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1 ʋʚʦʜ 

ɼʦʩʪʫʧʥʦʩʪ ʨʘʜʠʦʘʢʪʠʚʥʠʭ ʩʪʘʥʜʘʨʜʘ ʫ ʩʤʠʩʣʫ ʧʨʦʠʟʚʦʜˁʝ ʠ ʜʘˀʝ ʜʠʩʪʨʠʙʫʮʠʿʝ  

ʿʝ ʥʝʦʧʭʦʜʥʦ ʟʘ ʠʟʚʦʹʝˁʝ ʪʘʯʥʠʭ ʤʝʨʝˁʘ ʫ ʤʥʦʛʠʤ ʦʙʣʘʩʪʠʤʘ ʠ ʜʠʩʮʠʧʣʠʥʘʤʘ ʢʦʿʝ 

ʧʦʜʨʘʟʫʤʝʚʘʿʫ ʨʘʜʠʦʘʢʪʠʚʥʦʩʪ. ʆʚʦ ʧʦʜʨʘʟʫʤʝʚʘ ʠʟʤʝʹʫ ʦʩʪʘʣʦʛ, ʤʝʨʝˁʘ ʟʘ ʦʩʥʦʚʥʘ 

ʠʩʪʨʘʞʠʚʘˁʘ ʥʫʢʣʝʘʨʥʠʭ ʨʘʩʧʘʜʘ ʠ ʨʝʘʢʮʠʿʘ, ʟʘ ʨʘʜʠʦʝʢʦʣʦʰʢʘ ʠ ʛʝʦʭʝʤʠʿʩʢʘ 

ʠʩʪʨʘʞʠʚʘˁʘ, ʟʘ ʤʦʥʠʪʦʨʠʥʛ ʞʠʚʦʪʥʝ ʩʨʝʜʠʥʝ, ʟʘ ʢʦʥʪʨʦʣʫ ʢʚʘʣʠʪʝʪʘ 

ʨʘʜʠʦʬʘʨʤʘʮʝʫʪʠʢʘ ʫ ʧʨʦʠʟʚʦʜˁʠ ʠ ʘʜʤʠʥʠʩʪʨʘʮʠʿʫ ʟʘ ʠʩʧʠʪʠʚʘˁʝ ʩʧʝʮʠʿʘʣʥʠʭ 

ʥʫʢʣʝʘʨʥʠʭ ʤʘʪʝʨʠʿʘʣʘ ʫ ʥʫʢʣʝʘʨʥʦʿ ʝʥʝʨʛʝʪʠʮʠ ʠ ʠʥʜʫʩʪʨʠʿʠ ʦʨʫʞʿʘ. ʆʚʠ ʩʪʘʥʜʘʨʜʠ ʩʝ 

ʜʘˀʝ ʧʨʠʥʮʠʧʠʿʘʣʥʦ ʢʦʨʠʩʪʝ ʟʘ ʢʘʣʠʙʨʘʮʠʿʫ ʠʥʩʪʨʫʤʝʥʘʪʘ ʢʦʿʠ ʩʝ ʢʦʨʠʩʪʝ ʟʘ ʤʝʨʝˁʝ 

ʨʘʜʠʦʘʢʪʠʚʥʦʩʪʠ ʠ ʟʘ ʤʦʥʠʪʦʨʠʥʛ ʨʘʜʠʦʭʝʤʠʿʩʢʠʭ ʧʨʦʮʝʜʫʨʘ. ɺʝ˂ʠʥʘ ʩʪʘʥʜʘʨʜʘ ʩʫ 

(ʠʣʠ ʙʠ ʙʘʨ ʪʨʝʙʘʣʠ ʜʘ ʙʫʜʫ) ʥʘʧʨʘʚˀʝʥʠ ʠ ʢʦʤʧʘʪʠʙʠʣʥʠ ʩʘ ʥʘʮʠʦʥʘʣʥʠʤ 

ʩʪʘʥʜʘʨʜʠʤʘ. ʂʘʦ ʨʝʟʫʣʪʘʪ, ʧʨʠʤʘʨʥʝ ʤʝʪʦʜʝ ʩʪʘʥʜʘʨʜʠʟʘʮʠʿʝ ʩʫ ʥʘ ʚʨʭʫ ʭʠʿʝʨʘʨʭʠʿʝ 

ʧʨʦʠʟʚʦʜˁʝ ʩʪʘʥʜʘʨʜʘ ʢʦʿʝ ʩʫ ʧʦʪʨʝʙʥʝ ʜʘ ʰʠʨʦʤ ʩʚʝʪʘ ʦʙʝʟʙʝʜʝ ʢʦʤʧʘʪʠʙʠʣʥʦʩʪ ʠ 

ʪʘʯʥʦʩʪ [1].  

ʇʨʠʤʘʨʥʝ ʠʣʠ ʘʧʩʦʣʫʪʥʝ ʪʝʭʥʠʢʝ ʤʝʨʝˁʘ ʘʢʪʠʚʥʦʩʪʠ ʧʦʜʨʘʟʫʤʝʚʘʿʫ ʜʠʨʝʢʪʥʦ 

ʤʝʨʝˁʝ ʥʫʢʣʝʘʨʥʠʭ ʧʨʝʣʘʟʘ ʫ ʿʝʜʠʥʠʮʠ ʚʨʝʤʝʥʘ ʠʟʚʦʨʘ ʿʝʜʥʦʛ ʨʘʜʠʦʘʢʪʠʚʥʦʛ ʠʟʦʪʦʧʘ 

ʧʨʠ ʯʝʤʫ ʤʝʨʝˁʝ ʥʝ ʟʘʚʠʩʠ ʦʜ ʥʝʢʦʛ ʜʨʫʛʦʛ ʤʝʨʝˁʘ ʘʢʪʠʚʥʦʩʪʠ [2]. ʂʘʢʦ ʩʝ ʧʨʠʤʘʨʥʘ 

ʩʪʘʥʜʘʨʜʠʟʘʮʠʿʘ ʘʢʪʠʚʥʦʩʪʠ ʩʚʦʜʠ ʥʘ ʜʝʪʝʢʮʠʿʫ ʠ ʢʚʘʥʪʠʬʠʢʘʮʠʿʫ ʝʤʠʪʦʚʘʥʦʛ ʟʨʘʯʝˁʘ, 

ʨʝʘʣʠʟʘʮʠʿʘ SI ʿʝʜʠʥʠʮʝ ʙʝʢʝʨʝʣ [Bq] ʧʦʜʨʘʟʫʤʝʚʘ ʨʘʟʣʠʯʠʪʝ ʪʝʭʥʠʢʝ ʠ ʧʨʠʩʪʫʧʝ ʟʘ 

ʩʚʘʢʠ ʨʘʜʠʦʠʟʦʪʦʧ ʧʦʿʝʜʠʥʘʯʥʦ. ʆʜʛʦʚʘʨʘʿʫ˂ʠ ʤʝʪʦʜ ʩʝ ʨʝʘʣʠʟʫʿʝ ʧʨʝʤʘ ʰʝʤʠ ʨʘʩʧʘʜʘ 

ʨʘʜʠʦʠʟʦʪʦʧʘ. ʊʨʝʥʫʪʥʦ ʜʦʩʪʫʧʥʝ ʰʝʤʝ ʨʘʩʧʘʜʘ [3] ʩʘ ʨʘʟʣʠʯʠʪʠʤ ʥʠʚʦʦʤ ʪʘʯʥʦʩʪʠ ʠ 

ʧʨʝʮʠʟʥʦʩʪʠ ʩʫ ʨʝʟʫʣʪʘʪ ʨʘʜʘ ʚʠʰʝ ʜʝʮʝʥʠʿʘ ʫ ʦʙʣʘʩʪʠ ñʈʘʜʠʦʘʢʪʠʚʥʘ ʤʝʪʨʦʣʦʛʠʿʘò, 

ʢʦʿʘ ʦʙʫʭʚʘʪʘ ʩʚʝ ʘʩʧʝʢʪʝ ʨʘʜʠʦʘʢʪʠʚʥʠʭ ʤʝʨʝˁʘ, ʢʘʦ ʰʪʦ ʿʝ ʦʜʨʝʹʠʚʘˁʝ ʘʢʪʠʚʥʦʩʪʠ, 

ʧʝʨʠʦʜʘ ʧʦʣʫʨʘʩʧʘʜʘ, ʝʥʝʨʛʝʪʩʢʠʭ ʥʠʚʦʘ ʠ ʚʝʨʦʚʘʪʥʦ˂ʘ ʧʨʝʣʘʟʘ [4]. ʇʨʦʮʝʩ 

ʩʪʘʥʜʘʨʜʠʟʘʮʠʿʝ ʠʟʚʦʨʘ ʫ ʩʤʠʩʣʫ ʦʜʨʝʹʠʚʘˁʘ ˁʝʛʦʚʝ ʘʢʪʠʚʥʦʩʪʠ ʧʦʜʨʘʟʫʤʝʚʘ ʠ 

ʜʝʪʘˀʘʥ ʦʧʠʩ ʧʦʩʪʫʧʢʘ ʧʨʠʧʨʝʤʝ ʫʟʦʨʢʘ ʠ ʤʝʨʝˁʘ ʠ ʫʪʚʨʹʠʚʘˁʝ ʤʝʨʥʝ ʥʝʩʠʛʫʨʥʦʩʪʠ.  

ʇʦʩʪʦʿʠ ʥʝʢʦʣʠʢʦ ʧʨʠʥʮʠʧʠʿʘʣʥʦ ʨʘʟʣʠʯʠʪʠʭ ʤʝʪʦʜʘ ʟʘ ʤʝʨʝˁʝ ʘʧʩʦʣʫʪʥʝ 

ʘʢʪʠʚʥʦʩʪʠ: ʤʝʪʦʜ ʤʝʨʝˁʝʤ ʤʘʩʝ ʨʘʜʠʦʠʟʦʪʦʧʘ, ʚʠʩʦʢʦ ʝʬʠʢʘʩʥʝ ʤʝʪʦʜʝ ʙʨʦʿʘˁʘ ʥʘ 

ʜʝʬʠʥʠʩʘʥʦʤ ʧʨʦʩʪʦʨʥʦʤ ʫʛʣʫ ʠ ʢʦʠʥʮʠʜʝʥʪʥʝ ʤʝʪʦʜʝ [5]. ʉʚʘʢʘ ʦʜ ʤʝʪʦʜʘ ʟʘʭʪʝʚʘ 

ʦʜʛʦʚʘʨʘʿʫ˂ʫ ʧʨʠʧʨʝʤʫ ʫʟʦʨʢʘ [6], ʫʧʦʪʨʝʙʫ ʦʜʛʦʚʘʨʘʿʫ˂ʝ ʠʥʩʪʨʫʤʝʥʪʘʮʠʿʝ, 

ʩʧʝʮʠʬʠʯʥʫ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʫ ʧʦʩʪʘʚʢʫ ʠ ʘʜʝʢʚʘʪʥʫ ʦʙʨʘʜʫ ʠ ʠʥʪʝʨʧʨʝʪʘʮʠʿʫ ʧʦʜʘʪʘʢʘ.   

ʆʜ ʦʪʢʨʠ˂ʘ ʨʘʜʠʦʘʢʪʠʚʥʦʩʪʠ ʜʦ ʜʘʥʘʩ, ʤʝʪʦʜʝ ʤʝʨʝˁʘ ʘʧʩʦʣʫʪʥʝ ʘʢʪʠʚʥʦʩʪʠ 

ʠʩʧʠʪʠʚʘʥʝ ʩʫ ʠ ʛʦʪʦʚʦ ʫʩʘʚʨʰʝʥʝ ʟʘ ʧʨʘʢʪʠʯʥʦ ʩʚʝ ʨʘʜʠʦʠʟʦʪʦʧʝ ʦʜ ʠʥʪʝʨʝʩʘ, ʘ 

ʧʦʩʪʠʛʥʫʪʝ ʪʘʯʥʦʩʪʠ ʩʫ ʨʝʜʘ ʚʝʣʠʯʠʥʝ ʜʝʩʝʪʠʥʝ ʧʨʦʮʝʥʪʘ ʜʦ ʥʝʢʦʣʠʢʦ ʧʨʦʮʝʥʘʪʘ ʫ 

ʟʘʚʠʩʥʦʩʪʠ ʦʜ ʩʣʦʞʝʥʦʩʪʠ ʰʝʤʝ ʨʘʩʧʘʜʘ. ʅʘ ʧʨʠʤʝʨ ʤʝʨʥʝ ʥʝʩʠʛʫʨʥʦʩʪʠ ʤʝʪʦʜʘ ʟʘ 

ʤʝʨʝˁʝ ʘʢʪʠʚʥʦʩʪʠ ʫʟʦʨʘʢʘ ʠʟʦʪʦʧʘ 
152

Eu ʢʦʿʠ ʠʤʘ ʚʝʦʤʘ ʩʣʦʞʝʥʫ ʰʝʤʫ ʨʘʩʧʘʜʘ ʤʦʛʫ 

ʙʠʪʠ ʦʢʦ 0.1% [7,8,9], ʤʝʹʫʪʠʤ ʨʝʣʘʪʠʚʥʘ ʦʜʩʪʫʧʘˁʘ ʨʘʟʣʠʯʠʪʠʭ ʤʝʪʦʜʘ ʠʜʫ ʠ ʜʦ 1% 

[7,8]. ɼʦʩʪʠʟʘˁʫ ʜʦʙʨʠʭ ʨʝʟʫʣʪʘʪʘ ʧʨʝʪʭʦʜʠʣʦ ʿʝ ʤʥʦʛʦ ʨʘʜʘ ʫ ʫʩʘʚʨʘʰʘʚʘˁʫ ʧʦʩʪʫʧʢʘ 

ʠʟʜʚʘʿʘˁʘ ʠ ʧʨʦʠʟʚʦʜˁʝ ʠʟʚʦʨʘ ʦʜʨʝʹʝʥʦʛ ʨʘʜʠʦʠʟʦʪʦʧʘ, ʨʘʟʚʦʿʫ ʜʝʪʝʢʪʦʨʘ ʠ ʧʨʘʪʝ˂ʝ 

ʝʣʝʢʪʨʦʥʠʢʝ, ʫʩʘʚʨʰʘʚʘˁʫ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʠʭ ʪʝʭʥʠʢʘ ʠ ʪʝʦʨʠʿʝ ʠʥʪʝʨʘʢʮʠʿʝ 

ʨʘʜʠʦʘʢʪʠʚʥʦʛ ʟʨʘʯʝˁʘ ʩʘ ʤʘʪʝʨʠʿʦʤ ʢʘʦ ʠ ʫʩʘʚʨʰʘʚʘˁʫ ʤʘʪʝʤʘʪʠʯʢʠʭ ʤʦʜʝʣʘ ʟʘ 

ʧʨʘʚʠʣʥʫ ʠʥʪʝʨʧʨʝʪʘʮʠʿʫ ʧʦʜʘʪʘʢʘ.     
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2 ɼʝʪʝʢʪʦʨʠ ʠ ʧʨʘʪʝ˂ʘ ʝʣʝʢʪʨʦʥʠʢʘ 
ʟʘ ʤʝʨʝˁʝ ʘʢʪʠʚʥʦʩʪʠ 

2.1 ʈʘʟʚʦʿ ʜʝʪʝʢʪʦʨʘ 

ɺʨʣʦ ʙʨʟʦ ʥʘʢʦʥ ʦʪʢʨʠ˂ʘ ʨʘʜʠʦʘʢʪʠʚʥʦʩʪʠ ʦʜ ʩʪʨʘʥʝ ʍʝʥʨʠ ɹʝʢʝʨʝʣʘ 1896, 

ʧʨʦʥʘʹʝʥ ʿʝ ʧʨʠʥʮʠʧ ʟʘ ʜʝʪʝʢʮʠʿʫ ʧʦʿʝʜʠʥʘʯʥʠʭ ʨʘʜʠʦʘʢʪʠʚʥʠʭ ʟʨʘʢʘ. ʇʨʚʠ ʫʨʝʹʘʿ ʢʦʿʠ 

ʿʝ ʤʦʛʘʦ ʜʝʪʝʢʪʦʚʘʪʠ ʧʦʿʝʜʠʥʘʯʥʝ ʟʨʘʢʝ ʙʠʦ je ʩʧʠʥʪʘʨʠʩʢʦʧ, ʘ ʠʟʫʤʝʦ ʛʘ ʿʝ ʂʨʫʢʩ 1903. 

ʇʨʠʤʝʪʠʦ ʿʝ ʜʘ ʝʢʨʘʥ ʠʟʨʘʹʝʥ ʦʜ ʮʠʥʢ ʩʫʣʬʠʜʘ ʠʟʣʦʞʝʥ Ŭ ʯʝʩʪʠʮʘʤʘ ʩʚʝʪʣʫʮʘ ʧʨʠ 

ʫʜʘʨʫ Ŭ ʯʝʩʪʠʮʘ. ʉʣʘʙʠ ʩʚʝʪʣʦʩʥʠ ʩʠʛʥʘʣʠ ʤʦʛʣʠ ʩʫ ʙʠʪʠ ʫʦʯʝʥʠ ʧʦʤʦ˂ʫ 

ʫʚʝʣʠʯʘʚʘʿʫ˂ʝʛ ʩʪʘʢʣʘ. ʈʘʜʝʨʬʦʨʜ ʠ ɻʘʿʛʝʨ ʩʫ ʥʘʰʣʠ ʜʘ ʥʘ ʫʥʠʬʦʨʤʥʦʤ ʝʢʨʘʥʫ 

ʩʘʯʠˁʝʥʠʤ ʦʜ ʚʝʣʠʢʦʛ ʙʨʦʿʘ ʩʮʠʥʪʠʣʘʮʠʦʥʠʭ ʪʘʯʘʢʘ ʩʚʘʢʘ ʩʮʠʥʪʠʣʘʮʠʿʘ ʦʜʛʦʚʘʨʘ ʫʜʘʨʫ 

ʿʝʜʥʝ Ŭ-ʯʝʩʪʠʮʝ. ʋ ʪʦʤ ʩʤʠʩʣʫ ʿʝ ʧʨʦʥʘʹʝʥ ʚʨʣʦ ʿʝʜʥʦʩʪʘʚʘʥ ʠ ʧʨʘʢʪʠʯʘʥ ʤʝʪʦʜ ʟʘ 

ʙʨʦʿʘˁʝ ʠʥʜʠʚʠʜʫʘʣʥʠʭ Ŭ-ʯʝʩʪʠʮʘ. ʄʝʪʦʜ ʿʝ ʫʩʘʚʨʰʝʥ ʠ ʥʘʿʚʠʰʝ ʢʦʨʠʰ˂ʝʥ ʦʜ ʩʪʨʘʥʝ 

ʈʘʜʝʨʬʦʨʜʘ ʠ ˁʝʛʦʚʠʭ ʩʪʫʜʝʥʘʪʘ ʩʚʝ ʜʦ ʥʝʢʠʭ ʪʨʠʜʝʩʝʪʠʭ ʛʦʜʠʥʘ 20-ʦʛ ʚʝʢʘ. ʆʚʘʿ ʥʘʯʠʥ 

ʤʝʨʝˁʘ ʠʟʠʩʢʠʚʘʦ ʿʝ ʚʝʣʠʢʝ ʥʘʧʦʨʝ ʦʥʠʭ ʢʦʿʠ ʩʫ ʧʦʩʤʘʪʨʘʣʠ ʩʮʠʥʪʠʣʘʮʠʿʝ. ʋʦʙʠʯʘʿʥʘ 

ʧʨʦʮʝʜʫʨʘ ʧʦʜʨʘʟʫʤʝʚʘʣʘ ʿʝ ʜʘ ʿʝʜʥʘ ʦʩʦʙʘ ʙʨʦʿʠ ʫ ʪʦʢʫ ʿʝʜʥʦʛ ʤʠʥʫʪʘ, ʘ ʟʘʪʠʤ ʿʝ 

ʜʦʣʘʟʠʣʘ ʜʨʫʛʘ ʦʩʦʙʘ. ʉʚʘʢʠ ʧʦʩʤʘʪʨʘʯ ʿʝ ʤʦʛʘʦ ʫʯʝʩʪʚʦʚʘʪʠ ʫ ʥʘʿʚʠʰʝ 20 ʤʝʨʝˁʘ.   

 ɼʝʪʝʢʪʦʚʘˁʝ ʿʦʥʠʟʫʿʫ˂ʝʛ ʟʨʘʯʝˁʘ ʧʦʤʦ˂ʫ ʩʮʠʥʪʠʣʘʮʠʦʥʝ ʩʚʝʪʣʦʩʪʠ ʠʥʜʫʢʦʚʘʥʝ 

ʫ ʮʠʥʢ ʩʫʣʬʠʜʫ ʿʝ ʿʝʜʥʘ ʦʜ ʧʨʚʠʭ ʪʝʭʥʠʢʘ ʜʝʪʝʢʪʦʚʘˁʘ ʠ ʙʨʦʿʘˁʘ ʟʨʘʯʝˁʘ. ʈʘʟʚʦʿ 

ʝʣʝʢʪʨʠʯʥʠʭ ʢʦʣʘ ʠ ʨʘʟʫʤʝʚʘˁʝ ʠʥʪʝʨʘʢʮʠʿʝ ʟʨʘʯʝˁʘ ʩʘ ʤʘʪʝʨʠʿʦʤ ʜʦʧʨʠʥʝʦ ʿʝ ʜʘ ʩʝ 

ʦʚʘ ʤʝʪʦʜʘ ʛʦʪʦʚʦ ʧʦʪʧʫʥʦ ʟʘʤʝʥʠ ʤʝʪʦʜʘʤʘ ʝʣʝʢʪʨʠʯʥʦʛ ʙʨʦʿʘˁʘ 1930-ʠʭ. ʄʝʹʫʪʠʤ, 

ʧʨʦʥʘʣʘʞʝˁʝʤ ʥʘʯʠʥʘ ʜʘ ʩʝ ʩʚʝʪʣʦʩʥʠ ʩʠʛʥʘʣʠ ʢʦʥʚʝʨʪʫʿʫ ʫ ʝʣʝʢʪʨʠʯʥʝ, 1940-ʠʭ ʿʝ 

ʩʮʠʥʪʠʣʘʮʠʦʥʘ ʪʝʭʥʠʢʘ ʧʦʥʦʚʦ ʩʘʞʠʚʝʣʘ. ʇʨʠʥʮʠʧ ʢʦʥʚʝʨʟʠʿʝ ʩʚʝʪʣʦʩʥʠʭ ʩʠʛʥʘʣʘ ʫ 

ʝʣʝʢʪʨʠʯʥʝ ʩʝ ʟʘʩʥʠʚʘʦ ʥʘ ʤʫʣʪʠʧʣʠʢʘʮʠʿʠ ʝʣʝʢʪʨʦʥʘ ʢʦʿʠ ʩʫ ʥʘʩʪʘʣʠ ʬʦʪʦʝʣʝʢʪʨʠʯʥʠʤ 

ʝʬʝʢʪʦʤ. ɿʘ ʦʚʦ ʩʫ ʢʦʨʠʰ˂ʝʥʝ ʬʦʪʦʤʫʣʪʠʧʣʠʢʘʪʦʨʩʢʝ ʮʝʚʠ ʯʠʿʠ ʿʝ ʟʘʜʘʪʘʢ ʜʘ ʫʤʥʦʞʠ 

ʙʨʦʿ ʬʦʪʦʝʣʝʢʪʨʦʥʘ. ʇʨʠʥʮʠʧ ʿʝ ʧʨʠʢʘʟʘʥ ʥʘ ʉʣʠʮʠ 2.1. ɹʨʦʿʘˁʝ ʦʢʦʤ ʿʝ ʟʘʫʚʝʢ 

ʧʨʝʚʘʟʠʹʝʥʦ. 

ʋʩʣʝʜʠʣʦ ʿʝ ʠʩʪʨʘʞʠʚʘˁʝ ʤʘʪʝʨʠʿʘʣʘ ʢʦʿʠ ʥʘʿʙʦˀʝ ʢʦʥʚʝʨʪʫʿʫ ʿʦʥʠʟʫʿʫ˂ʝ 

ʟʨʘʯʝˁʝ ʫ ʩʚʝʪʣʦʩʥʝ ʩʠʛʥʘʣʝ. ɼʦ 1947. ʠ 1948. ʧʨʦʥʘʹʝʥʦ ʿʝ ʥʝʢʦʣʠʢʦ ʨʘʟʣʠʯʠʪʠʭ 

ʤʘʪʝʨʠʿʘʣʘ ʦʜ ʢʦʿʠʭ ʩʝ ʠʟʜʚʘʿʘʫ ʦʨʛʘʥʩʢʠ ʩʮʠʥʪʠʣʘʪʦʨʠ: ɸʥʪʨʘʮʝʥ (C14H10), ʪʨʘʥʩ-

ʩʪʠʣʙʝʥ (C14H12), ʥʘʬʪʘʣʠʥ (C10H8). ʆʩʠʤ ʘʥʪʨʘʮʝʥʘ ʢʦʿʠ ʠʤʘ ʚʝʨʝʤʝʥʩʢʫ ʢʦʥʩʪʘʥʪʫ ʦʜ 

ʦʢʦ 30 ns, ʦʩʪʘʣʠ ʠʤʘʿʫ ʦʢʦ ʥʝʢʦʣʠʦʢ ns. ʋ ʪʦʢʫ 1950-ʠʭ je oʪʢʨʠʚʝʥʦ ʜʘ ʩʝ ʢʨʠʩʪʘʣ NaI 

ʘʢʪʠʚʠʨʘ ʪʘʣʠʿʫʤʦʤ, ʘ ʧʦʩʪʘʦ ʿʝ ʚʨʣʦ ʙʨʟʦ ʠ ʢʦʤʝʨʮʠʿʘʣʥʦ ʜʦʩʪʫʧʘʥ. ʆʚʦ ʿʝ ʙʠʦ ʠ ʧʨʚʠ 

ʧʨʘʢʪʠʯʥʠ ʯʚʨʩʪʠ ʜʝʪʝʢʪʦʨʩʢʠ ʤʝʜʠʿʫʤ ʟʘ ʛʘʤʘ ʩʧʝʢʪʨʦʤʝʪʨʠʿʫ, ʘ ʦʩʪʘʦ ʿʝ ʠ ʜʘʥʘʩ 

ʥʘʿʧʦʧʫʣʘʨʥʠʿʠ ʩʮʠʥʪʠʣʘʮʠʦʥʠ ʜʝʪʝʢʪʦʨ ʟʙʦʛ ʚʝʣʠʢʝ ʝʬʠʢʘʩʥʦʩʪʠ ʠ ʨʝʣʘʪʠʚʥʦ ʥʠʩʢʝ 

ʮʝʥʝ, ʜʦʩʪʫʧʥʦʩʪʠ ʠʪʜ. ʊʝʯʥʠ ʩʮʠʥʪʠʣʘʪʦʨʠ ʪʘʢʦʹʝ ʩʫ ʧʨʦʥʘʹʝʥʠ ʚʝ˂ 1948., ʤʝʹʫʪʠʤ 

ʠʥʪʝʨʝʩ ʟʘ ʦʚʝ ʤʝʜʠʿʫʤʝ ʥʠʿʝ ʧʦʩʪʦʿʘʦ ʜʦ 1960-ʠʭ. 
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ʉʣʠʢʘ 2.1 ʇʨʠʥʮʠʧ ʢʦʥʚʝʨʟʠʿʝ ʠ ʧʦʿʘʯʘˁʘ ʩʚʝʪʣʦʩʥʦʛ ʩʠʛʥʘʣʘ ʠʟʘʟʚʘʥʦʛ ʨʘʜʠʦʘʢʪʠʚʥʠʤ ʟʨʘʯʝˁʝʤ ʫ 

ʝʣʝʢʪʨʠʯʥʠ ʩʠʛʥʘʣ ʧʦʤʦ˂ʫ ʬʦʪʦʤʫʣʪʠʧʣʠʢʘʪʦʨʩʢʝ ʮʝʚʠ. ʈʘʜʠʦʘʢʪʠʚʥʦ ʟʨʘʯʝˁʝ ʛʝʥʝʨʠʰʝ ʩʚʝʪʣʦʩʪ ʫ 

ʩʮʠʥʪʠʣʘʮʠʦʥʦʤ ʤʘʪʝʨʠʿʘʣʫ ʢʦʿʘ ʬʦʪʦʝʬʝʢʪʦʤ ʩʪʚʘʨʘ ʧʨʠʤʘʨʥʝ ʬʦʪʦʝʣʝʢʪʨʦʥʝ ʥʘ ʬʦʪʦʢʘʪʦʜʠ.  

ɽʣʝʢʪʨʦʥʠ ʩʘ ʬʦʪʦʢʘʪʦʜʝ ʩʪʠʞʫ ʥʘ ʧʨʚʫ ʜʠʥʦʜʫ ʢʦʿʘ ʿʝ ʥʘ ʚʠʰʝʤ ʥʘʧʦʥʫ V1 ʩʘ ʢʦʿʝ ʠʟʙʠʿʘʿʫ ʥʦʚʝ 

ʝʣʝʢʪʨʦʥʝ. ʆʚʠ ʝʣʝʢʪʨʦʥʠ ʜʘˀʝ ʠʟʙʠʿʘʿʫ ʩʘ ʜʨʫʛʝ ʜʠʥʦʜʝ ʥʦʚʝ ʝʣʝʢʪʨʦʥʝ, ʠʪʜ. ʉʠʩʪʝʤ ʩʝ ʩʘʩʪʦʿʠ ʦʙʠʯʥʦ 

ʦʜ 10 ʜʦ 14 ʜʠʥʦʜʘ. ʋ ʟʘʚʠʩʥʦʩʪʠ ʦʜ ʠʟʚʝʜʙʝ ʬʦʪʦʤʫʣʪʠʧʣʠʢʘʪʦʨʘ, ʬʘʢʪʦʨ ʫʤʥʦʰʢʘ ʙʨʦʿʘ ʝʣʝʢʪʨʦʥʘ 

ʤʦʞʝ ʠ˂ʠ ʠ ʜʦ 10
7
. ʇʦʩʪʦʿʝ ʨʘʟʣʠʯʠʪʝ ʢʦʥʬʠʛʫʨʘʮʠʿʝ ʬʦʪʦʤʫʣʪʠʧʣʠʢʘʪʦʨʘ ʧʨʠʣʘʛʦʹʝʥʝ ʜʘʪʦʿ ʥʘʤʝʥʠ 

(ʚʠʜʠ ʥʧʨ. [Leo]). 

   

ʀʩʪʨʘʞʠʚʘˁʝ ʫ ʦʙʣʘʩʪʠ ʧʨʦʠʟʚʦʜˁʝ ʩʮʠʥʪʠʣʘʮʠʦʥʠʭ ʤʘʪʝʨʠʿʘʣʘ ʧʦʩʪʘʚˀʘ ʥʝʢʦʣʠʢʦ 

ʢʨʠʪʝʨʠʿʫʤʘ ʢʦʿʠ ʜʝʬʠʥʠʰʫ ʰʪʘ ʿʝ ʜʦʙʘʨ ʩʮʠʥʪʠʣʘʮʠʦʥʠ ʤʘʪʝʨʠʿʘʣ. 

- ɼʘʪʠ ʤʘʪʝʨʠʿʘʣ ʤʦʨʘ ʠʤʘʪʠ ʚʝʣʠʢʫ ʩʮʠʥʪʠʣʘʮʠʦʥʫ ʝʬʠʢʘʩʥʦʩʪ, ʪʿ. ʚʠʩʦʢ ʩʚʝʪʣʦʩʥʠ 

ʦʜʟʠʚ ʟʘ ʜʘʪʫ ʜʝʧʦʥʦʚʘʥʫ ʝʥʝʨʛʠʿʫ ʯʝʩʪʠʮʝ ʠʣʠ ʬʦʪʦʥʘ. ʅʘ ʘʧʩʦʣʫʪʥʦʿ ʩʢʘʣʠ 

ʝʬʠʢʘʩʥʦʩʪʠ ʩʫ ʤʘʣʝ, ʘʣʠ ʠʧʘʢ ʤʥʦʛʦ ʚʝ˂ʝ ʦʜ ʝʬʠʢʘʩʥʦʩʪʠ ʛʘʩʥʦʛ ʙʨʦʿʘʯʘ ʠʩʪʝ 

ʟʘʧʨʝʤʠʥʝ. ʉʘʤʦ ʥʝʢʦʣʠʢʦ ʧʨʦʮʝʥʘʪʘ ʦʜ ʜʝʧʦʥʦʚʘʥʝ ʝʥʝʨʛʠʿʝ ʥʘʩʪʘʿʫ ʫ ʬʦʨʤʠ ʬʦʪʦʥʘ. 

-  ɸʢʦ ʩʮʠʥʪʠʣʘʪʦʨ ʪʨʝʙʘ ʜʘ ʦʜʨʝʜʠ ʠ ʝʥʝʨʛʠʿʫ ʫʧʘʜʥʦʛ ʟʨʘʯʝˁʘ, ʤʦʨʘ ʧʦʩʪʦʿʘʪʠ ʚʝʟʘ 

ʠʟʤʝʹʫ ʝʥʝʨʛʠʿʝ ʫʧʘʜʥʦʛ ʟʨʘʯʝˁʘ ʠ ʢʦʣʠʯʠʥʝ ʩʪʚʦʨʝʥʝ ʩʚʝʪʣʦʩʪʠ. ʋ ʠʜʝʘʣʥʦʤ ʩʣʫʯʘʿʫ 

ʚʝʟʘ ʿʝ ʣʠʥʝʘʨʥʘ, ʰʪʦ ʿʝ ʫ ʧʨʘʢʩʠ ʟʘʜʦʚʦˀʝʥʦ ʩʘʤʦ ʫ ʫʩʢʦʿ ʦʙʣʘʩʪʠ ʝʥʝʨʛʠʿʝ. ʇʦʥʝʢʘʜ ʩʫ 

ʙʠʪʥʠʿʝ ʚʨʝʤʝʥʩʢʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ ʜʝʪʝʢʪʦʨʘ ʠ ʪʘʜʘ ʪʨʝʙʘ ʠʟʘʙʨʘʪʠ ʤʘʪʝʨʠʿʘʣ ʢʦʿʠ ʠʤʘ 

ʙʨʟʠ ʦʜʟʠʚ ʥʘ ʫʧʘʜʥʦ ʟʨʘʯʝˁʝ ʠ ʧʨʦʠʟʚʦʜʠ ʚʨʝʤʝʥʩʢʝ ʩʠʛʥʘʣʝ ʩʘ ʢʨʘʪʢʠʤ ʚʨʝʤʝʥʦʤ 

ʧʦʨʘʩʪʘ ʠ ʦʧʘʜʘˁʘ. ʋ ʪʦʤ ʩʤʠʩʣʫ ʧʨʠ ʠʟʙʦʨʫ ʩʮʠʥʪʠʣʘʮʠʦʥʠʭ ʤʘʪʝʨʠʿʘʣʘ ʪʨʝʙʘ ʥʘ˂ʠ 

ʢʦʤʧʨʦʤʠʩ ʠʟʤʝʹʫ ʟʘʭʪʝʚʘ ʚʠʩʦʢʝ ʩʮʠʥʪʠʣʘʮʠʦʥʝ ʝʬʠʢʘʩʥʦʩʪʠ, ʣʠʥʝʘʨʥʦʩʪʠ ʠ ʙʨʟʦʛ 

ʦʜʟʠʚʘ. 

- ʄʘʪʝʨʠʿʘʣ ʤʦʨʘ ʙʠʪʠ ʪʨʘʥʩʧʘʨʝʥʪʘʥ ʟʘ ʩʦʧʩʪʚʝʥʫ ʩʮʠʥʪʠʣʘʮʠʦʥʫ ʩʚʝʪʣʦʩʪ. ɸʢʦ 

ʦʚʦ ʥʠʿʝ ʟʘʜʦʚʦʚʦʝˀʥʦ ʦʥʜʘ ʩʝ ʦʥ ʧʨʘʚʠ ʫ ʚʠʜʫ ʪʘʥʢʦʛ ʬʠʣʤʘ. ʊʨʘʥʩʧʘʨʝʥʪʥʦʩʪ ʩʝ ʤʦʞʝ 

ʧʦʩʪʠ˂ʠ ʢʦʤʙʠʥʘʮʠʿʦʤ ʩʮʠʥʪʠʣʘʮʠʦʥʦʛ ʤʘʪʝʨʠʿʘʣʘ ʩʘ ʪʘʢʦʟʚʘʥʠʤ ʧʦʤʝʨʘʯʝʤ ʪʘʣʘʩʥʝ 

ʜʫʞʠʥʝ (wavelength shifter). ɸʧʩʦʨʧʮʠʿʦʤ ʠ ʨʝʝʤʠʩʠʿʦʤ ʪʘʣʘʩʥʘ ʜʫʞʠʥʘ ʧʨʠʤʘʨʥʝ 

ʩʚʝʪʣʦʩʪʠ ʩʝ ʧʦʤʝʨʘ ʫ ʦʙʣʘʩʪ ʚʝ˂ʝ ʪʘʣʘʩʥʝ ʜʫʞʠʥʝ ʢʦʿʘ ʩʝ ʚʠʰʝ ʥʝ ʩʘʤʦʘʧʩʦʨʙʫʿʝ. ʆʚʦ 

ʩʝ ʪʘʢʦʹʝ ʫʧʦʪʨʝʙˀʘʚʘ ʨʘʜʠ ʧʨʠʣʘʛʦʹʘʚʘˁʘ ʪʘʣʘʩʥʝ ʜʫʞʠʥʝ ʥʘ ʦʩʝʪˀʠʚʦʩʪ 

ʝʣʝʢʪʨʦʥʩʢʦʛ ʫʨʝʹʘʿʘ ʟʘ ʜʝʪʝʢʮʠʿʫ ʩʚʝʪʣʦʩʪʠ ʢʘʦ ʰʪʦ ʿʝ ʬʦʪʦ ʮʝʚ ʠʣʠ ʩʚʝʪʣʦʩʥʘ ʜʠʦʜʘ. 

- ɿʘ ʧʨʘʢʪʠʯʥʫ ʧʨʠʤʝʥʫ ʪʨʝʙʘ ʨʘʟʤʦʪʨʠʪʠ ʢʦʣʠʢʦ ʜʦʙʨʦ ʤʦʞʝ ʨʘʜʠʪʠ ʠʟʘʙʨʘʥʠ 

ʤʘʪʝʨʠʿʘʣ, ʫ ʢʦʣʠʢʦʿ ʚʝʣʠʯʠʥʠ ʠ ʢʦʿʦʿ ʬʦʨʤʠ ʿʝ ʜʦʩʪʫʧʘʥ (ʚʘʞʥʦ ʟʘ ʥʝʦʨʛʘʥʩʢʝ 

ʩʮʠʥʪʠʣʘʪʦʨʝ) ʠ ʢʦʣʠʢʦ ʣʘʢʦ ʠʣʠ ʢʦʣʠʢʦ ʪʝʰʢʦ ʿʝ ʩʘ ˁʠʤ ʨʫʢʦʚʘˁʝ (ʣʦʤˀʠʚʦʩʪ, 

ʦʩʝʪˀʠʚʦʩʪ ʥʘ ʚʣʘʛʫ ʠʣʠ ʠʩʧʘʨʝˁʘ, ʚʘʢʫʤʩʢʘ ʦʪʧʦʨʥʦʩʪ ʠʪʜ.).  

70-ʪʠʭ ʛʦʜʠʥʘ ʜʦʰʣʦ ʿʝ ʜʦ ʨʘʟʚʦʿʘ ʠ ʜʝʪʘˀʥʦʛ ʠʩʪʨʘʞʠʚʘˁʘ ʨʘʟʣʠʯʠʪʠʭ ʪʠʧʦʚʘ 

ʥʝʦʨʛʘʥʩʢʠʭ ʩʮʠʥʪʠʣʘʪʦʨʘ ʢʘʦ ʰʪʦ ʩʫ BGO, CWO, CSI, BaF2 ʠʪʜ. ʢʦʿʠ ʩʫ ʫ 

ʤʝʹʫʚʨʝʤʝʥʫ ʫ ʚʝʣʠʢʦʿ ʤʝʨʠ ʟʘʤʝʥʠʣʠ NaI. ʈʘʟʚʦʿ ʫ ʦʙʣʘʩʪʠ ʥʝʦʨʛʘʥʩʢʠʭ ʩʮʠʥʪʠʣʘʪʦʨʘ 

ʿʝ ʩʪʠʤʫʣʠʩʘʥ ʫʛʣʘʚʥʦʤ ʧʨʠʤʝʥʦʤ ʫ ʤʝʜʠʮʠʥʠ ʢʘʦ ʰʪʦ ʿʝ ʪʦʤʦʛʨʘʬʠʿʘ X-ʟʨʘʯʝˁʝʤ  ʠ 

ʧʦʟʠʪʨʦʥ-ʝʤʠʩʠʦʥʘ ʪʦʤʦʛʨʘʬʠʿʘ (PET).  ɿʘ ʤʝʜʠʮʠʥʩʢʫ ʧʨʠʤʝʥʫ ʧʦʪʨʝʙʥʠ ʩʫ ʨʦʙʫʩʥʠ, 

ʿʝʬʪʠʥʠ ʠ ʚʠʩʦʢʦ ʝʬʠʢʘʩʥʠ ʩʮʠʥʪʠʣʘʪʦʨʠ ʩʘ ʚʝʦʤʘ ʙʨʟʠʤ ʚʨʝʤʝʥʦʤ ʦʜʟʠʚʘ. ɼʝʪʘˀʘʥ 
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ʧʨʝʛʣʝʜ ʦ ʧʨʠʥʮʠʧʠʤʘ ʩʮʠʥʪʠʣʘʮʠʦʥʦʛ ʙʨʦʿʘˁʘ ʠ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘʤʘ ʩʮʠʥʪʠʣʘʮʠʦʥʠʭ 

ʙʨʦʿʘʯʘ ʜʘʪ ʿʝ ʫ [10].  

 ʋʩʣʦʚ ʜʘ ʥʝʢʠ ʤʘʪʝʨʠʿʘʣ ʤʦʞʝ ʙʠʪʠ ʢʦʨʠʰ˂ʝʥ ʟʘ ʜʝʪʝʢʪʦʚʘˁʝ ʨʘʜʠʦʘʢʪʠʚʥʦʛ 

ʟʨʘʯʝˁʘ ʥʠʿʝ ʩʘʤʦ ʩʧʦʩʦʙʥʦʩʪ ʢʦʥʚʝʨʟʠʿʝ ʟʨʘʯʝˁʘ ʫ ʚʝʣʠʢʠ ʙʨʦʿ ʥʦʩʠʦʮʘ ʥʘʝʣʝʢʪʨʠʩʘˁʘ 

ʥʝʛʦ ʠ ʤʦʛʫ˂ʥʦʩʪ ʜʘ ʩʝ ʦʚʦ ʥʘʝʣʝʢʪʨʠʩʘˁʝ ʢʨʝ˂ʝ ʧʦʜ ʜʝʿʩʪʚʦʤ ʝʣʝʢʪʨʠʯʥʦʛ ʧʦˀʘ. 

ɻʘʩʦʚʠ ʦʚʦ ʫ ʧʦʪʧʫʥʦʩʪʠ ʟʘʜʦʚʦˀʘʚʘʿʫ ʠ ʧʨʚʠ ʜʝʪʝʢʪʦʨʠ ʟʘʩʥʦʚʘʥʠ ʥʘ ʿʦʥʠʟʘʮʠʿʠ ʙʠʣʠ 

ʩʫ ʛʘʩʥʠ ʜʝʪʝʢʪʦʨʠ. ʅʘʿʝʜʥʦʩʪʘʚʥʠʿʠ ʪʠʧ ʿʝ ʿʦʥʠʟʘʮʠʦʥʘ ʢʦʤʦʨʘ ʢʦʿʘ ʿʝ ʚʝ˂ ʧʦʩʪʦʿʘʣʘ 

ʢʘʦ ʦʩʥʦʚʥʘ ʘʣʘʪʢʘ ʫ ʨʘʥʠʤ ʠʩʪʨʘʞʠʚʘˁʠʤʘ X-ʟʨʘʯʝˁʘ. ʂʦʨʠʩʪʝ˂ʠ ʿʦʥʠʟʘʮʠʦʥʫ ʢʦʤʦʨʫ 

ʪʦʢʦʤ ʣʝʪʘ ʙʘʣʦʥʘ, Hess ʿ ʝ 1910. ʜʘʦ ʧʨʚʠ ʜʦʢʘʟ ʦ ʧʦʩʪʦʿʘˁʫ ʢʦʩʤʠʯʢʦʛ ʟʨʘʯʝˁʘ. 

