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ʉʧʠʩʦʢ ʫʩʣʦʚʥʳʭ ʦʙʦʟʥʘʯʝʥʠʡ 

ʈʌɸ ï ʈʝʥʪʛʝʥʦʚʩʢʠʡ ʌʣʫʦʨʝʩʮʝʥʪʥʳʡ ɸʥʘʣʠʟ 

ɺʇɻ ï ɺr ʩʦʢʦʦʨʠʝʥʪʠʨʦʚʘʥʥʳʡ ʇʠʨʦʣʠʪʠʯʝʩʢʠʡ ɻʨʘʬʠʪ 

ʈʉʉʌ ï ʈʝʥʪʛʝʥʦʚʩʢʘʷ ʉʧʝʢʪʨʦʤʝʪʨʠʷ ʉʢʘʯʢʦʚ ʌʦʪʦʧʦʛʣʦʱʝʥʠʷ  

XAFS ïX-ray Absorption Fine Structure ï ʪʦʥʢʘʷ ʩʪʨʫʢʪʫʨʘ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ 

ʧʦʛʣʦʱʝʥʠʷ 

NEXAFS ï Near-Edge X-ray Absorption Fine Structure ï ʪʦʥʢʘʷ ʩʪʨʫʢʪʫʨʘ 

ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʧʦʛʣʦʱʝʥʠʷ ʚʙʣʠʟʠ ʩʢʘʯʢʘ 

EDXRF ï Energy-Dispersive X-Ray Fluorescence ï ʵʥʝʨʛʦʜʠʩʧʝʨʩʠʦʥʥʘʷ 

ʨʝʥʪʛʝʥʦʚʩʢʘʷ ʬʣʫʦʨʝʩʮʝʥʮʠʷ 

WDXRF ï Wave-Dispersive X-Ray Fluorescence ï ʨʝʥʪʛʝʥʦʚʩʢʘʷ 

ʬʣʫʦʨʝʩʮʝʥʮʠʷ ʩ ʚʦʣʥʦʚʦʡ ʜʠʩʧʝʨʩʠʝʡ 
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ɺʚʝʜʝʥʠʝ 

ʆʙʱʘʷ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘ ʨʘʙʦʪʳ 

 ɺ ʨʘʙʦʪʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʠ 

ʜʠʩʧʝʨʩʠʠ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ ʚ ʧʨʠʟʤʘʭ, ʚ ʩʣʦʠʩʪʳʭ ʥʘʥʦʩʪʨʫʢʪʫʨʘʭ, 

ʨʘʩʪʚʦʨʘʭ ʠ ʤʦʟʘʠʯʥʳʭ ʢʨʠʩʪʘʣʣʘʭ, ʧʨʝʜʣʦʞʝʥʳ ʥʦʚʳʝ ʤʝʪʦʜʳ 

ʚʳʩʦʢʦʯʫʚʩʪʚʠʪʝʣʴʥʦʛʦ ʨʝʥʪʛʝʥʦʬʣʫʦʨʝʩʮʝʥʪʥʦʛʦ ʘʥʘʣʠʟʘ, ʦʙʦʩʥʦʚʘʥʦ ʥʦʚʦʝ 

ʥʘʧʨʘʚʣʝʥʠʝ ʜʠʘʛʥʦʩʪʠʢʠ - ʙʳʩʪʨʳʡ ʵʥʝʨʛʦʜʠʩʧʝʨʩʠʦʥʥʳʡ ʘʥʘʣʠʟ ʩ ʧʦʤʦʱʴʶ 

ʧʨʠʟʤʝʥʥʦʡ ʘʣʤʘʟʥʦʡ ʦʧʪʠʢʠ.  

ɸʢʪʫʘʣʴʥʦʩʪʴ ʧʨʦʙʣʝʤʳ 

ʈʝʥʪʛʝʥʦʚʩʢʘʷ ʨʝʬʣʝʢʪʦʤʝʪʨʠʷ ʷʚʣʷʝʪʩʷ ʦʜʥʠʤ ʠʟ ʦʩʥʦʚʥʳʭ ʤʝʪʦʜʦʚ 

ʢʦʥʪʨʦʣʷ ʧʘʨʘʤʝʪʨʦʚ ʪʦʥʢʠʭ ʧʣʝʥʦʢ. ʆʩʦʙʳʡ ʠʥʪʝʨʝʩ ʧʨʝʜʩʪʘʚʣʷʝʪ ʠʩʩʣʝʜʦʚʘʥʠʝ 

ʢʠʥʝʪʠʢʠ ʧʨʦʮʝʩʩʦʚ ʚ ʪʦʥʢʠʭ ʧʣʝʥʢʘʭ, ʘ ʪʘʢʞʝ ʙʳʩʪʨʦʧʨʦʪʝʢʘʶʱʠʭ ʧʨʦʮʝʩʩʦʚ, 

ʚʦʟʥʠʢʘʶʱʠʭ ʧʨʠ ʠʥʪʝʥʩʠʚʥʦʤ ʚʥʝʰʥʝʤ ʚʦʟʜʝʡʩʪʚʠʠ, ʥʘʧʨʠʤʝʨ, ʧʨʠ ʦʙʣʫʯʝʥʠʠ 

ʠʤʧʫʣʴʩʘʤʠ ʣʘʟʝʨʘ ʠʣʠ ʧʫʯʢʘʤʠ ʟʘʨʷʞʝʥʥʳʭ ʯʘʩʪʠʮ. ʀʩʩʣʝʜʦʚʘʥʠʝ ʪʘʢʠʭ 

ʧʨʦʮʝʩʩʦʚ ʦʪʢʨʳʚʘʝʪ ʚʦʟʤʦʞʥʦʩʪʴ ʢʦʥʩʪʨʫʠʨʦʚʘʥʠʷ ʨʝʟʦʥʘʪʦʨʦʚ, ʟʝʨʢʘʣ, 

ʤʥʦʛʦʩʣʦʡʥʳʭ ʩʪʨʫʢʪʫʨ, ʩʧʦʩʦʙʥʳʭ ʜʣʠʪʝʣʴʥʦ ʚʳʜʝʨʞʠʚʘʪʴ ʟʥʘʯʠʪʝʣʴʥʳʝ 

ʪʝʧʣʦʚʳʝ ʠ ʨʘʜʠʘʮʠʦʥʥʳʝ ʥʘʛʨʫʟʢʠ. ʆʜʥʘʢʦ ʚ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʵʪʦ ʥʘʧʨʘʚʣʝʥʠʝ 

ʧʨʘʢʪʠʯʝʩʢʠ ʤʘʣʦ ʠʟʫʯʝʥʦ. ʇʨʦʙʣʝʤʘ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʪʦʤ, ʯʪʦ ʢʣʘʩʩʠʯʝʩʢʘʷ 

ʨʝʬʣʝʢʪʦʤʝʪʨʠʷ ʩ ʤʝʭʘʥʠʯʝʩʢʠʤ ʫʛʣʦʚʳʤ ʩʢʘʥʠʨʦʚʘʥʠʝʤ ʠ ʵʥʝʨʛʦʜʠʩʧʝʨʩʠʦʥʥʘʷ 

ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʘʷ ʩʧʝʢʪʨʦʤʝʪʨʠʷ ʷʚʣʷʶʪʩʷ çʤʝʜʣʝʥʥʳʤʠ ʤʝʪʦʜʘʤʠè ʩ 

ʭʘʨʘʢʪʝʨʥʳʤʠ ʚʨʝʤʝʥʘʤʠ ʘʥʘʣʠʟʘ ~ 0.1 - 1 ʯʘʩʘ ʠ ʧʦʵʪʦʤʫ ʥʝ ʧʨʠʤʝʥʠʤ rʜʣʷ 

ʠʩʩʣʝʜʦʚʘʥʠʷ ʙʳʩʪʨʳʭ ʧʨʦʮʝʩʩʦʚ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʨʘʟʨʘʙʦʪʢʘ ʥʦʚʳʭ ʧʦʜʭʦʜʦʚ, 

ʧʦʟʚʦʣʷʶʱʠʭ ʧʨʦʚʦʜʠʪʴ ʢʦʥʪʨʦʣʴ ʙʳʩʪʨʦʛʦ ʠʟʤʝʥʝʥʠʷ ʧʘʨʘʤʝʪʨʦʚ, ʷʚʣʷʝʪʩʷ 

ʢʣʶʯʝʚʳʤ ʫʩʣʦʚʠʝʤ ʜʣʷ ʨʘʟʚʠʪʠʷ ʵʪʦʛʦ ʥʘʧʨʘʚʣʝʥʠʷ. 

ʈʝʥʪʛʝʥʦʚʩʢʘʷ ʩʧʝʢʪʨʦʤʝʪʨʠʷ ʘʢʪʠʚʥʦ ʧʨʠʤʝʥʷʝʪʩʷ ʜʣʷ ʨʝʰʝʥʠʷ ʰʠʨʦʢʦʛʦ 

ʢʣʘʩʩʘ ʟʘʜʘʯ. ʄʝʪʦʜ ʨʝʥʪʛʝʥʦʬʣʫʦʨʝʩʮʝʥʪʥʦʛʦ ʘʥʘʣʠʟʘ ʷʚʣʷʝʪʩʷ ʵʪʘʣʦʥʥʳʤ 

ʤʝʪʦʜʦʤ ʦʧʨʝʜʝʣʝʥʠʷ ʵʣʝʤʝʥʪʥʦʛʦ ʩʦʩʪʘʚʘ ʠ ʠʩʧʦʣʴʟʫʝʪʩʷ ʚʦ ʤʥʦʛʠʭ ʦʙʣʘʩʪʷʭ 

ʥʘʫʢʠ ʠ ʪʝʭʥʠʢʠ. ʈʝʥʪʛʝʥʦʚʩʢʘʷ ʘʙʩʦʨʙʮʠʦʥʥʘʷ ʩʧʝʢʪʨʦʤʝʪʨʠʷ ʧʨʠʤʝʥʷʝʪʩʷ ʜʣʷ 
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ʦʧʨʝʜʝʣʝʥʠʷ ʩʪʨʫʢʪʫʨʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʚ ʘʤʦʨʬʥʳʭ ʩʨʝʜʘʭ, ʘʥʘʣʠʟʘ ʧʦʣʦʞʝʥʠʷ 

ʘʪʦʤʦʚ ʚ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʝʪʢʝ, ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʭʠʤʠʯʝʩʢʠʭ ʩʚʷʟʝʡ, 

ʦʧʨʝʜʝʣʝʥʠʷ ʢʦʥʮʝʥʪʨʘʮʠʠ ʧʨʠʤʝʩʝʡ. ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʚ ʣʘʙʦʨʘʪʦʨʥʳʭ ʫʩʣʦʚʠʷʭ 

ʥʝ ʫʜʘʝʪʩʷ ʜʦʩʪʠʯʴ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʠ, ʩʨʘʚʥʠʤʦʡ ʩ ʨʝʟʫʣʴʪʘʪʘʤʠ ʩʠʥʭʨʦʪʨʦʥʥʳʭ 

ʢʘʥʘʣʦʚ, ʧʦʩʢʦʣʴʢʫ ʥʘ ʩʠʥʭʨʦʪʨʦʥʘʭ ʦʙʳʯʥʦ ʧʨʠʤʝʥʷʝʪʩʷ ʤʦʥʦʭʨʦʤʘʪʠʯʝʩʢʦʝ ʠ 

ʧʦʣʷʨʠʟʦʚʘʥʥʦʝ ʠʟʣʫʯʝʥʠʝ, ʯʪʦ ʧʨʠʥʮʠʧʠʘʣʴʥʦ ʚʘʞʥʦ ʜʣʷ ʧʦʣʫʯʝʥʠʷ 

ʤʘʢʩʠʤʘʣʴʥʦʡ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʠ ʵʣʝʤʝʥʪʥʦʛʦ ʘʥʘʣʠʟʘ ʩ ʧʦʤʦʱʴʶ ʈʌɸ. ʇʦʵʪʦʤʫ 

ʜʣʷ ʧʦʚʳʰʝʥʠʷ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʠ ʈʌɸ ʥʝʦʙʭʦʜʠʤʘ ʨʘʟʨʘʙʦʪʢʘ ʥʦʚʳʭ ʧʦʜʭʦʜʦʚ, 

ʧʦʟʚʦʣʷʶʱʠʭ ʧʦʣʫʯʘʪʴ ʤʦʥʦʭʨʦʤʘʪʠʯʝʩʢʦʝ ʠ ʧʦʣʷʨʠʟʦʚʘʥʥʦʝ ʠʟʣʫʯʝʥʠʝ ʦʪ 

ʣʘʙʦʨʘʪʦʨʥʳʭ ʤʠʢʨʦʬʦʢʫʩʥʳʭ ʠʩʪʦʯʥʠʢʦʚ, ʘ ʪʘʢʞʝ ʧʨʦʚʦʜʠʪʴ ʵʬʬʝʢʪʠʚʥʫʶ 

ʬʠʣʴʪʨʘʮʠʶ ʩʧʝʢʪʨʦʚ ʨʘʩʩʝʥ̫ʠʷ ʠ ʬʣʫʦʨʝʩʮʝʥʮʠʠ.  

ʎʝʣʴ ʨʘʙʦʪʳ  

ʀʩʩʣʝʜʦʚʘʥʠʝ ʩʪʨʫʢʪʫʨʥʳʭ ʠ ʨʝʥʪʛʝʥʦʦʧʪʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʢʨʠʩʪʘʣʣʦʚ 

ʘʣʤʘʟʘ ʠ ʚʳʩʦʢʦʦʨʠʝʥʪʠʨʦʚʘʥʥʦʛʦ ʧʠʨʦʣʠʪʠʯʝʩʢʦʛʦ ʛʨʘʬʠʪʘ (ɺʇɻ). ʈʘʟʨʘʙʦʪʢʘ ʥʘ 

ʠʭ ʦʩʥʦʚʝ ʚʳʩʦʢʦʵʬʬʝʢʪʠʚʥʳʭ ʜʠʩʧʝʨʛʠʨʫʶʱʠʭ ʠ ʬʠʣʴʪʨʫʶʱʠʭ ʵʣʝʤʝʥʪʦʚ 

ʩʧʝʢʪʨʦʤʝʪʨʠʯʝʩʢʠʭ ʩʭʝʤ. ʆʙʦʩʥʦʚʘʥʠʝ  ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʝ ʧʦʜʪʚʝʨʞʜʝʥʠʝ 

ʤʝʪʦʜʘ ʙʳʩʪʨʦʡ ʵʥʝʨʛʦʜʠʩʧʝʨʩʠʦʥʥʦʡ ʩʧʝʢʪʨʦʤʝʪʨʠʠ ʥʘ ʙʘʟʝ ʧʨʠʟʤʝʥʥʦʡ 

ʘʣʤʘʟʥʦʡ ʦʧʪʠʢʠ. ʆʙʦʩʥʦʚʘʥʠʝ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʝ ʧʦʜʪʚʝʨʞʜʝʥʠʝ 

ʚʳʩʦʢʦʯʫʚʩʪʚʠʪʝʣʴʥʳʭ ʵʥʝʨʛʦʜʠʩʧʝʨʩʠʦʥʥʳʭ ʤʝʪʦʜʦʚ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʜʠʬʨʘʢʮʠʦʥʥʦʡ ʧʦʣʷʨʠʟʘʮʠʠ ʠ ʩʧʝʢʪʨʘʣʴʥʦʡ ʨʝʞʝʢʮʠʠ ʧʝʨʚʠʯʥʳʭ ʧʫʯʢʦʚ. 

ɼʣʷ ʜʦʩʪʠʞʝʥʠʷ ʧʦʩʪʘʚʣʝʥʥʦʡ ʮʝʣʠ ʙʳʣʠ ʨʝʰʝʥʳ ʩʣʝʜʫʶʱʠʝ ʟʘʜʘʯʠ. 

 ʀʩʩʣʝʜʦʚʘʥʳ: 

- ʦʩʦʙʝʥʥʦʩʪʠ ʜʠʬʨʘʢʮʠʦʥʥʦʛʦ ʦʪʨʘʞʝʥʠʷ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ ʦʪ 

ʤʦʟʘʠʯʥʳʭ ʩʪʨʫʢʪʫʨ, ʚ ʯʘʩʪʥʦʩʪʠ ʦʪ ɺʇɻ, ʧʨʠʨʦʜʥʳʭ ʠ ʩʠʥʪʝʪʠʯʝʩʢʠʭ ʢʨʠʩʪʘʣʣʦʚ 

ʘʣʤʘʟʘ; 

- ʜʠʬʨʘʢʮʠʦʥʥʳʝ ʷʚʣʝʥʠʷ, ʚʦʟʥʠʢʘʶʱʠʝ ʧʨʠ ʧʨʦʭʦʞʜʝʥʠʠ 

ʤʦʥʦʭʨʦʤʘʪʠʯʝʩʢʦʛʦ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ ʯʝʨʝʟ ʘʣʤʘʟʥʫʶ ʧʨʠʟʤʫ; 
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- ʠʥʪʝʨʬʝʨʝʥʮʠʦʥʥʳʝ ʢʘʨʪʠʥʳ, ʧʦʣʫʯʘʝʤʳʝ ʧʨʠ ʦʪʨʘʞʝʥʠʠ 

ʧʦʣʠʭʨʦʤʘʪʠʯʝʩʢʦʛʦ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ ʦʪ ʪʦʥʢʦʧʣʝʥʦʯʥʳʭ ʩʪʨʫʢʪʫʨ ʩ 

ʠʟʚʝʩʪʥʳʤʠ ʧʘʨʘʤʝʪʨʘʤʠ. 

- ʨʘʩʪʚʦʨʳ ʬʘʨʤʧʨʝʧʘʨʘʪʦʚ ʩ ʨʘʟʣʠʯʥʦʡ ʢʦʥʮʝʥʪʨʘʮʠʝʡ ʥʘʥʦʯʘʩʪʠʮ Ag, Cd ʠ 

ʨʘʩʪʚʦʨʳ ʩʦʣʝʡ Pb ʠ Br;  

ʈʘʟʨʘʙʦʪʘʥʳ ʣʘʙʦʨʘʪʦʨʥʳʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʩʭʝʤʳ ʠ ʤʝʪʦʜʳ: 

- ʩʧʝʢʪʨʘʣʴʥʦʡ ʨʝʞʝʢʮʠʠ ʧʝʨʚʠʯʥʳʭ ʩʧʝʢʪʨʦʚ ʩ ʧʦʤʦʱʴʶ ʩʪʨʫʢʪʫʨ ʥʘ ʦʩʥʦʚʝ 

ɺʇɻ ʠ ʬʠʣʴʪʨʘʮʠʠ ʩ ʧʦʤʦʱʴʶ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʛʦ ʦʪʨʘʞʝʥʠʷ ʦʪ ʨʝʥʪʛʝʥʦʚʩʢʠʭ 

ʟʝʨʢʘʣ;  

- ʧʦʣʷʨʠʟʘʮʠʠ ʠ ʤʦʥʦʭʨʦʤʘʪʠʟʘʮʠʠ ʧʝʨʚʠʯʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʧʦʣʠʢʘʧʠʣʣʷʨʥʦʡ ʦʧʪʠʢʠ ʠ ʤʦʟʘʠʯʥʳʭ ʢʨʠʩʪʘʣʣʦʚ ʘʣʤʘʟʘ.  

ʆʙʦʩʥʦʚʘʥ ʠ ʨʘʟʨʘʙʦʪʘʥ ʤʝʪʦʜ ʙʳʩʪʨʦʡ ʵʥʝʨʛʦʜʠʩʧʝʨʩʠʦʥʥʦʡ 

ʨʝʬʣʝʢʪʦʤʝʪʨʠʠ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʩʠʥʭʨʦʪʨʦʥʥʳʭ ʠʩʪʦʯʥʠʢʦʚ ʠʟʣʫʯʝʥʠʷ ʠ 

ʧʨʠʟʤʝʥʥʦʡ ʘʣʤʘʟʥʦʡ ʦʧʪʠʢʠ.  

ʅʘʫʯʥʘʷ ʥʦʚʠʟʥʘ ʨʘʙʦʪʳ 

ɺ ʨʘʙʦʪʝ ʚʧʝʨʚʳʝ ʧʦʣʫʯʝʥʳ ʩʣʝʜʫʶʱʠʝ ʨʝʟʫʣʴʪʘʪʳ: 

1. ʈʘʟʨʘʙʦʪʘʥʘ ʵʥʝʨʛʦʜʠʩʧʝʨʩʠʦʥʥʘʷ ʨʝʬʣʝʢʪʦʤʝʪʨʠʯʝʩʢʘʷ ʩʭʝʤʘ ʥʘ ʙʘʟʝ 

ʧʨʠʟʤʝʥʥʦʡ ʦʧʪʠʢʠ, ʧʦʟʚʦʣʷʶʱʘʷ ʧʦʣʫʯʘʪʴ ʠʥʪʝʨʬʝʨʝʥʮʠʦʥʥʫʶ ʢʘʨʪʠʥʫ ʚ 

ʰʠʨʦʢʦʤ ʜʠʘʧʘʟʦʥʝ ʠʟʤʝʥʝʥʠʷ ʤʦʜʫʣʷ ʚʝʢʪʦʨʘ ʨʘʩʩʝʷʥʠʷ q ʙʝʟ ʫʛʣʦʚʦʛʦ 

ʩʢʘʥʠʨʦʚʘʥʠʷ. ʉ ʧʦʤʦʱʴʶ ʨʘʟʨʘʙʦʪʘʥʥʦʡ ʧʨʠʟʤʝʥʥʦʡ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʦʧʪʠʢʠ ʥʘ 

ʩʠʥʭʨʦʪʨʦʥʥʦʤ ʢʘʥʘʣʝ ESRF ʠʩʩʣʝʜʦʚʘʥʦ ʦʪʨʘʞʝʥʠʝ ʧʦʣʠʭʨʦʤʘʪʠʯʝʩʢʦʛʦ 

ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ ʦʪ ʪʦʥʢʠʭ ʧʣʝʥʦʢ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʪʚʝʨʜʦʛʦ ʪʝʣʘ. 

ʆʙʦʩʥʦʚʘʥʘ ʚʦʟʤʦʞʥʦʩʪʴ ʠʟʫʯʝʥʠʷ ʧʘʨʘʤʝʪʨʦʚ ʪʘʢʠʭ ʩʪʨʫʢʪʫʨ ʩ ʚʨʝʤʝʥʥʳʤ 

ʨʘʟʨʝʰʝʥʠʝʤ ʧʦʨʷʜʢʘ ʜʣʠʪʝʣʴʥʦʩʪʠ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʠʤʧʫʣʴʩʘ. 

2. ʉʦʟʜʘʥʳ ʚʳʩʦʢʦʯʫʚʩʪʚʠʪʝʣʴʥʳʝ ʵʥʝʨʛʦʜʠʩʧʝʨʩʠʦʥʥʳʝ ʩʭʝʤʳ ʩ 

ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʤ ʩʧʝʢʪʨʦʤʝʪʨʦʤ ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʢʦʥʮʝʥʪʨʘʮʠʠ ʧʨʠʤʝʩʝʡ ʧʦ 

ʩʢʘʯʢʘʤ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʬʦʪʦʧʦʛʣʦʱʝʥʠʷ. ʆʧʪʠʤʠʟʘʮʠʷ ʩʧʝʢʪʨʘ ʚ ʠʩʩʣʝʜʫʝʤʦʡ 

ʧʦʣʦʩʝ ʦʙʝʩʧʝʯʠʚʘʝʪʩʷ ʧʫʪʝʤ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʳʭ ʦʪʨʘʞʝʥʠʡ ʧʨʦʰʝʜʰʝʛʦ ʯʝʨʝʟ 



10 

 

ʦʙʨʘʟʝʮ ʠʟʣʫʯʝʥʠʷ ʦʪ ʨʝʥʪʛʝʥʦʚʩʢʠʭ ʟʝʨʢʘʣ ʠ ʠʟʤʝʥʝʥʠʷ ʫʛʣʘ ʩʢʦʣʴʞʝʥʠʷ 

ʘʥʘʣʠʟʠʨʫʝʤʦʛʦ ʧʫʯʢʘ, ʣʠʙʦ ʧʫʪʝʤ ʚʳʜʝʣʝʥʠʷ ʠʩʩʣʝʜʫʝʤʦʡ ʦʙʣʘʩʪʠ ʧʨʠ ʧʦʤʦʱʠ 

ʩʪʘʪʠʯʝʩʢʠʭ, ʣʠʙʦ ʢʘʯʘʶʱʠʭʩʷ ʧʣʝʥʦʢ ɺʇɻ. ʇʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʠʟʤʝʨʝʥʠʷ 

ʩʧʝʢʪʨʦʚ ʧʦʛʣʦʱʝʥʠʷ ʚ ʪʝʩʪʦʚʳʭ ʦʙʨʘʟʮʘʭ. ʇʦʢʘʟʘʥʘ ʚʦʟʤʦʞʥʦʩʪʴ ʯʠʩʣʝʥʥʦʛʦ 

ʨʝʰʝʥʠʷ ʟʘʜʘʯʠ ʜʝʢʦʥʚʦʣʶʮʠʠ ʧʫʪʝʤ ʩʛʣʘʞʠʚʘʥʠʷ XAFS-ʦʩʮʠʣʣʷʮʠʡ ʩʪʝʧʝʥʥʳʤʠ 

ʬʫʥʢʮʠʷʤʠ. 

3. ɺr ʧʦʣʥʝʥʘ ʵʬʬʝʢʪʠʚʥʘʷ ʨʝʞʝʢʪʦʨʥʘʷ ʬʠʣʴʪʨʘʮʠʷ ʥʝʧʨʝʨʳʚʥʦʛʦ 

ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʩʧʝʢʪʨʘ ʚʦʟʙʫʞʜʝʥʠʷ ʚ ʦʙʣʘʩʪʠ ʵʥʝʨʛʠʠ ʠʟʣʫʯʝʥʠʷ E Ó 8 ʢʵɺ. ʕʪʦ 

ʧʦʟʚʦʣʠʣʦ ʨʝʟʢʦ ʧʦʚʳʩʠʪʴ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴ ʵʥʝʨʛʦʜʠʩʧʝʨʩʠʦʥʥʦʡ ʨʝʥʪʛʝʥʦʚʩʢʦʡ 

ʩʧʝʢʪʨʦʤʝʪʨʠʠ ʧʨʠ ʜʝʪʝʢʪʠʨʦʚʘʥʠʠ ʩʣʘʙʳʭ ʬʣʫʦʨʝʩʮʝʥʪʥʳʭ ʣʠʥʠʡ. ʉʧʝʢʪʨʘʣʴʥʘʷ 

ʨʝʞʝʢʮʠʷ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʧʫʪʝʤ ʧʨʦʧʫʩʢʘʥʠʷ ʧʝʨʚʠʯʥʦʛʦ ʧʫʯʢʘ ʯʝʨʝʟ 

ʚʳʩʦʢʦʦʨʠʝʥʪʠʨʦʚʘʥʥʳʡ ʧʠʨʦʣʠʪʠʯʝʩʢʠʡ ʛʨʘʬʠʪ ʩ ʟʘʜʘʥʥʳʤʠ ʩʪʨʫʢʪʫʨʥʳʤʠ 

ʧʘʨʘʤʝʪʨʘʤʠ. ɼʠʬʨʘʢʮʠʦʥʥʘʷ ʵʢʩʪʠʥʢʮʠʷ ʚ ʧʠʨʦʛʨʘʬʠʪʝ ʦʙʝʩʧʝʯʠʚʘʝʪ 

ʚʦʟʤʦʞʥʦʩʪʴ ʦʩʣʘʙʣʝʥʠʷ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʙʦʣʝʝ, ʯʝʤ ʥʘ 20 ʜɹ ʠ ʨʝʞʝʢʮʠʠ 

ʩʧʝʢʪʨʘʣʴʥʦʡ ʧʦʣʦʩʳ ʰʠʨʠʥʦʡ ӱ1 ʢʵɺ. ʉʥʠʞʝʥʠʝ ʩʪʘʪʠʩʪʠʯʝʩʢʠʭ ʬʣʫʢʪʫʘʮʠʡ 

ʬʦʥʘ ʫʧʨʫʛʦ ʨʘʩʩʝʷʥʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʜʦʩʪʠʛʘʝʪʩʷ ʧʨʠ ʩʦʚʤʝʱʝʥʠʠ ʧʦʣʦʞʝʥʠʡ ʜʥʘ 

ʩʬʦʨʤʠʨʦʚʘʥʥʦʡ ʩʧʝʢʪʨʘʣʴʥʦʡ ʜʦʣʠʥʳ ʠ ʘʥʘʣʠʟʠʨʫʝʤʦʡ ʬʣʫʦʨʝʩʮʝʥʪʥʦʡ ʣʠʥʠʠ. 

ʇʨʝʜʣʦʞʝʥʥʘʷ ʩʭʝʤʘ ʨʝʞʝʢʪʦʨʥʦʡ ʬʠʣʴʪʨʘʮʠʠ ʧʦʟʚʦʣʷʝʪ ʪʘʢʞʝ ʧʦʜʘʚʣʷʪʴ 

ʠʥʪʝʥʩʠʚʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʠʝ ʣʠʥʠʠ ʚ ʧʝʨʚʠʯʥʦʤ ʠ ʨʘʩʩʝʷʥʥʦʤ ʩʧʝʢʪʨʘʭ 

ʠʟʣʫʯʝʥʠʷ. 

4. ʇʦʣʫʯʝʥʳ ʠʥʪʝʥʩʠʚʥʳʝ ʧʦʣʷʨʠʟʦʚʘʥʥʳʝ ʤʦʥʦʭʨʦʤʘʪʠʯʝʩʢʠʝ ʨʝʥʪʛʝʥʦʚʩʢʠʝ 

ʧʫʯʢʠ ʩ ʧʦʤʦʱʴʶ ʧʦʣʠʢʘʧʠʣʣʷʨʥʦʡ ʦʧʪʠʢʠ ʠ ʤʦʟʘʠʯʥʦʛʦ ʢʨʠʩʪʘʣʣʘ ʘʣʤʘʟʘ. 

ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʪʘʢʦʛʦ ʠʟʣʫʯʝʥʠʷ ʜʣʷ ʛʝʥʝʨʘʮʠʠ ʬʣʫʦʨʝʩʮʝʥʪʥʳʭ ʣʠʥʠʡ ʧʦʟʚʦʣʷʝʪ 

ʜʦʩʪʠʛʥʫʪʴ ʚ ʧʣʦʩʢʦʩʪʠ ʧʦʣʷʨʠʟʘʮʠʠ ʨʝʟʢʦʛʦ ʩʥʠʞʝʥʠʷ ʫʨʦʚʥʷ ʨʘʩʩʝʷʥʥʦʛʦ 

ʚʦʟʙʫʞʜʘʶʱʝʛʦ ʩʠʛʥʘʣʘ. 

ʄʝʪʦʜʳ ʠʩʩʣʝʜʦʚʘʥʠʡ 

 ʈʘʙʦʪʘ ʧʨʦʚʝʜʝʥʘ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʩʣʝʜʫʶʱʝʛʦ ʵʢʩʧʝʨʠʤʝʪʘʣʴʥʦʛʦ 

ʦʙʦʨʫʜʦʚʘʥʠʷ: ʤʥʦʛʦʬʫʥʢʮʠʦʥʘʣʴʥʦʛʦ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʢʦʤʧʣʝʢʩʘ CompleFlex-5, 
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ʦʙʝʩʧʝʯʠʚʘʶʱʝʛʦ ʚʦʟʤʦʞʥʦʩʪʴ ʧʨʦʚʝʜʝʥʠʷ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʨʝʬʣʝʢʪʦʤʝʪʨʠʠ, 

ʜʠʬʨʘʢʪʦʤʝʪʨʠʠ, ʤʘʣʦʫʛʣʦʚʦʛʦ ʨʘʩʩʝʷʥʠʷ, ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʬʣʫʦʨʝʩʮʝʥʪʥʦʛʦ 

ʘʥʘʣʠʟʘ ʠ ʨʝʬʨʘʢʪʦʤʝʪʨʠʠ, ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʦʛʦ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʩʧʝʢʪʨʦʤʝʪʨʘ 

Amptek 123, ʠʥʪʝʨʬʝʨʦʤʝʪʨʘ Zygo ʠ ʦʙʦʨʫʜʦʚʘʥʠʷ ʢʘʥʘʣʘ ID10 ʩʠʥʭʨʦʪʨʦʥʘ ESRF, 

ʚ ʪʦʤ ʯʠʩʣʝ ʩʠʩʪʝʤʦʡ ʧʦʟʠʮʠʦʥʠʨʦʚʘʥʠʷ Huber ʠ ʢʦʦʨʜʠʥʘʪʥʦ-ʯʫʚʩʪʚʠʪʝʣʴʥʳʭ 

ʜʝʪʝʢʪʦʨʦʚ Basler ʠ Maxipix. 

