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¶ ʉʘʚʸʣʦʚ ɸ.ʉ. (ʅʀʗʋ ʄʀʌʀ)  
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ʀʊʕʈ ʠ ʘʥʘʣʠʟ ʨʝʘʣʠʟʘʮʠʠ ʜʣʷ ʢʨʫʧʥʳʭ ʪʦʢʘʤʘʢʦʚéé...............................................................é8 

ʈ.ʀ. ʍʫʩʥʫʪʜʠʥʦʚ  

ɸʣʛʦʨʠʪʤʳ ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ ʧʨʦʬʠʣʝʡ ʩʚʝʪʠʤʦʩʪʠ ʩʧʝʢʪʨʘʣʴʥʳʭ ʣʠʥʠʡ ʘʪʦʤʦʚ ʠ ʠʦʥʦʚ ʚ 

ʧʨʠʩʪʝʥʦʯʥʦʤ ʩʣʦʝ ʀʊʕʈ ʩ ʧʦʤʦʱʴʶ ʪʦʤʦʛʨʘʬʠʠ  

ʩ ʫʯʸʪʦʤ ʦʪʨʘʞʝʥʠʡ ʩʚʝʪʘ ʦʪ ʧʝʨʚʦʡ ʩʪʝʥʢʠéééééééééééééééééééé..é12 

ɽ.ɸ. ɼʠʤʠʪʨʠʝʚʘ  

ʀʟʤʝʨʝʥʠʝ ʜʠʬʨʘʢʮʠʦʥʥʦʡ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʛʦʣʦʛʨʘʬʠʯʝʩʢʠʭ ʜʠʬʨʘʢʮʠʦʥʥʳʭ ʨʝʰʝʪʦʢ, 

ʠʩʧʦʣʴʟʫʝʤʳʭ ʚ ʜʚʫʭʢʘʥʘʣʴʥʦʤ ʩʧʝʢʪʨʦʤʝʪʨʝ-ʧʦʣʠʭʨʦʤʘʪʦʨʝ ʚʳʩʦʢʦʛʦ ʨʘʟʨʝʰʝʥʠʷ ʜʣʷ 

ʘʢʪʠʚʥʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʧʣʘʟʤʳ ʥʘ ʫʩʪʘʥʦʚʢʝ ʀʊʕʈéééééééééééééééé......16 

ɼ.ʉ. ʃʝʦʥʪʴʝʚ 

ʈʘʩʯʝʪ ʦʪʥʦʰʝʥʠʷ ʨʘʜʠʘʮʠʦʥʥʳʭ ʧʦʪʝʨʴ ʚ ʪʝʨʤʦʷʜʝʨʥʦʡ ʧʣʘʟʤʝ  

ʜʣʷ ʙʳʩʪʨʳʭ ʪʷʞʝʣʳʭ ʯʘʩʪʠʮ ʠ ʵʣʝʢʪʨʦʥʦʚééééééééééééééééé..éé....é.19 

ɸ.ʉ. ɼʨʦʟʜ 

ʇʦʜʛʦʪʦʚʢʘ ʚʝʨʪʠʢʘʣʴʥʦʛʦ ʢʘʥʘʣʘ ʩʚʯ-ʠʥʪʝʨʬʝʨʦʤʝʪʨʘ ʢ ʬʠʟʠʯʝʩʢʦʤʫ ʧʫʩʢʫ  

ʪʦʢʘʤʘʢʘ ʊ-15ʄɼéééééééééééééééééééééééééééééé.....é.24 

ɼ.ʉ. ʇʘʥʬʠʣʦʚ 

ɺʝʨʪʠʢʘʣʴʥʘʷ ʩʠʩʪʝʤʘ ʪʦʤʩʦʥʦʚʩʢʦʛʦ ʨʘʩʩʝʷʥʠʷ  

ʪʦʢʘʤʘʢʘ ʊ-15ʄɼ é..é.éééééééééééééééééééééééé.éééé.é28 

ɸ.ʉ. ɹʝʣʦʚ 

ʈʘʟʨʘʙʦʪʢʘ ʛʝʪʝʨʦʜʠʥʥʦʛʦ ʠʥʪʝʨʬʝʨʦʤʝʪʨʘ ʜʣʷ ʠʟʤʝʨʝʥʠʷ ʣʠʥʝʡʥʦʡ ʧʣʦʪʥʦʩʪʠ ʧʣʘʟʤʳ  

ʪʦʢʘʤʘʢʘ ʄʀʌʀʉʊ     éééééééééééééééééééééééééééé.é.é32 

ɸ.ʖ. ɹʝʣʷʝʚ 

ɸʥʘʣʠʟ ʩʠʛʥʘʣʘ ʃʘʟʝʨʥʦ-ʀʥʜʫʮʠʨʦʚʘʥʥʦʡ ʌʣʫʦʨʝʩʮʝʥʮʠʠ (ʃʀʌ) ʠʟʤʝʨʝʥʠʷ ʢʦʥʮʝʥʪʨʘʮʠʠ 

ʵʣʝʢʪʨʦʥʦʚ ʩ ʧʦʤʦʱʴʶ ʤʘʰʠʥʥʦʛʦ ʦʙʫʯʝʥʠʷééééééééééééééééééé...é.35 

ʖ.ʄ. ʂʣʠʤʘʯʝʚ  

ʊʝʨʘʛʝʨʮʦʚʳʡ NH3-ʣʘʟʝʨ ʩ ʦʧʪʠʯʝʩʢʦʡ ʥʘʢʘʯʢʦʡ çʜʣʠʥʥʳʤʠè (~100 ʤʢc) ʠʤʧʫʣʴʩʘʤʠ ʉʆ2-

ʣʘʟʝʨʘ ʜʣʷ ʜʠʘʛʥʦʩʪʠʢʠ ʧʣʘʟʤʳéééééééééééééééé.éééééé.ééé.é37 

ɸ.ʄ. ʉʘʛʠʪʦʚʘ 

ʐʠʨʦʢʦʧʦʣʦʩʥʳʡ CO-ʣʘʟʝʨ ʩ ʚʥʫʪʨʠʨʝʟʦʥʘʪʦʨʥʳʤ ʧʨʝʦʙʨʘʟʦʚʘʥʠʝʤ ʯʘʩʪʦʪʳ  

ʜʣʷ ʜʠʘʛʥʦʩʪʠʢʠ ʧʣʘʟʤʳ éééééééééééééééééééé...éééééé...éé45 
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ɼ.ʉ. ʌʨʠʜʨʠʭʩʝʥ 

ʉʮʠʥʪʠʣʣʷʮʠʦʥʥʳʡ ʜʝʪʝʢʪʦʨ ʥʘ ʦʩʥʦʚʝ ʢʨʠʩʪʘʣʣʘ ʧʘʨʘʪʝʨʬʝʥʠʣʘ  

ʜʣʷ ʨʝʛʠʩʪʨʘʮʠʠ ʪʝʤʦʷʜʝʨʥʳʭ ʥʝʡʪʨʦʥʦʚéé...éééééééééééééééééé.é..49 

ʀ.ʉ. ʂʫʜʘʰʝʚʥʠʮ  

ɸʥʘʣʠʟ ʧʦʛʨʝʰʥʦʩʪʠ CXRS-ʠʟʤʝʨʝʥʠʡ ʚ ʧʣʘʟʤʝ ʊ-10  
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ɺ ʜʦʢʣʘʜʝ ʠʟʣʦʞʝʥʳ ʚʳʩʦʢʦʪʝʭʥʦʣʦʛʠʯʥʳʝ ʨʝʰʝʥʠʷ ʨʘʟʨʘʙʦʪʘʥʥʳʝ ʚ ʨʘʤʢʘʭ ʨʘʙʦʪ ʧʦ 

ʩʦʟʜʘʥʠʶ ʜʠʘʛʥʦʩʪʠʢʠ ʪʦʤʩʦʥʦʚʩʢʦʛʦ ʨʘʩʩʝʷʥʠʷ (Tʈ) ʜʣʷ ʀʊʕʈ ʠ ʧʨʦʚʝʜʝʥ ʘʥʘʣʠʟ ʩʧʝʮʠʬʠʢʠ 

ʨʝʘʣʠʟʘʮʠʠ ʪʘʢʦʡ ʜʠʘʛʥʦʩʪʠʢʠ ʜʣʷ ʧʨʠʤʝʥʝʥʠʷ ʝʝ ʥʘ ʢʨʫʧʥʳʭ ʩʦʚʨʝʤʝʥʥʳʭ ʪʦʢʘʤʘʢʘʭ ʠ 

ʙʫʜʫʱʠʭ ʪʦʢʘʤʘʢʘʭ-ʨʝʘʢʪʦʨʘʭ. ʆʩʥʦʚʥʦʡ ʩʧʝʮʠʬʠʢʦʡ ʪʘʢʦʡ ʜʠʘʛʥʦʩʪʠʢʠ ʷʚʣʷʝʪʩʷ ʙʦʣʴʰʦʝ 

ʨʘʩʩʪʦʷʥʠʝ ʦʪ ʠʩʩʣʝʜʫʝʤʦʡ ʧʣʘʟʤʳ ʜʦ ʛʨʘʥʠʮʳ ʚʘʢʫʫʤʘ ʠ ʦʙʣʫʯʝʥʠʝ ʠʥʪʝʥʩʠʚʥʳʤʠ ʧʦʪʦʢʘʤʠ 

ʥʝʡʪʨʦʥʦʚ ʠ ʛʘʤʤʘ ʢʚʘʥʪʦʚ. ʉʣʦʞʥʘʷ ʨʘʜʠʘʮʠʦʥʥʘʷ ʦʙʩʪʘʥʦʚʢʘ ʦʧʨʝʜʝʣʷʝʪ ʥʝʦʙʭʦʜʠʤʦʩʪʴ 

ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʩʣʦʞʥʳʭ ʟʝʨʢʘʣʴʥʳʭ ʩʠʩʪʝʤ ʢʘʢ ʜʣʷ ʚʚʦʜʘ ʚ ʧʣʘʟʤʫ ʣʘʟʝʨʥʦʛʦ ʠʟʣʫʯʝʥʠʷ, ʪʘʢ ʠ 

ʢʨʫʧʥʦʛʘʙʘʨʠʪʥʳʭ ʟʝʨʢʘʣ ʩʠʩʪʝʤʳ ʩʙʦʨʘ ʨʘʩʩʝʷʥʥʦʛʦ ʠʟʣʫʯʝʥʠʷ. ʇʝʨʝʜʘʯʘ ʠʟʣʫʯʝʥʠʷ 

ʟʝʨʢʘʣʘʤʠ ʥʘ ʟʥʘʯʠʪʝʣʴʥʳʝ ʨʘʩʩʪʦʷʥʠʷ ʪʨʝʙʫʝʪ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʢʦʥʩʪʨʫʢʮʠʡ, ʛʘʨʘʥʪʠʨʫʶʱʠʭ 

ʩʚʝʨʭ-ʚʳʩʦʢʦʪʦʯʥʦʝ ʫʛʣʦʚʦʝ ʧʦʟʠʮʠʦʥʠʨʦʚʘʥʠʝ ʚ ʩʦʯʝʪʘʥʠʠ ʩ ʥʝʦʙʭʦʜʠʤʦʩʪʴʶ ʧʦʜʩʪʨʦʡʢʠ 

ʧʦʣʦʞʝʥʠʷ ʚ ʩʣʫʯʘʝ ʠʟʤʝʥʝʥʠʷ ʛʝʦʤʝʪʨʠʯʝʩʢʠʭ ʨʘʟʤʝʨʦʚ ʚʘʢʢʫʤʦʡ ʢʘʤʝʨʳ ʧʨʠ ʦʪʢʘʯʢʝ ʠ 

ʥʘʛʨʝʚʝ. ɿʘʧʳʣʝʥʠʝ ʦʧʪʠʯʝʩʢʠʭ ʢʦʤʧʦʥʝʥʪ ʧʨʦʜʫʢʪʘʤʠ ʵʨʦʟʠʠ ʤʘʪʝʨʠʘʣʦʚ ʧʝʨʚʦʡ ʩʪʝʥʢʠ, 

ʧʨʠʚʝʣʦ ʢ ʥʝʦʙʭʦʜʠʤʦʩʪʠ ʨʘʟʨʘʙʦʪʢʠ ʧʣʘʟʤʝʥʥʦʡ ʦʯʠʩʪʢʠ [1, 2], ʦʧʪʠʤʠʟʘʮʠʠ ʝʝ ʧʘʨʘʤʝʪʨʦʚ, 

ʚʢʣʶʯʘʷ ʨʘʟʨʘʙʦʪʢʫ ʢʦʜʘ ʜʣʷ ʦʧʪʠʤʠʟʘʮʠʠ ʬʦʨʤʳ ʜʠʘʛʥʦʩʪʠʯʝʩʢʠʭ ʢʘʥʘʣʦʚ ʢʦʥʩʪʨʫʢʮʠʷ 

ʧʝʨʚʳʭ ʟʝʨʢʘʣ [3], ʤʝʪʦʜʠʢʠ ʩʧʝʢʪʨʘʣʴʥʦʡ ʠ ʘʙʩʦʣʶʪʥʦʡ ʢʘʣʠʙʨʦʚʦʢ [4]. ʉʧʝʮʠʘʣʴʥʦ 

ʨʘʟʨʘʙʦʪʘʥʥʦʝ ʣʘʟʝʨʥʦʝ [5, 6] ʠ ʩʧʝʢʪʨʘʣʴʥʦ-ʘʥʘʣʠʪʠʯʝʩʢʦʝ ʦʙʦʨʫʜʦʚʘʥʠʝ [7, 8] ʪʘʢʞʝ 

ʦʙʩʫʞʜʘʝʪʩʷ. ʎʝʣʴʶ ʜʠʘʛʥʦʩʪʠʢʠ Tʈ ʢʨʫʧʥʳʭ ʪʦʢʘʤʘʢʦʚ, ʪ.ʝ. ʪʦʢʘʤʘʢʦʚ ʩ ʜʣʠʪʝʣʴʥʦʩʪʴʶ 

ʧʣʦʩʢʦʡ ʚʝʨʰʠʥʳ ʨʘʟʨʷʜʘ ʦʪ ʥʝʩʢʦʣʴʢʠʭ ʩʝʢʫʥʜ ʜʦ ʥʝʩʢʦʣʴʢʠʭ ʜʝʩʷʪʢʦʚ ʩʝʢʫʥʜ, ʢʘʢ ʷʚʣʷʝʪʩʷ 

ʠʟʤʝʨʝʥʠʝ ʤʝʜʣʝʥʥʳʭ ʠʟʤʝʥʝʥʠʡ Te, ne ʚ ʮʝʥʪʨʘʣʴʥʦʡ ʧʣʘʟʤʝ ʪʘʢ ʠ ʠʭ ʙʳʩʪʨʳʭ ʠʟʤʝʥʝʥʠʡ ʚʦ 

ʚʨʝʤʷ ʧʝʨʝʭʦʜʥʳʭ ʧʨʦʮʝʩʩʦʚ, ʭʘʨʘʢʪʝʨʥʳʭ ʜʣʷ ʢʨʘʷ ʠ ʜʠʚʝʨʪʦʨʥʦʡ ʧʣʘʟʤʳ. ɼʠʘʛʥʦʩʪʠʢʘ Tʈ 

ʤʝʜʣʝʥʥʳʭ ʧʨʦʮʝʩʩʦʚ ʚ ʧʣʘʟʤʝ ʪʦʢʘʤʘʢʘ ʤʦʞʝʪ ʚʳʠʛʨʘʪʴ ʦʪ ʥʘʢʦʧʣʝʥʠʷ [9] ʩʠʛʥʘʣʦʚ Tʈ. ɺ 
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ʙʦʣʴʰʠʭ ʪʦʢʘʤʘʢʘʭ ʪʨʫʜʥʦ ʥʘʡʪʠ ʧʨʦʪʠʚʦʧʦʣʦʞʥʳʝ ʜʠʘʛʥʦʩʪʠʯʝʩʢʠʝ ʧʦʨʪʳ, ʯʪʦ ʚʳʥʫʞʜʘʝʪ 

ʠʩʧʦʣʴʟʦʚʘʪʴ ʧʦʛʣʦʪʠʪʝʣʠ ʣʘʟʝʨʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʥʘ ʚʥʫʪʨʝʥʥʝʡ ʩʪʝʥʢʝ [10]. ʇʨʦʪʷʞʝʥʥʳʝ ʭʦʨʜʳ 

ʟʦʥʜʠʨʦʚʘʥʠʷ ʚ ʧʣʘʟʤʝ ʘʢʪʠʚʥʦʡ ʟʦʥʳ ʪʨʝʙʫʶʪ ʦʙʝʩʧʝʯʝʥʠʷ ʜʣʠʥʥʦʡ ʧʝʨʝʪʷʞʢʠ ʣʘʟʝʨʥʦʛʦ 

ʧʫʯʢʘ, ʯʪʦ ʧʨʦʪʠʚʦʨʝʯʠʪ ʪʨʝʙʦʚʘʥʠʶ ʠʤʝʪʴ ʥʠʟʢʫʶ ʧʣʦʪʥʦʩʪʴ ʤʦʱʥʦʩʪʠ ʣʘʟʝʨʘ ʦʜʥʦʚʨʝʤʝʥʥʦ 

ʥʘ ʚʭʦʜʥʦʤ ʦʢʥʝ ʠ ʥʘ ʚʥʫʪʨʝʥʥʝʡ ʩʪʝʥʢʝ ʪʦʢʘʤʘʢʘ [11]. ʕʪʦ ʧʨʦʪʠʚʦʨʝʯʠʚʦʝ ʪʨʝʙʦʚʘʥʠʝ ʤʦʞʥʦ 

ʫʜʦʚʣʝʪʚʦʨʠʪʴ ʩ ʧʦʤʦʱʴʶ ʦʧʪʠʯʝʩʢʠʭ ʩʭʝʤ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʭʦʨʜʳ ʟʦʥʜʠʨʦʚʘʥʠʷ 

ʧʝʨʝʩʪʨʘʠʚʘʝʤʳʤ ʧʦʣʦʞʝʥʠʝʤ ʧʝʨʝʪʷʞʢʠ ʣʘʟʝʨʥʦʛʦ ʣʫʯʘ ʠʣʠ ʥʝʩʢʦʣʴʢʠʭ ʣʘʟʝʨʦʚ ʩ ʨʘʟʣʠʯʥʳʤʠ 

ʪʦʯʢʘʤʠ ʨʘʩʧʦʣʦʞʝʥʠʷ ʧʝʨʝʪʷʞʢʠ. ʄʘʣʳʝ ʫʛʣʳ ʤʝʞʜʫ ʭʦʨʜʘʤʠ ʟʦʥʜʠʨʦʚʘʥʠʷ ʠ ʥʘʙʣʶʜʝʥʠʷ, 

ʙʣʠʟʢʠʝ ʢ ʨʘʩʩʝʷʥʠʶ ʚʧʝʨʝʜ ʠʣʠ ʥʘʟʘʜ, ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʤʠʥʠʤʘʣʴʥʦʤʫ ʨʘʟʤʝʨʫ (ʩʚʝʪʦʩʠʣʝ) 

ʩʦʙʠʨʘʶʱʝʡ ʦʧʪʠʯʝʩʢʦʡ ʩʠʩʪʝʤʳ, ʥʦ ʫʭʫʜʰʘʶʪ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʝ ʨʘʟʨʝʰʝʥʠʝ ʤʥʦʛʦ-ʭʦʨʜʦʚʦʡ 

ʩʠʩʪʝʤʳ ʩʙʦʨʘ ʩʚʝʪʘ. ʂʨʘʡʥʠʤ ʩʣʫʯʘʝʤ ʜʠʘʛʥʦʩʪʠʢʠ Tʈ ʩ ʠʩʧʦʣʴʟʫʶʱʝʡ ʨʘʩʩʝʷʥʠʝ ʥʘʟʘʜ 

ʷʚʣʷʝʪʩʷ ʤʝʪʦʜʠʢʘ ʃʀɼɸʈ, ʛʜʝ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʝ ʨʘʟʨʝʰʝʥʠʝ ʜʦʩʪʠʛʘʝʪʩʷ ʩ ʧʦʤʦʱʴʶ ʘʥʘʣʠʟʘ 

ʚʨʝʤʝʥʠ ʧʨʦʣʝʪʘ ʦʙʨʘʪʥʦ-ʨʘʩʩʝʷʥʥʦʛʦ ʩʚʝʪʘ [12]. Te ʮʝʥʪʨʘʣʴʥʦʡ ʧʣʘʟʤʳ ʚ ʙʦʣʴʰʠʭ ʪʦʢʘʤʘʢʘʭ 

ʤʦʞʝʪ ʙʳʪʴ ʜʦʚʦʣʴʥʦ ʚʳʩʦʢʦʡ, ʜʦʩʪʠʛʘʷ 10-30 ʢʵɺ [10, 13, 14], ʘ ʛʝʦʤʝʪʨʠʷ ʦʙʨʘʪʥʦʛʦ ʨʘʩʩʝʷʥʠʷ 

ʧʨʠʚʦʜʠʪ ʢ ʰʠʨʦʢʦʤʫ ʩʧʝʢʪʨʫ Tʈ ʩ ʚʳʨʘʞʝʥʥʳʤ ʩʠʥʠʤ ʩʤʝʱʝʥʠʝʤ, ʚʳʟʚʘʥʥʳʤ ʵʬʬʝʢʪʦʤ 

ʨʝʣʷʪʠʚʠʟʤʘ [10, 13]. ɺʦʟʥʠʢʘʶʱʠʝ ʚ ʵʪʦʤ ʩʣʫʯʘʝ ʧʨʦʙʣʝʤʳ ʠ ʚʦʟʤʦʞʥʳʝ ʪʝʭʥʠʯʝʩʢʠʝ ʧʫʪʠ ʠʭ 

ʧʨʝʦʜʦʣʝʥʠʷ ʦʙʩʫʞʜʘʶʪʩʷ, ʚʢʣʶʯʘʷ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴ ʜʝʪʝʢʪʠʨʫʶʱʝʡ ʘʧʧʘʨʘʪʫʨʳ, ʧʦʪʝʤʥʝʥʠʝ 

ʚ ʧʦʪʦʢʘʭ ʥʝʡʪʨʦʥʦʚ ʠ ʛʘʤʤʘ-ʢʚʘʥʪʦʚ ʣʠʥʟʦʚʦʡ ʦʧʪʠʢʠ, ʦʢʦʥ ʠ ʚʦʣʦʢʦʥ ʥʘ ʩʠʥʝʤ ʢʨʳʣʝ 

ʩʧʝʢʪʨʦʚ Tʈ [10]. ɺ ʯʘʩʪʥʦʩʪʠ, ʜʣʷ ʠʟʤʝʨʝʥʠʷ ʰʠʨʦʢʠʭ ʩʧʝʢʪʨʦʚ Tʈ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʦʛʨʘʥʠʯʝʥʥʦʛʦ ʩʧʝʢʪʨʘʣʴʥʦʛʦ ʦʢʥʘ ʤʦʞʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʥʝʩʢʦʣʴʢʦ ʜʣʠʥ ʚʦʣʥ ʣʘʟʝʨʘ, 

ʦʙʝʩʧʝʯʠʚʘʶʱʠʭ ʠʥʬʦʨʤʘʮʠʶ ʚ ʥʝʩʢʦʣʴʢʠʭ ʚʟʘʠʤʦʜʦʧʦʣʥʷʶʱʠʭ ʬʨʘʛʤʝʥʪʘʭ ʩʧʝʢʪʨʦʚ Tʈ [15]. 

ɸʣʴʪʝʨʥʘʪʠʚʥʳʡ ʧʦʜʭʦʜ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʛʝʦʤʝʪʨʠʠ ʨʘʩʩʝʷʥʠʷ ʚʧʝʨʝʜ, ʝʩʣʠ ʦʥʘ ʥʝ 

ʦʛʨʘʥʠʯʝʥʘ ʢʦʥʩʪʨʫʢʮʠʝʡ ʢʦʥʢʨʝʪʥʦʡ ʤʘʰʠʥʳ [16]. ʇʨʠ ʜʠʘʛʥʦʩʪʠʢʝ Tʈ ʜʠʚʝʨʪʦʨʥʦʡ ʠ ʢʨʘʝʚʦʡ 

ʧʣʘʟʤʳ ʤʦʞʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʙʦʣʝʝ ʢʦʨʦʪʢʠʝ ʭʦʨʜʳ ʟʦʥʜʠʨʦʚʘʥʠʷ ʠ ʧʦʵʪʦʤʫ ʠʥʦʛʜʘ ʤʦʞʥʦ 

ʨʘʙʦʪʘʪʴ ʙʝʟ ʣʦʚʫʰʢʠ ʣʘʟʝʨʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʥʘ ʚʥʫʪʨʝʥʥʝʡ ʩʪʝʥʢʝ [10]. ɺ ʵʪʦʤ ʩʣʫʯʘʝ ʜʣʷ 

ʠʟʫʯʝʥʠʷ ʦʙʣʘʩʪʝʡ ʭʘʨʘʢʪʝʨʠʟʫʶʱʠʭʩʷ ʥʠʟʢʠʤʠ ʵʣʝʢʪʨʦʥʥʳʤʠ ʪʝʤʧʝʨʘʪʫʨʘʤʠ 

ʧʨʝʜʧʦʯʪʠʪʝʣʴʥʝʝ ʠʩʧʦʣʴʟʦʚʘʪʴ ʦʧʪʠʯʝʩʢʠʝ ʩʭʝʤʳ ʠʩʧʦʣʴʟʫʶʱʠʝ ʨʘʩʩʝʷʥʠʝ ʥʘʟʘʜ. ʅʘ 

ʪʦʢʘʤʘʢʘʭ-ʨʝʘʢʪʦʨʘʭ, ʪʦ ʝʩʪʴ ʪʦʢʘʤʘʢʘʭ ʩ ʧʨʦʜʦʣʞʠʪʝʣʴʥʦʩʪʴʶ ʛʦʨʝʥʠʷ ʦʪ ʩʪʘ ʩʝʢʫʥʜ ʠ ʜʦ 

ʥʝʧʨʝʨʳʚʥʦʛʦ ʨʝʞʠʤʘ ʨʘʙʦʪʳ ʚʥʝʜʨʝʥʠʝ ʜʠʘʛʥʦʩʪʠʢʠ Tʈ ʙʫʜʝʪ ʜʦʚʦʣʴʥʦ ʩʣʦʞʥʦʡ ʟʘʜʘʯʝʡ. 

ɹʦʣʴʰʦʡ ʨʘʟʤʝʨ ʚʘʢʫʫʤʥʦʛʦ ʦʙʲʝʤʘ, ʥʘʣʠʯʠʝ ʙʣʘʥʢʝʪʘ ʜʣʷ ʥʘʨʘʙʦʪʢʠ ʪʨʠʪʠʷ, ʦʛʨʘʥʠʯʠʚʘʶʱʝʛʦ 

ʜʦʩʪʫʧ ʯʝʨʝʟ ʧʦʨʪʳ, ʠ ʙʦʣʴʰʦʝ ʨʘʩʩʪʦʷʥʠʝ ʦʪ ʛʨʘʥʠʮʳ ʚʘʢʫʫʤʘ ʜʦ ʛʨʘʥʠʮʳ ʧʣʘʟʤʳ ʪʨʝʙʫʝʪ 

ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʜʠʘʛʥʦʩʪʠʯʝʩʢʠʭ ʢʦʤʧʦʥʝʥʪʦʚ ʚʥʫʪʨʠ ʚʘʢʫʫʤʥʦʛʦ ʦʙʲʝʤʘ ʩʧʨʦʝʢʪʠʨʦʚʘʥʥʳʭ 

ʝʱʝ ʥʘ ʩʪʘʜʠʠ ʠʥʞʝʥʝʨʥʦʛʦ ʧʨʦʝʢʪʘ [17]. ʅʘʨʷʜʫ ʩ ʪʝʭʥʠʯʝʩʢʠʤʠ ʘʩʧʝʢʪʘʤʠ ʚ ʜʦʢʣʘʜʝ ʙʫʜʫʪ 

ʦʙʩʫʞʜʘʪʴʩʷ ʘʣʴʪʝʨʥʘʪʠʚʥʳʝ ʤʝʪʦʜʳ ʜʠʘʛʥʦʩʪʠʢʠ, ʚʢʣʶʯʘʷ ʧʦʣʷʨʠʤʝʪʨʠʶ Tʈ [18, 3] ʩ 
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ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʨʝʣʷʪʠʚʠʩʪʩʢʠʭ ʵʬʬʝʢʪʦʚ ʜʝʧʦʣʷʨʠʟʘʮʠʠ, ʢʦʪʦʨʳʝ ʩʪʘʥʦʚʷʪʩʷ ʟʥʘʯʠʪʝʣʴʥʳʤʠ 

ʜʣʷ ʚʳʩʦʢʦʡ ʪʝʤʧʝʨʘʪʫʨʳ ʵʣʝʢʪʨʦʥʦʚ > 10 ʢʵɺ. 
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ɸʃɻʆʈʀʊʄʓ ɺʆʉʉʊɸʅʆɺʃɽʅʀʗ ʇʈʆʌʀʃɽʁ ʉɺɽʊʀʄʆʉʊʀ 

ʉʇɽʂʊʈɸʃʔʅʓʍ ʃʀʅʀʁ ɸʊʆʄʆɺ ʀ ʀʆʅʆɺ ɺ ʇʈʀʉʊɽʅʆʏʅʆʄ 

ʉʃʆɽ ʀʊʕʈ ʉ ʇʆʄʆʑʔʖ ʊʆʄʆɻʈɸʌʀʀ ʉ ʋʏɪʊʆʄ ʆʊʈɸɾɽʅʀʁ 

ʉɺɽʊɸ ʆʊ ʇɽʈɺʆʁ ʉʊɽʅʂʀ 

 

 

ʈ.ʀ. ʍʫʩʥʫʪʜʠʥʦʚ1,2, ɺ.ʉ. ʅʝʚʝʨʦʚ2, ɸ.ɹ. ʂʫʢʫʰʢʠʥ1,2 

 

 
1. ʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʷʜʝʨʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ çʄʀʌʀè 
2. ʅʀʎ ʂʫʨʯʘʪʦʚʩʢʠʡ ʠʥʩʪʠʪʫʪ 

 

 

ʇʨʝʜʣʦʞʝʥʳ ʤʝʪʦʜʳ ʪʦʤʦʛʨʘʬʠʯʝʩʢʦʡ ʨʝʢʦʥʩʪʨʫʢʮʠʠ ʩ ʫʯʝʪʦʤ ʦʪʨʘʞʝʥʠʡ ʩʚʝʪʘ ʦʪ 

ʩʪʝʥʦʢ ʢʘʤʝʨʳ ʜʚʫʤʝʨʥʳʭ (ʘʢʩʠʘʣʴʥʦ-ʩʠʤʤʝʪʨʠʯʥʳʭ) ʧʨʦʬʠʣʝʡ ʩʚʝʪʠʤʦʩʪʠ ʩʧʝʢʪʨʘʣʴʥʳʭ 

ʣʠʥʠʡ ʚʦʜʦʨʦʜʘ ʠ ʪʨʸʭʤʝʨʥʳʭ ʧʨʦʬʠʣʝʡ ʩʚʝʪʠʤʦʩʪʠ ʩʧʝʢʪʨʘʣʴʥʳʭ ʣʠʥʠʡ ʙʝʨʠʣʣʠʷ ʚ ʚʠʜʠʤʦʤ 

ʜʠʘʧʘʟʦʥʝ ʜʣʠʥʝ ʚʦʣʥ ʚ ʀʊʕʈ. ɺ ʦʙʦʠʭ ʩʣʫʯʘʷʭ ʧʨʠʤʝʥʝʥ ʤʝʪʦʜ ʤʘʪʨʠʮ ʧʝʨʝʥʦʩʘ ʣʫʯʝʡ [1], 

ʩʦʜʝʨʞʘʱʠʭ ʢʦʵʬʬʠʮʠʝʥʪʳ ʪʨʘʥʩʬʦʨʤʘʮʠʠ ʩʠʛʥʘʣʦʚ ʦʪ ʠʥʜʠʚʠʜʫʘʣʴʥʳʭ ʦʙʲʸʤʥʳʭ 

ʠʩʪʦʯʥʠʢʦʚ ʩʚʝʪʘ ʝʜʠʥʠʯʥʦʡ ʩʚʝʪʠʤʦʩʪʠ ʚ ʩʠʛʥʘʣʳ, ʨʝʛʠʩʪʨʠʨʫʝʤʳʝ ʠʥʜʠʚʠʜʫʘʣʴʥʳʤʠ 

ʧʠʢʩʝʣʷʤʠ ʥʘ ʜʝʪʝʢʪʦʨʝ, ʠ ʚʳʧʦʣʥʷʶʱʠʭ ʨʦʣʴ ʬʫʥʢʮʠʡ ɻʨʠʥʘ, ʦʜʥʘʢʦ ʘʣʛʦʨʠʪʤʳ 

ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ ʩʚʝʪʠʤʦʩʪʠ ʚ ʩʣʫʯʘʝ ʚʦʜʦʨʦʜʘ ʠ ʙʝʨʠʣʣʠʷ ʦʪʣʠʯʘʶʪʩʷ. 

ɿʘʜʘʯʘ ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ ʧʨʦʬʠʣʷ ʩʚʝʪʠʤʦʩʪʠ ʘʪʦʤʦʚ ʚʦʜʦʨʦʜʘ ʚ ʣʠʥʠʠ DŬ ʨʝʰʘʣʘʩʴ ʚ 

ʨʘʤʢʘʭ ʩʠʥʪʝʪʠʯʝʩʢʦʡ H-ʘʣʴʬʘ ʜʠʘʛʥʦʩʪʠʢʠ [2]. ɼʘʥʥʘʷ ʟʘʜʘʯʘ ʥʫʞʥʘ ʚ ʧʝʨʚʫʶ ʦʯʝʨʝʜʴ ʜʣʷ 

ʬʠʣʴʪʨʘʮʠʠ ʦʪʨʘʞʸʥʥʦʛʦ ʩʚʝʪʘ ʚ ʩʠʛʥʘʣʘʭ, ʨʝʛʠʩʪʨʠʨʫʝʤʳʭ ʜʠʘʛʥʦʩʪʠʢʦʡ çʉʧʝʢʪʨʦʩʢʦʧʠʷ 

ʚʦʜʦʨʦʜʥʳʭ ʣʠʥʠʡ (ʉɺʃ)è (ʅ-ʘʣʴʬʘ ʜʠʘʛʥʦʩʪʠʢʠ), ʧʦʩʪʘʚʣʷʝʤʦʡ ʈʦʩʩʠʝʡ ʜʣʷ ʪʦʢʘʤʘʢʘ ʀʊʕʈ 

[3]. ɼʣʷ ʨʘʩʯʝʪʘ ʩʠʥʪʝʪʠʯʝʩʢʠʭ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ ʙʳʣʠ ʠʩʧʦʣʴʟʦʚʘʥʳ ʨʝʟʫʣʴʪʘʪʳ 

ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʧʘʨʘʤʝʪʨʦʚ ʧʣʘʟʤʳ ʠ ʥʝʡʪʨʘʣʴʥʳʭ ʘʪʦʤʦʚ ʠ ʤʦʣʝʢʫʣ ʜʝʡʪʝʨʠʷ ʩ ʧʨʠʩʪʝʥʦʯʥʦʤ 

ʩʣʦʝ (ʉʆʃ) ʠ ʜʠʚʝʨʪʦʨʝ ʢʦʜʦʤ SOLPS4.3 [4] (ʦʩʥʦʚʘʥʥʦʤ ʥʘ ʢʦʤʧʣʝʢʩʥʦʤ ʢʦʜʝ B2-EIRENE [5, 

6]), ʜʦʧʦʣʥʝʥʥʳʤ ʢʦʜʦʤ OEDGE [7]. ʉʠʥʪʝʪʠʯʝʩʢʠʝ ʩʠʛʥʘʣʳ ʥʘ ʜʝʪʝʢʪʦʨʘʭ ʠ ʤʘʪʨʠʮʳ ʧʝʨʝʥʦʩʘ 

ʣʫʯʝʡ ʙʳʣʠ ʨʘʩʩʯʠʪʘʥʳ ʩ ʧʦʤʦʱʴʶ ʯʠʩʣʝʥʥʦʛʦ ʢʦʜʘ Raysect [8] ʜʣʷ ʪʨʘʩʩʠʨʦʚʢʠ ʣʫʯʝʡ ʠ 

ʯʠʩʣʝʥʥʦʛʦ ʢʦʜʘ Cherab [9] ʜʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʩʧʝʢʪʨʦʩʢʦʧʠʯʝʩʢʠʭ ʩʠʛʥʘʣʦʚ ʠʟ ʧʣʘʟʤʳ. ɼʣʷ 

ʫʯʝʪʘ ʦʪʨʘʞʝʥʠʡ ʙʳʣʘ ʧʨʠʤʝʥʝʥʘ ʤʦʜʝʣʴ ʜʚʫʣʫʯʝʚʦʡ ʬʫʥʢʮʠʠ ʦʪʨʘʞʘʪʝʣʴʥʦʡ ʩʧʦʩʦʙʥʦʩʪʠ 

(BRDF) ʂʫʢʘ-ʊʦʨʨʝʥʩʘ [10], ʢʦʪʦʨʘʷ ʫʯʠʪʳʚʘʝʪ ʦʧʪʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʤʘʪʝʨʠʘʣʘ ʩʪʝʥʢʠ ʠ 

ʰʝʨʦʭʦʚʘʪʦʩʪʴ ʝʸ ʧʦʚʝʨʭʥʦʩʪʠ. 

ʈʝʰʝʥʠʝ ʪʦʤʦʛʨʘʬʠʯʝʩʢʦʡ ʟʘʜʘʯʠ ʩʚʦʜʠʪʩʷ ʢ ʤʠʥʠʤʠʟʘʮʠʠ ʬʫʥʢʮʠʦʥʘʣʘ: 
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ʛʜʝ  ï ʤʘʪʨʠʮʘ ʧʝʨʝʥʦʩʘ ʣʫʯʝʡ,  ï ʧʨʦʬʠʣʴ ʩʚʝʪʠʤʦʩʪʠ,  ï ʩʠʛʥʘʣ ʥʘ ʜʝʪʝʢʪʦʨʘʭ, k ï 

ʠʥʜʝʢʩ ʦʙʲʸʤʥʦʛʦ ʠʩʪʦʯʥʠʢʘ ʩʚʝʪʘ (ʚʦʢʩʝʣʷ), ʘ j ï ʠʥʜʝʢʩ ʧʠʢʩʝʣʷ ʜʝʪʝʢʪʦʨʘ. ʅʝʩʤʦʪʨʷ ʥʘ 

ʢʘʞʫʱʫʶʩʷ ʧʨʦʩʪʦʪʫ, ʧʨʠ ʨʝʰʝʥʠʠ ʪʦʤʦʛʨʘʬʠʯʝʩʢʠʭ ʟʘʜʘʯ ʚʦʟʥʠʢʘʶʪ ʩʣʝʜʫʶʱʠʝ ʩʣʦʞʥʦʩʪʠ:  

1. ʪʨʝʙʫʝʪʩʷ ʥʘʙʣʶʜʝʥʠʝ ʦʜʠʥʘʢʦʚʳʭ ʦʙʣʘʩʪʝʡ ʧʦʜ ʨʘʟʥʳʤʠ ʫʛʣʘʤʠ (ʣʫʯʰʝ 

ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʳʤʠ), ʠʥʘʯʝ ʦʙʨʘʪʥʘʷ ʟʘʜʘʯʘ ʥʝʜʦʦʧʨʝʜʝʣʝʥʘ,  

2. ʜʣʷ ʜʚʫʤʝʨʥʳʭ ʜʝʪʝʢʪʦʨʦʚ ʠ ʪʨʝʭʤʝʨʥʳʭ ʧʨʦʬʠʣʝʡ ʩʚʝʪʠʤʦʩʪʠ ʤʘʪʨʠʮʳ ʧʝʨʝʥʦʩʘ ʣʫʯʝʡ 

ʤʦʛʫʪ ʠʤʝʪʴ ʦʙʲʝʤ ʚ ʜʝʩʷʪʢʠ ʛʠʛʘʙʘʡʪ, 

3. ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʦʪʨʘʞʝʥʠʷ ʩʚʝʪʘ ʧʝʨʚʦʡ ʩʪʝʥʢʦʡ ʥʝ ʠʟʚʝʩʪʥʳ ʪʦʯʥʦ. 

ɺ ʩʣʫʯʘʝ ʚʦʜʦʨʦʜʘ ʨʝʰʝʥʠʝ ʦʙʨʘʪʥʦʡ ʟʘʜʘʯʠ ʩʠʣʴʥʦ ʫʩʣʦʞʥʝʥʦ ʥʘʣʠʯʠʝʤ ʤʦʱʥʳʭ (ʥʘ 

ʥʝʩʢʦʣʴʢʦ ʧʦʨʷʜʢʦʚ ʚʳʰʝ ʧʦ ʤʦʱʥʦʩʪʠ ʠʟʣʫʯʝʥʠʷ, ʯʝʤ ʚ ʉʆʃ) ʠʩʪʦʯʥʠʢʦʚ ʩʚʝʪʘ ʚ ʜʠʚʝʨʪʦʨʝ, 

ʠ, ʢʘʢ ʩʣʝʜʩʪʚʠʝ, ʩʠʣʴʥʦʛʦ ʨʘʩʩʝʷʥʥʦʛʦ ʜʠʚʝʨʪʦʨʥʦʛʦ ʩʚʝʪʘ (ʈɼʉ) ʦʪ ʤʝʪʘʣʣʠʯʝʩʢʠʭ ʩʪʝʥʦʢ 

ʚʘʢʫʫʤʥʦʡ ʢʘʤʝʨʳ [3, 11]. ɺ ʵʪʦʤ ʩʣʫʯʘʝ ʪʦʤʦʛʨʘʬʠʯʝʩʢʘʷ ʟʘʜʘʯʘ ʨʝʰʘʝʪʩʷ ʚ ʪʨʠ ʵʪʘʧʘ: 

1. ʉʪʨʦʠʪʩʷ ʢʘʨʪʘ ʠʩʪʦʯʥʠʢʦʚ ʩʚʝʪʘ ʠ ʧʦ ʥʝʡ ʨʘʩʩʯʠʪʳʚʘʶʪʩʷ ʤʘʪʨʠʮʳ ʧʝʨʝʥʦʩʘ ʣʫʯʝʡ ʜʣʷ 

ʚʩʝʭ ʠʩʪʦʯʥʠʢʦʚ ʩʚʝʪʘ ʠ ʚʩʝʭ ʧʨʠʝʤʥʠʢʦʚ. 

2. ɺʦʩʩʪʘʥʘʚʣʠʚʘʝʪʩʷ ʧʨʦʬʠʣʴ ʩʚʝʪʠʤʦʩʪʠ ʚ ʜʠʚʝʨʪʦʨʝ ʩ ʧʦʤʦʱʴʶ ʤʘʩʩʠʚʦʚ ʭʦʨʜ 

ʥʘʙʣʶʜʝʥʠʷ ʜʠʘʛʥʦʩʪʠʢʠ DIM (Divertor Impurity Monitor) ʠ ʩʝʛʤʝʥʪʦʚ ʠʟʦʙʨʘʞʝʥʠʡ ʩ 

ʬʠʣʴʪʨʦʚʳʭ ʢʘʤʝʨ ʜʠʘʛʥʦʩʪʠʢʠ Vis/IR TV. 

3. ʇʦʣʫʯʝʥʥʦʝ ʨʝʰʝʥʠʝ ʜʣʷ ʜʠʚʝʨʪʦʨʘ ʠʩʧʦʣʴʟʫʝʪʩʷ ʚ ʢʘʯʝʩʪʚʝ ʥʘʯʘʣʴʥʦʛʦ ʧʨʠʙʣʠʞʝʥʠʷ ʚ 

ʟʘʜʘʯʝ ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ ʧʨʦʬʠʣʷ ʩʚʝʪʠʤʦʩʪʠ ʜʣʷ ʚʩʝʭ ʠʩʪʦʯʥʠʢʦʚ ʩʚʝʪʘ, ʪʝʧʝʨʴ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʥʝ ʪʦʣʴʢʦ ʜʝʪʝʢʪʦʨʦʚ DIM, ʥʦ ʠ ʚʩʝʭ ʜʦʩʪʫʧʥʳʭ ʠʟʦʙʨʘʞʝʥʠʡ ʩ ʢʘʤʝʨ 

Vis/IR TV. 

ɺʩʝ ʠʩʪʦʯʥʠʢʠ ʙʝʨʫʪʩʷ ʪʦʨʦʠʜʘʣʴʥʦ-ʩʠʤʤʝʪʨʠʯʥʳʤʠ. ʇʣʦʱʘʜʴ ʩʝʯʝʥʠʷ ʠʩʪʦʯʥʠʢʦʚ 

ʚʘʨʴʠʨʫʝʪʩʷ ʦʪ 16 ʩʤ2 ʚ ʉʆʃ ʜʦ 0,25 ʩʤ2 ʚʙʣʠʟʠ ʩʪʨʘʡʢ-ʧʦʠʥʪʦʚ ʚ ʜʠʚʝʨʪʦʨʝ. ʇʨʠ ʨʝʰʝʥʠʠ 

ʦʙʨʘʪʥʦʡ ʟʘʜʘʯʠ ʠʩʧʦʣʴʟʦʚʘʣʘʩʴ ʨʝʛʫʣʷʨʠʟʘʮʠʷ, ʪʨʝʙʫʶʱʘʷ ʣʦʢʘʣʴʥʫʶ ʛʣʘʜʢʦʩʪʴ ʧʨʦʬʠʣʷ 

ʩʚʝʪʠʤʦʩʪʠ. 

ʇʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ [12] ʧʦʢʘʟʘʣʠ ʚʦʟʤʦʞʥʦʩʪʴ ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ ʧʨʦʬʠʣʷ ʩʚʝʪʠʤʦʩʪʠ 

ʠ ʬʠʣʴʪʨʘʮʠʠ ʦʪʨʘʞʝʥʥʦʛʦ ʩʚʝʪʘ ʚ ʩʣʫʯʘʷʭ, ʢʦʛʜʘ ʧʘʨʘʤʝʪʨʳ ʦʪʨʘʞʝʥʠʷ ʩʚʝʪʘ ʠʟʚʝʩʪʥʳ ʣʠʰʴ ʩ 

ʥʝʢʦʪʦʨʦʡ ʪʦʯʥʦʩʪʴʶ. ɺ ʯʘʩʪʥʦʩʪʠ ʙʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʚ ʨʘʟʨʷʜʘʭ ʩ ʦʪʥʦʰʝʥʠʝʤ ʤʦʱʥʦʩʪʠ 

ʠʟʣʫʯʝʥʠʷ DŬ ʚ ʉʆʃ ʦʩʥʦʚʥʦʡ ʢʘʤʝʨʳ ʢ ʤʦʱʥʦʩʪʠ, ʠʟʣʫʯʘʝʤʦʡ ʚ ʜʠʚʝʨʪʦʨʝ () ʚʳʰʝ 

0,06, ʤʝʪʦʜ ʧʦʟʚʦʣʷʝʪ ʚʦʩʩʪʘʥʦʚʠʪʴ ʧʦʣʝʟʥʳʡ ʩʠʛʥʘʣ (ʙʝʟ ʚʢʣʘʜʘ ʦʪʨʘʞʸʥʥʦʛʦ ʩʚʝʪʘ) ʚ ʉʆʃ ʥʘ 

ʩʪʦʨʦʥʝ ʩʠʣʴʥʦʛʦ ʧʦʣʷ ʠ ʚ ʥʠʞʥʝʡ ʯʘʩʪʠ ʉʆʃ ʥʘ ʩʪʦʨʦʥʝ ʩʣʘʙʦʛʦ ʧʦʣʷ ʚ ʧʦʣʷʭ ʦʙʟʦʨʘ 

ʜʠʘʛʥʦʩʪʠʢʠ çʉɺʃè ʩ ʪʦʯʥʦʩʪʴʶ 30%, ʜʘʞʝ ʝʩʣʠ ʠʩʪʠʥʥʳʝ BRDF-ʬʫʥʢʮʠʠ ʥʝʤʥʦʛʦ 

ʦʪʣʠʯʘʶʪʩʷ ʦʪ ʧʨʝʜʧʦʣʘʛʘʝʤʳʭ, ʘ ʠʤʝʥʥʦ, ʝʩʣʠ ʧʨʝʜʧʦʣʘʛʘʝʤʦʝ ʟʥʘʯʝʥʠʝ ʧʘʨʘʤʝʪʨʘ 

ʰʝʨʦʭʦʚʘʪʦʩʪʠ ʧʦʚʝʨʭʥʦʩʪʠ ʥʘʭʦʜʠʪʩʷ ʚ ʧʨʝʜʝʣʘʭ 0,75 ï 1,15 ʦʪ ʠʩʪʠʥʥʦʛʦ ʟʥʘʯʝʥʠʷ. ɺ ʥʠʞʥʝʡ 
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ʯʘʩʪʠ ʧʦʣʷ ʦʙʟʦʨʘ ʢʘʤʝʨʳ ʠʟ EP 12 ʥʘ ʩʪʦʨʦʥʝ ʩʠʣʴʥʦʛʦ ʧʦʣʷ ʪʘʢʘʷ ʞʝ ʪʦʯʥʦʩʪʴ ʤʦʞʝʪ ʙʳʪʴ 

ʜʦʩʪʠʛʥʫʪʘ ʚ ʨʘʟʨʷʜʘʭ ʩ > 0,025. 

ɿʘʜʘʯʘ ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ ʧʨʦʬʠʣʷ ʩʚʝʪʠʤʦʩʪʠ ʠ ʧʦʪʦʢʦʚ ʙʝʨʠʣʣʠʷ ʚ ʉʆʃ ʪʘʢʞʝ ʨʝʰʘʣʘʩʴ ʚ 

ʨʘʤʢʘʭ ʩʠʥʪʝʪʠʯʝʩʢʦʡ ʜʠʘʛʥʦʩʪʠʢʠ ʅ-ʘʣʴʬʘ. ʊʦʨʦʠʜʘʣʴʥʘʷ ʘʩʠʤʤʝʪʨʠʷ ʙʝʨʠʣʣʠʝʚʳʭ ʤʦʜʫʣʝʡ 

ʙʣʘʥʢʝʪʘ ʧʝʨʚʦʡ ʩʪʝʥʢʠ ʀʊʕʈ ʧʨʠʚʦʜʠʪ ʢ ʦʪʩʫʪʩʪʚʠʶ ʪʦʨʦʠʜʘʣʴʥʦʡ ʩʠʤʤʝʪʨʠʠ ʚ 

ʨʘʩʧʨʝʜʝʣʝʥʠʠ ʩʚʝʪʠʤʦʩʪʠ ʘʪʦʤʦʚ ʠ ʠʦʥʦʚ ʙʝʨʠʣʣʠʷ ʚ ʉʆʃ, ʯʪʦ ʫʩʣʦʞʥʷʝʪ ʟʘʜʘʯʫ. ʆʜʥʘʢʦ, 

ʧʨʦʬʠʣʠ ʩʚʝʪʠʤʦʩʪʠ ʙʝʨʠʣʣʠʷ ʥʝ ʠʤʝʶʪ ʩʠʣʴʥʦ ʣʦʢʘʣʠʟʦʚʘʥʥʳʭ ʤʦʱʥʳʭ ʠʩʪʦʯʥʠʢʦʚ 

ʠʟʣʫʯʝʥʠʷ ʚ ʜʠʚʝʨʪʦʨʝ, ʠ ʩʚʝʪʠʤʦʩʪʴ ʤʦʞʥʦ ʚʦʩʩʪʘʥʘʚʣʠʚʘʪʴ ʩʨʘʟʫ ʚʦ ʚʩʸʤ ʉʆʃ, ʠʩʢʣʶʯʠʚ ʰʘʛ 

2 ʠʟ ʧʨʠʚʝʜʸʥʥʦʛʦ ʚʳʰʝ ʘʣʛʦʨʠʪʤʘ. ɼʣʷ ʨʘʩʯʸʪʘ ʩʠʥʪʝʪʠʯʝʩʢʠʭ ʩʠʛʥʘʣʦʚ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ 

ʪʨʸʭʤʝʨʥʳʝ ʧʨʦʬʠʣʠ ʩʚʝʪʠʤʦʩʪʠ ʙʝʨʠʣʣʠʷ, ʨʘʩʩʯʠʪʘʥʥʳʝ ʩ ʧʦʤʦʱʴʶ ʪʨʘʥʩʧʦʨʪʥʦʛʦ ʢʦʜʘ ERO 

2.0 ʚ ʨʘʟʣʠʯʥʳʭ ʦʞʠʜʘʝʤʳʭ ʨʝʞʠʤʘʭ ʨʘʙʦʪʳ ʀʊʕʈ [13].  

ɼʣʷ ʧʨʠʤʝʩʝʡ, ʚ ʦʪʣʠʯʠʝ ʦʪ ʚʦʜʦʨʦʜʘ, ʧʨʠʤʝʥʠʤ ʤʝʪʦʜ SXB [14, 15], ʢʦʪʦʨʳʡ ʧʨʠ 

ʠʟʚʝʩʪʥʳʭ ʩ ʜʦʩʪʘʪʦʯʥʦʡ ʪʦʯʥʦʩʪʴʶ ʟʥʘʯʝʥʠʷʭ ʵʣʝʢʪʨʦʥʥʦʡ ʧʣʦʪʥʦʩʪʠ ʠ ʪʝʤʧʝʨʘʪʫʨʳ ʚ ʉʆʃ 

ʧʦʟʚʦʣʷʝʪ ʚʦʩʩʪʘʥʘʚʣʠʚʘʪʴ ʧʦʪʦʢʠ ʙʝʨʠʣʣʠʷ ʩʦ ʩʪʝʥʢʠ ʚ ʧʣʘʟʤʫ ʧʦ ʠʟʤʝʨʝʥʥʳʤ 

ʠʥʪʝʥʩʠʚʥʦʩʪʷʤ ʠʟʣʫʯʝʥʠʷ ʚ ʩʧʝʢʪʨʘʣʴʥʳʭ ʣʠʥʠʷʭ ʧʨʠʤʝʩʝʡ. ʆʪʨʘʞʝʥʥʳʡ ʩʚʝʪ ʥʝ ʧʦʟʚʦʣʷʝʪ 

ʧʨʠʤʝʥʠʪʴ ʤʝʪʦʜ SXB ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʢ ʨʝʛʠʩʪʨʠʨʫʝʤʦʡ ʩʠʛʥʘʣʫ, ʦʜʥʘʢʦ ʫʩʧʝʰʥʘʷ 

ʪʦʤʦʛʨʘʬʠʯʝʩʢʘʷ ʨʝʢʦʥʩʪʨʫʢʮʠʷ ʧʨʦʬʠʣʷ ʩʚʝʪʠʤʦʩʪʠ ʙʝʨʠʣʣʠʷ ʨʝʰʘʝʪ ʵʪʫ ʧʨʦʙʣʝʤʫ. ɺ 

ʯʘʩʪʥʦʩʪʠ, ʨʘʩʯʸʪʳ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʠʥʪʝʛʨʘʣʴʥʳʝ ʧʦ ʤʦʜʫʣʶ ʙʣʘʥʢʝʪʘ ʧʦʪʦʢʠ ʙʝʨʠʣʣʠʷ ʤʦʛʫʪ 

ʙʳʪʴ ʚʦʩʩʪʘʥʦʚʣʝʥʳ ʩ ʦʰʠʙʢʦʡ ʤʝʥʝʝ 30% ʜʣʷ ʙʦʣʴʰʠʥʩʪʚʘ ʤʦʜʫʣʝʡ ʩ ʥʘʠʙʦʣʝʝ ʩʠʣʴʥʦʡ 

ʵʨʦʟʠʝʡ ʚ ʜʘʥʥʦʤ ʨʝʞʠʤʝ ʨʘʙʦʪʳ, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʥʝ ʫʯʸʪ ʦʪʨʘʞʝʥʠʡ ʩʚʝʪʘ ʧʨʠʚʦʜʠʪ ʢ 

ʜʚʫʭʢʨʘʪʥʦʤʫ ʟʘʚʳʰʝʥʠʶ ʚʦʩʩʪʘʥʦʚʣʝʥʥʦʛʦ ʧʦʣʥʦʛʦ ʧʦʪʦʢʘ ʙʝʨʠʣʣʠʷ ʩʦ ʩʪʝʥʢʠ ʚ ʧʣʘʟʤʫ ʧʦ 

ʩʨʘʚʥʝʥʠʶ ʩ ʝʛʦ ʠʩʪʠʥʥʳʤ ʟʥʘʯʝʥʠʝʤ. 

 

ɹʣʘʛʦʜʘʨʥʦʩʪʠ: 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ ʧʦʜʜʝʨʞʢʝ ʏʘʩʪʥʦʛʦ ʫʯʨʝʞʜʝʥʠʷ ɻʦʩʢʦʨʧʦʨʘʮʠʠ çʈʦʩʘʪʦʤè 

çʇʨʦʝʢʪʥʳʡ ʮʝʥʪʨ ʀʊʕʈè. ɸʚʪʦʨʳ ʙʣʘʛʦʜʘʨʥʳ ʚʩʝʤ ʘʚʪʦʨʘʤ ʨʘʙʦʪ [12] ʠ [13].  
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ʀɿʄɽʈɽʅʀɽ ɼʀʌʈɸʂʎʀʆʅʅʆʁ ʕʌʌɽʂʊʀɺʅʆʉʊʀ 

ɻʆʃʆɻʈɸʌʀʏɽʉʂʀʍ ɼʀʌʈɸʂʎʀʆʅʅʓʍ ʈɽʐɽʊʆʂ, 

ʀʉʇʆʃʔɿʋɽʄʓʍ ɺ ɼɺʋʍʂɸʅɸʃʔʅʆʄ ʉʇɽʂʊʈʆʄɽʊʈɽ-

ʇʆʃʀʍʈʆʄɸʊʆʈɽ ɺʓʉʆʂʆɻʆ ʈɸɿʈɽʐɽʅʀʗ ɼʃʗ ɸʂʊʀɺʅʆʁ 

ʉʇɽʂʊʈʆʉʂʆʇʀʀ ʇʃɸɿʄʓ ʅɸ ʋʉʊɸʅʆɺʂɽ ʀʊʕʈ 
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dimmjenny@gmail.com 

 

 

ʋʧʨʘʚʣʝʥʠʝ ʨʘʙʦʪʦʡ ʨʝʘʢʪʦʨʘ ʀʊʕʈ ʪʨʝʙʫʝʪ ʨʘʟʨʘʙʦʪʢʠ ʠ ʩʦʟʜʘʥʠʷ ʥʝʦʙʭʦʜʠʤʳʭ 

ʩʨʝʜʩʪʚ ʜʠʘʛʥʦʩʪʠʢʠ ʪʝʨʤʦʷʜʝʨʥʦʡ ʧʣʘʟʤʳ. ʆʜʥʠʤ ʠʟ ʥʠʭ ʷʚʣʷʝʪʩʷ ʪʘʢ ʥʘʟʳʚʘʝʤʳʡ ʤʝʪʦʜ 

ʘʢʪʠʚʥʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ. ɸʢʪʠʚʥʘʷ ʩʧʝʢʪʨʦʩʢʦʧʠʷ (Charge Exchange Recombination 

Spectroscopy ï CXRS) ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʜʠʘʛʥʦʩʪʠʯʝʩʢʦʛʦ ʠʣʠ ʥʘʛʨʝʚʥʦʛʦ ʧʫʯʢʘ ʘʪʦʤʦʚ 

ʰʠʨʦʢʦ ʠʩʧʦʣʴʟʫʝʪʩʷ ʧʨʘʢʪʠʯʝʩʢʠ ʥʘ ʚʩʝʭ ʩʦʚʨʝʤʝʥʥʳʭ ʪʦʢʘʤʘʢʘʭ [1, 2]. ɸʢʪʠʚʥʘʷ 

ʩʧʝʢʪʨʦʩʢʦʧʠʷ ʧʦʟʚʦʣʷʝʪ ʠʟʤʝʨʷʪʴ ʪʘʢʠʝ ʧʘʨʘʤʝʪʨʳ, ʢʘʢ ʠʦʥʥʘʷ ʪʝʤʧʝʨʘʪʫʨʘ, ʩʢʦʨʦʩʪʴ 

ʪʦʨʦʠʜʘʣʴʥʦʛʦ ʠ ʧʦʣʦʠʜʘʣʴʥʦʛʦ ʚʨʘʱʝʥʠʷ ʧʣʘʟʤʳ, ʢʦʥʮʝʥʪʨʘʮʠʷ ʣʝʛʢʠʭ ʧʨʠʤʝʩʝʡ (ʚ ʪʦʤ ʯʠʩʣʝ 

ʛʝʣʠʝʚʦʡ ʟʦʣʳ) ʧʦ ʚʩʝʤʫ ʩʝʯʝʥʠʶ ʧʣʘʟʤʝʥʥʦʛʦ ʰʥʫʨʘ ʩ ʚʳʩʦʢʠʤ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʤ 

ʨʘʟʨʝʰʝʥʠʝʤ.  

ʅʘ ʫʩʪʘʥʦʚʢʝ ʀʊʕʈ ʜʣʷ ʦʩʫʱʝʩʪʚʣʝʥʠʷ ɸʉ ʜʠʘʛʥʦʩʪʠʢʠ ʥʝʦʙʭʦʜʠʤʦ ʧʨʦʚʦʜʠʪʴ 

ʠʟʤʝʨʝʥʠʷ ʚ ʪʨʝʭ ʩʧʝʢʪʨʘʣʴʥʳʭ ʜʠʘʧʘʟʦʥʘʭ (468 Ñ 6 ʥʤ, 529 Ñ 6 ʥʤ ʠ 656 Ñ 8 ʥʤ). ʇʨʠ ʵʪʦʤ ʜʣʷ 

ʠʟʤʝʨʝʥʠʷ ʧʦʣʫʰʠʨʠʥʳ ʩʧʝʢʪʨʘʣʴʥʦʛʦ ʧʨʦʬʠʣʷ ʣʠʥʠʠ, ʩʧʝʢʪʨʘʣʴʥʦʛʦ ʩʜʚʠʛʘ ʠ ʠʥʪʝʛʨʘʣʴʥʦʡ 

ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʣʠʥʠʡ ʥʝʦʙʭʦʜʠʤʦ ʠʤʝʪʴ ʚʳʩʦʢʦʝ ʩʧʝʢʪʨʘʣʴʥʦʝ ʨʘʟʨʝʰʝʥʠʝ. ɺʜʦʙʘʚʦʢ ʜʣʷ 

ʥʝʦʙʭʦʜʠʤʦʛʦ ʩʦʦʪʥʦʰʝʥʠʷ ʩʠʛʥʘʣ/ʰʫʤ ʧʨʠ ʠʟʤʝʨʝʥʠʷʭ ʥʘ ʀʊʕʈ ʪʨʝʙʫʝʪʩʷ ʚʳʩʦʢʘʷ ʩʚʝʪʦʩʠʣʘ. 

ɺ ʨʝʟʫʣʴʪʘʪʝ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʭ ʨʘʙʦʪ ʙʳʣʘ ʧʨʝʜʣʦʞʝʥʘ ʦʧʪʠʯʝʩʢʘʷ ʩʭʝʤʘ 

ʪʨʝʭʜʠʘʧʘʟʦʥʥʦʛʦ ʩʧʝʢʪʨʦʤʝʪʨʘ [3], ʧʣʘʥʠʨʫʝʤʦʛʦ ʜʣʷ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʢʘʢ ʜʣʷ ʜʠʘʛʥʦʩʪʠʢʠ 

ʧʣʘʟʤʳ ʀʊʕʈ, ʪʘʢ ʠ ʜʣʷ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʧʦ ʘʢʪʠʚʥʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʥʘ ʪʦʢʘʤʘʢʝ EAST [4]. 

ɼʘʥʥʘʷ ʩʭʝʤʘ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʪʨʠ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʳʝ ʧʨʦʟʨʘʯʥʳʝ ʛʦʣʦʛʨʘʬʠʯʝʩʢʠʝ 

ʜʠʬʨʘʢʮʠʦʥʥʳʝ ʨʝʰʝʪʢʠ (ɻɼʈ), ʨʘʩʧʦʣʦʞʝʥʥʳʝ ʜʨʫʛ ʟʘ ʜʨʫʛʦʤ: ʧʝʨʚʘʷ ʨʝʰʝʪʢʘ ʵʬʬʝʢʪʠʚʥʘ 

ʜʣʷ ʜʠʘʧʘʟʦʥʘ ʜʣʠʥ ʚʦʣʥ 468 Ñ 6 ʥʤ, ʚʪʦʨʘʷ ï ʜʣʷ 529 Ñ 6 ʥʤ, ʪʨʝʪʴʷ ï ʜʣʷ 656 Ñ 8 ʥʤ. ʇʨʠ ʵʪʦʤ 
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ʦʩʪʘʣʴʥʦʝ ʠʟʣʫʯʝʥʠʝ ʧʨʦʭʦʜʠʪ ʜʘʣʴʰʝ ʩʢʚʦʟʴ ʧʨʦʟʨʘʯʥʳʝ ʨʝʰʝʪʢʠ.  ʋʛʣʳ ʧʘʜʝʥʠʷ ʠ ʜʠʬʨʘʢʮʠʠ 

ʜʣʷ ʚʩʝʭ ʪʨʝʭ ʨʝʰʝʪʦʢ ʩʦʩʪʘʚʣʷʶʪ 60 Ñ 1Á. 

ʉ ɻɼʈ, ʚʭʦʜʷʱʠʤʠ ʚ ʩʦʩʪʘʚ ʩʧʝʢʪʨʦʤʝʪʨʘ, ʙʳʣʠ ʧʨʦʚʝʜʝʥʳ ʣʘʙʦʨʘʪʦʨʥʳʝ ʪʝʩʪʳ ʜʣʷ 

ʠʟʤʝʨʝʥʠʷ ʜʠʬʨʘʢʮʠʦʥʥʦʡ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʥʘ ʨʘʙʦʯʠʭ ʜʣʠʥʘʭ ʚʦʣʥ, ʘ ʪʘʢʞʝ ʵʬʬʝʢʪʠʚʥʦʩʪʠ 

ʧʨʦʰʝʜʰʝʛʦ ʩʢʚʦʟʴ ʨʝʰʝʪʢʫ ʠʟʣʫʯʝʥʠʷ (ʥʫʣʝʚʦʡ ʧʦʨʷʜʦʢ ʜʠʬʨʘʢʮʠʠ) ʚ ʩʣʫʯʘʝ 

ʥʝʧʦʣʷʨʠʟʦʚʘʥʥʦʛʦ ʩʚʝʪʘ. 

ɺ ʜʦʢʣʘʜʝ ʦʧʠʩʳʚʘʝʪʩʷ ʠʟʤʝʨʝʥʠʝ ʜʠʬʨʘʢʮʠʦʥʥʦʡ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ɻɼʈ ʥʘ ʨʘʟʥʳʭ ʜʣʠʥʘʭ 

ʚʦʣʥ. ɼʣʷ ʠʟʤʝʨʝʥʠʡ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʝ ʣʘʟʝʨʳ ʩ ʜʣʠʥʘʤʠ ʚʦʣʥ 473, 532 ʠ 656 

ʥʤ, ʘ ʪʘʢʞʝ ʠʟʤʝʨʠʪʝʣʴʥʳʡ ʢʦʤʧʣʝʢʩ Ophir Nova c ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʤ ʩʚʝʪʦʯʫʚʩʪʚʠʪʝʣʴʥʳʤ 

ʜʠʦʜʦʤ Ophir PD-300.  ʊʝʭʥʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʚʩʝʭ ʜʠʬʨʘʢʮʠʦʥʥʳʭ ʨʝʰʝʪʦʢ 

ʠʩʩʣʝʜʦʚʘʣʠʩʴ ʥʘ ʪʨʝʭ ʜʣʠʥʘʭ ʚʦʣʥ. ɻɼʈ ʠʤʝʶʪ ʚʳʩʦʢʫʶ ʧʣʦʪʥʦʩʪʴ ʰʪʨʠʭʦʚ (ʧʦʨʷʜʢʘ 3000 

ʰʪʨ/ʤʤ), ʧʦʵʪʦʤʫ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʨʝʰʝʪʦʢ ʟʘʚʠʩʠʪ ʦʪ ʧʦʣʷʨʠʟʘʮʠʠ ʠʟʣʫʯʝʥʠʷ. ʅʘ ʫʩʪʘʥʦʚʢʝ 

ʀʊʕʈ ʨʝʰʝʪʢʠ ʙʫʜʫʪ ʨʘʙʦʪʘʪʴ ʚ ʝʩʪʝʩʪʚʝʥʥʦʤ (ʥʝʧʦʣʷʨʠʟʦʚʘʥʥʦʤ) ʠʟʣʫʯʝʥʠʠ. ʊʘʢ ʢʘʢ 

ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʝ ʣʘʟʝʨʳ, ʠʩʧʦʣʴʟʫʝʤʳʝ ʚ ʨʘʙʦʪʝ, ʥʘ ʚʳʭʦʜʝ ʜʘʶʪ ʣʠʥʝʡʥʦ ʧʦʣʷʨʠʟʦʚʘʥʥʦʝ 

ʠʟʣʫʯʝʥʠʝ, ʪʦ ʚ ʩʣʝʜʩʪʚʠʝ ʵʪʦʛʦ ʠʟʤʝʨʝʥʠʷ ʧʨʦʚʦʜʠʣʠʩʴ ʜʣʷ ʠʟʣʫʯʝʥʠʷ, ʠʤʠʪʠʨʫʶʱʝʛʦ 

ʝʩʪʝʩʪʚʝʥʥʦʝ, ʠ ʧʦʣʷʨʠʟʘʮʠʷ ʣʘʟʝʨʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʙʳʣʘ ʦʨʠʝʥʪʠʨʦʚʘʥʘ ʧʦʜ ʫʛʣʦʤ 45Á. 
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ʈɸʉʏɽʊ ʆʊʅʆʐɽʅʀʗ ʈɸɼʀɸʎʀʆʅʅʓʍ ʇʆʊɽʈʔ ɺ ʊɽʈʄʆʗɼɽʈʅʆʁ 

ʇʃɸɿʄɽ ɼʃʗ ɹʓʉʊʈʓʍ ʊʗɾɽʃʓʍ ʏɸʉʊʀʎ ʀ ʕʃɽʂʊʈʆʅʆɺ  

 

 

ɸ.ɺ. ɼʝʤʫʨʘ1, ɼ.ʉ. ʃʝʦʥʪʴʝʚ1, ɺ.ʉ. ʃʠʩʠʮʘ1, ɺ.ɸ. ʐʫʨʳʛʠʥ1 

 

 
1ʈʦʩʩʠʡʩʢʠʡ ʥʘʫʯʥʳʡ ʮʝʥʪʨ ʂʫʨʯʘʪʦʚʩʢʠʡ ʠʥʩʪʠʪʫʪ 

 

 

ʈʘʜʠʘʮʠʦʥʥʳʝ ʧʦʪʝʨʠ ʧʣʘʟʤʳ ʥʘ ʧʨʠʤʝʩʷʭ ʪʷʞʝʣʳʭ ʠʦʥʦʚ, ʚʳʟʚʘʥʥʳʝ ʚʦʟʙʫʞʜʝʥʠʝʤ 

ʵʣʝʢʪʨʦʥʘʤʠ, ʚʘʞʥʳ ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʨʘʙʦʪʳ ʪʝʨʤʦʷʜʝʨʥʦʛʦ ʨʝʘʢʪʦʨʘ. 

ʆʩʥʦʚʥʫʶ ʨʦʣʴ ʠʛʨʘʝʪ ʚʦʟʙʫʞʜʝʥʠʝ ʵʣʝʢʪʨʦʥʘʤʠ ʧʨʠʤʝʩʥʳʭ ʠʦʥʦʚ, ʢʦʪʦʨʦʝ ʩʦʧʨʦʚʦʞʜʘʝʪʩʷ ʠʭ 

ʚʳʩʚʝʯʠʚʘʥʠʝʤ. ʆʥ ʵʪʦʛʦ ʟʘʚʠʩʠʪ ʵʥʝʨʛʝʪʠʯʝʩʢʠʡ ʙʘʣʘʥʩ ʧʣʘʟʤʳ, ʪʘʢ ʢʘʢ ʨʘʜʠʘʮʠʦʥʥʳʝ ʧʦʪʝʨʠ 

ʵʥʝʨʛʠʠ ʵʣʝʢʪʨʦʥʘʤʠ ʤʦʛʫʪ ʧʨʠʚʝʩʪʠ ʢ ʛʘʰʝʥʠʶ ʪʝʨʤʦʷʜʝʨʥʦʡ ʨʝʘʢʮʠʠ ʧʨʠ ʢʨʠʪʠʯʝʩʢʦʡ 

(ʣʝʪʘʣʴʥʦʡ) ʢʦʥʮʝʥʪʨʘʮʠʠ ʧʨʠʤʝʩʝʡ. ɺʝʣʠʯʠʥʳ ʣʝʪʘʣʴʥʳʭ ʢʦʥʮʝʥʪʨʘʮʠʡ ʟʘʚʠʩʷʪ ʦʪ ʟʘʨʷʜʘ 

ʷʜʨʘ, ʠ ʜʣʷ ʪʷʞʝʣʳʭ ʵʣʝʤʝʥʪʦʚ ʪʠʧʘ ʚʦʣʴʬʨʘʤʘ ʜʦʣʷ ʤʦʞʝʪ ʜʦʩʪʠʛʘʪʴ ʜʦ 0.02% [1]. ɼʣʷ ʧʨʦʝʢʪʘ 

ʀʊɽʈ ʦʮʝʥʢʘ ʣʝʪʘʣʴʥʦʡ ʢʦʥʮʝʥʪʨʘʮʠʠ ʚʦʣʴʬʨʘʤʘ ʩʦʩʪʘʚʣʷʝʪ 10-5 ʦʪ ʢʦʥʮʝʥʪʨʘʮʠʠ ʵʣʝʢʪʨʦʥʦʚ. 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʧʨʝʜʧʦʣʘʛʘʝʪʩʷ ʨʘʩʩʤʦʪʨʝʪʴ ʠ ʜʨʫʛʦʡ ʢʘʥʘʣ ʨʘʜʠʘʮʠʦʥʥʳʭ ʧʦʪʝʨʴ, ʩʚʷʟʘʥʥʳʡ 

ʩ ʚʦʟʙʫʞʜʝʥʠʝʤ ʠʦʥʦʚ ʧʨʠʤʝʩʠ ʙʳʩʪʨʳʤʠ ʪʷʞʝʣʳʤʠ ʯʘʩʪʠʮʘʤʠ, ʠ ʩʨʘʚʥʠʪʴ ʝʛʦ ʩ ʚʝʣʠʯʠʥʦʡ 

ʘʥʘʣʦʛʠʯʥʳʤʠ ʧʦʪʝʨʷʤʠ ʵʣʝʢʪʨʦʥʦʚ. ɺ ʢʘʯʝʩʪʚʝ ʧʨʠʤʝʩʥʳʭ ʠʦʥʦʚ ʚʟʷʪ ʚʦʣʴʬʨʘʤ, ʧʦʩʢʦʣʴʢʫ ʦʥ 

ʷʚʣʷʝʪʩʷ ʦʜʥʠʤ ʠʟ ʦʩʥʦʚʥʳʭ ʢʦʥʩʪʨʫʢʮʠʦʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʜʠʚʝʨʪʦʨʥʳʭ ʧʣʘʩʪʠʥ, ʘ ʧʨʠ 

ʪʝʤʧʝʨʘʪʫʨʘʭ, ʙʣʠʟʢʠʭ ʢ ʧʨʦʪʝʢʘʥʠʶ ʪʝʨʤʦʷʜʝʨʥʦʡ ʨʝʘʢʮʠʠ, ʚ ʥʝʤ ʦʩʪʘʝʪʩʷ ʟʥʘʯʠʪʝʣʴʥʦʝ ʯʠʩʣʦ 

ʩʚʷʟʘʥʥʳʭ ʵʣʝʢʪʨʦʥʦʚ. ʂʨʦʤʝ ʪʦʛʦ, ʪʘʢ ʢʘʢ ʵʣʝʢʪʨʦʥʥʘʷ ʩʪʨʫʢʪʫʨʘ ʤʥʦʛʦʟʘʨʷʜʥʦʛʦ ʠʦʥʘ 

ʜʦʚʦʣʴʥʦ ʩʣʦʞʥʘ, ʪʦ ʢʚʘʥʪʦʚʦʤʝʭʘʥʠʯʝʩʢʠʝ ʨʘʩʯʝʪʳ ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʣʦʞʥʫʶ ʟʘʜʘʯʫ, ʠ ʧʦʵʪʦʤʫ 

ʥʝʦʙʭʦʜʠʤʦ ʨʘʟʚʠʪʠʝ ʤʝʪʦʜʦʚ, ʧʦʟʚʦʣʷʶʱʠʭ ʠʭ ʦʙʣʝʛʯʠʪʴ. ʆʜʥʠʤ ʠʟ ʪʘʢʠʭ ʤʝʪʦʜʦʚ ʷʚʣʷʝʪʩʷ 

ʩʪʘʪʠʩʪʠʯʝʩʢʦʝ ʧʨʠʙʣʠʞʝʥʠʝ, ʢʦʪʦʨʦʝ ʧʨʠʤʝʥʠʤʦ ʚ ʜʘʥʥʦʤ ʩʣʫʯʘʝ, ʪʘʢ ʢʘʢ ʚ ʠʦʥʝ ʩʦʭʨʘʥʷʝʪʩʷ 

ʙʦʣʴʰʦʝ ʯʠʩʣʦ ʩʚʷʟʘʥʥʳʭ ʵʣʝʢʪʨʦʥʦʚ. ʉʦʛʣʘʩʥʦ ʵʪʦʤʫ ʧʦʜʭʦʜʫ ʫʜʝʣʴʥʳʝ (ʥʘ ʦʜʥʫ ʯʘʩʪʠʮʫ ʠ 

ʦʜʠʥ ʠʦʥ ʧʨʠʤʝʩʠ) ʨʘʜʠʘʮʠʦʥʥʳʝ ʧʦʪʝʨʠ qe,Ŭ ʚʳʨʘʞʘʶʪʩʷ ʯʝʨʝʟ ʩʪʘʪʠʩʪʠʯʝʩʢʠʝ ʩʝʯʝʥʠʷ 

ʬʦʪʦʚʦʟʙʫʞʜʝʥʠʷ ůph(ɤ) ʠ ʧʦʪʦʢ ʵʢʚʠʚʘʣʝʥʪʥʳʭ ʬʦʪʦʥʦʚ, ʩʦʟʜʘʚʘʝʤʦʛʦ ʥʘʣʝʪʘʶʱʝʡ 

ʟʘʨʷʞʝʥʥʦʡ ʯʘʩʪʠʮʝʡ, ʢʦʪʦʨʘʷ ʜʚʠʞʝʪʩʷ ʚ ʧʦʣʝ ʤʥʦʛʦʵʣʝʢʪʨʦʥʥʦʛʦ ʠʦʥʘ ʧʦ ʢʣʘʩʩʠʯʝʩʢʦʡ 

ʪʨʘʝʢʪʦʨʠʠ. ʀʥʪʝʥʩʠʚʥʦʩʪʴ ʜʘʥʥʦʛʦ ʧʦʪʦʢʘ ʦʧʨʝʜʝʣʷʝʪʩʷ ʢʚʘʜʨʘʪʦʤ ʬʫʨʴʝ-ʨʘʟʣʦʞʝʥʠʷ 

ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʡ ʥʘʣʝʪʘʶʱʝʡ ʯʘʩʪʠʮʳ, ʜʝʡʩʪʚʫʶʱʝʡ ʥʘ ʩʚʷʟʘʥʥʳʝ 

ʵʣʝʢʪʨʦʥʳ ʠʦʥʘ [2]. ʕʪʠ ʩʝʯʝʥʠʷ ʬʦʪʦʚʦʟʙʫʞʜʝʥʠʷ ʩʣʝʜʫʝʪ ʫʤʥʦʞʠʪʴ ʥʘ ʵʥʝʨʛʠʶ ʬʦʪʦʥʘ, 

ʩʢʦʨʦʩʪʴ ʥʘʣʝʪʘʶʱʝʡ ʯʘʩʪʠʮʳ ʠ ʧʨʦʠʥʪʝʛʨʠʨʦʚʘʪʴ ʧʦ ʚʩʝʤ ʧʦʛʣʦʱʘʝʤʳʤ ʯʘʩʪʦʪʘʤ 
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ʛʜʝ N(ɤ) ï ʯʠʩʣʦ ʵʢʚʠʚʘʣʝʥʪʥʳʭ ʬʦʪʦʥʦʚ ʩ ʯʘʩʪʦʪʦʡ ʚ ʠʥʪʝʨʚʘʣʝ dɤ, ʩʦʟʜʘʚʘʝʤʦʝ ʥʘʣʝʪʘʶʱʝʡ 

ʯʘʩʪʠʮʝʡ, ʜʚʠʛʘʶʱʝʡʩʷ ʧʦ ʢʣʘʩʩʠʯʝʩʢʦʡ ʪʨʘʝʢʪʦʨʠʠ. ʇʨʠ ʵʪʦʤ ʯʠʩʣʦ ʵʢʚʠʚʘʣʝʥʪʥʳʭ ʬʦʪʦʥʦʚ 

ʦʧʨʝʜʝʣʷʝʪʩʷ ʧʨʠ ʧʦʤʦʱʠ ʬʫʥʢʮʠʠ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʯʘʩʪʠʮ ʧʦ ʩʢʦʨʦʩʪʷʤ, ʜʣʷ ʵʣʝʢʪʨʦʥʦʚ ʦʥʘ 

ʚʟʷʪʘ ʤʘʢʩʚʝʣʣʦʚʩʢʦʡ, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʜʣʷ ʘʣʴʬʘ-ʯʘʩʪʠʮ ʦʥʘ ʦʧʨʝʜʝʣʷʣʘʩʴ ʠʭ ʢʫʣʦʥʦʚʩʢʦʡ 

ʨʝʣʘʢʩʘʮʠʝʡ [3] 
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ɿʜʝʩʴ v* ï ʩʢʦʨʦʩʪʴ ʪʝʨʤʘʣʠʟʘʮʠʠ ʘʣʴʬʘ-ʯʘʩʪʠʮ. 

ɺ ʩʪʘʪʠʩʪʠʯʝʩʢʦʡ ʤʦʜʝʣʠ ʩʝʯʝʥʠʝ ʬʦʪʦʧʦʛʣʦʱʝʥʠʷ ʤʦʞʥʦ ʚʳʨʘʟʠʪʴ ʯʝʨʝʟ ʨʘʩʧʨʝʜʝʣʝʥʠʝ 

ʩʠʣ ʦʩʮʠʣʣʷʪʦʨʦʚ ʧʦ ʯʘʩʪʦʪʘʤ [4] 
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ɺ ʩʪʘʪʠʩʪʠʯʝʩʢʦʤ ʧʦʜʭʦʜʝ ʨʘʩʩʤʘʪʨʠʚʘʶʪʩʷ ʢʦʣʣʝʢʪʠʚʥʳʝ ʚʦʟʙʫʞʜʝʥʠʷ ʵʣʝʢʪʨʦʥʥʳʭ 

ʦʙʦʣʦʯʝʢ ʩ ʯʘʩʪʦʪʘʤʠ ɤ(r), ʟʘʚʠʩʷʱʠʤʠ ʦʪ ʨʘʩʩʪʦʷʥʠʷ ʦʪ ʷʜʨʘ.   ɹʳʣʦ ʧʨʝʜʣʦʞʝʥʦ ʜʚʝ ʤʦʜʝʣʠ 

ʪʘʢʦʡ ʟʘʚʠʩʠʤʦʩʪʠ: ʤʦʜʝʣʴ ʣʦʢʘʣʴʥʦʡ ʧʣʘʟʤʝʥʥʦʡ ʯʘʩʪʦʪʳ (ʃʇʏ) [5ï7] ʠ ʤʦʜʝʣʴ, ʦʩʥʦʚʘʥʥʘʷ 

ʥʘ ʧʨʠʥʮʠʧʘʭ ʢʨʘʤʝʨʩʦʚʩʢʦʡ ʵʣʝʢʪʨʦʜʠʥʘʤʠʢʠ (ʤʦʜʝʣʴ ʈʦʩʪʘ) [8], ʩʝʣʝʢʪʠʚʥʘʷ ʧʦ 

ʦʨʙʠʪʘʣʴʥʦʤʫ ʤʦʤʝʥʪʫ ʦʩʪʦʚʘ. ɺ ʤʦʜʝʣʠ ʣʦʢʘʣʴʥʦʡ ʧʣʘʟʤʝʥʥʦʡ ʯʘʩʪʦʪʳ ʩʧʝʢʪʨ ʚʦʟʙʫʞʜʝʥʠʷ 

ʘʧʧʨʦʢʩʠʤʠʨʫʝʪʩʷ ʧʣʘʟʤʝʥʥʳʤʠ ʯʘʩʪʦʪʘʤʠ, ʟʘʚʠʩʷʱʠʤʠ ʦʪ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʵʣʝʢʪʨʦʥʥʦʡ 

ʧʣʦʪʥʦʩʪʠ, ʘ ʚ ʤʦʜʝʣʠ ʈʦʩʪʘ ʧʨʝʜʧʦʣʘʛʘʝʪʩʷ, ʯʪʦ ʠʟʣʫʯʝʥʠʝ ʧʨʦʠʩʭʦʜʠʪ ʚʙʣʠʟʠ ʪʦʯʝʢ ʧʦʚʦʨʦʪʘ 

ʵʣʝʢʪʨʦʥʥʳʭ ʪʨʘʝʢʪʦʨʠʡ ʚ ʘʪʦʤʝ. ʅʘ ʵʪʠʭ ʫʯʘʩʪʢʘʭ ʠʟ-ʟʘ ʪʦʛʦ, ʯʪʦ ʢʠʥʝʪʠʯʝʩʢʘʷ ʵʥʝʨʛʠʷ 

ʵʣʝʢʪʨʦʥʘ ʤʥʦʛʦ ʙʦʣʴʰʝ ʧʦʪʝʥʮʠʘʣʴʥʦʡ, ʤʦʞʥʦ ʧʨʝʥʝʙʨʝʯʴ ʠʥʪʝʛʨʘʣʦʤ ʵʥʝʨʛʠʠ, ʠ 

ʝʜʠʥʩʪʚʝʥʥʳʤ ʠʥʪʝʛʨʘʣʦʤ ʜʚʠʞʝʥʠʷ ʦʩʪʘʥʝʪʩʷ ʠʟʤʝʥʝʥʠʝ ʦʨʙʠʪʘʣʴʥʳʡ ʤʦʤʝʥʪ ʵʣʝʢʪʨʦʥʘ L. 

ʇʨʠ ʵʪʦʤ ʭʘʨʘʢʪʝʨʥʦʡ ʯʘʩʪʦʪʦʡ ʧʝʨʝʭʦʜʘ ʙʫʜʝʪ ʨʘʚʥʘ ʠʟʤʝʥʝʥʠʶ ʫʛʣʦʚʦʡ ʩʢʦʨʦʩʪʠ ʚʨʘʱʝʥʠʷ 

ʚʙʣʠʟʠ ʪʦʯʢʠ ʧʦʚʦʨʦʪʘ.  

ʈʝʟʫʣʴʪʘʪʳ ʨʘʩʯʝʪʦʚ ʩʪʘʪʠʩʪʠʯʝʩʢʠʭ ʤʦʜʝʣʝʡ ʩʨʘʚʥʠʚʘʣʠʩʴ ʩ ʨʝʟʫʣʴʪʘʪʘʤʠ, 

ʚʳʧʦʣʥʝʥʥʳʤʠ ʚ ʂʫʣʦʥ-ɹʦʨʥʦʚʩʢʦʤ ʧʨʠʙʣʠʞʝʥʠʠ [9]. ɼʣʷ ʨʘʩʯʝʪʘ ʨʘʜʠʘʮʠʦʥʥʳʭ ʧʦʪʝʨʴ 
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ʩʣʝʜʫʝʪ ʚʟʷʪʴ ʧʨʠʚʝʜʝʥʥʳʝ ʚ [9] ʩʢʦʨʦʩʪʥʳʝ ʢʦʵʬʬʠʮʠʝʥʪʳ ʚʦʟʙʫʞʜʝʥʠʷ ʠ ʧʨʦʠʥʪʝʛʨʠʨʦʚʘʪʴ 

(ʧʨʦʩʫʤʤʠʨʦʚʘʪʴ) ʠʭ ʧʦ ʚʩʝʤ ʚʦʟʙʫʞʜʘʝʤʳʤ ʯʘʩʪʦʪʘʤ. 

ɺʘʞʥʳʤ ʧʘʨʘʤʝʪʨʦʤ, ʥʝʦʙʭʦʜʠʤʳʤ ʜʣʷ ʤʦʥʠʪʦʨʠʥʛʘ ʧʣʘʟʤʳ, ʷʚʣʷʝʪʩʷ ʩʦʦʪʥʦʰʝʥʠʝ 

ʤʝʞʜʫ ʨʘʜʠʘʮʠʦʥʥʳʤʠ ʧʦʪʝʨʷʤʠ ʘʣʴʬʘ-ʯʘʩʪʠʮ ʠ ʵʣʝʢʪʨʦʥʦʚ 
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ʛʜʝ NŬ ââï ʧʣʦʪʥʦʩʪʴ ʘʣʴʬʘ-ʯʘʩʪʠʮ, ʘ Ne ï ʧʣʦʪʥʦʩʪʴ ʵʣʝʢʪʨʦʥʦʚ ʚ ʧʣʘʟʤʝ. ʆʪʥʦʰʝʥʠʝ 

ʧʣʦʪʥʦʩʪʝʡ NŬ/Ne ʤʦʞʥʦ ʥʘʡʪʠ ʠʟ ʙʘʣʘʥʩʘ ʤʝʞʜʫ ʩʢʦʨʦʩʪʷʤʠ ʨʦʞʜʝʥʠʷ ʠ ʪʝʨʤʘʣʠʟʘʮʠʠ ʘʣʴʬʘ-
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ʇʦʨʷʜʦʢ ʦʪʥʦʰʝʥʠʷ ʧʣʦʪʥʦʩʪʝʡ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ ʊʝ=20 ʢʵɺ ï 10-2. ʉʨʘʚʥʝʥʠʝ ʦʪʥʦʰʝʥʠʡ 

ʨʘʜʠʘʮʠʦʥʥʳʭ ʧʦʪʝʨʴ ʘʣʴʬʘ-ʯʘʩʪʠʮ ʢ ʵʣʝʢʪʨʦʥʘʤ ʧʨʠʚʝʜʝʥʦ ʥʘ ʨʠʩ.1. 

 

ʈʠʩ. 1 ɿʘʚʠʩʠʤʦʩʪʴ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ʧʣʘʟʤʳ Te ʦʪʥʦʰʝʥʠʷ ʧʦʣʥʳʭ ʥʘ ʦʜʠʥ ʧʨʠʤʝʩʥʳʡ ʠʦʥ ʨʘʜʠʘʮʠʦʥʥʳʭ 

ʧʦʪʝʨʴ R ʘʣʴʬʘ-ʯʘʩʪʠʮ ʠ ʵʣʝʢʪʨʦʥʦʚ (ʩ ʫʯʝʪʦʤ ʪʦʨʤʦʟʥʦʛʦ, ʨʝʢʦʤʙʠʥʘʮʠʦʥʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʠ ʠʟʣʫʯʝʥʠʷ 

ʧʨʠ ʜʠʵʣʝʢʪʨʦʥʥʦʡ ʨʝʢʦʤʙʠʥʘʮʠʠ) [10]: 1 ï ʤʦʜʝʣʴ ʈʦʩʪʘ; 2 ï ʤʦʜʝʣʴ ʃʇʏ; 3 ï ʂʫʣʦʥ-ɹʦʨʥʦʚʩʢʦʝ 

ʧʨʠʙʣʠʞʝʥʠʝ. 

 

ʀʟ ʨʠʩ.1 ʚʠʜʥʦ, ʯʪʦ ʚʩʝ ʤʦʜʝʣʠ ʜʘʶʪ ʙʣʠʟʢʠʝ ʜʨʫʛ ʢ ʜʨʫʛʫ ʨʝʟʫʣʴʪʘʪʳ, ʧʨʠ ʵʪʦʤ ʧʨʠ ʨʦʩʪʝ 

ʪʝʤʧʝʨʘʪʫʨʳ ʥʘʙʣʶʜʘʝʪʩʷ ʚʦʟʨʘʩʪʘʥʠʝ ʦʪʥʦʰʝʥʠʷ ʧʦʪʝʨʴ. ʇʨʠ ʵʪʦʤ, ʜʘʥʥʦʝ ʦʪʥʦʰʝʥʠʝ 

ʩʦʩʪʘʚʣʷʝʪ ʜʦ 1-5%, ʯʪʦ ʛʦʨʘʟʜʦ ʥʠʞʝ ʧʝʨʚʦʥʘʯʘʣʴʥʳʭ ʛʨʫʙʳʭ ʦʮʝʥʦʢ ʚ 20%, ʚʳʧʦʣʥʝʥʥʳʭ ʧʨʠ 

ʧʦʤʦʱʠ ʦʙʱʝʛʦ ʩʝʯʝʥʠʷ ʜʣʷ ʥʝʫʧʨʫʛʠʭ ʧʝʨʝʭʦʜʦʚ. 
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ʇʆɼɻʆʊʆɺʂɸ ɺɽʈʊʀʂɸʃʔʅʆɻʆ ʂɸʅɸʃɸ ʉɺʏ-

ʀʅʊɽʈʌɽʈʆʄɽʊʈɸ ʂ ʌʀɿʀʏɽʉʂʆʄʋ ʇʋʉʂʋ ʊʆʂɸʄɸʂɸ ʊ-15ʄɼ  

 

 

ɼʨʦʟʜ ɸ.ʉ.1,2, ʉʝʨʛʝʝʚ ɼ.ʉ1. 

 

 
1ʅʀʎ çʂʫʨʯʘʪʦʚʩʢʠʡ ʠʥʩʪʠʪʫʪè, ʄʦʩʢʚʘ, ʈʦʩʩʠʷ 
2ʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʷʜʝʨʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʄʀʌʀ, ʄʦʩʢʚʘ, ʈʦʩʩʠʷ 

 

 

ʕʣʝʢʪʨʦʥʥʘʷ ʧʣʦʪʥʦʩʪʴ ʷʚʣʷʝʪʩʷ ʦʜʥʠʤ ʠʟ ʚʘʞʥʝʡʰʠʭ ʧʘʨʘʤʝʪʨʦʚ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ 

ʧʣʘʟʤʳ ʚ ʨʘʟʨʷʜʘʭ ʥʘ ʫʩʪʘʥʦʚʢʘʭ ʪʠʧʘ ʪʦʢʘʤʘʢ. ʀʥʪʝʨʬʝʨʦʤʝʪʨʠʷ ʷʚʣʷʝʪʩʷ ʢʣʘʩʩʠʯʝʩʢʠʤ 

ʤʝʪʦʜʦʤ ʠʟʤʝʨʝʥʠʷ ʵʣʝʢʪʨʦʥʥʦʡ ʧʣʦʪʥʦʩʪʠ. ɿʦʥʜʠʨʦʚʘʥʠʝ ʚʦʣʥʘʤʠ ʉɺʏ ʜʠʘʧʘʟʦʥʘ ʜʘʚʥʦ 

ʠʩʧʦʣʴʟʫʝʪʩʷ ʚ ʠʥʪʝʨʬʝʨʦʤʝʪʨʠʠ [1, 2]. ʕʣʝʢʪʨʦʤʘʛʥʠʪʥʳʝ ʚʦʣʥʳ, ʧʨʦʰʝʜʰʠʝ ʯʝʨʝʟ ʧʣʘʟʤʫ, 

ʥʝʩʫʪ ʚ ʩʝʙʝ ʠʥʬʦʨʤʘʮʠʶ ʦ ʩʨʝʜʥʝʡ ʢʦʥʮʝʥʪʨʘʮʠʠ ʵʣʝʢʪʨʦʥʦʚ ʥʘ ʩʚʦʝʤ ʧʫʪʠ. 

ʇʦʢʘʟʘʪʝʣʴ ʧʨʝʣʦʤʣʝʥʠʷ ʜʣʷ ʨʘʩʧʨʦʩʪʨʘʥʷʶʱʝʡʩʷ ʚ ʧʣʘʟʤʝ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʡ ʚʦʣʥʳ 

ʦʪʣʠʯʝʥ ʦʪ ʧʦʢʘʟʘʪʝʣʷ ʧʨʝʣʦʤʣʝʥʠʷ ʚʘʢʫʫʤʘ. ʇʦʵʪʦʤʫ ʟʦʥʜʠʨʫʶʱʠʡ ʣʫʯ ʧʨʠʦʙʨʝʪʘʝʪ 

ʜʦʧʦʣʥʠʪʝʣʴʥʳʡ ʥʘʙʝʛ ʬʘʟʳ . ɼʣʷ ʨʘʩʧʨʦʩʪʨʘʥʷʶʱʝʡʩʷ ʚ ʧʣʘʟʤʝ ʦʙʳʢʥʦʚʝʥʥʦʡ ʚʦʣʥʳ 

ʯʘʩʪʦʪʦʡ ʤʥʦʛʦ ʙʦʣʴʰʝ ʧʣʘʟʤʝʥʥʦʡ, ʠʟʤʝʥʝʥʠʝ ʬʘʟʳ ʩʚʷʟʘʥʦ ʩ ʚʝʣʠʯʠʥʦʡ ʣʠʥʝʡʥʦ 

ʠʥʪʝʛʨʠʨʦʚʘʥʥʦʡ ʵʣʝʢʪʨʦʥʥʦʡ ʧʣʦʪʥʦʩʪʠ ʩʣʝʜʫʶʱʠʤ ʩʦʦʪʥʦʰʝʥʠʝʤ: 

, 

ʛʜʝ ɚ ï ʜʣʠʥʘ ʚʦʣʥʳ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʛʦ ʠʟʣʫʯʝʥʠʷ, e ï ʵʣʝʤʝʥʪʘʨʥʳʡ ʵʣʝʢʪʨʠʯʝʩʢʠʡ ʟʘʨʷʜ, me ï 

ʤʘʩʩʘ ʵʣʝʢʪʨʦʥʘ, c ï ʩʢʦʨʦʩʪʴ ʩʚʝʪʘ ʚ ʚʘʢʫʫʤʝ, ne ï ʵʣʝʢʪʨʦʥʥʘʷ ʧʣʦʪʥʦʩʪʴ, ʠʥʪʝʛʨʘʣ ʙʝʨʝʪʩʷ 

ʚʜʦʣʴ ʣʠʥʠʠ ʟʦʥʜʠʨʦʚʘʥʠʷ ʧʣʘʟʤʝʥʥʦʛʦ ʰʥʫʨʘ. 

ʉʦʚʨʝʤʝʥʥʳʝ ʤʝʪʦʜʳ ʠʥʪʝʨʬʝʨʦʤʝʪʨʠʠ ʚ ʩʫʙʤʠʣʣʠʤʝʪʨʦʚʦʤ ʜʠʘʧʘʟʦʥʝ ʧʨʝʜʧʦʣʘʛʘʶʪ 

ʧʨʦʚʝʜʝʥʠʝ ʠʟʤʝʨʝʥʠʡ ʥʘ ʧʨʦʤʝʞʫʪʦʯʥʦʡ ʯʘʩʪʦʪʝ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʫʧʨʦʩʪʠʪʴ ʦʙʨʘʙʦʪʢʫ ʩʠʛʥʘʣʦʚ 

ʠʥʪʝʨʬʝʨʦʤʝʪʨʘ, ʘ ʪʘʢʞʝ ʜʣʷ ʦʜʥʦʟʥʘʯʥʦʩʪʠ ʦʧʨʝʜʝʣʝʥʠʷ ʥʘʙʝʛʘ ʬʘʟʳ [1, 3, 4]. 

ʅʘ 2021 ʛʦʜ ʚ ʅʀʎ çʂʫʨʯʘʪʦʚʩʢʠʡ ʠʥʩʪʠʪʫʪè ʟʘʧʣʘʥʠʨʦʚʘʥ ʬʠʟʠʯʝʩʢʠʡ ʧʫʩʢ ʪʦʢʘʤʘʢʘ 

ʊ-15ʄɼ [5]. ʊʦʢ ʧʣʘʟʤʳ ʚ ʫʩʪʘʥʦʚʢʝ ʧʣʘʥʠʨʫʝʪʩʷ ʜʦ 2 ʄɸ, ʚʝʣʠʯʠʥʘ ʪʦʨʦʠʜʘʣʴʥʦʛʦ ʧʦʣʷ ʥʘ 

ʦʩʠ ʧʣʘʟʤʳ ï ʜʦ 2 ʊʣ, ʤʦʱʥʦʩʪʴ ʜʦʧʦʣʥʠʪʝʣʴʥʦʛʦ ʥʘʛʨʝʚʘ ï ʜʦ 20 ʄɺʪ, ʙʦʣʴʰʦʡ ʨʘʜʠʫʩ 

ʩʦʩʪʘʚʣʷʝʪ 1,48 ʤ, ʤʘʣʳʡ ʨʘʜʠʫʩ ï 0,67 ʤ, ʚʳʪʷʥʫʪʦʩʪʴ 1,7-1,9, ʪʨʝʫʛʦʣʴʥʦʩʪʴ 0,3-0,4. ʊʦʢʘʤʘʢ 

ʊ-15ʄɼ ʧʦʟʚʦʣʠʪ ʧʨʦʚʦʜʠʪʴ ʵʢʩʧʝʨʠʤʝʥʪʳ ʩ ʚʳʪʷʥʫʪʳʤ ʩʝʯʝʥʠʝʤ ʠ ʜʠʚʝʨʪʦʨʥʦʡ 

ʢʦʥʬʠʛʫʨʘʮʠʝʡ. 

ʈʝʬʨʘʢʮʠʷ ʚʦʣʥ ʚ ʧʣʘʟʤʝ (ʠʩʢʨʠʚʣʝʥʠʝ ʪʨʘʝʢʪʦʨʠʠ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʣʫʯʝʡ) ʤʦʞʝʪ 

ʠʛʨʘʪʴ ʩʫʱʝʩʪʚʝʥʥʫʶ ʨʦʣʴ ʠ ʧʨʝʧʷʪʩʪʚʦʚʘʪʴ ʧʨʦʚʝʜʝʥʠʶ ʠʟʤʝʨʝʥʠʡ. ɼʣʷ ʦʮʝʥʢʠ ʚʣʠʷʥʠʷ 



23 

 

ʨʝʬʨʘʢʮʠʠ ʙʳʣʠ ʧʨʦʚʝʜʝʥʳ ʯʠʩʣʝʥʥʳʝ ʨʘʩʯʝʪʳ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʧʫʯʢʦʚ ʉɺʏ-ʠʟʣʫʯʝʥʠʷ ʚ 

ʢʘʤʝʨʝ ʪʦʢʘʤʘʢʘ. ʊʨʘʝʢʪʦʨʠʷ ʧʫʯʢʘ ʨʘʩʩʯʠʪʳʚʘʣʘʩʴ ʧʫʪʝʤ ʠʥʪʝʛʨʠʨʦʚʘʥʠʷ ʭʦʜʘ ʣʫʯʘ: 

 

ʛʜʝ r ï ʨʘʜʠʫʩ ʢʨʠʚʠʟʥʳ ʪʨʘʝʢʪʦʨʠʠ,  ʧʦʢʘʟʘʪʝʣʴ ʧʨʝʣʦʤʣʝʥʠʷ,   ʝʛʦ ʛʨʘʜʠʝʥʪ ʚ 

ʥʘʧʨʘʚʣʝʥʠʠ, ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦʤ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʶ ʚʦʣʥʳ. ʇʨʠ ʨʘʩʯʝʪʘʭ ʠʩʧʦʣʴʟʦʚʘʣʩʷ 

ʧʨʦʬʠʣʴ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʵʣʝʢʪʨʦʥʥʦʡ ʧʣʦʪʥʦʩʪʠ ʧʦ ʨʘʜʠʫʩʫ, ʙʣʠʟʢʠʡ ʢ ʧʘʨʘʙʦʣʠʯʝʩʢʦʤʫ, ʩ 

ʤʘʢʩʠʤʘʣʴʥʳʤ ʟʥʘʯʝʥʠʝʤ ʧʣʦʪʥʦʩʪʠ ne = 5 ẗ 1019 ʤ-3. ʆʩʝʚʦʝ ʩʤʝʱʝʥʠʝ ʧʫʯʢʘ ʥʝ ʧʨʝʚʳʩʠʣʦ 3 ʩʤ 

ʧʨʠ ʩʤʝʱʝʥʠʠ ʰʥʫʨʘ ʜʦ 10 ʩʤ, ʚʝʣʠʯʠʥʘ ʦʪʥʦʩʠʪʝʣʴʥʦʛʦ ʠʟʤʝʥʝʥʠʷ ʥʘʙʝʛʘ ʬʘʟʳ ʠʟ-ʟʘ 

ʨʝʬʨʘʢʮʠʠ ʥʝ ʧʨʝʚʳʩʠʣʘ 5%. 

ɹʣʦʢ-ʩʭʝʤʘ ʉɺʏ-ʠʥʪʝʨʬʝʨʦʤʝʪʨʘ ʪʦʢʘʤʘʢʘ ʊ-15ʄɼ [6, 7] ʨʘʟʨʘʙʦʪʘʥʥʘʷ ʆʆʆ çɼʆʂè ʧʦ 

ʜʦʛʦʚʦʨʫ ʩ ʅʀʎ ʂʀ ʠʟʦʙʨʘʞʝʥʘ ʥʘ ʨʠʩ. 1. ɺ ʩʠʥʪʝʟʘʪʦʨʝ ʛʝʥʝʨʠʨʫʶʪʩʷ ʦʪ ʦʜʥʦʛʦ ʟʘʜʘʶʱʝʛʦ 

ʢʚʘʨʮʝʚʦʛʦ ʨʝʟʦʥʘʪʦʨʘ REF ʩʠʛʥʘʣʳ ʩ ʯʘʩʪʦʪʘʤʠ 7,282 ɻɻʮ, 7,280 ɻɻʮ, 85 ʄɻʮ, ʘ ʪʘʢʞʝ 

ʚʳʚʦʜʠʪʩʷ ʟʘʜʘʶʱʠʡ (ʦʧʦʨʥʳʡ) ʩʠʛʥʘʣ ʯʘʩʪʦʪʦʡ 10 ʄɻʮ. ʇʝʨʚʳʡ ʩʠʛʥʘʣ ʧʦʩʪʫʧʘʝʪ ʚ 

ʧʝʨʝʜʘʪʯʠʢ, ʛʜʝ ʧʨʦʠʩʭʦʜʠʪ ʫʤʥʦʞʝʥʠʝ ʯʘʩʪʦʪʳ 7,282 ɻɻʮ ʚ 44 ʨʘʟʘ ʠ ʧʦʣʫʯʝʥʥʳʤ ʠʟʣʫʯʝʥʠʝʤ 

ʩ ʯʘʩʪʦʪʦʡ 320,4 ɻɻʮ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʟʦʥʜʠʨʦʚʘʥʠʝ ʧʣʘʟʤʳ ʚ ʪʦʢʘʤʘʢʝ.  