ʇʨʠʥʮʠʧ ʨʘʜʘ ʛʘʩʥʠʭ ʙʨʦʿʘʯʘ ʟʘʩʥʠʚʘ ʩʝ ʥʘ ʯʠˁʝʥʠʮʠ ʜʘ ʨʘʜʠʦʘʢʪʠʚʥʦ ʟʨʘʯʝˁʝ 

ʚʨʰʠ ʿʦʥʠʟʘʮʠʿʫ ʛʘʩʘ, ʪʿ. ʩʪʚʘʨʘ ʚʝʣʠʢʠ ʙʨʦʿ ʧʘʨʦʚʘ ʝʣʝʢʪʨʦʥ-ʿʦʥ. ʋ ʢʦʤʦʨʠ ʫ ʢʦʿʦʿ ʩʝ 

ʥʘʣʘʟʠ ʛʘʩ ʩʤʝʰʪʝʥʝ ʩʫ ʝʣʝʢʪʨʦʜʝ ʧʦʜ ʥʘʧʦʥʦʤ ʢʦʿʝ ʩʘʢʫʧˀʘʿʫ ʛʝʥʝʨʠʩʘʥʦ 

ʥʘʝʣʝʢʪʨʠʩʘˁʝ. ʂʘʨʘʢʪʝʨʠʩʪʠʢʝ ʛʘʩʥʦʛ ʙʨʦʿʘʯʘ ʟʘʚʠʩʝ ʦʜ ʚʨʩʪʝ ʨʘʜʥʦʛ ʛʘʩʘ ʠʣʠ ʩʤʝʰʝ 

ʛʘʩʦʚʘ ʦʙʣʠʢʘ ʠ ʚʝʣʠʯʠʥʝ ʙʨʦʿʘʯʘ ʢʘʦ ʠ ʫʧʦʪʨʝʙˀʝʥʦʛ ʥʘʧʦʥʘ ʥʘ ʝʣʝʢʪʨʦʜʘʤʘ. 

ʇʨʠʥʮʠʧʠaʿʣʥʘ ʰʝʤʘ ʛʘʩʥʦʛ ʙʨʦʿʘʯʘ ʿʝ ʧʨʠʢʘʟʘʥʘ ʥʘ ʉʣʠʮʠ 2.2.  

 

 

 
ʉʣʠʢʘ 2.2 ʇʨʠʥʮʠʧʠʿʘʣʥʘ ʰʝʤʘ ʛʘʩʥʦʛ ʙʨʦʿʘʯʘ. ʈʘʜʠʦʘʢʪʠʚʥʦ ʟʨʘʯʝˁʝ ʜʦʩʧʝʚʘ ʫ ʦʙʣʘʩʪ ʛʜʝ ʩʝ ʥʘʣʘʟʠ ʛʘʩ 

ʢʨʦʟ ʪʘʥʢʠ ʧʨʦʟʦʨ. ʉʘʢʫʧˀʘˁʝ ʥʘʝʣʝʢʪʨʠʩʘˁʘ ʩʪʚʦʨʝʥʦʛ ʿʦʥʠʟʘʮʠʿʦʤ ʚʨʰʠ ʩʝ ʧʦʤʦ˂ʫ ʢʘʪʦʜʝ ʠ ʘʥʦʜʝ ʢʦʿʝ 

ʩʫ ʥʘ ʨʘʟʣʠʯʠʪʠʤ ʧʦʪʝʥʮʠʿʘʣʠʤʘ.   

 

 ʂʘʨʘʢʪʝʨʠʩʪʠʢʘ ʛʘʩʥʦʛ ʙʨʦʿʘʯʘ ʿʘʢʦ ʟʘʚʠʩʠ ʦʜ ʧʨʠʤʝˁʝʥʦʛ ʥʘʧʦʥʘ ʥʘ 

ʝʣʝʢʪʨʦʜʘʤʘ ʰʪʦ ʿʝ ʠʣʫʩʪʨʦʚʘʥʦ ʥʘ ʉʣʠʮʠ 2.3. ʋʢʦʣʠʢʦ ʿʝ ʥʘʧʦʥ ʥʘ ʝʣʝʢʪʨʦʜʘʤʘ 

ʥʝʢʦʣʠʢʦ ʜʝʩʝʪʠʥʘ ʚʦʣʪʠ ʜʦʣʘʟʠ ʜʦ ʨʝʢʦʤʙʠʥʘʮʠʿʝ ʿʦʥʘ ʧʨʝ ʩʘʢʫʧˀʘˁʘ ʿʦʥʘ ʰʪʦ 

ʨʝʟʫʣʪʫʿʝ ʫ ʥʝʜʦʚʦˀʥʦ ʿʘʢʦʤ ʩʠʛʥʘʣʫ. ʉʘ ʧʦʚʝ˂ʘˁʝʤ ʥʘʧʦʥʘ ʙʨʦʿ ʩʘʢʫʧˀʝʥʠʭ ʿʦʥʘ ʩʝ 

ʧʦʚʝ˂ʘʚʘ ʠ ʧʨʘʢʪʠʯʥʦ ʧʨʠ ʦʜʨʝʹʝʥʦʤ ʥʘʧʦʥʫ ʩʚʠ ʿʦʥʠ ʩʫ ʩʘʢʫʧˀʝʥʠ ʥʘ ʝʣʝʢʪʨʦʜʘʤʘ. 

ɼʘˀʠʤ ʧʦʚʝ˂ʘˁʝʤ ʥʘʧʦʥʘ ʜʦ ʦʢʦ 250 ʚʦʣʪʠ ʝʣʝʢʪʨʦʥʠ ʿʦʰ ʥʝʤʘʿʫ ʜʦʚʦˀʥʦ ʝʥʝʨʛʠʿʝ ʜʘ 

ʠʟʚʨʰʝ ʜʘˀʫ ʿʦʥʠʟʘʮʠʿʫ. ʋ ʦʚʦʿ ʦʙʣʘʩʪʠ ʨʘʜʝ ʿʦʥʠʟʘʮʠʦʥʝ ʢʦʤʦʨʝ ʢʦʿʝ ʩʣʫʞʝ ʟʘ 

ʜʝʪʝʢʮʠʿʫ ʛʘʤʘ ʟʨʘʯʝˁʘ.  ɼʘˀʠʤ ʧʦʚʝ˂ʘˁʝʤ ʥʘʧʦʥʘ ʝʣʝʢʪʨʦʥʠ ʩʚʝ ʚʠʰʝ ʠʤʘʿʫ ʝʥʝʨʛʠʿʫ 

ʜʘ ʚʨʰʝ ʜʘˀʫ ʿʦʥʠʟʘʮʠʿʫ ʠ ʧʨʘʢʪʠʯʥʦ ʫ ʦʙʣʘʩʪʠ ʧʨʦʧʦʨʮʠʦʥʘʣʥʠʭ ʙʨʦʿʘʯʘ, ʛʘʩʥʠ ʙʨʦʿʘʯ 

ʤʦʞʝ ʩʣʫʞʠʪʠ ʢʘʦ ʩʧʝʢʪʨʦʤʝʪʘʨ. ʀʟʣʘʟʥʠ ʩʠʛʥʘʣ ʿʝ ʚʠʰʝʩʪʨʫʢʦ ʧʦʿʘʯʘʥ. ɼʘˀʠʤ 

ʧʦʚʝ˂ʘˁʝʤ ʥʘʧʦʥʘ ʫʣʘʟʠ ʩʝ ʫ ʦʙʣʘʩʪ ʦʛʨʘʥʠʯʝʥʝ ʧʨʦʧʦʨʮʠʦʥʘʣʥʦʩʪʠ ʛʜʝ ʿʝ ʨʘʜ ʚʨʣʦ 

ʥʝʩʪʘʙʠʣʘʥ ʠ ʥʝʤʘ ʧʨʘʢʪʠʯʥʫ ʩʚʨʭʫ. ɼʘˀʠʤ ʧʦʚʝ˂ʘˁʝʤ ʥʘʧʦʥʘ ʧʨʘʢʪʠʯʥʦ ʩʝ ʚʨʰʠ 

ʣʘʚʠʥʩʢʘ ʿʦʥʠʟʘʮʠʿʘ ʠ ʩʪʚʘʨʘ ʩʝ ʩʪʨʫʿʥʠ ʠʤʧʫʣʩ ʢʦʿʠ ʥʝ ʟʘʚʠʩʠ ʦʜ ʝʥʝʨʛʠʿʝ ʫʧʘʜʥʦʛ 

ʟʨʘʯʝˁʘ. ʆʚʘ ʦʙʣʘʩʪ ʧʦʟʥʘʪʘ ʿʝ ʢʘʦ ɻʘʿʛʝʨ ʄʠʣʝʨʦʚʘ ʦʙʣʘʩʪ ʠ ʠʤʘ ʰʠʨʦʢʫ ʧʨʠʤʝʥʫ ʫ 

ʠʟʨʘʜʠ ʿʝʬʪʠʥʠʭ ʙʨʦʿʘʯʘ ʢʦʿʠ ʩʣʫʞʝ ʟʘ ʜʝʪʝʢʪʦʚʘˁʝ ʨʘʜʠʦʘʢʪʠʚʥʦʛ ʟʨʘʯʝˁʘ. ɼʘˀʠʤ 

ʧʦʚʝ˂ʘˁʝʤ ʥʘʧʦʥʘ ʧʨʘʢʪʠʯʥʦ ʩʝ ʛʘʩ ʿʦʥʠʟʫʿʝ ʠ ʙʝʟ ʫʧʘʜʥʦʛ ʟʨʘʯʝˁʘ, ʪʝ ʦʚʘ ʦʙʣʘʩʪ ʥʝʤʘ 

ʧʨʘʢʪʠʯʥʠ ʠʥʪʝʨʝʩ.  
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ʉʣʠʢʘ 2.3  ɹʨʦʿ ʩʘʢʫʧˀʝʥʠʭ ʿʦʥʘ ʥʘ ʝʣʝʢʪʨʦʜʘʤʘ ʫ ʟʘʚʠʥʩʦʪʠ ʦʜ ʧʨʠʤʝˁʝʥʦʛ ʥʘʧʦʥʘ ʥʘ ʝʣʝʢʪʨʦʜʘʤʘ 

ʧʨʝʤʘ [Melissinos] .  

 

ʈʘʟʚʦʿ ʛʘʩʥʠʭ ʜʝʪʝʢʪʦʨʘ ʟʘʧʦʯʝʦ ʿʝ 1908. ʨʘʜʦʤ ʈʘʜʝʨʬʦʨʜʘ ʠ ɻʘʿʛʝʨʘ ʢʦʿʠ ʩʫ 

ʦʧʠʩʘʣʠ ʧʨʚʠ ʮʠʣʠʥʜʨʠʯʥʠ ʝʣʝʢʪʨʠʯʥʠ ʙʨʦʿʘʯ ʟʘ Ŭ-ʯʝʩʪʠʮʝ. ʉʣʝʜʠʣʦ ʿʝ ˁʝʛʦʚʦ 

ʧʦʙʦˀʰʘˁʝ 1912. ʫʚʦʹʝˁʝʤ ʩʬʝʨʥʦʛ ʙʨʦʿʘʯʘ. ɼʘˀʠ ʧʨʦʛʨʝʩ ʿʝ ʧʦʩʪʠʛʥʫʪ 1913. ʢʘʜ ʿʝ 

ʥʘʧʨʘʚˀʝʥ ʜʝʪʝʢʪʦʨ ʟʘ ɓ-ʯʝʩʪʠʮʝ. 1928. ɻʘʿʛʝʨ ʠ ʄʠʣʝʨ ʫʚʝʣʠ ʩʫ ʥʦʚʠ ʪʠʧ ʛʘʩʥʦʛ 

ʙʨʦʿʘʯʘ, ʢʦʿʠ ʿʝ ʠʤʘʦ ʦʜʟʠʚ ʥʘ ʠʥʜʠʚʠʜʫʘʣʥʝ ʜʦʛʘʹʘʿʝ ʠʥʜʫʢʦʚʘʥʝ ʟʨʘʯʝˁʝʤ ʜʘʿʫ˂ʠ ʿʘʢ 

ʩʠʛʥʘʣ. ʆʚʘʿ ʙʨʦʿʘʯ ʜʘʥʘʩ ʩʝ ʥʘʟʠʚʘ ɻʘʿʛʝʨ-ʄʠʣʝʨʦʚ ʙʨʦʿʘʯ ʠʣʠ ʧʦʧʫʣʘʨʥʦ ɻʄ ʙʨʦʿʘʯ. 

ɹʨʦʿʘʯ ʿʝ ʜʘˀʝ ʫʩʘʚʨʰʘʚʘʥ ʫ 1930-ʠʤ ʠ ʟʙʦʛ ʩʚʦʿʝ ʿʝʜʥʦʩʪʘʚʥʦʩʪʠ, ʣʘʢʦʛ ʨʫʢʦʚʘˁʘ ʠ 

ʿʝʬʪʠʥʦ˂ʝ, ʥʘʰʘʦ ʩʝ ʚʝʦʤʘ ʙʨʟʦ ʫ ʫʧʦʪʨʝʙʠ. ɻʄ ʙʨʦʿʘʯ ʥʝʤʘ ʦʩʦʙʠʥʫ ʜʘ ʤʝʨʠ ʝʥʝʨʛʠʿʫ 

ʫʧʘʜʥʦʛ ʟʨʘʯʝˁʘ ʠ ʠʤʘ ʚʝʦʤʘ ʣʦʰʝ ʚʨʝʤʝʥʩʢʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ (ʚʝʣʠʢʦ ʤʨʪʚʦ ʚʨʝʤʝ) ʧʘ 

ʿʝ ʦʛʨʘʥʠʯʝʥ ʥʘ ʚʝʦʤʘ ʥʠʩʢʝ ʙʨʟʠʥʝ ʙʨʦʿʘˁʘ. ʄʝʹʫʪʠʤ, ʟʘ ʜʝʪʝʢʪʦʚʘˁʝ ʧʨʠʩʫʩʪʚʘ 

ʨʘʜʠʦʘʢʪʠʚʥʦʛ ʟʨʘʯʝˁʘ ʠ ʧʨʦʮʝʥʫ ʢʦʥʪʘʤʠʥʘʮʠʿʝ ɻʘʿʛʝʨ ʄʠʣʝʨʦʚʠ ʙʨʦʿʘʯʠ ʩʫ 

ʥʝʟʘʤʝʥˀʠʚʠ ʩ ʦʙʟʠʨʦʤ ʥʘ ˁʠʭʦʚʫ ʮʝʥʫ ʠ ʝʢʦʥʦʤʠʯʥʦʩʪ. 

  ʋʚʦʹʝˁʝʤ ʤʨʝʞʘʩʪʝ ʿʦʥʠʟʘʮʠʦʥʝ ʢʦʤʦʨʝ (1940. Frisch), ʢʦʿʘ ʿʦʰ ʫʚʝʢ ʥʘʣʘʟʠ 

ʧʨʠʤʝʥʫ ʫ ʘʣʬʘ ʩʧʝʢʪʨʦʤʝʪʨʠʿʠ, ʥʘʩʪʘʚˀʝʥ ʿʝ ʨʘʟʚʦʿ ʛʘʩʥʠʭ ʜʝʪʝʢʪʦʨʘ. ʋ ʢʘʩʥʠʤ 1940-

ʠʤ ʌʨʠʰ ʿʝ ʫʚʝʦ ʪʨʝ˂ʠ ʪʠʧ ʛʘʩʥʦʛ ʜʝʪʝʢʪʦʨʘ. ɹʠʦ ʿʝ ʪʦ ʧʨʦʧʦʨʮʠʦʥʘʣʥʠ ʙʨʦʿʘʯ ʢʦʿʠ ʿʝ 

ʧʦʿʘʯʘʚʘʦ ʩʪʨʫʿʫ ʠʟʘʟʘʚʘʥʫ ʧʨʘʞˁʝˁʝʤ ʫ ʛʘʩʫ. ɺʘʞʥʘ ʧʨʠʤʝʥʘ ʧʨʦʧʦʨʮʠʦʥʘʣʥʠʭ 

ʙʨʦʿʘʯʘ ʿʝ ʙʠʣʘ ʩʧʝʢʪʨʦʤʝʪʨʠʿʘ ʥʠʩʢʦʝʥʝʨʛʝʪʩʢʠx ʍïʟʨʘʢʘ. ɼʘʥʘʩ ʩʝ ʧʨʦʧʦʨʮʠʦʥʘʣʥʠ 

ʙʨʦʿʘʯʠ ʯʝʩʪʦ ʢʦʨʠʩʪʝ ʟʘ ʨʫʪʠʥʩʢʘ ʤʝʨʝˁʘ ʫ ʤʥʦʛʠʤ ʥʫʢʣʝʘʨʥʠʤ ʣʘʙʦʨʘʪʦʨʠʿʘʤʘ ʟʘ 

ʤʝʨʝˁʘ ʘʣʬʘ ʠ ʙʝʪʘ ʟʨʘʯʝˁʘ. ɻʘʩʥʠ ʜʝʪʝʢʪʦʨʠ ʤʦʛʫ ʜʘʚʘʪʠ ʚʨʣʦ ʧʨʝʮʠʟʥʝ ʨʝʟʫʣʪʘʪʝ 

ʘʢʪʠʚʥʦʩʪʠ ʠʟʚʦʨʘ ʟʘ ʦʜʨʝʹʝʥʠ ʨʘʜʠʦʠʟʦʪʦʧ ʫʢʦʣʠʢʦ ʩʫ ʧʨʘʚʠʣʥʦ ʢʘʣʠʙʨʠʩʘʥʠ. 

ɼʝʪʘˀʘʥ ʦʧʠʩ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ ʛʘʩʥʠʭ ʜʝʪʝʢʪʦʨʘ ʜʘʪ ʿʝ ʫ [11].  

ɺʨʣʦ ʙʨʟʦ ʿʝ ʩʭʚʘ˂ʝʥʦ ʜʘ ʫʧʦʪʨʝʙʘ ʯʚʨʩʪʦʛ ʜʝʪʝʢʪʦʨʩʢʦʛ ʤʝʜʠʿʫʤʘ ʫʤʝʩʪʦ ʛʘʩʘ ʤʦʞʝ 

ʠʤʘʪʠ ʚʝʣʠʢʫ ʧʨʝʜʥʦʩʪ ʫ ʧʨʠʤʝʥʠ ʜʝʪʝʢʮʠʿʝ ʟʨʘʯʝˁʘ, ʿʝʨ ʩʫ ʯʚʨʩʪʘ ʪʝʣʘ ʦʢʦ 1000 ʧʫʪʘ 

ʛʫʰ˂ʘ ʥʝʛʦ ʛʘʩʦʚʠ, ʰʪʦ ʠʤʧʣʠʮʠʨʘ ʜʘ ʜʠʤʝʥʟʠʿʝ ʯʚʨʩʪʦʛ ʜʝʪʝʢʪʦʨʘ ʤʦʛʫ ʙʠʪʠ ʟʥʘʪʥʦ 

ʤʘˁʝ ʦʜ ʝʢʚʠʚʘʣʝʥʪʥʦʛ ʛʘʩʥʦʛ ʜʝʪʝʢʪʦʨʘ. ʈʘʜʦʚʠ ʦ ʤʦʛʫ˂ʥʦʩʪʠ ʧʨʠʤʝʥʝ ʢʨʠʩʪʘʣʘ ʟʘ 

ʜʝʪʝʢʮʠʿʫ ʟʨʘʯʝˁʘ ʚʝ˂ ʩʫ ʦʙʿʘʚˀʝʥʠ 1932. [Jafe, Van Harden]. ʄʝʹʫʪʠʤ, ʜʝʪʝʢʪʦʨʠ 

ʟʨʘʯʝˁʘ ʢʦʿʠ ʤʝʨʝ ʿʦʥʠʟʘʮʠʿʫ ʧʨʦʠʟʚʝʜʝʥʫ ʫ ʯʚʨʩʪʠʤ ʜʠʝʣʝʢʪʨʠʮʠʤʘ ʠ ʢʦʿʠ ʩʫ ʘʥʘʣʦʛʥʠ 

ʛʘʩʥʠʤ ʜʝʪʝʢʪʦʨʠʤʘ, ʧʦʿʘʚʠʣʠ ʩʫ ʩʝ ʪʝʢ 1950-ʠʭ ʠ ʫ ʨʘʥʠʤ 1960-ʠʤ. ʉʣʝʜʠʦ ʿʝ ʙʨʟʠ 

ʨʘʟʚʦʿ ʧʦʣʫʧʨʦʚʦʜʥʠʯʢʠʭ ʜʝʪʝʢʪʦʨʘ.  

ʇʨʠʥʮʠʧ ʨʘʜʘ ʧʦʣʫʧʨʦʚʦʜʥʠʯʢʦʛ ʜʝʪʝʢʪʦʨʘ ʧʨʠʢʘʟʘʥ ʿʝ ʥʘ ʉʣʠʮʠ 2.4. ʀʥʚʝʨʟʥʦ 

ʧʦʣʘʨʠʟʦʚʘʥʠ PN-ʩʧʦʿ ʠʤʘ ʦʩʦʙʠʥʫ ʜʘ ʩʘʢʫʧʠ ʧʘʨʦʚʝ ʝʣʝʢʪʨʦʥ-ʰʫʧˀʠʥʘ ʢʦʿʠ ʩʫ 

ʛʝʥʝʨʠʩʘʥʠ ʫʧʘʜʥʠʤ ʟʨʘʯʝˁʝʤ ʫʥʫʪʘʨ ʧʨʦʩʪʦʨʥʦʛ ʥʘʝʣʝʢʪʨʠʩʘˁʘ. ʂʦʣʠʯʠʥʘ 

ʛʝʥʝʨʠʩʘʥʠʭ ʧʘʨʦʚʘ ʝʣʝʢʪʨʦʥ-ʰʫʧˀʠʥʘ ʧʨʦʧʦʨʮʠʦʥʘʣʥʘ ʿʝ ʝʥʝʨʛʠʿʠ ʫʧʘʜʥʦʛ ʟʨʘʯʝˁʘ, 
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ʧʘ ʿʝ ʧʦʣʫʧʨʦʚʦʜʥʠʯʢʠ ʜʝʪʝʢʪʦʨ ʧʦʛʦʜʘʥ ʟʘ ʩʧʝʢʪʨʦʤʝʪʨʠʿʫ. ʇʦʣʫʧʨʦʚʦʜʥʠʯʢʠ 

ʜʝʪʝʢʪʦʨʠ ʧʨʘʚʝ ʩʝ ʫ ʨʘʟʥʠʤ ʚʘʨʠʿʘʥʪʘʤʘ ʧʨʠ ʯʝʤʫ ʩʫ ʥʘʿʯʝʰ˂ʝ ʢʦʨʠʰ˂ʝʥʠ Si ʠ Ge.  

 

 
2.4 ʀʥʚʝʨʟʥʦ ʧʦʣʘʨʠʟʦʚʘʥʠ PN-ʩʧʦʿ ʠ ʧʦʪʝʥʮʠʿʘʣ ʜʫʞ PN-ʩʧʦʿ ʘ. ʆʙʣʘʩʪ ʧʨʦʩʪʦʨʥʦʛ ʥʘʝʣʝʢʪʨʠʩʘˁʘ 

ʦʩʝʪˀʠʚʘ ʿʝ ʥʘ ʫʧʘʜʥʦ ʟʨʘʯʝˁʝ. ʅʝʘʢʪʠʚʥʠ ʩʣʦʿ ʧʦʣʫʧʨʦʚʦʜʥʠʢʘ ʿʝ ʫ ʦʙʣʘʩʪʠ ʛʜʝ ʩʫ ʥʘʛʦʤʠʣʘʥʠ ʛʣʘʚʥʠ 

ʥʦʩʠʦʮʠ ʥʘʝʣʝʢʪʨʠʩʘˁʘ (ʝʣʝʢʪʨʦʥʠ ʫ n-ʜʝʣʫ ʠ ʰʫʧˀʠʥʝ ʫ p-ʜʝʣʫ) ʿʝʨ ʫ ʦʚʦʿ ʦʙʣʘʩʪʠ ʥʝʤʘ ʧʘʜʘ 

ʧʦʪʝʥʮʠʿʘʣʘ.  ʂʦʜ ʙʝʩʧʨʠʤʝʩʥʦʛ ʛʝʨʤʘʥʠʿʫʤʘ ʛʦʪʦʚʦ ʮʝʣʫ ʟʘʧʨʝʤʠʥʫ ʟʘʫʟʠʤʘ ʥʝʫʪʨʘʣʥʠ ʛʝʨʤʘʥʠʿʫʤ, ʜʦʢ 

ʩʫ P ʠ Ɂ ʜʝʣʦʚʠ ʚʨʣʦ ʪʘʥʢʠ ʩʣʦʿʝʚʠ.  

 

ɼʝʪʝʢʪʦʨʠ ʩʘ ʜʠʬʫʟʥʠʤ ʩʧʦʿʝʤ ʠ ʧʦʚʨʰʠʥʩʢʦʤ ʙʘʨʠʿʝʨʦʤ ʥʘʰʣʠ ʩʫ ʰʠʨʦʢʫ 

ʧʨʠʤʝʥʫ ʫ ʜʝʪʝʢʪʦʚʘˁʫ ʘʣʬʘ ʯʝʩʪʠʮʘ. ʇʨʦʮʝʩ ʜʨʠʬʪʦʚʘˁʘ ʿʦʥʘ, ʧʨʚʦ ʜʝʤʦʥʩʪʨʠʨʘʥ ʦʜ  

ʩʪʨʘʥʝ Pell 1960. ʦʤʦʛʫ˂ʠʦ ʿʝ ʧʨʘʢʪʠʯʘʥ ʤʝʪʦʜ ʧʦʤʦ˂ʫ ʢʦʛʘ ʩʝ ʤʦʛʫ ʜʦʙʠʿʘʪʠ ʚʝ˂ʝ 

ʘʢʪʠʚʥʝ ʟʘʧʨʝʤʠʥʝ. ʆʚʠ ʪʟʚ. ʜʨʠʬʪʦʚʘʥʠ ʜʝʪʝʢʪʦʨʠ, ʙʨʟʦ ʩʫ ʩʝ ʨʘʰʠʨʠʣʠ ʫ ʥʫʢʣʝʘʨʥʠʤ 

ʥʘʫʢʘʤʘ.  

ɼʘʥʘʩ ʩʠʣʠʮʠʿʫʤ ʢʘʦ ʧʦʣʫʧʨʦʚʦʜʥʠʯʢʠ ʤʘʪʝʨʠʿʘʣ ʜʦʤʠʥʠʨʘ ʫ ʜʝʪʝʢʪʦʨʠʤʘ ʫ ʬʦʨʤʠ 

ʜʠʦʜʝ ʢʦʿʝ ʩʝ ʢʦʨʠʩʪʝ ʟʘ ʩʧʝʢʪʨʦʤʝʪʨʠʿʫ ʥʘʝʣʝʢʪʨʠʩʘʥʠʭ ʯʝʩʪʠʮʘ, ʜʦʢ ʩʝ ʛʝʨʤʘʥʠʿʫʤ 

ʚʠʰʝ ʢʦʨʠʩʪʠ ʟʘ ʜʝʪʝʢʪʦʚʘˁʝ ʛʘʤʘ ʟʨʘʯʝˁʘ. ʉʠʣʠʮʠʿʫʤʩʢʠ ʜʝʪʝʢʪʦʨʠ ʩʫ ʧʦʩʪʘʣʠ 

ʥʘʿʯʝʰ˂ʠ ʠʟʙʦʨ ʟʘ ʩʧʝʢʪʨʦʩʢʦʧʠʿʫ ʍ-ʟʨʘʯʝˁʘ ʫ ʥʠʞʝʤ ʝʥʝʨʛʝʪʩʢʦʤ ʜʦʤʝʥʫ, ʢʘʦ ʠ ʟʘ 

ʩʧʝʢʪʨʦʩʢʦʧʠʿʫ ʙʝʪʘ ʟʨʘʯʝˁʘ. ɼʦʙʨʘ ʦʩʦʙʠʥʝ ʩʠʣʠʮʠʿʫʤʘ ʢʘʦ ʧʦʣʫʧʨʦʚʦʜʥʠʯʢʦʛ 

ʤʘʪʝʨʠʿʘʣʘ ʟʘ ʠʟʨʘʜʫ ʜʝʪʝʢʪʦʨʘ ʟʨʘʯʝˁʘ ʿʝ ʚʝʣʠʢʘ ʜʦʩʪʫʧʥʦʩʪ ʠ ʨʘʜ ʥʘ ʩʦʙʥʠʤ 

ʪʝʤʧʝʨʘʪʫʨʘʤʘ. ʉʘ ʜʨʫʛʝ ʩʪʨʘʥʝ, ʥʝʜʦʩʪʘʮʠ ʩʠʣʠʮʿʫʤʩʢʠʭ ʜʝʪʝʢʪʦʨʘ ʩʫ ʥʝʤʦʛʫ˂ʥʦʩʪ 

ʠʟʨʘʜʝ ʚʝ˂ʠʭ ʤʦʥʦʢʨʠʩʪʘʣʥʠʭ ʩʪʨʫʢʪʫʨʘ ʠ ʩʣʘʙʠʿʘ ʨʝʟʦʣʫʮʠʿʘ.  

ɻʝʨʤʘʥʠʿʫʤ ʩʘ ʜʨʫʛʝ ʩʪʨʘʥʝ ʦʙʝʟʝʙʝʹʫʿʝ ʙʦˀʫ ʨʝʟʦʣʫʮʠʿʫ ʠ ʨʘʟʚʠʿʝʥʠ ʩʫ ʧʦʩʪʫʧʮʠ ʟʘ 

ʠʟʨʘʜʫ ʨʝʣʘʪʠʚʥʦ ʚʝʣʠʢʠʭ ʤʦʥʦʢʨʠʩʪʘʣʥʠʭ ʩʪʨʫʢʪʫʨʘ, ʘʣʠ ʩʝ ʢʨʠʩʪʘʣ ʤʦʨʘ ʭʣʘʜʠʪʠ ʥʘ 

ʥʠʩʢʝ ʪʝʤʧʝʨʘʪʫʨʝ ʨʘʜʠ ʤʠʥʠʤʠʟʠʨʘˁʘ ʪʝʨʤʘʣʥʦʛ ʰʫʤʘ. ʇʨʦʠʟʚʦʜˁʘ Ge(Li) ʜʝʪʝʢʪʦʨʘ 

ʟʘʭʪʝʚʘ ʚʝʣʠʢʝ ʚʝʰʪʠʥʝ, ʤʝʹʫʪʠʤ ʢʘʜʘ ʩʫ ʦʚʠ ʜʝʪʝʢʪʦʨʠ ʧʦʩʪʘʣʠ ʢʦʤʝʨʮʠʿʘʣʥʦ 

ʜʦʩʪʫʧʥʠ, ʥʘʰʣʠ ʩʫ ʧʨʠʤʝʥʫ ʰʠʨʦʤ ʩʚʝʪʘ. 

ʇʨʚʠ ʜʝʪʝʢʪʦʨʠ ʙʘʟʠʨʘʥʠ ʥʘ ʧʦʣʫʧʨʦʚʦʜʥʠʢʫ ʛʝʨʤʘʥʠʿʫʤʫ ʙʠʣʠ ʩʫ ʛʝʨʤʘʥʠʿʫʤ 

ʣʠʪʠʿʫʤʩʢʠ Ge(Li) ʜʝʪʝʢʪʦʨʠ ʢʦʿʠ ʩʫ ʠʤʘʣʠ ʿʝʜʥʦ ʚʝʣʠʢʦ ʦʛʨʘʥʠʯʝˁʝ: ʦʥ ʿʝ ʤʦʨʘʦ ʜʘ 

ʨʘʜʠ ʘʣʠ ʠ ʜʘ ʩʝ ʩʢʣʘʜʠʰʪʠ ʥʘ ʥʠʩʢʠʤ ʪʝʤʧʝʨʘʪʫʨʘʤʘ. ʄʝʹʫʪʠʤ, ʫ ʪʦʢʫ 1970. ʠ 1972. 

ʨʘʟʚʠʿʝʥ ʿʝ ʧʦʩʪʫʧʘʢ ʟʘ ʜʦʙʠʿʘˁʝ ʫʣʪʨʘʯʠʩʪʦʛ ʛʝʨʤʘʥʠʿʫʤʘ (HPGe-High purity 

Germanium) ʪhʦ ʿʝ ʦʤʦʛʫ˂ʠʣʦ ʧʨʦʠʟʚʦʜˁʫ ʛʝʨʤʘʥʠʿʫʤʩʢʠʭ ʜʝʪʝʢʪʦʨʘ, ʙʝʟ 

ʢʦʤʧʝʥʟʦʚʘˁʘ ʣʠʪʠʿʫʤʦʤ. ɻʝʨʤʘʥʠʿʫʤʩʢʠ ʜʝʪʝʢʪʦʨʠ ʯʠʿʝ ʩʫ ʥʝʯʠʩʪʦ˂ʝ ʤʘˁʝ ʦʜ ʿʝʜʥʦʛ 

ʘʪʦʤʘ ʧʨʠʤʝʩʝ ʥʘ 10
10

 ʘʪʦʤʘ ʛʝʨʤʘʥʠʿʫʤʘ ʥʘʟʠʚʘʿʫ ʩʝ ʙʝʩʧʨʠʤʝʩʥʠ ʛʝʨʤʘʥʠʿʫʤ. ʆʚʠ 

ʜʝʪʝʢʪʦʨʠ ʤʦʛʫ ʩʝ ʠʟʣʘʛʘʪʠ ʩʦʙʥʠʤ ʪʝʤʧʝʨʘʪʫʨʘʤʘ ʙʝʟ ʧʦʩʣʝʜʠʮʘ, ʘʣʠ ʧʨʝ ʥʝʛʦ ʰʪʦ ʩʝ 

ʧʨʠʢˀʫʯʝ ʥʘ ʚʠʩʦʢ ʥʘʧʦʥ ʤʦʨʘʿʫ ʩʝ ʦʭʣʘʜʠʪʠ ʥʘ ʥʠʩʢʝ ʪʝʤʧʝʨʘʪʫʨʝ. 

ʇʨʠʥʮʠʧ ʨʘʜʘ ʛʝʨʤʘʥʠʿʫʤʩʢʠʭ ʜʝʪʝʢʪʦʨʘ ʘʥʘʣʦʛʘʥ ʿʝ ʿʦʥʠʟʘʮʠʦʥʠʤ ʢʦʤʦʨʘʤʘ. 

ʋʤʝʩʪʦ ʛʘʩʘ, ʤʝʜʠʿʫʤ ʿʝ ʩʘʜʘ ʧʦʣʫʧʨʦʚʦʜʥʠʯʢʠ ʤʘʪʝʨʠʿʘʣ. ʇʨʦʣʘʟ ʿʦʥʠʟʫʿʫ˂ʝʛ ʟʨʘʯʝˁʘ 

ʢʨʝʠʨʘ ʧʘʨʦʚʝ ʝʣʝʢʪʨʦʥ-ʰʫʧˀʠʥʘ (ʫʤʝʩʪʦ ʝʣʝʢʪʨʦʥ-ʿʦʥ) ʢʦʿʠ ʩʝ ʦʥʜʘ ʩʘʢʫʧˀʘʿʫ 
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ʝʣʝʢʪʨʠʯʥʠʤ ʧʦˀʝʤ. ʇʨʝʜʥʦʩʪ ʧʦʣʫʧʨʦʚʦʜʥʠʢʘ ʿʝ ʪʘ ʰʪʦ ʿʝ ʩʨʝʜˁʘ ʝʥʝʨʛʠʿʘ ʧʦʪʨʝʙʥʘ 

ʟʘ ʢʨʝʠʨʘˁʝ ʧʘʨʘ ʝʣʝʢʪʨʦʥ ʰʫʧˀʠʥʘ ʥʝʢʠʭ 10 ʧʫʪʘ ʤʘˁʘ ʦʜ ʝʥʝʨʛʠʿʝ ʧʦʪʨʝʙʥʝ ʟʘ 

ʢʨʝʠʨʘˁʝ ʿʦʥʩʢʦʛ ʧʘʨʘ ʫ ʛʘʩʫ. ɿʙʦʛ ʪʦʛʘ ʿʝ ʢʦʣʠʯʠʥʘ ʧʨʦʠʟʚʝʜʝʥʝ ʿʦʥʠʟʘʮʠʿʝ ʟʘ ʜʘʪʫ 

ʝʥʝʨʛʠʿʫ ʟʘ ʨʝʜ ʚʝʣʠʯʠʥʝ ʚʝ˂ʘ ʰʪʦ ʨʝʟʫʣʪʠʨʘ ʫ ʧʦʚʝ˂ʘˁʫ ʝʥʝʨʛʝʪʩʢʝ ʨʝʟʦʣʫʮʠʿʝ ʟʘ ʨʝʜ 

ʚʝʣʠʯʠʥʝ. ʐʪʘʚʠʰʝ, ʟʙʦʛ ˁʠʭʦʚʝ ʚʝ˂ʝ ʛʫʩʪʠʥʝ, ʠʤʘʿʫ ʚʝ˂ʫ ʟʘʫʩʪʘʚʥʫ ʤʦ˂ ʦʜ ʛʘʩʥʠʭ 

ʜʝʪʝʢʪʦʨʘ. ʀʤʘʿʫ ʢʦʤʧʘʢʪʥʫ ʚʝʣʠʯʠʥʫ ʠ ʠʤʘʿʫ ʚʝʦʤʘ ʙʨʟʦ ʚʨʝʤʝ ʦʜʟʠʚʘ. ʆʩʠʤ 

ʩʠʣʠʮʠʿʫʤʘ, ʩʚʠ ʧʦʣʫʧʨʦʚʦʜʥʠʮʠ ʫʦʧʰʪʝ ʟʘʭʪʝʚʘʿʫ ʭʣʘʹʝˁʝ ʥʘ ʥʠʩʢʝ ʪʝʤʧʝʨʘʪʫʨʝ  (77 

K) ʧʨʝ ʥʝʛʦ ʰʪʦ ʧʦʯʥʫ ʩʘ ʨʘʜʦʤ. ʆʚʦ ʥʘʨʘʚʥʦ ʧʦʜʨʘʟʫʤʝʚʘ ʜʦʜʘʪʥʠ ʢʨʠʦʛʝʥʠ ʩʠʩʪʝʤ 

ʢʦʿʠ ʩʝ ʧʨʠʩʣʘˁʘ ʫʟ ʜʝʪʝʢʪʦʨ. ɱʝʜʘʥ ʦʜ ʜʘʥʘʰˁʠʭ ʧʨʦʙʣʝʤʘ ʚʝʟʘʥʠʭ ʟʘ ʠʩʪʨʘʞʠʚʘˁʘ ʫ 

ʦʙʣʘʩʪʠ ʧʦʣʫʧʨʦʚʦʜʥʠʯʢʠʭ ʜʝʪʝʢʪʦʨʘ, ʫ ʩʪʚʘʨʠ ʿʝ ʧʨʦʥʘʣʘʞʝˁʝ ʤʘʪʝʨʠʿʘʣʘ ʢʦʿʠ ʤʦʛʫ 

ʨʘʜʠʪʠ ʥʘ ʩʦʙʥʠʤ ʪʝʤʧʝʨʘʪʫʨʘʤʘ. ʂʨʠʩʪʘʣʥʠ ʤʘʪʝʨʠʿʘʣʠ ʩʫ ʪʘʢʦʹʝ ʦʩʝʪˀʠʚʠʿʠ ʥʘ 

ʨʘʜʠʿʘʮʠʦʥʘ ʦʰʪʝ˂ʝˁʘ ʰʪʦ ʠʤ ʩʢʨʘ˂ʫʿʝ ʚʝʢ ʪʨʘʿʘˁʘ. ɻʝʨʤʘʥʠʿʫʤʩʢʠ ʜʝʪʝʢʪʦʨʠ ʥʘʿʚʠʰʝ 

ʩʝ ʢʦʨʠʩʪʝ ʟʘ ʜʝʪʝʢʮʠʿʫ ɔ-ʟʨʘʯʝˁʘ, ʘ ʧʨʘʚʝ ʩʝ ʫ ʨʘʟʥʠʤ ʚʘʨʠʿʘʥʪʘʤʘ ʫ ʟʘʚʠʩʥʦʩʪʠ ʦʜ 

ʥʘʤʝʥʝ: ʧʣʘʥʘʨʥʠ, ʢʦʘʢʩʠʿʘʣʥʠ ʠ ʜʝʪʝʢʪʦʨ ʫ ʦʙʣʠʢʫ ʿʘʤʝ (well). ʅʘ ʉʣʠʮʠ 2.5 ʧʨʠʢʘʟʘʥʠ 

ʩʫ ʨʘʟʥʠ ʪʠʧʦʚʠ ʜʝʪʝʢʪʦʨʘ ʢʦʿʠ ʩʫ ʩʘʯʠˁʝʥʠ ʦʜ ʙʝʩʧʨʠʤʝʩʥʦʛ ʛʝʨʤʘʥʠʿʫʤʘ. 

 

 
ʉʣʠʢʘ 2.5  Tʠʧʦʚʠ ʜʝʪʝʢʪʦʨʘ ʦʜ ʙʝʩʧʨʠʤʝʩʥʦʛ ʛʝʨʤʘʥʠʿʫʤʘ ʧʨʝʤʘ ʧʨʦʠʟʚʦʹʘʯʫ Canberra  [12].  ɿʘ ʩʚʘʢʠ 

ʪʠʧ ʜʝʪʝʢʪʦʨʘ ʠʩʪʘʢʥʫʪʘ ʿʝ ʚʘʞʥʘ ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ ʠ ʦʙʣʘʩʪ ʝʥʝʨʛʠʿʝ ɔ-ʟʨʘʯʝˁʘ ʫ ʢʦʿʦʿ ʩʝ ʧʨʠʤʝˁʫʿʝ. 

  

 

ɼʝʪʘˀʘʥ ʧʨʝʛʣʝʜ ʦ ʧʨʠʥʮʠʧʠʤʘ ʨʘʜʘ, ʨʘʟʚʦʿʫ ʠ ʧʨʠʤʝʥʠ ʧʦʣʫʧʨʦʚʦʜʥʠʯʢʠʭ 

ʜʝʪʝʢʪʦʨʘ ʜʘʪ ʿʝ ʫ [13].   

