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ʇʦʜʘʮʠ ʦ ʜʦʢʪʦʨʩʢʦʿ ʜʠʩʝʨʪʘʮʠʿʠ 

ʅʘʩʣʦʚ ʜʦʢʪʦʨʩʢʝ ʜʠʩʝʨʪʘʮʠʿʝ: 

ʀʩʧʠʪʠʚʘˁʝ ʨʝʛʫʣʘʨʥʦʩʪʠ ʐʪʘʨʢʦʚʦʛ ʰʠʨʝˁʘ ʢʦʜ ʠʟʦʝʣʝʢʪʨʦʥʩʢʠʭ ʥʠʟʦʚʘ 

ʣʠʪʠʿʫʤʘ ʠ ʥʘʪʨʠʿʫʤʘ 

ʈʝʟʠʤʝ: 

ʎʠˀ ʦʙʘʚˀʝʥʦʛ ʠʩʪʨʘʞʠʚʘˁʘ ʿʝ ʧʨʦʥʘʣʘʞʝˁʝ ʪʝʦʨʠʿʩʢʦʛ ʤʦʜʝʣʘ ʢʦʿʠ ʙʠ ʦʤʦʛʫ˂ʠʦ 

ʦʜʨʝʹʠʚʘˁʝ ʚʨʝʜʥʦʩʪʠ ʐʪʘʨʢʦʚʦʛ ʰʠʨʝˁʘ ʟʘ ʨʘʟʣʠʯʠʪʝ ʩʧʝʢʪʨʘʣʥʝ ʣʠʥʠʿʝ ʝʤʠʪʝʨʘ 

(ʘʪʦʤʘ ʠ ʿʦʥʘ) ʠ ʧʘʨʘʤʝʪʨʝ ʧʣʘʟʤʝ (ʨʘʟʣʠʯʠʪʝ ʢʦʥʮʝʥʪʨʘʮʠʿʝ ʠ ʪʝʤʧʝʨʘʪʫʨʝ), ʢʦʿʝ 

ʜʦ ʩʘʜʘ ʥʠʩʫ ʤʝʨʝʥʝ ʥʠʪʠ ʨʘʯʫʥʘʪʝ, ʢʘʦ ʠ ʫʪʚʨʹʠʚʘˁʝ ʬʫʥʢʮʠʦʥʘʣʥʝ ʟʘʚʠʩʥʦʩʪʠ 

ʐʪʘʨʢʦʚʝ ʰʠʨʠʥʝ, ʢʘʢʦ ʦʜ ʧʘʨʘʤʝʪʘʨʘ ʧʣʘʟʤʝ, ʪʘʢʦ ʠ ʫʥʫʪʨʘʰˁʝ ʩʪʨʫʢʪʫʨʝ ʘʪʦʤʘ. 

ʇʨʝʜʣʦʞʝʥʠ ʤʝʪʦʜ ʦʤʦʛʫ˂ʫʿʝ ʦʜʨʝʹʠʚʘˁʝ ʐʪʘʨʢʦʚʝ ʰʠʨʠʥʝ ʩʘ ʤʠʥʠʤʫʤʦʤ 

ʧʦʪʨʝʙʥʠʭ ʘʪʦʤʩʢʠʭ ʧʘʨʘʤʝʪʘʨʘ. ʇʨʦʚʝʨʘ ʧʦʫʟʜʘʥʦʩʪʠ ʧʦʩʪʦʿʝ˂ʠʭ ʨʝʟʫʣʪʘʪʘ ʿʝ 

ʚʝʦʤʘ ʙʠʪʥʘ ʟʙʦʛ ʯʠˁʝʥʠʮʝ ʜʘ ʥʝ ʧʦʩʪʦʿʠ ʝʛʟʘʢʪʘʥ ʪʝʦʨʠʿʩʢʠ ʤʦʜʝʣ ʠ ʜʘ ʧʦʩʪʦʿʠ ʥʠʟ 

ʧʨʦʙʣʝʤʘ ʫ ʝʤʧʠʨʠʿʩʢʦʤ ʦʜʨʝʹʠʚʘˁʫ ʐʪʘʨʢʦʚʝ ʰʠʨʠʥʝ, ʢʘʦ ʠ ʥʝʜʦʚʦˀʥʦ 

ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʠʭ ʧʦʜʘʪʘʢʘ. ʂʨʠʪʠʯʢʠ ʛʣʝʜʘʥʦ, ʐʪʘʨʢʦʚʘ ʰʠʨʠʥʘ ʩʝ ʠ ʜʦ ʩʘʜʘ 

ʦʜʨʝʹʠʚʘʣʘ ʩʘ ʚʝ˂ʦʤ ʛʨʝʰʢʦʤ, ʪʝ ʿʝ ʥʝʦʧʭʦʜʥʦ ʨʘʟʚʠʿʘʪʠ ʥʦʚʝ ʤʝʪʦʜʝ. ʇʨʝʜʣʦʞʝʥʠ 

ʧʨʠʩʪʫʧ ʦʤʦʛʫ˂ʫʿʝ ʢʨʠʪʠʯʢʫ ʘʥʘʣʠʟʫ ʚʝʣʠʢʦʛ ʙʨʦʿʘ ʜʦʩʪʫʧʥʠʭ ʚʨʝʜʥʦʩʪʠ 

ʐʪʘʨʢʦʚʠʭ ʧʘʨʘʤʝʪʘʨʘ.  

ʄʦʜʝʣ ʢʦʿʠ ʩʝ ʢʦʨʠʩʪʠ ʫ ʨʘʜʫ ʿʝ ʜʦʙʠʿʝʥ ʢʚʘʥʪʥʦʤʝʭʘʥʠʯʢʠʤ ʠʟʨʘʯʫʥʘʚʘˁʝʤ 

ʐʪʘʨʢʦʚʦʛ ʰʠʨʝˁʘ ( ɤ ) ʫ ʧʣʘʟʤʠ, ʧʨʠ ʯʝʤʫ ʿʝ ʢʦʨʠʰ˂ʝʥʦ ʥʝʢʦʣʠʢʦ ʘʧʨʦʢʩʠʤʘʮʠʿʘ, 

ʘʣʠ ˁʝʛʦʚ ʢʦʥʘʯʘʥ ʦʙʣʠʢ ʠʤʘ ʩʪʨʫʢʪʫʨʫ ʫ ʢʦʿʦʿ ʐʪʘʨʢʦʚʦ ʰʠʨʝˁʝ ʟʘʚʠʩʠ ʦʜ 

ʧʦʪʝʥʮʠʿʘʣʘ ʿʦʥʠʟʘʮʠʿʝ ʩʘ ʛʦʨˁʝʛ ʥʠʚʦʘ ʝʣʝʢʪʨʦʥʘ ʫ ʧʨʝʣʘʟʫ ( ɢ ) ʠ ʥʘʝʣʝʢʪʨʠʩʘˁʘ 

ʝʤʠʪʝʨʘ ʢʦʿʝ ʚʠʜʠ ʝʣʝʢʪʨʦʥ ʫ ʧʨʝʣʘʟʫ ( Zc ). ʆʚʦ ʿʝ ʜʠʨʝʢʪʥʘ ʧʦʩʣʝʜʠʮʘ ʐʪʘʨʢʦʚʦʛ 

ʝʬʝʢʪʘ, ʢʦʜ ʢʦʿʝʛ ʜʝʛʝʥʝʨʘʮʠʿʘ ʝʥʝʨʛʠʿʝ ʟʘʚʠʩʠ ʦʜ ʝʣʝʢʪʨʠʯʥʦʛ ʧʦˀʘ. ʐʠʨʠʥʘ 

ʣʠʥʠʿʝ, ʢʦʿʘ ʿʝ ʠʟʨʘʞʝʥʘ ʫ ʨʘʜʠʿʘʥʠʤʘ ʧʦ ʩʝʢʫʥʜʠ, ʧʨʝʜʩʪʘʚˀʘ ʨʘʩʧʦʥ ʧʦʧʨʘʚʢʝ 

ʝʥʝʨʛʠʿʝ ʫʟʨʦʢʦʚʘʥʝ ʐʪʘʨʢʦʚʠʤ ʝʬʝʢʪʦʤ, ʦʜʥʦʩʥʦ ʧʝʨʪʫʨʙʘʮʠʿʦʤ ʫ ʝʣʝʢʪʨʠʯʥʦʤ 

ʧʦˀʫ ʧʣʘʟʤʝ.  

ʆʩʥʦʚʥʘ ʧʨʠʤʝʥʘ ʨʝʟʫʣʪʘʪʘ ʦʚʘʢʚʦʛ ʠʩʪʨʘʞʠʚʘˁʘ ʿʝ ʫ ʜʠʿʘʛʥʦʩʪʠʮʠ ʧʣʘʟʤʝ. 

ʇʨʦʬʠʣʠ ʩʧʝʢʪʨʘʣʥʠʭ ʣʠʥʠʿʘ ʢʦʿʝ ʝʤʠʪʫʿʫ ʘʪʦʤʠ ʩʫ ʦʜʨʝʹʝʥʠ ʧʘʨʘʤʝʪʨʠʤʘ ʧʣʘʟʤʝ 

ʠ ʩʪʨʫʢʪʫʨʦʤ ʝʤʠʪʝʨʘ, ʧʘ ʩʝ ʘʥʘʣʠʟʦʤ ʪʠʭ ʧʨʦʬʠʣʘ ʤʦʞʝ ʜʦ˂ʠ ʜʦ ʠʥʬʦʨʤʘʮʠʿʘ ʦ 



 

 

ˁʠʭʦʚʦʤ ʫʟʨʦʢʫ, ʦʜʥʦʩʥʦ ʦ ʧʘʨʘʤʝʪʨʠʤʘ ʧʣʘʟʤʝ. ʏʘʢ ʠ ʩʘʤʘ ʰʠʨʠʥʘ ʩʧʝʢʪʨʘʣʥʝ 

ʣʠʥʠʿʝ ʥʦʩʠ ʤʥʦʰʪʚʦ ʠʥʬʦʨʤʘʮʠʿʘ ʦ ʩʚʦʤ ʦʢʨʫʞʝˁʫ. ʋ ʦʧʰʪʝʤ ʩʣʫʯʘʿʫ, ʰʠʨʠʥʘ 

ʩʧʝʢʪʨʘʣʥʝ ʣʠʥʠʿʝ ʿʝ ʧʦʚʝʟʘʥʘ ʩʘ ʧʘʨʘʤʝʪʨʠʤʘ ʧʣʘʟʤʝ, ʠʟ ʯʝʛʘ ʩʝ ʚʠʜʠ ʜʘ ʩʝ 

ʝʣʝʢʪʨʦʥʩʢʘ ʢʦʥʮʝʥʪʨʘʮʠʿʘ ʤʦʞʝ ʦʜʨʝʜʠʪʠ ʧʦʨʝʹʝˁʝʤ ʧʨʦʬʠʣʘ ʩʧʝʢʪʨʘʣʥʝ ʣʠʥʠʿʝ 

ʫ ʥʝʧʦʟʥʘʪʠʤ ʫʩʣʦʚʠʤʘ ʩʘ ʧʨʦʬʠʣʦʤ ʜʦʙʠʿʝʥʠʤ ʫ ʧʦʟʥʘʪʠʤ ʫʩʣʦʚʠʤʘ. 

ʌʫʥʢʮʠʦʥʘʣʥʘ ʟʘʚʠʩʥʦʩʪ ʐʪʘʨʢʦʚʦʛ ʰʠʨʝˁʘ ʦʜ ʝʣʝʢʪʨʦʥʩʢʝ ʢʦʥʮʝʥʪʨʘʮʠʿʝ, ʿʝ ʧʦ 

ʧʨʘʚʠʣʫ, ʟʘ ʚʠʰʝʝʣʝʢʪʨʦʥʩʢʝ ʘʪʦʤʝ ʣʠʥʝʘʨʥʘ, ʤʝʹʫʪʠʤ ʧʦʩʪʦʿʝ ʦʜʩʪʫʧʘˁʘ ʦʜ ʦʚʦʛ 

ʧʨʘʚʠʣʘ ʠ ʪʘ ʦʜʩʪʫʧʘˁʘ ʩʫ ʜʝʪʘˀʥʦ ʘʥʘʣʠʟʠʨʘʥʘ ʫ ʦʚʦʤ ʨʘʜʫ. ʌʫʥʢʮʠʦʥʘʣʥʘ 

ʟʘʚʠʩʥʦʩʪ ʦʜ ʪʝʤʧʝʨʘʪʫʨʝ ʿʝ ʩʣʦʞʝʥʠʿʘ ʠ ʪʘʢʦʹʝ ʿʝ ʧʨʝʜʤʝʪ ʧʨʝʜʣʦʞʝʥʦʛ 

ʠʩʪʨʘʞʠʚʘˁʘ. ʅʘ ʦʩʥʦʚʫ ʧʦʜʘʪʘʢʘ ʢʦʿʠ ʩʫ ʜʦʩʪʫʧʥʠ ʚʠʜʠ ʩʝ ʜʘ ʐʪʘʨʢʦʚʦ ʰʠʨʝˁʝ 

ʦʧʘʜʘ ʩʘ ʪʝʤʧʝʨʘʪʫʨʦʤ ʟʘ ʥʝʢʝ ʘʪʦʤʩʢʝ ʧʨʝʣʘʟʝ, ʘ ʨʘʩʪʝ ʟʘ ʜʨʫʛʝ. ʀʘʢʦ ʩʝ ʫ 

ʣʠʪʝʨʘʪʫʨʠ ʥʘʚʦʜʠ ʜʘ ʿʝ ʦʚʘ ʟʘʚʠʩʥʦʩʪ ʫʚʝʢ ʤʦʥʦʪʦʥʦ ʦʧʘʜʘʿʫ˂ʘ ʠʣʠ ʨʘʩʪʫ˂ʘ ʟʘ 

ʜʦʩʪʫʧʥʠ ʪʝʤʧʝʨʘʪʫʨʥʠ ʠʥʪʝʨʚʘʣ, ʫʦʯʝʥʠ ʩʫ ʧʨʠʤʝʨʠ ʢʦʜ ʢʦʿʠʭ ʿʝ ʠʟʨʘʞʝʥ 

ʤʘʢʩʠʤʫʤ ʐʪʘʨʢʦʚʝ ʰʠʨʠʥʝ ʟʘ ʦʜʨʝʹʝʥʫ ʪʝʤʧʝʨʘʪʫʨʫ. ʋ ʨʘʜʫ ʩʫ ʠʩʧʠʪʘʥʠ ʦʚʠ 

ʧʨʠʤʝʨʠ ʠ ʧʨʦʥʘʹʝʥ ʿʝ ʤʦʜʝʣ ʢʦʿʠ ʦʙʿʘʰˁʘʚʘ ʦʚʘʢʚʫ ʟʘʚʠʩʥʦʩʪ. ʉ ʦʙʟʠʨʦʤ ʜʘ 

ʧʦʪʨʝʙʥʠ ʧʦʜʘʮʠ ʥʠʩʫ ʜʦʩʪʫʧʥʠ ʫ ʦʜʛʦʚʘʨʘʿʫ˂ʝʤ ʙʨʦʿʫ, ʙʠ˂ʝ ʥʝʦʧʭʦʜʥʦ ʠʟʤʝʨʠʪʠ 

ʰʠʨʠʥʝ ʩʧʝʢʪʨʘʣʥʠʭ ʣʠʥʠʿʘ ʥʘ ʧʦʪʨʝʙʥʠʤ ʫʩʣʦʚʠʤʘ ʠʣʠ ʪʝʦʨʠʿʩʢʠ ʠʟʨʘʯʫʥʘʪʠ 

ʧʦʤʦ˂ʫ ʥʝʢʝ ʦʜ ʢʦʨʠʰ˂ʝʥʠʭ ʢʚʘʥʪʥʦʤʝʭʘʥʠʯʢʠʭ ʘʧʨʦʢʩʠʤʘʮʠʿʘ. 

ʋ ʘʥʘʣʠʟʠ ʬʫʥʢʮʠʦʥʘʣʥʝ ʟʘʚʠʩʥʦʩʪʠ ʩʫ ʢʦʨʠʰ˂ʝʥʠ ʧʦʜʘʮʠ ʦ 44 ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʦ 

ʠʟʤʝʨʝʥʠʭ ʠ 574 ʪʝʦʨʠʿʩʢʠ ʠʟʨʘʯʫʥʘʪʠʭ ʰʠʨʠʥʘ ʩʧʝʢʪʨʘʣʥʠʭ ʣʠʥʠʿʘ ʧʨʠʢʫʧˀʝʥʠʭ 

ʠʟ ʣʠʪʝʨʘʪʫʨʝ ʠ  52 ʩʧʝʢʪʨʘʣʥʝ ʣʠʥʠʿʝ ʟʘ ʢʦʿʝ ʿʝ ʠʟʨʘʯʫʥʘʪʘ ʰʠʨʠʥʘ ʫ ʦʚʦʤ ʨʘʜʫ. ʅʘ 

ʦʩʥʦʚʫ ʪʠʭ ʧʦʜʘʪʘʢʘ ʿʝ ʠʩʪʨʘʞʝʥʘ ʤʦʛʫ˂ʥʦʩʪ ʜʘ ʩʝ ʿʝʜʠʥʩʪʚʝʥʦʤ ʬʦʨʤʫʣʦʤ ʦʧʠʰʫ 

ʠ ʣʠʥʠʿʝ ʥʝʫʪʨʘʣʘ ʠ ʿʦʥʘ, ʰʪʦ ʥʠʿʝ ʙʠʦ ʩʣʫʯʘʿ ʫ ʨʘʥʠʿʠʤ ʨʘʜʦʚʠʤʘ ʢʦʿʠ ʩʝ ʙʘʚʝ ʦʚʦʤ 

ʪʝʤʦʤ.  

ʇʦʩʝʙʘʥ ʢʚʘʣʠʪʝʪ ʦʚʦʤ ʨʘʜʫ ʜʘʿʝ ʯʠˁʝʥʠʮʘ ʜʘ ʿʝ ʨʘʟʚʠʿʝʥ ʧʨʠʩʪʫʧ ʙʘʟʘʤʘ ʘʪʦʤʩʢʠʭ 

ʧʦʜʘʪʘʢʘ, ʢʘʦ ʠ ʧʦʜʘʪʘʢʘ ʚʝʟʘʥʠʭ ʟʘ ʦʜʛʦʚʘʨʘʿʫ˂ʝ ʧʨʦʮʝʩʝ (ʝʬʠʢʘʩʥʠ ʧʨʝʩʝʮʠ). 

ʆʙʨʘʜʘ ʚʝʣʠʢʦʛ ʙʨʦʿʘ ʧʘʨʘʤʝʪʘʨʘ ʿʝ ʟʘʭʪʝʚʘʣʘ ʨʘʟʚʦʿ ʦʜʛʦʚʘʨʘʿʫ˂ʠʭ ʘʣʛʦʨʠʪʘʤʘ 

ʢʦʿʠ, ʩ ʿʝʜʥʝ ʩʪʨʘʥʝ, ʦʤʦʛʫ˂ʫʿʫ ʙʨʟʫ ʦʙʨʘʜʫ ʧʦʜʘʪʘʢʘ, ʘ ʩʘ ʜʨʫʛʝ ʩʪʨʘʥʝ ʦʤʦʛʫ˂ʫʿʫ 

ʢʚʘʣʠʪʝʪʥʫ ʢʦʥʪʨʦʣʫ ʠ ʧʨʦʚʝʨʫ ʧʨʦʮʝʜʫʨʝ ʠ ʜʦʙʠʿʝʥʠʭ ʨʝʟʫʣʪʘʪʘ.  
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 ʋɺʆɼ 

ʋ ʤʥʦʛʠʤ ʥʘʫʯʥʠʤ ʨʘʜʦʚʠʤʘ [1,2,3,4] ʢʦʿʠ ʜʘʿʫ ʦʩʚʨʪ ʥʘ ʪʝʦʨʠʿʩʢʝ ʠ 

ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʝ ʧʦʜʘʪʢʝ ʦ ʐʪʘʨʢʦʚʦʤ ʰʠʨʝˁʫ, ʥʘʚʦʜʠ ʩʝ ʜʘ ʧʦʩʪʦʿʝ˂ʝ ʙʘʟʝ 

ʧʦʜʘʪʘʢʘ ʥʝ ʤʦʛʫ ʜʘ ʟʘʜʦʚʦˀʝ ʩʚʝ ʚʝ˂ʫ ʧʦʪʨʝʙʫ ʟʘ ʧʦʜʘʮʠʤʘ ʢʦʿʠ ʩʝ ʢʦʨʠʩʪʝ ʫ 

ʧʨʦʫʯʘʚʘˁʫ ʟʚʝʟʜʘʥʠʭ ʩʧʝʢʪʘʨʘ, ʥʘ ʧʨʠʤʝʨ ʟʘ ʨʘʯʫʥʘˁʝ ʦʧʪʠʯʢʝ ʧʨʦʟʠʨʥʦʩʪʠ ʠ 

ʤʦʜʝʣʠʨʘˁʝ ʨʘʜʠʿʘʪʠʚʥʦʛ ʧʨʝʥʦʩʘ ʫ ʟʚʝʟʜʘʥʠʤ ʘʪʤʦʩʬʝʨʘʤʘ, ʠʘʢʦ ʿʝ ʦʚʘ ʦʙʣʘʩʪ 

ʜʘʥʘʩ ʚʝʦʤʘ ʘʢʪʫʝʣʥʘ. ʊʠ ʧʦʜʘʮʠ ʩʫ ʥʝʦʧʭʦʜʥʠ ʠ ʟʘ ʦʜʨʝʹʠʚʘˁʝ ʢʦʥʮʝʥʪʨʘʮʠʿʝ 

ʭʝʤʠʿʩʢʠʭ ʝʣʝʤʝʥʘʪʘ, ʢʘʢʦ ʫ ʟʚʝʟʜʘʤʘ, ʪʘʢʦ ʠ ʫ ʤʝʹʫʟʚʝʟʜʘʥʦʤ ʧʨʦʩʪʦʨʫ, ʢʘʦ ʠ ʫ 

ʣʘʙʦʨʘʪʦʨʠʿʩʢʦʿ ʠ ʬʫʟʠʦʥʦʿ ʧʣʘʟʤʠ. 

ʇʦʜʘʮʠ ʦ ʐʪʘʨʢʦʚʦʤ ʰʠʨʝˁʫ ʩʧʝʢʪʨʘʣʥʠʭ ʣʠʥʠʿʘ ʨʘʟʣʠʯʠʪʠʭ ʘʪʦʤʘ ʠ ʿʦʥʘ ʩʝ 

ʢʦʨʠʩʪʝ ʫ ʘʥʘʣʠʟʠ ʨʘʜʠʿʘʪʠʚʥʦʛ ʧʨʝʥʦʩʘ ʫ ʘʪʤʦʩʬʝʨʘʤʘ ʚʨʝʣʠʭ ʟʚʝʟʜʘ ʠ ʫ 

ʠʩʪʨʘʞʠʚʘˁʫ ʜʨʫʛʠʭ ʘʩʪʨʦʬʠʟʠʯʢʠʭ ʧʨʦʙʣʝʤʘ [5]. ʅʘ ʧʨʠʤʝʨ, ʩʧʝʢʪʨʘʣʥʝ ʣʠʥʠʿʝ 

ʟʝʤʥʦʘʣʢʘʣʥʠʭ ʤʝʪʘʣʘ ʫʩʧʝʰʥʦ ʩʝ ʢʦʨʠʩʪʝ ʫ ʧʦʩʪʫʧʢʫ ʦʜʨʝʹʠʚʘˁʘ ʟʘʩʪʫʧˀʝʥʦʩʪʠ 

ʝʣʝʤʝʥʘʪʘ ʫ ʥʝʙʝʩʢʠʤ ʪʝʣʠʤʘ [6]. ʃʠʥʠʿʝ ʥʝʫʪʨʘʣʥʦʛ ʩʪʨʦʥʮʠʿʫʤʘ ʠ ʙʘʨʠʿʫʤʘ, ʢʦʿʠ 

ʩʫ ʧʨʦʜʫʢʪʠ ʪʝʨʤʦʥʫʢʣʝʘʨʥʠʭ ʨʝʘʢʮʠʿʘ ʫ ʟʚʝʟʜʘʥʠʤ ʿʝʟʛʨʠʤʘ, ʢʦʨʠʩʥʝ ʩʫ ʟʘ 

ʜʦʙʠʿʘˁʝ ʠʥʬʦʨʤʘʮʠʿʘ ʦ ʪʠʤ ʧʨʦʮʝʩʠʤʘ. ʋ ʬʫʟʠʦʥʠʤ ʨʝʘʢʪʦʨʠʤʘ 

ʜʠʿʘʛʥʦʩʪʠʢʦʚʘˁʝ ʧʘʨʘʤʝʪʘʨʘ ʚʠʩʦʢʦʪʝʤʧʝʨʘʪʫʨʩʢʝ ʧʣʘʟʤʝ ʫʩʧʝʰʥʦ ʩʝ ʚʨʰʠ 

ʧʦʤʦ˂ʫ ʚʨʝʜʥʦʩʪʠ ʐʪʘʨʢʦʚʠʭ ʧʘʨʘʤʝʪʘʨʘ ʣʠʥʠʿʘ ʭʝʣʠʿʫʤʘ ʠ ʣʠʪʠʿʫʤʘ [7]. 

ʇʦʟʥʘʪʦ ʿʝ ʜʘ ʧʘʨʘʤʝʪʨʠ ʧʣʘʟʤʝ ʫʪʠʯʫ ʥʘ ʠʥʪʝʥʟʠʪʝʪ ʠ ʰʠʨʠʥʫ ʩʧʝʢʪʨʘʣʥʝ ʣʠʥʠʿʝ. 

ʐʪʘʨʢʦʚʘ ʰʠʨʠʥʘ ʜʦʤʠʥʘʥʪʥʦ ʟʘʚʠʩʠ ʦʜ ʝʣʝʢʪʨʦʥʩʢʝ ʢʦʥʮʝʥʪʨʘʮʠʿʝ, ʘʣʠ ʠ ʦʜ 

ʪʝʤʧʝʨʘʪʫʨʝ, ʧʨʠ ʯʝʤʫ ʿʝ ʪʘ ʪʝʤʧʝʨʘʪʫʨʥʘ ʟʘʚʠʩʥʦʩʪ ʥʝʜʦʚʦˀʥʦ ʠʩʧʠʪʘʥʘ. ʋ ʨʘʜʫ 

ʿʝ ʧʨʝʜʣʦʞʝʥ ʤʦʜʝʣ ʢʦʿʠ ʦʙʿʘʰˁʘʚʘ ʦʧʰʪʫ ʟʘʚʠʩʥʦʩʪ ʐʪʘʨʢʦʚʝ ʰʠʨʠʥʝ ʦʜ 
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ʪʝʤʧʝʨʘʪʫʨʝ, ʘʥʘʣʠʟʦʤ ʝʬʠʢʘʩʥʠʭ ʧʨʝʩʝʢʘ ʟʘ ʧʦʙʫʜʫ ʦʜʛʦʚʘʨʘʿʫ˂ʠʭ ʝʥʝʨʛʠʿʩʢʠʭ 

ʥʠʚʦʘ. 

ʇʦʨʝʜ ʤʘʢʨʦʩʢʦʧʩʢʠʭ ʧʘʨʘʤʝʪʘʨʘ ʧʣʘʟʤʝ, ʥʘ ʧʨʦʬʠʣ ʣʠʥʠʿʘ ʫʪʠʯʫ ʠ ʩʪʨʫʢʪʫʨʘ 

ʝʤʠʪʝʨʘ ʠ ʠʥʪʝʨʘʢʮʠʿʘ ʝʤʠʪʝʨʘ ʩʘ ʧʝʨʪʫʨʙʝʨʦʤ. ɼʘʣʝʢʦʩʝʞʥʠ ʜʦʧʨʠʥʦʩ ʦʚʦʛ ʨʘʜʘ 

ʙʠ ʤʦʛʘʦ ʙʠʪʠ ʫ ʙʦˀʝʤ ʨʘʟʫʤʝʚʘˁʫ ʠʥʪʝʨʘʢʮʠʿʝ ʤʝʹʫ ʢʦʥʩʪʠʪʫʝʥʪʠʤʘ ʧʣʘʟʤʝ, ʫ 

ʠʟʚʦʹʝˁʫ ʨʝʣʘʮʠʿʘ ʟʘ ʝʬʠʢʘʩʥʝ ʧʨʝʩʝʢʝ ʠ ʫ ʘʥʘʣʠʟʠ ʤʝʭʘʥʠʟʘʤʘ ʪʨʘʥʩʧʦʨʪʘ 

ʝʥʝʨʛʠʿʝ ʫ ʧʣʘʟʤʠ. 

ʆʚʘʢʘʚ ʧʨʠʩʪʫʧ ʩʝ ʨʘʟʣʠʢʫʿʝ ʦʜ ʧʨʝʪʭʦʜʥʠʭ ʘʥʘʣʠʟʘ ʪʨʝʥʜʦʚʘ ʐʪʘʨʢʦʚʠʭ 

ʧʘʨʘʤʝʪʘʨʘ ʧʨʚʝʥʩʪʚʝʥʦ ʧʦ ʠʟʙʦʨʫ ʧʘʨʘʤʝʪʘʨʘ ʢʦʿʠ ʫ ʐʪʘʨʢʦʚʦ ʰʠʨʝˁʝ ʫʥʦʩʝ 

ʠʥʬʦʨʤʘʮʠʿʝ ʦ ʘʪʦʤʩʢʦʿ ʩʪʨʫʢʪʫʨʠ ʝʤʠʪʝʨʘ [8]. ʅʘ ʪʘʿ ʥʘʯʠʥ ʩʝ ʤʦʞʝ ʘʜʝʢʚʘʪʥʦ 

ʦʧʠʩʘʪʠ ʫʪʠʮʘʿ ʘʪʦʤʩʢʝ ʩʪʨʫʢʪʫʨʝ ʥʘ ʚʨʝʜʥʦʩʪ ʐʪʘʨʢʦʚʦʛ ʰʠʨʝˁʘ, ʘ ʪʘʿ ʩʝ ʫʪʠʮʘʿ 

ʫ ʣʠʪʝʨʘʪʫʨʠ ʥʘʟʠʚʘ ʨʝʛʫʣʘʨʥʦʩʪ ʐʪʘʨʢʦʚʠʭ ʧʘʨʘʤʝʪʘʨʘ. 