ɺʪʦʨʦʡ ʩʠʛʥʘʣ ʧʦʩʪʫʧʘʝʪ ʚ ʧʨʠʝʤʥʠʢ, ʛʜʝ ʝʛʦ ʯʘʩʪʦʪʘ ʫʤʥʦʞʘʝʪʩʷ ʚ 22 ʨʘʟʘ, ʠ ʧʝʨʝʜʘʝʪʩʷ 

ʚ ʙʣʦʢ ʩʤʝʰʠʚʘʥʠʷ ʩ ʩʠʛʥʘʣʦʤ, ʧʨʠʰʝʜʰʠʤ ʠʟ ʚʘʢʫʫʤʥʦʡ ʢʘʤʝʨʳ. ʅʘ ʚʳʭʦʜʝ ʠʟ ʙʣʦʢʘ 

ʩʤʝʰʠʚʘʥʠʷ ʬʦʨʤʠʨʫʝʪʩʷ ʩʠʛʥʘʣ ʧʨʦʤʝʞʫʪʦʯʥʦʡ ʯʘʩʪʦʪʳ (ʇʏ1) 80 ʄɻʮ. ɼʘʣʝʝ ʵʪʦʪ ʩʠʛʥʘʣ ʧʦ 

ʢʦʘʢʩʠʘʣʴʥʦʤʫ ʢʘʙʝʣʶ ʧʝʨʝʜʘʝʪʩʷ ʚ ʙʣʦʢ ʩʠʥʪʝʟʘʪʦʨʘ, ʛʜʝ ʦʥ ʧʦʩʪʫʧʘʝʪ ʥʘ ʝʱʸ ʦʜʠʥ ʙʣʦʢ 

ʩʤʝhʠʚʘʥʠʷ, ʥʘ ʚʪʦʨʦʡ ʚʭʦʜ ʢʦʪʦʨʦʛʦ ʧʦʩʪʫʧʘʝʪ ʩʠʛʥʘʣ ʯʘʩʪʦʪʦʡ 85 ʄɻʮ. ɺ ʨʝʟʫʣʴʪʘʪʝ 

ʬʦʨʤʠʨʫʝʪʩʷ ʩʠʛʥʘʣ ʯʘʩʪʦʪʦʡ 5,0 ʄɻʮ (ʇʏ2), 

 

ʈʠʩ. 1. ɹʣʦʢ-ʩʭʝʤʘ ʚʝʨʪʠʢʘʣʴʥʦʛʦ ʢʘʥʘʣʘ ʉɺʏ-ʠʥʪʝʨʬʝʨʦʤʝʪʨʘ 

ʬʘʟʘ ʢʦʪʦʨʦʛʦ ʥʝʩʸʪ ʠʥʬʦʨʤʘʮʠʶ ʦ ʩʨʝʜʥʝʡ ʵʣʝʢʪʨʦʥʥʦʡ ʧʣʦʪʥʦʩʪʠ ʧʨʦʟʦʥʜʠʨʦʚʘʥʥʦʡ ʧʣʘʟʤʳ. 

ʕʪʦʪ ʩʠʛʥʘʣ, ʚʤʝʩʪʝ ʦʧʦʨʥʳʤ ʩʠʛʥʘʣʦʤ, ʧʦʩʪʫʧʘʝʪ ʚ ʩʠʩʪʝʤʫ ʨʝʛʠʩʪʨʘʮʠʠ ʠ ʤʘʪʝʤʘʪʠʯʝʩʢʦʡ 
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ʦʙʨʘʙʦʪʢʠ ʚ ʨʝʞʠʤʝ ʨʝʘʣʴʥʦʛʦ ʚʨʝʤʝʥʠ ʵʢʩʧʝʨʠʤʝʥʪʘ ʩʠʛʥʘʣʦʚ ʤʥʦʛʦʢʘʥʘʣʴʥʦʛʦ ʉɺʏ-

ʠʥʪʝʨʬʝʨʦʤʝʪʨʘ [8, 9]. 

 
ʈʠʩ. 2. ʄʦʜʝʣʠ ʘʥʪʝʥʥ ʜʣʷ ʚʚʦʜʘ ʠ ʧʨʠʝʤʘ ʟʦʥʜʠʨʫʶʱʝʛʦ ʠʟʣʫʯʝʥʠʷ, ʨʘʩʧʦʣʦʞʝʥʥʳʭ ʚ 

ʥʠʞʥʝʡ (ʩʣʝʚʘ) ʠ ʚ ʚʝʨʭʥʝʡ (ʩʧʨʘʚʘ) ʯʘʩʪʷʭ ʢʘʤʝʨʳ 

ɺ ʣʘʙʦʨʘʪʦʨʥʳʭ ʫʩʣʦʚʠʷʭ ʙʳʣ ʧʦʣʫʯʝʥ ʩʠʛʥʘʣ ʇʏ2 (5 ʄɻʮ), ʧʨʠ ʵʪʦʤ ʨʘʩʩʪʦʷʥʠʝ ʤʝʞʜʫ 

ʠʩʪʦʯʥʠʢʦʤ ʠ ʧʨʠʝʤʥʠʢʦʤ ʩʦʩʪʘʚʣʷʣʦ 5 ʤʝʪʨʦʚ, ʠ ʚʚʝʜʝʥʦ  

ʜʦʧʦʣʥʠʪʝʣʴʥʦʝ ʟʘʪʫʭʘʥʠʝ 15 ʜɹ. ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʨʘʙʦʪʳ ʧʦ ʧʦʚʳʰʝʥʠʶ ʩʪʘʙʠʣʴʥʦʩʪʠ 

ʩʠʛʥʘʣʘ ʚ ʜʠʘʛʥʦʩʪʠʯʝʩʢʦʤ ʢʘʥʘʣʝ ʧʨʦʜʦʣʞʘʶʪʩʷ. 

ʉɺʏ-ʠʟʣʫʯʝʥʠʝ ʧʦʜʚʦʜʠʪʩʷ ʢ ʢʘʤʝʨʝ ʪʦʢʘʤʘʢʘ ʧʦ ʩʚʝʨʭʨʘʟʤʝʨʥʳʤ ʞʝʩʪʢʦ ʩʢʨʝʧʣʝʥʥʳʤ 

ʤʝʞʜʫ ʩʦʙʦʡ ʩʚʝʨʭʨʘʟʤʝʨʥʳʤ ʣʫʯʝʚʦʜʘʤ [10]. ɼʣʷ ʚʚʦʜʘ ʚ ʚʘʢʫʫʤʥʫʶ ʢʘʤʝʨʫ ʪʦʢʘʤʘʢʘ ʊ-15ʄɼ 

ʠ ʧʨʠʝʤʘ ʟʦʥʜʠʨʫʶʱʝʛʦ ʠʟʣʫʯʝʥʠʷ ʠʟ ʥʝʸ ʠʩʧʦʣʴʟʫʶʪʩʷ ʮʠʣʠʥʜʨʠʯʝʩʢʠʝ ʢʦʥʠʯʝʩʢʠʝ ʘʥʪʝʥʥʳ. 

ɼʣʷ ʚʦʟʤʦʞʥʦʩʪʠ ʶʩʪʠʨʦʚʢʠ ʚ ʢʦʥʩʪʨʫʢʮʠʠ ʧʨʝʜʫʩʤʦʪʨʝʥʦ ʩʠʣʴʬʦʥʥʦʝ ʩʦʝʜʠʥʝʥʠʝ, ʘ 

ʚʘʢʫʫʤʥʳʝ ʩʦʝʜʠʥʝʥʠʷ ʚʳʧʦʣʥʝʥʳ ʧʦ ʚʘʢʫʫʤʥʦʤʫ ʩʪʘʥʜʘʨʪʫ ConFlat. ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ 

ʧʨʦʠʟʚʦʜʠʪʩʷ ʤʦʥʪʘʞ ʯʘʩʪʝʡ ʚʝʨʪʠʢʘʣʴʥʦʛʦ ʢʘʥʘʣʘ ʉɺʏ-ʠʥʪʝʨʬʝʨʦʤʝʪʨʘ ʚ ʟʘʣʝ ʪʦʢʘʤʘʢʘ ʊ-

15ʄɼ. 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʬʠʥʘʥʩʠʨʦʚʘʥʠʠ ɻʦʩʢʦʨʧʦʨʘʮʠʠ çʈʦʩʘʪʦʤè. 
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ʉʀʉʊɽʄɸ ʊʆʄʉʆʅʆɺʉʂʆɻʆ ʈɸʉʉɽʗʅʀʗ ʊʆʂɸʄɸʂɸ  

ʊ-15ʄɼ ʉ ɺɽʈʊʀʂɸʃʔʅʓʄ ɿʆʅɼʀʈʆɺɸʅʀɽʄ ʇʃɸɿʄʓ 

 

 
ɼ.ʉ. ʇʘʥʬʠʣʦʚ 1,2, ɸ.ɺ. ɻʦʨʰʢʦʚ 2, ɻ.ʄ. ɸʩʘʜʫʣʠʥ 2, ʀ.ʉ. ɹʝʣʴʙʘʩ 2 

 

 
1. ʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʷʜʝʨʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ çʄʀʌʀè 
2. ʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʮʝʥʪʨ çʂʫʨʯʘʪʦʚʩʢʠʡ ʠʥʩʪʠʪʫʪè 

 

 

ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʚ ʅʀʎ çʂʫʨʯʘʪʦʚʩʢʠʡ ʠʥʩʪʠʪʫʪè ʛʦʪʦʚʠʪʩʷ ʢ ʬʠʟʠʯʝʩʢʦʤʫ ʧʫʩʢʫ 

ʥʦʚʳʡ ʪʦʢʘʤʘʢ ʊ-15ʄɼ [1]. ɼʣʷ ʠʟʫʯʝʥʠʷ ʬʠʟʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʦʚ ʧʨʦʠʩʭʦʜʷʱʠʭ ʚ ʧʣʘʟʤʝ 

ʨʘʟʨʘʙʘʪʳʚʘʝʪʩʷ ʢʦʤʧʣʝʢʩ ʜʠʘʛʥʦʩʪʠʢ, ʦʜʥʦʡ ʠʟ ʢʦʪʦʨʳʭ ʷʚʣʷʝʪʩʷ ʜʠʘʛʥʦʩʪʠʢʘ ʪʦʤʩʦʥʦʚʩʢʦʛʦ 

ʨʘʩʩʝʷʥʠʷ (ʊʈ). ʆʥʘ ʧʦʟʚʦʣʷʝʪ ʠʟʤʝʨʷʪʴ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ ʠ 

ʧʣʦʪʥʦʩʪʠ ʵʣʝʢʪʨʦʥʦʚ ʧʣʘʟʤʳ. ʀʟ-ʟʘ D-ʦʙʨʘʟʥʦʛʦ ʩʝʯʝʥʠʷ ʧʣʘʟʤʳ ʪʦʢʘʤʘʢʘ ʊ-15ʄɼ ʥʘ ʥʝʤ 

ʙʫʜʫʪ ʨʝʘʣʠʟʦʚʘʥʳ ʜʚʝ ʩʠʩʪʝʤʳ ʜʠʘʛʥʦʩʪʠʢʠ ʊʈ ʢʘʢ ʩ ʚʝʨʪʠʢʘʣʴʥʳʤ, ʪʘʢ ʠ ʩ ʪʘʥʛʝʥʮʠʘʣʴʥʳʤ 

ʟʦʥʜʠʨʦʚʘʥʠʝʤ ʧʣʘʟʤʳ [2]. 

ɼʘʥʥʘʷ ʨʘʙʦʪʘ ʧʦʩʚʷʱʝʥʘ ʨʘʟʨʘʙʦʪʢʝ ʜʠʘʛʥʦʩʪʠʢʠ ʪʦʤʩʦʥʦʚʩʢʦʛʦ ʨʘʩʩʝʷʥʠʷ ʩ 

ʚʝʨʪʠʢʘʣʴʥʳʤ ʟʦʥʜʠʨʦʚʘʥʠʝʤ ʧʣʘʟʤʝʥʥʦʛʦ ʰʥʫʨʘ. ʆʩʥʦʚʥʳʝ ʦʩʦʙʝʥʥʦʩʪʠ ʨʝʘʣʠʟʘʮʠʠ ʜʘʥʥʦʡ 

ʩʠʩʪʝʤʳ:  

-ʃʘʟʝʨ - 2-ʷ ʛʘʨʤʦʥʠʢʘ Nd:YAG ʣʘʟʝʨʘ (532 ʥʤ, 10 ʥʩ, 2.5ɼʞ, 100 ɻʮ); 

-ʄʥʦʛʦʧʨʦʭʦʜʥʘʷ ʩʠʩʪʝʤʘ ʚʚʦʜʘ-ʚʳʚʦʜʘ ʣʘʟʝʨʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʚ ʢʘʤʝʨʫ ʪʦʢʘʤʘʢʘ; 

-ʉʠʩʪʝʤʘ ʨʝʛʠʩʪʨʘʮʠʠ ʥʘ ʦʩʥʦʚʝ ʵʣʝʢʪʨʦʥʥʦ-ʦʧʪʠʯʝʩʢʦʛʦ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷ (ʕʆʇʘ) ʠ CMOS 

ʢʘʤʝʨʳ. 

ɺ ʭʦʜʝ ʨʘʟʨʘʙʦʪʢʠ ʙʳʣ ʚʳʧʦʣʥʝʥ ʨʘʩʯʝʪ ʦʩʥʦʚʥʳʭ ʦʧʪʠʯʝʩʢʠʭ ʫʟʣʦʚ ʨʝʛʠʩʪʨʠʨʫʶʱʝʡ 

ʯʘʩʪʠ ʜʠʘʛʥʦʩʪʠʢʠ. ɼʘʥʥʘʷ ʦʧʪʠʯʝʩʢʘʷ ʩʠʩʪʝʤʘ ʩʦʩʪʦʠʪ ʠʟ ʩʦʙʠʨʘʶʱʝʛʦ ʦʙʲʝʢʪʠʚʘ, 

ʦʧʪʦʚʦʣʦʢʦʥʥʦʛʦ ʢʦʣʣʝʢʪʦʨʘ, ʢʦʪʦʨʳʡ ʩʣʫʞʠʪ ʜʣʷ ʧʝʨʝʜʘʯʠ ʩʚʝʪʘ ʚ ʜʠʘʛʥʦʩʪʠʯʝʩʢʦʝ 

ʧʦʤʝʱʝʥʠʝ ʩ ʧʦʣʠʭʨʦʤʘʪʦʨʘʤʠ. ʂʦʥʩʪʨʫʢʮʠʷ ʦʧʪʠʯʝʩʢʠʭ ʫʟʣʦʚ ʨʘʟʨʘʙʘʪʳʚʘʣʘʩʴ ʥʘ ʦʩʥʦʚʝ 

ʜʠʘʛʥʦʩʪʠʢʠ ʊʈ ʫʩʪʘʥʦʚʢʠ ʊ-10 [3,4], ʥʦ ʠʤʝʝʪ ʩʚʦʠ ʦʩʦʙʝʥʥʦʩʪʠ, ʢʦʪʦʨʳʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʠʞʝ. 

ʉʦʙʠʨʘʶʱʠʡ ʦʙʲʝʢʪʠʚ ʬʦʢʫʩʠʨʫʝʪ ʨʘʩʩʝʷʥʥʳʡ ʩʚʝʪ ʩ ʣʘʟʝʨʥʦʡ ʭʦʨʜʳ ʜʣʠʥʥʦʡ 2200 ʤʤ 

ʥʘ ʚʭʦʜʥʦʡ ʪʦʨʝʮ ʦʧʪʦʚʦʣʦʢʦʥʥʦʛʦ ʢʦʣʣʝʢʪʦʨʘ (ʯʠʩʣʝʥʥʘʷ ʘʧʝʨʪʫʨʘ ʦʧʪʦʚʦʣʦʢʥʘ NA=0.22), 

ʢʦʪʦʨʳʡ ʠʤʝʝʪ ʩʬʝʨʠʯʝʩʢʫʶ ʬʦʨʤʫ. ʌʦʢʫʩʥʦʝ ʨʘʩʩʪʦʷʥʠʝ 187 ʤʤ, ʦʪʥʦʩʠʪʝʣʴʥʦʝ ʦʪʚʝʨʩʪʠʝ 

ʦʙʝ̡ʢʪʠʚʘ 1:2.1; ʫʛʦʣ ʧʦʣʷ ʟʨʝʥʠʷ 90↔. ɼʣʠʥʘ ʜʫʛʠ ʦʧʪʦʚʦʣʦʢʦʥʥʦʛʦ ʢʦʣʣʝʢʪʦʨʘ 318 ʤʤ.  

ɼʣʷ ʫʚʝʣʠʯʝʥʠʷ ʢʦʣʠʯʝʩʪʚʘ ʩʦʙʨʘʥʥʦʛʦ ʩʚʝʪʘ ʠ ʜʣʷ ʩʦʛʣʘʩʦʚʘʥʠʷ ʩʦʙʠʨʘʶʱʝʛʦ 

ʦʙʲʝʢʪʠʚʘ ʩ ʜʝʪʝʢʪʦʨʦʤ (ʕʆʇʦʤ) ʧʨʠʤʝʥʷʝʪʩʷ ʪʨʘʥʩʬʦʨʤʘʮʠʷ ʦʧʪʦʚʦʣʦʢʥʘ. ɺ ʧʦʣʝ 

ʠʟʦʙʨʘʞʝʥʠʷ ʤʳ ʠʤʝʝʤ ʦʧʪʦʚʦʣʦʢʦʥʥʳʡ ʢʦʣʣʝʢʪʦʨ, ʢʦʪʦʨʳʡ ʩʦʩʪʦʠʪ ʠʟ 159 ʝʜʠʥʠʯʥʳʭ 

ʦʧʪʦʚʦʣʦʢʦʥʥʳʭ ʩʙʦʨʦʢ ʩ ʚʳʩʦʪʦʡ 2 ʤʤ ʠ ʰʠʨʠʥʦʡ 1 ʤʤ (ʦʙʱʘʷ ʜʣʠʥʘ 318 ʤʤ, ʰʠʨʠʥʘ 1 ʤʤ). 
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ɼʘʣʝʝ, ʢʘʞʜʳʝ 53 ʦʧʪʦʚʦʣʦʢʦʥʥʳʝ ʩʙʦʨʢʠ ʧʨʠʩʦʝʜʠʥʷʶʪʩʷ ʢ ʩʠʩʪʝʤʝ ʩʦʛʣʘʩʫʶʱʝʡ ʦʧʪʠʢʠ. ʀʟ-

ʟʘ ʧʦʚʦʨʦʪʘ ʢʘʞʜʦʡ ʦʧʪʦʚʦʣʦʢʦʥʥʦʡ ʩʙʦʨʢʠ ʥʘ 90Á ʥʘ ʚʳʭʦʜʝ ʤʳ ʠʤʝʝʤ ʧʣʦʩʢʠʡ ʪʦʨʝʮ ʩ 

ʚʳʩʦʪʦʡ 53 ʤʤ ʠ ʰʠʨʠʥʦʡ 2 ʤʤ. ɺ ʨʝʟʫʣʴʪʘʪʝ, ʦʛʨʘʥʠʯʠʚʘʶʱʠʤ ʧʘʨʘʤʝʪʨʦʤ ʨʘʟʨʝʰʝʥʠʷ 

ʜʠʘʛʥʦʩʪʠʢʠ ʊʈ ʚʳʩʪʫʧʘʝʪ ʚʳʩʦʪʘ ʝʜʠʥʠʯʥʦʡ ʦʧʪʦʚʦʣʦʢʦʥʥʦʡ ʩʙʦʨʢʠ, ʘ ʥʝ ʨʘʟʨʝʰʝʥʠʝ 

ʦʙʲʝʢʪʠʚʘ.  

ʉʠʩʪʝʤʘ ʩʦʛʣʘʩʫʶʱʝʡ ʦʧʪʠʢʠ ʩʣʫʞʠʪ ʜʣʷ ʧʝʨʝʜʘʯʠ ʩʚʝʪʘ ʦʪ ʚʳʭʦʜʥʦʛʦ ʪʦʨʮʘ 

ʦʧʪʦʚʦʣʦʢʦʥʥʦʡ ʩʙʦʨʢʠ (ʚʳʩʦʪʘ 53 ʤʤ, ʰʠʨʠʥʘ 2 ʤʤ) ʢ ʚʭʦʜʥʦʡ ʱʝʣʠ ʧʦʣʠʭʨʦʤʘʪʦʨʘ (ʚʳʩʦʪʘ 

200 ʤʤ, ʰʠʨʠʥʘ 8 ʤʤ). ɹʳʣʦ ʩʧʨʦʝʢʪʠʨʦʚʘʥʦ ʜʚʘ ʪʠʧʘ ʩʠʩʪʝʤʳ ʩʦʛʣʘʩʫʶʱʝʡ ʦʧʪʠʢʠ. ʇʝʨʚʘʷ 

ʠʤʝʝʪ ʦʨʠʛʠʥʘʣʴʥʫʶ ʢʦʥʩʪʨʫʢʮʠʶ ʠ ʩʦʩʪʦʠʪ ʠʟ 4ʭ ʟʝʨʢʘʣ ʠ ʜʚʫʭʣʠʥʟʦʚʦʛʦ ʦʙʲʝʢʪʠʚʘ. ɺʪʦʨʘʷ 

ʩʦʩʪʦʠʪ ʠʟ ʪʨʝʭ ʪʨʝʭʣʠʥʟʦʚʳʭ ʦʙʲʝʢʪʠʚʦʚ ʠ ʜʚʫʭ ʧʦʣʝʚʳʭ ʣʠʥʟ ʠ ʧʦʭʦʞʘ ʩʚʦʝʡ ʢʦʥʩʪʨʫʢʮʠʝʡ ʥʘ 

ʩʠʩʪʝʤʫ ʊ-10. ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʟʝʨʢʘʣʴʥʦʡ ʩʦʛʣʘʩʫʶʱʝʡ ʦʧʪʠʢʠ ʧʦʟʚʦʣʠʣʦ ʫʚʝʣʠʯʠʪʴ 

ʢʦʵʬʬʠʮʠʝʥʪ ʧʨʦʧʫʩʢʘʥʠʷ ʩʚʝʪʘ ʜʦ 1.5 ʨʘʟ (ʚ ʦʙʣʘʩʪʠ ʜʣʠʥ ʚʦʣʥ ʦʪ 400 ʜʦ 532 ʥʤ) ʧʦ 

ʩʨʘʚʥʝʥʠʶ ʩ ʣʠʥʟʦʚʦʡ ʩʠʩʪʝʤʦʡ ʧʨʠ ʩʦʭʨʘʥʝʥʠʠ ʥʝʦʙʭʦʜʠʤʦʛʦ ʨʘʟʨʝʰʝʥʠʷ. 

ʇʦʣʠʭʨʦʤʘʪʦʨ (ʈʠʩ.1.) ʧʦʩʪʨʦʝʥ ʧʦ ʘʚʪʦʢʦʣʣʠʤʘʮʠʦʥʥʦʡ ʩʭʝʤʝ ʃʠʪʪʨʦʫ.  

ʆʥ ʩʦʩʪʦʠʪ ʠʟ ʚʭʦʜʥʦʡ ʱʝʣʠ, ʜʚʫʭʩʝʢʮʠʦʥʥʦʛʦ ʧʦʚʦʨʦʪʥʦʛʦ ʩʬʝʨʠʯʝʩʢʦʛʦ ʟʝʨʢʘʣʘ, 

ʪʦʨʦʠʜʘʣʴʥʦʡ ʛʦʣʦʛʨʘʬʠʯʝʩʢʦʡ ʜʠʬʨʘʢʮʠʦʥʥʦʡ ʨʝʰʝʪʢʠ ʠ ʚʳʩʦʢʦʩʢʦʨʦʩʪʥʦʡ ʢʘʤʝʨʳ ʩ ʕʆʇʦʤ. 

ʉʚʝʪ ʨʘʩʧʨʦʩʪʨʘʥʷʝʪʩʷ ʦʪ ʚʭʦʜʥʦʡ ʱʝʣʠ ʯʝʨʝʟ ʚʳʨʝʟ ʚ ʜʚʫʭʩʝʢʮʠʦʥʥʦʤ ʟʝʨʢʘʣʝ ʢ ʪʦʨʦʠʜʘʣʴʥʦʡ 

ʜʠʬʨʘʢʮʠʦʥʥʦʡ ʨʝʰʝʪʢʝ. ʊʦʨʦʠʜʘʣʴʥʘʷ ʨʝʰʝʪʢʘ ʚʳʧʦʣʥʷʝʪ ʜʚʝ ʬʫʥʢʮʠʠ: ʨʘʩʢʣʘʜʳʚʘʝʪ ʩʚʝʪ ʚ 

ʩʧʝʢʪʨ ʠ ʬʦʢʫʩʠʨʫʝʪ ʝʛʦ ʥʘ ʜʚʫʭʩʝʢʮʠʦʥʥʦʝ ʟʝʨʢʘʣʦ. ʉʚʝʪ ʩ ʣʘʟʝʨʥʦʡ ʜʣʠʥʥʦʡ ʚʦʣʥʳ (532 ʥʤ) 

ʧʦʧʘʜʘʝʪ ʚ ʨʘʟʨʝʟ ʜʚʫʭʩʝʢʮʠʦʥʥʦʛʦ ʟʝʨʢʘʣʘ ʠʟ-ʟʘ ʧʦʚʦʨʦʪʘ ʨʝʰʝʪʢʠ ʥʘ ʫʛʦʣ ~10Á ʠ ʥʝ 

ʨʝʛʠʩʪʨʠʨʫʝʪʩʷ ʕʆʇʦʤ. 

 

 

ʈʠʩ.1. ʆʧʪʠʯʝʩʢʘʷ ʩʭʝʤʘ ʧʦʣʠʭʨʦʤʘʪʦʨʘ. 1 - ɺʭʦʜʥʘʷ ʱʝʣʴ. 2 - ʊʦʨʦʠʜʘʣʴʥʘʷ ʜʠʬʨʘʢʮʠʦʥʥʘʷ ʨʝʰʝʪʢʘ. 3 

- ɼʚʫʭ ʩʝʢʮʠʦʥʥʦʝ ʟʝʨʢʘʣʦ (ʩ ʧʨʦʨʝʟʴʶ ʧʦ ʮʝʥʪʨʫ ʟʝʨʢʘʣʘ). 4 - ʆʙʲʝʢʪʠʚ ʕʆʇʘ.  

ʘ ï ɺʠʜ ʩʚʝʨʭʫ. ʙ ï ɺʠʜ ʩʙʦʢʫ. 
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ʇʨʦʠʟʚʝʜʝʥʘ ʦʮʝʥʢʘ ʪʦʯʥʦʩʪʠ ʠʟʤʝʨʝʥʠʡ, ʩ ʫʯʝʪʦʤ ʨʘʩʩʯʠʪʘʥʥʳʭ ʦʧʪʠʯʝʩʢʠʭ ʫʟʣʦʚ ʥʘ 

ʦʩʥʦʚʝ ʨʘʙʦʪ [5,6]. ɺ ʠʪʦʛʝ ʩʠʩʪʝʤʘ ʚʝʨʪʠʢʘʣʴʥʦʡ ʜʠʘʛʥʦʩʪʠʢʠ ʊʈ ʊ-15ʄɼ ʧʦʟʚʦʣʠʪ ʠʟʤʝʨʷʪʴ 

ʵʚʦʣʶʮʠʶ ʧʨʦʬʠʣʝʡ ʵʣʝʢʪʨʦʥʥʦʡ ʪʝʤʧʝʨʘʪʫʨʳ ʩ ʦʰʠʙʢʦʡ ʤʝʥʝʝ <10% ʚ ʜʠʘʧʘʟʦʥʝ ʦʪ 10 ʵɺ ʜʦ 

20 ʂʵɺ ʧʨʠ ʧʣʦʪʥʦʩʪʠ ʵʣʝʢʪʨʦʥʦʚ 1*1019 ʤ-3 ʩ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʤ ʨʘʟʨʝʰʝʥʠʝʤ ʜʣʷ ʮʝʥʪʨʘ 

ʧʣʘʟʤʝʥʥʦʛʦ ʰʥʫʨʘ ~11 ʤʤ, ʜʣʷ ʧʝʨʠʬʝʨʠʡʥʦʡ ʦʙʣʘʩʪʠ ~15 ʤʤ.  
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ʈɸɿʈɸɹʆʊʂɸ ɻɽʊɽʈʆɼʀʅʅʆɻʆ ʀʅʊɽʈʌɽʈʆʄɽʊʈɸ ɼʃʗ 

ʀɿʄɽʈɽʅʀʗ ʃʀʅɽʁʅʆʁ ʇʃʆʊʅʆʉʊʀ ʇʃɸɿʄʓ ʊʆʂɸʄɸʂɸ 

ʄʀʌʀʉʊ 

 

 

ɸ.ʉ. ɹʝʣʦʚ, ʂ.ʃ. ɻʫʙʩʢʠʡ, ɸ.ʇ. ʂʫʟʥʝʮʦʚ 

 

 

ʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʷʜʝʨʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ çʄʀʌʀè 

 

 

ʕʣʝʢʪʨʦʥʥʘʷ ʧʣʦʪʥʦʩʪʴ ʷʚʣʷʝʪʩʷ ʦʜʥʠʤ ʠʟ ʦʩʥʦʚʥʳʭ ʧʘʨʘʤʝʪʨʦʚ, ʠʩʧʦʣʴʟʫʶʱʠʭʩʷ ʜʣʷ 

ʢʦʥʪʨʦʣʷ ʨʝʞʠʤʦʚ ʨʘʙʦʪʳ ʪʦʢʘʤʘʢʦʚ. ʉʠʩʪʝʤʳ ʠʟʤʝʨʝʥʠʷ ʵʣʝʢʪʨʦʥʥʦʡ ʧʣʦʪʥʦʩʪʠ, ʨʘʙʦʪʘʶʱʠʝ 

ʚ ʨʝʞʠʤʝ ʨʝʘʣʴʥʦʛʦ ʚʨʝʤʝʥʠ, ʫʩʧʝʰʥʦ ʠʩʧʦʣʴʟʫʶʪʩʷ ʜʣʷ ʬʦʨʤʠʨʦʚʘʥʠʷ ʫʧʨʘʚʣʷʶʱʠʭ ʩʠʛʥʘʣʦʚ 

ʥʘ ʙʦʣʴʰʠʥʩʪʚʝ ʩʫʱʝʩʪʚʫʶʱʠʭ ʢʨʫʧʥʳʭ ʧʣʘʟʤʝʥʥʳʭ ʫʩʪʘʥʦʚʦʢ [1-3]. ɺʥʝʩʝʥʠʝ ʟʦʥʜʦʚ ʚ 

ʜʦʣʛʦʞʠʚʫʱʫʶ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʫʶ ʧʣʘʟʤʫ ʥʝ ʧʨʝʜʩʪʘʚʣʷʝʪʩʷ ʚʦʟʤʦʞʥʳʤ, ʧʦʵʪʦʤʫ ʜʣʷ 

ʟʘʜʘʯ ʠʟʤʝʨʝʥʠʷ ʵʣʝʢʪʨʦʥʥʦʡ ʧʣʦʪʥʦʩʪʠ ʠʩʧʦʣʴʟʫʶʪʩʷ ʜʠʩʪʘʥʮʠʦʥʥʳʝ ʦʧʪʠʯʝʩʢʠʝ ʤʝʪʦʜʳ, 

ʬʠʢʩʠʨʫʶʱʠʝ ʢʦʥʮʝʥʪʨʘʮʠʶ ʩʚʦʙʦʜʥʳʭ ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ ʧʦ ʩʦʧʫʪʩʪʚʫʶʱʝʤʫ ʠʟʤʝʥʝʥʠʶ 

ʧʦʢʘʟʘʪʝʣʷ ʧʨʝʣʦʤʣʝʥʠʷ ʩʨʝʜʳ. 

ɼʣʷ ʠʟʤʝʨʝʥʠʷ ʵʣʝʢʪʨʦʥʥʦʡ ʧʣʦʪʥʦʩʪʠ ʧʣʘʟʤʳ ʥʘ ʪʦʢʘʤʘʢʝ ʄʀʌʀʉʊ ʙʳʣ ʚʳʙʨʘʥ 

ʛʝʪʝʨʦʜʠʥʥʳʡ ʠʥʪʝʨʬʝʨʦʤʝʪʨ, ʫʜʦʚʣʝʪʚʦʨʷʶʱʘʷ ʟʘʜʘʥʥʳʤ ʧʘʨʘʤʝʪʨʘʤ: ʚʨʝʤʝʥʥʦʝ ʨʘʟʨʝʰʝʥʠʝ 

1õ10 ʤʢʩ, ʨʝʛʠʩʪʨʘʮʠʷ ʵʣʝʢʪʨʦʥʥʦʡ ʧʣʦʪʥʦʩʪʠ ʧʣʘʟʤʳ 1012õ1014 ʩʤ-3 ʩ ʧʦʛʨʝʰʥʦʩʪʴʶ 

ʠʟʤʝʨʝʥʠʡ ʧʦʨʷʜʢʘ 1010 ʩʤ-3, ʚʳʙʨʦʫʩʪʦʡʯʠʚʦʩʪʴ, ʚʦʟʤʦʞʥʦʩʪʴ ʚʢʣʶʯʝʥʠʷ ʠʥʪʝʨʬʝʨʦʤʝʪʨʘ ʚ 

ʧʝʪʣʶ ʦʙʨʘʪʥʦʡ ʩʚʷʟʠ ʠʥʜʫʢʪʦʨʘ ʪʦʢʘʤʘʢʘ. 

ʇʨʠʥʮʠʧʠʘʣʴʥʘʷ ʩʭʝʤʘ ʛʝʪʝʨʦʜʠʥʥʦʛʦ ʠʥʪʝʨʬʝʨʦʤʝʪʨʘ ʧʨʝʜʩʪʘʚʣʝʥʘ ʥʘ ʨʠʩ. 1. ʃʘʟʝʨʥʳʡ 

ʧʫʯʦʢ ʜʝʣʠʪʩʷ ʘʢʫʩʪʦʦʧʪʠʯʝʩʢʠʤ ʤʦʜʫʣʷʪʦʨʦʤ ʥʘ ʜʚʝ ʨʘʚʥʳʝ ʯʘʩʪʠ, ʧʨʠ ʵʪʦʤ ʦʜʠʥ ʠʟ ʧʫʯʢʦʚ 

ʩʜʚʠʛʘʝʪʩʷ ʧʦ ʯʘʩʪʦʪʝ ʥʘ 40 ʄɻʮ. ʀʟʣʫʯʝʥʠʝ ʚ ʠʟʤʝʨʠʪʝʣʴʥʦʤ ʢʘʥʘʣʝ ʧʨʦʭʦʜʠʪ ʯʝʨʝʟ 

ʧʣʘʟʤʝʥʥʫʶ ʢʘʤʝʨʫ ʧʦ ʜʠʘʛʥʦʩʪʠʯʝʩʢʦʡ ʭʦʨʜʝ, ʜʣʠʥʘ ʢʦʪʦʨʦʡ ʩʦʩʪʘʚʣʷʝʪ ʧʨʠʤʝʨʥʦ 70 ʩʤ ʠ 

ʥʘʙʠʨʘʝʪ ʬʘʟʦʚʳʡ ʩʜʚʠʛ. ʆʙʘ ʧʫʯʢʘ ʩʦʚʤʝʱʘʶʪʩʷ ʥʘ ʟʝʨʢʘʣʝ ʄ ʠ ʧʘʜʘʶʪ ʥʘ ʬʦʪʦʜʠʦʜ ɼ. 

ɺ ʠʥʪʝʨʬʝʨʦʤʝʪʨʝ ʚʳʙʨʘʥʘ ʜʣʠʥʘ ʚʦʣʥʳ ʠʟʣʫʯʝʥʠʷ 10,6 ʤʢʤ, ʧʨʠ ʵʪʦʤ ʬʘʟʦʚʳʡ ʩʜʚʠʛ, 

ʚʥʦʩʠʤʳʡ ʵʣʝʢʪʨʦʥʥʦʡ ʩʦʩʪʘʚʣʷʶʱʝʡ ʧʣʘʟʤʳ ʧʣʦʪʥʦʩʪʴʶ 1013 ʩʤ-3, ʩʦʩʪʘʚʣʷʝʪ 0,23 ʨʘʜʠʘʥ. ɺ 

ʨʘʙʦʪʝ ʠʩʧʦʣʴʟʫʝʪʩʷ ʦʜʥʦʯʘʩʪʦʪʥʳʡ ʫʛʣʝʢʠʩʣʦʪʥʳʡ ʣʘʟʝʨ LCD-10WG-24 ʩ ʤʘʢʩʠʤʘʣʴʥʦʡ 

ʤʦʱʥʦʩʪʴʶ 10 ɺʪ. 
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ʈʠʩ. 1. ʉʭʝʤʘ ʛʝʪʝʨʦʜʠʥʥʦʛʦ ʠʥʪʝʨʬʝʨʦʤʝʪʨʘ  

ʏʘʩʪʦʪʥʳʡ ʩʜʚʠʛ ʚ ʩʭʝʤʝ ʟʘʜʘʝʪʩʷ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʘʢʫʩʪʦʦʧʪʠʯʝʩʢʦʛʦ ʤʦʜʫʣʷʪʦʨʘ ʄʃ-

206, ʦʙʝʩʧʝʯʠʚʘʶʱʝʛʦ 50% ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʜʠʬʨʘʢʮʠʠ ʧʨʠ ɺʏ ʤʦʱʥʦʩʪʠ ʥʘʢʘʯʢʠ 20 ɺʪ.  

ʇʨʠʝʤ ʛʝʪʝʨʦʜʠʥʥʦʛʦ ʩʠʛʥʘʣʘ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʬʦʪʦʜʠʦʜʦʤ ʌɼ-294-2, ʨʘʙʦʪʘʶʱʠʤ ʧʨʠ 

ʢʨʠʦʛʝʥʥʳʭ ʪʝʤʧʝʨʘʪʫʨʘʭ. ɼʣʷ ʝʛʦ ʨʘʙʦʪʳ ʙʳʣ ʨʘʟʨʘʙʦʪʘʥ ʫʩʠʣʠʪʝʣʴ ʩʠʛʥʘʣʘ ʩ ʧʦʣʦʩʦʚʳʤ 

ʯʘʩʪʦʪʥʳʤ ʬʠʣʴʪʨʦʤ ʰʠʨʠʥʦʡ 6 ʄɻʮ. 

ʉʠʛʥʘʣ ʩ ʬʦʪʦʜʠʦʜʘ ʟʘʧʠʩʳʚʘʝʪʩʷ ʥʘʧʨʷʤʫʶ, ʦʩʮʠʣʣʦʛʨʘʬʦʤ LeCroy WaveRunner 640Zi 

ʩ ʧʦʣʦʩʦʡ ʧʨʦʧʫʩʢʘʥʠʷ 4 ɻɻʮ. ʇʣʘʥʠʨʫʝʪʩʷ ʨʘʙʦʪʘʪʴ ʥʘ ʯʘʩʪʦʪʝ ʜʠʩʢʨʝʪʠʟʘʮʠʠ 1 ɻɻʮ, ʧʨʠ ʵʪʦʤ 

ʠʩʧʦʣʴʟʫʝʪʩʷ ʧʘʤʷʪʴ ʚ 35 ʤʣʥ. ʦʪʩʯʝʪʦʚ ʥʘ ʢʘʞʜʳʡ ʢʘʥʘʣ. ʏʪʦ ʧʦʟʚʦʣʷʝʪ ʦʪʢʘʟʘʪʴʩʷ ʦʪ 

ʦʙʨʘʪʥʦʛʦ ʛʝʪʝʨʦʜʠʥʠʨʦʚʘʥʥʠʷ ʨʘʜʠʦʵʣʝʢʪʨʦʥʥʳʤʠ ʤʝʪʦʜʘʤʠ ʠ ʧʦʚʳʩʠʪʴ ʪʦʯʥʦʩʪʴ ʠʟʤʝʨʝʥʠʡ 

ʟʘ ʩʯʝʪ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʮʠʬʨʦʚʳʭ ʘʣʛʦʨʠʪʤʦʚ ʦʙʨʘʙʦʪʢʠ.  

ʅʘ ʜʘʥʥʳʡ ʤʦʤʝʥʪ ʠʥʪʝʨʬʝʨʦʤʝʪʨ ʩʦʙʨʘʥ ʥʘ ʦʧʪʠʯʝʩʢʦʤ ʩʪʦʣʝ ʠ ʧʨʦʭʦʜʠʪ 

ʪʝʩʪʠʨʦʚʘʥʠʝ, ʧʦʩʣʝ ʟʘʚʝʨʰʝʥʠʷ ʢʦʪʦʨʦʛʦ ʦʥ ʙʫʜʝʪ ʩʤʦʥʪʠʨʦʚʘʥ ʥʘ ʪʦʢʘʤʘʢʝ ʄʀʌʀʉʊ. 
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ɸʅɸʃʀɿ ʉʀɻʅɸʃɸ ʃɸɿɽʈʅʆ-ʀʅɼʋʎʀʈʆɺɸʅʅʆʁ ʌʃʋʆʈɽʉʎɽʅʎʀʀ 

(ʃʀʌ) ʉ ʇʆʄʆʑʔʖ ʄɸʐʀʅʅʆɻʆ ʆɹʋʏɽʅʀʗ. 
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1.ʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʷʜʝʨʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ çʄʀʌʀè 
2.ʅʀʎ çʂʫʨʯʘʪʦʚʩʢʠʡ ʠʥʩʪʠʪʫʪè  

 

ʊʝʭʥʦʣʦʛʠʠ ʤʘʰʠʥʥʦʛʦ ʦʙʫʯʝʥʠʷ ʟʘ ʧʦʩʣʝʜʥʠʝ 10 ʣʝʪ ʩʦʚʝʨʰʠʣʠ ʙʦʣʴʰʫʶ ʨʝʚʦʣʶʮʠʶ ʠ 

ʩʝʛʦʜʥʷ ʦʥʠ ʠʩʧʦʣʴʟʫʶʪʩʷ ʧʦʚʩʝʤʝʩʪʥʦ ʢʘʢ ʚ ʧʨʠʢʣʘʜʥʳʭ ʟʘʜʘʯʘʭ, ʪʘʢ ʠ ʚ ʥʘʫʢʝ. ʄʳ ʦʱʫʱʘʝʤ 

ʚʣʠʷʥʠʝ ʵʪʠʭ ʪʝʭʥʦʣʦʛʠʡ ʥʘ ʩʝʙʝ ʚʩʝ ʯʘʱʝ. ʕʪʠ ʘʣʛʦʨʠʪʤʳ ʰʠʨʦʢʦ ʧʨʠʤʝʥʷʶʪʩʷ ʚ 

ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʠ ʧʦʤʦʛʘʶʪ ʘʥʘʣʠʟʠʨʦʚʘʪʴ ʨʝʟʫʣʴʪʘʪʳ ʨʘʙʦʪʳ [1-3]. ʉʣʝʜʫʶʱʠʤ ʣʦʛʠʯʥʳʤ 

ʰʘʛʦʤ ʷʚʣʷʝʪʩʷ ʚʥʝʜʨʝʥʠʝ ʪʝʭʥʦʣʦʛʠʡ ʤʘʰʠʥʥʦʛʦ ʦʙʫʯʝʥʠʷ ʜʣʷ ʦʙʨʘʙʦʪʢʠ ʵʢʩʧʝʨʠʤʝʥʪʘ, ʚ 

ʯʘʩʪʥʦʩʪʠ ʜʣʷ ʜʠʘʛʥʦʩʪʠʢʠ ʧʣʘʟʤʳ. 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥ ʤʝʪʦʜ ʦʙʨʘʙʦʪʢʠ ʠ ʠʥʪʝʨʧʨʝʪʘʮʠʠ ʜʘʥʥʳʭ ʚ 

ʵʢʩʧʝʨʠʤʝʥʪʘʭ ʧʦ ʃʘʟʝʨʥʦ-ʀʥʜʫʮʠʨʦʚʘʥʥʦʡ ʌʣʫʦʨʝʩʮʝʥʮʠʠ (ʃʀʌ). ʀʟʤʝʨʝʥʠʝ ʢʦʥʮʝʥʪʨʘʮʠʠ 

ʵʣʝʢʪʨʦʥʦʚ ʚ ʪʦʢʘʤʘʢʝ ʷʚʣʷʝʪʩʷ ʪʝʭʥʠʯʝʩʢʠ ʩʣʦʞʥʦʡ ʟʘʜʘʯʝʡ. ʆʜʥʘʢʦ, ʪʝʭʥʦʣʦʛʠʠ ʤʘʰʠʥʥʦʛʦ 

ʦʙʫʯʝʥʠʷ ʧʦʟʚʦʣʷʶʪ ʟʘ ʢʦʨʦʪʢʦʝ ʚʨʝʤʷ ʨʝʰʘʪʴ ʦʙʨʘʪʥʫʶ ʟʘʜʘʯʫ ʠ ʦʧʨʝʜʝʣʷʪʴ ʣʦʢʘʣʴʥʳʝ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʧʣʘʟʤʳ. ʂʦʥʪʨʦʣʴ ʧʘʨʘʤʝʪʨʦʚ ʧʣʘʟʤʳ ʩ ʧʦʤʦʱʴʶ ʨʘʟʣʠʯʥʳʭ ʜʠʘʛʥʦʩʪʠʯʝʩʢʠʭ 

ʤʝʪʦʜʠʢ ʷʚʣʷʝʪʩʷ ʚʘʞʥʦʡ ʟʘʜʘʯʝʡ ʧʨʠ ʠʩʩʣʝʜʦʚʘʥʠʠ ʨʘʟʨʝʞʝʥʥʳʭ ʩʨʝʜ. ʃʘʟʝʨʥʦ-

ʠʥʜʫʮʠʨʦʚʘʥʥʘʷ ʬʣʫʦʨʝʩʮʝʥʮʠʷ ʤʝʪʦʜ ʜʠʘʛʥʦʩʪʠʢʠ ʦʩʥʦʚʘʥʥʳʡ ʥʘ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʣʘʟʝʨʥʦʛʦ 

ʚʦʟʙʫʞʜʝʥʠʷ ʨʘʟʨʝʰʝʥʥʦʛʦ ʧʝʨʝʭʦʜʘ ʠ ʥʘʙʣʶʜʝʥʠʷ ʬʣʫʦʨʝʩʮʝʥʪʥʦʛʦ ʦʪʚʝʪʘ ʚ ʪʦʡ ʞʝ ʠʣʠ 

ʜʨʫʛʦʡ ʣʠʥʠʠ (ʷʭ) [4,5]. ʇʨʝʠʤʫʱʝʩʪʚʦ ʃʀʌ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʜʨʫʛʠʤʠ ʦʧʪʠʯʝʩʢʠʤʠ ʤʝʪʦʜʘʤʠ, 

ʥʘʧʨʠʤʝʨ, ʩ ʤʝʪʦʜʘʤʠ ʵʤʠʩʩʠʦʥʥʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ, ʦʧʨʝʜʝʣʷʝʪʩʷ ʪʝʤ, ʯʪʦ ʃʀʌ ʷʚʣʷʝʪʩʷ ʙʦʣʝʝ 

ʪʦʯʥʳʤ ʤʝʪʦʜʦʤ ʦʧʨʝʜʝʣʝʥʠʷ ʧʘʨʘʤʝʪʨʦʚ ʠʩʩʣʝʜʫʝʤʦʡ ʩʨʝʜʳ [6]. ʇʨʠʤʝʥʝʥʠʝ ʜʠʘʛʥʦʩʪʠʢʠ 

ʃʀʌ ʷʚʣʷʝʪʩʷ ʘʢʪʫʘʣʴʥʦʡ ʟʘʜʘʯʝʡ, ʪʘʢ ʢʘʢ ʜʘʝʪ ʚʦʟʤʦʞʥʦʩʪʴ ʧʦʣʫʯʘʪʴ ʣʦʢʘʣʴʥʫʶ ʠʥʬʦʨʤʘʮʠʶ 

ʦ ʧʘʨʘʤʝʪʨʘʭ ʠʩʩʣʝʜʫʝʤʳʭ ʦʙʲʝʢʪʦʚ ʩ ʚʳʩʦʢʠʤ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʤ, ʚʨʝʤʝʥʥʳʤ ʠ ʩʧʝʢʪʨʘʣʴʥʳʤ 

ʨʘʟʨʝʰʝʥʠʝʤ. ʃʀʌ ʧʦʟʚʦʣʷʝʪ ʧʨʦʚʦʜʠʪʴ ʠʟʤʝʨʝʥʠʷ ʧʘʨʘʤʝʪʨʦʚ ʦʙʲʝʢʪʘ ʚ ʫʩʣʦʚʠʷʭ 

ʟʘʪʨʫʜʥʝʥʥʦʛʦ ʜʦʩʪʫʧʘ ʢ ʧʣʘʟʤʝ ʠ ʧʨʠ ʥʘʣʠʯʠʠ ʮʝʣʦʛʦ ʨʷʜʘ ʥʝʙʣʘʛʦʧʨʠʷʪʥʳʭ ʬʘʢʪʦʨʦʚ. 

ɼʘʥʥʳʡ ʧʨʦʮʝʩʩ ʧʨʦʠʩʭʦʜʠʪ ʥʘ ʤʦʜʝʨʥʠʟʠʨʦʚʘʥʥʦʤ ʪʦʢʘʤʘʢʝ ɻʣʦʙʫʩ-ʄ ʃʀʌ ʠ ʠʟʤʝʨʷʝʪ 

ʨʘʩʧʨʝʜʝʣʝʥʠʷ He I ʚ ʜʠʚʝʨʪʦʨʥʦʡ ʧʣʘʟʤʝ. ʋʥʠʢʘʣʴʥʘʷ ʥʘʫʯʥʘʷ ʫʩʪʘʥʦʚʢʘ ɻʣʦʙʫʩ-

ʄ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʩʬʝʨʠʯʝʩʢʠʡ ʪʦʢʘʤʘʢ ʥʦʚʦʛʦ ʧʦʢʦʣʝʥʠʷ, ʧʨʝʜʥʘʟʥʘʯʝʥʥʳʡ ʜʣʷ 

ʠʩʩʣʝʜʦʚʘʥʠʷ ʬʠʟʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʦʚ ʚ ʧʣʘʟʤʝ ʩʬʝʨʠʯʝʩʢʦʡ ʢʦʥʬʠʛʫʨʘʮʠʠ ʠ ʦʪʨʘʙʦʪʢʠ 

ʠʥʞʝʥʝʨʥʳʭ ʨʝʢʦʤʝʥʜʘʮʠʡ ʜʣʷ ʩʬʝʨʠʯʝʩʢʠʭ ʪʦʢʘʤʘʢʦʚ ʤʝʛʘʘʤʧʝʨʥʦʛʦ ʜʠʘʧʘʟʦʥʘ.  
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ɺʨʝʤʝʥʥʘʷ ʬʦʨʤʘ ʩʠʛʥʘʣʦʚ ʬʣʫʦʨʝʩʮʝʥʮʠʠ ʘʪʦʤʘ ʛʝʣʠʷ ʩʠʣʴʥʦ ʟʘʚʠʩʠʪ ʦʪ ʟʥʘʯʝʥʠʷ 

ʧʣʦʪʥʦʩʪʠ ʵʣʝʢʪʨʦʥʦʚ (ne) ʚ ʪʦʯʢʝ ʥʘʙʣʶʜʝʥʠʷ. ʈʝʛʠʩʪʨʠʨʫʷ ʩʠʛʥʘʣʳ ʠ ʩʨʘʚʥʠʚʘʷ ʠʭ ʩ 

ʨʘʩʩʯʠʪʘʥʥʳʤʠ ʩ ʧʦʤʦʱʴʶ ʩʪʦʣʢʥʦʚʠʪʝʣʴʥʦ-ʠʟʣʫʯʘʪʝʣʴʥʦʡ ʤʦʜʝʣʠ (ʉʀʄ), ʤʦʞʥʦ ʨʘʩʩʯʠʪʘʪʴ 

ʟʥʘʯʝʥʠʷ ʢʦʥʮʝʥʪʨʘʮʠʠ ʵʣʝʢʪʨʦʥʦʚ [7-9]. ʉʪʦʣʢʥʦʚʠʪʝʣʴʥʦ-ʠʟʣʫʯʘʪʝʣʴʥʘʷ ʤʦʜʝʣʴ ʧʦʟʚʦʣʷʝʪ 

ʨʘʩʩʯʠʪʘʪʴ ʠʟʤʝʥʝʥʠʝ ʥʘʩʝʣʸʥʥʦʩʪʝʡ ʥʘ ʚʦʟʙʫʞʜʸʥʥʳʭ ʩʦʩʪʦʷʥʠʷʭ ʘʪʦʤʘ ʚʦ ʚʨʝʤʷ ʣʘʟʝʨʥʦʛʦ 

ʠʤʧʫʣʴʩʘ. ʉʀʄ ʧʦʟʚʦʣʷʝʪ ʤʦʜʝʣʠʨʦʚʘʪʴ ʩʠʛʥʘʣʳ ʬʣʫʦʨʝʩʮʝʥʮʠʠ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʚʨʝʤʝʥʥʦʛʦ 

ʧʨʦʬʠʣʷ ʣʘʟʝʨʥʦʛʦ ʠʤʧʫʣʴʩʘ ʥʘʢʘʯʢʠ ʠ ʣʦʢʘʣʴʥʳʭ ʟʥʘʯʝʥʠʡ n, Te ʠ ʜʨ:  

ὍὊὰό = Ὢ(ὴὒ , ὲὩ , Ὕe) , (1) 

ɹʣʘʛʦʜʘʨʷ ʵʪʠʤ ʩʨʝʜʩʪʚʘʤ ʙʳʣ ʩʬʦʨʤʠʨʦʚʘʥ ʤʘʩʩʠʚ ʜʘʥʥʳʭ(ʜʘʪʘʩʝʪ), ʩ ʧʦʤʦʱʴʶ 

ʢʦʪʦʨʦʛʦ ʦʙʫʯʘʣʠ ʤʦʜʝʣʴ ʤʘʰʠʥʥʦʛʦ ʦʙʫʯʝʥʠʷ ʜʣʷ ʨʝʰʝʥʠʷ ʧʦʩʪʘʚʣʝʥʥʦʡ ʟʘʜʘʯʠ. ɺʝʣʠʯʠʥʘ 

ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʧʨʦʥʦʨʤʠʨʦʚʘʥʘ ʥʘ ʠʥʪʝʛʨʘʣ ʧʦ ʚʨʝʤʝʥʠ. ʉʘʤʘ ʤʦʜʝʣʴ ʨʝʰʘʝʪ ʢʣʘʩʩʠʯʝʩʢʫʶ ʚ 

ʘʥʘʣʠʟʝ ʜʘʥʥʳʭ ʟʘʜʘʯʫ ʨʝʛʨʝʩʠʠ, ʪʦ ʝʩʪʴ ʫʩʪʘʥʘʚʣʠʚʘʝʪ ʩʦʦʪʚʝʪʩʪʚʠʝ ʤʝʞʜʫ ʚʝʣʠʯʠʥʘʤʠ, 

ʦʪʨʘʞʘʶʱʝʝ ʩʚʷʟʴ ʤʝʞʜʫ ʟʘʚʠʩʠʤʦʡ ʧʝʨʝʤʝʥʥʦʡ ʫ ʠ ʥʝʟʘʚʠʩʠʤʳʤʠ ʧʝʨʝʤʝʥʥʳʤʠ ʭ ʧʨʠ 

ʫʩʣʦʚʠʠ, ʯʪʦ ʵʪʦ ʚʳʨʘʞʝʥʠʝ ʙʫʜʝʪ ʠʤʝʪʴ ʩʪʘʪʠʩʪʠʯʝʩʢʫʶ ʟʥʘʯʠʤʦʩʪʴ ʧʝʨʝʤʝʥʥʳʤʠ. 

ʇʦʣʫʯʝʥʥʳʡ ʜʘʪʘʩʝʪ ʨʘʟʜʝʣʝʥ ʥʘ ʦʙʫʯʘʶʱʫʶ ʚʳʙʦʨʢʫ, ʜʣʷ ʫʩʪʘʥʦʚʢʠ ʩʦʦʪʚʝʪʩʪʚʠʷ, ʪʝʩʪʦʚʫʶ 

ʚʳʙʦʨʢʫ ʜʣʷ ʨʘʩʯʝʪʘ ʪʦʯʥʦʩʪʠ ʠ ʨʝʟʫʣʴʪʘʪʠʚʥʦʩʪʠ ʤʦʜʝʣʠ. ɺ ʧʨʦʮʝʩʩʝ ʙʳʣʠ ʧʨʦʪʝʩʪʠʨʦʚʘʥʳ 

ʥʝʩʢʦʣʴʢʦ ʘʨʭʠʪʝʢʪʫʨ ʤʦʜʝʣʝʡ, ʥʦ ʥʘʠʣʫʯʰʝʡ ʠ ʥʘʠʙʦʣʝʝ ʠʥʪʝʨʧʨʝʪʠʨʫʝʤʦʡ ʦʢʘʟʘʣʘʩʴ ʤʦʜʝʣʴ 

ʧʦʩʪʨʦʝʥʥʘʷ ʥʘ ʦʩʥʦʚʝ ʜʝʨʝʚʴʝʚ ʧʨʠʥʷʪʠʷ ʨʝʰʝʥʠʡ(ʨʝʰʘʶʱʠʝ ʜʝʨʝʚʴʷ). ʈʝʰʘʶʱʝʝ ʜʝʨʝʚʦ ð 

ʵʪʦ ʛʨʘʬ. ɺ ʦʙʱʝʤ ʩʣʫʯʘʝ ð ʵʪʦ k-ʠʯʥʦʝ ʜʝʨʝʚʦ ʩ ʨʝʰʘʶʱʠʤʠ ʧʨʘʚʠʣʘʤʠ ʚ ʥʝʣʠʩʪʦʚʳʭ 

ʚʝʨʰʠʥʘʭ (ʫʟʣʘʭ) ʠ ʥʝʢʦʪʦʨʦʤ ʟʘʢʣʶʯʝʥʠʠ ʦ ʮʝʣʝʚʦʡ ʬʫʥʢʮʠʠ ʚ ʣʠʩʪʦʚʳʭ ʚʝʨʰʠʥʘʭ 

(ʧʨʦʛʥʦʟʦʤ) [10].  

ɺ ʩʪʘʪʠʩʪʠʢʝ ʭʦʨʦʰʦ ʠʟʚʝʩʪʥʦ ʠʥʪʫʠʪʠʚʥʦʝ ʩʦʦʙʨʘʞʝʥʠʝ, ʩʦʛʣʘʩʥʦ ʢʦʪʦʨʦʤʫ ʫʩʨʝʜʥʝʥʠʝ 

ʨʝʟʫʣʴʪʘʪʦʚ ʥʘʙʣʶʜʝʥʠʡ ʤʦʞʝʪ ʜʘʪʴ ʙʦʣʝʝ ʫʩʪʦʡʯʠʚʫʶ ʠ ʥʘʜʝʞʥʫʶ ʦʮʝʥʢʫ, ʧʦʩʢʦʣʴʢʫ 

ʦʩʣʘʙʣʷʝʪʩʷ ʚʣʠʷʥʠʝ ʩʣʫʯʘʡʥʳʭ ʬʣʫʢʪʫʘʮʠʡ ʚ ʦʪʜʝʣʴʥʦʤ ʠʟʤʝʨʝʥʠʠ. ʅʘ ʘʥʘʣʦʛʠʯʥʦʡ ʠʜʝʝ 

ʙʳʣʦ ʦʩʥʦʚʘʥʦ ʨʘʟʚʠʪʠʝ ʘʣʛʦʨʠʪʤʦʚ ʢʦʤʙʠʥʠʨʦʚʘʥʠʷ ʤʦʜʝʣʝʡ, ʚ ʨʝʟʫʣʴʪʘʪʝ ʯʝʛʦ ʧʦʩʪʨʦʝʥʠʝ ʠʭ 

ʘʥʩʘʤʙʣʝʡ ʦʢʘʟʘʣʦʩʴ ʦʜʥʠʤ ʠʟ ʩʘʤʳʭ ʤʦʱʥʳʭ ʤʝʪʦʜʦʚ ʦʙʫʯʝʥʠʷ, ʥʝʨʝʜʢʦ ʧʨʝʚʦʩʭʦʜʷʱʠʤ ʧʦ 

ʢʘʯʝʩʪʚʫ ʧʨʝʜʩʢʘʟʘʥʠʡ ʜʨʫʛʠʝ ʤʝʪʦʜʳ [11]. ɼʣʷ ʧʦʣʫʯʝʥʠʷ ʫʩʪʦʡʯʠʚʦʛʦ ʧʨʦʛʥʦʟʘ ʯʘʩʪʥʳʝ 

ʧʨʝʜʩʢʘʟʘʥʠʷ ʵʪʠʭ ʤʦʜʝʣʝʡ ʪʝʤ ʠʣʠ ʠʥʳʤ ʦʙʨʘʟʦʤ ʢʦʤʙʠʥʠʨʫʶʪ, ʥʘʧʨʠʤʝʨ, ʩ ʧʦʤʦʱʴʶ 

ʧʨʦʩʪʦʛʦ ʫʩʨʝʜʥʝʥʠʷ ʠʣʠ ʛʦʣʦʩʦʚʘʥʠʷ (ʚʦʟʤʦʞʥʦ, ʚʟʚʝʰʝʥʥʦʛʦ). ʉʣʫʯʘʡʥʳʡ ʣʝʩ RF (random 

forest) ð ʵʪʦ ʤʥʦʞʝʩʪʚʦ ʨʝʰʘʶʱʠʭ ʜʝʨʝʚʴʝʚ. ɺ ʟʘʜʘʯʝ ʨʝʛʨʝʩʩʠʠ ʠʭ ʦʪʚʝʪʳ ʫʩʨʝʜʥʷʶʪʩʷ, 

ʧʦʢʘʟʳʚʘʷ ʣʫʯʰʠʝ ʨʝʟʫʣʴʪʘʪʳ ʚ ʩʨʘʚʥʝʥʠʠ ʩ ʦʜʠʥʦʯʥʳʤʠ ʤʦʜʝʣʷʤʠ.  

https://ru.wikipedia.org/wiki/Статистическая_значимость
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ʈʠʩ.1. ʈʝʰʘʶʱʝʝ ʜʝʨʝʚʦ 

ɺ ʨʝʟʫʣʴʪʘʪʝ ʙʳʣʠ ʦʙʫʯʝʥʳ ʤʦʜʝʣʠ ʥʘ ʪʝʦʨʝʪʠʯʝʩʢʠʭ ʜʘʥʥʳʭ. ʈʘʩʩʤʘʪʨʠʚʘʣʩʷ ʧʝʨʝʭʦʜ 

He I 587.6 ʥʤ 1s3d3D Ÿ 1s2p3p. ʅʘʢʘʯʢʘ ʧʨʦʠʩʭʦʜʠʣʘ ʩ ʫʨʦʚʥʷ 1s2s3S Ÿ1s3p3P. ʇʦʣʫʯʝʥʥʳʡ 

ʢʦʵʬʬʠʮʠʝʥʪ ʜʝʪʝʨʤʠʥʘʮʠʠ R2 ʦʢʘʟʘʣʩʷ ʨʘʚʝʥ 0.96. ʂʦʵʬʬʠʮʠʝʥʪ ʜʝʪʝʨʤʠʥʘʮʠʠ ʜʣʷ ʤʦʜʝʣʠ 

ʧʨʠʥʠʤʘʝʪ ʟʥʘʯʝʥʠʷ ʦʪ 0 ʜʦ 1. ʏʝʤ ʙʣʠʞʝ ʟʥʘʯʝʥʠʝ ʢʦʵʬʬʠʮʠʝʥʪʘ ʢ 1, ʪʝʤ ʩʠʣʴʥʝʝ ʟʘʚʠʩʠʤʦʩʪʴ. 

ʇʨʠ ʦʮʝʥʢʝ ʨʝʛʨʝʩʩʠʦʥʥʳʭ ʤʦʜʝʣʝʡ ʵʪʦ ʠʥʪʝʨʧʨʝʪʠʨʫʝʪʩʷ ʢʘʢ ʩʦʦʪʚʝʪʩʪʚʠʝ ʤʦʜʝʣʠ ʜʘʥʥʳʤ. 

ʄʦʜʝʣʠ ʩ ʢʦʵʬʬʠʮʠʝʥʪʦʤ ʜʝʪʝʨʤʠʥʘʮʠʠ ʚʳʰʝ 80% ʤʦʞʥʦ ʧʨʠʟʥʘʪʴ ʜʦʩʪʘʪʦʯʥʦ ʭʦʨʦʰʠʤʠ 

(ʢʦʵʬʬʠʮʠʝʥʪ ʢʦʨʨʝʣʷʮʠʠ ʧʨʝʚʳʰʘʝʪ 90%). ʈʘʚʝʥʩʪʚʦ ʢʦʵʬʬʠʮʠʝʥʪʘ ʜʝʪʝʨʤʠʥʘʮʠʠ ʝʜʠʥʠʮʝ 

ʦʟʥʘʯʘʝʪ, ʯʪʦ ʦʙʲʷʩʥʷʝʤʘʷ ʧʝʨʝʤʝʥʥʘʷ ʚ ʪʦʯʥʦʩʪʠ ʦʧʠʩʳʚʘʝʪʩʷ ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʡ ʤʦʜʝʣʴʶ. 

ʉʨʝʜʥʷʷ ʦʰʠʙʢʘ ʩʦʩʪʘʚʣʷʝʪ 10%: 

 

,  (2) 

ʛʜʝ ð D[y] ʜʠʩʧʝʨʩʠʷ ʩʣʫʯʘʡʥʦʡ ʚʝʣʠʯʠʥʳ y, ʘ D[y|x] ð ʫʩʣʦʚʥʘʷ (ʧʦ ʬʘʢʪʦʨʘʤ x) 

ʜʠʩʧʝʨʩʠʷ ʟʘʚʠʩʠʤʦʡ ʧʝʨʝʤʝʥʥʦʡ (ʜʠʩʧʝʨʩʠʷ ʦʰʠʙʢʠ ʤʦʜʝʣʠ).  

1s3d3D Ÿ 1s2p3p, 587.6 ʥʤ 

 

1s3d3D Ÿ 1s2p3p, 587.6 ʥʤ 

 

ʈʠʩ.2. ʊʝʦʨʝʪʠʯʝʩʢʘʷ ʢʨʠʚʘʷ ʩʠʛʥʘʣʘ 

ʬʣʫʦʨʝʩʮʝʥʮʠʠ ʥʘ ʦʩʥʦʚʝ ʉʀʄ  

ne = 1e+18 Te = 1eV. 

ʇʨʝʜʩʢʘʟʘʥʥʦʝ ʟʥʘʯʝʥʠʝ:  

ne = 1.0152e+18, Te = 1eV 

ʈʠʩ.3. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ ʢʨʠʚʘʷ 

ʩʠʛʥʘʣʘ ʬʣʫʦʨʝʩʮʝʥʮʠʠ  

ne = 2.5119e+19, Te = 1eV. 

ʇʨʝʜʩʢʘʟʘʥʥʦʝ ʟʥʘʯʝʥʠʝ:  

ne = 2.7674360e+19, Te = 1eV 

https://ru.wikipedia.org/wiki/Дисперсия_случайной_величины#Условная_дисперсия
https://ru.wikipedia.org/wiki/Дисперсия_случайной_величины#Условная_дисперсия
https://ru.wikipedia.org/wiki/Дисперсия_случайной_величины#Условная_дисперсия
https://ru.wikipedia.org/wiki/Дисперсия_случайной_величины#Условная_дисперсия
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ɿʘʪʝʤ ʩʤʦʜʫʣʠʨʦʚʘʥ ʰʫʤ ʜʣʷ ʧʨʠʙʣʠʞʝʥʠʷ ʢ ʨʝʘʣʴʥʳʤ ʜʘʥʥʳʤ ʠ ʧʨʦʚʝʜʝʥʘ 

ʘʥʘʣʦʛʠʯʥʘʷ ʨʘʙʦʪʘ ʠ ʢʦʵʬʬʠʮʠʝʥʪ ʜʝʪʝʨʤʠʥʘʮʠʠ ʨʘʚʝʥ R2 = 0.78. ʕʪʦʪ ʤʝʪʦʜ ʧʦʟʚʦʣʷʝʪ ʨʝʰʘʪʴ 

ʦʙʨʘʪʥʫʶ ʟʘʜʘʯʫ ʠ ʦʧʨʝʜʝʣʷʪʴ ʢʦʥʮʝʥʪʨʘʮʠʶ ʠ ʪʝʤʧʝʨʘʪʫʨʫ ʩ ʧʦʛʨʝʰʥʦʩʪʴʶ ʥʘ ʪʝʦʨʝʪʠʯʝʩʢʠʭ 

ʜʘʥʥʳʭ ʦʢʦʣʦ 4%. ʅʘ ʟʘʰʫʤʣʝʥʥʳʭ ʜʘʥʥʳʭ ʩʨʝʜʥʷʷ ʧʦʛʨʝʰʥʦʩʪʴ ʩʦʩʪʘʚʣʷʝʪ ʧʦʨʷʜʢʘ 10%. 

ʆʜʥʘʢʦ, ʪʘʢʘʷ ʤʦʜʝʣʴ ʧʦʟʚʦʣʷʝʪ ʤʛʥʦʚʝʥʥʦ ʨʝʰʘʪʴ ʟʘʜʘʯʫ ʧʦ ʧʦʣʫʯʝʥʥʳʤ ʢʨʠʚʳʤ, ʯʪʦ ʧʦʣʝʟʥʦ 

ʧʨʠ ʵʢʩʧʝʨʠʤʝʥʪʝ. 
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ʊɽʈɸɻɽʈʎʆɺʓʁ NH3-ʃɸɿɽʈ ʉ ʆʇʊʀʏɽʉʂʆʁ ʅɸʂɸʏʂʆʁ 

çɼʃʀʅʅʓʄʀè (~100 ʄʂC) ʀʄʇʋʃʔʉɸʄʀ ʉʆ2-ʃɸɿɽʈɸ ɼʃʗ 

ɼʀɸɻʅʆʉʊʀʂʀ ʇʃɸɿʄʓ 

 

 

ɿʘʟʳʤʢʠʥʘ ɼ.ɸ. 1, ʀʦʥʠʥ ɸ.ɸ. 1, ʂʠʥʷʝʚʩʢʠʡ ʀ.ʆ. 1, ʂʣʠʤʘʯʝʚ ʖ.ʄ. 1, ʂʦʟʣʦʚ ɸ.ʖ. 1, 

ʂʦʨʤʘʰʦʚʘ ɼ.ʀ. 1, ʂʦʪʢʦʚ ɸ.ɸ. 1, ʃʘʤʧʠʥ ɾ.ʌ.2, ʄʠʪʷʛʠʥ ʖ.ɸ. 1, ʉʘʚʠʥʦʚ ʉ.ɸ. 1, ʉʘʛʠʪʦʚʘ ɸ.ʄ. 

1, ʉʠʥʠʮʳʥ ɼ.ɺ. 1  

 

 
1.ʌʠʟʠʯʝʩʢʠʡ ʠʥʩʪʠʪʫʪ ʠʤ. ʇ.ʅ. ʃʝʙʝʜʝʚʘ ʈɸʅ, ʄʦʩʢʚʘ, ʈʦʩʩʠʷ 
2.ʀʥʩʪʠʪʫʪ ʵʣʝʢʪʨʦʥʠʢʠ, ʤʠʢʨʦʵʣʝʢʪʨʦʥʠʢʠ ʠ ʥʘʥʦʪʝʭʥʦʣʦʛʠʠ, ʃʠʣʣʴ, ʌʨʘʥʮʠʷ 

 

 

ɼʣʷ ʨʝʰʝʥʠʷ ʰʠʨʦʢʦʛʦ ʢʨʫʛʘ ʟʘʜʘʯ (ʥʘʧʨʠʤʝʨ, ʜʠʘʛʥʦʩʪʠʢʠ ʧʣʘʟʤʳ [1], ʜʠʩʪʘʥʮʠʦʥʥʦʛʦ 

ʜʝʪʝʢʪʠʨʦʚʘʥʠʷ ʚʟʨʳʚʯʘʪʳʭ ʚʝʱʝʩʪʚ ʟʘ ʧʨʝʧʷʪʩʪʚʠʷʤʠ [2], ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʠ ʜʨ.) ʧʨʝʜʩʪʘʚʣʷʝʪ 

ʠʥʪʝʨʝʩ ʨʘʟʨʘʙʦʪʢʘ ʠʩʪʦʯʥʠʢʦʚ ʣʘʟʝʨʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʚ ʪʝʨʘʛʝʨʮʦʚʦʤ ʜʠʘʧʘʟʦʥʝ. ʆʜʥʠʤ ʠʟ 

ʥʘʠʙʦʣʝʝ ʭʦʨʦʰʦ ʠʟʫʯʝʥʥʳʭ ʚ ʩʧʝʢʪʨʦʩʢʦʧʠʯʝʩʢʦʤ ʦʪʥʦʰʝʥʠʠ ʛʘʟʦʚʳʭ ʣʘʟʝʨʦʚ ʪʘʢʦʛʦ ʪʠʧʘ 

ʷʚʣʷʝʪʩʷ NH3-ʣʘʟʝʨ. ʊʝʨʘʛʝʨʮʦʚʦʝ ʠʟʣʫʯʝʥʠʝ ʥʘ ʧʝʨʝʭʦʜʘʭ NH3 ʚʦʟʤʦʞʥʦ ʧʦʣʫʯʠʪʴ ʟʘ ʩʯʸʪ 

ʦʧʪʠʯʝʩʢʦʡ ʥʘʢʘʯʢʠ CO2-ʣʘʟʝʨʦʤ, ʢʦʪʦʨʳʡ ʷʚʣʷʝʪʩʷ ʵʬʬʝʢʪʠʚʥʳʤ ʠ ʭʦʨʦʰʦ ʦʪʨʘʙʦʪʘʥʥʳʤ ʚ 

ʪʝʭʥʠʯʝʩʢʦʤ ʧʣʘʥʝ ʠʩʪʦʯʥʠʢʦʤ ʠʟʣʫʯʝʥʠʷ. ɺ ʨʘʙʦʪʝ [3] ʦʙʩʫʞʜʘʶʪʩʷ ʧʘʨʘʤʝʪʨʳ ʣʘʟʝʨʘ 

ʪʝʨʘʛʝʨʮʦʚʦʛʦ ʜʠʘʧʘʟʦʥʘ, ʫʜʦʚʣʝʪʚʦʨʷʶʱʠʝ ʫʩʣʦʚʠʷʤ ʧʨʦʚʝʜʝʥʠʷ ʜʠʘʛʥʦʩʪʠʢʠ ʧʣʘʟʤʳ ʚ 

ʵʣʝʢʪʨʦʜʠʥʘʤʠʯʝʩʢʠʭ ʫʩʢʦʨʠʪʝʣʷʭ ʠ ʪʦʢʘʤʘʢʘʭ ʩ ʩʠʣʴʥʳʤ ʤʘʛʥʠʪʥʳʤ ʧʦʣʝʤ. ɺʳʧʦʣʥʝʥʦ 

ʯʠʩʣʝʥʥʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʛʝʥʝʨʘʮʠʠ ʪʝʨʘʛʝʨʮʦʚʦʛʦ ʠʟʣʫʯʝʥʠʷ NH3-ʣʘʟʝʨʘ ʩ ʜʣʠʥʦʡ ʚʦʣʥʳ 

151.5 ʤʢʤ ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʤʦʱʥʦʡ ʠʤʧʫʣʴʩʥʦʡ ʦʧʪʠʯʝʩʢʦʡ ʥʘʢʘʯʢʠ ʠʟʣʫʯʝʥʠʝʤ CO2-ʣʘʟʝʨʘ ʥʘ 

ʧʝʨʝʭʦʜʝ 10P(32) ʩ ʜʣʠʪʝʣʴʥʦʩʪʴʶ ʛʝʥʝʨʘʮʠʠ ʦʪ 0.1 ʜʦ 0.5 ʤʢʩ. ɼʣʷ ʫʩʣʦʚʠʡ ʨʘʩʯʝʪʘ, ʚʨʝʤʷ 

ʢʦʣʝʙʘʪʝʣʴʥʦʡ ʨʝʣʘʢʩʘʮʠʠ ʩʦʩʪʘʚʣʷʣʦ 0.2 ʤʢʩ, ʘ ʚʨʝʤʷ ʚʨʘʱʘʪʝʣʴʥʦʡ ʨʝʣʘʢʩʘʮʠʠ ï 0.01 ʤʢʩ. 

ʕʪʠ ʚʨʝʤʝʥʘ ʦʢʘʟʳʚʘʶʪʩʷ ʩʨʘʚʥʠʤʳ ʩ ʭʘʨʘʢʪʝʨʥʳʤ ʚʨʝʤʝʥʝʤ ʠʤʧʫʣʴʩʘ ʥʘʢʘʯʢʠ 0.1 ʤʢʩ, 

ʧʦʵʪʦʤʫ ʜʣʠʪʝʣʴʥʦʩʪʴ ʛʝʥʝʨʘʮʠʠ NH3-ʣʘʟʝʨʘ ʚʳʰʝ ʚ ʜʚʘ ʨʘʟʘ ʜʣʠʪʝʣʴʥʦʩʪʠ ʦʧʪʠʯʝʩʢʦʡ 

ʥʘʢʘʯʢʠ. ʇʨʠ ʫʚʝʣʠʯʝʥʠʠ ʜʣʠʪʝʣʴʥʦʩʪʠ ʠʤʧʫʣʴʩʘ ʥʘʢʘʯʢʠ ʫʢʘʟʘʥʥʳʝ ʚʨʝʤʝʥʘ ʨʝʣʘʢʩʘʮʠʠ 

ʩʪʘʥʦʚʷʪʩʷ ʤʝʥʴʰʝ ʭʘʨʘʢʪʝʨʥʦʛʦ ʚʨʝʤʝʥʠ ʠʤʧʫʣʴʩʘ ʥʘʢʘʯʢʠ, ʧʦʵʪʦʤʫ ʚʨʝʤʝʥʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ 

ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʊɻʮ-ʠʟʣʫʯʝʥʠʷ ʧʦ ʬʦʨʤʝ ʧʦʚʪʦʨʷʝʪ ʠʟʣʫʯʝʥʠʝ ʥʘʢʘʯʢʠ. ʇʨʦʚʝʜʝʥʥʳʝ ʨʘʩʯʝʪʳ 

ʧʦʢʘʟʘʣʠ, ʯʪʦ ʜʦʙʘʚʣʝʥʠʝ ʙʫʬʝʨʥʦʛʦ ʛʘʟʘ (ʘʨʛʦʥ ʠʣʠ ʘʟʦʪ) ʚ ʷʯʝʡʢʫ ʩ ʘʤʤʠʘʢʦʤ ʧʦʟʚʦʣʷʝʪ 

ʧʨʠʤʝʨʥʦ ʚ ʧʦʣʪʦʨʘ ʨʘʟʘ ʫʚʝʣʠʯʠʪʴ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ, ʢʦʪʦʨʘʷ ʤʦʞʝʪ ʜʦʩʪʠʛʘʪʴ 

4%. 

ɺ ʨʘʙʦʪʝ [4] ʨʝʟʦʥʘʪʦʨ ʪʝʨʘʛʝʨʮʦʚʦʛʦ ʠʟʣʫʯʝʥʠʷ ʙʳʣ ʦʨʛʘʥʠʟʦʚʘʥ ʚʜʦʣʴ ʦʩʠ ʛʘʟʦʚʦʡ 

ʷʯʝʡʢʠ ʩ NH3, ʘ ʧʦʧʝʨʝʯʥʳʡ ʟʠʛʟʘʛʦʦʙʨʘʟʥʳʡ ʨʝʟʦʥʘʪʦʨ ʦʙʝʩʧʝʯʠʚʘʣ ʦʧʪʠʯʝʩʢʫʶ ʥʘʢʘʯʢʫ 

ʠʤʧʫʣʴʩʘʤʠ TEA CO2-ʣʘʟʝʨʘ ʩ ʵʥʝʨʛʠʝʡ ~0.38 ɼʞ ʥʘ ʣʠʥʠʠ 10P(32) ʩ ʜʣʠʪʝʣʴʥʦʩʪʴʶ ~200 ʥʩ. ɺ 



37 

 

ʨʝʘʣʠʟʦʚʘʥʥʦʡ ʦʧʪʠʯʝʩʢʦʡ ʩʭʝʤʝ ʠʩʧʦʣʴʟʦʚʘʣʘʩʴ ʤʦʜʫʣʷʮʠʷ ʜʦʙʨʦʪʥʦʩʪʠ ʨʝʟʦʥʘʪʦʨʘ (ʄɼʈ) ʜʣʷ 

ʪʝʨʘʛʝʨʮʦʚʦʛʦ ʠʟʣʫʯʝʥʠʷ. ʇʠʢʦʚʳʝ ʟʥʘʯʝʥʠʷ ʤʦʱʥʦʩʪʠ ʥʘ ʜʣʠʥʝ ʚʦʣʥʳ 152 ʤʢʤ ʧʨʠʙʣʠʞʘʣʠʩʴ 

ʢ 10 ʢɺʪ ʧʨʠ ʠʤʧʫʣʴʩʘʭ ʜʣʠʪʝʣʴʥʦʩʪʴʶ 5 ʥʩ ʠ ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʧʨʠ ʯʘʩʪʦʪʝ ʧʦʚʪʦʨʝʥʠʷ 

ʠʤʧʫʣʴʩʦʚ 12 ɻʮ. ɹʳʣʦ ʠʩʩʣʝʜʦʚʘʥʦ ʦʧʪʠʤʘʣʴʥʦʝ ʚʨʝʤʷ ʚʢʣʶʯʝʥʠʷ ʄɼʈ ʦʪʥʦʩʠʪʝʣʴʥʦ ʥʘʯʘʣʘ 

ʠʤʧʫʣʴʩʘ CO2-ʣʘʟʝʨʘ, ʢʦʪʦʨʦʝ ʠʤʝʣʦ, ʢʘʢ ʦʪʤʝʯʘʣ ʘʚʪʦʨ, çʫʜʠʚʠʪʝʣʴʥʫʶè ʟʘʜʝʨʞʢʫ 1.5ï2.0 ʤʢʩ, 

ʪ.ʝ. ʥʘ ʧʦʨʷʜʦʢ ʙʦʣʴʰʫʶ, ʯʝʤ ʜʣʠʪʝʣʴʥʦʩʪʴ ʩʘʤʦʛʦ ʠʤʧʫʣʴʩʘ ʥʘʢʘʯʢʠ. 

ʅʘʫʯʥʘʷ ʛʨʫʧʧʘ ʠʟ Huazhong University of Science and Technology [5, 6] ʫʧʨʦʩʪʠʣʘ 

ʦʧʪʠʯʝʩʢʫʶ ʩʭʝʤʫ ʣʘʟʝʨʥʦʡ ʩʠʩʪʝʤʳ, ʦʪʢʘʟʘʚʰʠʩʴ ʦʪ ʩʣʦʞʥʳʭ ʟʝʨʢʘʣ ʩ ʤʝʪʘʣʣʠʯʝʩʢʦʡ ʩʝʪʢʦʡ 

[5]. ʇʨʠ ʵʪʦʤ ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʩʣʝʜʫʶʱʠʝ ʣʠʥʠʠ: 90 ʤʢʤ (130 ʤɼʞ) ʧʨʠ ʥʘʢʘʯʢʝ ʣʠʥʠʝʡ 9R(16) 

ʠ 151.5 ʤʢʤ (204 ʤɼʞ) ʧʨʠ ʥʘʢʘʯʢʝ ʣʠʥʠʝʡ 10P(32). ʕʬʬʝʢʪʠʚʥʦʩʪʴ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʬʦʪʦʥʦʚ 

ʩʦʩʪʘʚʣʷʣʘ 6% ʠ 18%, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʇʨʦʬʠʣʴ ʧʫʯʢʘ ʊɻʮ-ʠʟʣʫʯʝʥʠʷ ʩ ʜʣʠʥʦʡ ʚʦʣʥʳ 90 ʤʢʤ 

ʠʤʝʣ ʚʠʜ, ʙʣʠʟʢʠʡ ʢ ɻʘʫʩʩʦʚʫ. ɼʘʣʴʥʝʡʰʝʝ ʫʣʫʯʰʝʥʠʝ ʩʭʝʤʳ [6] ʧʦʟʚʦʣʠʣʦ ʫʚʝʣʠʯʠʪʴ 

ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʬʦʪʦʥʦʚ ʜʦ 41.5% ʜʣʷ ʪʝʨʘʛʝʨʮʦʚʦʛʦ ʠʟʣʫʯʝʥʠʷ ʩ ʜʣʠʥʦʡ ʚʦʣʥʳ 

151.5 ʤʢʤ. 

ʇʨʠʤʝʥʝʥʠʝ ʤʦʱʥʦʛʦ ʠʤʧʫʣʴʩʥʦʛʦ ʊɽɸ ʉʆ2-ʣʘʟʝʨʘ ʧʦʟʚʦʣʠʣʦ ʧʦʣʫʯʠʪʴ ʛʝʥʝʨʘʮʠʶ ʥʘ 

ʜʝʩʷʪʢʘʭ ʧʝʨʝʭʦʜʘʭ ʚ ʦʧʪʠʯʝʩʢʠʭ ʷʯʝʡʢʘʭ ʩ NH3 ʟʘ ʩʯʸʪ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʧʦʯʪʠ çʛʣʫʭʠʭè 

ʪʝʨʘʛʝʨʮʦʚʳʭ ʨʝʟʦʥʘʪʦʨʦʚ ʩ ʚʚʦʜʦʤ ʠ ʚʳʚʦʜʦʤ ʠʟʣʫʯʝʥʠʷ ʯʝʨʝʟ ʤʠʣʣʠʤʝʪʨʦʚʳʝ ʦʪʚʝʨʩʪʠʷ (ʩʤ., 

ʥʘʧʨʠʤʝʨ [7, 8]). ɺ ʯʘʩʪʥʦʩʪʠ, ʙʳʣʦ ʦʙʥʘʨʫʞʝʥʦ, ʯʪʦ ʧʨʠ ʥʘʢʘʯʢʝ ʣʠʥʠʝʡ 9R(30) NH3-ʣʘʟʝʨ 

ʤʦʞʝʪ ʛʝʥʝʨʠʨʦʚʘʪʴ ʙʦʣʝʝ ʜʝʩʷʪʢʘ ʜʣʠʥ ʚʦʣʥ ʪʝʨʘʛʝʨʮʦʚʦʛʦ ʜʠʘʧʘʟʦʥʘ, ʘ ʧʨʠ ʥʘʢʘʯʢʝ ʣʠʥʠʝʡ 

9R(16) ï ʜʦ ʧʷʪʠ. ʅʘ ʤʥʦʛʠʭ ʜʨʫʛʠʭ ʣʠʥʠʷʭ ʥʘʢʘʯʢʠ ʙʳʣʦ ʧʦʣʫʯʝʥʦ ʦʪ 2 ʜʦ 4 ʣʠʥʠʡ ʛʝʥʝʨʘʮʠʠ 

NH3-ʣʘʟʝʨʘ. 

ʅʝʦʙʭʦʜʠʤʦ ʦʪʤʝʪʠʪʴ ʯʪʦ, ʢʘʩʢʘʜʥʳʡ ʤʝʭʘʥʠʟʤ ʛʝʥʝʨʘʮʠʠ ʊɻʮ-ʠʟʣʫʯʝʥʠʷ ʚ NH3-ʣʘʟʝʨʝ 

ʧʨʠ ʦʧʪʠʯʝʩʢʦʡ ʥʘʢʘʯʢʝ ʠʟʣʫʯʝʥʠʝʤ CO2-ʣʘʟʝʨʘ ʧʦʜʨʦʙʥʦ ʥʝ ʠʩʩʣʝʜʦʚʘʣʩʷ. ɺʨʝʤʝʥʥʳʝ ʬʦʨʤʳ 

ʠʤʧʫʣʴʩʦʚ NH3 ʣʘʟʝʨʘ ʠʩʩʣʝʜʦʚʘʣʠʩʴ ʣʠʙʦ ʧʨʠ ʢʦʨʦʪʢʦʡ ʜʣʠʪʝʣʴʥʦʩʪʠ ʥʘʢʘʯʢʠ (~200 ʥʩ) [4], 

ʣʠʙʦ ʧʨʠ ʚʨʝʤʝʥʥʦʤ ʨʘʟʨʝʰʝʥʠʠ ʥʝ ʣʫʯʰʝ ~20 ʥʩ ʠ ʜʣʠʪʝʣʴʥʦʩʪʠ ʥʘʢʘʯʢʠ ʜʦ ~3 ʤʢʩ [9]. 

ʇʨʝʜʩʪʘʚʣʷʝʪ ʙʦʣʴʰʦʡ ʠʥʪʝʨʝʩ ʠʩʩʣʝʜʦʚʘʥʠʷ ʭʘʨʘʢʪʝʨʠʩʪʠʢ NH3 ʣʘʟʝʨʘ ʧʨʠ ʥʘʢʘʯʢʝ 

ʠʤʧʫʣʴʩʘʤʠ ʉʆ2 ʣʘʟʝʨʘ ʩ ʜʣʠʪʝʣʴʥʦʩʪʴʶ ʥʘ ʧʦʨʷʜʢʠ ʧʨʝʚʳʰʘʶʱʠʤʠ ʚʨʝʤʷ ʢʦʣʝʙʘʪʝʣʴʥʦʡ 

ʨʝʣʘʢʩʘʮʠʠ (~0.1 ʤʢʩ), ʪ.ʝ. ʦʨʛʘʥʠʟʘʮʠʷ ʢʚʘʟʠ-ʥʝʧʨʝʨʳʚʥʦʛʦ ʨʝʞʠʤʘ ʥʘʢʘʯʢʠ. ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ 

ʥʘʤʠ ʙʳʣʠ ʠʟʤʝʨʝʥʳ ʩ ʥʘʥʦʩʝʢʫʥʜʥʳʤ ʨʘʟʨʝʰʝʥʠʝʤ ʦʜʥʦʚʨʝʤʝʥʥʦ ʠʤʧʫʣʴʩʳ ʠʟʣʫʯʝʥʠʷ NH3 

ʣʘʟʝʨʘ ʠ ʠʤʧʫʣʴʩʳ ʵʣʝʢʪʨʦʠʦʥʠʟʘʮʠʦʥʥʦʛʦ (ʕʀ) ʉʆ2 ʣʘʟʝʨʘ ʩ ʜʣʠʪʝʣʴʥʦʩʪʴʶ ʛʝʥʝʨʘʮʠʠ ʜʦ 

~100 ʤʢʩ, ʠʩʧʦʣʴʟʦʚʘʥʥʦʛʦ ʜʣʷ ʦʧʪʠʯʝʩʢʦʡ ʥʘʢʘʯʢʠ. 

ʀʟʤʝʨʝʥʠʷ ʙʳʣʠ ʧʨʦʚʝʜʝʥʳ ʧʨʠ ʥʘʢʘʯʢʝ ʠʟʣʫʯʝʥʠʝʤ ʩʝʣʝʢʪʠʚʥʦʛʦ ʉʆ2 ʣʘʟʝʨʘ ʥʘ ʣʠʥʠʷʭ 

9R(30) (lº9.22 ʤʢʤ) ʠ 9R(16) (lº9.29 ʤʢʤ). ɼʣʠʪʝʣʴʥʦʩʪʴ ʠʤʧʫʣʴʩʦʚ ʥʘʢʘʯʢʠ ʜʦʩʪʠʛʘʣʘ ~100 

ʤʢʩ, ʘ ʵʥʝʨʛʠʷ ʠʤʧʫʣʴʩʦʚ ʥʘʢʘʯʢʠ - ~1 ɼʞ. ʅʘʤʠ ʧʨʠʤʝʥʷʣʘʩʴ ʦʧʪʠʯʝʩʢʘʷ ʩʭʝʤʘ, ʘʥʘʣʦʛʠʯʥʘʷ 

ʠʩʧʦʣʴʟʦʚʘʥʥʦʡ ʚ ʨʘʙʦʪʝ [8]. ɸʤʤʠʘʢ ʩʦʜʝʨʞʘʣʩʷ ʧʨʠ ʜʘʚʣʝʥʠʠ ʦʪ 2 ʜʦ 10 ʤʙʘʨ ʚ ʢʶʚʝʪʝ 
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ʜʣʠʥʦʡ 20 ʩʤ, ʦʛʨʘʥʠʯʝʥʥʦʡ ʩ ʦʜʥʦʡ ʩʪʦʨʦʥʳ ʦʢʥʦʤ ʠʟ BaF2, ʘ ʩ ʜʨʫʛʦʡ ï ʦʢʥʦʤ ʠʟ ʣʘʚʩʘʥʘ 

ʪʦʣʱʠʥʦʡ 0.05 ʤʤ. ɺʥʫʪʨʠ ʢʶʚʝʪʳ ʙʳʣʠ ʨʘʩʧʦʣʦʞʝʥʳ ʜʚʘ ʧʣʦʩʢʠʭ ʣʘʪʫʥʥʳʭ ʟʝʨʢʘʣʘ ʥʘ 

ʨʘʩʩʪʦʷʥʠʠ 12 ʩʤ ʩ ʦʪʚʝʨʩʪʠʝʤ 2 ʤʤ ʥʘ ʦʩʠ ʢʶʚʝʪʳ, ʯʝʨʝʟ ʢʦʪʦʨʳʝ ʦʩʫʱʝʩʪʚʣʷʣʩʷ ʚʚʦʜ 

ʠʟʣʫʯʝʥʠʷ ʥʘʢʘʯʢʠ (ʩʦ ʩʪʦʨʦʥʳ ʦʢʥʘ ʠʟ BaF2) ʧʨʠ ʬʦʢʫʩʠʨʦʚʢʝ ʣʠʥʟʦʡ ʩ f=90 ʤʤ ʠ ʚʳʚʦʜ 

ʪʝʨʘʛʝʨʮʦʚʦʛʦ ʠʟʣʫʯʝʥʠʷ (ʩ ʜʨʫʛʦʡ ʩʪʦʨʦʥʳ). ʀʟʣʫʯʝʥʠʝ ʉʆ2 ʣʘʟʝʨʘ ʦʪʩʝʢʘʣʦʩʴ 

ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʤ ʢʚʘʨʮʝʤ ʠ ʯʝʨʥʳʤ ʧʦʣʠʵʪʠʣʝʥʦʤ. ʀʤʧʫʣʴʩ NH3 ʣʘʟʝʨʘ ʠʟʤʝʨʷʣʩʷ ʙʦʣʦʤʝʪʨʦʤ 

RS 0.4-4 T (ɿɸʆ ñʉʢʦʥʪʝʣò, ʩʧʝʢʪʨʘʣʴʥʳʡ ʜʠʘʧʘʟʦʥ ~50-3000 ʤʢʤ, ʨʘʟʨʝʰʝʥʠʝ ~1 ʥʩ), 

ʦʭʣʘʞʜʘʝʤʳʤ ʞʠʜʢʠʤ ʛʝʣʠʝʤ. 

ʈʝʟʫʣʴʪʘʪʳ ʠʟʤʝʨʝʥʠʡ ʠʤʧʫʣʴʩʦʚ ʠʟʣʫʯʝʥʠʷ NH3 ʣʘʟʝʨʘ ʠ ʕʀ ʉʆ2 ʣʘʟʝʨʘ ʧʨʝʜʩʪʘʚʣʝʥʳ 

ʥʘ ʨʠʩ. 1. ʅʘ ʚʨʝʟʢʘʭ ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘʯʘʣʴʥʳʝ ʫʯʘʩʪʢʠ ʠʤʧʫʣʴʩʦʚ. ɺʨʝʤʝʥʥʘʷ ʬʦʨʤʘ ʠʤʧʫʣʴʩʦʚ 

ʕʀ ʉʆ2 ʣʘʟʝʨʘ ʦʪʢʘʣʠʙʨʦʚʘʥʘ ʥʘ ʠʟʤʝʨʝʥʥʦʝ ʟʥʘʯʝʥʠʷ ʵʥʝʨʛʠʠ ʠʤʧʫʣʴʩʦʚ ɽʠʤʧ. ʄʦʤʝʥʪ 

ʚʨʝʤʝʥʠ t=0 ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʥʘʯʘʣʫ ʠʤʧʫʣʴʩʘ ʕʀ ʨʘʟʨʷʜʘ. ɽʩʣʠ ʠʟ ʨʠʩ. 1 ʚʠʜʥʦ, ʯʪʦ ʬʦʨʤʘ 

ʠʟʣʫʯʝʥʠʷ NH3 ʣʘʟʝʨʘ ʧʦʚʪʦʨʷʝʪ ʬʦʨʤʫ ʥʘʠʙʦʣʝʝ ʤʦʱʥʦʡ ʯʘʩʪʠ ʠʤʧʫʣʴʩʘ ʥʘʢʘʯʢʠ, ʪʦ ʥʘ ʨʠʩ. 2 

ʤʳ ʥʘʙʣʶʜʘʝʤ ʜʚʘ ʷʚʥʦ ʚʳʨʘʞʝʥʥʳʭ ʤʘʢʩʠʤʫʤʘ ʚ ʛʝʥʝʨʘʮʠʠ ʪʝʨʘʛʝʨʮʦʚʦʛʦ ʠʟʣʫʯʝʥʠʷ ʧʨʠ 

ʜʦʩʪʘʪʦʯʥʦ ʩʪʘʙʠʣʴʥʦʡ ʤʦʱʥʦʩʪʠ ʠʟʣʫʯʝʥʠʷ ʉʆ2-ʣʘʟʝʨʘ. ʄʳ ʧʨʝʜʧʦʣʘʛʘʝʤ, ʯʪʦ ʵʪʦ ʧʨʦʷʚʣʝʥʠʝ 

ʢʘʩʢʘʜʥʦʛʦ ʤʝʭʘʥʠʟʤʘ ʛʝʥʝʨʘʮʠʠ NH3 ʣʘʟʝʨʘ, ʧʨʝʜʣʦʞʝʥʥʦʛʦ ʜʣʷ ʦʙʲʷʩʥʝʥʠʷ ʤʥʦʛʦʯʘʩʪʦʪʥʦʡ 

ʛʝʥʝʨʘʮʠʠ ʧʨʠ ʥʘʢʘʯʢʝ ʠʟʣʫʯʝʥʠʝʤ ʠʤʝʥʥʦ ʵʪʦʡ ʣʠʥʠʝʡ ʉʆ2-ʣʘʟʝʨʘ, ʥʘʙʣʶʜʘʚʰʝʡʩʷ, ʚ 

ʯʘʩʪʥʦʩʪʠ, ʚ ʨʘʙʦʪʝ [7]. 

 

 
 

ʈʠʩ. 1. ʀʤʧʫʣʴʩʳ ʠʟʣʫʯʝʥʠʷ ʉʆ2 ʣʘʟʝʨʘ 

(ʥʠʞʥʠʡ) ʠ NH3 ʣʘʟʝʨʘ (ʚʝʨʭʥʠʡ) ʧʨʠ 

ʥʘʢʘʯʢʝ ʣʠʥʠʝʡ 9R(16). ɽʠʤʧ = 0.59 ɼʞ 

ʈʠʩ. 2. ʀʤʧʫʣʴʩʳ ʠʟʣʫʯʝʥʠʷ ʉʆ2 ʣʘʟʝʨʘ 

(ʥʠʞʥʠʡ) ʠ NH3 ʣʘʟʝʨʘ (ʚʝʨʭʥʠʡ) ʧʨʠ 

ʥʘʢʘʯʢʝ ʣʠʥʠʝʡ 9R(30). ɽʠʤʧ = 0.91 ɼʞ 

 

ʅʘ ʨʠʩ. 3 ʠ 4 ʧʨʝʜʩʪʘʚʣʝʥʳ ʟʘʚʠʩʠʤʦʩʪʠ ʟʘʜʝʨʞʢʠ ʥʘʯʘʣʘ ʛʝʥʝʨʘʮʠʠ ʦʪʥʦʩʠʪʝʣʴʥʦ 

ʥʘʯʘʣʘ ʠʤʧʫʣʴʩʘ ʥʘʢʘʯʢʠ ʠ ʜʣʠʪʝʣʴʥʦʩʪʠ ʠʤʧʫʣʴʩʦʚ NH3 ʣʘʟʝʨʘ ʦʪ ʵʥʝʨʛʠʠ ʠʤʧʫʣʴʩʘ ʉʆ2-

ʣʘʟʝʨʘ ʜʣʷ ʣʠʥʠʡ 9R(16) (ʘ) ʠ 9R(30).  
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ʈʠʩ.3. ɿʘʚʠʩʠʤʦʩʪʴ ʜʣʠʪʝʣʴʥʦʩʪʠ ʠ 

ʟʘʜʝʨʞʢʠ ʥʘʯʘʣʘ ʛʝʥʝʨʘʮʠʠ ʠʤʧʫʣʴʩʘ 

NH3-ʣʘʟʝʨʘ ʦʪ ʵʥʝʨʛʠʠ ʠʤʧʫʣʴʩʘ ʉʆ2-

ʣʘʟʝʨʘ ʧʨʠ ʥʘʢʘʯʢʝ ʣʠʥʠʝʡ 9R(16). 

ʈʠʩ.4. ɿʘʚʠʩʠʤʦʩʪʴ ʜʣʠʪʝʣʴʥʦʩʪʠ ʠ 

ʟʘʜʝʨʞʢʠ ʥʘʯʘʣʘ ʛʝʥʝʨʘʮʠʠ ʠʤʧʫʣʴʩʘ NH3-

ʣʘʟʝʨʘ ʦʪ ʵʥʝʨʛʠʠ ʠʤʧʫʣʴʩʘ ʉʆ2-ʣʘʟʝʨʘ 

ʧʨʠ ʥʘʢʘʯʢʝ ʣʠʥʠʝʡ 9R(30). 

 

ʀʟ ʨʠʩ. 3 ʠ 4 ʚʠʜʥʦ, ʯʪʦ ʧʨʠ ʦʜʥʠʭ ʠ ʪʝʭ ʞʝ ʟʥʘʯʝʥʠʷʭ ʵʥʝʨʛʠʠ ʥʘʢʘʯʢʠ ʜʣʠʪʝʣʴʥʦʩʪʴ 

ʠʤʧʫʣʴʩʦʚ NH3 ʣʘʟʝʨʘ ʙʳʣʘ ʙʦʣʴʰʝ ʧʨʠ ʣʠʥʠʠ 9R(30), ʯʝʤ ʜʣʷ ʣʠʥʠʠ 9R(16). ɺ ʦʙʦʠʭ ʩʣʫʯʘʷʭ 

ʟʘʜʝʨʞʢʘ ʥʘʯʘʣʘ ʛʝʥʝʨʘʮʠʠ NH3 ʣʘʟʝʨʘ ʫʤʝʥʴʰʘʣʘʩʴ, ʘ ʜʣʠʪʝʣʴʥʦʩʪʴ ʛʝʥʝʨʘʮʠʠ ʨʦʩʣʘ ʩ 

ʫʚʝʣʠʯʝʥʠʝʤ ʵʥʝʨʛʠʠ ʉʆ2 ʣʘʟʝʨʘ. ɿʘʜʝʨʞʢʘ ʥʘʯʘʣʘ ʛʝʥʝʨʘʮʠʠ NH3 ʣʘʟʝʨʘ ʩʦʩʪʘʚʠʣʘ ~0,3 ï

 2.5 ʤʢʩ ʜʣʷ ʣʠʥʠʠ 9R(16) ʠ ~0,2 ï 0,6 ʤʢʩ ʜʣʷ ʣʠʥʠʠ 9R(30). ɼʣʠʪʝʣʴʥʦʩʪʴ ʛʝʥʝʨʘʮʠʠ NH3 

ʣʘʟʝʨʘ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʵʥʝʨʛʠʠ ʠʤʧʫʣʴʩʘ ʉʆ2 ʣʘʟʝʨʘ ʣʝʞʘʣʘ ʚ ʜʠʘʧʘʟʦʥʝ ʦʪ 10 ʜʦ 25 ʤʢʩ ʠ ʦʪ 

25 ʜʦ 40 ʤʢʩ ʜʣʷ ʣʠʥʠʡ 9R(16) ʠ 9R(30), ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʆʧʪʠʤʘʣʴʥʦʝ ʜʘʚʣʝʥʠʝ ʚ ʢʶʚʝʪʝ ʩ 

ʘʤʤʠʘʢʦʤ ʜʣʷ ʣʠʥʠʡ 9R(16) ʠ 9R(30) ʩʦʩʪʘʚʠʣʦ 8 ʤʙʘʨ ʠ 2 ʤʙʘʨ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ɼʣʷ ʠʟʤʝʨʝʥʠʷ 

ʜʣʠʥʳ ʚʦʣʥʳ ʊɻʮ ʠʟʣʫʯʝʥʠʷ ʙʳʣʘ ʠʩʧʦʣʴʟʦʚʘʥʘ ʨʝʰʝʪʢʘ 6 ʰʪʨ./ʤʤ ʩ ʫʛʣʦʤ ʙʣʝʩʢʘ 12Ü. ʋʜʘʣʦʩʴ 

ʟʘʬʠʢʩʠʨʦʚʘʪʴ ʪʦʣʴʢʦ ʦʜʥʫ ʣʠʥʠʶ ʛʝʥʝʨʘʮʠʠ NH3 ʩ ʜʣʠʥʦʡ ʚʦʣʥʳ 83,5Ñ1,7 ʤʢʤ (ʧʨʠ ʥʘʢʘʯʢʝ 

ʣʠʥʠʝʡ 9R(30)). 

