠʷʥʠʝ ʥʝʦʜʥʦʨʦʜʥʦʩʪʝʡ ʯʝʨʝʧʘ, ʧʦʵʪʦʤʫ ʚʩʪʘʝʪ ʟʘʜʘʯʘ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ʚʦʟʤʦʞʥʦʩʪʠ ʢʦʤʧʝʥʩʘʮʠʠ ʘʙʝʨʨʘʮʠʡ ʧʦʣʷ ʜʘʥʥʳʭ ʨʝʰʝʪʦʢ ʧʨʠ ʬʦʢʫʩʠʨʦʚʢʝ ʥʘ 

ʨʘʟʣʠʯʥʦʡ ʛʣʫʙʠʥʝ ʚ ʪʢʘʥʷʭ ʤʦʟʛʘ.  

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʙʳʣʘ ʠʩʧʦʣʴʟʦʚʘʥʘ ʤʦʜʝʣʴ 256-ʵʣʝʤʝʥʪʥʦʡ ʢʦʤʧʘʢʪʥʦʡ ʨʝʰyʪʢʠ 

ʚ ʬʦʨʤʝ ʩʬʝʨʠʯʝʩʢʦʛʦ ʩʝʛʤʝʥʪʘ ʩ ʘʧʝʨʪʫʨʦʡ ʨʘʚʥʦʡ ʨʘʜʠʫʩʫ ʢʨʠʚʠʟʥʳ, D = F = 200 ʤʤ 

(ʨʠʩ. 1ʙ) [2]. ʈʘʩʩʤʘʪʨʠʚʘʣʠʩʴ ʨʘʟʣʠʯʥʳʝ ʧʦʣʦʞʝʥʠʷ ʨʝʰʸʪʢʠ ʧʦ ʚʳʩʦʪʝ ʧʨʠ 

ʬʦʢʫʩʠʨʦʚʢʝ ʫʣʴʪʨʘʟʚʫʢʦʚʦʛʦ ʧʫʯʢʘ ʥʘ ʨʘʟʣʠʯʥʳʭ ʛʣʫʙʠʥʘʭ ʦʪʥʦʩʠʪʝʣʴʥʦ ʮʝʥʪʨʘ ʤʦʟʛʘ, 

ʨʘʩʧʦʣʦʞʝʥʥʦʛʦ ʥʘ ʛʣʫʙʠʥʝ ʦʢʦʣʦ 7 ʩʤ (ʨʠʩ. 1ʘ). ɼʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʘʢʫʩʪʠʯʝʩʢʦʛʦ ʧʦʣʷ 

ʠ ʢʦʤʧʝʥʩʘʮʠʡ ʘʙʝʨʨʘʮʠʡ ʧʨʠʤʝʥʷʣʘʩʴ ʢʦʤʙʠʥʘʮʠʷ ʜʚʫʭ ʨʘʟʣʠʯʥʳʭ ʯʠʩʣʝʥʥʳʭ 

ʧʦʜʭʦʜʦʚ.  

ʉʥʘʯʘʣʘ ʨʘʩʩʤʦʪʨʠʤ ʘʣʛʦʨʠʪʤ ʢʦʤʧʝʥʩʘʮʠʠ ʘʙʝʨʨʘʮʠʡ. ʅʘ ʧʝʨʚʦʤ ʵʪʘʧʝ 

ʠʩʧʦʣʴʟʦʚʘʣʘʩʴ ʯʠʩʣʝʥʥʘʷ ʤʦʜʝʣʴ ʂʝʣʴʚʠʥʘ-ʌʦʡʛʪʘ, ʨʝʘʣʠʟʦʚʘʥʥʘʷ ʩ ʧʦʤʦʱʴʶ 

ʧʨʦʛʨʘʤʤʥʦʛʦ ʢʦʤʧʣʝʢʩʘ k-Wave (www.k-wave.org) ʠ ʩ ʝʸ ʧʦʤʦʱʴʶ ʨʘʩʩʯʠʪʳʚʘʣʦʩʴ 

ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʝ ʩʬʝʨʠʯʝʩʢʦʡ ʚʦʣʥʳ ʠʟ ʪʦʯʢʠ ʬʦʢʫʩʘ ʜʦ ʧʣʦʩʢʦʩʪʠ, ʨʘʩʧʦʣʦʞʝʥʥʦʡ 

ʚʙʣʠʟʠ ʯʝʨʝʧʘ ʚʥʝ ʛʦʣʦʚʳ [3, 4]. 