ʆʯʝʢʫʿʝ ʩʝ ʜʘ ʛʨʝʰʢʘ ʨʝʟʫʣʪʘʪʘ ʢʦʿʘ ʩʝ ʜʦʙʠʿʘ ʦʚʦʤ ʤʝʪʦʜʦʤ ʙʫʜʝ ʫʧʦʨʝʜʠʚʘ ʩʘ 

ʛʨʝʰʢʦʤ ʧʦʜʘʪʘʢʘ ʢʦʿʠ ʩʝ ʢʦʨʠʩʪʝ ʫ ʧʨʦʚʝʨʘʚʘˁʫ ʟʘʚʠʩʥʦʩʪʠ ʐʪʘʨʢʦʚʦʛ ʰʠʨʝˁʘ 

ʦʜ ʧʦʪʝʥʮʠʿʘʣʘ ʿʦʥʠʟʘʮʠʿʝ ʩʘ ʛʦʨˁʝʛ ʥʠʚʦʘ. ɿʙʦʛ ʪʦʛʘ ʿʝ ʥʝʦʧʭʦʜʥʦ ʠʤʘʪʠ ʰʪʦ ʚʝ˂ʫ 

ʙʘʟʫ ʧʦʜʘʪʘʢʘ ʩʘ ʪʝʦʨʠʿʩʢʠ ʨʘʯʫʥʘʪʠʤ ʠʣʠ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʦ ʠʟʤʝʨʝʥʠʤ ʧʦʜʘʮʠʤʘ 

ʦ ʐʪʘʨʢʦʚʦʤ ʰʠʨʝˁʫ ʩʧʝʢʪʨʘʣʥʠʭ ʣʠʥʠʿʘ ʩʘ ʠʩʪʠʤ ʫʩʣʦʚʠʤʘ ʦʢʨʫʞʝˁʘ, ʦʜʥʦʩʥʦ 

ʩʘ ʠʩʪʠʤ ʧʘʨʘʤʝʪʨʠʤʘ ʧʣʘʟʤʝ, ʧʦʩʝʙʥʦ ʧʨʠ ʠʩʪʠʤ ʪʝʤʧʝʨʘʪʫʨʘʤʘ ʠ ʠʩʪʦʿ 

ʝʣʝʢʪʨʦʥʩʢʦʿ ʢʦʥʮʝʥʪʨʘʮʠʿʠ. ʅʘ ʪʘʿ ʥʘʯʠʥ ʩʝ ʤʦʞʝ ʠʟʙʝ˂ʠ ʩʢʘʣʠʨʘˁʝ ʥʘ ʠʩʪʫ 

ʪʝʤʧʝʨʘʪʫʨʫ ʠ ʝʣʝʢʪʨʦʥʩʢʫ ʢʦʥʮʝʥʪʨʘʮʠʿʫ. ʋ ʧʨʘʢʩʠ ʩʝ ʩʢʘʣʠʨʘˁʝ ʥʘʿʯʝʰ˂ʝ ʤʦʨʘ 

ʦʙʘʚʠʪʠ, ʧʨʠ ʯʝʤʫ ʿʝ ʥʝʦʧʭʦʜʥʦ ʧʦʟʥʘʚʘˁʝ ʬʫʥʢʮʠʦʥʘʣʥʝ ʟʘʚʠʩʥʦʩʪʠ ʐʪʘʨʢʦʚʠʭ 

ʧʘʨʘʤʝʪʘʨʘ ʦʜ ʪʝʤʧʝʨʘʪʫʨʝ ʠ ʢʦʥʮʝʥʪʨʘʮʠʿʝ. 

ʊʨʝʥʫʪʥʦ, ʫ ʙʘʟʘʤʘ ʘʪʦʤʩʢʠʭ ʧʦʜʘʪʘʢʘ ʿʝ ʝʚʠʜʝʥʪʘʥ ʥʝʜʦʩʪʘʪʘʢ ʧʘʨʘʤʝʪʘʨʘ ʟʘ 

ʐʪʘʨʢʦʚʦ ʰʠʨʝˁʝ ʚʝʣʠʢʦʛ ʙʨʦʿʘ ʩʧʝʢʪʨʘʣʥʠʭ ʣʠʥʠʿʘ ʿʦʥʘ ʠ ʥʝʫʪʨʘʣʘ. ʊʘʢʦʹʝ, ʤʦʞʝ 

ʩʝ ʫʦʯʠʪʠ ʚʝʣʠʢʠ ʥʝʜʦʩʪʘʪʘʢ ʚʨʝʜʥʦʩʪʠ ʟʘ ʦʩʥʦʚʥʝ ʘʪʦʤʩʢʝ ʧʘʨʘʤʝʪʨʝ ʢʦʿʝ ʩʫ 

ʥʝʦʧʭʦʜʥʝ ʟʘ ʨʘʯʫʥʘˁʝ ʐʪʘʨʢʦʚʠʭ ʰʠʨʠʥʘ ʧʦ ʧʦʩʪʦʿʝ˂ʠʤ ʤʦʜʝʣʠʤʘ. ʎʠˀ 

ʦʙʘʚˀʝʥʦʛ ʠʩʪʨʘʞʠʚʘˁʘ ʿʝ ʧʨʦʥʘʣʘʞʝˁʝ ʪʝʦʨʠʿʩʢʦʛ ʤʦʜʝʣʘ ʢʦʿʠ ʙʠ ʦʤʦʛʫ˂ʠʦ 

ʠʟʨʘʯʫʥʘʚʘˁʝ ʐʪʘʨʢʦʚʦʛ ʰʠʨʝˁʘ ʟʘ ʨʘʟʣʠʯʠʪʝ ʩʧʝʢʪʨʘʣʥʝ ʣʠʥʠʿʝ ʝʤʠʪʝʨʘ, ʢʦʿʝ ʜʦ 

ʩʘʜʘ ʥʠʿʝ ʠʟʤʝʨʝʥʦ ʥʠʪʠ ʠʟʨʘʯʫʥʘʪʦ. ʇʨʝʜʣʦʞʝʥʠ ʤʝʪʦʜ ʦʤʦʛʫ˂ʫʿʝ ʦʜʨʝʹʠʚʘˁʝ 

ʐʪʘʨʢʦʚʝ ʰʠʨʠʥʝ ʩʘ ʤʠʥʠʤʫʤʦʤ ʧʦʪʨʝʙʥʠʭ ʘʪʦʤʩʢʠʭ ʧʘʨʘʤʝʪʘʨʘ. ʅʝʜʦʩʪʘʿʫ˂ʝ 
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ʚʨʝʜʥʦʩʪʠ ʐʪʘʨʢʦʚʦʛ ʰʠʨʝˁʘ ʠʟʨʘʯʫʥʘʪʝ ʩʫ ʢʦʨʠʰ˂ʝˁʝʤ ʤʦʜʠʬʠʢʦʚʘʥʝ 

ʩʝʤʠʝʤʧʠʨʠʿʩʢʝ ʬʦʨʤʫʣʝ. ʇʨʦʚʝʨʘ ʧʦʫʟʜʘʥʦʩʪʠ ʧʦʩʪʦʿʝ˂ʠʭ ʨʝʟʫʣʪʘʪʘ ʿʝ ʚʝʦʤʘ 

ʙʠʪʥʘ ʟʙʦʛ ʯʠˁʝʥʠʮʝ ʜʘ ʥʝ ʧʦʩʪʦʿʠ ʝʛʟʘʢʪʘʥ ʪʝʦʨʠʿʩʢʠ ʤʦʜʝʣ ʠ ʜʘ ʧʦʩʪʦʿʠ ʥʠʟ 

ʧʨʦʙʣʝʤʘ ʫ ʝʤʧʠʨʠʿʩʢʦʤ ʦʜʨʝʹʠʚʘˁʫ ʐʪʘʨʢʦʚʝ ʰʠʨʠʥʝ. ʇʨʝʜʣʦʞʝʥʠ ʧʨʠʩʪʫʧ 

ʦʤʦʛʫ˂ʫʿʝ ʢʨʠʪʠʯʢʫ ʘʥʘʣʠʟʫ ʚʝʣʠʢʦʛ ʙʨʦʿʘ ʜʦʩʪʫʧʥʠʭ ʚʨʝʜʥʦʩʪʠ ʐʪʘʨʢʦʚʠʭ 

ʧʘʨʘʤʝʪʘʨʘ. 

ʋ ʨʘʜʫ ʿʝ ʧʦ ʧʨʚʠ ʧʫʪ ʠʟʫʯʘʚʘʥʘ ʨʝʛʫʣʘʨʥʦʩʪ ʣʠʥʠʿʘ ʠʟʦʝʣʝʢʪʨʦʥʩʢʦʛ ʥʠʟʘ ʣʠʪʠʿʫʤʘ 

ʠ ʥʘʪʨʠʿʫʤʘ ʫʟ ʢʦʨʠʰ˂ʝˁʝ ʧʦʜʘʪʘʢʘ ʟʘ ʩʧʝʢʪʨʘʣʥʝ ʣʠʥʠʿʝ ʠ ʿʦʥʘ ʠ ʥʝʫʪʨʘʣʘ 

ʦʜʛʦʚʘʨʘʿʫ˂ʝʛ ʥʠʟʘ. ɼʦ ʩʘʜʘ ʿʝ ʫ ʣʠʪʝʨʘʪʫʨʠ ʠʟʫʯʘʚʘˁʝ ʐʪʘʨʢʦʚʝ ʰʠʨʠʥʝ ʣʠʥʠʿʘ 

ʥʝʫʪʨʘʣʘ ʙʠʣʦ ʠʟʜʚʦʿʝʥʦ ʦʜ ʧʨʦʫʯʘʚʘˁʘ ʨʝʛʫʣʘʨʥʦʩʪʠ ʿʦʥʘ ʢʦʿʠ ʩʫ ˁʝʤʫ ʩʣʠʯʥʠ. ʋ 

ʨʘʜʫ ʿʝ ʧʦʢʘʟʘʥʦ ʜʘ ʿʝ ʤʦʛʫ˂ ʿʝʜʠʥʩʪʚʝʥ ʧʨʠʩʪʫʧ ʫ ʦʙʨʘʜʠ ʐʪʘʨʢʦʚʠʭ ʰʠʨʠʥʘ ʿʦʥʘ 

ʠ ʥʝʫʪʨʘʣʘ.
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 ʐʊɸʈʂʆɺ ɽʌɽʂɸʊ ʀ ʐʊɸʈʂʆɺʆ 

ʐʀʈɽɳɽ 

ʐʪʘʨʢʦʚ ʝʬʝʢʘʪ ʿʝ ʬʝʥʦʤʝʥ ʢʦʿʠ ʩʝ ʜʦʛʘʹʘ ʢʘʜʘ ʩʝ ʘʪʦʤ, ʠʣʠ ʩʠʩʪʝʤ ʘʪʦʤʘ ʫʥʝʩʝ ʫ 

ʝʣʝʢʪʨʠʯʥʦ ʧʦˀʝ. ʊʦʤ ʧʨʠʣʠʢʦʤ ʩʧʝʢʪʘʨ ʘʪʦʤʘ ʧʦʩʪʘʿʝ ʜʨʫʛʘʯʠʿʠ ʟʙʦʛ ʮʝʧʘˁʘ 

ʝʥʝʨʛʠʿʩʢʠʭ ʥʠʚʦʘ ʠ ˁʠʭʦʚʦʛ ʧʦʤʝʨʘˁʘ (ʉʣʠʢʘ 1.1). ʋʩʣʝʜ ʦʚʦʛ ʝʬʝʢʪʘ ʜʦʣʘʟʠ ʜʦ 

ʮʝʧʘˁʘ ʣʠʥʠʿʘ ʢʦʿʝ ʝʤʠʪʫʿʫ ʩʠʩʪʝʤʠ ʩʘ ʚʝʣʠʢʠʤ ʙʨʦʿʝʤ ʘʪʦʤʘ ʠ ʪʦ ʰʠʨʝˁʝ ʩʝ ʥʘʟʠʚʘ 

ʐʪʘʨʢʦʚʦ ʰʠʨʝˁʝ, ʘ ʤʝʭʘʥʠʟʘʤ ʰʠʨʝˁʘ ˂ʝ ʙʠʪʠ ʜʝʪʘˀʥʦ ʦʙʿʘʰˁʝʥ ʫ ʦʜʝˀʢʫ 1.3. 

 

ʉʣʠʢʘ 1.1 ʐʪʘʨʢʦʚ ʝʬʝʢʘʪ ʫ ʘʪʦʤʫ ʥʘʪʨʠʿʫʤʘ [9]. ʘ) ʀʣʫʩʪʨʘʮʠʿʘ ʪʨʠ ʝʥʝʨʛʠʿʩʢʘ ʥʠʚʦʘ ʫ ʘʪʦʤʫ ʢʦʿʠ 

ʩʝ ʧʦʤʝʨʘʿʫ ʠ ʮʝʧʘʿʫ ʧʦʜ ʫʪʠʮʘʿʝʤ ʝʣʝʢʪʨʠʯʥʦʛ ʧʦˀʘ. b) ʀʟʤʝʨʝʥʝ ʚʨʝʜʥʦʩʪʠ ʐʪʘʨʢʦʚʦʛ ʧʦʤʝʨʘˁʘ 

ʩʧʝʢʪʨʘʣʥʠʭ ʣʠʥʠʿʘ ʧʦʢʘʟʫʿʫ ʢʚʘʜʨʘʪʠʯʥʫ ʟʘʚʠʩʥʦʩʪ ʦʜ ʝʣʝʢʪʨʠʯʥʦʛ ʧʦˀʘ. 
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ʐʪʘʨʢʦʚ ʝʬʝʢʘʪ ʤʝˁʘ ʩʧʝʢʪʘʨ ʘʪʦʤʘ ʪʘʢʦ ʰʪʦ ʩʪʚʘʨʘ ʥʦʚʝ ʩʧʝʢʪʨʘʣʥʝ ʣʠʥʠʿʝ ʫ 

ʦʢʦʣʠʥʠ ʧʦʩʪʦʿʝ˂ʠʭ, ʜʦʢ ʐʪʘʨʢʦʚʦ ʰʠʨʝˁʝ ʤʝˁʘ ʩʧʝʢʪʘʨ ʘʪʦʤʘ ʪʘʢʦ ʰʪʦ ʰʠʨʠ 

ʣʠʥʠʿʝ ʩʧʝʢʪʨʘ. 

 ʆʪʢʨʠ˂ʝ ʐʪʘʨʢʦʚʦʛ ʝʬʝʢʪʘ 

ʐʪʘʨʢʦʚ ʝʬʝʢʘʪ ʿʝ ʜʦʙʠʦ ʠʤʝ ʧʦ ʥʝʤʘʯʢʦʤ ʥʘʫʯʥʠʢʫ ɱʦʭʘʥʫ ʐʪʘʨʢʫ (Johannes 

Stark, 1874-1957), ʢʦʿʠ ʛʘ ʿʝ ʦʪʢʨʠʦ 1913. ʛʦʜʠʥʝ. ʐʪʘʨʢ ʿʝ ʜʦ ʦʚʦʛ ʦʪʢʨʠ˂ʘ ʜʦʰʘʦ 

ʧʦʩʤʘʪʨʘʿʫ˂ʠ ɹʘʣʤʝʨʦʚʫ ʩʝʨʠʿʫ ʫ ʚʦʜʦʥʠʢʫ. ʋʙʨʟʦ ʿʝ ʝʬʝʢʘʪ ʟʘʙʝʣʝʞʝʥ ʠ ʢʦʜ 

ʜʨʫʛʠʭ ʘʪʦʤʘ, ʘ ʚʝʦʤʘ ʿʘʩʥʦ ʿʝ ʧʨʠʢʘʟʘʥ ʥʘ ʩʥʠʤʢʫ ʢʦʿʠ ʿʝ ʐʪʘʨʢ ʦʙʿʘʚʠʦ ʫ ʩʚʦʤ 

ʨʘʜʫ 1914. ʛʦʜʠʥʝ [10]. ʅʘ ʩʥʠʤʢʫ ʩʝ ʚʠʜʝ ʜʚʝ ʩʧʝʢʪʨʘʣʥʝ ʣʠʥʠʿʝ: ɚ = 447.2 nm (2p-

4d) ʠ ɚ = 402.6 nm (2p-5d). ʆʚʝ ʣʠʥʠʿʝ ʩʫ ʩʥʠʤˀʝʥʝ ʧʦʜ ʫʪʠʮʘʿʝʤ ʤʘʣʦʛ ʝʣʝʢʪʨʠʯʥʦʛ 

ʧʦˀʘ ʦʜ 9 kV/cm, ʘ ʟʘʪʠʤ ʧʦʜ ʫʪʠʮʘʿʝʤ ʝʣʝʢʪʨʠʯʥʦʛ ʧʦˀʘ ʚʝ˂ʝ ʿʘʯʠʥʝ ʦʜ 18 kV/cm 

ʠ ʥʘ ʢʨʘʿʫ ʧʦʜ ʫʪʠʮʘʿʝʤ ʤʘʢʩʠʤʘʣʥʦʛ ʝʣʝʢʪʨʠʯʥʦʛ ʧʦˀʘ ʢʦʿʝ ʜʦʟʚʦˀʘʚʘ 

ʝʢʩʧʝʨʠʤʝʥʪ ʦʜ 28.5 kV/cm. ʅʘ ʨʝʟʫʣʪʫʿʫ˂ʠʤ ʩʣʠʢʘʤʘ ʩʝ ʿʘʩʥʦ ʚʠʜʠ ʧʦʩʪʝʧʝʥʦ 

ʨʘʟʜʚʘʿʘˁʝ ʢʦʤʧʦʥʝʥʪʠ ʩʧʝʢʪʨʘʣʥʠʭ ʣʠʥʠʿʘ ʢʦʿʝ ʿʝ ʥʘʢʦʥ ʪʦʛʘ ʠ ʪʝʦʨʠʿʩʢʠ ʧʦʪʧʫʥʦ 

ʦʙʿʘʰˁʝʥʦ (ʉʣʠʢʘ 1.2). 

 

ʉʣʠʢʘ 1.2 ɱʝʜʘʥ ʦʜ ʧʨʚʠʭ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʠʭ ʩʥʠʤʘʢʘ ʩʧʝʢʪʨʘʣʥʠʭ ʣʠʥʠʿʘ ʫ ʝʣʝʢʪʨʠʯʥʦʤ ʧʦʫˀ [10]. 
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 ʊʝʦʨʠʿʘ ʐʪʘʨʢʦʚʦʛ ʝʬʝʢʪʘ ʢʦʜ 

ʚʦʜʦʥʠʢʘ 

ʆʧʰʪʠ ʠʟʨʘʟ ʟʘ ʨʘʯʫʥʘˁʝ ʐʪʘʨʢʦʚʦʛ ʝʬʝʢʪʘ ʫ ʩʣʫʯʘʿʫ ʙʠʣʦ ʢʦʛ ʘʪʦʤʘ ʠ 

ʝʣʝʢʪʨʠʯʥʦʛ ʧʦˀʘ ʥʝ ʧʦʩʪʦʿʠ ʟʙʦʛ ʩʚʦʿʝ ʢʦʤʧʣʝʢʩʥʦʩʪʠ,  ʘʣʠ ʩʝ ʤʦʛʫ ʥʘ˂ʠ 

ʧʨʠʙʣʠʞʥʘ ʨʝʰʝˁʘ. ʇʦʿʝʜʠʥʘʯʥʠ ʩʣʫʯʘʿʝʚʠ ʩʝ ʤʦʛʫ ʨʝʰʠʪʠ ʝʛʟʘʢʪʥʦ. ʊʝʦʨʠʿʘ ʢʦʿʘ 

ʦʙʿʘʰˁʘʚʘ ʐʪʘʨʢʦʚ ʝʬʝʢʘʪ ʿʝ ʿʝʜʥʦʩʪʘʚʥʘ ʫ ʩʣʫʯʘʿʫ ʢʘʜʘ ʩʝ ʘʪʦʤ ʚʦʜʦʥʠʢʘ ʫʥʝʩʝ ʫ 

ʩʪʘʮʠʦʥʘʨʥʦ ʝʣʝʢʪʨʠʯʥʦ ʧʦˀʝ ʠ ʪʦ ˂ʝ ʙʠʪʠ ʧʨʠʢʘʟʘʥʦ ʫ ʦʚʦʤ ʦʜʝˀʢʫ, ʘ ʧʦʩʪʫʧʘʢ ʿʝ 

ʩʣʠʯʘʥ ʠ ʢʦʜ ʜʨʫʛʠʭ ʝʤʠʪʝʨʘ.  

ʇʦʣʘʟʠʤʦ ʦʜ ʚʨʝʤʝʥʩʢʠ ʥʝʟʘʚʠʩʥʝ ʐʨʝʜʠʥʛʝʨʦʚʝ ʿʝʜʥʘʯʠʥʝ ʢʦʿʘ ʘʜʝʢʚʘʪʥʦ ʦʧʠʩʫʿʝ 

ʧʦʥʘʰʘˁʝ ʘʪʦʤʘ ʫ ʚʨʝʤʝʥʩʢʠ ʥʝʧʨʦʤʝˁʠʚʦʤ ʝʣʝʢʪʨʠʯʥʦʤ ʧʦˀʫ [11,12]. 

 Ĕy y=H ɽ  (1.1) 

ʆʚʜʝ ʿʝ: 

- ĔH - ʭʘʤʠʣʪʦʥʠʿʘʥ ʩʠʩʪʝʤʘ, 

- y - ʩʪʘˁʝ ʩʠʩʪʝʤʘ, 

- ɽ- ʝʥʝʨʛʠʿʘ ʩʠʩʪʝʤʘ.  

(ɺʠʰʝ ʠʥʬʦʨʤʘʮʠʿʘ ʦ ʦʚʦʿ ʿʝʜʥʘʯʠʥʠ ʩʝ ʤʦʞʝ ʥʘ˂ʠ ʫ ʇʨʠʣʦʛʫ, ʩʪʨ. 168). 

ʍʘʤʠʣʪʦʥʠʿʘʥ ʦʚʦʛ ʩʠʩʪʝʤʘ, ʢʦʿʠ ʩʝ ʩʘʩʪʦʿʠ ʩʘʤʦ ʦʜ ʿʝʜʥʦʛ ʝʣʝʢʪʨʦʥʘ ʠ ʿʝʜʥʦʛ 

ʧʨʦʪʦʥʘ, ʫ ʩʧʦˀʘʰˁʝʤ ʝʣʝʢʪʨʠʯʥʦʤ ʧʦˀʫ ʿʝ: 

 
2 2ĔĔ

2
e= - +

e

p e
H e r

m r
 (1.2) 

ʆʚʜʝ ʿʝ: 

- r - ʚʝʢʪʦʨ ʧʦʣʦʞʘʿʘ ʝʣʝʢʪʨʦʥʘ ʫ ʦʜʥʦʩʫ ʥʘ ʢʦʦʨʜʠʥʘʪʥʠ ʩʠʩʪʝʤ ʚʝʟʘʥ ʟʘ 

ʿʝʟʛʨʦ, 

- r - ʨʘʩʪʦʿʘˁʝ ʠʟʤʝʹʫ ʧʨʦʪʦʥʘ ʠ ʝʣʝʢʪʨʦʥʘ, 

- e- ʝʣʝʤʝʥʪʘʨʥʦ ʥʘʝʣʝʢʪʨʠʩʘˁʝ, 

- e- ʚʝʢʪʦʨ ʝʣʝʢʪʨʠʯʥʦʛ ʧʦˀʘ, 
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- Ĕp - ʦʧʝʨʘʪʦʨ ʠʤʧʫʣʩʘ ʝʣʝʢʪʨʦʥʘ, 

- 
em - ʤʘʩʘ ʝʣʝʢʪʨʦʥʘ. 

ʈʝʰʘʚʘˁʝʤ ʚʨʝʤʝʥʩʢʠ ʥʝʟʘʚʠʩʥʝ ʐʨʝʜʠʥʛʝʨʦʚʝ ʿʝʜʥʘʯʠʥʝ ʥʘʣʘʟʠʤʦ ʨʝʰʝˁʝ ʟʘ y

- ʩʪʘˁʝ ʩʠʩʪʝʤʘ ʠ ʟʘ ɽ- ʝʥʝʨʛʠʿʫ ʩʠʩʪʝʤʘ. ɿʘ ʝʥʝʨʛʠʿʫ ʧʨʚʦʛ ʧʦʙʫʹʝʥʦʛ ʥʠʚʦʘ 

ʩʠʩʪʝʤʘ ʩʝ ʜʦʙʠʿʘ ʙʝʩʢʦʥʘʯʥʦ ʤʥʦʛʦ ʨʝʰʝˁʘ ʢʦʿʘ ʟʘʚʠʩʝ ʩʘʤʦ ʦʜ n  ʠ Ů, ʘ ʟʘ ʩʚʘʢʠ 

ʧʘʨ n  ʠ Ů ʧʦʩʪʦʿʠ ʪʨʠ ʨʝʰʝˁʘ: 

 

ʆʚʜʝ ʿʝ: 

- Ů - ʠʥʪʝʥʟʠʪʝʪ ʝʣʝʢʪʨʠʯʥʦʛ ʧʦˀʘ, 

- 
0a - ɹʦʨʦʚ ʨʘʜʠʿʫʩ, 

- 
0e- ʜʠʝʣʝʢʪʨʠʯʥʘ ʢʦʥʩʪʘʥʪʘ ʚʘʢʫʤʘ, 

- n  - ʛʣʘʚʥʠ ʢʚʘʥʪʥʠ ʙʨʦʿ. 

ʎʝʧʘˁʝ ʝʥʝʨʛʠʿʩʢʠʭ ʥʠʚʦʘ ʘʪʦʤʘ ʫ ʝʣʝʢʪʨʠʯʥʦʤ ʧʦˀʫ ʜʦʚʦʜʠ ʠ ʜʦ ʧʦʚʝ˂ʘˁʘ ʙʨʦʿʘ 

ʩʧʝʢʪʨʘʣʥʠʭ ʧʨʝʣʘʟʘ ʩʘ ʨʘʟʣʠʯʠʪʦʤ ʪʘʣʘʩʥʦʤ ʜʫʞʠʥʦʤ (ʉʣʠʢʘ 1.3). ʅʘ ʩʣʠʮʠ ʩʝ 

ʚʠʜʠ ʚʝʣʠʢʠ ʙʨʦʿ ʣʠʥʠʿʘ ʦʧʠʩʘʥʠʭ ʨʘʟʣʠʯʠʪʠʤ ʢʚʘʥʪʥʠʤ ʙʨʦʿʝʚʠʤʘ ʠ ʮʝʧʘˁʝ ʣʠʥʠʿʘ 

ʫʩʣʝʜ ʧʦʚʝ˂ʘˁʘ ʿʘʯʠʥʝ ʝʣʝʢʪʨʠʯʥʦʛ ʧʦˀʘ [13].  

ɽʥʝʨʛʠʿʘE(n, Ů)

Ὁ
Ὡ

ψ“‐ὥ
ɇ
ρ

ὲ
σὩὥ‐

Ὁ
Ὡ

ψ“‐ὥ
ɇ
ρ

ὲ

Ὁ
Ὡ

ψ“‐ὥ
ɇ
ρ

ὲ
σὩὥ‐
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ʉʣʠʢʘ 1.3 ɹʘʣʤʝʨʦʚʠ DŬ ʧʨʝʣʘʟʠ ʫ ʜʝʫʪʝʨʠʿʫʤʫ ʟʘ ʨʘʟʣʠʯʠʪʝ ʿʘʯʠʥʝ ʧʦˀʘ. ɹʨʦʿʝʚʠ ʠʟʥʘʜ ʣʠʥʠʿʘ 

ʧʨʝʜʩʪʘʚˀʘʿʫ ʠʟʨʘʯʫʥʘʪʝ ʠʥʪʝʥʟʠʪʝʪʝ, ʘ ʙʨʦʿʝʚʠ ʠʩʧʦʜ ʣʠʥʠʿʘ ʧʨʝʜʩʪʘʚˀʘʿʫ ʦʯʝʢʠʚʘʥʦ ʧʦʤʝʨʘˁʝ 

ʫʩʣʝʜ ʐʪʘʨʢʦʚʦʛ ʝʬʝʢʪʘ [13].  

ʂʘʦ ʰʪʦ ʩʝ ʤʦʞʝ ʚʠʜʝʪʠ ʩʘ ʩʣʠʢʝ, ʩʧʦˀʘʰˁʝ ʝʣʝʢʪʨʠʯʥʦ ʧʦˀʝ ʟʘʠʩʪʘ ʠʟʘʟʠʚʘ 

ʮʝʧʘˁʝ ʩʧʝʢʪʨʘʣʥʠʭ ʣʠʥʠʿʘ, ʦʜʥʦʩʥʦ ʧʦʿʘʚˀʠʚʘˁʝ ʥʦʚʠʭ ʩʧʝʢʪʨʘʣʥʠʭ ʣʠʥʠʿʘ. 

ʊʘʢʦʹʝ ʩʝ ʤʦʞʝ ʚʠʜʝʪʠ ʜʘ ʿʝ ʝʬʝʢʘʪ ʫʦʯˀʠʚ ʥʘ ʚʨʣʦ ʤʘʣʠʤ ʿʘʯʠʥʘʤʘ ʝʣʝʢʪʨʠʯʥʦʛ 

ʧʦˀʘ ʦʜ ʩʘʤʦ 20 V/cm, ʘʣʠ ʿʝ ʫ ʪʦʤ ʩʣʫʯʘʿʫ ʟʘ ʜʝʪʝʢʮʠʿʫ ʥʝʦʧʭʦʜʘʥ ʩʧʝʢʪʨʘʣʥʠ 

ʫʨʝʹʘʿ ʠʟʫʟʝʪʥʦ ʚʠʩʦʢʝ ʨʝʟʦʣʫʮʠʿʝ (R å 6Ā105). ʋ ʩʣʫʯʘʿʫ ʐʪʘʨʢʦʚʦʛ ʰʠʨʝˁʘ, ʟʘ 

ʜʝʪʝʢʮʠʿʫ ʿʝ ʧʦʪʨʝʙʘʥ ʩʧʝʢʪʨʘʣʥʠ ʫʨʝʹʘʿ ʤʥʦʛʦ ʤʘˁʝ ʨʝʟʦʣʫʮʠʿʝ. 

 ʄʝʭʘʥʠʟʘʤ ʐʪʘʨʢʦʚʦʛ ʰʠʨʝʘˁ 

ʋ ʩʣʫʯʘʿʫ ʚʝʣʠʢʦʛ ʙʨʦʿʘ ʘʪʦʤʘ ʢʦʿʠ ʩʝ ʢʨʝ˂ʫ ʩʘ ʨʘʟʣʠʯʠʪʠʤ ʙʨʟʠʥʘʤʘ, ʠʣʠ ʿʦʰ ʙʦˀʝ 

ʨʝʯʝʥʦ ʢʘʜʘ ʧʦʩʤʘʪʨʘʤʦ ʧʣʘʟʤʫ, ʥʝʤʠʥʦʚʥʦ ʜʦʣʘʟʠ ʜʦ ʩʫʜʘʨʘˁʘ ʜʚʘ ʘʪʦʤʘ ʠʣʠ 

ʘʪʦʤʘ ʩʘ ʩʣʦʙʦʜʥʠʤ ʝʣʝʢʪʨʦʥʦʤ. ʊʘʜʘ ʩʝ ʚʠʰʝ ʥʝ ʤʦʞʝ ʨʝ˂ʠ ʜʘ ʿʝ ʘʪʦʤ ʩʣʦʙʦʜʘʥ, 

ʥʝʛʦ ʩʝ ʤʦʨʘ ʧʦʩʤʘʪʨʘʪʠ ʘʪʦʤ ʫ ʝʣʝʢʪʨʠʯʥʦʤ ʧʦˀʫ ʯʝʩʪʠʮʝ ʢʦʿʦʿ ʩʝ ʧʨʠʙʣʠʞʠʦ. 

ʅʘʿʚʘʞʥʠʿʠ ʩʣʫʯʘʿ ʿʝ ʢʘʜʘ ʩʝ ʘʪʦʤ ʩʫʜʘʨʠ ʩʘ ʝʣʝʢʪʨʦʥʦʤ, ʿʝʨ ʿʝ ʪʦ ʜʦʤʠʥʘʥʪʥʠ ʜʝʦ 



  

 

 

9 

 

ʐʪʘʨʢʦʚʦʛ ʰʠʨʝˁʘ ʠ ʦʧʠʩʫʿʝ ʩʝ ʩʫʜʘʨʥʦʤ ʘʧʨʦʢʩʠʤʘʮʠʿʦʤ. ʉʫʜʘʨʥʘ 

ʘʧʨʦʢʩʠʤʘʮʠʿʘ ʚʘʞʠ ʟʘ ʰʠʨʝˁʝ ʣʠʥʠʿʝ ʠʟʘʟʚʘʥʦ ʩʫʜʘʨʠʤʘ ʙʨʟʠʭ ʯʝʩʪʠʮʘ, 

ʝʣʝʢʪʨʦʥʘ, ʯʠʿʠ ʿʝ ʜʦʧʨʠʥʦʩ ʫʦʯˀʠʚ ʦʢʦ ʮʝʥʪʨʘ ʣʠʥʠʿʝ. ʅʘ ʢʨʘʿʝʚʠʤʘ ʩʧʝʢʪʨʘʣʥʝ 

ʣʠʥʠʿʝ ʦʚʘ ʘʧʨʦʩʢʠʤʘʮʠʿʘ ʦʙʠʯʥʦ ʥʠʿʝ ʧʨʠʤʝʥˀʠʚʘ ʟʙʦʛ ʚʝ˂ʝʛ ʫʪʠʮʘʿʘ ʿʦʥʘ. ʇʨʝʤʘ 

ʦʚʦʿ ʘʧʨʦʢʩʠʤʘʮʠʿʠ ʧʝʨʪʫʨʙʝʨʠ (ʝʣʝʢʪʨʦʥʠ) ʩʝ ʪʨʝʪʠʨʘʿʫ ʢʘʦ ʪʘʯʢʘʩʪʝ ʯʝʩʪʠʮʝ ʢʦʿʝ 

ʩʝ ʢʨʝ˂ʫ ʧʦ ʦʜʨʝʹʝʥʠʤ ʧʫʪʘˁʘʤʘ. 