ʇʨʘʢʪʠʯʝʩʢʘʷ ʟʥʘʯʠʤʦʩʪʴ ʨʘʙʦʪʳ 

 ʈʘʟʨʘʙʦʪʘʥʥʳʡ ʤʝʪʦʜ ʙʳʩʪʨʦʡ ʵʥʝʨʛʦʜʠʩʧʝʨʩʠʦʥʥʦʡ ʨʝʬʣʝʢʪʦʤʝʪʨʠʠ, 

ʦʪʢʨʳʚʘʝʪ ʚʦʟʤʦʞʥʦʩʪʴ ʨʘʟʚʠʪʠʷ ʥʦʚʦʛʦ ʥʘʧʨʘʚʣʝʥʠʷ ï ʘʥʘʣʠʟʘ ʢʠʥʝʪʠʢʠ 

ʙʳʩʪʨʦʧʨʦʪʝʢʘʶʱʠʭ ʧʨʦʮʝʩʩʦʚ ʚ ʥʘʥʦʨʘʟʤʝʨʥʳʭ ʪʦʥʢʠʭ ʧʣʝʥʢʘʭ ʠ ʤʦʥʦʩʣʦʷʭ, ʚ 

ʪʦʤ ʯʠʩʣʝ ʜʠʬʬʫʟʠʠ  ʥʘ ʛʨʘʥʠʮʘʭ ʨʘʟʜʝʣʘ, ʦʩʘʞʜʝʥʠʷ ʠ ʠʩʧʘʨʝʥʠʷ ʚʝʱʝʩʪʚʘ ʥʘ 

ʧʦʚʝʨʭʥʦʩʪʠ ʦʙʲʝʢʪʘ, ʪʝʨʤʠʯʝʩʢʦʛʦ ʨʘʩʰʠʨʝʥʠʷ ʠ ʘʙʣʷʮʠʠ.  

ʆʙʥʘʨʫʞʝʥʥʦʝ ʷʚʣʝʥʠʝ ʠʥʪʝʨʬʝʨʝʥʮʠʦʥʥʘʷ ʤʦʜʫʣʷʮʠʠ ʧʨʝʣʦʤʣʝʥʥʦʛʦ 

ʠʟʣʫʯʝʥʠʷ, ʚʦʟʥʠʢʘʶʱʝʝ ʧʨʠ ʧʘʨʘʙʦʣʠʯʝʩʢʦʤ ʦʪʢʣʦʥʝʥʠʠ ʧʨʝʣʦʤʣʷʶʱʝʡ ʛʨʘʥʠ ʦʪ 

ʧʣʦʩʢʦʩʪʠ ʤʦʞʝʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥʦ ʜʣʷ ʦʮʝʥʢʠ ʩʪʝʧʝʥʠ ʦʜʥʦʨʦʜʥʦʩʪʠ ʧʦʨʠʩʪʳʭ 

ʩʪʨʫʢʪʫʨ ʠ ʢʦʤʧʦʟʠʪʥʳʭ ʩʪʨʫʢʪʫʨ.  

 ʈʘʟʨʘʙʦʪʘʥ ʣʘʙʦʨʘʪʦʨʥʳʡ ʤʝʪʦʜ ʠʟʤʝʨʝʥʠʷ ʢʦʥʮʝʥʪʨʘʮʠʡ ʪʷʞʝʣʳʭ 

ʵʣʝʤʝʥʪʦʚ ʚ ʣʝʛʢʠʭ ʤʘʪʨʠʮʘʭ ʧʦ ʩʢʘʯʢʘʤ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʬʦʪʦʧʦʛʣʦʱʝʥʠʷ ʩ 

ʬʠʣʴʪʨʘʮʠʝʡ ʧʝʨʚʠʯʥʦʛʦ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʩʧʝʢʪʨʘ, ʢʦʪʦʨʳʡ ʫʞʝ ʥʘʰʝʣ ʧʨʠʤʝʥʝʥʠʝ 

ʚ ʩʦʚʤʝʩʪʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʷʭ ʩ ʛʨʫʧʧʘʤʠ, ʟʘʥʠʤʘʶʱʠʤʠʩʷ ʨʘʟʨʘʙʦʪʢʦʡ 

ʬʘʨʤʧʨʝʧʘʨʘʪʦʚ ʠ ʩʠʩʪʝʤ ʜʦʩʪʘʚʢʠ ʬʘʨʤʧʨʝʧʘʨʘʪʦʚ. ʊʘʢʞʝ ʵʪʦʪ ʤʝʪʦʜ ʤʦʞʝʪ 

ʥʘʡʪʠ  ʧʨʠʤʝʥʝʥʠʷ ʚ ʤʝʜʠʮʠʥʝ, ʥʘʧʨʠʤʝʨ, ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʬʘʨʤʘʢʦʢʠʥʝʪʠʢʠ 

ʧʨʝʧʘʨʘʪʦʚ ʥʘ ʦʩʥʦʚʝ ʙʨʦʤʘ, ʚʠʩʤʫʪʘ ʠ ʜʨʫʛʠʭ ʪʷʞʝʣʳʭ ʵʣʝʤʝʥʪʦʚ. 

 ʈʘʟʨʘʙʦʪʘʥʳ ʵʬʬʝʢʪʠʚʥʳʝ ʤʝʪʦʜʳ ʧʦʚʳʰʝʥʠʷ ʦʪʥʦʰʝʥʠʷ ʩʠʛʥʘʣ/ʰʫʤ 

ʧʨʠ ʧʨʦʚʝʜʝʥʠʠ ʨʝʥʪʛʝʥʦʬʣʫʦʨʝʩʮʝʥʪʥʦʛʦ ʘʥʘʣʠʟʘ, ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʦʣʦʩʦʚʦʛʦ 

ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʬʠʣʴʪʨʘ ʠʟ ɺʇɻ ʠ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʦʣʠʢʘʧʠʣʣʷʨʥʦʡ 

ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʦʧʪʠʢʠ ʠ ʢʨʠʩʪʘʣʣʘ ʤʦʥʦʭʨʦʤʘʪʦʨʘ-ʧʦʣʷʨʠʟʘʪʦʨʘ ʥʘ ʙʘʟʝ 

ʤʦʟʘʠʯʥʦʛʦ ʢʨʠʩʪʘʣʣʘ ʘʣʤʘʟʘ.  
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ʃʠʯʥʳʡ ʚʢʣʘʜ ʘʚʪʦʨʘ 

ɺʩʝ ʨʝʟʫʣʴʪʘʪʳ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʳ ʧʦʣʫʯʝʥʳ ʘʚʪʦʨʦʤ ʠʣʠ ʧʨʠ ʝʛʦ 

ʦʧʨʝʜʝʣʷʶʱʝʤ ʫʯʘʩʪʠʠ. ʉʙʦʨʢʘ ʣʘʙʦʨʘʪʦʨʥʦʛʦ ʠʟʤʝʨʠʪʝʣʴʥʦʛʦ ʦʙʦʨʫʜʦʚʘʥʠʷ, 

ʪʝʭʥʠʯʝʩʢʘʷ ʨʝʘʣʠʟʘʮʠʷ ʠʟʤʝʨʠʪʝʣʴʥʳʭ ʩʭʝʤ ʠ ʧʨʦʚʝʜʝʥʠʝ ʠʟʤʝʨʝʥʠʡ 

ʘʥʠʟʦʪʨʦʧʥʳʭ ʜʠʬʨʘʢʮʠʦʥʥʳʭ ʩʚʦʡʩʪʚ ʧʠʨʦʣʠʪʠʯʝʩʢʦʛʦ ʛʨʘʬʠʪʘ, ʩʧʝʢʪʨʦʚ 

ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʧʦʛʣʦʱʝʥʠʷ ʠ ʩʧʝʢʪʨʦʚ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʬʣʫʦʨʝʩʮʝʥʮʠʠ ʧʨʦʚʝʜʝʥʳ 

ʩʦʠʩʢʘʪʝʣʝʤ ʣʠʯʥʦ. 

ʇʦʣʦʞʝʥʠʷ, ʚʳʥʦʩʠʤʳʝ ʥʘ ʟʘʱʠʪʫ 

1. ɼʠʩʧʝʨʩʠʦʥʥʘʷ ʩʭʝʤʘ ʥʘ ʙʘʟʝ ʧʨʠʟʤʝʥʥʦʡ ʘʣʤʘʟʥʦʡ ʦʧʪʠʢʠ ʦʙʝʩʧʝʯʠʚʘʝʪ 

ʚʦʟʤʦʞʥʦʩʪʴ ʙʝʟʥrʝʨʮʠʦʥʥʦʛʦ ʘʥʘʣʠʟʘ ʩʧʝʢʪʨʦʚ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʦʪʨʘʞʝʥʠʷ ʧʨʠ 

ʠʩʩʣʝʜʦʚʘʥʠʠ ʧʣʘʥʘʨʥʳʭ ʥʘʥʦʩʪʨʫʢʪʫʨ ʠ ʤʦʥʦʩʣʦʝʚ ʚ ʜʠʘʧʘʟʦʥʝ ~ 6-20 ʢʵɺ ʩ 

ʨʘʟʨʝʰʝʥʠʝʤ ~ 10 ʵɺ ʚʙʣʠʟʠ ʵʥʝʨʛʠʠ 10 ʢʵɺ, ʯʪʦ ʧʦʟʚʦʣʠʣʦ ʙʦʣʝʝ, ʯʝʤ ʥʘ ʜʚʘ 

ʧʦʨʷʜʢʘ ʫʚʝʣʠʯʠʪʴ ʚʨʝʤʝʥʥʦʝ ʨʘʟʨʝʰʝʥʠʝ ʤʝʪʦʜʘ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʨʝʬʣʝʢʪʦʤʝʪʨʠʠ.  

2. ʄʦʟʘʠʯʥʳʝ ʢʨʠʩʪʘʣʣ rʘʣʤʘʟʘ ʩ ʦʨʠʝʥʪʘʮʠʝʡ ʦʪʨʘʞʘʶʱʠʭ ʧʣʦʩʢʦʩʪʝʡ 

(113) ʠ ʢʦʣʣʠʤʠʨʫʶʱʝʡ ʧʦʣʠʢʘʧʠʣʣʷʨʥʦʡ ʦʧʪʠʢʠ ʧʦʟʚʦʣʷʶʪ ʧʦʣʫʯʘʪʴ ʚ 

ʣʘʙʦʨʘʪʦʨʥʳʭ ʫʩʣʦʚʠʷʭ ʥʘ ʣʠʥʠʠ CuKŬ ʧʦʣʷʨʠʟʦʚʘʥʥʳʝ ʤʦʥʦʭʨʦʤʘʪʠʯʝʩʢʠʝ 

ʨʝʥʪʛʝʥʦʚʩʢʠʝ ʧʫʯʢʠ ʩ ʧʦʪʦʢʦʤ ʙʦʣʝʝ ʯʝʤ 106 ʬʦʪ/c, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʜʦʙʠʪʴʩʷ 

ʧʦʚʳʰʝʥʠʷ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʠ ʧʨʠ ʨʝʥʪʛʝʥʦʬʣʫʦʨʝʩʮʝʥʪʥʦʤ ʘʥʘʣʠʟʝ ʚʧʣʦʪʴ ʜʦ 

ʜʚʫʭ ʧʦʨʷʜʢʦʚ.  

3. ʕʬʬʝʢʪʠʚʥʘʷ ʜʠʬʨʘʢʮʠʦʥʥʘʷ ʨʝʞʝʢʪʦʨʥʘʷ ʬʠʣʴʪʨʘʮʠʷ 

ʧʦʣʠʭʨʦʤʘʪʠʯʝʩʢʦʛʦ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ ʚʦʟʤʦʞʥʘ ʧʨʠ ʧʦʤʦʱʠ ʬʠʣʴʪʨʦʚ 

ʥʘ ʦʩʥʦʚʝ ʚʳʩʦʢʦʦʨʠʝʥʪʠʨʦʚʘʥʥʦʛʦ ʧʠʨʦʣʠʪʠʯʝʩʢʦʛʦ ʛʨʘʬʠʪʘ ʩ ʫʛʣʦʤ ʤʦʟʘʠʯʥʦʩʪʠ 

0,4 ï 0,8Á. ʇʨʠʤʝʥʝʥʠʝ ʪʘʢʠʭ ʬʠʣʴʪʨʦʚ ʧʦʟʚʦʣʷʝʪ ʚʳʧʦʣʥʷʪʴ ʨʝʞʝʢʮʠʶ, ʣʠʙʦ 

ʚʳʜʝʣʝʥʠʝ ʧʦʣʦʩ ʰʠʨʠʥʦʡ ʦʪ ʦʜʥʦʛʦ ʜʦ ʥʝʩʢʦʣʴʢʠʭ ʢʵɺ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʙʦʣʝʝ ʯʝʤ 

ʥʘ ʧʦʨʷʜʦʢ ʧʦʚʳʩʠʪʴ ʦʪʥʦʰʝʥʠʝ ʩʠʛʥʘʣ/ʰʫʤ ʧʨʠ ʘʥʘʣʠʟʝ ʩʧʝʢʪʨʦʚ ʧʨʦʧʫʩʢʘʥʠʷ ʠ 

ʨʝʥʪʛʝʥʦʬʣʫʦʨʝʩʮʝʥʪʥʦʤ ʘʥʘʣʠʟʝ ʩ ʧʦʣʠʭʨʦʤʘʪʠʯʝʩʢʠʤ ʚʦʟʙʫʞʜʘʶʱʠʤ ʧʫʯʢʦʤ. 
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ʉʪʝʧʝʥʴ ʜʦʩʪʦʚʝʨʥʦʩʪʠ ʧʦʣʫʯʝʥʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ 

 ʗʚʣʝʥʠʷ, ʦʙʥʘʨʫʞʝʥʥʳʝ ʚ ʜʘʥʥʦʡ ʨʘʙʦʪʝ, ʩʦʛʣʘʩʫʶʪʩʷ ʩ ʚʦʣʥʦʚʦʡ 

ʪʝʦʨʠʝʡ ʜʠʩʧʝʨʩʠʠ ʠ ʨʘʩʩʝʷʥʠʷ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ ʜʣʷ ʢʦʤʧʣʝʢʩʥʦʛʦ 

ʧʦʢʘʟʘʪʝʣʷ ʧʨʝʣʦʤʣʝʥʠʷ. ɼʦʩʪʦʚʝʨʥʦʩʪʴ ʨʝʟʫʣʴʪʘʪʦʚ, ʧʦʣʫʯʘʝʤʳʭ ʧʨʠ 

ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʥʦʚʳʭ ʤʝʪʦʜʦʚ ʠʩʩʣʝʜʦʚʘʥʠʡ, ʧʦʜʪʚʝʨʞʜʘʶʪʩʷ ʢʦʥʪʨʦʣʴʥʳʤʠ 

ʠʟʤʝʨʝʥʠʷʤʠ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʩʪʘʥʜʘʨʪʥʳʭ ʦʙʱʝʧʨʠʟʥʘʥʥʳʭ ʤʝʪʦʜʠʢ. 

ɸʧʨʦʙʘʮʠʷ ʨʝʟʫʣʴʪʘʪʦʚ  

 ʈʝʟʫʣʴʪʘʪʳ ʨʘʙʦʪʳ ʜʦʢʣʘʜʳʚʘʣʠʩʴ ʠ ʦʙʩʫʞʜʘʣʠʩʴ ʥʘ 8 ɺʩʝʨʦʩʩʠʡʩʢʠʭ 

ʠ 8 ʄʝʞʜʫʥʘʨʦʜʥʳʭ ʥʘʫʯʥʳʭ ʢʦʥʬʝʨʝʥʮʠʷʭ:  

¶ VIII ʤʝʞʜʫʥʘʨʦʜʥʘʷ ʢʦʥʬʝʨʝʥʮʠʷ çʅʘʥʦʪʝʭʥʦʣʦʛʠʠ ʧʨʦʠʟʚʦʜʩʪʚʫè, ʌʨʷʟʠʥʦ 

2012 ʛʦʜ.  

¶ 55-ʷ ʅʘʫʯʥʘʷ ʢʦʥʬʝʨʝʥʮʠʷ ʄʌʊʀ, ɼʦʣʛʦʧʨʫʜʥʳʡ 2012.  

¶ XIV ʐʢʦʣʘ ʤʦʣʦʜʳʭ ʫʯʝʥʳʭ çɸʢʪʫʘʣʴʥʳʝ ʧʨʦʙʣʝʤʳ ʬʠʟʠʢʠè ɿʚʝʥʠʛʦʨʦʜ 

2012. 

¶ PASI 2013 workshop, Luxembourg 2013 02-05 june. 

¶ NANO-2013, International symposium çNanostructures: Physics and 

Technologyè ʉʘʥʢʪ-ʇʝʪʝʨʙʫʨʛ, 2013, 24-28 ʠʶʥʷ. 

¶ ɺʪʦʨʦʡ ʩʲʝʟʜ ʘʥʘʣʠʪʠʢʦʚ ʈʦʩʩʠʠ, ʄʦʩʢʚʘ, 23-27 ʩʝʥʪʷʙʨʷ 2013. 

¶ 56-ʷ ʢʦʥʬʝʨʝʥʮʠʷ ʄʌʊʀ, ɼʦʣʛʦʧʨʫʜʥʳʡ 2013. 

¶ V. ɺʩʝʨʦʩʩʠʡʩʢʘʷ ʤʦʣʦʜʝʞʥʘʷ ʢʦʥʬʝʨʝʥʮʠʷ ʧʦ ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʤ ʠ 

ʠʥʥʦʚʘʮʠʦʥʥʳʤ ʚʦʧʨʦʩʘʤ ʩʦʚʨʝʤʝʥʥʦʡ ʬʠʟʠʢʠ, ʄʦʩʢʚʘ, 2013 

¶ XV ʐʢʦʣʘ ʤʦʣʦʜʳʭ ʫʯʝʥʳʭ çɸʢʪʫʘʣʴʥʳʝ ʧʨʦʙʣʝʤʳ ʬʠʟʠʢʠè, ʄʦʩʢʚʘ 2014. 

¶ 57-ʷ ʢʦʥʬʝʨʝʥʮʠʷ ʄʌʊʀ, ɼʦʣʛʦʧʨʫʜʥʳʡ 2014 

¶ The International Joint School "Smart Nanomaterials and X-ray Optics 2016: 

Modeling, Synthesis and Diagnostics" oct 12-16, 2016.Kaliningrad 

¶ Raciri summer school 2016, 21-28 august, Repino. 

¶ AFMAT2016 Conference, Antalya, Turkey 2016 

¶ ʊʨʝʪʠʡ ʩʲʝʟʜ ʘʥʘʣʠʪʠʢʦʚ ʈʦʩʩʠʠ, 8-13 ʦʢʪʷʙʨʷ, 2017, ʄʦʩʢʚʘ. 
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¶ Denver X-ray Conference, 31 July ï 4 August 2017, Big Sky, Montana, USA. 

¶ Workshop on Decommission and decontamination at Fukushima Daiichi Nuclear 

Power Plant, Tokyo, Japan, 22-23 Jan,2018. 

ʊʘʢʞʝ ʧʦ ʤʘʪʝʨʠʘʣʘʤ ʜʠʩʩʝʨʪʘʮʠʠ ʦʧʫʙʣʠʢʦʚʘʥʦ 7 ʥʘʫʯʥʳʭ ʩʪʘʪʝʡ ʚ 

ʞʫʨʥʘʣʘʭ, ʠʥʜʝʢʩʠʨʫʝʤʳʭ ʚ ʙʘʟʘʭ WOS ʠ Scopus, 1 ʥʘʫʯʥʘʷ ʩʪʘʪʴʷ ʚ ʞʫʨʥʘʣʝ, 

ʚʭʦʜʷʱʝʤ ʚ ʩʧʠʩʦʢ ʠʥʜʝʢʩʠʨʫʝʤʳʭ ɺɸʂ, ʘ ʪʘʢʞʝ 5 ʪʝʟʠʩʦʚ ʜʦʢʣʘʜʦʚ ʚ ʩʙʦʨʥʠʢʘʭ 

ʧʦ ʤʘʪʝʨʠʘʣʘʤ ʢʦʥʬʝʨʝʥʮʠʡ. ʉʧʠʩʦʢ ʦʧʫʙʣʠʢʦʚʘʥʥʳʭ ʨʘʙʦʪ ʧʨʠʚʦʜʠʪʩʷ ʚ ʢʦʥʮʝ 

ʜʠʩʩʝʨʪʘʮʠʠ. 

ʉʧʠʩʦʢ ʦʧʫʙʣʠʢʦʚʘʥʥʳʭ ʨʘʙʦʪ 

ʆʩʥʦʚʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʜʠʩʩʝʨʪʘʮʠʠ, ʦʧʫʙʣʠʢʦʚʘʥʥʳʝ ʚ ʞʫʨʥʘʣʘʭ, ʚʭʦʜʷʱʠʭ 

ʚ ʙʘʟʳ Wos ʠ Scopus: 

1. ʊʫʨʴʷʥʩʢʠʡ ɸ.ɻ., ɻʠʞʘ ʉ.ʉ., ʉʝʥʢʦʚ ɺ.ʄ. ɸʥʠʟʦʪʨʦʧʠʷ 

ʜʠʬʨʘʢʮʠʦʥʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʪʦʥʢʠʭ ʧʣʝʥʦʢ ʧʠʨʦʣʠʪʠʯʝʩʢʦʛʦ ʛʨʘʬʠʪʘ // 

ʇʠʩʴʤʘ ʚ ʞʫʨʥʘʣ ʪʝʭʥʠʯʝʩʢʦʡ ʬʠʟʠʢʠ. ï 2013. ï ʊ. 39. ï ˉ. 6. ï ʉ. 573-575. 

DOI:10.1134/S1063785013060254 

2. ʊʫʨʴʷʥʩʢʠʡ ɸ.ɻ., ʂʦʥʦʚʘʣʦʚ ʆ.ɺ., ɻʠʞʘ ʉ.ʉ., ɹʝʡʣʠʥ ʅ.ɼ. ʂʨʘʝʚʦʡ 

ʜʠʬʨʘʢʮʠʦʥʥʳʡ ʵʬʬʝʢʪ ʧʨʠ ʨʝʬʨʘʢʮʠʠ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ ʚ ʘʣʤʘʟʥʦʡ 

ʧʨʠʟʤʝ //ʇʠʩʴʤʘ ʚ ɾʕʊʌ. ï 2014. ï ʊ. 100. ï ˉ. 8. ï ʉ. 540-542. DOI: 

10.1134/S0021364014200119  

3. ʊʫʨʴʷʥʩʢʠʡ ɸ.ɻ., ɻʠʞʘ ʉ.ʉ., ʉʝʥʢʦʚ ɺ.ʄ., ʉʘʚʝʣʴʝʚ ʉ.ʂ. 

ʕʥʝʨʛʦʜʠʩʧʝʨʩʠʦʥʥʘʷ ʨʝʥʪʛʝʥʦʚʩʢʘʷ ʩʧʝʢʪʨʦʤʝʪʨʠʷ ʩʢʘʯʢʦʚ ʬʦʪʦʧʦʛʣʦʱʝʥʠʷ ʩ 

ʬʠʣʴʪʨʘʮʠʝʡ ʩʧʝʢʪʨʘ ʨʝʥʪʛʝʥʦʚʩʢʠʤʠ ʟʝʨʢʘʣʘʤʠ // ʇʠʩʴʤʘ ʚ ʞʫʨʥʘʣ ʪʝʭʥʠʯʝʩʢʦʡ 

ʬʠʟʠʢʠ. ï 2014. ï ʊ. 40. ï ˉ. 4. ï ʉ. 346-349. DOI: 10.1134/S1063785014040269 

4. ʊʫʨʴʷʥʩʢʠʡ ɸ.ɻ., ɻʠʞʘ ʉ.ʉ., ʉʝʥʢʦʚ ɺ.ʄ., ʇʠʨʰʠʥ ʀ.ɺ., 

ʉʪʘʥʠʰʝʚʩʢʠʡ. ʗ. ʄ. ʈʝʞʝʢʪʦʨʥʘʷ ʬʠʣʴʪʨʘʮʠʷ ʩʧʝʢʪʨʘ ʚʦʟʙʫʞʜʝʥʠʷ ʧʨʠ 

ʵʥʝʨʛʦʜʠʩʧʝʨʩʠʦʥʥʦʡ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʩʣʘʙʳʭ ʩʠʛʥʘʣʦʚ// ʇʠʩʴʤʘ ʚ 

ɾʕʊʌ . ï 2016. ï ʊ. 104. ï ˉ. 6. ï ʉ. 417-420.DOI: 10.1134/S0021364016180120 
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5. Turyanskiy A.G., Gizha S.S., Senkov V.M., Stanishevskiy Ya.M. The 

energy dispersive scheme of Xray fluorescence analysis with a crystal polarizer and 

polycapillary optics //X Ray Spectrometry. ï 2017. ï ʊ. 46. ï ˉ. 6. ï ʉ. 548-553. DOI: 

10.1002/xrs.2794 

6. ʊʫʨʴʷʥʩʢʠʡ ɸ. ɻ., ɻʠʞʘ ʉ. ʉ., ʂʦʥʦʚʘʣʦʚ ʆ. ɺ. ɹʳʩʪʨʘʷ ʠ 

ʫʣʴʪʨʘʙʳʩʪʨʘʷ ʵʥʝʨʛʦʜʠʩʧʝʨʩʠʦʥʥʘʷ ʨʝʥʪʛʝʥʦʚʩʢʘʷ ʨʝʬʣʝʢʪʦʤʝʪʨʠʷ ʥʘ ʦʩʥʦʚʝ 

ʧʨʠʟʤʝʥʥʦʡ ʦʧʪʠʢʠ //ʇʠʩʴʤʘ ʚ ɾʕʊʌ. ï 2017. ï ʊ. 106. ï ˉ. 12. ï ʉ. 789-793. 

7. ʊʫʨʴʷʥʩʢʠʡ ɸ.ɻ., ɻʠʞʘ ʉ.ʉ., ʉʝʥʢʦʚ ɺ.ʄ., ʉʪʘʥʠʰʝʚʩʢʠʡ. ʗ. ʄ. 

ʕʥʝʨʛʦʜʠʩʧʝʨʩʠʦʥʥʘʷ ʩʭʝʤʘ ʩ ʧʦʣʦʩʦʚʳʤ ʬʠʣʴʪʨʦʤ ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ cʦʜʝʨʞʘʥʠʷ 

ʪʷʞʝʣʳʭ ʵʣʝʤʝʥʪʦʚ ʧʦ ʩʧʝʢʪʨʘʤ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʧʦʛʣʦʱʝʥʠʷ //ʀʟʚʝʩʪʠʷ ʈɸʅ. 

ʉʝʨʠʷ ʬʠʟʠʯʝʩʢʘʷ ï 2018 ï ʊ 82, ɺʳʧ 4, ʩʪʨ 369-371. 

ʆʩʥʦʚʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʜʠʩʩʝʨʪʘʮʠʠ, ʦʧʫʙʣʠʢʦʚʘʥʥʳʝ ʚ ʞʫʨʥʘʣʘʭ, ʚʭʦʜʷʱʠʭ 

ʚ ʧʝʨʝʯʝʥʴ ʞʫʨʥʘʣʦʚ, ʨʝʮʝʥʟʠʨʫʝʤʳʭ ɺɸʂ: 

1. ʊʫʨʴʷʥʩʢʠʡ ɸ.ɻ., ɸʥʠʩʠʤʦʚ ɺ.ʀ., ɹʝʡʣʠʥ ʅ.ɼ., ɻʝʨʘʩʠʤʝʥʢʦ ʅ.ʅ., 

ɻʠʞʘ ʉ.ʉ., ʂʘʧʫʩʪʷʥʦʚ ɺ.ɽ., ʇʠʨʰʠʥ ʀ.ɺ., ʉʝʥʢʦʚ ɺ.ʄ., ʉʤʠʨʥʦʚ ɼ.ʀ. 

ɸʥʘʣʠʪʠʯʝʩʢʘʷ ʩʠʩʪʝʤʘ CompleXRay ʜʣʷ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʜʠʘʛʥʦʩʪʠʢʠ 
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ɻʣʘʚʘ 1. ʆʙʟʦʨ ʣʠʪʝʨʘʪʫʨʳ 

Ä1.1. ʆʩʦʙʝʥʥʦʩʪʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ ʩ 

ʚʝʱʝʩʪʚʦʤ 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʨʝʥʪʛʝʥʦʚʩʢʦʝ ʠʟʣʫʯʝʥʠʝ ʩ ʵʥʝʨʛʠʷʤʠ 

ʧʦʨʷʜʢʘ 2 ï 40 ʢʵɺ. ɺ ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʤ ʜʠʘʧʘʟʦʥʝ ʢʦʵʬʬʠʮʠʝʥʪ ʧʨʝʣʦʤʣʝʥʠʷ 

ʩʨʝʜʳ, ʩʦʜʝʨʞʘʱʝʡ ʪʦʣʴʢʦ ʦʜʠʥ ʵʣʝʤʝʥʪ, ʟʘʜʘʝʪʩʷ ʚʳʨʘʞʝʥʠʝʤ [1-5]   

 ὲ ρ Ὢ Ὢ ‫ ὭὪ ‫ ρ ‏ Ὥ‍,   (1.1) 

ʛʜʝ f0, fȭ ̉ fȭȭ - ʘʪʦʤʥʳʝ ʬʘʢʪʦʨʳ ʨʘʩʩʝʷʥʠʷ, ʩʚʷʟʘʥʥʳʝ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ ʩ 

ʪʦʤʩʦʥʦʚʩʢʠʤ ʨʘʩʩʝʷʥʠʝʤ, ʘʥʦʤʘʣʴʥʳʤ ʨʘʩʩʝʷʥʠʝʤ ʠ ʬʦʪʦʧʦʛʣʦʱʝʥʠʝʤ, N ï ʯʠʩʣʦ 

ʘʪʦʤʦʚ ʚ ʩʤ3, e ʠ m ï ʟʘʨʷʜ ʠ ʤʘʩʩʘ ʵʣʝʢʪʨʦʥʘ, ɤ ï ʮʠʢʣʠʯʝʩʢʘʷ ʯʘʩʪʦʪʘ ʧʘʜʘʶʱʝʛʦ 

ʠʟʣʫʯʝʥʠʷ. ɺʝʣʠʯʠʥʳ ŭ ʠ ɓ ï ʦʙʱʝʧʨʠʥʷʪʳʝ ʦʙʦʟʥʘʯʝʥʠʷ ʜʝʡʩʪʚʠʪʝʣʴʥʦʡ ʠ ʤʥʠʤʦʡ 

ʯʘʩʪʝʡ ʜʝʢʨʝʤʝʥʪʘ ʧʦʢʘʟʘʪʝʣʷ ʧʨʝʣʦʤʣʝʥʠʷ. ʉʪʦʠʪ ʦʪʤʝʪʠʪʴ, ʚʳʧʦʣʥʷʶʪʩʷ ʫʩʣʦʚʠʷ 

ŭ<<1 ʠ ɓ<<1, ʘ ʪʘʢʞʝ, ʯʪʦ Re(n) < 1.  

 ɺ ʩʣʫʯʘʝ ʤʥʦʛʦʢʦʤʧʦʥʝʥʪʥʦʡ ʩʨʝʜʳ n ʟʘʜʘʝʪʩʷ ʚʳʨʘʞʝʥʠʝʤ 

ὲ ρ В Ὢ Ὢ ‫ ὭὪ ‫ ,                          (1.2) 

ʛʜʝ ʧʘʨʘʤʝʪʨʳ ʩ ʠʥʜʝʢʩʦʤ i ʩʦʦʪʚʝʪʩʪʚʫʶʪ i-ʪʦʤʫ ʭʠʤʠʯʝʩʢʦʤʫ ʵʣʝʤʝʥʪʫ, 

ʧʨʠʩʫʪʩʪʚʫʶʱʝʤʫ ʚ ʩʨʝʜʝ. 