 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʧʦʜʜʝʨʞʢʝ ʈʌʌʀ (ʧʨʦʝʢʪ ˉ 18-52-16019). 
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ʐʀʈʆʂʆʇʆʃʆʉʅʓʁ CO-ʃɸɿɽʈ ʉ ɺʅʋʊʈʀʈɽɿʆʅɸʊʆʈʅʓʄ 

ʇʈɽʆɹʈɸɿʆɺɸʅʀɽʄ ʏɸʉʊʆʊʓ ɼʃʗ ɼʀɸɻʅʆʉʊʀʂʀ ʇʃɸɿʄʓ 
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ʌʠʟʠʯʝʩʢʠʡ ʠʥʩʪʠʪʫʪ ʠʤ. ʇ.ʅ. ʃʝʙʝʜʝʚʘ ʈʦʩʩʠʡʩʢʦʡ ʘʢʘʜʝʤʠʠ ʥʘʫʢ 

 

 

ɺ ʟʘʜʘʯʘʭ ʧʦ ʜʠʘʛʥʦʩʪʠʢʝ ʧʣʘʟʤʳ ʪʨʝʙʫʝʪʩʷ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʠʥʬʨʘʢʨʘʩʥʦʛʦ ʣʘʟʝʨʥʦʛʦ 

ʠʟʣʫʯʝʥʠʷ ʥʘ ʜʚʫʭ ʠ ʙʦʣʝʝ ʜʣʠʥʘʭ ʚʦʣʥ, ʛʝʥʝʨʠʨʫʝʤʳʭ ʦʜʥʦʚʨʝʤʝʥʥʦ ʠʣʠ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦ 

ʧʝʨʝʩʪʨʘʠʚʘʝʤʳʭ. ʅʘʧʨʠʤʝʨ, ʥʘʠʙʦʣʝʝ ʫʥʠʚʝʨʩʘʣʴʥʳʤ ʤʝʪʦʜʦʤ, ʧʦʟʚʦʣʷʶʱʠʤ ʚʳʜʝʣʠʪʴ ʤʘʣʦʝ 

ʠʟʤʝʥʝʥʠʝ ʵʣʝʢʪʨʦʥʥʦʡ ʧʣʦʪʥʦʩʪʠ ʧʣʘʟʤʳ ʥʘ ʬʦʥʝ ʩʠʣʴʥʳʭ ʚʠʙʨʘʮʠʡ ʠ ʧʨʠʤʝʥʠʤʳʤ ʜʣʷ 

ʰʠʨʦʢʦʛʦ ʢʣʘʩʩʘ ʧʣʘʟʤʝʥʥʳʭ ʫʩʪʘʥʦʚʦʢ ʠ ʧʘʨʘʤʝʪʨʦʚ ʧʣʘʟʤʳ, ʷʚʣʷʝʪʩʷ ʜʚʫʭʚʦʣʥʦʚʘʷ 

ʠʥʪʝʨʬʝʨʦʤʝʪʨʠʷ ʩ ʩʠʣʴʥʦ ʨʘʟʣʠʯʘʶʱʠʤʠʩʷ ʜʣʠʥʘʤʠ ʚʦʣʥ. ʅʘ ʩʝʛʦʜʥʷʰʥʠʡ ʜʝʥʴ ʩʫʱʝʩʪʚʫʝʪ 

ʙʦʣʴʰʦʝ ʢʦʣʠʯʝʩʪʚʦ ʪʘʢʠʭ ʠʥʪʝʨʬʝʨʦʤʝʪʨʦʚ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʜʚʫʭ ʣʘʟʝʨʦʚ ʚ ʨʘʟʣʠʯʥʳʭ 

ʢʦʤʙʠʥʘʮʠʷʭ: ʚ ʯʘʩʪʥʦʩʪʠ, ʉʆ2-ʣʘʟʝʨ (10.6 ʤʢʤ) ʠ ʉʆ2-ʣʘʟʝʨ (9.27 ʤʢʤ); ʉʆ2-ʣʘʟʝʨ (10.6 ʤʢʤ) ʠ 

ʉʆ-ʣʘʟʝʨ (5.3 ʤʢʤ); ʉʆ2-ʣʘʟʝʨ (10.6 ʤʢʤ) ʠ He-Ne ʣʘʟʝʨ (0.63 ʤʢʤ) ʠ ʜʨ [1]. ʇʨʝʜʩʪʘʚʣʷʝʪ 

ʙʦʣʴʰʦʡ ʠʥʪʝʨʝʩ ʩʦʟʜʘʥʠʝ ʣʘʟʝʨʘ, ʩʨʘʟʫ ʨʘʙʦʪʘʶʱʝʛʦ ʥʘ ʜʚʫʭ ʜʣʠʥʘʭ ʚʦʣʥ, ʩʠʣʴʥʦ ʦʪʩʪʦʷʱʠʭ 

ʧʦ ʩʧʝʢʪʨʫ. 

ɺ ʣʘʙʦʨʘʪʦʨʠʠ ɻʘʟʦʚʳʭ ʣʘʟʝʨʦʚ ʌʀɸʅ ʩʦʟʜʘʥʘ ʢʦʤʧʘʢʪʥʘʷ ʣʘʟʝʨʥʘʷ ʫʩʪʘʥʦʚʢʘ 

ʧʣʘʥʘʨʥʦʛʦ ɺʏ CO-ʣʘʟʝʨʘ, ʠʟʣʫʯʘʶʱʝʛʦ ʚ ʨʝʞʠʤʝ ʤʦʜʫʣʷʮʠʠ ʜʦʙʨʦʪʥʦʩʪʠ ʨʝʟʦʥʘʪʦʨʘ (ʄɼʈ) 

~90 ʣʠʥʠʡ ʚ ʜʠʘʧʘʟʦʥʝ ʜʣʠʥ ʚʦʣʥ l = 5.0ï6.6 ʤʢʤ, ʥʘ ʢʦʪʦʨʦʡ ʩ ʧʦʤʦʱʴʶ ʚʥʝʨʝʟʦʥʘʪʦʨʥʦʛʦ 

ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʚ ʥʝʣʠʥʝʡʥʦʤ ʢʨʠʩʪʘʣʣʝ ZnGeP2 ʙʳʣʦ ʧʦʣʫʯʝʥʦ ʙʦʣʝʝ 200 ʣʠʥʠʡ ʩʫʤʤʘʨʥʳʭ 

ʯʘʩʪʦʪ (l=2.5ï3.2 ʤʢʤ) [2]. ʇʨʠ ʵʪʦʤ ʧʨʠ ʧʠʢʦʚʦʡ ʤʦʱʥʦʩʪʠ ʠʟʣʫʯʝʥʠʷ CO-ʣʘʟʝʨʘ ~2.5 ʢɺʪ 

ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʚʥʫʪʨʠ ʢʨʠʩʪʘʣʣʘ ʩʦʩʪʘʚʠʣʘ 8%. ɺ ʵʢʩʧʝʨʠʤʝʥʪʘʭ ʩ ʙʦʣʝʝ 

ʤʦʱʥʳʤ ʣʘʟʝʨʦʤ (ʧʠʢʦʚʘʷ ʤʦʱʥʦʩʪʴ ʜʦ 100 ʢɺʪ) ʦʩʫʱʝʩʪʚʣʷʣʦʩʴ ʫʜʚʦʝʥʠʝ ʯʘʩʪʦʪʳ 

(l=2.6 ʤʢʤ) ʵʣʝʢʪʨʦʠʦʥʠʟʘʮʠʦʥʥʦʛʦ ʩʝʣʝʢʪʠʚʥʦʛʦ (l=5.2 ʤʢʤ) ʉʆ-ʣʘʟʝʨʘ, ʛʝʥʝʨʠʨʫʶʱʝʛʦ 

ʢʦʨʦʪʢʠʡ ʮʫʛ (~1 ʤʢʩ) ʥʘʥʦʩʝʢʫʥʜʥʳʭ ʠʤʧʫʣʴʩʦʚ. ɺ ʵʪʠʭ ʵʢʩʧʝʨʠʤʝʥʪʘʭ ʵʬʬʝʢʪʠʚʥʦʩʪʴ 

ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʚʥʫʪʨʠ ʢʨʠʩʪʘʣʣʘ ZnGeP2 ʜʦʩʪʠʛʘʣʘ 37% [3]. 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʚʧʝʨʚʳʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʠʩʩʣʝʜʦʚʘʣʘʩʴ ʚʥʫʪʨʠʨʝʟʦʥʘʪʦʨʥʘʷ 

ʛʝʥʝʨʘʮʠʷ ʩʫʤʤʘʨʥʳʭ ʯʘʩʪʦʪ (ɻʉʏ) ʠʟʣʫʯʝʥʠʷ CO-ʣʘʟʝʨʘ ʚ ʥʝʣʠʥʝʡʥʦʤ ʢʨʠʩʪʘʣʣʝ ZnGeP2, 

ʧʨʠʯʸʤ ʧʝʨʝʩʪʨʦʡʢʘ ʬʘʟʦʚʦʛʦ ʩʠʥʭʨʦʥʠʟʤʘ (ʌʉ) ʦʩʫʱʝʩʪʚʣʷʣʘʩʴ ʟʘ ʩʯʝʪ ʠʟʤʝʥʝʥʠʷ 

ʪʝʤʧʝʨʘʪʫʨʳ ʢʨʠʩʪʘʣʣʘ. ɺʥʫʪʨʠʨʝʟʦʥʘʪʦʨʥʦʝ ʧʨʝʦʙʨʘʟʦʚʘʥʠʝ ʧʦʟʚʦʣʷʝʪ ʫʧʨʦʩʪʠʪʴ ʫʩʪʨʦʡʩʪʚʦ 

ʣʘʟʝʨʥʦʡ ʩʠʩʪʝʤʳ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʚʥʝʨʝʟʦʥʘʪʦʨʥʳʤ ʠ ʠʩʧʦʣʴʟʦʚʘʪʴ ʥʝʧʨʦʩʚʝʪʣʸʥʥʳʡ 
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ʥʝʣʠʥʝʡʥʳʡ ʢʨʠʩʪʘʣʣ ʢʘʢ ʚʳʭʦʜʥʦʝ ʟʝʨʢʘʣʦ ʣʘʟʝʨʥʦʡ ʩʠʩʪʝʤʳ. ʆʜʥʘʢʦ ʚ ʵʪʦʤ ʩʣʫʯʘʝ 

ʥʝʚʦʟʤʦʞʥʦ ʠʟʤʝʥʝʥʠʝ ʫʛʣʘ ʌʉ ʟʘ ʩʯʝʪ ʧʦʚʦʨʦʪʘ ʢʨʠʩʪʘʣʣʘ, ʪ.ʢ. ʵʪʦ ʧʨʠʚʦʜʠʪ ʢ 

ʜʦʧʦʣʥʠʪʝʣʴʥʳʤ ʧʦʪʝʨʷʤ ʠʟ-ʟʘ ʦʪʨʘʞʝʥʠʷ ʠʟʣʫʯʝʥʠʷ ʦʪ ʥʝʧʨʦʩʚʝʪʣʝʥʥʳʭ ʛʨʘʥʝʡ ʢʨʠʩʪʘʣʣʘ. ʉ 

ʧʦʤʦʱʴʶ ʪʝʤʧʝʨʘʪʫʨʥʦʡ ʧʝʨʝʩʪʨʦʡʢʠ ʌʉ ʚʦʟʤʦʞʥʦ ʦʩʫʱʝʩʪʚʠʪʴ ʧʣʘʚʥʫʶ ʧʝʨʝʩʪʨʦʡʢʫ 

ʩʧʝʢʪʨʘ ʙʝʟ ʧʦʚʦʨʦʪʘ ʢʨʠʩʪʘʣʣʘ. 

ɺ ʵʢʩʧʝʨʠʤʝʥʪʘʭ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʤʥʦʛʦʯʘʩʪʦʪʥʳʡ ʱʝʣʝʚʦʡ CO-ʣʘʟʝʨ ʩ ɺʏ ʥʘʢʘʯʢʦʡ ʠ 

ʄɼʈ, ʧʦʜʨʦʙʥʦ ʦʧʠʩʘʥʥʳʡ ʚ ʨʘʙʦʪʝ [2]. ʉʭʝʤʘ ʵʢʩʧʝʨʠʤʝʥʪʘ ʙʳʣʘ ʪʦʡ ʞʝ, ʯʪʦ ʠ ʚ ʨʘʙʦʪʝ [4], 

ʪʦʣʴʢʦ ʚʤʝʩʪʦ ʢʨʠʩʪʘʣʣʘ BaGa2GeSe6 ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʢʨʠʩʪʘʣʣ ZnGeP2 ʜʣʠʥʦʡ 8 ʤʤ ʠ ʩ ʫʛʣʦʤ 

ʩʨʝʟʘ 46.9Ñ0.1Á (ʨʠʩ. 1), ʚʳʨʘʱʝʥʥʳʡ ʚ ʆʆʆ çʃʘʙʦʨʘʪʦʨʠʷ ʦʧʪʠʯʝʩʢʠʭ ʢʨʠʩʪʘʣʣʦʚè (ʛ. ʊʦʤʩʢ). 

 

ʈʠʩ.1. ɺʥʝʰʥʠʡ ʚʠʜ ʢʨʠʩʪʘʣʣʘ ZnGeP2, 

ʥʘʛʨʝʚʘʪʝʣʴʥʳʭ ʵʣʝʤʝʥʪʦʚ ʇʝʣʴʪʴʝ ʠ 

ʠʟʣʫʯʝʥʠʷ He-Ne ʣʘʟʝʨʘ 

 

ʈʠʩ.2. ʌʦʨʤʘ ʠʤʧʫʣʴʩʦʚ ʠʟʣʫʯʝʥʠʷ ʉʆ-

ʣʘʟʝʨʘ ʧʨʠ ʨʘʟʣʠʯʥʦʡ ʰʠʨʠʥʝ ʱʝʣʝʚʦʡ 

ʜʠʘʬʨʘʛʤʳ 

ʀʩʧʦʣʴʟʦʚʘʣʠʩʴ ʩʣʝʜʫʶʱʠʝ ʚʳʭʦʜʥʳʝ ʟʝʨʢʘʣʘ ʣʘʟʝʨʥʦʛʦ ʨʝʟʦʥʘʪʦʨʘ: ʩʘʤ ʢʨʠʩʪʘʣʣ 

ZnGeP2 (ʧʨʦʧʫʩʢʘʥʠʝ T~60% ʜʣʷ l=2.5ï6.0 ʤʢʤ), ʠʣʠ ʢʨʠʩʪʘʣʣ ZnGeP2 ʩ ʧʣʘʩʪʠʥʦʡ ʠʟ ʛʝʨʤʘʥʠʷ 

Ge (T~50% ʜʣʷ l=2.5ï6.0 ʤʢʤ) ʠʣʠ ʚʳʭʦʜʥʳʤ ʟʝʨʢʘʣʦʤ ʦʪ ʣʘʟʝʨʘ ʀʃɻʅ-706 (T~60% ʜʣʷ l=2.5ï

3.0 ʤʢʤ ʠ T~10% ʜʣʷ l=4.8ï6.0 ʤʢʤ). ɼʣʷ ʫʤʝʥʴʰʝʥʠʷ ʧʦʪʝʨʴ ʠʟʣʫʯʝʥʠʷ ɻʉʏ ʥʘ ʦʢʥʝ ɹʨʶʩʪʝʨʘ 

ʣʘʟʝʨʥʦʡ ʢʘʤʝʨʳ ʚʥʫʪʨʴ ʨʝʟʦʥʘʪʦʨʘ ʤʝʞʜʫ ʥʝʣʠʥʝʡʥʳʤ ʢʨʠʩʪʘʣʣʦʤ ʠ ʦʢʥʦʤ ʧʦʤʝʱʘʣʦʩʴ 

ʜʦʧʦʣʥʠʪʝʣʴʥʦʝ ʟʝʨʢʘʣʦ ʩ T~1% ʜʣʷ l=2.5ï3.0 ʤʢʤ ʠ T~90% ʜʣʷ l=4.8ï6.0 ʤʢʤ. ɼʣʠʪʝʣʴʥʦʩʪʴ 

ʠʤʧʫʣʴʩʘ ʣʘʟʝʨʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʨʝʛʫʣʠʨʦʚʘʣʘʩʴ ʩ ʧʦʤʦʱʴʶ ʱʝʣʝʚʦʡ ʜʠʘʬʨʘʛʤʳ, ʫʩʪʘʥʦʚʣʝʥʥʦʡ 

ʚʙʣʠʟʠ ʥʝʣʠʥʝʡʥʦʛʦ ʢʨʠʩʪʘʣʣʘ ʚʥʫʪʨʠ ʨʝʟʦʥʘʪʦʨʘ. ɼʣʷ ʧʦʣʫʯʝʥʠʷ ʥʘʠʙʦʣʴʰʝʡ ʧʠʢʦʚʦʡ 

ʤʦʱʥʦʩʪʠ ʠʟʣʫʯʝʥʠʷ ʦʩʥʦʚʥʦʡ ʧʦʣʦʩʳ CO-ʣʘʟʝʨʘ ʩ ʚʳʭʦʜʥʳʤ ʟʝʨʢʘʣʦʤ ʧʣʘʩʪʠʥʦʡ ʠʟ Ge 

ʦʧʪʠʤʘʣʴʥʘʷ ʰʠʨʠʥʘ ʱʝʣʝʚʦʡ ʜʠʘʬʨʘʛʤʳ ʩʦʩʪʘʚʣʷʣʘ 2.5 ʤʤ, ʧʨʠ ʵʪʦʤ ʧʠʢʦʚʘʷ ʤʦʱʥʦʩʪʴ PCO 

ʜʦʩʪʠʛʘʣʘ 1.5 ʢɺʪ, ʘ ʩʨʝʜʥʷʷ ʤʦʱʥʦʩʪʴ <PCO> = 116 ʤɺʪ (ʩʤ. ʨʠʩ. 2). ʉʨʝʜʥʷʷ ʤʦʱʥʦʩʪʴ 

ʠʟʣʫʯʝʥʠʷ ɻʉʏ ʚ ʵʪʦʤ ʩʣʫʯʘʝ ʜʦʩʪʠʛʘʣʘ <Pɻʉʏ> = 1.56 ʤɺʪ. ɼʘʣʴʥʝʡʰʠʝ ʵʢʩʧʝʨʠʤʝʥʪʳ 

ʧʨʦʚʦʜʠʣʠʩʴ ʧʨʠ ʵʪʦʤ ʨʘʟʤʝʨʝ ʱʝʣʝʚʦʡ ʜʠʘʬʨʘʛʤʳ. 

ɺ ʩʣʝʜʫʶʱʝʡ ʩʝʨʠʠ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʪʝʤʧʝʨʘʪʫʨʘ ʢʨʠʩʪʘʣʣʘ ʠʟʤʝʥʷʣʘʩʴ ʩ ʧʦʤʦʱʴʶ 

ʪʝʨʤʦʩʪʘʪʘ ʥʘ ʵʣʝʤʝʥʪʘʭ ʇʝʣʴʪʴʝ ʦʪ ʢʦʤʥʘʪʥʦʡ (~26ÁC) ʜʦ 147ÁC. ʊʝʤʧʝʨʘʪʫʨʘ ʠʟʤʝʨʷʣʘʩʴ 

ʪʝʨʤʦʧʘʨʦʡ. ʅʘ ʨʠʩ. 3 ʧʦʢʘʟʘʥʳ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʣʘʟʝʨʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʜʣʷ ʨʘʟʥʳʭ ʚʳʭʦʜʥʳʭ 

ʟʝʨʢʘʣ ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʥʝʣʠʥʝʡʥʦʛʦ ʢʨʠʩʪʘʣʣʘ ZnGeP2. ʀʟ ʨʠʩ. 3 ʚʠʜʥʦ, ʯʪʦ 
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ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʙʦʣʝʝ ʦʧʪʠʯʝʩʢʠ ʧʣʦʪʥʳʭ ʚʳʭʦʜʥʳʭ ʟʝʨʢʘʣ ʧʨʠʚʦʜʠʣʦ ʢ ʫʤʝʥʴʰʝʥʠʶ ʩʨʝʜʥʝʡ 

ʤʦʱʥʦʩʪʠ CO-ʣʘʟʝʨʘ, ʦʜʥʘʢʦ ʩʨʝʜʥʷʷ ʤʦʱʥʦʩʪʴ ɻʉʏ ʨʦʩʣʘ ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʦ ʤʦʱʥʦʩʪʠ CO-

ʣʘʟʝʨʘ ʚ ʨʝʟʦʥʘʪʦʨʝ ʙʣʘʛʦʜʘʨʷ ʟʘʧʠʨʘʥʠʶ ʙʦʣʴʰʝʡ ʜʦʣʠ ʠʟʣʫʯʝʥʠʷ CO-ʣʘʟʝʨʘ ʚ ʨʝʟʦʥʘʪʦʨʝ. 

ʅʘʛʨʝʚ ʢʨʠʩʪʘʣʣʘ ʧʨʠʚʦʜʠʣ ʢ ʫʤʝʥʴʰʝʥʠʶ ʢʘʢ ʩʨʝʜʥʝʡ ʤʦʱʥʦʩʪʠ ʠʟʣʫʯʝʥʠʷ CO-ʣʘʟʝʨʘ, 

ʪʘʢ ʠ ʤʦʱʥʦʩʪʠ ʠʟʣʫʯʝʥʠʷ ɻʉʏ ʜʣʷ ʚʩʝʭ ʚʘʨʠʘʥʪʦʚ ʚʳʭʦʜʥʳʭ ʟʝʨʢʘʣ. ɼʦʣʷ ʠʟʣʫʯʝʥʠʷ 

ʩʫʤʤʘʨʥʳʭ ʯʘʩʪʦʪ ʧʦ ʦʪʥʦʰʝʥʠʶ ʢ ʠʟʣʫʯʝʥʠʶ CO-ʣʘʟʝʨʘ ʧʨʠ ʵʪʦʤ ʪʘʢʞʝ ʫʤʝʥʴʰʘʣʘʩʴ. ɼʣʷ 

ʥʘʠʤʝʥʝʝ ʦʧʪʠʯʝʩʢʠ ʧʣʦʪʥʦʛʦ ʚʳʭʦʜʥʦʛʦ ʟʝʨʢʘʣʘ (ʢʨʠʩʪʘʣʣʘ ZnGeP2) ʤʘʢʩʠʤʘʣʴʥʘʷ ʩʨʝʜʥʷʷ 

ʤʦʱʥʦʩʪʴ CO-ʣʘʟʝʨʘ ʩʦʩʪʘʚʠʣʘ 194 ʤɺʪ, ʪʦʛʜʘ ʢʘʢ ʜʣʷ ʙʦʣʝʝ ʧʣʦʪʥʳʭ ʟʝʨʢʘʣ ï 137 ʤɺʪ ʜʣʷ Ge 

ʠ 44 ʤɺʪ ʜʣʷ ʟʝʨʢʘʣʘ ʀʃɻʅ-706. ɺ ʩʣʫʯʘʝ ʢʨʠʩʪʘʣʣʘ ZnGeP2 ʩʨʝʜʥʷʷ ʤʦʱʥʦʩʪʴ ɻʉʏ ʩʦʩʪʘʚʣʷʣʘ 

0.84 ʤɺʪ, ʘ ʜʣʷ ʧʣʘʩʪʠʥʢʠ ʠʟ Ge ʠ ʟʝʨʢʘʣʘ ʦʪ ʀʃɻʅ-706 ʦʥʘ ʜʦʩʪʠʛʘʣʘ 1.57 ʠ 6.98 ʤɺʪ, 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʆʪʥʦʰʝʥʠʝ ʩʨʝʜʥʝʡ ʤʦʱʥʦʩʪʠ ɻʉʏ ʢ ʩʨʝʜʥʝʡ ʤʦʱʥʦʩʪʠ ʦʩʥʦʚʥʦʡ ʯʘʩʪʦʪʳ 

ʩʦʩʪʘʚʠʣʦ ~0.4% ʜʣʷ ZnGeP2, ~1.4% ʜʣʷ ʧʣʘʩʪʠʥʢʠ ʠʟ Ge ʠ ~15.8% ʜʣʷ ʟʝʨʢʘʣʘ ʀʃɻʅ-706. 

ʅʘ ʨʠʩ. 4 ʧʦʢʘʟʘʥʦ, ʢʘʢ ʠʟʤʝʥʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ ʢʨʠʩʪʘʣʣʘ ʚʣʠʷʣʦ ʥʘ ʩʧʝʢʪʨ ʩʫʤʤʘʨʥʳʭ 

ʯʘʩʪʦʪ: ʥʘʛʨʝʚ ʢʨʠʩʪʘʣʣʘ ʧʨʠʚʦʜʠʣ ʢ ʩʤʝʱʝʥʠʶ ʩʧʝʢʪʨʘ ʧʨʝʦʙʨʘʟʦʚʘʥʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʚ 

ʢʦʨʦʪʢʦʚʦʣʥʦʚʫʶ ʦʙʣʘʩʪʴ. ʇʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʰʠʨʠʥʘ ʩʧʝʢʪʨʘ ɻʉʏ ʩʦʩʪʘʚʠʣʘ 0.23 

ʤʢʤ, ʘ ʯʠʩʣʦ ʣʠʥʠʡ ʜʦʩʪʠʛʘʣʦ 88. ʇʨʠ ʫʚʝʣʠʯʝʥʠʠ ʪʝʤʧʝʨʘʪʫʨʳ ʜʦ 115ÁC ʰʠʨʠʥʘ ʩʧʝʢʪʨʘ 

ʩʫʟʠʣʘʩʴ ʜʦ 0.12 ʤʢʤ, ʘ ʯʠʩʣʦ ʣʠʥʠʡ ɻʉʏ ʩʦʢʨʘʪʠʣʦʩʴ ʜʦ 55. 

  

ʈʠʩ.3. ɿʘʚʠʩʠʤʦʩʪʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢ 

ʠʟʣʫʯʝʥʠʷ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ʢʨʠʩʪʘʣʣʘ ʧʨʠ 

ʨʘʟʣʠʯʥʳʭ ʚʘʨʠʘʥʪʘʭ ʚʳʭʦʜʥʳʭ ʟʝʨʢʘʣ 

ʈʠʩ.4. ʉʧʝʢʪʨʳ ɻʉʏ ʠʟʣʫʯʝʥʠʷ ʩ 

ʚʳʭʦʜʥʳʤ ʟʝʨʢʘʣʦʤ ï ʧʣʘʩʪʠʥʦʡ ʠʟ Ge 

ʧʨʠ ʨʘʟʥʳʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʢʨʠʩʪʘʣʣʘ 
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ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʤʘʢʩʠʤʘʣʴʥʘʷ ʩʨʝʜʥʷʷ ʤʦʱʥʦʩʪʴ ɻʉʏ ʧʨʠ ʚʥʫʪʨʠʨʝʟʦʥʘʪʦʨʥʦʤ 

ʧʨʝʦʙʨʘʟʦʚʘʥʠʠ ʙʳʣʘ ʧʦʣʫʯʝʥʘ ʜʣʷ ʚʘʨʠʘʥʪʘ ʩ ʚʳʭʦʜʥʳʤ ʟʝʨʢʘʣʦʤ ʀʃɻʅ-706 ʠ ʢʨʠʩʪʘʣʣʦʤ 

ZnGeP2 ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʠ ʜʦʩʪʠʛʘʣʘ ~7.0 ʤɺʪ. ʆʪʥʦʰʝʥʠʝ ʤʦʱʥʦʩʪʝʡ ʠʟʣʫʯʝʥʠʷ 

ʩʫʤʤʘʨʥʳʭ ʯʘʩʪʦʪ ʠ CO-ʣʘʟʝʨʘ, ʚʳʭʦʜʷʱʠʭ ʠʟ ʨʝʟʦʥʘʪʦʨʘ, ʩʦʩʪʘʚʠʣʦ ~16%. ʆʥʦ ʦʢʘʟʘʣʦʩʴ 

ʚʳʰʝ, ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʨʝʟʫʣʴʪʘʪʘʤʠ, ʧʦʣʫʯʝʥʥʳʤʠ ʩ ʢʨʠʩʪʘʣʣʦʤ BaGa2GeSe6 (11.5%) ʥʘ ʪʦʡ ʞʝ 

ʣʘʟʝʨʥʦʡ ʫʩʪʘʥʦʚʢʝ [5]. 

ʈʘʙʦʪʘ ʧʨʦʚʝʜʝʥʘ ʧʨʠ ʧʦʜʜʝʨʞʢʝ ʈʅʌ (ʛʨʘʥʪ ˉ 16-19-10619). 
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ʅʘ ʩʦʚʨʝʤʝʥʥʳʭ ʪʝʨʤʦʷʜʝʨʥʳʭ ʫʩʪʘʥʦʚʢʘʭ ʚ ʦʩʥʦʚʥʦʤ ʧʨʦʚʦʜʷʪʩʷ ʵʢʩʧʝʨʠʤʝʥʪʳ ʩ 

ʜʝʡʪʝʨʠʝʚʦʡ ʧʣʘʟʤʦʡ. ʀʩʩʣʝʜʦʚʘʥʠʷ ʜʝʡʪʝʨʠʡ-ʪʨʠʪʠʝʚʦʡ ʧʣʘʟʤʳ ʚ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʧʨʦʚʦʜʷʪʩʷ 

ʥʘ ʪʦʢʘʤʘʢʝ JET ʠ ʙʫʜʫʪ ʧʨʦʜʦʣʞʝʥʳ ʥʘ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʤ ʪʦʢʘʤʘʢʝ-ʨʝʘʢʪʦʨʝ ITER. ʊʘʢʘʷ 

ʧʣʘʟʤʘ ʷʚʣʷʝʪʩʷ ʠʩʪʦʯʥʠʢʦʤ ʠʥʪʝʥʩʠʚʥʦʛʦ ʠʦʥʠʟʠʨʫʶʱʝʛʦ ʠʟʣʫʯʝʥʠʷ (ʪʝʨʤʦʷʜʝʨʥʳʝ ʥʝʡʪʨʦʥʳ 

ʠ ʩʦʧʫʪʩʪʚʫʶʱʠʝ ʛʘʤʤʘ-ʢʚʘʥʪʳ), ʩʚʦʡʩʪʚʘ ʢʦʪʦʨʦʛʦ ʚʘʞʥʦ ʟʥʘʪʴ ʜʣʷ ʢʦʥʪʨʦʣʷ ʧʨʦʪʝʢʘʥʠʷ 

ʪʝʨʤʦʷʜʝʨʥʦʡ ʨʝʘʢʮʠʠ ʚ ʨʝʞʠʤʝ ʨʝʘʣʴʥʦʛʦ ʚʨʝʤʝʥʠ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʥʝʦʙʭʦʜʠʤʦ ʫʤʝʪʴ 

ʦʧʨʝʜʝʣʷʪʴ ʦʩʥʦʚʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʠʟʣʫʯʝʥʠʷ, ʪʘʢʠʝ ʢʘʢ ʧʦʪʦʢ ʯʘʩʪʠʮ ʠ ʠʭ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʧʦ 

ʵʥʝʨʛʠʷʤ, ʯʪʦ ʨʝʘʣʠʟʫʝʪʩʷ ʩ ʧʦʤʦʱʴʶ ʨʘʟʣʠʯʥʦʛʦ ʨʦʜʘ ʜʠʘʛʥʦʩʪʠʢʠ. 

ɺ ʥʘʰʝʡ ʨʘʙʦʪʝ ʚ ʢʘʯʝʩʪʚʝ ʜʝʪʝʢʪʦʨʘ ʠʦʥʠʟʠʨʫʶʱʝʛʦ ʠʟʣʫʯʝʥʠʷ ʠʩʧʦʣʴʟʦʚʘʥ 

ʦʨʛʘʥʠʯʝʩʢʠʡ ʩʮʠʥʪʠʣʣʷʪʦʨ ï ʢʨʠʩʪʘʣʣ ʧʘʨʘʪʝʨʬʝʥʠʣʘ (C18H14) ʨʘʟʤʝʨʦʤ 40ʤʤ x 40ʤʤ. ɼʣʷ 

ʨʘʙʦʪʳ ʚ ʩʧʝʢʪʨʦʤʝʪʨʠʯʝʩʢʦʤ ʨʝʞʠʤʝ ʝʛʦ ʥʝʦʙʭʦʜʠʤʦ ʦʪʢʘʣʠʙʨʦʚʘʪʴ. ɼʣʷ ʵʪʦʡ ʟʘʜʘʯʠ 

ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʩʣʝʜʫʶʱʠʝ ʠʩʪʦʯʥʠʢʠ ʠʦʥʠʟʠʨʫʶʱʝʛʦ ʠʟʣʫʯʝʥʠʷ: ʥʝʡʪʨʦʥʥʳʡ ʛʝʥʝʨʘʪʦʨ ʀʅɻ-

07ɼ (DD-ʥʝʡʪʨʦʥʳ) ʩ En ~ 2,5 ʄʵɺ; ʥʝʡʪʨʦʥʥʳʡ ʛʝʥʝʨʘʪʦʨ ʀʅɻ-07ʊ (DT-ʥʝʡʪʨʦʥʳ) ʩ En ~ 14 

ʄʵɺ; ʦʙʨʘʟʮʦʚʳʝ ʩʧʝʢʪʨʦʤʝʪʨʠʯʝʩʢʠʝ ʛʘʤʤʘ-ʠʩʪʦʯʥʠʢʠ ï Cs137, Co60, Na22, AmBe. ʏʪʦʙʳ 

ʧʦʣʫʯʠʪʴ ʙʦʣʝʝ ʪʦʯʥʫʶ ʢʘʣʠʙʨʦʚʦʯʥʫʶ ʟʘʚʠʩʠʤʦʩʪʴ ʚ ʦʙʣʘʩʪʠ ʵʥʝʨʛʠʡ ʥʝʡʪʨʦʥʦʚ 2,5-3 ʄʵɺ 

ʙʳʣʦ ʠʩʧʦʣʴʟʦʚʘʥʦ ʩʚʦʡʩʪʚʦ ʘʥʠʟʦʪʨʦʧʠʠ ʚʳʭʦʜʘ DD-ʥʝʡʪʨʦʥʦʚ, ʦʧʠʩʘʥʠʝ ʢʦʪʦʨʦʡ 

ʧʨʦʠʟʚʦʜʠʪʩʷ ʥʘ ʦʩʥʦʚʝ ʪʝʦʨʝʪʠʯʝʩʢʠʭ ʨʘʩʯʝʪʦʚ. ʉʝʨʠʷ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʧʨʦʚʝʜʝʥʘ ʥʘ çʉʪʝʥʜʝ 

ʥʝʡʪʨʦʥʥʦʡ ʜʠʘʛʥʦʩʪʠʢʠ ʧʣʘʟʤʳè ʚ ɸʆ çɻʅʎ ʈʌ ʊʈʀʅʀʊʀè. ʈʝʛʠʩʪʨʘʮʠʷ ʥʝʡʪʨʦʥʦʚ 

ʧʨʦʠʟʚʦʜʠʣʘʩʴ ʧʦ ʧʨʦʪʦʥʘʤ ʦʪʜʘʯʠ (ʫʧʨʫʛʦʝ ʨʘʩʩʝʷʥʠʝ ʥʘ ʚʦʜʦʨʦʜʝ). ʈʝʛʠʩʪʨʘʮʠʷ ʛʘʤʤʘ-

ʢʚʘʥʪʦʚ - ʧʦ ʨʘʩʩʝʷʥʥʳʤ ʢʦʤʧʪʦʥʦʚʩʢʠʤ ʵʣʝʢʪʨʦʥʘʤ (ʵʬʬʝʢʪ ʂʦʤʧʪʦʥʘ). ʉʠʛʥʘʣʳ 

ʨʝʛʠʩʪʨʠʨʦʚʘʣʠʩʴ ʙʳʩʪʨʳʤ ɸʎʇ Spectrum 500MHz ʩ ʧʦʤʦʱʴʶ ʩʧʝʮʠʘʣʴʥʦʛʦ ʇʆ, 

mailto:Chernev.i@triniti.ru
mailto:obud@triniti.ru
mailto:adzhurik@triniti.ru
mailto:kasch@triniti.ru
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ʧʦʟʚʦʣʷʶʱʝʛʦ ʧʨʦʚʝʩʪʠ ʨʘʟʜʝʣʝʥʠʝ ʩʠʛʥʘʣʦʚ ʧʦ ʬʦʨʤʝ ʠʤʧʫʣʴʩʘ PSD (Pulse Shape 

Discrimination). 

ɺ ʭʦʜʝ ʨʘʙʦʪʳ ʙʳʣʠ ʦʪʨʘʙʦʪʘʥʳ ʤʝʪʦʜʠʢʠ ʦʙʨʘʙʦʪʢʠ ʠʟʤʝʨʝʥʥʳʭ ʩʧʝʢʪʨʦʚ ʠ ʢʘʣʠʙʨʦʚʢʠ 

ʵʥʝʨʛʝʪʠʯʝʩʢʦʡ ʰʢʘʣʳ ʩʧʝʢʪʨʦʤʝʪʨʘ. ʇʨʦʚʝʜʝʥʘ ʢʘʣʠʙʨʦʚʢʘ ʜʝʪʝʢʪʦʨʘ ʩ ʦʨʛʘʥʠʯʝʩʢʠʤ 

ʩʮʠʥʪʠʣʣʷʪʦʨʦʤ ʠʟ ʧʘʨʘʪʝʨʬʝʥʠʣʘ. ʇʦʣʫʯʝʥʥʳʝ ʢʘʣʠʙʨʦʚʦʯʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʧʦʟʚʦʣʷʶʪ 

ʧʨʦʚʦʜʠʪʴ ʠʟʤʝʨʝʥʠʝ ʩʧʝʢʪʨʦʚ ʠʦʥʠʟʠʨʫʶʱʝʛʦ ʠʟʣʫʯʝʥʠʷ ʚ ʰʠʨʦʢʦʤ ʜʠʘʧʘʟʦʥʝ ʵʥʝʨʛʠʡ: 2,45ï

14,7 ʄʵɺ ʜʣʷ ʥʝʡʪʨʦʥʦʚ ʠ 0,34ï4,2 ʄʵɺ ʜʣʷ ʛʘʤʤʘ-ʢʚʘʥʪʦʚ. 
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ɸʅɸʃʀɿ ʇʆɻʈɽʐʅʆʉʊʀ CXRS-ʀɿʄɽʈɽʅʀʁ ɺ ʇʃɸɿʄɽ  

ʊ-10 ʄɽʊʆɼʆʄ ʄʆʅʊɽ-ʂɸʈʃʆ 

 

 

ɺ.ɸ. ʂʨʫʧʠʥ1, ʀ.ʉ. ʂʫʜʘʰʝʚ1,2, ʄ.ʈ. ʅʫʨʛʘʣʠʝʚ1, ʀ.ɸ. ɿʝʤʮʦʚ1,3, ɸ.ʈ. ʅʝʤʝʮ1, ʉ.ʅ. ʊʫʛʘʨʠʥʦʚ1, 

ʅ.ʅ. ʅʘʫʤʝʥʢʦ4 

 

 
1. ʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʮʝʥʪʨ çʂʫʨʯʘʪʦʚʩʢʠʡ ʠʥʩʪʠʪʫʪè 
2. ʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʷʜʝʨʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ çʄʀʌʀè 
3. ʄʦʩʢʦʚʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʪʝʭʥʠʯʝʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ ʠʤ. ʅ. ʕ. ɹʘʫʤʘʥʘ 
4. ʀʥʩʪʠʪʫʪ ʬʠʟʠʢʠ ʠʤ. ɹ. ʀ. ʉʪʝʧʘʥʦʚʘ ʥʘʮʠʦʥʘʣʴʥʦʡ ʘʢʘʜʝʤʠʠ ʥʘʫʢ ɹʝʣʘʨʫʩʠ 

 

 

ɸʢʪʠʚʥʘʷ ʧʝʨʝʟʘʨʷʜʦʯʥʘʷ ʩʧʝʢʪʨʦʩʢʦʧʠʷ (CXRS) ʷʚʣʷʝʪʩʷ ʦʜʥʦʡ ʠʟ ʚʘʞʥʝʡʰʠʭ 

ʜʠʘʛʥʦʩʪʠʢ ʚ ʩʦʚʨʝʤʝʥʥʳʭ ʪʝʨʤʦʷʜʝʨʥʳʭ ʫʩʪʘʥʦʚʢʘʭ. ʆʥʘ ʧʦʟʚʦʣʷʝʪ ʦʧʨʝʜʝʣʷʪʴ ʪʘʢʠʝ ʚʘʞʥʳʝ 

ʧʘʨʘʤʝʪʨʳ, ʢʘʢ ʠʦʥʥʘʷ ʪʝʤʧʝʨʘʪʫʨʘ , ʢʦʥʮʝʥʪʨʘʮʠʷ ʠʦʥʦʚ , ʩʢʦʨʦʩʪʴ ʧʦʣʦʠʜʘʣʴʥʦʛʦ, , 

ʪʦʨʦʠʜʘʣʴʥʦʛʦ, , ʚʨʘʱʝʥʠʡ ʧʣʘʟʤʳ. ɿʥʘʥʠʝ ʜʘʥʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʪʨʝʙʫʝʪʩʷ ʚʦ ʤʥʦʛʠʭ 

ʬʠʟʠʯʝʩʢʠʭ ʠʩʩʣʝʜʦʚʘʥʠʷʭ ʧʣʘʟʤʳ ʪʝʨʤʦʷʜʝʨʥʳʭ ʫʩʪʘʥʦʚʦʢ. 

ʅʘ ʪʦʢʘʤʘʢʝ ʊ-10 (ʙʦʣʴʰʦʡ ʨʘʜʠʫʩ R0 = 1,5 ʤ, ʤʘʣʳʡ ʨʘʜʠʫʩ a = 0,3 ʤ) CXRS-

ʜʠʘʛʥʦʩʪʠʢʘ ʨʝʘʣʠʟʦʚʘʥʘ ʥʘ ʜʠʘʛʥʦʩʪʠʯʝʩʢʦʤ ʠʥʞʝʢʪʦʨʝ ʥʝʡʪʨʘʣʴʥʳʭ ʘʪʦʤʦʚ ɼʀʅɸ-6 ʩ 

ʦʩʥʦʚʥʦʡ ʵʥʝʨʛʠʝʡ ʘʪʦʤʦʚ ʚʦʜʦʨʦʜʘ  = 30ʢʵɺ. ʈʘʩʧʨʝʜʝʣʝʥʠʝ ʢʦʥʮʝʥʪʨʘʮʠʡ ʘʪʦʤʦʚ ʧʦ 

ʵʥʝʨʛʠʷʤ ʚ ʧʫʯʢʝ  ɼʠʘʤʝʪʨ ʧʫʯʢʘ ~ 5 ʩʤ, ʪʦʢ ʘʪʦʤʦʚ 

ʧʫʯʢʘ ~ 70 ɸ/ʤ2
 [1]. ʉʭʝʤʘ CXRS-ʜʠʘʛʥʦʩʪʠʢʠ ʧʨʝʜʩʪʘʚʣʝʥʘ ʥʘ ʨʠʩ. 1. 

 

ʈʠʩ.1. ʉʭʝʤʘ CXRS-ʜʠʘʛʥʦʩʪʠʢʠ ʪʦʢʘʤʘʢʘ ʊ-10  

ɼʣʷ ʠʟʤʝʨʝʥʠʡ ʠʩʧʦʣʴʟʫʶʪʩʷ 2 ʩʠʩʪʝʤʳ ʩʙʦʨʘ ʩʚʝʪʘ (3,8Á ʠ 30Á ʢ ʵʢʚʘʪʦʨʠʘʣʴʥʦʡ 

ʧʣʦʩʢʦʩʪʠ). ʉʙʦʨ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʧʨʠ ʧʦʤʦʱʠ 9-ʢʘʥʘʣʴʥʦʛʦ ʦʧʪʦʚʦʣʦʢʦʥʥʦʛʦ ʢʦʣʣʝʢʪʦʨʘ. 

ʈʘʟʤʝʨ ʢʘʞʜʦʛʦ ʢʘʥʘʣʘ ʩʦʩʪʘʚʣʷʝʪ 2Ĭ2 ʤʤ, ʘ ʪʦʣʱʠʥʘ ʦʪʜʝʣʴʥʳʭ ʚʦʣʦʢʦʥ ï 100 ʤʢʤ. ʉʧʝʢʪʨʳ 

ʨʝʛʠʩʪʨʠʨʫʶʪʩʷ ʦʜʥʦʚʨʝʤʝʥʥʦ ʚ ʜʚʫʭ ʩʧʝʢʪʨʘʣʴʥʳʭ ʜʠʘʧʘʟʦʥʘʭ: ʚ ʨʘʡʦʥʝ 5290,7 ¡ (ʣʠʥʠʷ CVI 

n = 8-7) ʠ 6561 ¡ (ʣʠʥʠʷ DŬ n = 3-2).  
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ʉʧʝʢʪʨ ʚ ʦʙʣʘʩʪʠ ʣʠʥʠʠ ʫʛʣʝʨʦʜʘ CVI ʠʤʝʝʪ ʘʢʪʠʚʥʫʶ ʠ ʧʘʩʩʠʚʥʫʶ ʩʦʩʪʘʚʣʷʶʱʠʝ. ɺ 

ʩʦʩʪʘʚ ʧʘʩʩʠʚʥʦʛʦ ʩʧʝʢʪʨʘ ʚʭʦʜʠʪ ʥʝʧʨʝʨʳʚʥʦʝ ʪʦʨʤʦʟʥʦʝ ʠʟʣʫʯʝʥʠʝ, ʣʠʥʝʡʯʘʪʳʡ 

ʤʦʣʝʢʫʣʷʨʥʳʡ ʢʚʘʟʠʢʦʥʪʠʥʫʫʤ ʠ ʧʘʩʩʠʚʥʘʷ ʣʠʥʠʷ ʠʦʥʘ CVI, ʠʟʣʫʯʘʝʤʘʷ ʥʘ ʧʝʨʠʬʝʨʠʠ ʰʥʫʨʘ 

[2]. ɸʢʪʠʚʥʳʡ ʩʧʝʢʪʨ ʷʚʣʷʝʪʩʷ ʨʝʟʫʣʴʪʘʪʦʤ ʧʨʦʮʝʩʩʘ ʧʝʨʝʟʘʨʷʜʢʠ ʙʳʩʪʨʳʭ ʘʪʦʤʦʚ ʧʫʯʢʘ  

ʥʘ ʷʜʨʘʭ ʫʛʣʝʨʦʜʘ : 

.                                       (1) 

ʀʟʣʫʯʝʥʠʝ ʘʢʪʠʚʥʦʛʦ ʩʧʝʢʪʨʘ ʨʝʛʠʩʪʨʠʨʫʝʪʩʷ ʠʟ ʣʦʢʘʣʴʥʦʡ ʟʦʥʳ ʧʝʨʝʩʝʯʝʥʠʷ ʧʫʯʢʘ ʠ 

ʭʦʨʜʳ ʥʘʙʣʶʜʝʥʠʷ. ɸʢʪʠʚʥʳʡ ʩʧʝʢʪʨ ʚʳʜʝʣʷʝʪʩʷ ʥʘ ʬʦʥʝ ʩʫʤʤʘʨʥʦʛʦ ʘʢʪʠʚʥʦʛʦ + ʧʘʩʩʠʚʥʦʛʦ 

ʩʧʝʢʪʨʦʚ ʧʫʪʝʤ ʚʳʯʠʪʘʥʠʷ ʠʟ ʥʝʛʦ ʦʪʜʝʣʴʥʦ ʠʟʤʝʨʷʝʤʦʛʦ ʧʘʩʩʠʚʥʦʛʦ ʩʧʝʢʪʨʘ. ʇʨʠ ʵʪʦʤ 

ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʧʘʩʩʠʚʥʦʛʦ ʩʧʝʢʪʨʘ, ʤʦʞʝʪ ʟʥʘʯʠʪʝʣʴʥʦ ʧʨʝʚʳʰʘʪʴ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʘʢʪʠʚʥʦʛʦ. 

ɼʘʥʥʳʡ ʩʧʦʩʦʙ ʚʳʜʝʣʝʥʠʷ ʘʢʪʠʚʥʦʛʦ ʩʧʝʢʪʨʘ ʦʙʫʩʣʘʚʣʠʚʘʝʪ ʚʳʩʦʢʠʡ ʫʨʦʚʝʥʴ ʩʪʘʪʠʩʪʠʯʝʩʢʠʭ 

ʰʫʤʦʚ ʥʘ ʘʢʪʠʚʥʦʤ ʩʠʛʥʘʣʝ, ʢʦʪʦʨʳʝ ʚ ʩʚʦʶ ʦʯʝʨʝʜʴ ʩʦʟʜʘʶʪ ʦʩʥʦʚʥʦʡ ʠʩʪʦʯʥʠʢ ʧʦʛʨʝʰʥʦʩʪʠ 

ʠʟʤʝʨʝʥʠʡ.  

ɺʳʧʦʣʥʝʥ ʨʘʩʯʝʪ ʟʘʪʫʭʘʥʠʷ ʧʫʯʢʘ ʚ ʧʣʘʟʤʝ ʧʫʪʝʤ ʨʝʰʝʥʠʷ ʩʪʘʮʠʦʥʘʨʥʦʛʦ ʫʨʘʚʥʝʥʠʷ 

ʥʝʧʨʝʨʳʚʥʦʩʪʠ ʧʦʪʦʢʘ ʘʪʦʤʦʚ ʧʫʯʢʘ: 

                       (2) 

ʛʜʝ  ï ʢʦʥʮʝʥʪʨʘʮʠʷ ʠ ʩʢʦʨʦʩʪʴ ʘʪʦʤʦʚ ʧʫʯʢʘ, ,  ï ʩʢʦʨʦʩʪʥʳʝ ʢʦʵʬʬʠʮʠʝʥʪʳ 

ʠʦʥʠʟʘʮʠʠ ʠ ʧʝʨʝʟʘʨʷʜʢʠ. ɺ ʨʘʩʩʤʘʪʨʠʚʘʝʤʳʭ ʨʝʞʠʤʘʭ ʊ-10 ʦʩʥʦʚʥʘʷ ʧʨʠʤʝʩʴ ï ʫʛʣʝʨʦʜ. ɼʣʷ 

ʫʢʘʟʘʥʥʳʭ ʧʨʦʮʝʩʩʦʚ ʚʚʦʜʠʪʩʷ ʵʬʬʝʢʪʠʚʥʳʡ ʢʦʵʬʬʠʮʠʝʥʪ ʦʩʣʘʙʣʝʥʠʷ ʧʫʯʢʘ , ʧʦʣʫʯʝʥʥʳʡ 

ʠʟ ʙʘʟʳ ʜʘʥʥʳʭ ADAS [3].  

ɼʘʣʝʝ ʨʘʩʩʯʠʪʳʚʘʣʘʩʴ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʩʚʝʪʘ ʚ ʨʘʡʦʥʝ ʧʝʨʝʩʝʯʝʥʠʷ ʭʦʨʜʳ ʥʘʙʣʶʜʝʥʠʷ ʠ 

ʧʫʯʢʘ ʥʝʡʪʨʘʣʦʚ  ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʵʬʬʝʢʪʠʚʥʦʛʦ ʩʢʦʨʦʩʪʥʦʛʦ ʢʦʵʬʬʠʮʠʝʥʪʘ 

ʠʟʣʫʯʝʥʠʷ  [3]. ɿʘʪʝʤ ʧʨʦʚʦʜʠʣʦʩʴ ʠʥʪʝʛʨʠʨʦʚʘʥʠʝ ʧʦ ʫʯʘʩʪʢʫ ʧʝʨʝʩʝʯʝʥʠʷ, ʥʘʢʣʘʜʳʚʘʣʠʩʴ 

ʜʦʧʣʝʨʦʚʩʢʦʝ ʫʰʠʨʝʥʠʝ ʠ ʨʘʩʱʝʧʣʝʥʠʷ ɿʝʝʤʘʥʘ ʠ ʪʦʥʢʦʡ ʩʪʨʫʢʪʫʨʳ, ʧʨʦʚʦʜʠʣʘʩʴ ʩʚʝʨʪʢʘ ʩ 

ʘʧʧʘʨʘʪʥʦʡ ʬʫʥʢʮʠʝʡ. ʉ ʫʯʝʪʦʤ ʜʘʥʥʳʭ ʨʘʩʱʝʧʣʝʥʠʡ ʘʢʪʠʚʥʳʡ ʩʧʝʢʪʨ ʦʧʠʩʳʚʘʝʪʩʷ ʬʦʨʤʫʣʦʡ: 

 

ʛʜʝ ʩʫʤʤʠʨʦʚʘʥʠʝ ʧʦ n ʦʪʥʦʩʠʪʩʷ ʢ ʘʧʧʘʨʘʪʥʦʡ ʬʫʥʢʮʠʠ, ʧʦ k ï ʢ ʪʦʥʢʦʡ ʩʪʨʫʢʪʫʨʝ ʠ 

ʨʘʩʱʝʧʣʝʥʠʶ ɿʝʝʤʘʥʘ,  ï ʧʘʨʘʤʝʪʨʳ, ʦʪʚʝʯʘʶʱʠʝ ʟʘ ʚʳʩʦʪʫ ʠ ʧʦʣʦʞʝʥʠʝ ʩʧʝʢʪʨʘ ʥʘ 
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ʤʘʪʨʠʮʝ,  ï ʜʦʧʣʝʨʦʚʩʢʘʷ ʰʠʨʠʥʘ ʣʠʥʠʠ, ʩʚʷʟʘʥʥʘʷ ʩ ʠʦʥʥʦʡ ʪʝʤʧʝʨʘʪʫʨʦʡ ʚʳʨʘʞʝʥʠʝʤ: 

, ʛʜʝ  ï ʤʘʩʩʘ ʠʦʥʘ,  ï ʜʣʠʥʘ ʚʦʣʥʳ. 

ʈʘʩʯʝʪ ʘʢʪʠʚʥʦʛʦ ʩʧʝʢʪʨʘ ʧʦʟʚʦʣʠʣ ʧʨʦʚʝʩʪʠ ʦʮʝʥʢʫ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʠ CXRS-ʤʝʪʦʜʘ. 

ɼʣʷ ʵʪʦʛʦ ʢʨʘʪʥʦ ʠʟʤʝʥʷʣʠʩʴ ʚʝʣʠʯʠʥʳ ne, nC6+ ʠ TC6+ ʠ ʚʳʯʠʩʣʷʣʘʩʴ ʢʚʘʜʨʘʪʠʯʥʘʷ ʨʘʟʥʠʮʘ 

ʤʝʞʜʫ ʩʠʥʪʝʪʠʯʝʩʢʠʤ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤ ʩʠʛʥʘʣʦʤ ʩ ʤʘʪʨʠʮʳ. ʉʨʝʜʥʠʡ ʫʨʦʚʝʥʴ ʰʫʤʘ ʜʣʷ 

ʦʧʦʨʥʦʛʦ ʩʠʛʥʘʣʘ ʦʮʝʥʠʚʘʣʩʷ ʘʥʘʣʦʛʠʯʥʦ. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʫʨʦʚʝʥʴ ʦʰʠʙʢʠ ʚ ʤʠʥʠʤʫʤʝ 

ʩʦʧʦʩʪʘʚʠʤ ʩ ʫʨʦʚʥʝʤ ʰʫʤʘ ʥʘ ʤʘʪʨʠʮʝ. 

 

 

ʈʠʩ. 2. ʌʫʥʢʮʠʠ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʧʣʦʪʥʦʩʪʠ ʠ ʛʨʘʜʠʝʥʪʘ ʧʣʦʪʥʦʩʪʠ ʷʜʝʨ ʫʛʣʝʨʦʜʘ 

 

 

ʈʠʩ. 3. ʌʫʥʢʮʠʠ ʨʘʩʧʨʝʜʝʣʝʥʠʷ TC6+ ʠ ʛʨʘʜʠʝʥʪʘ ʪʝʤʧʝʨʘʪʫʨʳ ʠʦʥʦʚ 

ɼʣʷ ʛʝʥʝʨʘʮʠʠ ʚʳʙʦʨʢʠ ʩʠʥʪʝʪʠʯʝʩʢʠʭ ʩʧʝʢʪʨʦʚ ʣʠʥʠʡ CVI ʠ HŬ ʧʫʯʢʘ ʤʝʪʦʜʦʤ ʄʦʥʪʝ-

ʂʘʨʣʦ ʠʩʧʦʣʴʟʦʚʘʣʦʩʴ ʩʪʘʥʜʘʨʪʥʦʝ ʦʪʢʣʦʥʝʥʠʝ, ʟʘʚʠʩʠʤʦʩʪʴ ʢʦʪʦʨʦʛʦ ʦʪ ʚʝʣʠʯʠʥʳ ʩʠʛʥʘʣʘ 

ʙʳʣʘ ʧʦʣʫʯʝʥʘ ʧʫʪʝʤ ʩʪʘʪʠʩʪʠʯʝʩʢʦʡ ʦʙʨʘʙʦʪʢʠ. ɼʣʷ ʵʪʦʛʦ ʜʣʷ ʢʘʞʜʦʛʦ ʨʘʟʨʷʜʘ ʘʥʘʣʠʟʠʨʦʚʘʣʩʷ 

ʥʘʙʦʨ ʩʧʝʢʪʨʦʚ ʩ ʤʘʪʨʠʮʳ. ɼʘʥʥʳʝ ʩʧʝʢʪʨʳ ʩʛʣʘʞʠʚʘʣʠʩʴ, ʠ ʦʮʝʥʠʚʘʣʩʷ ʫʨʦʚʝʥʴ ʰʫʤʘ ʢʘʢ 

ʨʘʟʥʦʩʪʴ ʤʝʞʜʫ ʩʛʣʘʞʝʥʥʳʤ ʠ ʠʩʭʦʜʥʳʤ ʩʠʛʥʘʣʦʤ. ɿʘʪʝʤ ʥʘʭʦʜʠʣʘʩʴ ʟʘʚʠʩʠʤʦʩʪʴ 

ʩʪʘʥʜʘʨʪʥʦʛʦ ʢʚʘʜʨʘʪʠʯʥʦʛʦ ʦʪʢʣʦʥʝʥʠʷ ʦʪ ʫʨʦʚʥʷ ʩʠʛʥʘʣʘ. ɼʘʣʝʝ ʩ ʫʯʝʪʦʤ ʧʦʣʫʯʝʥʥʦʡ 

ʟʘʚʠʩʠʤʦʩʪʠ ʩʪʘʥʜʘʨʪʥʦʛʦ ʦʪʢʣʦʥʝʥʠʷ ʥʘʢʣʘʜʳʚʘʣʩʷ ʰʫʤ ʥʘ ʩʛʣʘʞʝʥʥʳʝ ʧʦʣʥʳʡ ʠ ʧʘʩʩʠʚʥʳʡ 

ʩʧʝʢʪʨʳ. ɸʢʪʠʚʥʳʡ ʩʧʝʢʪʨ ʧʦʣʫʯʘʣʩʷ ʨʘʟʥʦʩʪʥʳʤ ʤʝʪʦʜʦʤ. 
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ɼʣʷ ʢʘʞʜʦʛʦ ʠʟ ʩʠʥʪʝʪʠʯʝʩʢʠʭ ʩʠʛʥʘʣʦʚ ʦʧʨʝʜʝʣʷʣʠʩʴ . 

ʂʦʥʮʝʥʪʨʘʮʠʷ  ʦʧʨʝʜʝʣʷʣʘʩʴ ʧʦ ʬʦʨʤʫʣʝ: 

(3) 

ʛʜʝ  ï ʩʢʦʨʦʩʪʥʦʡ ʢʦʵʬʬʠʮʠʝʥʪ ʜʣʷ ʣʠʥʠʠ HŬ ʧʫʯʢʘ [3]. ɿʘʪʝʤ ʦʧʨʝʜʝʣʷʣʦʩʴ ʠʭ ʩʨʝʜʥʝʝ 

ʟʥʘʯʝʥʠʝ ʠ ʦʰʠʙʢʘ ʤʝʪʦʜʘ ʜʘʥʥʳʭ ʠʟʤʝʨʝʥʠʡ. ʅʘ ʨʠʩ. 2 ʠ 3 ʧʨʝʜʩʪʘʚʣʝʥʳ ʛʠʩʪʦʛʨʘʤʤʳ ʠ 

ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʧʦʣʫʯʝʥʥʳʭ ʚʝʣʠʯʠʥ ʜʣʷ ʦʜʥʦʛʦ ʠʟ ʢʘʥʘʣʦʚ. 

ɺ ʨʝʟʫʣʴʪʘʪʝ ʨʘʙʦʪʳ ʙʳʣʘ ʦʪʨʘʙʦʪʘʥʘ ʤʝʪʦʜʠʢʘ ʦʧʨʝʜʝʣʝʥʠʷ ʦʰʠʙʢʠ CXRS-ʠʟʤʝʨʝʥʠʡ 

ʤʝʪʦʜʦʤ ʄʦʥʪʝ-ʂʘʨʣʦ. ʊʘʢʞʝ ʙʳʣʦ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʚʳʟʚʘʥʥʘʷ ʩʪʘʪʠʩʪʠʯʝʩʢʠʤʠ ʰʫʤʘʤʠ 

ʦʰʠʙʢʘ ʤʝʪʦʜʘ ʦʧʨʝʜʝʣʝʥʠʷ  ʩʦʩʪʘʚʣʷʝʪ ʜʦ 6%,  ï ʜʦ 2% ,  ï ʜʦ 30%, ï ʜʦ 

20%.  

ʃʠʪʝʨʘʪʫʨʘ: 

1. ʂʨʫʧʠʥ ɺ.ɸ., ʊʫʛʘʨʠʥʦʚ ʉ.ʅ., ɹʘʨʩʫʢʦʚ ɸ.ɻ. ɸʢʪʠʚʥʘʷ ʩʧʝʢʪʨʦʩʢʦʧʠʯʝʩʢʘʷ ʜʠʘʛʥʦʩʪʠʢʘ 

ʠʦʥʥʦʡ ʪʝʤʧʝʨʘʪʫʨʳ ʧʣʘʟʤʳ ʥʘ ʪʦʢʘʤʘʢʝ ʊ-10. // ʌʠʟʠʢʘ ʧʣʘʟʤʳ, 2013, ʪ.39, ˉ8 ʩ.712-724. 

2. ʂʨʫʧʠʥ ɺ.ɸ. ʉʧʝʢʪʨʦʩʢʦʧʠʯʝʩʢʠʝ ʤʝʪʦʜʳ ʠʟʤʝʨʝʥʠʷ ʪʝʤʧʝʨʘʪʫʨʳ ʠʦʥʦʚ ʚ ʧʣʘʟʤʝ 

ʪʦʢʘʤʘʢʘ:  ʜʠʩ. ʢʘʥʜ. ʬʠʟ.-ʤʘʪ. ʥʘʫʢ: 01.04.08 / ʅʀʎ çʂʫʨʯʘʪʦʚʩʢʠʡ ʠʥʩʪʠʪʫʪè ï ʄ., 2020. ï 

ʩ.47-50.   

3. Summers H.P. The ADAS User Manual, version 2.6. 2004. URL: http://www.adas.ac.uk/. 
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ʇʈʀʄɽʅɽʅʀɽ ʅɽʁʈʆʅʅʓʍ ʉɽʊɽʁ ɼʃʗ ɺʆʉʉʊɸʅʆɺʃɽʅʀʗ ʇʆʃɽʁ 

ɺ ɿɸʄɸɻʅʀʏɽʅʅʆʁ ʇʃɸɿʄɽ ʇʆ ɼɸʅʅʓʄ ʇʈʆʊʆʅʅʆʁ 

ʈɸɼʀʆɻʈɸʌʀʀ 

 

 

ʅ.ɼ. ɹʫʭʘʨʩʢʠʡ1, ʖ.ɺ. ʂʦʯʝʪʢʦʚ1, ʌ.ɸ. ʂʦʨʥʝʝʚ1,2, ɺ.ɺ. ʉʪʝʧʘʥʠʱʝʚ1, ɼʞ.ɼʞ. ʉʘʥʪʦʩ3, ʄ. 

ʕʨʝʪ3,4, ʖ. ɸʙʵ5, ʂ.ʌ.ʌ. ʃʦ5 

 

 
1. ʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʷʜʝʨʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ çʄʀʌʀè, ʄʦʩʢʚʘ, ʈʦʩʩʠʷ 
2. ʌʠʟʠʯʝʩʢʠʡ ʠʥʩʪʠʪʫʪ ʠʤʝʥʠ ʇ.ʅ. ʃʝʙʝʜʝʚʘ ʈɸʅ, ʄʦʩʢʚʘ, ʈʦʩʩʠʷ 
3. ʋʥʠʚʝʨʩʠʪʝʪ ɹʦʨʜʦ, ʌʨʘʥʮʠʷ 
4. ɼʘʨʤʰʪʘʜʪʩʢʠʡ ʊʝʭʥʠʯʝʩʢʠʡ ʋʥʠʚʝʨʩʠʪʝʪ, ɻʝʨʤʘʥʠʷ 
5. ʋʥʠʚʝʨʩʠʪʝʪ ʆʩʘʢʠ, ʗʧʦʥʠʷ 

 

 

ʆʜʥʠʤ ʠʟ ʧʝʨʩʧʝʢʪʠʚʥʳʭ ʩʧʦʩʦʙʦʚ ʩʦʟʜʘʥʠʷ ʟʘʤʘʛʥʠʯʝʥʥʦʡ ʧʣʘʟʤʳ ʩ ʚʳʩʦʢʦʡ 

ʧʣʦʪʥʦʩʪʴʶ ʤʘʛʥʠʪʥʦʡ ʵʥʝʨʛʠʠ ʷʚʣʷʝʪʩʷ ʤʝʪʦʜ, ʦʩʥʦʚʘʥʥʳʡ ʥʘ ʚʦʟʜʝʡʩʪʚʠʠ ʤʦʱʥʦʛʦ ʢʦʨʦʪʢʦʛʦ 

ʣʘʟʝʨʥʦʛʦ ʠʤʧʫʣʴʩʘ ʥʘ ʤʠʥʠʘʪʶʨʥʫʶ ʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʫʶ ʤʠʰʝʥʴ, ʥʘʧʨʠʤʝʨ ʤʠʰʝʥʴ ʪʠʧʘ 

çʫʣʠʪʢʘè [1]. ʅʘʣʠʯʠʝ çʟʘʚʠʭʨʝʥʥʦʩʪʠè ʚ ʦʙʣʫʯʘʝʤʦʡ ʤʠʰʝʥʠ ʧʨʠʚʦʜʠʪ ʢ ʛʝʥʝʨʘʮʠʠ ʚ ʦʙʣʘʩʪʠ 

ʩ ʨʘʟʤʝʨʘʤʠ, ʧʨʠʙʣʠʟʠʪʝʣʴʥʦ ʩʦʧʦʩʪʘʚʠʤʳʤʠ ʩ ʨʘʟʤʝʨʘʤʠ ʤʠʰʝʥʠ, ʩʠʣʴʥʦʛʦ ʘʢʩʠʘʣʴʥʦʛʦ 

ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ, ʚʝʣʠʯʠʥʘ ʢʦʪʦʨʦʛʦ ʤʦʞʝʪ ʜʦʩʪʠʛʘʪʴ ʩʦʪʝʥ ʊʝʩʣʘ. ʂʚʘʟʠʩʪʘʮʠʦʥʘʨʥʳʝ 

ʤʘʛʥʠʪʥʳʝ ʧʦʣʷ ʪʘʢʦʡ ʚʝʣʠʯʠʥʳ ʠʤʝʶʪ ʤʥʦʞʝʩʪʚʦ ʧʨʠʣʦʞʝʥʠʡ, ʩʚʷʟʘʥʥʳʭ ʩ ʫʧʨʘʚʣʝʥʠʝʤ 

ʧʫʯʢʘʤʠ ʚʳʩʦʢʦʵʥʝʨʛʝʪʠʯʥʳʭ ʟʘʨʷʞʝʥʥʳʭ ʯʘʩʪʠʮ [2], ʩʦʟʜʘʥʠʝʤ ʟʘʤʘʛʥʠʯʝʥʥʦʡ ʧʣʘʟʤʳ ʜʣʷ 

ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʧʦ ʣʘʙʦʨʘʪʦʨʥʦʡ ʘʩʪʨʦʬʠʟʠʢʝ [3] ʠ ʨʝʰʝʥʠʝʤ ʜʨʫʛʠʭ ʟʘʜʘʯ ʚ ʦʙʣʘʩʪʠ ʬʠʟʠʢʠ 

ʚʳʩʦʢʠʭ ʧʣʦʪʥʦʩʪʝʡ ʵʥʝʨʛʠʠ.  

ɺ ʢʘʯʝʩʪʚʝ ʜʠʘʛʥʦʩʪʠʢʠ ʤʘʛʥʠʪʥʳʭ ʧʦʣʝʡ ʚ ʵʢʩʧʝʨʠʤʝʥʪʘʭ ʧʦ ʩʦʟʜʘʥʠʶ ʟʘʤʘʛʥʠʯʝʥʥʦʡ 

ʧʣʘʟʤʳ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʭ ʤʠʰʝʥʝʡ ʰʠʨʦʢʦʝ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʝ ʧʦʣʫʯʠʣʘ 

ʧʨʦʪʦʥʥʘʷ ʨʘʜʠʦʛʨʘʬʠʷ. ʉʦʜʝʨʞʘʱʠʡ ʧʨʦʪʦʥʳ ʨʘʟʣʠʯʥʳʭ ʵʥʝʨʛʠʡ (ʦʪ ʦʜʥʦʛʦ ʜʦ ʥʝʩʢʦʣʴʢʠʭ 

ʜʝʩʷʪʢʦʚ ʄʵɺ) ʜʠʘʛʥʦʩʪʠʯʝʩʢʠʡ ʧʫʯʦʢ ʯʘʩʪʠʮ, ʢʦʪʦʨʳʡ ʤʦʞʝʪ ʙʳʪʴ ʩʦʟʜʘʥ, ʥʘʧʨʠʤʝʨ, 

ʧʦʩʨʝʜʩʪʚʦʤ TNSA-ʤʝʭʘʥʠʟʤʘ [4], ʥʘʧʨʘʚʣʷʝʪʩʷ ʚ ʦʙʣʘʩʪʴ ʠʩʩʣʝʜʫʝʤʦʡ ʤʠʰʝʥʠ (ʈʠʩ. 1, ʩʣʝʚʘ). 

ʇʦʜ ʜʝʡʩʪʚʠʝʤ ʩʠʣʳ ʃʦʨʝʥʮʘ ʧʨʦʪʦʥʳ ʦʪʢʣʦʥʷʶʪʩʷ ʦʪ ʧʝʨʚʦʥʘʯʘʣʴʥʳʭ ʪʨʘʝʢʪʦʨʠʡ, ʚ 

ʨʝʟʫʣʴʪʘʪʝ ʯʝʛʦ ʚ ʜʠʘʛʥʦʩʪʠʯʝʩʢʦʤ ʧʫʯʢʝ ʬʦʨʤʠʨʫʝʪʩʷ ʦʧʨʝʜʝʣʝʥʥʘʷ ʩʪʨʫʢʪʫʨʘ. ʕʪʘ ʩʪʨʫʢʪʫʨʘ 

ʨʝʛʠʩʪʨʠʨʫʝʪʩʷ ʚ ʚʠʜʝ ʜʚʫʤʝʨʥʦʛʦ ʠʟʦʙʨʘʞʝʥʠʷ (ʈʠʩ. 1, ʩʧʨʘʚʘ) ʩ ʧʦʤʦʱʴʶ ʩʪʦʧʢʠ 

ʨʘʜʠʦʭʨʦʤʥʳʭ ʧʣʝʥʦʢ. 
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ʈʠʩ. 1. ʉʭʝʤʘ ʵʢʩʧʝʨʠʤʝʥʪʘ ʧʦ ʧʨʦʪʦʥʥʦʡ ʨʘʜʠʦʛʨʘʬʠʠ ʩʦʟʜʘʚʘʝʤʦʡ ʩ ʧʦʤʦʱʴʶ 

ʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʦʡ ʤʠʰʝʥʠ ʟʘʤʘʛʥʠʯʝʥʥʦʡ ʧʣʘʟʤʳ (ʩʣʝʚʘ) ʠ ʧʨʠʤʝʨ ʭʘʨʘʢʪʝʨʥʦʡ 

ʨʘʜʠʦʛʨʘʤʤʳ ʜʣʷ ʤʠʰʝʥʠ ʪʠʧʘ çʫʣʠʪʢʘè (ʩʧʨʘʚʘ). 

 

ɺʦʩʩʪʘʥʦʚʣʝʥʠʝ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʳʭ ʧʦʣʝʡ ʧʦ ʟʘʧʠʩʘʥʥʳʤ ʥʘ ʧʣʝʥʢʘʭ ʠʟʦʙʨʘʞʝʥʠʷʤ 

ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʪʨʝʭʤʝʨʥʫʶ ʦʙʨʘʪʥʫʶ ʟʘʜʘʯʫ, ʢʦʪʦʨʘʷ ʥʝ ʠʤʝʝʪ ʫʥʠʚʝʨʩʘʣʴʥʦʛʦ ʘʣʛʦʨʠʪʤʘ 

ʨʝʰʝʥʠʷ. ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʚʦʟʤʦʞʥʦʩʪʴ ʧʨʠʤʝʥʝʥʠʷ ʥʝʡʨʦʥʥʳʭ ʩʝʪʝʡ ʜʣʷ 

ʠʟʚʣʝʯʝʥʠʷ ʧʘʨʘʤʝʪʨʦʚ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʳʭ ʧʦʣʝʡ ʚ ʠʩʩʣʝʜʫʝʤʦʡ ʦʙʣʘʩʪʠ, ʚʧʝʨʚʳʝ 

ʧʨʝʜʣʦʞʝʥʥʘʷ ʚ ʧʫʙʣʠʢʘʮʠʠ [5]. ʀʩʧʦʣʴʟʫʷ ʨʘʟʣʠʯʥʳʝ ʤʦʜʝʣʴʥʳʝ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʤʘʛʥʠʪʥʳʭ ʠ 

ʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʦʣʝʡ, ʩ ʧʦʤʦʱʴʶ ʯʠʩʣʝʥʥʳʭ ʩʠʤʫʣʷʮʠʡ ʤʦʞʥʦ ʩʠʥʪʝʟʠʨʦʚʘʪʴ ʥʘʙʦʨ 

ʧʨʦʪʦʥʥʳʭ ʨʘʜʠʦʛʨʘʤʤ. ʇʨʠ ʵʪʦʤ ʧʘʨʘʤʝʪʨʳ ʧʦʣʝʡ ʜʣʷ ʢʘʞʜʦʡ ʠʟ ʨʘʜʠʦʛʨʘʤʤ ʵʪʦʛʦ ʥʘʙʦʨʘ 

ʙʫʜʫʪ ʠʟʚʝʩʪʥʳ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʠʩʧʦʣʴʟʦʚʘʪʴ ʝʛʦ ʜʣʷ ʦʙʫʯʝʥʠʷ ʥʝʡʨʦʥʥʦʡ ʩʝʪʠ. ʇʨʠ ʧʨʘʚʠʣʴʥʦʤ 

ʚʳʙʦʨʝ ʘʨʭʠʪʝʢʪʫʨʳ ʥʝʡʨʦʥʥʦʡ ʩʝʪʠ ʠ ʪʨʝʥʠʨʦʚʦʯʥʦʡ ʚʳʙʦʨʢʠ ʜʘʥʥʳʭ ʚ ʭʦʜʝ ʦʙʫʯʝʥʠʷ ʦʥʘ 

ʧʨʠʦʙʨʝʪʘʝʪ ʚʦʟʤʦʞʥʦʩʪʴ ʚʦʩʩʪʘʥʘʚʣʠʚʘʪʴ ʧʘʨʘʤʝʪʨʳ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʳʭ ʧʦʣʝʡ ʧʨʠ ʟʘʛʨʫʟʢʝ ʚ 

ʥʝʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʨʘʜʠʦʛʨʘʤʤ. 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʠʩʧʦʣʴʟʦʚʘʣʘʩʴ ʩʚʝʨʪʦʯʥʘʷ ʥʝʡʨʦʥʥʘʷ ʩʝʪʴ, ʩʦʩʪʦʷʱʘʷ ʠʟ ʪʨʝʭ 

ʢʦʥʚʦʣʶʮʠʦʥʥʳʭ ʩʣʦʝʚ ʠ ʦʜʥʦʛʦ ʧʦʣʥʦʩʚʷʟʥʦʛʦ ʩʣʦʷ ʩ 20 ʥʝʡʨʦʥʘʤʠ. ʉ ʧʦʤʦʱʴʶ ʵʪʦʡ 

ʥʝʡʨʦʥʥʦʡ ʩʝʪʠ ʙʳʣʘ ʚʳʧʦʣʥʝʥʘ ʦʙʨʘʙʦʪʢʘ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ, ʧʦʣʫʯʝʥʥʳʭ ʥʘ 

ʣʘʟʝʨʥʦʡ ʫʩʪʘʥʦʚʢʝ PHELIX ʚ GSI, ɼʘʨʤʰʪʘʜʪ. ɼʘʥʥʳʝ ʧʨʝʜʩʪʘʚʣʷʣʠ ʠʟ ʩʝʙʷ ʨʘʜʠʦʛʨʘʤʤʳ, 

ʩʦʜʝʨʞʘʱʠʝ ʠʥʬʦʨʤʘʮʠʶ ʦʙ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʳʭ ʧʦʣʷʭ, ʩʦʟʜʘʚʘʝʤʳʭ ʧʨʠ ʚʦʟʜʝʡʩʪʚʠʠ ʥʘ 

ʤʠʰʝʥʴ ʪʠʧʘ çʫʣʠʪʢʘè (ʈʠʩ. 1, ʩʣʝʚʘ) ʣʘʟʝʨʥʦʛʦ ʠʤʧʫʣʴʩʘ ʜʣʠʪʝʣʴʥʦʩʪʴʶ  ʧʩ ʩ ʵʥʝʨʛʠʝʡ 

ʦʢʦʣʦ 50 ɼʞ. ʅʘ ʈʠʩ. 2 ʧʨʠʚʝʜʝʥʦ ʩʨʘʚʥʝʥʠʝ ʤʘʛʥʠʪʥʳʭ ʧʦʣʝʡ ʚ ʮʝʥʪʨʝ ʤʠʰʝʥʠ, ʧʦʣʫʯʝʥʥʳʭ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʘʨʘʤʝʪʨʦʚ, ʠʟʚʣʝʯʝʥʥʳʭ ʥʝʡʨʦʩʝʪʴʶ, ʠ ʦʮʝʥʝʥʥʳʭ ʩ ʧʦʤʦʱʴʶ ʩʪʘʥʜʘʨʪʥʦʛʦ 

ʤʝʪʦʜʘ - ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʛʦ ʧʦʜʙʦʨʘ, ʦʩʥʦʚʘʥʥʦʛʦ ʥʘ ʧʦʠʩʢʝ ʧʦʣʝʡ, ʜʣʷ ʢʦʪʦʨʳʭ ʦʪʜʝʣʴʥʳʝ 

ʛʝʦʤʝʪʨʠʯʝʩʢʠʝ ʧʘʨʘʤʝʪʨʳ ʩʪʨʫʢʪʫʨʳ (,  ʠ  ʥʘ ʈʠʩ. 1, ʩʧʨʘʚʘ) ʥʘ ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ 

ʠʟʦʙʨʘʞʝʥʠʷʭ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤ.  
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ʈʠʩ. 2. ʉʨʘʚʥʝʥʠʝ ʤʘʛʥʠʪʥʳʭ ʧʦʣʝʡ ʚ ʮʝʥʪʨʝ ʤʠʰʝʥʠ, ʧʦʣʫʯʝʥʥʳʭ ʧʘʨʘʤʝʪʨʠʯʝʩʢʠʤ 

ʧʦʜʙʦʨʦʤ ʠ ʩ ʧʦʤʦʱʴʶ ʥʝʡʨʦʥʥʦʡ ʩʝʪʠ. 

 

ʂʘʢ ʚʠʜʥʦ, ʜʣʷ 6 ʠʟ 7 ʨʘʜʠʦʛʨʘʤʤ ʚʦʩʩʪʘʥʦʚʣʝʥʥʳʝ ʟʥʘʯʝʥʠʷ ʧʦʣʝʡ ʩʦʚʧʘʜʘʶʪ ʚ 

ʧʨʝʜʝʣʘʭ ʧʦʛʨʝʰʥʦʩʪʠ, ʘ ʛʨʘʬʠʢʠ ʠʤʝʶʪ ʩʭʦʞʠʡ ʚʠʜ. ʆʜʥʘʢʦ ʤʦʞʥʦ ʟʘʤʝʪʠʪʴ, ʯʪʦ ʩʨʝʜʥʠʝ 

ʟʥʘʯʝʥʠʷ, ʧʦʣʫʯʝʥʥʳʝ ʩ ʧʦʤʦʱʴʶ ʤʝʪʦʜʘ ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʛʦ ʧʦʜʙʦʨʘ, ʩʠʩʪʝʤʘʪʠʯʝʩʢʠ 

ʦʢʘʟʳʚʘʶʪʩʷ ʚʳʰʝ ʟʥʘʯʝʥʠʡ, ʦʩʥʦʚʘʥʥʳʭ ʥʘ ʠʟʚʣʝʯʝʥʥʳʭ ʥʝʡʨʦʥʥʦʡ ʩʝʪʴʶ ʧʘʨʘʤʝʪʨʘʭ.  

ʉ ʮʝʣʴʶ ʦʧʨʝʜʝʣʝʥʠʷ ʪʦʛʦ, ʢʘʢʦʡ ʠʟ ʜʚʫʭ ʤʝʪʦʜʦʚ ʜʘʝʪ ʙʦʣʝʝ ʪʦʯʥʫʶ ʦʮʝʥʢʫ ʤʘʛʥʠʪʥʦʛʦ 

ʧʦʣʷ, ʙʳʣ ʧʨʦʚʝʜʝʥ ʜʦʧʦʣʥʠʪʝʣʴʥʳʡ ʘʥʘʣʠʟ, ʚ ʨʘʤʢʘʭ ʢʦʪʦʨʦʛʦ ʨʘʩʩʯʠʪʳʚʘʣʘʩʴ ʢʨʦʩʩ-

ʢʦʨʨʝʣʷʮʠʷ ʨʝʘʣʴʥʦʛʦ ʠʟʦʙʨʘʞʝʥʠʷ ʩ ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʤʠ. ɺʝʣʠʯʠʥʘ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ 

ʚʘʨʴʠʨʦʚʘʣʘʩʴ ʦʢʦʣʦ ʧʦʣʫʯʝʥʥʳʭ ʦʙʦʠʤʠ ʤʝʪʦʜʘʤʠ ʟʥʘʯʝʥʠʡ, ʠ ʦʧʨʝʜʝʣʷʣʘʩʴ ʦʪʩʪʨʦʡʢʘ 

ʧʦʜʦʙʨʘʥʥʳʭ ʟʥʘʯʝʥʠʡ ʤʘʛʥʠʪʥʳʭ ʧʦʣʝʡ ʦʪ ʟʥʘʯʝʥʠʡ, ʜʣʷ ʢʦʪʦʨʳʡ ʢʦʨʨʝʣʷʮʠʦʥʥʳʡ ʧʠʢ 

ʜʦʩʪʠʛʘʝʪ ʤʘʢʩʠʤʫʤʘ. ɼʣʷ ʤʝʪʦʜʘ ʥʘ ʦʩʥʦʚʝ ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʛʦ ʧʦʜʙʦʨʘ ʩʨʝʜʥʝʝ ʦʪʢʣʦʥʝʥʠʝ 

ʩʦʩʪʘʚʠʣʦ 140 ʊʣ, ʧʨʠ ʵʪʦʤ ʟʥʘʢ ʵʪʦʛʦ ʦʪʢʣʦʥʝʥʠʷ ʙʳʣ ʦʜʠʥʘʢʦʚʳʤ ʜʣʷ ʚʩʝʭ ʨʘʜʠʦʛʨʘʤʤ. ɺ ʪʦ 

ʞʝ ʚʨʝʤʷ ʜʣʷ ʥʝʡʨʦʩʝʪʝʚʦʛʦ ʤʝʪʦʜʘ ʩʨʝʜʥʝʝ ʟʥʘʯʝʥʠʝ ʦʪʢʣʦʥʝʥʠʷ ʩʦʩʪʘʚʠʣʦ 60 ʊʣ, ʘ ʩʘʤʦ 

ʦʪʢʣʦʥʝʥʠʝ ʠʤʝʣʦ ʩʣʫʯʘʡʥʳʡ ʟʥʘʢ. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʩ ʧʦʤʦʱʴʶ ʢʦʨʨʝʣʷʮʠʦʥʥʦʛʦ ʘʥʘʣʠʟʘ ʨʘʜʠʦʛʨʘʤʤ ʜʣʷ ʤʠʰʝʥʠ ʪʠʧʘ 

çʫʣʠʪʢʘè ʙʳʣʦ ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥʦ, ʯʪʦ ʥʝʡʨʦʥʥʘʷ ʩʝʪʴ ʜʘʝʪ ʜʦʩʪʘʪʦʯʥʦ ʪʦʯʥʫʶ ʦʮʝʥʢʫ 

ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʚ ʮʝʥʪʨʝ ʤʠʰʝʥʠ, ʠ ʥʝ ʠʤʝʝʪ ʩʠʩʪʝʤʘʪʠʯʝʩʢʦʡ ʦʰʠʙʢʠ, ʢʦʪʦʨʘʷ ʥʘʙʣʶʜʘʝʪʩʷ 

ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʤʝʪʦʜʘ ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʛʦ ʧʦʜʙʦʨʘ. ʕʪʦʪ ʬʘʢʪ ʤʦʞʝʪ ʙʳʪʴ ʩʚʷʟʘʥ ʩ ʪʝʤ, ʯʪʦ 

ʧʨʠ ʦʙʨʘʙʦʪʢʝ ʨʘʜʠʦʛʨʘʤʤʳ ʩ ʧʦʤʦʱʴʶ ʥʝʡʨʦʥʥʦʡ ʩʝʪʠ ʚʭʦʜʥʳʝ ʜʘʥʥʳʝ ʷʚʣʷʶʪʩʷ ʙʦʣʝʝ 

ʧʦʣʥʳʤʠ, ʪʘʢ ʢʘʢ ʩʦʜʝʨʞʘʪ ʠʥʬʦʨʤʘʮʠʶ ʦ ʚʩʝʡ ʨʘʜʠʦʛʨʘʤʤʝ, ʘ ʥʝ ʪʦʣʴʢʦ ʝʝ ʦʪʜʝʣʴʥʳʭ 

ʛʝʦʤʝʪʨʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʘʭ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʧʦʣʫʯʠʪʴ ʙʦʣʝʝ ʢʦʨʨʝʢʪʥʳʡ ʨʝʟʫʣʴʪʘʪ ʠ ʜʝʣʘʝʪ 

ʥʝʡʨʦʩʝʪʝʚʦʡ ʤʝʪʦʜ ʦʙʨʘʙʦʪʢʠ ʧʨʠʚʣʝʢʘʪʝʣʴʥʳʤ ʜʣʷ ʘʥʘʣʠʟʘ ʙʦʣʝʝ ʩʣʦʞʥʳʭ ʨʘʩʧʨʝʜʝʣʝʥʠʡ 

ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ, ʩʦʟʜʘʚʘʝʤʳʭ ʧʨʠ ʠʥʳʭ ʛʝʦʤʝʪʨʠʷʭ ʣʘʟʝʨʥʦ-ʧʣʘʟʤʝʥʥʦʛʦ ʚʦʟʜʝʡʩʪʚʠʷ. 
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The detachment regime is considered as one of the key elements in controlling the power and 

particle exhaust in a tokamak-based fusion reactor, such as ITER [1]. Much effort has been put to build 

the complete physical picture of processes governing dynamics of detached plasmas [2]. Nevertheless, 

there still exist phenomena, the driving mechanisms of which are yet to be elucidated. 

Observations of divertor plasma dynamics in the fluctuating state of detachment, reported at 

ASDEX Upgrade (AUG) [3], have shown the onset of low-frequency large-amplitude fluctuations of 

the plasma radiation intensity in the vicinity of the machine X-point [3, 4]. The oscillations arose, 

when plasma detachment was attained in the inner divertor, while plasma in the outer divertor still 

remained attached. Herein the oscillations got terminated, when the state of complete detachment was 

achieved. Analogous fluctuations of plasma parameters (the electron temperature, plasma current, 

magnetic field) were also found in DIII-D [5] under detachment conditions, similar to AUG. The 

oscillations also ceased, when plasma became fully detached in both divertors. 

One of the mechanisms, suggested as the driver for such fluctuations, is the current-convective 

instability (CCI) [6]. The CCI is caused by the strong parallel electric field, formed by the significant 

difference in plasma temperatures of the cold detached plasma in the inner divertor and of hot attached 

plasma in the outer divertor. Coupled with transverse inhomogeneities of the distribution of the plasma 

electrical conductivity, the E field makes plasma displacements across the magnetic field lines grow, 

resulting in the instability. The estimates of the instability increment based on the linear theory [6] 

have shown that the CCI can be a plausible mechanism responsible for radiation fluctuations observed 

in AUG. The first simulations of CCI dynamics in the AUG-like setup have demonstrated that the 

saturated current-convective turbulence (CCT) can exhibit temporal characteristics very similar to 

those found in experiments [7]. The CCT simulations under the DIII-D-like conditions [8, 9] also 

yielded results, which are qualitatively similar to the AUG-like case and comply with frequencies, 

wavelengths and spatial localization of the unstable modes, measured in DIII-D [5]. The CCT 



56 

 

simulations with the CCI model incorporating effects of the parallel plasma convection [10] resulted in 

the amplification of turbulence levels, herein frequency and spatial spectra of turbulence remained 

similar to those found in Refs. [8,9]. Despite complying with spatiotemporal parameters of turbulence, 

results of CCT modeling differed from the experimental measurements in that the amplitudes of 

fluctuations were low compared to the background values of the plasma parameters, indicating that 

additional physical components driving larger turbulence levels had to be incorporated into the 

instability model. 

One of such mechanisms, which were absent in previous CCT simulations [7-10], is the 

interchange drive associated with the curvilinear topology of the magnetic field lines in the tokamak. 

In this study, we investigate the impact of the magnetic geometry effects on dynamics and 

characteristics of CCT in divertor plasma. For modeling, we use the instability model of Refs. [7-9], 

extended to include the curvature drive, and the set of DIII-D-like magnetic and plasma parameters, 

analogous to [8,9]. The scans over the magnetic field line curvature radius, connection and shear 

lengths, and the electron temperature are performed to elucidate the dependences of the turbulence 

spatial and temporal characteristics on these quantities.  

Simulations have shown the decrease of the frequencies of the dominant modes in the 

frequency spectra of turbulence, compared to modeling with no curvature effects. The spectra comply 

with experimental data [5]. Fig. 1a shows an example of frequency spectra obtained in simulations. 

The amplitude of fluctuations in simulations increased, compared to previous modeling cases [8-10] 

and reached ~0.5-2.0 eV, or 10-15 % of the mean values of the electron temperature. The increase of 

the magnetic field line curvature radius resulted in the growth of the mode frequencies and decrease of 

the mode amplitudes. The reduction of the connection length of the magnetic field lines lead to the 

formation of several satellites with amplitudes comparable to and frequencies multiple of the dominant 

mode in the frequency spectra, making them more accurately resemble those observed in DIII-D 

experiments. The frequency and amplitude of fluctuations grew with the increase of the connection 

length (by approx. 1.5 times for the frequency, and by a factor 2-5 for amplitudes in different segments 

of the computational domain, provided the connection length varied in the range 10 to 18 m). The 

decrease of the shear length in the range 0.4 m to 0.7 m yielded the increase of the fluctuations 

amplitude and reduction of the oscillations frequencies (by approx. 1.5 times in both cases) for the 

dominant modes in spectra. 

The found CCT spatial dynamics is similar to those previously found in modeling with no 

curvature drive taken into account [8-10]. The linear phase of the instability, characterized by the 

perpendicular (in the effective toroidal direction) mode numbers on the order of several tens, gives 

way to saturated turbulence dominated by modes with the effective toroidal mode number on the order 

of unity. The strong broadening of the region of turbulent mixing is observed, compared to previous 
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CCT modeling [8,9], see Fig. 1b. It is shown that the reduction of the magnetic field line curvature, 

increase of the magnetic field line length, and also the reduction of the electron temperature result in 

the widening of the region of turbulent fluctuations in plasma. The reduction of the magnetic field line 

connection length also results in the formation of additional components with the effective toroidal 

mode numbers  ~2, 3 in the spatial spectra of turbulence, which is a result of the non-linear interplay 

between the growth of the parallel electric field in plasma (one of the key physical mechanisms setting 

the CCI) and parallel thermal conductivity suppressing the CCT fluctuations in plasma. Thus, it is 

concluded that high-frequency components in the frequency spectra of turbulence can be attributed to 

modes with the toroidal mode numbers greater than unity. 

 

Fig. 1. Examples of the CCT frequency (a) and spatial (b) spectra obtained in modeling. 

An additional parametric scan was performed to analyze the impact of the electron temperature 

on turbulence characteristics for a fixed magnetic geometry of the installation. The qualitative picture 

of the impact of this parameter on turbulence remained the same as in previous studies, i.e. the 

nonlinear increase of the fluctuations amplitude and frequency with the increase of the electron 

temperature. Herein, the mode frequencies remained smaller than their counterparts obtained in runs 

with no curvature drive. 

The re-distribution of plasma parameters across the magnetic field lines during the turbulence 

is associated with the anomalous transport fluxes convectively carried across the magnetic field lines. 

To estimate the turbulent heat fluxes and thermal conductivity coefficients, the simulation results were 

processed producing distribution maps for these parameters, see Fig. 2. The application of data on the 

anomalous transverse thermal conductivity in transport codes, such as SOLPS [11], is discussed. 

 

Fig. 2. The distribution of the turbulent heat flux (a) and anomalous thermal conductivity (b). 
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ɺʆʉʉʊɸʅʆɺʃɽʅʀɽ ʈɸɼʀɸʃʔʅʆɻʆ ʇʈʆʌʀʃʗ ʇʃʆʊʅʆʉʊʀ 

ʇʃɸɿʄʓ ʀɿ ʀʅʊɽʈʌɽʈʆʄɽʊʈʀʏɽʉʂʀʍ ʀɿʄɽʈɽʅʀʁ 

 

 

ɹʘʨʦʥʦʚʘ ɽ.ʆ., ɺʠʭʨʝʚ ɺ.ɺ. 

 

 

ʅʀʎ ñʂʫʨʯʘʪʦʚʩʢʠʡ ʠʥʩʪʠʪʫʪò, 123182, ʄʦʩʢʚʘ, ʧʣ.ʂʫʨʯʘʪʦʚʘ, ʜ.1. 

 

 

ɺʚʝʜʝʥʠʝ. ɼʣʷ ʬʠʟʠʯʝʩʢʠʭ ʦʙʲʝʢʪʦʚ, ʦʙʣʘʜʘʶʱʠʭ ʮʠʣʠʥʜʨʠʯʝʩʢʦʡ ʩʠʤʤʝʪʨʠʝʡ, ʩʚʷʟʴ 

ʤʝʞʜʫ ʨʘʜʠʘʣʴʥʳʤ ʨʘʩʧʨʝʜʝʣʝʥʠʝʤ ʧʣʦʪʥʦʩʪʠ e(r) ʠ ʭʦʨʜʦʚʦʡ ʬʫʥʢʮʠʝʡ j(ʭ), ʷʚʣʷʶʱʝʡʩʷ 

ʠʥʪʝʛʨʘʣʦʤ ʦʪ e(r) ʚʜʦʣʴ ʭʦʨʜʳ ʥʘʙʣʶʜʝʥʠʷ, ʦʧʨʝʜʝʣʝʥʘ ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ: 

  1 Ů(ɟ)ɟdɟ
ű(ɝ) = Ab[Ů(ɟ)] = 2AR

1 22 2
(ɟ -ɝ )ɝ

ñ
                                  (1) 

 

       1 ű(ɝ)dɝ-1-1Ů(ɟ) = Ab [ű(ɝ)] = ,
1 22 2ˊAR(ɝ -ɟ )ɟ

¡
ñ

                           (2) 

 

ʚ ʢʦʪʦʨʳʭ ɸ - ʢʦʥʩʪʘʥʪʘ, r=r/R, x=x/R - ʦʪʥʦʩʠʪʝʣʴʥʳʝ ʨʘʜʠʫʩ ʠ ʭʦʨʜʘ; e(1)¹ 0, j(1) ¹ 0. 

ʆʙʳʯʥʦ e(r) ʚʳʯʠʩʣʷʝʪʩʷ ʧʦ  ʠʟʤʝʨʝʥʥʳʤ ʟʥʘʯʝʥʠʷʤ (xi , ji) ʧʨʠ ʧʦʤʦʱʠ ʚʳʨʘʞʝʥʠʷ (2). ɺ 

ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʧʨʝʜʣʘʛʘʝʪʩʷ ʚʳʯʠʩʣʠʪʝʣʴʥʘʷ ʩʭʝʤʘ, ʦʩʥʦʚʘʥʥʘʷ ʥʘ ʩʢʚʦʟʥʦʡ ʧʦʣʠʥʦʤʠʘʣʴʥʦʡ 

ʠʥʪʝʨʧʦʣʷʮʠʠ ʬʫʥʢʮʠʡ e(r) ʠ j(x), ʠ ʧʨʠʤʝʥʠʤʘʷ ʜʣʷ ʦʙʨʘʙʦʪʢʠ ʜʘʥʥʳʭ, ʧʦʣʫʯʝʥʥʳʭ ʢʘʢ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʢʣʘʩʩʠʯʝʩʢʠʭ, ʪʘʢ ʠ ʩʜʚʠʛʦʚʳʭ ʠʥʪʝʨʬʝʨʦʤʝʪʨʦʚ. 

ʇʨʝʜʣʦʞʝʥʥʘʷ ʩʭʝʤʘ ʧʦʟʚʦʣʷʝʪ ʠʟʙʝʞʘʪʴ ʦʰʠʙʦʢ ʚ ʦʧʨʝʜʝʣʝʥʠʠ e(r), ʩʚʷʟʘʥʥʳʭ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʚ ʬʦʨʤʫʣʝ (2) ʧʨʦʠʟʚʦʜʥʦʡ ʭʦʨʜʦʚʦʡ ʬʫʥʢʮʠʠ j(ʭ). 

ʉʭʝʤʘ ʚʳʯʠʩʣʝʥʠʡ.  ʇʨʝʜʧʦʣʦʞʠʤ, ʯʪʦ ʨʘʜʠʘʣʴʥʘʷ ʬʫʥʢʮʠʷ ʜʦʧʫʩʢʘʝʪ ʩʪʝʧʝʥʥʦʝ 

ʧʨʠʙʣʠʞʝʥʠʝ   

                         
.

m2 2kŮ(ɟ) = (1-ɟ )× a ×ɟ
2kk=0

ä
                   (3) 

 

ʇʦʜʩʪʘʥʦʚʢʘ (3) ʚ (1) ʧʨʠʚʦʜʠʪ ʢ ʚʳʨʘʞʝʥʠʶ ʜʣʷ ʭʦʨʜʦʚʦʡ ʬʫʥʢʮʠʠ  

 

   
m2 3 2 2kű(ɝ) = 2AR×(1-ɝ )× b ×ɝ ,

2kk=0
ä        (4) 

ʧʨʠʯʝʤ ʢʦʵʬʬʠʮʠʝʥʪʳ a2k  ʠ b2k  ʩʚʷʟʘʥʳ ʤʝʞʜʫ ʩʦʙʦʡ ʩʦʦʪʥʦʰʝʥʠʷʤʠ, ʥʝ ʟʘʚʠʩʷʱʠʤʠ ʦʪ 

ʢʦʥʢʨʝʪʥʳʭ ʟʥʘʯʝʥʠʡ ʩʘʤʠʭ ʢʦʵʬʬʠʮʠʝʥʪʦʚ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʥʘʡʜʷ ʧʨʠʙʣʠʞʝʥʠʝ (4) ʠ ʟʘʪʝʤ 

ʚʳʨʘʟʠʚ a2k ʯʝʨʝʟ b2k, ʤʳ ʧʦʣʫʯʘʝʤ ʨʝʰʝʥʠʝ ʚ ʚʠʜʝ (3).            

ɼʣʷ ʥʘʠʙʦʣʝʝ ʛʣʘʜʢʦʛʦ ʧʨʝʜʩʪʘʚʣʝʥʠʷ ʬʫʥʢʮʠʡ ʚʳʙʠʨʘʝʤ ʦʨʪʦʛʦʥʘʣʴʥʳʝ ʧʦʣʠʥʦʤʳ 

ʏʝʙʳʰʝʚʘ.  ʇʨʝʦʙʨʘʟʫʝʤ ʧʨʘʚʫʶ ʯʘʩʪʴ (4) ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ: 
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ʈʠʩ.2. 7 ʯʝʪʥʳʭ ʨʘʜʠʘʣʴʥʳʭ ʬʫʥʢʮʠʡ 

 

     () 2 3 2 2iű ɝ = 2AR×(1-ɝ ) b×ɝ c×S (ɝ)
2i 2i 2ii i

 ä ä¹
                                 (5) 

 

ʟʜʝʩʴ S2i - ʩʠʩʪʝʤʘ ʯʝʪʥʳʭ ʦʨʪʦʛʦʥʘʣʴʥʳʭ ʬʫʥʢʮʠʡ (ʈʠʩ.1). ʆʙʱʠʝ ʬʦʨʤʫʣʳ ʜʣʷ ʬʫʥʢʮʠʡ 

S2i(ɝ) ʠ ʥʦʨʤʠʨʦʚʦʯʥʳʭ ʢʦʵʬʬʠʮʠʝʥʪʦʚ K2i  ʪʘʢʦʚʳ (k = 0,1,..):  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
ʈʠʩ.1. 7 ʯʝʪʥʳʭ ʭʦʨʜʦʚʳʭ ʬʫʥʢʮʠʡ 

 

2

m
k+m 2

2k-1
k=0

m

k=0

2m 2m

1-m+k 2

3k+
2

2m

(2m+2k+5)!
S K (-1) (1-ɝ ) ,

2 k!(k+3)!(m-k)!(m+k+2)!

256(4m+5)! [(m+k+3)!] (2m+2k+5)!
K = (-1)

(m)!(m+3)!(2m+2)! k!(k+3)!(m-k)!(2m+2k+7)!(m+k+2)!

(ɝ) = 

][

³ ³ ³

³ ³

ä

ä

(6) 

                                                                                                                   

ʊʝʧʝʨʴ m-ʥʳʝ ʧʨʠʙʣʠʞʝʥʠʷ ʭʦʨʜʦʚʦʡ ʬʫʥʢʮʠʠ j(x) ʧʨʠʥʠʤʘʶʪ ʚʠʜ:

    

                                              

m
2k

m

2k
k=0

1

2k
0

.
2k

ű (ɝ) = c×S (ɝ),

c = ű(ɝ)×S (ɝ)×dɝ

ä

ñ

                               (7) 

 

ɺʪʦʨʦʝ ʫʨʘʚʥʝʥʠʝ ʚ (7) ʷʚʣʷʝʪʩʷ ʦʩʥʦʚʥʳʤ ʧʨʠ ʨʘʩʯʝʪʝ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʨʘʜʠʘʣʴʥʦʡ ʬʫʥʢʮʠʠ (ʘ, 

ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʠ ʩʘʤʦʡ ʨʘʜʠʘʣʴʥʦʡ ʬʫʥʢʮʠʠ) ʠ ʧʦʣʫʯʘʝʪʩʷ ʠʟ ʧʝʨʚʦʛʦ ʫʤʥʦʞʝʥʠʝʤ ʦʙʝʠʭ ʝʛʦ 

ʯʘʩʪʝʡ ʥʘ S2k ʠ ʧʦʩʣʝʜʫʶʱʠʤ ʠʥʪʝʛʨʠʨʦʚʘʥʠʝʤ ʦʙʝʠʭ ʯʘʩʪʝʡ, ʛʜʝ ʚ ʧʨʘʚʦʡ ʯʘʩʪʠ  ʚ ʩʠʣʫ 

ʫʩʣʦʚʠʷ ʦʨʪʦʛʦʥʘʣʴʥʦʩʪʠ ʚ ʧʨʦʮʝʩʩʝ ʩʫʤʤʠʨʦʚʘʥʠʷ  ʧʦ ʢ  ʧʨʦʧʘʜʘʶʪ ʚʩʝ ʯʣʝʥʳ ʪʠʧʘ  S2k³ S2i  

ʧʨʠ i ķ. ʇʦʜʩʪʘʚʣʷʷ ű(ɝ) ʚ (2), ʧʦʣʫʯʘʝʤ ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʝ ʨʝʰʝʥʠʝ ʜʣʷ ʨʘʜʠʘʣʴʥʦʡ ʬʫʥʢʮʠʠ: 

                           m1
Ů(ɟ) = ×  c ×P (ɟ), 

2k 2k2AR k=0
ä

          (8) 

ʚ ʢʦʪʦʨʦʡ ʬʫʥʢʮʠʠ 
2k

P (ɟ) ʝʩʪʴ: 

m
2

k=0

k+1m+k

4k 22m 2m
P = K

(-1) (2k+3)(2k+1)!(2m+2k+5)!
(ɟ) ×(1-ɟ )

2 (k!) (k+1)!(k+3)!(m-k)!(m+k+2)!
³ä

                                                           

            

(8) 
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2

0 0

2 2

2 2

2 2 2

4 4

2 2 2 2

6 6

2 2 2 2

8 8

2

10

P (ɟ) = L×(1-ɟ ),

P (ɟ) = L×(1-ɟ )×(13-45ɟ ),

P (ɟ) = L×(1-ɟ )×(65-11ɟ (62-91ɟ )),

P (ɟ) = L×(1-ɟ )×(389-195ɟ (37-7ɟ (19-17ɟ ))),

P (ɟ) = L×(1-ɟ )×(943-3ɟ (9252-119ɟ (482-19ɟ×

×(52-33ɟ )))),

P (ɟ) = 2 2 2

10

2 2 2

2 2 2 2

12 12

2 2 2

0 2 4

L ×(1-ɟ )×(121859-17ɟ (298079-133ɟ×

×(20902-3ɟ (23906-253ɟ (133-65ɟ ))))),

P (ɟ) = L×(1-ɟ )×(113959-285ɟ (22554-ɟ (291941-23ɟ×

×(63956-33ɟ (447-13ɟ (366-145ɟ )))))),

L  = 2.218530,L =0.4598770,L =0. 6

8 10 12

1225576,L =0.02712496,

L  = 0.01345048,L =0.0001239479,L =0.0001516607.