ʐʠʨʝˁʝ ʠʟʘʟʚʘʥʦ ʩʫʜʘʨʦʤ ʩʘ ʿʦʥʦʤ ʦʧʠʩʫʿʝ ʩʝ ʢʚʘʟʠʩʪʘʪʠʯʢʦʤ ʘʧʨʦʢʩʠʤʘʮʠʿʦʤ. 

ʂʚʘʟʠʩʪʘʪʠʯʢʘ ʘʧʨʦʢʩʠʤʘʮʠʿʘ ʩʝ ʙʘʟʠʨʘ ʥʘ ʧʨʝʪʧʦʩʪʘʚʮʠ ʜʘ ʩʫ ʧʝʨʪʫʨʙʝʨʠ 

ʥʝʧʦʢʨʝʪʥʠ (ʢʚʘʟʠʩʪʘʮʠʦʥʘʨʥʠ), ʪʘʢʦ ʜʘ ʿʝ ʚʨʝʤʝʥʩʢʠ ʠʥʪʝʨʚʘʣ ʩʫʜʘʨʘ ʠʟʤʝʹʫ 

ʝʤʠʪʝʨʘ ʠ ʧʝʨʪʫʨʙʝʨʘ ʤʥʦʛʦ ʜʫʞʠ ʦʜ ʚʨʝʤʝʥʘ ʢʦʿʝ ʿʝ ʙʠʪʥʦ ʟʘ ʧʨʦʮʝʩʝ ʰʠʨʝˁʘ. ʆʚʘ 

ʘʧʨʦʢʩʠʤʘʮʠʿʘ ʚʘʞʠ ʢʘʜʘ ʩʝ ʧʨʦʫʯʘʚʘʿʫ ʠʥʪʝʨʘʢʮʠʿʝ ʩʘ ʧʝʨʪʫʨʙʝʨʠʤʘ ʯʠʿʘ ʿʝ ʙʨʟʠʥʘ 

ʤʘʣʘ, ʦʜʥʦʩʥʦ ʢʘʜʘ ʩʫ ʪʝʤʧʝʨʘʪʫʨʝ ʧʣʘʟʤʝ ʤʘʣʝ ʘ ʤʘʩʘ ʧʝʨʪʫʨʙʝʨʘ ʚʝʣʠʢʘ (ʩʫʜʘʨʠ 

ʩʘ ʿʦʥʠʤʘ). ʆʚʦʤ ʘʧʨʦʢʩʠʤʘʮʠʿʦʤ ʩʝ ʫʩʧʝʰʥʦ ʦʧʠʩʫʿʫ ʢʨʠʣʘ ʩʧʝʢʪʨʘʣʥʠʭ ʣʠʥʠʿʘ. ʋ 

ʩʣʫʯʘʿʫ ʩʫʜʘʨʘ ʘʪʦʤʘ ʩʘ ʥʝʫʪʨʘʣʦʤ ʪʘʢʦʹʝ ʤʦʞʝ ʜʦ˂ʠ ʜʦ ʰʠʨʝˁʘ ʩʧʝʢʪʨʘʣʥʠʭ 

ʣʠʥʠʿʘ, ʦʜʥʦʩʥʦ ʤʦʞʝ ʜʦ˂ʠ ʜʦ ʨʝʟʦʥʘʥʪʥʦʛ ʠ ɺʘʥ ʜʝʨ ɺʘʣʩʦʚoʛ ʰʠʨʝˁʘ [14]. 

ʅʘʚʝʜʝʥʝ ʪʝʦʨʠʿʝ ʩʫ ʚʝʣʠʢʝ ʪʘʯʥʦʩʪʠ, ʘʣʠ ʩʝ ʟʙʦʛ ʢʦʤʧʣʠʢʦʚʘʥʦʛ ʨʘʯʫʥʘ ʠ 

ʧʦʪʨʝʙʥʦʛ ʧʦʟʥʘʚʘˁʘ ʚʝʣʠʢʦʛ ʙʨʦʿʘ ʘʪʦʤʩʢʠʭ ʧʘʨʘʤʝʪʘʨʘ ʪʝʰʢʦ ʧʨʠʤʝˁʫʿʫ. ɿʙʦʛ 

ʪʦʛʘ ʩʝ ʢʦʨʠʩʪʝ ʘʧʨʦʢʩʠʤʘʪʠʚʥʝ ʪʝʦʨʠʿʝ. 

ʈʘʩʪʦʿʘˁʝ ʠʟʤʝʹʫ ʘʪʦʤʘ (ʝʤʠʪʝʨʘ) ʠ ʝʣʝʢʪʨʦʥʘ (ʧʝʨʪʫʨʙʝʨʘ) ʿʝ ʨʘʟʣʠʯʠʪʦ ʟʘ ʩʚʘʢʠ 

ʧʘʨ ʘʪʦʤ-ʝʣʝʢʪʨʦʥ, ʘ ʩʘʤʠʤ ʪʠʤʝ ʩʝ ʨʘʟʣʠʢʫʿʝ ʠ ʝʣʝʢʪʨʠʯʥʦ ʧʦˀʝ ʢʦʿʠʤ ʧʝʨʪʫʨʙʝʨ 

ʜʝʣʫʿʝ ʥʘ ʝʤʠʪʝʨ. ʐʪʘʨʢʦʚ ʝʬʝʢʘʪ ʩʝ ʤʘʥʠʬʝʩʪʫʿʝ ʥʘ ʩʚʠʤ ʘʪʦʤʠʤʘ ʠ ʝʥʝʨʛʠʿʩʢʠ 

ʥʠʚʦʠ ʫ ˁʠʤʘ ʙʠʚʘʿʫ ʧʦʤʝʨʝʥʠ ʘʣʠ ʩʝ, ʟʙʦʛ ʨʘʟʣʠʯʠʪʦʛ ʠʥʪʝʥʟʠʪʝʪʘ ʝʣʝʢʪʨʠʯʥʦʛ 

ʧʦˀʘ ʢʦʿʝ ʜʝʣʫʿʝ ʥʘ ʨʘʟʣʠʯʠʪʝ ʘʪʦʤʝ, ʝʥʝʨʛʠʿʩʢʠ ʥʠʚʦʠ ʨʘʟʣʠʯʠʪʦ ʧʦʤʝʨʘʿʫ. ɿʙʦʛ 

ʪʦʛʘ ʩʝ ʤʦʞʝ ʨʝ˂ʠ ʜʘ ʩʚʘʢʠ ʘʪʦʤ ʫ ʧʣʘʟʤʠ ʝʤʠʪʫʿʝ ʤʘʣʦ ʜʨʫʛʘʯʠʿʠ ʩʧʝʢʪʘʨ. 
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ʉʣʠʢʘ 1.4 ʀʣʫʩʪʨʘʮʠʿʘ ʤʝʭʘʥʠʟʤʘ ʢʦʿʠ ʜʦʚʦʜʠ ʜʦ ʐʪʘʨʢʦʚʦʛ ʰʠʨʝˁʘ. a) ʇʨʠʢʘʟʘʥʠ ʩʫ ʝʥʝʨʛʠʿʩʢʠ 

ʥʠʚʦʠ ʘʪʦʤʘ ʫ ʩʣʫʯʘʿʫ ʨʘʟʣʠʯʠʪʠʭ ʿʘʯʠʥʘ ʝʣʝʢʪʨʠʯʥʦʛ ʧʦˀʘ. ʙ) ʉʧʝʢʪʨʠ ʘʪʦʤʘ ʫ ʢʦʥʩʪʘʥʪʥʦʤ 

ʝʣʝʢʪʨʠʯʥʦʤ ʧʦˀʫ ʨʘʟʣʠʯʠʪʝ ʿʘʯʠʥʝ. ʀʘʢʦ ʝʣʝʢʪʨʠʯʥʦ ʧʦˀʝ ʥʝ ʫʪʠʯʝ ʜʠʨʝʢʪʥʦ ʥʘ ʠʥʪʝʥʟʠʪʝʪ 

ʣʠʥʠʿʘ, ʥʘ ʩʣʠʮʠ ʠʥʪʝʥʟʠʪʝʪ ʣʠʥʠʿʘ ʦʧʘʜʘ ʩʘ ʧʦʚʝ˂ʘˁʝʤ ʝʣʝʢʪʨʠʯʥʦʛ ʧʦˀʘ ʟʙʦʛ ʪʦʛʘ ʰʪʦ ʿʝ ʤʘˁʠ 

ʧʨʦʮʝʥʘʪ ʘʪʦʤʘ ʠʟʣʦʞʝʥ ʚʝʣʠʢʠʤ ʝʣʝʢʪʨʠʯʥʠʤ ʧʦˀʠʤʘ. ʚ) ʋʢʫʧʥʠ ʩʧʝʢʪʘʨ ʩʚʠʭ ʘʪʦʤʘ ʫ ʧʣʘʟʤʠ ʢʦʿʠ 

ʫ ʩʝʙʠ ʩʘʜʨʞʠ ʟʨʘʯʝˁʝ ʚʝʣʠʢʦʛ ʙʨʦʿʘ ʨʘʟʣʠʯʠʪʠʭ ʪʘʣʘʩʥʠʭ ʜʫʞʠʥʘ ʟʙʦʛ ʪʦʛʘ ʰʪʦ ʿʝ ʩʚʘʢʠ ʘʪʦʤ ʧʦʜ 

ʫʪʠʮʘʿʝʤ ʨʘʟʣʠʯʠʪʝ ʿʘʯʠʥʝ ʝʣʝʢʪʨʠʯʥʦʛ ʧʦˀʘ, ʧʘ ʪʘʢʦ ʠʤʘ ʠ ʨʘʟʣʠʯʠʪʠ ʩʧʝʢʪʘʨ. 

ʂʘʜʘ ʩʧʝʢʪʨʘʣʥʠ ʫʨʝʹʘʿ ʩʥʠʤʘ ʟʨʘʯʝˁʝ ʧʣʘʟʤʝ, ʥʝʤʠʥʦʚʥʦ ʿʝ ʜʘ ʩʝ ʩʥʠʤʠ ʟʨʘʯʝˁʝ 

ʚʝʣʠʢʦʛ ʙʨʦʿʘ ʘʪʦʤʘ, ʘ ʨʝʟʫʣʪʫʿʫ˂ʘ ʩʣʠʢʘ ʿʝ ʫʢʫʧʥʠ ʩʧʝʢʪʘʨ ʨʘʟʣʠʯʠʪʠʭ ʟʨʘʯʝˁʘ 

ʧʦʿʝʜʠʥʘʯʥʠʭ ʘʪʦʤʘ. ɿʙʦʛ ʪʦʛʘ ʨʝʟʫʣʪʫʿʫ˂ʠ ʩʧʝʢʪʘʨ ʫ ʩʝʙʠ ʩʘʜʨʞʠ ʚʝʣʠʢʠ ʙʨʦʿ 

ʩʧʝʢʪʨʘʣʥʠʭ ʣʠʥʠʿʘ ʚʨʣʦ ʙʣʠʩʢʠʭ ʬʨʝʢʚʝʥʮʠʿʘ ʢʦʿʝ ʠʟʛʣʝʜʘʿʫ ʢʘʦ ʜʘ ʩʫ ʩʝ ʩʪʦʧʠʣʝ 

ʠ ʜʘʿʫ ʧʨʦʬʠʣ ʣʠʥʠʿʝ ʢʦʿʠ ʠʤʘ ʰʠʨʠʥʫ. ʉʚʠ ʦʚʠ ʤʠʢʨʦ ʝʬʝʢʪʠ ʟʘʿʝʜʥʦ ʯʠʥʝ 

ʐʪʘʨʢʦʚʦ ʰʠʨʝˁʝ ʩʧʝʢʪʨʘʣʥʠʭ ʣʠʥʠʿʘ. ʉʣʠʢʘ 1.4 ʠʣʫʩʪʨʫʿʝ ʦʚʘʿ ʤʝʭʘʥʠʟʘʤ. ʇʦʜ ʘ) 

ʚʠʜʠʤʦ ʝʥʝʨʛʝʪʩʢʝ ʥʠʚʦʝ ʫ ʘʪʦʤʫ ʢʦʿʠ ʧʦʜ ʫʪʠʮʘʿʝʤ ʨʘʟʣʠʯʠʪʠʭ ʿʘʯʠʥʘ ʝʣʝʢʪʨʠʯʥʦʛ 

ʧʦˀʘ ʨʘʟʣʠʯʠʪʦ ʠʟʛʣʝʜʘʿʫ, ʘ ʧʨʝʣʘʟ ʝʣʝʢʪʨʦʥʘ ʫ ʪʘʢʚʠʤ ʫʩʣʦʚʠʤʘ ʜʘʿʝ ʬʦʪʦʥʝ 

ʨʘʟʣʠʯʠʪʠʭ ʬʨʝʢʚʝʥʮʠʿʘ. ʇʦʜ ʙ) ʿʝ ʠʣʫʩʪʨʘʮʠʿʘ ʩʧʝʢʪʨʘ ʢʦʿʠ ʥʘʩʪʘʿʝ ʫ ʜʘʪʠʤ 

ʫʩʣʦʚʠʤʘ. ʅʘ ʧʨʚʦʿ ʩʣʠʮʠ ʧʦʩʪʦʿʠ ʩʘʤʦ ʿʝʜʥʘ ʩʧʝʢʪʨʘʣʥʘ ʣʠʥʠʿʘ, ʿʝʨ ʿʝ ʿʘʯʠʥʘ 

Ů = 0   Ů1 > 0    Ů2 > Ů1 

<  
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ʝʣʝʢʪʨʠʯʥʦʛ ʧʦˀʘ ʿʝʜʥʘʢʘ ʥʫʣʠ, ʧʘ ʥʝʤʘ ʮʝʧʘˁʘ ʝʥʝʨʛʝʪʩʢʦʛ ʥʠʚʦʘ. ʅʘ ʜʨʫʛʦʿ ʩʣʠʮʠ 

ʧʦʩʪʦʿʝ ʜʚʝ ʩʧʝʢʪʨʘʣʥʝ ʣʠʥʠʿʝ ʢʦʿʝ ʩʫ ʤʘˁʝʛ ʠʥʪʝʥʟʠʪʝʪʘ ʠ ʥʘʩʪʘʣʝ ʩʫ ʟʙʦʛ ʜʝʿʩʪʚʘ 

ʝʣʝʢʪʨʠʯʥʦʛ ʧʦˀʘ ʢʦʿʝ ʮʝʧʘ ʛʦʨˁʠ ʝʥʝʨʛʠʿʩʢʠ ʥʠʚʦ. ʅʘ ʪʨʝ˂ʦʿ ʩʣʠʮʠ, ʧʦʜ ʫʪʠʮʘʿʝʤ 

ʿʦʰ ʚʝ˂ʝʛ ʝʣʝʢʪʨʠʯʥʦʛ ʧʦˀʘ, ʧʦʩʪʦʿʝ ʜʚʝ ʩʧʝʢʪʨʘʣʥʝ ʣʠʥʠʿʝ, ʢʘʦ ʠ ʫ ʩʣʫʯʘʿʫ ʤʘʣʦʛ 

ʝʣʝʢʪʨʠʯʥʦʛ ʧʦˀʘ, ʘʣʠ ʩʫ ʪʝ ʣʠʥʠʿʝ ʿʦʰ ʚʠʰʝ ʧʦʤʝʨʝʥʝ ʠ ʩʤʘˁʝʥʦʛ ʠʥʪʝʥʟʠʪʝʪʘ. 

ʈʘʟʣʦʛ ʟʘ ʚʝ˂ʝ ʧʦʤʝʨʘˁʝ ʿʝʩʪʝ ʧʦʩʣʝʜʠʮʘ ʿʘʯʝʛ ʝʣʝʢʪʨʠʯʥʦʛ ʧʦˀʘ, ʜʦʢ ʩʤʘˁʝˁʝ 

ʠʥʪʝʥʟʠʪʝʪʘ ʥʠʿʝ ʜʠʨʝʢʪʥʘ ʧʦʩʣʝʜʠʮʘ ʿʘʯʝʛ ʝʣʝʢʪʨʠʯʥʦʛ ʧʦˀʘ. ʋʟʨʦʢ ʩʤʘˁʝˁʘ 

ʠʥʪʝʥʟʠʪʝʪʘ ʿʝ ʤʘʢʩʚʝʣʦʚʩʢʘ ʨʘʩʧʦʜʝʣʘ ʝʥʝʨʛʠʿʝ ʯʝʩʪʠʮʘ ʫ ʧʣʘʟʤʠ ʢʦʿʘ ʫʢʘʟʫʿʝ ʥʘ 

ʪʦ ʜʘ ʩʘʤʦ ʤʘˁʠ ʙʨʦʿ ʯʝʩʪʠʮʘ ʤʦʞʝ ʠʤʘʪʠ ʜʦʚʦˀʥʦ ʝʥʝʨʛʠʿʝ ʜʘ ʧʨʠʹʝ ʜʦʚʦˀʥʦ 

ʙʣʠʟʫ ʝʤʠʪʝʨʘ ʠ ʫʟʨʦʢʫʿʝ ʿʘʢʦ ʝʣʝʢʪʨʠʯʥʦ ʧʦˀʝ. 

ʋ ʩʣʫʯʘʿʫ ʐʪʘʨʢʦʚʦʛ ʰʠʨʝˁʘ, ʟʘ ʜʝʪʝʢʮʠʿʫ ʿʝ ʧʦʪʨʝʙʘʥ ʩʧʝʢʪʨʘʣʥʠ ʫʨʝʹʘʿ ʤʥʦʛʦ 

ʤʘˁʝ ʨʝʟʦʣʫʮʠʿʝ ʥʝʛʦ ʟʘ ʜʝʪʝʢʮʠʿʫ ʐʪʘʨʢʦʚʦʛ ʝʬʝʢʪʘ, ʿʝʨ ʿʝ ʝʣʝʢʪʨʠʯʥʦ ʧʦˀʝ ʫ 

ʢʦʿʝʤ ʩʝ ʥʘʣʘʟʠ ʘʪʦʤ ʫ ʧʣʘʟʤʠ ʤʥʦʛʦ ʚʝ˂ʝ ʥʝʛʦ ʫ ʩʣʫʯʘʿʫ ʘʪʦʤʘ ʫ ʩʧʦˀʘʰˁʝʤ 

ʝʣʝʢʪʨʠʯʥʦʤ ʧʦˀʫ. ʅʘ ʦʩʥʦʚʫ ʠʟʨʘʟʘ ʟʘ ʧʦʪʝʥʮʠʿʘʣʥʫ ʝʥʝʨʛʠʿʫ ʝʣʝʢʪʨʠʯʥʦʛ ʧʦˀʘ 
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ʠ ʢʠʥʝʪʠʯʢʫ ʝʥʝʨʛʠʿʫ ʝʣʝʢʪʨʦʥʘ ʫ ʧʣʘʟʤʠ [15]:  
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ʅʘ ʦʩʥʦʚʫ ʪʦʛʘ ʥʘʣʘʟʠʤʦ ʧʨʦʩʝʯʥʦ ʝʣʝʢʪʨʠʯʥʦ ʧʦˀʝ ʫʟʨʦʢʦʚʘʥʦ ʧʨʠʙʣʠʞʘʚʘˁʝʤ 

ʥʘʝʣʝʢʪʨʠʩʘʥʝ ʯʝʩʪʠʮʝ ʧʨʦʩʝʯʥʝ ʙʨʟʠʥʝ: 
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ʆʚʜʝ ʿʝ: 
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- ʊ = 104 ʂ 

- k  - ɹʦʣʮʤʘʥʦʚʘ ʢʦʥʩʪʘʥʪʘ 

- ʝ ï ʝʣʝʤʝʥʪʘʨʥʦ ʥʘʝʣʝʢʪʨʠʩʘˁʝ 

- Z = 1 ʥʘʝʣʝʢʪʨʠʩʘˁʝ ʧʝʨʪʫʨʙʝʨʘ ʠ ʝʤʠʪʝʨʘ ʫ ʿʝʜʠʥʠʮʘʤʘ ʝ 

ʀʘʢʦ ʿʝ ʦʚʦ ʛʨʫʙʘ ʧʨʦʮʝʥʘ ʝʣʝʢʪʨʠʯʥʦʛ ʧʦˀʘ ʢʦʿʝ ʜʝʣʫʿʝ ʥʘ ʧʝʨʪʫʨʙʝʨ, ʤʦʞʝ ʩʝ ʨʝ˂ʠ 

ʜʘ ʿʝ ʜʦʙʠʿʝʥ ʨʝʜ ʚʝʣʠʯʠʥʝ ʪʦʛ ʧʦˀʘ ʠ ʜʘ ʿʝ ʦʥʦ ʧʨʠʣʠʯʥʦ ʚʝʣʠʢʦ ʫ ʦʜʥʦʩʫ ʥʘ 

ʩʧʦˀʘʰˁʘ ʧʦˀʘ ʢʦʿʘ ʥʘʩʪʘʿʫ ʫ ʣʘʙʦʨʘʪʦʨʠʿʩʢʠʤ ʫʩʣʦʚʠʤʘ. 

 ɼʨʫʛʠ ʤʝʭʘʥʠʟʤʠ ʰʠʨʝˁʘ ʩʧʝʢʪʨʘʣʥʠʭ 

ʣʠʥʠʿʘ 

ʀʟʛʣʝʜ ʜʝʪʝʢʪʦʚʘʥʝ ʩʧʝʢʪʨʘʣʥʝ ʣʠʥʠʿʝ ʟʘʚʠʩʠ ʦʜ ʦʩʦʙʠʥʘ ʩʘʤʦʛ ʝʤʠʪʝʨʘ, ʦʢʨʫʞʝˁʘ 

ʫ ʢʦʤʝ ʩʝ ʥʘʣʘʟʠ ʧʨʠ ʝʤʠʪʦʚʘˁʫ, ʢʘʦ ʠ ʦʩʦʙʠʥʘ ʩʧʝʢʪʨʘʣʥʦʛ ʫʨʝʹʘʿʘ ʠ ʜʝʪʝʢʪʦʨʘ. 

ʉʧʝʢʪʨʘʣʥʝ ʣʠʥʠʿʝ ʥʠʩʫ ʠʜʝʘʣʥʦ ʫʩʢʝ, ʚʝ˂ ʠʤʘʿʫ ʢʦʥʘʯʥʫ ʰʠʨʠʥʫ. ʆʥʘ ʧʦʪʠʯʝ, ʧʨʝ 

ʩʚʝʛʘ, ʦʜ ʧʨʠʨʦʜʥʦʛ ʰʠʨʝˁʘ, ʘʣʠ ʠ ʥʝʠʟʙʝʞʥʦʛ ɼʦʧʣʝʨʦʚʦʛ ʰʠʨʝˁʘ (ʝʤʠʪʝʨʠ ʩʝ 

ʥʘʣʘʟʝ ʫ ʧʣʘʟʤʠ ʩʘ ʩʨʝʜˁʦʤ ʪʝʤʧʝʨʘʪʫʨʦʤ ʊ). ʅʘ ʰʠʨʠʥʫ ʣʠʥʠʿʝ ʙʠʪʥʦ ʫʪʠʯʝ ʠ 

ʩʧʝʢʪʨʘʣʥʠ ʘʧʘʨʘʪ (ʠʥʩʪʨʫʤʝʥʪʘʣʥʘ ʧʦʣʫʰʠʨʠʥʘ).  

ʐʠʨʠʥʘ ʩʧʝʢʪʨʘʣʥʝ ʣʠʥʠʿʝ ʟʘʚʠʩʠ ʠ ʦʜ ʦʢʨʫʞʝˁʘ ʫ ʢʦʤʝ ʩʝ ʝʤʠʪʝʨ ʥʘʣʘʟʠ ʧʨʠ 

ʝʤʠʪʦʚʘˁʫ (ʐʪʘʨʢʦʚʦ ʰʠʨʝˁʝ, ʨʝʟʦʥʘʥʪʥʦ ʰʠʨʝˁʝ ʠ ɺʘʥ ʜʝʨ ɺʘʣʩʦʚʦ ʰʠʨʝˁʝ).  

ʇʨʠʨʦʜʥʦ ʰʠʨʝˁʝ 

ʉʘ ʩʪʘʥʦʚʠʰʪʘ ʢʚʘʥʪʥʝ ʤʝʭʘʥʠʢʝ, ʧʨʠʨʦʜʥʦ ʰʠʨʝˁʝ ʩʝ ʤʦʞʝ ʦʙʿʘʩʥʠʪʠ 

ʍʘʿʟʝʥʙʝʨʛʦʚʠʤ ʧʨʠʥʮʠʧʦʤ ʥʝʦʜʨʝʹʝʥʦʩʪʠ ( Z~tE DÖD ), ʧʨʠ ʯʝʤʫ ʿʝ ʥʝʦʜʨʝʹʝʥʦʩʪ 

ʚʨʝʤʝʥʘ ʙʦʨʘʚʢʘ ʝʣʝʢʪʨʦʥʘ ʫ ʥʝʢʦʤ (ʧʦʙʫʹʝʥʦʤ) ʩʪʘˁʫ ʜʘʪʘ ʩʨʝʜˁʠʤ ʚʨʝʤʝʥʦʤ 

ʞʠʚʦʪʘ ʪʦʛ ʩʪʘˁʘ nt. ʂʘʢʦ ʿʝ ʚʨʝʤʝ ʞʠʚʦʪʘ ʝʣʝʢʪʨʦʥʘ ʥʘ ʩʚʠʤ ʧʦʙʫʹʝʥʠʤ ʩʪʘˁʠʤʘ 

ʨʝʜʘ 10-6-10-9 s, ʩʣʝʜʠ ʜʘ ˁʠʭʦʚʘ ʝʥʝʨʛʠʿʘ ʫ ʪʘʢʚʦʤ ʩʪʘˁʫ ʥʠʿʝ ʪʘʯʥʦ ʦʜʨʝʹʝʥʘ 

ʚʨʝʜʥʦʩʪ nE  (ʢʘʦ ʰʪʦ ʩʣʝʜʠ ʠʟ ʨʝʰʘʚʘˁʘ ʐʨʝʜʠʥʛʝʨʦʚʝ ʿʝʜʥʘʯʠʥʝ), ʚʝ˂ ʝʣʝʢʪʨʦʥʠ 

ʤʦʛʫ ʜʘ ʠʤʘʿʫ ʝʥʝʨʛʠʿʝ ʠʟ ʫʩʢʦʛ ʠʥʪʝʨʚʘʣʘ nn EE D° . ʅʝʦʜʨʝʹʝʥʦʩʪ ʝʥʝʨʛʠʿʝ ʜʘʪʦʛ 
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ʩʪʘˁʘ ʿʝ nnE t/~ZD . ʇʨʠ ʧʨʝʣʘʩʢʫ ʝʣʝʢʪʨʦʥʘ ʩʘ ʿʝʜʥʦʛ (ʧʨʠʨʦʜʥʦ ʧʨʦʰʠʨʝʥʦʛ) 

ʥʠʚʦʘ ʥʘ ʜʨʫʛʠ, ʝʤʠʪʫʿʝ ʩʝ ʬʦʪʦʥ, ʦʜʥʦʩʥʦ ʩʧʝʢʪʨʘʣʥʘ ʣʠʥʠʿʘ ʯʠʿʘ ʿʝ ʥʝʦʜʨʝʹʝʥʦʩʪ 

ʬʨʝʢʚʝʥʮʝ: 

 
1 1 1

2
if

i f

n
p t t

å õ
D = +æ öæ ö

ç ÷

  (1.7) 

ɻʜʝ ʩʫ it ʠ ft  ʚʨʝʤʝʥʘ ʞʠʚʦʪ ʠʥʠʮʠʿʘʣʥʦʛ ʠ ʬʠʥʘʣʥʦʛ ʩʪʘˁʘ ʧʨʝʣʘʟʘ.  

ɺʨʝʤʝ ʞʠʚʦʪʘ ʧʦʙʫʹʝʥʦʛ ʩʪʘˁʘ ʧʦʚʝʟʘʥʦ ʿʝ ʩʘ ʚʝʨʦʚʘʪʥʦ˂ʦʤ ʧʨʝʣʘʟʘ ʟʘ ʩʧʦʥʪʘʥʫ 

ʝʤʠʩʠʿʫ: 

 1/j ji

i

At= ä   (1.8) 

ɻʜʝ ʿʝjiA  ʚʝʨʦʚʘʪʥʦ˂ʘ ʩʧʦʥʪʘʥʝ ʝʤʠʩʠʿʝ ʩʘ ʝʥʝʨʛʠʿʩʢʦʛ ʥʠʚʦʘ j ʥʘ ʝʥʝʨʛʠʿʩʢʠ ʥʠʚʦ 

i.  

ʂʦʥʘʯʥʦ ʜʦʙʠʿʘʤʦ ʠʟʨʘʟ ʟʘ ʧʠʨʦʜʥʫ ʰʠʨʠʥʫ ʩʧʝʢʪʨʘʣʥʝ ʣʠʥʠʿʝ [16]: 

 
2

0
1/2

2
i i f f

i i f f

A A
c

l
l

p
¡ ¡

¡ ¡< <

å õ
D = +æ ö

ç ÷
ä ä   (1.9) 

ʛʜʝ ʩʫ i iA¡ ʠ f fA ¡  ʚʝʨʦʚʘʪʥʦ˂ʝ ʩʧʦʥʪʘʥʝ ʝʤʠʩʠʿʝ ʩʘ ʠʥʠʮʠʿʘʣʥʦʛ ʠ ʬʠʥʘʣʥʦʛ ʩʪʘˁʘ 

ʧʨʝʣʘʟʘ, ʘ 0lʪʘʣʘʩʥʘ ʜʫʞʠʥʘ ʩʧʝʢʪʨʘʣʥʝ ʣʠʥʠʿʝ.  

ɼʘʢʣʝ, ʩʚʘʢʘ ʩʧʝʢʪʨʘʣʥʘ ʣʠʥʠʿʘ ʠʤʘ ʧʨʠʨʦʜʥʫ ʰʠʨʠʥʫ ʢʦʿʘ ʿʝ ʨʝʜʘ ʚʝʣʠʯʠʥʝ 10-5 

nm. ʆʚʦ ʰʠʨʝˁʝ ʩʝ, ʫ ʧʨʘʢʩʠ, ʤʦʞʝ ʟʘʥʝʤʘʨʠʪʠ. ʆʙʣʠʢ ʧʨʦʬʠʣʘ ʢʦʜ ʧʨʠʨʦʜʥʦʛ 

ʰʠʨʝˁʘ ʿʝ ʃʦʨʝʥʮʦʚʦʛ (Lorentz) ʪʠʧʘ. 