 ɿʥʘʯʝʥʠʷ ʘʪʦʤʥʳʭ ʬʘʢʪʦʨʦʚ ʨʘʩʩʝʷʥʠʷ ʜʣʷ ʙʦʣʴʰʠʥʩʪʚʘ ʘʪʦʤʦʚ ʚ 

ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʤ ʜʠʘʧʘʟʦʥʝ ʵʥʝʨʛʠʡ ʠʟʚʝʩʪʥʳ ʩ ʚʳʩʦʢʦʡ ʪʦʯʥʦʩʪʴʶ [6, 7]. ʆʜʥʘʢʦ 

ʟʥʘʯʝʥʠʷ ʵʪʠʭ ʪʘʙʫʣʠʨʦʚʘʥʥʳʭ ʜʘʥʥʳʭ ï ʵʪʦ ʟʥʘʯʝʥʠʷ, ʧʦʣʫʯʝʥʥʳʝ ʜʣʷ 

ʨʘʟʨʝʞʝʥʥʳʭ ʛʘʟʦʚʳʭ ʩʨʝʜ. ʇʝʨʝʭʦʜ ʢ ʢʦʥʜʝʥʩʠʨʦʚʘʥʥʦʤʫ ʩʦʩʪʦʷʥʠʶ ʚʝʱʝʩʪʚʘ 

ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʧʫʪʝʤ ʚʚʝʜʝʥʠʷ ʧʣʦʪʥʦʩʪʠ ʤʘʪʝʨʠʘʣʘ ɟ, ʦʜʥʘʢʦ ʧʨʠ ʵʪʦʤ ʥʝ 

ʫʯʠʪʳʚʘʝʪʩʷ ʚʣʠʷʥʠʝ ʥʘ ʢʦʵʬʬʠʮʠʝʥʪ n ʩʦʩʪʘʚʘ ʦʙʨʘʟʮʘ ʠ ʝʛʦ ʩʪʨʫʢʪʫʨʳ. ʇʦʵʪʦʤʫ 

ʚʦ ʤʥʦʛʠʭ ʩʣʫʯʘʷʭ ʧʦʷʚʣʷʶʪʩʷ ʟʥʘʯʠʪʝʣʴʥʳʝ ʧʦʧʨʘʚʢʠ ʢ ʚʝʣʠʯʠʥʝ n. ʆʜʥʠʤ ʠʟ 

ʪʘʢʠʭ ʩʣʫʯʘʝʚ, ʷʚʣʷʝʪʩʷ ʦʙʣʘʩʪʴ ʜʠʬʨʘʢʮʠʠ. 
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 ɼʣʷ ʠʟʣʫʯʝʥʠʷ ʩ ʵʥʝʨʛʠʷʤʠ 2 ï 40 ʢʵɺ, ʜʣʠʥʳ ʚʦʣʥ ʥʘʭʦʜʷʪʩʷ ʚ 

ʜʠʘʧʘʟʦʥʝ ~ 0.3 ï 6 ¡, ʯʪʦ ʩʦʧʦʩʪʘʚʠʤʦ ʧʦ ʚʝʣʠʯʠʥʝ ʩ ʤʝʞʘʪʦʤʥʳʤʠ ʨʘʩʩʪʦʷʥʠʷʤʠ 

ʠ ʧʘʨʘʤʝʪʨʘʤʠ ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʨʝʰʝʪʦʢ ʪʚʝʨʜʳʭ ʪʝʣ. ɺ ʩʣʫʯʘʝ ʩ ʢʨʠʩʪʘʣʣʘʤʠ 

ʚʦʟʤʦʞʥʦ ʚʳʧʦʣʥʝʥʠʝ ʜʠʬʨʘʢʮʠʦʥʥʦʛʦ ʫʩʣʦʚʠʷ [1, 2] 

    2d(hkl)sinɗ = nɚ,                                                           1.3 

ʛʜʝ d(hkl) ï ʤʝʞʧʣʦʩʢʦʩʪʥʦʝ ʨʘʩʩʪʦʷʥʠʝ ʜʣʷ ʧʣʦʩʢʦʩʪʝʡ ʨʝʰʝʪʢʠ (h, k, l), ɗ ï 

ʫʛʦʣ ʧʘʜʝʥʠʷ ʣʫʯʝʡ ʥʘ ʵʪʠ ʧʣʦʩʢʦʩʪʠ, ɚ ï ʜʣʠʥʘ ʚʦʣʥʳ ʠʟʣʫʯʝʥʠʷ, n ï ʮʝʣʦʝ ʯʠʩʣʦ. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʚʦʟʥʠʢʘʝʪ ʚʦʟʤʦʞʥʦʩʪʴ ʩʝʣʝʢʮʠʠ ʠʟ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʧʫʯʢʘ ʣʠʥʠʠ ʩ 

ʜʣʠʥʦʡ ʚʦʣʥʳ ɚ ʠ ʰʠʨʠʥʦʡ ȹɚ. ɹʣʘʛʦʜʘʨʷ ʵʪʦʤʫ, ʢʨʠʩʪʘʣʣʳ ʥʘʰʣʠ ʰʠʨʦʢʦʝ 

ʧʨʠʤʝʥʝʥʠʝ ʚ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʦʧʪʠʢʝ ʜʣʷ ʚʳʜʝʣʝʥʠʷ ʠ ʦʪʨʘʞʝʥʠʷ 

ʤʦʥʦʭʨʦʤʘʪʠʯʝʩʢʠʭ ʨʝʥʪʛʝʥʦʚʩʢʠʭ ʣʠʥʠʡ, ʥʘ ʠʭ ʦʩʥʦʚʝ ʨʘʟʨʘʙʦʪʘʥʦ ʤʥʦʞʝʩʪʚʦ 

ʨʝʥʪʛʝʥʦʦʧʪʠʯʝʩʢʠʭ ʵʣʝʤʝʥʪʦʚ [8, 9, 10]. ʆʩʦʙʦʝ ʤʝʩʪʦ ʧʨʠ ʨʘʙʦʪʝ ʩ ʨʝʥʪʛʝʥʦʚʩʢʠʤ 

ʠʟʣʫʯʝʥʠʝʤ ʟʘʥʠʤʘʶʪ ʤʦʟʘʠʯʥʳʝ ʢʨʠʩʪʘʣʣʳ, ʜʣʷ ʢʦʪʦʨʳʭ ʰʠʨʠʥʘ ʚʳʜʝʣʷʝʤʦʡ 

ʧʦʣʦʩʳ ȹɚ ʤʥʦʛʦʢʨʘʪʥʦ ʧʨʝʚʳʰʘʝʪ ʘʥʘʣʦʛʠʯʥʳʡ ʧʦʢʘʟʘʪʝʣʴ ʜʣʷ ʠʜʝʘʣʴʥʦʛʦ 

ʢʨʠʩʪʘʣʣʘ [1, 11]. ɺ ʯʘʩʪʥʦʩʪʠ, ʰʠʨʦʢʦʝ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʝ ʜʣʷ ʨʘʙʦʪʳ ʩ 

ʨʝʥʪʛʝʥʦʚʩʢʠʤ ʠʟʣʫʯʝʥʠʝʤ ʢʨʠʩʪʘʣʣʦʚ ʧʦʣʫʯʠʣʠ ʤʦʟʘʠʯʥʳʝ ʢʨʠʩʪʘʣʣʳ 

ʚʳʩʦʢʦʦʨʠʝʥʪʠʨʦʚʘʥʥʦʛʦ ʧʠʨʦʣʠʪʠʯʝʩʢʦʛʦ ʛʨʘʬʠʪʘ [12]. 

Ä1.2. ʄʦʥʦʭʨʦʤʘʪʦʨʳ ʠʟ ʚʳʩʦʢʦʦʨʠʝʥʪʠʨʦʚʘʥʥʦʛʦ ʧʠʨʦʣʠʪʠʯʝʩʢʦʛʦ 

ʛʨʘʬʠʪʘ 

ʈʝʥʪʛʝʥʦʚʩʢʠʝ ʤʦʥʦʭʨʦʤʘʪʦʨʳ ʠʟ ʚʳʩʦʢʦʦʨʠʝʥʪʠʨʦʚʘʥʥʦʛʦ 

ʧʠʨʦʣʠʪʠʯʝʩʢʦʛʦ ʛʨʘʬʠʪʘ ʰʠʨʦʢʦ ʠʩʧʦʣʴʟʫʶʪʩʷ ʚ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʪʝʭʥʠʢʝ ʠ 

ʘʥʘʣʠʪʠʯʝʩʢʦʤ ʦʙʦʨʫʜʦʚʘʥʠʠ ʜʣʷ ʬʦʢʫʩʠʨʦʚʢʠ ʠ ʤʦʥʦʭʨʦʤʘʪʠʟʘʮʠʠ 

ʨʝʥʪʛʝʥʦʚʩʢʠʭ ʧʫʯʢʦʚ, ʘ ʪʘʢʞʝ ʜʣʷ ʨʝʥʪʛʝʥʦʩʧʝʢʪʨʘʣʴʥʳʭ ʠʟʤʝʨʝʥʠʡ  [13-17]. ɺ 

ʧʦʩʣʝʜʥʝʝ ʚʨʝʤʷ ʙʣʘʛʦʜʘʨʷ ʫʣʫʯʰʝʥʠʶ ʪʝʭʥʦʣʦʛʠʠ ʧʦʣʫʯʝʥʠʷ ɺʇɻ ʚ 

ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʦʤ ʥʘʧʨʘʚʣʝʥʠʠ [0 0 1], ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦʤ ʙʘʟʦʚʦʡ ʧʣʦʩʢʦʩʪʠ 

ʛʨʘʬʠʪʘ, ʜʦʩʪʠʛʥʫʪ ʨʘʟʤʝʨ ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʙʣʦʢʦʚ D ӱ 1 ʤʢʤ [18]. ʕʪʦ 

ʧʨʠʥʮʠʧʠʘʣʴʥʦ ʦʙʝʩʧʝʯʠʚʘʝʪ ʧʦʣʫʯʝʥʠʝ ʩ ʧʦʤʦʱʴʶ ɺʇɻ ʚ ʩʧʝʢʪʨʘʣʴʥʦʡ ʦʙʣʘʩʪʠ 

ɚ > 0.1 ʥʤ ʜʦʩʪʘʪʦʯʥʦ ʚʳʩʦʢʦʛʦ ʩʧʝʢʪʨʘʣʴʥʦʛʦ ʨʘʟʨʝʰʝʥʠʷ ɚ/Dɚ = 103 · 104. ʆʜʥʘʢʦ 
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ʚʩʣʝʜʩʪʚʠʝ ʤʘʣʦʩʪʠ ʚʝʣʠʯʠʥʳ ʣʠʥʝʡʥʦʛʦ ʢʦʵʬʬʠʮʠʝʥʪʘ ʦʩʣʘʙʣʝʥʠʷ ɛ ʛʨʘʬʠʪʘ ʧʨʠ 

ʧʨʦʭʦʞʜʝʥʠʠ ʠʟʣʫʯʝʥʠʷ ʯʝʨʝʟ ʤʦʥʦʭʨʦʤʘʪʦʨ ʧʨʦʠʩʭʦʜʠʪ ʦʙʲʝʤʥʦʝ ʨʘʟʤʳʪʠʝ ʟʦʥʳ 

ʜʠʬʨʘʢʮʠʦʥʥʦʛʦ ʦʪʨʘʞʝʥʠʷ, ʯʪʦ ʥʝ ʧʦʟʚʦʣʷʝʪ ʜʦʩʪʠʯʴ ʨʘʩʯʝʪʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ 

ʩʧʝʢʪʨʘʣʴʥʦʛʦ ʨʘʟʨʝʰʝʥʠʷ. ɼʣʷ ʫʩʪʨʘʥʝʥʠʷ ʫʢʘʟʘʥʥʦʛʦ ʵʬʬʝʢʪʘ ʧʨʠ 

ʩʧʝʢʪʨʦʤʝʪʨʠʯʝʩʢʠʭ ʠʟʤʝʨʝʥʠʷʭ ʠ ʚʳʜʝʣʝʥʠʷ ʫʟʢʦʡ ʩʧʝʢʪʨʘʣʴʥʦʡ ʧʦʣʦʩʳ ʚ 

ʨʘʙʦʪʘʭ [13, 14] ʧʨʝʜʣʦʞʝʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʧʣʝʥʢʠ ɺʇɻ ʪʦʣʱʠʥʦʡ t ӱ 50 ʤʢʤ, ʥʘ ʠʭ 

ʦʩʥʦʚʝ ʙʳʣʠ ʨʘʟʨʘʙʦʪʘʥʳ ʧʦʣʫʧʨʦʟʨʘʯʥʳʝ ʨʝʥʪʛʝʥʦʚʩʢʠʝ ʤʦʥʦʭʨʦʤʘʪʦʨʳ [19]. 

ʇʦʩʢʦʣʴʢʫ ʜʣʷ ʧʣʝʥʦʢ ʩ ʫʛʣʦʤ ʤʦʟʘʠʯʥʦʩʪʠ ɤ < 20ǋ ʧʠʢʦʚʳʡ ʢʦʵʬʬʠʮʠʝʥʪ 

ʦʪʨʘʞʝʥʠʷ ʤʦʞʝʪ ʜʦʩʪʠʛʘʪʴ ʚʝʣʠʯʠʥʳ 0.7RV, ʛʜʝ RV ð ʧʠʢʦʚʳʡ ʢʦʵʬʬʠʮʠʝʥʪ 

ʦʪʨʘʞʝʥʠʷ ʜʣʷ ʦʙʲʝʤʥʳʭ ʤʦʥʦʭʨʦʤʘʪʦʨʦʚ, ʵʪʦ ʦʙʝʩʧʝʯʠʚʘʝʪ ʚʳʩʦʢʫʶ 

ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʩʧʝʢʪʨʦʤʝʪʨʠʯʝʩʢʠʭ ʠʟʤʝʨʝʥʠʡ. ʇʣʝʥʦʯʥʳʝ ɺʇɻ-ʤʦʥʦʭʨʦʤʘʪʦʨʳ 

ʧʦʟʚʦʣʷʶʪ ʪʘʢʞʝ ʧʦʣʫʯʠʪʴ ʜʦʩʪʘʪʦʯʥʦ ʚʳʩʦʢʦʝ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʝ ʨʘʟʨʝʰʝʥʠʝ, 

ʢʦʪʦʨʦʝ ʦʧʨʝʜʝʣʷʝʪʩʷ ʰʠʨʠʥʦʡ ʩʝʯʝʥʠʷ ʟʦʥʜʠʨʫʶʱʝʛʦ ʧʫʯʢʘ ʠ ʚʝʣʠʯʠʥʦʡ 

ʛʝʦʤʝʪʨʠʯʝʩʢʦʛʦ ʫʰʠʨʝʥʠʷ s ʚʩʣʝʜʩʪʚʠʝ ʢʦʥʝʯʥʦʡ ʪʦʣʱʠʥʳ t ʧʣʝʥʢʠ s ӱ t / tg(ɗB) 

(ɗB ð ʙʨʵʛʛʦʚʩʢʠʡ ʫʛʦʣ ʜʠʬʨʘʢʮʠʠ). ʄʠʥʠʤʠʟʘʮʠʷ ʫʢʘʟʘʥʥʳʭ ʧʘʨʘʤʝʪʨʦʚ 

ʪʨʝʙʫʝʪʩʷ ʧʨʠ ʤʦʥʦʭʨʦʤʘʪʠʟʘʮʠʠ ʦʪʨʘʞʝʥʥʳʭ ʠ ʨʘʩʩʝʷʥʥʳʭ ʧʫʯʢʦʚ ʚ ʨʘʟʣʠʯʥʳʭ 

ʩʠʩʪʝʤʘʭ ʩʢʘʥʠʨʦʚʘʥʠʷ ʩ ʜʚʫʭʢʦʦʨʜʠʥʘʪʥʳʤ ʧʨʠʝʤʥʠʢʦʤ ʠ ʨʝʛʠʩʪʨʘʮʠʠ ʫʛʣʦʚʳʭ 

ʠ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʭ ʨʘʩʧʨʝʜʝʣʝʥʠʡ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ.  

ʂ ʩʦʞʘʣʝʥʠʶ, ʧʣʝʥʢʠ ʚʳʩʦʢʦʦʨʠʝʥʪʠʨʦʚʘʥʥʦʛʦ ʧʠʨʦʣʠʪʠʯʝʩʢʦʛʦ ʛʨʘʬʠʪʘ ʥʝ 

ʷʚʣʷʶʪʩʷ ʦʜʥʦʨʦʜʥʳʤ ʤʘʪʝʨʠʘʣʦʤ. ɺ ʨʘʙʦʪʝ [19] ʧʦʢʘʟʘʥʳ ʟʘʚʠʩʠʤʦʩʪʠ 

ʢʦʵʬʬʠʮʠʝʥʪʘ ʦʪʨʘʞʝʥʠʷ, ʫʛʣʦʚ ʤʦʟʘʠʯʥʦʩʪʠ ȹɤ ʠ ʠʥʪʝʛʨʘʣʴʥʦʡ ʧʣʝʥʦʢ ɺʇɻ 

ʨʘʟʥʦʡ ʪʦʣʱʠʥʳ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʢʦʦʨʜʠʥʘʪʳ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʧʣʝʥʢʠ (ʈʠʩ.1.1). 

ʅʘʣʠʯʠʝ ʪʘʢʠʭ ʥʝʦʜʥʦʨʦʜʥʦʩʪʝʡ ʪʨʝʙʫʝʪ ʜʦʧʦʣʥʠʪʝʣʴʥʦʛʦ ʚʥʠʤʘʥʠʷ ʧʨʠ 

ʨʘʟʨʘʙʦʪʢʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʩʭʝʤ ʠ ʧʦʩʣʝʜʫʶʱʝʡ ʶʩʪʠʨʦʚʢʝ. ɺ ʪʦ ʞʝ ʚʨʝʤʷ, 

ʪʘʢʞʝ ʥʝʦʙʭʦʜʠʤʳ ʜʦʧʦʣʥʠʪʝʣʴʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʘʥʠʟʦʪʨʦʧʠʠ ʧʣʝʥʦʢ ɺʇɻ, ʚ 

ʯʘʩʪʥʦʩʪʠ, ʘʥʘʣʠʟ ʠʟʤʝʥʝʥʠʷ ʢʦʵʬʬʠʮʠʝʥʪʘ ʦʪʨʘʞʝʥʠʷ ʠ ʫʛʣʘ ʤʦʟʘʠʯʥʦʩʪʠ ʧʨʠ 

ʧʦʚʦʨʦʪʝ ʧʣʝʥʢʠ ʚʦʢʨʫʛ ʥʦʨʤʘʣʠ ʢ ʧʦʚʝʨʭʥʦʩʪʠ. 
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ʇʣʝʥʢʠ ɺʇɻ ʫʞʝ ʥʘʰʣʠ ʰʠʨʦʢʦʝ ʧʨʠʤʝʥʝʥʠʝ ʚ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʪʝʭʥʠʢʝ, 

ʦʜʥʘʢʦ ʥʝ ʪʝʨʷʶʪ ʩʚʦʝʡ ʘʢʪʫʘʣʴʥʦʩʪʠ ʢʘʢ ʟʘʜʘʯʘ ʧʦ ʨʘʟʨʘʙʦʪʢʝ ʥʦʚʳʭ ʦʧʪʠʯʝʩʢʠʭ 

ʵʣʝʤʝʥʪʦʚ ʥʘ ʙʘʟʝ ɺʇɻ, ʪʘʢ ʠ ʟʘʜʘʯʘ ʧʦ ʧʦʠʩʢʫ ʠ ʨʘʟʨʘʙʦʪʢʝ ʘʣʴʪʝʨʥʘʪʠʚʥʳʭ 

ʤʦʟʘʠʯʥʳʭ ʢʨʠʩʪʘʣʣʦʚ ʩ ʫʛʣʘʤʠ ʤʦʟʘʠʯʥʦʩʪʠ ʧʦʨʷʜʢʘ 0.1.̄ 

Ä1.3. ʈʝʥʪʛʝʥʦʚʩʢʘʷ ʧʨʠʟʤʘ 

ʂʘʢ ʚʠʜʥʦ ʠʟ (1.2), ʢʦʵʬʬʠʮʠʝʥʪ ʧʨʝʣʦʤʣʝʥʠʷ ʤʘʪʝʨʠʘʣʘ n ʤʝʥʷʝʪʩʷ ʩ 

ʠʟʤʝʥʝʥʠʝʤ ʯʘʩʪʦʪʳ ɤ ʢʦʣʝʙʘʥʠʡ, ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʥʘ ʛʨʘʥʠʮʝ ʨʘʟʜʝʣʘ ʜʚʫʭ ʩʨʝʜ 

ʜʦʣʞʥʘ ʥʘʙʣʶʜʘʪʴʩʷ ʜʠʩʧʝʨʩʠʷ. ɺ ʪʦ ʞʝ ʚʨʝʤʷ ʚʚʠʜʫ ʤʘʣʦʩʪʠ ʢʦʵʬʬʠʮʠʝʥʪʘ ŭ, 

ʜʘʥʥʳʡ ʵʬʬʝʢʪ ʦʢʘʟʳʚʘʝʪʩʷ ʩʣʘʙʦ ʚʳʨʘʞʝʥʥʳʤ, ʯʪʦ ʟʘʪʨʫʜʥʷʝʪ ʝʛʦ ʧʨʠʤʝʥʝʥʠʝ ʥʘ 

ʧʨʘʢʪʠʢʝ. 

 ɺʧʝʨʚʳʝ ʫʛʣʦʚʘʷ ʜʠʩʧʝʨʩʠʷ ʨʝʥʪʛʝʥʦʚʩʢʠʭ ʣʫʯʝʡ ʧʨʠ ʧʦʤʦʱʠ ʧʨʠʟʤʳ ʙʳʣʘ 

ʦʙʥʘʨʫʞʝʥʘ ʚ 1924ʛ. [20] ʠ ʚʩʢʦʨʝ ʥʘʰʣʘ ʧʨʠʤʝʥʝʥʠʝ ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ 

ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʧʨʝʣʦʤʣʝʥʠʷ ʨʘʟʣʠʯʥʳʭ ʤʘʪʝʨʠʘʣʦʚ [21, 22, 23]. ʆʜʥʘʢʦ 

ʢʣʘʩʩʠʯʝʩʢʘʷ ʩʭʝʤʘ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʧʨʠʟʤʳ ʜʣʷ ʦʪʢʣʦʥʝʥʠʷ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʧʫʯʢʘ 

ʧʦ ʨʷʜʫ ʧʨʠʯʠʥ ʷʚʣʷʝʪʩʷ ʤʘʣʦʵʬʬʝʢʪʠʚʥʦʡ ʜʣʷ ʨʘʟʣʦʞʝʥʠʷ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ 

ʠʟʣʫʯʝʥʠʷ ʚ ʩʧʝʢʪʨ (ʨʠʩ.1.2).  ɼʝʡʩʪʚʠʪʝʣʴʥʦ, ʝʩʣʠ ʨʝʥʪʛʝʥʦʚʩʢʠʡ ʧʫʯʦʢ ʩ 

ʮʠʢʣʠʯʝʩʢʦʡ ʯʘʩʪʦʪʦʡ ɤ ʧʘʜʘʝʪ ʠʟ ʚʘʢʫʫʤʘ ʥʘ ʧʨʝʣʦʤʣʷʶʱʫʶ ʛʨʘʥʴ ʧʨʠʟʤʳ, 

ʚʳʧʦʣʥʝʥʥʦʡ ʠʟ ʤʘʪʝʨʠʘʣʘ ʩ ʢʦʵʬʬʠʮʠʝʥʪʦʤ ʧʨʝʣʦʤʣʝʥʠʷ nɤ = ρ ‏ Ὥ‍ ʧʦʜ 

ʫʛʣʦʤ ɗ, ʪʦ ʩʦʛʣʘʩʥʦ ʟʘʢʦʥʫ ʉʥʝʣʣʠʫʩʘ [24], ʚʳʧʦʣʥʷʝʪʩʷ ʩʦʦʪʥʦʰʝʥʠʝ 

ʈʠʩ.1.1. ɿʘʚʠʩʠʤʦʩʪʴ ʣʦʢʘʣʴʥʦʡ ʚʝʣʠʯʠʥʳ ʢʦʵʬʬʠʮʠʝʥʪʘ ʦʪʨʘʞʝʥʠʷ R ʦʪ ʢʦʦʨʜʠʥʘʪʳ 

ʜʣʷ ʧʣʝʥʢʠ ʚʳʩʦʢʦʦʨʠʥʪʠʨʦʚʘʥʥʦʛʦ ʧʠʨʦʣʠʪʠʯʝʩʢʦʛʦ ʛʨʘʬʠʪʘ ʪʦʣʱʠʥʦʡ 46 ʤʢʤ(ɸ), 

ʢʨʠʚʳʝ ʢʘʯʘʥʠʷ ʠ ʟʥʘʯʝʥʠʷ ʫʛʣʦʚ ʤʦʟʘʠʯʥʦʩʪʠ ʚ ʪʦʯʢʘʭ A,B,C,D (ɹ) 

 ɹ 
 ɸ 
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ʋʛʦʣ ɗc, ʧʨʠ ʢʦʪʦʨʦʤ ʚʳʧʦʣʥʷʝʪʩʷ ʫʩʣʦʚʠʝ cos ɗc = 1 ï ŭ ʥʘʟʳʚʘʶʪ ʫʛʣʦʤ ʧʦʣʥʦʛʦ 

ʚʥʝʰʥʝʛʦ ʦʪʨʘʞʝʥʠʷ ʠʣʠ ʢʨʠʪʠʯʝʩʢʠʤ ʫʛʣʦʤ. ʀʟ ʬʦʨʤʫʣ ʌʨʝʥʝʣʷ ʜʣʷ ʘʤʧʣʠʪʫʜ 

ʧʨʦʰʝʜʰʝʡ ʠ ʦʪʨʘʞʝʥʥʦʡ ʚʦʣʥ [24, 25] ʩʣʝʜʫʝʪ, ʯʪʦ ʧʨʠ ʧʨʠʙʣʠʞʝʥʠʠ ɗ ʢ ɗc ʨʝʟʢʦ 

ʚʦʟʨʘʩʪʘʝʪ ʢʦʵʬʬʠʮʠʝʥʪ ʦʪʨʘʞʝʥʠʷ, ʠ ʠʟʣʫʯʝʥʠʝ ʧʨʘʢʪʠʯʝʩʢʠ ʧʝʨʝʩʪʘʝʪ ʧʨʦʥʠʢʘʪʴ 

ʚ ʤʘʪʝʨʠʘʣ ʧʨʠʟʤʳ. ɼʣʷ ʦʪʢʣʦʥʝʥʠʷ ʧʫʯʢʘ ʠʟ 1.4 ʧʦʣʫʯʘʝʤ 

ȹɗ = ɗ ï ɗ1 = ɗ ï arccos(cos(ɗ)/(1- ŭ)),                                        1.5 

ɻʨʘʬʠʢʠ ʟʘʚʠʩʠʤʦʩʪʝʡ ȹɗ(ɗ) ʜʣʷ ʨʘʟʣʠʯʥʳʭ ʟʥʘʯʝʥʠʡ ŭ ʧʨʠʚʝʜʝʥʳ ʥʘ ʨʠʩ.1.3. 

 ɺʙʣʠʟʠ ɗc, ʧʨʠʤʝʥʷʷ ʚ 1.4 ʨʘʟʣʦʞʝʥʠʷ ʚ ʨʷʜ, ʧʦʣʫʯʘʝʤ ʯʪʦ 

    ȹɗ å 2 ŭ/( ɗ + ɗ1).                                                            1.6 

ʈʠʩ.1.2. ʉʭʝʤʘ ʧʨʝʣʦʤʣʝʥʠʷ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʣʫʯʘ ʥʘ ʛʨʘʥʠʮʝ ʨʘʟʜʝʣʘ ʚʘʢʫʫʤ ï ʤʘʪʝʨʠʘʣ 

ʧʨʠʟʤʳ. 

ʈʠʩ.1.3. ɿʘʚʠʩʠʤʦʩʪʠ ʫʛʣʘ ʦʪʢʣʦʥʝʥʠʷ ʦʪ ʫʛʣʘ ʧʘʜʝʥʠʷ ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʟʥʘʯʝʥʠʷʭ ŭ.  
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ʅʝʪʨʫʜʥʦ ʟʘʤʝʪʠʪʴ, ʯʪʦ ʧʨʠ ɗ = ɗc, ȹɗ ʜʦʩʪʠʛʘʝʪ ʩʚʦʝʛʦ ʤʘʢʩʠʤʘʣʴʥʦʛʦ ʟʥʘʯʝʥʠʷ, 

ȹɗ = ɗcåЍς‏. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʩ ʦʜʥʦʡ ʩʪʦʨʦʥʳ, ʜʣʷ ʜʦʩʪʠʞʝʥʠʷ ʤʘʢʩʠʤʘʣʴʥʦʛʦ 

ʦʪʢʣʦʥʝʥʠʷ ʧʫʯʢʘ, ʥʝʣʴʟʷ ʠʩʧʦʣʴʟʦʚʘʪʴ ʫʛʣʳ ʧʘʜʝʥʠʷ, ʩʠʣʴʥʦ ʧʨʝʚʦʩʭʦʜʷʱʠʝ ɗc, ʘ 

ʩ ʜʨʫʛʦʡ ʩʪʦʨʦʥʳ, ʧʨʠ ʫʛʣʝ ʨʘʚʥʦʤ ɗc ʠ ʪʝʤ ʙʦʣʝʝ ʧʨʠ ʫʛʣʘʭ ʤʝʥʴʰʠʭ, ʯʝʤ ɗc, 

ʠʟʣʫʯʝʥʠʝ ʧʨʘʢʪʠʯʝʩʢʠ ʥʝ ʧʨʦʥʠʢʘʝʪ ʚ ʤʘʪʝʨʠʘʣ ʧʨʠʟʤʳ.  

 ɼʘʥʥʳʝ ʨʘʩʩʫʞʜʝʥʠʷ ʧʨʠʚʦʜʷʪ ʢ ʟʘʢʣʶʯʝʥʠʶ ʦ ʥʝʚʦʟʤʦʞʥʦʩʪʠ ʧʨʠʤʝʥʝʥʠʷ 

ʪʘʢʦʡ ʩʭʝʤʳ ʜʣʷ ʨʘʟʣʦʞʝʥʠʷ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʧʫʯʢʘ ʚ ʩʧʝʢʪʨ, ʧʦʩʢʦʣʴʢʫ ʟʥʘʯʝʥʠʝ ŭ, 

ʠ ʢʘʢ ʩʣʝʜʩʪʚʠʝ, ʢʨʠʪʠʯʝʩʢʦʛʦ ʫʛʣʘ ʨʝʟʢʦ ʠʟʤʝʥʷʶʪʩʷ ʩ ʵʥʝʨʛʠʝʡ ʠʟʣʫʯʝʥʠʷ. ɺ 

ʯʘʩʪʥʦʩʪʠ, ʜʣʷ ʤʝʜʠ ʚ ʜʠʘʧʘʟʦʥʝ ʦʪ 10 ʜʦ 20 ʢʵɺ, ʟʥʘʯʝʥʠʝ ŭ ʤʝʥʷʝʪʩʷ ʙʦʣʝʝ ʯʝʤ ʚ 

3 ʨʘʟʘ (ʦʪ 1.62E-05 ʜʦ 4.30E-06 [6]), ʕʪʦ ʧʨʠʚʦʜʠʪ ʢ ʪʦʤʫ, ʯʪʦ ʚ ʜʘʥʥʦʡ ʩʭʝʤʝ 

ʥʝʚʦʟʤʦʞʥʦ ʦʙʝʩʧʝʯʠʪʴ ʧʨʠʝʤʣʝʤʳʝ ʫʩʣʦʚʠʷ ʜʣʷ ʰʠʨʦʢʦʛʦ ʜʠʘʧʘʟʦʥʘ ʵʥʝʨʛʠʡ. 

 ʇʨʠʥʮʠʧʠʘʣʴʥʦ ʠʥʦʡ ʧʦʜʭʦʜ ʙʳʣ ʧʨʝʜʣʦʞʝʥ ʚ ʨʘʙʦʪʘʭ [26, 27, 28].  

ʇʨʝʜʣʘʛʘʝʪʩʷ ʩʭʝʤʘ (ʨʠʩ.1.4) ʚ ʢʦʪʦʨʦʡ ʠʟʣʫʯʝʥʠʝ ʚʚʦʜʠʪʩʷ ʚ ʤʘʪʝʨʠʘʣ ʧʨʠʟʤʳ ʧʦʜ 

ʫʛʣʦʤ ʙʣʠʟʢʠʤ ʢ ʧʨʷʤʦʤʫ ʯʝʨʝʟ ʪʦʨʝʮ, ʘ ʣʠʰʴ ʟʘʪʝʤ ʧʦʧʘʜʘʝʪ ʥʘ ʧʨʝʣʦʤʣʷʶʱʫʶ 

ʛʨʘʥʴ ʧʨʠʟʤʳ ʠʟʥʫʪʨʠ.  

ʀʟ 1.4 ʣʝʛʢʦ ʚʳʚʦʜʠʪʩʷ, ʯʪʦ ʧʨʠ ɗ>> ɗc, ȹɗ = å ŭ ctg ɗ. ʇʦʣʫʯʘʝʪʩʷ, ʯʪʦ ʧʨʦʭʦʞʜʝʥʠʝ 

ʯʝʨʝʟ ʪʦʨʝʮ ʧʨʦʠʩʭʦʜʠʪ ʧʨʘʢʪʠʯʝʩʢʠ ʙʝʟ ʠʟʤʝʥʝʥʠʷ ʥʘʧʨʘʚʣʝʥʠʷ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ 

ʧʫʯʢʘ. ʇʨʠ ʵʪʦʤ ʫʛʦʣ ɗ1 ʚʳʙʠʨʘʝʪʩʷ ʪʘʢ, ʯʪʦʙʳ ʚʳʧʦʣʥʷʣʦʩʴ ʫʩʣʦʚʠʝ ɗ1 << ɗc(E) ʜʣʷ 

ʫʛʣʦʚ ɗʩ(E), ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʚʩʝʤ ʵʥʝʨʛʠʷʤ E, ʧʨʠʩʫʪʩʪʚʫʶʱʠʤ ʚ ʘʥʘʣʠʟʠʨʫʝʤʦʤ 

ʈʠʩ.1.4 ʍʦʜ ʣʫʯʝʡ ʚ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʧʨʠʟʤʝ ʧʨʠ ʦʙʣʫʯʝʥʠʠ ʯʝʨʝʟ ʪʦʨʝʮ 
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ʩʧʝʢʪʨʝ. ɺ ʵʪʦʤ ʩʣʫʯʘʝ, ʩʦʛʣʘʩʥʦ 1.6, ȹɗ ʙʣʠʟʢʦ ʢ ʤʘʢʩʠʤʘʣʴʥʦʤʫ ʜʣʷ ʚʩʝʭ ʵʥʝʨʛʠʡ, 

ʧʨʠʩʫʪʩʪʚʫʶʱʠʭ ʚ ʩʧʝʢʪʨʝ. 

