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ʂɲʋʏʅA ɼʆʂʋʄɽʅʊɸʎʀɱʉʂɸ ʀʅʌʆʈʄɸʎʀɱɸ1  

 

ɺʨʩʪʘ ʨʘʜʘ:  ɼʦʢʪʦʨʩʢʘ ʜʠʩʝʨʪʘʮʠʿʘ  

ʀʤʝ ʠ ʧʨʝʟʠʤʝ 

ʘʫʪʦʨʘ:  
ɸʥʜʨʝʿ ɺʨʘʥʠʯʘʨ 

ʄʝʥʪʦʨ (ʪʠʪʫʣʘ, ʠʤʝ, 

ʧʨʝʟʠʤʝ, ʟʚʘˁʝ, 

ʠʥʩʪʠʪʫʮʠʿʘ)   

ʜʨ ɱʦʚʘʥʘ ʅʠʢʦʣʦʚ, ʚʘʥʨʝʜʥʠ ʧʨʦʬʝʩʦʨ, ʋʥʠʚʝʨʟʠʪʝʪ ʫ ʅʦʚʦʤ ʉʘʜʫ, 

ʇʨʠʨʦʜʥʦ-ʤʘʪʝʤʘʪʠʯʢʠ ʬʘʢʫʣʪʝʪ, ɼʝʧʘʨʪʤʘʥ ʟʘ ʬʠʟʠʢʫ 

ʅʘʩʣʦʚ ʨʘʜʘ:  
ʈʘʟʚʦʿ ʠ ʫʥʘʧʨʝʹeˁ ʝ ʥʝʜʝʩʪʨʫʢʪʠʚʥʠʭ  ʤʝʪʦʜʘ ʟʘ ʘʥʘʣʠʟʫ ʨʘʜʠʦʘʢʪʠʚʥʦʛ ʠ 

ʥʫʢʣʝʘʨʥʦʛ ʤʘʪʝʨʠʿʘʣʘ 

ɱʝʟʠʢ ʧʫʙʣʠʢʘʮʠʿʝ 

(ʧʠʩʤʦ): 

ʉʨʧʩʢʠ (˂ʠʨʠʣʠʮʘ) 

 

ʌʠʟʠʯʢʠ ʦʧʠʩ ʨʘʜʘ:  

 

ʋʥʝʪʠ ʙʨʦʿ:  

ʉʪʨʘʥʠʮʘ: 163 

ʇʦʛʣʘʚˀʘ : 6 

ʈʝʬʝʨʝʥʮʠ :103 

ʊʘʙʝʣʘ : 35 

ʉʣʠʢʘ : 106 

ɻʨʘʬʠʢʦʥʘ : / 

ʇʨʠʣʦʛʘ : 1 

 

ʅʘʫʯʥʘ ʦʙʣʘʩʪ:  ʌʠʟʠʢʘ 

                                                      

1 ɸʫʪʦʨ ʜʦʢʪʦʨʩʢʝ ʜʠʩʝʨʪʘʮʠʿʝ ʧʦʪʧʠʩʘʦ ʿʝ ʠ ʧʨʠʣʦʞʠʦ ʩʣʝʜʝ˂ʝ ʆʙʨʘʩʮʝ:  

5ʙ ï ʀʟʿʘʚʘ ʦ ʘʫʪʦʨʩʪʚʫ; 

5ʚ ï ʀʟʿʘʚʘ o ʠʩʪʦʚʝʪʥʦʩʪʠ ʰʪʘʤʧʘʥʝ ʠ ʝʣʝʢʪʨʦʥʩʢʝ ʚʝʨʟʠʿʝ ʠ ʦ ʣʠʯʥʠʤ ʧʦʜʘʮʠʤʘ; 

5ʛ ï ʀʟʿʘʚʘ ʦ ʢʦʨʠʰ˂ʝˁʫ. 

ʆʚʝ ʀʟʿʘʚʝ ʩʝ ʯʫʚʘʿʫ ʥʘ ʬʘʢʫʣʪʝʪʫ ʫ ʰʪʘʤʧʘʥʦʤ ʠ ʝʣʝʢʪʨʦʥʩʢʦʤ ʦʙʣʠʢʫ ʠ ʥʝ ʢʦʨʠʯʝ ʩʝ ʩʘ ʪʝʟʦʤ. 



 

ʋʞʘ ʥʘʫʯʥʘ ʦʙʣʘʩʪ 

(ʥʘʫʯʥʘ ʜʠʩʮʠʧʣʠʥʘ): 
ʅʫʢʣʝʘʨʥʘ ʬʠʟʠʢʘ 

ʂˀ ʫʯʥʝ ʨʝʯʠ / 

ʧʨʝʜʤʝʪʥʘ 

ʦʜʨʝʜʥʠʮʘ:  

ʅʫʢʣʝʘʨʥʘ ʬʦʨʝʥʟʠʢʘ, ʛʘʤʘ ʩʧʝʢʪʨʦʤʝʪʨʠʿʘ, HPGe ʜʝʪʝʢʪʦʨ, ʬʫʥʢʮʠʿʘ 

ʝʬʠʢʘʩʥʦʩʪʠ ʜʝʪʝʢʮʠʿʝ, EFFTRAN, Angle, PC FRAM, ʥʫʢʣʝʘʨʥʠ ʠ ʜʨʫʛʠ 

ʨʘʜʠʦʘʢʪʠʚʥʠ ʤʘʪʝʨʠʿʘʣ 

ʈʝʟʠʤʝ ʥʘ ʿʝʟʠʢʫ ʨʘʜʘ:  