ɼʦʧʣʝʨʦʚʦ ʰʠʨʝˁʝ 

ɼʦʧʣʝʨʦʚ (Doppler) ʝʬʝʢʘʪ ʿʝ ʧʦʿʘʚʘ ʧʦʤʝʨʘˁʘ ʪʘʣʘʩʥʝ ʜʫʞʠʥʝ ʝʤʠʪʦʚʘʥʝ ʩʚʝʪʣʦʩʪʠ 

ʫʩʣʝʜ ʨʝʣʘʪʠʚʥʦʛ ʢʨʝʪʘˁʘ ʠʟʚʦʨʘ ʫ ʦʜʥʦʩʫ ʥʘ ʧʦʩʤʘʪʨʘʯʘ. ɸʢʦ ʩʝ ʝʤʠʪʝʨ ʢʨʝ˂ʝ 

ʧʨʝʤʘ ʧʦʩʤʘʪʨʘʯʫ ʪʘʣʘʩʥʘ ʜʫʞʠʥʘ ʩʝ ʩʤʘˁʫʿʝ ʠ ʦʙʨʥʫʪʦ. 
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ɿʘ  ʝʤʠʪʝʨ ʢʦʿʠ ʩʝ ʢʨʝ˂ʝ ʫ ʦʜʥʦʩʫ ʥʘ ʧʦʩʤʘʪʨʘʯʘ ʙʨʟʠʥʦʤ u ʪʘʣʘʩʥʘ ʜʫʞʠʥʘ ʢʦʿʫ 

ʚʠʜʠ ʧʦʩʤʘʪʨʘʯ ʿʝ:  

 0 1
u

c
l l

å õ
= +æ ö
ç ÷

  (1.10) 

ɼʦʧʣʝʨʦʚʦ ʧʦʤʝʨʘˁʝ ʪʘʣʘʩʥʝ ʜʫʞʠʥʝ 0l ʿʝ ʜʘʪʦ ʩʘ: 

 
0 0

u

c

l n

l n

D D
= =   (1.11) 

ɼʘʢʣʝ, ʫʢʦʣʠʢʦ ʫ ʠʟʚʦʨʫ ʧʦʩʪʦʿʠ ʘʤʩʘʤʙʣ ʝʤʠʪʝʨʘ ʢʦʿʠ ʩʝ ʢʨʝ˂ʫ ʦʜ ʜʝʪʝʢʪʦʨʘ ʠʣʠ 

ʢʘ ˁʝʤʫ ʠ ʧʨʠ ʪʦʤʝ ʟʨʘʯʝ, ʜʝʪʝʢʪʦʚʘ˂ʝ ʩʝ ʧʦʤʝʨʘˁʝ ʩʧʝʢʪʨʘʣʥʝ ʣʠʥʠʿʝ - ɼʦʧʣʝʨʦʚ 

ʧʦʤʘʢ. 

ɼʦʧʣʝʨʦʚʦ ʰʠʨʝˁʝ ʩʧʝʢʪʨʘʣʥʠʭ ʣʠʥʠʿʘ ʥʘʩʪʘʿʝ ʢʘʦ ʧʦʩʣʝʜʠʮʘ ɼʦʧʣʝʨʦʚʦʛ ʝʬʝʢʪʘ, 

ʢʘʜʘ ʩʝ ʝʤʠʪʝʨʠ ʭʘʦʪʠʯʥʦ ʢʨʝ˂ʫ ʠ ʧʨʠ ʪʦʤʝ ʠʤʘʿʫ ʥʝʢʫ ʨʘʩʧʦʜʝʣʫ ʙʨʟʠʥʘ. 

ʂʦʤʧʦʥʝʥʪʝ ʙʨʟʠʥʘ ʝʤʠʪʫʿʫ˂ʠʭ ʘʪʦʤʘ ʫ ʧʨʘʚʮʫ ʜʝʪʝʢʪʦʨʘ ʜʦʚʦʜʝ ʜʦ ɼʦʧʣʝʨʦʚʦʛ 

ʧʦʤʘʢʘ ʪʘʣʘʩʥʝ ʜʫʞʠʥʝ ʩʚʘʢʦʛ ʦʜ ʝʤʠʪʦʚʘʥʠʭ ʬʦʪʦʥʘ. ʇʦʰʪʦ ʨʘʟʥʠ ʘʪʦʤʠ ʠʤʘʿʫ 

ʨʘʟʣʠʯʠʪʝ ʙʨʟʠʥʝ, ʫʢʫʧʥʦ (ʨʝʛʠʩʪʨʦʚʘʥʦ) ʟʨʘʯʝˁʝ ʧʨʝʜʩʪʘʚˀʘ ʩʢʫʧ ʬʦʪʦʥʘ ʩʘ 

ʨʘʟʣʠʯʠʪʠʤ ʧʦʤʘʮʠʤʘ, ʰʪʦ ʫʢʫʧʥʦ ʜʦʚʦʜʠ ʜʦ ʰʠʨʝˁʘ ʩʧʝʢʪʨʘʣʥʝ ʣʠʥʠʿʝ. ʇʨʦʬʠʣ 

ʣʠʥʠʿʝ ʧʨʦʰʠʨʝʥʝ ʥʘ ʦʚʘʿ ʥʘʯʠʥ ʿʝ ʩʠʤʝʪʨʠʯʘʥ.  

ʇʦʟʥʘʪʦ ʿʝ ʜʘ ʿʝ ʪʝʤʧʝʨʘʪʫʨʘ ʤʝʨʘ ʫʥʫʪʨʘʰˁʝ ʝʥʝʨʛʠʿʝ, ʠ ʜʠʨʝʢʪʥʦ ʿʝ ʧʦʚʝʟʘʥʘ ʩʘ 

ʨʘʩʧʦʜʝʣʦʤ ʙʨʟʠʥʘ ʢʦʿʫ ʯʝʩʪʠʮʝ ʥʝʢʦʛ ʘʥʩʘʤʙʣʘ ʠʤʘʿʫ. ʋʢʦʣʠʢʦ ʿʝ ʨʘʩʧʦʜʝʣʘ 

ʝʣʝʢʪʨʦʥʘ ʧʦ ʙʨʟʠʥʘʤʘ ʜʘʪʘ ʄʘʢʩʚʝʣʦʚʦʤ (Maxwell) ʨʘʩʧʦʜʝʣʦʤ, ɼʦʧʣʝʨʦʚ ʧʨʦʬʠʣ 

ʿʝ ʜʘʪ ɻʘʫʩʦʚʦʤ (Gauss) ʬʫʥʢʮʠʿʦʤ ʩʘ ʮʝʥʪʨʘʣʥʦʤ ʪʘʣʘʩʥʦʤ ʜʫʞʠʥʦʤ 0l: 

 
2 2

2 0
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Dê ú ê ú
  (1.12) 

ʧʨʠ ʯʝʤʫ ʿʝ 0lll -=D , l ʠ n ʩʫ ʪʘʣʘʩʥʘ ʜʫʞʠʥʘ ʠ ʬʨʝʢʚʝʥʮʠʿʘ ʥʘ ʢʦʿʦʿ ʩʝ 

ʧʦʩʤʘʪʨʘ ʠʥʪʝʥʟʠʪʝʪ ʣʠʥʠʿʝ, ʘ 
DlD  ʿ ʝ ɻʘʫʩʦʚʘ ʧʦʣʫʰʠʨʠʥʘ ʚʝʟʘʥʘ ʩʘ ʧʦʣʫʰʠʨʠʥʦʤ 

ʣʠʥʠʿʝ (2/1lD ),: 
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 1/2

2 ln2
D

l
l

D
D =   (1.13) 

ʇʦʣʫʰʠʨʠʥʘ ʣʠʥʠʿʝ ʧʨʦʰʠʨʝʥʝ ɼʦʧʣʝʨʦʚʠʤ ʝʬʝʢʪʦʤ 
2/1lD   ʫ ʥʘʥʦʤʝʪʨʠʤʘ ʠʟʥʦʩʠ 

[16]: 

 
7

1/2 07.16 10
T

M
l l-D = Ö   (1.14) 

ʛʜʝ ʿʝ M ʤʦʣʘʨʥʘ ʤʘʩʘ ʝʤʠʪʝʨʘ ʫ ʘʪʦʤʩʢʠʤ ʿʝʜʠʥʠʮʘʤʘ ʤʘʩʝ, T ʪʝʤʧʝʨʘʪʫʨʘ ʧʣʘʟʤʝ 

ʫ ʢʝʣʚʠʥʠʤʘ, ʘ 0lʪʘʣʘʩʥʘ ʜʫʞʠʥʘ ʩʧʝʢʪʨʘʣʥʝ ʣʠʥʠʿʝ ʫ ʥʘʥʦʤʝʪʨʠʤʘ. ɼʘʢʣʝ, ʠʟ 

ɼʦʧʣʝʨʦʚʝ ʧʦʣʫʰʠʨʠʥʝ ʤʦʞʝ ʩʝ ʦʜʨʝʜʠʪʠ ʪʝʤʧʝʨʘʪʫʨʘ ʝʤʠʪʝʨʘ. ɼʦʧʣʝʨʦʚʦ 

ʰʠʨʝˁʝ ʥʝ ʟʘʚʠʩʠ ʦʜ ʝʣʝʢʪʨʦʥʩʢʝ ʢʦʥʮʝʥʪʨʘʮʠʿʝ. ʊʠʧʠʯʥʝ ʰʠʨʠʥʝ ʣʠʥʠʿʝ ʚʝʟʘʥʝ ʟʘ 

ɼʦʧʣʝʨʦʚʦ ʰʠʨʝˁʝ ʩʫ 0.01 - 0.1 nm. ʆʚʦ ʰʠʨʝˁʝ ʿʝ ʟʥʘʯʘʿʥʦ ʢʦʜ ʣʘʢʠʭ ʝʣʝʤʝʥʘʪʘ 

ʥʘ ʚʠʩʦʢʠʤ ʪʝʤʧʝʨʘʪʫʨʘʤʘ. 

ʀʥʩʪʨʫʤʝʥʪʘʣʥʦ ʰʠʨʝˁʝ  

ʀʥʩʪʨʫʤʝʥʪʘʣʥʦ ʰʠʨʝˁʝ ʥʘʩʪʘʿʝ ʢʘʦ ʧʦʩʣʝʜʠʮʘ ʫʪʠʮʘʿʘ ʩʧʝʢʪʨʘʣʥʦʛ ʫʨʝʹʘʿʘ ʥʘ 

ʦʙʣʠʢ ʣʠʥʠʿʝ. ʅʘʠʤʝ, ʩʧʝʢʪʨʘʣʥʘ ʣʠʥʠʿʘ ʧʨʝʜʩʪʘʚˀʘ ʣʠʢ ʫʣʘʟʥʦʛ ʧʨʦʨʝʟʘ, ʪʝ ʦʥ ʜʘʿʝ 

ʦʙʣʠʢ ʩʧʝʢʪʨʘʣʥʦʿ ʣʠʥʠʿʠ, ʢʘʜʘ ʩʫ ʜʨʫʛʠ ʧʨʦʮʝʩʠ ʰʠʨʝˁʘ ʣʠʥʠʿʝ ʟʘʥʝʤʘʨˀʠʚʠ. 

ʋʣʘʟʥʠ ʧʨʦʨʝʟ ʫʚʝʢ ʠʤʘ ʢʦʥʘʯʥʫ ʰʠʨʠʥʫ. ʀʥʩʪʨʫʤʝʥʪʘʣʥʦ ʰʠʨʝˁʝ ʥʘʩʪʘʿʝ ʠ ʟʙʦʛ 

ʜʠʬʨʘʢʮʠʦʥʠʭ ʧʦʿʘʚʘ ʫ ʫʨʝʹʘʿʫ, ʘʙʝʨʘʮʠʿʝ, ʜʝʬʝʢʘʪʘ ʦʧʪʠʯʢʦʛ ʩʠʩʪʝʤʘ, ʫʪʠʮʘʿʘ 

ʜʝʪʝʢʪʦʨʘ ʟʨʘʯʝˁʘ. 

ʋʢʦʣʠʢʦ ʩʝ ʢʦʨʠʩʪʠ ʿʘʢʦ ʫʟʘʢ ʧʨʦʨʝʟ, ʜʦʙʠʿʘ ʩʝ ʜʠʬʨʘʢʮʠʦʥʠ ʧʨʦʬʠʣ ʣʠʥʠʿʝ 

(f1~sin2u/u2), ʦʜʥʦʩʥʦ ʮʝʥʪʨʘʣʥʠ ʤʘʢʩʠʤʫʤ ʩʝ ʨʘʩʧʣʠˁʘʚʘ ʫ ʜʠʬʨʘʢʮʠʦʥʦʿ ʩʣʠʮʠ. 

ɸʢʦ ʩʝ, ʧʘʢ, ʢʦʨʠʩʪʠ ʿʘʢʦ ʰʠʨʦʢʠ ʧʨʦʨʝʟ, ʦʥʜʘ ʿʝ ʜʠʬʨʘʢʮʠʿʘ ʟʘʥʝʤʘʨˀʠʚʘ, ʘʣʠ ʿʝ 

ʪʘʜʘ ʦʩʚʝʪˀʝʥʦʩʪ ʠʟʘ ʧʨʦʨʝʟʘ ʢʦʥʩʪʘʥʪʥʘ, ʪʿ. ʣʠʥʠʿʘ ʠʤʘ ʧʨʘʚʦʫʛʘʦʥʠ ʧʨʦʬʠʣ (f2~ɸ, 

|x|Òa/2). ɿʙʦʛ ʪʦʛʘ ʿʝ ʥʝʦʧʭʦʜʥʦ ʢʦʨʠʰ˂ʝˁʝ ʫʟʘʥʦʛ ʧʨʦʨʝʟʘ, ʪʘʢʦ ʜʘ ʿʝ  

ʠʥʩʪʨʫʤʝʥʪʘʣʥʠ ʧʨʦʬʠʣ ʢʦʥʚʦʣʫʮʠʿʘ ʜʠʬʨʘʢʮʠʦʥʦʛ ʠ ʧʨʘʚʦʫʛʘʦʥʦʛ ʧʨʦʬʠʣʘ. 

ʀʥʩʪʨʫʤʝʥʪʘʣʥʠ ʧʨʦʬʠʣ ʩʝ ʧʦʜʝʰʘʚʘ ʧʨʦʤʝʥʦʤ ʰʠʨʠʥʝ ʧʨʦʨʝʟʘ ʧʨʠ ʧʦʩʤʘʪʨʘˁʫ 

ʣʠʥʠʿʘ ʯʠʿʘ ʿʝ ʩʦʧʩʪʚʝʥʘ ʰʠʨʠʥʘ ʟʘʥʝʤʘʨˀʠʚʘ ʫ ʦʜʥʦʩʫ ʥʘ ʠʥʩʪʨʫʤʝʥʪʘʣʥʫ 

(ʧʨʘʞˁʝˁʘ ʥʠʩʢʦʛ ʧʨʠʪʠʩʢʘ). 
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ʆʙʣʠʢ ʧʨʦʬʠʣʘ ʢʦʜ ʠʥʩʪʨʫʤʝʥʪʘʣʥʦʛ ʰʠʨʝˁʘ ʿʝ ɻʘʫʩʦʚʦʛ ʪʠʧʘ ʧʨʠ ʢʦʨʠʰ˂ʝˁʫ 

ʬʦʪʦʤʫʣʪʠʧʣʠʢʘʪʦʨʘ ʢʘʦ ʜʝʪʝʢʪʦʨʘ. ʅʘ ʠʟʣʘʟʫ ʠʟ ʤʦʥʦʭʨʦʤʘʪʦʨʘ ʩʝ, ʫ ʪʦʤ ʩʣʫʯʘʿʫ, 

ʧʦʩʪʘʚˀʘ ʠʟʣʘʟʥʠ ʧʨʦʨʝʟ, ʢʦʿʠ ʠʟʜʚʘʿʘ ʟʨʘʯʝˁʝ ʧʦʿʝʜʠʥʠʭ ʪʘʣʘʩʥʠʭ ʜʫʞʠʥʘ ʠ 

ʦʤʦʛʫ˂ʫʿʝ ʩʥʠʤʘˁʝ ʦʙʣʠʢʘ ʩʧʝʢʪʨʘʣʥʝ ʣʠʥʠʿʝ. ʂʦʜ OSMA ʜʝʪʝʢʪʦʨʘ 

ʠʥʩʪʨʫʤʝʥʪʘʣʥʠ ʧʨʦʬʠʣ ʣʠʥʠʿʝ ʿʝ ʙʣʠʟʘʢ ʃʦʨʝʥʮʦʚʦʤ ʧʨʦʬʠʣʫ, ʜʦʢ ʩʝ ʢʦʜ CCD 

ʢʘʤʝʨʘ ʧʨʦʬʠʣ ʦʧʠʩʫʿʝ ɻʘʫʩʦʚʦʤ ʬʫʥʢʮʠʿʦʤ. 

ʐʠʨʝˁʝ ʫʩʣʝʜ ʧʨʠʪʠʩʢʘ 

ʇʦʨʝʜ ʐʪʘʨʢʦʚʦʛ ʰʠʨʝˁʘ ʢʦʿʝ ʿʝ ʧʦʩʝʙʥʦ ʦʧʠʩʘʥʦ ʧʦʩʪʦʿʝ ʠ ʜʨʫʛʘ ʰʠʨʝˁʘ ʫʩʣʝʜ 

ʧʨʠʪʠʩʢʘ. ʐʠʨʝˁʝ ʫʩʣʝʜ ʧʨʠʪʠʩʢʘ ʥʘʩʪʘʿʝ ʢʘʦ ʧʦʩʣʝʜʠʮʘ ʠʥʪʝʨʘʢʮʠʿʝ ʝʤʠʪʝʨʘ ʩʘ 

ʦʢʦʣʥʠʤ ʯʝʩʪʠʮʘʤʘ, ʧʨʠ ʯʝʤʫ ʜʦʣʘʟʠ ʜʦ ʧʝʨʪʫʨʙʘʮʠʿʝ ʥʠʚʦʘ ʝʤʠʪʝʨʘ ʠ, ʩʘʤʠʤ ʪʠʤ, 

ʜʦ ʧʨʦʤʝʥʘ ʫ ʝʤʠʩʠʦʥʦʤ ʩʧʝʢʪʨʫ. ʆʚʦ ʰʠʨʝˁʝ ʩʝ ʤʦʞʝ ʧʦʜʝʣʠʪʠ ʧʨʝʤʘ ʪʠʧʫ 

ʠʥʪʝʨʘʢʮʠʿʝ ʝʤʠʪʝʨʘ ʠ ʧʝʨʪʫʨʙʝʨʘ ʥʘ ʨʝʟʦʥʘʥʪʥʦ ʰʠʨʝˁʝ (ʘʢʦ ʝʤʠʪʝʨ ʠʥʪʝʨʘʛʫʿʝ 

ʩʘ ʧʝʨʪʫʨʙʝʨʦʤ ʠʩʪʝ ʚʨʩʪʝ), ɺʘʥ ʜʝʨ ɺʘʣʩʦʚʦ ʰʠʨʝˁʝ (ʘʢʦ ʿʝ ʫ ʧʠʪʘˁʫ ʠʥʪʝʨʘʢʮʠʿʘ 

ʩʘ ʥʝʫʪʨʘʣʥʠʤ ʘʪʦʤʠʤʘ) ʠ ʐʪʘʨʢʦʚʦ ʰʠʨʝˁʝ (ʢʘʜʘ ʩʫ ʧʝʨʪʫʨʙʝʨʠ ʥʘʝʣʝʢʪʨʠʩʘʥʝ 

ʯʝʩʪʠʮʝ). ʆʙʣʠʢ ʧʨʦʬʠʣʘ ʣʠʥʠʿʘ ʢʦʜ ʦʚʠʭ ʰʠʨʝˁʘ ʿʝ ʃʦʨʝʥʮʦʚʦʛ ʪʠʧʘ. ʋʦʧʰʪʝ 

ʫʟʝʚ, ʩʝʤ ʰʠʨʝˁʘ ʣʠʥʠʿʝ, ʤʦʞʝ ʜʦ˂ʠ ʜʦ ˁʝʥʦʛ ʧʦʤʝʨʘˁʘ, ʘʣʠ ʠ ʜʦ ʧʦʿʘʚʝ ʣʠʥʠʿʘ ʫ 

ʩʧʝʢʪʨʫ ʢʦʿʝ ʦʜʛʦʚʘʨʘʿʫ ʟʘʙʨʘˁʝʥʠʤ ʧʨʝʣʘʟʠʤʘ. 

ʈʝʟʦʥʘʥʪʥʦ ʰʠʨʝˁʝ ʥʘʩʪʘʿʝ ʢʦʜ ʧʨʝʣʘʟʘ ʫ ʘʪʦʤʫ, ʢʦʜ ʢʦʿʠʭ ʧʦʩʪʦʿʠ ʜʦʟʚʦˀʝʥʠ 

(ʜʠʧʦʣʥʠ) ʧʨʝʣʘʟ ʫ ʦʩʥʦʚʥʦ ʩʪʘˁʝ ʩʘ ʛʦʨˁʝʛ ʠʣʠ ʜʦˁʝʛ ʥʠʚʦʘ ʧʦʩʤʘʪʨʘʥʦʛ ʧʨʝʣʘʟʘ. 

ɼʘ ʙʠ ʦʚʦ ʰʠʨʝˁʝ ʥʘʩʪʘʣʦ, ʥʝʦʧʭʦʜʥʦ ʿʝ ʜʘ ʝʤʠʪʝʨ ʙʫʜʝ ʦʢʨʫʞʝʥ ʚʝʣʠʢʠʤ ʙʨʦʿʝʤ 

ʠʩʪʠʭ ʘʪʦʤʘ ʫ ʦʩʥʦʚʥʦʤ ʩʪʘˁʫ (ʚʝʣʠʢʝ ʛʫʩʪʠʥʝ). ɼʦ ʰʠʨʝˁʘ ʣʠʥʠʿʝ ʜʦʣʘʟʠ ʫʩʣʝʜ 

ʜʝʛʝʥʝʨʘʮʠʿʝ ʦʜʛʦʚʘʨʘʿʫ˂ʠʭ ʥʠʚʦʘ. ʅʘʠʤʝ, ʧʦʨʝʜ ʨʘʜʠʿʘʪʠʚʥʝ ʜʝʝʢʩʮʠʪʘʮʠʿʝ 

ʝʤʠʪʝʨʘ, ʤʦʛʫ˂ ʿʝ ʠ ʧʨʦʮʝʩ ʧʨʝʜʘʿʝ ʝʥʝʨʛʠʿʝ ʜʨʫʛʦʤ ʘʪʦʤʫ ʥʝʨʘʜʠʿʘʪʠʚʥʦ, ʦʜʥʦʩʥʦ 

ʩʫʜʘʨʦʤ. ʅʘ ʪʘʿ ʥʘʯʠʥ ʩʝ ʩʢʨʘ˂ʫʿʝ ʚʨʝʤʝ ʩʨʝʜˁʝʛ ʞʠʚʦʪʘ ʝʤʠʪʝʨʘ ʫ ʝʢʩʮʠʪʦʚʘʥʦʤ 

ʩʪʘˁʫ, ʘ ʧʦʚʝ˂ʘʚʘ ʥʝʦʜʨʝʹʝʥʦʩʪ ʦʜʛʦʚʘʨʘʿʫ˂ʝʛ ʥʠʚʦʘ (nnE t/~ZD ), ʘ ʪʠʤʝ ʠ ʰʠʨʠʥʘ 

ʣʠʥʠʿʝ. ʈʝʟʦʥʘʥʪʥʦ ʰʠʨʝˁʝ ʟʘʚʠʩʠ ʦʜ ʢʦʥʮʝʥʪʨʘʮʠʿʝ ʯʝʩʪʠʮʘ-ʧʝʨʪʫʨʙʝʨʘ ʠ 

ʠʩʧʦˀʘʚʘ ʩʝ ʥʘ ʚʠʩʦʢʠʤ ʢʦʥʮʝʥʪʨʘʮʠʿʘʤʘ. ʇʨʠ ʨʝʟʦʥʘʥʪʥʦʤ ʰʠʨʝˁʫ ʩʧʝʢʪʨʘʣʥʘ 

ʣʠʥʠʿʘ ʝʿ ʩʠʤʝʪʨʠʯʥʦ ʧʨʦʰʠʨʝʥʘ, ʙʝʟ ʧʦʤʝʨʘˁʘ. 

ɺʘʥ ʜʝʨ ɺʘʣʩʦʚʦ ʰʠʨʝˁʝ ʩʝ ʜʝʰʘʚʘ ʫʩʣʝʜ ʠʥʪʝʨʘʢʮʠʿʝ ʝʤʠʪʝʨʘ ʩʘ ʥʝʫʪʨʘʣʥʠʤ 

ʧʝʨʪʫʨʙʝʨʠʤʘ, ʨʘʟʣʠʯʠʪʠʤ ʦʜ ʩʘʤʦʛ ʝʤʠʪʝʨʘ. ʆʚʦ ʰʠʨʝˁʝ ʩʝ ʜʝʰʘʚʘ ʢʘʦ ʧʦʩʣʝʜʠʮʘ 
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ɺʘʥ ʜʝʨ ɺʘʣʩʦʚʠʭ ʠʥʪʝʨʘʢʮʠʿʘ, ʢʦʿʝ ʩʫ ʢʨʘʪʢʦʛ ʜʦʤʝʪʘ ʠ ʠʩʧʦˀʘʚʘʿʫ ʩʝ ʢʘʦ 

ʠʥʪʝʨʘʢʮʠʿʘ ʜʠʧʦʣ-ʠʥʜʫʢʦʚʘʥʠ ʜʠʧʦʣ (~r-6). 

ʂʘʢʦ ʿʝ ʧʝʨʪʫʨʙʘʮʠʿʘ ʝʥʝʨʛʠʿʩʢʠʭ ʥʠʚʦʘ ʝʤʠʪʝʨʘ ʠʟʨʘʞʝʥʘ ʩʘʤʦ ʧʨʠ ʿʘʢʦ ʤʘʣʠʤ 

ʨʘʩʪʦʿʘˁʠʤʘ ʝʤʠʪʝʨʘ ʠ ʧʝʨʪʫʨʙʝʨʘ, ʪʦ ʩʝ ɺʘʥ ʜʝʨ ɺʘʣʩʦʚʦ ʰʠʨʝˁʝ ʜʝʰʘʚʘ ʩʘʤʦ ʥʘ 

ʿʘʢʦ ʚʝʣʠʢʠʤ ʧʨʠʪʠʩʮʠʤʘ. ʉʝʤ ʰʠʨʝˁʘ, ʦʚʝ ʠʥʪʝʨʘʢʮʠʿʝ ʩʝ ʤʘʥʠʬʝʩʪʫʿʫ ʠ ʧʦʿʘʚʦʤ 

ʧʦʤʝʨʘʿʘ ʩʧʝʢʪʨʘʣʥʠʭ ʣʠʥʠʿʘ. ʉʚʝ ʦʚʝ ʧʦʿʘʚʝ ʩʫ ʿʘʯʝ ʠʟʨʘʞʝʥʝ ʢʦʜ ʚʠʩʦʢʦ 

ʧʦʙʫʹʝʥʠʭ ʥʠʚʦʘ ʪʝʞʠʭ ʝʤʠʪʝʨʘ. 

ʇʦʣʫʰʠʨʠʥʘ ʣʠʥʠʿʝ ʧʨʦʰʠʨʝʥʝ ɺʘʥ ʜʝʨ ɺʘʣʩʦʚʠʤ ʰʠʨʝˁʝʤ [17] 
2/1lD  ʠʟʥʦʩʠ: 
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  (1.15) 

ʛʜʝ ʿʝ Np ʢʦʥʮʝʥʪʨʘʮʠʿʘ ʧʝʨʪʫʨʙʝʨʘ ʧʦ ʤʝʪʨʫ ʢʫʙʥʦʤ, Zc ʥʘʝʣʝʢʪʨʠʩʘˁʝ ʦʩʪʘʪʢʘ 

ʝʤʠʪʝʨʘ, Ep ʝʥʝʨʛʠʿʘ ʝʢʩʮʠʪʘʮʠʿʝ ʨʝʟʦʥʘʥʪʥʦʛ ʥʠʚʦʘ ʫ ʝʣʝʢʪʨʦʥ ʚʦʣʪʠʤʘ, Ej ʝʥʝʨʛʠʿʘ 

ʿʦʥʠʟʘʮʠʿʝ ʝʤʠʪʝʨʘ ʫ ʝʣʝʢʪʨʦʥ ʚʦʣʪʠʤʘ, Ei ʝʥʝʨʛʠʿʘ ʝʢʩʮʠʪʘʮʠʿʝ ʛʦʨˁʝʛ ʥʠʚʦʘ ʫ 

ʝʣʝʢʪʨʦʥ ʚʦʣʪʠʤʘ, l i ʦʨʙʠʪʘʣʥʠ ʢʚʘʥʪʥʠ ʙʨʦʿ ʛʦʨˁʝʛ ʥʠʚʦʘ, 0lʪʘʣʘʩʥʘ ʜʫʞʠʥʘ 

ʩʧʝʢʪʨʘʣʥʝ ʣʠʥʠʿʝ ʫ ʥʘʥʦʤʝʪʨʠʤʘ, ʘ vs je ʩʨʝʜˁʘ ʨʝʣʘʪʠʚʥʘ ʙʨʟʠʥʘ ʘʪʦʤʘ ʢʦʿʠ ʩʝ 

ʩʫʜʘʨʘʿʫ: 
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ʛʜʝ ʩʫ ɸ1 ʠ ɸ2 ʤʦʣʘʨʥʝ ʤʘʩʝ ʝʤʠʪʝʨʘ ʠ ʧʝʨʪʫʨʙʝʨʘ, T ʪʝʤʧʝʨʘʪʫʨʘ ʧʣʘʟʤʝ ʫ 

ʢʝʣʚʠʥʠʤʘ, ʘ 0lʪʘʣʘʩʥʘ ʜʫʞʠʥʘ ʩʧʝʢʪʨʘʣʥʝ ʣʠʥʠʿʝ ʫ ʥʘʥʦʤʝʪʨʠʤʘ. 

ʂʚʘʥʪʠʪʘʪʠʚʥʦ ʧʦʨʝʹʝˁʝ ʤʝʭʘʥʠʟʘʤʘ ʰʠʨʝˁʘ ʩʧʝʢʪʨʘʣʥʠʭ 

ʣʠʥʠʿʘ 

ʇʨʠ ʘʥʘʣʠʟʠ ʩʧʝʢʪʨʘ ʢʦʨʠʩʥʦ ʿʝ ʠʤʘʪʠ ʫʚʠʜ ʫ ʠʥʪʝʥʟʠʪʝʪ ʩʚʠʭ ʧʨʦʮʝʩʘ ʢʦʿʠ ʫʪʠʯʫ 

ʥʘ ʦʙʣʠʢ ʩʧʝʢʪʨʘʣʥʝ ʣʠʥʠʿʝ, ʿʝʨ ʩʝ ʥʘ ʦʩʥʦʚʫ ʪʦʛʘ ʤʦʞʝ ʙʨʟʦ ʠ ʣʘʢʦ ʦʜʨʝʜʠʪʠ ʢʦʿʠ 

ʝʬʝʢʘʪ ʿʝ ʜʦʤʠʥʘʥʪʘʥ. ʐʠʨʠʥʝ ʠ ʧʦʤʝʨʘʿʠ ʩʝ ʯʝʩʪʦ ʨʘʟʣʠʢʫʿʫ ʟʘ ʯʠʪʘʚʝ ʨʝʜʦʚʝ 

ʚʝʣʠʯʠʥʘ ʠ ʥʠʿʝ ʪʝʰʢʦ ʫʪʚʨʜʠʪʠ ʦ ʢʦʤ ʝʬʝʢʪʫ ʿʝ ʨʝʯ. ʋ ʩʣʝʜʝ˂ʦʿ ʪʘʙʝʣʠ ʩʫ ʜʘʪʝ 
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ʚʨʝʜʥʦʩʪʠ ʰʠʨʠʥʘ ʩʧʝʢʪʨʘʣʥʠʭ ʣʠʥʠʿʘ ʢʦʿʝ ʥʘʩʪʘʿʫ ʫʩʣʝʜ ʤʝʭʘʥʠʟʘʤʘ ʰʠʨʝˁʘ ʥʘ 

ʜʘʪʠʤ ʫʩʣʦʚʠʤʘ ʢʦʿʠ ʩʫ ʫ ʧʨʘʢʩʠ ʥʘʿʯʝʰ˂ʠ. 

ʊʘʙʝʣʘ 1.1 ʀʥʪʝʥʟʠʪʝʪʠ ʝʬʝʢʘʪʘ ʢʦʿʠ ʜʝʬʦʨʤʠʰʫ ʩʧʝʢʪʘʨ ʧʦʜ ʫʩʣʦʚʠʤʘ ʜʘʪʠʤ ʫ ʥʘʩʪʘʚʢʫ (ʊʘʙʝʣʘ 

1.2). 