 ʊʘʢʞʝ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʦʜʥʠʤ ʠʟ ʥʘʠʙʦʣʝʝ ʫʜʦʙʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʚ ʦʙʣʘʩʪʠ 

ʵʥʝʨʛʠʡ ʧʦʨʷʜʢʘ 10 ʢʵɺ ʷʚʣʷʝʪʩʷ ʘʣʤʘʟ, ʧʦʩʢʦʣʴʢʫ ʚ ʥʝʤ ʩ ʦʜʥʦʡ ʩʪʦʨʦʥʳ 

ʨʝʥʪʛʝʥʦʚʩʢʦʝ ʠʟʣʫʯʝʥʠʝ ʩʣʘʙʦ ʧʦʛʣʦʱʘʝʪʩʷ, ʧʦʩʢʦʣʴʢʫ ʫʛʣʝʨʦʜ ï ʣʝʛʢʠʡ ʵʣʝʤʝʥʪ, 

ʩ ʜʨʫʛʦʡ ʩʪʦʨʦʥʳ ʘʣʤʘʟ ʠʤʝʝʪ ʨʝʢʦʨʜʥʫʶ ʵʣʝʢʪʨʦʥʥʫʶ ʧʣʦʪʥʦʩʪʴ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ 

ʜʨʫʛʠʤʠ ʤʘʪʝʨʠʘʣʘʤʠ, ʩʦʩʪʦʷʱʠʤʠ ʠʟ ʣʝʛʢʠʭ ʵʣʝʤʝʥʪʦʚ. ʇʨʠ ʵʪʦʤ ʜʣʷ 

ʵʥʝʨʛʝʪʠʯʝʩʢʦʛʦ ʨʘʟʨʝʰʝʥʠʷ ʤʦʛʫʪ ʙʳʪʴ ʜʦʩʪʠʛʥʫʪʳ ʟʥʘʯʝʥʠʷ E/æE > 103, ʦʜʥʘʢʦ 

ʧʨʠ ʵʪʦʤ ʥʝʦʙʭʦʜʠʤʦ ʚʳʧʦʣʥʠʪʴ ʪʨʝʙʦʚʘʥʠʝ ʢ ʦʪʢʣʦʥʝʥʠʶ ʦʪ ʧʣʦʩʢʦʩʪʥʦʩʪʠ 

ʧʨʝʣʦʤʣʷʶʱʝʡ ʛʨʘʥʠ ʧʨʠʟʤʳ ʥʝ ʙʦʣʝʝ 10 ʥʤ /ʩʤ. ʂ ʩʦʞʘʣʝʥʠʶ, ʚ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ 

ʚʳʧʦʣʥʝʥʠʝ ʧʦʣʠʨʦʚʢʠ ʘʣʤʘʟʥʳʭ ʧʦʚʝʨʭʥʦʩʪʝʡ ʩ ʪʘʢʦʡ ʪʦʯʥʦʩʪʴʶ ʧʦʢʘ ʥʝ 

ʨʝʘʣʠʟʦʚʘʥʦ. 

Ä1.4. ʈʝʥʪʛʝʥʦʚʩʢʘʷ ʨʝʬʣʝʢʪʦʤʝʪʨʠʷ 

ʈʝʥʪʛʝʥʦʚʩʢʘʷ ʨʝʬʣʝʢʪʦʤʝʪʨʠʷ ʷʚʣʷʝʪʩʷ ʦʜʥʠʤ ʠʟ ʥʘʠʙʦʣʝʝ 

ʨʘʩʧʨʦʩʪʨʘʥʝʥʥʳʭ ʤʝʪʦʜʦʚ ʦʧʨʝʜʝʣʝʥʠʷ ʧʘʨʘʤʝʪʨʦʚ ʧʣʘʥʘʨʥʳʭ ʪʦʥʢʦʧʣʝʥʦʯʥʳʭ 

ʩʪʨʫʢʪʫʨ. ʉʫʱʝʩʪʚʝʥʥʳʤ ʧʨʝʠʤʫʱʝʩʪʚʦʤ ʜʠʘʧʘʟʦʥʘ E > 5 ʢʵɺ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ 

ʦʧʪʠʯʝʩʢʠʤ ʷʚʣʷʝʪʩʷ ʥʝʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴ ʢʦʵʬʬʠʮʠʝʥʪʘ ʧʨʝʣʦʤʣʝʥʠʷ ʩʨʝʜʳ ʢ 

ʤʘʣʳʤ ʢʦʥʮʝʥʪʨʘʮʠʷʤ ʧʨʠʤʝʩʝʡ ʠ ʪʠʧʫ ʭʠʤʠʯʝʩʢʠʭ ʩʚʷʟʝʡ, ʘ ʪʘʢʞʝ ʥʘʣʠʯʠʝ 

ʪʘʙʫʣʠʨʦʚʘʥʥʳʭ ʜʘʥʥʳʭ ʘʪʦʤʥʦʛʦ ʬʘʢʪʦʨʘ ʨʘʩʩʝʷʥʠʷ ʜʣʷ ʚʩʝʭ ʭʠʤʠʯʝʩʢʠʭ 

ʵʣʝʤʝʥʪʦʚ, ʠ ʢʘʢ ʩʣʝʜʩʪʚʠʝ, ʦʪʩʫʪʩʪʚʠʝ ʥʝʦʙʭʦʜʠʤʦʩʪʠ ʧʨʦʚʝʜʝʥʠʷ ʢʘʣʠʙʨʦʚʦʯʥʳʭ 

ʠʟʤʝʨʝʥʠʡ. 

ʂʦʵʬʬʠʮʠʝʥʪ ʦʪʨʘʞʝʥʠʷ ʤʥʦʛʦʩʣʦʡʥʦʡ ʩʪʨʫʢʪʫʨʳ ʜʣʷ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʡ 

ʚʦʣʥʳ ʩ ʟʘʜʘʥʥʦʡ ʵʥʝʨʛʠʝʡ E ʠ ʫʛʣʦʤ ʧʘʜʝʥʠʷ ɗ ʥʘ ʵʪʫ ʩʪʨʫʢʪʫʨʫ ʤʦʞʝʪ ʙʳʪʴ 

ʨʘʩʩʯʠʪʘʥ ʧʨʠ ʧʦʤʦʱʠ ʨʝʢʫʨʨʝʥʪʥʳʭ ʩʦʦʪʥʦʰʝʥʠʡ, ʧʦʣʫʯʘʝʤʳʭ ʠʟ ʬʦʨʤʫʣ 

ʌʨʝʥʝʣʷ ʩ ʫʯʝʪʦʤ ʥʘʙʝʛʘ ʬʘʟ ʧʨʠ ʧʨʦʭʦʞʜʝʥʠʠ ʧʫʯʢʦʤ ʤʥʦʛʦʩʣʦʡʥʦʡ ʩʪʨʫʢʪʫʨʳ 

[25, 29]. ʇʨʦʚʝʜʷ ʠʟʤʝʨʝʥʠʝ ʟʘʚʠʩʠʤʦʩʪʠ ʢʦʵʬʬʠʮʠʝʥʪʘ ʦʪʨʘʞʝʥʠʷ ʦʪ ʚʝʣʠʯʠʥʳ 

ʚʝʢʪʦʨʘ ʨʘʩʩʝʷʥʠʷ q = 4  ́sinɗ / ɚ, ʤʦʞʥʦ ʧʨʠ ʧʦʤʦʱʠ ʯʠʩʣʝʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ 

ʨʝʰʠʪʴ ʦʙʨʘʪʥʫʶ ʟʘʜʘʯʫ ʠ ʚʦʩʩʪʘʥʦʚʠʪʴ ʧʘʨʘʤʝʪʨʳ ʩʪʨʫʢʪʫʨʳ [30-34]. ʇʨʠ ʵʪʦʤ 
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ʩʢʘʥʠʨʦʚʘʥʠʝ ʚʝʢʪʦʨʘ ʨʘʩʩʝʷʥʠʷ ʤʦʞʥʦ ʜʦʙʠʚʘʪʴʩʷ ʣʠʙʦ ʧʫʪʝʤ ʩʢʘʥʠʨʦʚʘʥʠʷ ʫʛʣʘ 

ɗ, ʣʠʙʦ ʧʫʪʝʤ ʩʢʘʥʠʨʦʚʘʥʠʷ ʜʣʠʥʳ ʚʦʣʥʳ ɚ. ʆʙʳʯʥʦ ʜʣʷ ʧʨʦʚʝʜʝʥʠʷ ʠʟʤʝʨʝʥʠʡ 

ʠʩʧʦʣʴʟʫʝʪʩʷ ʠʟʣʫʯʝʥʠʝ ʩ ʜʣʠʥʘʤʠ ʚʦʣʥ ʧʦʨʷʜʢʘ 1 ¡. ɼʣʷ ʵʪʦʛʦ ʜʠʘʧʘʟʦʥʘ 

ʨʘʟʨʘʙʦʪʘʥʦ ʙʦʣʴʰʠʥʩʪʚʦ ʠʟʤʝʨʠʪʝʣʴʥʳʭ ʩʭʝʤ ʠ ʤʝʪʦʜʦʚ ʨʝʰʝʥʠʷ ʦʙʨʘʪʥʦʡ 

ʟʘʜʘʯʠ. 

ɺʩʝ ʠʟʤʝʨʠʪʝʣʴʥʳʝ ʩʭʝʤʳ ʤʦʞʥʦ ʫʩʣʦʚʥʦ ʨʘʟʜʝʣʠʪʴ ʥʘ ʜʚʝ ʛʨʫʧʧʳ: 

ʢʠʥʝʤʘʪʠʯʝʩʢʠʝ ʠ ʙʝʩʢʠʥʝʤʘʪʠʯʝʩʢʠʝ. ɺ ʢʠʥʝʤʘʪʠʯʝʩʢʠʭ ʩʭʝʤʘʭ ʜʣʠʥʘ ʚʦʣʥʳ, ʥʘ 

ʢʦʪʦʨʦʡ ʧʨʦʚʦʜʠʪʩʷ ʠʟʤʝʨʝʥʠʝ, ʦʩʪʘʝʪʩʷ ʥʝʠʟʤʝʥʥʦʡ, ʘ ʜʣʷ ʩʢʘʥʠʨʦʚʘʥʠʷ 

ʧʘʨʘʤʝʪʨʘ q ʠʩʧʦʣʴʟʫʝʪʩʷ ʤʝʭʘʥʠʯʝʩʢʦʝ ʩʢʘʥʠʨʦʚʘʥʠʝ ʧʦ ʫʛʣʫ ɗ, ʦʩʫʱʝʩʪʚʣʷʝʤʦʝ 

ʧʫʪʝʤ ʠʟʤʝʥʝʥʠʷ ʧʦʣʦʞʝʥʠʷ ʠʩʩʣʝʜʫʝʤʦʛʦ ʦʙʨʘʟʮʘ ʠ ʜʝʪʝʢʪʠʨʫʶʱʝʡ ʩʠʩʪʝʤʳ 

ʦʪʥʦʩʠʪʝʣʴʥʦ ʧʝʨʚʠʯʥʦʛʦ ʧʫʯʢʘ. ʊʘʢʠʝ ʩʭʝʤʳ ʘʥʘʣʦʛʠʯʥʳ ʩʭʝʤʘʤ ʢʣʘʩʩʠʯʝʩʢʠʭ 

ʜʠʬʨʘʢʪʦʤʝʪʨʦʚ [35, 36]. ɼʣʷ ʚʳʜʝʣʝʥʠʷ ʨʘʙʦʯʝʡ ʜʣʠʥʳ ʚʦʣʥʳ ʦʙʳʯʥʦ 

ʠʩʧʦʣʴʟʫʶʪʩʷ ʩʠʩʪʝʤʳ ʥʘ ʦʩʥʦʚʝ ʢʨʠʩʪʘʣʣʦʚ, ʣʠʙʦ ʤʥʦʛʦʩʣʦʡʥʦʡ ʦʧʪʠʢʠ, ʢʦʪʦʨʳʝ 

ʤʦʛʫʪ ʨʘʟʤʝʱʘʪʴʩʷ ʢʘʢ ʚ ʧʦʣʦʞʝʥʠʝ ʤʦʥʦʭʨʦʤʘʪʦʨʘ ʤʝʞʜʫ ʪʨʫʙʢʦʡ ʠ ʠʩʩʣʝʜʫʝʤʳʤ 

ʦʙʨʘʟʮʦʤ [37], ʪʘʢ ʠ ʤʝʞʜʫ ʦʙʨʘʟʮʦʤ ʠ ʜʝʪʝʢʪʠʨʫʶʱʝʡ ʩʠʩʪʝʤʦʡ ʚ ʧʦʣʦʞʝʥʠʝ 

ʘʥʘʣʠʟʘʪʦʨʘ [38]. ʊʘʢʞʝ ʩʫʱʝʩʪʚʫʝʪ ʚʦʟʤʦʞʥʦʩʪʴ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʥʝʩʢʦʣʴʢʠʭ 

ʧʦʣʫʧʨʦʟʨʘʯʥʳʭ ʢʨʠʩʪʘʣʣʦʚ-ʘʥʘʣʠʟʘʪʦʨʦʚ, ʚʳʧʦʣʥʝʥʥʳʭ ʠʟ 

ʚʳʩʦʢʦʦʨʠʥʪʠʨʦʚʘʥʥʦʛʦ ʧʠʨʦʣʠʪʠʯʝʩʢʦʛʦ ʛʨʘʬʠʪʘ. ʊʘʢʦʡ ʧʦʜʭʦʜ ʧʦʟʚʦʣʷʝʪ 

ʚʳʧʦʣʥʷʪʴ ʧʘʨʘʣʣʝʣʴʥʳʝ ʠʟʤʝʨʝʥʠʷ ʥʘ ʥʝʩʢʦʣʴʢʠʭ ʜʣʠʥʘʭ ʚʦʣʥ ʦʜʥʦʚʨʝʤʝʥʥʦ, 

ʣʠʙʦ ʨʘʙʦʪʘʪʴ ʚ ʦʪʥʦʩʠʪʝʣʴʥʦʤ ʨʝʞʠʤʝ, ʧʨʠ ʢʦʪʦʨʦʤ ʧʨʦʚʦʜʷʪʩʷ ʠʟʤʝʨʝʥʠʷ 

ʦʪʥʦʰʝʥʠʷ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʦʪʨʘʞʝʥʠʷ ʥʘ ʜʚʫʭ ʬʠʢʩʠʨʦʚʘʥʥʳʭ ʜʣʠʥʘʭ ʚʦʣʥ [39].  

ʆʜʥʠʤ ʠʟ ʛʣʘʚʥʳʭ ʤʠʥʫʩʦʚ ʢʠʥʝʤʘʪʠʯʝʩʢʠʭ ʩʭʝʤ ʷʚʣʷʝʪʩʷ ʚʨʝʤʷ ʠʟʤʝʨʝʥʠʷ, 

ʢʦʪʦʨʦʝ ʟʘʥʠʤʘʝʪ ʜʝʩʷʪʢʠ ʤʠʥʫʪ ʠ ʥʝ ʤʦʞʝʪ ʙʳʪʴ ʫʤʝʥʴʰʝʥʦ ʚ ʚʠʜʫ ʥʝʦʙʭʦʜʠʤʦʩʪʠ 

ʧʨʦʠʟʚʦʜʠʪʴ ʧʨʝʮʠʟʠʦʥʥʦʝ ʤʝʭʘʥʠʯʝʩʢʦʝ ʧʝʨʝʤʝʱʝʥʠʝ ʧʦʩʣʝ ʧʨʦʚʝʜʝʥʠʷ 

ʠʟʤʝʨʝʥʠʷ ʜʣʷ ʢʘʞʜʦʛʦ ʟʥʘʯʝʥʠʷ q. 

ɺ ʙʝʩʢʠʥʝʤʘʪʠʯʝʩʢʠʭ ʩʭʝʤʘʭ ʧʦʣʦʞʝʥʠʝ ʠʩʩʣʝʜʫʝʤʦʛʦ ʦʙʨʘʟʮʘ ʠ 

ʜʝʪʝʢʪʠʨʫʶʱʝʡ ʩʠʩʪʝʤʳ ʦʩʪʘʶʪʩʷ ʥʝʠʟʤʝʥʥʳʤʠ ʧʦ ʦʪʥʦʰʝʥʠʶ ʢ ʧʝʨʚʠʯʥʦʤʫ 

ʨʝʥʪʛʝʥʦʚʩʢʦʤʫ ʧʫʯʢʫ. ɺʦ-ʧʝʨʚʳʭ, ʪʘʢʠʝ ʤʝʪʦʜʳ, ̫ ʚʣʷʶʪʩʷ ʦʩʦʙʦ ʘʢʪʫʘʣʴʥʳʤʠ ʜʣʷ 

ʩʠʩʪʝʤ, ʚ ʢʦʪʦʨʳʭ ʥʝ ʜʦʧʫʩʪʠʤʦ ʤʝʭʘʥʠʯʝʩʢʦʝ ʜʚʠʞʝʥʠʝ ʦʙʨʘʟʮʘ, ʥʘʧʨʠʤʝʨ, ʜʣʷ 



25 

 

ʢʦʥʪʨʦʣʷ ʧʘʨʘʤʝʪʨʦʚ ʪʦʥʢʠʭ ʧʣʝʥʦʢ ʚ ʧʨʦʮʝʩʩʝ ʠʭ ʨʦʩʪʘ. ɸ ʚʦ-ʚʪʦʨʳʭ, ʩ ʧʦʤʦʱʴʶ 

ʪʘʢʠʭ ʤʝʪʦʜʦʚ ʤʦʞʥʦ ʜʦʩʪʠʛʥʫʪʴ ʩʫʱʝʩʪʚʝʥʥʦʛʦ ʩʦʢʨʘʱʝʥʠʷ ʚʨʝʤʝʥʠ ʠʟʤʝʨʝʥʠʷ 

ʧʘʨʘʤʝʪʨʦʚ ʪʦʥʢʦʧʣʝʥʦʯʥʦʡ ʩʪʨʫʢʪʫʨʳ. 

ʆʜʥʠʤ ʠʟ ʩʧʦʩʦʙʦʚ ʨʝʘʣʠʟʘʮʠʠ ʪʘʢʦʛʦ ʧʦʜʭʦʜʘ ʷʚʣʷʝʪʩʷ ʠʩʧʦʣʴʟʦʚʘʥʠʝ 

ʞʝʩʪʢʦ ʢʦʣʣʠʤʠʨʦʚʘʥʥʦʛʦ ʧʦʣʠʭʨʦʤʘʪʠʯʝʩʢʦʛʦ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʧʫʯʢʘ ʠ 

ʵʥʝʨʛʦʜʠʩʧʝʨʩʠʦʥʥʦʛʦ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʜʝʪʝʢʪʦʨʘ ʜʣʷ ʨʝʛʠʩʪʨʘʮʠʠ ʩʧʝʢʪʨʘ 

ʟʝʨʢʘʣʴʥʦ ʦʪʨʘʞʝʥʥʦʛʦ ʠʟʣʫʯʝʥʠʷ [40-43]. ʊʘʢʠʝ ʩʭʝʤʳ ʫʞʝ ʧʦʟʚʦʣʠʣʠ ʜʦʩʪʠʛʥʫʪʴ 

ʚʨʝʤʝʥ ʠʟʤʝʨʝʥʠʷ ʧʦʨʷʜʢʘ ʝʜʠʥʠʮ ʤʠʥʫʪ, ʠ ʧʨʠ ʧʦʤʦʱʠ ʩʦʚʨʝʤʝʥʥʳʭ ʩʠʩʪʝʤ ʥʘ 

ʙʘʟʝ ʧʘʩʩʠʚʠʨʦʚʘʥʥʳʭ ʠʦʥʥʦʠʤʧʣʘʥʪʠʨʦʚʘʥʥʳʭ ʧʣʘʥʘʨʥʳʭ ʢʨʝʤʥʠʝʚʳʭ 

ʜʝʪʝʢʪʦʨʦʚ (PIPS) ʠ PIN-ʜʝʪʝʢʪʦʨʦʚ ʤʘʣʦʡ ʧʣʦʱʘʜʠ ʤʦʛʫʪ ʧʦʟʚʦʣʠʪʴ ʩʦʢʨʘʪʠʪʴ 

ʚʨʝʤʷ ʠʟʤʝʨʝʥʠʷ ʜʦ 1 -10 c [44]. ʆʜʥʘʢʦ ɻ ʥʝʨʛʝʪʠʯʝʩʢʦʝ ʨʘʟʨʝʰʝʥʠʝ ʪʘʢʦʛʦ ʧʦʜʭʦʜʘ 

ʦʧʨʝʜʝʣʷʝʪʩʷ ʨʘʟʨʝʰʝʥʠʝʤ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʦʛʦ ʜʝʪʝʢʪʦʨʘ, ʢʦʪʦʨʦʝ ʚ ʥʘʩʪʦʷʱʝʝ 

ʚʨʝʤʷ ʩʦʩʪʘʚʣʷʝʪ ~ 125 - 140 ɻ ɺ ʥʘ ʣʠʥʠʠ Fe KŬ ʠ ʜʣʷ ʢʨʝʤʥʠʝʚʳʭ ʜʝʪʝʢʪʦʨʦʚ ʥʝ 

ʤʦʞʝʪ ʧʨʝʚʳʰʘʪʴ ʟʥʘʯʝʥʠʷ 119 ʵɺ, ʯʪʦ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʦʪʥʦʩʠʪʝʣʴʥʦʤʫ 

ʵʥʝʨʛʝʪʠʯʝʩʢʦʤʫ ʨʘʟʨʝʰʝʥʠʶ ȹE/E  å 2%. [45, 46] 

 ɼʨʫʛʦʡ ʧʦʜʭʦʜ ʢ ʨʝʘʣʠʟʘʮʠʠ ʙʝʩʢʠʥʝʤʘʪʠʯʝʩʢʠʭ ʩʭʝʤ ʧʦʜʨʘʟʫʤʝʚʘʝʪ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʬʦʢʫʩʠʨʫʶʱʝʡ ʦʧʪʠʢʠ, ʣʠʙʦ ʠʟʦʛʥʫʪʳʭ ʤʦʥʦʢʨʠʩʪʘʣʣʦʚ ʜʣʷ 

ʦʙʣʫʯʝʥʠʷ ʦʙʨʘʟʮʘ ʧʦʜ ʨʘʟʥʳʤʠ ʫʛʣʘʤʠ [47-50]. ʊʘʢʦʡ ʧʦʜʭʦʜ ʧʦʟʚʦʣʷʝʪ 

ʜʦʩʪʠʛʥʫʪʴ ʚʨʝʤʝʥʠ ʦʜʥʦʛʦ ʠʟʤʝʨʝʥʠʷ ʧʦʨʷʜʢʘ t ~ 1 ʤʩ. ɼʘʣʴʥʝʡʰʝʝ ʩʦʢʨʘʱʝʥʠʝ 

ʚʨʝʤʝʥʠ ʠʟʤʝʨʝʥʠʷ, ʥʝʦʙʭʦʜʠʤʦʝ ʜʣʷ ʧʝʨʝʭʦʜʘ ʢ ʠʩʩʣʝʜʦʚʘʥʠʷʤ ʫʣʴʪʨʘʙʳʩʪʨʳʭ 

ʧʨʦʮʝʩʩʦʚ ʥʝʚʦʟʤʦʞʥʦ, ʧʦʩʢʦʣʴʢʫ ʪʘʢʠʝ ʩʭʝʤʳ ʚ ʩʪʘʪʠʯʝʩʢʦʤ ʧʦʣʦʞʝʥʠʠ 

ʧʦʟʚʦʣʷʶʪ ʨʝʛʠʩʪʨʠʨʦʚʘʪʴ ʟʘ ʥʝʜʦʩʪʘʪʦʯʥʦ ʰʠʨʦʢʠʡ ʜʠʘʧʘʟʦʥ ʟʥʘʯʝʥʠʡ q, ʜʣʷ 

ʧʝʨʝʢʨʳʪʠʷ ʜʦʩʪʘʪʦʯʥʦ ʰʠʨʦʢʦʛʦ ʜʠʘʧʘʟʦʥʘ ʟʥʘʯʝʥʠʡ q ʧʨʠʤʝʥʷʝʪʩʷ 

ʤʝʭʘʥʠʯʝʩʢʦʝ ʢʘʯʘʥʠʝ ʢʨʠʩʪʘʣʣʘ-ʤʦʥʦʭʨʦʤʘʪʦʨʘ, ʯʪʦ ʠ ʨʝʟʢʦ ʫʚʝʣʠʯʠʚʘʝʪ ʚʨʝʤʝʥʘ 

ʠʟʤʝʨʝʥʠʡ. ʂʨʦʤʝ ʪʦʛʦ, ʜʣʷ ʨʝʘʣʠʟʘʮʠʠ ʵʪʦʡ ʠʟʤʝʨʠʪʝʣʴʥʦʡ ʩʭʝʤʳ ʥʝʦʙʭʦʜʠʤʦ 

ʥʘʧʨʘʚʣʷʪʴ ʧʫʯʦʢ ʧʦʜ ʨʘʟʥʳʤʠ ʘʟʠʤʫʪʘʣʴʥʳʤʠ ʫʛʣʘʤʠ. 

 ʅʘ ʩʝʛʦʜʥʷʰʥʠʡ ʜʝʥʴ ʦʩʪʨʦ ʚʦʟʨʘʩʪʘʝʪ ʘʢʪʫʘʣʴʥʦʩʪʴ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ʧʨʦʮʝʩʩʦʚ, ʭʘʨʘʢʪʝʨʥʳʝ ʚʨʝʤʝʥʘ ʜʣʷ ʢʦʪʦʨʳʭ ʣʝʞʘʪ ʚ ʩʫʙʤʠʢʨʦʩʝʢʫʥʜʥʦʤ 

ʜʠʘʧʘʟʦʥʝ. ʇʦʷʚʣʷʶʪʩʷ ʟʘʜʘʯʠ ʧʦ ʧʨʦʚʝʜʝʥʠʶ ʠʟʤʝʨʝʥʠʡ ʨʝʥʪʛʝʥʦʚʩʢʦʡ 
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ʜʠʬʨʘʢʮʠʠ ʩ ʥʘʥʦʩʝʢʫʜʥʳʤ ʨʘʟʨʝʰʝʥʠʝʤ [51], ʙʦʣʴʰʦʡ ʠʥʪʝʨʝʩ ʧʨʝʜʩʪʘʚʣʷʶʪ 

ʧʨʦʮʝʩʩʳ, ʧʨʦʠʩʭʦʜʷʱʠʝ ʧʨʠ ʣʘʟʝʨʥʦʡ ʘʙʣʷʮʠʠ [52, 53]. C ʧʦʷʚʣʝʥʠʝʤ ʥʦʚʳʭ 

ʤʦʱʥʳʭ ʠʩʪʦʯʥʠʢʦʚ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ ï ʨʝʥʪʛʝʥʦʚʩʢʠʭ ʣʘʟʝʨʦʚ ʥʘ 

ʩʚʦʙʦʜʥʳʭ ʵʣʝʢʪʨʦʥʘʭ [54, 55], ʧʦʷʚʠʣʘʩʴ ʧʨʠʥʮʠʧʠʘʣʴʥʘʷ ʚʦʟʤʦʞʥʦʩʪʴ ʧʨʦʚʦʜʠʪʴ 

ʠʟʤʝʨʝʥʠʷ ʟʘ ʝʜʠʥʠʯʥʳʡ ʠʤʧʫʣʴʩ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʣʘʟʝʨʘ, ʜʣʠʪʝʣʴʥʦʩʪʴ ʢʦʪʦʨʦʛʦ 

ʩʦʩʪʘʚʣʷʝʪ  tʠʤʧ ~  10 ʬʩ,  ʚ ʩʚʷʟʠ ʩ ʯʝʤ ʚʦʟʥʠʢʘʝʪ ʠʥʪʝʨʝʩ ʢ ʫʣʴʪʨʘʙʳʩʪʨʳʤ 

ʧʨʦʮʝʩʩʘʤ ʩ ʭʘʨʘʢʪʝʨʥʳʤʠ ʚʨʝʤʝʥʘʤʠ, ʩʦʧʦʩʪʘʚʠʤʳʤʠ ʩ ʜʣʠʪʝʣʴʥʦʩʪʴʶ ʠʤʧʫʣʴʩʘ 

ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʣʘʟʝʨʘ [56, 57, 58]. ɺ ʨʘʙʦʪʝ [59] ʧʦʢʘʟʘʥʦ, ʯʪʦ ʨʝʥʪʛʝʥʦʚʩʢʘʷ 

ʨʝʬʣʝʢʪʦʤʝʪʨʠʷ ʷʚʣʷʝʪʩʷ ʦʜʥʠʤ ʠʟ ʤʝʪʦʜʦʚ, ʧʦʟʚʦʣʷʶʱʠʭ ʘʥʘʣʠʟʠʨʦʚʘʪʴ 

ʧʨʦʮʝʩʩʳ ʣʘʟʝʨʥʦʡ ʘʙʣʷʮʠʠ, ʦʜʥʘʢʦ ʚ ʵʪʦʡ ʨʘʙʦʪʝ ʟʘ ʦʜʥʦ ʠʟʤʝʨʝʥʠʝ 

ʨʝʛʠʩʪʨʠʨʫʝʪʩʷ ʦʜʥʦ ʟʥʘʯʝʥʠʝ q, ʘ ʧʦʣʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʩʪʨʦʠʪʩʷ ʚ ʧʨʝʜʧʦʣʦʞʝʥʠʠ 

ʧʦʚʪʦʨʷʝʤʦʩʪʠ ʧʨʦʮʝʩʩʦʚ ʘʙʣʷʮʠʠ. ɺ ʩʚʷʟʠ ʩ ʚʳʰʝʩʢʘʟʘʥʥʳʤ, ʚʦʟʥʠʢʘʝʪ ʦʩʪʨʘʷ 

ʥʝʦʙʭʦʜʠʤʦʩʪʴ ʥʘʣʠʯʠʷ ʠʟʤʝʨʠʪʝʣʴʥʳʭ ʤʝʪʦʜʦʚ, ʢʦʪʦʨʳʝ ʧʦʟʚʦʣʷʪ ʥʘ ʧʨʘʢʪʠʢʝ 

ʧʨʦʚʦʜʠʪʴ ʠʟʤʝʨʝʥʠʷ ʩ ʨʝʢʦʨʜʥʦ ʚʳʩʦʢʠʤʠ ʚʨʝʤʝʥʥʳʤʠ ʨʘʟʨʝʰʝʥʠʷʤʠ.  

Ä1.5. ʈʝʥʪʛʝʥʦʬʣʫʦʨʝʩʮʝʥʪʥʳʡ ʘʥʘʣʠʟ 

ʋʤʝʥʴʰʝʥʠʝ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ ʧʨʠ ʧʨʦʭʦʞʜʝʥʠʠ 

ʯʝʨʝʟ ʚʝʱʝʩʪʚʦ ʦʙʫʩʣʘʚʣʠʚʘʝʪʩʷ ʨʘʩʩʝʷʥʠʝʤ (ʢʦʛʝʨʝʥʪʥʳʤ ʠ ʥʝʢʦʛʝʨʝʥʪʥʳʤ) ʠ 

ʧʦʛʣʦʱʝʥʠʝʤ. ʉʣʫʯʘʡ ʠʩʪʠʥʥʦʛʦ ʧʦʛʣʦʱʝʥʠʷ ʚʦʟʤʦʞʝʥ, ʝʩʣʠ ʵʥʝʨʛʠʠ ʧʝʨʚʠʯʥʦʛʦ 

ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʬʦʪʦʥʘ ʦʢʘʟʳʚʘʝʪʩʷ ʜʦʩʪʘʪʦʯʥʦ ʜʣʷ ʧʝʨʝʥʦʩʘ ʵʣʝʢʪʨʦʥʘ ʚ ʘʪʦʤʝ ʠʟ 

ʦʩʥʦʚʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʚ ʣʶʙʦʝ ʚʦʟʙʫʞʜʝʥʥʦʝ ʩʦʩʪʦʷʥʠʝ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʪʘʢʦʛʦ 

ʧʝʨʝʭʦʜʘ ʠʟʣʫʯʘʶʪʩʷ ʚʪʦʨʠʯʥʳʝ ʬʦʪʦʥʳ, ʚʦʟʥʠʢʘʶʱʠʝ ʧʨʠ ʨʝʣʘʢʩʘʮʠʠ ɻ ʣʝʢʪʨʦʥʦʚ 

ʥʘ ʩʚʦʙʦʜʥʳʝ ʫʨʦʚʥʠ [60, 61]. ʕʥʝʨʛʠʠ ʧʝʨʝʭʦʜʦʚ ʥʘ ʛʣʫʙʦʢʠʝ ʵʣʝʢʪʨʦʥʥʳʝ 

ʦʙʦʣʦʯʢʠ ʩʣʘʙʦ ʟʘʚʠʩʷʪ ʦʪ ʭʠʤʠʯʝʩʢʠʭ ʩʚʷʟʝʡ ʘʪʦʤʘ ʠ ʠʟʤʝʨʝʥʳ ʩ ʚʳʩʦʢʦʡ 

ʪʦʯʥʦʩʪʴʶ [62]. ʇʨʠ ʨʝʛʠʩʪʨʘʮʠʠ ʚʪʦʨʠʯʥʦʛʦ ʩʧʝʢʪʨʘ, ʧʦ ʥʘʣʠʯʠʶ 

ʭʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʠ ʣʠʥʠʡ ʢʘʞʜʦʛʦ ʢʦʥʢʨʝʪʥʦʛʦ ʪʠʧʘ ʘʪʦʤʦʚ ʠ ʧʦ ʩʦʦʪʥʦʰʝʥʠʶ 

ʠʥʪʝʥʩʠʚʥʦʩʪʝʡ ʨʝʛʠʩʪʨʠʨʫʝʤʳʭ ʣʠʥʠʡ, ʤʦʞʥʦ ʧʨʦʚʦʜʠʪʴ ʢʦʣʠʯʝʩʪʚʝʥʥʳʡ 

ʵʣʝʤʝʥʪʥʳʡ ʘʥʘʣʠʟ ʩʦʩʪʘʚʘ ʠʩʩʣʝʜʫʝʤʦʛʦ ʦʙʨʘʟʮʘ. ʊʘʢʦʡ ʘʥʘʣʠʟ ʧʦʟʚʦʣʷʝʪ 

ʜʦʩʪʠʛʘʪʴ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʠ ʚʧʣʦʪʴ ʜʦ ppb ʫʨʦʚʥʷ. 