 

 

ʀʪʘʢ, ʧʨʦʮʝʜʫʨʘ ʘʙʝʣʠʟʘʮʠʠ ʩʚʝʣʘʩʴ ʢ ʧʨʦʩʪʝʡʰʠʤ ʦʧʝʨʘʮʠʷʤ ʯʠʩʣʝʥʥʦʛʦ 

ʠʥʪʝʛʨʠʨʦʚʘʥʠʷ: ʧʦ ʩʦʚʦʢʫʧʥʦʩʪʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʠʟʤʝʨʝʥʥʳʭ ʟʥʘʯʝʥʠʡ ʭʦʨʜʦʚʦʡ ʬʫʥʢʮʠʠ 

(xi , j i) ʯʠʩʣʝʥʥʳʤ ʠʥʪʝʛʨʠʨʦʚʘʥʠʝʤ ʧʦ ʬʦʨʤʫʣʝ (7) ʚʳʯʠʩʣʷʶʪʩʷ ʢʦʵʬʬʠʮʠʝʥʪʳ ʩ2m ʠ 

ʧʦʜʩʪʘʚʣʷʶʪʩʷ ʚ ʨʝʰʝʥʠʝ (8). ʅʠʞʝ ʧʨʠʚʝʜʝʥʳ ʚʳʨʘʞʝʥʠʷ ʜʣʷ ʧʝʨʚʳʭ ʩʝʤʠ ʯʝʪʥʳʭ ʭʦʨʜʦʚʳʭ 

(S2i) : 

2 3 2

0 0

2 3 2 2

2 2

2 3 2 2 2

4 4

2 3 2 2 2 2

6 6

2 3 2 2 2 2 2

8 8

2 3 2

10 10

s (ɝ) = k×(1-ɝ )

s (ɝ) = k×(1-ɝ )×(1-9ɝ )

s (ɝ) = k×(1-ɝ )×(1-11ɝ (2-13 3×ɝ ))

s (ɝ) = k×(1-ɝ )×(1-13ɝ (3-ɝ (15-17ɝ )))

s (ɝ) = k×(1-ɝ )×(1-ɝ (60-17ɝ (30-19ɝ (4-3ɝ ))))

s (ɝ) = k×(1-ɝ )× 2 2 2 2 2

2 3 2 2 2 2 2 2 2

12 12

(1-17ɝ (5-19ɝ (10 3-ɝ (14-23ɝ×(1-5 9ɝ )))))

s (ɝ) = k×(1-ɝ )×(1-19ɝ (6-ɝ (105-23ɝ (28-15ɝ×(5-ɝ (6-2911×ɝ )))))),

                  

 (10) 

   

ʛʜʝ k2i ð ʥʦʨʤʠʨʦʚʦʯʥʳʝ ʢʦʵʬʬʠʮʠʝʥʪʳ:  

 k0 = 1.479020, k2 = 1.226339, k4 = 1.176553, k6 = 1.157332, 

 k8 = 1.147775, k10 = 1.142303, k12 = 1.138871.  

ʆʰʠʙʢʠ. ɺ ʩʣʫʯʘʝ ʘʧʧʨʦʢʩʠʤʘʮʠʠ ʤʥʦʛʦʯʣʝʥʦʤ, ʚʩʪʘʝʪ ʚʦʧʨʦʩ ʚʳʙʦʨʘ ʩʪʝʧʝʥʠ ʤʥʦʛʦʯʣʝʥʘ: 

ʩʣʠʰʢʦʤ ʥʠʟʢʘʷ ʩʪʝʧʝʥʴ ʙʫʜʝʪ ʦʧʠʩʳʚʘʪʴ ʛʨʫʙʦ, ʘ ʤʥʦʛʦʯʣʝʥ ʚʳʩʦʢʦʡ ʩʪʝʧʝʥʠ (ʙʣʠʟʢʦʡ ʢ N-1, 

ʛʜʝ N-ʯʠʩʣʦ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʪʦʯʝʢ) ʥʝ ʙʫʜʝʪ ʩʛʣʘʞʠʚʘʪʴ ʰʫʤ ʵʢʩʧʝʨʠʤʝʥʪʘ, ʪʦ ʝʩʪʴ ʥʘ ʝʛʦ 

ʢʦʵʬʬʠʮʠʝʥʪʘʭ ʙʫʜʫʪ ʩʠʣʴʥʦ ʩʢʘʟʳʚʘʪʴʩʷ ʦʰʠʙʢʠ ʠʩʭʦʜʥʳʭ ʜʘʥʥʳʭ. ɽʩʣʠ ʩʪʝʧʝʥʴ ʨʘʚʥʘ N-1, 

ʪʦ ʤʥʦʛʦʯʣʝʥ ʪʦʯʥʦ ʦʧʠʩʳʚʘʝʪ ʚʩʝ ʪʦʯʢʠ, ʠ ʟʥʘʯʠʪ, ʩʦʭʨʘʥʷʝʪ ʚʝʩʴ ʰʫʤ. ɽʩʣʠ ʬʦʨʤʘ 

ʠʥʪʝʨʬʝʨʝʥʮʠʦʥʥʦʡ ʧʦʣʦʩʳ ʩʣʦʞʥʘʷ, ʪʦ ʤʦʞʝʪ ʧʦʪʨʝʙʦʚʘʪʴʩʷ ʙʦʣʴʰʦʝ ʢʦʣʠʯʝʩʪʚʦ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʪʦʯʝʢ, ʠʩʧʦʣʴʟʫʝʪʩʷ ʩʛʣʘʞʠʚʘʥʠʝ, ʪʦ ʝʩʪʴ ʟʘʤʝʥʘ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʪʦʯʝʢ 

ʜʨʫʛʠʤʠ, ʣʝʞʘʱʠʤʠ ʥʘ ʛʣʘʜʢʦʡ ʢʨʠʚʦʡ.  

ɺʳʚʦʜʳ.  ʉʧʦʩʦʙ ʨʘʟʣʦʞʝʥʠʷ ʨʘʜʠʘʣʴʥʦʡ ʠ ʭʦʨʜʦʚʦʡ ʬʫʥʢʮʠʡ ʩʪʝʧʝʥʥʳʤʠ ʨʷʜʘʤʠ 

ʧʨʝʜʧʦʣʘʛʘʝʪ, ʯʪʦ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʦʛʨʘʥʠʯʝʥʳ ʢʣʘʩʩʦʤ ʛʣʘʜʢʠʭ ʬʫʥʢʮʠʡ ʠ ʠʭ ʧʝʨʚʳʭ 
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ʧʨʦʠʟʚʦʜʥʳʭ. ɺʳʯʠʩʣʝʥʠʝ ʢʦʵʬʬʠʮʠʝʥʪʦʚ c2i ʧʦ ʬʦʨʤʫʣʘʤ (7) ʧʨʝʜʧʦʣʘʛʘʝʪ ʯʠʩʣʝʥʥʦʝ 

ʠʥʪʝʛʨʠʨʦʚʘʥʠʝ, ʧʨʦʚʝʜʝʥʥʦʝ ʩ ʭʦʨʦʰʝʡ ʪʦʯʥʦʩʪʴʶ, ʠʥʘʯʝ ʚʦʟʤʦʞʥʘ ʦʰʠʙʢʘ ʚ ʨʘʩʧʨʝʜʝʣʝʥʠʠ 

e(r). ʉʣʝʜʫʝʪ ʧʦʤʥʠʪʴ, ʯʪʦ ʙʦʣʴʰʠʥʩʪʚʦ ʤʝʪʦʜʦʚ ʯʠʩʣʝʥʥʦʛʦ ʠʥʪʝʛʨʠʨʦʚʘʥʠʷ ʨʘʩʩʯʠʪʘʥʦ ʥʘ ʪʦ, 

ʯʪʦ ʧʦʜʳʥʪʝʛʨʘʣʴʥʘʷ ʬʫʥʢʮʠʷ ʟʘʜʘʥʘ ʯʝʨʝʟ ʦʜʠʥʘʢʦʚʳʝ ʠʥʪʝʨʚʘʣʳ ʥʝʟʘʚʠʩʠʤʦʡ ʧʝʨʝʤʝʥʥʦʡ.  
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ʀʉʉʃɽɼʆɺɸʅʀɽ ɼʀʉʉʆʎʀɸʎʀʀ ʄʆʃɽʂʋʃ ʂʀʉʃʆʈʆɼɸ ɺ ʇʃɸɿʄɽ 

ʊʃɽʖʑɽɻʆ ʈɸɿʈʗɼɸ ʄɽʊʆɼʆʄ ɼʀʆɼʅʆʁ ʃɸɿɽʈʅʆʁ 

ʉʇɽʂʊʈʆʉʂʆʇʀʀ 

 

 

ɸ.ɺ. ɹʝʨʥʘʮʢʠʡ, ɺ.ɺ. ʃʘʛʫʥʦʚ, ɺ.ʅ. ʆʯʢʠʥ 

 

 

ʌʝʜʝʨʘʣʴʥʦʝ ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʝ ʙʶʜʞʝʪʥʦʝ ʫʯʨʝʞʜʝʥʠʝ ʥʘʫʢʠ ʌʠʟʠʯʝʩʢʠʡ ʠʥʩʪʠʪʫʪ ʠʤ. ʇ.ʅ. 

ʃʝʙʝʜʝʚʘ ʈʦʩʩʠʡʩʢʦʡ ʘʢʘʜʝʤʠʠ ʥʘʫʢ, 119991, ʃʝʥʠʥʩʢʠʡ ʧʨʦʩʧʝʢʪ, 53, ʄʦʩʢʚʘ, ʈʦʩʩʠʷ 

 

 

ɺ ʧʦʩʣʝʜʥʝʝ ʚʨʝʤʷ ʨʘʟʨʘʙʘʪʳʚʘʝʪʩʷ ʢʦʤʧʣʝʢʩ ʤʝʪʦʜʦʚ ʩʧʝʢʪʨʦʩʢʦʧʠʠ 

ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ ʧʣʘʟʤʳ [1-4]. ʕʪʠ ʤʝʪʦʜʳ ʤʦʛʫʪ ʧʨʠʤʝʥʷʪʴʩʷ ʚ ʨʘʟʣʠʯʥʳʭ ʟʘʜʘʯʘʭ, 

ʩʚʷʟʘʥʥʳʭ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʣʘʟʤʳ, ʢʘʢ ʚ ʥʘʫʢʝ, ʪʘʢ ʠ ʥʘ ʧʨʦʤʳʰʣʝʥʥʳʭ ʵʥʝʨʛʝʪʠʯʝʩʢʠʭ 

ʫʩʪʘʥʦʚʢʘʭ [5]. ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʡ ʤʝʪʦʜ 

ʚʳʩʦʢʦʯʫʚʩʪʚʠʪʝʣʴʥʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʧʦʛʣʦʱʝʥʠʷ ʚʦ ʚʥʝʰʥʝʤ ʦʧʪʠʯʝʩʢʦʤ ʨʝʟʦʥʘʪʦʨʝ ʩ 

ʧʝʨʝʩʪʨʘʠʚʘʝʤʳʤ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʤ ʣʘʟʝʨʦʤ ʚ ʢʘʯʝʩʪʚʝ ʠʩʪʦʯʥʠʢʘ ʠʟʣʫʯʝʥʠʷ [2-4]. ɺ ʯʠʩʣʝ 

ʦʯʝʚʠʜʥʳʭ ʜʦʩʪʦʠʥʩʪʚ ʵʪʦʛʦ ʤʝʪʦʜʘ - ʥʝʠʥʚʘʟʠʚʥʦʩʪʴ, ʚʳʩʦʢʠʝ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴ, ʩʧʝʢʪʨʘʣʴʥʦʝ 

ʠ ʚʨʝʤʝʥʥʦʝ ʨʘʟʨʝʰʝʥʠʝ. ʆʙʲʝʢʪʦʤ ʠʩʩʣʝʜʦʚʘʥʠʷ ʩʣʫʞʠʣʘ ʧʣʘʟʤʘ ʧʦʣʦʞʠʪʝʣʴʥʦʛʦ ʩʪʦʣʙʘ 

ʪʣʝʶʱʝʛʦ ʨʘʟʨʷʜʘ. 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʠʩʧʦʣʴʟʦʚʘʣʘʩʴ ʠʟʤʝʨʠʪʝʣʴʥʘʷ ʘʥʘʣʠʪʠʯʝʩʢʘʷ ʷʯʝʡʢʘ ʚ ʚʠʜʝ ʢʚʘʨʮʝʚʦʡ 

ʪʨʫʙʢʠ ʩ ʚʥʫʪʨʝʥʥʠʤ ʜʠʘʤʝʪʨʦʤ 2 ʩʤ ʠ ʜʣʠʥʦʡ 45 ʩʤ ʠ ʨʫʙʘʰʢʦʡ ʚʦʜʷʥʦʛʦ ʦʭʣʘʞʜʝʥʠʷ (ʈʠʩ.1). 

ʗʯʝʡʢʘ ʦʪʢʘʯʠʚʘʣʘʩʴ ʩ ʧʦʤʦʱʴʶ ʥʘʩʦʩʥʦʛʦ ʧʦʩʪʘ ʜʦ ʦʩʪʘʪʦʯʥʦʛʦ ʜʘʚʣʝʥʠʷ 10-4 ʤʙʘʨ. ʋʩʪʘʥʦʚʢʘ 

ʦʙʦʨʫʜʦʚʘʥʘ ʤʥʦʛʦʢʘʥʘʣʴʥʦʡ ʩʠʩʪʝʤʦʡ ʥʘʧʫʩʢʘ ʛʘʟʦʚ. ɼʘʚʣʝʥʠʝ ʚ ʷʯʝʡʢʝ ʢʦʥʪʨʦʣʠʨʦʚʘʣʦʩʴ 

ʜʘʪʯʠʢʦʤ ʩ ʭʦʣʦʜʥʳʤ ʢʘʪʦʜʦʤ (Thyracont VSM77DL). ɺ ʷʯʝʡʢʫ ʚʧʘʷʥʳ 3 ʵʣʝʢʪʨʦʜʘ (2ô, 2ò, 2òô), 

ʯʪʦ ʧʦʤʠʤʦ ʟʘʞʠʛʘʥʠʷ ʨʘʟʨʷʜʘ ʧʦ ʚʩʝʡ ʜʣʠʥʝ ʷʯʝʡʢʠ, ʜʘʝʪ ʚʦʟʤʦʞʥʦʩʪʴ ʠʟʤʝʨʷʪʴ ʢʘʪʦʜʥʦʝ 

ʧʘʜʝʥʠʝ.  

ʊʨʫʙʢʘ ʦʜʥʦʚʨʝʤʝʥʥʦ ʩʣʫʞʠʪ ʚ ʢʘʯʝʩʪʚʝ ʙʘʟʳ ʦʧʪʠʯʝʩʢʦʛʦ ʘʥʘʣʠʪʠʯʝʩʢʦʛʦ ʨʝʟʦʥʘʪʦʨʘ. 

ʅʘ ʢʦʥʮʘʭ ʷʯʝʡʢʠ ʚ ʶʩʪʠʨʦʚʦʯʥʳʭ ʛʦʣʦʚʢʘʭ ʫʩʪʘʥʘʚʣʠʚʘʣʠʩʴ ʟʝʨʢʘʣʘ ʩ ʢʦʵʬʬʠʮʠʝʥʪʦʤ 

ʦʪʨʘʞʝʥʠʷ 99,5%, ʯʪʦ ʵʢʚʠʚʘʣʝʥʪʥʦ ʜʣʠʥʝ ʦʧʪʠʯʝʩʢʦʛʦ ʧʫʪʠ ʚ 90 ʤ. ʉ ʧʦʤʦʱʴʶ ʧʦʚʦʨʦʪʥʳʭ 

ʟʝʨʢʘʣ ʠʟʣʫʯʝʥʠʝ ʣʘʟʝʨʘ ʥʘ ʜʣʠʥʝ ʚʦʣʥʳ 763 ʥʤ (Specdilas V-763-OXY-MTE) ʟʘʚʦʜʠʣʦʩʴ ʷʯʝʡʢʫ 

ʩ ʤʘʣʳʤ ʦʪʢʣʦʥʝʥʠʝʤ ʦʪ ʝʝ ʦʩʠ ʩ ʮʝʣʴʶ ʫʚʝʣʠʯʝʥʠʷ ʧʣʦʪʥʦʩʪʠ ʩʦʙʩʪʚʝʥʥʳʭ ʤʦʜ ʨʝʟʦʥʘʪʦʨʘ. ɺ 

ʢʘʯʝʩʪʚʝ ʦʩʥʦʚʥʦʛʦ ʜʝʪʝʢʪʦʨʘ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʌʕʋ (Hamamatsu R928) ʩ ʪʨʘʥʩʠʤʧʝʜʘʥʩʥʳʤ 

ʫʩʠʣʠʪʝʣʝʤ. ʉʦʙʩʪʚʝʥʥʦʝ ʠʟʣʫʯʝʥʠʝ ʧʣʘʟʤʳ ʦʪʨʝʟʘʣʦʩʴ ʩʪʝʢʣʷʥʥʳʤ ʬʠʣʴʪʨʦʤ. ɼʣʷ ʢʦʥʪʨʦʣʷ 

ʩʢʘʥʠʨʫʝʤʦʡ ʯʘʩʪʦʪʳ ʠʟʣʫʯʝʥʠʷ ʣʘʟʝʨʘ ʧʨʠ ʧʝʨʝʩʪʨʦʡʢʝ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʜʦʧʦʣʥʠʪʝʣʴʥʳʡ ʢʘʥʘʣ 

ʩ ʵʪʘʣʦʥʦʤ ʌʘʙʨʠ-ʇʝʨʦ ʠ ʬʦʪʦʜʠʦʜʥʳʤ ʜʝʪʝʢʪʦʨʦʤ (Thorlabs PDA10CS-EC). 
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ʈʠʩ. 1. ʉʭʝʤʘ ʫʩʪʘʥʦʚʢʠ. 

1, 1ô ï ʟʝʨʢʘʣʘ; 2, 2ô, 2ôô ï ʵʣʝʢʪʨʦʜʳ; 3,3ô ï ʚʚʦʜ ʠ ʚʳʚʦʜ ʨʫʙʘʰʢʠ ʦʭʣʘʞʜʝʥʠʷ; 4, 4ô ï ʢʘʥʘʣʳ ʩʠʩʪʝʤʳ 

ʦʪʢʘʯʢʠ ʠ ʥʘʧʫʩʢʘ; 5 ï ʜʝʣʠʪʝʣʴʥʘʷ ʧʣʘʩʪʠʥʘ; 6, 6ô ï ʧʦʚʦʨʦʪʥʳʝ ʟʝʨʢʘʣʘ;.7 ï ʵʪʘʣʦʥ ʌʘʙʨʠ-ʇʝʨʦ; 9 ï 

ʬʦʪʦʜʝʪʝʢʪʦʨ; 10 ï ʌʕʋ; 11 ï ʣʠʥʟʘ; 12 ï ʩʚʝʪʦʬʠʣʴʪʨ; 13, 14 ï ʣʘʟʝʨ ʠ ʝʛʦ ʙʣʦʢ ʫʧʨʘʚʣʝʥʠʷ; 15 ï ʧʣʘʪʘ 

ʚʚʦʜʘ/ʚʳʚʦʜʘ; 16 ï ʇʂ. 

 

ʀʩʩʣʝʜʦʚʘʣʩʷ ʨʘʟʨʷʜ ʚ ʩʤʝʩʷʭ 0.5 ʤʙʘʨ He + (0.5-3) ʤʙʘʨ O2. ɺʦ ʚʩʝʭ ʠʟʤʝʨʝʥʠʷʭ ʪʦʢ 

ʨʘʟʨʷʜʘ ʩʦʩʪʘʚʣʷʣ 4 ʤɸ. ɺʳʯʠʩʣʝʥʠʝ ʢʦʥʮʝʥʪʨʘʮʠʠ ʠʟ ʩʧʝʢʪʨʘ ʧʦʛʣʦʱʝʥʠʷ ʦʩʫʱʝʩʪʚʣʷʣʦʩʴ ʧʦ 

ʠʟʚʝʩʪʥʳʤ ʩʦʦʪʥʦʰʝʥʠʷʤ [6]. ɺ ʢʘʯʝʩʪʚʝ ʦʩʥʦʚʥʦʡ ʘʥʘʣʠʪʠʯʝʩʢʦʡ ʣʠʥʠʠ ʠʩʧʦʣʴʟʦʚʘʣʘʩʴ ʣʠʥʠʷ 

ʧʝʨʝʭʦʜʘ O2 ʩ ʚʦʣʥʦʚʳʤ ʯʠʩʣʦʤ 13156.28 ʩʤ
-1 [7].  

ɼʣʷ ʧʦʚʳʰʝʥʠʷ ʚʨʝʤʝʥʥʦʛʦ ʨʘʟʨʝʰʝʥʠʷ ʧʨʠ ʠʩʩʣʝʜʦʚʘʥʠʠ ʜʠʥʘʤʠʢʠ ʠʟʤʝʥʝʥʠʷ 

ʢʦʥʮʝʥʪʨʘʮʠʠ ʤʦʣʝʢʫʣ ʢʠʩʣʦʨʦʜʘ ʚ ʧʣʘʟʤʝ ʙʳʣʦ ʨʘʟʨʘʙʦʪʘʥʦ ʩʧʝʮʠʘʣʴʥʦʝ ʧʨʦʛʨʘʤʤʥʦʝ 

ʦʙʝʩʧʝʯʝʥʠʝ ʚ ʩʨʝʜʝ LabVIEW. ʉ ʧʦʤʦʱʴʶ ʩʦʟʜʘʥʥʦʛʦ ʘʣʛʦʨʠʪʤʘ ʥʘʙʠʨʘʣʠʩʴ ʠ ʫʩʨʝʜʥʷʣʠʩʴ 

ʚʳʙʦʨʢʠ ʧʦ 100 ʩʧʝʢʪʨʦʚ ʧʦʛʣʦʱʝʥʠʷ ʠ ʟʘʧʠʩʳʚʘʣʠʩʴ ʚ ʦʪʜʝʣʴʥʳʝ ʬʘʡʣʳ ʜʣʷ ʜʘʣʴʥʝʡʰʝʡ 

ʦʙʨʘʙʦʪʢʠ. ɺʨʝʤʷ ʟʘʧʠʩʠ ʦʜʥʦʛʦ ʫʩʨʝʜʥʝʥʥʦʛʦ ʩʧʝʢʪʨʘ ʩʦʩʪʘʚʣʷʣʦ 1 ʩ. ʊʘʢʞʝ, ʜʣʷ ʨʝʰʝʥʠʷ 

ʟʘʜʘʯʠ ʜʘʣʴʥʝʡʰʝʡ ʦʙʨʘʙʦʪʢʠ, ʚ ʩʨʝʜʝ LabVIEW ʙʳʣʘ ʨʘʟʨʘʙʦʪʘʥʘ ʧʨʦʛʨʘʤʤʥʘʷ ʩʠʩʪʝʤʘ 

ʘʚʪʦʤʘʪʠʟʠʨʦʚʘʥʥʦʡ ʧʘʢʝʪʥʦʡ ʦʙʨʘʙʦʪʢʠ ʩʧʝʢʪʨʦʚ ʧʦʛʣʦʱʝʥʠʷ. ʉʠʩʪʝʤʘ ʚʳʧʦʣʥʷʝʪ 

ʩʯʠʪʳʚʘʥʠʝ ʬʘʡʣʦʚ ʩʧʝʢʪʨʦʚ ʧʦʛʣʦʱʝʥʠʷ ʠ ʦʧʦʨʥʦʛʦ ʩʧʝʢʪʨʘ ʧʫʩʪʦʛʦ ʨʝʟʦʥʘʪʦʨʘ, ʢʦʪʦʨʳʡ 

ʠʩʧʦʣʴʟʫʝʪʩʷ ʜʣʷ ʚʳʯʠʩʣʝʥʠʷ ʨʝʟʫʣʴʪʠʨʫʶʱʝʛʦ ʩʧʝʢʪʨʘ ʧʦʛʣʦʱʝʥʠʷ. ɺ ʩʠʩʪʝʤʫ ʚʩʪʨʦʝʥ 

ʘʣʛʦʨʠʪʤʠʯʝʩʢʠʡ ʬʠʣʴʪʨ ʉʘʚʠʮʢʦʛʦ-ɻʦʣʘʷ [8] ʜʣʷ ʩʛʣʘʞʠʚʘʥʠʷ ʟʘʰʫʤʣʝʥʥʳʭ ʩʠʛʥʘʣʦʚ ʠ 

ʨʝʘʣʠʟʦʚʘʥʘ ʚʦʟʤʦʞʥʦʩʪʴ ʢʦʥʪʨʦʣʷ ʧʘʨʘʤʝʪʨʦʚ ʬʠʣʴʪʨʘʮʠʠ ʠ ʚʠʟʫʘʣʠʟʘʮʠʠ ʨʝʟʫʣʴʪʘʪʘ 

ʩʛʣʘʞʠʚʘʥʠʷ ʜʣʷ ʚʳʙʦʨʘ ʦʧʪʠʤʘʣʴʥʳʭ ʟʥʘʯʝʥʠʡ. ʈʝʟʫʣʴʪʘʪʳ ʦʙʨʘʙʦʪʢʠ ʥʘʙʦʨʘ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʩʧʝʢʪʨʦʚ ʟʘʧʠʩʳʚʘʶʪʩʷ ʩʠʩʪʝʤʦʡ ʚ ʝʜʠʥʳʡ ʬʘʡʣ ʩ ʧʝʨʝʩʯʠʪʘʥʥʳʤʠ ʚ 

ʘʙʩʦʣʶʪʥʳʝ ʝʜʠʥʠʮʳ ʩʧʝʢʪʨʘʤʠ ʧʦʛʣʦʱʝʥʠʷ. 

ʄʝʪʦʜʠʢʘ ʠʟʤʝʨʝʥʠʡ ʢʦʥʮʝʥʪʨʘʮʠʡ ʢʠʩʣʦʨʦʜʘ ʆ2 ʘʥʘʣʦʛʠʯʥʘ ʦʧʠʩʘʥʥʦʡ ʚ [2]. 

ʆʙʥʘʨʫʞʝʥʦ, ʯʪʦ ʧʦʩʣʝ ʧʨʠʣʦʞʝʥʠʷ ʥʘʧʨʷʞʝʥʠʷ ʢ ʵʣʝʢʪʨʦʜʘʤ ʧʨʦʠʩʭʦʜʠʪ ʙʳʩʪʨʘʷ (ʧʦʨʷʜʢʘ 1 

ʩ) ʜʠʩʩʦʮʠʘʮʠʷ ~30% ʤʦʣʝʢʫʣ O2 (ʩʤ. ʈʠʩ. 2). ɼʘʣʝʝ ʧʨʦʠʩʭʦʜʠʪ ʤʝʜʣʝʥʥʦʝ ʣʠʥʝʡʥʦʝ 

ʫʤʝʥʴʰʝʥʠʝ ʢʦʥʮʝʥʪʨʘʮʠʠ O2 ʩʦ ʚʨʝʤʝʥʝʤ. ʀʩʭʦʜʷ ʠʟ ʦʧʳʪʘ ʠʩʩʣʝʜʦʚʘʥʠʷ ʢʠʥʝʪʠʢʠ 
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ʜʠʩʩʦʮʠʘʮʠʠ ʤʦʣʝʢʫʣ ʉʆ2 [9], ʤʦʞʥʦ ʜʦʧʫʩʪʠʪʴ, ʯʪʦ ʥʝ ʵʢʩʧʦʥʝʥʮʠʘʣʴʥʳʡ ʧʨʦʮʝʩʩ ʩʚʷʟʘʥ ʩ 

ʧʨʦʪʝʢʘʥʠʝʤ ʦʜʥʦʚʨʝʤʝʥʥʦ ʠ ʦʙʲʝʤʥʳʭ, ʠ ʛʝʪʝʨʦʛʝʥʥʳʭ ʨʝʘʢʮʠʡ, ʦʜʥʘʢʦ ʵʪʦ ʪʨʝʙʫʝʪ 

ʜʘʣʴʥʝʡʰʠʭ ʠʩʩʣʝʜʦʚʘʥʠʡ. 

 

ʈʠʩ. 2. ʀʟʤʝʨʝʥʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʢʦʥʮʝʥʪʨʘʮʠʠ ʤʦʣʝʢʫʣ O2 ʦʪ ʚʨʝʤʝʥʠ. ʊʦʯʢʠ ï ʵʢʩʧʝʨʠʤʝʥʪ, ʩʧʣʦʰʥʘʷ 

ʣʠʥʠʷ ï ʘʧʧʨʦʢʩʠʤʘʮʠʷ ʵʢʩʧʦʥʝʥʪʦʡ. ʉʤʝʩʴ 0,5 ʤʙʘʨ He + 3 ʤʙʘʨ O2 

ʀʟʤʝʨʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ ʛʘʟʘ ʚ ʨʘʟʨʷʜʝ ʧʨʦʚʦʜʠʣʦʩʴ ʧʦ ʜʦʧʣʝʨʦʚʩʢʦʤʫ ʢʦʥʪʫʨʫ 

ʘʥʘʣʠʪʠʯʝʩʢʦʡ ʣʠʥʠʠ ʧʦʛʣʦʱʝʥʠʷ ʢʠʩʣʦʨʦʜʘ. ɺ ʩʚʷʟʠ ʩ ʵʪʠʤ ʥʘʤʠ ʙʳʣʦ ʧʨʦʢʦʥʪʨʦʣʠʨʦʚʘʥʦ 

ʚʦʟʤʦʞʥʦʝ ʠʩʢʘʞʝʥʠʝ ʢʦʥʪʫʨʘ ʧʨʠ ʙʳʩʪʨʦʤ ʩʢʘʥʠʨʦʚʘʥʠʠ ʯʘʩʪʦʪʳ, ʥʝʜʘʚʥʦ ʦʙʥʘʨʫʞʝʥʥʦʝ 

ʥʘʤʠ ʧʨʠ ʨʘʙʦʪʝ ʩʦ ʩʧʝʢʪʨʘʤʠ ʤʦʣʝʢʫʣ ʚʦʜʳ [10]. ɼʣʷ ʤʘʢʩʠʤʘʣʴʥʦʡ ʚ ʦʧʠʩʘʥʥʳʭ ʫʩʣʦʚʠʷʭ 

ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʳ ʩʢʦʨʦʩʪʠ ʧʝʨʝʩʪʨʦʡʢʠ 5Ŀ103 ʩʤ-1Ŀʩ-1 ʠʩʢʘʞʝʥʠʷ ʢʦʥʪʫʨʘ ʣʠʥʠʠ ʥʝ 

ʥʘʙʣʶʜʘʣʠʩʴ, ʯʪʦ ʢʦʨʨʝʣʠʨʫʝʪ ʩ ʨʝʟʫʣʴʪʘʪʘʤʠ ʯʠʩʣʝʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ, ʚʳʧʦʣʥʝʥʥʦʛʦ ʧʦ 

ʤʝʪʦʜʠʢʝ [10]. ʊʝʤʧʝʨʘʪʫʨʘ ʛʘʟʘ ʚ ʠʟʤʝʨʝʥʠʷʭ ʊ = 347 ʂ. 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʟʘ ʩʯʝʪ ʩʨʝʜʩʪʚ ʛʨʘʥʪʘ ʈʦʩʩʠʡʩʢʦʛʦ ʬʦʥʜʘ ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʭ 

ʠʩʩʣʝʜʦʚʘʥʠʡ (ʧʨʦʝʢʪ ˉ 19-02-00540). 
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ʊɽʄʇɽʈɸʊʋʈɸ ʇʆɺɽʈʍʅʆʉʊʀ ʉʄɽʉʀ ʇʆʈʆʐʂʆɺ PD + AL203 ɺʆ 

ɺʈɽʄʗ ʇʈʆʊɽʂɸʅʀʗ ʎɽʇʅʓʍ ʇʃɸɿʄʆʍʀʄʀʏɽʉʂʀʍ ʈɽɸʂʎʀʁ, 

ʀʅʀʎʀʀʈʋɽʄʓʍ ʀɿʃʋʏɽʅʀɽʄ ɻʀʈʆʊʈʆʅɸ 

 

 

ɽ.ɺ. ɺʦʨʦʥʦʚʘ*, ɸ.ɺ. ʂʥʷʟʝʚ, ɸ.ɸ. ʃʝʪʫʥʦʚ, ɺ.ʇ. ʃʦʛʚʠʥʝʥʢʦ, ʅ.ʅ. ʉʢʚʦʨʮʦʚʘ, ɺ.ɼ. ʉʪʝʧʘʭʠʥ 

 

 

ʀʥʩʪʠʪʫʪ ʦʙʱʝʡ ʬʠʟʠʢʠ ʠʤ. ɸ.ʄ. ʇʨʦʭʦʨʦʚʘ ʈʦʩʩʠʡʩʢʦʡ ʘʢʘʜʝʤʠʠ ʥʘʫʢ 

*e-mail: woronowa.elena@gmail.com 

 

 

1. ɺʚʝʜʝʥʠʝ. ʈʘʟʨʘʙʦʪʘʥ ʧʣʘʟʤʦʭʠʤʠʯʝʩʢʠʡ ʤʝʪʦʜ ʩʠʥʪʝʟʘ ʩʪʨʫʢʪʫʨ ʤʠʢʨʦ- ʠ 

ʥʘʥʦʨʘʟʤʝʨʦʚ ʩʦ ʩʣʦʞʥʳʤ ʭʠʤʠʯʝʩʢʠʤ ʩʦʩʪʘʚʦʤ ʠ ʬʨʘʢʪʘʣʴʥʦʡ ʧʦʚʝʨʭʥʦʩʪʴʶ, ʦʩʥʦʚʘʥʥʳʡ ʥʘ 

ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʤʠʢʨʦʚʦʣʥʦʚʦʛʦ ʨʘʟʨʷʜʘ ʚ ʩʤʝʩʷʭ ʧʦʨʦʰʢʦʚ ʤʝʪʘʣʣ ï ʜʠʵʣʝʢʪʨʠʢ, 

ʠʥʠʮʠʠʨʫʝʤʦʛʦ ʠʤʧʫʣʴʩʥʳʤ ʠʟʣʫʯʝʥʠʝʤ ʛʠʨʦʪʨʦʥʘ ʚʳʩʦʢʦʡ ʤʦʱʥʦʩʪʠ [1, 2]. ʀʥʠʮʠʘʮʠʷ 

ʧʨʦʮʝʩʩʦʚ ʩʠʥʪʝʟʘ ʧʨʦʠʩʭʦʜʠʪ, ʢʦʛʜʘ ʪʝʤʧʝʨʘʪʫʨʘ ʧʦʚʝʨʭʥʦʩʪʠ ʩʤʝʩʠ ʧʨʠʙʣʠʞʘʝʪʩʷ ʢ 

ʭʘʨʘʢʪʝʨʥʳʤ ʪʝʤʧʝʨʘʪʫʨʘʤ ʬʘʟʦʚʳʭ ʧʝʨʝʭʦʜʦʚ (ʢʠʧʝʥʠʷ ʠʣʠ ʧʣʘʚʣʝʥʠʷ) ʢʦʤʧʦʥʝʥʪʦʚ ʩʤʝʩʠ, 

ʧʨʠ ʢʦʪʦʨʳʭ ʥʘʯʠʥʘʝʪʩʷ ʨʘʟʣʸʪ ʚʝʱʝʩʪʚ, ʦʙʨʘʟʫʶʱʠʭ ʧʦʚʝʨʭʥʦʩʪʴ, ʠ ʩʠʥʪʝʟ ʤʠʢʨʦ- ʠ 

ʥʘʥʦʩʪʨʫʢʪʫʨ ʚ ʧʦʣʫʯʘʶʱʝʡʩʷ ʚʟʚʝʩʠ. ɺ ʩʚʷʟʠ ʩ ʵʪʠʤ ʦʧʨʝʜʝʣʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ ʧʦʚʝʨʭʥʦʩʪʠ 

ʩʤʝʩʠ ʷʚʣʷʝʪʩʷ ʦʜʥʠʤ ʠʟ ʚʘʞʥʳʭ ʜʠʘʛʥʦʩʪʠʯʝʩʢʠʭ ʤʝʪʦʜʦʚ ʚ ʜʘʥʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʘʭ. 

ʈʘʩʩʤʘʪʨʠʚʘʝʤʳʡ ʤʝʪʦʜ ʩʠʥʪʝʟʘ ʩʪʨʫʢʪʫʨ ʤʦʞʝʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥ ʜʣʷ ʧʨʠʛʦʪʦʚʣʝʥʠʷ 

ʢʘʪʘʣʠʟʘʪʦʨʦʚ Pd/ʦʢʩʠʜʥʳʡ ʥʦʩʠʪʝʣʴ ʠʟ ʩʤʝʩʝʡ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʧʦʨʦʰʢʦʚ. ɺ ʥʘʩʪʦʷʱʝʤ 

ʜʦʢʣʘʜʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʵʢʩʧʝʨʠʤʝʥʪʳ ʚ ʩʤʝʩʷʭ Pd + Al203, ʚ ʢʦʪʦʨʳʭ ʠʥʠʮʠʠʨʦʚʘʣʠʩʴ ʨʝʘʢʮʠʠ 

ʮʝʧʥʦʛʦ ʧʣʘʟʤʦʭʠʤʠʯʝʩʢʦʛʦ ʩʠʥʪʝʟʘ ʚʪʦʨʠʯʥʳʭ ʢʦʤʧʦʟʠʪʦʚ ʤʠʢʨʦ- ʠ ʥʘʥʦʨʘʟʤʝʨʦʚ ʩ 

ʚʢʣʶʯʝʥʠʝʤ ʧʘʣʣʘʜʠʷ. ɺ ʩʣʫʯʘʝ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʩ ʧʘʣʣʘʜʠʝʤ ʨʝʘʢʮʠʠ ʠʥʠʮʠʠʨʫʶʪʩʷ ʧʨʠ 

ʧʨʠʙʣʠʞʝʥʠʠ ʪʝʤʧʝʨʘʪʫʨʳ ʧʦʚʝʨʭʥʦʩʪʠ ʩʤʝʩʠ ʢ ʪʝʤʧʝʨʘʪʫʨʝ ʧʣʘʚʣʝʥʠʷ ʧʘʣʣʘʜʠʷ (ʧʨʠ 

ʘʪʤʦʩʬʝʨʥʦʤ ʜʘʚʣʝʥʠʠ  ʂ).  

2. ʄʝʪʦʜ ʦʧʨʝʜʝʣʝʥʠʷ ʧʣʘʥʢʦʚʩʢʦʡ ʪʝʤʧʝʨʘʪʫʨʳ. ʉʧʝʢʪʨ ʪʝʧʣʦʚʦʛʦ ʠʟʣʫʯʝʥʠʷ 

ʦʙʲʝʢʪʘ ʩ ʧʨʦʠʟʚʦʣʴʥʦʡ ʠʟʣʫʯʘʪʝʣʴʥʦʡ ʩʧʦʩʦʙʥʦʩʪʴʶ e(l, T) ʦʧʠʩʳʚʘʝʪʩʷ ʚʳʨʘʞʝʥʠʝʤ  

,      (1) 

ʛʜʝ ʉ1 = 37418 ɺʪÖʤʢʤ4/ʩʤ2, ʉ2 = 14388 ʤʢʤÖʛʨʘʜ ï ʧʦʩʪʦʷʥʥʳʝ ɺʠʥʘ, ʜʣʠʥʘ ʚʦʣʥʳ ï ʚ 

ʤʠʢʨʦʤʝʪʨʘʭ, ʠʥʪʝʥʩʠʚʥʦʩʪʴ ï ʚ ɺʪ/(ʩʤ2Öʤʢʤ). 

ɼʣʷ ʦʙʣʘʩʪʠ ɺʠʥʘ, ʛʜʝ , ʧʦʩʣʝ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʧʦʣʫʯʘʝʤ 

    (2) 

ɼʣʷ ʩʝʨʦʛʦ ʪʝʣʘ (e = const) ʵʪʦ ʚʳʨʘʞʝʥʠʝ ʷʚʣʷʝʪʩʷ ʫʨʘʚʥʝʥʠʝʤ ʧʨʷʤʦʡ ʚ ʧʣʦʩʢʦʩʪʠ (x, 

y), ʛʜʝ  ʠ , ʥʘʢʣʦʥ ʢʦʪʦʨʦʡ ʦʧʨʝʜʝʣʷʝʪʩʷ ʪʝʤʧʝʨʘʪʫʨʦʡ. ʇʨʠ ʥʘʣʠʯʠʠ 
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ʘʪʦʤʥʳʭ ʣʠʥʠʡ ʠ ʤʦʣʝʢʫʣʷʨʥʳʭ ʧʦʣʦʩ ʵʪʦ ʥʠʞʥʷʷ ʢʘʩʘʪʝʣʴʥʘʷ ʢ ʛʨʘʬʠʢʫ ʩʧʝʢʪʨʘ ʚ ʵʪʠʭ, ʪ.ʥ. 

ʚʠʥʦʚʩʢʠʭ, ʢʦʦʨʜʠʥʘʪʘʭ, ʧʦ ʥʘʢʣʦʥʫ ʢʦʪʦʨʦʡ ʩʨʘʟʫ ʥʘʭʦʜʠʤ ʪʝʤʧʝʨʘʪʫʨʫ ʠʟʣʫʯʘʪʝʣʷ ʚ ʩʣʫʯʘʝ, 

ʝʩʣʠ ʟʘʚʠʩʠʤʦʩʪʴ ʩʧʨʷʤʣʷʝʪʩʷ, ʪ.ʝ., ʦʙʲʝʢʪ ʷʚʣʷʝʪʩʷ ʩʝʨʳʤ ʪʝʣʦʤ [3]. 

3. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʨʝʟʫʣʴʪʘʪʳ. ʅʠʞʝ ʧʨʝʜʩʪʘʚʣʝʥʦ ʦʧʨʝʜʝʣʝʥʠʝ ʧʣʘʥʢʦʚʩʢʦʡ 

ʪʝʤʧʝʨʘʪʫʨʳ ʥʠʞʥʝʡ ʧʦʚʝʨʭʥʦʩʪʠ ʩʤʝʩʠ ʧʦʨʦʰʢʦʚ ʫʢʘʟʘʥʥʳʤ ʩʧʦʩʦʙʦʤ ʚʦ ʚʨʝʤʷ ʨʘʟʨʷʜʘ ʚ 

ʩʤʝʩʷʭ Pd ʩ Al2O3 ʚ ʨʘʟʥʳʭ ʧʨʦʧʦʨʮʠʷʭ (1%, 5%, 10% Pd) ʧʦ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʳʤ ʩʧʝʢʪʨʘʤ, 

ʨʝʛʠʩʪʨʠʨʫʝʤʳʤ ʩʧʝʢʪʨʦʤʝʪʨʦʤ AvaSpec 2048 ʬʠʨʤʳ Avantes ʩ ʧʨʝʥʝʙʨʝʞʠʤʦ ʤʘʣʳʤ ʤʝʨʪʚʳʤ 

ʚʨʝʤʝʥʝʤ (ʩʧʝʢʪʨʘʣʴʥʳʡ ʜʠʘʧʘʟʦʥ 185 ï 755 ʥʤ). ʉʧʝʢʪʨʦʤʝʪʨ ʨʝʛʠʩʪʨʠʨʦʚʘʣ ʠʟʣʫʯʝʥʠʝ ʠʟ 

ʥʠʞʥʝʡ ʯʘʩʪʠ ʨʝʘʢʪʦʨʘ. 

ʅʘ ʨʠʩ. 1 ʧʦʢʘʟʘʥʳ ʩʧʝʢʪʨʳ ʠʟʣʫʯʝʥʠʷ ʧʣʘʟʤʳ ʚ ʠʤʧʫʣʴʩʝ 58536  

(1% Pd, ʜʣʠʪʝʣʴʥʦʩʪʴ ʠʤʧʫʣʴʩʘ ʛʠʨʦʪʨʦʥʘ 4 ʤʩ, ʤʦʱʥʦʩʪʴ 250 ʢɺʪ), ʧʦʩʪʨʦʝʥʥʳʝ ʚ ʚʠʥʦʚʩʢʠʭ 

ʢʦʦʨʜʠʥʘʪʘʭ. ʀʟʦʙʨʘʞʝʥʳ ʩʧʝʢʪʨʳ, ʟʘʨʝʛʠʩʪʨʠʨʦʚʘʥʥʳʝ ʩ ʵʢʩʧʦʟʠʮʠʷʤʠ 1,1 ʤʩ, ʩ ʟʘʜʝʨʞʢʘʤʠ 0 

(ʩʧʝʢʪʨ 11), 1,1 (ʩʧʝʢʪʨ 2), 2,2 (ʩʧʝʢʪʨ 3), 3,3 (ʩʧʝʢʪʨ 4), 5,5 (ʩʧʝʢʪʨ 5) ʤʩ ʦʪ ʥʘʯʘʣʘ ʠʤʧʫʣʴʩʘ 

ʛʠʨʦʪʨʦʥʘ. ʇʦʩʢʦʣʴʢʫ ʜʣʷ ʚʳʯʠʩʣʝʥʠʷ ʪʝʤʧʝʨʘʪʫʨʳ ʟʥʘʯʠʤ ʪʦʣʴʢʦ ʣʠʰʴ ʫʛʦʣ ʥʘʢʣʦʥʘ 

ʢʘʩʘʪʝʣʴʥʦʡ ʧʨʠʙʣʠʞʘʶʱʝʡ ʧʨʷʤʦʡ, ʜʣʷ ʥʘʛʣʷʜʥʦʩʪʠ, ʩʧʝʢʪʨʳ ʙʳʣʠ ʨʘʟʥʝʩʝʥʳ ʚʜʦʣʴ ʦʩʠ 

ʦʨʜʠʥʘʪ ʥʘ ʚʩʝʭ ʪʨʝʭ ʨʠʩʫʥʢʘʭ. 

ʅʘ ʨʠʩ. 2 ʧʨʝʜʩʪʘʚʣʝʥʳ ʩʧʝʢʪʨʳ ʠʟʣʫʯʝʥʠʷ ʧʣʘʟʤʳ ʚ ʠʤʧʫʣʴʩʝ 58548 (5% Pd, 

ʜʣʠʪʝʣʴʥʦʩʪʴ ʠʤʧʫʣʴʩʘ ʛʠʨʦʪʨʦʥʘ 4 ʤʩ, ʤʦʱʥʦʩʪʴ 250 ʢɺʪ). ʀʟʦʙʨʘʞʝʥʳ ʩʧʝʢʪʨʳ, 

ʟʘʨʝʛʠʩʪʨʠʨʦʚʘʥʥʳʝ ʯʝʨʝʟ 1,1 (ʩʧʝʢʪʨ 2), 2,2 (ʩʧʝʢʪʨ 3), 3,3 (ʩʧʝʢʪʨ 3), 4,4 (ʩʧʝʢʪʨ 4), 5,5 (ʩʧʝʢʪʨ 

5) ʤʩ ʧʦʩʣʝ ʥʘʯʘʣʘ ʠʤʧʫʣʴʩʘ ʛʠʨʦʪʨʦʥʘ. 

ʅʘ ʨʠʩ. 3 ʠʟʦʙʨʘʞʝʥʳ ʩʧʝʢʪʨʳ ʠʟʣʫʯʝʥʠʷ ʧʣʘʟʤʳ ʚ ʠʤʧʫʣʴʩʝ 58471 (10% Pd, 

ʜʣʠʪʝʣʴʥʦʩʪʴ ʠʤʧʫʣʴʩʘ ʛʠʨʦʪʨʦʥʘ 4 ʤʩ, ʤʦʱʥʦʩʪʴ 250 ʢɺʪ). ʇʨʝʜʩʪʘʚʣʝʥʳ ʩʧʝʢʪʨʳ, 

ʟʘʨʝʛʠʩʪʨʠʨʦʚʘʥʥʳʝ ʯʝʨʝʟ 0 (ʩʧʝʢʪʨ 1), 2,5 (ʩʧʝʢʪʨ 2), 5 (ʩʧʝʢʪʨ 3), 5,5 (ʩʧʝʢʪʨ 4), 7 (ʩʧʝʢʪʨ 5) 

ʤʩ ʧʦʩʣʝ ʥʘʯʘʣʘ ʠʤʧʫʣʴʩʘ ʛʠʨʦʪʨʦʥʘ. 

ɺ ʪʘʙʣʠʮʝ 1 ʧʨʠʚʝʜʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʠʟʤʝʨʝʥʠʷ ʪʝʤʧʝʨʘʪʫʨʳ ʧʦʚʝʨʭʥʦʩʪʝʡ ʩʤʝʩʝʡ. 
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ʈʠʩ. 1. ʉʧʝʢʪʨʳ ʠʟʣʫʯʝʥʠʷ ʚ ʠʤʧʫʣʴʩʝ 58536 (Pd 1% + Al 2O3) 

 

 
ʈʠʩ. 2. ʉʧʝʢʪʨʳ ʠʟʣʫʯʝʥʠʷ ʚ ʠʤʧʫʣʴʩʝ 58548 (Pd 5% + Al 2O3). ʀʥʪʝʥʩʠʚʥʦʩʪʴ ʠʟʣʫʯʝʥʠʷ ʚ ʩʧʝʢʪʨʝ ˉ 1 

ʙʳʣʘ ʥʝʜʦʩʪʘʪʦʯʥʦʡ ʜʣʷ ʚʳʯʠʩʣʝʥʠʷ ʪʝʤʧʝʨʘʪʫʨʳ 
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ʈʠʩ. 3. ʉʧʝʢʪʨʳ ʠʟʣʫʯʝʥʠʷ ʚ ʠʤʧʫʣʴʩʝ 58571 (Pd 10% + Al 2O3). 

 

ʊʘʙʣʠʮʘ 1. ʇʘʨʘʤʝʪʨʳ ʧʦʨʦʰʢʦʚ 

ʉʤʝʩʴ 

ʧʦʨʦʰʢʦʚ 
% Pd Dt1, ʤʩ tI, ʤʩ T1, ʢʂ T5, ʢʂ 

Pd + Al2O3 1 0 1,1 2,9 Ñ 0,2 2,7 Ñ 0,2 

Pd + Al2O3 5 1,1 1,1 2,8 Ñ 0,2 2,6 Ñ 0,2 

Pd + Al2O3 10 0 2,5 2,8 Ñ 0.2 2,7 Ñ 0,2 

ɿʜʝʩʴ Dt1 ï ʟʘʜʝʨʞʢʘ ʨʝʛʠʩʪʨʘʮʠʠ ʧʝʨʚʦʛʦ ʧʨʝʜʩʪʘʚʣʝʥʥʦʛʦ ʩʧʝʢʪʨʘ ʦʪʥʦʩʠʪʝʣʴʥʦ ʥʘʯʘʣʘ 

ʠʤʧʫʣʴʩʘ ʛʠʨʦʪʨʦʥʘ, tI ï ʚʨʝʤʷ ʵʢʩʧʦʟʠʮʠʠ ʜʣʷ ʢʘʞʜʦʛʦ ʩʧʝʢʪʨʘ ʚ ʜʘʥʥʦʤ ʨʘʟʨʷʜʝ, T1 ï 

ʪʝʤʧʝʨʘʪʫʨʘ, ʦʧʨʝʜʝʣʸʥʥʘʷ ʧʦ ʧʝʨʚʦʤʫ ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʤʫ ʩʧʝʢʪʨʫ, T5 ï ʪʝʤʧʝʨʘʪʫʨʘ, 

ʦʧʨʝʜʝʣʸʥʥʘʷ ʧʦ ʧʦʩʣʝʜʥʝʤʫ ʩʧʝʢʪʨʫ.  
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ʧʣʘʩʪʠʥʘʭ ʚ ʨʘʟʨʷʜʘʭ, ʠʥʠʮʠʠʨʫʝʤʳʭ ʠʟʣʫʯʝʥʠʝʤ ʛʠʨʦʪʨʦʥʘ ʚ ʧʦʨʦʰʢʘʭ ʤʝʪʘʣʣ-ʜʠʵʣʝʢʪʨʠʢ // 

ʀʟʚʝʩʪʠʷ ʚʳʩʰʠʭ ʫʯʝʙʥʳʭ ʟʘʚʝʜʝʥʠʡ, ʈʘʜʠʦʬʠʟʠʢʘ, 2015, ʪ. 58, ˉ 9, ʩ. 779 ï 788. 
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2020. In press.  
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ʤʝʪʦʜʦʤ ʩʧʝʢʪʨʘʣʴʥʦʡ ʧʠʨʦʤʝʪʨʠʠ // ʅʘʫʯʥʦʝ ʧʨʠʙʦʨʦʩʪʨʦʝʥʠʝ, 2010, ʪ. 20, ˉ 3, ʩ. 22 ï 26. 
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ʖ.ɺ. ʂʦʯʝʪʢʦʚ1, ʊ. ʇʠʩʘʨʯʫʢ2, ʄ. ʂʘʣʘʣ3, ʊ. ʏʦʜʫʢʦʚʩʢʠ2, ɸ. ɿʘʨʘʟ-ʐʠʜʣʦʚʩʢʘ2, ɿ. ʈʫʩʠʥʠʘʢ2, 

ʈ. ɼʫʜʟʘʢ4,3, ʁ. ɼʦʩʪʘʣ3,4, ʄ.ʂʨʫʧʢʘ3,4, ʌ.ɸ. ʂʦʨʥʝʝʚ1,5   

 

 
1. ʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʷʜʝʨʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ çʄʀʌʀè, ʄʦʩʢʚʘ 
2. ʀʥʩʪʠʪʫʪ ʬʠʟʠʢʠ ʧʣʘʟʤʳ ʠ ʣʘʟʝʨʥʦʛʦ ʤʠʢʨʦʩʠʥʪʝʟʘ, ɺʘʨʰʘʚʘ, ʇʦʣʴʰʘ 
3. ʀʥʩʪʠʪʫʪ ʬʠʟʠʢʠ ʧʣʘʟʤʳ ʏʝʰʩʢʦʡ ɸʢʘʜʝʤʠʠ ʥʘʫʢ, ʇʨʘʛʘ, ʏʝʭʠʷ 
4. ʀʥʩʪʠʪʫʪ ʬʠʟʠʢʠ ʏʝʰʩʢʦʡ ʘʢʘʜʝʤʠʠ ʥʘʫʢ, ʇʨʘʛʘ, ʏʝʭʠʷ 
5. ʌʠʟʠʯʝʩʢʠʡ ʠʥʩʪʠʪʫʪ ʠʤʝʥʠ ʇ. ʅ. ʃʝʙʝʜʝʚʘ ʈɸʅ, ʄʦʩʢʚʘ, ʈʦʩʩʠʷ 

 

 

ʃʘʟʝʨʥʘʷ ʧʣʘʟʤʘ, ʩʦʟʜʘʚʘʝʤʘʷ ʚʳʩʦʢʦʵʥʝʨʛʝʪʠʯʥʳʤ ʣʘʟʝʨʥʳʤ ʠʟʣʫʯʝʥʠʝʤ, ʦʙʣʘʜʘʝʪ 

ʙʦʣʴʰʦʡ ʧʣʦʪʥʦʩʪʴʶ ʢʘʢ ʪʝʧʣʦʚʦʡ ʵʥʝʨʛʠʠ, ʪʘʢ ʠ ʵʥʝʨʛʠʠ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ. ʉʧʦʥʪʘʥʥʦʝ 

ʤʘʛʥʠʪʥʦʝ ʧʦʣʝ ʚ ʧʣʘʟʤʝ ʤʦʞʝʪ ʟʥʘʯʠʪʝʣʴʥʦ ʠʟʤʝʥʠʪʴ ʪʨʘʥʩʧʦʨʪʥʳʝ ʢʦʵʬʬʠʮʠʝʥʪʳ ʧʣʘʟʤʳ, 

ʪʝʤ ʩʘʤʳʤ ʠʟʤʝʥʠʚ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʧʣʦʪʥʦʩʪʠ ʠ ʪʝʤʧʝʨʘʪʫʨʳ, ʢʦʵʬʬʠʮʠʝʥʪ ʧʦʛʣʦʱʝʥʠʷ 

ʣʘʟʝʨʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʠ ʚʝʣʠʯʠʥʫ ʘʙʣʷʮʠʦʥʥʦʛʦ ʜʘʚʣʝʥʠʷ. ɹʝʟ ʟʥʘʥʠʷ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʤʘʛʥʠʪʥʦʛʦ 

ʧʦʣʷ, ʛʝʥʝʨʠʨʫʝʤʦʛʦ ʚ ʧʣʘʟʤʝ, ʠ ʝʛʦ ʚʣʠʷʥʠʷ ʥʘ ʜʚʠʞʝʥʠʝ ʙʳʩʪʨʳʭ ʵʣʝʢʪʨʦʥʦʚ, ʧʨʦʙʣʝʤʘʪʠʯʥʦ 

ʨʝʰʠʪʴ ʰʠʨʦʢʠʡ ʩʧʝʢʪʨ ʟʘʜʘʯ ʣʘʟʝʨʥʦʡ ʧʣʘʟʤʳ. 

ʂʣʘʩʩʠʯʝʩʢʠʤ ʧʦʜʭʦʜʦʤ ʢ ʠʟʤʝʨʝʥʠʶ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʪʘʢʦʡ ʧʣʘʟʤʳ ʷʚʣʷʝʪʩʷ 

ʦʜʥʦʚʨʝʤʝʥʥʦʝ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʜʚʫʭ ʦʪʜʝʣʴʥʳʭ ʚʠʜʦʚ ʜʠʘʛʥʦʩʪʠʢʠ - ʠʥʪʝʨʬʝʨʦʤʝʪʨʠʠ ʠ 

ʧʦʣʷʨʠʤʝʪʨʠʠ ï ʠ ʧʦʩʣʝʜʫʶʱʝʝ ʩʦʚʤʝʱʝʥʠʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ. ʈʘʟʥʳʝ ʦʧʪʠʯʝʩʢʠʝ 

ʧʫʪʠ ʠ ʫʚʝʣʠʯʝʥʠʷ ʜʠʘʛʥʦʩʪʠʢ ʧʨʠʚʦʜʷʪ ʢ ʙʦʣʴʰʠʤ ʧʦʛʨʝʰʥʦʩʪʷʤ ʠʟʤʝʨʝʥʠʡ. ʇʦʧʳʪʢʠ ʠʟʚʣʝʯʴ 

ʠʥʬʦʨʤʘʮʠʶ ʙʦʣʝʝ ʪʦʯʥʦ ʧʨʠʚʝʣʠ ʢ ʨʘʟʚʠʪʠʶ ʢʦʤʧʣʝʢʩʥʦʡ ʠʥʪʝʨʬʝʨʦʤʝʪʨʠʠ [1], ʢʦʪʦʨʘʷ, ʧʨʠ 

ʫʩʣʦʚʠʷʭ ʘʢʩʠʘʣʴʥʦʡ ʩʠʤʤʝʪʨʠʠ, ʧʦʟʚʦʣʷʝʪ ʚʦʩʩʪʘʥʘʚʣʠʚʘʪʴ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʵʣʝʢʪʨʦʥʥʦʡ 

ʧʣʦʪʥʦʩʪʠ ʧʣʘʟʤʳ ʠ ʥʘʧʨʷʞʝʥʥʦʩʪʠ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ, ʠʩʧʦʣʴʟʫʷ ʪʦʣʴʢʦ ʦʜʠʥ ʦʙʲʝʢʪ ʜʘʥʥʳʭ - 

ʢʦʤʧʣʝʢʩʥʫʶ ʠʥʪʝʨʬʝʨʦʛʨʘʤʤʫ (ʨʠʩ. 1). ʆʜʥʘʢʦ ʫʚʝʣʠʯʝʥʠʝ ʩʣʦʞʥʦʩʪʠ ʠ ʫʥʠʚʝʨʩʘʣʴʥʦʩʪʠ 

ʜʠʘʛʥʦʩʪʠʢʠ ʪʨʝʙʫʝʪ ʙʦʣʝʝ ʜʝʪʘʣʴʥʦʛʦ ʘʥʘʣʠʟʘ ʠʟʚʣʝʯʝʥʥʳʭ ʟʥʘʯʝʥʠʡ ʠ ʠʭ ʪʦʯʥʦʩʪʠ. 

ɸʥʘʣʠʟ ʦʩʥʦʚʘʥ ʥʘ ʦʙʨʘʙʦʪʢʝ ʩʠʥʪʝʪʠʯʝʩʢʠʭ ʢʦʤʧʣʝʢʩʥʳʭ ʠʥʪʝʨʬʝʨʦʛʨʘʤʤ, ʩʦʟʜʘʥʥʳʭ 

ʥʘ ʦʩʥʦʚʝ ʘʥʘʣʠʪʠʯʝʩʢʠʭ ʚʳʨʘʞʝʥʠʡ ʜʣʷ ʨʘʩʧʨʝʜʝʣʝʥʠʡ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʠ ʵʣʝʢʪʨʦʥʥʦʡ 

ʧʣʦʪʥʦʩʪʠ ʧʣʘʟʤʳ. ɹʳʣʠ ʫʯʪʝʥʳ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʵʬʬʝʢʪʳ, ʢʦʪʦʨʳʝ ʤʦʞʥʦ ʨʘʟʜʝʣʠʪʴ ʥʘ ʜʚʝ 

ʢʘʪʝʛʦʨʠʠ - ʢʘʢ ʚʣʠʷʶʱʠʝ ʥʘ ʛʝʦʤʝʪʨʠʯʝʩʢʠʝ ʧʘʨʘʤʝʪʨʳ ʧʣʘʟʤʳ (ʥʝʠʜʝʘʣʴʥʦʩʪʴ ʦʙʣʫʯʝʥʠʷ, 

ʧʣʘʟʤʝʥʥʳʝ ʥʝʩʪʘʙʠʣʴʥʦʩʪʠ ʠ ʪ.ʜ.) ʠ ʢʘʢ ʚʣʠʷʶʱʠʝ ʥʘ ʠʟʤʝʨʝʥʥʫʶ ʠʥʪʝʥʩʠʚʥʦʩʪʴ (ʩʚʝʯʝʥʠʝ ʠ 

ʧʦʛʣʦʱʝʥʠʝ ʧʣʘʟʤʦʡ, ʥʝʩʪʘʙʠʣʴʥʦʩʪʴ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʵʥʝʨʛʠʠ ʚ ʣʘʟʝʨʥʦʤ ʠʟʣʫʯʝʥʠʠ ʠ ʪ.ʜ.). ɺ 

ʨʝʟʫʣʴʪʘʪʝ ʨʘʩʯʝʪʦʚ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʙʳʣʦ ʦʧʨʝʜʝʣʝʥʦ, ʯʪʦ ʦʪʥʦʩʠʪʝʣʴʥʘʷ ʦʰʠʙʢʘ ʚ ʦʙʣʘʩʪʠ ʦʪ 

0.2 ʜʦ 0.8 ʨʘʜʠʫʩʘ ʧʣʘʟʤʳ Rmask ʚ ʩʣʫʯʘʝ ʜʦʙʘʚʣʝʥʠʷ ʧʦʜʦʙʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʫ ʵʬʬʝʢʪʦʚ 

ʩʦʩʪʘʚʣʷʝʪ 25%, ʩʠʣʴʥʦ ʧʦʚʳʰʘʷʩʴ ʫ ʚʳʙʨʘʥʥʦʡ ʦʩʠ ʩʠʤʤʝʪʨʠʠ yplasma. ʆʢʘʟʘʣʦʩʴ, ʯʪʦ ʦʰʠʙʢʘ ʫ 
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ʦʩʠ ʩʚʷʟʘʥʘ ʩ ʥʝʩʦʚʧʘʜʝʥʠʝʤ ʨʝʘʣʴʥʦʡ ʦʩʠ ʩʠʤʤʝʪʨʠʠ yreal, ʢʦʪʦʨʫʶ ʥʝʚʦʟʤʦʞʥʦ ʪʦʯʥʦ 

ʦʧʨʝʜʝʣʠʪʴ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ, ʦʩʠ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʧʣʦʪʥʦʩʪʠ yplasma ʠ ʦʩʠ ʫʛʣʘ ʧʦʚʦʨʦʪʘ yangle 

ʚʩʣʝʜʩʪʚʠʝ ʢʘʢ ʚʳʰʝʫʧʦʤʷʥʫʪʳʭ ʬʠʟʠʯʝʩʢʠʭ ʵʬʬʝʢʪʦʚ, ʪʘʢ ʠ ʤʘʪʝʤʘʪʠʯʝʩʢʠʭ ʵʬʬʝʢʪʦʚ 

ʦʙʨʘʙʦʪʢʠ ʜʘʥʥʳʭ.  

ɹʳʣ ʧʨʝʜʣʦʞʝʥ ʘʣʛʦʨʠʪʤ ʢʦʨʨʝʢʮʠʠ ʜʘʥʥʳʭ, ʦʩʥʦʚʘʥʥʳʡ ʥʘ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʫʟʢʦʡ 

ʩʜʚʠʛʦʚʦʡ ʬʫʥʢʮʠʠ ʜʣʷ ʢʦʤʧʝʥʩʘʮʠʠ ʥʝʞʝʣʘʪʝʣʴʥʳʭ ʵʬʬʝʢʪʦʚ ʠ ʩʦʚʤʝʱʝʥʠʠ ʦʩʝʡ ʧʣʘʟʤʳ ʠ 

ʫʛʣʘ ʧʦʚʦʨʦʪʘ [2]. ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʜʘʥʥʦʛʦ ʘʣʛʦʨʠʪʤʘ ʥʘ ʧʦʨʷʜʦʢ ʩʥʠʞʘʝʪ ʘʙʩʦʣʶʪʥʫʶ ʦʰʠʙʢʫ 

ʫ ʦʩʠ (ʨʠʩ. 2). ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʧʨʝʜʣʦʞʝʥʥʦʛʦ ʤʝʪʦʜʘ ʢʦʨʨʝʢʮʠʠ ʧʦʟʚʦʣʷʝʪ ʩʜʝʣʘʪʴ 

ʢʦʤʧʣʝʢʩʥʫʶ ʠʥʪʝʨʬʝʨʦʤʝʪʨʠʶ ʙʦʣʝʝ ʥʘʜʝʞʥʦʡ ʜʠʘʛʥʦʩʪʠʢʦʡ ʜʣʷ ʙʦʣʝʝ ʪʦʯʥʳʭ ʠʟʤʝʨʝʥʠʡ 

ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦ-ʚʨʝʤʝʥʥʳʭ ʨʘʩʧʨʝʜʝʣʝʥʠʡ ʵʣʝʢʪʨʦʥʥʦʡ ʧʣʦʪʥʦʩʪʠ ʧʣʘʟʤʳ ʠ ʩʧʦʥʪʘʥʥʦʛʦ 

ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ. 

 

 

ʈʠʩ.1. ʉʠʥʪʝʪʠʯʝʩʢʘʷ ʢʦʤʧʣʝʢʩʥʘʷ 

ʠʥʪʝʨʬʝʨʦʛʨʘʤʤʘ. 

ʈʠʩ.2. ʉʨʘʚʥʝʥʠʝ ʚʦʩʩʪʘʥʦʚʣʝʥʥʦʛʦ 

ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʩ ʟʘʜʘʥʥʳʤ 

ʘʥʘʣʠʪʠʯʝʩʢʠʤ. 

 

ʃʠʪʝʨʘʪʫʨʘ: 

1. T. Pisarczyk et al. Space-time resolved measurements of spontaneous fields in laser-produced 

plasma // Physics of Plasmas, 2015, Vol.22, 102706. 

2. Iu. Kochetkov et al. Characterization of magnetized laser plasma with complex interferometry: 

limitations and accuracy // Journal of Applied Physics (submitted) 
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ʀɿʄɽʈɽʅʀɽ ʇʆʊʆʂʆɺ ʀʆʅʆɺ CU+ ɺ ʄɸɻʅɽʊʈʆʅɽ  

ʉ ɻʆʈʗʏɽʁ ʄʀʐɽʅʔʖ ʀ ɽɻʆ ʇʈʀʄɽʅɽʅʀɽ ɼʃʗ ʄɽʊɸʃʃʀɿɸʎʀʀ 

ʂɽʈɸʄʀʏɽʉʂʀʍ ʇʆɼʃʆɾɽʂ 

 

 

ɸ.ɺ. ʂʘʟʠʝʚ, ɺ.ʖ. ʃʠʩʝʥʢʦʚ, ɸ.ɺ. ʊʫʤʘʨʢʠʥ, ʄ.ʄ. ʍʘʨʴʢʦʚ, ʅ.ʅ. ʉʘʤʦʪʘʝʚ 

 

 

ʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʷʜʝʨʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ çʄʀʌʀè 

 

 

ʆʩʘʞʜʝʥʠʝ ʧʦʢʨʳʪʠʡ ʚ ʤʘʛʥʝʪʨʦʥʥʦʤ ʨʘʟʨʷʜʝ ʩ ʛʦʨʷʯʝʡ (ʨʘʩʧʣʘʚʣʝʥʥʦʡ) ʤʠʰʝʥʴʶ 

ʧʦʟʚʦʣʷʝʪ ʤʥʦʛʦʢʨʘʪʥʦ ʧʦʚʳʩʠʪʴ ʩʢʦʨʦʩʪʴ ʨʦʩʪʘ ʧʣʝʥʢʠ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʦʙʳʯʥʳʤʠ 

ʤʘʛʥʝʪʨʦʥʥʳʤʠ ʩʠʩʪʝʤʘʤʠ, ʜʦ ʫʨʦʚʥʷ ʜʝʩʷʪʢʦʚ ʤʢʤ/ʤʠʥ [1]. ʂʨʦʤʝ ʪʦʛʦ, ʧʦʷʚʣʷʝʪʩʷ 

ʚʦʟʤʦʞʥʦʩʪʴ ʧʨʦʚʦʜʠʪʴ ʧʨʦʮʝʩʩ ʥʘʥʝʩʝʥʠʷ ʙʝʟ ʨʘʙʦʯʝʛʦ ʛʘʟʘ, ʯʪʦ ʧʦʣʦʞʠʪʝʣʴʥʦ ʩʢʘʟʳʚʘʝʪʩʷ ʥʘ 

ʩʪʨʫʢʪʫʨʝ ʧʦʢʨʳʪʠʷ. 

ɺ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʧʨʦʚʦʜʠʣʦʩʴ ʠʟʤʝʨʝʥʠʝ ʠʦʥʥʳʭ ʧʦʪʦʢʦʚ ʚ ʧʣʘʟʤʝ ʨʘʟʨʷʜʘ ʩ 

ʨʘʩʧʣʘʚʣʝʥʥʦʡ ʤʝʜʥʦʡ ʤʠʰʝʥʴʶ ʩ ʨʘʙʦʯʠʤ ʛʘʟʦʤ (Ar) ʠ ʙʝʟ ʥʝʛʦ ʠ ʦʩʘʞʜʝʥʠʝ ʤʝʜʥʳʭ 

ʧʦʢʨʳʪʠʡ ʥʘ ʢʝʨʘʤʠʯʝʩʢʠʭ ʧʦʜʣʦʞʢʘʭ. ɼʣʷ ʢʦʨʧʫʩʢʫʣʷʨʥʦʡ ʜʠʘʛʥʦʩʪʠʢʠ ʠʩʧʦʣʴʟʦʚʘʣʩʷ 

ʤʘʛʥʠʪʥʳʡ ʩʝʢʪʦʨʥʳʡ ʤʘʩʩ-ʘʥʘʣʠʟʘʪʦʨ ʩʦ ʩʧʝʮʠʘʣʠʟʠʨʦʚʘʥʥʦʡ ʩʠʩʪʝʤʦʡ ʵʢʩʪʨʘʢʮʠʠ [2]. 

ʄʘʢʩʠʤʘʣʴʥʘʷ ʜʝʪʝʢʪʠʨʫʝʤʘʷ ʤʘʩʩʘ ʧʨʠ ʫʩʢʦʨʷʶʱʝʤ ʥʘʧʨʷʞʝʥʠʠ 1 ʢɺ ʩʦʩʪʘʚʣʷʣʘ 140 ʘ.ʝ.ʤ. 

ɼʣʷ ʧʦʚʳʰʝʥʠʷ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʠ ʠʟʤʝʨʝʥʠʡ ʚ ʢʘʯʝʩʪʚʝ ʜʝʪʝʢʪʦʨʘ ʧʨʠʤʝʥʷʣʩʷ ʚʪʦʨʠʯʥʳʡ 

ʵʣʝʢʪʨʦʥʥʳʡ ʫʤʥʦʞʠʪʝʣʴ, ʧʦʜʩʦʝʜʠʥʝʥʥʳʡ ʢ ʧʠʢʦʘʤʧʝʨʤʝʪʨʫ. ʄʘʩʩʦʚʳʝ ʩʧʝʢʪʨʳ ʠʟʤʝʨʷʣʠʩʴ 

ʚ ʦʪʜʝʣʴʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʘʭ. 

ʅʘ ʨʠʩ. 1 ʧʦʢʘʟʘʥ ʤʘʩʩʦʚʳʡ ʩʧʝʢʪʨ ʠʦʥʥʦʛʦ ʧʦʪʦʢʘ ʥʘ ʧʦʜʣʦʞʢʫ ʚ ʧʨʠʩʫʪʩʪʚʠʠ Ar. ɹʝʟ 

Ar ʚ ʧʦʪʦʢʝ ʦʩʪʘʶʪʩʷ ʪʦʣʴʢʦ ʠʦʥʳ Cu+. 

 

ʈʠʩ. 1. ʄʘʩʩʦʚʳʡ ʩʧʝʢʪʨ ʠʦʥʥʦʛʦ ʧʦʪʦʢʘ ʥʘ ʧʦʜʣʦʞʢʫ ʚ ʧʨʠʩʫʪʩʪʚʠʠ Ar 
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ɸʙʩʦʣʶʪʥʳʝ ʟʥʘʯʝʥʠʷ ʧʦʪʦʢʘ ʠʦʥʦʚ Cu+, ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʨʝʞʠʤʘ ʦʩʘʞʜʝʥʠʷ, ʩʦʩʪʘʚʠʣʠ 

0,7ï1,2Ĭ1016 ʩʤï2ʩï1. ɺ ʠʩʩʣʝʜʦʚʘʥʥʳʭ ʨʝʞʠʤʘʭ ʧʨʦʚʦʜʠʣʦʩʴ ʦʩʘʞʜʝʥʠʝ ʤʝʜʥʳʭ ʧʦʢʨʳʪʠʡ ʩ 

ʪʦʣɦʠʥʦʡ ~ ʜʝʩʷʪʢʦʚ ʤʢʤ. 

ʋʜʝʣʴʥʦʝ ʩʦʧʨʦʪʠʚʣʝʥʠʝ ɟ ʧʦʣʫʯʝʥʥʳʭ ʧʦʢʨʳʪʠʡ ʦʧʨʝʜʝʣʷʣʦʩʴ ʯʝʪʳʨʝʭʟʦʥʜʦʚʳʤ 

ʤʝʪʦʜʦʤ ʧʦ ʬʦʨʤʫʣʝ t
I

U

2ln
ɟ

p
= , ʛʜʝ ʥʘʧʨʷʞʝʥʠʝ U ʠ ʪʦʢ I ʠʟʤʝʨʷʣʠʩʴ ʩʦʛʣʘʩʥʦ ʩʭʝʤʝ ʥʘ ʨʠʩ. 

2, t ð ʪʦʣʱʠʥʘ ʧʦʢʨʳʪʠʷ. 

 

ʈʠʩ. 2. ʉʭʝʤʘ ʠʟʤʝʨʝʥʠʡ ʫʜʝʣʴʥʦʛʦ ʩʦʧʨʦʪʠʚʣʝʥʠʷ ʧʣʝʥʢʠ ʯʝʪʳʨʝʭʟʦʥʜʦʚʳʤ ʤʝʪʦʜʦʤ 

 

ʇʦʣʫʯʝʥʘ ʩʝʨʠʷ ʧʦʢʨʳʪʠʡ ʪʦʣʱʠʥʦʡ 20 ʤʢʤ (ʩ ʧʦʜʩʣʦʝʤ CuO ʠ ʙʝʟ ʥʝʛʦ), ʪʦʣʱʠʥʦʡ 60 

ʤʢʤ (ʩ ʧʦʜʩʣʦʝʤ CuO), ʘ ʪʘʢʞʝ ʪʦʣʱʠʥʦʡ 80 ʤʢʤ (ʩ ʧʦʜʩʣʦʝʤ CuO). ʍʦʨʦʰʘʷ ʘʜʛʝʟʠʷ 

ʥʘʙʣʶʜʘʣʘʩʴ ʚʧʣʦʪʴ ʜʦ ʪʦʣʱʠʥʳ 60 ʤʢʤ. ʋʜʝʣʴʥʦʝ ʩʦʧʨʦʪʠʚʣʝʥʠʝ ʧʦʢʨʳʪʠʡ ʩʦʩʪʘʚʠʣʦ 1,7ï

2.1Ĭ10ï8 ʆʤĬʤ. 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʧʦʜʜʝʨʞʢʝ ʈʅʌ (ʛʨʘʥʪ 18-79-10242). 
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ʀʟʫʯʝʥʠʝ ʧʦʪʦʢʦʚ ʧʣʘʟʤʳ ʚ ʢʚʘʟʠʩʪʘʮʠʦʥʘʨʥʳʭ ʩʠʣʴʥʦʪʦʯʥʳʭ ʧʣʘʟʤʝʥʥʳʭ ʫʩʢʦʨʠʪʝʣʷʭ 

(ʂʉʇʋ) ʧʨʝʜʩʪʘʚʣʷʝʪ ʪʝʦʨʝʪʠʯʝʩʢʠʡ ʠ ʧʨʘʢʪʠʯʝʩʢʠʡ ʠʥʪʝʨʝʩ. ʕʪʦ ʩʚʷʟʘʥʦ ʩ ʙʦʣʴʰʠʤ 

ʢʦʣʠʯʝʩʪʚʦʤ ʥʘʧʨʘʚʣʝʥʠʡ ʠʩʩʣʝʜʦʚʘʥʠʡ, ʢʦʪʦʨʳʝ ʚʳʧʦʣʥʷʶʪʩʷ ʥʘ ʜʘʥʥʳʭ ʫʩʪʘʥʦʚʢʘʭ [1,2]. 

ʆʜʥʠʤ ʠʟ ʧʨʠʢʣʘʜʥʳʭ ʥʘʧʨʘʚʣʝʥʠʡ ʷʚʣʷʝʪʩʷ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʂʉʇʋ ʚ ʢʘʯʝʩʪʚʝ ʤʦʱʥʳʭ 

ʵʣʝʢʪʨʦʨʝʘʢʪʠʚʥʳʭ ʨʘʢʝʪʥʳʭ ʜʚʠʛʘʪʝʣʝʡ (ʕʈɼ) ʜʣʷ ʢʦʩʤʠʯʝʩʢʠʭ ʘʧʧʘʨʘʪʦʚ.  

ʀʥʪʝʨʝʩ ʢ ʕʈɼ ʩʚʷʟʘʥ ʩ ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʤ ʦʛʨʘʥʠʯʝʥʠʝʤ ʫʜʝʣʴʥʦʛʦ ʠʤʧʫʣʴʩʘ 

ʨʝʘʢʪʠʚʥʳʭ ʜʚʠʛʘʪʝʣʝʡ ʥʘ ʭʠʤʠʯʝʩʢʦʤ ʪʦʧʣʠʚʝ [3]. ʆʥʦ ʥʝ ʧʦʟʚʦʣʷʝʪ ʠʩʧʦʣʴʟʦʚʘʪʴ ʪʘʢʠʝ 

ʜʚʠʛʘʪʝʣʠ ʜʣʷ ʤʝʞʧʣʘʥʝʪʥʳʭ ʧʦʣʝʪʦʚ. ʉʫʱʝʩʪʚʫʶʱʠʝ ʕʈɼ ʠʤʝʶʪ ʫʜʝʣʴʥʳʡ ʠʤʧʫʣʴʩ ʥʘ 

ʧʦʨʷʜʦʢ ʙʦʣʴʰʝ, ʯʝʤ ʨʘʢʝʪʳ ʥʘ ʞʠʜʢʦʤ ʠ ʪʚʝʨʜʦʤ ʪʦʧʣʠʚʝ, ʦʜʥʘʢʦ ʦʥʠ ʥʝ ʤʦʛʫʪ ʨʘʟʚʠʪʴ ʪʷʛʫ 

ʜʦʩʪʘʪʦʯʥʫʶ ʜʣʷ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʠʭ ʚ ʧʠʣʦʪʠʨʫʝʤʳʭ ʢʦʩʤʠʯʝʩʢʠʭ ʧʦʣʝʪʘʭ. ʊʘʢʠʝ ʦʛʨʘʥʠʯʝʥʠʷ 

ʩʦʟʜʘʶʪ ʧʨʝʜʧʦʩʳʣʢʠ ʢ ʨʘʟʨʘʙʦʪʢʝ ʥʦʚʳʭ ʧʣʘʟʤʝʥʥʳʭ ʕʈɼ.  

ɺ ʦʩʥʦʚʝ ʧʣʘʟʤʝʥʥʳʭ ʕʈɼ ʣʝʞʠʪ ʧʨʦʮʝʩʩ ʫʩʢʦʨʝʥʠʷ ʧʣʘʟʤʳ ʜʦ ʩʢʦʨʦʩʪʝʡ ʧʦʨʷʜʢʘ 10 ð 

100 ʢʤ/ʩʝʢ [4] ʀʟʫʯʝʥʠʝ ʫʩʪʦʡʯʠʚʦʩʪʠ ʛʦʨʝʥʠʷ ʧʣʘʟʤʳ ʧʨʠ ʨʘʟʥʳʭ ʨʝʞʠʤʘʭ ʨʘʙʦʪʳ ʷʚʣʷʝʪʩʷ 

ʥʝʦʙʭʦʜʠʤʳʤ ʵʪʘʧʦʤ ʩʦʟʜʘʥʠʷ ʧʣʘʟʤʝʥʥʦʛʦ ʨʘʢʝʪʥʦʛʦ ʜʚʠʛʘʪʝʣʷ [5].  

ɼʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʦʪʦʢʘ ʧʣʘʟʤʳ ʙʳʣʘ ʨʘʟʨʘʙʦʪʘʥʘ ʩʠʩʪʝʤʘ ʠʟʤʝʨʝʥʠʷ ʵʣʝʢʪʨʦʥʥʦʡ 

ʧʣʦʪʥʦʩʪʠ ʥʘ ʦʩʥʦʚʝ ʚʦʣʦʢʦʥʥʦʛʦ ʛʝʪʝʨʦʜʠʥʥʦʛʦ ʠʥʪʝʨʬʝʨʦʤʝʪʨʘ ʩ ʢʚʘʜʨʘʪʫʨʥʳʤ ʬʘʟʦʤʝʪʨʦʤ. 

ɹʳʣʘ ʧʨʦʚʝʜʝʥʘ ʩʝʨʠʷ ʠʟʤʝʨʝʥʠʡ ʵʣʝʢʪʨʦʥʥʦʡ ʧʣʦʪʥʦʩʪʠ ʧʦʪʦʢʘ ʧʣʘʟʤʳ ʥʘ ʫʩʪʘʥʦʚʢʝ ʂʉʇʋ-ʊ. 

ʆʜʥʘʢʦ ʚʠʙʨʘʮʠʠ, ʚʦʟʥʠʢʘʶʱʠʝ ʚ ʫʩʪʘʥʦʚʢʝ ʚ ʨʝʟʫʣʴʪʘʪʝ ʦʪʢʨʳʪʠʷ ʥʘʧʫʩʢʥʦʛʦ ʢʣʘʧʘʥʘ ʠ 

ʧʦʜʞʠʛʘ ʧʣʘʟʤʳ, ʩʚʠʜʝʪʝʣʴʩʪʚʫʶʪ ʦ ʥʝʦʙʭʦʜʠʤʦʩʪʠ ʤʦʜʠʬʠʢʘʮʠʠ ʩʠʩʪʝʤʳ ʢʨʝʧʣʝʥʠʷ 

ʦʧʪʠʯʝʩʢʠʭ ʵʣʝʤʝʥʪʦʚ ʩ ʮʝʣʴʶ ʫʤʝʥʴʰʠʪʴ ʚʣʠʷʥʠʝ ʚʠʙʨʘʮʠʡ ʥʘ ʪʦʯʥʦʩʪʴ ʧʦʣʫʯʘʝʤʳʭ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ. 
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ʂʣʠʤʦʚ1 

 

 
1. ɸʢʮʠʦʥʝʨʥʦʝ ʦʙʱʝʩʪʚʦ çɻʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʥʘʫʯʥʳʡ ʮʝʥʪʨ ʈʦʩʩʠʡʩʢʦʡ ʌʝʜʝʨʘʮʠʠ 

ʊʈʀʅʀʊʀè 
2. ʀʥʩʪʠʪʫʪ ʂʦʩʤʠʯʝʩʢʠʭ ʀʩʩʣʝʜʦʚʘʥʠʡ ʈʦʩʩʠʡʩʢʦʡ ʘʢʘʜʝʤʠʠ ʥʘʫʢ 

 

 

ʀʤʧʫʣʴʩʥʳʝ ʧʣʘʟʤʝʥʥʳʝ ʫʩʪʘʥʦʚʢʠ ʛʝʥʝʨʠʨʫʶʪ ʚʳʩʦʢʦʩʢʦʨʦʩʪʥʦʡ ʠ ʧʣʦʪʥʳʡ 

ʧʣʘʟʤʝʥʥʳʡ ʧʦʪʦʢ ʩ ʙʦʣʴʰʦʡ ʪʝʧʣʦʚʦʡ ʧʣʦʪʥʦʩʪʴʶ. ɺ ʪʘʢʦʡ ʧʣʘʟʤʝ ʧʨʦʮʝʩʩʳ ʧʨʦʪʝʢʘʶʪ ʟʘ 

ʦʯʝʥʴ ʢʦʨʦʪʢʠʝ ʧʨʦʤʝʞʫʪʢʠ ʚʨʝʤʝʥʠ ʠ ʪʨʝʙʫʶʪ ʩʧʝʮʠʘʣʴʥʳʭ ʤʝʪʦʜʦʚ ʜʠʘʛʥʦʩʪʠʢʠ. 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʧʨʦʚʝʜʝʥʦ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ ʧʣʘʟʤʝʥʥʦʛʦ ʧʦʪʦʢʘ ʛʝʣʠʷ, 

ʩʦʟʜʘʥʥʦʛʦ ʚ ʢʚʘʟʠʩʪʘʮʠʦʥʘʨʥʦʤ ʩʠʣʴʥʦʪʦʯʥʦʤ ʧʣʘʟʤʝʥʥʦʤ ʫʩʢʦʨʠʪʝʣʝ (ʂʉʇʋ) ʚ ʜʠʘʧʘʟʦʥʝ 

ʥʘʧʨʷʞʝʥʠʡ ʥʘ ʢʦʥʜʝʥʩʘʪʦʨʥʳʭ ʙʘʪʘʨʝʷʭ ʦʪ 1.2 ʜʦ 2 ʢɺ ɼʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦ-

ʚʨʝʤʝʥʥʦʡ ʩʪʨʫʢʪʫʨʳ ʧʦʪʦʢʘ ʧʣʘʟʤʳ ʠ ʦʧʨʝʜʝʣʝʥʠʷ ʢʠʥʝʪʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ ʩʚʦʙʦʜʥʦʛʦ 

ʧʦʪʦʢʘ ʧʣʘʟʤʳ ʛʝʣʠʷ ʙʳʣʘ ʠʩʧʦʣʴʟʦʚʘʥʘ ʩʢʦʨʦʩʪʥʘʷ ʢʘʤʝʨʘ Phantom v2512. ɺʠʜʝʦ ʨʝʛʠʩʪʨʘʮʠʷ 

ʧʨʦʠʟʚʦʜʠʣʘʩʴ ʯʝʨʝʟ ʧʨʦʟʨʘʯʥʦʝ ʦʢʥʦ ʜʠʘʤʝʪʨʦʤ 20 ʩʤ. ʆʧʪʠʯʝʩʢʘʷ ʦʩʴ ʧʨʦʭʦʜʠʣʘ 

ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦ ʥʘʧʨʘʚʣʝʥʠʶ ʜʚʠʞʝʥʠʷ ʧʣʘʟʤʝʥʥʦʛʦ ʧʫʯʢʘ ʥʘ ʨʘʩʩʪʦʷʥʠʠ L=90 ʩʤ ʦʪ 

ʵʣʝʢʪʨʦʜʦʚ. ʈʘʟʤʝʨ ʠʩʩʣʝʜʫʝʤʦʡ ʦʙʣʘʩʪʠ ʠʤʝʣ ʜʣʠʥʫ l=6 ʠ ʚʳʩʦʪʫ h=3 ʩʤ. ʂʘʤʝʨʘ ʧʦʟʚʦʣʠʣʘ 

ʧʦʣʫʯʠʪʴ ʩʝʨʠʶ ʢʘʜʨʦʚ ʩ ʚʨʝʤʝʥʥʳʤ ʨʘʟʨʝʰʝʥʠʝʤ 660000 ʢ/ʩ, ʵʢʩʧʦʟʠʮʠʝʡ 1 ʤʢʩ ʠ 

ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʤ ʨʘʟʨʝʰʝʥʠʝʤ 128 ʥʘ 64 ʧʠʢʩʝʣʷ. Phantom v2512 ʟʘʧʫʩʢʘʣʘʩʴ ʦʪ ʚʥʝʰʥʝʛʦ 

ʪʨʠʛʛʝʨʥʦʛʦ TTL ʩʠʛʥʘʣʘ ʠ ʙʳʣ ʩʠʥʭʨʦʥʠʟʦʚʘʥ ʩ ʟʘʧʫʩʢʦʤ ʧʣʘʟʤʝʥʥʦʛʦ ʫʩʢʦʨʠʪʝʣʷ ʩ ʪʦʯʥʦʩʪʴ 

ʜʦ 1ʤʢʩ. ʇʝʨʝʜʘʯʘ ʜʘʥʥʳʭ ʩ ʢʘʤʝʨʳ ʥʘ ʇʂ ʦʩʫʱʝʩʪʚʣʷʣʘʩʴ ʧʦ ʩʨʝʜʩʪʚʘʤ Ethernet ʢʘʙʝʣʷ. ʉʭʝʤʘ 

ʵʢʩʧʝʨʠʤʝʥʪʘ ʧʨʝʜʩʪʘʚʣʝʥʘ ʥʘ ʨʠʩ. 1.  
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ɺʳʩʦʢ

ʦʩʢʦʨʦʩʪʥʘʷ 

ʩʲʝʤʢʘ 

ʧʦʟʚʦʣʠʣʘ 

ʦʧʨʝʜʝʣʠʪʴ, 

ʯʪʦ 

ʧʣʘʟʤʝʥʥʳʡ 

ʧʦʪʦʢ 

ʜʣʠʪʝʣʴʥʦʩʪʴ

ʶ ʚ ʩʨʝʜʥʝʤ 

500 ʤʢʩ 

ʧʨʝʜʩʪʘʚʣʷʣ ʩʦʙʦʡ ʥʝʦʜʥʦʨʦʜʥʫʶ ʩʪʨʫʢʪʫʨʫ. ʅʘʯʘʣʦ ʧʦʪʦʢʘ ʜʣʠʪʝʣʴʥʦʩʪʴʶ ʦʢʦʣʦ 50 ʤʢʩ 

ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʩʪʨʫʢʪʫʨʫ ʩ ʷʨʢʠʤ ʦʜʥʦʨʦʜʥʳʤ ʩʚʝʯʝʥʠʝʤ. ɼʘʣʝʝ ʧʦʪʦʢ ʨʘʩʧʨʦʩʪʨʘʥʷʝʪʩʷ ʚ 

ʚʠʜʝ ʯʝʨʝʜʫʶʱʠʭʩʷ ʪʝʤʥʳʭ ʠ ʩʚʝʪʣʳʭ ʧʦʣʦʩ ʩ ʧʦʩʪʝʧʝʥʥʦ ʟʘʪʫʭʘʶʱʝʡ ʠʥʪʝʥʩʠʚʥʦʩʪʴʶ. 

ʉʢʦʨʦʩʪʥʘʷ ʩʲʝʤʢʘ ʧʦʟʚʦʣʠʣʘ ʨʘʩʩʯʠʪʘʪʴ ʩʢʦʨʦʩʪʴ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʧʝʨʝʜʥʝʛʦ ʬʨʦʥʪʘ 

ʧʣʘʟʤʝʥʥʦʛʦ ʧʦʪʦʢʘ. ʆʪ ʤʦʤʝʥʪʘ ʧʦʷʚʣʝʥʠʷ ʩʚʝʯʝʥʠʷ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʤʫ ʧʨʦʙʦʶ ʚ 

ʤʝʞʵʣʝʢʪʨʦʜʥʦʤ ʨʘʩʩʪʦʷʥʠʠ, ʜʦ ʤʦʤʝʥʪʘ ʨʝʛʠʩʪʨʘʮʠʠ ʧʣʘʟʤʳ ʢʘʤʝʨʦʡ ʧʨʦʭʦʜʠʪ 6 ʤʢʩ. 

ʈʘʟʜʝʣʠʚ ʨʘʩʩʪʦʷʥʠʝ ʦʪ ʵʣʝʢʪʨʦʜʦʚ ʜʦ ʦʧʪʠʯʝʩʢʦʡ ʦʩʠ L ʥʘ ʚʨʝʤʷ ʧʨʦʭʦʞʜʝʥʠʷ ʧʣʘʟʤʝʥʥʳʤ 

ʧʦʪʦʢʦʤ ʵʪʦʛʦ ʨʘʩʩʪʦʷʥʠʷ ʚʳʯʠʩʣʠʤ ʩʢʦʨʦʩʪʴ ʧʝʨʝʜʥʝʛʦ ʬʨʦʥʪʘ ʧʣʘʟʤʝʥʥʦʡ ʩʪʨʫʠ. ʉʢʦʨʦʩʪʴ 

ʧʨʠʥʠʤʘʝʪ ʟʥʘʯʝʥʠʝ ʨʘʚʥʦʝ 10 ʢʤ/c, ʯʪʦ ʧʦ ʧʦʨʷʜʢʫ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʨʘʥʝʝ ʧʦʣʫʯʝʥʥʳʤ ʜʘʥʥʳʤ 

[1, 2]. 

ɺʨʝʤʝʥʥʦʝ ʨʘʟʨʝʰʝʥʠʝ ʢʘʤʝʨʳ ʨʘʚʥʦʝ 1.5 ʤʢʩ ʧʦʟʚʦʣʠʣʦ ʦʮʝʥʠʪʴ ʧʝʨʠʦʜʠʯʥʦʩʪʴ 

ʧʦʷʚʣʝʥʠʷ ʩʚʝʪʣʳʭ ʠ ʪʝʤʥʳʭ ʧʦʣʦʩ. ʅʘ ʨʠʩ. 2 ʧʨʝʜʩʪʘʚʣʝʥʦ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʠʥʪʝʥʩʠʚʥʦʩʪʠ 

ʩʚʝʯʝʥʠʷ ʚʜʦʣʴ ʠʩʩʣʝʜʫʝʤʦʛʦ ʧʨʦʤʝʞʫʪʢʘ ʜʣʠʥʥʦʡ l=6 ʩʤ ʜʣʷ 4 ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʳʭ ʢʘʜʨʦʚ, 

ʥʘʯʠʥʘʷ ʩ 78 ʤʢʩ ʦʪ ʥʘʯʘʣʘ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʧʦʪʦʢʘ. ʀʟ ʨʠʩʫʥʢʘ ʚʠʜʥʦ, ʯʪʦ ʥʘ ʦʧʪʠʯʝʩʢʦʡ ʦʩʠ 

(ʧʫʥʢʪʠʨʥʘʷ ʣʠʥʠʷ) ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʩʚʝʯʝʥʠʷ ʧʘʜʘʝʪ ʜʦ ʥʫʣʷ ʟʘ 3 ʤʢʩ, ʘ ʟʘʪʝʤ ʨʝʟʢʦ ʚʦʟʨʘʩʪʘʝʪ 

ʜʦ ʠʩʭʦʜʥʦʛʦ ʟʥʘʯʝʥʠʷ ʟʘ 1.5 ʤʢʩ. ʉʣʝʜʦʚʘʪʝʣʴʥʦ, ʧʝʨʠʦʜ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʩʚʝʪʣʳʭ ʠ ʪʝʤʥʳʭ 

ʧʦʣʦʩ ʩʦʩʪʘʚʣʷʝʪ 4.5 ʤʢʩ.  

 

ʈʠʩ.1. ʉʭʝʤʘ ʜʠʘʛʥʦʩʪʠʢʠ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʩʢʦʨʦʩʪʥʦʡ ʚʠʜʝʦʢʘʤʝʨʳ Phantom v2512 
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ɺ 

ʨʘʙʦʪʝ 

ʧʨʝʜʣʦʞʝʥ 

ʝʱʝ ʦʜʠʥ 

ʥʝʟʘʚʠʩʠʤʳʡ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣ

ʴʥʳʡ ʤʝʪʦʜ 

ʦʧʨʝʜʝʣʝʥʠʷ 

ʩʢʦʨʦʩʪʠ 

ʨʘʩʧʨʦʩʪʨʘʥʝʥ

ʠʷ ʧʝʨʝʜʥʝʛʦ 

ʬʨʦʥʪʘ ʧʣʘʟʤʝʥʥʦʛʦ ʧʦʪʦʢʘ ʥʘ ʦʩʥʦʚʝ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʧʦʷʩʦʚ ʈʦʛʦʚʩʢʦʛʦ. ɺ ʵʢʩʧʝʨʠʤʝʥʪʝ ʙʳʣʦ 

ʠʩʧʦʣʴʟʦʚʘʥʦ 4 ʧʦʷʩʘ: ʦʩʥʦʚʥʦʡ ʧʦʷʩ ʜʣʷ ʠʟʤʝʨʝʥʠʷ ʪʦʢʘ ʨʘʟʨʷʜʘ, ʨʘʩʧʦʣʦʞʝʥʥʳʡ ʥʘ ʢʘʪʦʜʝ. 

ʊʨʠ ʜʨʫʛʠʭ ʫʩʪʘʥʘʚʣʠʚʘʣʠʩʴ ʥʘ ʦʩʠ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʨʘʟʨʷʜʘ ʥʘ ʨʘʩʩʪʦʷʥʠʷʭ 60 ʩʤ, 110 ʩʤ ʠ 

150 ʩʤ ʦʪ ʵʣʝʢʪʨʦʜʦʚ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ɺʨʝʤʝʥʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʪʦʢʘ ʨʘʟʨʷʜʘ ʠ ʪʦʢʦʚ 

ʧʣʘʟʤʝʥʥʦʡ ʩʪʨʫʠ ʩʢʦʨʝʣʠʨʦʚʘʥʥʳʝ ʧʦ ʚʨʝʤʝʥʠ ʧʨʝʜʩʪʘʚʣʝʥʘ ʥʘ ʨʠʩ. 3. ʀʟ ʧʦʣʫʯʝʥʥʳʭ 

ʚʨʝʤʝʥʥʳʭ ʟʘʚʠʩʠʤʦʩʪʝʡ ʚʠʜʥʦ, ʨʠʩ. 3 ʘ, ʯʪʦ ʟʘʜʝʨʞʢʘ ʤʝʞʜʫ ʩʠʛʥʘʣʘʤʠ ʩ ʦʩʥʦʚʥʦʛʦ ʧʦʷʩʘ ʠ ʩ 

ʧʝʨʚʦʛʦ ʧʦʷʩʘ ʈʦʛʦʚʩʢʦʛʦ ʩʦʩʪʘʚʣʷʝʪ 50 ʤʢʩ. ʈʘʟʜʝʣʠʚ ʨʘʩʩʪʦʷʥʠʝ ʦʪ ʵʣʝʢʪʨʦʜʦʚ ʜʦ ʧʝʨʚʦʛʦ 

ʧʦʷʩʘ ʥʘ ʚʨʝʤʷ ʧʨʦʭʦʞʜʝʥʠʷ ʧʣʘʟʤʝʥʥʳʤ ʧʦʪʦʢʦʤ ʨʘʩʩʪʦʷʥʠʷ 60 ʩʤ ʚʳʯʠʩʣʠʤ ʩʢʦʨʦʩʪʴ 

ʧʝʨʝʜʥʝʛʦ ʬʨʦʥʪʘ ʧʣʘʟʤʝʥʥʦʡ ʩʪʨʫʠ. ʉʢʦʨʦʩʪʴ ʧʨʠʥʠʤʘʝʪ ʟʥʘʯʝʥʠʝ ʨʘʚʥʦʝ 12 ʢʤ/c, ʯʪʦ ʧʦ 

ʧʦʨʷʜʢʫ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʨʘʥʝʝ ʧʦʣʫʯʝʥʥʳʤ ʜʘʥʥʳʤ [1, 2] ʠ ʭʦʨʦʰʦ ʩʦʦʪʥʦʩʠʪʩʷ ʩ ʠʟʤʝʨʝʥʠʷʤʠ, 

ʧʦʣʫʯʝʥʥʳʤʠ ʩ ʧʦʤʦʱʴʶ ʩʢʦʨʦʩʪʥʦʡ ʩʲʝʤʢʠ. ʀʟ ʨʠʩ. 3 ʙ ʤʦʞʥʦ ʩʜʝʣʘʪʴ ʚʳʚʦʜ, ʯʪʦ ʤʝʥʴʰʝ 

10% ʵʥʝʨʛʠʠ ʚʣʦʞʝʥʥʦʡ ʚ ʨʘʟʨʷʜ ʫʭʦʜʠʪ ʚ ʧʣʘʟʤʝʥʥʳʡ ʧʦʪʦʢ. 

 

 

ʈʠʩ.3. ʘ. ɺʨʝʤʝʥʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʪʦʢʘ 
ʨʘʟʨʷʜʘ (ʯʝʨʥʘʷ ʢʨʠʚʘʷ) ʠ ʪʦʢʘ ʩ ʧʝʨʚʦʛʦ 

ʟʦʥʜʘ ʈʦʛʦʚʩʢʦʛʦ (ʢʨʘʩʥʘʷ ʢʨʠʚʘʷ) 

ʩʢʦʨʝʣʠʨʦʚʘʥʥʳʝ ʧʦ ʚʨʝʤʝʥʠ  

ʈʠʩ.3. ʙ. ɺʨʝʤʝʥʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ 
ʪʦʢʦʚ ʩ ʧʝʨʚʦʛʦ ʟʦʥʜʘ ʈʦʛʦʚʩʢʦʛʦ 

(ʢʨʘʩʥʘʷ ʢʨʠʚʘʷ), ʩ ʚʪʦʨʦʛʦ ʟʦʥʜʘ 

ʈʦʛʦʚʩʢʦʛʦ (ʩʠʥʷʷ ʢʨʠʚʘʷ), ʩ ʪʨʝʪʴʝʛʦ 

ʟʦʥʜʘ ʈʦʛʦʚʩʢʦʛʦ (ʟʝʣʝʥʘʷ ʢʨʠʚʘʷ) 

 

ʈʠʩ.2. ʈʘʩʧʨ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʩʚʝʯʝʥʠʷ ʚʜʦʣʴ ʠʩʩʣʝʜʫʝʤʦʛʦ 
ʧʨʦʤʝʞʫʪʢʘ 4 ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʳʭ ʢʘʜʨʦʚ, ʥʘʯʠʥʘʷ ʩ 78 ʤʢʩ ʦʪ ʥʘʯʘʣʘ 

ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʧʦʪʦʢʘ. ʇʫʥʢʪʠʨʥʦʡ ʣʠʥʠʝʡ ʦʪʤʝʯʝʥʘ ʦʧʪʠʯʝʩʢʘʷ ʦʩʴ. 



80 

 

ʩʢʦʨʝʣʠʨʦʚʘʥʥʳʝ ʧʦ ʚʨʝʤʝʥʠ 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʧʦʜʜʝʨʞʢʝ ʈʦʩʩʠʡʩʢʦʛʦ ʬʦʥʜʘ ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ, 

ʧʨʦʝʢʪ ˉ 18-29-21007_ʤʢ. 
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ʀɿʄɽʈɽʅʀʗ ʍɸʈɸʂʊɽʈʀʉʊʀʂ ʇʃɸɿʄɽʅʅʆɻʆ ʇʆʊʆʂɸ ɻɽʃʀʗ ʉ 

ʇʆʄʆʑʔʖ ʆɼʀʅʆʏʅʆɻʆ ɿʆʅɼɸ ɺ ʂɺɸɿʀʉʊɸʎʀʆʅɸʈʅʆʄ 

ʇʃɸʄɿɽʅʅʆʄ ʉʀʃʔʅʆʊʆʏʅʆʄ ʋʉʂʆʈʀʊɽʃɽ 

 

 

ɸ.ɸ. ʂʘʨʪʘʰʝʚʘ1, 2, ɻ.ɹ. ɺʘʩʠʣʴʝʚ1, 3, ɸ.ɼ. ʗʨʦʰʝʚʩʢʘʷ1, ɺ.ʃ. ʇʦʜʢʦʚʳʨʦʚ1, ʉ.ɽ. ʇʘʥʠʥ1, ʂ.ʄ. 