 

 
ʈʠʩ.1. ɻʝʦʤʝʪʨʠʷ ʦʙʣʫʯʝʥʠʷ (ʘ) ʠ ʩʭʝʤʘ ʠʩʧʦʣʴʟʫʝʤʦʡ ʨʝʰʸʪʢʠ, ʩʦʩʪʦʷʱʝʡ ʠʟ (ʙ) 256 ʵʣʝʤʝʥʪʦʚ; ʜʠʘʤʝʪʨ 

D = 200 ʩʤ, ʨʘʜʠʫʩ ʢʨʠʚʠʟʥʳ F = 200 ʩʤ, ʨʘʙʦʯʘʷ ʯʘʩʪʦʪʘ f = 1 ʄɻʮ, ʟʘʟʦʨ ʤʝʞʜʫ ʵʣʝʤʝʥʪʘʤʠ 0.5 ʤʤ. 
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ɿʘʪʝʤ ʧʦʣʫʯʝʥʥʳʝ ʥʘ ʧʣʦʩʢʦʩʪʠ ʨʝʟʫʣʴʪʘʪʳ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʢʘʢ ʛʨʘʥʠʯʥʦʝ ʫʩʣʦʚʠʝ 

ʜʣʷ ʯʠʩʣʝʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʧʦʣʷ ʚ ʚʦʜʝ ʚʥʝ ʛʦʣʦʚʳ ʠ ʜʘʣʝʝ ʨʘʩʯʸʪ ʧʦʣʷ ʜʦ 

ʧʦʚʝʨʭʥʦʩʪʠ ʨʝʰʸʪʢʠ ʧʨʦʚʦʜʠʣʩʷ ʯʠʩʣʝʥʥʳʤ ʤʝʪʦʜʦʤ, ʦʩʥʦʚʘʥʥʳʤ ʥʘ ʚʳʯʠʩʣʝʥʠʠ 

ʠʥʪʝʛʨʘʣʘ ʈʵʣʝʷ ʚ ʦʜʥʦʨʦʜʥʦʡ ʩʨʝʜʝ [5]. ʌʘʟʳ ʢʦʣʝʙʘʪʝʣʴʥʦʡ ʩʢʦʨʦʩʪʠ, ʧʦʣʫʯʝʥʥʳʝ ʚ 

ʮʝʥʪʨʘʭ ʵʣʝʤʝʥʪʦʚ, ʠʥʚʝʨʪʠʨʦʚʘʣʠʩʴ, ʠ ʧʨʷʤʦʡ ʨʘʩʯʸʪ ʘʢʫʩʪʠʯʝʩʢʦʛʦ ʧʦʣʷ ʧʨʦʚʦʜʠʣʩʷ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʪʝʭ ʞʝ ʤʦʜʝʣʝʡ, ʥʦ ʚ ʦʙʨʘʪʥʦʤ ʧʦʨʷʜʢʝ.  

ʅʘ ʨʠʩ. 2ʘ ʧʨʝʜʩʪʘʚʣʝʥ ʨʝʟʫʣʴʪʘʪ ʨʘʩʯʸʪʘ ʙʝʟʨʘʟʤʝʨʥʦʡ ʘʤʧʣʠʪʫʜʳ ʜʘʚʣʝʥʠʷ pA/p0 

(p0 = ɟ0c0v0ï ʭʘʨʘʢʪʝʨʥʘʷ ʘʤʧʣʠʪʫʜʘ ʥʘ ʵʣʝʤʝʥʪʝ) ʚ ʧʣʦʩʢʦʩʪʠ, ʧʨʦʭʦʜʷʱʝʡ ʯʝʨʝʟ ʦʩʴ 

ʨʝʰʸʪʢʠ ʧʨʠ ʬʦʢʫʩʠʨʦʚʢʝ ʚ ʮʝʥʪʨ ʛʦʣʦʚʳ. ɺʠʜʥʦ, ʯʪʦ ʢʦʤʧʝʥʩʘʮʠʷ ʘʙʝʨʨʘʮʠʡ ʧʦʟʚʦʣʷʝʪ 

ʩʦʟʜʘʪʴ ʫʟʢʠʡ ʩʬʦʢʫʩʠʨʦʚʘʥʥʳʡ ʧʫʯʦʢ. ʊʘʢʞʝ ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʦʜʥʦʤʝʨʥʳʝ 

ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʦʪʥʦʩʠʪʝʣʴʥʦʡ ʘʤʧʣʠʪʫʜʳ pA/p0 ʚʜʦʣʴ ʦʩʠ ʨʝʰʝʪʢʠ z ʜʣʷ ʯʝʪʳʨʭy ʛʣʫʙʠʥ 

ʦʙʣʫʯʝʥʠʷ: ʮʝʥʪʨ ʤʦʟʛʘ (ʨʠʩ. 2ʙ ʩʧʣʦʰʥʘʷ ʣʠʥʠʷ), ʚʳʰʝ ʮʝʥʪʨʘ ʥʘ 1 ʠ 2 ʩʤ (ʰʪʨʠʭʦʚʘʷ 

ʠ ʧʫʥʢʪʠʨʥʘʷ ʣʠʥʠʠ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ) ʠ ʥʘ 1 ʩʤ ʥʠʞʝ ʮʝʥʪʨʘ (ʰʪʨʠʭʧʫʥʢʪʠʨʥʘʷ ʣʠʥʠʷ). 

ɼʣʷ ʙʦʣʝʝ ʛʣʫʙʦʢʠʭ ʩʪʨʫʢʪʫʨ ʨʘʩʯʸʪʳ ʥʝ ʧʨʦʚʦʜʠʩʴ, ʪʘʢ ʢʘʢ ʠʭ ʦʙʣʫʯʝʥʠʝ ʥʝ ʠʤʝʝʪ 

ʧʨʘʢʪʠʯʝʩʢʦʛʦ ʧʨʠʤʝʥʝʥʠʷ.  