ʋ ʦʚʦʿ ʜʦʢʪʦʨʩʢʦʿ ʜʠʩʝʨʪʘʮʠʿʠ ʦʙʨʘʹʝʥʘ ʿʝ ʧʨʦʙʣʝʤʘʪʠʢʘ ʚʝʟʘʥʘ ʟʘ ʘʥʘʣʠʟʫ 

ʨʘʜʠʦʘʢʪʠʚʥʦʛ ʠ ʥʫʢʣʝʘʨʥʦʛ ʤʘʪʝʨʠʿʘʣʘ ʫʧʦʪʨʝʙʦʤ ʛʘʤʘ ʩʧʝʢʪʨʦʤʝʪʨʠʿʝ 

ʢʘʦ ʘʥʘʣʠʪʠʯʢʝ ʪʝʭʥʠʢʝ ʘ ʪʘʢʦʹʝ ʠ ʪʝʭʥʠʢʝ ʢʦʿʦʤ ʙʠ ʩʝ ʧʦʪʝʥʮʠʿʘʣʥʦ 

ʤʦʛʣʠ ʧʨʝʚʘʟʠ˂ʠ ʧʨʘʢʪʠʯʥʠ ʧʨʦʙʣʝʤʠ ʤʝʨʝˁʘ ʠ ʘʥʘʣʠʟʝ ʧʦʤʝʥʫʪʠʭ 

ʤʘʪʝʨʠʿʘʣʘ. ʊʝʦʨʠʿʩʢʠ ʜʝʦ ʜʠʩʝʨʪʘʮʠʿʝ ʦʙʫʭʚʘʪʘ ʧʨʚʦ ʜʨʫʛʦ ʠ ʪʨʝ˂ʝ 

ʧʦʛʣʘʚˀʝ. ʋ ʦʢʚʠʨʫ ʧʨʚʦʛ ʧʦʛʣʘʚˀʘ ʜʘʪʝ ʩʫ ʦʩʥʦʚʥʝ ʜʝʬʠʥʠʮʠʿʝ 

ʥʫʢʣʝʘʨʥʝ ʬʦʨʝʥʟʠʢʝ ʢʘʦ ʥʘʫʯʥʦ-ʠʩʪʨʘʞʠʚʘʯʢʝ ʜʠʩʮʠʧʣʠʥʝ ʠ ʧʦʿʤʦʚʘ 

ʫʩʢʦʚʝʟʘʥʠʭ ʟʘ ʠʩʪʫ. ʋ ʜʨʫʛʦʤ ʧʦʛʣʘʚˀʫ ʩʝ ʜʝʬʠʥʠʰʝ ʤʝʩʪʦ ʥʫʢʣʝʘʨʥʝ 

ʬʦʨʝʥʟʠʢʝ ʥʘ ʤʝʹʫʥʘʨʦʜʥʦʤ ʥʠʚʦʫ ʫ ʦʢʚʠʨʫ ʤʝʹʫʥʘʨʦʜʥʠʭ ʨʝʛʫʣʘʪʠʚʘ ʠ 

ʦʨʛʘʥʠʟʘʮʠʿʘ. ʋ ʪʨʝ˂ʝʤ ʧʦʛʣʘʚˀʫ ʜʘʪ ʿʝ ʧʨʝʛʣʝʜ ʦʩʥʦʚʥʠʭ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ 

ʥʫʢʣʝʘʨʥʠʭ ʠ ʜʨʫʛʠʭ ʨʘʜʠʦʘʢʪʠʚʥʠʭ ʤʘʪʝʨʠʿʘʣʘ ʢʦʿʠ ʩʝ ʤʦʛʫ ʥʘ˂ʠ ʚʘʥ 

ʨʝʛʫʣʘʪʦʨʥʝ ʢʦʥʪʨʦʣʝ.  ɽʢʩʧʝʨʠʤʝʥʪʘʣʥʠ ʜʝʦ ʜʦʢʪʦʨʩʢʝ ʜʠʩʝʨʪʘʮʠʿʝ 

ʟʘʧʦʯʠˁʝ ʯʝʪʚʨʪʠʤ ʧʦʛʣʘʚˀʝʤ ʢʦʿʝ ʩʝ ʙʘʚʠ ʢʦʨʠʰ˂ʝʥʠʤ 

ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʠʤ ʪʝʭʥʠʢʘʤʘ ʠ ʤʝʪʦʜʘʤʘ ʤʝʨʝˁʘ ʠ ʘʥʘʣʠʟʝ ʥʫʢʣʝʘʨʥʠʭ ʠ 