ʈʘʟʚʦʿ ʜʝʪʝʢʪʦʨʘ ʟʨʘʯʝˁʘ ʥʠʿʝ ʙʠʦ ʤʦʛʫ˂ ʙʝʟ ʧʘʨʘʣʝʣʥʦʛ ʨʘʟʚʦʿʘ ʦʧʨʝʤʝ ʢʦʿʘ ʧʨʠʤʘ 

ʩʠʛʥʘʣʝ ʩʘ ʜʝʪʝʢʪʦʨʘ ʠ ʧʨʦʠʟʚʦʜʠ ʧʦʛʦʜʘʥ ʠʟʣʘʟʥʠ ʩʠʛʥʘʣ. ʋ ʦʚʦʤ ʩʝʛʤʝʥʪʫ 

ʠʩʪʨʘʞʠʚʘˁʘ ʤʦʛʫ ʩʝ ʠʟʜʚʦʿʠʪʠ ʥʝʢʠ ʟʥʘʯʘʿʥʠ ʜʦʛʘʹʘʿʠ. Williams ʿʝ 1931. ʥʘʩʪʘʚʠʦ ʨʘʜ 

Greinacher-ʘ ʠʟ 1926, ʧʨʘʚʝ˂ʠ ʧʨʚʠ ʣʠʥʝʘʨʥʠ ʧʦʿʘʯʘʚʘʯ ʢʦʿʠ ʤʦʞʝ ʜʘ ʧʦʿʘʯʘ ʩʠʛʥʘʣ ʫ 

ʩʣʘʙʦ ʿʦʥʠʟʦʚʘʥʦʿ ʢʦʤʦʨʠ ʧʨʦʣʘʩʢʦʤ ʘʣʬʘ ʯʝʩʪʠʮʘ. 1940. ʥʘʧʨʘʚˀʝʥ ʿʝ 

ʬʦʪʦʤʫʣʪʠʧʣʠʢʘʪʦʨ. ʋ ʨʘʥʠʤ 1950-ʠʤ ʰʠʨʦʢ ʩʧʝʢʪʘʨ ʧʦʿʘʯʘʚʘʯʘ ʙʘʟʠʨʘʥ ʥʘ ʢʦʣʠʤʘ ʩʘ 

ʚʘʢʫʫʤ-ʜʠʦʜʘʤʘ ʿʝ ʧʦʩʪʘʦ ʜʦʩʪʫʧʘʥ. ɳʠʭʦʚʝ ʧʝʨʬʦʨʤʘʥʩʝ ʩʫ ʩʝ ʧʦʩʪʝʧʝʥʦ 

ʧʦʙʦˀʰʘʚʘʣʝ, ʢʘʦ ʥʘ ʧʨʠʤʝʨ ʫʚʦʹʝˁʝʤ 1956. ʢʦʣʘ ʩʘ ʧʦʚʨʘʪʥʦʤ ʩʧʨʝʛʦʤ. ʊʦʢʦʤ ʢʘʩʥʠʭ 

1950-ʠʭ ʠ ʫ ʨʘʥʠʤ 1960-ʠʤ ʢʦʣʘ ʩʘ ʚʘʢʫʤʩʢʠʤ ʮʝʚʠʤʘ ʩʫ ʟʘʤʝˁʝʥʘ ʪʨʘʥʟʠʩʪʦʨʩʢʠʤ 

ʢʦʣʠʤʘ. ʆʚʦ ʿʝ ʫʙʨʟʦ ʜʦʚʝʣʦ ʜʦ ʨʘʟʚʦʿʘ ʧʨʝʥʦʩʠʚʠʭ ʜʝʪʝʢʪʦʨʘ ʟʨʘʯʝˁʘ. ʅʘʧʨʘʚˀʝʥʠ ʩʫ 

ʠʥʩʪʨʫʤʝʥʪʠ ʢʦʿʠ ʩʫ ʤʦʛʣʠ ʜʘ ʨʘʜʝ ʥʘ ʚʝʣʠʢʠʤ ʙʨʟʠʥʘʤʘ ʙʨʦʿʘˁʘ. ʋ ʪʦʢʫ 1960-ʠʭ 

ʢʦʤʧʿʫʪʝʨʩʢʘ ʪʝʭʥʦʣʦʛʠʿʘ ʩʝ ʧʨʠʤʝˁʫʿʝ ʥʘ ʜʝʪʝʢʪʦʨʝ ʟʨʘʯʝˁʘ. ʄʥʦʛʝ ʧʨʝʜʥʦʩʪʠ 

ʤʠʢʨʦʧʨʦʮʝʩʦʨʘ (ʮʝʥʪʨʘʣʥʝ ʿʝʜʠʥʠʮʝ ʟʘ ʧʨʦʮʝʩʠʨʘˁʝ ʠʣʠ ʠʥʪʝʛʨʠʩʘʥʘ ʢʦʣʘ) ʜʦʚʦʜʝ ʜʦ 

ʨʘʟʚʦʿʘ ʤʝʨʥʝ ʠʥʩʪʨʫʤʝʥʪʘʮʠʿʝ ʩʘ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘʤʘ ʢʦʿʝ ʟʘʜʦʚʦˀ ʘʚʘʿʫ ʠ ʧʨʝʚʘʟʠʣʘʟʝ 

ʧʦʪʨʝʙʝ ʝʢʩʧʝʨʠʤʝʥʘʪʘ. 
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ʋʦʰʪʝ ʛʦʚʦʨʝ˂ʠ, ʥʫʢʣʝʘʨʥʘ ʠʥʩʪʨʫʤʝʥʪʘʮʠʿʘ ʤʦʞʝ ʙʠʪʠ ʙʘʟʠʨʘʥʘ ʥʘ ʘʥʘʣʦʛʥʦʿ ʠ 

ʜʠʛʠʪʘʣʥʦʿ ʝʣʝʢʪʨʦʥʠʮʠ ʠʣʠ ʢʦʤʙʠʥʘʮʠʿʠ ʦʚʝ ʜʚʝ. ʊʝʥʜʝʥʮʠʿʘ ʨʘʟʚʦʿʘ ʦʧʨʝʤʝ ʿʝ 

ʥʘʢʣʦˁʝʥʘ ʜʠʛʠʪʘʣʥʦʿ ʦʙʨʘʜʠ ʩʠʛʥʘʣʘ ʫʟ ʰʪʦ ʨʘʥʠʿʫ ʜʠʛʠʪʘʣʠʟʘʮʠʿʫ ʿʝʨ ʩʝ ʦʚʠʤ ʤʦʛʫ 

ʧʦʩʪʠ˂ʠ ʢʚʘʣʠʪʝʪʝʪʥʠʿʠ ʩʧʝʢʪʨʘʣʥʠ ʧʦʜʘʮʠ ʠ ʙʦˀʝ  ʧʝʨʬʦʨʤʘʥʩʝ ʥʘ ʚʝ˂ʠʤ ʙʨʟʠʥʘʤʘ 

ʙʨʦʿʘˁʘ. ɼʝʪʘˀʠ ʦ ʩʘʚʨʝʤʝʥʠʤ ʝʣʝʢʪʨʠʯʥʠʤ ʢʦʣʠʤʘ ʢʦʿʠ ʩʝ ʧʨʠʤʝˁʫʿʫ ʟʘ ʜʝʪʝʢʮʠʿʫ 

ʟʨʘʯʝˁʘ ʠ ʘʩʧʝʢʪʠʤʘ ʙʫʜʫ˂ʝʛ ʨʘʟʚʦʿʘ ʥʫʢʣʝʘʨʥʝ ʝʣʝʢʪʨʦʥʠʢʝ ʜʘʪʠ ʩʫ ʫ [14]. 

ɼʝʪʘˀʠʿʠ ʠʩʪʦʨʠʿʩʢʠ ʧʨʝʛʣʝʜ ʨʘʟʚʦʿʘ ʜʝʪʝʢʪʦʨʘ ʟʘ ʜʝʪʝʢʮʠʿʫ ʠ ʤʝʨʝˁʝ ʿʦʥʠʟʘʮʠʦʥʦʛ 

ʟʨʘʯʝˁʘ ʥʘ ʦʩʥʦʚʫ ʢʦʛʘ ʿʝ ʥʘʧʠʩʘʥ ʦʚʘʿ ʧʨʝʛʣʝʜ ʜʘʪ ʿʝ ʫ [15].  

 

2.2 ɼʠʛʠʪʘʣʥʠ ʩʠʩʪʝʤʠ ʟʘ ʦʙʨʘʜʫ ʩʠʛʥʘʣʘ 

ɿʨʘʯʝˁʝ ʢʦʿʝ ʜʦʩʧʝ ʫ ʘʢʪʠʚʥʫ ʟʘʧʨʝʤʠʥʫ 

ʧʦʣʫʧʨʦʚʦʜʥʠʯʢʦʛ ʜʝʪʝʢʪʦʨʘ ʧʨʦʠʟʚʦʜʠ ʚʝʣʠʢʠ 

ʙʨʦʿ ʧʘʨʦʚʘ ʝʣʝʢʪʨʦʥ ʰʫʧˀʠʥʘ. ʀʥʚʝʨʟʥʦʤ 

ʧʦʣʘʨʠʟʘʮʠʿʦʤ PN ʩʧʦʿʘ, ʝʣʝʢʪʨʠʯʥʦ ʧʦˀʝ ʠʟʘʟʠʚʘ 

ʢʨʝʪʘˁʝ ʥʦʩʠʦʮʘ ʥʘʝʣʝʢʪʨʠʩʘˁʘ ʢʘ ʠʟʚʦʜʠʤʘ ʢʦʿʠ 

ʩʫ ʧʦʚʝʟʘʥʠ ʥʘ ʧʨʝʪʧʦʿʘʯʘʚʘʯ. ʂʚʘʣʠʪʝʪ 

ʠʥʬʦʨʤʘʮʠʿʝ ʦ ʢʦʣʠʯʠʥʠ ʩʪʚʦʨʝʥʦʛ ʥʘʝʣʝʢʪʨʠʩʘˁʘ 

ʟʘʚʠʩʠ ʦʜ ʧʨʝʪʧʦʿʘʯʘʚʘʯʘ ʯʠʿʠ ʿʝ ʟʘʜʘʪʘʢ ʜʘ ʩʘʢʫʧʠ 

ʛʝʥʝʨʠʩʘʥʦ ʥʘʝʣʝʢʪʨʠʩʘˁʝ ʠ ʧʨʝʪʚʘʨʘ ʫ ʢʦʨʠʩʪʘʥ 

ʝʣʝʢʪʨʠʯʥʠ ʩʠʛʥʘʣ.   

ʂʦʥʚʝʥʮʠʦʥʘʣʥʠ ʛʘʤʘ ʩʧʝʢʪʨʦʤʝʪʨʠʿʩʢʠ ʩʠʩʪʝʤ 

ʟʘ ʦʙʨʘʜʫ ʩʠʛʥʘʣʘ ʦʙʫʭʚʘʪʘ ʩʣʝʜʝ˂ʝ: 

- ʇʨʝʪʧʦʿʘʯʘʚʘʯ ʢʦʿʠ ʩʘʢʫʧˀʘ ʥʦʩʠʦʮʝ 

ʥʘʝʣʝʢʪʨʠʩʘˁʘ 

- ʇʦʿʘʯʘʚʘʯ, ʯʠʿʘ ʿʝ ʧʨʠʤʘʨʥʘ ʬʫʥʢʮʠʿʘ ʜʘ 
ʦʙʝʟʙʝʜʠ ʠʥʬʦʨʤʘʮʠʿʫ ʦ ʚʠʩʠʥʠ ʩʠʛʥʘʣʘ ʠʟ ʧʨʝʪʧʦʿʘʯʘʚʘʯʘ ʦʙʣʠʢʦʚʘˁʝʤ 

ʩʠʛʥʘʣʘ 

- ɸD-ʢʦʥʚʝʨʪʦʨ ʢʦʿʠ ʤʝʨʠ ʚʠʩʠʥʫ ʦʙʣʠʢʦʚʘʥʦʛ ʩʠʛʥʘʣʘ 

- ʄʝʤʦʨʠʿʘ ʢʦʿʘ ʩʤʝʰʪʘ ʙʨʦʿ ʜʦʛʘʹʘʿʘ. 

 

ʉʠʩʪʝʤ ʩʘ ʜʠʛʠʪʘʣʥʦʤ ʦʙʨʘʜʦʤ ʩʠʛʥʘʣʘ ʠʟʚʦʜʠ ʠʩʪʝ ʬʫʥʢʮʠʿʝ ʘʣʠ ʥʘ 

ʜʠʛʠʪʘʣʠʟʦʚʘʥʦʤ ʤʦʜʝʣʫ ʧʨʝʪʧʦʿʘʯʘʚʘʯʢʦʛ ʩʠʛʥʘʣʘ. ʊʘʢʚʘ ʜʠʛʠʪʘʣʠʟʘʮʠʿʘ ʟʘʭʪʝʚʘ 

ʝʢʩʪʨʝʤʥʦ ʙʨʟʝ AD ʢʦʥʚʝʨʪʦʨʝ. ʆʜ ʩʚʠʭ ʪʠʧʦʚʘ AD ʢʦʥʚʝʨʪʦʨʘ, ʙʣʠʮ AD ʢʦʥʚʝʨʪʦʨ ʿʝ 

ʥʘʙʿʨʞʠ. ʋ ʧʨʠʥʮʠʧʫ, ʫ ʬʦʨʤʠ ʚʝʣʠʢʦʛ ʙʨʦʿʘ ʿʝʜʥʦʢʘʥʘʣʥʠʭ ʘʥʘʣʠʟʘʪʦʨʘ, ʢʦʤʧʣʝʪʥʦ 

ʤʝʨʝˁʝ ʚʠʩʠʥʝ ʩʠʛʥʘʣʘ ʯʠʥʠ ʩʝ ʩʢʦʨʦ ʪʨʝʥʫʪʥʦ. ɹʝʟ ʦʙʟʠʨʘ ʥʘ ˁʠʭʦʚʫ ʢʦʤʣʧʝʢʩʥʦʩʪ ʫ 

ʩʤʠʩʣʫ ʙʨʦʿʘ ʢʦʤʧʦʥʝʥʪʠ n-ʙʠʪʥʠ ADC ʟʘʭʪʝʚʘ 2n-1 ʠʥʜʠʚʠʜʫʘʣʥʠʭ ʿʝʜʥʦʢʘʥʘʣʥʠʭ 

ʘʥʘʣʠʟʘʪʦʨʘ ʠ ʧʦʪʨʝʙʥʘ ʿʝ ʚʝ˂ʘ ʩʥʘʛʘ ʫ ʧʦʨʝʹʝˁʫ ʩʘ ʜʨʫʛʠʤ ʪʠʧʦʚʠʤʘ ADC. ɻʣʘʚʥʠ 

ʥʝʜʦʩʪʘʪʘʢ ʿʝ ʙʠʣʘ ʦʛʨʘʥʠʯʝʥʦʩʪ ʨʝʟʦʣʫʮʠʿʝ ʥʘ 8 ʜʦ 10 ʙʠʪʦʚʘ, ʰʪʦ ʿʝ ʝʢʚʠʚʘʣʝʥʪʥʦ 1-2k 

ʢʘʥʘʣʘ. ʄʦʜʝʨʥʝ ʚʘʨʠʿʘʥʪʝ ʙʣʠʮ ADC ʩʫ ʨʝʚʦʣʫʮʠʦʥʘʣʠʟʦʚʘʣʠ ʤʝʨʝˁʝ ʚʠʩʠʥʝ ʩʠʛʥʘʣʘ. 

ʆʥʠ ʩʘʜʘ ʤʦʛʫ ʜʘ ʦʙʝʟʙʝʜʝ 14-ʙʠʪʥʫ ʨʝʟʦʣʫʮʠʿʫ ʰʪʦ ʿʝ ʝʢʚʠʚʘʣʝʥʪʥʦ 16k ʩʧʝʢʪʨʫ, ʥʘ 

ʙʨʟʠʥʠ ʙʨʦʿʘˁʘ ʦʜ 10 MHz ʪhʦ ʦʜʛʦʚʘʨʘ ʤʝʨʝˁʫ ʚʠʩʠʥʝ ʩʠʛʥʘʣʘ ʩʚʘʢʠʭ 0.1 ɛs. ʂʦʜ 

ʢʦʥʚʝʥʮʠʦʥʘʣʥʠʭ AD ʢʦʥʚʝʨʪʦʨʘ ʚʨʝʤʝ ʧʦʨʘʩʪʘ ʧʨʝʪʧʦʿʘʯʘʚʘʯʢʦʛ ʠʟʣʘʟʥʦʛ ʩʠʛʥʘʣʘ ʿʝ 

ʨʝʜʘ ʚʝʣʠʯʠʥʝ 0.5-1 ɛs, ʰʪʦ ʟʘʚʠʩʠ ʦʜ ʚʝʣʠʯʠʥʝ ʜʝʪʝʢʪʦʨʘ, ʘ ʚʨʝʤʝ ʦʧʘʜʘˁʘ ʿʝ ʦʢʦ 150-

200ɛs. ʄʦʜʝʨʥʠ ʙʣʠʮ AD ʢʦʥʚʝʨʪʦʨ ʟʙʦʛ ʪʦʛʘ ʤʦʞʝ ʤʝʨʠʪʠ ʚʠʩʠʥʫ ʚʝʦʤʘ ʙʨʟʦ 

ʧʨʦʤʝʥˀʠʚʦʛ ʩʠʛʥʘʣʘ ʢʘʦ ʰʪʦ ʿʝ ʧʨʝʪʧʦʿʘʯʘʚʘʯʢʠ ʩʠʛʥʘʣ. ʆʥ ʧʨʘʢʪʠʯʥʦ ʜʠʛʠʪʘʣʠʟʫʿʝ 

ʩʘʚ ʜʝʦ ʩʠʛʥʘʣʘ, ʠ ʧʦʨʘʩʪ ʠ ʦʧʘʜʘˁʝ. ʋʢʦʣʠʢʦ ʩʝ ʨʘʩʧʦʣʘʞʝ ʩʠʛʥʘʣʦʤ ʫ ʜʠʛʠʪʘʣʥʦʿ 

ʬʦʨʤʠ, ʦʥʜʘ ʿʝ ʤʦʛʫ˂ʝ ʠʟʚʨʰʠʪʠ ʤʘʪʝʤʘʪʠʯʢʝ ʦʧʝʨʘʮʠʝʿ ʥʘ ʮʠʬʨʘʤʘ ʟʘ ʜʘˀʠ 

 

ʉʣʠʢʘ 2.6 ʊʨʦʫʛʘʦʥʠ (ʪʨʘʧʝʟʦʠʜʥʠ)  

ʩʠʛʥʘʣ ʢʦʿʠ ʩʝ ʢʦʨʠʩʪʠ ʫ ʜʠʛʠʪʘʣʥʠʤ 

ʘʥʘʣʠʟʘʪʦʨʠʤʘ. 
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ʩʧʝʢʪʨʦʤʝʪʨʠʿʩʢʠ ʧʨʦʮʝʩ ʢʦʿʠ ʧʦʜʨʘʟʫʤʝʚʘ ʦʙʣʠʢʦʚʘˁʝ ʩʠʛʥʘʣʘ, pole-zero 

ʧʦʥʠʰʪʘʚʘˁʝ, ʚʨʘ˂ʘˁʝ ʙʘʟʥʝ ʣʠʥʠʿʝ ʥʘ ʥʫʣʫ, ʦʜʙʘʮʠʚʘˁʝ ʥʘʩʝʜʘʿʫ˂ʠʭ ʩʠʛʥʘʣʘ ʠ 

ʢʦʨʝʢʮʠʿʘ ʥʘ ʙʘʣʠʩʪʠʯʢʠ ʜʝʬʠʮʠʪ. ʉʚʝ ʦʚʦ ʬʫʥʢʮʠʿʝ ʚʨʰʝ ʩʝ ʜʠʛʠʪʘʣʥʦʤ 

ʝʣʝʢʪʨʦʥʠʢʦʤ.  

ʅʘʿʟʥʘʯʘʿʥʠʿʠ ʘʩʧʝʢʪ ʜʠʛʠʪʘʣʥʝ ʦʙʨʘʜʝ ʩʠʛʥʘʣʘ ʫ ʥʫʢʣʝʘʨʥʦʿ ʩʧʝʢʪʨʦʩʢʦʧʠʿʠ 

(Digital Spectrum Analysis (CanberraïDSA) ʠʣʠ Digital Signal Processing (ORTECïDSP)) 

ʿʝ ʪʘʿ ʜʘ ʥʝʤʘ ʦʛʨʘʥʠʯʝˁʘ ʫ ʤʘʪʝʤʘʪʠʯʢʠʤ ʦʧʝʨʘʮʠʿʘʤʘ ʢʦʿʝ ʩʝ ʤʦʛʫ ʠʟʚʨʰʠʪʠ 

ʜʠʛʠʪʘʣʥʠʤ ʧʫʪʝʤ ʫ ʧʦʨʝʹʝˁʫ ʩʘ ʤʘʪʝʤʘʪʠʯʢʠʤ ʦʧʝʨʘʮʠʿʘʤʘ ʢʦʿʝ ʩʝ ʤʦʛʫ ʠʟʚʨʰʠʪʠ 

ʘʥʘʣʦʛʥʦʤ ʝʣʝʢʪʨʦʥʠʢʦʤ. ʅʘ ʧʨʠʤʝʨ, ʥʘʿʙʦˀʠ ʘʥʘʣʦʛʥʠ ʬʠʣʪʝʨ ʩʠʛʥʘʣʘ ʢʦʿʠ ʩʝ ʤʦʞʝ 

ʧʦʩʪʠ˂ʠ ʿʝ ʩʝʤʠ-ʛʘʫʩʠʿʘʥʩʢʦʛ ʦʙʣʠʢʘ ʘʣʠ ʙʠ ʩʘ ʪʝʦʨʠʿʩʢʦʛ ʘʩʧʝʢʪʘ ʰʧʠʮʘʩʪʠ, ʪʨʦʫʛʘʦʥʠ 

ʠ ɻʘʫʩʠʿʘʥʩʢʠ ʬʠʣʪʝʨʠ ʙʠʣʠ ʙʦˀʠ. ɼʠʛʠʪʘʣʥʠ ʬʠʣʪʝʨ ʤʦʞʝ ʝʤʫʣʠʨʘʪʠ ʩʚʝ ʦʚʝ. ʋ 

ʧʨʘʢʩʠ ʢʦʤʝʨʮʠʿʘʣʥʦ ʜʦʩʪʫʧʥʠ ʜʠʛʠʪʘʣʥʠ ʩʠʩʪʝʤʠ ʢʦʨʠʩʪʝ ʪʨʦʫʛʘʦʥʦ ʦʙʣʠʢʦʚʘˁʝ ʩʘ 

ʨʘʚʥʠʤ ʚʨʭʦʤ, ʢʘʦ ʰʪʦ ʿʝ ʧʨʠʢʘʟʘʥʦ ʥʘ ʉʣʠʮʠ 2.6. ʉʚʠ ʦʚʠ ʩʠʩʪʝʤʠ ʠʤʘʿʫ ʥʝʢʦʣʠʢʦ 

ʦʧʮʠʿʘ ʟʘ ʧʦʜʝʰʘʚʘˁʝ ʚʨʝʤʝʥʘ ʧʦʨʘʩʪʘ ʠ ʦʧʘʜʘˁʘ ʩʠʛʥʘʣʘ, ʢʘʦ ʠ hʠʨʠʥʫ ʧʣʘʪʦʘ (flat 

top) ʰʪʦ ʜʦʟʚʦˀʘʚʘ ʜʘ ʩʝ ʩʘʚʨʰʝʥʦ ʫʩʢʣʘʜʝ ʜʝʪʝʢʪʦʨ ʠ ʧʨʝʪʧʦʿʘʯʘʚʘʯʢʠ ʩʠʩʪʝʤ. 

ʄʝˁʘʿʫ˂ʠ ʰʠʨʠʥʫ ʧʣʘʪʦʘ ʠ ʥʘʛʠʙ, ʧʦʩʪʠʞʝ ʩʝ ʙʦˀʘ ʢʦʨʝʢʮʠʿʘ ʥʘ ʙʘʣʠʩʪʠʯʢʠ ʜʝʬʠʮʠʪ. 

ʇʨʦʠʟʚʦʹʘʯ ORTEC  ʪʘʢʦʹʝ ʩʘʜʨʞʠ ʫ ˁʝʛʦʚʦʤ DSP ʩʠʩʪʝʤʫ ʢʦʣʦ ʟʘ ʦʜʙʘʮʠʚʘˁʝ ʥʠʩʢʠʭ 

ʬʨʝʢʚʝʥʮʠʿʘ, ʰʪʦ ʨʘʜʠ ʟʘʿʝʜʥʦ ʩʘ ʪʨʘʧʝʟʦʠʜʥʠʤ ʬʠʣʪʝʨʦʤ, ʢʘʢʦ ʙʠ ʩʝ ʦʪʢʣʦʥʠʦ 

ʝʣʝʢʪʨʦʥʩʢʠ ʰʫʤ ʧʨʦʫʟʨʦʢʦʚʘʥ ʩʪʨʫʿʘʤʘ ʦʜ ʫʟʝʤˀʝˁʘ ʠ ʤʠʢʨʦʬʦʥʠʿʘ.  

ʂʦʥʪʨʦʣʝ ʥʘ DSA/DSP ʩʠʩʪʝʤʠʤʘ ʩʫ ʩʦʬʪʚʝʨʩʢʝ, ʘ ʥʝ ʨʫʯʥʝ ʠ ʚʝʦʤʘ ʩʫ ʩʣʠʯʥʝ 

ʪʨʘʜʠʮʠʦʥʘʣʥʠʤ ʘʥʘʣʦʛʥʠʤ ʩʠʩʪʝʤʠʤʘ. ɱʝʜʠʥʘ ʨʘʟʣʠʢʘ ʢʦʿʘ ʧʦʩʪʦʿʠ ʿʝʩʫ LLD (Low 

Level Discriminatrion) ʠ ULD (Upper Level Discrimination) ʢʦʥʪʨʦʣʝ. ʋ ʜʠʛʠʪʘʣʥʦʤ 

ʩʠʩʪʝʤʫ, ʦʚʦ ʩʝ ʚʨʰʠ ʥʘʢʦʥ ʜʠʛʠʪʘʣʠʟʘʮʠʿʝ, ʰʪʦ ʟʥʘʯʠ ʜʘ ˂ʝ ʝʣʝʢʪʨʦʥʩʢʠ ʰʫʤ ʠʩʧʦʜ 

LLD ʠ ʜʘˀʝ  ʜʦʧʨʠʥʦʩʠʪʠ ʤʨʪʚʦʤ ʚʨʝʤʝʥʫ ʩʧʝʢʪʨʦʤʝʪʨʘ ʠʘʢʦ ʩʝ ʥʝ ʧʦʿʘʚˀʫʿʝ ʫ 

ʩʧʝʢʪʨʫ.  

ʄʦʛʫ ʩʝ ʠʟʜʚʦʿʠʪʠ ʥʝʢʦʣʠʢʦ ʧʨʝʜʥʦʩʪʠ ʜʠʛʠʪʘʣʥʠʭ ʧʨʦʮʝʩʦʨʘ ʩʠʛʥʘʣʘ ʫ ʦʜʥʦʩʫ ʥʘ 

ʘʥʘʣʦʛʥʝ ʩʠʩʪʝʤʝ: 

 -ɹʦˀʘ ʪʝʤʧʝʨʘʪʫʨʩʢʘ ʩʪʘʙʠʣʥʦʩʪ ʿʝʨ ʢʘʜʘ ʿʝ ʩʠʛʥʘʣ ʿʝʜʥʦʤ ʜʠʛʠʪʘʣʠʟʦʚʘʥ 

ʩʣʝʜʝ˂ʝ ʦʧʝʨʘʮʠʿʝ ʩʫ ʥʝʟʘʚʠʩʥʝ ʦʜ ʪʝʤʧʝʨʘʪʫʨʝ 

 - ɺʝ˂ʘ ʙʨʟʠʥʘ ʙʨʦʿʘˁʘ, ʟʙʦʛ ʪʦʛʘ ʰʪʦ ʜʠʛʠʪʘʣʠʟʘʮʠʿʘ ʠ ʧʨʦʮʝʩʠ ʬʠʣʪʝʨʦʚʘˁʘ 

ʤʦʛʫ ʙʠʪʠ ʨʘʹʝʥʠ ʙʨʞʝ ʥʝʛʦ ʢʦʜ ʢʦʥʚʝʥʮʠʦʥʘʣʥʠʭ ADC ʩʠʩʪʝʤʘ 

 - ɹʦˀʘ ʩʪʘʙʠʣʥʦʩʪ ʨʝʟʦʣʫʮʠʿʝ ʥʘ ʚʝ˂ʠʤ ʙʨʟʠʥʘʤʘ ʙʨʦʿʘˁʘ. ɸʥʘʣʦʛʥʠ ʩʠʩʪʝʤʠ 

ʛʝʥʝʨʘʣʥʦ ʠʤʘʿʫ ʣʦʰʠʿʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ ʥʘ ʚʝ˂ʠʤ ʙʨʟʠʥʘʤʘ ʙʨʦʿʘˁʘ. ʂʦʜ ʜʠʛʠʪʘʣʥʠʭ 

ʩʠʩʪʝʤʘ ʤʥʦʛʦ ʩʫ ʤʘˁʠ ʛʫʙʠʮʠ ʫ ʨʝʟʦʣʫʮʠʿʠ.  

 - ʇʦʙʦˀʰʘʥʘ ʩʪʘʙʠʣʥʦʩʪ ʚʨʭʘ. ʄʥʦʛʦ ʿʝ ʤʘˁʠ ʧʦʤʘʢ ʢʘʜ ʩʝ ʙʨʟʠʥʘ ʙʨʦʿʘˁʘ 

ʧʦʚʝ˂ʘ ʫ ʜʠʛʠʪʘʣʥʠʤ ʩʠʩʪʝʤʠʤʘ ʥʝʛʦ ʫ ʘʥʘʣʦʛʥʠʤ.  

 ʇʨʝʜʥʦʩʪʠ ʜʠʛʠʪʘʣʥʠʭ ʩʠʩʪʝʤʘ ʫ ʩʤʠʩʣʫ ʨʝʟʦʣʫʮʠʿʝ, ʙʨʦʿʫ ʧʨʠʭʚʘ˂ʝʥʠʭ 

ʢʦʨʠʩʥʠʭ ʩʠʛʥʘʣʘ ʫ ʿʝʜʠʥʠʮʠ ʚʨʝʤʝʥʘ, ʤʘˁʝʤ ʰʫʤʫ ʠ ʤʦʛʫ˂ʥʦʩʪʠ ʧʨʠʣʘʛʦʹʘʚʘˁʘ 

ʦʙʣʠʢʘ ʩʠʛʥʘʣʘ ʨʘʜʠ ʝʣʠʤʠʥʠʩʘˁʘ ʙʘʣʠʩʪʠʯʢʦʛ ʜʝʬʠʮʠʪʘ ɔ-ʩʧʝʢʪʨʦʤʝʪʨʠʿʠ ʩʘ 

ʛʝʨʤʘʥʠʿʫʤʩʢʠʤ ʜʝʪʝʢʪʦʨʠʤʘ ʢʦʤʝʥʪʘʨʠʩʘʥʠ ʩʫ ʥʘ ʧʨʠʤʝʨ ʫ [16]. ʊʘʢʦʹʝ ʫ [17,18, 19 ʠ 

20] ʜʘʪʦ ʿʝ ʧʦʨʝʹʝˁʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ ʥʝʢʦʣʠʢʦ ʜʠʛʠʪʘʣʥʠʭ ʩʧʝʢʪʨʦʩʢʦʧʩʢʠʭ ʿʝʜʠʥʠʮʘ 

ʨʘʟʣʠʯʠʪʠʭ ʧʨʦʠʟʚʦʹʘʯʘ. ʆʧʰʪʠ ʟʘʢˀʫʯʘʢ ʢʦʿʠ ʩʣʝʜʠ ʠʟ ʦʚʠʭ ʨʘʜʦʚʘ ʿʝ ʜʘ ʩʝ DSP 

ʩʠʩʪʝʤʠ ʧʨʝʧʦʨʫʯʫʿʫ ʟʘ ʨʘʜ ʥʘ ʚʝ˂ʠʤ ʙʨʟʠʥʘʤʘ ʙʨʦʿʘˁʘ. ʄʝʹʫʪʠʤ ʘʥʘʣʦʛʥʠ ʩʠʩʪʝʤʠ 

ʧʨʝʤʘ [17] ʧʦʢʘʟʫʿʫ ʤʘˁʫ ʦʩʝʪˀʠʚʦʩʪ ʥʘ ʜʝʛʨʘʜʘʮʠʿʫ ʨʝʟʦʣʫʮʠʿʝ ʠ ʛʨʝʰʢʝ ʫ ʦʜʙʨʦʿʫ ʧʦʜ 

ʚʨʭʦʤ ʧʫʥʝ ʝʥʝʨʛʠʿʝ ʨʝʬʝʨʝʥʪʥʦʛ ʚʨʭʘ ʧʨʠ ʧʨʦʤʝʥʠ ʚʨʝʤʝʥʘ ʦʙʣʠʢʦʚʘˁʘ ʩʠʛʥʘʣʘ. ʋ 

ʪʦʤ ʩʤʠʩʣʫ, ʢʚʘʣʠʪʝʪ ʩʧʝʢʪʨʘʣʥʠʭ ʧʦʜʘʪʘʢʘ ʧʨʠ ʫʧʦʪʨʝʙʠ DSP ʩʠʩʪʝʤʘ ʜʦʩʪʘ ʟʘʚʠʩʠ ʦʜ 

ʧʦʜʝʰʘʚʘˁʘ ʦʙʣʠʢʘ ʩʠʛʥʘʣʘ ʧʦʿʘʯʘʚʘʯʘ ʩ ʦʙʟʠʨʦʤ ʥʘ ʙʨʟʠʥʫ ʙʨʦʿʘˁʘ.     

Ʉʦʩʪʦʿʝ ʠʧʘʢ ʩʧʝʮʠʿʘʣʥʠ ʘʥʘʣʦʛʥʠ ʩʠʩʪʝʤʠ ʢʦʿʠ ʠʤʘʿʫ ʠ ʙʦˀʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ ʦʜ 

ʜʠʛʠʪʘʣʥʠʭ, ʤʝʹʫʪʠʤ ʢʦʜ ʢʦʤʝʨʮʠʿʘʣʥʦ ʜʦʩʪʫʧʥʠʭ ʿʝʜʠʥʠʮʘ ʟʘ ʦʙʨʘʜʫ ʩʠʛʥʘʣʘ, 

ʜʠʛʠʪʘʣʥʠ ʩʠʩʪʝʤʠ ʠʤʘʿʫ ʙʦˀʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ ʦʜ ʘʥʘʣʦʛʥʠʭ [21].     
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 ʊʝʥʜʝʥʮʠʿʘ ʨʘʟʚʦʿʘ ʤʦʜʝʨʥʠʭ ʜʝʪʝʢʪʦʨʩʢʠʭ ʩʠʩʪʝʤʘ ʫʩʤʝʨʝʥʘ ʿʝ ʢʘ ʜʠʛʠʪʘʣʥʦʤ 

ʧʨʦʮʝʩʠʨʘˁʫ ʠʥʬʦʨʤʘʮʠʿʘ ʧʨʠ ʯʝʤʫ ʩʝ ʚʨʰʝ ʙʨʦʿʥʝ ʦʧʝʨʘʮʠʿʝ ʩʘ ʩʘʢʫʧˀʝʥʠʤ 

ʩʠʛʥʘʣʠʤʘ. ʆʚo ʧʦʜʨʘʟʫʤʝʚʘ, ʩʝʣʝʢʪʦʚʘˁʝ ʩʠʛʥʘʣʘ ʧʦ ʚʠʩʠʥʠ ʠ ʙʨʦʿʘˁʝ ʫ 

ʚʠʰʝʢʘʥʘʣʥʦʤ ʘʥʘʣʠʟʘʪʦʨʫ ʢʘʢʦ ʙʠ ʩʝ ʨʝʟʫʣʪʘʪʠ ʧʨʝʜʩʪʘʚʠʣʠ ʫ ʬʦʨʤʠ ʭʠʩʪʦʛʨʘʤʘ, 

ʧʨʝʧʦʟʥʘʚʘˁʝ ʩʠʛʥʘʣʘ, ʠʩʧʠʪʠʚʘˁʝ ʥʘʩʝʜʘˁʘ ʩʠʛʥʘʣʘ (pile-up inspection), 

ʜʠʩʢʨʠʤʠʥʘʮʠʿʘ ʧʦ ʚʨʝʤʝʥʫ ʠʟʜʠʟʘˁʘ ʩʠʛʥʘʣʘ ʠ ʜʨʫʛʦ.  

ʄʦʜʝʨʥʝ ʠʟʚʝʜʙʝ ʩʠʩʪʝʤʘ ʟʘ ʧʨʦʮʝʩʠʨʘˁʝ ʜʠʛʠʪʘʣʠʟʫʿʫ ʩʠʛʥʘʣ ʩʘ ʜʝʪʝʢʪʦʨʘ ʫ 

ʰʪʦ ʨʘʥʠʿʝʤ ʥʠʚʦʫ, ʘ ʪʦ ʿʝ ʠʟʣʘʟ ʩʘ ʧʨʝʪʧʦʿʘʯʘʚʘʯʘ. ʆʚʘʢʚʠ ʩʠʩʪʝʤʠ ʩʝ ʥʘʟʠʚʘʿʫ 

ʜʠʛʠʪʘʣʥʠ ʩʧʝʢʪʨʦʤʝʪʨʠ, ʥʘʩʫʧʨʦʪ ʘʥʘʣʦʛʥʠʤ ʢʦʿʠ ʠʤʘʿʫ ʦʩʦʙʠʥʫ ʜʘ ʢʦʥʚʝʨʪʫʿʫ ʩʠʛʥʘʣ 

ʫ ʜʠʛʠʪʘʣʥʫ ʬʦʨʤʫ ʥʘʢʦʥ ʬʠʣʪʝʨʘ ʟʘ ʦʙʣʠʢʦʚʘˁʝ ʩʠʛʥʘʣʘ. ʈʘʥʘ ʜʠʛʠʪʘʣʠʟʘʮʠʿʘ ʥʫʜʠ 

ʦʟʙʠˀʥʝ ʧʨʝʜʥʦʩʪʠ ʠ ʥʦʚʝ ʤʦʛʫ˂ʥʦʩʪʠ ʫ ʥʫʢʣʝʘʨʥʦʿ ʠʥʩʪʨʫʤʝʥʪʘʮʠʿʠ. ʋ ʦʚʦ ʩʧʘʜʘʿʫ 

ʥʠʞʝ ʮʝʥʝ, ʫʧʦʪʨʝʙʘ ʪʨʘʥʩʬʝʨʥʠʭ ʬʫʥʢʮʠʿʘ ʩʘ ʙʦˀʠʤ ʠʥʜʝʢʩʦʤ ʰʫʤʘ, ʦʜʩʫʩʪʚʦ 

ʬʣʫʢʪʫʘʮʠʿʘ ʠ ʜʨʠʬʪʦʚʘ ʢʦʿʘ ʩʝ ʿʘʚʘˀʘʿʫ ʢʦʜ ʘʥʘʣʦʛʥʠʭ ʢʦʣʘ ʠ ʧʦʙʦˀʰʘʥʝ 

ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ ʥʘ ʚʝ˂ʠʤ ʙʨʟʠʥʘʤʘ ʙʨʦʿʘˁʘ.  

ʅʘ ʧʨʠʤʝʨ, ʫ ʜʠʛʠʪʘʣʥʦʤ ʩʧʝʢʪʨʦʤʝʪʨʫ ʥʘʢʦʥ ʰʪʦ ʿʝ ʩʠʛʥʘʣ ʧʨʝʪʚʦʨʝʥ ʫ 

ʦʙʣʠʢʦʚʘʥʠ ʚʨʭ ʜʠʛʠʪʘʣʥʠʤ ʬʠʣʪʝʨʦʤ, ʫʭʚʘ˂ʝʥʠ ʤʘʢʩʠʤʫʤ ʚʨʭʘ ʿʝ ʦʜʤʘʭ ʜʦʩʪʫʧʘʥ ʢʘʦ 

ʜʠʛʠʪʘʣʥʘ ʚʨʝʜʥʦʩʪ. ʄʦʞʝ ʩʝ ʫʧʦʪʨʝʙʠʪʠ ʢʘʦ ʘʜʨʝʩʘ ʫ ʭʠʩʪʦʛʨʘʤʩʢʦʤ ʧʨʦʮʝʩʫ ʙʝʟ 

ʧʦʪʨʝʙʝ ʜʦʜʘʚʘˁʘ ʜʦʜʘʪʥʦʛ ʟʘʢʘʰˁʝˁʘ. ɼʨʫʛʠʤ ʨʝʯʠʤʘ, ʚʠʰʝʢʘʥʘʣʥʠ ʘʥʘʣʠʟʘʪʦʨ, ʫ 

ʩʚʦʿʦʿ ʢʦʤʧʣʝʢʩʥʦʿ ʬʦʨʤʠ ʧʨʘʢʪʠʯʥʦ ʥʝʩʪʘʿʝ.  

 ɼʘʥʘʩ, ʫʥʠʚʝʨʟʘʣʥʝ ʜʠʛʠʪʘʣʥʝ ʿʝʜʠʥʠʮʝ ʟʘ ʦʙʨʘʜʫ ʩʠʛʥʘʣʘ, ʢʦʿʝ ʤʦʛʫ ʜʘ 

ʧʨʝʧʦʟʥʘʿʫ ʠ ʧʨʦʮʝʩʫʠʨʘʿʫ ʩʠʛʥʘʣʝ ʙʠʣʦ ʩʘ ʩʠʛʥʘʣ-ʨʝʩʝʪ ʠʣʠ ʢʦʥʪʠʥʫʘʣʥʠʤ-ʨʝʩʝʪ 

ʧʨʝʪʧʦʿʘʯʘʚʘʯʠʤʘ  ʩʫ ʢʦʤʝʨʮʠʿʘʣʥʦ ʜʦʩʪʫʧʥʝ. ʆʥʝ ʦʙʠʯʥʦ ʫʢˀʫʯʫʿʫ ʧʨʠʣʘʛʦʜˀʠʚʫ 

ʩʪʨʫʢʪʫʨʫ ʢʦʿʘ ʦʤʦʛʫ˂ʘʚʘ ʘʫʪʦʤʘʪʩʢʫ ʦʧʪʠʤʠʟʘʮʠʿʫ ʧʘʨʘʤʝʪʨʘ ʩʠʩʪʝʤʘ ʢʘʦ ʬʫʥʢʮʠʿʝ 

ʫʣʘʟʥʝ ʙʨʟʠʥʝ ʙʨʦʿʘˁʘ, ʥʝʩʪʘʙʠʣʥʦʩʪ ʙʘʟʥʝ ʣʠʥʠʿʝ, ʬʦʥʩʢʠ ʰʫʤ ʠʪʜ. ʋ ʧʨʘʢʩʠ ʦʚʘ 

ʧʦʛʦʜʥʦʩʪ ʜʦʣʘʟʠ ʦʙʠʯʥʦ ʥʘ ʮʝʥʫ ʜʦʜʘʚʘˁʘ ʥʝʢʦʣʠʢʦ eV ʥʘ ʝʥʝʨʛʝʪʩʢʫ ʨʝʟʦʣʫʮʠʿʫ. 

ʂʦʨʠʩʥʠʢʫ ʿʝ ʦʩʪʘʚˀʝʥʦ ʜʘ ʦʙʝʟʙʝʜʠ ʧʝʨʬʝʢʪʘʥ ʩʧʦʿ ʧʨʝʪʧʦʿʘʯʘʚʘʯʘ ʩʘ ʜʠʛʠʪʘʣʥʠʤ 

ʧʨʦʮʝʩʦʨʦʤ ʩʠʛʥʘʣʘ ʝʣʠʤʠʥʠʰʫ˂ʠ ʧʘʨʘʟʠʪʥʝ ʪʦʢʦʚʝ ʠ ʜʘ ʠʟʚʨʰʠ ʬʠʥʘ ʧʦʜʝʰʘʚʘˁʘ 

ʙʠʘʩʘ, ʚʨʝʤʝʥʘ ʠʥʪʝʛʨʘʮʠʿʝ, ʧʦʿʘʯʘˁʘ, ʛʨʘʥʠʮʝ ʜʠʩʢʨʠʤʠʥʘʪʦʨʘ ʠ ʪʘʢʦ ʜʘˀʝ, ʘʢʦ 

ʤʝʨʝˁʘ ʟʘʭʪʝʚʘʿʫ ʜʦʙʨʫ ʪʘʯʥʦʩʪ.  

 

2.2.1 ʇʦʿʘʯʘʚʘʯʠ ʩʘ ʧʦʚʨʘʪʥʦʤ ʩʧʝʨʝʛʦʤ ʠ ʦʪʧʦʨʥʠʢʦʤ 

ʐʝʤʘʪʩʢʘ ʧʦʩʪʘʚʢʘ   ʢʦʥʚʝʥʮʠʦʥʘʣʥʦʛ 

ʧʨʝʪʧʦʿʘʯʘʚʘʯʘ ʢʦʿʠ ʩʘʢʫʧˀʘ ʥʘʝʣʝʢʪʨʠʩʘˁʝ 

ʠ ʛʝʥʝʨʠʰʝ ʩʠʛʥʘʣ ʧʨʠʢʘʟʘʥ ʿʝ ʥʘ ʉʣʠʮʠ 2.7. 