 ʀʟ ʧʦʣʫʯʝʥʥʳʭ ʜʘʥʥʳʭ ʩʣʝʜʫʝʪ, ʯʪʦ ʧʨʠ ʫʤʝʥʴʰʝʥʠʠ ʠ ʫʚʝʣʠʯʝʥʠʠ ʛʣʫʙʠʥʳ 

ʬʦʢʫʩʠʨʦʚʢʠ ʥʘ 1 ʩʤ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʚ ʬʦʢʫʩʝ ʧʨʘʢʪʠʯʝʩʢʠ ʥʝ ʤʝʥʷʝʪʩʷ. ʆʜʥʘʢʦ ʧʨʠ 

ʫʤʝʥʴʰʝʥʠʠ ʛʣʫʙʠʥʳ ʬʦʢʫʩʠʨʦʚʢʠ ʥʘ 2 ʩʤ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʚ ʬʦʢʫʩʝ ʧʘʜʘʝʪ ʥʘ 20% ʠ 

ʧʦʷʚʣʷʶʪʩʷ ʧʦʙʦʯʥʳʝ ʤʘʢʩʠʤʫʤʳ ʧʦʣʷ ʚʙʣʠʟʠ ʯʝʨʝʧʘ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʝʨʝʤʝʱʝʥʠʝ 

ʨʝʰʸʪʢʠ ʙʝʟ ʧʦʙʦʯʥʳʭ ʜʠʬʨʘʢʮʠʦʥʥʳʭ ʵʬʬʝʢʪʦʚ ʚʦʟʤʦʞʥʦ ʚ ʧʨʝʜʝʣʘʭ 1 ʩʤ 

ʦʪʥʦʩʠʪʝʣʴʥʦ ʮʝʥʪʨʘ ʛʦʣʦʚʳ. ɼʣʷ ʫʚʝʣʠʯʝʥʠʷ ʦʙʣʘʩʪʠ ʦʙʣʫʯʝʥʠʷ ʥʝʦʙʭʦʜʠʤʳ 

ʜʦʧʦʣʥʠʪʝʣʴʥʳʝ ʤʝʪʦʜʳ ʢʦʤʧʝʥʩʘʮʠʠ ʘʙʝʨʨʘʮʠʡ ʠʣʠ ʥʦʚʳʝ ʢʦʥʩʪʨʫʢʮʠʠ ʨʝʰʸʪʦʢ. 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʧʦʜʜʝʨʞʢʝ ʛʨʘʥʪʘ ʈʌʌʀ ˉ 19-02-00035, ʩʪʠʧʝʥʜʠʡ ʬʦʥʜʘ 

ʨʘʟʚʠʪʠʷ ʪʝʦʨʝʪʠʯʝʩʢʦʡ ʬʠʟʠʢʠ çɹʘʟʠʩè ʠ ʇʨʝʟʠʜʝʥʪʘ ʈʌ ʉʇ 2644.2018.4. 

    x, ʤʤ                                               pA/p0               pA/p0      

             
       10  20  30  40  50  60  70  80   z, ʤʤ                10   20   30   40   50   60   70  80 z, ʤʤ 

ʈʠʩ.2. (ʘ) ɼʚʫʤʝʨʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʘʤʧʣʠʪʫʜʳ ʜʘʚʣʝʥʠʷ pA/p0, ʥʦʨʤʠʨʦʚʘʥʥʦʡ ʥʘ ʥʘʯʘʣʴʥʫʶ ʘʤʧʣʠʪʫʜʫ 

ʥʘ ʵʣʝʤʝʥʪʝ, ʚ ʩʣʫʯʘʝ ʦʙʣʫʯʝʥʠʷ ʮʝʥʪʨʘ ʤʦʟʛʘ. (ʙ) ʆʜʥʦʤʝʨʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʚʜʦʣʴ ʦʩʠ ʨʝʰʸʪʢʠ. 

ʇʫʥʢʪʠʨ ï ʬʦʢʫʩ ʨʘʩʧʦʣʦʞʝʥ ʥʘ 2 ʩʤ ʚʳʰʝ ʮʝʥʪʨʘ ʤʦʟʛʘ, ʰʪʨʠʭ ï ʥʘ 1 ʩʤ ʚʳʰʝ, ʩʧʣʦʰʥʘʷ ʣʠʥʠʷ ï ʚ ʮʝʥʪʨʝ 

ʤʦʟʛʘ, ʰʪʨʠʭʧʫʥʢʪʠʨ ï ʥʘ 1 ʩʤ ʛʣʫʙʞʝ ʮʝʥʪʨʘ ʤʦʟʛʘ. 
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ʍʘʨʘʢʪʝʨʠʟʘʮʠʷ ʧʦʛʣʦʱʘʶʱʝʛʦ ʩʣʦʷ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʘʢʫʩʪʠʯʝʩʢʦʡ 