ʜʨʫʛʠʭ ʨʘʜʠʦʘʢʪʠʚʥʠʭ ʤʘʪʝʨʠʿʘʣʘ. ʋ ʦʢʚʠʨʫ ʦʚʦʛ ʧʦʛʣʘʚˀʘ ʜʘʪ ʿʝ ʧʨʠʢʘʟ 

ʛʘʤʘ ʩʧʝʢʪʨʦʤʝʪʨʠʿʝ ʢʘʦ ʤʝʪʦʜʝ ʥʫʢʣʝʘʨʥʝ ʬʦʨʝʥʟʠʢʝ ʢʘʦ ʠ ʩʦʬʪʚʝʨʩʢʠʭ 

ʧʘʢʝʪʘ ʢʦʿʠ ʩʫ ʢʦʨʠʰ˂ʝʥʠ ʢʘʦ ʤʘʪʝʤʘʪʠʯʢʠ ʘʣʘʪ ʟʘ ʫʥʘʧʨʝʹʝˁʝ ʠ ʨʘʟʚʦʿ 

ʥʝʜʝʩʪʨʫʢʪʠʚʥʝ ʤʝʪʦʜʝ ʘʥʘʣʠʟʝ ʥʫʢʣʝʘʨʥʠʭ ʠ ʜʨʫʛʠʭ ʨʘʜʠʦʘʢʪʠʚʥʠʭ 

ʤʘʪʝʨʠʿʘʣʘ. ʉʧʝʮʠʬʠʯʥʦʩʪʠ ʫʟʦʨʘʢʘ ʢʦʿʠ ʩʝ ʤʦʛʫ ʥʘ˂ʠ ʥʘ ʪʝʨʝʥʫ ʫ ʧʦʛʣʝʜʫ 

ʛʝʦʤʝʪʨʠʿʝ, ʩʘʩʪʘʚʘ ʠ ʛʫʩʪʠʥʝ ʜʝʦ ʩʫ ʧʝʪʦʛ ʧʦʛʣʘʚˀʘ ʟʘʿʝʜʥʦ ʩʘ 

ʨʝʟʫʣʪʘʪʠʤʘ ʘʥʘʣʠʟʝ. ɼʦʙʠʿʝʥʠ ʨʝʟʫʣʪʘʪʠ ʫʢʘʟʫʿʫ ʜʘ ʩʫ ʠ Angle ʠ 

EFFTRAN ʩʦʬʪʚʝʨ ʟʘ ʪʨʘʥʩʬʝʨ ʝʬʠʢʘʩʥʦʩʪʠ ʩʘ ʘʜʝʢʚʘʪʥʦʤ ʜʝʬʠʥʠʮʠʿʦʤ 

ʫʟʦʨʢʘ ʙʠʣʦ ʫ ʧʦʛʣʝʜʫ ʛʝʦʤʝʪʨʠʿʝ ʠʣʠ ʩʘʩʪʘʚʘ ʠ ʤʘʪʨʠʮʝ ʜʘʣʠ 

ʟʘʜʦʚʦˀʘʚʘʿʫ˂ʝ ʨʝʟʫʣʪʘʪʝ ʢʦʿʠ ʩʫ ʫ ʩʢʣʘʜʫ ʩʘ ʨʝʟʫʣʪʘʪʠʤʘ ʢʦʿʠ ʩʝ ʜʦʙʠʿʘʿʫ 

ʫʧʦʪʨʝʙʦʤ GEANT4 ʩʦʬʪʚʝʨʩʢʦʛ ʧʘʢʝʪʘ. ʊʘʢʦʹʝ ʿʝ ʫʩʪʘʥʦʚˀʝʥʦ ʜʘ 

ʫʢʦʣʠʢʦ ʩʫ ʫ ʜʘʪʦʿ ʠʥʩʪʘʥʮʠ (ʢʨʠʤʠʥʘʣʥʦʿ ʠʩʪʨʘʟʠ) ʧʦʪʨʝʙʥʠ ʨʝʟʫʣʪʘʪʠ ʫ 

ʢʨʘʪʢʦʤ ʚʨʝʤʝʥʩʢʦʤ ʠʥʪʝʨʚʘʣʫ, EFFTRAN ʩʦʬʪʚʝʨ ʧʨʝʜʩʪʘʚˀʘ ʜʦʙʘʨ 

ʘʣʘʪ ʟʘ 'screening' ʤʝʪʦʜʫ, ʢʦʿʘ ʜʘʿʝ ʙʨʟʝ ʨʝʟʫʣʪʘʪʝ ʢʦʥʮʝʥʪʨʘʮʠʿʝ 

ʘʢʪʠʚʥʦʩʪʠ ʩʘ ʟʘʜʦʚʦˀʘʚʘʿʫ˂ʠʤ ʥʠʚʦʦʤ ʧʦʚʝʨʝˁʘ. ɸʥʘʣʠʟʝ ʩʧʝʢʪʘʨʘ 

ʩʪʘʥʜʘʨʜʥʠʭ ʨʝʬʝʨʝʥʪʥʠʭ ʥʫʢʣʝʘʨʥʠʭ ʤʘʪʝʨʠʿʘʣʘ ʢʦʨʠʰ˂ʝˁʝʤ 

ʩʦʬʪʚʝʨʩʢʦʛ ʧʘʢʝʪʘ PC FRAM ʜʘʪʝ ʩʫ ʫ ʰʝʩʪʦʤ ʧʦʛʣʘʚˀʫ, ʛʜʝ ʩʫ 

ʧʨʦʢʦʤʝʥʪʘʨʠʩʘʥʘ ʦʩʥʦʚʥʘ ʟʘʧʘʞʘˁʘ ʚʝʟʘʥʘ ʟʘ ʩʧʝʮʠʬʠʯʥʦʩʪʠ ʘʥʘʣʠʟʝ 

ʦʚʘʢʚʦʛ ʤʘʪʝʨʠʿʘʣʘ. ʋ ʟʘʢˀʫʯʢʫ ʩʫ ʧʨʦʢʦʤʝʥʪʘʨʠʩʘʥʝ ʧʨʝʜʥʦʩʪʠ ʠ ʤʘʥʝ 

ʫʧʦʪʨʝʙʝ ʨʘʟʣʠʯʠʪʠʭ ʤʘʪʝʤʘʪʠʯʢʠʭ ʢʘʣʢʫʣʘʮʠʿʘ ʢʘʦ ʧʦʤʦ˂ʥʦʛ ʘʣʘʪʘ ʫ 

ʘʥʘʣʠʟʠ ʩʧʝʢʪʘʨʘ ʥʝʮʠʣʠʥʜʨʠʯʥʠʭ ʫʟʦʨʘʢʘ ʨʘʜʠʦʘʢʪʠʚʥʠʭ ʤʘʪʝʨʠʿʘʣʘ ʠ 

ʩʧʝʮʠʬʠʯʥʦʩʪʠ ʘʥʘʣʠʟʝ ʥʫʢʣʝʘʨʥʠʭ ʤʘʪʝʨʠʿʘʣʘ. ʂʨʦʟ ʮʝʣʦʢʫʧʥʫ 

ʜʦʢʪʦʨʩʢʫ ʜʠʩʝʨʪʘʮʠʿʫ ʜʘʪ ʿʝ ʧʨʝʛʣʝʜ ʥʫʢʣʝʘʨʥʝ ʬʦʨʝʥʟʠʢʝ ʢʘʦ ʥʘʫʯʥʝ 

ʜʠʩʮʠʧʣʠʥʝ, ʢʘʦ ʠ ˁʝʥʦʛ ʤʝʩʪʘ ʫ ʦʢʚʠʨʫ ʥʘʮʠʦʥʘʣʥʝ ʠ ʤʝʹʫʥʘʨʦʜʥʝ 

ʥʫʢʣʝʘʨʥʝ ʙʝʟʙʝʜʥʦʩʪʠ. ʇʦʨʝʜ ʪʦʛʘ ʧʦʢʘʟʘʥʦ ʿʝ ʥʘ ʢʦʿʠ ʥʘʯʠʥ ʩʝ ʨʫʪʠʥʩʢʘ 

ʛʘʤʘ ʩʧʝʢʪʨʦʤʝʪʨʠʿʩʢʘ ʤʝʨʝˁʘ ʤʦʛʫ ʠʩʢʦʨʠʩʪʠʪʠ ʟʘ ʤʝʨʝˁʝ ʩʧʝʮʠʬʠʯʥʠʭ 



 

ʤʘʪʝʨʠʿʘʣʘ ʟʘ ʧʦʪʨʝʙʝ ʥʫʢʣʝʘʨʥʝ ʬʦʨʝʥʟʠʢʝ ʫʟ ʦʯʫʚʘˁʝ ʩʘʩʪʘʚʘ ʠ ʦʙʣʠʢʘ 

ʩʘʤʦʛ ʫʟʦʨʢʘ ʢʦʿʠ ʩʝ ʤʝʨʠ. 

ɼʘʪʫʤ ʧʨʠʭʚʘʪʘˁʘ 

ʪʝʤʝ ʦʜ ʩʪʨʘʥʝ 

ʥʘʜʣʝʞʥʦʛ ʚʝ˂ʘ: 

26.09.2019. 

ɼʘʪʫʤ ʦʜʙʨʘʥʝ:  

(ʇʦʧʫˁʘʚʘ 

ʦʜʛʦʚʘʨʘʿʫ˂ʘ ʩʣʫʞʙʘ) 

 

ʏʣʘʥʦʚʠ ʢʦʤʠʩʠʿʝ:  

(ʪʠʪʫʣʘ, ʠʤʝ, 

ʧʨʝʟʠʤʝ, ʟʚʘˁʝ, 

ʠʥʩʪʠʪʫʮʠʿʘ) 

ʇʨʝʜʩʝʜʥʠʢ: ʜʨ ʄʠʦʜʨʘʛ ʂʨʤʘʨ, ʨʝʜʦʚʥʠ ʧʨʦʬʝʩʦʨ, ʋʥʠʚʝʨʟʠʪʝʪ ʫ ʅʦʚʦʤ 

ʉʘʜʫ, ʇʨʠʨʦʜʥʦ-ʤʘʪʝʤʘʪʠʯʢʠ ʬʘʢʫʣʪʝʪ, ɼʝʧʘʨʪʤʘʥ ʟʘ ʬʠʟʠʢʫ 

ʏʣʘʥ: ʜʨ ʄʠʨʦʩʣʘʚ ɺʝʩʢʦʚʠ˂, ʨʝʜʦʚʥʠ ʧʨʦʬʝʩʦʨ, ʇʨʠʨʦʜʥʦ-ʤʘʪʝʤʘʪʠʯʢʠ 

ʬʘʢʫʣʪʝʪ, ɼʝʧʘʨʪʤʘʥ ʟʘ ʬʠʟʠʢʫ 

ʏʣʘʥ: ʜʨ ʅʠʢʦʣʘ ɱʦʚʘʥʯʝʚʠ˂, ʚʘʥʨʝʜʥʠ ʧʨʦʬʝʩʦʨ, ʋʥʠʚʝʨʟʠʪʝʪ ʫ ʅʦʚʦʤ 

ʉʘʜʫ, ʇʨʠʨʦʜʥʦ-ʤʘʪʝʤʘʪʠʯʢʠ ʬʘʢʫʣʪʝʪ, ɼʝʧʘʨʪʤʘʥ ʟʘ ʬʠʟʠʢʫ 

ʏʣʘʥ: ʜʨ ɼʝʿʘʥ ɱʦʢʦʚʠ˂, ʚʠʰʠ ʥʘʫʯʥʠ ʩʘʨʘʜʥʠʢ, ʋʥʠʚʝʨʟʠʪʝʪ ʫ ɹʝʦʛʨʘʜʫ, 

ʀʥʩʪʠʪʫʪ ʟʘ ʬʠʟʠʢʫ 

ʏʣʘʥ: ʜʨ ɱʦʚʘʥʘ ʅʠʢʦʣʦʚ, ʚʘʥʨʝʜʥʠ ʧʨʦʬʝʩʦʨ, ʋʥʠʚʝʨʟʠʪʝʪ ʫ ʅʦʚʦʤ ʉʘʜʫ, 

ʇʨʠʨʦʜʥʦ-ʤʘʪʝʤʘʪʠʯʢʠ ʬʘʢʫʣʪʝʪ, ɼʝʧʘʨʪʤʘʥ ʟʘ ʬʠʟʠʢʫ (ʤʝʥʪʦʨ) 

ʅʘʧʦʤʝʥʘ:  / 



 

UNIVERSITY OF NOVI SAD  

FACULTY  OR CENTER 

 

KEY WORD DOCUMENTATION 2  

 

Document type:  Doctoral dissertation 

Author:  Andrej Vraniļar 

Supervisor (title, first 

name, last name, 

position, institution)   

Ph.D. Jovana Nikolov, associate professor, University of Novi Sad , Faculty of 

Sciences, Department of Physics 

Thesis title:  
Development and improvement of non-destructive methods for the analysis of 

radioactive and nuclear material 

Language of text 

(script): 
Serbian language (cyrillic  script) 

Physical description:  

 

Number of:  

Pages: 163 

Chapters: 6 

References: 103 

Tables: 35 

Illustrations: 106 

Graphs: / 

Appendices: 1 

Scientific field:  Physics 

Scientific subfield 

(scientific discipline):  
Nuclear physics 

                                                      

2 The author of doctoral dissertation has signed the following Statements:  

  5ʙ ï Statement on the authority, 

  5ʚ ï Statement that the printed and e-version of doctoral dissertation are identical and about personal data, 

  5ʛ ï Statement on copyright licenses. 