ɻʫʪʦʨʦʚ1, ɼ.ʃ. ʂʦʚʘʣʝʥʢʦ1 

 

 
1. ɸʢʮʠʦʥʝʨʥʦʝ ʦʙʱʝʩʪʚʦ çɻʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʥʘʫʯʥʳʡ ʮʝʥʪʨ ʈʦʩʩʠʡʩʢʦʡ ʌʝʜʝʨʘʮʠʠ 

ʊʈʀʅʀʊʀè 
2. ʀʥʩʪʠʪʫʪ ʂʦʩʤʠʯʝʩʢʠʭ ʀʩʩʣʝʜʦʚʘʥʠʡ ʈʦʩʩʠʡʩʢʦʡ ʘʢʘʜʝʤʠʠ ʥʘʫʢ 
3. ʌɻɹʆʋ ɺʆ "ʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ "ʄʕʀ" 

 

 

ʀʤʧʫʣʴʩʥʳʝ ʧʣʘʟʤʝʥʥʳʝ ʫʩʪʘʥʦʚʢʠ ʛʝʥʝʨʠʨʫʶʪ ʚʳʩʦʢʦʩʢʦʨʦʩʪʥʦʡ ʠ ʧʣʦʪʥʳʡ 

ʧʣʘʟʤʝʥʥʳʡ ʧʦʪʦʢ ʩ ʙʦʣʴʰʦʡ ʪʝʧʣʦʚʦʡ ʧʣʦʪʥʦʩʪʴʶ. ɺ ʪʘʢʦʡ ʧʣʘʟʤʝ ʧʨʦʮʝʩʩʳ ʧʨʦʪʝʢʘʶʪ ʟʘ 

ʦʯʝʥʴ ʢʦʨʦʪʢʠʝ ʧʨʦʤʝʞʫʪʢʠ ʚʨʝʤʝʥʠ, ʧʦʵʪʦʤʫ ʧʨʠʤʝʥʝʥʠʝ ʦʜʠʥʦʯʥʦʛʦ ʟʦʥʜʘ ʩ ʨʘʟʚʝʨʪʢʦʡ ʧʦ 

ʥʘʧʨʷʞʝʥʠʶ ʥʝ ʧʨʝʜʩʪʘʚʣʷʝʪʩʷ ʚʦʟʤʦʞʥʳʤ. ɺ ʪʘʢʠʭ ʫʩʣʦʚʠʷʭ ʧʨʠʤʝʥʷʶʪ ʣʠʙʦ ʟʦʥʜ ʩ 

ʧʣʘʚʘʶʱʠʤ ʧʦʪʝʥʮʠʘʣʦʤ [1] ʠ ʪʨʦʡʥʦʡ ʟʦʥʜ ʃʝʥʛʤʶʨʘ [2, 3],  

ɼʣʷ ʜʠʘʛʥʦʩʪʠʢʠ ʥʘʧʨʘʚʣʝʥʥʦʛʦ ʧʦʪʦʢʘ ʧʣʘʟʤʳ ʙʳʣ ʨʘʟʨʘʙʦʪʘʥ ʠ ʨʝʘʣʠʟʦʚʘʥ 

ʮʠʣʠʥʜʨʠʯʝʩʢʠʡ ʦʜʠʥʦʯʥʳʡ ʟʦʥʜ ʃʝʥʛʤʶʨʘ. ɿʦʥʜ ʩʦʩʪʦʷʣ ʠʟ ʚʦʣʴʬʨʘʤʦʚʦʛʦ ʩʪʨʝʞʥʷ ʜʣʠʥʦʡ 

10 ʤʤ ʠ ʜʠʘʤʝʪʨʦʤ 1 ʤʤ, ʟʘʢʣʝʝʥʥʦʛʦ ʚ ʢʝʨʘʤʠʯʝʩʢʦʤ ʢʦʞʫʭʝ. ɼʘʥʥʘʷ ʢʦʥʩʪʨʫʢʮʠʷ ʧʦʤʝʱʘʣʘʩʴ 

ʚ ʩʪʘʣʴʥʫʶ ʪʨʫʙʫ ʠ ʟʘʢʨʝʧʣʷʣʘʩʴ ʚ ʚʘʢʫʫʤʥʦʡ ʢʘʤʝʨʝ, ʩʤ ʨʠʩ. 1. ʊʦʨʮʝʚʘʷ ʧʦʚʝʨʭʥʦʩʪʴ 

ʮʠʣʠʥʜʨʘ ʟʦʥʜʘ ʨʘʩʧʦʣʘʛʘʣʘʩʴ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦ ʥʘʧʨʘʚʣʝʥʠʶ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʧʦʪʦʢʘ ʧʣʘʟʤʳ 

ʥʘ ʨʘʩʩʪʦʷʥʠʠ L=120 ʩʤ. ʇʘʜʝʥʠʝ ʥʘʧʨʷʞʝʥʠʷ ʥʘ ʟʦʥʜʝ ʦʪʥʦʩʠʪʝʣʴʥʦ ʩʪʝʥʦʢ ʢʘʤʝʨʳ, Uf, 

ʩʥʠʤʘʣʦʩʴ ʯʝʨʝʟ ʩʦʛʣʘʩʫʶʱʠʡ ʨʝʟʠʩʪʦʨ ʩ ʩʦʧʨʦʪʠʚʣʝʥʠʝʤ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʤ ʚʦʣʥʦʚʦʤʫ 

ʩʦʧʨʦʪʠʚʣʝʥʠʶ ʢʦʘʢʩʠʘʣʴʥʦʛʦ ʢʘʙʝʣʷ. ʇʝʨʝʜ ʦʩʮʠʣʣʦʛʨʘʬʦʤ ʥʘʭʦʜʠʣʩʷ ʜʝʣʠʪʝʣʴ ʥʘʧʨʷʞʝʥʠʷ, 

ʧʦʥʠʞʘʶʱʠʡ ʧʨʠʰʝʜʰʠʡ ʩʠʛʥʘʣ ʩ ʟʦʥʜʘ ʚ 200 ʨʘʟ. 
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ɿʘʧʫʩʢ 

ʦʩʮʠʣʣʦʛʨʘʬʘ 

ʩʠʥʭʨʦʥʠʟʠʨʦʚ

ʘʣʩʷ ʩ ʟʘʧʫʩʢʦʤ 

ʧʣʘʟʤʝʥʥʦʛʦ 

ʫʩʢʦʨʠʪʝʣʷ. 

ɺʨʝʤʝʥʥʘʷ 

ʟʘʚʠʩʠʤʦʩʪʴ 

ʧʘʜʝʥʠʷ 

ʥʘʧʨʷʞʝʥʠʷ 

ʤʝʞʜʫ ʟʦʥʜʦʤ 

ʠ ʩʪʝʥʢʦʡ ʚʘʢʫʫʤʥʦʡ ʢʘʤʝʨʳ, ʩʢʦʨʨʝʣʠʨʦʚʘʥʥʘʷ ʩ ʦʩʮʠʣʣʦʛʨʘʤʤʘʤʠ ʪʦʢʘ ʠ ʥʘʧʨʷʞʝʥʠʷ, 

ʨʘʟʨʷʜʘ ʧʨʝʜʩʪʘʚʣʝʥʘ ʥʘ ʨʠʩ. 2. ʅʘʧʨʷʞʝʥʠʝ ʥʘ ʢʦʥʜʝʥʩʘʪʦʨʥʳʭ ʙʘʪʘʨʝʷʭ ʙʳʣʦ ʨʘʚʥʦ 2.2 ʢɺ. ʀʟ 

ʨʠʩ. ʚʠʜʥʦ, ʯʪʦ ʘʤʧʣʠʪʫʜʘ Uf ʧʦ ʤʦʜʫʣʶ ʨʘʚʥʘ 96 ɺ, ʯʪʦ ʧʦʯʪʠ ʚ 6 ʨʘʟ ʥʠʞʝ ʟʥʘʯʝʥʠʷ 

ʘʤʧʣʠʪʫʜʳ ʥʘʧʨʷʞʝʥʠʷ ʥʘ ʨʘʟʨʷʜʝ. ʂʘʢ ʠʟʚʝʩʪʥʦ, ʚ ʩʣʫʯʘʝ ʛʝʣʠʝʚʦʡ ʧʣʘʟʤʳ ʧʣʘʚʘʶʱʠʡ 

ʧʦʪʝʥʮʠʘʣ ʨʘʚʝʥ ʯʝʪʳʨʝʤ ʵʣʝʢʪʨʦʥʥʳʤ ʪʝʤʧʝʨʘʪʫʨʘʤ [4]. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʤʦʞʥʦ ʩʜʝʣʘʪʴ ʚʳʚʦʜ 

ʦ ʪʦʤ, ʯʪʦ ʵʣʝʢʪʨʦʥʥʘʷ ʪʝʤʧʝʨʘʪʫʨʘ ʚ ʮʝʥʪʨʝ ʧʣʘʟʤʝʥʥʦʛʦ ʨʘʟʨʷʜʘ ʩʦʩʪʘʚʣʷʣʘ ʦʢʦʣʦ 24 ʵɺ. 

ʀʟ ʨʠʩ. 3 ʚʠʜʥʦ, ʯʪʦ ʟʘʜʝʨʞʢʘ ʤʝʞʜʫ ʩʠʛʥʘʣʘʤʠ ʩ ʟʦʥʜʘ ʠ ʦʩʮʠʣʣʦʛʨʘʤʤʘʤʠ ʪʦʢʘ ʠ 

ʥʘʧʨʷʞʝʥʠʷ ʩʦʩʪʘʚʣʷʝʪ 100 ʤʢʩ. ʈʘʟʜʝʣʠʚ ʨʘʩʩʪʦʷʥʠʝ ʦʪ ʵʣʝʢʪʨʦʜʦʚ ʜʦ ʟʦʥʜʘ L ʥʘ ʚʨʝʤʷ 

ʧʨʦʭʦʞʜʝʥʠʷ ʧʣʘʟʤʝʥʥʳʤ ʧʦʪʦʢʦʤ ʵʪʦʛʦ ʨʘʩʩʪʦʷʥʠʷ ʚʳʯʠʩʣʠʤ ʩʢʦʨʦʩʪʴ ʧʝʨʝʜʥʝʛʦ ʬʨʦʥʪʘ 

ʧʣʘʟʤʝʥʥʦʡ ʩʪʨʫʠ. ʉʢʦʨʦʩʪʴ ʧʨʠʥʠʤʘʝʪ ʟʥʘʯʝʥʠʝ ʨʘʚʥʦʝ 12 ʢʤ/c, ʯʪʦ ʧʦ ʧʦʨʷʜʢʫ ʩʦʦʪʚʝʪʩʪʚʫʝʪ 

ʨʘʥʝʝ ʧʦʣʫʯʝʥʥʳʤ ʜʘʥʥʳʤ [5, 6]. 

 

ʈʠʩ. 2. ɺʨʝʤʝʥʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʧʘʜʝʥʠʷ ʥʘʧʨʷʞʝʥʠʷ ʤʝʞʜʫ ʟʦʥʜʦʤ ʠ ʩʪʝʥʢʦʡ 

ʚʘʢʫʫʤʥʦʡ ʢʘʤʝʨʳ (ʯʝʨʥʘʷ ʢʨʠʚʘʷ), ʩʢʦʨʨʝʣʠʨʦʚʘʥʥʘʷ ʩ ʦʩʮʠʣʣʦʛʨʘʤʤʘʤʠ ʪʦʢʘ 

(ʢʨʘʩʥʘʷ) ʠ ʥʘʧʨʷʞʝʥʠʷ ʨʘʟʨʷʜʘ (ʩʠʥʷʷ) 

 

 

ʈʠʩ.1. ʉʭʝʤʘ ʧʨʦʚʝʜʝʥʠʷ ʠʟʤʝʨʝʥʠʡ ʦʜʠʥʦʯʥʳʤ ʟʦʥʜʦʤ ʃʝʥʛʤʶʨʘ. 
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ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʧʦʜʜʝʨʞʢʝ ʈʦʩʩʠʡʩʢʦʛʦ ʬʦʥʜʘ ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ, 

ʧʨʦʝʢʪ ˉ 20-21-00153 ʈʦʩʘʪʦʤ. 
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ʄɽʊʆɼʀʂɸ ʆʇʈɽɼɽʃɽʅʀʗ ʂʆʕʌʌʀʎʀɽʅʊɸ  

ʇʆɻʃʆʑɽʅʀʗ ʉɺʏ-ʀɿʃʋʏɽʅʀʗ ɻʀʈʆʊʈʆʅɸ 

ɺ ʉʄɽʉʀ ʇʆʈʆʐʂʆɺ AL 2O3/Pd 

 

 

ɿ.ɸ. ɿʘʢʣʝʮʢʠʡ1, ɼ.ɺ. ʄʘʣʘʭʦʚ1, ʅ.ʅ. ʉʢʚʦʨʮʦʚʘ1,2 

 

 
1 ʀʥʩʪʠʪʫʪ ʦʙʱʝʡ ʬʠʟʠʢʠ ʠʤʝʥʠ ɸ.ʄ. ʇʨʦʭʦʨʦʚʘ ʈʦʩʩʠʡʩʢʦʡ ʘʢʘʜʝʤʠʠ ʥʘʫʢ, ʄʦʩʢʚʘ, ʈʦʩʩʠʷ 
2 ʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʷʜʝʨʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ çʄʀʌʀè, ʄʦʩʢʚʘ, ʈʦʩʩʠʷ 

 

 

ɼʣʷ ʢʘʯʝʩʪʚʝʥʥʦʛʦ ʘʥʘʣʠʟʘ ʨʝʟʫʣʴʪʘʪʦʚ ʧʦʣʫʯʝʥʥʳʭ ʧʨʠ ʧʣʘʟʤʦʭʠʤʠʯʝʩʢʦʤ ʩʠʥʪʝʟʝ 

ʢʘʪʘʣʠʟʘʪʦʨʦʚ ʥʘ ʦʩʥʦʚʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʤʦʱʥʦʛʦ ʛʠʨʦʪʨʦʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʠ ʩʤʝʩʠ ʧʦʨʦʰʢʦʚ 

AL2O3/Pd (ʩʦʜʝʨʞʘʥʠʝ ʧʘʣʣʘʜʠʷ 1,5 10%) [1] ʥʝʦʙʭʦʜʠʤʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʤʝʪʦʜʠʢʫ ʦʧʨʝʜʝʣʝʥʠʷ 

ʘʙʩʦʣʶʪʥʦʡ ʤʦʱʥʦʩʪʠ ʧʦʛʣʦʱʝʥʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʚ ʪʘʢʠʭ ʩʤʝʩʷʭ. ɺ ʨʘʙʦʪʝ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʩʧʦʩʦʙ 

ʦʧʨʝʜʝʣʝʥʠʷ ʤʦʱʥʦʩʪʠ ʠʟʣʫʯʝʥʠʷ ʛʠʨʦʪʨʦʥʘ ʧʨʠ ʧʦʤʦʱʠ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦ ʢʘʣʠʙʨʦʚʘʥʥʳʭ 

ʚʦʣʴʪ-ʚʘʪʪʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʜʝʪʝʢʪʦʨʦʚ ɼ-407 ʧʘʜʘʶʱʝʛʦ (ʚʭʦʜʷʱʝʛʦ), ʦʪʨʘʞʝʥʥʦʛʦ ʠ 

ʧʨʦʰʝʜʰʝʛʦ ʩʠʛʥʘʣʦʚ ʉɺʏ-ʠʟʫʯʝʥʠʷ.  

ʂʘʣʠʙʨʦʚʢʘ ʤʦʱʥʦʩʪʠ ʉɺʏ-ʠʟʣʫʯʝʥʠʷ ʛʠʨʦʪʨʦʥʘ ʠ ʉɺʏ-ʜʘʪʯʠʢʦʚ ʧʨʦʠʟʚʦʜʠʣʘʩʴ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʚʦʜʷʥʦʛʦ ʧʦʪʦʯʥʦʛʦ ʢʘʣʦʨʠʤʝʪʨʘ. ɺʢʣʘʜʳʚʘʝʤʘʷ ʚ ʢʘʣʦʨʠʤʝʪʨ ʵʥʝʨʛʠʷ ʚ 

ʤʦʤʝʥʪ ʢʘʣʠʙʨʦʚʢʠ ʦʧʨʝʜʝʣʷʣʘʩʴ ʢʘʢ ʠʥʪʝʛʨʘʣ ʦʪ ʨʘʟʥʠʮʳ ʩʠʛʥʘʣʦʚ ʜʚʫʭ ʪʝʨʤʦʩʦʧʨʦʪʠʚʣʝʥʠʡ 

Pt100 ʚ ʤʦʤʝʥʪ ʨʘʙʦʪʳ 300 ʚʘʪʪʥʦʛʦ ʥʘʛʨʝʚʘʪʝʣʷ ʚʦʜʳ ʚ ʪʝʯʝʥʠʠ 20 ʩʝʢʫʥʜ. ɼʠʘʧʘʟʦʥ 

ʠʟʤʝʨʝʥʠʷ ʤʦʱʥʦʩʪʠ ʩʦʩʪʘʚʣʷʣ ʦʪ 100 ʜʦ 350 ʢɺʪ ʩ ʰʘʛʦʤ 25 ʢɺʪ. ɺ ʨʘʙʦʪʝ [2] ʙʳʣʦ ʧʦʢʘʟʘʥʦ, 

ʯʪʦ ʠʟʤʝʥʝʥʠʝ ʪʦʢʘ ʜʝʪʝʢʪʦʨʦʚ ɼ-407 ʦʪ ʤʦʱʥʦʩʪʠ ʷʚʣʷʝʪʩʷ ʣʠʥʝʡʥʦʡ ʬʫʥʢʮʠʝʡ ʚ ʜʠʘʧʘʟʦʥʝ 

ʥʘʧʨʷʞʝʥʠʡ ʦʪ 10 ʜʦ 100 ʤɺ. ʋʨʦʚʝʥʴ ʩʠʛʥʘʣʘ ʩ ʉɺʏ-ʜʝʪʝʢʪʦʨʘ ʧʘʜʘʶʱʝʛʦ ʠʟʣʫʯʝʥʠʷ ʧʨʠ 

ʢʘʣʠʙʨʦʚʦʯʥʳʭ ʚʳʩʪʨʝʣʘʭ ʩʦʧʦʩʪʘʚʣʷʣʩʷ ʩ ʤʦʱʥʦʩʪʴʶ, ʚʳʜʝʣʠʚʰʠʡʩʷ ʚ ʢʘʣʦʨʠʤʝʪʨʝ. ʇʨʠ 

ʦʧʨʝʜʝʣʝʥʠʠ ʢʘʣʠʙʨʦʚʦʯʥʳʭ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʜʣʷ ʦʪʨʘʞʝʥʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʠʩʧʦʣʴʟʦʚʘʣʘʩʴ 

ʦʪʨʘʞʘʶʱʘʷ ʧʣʘʩʪʠʥʘ ʩ ʠʟʚʝʩʪʥʳʤ ʢʦʵʬʬʠʮʠʝʥʪʦʤ ʦʪʨʘʞʝʥʠʷ [2]. ʂʘʣʠʙʨʦʚʦʯʥʳʡ 

ʢʦʵʬʬʠʮʠʝʥʪ ʉɺʏ-ʜʝʪʝʢʪʦʨʘ ʜʣʷ ʧʨʦʰʝʜʰʝʛʦ ʠʟʣʫʯʝʥʠʷ ʦʧʨʝʜʝʣʷʣʩʷ ʟʘ ʩʯʝʪ ʧʦʜʘʯʠ ʉɺʏ-

ʠʟʣʫʯʝʥʠʷ ʚ ʧʫʩʪʦʡ ʧʣʘʟʤʦʭʠʤʠʯʝʩʢʠʡ ʨʝʘʢʪʦʨ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ ʤʦʞʥʦ ʙʳʣʦ ʦʮʝʥʠʪʴ ʧʦʣʥʳʡ 

ʵʥʝʨʛʝʪʠʯʝʩʢʠʡ ʙʘʣʘʥʩ ʧʣʘʟʤʦʭʠʤʠʯʝʩʢʦʡ ʩʠʩʪʝʤʳ ʥʘ ʦʩʥʦʚʝ ʜʘʥʥʳʭ ʦ ʧʘʜʘʶʱʝʡ, ʦʪʨʘʞʝʥʥʦʡ 

ʠ ʧʨʦʰʝʜʰʝʡ ʉɺʏ-ʤʦʱʥʦʩʪʠ.  

ʕʢʩʧʝʨʠʤʝʥʪʳ ʧʦ ʧʦʣʫʯʝʥʠʶ ʧʘʣʣʘʜʠʝʚʳʭ ʢʘʪʘʣʠʟʘʪʦʨ ʧʨʦʠʟʚʦʜʠʣʠʩʴ ʩʝʨʠʷʤʠ ʧʨʠ 

ʨʘʟʣʠʯʥʳʭ ʤʦʱʥʦʩʪʷʭ ʠ ʜʣʠʪʝʣʴʥʦʩʪʷʭ ʉɺʏ-ʠʤʧʫʣʴʩʦʚ ʛʠʨʦʪʨʦʥʘ. ʅʘ ʨʠʩ. 1 ʧʨʠʚʝʜʝʥʘ 

ʵʚʦʣʶʮʠʷ ʩʠʛʥʘʣʦʚ ʉɺʏ-ʜʘʪʯʠʢʦʚ ʜʣʷ ʦʜʥʦʛʦ ʠʟ ʠʤʧʫʣʴʩʦʚ ʚ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʩʝʨʠʠ 

Al2O3/Pd-10%. ɺ ʨʘʤʢʘʭ ʨʘʙʦʪʳ ʦʜʥʦʡ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʩʝʨʠʠ ʟʘʜʘʶʱʠʝ ʧʘʨʘʤʝʪʨʳ ʨʘʙʦʪʳ 



85 

 

ʛʠʨʦʪʨʦʥʘ ʧʦʜʜʝʨʞʠʚʘʶʪʩʷ ʥʝʠʟʤʝʥʥʳʤʠ, ʯʪʦ ʦʙʝʩʧʝʯʠʚʘʝʪ ʩʪʘʙʠʣʴʥʦʩʪʴ ʧʘʜʘʶʱʝʛʦ ʥʘ 

ʨʝʘʢʮʠʦʥʥʫʶ ʩʤʝʩʴ ʉɺʏ-ʠʟʣʫʯʝʥʠʷ ʦʪ ʠʤʧʫʣʴʩʘ ʢ ʠʤʧʫʣʴʩʫ. 

 

ʈʠʩ. 1 ʕʚʦʣʶʮʠʷ ʩʠʛʥʘʣʦʚ ʉɺʏ-ʜʝʪʝʢʪʦʨʦʚ ʜʣʷ ʧʘʜʘʶʱʝʛʦ, ʧʨʦʰʝʜʰʝʛʦ ʠ ʦʪʨʘʞʝʥʥʳʭ ʩʠʛʥʘʣʦʚ ʚ 

ʪʝʯʝʥʠʠ ʜʣʠʪʝʣʴʥʦʩʪʠ ʠʤʧʫʣʴʩʘ ʛʠʨʦʪʨʦʥʘ 

ʅʘ ʨʠʩ. 2 ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʚʳʯʠʩʣʝʥʠʷ ʘʙʩʦʣʶʪʥʦʡ ʤʦʱʥʦʩʪʠ ʠʟʣʫʯʝʥʠʷ ʉɺʏ-

ʜʝʪʝʢʪʦʨʦʚ ʧʘʜʘʶʱʝʛʦ, ʦʪʨʘʞʝʥʥʦʛʦ ʠ ʧʨʦʰʝʜʰʝʛʦ ʩʠʛʥʘʣʦʚ ʜʣʷ ʩʝʨʠʡ ʩ ʧʦʨʦʰʢʘʤʠ (ʘ) 

AL2O3/Pd-1%, (ʙ) AL2O3/Pd-5%, (ʚ) AL2O3/Pd-10% ʠ (ʛ) ʟʘʚʠʩʠʤʦʩʪʴ ʢʦʵʬʬʠʮʠʝʥʪʘ 

ʧʦʛʣʦʱʝʥʠʷ ʚ ʩʝʨʠʠ ʧʦʚʪʦʨʷʶʱʠʭʩʷ ʚʳʩʪʨʝʣʦʚ AL2O3/Pd-10%. 

ʅʘ ʦʩʥʦʚʘʥʠʠ ʙʘʣʘʥʩʥʳʭ ʠʟʤʝʨʝʥʠʡ ʤʦʞʥʦ ʦʧʨʝʜʝʣʠʪʴ, ʯʪʦ ʚ ʩʝʨʠʠ AL2O3/Pd-1% 

ʧʦʛʣʦʱʝʥʠʡ ʉɺʏ-ʠʟʣʫʯʝʥʠʷ ʥʝ ʥʘʙʣʶʜʘʣʦʩʴ, ʯʪʦ ʩʦʚʧʘʜʘʝʪ ʩ ʢʦʩʚʝʥʥʳʤʠ ʧʦʢʘʟʘʥʠʷʤ ʜʨʫʛʠʭ 

ʜʠʘʛʥʦʩʪʠʢ (ʚʳʩʦʢʦʩʢʦʨʦʩʪʥʘʷ ʩʲʝʤʢʘ ʧʣʘʟʤʦʭʠʤʠʯʝʩʢʦʡ ʨʝʘʢʮʠʠ ʠ ʩʧʝʢʪʨʦʤʝʪʨʠʯʝʩʢʠʝ 

ʠʟʤʝʨʝʥʠʷ). ɺ ʩʝʨʠʠ AL2O3/Pd-5% ʧʦʛʣʦʱʝʥʠʝ ʉɺʏ ʥʘʙʣʶʜʘʣʦʩʴ ʧʨʠ ʤʦʱʥʦʩʪʠ ʠʤʧʫʣʴʩʘ 250 

ʠ 300 ʢɺʪ, ʤʘʢʩʠʤʘʣʴʥʳʡ ʢʦʵʬʬʠʮʠʝʥʪ ʧʦʛʣʦʱʝʥʠʷ ʩʦʩʪʘʚʣʷʣ 0,75 ʜʣʷ 250 ʢɺʪ.  

ʘ 
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ʈʠʩ. 2 ɸʙʩʦʣʶʪʥʘʷ ʤʦʱʥʦʩʪʴ ʜʣʷ ʉɺʏ-ʜʘʪʯʠʢʦʚ ʧʘʜʘʶʱʝʛʦ, ʦʪʨʘʞʝʥʥʦʛʦ ʠ 

ʧʨʦʰʝʜʰʝʛʦ ʩʠʛʥʘʣʘ ʚ ʩʝʨʠʷʭ ʩʦ ʩʤʝʩʷʤʠ ʧʦʨʦʰʢʦʚ: (ʘ) AL 2O3/Pd-1%, (ʘ) AL 2O3/Pd-

5%, (ʘ) AL 2O3/Pd-1%; (ʛ) ʢʦʵʬʬʠʮʠʝʥʪ ʧʦʛʣʦʱʝʥʠʷ ʚ ʩʝʨʠʠ AL 2O3/Pd-10% 

ʅʘʠʙʦʣʴʰʠʡ ʢʦʵʬʬʠʮʠʝʥʪ ʧʦʛʣʦʱʝʥʠʷ ʉɺʏ, ʨʘʚʥʳʡ 0,85 ʥʘʙʣʶʜʘʣʩʷ ʜʣʷ ʩʤʝʩʠ 

ʧʦʨʦʰʢʦʚ AL2O3/Pd-10% ʧʨʠ ʧʘʜʘʶʱʝʡ ʤʦʱʥʦʩʪʠ 200 ʢɺʪ. ʇʦʩʣʝ ʜʦʙʘʚʣʝʥʠʷ ʚ ʦʪʨʘʙʦʪʘʥʥʫʶ 

ʩʤʝʩʴ ʢʘʪʘʣʠʟʘʪʦʨʘ ʢʘʨʙʦʨʘʥʘ ʥʘʙʣʶʜʘʝʪʩʷ ʧʦʚʪʦʨʥʳʡ ʧʠʢ ʧʦʛʣʦʱʝʥʠʷ ʉɺʏ-ʠʟʣʫʯʝʥʠʷ. 

ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʦʧʨʝʜʝʣʝʥʠʝ ʧʦʨʦʛʦʚʳʭ ʵʬʬʝʢʪʦʚ ʧʣʘʟʤʦʭʠʤʠʯʝʩʢʠʭ ʨʝʘʢʮʠʡ ʩ 

ʫʯʝʪʦʤ ʤʦʱʥʦʩʪʠ ʠʟʣʫʯʝʥʠʷ ʛʠʨʦʪʨʦʥʘ, ʩ ʜʘʣʴʥʝʡʰʠʤ ʧʝʨʝʩʯʝʪʦʤ ʜʘʥʥʳʭ ʚ ʧʦʣʥʫʶ ʵʥʝʨʛʠʶ 

ʩʠʩʪʝʤʳ ʷʚʣʷʝʪʩʷ ʦʜʥʦʡ ʠʟ ʚʘʞʥʝʡʰʠʭ ʟʘʜʘʯ ʚ ʧʨʠʢʣʘʜʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʷʭ ʪʘʢʦʛʦ ʨʦʜʘ. 

ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʚʳʰʝʧʨʠʚʝʜʝʥʥʦʡ ʤʝʪʦʜʠʢʠ ʧʦʟʚʦʣʷʝʪ ʧʨʦʠʟʚʦʜʠʪʴ ʨʘʩʯʝʪ ʵʥʝʨʛʦʙʘʣʘʥʩʘ 

ʧʣʘʟʤʦʭʠʤʠʯʝʩʢʦʡ ʨʝʘʢʮʠʠ ʚ ʤʦʤʝʥʪ ʧʨʦʚʝʜʝʥʠʷ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʩʝʩʩʠʠ, ʯʪʦ ʚ ʩʚʦʶ 
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ʦʯʝʨʝʜʴ ʜʘʝʪ ʚʦʟʤʦʞʥʦʩʪʴ ʢʘʯʝʩʪʚʝʥʥʦ ʦʮʝʥʠʚʘʪʴ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʨʘʙʦʪʳ ʨʝʘʢʮʠʦʥʥʦʡ ʩʤʝʩʠ ʚ 

ʮʝʣʦʤ. 
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ʜʨ. ʋʩʪʨʦʡʩʪʚʦ ʜʣʷ ʦʪʚʝʪʚʣʝʥʠʷ ʠ ʨʝʛʠʩʪʨʘʮʠʠ ʧʨʷʤʦʡ ʠ ʦʪʨʘʞʝʥʥʦʡ ʤʠʢʨʦʚʦʣʥʦʚʦʡ ʤʦʱʥʦʩʪʠ 

ʚ ʢʚʘʟʠʦʧʪʠʯʝʩʢʦʤ ʪʨʘʢʪʝ [ʇʘʪʝʥʪ]: 2548392. RU, ʌʝʚʨʘʣʴ 2015 ʛ. [Batanov G.M. The device for 
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ʀʉʇʆʃʔɿʆɺɸʅʀɽ ɸʊʆʄʅʓʍ ʀ ʄʆʃɽʂʋʃʗʈʅʓʍ ʕʄʀʉʉʀʆʅʅʓʍ 

ʉʇɽʂʊʈʆɺ ɼʃʗ ɼʀɸɻʅʆʉʊʀʂʀ ʈɸɿʈʗɼʆɺ, ɺʆɿɹʋɾɼɸɽʄʓʍ 

ʀʄʇʋʃʔʉɸʄʀ ʄʆʑʅʆɻʆ ɻʀʈʆʊʈʆʅɸ ɺ ʄɽʊɸʃʃ-

ɼʀʕʃɽʂʊʈʀʏɽʉʂʀʍ ʉʄɽʉʗʍ 
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ʇʨʠ ʨʘʟʨʘʙʦʪʢʝ ʧʣʘʟʤʦʭʠʤʠʯʝʩʢʦʛʦ ʤʝʪʦʜʘ ʩʠʥʪʝʟʘ ʩʪʨʫʢʪʫʨ ʤʠʢʨʦ- ʠ ʥʘʥʦ ʨʘʟʤʝʨʦʚ ʩʦ 

ʩʣʦʞʥʳʤ ʬʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʠʤ ʩʦʩʪʘʚʦʤ ʠ ʧʨʝʜʝʣʴʥʦ ʨʘʟʚʠʪʦʡ ʧʦʚʝʨʭʥʦʩʪʴʶ, ʦʩʥʦʚʘʥʥʦʛʦ ʥʘ 

ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʨʘʟʨʷʜʘ ʚ ʩʤʝʩʷʭ ʧʦʨʦʰʢʦʚ ʤʝʪʘʣʣ-ʜʠʵʣʝʢʪʨʠʢ, ʠʥʠʮʠʠʨʫʝʤʦʛʦ ʠʤʧʫʣʴʩʥʳʤ 

ʠʟʣʫʯʝʥʠʝʤ ʤʦʱʥʦʛʦ ʛʠʨʦʪʨʦʥʘ [1], ʜʣʷ ʜʠʘʛʥʦʩʪʠʢʠ ʧʘʨʘʤʝʪʨʦʚ ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ ʧʣʘʟʤʳ 

ʠʟʤʝʨʷʣʠʩʴ ʵʤʠʩʩʠʦʥʥʳʝ ʦʧʪʠʯʝʩʢʠʝ ʩʧʝʢʪʨʳ. ʀʩʩʣʝʜʦʚʘʚʰʠʝʩʷ ʧʨʦʮʝʩʩʳ ʤʦʛʫʪ ʙʳʪʴ 

ʠʩʧʦʣʴʟʦʚʘʥʳ ʜʣʷ ʧʨʠʛʦʪʦʚʣʝʥʠʷ ʠʟ ʧʦʨʦʰʢʦʚʳʭ ʩʤʝʩʝʡ ʚʳʩʦʢʦʘʢʪʠʚʥʦʛʦ ʠ 

ʚʳʩʦʢʦʵʬʬʝʢʪʠʚʥʦʛʦ ʢʘʪʘʣʠʪʠʯʝʩʢʦʛʦ ʧʨʦʜʫʢʪʘ ʥʘ ʦʩʥʦʚʝ Pd ʥʘ ʦʢʩʠʜʥʦʤ ʥʦʩʠʪʝʣʝ [2]. 

ɺ ʥʘʩʪʦʷʱʝʤ ʜʦʢʣʘʜʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʵʢʩʧʝʨʠʤʝʥʪʳ ʚ ʩʤʝʩʷʭ Pd + Al2O3, ʚ ʘʪʤʦʩʬʝʨʝ 

ʚʦʟʜʫʭʘ ʠʣʠ ʘʟʦʪʘ, ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʢʘʨʙʦʨʘʥʘ ʠ ʤʝʣʘʤʠʥʘ ʚ ʢʘʯʝʩʪʚʝ ʢʘʪʘʣʠʟʘʪʦʨʦʚ 

ʧʣʘʟʤʦʭʠʤʠʯʝʩʢʠʭ ʨʝʘʢʮʠʡ. ɺ ʧʨʦʮʝʩʩʝ ʤʠʢʨʦʚʦʣʥʦʚʦʛʦ ʠʥʠʮʠʠʨʦʚʘʥʠʷ ʚʦʟʥʠʢʘʝʪ ʧʨʦʙʦʡ, 

ʧʨʝʜʧʦʣʦʞʠʪʝʣʴʥʦ ʚ ʤʝʩʪʘʭ ʩ ʙʣʠʟʢʦ ʨʘʩʧʦʣʦʞʝʥʥʳʤʠ ʦʩʪʨʳʤʠ ʛʨʘʥʷʤʠ ʯʘʩʪʠʮ ʤʝʪʘʣʣʘ ʠ 

ʜʠʵʣʝʢʪʨʠʢʘ, ʧʨʠ ʧʦʣʷʭ ʥʘ ʧʦʨʷʜʦʢ ʥʠʞʝ ʧʨʦʙʦʡʥʳʭ ʧʦʣʝʡ ʚ ʛʘʟʝ-ʥʘʧʦʣʥʠʪʝʣʝ. ɹʣʘʛʦʜʘʨʷ 

ʨʘʩʩʨʝʜʦʪʦʯʝʥʥʦʩʪʠ ʵʪʠʭ ʫʯʘʩʪʢʦʚ ʣʦʢʘʣʴʥʦʛʦ ʧʦʛʣʦʱʝʥʠʷ ʤʠʢʨʦʚʦʣʥʦʚʦʛʦ ʠʟʣʫʯʝʥʠʷ 

ʚʦʟʥʠʢʘʝʪ ʚʳʩʦʢʠʡ ʣʦʢʘʣʴʥʳʡ ʵʥʝʨʛʦʚʢʣʘʜ ʧʨʠ ʫʤʝʨʝʥʥʦʡ ʧʣʦʪʥʦʩʪʠ ʠʥʠʮʠʠʨʫʶʱʝʛʦ 

ʠʟʣʫʯʝʥʠʷ ʠ ʩʦʟʜʘʶʪʩʷ ʫʩʣʦʚʠʷ ʚʦʟʥʠʢʥʦʚʝʥʠʷ ʩʘʤʦʧʦʜʜʝʨʞʠʚʘʶʱʝʛʦʩʷ ʚ ʜʘʣʴʥʝʡʰʝʤ ʨʘʟʨʷʜʘ.  

ʆʩʥʦʚʥʘʷ ʯʘʩʪʴ ʠʟʤʝʨʝʥʠʡ ʩʧʝʢʪʨʦʚ ʧʨʦʚʦʜʠʣʘʩʴ ʩʧʝʢʪʨʦʤʝʪʨʘʤʠ ʬʠʨʤʳ Avantes. 

ʀʟʣʫʯʝʥʠʝ ʚ ʥʠʭ ʟʘʚʦʜʠʣʦʩʴ ʩʚʝʪʦʚʦʜʘʤʠ ʩ ʤʠʢʨʦʦʙʲʝʢʪʠʚʘʤʠ, ʩʦʙʠʨʘʚʰʠʤʠ ʝʛʦ ʣʠʙʦ ʩ 

ʧʦʚʝʨʭʥʦʩʪʝʡ ʧʦʨʦʰʢʦʚʦʛʦ ʩʣʦʷ, ʣʠʙʦ ʠʟ ʦʙʣʘʩʪʠ ʥʘ ʨʘʩʩʪʦʷʥʠʠ 2 ï 3 ʩʤ ʥʘʜ ʥʠʤ.  
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ʈʠʩ. 1. ʌʨʘʛʤʝʥʪ ʥʦʨʤʠʨʦʚʘʥʥʦʛʦ ʩʧʝʢʪʨʘ, ʨʝʛʠʩʪʨʠʨʫʝʤʦʛʦ ʯʝʨʝʟ ʥʠʞʥʠʡ 

ʠʣʣʶʤʠʥʘʪʦʨ ʨʝʘʢʪʦʨʘ. ʆʩʥʦʚʫ ʩʦʩʪʘʚʣʷʶʪ ʣʠʥʠʠ ʧʘʣʣʘʜʠʷ [3]. ʋʢʘʟʘʥʳ ʣʠʥʠʠ, 

ʠʩʧʦʣʴʟʫʝʤʳʝ ʜʣʷ ʦʮʝʥʢʠ ʵʣʝʢʪʨʦʥʥʦʡ ʪʝʤʧʝʨʘʪʫʨʳ. 

ʇʦ ʠʥʪʝʥʩʠʚʥʦʩʪʷʤ ʦʪʤʝʯʝʥʥʳʭ ʥʘ ʨʠʩ. 1 ʣʠʥʠʡ, ʚ ʧʨʝʜʧʦʣʦʞʝʥʠʠ ʣʦʢʘʣʴʥʦʛʦ 

ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʦʛʦ ʨʘʚʥʦʚʝʩʠʷ, ʩʜʝʣʘʥʘ ʦʮʝʥʢʘ ʵʣʝʢʪʨʦʥʥʦʡ ʪʝʤʧʝʨʘʪʫʨʳ. ʂʦʥʪʫʨ ʣʠʥʠʠ 

324,27 ʥʤ ʠʩʢʘʞʝʥ ʠʟ-ʟʘ ʥʝʜʦʩʪʘʪʦʯʥʦʛʦ ʩʧʝʢʪʨʘʣʴʥʦʛʦ ʨʘʟʨʝʰʝʥʠʷ. ɺʢʣʘʜ ʜʚʫʭ ʜʦʚʦʣʴʥʦ 

ʩʣʘʙʳʭ ʩʦʩʝʜʝʡ ʩʧʨʘʚʘ ʠʩʢʣʶʯʝʥ ʧʫʪʝʤ ʧʨʠʙʣʠʞʝʥʥʦʡ ʦʮʝʥʢʠ, ʯʪʦ ʤʘʣʦ ʩʢʘʟʳʚʘʝʪʩʷ ʥʘ 

ʠʪʦʛʦʚʦʡ ʪʦʯʥʦʩʪʠ, ʧʦʩʢʦʣʴʢʫ ʠ ʩʘʤʠ ʚʝʨʦʷʪʥʦʩʪʠ ʩʧʦʥʪʘʥʥʳʭ ʧʝʨʝʭʦʜʦʚ ʠʟʚʝʩʪʥʳ ʩ 

ʪʦʯʥʦʩʪʷʤʠ 10 ï 20%. ʈʝʟʫʣʴʪʠʨʫʶʱʘʷ ʦʮʝʥʢʘ ʵʣʝʢʪʨʦʥʥʦʡ ʪʝʤʧʝʨʘʪʫʨʳ ʧʣʘʟʤʳ ʚ ʧʘʟʫʭʘʭ 

ʤʝʞʜʫ ʯʘʩʪʠʮʘʤʠ ʧʦʨʦʰʢʘ ʩʦʩʪʘʚʣʷʝʪ 4,2 Ñ 0,8 ʢʂ. ɽʩʪʴ ʦʩʥʦʚʘʥʠʷ ʩʯʠʪʘʪʴ, ʯʪʦ ʵʪʦ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʘ ʧʣʘʟʤʳ ʚʥʫʪʨʠ ʧʦʨʦʰʢʘ, ʘ ʥʝ ʥʘʜ ʥʠʤ, ʛʜʝ ʘʢʪʠʚʥʝʝ ʚʩʝʛʦ ʠʜʫʪ ʧʨʦʮʝʩʩʳ 

ʩʠʥʪʝʟʘ, ʧʦʩʢʦʣʴʢʫ ʝʛʦ ʩʣʦʡ ʦʢʘʟʘʣʩʷ ʧʦʣʥʦʩʪʴʶ ʥʝʧʨʦʟʨʘʯʝʥ ʜʣʷ ʠʟʣʫʯʝʥʠʷ ʶʩʪʠʨʦʚʦʯʥʳʭ 

ʣʘʟʝʨʦʚ ʩ ʜʣʠʥʘʤʠ ʚʦʣʥ 632,8 ʠ 532 ʥʤ, ʢʘʢ ʜʦ, ʪʘʢ ʠ ʧʦʩʣʝ ʦʙʨʘʙʦʪʢʠ. ʕʪʦ ʫʢʘʟʳʚʘʝʪ ʥʘ ʚʘʞʥʫʶ 

ʨʦʣʴ ʦʩʥʦʚʥʦʛʦ ʩʣʦʷ ʧʦʨʦʰʢʘ ʚ ʨʘʟʚʠʪʠʠ ʠ ʧʦʜʜʝʨʞʘʥʠʠ ʧʨʦʮʝʩʩʘ ʩʠʥʪʝʟʘ. ʆʥ ʥʝ ʤʦʞʝʪ 

ʨʘʩʩʤʘʪʨʠʚʘʪʴʩʷ ʪʦʣʴʢʦ ʢʘʢ ʠʟʦʣʠʨʫʶʱʘʷ ʧʦʜʣʦʞʢʘ ʠ ʪʨʘʥʟʠʪʥʳʡ ʢʦʨʠʜʦʨ ʜʣʷ ʤʠʢʨʦʚʦʣʥʦʚʦʛʦ 

ʠʟʣʫʯʝʥʠʷ.  

ʇʨʠʤʝʨ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʚ ʜʠʘʛʥʦʩʪʠʢʝ ʤʦʣʝʢʫʣʷʨʥʳʭ ʩʧʝʢʪʨʦʚ, ʭʘʨʘʢʪʝʨʥʳʭ ʜʣʷ 

ʧʨʠʤʝʥʷʝʤʳʭ ʚ ʵʪʠʭ ʵʢʩʧʝʨʠʤʝʥʪʘʭ ʩʤʝʩʝʡ, ʧʨʝʜʩʪʘʚʣʝʥ ʥʘ ʨʠʩʫʥʢʝ ʥʠʞʝ. ʈʘʟʨʷʜʳ 

ʠʥʠʮʠʠʨʦʚʘʣʠʩʴ ʚ ʩʤʝʩʠ Al  + Al2O3 +ʤʝʣʘʤʠʥ ʚ ʘʟʦʪʝ ʧʨʠ ʘʪʤʦʩʬʝʨʥʦʤ ʜʘʚʣʝʥʠʠ ʠʤʧʫʣʴʩʘʤʠ 

ʤʦʱʥʦʩʪʴʶ 250 ʢɺʪ ʠ ʜʣʠʪʝʣʴʥʦʩʪʴʶ 6 ʤʩ. ɺ ʧʦʩʣʝʜʥʝʤ ʠʟ ʥʠʭ, ʧʦʩʣʝ ʢʦʪʦʨʦʛʦ ʨʘʟʨʷʜ ʧʝʨʝʩʪʘʣ 

ʚʦʟʙʫʞʜʘʪʴʩʷ, ʙʳʣʘ ʟʘʨʝʛʠʩʪʨʠʨʦʚʘʥʘ ʩʣʝʜʫʶʱʘʷ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʴ ʩʧʝʢʪʨʦʚ  
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ʈʠʩ. 2. ʇʦʩʣʝʜʦʚʘʪʝʣʴʥʦ ʟʘʨʝʛʠʩʪʨʠʨʦʚʘʥʥʳʝ ʩ ʵʢʩʧʦʟʠʮʠʝʡ 1 ʤʩ, ʚ ʦʜʥʦʤ ʨʘʟʨʷʜʝ 

ʬʨʘʛʤʝʥʪʳ ʤʦʣʝʢʫʣʷʨʥʳʭ ʩʧʝʢʪʨʦʚ ʉ2 ʠ AlO (ʧʦʤʝʪʢʠ 0-0, 0-1 ʠ ʪ.ʜ. ʦʙʦʟʥʘʯʘʶʪ 

ʢʦʣʝʙʘʪʝʣʴʥʳʝ ʧʝʨʝʭʦʜʳ). ʇʝʨʚʳʡ ʥʘʯʘʣʝ ʤʠʢʨʦʚʦʣʥʦʚʦʛʦ ʠʤʧʫʣʴʩʘ (ʩʠʥʠʡ) 

ʩʝʢʚʝʥʮʠʷ dn = 0 ʧʦʣʦʩʳ ʉʚʘʥʘ ʉ2, ʠ ʟʘʪʝʤ, ʩʧʫʩʪʷ ~ 3 ʤʩ, ʙʣʠʞʝ ʢ ʢʦʥʮʫ ʰʝʩʪʠ 

ʤʠʣʣʠʩʝʢʫʥʜʥʦʛʦ ʤʠʢʨʦʚʦʣʥʦʚʦʛʦ ʠʤʧʫʣʴʩʘ (ʢʨʘʩʥʳʡ), ʩʝʢʚʝʥʮʠʷ dn = +1 

ʵʣʝʢʪʨʦʥʥʦʛʦ ʧʝʨʝʭʦʜʘ B2Ɇ+ ï X2Ɇ+ AlO 

ʄʳ ʚʠʜʠʤ, ʯʪʦ ʚ ʤʦʤʝʥʪ ʨʝʛʠʩʪʨʘʮʠʠ ʧʝʨʚʦʛʦ ʩʧʝʢʪʨʘ ʚ ʨʘʟʨʷʜʝ ʝʱʝ ʦʪʩʫʪʩʪʚʫʝʪ AlO, 

ʢʦʪʦʨʳʡ ʦʙʨʘʟʫʝʪʩʷ ʠʟ Al 2O3 ʪʦʣʴʢʦ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ ʚʳʰʝ 3,5 ʢʂ. ɺ ʪʦ ʞʝ ʚʨʝʤʷ, ʚ ʩʥʷʪʦʤ 

ʧʦʟʞʝ ʩʧʝʢʪʨʝ, ʫʞʝ ʦʪʩʫʪʩʪʚʫʝʪ ʭʘʨʘʢʪʝʨʥʳʡ ʵʣʝʤʝʥʪ ʧʦʣʦʩʳ ʉʚʘʥʘ ʤʦʣʝʢʫʣʳ ʉ2 

ʀʟ ʩʘʤʦʡ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ ʧʨʝʜʩʪʘʚʣʝʥʥʳʭ ʥʘ ʨʠʩ. 2. ʩʧʝʢʪʨʦʚ, ʜʘʞʝ ʥʝ ʜʝʣʘʷ 

ʧʦʧʳʪʢʠ ʦʧʨʝʜʝʣʝʥʠʷ ʪʝʤʧʝʨʘʪʫʨ ʠʟ ʤʦʣʝʢʫʣʷʨʥʳʭ ʩʧʝʢʪʨʦʚ, ʯʪʦ ʧʨʠ ʠʤʝʶʱʝʤʩʷ 

ʩʧʝʢʪʨʘʣʴʥʦʤ ʨʘʟʨʝʰʝʥʠʠ ʜʦʚʦʣʴʥʦ ʧʨʦʙʣʝʤʘʪʠʯʥʦ, ʤʦʞʥʦ ʩʜʝʣʘʪʴ ʥʝʩʢʦʣʴʢʦ ʩʫʱʝʩʪʚʝʥʥʳʭ 

ʚʳʚʦʜʦʚ. ɺʦ-ʧʝʨʚʳʭ,. ʟʘ ʤʝʨʪʚʦʝ ʚʨʝʤʷ ʩʧʝʢʪʨʦʤʝʪʨʘ ï 3 ʤʠʣʣʠʩʝʢʫʥʜʳ, ʧʨʦʰʝʜʰʝʝ ʤʝʞʜʫ 

ʨʝʛʠʩʪʨʘʮʠʷʤʠ ʜʚʫʭ ʩʧʝʢʪʨʦʚ ʛʘʟʦʚʘʷ ʪʝʤʧʝʨʘʪʫʨʘ ʚ ʦʙʲʝʤʝ ʨʘʟʨʷʜʘ ʧʝʨʝʰʣʘ ʯʝʨʝʟ ʦʪʤʝʪʢʫ 

3,5ʢʂ. ɺʦ-ʚʪʦʨʳʭ, ʦʪʩʫʪʩʪʚʠʝ ʚʦ ʚʪʦʨʦʤ ʩʧʝʢʪʨʝ ʩʢʦʣʴ-ʥʠʙʫʜʴ ʟʘʤʝʪʥʳʭ ʩʣʝʜʦʚ ʉ2 

ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʪʦʤ, ʯʪʦ ʚ ʦʙʣʘʩʪʠ, ʟʘʭʚʘʯʝʥʥʦʡ ʨʝʘʢʮʠʷʤʠ ʩʠʥʪʝʟʘ, ʧʨʦʠʟʦʰʣʦ ʧʦʣʥʦʝ 

ʚʳʛʦʨʘʥʠʝ ʦʨʛʘʥʠʢʠ. ʕʪʦ ʧʦʢʘʟʳʚʘʝʪ ʚʦʟʤʦʞʥʦʩʪʴ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʨʘʟʨʘʙʘʪʳʚʘʝʤʦʛʦ ʧʨʦʮʝʩʩʘ 

ʝʱʝ ʠ ʜʣʷ ʧʦʚʪʦʨʥʦʛʦ ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ ʢʘʪʘʣʠʪʠʯʝʩʢʦʡ ʩʧʦʩʦʙʥʦʩʪʠ ʨʘʥʝʝ ʥʘʨʘʙʦʪʘʥʥʦʛʦ ʠʣʠ 

ʧʦʣʫʯʝʥʥʦʛʦ ʜʨʫʛʠʤʠ ʤʝʪʦʜʘʤʠ ʢʘʪʘʣʠʪʠʯʝʩʢʦʛʦ ʧʨʦʜʫʢʪʘ. 
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Laser-induced desorption (LID) can quantify the fuel retention in plasma facing components. A 

laser is used to heat a spot on the wall within milliseconds to thermally release the fuel spot by spot - 

and thus provide spatially resolved retention quantification by means of mass spectrometry. In 

preparation of this in situ diagnostic for JET and ITER[1], ex situ studies in the FREDIS facility[2] 

were carried out on a JET-ILW3 divertor tile. The fuel retention results and the very good agreement 

to other ex situ analyses of the same tile will be shown. Then the current design of the LID diagnostic 

as planned for JET will be described. It shall verify the in situ analysis capabilities of LID in the 

tokamak vessel equipped with the same material mix as in ITER. 
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ʆʎɽʅʂɸ ʊʆʏʅʆʉʊʀ ʄɽʊʆɼɸ LIBS ɼʃʗ ʆʇʈɽɼɽʃɽʅʀʗ 

ʅɸʂʆʇʃɽʅʀʗ ɺʆɼʆʈʆɼɸ ɺ ʂʆʅʉʊʈʋʂʎʀʆʅʅʓʍ ʄɸʊɽʈʀɸʃɸʍ 

ʊʆʂɸʄɸʂɸ 
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2. ʀʥʩʪʠʪʫʪ ʧʨʠʢʣʘʜʥʦʡ ʤʘʪʝʤʘʪʠʢʠ ʠʤ. ʂʝʣʜʳʰʘ ʈɸʅ 

 

 

ʄʝʪʦʜ LIBS (laser induced ablation spectroscopy) ʧʣʘʥʠʨʫʝʪʩʷ ʠʩʧʦʣʴʟʦʚʘʪʴ ʜʣʷ 

ʦʧʨʝʜʝʣʝʥʠʷ ʩʦʩʪʘʚʘ ʤʘʪʝʨʠʘʣʘ ʧʝʨʚʦʡ ʩʪʝʥʢʠ ʪʦʢʘʤʘʢʘ, ʚ ʯʘʩʪʥʦʩʪʠ, ʥʘʢʦʧʣʝʥʠʷ ʚ ʥʝʡ 

ʠʟʦʪʦʧʦʚ ʚʦʜʦʨʦʜʘ. ɺ ʵʪʦʤ ʤʝʪʦʜʝ, ʤʦʱʥʳʡ ʣʘʟʝʨʥʳʡ ʠʤʧʫʣʴʩ ʧʨʠʚʦʜʠʪ ʢ ʘʙʣʷʮʠʠ ʤʘʪʝʨʠʘʣʘ 

ʩʪʝʥʢʠ ʠ ʧʨʝʚʨʘʱʘʝʪ ʝʛʦ ʚ ʧʣʘʟʤʫ. ʆʧʨʝʜʝʣʷʷ ʩʦʩʪʘʚ ʵʪʦʡ ʧʣʘʟʤʳ, ʤʦʞʥʦ ʩʫʜʠʪʴ ʦ ʩʦʩʪʘʚʝ 

ʘʙʣʠʨʦʚʘʥʥʦʛʦ ʤʘʪʝʨʠʘʣʘ. 

ʂʘʢ ʧʨʘʚʠʣʦ, ʧʣʦʪʥʦʩʪʴ ʪʘʢʦʡ ʣʘʟʝʨʥʦʡ ʧʣʘʟʤʳ ʜʦʩʪʘʪʦʯʥʘ ʙʦʣʴʰʘʷ ʜʣʷ ʪʦʛʦ, ʯʪʦʙʳ ʚ 

ʥʝʡ ʚʳʧʦʣʥʷʣʠʩʴ ʫʩʣʦʚʠʷ ʣʦʢʘʣʴʥʦʛʦ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʦʛʦ ʨʘʚʥʦʚʝʩʠʷ (ʃʊʈ). ɹʦʣʝʝ ʪʦʛʦ, ʠʟ-ʟʘ 

ʩʠʣʴʥʦʛʦ ʫʰʠʨʝʥʠʷ ʣʠʥʠʡ, ʧʣʘʟʤʘ ʦʢʘʟʳʚʘʝʪʩʷ ʧʨʦʟʨʘʯʥʦʡ ʜʣʷ ʠʟʣʫʯʝʥʠʷ ʚʦʜʦʨʦʜʘ. ɺ ʪʘʢʠʭ 

ʫʩʣʦʚʠʷʭ, ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʢʦʣʠʯʝʩʪʚʘ ʚʦʜʦʨʦʜʘ ʤʦʞʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʤʝʪʦʜ ʉʘʭʘ-ɹʦʣʴʮʤʘʥʘ 

(ʉɹ), ʢʦʪʦʨʳʡ ʧʦʟʚʦʣʷʝʪ ʦʧʨʝʜʝʣʠʪʴ ʪʝʤʧʝʨʘʪʫʨʫ ʧʣʘʟʤʳ ʠ ʧʦʣʥʦʝ ʢʦʣʠʯʝʩʪʚʦ ʠʟʣʫʯʘʶʱʠʭ 

ʯʘʩʪʠʮ. 

ʉʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʵʢʩʧʝʨʠʤʝʥʪʳ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʵʪʘ ʤʝʪʦʜʠʢʘ ʜʝʡʩʪʚʠʪʝʣʴʥʦ ʧʦʜʭʦʜʠʪ 

ʜʣʷ ʘʥʘʣʠʟʘ ʦʙʨʘʟʮʦʚ ʧʝʨʚʦʡ ʩʪʝʥʢʠ ʪʦʢʘʤʘʢʦʚ. ʆʜʥʘʢʦ, ʩʨʘʚʥʝʥʠʝ ʨʝʟʫʣʴʪʘʪʦʚ LIBS ʩ ʜʨʫʛʠʤʠ 

ʤʝʪʦʜʘʤʠ, ʥʘʧʨʠʤʝʨ, NRA (nuclear reaction analysis), SIMS (secondary ions mass spectrometry), 

TDS (thermodesorption spectroscopy) ʧʨʠʚʦʜʠʪ ʢ ʧʨʦʪʠʚʦʨʝʯʠʚʳʤ ʨʝʟʫʣʴʪʘʪʦʤ ʦ ʪʦʯʥʦʩʪʠ ʵʪʦʛʦ 

ʤʝʪʦʜʘ. ʅʘʧʨʠʤʝʨ, ʠʟʤʝʨʝʥʠʝ ʥʘʢʦʧʣʝʥʠʷ D ʚ ʦʙʨʘʟʮʘʭ W, ʧʨʦʚʝʜʝʥʥʦʝ ʚ ʨʘʙʦʪʝ [1] ʧʨʠʚʝʣʦ ʢ 

ʦʪʣʠʯʠʶ LIBS ʠ TDS ʧʦʨʷʜʢʘ 100 ʨʘʟ. ʅʘʧʨʦʪʠʚ, ʚ ʨʘʙʦʪʝ [2] ʘʥʘʣʦʛʠʯʥʳʝ ʠʟʤʝʨʝʥʠʷ, 

ʩʜʝʣʘʥʥʳʝ ʜʣʷ ʦʙʨʘʟʮʦʚ WBe, ʩʦʜʝʨʞʘʱʠʭ D, ʧʦʢʘʟʘʣʦ ʩʦʚʧʘʜʝʥʠʝ LIBS ʠ TDS ʩ ʪʦʯʥʦʩʪʴʶ ʚ 

ʥʝʩʢʦʣʴʢʦ ʧʨʦʮʝʥʪʦʚ, ʜʘʞʝ ʥʝʩʤʦʪʨʷ ʥʘ ʥʝʢʦʪʦʨʳʝ ʪʨʫʜʥʦʩʪʠ ʧʨʠʤʝʥʝʥʠʷ ʤʝʪʦʜʘ ʉɹ. 

ʆʪʤʝʪʠʤ, ʯʪʦ ʚ ʧʨʦʝʢʪʝ ITER ʦʞʠʜʘʝʪʩʷ ʦʧʨʝʜʝʣʝʥʠʝ ʥʘʢʦʧʣʝʥʠʷ ʠʟʦʪʦʧʦʚ ʚʦʜʦʨʦʜʘ ʚ 

ʤʘʪʝʨʠʘʣʘʭ ʩʪʝʥʢʠ ʠ ʜʠʚʝʨʪʦʨʘ ʩ ʪʦʯʥʦʩʪʴʶ ʧʦʨʷʜʢʘ 20%. ʇʦʵʪʦʤʫ, ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ 

ʧʨʘʢʪʠʯʝʩʢʦʛʦ ʧʨʠʤʝʥʝʥʠʷ LIBS ʜʣʷ ʵʪʠʭ ʮʝʣʝʡ, ʚʘʞʥʦ ʙʦʣʝʝ ʜʝʪʘʣʴʥʦʝ ʧʦʥʠʤʘʥʠʝ 

ʜʦʩʪʠʞʠʤʦʡ ʪʦʯʥʦʩʪʠ ʠʟʤʝʨʝʥʠʡ. ɺ ʵʪʦʡ ʨʘʙʦʪʝ ʤʳ ʦʮʝʥʠʚʘʝʤ ʚʢʣʘʜ ʨʘʟʣʠʯʥʳʭ ʬʘʢʪʦʨʦʚ ʚ 

ʪʦʯʥʦʩʪʴ ʤʝʪʦʜʘ ʉɹ. ɼʣʷ ʵʪʦʛʦ ʤʳ ʚʳʧʦʣʥʠʣʠ ʯʠʩʣʝʥʥʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʜʠʥʘʤʠʢʠ ʦʙʨʘʟʦʚʘʥʠʷ 

ʠ ʨʘʟʣʝʪʘ ʚʦʣʴʬʨʘʤʦʚʦʡ ʧʣʘʟʤʳ ʧʨʠ ʦʙʣʫʯʝʥʠʠ ʤʠʰʝʥʠ ʣʘʟʝʨʥʳʤ ʠʤʧʫʣʴʩʦʤ. ɿʘʪʝʤ ʤʳ 
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çʚʦʩʩʪʘʥʘʚʣʠʚʘʣʠè ʩʦʜʝʨʞʘʥʠʝ ʅ ʚ ʧʣʘʟʤʝ ʤʝʪʦʜʦʤ ʉɹ ʠ ʩʨʘʚʥʠʚʘʣʠ ʧʦʣʫʯʠʚʰʝʝʩʷ ʥʘʢʦʧʣʝʥʠʝ 

ʩ ʠʟʚʝʩʪʥʳʤ ʪʦʯʥʳʤ ʟʥʘʯʝʥʠʝʤ. 

ɼʠʥʘʤʠʢʘ ʧʣʘʟʤʳ ʨʘʩʩʯʠʪʳʚʘʣʘʩʴ ʚ ʦʜʥʦʞʠʜʢʦʩʪʥʦʤ ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʦʤ ʢʦʜʝ 3DLINE 

[3]. ʇʦʛʣʦʱʝʥʠʝ ʣʘʟʝʨʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʦʧʨʝʜʝʣʷʝʪʩʷ ʦʙʨʘʪʥʳʤ ʪʦʨʤʦʟʥʳʤ ʧʦʛʣʦʱʝʥʠʝʤ. 

ʇʝʨʝʥʦʩ ʠʟʣʫʯʝʥʠʷ W ʚ ʦʙʣʘʢʝ ʧʣʘʟʤʳ ʚʳʯʠʩʣʷʣʩʷ ʚ ʜʠʬʬʫʟʠʦʥʥʦʤ ʧʨʠʙʣʠʞʝʥʠʠ. 

ʇʨʝʜʧʦʣʘʛʘʣʦʩʴ, ʯʪʦ ʩʫʱʝʩʪʚʝʥʥʦʛʦ ʨʘʟʜʝʣʝʥʠʷ W ʠ H ʚ ʦʙʣʘʢʝ ʥʝ ʧʨʦʠʩʭʦʜʠʪ, ʪʘʢ ʢʘʢ 

ʭʘʨʘʢʪʝʨʥʦʝ ʚʨʝʤʷ ʧʝʨʝʜʘʯʠ ʠʤʧʫʣʴʩʘ ʤʝʞʜʫ ʥʠʤʠ, ʧʦʨʷʜʢʘ 2 ʥʩ, ʤʥʦʛʦ ʤʝʥʴʰʝ ʭʘʨʘʢʪʝʨʥʳʭ 

ʚʨʝʤʝʥ ʟʘʜʘʯʠ. ʊʘʢ ʯʪʦ ʧʣʦʪʥʦʩʪʴ ʅ ʤʦʞʝʪ ʙʳʪʴ ʦʧʨʝʜʝʣʝʥʘ ʢʘʢ ʬʠʢʩʠʨʦʚʘʥʥʘʷ ʜʦʣʷ ʦʪ 

ʧʣʦʪʥʦʩʪʠ W, ʢʦʪʦʨʘʷ ʙʳʣʘ ʚʟʷʪʘ ʨʘʚʥʦʡ 1%.  

ɹʳʣ ʨʘʩʩʤʦʪʨʝʥ ʣʘʟʝʨʥʳʡ ʠʤʧʫʣʴʩ ʧʨʦʜʦʣʞʠʪʝʣʴʥʦʩʪʴʶ 10 ʥʩ ʠ ʵʥʝʨʛʠʝʡ 109 ɼʞ/ʩʤ2, 

ʧʘʜʘʶʱʠʡ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦ ʥʘ ʧʦʚʝʨʭʥʦʩʪʴ ʤʠʰʝʥʠ. ʅʘ ʚʨʝʤʝʥʘʭ < 200 ʥʩ ʩʫʱʝʩʪʚʝʥʥʘʷ ʜʦʣʷ 

ʚʦʜʦʨʦʜʘ ʠʦʥʠʟʦʚʘʥʘ, ʘ ʧʦʪʦʤʫ ʥʝ ʤʦʞʝʪ ʙʳʪʴ ʟʘʨʝʛʠʩʪʨʠʨʦʚʘʥʘ ʤʝʪʦʜʦʤ ʉɹ. ʇʨʘʢʪʠʯʝʩʢʠ, ʚ 

ʵʪʦ ʚʨʝʤʷ ʙʫʜʝʪ ʧʨʝʦʙʣʘʜʘʪʴ ʠʟʣʫʯʝʥʠʷ ʢʦʥʪʠʥʫʫʤʘ, ʘ ʥʝ ʣʠʥʝʡʯʘʪʦʝ ʠʟʣʫʯʝʥʠʝ. ʇʦʵʪʦʤʫ ʜʣʷ 

ʘʥʘʣʠʟʘ ʙʳʣ ʚʳʙʨʘʥ ʤʦʤʝʥʪ ʚʨʝʤʝʥʠ 200 ʥʩ. 

ʇʝʨʝʥʦʩ ʠʟʣʫʯʝʥʠʝ ʚʦʜʦʨʦʜʘ ʧʦ ʠʟʚʝʩʪʥʳʤ ʧʨʦʬʠʣʷʤ ʧʣʦʪʥʦʩʪʠ ʠ ʪʝʤʧʝʨʘʪʫʨʳ 

ʨʘʩʩʯʠʪʳʚʘʣʩʷ ʚ ʢʦʜʝ RADTRANSP. ɺ ʵʪʦʤ ʢʦʜʝ ʟʘʜʘʯʘ ʧʝʨʝʥʦʩʘ ʨʝʰʘʝʪʩʷ ʚ ʢʚʘʟʠʦʜʥʦʤʝʨʥʦʤ 

ʧʨʠʙʣʠʞʝʥʠʠ ʩ ʧʦʣʥʳʤ ʫʯʝʪʦʤ ʧʦʛʣʦʱʝʥʠʷ ʠ ʙʝʟ ʧʨʝʜʧʦʣʦʞʝʥʠʷ ʃʊʈ. ʇʨʦʬʠʣʴ ʣʠʥʠʡ 

ʚʦʜʦʨʦʜʘ ʚʳʯʠʩʣʷʣʩʷ ʩ ʫʯʝʪʦʤ ʵʬʬʝʢʪʦʚ ʐʪʘʨʢʘ ʠ ɼʦʧʣʝʨʘ. ʅʝʦʙʭʦʜʠʤʳʝ ʜʣʷ ʨʘʩʯʝʪʘ ʩʝʯʝʥʠʷ 

ʠʦʥʠʟʘʮʠʠ, ʨʝʢʦʤʙʠʥʘʮʠʠ, ʚʦʟʙʫʞʜʝʥʠʷ ʵʣʝʢʪʨʦʥʥʳʤ ʫʜʘʨʘʤ ʠ ʢʦʵʬʬʠʮʠʝʥʪʳ ʕʡʥʰʪʝʡʥʘ 

ʙʨʘʣʠʩʴ ʠʟ ʙʘʟʳ ʜʘʥʥʳʭ ADAS. 

ʈʘʩʯʝʪ ʚ ʢʦʜʝ RADTRANSP ʧʦʢʘʟʘʣ, ʯʪʦ ʚʩʝ ʣʠʥʠʠ ʚʦʜʦʨʦʜʘ, ʢʨʦʤʝ ʣʠʥʠʠ ʃʘʡʤʘʥ-Ŭ, 

ʧʨʦʟʨʘʯʥʳ. ʆʜʥʘʢʦ, ʥʝʩʤʦʪʨʷ ʥʘ ʧʣʦʪʥʦʩʪʴ ʧʣʘʟʤʳ ʧʦʨʷʜʢʘ 1017 ʩʤ-3, ʟʘʤʝʪʥʦ ʩʫʱʝʩʪʚʝʥʥʦʝ 

ʦʪʢʣʦʥʝʥʠʝ ʦʪ ʃʊʈ. ɺ ʨʝʟʫʣʴʪʘʪʝ, ʨʘʩʭʦʞʜʝʥʠʝ ʤʝʞʜʫ ʪʦʯʥʳʤ ʠ ʦʧʨʝʜʝʣʝʥʥʳʤ ʤʝʪʦʜʦʤ ʉɹ 

ʢʦʣʠʯʝʩʪʚʦʤ ʅ ʩʦʩʪʘʚʠʣʦ ʧʦʨʷʜʢʘ 80%. ʗʩʥʦ, ʯʪʦ ʩ ʜʘʣʴʥʝʡʰʠʤ ʦʩʪʳʚʘʥʠʝʤ ʦʙʣʘʢʘ ʧʣʘʟʤʳ, 

ʵʣʝʢʪʨʦʥʥʘʷ ʧʣʦʪʥʦʩʪʴ ʙʫʜʝʪ ʫʤʝʥʴʰʘʪʴʩʷ, ʯʪʦ ʧʨʠʚʝʜʝʪ ʢ ʝʱʝ ʙʦʣʴʰʝʤʫ ʫʭʦʜʫ ʦʪ ʃʊʈ ʠ 

ʫʚʝʣʠʯʝʥʠʶ ʦʰʠʙʢʠ ʤʝʪʦʜʘ ʉɹ. ʇʦʵʪʦʤʫ, ʵʪʘ ʦʰʠʙʢʘ ʤʦʞʝʪ ʩʣʫʞʠʪʴ ʦʮʝʥʢʦʡ ʤʘʢʩʠʤʘʣʴʥʦʡ 

ʪʦʯʥʦʩʪʠ ʤʝʪʦʜʘ LIBS ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʢʦʣʠʯʝʩʪʚʘ ʚʦʜʦʨʦʜʘ ʚ ʢʦʥʩʪʨʫʢʮʠʦʥʥʳʭ ʤʘʪʝʨʠʘʣʘʭ.  
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ʀʅʊɽʅʉʀʌʀʂɸʎʀʗ ʆɹʈɸɿʆɺɸʅʀʗ ʇʃɸɿʄʓ ʀ ɸɹʃʗʎʀʀ ʂʈɽʄʅʀʗ 

ɺ ɺʆɿɼʋʍɽ ʇʈʀ ʇɸʈʅʆʄ ʃɸɿɽʈʅʆʄ ʆɹʃʋʏɽʅʀʀ ʅɸ ɼʃʀʅɸʍ 

ɺʆʃʅ 355 ʀ 532 ʅʄ 
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ɸʥʥʦʪʘʮʠʷ. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʠʩʩʣʝʜʦʚʘʥʦ ʦʙʨʘʟʦʚʘʥʠʝ ʧʨʠʧʦʚʝʨʭʥʦʩʪʥʦʡ ʧʣʘʟʤʳ ʠ 

ʘʙʣʷʮʠʷ ʢʨʝʤʥʠʷ ʚ ʚʦʟʜʫʭʝ ʧʨʠ ʚʦʟʜʝʡʩʪʚʠʠ ʣʘʟʝʨʥʦʛʦ ʠʟʣʫʯʝʥʠʷ (ʃʀ) ʩ ʜʣʠʥʘʤʠ ʚʦʣʥ 355 ʠ 

532 ʥʤ ʠ ʧʣʦʪʥʦʩʪʴʶ ʤʦʱʥʦʩʪʠ ʜʦ 5 ɻɺʪ/ʩʤ2 ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʚʨʝʤʝʥʥʦʛʦ ʠʥʪʝʨʚʘʣʘ ʠ ʧʦʨʷʜʢʘ 

ʩʣʝʜʦʚʘʥʠʷ ʥʘʥʦʩʝʢʫʥʜʥʳʭ ʣʘʟʝʨʥʳʭ ʠʤʧʫʣʴʩʦʚ. ʋʩʪʘʥʦʚʣʝʥʘ ʠʥʪʝʥʩʠʬʠʢʘʮʠʷ ʩʧʝʢʪʨʦʚ 

ʵʨʦʟʠʦʥʥʦʡ ʧʣʘʟʤʳ, ʘ ʪʘʢʞʝ ʫʩʠʣʝʥʠʝ ʘʙʣʷʮʠʦʥʥʦʛʦ ʠ ʦʪʢʦʣʴʥʦʛʦ ʨʘʟʨʫʰʝʥʠʡ ʦʙʣʫʯʘʝʤʳʭ 

ʧʣʦʩʢʠʭ ʤʠʰʝʥʝʡ ʢʨʝʤʥʠʷ ʧʨʠ ʦʧʝʨʝʞʘʶʱʝʤ ʚʦʟʜʝʡʩʪʚʠʠ ʠʤʧʫʣʴʩʦʚ ʃʀ ʩ ʜʣʠʥʦʡ ʚʦʣʥʳ 355 

ʥʤ.  

ɺʚʝʜʝʥʠʝ. ʃʘʟʝʨʥʦʝ ʚʦʟʜʝʡʩʪʚʠʝ ʥʘ ʧʣʘʩʪʠʥʳ ʢʨʝʤʥʠʷ ʘʢʪʠʚʥʦ ʠʩʩʣʝʜʫʝʪʩʷ ʩ ʮʝʣʴʶ 

ʦʧʪʠʤʠʟʘʮʠʠ ʨʝʞʠʤʦʚ ʠʭ ʦʙʨʘʙʦʪʢʠ ʠ ʤʦʜʠʬʠʢʘʮʠʠ ʚ ʩʚʷʟʠ ʩ ʰʠʨʦʢʠʤ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʢʨʝʤʥʠʷ ʚ ʤʠʢʨʦʵʣʝʢʪʨʦʥʠʢʝ [1-4]. ʇʨʠ ʥʘʥʦʩʝʢʫʥʜʥʦʤ ʣʘʟʝʨʥʦʤ ʚʦʟʜʝʡʩʪʚʠʠ ʥʘ ʢʨʝʤʥʠʡ 

ʬʦʨʤʠʨʫʶʪʩʷ ʣʘʟʝʨʥʳʝ ʢʨʘʪʝʨʳ ʩ ʚʳʙʨʦʩʦʤ ʯʘʩʪʠʮ, ʯʪʦ ʜʘʣʦ ʦʩʥʦʚʘʥʠʝ ʨʘʩʩʤʘʪʨʠʚʘʪʴ 

ʚʟʨʳʚʥʦʝ ʢʠʧʝʥʠʝ ʚ ʢʘʯʝʩʪʚʝ ʤʝʭʘʥʠʟʤʘ ʚʳʥʦʩʘ ʤʘʩʩʳ [1,3,4]. ɸʤʦʨʬʠʟʘʮʠʷ, ʧʣʘʚʣʝʥʠʝ, 

ʨʝʢʨʠʩʪʘʣʣʠʟʘʮʠʷ, ʠʩʧʘʨʝʥʠʝ, ʘʙʣʷʮʠʷ ʠ ʦʙʨʘʟʦʚʘʥʠʝ ʧʝʨʠʦʜʠʯʝʩʢʠʭ ʩʪʨʫʢʪʫʨ ʙʳʣʠ ʚʳʷʚʣʝʥʳ 

ʧʨʠ ʦʙʣʫʯʝʥʠʠ ʢʨʝʤʥʠʷ ʬʝʤʪʦʩʝʢʫʥʜʥʳʤʠ ʠʤʧʫʣʴʩʘʤʠ ʃʀ [2]. ʈʝʟʫʣʴʪʘʪʳ ʣʘʟʝʨʥʦʛʦ 

ʚʦʟʜʝʡʩʪʚʠʷ ʥʘ ʤʘʪʝʨʠʘʣʳ ʟʘʚʠʩʷʪ, ʢʘʢ ʧʨʘʚʠʣʦ, ʦʪ ʜʣʠʥʳ ʚʦʣʥʳ ʃʀ. ʇʦʵʪʦʤʫ ʠʩʧʦʣʴʟʦʚʘʥʠʝ 

ʙʠʭʨʦʤʘʪʠʯʝʩʢʦʛʦ ʣʘʟʝʨʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʜʘʝʪ ʥʦʚʳʝ ʚʦʟʤʦʞʥʦʩʪʠ ʚʣʠʷʥʠʷ ʥʘ ʜʠʥʘʤʠʢʫ ʠ 

ʧʘʨʘʤʝʪʨʳ ʣʘʟʝʨʥʦʡ ʧʣʘʟʤʳ [5].  

ʎʝʣʴ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʳ ʩʦʩʪʦʷʣʘ ʚ ʦʧʨʝʜʝʣʝʥʠʠ ʟʘʢʦʥʦʤʝʨʥʦʩʪʝʡ ʧʣʘʟʤʦʦʙʨʘʟʦʚʘʥʠʷ ʠ 

ʘʙʣʷʮʠʠ ʧʣʘʩʪʠʥ ʢʨʝʤʥʠʷ ʚ ʘʪʤʦʩʬʝʨʥʦʤ ʚʦʟʜʫʭʝ ʧʨʠ ʠʭ ʦʙʣʫʯʝʥʠʠ ʥʘʥʦʩʝʢʫʥʜʥʳʤʠ 

ʠʤʧʫʣʴʩʘʤʠ ʃʀ ʩ ʜʣʠʥʘʤʠ ʚʦʣʥ 355 ʠ 532 ʥʤ ʩ ʨʝʛʫʣʠʨʫʝʤʳʤ ʚʨʝʤʝʥʥʳʤ ʠʥʪʝʨʚʘʣʦʤ ʠ 

ʧʦʨʷʜʢʦʤ ʩʣʝʜʦʚʘʥʠʷ ʠʤʧʫʣʴʩʦʚ.  

ʊʝʭʥʠʢʘ ʵʢʩʧʝʨʠʤʝʥʪʘ. ʋʩʪʘʥʦʚʢʘ ʩʦʟʜʘʥʘ ʥʘ ʦʩʥʦʚʝ ʜʚʫʭ Nd:YAG 

ʣʘʟʝʨʦʚ ʠ ʩʠʩʪʝʤʳ ʩʠʥʭʨʦʥʠʟʘʮʠʠ, ʦʙʝʩʧʝʯʠʚʘʶʱʝʡ ʛʝʥʝʨʘʮʠʶ ʧʘʨʥʳʭ ʥʘʥʦʩʝʢʫʥʜʥʳʭ 

ʠʤʧʫʣʴʩʦʚ ʣʘʟʝʨʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʩ ʜʣʠʥʘʤʠ ʚʦʣʥ 355 ʠ 532 ʥʤ ʜʣʠʪʝʣʴʥʦʩʪʴʶ 18 ʠ 15 ʥʩ 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʩʣʝʜʫʶʱʠʭ ʩ ʨʝʛʫʣʠʨʫʝʤʳʤ ʚʨʝʤʝʥʥʳʤ ʠʥʪʝʨʚʘʣʦʤ ʤʝʞʜʫ ʥʠʤʠ ʠ 

ʫʧʨʘʚʣʷʝʤʳʤ ʧʦʨʷʜʢʦʤ ʩʣʝʜʦʚʘʥʠʷ.  
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ʕʤʠʩʩʠʦʥʥʳʝ ʩʧʝʢʪʨʳ ʣʘʟʝʨʥʦ-ʠʥʜʫʮʠʨʦʚʘʥʥʦʡ ʧʣʘʟʤʳ ʨʝʛʠʩʪʨʠʨʦʚʘʣʠʩʴ 

ʩʧʝʢʪʨʦʤʝʪʨʦʤ SL40-2 (SOL instruments), ʠʥʪʝʛʨʘʣʴʥʳʝ ʩʥʠʤʢʠ ʣʘʟʝʨʥʦʛʦ ʬʘʢʝʣʘ 

ʨʝʛʠʩʪʨʠʨʦʚʘʣʠʩʴ ʢʘʤʝʨʦʡ [6] ʥʘ ʦʩʥʦʚʝ ʤʘʪʨʠʮʳ ICX415AL ʩ ʦʙʲʝʢʪʠʚʦʤ ʀ-90ʋ 4/75 (f = 75 

ʤʤ).  

ʈʝʟʫʣʴʪʘʪʳ ʠ ʠʭ ʦʙʩʫʞʜʝʥʠʝ. ɺ ʧʨʝʜʚʘʨʠʪʝʣʴʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʘʭ ʙʳʣʦ ʚʳʷʚʣʝʥʦ, ʯʪʦ 

ʤʦʥʦʭʨʦʤʘʪʠʯʝʩʢʦʝ ʚʦʟʜʝʡʩʪʚʠʝ ʠʟʣʫʯʝʥʠʷ ɚ = 355 ʥʤ ʥʘ ʦʙʨʘʟʝʮ ʧʨʠʚʦʜʠʣʦ ʢ ʦʙʨʘʟʦʚʘʥʠʶ 

ʩʚʝʪʷʱʝʛʦʩʷ ʧʣʘʟʤʝʥʥʦʛʦ ʬʘʢʝʣʘ ʫʞʝ ʧʨʠ ʵʥʝʨʛʠʠ ʣʘʟʝʨʥʦʛʦ ʠʤʧʫʣʴʩʘ å 0,1 ʤɼʞ (ʥʘ ʧʦʨʦʛʝ 

ʛʝʥʝʨʘʮʠʠ ʣʘʟʝʨʘ). ɺʝʨʦʷʪʥʦ, ʵʪʦ ʦʙʫʩʣʦʚʣʝʥʦ ʧʨʝʚʳʰʝʥʠʝʤ ʵʥʝʨʛʠʠ ʢʚʘʥʪʘ ʠʟʣʫʯʝʥʠʷ ɽ355 = 

3,49 ʵɺ ʵʥʝʨʛʠʠ ʧʨʷʤʦʛʦ ʧʝʨʝʭʦʜʘ ʚ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʝʪʢʝ ʢʨʝʤʥʠʷ E = 3,4 ʵɺ [7]. ʕʪʦ 

ʤʦʞʝʪ ʩʫʱʝʩʪʚʝʥʥʦ ʚʣʠʷʪʴ ʥʘ ʨʝʟʫʣʴʪʘʪʳ ʢʦʤʙʠʥʠʨʦʚʘʥʥʦʛʦ ʚʦʟʜʝʡʩʪʚʠʷ ʩ ʦʧʝʨʝʞʘʶʱʠʤ 

ʚʦʟʜʝʡʩʪʚʠʝʤ ʠʟʣʫʯʝʥʠʷ ʩ ʜʣʠʥʦʡ ʚʦʣʥʳ 355 ʥʤ. 

ʆʙʨʘʟʦʚʘʥʠʝ ʧʨʠʧʦʚʝʨʭʥʦʩʪʥʦʡ ʧʣʘʟʤʳ ʢʦʥʪʨʦʣʠʨʦʚʘʣʦʩʴ ʧʦ ʠʥʪʝʥʩʠʚʥʦʩʪʠ 

ʩʧʝʢʪʨʘʣʴʥʳʭ ʣʠʥʠʡ ʢʨʝʤʥʠʷ Si I 252 ʥʤ, Si I 288,1 ʥʤ, Si II  412,9 ʥʤ ʠ ʘʟʦʪʘ N II  501,1 ʥʤ. 

ɿʘʚʠʩʠʤʦʩʪʠ ʠʭ ʠʥʪʝʥʩʠʚʥʦʩʪʝʡ ʦʪ ʠʥʪʝʨʚʘʣʘ ʩʣʝʜʦʚʘʥʠʷ ʠʤʧʫʣʴʩʦʚ ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʨʠʩ. 1. 

 
a 

 
ʙ 

ʈʠʩ. 1. - ɿʘʚʠʩʠʤʦʩʪʠ ʠʥʪʝʥʩʠʚʥʦʩʪʝʡ ʩʧʝʢʪʨʘʣʴʥʳʭ ʣʠʥʠʡ ʢʨʝʤʥʠʷ ʠ ʘʟʦʪʘ (a) ʠ ʠʭ 

ʦʪʥʦʰʝʥʠʡ (b) ʦʪ ʚʨʝʤʝʥʥʦʛʦ ʠʥʪʝʨʚʘʣʘ ʤʝʞʜʫ ʣʘʟʝʨʥʳʤʠ ʠʤʧʫʣʴʩʘʤʠ (I355 = 1,9 ɻɺʪ/ʩʤ2, 

I532 = 3,5 ɻɺʪ/ʩʤ2) ʠ ʧʦʨʷʜʢʘ ʠʭ ʩʣʝʜʦʚʘʥʠʷ ʧʨʠ ʦʙʣʫʯʝʥʠʠ ʢʨʝʤʥʠʷ ʚ ʚʦʟʜʫʭʝ:  

1a ï Si II  412,9 ʥʤ, 2a ï N II  501,1 ʥʤ, 3a ï Si I 288,16 ʥʤ, 4a ï Si I 252 ʥʤ;  

1ʙ ï Si II 412,9 / Si I 288,16; 2ʙ ï Si II 412,9 / N II 501,1; 3ʙ ï Si I 288,16/ N II 501,1; 

4ʙ ï ʫʜʝʣʴʥʳʡ ʚʳʥʦʩ ʤʘʩʩʳ ʢʨʝʤʥʠʷ (ʦʪʨʠʮʘʪʝʣʴʥʳʡ ʚʨʝʤʝʥʥʦʡ ʠʥʪʝʨʚʘʣ ʩʦʦʪʚʝʪʩʪʚʫʝʪ 

ʦʧʝʨʝʞʘʶʱʝʤʫ ʚʦʟʜʝʡʩʪʚʠʶ ʃʀ l= 355 ʥʤ) 

ɺʩʝ ʩʧʝʢʪʨʘʣʴʥʳʝ ʣʠʥʠʠ ʢʨʝʤʥʠʷ ʜʝʤʦʥʩʪʨʠʨʫʶʪ ʨʝʟʢʠʡ ʨʦʩʪ ʠʭ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʩ 

ʧʝʨʝʭʦʜʦʤ ʚ ʦʙʣʘʩʪʴ ʦʪʨʠʮʘʪʝʣʴʥʳʭ ʚʨʝʤʝʥʥʳʭ ʠʥʪʝʨʚʘʣʦʚ ʠ ʧʦʩʣʝʜʫʶʱʝʝ ʫʤʝʥʴʰʝʥʠʝ 

ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʩ ʨʦʩʪʦʤ ʠʥʪʝʨʚʘʣʘ |ȹt|: ʜʣʷ ʠʦʥʦʚ ï ʤʦʥʦʪʦʥʥʦ, ʜʣʷ ʘʪʦʤʦʚ ï ʥʝʤʦʥʦʪʦʥʥʦ ʩ 

ʥʝʙʦʣʴʰʠʤ ʰʠʨʦʢʠʤ ʧʠʢʦʤ ʩ ʚʝʨʰʠʥʦʡ ʧʨʠ ȹt = ï30 ʤʢʩ. ʀʥʪʝʥʩʠʚʥʦʩʪʴ ʣʠʥʠʠ N II  

ʧʨʝʪʝʨʧʝʚʘʝʪ ʨʦʩʪ ʠ ʥʘʩʳʱʝʥʠʝ ʧʝʨʝʜ ʧʝʨʝʭʦʜʦʤ ʚ ʦʙʣʘʩʪʴ ʧʦʣʦʞʠʪʝʣʴʥʳʭ ʠʥʪʝʨʚʘʣʦʚ. ɼʣʷ 

ʠʥʪʝʨʚʘʣʘ ȹt = ï1,3 ʤʢʩ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʚʩʝʭ ʣʠʥʠʡ ʤʘʢʩʠʤʘʣʴʥʘʷ ʠʣʠ ʙʣʠʟʢʘ ʢ ʪʘʢʦʚʦʡ, ʯʪʦ 

ʫʢʘʟʳʚʘʝʪ ʥʘ ʦʪʥʦʩʠʪʝʣʴʥʦ ʨʘʚʥʦʤʝʨʥʳʡ ʨʘʟʦʛʨʝʚ ʚʩʝʭ ʢʦʤʧʦʥʝʥʪʦʚ ʧʣʘʟʤʳ. ʆʪʥʦʰʝʥʠʝ ʠʥ-

ʪʝʥʩʠʚʥʦʩʪʝʡ ʣʠʥʠʡ Si II /Si I ʠ Si II /N II  (ʢʨʠʚʳʝ 1ʙ ʠ 2ʙ, ʨʠʩ. 1ʙ) ʚ ʦʙʣʘʩʪʠ ʠʥʪʝʨʚʘʣʦʚ ȹt < 0 
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ʜʝʤʦʥʩʪʨʠʨʫʝʪ ʰʠʨʦʢʠʡ ʧʠʢ. ʕʪʦ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦʙ ʵʬʬʝʢʪʠʚʥʦʤ ʨʘʟʦʛʨʝʚʝ ʵʨʦʟʠʦʥʥʦʡ 

ʧʣʘʟʤʳ ʚ 

ʧʨʦʮʝʩʩʝ 

ʧʦʛʣʦʱʝʥʠʷ 

ʠʟʣʫʯʝʥʠʷ 

ʚʪʦʨʦʛʦ 

ʠʤʧʫʣʴʩʘ ʩ 

ʜʣʠʥʦʡ ʚʦʣʥʳ 

532 ʥʤ.  

ɼʣʷ 

ʨʷʜʘ 

ʚʨʝʤʝʥʥʳʭ 

ʠʥʪʝʨʚʘʣʦʚ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʦʙʣʘʩʪʷʤ ʵʢʩʪʨʝʤʘʣʴʥʳʭ ʟʥʘʯʝʥʠʡ ʢʨʠʚʳʭ 1ʙ ʠ 2ʙ (ʨʠʩ. 1ʙ), 

ʙʳʣʠ ʩʜʝʣʘʥʳ ʠʥʪʝʛʨʘʣʴʥʳʝ ʩʥʠʤʢʠ ʩʚʝʯʝʥʠʷ ʬʘʢʝʣʘ (ʨʠʩ. 2) ʠ ʩʧʝʢʪʨʦʚ ʩ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʤ 

ʨʘʟʨʝʰʝʥʠʝʤ ʚʜʦʣʴ ʦʩʠ ʧʘʜʝʥʠʷ ʠʟʣʫʯʝʥʠʷ (ʨʠʩ. 3).  

ʅʘ ʩʥʠʤʢʘʭ ʬʘʢʝʣʘ ʚʠʜʥʦ ʦʙʠʣʴʥʦʝ ʢʦʣʠʯʝʩʪʚʦ ʪʨʝʢʦʚ ʯʘʩʪʠʮ ʨʘʟʣʠʯʥʳʭ ʨʘʟʤʝʨʦʚ, 

ʥʘʠʙʦʣʝʝ ʢʨʫʧʥʳʝ ʠʟ ʢʦʪʦʨʳʭ ʤʦʛʫʪ ʚ ʨʘʟʥʦʡ ʩʪʝʧʝʥʠ ʩʦʭʨʘʥʷʪʴ ʢʨʠʩʪʘʣʣʠʯʝʩʢʫʶ ʩʪʨʫʢʪʫʨʫ. 

ɸʥʘʣʠʟ 

ʤʠʢʨʦʬʦʪʦʛʨ

ʘʬʠʡ 

ʦʙʣʫʯʝʥʥʳʭ 

ʤʠʰʝʥʝʡ 

ʧʦʟʚʦʣʠʣ 

ʚʳʷʚʠʪʴ 

ʬʦʨʤʠʨʦʚʘʥ

ʠʝ 

ʦʪʢʦʣʴʥʳʭ 

ʨʘʟʨʫʰʝʥʠʡ ʥʘ ʪʳʣʴʥʦʡ ʩʪʦʨʦʥʝ ʤʠʰʝʥʝʡ ʟʘʜʦʣʛʦ ʜʦ ʦʙʨʘʟʦʚʘʥʠʷ ʩʢʚʦʟʥʦʛʦ ʦʪʚʝʨʩʪʠʷ. ʅʘ 

ʩʧʝʢʪʨʘʭ (ʨʠʩ. 3) ʙʦʣʴʰʠʥʩʪʚʦ ʣʠʥʠʡ ʠʦʥʦʚ ʢʨʝʤʥʠʷ ʚʳʩʚʝʯʠʚʘʶʪʩʷ ʠ ʥʘʜ ʦʙʣʘʩʪʴʶ ʩʧʣʦʰʥʦʛʦ 

ʩʧʝʢʪʨʘ. ɸʥʘʣʠʟ ʨʠʩ. 2b ʠ ʨʠʩ. 3b (ȹt = -5,5 ʤʢʩ) ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʧʦʷʚʣʝʥʠʠ ʚʪʦʨʠʯʥʦʛʦ ʧʨʦʙʦʷ 

ʥʘ ʧʝʨʝʜʥʝʤ ʬʨʦʥʪʝ ʧʨʠʧʦʚʝʨʭʥʦʩʪʥʦʡ ʧʣʘʟʤʳ. ɸ ʨʘʟʨʳʚ ʧʦ 

ʚʳʩʦʪʝ ʣʠʥʠʡ Si III  455,3 (ʨʠʩ. 3ʩ, ȹt = +15 ʤʢʩ) ʠ N II  501,1 (ʨʠʩ. 3b, ȹt = -5,5 ʤʢʩ) ʥʘ ʩʧʝʢʪʨʝ 

ʫʢʘʟʳʚʘʝʪ ʥʘ ʚʪʦʨʠʯʥʫʶ ʠʦʥʠʟʘʮʠʶ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʟʘ ʩʯʝʪ ʜʘʥʥʳʭ ʩʦʩʪʘʚʣʷʶʱʠʭ ʧʣʘʟʤʳ. 

ʆʮʝʥʢʘ ʪʝʤʧʝʨʘʪʫʨʳ ʧʣʘʟʤʳ ʧʦ ʣʠʥʠʷʤ Si II  597,9 ʠ 634,7 ʜʘʝʪ ʟʥʘʯʝʥʠʝ 8000-9000 ʂ. ʆʜʥʘʢʦ 

ʵʪʘ ʦʮʝʥʢʘ ʟʘʥʠʞʝʥʘ, ʪ. ʢ. ʚ ʩʧʝʢʪʨʝ ʠʤʝʶʪʩʷ ʷʚʥʳʝ ʣʠʥʠʠ Si III, ʥʦʨʤʘʣʴʥʘʷ ʪʝʤʧʝʨʘʪʫʨʘ 

 
a 

 
b 

 
c 

 
d 

ʈʠʩ. 2. ʀʥʪʝʛʨʘʣʴʥʳʝ ʩʥʠʤʢʠ ʩʚʝʯʝʥʠʷ ʧʣʘʟʤʳ ʧʨʠ ʙʠʭʨʦʤʘʪʠʯʝʩʢʦʤ ʣʘʟʝʨʥʦʤ 

ʚʦʟʜʝʡʩʪʚʠʠ (ɚ1=355 ʥʤ, ɚ2=532 ʥʤ) ʥʘ ʧʣʘʩʪʠʥʫ ʢʨʝʤʥʠʷ ʩ ʨʘʟʥʳʤ ʧʦʨʷʜʢʦʤ 

ʩʣʝʜʦʚʘʥʠʷ ʠ ʠʥʪʝʨʚʘʣʘʤʠ ʤʝʞʜʫ ʠʤʧʫʣʴʩʘʤʠ: a ï ȹt = -20ʤʢʩ;b ï ȹt = -5,7ʤʢʩ; 

 c ï ȹt = +15ʤʢʩ; d ï ȹt = +40ʤʢʩ. (ʚʝʨʭʥʠʡ ʨʷʜ ʠʟʦʙʨʘʞʝʥʠʡ ï ʥʘʯʘʣʦ ʥʘʢʦʧʣʝʥʠʷ 

ʢʘʜʨʘ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʧʝʨʚʦʤʫ ʠʤʧʫʣʴʩʫ ʧʘʨʳ, ʥʠʞʥʠʡ ï ʚʪʦʨʦʤʫ) 

 

ʈʠʩ. 3. ʀʥʪʝʛʨʘʣʴʥʳʝ ʩʧʝʢʪʨʳ ʬʘʢʝʣʘ ʩ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʤ ʨʘʟʨʝʰʝʥʠʝʤ ʚʜʦʣʴ 

ʦʩʠ ʚʦʟʜʝʡʩʪʚʠʷ ʠʟʣʫʯʝʥʠʷ (ʥʘ ʩʧʝʢʪʨʝ ʥʘʧʨʘʚʣʝʥʘ ʚʚʝʨʭ). ʈʝʞʠʤʳ ʚʦʟʜʝʡʩʪʚʠʷ: ȹt = 

-21 ʤʢʩ (a); ȹt = -5,5 ʤʢʩ (b); ȹt = +15 ʤʢʩ (c); ʧʣʦʪʥʦʩʪʴ ʤʦʱʥʦʩʪʠ: ʃʀ I355 = 1,9 

ɻɺʪ/ʩʤ2, I532 = 3,5 ɻɺʪ/ʩʤ2 
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ʚʳʩʚʝʯʠʚʘʥʠʷ ʢʦʪʦʨʳʭ ʧʦʨʷʜʢʘ 19000 ʂ. ʂʦʥʮʝʥʪʨʘʮʠʷ ʠʦʥʦʚ, ʠʟʤʝʨʝʥʥʘʷ ʧʦ ʫʰʠʨʝʥʠʶ ʣʠʥʠʠ 

Ha 656, ʩʦʩʪʘʚʣʷʝʪ ʧʦʨʷʜʢʘ 6*10
16 ʩʤ-3 ʩ ʧʨʦʚʘʣʦʤ ʜʦ 4*1015 ʩʤ-3 ʜʣʷ ʟʥʘʯʝʥʠʡ ʠʥʪʝʨʚʘʣʘ ȹt +20 

ʠ +25 ʤʢʩ. 

ɿʘʢʣʶʯʝʥʠʝ. ʅʘ ʦʩʥʦʚʘʥʠʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʧʘʨʥʦʛʦ ʠʤʧʫʣʴʩʥʦʛʦ 

ʚʦʟʜʝʡʩʪʚʠʷ ʣʘʟʝʨʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʩ ʜʣʠʥʘʤʠ ʚʦʣʥ 355 ʠ 532 ʥʤ ʥʘ ʧʣʘʩʪʠʥʳ ʢʨʝʤʥʠʷ ʚ ʚʦʟʜʫʭʝ 

ʚʳʷʚʣʝʥʘ ʟʘʚʠʩʠʤʦʩʪʴ ʦʙʨʘʟʦʚʘʥʠʷ ʧʨʠʧʦʚʝʨʭʥʦʩʪʥʦʡ ʧʣʘʟʤʳ ʠ ʘʙʣʷʮʠʠ ʢʨʝʤʥʠʷ ʚ ʚʦʟʜʫʭʝ ʦʪ 

ʚʨʝʤʝʥʥʦʛʦ ʠʥʪʝʨʚʘʣʘ ʠ ʧʦʨʷʜʢʘ ʩʣʝʜʦʚʘʥʠʷ ʥʘʥʦʩʝʢʫʥʜʥʳʭ ʙʠʭʨʦʤʘʪʠʯʝʩʢʠʭ ʣʘʟʝʨʥʳʭ 

ʠʤʧʫʣʴʩʦʚ ʧʨʠ ʧʣʦʪʥʦʩʪʷʭ ʤʦʱʥʦʩʪʠ ʜʦ 5 ɻɺʪ/ʩʤ2. ʋʩʪʘʥʦʚʣʝʥ ʵʬʬʝʢʪʠʚʥʳʡ ʨʘʟʦʛʨʝʚ ʵʨʦʟʠ-

ʦʥʥʦʡ ʧʣʘʟʤʳ ʢʨʝʤʥʠʷ, ʘ ʪʘʢʞʝ ʠʥʪʝʥʩʠʬʠʢʘʮʠʷ ʘʙʣʷʮʠʦʥʥʦʛʦ ʠ ʦʪʢʦʣʴʥʦʛʦ ʨʘʟʨʫʰʝʥʠʡ 

ʦʙʣʫʯʘʝʤʳʭ ʧʣʦʩʢʠʭ ʤʠʰʝʥʝʡ ʢʨʝʤʥʠʷ ʧʨʠ ʦʧʝʨʝʞʘʶʱʝʤ ʚʦʟʜʝʡʩʪʚʠʠ ʠʤʧʫʣʴʩʦʚ ʃʀ ʩ ʜʣʠʥʦʡ 

ʚʦʣʥʳ 355 ʥʤ.  

 

ʃʠʪʝʨʘʪʫʨʘ: 

1. Yoo J.H., Jeong S.H., Greif R. et al. J. Appl. Phys., 88 (2000), 1638. 

2. Bonse J., Baudach S. et al. Applied Physics A, 74 (2002) 19ï25. 

3. James M. Bovatsek et al. Proc. SPIE 7585, 75850K (February 23, 2010). 

4. Galasso G., et al. J. of Applied Physics, 117, 123101 (2015). 

5. Chumakov A.N., et al. High Temp. Material Proces., 18(4) (2014) 269-272. 

6. Nikonchuk I.S., et al., J. of Physics: Conf. Series, 666 (2016) 012021. 

7.  ʉʤʠʪ ʈ. ʇʦʣʫʧʨʦʚʦʜʥʠʢʠ: ʇʝʨ. ʩ ʘʥʛʣ. - ʄ.: ʄʠʨ, 1982. - 560 ʩ, 462. 7.  
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ʄʆɼʀʌʀʂɸʎʀʗ ʋʅʀɺɽʈʉɸʃʔʅʆɻʆ ʄɸʊɽʈʀɸʃʆɺɽɼʏɽʉʂʆɻʆ 

ɿʆʅɼɸ ɼʃʗ ʊʆʂɸʄɸʂɸ ʂʊʄ 

 

 

ɸ.ɺ.ɻʨʫʥʠʥ, ʃ.ɹ. ɹʝʛʨʘʤʙʝʢʦʚ, ɽ.ʅ. ʉʪʘʥʢʝʚʠʯ 

 

 

ʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʷʜʝʨʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ çʄʀʌʀè 

 

 

ɺʟʘʠʤʦʜʝʡʩʪʚʠʝ ʧʣʘʟʤʳ ʪʝʨʤʦʷʜʝʨʥʳʭ ʫʩʪʘʥʦʚʦʢ ʩ ʤʘʪʝʨʠʘʣʘʤʠ ʧʝʨʚʦʡ ʩʪʝʥʢʠ 

ʧʨʠʚʦʜʠʪ, ʩ ʦʜʥʦʡ ʩʪʦʨʦʥʳ, ʢ ʟʘʛʨʷʟʥʝʥʠʶ ʧʣʘʟʤʳ ʠ ʫʭʫʜʰʝʥʠʶ ʝʸ ʧʘʨʘʤʝʪʨʦʚ, ʩ ʜʨʫʛʦʡ 

ʩʪʦʨʦʥʳ, ʢ ʨʘʟʨʫʰʝʥʠʶ ʢʦʥʪʘʢʪʠʨʫʶʱʠʭ ʩ ʧʣʘʟʤʦʡ ʤʘʪʝʨʠʘʣʦʚ, ʬʦʨʤʠʨʦʚʘʥʠʶ 

ʧʝʨʝʥʘʧʳʣʸʥʥʳʭ ʩʣʦʝʚ, ʧʳʣʠ, ʟʘʭʚʘʪʫ ʪʨʠʪʠʷ. ʇʦʤʠʤʦ ʵʪʦʛʦ, ʧʨʦʮʝʩʩʳ ʚ ʧʝʨʠʬʝʨʠʡʥʦʡ ʧʣʘʟʤʝ 

ʦʢʘʟʳʚʘʶʪ ʚʦʟʜʝʡʩʪʚʠʝ ʥʘ ʭʘʨʘʢʪʝʨ ʠ ʧʘʨʘʤʝʪʨʳ ʨʘʟʨʷʜʘ [1]. 

ɼʣʷ ʠʟʫʯʝʥʠʷ ʤʝʭʘʥʠʟʤʦʚ ʠ ʤʠʥʠʤʠʟʘʮʠʠ ʦʪʨʠʮʘʪʝʣʴʥʳʭ ʷʚʣʝʥʠʡ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ 

ʧʣʘʟʤʳ ʩʦ ʩʪʝʥʢʦʡ, ʜʠʚʝʨʪʦʨʦʤ ʯʨʝʟʚʳʯʘʡʥʦ ʚʘʞʥʦ ʧʦʣʫʯʠʪʴ ʠʥʬʦʨʤʘʮʠʶ ʦ ʢʦʥʮʝʥʪʨʘʮʠʠ 

ʧʣʘʟʤʳ, ʩʦʩʪʘʚʝ ʠ ʢʦʣʠʯʝʩʪʚʝ ʧʨʠʤʝʩʝʡ ʚ ʧʝʨʠʬʝʨʠʡʥʳʭ ʦʙʣʘʩʪʷʭ ʧʣʘʟʤʳ, ʦʩʥʦʚʥʳʤ 

ʠʩʪʦʯʥʠʢʦʤ ʢʦʪʦʨʳʭ ʷʚʣʷʶʪʩʷ ʢʦʥʪʘʢʪʠʨʫʶʱʠʝ ʩ ʧʣʘʟʤʦʡ ʤʘʪʝʨʠʘʣʳ. ɼʣʷ ʵʪʦʡ ʮʝʣʠ ʤʦʛʫʪ 

ʦʢʘʟʘʪʴʩʷ ʧʦʣʝʟʥʳʤʠ ʤʘʪʝʨʠʘʣʦʚʝʜʯʝʩʢʠʝ ʟʦʥʜʳ.  

ʄʘʪʝʨʠʘʣʦʚʝʜʯʝʩʢʠʝ ʟʦʥʜʳ ʨʘʟʨʘʙʘʪʳʚʘʣʠʩʴ ʨʷʜʦʤ ʥʘʫʯʥʳʭ ʛʨʫʧʧ. ʇʨʘʢʪʠʢʘ ʠʭ 

ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʚ ʪʦʢʘʤʘʢʘʭ ʧʦʢʘʟʘʣʘ, ʯʪʦ ʧʦʣʝʟʥʦʩʪʴ ʠʥʬʦʨʤʘʮʠʠ, ʧʦʣʫʯʘʝʤʦʡ ʩ ʧʦʤʦʱʴʶ 

ʟʦʥʜʘ, ʤʥʦʛʦʢʨʘʪʥʦ ʚʦʟʨʘʩʪʸʪ, ʝʩʣʠ ʟʦʥʜ ʙʫʜʝʪ ʩʧʦʩʦʙʝʥ ʜʘʚʘʪʴ ʢʦʤʧʣʝʢʩʥʫʶ ʠʥʬʦʨʤʘʮʠʶ ʦ 

ʩʦʩʪʦʷʥʠʠ ʧʝʨʠʬʝʨʠʡʥʦʡ ʧʣʘʟʤʳ ʪʦʢʘʤʘʢʘ, ʚʢʣʶʯʘʷ, ʠʥʬʦʨʤʘʮʠʶ ʦ ʟʘʨʷʜʦʚʦʤ ʠ ʵʣʝʤʝʥʪʥʦʤ 

ʩʦʩʪʘʚʝ ʠ ʵʥʝʨʛʠʠ ʯʘʩʪʠʮ ʧʝʨʠʬʝʨʠʡʥʦʡ ʧʣʘʟʤʳ ʠ ʧʨʠʤʝʩʝʡ. ʅʝʦʙʭʦʜʠʤʦ ʪʘʢʞʝ ʠʤʝʪʴ 

ʚʦʟʤʦʞʥʦʩʪʴ ʧʦʣʫʯʝʥʠʷ ʨʝʟʫʣʴʪʘʪʦʚ, ʢʘʢ ʚ ʧʨʦʮʝʩʩʝ ʨʘʟʨʷʜʘ, ʪʘʢ ʠ ʩʫʤʤʘʨʥʦ, ʧʦ ʩʝʨʠʠ 

ʵʢʩʧʝʨʠʤʝʥʪʦʚ.  