ʅʘʝʣʝʢʪʨʠʩʘˁʝ ʠʟ ʜʝʪʝʢʪʦʨʘ ʩʝ ʩʘʢʫʧˀʘ ʥʘ 

ʢʦʥʜʝʥʟʘʪʦʨʫ Cf ʝʬʝʢʪʠʚʥʦ ʠʥʪʝʛʨʘʣʝ˂ʠ 

ʜʝʪʝʢʪʦʨʩʢʠ ʩʠʛʥʘʣ ʥʘʝʣʝʢʪʨʠʩʘˁʘ. ʂʘʢʦ ʩʝ 

ʥʘʝʣʝʢʪʨʠʩʘˁʝ ʧʨʠʢʫʧˀʘ, ʥʘʧʦʥ ʥʘ 

ʢʦʥʜʝʥʟʘʪʦʨʫ ʨʘʩʪʝ, ʧʨʦʠʟʚʦʜʝ˂ʠ ʩʪʝʧʝʥʘʩʪʫ 

ʧʨʦʤʝʥʫ ʥʘʧʦʥʘ. ɹʝʟ ʜʘˀʝʛ ʜʝʿʩʪʚʘ, ʫʣʘʟʥʠ 

ʩʠʛʥʘʣ ʥʘ ʫʣʘʟʫ ʙʠ ʦʩʪʘʦ ʠʩʪʠ. ɼʘ ʙʠ ʩʝ 

ʦʤʦʛʫ˂ʠʣʦ ʧʨʘʞˁʝˁʝ ʢʦʥʜʝʥʟʘʪʦʨʘ ʠ 

ʧʨʠʧʨʝʤʘ ʫʣʘʟʘ ʟʘ ʩʣʝʜʝ˂ʠ ʩʠʛʥʘʣ, ʚʝʣʠʢʠ 

ʦʪʧʦʨʥʠʢ Rf, ʢʦʿʠ ʩʝ ʥʘʟʠʚʘ ʧʦʚʨʘʪʥʠ 

ʦʪʧʦʨʥʠʢ, ʧʦʚʝʟʘʥ ʿʝ ʧʘʨʘʣʝʣʥʦ ʩʘ 

ʢʦʥʜʝʥʟʘʪʦʨʦʤ. ʆʚʘʿ ʪʠʧ ʧʨʝʪʧʦʿʘʯʘʚʘʯʘ 

ʦʩʠʤ ʢʦʥʜʝʥʟʘʪʦʨʘ ʠʤʘ ʦʪʧʦʨʥʠʢ ʫ ʧʦʚʨʘʪʥʦʿ ʩʧʨʝʟʠ (resistive feedback amplifier).  

 
ʉʣʠʢʘ 2.7 ʐʝʤʘ ʧʨʝʪʧʦʿʘʯʘʚʘʯʘ ʩʘ ʧʦʚʨʘʪʥʦʤ 

ʩʧʨʝʛʦʤ ʠ ʦʪʧʦʨʥʠʢʦʤ. 



 11 

 
ʉʣʠʢʘ 2.8 ʘ) ʆʙʣʠʢ ʩʠʛʥʘʣʘ ʢʦʿʠ ʛʝʥʝʨʠʰʝ ʧʨʝʪʧʦʿʘʯʘʚʘʯ ʩʘ ʧʦʚʨʘʪʥʦʤ ʩʧʨʝʛʦʤ. ʉʠʛʥʘʣ ʿʝ 

ʦʢʘʨʘʢʪʝʨʠʩʘʥ ʢʨʘʪʢʠʤ ʚʨʝʤʝʥʦʤ ʧʦʨʘʩʪʘ ʦʜ 100-500ns ʠ ʜʫʛʠʤ ʚʨʝʤʝʥʦʤ ʦʧʘʜʘˁʘ, ʪʠʧʠʯʥʦ 50-150 ɛs. ʙ) 

ʪʠʧʠʯʘʥ ʦʙʣʠʢ ʚʦʜʝ˂ʝ ʠʚʠʮʝ ʩʠʛʥʘʣʘ.  

 

ʀʟʣʘʟʥʠ ʩʠʛʥʘʣ ʿʝ ʢʘʨʘʢʪʝʨʠʩʘʥ ʙʨʟʠʤ ʚʨʝʤʝʥʦʤ ʧʦʨʘʩʪʘ, 100 ʜʦ 700 ns, ʰʪʦ ʿʝ 

ʦʜʨʝʹʝʥʦ ʜʝʪʝʢʪʦʨʩʢʦʤ ʢʘʨʘʢʪʝʨʠʩʪʠʢʦʤ ʩʘʢʫʧˀʘˁʘ ʥʘʝʣʝʢʪʨʠʩʘˁʘ, ʠ ʜʫʛʠʤ ʚʨʝʤʝʥʦʤ 

ʨʘʩʧʘʜʘ (ʥʝʢʦʣʠʢʦ ʜʝʩʝʪʠʥʘ ʤʠʢʨʦʩʝʢʫʥʜʠ) ʰʪʦ ʿʝ ʦʜʨʝʹʝʥʦ ʚʨʝʤʝʥʩʢʦʤ ʢʦʥʩʪʘʥʪʦʤ 

ʧʦʚʨʘʪʥʦʛ ʢʦʣʘ, ʊf =RfCf. ʆʙʣʠʢ ʠʟʣʘʟʥʦʛ ʩʠʛʥʘʣʘ ʿʝ ʧʨʠʢʘʟʘʥ ʥʘ ʉʣʠʮʠ 2.8. 

 
ʉʣʠʢʘ 2.9 ʅʘʩʝʜʘˁʝ ʩʠʛʥʘʣʘ ʥʘ 

ʧʨʝʪʧʦʿʘʯʘʚʘʯʫ ʩʘ ʧʦʚʨʘʪʥʦʤ ʩʧʨʝʛʦʤ. 

 

ɼʝʪʘˀʘʥ ʦʙʣʠʢ ʚʦʜʝ˂ʝ ʠʚʠʮʝ ʩʠʛʥʘʣʘ ˂ʝ ʟʘʚʠʩʠʪʠ ʦʜ ʧʦʟʠʮʠʿʝ ʠʥʪʝʨʘʢʮʠʿʝ 

ʫʥʫʪʘʨ ʜʝʪʝʢʪʦʨʘ. ʉʨʝʜˁʝ ʚʨʝʤʝ ʩʘʢʫʧˀʘˁʘ ʟʘʚʠʩʠ ʦʜ ʚʝʣʠʯʠʥʝ ʜʝʪʝʢʪʦʨʘ, ʦʢʦ 300-400 

ns ʿ ʝ ʪʠʧʠʯʥʦ ʟʘ ʛʝʨʤʘʥʠʿʫʤʩʢʠ ʜʝʪʝʢʪʦʨ ʨʝʣʘʪʠʚʥʝ ʝʬʠʢʘʩʥʦʩʪʠ 50%. ʆʚʘ ʠʥʬʦʨʤʘʮʠʿʘ 

ʿʝ ʩʘʜʨʞʘʥʘ ʫ ʧʨʝʪʧʦʿʘʯʘʚʘʯʢʦʤ ʩʠʛʥʘʣʫ ʫ ʜʝʣʫ ʧʦʨʘʩʪʘ ʩʠʛʥʘʣʘ. ʋ ʠʜʝʘʣʥʦʤ ʩʣʫʯʘʿʫ, 

ʚʠʩʠʥʘ ʩʠʛʥʘʣʘ ʿʝ ʧʨʦʧʦʨʮʠʦʥʘʣʥʘ ʝʥʝʨʛʠʿʠ ʛʘʤʘ ʟʨʘʢʘ ʢʦʿʘ ʩʝ ʘʧʩʦʨʙʫʿʝ ʫ ʜʝʪʝʢʪʦʨʫ.  
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ʇʨʝʪʧʦʿʘʯʘʚʘʯ ʢʦʿʠ ʠʤʘ ʦʪʧʦʨʥʠʢ ʫ ʧʦʚʨʘʪʥʦʿ ʩʧʨʝʟʠ ʠʤʘ ʜʚʘ ʛʣʘʚʥʘ 

ʦʛʨʘʥʠʯʝˁʘ:  

-ʫʩʣʝʜ ʜʫʛʦʛ ʚʨʝʤʝʥʘ ʦʧʘʜʘˁʘ ʩʠʛʥʘʣʘ, ʦʩʠʤ ʫ ʩʣʫʯʘʿʫ ʚʝʦʤʘ ʥʠʩʢʠʭ ʙʨʟʠʥʘ 

ʙʨʦʿʘˁʘ, ʩʫʢʮʝʩʠʚʥʠ ʩʠʛʥʘʣʠ ˂ʝ ʥʘʩʝʜʘʪʠ ʿʝʜʘʥ ʥʘ ʜʨʫʛʠ (ʉʣʠʢʘ 2.9). ʆʚʦ ʿʝ ʥʝʠʟʙʝʞʥʦ 

ʘʣʠ ʥʝʤʘ ʟʥʘʯʘʿʥʝ ʧʦʩʣʝʜʠʮʝ ʿʝʨ ʧʦʿʘʯʘʚʘʯ ʤʦʞʝ ʦʙʝʟʙʝʜʠʪʠ ʠʥʬʦʨʤʘʮʠʿʫ ʦ ʚʠʩʠʥʠ 

ʩʠʛʥʘʣʘ ʦʜ ʩʚʘʢʝ ʠʚʠʮʝ ʧʦʨʘʩʪʘ ʩʠʛʥʘʣʘ. ɱʦʰ ʿʝ ʚʘʞʥʠʿʝ ʜʘ ʥʘ ʚʝʣʠʢʠʤ ʙʨʟʠʥʘʤʘ 

ʙʨʦʿʘˁʘ ʩʨʝʜˁʠ ʥʠʚʦ DC ʥʘʧʦʥʘ ʥʘ ʫʣʘʟʫ ˂ʝ ʨʘʩʪʠ  ʜʦ ʚʨʝʜʥʦʩʪʠ ʜʦ ʢʦʿʝ ʿʝ ʦʙʝʟʙʝʹʝʥʘ 

ʣʠʥʝʘʨʥʦʩʪ ʠʟʤʝʹʫ ʥʘʝʣʝʢʪʨʠʩʘˁʘ ʠ ʚʠʩʠʥʝ ʩʠʛʥʘʣʘ ʰʪʦ ʩʝ ʥʘʟʠʚʘ ʜʠʥʘʤʠʯʢʠ ʦʧʩʝʛ. 

ʂʦʥʘʯʥʦ, ʥʘ ʚʝʣʠʢʠʤ ʙʨʟʠʥʘʤʘ ʙʨʦʿʘˁʘ, DC ʥʘʧʦʥ ˂ʝ ʨʘʩʪʠ ʜʦ ʚʨʝʜʥʦʩʪʠ ʢʦʿʘ ʿʝ ʙʣʠʟʫ 

ʥʘʧʦʥʘ ʥʘʧʘʿʘˁʘ ʧʨʝʪʧʦʿʘʯʘʚʘʯʘ (24V), ʥʘ ʢʦʿʦʿ ˂ʝ ʪʨʘʥʟʠʩʪʦʨʠ ʫʥʫʪʘʨ ʧʨʝʪʧʦʿʘʯʘʚʘʯʘ 

ʧʨʝʩʪʘʪʠ ʜʘ ʨʘʜʝ. ʊʦ ˂ʝ ʟʘʢˀʫʯʘʪʠ ʢʦʣʦ ʠ ʥʝ˂ʝ ʙʠʪʠ ʩʠʛʥʘʣʘ ʥʘ ʠʟʣʘʟʫ. ʆʚʠ ʫʩʣʦʚʠ ʩʫ 

ʧʦʩʪʠʛʥʫʪʠ ʢʘʜ ʿʝ ʧʨʦʠʟʚʦʜ ʜʝʪʝʢʪʦʨʩʢʝ ʩʪʨʫʿʝ ʠ ʦʪʧʦʨʥʠʢʘ ʧʦʚʨʘʪʥʝ ʩʧʨʝʛʝ ʚʝ˂ʠ ʦʜ 

ʜʠʥʘʤʠʯʢʦʛ ʦʧʩʝʛʘ. ʅʘʿʤʦʜʝʨʥʠʿʠ ʩʧʝʢʪʨʦʤʝʪʘʨʩʢʠ ʧʨʝʪʧʦʿʘʯʘʚʘʯʠ ʦʙʝʟʙʝʹʫʿʫ ʚʠʜˀʠʚʫ 

ʠʥʜʠʢʘʮʠʿʫ ʧʨʝʚʝʣʠʢʝ ʙʨʟʠʥʝ ʙʨʦʿʘˁʘ ʫ ʬʦʨʤʠ LED ʠʥʜʠʢʘʪʦʨʘ ʢʦʿʠ ʿʝ ʬʦʨʤʠʨʘʥ ʫ 

ʢʫ˂ʠʰʪʫ ʧʨʝʪʧʦʿʘʯʘʚʘʯʘ. ʀʥʜʠʢʘʪʦʨ ʧʦʯʠˁʝ ʜʘ ʩʚʝʪʣʠ ʢʘʜʘ ʿʝ ʫʣʘʟʥʘ ʙʨʟʠʥʘ ʙʨʦʿʘˁʘ 

75% ʚʨʝʜʥʦʩʪʠ ʦʜ ʤʘʢʩʠʤʘʣʥʝ.  

- ɼʨʫʛʦ ʦʛʨʘʥʠʯʝˁʝ ʧʨʝʪʧʦʿʘʯʘʚʘʯʘ ʩʘ ʧʦʚʨʘʪʥʦʤ ʩʧʨʝʛʦʤ ʩʘ ʦʪʧʦʨʥʠʢʦʤ ʿʝ ʜʘ 

ʦʪʧʦʨʥʠʢ Rf  ʠʤʘ ʩʦʧʩʪʚʝʥʠ ʰʫʤ (ɷʦʥʩʦʥʦʚ ʰʫʤ) ʰʪʦ ʤʦʞʝ ʙʠʪʠ ʚʝʣʠʢʠ ʧʨʦʙʣʝʤ ʩʘ 

ʤʘʣʠʤ ʩʠʛʥʘʣʠʤʘ. ɼʘ ʙʠ ʩʝ ʤʠʥʠʤʠʟʠʨʘʦ ʧʨʦʙʣʝʤ ʩʣʘʙʠʭ ʩʠʛʥʘʣʘ ʦʜʘʙʠʨʘ ʩʝ ʚʝʣʠʢʘ 

ʚʨʝʜʥʦʩʪ ʦʪʧʦʨʥʦʩʪʠ Rf. ʆʚʦ ʩʘ ʜʨʫʛʝ ʩʪʨaʥʝ ʠʤʧʣʠʮʠʨʘ ʚʝʣʠʢʫ ʢʦʥʩʪʘʥʪʫ ʨʘʩʧʘʜʘ 

ʦʜʥʦʩʥʦ ʜʫʛʦ ʚʨʝʤʝ ʦʧʘʜʘˁʘ ʩʠʛʥʘʣʘ, ʰʪʦ ʫʚʦʜʠ ʧʨʦʙʣʝʤ ʥʘʩʝʜʘˁʘ ʩʠʛʥʘʣʘ. ʋ 

ʧʨʠʥʮʠʧʫ ʙʠʣʦ ʙʠ ʤʦʛʫ˂ʝ ʨʝʜʫʢʦʚʘʪʠ ʢʦʥʩʪʘʥʪʫ ʨʘʩʧʘʜʘ ʩʤʘˁʫʿʫ˂ʠ Cf, ʘʣʠ ʪʠʤʝ ʙʠ ʩʝ 

ʫʪʠʮʘʣʦ ʥʘ ʣʠʥʝʨʥʦʩʪ ʧʨʝʪʧʦʿʘʯʘʚʘʯʘ. ʄʝʹʫʪʠʤ ʧʦʩʪʦʿʠ ʦʙʣʘʩʪ ʟʘ ʨʝʜʫʢʦʚʘˁʝ 

ʚʨʝʜʥʦʩʪʠ Rf, ʢʘʢʦ ʙʠ ʩʝ ʥʘ ʮʝʥʫ ʨʝʟʦʣʫʮʠʿʝ ʜʦʙʠʣʝ ʙʦˀʝ ʧʝʨʬʦʨʤʘʥʩʝ ʥʘ ʚʝ˂ʠʤ 

ʙʨʟʠʥʘʤʘ ʙʨʦʿʘˁʘ.   

ɼʝʪʘˀʥʘ ʪʝʦʨʠʿʘ ʜʠʛʠʪʘʣʥʝ ʦʙʨʘʜʝ ʩʠʛʥʘʣʘ ʢʦʿʘ ʩʝ ʫʦʧʰʪʝ ʢʦʨʠʩʪʠ ʫ ʥʫʢʣʝʘʨʥʦʿ 

ʝʣʝʢʪʨʦʥʠʮʠ ʿʝ ʜʘʪʘ ʫ [14] ʜʦʢ ʿʝ ʩʧʝʮʠʿʘʣʥʘ ʧʨʠʤʝʥʘ ʜʠʛʠʪʘʣʥʝ ʝʣʝʢʪʨʦʥʠʢʝ ʫ ʛʘʤʘ 

ʩʧʝʢʪʨʦʩʢʦʧʠʿʠ ʜʘʪʘ ʫ [21].    
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3 ʊʝʭʥʠʢʝ ʤʝʨʝˁʘ ʘʢʪʠʚʥʦʩʪʠ 

ʆʜ ʦʪʢʨʠ˂ʘ ʨʘʜʠʦʘʢʪʠʚʥʦʩʪʠ ʜʦ ʜʘʥʘʩ ʨʘʟʚʠʿʘʿʫ ʩʝ ʠ ʫʩʘʚʨʰʘʚʘʿʫ ʪʝʭʥʠʢʝ ʟʘ 

ʢʚʘʥʪʠʬʠʢʘʮʠʿʫ ʙʨʦʿʘ ʝʤʠʪʦʚʘʥʦʛ ʟʨʘʯʝˁʘ ʫ ʿʝʜʠʥʠʮʠ ʚʨʝʤʝʥʘ ʠʟ ʥʝʢʦʛ ʨʘʜʠʦʘʢʪʠʚʥʦʛ 

ʠʟʚʦʨʘ. ʇʨʠʥʮʠʧʠʿʘʣʥʦ ʧʦʩʪʦʿʝ ʪʨʠ ʨʘʟʣʠʯʠʪʝ ʪʝʭʥʠʢʝ ʤʝʨʝˁʘ ʘʧʩʦʣʫʪʥʝ ʘʢʪʠʚʥʦʩʪʠ: 

ʤʝʨʝˁʝ ʤʘʩʝ ʫʟʦʨʢʘ ʢʦʿʝ ʧʦʜʨʘʟʫʤʝʚʘ ʧʨʝʪʭʦʜʥʘ ʨʝʣʘʪʠʚʥʘ ʤʝʨʝˁʘ ʝʤʠʪʦʚʘʥʦʛ ʟʨʘʯʝˁʘ 

ʨʘʜʠ ʦʜʨʝʹʠʚʘˁʘ ʧʝʨʠʦʜʘ ʧʦʣʫʨʘʩʧʘʜʘ,  ʙʨʦʿʘˁʝ ʧʦʿʝʜʠʥʘʯʥʠʭ ʨʘʩʧʘʜʘ ʧʫʪʝʤ ʜʝʪʝʢʮʠʿʝ 

ʝʤʠʪʦʚʘʥʦʛ ʟʨʘʯʝˁʘ ʩʘ ʧʦʟʥʘʪʦʤ ʝʬʠʢʘʩʥʦʰ˂ʫ ʠ ʢʦʠʥʮʠʜʝʥʪʥʦ ʙʨʦʿʘˁʝ ʢʦʿʝ ʩʝ ʟʘʩʥʠʚʘ 

ʥʘ ʩʠʤʫʣʪʘʥʦʿ ʜʝʪʝʢʮʠʿʠ ʜʚʝ ʯʝʩʪʠʮʝ ʝʤʠʪʦʚʘʥʝ ʧʨʠ ʿʝʜʥʦʤ ʨʘʩʧʘʜʫ.  ʇʨʠʤʘʨʥʝ ʠʣʠ 

ʘʧʩʦʣʫʪʥʝ ʪʝʭʥʠʢʝ ʘʢʪʠʚʥʦʩʪʠ ʧʦʜʨʘʟʫʤʝʚʘʿʫ ʤʝʨʝˁʘ ʢʦʿʘ ʩʝ ʙʘʟʠʨʘʿʫ ʥʘ ʫʧʦʪʨʝʙʠ ʩʘʤʦ 

ʚʨʝʤʝʥʩʢʦʛ ʩʪʘʥʜʘʨʜʘ ʘʣʠ ʥʝ ʠ ʜʨʫʛʠʭ ʤʝʨʝˁʘ ʘʢʪʠʚʥʦʩʪʠ. ʈʝʘʣʠʟʘʮʠʿʦʤ ʘʧʩʦʣʫʪʥʝ 

ʪʝʭʥʠʢʝ ʤʝʨʝˁʘ ʘʢʪʠʚʥʦʩʪʠ  ʚʨʰʠ ʩʝ ʝʪʘʣʦʥʠʨʘˁʝ ʿʝʜʠʥʠʮʝ ɹʝʢʝʨʝʣ [5]. 

3.1 ɱʝʜʠʥʠʮʘ ʨʘʜʠʦʘʢʪʠʚʥʦʩʪʠ ʠ ʜʝʬʠʥʠʮʠʿʘ 
ʘʢʪʠʚʥʦʩʪʠ 

ɿʘ ʢʚʘʥʪʠʬʠʢʘʮʠʿʫ ʨʘʜʠʦʘʢʪʠʚʥʦʩʪʠ ʫ ʧʦʯʝʪʢʫ ʥʠʩʫ ʢʦʨʠʰ˂ʝʥʝ ʿʝʜʠʥʠʮʝ ʢʦʿʝ ʩʝ 

ʜʘʥʘʩ ʢʦʨʠʩʪʝ. ʋ ʧʨʚʠʤ ʤʝʨʝˁʠʤʘ ʄʘʨʠʿʘ ʂʠʨʠ ʿʝ ʦʜʨʝʹʠʚʘʣʘ ñʈʘʜʠʿʘʥʪʥʫ ʘʢʪʠʚʥʦʩʪò 

ʧʨʝʢʦ ʩʪʨʫʿʝ ʢʨʦʟ ʿʦʥʠʟʘʮʠʦʥʫ ʢʦʤʦʨʫ ʫ ʢʦʿʦʿ ʿʝ ʨʘʜʠʦʘʢʪʠʚʥʘ ʩʫʧʩʪʘʥʮʘ ʙʠʣʘ ʥʘʥʝʰʝʥʘ 

ʥʘ ʿʝʜʥʫ ʝʣʝʢʪʨʦʜʫ. ʉʪʨʫʿʘ ʢʦʿʘ ʿʝ ʙʠʣʘ ʧʨʦʠʟʚʝʜʝʥʘ Ŭ-ʯʝʩʪʠʮʘʤʘ ʢʦʿʝ ʩʝ ʝʤʠʪʫʿʫ ʠʟ 

ʩʣʦʿʘ ʧʦʚʨʰʠʥʝ 1cm
2
 ʥʘ ʢʦʿʠ ʿʝ ʥʘʥʝʰʝʥ ʫʨʘʥʠʿʫʤ ʦʢʩʠʜ (U3O8; ʦʢʦ 20 mg/cm

2
) 

ʢʦʨʠʰ˂ʝʥʘ ʿʝ ʢʘʦ ʿʝʜʠʥʠʮʘ. ʆʚʘ ʿʝʜʠʥʠʮʘ ʢʘʩʥʠʿʝ ʩʝ ʥʘʟʠʚʘʣʘ ñʫʨʘʥʠʿʫʤʩʢʘ ʿʝʜʠʥʠʮʘò 

ʢʦʿʘ ʦʜʛʦʚʘʨʘ ʩʪʨʫʿʠ ʦʜ 5,78Ĭ10
-13

 ɸ. 

ʆʪʢʨʠ˂ʘ ʜʨʫʛʠʭ ʨʘʜʠʦʘʢʪʠʚʥʠʭ ʿʝʟʛʘʨʘ ʢʘʦ ʠ ʪʝʥʜʝʥʮʠʿʘ ʥʘʛʣʦʛ ʨʘʟʚʦʿʘ 

ʠʩʪʨʘʞʠʚʘˁʘ ʫ ʦʙʣʘʩʪʠ ʧʨʠʤʝˁʝʥʝ ʨʘʜʠʦʘʢʪʠʚʥʦʩʪʠ ʫ ʮʝʣʦʤ ʩʚʝʪʫ ʥʘʤʝ˂ʝ ʧʦʪʨʝʙʫ ʟʘ 

ʜʝʬʠʥʠʩʘˁʝ ʛʝʥʝʨʘʣʥʦ ʧʨʠʭʚʘ˂ʝʥʦʛ ʨʘʜʠʦʘʢʪʠʚʥʦʛ ʩʪʘʥʜʘʨʜʘ. ʂʘʜʘ ʿʝ ʧʨʦʠʟʚʝʜʝʥʘ ʚʝ˂ʘ 

ʢʦʣʠʯʠʥʘ ʨʘʜʠʿʫʤʘ ʢʦʿʘ ʿʝ ʧʦʩʪʘʣʘ ʜʦʩʪʫʧʥʘ, ʀʥʪʝʨʥʘʮʠʦʥʘʣʥʘ ʂʦʤʠʩʠʿʘ ʟʘ 

ʉʪʘʥʜʘʨʜʠʟʘʮʠʿʫ ʈʘʜʠʿʫʤʘ, ʦʩʥʦʚʘʥʘ 1910, ʜʘʣʘ ʿʝ ʟʘʜʘʪʘʢ ʄʘʨʠʿʠ ʂʠʨʠ ʜʘ ʧʨʠʧʨʝʤʠ 

ʧʨʠʤʘʨʥʠ ʩʪʘʥʜʘʨʜ ʨʘʜʠʿʫʤʘ. ɻʦʜʠʥʫ ʜʘʥʘ ʢʘʩʥʠʿʝ ʧʨʝʟʝʥʪʦʚʘʣʘ ʿʝ ʩʚʦʿ ʩʪʘʥʜʘʨʜ ʫ 

ʬʦʨʤʠ 22,99 mg ʯʠʩʪʦʛ ʨʘʜʠʿʫʤ-ʭʣʦʨʠʜʘ ʟʘʧʝʯʘ˂ʝʥʦʛ ʫ ʪʘʥʢʫ ʩʪʘʢʣʝʥʫ ʮʝʚ. ʋ ʠʩʪʦ 

ʚʨʝʤʝ ʢʦʤʠʩʠʿʘ ʿʝ ʫʚʝʣʘ ñʂʠʨʠò ʢʘʦ ʿʝʜʠʥʠʮʫ ʟʘ ʨʘʜʦʥ ʠ ʜʘʣʘ ʜʝʬʠʥʠʮʠʿʫ: ɱʝʜʘʥ ʂʠʨʠ 

ʨʘʜʦʥʘ ʿʝ ʢʦʣʠʯʠʥʘ ʨʘʜʦʥʘ ʫ ʨʘʚʥʦʪʝʞʠ ʩʘ ʿʝʜʥʠʤ ʛʨʘʤʦʤ ʨʘʜʠʿʫʤʘ. ʂʘʩʥʠʿʝ ʿʝ ʦʚʘ 

ʿʝʜʠʥʠʮʘ ʫʦʧʰʪʝʥʘ ʟʘ ʩʚʝ ʨʘʜʠʦʘʢʪʠʚʥʝ ʧʦʪʦʤʢʝ ʨʘʜʠʿʫʤʘ ʠ ʙʠʣʦ ʢʦʿʠ ʨʘʜʠʦʘʢʪʠʚʥʠ 

ʝʣʝʤʝʥʪ. 

ʄʝʹʫʪʠʤ, ʟʘ ʙʠʣʦ ʢʦʿʠ ʨʘʜʠʦʘʢʪʠʚʥʠ ʝʣʝʤʝʥʪ ʥʝʦʧʭʦʜʥʘ ʿʝ ʙʠʣʘ ʥʦʚʘ ʜʝʬʠʥʠʮʠʿʘ. 

ɽʢʚʠʚʘʣʝʥʪ 1 mg ʨʘʜʠʿʫʤʘ ʿʝ ʙʠʦ ʜʝʬʠʥʠʩʘʥ ʢʘʦ ʦʥʘ ʢʦʣʠʯʠʥʘ ʨʘʜʠʦʘʢʪʠʚʥʦʛ ʝʣʝʤʝʥʪʘ 

ʟʘ ʢʦʿʝ ʿʝ ʙʨʦʿ ʜʝʟʠʥʝʪʝʛʨʘʮʠʿʝ ʘʪʦʤʘ ʫ ʿʝʜʥʦʿ ʩʝʢʫʥʜʠ ʠʩʪʠ ʢʘʦ ʟʘ 1 mg ʨʘʜʠʿʫʤʘ. ʎʠʬʨʘ 

ʦʜ 3,7Ĭ10
10

 Ŭ-ʯʝʩʪʠʮʘ s
-1
 ʿʝ ʙʠʣʘ ʧʨʝʜʣʦʞʝʥʘ ʢʘʦ ʝʢʚʠʚʘʣʝʥʪ ʟʘ 1 g ʨʘʜʠʿʫʤʘ. 

ɼʝʬʠʥʠʮʠʿʘ ʿʝʜʠʥʠʮʝ ʟʘ ʨʘʜʠʦʘʢʪʠʚʥʦʩʪ ʿʝ ʙʠʣʘ ʚʝʟʘʥʘ ʟʘ ʿʝʜʠʥʠʮʫ ʤʘʩʝ. ʆʚʦ ʩʝ 

ʦʜʨʞʘʣʦ ʜʦ 1950. ʛʦʜʠʥʝ ʢʘʜʘ ʿʝ ʿʝʜʠʥʠʮʘ ʂʠʨʠ ʨʝʜʝʬʠʥʠʩʘʥʘ: ʂʠʨʠ ʿʝ ʿʝʜʠʥʠʮʘ 

ʨʘʜʠʦʘʢʪʠʚʥʦʩʪʠ ʙʠʣʦ ʢʦʛ ʠʟʦʪʦʧʘ (ʚʠʰʝ ʥʝ ʝʣʝʤʝʥʪʘ) ʫ ʢʦʿʝʤ ʿʝ ʙʨʦʿ ʜʝʟʠʥʪʝʛʨʘʮʠʿʘ ʫ 

ʩʝʢʫʥʜʠ 3,700Ĭ10
10
. ʆʜ ʪʘʜʘ 1 Ci (ɱʝʜʘʥ ʂʠʨʠ) ʥʠʿʝ ʚʠʰʝ ʠʜʝʥʪʠʯʘʥ ʩʘ 1 g ʨʘʜʠʿʫʤʘ 
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(ʨʘʟʣʠʢʘ ʿʝ ʦʢʦ 1%), ʚʝ˂ ʿʝ ʪʦ ʙʨʦʿ ʜʝʟʠʥʪʝʛʨʘʮʠʿʘ ʥʝʢʦʛ ʿʝʟʛʘ ʫ ʿʝʜʠʥʠʮʠ ʚʨʝʤʝʥʘ. ɿʘ 

ʙʨʟʠʥʫ ʪʨʘʥʩʬʦʨʤʘʮʠʿʝ ʠʣʠ ʙʨʟʠʥʫ ʜʝʟʠʥʪʝʛʨʘʮʠʿʝ ʧʨʝʧʦʨʫʯʝʥ ʿʝ ʪʝʨʤʠʥ ñɸʢʪʠʚʥʦʩʪò. 

ʇʨʠ ʫʩʧʦʩʪʘʚˀʘˁʫ ʀʥʪʝʨʥʘʮʠʦʥʘʣʥʦʛ ʉʠʩʪʝʤʘ ɱʝʜʠʥʠʮʘ (SI) 1960. ʛʦʜʠʥʝ 

ʿʝʜʠʥʠʮʘ ʘʢʪʠʚʥʦʩʪʠ ʚʠʰʝ ʥʠʿʝ ʤʦʛʣʘ ʙʠʪʠ ʂʠʨʠ, ʿʝʨ ʫ ʦʚʦʤ ʩʠʩʪʝʤʫ ʠʟʚʝʜʝʥʝ ʿʝʜʠʥʠʮʝ 

ʤʦʨʘʿʫ ʙʠʪʠ ʫʟʘʿʘʤʥʦ ʧʦʚʝʟʘʥʝ ʧʨʘʚʠʣʠʤʘ ʤʥʦʞʝˁʘ ʠʣʠ ʜʝˀʝˁʘ ʙʝʟ ʧʨʠʤʝʥʝ ʙʠʣʦ 

ʢʘʢʚʦʛ ʤʫʣʪʠʧʣʠʢʘʮʠʦʥʦʛ ʬʘʢʪʦʨʘ (ʢʘʦ 3,700Ĭ10
10

 ʫ ʩʣʫʯʘʿʫ ʜʝʬʠʥʠʮʠʿʝ ʿʝʜʠʥʠʮʝ 

ʂʠʨʠ) ʨʘʟʣʠʯʠʪʦʛ ʦʜ 1. ɿʙʦʛ ʧʨʘʢʪʠʯʥʠʭ ʨʘʟʣʦʛʘ ʿʝʜʠʥʠʮʘ ʂʠʨʠ ʩʝ ʦʜʨʞʘʣʘ ʚʘʥ SI 

ʩʠʩʪʝʤʘ, ʘ ʨʝʮʠʧʨʦʯʥʘ ʩʝʢʫʥʜʘ (s
-1

) ʿʝ ʧʦʩʪʘʣʘ ʿʝʜʠʥʠʮʘ SI ʩʠʩʪʝʤʘ ʘʢʪʠʚʥʦʩʪʠ ʢʦʿʦʿ ʿʝ 

1975. ʛʦʜʠʥʝ ʜʘʪʦ ʠʤʝ ɹʝʢʝʨʝʣ. 

ʉʭʦʜʥʦ ʨʝʜʝʬʠʥʠʩʘˁʫ ʿʝʜʠʥʠʮʝ ʘʢʪʠʚʥʦʩʪʠ ʫʚʦʜʠ ʩʝ ʠ ʧʦʿʘʤ ʘʢʪʠʚʥʦʩʪʠ: 

ɸʢʪʠʚʥʦʩʪ ʦʜʨʝʹʝʥʝ ʢʦʣʠʯʠʥʝ ʨʘʜʠʘʢʪʠʚʥʠʭ ʿʝʟʛʘʨʘ ʫ ʦʜʨʝʹʝʥʦʤ ʝʥʝʨʛʝʪʩʢʦʤ ʩʪʘˁʫ ʫ 

ʜʘʪʦʤ ʚʨʝʤʝʥʩʢʦʤ ʪʨʝʥʫʪʢʫ ʿʝ ʢʦʣʠʯʥʠʢ dN ʢʨʦʟ dt, ʛʜʝ ʿʝ dN ʦʯʝʢʠʚʘʥʘ ʚʨʝʜʥʦʩʪ 

ʙʨʦʿʘ ʩʧʦʥʪʘʥʠʭ ʥʫʢʣʝʘʨʥʠʭ ʧʨʝʣʘʟʘ ʠʟ ʪʦʛ ʝʥʝʨʛʝʪʩʢʦʛ ʩʪʘˁʘ ʫ ʚʨʝʤʝʥʩʢʦʤ 

ʠʥʪʝʨʚʘʣʫ dt. A = dN/dt. [5].  

3.2 ʄʝʪʦʜ ʤʝʨʝˁʝʤ ʤʘʩʝ 

 ɺʝʟʘ ʠʟʤʝʹʫ ʘʢʪʠʚʥʦʩʪʠ ʠ ʤʘʩʝ ʦʜʨʞʘʣʘ ʩʝ ʟʘ ʥʝʢʝ ʤʝʪʦʜʝ ʤʝʨʝˁʘ ʘʢʪʠʚʥʦʩʪʠ 

ʜʫʛʦʞʠʚʝ˂ʠʭ ʨʘʜʠʦʠʟʦʪʦʧʘ. ʄʘʩʘ m ʿʝ ʜʠʨʝʢʪʥʦ ʧʦʚʝʟʘʥʘ ʩʘ ʙʨʦʿʝʤ ʘʪʦʤʘ N ʫ ʫʟʦʨʢʫ 

ʧʨʝʢʦ ʨʝʣʘʮʠʿʝ: 

r

A

N
m A

N
= ,     (3.2.1) 

ʛʜʝ ʿʝ ɸr ʨʝʣʘʪʠʚʥʘ ʘʪʦʤʩʢʘ ʤʘʩʘ ʠ NA je ɸʚʦʛʘʜʨʦʚ ʙʨʦʿ. ʋ ʜʝʬʠʥʠʮʠʿʠ ʘʢʪʠʚʥʦʩʪʠ 

ʜʠʬʝʨʝʥʮʠʿʘʣʥʠ ʯʣʘʥ dN ʧʨʝʜʩʪʘʚˀʘ ʙʨʦʿ ʨʘʜʠʦʘʢʪʠʚʥʠʭ ʿʝʟʛʘʨʘ ʢʦʿʘ ʩʝ ʪʨʘʥʩʬʦʨʤʠʰʫ 

ʫ ʚʨʝʤʝʥʫ ʠʟʤʝʹʫ t ʠ t+dt, ʪʿ. dN = N(t)-N(t+dt). ɸʢʪʠʚʥʦʩʪ ʿʝ ʧʨʦʧʦʨʮʠʦʥʘʣʥʘ ʙʨʦʿʫ 

ʨʘʜʠʦʘʢʪʠʚʥʠʭ ʘʪʦʤʘ ʫ ʫʟʦʨʢʫ: 

A Nl= ,     (3.2.2) 

 

ʛʜʝ ʩʝ ʢʦʥʩʪʘʥʪʘ ʧʨʦʧʦʨʮʠʦʥʘʣʥʦʩʪʠ ɚ ʥʘʟʠʚʘ ʢʦʥʩʪʘʥʪʘ ʨʘʩʧʘʜʘ, ʘ ʿʝʜʥʘʢʘ ʿʝ 1/2ln 2 /T , 

ʛʜʝ ʿʝ 1/2T  ʧʝʨʠʦʜ ʧʦʣʫʨʘʩʧʘʜʘ. ʂʦʤʙʠʥʘʮʠʿʦʤ ʿʝʜʥʘʯʠʥʘ (3.2.1) ʠ (3.2.2) ʜʦʙʠʿʘʤʦ: 

A

r

N
A m

A
l=      (3.2.3) 

 ʋ ʦʚʦʤ ʧʨʠʤʝʨʫ ʤʘʩʘ m ʿʝ ʤʘʩʘ ʥʝʨʘʩʧʘʜʥʫʪʠʭ ʿʝʟʛʘʨʘ, ʢʦʿʘ ʟʘ ʜʫʛʦʞʠʚʝ˂ʝ 

ʨʘʜʠʦʠʟʦʪʦʧʝ ʤʦʞʝ ʙʠʪʠ ʚʨʣʦ ʙʣʠʩʢʘ ʤʘʩʠ ʫʟʦʨʢʘ. ɿʙʦʛ ʪʦʛʘ ʿʝ ʤʝʪʦʜ ʦʜʨʝʹʠʚʘˁʘ 

ʘʢʪʠʚʥʦʩʪʠ ʠʟ ʤʘʩʝ ʦʛʨʘʥʠʯʝʥ ʥʘ ʜʫʛʦʞʠʚʝ˂ʝ ʧʨʠʨʦʜʥʝ ʨʘʜʠʦʠʟʦʪʦʧʝ ʢʘʦ ʰʪʦ ʩʫ 
235

U, 
238

U, 
226

Ra, 
232

Th, ʠʣʠ 
40
ʂ. ʅʝʩʠʛʫʨʥʦʩʪʠ ʟʘ NA ʠ ɸr ʩʫ ʟʘʥʝʤʘʨˀʠʚʝ, ʧʘ ʿʝ ʨʝʣʘʪʠʚʥʘ 

ʥʝʩʠʛʫʥʦʩʪ ʘʢʪʠʚʥʦʩʪʠ ʜʝʪʝʨʤʠʥʠʩʘʥʘ ʥʝʩʠʛʫʨʥʦʰ˂ʫ ʧʝʨʠʦʜʘ ʧʦʣʫʨʘʩʧʘʜʘ ʢʦʿʘ ʠʟʥʦʩʠ 

ʦʢʦ 0,1% ʟʘ 
235

U ʠ 
238

U, ʠ ʦʢʦ 0,5% ʟʘ 
232
ʊh ʠ 

40
ʂ ʢʘʦ ʠ ʥʝʩʠʛʫʨʥʦʰ˂ʫ ʦʜʨʝʹʠʚʘˁʘ ʤʘʩʝ 

ʥʝʨʘʩʧʘʜʥʫʪʠʭ ʿʝʟʛʘʨʘ. ɸʢʦ ʿʝ ʤʘʪʝʨʠʿʘʣ ʫ ʭʝʤʠʿʩʢʦʤ ʿʝʜʠˁʝˁʫ, ʤʦʨʘ ʩʝ ʨʘʟʤʦʪʨʠʪʠ ʠ 

ʤʘʩʝʥʠ ʫʜʝʦ.  

 ɸʣʪʝʨʥʘʪʠʚʘ ʟʘ ʦʜʨʝʹʠʚʘˁʝ ʘʢʪʠʚʥʦʩʪʠ ʤʝʨʝˁʝʤ ʤʘʩʝ ʿʝ ʧʨʝʙʨʦʿʘʚʘˁʝʤ 

ʨʘʜʠʦʘʢʪʠʚʥʠʭ ʘʪʦʤʘ N ʠ ʦʜʨʝʹʠʚʘˁʝ ʘʢʪʠʚʥʦʩʪʠ ʠʟ (3.2.2). ɼʚʝ ʪʘʢʚʝ ʪʝʭʥʠʢʝ ʩʫ 

ʘʢʮʝʣʝʨʘʪʦʨʩʢʘ ʤʘʩʝʥʘ ʩʧʝʢʪʨʦʤʝʪʨʠʿʘ ʠ ʨʝʟʦʥʘʥʪʥʘ ʿʦʥʠʟʘʮʠʦʥʘ ʩʧʝʢʪʨʦʤʝʪʨʠʿʘ ʢʦʿʘ 

ʩʝ ʩʚʝ ʚʠʰʝ ʢʦʨʠʩʪʠ ʟʘ ʦʜʨʝʹʠʚʘˁʝ ʤʘʣʠʭ ʢʦʣʠʯʠʥʘ ʜʫʛʦʞʠʚʝ˂ʠʭ ʨʘʜʠʦʠʟʦʪʦʧʘ ʫ 

ʦʢʦʣʠʥʠ. ɿʘ ʦʜʨʝʹʠʚʘˁʝ ʩʪʘʨʦʩʪʠ ʫʟʦʨʘʢʘ (ʜʘʪʠʨʘˁʝ) ʤʝʪʦʜʦʤ ʦʜʨʝʹʠʚʘˁʘ ʘʢʪʠʚʥʦʩʪʠ 
14

C ʥʘʿʧʨʝʮʠʟʥʠʿʘ ʪʝʭʥʠʢʘ ʿʝ ʫʧʨʘʚʦ ʧʨʝʙʨʦʿʘʚʘˁʝ ʘʢʪʠʚʥʠʭ ʿʝʟʛʘʨʘ ʪʝʭʥʠʢʦʤ 

ʘʢʮʝʣʝʨʘʪʦʨʩʢʝ ʤʘʩʝʥʝ ʩʧʝʢʪʨʦʤʝʪʨʠʿʝ [22].  