  The paper and e-versions of Statements are held at he faculty and are not included into the printed thesis. 



 

Subject, Key words:  
Nuclear forensics, gamma spectrometry, HPGe detector, detection efficiency 

function, EFFTRAN, Angle, PC FRAM, nuclear and other radioactive material 

Abstract in English 

language:  

In this doctoral dissertation, the issues related to the analysis of radioactive and 

nuclear material using gamma spectrometry as an analytical technique and also 

a technique that could potentially overcome the practical problems of 

measuring and analyzing the mentioned materials are discussed. The theoretical 

part of the dissertation includes the first, second and third chapters. In the first 

chapter, the basic definitions of nuclear forensics as a scientific-research 

discipline and concepts related to it are presented. The second chapter defines 

the place of nuclear forensics at the international level within international 

regulations and organizations. The third chapter provides an overview of the 

basic characteristics of nuclear and other radioactive materials that can be found 

outside of regulatory control. The experimental part of the doctoral dissertation 

begins with the fourth chapter, which deals with the used experimental 

techniques and methods of measurement and analysis of radioactive and nuclear 

material. This chapter presents gamma spectrometry as a method of nuclear 

forensics, as well as software packages that were used as a mathematical tool 

for the improvement and development of a non-destructive method of analyzing 

nuclear and other radioactive materials. The specifics of the samples that can 

be found in the field in terms of geometry, shape and density are part of the fifth 

chapter together with the results of the analysis. The obtained results indicate 

that both Angle and EFFTRAN software for efficiency transfer with adequate 

sample definition either in terms of geometry or composition and matrix gave 

satisfactory results which are consistent with the results obtained using the 

GEANT4 software package. It was also established that if in a given instance 

(criminal investigation) results are needed in a short time interval, the 

EFFTRAN software is a good tool for the 'screening' method, which gives quick 

results of activity concentration with a satisfactory level of confidence. 

Analyzes of the spectra of standard reference nuclear materials using the PC 

FRAM software package are given in the sixth chapter, where the basic 

observations related to the specifics of the analysis of this material are 

commented. In the conclusion, the advantages and disadvantages of the use of 

various mathematical calculations as an auxiliary tool in the analysis of the 

spectra of non-cylindrical samples of radioactive materials and the specifics of 

the analysis of nuclear materials are commented. Throughout the doctoral 

dissertation, an overview of nuclear forensics as a scientific discipline, as well 

as its place within national and international nuclear security, was given. In 

addition, it was shown how routine gamma spectrometric measurements can be 

used to measure specific materials for the needs of nuclear forensics while 

preserving the composition and shape of the sample being measured. 

Accepted on Scientific 

Board on:  
26.09.2019. 

Defended:   



 

(Filled by the faculty 

service) 

Thesis Defend Board:  

(title, first name, last 

name, position, 

institution) 

President: Ph.D. Miodrag Krmar, full professor, University of Novi Sad, 

Faculty of Sciences, Department of Physics  

Member: Ph.D. Miroslav Veskoviĺ, full professor, University of Novi Sad, 

Faculty of Sciences, Department of Physics  

Member: Ph.D. Nikola Jovanļeviĺ, associate professor, University of Novi Sad, 

Faculty of Sciences, Department of Physics 

Member: Ph.D. Dejan Jokovic, senior research associate, University of 

Belgrade, Institute of Physics 

Member: Ph.D. Jovana Nikolov, associate professor, Faculty of Sciences, 

University of Novi Sad (mentor) 

Note:  / 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Time is an equal opportunity employer. Each human being has exactly the same number of hours and 

minutes every day. Rich people canôt buy more hours. Scientists canôt invent new minutes. And you canôt 

save time to spend it on another day. Even so, time is amazingly fair and forgiving. No matter how much 

time youôve wasted in the past, you still have an entire tomorrow. 

Denis Waitley 

 

 

  



 

ʇʈɽɼɻʆɺʆʈ 

 

 

 

 

ʋ ʥʘʨʝʜʥʠʭ ʧʘʨ ʨʝʜʦʚʘ ʞʝʣʝʦ ʙʠʭ ʜʘ ʠʟʨʘʟʠʤ ʩʚʦʿʫ ʟʘʭʚʘʣʥʦʩʪ ˀʫʜʠʤʘ ʢʦʿʠ ʩʫ ʦʜʠʛʨʘʣʠ ʟʥʘʯʘʿʥʫ 

ʫʣʦʛʫ ʫ ʤʦʤ ʧʨʦʬʝʩʠʦʥʘʣʥʦʤ ʠ ʣʠʯʥʦʤ ʨʘʟʚʦʿʫ.  

ɾʝʣʠʤ ʜʘ ʩʝ ʟʘʭʚʘʣʠʤ ʩʚʦʿʦʿ ʧʦʨʦʜʠʮʠ ʥʘ ʩʚʝʩʨʜʥʦʿ ʧʦʜʨʰʮʠ ʢʦʿʫ ʠʤʘʤ ʦʜ ˁʠʭ ʠ ʙʝʟ ʢʦʿʝ ʜʘʥʘʩ ʥʝ 

ʙʠʭ ʙʠʦ ʪʫ ʛʜʝ ʿʝʩʘʤ. ʉʚʦʿʫ ʜʠʩʝʨʪʘʮʠʿʫ ʧʦʩʚʝ˂ʫʿʝʤ ʚʘʤʘ. 

ʆʛʨʦʤʥʫ ʟʘʭʚʘʣʥʦʩʪ ʜʫʛʫʿʝʤ ʩʚʦʤ ʤʝʥʪʦʨʫ, ʧʨʦʬ. ʜʨ ɱʦʚʘʥʠ ʅʠʢʦʣʦʚ, ʢʦʿʘ ʤʝ ʿʝ ʩʚʦʿʠʤ 

ʝʥʪʫʟʠʿʘʟʤʦʤ ʠ ʧʦʩʚʝ˂ʝʥʦʰ˂ʫ ʫʚʝʣʘ ʫ ʩʚʝʪ ʥʫʢʣʝʘʨʥʝ ʬʦʨʝʥʟʠʢʝ ʠ ʦʤʦʛʫ˂ʠʣʘ ʤʠ ʜʘ ʢʨʦʟ ʩʘʩʪʘʥʢʝ, 

ʩʝʤʠʥʘʨʝ ʠ ʧʨʘʢʪʠʯʥʝ ʪʨʝʥʠʥʛʝ ʫʧʦʟʥʘʤ ʩʚʝ ʯʘʨʠ ʢʦʿʝ ʦʚʘ ʜʠʩʮʠʧʣʠʥʘ ʩʘ ʩʦʙʦʤ ʥʦʩʠ. ʅʘʨʘʚʥʦ ʪʫ 