ɽʬʝʢʘʪ ɺʝʣʠʯʠʥʘ ʝʬʝʢʪʘ 

ʇʨʠʨʦʜʥʦ ʰʠʨʝˁʝ Ў‗ϳ ρπ nm 

ʈʝʟʦʥʘʥʪʥʦ ʰʠʨʝˁʝ Ў‗ϳ ρπ nm 

ɼʦʧʣʝʨʦʚʦ ʰʠʨʝˁʝ Ў‗ϳ ρπ nm 

ʀʥʩʪʨʫʤʝʥʪʘʣʥʦ ʰʠʨʝˁʝ Ў‗ϳ ρπ nm 

ʐʪʘʨʢʦʚʦ ʰʠʨʝˁʝ Ў‗ϳ ρπ nm 

 

ʇʨʝʮʠʟʥʦ ʛʦʚʦʨʝ˂ʠ, ʥʝ ʤʦʞʝ ʩʝ ʨʝ˂ʠ ʢʦʿʠ ʤʝʭʘʥʠʟʘʤ ʰʠʨʝˁʘ ʩʧʝʢʪʨʘʣʥʠʭ ʣʠʥʠʿʘ 

ʥʘʿʚʠʰʝ ʜʦʧʨʠʥʦʩʠ ʰʠʨʝˁʫ. ʊʦ ʟʘʚʠʩʠ ʦʜ ʫʩʣʦʚʘ ʫ ʧʣʘʟʤʠ, ʘ ʠ ʦʜ ʩʘʤʝ ʩʧʝʢʪʨʘʣʥʝ 

ʣʠʥʠʿʝ ʢʦʿʫ ʧʦʩʤʘʪʨʘʤʦ. ʅʘ ʩʣʝʜʝ˂ʠʤ ʩʣʠʢʘʤʘ ʿʝ ʜʘʪ ʧʨʠʤʝʨ ʰʝʩʪ ʩʧʝʢʪʨʘʣʥʠʭ 

ʣʠʥʠʿʘ ʥʘ ʜʚʝ ʢʦʥʮʝʥʪʨʘʮʠʿʝ ʠ ʫ ʬʫʥʢʮʠʿʠ ʪʝʤʧʝʨʘʪʫʨʝ ʧʣʘʟʤʝ.  ʂʦʥʮʝʥʪʨʘʮʠʿʘ ʿʝ 

ʠʟʘʙʨʘʥʘ ʢʘʦ ʛʨʘʥʠʯʥʠ ʩʣʫʯʘʿ ʥʘ ʢʦʿʝʤ ɼʦʧʣʝʨʦʚʦ ʰʠʨʝˁʝ ʧʦʩʪʘʿʝ ʚʝ˂ʝ ʦʜ 

ʐʪʘʨʢʦʚʦʛ ʠ ʦʙʨʥʫʪʦ. 

ʋ ʥʘʨʝʜʥʠʤ ʧʨʠʤʝʨʠʤʘ, ʚʨʝʜʥʦʩʪʠ ʟʘ ʐʪʘʨʢʦʚʦ ʰʠʨʝˁʝ ʩʫ ʨʘʯʫʥʘʪʠ ʥʘ ʦʩʥʦʚʫ [18] 

ʛʜʝ 
2/1lD  ʫ ʘʥʛʩʪʨʝʤʠʤʘ ʠʟʥʦʩʠ: 

 
0 1 2 log

1/2 10A A A TT Tl ÖD = Ö Ö   (1.17) 

ʛʜʝ ʩʫ A0 A1 ʠ A2 ʧʘʨʘʤʝʪʨʠ ʜʘʪʠ ʫ Stark-B1 ʙʘʟʠ, ʘ T ʪʝʤʧʝʨʘʪʫʨʘ ʧʣʘʟʤʝ ʫ 

ʢʝʣʚʠʥʠʤʘ. Stark-B ʿʝ ʙʘʟʘ ʧʦʜʘʪʘʢʘ ʠʟʨʘʯʫʥʘʪʠʭ ʰʠʨʠʥʘ ʠ ʧʦʤʘʢʘ ʠʟʦʣʦʚʘʥʠʭ 

ʣʠʥʠʿʘ ʘʪʦʤʘ ʠ ʿʦʥʘ ʫʩʣʝʜ ʩʫʜʘʨʘ ʩʘ ʝʣʝʢʪʨʦʥʠʤʘ ʠ ʿʦʥʠʤʘ. ʆʚʘ ʙʘʟʘ ʧʦʜʘʪʘʢʘ ʿʝ 

ʧʦʩʚʝ˂ʝʥʘ ʤʦʜʝʣʠʨʘˁʫ ʠ ʩʧʝʢʪʨʦʩʢʦʧʩʢʦʿ ʜʠʿʘʛʥʦʩʪʠʮʠ ʟʚʝʟʜʘʥʠʭ ʘʪʤʦʩʬʝʨʘ. 

ʇʦʨʝʜ ʪʦʛʘ, ʦʥʘ ʿʝ ʪʘʢʦʹʝ ʧʦʩʚʝ˂ʝʥʘ ʣʘʙʦʨʘʪʦʨʠʿʩʢʦʿ ʠ ʪʝʭʥʦʣʦʰʢʦʿ ʧʣʘʟʤʠ. ɼʘʢʣʝ, 

ʜʦʤʝʥ ʪʝʤʧʝʨʘʪʫʨʝ ʠ ʛʫʩʪʠʥʝ ʦʙʫʭʚʘ˂ʝʥʝ ʪʘʙʝʣʘʤʘ ʿʝ ʰʠʨʦʢ ʠ ʟʘʚʠʩʠ ʦʜ 

ʿʦʥʠʟʘʮʠʦʥʦʛ ʩʪʘˁʘ ʜʘʪʦʛ ʿʦʥʘ. ʊʝʤʧʝʨʘʪʫʨʘ ʤʦʞʝ ʚʘʨʠʨʘʪʠ ʦʜ ʥʝʢʦʣʠʢʦ ʭʠˀʘʜʘ, 

                                                 

1 Sahal-Br®chot, S., Dimitrijeviĺ, M.S., Moreau N., 2017. STARK-B database, http://stark-b.obspm.fr 

Observatory of Paris, LERMA and Astronomical Observatory of Belgrade 
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ʟʘ ʥʝʫʪʨʘʣʥʝ ʘʪʦʤʝ, ʜʦ ʥʝʢʦʣʠʢʦ ʩʪʦʪʠʥʘ ʭʠˀʘʜʘ ʂʝʣʚʠʥʘ ʟʘ ʚʠʩʦʢʦ ʥʘʝʣʝʢʪʨʠʩʘʥʝ 

ʿʦʥʝ. ɽʣʝʢʪʨʦʥʩʢʘ ʠʣʠ ʿʦʥʩʢʘ ʛʫʩʪʠʥʘ ʤʦʞʝ ʜʘ ʚʘʨʠʨʘ ʦʜ 1012 cm-3  (ʩʣʫʯʘʿ ʟʚʝʟʜʘʥʠʤ 

ʘʪʤʦʩʬʝʨʘʤʘ) ʜʦ ʥʝʢʦʣʠʢʦ 1019 cm-3 (ʢʦʜ ʙʝʣʠʭ ʧʘʪʫˀʘʢʘ ʠ ʥʝʢʠʭ ʣʘʙʦʨʘʪʦʨʠʿʩʢʠʭ 

ʧʣʘʟʤʠ)
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ʊʘʙʝʣʘ 1.2 ʇʘʨʘʤʝʪʨʠ ʢʦʿʠ ʩʫ ʧʦʪʨʝʙʥʠ ʟʘ ʨʘʯʫʥʘˁʝ ʧʨʠʨʦʜʥʦʛ ʰʠʨʝˁʘ, ʐʪʘʨʢʦʚʦʛ ʰʠʨʝˁʘ, ɼʦʧʣʝʨʦʚʦʛ ʰʠʨʝˁʘ ʠ ɺʘʥ ʜʝʨ ɺʘʣʩʦʚʦʛ ʰʠʨʝˁʘ ʩʧʝʢʪʨʘʣʥʠʭ 

ʣʠʥʠʿʘ ʢʦʜ ʰʝʩʪ ʠʟʘʙʨʘʥʠʭ ʧʨʠʤʝʨʘ.  

  ɽʤʠʪʝʨ ʇʨʝʣʘʟ ɚ [nm] M [ajm] Ef [eV] Ei [eV] E0 [eV] Ep [eV] 
i i

i i

A¡
¡<

ä
[s-1] 

i i

i i

A¡
¡<

ä
[s-1] 

A0 A1 A2 

ʇʨʠʤʝʨ 1 Li I  3s-3p 2689 6.9 3.4 3.8 5.4 1.8 3.3E+07 4.7E+06 -1.66504 1.20838 -0.1326 

ʇʨʠʤʝʨ 2 Li I  3p-5s 1356 6.9 3.8 4.7 5.4 1.8 4.7E+06 9.8E+06 -0.62097 0.70296 -0.0713 

ʇʨʠʤʝʨ 3 B III  3s-3p 784 10.8 22.3 23.9 37.9 6.0 1.6E+09 1.3E+09 2.7375 -0.76827 0.04899 

              

 

ʇʨʚʠ ʧʨʠʤʝʨ ʩʝ ʦʜʥʦʩʠ ʥʘ ʩʧʝʢʪʨʘʣʥʠ ʧʨʝʣʘʟ 3s-3p ʥʝʫʪʨʘʣʥʦʛ ʣʠʪʠʿʫʤʘ, ʜʨʫʛʠ ʧʨʠʤʝʨ ʥʘ ʩʧʝʢʪʨʘʣʥʠ ʧʨʝʣʘʟ 3p-5s ʥʝʫʪʨʘʣʥʦʛ 

ʣʠʪʠʿʫʤʘ, ʘ ʪʨʝ˂ʠ ʧʨʠʤʝʨ ʥʘ ʩʧʝʢʪʨʘʣʥʠ ʧʨʝʣʘʟ 3s-3p ʜʚʦʩʪʨʫʢʦ ʥʘʝʣʝʢʪʨʠʩʘʥʠ ʙʦʨ. ɿʘ ʨʘʯʫʥʘˁʝ ʰʠʨʠʥʝ ʦʚʠʭ ʣʠʥʠʿʘ ʥʝʦʧʭʦʜʥʦ ʿʝ 

ʟʥʘʪʠ ʪʘʣʘʩʥʫ ʜʫʞʠʥʫ ʣʠʥʠʿʝ ɚ,  ʤʦʣʘʨʥʫ ʤʘʩʫ ʝʤʠʪʝʨʘ M, ʝʥʝʨʛʠʿʫ ʬʠʥʘʣʥʦʛ ʥʠʚʦʘ ʧʨʝʣʘʟʘ Ef, ʝʥʝʨʛʠʿʫ ʠʥʠʮʠʿʘʣʥʦʛ ʥʠʚʦʘ ʧʨʝʣʘʟʘ 

Ei, ʝʥʝʨʛʠʿʫ ʿʦʥʠʟʘʮʠʿʝ ʝʤʠʪʝʨʘ E0, ʝʥʝʨʛʠʿʫ ʝʢʩʮʠʪʘʮʠʿʝ ʨʝʟʦʥʘʥʪʥʦʛ ʥʠʚʦʘ Ep, ʫʢʫʧʥʫ ʚʝʨʦʚʘʪʥʦ˂ʫ ʩʧʦʥʪʘʥʝ ʝʤʠʩʠʿʝ ʩʘ ʚʠʰʠʭ 

ʥʠʚʦʘ ʥʘ ʠʥʠʮʠʿʘʣʥʠ ʥʠʚʦ i i

i i

A¡
¡<

ä , ʫʢʫʧʥʫ ʚʝʨʦʚʘʪʥʦ˂ʫ ʩʧʦʥʪʘʥʝ ʝʤʠʩʠʿʝ ʩʘ ʚʠʰʠʭ ʥʠʚʦʘ ʥʘ ʬʠʥʘʣʥʠ ʥʠʚʦ i i

i i

A¡
¡<

ä , ʠ ʢʦʝʬʠʮʠʿʝʥʪʝ 

ʪʝʤʧʝʨʘʪʫʨʥʝ ʟʘʚʠʩʥʦʩʪʠ ʐʪʘʨʢʦʚʦʛ ʰʠʨʝˁʘ A0, A1 ʠ A2 ʜʘʪʠʭ ʫ ʬʦʨʤʫʣʠ (1.17). ɿʘ ʧʦʪʨʝʙʝ ʨʘʯʫʥʘˁʘ ɺʘʥ ʜʝʨ ɺʘʣʩʦʚʦʛ ʰʠʨʝˁʘ 

ʫʟʠʤʘ ʩʝ ʜʘ ʿʝ ʢʦʥʮʝʥʪʨʘʮʠʿʘ ʧʝʨʪʫʨʙʝʨʘ ʿʝʜʥʘʢʘ ʝʣʝʢʪʨʦʥʩʢʦʿ ʢʦʥʮʝʥʪʨʘʮʠʿʠ.
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ʇʨʠʤʝʨ ʩʧʝʢʪʨʘʣʥʝ ʣʠʥʠʿʝ Li I (3s-3p) 

ʂʦʜ ʩʧʝʢʪʨʘʣʥʝ ʣʠʥʠʿʝ Li I (3s-3p) ʥʘ ʝʣʝʢʪʨʦʥʩʢʦʿ ʢʦʥʮʝʥʪʨʘʮʠʿʠ Ne=1022m-3 

ʐʪʘʨʢʦʚʦ ʰʠʨʝˁʝ ʿʝ ʜʦʤʠʥʘʥʪʥʦ, ʜʦʢ ʿʝ ɼʦʧʣʝʨʦʚʦ ʟʥʘʪʥʦ ʤʘˁʝ, ʘ ɺʘʥ ʜʝʨ ɺʘʣʩʦʚʦ 

ʠ ʧʨʠʨʦʜʥʦ ʰʠʨʝˁʝ ʩʫ ʟʘʥʝʤʘʨˀʠʚʠ. ʅʘ ʤʘʣʦ ʥʠʞʦʿ ʢʦʥʮʝʥʪʨʘʮʠʿʠ ɼʦʧʣʝʨʦʚʦ 

ʰʠʨʝˁʝ ʧʦʩʪʘʿʝ ʚʝ˂ʝ ʦʜ ʐʪʘʨʢʦʚʦʛ. 

 

ʉʣʠʢʘ 1.5 ʄʝʭʘʥʠʟʤʠ ʰʠʨʝˁʘ ʩʧʝʢʪʨʘʣʥʝ ʣʠʥʠʿʝ Li I (3s-3p) ʥʘ ʝʣʝʢʪʨʦʥʩʢʦʿ ʢʦʥʮʝʥʪʨʘʮʠʿʠ 

Ne = 1022 m-3. 

 

ʉʣʠʢʘ 1.6 ʄʝʭʘʥʠʟʤʠ ʰʠʨʝˁʘ ʩʧʝʢʪʨʘʣʥʝ ʣʠʥʠʿʝ Li I (3s-3p) ʥʘ ʝʣʝʢʪʨʦʥʩʢʦʿ ʢʦʥʮʝʥʪʨʘʮʠʿʠ 

Ne = 1021 m-3. 
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ʇʨʠʤʝʨ ʩʧʝʢʪʨʘʣʥʝ ʣʠʥʠʿʝ Li I (3p-5s) 

ʂʦʜ ʩʧʝʢʪʨʘʣʥʝ ʣʠʥʠʿʝ Li I (3p-5s) ʥʘ ʝʣʝʢʪʨʦʥʩʢʦʿ ʢʦʥʮʝʥʪʨʘʮʠʿʠ Ne=1022m-3 

ʐʪʘʨʢʦʚʦ ʰʠʨʝˁʝ ʿʝ ʜʦʤʠʥʘʥʪʥʦ, ʜʦʢ ʿʝ ɼʦʧʣʝʨʦʚʦ ʟʥʘʪʥʦ ʤʘˁʝ, ʘ ɺʘʥ ʜʝʨ ɺʘʣʩʦʚʦ 

ʠ ʧʨʠʨʦʜʥʦ ʰʠʨʝˁʝ ʩʫ ʟʘʥʝʤʘʨˀʠʚʠ. ɸʢʦ ʩʝ ʝʣʝʢʪʨʦʥʩʢʘ ʢʦʥʮʝʥʪʨʘʮʠʿʘ ʩʤʘˁʠ 

ʜʝʩʝʪ ʧʫʪʘ, ʘ ʪʝʤʧʝʨʘʪʫʨʘ ʧʦʜʠʛʥʝ ʥʘ 130000ʂ ɼʦʧʣʝʨʦʚʦ ʠ ʐʪʘʨʢʦʚʦ ʰʠʨʝˁʝ ʩʝ 

ʠʟʿʝʜʥʘʯʫʿʫ. ɼʘˀʝ ʧʦʚʝ˂ʘˁʝ ʪʝʤʧʝʨʘʪʫʨʝ ʠʣʠ ʩʤʘˁʝˁʝ ʢʦʥʮʝʥʪʨʘʮʠʿʝ ʜʦʚʦʜʠ ʜʦ 

ʜʦʤʠʥʘʮʠʿʝ ɼʦʧʣʝʨʦʚʦʛ ʰʠʨʝˁʘ. 

 

ʉʣʠʢʘ 1.7 ʄʝʭʘʥʠʟʤʠ ʰʠʨʝˁʘ ʩʧʝʢʪʨʘʣʥʝ ʣʠʥʠʿʝ Li I (3p-5s) ʥʘ ʝʣʝʢʪʨʦʥʩʢʦʿ ʢʦʥʮʝʥʪʨʘʮʠʿʠ 

Ne = 1022 m-3. 

 

ʉʣʠʢʘ 1.8 ʄʝʭʘʥʠʟʤʠ ʰʠʨʝˁʘ ʩʧʝʢʪʨʘʣʥʝ ʣʠʥʠʿʝ Li I (3p-5s) ʥʘ ʝʣʝʢʪʨʦʥʩʢʦʿ ʢʦʥʮʝʥʪʨʘʮʠʿʠ 

Ne = 1021 m-3. 
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ʇʨʠʤʝʨ ʩʧʝʢʪʨʘʣʥʝ ʣʠʥʠʿʝ B III (3s-3p) 

ʆʚʦ ʿʝ ʿʝʜʠʥʠ ʧʨʠʤʝʨ ʫ ʢʦʿʝʤ ʿʝ ʧʨʠʨʦʜʥʦ ʰʠʨʝˁʝ ʥʝʟʘʥʝʤʘʨˀʠʚʦ. ʆʚʦ ʿʝ ʜʠʨʝʢʪʥʘ 

ʧʦʩʣʝʜʠʮʘ ʚʝʨʦʚʘʪʥʦ˂ʝ ʧʨʝʣʘʟʘ, ʦʜʥʦʩʥʦ ɸʿʥʰʪʘʿʥʦʚʠʭ ʢʦʝʬʠʮʠʿʝʥʘʪʘ ʢʦʿʠ ʫʣʘʟʝ ʫ 

ʨʘʯʫʥ ʧʨʠʨʦʜʥʦʛ ʰʠʨʝˁʘ ʠ ʢʦʿʠ ʩʫ ʥʘʿʚʝ˂ʠ ʫ ʦʚʦʤ ʧʨʠʤʝʨʫ. ɿʙʠʨ ʩʚʠʭ ʨʝʣʝʚʘʥʪʥʠʭ 

ʚʝʨʦʚʘʪʥʦ˂ʘ ʧʨʝʣʘʟʘ ʫ ʦʚʦʤ ʧʨʠʤʝʨʫ ʿʝ 
9 13 10i i f f

i i f f

A A s-¡ ¡

¡ ¡< <

+ = Öä ä , ʜʦʢ ʿʝ ʥʘ 

ʧʨʠʤʝʨʫ Li I (3s-3p) ʦʚʘ ʚʨʝʜʥʦʩʪ ʩʪʦ ʧʫʪʘ ʤʘˁʘ. 

 

ʉʣʠʢʘ 1.9 ʄʝʭʘʥʠʟʤʠ ʰʠʨʝˁʘ ʩʧʝʢʪʨʘʣʥʝ ʣʠʥʠʿʝ B III (3s-3p) ʥʘ ʝʣʝʢʪʨʦʥʩʢʦʿ ʢʦʥʮʝʥʪʨʘʮʠʿʠ 

Ne = 1022 m-3. 

 

ʉʣʠʢʘ 1.10 ʄʝʭʘʥʠʟʤʠ ʰʠʨʝˁʘ ʩʧʝʢʪʨʘʣʥʝ ʣʠʥʠʿʝ B III (3s-3p) ʥʘ ʝʣʝʢʪʨʦʥʩʢʦʿ ʢʦʥʮʝʥʪʨʘʮʠʿʠ 

Ne = 1021 m-3. 
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 ʇʨʦʬʠʣ ʩʧʝʢʪʨʘʣʥʝ ʣʠʥʠʿʝ 

ʇʨʦʬʠʣ ʣʠʥʠʿʝ ʢʦʿʘ ʿʝ ʧʨʦʰʠʨʝʥʘ ʟʙʦʛ ʫʪʠʮʘʿʘ ʐʪʘʨʢʦʚʦʛ ʝʬʝʢʪʘ ʿʝ ʃʦʨʝʥʮʦʚ, ʢʘʦ 

ʠ ʢʦʜ ʧʨʠʨʦʜʥʦʛ, ʨʝʟʦʥʘʥʪʥʦʛ ʠ ɺʘʥ ʜʝʨ ɺʘʣʩʦʚʦʛ ʰʠʨʝˁʘ, ʘ ʟʘ ʨʘʟʣʠʢʫ ʦʜ 

ɼʦʧʣʝʨʦʚʦʛ ʰʠʨʝˁʘ ʢʦʿʝ ʠʤʘ ɻʘʫʩʦʚ ʧʨʦʬʠʣ (ʉʣʠʢʘ 1.11). ʇʦʟʥʘʚʘˁʝ ʦʙʣʠʢʘ 

ʩʧʝʢʪʨʘʣʥʝ ʣʠʥʠʿʝ ʿʝ ʚʘʞʥʦ ʟʙʦʛ ʠʜʝʥʪʠʬʠʢʘʮʠʿʝ ʫʟʨʦʢʘ ʰʠʨʝˁʘ. ʋʢʦʣʠʢʦ ʧʦʩʪʦʿʠ 

ʚʠʰʝ ʤʝʭʘʥʠʟʘʤʘ ʢʦʿʠ ʠʩʪʦʚʨʝʤʝʥʦ ʧʨʦʰʠʨʫʿʫ ʩʧʝʢʪʨʘʣʥʫ ʣʠʥʠʿʫ, ʦʙʣʠʢ 

ʩʧʝʢʪʨʘʣʥʝ ʣʠʥʠʿʝ ʜʦʙʠʿʘ ɺʦʪʿʦʚ (Voigt) ʧʨʦʬʠʣ, ʢʦʿʠ ʿʝ ʢʦʥʚʦʣʫʮʠʿʘ ɻʘʫʩʦʚʦʛ ʠ 

ʃʦʨʝʥʮʦʚʦʛ. 

 

ʉʣʠʢʘ 1.11 ʋʧʦʨʝʜʥʠ ʧʨʠʢʘʟ ɻʘʫʩʦʚʦʛ ʠ ʃʦʨʝʥʮʦʚʦʛ ʧʨʦʬʠʣʘ ʢʦʿʠ ʩʫ ʠʥʪʝʛʨʘʣʥʦ ʥʦʨʤʠʨʘʥʠ ʥʘ 

ʿʝʜʠʥʠʮʫ. 

ʂʘʜʘ ʩʝ ʛʦʚʦʨʠ ʦ ʐʪʘʨʢʦʚʦʤ ʰʠʨʝˁʫ ʩʧʝʢʪʨʘʣʥʠʭ ʣʠʥʠʿʘ, ʩʤʘʪʨʘ ʩʝ ʜʘ ʿʝ ʣʠʥʠʿʘ 

ʧʨʦʰʠʨʝʥʘ ʩʘʤʦ ʫʩʣʝʜ ʐʪʘʨʢʦʚʦʛ ʝʬʝʢʪʘ, ʜʦʢ ʜʨʫʛʠ ʤʝʭʘʥʠʟʤʠ ʥʝ ʫʪʠʯʫ ʥʘ 

ʰʠʨʝˁʝ ʠʣʠ ʿʝ ˁʠʭʦʚ ʫʪʠʮʘʿ ʟʘʥʝʤʘʨˀʠʚ. ʋ ʪʦʢʫ ʦʙʨʘʜʝ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʠʭ 

ʧʨʦʬʠʣʘ ʫʪʠʮʘʿ ʜʨʫʛʠʭ ʤʝʭʘʥʠʟʘʤʘ ʰʠʨʝˁʘ ʩʝ ʦʜʚʘʿʘ ʦʜ ʫʢʫʧʥʝ ʰʠʨʠʥʝ ʩʧʝʢʪʨʘʣʥʝ 

ʣʠʥʠʿʝ ʧʨʦʮʝʜʫʨʦʤ ʜʝʢʦʥʚʦʣʫʮʠʿʝ, ʪʘʢʦ ʜʘ ʧʨʝʦʩʪʘʣʘ ʰʠʨʠʥʘ ʦʜʛʦʚʘʨʘ ʰʠʨʝˁʫ 

ʢʦʿʝ ʿʝ ʥʘʩʪʘʣʦ ʩʘʤʦ ʧʦʜ ʫʪʠʮʘʿʝʤ ʐʪʘʨʢʦʚʦʛ ʝʬʝʢʪʘ. 
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 ɸʇʈʆʂʉʀʄɸʊʀɺʅɽ ʄɽʊʆɼɽ 

ʈɸʏʋʅɸɳɸ ʐʀʈɽɳɸ 

ʉʇɽʂʊʈɸʃʅʀʍ ʃʀʅʀɱɸ 

ɽʛʟʘʢʪʥʦ ʨʘʯʫʥʘˁʝ ʐʪʘʨʢʦʚʦʛ ʰʠʨʝˁʘ ʩʧʝʢʪʨʘʣʥʠʭ ʣʠʥʠʿʘ ʿʝ ʧʨʝʚʠʰʝ 

ʢʦʤʧʣʠʢʦʚʘʥʦ ʟʙʦʛ ʩʣʦʞʝʥʦʩʪʠ ʩʠʩʪʝʤʘ, ʧʘ ʩʝ ʢʦʨʠʩʪʝ ʘʧʨʦʢʩʠʤʘʪʠʚʥʝ ʬʦʨʤʫʣʝ. 

ʂʚʘʥʪʥʦʤʝʭʘʥʠʯʢʠʤ ʠʟʨʘʯʫʥʘʚʘˁʝʤ ʿʝ ʜʦʙʠʿʝʥ ʦʙʨʘʟʘʮ ʟʘ ʩʥʘʛʫ ʟʨʘʯʝˁʘ ʧʨʝʣʘʟʘ ʫ 

ʘʧʨʦʢʩʠʤʘʮʠʿʠ ʝʣʝʢʪʨʠʯʥʦʛ ʜʠʧʦʣʘ, ʰʪʦ ʿʝ ʧʦʣʘʟʥʠ ʦʙʨʘʟʘʮ ʦʜ ʢʦʿʝʛ ʧʦʯʠˁʫ ʩʚʘ 

ʦʩʪʘʣʘ ʠʟʚʦʹʝˁʘ [19]: 

 
2

4 2 3( ) (4 / 3 ) ( )S

if i

if

P e c f x ia
a

w w d w w r= -ä   (2.1) 

ʆʚʜʝ ʩʫ e ʠ c ʫʦʙʠʯʘʿʝʥʝ ʢʦʥʩʪʘʥʪʝ, f x ia  ʩʫ ʤʘʪʨʠʯʥʠ ʝʣʝʤʝʥʪʠ ʢʦʤʧʦʥʝʥʪʠ 

ʚʝʢʪʦʨʘ ʧʦʣʦʞʘʿʘ ʝʣʝʢʪʨʦʥʘ ʫ ʦʜʥʦʩʫ ʥʘ ʿʝʟʛʨʦ, ʘ ir ʿʝ ʚʝʨʦʚʘʪʥʦ˂ʘ ʜʘ ʩʝ ʩʠʩʪʝʤ 

ʥʘʹʝ ʫ ʠʥʠʮʠʿʘʣʥʦʤ ʩʪʘˁʫ. ɼʝʣʪʘ ʬʫʥʢʮʠʿʘ ŭ ʙʨʠʥʝ ʦ ʦʜʨʞʘˁʫ ʝʥʝʨʛʠʿʝ ʥʘ ʦʩʥʦʚʫ 

ɹʦʨʦʚʦʛ ʫʩʣʦʚʘ: 

 S S S

if i fɽ ɽw = -   (2.2) 

ʆʚʜʝ ʩʫ Siɽʠ 
S

fɽʝʥʝʨʛʠʿʝ ʠʥʠʮʠʿʘʣʥʦʛ ʠ ʬʠʥʘʣʥʦʛ ʩʪʘʮʠʦʥʘʨʥʦʛ ʥʠʚʦʘ ʩʠʩʪʝʤʘ ʢʦʿʠ 

ʩʝ ʩʘʩʪʦʿʠ ʦʜ ʝʤʠʪʝʨʘ ʠ ʧʝʨʪʫʨʙʝʨʘ. 
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ɺʘʞʥʦ ʿʝ ʧʨʠʤʝʪʠʪʠ ʜʘ ʿʝ ʟʘ ʨʘʯʫʥʘˁʝ ʦʚʦʛ ʠʟʨʘʟʘ ʥʝʦʧʭʦʜʥʦ ʧʦʟʥʘʚʘʪʠ ʪʘʣʘʩʥʝ 

ʬʫʥʢʮʠʿʝ ʩʚʠʭ ʩʪʘˁʘ, ʰʪʦ ʿʝ ʫʩʣʦʚ ʢʦʿʠ ʥʠʿʝ ʠʩʧʫˁʝʥ. ɿʙʦʛ ʪʦʛʘ  ʿʝ Baranger [20] ʫ 

ʩʫʜʘʨʥʦʿ ʘʧʨʦʢʩʠʤʘʮʠʿʠ ʠʟʚʝʦ ʠʟʨʘʟ ʟʘ ʰʠʨʠʥʫ ʩʧʝʢʪʨʘʣʥʝ ʣʠʥʠʿʝ, ʢʦʿʠ ʥʝ ʟʘʭʪʝʚʘ 

ʧʦʟʥʘʚʘˁʝ ʩʚʠʭ ʪʘʣʘʩʥʠʭ ʬʫʥʢʮʠʿʘ ʜʘʪʦʛ ʘʪʦʤʘ, ʘʣʠ ʟʘʭʪʝʚʘ ʧʦʟʥʘʚʘˁʝ ʩʚʠʭ 

ʝʬʠʢʘʩʥʠʭ ʧʨʝʩʝʢʘ ʟʘ ʧʨʝʣʘʟʝ ʫ ʘʪʦʤʫ: 

 
2

in in

AV

1
( ) ( )

2
i f i fnv d f fw s s

ë ûè ø= + + W W - Wì üé ùê úí ý
ñ   (2.3) 

ʋ ʛʦʨˁʦʿ ʬʦʨʤʫʣʠ ʩʫ inis  ʠ infs ʥʝʝʣʘʩʪʠʯʥʠ ʝʬʠʢʘʩʥʠ ʧʨʝʩʝʮʠ ʟʘ ʧʨʝʣʘʟʝ ʥʘ 

ʠʥʠʮʠʿʘʣʥʠ ʠ ʬʠʥʘʣʥʠ ʥʠʚʦ ʫʩʣʝʜ ʩʫʜʘʨʘ, ( )if W  ʠ ( )ff W  ʩʫ ʘʤʧʣʠʪʫʜʝ ʨʘʩʝʿʘˁʘ ʫ 

ʬʫʥʢʮʠʿʠ ʫʛʣʘ ʨʘʩʝʿʘˁʘ ɋ, n ʿʝ ʢʦʥʮʝʥʪʨʘʮʠʿʘ ʧʝʨʪʫʨʙʝʨʘ, v ʙʨʟʠʥʘ ʧʝʨʪʫʨʙʝʨʘ, ʘ 

ʫʩʨʝʜˁʘʚʘˁʝ ʩʝ ʚʨʰʠ ʧʦ ʜʠʩʪʨʠʙʫʮʠʿʠ ʙʨʟʠʥʘ ʝʤʠʪʝʨʘ (ʄʘʢʩʚʝʣʦʚʘ ʨʘʩʧʦʜʝʣʘ). 