ʛʦʣʦʛʨʘʬʠʠ 
 

ɼ.ɸ. ʅʠʢʦʣʘʝʚ, ʉ.ɸ. ʎʳʩʘʨʴ, ɸ.ɼ. ʂʨʝʥʜʝʣʝʚʘ, ʆ.ɸ. ʉʘʧʦʞʥʠʢʦʚ 
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ɺ ʙʦʣʴʰʠʥʩʪʚʝ ʩʣʫʯʘʝʚ ʧʨʠʤʝʥʝʥʠʷ ʫʣʴʪʨʘʟʚʫʢʘ ʥʝʦʙʭʦʜʠʤʦ ʟʥʘʪʴ ʘʢʫʩʪʠʯʝʩʢʠʝ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʩʨʝʜʳ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ, ʪʘʢʠʝ ʢʘʢ ʩʢʦʨʦʩʪʴ ʟʚʫʢʘ ʠ ʢʦʵʬʬʠʮʠʝʥʪ 

ʧʦʛʣʦʱʝʥʠʷ ʚ ʦʧʨʝʜʝʣʝʥʥʦʤ ʜʠʘʧʘʟʦʥʝ ʯʘʩʪʦʪ. ʇʦ ʦʧʨʝʜʝʣʝʥʠʶ ʵʪʠ ʧʘʨʘʤʝʪʨʳ 

ʦʪʥʦʩʷʪʩʷ ʢ ʟʘʜʘʯʝ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʧʣʦʩʢʦʡ ʚʦʣʥʳ [1]. ɹʦʣʴʰʠʥʩʪʚʦ ʤʝʪʦʜʦʚ ʠʟʤʝʨʝʥʠʷ 

ʪʘʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʠʩʧʦʣʴʟʫʶʪ ʧʣʦʩʢʠʝ ʧʨʠʝʤʥʳʝ ʠ ʧʝʨʝʜʘʶʱʠʝ ʠʟʣʫʯʘʪʝʣʠ [2]. 

ʆʜʥʘʢʦ ʥʠʢʘʢʠʝ ʨʝʘʣʴʥʳʝ ʠʩʪʦʯʥʠʢʠ ʥʝ ʠʟʣʫʯʘʶʪ ʧʣʦʩʢʫʶ ʚʦʣʥʫ, ʚʤʝʩʪʦ ʵʪʦʛʦ ʦʥʠ 

ʛʝʥʝʨʠʨʫʶʪ ʦʛʨʘʥʠʯʝʥʥʳʝ ʘʢʫʩʪʠʯʝʩʢʠʝ ʧʫʯʢʠ ʩ ʛʝʪʝʨʦʛʝʥʥʦʡ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ 

ʩʪʨʫʢʪʫʨʦʡ. ʕʪʦ ʜʝʣʘʝʪ ʘʢʫʩʪʠʯʝʩʢʠʝ ʠʟʤʝʨʝʥʠʷ ʚ ʧʣʦʩʢʦʚʦʣʥʦʚʦʤ ʧʨʠʙʣʠʞʝʥʠʠ 

ʥʝʪʦʯʥʳʤʠ, ʘ ʠʥʦʛʜʘ ʜʘʞʝ ʥʝʚʦʟʤʦʞʥʳʤʠ, ʦʩʦʙʝʥʥʦ ʚ ʙʣʠʞʥʝʤ ʧʦʣʝ. ʄʝʪʦʜ 

ʘʢʫʩʪʠʯʝʩʢʦʡ ʛʦʣʦʛʨʘʬʠʠ [3] ʤʦʞʝʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥ ʜʣʷ ʨʝʘʣʠʟʘʮʠʠ ʧʣʦʩʢʦʚʦʣʥʦʚʦʛʦ 

ʨʝʞʠʤʘ ʜʣʷ ʧʝʨʝʜʘʯʠ ʫʣʴʪʨʘʟʚʫʢʘ ʯʝʨʝʟ ʩʣʦʡ ʢʦʥʝʯʥʦʡ ʘʧʝʨʪʫʨʳ. 

ʈʝʘʣʴʥʳʡ ʫʣʴʪʨʘʟʚʫʢʦʚʦʡ ʠʩʪʦʯʥʠʢ ʠʤʝʝʪ ʩʣʦʞʥʫʶ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʫʶ ʩʪʨʫʢʪʫʨʫ, 

ʫʛʣʦʚʦʡ ʩʧʝʢʪʨ ʪʘʢʦʛʦ ʧʦʣʷ ʤʦʞʝʪ ʙʳʪʴ ʦʧʨʝʜʝʣʝʥ ʠʟ 2D ʛʦʣʦʛʨʘʬʠʯʝʩʢʦʛʦ 

ʩʢʘʥʠʨʦʚʘʥʠʷ ʧʦʣʷ ʩ ʧʦʤʦʱʴʶ ʛʠʜʨʦʬʦʥʘ ʤʘʣʦʛʦ ʨʘʟʤʝʨʘ. ʋʛʣʦʚʦʡ ʩʧʝʢʪʨ ʚʦʣʥʳ [4] ʧʨʠ 

ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʠ ʚ ʚʦʜʝ ʥʘ ʨʘʩʩʪʦʷʥʠʝ H ʠʟʤʝʥʷʝʪʩʷ ʩʦʛʣʘʩʥʦ ʬʦʨʤʫʣʝ (1). ʇʨʠ 

ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʠ ʥʘ ʪʘʢʦʝ ʞʝ ʨʘʩʩʪʦʷʥʠʝ, ʚ ʩʣʫʯʘʝ, ʝʩʣʠ ʧʘʨʘʣʣʝʣʴʥʦ ʠʟʣʫʯʘʪʝʣʶ 

ʫʩʪʘʥʦʚʣʝʥʘ ʧʣʘʩʪʠʥʢʘ ʪʦʣʱʠʥʦʡ Ὤ, ʫʛʣʦʚʦʡ ʩʧʝʢʪʨ ʠʟʤʝʥʷʝʪʩʷ ʩʦʛʣʘʩʥʦ ʬʦʨʤʫʣʝ (2). 