 15 

 ʄʝʪʦʜ ʤʝʨʝˁʝʤ ʤʘʩʝ, ʪʿ. ʧʨʝʙʨʦʿʘʚʘˁʝʤ ʘʢʪʠʚʥʠʭ ʿʝʟʛʘʨʘ ʥʝ ʤʦʞʝ ʩʝ ʩʤʘʪʨʘʪʠ 

ʧʦʪʧʫʥʦ ʘʧʩʦʣʫʪʥʦʤ ʤʝʪʦʜʦʤ. ɹʠʣʦ ʜʘ ʩʝ ʘʢʪʠʚʥʦʩʪ ʜʦʙʠʿʘ ʠʟ ʤʘʩʝ m ʠʣʠ ʙʨʦʿʘ 

ʨʘʜʠʦʘʢʪʠʚʥʠʭ ʘʪʦʤʘ N, ʧʦʪʨʝʙʥʦ ʿʝ ʧʦʟʥʘʚʘʪʠ ʧʝʨʠʦʜ ʧʦʣʫʨʘʩʧʘʜʘ, ʰʪʦ ʧʦʜʨʘʟʫʤʝʚʘ 

ʧʨʝʪʭʦʜʥʘ ʨʝʣʘʪʠʚʥʘ ʤʝʨʝˁʘ ʩʘ ʫʧʦʪʨʝʙʦʤ ʚʨʝʤʝʥʩʢʦʛ ʩʪʘʥʜʘʨʜʘ. ɼʘʢʣʝ ʤʦʨʘ ʩʝ 

ʦʜʨʝʜʠʪʠ ʧʨʠʩʫʪʥʦʩʪ ʥʝʯʠʩʪʦ˂ʘ, ʰʪʦ ʧʦʜʨʘʟʫʤʝʚʘ ʩʧʝʢʪʨʦʩʢʦʧʩʢʘ ʤʝʨʝˁʘ. ʄʝʹʫʪʠʤ, 

ʩʚʘ ʤʝʨʝˁʘ ʢʦʿʘ ʧʨʝʪʭʦʜʝ ʥʝ ʤʦʨʘʿʫ ʥʫʞʥʦ ʧʦʜʨʘʟʫʤʝʚʘʪʠ ʢʘʣʠʙʨʘʮʠʿʫ ʝʬʠʢʘʩʥʦʩʪʠ, ʿʝʨ 

ʟʘ ʦʜʨʝʹʠʚʘˁʝ ʧʝʨʠʦʜʘ ʧʦʣʫʨʘʩʧʘʜʘ ʪʨʝʙʘ ʨʘʩʧʦʣʘʛʘʪʠ ʠʥʬʦʨʤʘʮʠʿʦʤ ʦ ʙʨʟʠʥʠ 

ʦʧʘʜʘˁʘ ʘʢʪʠʚʥʦʩʪʠ ʘʣʠ ʥʝ ʠ ʦ ʘʧʩʦʣʫʪʥʦʿ ʘʢʪʠʚʥʦʩʪʠ. ʄʝʹʫʪʠʤ, ʟʘ ʜʫʛʦʞʠʚʝ˂ʝ 

ʨʘʜʠʦʠʟʦʪʦʧʝ ʢʦʿʠ ʩʫ ʧʦʤʝʥʫʪʠ, ʧʝʨʠʦʜ ʧʦʣʫʨʘʩʧʘʜʘ ʩʝ ʙʘʰ ʜʦʙʠʿʘ ʠʟ (3.2.2) ʤʝʨʝˁʝʤ 

ʘʢʪʠʚʥʦʩʪʠ  ɸ ʠ N , ʧʘ ʩʝ ʦʚʝ ʤʝʪʦʜʝ ʩʪʨʦʛʦ ʛʦʚʦʨʝ˂ʠ ʠʧʘʢ ʩʚʨʩʪʘʚʘʿʫ ʫ ʨʝʣʘʪʠʚʥʝ 

(ʠʥʜʠʨʝʢʪʥʝ) ʤʝʪʦʜʝ ʟʘ ʤʝʨʝˁʝ ʘʢʪʠʚʥʦʩʪʠ.          

3.3 ʄʝʪʦʜʝ 100% ʝʬʠʢʘʩʥʦʩʪʠ 

ʄʝʪʦʜʝ ʚʠʩʦʢʝ ʝʬʠʢʘʩʥʦʩʪʠ ʧʦʜʨʘʟʫʤʝʚʘʿʫ ʜʝʪʝʢʮʠʿʫ ʩʚʠʭ ʨʘʩʧʘʜʘ ʫ ʜʘʪʦʤ 

ʠʟʚʦʨʫ ʠʣʠ ʢʚʘʥʪʠʬʠʢʘʮʠʿ ʫ ʝʤʠʪʦʚʘʥʠʭ ʯʝʩʪʠʮʘ ʫ ʦʜʨʝʹʝʥʠ ʧʨʦʩʪʦʨʥʠ ʫʛʘʦ ʟʘ ʢʦʥʘʯʥʠ 

ʠʥʪʝʨʚʘʣ ʚʨʝʤʝʥʘ. ʊʠʧʠʯʥʠ ʜʝʪʝʢʪʦʨʠ ʢʦʿʠ ʩʝ ʢʦʨʠʩʪʝ ʟʘ ʦʚʘʢʚʘ ʤʝʨʝˁʘ ʩʫ 

ʧʨʦʧʦʨʮʠʦʥʘʣʥʠ ʙʨʦʿʘʯʠ, ʪʝʯʥʠ ʩʮʠʥʪʠʣʘʪʦʨʠ, ʛʘʩʥʠ ʙʨʦʿʘʯʠ, ʜʝʪʝʢʪʦʨʠ ʫ ʦʙʣʠʢʫ ʿʘʤʝ 

ʠ ʩʝʥʜʚʠʯ ʢʦʥʬʠʛʫʨʘʮʠʿʝ ʙʝʟ ʜʝʪʝʢʪʦʨʩʢʦʛ ʧʨʦʟʦʨʘ [4]. ʇʨʠʥʮʠʧʠʿʘʣʥʘ ʰʝʤʘ 

ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʝ ʧʦʩʪʘʚʢʝ ʟʘ ʙʨʦʿʘˁʝ ʥʘ ʦʜʨʝʹʝʥʦʤ ʧʨʦʩʪʦʨʥʦʤ ʫʛʣʫ ʿʝ ʧʨʠʢʘʟʘʥʘ ʥʘ 

ʉʣʠʮʠ 3.1. 

 
ʉʣʠʢʘ 3.1.  ʇʨʠʥʮʠʧʠʿ ʘʣʥʘ ʰʝʤʘ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʝ ʧʦʩʪʘʚʢʝ ʟʘ ʤʝʨʝˁʝ ʘʢʪʠʚʥʦʩʪʠ ʥʘ ʜʝʬʠʥʠʩʘʥʦʤ 

ʧʨʦʩʪʦʨʥʦʤ ʫʛʣʫ. ʇʦʣʦʞʘʿ ʘʢʪʠʚʥʦʛ ʜʝʣʘ ʠʟʚʦʨʘ ʠ ʢʦʣʠʤʘʪʦʨʘ ʤʦʨʘ ʙʠʪʠ ʧʨʝʮʠʟʥʦ ʠʟʤʝʨʝʥ. 

 

ɹʨʦʿʘˁʝ ʫ 4ˊ ʠʣʠ 2ˊ ʛʝʦʤʝʪʨʠʿʠ ʠʟʚʦʜʠ ʩʝ ʟʘ ɓ
-
 ʠ ɔ-ʝʤʠʪʝʨʝ ʘʣʠ ʠ ʟʘ Ŭ-ʝʤʠʪʝʨʝ ʟʘ 

ʢʦʿʝ ʩʝ ʢʦʤʧʝʥʟʫʿʝ ʝʬʝʢʘʪ ʘʧʩʦʨʧʮʠʿʝ ʜʝʪʝʢʪʦʚʘˁʝʤ ɔ-ʬʦʪʦʥʘ ʢʦʿʠ ʧʨʘʪʝ ʨʘʩʧʘʜ. ʅʘ 

ʉʣʠʮʠ 3.2 ʿʝ ʧʨʠʢʘʟʘʥʘ ʚʘʨʠʿʘʥʪʘ 4ˊ ʛʝʦʤʝʪʨʠʿʝ ʢʦʿʘ ʿʝ ʨʝʘʣʠʟʦʚʘʥʘ ʧʦʤʦ˂ʫ ʜʚʘ 

ʩʮʠʥʪʠʣʘʮʠʦʥʘ ʜʝʪʝʢʪʦʨʘ ʫ ʦʙʣʠʢʫ ʿʘʤʝ ʢʦʿʠ ʩʫ ʧʦʚʝʟʘʥʠ ʥʘ ʢʦʣʦ ʟʘ ʩʫʤʠʨʘˁʝ ʩʠʛʥʘʣʘ. 

ʆʚʘ ʪʝʭʥʠʢʘ ʿʝ ʧʦʛʦʜʥʘ ʟʘ ʠʟʦʪʦʧʝ ʢʦʿʠ ʧʨʠʣʠʢʦʤ ʨʘʩʧʘʜʘ ʝʤʠʪʫʿʫ ʚʠʰʝ ʬʦʪʦʥʘ ʿʝʨ ʠ 

ʧʦʨʝʜ ʚʝʣʠʢʝ ʟʘʧʨʝʤʠʥʝ ʢʨʠʩʪʘʣʘ ʝʬʠʢʘʩʥʦʩʪ ʥʝ ʤʦʞʝ ʙʠʪʠ ʩʪʦʧʨʦʮʝʥʪʥʘ. ɿʙʦʛ ʪʦʛʘ 

ʧʦʪʨʝʙʥʦ ʿʝ ʠʟʨʘʯʫʥʘʪʠ ʝʬʠʢʘʩʥʦʩʪ ʜʝʪʝʢʮʠʿʝ ʬʦʪʦʥʘ ʦʜʛʦʚʘʨʘʿʫ˂ʠʭ ʝʥʝʨʛʠʿʘ, ʰʪʦ ʫ 

ʩʣʫʯʘʿʫ ʿʝʜʥʦʩʪaʚʥʝ ʛʝʦʤʝʪʨʠʿʝ ʜʦʥʦʩʠ ʚʨʣʦ ʤʘʣʫ ʤʝʨʥʫ ʥʝʩʠʛʫʨʥʦʩʪ. ɽʬʠʢʘʩʥʦʩʪ ʢʦʿʘ 

ʩʝ ʧʦʩʪʠʞʝ ʿʝ ʚʝ˂ʘ ʦʜ 95%.   

ʈʘʜʠʦʘʢʪʠʚʥʠ ʠʟʦʪʦʧʠ ʢʦʿʠ ʩʝ ʥʘʣʘʟʝ ʫ ʛʘʩʦʚʠʪʦʿ ʬʘʟʠ ʤʝʨʝ ʩʝ ʫ 

ʧʨʦʧʦʨʮʠʦʥʘʣʥʠʤ ʙʨʦʿʘʯʠʤʘ ʧʨʠ ʯʝʤʫ ʩʝ ʦʥʠ ʤʝʰʘʿʫ ʩʘ ʙʨʦʿʘʯʢʠʤ ʛʘʩʦʤ. ʋʦʧʰʪʝ ʿʝ 

ʥʘʝʣʝʢʪʨʠʩʘʥʝ ʯʝʩʪʠʮʝ ʤʦʛʫ˂ʝ ʜʝʪʝʢʪʦʚʘʪʠ ʩʘ ʩʢʦʨʦ 100% ʝʬʠʢʘʩʥʦʰ˂ʫ, ʘʣʠ ʫ ʚʝ˂ʠʥʠ 

ʩʣʫʯʘʿʝʚʘ ʧʦʪʨʝʙʥʦ ʿʝ ʨʘʟʤʦʪʨʠʪʠ ʠ ʢʚʘʥʪʠʬʠʢʦʚʘʪʠ ʝʬʝʢʘʪ ʩʘʤʦʘʧʩʦʨʧʮʠʿʝ ʠ ʝʬʝʢʘʪ 

ʟʠʜʦʚʘ. ʋ ʪʦʤ ʩʤʠʩʣʫ ɓ
-
-ʝʤʠʪʝʨʠ ʬʘʚʦʨʠʟʫʿʫ 4ˊ ʛʝʦʤʝʪʨʠʿʫ ʿʝʨ ʫ 2ˊ ʛʝʦʤʝʪʨʠʿʠ ʠ ʧʨʠ 

ʦʜʨʝʹʥʦʤ ʧʨʦʩʪʦʨʥʦʤ ʫʛʣʫ ʜʦʣʘʟʠ ʜʦ ʧʦʚʨʘʪʥʦʛ ʨʘʩʝʿʘˁʘ ʠʣʠ ʨʘʩʝʿʘˁʘ ʥʘ ʜʠʿʘʬʨʘʛʤʠ 
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ʢʦʿʘ ʜʝʬʠʥʠʰʝ ʧʨʦʩʪʦʨʥʠ ʫʛʘʦ. ʇʦʧʨʘʚʢʝ ʥʘ ʝʬʝʢʪʝ ʘʧʩʦʨʧʮʠʿʝ ʠ ʨʘʩʝʿʘˁʘ ʚʨʰʝ ʩʝ 

ʧʦʤʦ˂ʫ ʧʦʩʝʙʥʠʭ ʝʢʩʧʝʨʠʤʝʥʘʪʘ, ʪʝʦʨʝʪʩʢʠʤ ʠʟʨʘʯʫʥʘʚʘˁʠʤʘ ʠ Monte Carlo 

ʩʠʤʫʣʘʮʠʿʘʤʘ. 

 

 
ʉʣʠʢʘ 3.2  ʇʨʠʥʮʠʧʿʘʣʥʘ ʰʝʤʘ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʝ ʧʦʩʪʘʚʢʝ ʟʘ ʤʝʨʝˁʝ ʘʢʪʠʚʥʦʩʪʠ ɔ-ʝʤʠʪʝʨʘ ʫ 4ˊ 

ʛʝʦʤʝʪʨʠʿʠ. ʀʟʚʦʨ ʩʝ ʥʘʣʘʟʠ ʫʥʫʪʘʨ ʜʝʪʝʢʪʦʨʘ.  

 

ɹʨʦʿʘˁʝ ʥʘ ʦʜʨʝʹʝʥʦʤ ʧʨʦʩʪʦʨʥʦʤ ʫʛʣʫ ʛʜʝ ʩʝ ʧʦʜʨʘʟʫʤʝʚʘ ʠʟʦʪʨʦʧʥʘ ʨʘʩʧʦʜʝʣʘ 

ʝʤʠʪʦʚʘʥʠʭ ʯʝʩʪʠʮʘ  ʤʦʞʝ ʙʠʪʠ ʚʨʣʦ ʧʨʝʮʠʟʥʘ ʪʝʭʥʠʢʘ ʤʝʨʝˁʘ ʘʧʩʦʣʫʪʥʝ ʘʢʪʠʚʥʦʩʪʠ. 

ɹʨʦʿʘˁʝ Ŭ-ʯʝʩʪʠʮʘ ʿʝʜʥʘ ʿʝ ʦʜ ʥʘʿʪʘʯʥʠʿʠʭ ʤʝʪʦʜʘ ʟʘ ʧʨʠʤʘʨʥʦ ʦʜʨʝʹʠʚʘˁʝ ʘʢʪʠʚʥʦʩʪʠ 

Ŭ-ʝʤʠʪʝʨʘ ʩʘ ʨʝʣʘʪʠʚʥʦʤ ʛʨʝʰʢʦʤ ʢʦʿʘ ʟʘ ʚʝʣʠʢʠ ʙʨʦʿ ʠʟʦʪʦʧʘ ʠʟʥʦʩʠ ʦʢʦ 0.1%. ʆʚʘʢʚʘ 

ʤʝʨʝˁʘ ʟʘʭʪʝʚʘʿʫ ʠʟʫʟʝʪʥʫ ʢʦʥʪʨʦʣʫ ʛʝʦʤʝʪʨʠʿʩʢʠʭ ʫʩʣʦʚʘ ʛʜʝ ʿʝ ʟʘ ʨʘʩʧʨʦʩʪʨʘˁʝʥʝ 

ʫʟʦʨʢʝ ʠʧʘʢ ʧʦʪʨʝʙʥʦ ʠʟʚʨʰʠʪʠ ʦʜʨʝʹʝʥʝ ʢʦʨʝʢʮʠʿʝ ʥʘ ʨʘʩʧʦʜʝʣʫ ʨʘʜʠʦʘʢʪʠʚʥʦʩʪʠ ʫ 

ʩʘʤʦʤ ʫʟʦʨʢʫ ʠ ʝʬʝʢʪʝ ʩʘʤʦʘʧʩʦʨʧʮʠʿʝ.  

 

3.4 ʂʦʠʥʮʠʜʝʥʪʥʘ ʪʝʭʥʠʢʘ ʤʝʨʝˁʘ ʘʢʪʠʚʥʦʩʪʠ 

ʇʨʦʙʣʝʤ ʦʜʨʝʹʠʚʘˁʘ ʘʧʩʦʣʫʪʥʝ ʘʢʪʠʚʥʦʩʪʠ ʠʟʨʘʯʫʥʘʚʘˁʝʤ ʝʬʠʢʘʩʥʦʩʪʠ ʜʝʪʝʢʮʠʿʝ 

ʝʤʠʪʦʚʘʥʠʭ ʯʝʩʪʠʮʘ ʧʨʝʚʘʟʠʹʝʥ ʿʝ ʫʚʦʹʝˁʝʤ ʢʦʠʥʮʠʜʝʥʪʥʝ ʪʝʭʥʠʢʝ. ʇʨʚʝ ʝʢʩʧʝʨʠʤʝʥʪʝ 

ʛʜʝ ʩʝ ʢʦʠʥʮʠʜʝʥʪʥʠ ʜʦʛʘʹʘʿʠ ʢʦʨʠʩʪʝ ʟʘ ʦʜʨʝʹʠʚʘˁʝ ʝʬʠʢʘʩʥʦʩʪʠ ʜʝʪʝʢʮʠʿʝ ʠʟʚʝʣʠ ʩʫ 

Geiger ʠ Werner [23]. ʋ ʥʘʨʝʜʥʦʤ ʧʝʨʠʦʜʫ ʥʘʢʦʥ ʨʘʟʚʦʿʘ ʝʣʝʢʪʨʦʥʠʢʝ ʟʘ ʨʝʛʠʩʪʨʦʚʘˁʝ 

ʢʦʠʥʮʠʜʝʥʪʥʠʭ ʜʦʛʘʹʘʿʘ ʩʣʝʜʠ ʩʚʝ ʚʝ˂ʘ ʧʨʠʤʝʥʘ ʢʦʠʥʮʠʜʝʥʪʥʝ ʪʝʭʥʠʢʝ ʫ ʨʘʟʥʠʤ 

ʦʙʣʘʩʪʠʤʘ ʥʫʢʣʝʘʨʥʝ ʬʠʟʠʢʝ [24]. Von Baeyer 1935. [25] ʿʝ ʧʨʚʠ ʧʨʠʤʝʥʠʦ 

ʢʦʠʥʮʠʜʝʥʪʥʠ ʤʝʪʦʜ ʟʘ ʦʜʨʝʹʠʚʘˁʝ ʘʢʪʠʚʥʦʩʪʠ ʠʟʚʦʨʘ ʥʘ ʦʩʥʦʚʫ ʩʠʤʫʣʪʘʥʝ ʝʤʠʩʠʿʝ 

ʜʚʘ ʨʘʜʠʦʘʢʪʠʚʥʘ ʟʨʘʢʘ ʢʦʿʘ ʩʝ ʝʤʠʪʫʿʫ ʧʨʠʣʠʢʦʤ ʪʨʘʥʩʬʦʨʤʘʮʠʿʝ ʿʝʟʛʘʨʘ. ɼʝʪʘˀʘʥ 

ʧʨʝʛʣʝʜ ʨʘʥʦʛ ʨʘʟʚʦʿʘ ʢʦʠʥʮʠʜʝʥʪʥʝ ʪʝʭʥʠʢʝ ʜʘʪ ʿʝ ʫ [26]. ɼʘʥʘʩ ʩʫ ʧʨʠʥʮʠʧʠ ʤʝʨʝˁʘ 

ʢʦʠʥʮʠʜʝʥʪʥʦʤ ʪʝʭʥʠʢʦʤ ʫ ʥʫʢʣʝʘʨʥʦʿ ʬʠʟʠʮʠ ʜʦʙʨʦ ʜʝʬʠʥʠʩʘʥʠ (ʚʠʜʝʪʠ ʥʘ ʧʨʠʤʝʨ 

[27]). ʉ ʦʙʟʠʨʦʤ ʥʘ ʤʦʛʫ˂ʥʦʩʪ ʧʨʠʤʝʥʝ ʥʘ ʚʝʣʠʢʠ ʙʨʦʿ ʨʘʜʠʦʠʟʦʪʦʧʘ ʠ ʪʘʯʥʦʩʪ ʤʝʪʦʜʝ, 

ʢʦʠʥʮʠʜʝʥʪʥʘ ʪʝʭʥʠʢʘ ʿʝ ʧʨʠʭʚʘ˂ʝʥʘ ʢʘʦ ʩʪʘʥʜʘʨʜ ʟʘ ʤʝʨʝˁʝ ʘʧʩʦʣʫʪʥʝ ʘʢʪʠʚʥʦʩʪʠ. 

ʂʦʠʥʮʠʜʝʥʪʥʘ ʪʝʭʥʠʢʘ ʩʝ ʢʦʨʠʩʪʠ ʠ ʫʩʘʚʨʰʘʚʘ ʫ ʧʨʘʢʪʠʯʥʦ ʩʚʠʤ ʣʘʙʦʨʘʪʦʨʠʿʘʤʘ ʛʜʝ ʩʝ 

ʧʨʦʠʟʚʦʜʝ ʩʪʘʥʜʘʨʜʥʠ ʠʟʚʦʨ ʠʣʠ ʧʦʩʪʦʿʠ ʧʦʪʨʝʙʘ ʟʘ ʩʪʘʥʜʘʨʜʠʟʘʮʠʿʦʤ ʠ ʫʧʦʪʨʝʙʦʤ 

ʢʘʣʠʙʨʘʮʠʦʥʠʭ ʨʘʜʠʦʘʢʪʠʚʥʠʭ ʠʟʚʦʨʘ ʚʠʩʦʢʝ ʪʘʯʥʦʩʪʠ. 
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ʉʪʘʥʜʘʨʜʥʘ ʠʣʠ ʢʦʥʚʝʥʮʠʦʥʘʣʥʘ ʢʦʥʬʠʛʫʨʘʮʠʿʘ ʢʦʠʥʮʠʜʝʥʪʥʝ ʪʝʭʥʠʢʝ ʟʘ 

ʤʝʨʝˁʝ ʘʧʩʦʣʫʪʥʝ ʘʢʪʠʚʥʦʩʪʠ ʧʦʜʨʘʟʫʤʝʚʘ ʫʧʦʪʨʝʙʫ ʜʚʘ ʜʝʪʝʢʪʦʨʘ ʦʜ ʢʦʿʠʭ ʿʝ ʫ 

ʠʜʝʘʣʥʦʤ ʩʣʫʯʘʿʫ ʩʚʘʢʠ ʦʩʝʪˀʠʚ ʩʘʤʦ ʥʘ ʿʝʜʘʥ ʪʠʧ ʟʨʘʯʝˁʘ [2]. ɼʝʪʝʢʪʦʨʠ ʩʫ ʧʦʚʝʟʘʥʠ 

ʥʘ ʢʦʠʥʮʠʜʝʥʪʥʦ ʢʦʣʦ ʯʠʿʠ ʿʝ ʟʘʜʘʪʘʢ ʜʘ ʨʝʛʠʩʪʨʫʿʝ ʜʦʛʘʹʘʿ ʩʠʤʫʣʪʘʥʝ ʜʝʪʝʢʮʠʿʝ ʜʚʝ 

ʯʝʩʪʠʮʝ ʨʘʟʣʠʯʠʪʦʛ ʪʠʧʘ. ʋ ʠʜʝʘʣʥʦʤ ʩʣʫʯʘʿʫ, ʜʝʪʝʢʪʦʨ ʥʘʝʣʝʢʪʨʠʩʘʥʠʭ ʯʝʩʪʠʮʘ 

ʦʧʢʦˀʘʚʘ ʮʝʦ ʠʟʚʦʨ, ʧʨʠ ʯʝʤʫ  ʩʝ ʝʬʝʢʘʪ ʫʛʘʦʥʠʭ ʢʦʨʝʣʘʮʠʿʘ ʯʝʩʪʠʮʘ ʨʘʟʣʠʯʠʪʦʛ ʪʠʧʘ 

ʧʦʥʠʰʪʘʚʘ. ɿʘ ʜʝʪʝʢʮʠʿʫ ʥʘʝʣʝʢʪʨʠʩʘʥʠʭ ʯʝʩʪʠʮʘ ʤʦʞʝ ʩʣʫʞʠʪʠ ʛʘʩʥʠ ʙʨʦʿʘʯ ʠʣʠ ʪʝʯʥʠ 

ʩʮʠʥʪʠʣʘʪʦʨ. ɼʝʪʝʢʪʦʨ ʟʘ ʛʘʤʘ ʟʨʘʯʝˁʝ ʤʦʞʝ ʙʠʪʠ ʧʦʣʫʧʨʦʚʦʜʥʠʯʢʠ ʠʣʠ 

ʩʮʠʥʪʠʣʘʮʠʦʥʠ ʩʘ ʟʘʰʪʠʪʦʤ ʢʘʢʦ ʥʝ ʙʠ ʜʝʪʝʢʪʦʚʘʦ ʥʘʝʣʝʢʪʨʠʩʘʥʝ ʯʝʩʪʠʮʝ. 

ʇʨʠʥʮʠʧʠʿaʣʥʘ ʰʝʤʘ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʝ ʧʦʩʪʘʚʢʝ ʛʜʝ ʩʝ ʟʘ ʜʝʪʝʢʮʠʿʫ ʥʘʝʣʝʢʪʨʠʩʘʥʠʭ 

ʯʝʩʪʠʮʘ ʢʦʨʠʩʪʠ ʧʨʦʧʦʨʮʠʦʥʘʣʥʠ ʙʨʦʿʘʯ, ʘ ʟʘ ʜʝʪʝʢʮʠʿʫ ʛʘʤʘ ʟʨʘʯʝˁʘ ʩʮʠʥʪʠʣʘʮʠʦʥʠ, 

ʧʨʠʢʘʟʘʥʘ ʿʝ ʥʘ ʉʣʠʮʠ 3.3.ʘ.   

 

    
ʘ)      ʙ) 

 
ʉʣʠʢʘ 3.3 ʘ) ɽʢʩʧʝʨʠʤʝʥʪʘʣʥʘ ʧʦʩʪʘʚʢʘ ʢʦʠʥʮʠʜʝʥʪʥʝ ʪʝʭʥʠʢʝ ʩʘ ʜʚʘ ʜʝʪʝʢʪʦʨʘ. ɿʘ ʜʝʪʝʢʮʠʿʫ 

ʥʘʝʣʝʢʪʨʠʩʘʥʠʭ ʯʝʩʪʠʮʘ ʢʦʨʠʩʪʠ ʩʝ ʧʨʦʧʦʨʮʠʦʥʘʣʥʠ ʙʨʦʿʘʯ ʫ 4ˊ ʛʝʦʤʝʪʨʠʿʠ, ʘ ʟʘ ʜʝʪʝʢʪʦʚʘˁʝ ɔ-ʟʨʘʯʝˁʘ 

ʩʮʠʥʪʠʣʘʮʠʦʥʠ NaI ʜʝʪʝʢʪʦʨ. ʙ)  ʇʨʦʩʪʘ ʰʝʤʘ ʨʘʩʧʘʜʘ ʥʝʢʦʛ ʨʘʜʠʦʠʟʦʪʦʧʘ ʢʦʿʘ ʟʙʦʛ ʧʦʩʪʦʿʘˁʘ 

ʚʝʨʦʚʘʪʥʦ˂ʝ ʝʤʠʩʠʿʝ ɔ-ʟʨʘʯʝˁʘ ʧʨʠ ʨʘʩʧʘʜʫ ʦʤʦʛʫ˂ʘʚʘ ʧʨʠʤʝʥʫ ʢʦʠʥʮʠʜʝʥʪʥʝ ʪʝʭʥʠʢʝ.   
 

ɿʘ ʧʨʦʩʪʫ ʰʝʤʫ ʨʘʩʧʘʜʘ ʧʨʠʢʘʟʘʥʦʿ ʥʘ ʉʣʠʮʠ 3.3.ʙ, ʫ ʢʦʿʦʿ ʿʝ ɓ-ʨʘʩʧʘʜ ʧʨʘ˂ʝʥ 

ʤʦʛʫ˂ʦʤ ʝʤʠʩʠʿʦʤ ʿʝʜʥʦʛ ʬʦʪʦʥʘ, ʙʨʦʿ ʨʝʛʠʩʪʨʦʚʘʥʠʭ ʜʦʛʘʹʘʿʘ ʫ ʿʝʜʠʥʠʮʠ ʚʨʝʤʝʥʘ ʫ 

ʢʘʥʘʣʫ ʢʦʿʠ ʦʜʛʦʚʘʨʘ ɓ-ʜʝʪʝʢʪʦʨʫ ʿʝ:  

 

bb eAN = ,     (3.4.1) 

 

ʛʜʝ ʿʝ A ʘʢʪʠʚʥʦʩʪ ʫʟʦʨʢʘ ʠ beʝʬʠʢʘʩʥʦʩʪ ʜʝʪʝʢʮʠʿʝ ʙʝʪʘ-ʯʝʩʪʠʮʘ.  

ʋ ʛʘʤʘ ʜʝʪʝʢʪʦʨʫ, ʙʨʦʿ ʨʝʛʠʩʪʨʦʚʘʥʠʭ ʜʦʛʘʹʘʿʘ ʫ ʿʝʜʠʥʠʮʠ ʚʨʝʤʝʥʘ  ʿʝ: 

 

ggg eApN = ,      (3.4.2) 

 

ʛʜʝ ʿʝ gp  ʚʝʨʦʚʘʪʥʦ˂ʘ ʟʘ ʝʤʠʩʠʿʫ ʛʘʤʘ-ʬʦʪʦʥʘ, ʘ geʚʝʨʦʚʘʪʥʦ˂ʘ ʟʘ ʜʝʪʝʢʮʠʿʫ ʛʘʤʘ 

ʬʦʪʦʥʘ (ʧʦʪʧʫʥʘ ʠʣʠ ʜʝʣʠʤʠʯʥʘ ʘʧʩʦʨʧʮʠʿʘ). 

ʋ ʠʜʝʘʣʥʦʤ ʩʣʫʯʘʿʫ, ʙʨʦʿ ʢʦʠʥʮʠʜʝʥʪʥʠʭ ʜʦʛʘʹʘʿʘ ʢʦʿʝ ʨʝʛʠʩʪʨʫʿʝ ʦʜʛʦʚʘʨʘʿʫ˂ʝ 

ʢʦʣʦ ʿʝ: 
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bgg eeApNc = ,       (3.4.3) 

 

ʧʨʠ ʯʝʤʫ ʫʢʦʣʠʢʦ ʿʝ ʨʝʛʠʩʪʨʦʚʘʥ ʢʦʠʥʮʠʜʝʥʪʥʠ ʜʦʛʘʹʘʿ, ʥʝ ʜʦʣʘʟʠ ʜʦ ʛʫʙʠʪʢʘ ʦʜʙʨʦʿʘ ʫ 

ʨʝʛʫʣʘʨʥʠʤ ʢʘʥʘʣʠʤʘ. 

ʀʟ ʿʝʜʥʘʯʠʥʘ (3.4.1), (3.4.2) ʠ (3.4.3) ʤʦʛʫ ʩʝ ʝʣʠʤʠʥʠʩʘʪʠ ʥʝʧʦʟʥʘʪʝ 

ʝʬʠʢʘʩʥʦʩʪʠ ʯʠʤʝ ʩʝ ʜʦʙʠʿʘ ʬʦʨʤʫʣʘ ʟʘ ʦʜʨʝʹʠʚʘˁʝ ʘʢʪʠʚʥʦʩʪʠ 
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N N
A

N

b g
= .     (3.4.4) 

 

ʌʫʥʜʘʤʝʥʪʘʣʥʘ ʚʘʞʥʦʩʪ ʨʝʣʘʮʠʿʝ (3.4.4) ʿʝ ʧʨʠʥʮʠʧʠʿʘʣʥʘ ʤʦʛʫ˂ʥʦʩʪ ˁʝʥʝ 

ʧʨʠʤʝʥʝ ʟʘ ʘʧʩʦʣʫʪʥʦ ʤʝʨʝˁʝ ʘʢʪʠʚʥʦʩʪʠ ɓ-ʝʤʠʪʝʨʘ ʯʠʿʠ ʨʘʩʧʘʜ ʤʦʞʝ ʙʠʪʠ ʧʨʘ˂ʝʥ 

ʝʤʠʩʠʿʦʤ ɔ-ʠʣʠ ɉ-ʬʦʪʦʥʠʤʘ, ʙʝʟ ʧʦʟʥʘʚʘˁʘ ʝʬʠʢʘʩʥʦʩʪʠ ʜʝʪʝʢʪʦʨʘ. ʄʝʪʦʜ ʿʝ 

ʧʨʠʤʝʥˀʠʚ ʠ ʥʘ Ŭ-ʝʤʠʪʝʨʝ ʯʠʿʠ ʨʘʩʧʘʜ ʤʦʞʝ ʙʠʪʠ ʧʨʘ˂ʝʥ ʝʤʠʩʠʿʦʤ ɔ- ʠʣʠ X-ʬʦʪʦʥʠʤʘ 

[28]. 

ʌʦʨʤʫʣʘ (3.4.4) ʠ ʧʨʠʥʮʠʧ ʢʦʠʥʮʠʜʝʥʪʥʦʛ ʤʝʨʝˁʘ ʠʧʘʢ ʠʤʘ ʠʟʚʝʩʥʘ ʦʛʨʘʥʠʯʝˁʘ 

ʫ ʩʤʠʩʣʫ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʠʭ ʫʩʣʦʚʘ ʠ ʰʝʤʝ ʨʘʩʧʘʜʘ. ʇʨʠ ʨʝʘʣʠʟʘʮʠʿʠ ʝʢʩʧʝʨʠʤʝʥʪʘ, 

ʜʝʪʝʢʪʦʨʠ ʥʝ ʤʦʛʫ ʙʠʪʠ 100% ʦʩʝʪˀʠʚʠ ʩʘʤʦ ʥʘ ʿʝʜʘʥ ʪʠʧ ʟʨʘʯʝˁʘ. ʄʦʛʫ˂ʥʦʩʪ 

ʢʦʤʧʪʦʥʦʚʦʛ ʨʘʩʝʿʘˁʘ ʤʦʞʝ ʜʦʧʨʠʥʝʪʠ ʣʘʞʥʦʤ ʢʦʠʥʮʠʜʝʥʪʥʦʤ ʜʦʛʘʹʘʿʫ. 

ʂʦʠʥʮʠʜʝʥʪʥʦ ʢʦʣʦ ʥʝ ʤʦʞʝ ʩʝ ʧʦʥʘʰʘʪʠ ʠʜʝʘʣʥʦ ʪʘʢʦ ʜʘ ʠʟʚʝʩʪʘʥ ʙʨʦʿ ʢʦʠʥʮʠʜʝʥʪʥʠʭ 

ʜʦʛʘʹʘʿʘ ʥʝ ʦʜʛʦʚʘʨʘ ʩʪʚʘʨʥʠʤ ʢʦʠʥʮʠʜʝʥʮʠʿʘʤʘ [29].  

ʅʘ ʉʣʠʮʠ 3.4 ʿʝ ʧʨʠʢʘʟʘʥ ʩʣʫʯʘʿ ʠʜʝʘʣʥʦʛ ʠ ʥʝʠʜʝʘʣʥʦʛ ʧʦʥʘʰʘˁʘ 

ʢʦʠʥʮʠʜʝʥʪʥʦʛ ʢʦʣʘ. ʋ ʠʜʝʘʣʥʦʤ ʩʣʫʯʘʿʫ ʩʠʛʥʘʣʠ ʢʦʿʠ ʧʨʠʩʪʠʞʫ ʥʘ ʢʦʠʥʮʠʜʝʥʪʥʦ ʢʦʣʦ 

ʠʤʘʿʫ ʧʨʘʚʦʫʛʘʦʥʠ ʦʙʣʠʢ ʠ ʠʩʪʫ ʜʫʞʠʥʫ ʪʨʘʿʘˁʘ Ű. ʋʢʦʣʠʢʦ ʩʫ ʜʝʪʝʢʪʦʨʠ ʚʨʝʤʝʥʩʢʠ 

ʫʩʘʛʣʘʰʝʥʠ, ʩʠʛʥʘʣʠ ʫ ʧʨʚʦʤ ʠ ʜʨʫʛʦʤ ʢʘʥʘʣʫ ʢʦʿʠ ʩʝ ʧʨʝʢʣʘʧʘʿʫ ʫʥʫʪʘʨ ʚʨʝʤʝʥʘ 

ʨʝʟʦʣʫʮʠʿʝ ʢʦʠʥʮʠʜʝʥʪʥʦʛ ʢʦʣʘ 2Ű ʙʠ˂ʝ ʟʘʙʝʣʝʞʝʥʠ ʢʘʦ ʢʦʠʥʮʠʜʝʥʪʥʠ ʜʦʛʘʹʘʿʠ. ɸʢʦ 

ʜʝʪʝʢʪʦʨʠ ʥʠʩʫ ʚʨʝʤʝʥʩʢʠ ʫʩʘʛʣʘʰʝʥʠ, ʪʿ. ʧʦʩʪʦʿʠ ʚʨʝʤʝʥʩʢʘ ʨʘʟʣʠʢʘ ʢʦʿʘ ʿʝ ʚʝ˂ʘ ʦʜ Ű 

(ʚʨʝʤʝ ʪʨʘʿʘˁʘ ʩʠʛʥʘʣʘ) ʠʟʤʝʹʫ ʩʠʛʥʘʣʘ ʢʦʿʠ ʩʫ ʩʝ ʜʦʛʦʜʠʣʠ ʫ ʠʩʪʦʤ ʪʨʝʥʫʪʢʫ, 

ʢʦʠʥʮʠʜʝʥʪʥʠ ʜʦʛʘʹʘʿ ʥʝ˂ʝ ʙʠʪʠ ʨʝʛʠʩʪʨʦʚʘʥ. ʅʝʧʨʘʚʠʣʘʥ ʦʙʣʠʢ ʩʠʛʥʘʣʘ ʫʚʦʜʠ 

ʜʦʜʘʪʥʠ ʧʨʦʙʣʝʤ ʛʜʝ ʫ ʟʘʚʠʩʥʦʩʪʠ ʦʜ ʥʘʯʠʥʘ ʧʨʝʢʣʘʧʘˁʘ ʤʦʞʝ ʜʦʹʠ ʜʦ ʛʫʙʠʪʢʘ ʫ 

ʦʜʙʨʦʿʫ ʢʦʠʥʮʠʜʝʥʪʥʠʭ ʜʦʛʘʹʘʿʘ.     

 
ʉʣʠʢʘ 3.4 ʇʨʠʥʮʠʧʠʿʘʣʥʠ ʧʨʦʙʣʝʤʠ ʢʦʠʥʮʠʜʝʥʪʥʦʛ ʙʨʦʿʘˁʘ. ʘ) ʀʜʝʘʣʥʠ ʩʣʫʯʘʿ ʛʜʝ ʩʠʛʥʘʣʠ ʢʦʿʠ ʩʝ 

ʜʦʚʦʜʝ ʥʘ ʢʦʠʥʮʥʜʝʥʪʥʦ ʢʦʣʦ ʠʤʘʿʫ ʧʨʘʚʦʫʛʘʦʥʠ ʦʙʣʠʢ, ʠ ʧʨʝʢʣʘʧʘˁʝ ʫʥʫʪʘʨ ʚʨʝʤʝʥʘ ʨʝʟʦʣʫʮʠʿʝ 2Ű ʫʚʝʢ 

ʜʘʿʝ ʦʜʙʨʦʿ ʫ ʢʦʠʥʮʥʜʝʥʪʥʦʤ ʢʘʥʘʣʫ.  ʙ) ʩʠʛʥʘʣʠ ʠʤʘʿʫ ʠʜʝʘʣʥʠ ʦʙʣʠʢ, ʘʣʠ ʚʨʝʤʝʥʩʢʠ ʢʦʣʦ ʥʠʿʝ 

ʫʩʘʛʣʘʰʝʥʦ, ʪʿ. ʧʦʩʪʦʿʠ ʠʟʚʝʩʥʦ ʢʘʰˁʝʥʝ ʩʠʛʥʘʣʘ ʫ ʜʨʫʛʦʤ ʢʘʥʘʣʫ ʪʝ ʩʝ ʢʦʠʥʮʠʜʝʥʪʥʠ ʜʦʛʘʹʘʿ ʥʝ 

ʨʝʛʠʩʪʨʫʿʝ. ʚ) ʩʠʛʥʘʣʠ ʥʠʩʫ ʠʜʝʘʣʥʦʛ ʦʙʣʠʢʘ ʰʪʦ ʫʟʨʦʢʫʿʝ ʜʘ ʩʫʤʘʨʥʠ ʩʠʛʥʘʣ ʥʝ ʧʨʝʚʘʟʠʣʘʟʠ ʢʨʠʪʝʨʠʿʫʤ 

ʟʘ ʨʝʛʠʩʪʨʦʚʘˁʝ ʢʦʠʥʮʠʜʝʥʪʥʦʛ ʜʦʛʘʹʘʿʘ.  
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ʋʢʦʣʠʢʦ ʩʝ ʘʢʪʠʚʥʦʩʪ ʤʝʨʠ ʥʘ ʚʝ˂ʠʤ ʙʨʟʠʥʘʤʘ ʙʨʦʿʘˁʘ ʥʝʦʧʭʦʜʥʝ ʩʫ ʢʦʨʝʢʮʠʿʝ 

ʥʘ ʩʣʫʯʘʿʥʝ ʢʦʠʥʮʠʜʝʥʮʠʿʝ [30]. ʅʘ ʧʨʠʤʝʨ, ʘʢʦ ʩʝ ʜʝʩʝ ʜʚʘ ʨʘʩʧʘʜʘ ʫʥʫʪʘʨ ʚʨʝʤʝʥʘ Ű, 

ʧʦʩʪʦʿʠ ʤʦʛʫ˂ʥʦʩʪ ʜʘ ʩʝ ʦʜ ʿʝʜʥʦʛ ʿʝʟʛʨʘ ʜʝʪʝʢʪʫʿʝ ʥʘʝʣʝʢʪʨʠʩʘʥʘ ʯʝʩʪʠʮʘ, ʘ ʦʜ ʜʨʫʛʦʛ ɔ-

ʬʦʪʦʥ. ʋ ʪʦʤ ʩʣʫʯʘʿʫ ʨʝʛʠʩʪʨʦʚʘʥʘ ʿʝ ʩʣʫʯʘʿʥʘ ʢʦʠʥʮʠʜʝʥʮʠʿʘ, ʧʘ ʩʝ ʙʨʦʿ ʨʝʛʠʩʪʨʦʚʘʥʠʭ 

ʢʦʠʥʮʠʜʝʥʮʠʿʘ ʤʦʨʘ ʢʦʨʠʛʦʚʘʪʠ ʥʘ ʩʣʫʯʘʿʥʝ ʜʦʛʘʹʘʿʝ. 