  

 

 

27 

 

ʊʘʙʝʣʘ 2.1 ʋʧʦʨʝʜʥʠ ʧʨʠʢʘʟ ʬʦʨʤʫʣʘ ʟʘ ʨʘʯʫʥʘˁʝ ʐʪʘʨʢʦʚʦʛ ʰʠʨʝˁʘ ʠ ʘʧʨʦʢʩʠʤʘʮʠʿʝ ʢʦʿʝ ʩʝ ʫ ˁʠʤʘ ʢʦʨʠʩʪʝ. 

  ʂʚʘʥʪʥʘ ʪʝʦʨʠʿʘ ʉʝʤʠ ʝʤʧʠʨʠʿʩʢʘ ʈʝʛʫʣʘʨʥʦʩʪʠ 

 
ʂʚʘʥʪʥʦʤʝʭʘʥʠʯʢʠ 

ʧʨʦʨʘʯʫʥ 

ʉʫʜʘʨʥʘ 

ʘʧʨʦʢʩʠʤʘʮʠʿʘ 

ʉʝʤʠʢʣʘʩʠʯʥʘ 

ʘʧʨʦʢʩʠʤʘʮʠʿʘ 

ʉʝʤʠʝʤʧʠʨʠʿʩʢʘ 

ʬʦʨʤʫʣʘ 

ʄʦʜʠʬʠʢʦʚʘʥʘ 

ʩʝʤʠʝʤʧʠʨʠʿʩʢʘ 

ʬʦʨʤʫʣʘ 

ɿʘʚʠʩʥʦʩʪ ʦʜ 

ʧʦʪʝʥʮʠʿʘʣʘ 

ʿʦʥʠʟʘʮʠʿʝ 

ɿʘʚʠʩʥʦʩʪ ʦʜ 

ʢʚʘʥʪʥʠʭ 

ʙʨʦʿʝʚʘ 

  
Griem Sahal 

  

ɸʧʨʦʢʩʠʤʘʮʠʿʘ 

ʝʣʝʢʪʨʠʯʥʦʛ ʜʠʧʦʣʘ 
          

ʂʨʘʪʢʘ ʠʥʪʝʨʘʢʮʠʿʘ            

ʂʣʘʩʠʯʥʝ ʧʫʪʘˁʝ 

ʧʝʨʪʫʨʙʝʨʘ 
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ʉʫʜʘʨʥʘ ʘʧʨʦʢʩʠʤʘʮʠʿʘ ʩʝ ʦʜʥʦʩʠ ʥʘ ʢʨʘʪʢʝ ʠʥʪʝʨʘʢʮʠʿʝ ʠʟʤʝʹʫ ʧʝʨʪʫʨʙʝʨʘ ʠ 

ʝʤʠʪʝʨʘ, ʰʪʦ ʿʝ ʯʝʩʪ ʩʣʫʯʘʿ. ʊʘʿ ʫʩʣʦʚ ʿʝ ʠʩʧʫˁʝʥ ʢʘʜʘ ʙʨʟʠ ʝʣʝʢʪʨʦʥʠ ʧʝʨʪʫʨʙʫʿʫ 

ʘʪʦʤ ʠ ʪʦ ʯʠʥʠ ʚʝʣʠʢʠ ʜʦʧʨʠʥʦʩ ʰʠʨʠʥʠ, ʰʪʦ ʧʨʘʢʪʠʯʥʦ ʟʥʘʯʠ ʜʘ ʿʝ ʦʚʘ 

ʘʧʨʦʢʩʠʤʘʮʠʿʘ ʦʧʨʘʚʜʘʥʘ. 

ʋ ʥʘʚʝʜʝʥʦʿ ʣʠʪʝʨʘʪʫʨʠ ʩʫ ʜʘʪʠ ʜʝʪʘˀʠ ʠʟʚʦʹʝˁʘ ʬʦʨʤʫʣʘ ʟʘ ʰʠʨʠʥʫ, ʘ ʦʚʜʝ ʩʫ 

ʥʘʚʝʜʝʥʝ ʩʘʤʦ ʦʩʥʦʚʥʝ ʦʩʦʙʠʥʝ ʩʚʘʢʝ ʪʝʦʨʠʿʝ (ʊʘʙʝʣʘ 2.1), ʰʪʦ ʦʤʦʛʫ˂ʘʚʘ ˁʠʭʦʚʦ 

ʤʝʹʫʩʦʙʥʦ ʫʧʦʨʝʹʠʚʘˁʝ.  ɳʠʭʦʚ ʨʘʟʚʦʿ ʩʝ ʤʦʞʝ ʠ ʭʨʦʥʦʣʦʰʢʠ ʠʩʧʨʘʪʠʪʠ: 

1. ɸʧʨʦʢʩʠʤʘʮʠʿʘ ʝʣʝʢʪʨʠʯʥʦʛ ʜʠʧʦʣʘ ʜʠʨʝʢʪʥʦ ʧʨʦʠʟʠʣʘʟʠ ʠʟ ʢʚʘʥʪʥʝ 

ʪʝʦʨʠʿʝ, ʘ ʜʦ ˁʝ ʩʝ ʜʦʣʘʟʠ ʦʜʙʘʮʠʚʘˁʝʤ ʚʠʰʠʭ ʯʣʘʥʦʚʘ ʨʝʜʘ ʢʦʿʠ ʦʧʠʩʫʿʝ 

ʚʝʨʦʚʘʪʥʦ˂ʫ ʧʨʝʣʘʟʘ.  

2. ʉʫʜʘʨʥʫ ʘʧʨʦʢʩʠʤʘʮʠʿʫ ʿʝ ʥʘʿʫʩʧʝʰʥʠʿʝ ʧʨʠʤʝʥʠʦ Baranger 1958. [20,21,22]. 

3. ʉʝʤʠʢʣʘʩʠʯʥʫ ʪʝʦʨʠʿʫ ʩʫ ʨʘʟʚʠʣʠ Griem, Baranger, Kolb ʠ Oertel  1962. [23], 

ʘ ʥʘʢʦʥ ʪʦʛʘ ʿʝ ʙʠʣʦ ʠ ʜʨʫʛʠʭ ʫʩʧʝʰʥʠʭ ʧʨʠʩʪʫʧʘ [24]. 

4. ʉʘ ʞʝˀʦʤ ʜʘ ʠʩʧʨʘʚʠ ʥʝʩʣʘʛʘˁʝ ʠʟʤʝʹʫ ʪʝʦʨʠʿʝ ʠ ʝʢʩʧʝʨʠʤʝʥʪʘ, Griem ʿ ʝ 

1968. ʨʘʟʚʠʦ ʩʝʤʠʝʤʧʠʨʠʿʩʢʫ ʬʦʨʤʫʣʫ [25]. 

5. ʋʟ ʧʦʧʨʘʚʢʫ ɻʘʫʥʪ ʬʘʢʪʦʨʘ, ɼʠʤʠʪʨʠʿʝʚʠ˂ ʠ ʂʦˁʝʚʠ˂ ʩʫ 1980. ʦʩʤʠʩʣʠʣʠ 

ʤʦʜʠʬʠʢʦʚʘʥʫ ʩʝʤʠʝʤʧʠʨʠʿʩʢʫ ʬʦʨʤʫʣʫ [26]. 

6. ʈʝʛʫʣʫʨʥʦʩʪʠ ʢʦʿʝ ʪʨʘʞʝ ʚʝʟʫ ʠʟʤʝʹʫ ʰʠʨʠʥʝ ʠ ʧʦʪʝʥʮʠʿʘʣʘ ʿʦʥʠʟʘʮʠʿʝ ʩʘ 

ʛʦʨˁʝʛ ʥʠʚʦʘ ʧʨʝʣʘʟʘ ʿʝ ʧʨʚʠ ʫʦʯʠʦ ʇʫʨʠ˂ 1980. [27]. 

ʇʨʝʜʥʦʩʪʠ ʠ ʤʘʥʝ ʜʘʪʠʭ ʬʦʨʤʫʣʘ ʩʫ ʜʠʩʢʫʪʦʚʘʥʝ ʫ ʨʘʜʦʚʠʤʘ [26] ʠ [28]. 

ɺʨʝʜʥʦʩʪʠ ʐʪʘʨʢʦʚʠʭ ʰʠʨʠʥʘ ʜʦʙʠʿʝʥʠʭ ʧʦʤʦ˂ʫ ʩʝʤʠʝʤʧʠʨʠʿʩʢʝ ʬʦʨʤʫʣʝ ʩʝ 

ʩʣʘʞʫ ʫ ʛʨʘʥʠʮʘʤʘ Ñ50% ʩʘ ʩʨʝʜˁʦʤ ʚʨʝʜʥʦʰ˂ʫ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʠʭ ʨʝʟʫʣʪʘʪʘ ʟʘ 

ʐʪʘʨʢʦʚʝ ʰʠʨʠʥʝ ʩʧʝʢʪʨʘʣʥʠʭ ʣʠʥʠʿʘ ʿʝʜʥʦʩʪʨʫʢʦ ʿʦʥʠʟʦʚʘʥʠʭ ʘʪʦʤʘ. ɸʢʦ ʙʠ 

ʩʝʤʠʝʤʧʠʨʠʿʩʢʫ ʬʦʨʤʫʣʫ ʧʨʠʤʝʥʠʣʠ ʥʘ ʚʠʰʝʩʪʨʫʢʦ ʿʦʥʠʟʦʚʘʥʝ ʘʪʦʤʝ, ʫʟ ʧʨʦʮʝʥʫ 

ʜʘ ʿʝ ɻʘʫʥʪ ʬʘʢʪʦʨ gSE=0.2, ʪʘʜʘ ʙʠ ʛʨʝʰʢʘ ʦʜʨʝʹʠʚʘˁʘ ʰʠʨʠʥʝ ʣʠʥʠʿʝ ʤʦʛʣʘ ʙʠʪʠ 

ʠ Ñ100%, ʢʘʢʦ ʩʫʛʝʨʠʰʝ Griem [19]. ʋʧʦʨʝʹʫʿʫ˂ʠ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʝ ʨʝʟʫʣʪʘʪʝ 

ʐʪʘʨʢʦʚʠʭ ʰʠʨʠʥʘ ʩʧʝʢʪʨʘʣʥʠʭ ʣʠʥʠʿʘ ʜʚʦʩʪʨʫʢʦ ʠ ʪʨʦʩʪʨʫʢʦ ʿʦʥʠʟʦʚʘʥʠʭ ʘʪʦʤʘ 

ʩʘ ʩʝʤʠʝʤʧʠʨʠʿʩʢʦʤ ʬʦʨʤʫʣʦʤ, ʟʘʧʘʞʘ ʩʝ ʜʘ ʩʫ ʪʝʦʨʠʿʩʢʝ ʚʨʝʜʥʦʩʪʠ ʩʠʩʪʝʤʘʪʩʢʠ 

ʥʠʞʝ, ʰʪʦ ʫʢʘʟʫʿʝ ʜʘ ʝʬʝʢʪʠʚʥʠ ɻʘʫʥʪ ʬʘʢʪʦʨ ʥʘ ʧʨʘʛʫ ʟʘ ʝʣʘʩʪʠʯʥʠ ʧʨʦʮʝʩ ʪʨʝʙʘ 

ʜʘ ʠʤʘ ʚʨʝʜʥʦʩʪ ʚʝ˂ʫ ʦʜ 0.2 ʫ ʩʣʫʯʘʿʫ ʚʠʰʝʩʪʨʫʢʦ ʿʦʥʠʟʦʚʘʥʠʭ ʝʤʠʪʝʨʘ.  
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ʄʦʜʠʬʠʢʦʚʘʥʘ ʩʝʤʠʝʤʧʠʨʠʿʩʢʘ ʬʦʨʤʫʣʘ ʿʝ ʧʨʠʤʝˁʠʚʘ ʟʘ ʩʚʝ ʿʦʥʩʢʝ ʝʤʠʪʝʨʝ 

ʥʝʟʘʚʠʩʥʦ ʦʜ ˁʠʭʦʚʦʛ ʥʘʝʣʝʢʪʨʠʩʘˁʘ. ʆʩʠʤ ʘʪʦʤʩʢʠʭ ʧʦʜʘʪʘʢʘ ʦ ʧʦʩʤʘʪʨʘʥʦʤ 

ʩʧʝʢʪʨʘʣʥʦʤ ʧʨʝʣʘʟʫ, ʟʘ ʧʨʦʨʘʯʫʥ ʧʨʝʤʘ ʩʝʤʠʝʤʧʠʨʠʿʩʢʦʿ ʬʦʨʤʫʣʠ ʧʦʪʨʝʙʘʥ ʿʝ ʮʝʦ 

ʩʢʫʧ ʧʝʨʪʫʨʙʫʿʫ˂ʠʭ ʝʥʝʨʛʠʿʩʢʠʭ ʥʠʚʦʘ, ʟʘ ʨʘʟʣʠʢʫ ʦʜ ʧʨʦʨʘʯʫʥʘ ʧʨʝʤʘ 

ʤʦʜʠʬʠʢʦʚʘʥʦʿ ʩʝʤʠʝʤʧʠʨʠʿʩʢʦʿ ʬʦʨʤʫʣʠ, ʛʜʝ ʩʫ ʧʦʪʨʝʙʥʠ ʩʘʤʦ ʧʦʜʘʮʠ ʟʘ ʜʚʘ 

ʧʝʨʪʫʨʙʫʿʫ˂ʘ ʥʠʚʦʘ ʠʥʠʮʠʿʘʣʥʦʛ ʥʠʚʦʘ ʠ ʜʚʘ ʟʘ ʬʠʥʘʣʥʠ ʥʠʚʦ ʧʨʝʣʘʟʘ. 

ʉʝʤʠʢʣʘʩʠʯʥʘ ʪʝʦʨʠʿʘ ʩʝ ʦʜʥʦʩʠ ʥʘ ʿʝʜʥʦʩʪʨʫʢʦ ʿʦʥʠʟʦʚʘʥʝ ʝʤʠʪʝʨʝ, ʘʣʠ ʩʝ ʤʦʞʝ 

ʧʨʠʤʝʥʠʪʠ ʠ ʥʘ ʚʠʰʝʩʪʨʫʢʦ ʥʘʝʣʝʢʪʨʠʩʘʥʝ ʝʤʠʪʝʨ. ɺʘʞʠ ʟʘ ʠʟʦʣʦʚʘʥʝ ʿʦʥʩʢʝ 

ʣʠʥʠʿʝ, ʦʜʥʦʩʥʦ ʟʘ ʣʠʥʠʿʝ ʯʠʿʘ ʰʠʨʠʥʘ ʿʝ ʤʥʦʛʦ ʤʘˁʘ ʦʜ ȹɽ ʠʟʤʝʹʫ ʧʝʨʪʫʨʙʫʿʫ˂ʠʭ 

ʥʠʚʦʘ ʠ ʦʜʛʦʚʘʨʘʿʫ˂ʝʛ ʧʦʯʝʪʥʦʛ, ʦʜʥʦʩʥʦ ʢʨʘʿˁʝʛ ʩʪʘˁʘ ʫ ʧʨʝʣʘʟʫ, ʠ ʢʘʜʘ ʫ 

ʧʦʯʝʪʥʦʤ ʩʪʘˁʫ ʧʨʝʣʘʟʘ ʥʝʤʘ ʝʢʚʠʚʘʣʝʥʪʥʠʭ ʝʣʝʢʪʨʦʥʘ. 

ʋʧʨʦʰ˂ʝʥʘ ʩʝʤʠʢʣʘʩʠʯʥʘ ʬʦʨʤʫʣʘ ʜʘʿʝ ʙʦˀʝ ʩʣʘʛʘˁʝ ʩʘ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʠʤ 

ʧʦʜʘʮʠʤʘ ʦʜ ʩʝʤʠʝʤʧʠʨʠʿʩʢʝ ʠ ʤʦʜʠʬʠʢʦʚʘʥʝ ʩʝʤʠʝʤʧʠʨʠʿʩʢʝ ʬʦʨʤʫʣʝ. 

 ʉʝʤʠʝʤʧʠʨʠʿʩʢʘ ʬʦʨʤʫʣʘ 

ʅʘ ʦʩʥʦʚʫ Baranger-ʦʚʝ ʬʦʨʤʫʣʝ (2.3) ʤʦʛʣʘ ʩʝ ʠʟʨʘʯʫʥʘʪʠ ʰʠʨʠʥʘ ʩʧʝʢʪʨʘʣʥʝ 

ʣʠʥʠʿʝ ʧʦʜ ʫʩʣʦʚʦʤ ʜʘ ʩʝ ʟʥʘʿʫ ʝʬʠʢʘʩʥʠ ʧʨʝʩʝʮʠ ʟʘ ʝʢʩʮʠʪʘʮʠʿʫ ʘʪʦʤʘ ʧʨʠ ʩʫʜʘʨʫ 

ʩʘ ʝʣʝʢʪʨʦʥʦʤ. ʊʠ ʧʨʝʩʝʮʠ ʩʫ ʩʝ ʤʦʛʣʠ ʨʘʯʫʥʘʪʠ ʧʦʤʦ˂ʫ Bethe-ʦʚʝ ʬʦʨʤʫʣʝ [29]: 
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ʆʚʜʝ ʿʝ g - ɻʘʫʥʪ ʬʘʢʪʦʨ ʠ ʟʘʚʠʩʠ ʦʜ ʧʦʯʝʪʥʝ ʠ ʢʨʘʿˁʝ ʝʥʝʨʛʠʿʝ ʝʣʝʢʪʨʦʥʘ.  

ɻʘʫʥʪ ʬʘʢʪʦʨʘ (g - ʬʘʢʪʦʨ) ʧʨʝʜʩʪʘʚˀʘ ʚʝʨʦʚʘʪʥʦ˂ʫ ʜʘ ʩʝ ʝʥʝʨʛʠʿʘ ʫʧʘʜʥʦʛ 

ʝʣʝʢʪʨʦʥʘ ʧʨʦʤʝʥʠ ʩʘ E1 ʥʘ ɽ2, ʘ ʚʨʝʜʥʦʩʪ ɻʘʫʥʪ ʬʘʢʪʦʨʘ ʿʝ ʨʝʜʘ g å 1. ʉ ʦʙʟʠʨʦʤ 

ʜʘ ʦʚʘʿ ʬʘʢʪʦʨ ʫʣʘʟʠ ʫ ʬʦʨʤʫʣʫ ʟʘ ʨʘʯʫʥʘˁʝ ʐʪʘʨʢʦʚʦʛ ʰʠʨʝˁʘ ʩʧʝʢʪʨʘʣʥʠʭ 

ʣʠʥʠʿʘ, ʩʝʤʠʝʤʧʠʨʠʿʩʢʠ ʛʘ ʿʝ ʦʜʨʝʜʠʦ Seaton [30]. ʂʦʨʠʩʪʝ˂ʠ ʪʘʢʦ ʜʦʙʠʿʝʥʠ g-

ʬʘʢʪʦʨ, Griem ʿʝ ʠʟʚʝʦ ʬʦʨʤʫʣʫ ʢʦʿʘ ʩʝ ʥʘʟʠʚʘ ʩʝʤʠʝʤʧʠʨʠʿʩʢʘ ʬʦʨʤʫʣʘ, ʫʧʨʘʚʦ 

ʟʙʦʛ ʪʦʛʘ ʰʪʦ ʢʦʨʠʩʪʠ ʝʤʧʠʨʠʿʩʢʝ ʨʝʟʫʣʪʘʪʝ ʟʘʿʝʜʥʦ ʩʘ ʙʨʦʿʥʠʤ ʜʨʫʛʠʤ ʪʝʦʨʠʿʩʢʠʤ 
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ʘʧʨʦʢʩʠʤʘʮʠʿʘʤʘ. ʇʦ ʪʦʿ ʬʦʨʤʫʣʠ, ʧʦʣʦʚʠʥʘ ʰʠʨʠʥʝ ʥʘ ʧʦʣʦʚʠʥʠ ʚʠʩʠʥʝ  (HWHM 

- ʉʣʠʢʘ 2.1) ʩʧʝʢʪʨʘʣʥʠʭ ʣʠʥʠʿʘ ʫ CGS ʩʠʩʪʝʤʫ ʿʝ ʜʘʪʘ ʩʘ [25]: 
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  (2.5) 

ʆʚʜʝ ʿʝ: 

- N ï ʢʦʥʮʝʥʪʨʘʮʠʿʘ ʧʝʨʪʫʨʙʝʨʘ  

- E = 3kT/2 ʝʥʝʨʛʠʿʘ ʧʝʨʪʫʨʙʝʨʘ 

- i ï ʦʟʥʘʢʘ ʠʥʠʮʠʿʘʣʥʦʛ ʥʠʚʦʘ ʫ ʩʧʝʢʪʨʘʣʥʦʤ ʧʨʝʣʘʟʫ ʝʣʝʢʪʨʦʥʘ 

- f ï ʦʟʥʘʢʘ ʬʠʥʘʣʥʦʛ ʥʠʚʦʘ ʫ ʩʧʝʢʪʨʘʣʥʦʤ ʧʨʝʣʘʟʫ ʝʣʝʢʪʨʦʥʘ 

- 
ii i iE E E¡ ¡D = - 

- | |i r i¡  ʚʝʨʦʚʘʪʥʦ˂ʝ ʧʨʝʣʘʟʘ  

ɿʘ ʧʨʘʢʪʠʯʥʫ ʫʧʦʪʨʝʙʫ ʿʝ ʢʦʨʠʩʥʠʿʘ ʤʦʜʠʬʠʢʘʮʠʿʘ ʬʦʨʤʫʣʝ ʢʦʿʘ ʿʝ ʜʘʪʘ ʫ 

ʥʘʩʪʘʚʢʫ. 

 

ʉʣʠʢʘ 2.1 ʋʟ ʜʝʬʠʥʠʮʠʿʫ ʰʠʨʠʥʝ ʣʠʥʠʿʝ. ʀʥʪʝʥʟʠʪʝʪ ʟʨʘʯʝˁʘ ʫ ʬʫʥʢʮʠʿʠ ʪʘʣʘʩʥʝ ʜʫʞʠʥʝ (x).  

HWHM ï Half Width at Half Maximum ʠ  

FWHM ï Full Width at Half Maximum 
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ʆʙʟʠʨʦʤ ʜʘ ʩʝ ʜʘʥʘʩ ʥʘʿʚʠʰʝ ʢʦʨʠʩʪʠ SI ʩʠʩʪʝʤ ʿʝʜʠʥʠʮʘ, ʘ ʰʠʨʠʥʘ ʣʠʥʠʿʝ ʩʝ 

ʜʝʬʠʥʠʰʝ ʢʘʦ ʧʫʥʘ ʰʠʨʠʥʘ ʥʘ ʧʦʣʦʚʠʥʠ ʚʠʩʠʥʝ (FWHM), ʬʦʨʤʫʣʘ ʿʝ ʧʨʝʫʨʝʹʝʥʘ 

[31]: 
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ʆʚʜʝ ʿʝ: 

- ǩ = 1.054571800Ĭ10ī34 Jẗs, ɼʠʨʘʢʦʚʘ ʢʦʥʩʪʘʥʪʘ 

- W ï ʧʫʥʘ ʰʠʨʠʥʘ ʥʘ ʧʦʣʦʚʠʥʠ ʚʠʩʠʥʝ (ʩʝʤʠʝʤʧʠʨʠʿʩʢʠ) 

- k = 1.38064852 Ĭ 10ī23 JẗK-1 ɹʦʣʮʤʘʥʦʚʘ ʢʦʥʩʪʘʥʪʘ 

- m = 9.10938356 Ĭ 10-31 kg, ʤʘʩʘ ʝʣʝʢʪʨʦʥʘ 

- N ï ʢʦʥʮʝʥʪʨʘʮʠʿʘ ʧʝʨʪʫʨʙʝʨʘ  

- E = 3kT/2 ʝʥʝʨʛʠʿʘ ʧʝʨʪʫʨʙʝʨʘ 

- i ï ʦʟʥʘʢʘ ʠʥʠʮʠʿʘʣʥʦʛ ʥʠʚʦʘ ʫ ʩʧʝʢʪʨʘʣʥʦʤ ʧʨʝʣʘʟʫ ʝʣʝʢʪʨʦʥʘ 

- f ï ʦʟʥʘʢʘ ʬʠʥʘʣʥʦʛ ʥʠʚʦʘ ʫ ʩʧʝʢʪʨʘʣʥʦʤ ʧʨʝʣʘʟʫ ʝʣʝʢʪʨʦʥʘ 

- 
ii i iE E E¡ ¡D = - 

- gSE ï ʩʝʤʠʝʤʧʠʨʠʿʩʢʠ ɻʘʫʥʪ ʬʘʢʪʦʨ 

ʀʥʜʝʢʩʠ i¡ ʠ f¡ ʧʨʝʜʩʪʘʚˀʘʿʫ ʩʚʘ ʩʪʘˁʘ ʝʣʝʢʪʨʦʥʘ. ʂʚʘʜʨʘʪ ʤʘʪʨʠʯʥʦʛ ʝʣʝʤʝʥʪʘ 

ʦʧʝʨʘʪʦʨʘ ʢʦʦʨʜʠʥʘʪʝ 
2

iiR ¡ ʠ 
2

ffR ¡, ʢʦʿʠ ʧʨʝʜʩʪʘʚˀʘ ʛʣʘʚʥʠ ʜʝʦ ʚʝʨʦʚʘʪʥʦ˂ʝ ʧʨʝʣʘʟʘ 

ʠʟ ʩʪʘˁʘ i¡ ʫ ʩʪʘˁʝ i, ʩʝ ʨʘʯʫʥʘ ʧʦ ʬʦʨʤʫʣʠ: 
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ʆʚʜʝ ʿʝ: 

- jl ʦʨʙʠʪʘʣʥʠ ʢʚʘʥʪʥʠ ʙʨʦʿ ʝʣʝʢʪʨʦʥʘ ʢʦʿʠ ʚʨʰʠ ʧʨʝʣʘʟ 

-  ʿï ʫʟʠʤʘ ʚʨʝʜʥʦʩʪʠ i ili f 

- l ʿʝ ʚʝ˂ʠ ʦʜ jl  ʠ jl ¡  

-  ʟje ʢʦʝʬʠʮʠʿʝʥʪ Bates-ʘ ʠ Damgaard-ʦʚʝ [32], ʢʦʿʠ ʩʫ ʜʘʪʠ ʫ ʪʘʙʝʣʘʤʘ ʫ ʨʘʜʫ 

Oertel ʠ Shomo [33] 
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ʅʝʦʧʭʦʜʥʦ ʿʝ ʜʦʜʘʪʠ ʠ ʠʟʨʘʟ ʟʘ ʝʬʝʢʪʠʚʥʠ ʢʚʘʥʪʥʠ ʙʨʦʿ ʢʘʢʦ ʙʠ ʬʦʨʤʫʣʘ ʙʠʣʘ 

ʢʦʤʧʣʝʪʥʘ: 

 H
j

j

E
n Z

E E¤

=
-

  (2.8) 

ʆʚʜʝ ʿʝ: 

- Z ï 1 ʥʘʝʣʝʢʪʨʠʩʘˁʝ ʝʤʠʪʝʨʘ 

- ɽÐ  ï ʝʥʝʨʛʠʿʘ ʿʦʥʠʟʘʮʠʿʝ ʝʤʠʪʝʨʘ 

- ɽʿ ï ʝʥʝʨʛʠʿʘ  ʿʥʠʚʦʘ ʫ ʦʜʥʦʩʫ ʥʘ ʦʩʥʦʚʥʠ ʥʠʚʦ ʝʤʠʪʝʨʘ 

- ɽH ï ʝʥʝʨʛʠʿʘ ʿʦʥʠʟʘʮʠʿʝ ʘʪʦʤʘ ʚʦʜʦʥʠʢʘ 

ʐʪʦ ʩʝ ʪʠʯʝ ɻʘʫʥʪ ʬʘʢʪʦʨʘ, Griem ʛʘ ʿʝ ʠʟʨʘʯʫʥʘʦ, ʘʣʠ ʠ ʤʦʜʠʬʠʢʦʚʘʦ, ʢʘʢʦ ʙʠ ʩʝ 

ʧʦʩʪʠʛʣʦ ʙʦˀʝ ʩʣʘʛʘˁʝ ʩʘ ʝʢʩʧʝʨʠʤʝʥʪʦʤ (ʉʣʠʢʘ 2.2).  

ʊʘʙʝʣʘ 2.2 ɺʨʝʜʥʦʩʪʠ ʩʝʤʠʝʤʧʠʨʠʿʩʢʦʛ ɻʘʫʥʪ ʬʘʢʪʦʨʘ. 

ii

E
x

E ¡

=
D

  Ò2 3 5 10 30 100 

( )SEg x  0.2 0.24 0.33 0.56 0.98 1.33 

 

ʉʚʦʿʝ ʨʝʟʫʣʪʘʪʝ ʿʝ ʧʨʠʢʘʟʘʦ ʛʨʘʬʠʯʢʠ [25], ʘ ʨʘʟʥʠ ʘʫʪʦʨʠ ʩʫ ʪʘʙʝʣʠʨʘʣʠ ʚʨʝʜʥʦʩʪʠ 

ʪʦʛ ʛʨʘʬʠʢʘ (ʊʘʙʝʣʘ 2.2).  
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ʉʣʠʢʘ 2.2 ʉʝʤʠʝʤʧʠʨʠʿʩʢʠ ɻʘʫʥʪ ʬʘʢʪʦʨ 
SEg  ʟʘ hʠʨʝˁʝ ʩʧʝʢʪʨʘʣʥʠʭ ʣʠʥʠʿʘ ʠ

shg  ʟʘ ʧʦʤʝʨʘˁʝ 

ʩʧʝʢʪʨʘʣʥʠʭ ʣʠʥʠʿʘ. qcg  ʿʝ ʢʚʘʟʠʢʣʘʩʠʯʥʦ ʠʟʨʘʯʫʥʘʪʠ ɻʘʫʥʪ ʬʘʢʪʦʨ [25]. 

ʋ ʦʚʦʤ ʨʘʜʫ ʩʫ ʫʟʝʪʝ ʚʨʝʜʥʦʩʪʠ ʠʟ ʪʘʙʝʣʝ [16], ʘ ʟʘ ʪʝ ʚʨʝʜʥʦʩʪʠ ʿʝ ʧʨʦʥʘʹʝʥʘ 

ʘʥʘʣʠʪʠʯʢʘ ʬʫʥʢʮʠʿʘ ʢʦʿʘ ʠʭ ʦʧʠʩʫʿʝ ʠ ʢʦʿʘ ʩʝ ʢʦʨʠʩʪʠʣʘ ʟʘ ʠʟʨʘʯʫʥʘʚʘˁʝ ɻʘʫʥʪ 

ʬʘʢʪʦʨʘ ʟʘ ʙʠʣʦ ʢʦʿʠ ʧʘʨʘʤʝʪʘʨ x. 

 ʄʦʜʠʬʠʢʦʚʘʥʘ ʩʝʤʠʝʤʧʠʨʠʿʩʢʘ 

ʬʦʨʤʫʣʘ 

ɿʘ ʨʘʯʫʥʘˁʝ ʐʪʘʨʢʦʚʦʛ ʰʠʨʝˁʘ ʩʝ ʯʝʩʪʦ ʢʦʨʠʩʪʠ ʤʦʜʠʬʠʢʦʚʘʥʘ ʩʝʤʠʝʤʧʠʨʠʿʩʢʘ 

ʬʦʨʤʫʣʘ [26]. ʆʚʘ ʬʦʨʤʫʣʘ ʟʘʭʪʝʚʘ ʧʦʟʥʘʚʘˁʝ ʤʘˁʝʛ ʙʨʦʿʘ ʧʘʨʘʤʝʪʘʨʘ ʦʜ 

ʩʝʤʠʝʤʧʠʨʠʿʩʢʝ ʬʦʨʤʫʣʝ, ʧʘ ʿʝ ʟʙʦʛ ʪʦʛʘ ʧʦʛʦʜʥʠʿʘ ʟʘ ʢʦʨʠʰ˂ʝˁʝ.  