ʩʫ ʠ ʙʨʦʿʥʠ ʩʘʪʠ ʨʘʟʛʦʚʦʨʘ, ʘʥʘʣʠʟʘ, ʩʤʝʭʘ, ʢʦʥʩʪʨʫʢʪʠʚʥʠʭ ʢʨʠʪʠʢʘ ʧʘ ʩʢʦʨʦ ʠ ʩʫʟʘ ʢʦʿʠ ʩʫ ʙʠʣʠ 

ʥʝʦʧʭʦʜʥʠ ʢʘʢʦ ʙʠ ʦʚʘ ʜʠʩʝʨʪʘʮʠʿʘ (ʢʦʥʘʯʥʦ) ʙʠʣʘ ʥʘʧʠʩʘʥʘ. ɾʝʣʠʤ ʜʘ ʩʝ ʟʘʭʚʘʣʠʤ ʠ ʧʨʦʬ. ʜʨ 

ʅʘʪʘʰʠ ʊʦʜʦʨʦʚʠ˂ ʢʦʿʘ ʤʠ ʿʝ ʦʪʚʦʨʠʣʘ ʚʨʘʪʘ ʨʘʜʘ ʥʘ ʬʘʢʫʣʪʝʪʫ ʠ ʥʘ ʧʦʜʨʰʮʠ ʪʦʢʦʤ ʠʟʨʘʜʝ ʠ 

ʧʠʩʘˁʘ ʜʠʩʝʨʪʘʮʠʿʝ. ɿʘʭʚʘʣʥʦʩʪ ʜʫʛʫʿʝʤ ʧʨʠʿʘʪʝˀʫ ʠ ʢʦʣʝʛʠ ʄʠʣʦʰʫ ʊʨʘʚʘʨʫ ʥʘ ʧʨʦʜʨʰʮʠ ʠ 

ʟʘʿʝʜʥʠʯʢʦʿ ʙʦʨʙʠ ʢʨʦʟ ʧʨʦʮʝʩ ʢʦʿʠ ʩʝ ʟʦʚʝ ʠʟʨʘʜʘ ʠ ʧʠʩʘˁʝ ʜʦʢʪʦʨʩʢʝ ʪʝʟʝ. 

ʏʣʘʥʦʚʠʤʘ ʢʦʤʠʩʠʿʝ, ʧʨʦʬ. ʜʨ ʄʠʦʜʨʘʛʫ ʂʨʤʘʨʫ, ʧʨʦʬ. ʜʨ ʄʠʨʦʩʣʘʚʫ ɺʝʩʢʦʚʠ˂ʫ, ʧʨʦʬ. ʜʨ ʅʠʢʦʣʠ 

ɱʦʚʘʥʯʝʚʠ˂ʫ ʠ ʜʨ ɼʝʿʘʥʫ ɱʦʢʦʚʠ˂ʫ ʟʘʭʚʘˀʫʿʝʤ ʩʝ ʥʘ ʚʨʝʤʝʥʫ ʢʦʿʝ ʩʫ ʧʦʩʚʝʪʠʣʠ ʦʚʦʿ ʜʠʩʝʨʪʘʮʠʿʠ. 

ʇʦʨʝʜ ʪʦʛʘ, ʤʦʿʘ ʟʘʭʚʘʣʥʦʩʪ ʢʘʦ ʢʦʣʝʛʘʤʘ ʠʜʝ ʠ ʩʚʠʤ ʯʣʘʥʦʚʠʤʘ ʂʘʪʝʜʨʝ ʟʘ ʥʫʢʣʝʘʨʥʫ ʬʠʟʠʢʫ. 

ɺʝʣʠʢʫ ʟʘʭʚʘʣʥʦʩʪ ʜʫʛʫʿʝʤ Joint Research Centre Karlsruhe ʟʘ ʫʩʪʫʧˀʝʥʝ ʩʧʝʢʪʨʝ ʫʟʦʨʘʢʘ 

ʩʪʘʥʜʘʨʜʥʠʭ ʨʝʬʝʨʝʥʪʥʠʭ ʥʫʢʣʝʘʨʥʠʭ ʤʘʪʝʨʠʿʘʣʘ ʢʘʦ ʠ ʟʘ ʜʦʥʘʮʠʿʫ PC FRAM ʩʦʬʪʚʝʨʘ. 

ɿʘʭʚʘˀʫʿʝʤ ʩʝ ʅʫʢʣʝʘʨʥʠʤ ʦʙʿʝʢʪʠʤʘ ʉʨʙʠʿʝ ʥʘ ʫʩʪʫʧˀʝʥʠʤ ʫʟʦʨʮʠʤʘ ʢʦʿʠ ʩʫ ʤʝʨʝʥʠ ʫ ʦʢʚʠʨʫ 

ʟʘʿʝʜʥʠʯʢʦʛ ʠʩʪʨʘʞʠʚʘˁʘ ʘ ʨʝʟʫʣʪʘʪʠ ʜʝʣʠʤʠʯʥʦ ʠʩʢʦʨʠʰ˂ʝʥʠ ʫ ʦʚʦʿ ʪʝʟʠ. ʇʦʨʝʜ ʧʦʤʝʥʫʪʠʭ, 

ʞʝʣʠʤ ʜʘ ʩʝ ʟʘʭʚʘʣʠʤ ʠ ʧʨʦʬ. ʜʨ ʉʣʦʙʦʜʘʥʫ ɱʦʚʘʥʦʚʠ˂ʫ ʠ ʤʨ ɸʣʝʢʩʘʥʜʨʫ ɼʣʘʙʘʯʫ ʥʘ ʫʩʪʫʧʘˁʫ Angle 

4 ʩʦʬʪʚʝʨʘ ʥʘ ʢʦʨʠʰ˂ʝˁʝ ʠ ʩʘʨʘʜˁʠ ʫ ʦʢʚʠʨʫ ʪʝʩʪʠʨʘˁʘ  beta ʚʝʨʟʠʿʝ Angle 5 ʩʦʬʪʚʝʨʘ . 

ʊʘʢʦʹʝ, ʞʝʣʠʤ ʜʘ ʩʝ ʟʘʭʚʘʣʠʤ ʜʨʘʛʠʤ ʧʨʠʿʘʪʝˀʠʤʘ ʠ ʩʚʠʤʘ ʢʦʿʠ ʩʝ ʫ ʦʚʠʤ ʨʝʜʦʚʠʤʘ ʧʨʝʧʦʟʥʘʿʫ ʘ 

ʢʦʠʿ ʩʫ ʙʠʣʠ ʫʟ ʤʝʥʝ ʤʘʢʘʨ ʥʘ ʜʝʣʫ ʧʫʪʘ ʦʚʦʛ ʘʢʘʜʝʤʩʢʦʛ ʫʩʘʚʨʰʘʚʘˁʘ. 
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-1- 
 

ʋɺʆɼ 

 

ʄʠʨʥʦʜʦʧʩʢʘ ʫʧʦʪʨʝʙʘ ʥʫʢʣʝʘʨʥʝ ʝʥʝʨʛʠʿʝ, ʥʘʫʢʝ ʠ ʪʝʭʥʦʣʦʛʠʿʝ ʜʦʧʨʠʥʦʩʠ ʦʯʫʚʘˁʫ ʟʜʨʘʚˀʘ, 