27 

 

ʉʭʝʤʳ ʨʝʥʪʛʝʥʦʬʣʫʦʨʝʩʮʝʥʪʥʦʛʦ ʘʥʘʣʠʟʘ ʤʦʞʥʦ ʨʘʟʜʝʣʠʪʴ ʥʘ ʜʚʝ ʛʨʫʧʧʳ: 

ʥɻʝʨʛʦʜʠʩʧʝʨʩʠʦʥʥʳʝ ʩʭʝʤʳ (EDXRF) ʠ ʩʭʝʤʳ ʩ ʚʦʣʥʦʚʦʡ ʜʠʩʧʝʨʩʠʝʡ (WDXRF) 

[63]. ɺ ʧʝʨʚʦʤ ʩʣʫʯʘʝ ʜʣʷ ʨʝʛʠʩʪʨʘʮʠʠ ʬʣʫʦʨʝʩʮʝʥʪʥʦʛʦ ʩʧʝʢʪʨʘ ʠʩʧʦʣʴʟʫʶʪʩʷ 

ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʝ ʨʝʥʪʛʝʥʦʚʩʢʠʝ ʩʧʝʢʪʨʦʤʝʪʨʳ. ɼʣʷ ʩʭʝʤ ʚʪʦʨʦʛʦ ʪʠʧʘ 

ʠʩʧʦʣʴʟʫʶʪʩʷ ʢʨʠʩʪʘʣʣʳ-ʘʥʘʣʠʟʘʪʦʨʳ [64]. ʉʭʝʤʳ EDXRF ʷʚʣʷʶʪʩʷ ʙʦʣʝʝ 

ʢʦʤʧʘʢʪʥʳʤʠ ʠ ʦʙʣʘʜʘʶʪ ʤʝʥʴʰʠʤ ʵʥʝʨʛʦʧʦʪʨʝʙʣʝʥʠʝʤ, ʦʜʥʘʢʦ ʩʭʝʤʳ WDXRF 

ʦʙʣʘʜʘʶʪ ʙʦʣʝʝ ʚʳʩʦʢʠʤ ʥʝʨʛʝʪʠʯʝʩʢʠʤ ʨʘʟʨʝʰʝʥʠʝʤ ʠ ʙʦʣʝʝ ʚʳʩʦʢʦʡ 

ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴʶ, ʦʩʦʙʝʥʥʦ ʚ ʦʙʣʘʩʪʠ ʨʝʛʠʩʪʨʘʮʠʠ ʬʣʫʦʨʝʩʮʝʥʪʥʳʭ ʣʠʥʠʡ 

ʣʝʛʢʠʭ ʵʣʝʤʝʥʪʦʚ. ɼʣʷ ʚʦʟʙʫʞʜʝʥʠʷ ʬʣʫʦʨʝʩʮʝʥʪʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʚ ʣʘʙʦʨʘʪʦʨʥʳʭ 

ʫʩʣʦʚʠʷʭ ʯʘʱʝ ʚʩʝʛʦ ʧʨʠʤʝʥʷʶʪʩʷ ʨʝʥʪʛʝʥʦʚʩʢʠʝ ʪʨʫʙʢʠ ʩ ʘʥʦʜʘʤʠ, 

ʚʳʧʦʣʥʝʥʥʳʤʠ ʠʟ ʪʷʞʝʣʳʭ ʵʣʝʤʝʥʪʦʚ (Mo, Ag, Rh), ʭʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʠʝ ʣʠʥʠʠ 

ʢʦʪʦʨʳʭ ʨʘʩʧʦʣʦʞʝʥʳ ʚ ʦʙʣʘʩʪʠ 17-25 ʢʵɺ, ʧʦʩʢʦʣʴʢʫ, ʪʘʢʠʝ ʵʥʝʨʛʠʠ ʦʢʘʟʳʚʘʶʪʩʷ 

ʦʧʪʠʤʘʣʴʥʳʤʠ ʜʣʷ ʚʦʟʙʫʞʜʝʥʠʷ K, ʣʠʙʦ L ʩʝʨʠʡ ʜʣʷ ʙʦʣʴʰʝʡ ʯʘʩʪʠ ʪʘʙʣʠʮʳ 

ʄʝʥʜʝʣʝʝʚʘ. 

ʇʨʠ ʜʝʪʝʢʪʠʨʦʚʘʥʠʠ ʬʣʫʦʨʝʩʮʝʥʪʥʳʭ ʣʠʥʠʡ ʜʦʚʦʣʴʥʦ ʦʩʪʨʦ ʩʪʦʠʪ ʧʨʦʙʣʝʤʘ  

ʩʥʠʞʝʥʠʷ ʫʨʦʚʥʷ ʨʘʩʩʝʷʥʥʦʛʦ ʧʝʨʚʠʯʥʦʛʦ ʠʟʣʫʯʝʥʠʷ. ʏʘʩʪʦ ʪʘʢʘʷ ʧʨʦʙʣʝʤʘ 

ʚʦʟʥʠʢʘʝʪ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʨʝʥʪʛʝʥʦʚʢʠʭ ʪʨʫʙʦʢ ʚ ʢʘʯʝʩʪʚʝ ʠʩʪʦʯʥʠʢʘ ʠʟʣʫʯʝʥʠʷ 

ʜʣʷ ʚʦʟʙʫʞʜʝʥʠʷ ʬʣʫʦʨʝʩʮʝʥʪʥʳʭ ʣʠʥʠʡ. ɺ ʵʪʦʤ ʩʣʫʯʘʝ, ʚ ʠʩʩʣʝʜʫʝʤʦʤ ʦʙʨʘʟʮʝ 

ʧʦʤʠʤʦ ʠʩʪʠʥʥʦʛʦ ʧʦʣʦʱʝʥʠʷ ʧʨʦʠʩʭʦʜʠʪ ʢʘʢ ʨʘʩʩʝʷʥʠʝ ʠʥʪʝʥʩʠʚʥʦʡ 

ʭʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʦʡ ʣʠʥʠʠ, ʪʘʢ ʠ ʨʘʩʩʝʷʥʠʝ ʰʠʨʦʢʦʡ ʪʦʨʤʦʟʥʦʡ ʯʘʩʪʠ ʩʧʝʢʪʨʘ. 

ʈʘʩʩʝʷʥʠʝ ʪʦʨʤʦʟʥʦʡ ʯʘʩʪʠ ʩʧʝʢʪʨʘ ʧʨʦʠʩʭʦʪʜʠʪ ʥʘ ʪʝʭ ʞʝ ʵʥʝʨʛʠʷʭ, ʛʜʝ 

ʧʨʦʠʩʭʦʜʠʪ ʨʝʛʠʩʪʨʘʮʠʷ ʬʣʫʦʨʝʩʮʝʥʪʥʳʭ ʣʠʥʠʡ. ɺ ʨʝʟʫʣʴʪʘʪʝ, ʨʘʩʪʝʪ ʬʦʥʦʚʳʡ 

ʩʠʛʥʘʣ ʠ ʩʥʠʞʘʝʪʩʷ ʦʪʥʦʰʝʥʠʝ ʩʠʛʥʘʣ/ʰʫʤ.  ʈʘʩʩʝʷʥʠʝ ʞʝ ʠʥʪʝʥʩʠʚʥʦʡ 

ʭʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʦʡ ʣʠʥʠʠ ʧʨʠʚʦʜʠʪ ʢ ʣʠʰʥʝʡ ʥʘʛʨʫʟʢʝ ʥʘ ʜʝʪʝʢʪʦʨʳ, ʢʦʪʦʨʳʝ 

ʠʤʝʶʪ ʦʛʨʘʥʠʯʝʥʥʫʶ ʩʢʦʨʦʩʪʴ ʩʯʝʪʘ. ɺ ʨʝʟʫʣʴʪʘʪʝ, ʚʦʟʤʦʞʥʦʩʪʠ ʜʝʪʝʢʪʦʨʘ 

ʠʩʧʦʣʴʟʫʶʪʩʷ ʥʝʵʬʬʝʢʪʠʚʥʦ ʠ ʚʦʟʥʠʢʘʝʪ ʥʝʦʙʭʦʜʠʤʦʩʪʴ ʫʚʝʣʠʚʘʪʴ ʚʨʝʤʷ 

ʧʨʦʚʝʜʝʥʠʷ ʠʟʤʝʨʝʥʠʡ. 

ʉʫʱʝʩʪʚʫʝʪ ʨʷʜ ʩʧʦʩʦʙʦʚ ʙʦʨʴʙʳ ʩ ʨʘʩʩʝʷʥʳʤ ʠʟʣʫʯʝʥʠʝʤ. ʉʘʤʳʤ ʧʨʦʩʪʳʤ 

ʷʚʣʷʝʪʩʷ ʧʨʠʤʝʥʝʥʠʝ ʘʙʩʦʨʙʮʠʦʥʥʳʭ ʬʠʣʴʪʨʦʚ [63] ʜʣʷ ʦʩʣʘʙʣʝʥʠʷ 
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ʥʠʟʢʦʵʥʝʨʛʝʪʠʯʥʦʡ ʯʘʩʪʠ ʩʧʝʢʪʨʘ. ʊʘʢʦʡ ʩʧʦʩʦʙ ʚʦ ʤʥʦʛʠʭ ʩʣʫʯʘʷʭ ʷʚʣʷʝʪʩʷ 

ʵʬʬʝʢʪʠʚʥʳʤ. ʊʝʤ ʥʝ ʤʝʥʝʝ, ʦʥ ʪʨʫʜʥʦ ʧʨʠʤʝʥʠʤ ʜʣʷ ʧʦʜʘʚʣʝʥʠʷ ʬʦʥʘ ʚ ʦʙʣʘʩʪʠ 

ʵʥʝʨʛʠʡ ʙʣʠʟʢʠʭ ʢ ʠʥʪʝʥʩʠʚʥʦʡ ʭʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʦʡ ʣʠʥʠʠ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʪʨʫʙʢʠ. 

ʕʪʦ ʦʙʫʩʣʦʚʣʝʥʦ ʪʝʤ, ʯʪʦ ʥʝʚʦʟʤʦʞʥʦ ʦʙʝʩʧʝʯʠʪʴ ʥʠʟʢʠʡ ʫʨʦʚʝʥʴ ʨʘʩʩʝʷʥʥʦʛʦ 

ʠʟʣʫʯʝʥʠʷ ʚ ʵʪʦʡ ʦʙʣʘʩʪʠ ʥʝ ʦʩʣʘʙʠʚ ʚ ʟʥʘʯʠʪʝʣʴʥʦ ʩʪʝʧʝʥʠ ʧʨʠ ʵʪʦʤ 

ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʭʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʦʡ ʣʠʥʠʠ.  

ɹʦʣʝʝ ʵʬʬʝʢʪʠʚʥʳʤ ʤʝʪʦʜʦʤ ʷʚʣʷʝʪʩʷ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʤʦʥʦʭʨʦʤʘʪʦʨʘ ʜʣʷ 

ʧʝʨʚʠʯʥʦʛʦ ʚʦʟʙʫʞʜʘʶʱʝʛʦ ʠʟʣʫʯʝʥʠʷ. ɺ ʵʪʦʤ ʩʣʫʯʘʝ ʥʘ ʦʙʨʘʟʝʮ ʧʦʧʘʜʘʝʪ ʣʠʰʴ 

ʠʥʪʝʥʩʠʚʥʘʷ ʤʦʥʦʭʨʦʤʘʪʠʯʝʩʢʘʷ ʣʠʥʠʷ, ʘ ʰʠʨʦʢʠʡ ʬʦʥ ʪʦʨʤʦʟʥʦʛʦ ʠʟʣʫʯʝʥʠʷ 

ʦʪʩʫʪʩʚʫʝʪ. ɺ ʢʘʯʝʩʪʚʝ ʤʦʥʦʭʨʦʤʘʪʦʨʘ ʵʬʬʝʢʪʠʚʥʳʤ ʷʚʣʷʝʪʩʷ ʠʩʧʦʣʴʟʦʚʘʥʠʝ 

ʤʦʟʘʠʯʥʳʭ ʢʨʠʩʪʘʣʣʦʚ, ʧʦʩʢʦʣʴʢʫ ʧʨʠ ʵʪʦʤ ʧʦʣʫʯʘʝʪʩʷ ʩʫʱʝʩʪʚʝʥʥʳʡ ʚʳʠʛʨʳʰ ʚ 

ʠʥʪʝʥʩʠʚʥʦʩʪʠ [65] ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʤʦʥʦʢʨʠʩʪʘʣʣʘʤʠ. ʆʜʥʘʢʦ ʧʨʠ ʪʘʢʦʤ ʧʦʜʭʦʜʝ 

ʩʦʭʨʘʥʷʝʪʩʷ ʨʘʩʩʝʷʥʠʝ ʠʥʪʝʥʩʠʚʥʦʡ ʚʦʟʙʫʞʜʘʶʱʝʡ ʣʠʥʠʠ, ʢʦʪʦʨʦʝ, ʚʦ-ʧʝʨʚʳʭ, 

ʩʦʟʜʘʝʪ ʣʠʰʥʶʶ ʥʘʛʨʫʟʢʫ ʥʘ ʜʝʪʝʢʪʦʨ, ʘ ʚʦ-ʚʦʪʨʳʭ, ʷʚʣʷʝʪʩʷ ʧʨʠʯʠʥʦʡ 

ʚʦʟʥʠʢʥʦʚʝʥʠʷ ʚʪʦʨʠʯʥʦʛʦ ʪʦʨʤʦʟʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʚ ʦʙʨʘʟʮʝ, ʟʘ ʩʯʝʪ ʚʳʙʠʚʘʥʠʷ 

ʵʣʝʢʪʨʦʥʦʚ ʠ ʧʦʩʣʝʜʫʶʱʝʛʦ ʠʭ ʪʦʨʤʦʞʝʥʠʷ. [66] 

ʅʘʠʙʦʣʝʝ ʵʬʬʝʢʪʠʚʥʳʤʠ ʦʢʘʟʘʣʠʩʴ ʩʭʝʤʳ ʩʦ ʚʪʦʨʠʯʥʦʡ ʤʠʰʝʥʴʶ, 

ʧʦʟʚʦʣʷʶʱʫʶ ʚʦʟʙʫʞʜʘʪʴ ʬʣʫʦʨʝʩʮʝʥʮʠʶ ʚ ʧʦʣʷʨʠʟʦʚʘʥʳʭ ʣʫʯʘʭ [67]. ɺ ʵʪʦʤ 

ʩʣʫʯʘʝ ʚ ʥʘʧʨʘʚʣʝʥʠʠ ʚʝʢʪʦʨʘ ʧʦʣʷʨʠʟʘʮʠʠ ʨʘʩʩʝʷʥʠʷ ʥʝ ʧʨʦʠʩʭʦʜʠʪ ʠ ʧʦʣʫʯʝʪʩʷ 

ʨʝʢʦʨʜʥʦ ʥʠʟʢʠʡ ʫʨʦʚʥʷ ʬʦʥʘ. ʆʜʥʘʢʦ, ʚ ʩʣʫʯʘʝ, ʢʦʛʜʘ ʧʦʣʷʨʠʟʘʮʠʷ ʧʨʦʠʩʭʦʜʠʪ ʟʘ 

ʩʯʝʪ ʨʵʣʝʝʚʩʢʦʛʦ ʨʘʩʩʝʷʥʠʷ ʥʘ ʫʛʦʣ 90Á, ʧʨʦʠʩʭʦʜʠʪ ʩʫʱʝʩʪʚʝʥʥʦʝ ʦʩʣʘʙʣʝʥʠʝ 

ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʠʩʭʦʜʥʦʛʦ ʩʠʛʥʘʣʘ. ʇʦʵʪʦʤʫ ʜʣʷ ʧʨʘʢʪʠʯʝʩʢʦʡ ʨʝʘʣʠʟʘʮʠʠ ʪʘʢʦʛʦ 

ʧʦʜʭʦʜʘ ʥʝʦʙʭʦʜʠʤʦ ʚ ʟʥʘʯʠʪʝʣʴʥʦʡ ʩʪʝʧʝʥʠ ʥʘʨʘʱʠʚʘʪʴ ʤʦʞʥʦʩʪʴ ʠʩʪʦʯʥʠʢʘ 

ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ. ɹʦʣʝʝ ʵʬʬʝʢʪʠʚʥʳʤʠ ʷʚʣʷʝʪʩʷ ʠʩʧʦʣʴʟʦʚʘʥʠʝ 

ʙʨʵʛʛʦʚʩʢʦʡ ʚʪʦʨʠʯʥʦʡ ʤʠʰʝʥʠ. ɺ ʵʪʦʤ ʩʣʫʯʘʝ ʚʦʟʙʫʞʜʘʶʱʝʝ ʠʟʣʫʯʝʥʠʝ 

ʧʦʣʫʯʘʝʪʩʷ ʧʦʣʷʨʠʟʦʚʘʥʥʳʤ ʠ ʤʦʥʦʭʨʦʤʘʪʠʯʥʳʤ. ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʠʜʝʘʣʴʥʦʛʦ 

ʢʨʠʩʪʘʣʣʘ ʜʣʷ ʪʘʢʠʭ ʮʝʣʝʡ ʷʚʣʷʝʪʩʷ ʥʝ ʦʧʪʠʤʘʣʴʥʳʤ, ʚʩʣʝʜʩʪʚʠʝ ʪʦʛʦ, ʯʪʦ 

ʩʧʝʢʪʨʘʣʴʥʘʷ ʰʠʨʠʥʘ ʦʪʨʘʞʘʝʤʦʛʦ ʠʟʣʫʯʝʥʠʷ ʤʥʦʛʦ ʤʝʥʴʰʝ ʰʠʨʠʥʳ 

ʭʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʦʡ ʣʠʥʠʠ. ʇʦʵʪʦʤʫ ʚ ʢʘʯʝʩʪʚʝ ʙʨʵʛʛʦʚʩʢʦʛʦ ʦʪʨʘʞʘʪʝʣʷ ʦʙʳʯʥʦ 
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ʠʩʧʦʣʴʟʫʶʪʩʷ ʤʦʟʘʠʯʥʳʝ ʢʨʠʩʪʘʣʣʳ ʧʠʨʦʣʠʪʠʯʝʩʢʦʛʦ ʛʨʘʬʠʪʘ. ʅʦ ʚʩʣʝʜʩʪʚʠʝ 

ʪʦʛʦ, ʯʪʦ ʜʣʷ ʧʠʨʦʣʠʪʠʯʝʩʢʦʛʦ ʛʨʘʬʠʪʘ ʜʠʬʨʘʢʮʠʦʥʥʦʝ ʦʪʢʣʦʥʝʥʠʝ (002) ʥʘ ʫʛʦʣ 

ʙʣʠʟʢʠʡ ʢ 90Á ʚʳʧʦʣʥʷʝʪʩʷ ʜʣʷ E ~ 3 ʢɻ ɺ ʥʘ ʦʩʥʦʚʥʦʤ ʜʠʬʨʘʢʮʠʦʥʥʦʤ ʦʪʨʘʞʝʥʠʠ 

(002), ʪʘʢʘʷ ʩʭʝʤʘ ʧʨʠʤʝʥʠʤʘ ʣʠʰʴ ʜʣʷ ʦʙʥʘʨʫʞʝʥʠʷ ʦʛʨʘʥʠʯʝʥʥʦʛʦ ʨʷʜʘ ʣʝʛʢʠʭ 

ʵʣʝʤʝʥʪʦʚ. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʚ ʵʪʦʡ ʦʙʣʘʩʪʠ ʩʫʱʝʩʪʚʫʶʪ ʟʘʜʘʯʠ ʢʘʢ ʧʦ ʨʘʟʨʘʙʦʪʢʝ ʥʦʚʳʭ 

ʩʧʦʩʦʙʦʚ ʧʦʚʳʰʝʥʠʷ ʦʪʥʦʰʝʥʠʷ ʩʠʛʥʘʣ/ʰʫʤ,  ʪʘʢ ʠ ʧʦ ʧʦʠʩʢʫ ʥʦʚʳʭ ʙʨʵʛʛʦʚʩʢʠʭ 

ʚʪʦʨʠʯʥʳʭ ʤʠʰʝʥʝʡ, ʢʦʪʦʨʳʝ ʙʫʜʫʶ ʵʬʬʝʢʪʠʚʥʦ ʨʘʙʦʪʘʪʴ ʜʣʷ ʭʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʠʭ 

ʣʠʥʠʡ, ʩʧʦʩʦʙʥʳʭ ʚʦʟʙʫʜʠʪʴ ʬʣʫʦʨʝʩʮʝʥʮʠʶ ʚ ʙʦʣʴʰʝʤ ʢʦʣʠʯʝʩʪʚʝ ʭʠʤʠʯʝʩʢʠʭ 

ʵʣʝʤʝʥʪʦʚ . 

Ä1.6. ɸʥʘʣʠʟ ʩʧʝʢʪʨʦʚ ʧʦʛʣʦʱʝʥʠʷ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ 

ɽʱʝ ʦʜʥʠʤ ʨʘʩʧʨʦʩʪʨʘʥʝʥʥʳʤ ʤʝʪʦʜʦʤ ʘʥʘʣʠʟʘ ʷʚʣʷʝʪʩʷ ʠʩʩʣʝʜʦʚʘʥʠʝ 

ʩʧʝʢʪʨʦʚ ʧʨʦʧʫʩʢʘʥʠʷ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ ʯʝʨʝʟ ʦʙʨʘʟʝʮ. ʆʩʦʙʳʡ ʠʥʪʝʨʝʩ ʚ 

ʵʪʦʤ ʩʣʫʯʘʝ ʧʨʝʜʩʪʘʚʣʷʝʪ ʦʙʣʘʩʪʴ ʚʙʣʠʟʠ ʩʢʘʯʢʦʚ ʬʦʪʦʧʦʛʣʦʱʝʥʠʷ.  

ʐʠʨʦʢʦʝ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʝ ʥʘʰʣʠ ʠʩʩʣʝʜʦʚʘʥʠʷ ʪʦʥʢʦʡ ʩʪʨʫʢʪʫʨʳ ʩʢʘʯʢʦʚ 

ʬʦʪʦʧʦʛʣʦʱʝʥʠʷ ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʙʣʠʞʥʝʛʦ ʘʪʦʤʘʨʥʦʛʦ ʧʦʨʷʜʢʘ ʠ 

ʵʥʝʨʛʝʪʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ ʚ ʢʦʥʜʝʥʩʠʨʦʚʘʥʥʳʭ ʩʨʝʜʘʭ (XAFS ʠ NEXAFS) [68] 

[69]. ɿʥʘʯʠʪʝʣʴʥʦ ʨʝʞʝ ʘʥʘʣʠʟ ʩʢʘʯʢʦʚ ʬʦʪʦʧʦʛʣʦʱʝʥʠʷ ʠʩʧʦʣʴʟʫʝʪʩʷ ʜʣʷ 

ʦʧʨʝʜʝʣʝʥʠʷ ʢʦʥʮʝʥʪʨʘʮʠʡ ʵʣʝʤʝʥʪʦʚ ʚ ʩʦʩʪʘʚʝ ʦʙʨʘʟʮʘ. ʊʘʢʠʝ ʧʦʜʭʦʜʳ ʥʘʰʣʠ 

ʧʨʠʤʝʥʝʥʠʝ ʜʣʷ ʥʝʢʦʪʦʨʳʭ ʟʘʜʘʯ ʚ ʷʜʝʨʥʦʡ ʵʥʝʨʛʝʪʠʢʝ [70, 71]. ʊʝʤ ʥʝ ʤʝʥʝʝ, 

ʦʧʨʝʜʝʣʝʥʠʝ ʢʦʥʮʝʥʪʨʘʮʠʡ ʧʨʠʤʝʩʝʡ ʤʝʪʦʜʦʤ ʠʩʩʣʝʜʦʚʘʥʠʷ ʩʢʘʯʢʦʚ 

ʬʦʪʦʧʦʛʣʦʱʝʥʠʷ ʟʘʩʣʫʞʠʚʘʝʪ ʚʥʠʤʘʥʠ̫, ʧʦʩʢʦʣʴʢʫ ʚ ʨʷʜʝ ʩʣʫʯʘʝʚ ʠʤʝʝʪ 

ʧʨʝʠʤʫʱʝʩʪʚʘ ʧʝʨʝʜ ʤʝʪʦʜʘʤʠ ʈʌɸ. ɺ ʧʝʨʚʫʶ ʦʯʝʨʝʜʴ ʵʪʦ ʦʙʫʩʣʦʚʣʝʥʦ ʪʝʤ, ʯʪʦ ʚ 

ʤʝʪʦʜʘʭ ʈʌɸ ʠʥʬʦʨʤʘʮʠʷ ʦ ʩʦʩʪʘʚʝ ʨʝʛʠʩʪʨʠʨʫʝʪʩʷ ʪʦʣʴʢʦ ʣʠʰʴ ʜʣʷ 

ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʩʣʦʷ ʦʙʨʘʟʮʘ. ʂʦʥʢʨʝʪʥʳʝ ʟʥʘʯʝʥʠʷ ʪʦʣʱʠʥʳ ʪʘʢʦʛʦ ʩʣʦʷ ʟʘʚʠʩʷʪ 

ʦʪ ʩʦʩʪʘʚʘ ʠʩʩʣʝʜʫʝʤʦʛʦ ʦʙʨʘʟʮʘ ʠ ʦʪ ʪʦʛʦ, ʢʘʢʦʡ ʵʣʝʤʝʥʪ ʘʥʘʣʠʟʠʨʫʝʪʩʷ ʠ ʤʦʞʝʪ 

ʜʦʩʪʠʛʘʪʴ ʟʥʘʯʝʥʠʡ ʦʪ ʥʝʩʢʦʣʴʢʠʭ ʤʠʢʨʦʥ ʜʦ ʤʠʣʣʠʤʝʪʨʦʚ. ɺ ʩʣʫʯʘʝ, ʢʦʛʜʘ 

ʠʩʩʣʝʜʫʝʤʳʡ ʵʣʝʤʝʥʪ ʨʘʩʧʨʝʜʝʣʝʥ ʚ ʦʙʲʝʤʝ ʦʙʨʘʟʮʘ ʥʝʦʜʥʦʨʦʜʥʦ ʤʝʪʦʜʘʤʠ ʈʌɸ 
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ʩʣʦʞʥʦ, ʘ ʚ ʥʝʢʦʪʦʨʳʭ ʩʣʫʯʘʷʭ ʥʝʚʦʟʤʦʞʥʦ ʜʦʙʠʪʴʩʷ ʢʦʨʨʝʢʪʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ. ʉ 

ʵʪʦʡ ʩʚʷʟʠ, ʜʣʷ ʨʝʰʝʥʠʷ ʧʦʜʦʙʥʳʭ ʟʘʜʘʯ ʩʣʝʜʫʝʪ ʨʘʟʚʠʚʘʪʴ ʤʝʪʦʜʳ ʠʟʤʝʨʝʥʠʷ 

ʢʦʥʮʝʥʪʨʘʮʠʡ ʧʨʠʤʝʩʝʡ ʧʫʪʝʤ ʘʥʘʣʠʟʘ ʩʢʘʯʢʦʚ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʬʦʪʦʧʦʛʣʦʱʝʥʠʷ.  

Ä1.7. ɿʘʢʣʶʯʝʥʠʝ ʢ ʦʙʟʦʨʫ ʣʠʪʝʨʘʪʫʨʳ. ʇʦʩʪʘʥʦʚʢʘ ʟʘʜʘʯʠ 

ʇʝʨʝʜ ʘʚʪʦʨʦʤ ʨʘʙʦʪʳ ʙʳʣʠ ʧʦʩʪʘʚʣʝʥʳ ʟʘʜʘʯʠ ʧʦ ʠʟʫʯʝʥʠʶ ʩʚʦʡʩʪʚ 

ʤʦʟʘʠʯʥʳʭ ʢʨʠʩʪʘʣʣʦʚ ʧʠʨʦʣʠʪʠʯʝʩʢʦʛʦ ʛʨʘʬʠʪʘ ʠ ʘʣʤʘʟʘ ʠ ʨʘʟʨʘʙʦʪʢʝ ʥʘ ʠʭ 

ʦʩʥʦʚʝ ʵʬʬʝʢʪʠʚʥʳʭ ʨʝʥʪʛʝʥʦʦʧʪʠʯʝʩʢʠʭ ʵʣʝʤʝʥʪʦʚ ʠ ʠʟʤʝʨʠʪʝʣʴʥʳʭ ʩʭʝʤ ʜʣʷ 

ʈʌɸ ʠ ʘʥʘʣʠʟʘ ʩʧʝʢʪʨʦʚ ʧʨʦʧʫʩʢʘʥʠʷ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ, ʘ ʪʘʢʞʝ ʧʦ 

ʠʩʩʣʝʜʦʚʘʥʠʶ ʩʚʦʡʩʪʚ ʧʨʠʟʤʝʥʥʦʡ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʦʧʪʠʢʠ ʠ ʧʨʠʤʝʥʝʥʠʶ 

ʧʨʠʟʤʝʥʥʦʡ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʦʧʪʠʢʠ ʜʣʷ ʨʝʘʣʠʟʘʮʠʠ ʙʳʩʪʨʳʭ ʠʟʤʝʨʝʥʠʡ ʧʘʨʘʤʝʪʨʦʚ 

ʪʦʥʢʦʧʣʝʥʦʯʥʳʭ ʩʪʨʫʢʪʫʨ. 
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ɻʣʘʚʘ 2. ɹʳʩʪʨʘʷ ʵʥʝʨʛʦʜʠʩʧʝʨʩʠʦʥʥʥʘʷ ʨʝʥʪʛʝʥʦʚʩʢʘʷ ʨʝʬʣʝʢʪʦʤʝʪʨʠʷ 

ɼʘʥʥʘʷ ʛʣʘʚʘ ʧʦʩʚʷʱʝʥʘ ʧʨʠʤʝʥʝʥʠʶ ʧʨʠʟʤʝʥʥʦʡ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʦʧʪʠʢʠ ʜʣʷ 

ʧʨʦʚʝʜʝʥʠʷ ʘʥʘʣʠʟʘ ʪʦʥʢʦʧʣʝʥʦʯʥʳʭ ʥʘʥʦʩʪʨʫʢʪʫʨ ʠ ʤʦʥʦʩʣʦʝʚ. ɺ ʛʣʘʚʝ 

ʨʘʩʩʤʘʪʨʠʚʘʶʪʩʷ ʥʝʢʦʪʦʨʳʝ ʘʩʧʝʢʪʳ ʧʨʠʤʝʥʝʥʠʷ ʘʣʤʘʟʥʦʡ ʦʧʪʠʢʠ ʠ 

ʜʝʤʦʥʩʪʨʠʨʫʶʪʩʷ ʥʦʚʳʝ ʠʟʤʝʨʠʪʝʣʴʥʳʝ ʤʝʪʦʜʳ, ʧʦʟʚʦʣʷʶʱʠʝ ʥʘ ʥʝʩʢʦʣʴʢʦ 

ʧʦʨʷʜʢʦʚ ʩʦʢʨʘʪʠʪʴ ʚʨʝʤʝʥʥʦʝ ʨʘʟʨʝʰʝʥʠʝ ʜʣʷ ʤʝʪʦʜʘ ʨʝʥʪʛʝʥʦʚʩʢʦʡ 

ʨʝʬʣʝʢʪʦʤʝʪʨʠʠ. 