ʂʦˁʝʚʠ˂ ʠ ɼʠʤʠʪʨʠʿʝʚʠ˂ ʩʫ ʟʘ ʧʨʝʣʘʟʝ ʢʦʜ ʢʦʿʠʭ ʩʝ ʥʝ ʤʝˁʘ ʛʣʘʚʥʠ ʢʚʘʥʪʥʠ ʙʨʦʿ 

(ȹn = 0) ʧʨʠʭʚʘʪʠʣʠ ʧʨʝʜʣʦʛ Kobzev-ʘ ʜʘ ɻʘʫʥʪ ʬʘʢʪʦʨ ʙʫʜʝ g = 0.9 - 1/Z ʥʘ ʧʨʘʛʫ 
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ʟʘ ʥʝʝʣʘʩʪʠʯʥʦ ʨʘʩʝʿʘˁʝ. ʆʚʜʝ ʿʝ Z-1 ʥʘʝʣʝʢʪʨʠʩʘˁʝ ʿʦʥʘ. ɿʘ ʚʝ˂ʝ ʝʥʝʨʛʠʿʝ, ʦʥʠ ʩʫ 

ʧʨʝʜʣʦʞʠʣʠ ʜʘ ʩʝ ɻʘʫʥʪ ʬʘʢʪʦʨ ʨʘʯʫʥʘ ʧʦ ʬʦʨʤʫʣʠ:  

 ( ) 0.7 1.1/ ( )SEg x Z g x= - +   (2.9) 

ʂʦʨʠʰ˂ʝˁʝ ʩʝʤʠʝʤʧʠʨʠʿʩʢʝ ʬʦʨʤʫʣʝ ʤʦʞʝ ʙʠʪʠ ʥʝʠʟʚʦʜˀʠʚʦ ʢʦʜ ʚʠʰʝʩʪʨʫʢʦ 

ʿʦʥʠʟʦʚʘʥʠʭ ʘʪʦʤʘ ʟʙʦʛ ʥʝʜʦʩʪʘʪʢʘ ʧʦʜʘʪʘʢʘ ʢʦʿʠ ʩʫ ʧʦʪʨʝʙʥʠ ʟʘ ʠʟʨʘʯʫʥʘʚʘˁʝ. 

ʋʧʨʘʚʦ ʟʙʦʛ ʨʝʰʘʚʘˁʘ ʦʚʦʛ ʧʨʦʙʣʝʤʘ ʿʝ ʥʘʧʨʘʚˀʝʥʘ ʤʦʜʠʬʠʢʦʚʘʥʘ 

ʩʝʤʠʝʤʧʠʨʠʿʩʢʘ ʬʦʨʤʫʣʘ ʢʦʿʘ ʦʜʚʦʿʝʥʦ ʪʨʝʪʠʨʘ ʧʨʝʣʘʟʝ ʢʦʜ ʢʦʿʠʭ ʩʝ ʤʝˁʘ ʛʣʘʚʥʠ 

ʢʚʘʥʪʥʠ ʙʨʦʿ ʦʜ ʦʥʠʭ ʢʦʜ ʢʦʿʠʭ ʩʝ ʦʥ ʥʝ ʤʝˁʘ. ʇʦʨʝʜ ʪʦʛʘ, ʦʚʘ ʬʦʨʤʫʣʘ ʢʦʨʠʩʪʠ 

ʘʧʨʦʢʩʠʤʘʮʠʿʫ LS ʚʝʟʝ, ʧʘ ʩʝ ʟʙʦʛ ʪʦʛʘ ʢʦʨʠʩʪʝ ʩʘʤʦ ʤʘʪʨʠʯʥʠ ʝʣʝʤʝʥʪʠ ʧʨʝʣʘʟʘ ʟʘ 

l Ÿ l + 1 ʠ l Ÿ l ï 1. ʆʥʠ ʩʫ ʦʟʥʘʯʝʥʠ ʩʘ 2

, 1l lR +
 ʠ 2

, 1l lR -
.  

ʆʚʝ ʧʨʝʜʥʦʩʪʠ ʤʦʜʠʬʠʢʦʚʘʥʝ ʩʝʤʠʝʤʧʠʨʠʿʩʢʝ ʬʦʨʤʫʣʝ ʩʫ ʛʣʘʚʥʠ ʨʘʟʣʦʛ ʟʘ ˁʝʥʦ 

ʢʦʨʠʰ˂ʝˁʝ ʫ ʠʟʨʘʯʫʥʘʚʘˁʫ ʐʪʘʨʢʦʚʦʛ ʰʠʨʝˁʘ ʟʘ ʧʨʝʣʘʟʝ ʢʦʿʠ ʩʫ ʧʦʪʨʝʙʥʠ ʫ 

ʠʩʪʨʘʞʠʚʘˁʫ ʨʝʛʫʣʘʨʥʦʩʪʠ ʫ ʦʚʦʤ ʨʘʜʫ. ʀʟʦʝʣʝʢʪʨʦʥʩʢʠ ʥʠʟ ʣʠʪʠʿʫʤʘ, ʢʦʿʠ ʩʝ 

ʧʨʦʫʯʘʚʘ ʫ ʦʚʦʤ ʨʘʜʫ, ʩʘʜʨʞʠ ʠ ʘʪʦʤ Mg ʢʦʿʠ ʿʝ ʜʝʚʝʪ ʧʫʪʘ ʿʦʥʠʟʦʚʘʥ. ɿʘ ʪʘʿ 

ʚʠʰʝʩʪʨʫʢʦ ʿʦʥʠʟʦʚʘʥʠ ʝʤʠʪʝʨ ʥʝʜʦʩʪʘʿʫ ʧʦʜʘʮʠ ʢʦʿʠ ʩʫ ʧʦʪʨʝʙʥʠ ʟʘ ʨʘʯʫʥʘˁʝ 

ʐʪʘʨʢʦʚʦʛ ʰʠʨʝˁʘ ʥʘ ʦʩʥʦʚʫ ʜʨʫʛʠʭ ʘʧʨʦʢʩʠʤʘʪʠʚʥʠʭ ʤʝʪʦʜʘ. ɿʘʪʦ ʿʝ ʦʩʤʠʰˀʝʥ 

ʦʜʛʦʚʘʨʘʿʫ˂ʠ ʘʣʛʦʨʠʪʘʤ ʟʘ ʨʘʯʫʥʘˁʝ ʐʪʘʨʢʦʚʦʛ ʰʠʨʝˁʘ ʫ ʦʢʚʠʨʫ ʤʦʜʠʬʠʢʦʚʘʥʝ 

ʩʝʤʠʝʤʧʠʨʠʿʩʢʝ ʬʦʨʤʫʣʝ, ʢʘʦ ʰʪʦ ʿʝ ʦʧʠʩʘʥʦ ʫ ʦʜʝˀʢʫ 4.2. 

ʋʚʦʜʝ˂ʠ ʧʦʤʝʥʫʪʝ ʤʦʜʠʬʠʢʘʮʠʿʝ, ʩʝʤʠʝʤʧʠʨʠʿʩʢʘ ʬʦʨʤʫʣʘ ʧʦʩʪʘʿʝ: 

( ) ( )
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 (2.10) 

ʆʚʜʝ ʿʝ -T ʪʝʤʧʝʨʘʪʫʨʘ ʧʣʘʟʤʝ, ʘ ʦʩʪʘʣʝ ʦʟʥʘʢʝ ʩʫ ʢʘʦ ʠ ʫ ʬʦʨʤʫʣʠ (2.6).  

ʄʘʪʨʠʯʥʠ ʝʣʝʤʝʥʪʠ ʧʨʝʣʘʟʘ ʟʘ ʢʦʿʝ ȹn = 0  ʩʫ ʜʘʪʠ ʢʘʦ ʫ (2.7) ʩʘ: 
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3 max( , )
max ( , )
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l l

n l l
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  (2.11) 

ʋ ʩʣʫʯʘʿʫ ȹn Í 0 ʠʤʘʤʦ: 

 ( ) ( )
2

2 2 2

0

3 1
3 3 11

2 9

f

ff f f fn
f

n
R n l l

Z
¡
D ¸

¡

å õ
= + + +æ ö
ç ÷

ä   (2.12) 

ʋ ʥʝʝʣʘʩʪʠʯʥʦʤ ʜʝʣʫ ʿʝʜʥʘʯʠʥʝ (2.10), ʢʦʜ ʢʦʿʝʛ ȹn Í 0, ʨʘʟʣʠʢʘ ʝʥʝʨʛʠʿʝ ʥʠʚʦʘ 

ʧʨʝʣʘʟʘ ʠ ʦʜʛʦʚʘʨʘʿʫ˂ʝʛ ʧʝʨʪʫʨʙʫʿʫ˂ʝʛ ʥʠʚʦʘ ʩʝ ʨʘʯʫʥʘ ʧʦ ʬʦʨʤʫʣʠ: 

 
2 3

, 1 2 /n n HE Z E n+D =   (2.13) 

ʂʘʜʘ ʿʝ ʟʘʜʦʚʦˀʝʥ ʫʩʣʦʚ 
3

50
2

kʊ

ɽ
>

D
 ʩʚʠ ɻʘʫʥʪ ʬʘʢʪʦʨʠ ʫ ʬʦʨʤʫʣʠ (2.10) ʩʝ ʨʘʯʫʥʘʿʫ 

ʧʦʤʦ˂ʫ ʬʦʨʤʫʣʝ: 
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f
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Z E n EE p ¡¡
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  (2.14) 

ʌʦʨʤʫʣʘ (2.14) ʿʝ ʜʘʪʘ ʫ ʨʘʜʫ [23]. 

 

 ʉʝʤʠʢʣʘʩʠʯʥʘ ʪʝʦʨʠʿʘ 

ʇʦʩʪʦʿʠ ʤʥʦʛʦ ʚʝʨʟʠʿʘ ʬʦʨʤʫʣʝ ʟʘ ʰʠʨʠʥʫ ʩʧʝʢʪʨʘʣʥʠʭ ʣʠʥʠʿʘ ʢʦʿʝ ʢʦʨʠʩʪʝ 

ʢʚʘʥʪʥʦʤʝʭʘʥʠʯʢʠ ʨʘʯʫʥ ʫ ʢʦʤʙʠʥʘʮʠʿʠ ʩʘ ʘʧʨʦʢʩʠʤʘʮʠʿʦʤ ʢʣʘʩʠʯʥʠʭ ʧʫʪʘˁʘ 

ʯʝʩʪʠʮʘ. ʋ ʥʘʩʪʘʚʢʫ ˂ʝ ʥʝʢʝ ʦʜ ˁʠʭ ʙʠʪʠ ʜʘʪʝ ʫ ʬʠʥʘʣʥʦʤ ʦʙʣʠʢʫ (ʆʜʝˀʘʢ 2.4), ʜʦʢ 

ʩʫ ʜʨʫʛʝ ʥʘʚʝʜʝʥʝ ʫʟ ʧʦʟʠʚ ʥʘ ʦʜʛʦʚʘʨʘʿʫ˂ʝ ʨʝʬʝʨʝʥʮʝ. 

GBKO ʬʦʨʤʫʣʘ 

ʇʨʚʝ ʬʦʨʤʫʣʝ ʩʫ ʨʘʟʚʠʿʝʥʝ 1962. ʛʦʜʠʥʝ ʫ ʨʘʜʫ ʯʝʪʠʨʠ ʚʝʣʠʢʘʥʘ Griem-ʘ, Baranger-

a, Kolb-ʘ ʠ Oertel-ʘ ʧʦ ʢʦʿʠʤʘ ʿʝ ʬʦʨʤʫʣʘ ʠ ʜʦʙʠʣʘ ʠʤʝ GBKO [23]. ʋ ʦʚʦʤ ʨʘʜʫ ʿʝ 
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ʠʟʨʘʯʫʥʘʪʦ ʐʪʘʨʢʦʚʦ ʰʠʨʝˁʝ ʩʧʝʢʪʨʘʣʥʠʭ ʣʠʥʠʿʘ ʥʝʫʪʨʘʣʥʦʛ ʭʝʣʠʿʫʤʘ, ʘʣʠ ʿʝ 

ʢʘʩʥʠʿʝ ʫʧʨʘʚʦ ʦʚʘʿ ʨʘʜ ʠʥʩʧʠʨʠʩʘʦ ʜʨʫʛʝ ʠʩʪʨʘʞʠʚʘʯʝ ʜʘ, ʢʦʨʠʩʪʝ˂ʠ ʩʣʠʯʥʝ 

ʤʝʪʦʜʝ, ʫʦʧʰʪʝ ʬʦʨʤʫʣʫ ʟʘ ʠʟʨʘʯʫʥʘʚʘˁʝ ʐʪʘʨʢʦʚʦʛ ʰʠʨʝˁʘ ʠ ʥʘ ʜʨʫʛʝ ʝʤʠʪʝʨʝ. 

ʉʘʤʠ ʘʫʪʦʨʠ ʠ ʥʘʚʦʜʝ ʜʘ ʩʝ ʬʦʨʤʫʣʘ ʤʦʞʝ ʢʦʨʠʩʪʠʪʠ ʟʘ ʰʠʨʦʢ ʩʧʝʢʪʘʨ ʘʪʦʤʘ, ʘ ʜʘ 

ʿʝ ʭʝʣʠʿʫʤ ʠʟʘʙʨʘʥ ʟʙʦʛ ʩʚʦʛ ʟʥʘʯʘʿʘ ʫ ʩʧʝʢʪʨʠʤʘ ʟʚʝʟʜʘ. ʂʦʨʠʰ˂ʝʥʘ ʿʝ 

ʘʧʨʦʢʩʠʤʘʮʠʿʘ ʧʦ ʢʦʿʦʿ ʩʝ ʧʝʨʪʫʨʙʝʨʠ ʢʨʝ˂ʫ ʧʦ ʢʣʘʩʠʯʥʠʤ ʧʫʪʘˁʘʤʘ, ʜʦʢ ʩʝ ʩʘʤʘ 

ʠʥʪʝʨʘʢʮʠʿʘ ʦʧʠʩʫʿʝ ʢʚʘʥʪʥʦʤʝʭʘʥʠʯʢʠ. ɻʨʝʰʢʘ ʢʦʿʫ ʩʫ ʘʫʪʦʨʠ ʥʘʚʝʣʠ ʢʘʦ 

ʦʯʝʢʠʚʘʥʫ ʟʘ ʦʚʘʢʘʚ ʨʘʯʫʥ ʿʝ 20%. 

ʌʦʨʤʫʣʘ Sahal-Br®chot 

ʌʦʨʤʫʣʘ ʢʦʿʘ ʿʝ ʠʟʫʟʝʪʥʦ ʮʠʪʠʨʘʥʘ ʫ ʣʠʪʝʨʘʪʫʨʠ ʿʝ ʜʘʪʘ ʫ ʨʘʜʫ Sahal-Br®chot [24]. 

ɸʫʪʦʨʢʘ ʿʝ ʢʦʨʠʩʪʝ˂ʠ ʩʫʜʘʨʥʫ ʘʧʨʦʢʩʠʤʘʮʠʿʫ ʠʟʨʘʯʫʥʘʣʘ ʫʪʠʮʘʿ ʝʣʝʢʪʨʦʥʩʢʠʭ ʠ 

ʿʦʥʩʢʠʭ ʧʝʨʪʫʨʙʝʨʘ ʥʘ ʐʪʘʨʢʦʚʦ ʰʠʨʝˁʝ. ʋ ʨʘʜʫ ʿʝ ʧʦʢʘʟʘʥʦ ʜʘ ʩʝ ʦʙʝ ʚʨʩʪʝ 

ʧʝʨʪʫʨʙʝʨʘ ʤʦʛʫ ʜʦʙʨʦ ʦʧʠʩʘʪʠ ʩʫʜʘʨʥʦʤ ʘʧʨʦʢʩʠʤʘʮʠʿʦʤ ʫ ʫʩʣʦʚʠʤʘ ʫ 

ʘʪʤʦʩʬʝʨʘʤʘ ʟʚʝʟʜʘ ʛʜʝ ʿʝ ʢʦʥʮʝʥʪʨʘʮʠʿʘ ʤʘʣʘ. ʅʘʧʦʤʝʥʫʪʦ ʿʝ, ʪʘʢʦʹʝ, ʜʘ ʩʫ ʟʘ ʚʝ˂ʝ 

ʢʦʥʮʝʥʪʨʘʮʠʿʝ, ʢʦʿʝ ʩʝ ʿʘʚˀʘʿʫ ʢʦʜ ʣʘʙʦʨʘʪʦʨʠʿʩʢʠʭ ʧʣʘʟʤʠ, ʠʟʨʘʯʫʥʘʪʝ ʚʨʝʜʥʦʩʪʠ 

ʐʪʘʨʢʦʚʦʛ ʰʠʨʝˁʘ ʥʘ ʛʨʘʥʠʮʠ ʧʨʠʤʝˁʠʚʦʩʪʠ. ɿʘʥʝʤʘʨʝʥ ʿʝ ʫʪʠʮʘʿ ʝʤʠʪʝʨʘ ʥʘ 

ʧʝʨʪʫʨʙʝʨ. 

ʅʘ ʦʩʥʦʚʫ ʪʝ ʬʦʨʤʫʣʝ ɼʠʤʠʪʨʠʿʝʚʠ˂ ʿʝ ʠʟʨʘʯʫʥʘʦ ʚʝʣʠʢʠ ʙʨʦʿ ʩʧʝʢʪʨʘʣʥʠʭ ʣʠʥʠʿʘ 

ʠ ʦʩʪʚʘʨʠʦ ʥʘʿʚʝ˂ʠ ʧʨʦʿʝʢʘʪ ʫ ʦʙʣʘʩʪʠ ʐʪʘʨʢʦʚʦʛ ʰʠʨʝˁʘ ʩʧʝʢʪʨʘʣʥʠʭ ʣʠʥʠʿʘ. 

ʈʝʟʫʣʪʘʪʠ ʩʝ ʤʦʛʫ ʥʘ˂ʠ ʫ ʙʘʟʠ ʐʪʘʨʢʦʚʦʛ ʰʠʨʝˁʘ ʩʧʝʢʪʨʘʣʥʠʭ ʣʠʥʠʿʘ ʥʘ ʠʥʪʝʨʥʝʪʫ 

ʫ Stark-B ʙʘʟʠ [18]. 

Jones Bennet Grim-ʦʚ ʘʣʛʦʨʠʪʘʤ 

Jones, Bennet ʠ Grim ʩʫ 1971. ʨʘʟʚʠʣʠ ʘʣʛʦʨʠʪʘʤ ʟʘ ʨʘʯʫʥʘˁʝ ʐʪʘʨʢʦʚʠʭ 

ʧʘʨʘʤʝʪʘʨʘ ʠʟʦʣʦʚʘʥʠʭ ʣʠʥʠʿʘ, ʧʨʚʦ ʥʝʫʪʨʘʣʥʠʭ ʘʪʦʤʘ, ʘ ʢʘʩʥʠʿʝ ʠ ʿʝʜʥʦʩʪʨʫʢʦ 

ʿʦʥʠʟʦʚʘʥʠʭ ʝʤʠʪʝʨʘ [34]. ɳʠʭʦʚ ʨʘʜ ʿʝ ʦʙʿʘʚˀʝʥ ʫ ʪʝʭʥʠʯʢʦʤ ʠʟʚʝʰʪʘʿʫ ʤʘʪʠʯʥʦʛ 

ʬʘʢʫʣʪʝʪʘ, ʧʘ ʩʝ ʟʙʦʛ ʪʦʛʘ ˁʠʭʦʚʠ ʨʝʟʫʣʪʘʪʠ ʥʝ ʤʦʛʫ ʥʘ˂ʠ ʫ ʥʘʫʯʥʠʤ ʯʘʩʦʧʠʩʠʤʘ, 

ʚʝ˂ ʩʝ ʨʝʟʫʣʪʘʪʠ ʤʦʨʘʿʫ ʧʦʪʨʘʞʠʪʠ ʢʦʜ ʜʨʫʛʠʭ ʘʫʪʦʨʘ ʢʦʿʠ ʩʫ ʛʘ ʢʦʨʠʩʪʠʣʠ ʟʘ 

ʨʘʯʫʥʘˁʝ ʐʪʘʨʢʦʚʠʭ ʧʘʨʘʤʝʪʘʨʘ [35]. ɸʣʛʦʨʠʪʘʤ ʩʝ ʢʦʨʠʩʪʠ ʢʦʜ ʠʟʦʣʦʚʘʥʠʭ 

ʩʧʝʢʪʨʘʣʥʠʭ ʣʠʥʠʿʘ, ʘ ʫʦʯʝʥʦ ʦʜʩʪʫʧʘˁʝ ʦʜ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʠʭ ʚʨʝʜʥʦʩʪʠ ʿʝ 20%. 
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ɸʫʪʦʨʠ ʥʘʚʦʜʝ ʜʘ ʩʝ ʨʝʟʫʣʪʘʪʠ ʫ ʚʝʣʠʢʦʿ ʤʝʨʠ ʦʩʣʘˁʘʿʫ ʥʘ GBKO ʬʦʨʤʫʣʫ, ʘ ʜʘ 

ʧʦʙʦˀʰʘˁʘ ʧʨʦʠʩʪʠʯʫ ʠʟ ʥʦʚʠʭ ʩʘʟʥʘˁʘ ʦ ʧʝʨʪʫʨʙʫʿʫ˂ʠʤ ʥʠʚʦʠʤʘ ʧʨʝʣʘʟʘ. 

 ʋʧʨʦʰ˂ʝʥʘ ʩʝʤʠʢʣʘʩʠʯʥʘ ʬʦʨʤʫʣʘ 

Griem ʿʝ ʪʘʢʦʹʝ ʠʟʚʝʦ ʫʧʨʦʰ˂ʝʥʫ ʩʝʤʠʢʣʘʩʠʯʥʫ ʬʦʨʤʫʣʫ ʢʦʿʘ ʟʘʭʪʝʚʘ ʤʘˁʠ ʙʨʦʿ 

ʧʘʨʘʤʝʪʘʨʘ ʦʜ ʦʨʠʛʠʥʘʣʥʝ ʩʝʤʠʢʣʘʩʠʯʥʝ ʬʦʨʤʫʣʝ ʠ ʧʦ ʪʦʤʝ ʿʝ ʩʣʠʯʥʘ ʩʘ 

ʤʦʜʠʬʠʢʦʚʘʥʦʤ ʩʝʤʠʝʤʧʠʨʠʿʩʢʦʤ ʬʦʨʤʫʣʦʤ. ʌʦʨʤʫʣʘ ʩʝ ʫ ʦʨʠʛʠʥʘʣʥʦʤ ʦʙʣʠʢʫ 

ʤʦʞʝ ʥʘ˂ʠ ʫ ʢˁʠʟʠ [19] ʧʦʜ ʙʨʦʿʝʤ 526. ʋ ʨʘʜʫ [26] ʿʝ ʦʚʘ ʬʦʨʤʫʣʘ ʜʘʪʘ ʫ 

ʧʨʠʣʘʛʦʹʝʥʦʤ ʦʙʣʠʢʫ ʢʦʿʠ ʿʝ ʜʠʨʝʢʪʥʦ ʫʧʦʨʝʜʠʚ ʩʘ ʤʦʜʠʬʠʢʦʚʘʥʦʤ 

ʩʝʤʠʝʤʧʠʨʠʿʩʢʦʤ ʬʦʨʤʫʣʦʤ (2.10): 
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 (2.15) 

ʆʚʜʝ ʿʝ f(v) ʄʘʢʩʚʝʣʦʚʘ ʜʠʩʪʨʠʙʫʮʠʿʘ ʯʝʩʪʠʮʘ ʧʦ ʙʨʟʠʥʘʤʘ. ʀ ʦʚʜʝ ʩʫ ʨʘʟʣʠʯʠʪʦ 

ʘʥʣʠʟʠʨʘʥʠ ʧʨʝʣʘʟʠ ʢʦʜ ʢʦʿʠʭ ʿʝ ȹn = 0 ʦʜ ʦʥʠʭ ʢʦʜ ʢʦʿʠʭ ʿʝ ȹn Í0 ʜʘ ʙʠ ʩʝ ʧʦʢʘʟʘʣʦ 

ʜʘ ʿʝ: 

 

1
2 2

1

,

max

1
2 2min ,

1

,

4.5
ln 5 1 0

2 ( 1)
ln

ln 1.4 1 0
2 ( 1)

l
l l

H

l l
l

l l

H

mv n
ʟʘ n

E Z ZZ

mv n
ʟʘ n

E Z Z

x

e

e
x

-

-

¡

-
¡

-

¡

ë ë ûè øî î
î - + + D =ì üé ù

-î ê úî îå õ í ýî
=ìæ ö

ë ûç ÷ î è øî î
+ + D ¸ì üî é ù

-ê úî îî í ýí

  (2.16) 

ʋ ʬʦʨʤʫʣʠ (2.16)  Ў ʿʝ ʝʢʩʮʝʥʪʨʠʮʠʪʝʪ ʭʠʧʝʨʙʦʣʠʯʢʝ ʧʫʪʘˁʝ ʝʤʠʪʝʨʘ, 
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ʋ ʛʦʨˁʦʿ ʬʦʨʤʫʣʠ ʿʝ ,l lw ¡ʬʨʝʢʚʝʥʪʥʠ ʨʘʟʤʘʢ ʠʟʤʝʹʫ ʥʠʚʦʘ ,l l¡, 
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iwD  ʬʨʝʢʚʝʥʪʥʠ ʧʦʤʘʢ ʫ ʿʦʥʩʢʦʤ ʧʦˀʫ. 

ʂʦʨʝʢʮʠʦʥʠ ʯʣʘʥ ʟʘ ʿʘʢʝ ʩʫʜʘʨʝ Wc ʩʝ ʨʘʯʫʥʘ ʧʦ ʬʦʨʤʫʣʠ: 
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ɹʣʘʛʦʿʝʚʠ˂ ʿʝ ʫʪʚʨʜʠʦ ʜʘ ʫʧʨʦʰ˂ʝʥʘ ʩʝʤʠʢʣʘʩʠʯʥʘ ʬʦʨʤʫʣʘ (2.15) ʜʘʿʝ  ʙʦˀʝ 

ʩʣʘʛʘˁʝ ʩʘ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʠʤ ʧʦʜʘʮʠʤʘ ʦʜ ʩʝʤʠʝʤʧʠʨʠʿʩʢʝ (2.6) ʠ ʤʦʜʠʬʠʢʦʚʘʥʝ 

ʩʝʤʠʝʤʧʠʨʠʿʩʢʝ ʬʦʨʤʫʣʝ (2.10) ʫ ʨʘʜʫ [28].
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 ʇʆɿʀʎʀʆʅʀʈɸɳɽ 

ʀʉʊʈɸɾʀɺɸɳɸ 

ʂʦʤʧʣʝʪʥʘ ʣʠʩʪʘ ʨʘʜʦʚʘ, ʢʦʿʠ ʩʝ ʙʘʚʝ ʰʠʨʝˁʝʤ ʩʧʝʢʪʨʘʣʥʠʭ ʣʠʥʠʿʘ ʘʪʦʤʘ, ʩʝ ʤʦʞʝ 

ʥʘ˂ʠ ʫ NIST-ʦʚʦʿ ʙʘʟʠ ʧʦʜʘʪʘʢʘ [36] ʠ ʩʘʜʨʞʠ 6796 ʥʘʩʣʦʚʘ ʠʟ ʦʚʝ ʦʙʣʘʩʪʠ, 

ʦʙʿʘʚˀʝʥʠʭ ʠʟʤʝʹʫ 1889. ʠ 2014. ʛʦʜʠʥʝ. ɼʠʤʠʪʨʠʿʝʚʠ˂ ʫ ʩʚʦʿʦʿ ʙʠʙʣʠʦʛʨʘʬʠʿʠ [37] 

ʥʘʚʦʜʠ ʜʘ ʿʝ 1222 ʨʘʜʦʚʘ ʦʙʿʘʚˀʝʥʦ ʦʜ ʩʪʨʘʥʝ ʜʦʤʘ˂ʠʭ ʘʫʪʦʨʘ ʜʦ 2000. ʛʦʜʠʥʝ, ʤʝʹʫ 

ʢʦʿʠʤʘ ʩʝ ʧʦ ʙʨʦʿʫ ʨʘʜʦʚʘ ʠʟʜʚʘʿʘʿʫ ɫʝʥʠʞʝ, ɼʠʤʠʪʨʠʿʝʚʠ˂ ʠ ʂʦˁʝʚʠ˂ (ʊʘʙʝʣʘ 3.1). 

ɺʠʰʝ ʦʜ 2000 ʘʫʪʦʨʘ ʿʝ ʦʙʿʘʚʠʣʦ ʦʢʦ 2500 ʨʘʜʦʚʘ ʠʟ ʦʙʣʘʩʪʠ ʐʪʘʨʢʦʚʦʛ ʰʠʨʝˁʘ 

ʩʧʝʢʪʨʘʣʥʠʭ ʣʠʥʠʿʘ.  

 

ʉʣʠʢʘ 3.1 ʀʥʪʝʨʥʝʪ ʩʪʨʘʥʘ ʢʦʿʘ ʧʨʠʢʘʟʫʿʝ ʝʣʝʤʝʥʪʝ ʟʘ ʢʦʿʝ ʩʫ ʠʟʨʘʯʫʥʘʪʝ ʐʪʘʨʢʦʚʝ ʰʠʨʠʥʝ stark-

b.obspm.fr. ʎʨʥʠʤ ʩʣʦʚʠʤʘ ʩʫ ʦʟʥʘʯʝʥʠ ʝʣʝʤʝʥʪʠ ʟʘ ʢʦʿʝ ʧʦʩʪʦʿʝ ʥʝʢʦʤʧʣʝʪʠʨʘʥʠ ʧʦʜʘʮʠ, ʜʦʢ ʟʘ 

ʝʣʝʤʝʥʪʝ ʢʦʿʠ ʩʫ ʦʟʥʘʯʝʥʠ ʩʠʚʠʤ ʩʣʦʚʠʤʘ ʥʝ ʧʦʩʪʦʿʝ ʥʠʢʘʢʚʠ ʧʦʜʘʮʠ. 



   

 

 

40 

 

ɼʘʥʘʩ ʩʝ ʪʠʤʝ ʘʢʪʠʚʥʦ ʙʘʚʠ ɼʠʤʠʪʨʠʿʝʚʠ˂ ʩʘ ʩʚʦʿʠʤ ʧʨʦʿʝʢʪʦʤ Stark-B [18] ʫ 

ʦʢʚʠʨʫ ʢʦʛʘ ʩʝ ʚʨʰʠ ʢʚʘʥʪʥʦʤʝʭʘʥʠʯʢʦ ʠʟʨʘʯʫʥʘʚʘˁʝ ʐʪʘʨʢʦʚʠʭ ʰʠʨʠʥʘ ʚʝʣʠʢʦʛ 

ʙʨʦʿʘ ʩʧʝʢʪʨʘʣʥʠʭ ʣʠʥʠʿʘ. ʉʣʠʢʘ 3.1 ʧʨʠʢʘʟʫʿʝ ʪʨʝʥʫʪʥʦ ʩʪʘˁʝ ʦʚʦʛ ʧʨʦʿʝʢʪʘ. 