 Ὓ ὯȟὯȟ‫ Ὓ ὯȟὯȟ‫Ὡ  (1) 

 Ὓ ὯȟὯȟ‫

Ὓ ὯȟὯȟ‫Ὡ
̒

̒

̒

̒ Ὕ Ὕ  (2) 

ʛʜʝ Ὓ ï ʫʛʣʦʚʦʡ ʩʧʝʢʪʨ ʚ ʥʝʢʦʪʦʨʦʡ ʧʣʦʩʢʦʩʪʠ ὤ, ὯȟὯ- ʢʦʤʧʦʥʝʥʪʳ ʚʦʣʥʦʚʦʛʦ 

ʚʝʢʪʦʨʘ ʚ ʚʦʜʝ ʚʜʦʣʴ ʦʩʝʡ x ʠ y ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ï ʫʛʣʦʚʘʷ ʯʘʩʪʦʪʘ ʚʦʣʥʳ, ‌ȟ ‌ ï ‫ 

ʢʦʵʬʬʠʮʠʝʥʪʳ ʧʦʛʣʦʱʝʥʠʷ ʚʦʣʥʳ ʚ ʚʦʜʝ ʠ ʠʩʩʣʝʜʫʝʤʦʡ ʧʣʘʩʪʠʥʝ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ ʜʣʷ 

ʯʘʩʪʦʪʳ Ὧ ,‫ ȟὯ  ï ʚʦʣʥʦʚʳʝ ʯʠʩʣʘ ʚ ʚʦʜʝ ʠ ʤʘʪʝʨʠʘʣʝ, ὧȟὧ ï ʩʢʦʨʦʩʪʴ 

ʟʚʫʢʘ ʚ ʚʦʜʝ ʠ ʚ ʠʩʩʣʝʜʫʝʤʦʤ ʤʘʪʝʨʠʘʣʝ, Ὕ ȟὝ  ï ʢʦʵʬʬʠʮʠʝʥʪʳ ʧʨʦʭʦʞʜʝʥʠʷ ʚʦʣʥʳ 

ʯʝʨʝʟ ʛʨʘʥʠʮʫ ʨʘʟʜʝʣʘ ʚʦʜʘ-ʧʣʘʩʪʠʥʘ ʠ ʧʣʘʩʪʠʥʘ-ʚʦʜʘ. 

ɺ ʣʠʥʝʡʥʦʤ ʨʝʞʠʤʝ ʵʪʠ ʧʣʦʩʢʠʝ ʚʦʣʥʳ ʨʘʩʧʨʦʩʪʨʘʥʷʶʪʩʷ ʯʝʨʝʟ ʧʦʛʣʦʱʘʶʱʠʡ 

ʩʣʦʡ ʥʝʟʘʚʠʩʠʤʦ ʜʨʫʛ ʦʪ ʜʨʫʛʘ. ʂ ʪʦʤʫ ʞʝ, ʜʣʷ ʦʛʨʘʥʠʯʝʥʥʳʭ ʘʢʫʩʪʠʯʝʩʢʠʭ ʧʫʯʢʦʚ ʪʘʢʦʡ 

ʩʣʦʡ ʢʦʥʝʯʥʦʡ ʘʧʝʨʪʫʨʳ ʤʦʞʥʦ ʩʯʠʪʘʪʴ ʙʝʩʢʦʥʝʯʥʳʤ ʚ ʧʦʧʝʨʝʯʥʦʤ ʥʘʧʨʘʚʣʝʥʠʠ. 

ʉʣʝʜʦʚʘʪʝʣʴʥʦ, ʥʦʨʤʘʣʴʥʦʝ ʧʨʦʭʦʞʜʝʥʠʝ ʧʣʦʩʢʦʡ ʚʦʣʥʳ ʯʝʨʝʟ ʙʝʩʢʦʥʝʯʥʳʡ ʩʣʦʡ ʤʦʞʝʪ 

ʙʳʪʴ ʨʝʘʣʠʟʦʚʘʥʦ ʧʫʪʸʤ ʚʳʜʝʣʝʥʠʷ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦʡ ʩʦʩʪʘʚʣʷʶʱʝʡ ʫʛʣʦʚʦʛʦ ʩʧʝʢʪʨʘ 

ʨʝʘʣʴʥʦʛʦ ʚʦʣʥʦʚʦʛʦ ʧʫʯʢʘ.  