ʉ ʦʙʟʠʨʦʤ ʜʘ ʿʝ ʧʨʘʚʘʮ ʝʤʠʩʠʿʝ ɔ-ʬʦʪʦʥʘ ʩʧʨʝʛʥʫʪ ʩʘ ʧʨʘʚʮʝʤ ʝʤʠʩʠʿʝ 

ʥʘʝʣʝʢʪʨʠʩʘʥʝ ʯʝʩʪʠʮʝ (ʝʬʝʢʘʪ ʫʛʘʦʥʠʭ ʢʦʨʝʣʘʮʠʿʘ) ʫʢʦʣʠʢʦ ɓ- ʠʣʠ Ŭ-ʙʨʦʿʘʯ ʥʝ 

ʦʧʢʦˀʘʚʘ ʮʝʦ ʠʟʚʦʨ, ʧʦʪʨʝʙʥʝ ʩʫ ʨʘʯʫʥʩʢʝ ʢʦʨʝʢʮʠʿʝ. ʋ ʧʨʘʢʩʠ, ʝʬʝʢʘʪ ʫʛʘʦʥʠʭ 

ʢʦʨʝʣʘʮʠʿʘ ʩʝ ʧʦʥʠʰʪʘʚʘ ʧʦʩʪʘʚˀʘˁʝʤ ʠʟʚʦʨʘ ʫʥʫʪʘʨ ʙʨʦʿʘʯʘ ʥʘʝʣʝʢʪʨʠʩʘʥʠʭ ʯʝʩʪʠʮʘ 

(4ˊ-ʛʝʦʤʝʪʨʠʿʘ). ʄʝʹʫʪʠʤ, ʫʢʦʣʠʢʦ ʘʧʩʦʨʧʮʠʿʘ ʫʥʫʪʘʨ ʠʟʚʦʨʘ ʥʠʿʝ ʠʟʦʪʨʦʧʥʘ, ʝʬʝʢʘʪ 

ʫʛʘʦʥʠʭ ʢʦʨʝʣʘʮʠʿʘ ʤʦʞʝ ʫʪʠʮʘʪʠ ʥʘ ʨʝʟʫʣʪʘʪʝ ʤʝʨʝˁʘ.  

ʌʦʨʤʫʣʘ (3.4.4) ʥʠʿʝ ʧʨʠʤʝʥˀʠʚʘ ʟʘ ʨʘʩʧʨʦʩʪʨʘˁʝʥʝ ʫʟʦʨʢʝ ʿʝʨ ʝʬʠʢʘʩʥʦʩʪ 

ʟʘʚʠʩʠ ʦʜ ʧʦʣʦʞʘʿʘ ʩʘʤʦʛ ʝʤʠʪʝʨʘ ʫʥʫʪʘʨ ʠʟʚʦʨʘ. ʉʘʤʦ ʫ ʩʧʝʮʠʿʘʣʥʦʤ ʩʣʫʯʘʿʫ ʢʘʜʘ ʿʝ 

ʠʩʧʫˁʝʥ ʫʩʣʦʚ ʜʘ ʿʝ ʧʨʦʠʟʚʦʜ ʩʨʝʜˁʠʭ ʝʬʠʢʘʩʥʦʩʪʠ ɓ ʠ ɔ ʢʘʥʘʣʘ ʿʝʜʥʘʢ ʩʨʝʜˁʦʿ 

ʚʨʝʜʥʦʩʪʠ ʧʨʦʠʟʚʦʜʘ ʝʬʠʢʘʩʥʦʩʪʠ ɓ ʠ ɔ ʢʘʥʘʣʘ [29]: 

 

gbgb eeee Ö=Ö ,     (3.4.5) 

 

ʌʦʨʤʫʣʘ (3.4.4) ʿʝ ʝʛʟʘʢʪʥʘ. ʉʣʝʜʠ ʜʦʢʘʟ. 

 ɸʢʦ ʩʫ ʝʬʠʢʘʩʥʦʩʪʠ ʨʘʟʣʠʯʠʪʝ, ʦʜʙʨʦʿ ʫ ɓ-ʢʘʥʘʣʫ ʿʝ 
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=ä ,      (3.4.6) 

 

ʛʜʝ ʿʝ a ʘʢʪʠʚʥʦʩʪ ʝʣʝʤʝʥʪʘʨʥʦʛ ʠʟʚʦʨʘ ʫʥʫʪʘʨ ʨʘʩʧʨʦʩʪʨʘˁʝʥʦʛ ʫʟʦʨʢʘ ʢʦʿʠ ʿʝ ʠʟʜʝˀʝʥ 

ʥʘ n-ʠʟʚʦʨʘ; Ůɓi ʿʝ ʝʬʠʢʘʩʥʦʩʪ ʟʘ i ï ʪʠ ʠʟʚʦʨ. ʉʣʠʯʥʦ, ʟʘ ʛʘʤʘ ʢʘʥʘʣ ʚʘʞʠ: 
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= ä      (3.4.7) 

 

ʛʜʝ ʿʝ Ůɔi ʝʬʠʢʘʩʥʦʩʪ ʟʘ i ï ʪʠ ʠʟʚʦʨ. ʆʜʙʨʦʿ ʫ ʢʦʠʥʮʠʥʜʝʥʪʥʦʤ ʢʘʥʘʣʫ ʿʝ: 
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= ä .     (3.4.8) 

 

ʌʦʨʤʫʣʝ (3.4.6), (3.4.7) ʠ (3.4.8) ʤʦʛʫ ʩʝ ʥʘʧʠʩʘʪʠ ʠ ʥʘ ʜʨʫʛʘʯʠʿʠ ʥʘʯʠʥ ʘʢʦ ʩʝ ʫʟʤʫ ʫ 

ʦʙʟʠʨ ʜʝʬʠʥʠʮʠʿʝ ʩʨʝʜˁʠʭ ʚʨʝʜʥʦʩʪʠ: 
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Ö = Öä ,  (3.4.9) 

 

ʧʨʠ ʯʝʤʫ ʿʝ ʫʢʫʧʥʘ ʘʢʪʠʚʥʦʩʪ ʠʟʚʦʨʘ  

 

A a n= Ö.      (3.4.10) 

 

ʋʢʦʣʠʢʦ ʿʝ ʟʘʜʦʚʦˀʝʥ ʫʩʣʦʚ (3.4.5), ʿʘʩʥʦ ʿʝ ʜʘ ʩʝ ʠʟ (3.4.6), (3.4.7) ʠ (3.4.8) ʜʦʙʠʿʘ 

(3.4.4). ʄʝʹʫʪʠʤ, ʫ ʧʨʘʢʩʠ ʿʝ ʫʩʣʦʚ (3.4.5) ʚʨʣʦ ʨʝʪʢʦ ʟʘʜʦʚʦˀʝʥ, ʧʘ ʿʝ ʟʘ ʤʝʨʝˁʝ 
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ʘʢʪʠʚʥʦʩʪʠ ʢʦʠʥʮʠʜʝʥʪʥʦʤ ʪʝʭʥʠʢʦʤ ʧʦʪʨʝʙʥʦ ʨʘʩʧʦʣʘʛʘʪʠ ʠʟʚʦʨʠʤʘ ʚʝʦʤʘ ʤʘʣʠʭ 

ʜʠʤʝʥʠʟʿʘ, ʪʿ. ʫ ʪʘʯʢʘʩʪʦʿ ʛʝʦʤʝʪʨʠʿʠ. 

ɿʘ ʨʘʜʠʦʠʟʦʪʦʧʝ ʩʘ ʩʣʦʞʝʥʦʤ ʰʝʤʦʤ ʨʘʩʧʘʜʘ (ʤʦʛʫ˂ʥʦʩʪ ʝʤʠʩʠʿʝ ʚʠʰʝ ʛʘʤʘ 

ʢʚʘʥʘʪʘ ʠ ʝʤʠʩʠʿʘ ʢʦʥʚʝʨʟʠʦʥʠʭ ʝʣʝʢʪʨʦʥʘ), ʢʦʠʥʮʠʜʝʥʪʥʠ ʤʝʪʦʜ ʩʝ ʧʨʘʢʪʠʯʥʦ ʩʚʦʜʠ 

ʥʘ ʤʝʪʦʜ 100% ʝʬʠʢʘʩʥʦʩʪʠ. ʋ ʦʚʦʤ ʩʣʫʯʘʿʫ ʥʝ ʧʨʠʤʝˁʫʿʝ ʩʝ ʜʠʨʝʢʪʥʦ ʌʦʨʤʫʣʘ (3.4.4). 

ʇʨʝʪʧʦʩʪʘʚˀʘ ʩʝ ʜʘ ʿʝ ʧʦʩʪʠʛʥʫʪʘ ʝʬʠʢʘʩʥʦʩʪ ʥʘʝʣʝʢʪʨʠʩʘʥʠʭ ʯʝʩʪʠʮʘ 100%, ʘʣʠ ʟʙʦʛ 

ʜʦˁʝʛ ʥʠʚʦʘ ʜʠʩʢʨʠʤʠʥʘʪʦʨʘ (LLD) ʥʠʿʝ ʤʦʛʫ˂ʝ ʜʝʪʝʢʪʦʚʘʪʠ ʩʚʝ ʥʘʝʣʝʢʪʨʠʩʘʥʝ 

ʯʝʩʪʠʮʝ. ʀʟʨʘʟ ʢʦʿʠ ʩʝ ʫʟʠʤʘ ʢʘʦ ʥʝʟʘʚʠʩʥʘ ʧʨʦʤʝʥˀʠʚʘ ʠ ʢʦʿʘ ʟʘʚʠʩʠ ʦʜ ʝʬʠʢʘʩʥʦʩʪʠ 

ʥʘʝʣʝʢʪʨʠʩʘʥʠʭ ʯʝʩʪʠʮʘ ʿʝ ʜʘʪʘ ʧʨʝʢʦ 

 

/ 1cN Ng - .     (3.4.11) 

 

ɿʘ ʧʨʦʩʪʫ ʰʝʤʫ ʨʘʩʧʘʜʘ ʢʘʦ ʥʘ ʉʣʠʮʠ 3.3.ʙ ʌʦʨʤʫʣʘ (3.4.11) ʠʟʨʘʞʝʥʘ ʧʨʝʢʦ 

ʝʬʠʢʘʩʥʦʩʪʠ ʠʤʘ ʦʙʣʠʢ 

 

1/ 1be- .     (3.4.12) 

 

ʄʝˁʘˁʝ ʝʬʠʢʘʩʥʦʩʪʠ ʥʘʝʣʝʢʪʨʠʩʘʥʠʭ ʯʝʩʪʠʮʘ 
b
e  ʩʝ ʧʨʘʢʪʠʯʥʦ ʚʨʰʠ ʫʤʝʪʘˁʝʤ 

ʘʧʩʦʨʙʝʨʘ ʨʘʟʣʠʯʠʪʠʭ ʜʝʙˀʠʥʘ ʠʣʠ ʤʝˁʘˁʝʤ ʥʠʚʦʘ ʜʠʩʢʨʠʤʠʥʘʪʦʨʘ ʫ ɓ-ʢʘʥʘʣʫ. ɿʘ 

ʨʘʟʣʠʯʠʪʝ ʚʨʝʜʥʦʩʪʠ ʜʦˁʝʛ ʥʠʚʦʘ ʜʠʩʢʨʠʤʠʥʘʪʦʨʘ ʠʣʠ ʜʝʙˀʠʥʝ ʘʧʩʦʨʙʝʨʘ ʤʝʨʠ ʩʝ 

ʦʜʙʨʦʿ ʫ ʢʘʥʘʣʫ ʛʘʤʘ ʬʦʪʦʥʘ, ʫ ʢʘʥʘʣʫ ʥʘʝʣʝʢʪʨʠʩʘʥʠʭ ʯʝʩʪʠʮʘ ʠ ʢʦʠʥʮʠʜʝʥʪʥʦʤ 

ʢʘʥʘʣʫ. ɿʘ ʦʚʝ ʧʦʜʘʪʢʝ,  ʮʨʪʘ ʩʝ ʛʨʘʬʠʢ ʘʢʪʠʚʥʦʩʪʠ ʢʦʿʘ ʩʝ ʨʘʯʫʥʘ ʧʦʤʦ˂ʫ (3.4.4) ʫ 

ʟʘʚʠʩʥʦʩʪʠ ʦʜ (3.4.11). ɽʢʩʪʨʘʧʦʣʘʮʠʿʦʤ ʬʠʪʘ ʢʦʿʠ ʿʝ ʫ ʠʜʝʘʣʥʦʤ ʩʣʫʯʘʿʫ ʣʠʥʝʘʨʘʥ, ʥʘ 

ʚʨʝʜʥʦʩʪ ʛʜʝ ʿʝ 1
b
e = , ʜʦʙʠʿʘ ʩʝ ʘʢʪʠʚʥʦʩʪ ʫʟʦʨʢʘ. ʇʨʠʤʝʨ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʠʭ 

ʨʝʟʫʣʪʘʪʘ ʩʘ ʜʦʙʨʦʤ ʣʠʥʝʘʨʥʦʰ˂ʫ ʿʝ ʧʨʠʢʘʟʘʥ ʥʘ ʉʣʠʮʠ 3.5, ʜʦʢ ʿʝ  ʥʘ ʉʣʠʮʠ 3.6. 

ʧʨʠʢʘʟʘʥ ʧʨʠʤʝʨ ʛʜʝ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʠ ʨʝʟʫʣʪʘʪʠ ʥʝ ʤʦʛʫ ʙʠʪʠ ʬʠʪʦʚʘʥʠ ʣʠʥʝʘʨʥʦʤ 

ʬʫʥʢʮʠʿʦʤ.  

 
ʉʣʠʢʘ 3.5  ʈʝʟʫʣʪʘʪʠ ʤʝʨʝˁʘ ʘʢʪʠʚʥʦʩʪʠ ʠʟʚʦʨʘ 

152
Eu ʧʨʝʤʘ [7].  ɽʢʩʧʝʨʠʤʝʥʪʘʣʥʠ ʧʦʜʘʮʠ ʩʫ ʜʦʙʠʿʝʥʠ 

ʤʝˁʘˁʝʤ ʝʬʠʢʘʩʥʦʩʪʠ ʧʦʤʦ˂ʫ ʘʧʩʦʨʙʝʨʘ ʟʘ ʜʚʘ ʨʘʟʣʠʯʠʪʘ ʥʠʚʦʘ ʜʠʩʢʨʠʤʠʥʘʪʦʨʘ b-ʢʘʥʘʣʘ.  
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ʉʣʠʢʘ 3.6  ʈʝʟʫʣʪʘʪʠ ʤʝʨʝˁʘ ʘʢʪʠʚʥʦʩʪʠ ʠʟʚʦʨʘ 

133
Ba ʧʨʝʤʘ [31].  ɽʢʩʧʝʨʠʤʝʥʪʘʣʥʠ ʧʦʜʘʮʠ ʩʫ ʜʦʙʠʿʝʥʠ 

ʤʝˁʘˁʝʤ ʝʬʠʢʘʩʥʦʩʪʠ ʧʦʤʦ˂ʫ ʘʧʩʦʨʙʝʨʘ ʟʘ ʜʚʘ ʨʘʟʣʠʯʠʪʘ ʥʠʚʦʘ ʜʠʩʢʨʠʤʠʥʘʪʦʨʘ g-ʢʘʥʘʣʘ.  

 

ʉʣʦʞʝʥʦʩʪ ʢʦʥʮʠʜʝʥʪʥʝ ʪʝʭʥʠʢʝ ʢʦʿʘ ʧʦʜʨʘʟʫʤʝʚʘ ʫʧʦʪʨʝʙʫ ʜʚʘ ʜʝʪʝʢʪʦʨʘ 

ʦʛʣʝʜʘ ʩʝ ʫ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʠʤ ʫʩʣʦʚʠʤʘ ʢʦʿʝ ʿʝ ʧʦʪʨʝʙʥʦ ʦʙʝʟʙʝʜʠʪʠ ʨʘʜʠ ʧʦʩʪʠʟʘˁʘ 

ʰʪʦ ʙʦˀʝ ʪʘʯʥʦʩʪʠ. ʋ ʩʣʫʯʘʿʫ ʩʣʦʞʝʥʠʭ ʨʘʜʠʦʠʟʦʪʦʧʘ, ʧʦʪʨʝʙʥʦ ʿʝ ʦʙʝʟʙʝʜʠʪʠ ʰʪʦ 

ʙʦˀʫ ʣʠʥʝʘʨʥʦʩʪ ʬʫʥʢʮʠʿʝ( / 1)g -cA N N , ʘ ʟʘʪʠʤ ʚʨʰʠʪʠ ʝʢʩʪʨʘʧʦʣʘʮʠʿʫ. ɹʦˀʘ 

ʣʠʥʝʘʨʥʦʩʪ ʬʫʥʢʮʠʿʝ ʤʦʞʝ ʩʝ ʧʦʩʪʠ˂ʠ ʧʦʜʝʰʘʚʘˁʝʤ ʦʙʣʘʩʪʠ ʝʥʝʨʛʠʿʝ ʢʦʿʘ ʩʝ ʤʦʞʝ 

ʜʝʪʝʢʪʦʚʘʪʠ ʫ ɔ-ʢʘʥʘʣʫ. ʇʦʨʝʜ ʩʚʠʭ ʧʨʦʙʣʝʤʘ ʦʢʦ ʧʦʜʝʰʘʚʘˁʘ ʝʣʝʢʪʨʠʯʥʠʭ ʢʦʣʘ ʠ 

ʜʝʪʝʢʪʦʨʩʢʠʭ ʩʠʩʪʝʤʘ, ʠʧʘʢ ʝʿʜʥʦʩʪʘʚʥʦʩʪ ʪʝʭʥʠʢʝ ʣʝʞʠ ʫ ʯʠˁʝʥʠʮʠ ʜʘ ʩʝ ʤʝʪʦʜ ʥʝ 

ʟʘʩʥʠʚʘ ʥʘ ʦʙʨʘʜʠ ʩʧʝʢʪʨʘʣʥʠʭ ʧʦʜʘʪʘʢʘ, ʚʝ˂ ʩʘʤʦ ʥʘ ʙʨʦʿʘˁʫ ʦʜʛʦʚʘʨʘʿʫ˂ʠʭ ʜʦʛʘʹʘʿʘ ʫ 

ɓ, ɔ ʠ ʢʦʠʥʮʠʜʝʥʪʥʦʤ ʢʘʥʘʣʫ.  

ʄʝʹʫʪʠʤ, ʧʨʠʣʘʛʦʹʘʚʘˁʝ ʪʝʭʥʠʢʝ ʩ ʦʙʟʠʨʦʤ ʥʘ ʩʣʦʞʝʥʦʩʪ ʰʝʤʝ ʨʘʩʧʘʜʘ ʥʝ 

ʦʛʣʝʜʘ ʩʝ ʩʘʤʦ ʫ ʙʨʦʿʫ ʧʫʪʘˁʘ ʢʦʿʠʤ ʩʝ ʚʨʰʠ ʜʝʝʢʩʮʠʪʘʮʠʿʘ ʧʦʪʦʤʢʘ ʘ ʪʨʝʙʘ ʠʭ ʜʝʪʘˀʥʦ 

ʨʘʟʤʘʪʨʘʪʠ, ʝʥʝʨʛʠʿʠ ʝʤʠʪʦʚʘʥʠʭ ʬʦʪʦʥʘ ʠ ʠʥʪʝʨʥʦʿ ʢʦʥʚʝʨʟʠʿʠ, ʚʝ˂ ʠ ʝʚʝʥʪʫʘʣʥʦʤ 

ʧʦʩʪʦʿʘˁʫ ʤʝʪʘʩʪʘʙʠʣʥʠʭ ʩʪʘˁʘ. ʋʢʦʣʠʢʦ ʩʫ ʫ ʰʝʤʠ ʨʘʩʧʘʜʘ ʧʨʠʩʫʪʥʘ ʤʝʪʘʩʪʘʙʠʣʥʘ 

ʩʪʘˁʘ ʪʘʯʥʠ ʨʝʟʫʣʪʘʪʠ ʜʦʙʠʿʘʿʫ ʩʝ ʩʘʤʦ ʫʢʦʣʠʢʦ ʿʝ ʝʥʝʨʛʝʪʩʢʠ ʦʧʩʝʛ ʟʘ ʜʝʪʝʢʮʠʿʫ ɔ-

ʟʨʘʯʝˁʘ ʧʨʘʚʠʣʥʦ ʧʦʜʝʰʝʥ ʠ ʫʢʦʣʠʢʦ ʩʝ ʧʦʟʥʘʿʫ ʚʝʨʦʚʘʪʥʦ˂ʝ ʟʘ ʜʝʝʢʩʮʠʪʘʮʠʿʫ ʫ 

ʦʜʨʝʹʝʥʝ ʥʠʚʦʝ [32].    

ʇʦʿʘʚʦʤ ʙʨʟʠʭ ʜʠʛʠʪʘʣʥʠʭ ʩʠʩʪʝʤʘ ʟʘ ʦʙʨʘʜʫ ʧʦʜʘʪʘʢʘ ʠ ʨʘʯʫʥʘʨʩʢʠʭ ʩʠʩʪʝʤʘ ʩʘ 

ʚʝʣʠʢʠʤ ʤʝʤʦʨʠʿʩʢʠʤ ʢʘʧʘʮʠʪʝʪʦʤ, ʢʦʠʥʮʠʜʝʥʪʥʘ ʪʝʭʥʠʢʘ ʩʝ ʤʦʞʝ ʤʦʜʠʬʠʢʦʚʘʪʠ. 

ʋʢʦʣʠʢʦ ʩʝ ʩʥʠʤʠ ʚʨʝʤʝʥʩʢʘ ʜʠʩʪʨʠʙʫʮʠʿʘ ʩʠʛʥʘʣʘ ɓ ʠ ɔ- ʢʘʥʘʣʘ, ʥʝʤʘ ʧʦʪʨʝʙʝ ʟʘ 

ʫʚʦʹʝˁʝʤ ʢʦʠʥʮʠʜʝʥʪʥʦʛ ʢʦʣʘ. ʇʦʜʘʮʠ ʩʝ ʩʢʣʘʜʠʰʪʝ ʫ ʤʝʤʦʨʠʿʫ ʨʘʯʫʥʘʨʘ, ʘ ʟʘʪʠʤ ʩʝ 

ʧʨʝʤʘ ʧʨʦʠʟʚʦˀʥʦ ʦʜʨʝʹʝʥʦʤ ʚʨʝʤʝʥʫ ʨʝʟʦʣʫʮʠʿʝ ʢʣʘʩʠʬʠʢʫʿʫ ʢʦʠʥʮʠʜʝʥʪʥʠ ʜʦʛʘʹʘʿʠ. 

Park ʠ ʩʘʨʘʜʥʠʮʠ [33] ʩʫ ʨʘʟʚʠʣʠ ʦʚʫ ʪʝʭʥʠʢʫ ʠ ʫʧʦʨʝʹʠʚʘʣʠ ʨʝʟʫʣʪʘʪʝ ʢʦʥʚʝʥʮʠʿʘʣʥʝ ʠ 

ʜʠʛʠʪʘʣʥʝ ʪʝʭʥʠʢʝ ʢʦʿʘ ʧʦʜʨʘʟʫʤʝʚʘ ʩʥʠʤʘˁʝ ʚʨʝʤʝʥʩʢʝ ʜʠʩʪʨʠʙʫʮʠʿʝ ʩʠʛʥʘʣʘ 

(ʜʚʦʜʠʤʝʥʟʠʦʥʘʣʥʘ ʢʦʠʥʮʠʜʝʥʪʥʘ ʪʝʭʥʠʢʘ). ɳʠʭʦʚʘ ʤʝʨʝˁʘ ʩʫ ʧʦʢʘʟʘʣʘ ʜʘ ʩʝ 

ʨʝʟʫʣʪʘʪʠ ʜʦʙʠʿʝʥʠ ʢʦʥʚʝʥʮʠʿʘʣʥʦʤ ʠ ʢʦʠʥʮʠʜʝʥʪʥʦʤ ʪʝʭʥʠʢʦʤ ʨʘʟʣʠʢʫʿʫ ʟʘ ʤʘˁʝ ʦʜ 

0.5%. ɱʝʜʠʥʦ ʦʛʨʘʥʠʯʝˁʝ ʢʦʿʝ ʩʝ ʿʘʚˀʘ ʫ ʜʠʛʠʪʘʣʥʦʿ ʪʝʭʥʠʮʠ ʢʦʿʘ ʧʦʜʨʘʟʫʤʝʚʘ ʩʥʠʤʘˁʝ 

ʚʨʝʤʝʥʩʢʝ ʨʘʩʧʦʜʝʣʝ ʩʠʛʥʘʣʘ ʿʝʩʪʝ ʙʨʟʠʥʘ ʙʨʦʿʘˁʘ. ʈʘʟʚʦʿ ʦʚʝ ʪʝʭʥʠʢʝ ʫ ʘʜʝʢʚʘʪʥʫ 

ʟʘʤʝʥʫ ʟʘ ʢʦʥʚʝʥʮʠʦʥʘʣʥʫ ʢʦʠʥʮʠʜʝʥʪʥʫ  ʪʝʭʥʠʢʫ ʿʦʰ ʿʝ ʫ ʪʦʢʫ [34].    
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ʂʦʠʥʮʠʜʝʥʪʥʘ ʪʝʭʥʠʢʘ ʩʘ ʜʚʘ ʜʝʪʝʢʪʦʨʘ ʫ ʙʠʣʦ ʢʦʿʦʿ ʚʘʨʠʿʘʥʪʠ ʠʘʢʦ ʩʧʘʜʘ ʫ 

ʥʘʿʪʘʯʥʠʿʝ ʤʝʪʦʜʝ ʟʘʭʪʝʚʘ ʜʦʩʪʘ ʣʘʙʦʨʘʪʦʨʠʿʩʢʝ ʧʨʘʢʩʝ. ɿʘ ʩʣʦʞʝʥʝ ʨʘʜʠʦʠʟʦʪʦʧʝ 

ʟʘʩʥʠʚʘ ʩʝ ʥʘ ʝʢʩʪʨʘʧʦʣʘʮʠʿʠ ʧʦʜʘʪʘʢʘ ʢʦʿʘ ʧʦʜʨʘʟʫʤʝʚʘ 100% ʝʬʠʢʘʩʥʦʩʪ ʜʝʪʝʢʪʦʨʘ ʟʘ 

ɓ-ʯʝʩʪʠʮʝ. 

ɹʝʟ ʦʙʟʠʨʘ ʥʘ ʩʚʝ ʪʝʰʢʦ˂ʝ ʢʦʿʝ ʩʝ ʿʘʚˀʘʿʫ ʧʨʠ ʨʝʘʣʠʟʘʮʠʿʠ ʢʦʠʥʮʠʜʝʥʪʥʝ 

ʪʝʭʥʠʢʝ ʥʘ ʜʚʘ ʜʝʪʝʢʪʦʨʘ ʧʦʩʪʠʛʥʫʪʝ ʪʘʯʥʦʩʪʠ ʩʫ ʚʨʣʦ ʯʝʩʪʦ ʠʩʧʦʜ 1% ʯʠʤʝ ʩʝ ʦʚʘ 

ʤʝʪʦʜʘ ʩʚʨʩʪʘʚʘ ʫ ʥʘʿʪʘʯʥʠʿʝ ʤʝʪʦʜʝ ʟʘ ʤʝʨʝˁʝ ʘʧʩʦʣʫʪʥʝ ʘʢʪʠʚʥʦʩʪʠ. ʀʟʚʦʨ 
60

Co ʫ 

ʪʘʯʢʘʩʪʦʿ ʛʝʦʤʝʪʨʠʿʠ ʩʝ ʤʝʨʠ ʩʘ ʛʨʝʰʢʦʤ ʦʜ 0.1%, ʘ ʫʩʘʛʣʘʰʝʥʦʩʪ ʤʝʪʦʜʝ ʠʟʤʝʹʫ 

ʨʘʟʣʠʯʠʪʠʭ ʣʘʙʦʨʘʪʦʨʠʿʘ ʿʝ ʦʢʦ 0.2% [35]. ɸʢʪʠʚʥʦʩʪ ʠʟʚʦʨʘ 
133

Ba ʤʝʨʝʥa 

ʢʦʠʥʮʥʜʝʥʪʥʦʤ ʪʝʭʥʠʢʦʤ ʛʜʝ ʿʝ ʙʨʦʿʘʯ ʥʘʝʣʝʢʪʨʠʩʘʥʠʭ ʯʝʩʪʠʮʘ ʪʝʯʥʠ ʩʮʠʥʪʠʣʘʪʦʨ 

ʜʦʙʠʿʘ ʩʝ ʩʘ ʤʝʨʥʦʤ ʥʝʩʠʛʫʨʥʦʰ˂ʫ ʦʜ 0.244% ʧʨʠ ʯʝʤʫ ʿʝ ʫʩʘʛʣʘʰʝʥʦʩʪ ʨʝʟʫʣʪʘʪʘ ʩʘ 

ʜʨʫʛʠʤ ʣʘʙʦʨʘʪʦʨʠʿʘʤʘ ʫ ʦʢʚʠʨʫ 0.5% [31]. ɸʢʪʠʚʥʦʩʪ ʪʘʯʢʘʩʪʠʭ ʠʟʚʦʨʘ 
152

Eu 

ʦʜʨʝʹʝʥʦʤ ʢʦʠʥʮʠʜʝʥʪʥʦʤ ʪʝʭʥʠʢʦʤ ʜʦʙʠʿʘ ʩʝ ʩʘ ʤʝʨʥʦʤ ʥʝʩʠʛʫʨʥʦʰ˂ʫ ʩʘ ʤʘˁʦʤ ʦʜ 

0.3% [7, 36]. ʋʩʘʛʣʘʰʝʥʦʩʪ ʨʝʟʫʣʪʘʪʘ ʨʘʟʣʠʯʠʪʠʭ ʚʘʨʠʿʘʥʪʠ ʢʦʠʥʮʠʜʝʥʪʥʝ ʪʝʭʥʠʢʝ ʠ 

ʨʘʟʣʠʯʠʪʠʭ ʣʘʙʦʨʘʪʦʨʠʿʘ ʿʝ ʦʢʦ 0.5% [8].   

ʇʨʠʥʮʠʧ ʢʦʠʥʮʠʜʝʥʪʥʦʛ ʤʝʨʝˁʘ ʟʘ ʨʘʜʠʦʠʟʦʪʦʧʝ ʩʘ ʿʝʜʥʦʩʪʘʚʥʦʤ ʰʝʤʦʤ 

ʨʘʩʧʘʜʘ ʚʨʣʦ ʿʝ ʤʦ˂ʘʥ ʿʝʨ ʥʝ ʟʘʭʪʝʚʘ ʧʦʟʥʘʚʘˁʝ ʝʬʠʢʘʩʥʦʩʪʠ ʜʝʪʝʢʮʠʿʝ, ʘ ʧʦʩʪʠʛʥʫʪʝ 

ʪʘʯʥʦʩʪʠ ʦʙʝʟʝʙʝʹʫʿʫ ʢʚʘʣʠʪʝʪʥʦ ʝʪʘʣʦʥʠʨʘˁʝ ʧʨʠʤʘʨʥʠʭ ʩʪʘʥʜʘʨʜʘ. ʀʟʚʦʨʠ 

ʢʘʣʠʙʨʠʩʘʥʠ ʦʚʦʤ ʪʝʭʥʠʢʦʤ ʯʝʩʪʦ ʩʝ ʢʦʨʠʩʪʝ ʢʘʦ ʧʨʠʤʘʨʥʠ ʩʪʘʥʜʘʨʜʠ ʟʘ ʧʨʦʠʟʚʦʜˁʫ 

ʩʝʢʫʥʜʘʨʥʠʭ ʩʪʘʥʜʘʨʜʘ ʢʘʦ ʠ ʟʘ ʢʘʣʠʙʨʘʮʠʿʫ ɔ-ʩʧʝʢʪʨʦʤʝʪʨʘ, ʏʝʨʝʥʢʦʚˀʝʚʠʭ ʜʝʪʝʢʪʦʨʘ 

ʠʪʜ. ʄʝʹʫʪʠʤ ʤʝʨʥʝ ʥʝʩʠʛʫʨʥʦʩʪʠ ʢʦʠʥʮʠʜʝʥʪʥʝ ʤʝʪʦʜʝ ʩʘ ʜʚʘ ʜʝʪʝʢʪʦʨʘ ʥʠʩʫ ʧʦʪʧʫʥʦ 

ʩʭʚʘ˂ʝʥʝ ʟʙʦʛ ʥʝʣʠʥʝʘʨʥʦʩʪʠ ʢʦʿʝ ʩʝ ʿʘʚˀʘʿʫ ʫ ʝʢʩʪʨaʧʦʣʘʮʠʿʘʤʘ ʠ ʥʝʠʜʝʣʘʥʠʭ 

ʧʦʥʘʰʘˁʘ ʜʝʪʝʢʪʦʨʘ [37]. ʋʧʦʪʨʝʙʘ ʪʝʯʥʠʭ ʩʮʠʥʪʠʣʘʪʦʨʘ ʟʘ ʜʝʪʝʢʪʦʚʘˁʝ 

ʥʘʝʣʝʢʪʨʠʩʘʥʠʭ ʯʝʩʪʠʮʘ ʫ ʢʦʠʥʮʠʜʝʥʪʥʦʿ ʪʝʭʥʠʮʠ ʥʘʠʣʘʟʠ ʥʘ ʧʨʦʙʣʝʤ ʿʝʨ ʪʝʯʥʠ 

ʩʮʠʥʪʠʣʘʪʦʨ ʤʦʛʫ ʘʢʪʠʚʠʨʘʪʠ ʢʦʤʧʪʦʥʩʢʠ ʨʘʩʝʿʘʥʠ ʬʦʪʦʥʠ ʩʘ ʥʠʞʦʤ ʝʥʝʨʛʠʿʦʤ. ʂʘʦ 

ʨʝʟʫʣʪʘʪ ʜʦʙʠʿʘʿʫ ʩʝ ʚʝ˂ʘ ʥʝʩʣʘʛʘˁʘ ʤʝʹʫ ʨʝʟʫʣʪʘʪʠʤʘ ʜʦʙʠʿ ʝʥʠʤ ʢʦʠʥʮʠʜʝʥʪʥʦʤ 

ʪʝʭʥʠʢʦʤ ʢʘʜʘ ʩʝ ʢʦʨʠʩʪʝ ʪʝʯʥʠ ʩʮʠʥʪʠʣʘʪʦʨʠ ʠ ʛʘʩʥʠ ʜʝʪʝʢʪʦʨʠ ʥʘʝʣʝʢʪʨʠʩʘʥʠʭ 

ʯʝʩʪʠʮʘ [7]. ɼʝʪʘˀʥʠʿʘ ʘʥʘʣʠʟʘ ʦ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘʤʘ ʪʝʯʥʠʭ ʩʮʠʥʪʠʣʘʪʦʨʘ ʟʘ ʤʝʨʝˁʝ 

ʘʧʩʦʣʫʪʥʝ ʘʢʪʠʚʥʦʩʪʠ ʢʦʠʥʮʠʜʝʥʪʥʦʤ ʪʝʭʥʠʢʦʤ ʠ ʢʘʣʠʙʨʘʮʠʿʠ ʪʝʯʥʠʭ ʩʮʠʥʪʠʣʘʪʦʨʘ 

ʜʘʪʘ ʿʝ ʫ [38]. 

ɺʝʦʤʘ ʢʦʨʠʩʥʘ ʯʠˁʝʥʠʮʘ ʿʝ ʜʘ ʢʦʠʥʮʠʜʝʥʪʥʠ ʧʨʠʥʮʠʧ ʤʝʨʝˁʘ ʤʦʞʝ ʙʠʪʠ 

ʨʝʘʣʠʟʦʚʘʥ ʠ ʥʘ ʿʝʜʥʦʤ ʜʝʪʝʢʪʦʨʫ ʫʢʦʣʠʢʦ ʩʝ ʨʘʜʠʦʘʢʪʠʚʥʠ ʠʟʦʪʦʧ ʨʘʩʧʘʜʘ ʧʫʪʝʤ 

ʝʤʠʩʠʿʝ ʬʦʪʦʥʘ ʫ ʢʘʩʢʘʜʠ [2, 39, 40, 41, 42, 43]. ʋ ʩʤʠʩʣʫ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʝ ʧʦʩʪʘʚʢʝ 

ʪʝʭʥʠʢʘ ʥʘ ʿʝʜʥʦʤ ʜʝʪʝʢʪʦʨʫ ʿʝ ʤʥʦʛʦ ʿʝʜʥʦʩʪʘʚʥʠʿʘ ʿʝʨ ʥʝ ʟʘʭʪʝʚʘ ʫʧʦʪʨʝʙʫ ʜʚʘ 

ʜʝʪʝʢʪʦʨʘ ʠ ʢʦʠʥʮʠʜʝʥʪʥʦʛ ʢʦʣʘ.  
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4 ʄʝʪʦʜʘ ʩʫʤʘʨʥʦʛ ʚʨʭʘ ʠʣʠ ʬʦʪʦʥ-

ʬʦʪʦʥ ʢʦʠʥʮʠʜʝʥʪʥʘ ʪʝʭʥʠʢʘ ʥʘ 

ʿʝʜʥʦʤ ʩʧʝʢʪʨʦʤʝʪʨʫ 

ɸʢʦ ʩʝ ʨʘʜʠʦʠʟʦʪʦʧ ʨʘʩʧʘʜʘ ʫʟ ʤʦʛʫ˂ʥʦʩʪ ʝʤʠʩʠʿʝ ʜʚʘ ʬʦʪʦʥʘ ʫ ʢʘʩʢʘʜʠ, ʫ ɔ-

ʩʧʝʢʪʨʫ ʤʦʞʝ ʙʠʪʠ ʧʨʠʩʫʪʘʥ ʪʘʢʦʟʚʘʥʠ ʩʫʤʘʨʥʠ ʚʨʭ ʢʦʿʠ ʦʜʛʦʚʘʨʘ ʧʦʪʧʫʥʦʿ ʘʧʩʦʨʧʮʠʿʠ 

ʦʚʘ ʜʚʘ ʬʦʪʦʥʘ, ʘ ʥʘʣʘʟʠ ʩʝ ʥʘ ʝʥʝʨʛʠʿʠ ʿʝʜʥʘʢʦʿ ʟʙʠʨʫ ʝʥʝʨʛʠʿʘ ʧʦʿʝʜʠʥʘʯʥʠʭ ʬʦʪʦʥʘ. 

ʂʘʢʦ ʿʝ ʠʥʬʦʨʤʘʮʠʿʘ ʦ ʢʦʠʥʮʠʜʝʥʪʥʠʤ ʜʦʛʘʹʘʿʠʤʘ ʫʧʨʘʚʦ ʩʘʜʨʞʘʥʘ ʫ ʩʫʤʘʨʥʦʤ ʚʨʭʫ, 

ʥʝʤʘ ʧʦʪʨʝʙʝ ʟʘ ʢʦʨʠʰ˂ʝˁʝʤ ʢʦʠʥʮʠʜʝʥʪʥʦʛ ʢʦʣʘ, ʯʠʤʝ ʿʝ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʘ ʧʦʩʪʘʚʢʘ 

ʟʥʘʪʥʦ ʧʦʿʝʜʥʦʩʪʘʚˀʝʥʘ. ʋ ʧʨʘʢʪʠʯʥʦʤ ʩʤʠʩʣʫ, ʢʦʠʥʮʠʜʝʥʪʥʠ ʤʝʪʦʜ ʩʘ ʿʝʜʥʠʤ 

ʜʝʪʝʢʪʦʨʦʤ ʩʝ ʤʦʞʝ ʚʨʣʦ ʣʘʢʦ ʨʝʘʣʠʟʦʚʘʪʠ ʫ ʣʘʙʦʨʘʪʦʨʠʿʠ ʟʘ ʤʝʨʝˁʝ ʥʠʩʢʠʭ 

ʨʘʜʠʦʘʢʪʠʚʥʦʩʪʠ ʢʦʿʘ ʿʝ ʦʧʨʝʤˀʝʥʘ ʛʘʤʘ ʩʧʝʢʪʨʦʤʝʪʨʦʤ.  

ʇʨʠʥʮʠʧ ʤʝʪʦʜʝ ʘʧʩʦʣʫʪʥʦʛ ʤʝʨʝˁʘ ʘʢʪʠʚʥʦʩʪʠ ʧʦʤʦ˂ʫ ʿʝʜʥʦʛ ʩʧʝʢʪʨʦʤʝʪʨʘ 

ʟʘʩʥʠʚʘ ʩʝ ʫʩʪʚʘʨʠ ʥʘ ʝʬʝʢʪʫ ʧʨʘʚʦʛ ʢʦʠʥʮʠʜʝʥʪʥʦʛ ʩʫʤʠʨʘˁʘ [44, 45]. ʄʝʪʦʜ ʩʫ ʧʨʚʠ 

ʨʝʘʣʠʟʦʚʘʣʠ Brinkman ʠ ʩʘʨʘʜʥʠʮʠ [39] ʧʨʠ ʯʝʤʫ ʩʫ ʤʝʨʠʣʠ ʘʢʪʠʚʥʦʩʪ ʨʘʜʠʦʠʟʦʪʦʧʘ ʩʘ 

ʿʝʜʥʦʩʪʘʚʥʦʤ ʰʝʤʦʤ ʨʘʩʧʘʜʘ 
60

Co, 
46

Sr, 
22

Na ʠ 
18

F ʥʘ ʩʮʠʥʪʠʣʘʮʠʦʥʦʤ NaI 

ʩʧʝʢʪʨʦʤʝʪʨʫ.  

 
ʉʣʠʢʘ 4.1 ʇʨʦʠʟʚʦˀʥʘ ʰʝʤʘ ʨʘʩʧʘʜʘ ʧʨʠ ʯʝʤʫ ʝʤʠʩʠʿʘ ɓ-ʯʝʩʪʠʮʝ ʤʦʞʝ ʙʠʪʠ ʧʨʘ˂ʝʥʘ ʝʤʠʩʠʿʦʤ 

ʜʚʘ ʬʦʪʦʥʘ ʫ ʢʘʩʢʘʜʠ. 

 

ʋ ʮʠˀʫ ʜʝʬʠʥʠʩʘˁʘ ʤʝʪʦʜʝ ʧʨʝʤʘ ʦʨʠʛʠʥʘʣʥʦʤ ʨʘʜʫ Brinkman ʠ ʩʘʨʘʜʥʠʢʘ  

ʨʘʟʤʦʪʨʠ˂ʝʤʦ ɔ-ʩʧʝʢʪʘʨ ʨʘʜʠʦʠʟʦʪʦʧʘ ʯʠʿa je ʰʝʤʘ ʨʘʩʧʘʜʘ ʧʨʠʢʘʟʘʥʘ ʥʘ ʉʣʠʮʠ 4.1. 

ʇʨʝʤʘ ʧʨʠʢʘʟʘʥʦʿ ʰʝʤʠ ʥʝʤʘ ʜʠʨʝʢʪʥʦʛ ʨʘʩʧʘʜʘ ʫ ʦʩʥʦʚʥʦ ʩʪʘˁʝ ʧʦʪʦʤʢʘ, ʪʘʢʦ ʜʘ ʿʝ 

ʨʘʩʧʘʜ ʧʨʘ˂ʝʥ ʝʤʠʩʠʿʦʤ ʿʝʜʥʦʛ ʬʦʪʦʥʘ ʠʣʠ ʜʚʘ ʬʦʪʦʥʘ ʫ ʢʘʩʢʘʜʠ. ʇʨʝʪʧʦʩʪʘʚˀʘʤʦ ʜʘ 

ʩʫ ʩʨʝʜˁʘ ʚʨʝʤʝʥʘ ʞʠʚʦʪʘ ʧʦʙʫʹʝʥʠʭ ʩʪʘˁʘ ʧʦʪʦʤʢʘ ʤʥʦʛʦ ʤʘˁʘ ʦʜ ʚʨʝʤʝʥʘ 

ʨʝʟʦʣʫʮʠʿʝ ʩʧʝʢʪʨʦʤʝʪʨʘ ʠ ʧʝʨʠʦʜʘ ʧʦʣʫʨʘʩʧʘʜʘ. ʈʘʜʠ ʿʝʜʥʦʩʪʘʚʥʦʩʪʠ, ʫʚʦʜʠʤʦ ʠ 

ʧʨʝʪʧʦʩʪʘʚʢʫ ʜʘ ʥʝʤʘ ʠʥʪʝʨʥʝ ʢʦʥʚʝʨʟʠʿʝ. ʉʘ ʘʩʧʝʢʪʘ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʝ ʧʦʩʪʘʚʢʝ, 

ʨʘʟʤʘʪʨʘʤʦ ʩʣʫʯʘʿ 2ˊ ʠʣʠ 4ˊ ʛʝʦʤʝʪʨʠʿʝ ʧʨʠ ʯʝʤʫ ʩʝ ʝʬʝʢʘʪ ʫʛʘʦʥʠʭ ʢʦʨʝʣʘʮʠʿʘ 

ʧʦʥʠʰʪʘʚʘ. ʇʨʠ ʦʧʠʩʘʥʠʤ ʫʩʣʦʚʠʤʘ, ʙʨʟʠʥʘ ʙʨʦʿʘˁʘ ʫ ʚʨʭʫ ʧʫʥʝ ʝʥʝʨʛʠʿʝ ɔ1 ʬʦʪʦʥʘ ʿʝ 

 

1 1 1 2(1 )N A pe h= - ,     (4.1)   
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ʛʜʝ ʿʝ A ʘʢʪʠʚʥʦʩʪ ʫʟʦʨʢʘ, Ů1 ʝʬʠʢʘʩʥʦʩʪ ʚʨʭʘ ʧʫʥʝ ʝʥʝʨʛʠʿʝ ʟʘ ɔ1 ʬʦʪʦʥ, ɖ2 ʿʝ ʪʦʪʘʣʥʘ 

ʝʬʠʢʘʩʥʦʩʪ ʟʘ ʜʨʫʛʠ ʬʦʪʦʥ (ɔ2) ʝʤʠʪʦʚʘʥ ʫ ʢʘʩʢʘʜʠ ʠ p1 ʿʝ ʚʝʨʦʚʘʪʥʦ˂ʘ ʟʘ ʨʘʩʧʘʜ ʧʫʪʝʤ 

ʢʘʩʢʘʜʥʝ ʝʤʠʩʠʿʝ ʬʦʪʦʥʘ. 