Ä2.1. ɸʣʤʘʟʥʘʷ ʧʨʠʟʤʘ. ʂʨʘʝʚʦʡ ʜʠʬʨʘʢʮʠʦʥʥʳʡ ʵʬʬʝʢʪ 

2.1.1. ʇʦʩʪʘʥʦʚʢʘ ʟʘʜʘʯʠ 

ɼʠʩʧʝʨʩʠʦʥʥʘʷ ʧʨʠʟʤʝʥʥʘʷ ʦʧʪʠʢʘ ʧʨʝʜʩʪʘʚʣʷʝʪ ʙʦʣʴʰʦʡ ʠʥʪʝʨʝʩ ʜʣʷ 

ʠʟʤʝʨʝʥʠʷ ʩʧʝʢʪʨʦʚ ʧʦʛʣʦʱʝʥʠʷ ʤʦʱʥʳʭ ʨʝʥʪʛʝʥʦʚʩʢʠʭ ʠʤʧʫʣʴʩʦʚ ʠ ʤʦʥʠʪʦʨʠʥʛʘ 

ʧʘʨʘʤʝʪʨʦʚ ʠʩʪʦʯʥʠʢʦʚ ʠʟʣʫʯʝʥʠʷ. ɼʣʷ ʵʥʝʨʛʝʪʠʯʝʩʢʦʛʦ ʜʠʘʧʘʟʦʥʘ 5ï30 ʢʵɺ, 

ʦʙʳʯʥʦ ʠʩʧʦʣʴʟʫʝʤʦʛʦ ʥʘ ʜʝʡʩʪʚʫʶʱʠʭ ʩʠʥʭʨʦʪʨʦʥʘʭ ʠ ʧʨʦʝʢʪʠʨʫʝʤʳʭ ʣʘʟʝʨʘʭ ʥʘ 

ʩʚʦʙʦʜʥʳʭ ʵʣʝʢʪʨʦʥʘʭ, ʦʧʪʠʤʘʣʴʥʳʝ ʨʘʙʦʯʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʤʦʛʫʪ ʙʳʪʴ 

ʜʦʩʪʠʛʥʫʪʳ ʧʨʠ ʧʨʠʤʝʥʝʥʠʠ ʧʨʠʟʤ ʠʟ ʤʦʥʦʢʨʠʩʪʘʣʣʦʚ ʘʣʤʘʟʘ. ʕʪʦ ʦʙʫʩʣʦʚʣʝʥʦ 

ʨʝʢʦʨʜʥʦ ʚʳʩʦʢʦʡ ʚʝʣʠʯʠʥʦʡ ʵʣʝʢʪʨʦʥʥʦʡ ʧʣʦʪʥʦʩʪʠ ʠ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, 

ʜʝʢʨʝʤʝʥʪʘ ʨʝʘʣʴʥʦʡ ʯʘʩʪʠ ʧʦʢʘʟʘʪʝʣʷ ʧʨʝʣʦʤʣʝʥʠʷ n ʩʨʝʜʠ ʣʝʛʢʠʭ ʵʣʝʤʝʥʪʦʚ ʩ 

ʘʪʦʤʥʳʤ ʥʦʤʝʨʦʤ Z < 10 ʠ ʤʘʣʦʡ ʘʙʩʦʣʶʪʥʦʡ ʚʝʣʠʯʠʥʦʡ ʜʝʢʨʝʤʝʥʪʘ ʤʥʠʤʦʡ ʯʘʩʪʠ 

n. ʋʢʘʟʘʥʥʳʝ ʩʚʦʡʩʪʚʘ ʧʨʠʥʮʠʧʠʘʣʴʥʦ ʦʙʝʩʧʝʯʠʚʘʶʪ ʵʥʝʨʛʝʪʠʯʝʩʢʦʝ ʨʘʟʨʝʰʝʥʠʝ 

E/æE > 103 [27, 28] ʠ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʧʦʛʣʦʱʝʥʥʦʡ ʵʥʝʨʛʠʠ ʧʦ ʦʙʲʝʤʫ ʧʨʠʟʤʳ. 

ʂʨʦʤʝ ʪʦʛʦ, ʘʣʤʘʟ ʦʙʣʘʜʘʝʪ ʨʝʢʦʨʜʥʦ ʚʳʩʦʢʦʡ ʨʘʜʠʘʮʠʦʥʥʦʡ ʩʪʦʡʢʦʩʪʴʶ, 

ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʴʶ ʠ ʥʠʟʢʠʤ ʪʝʤʧʝʨʘʪʫʨʥʳʤ ʢʦʵʬʬʠʮʠʝʥʪʦʤ ʨʘʩʰʠʨʝʥʠʷ [72, 73]. 

ʇʨʠʟʤʝʥʥʘʷ ʦʧʪʠʢʘ ʧʨʝʜʩʪʘʚʣʷʝʪ ʪʘʢʞʝ ʠʥʪʝʨʝʩ ʜʣʷ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʰʠʨʠʥʳ 

ʚʦʣʥʦʚʦʛʦ ʬʨʦʥʪʘ ʠ ʠʟʤʝʥʝʥʠʷ ʫʛʣʦʚʦʡ ʨʘʩʭʦʜʠʤʦʩʪʠ ʪʦʥʢʠʭ ʤʦʥʦʭʨʦʤʘʪʠʯʝʩʢʠʭ 

ʧʫʯʢʦʚ. ʆʜʥʘʢʦ ʜʣʷ ʨʘʟʣʦʞʝʥʠʷ ʚ ʩʧʝʢʪʨ ʠ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʤʦʥʦʭʨʦʤʘʪʠʯʝʩʢʠʭ 

ʧʫʯʢʦʚ ʧʨʝʣʦʤʣʷʶʱʘʷ ʧʦʚʝʨʭʥʦʩʪʴ ʧʨʠʟʤʳ ʜʦʣʞʥʘ ʫʜʦʚʣʝʪʚʦʨʷʪʴ ʞʝʩʪʢʠʤ 

ʛʝʦʤʝʪʨʠʯʝʩʢʠʤ ʪʨʝʙʦʚʘʥʠʷʤ. ɺ ʯʘʩʪʥʦʩʪʠ, ʫʛʣʦʚʦʡ ʨʘʟʙʨʦʩ ʫʯʘʩʪʢʦʚ 

ʧʨʝʣʦʤʣʷʶʱʝʡ ʧʦʚʝʨʭʥʦʩʪʠ ʦʪ ʧʣʦʩʢʦʩʪʠ ʜʦʣʞʝʥ ʩʦʩʪʘʚʣʷʪʴ ʥʝ ʙʦʣʝʝ 1 ʤʢʨʘʜ, ʯʪʦ 
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ʧʨʠ ʦʧʪʠʯʝʩʢʦʡ ʧʦʣʠʨʦʚʢʝ ʘʣʤʘʟʘ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠ ʪʨʫʜʥʦ ʜʦʩʪʠʞʠʤʦ ʠ, ʢʘʢ 

ʧʨʘʚʠʣʦ, ʥʘʙʣʶʜʘʶʪʩʷ ʨʘʟʣʠʯʥʦʡ ʬʦʨʤʳ ʦʪʢʣʦʥʝʥʠʷ. 

ɺ ɻʪʦʤ ʧʘʨʘʛʨʘʬʝ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʛʝʦʤʝʪʨʠʯʝʩʢʠʝ ʦʪʢʣʦʥʝʥʠʷ ʦʪ ʧʣʦʩʢʦʩʪʠ 

ʧʘʨʘʙʦʣʠʯʝʩʢʦʛʦ ʪʠʧʘ ʥʘ ʧʨʝʣʦʤʣʷʶʱʝʡ ʧʦʚʝʨʭʥʦʩʪʠ ʧʨʠʟʤʳ ʤʦʛʫʪ ʧʨʠʚʦʜʠʪʴ ʢ 

ʠʥʪʝʨʬʝʨʝʥʮʠʦʥʥʦʡ ʢʘʨʪʠʥʝ, ʢʦʪʦʨʘʷ ʧʦ ʩʪʨʫʢʪʫʨʝ ʦʩʮʠʣʣʷʮʠʡ ʘʥʘʣʦʛʠʯʥʘ 

ʢʨʘʝʚʦʤʫ ʜʠʬʨʘʢʮʠʦʥʥʦʤʫ ʵʬʬʝʢʪʫ. ʕʪʦ ʧʦʟʚʦʣʷʝʪ ʥʘʙʣʶʜʘʪʴ ʚ ʜʘʣʴʥʝʡ ʟʦʥʝ 

ʜʠʬʨʘʢʮʠʦʥʥʫʶ ʢʘʨʪʠʥʫ, ʭʘʨʘʢʪʝʨʥʫʶ ʜʣʷ ʙʣʠʞʥʝʡ ʬʨʝʥʝʣʝʚʩʢʦʡ ʟʦʥʳ. 

2.1.2. ʀʟʤʝʨʠʪʝʣʴʥʘʷ ʩʭʝʤʘ 

ʀʟʤʝʨʠʪʝʣʴʥʘʷ ʩʭʝʤʘ, ʩʦʙʨʘʥʥʘʷ ʥʘʤʠ ʥʘ ʢʘʥʘʣʝ ID 10 ʩʠʥʭʨʦʪʨʦʥʘ ESRF 

(ɻʨʝʥʦʙʣʴ, ʌʨʘʥʮʠʷ) ʩʭʝʤʘʪʠʯʝʩʢʠ ʧʨʝʜʩʪʘʚʣʝʥʘ ʥʘ ʨʠʩ. 2.1. ʈʝʥʪʛʝʥʦʚʩʢʦʝ 

ʠʟʣʫʯʝʥʠʝ ʛʝʥʝʨʠʨʫʝʪʩʷ ʦʥʜʫʣʷʪʦʨʦʤ ʩʠʥʭʨʦʪʨʦʥʘ (1), ʥʘʩʪʨʦʝʥʥʳʤ ʥʘ ʦʩʥʦʚʥʫʶ 

ʛʘʨʤʦʥʠʢʫ ʩ ʵʥʝʨʛʠʝʡ 8 ʢʵɺ. ʀʟʣʫʯʝʥʠʝ ʢʦʣʣʠʤʠʨʦʚʘʣʦʩʴ ʦʭʣʘʞʜʘʝʤʳʤʠ 

ʱʝʣʷʤʠ (2), ʟʘʪʝʤ ʧʨʠ ʧʦʤʦʱʠ ʩʠʩʪʝʤʳ ʟʝʨʢʘʣ ʩ ʧʦʢʨʳʪʠʝʤ ʠʟ Pd (3) 

ʦʪʬʠʣʴʪʨʦʚʳʚʘʣʘʩʴ ʞʝʩʪʢʘʷ ʯʘʩʪʴ ʠʟʣʫʯʝʥʠʷ. ɼʣʷ ʧʦʣʫʯʝʥʠʷ ʫʟʢʦʡ ʨʘʙʦʯʝʡ ʣʠʥʠʠ 

ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʢʨʝʤʥʠʝʚʳʡ ʤʦʥʦʭʨʦʤʘʪʦʨ (5), ʩʦʩʪʦʷʱʠʡ ʠʟ ʜʚʫʭ ʢʨʝʤʥʠʝʚʳʭ 

ʧʣʘʩʪʠʥ, ʥʘʩʪʨʦʝʥʥʳʭ ʥʘ ʜʠʬʨʘʢʮʠʦʥʥʦʝ ʦʪʨʘʞʝʥʠʝ (1 1 1). ɼʘʣʝʝ ʧʫʯʦʢ 

ʬʦʢʫʩʠʨʦʚʘʣʩʷ ʩʦʩʪʘʚʥʦʡ ʨʝʬʨʘʢʮʠʦʥʥʦʡ ʣʠʥʟʦʡ (6) ʠ ʥʘʧʨʘʚʣʷʣʩʷ ʥʘ ʚʭʦʜʥʫʶ 

ʛʨʘʥʴ ʘʣʤʘʟʥʦʡ ʧʨʠʟʤʳ (9), ʨʘʩʧʦʣʦʞʝʥʥʫʶ ʥʘ ʦʩʠ ʧʨʝʮʠʟʠʦʥʥʦʛʦ ʛʦʥʠʦʤʝʪʨʘ (10), 

ʥʘʭʦʜʷʱʫʶʩʷ ʥʘ ʨʘʩʩʪʦʷʥʠʠ 11,1 ʤ ʦʪ ʣʠʥʟʳ. ʈʝʛʠʩʪʨʘʮʠʷ ʧʫʯʢʘ, ʧʨʦʰʝʜʰʝʛʦ 

ʯʝʨʝʟ ʧʨʠʟʤʫ ʦʩʫʱʝʩʪʚʣʷʣʘʩʴ ʧʨʠ ʧʦʤʦʱʠ ʜʚʫʭʢʦʦʨʜʠʥʘʪʥʦʛʦ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ 

ʜʝʪʝʢʪʦʨʘ Basler c ʨʘʟʤʝʨʦʤ ʧʠʢʩʝʣʷ 3.75 ʤʢʤ, ʨʘʩʧʦʣʦʞʝʥʥʦʛʦ ʥʘ ʨʘʩʩʪʦʷʥʠʠ 4,2 ʤ 

ʈʠʩ. 2.1 ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ ʩʭʝʤʘ (ʚʠʜ ʩʙʦʢʫ): 1 ï ʦʥʜʫʣʷʪʦʨ, 2, 4 ï ʦʭʣʘʞʜʘʝʤʳʝ ʱʝʣʠ, 3 

ï ʨʝʥʪʛʝʥʦʚʩʢʠʝ ʟʝʨʢʘʣʘ, 5 ï ʢʨʝʤʥʠʝʚʳʡ ʤʦʥʦʭʨʦʤʘʪʦʨ, 6 ï ʪʨʘʥʩʬʦʢʘʪʦʨ, 7, 8 ï 

ʚʝʨʪʠʢʘʣʴʥʘʷ ʠ ʛʦʨʠʟʦʥʪʘʣʴʥʘʷ ʱʝʣʠ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, 9 ï ʛʦʥʠʦʤʝʪʨ, 10 ï ʘʣʤʘʟʥʘʷ ʧʨʠʟʤʘ, 

11 ï 2D-ʜʝʪʝʢʪʦʨ. 
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ʦʪ ʦʩʠ ʛʦʥʠʦʤʝʪʨʘ. ʋʛʣʦʚʘʷ ʨʘʩʭʦʜʠʤʦʩʪʴ ʧʫʯʢʘ ʠ ʝʛʦ ʣʠʥʝʡʥʳ ʨʘʟʤʝʨ ʥʘ ʚʭʦʜʥʦʡ 

ʛʨʘʥʠ ʧʨʠʟʤʳ ʩʦʩʪʘʚʣʷʣʠ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ 20 ʤʢʨʘʜ ʠ 10 ʤʢʤ. 

ʅʘ ʨʠʩ. 2.2. ʧʦʢʘʟʘʥ ʭʦʜ ʣʫʯʝʡ ʚ ʧʨʠʟʤʝ. ʋʛʦʣ ɗ1 ʤʝʞʜʫ ʧʨʝʣʦʤʣʷʶʱʝʡ 

ʛʨʘʥʴʶ ʧʨʠʟʤʳ (DE) ʠ ʧʝʨʚʠʯʥʳʤ ʥʘʧʨʘʚʣʝʥʠʝʤ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ 

ʧʫʯʢʘ ʬʠʢʩʠʨʦʚʘʥʥʳʡ ʠ ʩʦʩʪʘʚʣʷʝʪ 0,05.̄ ɼʚʫʭʢʦʨʜʠʥʘʪʥʳʡ ʜʝʪʝʢʪʦʨ 

ʫʩʪʘʥʘʚʣʠʚʘʣʩʷ ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʯʪʦʙʳ ʨʝʛʠʩʪʨʠʨʦʚʘʪʴ ʫʛʣʦʚʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ 

ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʚʙʣʠʟʠ ʥʘʧʨʘʚʣʝʥʠʷ Ɋ = ɗ2 ī ɗ1, ʛʜʝ ɗ2 ï ʫʛʦʣ ʧʨʝʣʦʤʣʝʥʠʷ, 

ʦʪʩʯʠʪʳʚʘʝʤʳʡ ʦʪ ʧʨʝʣʦʤʣʷʶʱʝʡ ʧʦʚʝʨʭʥʦʩʪʠ. ʇʨʠ ʫʢʘʟʘʥʥʦʡ ʛʝʦʤʝʪʨʠʠ 

ʠʟʤʝʨʝʥʠʡ ʧʨʠʟʤʫ ʦʙʨʘʟʫʶʪ ʚʭʦʜʥʘʷ ʠ ʧʨʝʣʦʤʣʷʶʱʘʷ ʛʨʘʥʠ, ʩʣʝʜʘʤʠ ʢʦʪʦʨʳʭ ʚ 

ʧʣʦʩʢʦʩʪʠ ʧʘʜʝʥʠʷ ʷʚʣʷʶʪʩʷ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʦʪʨʝʟʢʠ CD ʠ DE. ʋʛʦʣ, ʤʝʞʜʫ 

ʥʘʧʨʘʚʣʝʥʠʝʤ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʧʝʨʚʠʯʥʦʛʦ ʧʫʯʢʘ ʠ ʚʭʦʜʥʦʡ ʛʨʘʥʴʶ (DC), ʙʣʠʟʦʢ 

ʢ ʧʨʷʤʦʤʫ, ʧʦʵʪʦʤʫ ʩʦʛʣʘʩʥʦ 1.5 ʧʨʝʣʦʤʣʝʥʠʝʤ ʤʦʞʥʦ ʧʨʝʥʝʙʨʝʯʴ. 

ɺ ʢʘʯʝʩʪʚʝ ʧʨʠʟʤ rʠʩʧʦʣʴʟʦʚʘʣʘʩʴ ʦʧʪʠʯʝʩʢʠ ʧʦʣʠʨʦʚʘʥʥʘʷ ʚ ʥʘʧʨʘʚʣʝʥʠʠ 

110 ʧʣʘʩʪʠʥʘ ʩʠʥʪʝʪʠʯʝʩʢʦʛʦ ʘʣʤʘʟʘ, ʧʨʦʠʟʚʝʜʝʥʥʘʷ ʢʦʤʧʘʥʠʝʡ Element Six. 

ʈʘʟʤʝʨ ʧʨʝʣʦʤʣʷʶʱʝʡ ʛʨʘʥʠ ʩʦʩʪʘʚʣʷʣ 4,5Ĭ4,5 ʤʤ2, ʪʦʣʱʠʥʘ ʧʣʘʩʪʠʥʳ ʩʦʩʪʘʚʣʷʣʘ 

0,5 ʤʤ.  

ʈʠʩ. 2.2 ʭʦʜ ʧʘʜʘʶʱʝʛʦ ʥʘ ʧʨʠʟʤʫ ʠ ʧʨʝʣʦʤʣʝʥʥʦʛʦ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ ʚ 

ʧʣʦʩʢʦʩʪʠ ʧʘʜʝʥʠʷ. 
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2.1.3 ʆʞʠʜʘʝʤʳʝ ʠ ʟʘʨʝʛʠʩʪʨʠʨʦʚʘʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʠʟʤʝʨʝʥʠʡ 

ɼʣʷ ʫʢʘʟʘʥʥʦʡ ʛʝʦʤʝʪʨʠʠ ʯʠʩʣʦ ʌʨʝʥʝʣʷ ʤʦʞʥʦ ʦʧʨʝʜʝʣʠʪʴ ʧʦ ʬʦʨʤʫʣʝ 

NF = d2/(4ɚz) [74], ʛʜʝ d ï ʰʠʨʠʥʘ ʦʪʙʠʨʘʝʤʦʛʦ ʧʨʠʟʤʦʡ ʚʦʣʥʦʚʦʛʦ ʬʨʦʥʪʘ, z ï 

ʨʘʩʩʪʦʷʥʠʝ ʤʝʞʜʫ ʧʣʦʩʢʦʩʪʴ ʥʘʙʣʶʜʝʥʠʷ ʠ ʧʨʠʟʤʦʡ, ɚ ï ʜʣʠʥʘ ʚʦʣʥʳ. ʇʦʜʩʪʘʚʣʷʷ 

ʚ ʬʦʨʤʫʣʫ ʧʘʨʘʤʝʪʨʳ ʠʟʤʝʨʠʪʝʣʴʥʦʡ ʩʭʝʤʳ ʧʦʣʫʯʘʝʤ NF Ḑ 0.01, ʯʪʦ ʦʟʥʘʯʘʝʪ, ʯʪʦ 

ʨʘʟʤʝʨ ʧʝʨʚʦʡ ʟʦʥʳ ʌʨʝʥʝʣʷ ʤʥʦʛʦʢʨʘʪʥʦ ʧʨʝʚʳʰʘʝʪ ʨʘʟʤʝʨ ʧʨʦʝʢʮʠʠ 

ʧʨʝʣʦʤʣʷʶʱʝʡ ʛʨʘʥʠ ʚ ʥʘʧʨʘʚʣʝʥʠʠ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʧʫʯʢʘ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʚ 

ʵʪʦʤ ʩʣʫʯʘʝ ʩʧʨʘʚʝʜʣʠʚʦ ʧʨʠʙʣʠʞʝʥʠʝ ʧʣʦʩʢʦʛʦ ʚʦʣʥʦʚʦʛʦ ʬʨʦʥʪʘ. ɺ ʪʦʤ ʩʣʫʯʘʝ, 

ʝʩʣʠ ʧʨʝʣʦʤʣʷʶʱʘʷ ʛʨʘʥʴ ʷʚʣʷʝʪʩʷ ʧʣʦʩʢʦʡ, ʫʛʣʦʚʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ 

ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʚ ʧʝʨʚʦʤ ʧʨʠʙʣʠʞʝʥʠʠ ʦʧʨʝʜʝʣʷʝʪʩʷ ʜʠʬʨʘʢʮʠʦʥʥʳʤ ʫʰʠʨʝʥʠʝʤ. 

ʆʜʥʘʢʦ ʥʝʦʙʭʦʜʠʤʦ ʪʘʢʞʝ ʫʯʠʪʳʚʘʪʴ ʚʣʠʷʥʠʝ ʦʩʣʘʙʣʝʥʠʷ ʘʤʧʣʠʪʫʜʳ 

ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʚʦʣʥʳ, ʚʳʟʳʚʘʝʤʦʝ ʬʦʪʦʧʦʛʣʦʱʝʥʠʝʤ ʚ ʘʣʤʘʟʝ. ʇʨʠ ʨʘʙʦʯʝʡ 

ʵʥʝʨʛʠʠ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʧʫʯʢʘ E = 8 ʢʵɺ ʟʥʘʯʝʥʠʝ 1/ÕA (ÕA ï ʣʠʥʝʡʥʳʡ 

ʢʦʵʬʬʠʮʠʝʥʪ ʦʩʣʘʙʣʝʥʠʷ ʘʤʧʣʠʪʫʜʳ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʚʦʣʥʳ ʚ ʘʣʤʘʟʝ) ʩʦʩʪʘʚʣʷʝʪ 

1.34 ʤʤ [6]. ʇʦʩʢʦʣʴʢʫ ʵʪʦ ʟʥʘʯʝʥʠʝ ʚ ʥʝʩʢʦʣʴʢʦ ʨʘʟ ʤʝʥʴʰʝ ʨʘʟʤʝʨʘ 

ʧʨʝʣʦʤʣʷʶʱʝʡ ʛʨʘʥʠ ʧʨʠʟʤʳ, ʚ ʧʨʝʣʦʤʣʝʥʥʦʤ ʧʫʯʢʝ ʚʦʟʥʠʢʘʝʪ ʜʦʧʦʣʥʠʪʝʣʴʥʦʝ 

ʫʰʠʨʝʥʠʝ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ ʚʣʠʷʥʠʝ ʤʥʠʤʦʡ ʯʘʩʪʠ ʧʦʢʘʟʘʪʝʣʷ ʧʨʝʣʦʤʣʝʥʠʷ ʥʘ 

ʫʛʣʦʚʦʡ ʧʨʦʬʠʣʴ ʷʚʣʷʝʪʩʷ ʩʫʱʝʩʪʚʝʥʥʳʤ. ʊʘʢʞʝ ʜʣʷ ʵʪʦʡ ʩʭʝʤʳ ʚʳʧʦʣʥʷʝʪʩʷ 

ʫʩʣʦʚʠʝ 

ὥḺὒ Ḻᾀ ȟ                                                            ςȢρ  

ʛʜʝ Ld ï ʜʠʬʨʘʢʮʠʦʥʥʘʷ ʜʣʠʥʘ. ʕʪʦ ʦʟʥʘʯʘʝʪ, ʯʪʦ ʜʣʷ ʧʣʦʩʢʦʡ ʛʨʘʥʠ ʚ ʜʘʣʴʥʝʡ ʟʦʥʝ 

ʜʦʣʞʥʘ ʚʦʟʥʠʢʘʪʴ ʢʘʨʪʠʥʘ ʩʠʤʤʝʪʨʠʯʥʦʛʦ ʜʠʬʨʘʢʮʠʦʥʥʦʛʦ ʧʨʦʬʠʣʷ ʩʦ ʩʣʘʙʦ 

ʚʳʨʘʞʝʥʥʳʤʠ ʠʥʪʝʨʬʝʨʝʥʮʠʦʥʥʳʤʠ ʦʩʮʠʣʣʷʮʠʷʤʠ ʠʥʪʝʥʩʠʚʥʦʩʪʠ, ʚʳʟʚʘʥʥʳʤʠ 

ʵʢʩʧʦʥʝʥʮʠʘʣʴʥʳʤ ʦʩʣʘʙʣʝʥʠʝʤ ʘʤʧʣʠʪʫʜʳ ʚʦʣʥʳ ʚ ʘʣʤʘʟʝ [2]. ʊʝʤ ʥʝ ʤʝʥʝʝ, 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʝ ʫʛʣʦʚʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʧʨʝʣʦʤʣʝʥʥʦʛʦ 

ʠʟʣʫʯʝʥʠʷ, ʨʝʛʠʩʪʨʠʨʫʝʤʦʝ ʜʚʫʭʢʦʦʨʜʠʥʘʪʥʳʤ ʜʝʪʝʢʪʦʨʦʤ (ʢʨʫʞʢʠ ʥʘ ʨʠʩ. 2.3) ʚ 

ʟʥʘʯʠʪʝʣʴʥʦʡ ʤʝʨʝ ʥʝ ʩʦʚʧʘʜʘʝʪ ʩ ʦʞʠʜʘʝʤʳʤ. ɺʦ-ʧʝʨʚʳʭ, ʧʨʦʬʠʣʴ ʷʚʣʷʝʪʩʷ ʨʝʟʢʦ 

ʘʩʠʤʤʝʪʨʠʯʥʳʤ, ʚʦ-ʚʪʦʨʳʭ, ʨʝʛʠʩʪʨʠʨʫʝʪʩʷ ʷʨʢʦ ʚʳʨʘʞʝʥʥʘʷ ʦʩʮʠʣʣʠʨʫʶʱʘʷ 

ʘʧʝʨʠʦʜʠʯʝʩʢʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʠʥʪʝʥʩʠʚʥʦʩʪʠ. ɿʘʨʝʛʠʩʪʨʠʨʦʚʘʥʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ 
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ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʧʨʝʜʩʪʘʚʣʝʥʘ ʢʘʢ ʬʫʥʢʮʠʷ ʫʛʣʘ ʦʪʢʣʦʥʝʥʠʷ Ɋ = ɗ1 ī ɗ2 ʢʦʪʦʨʳʡ ʠ 

ʨʝʛʠʩʪʨʠʨʦʚʘʣʩʷ ʧʦ ʭʦʜʫ ʵʢʩʧʝʨʠʤʝʥʪʘ. 

2.1.4 ʆʙʲʷʩʥʝʥʠʝ ʧʦʣʫʯʝʥʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ 

 ɼʣʷ ʦʙʲʷʩʥʝʥʠʷ ʧʨʠʯʠʥ ʚʦʟʥʠʢʥʦʚʝʥʠʷ ʧʦʜʦʙʥʦʡ ʜʠʬʨʘʢʮʠʦʥʥʦʡ ʢʘʨʪʠʥʳ 

ʩʣʝʜʫʝʪ ʨʘʩʩʤʦʪʨʝʪʴ ʩʣʫʯʘʡ ʦʜʥʦʤʝʨʥʦʡ ʜʠʬʨʘʢʮʠʠ ʚ ʧʣʦʩʢʦʩʪʠ ʧʘʜʝʥʠʷ 

ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʧʫʯʢʘ ʧʨʠ ʨʝʬʨʘʢʮʠʠ ʥʘ ʦʛʨʘʥʠʯʝʥʥʦʡ ʧʨʝʣʦʤʣʷʶʱʝʡ ʛʨʘʥʠ 

ʨʠʩ.2.2. ʃʠʥʠʷ AB ʷʚʣʷʝʪʩʷ ʩʣʝʜʦʤ ʧʣʦʩʢʦʩʪʠ, ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦʡ ʚʦʣʥʦʚʦʤʫ 

ʚʝʢʪʦʨʫ ʧʨʝʣʦʤʣʝʥʥʦʡ ʚʦʣʥʳ, ʘ ʣʠʥʠʷ AǋBǋ ʷʚʣʷʝʪʩʷ ʩʣʝʜʦʤ ʧʣʦʩʢʦʩʪʠ 

ʥʘʙʣʶʜʝʥʠʷ, ʧʘʨʘʣʣʝʣʴʥʦʡ ʧʣʦʩʢʦʩʪʠ (AB) ʠ ʨʘʩʧʦʣʦʞʝʥʥʦʡ ʥʘ ʨʘʩʩʪʦʷʥʠʠ 4.2 ʤ 

ʦʪ ʥʝʝ. ʊʘʢʦʡ ʚʳʙʦʨ ʧʣʦʩʢʦʩʪʠ (AB) ʷʚʣʷʝʪʩʷ ʢʦʨʨʝʢʪʥʳʤ, ʧʦʩʢʦʣʴʢʫ ʜʣʷ 

ʜʠʬʨʘʢʮʠʦʥʥʦʡ ʜʣʠʥʳ ʚʳʧʦʣʥʷʝʪʩʷ ʫʩʣʦʚʠʝ a ֘  Ld. ʆʩʴ ʢʦʦʨʜʠʥʘʪ x ʥʘʭʦʜʠʪʩʷ ʚ 

ʈʠʩ. 2.3. ʋʛʣʦʚʳʝ ʜʠʬʨʘʢʮʠʦʥʥʳʝ ʧʨʦʬʠʣʠ ʧʨʝʣʦʤʣʝʥʥʦʛʦ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ: 

ʢʨʫʞʢʠ ï ʵʢʩʧʝʨʠʤʝʥʪ; ʧʫʥʢʪʠʨʥʘʷ ʠ ʩʧʣʦʰʥʘʷ ʣʠʥʠʠ ï ʨʘʩʯʝʪʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʧʨʠ 

ʨʘʟʣʠʯʥʳʭ ʟʥʘʯʝʥʠʷʭ ʩʪʝʧʝʥʠ ʦʩʣʘʙʣʝʥʠʷ ʚ ʧʨʠʟʤʝ ʘʤʧʣʠʪʫʜʳ ʚʦʣʥʳ A0 
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ʧʣʦʩʢʦʩʪʠ ʧʘʜʝʥʠʷ. ʀʥʪʝʛʨʠʨʦʚʘʥʠʝ ʘʤʧʣʠʪʫʜʳ ʧʨʦʚʦʜʠʪʩʷ ʧʦ ʚʩʝʡ ʰʠʨʠʥʝ 

ʚʦʣʥʦʚʦʛʦ ʬʨʦʥʪʘ, ʢʦʪʦʨʘʷ ʚ ʫʢʘʟʘʥʥʦʡ ʛʝʦʤʝʪʨʠʠ ʯʠʩʣʝʥʥʦ ʨʘʚʥʘ A. ʉʯʠʪʘʷ, ʯʪʦ 

ʜʣʷ ʧʝʨʚʠʯʥʦʛʦ ʚʦʣʥʦʚʦʛʦ ʬʨʦʥʪʘ ʘʤʧʣʠʪʫʜʘ ʩʦʩʪʘʚʣʷʝʪ E0, ʤʦʞʥʦ ʚʳʯʠʩʣʠʪʴ 

ʟʥʘʯʝʥʠʝ ʘʤʧʣʠʪʫʜʳ ʚʦʣʥʦʚʦʛʦ ʧʦʣʷ ʚ ʪʦʯʢʝ ʩ ʢʦʦʨʜʠʥʘʪʦʡ x0 ʚ ʧʣʦʩʢʦʩʪʠ 

ʨʝʛʠʩʪʨʘʮʠʠ. ɼʣʷ ʵʪʦʛʦ ʤʦʞʥʦ ʧʨʠʤʝʥʠʪʴ ʬʦʨʤʫʣʫ[6]: 

Ὁὼȟᾀ  
ρ Ὥ

Ѝς‗ᾀ
Ὁ ὐὼ ȟ                                                  ςȢς 

ʛʜʝ 

ὐὼ  ᷿ ὉὩὼὴ ὼ ὼ ὨὼȢ                                    ςȢσ  

  ɺ ʜʘʥʥʦʡ ʩʭʝʤʝ ʚʳʧʦʣʥʷʝʪʩʷ ʫʩʣʦʚʠʝ x0 ֘ z, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʦʩʫʱʝʩʪʚʠʪʴ 

ʧʝʨʝʭʦʜ ʢ ʫʛʣʦʚʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ʚʚʝʜʷ ʫʛʣʦʚʫʶ ʢʦʦʨʜʠʥʘʪʫ ɗ = x0/z. ʊʝʧʝʨʴ 

ʥʝʦʙʭʦʜʠʤʦ ʫʯʝʩʪʴ ʪʦ, ʯʪʦ ʧʨʝʣʦʤʣʷʶʱʘʷ ʛʨʘʥʴ ʧʨʠʟʤʳ ʥʝ ʷʚʣʷʝʪʩʷ ʠʜʝʘʣʴʥʦ 

ʧʣʦʩʢʦʡ (ʧʫʥʢʪʠʨʥʘʷ ʢʨʠʚʘʷ ʥʘ ʨʠʩ.2.2). ʕʪʦ, ʚʦ-ʧʝʨʚʳʭ, ʧʨʠʚʦʜʠʪ ʢ 

ʜʦʧʦʣʥʠʪʝʣʴʥʦʤʫ ʥʘʙʝʛʫ ʬʘʟʳ, ʢʦʪʦʨʳʡ ʤʦʞʥʦ ʫʯʝʩʪʴ, ʚʚʦʜʷ ʜʦʧʦʣʥʠʪʝʣʴʥʦʝ 

ʩʣʘʛʘʝʤʦʝ, ʦʧʠʩʳʚʘʝʤʦʝ ʥʝʢʦʪʦʨʦʡ ʬʫʥʢʮʠʝʡ g(x). ɸ ʚʦ-ʚʪʦʨʳʭ, ʠʟ-ʟʘ ʪʦʛʦ, ʯʪʦ ʜʣʷ 

ʨʘʟʥʳʭ x ʨʝʥʪʛʝʥʦʚʩʢʠʡ ʣʫʯ ʧʨʦʭʦʜʠʪ ʯʝʨʝʟ ʘʣʤʘʟ ʨʘʟʥʦʝ ʨʘʩʩʪʦʷʥʠʝ, ʪʦ ʘʤʧʣʠʪʫʜʘ 

ʚʦʣʥʳ ʪʘʢʞʝ ʷʚʣʷʝʪʩʷ ʬʫʥʢʮʠʝʡ ʢʦʦʨʜʠʥʘʪʳ ʭ ʠ ʜʦʣʞʥʘ ʙʳʪʴ ʟʘʧʠʩʘʥʘ ʢʘʢ E(x). 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʚʳʨʘʞʝʥʠʝ (2.3) ʤʦʞʥʦ ʧʝʨʝʧʠʩʘʪʴ ʚ ʚʠʜʝ 

ὐὼ  ὉὼὩὼὴὭὯ
ὼ ὼ

ςᾀ
Ὣὼ ὨὼȢ                        ςȢτ 

 ʈʘʩʩʤʦʪʨʠʤ ʩʣʫʯʘʡ, ʢʦʛʜʘ ʬʫʥʢʮʠʷ g(x), ʘʥʘʣʦʛʠʯʥʦ ʧʝʨʚʦʤʫ ʯʣʝʥʫ ʧʦʜ 

ʵʢʩʧʦʥʝʥʪʦʡ ʷʚʣʷʝʪʩʷ ʥʝʧʨʝʨʳʚʥʦʡ ʬʫʥʢʮʠʝʡ ʧʘʨʘʙʦʣʠʯʝʩʢʦʛʦ ʪʠʧʘ. ɺ ʵʪʦʤ ʩʣʫʯʘʝ 

ʚ ʚʳʨʘʞʝʥʠʠ, ʥʘʭʦʜʷʱʝʤʩʷ ʚ ʢʚʘʜʨʘʪʥʳʭ ʩʢʦʙʢʘʭ ʤʦʞʥʦ ʦʙʲʝʜʠʥʠʪʴ ʯʣʝʥʳ ʧʨʠ x2. 