ʆʙʨʘʟʝʮ ʠʟ ʤʷʛʢʦʡ ʨʝʟʠʥʳ ʙʳʣ ʠʩʩʣʝʜʦʚʘʥ ʚ ʩʣʝʜʫʶʱʝʤ ʵʢʩʧʝʨʠʤʝʥʪʝ (ʨʠʩ.1). 

ʐʠʨʦʢʦʧʦʣʦʩʥʳʡ ʠʟʣʫʯʘʪʝʣʴ Panametrix ʩ ʨʝʟʦʥʘʥʩʥʦʡ ʯʘʩʪʦʪʦʡ Ὢ ρ˙ː̗, 
ʘʧʝʨʪʫʨʦʡ Ὀ ρȢυᴂᴂ ʠ ʬʦʢʫʩʥʳʤ ʨʘʩʩʪʦʷʥʠʝʤ F ςȢυᴂᴂ ʙʳʣ ʧʦʤʝʱʝʥ ʚ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦ 

ʜʝʛʘʟʠʨʦʚʘʥʥʫʶ ʚʦʜʫ. ʀʟʣʫʯʘʪʝʣʴ ʚʦʟʙʫʞʜʘʣʩʷ ʢʦʨʦʪʢʠʤ ʠʤʧʫʣʴʩʦʤ ʩ ʯʘʩʪʦʪʦʡ 

ʟʘʧʦʣʥʝʥʠʷ Ὢ ʜʣʠʥʦʡ 5 ʧʝʨʠʦʜʦʚ. ʉʧʝʢʪʨ ʪʘʢʦʛʦ ʠʤʧʫʣʴʩʘ ʷʚʣʷʝʪʩʷ ʜʦʩʪʘʪʦʯʥʦ 
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ʰʠʨʦʢʠʤ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʧʦʣʫʯʘʪʴ ʟʘʚʠʩʠʤʦʩʪʠ ʠʩʢʦʤʳʭ ʧʘʨʘʤʝʪʨʦʚ ʦʪ ʯʘʩʪʦʪʳ ʚ 

ʰʠʨʦʢʦʡ ʧʦʣʦʩʝ ʧʨʠ ʦʜʥʦʢʨʘʪʥʦʤ ʠʟʤʝʨʝʥʠʠ. ʀʟʤʝʨʝʥʠʷ ʧʨʦʚʦʜʠʣʠʩʴ ʥʘ ʧʘʨʘʣʣʝʣʴʥʦʡ 

ʠʟʣʫʯʘʪʝʣʶ ʧʣʦʩʢʦʩʪʠ ʨʘʟʤʝʨʦʤ ὒ ὒ χυ̍̍ ʩ ʧʦʤʦʱʴʶ ʛʠʜʨʦʬʦʥʘ Onda 

HGLī0200 ʩ ʜʠʘʤʝʪʨʦʤ ʯʫʚʩʪʚʠʪʝʣʴʥʦʛʦ ʵʣʝʤʝʥʪʘ 200 ʤʢʤ. ɻʠʜʨʦʬʦʥ ʧʝʨʝʤʝʱʘʣʩʷ ʩ 

ʧʦʤʦʱʴʶ ʩʠʩʪʝʤʳ ʧʦʟʠʮʠʦʥʠʨʦʚʘʥʠʷ Precision Acoustics UMS-3 ʚ ʧʣʦʩʢʦʩʪʠ ʩ ʰʘʛʦʤ 

Ὠὼ Ὠώ πȢυ̍.̍ ʇʣʦʩʢʦʩʪʴ ʠʟʤʝʨʝʥʠʷ ʥʘʭʦʜʠʣʘʩʴ ʤʝʞʜʫ ʦʙʨʘʟʮʦʤ ʠ ʬʦʢʫʩʦʤ 

ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷ ʥʘ ʨʘʩʩʪʦʷʥʠʠ Ὄ τυ̍̍. ʇʝʨʚʦʝ ʠʟʤʝʨʝʥʠʝ ʛʦʣʦʛʨʘʤʤʳ ʧʨʦʚʝʜʝʥʦ 

ʙʝʟ ʠʩʩʣʝʜʫʝʤʦʛʦ ʩʣʦʷ, ʚʪʦʨʦʝ ʠʟʤʝʨʝʥʠʝ ʧʨʦʚʝʜʝʥʦ ʧʦʩʣʝ ʫʩʪʘʥʦʚʢʠ ʩʣʦʷ ʤʝʞʜʫ 

ʠʟʣʫʯʘʪʝʣʝʤ ʠ ʧʣʦʩʢʦʩʪʴʶ ʠʟʤʝʨʝʥʠʷ ʚʜʦʣʴ ʪʦʡ ʞʝ ʧʦʚʝʨʭʥʦʩʪʠ. ʊʦʣʱʠʥʘ ʩʣʦʷ Ὤ
ρωȢυ ̍ .̍ 

 
ʈʠʩ. 1. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘ ʫʩʪʘʥʦʚʢʘ. 