ɺ ʜʦʢʣʘʜʝ ʧʨʝʜʩʪʘʚʣʝʥʘ ʤʦʜʠʬʠʢʘʮʠʷ ʫʥʠʚʝʨʩʘʣʴʥʦʛʦ ʤʘʪʝʨʠʘʣʦʚʝʜʯʝʩʢʦʛʦ ʟʦʥʜʘ, 

ʧʦʟʚʦʣʷʶʱʘʷ ʚ ʫʩʣʦʚʠʷʭ ʪʦʢʘʤʘʢʘ ʂʊʄ: 

¶ ʇʨʦʚʦʜʠʪʴ ʦʮʝʥʦʯʥʳʝ ʠʟʤʝʨʝʥʠʷ ʧʦʣʥʦʛʦ ʧʦʪʦʢʘ ʪʚʝʨʜʦʪʝʣʴʥʳʭ ʧʨʠʤʝʩʥʳʭ ʘʪʦʤʦʚ ʧʦ 

ʠʟʤʝʥʝʥʠʶ ʧʨʦʚʦʜʠʤʦʩʪʠ ʥʘʧʳʣʷʝʤʦʛʦ ʩʣʦʷ ʥʘ ʢʦʣʣʝʢʪʦʨ. 

¶ ʆʩʘʞʜʘʪʴ ʥʘ ʢʦʣʣʝʢʪʦʨ ʩʣʦʡ ʪʚʝʨʜʦʪʝʣʴʥʳʭ ʧʨʠʤʝʩʥʳʭ ʘʪʦʤʦʚ ʜʣʷ ʧʦʩʣʝʜʫʶʱʝʛʦ 

ʵʣʝʤʝʥʪʥʦʛʦ ʘʥʘʣʠʟʘ ʦʩʘʞʜʝʥʥʦʛʦ ʩʣʦʷ ʠ ʪʝʨʤʦʜʝʩʦʨʙʮʠʦʥʥʦʛʦ ʘʥʘʣʠʟʘ ʫʜʝʨʞʠʚʘʝʤʳʭ ʚ ʥʸʤ 

ʘʪʦʤʦʚ ʧʣʘʟʤʳ  

¶ In situ ʠʟʤʝʨʷʪʴ ʧʦʪʦʢʠ ʠʦʥʦʚ (ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʠʦʥʦʚ ʜʝʡʪʝʨʠʷ) 

¶ In situ ʠʟʤʝʨʷʪʴ ʧʦʪʦʢʠ ʠʦʥʦʚ ʧʨʠʤʝʩʠ ʩ ʨʘʟʣʠʯʥʳʤ ʩʦʦʪʥʦʰʝʥʠʝʤ  

¶ In situ ʦʮʝʥʦʯʥʦ ʠʟʤʝʨʷʪʴ ʵʥʝʨʛʝʪʠʯʝʩʢʠʝ ʩʧʝʢʪʨʳ ʠʦʥʦʚ ʠʟʦʪʦʧʦʚ ʚʦʜʦʨʦʜʘ. 
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Complex or dusty plasma is a medium containing ionized gas and micron-sized solid particles. 

It is used in basic research as a model system for particle-resolved studies of generic condensed matter. 

Interactions between the microparticles and the plasma can lead to various instabilities. One example 

of such instabilities is a spontaneous periodic contraction of the void (a microparticle-free area inside 

the suspension), which was called the ñheartbeat instabilityò [1-3]. Despite two decades of 

investigation, the heartbeat instability mechanism is still unclear. 

In [3], it was revealed that the heartbeat instability can be stimulated by a diode laser tuned in 

resonance with one of the spectral lines of a working gas. Here we present novel results of the 

heartbeat studies using this method of controlling the instability. 

 

 

Fig.1. Scheme of the experimental setup, (a) ð side view, (b) ð top view 

 

The experiments were conducted in the ground-based PK-3 Plus chamber [4]. The scheme of 

the setup is presented in Fig. 1. The plasma was produced by means of a capacitively-coupled rf 

discharge in argon, the pressure was 35-37 Pa. We used two types of melamine formaldehyde spheres 

with the diameters of 1.95 Õm and 2.15 Õm as microparticles. The gravity was compensated by means 

of thermophoresis [5]. 

The microparticles were illuminated by a laser sheet with the wavelength of 532 nm. Three 

Ximea MQ042RG-CM video cameras with interference bandpass filters captured the microparticle 

motion and the plasma emission at the same discharge area. The filters had the central wavelengths of 
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532, 750 and 810 nm respectively, and the transmission band width of the filters was 10 nm. The 

framerate of the cameras was 200 fps. The cameras desynchronization was less than one frame. All 

three cameras were focused onto the central cross-section of the discharge chamber. 

We investigated the effect of the resonant laser light on the void stability using a Toptica DL 

Pro laser. The width of the laser spectral line was less than 1 MHz. The power of the unattenuated 

laser beam was about 50 mW. The laser scanned the wavelength range of 220 MHz around the center 

of the 772.38 nm argon spectral line. A small fraction of the laser light passed through a reference 

argon lamp to control the wavelength. A mechanical chopper was used to modulate the laser beam. 

The laser light induced the fluorescence in the 810.4 nm spectral line. 

The self-excited heartbeat instability existed within a certain range of the discharge power and 

the gas pressure and required high density of the microparticle suspension. The void behaved 

differently near the upper and the lower discharge power boundaries of the instability range. If the 

discharge power was at the lower boundary of the instability onset, the void was stable most of the 

time and contracted sporadically with the full amplitude. Near the upper boundary of the instability 

range, the heartbeat amplitude was decreasing with the increase of the discharge power, until the 

breathing void oscillations became undetectable. 

The oscillations of the microparticles are most clear in periodograms for their velocities. We 

calculated the velocities using OpenPIV code [6]. For every frame, we averaged the velocities along 

the vertical direction in a narrow horizontal stripe and stacked the horizontal velocity profiles into a 

periodgram (see Fig. 2(a) and 3(a)). 

Just before the void contraction, the plasma glow shortly flashed in the void, at the same time, 

the discharge side regions became darker. After that, the emission from the contracted void became 

weaker, and from the sides ð brighter, than it was before the flash, as it was already reported in [1, 3]. 

The emission variation is presented in Fig. 2(b-c). 

Small oscillations of the microparticle motion and the plasma emission are visible in the 

periodograms between the large void collapses. They were called ñfailed contractionsò in [1]. In the 

velocity periodograms, the small slope of the oscillations can be seen, which suggests that the 

oscillation propagated from the discharge edge to the center. 
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Fig.2. Periodograms of the self-excited heartbeat instability with failed contractions. The microparticle diameter 

ð 2.15 Õm, the power ð 400 mW. (a) ð the velocity periodogram. White colour depicts areas without visible 

microparticles. (b-c) ð the plasma glow (750 nm) periodograms in (b) horizontal and (c) vertical direction. 

Time-averaged plasma emission was subtracted from the periodograms 
 

Passing through the void, the continuous laser beam stabilized the microparticle suspension, 

even if the heartbeat oscillations occurred without the laser. The modulated laser beam stimulated the 

heartbeat instability, even if the microparticle suspension was stable without the laser. If the laser 

beam passed through the void, the void collapsed just after the beam closing. If the discharge power is 

not too low in comparison with the lower self-excitation boundary, and the beam power is high 

enough, no resonant effects were mentioned. Periodograms of the non-resonant heartbeat stimulation 

are presented in Fig. 3. In the case of low chopper frequency, every closing of the beam caused the 

void collapse. Also, some minor oscillations are visible after opening the beam. For higher chopper 

frequencies, the void collapses occurred once for a certain number of the laser pulses. It seems, the 

void must expand enough after the collapse to be ready for a new stimulated contraction. If the laser 

beam was shifted horizontally from the void center to the distance of 1 cm, the void collapsed after the 

laser opening. 

If the discharge power was much lower than the heartbeat self-excitation boundary, or the laser 

beam was strongly attenuated, the optogalvanic heartbeat excitation had resonance character as 

reported in [3]. The heartbeat appeared, when the chopper frequency was close to the frequency of 

small oscillations which were observed without the laser. 

 

 

Fig.3. Non-resonant optogalvanic heartbeat excitation with different chopper frequencies. The 

microparticle diameter ð 1.95 Õm, power ð 500 mW. (a, e) ð the velocity periodograms; (b, c, f, g) ð the 

plasma emission (750 nm) periodograms in (b, f) horizontal and (c, g) vertical direction. (d, h) ð the plasma 

emission (810 nm) periodogram in horizontal direction. Time-averaged plasma emission was subtracted from 

the periodograms 
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The optogalvanic control revealed new properties of the heartbeat instability, which could help 

to understand its physics. This method could also be employed in experiments with other instabilities 

in complex and electronegative plasmas. 
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ʃɸɹʆʈɸʊʆʈʅɸʗ ʉʀʉʊɽʄɸ ʃɸɿɽʈʅʆʁ ɼʀɸɻʅʆʉʊʀʂʀ 

ʅɸʂʆʇʃɽʅʀʗ ʀɿʆʊʆʇʆɺ ɺʆɼʆʈʆɼɸ ɺ ʄɸʊɽʈʀɸʃɸʍ ʊʗʋ  
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ʆʜʥʦʡ ʠʟ ʢʣʶʯʝʚʳʭ ʧʨʦʙʣʝʤ ʥʘ ʧʫʪʠ ʢ ʫʧʨʘʚʣʷʝʤʦʤʫ ʪʝʨʤʦʷʜʝʨʥʦʤʫ ʩʠʥʪʝʟʫ ʷʚʣʷʝʪʩʷ 

ʟʘʭʚʘʪ ʚʦʜʦʨʦʜʘ ʚ ʦʙʨʘʱʸʥʥʳʝ ʢ ʧʣʘʟʤʝ ʵʣʝʤʝʥʪʳ (ʆʇʕ) ʪʝʨʤʦʷʜʝʨʥʳʭ ʫʩʪʘʥʦʚʦʢ (ʊʗʋ). ʊʘʢ 

ʢʘʢ ʚ ʢʘʯʝʩʪʚʝ ʦʜʥʦʛʦ ʠʟ ʢʦʤʧʦʥʝʥʪʦʚ ʪʦʧʣʠʚʘ ʜʣʷ ʊʗʋ ʧʣʘʥʠʨʫʝʪʩʷ ʠʩʧʦʣʴʟʦʚʘʪʴ 

ʨʘʜʠʦʘʢʪʠʚʥʳʡ ʪʨʠʪʠʡ, ʢʦʣʠʯʝʩʪʚʦ ʢʦʪʦʨʦʛʦ ʚ ʩʪʝʥʢʘʭ ʆʇʕ ʩʪʨʦʛʦ ʦʛʨʘʥʠʯʝʥʦ ʥʦʨʤʘʤʠ 

ʨʘʜʠʘʮʠʦʥʥʦʡ ʙʝʟʦʧʘʩʥʦʩʪʠ, ʥʝʦʙʭʦʜʠʤʳ ʤʝʪʦʜʠʢʠ in situ ʢʦʥʪʨʦʣʷ ʥʘʢʦʧʣʝʥʠʷ ʵʪʦʛʦ ʵʣʝʤʝʥʪʘ. 

ɿʘʜʘʯʘ ʨʘʟʨʘʙʦʪʢʠ ʧʦʜʦʙʥʦʡ ʤʝʪʦʜʠʢʠ ʷʚʣʷʝʪʩʷ ʦʜʥʦʡ ʠʟ ʥʘʩʫʱʥʳʭ ʜʣʷ ʄʝʞʜʫʥʘʨʦʜʥʦʛʦ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʛʦ ʪʝʨʤʦʷʜʝʨʥʦʛʦ ʨʝʘʢʪʦʨʘ ʀʊʕʈ. ʅʘ ʜʘʥʥʳʡ ʤʦʤʝʥʪ ʜʣʷ ʢʦʣʠʯʝʩʪʚʝʥʥʳʭ 

ʠʟʤʝʨʝʥʠʡ in situ ʧʨʠʤʝʥʷʶʪ ʛʘʟʦʙʘʣʘʥʩʦʚʳʝ ʤʝʪʦʜʳ, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʜʣʷ ʘʥʘʣʠʟʘ post mortem, 

ʢʘʢ ʧʨʘʚʠʣʦ, ʧʨʠʚʣʝʢʘʶʪ ʪʝʨʤʦʜʝʩʦʨʙʮʠʦʥʥʫʶ ʩʧʝʢʪʨʦʩʢʦʧʠʶ. ʆʜʥʦʡ ʠʟ ʧʝʨʩʧʝʢʪʠʚʥʳʭ 

ʤʝʪʦʜʠʢ ʜʣʷ ʢʦʥʪʨʦʣʷ ʟʘʭʚʘʪʘ ʚʦʜʦʨʦʜʘ ʚ ʆʇʕ ʚ ʪʦʢʘʤʘʢʝ ʀʊʕʈ ʷʚʣʷʝʪʩʷ ʣʘʟʝʨʥʦ-

ʠʥʜʫʮʠʨʦʚʘʥʥʘʷ ʩʧʝʢʪʨʦʩʢʦʧʠʷ ʜʝʩʦʨʙʠʨʦʚʘʥʥʦʛʦ ʚʦʜʦʨʦʜʘ [1]. ʇʦʜʨʦʙʥʳʡ ʦʙʟʦʨ ʦʩʥʦʚʘʥʥʳʭ 

ʥʘ ʣʘʟʝʨʥʦ-ʠʥʜʫʮʠʨʦʚʘʥʥʦʡ ʜʝʩʦʨʙʮʠʠ ʤʝʪʦʜʦʚ ʧʨʠʚʝʜʸʥ ʚ ʨʘʙʦʪʝ [2]. ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ 

ʧʨʝʜʩʪʘʚʣʝʥʘ ʩʠʩʪʝʤʘ ʜʠʘʛʥʦʩʪʠʢʠ ʥʘʢʦʧʣʝʥʠʷ ʠʟʦʪʦʧʦʚ ʚʦʜʦʨʦʜʘ ʚ ʆʇʕ, ʩʦʟʜʘʥʥʘʷ ʥʘ ʙʘʟʝ 

ʫʩʪʘʥʦʚʢʠ çɹʦʣʴʰʦʡ ʤʘʩʩ-ʤʦʥʦʭʨʦʤʘʪʦʨ çʄʀʌʀè. 

ʆʩʥʦʚʥʘʷ ʦʙʣʘʩʪʴ ʧʨʠʤʝʥʝʥʠʷ ʜʘʥʥʦʡ ʫʩʪʘʥʦʚʢʠ ʩʦʩʪʦʠʪ ʚ ʠʩʩʣʝʜʦʚʘʥʠʠ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʠʦʥʦʚ ʢʵɺʥʳʭ ʵʥʝʨʛʠʡ ʩ ʧʦʚʝʨʭʥʦʩʪʴʶ, ʚ ʩʚʷʟʠ ʩ ʯʝʤ ʦʥʘ ʦʙʦʨʫʜʦʚʘʥʘ ʠʦʥʥʳʤ 

ʠʩʪʦʯʥʠʢʦʤ, ʩʝʧʘʨʠʨʫʶʱʠʤ ʵʣʝʢʪʨʦʤʘʛʥʠʪʦʤ ʜʣʷ ʚʳʜʝʣʝʥʠʷ ʥʫʞʥʦʤ ʤʘʩʩʦʚʦʡ ʬʨʘʢʮʠʠ ʠʟ 

ʧʫʯʢʘ, ʯʝʪʚʝʨʪʴʩʬʝʨʠʯʝʩʢʠʤ ʵʣʝʢʪʨʦʩʪʘʪʠʯʝʩʢʠʤ ʵʥʝʨʛʦʘʥʘʣʠʟʘʪʦʨʦʤ ʜʣʷ ʠʟʤʝʨʝʥʠʷ 

ʵʥʝʨʛʝʪʠʯʝʩʢʦʛʦ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʚʳʣʝʪʝʚʰʠʭ ʠʟ ʦʙʨʘʟʮʘ ʟʘʨʷʞʝʥʥʳʭ ʯʘʩʪʠʮ ʠ ʢʚʘʜʨʫʧʦʣʴʥʳʤ 

ʤʘʩʩ-ʩʧʝʢʪʨʦʤʝʪʨʦʤ Extorr 100M ʜʣʷ ʘʥʘʣʠʟʘ ʩʦʩʪʘʚʘ ʦʩʪʘʪʦʯʥʦʛʦ ʛʘʟʘ. ʅʘ ʫʩʪʘʥʦʚʢʝ 

ʧʨʦʚʦʜʷʪʩʷ ʵʢʩʧʝʨʠʤʝʥʪʳ ʧʦ ʠʟʤʝʨʝʥʠʶ ʦʩʘʞʜʸʥʥʦʡ ʪʦʣʱʠʥʳ ʠ ʩʦʩʪʘʚʘ ʪʦʥʢʠʭ ʧʣʸʥʦʢ ʥʘ 

ʧʦʜʣʦʞʢʘʭ ʩ ʩʠʣʴʥʦ ʦʪʣʠʯʘʶʱʠʤʠʩʷ ʤʘʩʩʘʤʠ [3,4]. ɼʣʷ ʧʨʦʚʝʜʝʥʠʷ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʧʦ ʦʮʝʥʢʝ 

ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʠ ʜʝʪʝʢʪʠʨʦʚʘʥʠʷ ʜʝʩʦʨʙʠʨʦʚʘʥʥʳʭ ʠʟʦʪʦʧʦʚ ʚʦʜʦʨʦʜʘ ʫʩʪʘʥʦʚʢʘ ʙʳʣʘ 

ʜʦʦʙʦʨʫʜʦʚʘʥʘ ʠʤʧʫʣʴʩʥʦʡ ʣʘʟʝʨʥʦʡ ʩʠʩʪʝʤʦʡ ʥʘ ʙʘʟʝ Nd:YAG ʣʘʟʝʨʘ ʀʃʉ-2ʄ (ʜʣʠʥʘ ʚʦʣʥʘ 

1064 ʥʤ, ʜʣʠʪʝʣʴʥʦʩʪʴ ʠʤʧʫʣʴʩʘ 20 ʥʩ, ʵʥʝʨʛʠʷ ʚ ʠʤʧʫʣʴʩʝ ʥʘ  ʚʳʭʦʜʝ ʣʘʟʝʨʘ ʜʦ 70 ʤɼʞ) ʠ 

ʩʠʩʪʝʤʦʡ ʚʚʦʜʘ ʠʟʣʫʯʝʥʠʷ ʚ ʚʘʢʫʫʤʥʫʶ ʢʘʤʝʨʫ ʥʘ ʙʘʟʝ ʧʨʠʟʤ ʧʦʣʥʦʛʦ ʚʥʫʪʨʝʥʥʝʛʦ ʦʪʨʘʞʝʥʠʷ. 

ʌʦʢʫʩʠʨʦʚʢʘ ʠʟʣʫʯʝʥʠʷ ʥʘ ʦʙʨʘʟʮʝ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʧʦʩʨʝʜʩʪʚʦʤ ʣʠʥʟʳ ʩ F=75 ʤʤ, 

ʨʘʩʧʦʣʦʞʝʥʥʦʡ ʚ ʚʘʢʫʫʤʝ ʥʘ ʚʨʘʱʘʶʱʝʡʩʷ ʚʦʢʨʫʛ ʦʙʨʘʟʮʘ ʧʦʜʩʪʘʚʢʝ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʩʤʝʱʘʪʴ 
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ʧʦʣʦʞʝʥʠʝ ʧʫʯʢʘ ʥʘ ʤʠʰʝʥʠ.  ʉʭʝʤʘ ʵʢʩʧʝʨʠʤʝʥʪʘ ʧʨʝʜʩʪʘʚʣʝʥʘ ʥʘ ʨʠʩ. 1. ʀʟʦʙʨʘʞʝʥʠʝ 

ʢʨʘʪʝʨʘ ʦʪ ʦʜʥʦʢʨʘʪʥʦʛʦ ʣʘʟʝʨʥʦʛʦ ʠʤʧʫʣʴʩʘ, ʧʦʣʫʯʝʥʥʦʛʦ ʥʘ ʨʘʩʪʨʦʚʦʤ ʵʣʝʢʪʨʦʥʥʦʤ 

ʤʠʢʨʦʩʢʦʧʝ Tescan Vega 3 ʜʣʷ ʚʦʣʴʬʨʘʤʦʚʦʡ ʧʣʸʥʢʠ, ʧʨʝʜʩʪʘʚʣʝʥʦ ʥʘ ʨʠʩ. 2. ʄʠʥʠʤʘʣʴʥʳʡ 

ʜʦʩʪʠʛʥʫʪʳʡ ʜʠʘʤʝʪʨ ʢʨʘʪʝʨʘ ï ʦʢʦʣʦ 300 ʤʢʤ. 

 

  

ʈʠʩ. 1. ʋʩʣʦʚʥʘʷ ʩʭʝʤʘ ʩʪʝʥʜʘ ʈʠʩ. 2. SEM ʠʟʦʙʨʘʞʝʥʠʝ ʧʷʪʥʘ ʧʦʩʣʝ 

ʣʘʟʝʨʥʦʛʦ ʠʤʧʫʣʴʩʘ ʥʘ ʚʦʣʴʬʨʘʤʦʚʦʡ 

ʧʣʸʥʢʝ 

 

ɼʣʷ ʧʨʦʚʝʜʝʥʠʷ ʢʦʣʠʯʝʩʪʚʝʥʥʳʭ ʠʟʤʝʨʝʥʠʡ ʚʳʭʦʜʘ ʜʝʡʪʝʨʠʷ ʠʟ ʦʙʨʘʟʮʦʚ 

ʢʚʘʜʨʫʧʦʣʴʥʳʡ ʤʘʩʩ-ʩʧʝʢʪʨʦʤʝʪʨ ʙʳʣ ʧʨʦʢʘʣʠʙʨʦʚʘʥ ʧʦ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦ ʠʟʤʝʨʝʥʥʦʤʫ ʧʦʪʦʢʫ 

ʜʝʡʪʝʨʠʷ, ʥʘʧʫʱʝʥʥʦʛʦ ʚ ʚʘʢʫʫʤʥʫʶ ʢʘʤʝʨʫ ʫʩʪʘʥʦʚʢʠ. ɺ ʭʦʜʝ ʧʝʨʚʳʭ ʠʩʧʳʪʘʥʠʡ ʙʳʣʠ 

ʠʩʩʣʝʜʦʚʘʥʳ ʪʨʠ ʛʨʫʧʧʳ ʦʙʨʘʟʮʦʚ: ʥʘʩʳʱʝʥʥʳʝ ʜʝʡʪʝʨʠʝʤ ʪʠʪʘʥʦʚʳʝ ʠ ʚʦʣʴʬʨʘʤʦʚʳʝ ʧʣʝʥʢʠ, 

ʘ ʪʘʢʞʝ ʦʙʨʘʟʝʮ ʚʦʣʴʬʨʘʤʦʚʦʛʦ ʪʘʡʣʘ ʧʦʩʣʝ ʩʝʨʠʡ ʙʦʨʦʥʠʟʘʮʠʠ ʠʟ ʪʦʢʘʤʘʢʘ ɻʣʦʙʫʩ-ʄ2. ɺ ʭʦʜʝ 

ʵʢʩʧʝʨʠʤʝʥʪʘ ʧʨʦʠʟʚʦʜʠʣʦʩʴ ʠʟʤʝʨʝʥʠʝ ʩʠʛʥʘʣʘ ʜʝʡʪʝʨʠʷ ʢʘʢ ʩʫʤʤʳ ʪʨʝʪʴʝʡ ʤʘʩʩʳ ʠ 

ʫʜʚʦʝʥʥʦʡ ʯʝʪʚʸʨʪʦʡ ʤʘʩʩʳ (ʥʘʣʠʯʠʝ ʩʠʛʥʘʣʘ ʪʨʝʪʴʝʡ ʤʘʩʩʳ ʠʣʠ HD ʤʦʞʥʦ ʩʚʷʟʘʪʴ ʩ 

ʦʪʥʦʩʠʪʝʣʴʥʦ ʚʳʩʦʢʠʤ ʧʘʨʮʠʘʣʴʥʳʤ ʜʘʚʣʝʥʠʝʤ ʚʦʜʳ, ʜʝʩʦʨʙʠʨʦʚʘʥʥʦʡ ʩ ʧʦʚʝʨʭʥʦʩʪʠ ʣʠʥʟʳ ʚ 

ʭʦʜʝ ʣʘʟʝʨʥʳʭ ʠʤʧʫʣʴʩʦʚ) ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʤʦʱʥʦʩʪʠ ʠʟʣʫʯʝʥʠʷ, ʢʦʪʦʨʘʷ ʚʘʨʴʠʨʦʚʘʣʘʩʴ ʧʫʪʸʤ 

ʨʘʩʧʦʣʦʞʝʥʠʷ ʥʘ ʧʫʪʠ ʠʟʣʫʯʝʥʠʷ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦ ʢʘʣʠʙʨʦʚʘʥʥʳʭ ʧʦʣʫʧʨʦʟʨʘʯʥʳʭ ʩʪʸʢʦʣ. 

ʆʩʥʦʚʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʧʦʢʘʟʘʥʳ ʥʘ ʨʠʩ. 3:  
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ʈʠʩ. 3. ɿʘʚʠʩʠʤʦʩʪʴ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʩʠʛʥʘʣʘ ʜʝʡʪʝʨʠʷ ʦʪ ʤʦʱʥʦʩʪʠ ʠʟʣʫʯʝʥʠʷ ʜʣʷ 

ʨʘʟʣʠʯʥʳʭ ʦʙʨʘʟʮʦʚ 

 

ʅʘʠʙʦʣʴʰʠʡ ʚʳʭʦʜ ʜʝʡʪʝʨʠʷ ʥʘʙʣʶʜʘʣʩʷ ʜʣʷ ʧʣʸʥʢʠ ʪʠʪʘʥʘ. ɺ ʩʚʦʶ ʦʯʝʨʝʜʴ ʚʳʭʦʜ 

ʜʝʡʪʝʨʠʷ ʠʟ ʦʙʨʘʟʮʦʚ ʪʘʡʣʘ ʩ ʫʩʪʘʥʦʚʢʠ ɻʣʦʙʫʩ-ʄ2 ʠ ʧʣʸʥʢʠ ʚʦʣʴʬʨʘʤʘ ʦʢʘʟʳʚʘʝʪʩʷ ʩʭʦʞʠʤ, 

ʯʪʦ ʤʦʞʝʪ ʩʚʠʜʝʪʝʣʴʩʪʚʦʚʘʪʴ ʦ ʪʦʤ, ʯʪʦ ʧʦʚʝʨʭʥʦʩʪʥʘʷ ʢʦʥʮʝʥʪʨʘʮʠʷ ʛʘʟʘ ʜʣʷ ʦʙʦʠʭ ʦʙʨʘʟʮʦʚ 

ʥʘʭʦʜʠʪʩʷ ʚ ʧʨʝʜʝʣʘʭ ʦʜʥʦʛʦ ʧʦʨʷʜʢʘ. ʇʦ ʦʮʝʥʢʘʤ, ʨʝʘʣʠʟʦʚʘʥʥʳʡ ʜʠʘʧʘʟʦʥ ʤʦʱʥʦʩʪʝʡ 

ʧʦʟʚʦʣʷʝʪ ʦʩʫʱʝʩʪʚʣʷʪʴ ʘʥʘʣʠʟ ʢʘʢ ʚ ʨʝʞʠʤʝ ʜʝʩʦʨʙʮʠʠ ʩ ʧʦʚʝʨʭʥʦʩʪʠ, ʪʘʢ ʠ ʘʙʣʷʮʠʠ 

ʤʘʪʝʨʠʘʣʘ. 
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ʆʇʈɽɼɽʃɽʅʀɽ ʂʆʅʎɽʅʊʈɸʎʀʀ ʅɽʁʊʈɸʃʔʅʓʍ ɸʊʆʄʆɺ 

ɸʃʖʄʀʅʀʗ ʇʆ ʉʇɽʂʊʈʋ ʇʆɻʃʆʑɽʅʀʗ 

 

 

ʉ.ɻ. ɸʩʘʥʠʥʘ, ʂ.ʄ. ɻʫʪʦʨʦʚ, ɸ.ɻ. ɽʩʴʢʦʚ, ʅ.ʄ. ʋʤʨʠʭʠʥ 

 

 

ɸʆ çɻʅʎ ʈʌ ʊʈʀʅʀʊʀè 

 

 

ʕʢʩʧʝʨʠʤʝʥʪʳ ʧʦ ʧʦʣʫʯʝʥʠʶ ʩʚʝʨʭʩʠʣʴʥʳʭ ʠʤʧʫʣʴʩʥʳʭ ʤʘʛʥʠʪʥʳʭ ʧʦʣʝʡ 

ʤʝʛʘʛʘʫʩʩʥʦʛʦ ʜʠʘʧʘʟʦʥʘ ʧʨʦʚʦʜʷʪʩʷ ʩʧʦʩʦʙʦʤ ʩʞʘʪʠʷ ʧʦʪʦʢʘ ʧʨʦʚʦʜʷʱʠʤ ʣʘʡʥʝʨʦʤ ʧʨʠ 

ʧʨʦʧʫʩʢʘʥʠʠ ʧʦ ʥʝʤʫ ʠʤʧʫʣʴʩʘ ʪʦʢʘ [1]. ʇʨʠ ʵʪʦʤ ʥʘʙʣʶʜʘʝʪʩʷ ʧʣʘʚʣʝʥʠʝ ʠ ʠʩʧʘʨʝʥʠʝ 

ʤʘʪʝʨʠʘʣʘ ʧʨʦʚʦʜʥʠʢʘ, ʦʙʫʩʣʦʚʣʝʥʥʦʝ ʚʳʩʦʢʦʡ ʧʣʦʪʥʦʩʪʴʶ ʩʢʠʥʠʨʦʚʘʥʥʳʭ ʪʦʢʦʚ ʚʙʣʠʟʠ 

ʧʦʚʝʨʭʥʦʩʪʠ ʣʘʡʥʝʨʘ. ʎʝʣʴʶ ʜʘʥʥʦʡ ʨʘʙʦʪʳ ʷʚʣʷʝʪʩʷ ʠʟʤʝʨʝʥʠʝ ʢʦʣʠʯʝʩʪʚʘ ʚʝʱʝʩʪʚʘ, 

ʚʳʜʝʣʷʝʤʦʛʦ ʩ ʧʦʚʝʨʭʥʦʩʪʠ ʧʨʦʚʦʜʥʠʢʘ ʧʨʠ ʠʤʧʫʣʴʩʥʳʭ ʪʦʢʦʚʳʭ ʥʘʛʨʫʟʢʘʭ ʤʘʩʰʪʘʙʘ 1-2 

ʄɸ/ʩʤ [2]. 

ʅʝʡʪʨʘʣʴʥʳʝ ʘʪʦʤʳ ʤʝʪʘʣʣʘ ʚ ʫʩʣʦʚʠʷʭ ʵʢʩʧʝʨʠʤʝʥʪʘ ʷʚʣʷʶʪʩʷ ʥʝʚʦʟʙʫʞʜʝʥʥʳʤʠ, ʘ 

ʟʥʘʯʠʪ ʦʧʨʝʜʝʣʝʥʠʝ ʢʦʥʮʝʥʪʨʘʮʠʠ ʯʘʩʪʠʮ ʤʝʪʦʜʘʤʠ ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʚʦʟʤʦʞʥʦ ʥʘ ʦʩʥʦʚʝ 

ʩʧʝʢʪʨʦʚ ʧʦʛʣʦʱʝʥʠʷ. ʊʘʢ ʢʘʢ ʩʧʝʢʪʨʘʣʴʥʳʡ ʢʦʵʬʬʠʮʠʝʥʪ ʧʦʛʣʦʱʝʥʠʷ ʩʚʷʟʘʥ ʩ ʢʦʥʮʝʥʪʨʘʮʠʝʡ 

ʧʦʛʣʦʱʘʶʱʠʭ ʯʘʩʪʠʮ, ʦʥʘ ʤʦʞʝʪ ʙʳʪʴ ʥʘʡʜʝʥʘ ʧʫʪʝʤ ʠʟʤʝʨʝʥʠʷ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʩʚʝʪʘ, 

ʧʨʦʰʝʜʰʝʛʦ ʯʝʨʝʟ ʠʩʩʣʝʜʫʝʤʳʡ ʦʙʲʝʢʪ [3]. 

ʅʘʠʙʦʣʝʝ ʚʳʨʘʞʝʥʥʳʤʠ ʚ ʩʧʝʢʪʨʝ ʧʦʛʣʦʱʝʥʠʷ ʙʫʜʫʪ ʷʚʣʷʪʴʩʷ ʩʧʝʢʪʨʘʣʴʥʳʝ ʣʠʥʠʠ, 

ʭʘʨʘʢʪʝʨʠʟʫʶʱʠʝʩʷ ʚʳʩʦʢʦʡ ʚʝʨʦʷʪʥʦʩʪʴʶ ʵʣʝʢʪʨʦʥʥʦʛʦ ʧʝʨʝʭʦʜʘ ʘʪʦʤʘ ʠʟ ʦʩʥʦʚʥʦʛʦ 

ʩʦʩʪʦʷʥʠʷ. ʇʨʠ ʵʪʦʤ ʩʠʣʘ ʦʩʮʠʣʣʷʪʦʨʦʚ ʧʨʠ ʧʦʛʣʦʱʝʥʠʠ, ʧʨʷʤʦ ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʘʷ ʵʪʦʡ 

ʚʝʨʦʷʪʥʦʩʪʠ, ʫʙʳʚʘʝʪ ʩ ʨʦʩʪʦʤ ʜʣʠʥʳ ʚʦʣʥʳ, ʠ ʜʦʩʪʠʛʘʝʪ ʤʘʢʩʠʤʘʣʴʥʳʭ ʟʥʘʯʝʥʠʡ ʚ ʜʠʘʧʘʟʦʥʝ 

200-450 ʥʤ. 

ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ ʫʩʪʘʥʦʚʢʘ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʜʠʘʛʥʦʩʪʠʯʝʩʢʠʡ ʩʪʝʥʜ, ʩʦʩʪʦʷʱʠʡ ʠʟ 

ʠʤʠʪʠʨʫʶʱʝʡ ʣʘʡʥʝʨ ʩʪʘʣʴʥʦʡ ʧʝʪʣʠ, ʧʦ ʢʦʪʦʨʦʡ ʧʨʦʧʫʩʢʘʶʪʩʷ ʪʦʢʠ ʧʣʦʪʥʦʩʪʴʶ ʜʦ ~9Ŀ1010 

ɸ/ʤ2, ʧʦʟʚʦʣʷʶʱʠʝ ʧʦʣʫʯʠʪʴ ʤʘʛʥʠʪʥʳʝ ʧʦʣʷ ʜʦ ~60 ʊʣ. 

ʉʭʝʤʘ ʵʢʩʧʝʨʠʤʝʥʪʘ ʜʣʷ ʨʝʛʠʩʪʨʘʮʠʠ ʩʧʝʢʪʨʦʚ ʧʦʛʣʦʱʝʥʠʷ ʧʨʝʜʩʪʘʚʣʝʥʘ ʥʘ ʨʠʩ. 1. 

ʀʟʦʙʨʘʞʝʥʠʝ ʠʩʪʦʯʥʠʢʘ ʩʧʣʦʰʥʦʛʦ ʩʧʝʢʪʨʘ (1) ʧʨʦʝʮʠʨʫʝʪʩʷ, ʧʦʩʨʝʜʩʪʚʦʤ ʠʩʧʦʣʴʟʦʚʘʥʠʷ 

ʦʙʲʝʢʪʠʚʘ (2), ʚ ʤʝʩʪʦ ʦʙʨʘʟʦʚʘʥʠʷ ʧʘʨʦʚ ʚʝʱʝʩʪʚʘ (3). ɿʘʪʝʤ ʵʪʦ ʠʟʦʙʨʘʞʝʥʠʝ ʧʝʨʝʜʘʝʪʩʷ ʥʘ 

ʱʝʣʴ ʩʧʝʢʪʨʦʛʨʘʬʘ ɼʌʉ-452 ʧʨʠ ʧʦʤʦʱʠ ʝʱʝ ʦʜʥʦʛʦ ʦʙʲʝʢʪʠʚʘ (4). ʇʨʠʙʦʨ ʦʩʥʘʱʝʥ 

ʜʠʬʨʘʢʮʠʦʥʥʳʤʠ ʨʝʰʝʪʢʘʤʠ 600 ʠ 1200 ʰʪʨ/ʤʤ, ʘ ʝʛʦ ʦʙʨʘʪʥʘʷ ʣʠʥʝʡʥʘʷ ʜʠʩʧʝʨʩʠʷ ʨʘʚʥʘ 1,6-

1,59 ʥʤ/ʤʤ ʠ 0,8-0,63 ʥʤ/ʤʤ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. 
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ʈʘʟʨʝʰʘʶʱʘʷ ʩʧʦʩʦʙʥʦʩʪʴ ʩʠʩʪʝʤʳ ʙʫʜʝʪ ʦʧʨʝʜʝʣʷʪʴʩʷ ʜʠʘʬʨʘʛʤʦʡ ʦʙʲʝʢʪʠʚʘ (D1) ʠ 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʤ ʝʡ ʫʛʣʦʤ ʩʙʦʨʘ ʠʟʣʫʯʝʥʠʷ Ŭ. ɺ ʵʢʩʧʝʨʠʤʝʥʪʝ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʦʙʲʝʢʪʠʚʳ 

ʃʆʄʆ ʈʌ-3 (f = 300 ʤʤ, ʜʠʘʬʨʘʛʤʘ 1:10) ʠ ʀʥʜʫʩʪʘʨ-51 (f = 210 ʤʤ, ʜʠʘʬʨʘʛʤʘ 1:4,5), ʯʪʦ 

ʧʦʟʚʦʣʷʝʪ ʜʦʙʠʪʴʩʷ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʛʦ ʨʘʟʨʝʰʝʥʠʷ ʧʦ ʦʙʲʝʢʪʫ 40 ʪʦʯʝʢ/ʩʤ.  

 
ʈʠʩ. 2. ʆʧʪʠʯʝʩʢʘʷ ʩʭʝʤʘ ʵʢʩʧʝʨʠʤʝʥʪʘ 

ɺ ʢʘʯʝʩʪʚʝ ʠʩʪʦʯʥʠʢʘ ʩʧʣʦʰʥʦʛʦ ʩʧʝʢʪʨʘ ʚ ʚʠʜʠʤʦʤ ʠ ʋʌ ʜʠʘʧʘʟʦʥʝ ʠʩʧʦʣʴʟʫʶʪʩʷ 

ʠʤʧʫʣʴʩʥʘʷ ʣʘʤʧʘ ʀʌʂ-2000 ʩ ʜʣʠʪʝʣʴʥʦʩʪʴʶ ʠʤʧʫʣʴʩʘ 100 ʤʢʩ ʠ ʣʘʤʧʘ ʉʀʈʐ 8,5-200-1 ʩ 

ʮʚʝʪʦʚʦʡ ʪʝʤʧʝʨʘʪʫʨʦʡ ~2700 Áʉ ʧʨʠ ʪʦʢʝ 24 ɸ ʜʣʷ ʨʘʙʦʪʳ ʚ ʠʥʪʝʛʨʘʣʴʥʦʤ ʨʝʞʠʤʝ ʥʘ ʚʨʝʤʝʥʘʭ 

ʦʪ ʥʝʩʢʦʣʴʢʠʭ ʩʝʢʫʥʜ. ʇʨʠ ʵʪʦʤ ʧʨʠʝʤʥʠʢʘʤʠ ʠʟʣʫʯʝʥʠʷ ʚʳʩʪʫʧʘʶʪ ʜʝʚʷʪʠʢʘʜʨʦʚʘʷ 

ʵʣʝʢʪʨʦʥʥʦ-ʦʧʪʠʯʝʩʢʘʷ ʢʘʤʝʨʘ ʂ011 (bifo company), ʧʦʟʚʦʣʷʶʱʘʷ ʨʝʛʠʩʪʨʠʨʦʚʘʪʴ ʧʨʦʮʝʩʩʳ 

ʜʣʠʪʝʣʴʥʦʩʪʴʶ 0,05-300 ʤʢʩ, ʠʣʠ ʘʵʨʦʬʦʪʦʧʣʝʥʢʘ ʊʀʇ42-ʃ. 

ɼʣʷ ʢʘʣʠʙʨʦʚʢʠ ʤʝʪʦʜʘ ʦʧʨʝʜʝʣʝʥʠʷ ʢʦʥʮʝʥʪʨʘʮʠʠ ʧʘʨʦʚ ʙʳʣ ʚʳʙʨʘʥ ʘʣʶʤʠʥʠʡ, 

ʦʪʥʦʩʷʱʠʡʩʷ ʢ ʩʨʝʜʥʝʧʣʘʚʢʠʤ ʤʝʪʘʣʣʘʤ ʩ ʪʝʤʧʝʨʘʪʫʨʦʡ ʧʣʘʚʣʝʥʠʷ 660 Áʉ. ʇʨʠ ʨʘʙʦʪʝ ʩ 

ʘʣʶʤʠʥʠʝʤ ʜʦʣʞʥʳ ʥʘʙʣʶʜʘʪʴʩʷ ʣʠʥʠʠ ʧʦʛʣʦʱʝʥʠʷ ʚ ʚʠʜʠʤʦʤ ʜʠʘʧʘʟʦʥʝ ( = 394,4 ʠ 396,15 

ʥʤ) ʩ ʚʳʩʦʢʦʡ ʚʝʨʦʷʪʥʦʩʪʴʶ ʧʦʛʣʦʱʝʥʠʷ ( = 1,16Ŀ10-1) ʠ ʵʥʝʨʛʠʝʡ ʥʠʞʥʝʛʦ ʫʨʦʚʥʷ 0 ʠ 0,014 

ʵɺ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ (ʧʝʨʝʭʦʜ 3s23p ï 3s24s). 

ʇʣʦʪʥʦʩʪʴ ʯʘʩʪʠʮ ʘʣʶʤʠʥʠʷ, ʢʦʪʦʨʘʷ ʤʦʞʝʪ ʙʳʪʴ ʠʟʤʝʨʝʥʘ ʧʨʠ ʨʝʛʠʩʪʨʘʮʠʠ 

ʧʦʛʣʦʱʝʥʠʷ ʩʚʝʪʘ ʦʪ ʚʥʝʰʥʝʛʦ ʠʩʪʦʯʥʠʢʘ ʩʦ ʩʧʣʦʰʥʳʤ ʩʧʝʢʪʨʦʤ ʦʧʨʝʜʝʣʷʝʪʩʷ ʯʝʨʝʟ  - ʩʠʣʘ 

ʦʩʮʠʣʣʷʪʦʨʦʚ ʚ ʧʦʛʣʦʱʝʥʠʠ,  ï ʧʦʣʫʰʠʨʠʥʘ ʜʦʧʣʝʨʦʚʩʢʦʛʦ ʫʰʠʨʝʥʠʷ,  - ʜʣʠʥʘ ʚʦʣʥʳ, 

ʥʘ ʢʦʪʦʨʦʡ ʧʨʦʠʩʭʦʜʠʪ ʧʦʛʣʦʱʝʥʠʝ ʩʚʝʪʘ, ʘ  ï ʩʧʝʢʪʨʘʣʴʥʳʡ ʢʦʵʬʬʠʮʠʝʥʪ ʧʦʛʣʦʱʝʥʠʷ: 

 

ɼʣʷ ʣʠʥʠʡ  = 394,4 ʠ 396,15 ʥʤ ʩ ʫʯʝʪʦʤ ʨʘʟʤʝʨʘ ʦʙʲʝʢʪʘ å1 ʩʤ ʠ ʧʦʣʫʰʠʨʠʥʳ 

ɼʦʧʣʝʨʦʚʩʢʦʛʦ ʫʰʠʨʝʥʠʷ 1,69Ŀ10-3 ʥʤ, ʙʣʘʛʦʧʨʠʷʪʥʘʷ ʦʙʣʘʩʪʴ ʢʦʥʮʝʥʪʨʘʮʠʠ ʘʪʦʤʦʚ ʘʣʶʤʠʥʠʷ 

1,1Ā1011 < Ni < 2,6Ā10
12 ʩʤ-3 ʧʨʠ ʫʩʣʦʚʠʠ ʧʦʛʣʦʱʝʥʠʷ ʚ ʧʨʝʜʝʣʘʭ . 

ʂʘʣʠʙʨʦʚʦʯʥʳʡ ʵʢʩʧʝʨʠʤʝʥʪ ʧʦ ʨʝʛʠʩʪʨʘʮʠʠ ʣʠʥʠʡ ʧʦʛʣʦʱʝʥʠʷ ʧʨʦʚʦʜʠʣʩʷ ʩ ʧʦʤʦʱʴʶ 

ʫʩʪʨʦʡʩʪʚ, ʛʝʥʝʨʠʨʫʶʱʠʭ ʧʘʨʳ ʘʣʶʤʠʥʠʷ. ʀʩʧʦʣʴʟʦʚʘʣʦʩʴ ʜʚʘ ʪʠʧʘ ʠʩʧʘʨʠʪʝʣʝʡ. ʇʝʨʚʳʡ 
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ʠʟʛʦʪʘʚʣʠʚʘʣʩʷ ʠʟ ʤʦʣʠʙʜʝʥʘ ʠ ʠʤʝʣ ʬʦʨʤʫ ʣʦʜʦʯʢʠ. ʇʨʠ ʪʦʢʝ 630 ɸ ʠ ʥʘʧʨʷʞʝʥʠʠ 2 ɺ 

ʪʝʤʧʝʨʘʪʫʨʘ ʨʘʩʧʣʘʚʘ ʜʦʩʪʠʛʘʣʘ ʟʥʘʯʝʥʠʷ ~700 Áʉ (ʠʟʤʝʨʷʣʘʩʴ ʧʠʨʦʤʝʪʨʦʤ), ʧʨʠ ʵʪʦʤ 

ʢʦʥʮʝʥʪʨʘʮʠʷ ʧʘʨʦʚ ʘʣʶʤʠʥʠʷ ʜʦʣʞʥʘ ʩʦʩʪʘʚʣʷʪʴ 1011 - 1012 ʩʤ-3. ɼʨʫʛʦʡ ʪʠʧ ʠʩʧʘʨʠʪʝʣʷ 

ʧʦʟʚʦʣʷʝʪ ʧʦʣʫʯʘʪʴ ʢʦʥʮʝʥʪʨʘʮʠʶ ʧʘʨʘ ʧʦʨʷʜʢʘ 1013 - 1015 ʩʤ-3 ʙʣʘʛʦʜʘʨʷ ʧʨʘʢʪʠʯʝʩʢʠ 

ʟʘʤʢʥʫʪʦʤʫ ʧʨʦʛʨʝʚʘʝʤʦʤʫ ʦʙʲʝʤʫ, ʠʟ-ʟʘ ʯʝʛʦ ʥʘʜ ʨʘʩʧʣʘʚʦʤ ʘʣʶʤʠʥʠʷ ʫʩʪʘʥʘʚʣʠʚʘʝʪʩʷ 

ʜʘʚʣʝʥʠʝ ʨʘʚʥʦʝ ʜʘʚʣʝʥʠʶ ʥʘʩʳʱʝʥʥʳʭ ʧʘʨʦʚ ʧʨʠ ʜʘʥʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ. ʆʥ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ 

ʟʘʢʨʳʪʳʡ ʢʨʳʰʢʦʡ ʪʠʛʝʣʴ ʠʟ ʘʣʶʤʦʦʢʩʠʜʥʦʡ ʢʝʨʘʤʠʢʠ, ʚ ʢʦʪʦʨʦʤ ʧʨʦʜʝʣʘʥʳ ʜʚʘ ʦʪʚʝʨʩʪʠʷ 

ʜʣʷ ʚʭʦʜʘ ʠ ʚʳʭʦʜʘ ʩʚʝʪʘ. ʇʨʠ ʥʘʛʨʝʚʝ ʪʠʛʣʷ ʤʦʣʠʙʜʝʥʦʚʦʡ ʧʨʦʚʦʣʦʢʦʡ ʪʦʢʦʤ 70 ɸ ʧʨʠ 

ʥʘʧʨʷʞʝʥʠʠ 20 ɺ ʪʝʤʧʝʨʘʪʫʨʘ ʨʘʩʧʣʘʚʘ ʜʦʩʪʠʛʘʝʪ ~1200 Áʉ (ʠʟʤʝʨʷʝʪʩʷ ʚʦʣʴʬʨʘʤ-ʨʝʥʠʝʚʦʡ 

ʪʝʨʤʦʧʘʨʦʡ). 

ʕʢʩʧʝʨʠʤʝʥʪ ʧʨʦʚʦʜʠʣʩʷ ʧʨʠ ʩʣʝʜʫʶʱʠʭ ʧʘʨʘʤʝʪʨʘʭ ï ʤʦʱʥʦʩʪʴ, ʧʦʜʚʦʜʠʤʘʷ ʢ 

ʠʩʧʘʨʠʪʝʣʶ ~1200 ɺʪ, ʪʦʢ ~600 ɸ, ʬʦʥʦʚʦʝ ʜʘʚʣʝʥʠʝ 7Ŀ10-5 ʊʦʨʨ. ʈʝʛʠʩʪʨʘʮʠʷ ʩʧʝʢʪʨʘ 

ʧʨʦʠʟʚʦʜʠʣʘʩʴ ʥʘ ʬʦʪʦʧʣʝʥʢʫ ʩ ʵʢʩʧʦʟʠʮʠʝʡ 30 ʩ (ʨʠʩ. 2). 

ɺ ʩʧʝʢʪʨʝ ʧʦʛʣʦʱʝʥʠʷ ʥʘʙʣʶʜʘʶʪʩʷ ʣʠʥʠʠ 394,4 ʠ 396,15 ʥʤ, ʫʨʦʚʝʥʴ ʧʦʛʣʦʱʝʥʠʷ 

ʩʦʩʪʘʚʣʷʝʪ ~5 %. ʋʯʠʪʳʚʘʷ, ʯʪʦ ʥʘʙʣʶʜʘʝʤʘʷ ʧʦʣʫʰʠʨʠʥʘ ʩʧʝʢʪʨʘʣʴʥʦʡ ʣʠʥʠʠ (0,037 ʥʤ) ʵʪʦ 

ʘʧʧʘʨʘʪʥʘʷ ʬʫʥʢʮʠʷ, ʢʦʪʦʨʘʷ ʚ 21 ʨʘʟ ʙʦʣʴʰʝ ʧʦʣʫʰʠʨʠʥʳ ʩʧʝʢʪʨʘʣʴʥʦʡ ʣʠʥʠʠ, ʫʰʠʨʝʥʥʦʡ 

ʙʣʘʛʦʜʘʨʷ ʵʬʬʝʢʪʫ ɼʦʧʣʝʨʘ (0,0017 ʥʤ), ʤʳ ʥʘʙʣʶʜʘʝʤ ʧʦʣʥʦʝ ʧʦʛʣʦʱʝʥʠʝ, ʘ ʟʥʘʯʠʪ 

ʢʦʥʮʝʥʪʨʘʮʠʷ ʘʪʦʤʦʚ ʘʣʶʤʠʥʠʷ ʩʦʩʪʘʚʣʷʝʪ Ni > 2,6Ā10
12 ʩʤ-3.  
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ɼʣʠʥʘ ʚʦʣʥʳ (ʥʤ) 
ʈʠʩ. 2. ʈʝʛʠʩʪʨʠʨʫʝʤʳʡ ʩʧʝʢʪʨ ʩ ʣʠʥʠʷʤʠ ʧʦʛʣʦʱʝʥʠʷ 
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ʍʀʄʀʏɽʉʂʆɽ ʆʉɸɾɼɽʅʀɽ ʂʆʄʇʆɿʀʊʅʓʍ ʇʃɽʅʆʂ SIC-ɸʃʄɸɿ ɺ 

ʉɺʏ ʈɸɿʈʗɼɽ ɺ ʉʄɽʉʗʍ H2-CH4-SIH4: ɼʀɸɻʅʆʉʊʀʂɸ ʇʃɸɿʄʓ 

ʆʇʊʀʏɽʉʂʆʁ ʕʄʀʉʉʀʆʅʅʆʁ ʉʇɽʂʊʈʆʉʂʆʇʀɽʁ 

 

 
ʀ.ɸ. ɸʥʪʦʥʦʚʘ1,2, ɺ.ʖ. ʖʨʦʚ1, ɸ.ʂ. ʄʘʨʪʴʷʥʦʚ1, ɺ.ʉ. ʉʝʜʦʚ1, ɸ.ɸ. ʍʦʤʠʯ1,3,  

ʉ.ʉ. ʉʘʚʠʥ4, ɸ.ʇ. ɹʦʣʴʰʘʢʦʚ 1, ɺ.ɻ. ʈʘʣʴʯʝʥʢʦ1,2 

 

 
1 ʀʥʩʪʠʪʫʪ ʦʙʱʝʡ ʬʠʟʠʢʠ ʠʤ. ɸ.ʄ. ʇʨʦʭʦʨʦʚʘ ʈɸʅ 
2 ʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʷʜʝʨʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ çʄʀʌʀè 
3 ʀʥʩʪʠʪʫʪ ʨʘʜʠʦʪʝʭʥʠʢʠ ʠ ʵʣʝʢʪʨʦʥʠʢʠ ʠʤ. ɺ.ɸ. ʂʦʪʝʣʴʥʠʢʦʚʘ ʈɸʅ 
4 ʈʦʩʩʠʡʩʢʠʡ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ  ʄʀʈʕɸ 

 

 

ɸʣʤʘʟ ʠ ʢʘʨʙʠʜ ʢʨʝʤʥʠʷ ʷʚʣʷʶʪʩʷ ʰʠʨʦʢʦʟʦʥʥʳʤʠ ʧʦʣʫʧʨʦʚʦʜʥʠʢʘʤʠ, ʟʘʥʠʤʘʶʱʠʤʠ 

ʧʝʨʚʦʝ ʠ ʪʨʝʪʴʝ ʤʝʩʪʦ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʚ ʠʝʨʘʨʭʠʠ ʩʘʤʳʭ ʪʝʧʣʦʧʨʦʚʦʜʥʳʭ ʦʙʲʝʤʥʳʭ 

ʤʘʪʝʨʠʘʣʦʚ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ. ʕʪʦ ʦʙʫʩʣʘʚʣʠʚʘʝʪ, ʥʘʨʷʜʫ ʩ ʦʪʣʠʯʥʳʤʠ 

ʵʣʝʢʪʨʦʥʥʳʤʠ ʩʚʦʡʩʪʚʘʤʠ, ʙʦʣʴʰʦʡ ʧʦʪʝʥʮʠʘʣ ʧʨʠʤʝʥʝʥʠʷ ʘʣʤʘʟʘ ʠ SiC ʚ ʵʣʝʢʪʨʦʥʠʢʝ, ʚ ʪʦʤ 

ʯʠʩʣʝ ʚ ʪʝʧʣʦʦʪʚʦʜʷʱʠʭ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʢʦʨʧʫʩʘʭ ʤʦʱʥʳʭ ʵʣʝʢʪʨʦʥʥʳʭ ʧʨʠʙʦʨʦʚ. ʊʘʢʞʝ 

ʧʨʝʜʩʪʘʚʣʷʝʪ ʟʥʘʯʠʪʝʣʴʥʳʡ ʠʥʪʝʨʝʩ ʧʦʣʫʯʝʥʠʝ ʚʳʩʦʢʦʪʝʧʣʦʧʨʦʚʦʜʥʳʭ ʢʝʨʘʤʠʯʝʩʢʠʭ 

ʢʦʤʧʦʟʠʮʠʦʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʩʦʩʪʘʚʘ ʘʣʤʘʟ-ʢʘʨʙʠʜ ʢʨʝʤʥʠʷ, ʢʦʪʦʨʳʝ ʚʦʟʤʦʞʥʦ ʦʩʘʞʜʘʪʴ ʥʘ 

ʧʦʜʣʦʞʢʘʭ ʢʨʝʤʥʠʷ ʚ ʉɺʏ ʧʣʘʟʤʝ H2-CH4 ʩ ʜʦʙʘʚʢʘʤʠ ʢʨʝʤʥʠʡ-ʩʦʜʝʨʞʘʱʝʛʦ ʧʨʝʢʫʨʩʦʨʘ 

(ʪʝʪʨʘʤʝʪʠʣʩʠʣʘʥʘ ʠʣʠ ʤʦʥʦʩʠʣʘʥʘ) [1,2]. ʂʨʦʤʝ ʪʦʛʦ, ʧʨʠ ʤʘʣʳʭ ʢʦʥʮʝʥʪʨʘʮʠʷʭ Si ʚ ʧʣʘʟʤʝ 

ʨʝʘʣʠʟʫʝʪʩʷ ʣʝʛʠʨʦʚʘʥʠʝ ʘʣʤʘʟʘ ʢʨʝʤʥʠʝʤ ʜʣʷ ʬʦʨʤʠʨʦʚʘʥʠʷ ʮʝʥʪʨʦʚ ʦʢʨʘʩʢʠ ʪʠʧʘ ʢʨʝʤʥʠʡ-

ʚʘʢʘʥʩʠʷ SiV, ʧʝʨʩʧʝʢʪʠʚʥʦʛʦ ʠʩʪʦʯʥʠʢʘ ʦʜʥʦʬʦʪʦʥʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʜʣʷ ʢʚʘʥʪʦʚʳʭ ʪʝʭʥʦʣʦʛʠʡ 

[3]. Oʜʥʘʢʦ, ʩʚʦʡʩʪʚʘ ʪʘʢʦʡ ʧʣʘʟʤʳ ʧʨʠ ʜʘʚʣʝʥʠʷʭ ʦʢʦʣʦ 100 ʊʦʨʨ ʜʦ ʩʠʭ ʧʦʨ ʤʘʣʦ ʠʟʫʯʝʥʳ [4]. 

ɺ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʤʳ ʠʩʩʣʝʜʦʚʘʣʠ ʉɺʏ ʧʣʘʟʤʫ (2,45 ɻɻʮ) ʚ ʩʤʝʩʷʭ SiH4+H2 ʠ SiH4+ʉH4+H2 

(72 ʊʦʨʨ) ʩ ʧʦʤʦʱʴʶ ʦʧʪʠʯʝʩʢʦʡ ʵʤʠʩʩʠʦʥʥʦʡ (ʆʕ) ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʚʳʩʦʢʦʛʦ ʨʘʟʨʝʰʝʥʠʷ, ʠ 

ʚʳʨʘʩʪʠʣʠ ʢʦʤʧʦʟʠʪʥʳʝ ʧʣʝʥʢʠ SiC-ʘʣʤʘʟ. 

ʆʩʘʞʜʝʥʠʝ ʧʣʝʥʦʢ ʧʨʦʚʦʜʠʣʠ ʚ ʉɺʏ-ʧʣʘʟʤʦʭʠʤʠʯʝʩʢʦʤ ʨʝʘʢʪʦʨʝ ʋʇʉɸ-100 (ʆʆʆ 

"ʆʧʪʦʩʠʩʪʝʤʳ"), ʜʝʪʘʣʠ ʧʨʦʮʝʩʩʘ ʦʧʠʩʘʥʳ ʚ ʨʘʙʦʪʘʭ [2,5]. ɺ ʢʘʯʝʩʪʚʝ ʧʦʜʣʦʞʝʢ ʠʩʧʦʣʴʟʦʚʘʣʠ 

ʧʣʘʩʪʠʥʳ ʢʨʝʤʥʠʷ ʩ ʦʨʠʝʥʪʘʮʠʝʡ (100), ʥʘ ʢʦʪʦʨʳʭ ʩʥʘʯʘʣʘ ʚʳʨʘʱʠʚʘʣʠ ʧʨʦʤʝʞʫʪʦʯʥʳʡ ʩʣʦʡ 

ʤʠʢʨʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʘʣʤʘʟʘ ʚ ʩʤʝʩʠ CH4-H2 ʧʨʠ ʫʩʣʦʚʠʷʭ: ʜʘʚʣʝʥʠʝ 75 ʊʦʨʨ, ʪʝʤʧʝʨʘʪʫʨʘ 

ʧʦʜʣʦʞʢʠ 900Ñ20oC, ʉɺʏ ʤʦʱʥʦʩʪʴ 4,5 ʢɺʪ, ʢʦʥʮʝʥʪʨʘʮʠʷ ʤʝʪʘʥʘ CH4/H2 = 6%. ɼʘʣʝʝ ʚ 

ʨʝʘʢʪʦʨ ʜʦʙʘʚʣʷʣʠ ʩʠʣʘʥ, ʧʨʦʜʦʣʞʘʷ ʨʦʩʪ ʧʨʠ ʉɺʏ ʤʦʱʥʦʩʪʠ 4,0 ʢɺʪ, ʜʘʚʣʝʥʠʠ 72 ʊʦʨʨ, 

ʪʝʤʧʝʨʘʪʫʨʝ ʧʦʜʣʦʞʢʝ 800oC, ʢʦʥʮʝʥʪʨʘʮʠʠ ʤʝʪʘʥʘ [CH4]/[H2]=4% ʠ ʩʦʦʪʥʦʰʝʥʠʠ ʧʦʪʦʢʦʚ 

ʨʝʘʛʝʥʪʦʚ ʩʠʣʘʥ/ʤʝʪʘʥ [SiH4]/[CH4]=0,2. ʇʣʦʪʥʦʩʪʴ ʧʦʛʣʦʱʝʥʥʦʡ ʚ ʧʣʘʟʤʝ ʉɺʏ ʤʦʱʥʦʩʪʠ 
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ʩʦʩʪʘʚʣʷʣʘ ʦʢʦʣʦ 40 ɺʪ/ʩʤ3. ɺ ʨʝʟʫʣʴʪʘʪʝ ʢʦʥʢʫʨʝʥʪʥʦʛʦ ʩʦ-ʦʩʘʞʜʝʥʠʷ ʘʣʤʘʟʘ ʠ SiC 

ʬʦʨʤʠʨʦʚʘʣʩʷ ʢʦʤʧʦʟʠʪʥʳʡ ʩʣʦʡ, ʩʦʜʝʨʞʘʱʠʡ ʟʝʨʥʘ ʦʙʦʠʭ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚ. 

ʉʧʝʢʪʨʳ ʆʕ ʧʣʘʟʤʳ ʩʥʠʤʘʣʠ ʥʘ ʩʧʝʢʪʨʦʤʝʪʨʝ M833 (Solar Laser System), ʩʦ 

ʩʧʝʢʪʨʘʣʴʥʳʤ ʨʘʟʨʝʰʝʥʠʝʤ 0,01 ʥʤ (ʈʠʩ.1) ʢʘʢ ʚ ʧʨʦʮʝʩʩʝ ʦʩʘʞʜʝʥʠʷ ʧʣʝʥʦʢ, ʪʘʢ ʠ ʚ ʦʪʜʝʣʴʥʳʭ 

ʵʢʩʧʝʨʠʤʝʥʪʘʭ, ʚʘʨʴʠʨʫʷ ʩʦʜʝʨʞʘʥʠʝ ʩʠʣʘʥʘ ʚ ʩʤʝʩʠ ʦʪ ʥʫʣʷ ʜʦ 5%. ɺ ʩʧʝʢʪʨʘʭ ʥʘʙʣʶʜʘʣʠ ʪʨʠ 

ʣʠʥʠʠ ʜʠʤʝʨʘ C2 (ȹɜ = 0, 1, 2), ʘʪʦʤʘʨʥʦʛʦ ʚʦʜʦʨʦʜʘ HŬ, Hɓ, Hɔ, Hŭ, He ʩʝʨʠʠ ɹʘʣʴʤʝʨʘ, ʨʘʜʠʢʘʣʘ 

CH, ʘʪʦʤʥʳʝ ʣʠʥʠʠ Si ʧʨʠ 263, 288 ʠ 391 ʥʤ ʠ ʩʣʘʙʫʶ ʣʠʥʠʶ SiH (ʈʠʩ. 2). ɸʪʦʤʳ Si ʷʚʣʷʶʪʩʷ 

ʦʩʥʦʚʥʳʤʠ Si-ʩʦʜʝʨʞʘʱʠʤʠ ʯʘʩʪʠʮʘʤʠ ʚ ʧʣʘʟʤʝ. 

 

  

  

ʈʠʩ.1. ʉʭʝʤʘ CVD ʨʝʘʢʪʦʨʘ ʠ ʘʧʧʘʨʘʪʫʨʳ 

ʦʧʪʠʯʝʩʢʦʛʦ ʩʧʝʢʪʨʦʩʢʦʧʠʠ. ʀʟʣʫʯʝʥʠʝ ʠʟ 

ʮʝʥʪʨʘʣʴʥʦʡ ʦʙʣʘʩʪʠ ʧʣʘʟʤʳ, 

ʠʩʩʣʝʜʫʝʤʦʡ ʆʕʉ, ʧʦʢʘʟʘʥʦ ʰʪʨʠʭʦʚʳʤʠ 

ʣʠʥʠʷʤʠ. 

ʈʠʩ.2. ʕʚʦʣʶʮʠʷ ʩʧʝʢʪʨʦʚ ʆʕ ʧʨʠ 

ʜʦʙʘʚʣʝʥʠʠ ʩʠʣʘʥʘ ʚ ʧʣʘʟʤʫ 4% CH4+H2 ʚ 

ʢʦʣʠʯʝʩʪʚʝ 0% (ʙʝʟ ʩʠʣʘʥʘ, ʥʠʞʥʠʡ 

ʩʧʝʢʪʨ), 0,2% (ʩʨʝʜʥʠʡ ʩʧʝʢʪʨ) ʠ 5% 

(ʚʝʨʭʥʠʡ ʩʧʝʢʪʨ). 

 

ʀʥʪʝʥʩʠʚʥʦʩʪʴ ʣʠʥʠʡ H, C2 ʠ Si ʚ ʩʧʝʢʪʨʘʭ ʆʕ ʨʘʩʪʝʪ ʥʝʣʠʥʝʡʥʦ ʩ ʫʚʝʣʠʯʝʥʠʝʤ 

ʢʦʥʮʝʥʪʨʘʮʠʠ ʩʠʣʘʥʘ ʚ ʩʤʝʩʠ SiH4+H2+CH4, ʠʟʤʝʥʝʥʠʝ ʥʘʢʣʦʥʘ ʧʨʦʠʩʭʦʜʠʪ ʧʨʠ å0,5% SiH4. 

ʆʩʦʙʝʥʥʦ ʷʨʢʦ ʥʘʣʠʯʠʝ ʧʝʨʝʣʦʤʘ ʥʘʙʣʶʜʘʣʠ ʜʣʷ ʩʤʝʩʝʡ SiH4+H2 (ʙʝʟ ʤʝʪʘʥʘ) (ʈʠʩ.3). ɽʱʝ 

ʙʦʣʝʝ ʨʝʟʢʦʝ ʠʟʤʝʥʝʥʠʝ ʦʪ ʢʦʥʮʝʥʪʨʘʮʠʠ ʩʠʣʘʥʘ ʚʙʣʠʟʠ ʦʩʦʙʦʡ ʪʦʯʢʠ [SiH4]å0,5% 

ʜʝʤʦʥʩʪʨʠʨʫʶʪ ʦʪʥʦʰʝʥʠʷ ʠʥʪʝʥʩʠʚʥʦʩʪʝʡ ʜʣʷ ʣʠʥʠʡ ʩʝʨʠʠ ɹʘʣʴʤʝʨʘ I(HŬ)/I(Hɓ) ʠ I(HŬ)/I(Hg) - 

ʙʳʩʪʨʦ ʫʚʝʣʠʯʠʚʘʷʩʴ ʩ ʜʦʙʘʚʣʝʥʠʝʤ SiH4 ʜʦ 0,5%, ʟʘʪʝʤ ʧʨʦʜʦʣʞʘʶʪ ʨʘʩʪʠ, ʥʦ ʛʦʨʘʟʜʦ 

ʤʝʜʣʝʥʥʝʝ (ʈʠʩ. 4). ʆʪʥʦʰʝʥʠʝ I(HŬ)/I(Hɓ) ʩʚʷʟʘʥʦ ʩ ʪʝʤʧʝʨʘʪʫʨʦʡ ʵʣʝʢʪʨʦʥʦʚ ʚ ʧʣʘʟʤʝ: ʯʝʤ ʦʥʦ 

ʚʳʰʝ, ʪʝʤ ʥʠʞʝ ʪʝʤʧʝʨʘʪʫʨʘ ʵʣʝʢʪʨʦʥʦʚ Te. ɺ ʧʝʨʚʦʤ ʧʨʠʙʣʠʞʝʥʠʠ I(HŬ)/I(Hɓ) ~ exp(ȹE/kTe), 

ʛʜʝ ȹEå0.65 ʵɺ ʝʩʪʴ ʨʘʟʣʠʯʠʝ ʚ ʵʥʝʨʛʠʠ ʫʨʦʚʥʝʡ H (n=4) ʠ H (n=3) [6]. ʊʝʤʧʝʨʘʪʫʨʫ ʛʘʟʘ Tg 

ʦʮʝʥʠʣʠ ʧʦ ʚʨʘʱʘʪʝʣʴʥʳʤ ʣʠʥʠʷʤ ʜʠʤʝʨʘ C2 ʚ ʧʦʣʦʩʝ ʠʟʣʫʯʝʥʠʷ (Dn=0, l=516,5 ʥʤ) [7], ʠ 

ʧʦʣʫʯʠʣʠ ʚʝʣʠʯʠʥʫ Tg = Trot å 3000 Ñ 150K, ʧʨʘʢʪʠʯʝʩʢʠ ʥʝʟʘʚʠʩʠʤʫʶ ʦʪ ʩʦʜʝʨʞʘʥʠʷ ʩʠʣʘʥʘ ʚ 

ʨʝʘʢʪʦʨʝ. 
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ʈʠʩ.3. ɿʘʚʠʩʠʤʦʩʪʠ ʠʥʪʝʥʩʠʚʥʦʩʪʠ 

ʣʠʥʠʡ Si (263, 288 ʠ 391 ʥʤ) ʠ ʣʠʥʠʡ 

HŬ, Hɓ, Hg ʦʪ ʢʦʥʮʝʥʪʨʘʮʠʠ SiH4 ʚ 

ʩʤʝʩʠ SiH4+H2. ʀʥʪʝʥʩʠʚʥʦʩʪʠ 

ʤʘʩʰʪʘʙʠʨʫʶʪʩʷ ʧʦ ʣʠʥʠʠ Hɓ. 

ʈʠʩ.4. ʆʪʥʦʰʝʥʠʷ ʠʥʪʝʥʩʠʚʥʦʩʪʝʡ 

ʣʠʥʠʡ I(HŬ)/I(Hɓ) (ʢʨʫʞʢʠ) ʠ I(HŬ)/I(Hg) 

ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʢʦʥʮʝʥʪʨʘʮʠʠ SiH4 ʚ 

ʩʤʝʩʠ SiH4+H2. ʆʙʨʘʪʠʪʝ ʚʥʠʤʘʥʠʝ ʥʘ 

ʧʝʨʝʛʠʙ ʧʨʠ 0,5% SiH4. 

 

ʉʪʨʫʢʪʫʨʘ ʚʳʨʘʱʝʥʥʦʡ ʢʦʤʧʦʟʠʪʥʦʡ ʧʣʝʥʢʠ SiCïʘʣʤʘʟ ʪʦʣʱʠʥʦʡ å6 ʤʢʤ, ʥʘʙʣʶʜʘʝʤʘʷ 

ʚ ʨʘʩʪʨʦʚʦʤ ʵʣʝʢʪʨʦʥʥʦʤ ʤʠʢʨʦʩʢʦʧʝ (ʈʕʄ), ʦʙʥʘʨʫʞʠʚʘʝʪ ʥʘ ʨʦʩʪʦʚʦʡ ʧʦʚʝʨʭʥʦʩʪʠ 

ʦʛʨʘʥʝʥʥʳʝ ʢʨʠʩʪʘʣʣʠʪʳ ʘʣʤʘʟʘ ʨʘʟʤʝʨʦʤ 5ï6 ʤʢʤ ʠ ʩʢʦʧʣʝʥʠʷ ʤʝʣʢʠʭ, ʩʫʙʤʠʢʨʦʥʥʦʛʦ 

ʤʘʩʰʪʘʙʘ ʟʝʨʝʥ SiC (ʈʠʩ. 5). ʆʙʲʝʤʥʦʝ ʩʦʜʝʨʞʘʥʠʝ ʢʘʨʙʠʜʘ ʚ ʢʦʤʧʦʟʠʪʝ ʩʦʩʪʘʚʣʷʝʪ ʧʨʠʤʝʨʥʦ 

ʦʜʥʫ ʪʨʝʪʴ. ʉʧʝʢʪʨʳ ʢʦʤʙʠʥʘʮʠʦʥʥʦʛʦ ʨʘʩʩʝʷʥʠʷ ʩʚʝʪʘ (ʂʈ) ʩʥʠʤʘʣʠ ʥʘ ʩʧʝʢʪʨʦʤʝʪʨʝ LabRam 

HR-800 (Horiba) ʚ ʢʦʥʬʦʢʘʣʴʥʦʤ ʨʝʞʠʤʝ ʩ ʚʦʟʙʫʞʜʝʥʠʝʤ ʂʈ ʣʘʟʝʨʦʤ ʥʘ ʜʣʠʥʝ ʚʦʣʥʳ 473 ʥʤ 

ʧʨʠ ʬʦʢʫʩʠʨʦʚʢʝ ʚ ʧʷʪʥʦ ʜʠʘʤʝʪʨʦʤ ʦʢʦʣʦ 2 ʤʢʤ. ɺ ʩʧʝʢʪʨʝ ʂʈ ʜʣʷ ʟʝʨʥʘ ʘʣʤʘʟʘ ʧʨʠʩʫʪʩʪʚʫʝʪ 

ʫʟʢʠʡ ʧʠʢ (ȹw = 7,5 ʩʤ-1) ʥʘ ʯʘʩʪʦʪʝ 1333 ʩʤ-1, ʢʦʪʦʨʳʡ ʭʘʨʘʢʪʝʨʠʟʫʝʪ ʘʣʤʘʟʥʫʶ ʨʝʰʝʪʢʫ (ʈʠʩ. 

6). ɺ ʩʧʝʢʪʨʝ ʟʝʨʝʥ SiC ʧʨʠʩʫʪʩʪʚʫʝʪ ʧʠʢ 796 ʩʤ-1 ʧʦʧʝʨʝʯʥʦʛʦ ʦʧʪʠʯʝʩʢʦʛʦ (TO) ʬʦʥʦʥʘ 

ʢʫʙʠʯʝʩʢʦʛʦ ʧʦʣʠʪʠʧʘ ʢʘʨʙʠʜʘ ʢʨʝʤʥʠʷ ɓ-SiC (3C-SiC). ɺʳʷʚʣʷʶʪʩʷ ʠ ʥʘʤʥʦʛʦ ʙʦʣʝʝ ʩʣʘʙʳʝ 

ʧʦʣʦʩʳ TO-ʬʦʥʦʥʘ (767 cm-1) ʦʪ ʥʝʙʦʣʴʰʦʡ ʧʨʠʤʝʩʠ ʛʝʢʩʘʛʦʥʘʣʴʥʦʛʦ ʧʦʣʠʪʠʧʘ 6H-SiC, ʘ ʪʘʢʞʝ 

D-ʧʠʢ (1350 cm-1) ʠ G-ʧʠʢ (1590 cm-1) ʘʤʦʨʬʥʦʛʦ ʛʨʘʬʠʪʦʧʦʜʦʙʥʦʛʦ ʫʛʣʝʨʦʜʘ, ʠ ʧʠʢ ʪʨʘʥʩ-

ʧʦʣʠʘʮʝʪʠʣʝʥʘ (t-PA) (1140 cm-1). ʕʪʠ ʚʢʣʶʯʝʥʠʷ ʧʨʝʜʧʦʣʦʞʠʪʝʣʴʥʦ ʢʦʥʮʝʥʪʨʠʨʫʶʪʩʷ ʚ 

ʛʨʘʥʠʮʘʭ ʟʝʨʝʥ SiC ʠ ʘʣʤʘʟʘ. 
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ʈʠʩ.5. ʀʟʦʙʨʘʞʝʥʠʝ ʈʕʄ ʧʦʚʝʨʭʥʦʩʪʠ 

ʢʦʤʧʦʟʠʪʘ SiC-ʘʣʤʘʟ ʚ ʨʝʞʠʤʝ 

ʵʥʝʨʛʦʜʠʩʧʝʨʩʠʦʥʥʦʡ ʨʝʥʪʛʝʥʦʚʩʢʦʡ 

ʩʧʝʢʪʨʦʩʢʦʧʠʠ (EDX). 

ʈʠʩ.6. ʉʧʝʢʪʨʳ ʂʈ ʢʦʤʧʦʟʠʪʥʦʡ 

ʧʣʝʥʢʠ SiC-ʘʣʤʘʟ ʚ ʦʙʣʘʩʪʠ ʟʸʨʝʥ SiC 

(ʚʝʨʭʥʠʡ ʩʧʝʢʪʨ) ʠ ʘʣʤʘʟʘ (ʥʠʞʥʠʡ 

ʩʧʝʢʪʨ). 

 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʤʳ ʚʧʝʨʚʳʝ ʠʩʩʣʝʜʦʚʘʣʠ ʩʧʝʢʪʨʳ ʦʧʪʠʯʝʩʢʦʡ ʵʤʠʩʩʠʠ ʉɺʏ ʧʣʘʟʤʳ ʧʨʠ 

ʚʳʩʦʢʠʭ ʜʘʚʣʝʥʠʷʭ ʚ ʩʤʝʩʷʭ ʤʝʪʘʥ-ʩʠʣʘʥ-ʚʦʜʦʨʦʜ ʧʨʠ ʦʪʥʦʩʠʪʝʣʴʥʦ ʚʳʩʦʢʠʭ ʢʦʥʮʝʥʪʨʘʮʠʷʭ 

SiH4, ʠ ʥʘʰʣʠ ʫʩʣʦʚʠʷ, ʧʨʠ ʢʦʪʦʨʳʭ ʨʝʘʣʠʟʫʝʪʩʷ ʩʦ-ʦʩʘʞʜʝʥʠʝ ʘʣʤʘʟʘ ʠ ʢʫʙʠʯʝʩʢʦʛʦ ʧʦʣʠʪʠʧʘ 

SiC ʚ ʬʦʨʤʝ ʤʠʢʨʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʢʦʤʧʦʟʠʮʠʦʥʥʦʛʦ ʤʘʪʝʨʠʘʣʘ. 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʧʦʜʜʝʨʞʢʝ ʈʌʌʀ, ʛʨʘʥʪ ˉ 18-29-11023. 
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ʪʦʤ ʯʠʩʣʝ ʠ ʧʘʨʦʚ ʪʷʞʝʣʳʭ ʤʝʪʘʣʣʦʚ ï ʨʪʫʪʠ, ʮʝʟʠʷ ʠ ʪ.ʜ.) ʩʧʨʦʛʥʦʟʠʨʦʚʘʣʠ ʩʠʣʴʥʦʝ ʚʣʠʷʥʠʝ 

ʩʦʩʪʘʚʘ ʛʘʟʘ ʥʘ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʧʣʘʟʤʝʥʥʦ-ʧʳʣʝʚʳʭ ʩʪʨʫʢʪʫʨ ʚ ʨʘʟʨʷʜʘʭ [1]. ɸ ʠʤʝʥʥʦ, 

ʠʟʤʝʥʝʥʠʝ ʪʝʭ ʦʩʦʙʝʥʥʦʩʪʝʡ, ʢʦʪʦʨʳʝ ʦʙʫʩʣʦʚʣʝʥʳ ʩʚʝʨʭʟʚʫʢʦʚʳʤ ʭʘʨʘʢʪʝʨʦʤ ʪʝʯʝʥʠʷ: ʢʦʥʫʩ 

ʄʘʭʘ, ʘʥʠʟʦʪʨʦʧʠʶ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʧʳʣʠʥʦʢ ʠ ʪ.ʜ. ɺ ʯʘʩʪʥʦʩʪʠ, ʨʝʟʫʣʴʪʘʪʳ ʯʠʩʣʝʥʥʦʛʦ 

ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʨʘʟʨʷʜ ʚ ʛʝʣʠʠ ʩ ʜʦʙʘʚʢʦʡ ʥʝʟʥʘʯʠʪʝʣʴʥʦʛʦ ʢʦʣʠʯʝʩʪʚʘ ʪʷʞʝʣʦʛʦ 

ʛʘʟʘ (ʥʘʧʨʠʤʝʨ, ʢʨʠʧʪʦʥʘ, ʢʩʝʥʦʥʘ) ʠʣʠ ʧʘʨʦʚ ʤʝʪʘʣʣʦʚ ʩ ʙʦʣʴʰʠʤ ʘʪʦʤʥʳʤ ʚʝʩʦʤ ʤʦʞʝʪ 

ʧʦʟʚʦʣʠʪʴ ʧʦʣʫʯʠʪʴ ʨʝʟʢʦʝ ʠʟʤʝʥʝʥʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʠʦʥʥʦʛʦ ʧʦʪʦʢʘ, ʠ ʩʣʝʜʫʝʪ ʦʞʠʜʘʪʴ, 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʟʥʘʯʠʪʝʣʴʥʦʛʦ ʠʟʤʝʥʝʥʠʷ ʩʚʦʡʩʪʚ ʧʳʣʝʚʳʭ ʩʪʨʫʢʪʫʨ ʚ ʪʘʢʦʤ ʨʘʟʨʷʜʝ. ɺ 

ʯʘʩʪʥʦʩʪʠ, ʵʪʦ ʤʦʞʝʪ ʧʨʠʚʦʜʠʪʴ ʢ ʠʟʤʝʥʝʥʠʷʤ ʚ ʩʚʦʡʩʪʚʘʭ ʚʟʘʠʤʦʜʝʡʩʪʚʠʠ ʤʘʢʨʦʯʘʩʪʠʮ, 

ʥʘʧʨʠʤʝʨ, ʢ ʪʘʢ ʥʘʟʳʚʘʝʤʦʤʫ çʥʘʨʫʰʝʥʠʶè ʩʠʤʤʝʪʨʠʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ. ʕʪʦʤʫ ʬʘʢʪʫ ʨʘʥʝʝ ʥʝ 

ʧʨʠʜʘʚʘʣʦʩʴ ʟʥʘʯʝʥʠʷ ʧʨʠ ʘʥʘʣʠʟʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ. 

ɺ ʧʦʩʣʝʜʥʝʝ ʚʨʝʤʷ ʧʦʷʚʠʣʦʩʴ ʥʝʤʘʣʦ ʨʘʙʦʪ, ʧʦʩʚʷʱʝʥʥʳʭ çʥʘʨʫʰʝʥʠʶè ʩʠʤʤʝʪʨʠʠ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ. ʊʘʢʦʝ ʬʦʨʤʘʣʴʥʦʝ ʥʝʚʳʧʦʣʥʝʥʠʝ ʪʨʝʪʴʝʛʦ ʟʘʢʦʥʘ ʅʴʶʪʦʥʘ, ʤʦʞʝʪ ʚʦʟʥʠʢʥʫʪʴ, 

ʥʘʧʨʠʤʝʨ, ʢʦʛʜʘ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʧʦʜʩʠʩʪʝʤʘ ʯʘʩʪʠʮ ʚ ʩʨʝʜʝ, ʧʨʠ ʵʪʦʤ ʩʘʤʘ ʩʨʝʜʘ ʫʯʠʪʳʚʘʝʪʩʷ 

ʦʧʦʩʨʝʜʦʚʘʥʦ ï ʯʝʨʝʟ ʧʦʪʝʥʮʠʘʣ ʤʝʞʯʘʩʪʠʯʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ, ʜʠʩʩʠʧʘʪʠʚʥʳʝ ʩʠʣʳ, ʘ ʪʘʢʞʝ 

ʢʘʢ ʠʩʪʦʯʥʠʢ ʢʠʥʝʪʠʯʝʩʢʦʡ ʵʥʝʨʛʠʠ ʯʘʩʪʠʮ. ʗʨʢʠʤ ʧʨʠʤʝʨʦʤ ʪʘʢʠʭ ʩʠʩʪʝʤ ʷʚʣʷʶʪʩʷ ʥʝʢʦʪʦʨʳʝ 

ʚʠʜʳ ñʤʷʛʢʦʛʦò ʩʦʩʪʦʷʥʠʷ ʚʝʱʝʩʪʚʘ: ʪʝʢʫʱʠʝ ʢʦʣʣʦʠʜʥʳʝ ʩʫʩʧʝʥʟʠʠ [2-4], ʘʢʪʠʚʥʳʝ ʢʦʣʣʦʠʜʳ 

[5, 6] ʠ ʛʘʟʦʨʘʟʨʷʜʥʘʷ ʧʳʣʝʚʘʷ ʧʣʘʟʤʘ [7-9]. ʀʭ ʠʟʫʯʝʥʠʝ, ʧʦʤʠʤʦ ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʭ ʘʩʧʝʢʪʦʚ, 

ʧʨʝʜʩʪʘʚʣʷʝʪ ʦʩʦʙʳʡ ʠʥʪʝʨʝʩ ʜʣʷ ʥʘʥʦ- ʠ ʤʠʢʨʦ-ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʧʨʠʤʝʥʝʥʠʡ [10-12]. 

ɺ ʧʳʣʝʚʦʡ ʧʣʘʟʤʝ ʩʠʣʴʥʦʝ ʵʣʝʢʪʨʠʯʝʩʢʦʝ ʧʦʣʝ ʚʙʣʠʟʠ ʵʣʝʢʪʨʦʜʘ, ʧʨʠʚʦʜʠʪ ʢ ʜʨʝʡʬʫ 

ʠʦʥʦʚ [13]. ʂʦʛʜʘ ʯʘʩʪʠʮʳ ʤʠʢʨʦʥʥʳʭ ʨʘʟʤʝʨʦʚ ʦʢʘʟʳʚʘʶʪʩʷ ʚ ʧʣʘʟʤʝ ʩ ʠʦʥʥʳʤ ʧʦʪʦʢʦʤ, ʦʥʠ 

ʧʨʠʦʙʨʝʪʘʶʪ ʟʥʘʯʠʪʝʣʴʥʳʡ ʦʪʨʠʮʘʪʝʣʴʥʳʡ ʟʘʨʷʜ (103ï104 ʵʣʝʤʝʥʪʘʨʥʳʭ ʟʘʨʷʜʦʚ) ʚ ʩʣʝʜʩʪʚʠʝ 

ʚʳʩʦʢʦʡ ʧʦʜʚʠʞʥʦʩʪʠ ʵʣʝʢʪʨʦʥʦʚ ʠ ʩʦʟʜʘʶʪ ʟʘ ʩʦʙʦʡ ʚʦʟʤʫʱʝʥʥʫʶ ʦʙʣʘʩʪʴ (ʢʠʣʴʚʘʪʝʨʥʳʡ 

ʠʦʥʥʳʡ ʩʣʝʜ) [14]. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʦʜʥʘ ʦʪʨʠʮʘʪʝʣʴʥʦ ʟʘʨʷʞʝʥʥʘʷ ʧʳʣʝʚʘʷ ʯʘʩʪʠʮʘ ʠʩʧʳʪʳʚʘʝʪ 

ʢʘʢ ʵʣʝʢʪʨʦʩʪʘʪʠʯʝʩʢʦʝ ʦʪʪʘʣʢʠʚʘʥʠʝ ʦʪ ʦʜʥʦʠʤʝʥʥʦ ʟʘʨʷʞʝʥʥʦʡ ʩʦʩʝʜʥʝʡ ʯʘʩʪʠʮʳ, ʪʘʢ ʠ 

ʵʬʬʝʢʪʠʚʥʦʝ ʧʨʠʪʷʞʝʥʠʝ ʢ ʧʦʣʦʞʠʪʝʣʴʥʳʤ ʦʙʲʝʤʥʦʤʫ ʟʘʨʷʜʫ, ʚʦʟʥʠʢʘʶʱʝʤʫ ʚ ʝʸ 

ʢʠʣʴʚʘʪʝʨʥʦʤ ʩʣʝʜʝ. 

ʉ ʪʝʭ ʧʦʨ ʢʘʢ ʧʝʨʚʳʝ ʪʝʦʨʠʠ ʠ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʠʦʥʥʦʛʦ ʩʣʝʜʘ ʚ ʩʣʦʞʥʦʡ ʧʣʘʟʤʝ ʙʳʣʠ 

ʦʧʫʙʣʠʢʦʚʘʥʳ ɺʣʘʜʠʤʠʨʦʚʳʤ ʠ ʩʦʘʚʪ. [15] ʠ Schweigert et al. [16], ʙʳʣʠ ʧʨʦʚʝʜʝʥʳ ʩʦʪʥʠ 

ʠʩʩʣʝʜʦʚʘʥʠʡ ʚ ʦʙʣʘʩʪʠ ʪʝʦʨʝʪʠʯʝʩʢʦʛʦ ʨʘʟʚʠʪʠʷ ʵʪʦʡ ʪʝʤʳ. ʆʜʥʘʢʦ, ʥʝʩʤʦʪʨʷ ʥʘ ʪʘʢʫʶ 

ʙʦʛʘʪʫʶ ʪʝʦʨʝʪʠʯʝʩʢʫʶ ʧʨʝʜʳʩʪʦʨʠʶ, ʦʜʥʦʡ ʠʟ ʚʘʞʥʳʭ ʥʝʨʝʰʝʥʥʳʭ ʧʨʦʙʣʝʤ ʚ ʩʣʦʞʥʦʡ 



117 

 

ʧʣʘʟʤʝ ʷʚʣʷʝʪʩʷ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʝ ʠʟʤʝʨʝʥʠʝ ʢʠʣʴʚʘʪʝʨʥʳʭ ʩʠʣ ʤʝʞʯʘʩʪʠʯʥʦʛʦ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ. 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʧʨʝʜʩʪʘʚʣʝʥ ʥʦʚʳʡ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʡ ʤʝʪʦʜ, ʦʩʥʦʚʘʥʥʳʡ ʥʘ ʘʥʘʣʠʟʝ 

ʩʧʝʢʪʨʘʣʴʥʦʡ ʧʣʦʪʥʦʩʪʠ ʩʣʫʯʘʡʥʳʭ ʧʨʦʮʝʩʩʦʚ, ʧʦʟʚʦʣʷʶʱʠʡ ʠʟʫʯʘʪʴ ʥʝʚʟʘʠʤʥʳʝ ʵʬʬʝʢʪʠʚʥʳʝ 

ʩʠʣʳ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʤʝʞʜʫ ʯʘʩʪʠʮʘʤʠ ʚ ʥʝʨʘʚʥʦʚʝʩʥʳʭ ʩʨʝʜʘʭ. ɺ ʦʪʣʠʯʠʝ ʦʪ ʧʨʝʜʳʜʫʱʠʭ 

ʠʩʩʣʝʜʦʚʘʥʠʡ, ʵʪʦʪ ʤʝʪʦʜ ʥʝ ʪʨʝʙʫʝʪ ʩʧʝʮʠʘʣʴʥʦʡ ʢʦʥʩʪʨʫʢʮʠʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʫʩʪʘʥʦʚʢʠ, 

ʚʥʝʰʥʠʭ ʚʦʟʤʫʱʝʥʠʡ ʩʠʩʪʝʤʳ, ʧʨʝʜʚʘʨʠʪʝʣʴʥʳʭ ʠʟʤʝʨʝʥʠʡ ʚʥʝʰʥʠʭ ʧʦʣʝʡ ʠʣʠ ʢʘʢʠʭ-ʣʠʙʦ 

ʧʨʝʜʧʦʣʦʞʝʥʠʡ ʦʪʥʦʩʠʪʝʣʴʥʦ ʪʠʧʘ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ. 

ʇʨʝʜʣʦʞʝʥʥʳʡ ʤʝʪʦʜ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʜʣʷ ʠʟʫʯʝʥʠʷ ʩʠʣ ʥʝʚʟʘʠʤʥʦʛʦ ʵʬʬʝʢʪʠʚʥʦʛʦ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʜʚʫʭ ʤʠʢʨʦʯʘʩʪʠʮ ʚ ʧʨʠʵʣʝʢʪʨʦʜʥʦʡ ʦʙʣʘʩʪʠ ɺʏ-ʨʘʟʨʷʜʘ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ 

ʜʘʚʣʝʥʠʷ ʙʫʬʝʨʥʦʛʦ ʛʘʟʘ (ʚ ʜʠʘʧʘʟʦʥʝ ʦʪ 70 ʜʦ 280 ʤʊʦʨʨ) ʠ ʤʦʱʥʦʩʪʠ ʨʘʟʨʷʜʘ (ʦʪ 1,6 ʜʦ 14,3 

ɺʪ). ʇʨʠ ʚʩʝʭ ʧʘʨʘʤʝʪʨʘʭ ʨʘʟʨʷʜʘ ʵʬʬʝʢʪʠʚʥʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʤʝʞʜʫ ʯʘʩʪʠʮʘʤʠ ʙʳʣʦ 

ʥʝʚʟʘʠʤʥʳʤ. ɹʳʣʦ ʪʘʢʞʝ ʦʪʤʝʯʝʥʦ, ʯʪʦ ʧʨʠ ʥʝʥʫʣʝʚʦʤ ʦʪʥʦʩʠʪʝʣʴʥʦʤ ʩʤʝʱʝʥʠʠ ʯʘʩʪʠʮ ʚ 

ʛʦʨʠʟʦʥʪʘʣʴʥʦʡ ʧʣʦʩʢʦʩʪʠ ʚʦʟʥʠʢʘʝʪ ʩʠʣʘ ʧʨʠʪʷʞʝʥʠʷ, ʩʪʨʝʤʷʱʘʷʩʷ ʧʦʤʝʩʪʠʪʴ ʥʠʞʥʶʶ (ʧʦ 

ʧʦʪʦʢʫ ʠʦʥʦʚ) ʯʘʩʪʠʮʫ ʩʪʨʦʛʦ ʧʦʜ ʚʝʨʭʥʶʶ. ʀʩʧʦʣʴʟʫʷ ʧʨʝʜʧʦʣʦʞʝʥʠʝ ʦ ʬʣʫʢʪʫʘʮʠʠ ʟʘʨʷʜʘ 

ʥʠʞʥʝʡ ʯʘʩʪʠʮʳ, ʤʳ ʦʧʨʝʜʝʣʠʣʠ, ʯʪʦ ʵʢʩʪʨʝʤʫʤ ʧʦʪʝʥʮʠʘʣʘ ʤʝʞʯʘʩʪʠʯʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ 

ʨʘʩʧʦʣʦʞʝʥ ʤʝʞʜʫ ʯʘʩʪʠʮʘʤʠ. ɹʳʣʘ ʠʟʤʝʨʝʥʘ ʩʠʣʘ, ʢʦʪʦʨʫʶ ʥʠʞʥʷʷ ʯʘʩʪʠʮʘ ʦʢʘʟʳʚʘʝʪ ʥʘ 

ʚʝʨʭʥʶʶ ʯʘʩʪʠʮʫ. ɹʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʵʪʘ ʩʠʣʘ ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ɺʏ ʤʦʱʥʦʩʪʠ ʠ 

ʜʘʚʣʝʥʠʷ ʛʘʟʘ. 

ʊʘʢʞʝ ʙʳʣʠ ʧʨʦʚʝʜʝʥʳ ʠ ʧʨʦʘʥʘʣʠʟʠʨʦʚʘʥʳ ʵʢʩʧʝʨʠʤʝʥʪʳ ʚ ʩʣʘʙʦʠʦʥʠʟʦʚʘʥʥʦʡ ʛʘʟʦʚʦʡ 

ʩʤʝʩʠ ʩ ʠʦʥʥʳʤ ʧʦʪʦʢʦʤ ʚ ʧʣʘʟʤʝ ʛʘʟʦʚʦʛʦ ʨʘʟʨʷʜʘ ʧʦʩʪʦʷʥʥʦʛʦ ʪʦʢʘ ʧʨʠ ʥʘʧʨʷʞʝʥʠʠ 2,46 ʢɺ, 

ʩʠʣʝ ʪʦʢʘ 1 ʤɸ ʠ ʜʘʚʣʝʥʠʠ 50 ʇʘ. ɺ ʢʘʯʝʩʪʚʝ ʣʝʛʢʦʠʦʥʠʟʠʨʫʝʤʦʡ ʧʨʠʤʝʩʠ ʪʷʞʝʣʳʭ ʘʪʦʤʦʚ 

ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʠʥʝʨʪʥʳʡ ʛʘʟ ʢʨʠʧʪʦʥ (Kr). ɺ ʭʦʜʝ ʵʢʩʧʝʨʠʤʝʥʪʘ ʤʦʣʷʨʥʦʝ ʢʦʣʠʯʝʩʪʚʦ ʧʨʠʤʝʩʠ 

ʚ ʛʘʟʦʚʦʡ ʩʤʝʩʠ ʚʘʨʴʠʨʦʚʘʣʦʩʴ ʚ ʧʨʦʤʝʞʫʪʢʝ ʦʪ 0 ʜʦ 2.4 % ʦʪ ʦʙʱʝʛʦ. ʈʝʟʫʣʴʪʘʪʳ ʠʟʤʝʨʝʥʠʷ 

ʧʨʦʠʟʚʦʜʥʳʭ ʩʠʣ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʤʝʞʜʫ ʧʳʣʝʚʳʤʠ ʯʘʩʪʠʮʘʤʠ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʩʠʤʤʝʪʨʠʷ 

ʤʝʞʯʘʩʪʠʯʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʟʥʘʯʠʪʝʣʴʥʦ ʥʘʨʫʰʝʥʘ. ʇʨʠ ʥʘʣʠʯʠʠ ʚ ʛʝʣʠʠ ʥʝ ʙʦʣʝʝ 1% 

ʧʨʠʤʝʩʠ ʢʨʠʧʪʦʥʘ ʧʨʦʠʟʚʦʜʥʳʝ ʩʠʣ ʤʝʞʯʘʩʪʠʯʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʠʤʝʶʪ ʨʘʟʥʳʝ ʟʥʘʢʠ, ʧʨʠ 

ʵʪʦʤ ʧʨʦʠʟʚʦʜʥʘʷ ʩʠʣʳ, ʩ ʢʦʪʦʨʦʡ ʚʝʨʭʥʷʷ ʯʘʩʪʠʮʘ ʜʝʡʩʪʚʫʝʪ ʥʘ ʥʠʞʥʶʶ ʚ ʧʦʧʝʨʝʯʥʦʤ 

(ʛʦʨʠʟʦʥʪʘʣʴʥʦʤ) ʥʘʧʨʘʚʣʝʥʠʠ, ʦʪʨʠʮʘʪʝʣʴʥʘ. ʕʪʦ ʛʦʚʦʨʠʪ ʦ ʜʦʤʠʥʠʨʫʶʱʝʤ ʧʨʠʪʷʞʝʥʠʠ 

ʥʠʞʥʝʡ ʯʘʩʪʠʮʳ ʢ ʚʝʨʭʥʝʡ. ɽʩʣʠ ʢʦʣʠʯʝʩʪʚʦ ʧʨʠʤʝʩʠ ʪʷʞʝʣʦʛʦ ʛʘʟʘ ʧʨʝʚʳʰʘʝʪ 1%, ʪʦ ʦʙʝ 

ʧʨʦʠʟʚʦʜʥʳʝ ʧʦʣʦʞʠʪʝʣʴʥʳ, ʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʤʝʞʜʫ ʯʘʩʪʠʮʘʤʠ ʠʤʝʝʪ ʠʩʢʣʶʯʠʪʝʣʴʥʦ 

ʦʪʪʘʣʢʠʚʘʶʱʠʡ ʭʘʨʘʢʪʝʨ, ʧʨʠ ʵʪʦʤ ʧʦ-ʧʨʝʞʥʝʤʫ ʷʚʣʷʝʪʩʷ ʥʝʚʟʘʠʤʥʳʤ. ʇʨʠ ʜʦʙʘʚʣʝʥʠʠ 

ʧʨʠʤʝʩʠ ʢʨʠʧʪʦʥʘ ʚ ʛʝʣʠʡ (ʦʪ 0 ʜʦ 2.4%) ʠʟʤʝʥʝʥʠʷ ʧʨʦʠʟʚʦʜʥʦʡ ʩʠʣʳ, ʜʝʡʩʪʚʫʶʱʝʡ ʥʘ 

ʚʝʨʭʥʶʶ ʯʘʩʪʠʮʫ ʩʦ ʩʪʦʨʦʥʳ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ ʨʘʟʨʷʜʘ, ʦʢʘʟʘʣʠʩʴ ʚ ʧʨʝʜʝʣʘʭ 6% ʧʨʠ 

ʧʦʛʨʝʰʥʦʩʪʠ ʠʟʤʝʨʝʥʠʡ Ñ5%. ʇʨʠ ʵʪʦʤ ʦʪʥʦʰʝʥʠʝ ʧʨʦʠʟʚʦʜʥʳʭ ʚʥʝʰʥʠʭ ʩʠʣ ʩ ʫʚʝʣʠʯʝʥʠʝʤ 
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ʧʨʠʤʝʩʠ ʜʦ 2.4% ʠʟʤʝʥʠʣʦʩʴ ʙʦʣʝʝ ʯʝʤ ʥʘ 30%. ʕʪʦ ʬʘʢʪ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʟʥʘʯʠʪʝʣʴʥʦʤ 

ʚʣʠʷʥʠʠ ʧʨʠʤʝʩʠ ʥʘ ʟʘʨʷʜ ʥʠʞʥʝʡ ʯʘʩʪʠʮʳ, ʥʘʭʦʜʷʱʝʡʩʷ ʚ ʢʠʣʴʚʘʪʝʨʥʦʤ ʩʣʝʜʝ ʚʝʨʭʥʝʡ 

ʯʘʩʪʠʮʳ. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ ʙʳʣʦ ʚʧʝʨʚʳʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʥʘʣʠʯʠʝ ʚ ʧʣʘʟʤʝ ʣʝʛʢʦʛʦ 

ʛʘʟʘ ʥʝʙʦʣʴʰʦʡ ʜʦʣʠ (~0,1ï1%) ʧʨʠʤʝʩʠ ʪʷʞʝʣʳʭ ʠʦʥʦʚ ʟʥʘʯʠʪʝʣʴʥʦ ʚʣʠʷʝʪ ʥʘ ʩʪʨʫʢʪʫʨʫ 

ʢʠʣʴʚʘʪʝʨʥʦʛʦ ʩʣʝʜʘ, ʚʦʟʥʠʢʘʶʱʝʛʦ ʧʨʠ ʚʦʟʤʫʱʝʥʠʠ ʠʦʥʥʦʛʦ ʧʦʪʦʢʘ ʤʘʢʨʦʯʘʩʪʠʮʝʡ. 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʚʳʧʦʣʥʝʥʦ ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ ʧʦʜʜʝʨʞʢʝ ʈʅʌ ʚ ʨʘʤʢʘʭ ʥʘʫʯʥʦʛʦ ʧʨʦʝʢʪʘ ˉ 

19-12-00354. 
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In experiments with laser fluxes on target I Ó 5 x 1021 W/cm2 [1] it becomes very important to 

control the pre-plasma [2], since it plays an important role and directly effects the physical processes 

and experimental results. Plasma formed by femtosecond laser pulses with ultra-relativistic intensities 

on thin solid-state foils is of great interest since such  plasma is an effective source of ultra-bright X-

ray and gamma radiation, beams of high-energy ions, electrons and neutrons. Just X-ray radiation 

diagnostic allows to provide the monitoring of plasma source parameters since it strongly depends on 

experimental conditions [3].  In this work we demonstrate that x-ray spectroscopy can be used for 

estimation of target integrity at the time of main laser pulse irradiation. That becomes possible because 

different observed spectral features indicated the interaction of main laser pulse with pre-plasma or 

solid target. We report on recent experiments with the J-KAREN-P laser facility [4]. The first 

experiment was aimed at efficient hard x-ray [2] and coherent soft x-ray generation via high-order 

harmonics [5] and the second was aimed to the investigation of proton acceleration mechanisms in 

ultra-relativistic laser plasmas [6]. We measured x-ray emission from stainless steel plasma generated 

at different conditions and observed high sensitivity of x-ray spectra to laser pulse contrast.  In both 

experiments, the spectrometers with high spatial resolution equipped by spherically bent alpha-quartz 

or mica crystals were implemented to measure X-ray emission from the front and rear sides of steel 

foil target at the wavelength range ɚ8 = 1.7 - 2.1 ¡ and ɚ1 = 13 - 16 ¡. To determine main plasma 

parameters, we provided kinetic calculations of multi-charged ions emission spectra using collisional-

radiative computational code PrismSpect [7].  As a result, we have been able to distinguish the 

existence or absence of pre-plasma. We found that x-ray emission intensity increased with the laser 
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intensity as ~ I4.5 at the laser contrast K Ó 1010 and as ~ I2 at K ~ 106.  We also demonstrated the strong 

influence of plasma state on the laser focusing. We found that at laser intensity on target of 5 Ĭ 1021 

W/cm2 (in average, with fluctuation of 30% (s)) and ulta-high laser contrast K > 1010 the matters state 

with ultra-high energy density ~ 0.8 Ĭ 109 J/cm3 reached in the laser target interaction region. The 

reported study was funded by RFBR project ˉ20-02-00790, Strategic Grants by QST President: 

Creative Research #20, and JSPS Kakenhi JP 19H00669. 
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 ʇʣʘʟʤʘ ʚʳʩʦʢʦʯʘʩʪʦʪʥʦʛʦ ʠʥʜʫʢʮʠʦʥʥʦʛʦ (ɺʏʀ) ʨʘʟʨʷʜʘ ʷʚʣʷʝʪʩʷ ʫʥʠʚʝʨʩʘʣʴʥʳʤ 

ʠʥʩʪʨʫʤʝʥʪʦʤ ʧʦ ʠʩʩʣʝʜʦʚʘʥʠʶ ʧʨʦʮʝʩʩʦʚ ʵʨʦʟʠʠ ʠ ʤʦʜʠʬʠʢʘʮʠʠ ʧʦʚʝʨʭʥʦʩʪʠ. ɺ ʩʠʩʪʝʤʘʭ, ʛʜʝ 

ʦʥ ʠʩʧʦʣʴʟʫʝʪʩʷ, ʚʦʟʤʦʞʥʘ ʛʠʙʢʘʷ ʥʘʩʪʨʦʡʢʘ ʦʩʥʦʚʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʧʣʘʟʤʳ, ʪʘʢʠʭ ʢʘʢ 

ʵʣʝʢʪʨʦʥʥʘʷ ʪʝʤʧʝʨʘʪʫʨʘ, Te, ʠ ʵʣʝʢʪʨʦʥʥʘʷ ʧʣʦʪʥʦʩʪʴ, ne. ʕʪʦ ʧʦʟʚʦʣʷʝʪ ʧʦʜʙʠʨʘʪʴ 

ʦʧʪʠʤʘʣʴʥʳʝ ʫʩʣʦʚʠʷ ʜʣʷ ʢʘʞʜʦʛʦ ʨʝʞʠʤʘ ʦʙʨʘʙʦʪʢʠ ʧʦʚʝʨʭʥʦʩʪʠ: ʫʧʨʦʯʥʝʥʠʷ 

ʧʨʠʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʩʣʦʷ [1,2], ʫʚʝʣʠʯʝʥʠʷ ʰʝʨʦʭʦʚʘʪʦʩʪʠ [3] ʠ ʩʦʟʜʘʥʠʷ ʦʩʦʙʳʭ ʩʪʨʫʢʪʫʨ ʥʘ 

ʧʦʚʝʨʭʥʦʩʪʠ [4]. ʕʥʝʨʛʠʷ ʠʦʥʦʚ, ʧʦʩʪʫʧʘʶʱʠʭ ʥʘ ʠʩʩʣʝʜʫʝʤʳʡ ʦʙʨʘʟʝʮ, ʤʦʞʝʪ ʚʘʨʴʠʨʦʚʘʪʴʩʷ 

ʧʨʠ ʧʦʤʦʱʠ ʧʦʜʘʯʠ ʫʩʢʦʨʷʶʱʝʛʦ ʧʦʪʝʥʮʠʘʣʘ ʥʘ ʦʙʨʘʟʝʮ. 