ɽʩʣʠ g(x)>0, ʪʦ ʤʦʞʥʦ ʨʘʩʩʤʘʪʨʠʚʘʪʴ ʜʘʥʥʳʡ ʩʣʫʯʘʡ, ʢʘʢ ʫʤʝʥʴʰʝʥʠʝ 

ʵʬʬʝʢʪʠʚʥʦʛʦ ʨʘʩʩʪʦʷʥʠʷ z ʚ 2.3. ʊʘʢʠʤ ʦʙʨʘʟʦʤ ʩʪʘʥʦʚʠʪʩʷ ʚʦʟʤʦʞʥʦʡ ʩʠʪʫʘʮʠʷ, 

ʧʨʠ ʢʦʪʦʨʦʡ ʙʫʜʝʪ ʚʳʧʦʣʥʝʥʦ ʫʩʣʦʚʠʝ Ld > z (ʫʩʣʦʚʠʷ ʜʠʬʨʘʢʮʠʠ ʌʨʝʥʝʣʷ). ɺ ʵʪʦʤ 
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ʩʣʫʯʘʝ ʜʦʣʞʥʘ ʥʘʙʣʶʜʘʪʴʩʷ ʢʘʨʪʠʥʘ, ʘʥʘʣʦʛʠʯʥʘʷ ʢʘʨʪʠʥʝ ʜʠʬʨʘʢʮʠʠ ʥʘ ʢʨʘʶ 

ʵʢʨʘʥʘ. 

 ʈʘʩʩʤʘʪʨʠʚʘʝʤʳʡ ʩʣʫʯʘʡ ʦʪʣʠʯʘʝʪʩʷ ʦʪ ʢʣʘʩʩʠʯʝʩʢʦʛʦ ʪʝʤ, ʯʪʦ ʧʨʠ 

ʧʨʦʭʦʞʜʝʥʠʠ ʧʨʠʟʤʳ ʧʨʦʠʩʭʦʜʠʪ ʧʦʚʦʨʦʪ ʯʘʩʪʠ ʚʦʣʥʦʚʦʛʦ ʬʨʦʥʪʘ ʠ ʪʝʤ, ʯʪʦ ʠʟ-ʟʘ 

ʘʙʩʦʨʙʮʠʠ ʚʦʟʥʠʢʘʝʪ ʦʩʣʘʙʣʝʥʠʝ ʘʤʧʣʠʪʫʜʳ ʚʦʣʥʦʚʦʛʦ ʬʨʦʥʪʘ ʚ ʧʣʦʩʢʦʩʪʠ 

ʧʘʜʝʥʠʷ. ʅʘ ʨʠʩ. 2.3 ʧʦʢʘʟʘʥ ʨʝʟʫʣʴʪʘʪ ʤʘʪʝʤʘʪʠʯʝʩʢʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʫʛʣʦʚʦʛʦ  

ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʠʟʣʫʯʝʥʠʷ, ʧʨʦʰʝʜʰʝʛʦ ʯʝʨʝʟ ʧʨʠʟʤʫ ʜʣʷ ʨʘʟʥʦʡ 

ʩʪʝʧʝʥʠ ʦʩʣʘʙʣʝʥʠʷ ʘʤʧʣʠʪʫʜʳ ʚ ʤʘʪʝʨʠʘʣʝ ʧʨʠʟʤʳ. ɼʘʥʥʳʝ ʵʪʠʭ ʨʘʩʯʝʪʦʚ 

ʜʝʤʦʥʩʪʨʠʨʫʶʪ ʚʣʠʷʥʠʝ ʩʪʝʧʝʥʠ ʦʩʣʘʙʣʝʥʠʝ ʘʤʧʣʠʪʫʜʳ ʥʘ ʚʠʜ 

ʠʥʪʝʨʬʝʨʝʥʮʠʦʥʥʦʡ ʢʘʨʪʠʥʳ. ʅʘ ʧʨʝʜʩʪʘʚʣʝʥʥʳʭ ʛʨʘʬʠʢʘʭ ʚʠʜʥʦ, ʯʪʦ, ʧʦʣʦʞʝʥʠʷ 

ʠ ʦʪʥʦʩʠʪʝʣʴʥʘʷ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʠ ʨʘʩʯʝʪʥʳʭ ʤʘʢʩʠʤʫʤʦʚ ʥʝ 

ʤʝʥʝʝ 10 ʠʥʪʝʨʬʝʨʝʥʮʠʦʥʥʳʭ ʦʩʮʠʣʣʷʮʠʡ ʠ ʦʙʱʠʡ ʪʨʝʥʜ ʥʘ ʣʝʚʦʤ ʠ ʧʨʘʚʦʤ 

ʢʨʳʣʴʷʭ ʨʝʬʨʘʢʮʠʦʥʥʦʛʦ ʧʠʢʘ ʩ ʜʦʩʪʘʪʦʯʥʦ ʚʳʩʦʢʦʡ ʪʦʯʥʦʩʪʴʶ ʩʦʚʧʘʜʘʶʪ. ɼʣʷ 

ʙʦʣʝʝ ʪʦʯʥʦʛʦ ʩʦʚʧʘʜʝʥʠʷ ʥʝʦʙʭʦʜʠʤʦ ʧʨʦʚʦʜʠʪʴ ʘʥʘʣʠʟ ʩ ʦʜʥʦʚʨʝʤʝʥʥʳʤ 

ʚʘʨʴʠʨʦʚʘʥʠʝʤ E(x) ʠ g (x). ʀʩʭʦʜʷ ʠʟ ʚʳʰʝʦʧʠʩʘʥʥʦʛʦ ʩʣʝʜʫʝʪ ʧʨʝʜʧʦʣʦʞʠʪʴ, ʯʪʦ 

ʥʘʙʣʶʜʘʝʤʘʷ ʠʥʪʝʨʬʝʨʝʥʮʠʦʥʥʘʷ ʷʚʣʷʝʪʩʷ ʚ ʚʳʩʦʢʦʡ ʩʪʝʧʝʥʠ ʯʫʚʩʪʚʠʪʝʣʴʥʦʡ ʢ 

ʬʘʟʦʚʳʤ ʚʦʟʤʫʱʝʥʠʷʤ ʚʦʣʥʦʚʦʛʦ ʬʨʦʥʪʘ, ʧʘʜʘʶʱʝʛʦ ʥʘ ʧʨʝʣʦʤʣʷʶʱʫʶ ʛʨʘʥʴ 

ʧʨʠʟʤʳ. ɼʣʷ ʧʦʜʪʚʝʨʞʜʝʥʠʷ ʵʪʦʡ ʛʠʧʦʪʝʟʳ ʚ ʨʝʥʪʛʝʥʦʚʩʢʠʡ ʧʫʯʦʢ ʧʝʨʝʜ ʚʭʦʜʥʦʡ 

ʛʨʘʥʴʶ ʧʨʠʟʤʳ ʙʳʣʘ ʚʚʝʜʝʥʘ ʧʣʘʩʪʠʥʘ ʘʣʤʘʟʥʦʛʦ ʥʘʥʦʢʦʤʧʦʟʠʪʘ ʪʦʣʱʠʥʦʡ 1 ʤʤ. 

ɸʣʤʘʟʥʳʡ ʥʘʥʦʢʦʤʧʦʟʠʪ ʩʦʜʝʨʞʘʣ ʚ ʩʝʙʝ ʘʣʤʘʟʥʳʝ ʟʝʨʥʘ ʩ ʭʘʨʘʢʪʝʨʥʳʤ ʨʘʟʤʝʨʦʤ 

5-10 ʥʤ, ʢʦʪʦʨʳʝ ʙʳʣʠ ʩʚʷʟʘʥʳ ʛʨʘʬʠʪʦʧʦʜʦʙʥʳʤ ʩʣʦʝʤ. ʆʙʲʝʤ ʧʦʨ ʚ 

ʥʘʥʦʢʦʤʧʦʟʠʪʝ ʩʦʩʪʘʚʣʷʣ ʦʢʦʣʦ 50 %. ʇʨʠ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʠ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʚʦʣʥʳ 

ʯʝʨʝʟ ʪʘʢʫʶ ʩʪʨʫʢʪʫʨʫ ʚʦʟʥʠʢʘʶʪ ʩʣʫʯʘʡʥʳʝ ʩʢʘʯʢʠ ʬʘʟʳ, ʯʪʦ ʚ ʨʝʟʫʣʴʪʘʪʝ 

ʧʨʠʚʦʜʠʪ ʧʨʘʢʪʠʯʝʩʢʠ ʢ ʨʘʟʤʳʪʠʶ ʠʥʪʝʨʬʝʨʝʥʮʠʦʥʥʦʡ ʢʘʨʪʠʥʳ (ʨʠʩ.2.4). ʉʪʦʠʪ 

ʪʘʢʞʝ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʚʚʝʜʝʥʠʝ ʦʙʳʯʥʳʭ ʘʙʩʦʨʙʮʠʦʥʥʳʭ ʬʠʣʴʪʨʦʚ ʥʝ ʚʣʠʷʝʪ ʥʘ ʚʠʜ 

ʠʥʪʝʨʬʝʨʝʥʮʠʦʥʥʦʡ ʢʘʨʪʠʥʳ.  

 ʅʘ ʨʠʩ. 2.5 ʧʦʢʘʟʘʥʘ ʠʥʪʝʨʬʝʨʦʛʨʘʤʤʘ ʧʨʝʣʦʤʣʷʶʱʝʡʩʷ ʛʨʘʥʠ 

ʠʩʧʦʣʴʟʦʚʘʚʰʝʡʩʷ ʚ ʨʘʙʦʪʝ ʘʣʤʘʟʥʦʡ ʧʨʠʟʤʳ, ʧʦʣʫʯʝʥʥʘʷ ʥʘ ʠʥʪʝʨʬʝʨʦʤʝʪʨʝ 
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ZYGO. ʥʘ ʠʥʪʝʨʬʝʨʦʛʨʘʤʤʝ ʚʠʜʥʦ, ʯʪʦ ʧʦʚʝʨʭʥʦʩʪʴ ʧʨʠʟʤʳ ʚʳʧʫʢʣʘ ʚʚʝʨʭ ʠ  

ʦʪʢʣʦʥʝʥʠʝ ʦʪ ʧʣʦʩʢʦʩʪʥʦʩʪʠ ʙʣʠʟʢʦ ʢ ʧʘʨʘʙʦʣʠʯʝʩʢʦʤʫ, ʯʪʦ ʧʦʜʪʚʝʨʞʜʘʝʪ 

ʚʝʨʥʦʩʪʴ ʠʟʣʦʞʝʥʥʦʡ ʤʦʜʝʣʠ. 

ʈʠʩ. 2.4. ʋʛʣʦʚʳʝ ʜʠʘʛʨʘʤʤʳ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʧʨʝʣʦʤʣʝʥʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʜʦ (1) ʠ ʧʦʩʣʝ 

(2) ʚʚʝʜʝʥʠʷ ʚ ʧʫʯʦʢ ʧʣʘʩʪʠʥʳ ʘʣʤʘʟʥʦʛʦ ʥʘʥʦʢʦʤʧʦʟʠʪʘ. 

 

ʈʠʩ. 2.5 ʀʥʪʝʨʬʝʨʦʛʨʘʤʤʘ ʧʦʚʝʨʭʥʦʩʪʠ ʘʣʤʘʟʥʦʡ ʧʣʘʩʪʠʥʢʠ Element Six. 
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 2.1.5. ɿʘʢʣʶʯʝʥʠʝ ʢ Ä2.1 

ɺ ʟʘʢʣʶʯʝʥʠʝ ʩʪʦʠʪ ʦʙʨʘʪʠʪʴ ʚʥʠʤʘʥʠʝ, ʯʪʦ ʩʦʛʣʘʩʥʦ ʧʦʣʫʯʝʥʥʳʤ ʜʘʥʥʳʤ 

ʦʧʪʠʯʝʩʢʦʡ ʠʥʪʝʨʬʝʨʦʤʝʪʨʠʠ, ʧʨʦʬʠʣʴ ʧʦʚʝʨʭʥʦʩʪʝʡ ʧʦʣʠʨʦʚʘʥʥʳʭ ʘʣʤʘʟʥʳʭ 

ʧʣʘʩʪʠʥ ʦʙʳʯʥʦ ʦʧʠʩʳʚʘʝʪʩʷ ʛʣʘʜʢʠʤʠ ʥʝʤʦʥʦʪʦʥʥʳʤʠ ʬʫʥʢʮʠʷʤʠ. ʕʪʦ ʧʨʠʚʦʜʠʪ 

ʢ ʫʰʠʨʝʥʠʶ ʨʝʬʨʘʢʮʠʦʥʥʦʛʦ ʧʠʢʘ ʠʣʠ ʧʦʷʚʣʝʥʠʶ ʩʘʪʝʣʣʠʪʦʚ. ɼʣʷ ʥʘʙʣʶʜʝʥʠʷ 

ʦʧʠʩʘʥʥʦʛʦ ʚʳʰʝ ʠʥʪʝʨʬʝʨʝʥʮʠʦʥʥʦʛʦ ʵʬʬʝʢʪʘ ʥʝʦʙʭʦʜʠʤʦ, ʯʪʦʙʳ ʫʢʘʟʘʥʥʘʷ 

ʬʫʥʢʮʠʷ ʧʨʦʬʠʣʷ ʙʳʣʘ ʤʦʥʦʪʦʥʥʦʡ ʠ ʠʤʝʣʘ ʧʘʨʘʙʦʣʠʯʝʩʢʠʡ ʪʠʧ. ʉ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʪʦʯʢʠ ʟʨʝʥʠʷ ʚʘʞʥʦ, ʯʪʦ ʠʥʪʝʨʬʝʨʝʥʮʠʦʥʥʘʷ ʢʘʨʪʠʥʘ ʤʦʞʝʪ 

ʥʘʙʣʶʜʘʪʴʩʷ ʩ ʚʳʩʦʢʠʤ ʫʛʣʦʚʳʤ ʨʘʟʨʝʰʝʥʠʝʤ ʚ ʜʘʣʴʥʝʡ ʟʦʥʝ. ʆʯʝʚʠʜʥʦ, ʯʪʦ ʧʨʠ 

ʘʥʘʣʠʟʝ ʫʟʢʦʧʦʣʦʩʥʳʭ ʣʠʥʠʡ ʧʦʣʠʭʨʦʤʘʪʠʯʝʩʢʦʛʦ ʩʧʝʢʪʨʘ ʫʢʘʟʘʥʥʳʡ ʵʬʬʝʢʪ 

ʤʦʞʝʪ ʧʨʠʚʦʜʠʪʴ ʢ ʦʰʠʙʦʯʥʦʡ ʠʥʪʝʨʧʨʝʪʘʮʠʠ ʩʧʝʢʪʨʘʣʴʥʳʭ ʜʘʥʥʳʭ. ʇʦʵʪʦʤʫ ʜʣʷ 

ʧʨʦʚʝʜʝʥʠʷ ʢʦʨʨʝʢʪʥʳʭ ʠʟʤʝʨʝʥʠʡ ʥʫʞʥʦ, ʥʘʧʨʠʤʝʨ, ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤ ʧʫʪʝʤ 

ʥʘʭʦʜʠʪʴ ʨʘʙʦʯʠʝ ʟʦʥʳ, ʚ ʢʦʪʦʨʳʭ ʰʠʨʠʥʘ ʧʠʢʘ ʥʘʠʙʦʣʝʝ ʫʟʢʘʷ ʠ ʦʪʩʫʪʩʪʚʫʶʪ 

ʠʥʪʝʨʬʝʨʝʥʮʠʦʥʥʳʡ ʩʘʪʝʣʣʠʪʳ. ʆʜʥʘʢʦ ʚ ʩʣʫʯʘʝ ʨʘʙʦʪʳ ʩ ʤʦʥʦʭʨʦʤʘʪʠʯʝʩʢʠʤ 

ʠʟʣʫʯʝʥʠʝʤ ʵʪʦʪ ʵʬʬʝʢʪ ʤʦʞʝʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥ ʜʣʷ ʠʟʫʯʝʥʠʷ ʬʘʟʦʚʳʭ ʠʩʢʘʞʝʥʠʡ 

ʤʘʣʳʭ ʫʯʘʩʪʢʦʚ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʚʦʣʥʦʚʦʛʦ ʬʨʦʥʪʘ ӱ 1 ʤʢʤ. ʕʪʦ, ʚ ʯʘʩʪʥʦʩʪʠ, 

ʧʨʝʜʩʪʘʚʣʷʝʪ ʙʦʣʴʰʦʡ ʠʥʪʝʨʝʩ ʧʨʠ ʜʠʬʨʘʢʮʠʦʥʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʷʭ ʩʪʨʫʢʪʫʨ ʩ 

ʧʦʤʦʱʴʶ ʤʦʱʥʳʭ ʨʝʥʪʛʝʥʦʚʩʢʠʭ ʠʤʧʫʣʴʩʦʚ. 

Ä2.2. ʕʥʝʨʛʦʜʠʩʧʝʨʩʠʦʥʥʘʷ ʨʝʥʪʛʝʥʦʚʩʢʘʷ ʨʝʬʣʝʢʪʦʤʝʪʨʠʷ 

2.2.1. ʇʦʩʪʘʥʦʚʢʘ ʟʘʜʘʯʠ 

ʂʘʢ ʙʳʣʦ ʦʧʠʩʘʥʦ ʚ Ä1.4, ʨʝʥʪʛʝʥʦʚʩʢʘʷ ʨʝʬʣʝʢʪʦʤʝʪʨʠʷ ʷʚʣʷʝʪʩʷ ʦʜʥʠʤ ʠʟ 

ʥʘʠʙʦʣʝʝ ʨʘʩʧʨʦʩʪʨʘʥʝʥʥʳʭ ʠ ʠʥʬʦʨʤʘʪʠʚʥʳʭ ʤʝʪʦʜʦʚ ʘʥʘʣʠʟʘ ʪʦʥʢʦʧʣʝʥʦʯʥʳʭ 

ʥʘʥʦʩʪʨʫʢʪʫʨ ʠ ʤʦʥʦʩʣʦʝʚ. ʉʫʱʝʩʪʚʝʥʥʳʤ ʧʨʝʠʤʫʱʝʩʪʚʦʤ ʤʝʪʦʜʘ ʷʚʣʷʝʪʩʷ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʪʘʙʫʣʠʨʦʚʘʥʥʳʭ ʜʘʥʥʳʭ, ʠʟʚʝʩʪʥʳʭ ʩ ʚʳʩʦʢʦʡ ʪʦʯʥʦʩʪʴʶ, ʧʦʵʪʦʤʫ 

ʜʘʥʥʳʡ ʤʝʪʦʜ ʥʝ ʧʨʝʜʧʦʣʘʛʘʝʪ ʧʨʦʚʝʜʝʥʠʷ ʢʘʣʠʙʨʦʚʦʯʥʳʭ ʠʟʤʝʨʝʥʠʡ ʧʘʨʘʤʝʪʨʦʚ 

ʤʘʪʝʨʠʘʣʦʚ ʠ ʧʦʟʚʦʣʷʝʪ ʦʩʫʱʝʩʪʚʣʷʪʴ ʘʥʘʣʠʟ ʧʘʨʘʤʝʪʨʦʚ ʩ ʚʳʩʦʢʦʡ ʩʪʝʧʝʥʴʶ 

ʜʦʩʪʦʚʝʨʥʦʩʪʠ. ɺ ʙʦʣʴʰʠʥʩʪʚʝ ʩʪʘʥʜʘʨʪʥʳʭ ʩʭʝʤ, ʠʩʧʦʣʴʟʫʶʱʠʭʩʷ ʚ 

ʣʘʙʦʨʘʪʦʨʥʳʭ ʫʩʣʦʚʠʷʭ ʠ ʥʘ ʩʠʥʭʨʦʪʨʦʥʥʳʭ ʠʩʪʦʯʥʠʢʘʭ, ʬʦʨʤʠʨʫʝʪʩʷ ʞʝʩʪʢʦ 
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ʢʦʣʣʠʤʠʨʦʚʘʥʥʳʡ ʤʦʥʦʭʨʦʤʘʪʠʯʝʩʢʠʡ ʧʫʯʦʢ ʠ ʩʠʥʭʨʦʥʥʦʝ ʫʛʣʦʚʦʝ ʩʢʘʥʠʨʦʚʘʥʠʝ 

ʣʠʙʦ ʦʙʨʘʟʮʘ ʠ ʜʝʪʝʢʪʠʨʫʶʱʝʡ ʩʠʩʪʝʤʳ, ʣʠʙʦ ʠʩʪʦʯʥʠʢʘ ʠ ʜʝʪʝʢʪʠʨʫʶʱʝʡ 

ʩʠʩʪʝʤʳ ʧʨʠ ʥʝʧʦʜʚʠʞʥʦʤ ʦʙʨʘʟʮʝ. ʇʨʠ ʪʘʢʠʭ ʠʟʤʝʨʝʥʠʷʭ ʦʙʳʯʥʦ ʨʝʛʠʩʪʨʠʨʫʝʪʩʷ 

ʙʦʣʝʝ ʯʝʤ (1-10)Ā103 ʫʛʣʦʚʳʭ ʧʦʣʦʞʝʥʠʡ ʠ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʚʨʝʤʝʥʘ ʠʟʤʝʨʝʥʠʡ 

ʜʦʩʪʠʛʘʶʪ ʟʥʘʯʝʥʠʡ tm ~1 ʯ ʠ ʙʦʣʝʝ. ʉʫʱʝʩʪʚʫʶʱʠʝ ʩʝʛʦʜʥʷ ʩʧʦʩʦʙʳ ʩʦʢʨʘʪʠʪʴ 

ʚʨʝʤʷ ʪʘʢʠʭ ʠʟʤʝʨʝʥʠʡ ʦʙʣʘʜʘʶʪ ʨʷʜʦʤ ʥʝʜʦʩʪʘʪʢʦʚ, ʩʠʣʴʥʦ ʦʛʨʘʥʠʯʠʚʘʶʱʠʭ 

ʚʦʟʤʦʞʥʦʩʪʠ ʤʝʪʦʜʘ. ɺ ʵʪʦʤ ʧʘʨʘʛʨʘʬʝ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʜʘʥʥʘʷ ʧʨʦʙʣʝʤʘ ʤʦʞʝʪ ʙʳʪʴ 

ʫʩʧʝʰʥʦ ʨʝʰʝʥʘ ʙʣʘʛʦʜʘʨʷ ʧʨʠʤʝʥʝʥʠʶ ʧʨʠʟʤʝʥʥʦʡ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʦʧʪʠʢʠ. 

2.2.2. ɺʳʙʦʨ ʧʨʠʟʤʳ ʜʣʷ ʵʥʝʨʛʦʜʠʩʧʝʨʩʠʦʥʥʦʡ ʨʝʥʪʛʝʥʦʚʩʢʦʡ 

ʨʝʬʣʝʢʪʦʤʝʪʨʠʠ 

ʇʦʩʢʦʣʴʢʫ ʚ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʧʨʝʜʧʦʣʘʛʘʝʪʩʷ ʨʘʟʣʦʞʝʥʠʝ ʧʦʣʠʭʨʦʤʘʪʠʯʝʩʢʦʛʦ 

ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʧʫʯʢʘ ʚ ʩʧʝʢʪʨ, ʚʦʟʥʠʢʘʶʪ ʩʝʨʴʝʟʥʳʝ ʧʨʦʙʣʝʤʳ ʚʳʙʦʨʘ 

ʢʘʯʝʩʪʚʝʥʥʦʡ ʘʣʤʘʟʥʦʡ ʧʨʠʟʤʳ. ʂʘʢ ʙʳʣʦ ʫʢʘʟʘʥʦ ʚ Ä1.3, ʜʣʷ ʜʦʩʪʠʞʝʥʠʷ 

ʧʨʝʜʝʣʴʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʪʨʝʙʫʝʪʩʷ ʧʨʠʟʤʘ ʩ ʦʪʢʣʦʥʝʥʠʝʤ ʧʨʝʣʦʤʣʝʥʠʝʤ 

ʧʨʝʣʦʤʣʷʶʱʝʡ ʛʨʘʥʠ ʦʪ ʧʣʦʩʢʦʩʪʥʦʩʪʠ ʥʝ ʙʦʣʝʝ 10 ʥʤ/ʩʤ. ʆʜʥʘʢʦ ʚ ʥʘʩʪʦʷʱʝʝ 

ʚʨʝʤʷ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠ ʥʝ ʨʘʟʨʘʙʦʪʘʥʳ ʩʧʦʩʦʙʳ ʧʦʣʠʨʦʚʢʠ ʧʦʚʝʨʭʥʦʩʪʠ ʘʣʤʘʟʘ ʩ 

ʪʘʢʠʤ ʢʘʯʝʩʪʚʦʤ. ʆʢʘʟʳʚʘʝʪʩʷ, ʯʪʦ ʧʨʠ ʥʝʢʦʪʦʨʳʭ ʫʩʣʦʚʠʷʭ ʜʘʥʥʦʝ ʪʨʝʙʦʚʘʥʠʝ ʢ 

ʧʦʚʝʨʭʥʦʩʪʠ ʤʦʞʥʦ ʩʫʱʝʩʪʚʝʥʥʦ ʩʤʷʛʯʠʪʴ. ɺ ʩʣʫʯʘʝ, ʢʦʛʜʘ ʛʝʦʤʝʪʨʠʯʝʩʢʠʝ 

ʨʘʟʤʝʨʳ ʧʫʯʢʘ ʜʦʩʪʘʪʦʯʥʦ ʤʘʣʳ, ʜʦʩʪʘʪʦʯʥʦ, ʯʪʦʙʳ ʜʘʥʥʦʝ ʪʨʝʙʦʚʘʥʠʝ ʙʳʣʦ 

ʚʳʧʦʣʥʝʥʦ ʥʝ ʥʘ ʚʩʝʡ ʧʨʝʣʦʤʣʷʶʱʝʡ ʛʨʘʥʠ, ʘ ʚʜʦʣʴ ʣʠʥʠʠ ʷʚʣʷʶʱʝʡʩʷ ʧʨʦʝʢʮʠʝʡ 

ʧʫʯʢʘ ʥʘ ʧʨʝʣʦʤʣʷʶʱʫʶ ʛʨʘʥʴ ʧʨʠʟʤʳ. ʅʘ ʨʠʩ. 2.6 ʧʦʢʘʟʘʥʳ ʠʥʪʝʨʬʝʨʦʛʨʘʤʤʳ 

ʥʝʩʢʦʣʴʢʠʭ ʘʣʤʘʟʥʳʭ ʧʨʠʟʤ, ʠʟʛʦʪʦʚʣʝʥʥʳʭ ʠʟ ʧʨʠʨʦʜʥʳʭ ʘʣʤʘʟʦʚ ʚ ʌʀɸʅ. 

ʇʫʥʢʪʠʨʥʳʤʠ ʣʠʥʠʷʤʠ ʦʙʦʟʥʘʯʝʥʳ ʧʨʝʜʧʦʣʘʛʘʝʤʳʝ ʥʘʧʨʘʚʣʝʥʠʷ, ʚ ʢʦʪʦʨʳʭ ʙʫʜʝʪ 

ʜʦʩʪʠʛʘʪʴʩʷ ʤʘʢʩʠʤʘʣʴʥʘʷ ʨʘʟʨʝʰʘʶʱʘʷ ʩʧʦʩʦʙʥʦʩʪʴ ʵʪʠʭ ʧʨʠʟʤ. 

ɺʳʙʦʨ ʧʨʠʟʤʳ, ʝʝ ʧʦʣʦʞʝʥʠʷ, ʨʘʙʦʯʝʡ ʛʨʘʥʠ ʠ ʪʦʯʢʠ ʚʭʦʜʘ ʧʫʯʢʘ ʚ ʧʨʠʟʤʫ 

ʦʩʫʱʝʩʪʚʣʷʣʩʷ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤ ʧʫʪʝʤ. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ ʩʭʝʤʘ ʜʣʷ ʵʪʠʭ 

ʮʝʣʝʡ ʠʜʝʥʪʠʯʥʘ ʧʨʝʜʩʪʘʚʣʝʥʥʦʡ ʥʘ ʨʠʩ.2.1. ʇʫʪʝʤ ʩʢʘʥʠʨʦʚʘʥʠʷ ʧʫʯʢʘ ʚʜʦʣʴ 
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ʚʭʦʜʥʳʭ ʛʨʘʥʝʡ ʧʨʠʟʤ, ʩ ʫʯʝʪʦʤ ʠʥʪʝʨʬʝʨʦʛʨʘʤʤ, ʧʨʝʜʩʪʘʚʣʝʥʥʳʭ ʥʘ ʨʠʩ 2.5, 

ʥʘʭʦʜʠʣʦʩʴ ʨʘʙʦʯʝʝ ʧʦʣʦʞʝʥʠʝ, ʧʨʠ ʢʦʪʦʨʦʤ ʨʝʛʠʩʪʨʠʨʫʝʤʳʡ ʩʠʛʥʘʣ ʦʪ 

ʤʦʥʦʭʨʦʤʘʪʠʯʝʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ, ʧʨʦʰʝʜʰʝʛʦ ʯʝʨʝʟ ʧʨʠʟʤʫ ʠʤʝʝʪ ʥʘʠʙʦʣʝʝ ʫʟʢʫʶ 

ʫʛʣʦʚʫʶ ʰʠʨʠʥʫ ʠ ʥʝ ʠʤʝʝʪ ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ ʠʥʪʝʨʬʝʨʝʥʮʠʦʥʥʳʭ ʧʠʢʦʚ, 

ʦʙʫʩʣʘʚʣʠʚʘʝʤʳʭ ʵʬʬʝʢʪʘʤʠ, ʦʧʠʩʘʥʥʳʤʠ ʚ Ä2.1. ʅʘ ʨʠʩ. 2.7 ʧʦʢʘʟʘʥʳ 

ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʠʥʪʝʥʩʠʚʥʦʩʪʝʡ, ʨʝʛʠʩʪʨʠʨʫʝʤʳʭ ʜʝʪʝʢʪʦʨʦʤ ʜʣʷ ʨʘʟʣʠʯʥʳʭ ʪʦʯʝʢ 

ʚʭʦʜʘ ʧʫʯʢʘ ʚ ʨʝʥʪʛʝʥʦʚʩʢʠʝ ʧʨʠʟʤʳ. ɼʘʣʴʥʝʡʰʠʝ ʠʟʤʝʨʝʥʠʷ, ʦʧʠʩʘʥʥʳʝ ʚ ʵʪʦʤ 

ʧʘʨʘʛʨʘʬʝ, ʧʨʦʚʦʜʠʣʠʩʴ ʩ ʧʨʠʟʤʦʡ, ʢʦʪʦʨʦʡ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʟʘʚʠʩʠʤʦʩʪʴ 2.6.ʘ.  

ʈʠʩ. 2.7. ɿʘʨʝʛʠʩʪʨʠʨʦʚʘʥʥʳʝ ʥʘ ʨʘʟʥʳʭ ʧʨʠʟʤʘʭ ʠ ʧʨʠ ʨʘʟʥʳʭ ʪʦʯʢʘʭ ʚʚʦʜʘ ʧʫʯʢʘ 

ʚ ʧʨʠʟʤʫ ʨʝʬʨʘʢʮʠʦʥʥʳʝ ʧʠʢʠ ʜʣʷ ʤʦʥʦʭʨʦʤʘʪʠʯʝʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ ʩ ʵʥʝʨʛʠʝʡ 8 ʢʵɺ. 

a) ï ʫʟʢʠʡ ʧʠʢ b) ï ʰʠʨʦʢʠʡ ʧʠʢ ʩ) ï ʧʠʢ ʩ ʠʥʪʝʨʬʝʨʝʥʮʠʦʥʥʳʤʠ ʩʘʪʝʣʣʠʪʘʤʠ. 