 ɹʨʟʠʥʘ ʙʨʦʿʘˁʘ ʫ ʚʨʭʫ ʧʫʥʝ ʝʥʝʨʛʠʿʝ ʢʦʿʠ ʦʜʛʦʚʘʨʘ ɔ2 ʬʦʪʦʥʫ  ʿʝ: 

 

2 2 1 1 2( (1 ) )N A p pe h= - +        (4.2) 

 

ʛʜʝ ʿʝ Ů2 ʝʬʠʢʘʩʥʦʩʪ ʚʨʭʘ ʧʫʥʝ ʝʥʝʨʛʠʿʝ ʟʘ ɔ2 ʬʦʪʦʥ, ɖ1 ʪʦʪʘʣʥʘ ʝʬʠʢʘʩʥʦʩʪ ʟʘ ɔ1 ʬʦʪʦʥ; 

p2 ʿʝ ʚʝʨʦʚʘʪʥʦ˂ʘ ʟʘ ʨʘʩʧʘʜ ʧʫʪʝʤ ʝʤʠʩʠʿʝ ʿʝʜʥʦʛ ʬʦʪʦʥʘ.  

 ɹʨʟʠʥʘ ʙʨʦʿʘˁʘ ʫ ʩʫʤʘʨʥʦʤ ʚʨʭʫ ʢʦʿʠ ʩʝ ʿʘʚˀʘ ʥʘ ʝʥʝʨʛʠʿʠ ʿʝʜʥʘʢʦʿ ʟʙʠʨʫ 

ʝʥʝʨʛʠʿʘ ɔ1 ʠ ɔ2 ʬʦʪʦʥʘ ʿʝ 

 

1 1 2N ApeeS= .      (4.3) 

 

ʊʦʪʘʣʥʘ ʙʨʟʠʥʘ ʙʨʦʿʘˁʘ ʿʝ 

 

1 1 2 1 2 2 2( ( ) )TN A p ph h hh h= + - + .    (4.4) 

 

ɸʢʦ ʧʨʝʤʘ ʰʝʤʠ ʧʨʠʢʘʟʘʥʦʿ ʥʘ ʉʣʠʮʠ 4.1 ʧʨʝʪʧʦʩʪʘʚʠʤʦ ʜʘ ʥʝʤʘ ʜʠʨʝʢʪʥʦʛ 

ʨʘʩʧʘʜʘ ʫ ʦʩʥʦʚʥʦ ʩʪʘˁʝ ʧʦʪʦʤʢʘ, ʨʘʩʧʘʜ ʫ ʧʨʚʦ ʠʣʠ ʜʨʫʛʦ ʝʢʩʮʠʪʦʚʘʥʦ ʩʪʘˁʝ ʧʦʪʦʤʢʘ 

ʿʝ ʩʠʛʫʨʘʥ ʜʦʛʘʹʘʿ: 

1 2 1p p+ =      (4.5) 

 

ʉʘʜʘ ʠʟ ʿʝʜʥʘʯʠʥʘ (4.1), (4.2), (4.3) ʠ (4.4) ʧʦʤʦ˂ʫ ʫʩʣʦʚʘ (4.5), ʤʦʞʝʤʦ ʝʣʠʤʠʥʠʩʘʪʠ 

ʝʬʠʢʘʩʥʦʩʪʠ ʚʨʭʦʚʘ ʧʫʥʝ ʝʥʝʨʛʠʿʝ ʠ ʪʦʪʘʣʥʝ ʝʬʠʢʘʩʥʦʩʪʠ, ʧʨʠ ʯʝʤʫ ʩʝ ʜʦʙʠʿʘ ʬʦʨʤʫʣʘ 

ʟʘ ʤʝʨʝˁʝ ʘʢʪʠʚʥʦʩʪʠ ʠʟ ʩʧʝʢʪʨʘʣʥʠʭ ʧʦʜʘʪʘʢʘ 
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ɿʘ ʨʘʟʣʠʢʫ ʦʜ ʢʦʠʥʮʠʜʝʥʪʥʝ ʪʝʭʥʠʢʝ ʩʘ ʜʚʘ ʜʝʪʝʢʪʦʨʘ, ʫ ʬʦʨʤʫʣʠ (4.6) ʬʠʛʫʨʠʰʝ 

ʪʦʪʘʣʥʘ ʙʨʟʠʥʘ ʙʨʦʿʘˁʘ NT, ʿʝʨ ʨʝʛʠʩʪʨʦʚʘˁʝ ʢʦʠʥʮʠʜʝʥʪʥʦʛ ʜʦʛʘ˂ʘʿʘ ʧʦʜʨʘʟʫʤʝʚʘ 

ʛʫʙʠʪʘʢ ʫ ʨʝʛʫʣʘʨʥʠʤ ʚʨʭʦʚʠʤʘ, ʰʪʦ ʥʠʿʝ ʩʣʫʯʘʿ ʢʦʜ ʢʦʠʥʮʠʜʝʥʪʥʝ ʪʝʭʥʠʢʝ ʩʘ ʜʚʘ 

ʜʝʪʝʢʪʦʨʘ. ʊʦʪʘʣʥʘ ʙʨʟʠʥʘ ʙʨʦʿʘˁʘ ʿʝ ʙʨʦʿ ʜʝʪʝʢʪʦʚʘʥʠʭ ʨʘʩʧʘʜʘ ʫ ʿʝʜʠʥʠʮʠ ʚʨʝʤʝʥʘ. ʉ 

ʦʙʟʠʨʦʤ ʥʘ ʪʦ, ʦʜʥʦʩ ʧʨʦʠʟʚʦʜʘ ʙʨʟʠʥʘ ʙʨʦʿʘˁʘ ʫ ʚʨʭʦʚʠʤʘ ʧʫʥʝ ʝʥʝʨʛʠʿʝ ʧʨʝʤʘ ʙʨʟʠʥʠ 

ʙʨʦʿʘˁʘ ʫ ʢʦʠʥʮʠʜʝʥʪʥʦʤ ʚʨʭʫ ʧʨʝʪʩʪʘʚˀʘ ʙʨʦʿ ʥʝ-ʜʝʪʝʢʪʦʚʘʥʠʭ ʨʘʩʧʘʜʘ ʫ ʿʝʜʠʥʠʮʠ 

ʚʨʝʤʝʥʘ. ɿʙʠʨ ʙʨʦʿʘ ʜʝʪʝʢʪʦʚʘʥʠʭ ʠ ʥʝʜʝʪʝʢʪʦʚʘʥʠʭ ʨʘʩʧʘʜʘ ʜʘʿʝ ʫʢʫʧʥʫ ʘʢʪʠʚʥʦʩʪ. 

 ʇʨʠ ʠʟʚʦʹʝˁʫ  ʬʦʨʤʫʣʝ (4.6) ʥʠʩʫ ʫʟʝʪʝ ʫ ʦʙʟʠʨ ʩʣʫʯʘʿʥʝ ʢʦʠʥʮʠʜʝʥʮʠʿʝ 

(ʜʦʧʨʠʥʦʩ ʫ ʩʫʤʘʨʥʦʤ ʚʨʭʫ ʠ ʛʫʙʠʮʠ ʫ ʚʨʭʦʚʠʤʘ ʧʫʥʝ ʝʥʝʨʛʠʿʝ ʠ ʩʫʤʘʨʥʦʤ ʚʨʭʫ) ʠ 

ʝʬʝʢʪʠ ʫʛʘʦʥʠʭ ʢʦʨʝʣʘʮʠʿʘ. ʇʦʧʨʘʚʢʝ ʥʘ ʩʣʫʯʘʿʥʝ ʢʦʠʥʮʠʜʝʥʮʠʿʝ ʢʦʿʝ ʩʝ ʤʘʥʠʬʝʩʪʫʿʫ 

ʥʘʩʝʜʘˁʝʤ ʩʠʛʥʘʣʘ, ʤʦʛʫ ʩʝ ʟʘʥʝʤʘʨʠʪʠ ʫʢʦʣʠʢʦ ʿʝ ʩʨʝʜˁʝ ʚʨʝʤʝ ʠʟʤʝʹʫ ʜʚʘ ʫʟʘʩʪʦʧʥʘ 

ʜʦʛʘʹʘʿʘ ʫ ʜʝʪʝʢʪʦʨʫ (ʜʝʪʝʢʪʦʚʘʥʘ ʢʘʩʢʘʜʘ ʠʣʠ ʧʦʿʝʜʠʥʘʯʥʠ ʬʦʪʦʥ) ʤʥʦʛʦ ʚʝ˂ʝ ʦʜ 

ʚʨʝʤʝʥʘ ʨʝʟʦʣʫʮʠʿʝ ʩʧʝʢʪʨʦʤʝʪʨʘ. ʊʘʢʦʹʝ ʫʢʦʣʠʢʦ ʿʝ ʪʘʯʢʘʩʪʠ ʠʟʚʦʨ ʩʪʘʚˀʝʥ ʥʘ ʩʘʤ 

ʢʨʠʩʪʘʣ ʜʝʪʝʢʪʦʨʘ (2 -́ʛʝʦʤʝʪʨʠʿʘ) ʝʬʝʢʪʠ ʫʛʘʦʥʠʭ ʢʦʨʝʣʘʮʠʿʘ ʩʝ ʧʦʥʠʰʪʘʚʘʿʫ ʠ 

ʬʦʨʤʫʣʘ (4.6) ʿʝ ʜʠʨʝʢʪʥʦ ʧʨʠʤʝʥˀʠʚʘ. ɽʢʩʧʝʨʠʤʝʥʪʘʣʥʘ ʧʨʦʮʝʜʫʨʘ ʧʦʜʨʘʟʫʤʝʚʘ 

ʩʘʢʫʧˀʘˁʝ ʩʧʝʢʪʨʘ ʩʘ ʜʦʚʦˀʥʦʤ ʩʪʘʪʠʩʪʠʢʦʤ ʠ ʦʙʨʘʜʫ ʩʧʝʢʪʨʘʣʥʝ ʩʣʠʢʝ. ʊʘʯʥʦʩʪ 

ʤʝʪʦʜʝ ʤʦʞʝ ʙʠʪʠ ʣʠʤʠʪʠʨʘʥʘ ʟʙʦʛ ʧʨʦʙʣʝʤʘ ʧʨʠʣʠʢʦʤ ʦʙʨʘʜʝ ʩʧʝʢʪʨʘʣʥʠʭ ʧʦʜʘʪʘʢʘ, 

ʪʿ. ʧʦʩʪʦʿʘˁʝ ʢʦʤʧʪʦʥʦʚʦʛ ʢʦʥʪʠʥʫʫʤʘ, ʥʝʠʜʝʣʘʥʦʛ ʦʙʣʠʢʘ ʚʨʭʦʚʘ (ʥʝ ʛʘʫʩʦʚʩʢʠ ʦʙʣʠʢ) 

ʥʘ ʚʝ˂ʠʤ ʙʨʟʠʥʘʤʘ ʙʨʦʿʘˁʘ ʠ ʤʦʛʫ˂ʠʭ ʠʥʪʝʨʬʝʨʝʥʮʠʿʘ ʚʨʭʦʚʘ ʫ ʩʧʝʢʪʨʫ. ʊʘʢʦʹʝ 



 25 

ʧʨʠʩʫʩʪʚʦ ʝʣʝʢʪʨʦʥʩʢʦʛ ʰʫʤʘ ʟʘʭʪʝʚʘ ʧʦʩʪʘʚˀʘˁʝ ʜʦˁʝʛ ʥʠʚʦʘ ʜʠʩʢʨʠʤʠʥʘʪʦʨʘ ʥʘ 

ʦʜʨʝʹʝʥʫ ʚʨʝʜʥʦʩʪ ʰʪʦ ʠʤʧʣʠʮʠʨʘ ʥʝʧʦʟʥʘʚʘˁʝ ʫʢʫʧʥʦʛ ʙʨʦʿʘ ʜʝʪʝʢʪʦʚʘʥʠʭ ʜʦʛʘʹʘʿʘ. 

ʂʘʦ ʿʝʜʥʘ ʤʦʛʫ˂ʥʦʩʪ ʟʘ ʨʝʰʘʚʘˁʝ ʦʚʦʛ ʧʨʦʙʣʝʤʘ ʿʝ ʝʢʩʪʨʘʧʦʣʘʮʠʿʘ ʩʧʝʢʪʨʘʣʥʠʭ 

ʧʦʜʘʪʘʢʘ ʜʦ ʥʫʣʪʝ ʝʥʝʨʛʠʿʝ [46]. ʉʘ ʜʨʫʛʝ ʩʪʨʘʥʝ, ʜʦˁʠ ʥʠʚʦ ʜʠʩʢʨʠʤʠʥʘʪʦʨʘ ʨʝʟʫʣʪʠʨʘ 

ʜʘ ʩʝ ʢʦʤʧʪʦʥʩʢʠ ʨʘʩʝʿʘʥʠ ʬʦʪʦʥʠ ʢʦʿʠ ʩʫ ʫ ʜʝʪʝʢʪʦʨʫ ʜʝʧʦʥʦʚʘʣʠ ʤʘˁʫ ʝʥʝʨʛʠʿʫ ʦʜ 

ʧʦʩʪʘʚˀʝʥʦʛ ʥʠʚʦʘ LLD ʥʝ ʜʝʪʝʢʪʫʿʫ. ʋ ʪʦʤ ʩʤʠʩʣʫ ʪʦʪʘʣʥʘ ʝʬʠʢʘʩʥʦʩʪ ʿʝ ʬʫʥʢʮʠʿʘ ʠ 

ʜʦˁʝʛ ʥʠʚʦʘ ʜʠʩʢʨʠʤʠʥʘʪʦʨʘ.  

 ʉʧʝʢʪʨʘʣʥʠ ʧʦʜʘʮʠ ʜʦʙʠʿʝʥʠ ʧʦʤʦ˂ʫ ʛʝʨʤʘʥʠʿʫʤʩʢʦʛ ʜʝʪʝʢʪʦʨʘ ʫ ʩʤʠʩʣʫ 

ʨʝʟʦʣʫʮʠʿʝ, ʦʙʝʟʙʝʹʫʿʫ ʥʘʿʢʚʘʣʠʪʝʪʥʠʿʝ ʫʩʣʦʚʝ ʟʘ ʨʝʘʣʠʟʘʮʠʿʫ ʢʦʠʥʮʠʜʝʥʪʥʝ ʪʝʭʥʠʢʝ ʥʘ 

ʿʝʜʥʦʤ ʜʝʪʝʢʪʦʨʫ. ʉʘ ʜʨʫʛʝ ʩʪʨʘʥʝ, ʥʘ ʢʦʘʢʩʠʿʘʣʥʦʤ ʜʝʪʝʢʪʦʨʫ ʥʝ ʧʦʩʪʘʿʠ ʥʘʯʠʥ ʜʘ ʩʝ 

ʧʦʪʧʫʥʦ ʝʣʠʤʠʥʠʰʫ ʝʬʝʢʪʠ ʫʛʘʦʥʠʭ ʢʦʨʝʣʘʮʠʿʘ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʠʤ ʧʫʪʝʤ ʿʝʨ ʩʝ 2  ́

ʛʝʦʤʝʪʨʠʿʘ ʥʝ ʤʦʞʝ 100% ʨʝʘʣʠʟʦʚʘʪʠ (ʧʦʯʝʪʘʢ ʘʢʪʠʚʥʦʛ ʜʝʣʘ ʛʝʨʤʘʥʠʿʫʤʘ ʿʝ ʥʝʢʦʣʠʢʦ 

ʤʠʣʠʤʝʪʨʘ ʫʜʘˀʝʥ ʦʜ ʩʧʦˀʘʰˁʝʛ ʜʝʣʘ ʢʘʧʝ ʜʝʪʝʢʪʦʨʘ). ɱʝʜʠʥʦ ʜʝʪʝʢʪʦʨ ʫ ʦʙʣʠʢʫ ʿʘʤʝ 

(ʉʣʠʢʘ 2.5) ʤʦʞʝ ʜʘ ʦʙʝʟʙʝʜʠ ʫʩʣʦʚʝ 4ˊ ʛʝʦʤʝʪʨʠʿʝ ʛʜʝ ʨʘʯʫʥ ʢʦʨʝʢʮʠʿʝ ʥʘ ʫʛʘʦʥʝ 

ʢʦʨʝʣʘʮʠʿʝ ʥʠʿʝ ʧʦʪʨʝʙʘʥ. ʋ ʩʚʠʤ ʧʨʝʦʩʪʘʣʠʤ ʛʝʦʤʝʪʨʠʿʩʢʠʤ ʧʦʩʪʘʚʢʘʤʘ ʨʘʯʫʥ 

ʢʦʨʝʢʮʠʿʝ ʥʘ ʝʬʝʢʪʠʚʥʝ ʫʛʘʦʥʝ ʢʦʨʝʣʘʮʠʿʝ ʨʘʜʠ ʠʟʙʝʛʘʚʘˁʘ ʩʠʩʪʝʤʘʪʩʢʝ ʛʨʝʰʢʝ ʠ 

ʦʙʝʟʝʙʝʹʠʚʘˁʘ ʚʝ˂ʝ ʪʘʯʥʦʩʪʠ ʿʝ ʥʝʦʧʭʦʜʘʥ.  

ʄʝʪʦʜ ʤʝʨʝˁʘ ʘʧʩʦʣʫʪʥʝ ʘʢʪʠʚʥʦʩʪʠ ʧʦʤʦ˂ʫ ʿʝʜʥʦʛ ʜʝʪʝʢʪʦʨʘ ʟʘ ʨʘʟʣʠʯʠʪʝ 

ʨʘʜʠʦʠʟʦʪʦʧʝ ʜʝʤʦʥʩʪʨʠʨʘʣʠ ʩʫ ʥʝʢʦʣʠʢʦ ʘʫʪʦʨʘ. ʇʨʠ ʪʦʤʝ ʩʫ ʢʦʨʠʩʪʠʣʠ ʨʘʟʣʠʯʠʪʝ 

ʧʦʩʪʫʧʢʝ ʟʘ ʢʦʨʝʢʮʠʿʫ ʧʦʜʘʪʘʢʘ ʥʘ ʩʣʫʯʘʿʥʝ ʢʦʠʥʮʠʜʝʥʮʠʿʝ,  ʫʛʘʦʥʝ ʢʦʨʝʣʘʮʠʿʝ ʠ 

ʛʫʙʠʪʘʢ ʦʜʙʨʦʿʘ ʫʩʣʝʜ ʧʦʩʪʦʿʘˁʘ ʜʦˁʝʛ ʥʠʚʦʘ ʜʠʩʢʨʠʤʠʥʘʪʦʨʘ.  

Kim et al. [46] ʨʘʟʚʠʣʠ ʩʫ ʤʝʪʦʜ ʟʘ ʢʦʨʝʢʮʠʿʫ ʜʦʧʨʠʥʦʩʘ ʩʣʫʯʘʿʥʠʭ 

ʢʦʠʥʮʠʜʝʥʮʠʿʘ ʫ ʩʫʤʘʨʥʦʤ ʚʨʭʫ ʠ ʛʫʙʠʪʢʝ ʫ ʚʨʭʦʚʠʤʘ ʫʩʣʝʜ ʩʣʫʯʘʿʥʠʭ ʢʦʠʥʮʠʜʝʥʮʠʿʘ 

ʢʦʿʠ ʧʦʜʨʘʟʫʤʝʚʘ ʩʥʠʤʘˁʝ ʚʠʰʝ ʩʧʝʢʪʘʨʘ ʩʘ ʨʘʟʣʠʯʠʪʠʤ ʚʨʝʤʝʥʦʤ ʨʝʟʦʣʫʮʠʿʝ. 

ɽʢʩʧʝʨʠʤʝʥʪʠ ʩʫ ʨʘʹʝʥʠ ʥʘ ʢʦʘʢʩʠʿʘʣʥʦʤ ʛʝʨʤʘʥʠʿʫʤʩʢʦʤ ʜʝʪʝʢʪʦʨʫ ʧʨʠ ʯʝʤʫ ʩʫ ʟʘ 

ʦʙʨʘʜʫ ʩʠʛʥʘʣʘ ʢʦʨʠʩʪʠʣʠ ʘʥʘʣʦʛʥʫ ʝʣʝʢʪʨʦʥʠʢʫ. ʇʦʧʨʘʚʢʫ ʥʘ ʝʬʝʢʘʪ ʫʛʘʦʥʠʭ 

ʢʦʨʝʣʘʮʠʿʘ ʨʘʯʫʥʘʣʠ ʩʫ ʧʦʤʦ˂ʫ ʪʝʭʥʠʢʝ Monte Carlo ʠ ʧʨʠʤʝʥʦʤ ʟʘʢʦʥʘ ʘʧʩʦʨʧʮʠʿʝ ɔ-

ʟʨʘʯʝˁʘ [47]. ʄʝʪʦʜ ʩʫ ʜʝʤʦʥʩʪʨʠʨʘʣʠ ʥʘ ʠʟʚʦʨʫ 
60

Co. ɺʝʦʤʘ ʚʘʞʥʘ ʯʠˁʝʥʠʮʘ ʢʦʿʘ 

ʩʣʝʜʠ ʠʟ ʦʚʦʛ ʨʘʜʘ ʿʝ ʜʘ ʩʝ ʧʦʧʨʘʚʢʝ ʥʘ ʝʬʝʢʪʠʚʥʝ ʫʛʘʦʥʝ ʢʦʨʝʣʘʮʠʿʝ ʛʜʝ ʩʫ 

ʝʬʠʢʘʩʥʦʩʪʠ ʨʘʯʫʥʘʪʝ ʪʝʭʥʠʢʦʤ Monte Carlo ʠ ʟʘʢʦʥʦʤ ʘʧʩʦʨʧʮʠʿʝ ʛʘʤʘ ʟʨʘʯʝˁʘ ʚʝʦʤʘ 

ʤʘʣʦ ʨʘʟʣʠʢʫʿʫ (ʠʩʧʦʜ 1%) ʫ ʩʣʫʯʘʿʫ ʢʘʩʢʘʜʥʠʭ ʬʦʪʦʥʘ ʠʟʚʦʨʘ 
60

Co. ɻʨʝʰʢʝ ʫ ʨʘʯʫʥʫ 

ʝʬʠʢʘʩʥʦʩʪʠ ʥʝʦʧʭʦʜʥʝ ʟʘ ʨʘʯʫʥ ʧʦʧʨʘʚʢʝ ʥʘ ʝʬʝʢʪʠʚʥʝ ʫʛʘʦʥʝ ʢʦʨʝʣʘʮʠʿʝ ʩʝ ʫ ʚʝʣʠʢʦʿ 

ʤʝʨʠ ʧʦʪʠʨʫ, ʰʪʦ ʥʠʿʝ ʩʣʫʯʘʿ ʢʘʜʘ ʩʝ ʘʢʪʠʚʥʦʩʪ ʨʘʯʫʥʘ ʨʝʣʘʪʠʚʥʦʤ ʤʝʪʦʜʦʤ ʥʘ ʦʩʥʦʚʫ 

ʦʙʩʝʨʚʘʮʠʿʝ ʿʝʜʥʦʛ ʚʨʭʘ ʫ ʩʧʝʢʪʨʫ ʠ ʨʘʯʫʥʦʤ ʝʬʠʢʘʩʥʦʩʪʠ ʚʨʭʘ ʧʫʥʝ ʝʥʝʨʛʠʿʝ ʪʝʭʥʠʢʦʤ 

Monte Carlo [48], ʘ ʧʦʛʦʪʦʚʦ ʟʘʢʦʥʦʤ ʘʧʩʦʨʧʮʠʿʝ ʛʘʤʘ ʟʨʘʯʝˁʘ.  

ʌʦʨʤʫʣʘ ʢʦʿʫ ʩʫ ʢʦʨʠʩʪʠʣʠ Kim ʠ ʩʘʨʘʜʥʠʮʠ [46] ʟʘ ʤʝʨʝˁʝ ʘʢʪʠʚʥʦʩʪʠ ʿʝ 
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ʛʜʝ ʿʝ TN  ʪʦʪʘʣʥʘ ʙʨʟʠʥʘ ʙʨʦʿʘˁʘ, 1N  ʠ 2N  ʩʫ ʙʨʟʠʥʝ ʙʨʦʿʘˁʘ ʥʘ ʝʥʝʨʛʠʿʠ 1173.2 keV ʠ 

1332.5 keV, ʨʝʩʧʝʢʪʠʚʥʦ, ʘ NS ʿʝ ʙʨʟʠʥʘ ʙʨʦʿʘˁʘ ʫ ʩʫʤʘʨʥʦʤ ʚʨʭʫ  ʥʘ ʝʥʝʨʛʠʿʠ 2505.7 

keV. ʆʟʥʘʢʘ Ű ʫ ʟʘʛʨʘʜʠ ʩʫʛʝʨʠʰʝ ʜʘ ʩʫ ʩʧʝʢʪʨʘʣʥʠ ʧʦʜʘʮʠ ʩʘʢʫʧˀaʥʠ ʧʨʠ ʦʜʨʝʹʝʥʦʤ 

ʚʨʝʤʝʥʫ ʨʝʟʦʣʫʮʠʿʝ ʩʧʝʢʪʨʦʤʝʪʨʘ; weff ʿʝ ʧʦʧʨʘʚʢʘ ʥʘ ʝʬʝʢʪʠʚʥʝ ʫʛʘʦʥʝ ʢʦʨʝʣʘʮʠʿʝ. 

ʉʧʝʢʪʨʘʣʥʠ ʧʦʜʘʮʠ (ʪʦʪʘʣʥʘ ʙʨʟʠʥʘ ʙʨʦʿʘˁʘ, ʙʨʟʠʥʝ ʙʨʦʿʘˁʘ ʫ ʚʨʭʦʚʠʤʘ ʧʫʥʝ ʝʥʝʨʛʠʿʝ 

ʠ ʩʫʤʘʨʥʦʤ ʚʨʭʫ) ʩʘʢʫʧˀʘʥʠ ʟʘ ʨʘʟʣʠʯʠʪʦ ʚʨʝʤʝ ʨʝʟʦʣʫʮʠʿʝ Ű ʦʙʝʟʝʙʝʹʫʿʫ ʩʢʫʧ 

ʚʨʝʜʥʦʩʪʠ { , ( )}i i iAt t. ɽʢʩʪʨʘʧʦʣʘʮʠʿʦʤ ʣʠʥʝʘʨʥʦʛ ʬʠʪʘ ʘʢʪʠʚʥʦʩʪʠ ʫ ʬʫʥʢʮʠʿʠ ʚʨʝʤʝʥʘ 

ʨʝʟʦʣʫʮʠʿʝ ʥʘ ʚʨʝʜʥʦʩʪ Ű = 0 ʜʦʙʠʿʝʥʘ ʿʝ ʘʢʪʠʚʥʦʩʪ ʢʦʿʘ ʿʝ ʢʦʨʠʛʦʚʘʥʘ ʥʘ ʩʣʫʯʘʿʥʝ 

ʢʦʠʥʮʠʜʝʥʮʠʿʝ ʿʝʨ ʫ ʪʝʦʨʠʿʩʢʦʤ ʩʤʠʩʣʫ ʟʘ ʥʫʣʪʦ ʚʨʝʤʝ ʨʝʟʦʣʫʮʠʿʝ ʥʝʤʘ ʤʦʛʫ˂ʥʦʩʪʠ ʟʘ 
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ʥʘʩʝʜʘˁʝ ʩʠʛʥʘʣʘ. ʉʧʝʢʪʨʠ ʩʫ ʩʥʠʤʘʥʠ ʥʘ ʨʘʟʥʠʤ ʨʘʩʪʦʿʘˁʠʤʘ ʦʜ ʢʘʧʝ ʜʝʪʝʢʪʦʨʘ ʠ 

ʨʘʟʥʠʤ ʚʨʝʤʝʥʠʤʘ ʨʝʟʦʣʫʮʠʿʝ. ʂʦʨʝʢʮʠʿʘ ʥʘ ʧʦʩʪʦʿʘˁʝ ʜʦˁʝʛ ʥʠʚʦʘ ʜʠʩʢʨʠʤʠʥʘʪʦʨʘ ʿʝ 

ʨʘʹʝʥʘ ʦʙʩʝʨʚʘʮʠʿʦʤ ʩʧʝʢʪʨʘ ʩʘ ʨʘʟʣʠʯʠʪʠʤ ʥʠʚʦʦʤ ʜʦˁʝʛ ʥʠʚʦʘ ʜʠʩʢʨʠʤʠʥʘʪʦʨʘ ʠ 

ʝʢʩʪʨʘʧʦʣʘʮʠʿʦʤ ʧʦʜʘʪʘʢʘ ʥʘ ʥʫʣʪʫ ʚʨʝʜʥʦʩʪ ʜʦˁʝʛ ʥʠʚʦʘ ʜʠʩʢʨʠʤʠʥʘʪʦʨʘ. ʄʝʨʥʘ 

ʥʝʩʠʛʫʨʥʦʩʪ ʤʝʪʦʜʝ ʿʝ ʧʨʦʮʝˁʝʥʘ ʥʘ 2% ʧʨʠ ʙʨʟʠʥʘʤʘ ʙʨʦʿʘˁʘ ʥʝ ʚʝ˂ʠʤ ʦʜ 15 kcps. ʅʘ 

ʚʝ˂ʠʤ ʙʨʟʠʥʘʤʘ ʙʨʦʿʘˁʘ ʢʚʘʣʠʪʝʪ ʩʧʝʢʪʨʘ ʿʝ ʟʥʘʪʥʦ ʦʧʘʦ ʧʘ ʿʝ ʧʦʜʘʪʢʝ ʙʠʣʦ ʥʝʤʦʛʫ˂ʝ 

ʘʥʘʣʠʟʠʨʘʪʠ ʩʪʘʥʜʘʨʜʥʠʤ ʘʥʘʣʦʛʥʠʤ ʤʫʣʪʠʢʘʥʘʣʥʠʤ ʘʥʘʣʠʟʘʪʦʨʦʤ. 

 ʂʦʠʥʮʠʜʝʥʪʥʘ ʪʝʭʥʠʢʘ ʤʝʨʝˁʘ ʘʢʪʠʚʥʦʩʪʠ ʧʦʜʨʘʟʫʤʝʚʘ ʨʘʯʫʥ ʢʦʨʝʢʮʠʿʝ ʥʘ 

ʨʘʩʧʨʦʩʪʨʘˁʝʥʦʩʪ ʫʟʦʨʢʘ, ʘ ʫ ʩʣʫʯʘʿʫ ʿʝʜʥʦʛ ʜʝʪʝʢʪʦʨʘ ʧʦʪʨʝʙʥʝ ʩʫ ʠ ʢʦʨʝʢʮʠʿʝ ʥʘ 

ʫʛʘʦʥʝ ʢʦʨʝʣʘʮʠʿʝ. ʈʘʯʫʥ ʧʦʧʨʘʚʢʝ ʥʘ ʨʘʩʧʨʦʩʪʨʘˁʝʥʦʩʪ ʫʟʦʨʢʘ ʠ ʝʬʝʢʪʠʚʥʝ ʫʛʘʦʥʝ 

ʢʦʨʝʣʘʮʠʿʝ ʟʘ ʠʟʚʦʨʝ 
60

Co ʨʘʯʫʥʘʣʠ ʩʫ Vidmar et al. [50] Monte Carlo ʪʝʭʥʠʢʦʤ. ʄʝʨʝˁʘ 

ʘʢʪʠʚʥʦʩʪʠ ʠ ʨʘʯʫʥ ʧʦʧʨʘʚʢʝ ʥʘ ʮʠʣʠʥʜʨʠʯʥʠʤ ʫʟʦʨʮʠʤʘ ʜʘʣʠ ʩʫ ʢʦʥʮʝʥʪʨʘʮʠʿʝ 

ʘʢʪʠʚʥʦʩʪʠ ʢʦʿʝ ʩʝ ʩʣʘʞʫ ʫ ʦʢʚʠʨʫ 1% ʩʘ ʜʨʫʛʠʤ ʤʝʪʦʜʘʤʘ. ɽʬʝʢʪʠ ʩʣʫʯʘʿʥʠʭ 

ʢʦʠʥʮʠʜʝʥʮʠʿʘ ʩʫ ʙʠʣʠ ʟʘʥʝʤʘʨˀʠʚʠ. ɻʨʝʰʢʘ ʫ ʦʜʨʝʹʠʚʘˁʫ ʘʢʪʠʚʥʦʩʪʠ ʠʤʘ ʪʝʥʜʝʮʠʿʫ 

ʨʘʩʪʘ ʫʢʦʣʠʢʦ ʩʝ ʚʠʩʠʥʘ ʫʟʦʨʢʘ ʧʦʚʝ˂ʘʚʘ, ʘ ʥʝ ʫʟʠʤʘʿʫ ʩʝ ʫ ʦʙʟʠʨ ʢʦʨʝʢʮʠʿʝ ʥʘ ʫʛʘʦʥʝ 

ʢʦʨʝʣʘʮʠʿʝ ʠ ʨʘʩʧʨʦʩʪʨʘˁʝʥʦʩʪ.  

ʄʝʨʝˁʝ ʘʢʪʠʚʥʦʩʪʠ ʢʦʠʥʮʠʜʝʥʪʥʦʤ ʪʝʭʥʠʢʦʤ ʥʘ n-ʧʣʘʥʘʨʥʦʤ ʛʝʨʤʘʥʠʿʫʤʩʢʦʤ 

ʜʝʪʝʢʪʦʨʫ ʿʝ ʩʧʨʦʚʝʜʝʥʘ ʠ ʟʘ ʠʟʦʪʦʧ 
57

Co ʦʜ ʩʪʨʘʥʝ Iwahara et al. [51] ʛʜʝ ʩʫ ʢʦʨʠʰ˂ʝʥʝ 

ʧʨʘʚʝ ʢʦʠʥʮʠʜʝʥʮʠʿʝ X- ʠ ɔ-ʬʦʪʦʥʘ. ʇʦʰʪʦ ʩʫ ʩʫʤʘʨʥʠ ʚʨʭʦʚʠ ʧʦʤʦ˂ʫ ʢʦʿʠʭ ʩʝ ʤʝʨʠʣʘ 

ʘʢʪʠʚʥʦʩʪ ʥʘʩʪʘʣʠ ʧʫʪʝʤ x-ɔ ʢʦʠʥʮʠʜʝʥʮʠʿʘ ʟʘ ʢʦʿʝ ʥʝ ʧʦʩʪʦʿʝ ʫʛʘʦʥʝ ʢʦʨʝʣʘʮʠʿe,  

ʠʥʪʝʨʧʨʝʪʘʮʠʿʘ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʠʭ ʧʦʜʘʪʘʢʘ ʿʝ ʿʝʜʥʦʩʪʘʚʥʠʿa. ɽʬʝʢʘʪ ʟʘʩʪʫʧˀʝʥʦʩʪʠ 

ʩʣʫʯʘʿʥʠʭ ʜʦʛʘʹʘʿʘ ʫ ʩʫʤʘʨʥʦʤ ʚʨʭʫ ʿʝ ʝʣʠʤʠʥʠʩʘʥ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʠʤ ʧʫʪʝʤ ʪʘʢʦ ʰʪʦ 

ʩʫ ʩʥʠʤʘʥʠ ʫʟʦʨʮʠ ʩʘ ʠʩʪʠʤ ʢʦʥʮʝʥʪʨʘʮʠʿʘʤʘ ʘʢʪʠʚʥʦʩʪʠ ʨʘʟʣʠʯʠʪʠʭ ʤʘʩʘ. ʉʥʠʤʘˁʝʤ 

ʟʘʚʠʩʥʦʩʪʠ ʢʦʥʮʝʥʪʨʘʮʠʿʝ ʘʢʪʠʚʥʦʩʪʠ ʦʜ ʙʨʟʠʥʝ ʙʨʦʿʘˁʘ ʟʘ ʫʟʦʨʢʝ ʨʘʟʣʠʯʠʪʠʭ ʤʘʩʘ, ʪʝ 

ʝʢʩʪʨʘʧʦʣʘʮʠʿʦʤ ʥʘ ʥʫʣʪʫ ʙʨʟʠʥʫ ʙʨʦʿʘˁʘ, ʜʦʙʠʿʝʥʘ ʿʝ ʢʦʥʮʝʥʪʨʘʮʠʿʘ ʘʢʪʠʚʥʦʩʪʠ 

ʢʦʨʠʛʦʚʘʥʘ ʥʘ ʝʬʝʢʘʪ ʩʣʫʯʘʿʥʠʭ ʢʦʠʥʮʠʜʝʥʮʠʿʘ.  ʈʝʟʫʣʪʘʪʠ ʩʫ ʙʠʣʠ ʫ ʩʘʛʣʘʩʥʦʩʪʠ ʫ 

ʦʢʚʠʨʫ 1.4 % ʩʘ ʜʨʫʛʠʤ ʤʝʪʦʜʘʤʘ.  

 ʇʦʧʨʘʚʢʫ ʥʘ ʩʣʫʯʘʿʥʝ ʢʦʠʥʮʠʜʝʥʮʠʿʝ ʩʫ ʪʘʢʦʹʝ ʜʝʤʦʥʩʪʨʠʨʘʣʠ Capogni et al. [52] 

ʤʝʨʝ˂ʠ ʘʢʪʠʚʥʦʩʪ ʠʟʚʦʨʘ 
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I ʬʦʪʦʥ-ʬʦʪʦʥ ʢʦʠʥʮʠʜʝʥʪʥʦʤ ʪʝʭʥʠʢʦʤ ʥʘ NaI ʜʝʪʝʢʪʦʨʫ. 

ʂʦʨʝʢʮʠʿʝ ʥʘ ʩʣʫʯʘʿʥʝ ʢʦʠʥʮʠʜʝʥʮʠʿʝ ʩʫ ʠʟʚʨʰʝʥʝ ʪʝʭʥʠʢʦʤ ʝʢʩʪʨʘʧʦʣʘʮʠʿʝ 

ʘʢʪʠʚʥʦʩʪʠ ʥʘ ʥʫʣʫ. ʂʘʢʦ ʩʝ ʤʝʨʝˁʝ ʟʘʩʥʠʚʘ ʥʘ ʜʝʪʝʢʮʠʿʠ ʥʠʩʢʦʝʥʝʨʛʠʿʩʢʦʛ ʬʦʪʦʥʘ ʦʜ 

35.5 keV ʧʨʦʙʣʝʤ ʩʘ ʦʜʨʝʹʠʚʘˁʝʤ ʧʦʚʨʰʠʥʝ ʚʨʭʦʚʘ ʿʝ ʤʠʥʠʤʠʟʠʨʘʥ ʿʝʨ ʧʨʘʢʪʠʯʥʦ 

ʂʦʤʧʪʦʥʦʚʦʛ ʢʦʥʪʠʥʫʫʤʘ ʥʝʤʘ. ɿʘ ʦʚʘʿ ʠʟʦʪʦʧ ʤʝʪʦʜ ʜʦʩʪʠʞʝ ʪʘʯʥʦʩʪ ʦʢʦ 0.13% ʘʣʠ ʫʟ 

ʢʦʨʠʰ˂ʝˁʝ ʧʦʜʘʪʘʢʘ ʠʟ ʰʝʤʝ ʨʘʩʧʘʜʘ. 

 ʉʚʠ ʨʘʜʠʦʠʟʦʪʦʧʠ ʯʠʿʘ ʩʝ ʘʢʪʠʚʥʦʩʪ ʤʝʨʠ ʢʦʠʥʮʠʜʝʥʪʥʦʤ ʤʝʪʦʜʦʤ ʧʦʤʦ˂ʫ 

ʿʝʜʥʦʛ ʜʝʪʝʢʪʦʨʘ ʠʤʘʿʫ ʨʝʣʘʪʠʚʥʦ ʿʝʜʥʦʩʪʘʚʥʫ ʰʝʤʫ ʨʘʩʧʘʜʘ, ʘ ʢˀʫʯʥʠ ʧʦʜʘʪʘʢ ʿʝ ʿʝʜʘʥ 

ʢʦʥʮʠʜʝʥʪʥʠ (ʩʫʤʘʨʥʠ) ʚʨʭ. ʄʝʹʫʪʠʤ, ʪʝʦʨʠʿʩʢʠ ʛʣʝʜʘʥʦ, ʧʨʠʤʝʥʘ ʿʝʜʥʦʛ ʩʧʝʢʪʨʦʤʝʪʨʘ 

ʟʘ ʦʜʨʝʹʠʚʘˁʝ ʘʧʩʦʣʫʪʥʝ ʘʢʪʠʚʥʦʩʪʠ ʩʣʦʞʝʥʠʿʠʭ ɔ-ʝʤʠʪʝʨʘ ʤʦʛʫ˂ʘ ʿʝ ʨʝʰʘʚʘˁʝʤ 

ʿʝʜʥʘʯʠʥʘ ʙʨʦʿʘˁʘ ʟʘ ʨʝʛʫʣʘʨʥʝ ʠ ʩʫʤʘʨʥʝ ʚʨʭʦʚʝ ʧʦ ʥʝʧʦʟʥʘʪʦʿ ʘʢʪʠʚʥʦʩʪʠ [53]. 