ɹʣʘʛʦʜʘʨʷ ʰʠʨʦʢʦʤʫ ʜʠʘʧʘʟʦʥʫ ʨʘʙʦʯʠʭ ʧʘʨʘʤʝʪʨʦʚ, ɺʏʀ-ʨʘʟʨʷʜ ʤʦʞʝʪ ʠʩʧʦʣʴʟʦʚʘʪʴʩʷ 

ʧʨʠ ʘʥʘʣʠʟʝ ʧʨʠʧʦʚʝʨʭʥʦʩʪʥʳʭ ʧʨʦʮʝʩʩʦʚ, ʥʘʧʨʠʤʝʨ, ʚ ʢʘʯʝʩʪʚʝ ʠʩʪʦʯʥʠʢʘ ʬʦʥʦʚʦʡ ʧʣʘʟʤʳ ʚ 

ʧʨʦʮʝʩʩʘʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʤʝʪʦʜʘʤʠ ʣʘʟʝʨʥʦʡ ʵʤʠʩʩʠʦʥʥʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ (LIBS, LIAS) [5]. 

ʉʧʦʩʦʙʥʦʩʪʴ ʧʦʜʜʝʨʞʠʚʘʪʴ ʨʘʟʨʷʜ ʧʨʠ ʚʳʩʦʢʠʭ ʜʘʚʣʝʥʠʷʭ pg ~ 100 ʇʘ ʧʦʟʚʦʣʷʝʪ ʟʥʘʯʠʪʝʣʴʥʦ 

ʫʚʝʣʠʯʠʪʴ ʚʨʝʤʷ ʞʠʟʥʠ ʧʣʘʟʤʳ ʠʩʢʨʦʚʦʛʦ ʨʘʟʨʷʜʘ ʠ ʩʚʝʯʝʥʠʷ ʚʦʟʙʫʞʜʝʥʥʳʭ ʯʘʩʪʠʮ ʤʘʪʝʨʠʘʣʘ, 

ʩʦʟʜʘʚʘʝʤʳʭ ʚ ʧʨʦʮʝʩʩʘʭ ʘʙʣʷʮʠʠ. 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʧʨʦʚʦʜʠʪʩʷ ʘʥʘʣʠʟ ʧʘʨʘʤʝʪʨʦʚ ʛʝʣʠʝʚʦʡ ʧʣʘʟʤʳ ɺʏʀ-ʨʘʟʨʷʜʘ, 

ʛʝʥʝʨʠʨʫʝʤʦʡ ʚ ʥʦʚʦʡ ʢʦʤʧʘʢʪʥʦʡ ʫʩʪʘʥʦʚʢʝ ñMinICPò. ɺ ʢʘʯʝʩʪʚʝ ʛʝʥʝʨʘʪʦʨʘ ʧʣʘʟʤʳ 

ʠʩʧʦʣʴʟʦʚʘʣʘʩʴ ʜʚʫʭʟʘʭʦʜʥʘʷ ʩʧʠʨʘʣʴʥʘʷ ʘʥʪʝʥʥʘ. ʏʘʩʪʦʪʘ ʛʝʥʝʨʠʨʫʝʤʦʛʦ ʠʟʣʫʯʝʥʠʷ 13,56 

ʄɻʮ. ɼʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʧʘʨʘʤʝʪʨʦʚ ʧʣʘʟʤʳ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʜʚʦʡʥʦʡ ʟʦʥʜ. ʆʜʥʦʚʨʝʤʝʥʥʦ ʩ 

ʟʦʥʜʦʚʳʤʠ ʠʟʤʝʨʝʥʠʷʤʠ ʧʨʦʚʦʜʠʣʘʩʴ ʨʝʛʠʩʪʨʘʮʠʷ ʦʧʪʠʯʝʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ ʧʣʘʟʤʳ. ʇʦʣʫʯʝʥʥʳʝ 

ʩʧʝʢʪʨʳ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʜʣʷ ʢʘʯʝʩʪʚʝʥʥʦʡ ʦʮʝʥʢʠ ʩʦʩʪʘʚʘ ʧʣʘʟʤʳ. ɺ ʩʣʫʯʘʝ ʥʠʟʢʦʛʦ ʜʘʚʣʝʥʠʷ 

pg = 1 ʇʘ ʵʣʝʢʪʨʦʥʥʘʷ ʪʝʤʧʝʨʘʪʫʨʘ ʧʣʘʟʤʳ ʩʦʩʪʘʚʠʣʘ Te = 2 ʵɺ, ʧʨʠ ʵʣʝʢʪʨʦʥʥʦʡ ʧʣʦʪʥʦʩʪʠ ne ~ 

2Ĭ1018 ʤï3. 

ɺ ʨʘʤʢʘʭ ʙʫʜʫʱʠʭ ʨʘʙʦʪ ʧʣʘʥʠʨʫʝʪʩʷ ʦʙʣʫʯʝʥʠʝ ʦʙʨʘʟʮʘ ʛʝʣʠʝʤ, ʚʦʜʦʨʦʜʦʤ, ʠʟʦʪʦʧʘʤʠ 

ʚʦʜʦʨʦʜʘ, ʘ ʪʘʢʞʝ ʚ ʠʭ ʩʤʝʩʷʭ, ʩ ʧʦʩʣʝʜʫʶʱʝʡ ʜʠʘʛʥʦʩʪʠʢʦʡ ʣʘʟʝʨʥʳʤ ʠʟʣʫʯʝʥʠʝʤ ʚ ʚʘʢʫʫʤʝ 

ʠʣʠ ʚ ʩʨʝʜʝ ʧʣʘʟʤʳ ʤʝʪʦʜʘʤʠ LIAS ʠ LIBS ʙʝʟ ʠʟʚʣʝʯʝʥʠʷ ʦʙʨʘʟʮʦʚ ʥʘ ʘʪʤʦʩʬʝʨʫ. 
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ʈʠʩ. 1. ɺʦʣʴʪ-ʘʤʧʝʨʥʘʷ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘ ʜʚʦʡʥʦʛʦ ʟʦʥʜʘ ʚ ɺʏʀ-ʨʘʟʨʷʜʝ ʚ ʛʝʣʠʠ 
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ʀɿʄɽʈɽʅʀɽ ʇʆʊʆʂʆɺ ʀʆʅʆɺ ʈɸɿʅʓʍ ʉʆʈʊʆɺ ɺ ʄɸɻʅɽʊʈʆʅʅʓʍ 

ʈɸɿʈʗɼɸʍ 

 

 

ɸ.ɺ. ʂʘʟʠʝʚ1, ɼ.ɺ. ʂʦʣʦʜʢʦ1,2, ʈ. ʂʦʥʘʛʫʨʫ1, ʅ.ʉ. ʉʝʨʛʝʝʚ1,3, ɼ.ɻ. ɸʛʝʡʯʝʥʢʦʚ1 

 

 
1ʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʷʜʝʨʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ çʄʀʌʀè 
2ʌʀʈʕ ʠʤ. ɺ.ɸ. ʂʦʪʝʣʴʥʠʢʦʚʘ ʈɸʅ 
3ʅʀʎ çʂʫʨʯʘʪʦʚʩʢʠʡ ʠʥʩʪʠʪʫʪè 

 

 

ʈʝʘʢʮʠʦʥʥʦʝ ʤʘʛʥʝʪʨʦʥʥʦʝ ʦʩʘʞʜʝʥʠʝ ʦʢʩʠʜʥʳʭ, ʥʠʪʨʠʜʥʳʭ ʠ ʜʨʫʛʠʭ ʩʦʩʪʘʚʥʳʭ 

ʧʦʢʨʳʪʠʡ ʚʦ ʤʥʦʛʠʭ ʩʣʫʯʘʷʭ ʩʦʧʨʦʚʦʞʜʘʝʪʩʷ ʥʝʣʠʥʝʡʥʳʤʠ ʛʠʩʪʝʨʝʟʠʩʥʳʤʠ ʵʬʬʝʢʪʘʤʠ ʧʨʠ 

ʠʟʤʝʥʝʥʠʠ ʩʦʜʝʨʞʘʥʠʷ ʨʝʘʢʮʠʦʥʥʦʛʦ ʛʘʟʘ ʚ ʩʤʝʩʠ [1]. ʕʪʠ ʧʨʦʮʝʩʩʳ ʩʠʣʴʥʦ ʚʣʠʷʶʪ ʥʘ ʩʢʦʨʦʩʪʴ 

ʦʩʘʞʜʝʥʠʷ ʧʣʝʥʦʢ ʠ ʥʘ ʠʭ ʩʪʝʭʠʦʤʝʪʨʠʶ. ʂʘʢ ʧʨʘʚʠʣʦ, ʜʣʷ ʢʦʥʪʨʦʣʷ ʧʨʦʮʝʩʩʦʚ ʨʝʘʢʮʠʦʥʥʦʛʦ 

ʨʘʩʧʳʣʝʥʠʷ ʧʨʠʤʝʥʷʶʪ ʦʧʪʠʯʝʩʢʫʶ ʵʤʠʩʩʠʦʥʥʫʶ ʩʧʝʢʪʨʦʩʢʦʧʠʶ, ʥʦ ʦʥʘ ʥʝ ʧʦʟʚʦʣʷʝʪ 

ʣʦʢʘʣʴʥʦ ʦʧʨʝʜʝʣʷʪʴ ʧʦʪʦʢʠ ʠʦʥʦʚ ʨʘʟʥʳʭ ʩʦʨʪʦʚ [2]. ɼʣʷ ʵʪʦʡ ʮʝʣʠ ʧʨʝʢʨʘʩʥʦ ʧʦʜʭʦʜʠʪ 

ʢʦʨʧʫʩʢʫʣʷʨʥʘʷ ʜʠʘʛʥʦʩʪʠʢʘ. 

ʕʢʩʧʝʨʠʤʝʥʪʳ ʧʦ ʜʠʘʛʥʦʩʪʠʢʝ ʢʦʤʧʦʥʝʥʪʥʦʛʦ ʩʦʩʪʘʚʘ ʠʦʥʥʳʭ ʧʦʪʦʢʦʚ ʧʨʦʚʦʜʠʣʠʩʴ ʚ 

ʨʘʟʨʷʜʝ, ʩʦʟʜʘʚʘʝʤʦʤ ʤʘʛʥʝʪʨʦʥʦʤ ʩ ʢʨʫʛʣʦʡ ʧʣʦʩʢʦʡ ʤʠʰʝʥʴʶ ʜʠʘʤʝʪʨʦʤ 75 ʤʤ. ɼʣʷ 

ʢʦʨʧʫʩʢʫʣʷʨʥʦʡ ʜʠʘʛʥʦʩʪʠʢʠ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʤʘʛʥʠʪʥʳʡ ʩʝʢʪʦʨʥʳʡ ʤʘʩʩ-ʘʥʘʣʠʟʘʪʦʨ ʩʦ 

ʩʧʝʮʠʘʣʠʟʠʨʦʚʘʥʥʦʡ ʩʠʩʪʝʤʦʡ ʵʢʩʪʨʘʢʮʠʠ [3]. ʄʘʢʩʠʤʘʣʴʥʘʷ ʜʝʪʝʢʪʠʨʫʝʤʘʷ ʤʘʩʩʘ ʧʨʠ 

ʫʩʢʦʨʷʶʱʝʤ ʥʘʧʨʷʞʝʥʠʠ 1 ʢɺ ʩʦʩʪʘʚʣʷʣʘ 140 ʘ.ʝ.ʤ. ɼʣʷ ʧʦʚʳʰʝʥʠʷ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʠ 

ʠʟʤʝʨʝʥʠʡ ʚ ʢʘʯʝʩʪʚʝ ʜʝʪʝʢʪʦʨʘ ʧʨʠʤʝʥʷʣʩʷ ʚʪʦʨʠʯʥʳʡ ʵʣʝʢʪʨʦʥʥʳʡ ʫʤʥʦʞʠʪʝʣʴ, 

ʧʦʜʩʦʝʜʠʥʝʥʥʳʡ ʢ ʧʠʢʦʘʤʧʝʨʤʝʪʨʫ. ʄʘʩʩʦʚʳʝ ʩʧʝʢʪʨʳ ʠʟʤʝʨʷʣʠʩʴ ʢʘʢ ʚ ʦʪʜʝʣʴʥʳʭ 

ʵʢʩʧʝʨʠʤʝʥʪʘʭ, ʪʘʢ ʠ ʚ ʧʨʦʮʝʩʩʝ ʦʩʘʞʜʝʥʠʷ ʧʦʢʨʳʪʠʡ. 

ʀʩʩʣʝʜʦʚʘʣʩʷ ʨʘʟʨʷʜ ʩ ʤʠʰʝʥʷʤʠ Al ʠ Zr ʚ ʩʤʝʩʷʭ Ar ʠ O2 ʩ ʨʘʟʣʠʯʥʳʤ ʩʦʜʝʨʞʘʥʠʝʤ 

ʢʠʩʣʦʨʦʜʘ ʚ ʦʙʱʝʤ ʧʦʪʦʢʝ ʛʘʟʘ ʠ ʧʨʠ ʨʘʟʥʦʡ ʤʦʱʥʦʩʪʠ ʨʘʟʨʷʜʘ (100, 200, 300 ɺʪ). ʀʟʫʯʘʣʠʩʴ 

ʨʝʞʠʤʳ ʧʦʩʪʦʷʥʥʦʛʦ ʪʦʢʘ ʠ ʠʤʧʫʣʴʩʥʦ-ʧʝʨʠʦʜʠʯʝʩʢʦʛʦ ʩʨʝʜʥʝʯʘʩʪʦʪʥʦʛʦ (100 ʢɻʮ) ʧʠʪʘʥʠʷ 

ʤʘʛʥʝʪʨʦʥʘ. ɺʳʷʚʣʝʥʦ, ʯʪʦ ʧʦʚʳʰʝʥʠʝ ʩʦʜʝʨʞʘʥʠʷ ʢʠʩʣʦʨʦʜʘ ʚ ʛʘʟʦʚʦʡ ʩʤʝʩʠ ʧʨʠ ʩʦʭʨʘʥʝʥʠʠ 

ʧʦʣʥʦʛʦ ʧʦʪʦʢʘ Ar ʠ O2 ʚʝʜʝʪ ʢ ʩʥʠʞʝʥʠʶ ʧʦʪʦʢʦʚ ʧʦʣʦʞʠʪʝʣʴʥʳʭ ʠʦʥʦʚ Ar+ ʠ ʠʦʥʦʚ ʤʝʪʘʣʣʦʚ 

(Al+ ʠ Zr+), ʦʜʥʘʢʦ ʩʦʦʪʥʦʰʝʥʠʝ ʤʝʞʜʫ ʥʠʤʠ ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ ʧʦʪʦʢʘ ʢʠʩʣʦʨʦʜʘ ʠʟʤʝʥʷʝʪʩʷ ʚ 

ʩʪʦʨʦʥʫ ʧʨʝʦʙʣʘʜʘʥʠʷ ʠʦʥʦʚ ʤʝʪʘʣʣʦʚ. ʉʥʠʞʝʥʠʝ ʪʦʢʦʚ ʠʦʥʦʚ Ar+, O+, O2
+, Al+ ʠ Zr+ 

ʩʦʧʨʦʚʦʞʜʘʝʪʩʷ ʨʦʩʪʦʤ ʪʦʢʘ ʦʪʨʠʮʘʪʝʣʴʥʳʭ ʠʦʥʦʚ Oï. ʇʨʠʤʝʨ ʩʧʝʢʪʨʦʚ ʧʦʣʦʞʠʪʝʣʴʥʳʭ ʠ 

ʦʪʨʠʮʘʪʝʣʴʥʳʭ ʠʦʥʦʚ ʧʦʢʘʟʘʥ ʥʘ ʨʠʩ. 1. ʜʣʷ ʤʘʛʥʝʪʨʦʥʥʦʛʦ ʨʘʟʨʷʜʘ ʩ Al  ʤʠʰʝʥʴʶ ʚ ʩʨʝʜʝ 

Ar+O2. 
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ʈʠʩ. 1. ʇʨʠʤʝʨ ʤʘʩʩ-ʩʧʝʢʪʨʘ ʠʦʥʥʦʛʦ ʧʦʪʦʢʘ ʥʘ ʧʦʜʣʦʞʢʫ ʚ ʩʣʫʯʘʝ ʨʘʩʧʳʣʝʥʠʷ ʘʣʶʤʠʥʠʷ ʚ 

ʩʨʝʜʝ Ar+O2. 

 

ɼʣʷ ʠʤʧʫʣʴʩʥʦ-ʧʝʨʠʦʜʠʯʝʩʢʠʭ ʨʝʞʠʤʦʚ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ ʜʣʠʪʝʣʴʥʦʩʪʠ 

ʧʘʫʟ ʜʣʷ ʬʠʢʩʠʨʦʚʘʥʥʦʡ ʩʨʝʜʥʝʡ ʤʦʱʥʦʩʪʠ ʨʘʟʨʷʜʘ ʘʙʩʦʣʶʪʥʳʝ ʧʦʪʦʢʠ ʠʦʥʦʚ ʤʝʪʘʣʣʘ ʠ ʛʘʟʘ 

ʫʚʝʣʠʯʠʚʘʶʪʩʷ. 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʧʦʜʜʝʨʞʢʝ ʈʌʌʀ (ʛʨʘʥʪ 18-38-20185) ʠ ʯʘʩʪʠʯʥʦ ð ʛʨʘʥʪʘ 

ʇʨʝʟʠʜʝʥʪʘ ʈʌ (MK-1562.2019.8). 
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ʀʉʉʃɽɼʆɺɸʅʀʗ ʇɸʈɸʄɽʊʈʆɺ ʇʃɸɿʄʓ ɺ ʀʄʇʋʃʔʉʅʆʄ ʈɽɾʀʄɽ 
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ʅʝʩʘʤʦʩʪʦʷʪʝʣʴʥʳʝ ʬʦʨʤʳ ʜʫʛʦʚʳʭ ʨʘʟʨʷʜʦʚ ʥʠʟʢʦʛʦ ʜʘʚʣʝʥʠʷ ʷʚʣʷʶʪʩʷ 

ʧʝʨʩʧʝʢʪʠʚʥʳʤʠ ʜʣʷ ʬʦʨʤʠʨʦʚʘʥʠʷ ʦʙʲʝʤʥʦʡ ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ ʧʣʘʟʤʳ ʠ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʚ 

ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʧʨʠʤʝʥʝʥʠʷʭ. ʀʤʧʫʣʴʩʥʳʡ ʨʝʞʠʤ ʛʦʨʝʥʠʷ ʨʘʟʨʷʜʦʚ ʥʠʟʢʦʛʦ ʜʘʚʣʝʥʠʷ 

ʧʦʟʚʦʣʷʝʪ ʧʦʚʳʰʘʪʴ ʤʛʥʦʚʝʥʥʫʶ ʤʦʱʥʦʩʪʴ ʚ ʨʘʟʨʷʜʝ ʥʘ ʧʦʨʷʜʦʢ ʧʨʠ ʩʦʭʨʘʥʝʥʠʠ ʪʦʡ ʞʝ 

ʩʨʝʜʥʝʡ ʤʦʱʥʦʩʪʠ ʠ ʠʤʝʝʪ ʨʷʜ ʦʩʦʙʝʥʥʦʩʪʝʡ, ʚ ʯʘʩʪʥʦʩʪʠ ʠʟʤʝʥʷʝʪʩʷ ʚʝʣʠʯʠʥʘ ʠ 

ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʟʥʘʯʝʥʠʡ ʦʩʥʦʚʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʛʝʥʝʨʠʨʫʝʤʦʡ ʧʣʘʟʤʳ ʚ ʦʙʲʝʤʝ ʚʘʢʫʫʤʥʦʡ 

ʢʘʤʝʨʳ. ʎʝʣʴʶ ʜʘʥʥʦʡ ʨʘʙʦʪʳ ʙʳʣʦ ʦʮʝʥʠʪʴ ʚʣʠʷʥʠʝ ʫʩʣʦʚʠʡ ʛʦʨʝʥʠʷ ʥʝʩʘʤʦʩʪʦʷʪʝʣʴʥʦʛʦ 

ʜʫʛʦʚʦʛʦ ʨʘʟʨʷʜʘ ʥʠʟʢʦʛʦ ʜʘʚʣʝʥʠʷ, ʬʦʨʤʠʨʫʝʤʦʛʦ ʧʣʘʟʤʝʥʥʳʤ ʠʩʪʦʯʥʠʢʦʤ ʩ ʥʘʢʘʣʝʥʥʳʤ ʠ 

ʧʦʣʳʤ ʢʘʪʦʜʦʤ ʚ ʩʠʩʪʝʤʝ ʩ ʧʦʣʳʤ ʘʥʦʜʦʤ ʚ ʠʤʧʫʣʴʩʥʦʤ ʨʝʞʠʤʝ, ʥʘ ʦʩʥʦʚʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ 

ʨʘʟʨʷʜʘ ʠ ʜʠʥʘʤʠʢʫ ʬʦʨʤʠʨʦʚʘʥʠʷ ʧʣʘʟʤʳ. 

ɻʝʥʝʨʘʪʦʨ ʧʣʘʟʤʳ ʩ ʥʘʢʘʣʝʥʥʳʤ ʠ ʧʦʣʳʤ ʢʘʪʦʜʦʤ ʫʩʪʘʥʘʚʣʠʚʘʣʩʷ ʥʘ ʚʝʨʭʥʝʤ ʦʩʥʦʚʘʥʠʠ 

ʮʠʣʠʥʜʨʠʯʝʩʢʦʡ ʢʘʤʝʨʳ, ʚʥʫʪʨʝʥʥʠʝ ʩʪʝʥʢʠ ʢʦʪʦʨʦʡ ʷʚʣʷʣʠʩʴ ʘʥʦʜʦʤ ʨʘʟʨʷʜʘ (ʈʠʩ. 1). ɺʳʩʦʪʘ 

ʢʘʤʝʨʳ ʩʦʩʪʘʚʣʷʣʘ 120 ʩʤ, ʘ ʜʠʘʤʝʪʨ ï 60 ʩʤ. 

ɺʘʢʫʫʤʥʘʷ ʢʘʤʝʨʘ ʦʪʢʘʯʠʚʘʣʘʩʴ ʪʫʨʙʦʤʦʣʝʢʫʣʷʨʥʳʤ ʥʘʩʦʩʦʤ ʜʦ ʦʩʪʘʪʦʯʥʦʛʦ ʜʘʚʣʝʥʠʷ 2 

10-3 ʇʘ, ʧʦʩʣʝ ʯʝʛʦ ʯʝʨʝʟ ʛʝʥʝʨʘʪʦʨ ʧʣʘʟʤʳ ʥʘʧʫʩʢʘʣʩʷ ʨʘʙʦʯʠʡ ʛʘʟ. ɺ ʢʘʯʝʩʪʚʝ ʨʘʙʦʯʝʛʦ ʛʘʟʘ 

ʚʳʩʪʫʧʘʣʠ ʘʨʛʦʥ ʠʣʠ ʘʟʦʪ.  

ʕʣʝʢʪʨʦʧʠʪʘʥʠʝ ʥʘʢʘʣʘ ʛʝʥʝʨʘʪʦʨʘ ʧʣʘʟʤʳ ʦʩʫʱʝʩʪʚʣʷʣʦʩʴ ʦʪ ʠʩʪʦʯʥʠʢʘ ʧʦʩʪʦʷʥʥʦʛʦ 

ʪʦʢʘ. ʕʣʝʢʪʨʦʧʠʪʘʥʠʝ ʨʘʟʨʷʜʘ ʦʩʫʱʝʩʪʚʣʷʣʦʩʴ ʦʪ ʠʩʪʦʯʥʠʢʘ ʠʤʧʫʣʴʩʥʦʛʦ ʥʘʧʨʷʞʝʥʠʷ ʩ 

ʧʘʨʘʤʝʪʨʘʤʠ: ʚʳʭʦʜʥʦʝ ʥʘʧʨʷʞʝʥʠʝ (30-500) ɺ, ʜʣʠʪʝʣʴʥʦʩʪʴ ʠʤʧʫʣʴʩʦʚ (0,1-10) ʤʩ, ʯʘʩʪʦʪʘ 

ʧʦʚʪʦʨʝʥʠʷ ʠʤʧʫʣʴʩʦʚ (1-200) ɻʮ. ʕʢʚʠʚʘʣʝʥʪʥʘʷ ʩʭʝʤʘ ʠʩʪʦʯʥʠʢʘ ʧʠʪʘʥʠʷ ʚʢʣʶʯʘʝʪ ʚʳʭʦʜʥʦʡ 

ʝʤʢʦʩʪʥʦʡ ʥʘʢʦʧʠʪʝʣʴ ʠ ʵʢʚʠʚʘʣʝʥʪʥʫʶ ʠʥʜʫʢʪʠʚʥʦʩʪʴ ʧʨʦʚʦʜʦʚ. ʀʩʪʦʯʥʠʢ ʧʠʪʘʥʠʷ ʠʤʝʝʪ 

ʟʘʱʠʪʫ ʧʦ ʧʨʝʚʳʰʝʥʠʶ ʤʘʢʩʠʤʘʣʴʥʦʛʦ ʪʦʢʘ, ʩʨʘʙʘʪʳʚʘʶʱʫʶ ʧʨʠ ʟʥʘʯʝʥʠʠ ʪʦʢʘ ʨʘʟʨʷʜʘ 800 

ɸ. 
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ʈʠʩ. 1. ʉʭʝʤʘ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʫʩʪʘʥʦʚʢʠ 

ʀʟʤʝʨʝʥʠʷ ʧʘʨʘʤʝʪʨʦʚ ʧʣʘʟʤʳ ʧʨʦʚʦʜʠʣʠʩʴ ʦʜʠʥʦʯʥʳʤ ʵʣʝʢʪʨʠʯʝʩʢʠʤ ʟʦʥʜʦʤ, ʢʦʪʦʨʳʡ 

ʫʩʪʘʥʘʚʣʠʚʘʣʩʷ ʥʘ ʚʝʨʭʥʝʤ ʦʩʥʦʚʘʥʠʠ ʢʘʤʝʨʳ ʯʝʨʝʟ ʚʚʦʜ ɺʠʣʴʩʦʥʘ ʥʘ ʨʘʩʩʪʦʷʥʠʠ ~18 ʩʤ ʦʪ ʦʩʠ 

ʛʝʥʝʨʘʪʦʨʘ ʧʣʘʟʤʳ. ɼʣʷ ʠʟʤʝʨʝʥʠʷ ʧʨʦʜʦʣʴʥʦʛʦ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʧʘʨʘʤʝʪʨʦʚ ʧʣʘʟʤʳ ʟʦʥʜ 

ʧʝʨʝʤʝʱʘʣʩʷ ʥʘ ʨʘʩʩʪʦʷʥʠʝ 20-80 ʩʤ ʦʪ ʚʝʨʭʥʝʛʦ ʦʩʥʦʚʘʥʠʷ ʢʘʤʝʨʳ. 

 

ʈʠʩ. 2. ʍʘʨʘʢʪʝʨʥʳʝ ʬʦʨʤʳ ʪʦʢʦʚ ʠ ʥʘʧʨʷʞʝʥʠʡ, ʛʜʝ Ud ï ʥʘʧʨʷʞʝʥʠʝ ʛʦʨʝʥʠʷ ʨʘʟʨʷʜʘ, Id ï ʪʦʢ 

ʨʘʟʨʷʜʘ, Ifil ï ʪʦʢ ʥʘʢʘʣʝʥʥʦʛʦ ʢʘʪʦʜʘ, Ihol ï ʪʦʢ ʧʦʣʦʛʦ ʢʘʪʦʜʘ 

ʀʟʤʝʨʝʥʠʝ ʚʝʣʠʯʠʥʳ ʪʦʢʘ ʠ ʥʘʧʨʷʞʝʥʠʷ ʩʤʝʱʝʥʠʷ ʟʦʥʜʘ ʧʨʦʠʟʚʦʜʠʣʘʩʴ 

ʘʚʪʦʤʘʪʠʟʠʨʦʚʘʥʥʦʡ ʩʠʩʪʝʤʦʡ ʟʦʥʜʦʚʳʭ ʠʟʤʝʨʝʥʠʡ, ʩʭʝʤʘʪʠʯʥʦ ʧʨʝʜʩʪʘʚʣʝʥʥʦʡ ʥʘ ʨʠʩ. 1. 

ʆʙʨʘʙʦʪʢʘ ʧʦʣʫʯʝʥʥʳʭ ʟʦʥʜʦʚʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʧʨʦʠʟʚʦʜʠʣʩʷ ʛʨʘʬʠʯʝʩʢʠʤ ʤʝʪʦʜʦʤ. 

ʀʟʤʝʨʝʥʠʷ ʧʨʦʚʦʜʠʣʠʩʴ ʧʨʠ ʨʘʙʦʯʝʤ ʜʘʚʣʝʥʠʠ 0,6 ʇʘ ʚ ʘʪʤʦʩʬʝʨʝ ʘʨʛʦʥʘ. ʇʦʢʘʟʘʥʠʷ ʟʦʥʜʘ 

ʬʠʢʩʠʨʦʚʘʣʠʩʴ ʚ ʤʦʤʝʥʪʳ ʚʨʝʤʝʥʠ ʦʪ 100 ʤʢʩ ʜʦ 500ʤʢʩ ʦʪ ʥʘʯʘʣʘ ʨʘʟʨʷʜʥʦʛʦ ʠʤʧʫʣʴʩʘ ʩ 

ʰʘʛʦʤ 100 ʤʢʩ ʧʨʠ ʦʙʱʝʡ ʜʣʠʪʝʣʴʥʦʩʪʠ ʠʤʧʫʣʴʩʘ ʪʦʢʘ ʨʘʟʨʷʜʘ ʦʢʦʣʦ 550 ʤʢʩ (ʈʠʩ. 2).  
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ʈʠʩ. 3. ɿʘʚʠʩʠʤʦʩʪʠ ʠʟʤʝʥʝʥʠʷ ʚʝʣʠʯʠʥʳ ʦʩʥʦʚʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʧʣʘʟʤʳ ʚ ʨʘʟʥʳʝ ʤʦʤʝʥʪʳ 

ʨʘʟʨʷʜʥʦʛʦ ʠʤʧʫʣʴʩʘ ʥʘ ʨʘʩʩʪʦʷʥʠʠ 60 ʩʤ ʦʪ ʚʝʨʭʥʝʛʦ ʦʩʥʦʚʘʥʠʷ ʧʨʠ ʨʘʟʥʳʭ ʥʘʧʨʷʞʝʥʠʷʭ ʨʘʟʨʷʜʘ 

(ʩʣʝʚʘ-ʥʘʧʨʘʚʦ: ʢʦʥʮʝʥʪʨʘʮʠʷ ʧʣʘʟʤʳ ʠ ʪʝʤʧʝʨʘʪʫʨʘ ʵʣʝʢʪʨʦʥʦʚ) 

ʅʘ ʨʠʩ. 3 ʠ 4 ʧʨʝʜʩʪʘʚʣʝʥʳ ʟʘʚʠʩʠʤʦʩʪʠ ʠʟʤʝʥʝʥʠʷ ʚʝʣʠʯʠʥʳ ʦʩʥʦʚʥʳʭ ʧʘʨʘʤʝʪʨʦʚ 

ʧʣʘʟʤʳ ʚ ʨʘʟʥʳʝ ʤʦʤʝʥʪʳ ʨʘʟʨʷʜʥʦʛʦ ʠʤʧʫʣʴʩʘ, ʭʘʨʘʢʪʝʨʠʟʫʶʱʠʝ ʜʠʥʘʤʠʢʫ ʠʟʤʝʥʝʥʠʷ 

ʧʘʨʘʤʝʪʨʦʚ ʧʣʘʟʤʳ ʥʘ ʨʘʩʩʪʦʷʥʠʠ 60 ʩʤ ʦʪ ʚʝʨʭʥʝʛʦ ʦʩʥʦʚʘʥʠʷ (ʧʦʣʦʚʠʥʘ ʚʳʩʦʪʳ ʢʘʤʝʨʳ) ʧʨʠ 

ʨʘʟʥʳʭ ʥʘʧʨʷʞʝʥʠʷʭ ʛʦʨʝʥʠʷ ʨʘʟʨʷʜʘ. 

 

ʈʠʩ. 4. ɿʘʚʠʩʠʤʦʩʪʠ ʠʟʤʝʥʝʥʠʷ ʚʝʣʠʯʠʥʳ ʦʩʥʦʚʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʧʣʘʟʤʳ ʚ ʨʘʟʥʳʝ ʤʦʤʝʥʪʳ 

ʨʘʟʨʷʜʥʦʛʦ ʠʤʧʫʣʴʩʘ ʧʨʠ ʠʟʤʝʥʝʥʠʠ ʨʘʩʩʪʦʷʥʠʷ ʦʪ ʚʝʨʭʥʝʛʦ ʦʩʥʦʚʘʥʠʷ ʢʘʤʝʨʳ. ʅʘʧʨʷʞʝʥʠʝ ʛʦʨʝʥʠʷ 

ʨʘʟʨʷʜʘ 200 ɺ (ʩʣʝʚʘ-ʥʘʧʨʘʚʦ: ʢʦʥʮʝʥʪʨʘʮʠʷ ʧʣʘʟʤʳ ʠ ʪʝʤʧʝʨʘʪʫʨʘ ʵʣʝʢʪʨʦʥʦʚ) 

ʀʟ ʛʨʘʬʠʢʦʚ ʚʠʜʥʦ, ʯʪʦ ʚ ʪʝʯʝʥʠʝ ʨʘʟʨʷʜʥʦʛʦ ʠʤʧʫʣʴʩʘ ʪʝʤʧʝʨʘʪʫʨʘ ʵʣʝʢʪʨʦʥʦʚ ʩʧʘʜʘʝʪ, 

ʩʪʨʝʤʷʩʴ ʢ ʟʥʘʯʝʥʠʷʤ, ʭʘʨʘʢʪʝʨʥʳʤ ʜʣʷ ʩʪʘʮʠʦʥʘʨʥʦʛʦ ʨʝʞʠʤʘ ʛʦʨʝʥʠʷ ʨʘʟʨʷʜʘ. ʆʪʜʝʣʴʥʦʛʦ 

ʚʥʠʤʘʥʠʷ ʟʘʩʣʫʞʠʚʘʝʪ ʬʘʢʪ, ʯʪʦ ʧʨʠ ʥʘʧʨʷʞʝʥʠʠ 200 ɺ ʩʢʦʨʦʩʪʴ ʨʦʩʪʘ ʢʦʥʮʝʥʪʨʘʮʠʠ ʧʣʘʟʤʳ 

ʚʳʰʝ, ʯʝʤ ʧʨʠ 300 ɺ, ʯʪʦ ʦʙʲʷʩʥʷʝʪʩʷ ʤʝʥʴʰʠʤ ʩʝʯʝʥʠʝʤ ʠʦʥʠʟʘʮʠʠ ʧʨʠ 300 ɺ ʠ, ʢʘʢ 

ʩʣʝʜʩʪʚʠʝ, ʤʝʥʴʰʝʡ ʜʦʣʝʡ ʵʥʝʨʛʠʠ ʧʝʨʚʠʯʥʳʭ ʵʣʝʢʪʨʦʥʦʚ (ʵʣʝʢʪʨʦʥʳ ʩ ʥʘʢʘʣʝʥʥʦʛʦ ʢʘʪʦʜʘ) 

ʧʦʪʨʘʯʝʥʥʦʡ ʥʘ ʛʝʥʝʨʘʮʠʶ ʧʣʘʟʤʳ.ɸʥʘʣʠʟ ʧʨʦʜʦʣʴʥʳʭ ʨʘʩʧʨʝʜʝʣʝʥʠʡ ʧʦʢʘʟʳʚʘʝʪ 

ʧʨʠʙʣʠʟʠʪʝʣʴʥʦ ʦʜʠʥʘʢʦʚʳʡ ʭʘʨʘʢʪʝʨ ʠʟʤʝʥʝʥʠʷ ʚʝʣʠʯʠʥʳ ʢʦʥʮʝʥʪʨʘʮʠʠ ʧʣʘʟʤʳ ʧʦ ʜʣʠʥʝ 

ʢʘʤʝʨʳ ʚʥʝ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʤʦʤʝʥʪʘ ʠʟʤʝʨʝʥʠʷ. 

ɺ ʜʘʣʴʥʝʡʰʝʤ ʠʤʧʫʣʴʩʥʳʡ ʨʝʞʠʤ ʛʦʨʝʥʠʷ ʥʝʩʘʤʦʩʪʦʷʪʝʣʴʥʦʛʦ ʜʫʛʦʚʦʛʦ ʨʘʟʨʷʜʘ 

ʧʣʘʥʠʨʫʝʪʩʷ ʠʩʧʦʣʴʟʦʚʘʪʴ ʜʣʷ ʠʦʥʥʦ-ʧʣʘʟʤʝʥʥʦʛʦ ʘʟʦʪʠʨʦʚʘʥʠʷ ʧʦʚʝʨʭʥʦʩʪʠ ʤʘʪʝʨʠʘʣʦʚ. ɼʣʷ 

ʦʮʝʥʢʠ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʛʝʥʝʨʘʮʠʠ ʘʪʦʤʘʨʥʦʛʦ ʘʟʦʪʘ ʧʨʦʚʦʜʠʣʠʩʴ ʠʩʩʣʝʜʦʚʘʥʠʷ ʵʤʠʩʩʠʦʥʥʳʭ 

ʩʧʝʢʪʨʦʚ ʘʟʦʪʥʦʡ ʧʣʘʟʤʳ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʩʧʝʢʪʨʦʤʝʪʨʘ Ocean Optics HR4000. ʍʘʨʘʢʪʝʨʥʳʡ 

ʚʠʜ ʩʧʝʢʪʨʘ ʧʨʝʜʩʪʘʚʣʝʥ ʥʘ ʨʠʩ. 5. ɺ ʧʨʦʮʝʩʩʝ ʠʩʩʣʝʜʦʚʘʥʠʡ ʙʳʣʦ ʚʳʷʚʣʝʥʦ ʫʚʝʣʠʯʝʥʠʝ 
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ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʩʚʝʯʝʥʠʷ ʥʘ ʣʠʥʠʷʭ 746,8 ʥʤ ʠ 868,7 ʥʤ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʘʪʦʤʘʨʥʦʤʫ ʘʟʦʪʫ, ʩ 

ʫʚʝʣʠʯʝʥʠʝʤ ʥʘʧʨʷʞʝʥʠʷ ʛʦʨʝʥʠʷ ʨʘʟʨʷʜʘ.  

 

ʈʠʩ.5. ʉʧʝʢʪʨ ʠʟʣʫʯʝʥʠʷ ʘʟʦʪʥʦʡ ʧʣʘʟʤʳ ʧʨʠ ʧʘʨʘʤʝʪʨʘʭ ʨʘʟʨʷʜʘ: ʥʘʧʨʷʞʝʥʠʝ ʛʦʨʝʥʠʷ 300 ɺ, ʪʦʢ 

ʨʘʟʨʷʜʘ 180 ɸ, ʪʦʢ ʥʘʢʘʣʘ 112 ɸ, ʨʘʙʦʯʠʡ ʛʘʟ ï ʘʟʦʪ, ʜʘʚʣʝʥʠʝ 0,6 ʇʘ, ʊʦʢ ʢʘʪʫʰʢʠ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ 0,6 

ɸ, ʯʘʩʪʦʪʘ ʧʦʚʪʦʨʝʥʠʷ ʠʤʧʫʣʴʩʦʚ 200 ɻʮ, ʢʦʵʬʬʠʮʠʝʥʪ ʟʘʧʦʣʥʝʥʠʷ 14 %. 

ʇʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʛʦʚʦʨʷʪ ʦ ʧʝʨʩʧʝʢʪʠʚʥʦʩʪʠ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʠʤʧʫʣʴʩʥʦʛʦ ʨʝʞʠʤʘ 

ʛʦʨʝʥʠʷ ʥʝʩʘʤʦʩʪʦʷʪʝʣʴʥʦʛʦ ʜʫʛʦʚʦʛʦ ʨʘʟʨʷʜʘ ʚ ʧʨʦʪʷʞʝʥʥʳʭ ʚʘʢʫʫʤʥʳʭ ʢʘʤʝʨʘʭ ʧʨʠ 

ʧʦʚʳʰʝʥʥʳʭ ʟʥʘʯʝʥʠʷʭ ʥʘʧʨʷʞʝʥʠʷ ʛʦʨʝʥʠʷ ʥʝʩʘʤʦʩʪʦʷʪʝʣʴʥʦʛʦ ʜʫʛʦʚʦʛʦ ʨʘʟʨʷʜʘ ʜʣʷ 

ʦʙʨʘʙʦʪʢʠ ʧʦʚʝʨʭʥʦʩʪʠ ʤʝʪʘʣʣʠʯʝʩʢʠʭ ʤʘʪʝʨʠʘʣʦʚ ʠ ʠʟʜʝʣʠʡ. 
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ʂʈʀʆɻɽʅʅɸʗ ʇʃɸɿʄɸ ɹɸʈʔɽʈʅʆɻʆ ʈɸɿʈʗɼɸ  

ɺ ʂʀʉʃʆʈʆɼɽ 

 

 

ʂʦʪʢʦʚ ɸ.ɸ., ʀʦʥʠʥ ɸ.ɸ., ʂʠʥʷʝʚʩʢʠʡ ʀ.ʆ., ʂʣʠʤʘʯʝʚ ʖ.ʄ., ʂʦʟʣʦʚ ɸ.ʖ., ʄʦʢʨʦʫʩʦʚʘ ɼ.ɺ., 

ʈʫʣʝʚ ʆ.ɸ., ʉʘʛʠʪʦʚʘ ɸ.ʄ., ʉʠʥʠʮʳʥ ɼ.ɺ. 

 

 

ʌʠʟʠʯʝʩʢʠʡ ʠʥʩʪʠʪʫʪ ʠʤ. ʇ.ʅ. ʃʝʙʝʜʝʚʘ ʈʦʩʩʠʡʩʢʦʡ ʘʢʘʜʝʤʠʠ ʥʘʫʢ (ʌʀɸʅ) 

 

 

ɹʘʨʴʝʨʥʳʡ ʨʘʟʨʷʜ ʷʚʣʷʝʪʩʷ ʥʘʠʙʦʣʝʝ ʵʢʦʥʦʤʠʯʥʳʤ ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ ʟʘʪʨʘʪ ʵʥʝʨʛʠʠ ʩʧʦʩʦʙʦʤ 

ʵʣʝʢʪʨʦʩʠʥʪʝʟʘ ʦʟʦʥʘ [1]. ʂʨʠʦʛʝʥʥʘʷ ʧʣʘʟʤʘ ï ʵʪʦ ʧʣʘʟʤʘ ʛʘʟʦʚʦʛʦ ʨʘʟʨʷʜʘ, ʦʭʣʘʞʜʘʝʤʘʷ 

ʞʠʜʢʠʤ ʘʟʦʪʦʤ (ʠʣʠ ʛʝʣʠʝʤ). ʈʘʥʝʝ [2] ʙʳʣʦ ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥʦ, ʯʪʦ ʧʨʠ ʢʨʠʦʛʝʥʥʦʤ 

ʦʭʣʘʞʜʝʥʠʠ ʟʥʘʯʠʪʝʣʴʥʦ ʚʦʟʨʘʩʪʘʝʪ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʵʣʝʢʪʨʦʩʠʥʪʝʟʘ ʦʟʦʥʘ ʚ ʧʦʪʦʢʝ 

ʛʘʟʦʦʙʨʘʟʥʦʛʦ ʢʠʩʣʦʨʦʜʘ. ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʛʦ 

ʠʩʩʣʝʜʦʚʘʥʠʷ ʩʚʦʡʩʪʚ ʢʨʠʦʛʝʥʥʦʡ ʧʣʘʟʤʳ ʙʘʨʴʝʨʥʦʛʦ ʨʘʟʨʷʜʘ ʚ ʛʝʪʝʨʦʬʘʟʥʦʡ ʩʤʝʩʠ 

(ʛʘʟʦʦʙʨʘʟʥʦʛʦ ʠ ʞʠʜʢʦʛʦ) ʢʠʩʣʦʨʦʜʘ. ʕʢʩʧʝʨʠʤʝʥʪʳ ʧʨʦʚʦʜʠʣʠʩʴ ʥʘ ʜʚʫʭ ʫʩʪʘʥʦʚʢʘʭ (ʈʠʩ.1).  

ʘ  ʙ 
ʈʠʩ. 1. ʉʭʝʤʘ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʫʩʪʘʥʦʚʦʢ: ʩ ʧʦʚʳʰʝʥʥʦʡ ʯʘʩʪʦʪʦʡ ʥʘʧʨʷʞʝʥʠʠ (ʘ) ʠ ʧʨʦʤʳʰʣʝʥʥʦʡ 

ʯʘʩʪʦʪʦʡ ʥʘʧʨʷʞʝʥʠʷ (ʙ): 1 ï ʛʘʟʦʨʘʟʨʷʜʥʘʷ ʪʨʫʙʢʘ; 2 ï ʮʝʥʪʨʘʣʴʥʳʡ ʵʣʝʢʪʨʦʜ; 3 ï ʚʥʝʰʥʠʡ ʵʣʝʢʪʨʦʜ; 4 

ï ʚʳʩʦʢʦʚʦʣʴʪʥʳʡ ʪʨʘʥʩʬʦʨʤʘʪʦʨ;  

5 ï ʥʠʟʢʦʚʦʣʴʪʥʳʡ ʪʨʘʥʩʬʦʨʤʘʪʦʨ (ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʴ); 6 ï ʢʨʠʦʛʝʥʥʘʷ ʚʘʥʥʘ;  

7 ï ʙʣʦʢ ʧʦʜʛʦʪʦʚʢʠ (ʦʯʠʩʪʢʠ) ʛʘʟʘ; 8 -  ʠʟʤʝʨʠʪʝʣʴ ʠ ʨʝʛʫʣʷʪʦʨ ʨʘʩʭʦʜʘ ʛʘʟʘ;  

9 ï ʢʶʚʝʪʘ ʜʣʷ ʠʟʤʝʨʝʥʠʷ ʚʳʭʦʜʘ ʦʟʦʥʘ;  

10 ï ʩʧʝʢʪʨʦʤʝʪʨ; 11 ï ʋʌ ʠʟʣʫʯʘʪʝʣʴ; 12 ï ʚʳʩʦʢʦʚʦʣʴʪʥʳʡ ʱʫʧ; 13 ï ʠʟʤʝʨʠʪʝʣʴʥʳʡ ʢʦʥʜʝʥʩʘʪʦʨ; 14 

ï ʜʝʩʪʨʫʢʪʦʨ ʦʟʦʥʘ; 15 ï ʦʙʭʦʜʥʦʡ (by-pass) ʢʘʥʘʣ. 

ʆʜʥʘ ʠʟ ʫʩʪʘʥʦʚʦʢ ʠʤʝʣʘ ʥʝʙʦʣʴʰʠʝ ʛʘʙʘʨʠʪʳ ʠ ʙʳʣʘ ʟʘʧʠʪʘʥʘ ʦʪ ʠʩʪʦʯʥʠʢʘ ʚʳʩʦʢʦʛʦ 

ʥʘʧʨʷʞʝʥʠʷ ʧʦʚʳʰʝʥʥʦʡ ʯʘʩʪʦʪʳ ~26 ʢɻʮ (ʈʠʩ. 1ʘ), ʘ ʜʨʫʛʘʷ ʙʦʣʝʝ ʤʦʱʥʘʷ ʫʩʪʘʥʦʚʢʘ ʙʳʣʘ 

ʟʘʧʠʪʘʥʘ ʦʪ ʠʩʪʦʯʥʠʢʘ ʚʳʩʦʢʦʛʦ ʥʘʧʨʷʞʝʥʠʷ ʧʨʦʤʳʰʣʝʥʥʦʡ ʯʘʩʪʦʪʳ 50 ɻʮ (ʈʠʩ.1ʙ). ʇʦʩʣʝ 

ʟʘʧʦʣʥʝʥʠʷ ʢʨʠʦʛʝʥʥʦʡ ʚʘʥʥʳ (ʧʦʟ. 6 ʥʘ ʈʠʩ 1ʘ) ʞʠʜʢʠʤ ʘʟʦʪʦʤ ʦʩʥʦʚʥʘʷ ʯʘʩʪʴ ʦʟʦʥʘ 

ʢʦʥʜʝʥʩʠʨʦʚʘʣʘʩʴ (ʪʝʤʧʝʨʘʪʫʨʘ ʢʦʥʜʝʥʩʘʮʠʠ 161,2 ʂ) ʥʘ ʚʥʫʪʨʝʥʥʝʡ ʩʪʝʥʢʝ ʛʘʟʦʨʘʟʨʷʜʥʦʡ 

ʪʨʫʙʢʠ ʚ ʚʠʜʝ ʨʘʩʪʚʦʨʘ ʦʟʦʥʘ ʚ ʞʠʜʢʦʤ ʢʠʩʣʦʨʦʜʝ (ʪʝʤʧʝʨʘʪʫʨʘ ʢʦʥʜʝʥʩʘʮʠʠ 90,2 ʂ). 

ʇʦʩʢʦʣʴʢʫ ʧʣʦʪʥʦʩʪʴ ʞʠʜʢʦʛʦ ʦʟʦʥʘ (1,59 ʛ ʩʤ-3) ʙʦʣʴʰʝ ʧʣʦʪʥʦʩʪʠ ʞʠʜʢʦʛʦ ʢʠʩʣʦʨʦʜʘ 
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(1,14 ʛ ʩʤ-3), ʪʦ ʦʟʦʥ ʩʪʝʢʘʣ ʚʜʦʣʴ ʧʣʝʥʢʠ ʞʠʜʢʦʛʦ ʢʠʩʣʦʨʦʜʘ ʚʥʠʟ ʠʟ ʟʦʥʳ ʢʨʠʦʛʝʥʥʦʛʦ ʨʘʟʨʷʜʘ 

ʜʦ ʙʦʣʝʝ ʪʝʧʣʦʡ ʟʦʥʳ, ʨʘʩʧʦʣʦʞʝʥʥʦʡ ʧʨʠʤʝʨʥʦ ʥʘ 1 ʩʤ ʥʠʞʝ ʜʥʘ ʢʨʠʦʛʝʥʥʦʡ ʚʘʥʥʳ (ʫʩʪʘʥʦʚʢʘ 

1). ɺ ʵʪʦʡ ʟʦʥʝ ʧʨʦʠʩʭʦʜʠʣʦ ʠʩʧʘʨʝʥʠʝ ʞʠʜʢʦʛʦ ʢʠʩʣʦʨʦʜʘ ʠ ʛʨʘʥʠʮʘ ʧʣʝʥʢʠ ʥʘʙʣʶʜʘʣʘʩʴ 

ʚʠʟʫʘʣʴʥʦ (ʨʠʩ. 2ʘ). ʅʘ ʵʪʦʡ ʛʨʘʥʠʮʝ ʦʟʦʥ ʩʢʘʧʣʠʚʘʣʩʷ ʚ ʚʠʜʝ ʛʦʣʫʙʦʛʦ ʨʘʩʪʚʦʨʘ ʠ ʧʘʜʘʣ 

ʢʘʧʣʷʤʠ (ʧʨʠʤʝʨʥʦ ʦʜʥʘ ʢʘʧʣʷ ʟʘ 4 ʤʠʥʫʪʳ). ʇʦʩʣʝ ʧʘʜʝʥʠʷ ʢʘʞʜʦʡ ʢʘʧʣʠ ʠʩʧʘʨʷʣʦʩʴ ʪʘʢʦʝ 

ʢʦʣʠʯʝʩʪʚʦ ʦʟʦʥʘ, ʯʪʦ ʠʟʣʫʯʝʥʠʝ ʨʪʫʪʥʦʡ ʣʘʤʧʳ ʥʘ ʜʣʠʥʝ ʚʦʣʥʳ 253,65 ʥʤ ʧʦʣʥʦʩʪʴʶ 

ʧʦʛʣʦʱʘʣʦʩʴ ʚ ʠʟʤʝʨʠʪʝʣʴʥʦʡ ʷʯʝʡʢʝ. ʏʪʦʙʳ ʠʟʤʝʨʠʪʴ ʢʦʣʠʯʝʩʪʚʦ ʥʘʨʘʙʦʪʘʥʥʦʛʦ ʦʟʦʥʘ, 

ʧʦʪʨʝʙʦʚʘʣʦʩʴ ʟʘʤʝʜʣʠʪʴ ʧʨʦʮʝʩʩ ʠʩʧʘʨʝʥʠʷ ʦʟʦʥʘ, ʧʦʵʪʦʤʫ ʚ ʛʘʟʦʚʳʡ ʪʨʘʢʪ ʧʝʨʝʜ 

ʠʟʤʝʨʠʪʝʣʴʥʦʡ ʷʯʝʡʢʦʡ ʙʳʣ ʫʩʪʘʥʦʚʣʝʥ ʢʨʠʦʛʝʥʥʳʡ ʥʘʢʦʧʠʪʝʣʴ ʦʟʦʥʘ (ʈʠʩ. 2ʙ), ʧʨʠ ʥʘʛʨʝʚʝ 

ʢʦʪʦʨʦʛʦ ʧʨʦʠʩʭʦʜʠʣʦ ʧʦʩʪʝʧʝʥʥʦʝ ʠʩʧʘʨʝʥʠʝ ʩʣʦʠʩʪʦʛʦ ʢʦʥʜʝʥʩʘʪʘ. 

ʘ    ʙ 

ʈʠʩ.2. ʈʘʩʪʚʦʨ ʦʟʦʥʘ ʚ ʞʠʜʢʦʤ ʢʠʩʣʦʨʦʜʝ ʥʘ ʩʪʝʥʢʝ ʛʘʟʦʨʘʟʨʷʜʥʦʡ ʪʨʫʙʢʠ(ʘ);  

ʩʣʦʠʩʪʘʷ ʩʪʨʫʢʪʫʨʘ ʨʘʩʪʚʦʨʘ ʚ ʢʨʠʦʛʝʥʥʦʤ ʥʘʢʦʧʠʪʝʣʝ (ʙ).  

ɸʥʘʣʠʟ ʜʠʥʘʤʠʯʝʩʢʠʭ ʢʫʣʦʥ-ʚʦʣʴʪʦʚʳʭ Q(U) ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʧʦʟʚʦʣʷʝʪ ʠʟʤʝʨʷʪʴ 

ʘʢʪʠʚʥʫʶ ʤʦʱʥʦʩʪʴ, ʚʢʣʘʜʳʚʘʝʤʫʶ ʚ ʙʘʨʴʝʨʥʳʡ ʨʘʟʨʷʜ. ʅʘ ʈʠʩ. 3ʙ ʧʨʝʜʩʪʘʚʣʝʥ ʪʘʢ 

ʥʘʟʳʚʘʝʤʳʡ çʧʘʨʘʣʣʝʣʦʛʨʘʤʤ ʄʵʥʣʠè [3]. ʇʣʦʱʘʜʴ ʧʘʨʘʣʣʝʣʦʛʨʘʤʤʘ ʄʵʥʣʠ ʨʘʚʥʘ ʵʥʝʨʛʠʠ, 

ʚʣʦʞʝʥʥʦʡ ʚʦ ʚʨʝʤʷ ʙʘʨʴʝʨʥʦʛʦ ʨʘʟʨʷʜʘ ʟʘ ʦʜʠʥ ʧʝʨʠʦʜ ʥʘʧʨʷʞʝʥʠʷ. ʋʤʥʦʞʘʷ ʵʪʫ ʵʥʝʨʛʠʶ ʥʘ 

ʯʘʩʪʦʪʫ ʧʝʨʝʤʝʥʥʦʛʦ ʥʘʧʨʷʞʝʥʠʷ, ʧʦʣʫʯʘʝʤ ʩʨʝʜʥʶʶ ʘʢʪʠʚʥʫʶ ʤʦʱʥʦʩʪʴ, ʚʢʣʘʜʳʚʘʝʤʫʶ ʚ 

ʨʘʟʨʷʜ. ɻʦʨʠʟʦʥʪʘʣʴʥʳʝ ʧʠʯʢʠ ʥʘ ʜʠʘʛʨʘʤʤʝ ʈʠʩ. 3ʙ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʵʣʝʢʪʨʠʯʝʩʢʦʤʫ ʧʨʦʙʦʶ 

ʨʘʟʨʷʜʥʦʛʦ ʧʨʦʤʝʞʫʪʢʘ.  
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ʘ  ʙ 
ʈʠʩ. 3. ʇʝʨʝʤʝʥʥʦʝ ʥʘʧʨʷʞʝʥʠʝ U(t), ʧʨʠʣʦʞʝʥʥʦʝ ʢ ʵʣʝʢʪʨʦʜʘʤ ʙʘʨʴʝʨʥʦʛʦ ʨʘʟʨʷʜʘ (ʘʪʪʝʥʶʘʪʦʨ 

1:3000), ʠ ʥʘʧʨʷʞʝʥʠʝ Uʉ(t) ʥʘ ʠʟʤʝʨʠʪʝʣʴʥʦʤ ʢʦʥʜʝʥʩʘʪʦʨʝ, ʢʦʪʦʨʦʝ ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʦ ʟʘʨʷʜʫ 

Q(t) = ʉ Uʉ (t), ʧʨʦʰʝʜʰʝʤʫ ʯʝʨʝʟ ʙʘʨʴʝʨʥʳʡ ʨʘʟʨʷʜ (ʘ); 

ʜʠʥʘʤʠʯʝʩʢʘʷ ʢʫʣʦʥ-ʚʦʣʴʪʦʚʘʷ Q(U) ʭʘʨʘʢʪʝʨʠʩʪʠʢʘ ʙʘʨʴʝʨʥʦʛʦ ʨʘʟʨʷʜʘ  

(çʧʘʨʘʣʣʝʣʦʛʨʘʤʤ ʄʵʥʣʠè), (ʙ). 

 

 

ʈʠʩ. 4. ɸʢʪʠʚʥʘʷ ʤʦʱʥʦʩʪʴ, ʚʢʣʘʜʳʚʘʝʤʘʷ ʚ ʙʘʨʴʝʨʥʳʡ ʨʘʟʨʷʜ (ʚʪʦʨʘʷ ʫʩʪʘʥʦʚʢʘ), ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ 

ʘʤʧʣʠʪʫʜʳ ʧʝʨʝʤʝʥʥʦʛʦ ʚʳʩʦʢʦʚʦʣʴʪʥʦʛʦ ʥʘʧʨʷʞʝʥʠʷ: ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ (1) ʠ ʧʨʠ 

ʢʨʠʦʛʝʥʥʦʤ ʦʭʣʘʞʜʝʥʠʠ ʛʘʟʦʨʘʟʨʷʜʥʦʡ ʢʚʘʨʮʝʚʦʡ ʪʨʫʙʳ (2) 

ʅʘ ʈʠʩ. 4 ʧʨʝʜʩʪʘʚʣʝʥʘ ʟʘʚʠʩʠʤʦʩʪʴ ʘʢʪʠʚʥʦʡ ʤʦʱʥʦʩʪʠ W, ʚʢʣʘʜʳʚʘʝʤʦʡ ʚ ʙʘʨʴʝʨʥʳʡ ʨʘʟʨʷʜ, 

ʦʪ ʘʤʧʣʠʪʫʜʳ ʧʝʨʝʤʝʥʥʦʛʦ ʚʳʩʦʢʦʚʦʣʴʪʥʦʛʦ ʥʘʧʨʷʞʝʥʠʷ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ (ʢʨʠʚʘʷ 

1) ʠ ʧʨʠ ʢʨʠʦʛʝʥʥʦʤ ʦʭʣʘʞʜʝʥʠʠ ʞʠʜʢʠʤ ʘʟʦʪʦʤ (ʢʨʠʚʘʷ 2). ʇʨʠ ʧʦʚʳʰʝʥʠʠ ʘʤʧʣʠʪʫʜʳ 

ʥʘʧʨʷʞʝʥʠʷ ʜʦ 14 ʢɺ ʘʢʪʠʚʥʘʷ ʤʦʱʥʦʩʪʴ ʚʦʟʨʘʩʪʘʣʘ ʧʨʠʤʝʨʥʦ ʦʜʠʥʘʢʦʚʦ ʢʘʢ ʧʨʠ ʢʦʤʥʘʪʥʦʡ 

ʪʝʤʧʝʨʘʪʫʨʝ, ʪʘʢ ʠ ʧʨʠ ʢʨʠʦʛʝʥʥʦʤ ʦʭʣʘʞʜʝʥʠʠ. ʆʜʥʘʢʦ, ʧʨʠ ʜʘʣʴʥʝʡʰʝʤ ʧʦʚʳʰʝʥʠʠ 

ʘʤʧʣʠʪʫʜʳ ʥʘʧʨʷʞʝʥʠʷ ʘʢʪʠʚʥʘʷ ʤʦʱʥʦʩʪʴ, ʚʢʣʘʜʳʚʘʝʤʘʷ ʚ ʢʨʠʦʛʝʥʥʳʡ ʨʘʟʨʷʜ, ʧʨʝʚʳʰʘʣʘ 

ʤʦʱʥʦʩʪʴ, ʚʢʣʘʜʳʚʘʝʤʫʶ ʚ ʥʝʦʭʣʘʞʜʘʝʤʳʡ ʨʘʟʨʷʜ, ʧʨʠʤʝʨʥʦ ʚ ʧʦʣʪʦʨʘ ʨʘʟʘ. 

ɺʦʟʤʦʞʥʦ, ʧʨʠʯʠʥʘ ʧʦʚʳʰʝʥʠʷ ʚʢʣʘʜʳʚʘʝʤʦʡ ʤʦʱʥʦʩʪʠ ʩʚʷʟʘʥʘ ʩ ʪʝʤ, ʯʪʦ ʧʨʠ 

ʢʨʠʦʛʝʥʥʦʤ ʦʭʣʘʞʜʝʥʠʠ ʠʟ-ʟʘ ʢʦʥʜʝʥʩʘʮʠʠ ʢʠʩʣʦʨʦʜʘ ʚ ʚʠʜʝ ʧʣʝʥʢʠ ʥʘ ʢʨʠʦʛʝʥʥʦ 

ʦʭʣʘʞʜʘʝʤʳʭ ʩʪʝʥʢʘʭ ʛʘʟʦʨʘʟʨʷʜʥʦʡ ʪʨʫʙʳ ʩʦʢʨʘʱʘʣʘʩʴ ʪʦʣʱʠʥʘ ʛʘʟʦʨʘʟʨʷʜʥʦʛʦ ʧʨʦʤʝʞʫʪʢʘ. 

ɼʨʫʛʘʷ ʚʦʟʤʦʞʥʘʷ ʧʨʠʯʠʥʘ ʩʚʷʟʘʥʘ ʩ ʠʟʤʝʥʝʥʠʝʤ ʧʦʜʚʠʞʥʦʩʪʠ ʟʘʨʷʞʝʥʥʳʭ ʯʘʩʪʠʮ ʥʘ 
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ʧʦʚʝʨʭʥʦʩʪʠ ʧʣʝʥʢʠ ʞʠʜʢʦʛʦ ʢʠʩʣʦʨʦʜʘ ʚ ʪʝʯʝʥʠʝ ʚʨʝʤʝʥʥʦʛʦ ʧʨʦʤʝʞʫʪʢʘ ʤʝʞʜʫ 

ʤʠʢʨʦʨʘʟʨʷʜʘʤʠ, ʠʟ ʢʦʪʦʨʳʭ ʩʦʩʪʦʠʪ ʙʘʨʴʝʨʥʳʡ ʨʘʟʨʷʜ [1]. 

ʇʨʦʚʝʜʝʥʦ ʩʨʘʚʥʝʥʠʝ ʚʳʭʦʜʘ ʦʟʦʥʘ ʧʨʠ ʜʚʫʭ ʩʧʦʩʦʙʘʭ ʢʨʠʦʛʝʥʥʦʛʦ ʦʭʣʘʞʜʝʥʠʷ: ʩʦ 

ʩʪʦʨʦʥʳ ʮʝʥʪʨʘʣʴʥʦʛʦ ʤʝʪʘʣʣʠʯʝʩʢʦʛʦ ʵʣʝʢʪʨʦʜʘ ʠ ʩʦ ʩʪʦʨʦʥʳ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʙʘʨʴʝʨʘ. 

ʆʙʥʘʨʫʞʝʥʦ, ʯʪʦ ʢʨʠʦʛʝʥʥʦʝ ʦʭʣʘʞʜʝʥʠʝ ʩʦ ʩʪʦʨʦʥʳ ʙʘʨʴʝʨʘ ʧʨʠʚʦʜʠʪ ʢ ʫʚʝʣʠʯʝʥʠʶ ʚʳʭʦʜʘ 

ʦʟʦʥʘ ʚ ʢʨʠʦʛʝʥʥʦʡ ʧʣʘʟʤʝ ʙʘʨʴʝʨʥʦʛʦ ʨʘʟʨʷʜʘ. ʕʪʦʪ ʨʝʟʫʣʴʪʘʪ ʩʦʛʣʘʩʫʝʪʩʷ ʩ ʚʳʚʦʜʦʤ ʦ ʪʦʤ, 

ʯʪʦ ʚ ʙʘʨʴʝʨʥʦʤ ʨʘʟʨʷʜʝ ʩʠʥʪʝʟ ʦʟʦʥʘ ʧʨʦʠʩʭʦʜʠʪ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʚʙʣʠʟʠ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʛʦ 

ʙʘʨʴʝʨʘ [4].  

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʚʧʝʨʚʳʝ ʧʨʦʚʝʜʝʥʦ ʠʩʩʣʝʜʦʚʘʥʠʝ ʧʦ ʜʠʘʛʥʦʩʪʠʢʝ ʢʨʠʦʛʝʥʥʦʡ ʧʣʘʟʤʳ 

ʙʘʨʴʝʨʥʦʛʦ ʨʘʟʨʷʜʘ ʚ ʛʝʪʝʨʦʬʘʟʥʦʡ ʩʤʝʩʠ (ʛʘʟʦʦʙʨʘʟʥʦʛʦ ʠ ʞʠʜʢʦʛʦ) ʢʠʩʣʦʨʦʜʘ. 

ʇʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥʦ, ʯʪʦ ʧʨʠ ʢʨʠʦʛʝʥʥʦʤ ʦʭʣʘʞʜʝʥʠʠ ʟʥʘʯʠʪʝʣʴʥʦ ʚʦʟʨʘʩʪʘʝʪ ʘʢʪʠʚʥʘʷ 

ʤʦʱʥʦʩʪʴ, ʚʢʣʘʜʳʚʘʝʤʘʷ ʚ ʙʘʨʴʝʨʥʳʡ ʨʘʟʨʷʜ. ʇʨʦʚʝʜʝʥʦ ʩʨʘʚʥʝʥʠʝ ʚʳʭʦʜʘ ʦʟʦʥʘ ʧʨʠ ʜʚʫʭ 

ʩʧʦʩʦʙʘʭ ʢʨʠʦʛʝʥʥʦʛʦ ʦʭʣʘʞʜʝʥʠʷ: ʩʦ ʩʪʦʨʦʥʳ ʤʝʪʘʣʣʠʯʝʩʢʦʛʦ ʵʣʝʢʪʨʦʜʘ ʠ ʩʦ ʩʪʦʨʦʥʳ 

ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʙʘʨʴʝʨʘ. ʆʙʥʘʨʫʞʝʥʦ, ʯʪʦ ʢʨʠʦʛʝʥʥʦʝ ʦʭʣʘʞʜʝʥʠʝ ʩʦ ʩʪʦʨʦʥʳ ʙʘʨʴʝʨʘ 

ʧʨʠʚʦʜʠʪ ʢ ʫʚʝʣʠʯʝʥʠʶ ʚʳʭʦʜʘ ʦʟʦʥʘ ʚ ʢʨʠʦʛʝʥʥʦʡ ʧʣʘʟʤʝ ʙʘʨʴʝʨʥʦʛʦ ʨʘʟʨʷʜʘ.  

ʀʩʩʣʝʜʦʚʘʥʠʝ ʚʳʧʦʣʥʝʥʦ ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ ʧʦʜʜʝʨʞʢʝ ʈʌʌʀ ʚ ʨʘʤʢʘʭ ʥʘʫʯʥʦʛʦ ʧʨʦʝʢʪʘ 

 ̄18-02-00920. 
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ICP ʄɸʉʉ-ʉʇɽʂʊʈʆʄɽʊʈʀʗ ɺ ɸʅɸʃʀɿɽ ʌɽʅʆʄɽʅɸ 

ʅʀɿʂʆʕʅɽʈɻɽʊʀʏɽʉʂʀʍ ʗɼɽʈʅʓʍ ʈɽɸʂʎʀʁ, ʀʅʀʎʀʀʈʋɽʄʓʍ ɺ 

ʄɽʊɸʃʃɸʍ ɺ ʋʉʃʆɺʀʗʍ ʊʃɽʖʑɽɻʆ ʈɸɿʈʗɼɸ  
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ʌʝʥʦʤʝʥ ʥʠʟʢʦʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʷʜʝʨʥʳʭ ʨʝʘʢʮʠʡ (Low energy nuclear reactions ï LENR) 

ʦʙʩʫʞʜʘʝʪʩʷ ʥʘʠʙʦʣʝʝ ʦʩʪʨʦ ʚ ʧʦʩʣʝʜʥʠʝ 30 ʣʝʪ, ʧʦʩʣʝ ʧʦʷʚʣʝʥʠʷ ʨʘʙʦʪʳ ʌʣʝʡʰʤʘʥʘ, ʇʦʥʩʘ ʠ 

ʍʦʢʠʥʩʘ [1], ʚ ʢʦʪʦʨʦʡ ʧʨʠ ʵʣʝʢʪʨʦʣʠʟʝ ʪʷʞʝʣʦʡ ʚʦʜʳ D2O ʩ Pd-ʢʘʪʦʜʦʤ ʬʠʢʩʠʨʦʚʘʣʦʩʴ 

ʦʙʨʘʟʦʚʘʥʠʝ ʥʝʡʪʨʦʥʦʚ ʠ ʪʨʠʪʠʷ ʩ ʦʜʥʦʚʨʝʤʝʥʥʳʤ ʠʟʙʳʪʦʯʥʳʤ ʚʳʜʝʣʝʥʠʝʤ ʪʝʧʣʘ. ʕʪʦʪ 

ʨʝʟʫʣʴʪʘʪ ʥʝ ʤʦʛ ʙʳʪʴ ʧʦʥʷʪ ʚ ʨʘʤʢʘʭ ʠʟʚʝʩʪʥʳʭ ʧʨʝʜʩʪʘʚʣʝʥʠʡ ʷʜʝʨʥʦʡ ʬʠʟʠʢʠ, ʩʦʛʣʘʩʥʦ 

ʢʦʪʦʨʳʤ ʪʘʢʠʝ ʧʨʦʮʝʩʩʳ ʤʦʛʣʠ ʧʨʦʜʫʮʠʨʦʚʘʪʴʩʷ ʣʠʰʴ ʧʨʠ ʩʣʠʷʥʠʠ ʷʜʝʨ ʜʝʡʪʝʨʠʷ, ʜʣʷ ʯʝʛʦ 

ʪʨʝʙʦʚʘʣʠʩʴ ʵʥʝʨʛʠʠ, ʙʦʣʴʰʠʝ ʥʝ ʤʝʥʝʝ ʯʝʤ ʥʘ 6 ʧʦʨʷʜʢʦʚ, ʠ ʜʦʣʞʥʳ ʙʳʣʠ ʩʦʧʨʦʚʦʞʜʘʪʴʩʷ 

ʦʧʘʩʥʦʡ ʨʘʜʠʘʮʠʝʡ, ʢʦʪʦʨʘʷ ʚ ʫʩʣʦʚʠʷʭ ʵʢʩʧʝʨʠʤʝʥʪʘ [1] ʥʝ ʬʠʢʩʠʨʦʚʘʣʘʩʴ. ʇʦʵʪʦʤʫ 

ʬʠʟʠʯʝʩʢʦʝ ʩʦʦʙʱʝʩʪʚʦ ʥʝ ʤʦʛʣʦ ʧʨʠʥʷʪʴ ʵʪʦʪ ʨʝʟʫʣʴʪʘʪ. 

ʆʜʥʘʢʦ ʟʘ ʧʨʦʰʝʜʰʠʝ 30 ʣʝʪ ʧʦʣʫʯʝʥʦ ʤʥʦʛʦ ʥʦʚʦʡ ʠʥʬʦʨʤʘʮʠʠ (ʥʘʧʨʠʤʝʨ, [2-4]). ʀ 

ʩʪʘʥʦʚʠʪʩʷ ʷʩʥʳʤ, ʯʪʦ ʫʩʪʘʥʦʚʣʝʥʠʝ ʩʫʱʥʦʩʪʠ ʬʝʥʦʤʝʥʘ LENR ʩʚʦʜʠʪʩʷ ʢ ʘʜʝʢʚʘʪʥʦʤʫ 

ʧʦʥʠʤʘʥʠʶ ʩʦʩʪʦʷʥʠʷ ʥʝʨʘʚʥʦʚʝʩʥʦʡ ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ ʧʣʘʟʤʳ ʧʨʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʠ ʩ 

ʧʦʚʝʨʭʥʦʩʪʴʶ ʤʝʪʘʣʣʦʚ, ʘ ʪʘʢʞʝ ʠʟʤʝʥʝʥʠʡ ʩʪʨʫʢʪʫʨʳ ʧʨʠʧʦʚʝʨʭʥʦʩʪʥʳʭ ʩʣʦʝʚ ʤʝʪʘʣʣʦʚ ʧʨʠ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʠ ʩ ʧʣʘʟʤʝʥʥʳʤʠ ʧʦʪʦʢʘʤʠ. 

ʉ ʪʘʢʦʡ ʪʦʯʢʠ ʟʨʝʥʠʷ ʠʥʬʦʨʤʘʮʠʦʥʥʫʶ ʟʥʘʯʠʤʦʩʪʴ ʧʨʠʦʙʨʝʪʘʶʪ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ʜʠʥʘʤʠʢʠ ʷʜʝʨʥʳʭ ʧʨʝʚʨʘʱʝʥʠʡ ʚ ʫʩʣʦʚʠʷʭ ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ ʧʣʘʟʤʳ, ʬʦʨʤʠʨʫʝʤʦʡ ʧʨʠ 

ʪʣʝʶʱʝʤ ʨʘʟʨʷʜʝ ʚ ʧʨʦʪʠʡ- ʠ ʜʝʡʪʝʨʦʩʦʜʝʨʞʘʱʠʭ ʛʘʟʦʚʳʭ ʩʨʝʜʘʭ [5]. ʄʦʞʥʦ ʧʦʣʘʛʘʪʴ, ʯʪʦ ʧʨʠ 

ʠʥʠʮʠʠʨʦʚʘʥʠʠ ʷʜʝʨʥʳʭ ʧʨʦʮʝʩʩʦʚ ʚ ʪʘʢʠʭ ʫʩʣʦʚʠʷʭ ʧʨʠ ʤʘʩʩ-ʩʧʝʢʪʨʦʤʝʪʨʠʯʝʩʢʦʤ ʢʦʥʪʨʦʣʝ 

ʠʟʦʪʦʧʥʦʛʦ ʩʦʩʪʘʚʘ ʠʩʭʦʜʥʦʛʦ ʤʝʪʘʣʣʘ ʠ ʥʘʭʦʜʷʱʠʭʩʷ ʚ ʝʛʦ ʦʙʲʝʤʝ ʧʨʠʤʝʩʥʳʭ ʵʣʝʤʝʥʪʦʚ, ʘ 

ʪʘʢʞʝ ʠʟʤʝʥʝʥʠʡ ʚ ʠʩʭʦʜʥʦʤ ʠʟʦʪʦʧʥʦʤ ʩʦʩʪʘʚʝ ʧʨʠʧʦʚʝʨʭʥʦʩʪʥʳʭ ʩʣʦʝʚ ʤʝʪʘʣʣʦʚ ʧʦʩʣʝ 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʡ ʦʙʨʘʙʦʪʢʠ ʚ ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ ʧʣʘʟʤʝ, ʦʪʢʨʳʚʘʶʪʩʷ ʚʦʟʤʦʞʥʦʩʪʠ 

ʫʩʪʘʥʦʚʣʝʥʠʷ ʤʝʭʘʥʠʟʤʦʚ ʧʨʦʠʩʭʦʜʷʱʠʭ ʠʟʤʝʥʝʥʠʡ.  

ʅʘ ʦʩʥʦʚʝ ʪʘʢʠʭ ʧʨʝʜʧʦʩʳʣʦʢ ʧʦʩʪʨʦʝʥʦ ʜʘʥʥʦʝ ʩʦʦʙʱʝʥʠʝ, ʚ ʢʦʪʦʨʦʤ ʧʨʝʜʩʪʘʚʣʝʥʳ 

ʨʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʵʬʬʝʢʪʦʚ ʠʤʧʫʣʴʩʥʦʛʦ ʚʦʟʜʝʡʩʪʚʠʷ ʥʝʨʘʚʥʦʚʝʩʥʦʡ ʚʦʜʦʨʦʜʥʦʡ 

ʧʣʘʟʤʳ ʪʣʝʶʱʝʛʦ ʨʘʟʨʷʜʘ ʩ ʜʘʚʣʝʥʠʝʤ (5-10) ʊʦʨʨ ʥʘ ʥʠʢʝʣʝʚʳʡ ʢʘʪʦʜ. ʋʩʪʘʥʦʚʢʘ ʪʣʝʶʱʝʛʦ 

ʨʘʟʨʷʜʘ ʦʧʠʩʘʥʘ ʚ ʨʘʙʦʪʝ [5]. ʈʝʛʠʩʪʨʠʨʫʝʤʳʝ ʚ ʧʨʦʮʝʩʩʝ ʵʢʩʧʝʨʠʤʝʥʪʘ ʦʩʮʠʣʣʦʛʨʘʬʦʤ 
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Tektronix ʚʝʣʠʯʠʥʳ ʪʦʢʘ ʠ ʥʘʧʨʷʞʝʥʠʷ ʚ ʧʣʘʟʤʝ ʨʘʟʨʷʜʘ ʩʦʩʪʘʚʣʷʣʠ (1 - 3) ɸ ʠ (1 - 4) ʢɺ, 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. 

ɼʣʷ ʧʨʦʚʝʜʝʥʠʷ ʤʘʩʩ-ʩʧʝʢʪʨʦʤʝʪʨʠʯʝʩʢʦʛʦ ʘʥʘʣʠʟʘ ʩʦʩʪʘʚʘ ʧʨʠʧʦʚʝʨʭʥʦʩʪʥʳʭ ʩʣʦʝʚ 

Niʢʘʪʦʜʦʚ, ʠʩʭʦʜʥʳʭ ʠ ʧʨʦʰʝʜʰʠʭ ʧʣʘʟʤʝʥʥʫʶ ʦʙʨʘʙʦʪʢʫ, ʠʩʧʦʣʴʟʦʚʘʣʩʷ ICP ʤʘʩʩ-

ʩʧʝʢʪʨʦʤʝʪʨ ELAN DRC-e (Perkin Elmer Sciex, ʂʘʥʘʜʘ) ʩ ʣʘʟʝʨʥʦʘʙʣʷʮʠʦʥʥʳʤ ʜʦʟʘʪʦʨʦʤ UP-

213 (New Wave Research, ʉʐɸ). ʇʣʦʱʘʜʢʘ ʜʣʷ ʩʢʘʥʠʨʦʚʘʥʠʷ ʚʳʙʠʨʘʣʦʩʴ ʨʘʟʤʝʨʦʤ 3³1 ʤʤ2 .  

ɼʣʷ ʢʘʞʜʦʛʦ ʠʟ ʦʙʨʘʟʮʦʚ (ʠʩʭʦʜʥʳʭ ʠ ʦʙʨʘʙʦʪʘʥʥʳʭ ʚ ʪʣʝʶʱʝʤ ʨʘʟʨʷʜʝ) ʠʟʤʝʨʷʣʩʷ 

ʬʦʥʦʚʳʡ ʩʠʛʥʘʣ (ʙʝʟ ʣʘʟʝʨʥʦʡ ʘʙʣʷʮʠʠ ʦʙʨʘʟʮʦʚ), ʢʦʪʦʨʳʡ ʧʨʠ ʘʥʘʣʠʟʝ ʚʳʯʠʪʘʣʩʷ. ɼʣʷ 

ʫʩʪʨʘʥʝʥʠʷ ʤʘʩʩ-ʩʧʝʢʪʨʘʣʴʥʳʭ ʥʘʣʦʞʝʥʠʡ ʙʳʣʘ ʠʩʧʦʣʴʟʦʚʘʥʘ ʪʝʭʥʦʣʦʛʠʷ DRCÊ. ɿʘʣʦʞʝʥʥʘʷ ʚ 

ʧʨʦʛʨʘʤʤʝ ʘʥʘʣʠʟʘ ʚʦʟʤʦʞʥʦʩʪʴ ʦʮʝʥʢʠ ʩʦʧʦʩʪʘʚʣʝʥʠʷ ʨʘʩʧʨʦʩʪʨʘʥʝʥʥʦʩʪʠ ʬʠʢʩʠʨʫʝʤʳʭ 

ʛʨʫʧʧ ʠʟʦʪʦʧʦʚ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʦʧʨʝʜʝʣʝʥʥʦʤʫ ʵʣʝʤʝʥʪʫ, ʩ ʧʨʠʨʦʜʥʳʤ ʩʦʜʝʨʞʘʥʠʝʤ 

ʠʟʦʪʦʧʦʚ ʜʣʷ ʵʪʦʛʦ ʵʣʝʤʝʥʪʘ, ʧʦʟʚʦʣʷʣʘ ʩ ʥʘʠʙʦʣʴʰʝʡ ʚʝʨʦʷʪʥʦʩʪʴʶ ʦʧʨʝʜʝʣʠʪʴʩʷ ʩ 

ʭʠʤʠʯʝʩʢʠʤ ʩʦʩʪʘʚʦʤ ʧʨʠʤʝʩʥʳʭ ʵʣʝʤʝʥʪʦʚ.  ɼʣʷ ʢʘʞʜʦʛʦ ʦʙʨʘʟʮʘ, ʢʘʢ ʠʩʭʦʜʥʦʛʦ, ʪʘʢ ʠ 

ʧʦʜʚʝʨʛʥʫʪʦʛʦ ʦʙʨʘʙʦʪʢʝ, ʙʳʣʦ ʧʨʦʚʝʜʝʥʦ ʧʦ 15 ʠʟʤʝʨʝʥʠʡ ʩʧʝʢʪʨʦʚ ʤʘʩʩ. ʂʦʣʠʯʝʩʪʚʦ 

ʠʟʤʝʨʷʝʤʳʭ ʠʤʧʫʣʴʩʦʚ, ʦʪʥʦʩʷʱʝʝʩʷ ʢ ʢʘʞʜʦʡ ʤʘʩʩʝ, ʩʫʤʤʠʨʦʚʘʣʦʩʴ, ʧʦʩʢʦʣʴʢʫ ʯʠʩʣʦ 

ʠʤʧʫʣʴʩʦʚ  ʩʠʣʴʥʦ ʠʟʤʝʥʷʝʪʩʷ ʦʪ ʠʟʤʝʨʝʥʠʷ ʢ ʠʟʤʝʨʝʥʠʶ, ʯʪʦ ʦʧʨʝʜʝʣʷʝʪʩʷ ʤʥʦʞʝʩʪʚʝʥʥʳʤʠ 

ʜʝʬʝʢʪʘʤʠ ʩʪʨʫʢʪʫʨʳ ʧʨʠʧʦʚʝʨʭʥʦʩʪʥʳʭ ʩʣʦʝʚ ʦʙʨʘʟʮʦʚ ʧʨʠ ʦʙʣʫʯʝʥʠʠ ʧʦʚʝʨʭʥʦʩʪʠ  

ʘʨʛʦʥʦʚʦʡ ʧʣʘʟʤʦʡ ʚ ʧʨʦʮʝʩʩʝ ʘʥʘʣʠʟʘ ʠ ʜʦʩʪʘʪʦʯʥʦ ʜʣʠʪʝʣʴʥʦʡ 40 ʯʘʩʦʚ ʦʙʨʘʙʦʪʢʠ ʦʙʨʘʟʮʦʚ ʚ 

ʧʣʘʟʤʝ ʪʣʝʶʱʝʛʦ ʨʘʟʨʷʜʘ. ʇʦ ʩʦʚʦʢʫʧʥʦʩʪʠ ʠʟʤʝʨʝʥʠʡ ʜʣʷ ʢʘʞʜʦʛʦ ʦʙʨʘʟʮʘ ʙʳʣʘ ʧʨʦʚʝʜʝʥʘ 

ʦʮʝʥʢʘ ʢʦʥʮʝʥʪʨʘʮʠʡ ʠʟʦʪʦʧʦʚ ʠ ʦʧʨʝʜʝʣʝʥʳ ʩʪʘʪʠʯʝʩʢʠʝ ʦʰʠʙʢʠ ʠʟʤʝʨʝʥʠʡ. ʇʦʣʫʯʝʥʥʳʝ ʚ 

ʦʜʥʦʤ ʠʟ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʜʘʥʥʳʝ ʦ ʩʫʤʤʘʨʥʳʭ ʚʝʣʠʯʠʥʘʭ ʠʤʧʫʣʴʩʦʚ ʜʣʷ ʠʟʦʪʦʧʦʚ ʦʙʨʘʟʮʘ 

ʥʠʢʝʣʷ ʠ ʩʦʜʝʨʞʘʱʠʭʩʷ ʚ ʦʙʨʘʟʮʝ ʧʨʠʤʝʩʥʳʭ ʠʟʦʪʦʧʘʭ Fe, Zn  ʠ Cu, ʦʙ ʠʩʭʦʜʥʳʭ ʜʦʣʷʭ 

ʢʘʞʜʦʛʦ ʠʟʦʪʦʧʘ ʚ ʠʩʩʣʝʜʫʝʤʦʤ ʦʙʨʘʟʮʝ ʥʠʢʝʣʷ, ʦʙ ʠʟʤʝʥʝʥʠʠ ʵʪʠʭ ʜʦʣʝʡ ʧʦʩʣʝ ʚʦʟʜʝʡʩʪʚʠʷ ʥʘ 

ʦʙʨʘʟʝʮ ʥʝʨʘʚʥʦʚʝʩʥʦʡ ʧʣʘʟʤʳ ʪʣʝʶʱʝʛʦ ʨʘʟʨʷʜʘ, ʘ ʪʘʢʞʝ ʦ ʨʘʩʧʨʦʩʪʨʘʥʝʥʥʦʩʪʠ 

ʘʥʘʣʠʟʠʨʫʝʤʳʭ ʠʟʦʪʦʧʦʚ ʚ ʧʨʠʨʦʜʝ ʧʨʝʜʩʪʘʚʣʝʥʳ (ʚʤʝʩʪʝ ʩʦ ʩʪʘʪʠʩʪʠʯʝʩʢʠʤʠ ʦʰʠʙʢʘʤʠ) ʚ 

ʊʘʙʣʠʮʝ 1 (ʜʣʷ ʠʟʦʪʦʧʦʚ ʙʘʟʦʚʦʛʦ ʵʣʝʤʝʥʪʘ Ni), ʚ ʊʘʙʣʠʮʘʭ 2, 3 ʠ 4 (ʜʣʷ ʧʨʠʤʝʩʥʳʭ ʵʣʝʤʝʥʪʦʚ 

Fe, Zn  ʠ Cu).  

ʇʨʝʜʩʪʘʚʣʝʥʥʳʝ ʚ ʊʘʙʣʠʮʘʭ ʨʝʟʫʣʴʪʘʪʳ ʦʜʥʦʟʥʘʯʥʦ ʫʢʘʟʳʚʘʶʪ ʥʘ ʬʝʥʦʤʝʥ ʠʟʤʝʥʝʥʠʷ 

ʠʟʦʪʦʧʥʳʭ ʩʦʦʪʥʦʰʝʥʠʡ, ʢʘʢ ʚ ʦʩʥʦʚʥʦʤ ʵʣʝʤʝʥʪʝ Ni, ʪʘʢ ʠ ʚ ʧʨʠʤʝʩʥʳʭ ʵʣʝʤʝʥʪʘʭ ʧʦʜ 

ʚʦʟʜʝʡʩʪʚʠʝʤ ʥʘ ʦʙʨʘʟʝʮ ʥʝʨʘʚʥʦʚʝʩʥʦʡ ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ ʧʣʘʟʤʳ. ɹʦʣʝʝ ʪʦʛʦ, ʦʙʱʝʝ 

ʢʦʣʠʯʝʩʪʚʦ ʫʢʘʟʘʥʥʳʭ ʧʨʠʤʝʩʥʳʭ ʵʣʝʤʝʥʪʦʚ ʚ ʧʨʠʧʦʚʝʨʭʥʦʩʪʥʦʡ ʦʙʣʘʩʪʠ ʠʩʭʦʜʥʦʛʦ ʦʙʨʘʟʮʘ 

ʥʠʢʝʣʷ ʩʫʱʝʩʪʚʝʥʥʦ, ʘ ʥʝʢʦʪʦʨʳʭ ʠʟʦʪʦʧʦʚ ï ʧʨʘʢʪʠʯʝʩʢʠ ʧʦʣʥʦʩʪʴʶ ʩʦʢʨʘʱʘʝʪʩʷ, ʯʪʦ 

ʫʢʘʟʳʚʘʝʪ ʥʘ ʨʝʘʣʠʟʘʮʠʶ ʚ ʦʙʲʝʤʝ ʥʠʢʝʣʷ ʷʜʝʨʥʳʭ ʧʨʦʮʝʩʩʦʚ, ʠʥʠʮʠʠʨʫʶʱʠʭ ʨʘʟʣʦʞʝʥʠʝ ʚʩʝʭ 

ʧʨʠʚʦʜʠʤʳʭ ʠʟʦʪʦʧʦʚ Fe, Zn  ʠ Cu.  
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ʆʙʩʫʞʜʘʶʪʩʷ ʚʦʟʤʦʞʥʳʝ ʧʨʠʯʠʥʳ ʧʨʦʠʩʭʦʜʷʱʠʭ ʠʟʤʝʥʝʥʠʡ ʚ ʦʪʥʦʩʠʪʝʣʴʥʦʤ 

ʩʦʜʝʨʞʘʥʠʠ ʚʩʝʭ ʬʠʢʩʠʨʫʝʤʳʭ ʠʟʦʪʦʧʦʚ, ʘ ʪʘʢʞʝ ʚʦʟʤʦʞʥʳʝ ʤʝʭʘʥʠʟʤʳ ʠʥʠʮʠʠʨʦʚʘʥʠʷ 

ʷʜʝʨʥʳʭ ʧʨʦʮʝʩʩʦʚ ʨʘʩʧʘʜʘ ʧʨʠʤʝʩʥʳʭ ʠʟʦʪʦʧʦʚ Fe, Zn  ʠ Cu. ɺ ʦʩʥʦʚʝ ʪʘʢʦʛʦ ʘʥʘʣʠʟʘ ï 

ʨʘʥʝʝ ʨʘʟʚʠʪʳʝ ʦʜʥʠʤ ʠʟ ʘʚʪʦʨʦʚ ʧʨʝʜʩʪʘʚʣʝʥʠʷ ʦ ʚʦʟʤʦʞʥʦʩʪʠ ʦʙʨʘʟʦʚʘʥʠʷ ʚ 

ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ ʧʣʘʟʤʝ ʤʝʪʘʩʪʘʙʠʣʴʥʳʭ ʷʜʝʨ ("-b ʷʜʝʨ") ʩ ʣʦʢʘʣʴʥʦ ʥʘʨʫʰʝʥʥʦʡ 

ʥʫʢʣʦʥʥʦʡ ʩʪʨʫʢʪʫʨʦʡ [5, 6]. ʊʘʢʠʝ ʷʜʨʘ ʤʦʛʫʪ ʦʙʨʘʟʦʚʳʚʘʪʴʩʷ ʧʨʠ ʥʝʫʧʨʫʛʦʤ ʨʘʩʩʝʷʥʠʠ 

ʚʳʩʦʢʦʵʥʝʨʛʝʪʠʯʥʳʭ (ʧʦ "ʭʠʤʠʯʝʩʢʠʤ" ʤʘʩʰʪʘʙʘʤ) ʵʣʝʢʪʨʦʥʦʚ ʩ ʢʠʥʝʪʠʯʝʩʢʠʤʠ ʵʥʝʨʛʠʷʤʠ eE  

~ 3-5 ʵɺ ʩ ʷʜʨʘʤʠ ʧʦ ʢʘʥʘʣʫ ʩʣʘʙʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ. 

ʊʘʙʣʠʮʘ 1 ʉʦʦʪʥʦʰʝʥʠʝ ʠʟʦʪʦʧʦʚ Niʧʦʩʣʝ ʦʙʨʘʙʦʪʢʠ ʚ ʚʦʜʦʨʦʜʥʦʡ ʧʣʘʟʤʝ 

Ni 58 60 61 62 

ʇʨʠʨʦʜʥʦʝ ʩʦʜʝʨʞʘʥʠʝ ʠʟʦʪʦʧʘ, % 68.72 26.47 1.15 3.66 

ɺ ʠʩʭʦʜʥʦʤ 

ʦʙʨʘʟʮʝ 

% 61.41Ñ0.25 31.57Ñ0.14 1.14Ñ0.02 5.88Ñ0.04 

ʦʙʱʝʝ ʯʠʩʣʦ ʠʤʧʫʣʴʩʦʚ 403613 207505 7470 38670 

ʇʦʩʣʝ 

ʚʦʜʦʨʦʜʥʦʡ 

ʧʣʘʟʤʳ 

% 66.58Ñ0.03 27.86Ñ0.02 1.31Ñ0.00 4.25Ñ0.00 

ʦʙʱʝʝ ʯʠʩʣʦ ʠʤʧʫʣʴʩʦʚ 24 557 781 10 275 778 483 529 1 565 551 

ʊʘʙʣʠʮʘ 2 ʉʦʦʪʥʦʰʝʥʠʝ ʠʟʦʪʦʧʦʚ FeʚNiʧʦʩʣʝ ʦʙʨʘʙʦʪʢʠ ʚ ʚʦʜʦʨʦʜʥʦʡ ʧʣʘʟʤʝ 

Fe 54 56 57 

ʇʨʠʨʦʜʥʦʝ ʩʦʜʝʨʞʘʥʠʝ ʠʟʦʪʦʧʘ, % 5.862 92.01 2.13 

ɺ ʠʩʭʦʜʥʦʤ 

ʦʙʨʘʟʮʝ 

% 6.55°0.02 91.22°0.10 2.23°0.01 

ʦʙʱʝʝ ʯʠʩʣʦ ʠʤʧʫʣʴʩʦʚ 320951 4472848 109286 

ʇʦʩʣʝ 

ʚʦʜʦʨʦʜʥʦʡ 

ʧʣʘʟʤʳ 

% 18.85°0.10 79.56°0.26 1.59°0.02 

ʦʙʱʝʝ ʯʠʩʣʦ ʠʤʧʫʣʴʩʦʚ 120542 508803 10174 

ʂʦʣʠʯʝʩʪʚʦ ʦʩʪʘʚʰʝʛʦʩʷ ʠʟʦʪʦʧʘ, % 37.6 11.4 9.3 

 

ʊʘʙʣʠʮʘ 3 - ʉʦʦʪʥʦʰʝʥʠʝ ʠʟʦʪʦʧʦʚ Zn  ʚ Ni  ʧʦʩʣʝ ʦʙʨʘʙʦʪʢʠ ʚ ʚʦʜʦʨʦʜʥʦʡ ʧʣʘʟʤʝ 

Zn 64 66 67 68 70 

ʇʨʠʨʦʜʥʦʝ ʩʦʜʝʨʞ. 

ʠʟʦʪʦʧʘ, % 

48.63 27.90 4.10 18.75 0.62 

ɺ 

ʠʩʭʦʜʥʦ

ʤ 

ʦʙʨʘʟʮʝ 

% 46.97°0.02 28.36°0.02 4.34°0.01 19.6°0.02 0.71°0.00 

ʦʙʱʝʝ ʯʠʩʣʦ 

ʠʤʧʫʣʴʩʦʚ 

8014649 4840528 741032 3347821 120765 

ʇʦʩʣʝ ʅ- 

ʧʣʘʟʤʳ 

% 98.74°0.33 0.32°0.01 0.13°0.01 0.80°0.03 0.01°0.00 

ʦʙʱʝʝ ʯʠʩʣʦ 

ʠʤʧʫʣʴʩʦʚ 

437493 1404 578 3 494 90 

ʂʦʣ-ʚʦ ʦʩʪʘʚʰʝʛʦʩʷ 

ʠʟʦʪʦʧʘ, % 

5.5 0.03 0.08 0.1 0.07 

 

ʊʘʙʣʠʮʘ 4 ʉʦʦʪʥʦʰʝʥʠʝ ʠʟʦʪʦʧʦʚ CuʚNi  ʧʦʩʣʝ ʦʙʨʘʙʦʪʢʠ ʚ ʚʦʜʦʨʦʜʥʦʡ ʧʣʘʟʤʝ 

Cu 63 65 63Cu / 
65Cu 

ʇʨʠʨʦʜʥʦʝ ʩʦʦʪʥʦʰʝʥʠʝ ʠʟʦʪʦʧʦʚ, % 69.17 30.83 2.24 

ɺ ʠʩʭʦʜʥʦʤ 

ʦʙʨʘʟʮʝ 

% 65,77°0.01 34.23°0.01  

1.92°0.03 ʦʙʱʝʝ ʯʠʩʣʦ ʠʤʧ. 230282834 119923026 

ʇʦʩʣʝ % 68.35°0.29 31.65°0.16  



136 

 

ʚʦʜʦʨʦʜʥʦʡ 

ʧʣʘʟʤʳ 

ʦʙʱʝʝ ʯʠʩʣʦ ʠʤʧ. 255329 118189 2.16°1.06 

ʂʦʣ-ʚʦ ʦʩʪʘʚʰʝʛʦʩʷ ʠʟʦʪʦʧʘ, % 0.001 0.001  
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ɺ ʧʦʩʣʝʜʥʠʝ ʛʦʜʳ ʨʘʟʨʘʙʘʪʳʚʘʶʪʩʷ ʥʦʚʳʝ ʤʝʪʦʜʳ ʢʦʣʠʯʝʩʪʚʝʥʥʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ 

ʥʝʨʘʚʥʦʚʝʩʥʦʡ ʧʣʘʟʤʳ ʧʦʥʠʞʝʥʥʦʡ ʧʣʦʪʥʦʩʪʠ [1]. ɺ ʧʝʨʩʧʝʢʪʠʚʝ ʦʥʠ ʤʦʛʫʪ ʧʨʠʤʝʥʷʪʴʩʷ ʥʘ 

ʨʘʟʣʠʯʥʳʭ ʵʣʝʢʪʨʦʨʘʟʨʷʜʥʳʭ ʫʩʪʘʥʦʚʢʘʭ [2, 3]. ʇʨʠ ʠʭ ʦʪʨʘʙʦʪʢʝ ʠ ʬʠʟʠʯʝʩʢʦʤ ʦʙʦʩʥʦʚʘʥʠʠ ʥʘ 

ʣʘʙʦʨʘʪʦʨʥʦʤ ʫʨʦʚʥʝ ʚ ʨʷʜʝ ʩʣʫʯʘʝʚ ʚʦʟʥʠʢʘʝʪ ʥʝʦʙʭʦʜʠʤʦʩʪʴ ʠʥʪʝʨʧʨʝʪʘʮʠʠ ʦʧʪʠʯʝʩʢʠʭ 

ʠʟʤʝʨʝʥʠʡ ʩ ʧʨʠʚʣʝʯʝʥʠʝʤ ʩʚʝʜʝʥʠʡ ʦ ʧʘʨʘʤʝʪʨʘʭ ʵʣʝʢʪʨʦʥʦʚ ʧʣʘʟʤʳ [1]. ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ 

ʠʩʩʣʝʜʦʚʘʣʘʩʴ ʧʣʘʟʤʘ ʚʙʣʠʟʠ ʧʦʣʦʛʦ ʧʨʷʤʦʫʛʦʣʴʥʦʛʦ ʢʘʪʦʜʘ. ʊʘʢʘʷ ʢʦʥʬʠʛʫʨʘʮʠʷ ʨʘʟʨʷʜʥʦʛʦ 

ʫʩʪʨʦʡʩʪʚʘ ʭʦʨʦʰʦ ʤʦʜʝʣʠʨʫʝʪ "ʯʠʩʪʷʱʠʡ" ʨʘʟʨʷʜ ʚ ʦʙʣʘʩʪʠ ʙʣʘʥʢʝʪʘ ʧʝʨʚʦʡ ʩʪʝʥʢʠ 

ʧʣʘʟʤʝʥʥʦʛʦ ʪʝʨʤʦʷʜʝʨʥʦʛʦ ʨʝʘʢʪʦʨʘ [4]. 

ʕʢʩʧʝʨʠʤʝʥʪʳ ʧʨʦʚʦʜʠʣʠʩʴ ʚ ʚʘʢʫʫʤʥʦʡ ʢʘʤʝʨʝ ʫʩʪʘʥʦʚʢʠ "ʊʝʯʴ" [1-3, 5-7]. ʂʘʤʝʨʘ 

ʠʤʝʝʪ ʦʙʲʸʤ 22 ʣʠʪʨʘ ʠ ʦʙʦʨʫʜʦʚʘʥʘ ʩʠʩʪʝʤʦʡ ʧʨʦʛʨʝʚʘ ʩʪʝʥʦʢ [1] ʜʣʷ ʫʩʢʦʨʝʥʥʦʡ ʜʝʛʘʟʘʮʠʠ 

ʚʥʫʪʨʝʥʥʠʭ ʧʦʚʝʨʭʥʦʩʪʝʡ ʠ ʦʙʝʩʧʝʯʝʥʠʷ ʦʩʪʘʪʦʯʥʦʛʦ ʚʘʢʫʫʤʘ ʥʘ ʫʨʦʚʥʝ 5Ŀ10-7 ʤʙʘʨ. ʋʩʪʘʥʦʚʢʘ 

ʦʙʦʨʫʜʦʚʘʥʘ ʤʥʦʛʦʢʘʥʘʣʴʥʦʡ ʩʠʩʪʝʤʦʡ ʥʘʧʫʩʢʘ ʛʘʟʦʚ. 

ʈʘʟʨʷʜʥʦʝ ʫʩʪʨʦʡʩʪʚʦ (ʈʠʩ. 1) ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʧʦʣʳʡ ʧʨʷʤʦʫʛʦʣʴʥʳʡ ʚʦʣʴʬʨʘʤʦʚʳʡ 

ʢʘʪʦʜ 100Ĭ50Ĭ10 ʤʤ3 ʩ ʦʪʢʨʳʪʦʡ ʩʪʦʨʦʥʦʡ 100Ĭ10 ʤʤ2, ʦʙʨʘʱʝʥʥʦʡ ʢ ʘʥʦʜʫ ʚ ʚʠʜʝ 

ʚʦʣʴʬʨʘʤʦʚʦʡ ʩʝʪʢʠ (100Ĭ10 ʤʤ2), ʨʘʩʧʦʣʦʞʝʥʥʦʤʫ ʥʘ ʨʘʩʩʪʦʷʥʠʠ 10 ʤʤ ʦʪ ʢʨʘʷ ʢʘʪʦʜʘ. ɺ 

ʢʘʯʝʩʪʚʝ ʠʩʪʦʯʥʠʢʘ ʥʘʧʨʷʞʝʥʠʷ ʠʩʧʦʣʴʟʫʝʪʩʷ ʙʣʦʢ ʋʀʇ-1. ʅʘ ʨʠʩʫʥʢʝ ʥʝ ʧʦʢʘʟʘʥʳ ʙʦʢʦʚʳʝ 

ʩʪʝʥʢʠ ʢʘʪʦʜʘ, ʠʟʛʦʪʦʚʣʝʥʥʳʝ ʠʟ ʢʝʨʘʤʠʯʝʩʢʠʭ ʧʣʘʩʪʠʥ. ɸʥʘʣʦʛʠʯʥʳʝ ʧʣʘʩʪʠʥʳ ʧʨʠʢʨʝʧʣʝʥʳ 

ʚʦʣʴʬʨʘʤʦʚʳʤ ʧʣʘʩʪʠʥʘʤ ʢʘʪʦʜʘ ʩ ʚʥʝʰʥʝʡ ʩʪʦʨʦʥʳ.   
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ʈʠʩ. 1. ʈʘʟʨʷʜʥʦʝ ʫʩʪʨʦʡʩʪʚʦ ʠ ʨʘʩʧʦʣʦʞʝʥʠʝ ʟʦʥʜʦʚ ʚ ʨʘʟʥʳʭ ʧʨʦʝʢʮʠʷʭ. 