 

ʀʟ ʧʦʣʫʯʝʥʥʳʭ ʠʟʤʝʨʝʥʠʡ ʤʦʞʥʦ ʨʘʩʩʯʠʪʘʪʴ ʫʛʣʦʚʦʡ ʩʧʝʢʪʨ ʜʚʫʭ ʛʦʣʦʛʨʘʤʤ ʠ 

ʥʘʡʪʠ ʠʭ ʦʪʥʦʰʝʥʠʝ. ʀʟ ʬʦʨʤʫʣ (1), (2) ʵʪʦ ʦʪʥʦʰʝʥʠʝ ʠʤʝʝʪ ʚʠʜ  

 
ȟ ȟ

ȟ ȟ
Ὡ

̒

̒

̒

̒ Ὕ Ὕ  (3) 

ʌʘʟʘ ʩʦʦʪʥʦʰʝʥʠʷ (3) ʩʦʜʝʨʞʠʪ ʠʥʬʦʨʤʘʮʠʶ ʦ ʩʢʦʨʦʩʪʠ ʟʚʫʢʘ ʚ ʤʘʪʝʨʠʘʣʝ ʩʣʦʷ ʚ 

ʜʠʘʧʘʟʦʥʝ ʯʘʩʪʦʪ ʨʘʙʦʪʳ ʠʟʣʫʯʘʪʝʣʷ. ʇʨʝʜʧʦʣʘʛʘʷ, ʯʪʦ ʧʦʛʣʦʱʝʥʠʝ ʤʘʣʦ ʥʘ ʤʘʩʰʪʘʙʝ 

ʜʣʠʥʳ ʚʦʣʥʳ, ʧʦʣʫʯʠʤ ʟʘʚʠʩʠʤʦʩʪʴ ʩʢʦʨʦʩʪʠ ʟʚʫʢʘ ʚ ʤʘʪʝʨʠʘʣʝ ʦʪ ʯʘʩʪʦʪʳ:  

ὧ ‫ ὴὬὥίὩὛ ὯȟὯȟ‫ȾὛ ὯȟὯȟ‫ ȾὬ Ὧ‫ Ὧ Ὧ Ὧ Ὧ

Ⱦ

 (4) 

ʊʘʢʞʝ ʩ ʧʦʤʦʱʴʶ ʬʘʟʳ ʦʪʥʦʰʝʥʠʷ (3) ʚʦʟʤʦʞʥʦ ʦʧʨʝʜʝʣʠʪʴ ʢʦʤʧʦʥʝʥʪʳ ὯȟὯ 

ʧʣʦʩʢʦʡ ʚʦʣʥʳ, ʢʦʪʦʨʘʷ ʧʘʜʘʝʪ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦ ʠʩʩʣʝʜʫʝʤʦʤʫ ʩʣʦʶ. ɼʣʷ ʪʘʢʦʡ ʚʦʣʥʳ 

Ὕ ȟὝ , ʛʜʝ ὤ, ὤ ï ʘʢʫʩʪʠʯʝʩʢʠʡ ʠʤʧʝʜʘʥʩ ʚʦʜʳ ʠ ʤʘʪʝʨʠʘʣʘ 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ɼʣʷ ʪʘʢʦʡ ʚʦʣʥʳ ʬʘʟʘ ʩʦʦʪʥʦʰʝʥʠʷ 3 ʧʨʠʥʠʤʘʝʪ ʤʘʢʩʠʤʘʣʴʥʦʝ 

ʟʥʘʯʝʥʠʝ (ʩʤ. ʨʠʩ.2ʘ).  

ʄʦʜʫʣʴ ʩʦʦʪʥʦʰʝʥʠʷ (3), ʧʨʝʜʩʪʘʚʣʝʥʥʳʡ ʥʘ ʨʠʩ. 2ʙ, ʩʦʜʝʨʞʠʪ ʠʥʬʦʨʤʘʮʠʶ ʦ 

ʢʦʵʬʬʠʮʠʝʥʪʝ ʧʦʛʣʦʱʝʥʠʷ ʚʦʣʥʳ ʚ ʤʘʪʝʨʠʘʣʝ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʯʘʩʪʦʪʳ. ɺ ʧʨʠʙʣʠʞʝʥʠʠ 

ʩʣʘʙʦʛʦ ʧʦʛʣʦʱʝʥʠʷ ʠʟ ʫʨʘʚʥʝʥʠʷ (3) ʧʦʣʫʯʠʤ ʟʘʚʠʩʠʤʦʩʪʴ ʧʦʛʣʦʱʝʥʠʷ ʦʪ ʯʘʩʪʦʪʳ: 

 ‌ ‫
 ȟ ȟ Ⱦ ȟ ȟ  

‌ ‫Ⱦ

ρ ρ  (5) 

ɻʠʜʨʦʬʦʥ ʀʟʣʫʯʘʪʝʣʴ 

ʉʠʩʪʝʤʘ  

ʧʦʟʠʮʠʦʥʠʨʦʚʘʥʠʷ 
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ʂʦʵʬʬʠʮʠʝʥʪ ʧʦʛʣʦʱʝʥʠʷ ʠ ʩʢʦʨʦʩʪʴ ʟʚʫʢʘ ʨʘʩʩʯʠʪʘʥʳ ʜʣʷ ʧʣʦʩʢʦʡ ʚʦʣʥʳ, 