ʉʧʝʢʪʨʘʣʥʠ ʧʦʜʘʮʠ ʠ ʿʝʜʥʘʯʠʥʝ ʙʨʦʿʘˁʘ ʟʘ ʚʨʭʦʚʝ ʫ ʩʧʝʢʪʨʫ ʠ ʪʦʪʘʣʥʫ ʙʨʟʠʥʫ ʙʨʦʿʘˁʘ 

ʤʦʛʫ ʩʝ ʧʦʩʤʘʪʨʘʪʠ ʢʘʦ ʩʠʩʪʝʤ ʿʝʜʥʘʯʠʥʘ ʥʝʣʠʥʝʘʨʥʠʭ ʿʝʜʥʘʯʠʥʘ ʧʦ ʝʬʠʢʘʩʥʦʩʪʠʤʘ ʠ 

ʪʦʪʘʣʥʠʤ ʝʬʠʢʘʩʥʦʩʪʠʤʘ ʢʦʿʝ ʫʟ ʠʟʚʝʩʥʝ ʘʧʨʦʢʩʠʤʘʮʠʿʝ ʤʦʛʫ ʙʠʪʠ ʨʝʰʝʥʝ ʥʫʤʝʨʠʯʢʠʤ 

ʧʦʩʪʫʧʢʦʤ ʧʦ ʥʝʧʦʟʥʘʪʦʿ ʘʢʪʠʚʥʦʩʪʠ. Novkoviĺ et al. [54] ʫʥʘʧʨʝʹʫʿʫ ʬʦʨʤʘʣʠʟʘʤ [53] 

ʨʘʟʤʘʪʨʘʿʫ˂ʠ ʩʚʝ ʤʦʛʫ˂ʝ ʧʫʪʘˁʝ ʧʨʠ ʨʘʩʧʘʜʫ ʠ ʠʩʭʦʜʝ ʫ ʜʝʪʝʢʪʦʨʫ ʧʨʠ ʯʝʤʫ ʩʫ ʨʘʟʚʠʣʠ 

ʤʝʪʦʜ ʟʘ ʤʝʨʝˁʝ ʘʢʪʠʚʥʦʩʪʠ ʩʣʦʞʝʥʠʭ ʛʘʤʘ ʝʤʠʪʝʨʘ ʩʘʤʦ ʥʘ ʦʩʥʦʚʫ ʩʧʝʢʪʨʘʣʥʠʭ 

ʧʦʜʘʪʘʢʘ. ʈʘʟʤʘʪʨʘˁʝʤ ʩʚʠʭ ʧʫʪʘˁʘ ʠ ʤʦʛʫ˂ʠʭ ʠʩʭʦʜʘ ʠ ʦʙʨʘʜʦʤ ʩʧʝʢʪʨʘʣʥʝ ʩʣʠʢʝ 

ʜʦʙʠʿʝʥʝ ʧʦʤʦ˂ʫ ʛʝʨʤʘʥʠʿʫʤʩʢʦʛ ʜʝʪʝʢʪʦʨʘ, ʤʝʨʠʣʠ ʩʫ ʘʢʪʠʚʥʦʩʪ ʪʘʯʢʘʩʪʦʛ ʠʟʚʦʨʘ 
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Co 

[54]. ʋʟ ʢʚʘʣʠʪʝʪʥʫ ʦʙʨʘʜʫ ʩʧʝʢʪʨʘʣʥʠʭ ʧʦʜʘʪʘʢʘ ʤʝʨʝʥʘ ʘʢʪʠʚʥʦʩʪ ʩʝ ʩʣʘʛʘʣʘ ʩʘ 

ʘʢʪʠʚʥʦʩʪʠʤʘ ʜʝʢʣʘʨʠʩʘʥʠʤ ʦʜ ʩʪʨʘʥʝ ʧʨʦʠʟʚʦʹʘʯʘ ʠʟʚʦʨʘ ʫ ʦʢʚʠʨʫ 1%.  
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Ba, Novkoviĺ et al. [55, 56] ʩʫ ʫʩʧʝʰʥʦ ʧʨʠʤʝʥʠʣʠ ʨʘʟʚʠʿʝʥʠ 

ʬʦʨʤʘʣʠʟʘʤ ʠ ʧʦʩʪʫʧʘʢ ʟʘ ʜʦʙʠʿʘˁʝ ʿʝʜʥʘʯʠʥʘ ʙʨʦʿʘˁʘ ʟʘ ʩʚʝ ʚʨʭʦʚʝ ʫ ʩʧʝʢʪʨʫ. ʋ 

ʿʝʜʥʘʯʠʥʘʤʘ ʟʘ ʙʨʟʠʥʝ ʙʨʦʿʘˁʘ ʬʠʛʫʨʠʰʫ ʥʝʧʦʟʥʘʪʝ ʝʬʠʢʘʩʥʦʩʪʠ ʚʨʭʘ ʧʫʥʝ ʝʥʝʨʛʠʿʝ, 

ʪʦʪʘʣʥʝ ʝʬʠʢʘʩʥʦʩʪʠ ʠ ʘʢʪʠʚʥʦʩʪ. ʂʘʢʦ ʿʝ ʙʨʦʿ ʿʝʜʥʘʯʠʥʘ ʤʘˁʠ ʦʜ ʥʝʧʦʟʥʘʪʠʭ ʚʝʣʠʯʠʥʘ 

(ɽʬʠʢʘʩʥʦʩʪʠ ʠ ʘʢʪʠʚʥʦʩʪ) ʫʚʝʜʝʥʝ ʩʫ oʜʨʝʹʝʥʝ ʘʧʨʦʢʩʠʤʘʮʠʿʝ. ʇʨʝʪʧʦʩʪʘʚˀʘˁʝʤ 

ʦʙʣʠʢʘ peak-to-total ʬʫʥʢʮʠʿʝ ʫ ʟʘʚʠʩʥʦʩʪʠ ʦʜ ʝʥʝʨʛʠʿʝ ʛʘʤʘ ʟʨʘʯʝˁʘ ʢʘʦ 

 

( ) / ( ) 1E E kEe h = +      (4.8) 

 

ʛʜʝ ʿʝ Ů(ɽ) ʝʬʠʢʘʩʥʦʩʪ ʚʨʭʘ ʧʫʥʝ ʝʥʝʨʛʠʿʝ ʥʘ ʝʥʝʨʛʠʿʠ E, ɖ(E) ʿʝ ʪʦʪʘʣʥʘ ʝʬʠʢʘʩʥʦʩʪ ʥʘ 

ʠʩʪʦʿ ʝʥʝʨʛʠʿʠ ʠ ʧʘʨʘʤʝʪʘʨ k ʿʝ ʥʝʧʦʟʥʘʪʠ ʧʘʨʘʤʝʪʘʨ, ʙʨʦʿ ʿʝʜʥʘʯʠʥʘ ʿʝ ʠʟʿʝʜʥʘʯʝʥ ʩʘ 

ʙʨʦʿʝʤ ʥʝʧʦʟʥʘʪʠʭ ʚʝʣʠʯʠʥʘ. ʅʫʤʝʨʠʯʢʠʤ ʧʦʩʪʫʧʢʦʤ ʨʝʰʝʥ ʿʝ ʩʠʩʪʝʤ ʥʝʣʠʥʝʘʨʥʠʭ  

ʿʝʜʥʘʯʠʥʘ ʯʠʿʘ ʩʫ ʨʝʰʝˁʘ: ʝʬʠʢʘʩʥʦʩʪʠ ʚʨʭʘ ʧʫʥʝ ʝʥʝʨʛʠʿʝ ʢʦʨʠʛʦʚʘʥʝ ʥʘ ʝʬʝʢʘʪ 

ʧʨʘʚʦʛ ʢʦʠʥʮʠʜʝʥʪʥʦʛ ʩʫʤʠʨʘˁʘ, ʧʘʨʘʤʝʪʘʨ k ʢʦʿʠ ʜʝʬʠʥʠʰʝ peak-to-total ʬʫʥʢʮʠʿʫ ʠ 

ʘʢʪʠʚʥʦʩʪ ʠʟʚʦʨʘ. ʆʧʠʩʘʥʦʤ ʧʨʦʮʝʜʫʨʦʤ Novkoviĺ et al. ʩʫ ʧʦʩʪʠʛʣʠ ʤʝʨʥʫ ʥʝʩʠʛʫʨʥʦʩʪ 

ʦʜʨʝʹʠʚʘˁʘ ʘʢʪʠʚʥʦʩʪʠ ʪʘʯʢʘʩʪʦʛ ʠʟʚʦʨʘ 
133

Ba ʦʢʦ 1%, ʘʣʠ ʧʨʠ ʙʨʟʠʥʘʤʘ ʙʨʦʿʘˁʘ ʛʜʝ ʩʫ 

ʢʦʨʝʢʮʠʿʝ ʥʘ ʩʣʫʯʘʿʥʝ ʢʦʠʥʮʠʜʝʥʮʠʿʝ ʟʘʥʝʤʘʨˀʠʚʝ [55, 56]. ʇʦʧʨʘʚʢʝ ʥʘ ʫʛʘʦʥʝ 

ʢʦʨʝʣʘʮʠʿʝ ʥʠʩʫ ʙʠʣʝ ʨʘʟʤʘʪʨʘʥe, ʿʝʨ ʟʘ ʠʟʚʦʨ 
133

Ba ʝʬʝʢʘʪ ʿʝ ʧʨʘʢʪʠʯʥʦ ʟʘʥʝʤʘʨˀʠʚ 

(<0,3 %) ʢʘʜʘ ʩʝ ʪʘʯʢʘʩʪʠ ʠʟʚʦʨ ʥʘʣʘʟʠ ʥʘ ʢʘʧʠ ʜʝʪʝʢʪʦʨʘ.  
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5 ʉʣʫʯʘʿʥʝ ʢʦʠʥʮʠʜʝʥʮʠʿʝ ʫ 
ʩʧʝʢʪʨʘʣʥʠʤ ʧʦʜʘʮʠʤʘ ɔ-ʝʤʠʪʝʨʘ 

ʇʨʠ ʚʝ˂ʠʤ ʙʨʟʠʥʘʤʘ ʙʨʦʿʘˁʘ ʤʦʛʫ ʩʝ ʿʘʚʠʪʠ ʧʨʦʙʣʝʤʠ ʩʘ ʛʫʙʠʪʢʦʤ ʨʝʟʦʣʫʮʠʿʝ, 

ʥʝʩʪʘʙʠʣʥʦʩʪʠ ʮʝʥʪʨʦʠʜʘ ʚʨʭʘ ʧʫʥʝ ʝʥʝʨʛʠʿʝ, ʟʥʘʪʥʠʤ ʧʨʦʜʫʞʝˁʝʤ ʚʨʝʤʝʥʘ ʤʝʨʝˁʘ, 

ʣʦʰʠʤ ʦʜʥʦʩʦʤ ʧʦʚʨʰʠʥʝ ʚʨʭʦʚʘ ʧʨʝʤʘ ʢʦʥʪʠʥʫʫʤʫ, ʦʜʩʪʫʧʘˁʠʤʘ ʦʜ ʇʦʘʩʦʥʦʚʝ 

ʩʪʘʪʠʩʪʠʢʝ ʠ ʥʝʪʘʯʥʠʤ ʦʙʨʘʯʫʥʘʚʘˁʝʤ ʤʨʪʚʦʛ ʚʨʝʤʝʥʘ, ʫ ʝʢʩʪʨʝʤʥʠʤ ʩʣʫʯʘʿʝʚʠʤʘ 

ʤʦʞʝ ʜʦ˂ʠ ʠ ʜʦ ʛʘʰʝˁʘ ʙʨʦʿʘʯʢʦʛ ʩʠʩʪʝʤʘ ʫʩʣʝʜ ʩʘʪʫʨʘʮʠʿʝ ʠ ʧʨʝʚʝʣʠʢʦʛ ʦʜʙʨʦʿʘ [57, 

58]. ʋʢʦʣʠʢʦ ʩʝ ʧʦʩʪʠʛʥʫ ʫʩʣʦʚʠ ʧʨʠ ʢʦʿʠʤʘ ʿʝ ʤʦʛʫ˂ʝ ʩʘʢʫʧʠʪʠ ʩʧʝʢʪʨʘʣʥʝ ʧʦʜʘʪʢʝ, 

ʠʥʪʝʨʧʨʝʪʘʮʠʿʘ ʧʦʜʘʪʘʢʘ ʥʘ ʚʝʣʠʢʠʤ ʙʨʟʠʥʘʤʘ ʙʨʦʿʘˁʘ ʿʝ ʦʪʝʞʘʥʘ ʿʝʨ ʚʨʭʦʚʠ ʫ ʩʧʝʢʪʨʫ 

ʥʝʤʘʿʫ ʦʙʣʠʢ ʛʘʫʩʠʿʘʥʘ ʠ ʧʘʪʝ ʦʜ ʛʫʙʠʪʢʘ ʠ ʜʦʧʨʠʥʦʩʘ ʦʜ ʩʣʫʯʘʿʥʠʭ ʢʦʠʥʮʠʜʝʥʮʠʿʘ.  

ʋ ʮʠˀʫ ʧʨʝʚʘʟʠʣʘʞʝˁʘ ʠʣʠ ʙʘʨ ʤʠʥʠʤʠʟʘʮʠʿʝ ʧʦʤʝʥʫʪʠʭ ʧʨʦʙʣʝʤʘ ʧʨʠ ʚʝ˂ʠʤ 

ʙʨʟʠʥʘʤʘ ʙʨʦʿʘˁʘ, ʧʨʦʠʟʚʦʹʘʯʠ ʧʨʘʪʝ˂ʝ ʝʣʝʢʪʨʦʥʠʢʝ ʫʚʦʜʝ ʨʘʟʣʠʯʠʪʘ ʩʦʬʪʝʚʝʨʩʢʘ ʠ 

ʭʘʨʜʚʝʨʩʢʘ ʨʝʰʝˁʘ [59]. ʍʘʨʜʚʝʨʩʢʘ ʨʝʰʝˁʘ ʧʦʜʨʘʟʫʤʝʚʘʿʫ ʠʟʨʘʜʫ ʝʣʝʢʪʨʠʯʥʠʭ ʢʦʣʘ 

ʢʦʿʘ ʤʦʛʫ ʧʨʦʮʝʩʫʠʨʘʪʠ ʚʝʣʠʢʠ ʙʨʦʿ ʧʨʠʩʪʠʞʫ˂ʠʭ ʩʠʛʥʘʣʘ ʫ ʿʝʜʠʥʠʮʠ ʚʨʝʤʝʥʘ ʙʝʟ 

ʟʥʘʪʥʦʛ ʛʫʙʠʪʢʘ ʝʥʝʨʛʝʪʩʢʝ ʨʝʟʦʣʫʮʠʿʝ ʩʠʩʪʝʤʘ. ʂʘʦ ʜʦʙʨʦ ʨʝʰʝˁʝ ʫʚʦʜʠ ʩʝ ʰʪʦ ʨʘʥʠʿʘ 

ʜʠʛʠʪʘʣʠʟʘʮʠʿʘ ʫʣʘʟʥʠʭ ʩʠʛʥʘʣʘ ʠ ʤʦʛʫ˂ʥʦʩʪ ʫʢˀʫʯʠʚʘˁʘ ʢʦʣʘ ʟʘ ʦʜʙʘʮʠʚʘˁʝ 

ʥʘʩʝʜʘʿʫ˂ʠʭ ʩʠʛʥʘʣʘ (pile-up rejection) [21]. ʉʤʘˁʝˁʝʤ ʝʬʝʢʪʠʚʥʦʛ ʚʨʝʤʝʥʘ ʨʝʟʦʣʫʮʠʿʝ 

ʜʦʙʠʿʘʿʫ ʩʝ ʙʦˀʝ ʧʝʨʬʦʨʤʘʥʩʝ  ʧʨʠ ʚʝ˂ʠʤ ʙʨʟʠʥʘʤʘ ʙʨʦʿʘˁʘ. ʄʝʹʫʪʠʤ ʬʫʥʜʘʤʝʥʪʘʣʥʦ 

ʦʛʨʘʥʠʯʝˁʝ ʢʦʜ ʛʝʨʤʘʥʠʿʫʤʩʢʠʭ ʜʝʪʝʢʪʦʨʘ ʿʝ ʚʨʝʤʝ ʧʦʪʨʝʙʥʦ ʜʘ ʩʝ ʥʘʝʣʝʢʪʨʠʩʘˁʝ ʢʦʿʝ 

ʧʨʦʠʟʚʝʜʝ ʫʧʘʜʥʦ ʟʨʘʯʝˁʝ ʩʘʢʫʧʠ ʥʘ ʝʣʝʢʪʨʦʜʘʤʘ, ʧʘ ʚʨʝʤʝ ʨʝʟʦʣʫʮʠʿʝ ʥʝ ʤʦʞʝ ʙʠʪʠ 

ʢʨʘ˂ʝ ʦʜ ʦʚʦʛ ʚʨʝʤʝʥʘ [13]. ɱʝʜʘʥ ʦʜ ʧʦʢʘʟʘʪʝˀʘ ʜʦʙʨʦʪʝ ʩʧʝʢʪʨʦʩʢʦʧʩʢʦʛ ʩʠʩʪʝʤʘ ʠ 

ʿʝʩʪʝ ʦʜʥʦʩ ʙʨʟʠʥʝ ʙʨʦʿʘˁʘ ʧʨʝʤʘ ʨʝʟʦʣʫʮʠʿʠ. ɼʠʛʠʪʘʣʥʠ ʩʠʩʪʝʤʠ ʠʤʘʿʫ ʧʨʝʜʥʦʩʪ ʢʘʜʘ 

ʿʝ ʫ ʧʠʪʘˁʫ ʦʧʪʠʤʠʟʘʮʠʿʘ ʩʧʝʢʪʨʦʩʢʦʧʩʢʦʛ ʩʠʩʪʝʤʘ ʟʘ ʫʩʣʦʚʝ ʤʝʨʝˁʘ, ʿʝʨ ʧʨʫʞʘʿʫ 

ʤʦʛʫ˂ʥʦʩʪ ʩʦʬʪʚʝʨʩʢʝ ʢʦʥʪʨʦʣʝ ʟʘ ʦʜʘʙʠʨʘˁʝ ʦʙʣʠʢʘ ʩʠʛʥʘʣʘ ʧʦʿʘʯʘʚʘʯʘ (ʚʨʝʤʝ 

ʧʦʨʘʩʪʘ ʠ ʰʠʨʠʥʘ ʧʣʘʪʦʘ) ʯʠʤʝ ʩʝ ʤʦʛʫ ʧʦʩʪʠ˂ʠ ʦʧʪʠʤʘʣʥʝ ʧʝʨʬʦʨʤʘʥʩʝ ʫ ʩʤʠʩʣʫ 

ʨʝʟʦʣʫʮʠʿʝ ʠ ʙʨʟʠʥʝ ʙʨʦʿʘˁʘ [60]. ʂʦʤʝʨʮʠʿʘʣʥʦ ʜʦʩʪʫʧʥʠ ʜʠʛʠʪʘʣʥʠ ʩʧʝʢʪʨʦʩʢʦʧʩʢʠ 

ʩʠʩʪʝʤʠ ʨʘʟʣʠʢʫʿʫ ʩʝ ʫ ʧʝʨʬʦʨʤʘʥʩʘʤʘ ʧʘ ʿʝ ʫʧʦʨʝʹʠʚʘˁʝ ˁʠʭʦʚʠʭ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ ʧʨʠ 

ʨʘʟʣʠʯʠʪʠʤ ʫʩʣʦʚʠʤʘ ʤʝʨʝˁʘ ʢʦʨʠʩʥʘ ʠʥʬʦʨʤʘʮʠʿʘ ʧʨʠ ʫʧʦʪʨʝʙʠ ʜʠʛʠʪʘʣʥʠʭ 

ʩʧʝʢʪʨʦʩʢʦʧʩʢʠʭ ʿʝʜʠʥʠʮʘ [17, 19]. 

ʀ ʧʦʨʝʜ ʦʛʨʘʥʠʯʝˁʘ ʢʦʿʝ ʧʨʦʠʟʚʦʹʘʯ ʧʦʩʪʘʚˀʘ ʥʘ ʙʨʟʠʥʫ ʙʨʦʿʘˁʘ ʟʘ ʩʧʝʢʪʨʘʣʥʝ 

ʧʦʜʘʪʢʝ ʩʘ ʦʜʛʦʚʘʨʘʿʫ˂ʦʤ ʤʝʨʥʦʤ ʥʝʩʠʛʫʨʥʦʰ˂ʫ, ʧʦʩʪʦʿʠ ʥʝʢʦʣʠʢʦ ʥʘʯʠʥʘ ʜʘ ʩʝ ʧʦʜʘʮʠ 

ʢʦʨʠʛʫʿʫ ʠ ʧʨʘʢʪʠʯʥʦ ʧʨʦʰʠʨʠ ʦʧʩʝʛ ʫʧʦʪʨʝʙˀʠʚʦʩʪʠ ʩʧʝʢʪʨʘʣʥʦʛ ʫʨʝʹʘʿʘ. ʇʨʠʣʠʢʦʤ 

ʤʝʨʝˁʘ ʘʢʪʠʚʥʦʩʪʠ, ʛʜʝ ʩʫ ʨʝʣʝʚʘʥʪʥʠ ʧʦʜʘʮʠ ʙʨʟʠʥʝ ʙʨʦʿʘˁʘ ʫ ʦʜʛʦʚʘʨʘʿʫ˂ʠʤ 

ʚʨʭʦʚʠʤʘ ʧʫʥʝ ʘʧʩʦʨʧʮʠʿʝ,  ʧʨʝʪʭʦʜʥʠ ʘʫʪʦʨʠ ʩʫ ʢʦʨʝʢʮʠʿʫ ʥʘ ʛʫʙʠʪʢʝ ʠ ʜʦʧʨʠʥʦʩʝ ʫ 

ʚʨʭʦʚʠʤʘ ʯʠʥʠʣʠ ʦʙʨʘʜʦʤ ʚʠʰʝ ʩʧʝʢʪʨʘʣʥʠʭ ʧʦʜʘʪʘʢʘ ʢʦʿʠ ʦʜʛʦʚʘʨʘʿʫ ʨʘʟʣʠʯʠʪʠʤ 

ʢʦʥʮʝʥʪʨʘʮʠʿʘʤʘ ʘʢʪʠʚʥʦʩʪʠ, ʧʨʠ ʯʝʤʫ ʩʝ ʝʢʩʪʨʘʧʦʣʘʮʠʿʦʤ ʧʦʜʘʪʘʢʘ ʥʘ ʘʢʪʠʚʥʦʩʪ ʢʦʿʘ 

ʦʜʛʦʚʘʨʘ ʥʫʣʪʦʿ ʢʦʥʮʝʥʪʨʘʮʠʿʠ ʘʢʪʠʚʥʦʩʪʠ ʜʦʙʠʣʘ ʘʢʪʠʚʥʦʩʪ ʢʦʿʘ ʥʝʤʘ ʛʫʙʠʪʢʝ ʠ 

ʜʦʧʨʠʥʦʩʝ ʥʘ ʩʣʫʯʘʿʥʝ ʢʦʠʥʮʠʜʝʥʮʠʿʝ, ʥʧʨ. ʚʠʜʝʪʠ [52]. ʄʝʪʦʜ ʝʢʩʪʨʘʧʦʣʘʮʠʿʝ ʥʘ 

ʩʧʝʢʪʨʘʣʥʝ ʧʦʜʘʪʢʝ ʢʦʿʠ ʥʝʤʘʿʫ ʧʨʦʙʣʝʤ ʩʘ ʚʝ˂ʦʤ ʙʨʟʠʥʦʤ ʙʨʦʿʘˁʘ ʤʦʞʝ ʩʝ 

ʨʝʘʣʠʟʦʚʘʪʠ ʠ ʚʘʨʠʿʘʮʠʿʦʤ ʚʨʝʤʝʥʘ ʨʝʟʦʣʫʮʠʿʝ ʩʧʝʢʪʨʦʤʝʪʨʘ [46]. ɱʦʰ ʿʝʜʥʘ ʤʦʛʫ˂ʥʦʩʪ 

ʢʦʨʝʢʮʠʿʝ ʩʧʝʢʪʨʘʣʥʠʭ ʧʦʜʘʪʘʢʘ ʥʘ ʩʣʫʯʘʿʥʝ ʢʦʠʥʮʠʜʝʥʮʠʿʝ ʧʨʠ ʚʝ˂ʠʤ ʙʨʟʠʥʘʤʘ 

ʙʨʦʿʘˁʘ ʿʝ ʧʦʤʦ˂ʫ ʝʬʝʢʪʠʚʥʦʛ ʚʨʝʤʝʥʘ ʨʝʟʦʣʫʮʠʿʝ ʩʧʝʢʪʨʦʤʝʪʨʘ [61].  
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ʉʚʘʢʘʢʦ ʿʝ ʫʚʦʹʝˁʝʤ ʜʠʛʠʪʘʣʥʠʭ ʩʧʝʢʪʨʦʩʢʦʧʩʢʠʭ ʿʝʜʠʥʠʮʘ ʫ ʛʘʤʘ 

ʩʧʝʢʪʨʦʤʝʪʨʠʿʫ ʩʘ ʦʧʮʠʿʦʤ ʦʜʙʘʮʠʚʘˁʘ ʥʘʩʝʜʘʿʫ˂ʠʭ ʩʠʛʥʘʣʘ (pile-up rejection) ʟʥʘʪʥʦ  

ʧʦʙʦˀʰʘʥ ʢʚʘʣʠʪʝʪ ʩʧʝʢʪʘʨʘ ʥʘ ʚʝ˂ʠʤ ʙʨʟʠʥʘʤʘ ʙʨʦʿʘˁʘ [62]. 

5.1 ɼʦʧʨʠʥʦʩʠ ʩʣʫʯʘʿʥʠʭ ʢʦʠʥʮʠʜʝʥʮʠʿʘ ʫ 

ʩʫʤʘʨʥʦʤ ʚʨʭʫ 

ʌʫʥʜʘʤʝʥʪʘʣʥʦ ʦʛʨʘʥʠʯʝˁʝ ʥʘ ʙʨʟʠʥʫ ʙʨʦʿʘˁʘ ʧʦʩʪʘʚˀʘ ʯʠˁʝʥʠʮʘ ʜʘ ʩʠʛʥʘʣʠ 

ʥʘʩʪʘʣʠ ʜʝʪʝʢʮʠʿʦʤ ʬʦʪʦʥʘ ʠʤʘʿʫ ʢʦʥʘʯʥʫ ʜʫʞʠʥʫ ʪʨʘʿʘˁʘ. ʋʢʦʣʠʢʦ ʜʦʹʝ ʜʦ 

ʧʨʝʢʣʘʧʘˁʘ ʩʠʛʥʘʣʘ, ʦʥʠ ʤʦʛʫ ʙʠʪʠ ʦʜʙʘʯʝʥʠ ʠʣʠ ʧʘʢ ʧʨʠʭʚʘ˂ʝʥʠ ʢʘʦ ʿʝʜʘʥ ʜʦʛʘʹʘʿ. 

ʋʢʦʣʠʢʦ ʿʝ ʩʧʝʢʪʨʦʩʢʦʧʩʢʠ ʩʠʩʪʝʤ ʦʧʨʝʤˀʝʥ ʢʦʣʦʤ ʟʘ ʦʜʙʘʮʠʚʘˁʝ ʥʘʩʝʜʘʿʫ˂ʠʭ 

ʩʠʛʥʘʣʘ, ʩʧʝʢʪʨʘʣʥʠ ʧʦʜʘʮʠ ʧʨʠ ʚʝ˂ʠʤ ʙʨʟʠʥʘʤʘ ʙʨʦʿʘˁʘ ʙʠ˂ʝ ʢʚʘʣʠʪʝʪʥʠʿʠ. 

ʅʘʩʫʤʠʯʥʦ ʩʫʤʠʨʘˁʝ ʠʣʠ ʩʫʤʠʨʘˁʝ ʥʘʩʝʜʘʿʫ˂ʠʭ ʩʠʛʥʘʣʘ ʿʝ ʧʦʩʣʝʜʠʮʘ ʜʘ ʩʫ ʜʚʘ 

ʠʣʠ ʚʠʰʝ ʛʘʤʘ ʬʦʪʦʥʘ ʜʝʪʝʢʪʦʚʘʥʘ ʩʢʦʨʦ ʩʠʤʫʣʪʘʥʦ. ɸʢʦ ʦʙʘ ʧʨʠʩʪʠʛʥʫ ʫʥʫʪʘʨ 

ʚʨʝʤʝʥʩʢʦʛ ʠʥʪʝʨʚʘʣʘ ʢʦʿʠ ʿʝ ʿʝʜʥʘʢ ʚʨʝʤʝʥʩʢʦʤ ʠʥʪʝʨʚʘʣʫ ʩʠʛʥʘʣʘ ʧʦʿʘʯʘʚʘʯʘ, ʥʝ˂ʝ 

ʙʠʪʠ ʧʨʝʧʦʟʥʘʪʠ ʢʘʦ ʦʜʚʦʿʝʥʠ ʜʦʛʘʹʘʿʠ. ʈʝʟʫʣʪʫʿʫ˂ʠ ʠʟʣʘʟʥʠ ʩʠʛʥʘʣ  ʙʠ˂ʝ ʝʢʚʠʚʘʣʝʥʪʘʥ 

ʚʠʩʠʥʠ ʧʨʚʦʛ ʩʠʛʥʘʣʘ ʢʦʿʠ ʿʝ ʧʨʠʩʪʠʛʘʦ ʧʣʫʩ ʜʝʦ ʚʠʩʠʥʝ ʜʨʫʛʦʛ ʩʠʛʥʘʣʘ, ʰʪʦ ʟʘʚʠʩʠ ʦʜ 

ʪʦʛʘ ʢʦʣʠʢʦ ʩʫ ʩʠʛʥʘʣʠ ʙʣʠʟʫ. ʉʠʪʫʘʮʠʿʘ ʿʝ ʜʝʤʦʥʩʪʨʠʨʘʥʘ ʥʘ ʉʣʠʮʠ 5.1, ʢʦʿʘ 

ʧʨʝʜʩʪʘʚˀʘ ʨʘʯʫʥʘʪʠ ʦʙʣʠʢ ʩʠʛʥʘʣʘ ʧʨʝʪʧʦʿʘʯʘʚʘʯʘ ʠ ʧʦʿʘʯʘʚʘʯʘ ʢʘʜʘ ʜʚʘ ʩʠʛʥʘʣʘ 

ʿʝʜʥʘʢʠʭ ʚʝʣʠʯʠʥʘ ʧʨʠʩʪʠʞʫ ʥʘ ʫʣʘʟ ʧʨʝʪʧʦʿʘʯʘʚʘʯʘ. ʇʨʝʜʩʪʘʚˀʝʥʠ ʩʫ ʨʘʟʣʠʯʠʪʠ 

ʦʙʣʠʮʠ ʟʘ ʨʘʟʣʠʯʠʪʝ ʩʪʝʧʝʥʝ ʧʨʝʢʣʘʧʘˁʘ. ʅʘ ʛʨʘʬʠʢʫ ʩʝ ʚʠʜʠ ʜʘ ʟʘ ʚʨʣʦ ʙʣʠʩʢʫ 

ʢʦʠʥʮʠʜʝʥʮʠʿʫ ʚʠʩʠʥʘ ʢʦʤʙʠʥʦʚʘʥʦʛ ʩʠʛʥʘʣʘ, ʢʦʿʠ ˂ʝ ʤʫʣʪʠʢʘʥʘʣʥʠ ʘʥʘʣʠʟʘʪʦʨ 

ʧʦʢʫʰʘʪʠ ʜʘ ʤʝʨʠ ʿʝ ʩʢʦʨʦ ʩʫʤʘ ʚʠʩʠʥʘ ʦʙʘ ʩʠʛʥʘʣʘ.  

 

 

 
ʉʣʠʢʘ 5.1 ʈʘʯʫʥʘʪʠ ʦʙʣʠʮʠ ʩʠʛʥʘʣʘ ʢʦʿʠ ʩʝ ʧʨʝʢʣʘʧʘʿʫ. ʆʙʣʠʮʠ ʩʠʛʥʘʣʘ ʩʫ ʩʝʤʠʛʘʫʩʠʿʘʥʩʢʠ.   

 

ʆʚʘʢʚʝ ʩʣʫʯʘʿʥʝ ʢʦʠʥʮʠʜʝʥʮʠʿʝ ʩʫ ʥʝʧʦʞʝˀʥʝ ʿʝʨ ʦʥʝ ʫʟʨʦʢʫʿʫ ʛʫʙʠʪʢʝ ʫ 

ʦʜʙʨʦʿʫ ʠʟ ʚʨʭʦʚʘ ʧʫʥʝ ʝʥʝʨʛʠʿʝ ʫ ʩʧʝʢʪʨʫ. ɸʢʦ ʟʘʤʠʩʣʠʤʦ ʜʘ ʩʫ ʦʙʘ ʛʘʤʘ ʟʨʘʢʘ ʢʦʿʘ 

ʧʨʠʩʪʠʞʫ ʥʘ ʜʝʪʝʢʪʦʨ ʫʥʫʪʘʨ ʚʨʝʤʝʥʘ ʨʝʟʦʣʫʮʠʿʝ ʧʦʿʘʯʘʚʘʯʘ ʧʦʪʧʫʥʦ ʘʧʩʦʨʙʦʚʘʥʘ, ʠ 

ʟʙʦʛ ʪʦʛʘ ʧʨʝʜʦʜʨʝʹʝʥʠ ʜʘ ʜʦʧʨʠʥʝʩʫ ʦʜʙʨʦʿʫ ʧʦʜ ʚʨʭʦʤ ʧʫʥʝ ʝʥʝʨʛʠʿʝ, ʢʦʠʥʮʠʜʝʥʮʠʿʘ 
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˂ʝ ʨʝʟʫʣʪʦʚʘʪʠ ʫ ʛʫʙʠʪʢʫ ʿʝʜʥʦʛ ʦʜʙʨʦʿʘ ʠʟ ʩʚʘʢʦʛ ʚʨʭʘ ʠ ʥʘʩʪʘʥʘʢ ʦʜʙʨʦʿʘ ʥʝʛʜʝ ʫ 

ʩʧʝʢʪʨʫ.  

ʈʝʟʫʣʪʘʪ ʧʨʝʢʣʘʧʘˁʘ ʩʠʛʥʘʣʘ ʫʩʣʝʜ ʚʝʣʠʢʝ ʙʨʟʠʥʝ ʙʨʦʿʘˁʘ ʧʨʠʢʘʟʘʥ ʿʝ ʫ ʩʧʝʢʪʨʫ 

ʠʟʚʦʨʘ 
137

Cs (ʉʣʠʢʘ 5.2), ʛʜʝ ʩʝ ʚʠʜʝ ʚʨʭʦʚʠ ʥʘʩʪʘʣʠ ʩʣʫʯʘʿʥʠʤ ʢʦʠʥʮʠʜʝʥʮʠʿʘʤʘ, ʪʿ. 

ʥʘʩʝʜʘˁʝʤ ʩʠʛʥʘʣʘ ʫʥʫʪʘʨ ʚʨʝʤʝʥʘ ʨʝʟʦʣʫʮʠʿʝ ʩʧʝʢʪʨʦʤʝʪʨʘ. ɺʨʭ ʧʫʥʝ ʝʥʝʨʛʠʿʝ ʢʦʿʠ 

ʦʜʛʦʚʘʨʘ ʿʝʜʠʥʦʤ ʬʦʪʦʥʫ ʝʤʠʪʦʚʘʥʦʤ ʧʨʠ ʨʘʩʧʘʜʫ ʠʟʚʦʨʘ 
137

Cs ʿʝ ʥʘ ʝʥʝʛʨʠʿʠ 662.7 

keV. ɼʘʝˀ ʿʝ ʫʦʯˀʠʚ ʢʦʥʪʠʥʫʫʤ ʠʟʥʘʜ ʤʘʩʢʠʤʘʣʥʝ ʝʥʝʨʛʠʿʝ ʝʤʠʪʦʚʘʥʦʛ ʬʦʪʦʥʘ ʧʨʠ 

ʨʘʩʧʘʜʫ, ʰʪʦ ʿʝ ʨʝʟʫʣʪʘʪ ʩʠʤʫʣʪʘʥʝ ʜʝʪʝʢʮʠʿʝ ʜʚʘ ʬʦʪʦʥʘ ʫʥʫʪʘʨ ʚʨʝʤʝʥʘ ʨʘʟʣʘʛʘˁʘ 

ʩʧʝʢʪʨʦʤʝʪʨʘ. ɼʘˀʝ ʩʝ ʿʘʚˀʘʿʫ ʚʨʭʦʚʠ ʩʣʫʯʘʿʥʠʭ ʢʦʠʥʮʠʜʝʥʮʠʿʘ ʥʘ ʝʥʝʨʛʠʿʘʤʘ 2Ĭ662.7 

keV,  3Ĭ662.7 keV ʠ 4Ĭ662.7 keV, ʢʦʿʠ ʩʫ ʨʝʟʫʣʪʘʪ ʥʘʩʫʤʠʯʥʦʛ ʩʫʤʠʨʘˁʘ ʧʦʪʧʫʥʦ 

ʘʧʩʦʨʙʦʚʘʥʠʭ ʜʚʘ, ʪʨʠ ʠ ʯʝʪʠʨʠ ʬʦʪʦʥʘ. ʂʦʥʪʠʥʫʫʤ ʿʝ ʨʝʟʫʣʪʘʪ ʚʠʰʝʩʪʨʫʢʠʭ ʧʦʪʧʫʥʠʭ 

ʠ ʥʝʧʦʪʧʫʥʠʭ ʘʧʩʦʨʧʮʠʿʘ. 

  

 
ʉʣʠʢʘ 5.2 ʉʧʝʢʪʘʨ ʪʘʯʢʘʩʪʦʛ ʠʟʚʦʨʘ 

137
Cs ʩʥʠʤˀʝʥ ʥʘ ʢʦʘʢʩʠʿʘʣʥʦʤ HPGe ʜʝʪʝʢʪʦʨʫ ʨʝʣʘʪʠʚʥʝ 

ʝʬʠʢʘʩʥʦʩʪʠ 35% ʫ ʣʘʙʦʨʘʪʦʨʠʿʠ ʟʘ ʛʘʤʘ ʩʧʝʢʪʨʦʤʝʪʨʠʿʫ ɼʝʧʘʨʪʤʘʥʘ ʟʘ ʬʠʟʠʢʫ ʫ ʅʦʚʦʤ ʉʘʜʫ. ʇʦʨʝʜ 

ʨʝʛʫʣʘʨʥʦʛ ʚʨʭʘ ʥʘ 662.7 keV ʫʦʯʠˀʚʠ ʩʫ ʢʦʥʪʠʥʫʫʤ ʠ ʪʨʠ ʚʨʭʘ ʢʦʿʠ ʩʫ ʥʘʩʪʘʣʠ ʥʘʩʫʤʠʯʥʠʤ ʩʫʤʠʨʘˁʝʤ.  

 

ʉʘ ʉʣʠʢʝ 5.1 ʩʝ ʿʘʩʥʦ ʚʠʜʠ ʜʘ ʿʝ pile-up ʚʨʭ ʧʦʿʘʯʘʚʘʯʘ ʥʝʧʨʘʚʠʣʥʦ ʦʙʣʠʢʦʚʘʥ. 

ɺʨʭ ʩʠʛʥʘʣʘ ʩʝ ʧʦʿʘʚˀʫʿʝ ʢʘʩʥʠʿʝ ʠ ʚʨʭ ʿʝ ʰʠʨʠ ʥʝʛʦ ʰʪʦ ʩʝ ʦʯʝʢʫʿʝ ʟʘ ʿʝʜʘʥ ʩʠʛʥʘʣ. ʆʚʘ 

ʯʠˁʝʥʠʮʘ ʿʝ ʢˀʫʯʥʘ ʟʘ ʭʘʨʜʚʝʨʩʢʦ ʨʝʰʝˁʝ. ɽʣʝʢʪʨʦʥʩʢʦ ʢʦʣʦ ʢʦʿʝ ʤʘʥʠʧʫʣʠʰʝ 

ʩʠʛʥʘʣʠʤʘ, ʉʣʠʢʘ 5.3 ʜʘʿʝ ʫʚʠʜ ʫ ʧʨʦʮʝʜʫʨʫ. ʇʘʨʘʣʝʣʥʦ ʩʘ ʥʦʨʤʘʣʥʠʤ ʩʠʛʥʘʣʦʤ, ʢʦʿʠ 

ʧʨʦʠʟʚʦʜʠ ʥʦʨʤʘʣʘʥ ʠʟʣʘʟ ʥʘ ʧʦʿʘʯʘʚʘʯʫ, ʧʦʩʪʘʚˀʝʥ ʿʝ ʙʨʟ ʧʦʿʘʯʘʚʘʯ (ʙʨʟʠ 

ʜʠʬʝʨʝʥʮʠʿʘʪʦʨ ʧʨʠʢʘʟʘʥ ʥʘ ʩʣʠʮʠ ʠʩʧʦʜ). ʋʧʦʪʨʝʙˀʘʚʘʿʫ˂ʠ ʚʨʣʦ ʢʨʘʪʢʝ  ʚʨʝʤʝʥʩʢʝ 

ʢʦʥʩʪʘʥʪʝ, ʥʘʩʪʘʿʫ ʩʠʛʥʘʣʠ ʩʘ ʚʝʣʠʢʠʤ ʰʫʤʦʤ, ʘʣʠ ʰʪʦ ʿʝ ʜʦʚʦˀʥʦ ʜʘ ʦʜʨʝʜʠ ʫ ʚʨʣʦ 

ʢʨʘʪʢʦʤ ʚʨʝʤʝʥʩʢʦʤ ʠʥʪʝʨʚʘʣʫ ʜʘ ʿʝ ʩʠʛʥʘʣ ʜʝʪʝʢʪʦʚʘʥ. ɽʬʝʢʘʪ ʰʫʤʘ ʿʝ ʦʥʜʘ 

ʝʣʠʤʠʥʠʩʘʥ ʫʧʦʪʨʝʙˀʘʚʘʿʫ˂ʠ ʜʠʩʢʨʠʤʠʥʘʪʦʨ ʜʘ ʦʙʝʟʙʝʜʠ ʢʨʘʪʢʠ ʣʦʛʠʯʢʠ ʩʠʛʥʘʣ. 

ʃʦʛʠʯʢʠ ʩʠʛʥʘʣ ʩʪʘʨʪʫʿʝ ʚʨʝʤʝʥʩʢʠ ʧʝʨʠʦʜ, ʢʦʿʠ ʩʝ ʥʘʟʠʚʘ ʠʥʩʧʝʢʪʫʿʫ˂ʠ ʠʥʪʝʨʚʘʣ, ʰʪʦ 

ʿʝ ʝʢʚʠʚʘʣʝʥʪʥʦ ʜʫʞʠʥʠ ʩʠʛʥʘʣʘ. ɸʢʦ ʜʨʫʛʠ ʩʠʛʥʘʣ ʧʨʠʩʪʠʛʥʝ ʫʥʫʪʘʨ ʦʚʦʛ 

ʠʥʩʧʝʢʮʠʦʥʦʛ ʧʝʨʠʦʜʘ (ʰʪʦ ˂ʝ ʩʝ ʜʝʪʝʢʪʦʚʘʪʠ ˁʝʛʦʚʠʤ ʙʨʟʠʤ ʩʠʛʥʘʣʦʤ ʧʦʿʘʯʘʚʘʯʘ), 

ʩʠʛʥʘʣ ʢʘʧʠʿʝ ˂ʝ ʩʝ ʛʝʥʝʨʠʩʘʪʠ ʢʦʿʠ ʩʝ ʤʦʞʝ ʢʦʨʠʩʪʠʪʠ ʟʘ ʩʧʨʝʯʘʚʘˁʝ ʩʢʣʘʜʠʰʪʝˁʘ 

ʦʨʠʛʠʥʘʣʥʦʛ ʩʠʛʥʘʣʘ. ɻʫʙʠʪʘʢ ʦʚʠʭ ʩʠʛʥʘʣʘ ʠʟ ʩʧʝʢʪʨʘ ʤʦʨʘ ʙʠʪʠ ʫʨʘʯʫʥʘʪ ʟʘ ʤʘʣʦ 

ʧʦʚʝ˂ʘˁʝ ʤʨʪʚʦʛ ʚʨʝʤʝʥʘ ʫ ʤʫʣʪʠʢʘʥʘʣʥʦʤ ʘʥʘʣʠʟʘʪʦʨʫ, ʘ ʦʚʦ ʩʝ ʦʙʝʟʝʙʝʹʫʿʝ ʤʨʪʚʠʤ 

ʚʨʝʤʝʥʦʤ ʢʘʧʠʿʝ ʠʟ ʧʦʿʘʯʘʚʘʯʘ. 

ɸʢʪʫʝʣʥʠ ʥʘʯʠʥ ʫ ʢʦʿʝʤ ˂ʝ ʦʚʘʿ ʩʠʛʥʘʣ ʢʘʧʠʿʝ ʙʠʪʠ ʠʟʚʝʜʝʥ ʟʘʚʠʩʠ ʦʜ ʪʦʛʘ ʜʘʣʠ 

ʩʝ pile-up ʜʝʩʠʦ ʥʘ ʚʦʜʝ˂ʦʿ ʠʣʠ ʦʧʘʜʘʿʫ˂ʦʿ ʠʚʠʮʠ ʩʠʛʥʘʣʘ. ʀʟ ʩʪʘʪʠʩʪʠʯʢʠʭ ʨʘʟʣʦʛʘ, 

ʩʠʛʥʘʣ ʢʘʧʠʿʝ ʤʨʪʚʦʛ ʚʨʝʤʝʥʘ ʩʘ ʚʦʜʝ˂ʝ ʠʚʠʮʝ pile-up-ʘ ʤʦʨʘ ʙʠʪʠ ʠʩʢˀʫʯʝʥ ʜʦ 