ʙʝʟʙʝʜʥʦʩʪʠ ʫʧʦʪʨʝʙʝ ʭʨʘʥʝ ʠ ʧʦʜʨʞʘʚʘ ʝʢʦʥʦʤʩʢʠ ʨʘʟʚʦʿ ʩʚʘʢʝ ʟʝʤˀʝ. ʈʝʛʫʣʠʩʘˁʝ ʩʠʛʫʨʥʝ ʠ 

ʙʝʟʙʝʜʥʝ ʧʨʠʤʝʥʝ ʦʚʠʭ ʪʝʭʥʦʣʦʛʠʿʘ ʠʟʫʟʝʪʥʦ ʿʝ ʟʥʘʯʘʿʥʦ ʟʘ ʩʚʘʢʫ ʟʝʤˀʫ ʩʚʝʪʘ. ɹʨʦʿʥʝ ʠʥʩʪʠʪʫʮʠʿʝ 

ʥʘ ʥʘʮʠʦʥʘʣʥʦʤ ʠ ʤʝʹʫʥʘʨʦʜʥʦʤ ʥʠʚʦʫ ʙʘʚʝ ʩʝ ʠʟʛʨʘʜˁʦʤ ʧʦʚʝʨʝˁʘ ʫ ʤʠʨʥʦʜʦʧʩʢʫ ʫʧʦʪʨʝʙʫ 

ʥʫʢʣʝʘʨʥʠʭ ʪʝʭʥʦʣʦʛʠʿʘ ʢʘʦ ʠ ʟʘʰʪʠʪʦʤ ʞʠʚʦʪʥʝ ʩʨʝʜʠʥʝ ʦʜ ʥʝʧʦʚʦˀʥʠʭ ʝʬʝʢʘʪʘ ʿʦʥʠʟʫʿʫ˂ʝʛ 

ʟʨʘʯʝˁʘ. ɽʧʠʜʝʤʠʦʣʦʰʢʝ ʩʪʫʜʠʿʝ ʩʫ ʧʦʢʘʟʘʣʝ ʢʦʣʠʢʦ ʿʦʥʠʟʫʿʫ˂ʝ ʟʨʘʯʝˁʝ ʤʦʞʝ ʙʠʪʠ ʰʪʝʪʥʦ ʟʘ ʞʠʚʝ 

ʦʨʛʘʥʠʟʤʝ ʘʣʠ ʫ ʠʩʪʦ ʚʨʝʤʝ ʨʘʟʚʦʿ ʪʝʭʥʦʣʦʛʠʿʝ ʥʘʤ ʿʝ ʧʦʢʘʟʘʦ ʜʘ ʿʝ ʫʧʨʘʚʦ ʢʦʥʪʨʦʣʠʩʘʥʘ ʫʧʦʪʨʝʙʘ 

ʿʦʥʠʟʫʿʫ˂ʝʛ ʟʨʘʯʝˁʘ ʨʝʚʦʣʫʮʠʦʥʘʨʥʘ ʫ ʦʯʫʚʘˁʫ ʟʜʨʘʚˀʘ. ʇʨʠʤʝʥʦʤ ALARA3 ʧʨʠʥʮʠʧʘ 

ʦʩʠʛʫʨʘʚʘʤʦ ʠ ʧʨʘʚʠʣʥʫ ʠʤʧʣʝʤʝʥʪʘʮʠʿʫ ʤʝʨʘ ʥʫʢʣʝʘʨʥʝ ʩʠʛʫʨʥʦʩʪʠ ʠ ʙʝʟʙʝʜʥʦʩʪʠ ʢʘʢʦ ʫ 

ʥʫʢʣʝʘʨʥʠʤ ʪʘʢʦ ʠ ʫ ʥʝʥʫʢʣʝʘʨʥʠʤ ʟʝʤˀʘʤʘ. 

ʅʫʢʣʝʘʨʥʘ ʩʠʛʫʨʥʦʩʪ ʠ ʥʫʢʣʝʘʨʥʘ ʙʝʟʙʝʜʥʦʩʪ ʠʟʫʟʝʪʥʦ ʩʫ ʟʥʘʯʘʿʘʥ ʧʘʨʘʤʝʪʘʨ ʜʨʞʘʚʥʝ ʘʨʭʠʪʝʢʪʫʨʝ 

ʫ ʧʦʛʣʝʜʫ ʦʯʫʚʘˁʘ ʠʥʪʝʛʨʠʪʝʪʘ ʠʩʪʝ. ʅʫʢʣʝʘʨʥʘ ʩʠʛʫʨʥʦʩʪ ʩʝ ʜʝʬʠʥʠʰʝ ʢʘʦ ''ʧʦʩʪʠʟʘˁʝ 

ʦʜʛʦʚʘʨʘʿʫ˂ʠʭ ʫʩʣʦʚʘ ʨʘʜʘ, ʩʧʨʝʯʘʚʘˁʝ ʠʣʠ ʫʙʣʘʞʘʚʘˁʝ ʧʦʩʣʝʜʠʮʘ ʘʢʮʠʜʝʥʪʘ, ʰʪʦ ʨʝʟʫʣʪʠʨʘ 

ʟʘʰʪʠʪʦʤ ʨʘʜʥʠʢʘ, ʿʘʚʥʦʩʪʠ ʠ ʞʠʚʦʪʥʝ ʩʨʝʜʠʥʝ ʦʜ ʥʝʧʦʪʨʝʙʥʠʭ ʦʧʘʩʥʦʩʪʠ ʦʜ ʟʨʘʯʝˁʘ''. 

ʅʫʢʣʝʘʨʥʘ ʙʝʟʙʝʜʥʦʩʪ ʿʝ ʜʝʬʠʥʠʩʘʥʘ ʢʘʦ ''ʧʨʝʚʝʥʮʠʿʘ ʠ ʜʝʪʝʢʮʠʿʘ ʢʘʦ ʠ ʘʜʝʢʚʘʪʥʘ ʠ ʧʨʘʚʦʚʨʝʤʝʥʘ 

ʨʝʘʢʮʠʿʘ ʥʘ, ʢʨʘʹʫ, ʩʘʙʦʪʘʞʫ, ʥʝʦʚʣʘʰ˂ʝʥʠ ʧʨʠʩʪʫʧ, ʠʣʝʛʘʣʥʠ ʪʨʘʥʩʬʝʨ ʠʣʠ ʜʨʫʛʝ ʟʣʦʥʘʤʝʨʥʝ 

ʨʘʜˁʝ ʢʦʿʝ ʫʢˀʫʯʫʿʫ ʥʫʢʣʝʘʨʥʝ ʠ/ʠʣʠ ʜʨʫʛʝ ʨʘʜʠʦʘʢʪʠʚʥʝ ʤʘʪʝʨʠʿʘʣʝ ʢʘʦ ʠ ʥʫʢʣʝʘʨʥʝ ʦʙʿʝʢʪʝ''. 