ʧʘʜʘʶʱʝʡ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦ ʦʙʨʘʟʮʫ. ɼʣʷ ʚʳʜʝʣʝʥʠʷ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦʡ ʧʣʦʩʢʦʡ ʚʦʣʥʳ 

ʥʘ ʢʘʞʜʦʡ ʯʘʩʪʦʪʝ, ʪʘʢʘʷ ʚʦʣʥʘ ʥʘʭʦʜʠʪʩʷ ʩʥʘʯʘʣʘ ʥʘ ʦʩʥʦʚʥʦʡ ʯʘʩʪʦʪʝ ʨʘʙʦʪʳ 

ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷ Ὢ, ʥʘ ʦʩʥʦʚʝ ʵʪʦʛʦ ʟʥʘʯʝʥʠʷ ʚʳʯʠʩʣʷʶʪʩʷ ʫʛʣʳ • ȟ• , 

ʜʘʣʝʝ ʧʦ ʵʪʠʤ ʟʥʘʯʝʥʠʷʤ ʨʘʩʩʯʠʪʳʚʘʶʪʩʷ ʟʥʘʯʝʥʠʷ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʭ ʯʘʩʪʦʪ Ὧȟ Ὧ ʜʣʷ 

ʦʩʪʘʣʴʥʳʭ ʚʨʝʤʝʥʥʳʭ ʯʘʩʪʦʪ. ɺ ʜʘʥʥʦʤ ʵʢʩʧʝʨʠʤʝʥʪʝ ʨʘʩʯʝʪ ʧʦʢʘʟʘʣ, ʯʪʦ ʦʪʢʣʦʥʝʥʠʝ 

ʥʦʨʤʘʣʠ ʨʝʟʠʥʦʚʦʛʦ ʩʣʦʷ ʦʪ ʥʦʨʤʘʣʠ ʧʣʦʩʢʦʩʪʠ ʛʦʣʦʛʨʘʤʤʳ ʨʘʚʝʥ • σЈ.  

                         
       ʘ)                     ʙ) 

ʈʠʩ. 2. ʌʘʟʘ (ʘ) ʠ ʘʤʧʣʠʪʫʜʘ (ʙ) ʦʪʥʦʰʝʥʠʷ ʫʛʣʦʚʳʭ ʩʧʝʢʪʨʦʚ ʩʦʛʣʘʩʥʦ ʩʦʦʪʥʦʰʝʥʠʶ (3), ʨʘʩʩʯʠʪʘʥʥʳʭ 

ʠʟ ʛʦʣʦʛʨʘʤʤ, ʠʟʤʝʨʝʥʥʳʭ ʩʦ ʩʣʦʝʤ ʠ ʙʝʟ. 

 

ʇʨʠ ʠʟʚʝʩʪʥʳʭ ʘʢʫʩʪʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʘʭ ʚʦʜʳ, ʠʟʤʝʨʝʥʥʦʡ ʤʝʪʦʜʦʤ ʟʘʤʝʱʝʥʠʷ 

ʧʣʦʪʥʦʩʪʠ ʤʘʪʝʨʠʘʣʘ ʩʣʦʷ ʠ ʨʘʩʩʯʠʪʘʥʥʦʡ ʧʦ ʬʦʨʤʫʣʝ (4) ʩʢʦʨʦʩʪʠ ʟʚʫʢʘ ʚ ʨʝʟʠʥʝ, 

ʚʦʟʤʦʞʥʦ ʚʳʯʠʩʣʠʪʴ ʢʦʵʬʬʠʮʠʝʥʪʳ ʧʨʦʧʫʩʢʘʥʠʷ ʧʣʦʩʢʦʡ ʚʦʣʥʳ Ὕ ȟὝ , ʧʘʜʘʶʱʝʡ 

ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦ ʥʘ ʛʨʘʥʠʮʫ ʨʘʟʜʝʣʘ. ɺ ʨʘʙʦʪʝ ʨʘʩʩʤʦʪʨʝʥ ʩʣʫʯʘʡ ʦʜʥʦʢʨʘʪʥʦʛʦ 

ʧʨʦʭʦʞʜʝʥʠʷ, ʠʤʧʫʣʴʩ ʧʦʜʦʙʨʘʥ ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʯʪʦʙʳ ʝʛʦ ʜʣʠʥʘ ʙʳʣʘ ʤʝʥʴʰʝ 

ʫʜʚʦʝʥʥʦʡ ʪʦʣʱʠʥʳ ʩʣʦʷ, ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʩʠʛʥʘʣ ʥʝ ʧʝʨʝʢʨʳʚʘʣʩʷ ʩ ʦʪʨʘʞʝʥʥʳʤ ʦʪ 

ʛʨʘʥʠʮ ʨʘʟʜʝʣʘ. ʀʟ ʬʦʨʤʫʣ (4), (5) ʧʦʣʫʯʝʥʳ ʟʘʚʠʩʠʤʦʩʪʠ ʩʢʦʨʦʩʪʠ ʟʚʫʢʘ ʠ ʧʦʛʣʦʱʝʥʠʷ 

ʚ ʠʩʩʣʝʜʫʝʤʦʤ ʤʘʪʝʨʠʘʣʝ (ʨʠʩ. 3). 

 


