ʈʠʩ. 2.6. ʀʥʪʝʨʬʝʨʦʛʨʘʤʤʳ ʧʨʝʣʦʤʣʷʶʱʠʭ ʛʨʘʥʝʡ ʘʣʤʘʟʥʳʭ ʧʨʠʟʤ. ʉʪʨʝʣʢʘʤʠ 

ʦʙʦʟʥʘʯʝʥʳ ʥʘʧʨʘʚʣʝʥʠʷ ʧʨʦʭʦʞʜʝʥʠʷ ʧʫʯʢʘ ʯʝʨʝʟ ʧʨʠʟʤʫ, ʧʨʠ ʢʦʪʦʨʳʭ ʜʦʣʞʥʳ 

ʜʦʩʪʠʛʘʪʴʩʷ ʥʘʠʣʫʯʰʠʝ ʧʘʨʘʤʝʪʨʳ ʧʨʠʟʤʳ. 
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2.2.3. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ ʩʭʝʤʘ 

 

ʅʘ ʨʠʩ.2.8 ʧʦʢʘʟʘʥ ʦʙʱʠʡ ʚʠʜ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʩʭʝʤʳ, ʩʦʙʨʘʥʥʦʡ ʥʘʤʠ ʥʘ 

ʢʘʥʘʣʝ ID10 ʩʠʥʭʨʦʪʨʦʥʘ ESRF. ʈʝʥʪʛʝʥʦʚʩʢʦʝ ʠʟʣʫʯʝʥʠʝ ʛʝʥʝʨʠʨʫʝʪʩʷ 

ʦʥʜʫʣʷʪʦʨʦʤ 1, ʟʘʪʝʤ ʧʨʠ ʧʦʤʦʱʠ ʟʝʨʢʘʣ (2) ʬʠʣʴʪʨʫʝʪʩʷ ʞʝʩʪʢʘʷ ʯʘʩʪʴ ʩʧʝʢʪʨʘ ʠ 

ʧʨʦʠʩʭʦʜʠʪ ʦʛʨʘʥʠʯʝʥʠʝ ʛʝʦʤʝʪʨʠʯʝʩʢʠʭ ʨʘʟʤʝʨʦʚ ʧʫʯʢʘ ʧʨʠ ʧʦʤʦʱʠ 

ʦʭʣʘʞʜʘʝʤʳʭ ʱʝʣʝʡ 3 ʠ ʢʦʣʣʠʤʠʨʫʶʱʠʭ ʱʝʣʝʡ 3ǋ. ʊʘʢʞʝ ʨʝʛʫʣʠʨʦʚʢʘ 

ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʧʦʪʦʢʘ ʚ ʤʷʛʢʦʡ ʯʘʩʪʠ ʨʝʛʫʣʠʨʫʝʪʩʷ ʘʣʶʤʠʥʠʝʚʳʤ ʬʠʣʴʪʨʦʤ 4 ʩ 

ʧʝʨʝʤʝʥʥʦʡ ʪʦʣʱʠʥʦʡ. ʀʩʩʣʝʜʫʝʤʳʡ ʦʙʨʘʟʝʮ 5 ʠ ʧʨʠʟʤʘ 7 ʧʦʤʝʱʘʣʠʩʴ ʥʘ ʦʩʠ 

ʚʨʘʱʝʥʠʷ ʥʝʟʘʚʠʩʠʤʳʭ ʛʦʥʠʦʤʝʪʨʠʯʝʩʢʠʭ ʛʦʣʦʚʦʢ (Huber) 6 ʠ 8, ʈʘʩʩʪʦʷʥʠʷ ʤʝʞʜʫ 

ʢʦʪʦʨʳʤʠ ʩʦʩʪʘʚʣʷʣʦ 20 ʤʤ. ʋʛʦʣ ʧʘʜʝʥʠʷ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʧʫʯʢʘ ʥʘ ʦʙʨʘʟʝʮ ʚ ʵʪʦʡ 

ʩʭʝʤʝ ʩʦʩʪʘʚʣʷʣ 0.5Á, ʦʜʥʘʢʦ ʵʪʦ ʟʥʘʯʝʥʠʝ ʤʦʞʥʦ ʚʘʨʴʠʨʦʚʘʪʴ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ 

ʪʠʧʘ ʠʟʤʝʨʷʝʤʦʛʦ ʦʙʨʘʟʮʘ. ʇʨʝʣʦʤʣʷʶʱʘʷ ʛʨʘʥʴ ʧʨʠʟʤʳ ʫʩʪʘʥʘʚʣʠʚʘʣʘʩʴ ʧʦʜ 

ʫʛʣʦʤ 0.05-0.07Á ʢ ʦʪʨʘʞʝʥʥʦʤʫ ʦʪ ʦʙʨʘʟʮʘ ʧʫʯʢʫ. ʉʧʝʢʪʨʳ ʧʫʯʢʦʚ, ʦʪʨʘʞʝʥʥʳʭ 

ʦʙʨʘʟʮʦʤ ʠ ʧʨʦʰʝʜʰʠʭ ʯʝʨʝʟ ʧʨʠʟʤʫ, ʨʝʛʠʩʪʨʠʨʦʚʘʣʠʩʴ ʜʚʫʭʢʦʦʨʜʠʥʘʪʥʳʤ 

ʜʝʪʝʢʪʦʨʦʤ Maxipix ʩ ʨʘʟʤʝʨʦʤ ʧʨʠʝʤʥʦʛʦ ʦʢʘ 71.3 Ĭ 14.1 ʤʤ2 ʠ ʨʘʟʤʝʨʦʤ ʧʠʢʩʝʣʷ 

55*55 ʤʢʤ2. ɼʝʪʝʢʪʦʨ ʨʘʩʧʦʣʘʛʘʣʩʷ ʥʘ ʨʘʩʩʪʦʷʥʠʠ 4.25 ʤ ʦʪ ʧʨʠʟʤʳ. ɺ ʩʣʫʯʘʝ 

ʈʠʩ. 2.8. ʕʥʝʨʛʦʜʠʩʧʝʨʩʠʦʥʥʘʷ ʩʭʝʤʘ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʨʝʬʣʝʢʪʦʤʝʪʨʠʠ ʩ ʘʣʤʘʟʥʦʡ 

ʧʨʠʟʤʦʡ: 1 - ʦʥʜʫʣʷʪʦʨ; 2 ï ʟʝʨʢʘʣʘ ʧʦʣʥʦʛʦ ʚʥʝʰʥʝʛʦ ʦʪʨʘʞʝʥʠʷ; 3, 3 ǋ ï ʢʦʣʣʠʤʠʨʫʶʱʠʝ 

ʱʝʣʠ,  4 ï ʬʠʣʴʪʨ ʤʷʛʢʦʡ ʯʘʩʪʠ ʩʧʝʢʪʨʘ; 5 ï ʦʙʨʘʟʝʮ; 6, 8 ï ʛʦʥʠʦʤʝʪʨʠʯʝʩʢʠʝ ʛʦʣʦʚʢʠ; 7 ï 

ʘʣʤʘʟʥʘʷ ʧʨʠʟʤʘ; 9 ï ʢʦʦʨʜʠʥʘʪʥʦ- ʯʫʚʩʪʚʠʪʝʣʴʥʳʡ ʜʝʪʝʢʪʦʨ. 
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ʥʝʦʙʭʦʜʠʤʦʩʪʠ, ʧʝʨʝʜ ʜʝʪʝʢʪʦʨʦʤ ʫʩʪʘʥʘʚʣʠʚʘʣʘʩʴ ʩʚʠʥʮʦʚʘʷ ʧʦʣʦʩʢʘ ʜʣʷ 

ʫʩʪʨʘʥʝʥʠʷ ʧʝʨʝʛʨʫʟʦʢ, ʩʚʷʟʘʥʥʳʭ ʩ ʚʳʩʦʢʦʡ ʠʥʪʝʥʩʠʚʥʦʩʪʴʶ ʧʨʷʤʦʛʦ ʧʫʯʢʘ.  

ɼʣʷ ʧʨʦʚʝʜʝʥʠʷ ʠʟʤʝʨʝʥʠʡ ʚ ʰʠʨʦʢʦʤ ʜʠʘʧʘʟʦʥʝ ʚʝʢʪʦʨʘ ʨʘʩʩʝʷʥʠʷ 

ʥʝʦʙʭʦʜʠʤʦ, ʯʪʦʙʳ ʠʩʪʦʯʥʠʢ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ ʦʙʣʘʜʘʣ ʰʠʨʦʢʠʤ 

ʩʧʝʢʪʨʦʤ. ʅʘ ʨʠʩ. 2.9. ʧʦʢʘʟʘʥʳ ʨʘʩʯʝʪʥʳʡ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʠʟʤʝʨʝʥʥʳʡ 

ʩʧʝʢʪʨʳ ʦʥʜʫʣʷʪʦʨʘ ʩʠʥʭʨʦʪʨʦʥʘ, ʥʘʩʪʨʦʝʥʥʦʛʦ ʥʘ 8 ʢʵɺ. ɺʪʦʨʘʷ, 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʘʷ 16 ʢʵɺ ʷʚʣʷʝʪʩʷ ʚ ʧʝʨʚʦʤ ʧʨʠʙʣʠʞʝʥʠʠ ʟʘʧʨʝʱʝʥʥʦʡ, ʦʜʥʘʢʦ 

ʙʣʘʛʦʜʘʨʷ ʚʳʩʦʢʦʡ ʤʦʱʥʦʩʪʠ ʠʩʪʦʯʥʠʢʘ, ʝʝ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʦʢʘʟʳʚʘʝʪʩʷ 

ʜʦʩʪʘʪʦʯʥʦʡ ʜʣʷ ʧʨʦʚʝʜʝʥʠʷ ʠʟʤʝʨʝʥʠʡ. ʊʘʢʞʝ, ʵʪʦ ʧʨʠʚʦʜʠʪ ʢ ʫʰʠʨʝʥʠʶ ʧʠʢʘ ʠ 

ʬʦʨʤʠʨʦʚʘʥʠʶ ʦʪʥʦʩʠʪʝʣʴʥʦ ʧʦʣʦʛʦʛʦ ʫʯʘʩʪʢʘ ʩʧʝʢʪʨʘ ʚ ʜʠʘʧʘʟʦʥʝ 11-16 ʢʵɺ. 

ʊʘʢʞʝ ʚ ʜʘʥʥʦʤ ʩʣʫʯʘʝ ʤʦʞʥʦ ʠʩʢʫʩʩʪʚʝʥʥʦ ʫʰʠʨʠʪʴ ʩʧʝʢʪʨʘʣʴʥʫʶ ʰʠʨʠʥʫ, ʧʫʪʝʤ 

ʠʟʤʝʥʝʥʠʷ ʚʝʣʠʯʠʥʳ ʟʘʟʦʨʘ ʤʝʞʜʫ ʤʘʛʥʠʪʘʤʠ ʦʥʜʫʣʷʪʦʨʘ.  ɼʝʡʩʪʚʠʪʝʣʴʥʦ, ʜʣʠʥʘ 

ʚʦʣʥʳ, ʥʘ ʢʦʪʦʨʦʡ ʧʨʦʠʩʭʦʜʠʪ ʛʝʥʝʨʘʮʠʷ ʦʩʥʦʚʥʦʡ ʛʘʨʤʦʥʠʢʠ ʦʥʜʫʣʷʪʦʨʘ 

ʩʠʥʭʨʦʪʨʦʥʘ ʚʜʦʣʴ ʦʩʠ ʧʫʯʢʘ ʦʧʨʝʜʝʣʷʝʪʩʷ ʚʳʨʘʞʝʥʠʝʤ: 

 ‗  ρ ὑ ,                                                  (2.5) 

ʛʜʝ lm - ʧʝʨʠʦʜ ʦʥʜʫʣʷʪʦʨʘ ʚʜʦʣʴ ʦʩʠ ʧʫʯʢʘ, g - ʨʝʣʷʪʠʚʠʩʪʩʢʠʡ ʬʘʢʪʦʨ ʵʣʝʢʪʨʦʥʦʚ 

ʚ ʢʦʣʴʮʝ ʫʩʢʦʨʠʪʝʣʷ, ʘ K ï ʢʦʵʬʬʠʮʠʝʥʪ ʦʥʜʫʣʷʪʦʨʥʦʩʪʠ, ʦʧʨʝʜʝʣʷʝʤʳʡ 

ʚʳʨʘʞʝʥʠʝʤ: 

 

ʈʠʩ. 2.9. ʉʧʝʢʪʨ ʦʥʜʫʣʷʪʦʨʘ ʢʘʥʘʣʘ ID10 ESRF. ʈʘʩʯʝʪʥʘʷ (ʢʨʘʩʥʘʷ) ʠ ʠʟʤʝʨʝʥʥʘʷ 

(ʯʝʨʥʘʷ) ʟʘʚʠʩʠʤʦʩʪʠ 



44 

 

ὑ  ,                                                          (2.6) 

ʛʜʝ e ʠ me ï ʟʘʨʷʜ ʠ ʤʘʩʩʘ ʵʣʝʢʪʨʦʥʘ, ʩ ï ʩʢʦʨʦʩʪʴ ʩʚʝʪʘ, ɺ ï ʠʥʜʫʢʮʠʷ ʤʘʛʥʠʪʥʦʛʦ 

ʧʦʣʷ ʚ ʟʘʟʦʨʝ ʦʥʜʫʣʷʪʦʨʘ [75]. ʀʟʤʝʥʝʥʠʝ ʟʘʟʦʨʘ ʤʝʞʜʫ ʤʘʛʥʠʪʘʤʠ ʦʥʜʫʣʷʪʦʨʘ 

ʧʨʠʚʦʜʠʪ ʢ ʠʟʤʝʥʝʥʠʶ ʠʥʜʫʢʮʠʠ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʠ, ʢʘʢ ʩʣʝʜʩʪʚʠʝ ʢ ʠʟʤʝʥʝʥʠʶ 

ʜʣʠʥʳ ʚʦʣʥʳ, ʥʘ ʢʦʪʦʨʦʡ ʧʨʦʠʩʭʦʜʠʪ ʛʝʥʝʨʘʮʠʷ ʦʩʥʦʚʥʦʡ ʛʘʨʤʦʥʠʢʠ. 

ɺ ʦʙʣʘʩʪʠ 8 ʠ 24 ʢʵɺ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʤʦʞʥʦ ʩʥʠʟʠʪʴ ʙʣʘʛʦʜʘʨʷ 

ʠʩʧʦʣʴʟʦʚʘʥʠʶ ʟʝʨʢʘʣ ʠ ʘʣʶʤʠʥʠʝʚʳʭ ʬʠʣʴʪʨʦʚ. ʅʘ ʨʠʩ. 2.10 ʧʦʢʘʟʘʥ ʦʙʱʠʡ ʚʠʜ 

ʩʧʝʢʪʨʘ ʧʫʯʢʘ, ʧʨʦʰʝʜʰʝʛʦ ʯʝʨʝʟ ʧʨʠʟʤʫ, ʧʦʣʫʯʝʥʥʳʡ ʧʫʪʝʤ ʚʳʚʦʜʘ ʚ ʩʭʝʤʝ ʥʘ ʨʠʩ 

2.7 ʦʙʨʘʟʮʘ ʠʟ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʧʫʯʢʘ ʠ ʧʝʨʝʜʚʠʞʝʥʠʝʤ ʧʨʠʟʤʳ ʚ ʧʫʯʦʢ. ʉʧʝʢʪʨ 

ʨʝʛʠʩʪʨʠʨʦʚʘʣʩʷ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʜʝʪʝʢʪʦʨʦʚ Basler ʠ Maxipix.  

2.2.4. ʂʘʣʠʙʨʦʚʢʘ ʠʟʤʝʨʠʪʝʣʴʥʦʡ ʩʭʝʤʳ 

ʆʜʥʦʡ ʠʟ ʦʩʥʦʚʥʳʭ ʟʘʜʘʯ ʧʨʠ ʨʝʘʣʠʟʘʮʠʠ ʵʪʦʛʦ ʤʝʪʦʜʘ ʷʚʣʷʝʪʩʷ ʚʳʧʦʣʥʝʥʠʝ 

ʢʘʣʠʙʨʦʚʢʠ ʩʭʝʤʳ - ʪʦ ʝʩʪʴ ʫʩʪʘʥʦʚʣʝʥʠʝ ʚʟʘʠʤʥʦ ï ʦʜʥʦʟʥʘʯʥʦʛʦ ʩʦʦʪʚʝʪʩʪʚʠʷ 

ʢʦʦʨʜʠʥʘʪʳ ʥʘ ʜʝʪʝʢʪʦʨʝ ʠ ʵʥʝʨʛʠʠ ʩʠʛʥʘʣʘ, ʧʦʧʘʜʘʶʱʝʛʦ ʚ ʜʘʥʥʫʶ ʢʦʦʨʜʠʥʘʪʫ 

ʧʦʩʣʝ ʦʪʨʘʞʝʥʠʷ ʦʪ ʦʙʨʘʟʮʘ ʠ ʧʨʦʭʦʞʜʝʥʠʠ ʯʝʨʝʟ ʧʨʠʟʤʫ. ʕʪʦ ʥʝʦʙʭʦʜʠʤʦ 

ʚʳʧʦʣʥʷʪʴ, ʧʦʩʢʦʣʴʢʫ ʜʦʚʦʣʴʥʦ ʩʣʦʞʥʦ ʪʦʯʥʦ ʦʧʨʝʜʝʣʠʪʴ ʫʛʣʦʚʦʝ ʨʘʩʧʦʣʦʞʝʥʠʝ 

ʧʨʷʤʦʛʦ ʧʫʯʢʘ ʠ ʩʣʦʞʥʦ ʪʦʯʥʦ ʚʳʜʝʨʞʘʪʴ ʫʛʦʣ ʤʝʞʜʫ ʧʨʝʣʦʤʣʷʶʱʝʡ ʛʨʘʥʴʶ 

ʈʠʩ. 2.10. ʉʧʝʢʪʨʘʣʴʥʳʝ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʟʘʨʝʛʠʩʪʨʠʨʦʚʘʥʥʳʝ ʧʨʠ ʧʦʤʦʱʠ 

ʜʝʪʝʢʪʦʨʘ Basler (a) ʠ Maxipix(b,c) 

8 ʢʵɺ 

16 ʢʵɺ 

24  ʢʵɺ 

ʇʨʷʤʦʡ 

ʧʫʯʦʢ 

a b

c 
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ʧʨʠʟʤʳ ʠ ʦʪʨʘʞʝʥʥʳʤ ʦʪ ʦʙʨʘʟʮʘ ʧʫʯʢʦʤ. ɼʣʷ ʢʘʣʠʙʨʦʚʢʠ ʩʭʝʤʳ ʚ ʧʦʣʦʞʝʥʠʝ 

ʦʙʨʘʟʮʘ (ʩʭʝʤʘ ʥʘ ʨʠʩ.2.8) ʙʳʣʘ ʫʩʪʘʥʦʚʣʝʥʘ ʧʦʣʠʨʦʚʘʥʥʘʷ ʧʣʘʩʪʠʥʘ ʢʨʝʤʥʠʷ ʩ 

ʰʝʨʦʭʦʚʘʪʦʩʪʴʶ 0,4 ʥʤ. ʊʘʢʫʶ ʧʣʘʩʪʠʥʫ ʫʜʦʙʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʜʣʷ ʢʘʣʠʙʨʦʚʦʯʥʳʭ 

ʠʟʤʝʨʝʥʠʡ ʧʦʩʢʦʣʴʢʫ ʵʥʝʨʛʝʪʠʯʝʩʢʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʢʦʵʬʬʠʮʠʝʥʪʘ ʦʪʨʘʞʝʥʠʷ K(E) 

ʜʣʷ ʥʝʝ ʷʚʣʷʝʪʩʷ ʛʣʘʜʢʦʡ ʤʝʜʣʝʥʥʦ ʤʝʥʷʶʱʝʡʩʷ ʬʫʥʢʮʠʝʡ ʙʝʟ ʦʩʮʠʣʣʷʮʠʡ. ɻʨʘʬʠʢ 

ʟʘʚʠʩʠʤʦʩʪʠ K(E) ʠ ʩʠʛʥʘʣ, ʨʝʛʠʩʪʨʠʨʫʝʤʳʡ ʜʚʫʭʢʦʦʨʜʠʥʘʪʥʳʤ ʜʝʪʝʢʪʦʨʦʤ 

ʧʦʢʘʟʘʥ ʥʘ ʨʠʩ 2.11. ʅʘ ʨʠʩ. 2.11. ʚʠʜʥʳ ʧʠʢʠ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʵʥʝʨʛʠʠ 8 ʢʵɺ, 16 

ʢʵɺ ʠ ʟʝʨʢʘʣʴʥʦ ʦʪʨʘʞʝʥʥʘʷ ʦʪ ʧʨʝʣʦʤʣʷʶʱʝʡ ʛʨʘʥʠ ʯʘʩʪʴ ʧʨʷʤʦʛʦ ʧʫʯʢʘ. ʇʨʷʤʦʡ 

ʧʫʯʦʢ ʠ ʧʠʢ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʡ ʵʥʝʨʛʠʠ 24 ʢʵɺ ʟʘʢʨʳʪʳ ʩʚʠʥʮʦʚʦʡ ʧʣʘʩʪʠʥʦʡ. 

 ʋʛʣʳ ʦʪʢʣʦʥʝʥʠʷ ʦʪ ʧʝʨʚʠʯʥʦʛʦ ʥʘʧʨʘʚʣʝʥʠʷ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʧʫʯʢʘ ʚ 

ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʜʣʠʥʳ ʚʦʣʥʳ ʤʦʛʫʪ ʙʳʪʴ ʦʧʨʝʜʝʣʝʥʳ ʠʟ 1.4, ʫʛʦʣ ʦʪʢʣʦʥʝʥʠʷ  

Dq = q1 - q2 (ʩʤ ʨʠʩ.2.8) ʦʧʨʝʜʝʣʷʝʪʩʷ ʚʳʨʘʞʝʥʠʝʤ: 

Ў—  — ς‏Ὁ —,                                         (2.7) 

ʛʜʝ d(E) ï ʜʝʡʩʪʚʠʪʝʣʴʥʘʷ ʯʘʩʪʴ ʜʝʢʨʝʤʝʥʪʘ ʧʦʢʘʟʘʪʝʣʷ ʧʨʝʣʦʤʣʝʥʠʷ ʘʣʤʘʟʘ. ʊʘʢʞʝ 

ʠʟʚʝʩʪʥʦ, ʯʪʦ ʟʝʨʢʘʣʴʥʦ ʦʪʨʘʞʝʥʥʳʡ ʦʪ ʧʨʝʣʦʤʣʷʶʱʝʡ ʛʨʘʥʠ ʧʨʠʟʤʳ ʧʫʯʦʢ 

ʦʪʢʣʦʥʷʝʪʩʷ ʦʪ ʧʝʨʚʠʯʥʦʛʦ ʥʘʧʨʘʚʣʝʥʠʷ ʥʘ ʫʛʦʣ ʨʘʚʥʳʡ 2 * q1. ɼʣʷ ʥʘʭʦʞʜʝʥʠʷ 

ʢʦʦʨʜʠʥʘʪ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʦʧʨʝʜʝʣʝʥʥʳʤ ʵʥʝʨʛʠʷʤ, ʚ ʧʫʯʦʢ ʚʚʦʜʠʣʠʩʴ ʬʦʣʴʛʠ 

ʈʠʩ. 2.11. ʕʥʝʨʛʝʪʠʯʝʩʢʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʢʦʵʬʬʠʮʠʝʥʪʘ ʦʪʨʘʞʝʥʠʷ ʢʨʝʤʥʠʝʚʦʡ ʧʣʘʩʪʠʥʳ(a) 

ʠ ʩʠʛʥʘʣ, ʨʝʛʠʩʪʨʠʨʫʝʤʳʡ ʜʝʪʝʢʪʦʨʦʤ ʧʨʠ ʫʩʪʘʥʦʚʢʝ ʵʪʦʡ ʧʣʘʩʪʠʥʳ ʚ ʢʘʯʝʩʪʚʝ ʦʙʨʘʟʮʘ. 
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Au ʠ Pb, ʧʦʩʣʝ ʯʝʛʦ ʬʠʢʩʠʨʦʚʘʣʠʩʴ ʩʢʘʯʢʠ ʬʦʪʦʧʦʛʣʦʱʝʥʠʷ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ L- 

ʩʝʨʠʠ ʜʣʷ ʵʪʠʭ ʵʣʝʤʝʥʪʦʚ. ʅʘ ʨʠʩ.2.12 ʧʦʢʘʟʘʥʳ ʧʦʣʦʞʝʥʠʷ ʩʢʘʯʢʦʚ 

ʬʦʪʦʧʦʛʣʦʱʝʥʠʷ ʜʣʷ Pb ʠ Au.  

ʇʦʩʢʦʣʴʢʫ ʨʘʟʤʝʨ ʜʝʪʝʢʪʦʨʘ l ʤʥʦʛʦ ʤʝʥʴʰʝ ʨʘʩʩʪʦʷʥʠʷ z ʦʪ ʧʨʠʟʤʳ ʜʦ 

ʜʝʪʝʢʪʦʨʘ, ʪʦ ʟʘʚʠʩʠʤʦʩʪʴ ʫʛʣʘ ʦʪʢʣʦʥʝʥʠʷ ʦʪ ʥʦʤʝʨʘ ʩʪʨʦʢʠ ʜʝʪʝʢʪʦʨʘ ʷʚʣʷʝʪʩʷ 

ʣʠʥʝʡʥʦʡ. ʉʦʦʪʚʝʪʩʪʚʝʥʥʦ ʜʣʷ ʚʳʯʠʩʣʝʥʠʷ ʪʦʯʥʦʛʦ ʟʥʘʯʝʥʠʷ q1 ʥʫʞʥʦ ʜʦʙʠʪʴʩʷ, 

ʯʪʦʙʳ ʫʛʣʦʚʳʝ ʢʦʦʨʜʠʥʘʪʳ ʜʣʷ ʩʢʘʯʢʦʚ ʬʦʪʦʧʦʛʣʦʱʝʥʠʷ ʠ ʜʣʷ ʟʝʨʢʘʣʴʥʦ 

ʦʪʨʘʞʝʥʥʦʛʦ ʧʠʢʘ ʫʢʣʘʜʳʚʘʣʠʩʴ ʥʘ ʦʜʥʫ ʧʨʷʤʫʶ (ʨʠʩ.2.13). ɺ ʟʘʢʣʶʯʝʥʠʝ 

ʈʠʩ. 2.12 ʉʢʘʯʢʠ ʬʦʪʦʧʦʛʣʦʱʝʥʠʷ ʦʪ ʬʦʣʴʛ Pb ʠ Au. 

ʈʠʩ. 2.13 ʢʘʣʠʙʨʦʚʦʯʥʘʷ ʢʨʠʚʘʷ ʫʛʦʣ 

ʦʪʢʣʦʥʝʥʠʷ ʦʪ ʧʝʨʚʠʯʥʦʛʦ ʧʫʯʢʘ ï ʥʦʤʝʨ 

ʩʪʨʦʯʢʠ ʜʝʪʝʢʪʦʨʘ.  

ʈʠʩ. 2.14 ʕʥʝʨʛʝʪʠʯʝʩʢʘʷ ʟʘʚʠʩʠʤʦʩʪʴ 

ʜʝʢʨʝʤʝʥʪʘ ʧʦʢʘʟʘʪʝʣʷ ʧʨʝʣʦʤʣʝʥʠʷ ʘʣʤʘʟʘ 
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ʚʦʩʩʪʘʥʘʚʣʠʚʘʝʪʩʷ ʩʦʦʪʚʝʪʩʪʚʠʝ ʥʦʤʝʨ ʩʪʨʦʯʢʠ ʜʝʪʝʢʪʦʨʘ ï ʵʥʝʨʛʠʷ ʧʨʠ ʧʦʤʦʱʠ 

2.7 ʠ ʟʘʚʠʩʠʤʦʩʪʠ d(E) ʜʣʷ ʘʣʤʘʟʘ, ʧʨʝʜʩʪʘʚʣʝʥʥʦʡ ʥʘ ʨʠʩ.2.14.  

2.2.5. ʀʩʩʣʝʜʦʚʘʥʥʳʝ ʦʙʨʘʟʮʳ ʠ ʨʝʟʫʣʴʪʘʪʳ ʠʟʤʝʨʝʥʠʡ 

ɺ ʢʘʯʝʩʪʚʝ ʦʙʲʝʢʪʦʚ ʠʩʩʣʝʜʦʚʘʥʠʷ ʘʥʘʣʠʟʠʨʦʚʘʣʠʩʴ ʙʠʩʣʦʡʥʘʷ ʩʪʨʫʢʪʫʨʘ 

ʉ ï Ni ʥʘ Si ʧʦʜʣʦʞʢʘ, ʠ ʧʣʝʥʢʠ Fe ʠ Ni , ʪʘʢʞʝ ʥʘʥʝʩʝʥʥʳʝ ʥʘ ʧʦʜʣʦʞʢʫ Si. ʅʘ ʨʠʩ. 

2.15 ʧʦʢʘʟʘʥʳ ʟʘʨʝʛʠʩʪʨʠʨʦʚʘʥʥʳʝ ʜʚʫʭʢʦʦʨʜʠʥʘʪʥʳʤ ʜʝʪʝʢʪʦʨʦʤ ʨʘʩʧʨʝʜʝʣʝʥʠʷ 

ʠʥʪʝʥʩʠʚʥʦʩʪʝʡ ʜʣʷ ʪʨʝʭ ʨʘʟʣʠʯʥʳʭ ʦʙʨʘʟʮʦʚ ʩ ʭʘʨʘʢʪʝʨʥʳʤʠ ʚʨʝʤʝʥʘʤʠ 

ʠʟʤʝʨʝʥʠʡ 1-10 ʩ. ʅʘ ʛʨʘʬʠʢʘʭ ʚʠʜʥʳ ʷʨʢʦ ʚʳʨʘʞʝʥʥʳʝ ʦʩʮʠʣʣʷʮʠʠ, 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʪʦʣʱʠʥʘʤ ʠʟʤʝʨʷʝʤʳʭ ʧʣʝʥʦʢ.  

 

 

ʅʘ ʨʠʩ.2.16 ʧʦʢʘʟʘʥ ʨʝʟʫʣʴʪʘʪ ʠʟʤʝʨʝʥʠʷ ʩʪʨʫʢʪʫʨʳ ʉ-Ni-Si (ʨʠʩ 2.15.ʘ), 

ʧʦʣʫʯʝʥʥʳʡ ʧʨʠ ʠʟʤʝʥʝʥʠʠ ʚʝʣʠʯʠʥʳ ʟʘʟʦʨʘ ʤʝʞʜʫ ʤʘʛʥʠʪʘʤʠ ʦʥʜʫʣʷʪʦʨʘ ʚ 

ʧʨʦʮʝʩʩʝ ʠʟʤʝʨʝʥʠʷ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ ʤʦʜʝʣʠʨʦʚʘʣʩʷ ʠʩʪʦʯʥʠʢ ʩ ʰʠʨʠʥʦʡ ʩʧʝʢʪʨʘ, 

ʩʫʱʝʩʪʚʝʥʥʦ ʧʨʝʚʳʰʘʶʱʝʡ ʰʠʨʠʥʫ ʩʧʝʢʪʨʘ ʩʪʘʪʠʯʝʩʢʦʛʦ ʦʥʜʫʣʷʪʦʨʘ. ɺ ʵʪʦʤ 

ʩʣʫʯʘʝ ʭʘʨʘʢʪʝʨ ʦʩʮʠʣʣʷʮʠʡ ʩʪʘʥʦʚʠʪʩʷ ʙʦʣʝʝ ʚʳʨʘʞʝʥʥʳʤ, ʦʜʥʘʢʦ ʧʨʠ ʵʪʦʤ ʚʨʝʤʷ 

ʠʟʤʝʨʝʥʠʷ ʚʦʟʨʘʩʪʘʝʪ ʜʦ ~ 100 c.  

c b 

ʈʠʩ. 2.15 ɿʘʨʝʛʠʩʪʨʠʨʦʚʘʥʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʜʣʷ a) ʙʠʩʣʦʷ 4 ʥʤ ʉ ï 37 ʥʤ Ni ʥʘ Si 

ʧʦʜʣʦʞʢʝ, b) ʧʣʝʥʢʠ Ni 46 ʥʤ ʥʘ Si ʧʦʜʣʦʞʢʝ, ʩ) ʧʣʝʥʢʠ Fe 51 ʥʤ ʥʘ Si ʧʦʜʣʦʞʢʝ 

a 

ʈʠʩ. 2.16 ɿʘʨʝʛʠʩʪʨʠʨʦʚʘʥʥʘʷ 

ʟʘʚʠʩʠʤʦʩʪʴ ʜʣʷ ʙʠʩʣʦʷ 4 ʥʤ ʉ ï 37 ʥʤ 

Ni ʥʘ Si ʧʦʜʣʦʞʢʝ ʧʨʠ ʠʟʤʝʥʝʥʠʠ ʟʘʟʦʨʘ 

ʤʝʞʜʫ ʤʘʛʥʠʪʘʤʠ ʦʥʜʫʣʷʪʦʨʘ ʚ 

ʧʨʦʮʝʩʩʝ ʠʟʤʝʨʝʥʠʷ 

ʩ 




































































