ʅʫʢʣʝʘʨʥʘ ʬʦʨʝʥʟʠʢʘ, ʢʘʦ ʜʝʦ ʥʫʢʣʝʘʨʥʝ ʙʝʟʙʝʜʥʦʩʪʠ, ʧʦ ʜʝʬʠʥʠʮʠʿʠ ʄʝʹʫʥʘʨʦʜʥʝ ʘʛʝʥʮʠʿʝ ʟʘ 

ʘʪʦʤʩʢʫ ʝʥʝʨʛʠʿʫ ʧʨʝʜʩʪʘʚˀʘ ''ʠʩʧʠʪʠʚʘˁʝ ʥʫʢʣʝʘʨʥʦʛ ʠʣʠ ʜʨʫʛʦʛ ʨʘʜʠʦʘʢʪʠʚʥʦʛ ʤʘʪʝʨʠʿʘʣʘ, ʠʣʠ 

ʜʦʢʘʟʘ ʢʦʿʠ ʩʫ ʢʦʥʪʘʤʠʥʠʨʘʥʠ ʨʘʜʠʦʥʫʢʣʠʜʠʤʘ, ʫ ʢʦʥʪʝʢʩʪʫ ʧʨʘʚʥʦʛ ʧʦʩʪʫʧʢʘ ʢʦʿʠ ʩʝ ʥʘʣʘʟʠ ʧʦʜ 

ʦʢʨʠˀʝʤ ʤʝʹʫʥʘʨʦʜʥʦʛ ʠʣʠ ʥʘʮʠʦʥʘʣʥʦʛ ʧʨʘʚʘ ʘ ʢʦʿʠ ʩʝ ʦʜʥʦʩʠ ʥʘ ʫʛʨʦʞʘʚʘˁʝ ʥʫʢʣʝʘʨʥʝ 

ʙʝʟʙʝʜʥʦʩʪʠ''. 

¶ ʅʫʢʣʝʘʨʥʠ ʤʘʪʝʨʠʿʘʣ - ʩʘʜʨʞʠ ʫʨʘʥʠʿʫʤ ʠ/ʠʣʠ ʧʣʫʪʦʥʠʿʫʤ, ʢʦʨʠʩʪʠ ʩʝ ʟʘ ʩʚʨʭʝ 

ʧʨʦʠʟʚʦʜˁʝ ʝʥʝʨʛʠʿʝ, ʠʩʪʨʘʞʚʘʯʢʝ ʩʚʨʭʝ ʠʣʠ ʧʨʦʠʟʚʦʜˁʫ ʥʫʢʣʝʘʨʥʦʛ ʥʘʦʨʫʞʘˁʘ ʠʣʠ 

ʜʨʫʛʠʭ ʝʢʩʧʣʦʟʠʚʥʠʭ ʫʨʝʹʘʿʘ. 

¶ ʈʘʜʠʦʘʢʪʠʚʥʠ ʤʘʪʝʨʠʿʘʣ ï ʙʠʣʦ ʢʦʿʠ ʤʘʪʝʨʠʿʘʣ ʢʦʿʠ ʿʝ ʜʝʬʠʥʠʩʘʥ ʫ ʦʢʚʠʨʫ ʟʘʢʦʥʘ ʠʣʠ ʦʜ 

ʩʪʨʘʥʝ ʨʝʛʫʣʘʪʦʨʥʦʛ ʪʝʣʘ ʿʝʜʥʝ ʜʨʞʘʚʝ ʜʘ ʧʦʜʣʝʞʝ ʨʝʜʦʚʥʦʿ ʢʦʥʪʨʦʣʠ ʫʩʣʝʜ ʩʚʦʿʝ 

ʨʘʜʠʦʘʢʪʠʚʥʦʩʪʠ, ʘ ʥʘʣʘʟʠ ʧʨʠʤʝʥʫ ʫ ʠʥʜʫʩʪʨʠʿʠ, ʤʝʜʠʮʠʥʠ ʠʣʠ ʧʨʦʠʟʚʦʜˁʠ ʨʘʜʠʦʣʦʰʢʦʛ 

ʜʠʩʧʝʨʟʠʚʥʦʛ ʠʣʠ ʝʢʩʧʦʟʠʮʠʦʥʦʛ ʫʨʝʹʘʿʘ. 

ʉʚʘʢʠ ʥʫʢʣʝʘʨʥʠ ʤʘʪʝʨʠʿʘʣ ʿʝ ʫʿʝʜʥʦ ʠ ʨʘʜʠʦʘʢʪʠʚʥʠ ʤʘʪʝʨʠʿʘʣ, ʘʣʠ ʩʚʠ ʨʘʜʠʦʘʢʪʠʚʥʠ ʤʘʪʝʨʠʿʘʣʠ 

ʥʠʩʫ ʥʫʞʥʦ ʥʫʢʣʝʘʨʥʠ. ʆʚʘ ʜʠʩʪʠʥʢʮʠʿʘ ʩʝ ʧʨʘʚʠ ʫʩʣʝʜ ʯʠˁʝʥʠʮʝ ʜʘ ʩʝ ʥʫʢʣʝʘʨʥʠ ʠ ʨʘʜʠʦʘʢʪʠʚʥʠ 

ʤʘʪʝʨʠʿʘʣ ʪʨʝʪʠʨʘʿʫ ʧʦʪʧʫʥʦ ʜʨʫʛʘʯʠʿʝ ʩʘ ʧʦʛʣʝʜʘ ʥʫʢʣʝʘʨʥʝ ʙʝʟʙʝʜʥʦʩʪʠ.

ɻʘʤʘ ʩʧʝʢʪʨʦʤʝʪʨʠʿʘ ʢʘʦ ʥʝʜʝʩʪʨʫʢʪʠʚʥʘ ʤʝʪʦʜʘ ʥʫʢʣʝʘʨʥʝ ʬʦʨʝʥʟʠʢʝ ʢʦʨʠʩʥʘ ʿʝ ʟʙʦʛ ʯʠˁʝʥʠʮʝ ʜʘ 

ʧʨʝʜʩʪʘʚˀʘ ʦʜʣʠʯʘʥ ʘʣʘʪ ʫ ʩʣʫʯʘʿʝʚʠʤʘ ʢʘʜʘ ʿʝ ʧʦʪʨʝʙʥʦ ʦʯʫʚʘʪʠ ʟʘʧʣʝˁʝʥʠ ʤʘʪʝʨʠʿʘʣ ʫ ʠʟʚʦʨʥʦʤ 

ʩʪʘˁʫ. ʂʘʦ ʪʘʢʚʘ, ʦʥʘ ʩʣʫʞʠ ʟʘ ʢʘʨʘʢʪʝʨʠʟʘʮʠʿʫ ʥʫʢʣʝʘʨʥʦʛ ʠ ʜʨʫʛʦʛ ʨʘʜʠʦʘʢʪʠʚʥʦʛ ʤʘʪʝʨʠʿʘʣʘ ʩʘ 
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ʮʠˀʝʤ ʦʜʨʝʹʠʚʘˁʘ ʝʣʝʤʝʥʪʘʨʥʦʛ ʩʘʩʪʘʚʘ ʠ/ʠʣʠ ʢʘʪʝʛʦʨʠʟʘʮʠʿʝ ʠʟʦʪʦʧʩʢʦʛ ʩʘʩʪʘʚʘ ʫʟʦʨʢʘ. ʇʦʨʝʜ 

ʧʦʤʝʥʫʪʝ ʩʚʨʭʝ, ʛʘʤʘ ʩʧʝʢʪʨʦʤʝʪʨʠʿʘ ʤʦʞʝ ʜʘ ʧʦʩʣʫʞʠ ʠ ʟʘ ʨʝʰʘʚʘˁʝ ʤʘʣʦ ʟʘʭʪʝʚʥʠʿʠʭ ʟʘʜʘʪʘʢʘ, 

ʢʘʦ ʰʪʦ ʩʫ ʧʠʪʘˁʝ ʨʝʧʨʦʮʝʩʫʠʨʘˁʘ ʥʫʢʣʝʘʨʥʦʛ ʤʘʪʝʨʠʿʘʣʘ (ʧʦʥʦʚʥʘ ʫʧʦʪʨʝʙʘ ʠʩʪʨʦʰʝʥʦʛ 

ʥʫʢʣʝʘʨʥʦʛ ʛʦʨʠʚʘ) ʢʘʦ ʠ ˁʝʛʦʚʘ ʩʪʘʨʦʩʪ, ʰʪʦ ʫʛʣʘʚʥʦʤ ʤʦʞʝ ʫʢʘʟʘʪʠ ʠ ʥʘ ˁʝʛʦʚʦ ʧʦʨʝʢʣʦ. 