ʆʟʥʘʯʝʥʠ ʩʫ ʝʣʝʤʝʥʪʠ ʟʘ ʢʦʿʝ ʩʫ ʨʘʯʫʥʘʪʠ ʐʪʘʨʢʦʚʠ ʧʘʨʘʤʝʪʨʠ, ʰʠʨʝˁʝ ʠ 

ʧʦʤʝʨʘˁʝ. ʂʘʢʦ ʩʚʘʢʠ ʝʣʝʤʝʥʪ ʠʤʘ ʚʝʣʠʢʠ ʙʨʦʿ ʿʦʥʠʟʘʮʠʦʥʠʭ ʩʪʘˁʘ, ʘ ʪʠʤʝ ʠ 

ʚʝʣʠʢʠ ʙʨʦʿ ʘʪʦʤʩʢʠʭ ʧʨʝʣʘʟʘ, ʥʘ ʩʣʠʮʠ ʩʫ ʦʟʥʘʯʝʥʠ ʝʣʝʤʝʥʪʠ ʢʦʜ ʢʦʿʠʭ ʿʝ ʦʙʨʘʹʝʥʦ 

ʩʘʤʦ ʿʝʜʥʦ ʠʣʠ ʩʘʤʦ ʧʘʨ ʿʦʥʠʟʘʮʠʦʥʠʭ ʩʪʘˁʘ, ʪʘʢʦ ʜʘ ʿʝ ʧʨʦʮʝʥʘʪ ʦʙʨʘʹʝʥʠʭ 

ʘʪʦʤʩʢʠʭ ʧʨʝʣʘʟʘ ʛʝʥʝʨʘʣʥʦ ʤʘʣʠ. ʇʦʨʝʜ ʪʦʛʘ, ʟʘ ʚʝ˂ʠʥʫ ʝʣʝʤʝʥʘʪʘ ʥʠʩʫ ʠʟʨʘʯʫʥʘʪʝ 

ʰʠʨʠʥʝ ʣʠʥʠʿʘ ʩʚʠʭ ʘʪʦʤʩʢʠʭ ʧʨʝʣʘʟʘ.  

ʊʘʙʝʣʘ 3.1 ʃʠʩʪʘ ʘʫʪʦʨʘ ʩʘ ʥʘʿʚʝ˂ʠʤ ʙʨʦʿʝʤ ʨʘʜʦʚʘ ʫ ʦʙʣʘʩʪʠ ʰʠʨʝˁʘ ʩʧʝʢʪʨʘʣʥʠʭ ʣʠʥʠʿʘ ʫ 

ʢʘʪʝʛʦʨʠʿʘʤʘ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʠʭ, ʪʝʦʨʠʿʩʢʠʭ ʠ ʤʝʰʦʚʠʪʠʭ ʨʘʜʦʚʘ. 

ɽʢʩʧʝʨʠʤʝʥʪʘʣʥʠ ʨʘʜʦʚʠ ʊʝʦʨʠʿʩʢʘ ʠʟʨʘʯʫʥʘʚʘˁʘ 
ʊʝʦʨʠʿʩʢʦ-

ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʠ 

1 Djeniģe S. 133 1 Dimitrijeviĺ S. M. 302 1 Dimitrijeviĺ S. M.  28 

2 Konjeviĺ N. 104 2 Sahal-Br®chot S. 180 2 Konjeviĺ N.  25 

3 Sreĺkoviĺ A. 72 3 Stamm R. 94 3 Djeniģe S.  23 

4 Puriĺ J. 59 4 Talin B. 70 4 Griem R. H.  14 

5 Griem R. H. 51 5 Griem R. H. 68 5 Milosavljeviĺ V.  12 

6 Bukviĺ S. 48 6 Popoviĺ L. Ļ. 57 6 Gavrilenko P. V.  10 

7 Dimitrijeviĺ S. M.  47 7 Konjeviĺ N. 53 7 Stamm R.  10 

8 Djuroviĺ S. 46 8 Calisti A. 50 8 Blagojeviĺ B.  8 

9 Labat J. 42 9 Lee W. R. 48 9 Djuroviĺ S.  8 

10 Mar S. 41 10 Koubiti M. 37 10 Mancini C. R.  8 

11 Platiġa M. 41 11 Marandet Y.  33 11 Sreĺkoviĺ A.  8 

12 Milosavljeviĺ V.  33 12 Stehl® C.  33 12 Frank G. A.  7 

13 Kunze H.-J. 33 13 Godbert-Mouret L.  31 13 Godbert-Mouret L.  7 

14 Aparicio A. J.  30 14 Hooper F. C.  31 14 Koubiti M.  7 

15 Kobilarov R.  28 15 Capes H.  30 15 Kyrie P. N.  7 

16 Burgess D. D. 27 16 Gigosos A. M.  29 16 Oks E.  7 

17 Mijatoviĺ Z.  26 17 Rosato J.  29 17 Vitel Y.  7 

18 Chapelle J. 23 18 Djeniģe S.  28 18 Hooper F. C.  6 

19 Lesage A.  20 19 Simiĺ Z.  27 19 Ivkoviĺ M.  6 

20 Lee W. R.  20 20 Nessib Ben N.  26 20 Kobilarov R.  6 
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ʇʦʩʪʦʿʝ ʙʨʦʿʥʝ ʧʦʪʝʰʢʦ˂ʝ ʫ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʦʤ ʦʜʨʝʹʠʚʘˁʫ ʐʪʘʨʢʦʚʦʛ ʰʠʨʝˁʘ 

ʢʦʜ ʚʠʰʠʭ ʿʦʥʠʟʘʮʠʦʥʠʭ ʩʪʘˁʘ, ʧʘ ʟʙʦʛ ʪʦʛʘ ʧʦʩʪʦʿʠ ʚʝʣʠʢʠ ʙʨʦʿ ʨʘʜʦʚʘ ʫ ʢʦʿʠʤʘ 

ʩʫ ʦʙʿʘʚˀʝʥʠ ʨʝʟʫʣʪʘʪʠ ʤʝʨʝˁʘ ʐʪʘʨʢʦʚʦʛ ʰʠʨʝˁʘ ʧʦʿʝʜʠʥʘʯʥʠʭ ʘʪʦʤʩʢʠʭ 

ʧʨʝʣʘʟʘ. ʄʝʹʫ ʚʝʣʠʢʠʤ ʙʨʦʿʝʤ ʠʩʪʨʘʞʠʚʘʯʘ, ʢʦʿʠ ʩʫ ʤʝʨʠʣʠ ʐʪʘʨʢʦʚʝ ʧʘʨʘʤʝʪʨʝ, 

ʧʦ ʙʨʦʿʫ ʨʘʜʦʚʘ ʩʝ ʠʟʜʚʘʿʘ ɫʝʥʠʞʝ [38]. ʇʨʝʛʣʝʜ ʚʝʣʠʢʦʛ ʙʨʦʿʘ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʦ 

ʠʟʤʝʨʝʥʠʭ ʨʝʟʫʣʪʘʪʘ ʩʝ ʤʦʞʝ ʥʘ˂ʠ ʫ ʨʘʜʦʚʠʤʘ ʂʦˁʝʚʠ˂ʘ, ʛʜʝ ʿʝ ʫʿʝʜʥʦ ʜʘʪʦ ʠ 

ʧʦʨʝʹʝˁʝ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʠʭ ʠ ʪʝʦʨʠʿʩʢʠʭ ʧʦʜʘʪʘʢʘ [39,40,41,42,43,44,45]. 

ʈʝʟʫʣʪʘʪʠ ʦʚʦʛ ʧʦʨʝʹʝˁʘ ʧʦʢʘʟʫʿʫ ʜʘ ʿʝ ʨʘʟʣʠʢʘ ʠʟʤʝʹʫ ʪʝʦʨʠʿʩʢʠʭ ʠ 

ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʠʭ ʨʝʟʫʣʪʘʪʘ ʦʢʦ 20%. ʆʚʦ ʿʝ ʫʿʝʜʥʦ ʧʦʢʘʟʘʪʝˀ ʜʘ ʪʨʝʙʘ ʜʦʜʘʪʥʦ 

ʨʘʟʚʠʿʘʪʠ ʨʘʟʣʠʯʠʪʝ ʤʝʪʦʜʝ ʟʘ ʜʦʙʠʿʘˁʝ ʐʪʘʨʢʦʚʠʭ ʧʘʨʘʤʝʪʘʨʘ ʠ ʜʘ ʩʫ ʨʝʟʫʣʪʘʪʠ 

ʧʨʠʭʚʘʪˀʠʚʠ, ʧʦʛʦʪʦʚʦ ʢʘʜʘ ʩʝ ʦʙʨʘʹʫʿʝ ʚʝʣʠʢʠ ʙʨʦʿ ʣʠʥʠʿʘ ʢʦʿʝ ʩʫ ʦʜ ʟʥʘʯʘʿʘ ʟʘ 

ʘʩʪʨʦʬʠʟʠʢʫ ʠ ʬʫʟʠʦʥʘ ʠʩʪʨʘʞʠʚʘˁʘ. ʅʘ ʧʨʠʤʝʨ, ʟʘ ʧʨʦʮʝʥʫ ʢʦʝʬʠʮʠʿʝʥʪʘ 

ʘʧʩʦʨʧʮʠʿʝ ʥʝʦʧʭʦʜʥʦ ʿʝ ʫʨʘʯʫʥʘʪʠ ʐʪʘʨʢʦʚʝ ʧʘʨʘʤʝʪʨʝ ʩʧʝʢʪʨʘʣʥʠʭ ʣʠʥʠʿʘ, ʢʦʿʝ 

ʟʘʿʝʜʥʠʯʢʠ ʜʦʧʨʠʥʦʩʝ ʨʝʟʫʣʪʘʪʫ. ɺʝʣʠʢʠ ʙʨʦʿ ʧʦʜʘʪʘʢʘ ʢʦʿʠ ʩʝ ʫʨʘʯʫʥʘʚʘʿʫ 

ʜʦʧʨʠʥʦʩʠ ʩʤʘˁʝˁʫ ʛʨʝʰʢʝ ʨʝʟʫʣʪʘʪʘ, ʠ ʦʙʠʯʥʦ ʿʝ ʤʘˁʘ ʦʜ ʛʨʝʰʢʝ ʧʦʿʝʜʠʥʘʯʥʠʭ 

ʧʦʜʘʪʘʢʘ. ʆʚʘʢʦ ʚʝʣʠʢʠ ʙʨʦʿ ʧʨʠʢʫʧˀʝʥʠʭ ʧʦʜʘʪʘʢʘ ʦʤʦʛʫ˂ʠʦ ʿʝ ʧʨʦʫʯʘʚʘˁʝ 

ʨʝʛʫʣʘʨʥʦʩʪʠ ʐʪʘʨʢʦʚʦʛ ʰʠʨʝˁʘ, ʯʠʤʝ ʩʫ ʩʝ ʙʘʚʠʣʠ ʤʥʦʛʠ ʘʫʪʦʨʠ ʧʦʯʝʚʰʠ ʦʜ 

ʇʫʨʠ˂ʘ ʠ ʃʘʙʘʪʘ [46,47].  

 ʎʠˀ ʠ ʤʝʪʦʜʝ ʠʩʪʨʘʞʠʚʘˁʘ 

ʋʦʧʰʪʝʥʦ ʛʦʚʦʨʝ˂ʠ, ʧʦʩʪʦʿʠ ʧʦʪʨʝʙʘ ʟʘ ʧʘʨʘʤʝʪʨʠʤʘ ʐʪʘʨʢʦʚʦʛ ʰʠʨʝˁʘ 

ʨʘʟʣʠʯʠʪʠʭ ʩʧʝʢʪʨʘʣʥʠʭ ʣʠʥʠʿʘ ʤʥʦʛʠʭ ʝʣʝʤʝʥʘʪʘ ʠ ʨʘʟʣʠʯʠʪʠʭ ʿʦʥʠʟʘʮʠʦʥʠʭ 

ʩʪʘˁʘ ʟʘ ʚʝʣʠʢʠ ʨʘʩʧʦʥ ʧʘʨʘʤʝʪʘʨʘ ʧʣʘʟʤʝ, ʢʘʦ ʰʪʦ ʩʫ ʝʣʝʢʪʨʦʥʩʢʘ ʢʦʥʮʝʥʪʨʘʮʠʿʘ 

ʠ ʪʝʤʧʝʨʘʪʫʨʘ. ɿʙʦʛ ʪʦʛʘ ʧʦʩʪʦʿʠ ʠʥʪʝʨʝʩ ʜʘ ʩʝ ʠʩʪʨʘʞʠ ʙʠʣʦ ʢʦʿʠ ʪʝʦʨʠʿʩʢʠ 

ʧʨʠʩʪʫʧ ʢʦʿʠ ʙʠ ʤʦʛʘʦ ʜʘ ʦʤʦʛʫ˂ʠ ʜʦʙʠʿʘˁʝ ʿʝʜʥʦʩʪʘʚʥʠʭ ʨʝʣʘʮʠʿʘ ʠʟ ʪʨʝʥʜʦʚʘ ʢʦʿʠ 

ʩʝ ʤʦʛʫ ʧʨʦʥʘ˂ʠ ʫ ʧʦʜʘʮʠʤʘ ʦ ʐʪʘʨʢʦʚʦʤ ʰʠʨʝˁʫ. ʋ ʥʝʢʦʣʠʢʦ ʨʘʜʦʚʘ 

[48,8,49,50,51], ʜʦʢʘʟʘʥʦ ʿʝ ʜʘ ʠʥʪʝʨʧʨʝʪʘʮʠʿʘ ʨʝʛʫʣʘʨʥʦʩʪʠ ʐʪʘʨʢʦʚʦʛ ʰʠʨʝˁʘ 

ʟʘʩʥʦʚʘʥʘ ʥʘ ʬʠʟʠʯʢʠʤ ʟʘʢʦʥʠʤʘ ʤʦʞʝ ʜʘ ʦʙʝʟʙʝʜʠ ʠʥʬʦʨʤʘʮʠʿʝ ʦ ʐʪʘʨʢʦʚʠʤ 

ʧʘʨʘʤʝʪʨʠʤʘ  ʢʦʿʠ ʠʤʘʿʫ ʠ ʜʦʚʦˀʥʫ ʧʦʫʟʜʘʥʦʩʪ ʠ ʿʝʜʥʦʩʪʘʚʥʦʩʪ ʫ ʨʘʯʫʥʘˁʫ, ʢʦʿʘ ʿʝ 

ʥʝʦʧʭʦʜʥʘ ʟʙʦʛ ʤʘʣʦʛ ʙʨʦʿʘ ʜʦʩʪʫʧʥʠʭ ʠʥʬʦʨʤʘʮʠʿʘ ʦ ʩʧʝʢʪʨʘʣʥʠʤ ʣʠʥʠʿʘʤʘ.  
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ʉʣʠʢʘ 3.2 ʐʪʘʨʢʦʚʦ ʰʠʨʝˁʝ ʩʧʝʢʪʨʘʣʥʠʭ ʣʠʥʠʿʘ ʤʘʛʥʝʟʠʿʫʤʘ. 

ʇʨʠʩʪʫʧ ʢʦʿʠ ʩʝ ʙʘʟʠʨʘ ʥʘ ʧʨʦʫʯʘʚʘˁʫ ʪʨʝʥʜʦʚʘ, ʢʦʿʠ ʩʝ ʤʦʛʫ ʧʨʦʥʘ˂ʠ ʫ 

ʧʘʨʘʤʝʪʨʠʤʘ ʐʪʘʨʢʦʚʦʛ ʰʠʨʝˁʘ (ʉʣʠʢʘ 3.2), ʿʝ ʨʘʟʚʠʿʝʥ ʫ ʩʝʨʠʿʠ ʨʘʜʦʚʘ ʢʦʿʠ ʩʫ 

ʥʘʙʨʦʿʝʥʠ ʫʥʫʪʘʨ ʨʘʜʘ ʇʫʨʠ˂ʘ [49] ʧʦʩʚʝ˂ʝʥʠʭ ʫʪʠʮʘʿʫ ʧʦʪʝʥʮʠʿʘʣʘ ʿʦʥʠʟʘʮʠʿʝ ʩʘ 

ʛʦʨˁʝʛ ʥʠʚʦʘ ʝʣʝʢʪʨʦʥʘ ʫ ʧʨʝʣʘʟʫ ʥʘ ʐʪʘʨʢʦʚʦ ʰʠʨʝˁʝ, ʢʘʦ ʠ ʫʪʠʮʘʿʫ 

ʥʘʝʣʝʢʪʨʠʩʘˁʘ ʝʤʠʪʝʨʘ ʢʦʿʝ ʚʠʜʠ ʝʣʝʢʪʨʦʥ ʫ ʧʨʝʣʘʟʫ. ʊʘʢʦʹʝ, ʧʦʩʪʦʿʝ ʨʘʜʦʚʠ 

ʜʨʫʛʠʭ ʘʫʪʦʨʘ [52,53] ʢʦʿʠ ʩʫ ʙʘʟʠʨʘʥʠ ʥʘ ʚʦʜʦʥʠʢʦʚʦʤ ʤʦʜʝʣʫ ʢʦʿʠ ʢʦʨʠʩʪʠ 

ʧʨʠʥʮʠʧ ʮʝʣʦʙʨʦʿʥʠʭ ʚʨʝʜʥʦʩʪʠ ʢʚʘʥʪʥʠʭ ʙʨʦʿʝʚʘ, ʫʤʝʩʪʦ ʧʦʪʝʥʮʠʿʘʣʘ ʿʦʥʠʟʘʮʠʿʝ 

ʩʘ ʛʦʨˁʝʛ ʥʠʚʦʘ ʢʦʿʠ ʩʝ ʢʦʨʠʩʪʠ ʦʚʜʝ. ʆʙʘ ʧʨʠʩʪʫʧʘ ʥʝ ʫʟʠʤʘʿʫ ʫ ʦʙʟʠʨ ʝʥʝʨʛʝʪʩʢʝ 

ʥʠʚʦʝ ʢʦʿʠ ʧʝʨʪʫʨʙʫʿʫ ʝʥʝʨʛʝʪʩʢʝ ʥʠʚʦ ʤʝʹʫ ʢʦʿʠʤʘ ʜʦʣʘʟʠ ʜʦ ʧʨʝʣʘʟʘ ʫ ʝʤʠʪʝʨʫ, 

ʰʪʦ ʟʥʘʯʘʿʥʦ ʦʣʘʢʰʘʚʘ ʨʘʯʫʥ ʫ ʦʜʥʦʩʫ ʥʘ ʢʣʘʩʠʯʥʝ ʪʝʦʨʠʿʩʢʝ ʧʨʠʩʪʫʧʝ. ʇʨʝʜʥʦʩʪʠ 

ʧʨʠʩʪʫʧʘ ʢʦʿʠ ʿʝ ʧʨʝʟʝʥʪʦʚʘʥ ʫ ʦʚʦʤ ʨʘʜʫ ʩʫ ʫ ʪʦʤʝ ʰʪʦ ʨʝʛʫʣʘʨʥʦʩʪʠ ʙʘʟʠʨʘʥʝ ʥʘ 

ʟʘʚʠʩʥʦʩʪʠ ʦʜ ʧʦʪʝʥʮʠʿʘʣʘ ʿʦʥʠʟʘʮʠʿʝ ʩʘ ʛʦʨˁʝʛ ʥʠʚʦʘ ʧʦʩʪʠʞʫ ʤʘˁʫ ʛʨʝʰʢʫ ʫ 

ʦʜʥʦʩʫ ʥʘ ʨʝʛʫʣʘʨʥʦʩʪʠ ʢʦʿʝ ʩʫ ʙʘʟʠʨʘʥʝ ʥʘ ʟʘʚʠʩʥʦʩʪʠ ʦʜ ʮʝʣʦʙʨʦʿʥʠʭ ʚʨʝʜʥʦʩʪʠ 

ʢʚʘʥʪʥʠʭ ʙʨʦʿʝʚʘ [54]. ʉʝʤ ʪʦʛʘ, ʧʦʪʝʥʮʠʿʘʣ ʿʦʥʠʟʘʮʠʿʝ ʩʘ ʛʦʨˁʝʛ ʥʠʚʦʘ ʩʝ ʤʦʞʝ 

ʿʝʜʥʦʩʪʘʚʥʦ ʢʦʨʠʛʦʚʘʪʠ ʧʦʤʦ˂ʫ ʪʝʦʨʠʿʝ Inglis ʠ Teller [55]. ʆʚʘ ʪʝʦʨʠʿʘ ʧʨʝʜʚʠʹʘ 

ʝʬʝʢʪʠʚʥʦ ʩʤʘˁʝˁʝ ʧʦʪʝʥʮʠʿʘʣʘ ʿʦʥʠʟʘʮʠʿʝ ʩʘ ʛʦʨˁʝʛ ʥʠʚʦʘ ʫʩʣʝʜ ʧʨʝʢʣʘʧʘˁʘ 

ʚʠʩʦʢʦʧʦʙʫʹʝʥʠʭ ʩʪʘˁʘ ʠ ʚʝʣʠʢʝ ʜʝʛʝʥʝʨʘʮʠʿʝ ʢʦʿʘ ʧʨʠ ʪʦʤʝ ʥʘʩʪʘʿʝ. ɿʘʚʠʩʥʦʩʪ 
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ʐʪʘʨʢʦʚʦʛ ʰʠʨʝˁʘ ʦʜ ʧʦʪʝʥʮʠʿʘʣʘ ʿʦʥʠʟʘʮʠʿʝ ʩʘ ʛʦʨˁʝʛ ʥʠʚʦʘ ʿʝ ʪʝʦʨʠʿʩʢʠ 

ʧʨʝʜʚʠʹʝʥʘ ʫ ʨʘʜʦʚʠʤʘ ʇʫʨʠ˂ʘ [8,49]. 

ʇʨʦʫʯʘʚʘˁʝ ʟʘʚʠʩʥʦʩʪʠ ʐʪʘʨʢʦʚʦʛ ʰʠʨʝˁʘ ʦʜ ʝʣʝʢʪʨʦʥʩʢʝ ʢʦʥʮʝʥʪʨʘʮʠʿʝ ʠ 

ʪʝʤʧʝʨʘʪʫʨʝ ʿʝ ʙʠʪʥʘ ʠ ʩʘ ʩʪʘʥʦʚʠʰʪʘ ʩʚʦʹʝˁʘ ʪʠʭ ʚʨʝʜʥʦʩʪʠ ʥʘ ʦʜʨʝʹʝʥʠ ʩʢʫʧ 

ʧʘʨʘʤʝʪʘʨʘ ʧʣʘʟʤʝ (ʩʢʘʣʠʨʘˁʝ), ʯʠʤʝ ʿʝ ʦʤʦʛʫ˂ʝʥʦ ʠʩʧʠʪʠʚʘˁʝ ʫʪʠʮʘʿʘ ʘʪʦʤʩʢʝ 

ʩʪʨʫʢʪʫʨʝ ʥʘ ʚʨʝʜʥʦʩʪ ʐʪʘʨʢʦʚʦʛ ʰʠʨʝˁʘ. ɿʘʪʦ ʿʝ ʩʢʘʣʠʨʘˁʝ ʥʘ ʦʜʨʝʹʝʥʫ 

ʪʝʤʧʝʨʘʪʫʨʫ ʠ ʝʣʝʢʪʨʦʥʩʢʫ ʢʦʥʮʝʥʪʨʘʮʠʿʫ ʥʝʦʧʭʦʜʥʦ, ʿʝʨ ʩʝ ʥʘ ʪʘʿ ʥʘʯʠʥ 

ʝʣʠʤʠʥʠʰʝ ʫʪʠʮʘʿ ʦʢʦʣʠʥʝ, ʦʜʥʦʩʥʦ ʧʣʘʟʤʝ ʥʘ ʐʪʘʨʢʦʚʦ ʰʠʨʝˁʝ ʩʧʝʢʪʨʘʣʥʠʭ 

ʣʠʥʠʿʘ ʠ ʦʩʪʘʿʝ ʩʘʤʦ ʫʪʠʮʘʿ ʘʪʦʤʩʢʝ ʩʪʨʫʢʪʫʨʝ.  

ʋ ʙʘʟʠ ʧʦʜʘʪʘʢʘ Stark-B ʩʝ ʤʦʛʫ ʥʘ˂ʠ ʧʦʜʘʮʠ ʦ ʐʪʘʨʢʦʚʦʤ ʰʠʨʝˁʫ ʢʦʿʠ ʩʫ 

ʨʘʯʫʥʘʪʠ ʥʝʟʘʚʠʩʥʦ ʟʘ ʩʫʜʘʨʝ ʝʤʠʪʝʨʘ ʩʘ ʝʣʝʢʪʨʦʥʠʤʘ ʠ ʟʘ ʩʫʜʘʨʝ ʝʤʠʪʝʨʘ ʩʘ 

ʧʨʦʪʦʥʠʤʘ, ʜʦʢ ʩʝ ʟʘ ʝʤʠʪʝʨʝ ʫʟʠʤʘʿʫ ʨʘʟʣʠʯʠʪʠ ʘʪʦʤʠ ʠ ʿʦʥʠ. ʄʝʹʫ ˁʠʤʘ ʩʝ ʤʦʛʫ 

ʥʘ˂ʠ ʠ ʧʨʚʠʭ 12 ʯʣʘʥʦʚʘ ʠʟʦʝʣʝʢʪʨʦʥʩʢʦʛ ʥʠʟʘ ʣʠʪʠʿʫʤʘ, ʩʝʤ ʤʘʛʥʝʟʠʿʫʤʘ, ʢʘʦ ʠ 

ʧʨʚʠʭ 8 ʯʣʘʥʦʚʘ ʥʘʪʨʠʿʫʤʦʚʦʛ ʠʟʦʝʣʝʢʪʨʦʥʩʢʦʛ ʥʠʟʘ. ʊʦ ʦʤʦʛʫ˂ʘʚʘ ʜʘ ʩʝ ʜʝʪʘˀʥʠʿʝ 

ʧʨʦʫʯʝ ʨʝʛʫʣʘʨʥʦʩʪʠ ʐʪʘʨʢʦʚʠʭ ʧʘʨʘʤʝʪʘʨʘ ʦʚʘ ʜʚʘ ʠʟʦʝʣʝʢʪʨʦʥʩʢʘ ʥʠʟʘ. ʇʦʩʝʙʘʥ 

ʘʢʮʝʥʘʪ ʫ ʦʚʦʤ ʨʘʜʫ ʿʝ ʩʪʘʚˀʝʥ ʥʘ ʨʝʛʫʣʘʨʥʦʩʪ ʫʥʫʪʘʨ ʩʧʝʢʪʨʘʣʥʠʭ ʩʝʨʠʿʘ ʠ ʫʪʠʮʘʿ 

ʧʦʪʝʥʮʠʿʘʣʘ ʿʦʥʠʟʘʮʠʿʝ ʩʘ ʛʦʨˁʝʛ ʥʠʚʦʘ ʥʘ ʐʪʘʨʢʦʚʦ ʰʠʨʝˁʝ. ʋ ʨʘʜʦʚʠʤʘ ʿʝ 

ʘʥʘʣʠʟʠʨʘʥ ʫʪʠʮʘʿ ʩʫʜʘʨʘ ʩʘ ʝʣʝʢʪʨʦʥʠʤʘ ʥʝʟʘʚʠʩʥʦ ʦʜ ʫʪʠʮʘʿʘ ʩʫʜʘʨʘ ʩʘ 

ʧʨʦʪʦʥʠʤʘ. ʋ ʦʙʘ ʩʣʫʯʘʿʘ ʿʝ ʫʦʯʝʥʦ ʜʘ ʩʫ ʨʝʛʫʣʘʨʥʦʩʪʠ ʨʘʟʣʠʯʠʪʝ ʟʘ ʨʘʟʣʠʯʠʪʝ 

ʩʝʨʠʿʝ, ʧʘ ʩʝ ʟʙʦʛ ʪʦʛʘ ʩʝʨʠʿʝ ʠ ʨʘʟʤʘʪʨʘʿʫ ʦʜʚʦʿʝʥʦ. ʊʨʝʙʘ ʥʘʧʦʤʝʥʫʪʠ ʜʘ ʧʦʩʪʦʿʝ ʠ 

ʦʜʨʝʹʝʥʠ ʠʟʫʟʝʮʠ ʢʘʜʘ ʩʝ ʩʝʨʠʿʝ ʥʝʢʦʛ ʝʣʝʤʝʥʪʘ ʤʦʛʫ ʘʥʘʣʠʟʠʨʘʪʠ ʟʘʿʝʜʥʦ, ʿ ʝʨ ʠʤʘʿʫ 

ʟʘʿʝʜʥʠʯʢʫ ʨʝʛʫʣʘʨʥʦʩʪ. ʈʝʛʫʣʘʨʥʦʩʪʠ ʐʪʘʨʢʦʚʦʛ ʰʠʨʝˁʘ ʠ ʟʘʚʠʩʥʦʩʪ ʦʜ 

ʧʦʪʝʥʮʠʿʘʣʘ ʿʦʥʠʟʘʮʠʿʝ ʩʘ ʛʦʨˁʝʛ ʥʠʚʦʘ ʩʧʝʢʪʨʘʣʥʦʛ ʧʨʝʣʘʟʘ ʤʦʛʫ ʩʝ ʢʦʨʠʩʪʠʪʠ ʟʘ 

ʦʜʨʝʹʠʚʘˁʝ ʐʪʘʨʢʦʚʦʛ ʰʠʨʝˁʘ ʩʧʝʢʪʨʘʣʥʠʭ ʣʠʥʠʿʘ ʯʠʿʝ ʰʠʨʠʥʝ ʥʠʩʫ ʨʘʯʫʥʘʪʝ 

ʜʨʫʛʠʤ ʪʝʦʨʠʿʩʢʠʤ ʤʝʪʦʜʘʤʘ, ʥʠʪʠ ʩʫ ʤʝʨʝʥʝ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʦ. 

 ʊʝʦʨʠʿʩʢʝ ʦʩʥʦʚʝ ʨʝʛʫʣʘʨʥʦʩʪʠ 

ʋ ʨʘʜʫ ʃʘʢʠ˂ʝʚʠ˂ʘ [56], ʜʘʪʦ ʿʝ ʪʝʦʨʠʿʩʢʦ ʠʟʚʦʹʝˁʝ ʚʝʟʝ ʠʟʤʝʹʫ ʐʪʘʨʢʦʚʦʛ ʰʠʨʝˁʘ 

ʠ ʧʦʪʝʥʮʠʿʘʣʘ ʿʦʥʠʟʘʮʠʿʝ ʩʘ ʜʦˁʝʛ ʥʠʚʦʘ ( I ). ʆʚʦ ʠʟʚʦʹʝˁʝ ʩʝ ʤʦʞʝ ʧʨʦʥʘ˂ʠ ʠ ʫ 

ʨʘʜʫ [57], ʘ ʨʝʟʫʣʪʘʪʠ ʪʦʛ ʠʟʚʦʹʝˁʘ ˂ʝ ʙʠʪʠ ʠ ʦʚʜʝ ʥʘʚʝʜʝʥʠ. 
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ʇʦʣʘʟʝ˂ʠ ʦʜ ʩʝʤʠʝʤʧʠʨʠʿʩʢʝ ʬʦʨʤʫʣʝ ʟʘ ʐʪʘʨʢʦʚʦ ʰʠʨʝˁʝ (2.6) ʠ ʢʦʨʠʩʪʝ˂ʠ ʠʟʨʘʟ 

ʟʘ ʤʘʪʨʠʯʥʝ ʝʣʝʤʝʥʪʝ ʢʦʿʠ ʿʝ ʜʘʪ ʫ [57]: 
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ɻʜʝ ʩʫ Yk ʠ Xr ʢʦʝʬʠʮʠʿʝʥʪʠ ʨʘʟʚʦʿʘ ʫ ʨʝʜ, I  ʿ ʝ ʧʦʪʝʥʮʠʿʘʣ ʿʦʥʠʟʘʮʠʿʝ ʩʘ ʜʦˁʝʛ ʥʠʚʦʘ, 

ʘ C1 ʢʦʥʩʪʘʥʪʘ. ɼʦʙʠʿʝʥ ʿʝ ʠʟʨʘʟ ʟʘ ʐʪʘʨʢʦʚʫ ʰʠʨʠʥʫ: 
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ʀʟʨʘʟ (3.2) ʩʝ ʤʦʞʝ ʨʘʟʚʠʪʠ ʫ ʨʝʜ ʧʦ ʧʦʪʝʥʮʠʿʘʣʫ ʿʦʥʠʟʘʮʠʿʝ ʩʘ ʜʦˁʝʛ ʥʠʚʦʘ I ʪʘʢʦ 

ʜʘ: 
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ɻʜʝ ʩʫ: 
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 (3.4) 

ɽʬʝʢʪʠʚʥʠ ʢʚʘʥʪʥʠ ʙʨʦʿ ʿʝ: 

   (3.5) 














































































































































































































































