ɿʦʥʜʳ: 1 ï ʥʘ ʨʘʩʩʪʦʷʥʠʠ 1 ʤʤ ʦʪ ʧʦʣʦʛʦ ʢʘʪʦʜʘ; 2 ï 6 ʤʤ ʦʪ ʢʘʪʦʜʘ 

 

ɿʦʥʜʦʚʳʝ ʠʟʤʝʨʝʥʠʷ ʭʦʨʦʰʦ ʠʟʚʝʩʪʥʳ ʚ ʜʠʘʛʥʦʩʪʠʢʝ ʧʣʘʟʤʳ [8-11]. ʇʨʠ ʠʜʝʦʣʦʛʠʯʝʩʢʦʡ 

ʧʨʦʩʪʦʪʝ, ʦʜʥʘʢʦ, ʧʦʣʫʯʝʥʠʝ ʧʣʘʟʤʝʥʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʠʟ ʚʦʣʴʪ-ʘʤʧʝʨʥʦʡ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ (ɺɸʍ) 

ʥʘ ʧʨʘʢʪʠʢʝ ʷʚʣʷʝʪʩʷ ʥʝʧʨʦʩʪʦʡ ʟʘʜʘʯʝʡ. ɽʝ ʦʧʪʠʤʘʣʴʥʦʝ ʨʝʰʝʥʠʝ ʧʦʩʪʦʷʥʥʦ ʦʙʩʫʞʜʘʝʪʩʷ ʚ 

ʤʦʥʦʛʨʘʬʠʷʭ, ʦʙʟʦʨʘʭ, ʦʨʠʛʠʥʘʣʴʥʳʭ ʨʘʙʦʪʘʭ [8-11] ʠ ʜʨ. ɼʝʣʦ ʚ ʪʦʤ, ʯʪʦ ʠʟʤʝʨʷʝʤʳʝ 

ʧʘʨʘʤʝʪʨʳ ï ʧʦʪʝʥʮʠʘʣ ʧʣʘʟʤʳ Up, ʢʦʥʮʝʥʪʨʘʮʠʷ ʵʣʝʢʪʨʦʥʦʚ Ne, ʠʭ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʧʦ ʵʥʝʨʛʠʷʤ 

ï ʌʈʕʕ ʧʦʣʫʯʘʶʪʩʷ ʧʨʠ ʜʠʬʬʝʨʝʥʮʠʨʦʚʘʥʠʠ ɺɸʍ ʠ ʢʨʘʡʥʝ ʯʫʚʩʪʚʠʪʝʣʴʥʳ ʢ ʪʦʯʥʦʩʪʠ ʝʝ 

ʠʟʤʝʨʝʥʠʡ ʠ ʩʧʦʩʦʙʫ ʬʦʨʤʠʨʦʚʘʥʠʷ. ʉʨʝʜʠ ʦʧʫʙʣʠʢʦʚʘʥʥʳʭ ʥʘ ʩʝʛʦʜʥʷ ʥʘʠʣʫʯʰʠʭ ʜʘʥʥʳʭ 

ʤʦʞʥʦ ʦʪʤʝʪʠʪʴ ʨʝʟʫʣʴʪʘʪʳ ʨʘʙʦʪ [12, 13], ʛʜʝ ʚ ʦʪʜʝʣʴʥʳʭ ʩʣʫʯʘʷʭ ʫʜʘʝʪʩʷ ʜʦʩʪʠʯʴ ʜʠʘʧʘʟʦʥʘ 

ʚ 3-4 ʧʦʨʷʜʢʘ ʜʣʷ ʟʥʘʯʝʥʠʡ ʌʈʕʕ, ʦʜʥʘʢʦ ʧʦʜʨʦʙʥʦʩʪʠ ʧʨʦʮʝʜʫʨ ʠ ʤʝʪʦʜʦʚ ʥʝ ʦʧʠʩʳʚʘʶʪʩʷ. 

ɺ ʧʦʩʣʝʜʥʠʝ ʛʦʜʳ ʥʘʤʠ ʨʘʟʨʘʙʦʪʘʥ ʥʦʚʳʡ ʧʦʜʭʦʜ [5-7] ʬʦʨʤʠʨʦʚʘʥʠʷ ʚʦʣʴʪ-ʘʤʧʝʨʥʦʡ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ (ɺɸʍ) ʥʘ ʦʜʠʥʦʯʥʦʤ ʟʦʥʜʝ ʃʝʥʛʤʶʨʘ. ʉʦʟʜʘʥʥʘʷ ʟʦʥʜʦʚʘʷ ʩʠʩʪʝʤʘ ʬʦʨʤʠʨʫʝʪ 

ɺɸʍ ʟʦʥʜʦʚʦʡ ʮʝʧʠ, ʧʨʠ ʧʦʜʘʯʝ ʥʘ ʟʦʥʜ ʥʘʧʨʷʞʝʥʠʷ ʚ ʚʠʜʝ ʰʫʤʦʚʦʛʦ ʩʠʛʥʘʣʘ. ʇʦʜʘʚʘʷ ʥʘ ʟʦʥʜ 

ʩʠʛʥʘʣ, ʧʨʝʜʩʪʘʚʣʷʶʱʠʡ ʩʦʙʦʡ ʙʝʣʳʡ ʰʫʤ, ʫʜʘʝʪʩʷ ʟʥʘʯʠʪʝʣʴʥʦ ʫʤʝʥʴʰʠʪʴ ʦʰʠʙʢʠ ʚ 

ʦʧʨʝʜʝʣʝʥʠʠ ʌʈʕʕ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʪʨʘʜʠʮʠʦʥʥʳʤ ʧʝʨʠʦʜʠʯʝʩʢʠʤ ʩʠʛʥʘʣʦʤ (ʥʘʧʨʠʤʝʨ, 

ʧʠʣʦʦʙʨʘʟʥʳʤ ʠʣʠ ʩʠʥʫʩʦʠʜʘʣʴʥʳʤ) [5, 7]. ɽʩʣʠ ʥʝʦʙʭʦʜʠʤʦ ʠʟʤʝʨʠʪʴ ʦʧʨʝʜʝʣʝʥʥʫʶ ʦʙʣʘʩʪʴ 

ʌʈʕʕ ʩ ʧʦʚʳʰʝʥʥʦʡ ʪʦʯʥʦʩʪʴʶ, ʪʦ ʚʦʟʤʦʞʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʢʦʤʙʠʥʠʨʦʚʘʥʥʳʝ ʩʠʛʥʘʣʳ. 

ʌʦʨʤʠʨʦʚʘʪʴ ɺɸʍ ʧʝʨʠʦʜʠʯʝʩʢʠʤ ʩʠʛʥʘʣʦʤ ʩ ʤʘʣʳʤ ʢʦʣʠʯʝʩʪʚʦʤ ʪʦʯʝʢ, ʘ ʚ ʦʙʣʘʩʪʴ ɺɸʍ, 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʫʶ ʠʥʪʝʨʝʩʫʝʤʦʡ ʦʙʣʘʩʪʠ ʌʈʕʕ, ʧʦʜʘʚʘʪʴ ʰʫʤʦʚʦʡ ʩʠʛʥʘʣ [5]. ʄʦʞʥʦ, ʪʘʢʞʝ, 

ʬʦʨʤʠʨʦʚʘʪʴ ɺɸʍ, ʠʩʧʦʣʴʟʫʷ ʰʫʤʦʚʦʡ ʩʠʛʥʘʣ ʩ ʥʝʨʘʚʥʦʤʝʨʥʳʤ ʨʘʩʧʨʝʜʝʣʝʥʠʝʤ ʢʦʣʠʯʝʩʪʚʘ 

ʪʦʯʝʢ [6]. ɺ [6] ʧʦʢʘʟʘʥʦ, ʯʪʦ ʧʝʨʝʨʘʩʧʨʝʜʝʣʝʥʠʝʤ ʢʦʣʠʯʝʩʪʚʘ ʪʦʯʝʢ, ʚ ʭʚʦʩʪ ʌʈʕʕ, ʫʜʘʝʪʩʷ 

ʫʚʝʣʠʯʠʪʴ ʜʠʘʧʘʟʦʥ ʠʟʤʝʨʝʥʠʷ ʌʈʕʕ ʢʘʢ ʤʠʥʠʤʫʤ ʥʘ 5 ʵɺ (ʧʨʠ ʩʨʝʜʥʝʡ ʵʥʝʨʛʠʠ ʵʣʝʢʪʨʦʥʦʚ 

~5.5 ʵɺ). 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʟʦʥʜʳ 1, 2 (ʩʤ. ʈʠʩ. 1) ʨʘʩʧʦʣʘʛʘʣʠʩʴ ʧʦ ʣʠʥʠʠ ʚʜʦʣʴ ʦʩʠ ʢʘʪʦʜʘ, ʥʘ 

ʨʘʩʩʪʦʷʥʠʠ ʦʪ ʥʝʛʦ 1 ʠ 6 ʤʤ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ɿʦʥʜʳ ʚʳʧʦʣʥʝʥʳ ʠʟ ʚʦʣʴʬʨʘʤʦʚʦʡ ʧʨʦʚʦʣʦʢʠ 

ʜʠʘʤʝʪʨʦʤ 0.1 ʤʤ, ʚʳʩʪʫʧʘʣʠ ʠʟ ʢʝʨʘʤʠʯʝʩʢʠʭ ʠʟʦʣʷʪʦʨʦʚ ʥʘ 2 ʤʤ. 

ʀʟʤʝʨʝʥʠʷ ʧʨʦʚʦʜʠʣʠʩʴ ʚ ʨʘʟʨʷʜʝ ʚ He ʧʨʠ ʜʘʚʣʝʥʠʠ 1 ʤʙʘʨ. ʅʘʧʨʷʞʝʥʠʝ ʥʘ ʨʘʟʨʷʜʥʦʤ 

ʫʩʪʨʦʡʩʪʚʝ 340 ɺ, ʪʦʢ ʨʘʟʨʷʜʘ ʩʦʩʪʘʚʣʷʣ 420 ʤɸ. 

ʈʝʟʫʣʴʪʘʪʳ ʠʟʤʝʨʝʥʠʡ ʌʈʕʕ ʧʦʢʘʟʘʥʳ ʥʘ ʈʠʩ. 2. ʅʘ ʨʘʩʩʪʦʷʥʠʠ 1 ʤʤ ʦʪ ʢʘʪʦʜʘ ʩʨʝʜʥʷʷ 

ʵʥʝʨʛʠʷ ʵʣʝʢʪʨʦʥʦʚ <E>=7.3 ʵɺ, ʢʦʥʮʝʥʪʨʘʮʠʷ Ne=5.4Ŀ10
10 ʩʤ-3. ʅʘ ʨʘʩʩʪʦʷʥʠʠ 6 ʤʤ <E>=5.3 ʵɺ, 

Ne=7.6Ŀ10
10 ʩʤ-3. ʈʘʩʧʨʝʜʝʣʝʥʠʷ ʦʪʣʠʯʘʶʪʩʷ ʦʪ ʤʘʢʩʚʝʣʣʦʚʩʢʠʭ. ɺ ʦʙʦʠʭ ʧʨʠʤʝʨʘʭ ʥʘʙʣʶʜʘʝʪʩʷ 

ʠʟʙʳʪʦʢ ʵʣʝʢʪʨʦʥʦʚ ʚ ʦʙʣʘʩʪʠ 10-20 ʵɺ. ʉʣʝʜʫʝʪ ʧʨʝʜʧʦʣʦʞʠʪʴ, ʯʪʦ ʙʳʩʪʨʳʝ ʵʣʝʢʪʨʦʥʳ, 

ʬʦʨʤʠʨʫʝʤʳʝ ʚ ʧʦʣʦʤ ʢʘʪʦʜʝ, ʜʨʝʡʬʫʶʪ ʚ ʩʪʦʨʦʥʫ ʘʥʦʜʘ, ʪʝʨʷʷ ʵʥʝʨʛʠʶ. ʕʪʦʪ ʥʝʣʦʢʘʣʴʥʳʡ 
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ʤʝʭʘʥʠʟʤ ʬʦʨʤʠʨʦʚʘʥʠʷ ʌʈʕʕ ʪʨʝʙʫʝʪ ʙʦʣʝʝ ʧʦʜʨʦʙʥʦʛʦ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʛʦ ʠʟʫʯʝʥʠʷ ʠ 

ʯʠʩʣʝʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ. 

 

 

.  

ʈʠʩ. 2. ʀʟʤʝʨʝʥʥʳʝ ʌʈʕʕ: 1 ï ʥʘ ʨʘʩʩʪʦʷʥʠʠ 1 ʤʤ ʦʪ ʢʘʪʦʜʘ; 2 ï ʥʘ 6 ʤʤ 
ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʟʘ ʩʯʝʪ ʩʨʝʜʩʪʚ ʛʨʘʥʪʘ ʈʦʩʩʠʡʩʢʦʛʦ ʥʘʫʯʥʦʛʦ ʬʦʥʜʘ (ʧʨʦʝʢʪ ˉ 19-12-

00310). 
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ʇʈʀʄɽʅɽʅʀɽ ʀʅʊɽʅʉʀɺʅʆɻʆ ʄʗɻʂʆɻʆ ʈɽʅʊɻɽʅʆɺʉʂʆɻʆ 

ʀɿʃʋʏɽʅʀʗ ʃɸɿɽʈʅʆʁ ʇʃɸɿʄʓ ɼʃʗ ʀɿʋʏɽʅʀʗ ʉʆʉʊɸɺɸ 

ʈɸɿʃʀʏʅʓʍ ʆʈɻɸʅʀʏɽʉʂʀʍ ʄɸʊɽʈʀɸʃʆɺ  

 

 

ʈ.ʐ. ʈʘʤʘʢʦʪʠ1, ʆ.ɹ. ɸʥʘʥʴʠʥ1, ɸ.ʇ ʄʝʣʝʭʦʚ1, ɺ.ɻ. ʉʨʝʜʠʥ1, ʀ.ɸ. ɻʝʨʘʩʠʤʦʚ1, ɻ.ʉ. ɹʦʛʜʘʥʦʚ1, 

ʀ.ʂ. ʅʦʚʠʢʦʚ1, ɺ.ɺ.ʂʨʘʚʯʝʥʢʦ1, ʄ.ʅ.ɽʩʘʫʣʦʚ1, ʉ.ɸ.ɺʘʥʴʢʦʚʘ1 

 

 
1. ʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʷʜʝʨʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ çʄʀʌʀè 

 

 

ɺ ʨʘʤʢʘʭ ʜʘʥʥʦʡ ʨʘʙʦʪʳ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʤʷʛʢʦʛʦ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ 

ʠʟʣʫʯʝʥʠʷ (ʄʈʀ) ʣʘʟʝʨʥʦʡ ʧʣʘʟʤʳ ʜʣʷ ʠʦʥʠʟʘʮʠʠ ʧʨʠʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʩʣʦʷ ʦʨʛʘʥʠʯʝʩʢʦʛʦ 

ʚʝʱʝʩʪʚʘ ʩ ʧʦʩʣʝʜʫʶʱʠʤ ʚʳʪʘʣʢʠʚʘʥʠʝʤ ʠʦʥʦʚ ʚʥʝʰʥʠʤ ʵʣʝʢʪʨʠʯʝʩʢʠʤ ʧʦʣʝʤ ʢʘʢ ʤʝʪʦʜ 

ʦʧʨʝʜʝʣʝʥʠʷ ʩʪʨʫʢʪʫʨʥʦʛʦ ʩʦʩʪʘʚʘ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʩʣʦʷ ʚʝʱʝʩʪʚʘ ʩ ʧʦʤʦʱʴʶ ʤʘʩʩ-

ʩʧʝʢʪʨʦʤʝʪʨʘ. ʂʘʢ ʠʟʚʝʩʪʥʦ ʩ ʧʦʤʦʱʴʶ ʤʘʩʩ-ʩʧʝʢʪʨʦʤʝʪʨʠʠ ʬʨʘʛʤʝʥʪʠʨʦʚʘʥʥʳʭ ʵʣʝʢʪʨʦʥʥʳʤ 

ʫʣʘʨʦʤ ʤʦʣʝʢʫʣ ʤʦʞʥʦ ʘʥʘʣʠʟʠʨʦʚʘʪʴ ʚʳʩʦʢʦʤʦʣʝʢʫʣʷʨʥʳʝ ʩʦʝʜʠʥʝʥʠʷ ʩ ʤʘʩʩʦʡ ʜʦ 

ʥʝʩʢʦʣʴʢʠʭ ʪʳʩʷʯ ʘ.ʝ.ʤ. [1-2].  

ʄʈʀ ʣʘʟʝʨʥʦʡ ʧʣʘʟʤʳ, ʚ ʦʪʣʠʯʠʠ ʦʪ ʙʦʣʝʝ ʚʳʩʦʢʦʵʥʝʨʛʠʯʥʦʛʦ ʠʟʣʫʯʝʥʠʷ, ʧʦʣʥʦʩʪʴʶ 

ʧʦʛʣʦʱʘʝʪʩʷ ʚ ʧʨʠʧʦʚʝʨʭʥʦʩʪʥʦʤ ʩʣʦʝ ʛʣʫʙʠʥʦʡ 1õ2 ʤʢʤ.  ʆʩʚʦʙʦʜʠʚʰʠʝʩʷ ʵʣʝʢʪʨʦʥʳ ʚ 

ʨʝʟʫʣʴʪʘʪʝ ʚʪʦʨʠʯʥʦʡ ʠʦʥʠʟʘʮʠʠ ʪʝʨʷʶʪ ʵʥʝʨʛʠʶ, ʜʨʝʡʬʫʶʪ ʢ ʧʦʚʝʨʭʥʦʩʪʠ ʚʦ ʚʥʝʰʥʝʤ ʧʦʣʝ ʠ 

ʠʦʥʠʟʫʶʪ ʤʦʣʝʢʫʣʳ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʦʙʨʘʟʮʘ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʜʣʷ ʪʦʛʦ, ʯʪʦʙʳ ʟʘʨʝʛʠʩʪʨʠʨʦʚʘʪʴ 

ʦʙʨʘʟʦʚʘʚʰʠʝʩʷ ʧʦʩʣʝ ʨʘʟʨʳʚʘ ʭʠʤʠʯʝʩʢʠʭ ʩʚʷʟʝʡ ʠʦʥʳ, ʜʦʩʪʘʪʦʯʥʦ ʧʨʠʣʦʞʠʪʴ ʧʦʣʦʞʠʪʝʣʴʥʦ 

ʚʳʪʘʣʢʠʚʘʶʱʝʝ ʧʦʣʝ ʢ ʩʘʤʦʤʫ ʦʙʨʘʟʮʫ ʠ ʟʘʬʠʢʩʠʨʦʚʘʪʴ ʨʝʟʫʣʴʪʘʪ ʥʘ ʚʨʝʤʷʧʨʦʣʝʪʥʦʤ ʤʘʩʩ-

ʘʥʘʣʠʟʘʪʦʨʝ. 

ʅʘʯʠʥʘʷ ʩ ʦʧʨʝʜʝʣʝʥʥʳʭ ʟʥʘʯʝʥʠʡ ʵʥʝʨʛʠʠ ʵʣʝʢʪʨʦʥʘ ʚʦʟʙʫʞʜʝʥʠʝ ʟʘʢʘʥʯʠʚʘʝʪʩʷ 

ʧʦʪʝʨʝʡ ʵʣʝʢʪʨʦʥʘ ʠ ʧʨʝʚʨʘʱʝʥʠʝʤ ʤʦʣʝʢʫʣʳ ʚ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʡ ʢʘʪʠʦʥ-ʨʘʜʠʢʘʣ, ʥʘʟʳʚʘʝʤʳʡ 

ʤʦʣʝʢʫʣʷʨʥʳʤ ʠʦʥʦʤ.  

ɺʘʞʥʳʤ ʧʘʨʘʤʝʪʨʦʤ ʷʚʣʷʝʪʩʷ ʵʥʝʨʛʠʷ ʠʦʥʠʟʠʨʫʶʱʠʭ ʵʣʝʢʪʨʦʥʦʚ.  ʉʪʘʥʜʘʨʪʥʳʝ ʤʘʩʩ-

ʩʧʝʢʪʨʳ EI ʧʨʠʥʷʪʦ ʩʥʠʤʘʪʴ, ʠʩʧʦʣʴʟʫʷ ʵʣʝʢʪʨʦʥʳ ʩ ʵʥʝʨʛʠʝʡ 70 ʵɺ, ʯʪʦ ʩʦʦʪʚʝʪʩʪʚʫʝʪ 

ʫʩʢʦʨʷʶʱʝʤʫ ʧʦʪʝʥʮʠʘʣʫ ʤʝʞʜʫ ʢʘʪʦʜʦʤ ʠ ʘʥʦʜʦʤ ʚ 70 ɺ. ɺʳʙʦʨ ʪʘʢʦʡ ʵʥʝʨʛʠʠ ʥʝ ʩʣʫʯʘʝʥ. 

ɺʦ-ʧʝʨʚʳʭ, ʧʨʠ ʵʪʦʤ ʜʦʩʪʠʛʘʝʪʩʷ ʤʘʢʩʠʤʘʣʴʥʘʷ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʠʦʥʠʟʘʮʠʠ ʠ, ʚʦ-ʚʪʦʨʳʭ, ʪʦʣʴʢʦ 

ʚ ʵʪʦʤ ʩʣʫʯʘʝ ʧʦʣʫʯʘʝʪʩʷ ʚʦʩʧʨʦʠʟʚʦʜʠʤʳʡ ʤʘʩʩ-ʩʧʝʢʪʨ.  

ʈʘʩʩʤʘʪʨʠʚʘʝʤʳʡ ʤʝʪʦʜ ʙʣʠʟʦʢ ʢ ʢʣʘʩʩʠʯʝʩʢʦʤʫ ʤʝʪʦʜʫ ʠʦʥʠʟʘʮʠʠ ʵʣʝʢʪʨʦʥʥʳʤ 

ʫʜʘʨʦʤ. ʄʘʩʩ-ʩʧʝʢʪʨ ʦʨʛʘʥʠʯʝʩʢʦʛʦ ʩʦʝʜʠʥʝʥʠʷ, ʟʘʧʠʩʘʥʥʳʡ ʚ ʫʩʣʦʚʠʷʭ ʵʣʝʢʪʨʦʥʥʦʡ 

ʠʦʥʠʟʘʮʠʠ, ʦʙʣʘʜʘʝʪ ʚʳʩʦʢʦʡ ʠʥʜʠʚʠʜʫʘʣʴʥʦʩʪʴʶ. ʇʦʣʫʯʘʝʪʩʷ ʩʚʦʝʛʦ ʨʦʜʘ ʦʪʧʝʯʘʪʦʢ ʧʘʣʴʮʘ 
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ʤʦʣʝʢʫʣʳ, ʩ ʧʦʤʦʱʴʶ ʢʦʪʦʨʦʛʦ ʧʨʦʚʦʜʷʪ ʠʜʝʥʪʠʬʠʢʘʮʠʶ. ʕʥʝʨʛʠʠ ʠʦʥʠʟʘʮʠʠ ʙʦʣʴʰʠʥʩʪʚʘ 

ʦʨʛʘʥʠʯʝʩʢʠʭ ʩʦʝʜʠʥʝʥʠʡ ʣʝʞʘʪ ʚ ʜʠʘʧʘʟʦʥʝ 6ï12 ʵɺ. ʕʪʦ, ʚ ʩʚʦʶ ʦʯʝʨʝʜʴ, ʦʟʥʘʯʘʝʪ, ʯʪʦ 

ʦʙʨʘʟʫʶʱʠʡʩʷ ʧʦʩʣʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʤʦʣʝʢʫʣʳ ʩ ʧʫʯʢʦʤ ʵʣʝʢʪʨʦʥʦʚ ʢʘʪʠʦʥ-ʨʘʜʠʢʘʣ ʧʦʣʫʯʘʝʪ 

ʠʟʙʳʪʦʯʥʫʶ ʵʥʝʨʛʠʶ, ʢʦʪʦʨʘʷ ʫʩʠʣʠʚʘʝʪ ʢʦʣʝʙʘʥʠʷ ʩʚʷʟʝʡ ʠ ʤʦʞʝʪ ʩʪʘʪʴ ʧʨʠʯʠʥʦʡ ʨʘʟʨʳʚʘ 

ʥʘʠʙʦʣʝʝ ʩʣʘʙʳʭ ʠʟ ʥʠʭ (ʬʨʘʛʤʝʥʪʘʮʠʷ).  ɺ ʨʝʟʫʣʴʪʘʪʝ ʬʨʘʛʤʝʥʪʘʮʠʠ ʧʨʦʠʩʭʦʜʠʪ ʨʘʩʧʘʜ 

ʤʦʣʝʢʫʣʷʨʥʦʛʦ ʠʦʥʘ ʥʘ ʜʚʝ ʯʘʩʪʠʮʳ, ʦʜʥʘ ʠʟ ʢʦʪʦʨʳʭ ï ʠʦʥ ʩ ʤʝʥʴʰʝʡ ʤʘʩʩʦʡ (ʦʩʢʦʣʦʯʥʳʡ 

ʠʦʥ), ʚʪʦʨʘʷ ï ʨʘʜʠʢʘʣ ʠʣʠ ʥʝʡʪʨʘʣʴʥʳʡ ʬʨʘʛʤʝʥʪ [3]. 

1. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ ʫʩʪʘʥʦʚʢʘ ʠ ʵʢʩʧʝʨʠʤʝʥʪ 

ɺ ʢʘʯʝʩʪʚʝ ʠʩʪʦʯʥʠʢʘ ʄʈʀ ʚ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʣʘʟʝʨʥʦ-ʧʣʘʟʤʝʥʥʳʡ ʠʩʪʦʯʥʠʢ ʩ 

ʢʦʥʮʝʥʪʨʘʪʦʨʦʤ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ (ʨʠʩ. 1). ʀʟʣʫʯʝʥʠʝ ʣʘʟʝʨʘ ʩ ʜʣʠʥʦʡ ʚʦʣʥʳ ɚ=1.06 

ʤʢʤ ʩ ʵʥʝʨʛʠʝʡ ʚ ʠʤʧʫʣʴʩʝ Elaser=5õ11 ɼʞ ʬʦʢʫʩʠʨʦʚʘʣʦʩʴ ʥʘ ʤʝʜʥʫʶ ʤʠʰʝʥʴ, ʨʘʩʧʦʣʦʞʝʥʥʫʶ 

ʚ ʢʘʤʝʨʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʩ ʚʘʢʫʫʤʦʤ På3*10-5 ʊʦʨʨ. ʆʮʝʥʠʚʘʝʤʘʷ ʵʣʝʢʪʨʦʥʥʘʷ ʪʝʤʧʝʨʘʪʫʨʘ 

ʣʘʟʝʨʥʦʡ ʧʣʘʟʤʳ ʩʦʩʪʘʚʠʣʘ ʦʢʦʣʦ 250 ʵɺ [4].  ʌʦʢʫʩʠʨʦʚʢʘ ʄʈʀ ʚ ʧʷʪʥʦ ʜʠʘʤʝʪʨʦʤ ʧʨʠʤʝʨʥʦ 2 

ʤʤ ʠ ʟʘʱʠʪʘ ʦʙʨʘʟʮʘ ʦʪ ʧʦʪʦʢʘ ʟʘʨʷʞʝʥʥʳʭ ʯʘʩʪʠʮ ʠʟ ʣʘʟʝʨʥʦʡ ʧʣʘʟʤʳ ʧʨʦʠʟʚʦʜʠʣʘʩʴ ʟʘ ʩʯʝʪ 

ʧʨʠʤʝʥʝʥʠʷ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʢʦʥʮʝʥʪʨʘʪʦʨʘ [5]. ʕʥʝʨʛʠʷ ʚ ʠʤʧʫʣʴʩʝ ʄʈʀ Eʄʈʀ <= 0.7 ʤɼʞ ʧʨʠ 

ʜʣʠʪʝʣʴʥʦʩʪʠ ʠʤʧʫʣʴʩʘ Űʄʈʀ å 20 ʥʩ (ʧʣʦʪʥʦʩʪʴ ʧʦʪʦʢʘ ʄʈʀ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʦʙʨʘʟʮʘ qʤʨʠ å 

5Ŀ104 ɺʪ/ʩʤ2). ʉʧʝʢʪʨʘʣʴʥʳʡ ʜʠʘʧʘʟʦʥ ʠʩʪʦʯʥʠʢʘ ʄʈʀ ʥʘʭʦʜʠʪʩʷ ʚ ʜʠʘʧʘʟʦʥʝ 70õ 600 ʵɺ [6]. 

  

ʈʠʩ. 1. ɸ -ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ ʫʩʪʘʥʦʚʢʘ. 1- ʛʝʥʝʨʘʪʦʨ ʣʘʟʝʨʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʥʘ Nd ʩʪʝʢʣʝ, 2- 

ʦʜʥʦʧʨʦʭʦʜʥʳʡ ʫʩʠʣʠʪʝʣʴ, 3- ʩʠʩʪʝʤʘ ʧʦʚʦʨʦʪʥʳʭ ʟʝʨʢʘʣ, 4- ʤʥʦʛʦʧʨʦʭʦʜʥʳʡ ʫʩʠʣʠʪʝʣʴ 

ʪʠʧʘ ɻʋʂ, 6- ʣʘʟʝʨʥʦ-ʧʣʘʟʤʝʥʥʘʷ ʤʠʰʝʥʴ, 10- ʘʥʘʣʠʟʘʪʦʨ ʟʘʨʷʞʝʥʥʳʭ ʯʘʩʪʠʮ; ɹ ï ʉʭʝʤʘ 

ʢʨʝʧʣʝʥʠʷ ʦʙʨʘʟʮʘ 9 

ɺ ʭʦʜʝ ʵʢʩʧʝʨʠʤʝʥʪʘ, ʧʦ ʩʠʛʥʘʣʫ ʩʠʥʭʨʦʠʤʧʫʣʴʩʘ, ʦʩʮʠʣʣʦʛʨʘʬʦʤ LeCroy 

ʨʝʛʠʩʪʨʠʨʦʚʘʣʠʩʴ ʩʠʛʥʘʣʳ ʩ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ pin-ʜʠʦʜ (5), ʠʟʤʝʨʠʪʝʣʷ ʬʦʪʦʪʦʢʘ (3), ʜʝʪʝʢʪʦʨʘ 

ʠʦʥʦʚ ɺʕʋ-2 ʤʘʩʩ-ʩʧʝʢʪʨʦʤʝʪʨʘ (6).  

2. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʨʝʟʫʣʴʪʘʪʳ 

ɺ ʢʘʯʝʩʪʚʝ ʦʨʛʘʥʠʯʝʩʢʦʛʦ ʦʙʨʘʟʮʘ ʙʳʣʘ ʚʳʙʨʘʥʘ ʩʤʝʩʴ ʢʣʝʷ ʠ ʛʣʠʮʠʥʘ. ɺ ʭʦʜʝ 

ʵʢʩʧʝʨʠʤʝʥʪʘ ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʤʘʩʩ-ʩʧʝʢʪʨʳ, ʧʨʠʚʝʜʝʥʥʳʝ ʥʘ ʨʠʩ. 2.  
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ʈʠʩ 2. ʄʘʩʩ-ʩʧʝʢʪʨ ʦʨʛʘʥʠʯʝʩʢʦʛʦ ʦʙʨʘʟʮʘ 

ɸʥʘʣʠʟ ʨʝʟʫʣʴʪʘʪʦʚ ʧʦʢʘʟʘʣ, ʯʪʦ ʩ ʧʦʚʝʨʭʥʦʩʪʠ ʠʩʩʣʝʜʫʝʤʦʛʦ ʦʙʨʘʟʮʘ ʧʨʦʠʩʭʦʜʠʪ 

ʵʤʠʩʩʠʷ ʠʦʥʦʚ ʬʨʘʛʤʝʥʪʦʚ ʨʘʟʣʠʯʥʳʭ ʤʦʣʝʢʫʣ. ɸʥʘʣʠʟʠʨʫʷ ʜʘʥʥʳʡ ʤʘʩʩ-ʩʧʝʢʪʨ, ʤʦʞʥʦ 

ʜʦʩʪʘʪʦʯʥʦ ʪʦʯʥʦ ʦʧʨʝʜʝʣʠʪʴ ʩʦʩʪʘʚʥʳʝ ʯʘʩʪʠ ʠʩʭʦʜʥʦʛʦ ʦʙʨʘʟʮʘ, ʠ ʩ ʧʦʤʦʱʴʶ ʥʝʩʣʦʞʥʦʡ 

ʢʦʤʙʠʥʘʪʦʨʠʢʠ ï ʦʧʨʝʜʝʣʠʪʴ ʚʦʟʤʦʞʥʦʝ ʠʩʭʦʜʥʦʝ ʭʠʤʠʯʝʩʢʦʝ ʩʦʝʜʠʥʝʥʠʝ.    

3. ʌʠʟʠʢʘ ʦʙʨʘʟʦʚʘʥʠʷ ʬʨʘʛʤʝʥʪʦʚ ʠʦʥʦʚ ʤʦʣʝʢʫʣ ʦʨʛʘʥʠʯʝʩʢʦʛʦ ʚʝʱʝʩʪʚʘ.   

 

ʈʠʩ. 3. ʉʧʝʢʪʨʳ ʧʨʦʧʫʩʢʘʥʠʷ ʄʈʀ ʜʣʷ ʨʘʟʥʳʭ ʛʣʫʙʠʥ ʚ ʦʙʨʘʟʮʝ: a) 1 ʥʤ  ʠ 2) 3 ʤʢʤ. 

ʄʈʀ ʧʦʛʣʦʱʘʝʪʩʷ ʚ ʩʣʦʝ ʦʙʨʘʟʮʘ ʪʦʣʱʠʥʦʡ då 3 ʤʢʤ (ʜʦ 90% ʠʟʣʫʯʝʥʠʷ, ʩʤ. ʨʠʩ.3a). 

ʄʦʞʥʦ ʦʮʝʥʠʪʴ ʛʣʫʙʠʥʫ, ʩ ʢʦʪʦʨʦʡ ʵʣʝʢʪʨʦʥʳ ʩ ʵʥʝʨʛʠʝʡ Ee=300õ400 ʵɺ ʤʦʛʫʪ ʜʦʡʪʠ ʜʦ 

ʧʦʚʝʨʭʥʦʩʪʠ ʩ ʦʩʪʘʪʦʯʥʦʡ ʵʥʝʨʛʠʝʡ Eeå 10 ʵɺ, ʢʦʪʦʨʘʷ ʥʝʦʙʭʦʜʠʤʘ ʜʣʷ ʠʦʥʠʟʘʮʠʠ ʤʦʣʝʢʫʣ 

ʦʨʛʘʥʠʯʝʩʢʦʛʦ ʦʙʨʘʟʮʘ.  

ʅʘ ʨʠʩ. 4 ʧʦʢʘʟʘʥ ʚʦʟʤʦʞʥʳʡ ʤʝʭʘʥʠʟʤ ʠʦʥʠʟʘʮʠʠ ʤʦʣʝʢʫʣ ʚ ʧʨʠʧʦʚʝʨʭʥʦʩʪʥʳʭ ʩʣʦʷʭ 

ʦʨʛʘʥʠʯʝʩʢʦʛʦ ʚʝʱʝʩʪʚʘ. 

 

ʈʠʩ. 4. ʄʝʭʘʥʠʟʤ ʠʦʥʠʟʘʮʠʠ ʤʦʣʝʢʫʣ ʧʦʚʝʨʭʥʦʩʪʠ 

ɿʘʢʣʶʯʝʥʠʝ 
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ʇʨʠʤʝʥʝʥʠʝ ʧʨʦʜʫʢʪʦʚ ʧʣʘʟʤʦʦʙʨʘʟʦʚʘʥʠʷ ʜʦʩʪʘʪʦʯʥʦ ʚʝʣʠʢʦ. ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʙʳʣʦ 

ʧʦʢʘʟʘʥʦ, ʢʘʢ ʩ ʧʦʤʦʱʴʶ ʄʈʀ ʣʘʟʝʨʥʦʡ ʧʣʘʟʤʳ ʤʦʞʥʦ ʠʟʫʯʘʪʴ ʩʦʩʪʘʚ ʨʘʟʣʠʯʥʳʭ ʦʨʛʘʥʠʯʝʩʢʠʭ 

ʩʦʝʜʠʥʝʥʠʡ. ɼʘʥʥʳʡ ʩʧʦʩʦʙ ʜʠʘʛʥʦʩʪʠʢʠ ʧʨʦʩʪ ʚ ʨʝʘʣʠʟʘʮʠʠ ʠ ʤʦʞʝʪ ʙʳʪʴ ʧʨʠʤʝʥʠʤ ʜʣʷ 

ʪʚʸʨʜʳʭ ʪʝʣ ʙʝʟ ʨʘʟʨʫʰʘʶʱʝʛʦ ʚʦʟʜʝʡʩʪʚʠʷ ʥʘ ʧʦʚʝʨʭʥʦʩʪʴ ʠʩʩʣʝʜʫʝʤʦʛʦ ʦʙʨʘʟʮʘ.  
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ʀʉʉʃɽɼʆɺɸʅʀɽ ʄʀʂʈʆɺʆʃʅʆɺʆɻʆ ʇʈʆɹʆʗ ɺ ʉʄɽʉʗʍ 

ʇʆʈʆʐʂʆɺ ɺ ʇɽʈɺʆʁ ʌɸɿɽ ʎɽʇʅʓʍ ʇʃɸɿʄʆʍʀʄʀʏɽʉʂʀʍ 

ʇʈʆʎɽʉʉʆɺ 

 

 

ɺ.ɼ. ɹʦʨʟʦʩʝʢʦʚ1, ʅ.ʅ. ʉʢʚʦʨʮʦʚʘ1, ɸ.ʉ. ʉʦʢʦʣʦʚ1 

 

 
1. ʀʥʩʪʠʪʫʪ ʦʙʱʝʡ ʬʠʟʠʢʠ ʠʤ. ɸ.ʄ. ʇʨʦʭʦʨʦʚʘ ʈʦʩʩʠʡʩʢʦʡ ʘʢʘʜʝʤʠʠ ʥʘʫʢ 

 

 

ɺ ʀʥʩʪʠʪʫʪʝ ʦʙʱʝʡ ʬʠʟʠʢʠ ʠʤ. ɸ.ʄ. ʇʨʦʭʦʨʦʚʘ ʙʳʣ ʚʧʝʨʚʳʝ ʨʘʟʨʘʙʦʪʘʥ ʤʝʪʦʜ ʩʠʥʪʝʟʘ 

ʠ ʤʦʜʠʬʠʢʘʮʠʠ ʤʠʢʨʦ- ʠ ʥʘʥʦʩʪʨʫʢʪʫʨ ʥʘ ʦʩʥʦʚʝ ʤʠʢʨʦʚʦʣʥʦʚʦʛʦ ʨʘʟʨʷʜʘ ʚ ʧʦʨʦʰʢʘʭ ʤʝʪʘʣʣ-

ʜʠʵʣʝʢʪʨʠʢ, ʠʥʠʮʠʠʨʫʝʤʦʛʦ ʠʟʣʫʯʝʥʠʝʤ ʤʦʱʥʦʛʦ ʛʠʨʦʪʨʦʥʘ.  

ʏʪʦʙʳ ʦʧʨʝʜʝʣʠʪʴ ʥʝʦʙʭʦʜʠʤʳʝ ʫʩʣʦʚʠʷ ʜʣʷ ʩʠʥʪʝʟʘ ʢʦʤʧʦʟʠʪʦʚ ʠ ʩʦʟʜʘʥʠʷ ʧʦʢʨʳʪʠʡ 

ʜʣʷ ʨʘʟʣʠʯʥʳʭ ʧʨʠʢʣʘʜʥʳʭ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʟʘʜʘʯ, ʥʝʦʙʭʦʜʠʤ ʢʦʥʪʨʦʣʴ ʤʥʦʛʠʭ ʧʘʨʘʤʝʪʨʦʚ 

ʧʣʘʟʤʦʭʠʤʠʯʝʩʢʦʛʦ ʧʨʦʮʝʩʩʘ. ʈʘʥʝʝ ʙʳʣʦ ʧʦʢʘʟʘʥʦ [1], ʯʪʦ ʚ ʨʝʘʢʪʦʨʝ ʧʨʦʠʩʭʦʜʠʪ ʨʘʟʚʠʪʠʝ 

ʮʝʧʥʦʛʦ ʧʨʦʮʝʩʩʘ ʩʘʤʦʨʘʩʧʨʦʩʪʨʘʥʷʶʱʝʛʦʩʷ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʩʠʥʪʝʟʘ, ʢʦʪʦʨʳʡ 

ʧʨʦʠʩʭʦʜʠʪ ʚ ʪʨʠ ʵʪʘʧʘ: ʠʥʠʮʠʘʮʠʷ, ʩʠʥʪʝʟ ʠ ʦʩʪʘʥʦʚʢʘ ʧʨʦʮʝʩʩʘ. ʅʘ ʧʝʨʚʦʡ ʩʪʘʜʠʠ ʧʨʦʠʩʭʦʜʠʪ 

ʚʳʙʨʦʩ ʯʘʩʪʠʮ ʢʦʥʜʝʥʩʠʨʦʚʘʥʥʦʛʦ ʚʝʱʝʩʪʚʘ ʚ ʦʙʲʝʤ ʨʝʘʢʪʦʨʘ ʠ ʦʙʨʘʟʦʚʘʥʠʝ ʠʥʪʝʨʤʝʜʠʘʪʦʚ 

(ʧʨʦʤʝʞʫʪʦʯʥʳʭ ʧʨʦʜʫʢʪʦʚ) ʠʟ ʥʝʡʪʨʘʣʴʥʳʭ ʘʪʦʤʦʚ, ʠʦʥʦʚ ʠ ʤʦʣʝʢʫʣ ʧʦʨʦʰʢʦʚ ʠ ʛʘʟʦʚʦʡ 

ʩʨʝʜʳ (ʘʟʦʪʘ, ʚʦʟʜʫʭʘ). ʅʘ ʚʪʦʨʦʡ ʩʪʘʜʠʠ ʧʦʩʣʝ ʚʳʢʣʶʯʝʥʠʷ ʉɺʏ ʠʤʧʫʣʴʩʘ ʛʠʨʦʪʨʦʥʘ 

ʧʨʦʤʝʞʫʪʦʯʥʳʝ ʧʨʦʜʫʢʪʳ ʨʝʘʛʠʨʫʶʪ ʩ ʠʩʭʦʜʥʳʤʠ ʨʝʘʛʝʥʪʘʤʠ, ʦʙʨʘʟʫʷ ʥʦʚʳʝ ʠʥʪʝʨʤʝʜʠʘʪʳ ʠ 

ʢʦʥʝʯʥʳʝ ʧʨʦʜʫʢʪʳ.  ʅʘ ʪʨʝʪʴʝʡ ʩʪʘʜʠʠ ʧʨʦʮʝʩʩʘ ʧʨʦʠʩʭʦʜʠʪ ʧʨʝʢʨʘʱʝʥʠʝ ʮʝʧʥʦʡ ʨʝʘʢʮʠʠ ʩ 

ʦʩʘʞʜʝʥʠʝʤ ʥʘ ʩʪʝʥʢʠ ʨʝʘʢʪʦʨʘ ʩʣʦʞʥʳʭ ʢʦʤʧʦʟʠʪʦʚ ʚʪʦʨʠʯʥʳʭ ʚʝʱʝʩʪʚ ʚ ʚʠʜʝ ʩʪʨʫʢʪʫʨ ʥʘʥʦ- 

ʠ ʤʠʢʨʦʨʘʟʤʝʨʦʚ. 

ʕʢʩʧʝʨʠʤʝʥʪʳ ʧʦ ʩʠʥʪʝʟʫ ʚʝʱʝʩʪʚ ʧʨʦʭʦʜʷʪ ʥʘ ʩʪʝʥʜʝ ʚ ʦʪʜʝʣʝ ʬʠʟʠʢʠ ʧʣʘʟʤʳ 

ʀʆʌʈɸʅ (ʈʠʩ.1). ʆʧʠʩʘʥʠʝ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʠ ʩʪʝʥʜʘ ʧʨʠʚʝʜʝʥʦ ʚ [1]. ɼʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʝʨʚʦʡ 

ʩʪʘʜʠʠ ʠʥʠʮʠʘʮʠʠ, ʚ ʥʘʰʝʡ ʨʘʙʦʪʝ ʠʩʧʦʣʴʟʫʶʪʩʷ ʜʚʝ ʜʠʘʛʥʦʩʪʠʢʠ ʢʦʤʧʣʝʢʩʘ - ʨʝʛʠʩʪʨʘʮʠʷ 

ʉɺʏ ʠ ʚʠʜʝʦʥʘʙʣʶʜʝʥʠʷ, ʦʧʠʩʘʥʥʳʝ ʚ ʜʦʢʣʘʜʝ [2]. 
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ʈʠʩ. 1. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʡ ʩʪʝʥʜ ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʡ ʩʠʥʪʝʟʘ. 1 ï ʛʠʨʦʪʨʦʥ, 2,6ðʟʝʨʢʘʣʘ 

ʢʚʘʟʠʦʧʪʠʯʝʩʢʦʛʦ ʪʨʘʢʪʘ, 3 ï ʢʚʘʟʠʦʧʪʠʯʝʩʢʠʡ ʦʪʚʝʪʚʠʪʝʣʴ, 4,5,8 ï ʉɺʏ ʜʠʦʜʳ, 7 ï 

ʧʣʘʟʤʦʭʠʤʠʯʝʩʢʠʡ ʨʝʘʢʪʦʨ, 9 ï ʟʝʨʢʘʣʦ ʢʘʣʦʨʠʤʝʪʨʘ, 10 ï ʢʘʣʦʨʠʤʝʪʨ, 11 ï ʚʠʜʝʦʢʘʤʝʨʘ. 

ʌʘʢʪ ʥʘʣʠʯʠʷ ʠʣʠ ʦʪʩʫʪʩʪʚʠʷ ʧʨʦʙʦʷ ʚ ʧʦʨʦʰʢʝ (ʢʘʢ ʠ ʜʘʣʴʥʝʡʰʠʡ ʧʨʦʮʝʩʩ ʨʘʟʣʝʪʘ ʯʘʩʪʠʮ 

ʠ ʠʥʠʮʠʘʮʠʠ ʮʝʧʥʦʛʦ ʧʨʦʮʝʩʩʘ) ʤʦʞʥʦ ʫʩʪʘʥʦʚʠʪʴ ʩ ʧʦʤʦʱʴʶ ʢʘʜʨʦʚ ʚʳʩʦʢʦʩʢʦʨʦʩʪʥʦʡ ʢʘʤʝʨʳ 

(ʈʠʩ.2). 

 

 

 

 

ʈʠʩ. 2. ɺʨʝʤʷ ʤʝʞʜʫ ʢʘʜʨʘʤʠ 4ʤʩ, ʵʢʩʧʦʟʠʮʠʷ 1 ʤʩ. ɺ ʣʝʚʦʤ ʥʠʞʥʝʤ ʫʛʣʫ ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʦʤʝʨʘ 

ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ ʢʘʜʨʦʚ. ɺʳʩʪʨʝʣ ˉ58536. 

ɺ ʪʦ ʞʝ ʚʨʝʤʷ ʥʘʣʠʯʠʝ ʧʨʦʙʦʷ ʚ ʧʦʨʦʰʢʝ ʤʦʞʥʦ ʫʩʪʘʥʦʚʠʪʴ ʩ ʧʦʤʦʱʴʶ ʉɺʏ-ʜʠʘʛʥʦʩʪʠʢʠ. 

ʅʘ ʨʠʩ.3 ʧʨʠʚʝʜʝʥʘ ʵʚʦʣʶʮʠʷ ʧʨʦʰʝʜʰʝʛʦ ʠ ʦʪʨʘʞʝʥʥʦʛʦ ʩʠʛʥʘʣʦʚ ʜʣʷ ʪʦʛʦ ʞʝ ʚʳʩʪʨʝʣʘ, ʯʪʦ ʠ ʥʘ 

ʨʠʩ.2. ʅʘʯʘʣʦ ʧʨʦʙʦʷ ʤʦʞʥʦ ʦʧʨʝʜʝʣʠʪʴ ʧʦ ʧʘʜʝʥʠʶ ʧʨʦʰʝʜʰʝʛʦ ʩʠʛʥʘʣʘ ʯʝʨʝʟ ʧʦʨʦʰʦʢ (ʈʠʩ.1, 

ʜʠʦʜ ˉ8), ʚ ʧʨʠ ʵʪʦʤ ʥʘʙʣʶʜʘʝʪʩʷ ʟʥʘʯʠʪʝʣʴʥʦʝ ʠʟʤʝʥʝʥʠʝ ʦʪʨʘʞʝʥʥʦʛʦ ʩʠʛʥʘʣʘ (ʈʠʩ.1, ʜʠʦʜ 

ˉ5). ʅʘ ʵʪʦʤ ʞʝ ʨʠʩʫʥʢʝ ʧʨʠʚʝʜʝʥʳ ʩʠʛʥʘʣʳ ʉɺʏ-ʜʝʪʝʢʪʦʨʦʚ ʜʣʷ ʜʨʫʛʦʛʦ ʚʳʩʪʨʝʣʘ ʧʨʠ 

ʦʪʩʫʪʩʪʚʠʠ ʧʨʦʙʦʷ. 

11 

3 

1 2 
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ʈʠʩ. 3. ʉʠʛʥʘʣʳ ʦʪʨʘʞʝʥʥʳʝ (ʚʚʝʨʭʫ) ʠ ʧʨʦʰʝʜʰʠʝ ʯʝʨʝʟ ʧʦʨʦʰʦʢ (ʚʥʠʟʫ) ʜʣʷ ʨʘʟʨʷʜʦʚ ʚ ʩʤʝʩʠ ʧʦʨʦʰʢʦʚ 

Al2O3+Pd 1%, ʤʦʱʥʦʩʪʴ ʉɺʏ 250 ʢɺʪ. ɺʳʩʪʨʝʣʳ ˉ58535 ʙʝʟ ʧʨʦʙʦʷ ʧʦʨʦʰʢʘ ʠ ˉ58536 ʩ ʧʨʦʙʦʝʤ 

ʧʦʨʦʰʢʘ. 

 ʆʜʥʘʢʦ, ʧʘʜʝʥʠʝ ʧʨʦʰʝʜʰʝʛʦ ʠʟʣʫʯʝʥʠʷ, ʤʦʞʝʪ ʥʘʙʣʶʜʘʪʴʩʷ ʥʝ ʪʦʣʴʢʦ ʧʨʠ ʧʨʦʙʦʝ ʚ 

ʧʦʨʦʰʢʝ. ɺ ʩʣʫʯʘʝ ʧʣʦʭʦʛʦ ʧʦʛʣʦʱʝʥʠʷ ʉɺʏ ʠʟʣʫʯʝʥʠʷ ʚ ʧʦʨʦʰʢʝ, ʤʦʞʝʪ ʚʦʟʥʠʢʘʪʴ 

ʤʠʢʨʦʚʦʣʥʦʚʳʡ ʧʦʜʧʦʨʦʛʦʚʳʡ ʨʘʟʨʷʜ, ʚʙʣʠʟʠ ʜʠʦʜʘ ʨʝʛʠʩʪʨʘʮʠʠ ʧʨʦʰʝʜʰʝʛʦ ʠʟʣʫʯʝʥʠʷ (ʜʠʦʜ 

ˉ8). ʆʜʥʘʢʦ, ʪʘʢʦʡ ʨʘʟʨʷʜ ʣʝʛʢʦ ʨʘʩʧʦʟʥʘʪʴ ʧʦ ʚʠʜʫ ʦʪʨʘʞʝʥʥʦʛʦ ʠʟʣʫʯʝʥʠʷ: ʧʦʷʚʣʷʝʪʩʷ 

ʚʳʩʦʢʦʯʘʩʪʦʪʥʘʷ ʩʦʩʪʘʚʣʷʶʱʘʷ ʩʠʛʥʘʣʘ, ʥʘ ʬʦʥʝ ʩʨʝʜʥʝʛʦ ʫʨʦʚʥʷ (ʈʠʩ. 4). 
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ʈʠʩ. 4. ʆʪʨʘʞʝʥʥʦʝ (ʚʝʨʭʥʠʡ ʛʨʘʬʠʢ) ʠ ʧʨʦʰʝʜʰʝʝ ʯʝʨʝʟ ʧʦʨʦʰʦʢ ʠʟʣʫʯʝʥʠʝ (ʥʠʞʥʠʡ ʛʨʘʬʠʢ) ʚ ʩʤʝʩʠ 

ʧʦʨʦʰʢʦʚ SiO2+Pd 10%. ɺʳʩʪʨʝʣ ˉ58460 ʙʝʟ ʧʨʦʙʦʷ ʧʦʨʦʰʢʘ, ʥʦ ʩ ʨʘʟʨʷʜʦʤ, ʚʦʟʥʠʢʘʶʱʠʤ ʥʘ ʪʨʘʩʩʝ 

ʧʫʯʢʘ. ʄʦʱʥʦʩʪʴ ʉɺʏ 300 ʢɺʪ. 

ɺ ʜʦʢʣʘʜʝ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʪʦʣʴʢʦ ʧʨʠ ʧʦʤʦʱʠ ʜʚʫʭ ʦʜʥʦʚʨʝʤʝʥʥʦ ʨʘʙʦʪʘʶʱʠʭ 

ʜʠʘʛʥʦʩʪʠʢ, ʤʦʞʥʦ ʨʘʟʜʝʣʠʪʴ ʨʝʞʠʤ ʩ ʧʦʛʣʦʱʝʥʠʝʤ ʉɺʏ ʠ ʧʝʨʝʭʦʜʦʤ ʢ ʮʝʧʥʳʤ ʨʝʘʢʮʠʷʤ 

ʩʠʥʪʝʟʘ ʤʘʪʝʨʠʘʣʦʚ ʠ ʨʝʞʠʤ ʩ ʧʦʛʣʦʱʝʥʠʝʤ ʉɺʏ, ʥʦ ʧʨʠʚʦʜʷʱʠʤ ʢ ʨʘʟʚʠʪʠʶ ʧʨʦʮʝʩʩʦʚ ʚʥʝ 

ʧʦʨʦʰʢʘ (ʥʘʧʨʠʤʝʨ, ʤʠʢʨʦʚʦʣʥʦʚʳʡ ʧʦʜʧʦʨʦʛʦʚʳʡ ʥʘ ʪʨʘʩʩʝ ʧʫʯʢʘ) ʥʝ ʧʨʠʚʦʜʷʱʠʡ ʢ 

ʚʪʦʨʠʯʥʦʤʫ ʩʠʥʪʝʟʫ. 
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ɺʓʉʆʂʆʉʂʆʈʆʉʊʅɸʗ ʉʒɽʄʂɸ ʇʈʆʎɽʉʉɸ ɺɿɸʀʄʆɼɽʁʉʊɺʀʗ 

ʄʆʑʅʆɻʆ ʇʃɸɿʄɽʅʅʆɻʆ ʇʆʊʆʂɸ ʉ ʊɺɽʈɼʆʊɽʃʔʅʆʁ ʀ ɻɸɿʆɺʆʁ 

ʄʀʐɽʅʔʖ 

 

 

ɺ.ɸ. ʂʦʩʪʶʰʠʥ1, ɼ.ʄ. ʂʦʯʥʝʚ1, ɿ.ʀ. ʅʦʚʦʩʝʣʦʚʘ1,2, ʀ.ʄ. ʇʦʟʥʷʢ1,2, ɸ.ʀ. ʈʫʤʷʥʮʝʚʘ1,2, ɺ.ʄ. 

ʉʘʬʨʦʥʦʚ1,2,3, ɼ.ʄ. ʊʦʧʦʨʢʦʚ1, ɽ.ɼ. ʌʝʜʫʣʘʝʚ1,2, ɺ.ʖ. ʎʳʙʝʥʢʦ1 

 

 
1 ɸʆ çɻʅʎ ʈʌ ʊʈʀʅʀʊʀè 
2 ʄʦʩʢʦʚʩʢʠʡ ʬʠʟʠʢʦ-ʪʝʭʥʠʯʝʩʢʠʡ ʠʥʩʪʠʪʫʪ (ʥʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ) 
3 ʇʨʦʝʢʪʥʳʡ ʮʝʥʪʨ ʀʊʕʈ 

 

 

ɺ ʫʩʣʦʚʠʷʭ, ʭʘʨʘʢʪʝʨʥʳʭ ʜʣʷ ʧʝʨʝʭʦʜʥʳʭ ʧʨʦʮʝʩʩʦʚ ʚ ʪʦʢʘʤʘʢʘʭ (ʩʨʳʚʦʚ, ELM-

ʩʦʙʳʪʠʡ), ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʤʦʱʥʳʭ ʧʣʘʟʤʝʥʥʳʭ ʧʦʪʦʢʦʚ ʥʘ ʧʝʨʚʫʶ ʩʪʝʥʢʫ ʠ ʜʠʚʝʨʪʦʨ 

ʧʨʦʠʩʭʦʜʠʪ ʠʥʪʝʥʩʠʚʥʘʷ ʵʨʦʟʠʷ ʟʘʱʠʪʥʳʭ ʧʦʢʨʳʪʠʡ. ʀʩʧʘʨʝʥʠʝ ʤʘʪʝʨʠʘʣʘ ʠ ʨʘʟʚʠʪʠʝ ʵʬʬʝʢʪʘ 

ʧʘʨʦʚʦʡ ʵʢʨʘʥʠʨʦʚʢʠ ʚʝʜʝʪ ʢ ʩʥʠʞʝʥʠʶ ʪʝʧʣʦʚʦʡ ʥʘʛʨʫʟʢʠ ʥʘ ʧʦʚʝʨʭʥʦʩʪʴ [1]. ʉʫʪʴ ʵʬʬʝʢʪʘ ï 

ʥʝʙʦʣʴʰʦʝ ʢʦʣʠʯʝʩʪʚʦ ʠʩʧʘʨʝʥʥʦʛʦ ʤʘʪʝʨʠʘʣʘ ʬʦʨʤʠʨʫʝʪ ʩʣʦʡ ʧʨʠʧʦʚʝʨʭʥʦʩʪʥʦʡ ʧʣʘʟʤʳ, 

ʢʦʪʦʨʘʷ ʧʨʝʦʙʨʘʟʫʝʪ ʵʥʝʨʛʠʶ ʥʘʣʝʪʘʶʱʝʛʦ ʧʣʘʟʤʝʥʥʦʛʦ ʧʦʪʦʢʘ ʚ ʠʟʣʫʯʝʥʠʝ. ɼʣʷ ʧʦʩʪʨʦʝʥʠʷ 

ʬʠʟʠʯʝʩʢʠʭ ʤʦʜʝʣʝʡ, ʦʧʠʩʳʚʘʶʱʠʭ ʵʬʬʝʢʪ ʧʘʨʦʚʦʡ ʵʢʨʘʥʠʨʦʚʢʠ, ʥʝʦʙʭʦʜʠʤʳ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʜʘʥʥʳʝ ʦ ʜʠʥʘʤʠʢʝ ʠ ʩʚʦʡʩʪʚʘʭ ʵʢʨʘʥʠʨʫʶʱʝʛʦ ʩʣʦʷ. 

ʂʨʦʤʝ ʵʬʬʝʢʪʘ ʧʘʨʦʚʦʡ ʵʢʨʘʥʠʨʦʚʢʠ, ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʚʦʟʤʦʞʥʦʩʪʴ ʩʥʠʞʝʥʠʷ ʪʝʧʣʦʚʦʡ 

ʥʘʛʨʫʟʢʠ ʥʘ ʧʦʚʝʨʭʥʦʩʪʴ ʩ ʧʦʤʦʱʴʶ ʜʠʩʩʠʧʘʪʠʚʥʦʛʦ ʜʠʚʝʨʪʦʨʘ [2]. ɼʣʷ ʨʘʟʨʘʙʦʪʢʠ ʵʪʦʡ 

ʢʦʥʮʝʧʮʠʠ ʥʝʦʙʭʦʜʠʤʳ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʜʘʥʥʳʝ ʧʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʶ ʤʦʱʥʳʭ ʧʣʘʟʤʝʥʥʳʭ 

ʧʦʪʦʢʦʚ ʩ ʛʘʟʦʚʦʡ ʤʠʰʝʥʴʶ. 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʦʧʠʩʘʥʳ ʤʝʪʦʜʳ ʜʠʘʛʥʦʩʪʠʢʠ, ʧʦʟʚʦʣʷʶʱʠʝ ʧʦʣʫʯʠʪʴ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʜʘʥʥʳʝ ʦ ʬʦʨʤʠʨʦʚʘʥʠʠ ʠ ʜʠʥʘʤʠʢʝ ʧʨʠʤʠʰʝʥʥʦʛʦ ʧʣʘʟʤʝʥʥʦʛʦ ʩʣʦʷ ʧʨʠ 

ʚʦʟʜʝʡʩʪʚʠʠ ʚʦʜʦʨʦʜʥʦʛʦ ʧʣʘʟʤʝʥʥʦʛʦ ʧʦʪʦʢʘ ʥʘ ʚʦʣʴʬʨʘʤʦʚʫʶ ʧʣʘʩʪʠʥʫ, ʘ ʪʘʢʞʝ ï ʩʪʨʫʶ 

ʘʟʦʪʘ. 

ʕʢʩʧʝʨʠʤʝʥʪʳ ʧʨʦʚʦʜʠʣʠʩʴ ʥʘ ʫʩʪʘʥʦʚʢʝ ʄʂ-200UG (ʨʠʩ. 1). ʋʩʪʘʥʦʚʢʘ ʦʙʝʩʧʝʯʠʚʘʝʪ 

ʩʣʝʜʫʶʱʠʝ ʧʘʨʘʤʝʪʨʳ ʚʦʜʦʨʦʜʥʦʛʦ ʧʣʘʟʤʝʥʥʦʛʦ ʧʦʪʦʢʘ: ʩʢʦʨʦʩʪʴ å (4õ6)Ā107 ʩʤ/ʩ, ʧʣʦʪʥʦʩʪʴ 

å (2õ4)Ā1015 ʩʤ-3, ʧʦʣʥʦʝ ʵʥʝʨʛʦʩʦʜʝʨʞʘʥʠʝ ʜʦ 40 ʢɼʞ. ɺ ʤʠʰʝʥʥʦʡ ʢʘʤʝʨʝ ʩʦʟʜʘʚʘʣʦʩʴ 

ʤʘʛʥʠʪʥʦʝ ʧʦʣʝ 1õ2 ʊʣ.  

ɼʣʷ ʜʠʘʛʥʦʩʪʠʢʠ ʧʨʦʮʝʩʩʦʚ, ʧʨʦʠʩʭʦʜʷʱʠʭ ʧʨʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʠ ʧʣʘʟʤʝʥʥʦʛʦ ʧʦʪʦʢʘ ʩ 

ʚʦʣʴʬʨʘʤʦʤ ʠ ʘʟʦʪʦʤ, ʠʩʧʦʣʴʟʦʚʘʣʘʩʴ 4-ʭ ʢʘʜʨʦʚʘʷ ʚʳʩʦʢʦʩʢʦʨʦʩʪʥʘʷ ʢʘʤʝʨʘ, ʨʝʛʠʩʪʨʠʨʫʶʱʘʷ 

ʠʟʣʫʯʝʥʠʝ ʚ ʤʷʛʢʦʤ ʨʝʥʪʛʝʥʦʚʩʢʦʤ (ʄʈ) ʠ ʚʘʢʫʫʤʥʦʤ ʫʣʴʪʨʘʬʠʦʣʝʪʦʚʦʤ (ɺʋʌ) ʜʠʘʧʘʟʦʥʘʭ 

ʜʣʠʥ ʚʦʣʥ [3]. ʏʫʚʩʪʚʠʪʝʣʴʥʳʤ ʵʣʝʤʝʥʪʦʤ ʬʦʪʦʢʘʤʝʨʳ ʷʚʣʷʝʪʩʷ ʩʝʢʮʠʦʥʠʨʦʚʘʥʥʘʷ 
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ʤʠʢʨʦʢʘʥʘʣʴʥʘʷ ʧʣʘʩʪʠʥʘ (ʄʂʇ) ʩ ʯʝʪʳʨʴʤʷ ʬʦʪʦʢʘʪʦʜʘʤʠ ʠ ʵʣʝʢʪʨʦʥʥʦ-ʦʧʪʠʯʝʩʢʠʤ 

ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʝʤ (ʕʆʇ) ï ʨʠʩ. 2. ʌʦʪʦʢʘʪʦʜʳ ʚʳʧʦʣʥʝʥʳ ʚ ʚʠʜʝ ʥʘʧʳʣʝʥʠʷ ʠʟ ʟʦʣʦʪʘ 

ʪʦʣʱʠʥʦʡ 200 ʥʤ ʠ ʩʣʫʞʘʪ ʜʣʷ ʧʦʚʳʰʝʥʠʷ ʢʚʘʥʪʦʚʦʡ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʄʂʇ. ʏʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴ 

ʄʂʇ ʩ ʟʦʣʦʪʳʤ ʬʦʪʦʢʘʪʦʜʦʤ ʥʘʯʠʥʘʝʪʩʷ ʦʪ 10 ʵɺ ʠ ʧʨʦʩʪʠʨʘʝʪʩʷ ʚ ʦʙʣʘʩʪʴ ʜʝʩʷʪʢʦʚ ʢʵɺ (ʦʪ 

~0,1 ʥʤ ʜʦ ~130 ʥʤ). 

 

 

ʈʠʩ. 1 ʉʭʝʤʘ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʫʩʪʘʥʦʚʢʠ: 1 ï ʠʤʧʫʣʴʩʥʳʡ ʧʣʘʟʤʝʥʥʳʡ 

ʫʩʢʦʨʠʪʝʣʴ, 2 ï ʫʩʢʦʨʷʝʤʘʷ ʧʣʘʟʤʘ, 3 ï ʩʦʣʝʥʦʠʜʳ, 4 ï ʪʚʝʨʜʦʪʝʣʴʥʘʷ ʤʠʰʝʥʴ, 5 ï 

ʛʘʟʦʚʳʡ ʢʣʘʧʘʥ, 6 ï ʧʨʠʤʠʰʝʥʥʘʷ ʧʣʘʟʤʘ, 7 - ʛʘʟʦʚʘʷ ʩʪʨʫʷ 

ʋʩʠʣʝʥʠʝ ʧʦʪʦʢʘ ʬʦʪʦʵʣʝʢʪʨʦʥʦʚ, ʨʦʞʜʘʶʱʠʭʩʷ ʧʨʠ ʚʦʟʜʝʡʩʪʚʠʠ ʠʟʣʫʯʝʥʠʷ ʥʘ 

ʬʦʪʦʢʘʪʦʜʳ, ʨʝʛʫʣʠʨʫʝʪʩʷ ʧʨʠ ʠʟʤʝʥʝʥʠʠ ʨʘʟʥʦʩʪʠ ʧʦʪʝʥʮʠʘʣʦʚ U ʤʝʞʜʫ ʬʦʪʦʢʘʪʦʜʦʤ ʠ 

ʟʘʜʥʝʡ ʧʦʚʝʨʭʥʦʩʪʴʶ ʄʂʇ. ʀʤʝʝʪʩʷ ʚʦʟʤʦʞʥʦʩʪʴ ʥʝʟʘʚʠʩʠʤʦʛʦ ʨʝʛʫʣʠʨʦʚʘʥʠʷ U ʜʣʷ ʢʘʞʜʦʛʦ 

ʢʘʥʘʣʘ. ɺ ʜʠʘʧʘʟʦʥʝ ʨʘʙʦʯʠʭ ʥʘʧʨʷʞʝʥʠʡ U = 510 ï 940 ɺ ʜʠʥʘʤʠʯʝʩʢʠʡ ʜʠʘʧʘʟʦʥ ʕʆʇ 

ʤʝʥʷʝʪʩʷ ʥʘ ʧʷʪʴ ʧʦʨʷʜʢʦʚ. ʀʟʦʙʨʘʞʝʥʠʷ, ʩʬʦʨʤʠʨʦʚʘʥʥʳʝ ʩʝʢʮʠʷʤʠ ʄʂʇ, ʨʝʛʠʩʪʨʠʨʫʶʪʩʷ ʩ 

ʧʦʤʦʱʴʶ ʇɿʉ-ʢʘʤʝʨʳ Smartek GC1392M. ɺʨʝʤʷ ʵʢʩʧʦʟʠʮʠʠ ʢʘʜʨʦʚ ʤʦʞʝʪ ʨʝʛʫʣʠʨʦʚʘʪʴʩʷ ʚ 

ʜʠʘʧʘʟʦʥʝ ʦʪ 40 ʥʩ ʜʦ 2 ʤʩ ʩ ʰʘʛʦʤ 10 ʥʩ. 

 

 

ʈʠʩ. 2 ï ʉʝʢʮʠʦʥʠʨʦʚʘʥʥʘʷ ʄʂʇ ʠ ʕʆʇ 
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ʇʨʠʤʝʥʷʣʠʩʴ ʜʚʝ ʩʭʝʤʳ ʨʝʛʠʩʪʨʘʮʠʠ ʠʟʣʫʯʝʥʠʷ. ɺ ʧʝʨʚʦʤ ʩʣʫʯʘʝ ʢʘʤʝʨʘ ʨʘʙʦʪʘʣʘ ʚ 4-ʭ 

ʢʘʜʨʦʚʦʤ ʨʝʞʠʤʝ. ʇʝʨʝʜ ʥʝʡ ʨʘʩʧʦʣʘʛʘʣʘʩʴ ʦʙʩʢʫʨʘ ʩ ʯʝʪʳʨʴʤʷ ʦʪʚʝʨʩʪʠʷʤʠ ʜʠʘʤʝʪʨʦʤ 200 

ʤʢʤ, ʢʘʞʜʦʝ ʠʟ ʢʦʪʦʨʳʭ ʬʦʨʤʠʨʦʚʘʣʦ ʠʟʦʙʨʘʞʝʥʠʝ ʥʘ ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʤ ʬʦʪʦʢʘʪʦʜʝ. ʇʨʠʤʝʨ 

ʪʠʧʠʯʥʳʭ ʦʙʩʢʫʨʦʛʨʘʤʤ ʧʨʠʚʝʜʝʥ ʥʘ ʨʠʩ. 3. ɼʣʷ ʩʣʫʯʘʷ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʧʣʘʟʤʝʥʥʦʛʦ ʧʦʪʦʢʘ ʩ 

ʚʦʣʴʬʨʘʤʦʚʦʡ ʤʠʰʝʥʴʶ (3ʘ) ʧʦʣʫʯʝʥʥʳʡ ʩʥʠʤʦʢ ʧʦʟʚʦʣʷʝʪ ʦʮʝʥʠʪʴ ʩʢʦʨʦʩʪʴ ʨʘʩʰʠʨʝʥʠʷ 

ʚʦʣʴʬʨʘʤʦʚʦʡ ʧʣʘʟʤʳ. ʆʥʘ ʩʦʩʪʘʚʣʷʝʪ ~9 ʢʤ/ʩ, ʯʪʦ ʚ ʧʝʨʝʩʯʝʪʝ ʥʘ ʵʥʝʨʛʠʶ ʠʦʥʦʚ ʚʦʣʴʬʨʘʤʘ 

ʨʘʚʥʦ ~75 ʵɺ. 

ɺʦ ʚʪʦʨʦʤ ʩʣʫʯʘʝ ʢʘʤʝʨʘ ʠʩʧʦʣʴʟʦʚʘʣʘʩʴ ʚ ʢʘʯʝʩʪʚʝ ʨʝʛʠʩʪʨʠʨʫʶʱʝʛʦ ʵʣʝʤʝʥʪʘ 

ʩʧʝʢʪʨʦʤʝʪʨʘ ʩ ʧʨʦʧʫʩʢʘʶʱʝʡ ʜʠʬʨʘʢʮʠʦʥʥʦʡ ʨʝʰʝʪʢʦʡ. ʇʝʨʠʦʜ ʨʝʰʝʪʢʠ 500 ʥʤ. 

ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʜʚʫʭ ʠʟʦʙʨʘʞʘʶʱʠʭ ʱʝʣʝʡ ʧʦʟʚʦʣʠʣʦ ʧʨʦʚʦʜʠʪʴ ʠʟʤʝʨʝʥʠʷ ʩ 

ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʤ ʨʘʟʨʝʰʝʥʠʝʤ. ʇʨʠʤʝʨ ʧʦʣʫʯʝʥʥʳʭ ʩʧʝʢʪʨʦʛʨʘʤʤ ʧʨʠʚʝʜʝʥ ʥʘ ʨʠʩ. 4. 

 

  

ʘ 

ʵʢʩʧʦʟʠʮʠʷ ï 50 ʥʩ; ʥʘʯʘʣʴʥʦʝ 

ʥʘʧʨʷʞʝʥʠʝ ʥʘ ʫʩʢʦʨʠʪʝʣʝ ï 16 ʢɺ; 

ʤʘʛʥʠʪʥʦʝ ʧʦʣʝ ʚ ʤʠʰʝʥʥʦʡ ʢʘʤʝʨʝ ï

 2 ʊʣ; ʤʘʪʝʨʠʘʣ ʤʠʰʝʥʠ ï ʚʦʣʴʬʨʘʤ; 

ʪʝʧʣʦʚʘʷ ʥʘʛʨʫʟʢʘ ʥʘ ʤʠʰʝʥʴ 

~15 ʄɼʞ/ʤ2 

ʙ 

ʵʢʩʧʦʟʠʮʠʷ ï 50 ʥʩ; 

ʥʘʯʘʣʴʥʦʝ ʥʘʧʨʷʞʝʥʠʝ ʥʘ ʫʩʢʦʨʠʪʝʣʝ ï 16 ʢɺ; 

ʤʘʛʥʠʪʥʦʝ ʧʦʣʝ ʚ ʤʠʰʝʥʥʦʡ ʢʘʤʝʨʝ ï 1 ʊʣ; ʛʘʟʦʚʘʷ 

ʤʠʰʝʥʴ ï ʘʟʦʪ 
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ʈʠʩ. 3 ï ʆʙʩʢʫʨʦʛʨʘʤʤʳ ʧʨʠʤʠʰʝʥʥʦʡ ʧʣʘʟʤʳ: (ʘ) ʪʚʝʨʜʦʪʝʣʴʥʘʷ, (ʙ) ʛʘʟʦʚʘʷ ʤʠʰʝʥʴ 

(ʤʦʤʝʥʪʳ ʚʨʝʤʝʥʠ ʫʢʘʟʘʥʳ ʦʪ ʥʘʯʘʣʘ ʨʘʟʨʷʜʘ ʧʣʘʟʤʝʥʥʦʛʦ ʫʩʢʦʨʠʪʝʣʷ) 

 

 

 

ʘ 

ʵʢʩʧʦʟʠʮʠʷ ï 200 ʥʩ; ʥʘʯʘʣʴʥʦʝ ʥʘʧʨʷʞʝʥʠʝ ʥʘ 

ʫʩʢʦʨʠʪʝʣʝ ï 16 ʢɺ; ʤʘʛʥʠʪʥʦʝ ʧʦʣʝ ʚ ʤʠʰʝʥʥʦʡ 

ʢʘʤʝʨʝ ï 2 ʊʣ; ʤʘʪʝʨʠʘʣ ʤʠʰʝʥʠ ï ʚʦʣʴʬʨʘʤ; ʪʝʧʣʦʚʘʷ 

ʥʘʛʨʫʟʢʘ ʥʘ ʤʠʰʝʥʴ ~15 ʄɼʞ/ʤ2 

ʙ 

ʵʢʩʧʦʟʠʮʠʷ ï 3 ʤʢʩ; 

ʥʘʯʘʣʴʥʦʝ ʥʘʧʨʷʞʝʥʠʝ ʥʘ ʫʩʢʦʨʠʪʝʣʝ ï 

16 ʢɺ; ʤʘʛʥʠʪʥʦʝ ʧʦʣʝ ʚ ʤʠʰʝʥʥʦʡ ʢʘʤʝʨʝ ï 

2 ʊʣ; ʛʘʟʦʚʘʷ ʤʠʰʝʥʴ ï ʘʟʦʪ 

ʈʠʩ. 4 ï ʉʧʝʢʪʨʦʛʨʘʤʤʳ ʧʨʠʤʠʰʝʥʥʦʡ ʧʣʘʟʤʳ: (ʘ) ʪʚʝʨʜʦʪʝʣʴʥʘʷ, (ʙ) ʛʘʟʦʚʘʷ ʤʠʰʝʥʴ (ʤʦʤʝʥʪʳ ʚʨʝʤʝʥʠ 

ʫʢʘʟʘʥʳ ʦʪ ʥʘʯʘʣʘ ʨʘʟʨʷʜʘ ʧʣʘʟʤʝʥʥʦʛʦ ʫʩʢʦʨʠʪʝʣʷ) 

ʃʠʪʝʨʘʪʫʨʘ: 
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2. ɸ. ɸ. ʇʰʝʥʦʚ, ɸ. ʉ. ʂʫʢʫʰʢʠʥ, ʉ. ʀ. ʂʨʘʰʝʥʠʥʥʠʢʦʚ // ɺʣʠʷʥʠʝ ʧʦʧʝʨʝʯʥʦʛʦ ʧʝʨʝʥʦʩʘ ʚ 
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ʊʦʧʦʨʢʦʚ // ʄʥʦʛʦʢʘʜʨʦʚʘʷ ʄʂʇ-ʢʘʤʝʨʘ ʜʣʷ ʄʈ- ʠ ɺʋʌ-ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʤʠʰʝʥʥʦʡ ʧʣʘʟʤʳ // 

ʇʨʠʙʦʨʳ ʠ ʪʝʭʥʠʢʘ ʵʢʩʧʝʨʠʤʝʥʪʘ, 1998, ˉ1, ʩ. 128-131. 
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ʕʃɽʂʊʈʆʅʅʓʁ ɾʋʈʅɸʃ ɼɸʅʅʓʍ ʇʃɸɿʄʆʍʀʄʀʏɽʉʂʆɻʆ 

ʉʀʅʊɽɿɸ ʄɸʊɽʈʀɸʃʆɺ ɺ ʄʀʂʈʆɺʆʃʅʆɺʓʍ ʈɸɿʈʗɼɸʍ, 

ʀʅʀʎʀʀʈʋɽʄʓʍ ʀɿʃʋʏɽʅʀɽʄ ʀʄʇʋʃʔʉʅʆɻʆ ɻʀʈʆʊʈʆʅɸ ɺ 

ʉʄɽʉʗʍ ʇʆʈʆʐʂʆɺ ʄɽʊɸʃʃʆɺ ʀ ɼʀʕʃɽʂʊʈʀʂʆɺ 

 

 

ʂʦʟʘʢ ɸ.ʂ., ʄʘʣʘʭʦʚ ɼ.ɺ., ʉʢʚʦʨʮʦʚʘ ʅ.ʅ., ʉʦʢʦʣʦʚ ɸ.ʉ. 

 

 

ʀʥʩʪʠʪʫʪ ʦʙʱʝʡ ʬʠʟʠʢʠ ʠʤʝʥʠ ɸ.ʄ. ʇʨʦʭʦʨʦʚʘ ʈʦʩʩʠʡʩʢʦʡ ʘʢʘʜʝʤʠʠ ʥʘʫʢ, ʄʦʩʢʚʘ, ʈʦʩʩʠʷ 

 

 

ɺ ʀʆʌ ʈɸʅ ʙʳʣʘ ʨʘʟʨʘʙʦʪʘʥʘ ʤʝʪʦʜʠʢʘ ʩʠʥʪʝʟʘ ʤʠʢʨʦ- ʠ ʥʘʥʦʯʘʩʪʠʮ ʩ ʢʦʥʪʨʦʣʠʨʫʝʤʳʤ 

ʩʦʩʪʘʚʦʤ ʠ ʩʪʨʫʢʪʫʨʦʡ ʥʘ ʦʩʥʦʚʝ ʤʠʢʨʦʚʦʣʥʦʚʦʛʦ ʨʘʟʨʷʜʘ ʚ ʛʠʨʦʪʨʦʥʦʤ ʠʟʣʫʯʝʥʠʠ. 

ʕʢʩʧʝʨʠʤʝʥʪʳ ʧʦʟʚʦʣʠʣʠ ʩʠʥʪʝʟʠʨʦʚʘʪʴ ʦʢʩʠʜʥʳʝ ʠ ʥʠʪʨʠʜʥʳʝ ʤʘʪʝʨʠʘʣʳ ʚ ʤʠʢʨʦʜʠʩʧʝʨʩʥʦʤ 

ʩʦʩʪʦʷʥʠʠ ʩ ʟʘʜʘʥʥʳʤ ʩʦʩʪʘʚʦʤ ʠ ʩʣʦʞʥʦʡ ʧʦʚʝʨʭʥʦʩʪʴʶ [1]. 

ʕʢʩʧʝʨʠʤʝʥʪʳ ʧʨʦʚʦʜʷʪʩʷ ʥʘ ʧʣʘʟʤʦʭʠʤʠʯʝʩʢʦʤ ʩʪʝʥʜʝ ʩ ʙʦʣʴʰʠʤ ʢʦʣʠʯʝʩʪʚʦʤ 

ʜʠʘʛʥʦʩʪʠʢ, ʚʢʣʶʯʘʶʱʠʭʩʷ ʦʧʪʠʯʝʩʢʠʝ, ʚʠʜʝʦ, ʤʠʢʨʦʚʦʣʥʦʚʳʝ ʠʟʤʝʨʝʥʠʷ. ʆʜʥʦʚʨʝʤʝʥʥʦ 

ʧʨʦʚʦʜʷʪʩʷ ʠʟʤʝʨʝʥʠʷ ʪʨʝʤʷ ʩʧʝʢʪʨʦʤʝʪʨʘʤʠ, ʜʚʫʤʷ ʚʠʜʝʦ ʢʘʤʝʨʘʤʠ, ʩʠʩʪʝʤʦʡ ʜʦ 10 ʉɺʏ 

ʜʝʪʝʢʪʦʨʦʚ. ɺ ʢʘʞʜʦʤ ʤʠʢʨʦʚʦʣʥʦʚʦʤ ʨʘʟʨʷʜʝ ʩʥʠʤʘʝʪʩʷ ʜʦ 300 ʦʧʪʠʯʝʩʢʠʭ ʩʧʝʢʪʨʦʚ, ʜʦ 500 

ʚʠʜʝʦʢʘʜʨʦʚ ʠ ʚʨʝʤʝʥʥʳʝ ʚʳʙʦʨʢʠ ʤʠʢʨʦʚʦʣʥʦʚʳʭ ʩʠʛʥʘʣʦʚ. ʂʨʦʤʝ ʪʦʛʦ, ʥʝʦʙʭʦʜʠʤʦ 

ʧʨʦʠʟʚʦʜʠʪʴ ʟʘʧʠʩʴ ʚʩʝʭ ʧʘʨʘʤʝʪʨʦʚ ʛʠʨʦʪʨʦʥʦʛʦ ʢʦʤʧʣʝʢʩʘ (ʠʟʤʝʥʝʥʠʝ ʚʦ ʚʨʝʤʝʥʠ ʪʦʢʘ 

ʛʠʨʦʪʨʦʥʘ, ʚʝʣʠʯʠʥʳ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ, ʤʦʱʥʦʩʪʠ ʛʠʨʦʪʨʦʥʘ ʠ ʜʨʫʛʠʭ ʧʘʨʘʤʝʪʨʦʚ). ʇʦʨʦʰʢʠ, 

ʢʦʪʦʨʳʝ ʠʩʧʦʣʴʟʫʶʪʩʷ ʚ ʵʢʩʧʝʨʠʤʝʥʪʝ, ʪʘʢʞʝ ʜʦʣʞʥʳ ʙʳʪʴ ʦʧʠʩʘʥʳ ʧʦ ʨʘʟʤʝʨʫ, ʭʠʤʠʯʝʩʢʦʤʫ 

ʩʦʩʪʘʚʫ ʠ ʚʝʩʫ. ɼʦʣʞʥʳ ʙʳʪʴ ʟʘʬʠʢʩʠʨʦʚʘʥʳ ʧʘʨʘʤʝʪʨʳ ʛʘʟʘ ʥʘʧʫʩʢʘʝʤʦʛʦ ʚ ʨʝʘʢʪʦʨ: ʩʦʩʪʘʚ 

(ʚʦʟʜʫʭ, ʘʟʦʪ, ʘʨʛʦʥ) ʠ ʜʘʚʣʝʥʠʝ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʦʙʲʝʤ ʥʝʦʙʭʦʜʠʤʦʡ ʟʘʧʠʩʠ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ ʚ ʢʘʞʜʦʤ ʠʤʧʫʣʴʩʝ ʛʠʨʦʪʨʦʥʘ ʚʝʣʠʢ. ʏʘʩʪʦʪʘ ʨʘʙʦʪʳ ʛʠʨʦʪʨʦʥʘ 1 

ʨʘʟ ʚ 20 ʩʝʢʫʥʜ [2]. ʇʦʵʪʦʤʫ ʟʘ 1 ʨʘʙʦʯʠʡ ʜʝʥʴ ʤʦʞʥʦ ʦʩʫʱʝʩʪʚʠʪʴ ʜʦ 200 ʠʤʧʫʣʴʩʦʚ 

ʛʠʨʦʪʨʦʥʘ, ʢʦʪʦʨʳʝ ʠʥʠʮʠʠʨʫʶʪ ʩʠʥʪʝʟ ʚʝʱʝʩʪʚ ʚ ʨʝʢʪʦʨʝ.  

ʅʝʦʙʭʦʜʠʤʦ ʚʚʝʩʪʠ ʥʝʧʨʝʨʳʚʥʳʡ ʢʦʥʪʨʦʣʴ ʟʘ ʩʦʭʨʘʥʝʥʠʝ ʚʩʝʭ ʧʘʨʘʤʝʪʨʦʚ ʢʘʢ ʛʠʨʦʪʨʦʥʘ 

ʪʘʢ ʠ ʧʨʦʮʝʩʩʦʚ ʩʠʥʪʝʟʘ ʚʝʱʝʩʪʚ ʧʨʦʪʝʢʘʶʱʠʭ ʚ ʨʝʘʢʪʦʨʝ (ʩʚʝʪʠʤʦʩʪʴ, ʪʝʤʧʝʨʘʪʫʨʘ ʛʘʟʘ 

ʧʣʘʟʤʳ, ʪʝʤʧʝʨʘʪʫʨʘ ʧʦʚʝʨʭʥʦʩʪʠ ʧʦʨʦʰʢʘ ʠ ʜʨʫʛʠʭ).  

ɼʣʷ ʢʦʥʪʨʦʣʷ ʠ ʘʥʘʣʠʟʘ ʨʝʟʫʣʴʪʘʪʦʚ ʧʨʦʚʦʜʠʤʳʭ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʪʨʝʙʫʝʪʩʷ ʨʘʟʨʘʙʦʪʘʪʴ 

ʩʠʩʪʝʤʫ ʩʙʦʨʘ ʜʘʥʥʳʭ (ʵʣʝʢʪʨʦʥʥʳʡ ʞʫʨʥʘʣ). 

ʆʧʨʝʜʝʣʝʥʠʝ ʩʠʩʪʝʤʳ ʩʙʦʨʘ ʜʘʥʥʳʭ 
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ʉʠʩʪʝʤʘ ʩʙʦʨʘ ʜʘʥʥʳʭ (ʉʉɼ; Data acquisition, DAS, DAQ) ð ʢʦʤʧʣʝʢʩ ʩʨʝʜʩʪʚ, 

ʧʨʝʜʥʘʟʥʘʯʝʥʥʳʡ ʜʣʷ ʨʘʙʦʪʳ ʩʦʚʤʝʩʪʥʦ ʩ ʧʝʨʩʦʥʘʣʴʥʳʤ ʢʦʤʧʴʶʪʝʨʦʤ ʠʣʠ 

ʩʧʝʮʠʘʣʠʟʠʨʦʚʘʥʥʦʡ ʕɺʄ, ʦʩʫʱʝʩʪʚʣʷʶʱʠʡ ʘʚʪʦʤʘʪʠʟʠʨʦʚʘʥʥʳʡ ʩʙʦʨ ʠʥʬʦʨʤʘʮʠʠ ʦ 

ʟʥʘʯʝʥʠʷʭ ʬʠʟʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ ʚ ʟʘʜʘʥʥʳʭ ʪʦʯʢʘʭ ʦʙʲʝʢʪʘ ʠʩʩʣʝʜʦʚʘʥʠʷ ʩ ʘʥʘʣʦʛʦʚʳʭ ʠ/ʠʣʠ 

ʮʠʬʨʦʚʳʭ ʠʩʪʦʯʥʠʢʦʚ ʩʠʛʥʘʣʘ, ʘ ʪʘʢʞʝ ʧʝʨʚʠʯʥʫʶ ʦʙʨʘʙʦʪʢʫ, ʥʘʢʦʧʣʝʥʠʝ ʠ ʧʝʨʝʜʘʯʫ ʜʘʥʥʳʭ. 

ʉʦʚʤʝʩʪʥʦ ʩ ʧʝʨʩʦʥʘʣʴʥʦʡ ʕɺʄ, ʦʩʥʘʱʸʥʥʦʡ ʩʧʝʮʠʘʣʠʟʠʨʦʚʘʥʥʳʤ ʧʨʦʛʨʘʤʤʥʳʤ 

ʦʙʝʩʧʝʯʝʥʠʝʤ, ʩʠʩʪʝʤʘ ʩʙʦʨʘ ʜʘʥʥʳʭ ʦʙʨʘʟʫʝʪ ʠʥʬʦʨʤʘʮʠʦʥʥʦ-ʠʟʤʝʨʠʪʝʣʴʥʫʶ ʩʠʩʪʝʤʫ (ʀʀʉ). 

ʀʀʉ ð ʵʪʦ ʤʥʦʛʦʢʘʥʘʣʴʥʳʡ ʠʟʤʝʨʠʪʝʣʴʥʳʡ ʧʨʠʙʦʨ ʩ ʰʠʨʦʢʠʤʠ ʚʦʟʤʦʞʥʦʩʪʷʤʠ ʦʙʨʘʙʦʪʢʠ ʠ 

ʘʥʘʣʠʟʘ ʜʘʥʥʳʭ. 

ʅʘ ʦʩʥʦʚʝ ʀʀʉ ʤʦʛʫʪ ʙʳʪʴ ʧʦʩʪʨʦʝʥʳ ʨʘʟʣʠʯʥʳʝ ʘʚʪʦʤʘʪʠʟʠʨʦʚʘʥʥʳʝ ʩʠʩʪʝʤʳ 

ʫʧʨʘʚʣʝʥʠʷ (ɸʉʋ), ʩʨʝʜʠ ʢʦʪʦʨʳʭ ʠʥʬʦʨʤʘʮʠʦʥʥʦ-ʚʳʯʠʩʣʠʪʝʣʴʥʳʝ ʢʦʤʧʣʝʢʩʳ 

(ʘʚʪʦʤʘʪʠʟʠʨʦʚʘʥʥʘʷ ʩʠʩʪʝʤʘ ʥʘʫʯʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ð ɸʉʅʀ) [3]. 

ʉʦʚʨʝʤʝʥʥʳʝ ʮʠʬʨʦʚʳʝ ʩʠʩʪʝʤʳ ʩʙʦʨʘ ʜʘʥʥʳʭ ʩʦʩʪʦʷʪ ʠʟ ʯʝʪʳʨʝʭ ʦʩʥʦʚʥʳʭ 

ʢʦʤʧʦʥʝʥʪʦʚ, ʢʦʪʦʨʳʝ ʬʦʨʤʠʨʫʶʪ ʚʩʶ ʮʝʧʦʯʢʫ ʠʟʤʝʨʝʥʠʷ ʬʠʟʠʯʝʩʢʠʭ ʷʚʣʝʥʠʡ:  

¶ ʜʘʪʯʠʢʦʚ; 

¶ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʝʡ ʩʠʛʥʘʣʦʚ; 

¶ ʘʥʘʣʦʛʦ-ʮʠʬʨʦʚʦʛʦ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷ; 

¶ ʢʦʤʧʴʶʪʝʨʘ ʩ ʧʨʦʛʨʘʤʤʦʡ ʩʙʦʨʘ ʜʘʥʥʳʭ ʜʣʷ ʨʝʛʠʩʪʨʘʮʠʠ ʩʠʛʥʘʣʦʚ ʠ ʠʭ ʘʥʘʣʠʟʘ. 

ʅʘ ʨʠʩ 1 ʧʨʝʜʩʪʘʚʣʝʥ ʘʧʧʘʨʘʪʥʦ-ʧʨʦʛʨʘʤʤʥʳʡ ʜʠʘʛʥʦʩʪʠʯʝʩʢʠʡ ʢʦʤʧʣʝʢʩ 

ʧʣʘʟʤʦʭʠʤʠʯʝʩʢʦʛʦ ʩʪʝʥʜʘ [2] , ʜʣʷ ʢʦʪʦʨʦʛʦ ʥʝʦʙʭʦʜʠʤʦ ʨʘʟʨʘʙʦʪʘʪʴ ʵʣʝʢʪʨʦʥʥʳʡ ʞʫʨʥʘʣ. 

 

 

 

ʈʠʩ.1. ɸʧʧʘʨʘʪʥʦ-ʧʨʦʛʨʘʤʤʥʳʡ ʜʠʘʛʥʦʩʪʠʯʝʩʢʠʡ ʢʦʤʧʣʝʢʩ ʧʣʘʟʤʦʭʠʤʠʯʝʩʢʦʛʦ ʩʪʝʥʜʘ. 

ʄʳ ʙʫʜʝʤ ʨʘʩʩʤʘʪʨʠʚʘʪʴ ʉʉɼ - ʩʙʦʨ ʜʘʥʥʳʭ ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ ʢʦʤʧʴʶʪʝʨʥʦʡ ʧʨʦʛʨʘʤʤʳ 

ʩʙʦʨʘ ʜʘʥʥʳʭ ʜʣʷ ʨʝʛʠʩʪʨʘʮʠʠ. 

https://ru.wikipedia.org/wiki/%D0%9F%D0%B5%D1%80%D1%81%D0%BE%D0%BD%D0%B0%D0%BB%D1%8C%D0%BD%D1%8B%D0%B9_%D0%BA%D0%BE%D0%BC%D0%BF%D1%8C%D1%8E%D1%82%D0%B5%D1%80
https://ru.wikipedia.org/wiki/%D0%9F%D0%B5%D1%80%D1%81%D0%BE%D0%BD%D0%B0%D0%BB%D1%8C%D0%BD%D1%8B%D0%B9_%D0%BA%D0%BE%D0%BC%D0%BF%D1%8C%D1%8E%D1%82%D0%B5%D1%80
https://ru.wikipedia.org/wiki/%D0%90%D0%B2%D1%82%D0%BE%D0%BC%D0%B0%D1%82%D0%B8%D0%B7%D0%B8%D1%80%D0%BE%D0%B2%D0%B0%D0%BD%D0%BD%D0%B0%D1%8F_%D1%81%D0%B8%D1%81%D1%82%D0%B5%D0%BC%D0%B0_%D1%83%D0%BF%D1%80%D0%B0%D0%B2%D0%BB%D0%B5%D0%BD%D0%B8%D1%8F
https://ru.wikipedia.org/wiki/%D0%90%D0%B2%D1%82%D0%BE%D0%BC%D0%B0%D1%82%D0%B8%D0%B7%D0%B8%D1%80%D0%BE%D0%B2%D0%B0%D0%BD%D0%BD%D0%B0%D1%8F_%D1%81%D0%B8%D1%81%D1%82%D0%B5%D0%BC%D0%B0_%D1%83%D0%BF%D1%80%D0%B0%D0%B2%D0%BB%D0%B5%D0%BD%D0%B8%D1%8F
https://ru.wikipedia.org/wiki/%D0%90%D0%A1%D0%9D%D0%98
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ʂʣʘʩʩʠʬʠʢʘʮʠʷ ʉʉɼ 

ʆʩʥʦʚʥʦʡ ʟʘʜʘʯʝʡ ʩʠʩʪʝʤʳ ʩʙʦʨʘ ʜʘʥʥʳʭ ʷʚʣʷʝʪʩʷ ʩʙʦʨ ʠ ʭʨʘʥʝʥʠʝ ʜʘʥʥʳʭ. ɺʤʝʩʪʝ ʩ ʪʝʤ, 

ʪʘʢʠʝ ʩʠʩʪʝʤʳ ʠʩʧʦʣʴʟʫʶʪʩʷ ʜʣʷ ʚʠʟʫʘʣʠʟʘʮʠʠ ʚʦ ʚʨʝʤʷ ʠ ʧʦʩʣʝ ʠʟʤʝʨʝʥʠʡ ʠ ʘʥʘʣʠʟʘ ʜʘʥʥʳʭ 

[3]. ɹʦʣʝʝ ʪʦʛʦ, ʙʦʣʴʰʠʥʩʪʚʦ ʩʠʩʪʝʤ ʩʙʦʨʘ ʜʘʥʥʳʭ ʠʤʝʝʪ ʚʩʪʨʦʝʥʥʳʝ ʬʫʥʢʮʠʠ ʘʥʘʣʠʟʘ ʠ 

ʩʦʟʜʘʥʠʷ ʦʪʯʸʪʦʚ. 

ʇʦ ʩʧʦʩʦʙʫ ʩʦʧʨʷʞʝʥʠʷ ʩ ʢʦʤʧʴʶʪʝʨʦʤ ʩʠʩʪʝʤʳ ʩʙʦʨʘ ʜʘʥʥʳʭ ʤʦʞʥʦ ʨʘʟʜʝʣʠʪʴ ʥʘ: 

¶ ʉʉɼ ʥʘ ʦʩʥʦʚʝ ʚʩʪʨʘʠʚʘʝʤʳʭ ʧʣʘʪ ʩʙʦʨʘ ʜʘʥʥʳʭ ʩʦ ʩʪʘʥʜʘʨʪʥʳʤ ʩʠʩʪʝʤʥʳʤ 

ʠʥʪʝʨʬʝʡʩʦʤ (ʥʘʠʙʦʣʝʝ ʨʘʩʧʨʦʩʪʨʘʥʸʥ ʠʥʪʝʨʬʝʡʩ PCI). 

¶ ʉʉɼ ʥʘ ʦʩʥʦʚʝ ʤʦʜʫʣʝʡ ʩʙʦʨʘ ʜʘʥʥʳʭ ʩ ʚʥʝʰʥʠʤ ʠʥʪʝʨʬʝʡʩʦʤ (RS-232, RS-485, USB). 

¶ ʉʉɼ, ʚʳʧʦʣʥʝʥʥʳʝ ʚ ʚʠʜʝ ʢʨʝʡʪʦʚ (ʤʘʛʠʩʪʨʘʣʴʥʦ-ʤʦʜʫʣʴʥʳʝ ʉʉɼ ð ʂɸʄɸʂ, VXI ). 

¶ ɻʨʫʧʧʳ ʮʠʬʨʦʚʳʭ ʠʟʤʝʨʠʪʝʣʴʥʳʭ ʧʨʠʙʦʨʦʚ (ʎʀʇ) ʠʣʠ ʠʥʪʝʣʣʝʢʪʫʘʣʴʥʳʭ ʜʘʪʯʠʢʦʚ. 

ɼʣʷ ʠʭ ʦʨʛʘʥʠʟʘʮʠʠ ʧʨʠʤʝʥʷʶʪʩʷ ʠʥʪʝʨʬʝʡʩʳ: GPIB (IEEE-488), 1-wire, CAN, HART. 

ʇʦ ʩʧʦʩʦʙʫ ʧʦʣʫʯʝʥʠʷ ʠʥʬʦʨʤʘʮʠʠ ʉʉɼ ʜʝʣʷʪʩʷ ʥʘ: 

¶ ʩʢʘʥʠʨʫʶʱʠʝ, 

¶ ʤʫʣʴʪʠʧʣʝʢʩʥʳʝ (ʤʫʣʴʪʠʧʣʝʢʩʦʨʥʳʝ, ʠʥʦʛʜʘ ʛʦʚʦʨʷʪ çʤʥʦʛʦʪʦʯʝʯʥʳʝè), 

¶ ʧʘʨʘʣʣʝʣʴʥʳʝ, 

¶ ʤʫʣʴʪʠʧʣʠʮʠʨʦʚʘʥʥʳʝ. 

ʊʨʝʙʦʚʘʥʠʷ ʢ ʵʣʝʢʪʨʦʥʥʦʤʫ ʞʫʨʥʘʣʫ 

ʕʣʝʢʪʨʦʥʥʳʡ ʞʫʨʥʘʣ ʜʦʣʞʝʥ ʫʜʦʚʣʝʪʚʦʨʷʪʴ ʩʣʝʜʫʶʱʠʤ ʪʨʝʙʦʚʘʥʠʷʤ: 

¶ ʘʚʪʦʤʘʪʠʟʘʮʠʷ ʧʨʦʮʝʩʩʘ ʨʝʛʠʩʪʨʘʮʠʠ ʧʘʨʘʤʝʪʨʦʚ ʨʘʙʦʪʳ ʛʠʨʦʪʨʦʥʘ ʠ ʜʨʫʛʦʛʦ 

ʦʙʦʨʫʜʦʚʘʥʠʷ, ʟʘʜʝʡʩʪʚʦʚʘʥʥʦʛʦ ʚ ʧʨʦʮʝʩʩʝ ʵʢʩʧʝʨʠʤʝʥʪʦʚ  

¶ ʚʦʟʤʦʞʥʦʩʪʴ ʜʦʙʘʚʣʝʥʠʷ ʥʦʚʦʛʦ ʦʙʦʨʫʜʦʚʘʥʠʷ; 

¶ ʬʠʢʩʠʨʦʚʘʥʠʝ ʚʩʝʭ ʧʘʨʘʤʝʪʨʦʚ ʠʤʧʫʣʴʩʦʚ; 

¶ ʚʦʟʤʦʞʥʦʩʪʴ ʩʦʟʜʘʥʠʷ ʦʪʯʸʪʦʚ. 

ʆʧʠʩʘʥʠʝ ʧʨʝʜʣʘʛʘʝʤʦʛʦ ʨʝʰʝʥʠ ̫

ɺ ʢʘʯʝʩʪʚʝ ʤʦʜʝʣʠ ʜʘʥʥʳʭ ʜʣʷ ʵʣʝʢʪʨʦʥʥʦʛʦ ʞʫʨʥʘʣʘ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʚʳʙʨʘʥʘ ʩʭʝʤʘ 

çʟʚʝʟʜʘè. ʆʩʥʦʚʦʡ ʵʪʦʡ ʤʦʜʝʣʠ ʷʚʣʷʝʪʩʷ ʪʘʙʣʠʮʘ ʬʘʢʪʦʚ (ʨʝʟʫʣʴʪʘʪʳ ʦʙʨʘʙʦʪʢʠ) ð ʮʝʥʪʨ 

çʟʚʝʟʜʳè ʠ ʩʚʷʟʘʥʥʳʝ ʩ ʥʝʡ ʪʘʙʣʠʮʳ ʠʟʤʝʨʝʥʠʡ (ʚʠʜʝʦʢʘʤʝʨʳ, ʠʥʩʪʨʫʤʝʥʪʳ, ʧʦʨʦʰʢʠ, ʬʘʡʣʳ 

ʥʘʙʣʶʜʝʥʠʡ) ð ʣʫʯʠ çʟʚʝʟʜʳè. 

ɼʣʷ ʧʨʦʚʝʨʢʠ ʨʘʙʦʪʦʩʧʦʩʦʙʥʦʩʪʠ ʧʨʝʜʣʦʞʝʥʥʦʡ ʩʭʝʤʳ ʙʳʣʘ ʥʘʧʠʩʘʥʘ ʧʨʦʛʨʘʤʤʘ ʥʘ 

ʧʣʘʪʬʦʨʤʝ ç1ʉ:ʇʨʝʜʧʨʠʷʪʠʝ 8.3è. 1ʉ ʙʳʣʘ ʚʳʙʨʘʥʘ ʚ ʢʘʯʝʩʪʚʝ ʫʜʦʙʥʦʛʦ ʠʥʩʪʨʫʤʝʥʪʘ, 

ʧʦʟʚʦʣʷʶʱʝʛʦ ʣʝʛʢʦ ʠ ʧʨʦʩʪʦ ʨʝʘʣʠʟʦʚʘʪʴ ʚʳʙʨʘʥʥʫʶ ʩʭʝʤʫ ʜʘʥʥʳʭ. ʉʨʝʜʠ ʜʦʩʪʦʠʥʩʪʚ 

ʧʣʘʪʬʦʨʤʳ 1ʉ ʤʦʞʥʦ ʚʳʜʝʣʠʪʴ ʩʣʝʜʫʶʱʠʝ: 

¶ ʚʳʩʦʢʘʷ ʩʢʦʨʦʩʪʴ ʨʘʟʨʘʙʦʪʢʠ; 

https://ru.wikipedia.org/wiki/PCI
https://ru.wikipedia.org/wiki/RS-232
https://ru.wikipedia.org/wiki/RS-485
https://ru.wikipedia.org/wiki/USB
https://ru.wikipedia.org/wiki/%D0%9A%D1%80%D0%B5%D0%B9%D1%82%D0%BE%D0%B2%D0%B0%D1%8F_%D1%81%D0%B8%D1%81%D1%82%D0%B5%D0%BC%D0%B0
https://ru.wikipedia.org/wiki/%D0%9A%D0%90%D0%9C%D0%90%D0%9A
https://ru.wikipedia.org/wiki/VXI
https://ru.wikipedia.org/wiki/IEEE-488
https://ru.wikipedia.org/wiki/Controller_Area_Network
https://ru.wikipedia.org/wiki/HART-%D0%BF%D1%80%D0%BE%D1%82%D0%BE%D0%BA%D0%BE%D0%BB
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¶ ʚʦʟʤʦʞʥʦʩʪʴ ʨʘʙʦʪʘʪʴ ʢʘʢ ʥʘ ʧʝʨʩʦʥʘʣʴʥʦʤ ʢʦʤʧʴʶʪʝʨʝ, ʪʘʢ ʠ ʯʝʨʝʟ Web; 

¶ ʥʘʣʠʯʠʝ ʩʦʚʨʝʤʝʥʥʦʛʦ ʠ ʫʜʦʙʥʦʛʦ ʧʦʣʴʟʦʚʘʪʝʣʴʩʢʦʛʦ ʠʥʪʝʨʬʝʡʩʘ; 

¶ ʚʦʟʤʦʞʥʦʩʪʴ ʦʧʝʨʘʪʠʚʥʦʡ ʜʦʨʘʙʦʪʢʠ ʩʪʨʫʢʪʫʨʳ ʭʨʘʥʠʣʠʱʘ ʧʦʜ ʪʨʝʙʦʚʘʥʠʷ 

ʧʦʣʴʟʦʚʘʪʝʣʝʡ. 

ɿʘʢʣʶʯʝʥʠʝ 

ɼʣʷ ʧʨʦʚʝʨʢʠ ʚʦʟʤʦʞʥʦʩʪʝʡ ʨʘʟʨʘʙʦʪʘʥʥʦʡ ʩʠʩʪʝʤʳ ʚ ʥʝʸ ʙʳʣʠ ʟʘʛʨʫʞʝʥʳ ʜʘʥʥʳʝ 

ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʟʘ ʧʝʨʠʦʜ ʩ 05.10.2020 ʧʦ 09.10.2020. ʇʨʦʛʨʘʤʤʘ ʧʦʜʪʚʝʨʜʠʣʘ ʟʘʣʦʞʝʥʥʳʝ ʚ ʥʝʸ 

ʪʨʝʙʦʚʘʥʠʷ. 

 

 

ʈʠʩ. 2. ɼʝʤʦʥʩʪʨʘʮʠʷ ʨʝʟʫʣʴʪʘʪʦʚ. 
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