ʎʠˀ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʦʛ ʠʩʪʨʘʞʠʚʘˁʘ ʦʚʝ ʜʦʢʪʦʨʩʢʝ ʜʠʩʝʨʪʘʮʠʿʝ ʿʝ ʜʘ ʩʝ ʧʨʠʢʘʞʫ ʤʦʛʫ˂ʥʦʩʪʠ 

ʧʨʠʤʝʥʝ ʛʘʤʘ ʩʧʝʢʪʨʦʤʝʪʨʠʿʝ ʟʘ ʘʥʘʣʠʟʫ ʥʫʢʣʝʘʨʥʦʛ ʠ ʜʨʫʛʦʛ ʨʘʜʠʦʘʢʪʠʚʥʦʛ ʤʘʪʝʨʠʿʘʣʘ ʩʘ ʩʚʠʤ 

ʧʨʝʜʥʦʩʪʠʤʘ ʠ ʥʝʜʦʩʪʘʮʠʤʘ, ʢʘʦ ʠ ʧʦʪʝʥʮʠʿʘʣʥʝ ʪʝʭʥʠʢʝ ʧʨʝʚʘʟʠʣʘʞʝˁʘ ʧʨʘʢʪʠʯʥʠʭ ʧʨʦʙʣʝʤʘ 

ʤʝʨʝˁʘ ʠ ʘʥʘʣʠʟʝ ʧʦʜʘʪʘʢʘ. ʋ ʪʝʦʨʠʿʩʢʦʤ ʜʝʣʫ, ʫ ʧʨʚʦʤ ʧʦʛʣʘʚˀʫ, ʧʨʠʢʘʟʘʥʝ ʩʫ ʦʩʥʦʚʥʝ ʜʝʬʠʥʠʮʠʿʝ 

ʥʫʢʣʝʘʨʥʝ ʬʦʨʝʥʟʠʢʝ ʢʘʦ ʥʘʫʯʥʝ ʜʠʩʮʠʧʣʠʥʝ. ɼʨʫʛʦ ʧʦʛʣʘʚˀʝ ʦʧʠʩʫʿʝ ˁʝʥʦ ʤʝʩʪʦ ʫ ʤʝʹʫʥʘʨʦʜʥʠʤ 

ʦʨʛʘʥʠʟʘʮʠʿʘʤʘ ʠ ʨʝʛʫʣʘʪʠʚʘʤʘ. ʊʨʝ˂ʝ ʧʦʛʣʘʚˀʝ ʧʨʠʢʘʟʫʿʝ ʦʩʥʦʚʥʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ ʥʫʢʣʝʘʨʥʠʭ ʠ 

ʜʨʫʛʠʭ ʨʘʜʠʦʘʢʪʠʚʥʠʭ ʤʘʪʝʨʠʿʘʣʘ ʢʦʿʠ ʩʝ ʤʦʛʫ ʥʘ˂ʠ ʠʟʚʘʥ ʨʝʛʫʣʘʪʦʨʥʝ ʢʦʥʪʨʦʣʝ. ɽʢʩʧʝʨʠʤʝʥʪʘʣʥʠ 

ʜʝʦ ʜʦʢʪʦʨʩʢʝ ʜʠʩʝʨʪʘʮʠʿʝ ʧʦʯʠˁʝ ʯʝʪʚʨʪʠʤ ʧʦʛʣʘʚˀʝʤ ʢʦʿʝ ʩʝ ʙʘʚʠ ʢʦʨʠʰ˂ʝʥʠʤ 

ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʠʤ ʪʝʭʥʠʢʘʤʘ ʠ ʤʝʪʦʜʘʤʘ ʤʝʨʝˁʘ ʠ ʘʥʘʣʠʟʝ ʘʥʘʣʠʟʝ ʥʫʢʣʝʘʨʥʠʭ ʠ ʜʨʫʛʠʭ 

ʨʘʜʠʦʘʢʪʠʚʥʠʭ ʤʘʪʝʨʠʿʘʣʘ. ʋ ʦʢʚʠʨʫ ʦʚʦʛ ʧʦʛʣʘʚˀʘ ʜʘʪ ʿʝ ʧʨʠʢʘʟ ʛʘʤʘ ʩʧʝʢʪʨʦʤʝʪʨʠʿʝ ʢʘʦ ʤʝʪʦʜʝ 

ʥʫʢʣʝʘʨʥʝ ʬʦʨʝʥʟʠʢʝ ʢʘʦ ʠ ʩʦʬʪʚʝʨʩʢʠʭ ʧʘʢʝʪʘ ʢʦʿʠ ʩʫ ʢʦʨʠʰ˂ʝʥʠ ʢʘʦ ʤʘʪʝʤʘʪʠʯʢʠ ʘʣʘʪ ʟʘ 

ʫʥʘʧʨʝʹʝˁʝ ʠ ʨʘʟʚʦʿ ʥʝʜʝʩʪʨʫʢʪʠʚʥʝ ʤʝʪʦʜʝ ʘʥʘʣʠʟʝ ʥʫʢʣʝʘʨʥʠʭ ʠ ʜʨʫʛʠʭ ʨʘʜʠʦʘʢʪʠʚʥʠʭ 

ʤʘʪʝʨʠʿʘʣʘ. ʉʧʝʮʠʬʠʯʥʦʩʪʠ ʫʟʦʨʘʢʘ ʢʦʿʠ ʩʝ ʤʦʛʫ ʥʘ˂ʠ ʥʘ ʪʝʨʝʥʫ ʫ ʧʦʛʣʝʜʫ ʛʝʦʤʝʪʨʠʿʝ, ʩʘʩʪʘʚʘ ʠ 

ʛʫʩʪʠʥʝ ʜʝʦ ʩʫ ʧʝʪʦʛ ʧʦʛʣʘʚˀʘ ʟʘʿʝʜʥʦ ʩʘ ʨʝʟʫʣʪʘʪʠʤʘ ʘʥʘʣʠʟʝ. ɸʥʘʣʠʟʝ ʩʧʝʢʪʘʨʘ ʩʪʘʥʜʘʨʜʥʠʭ 

ʨʝʬʝʨʝʥʪʥʠʭ ʥʫʢʣʝʘʨʥʠʭ ʤʘʪʝʨʠʿʘʣʘ ʢʦʨʠʰ˂ʝˁʝʤ ʩʦʬʪʚʝʨʩʢʦʛ ʧʘʢʝʪʘ PC FRAM ʜʘʪʝ ʩʫ ʫ ʰʝʩʪʦʤ 

ʧʦʛʣʘʚˀʫ. ʋ ʟʘʢˀʫʯʢʫ ʩʫ ʧʨʦʢʦʤʝʥʪʘʨʠʩʘʥʝ ʧʨʝʜʥʦʩʪʠ ʠ ʤʘʥʝ ʫʧʦʪʨʝʙʝ ʨʘʟʣʠʯʠʪʠʭ ʤʘʪʝʤʘʪʠʯʢʠʭ 

ʢʘʣʢʫʣʘʮʠʿʘ ʢʘʦ ʧʦʤʦ˂ʥʦʛ ʘʣʘʪʘ ʫ ʘʥʘʣʠʟʠ ʩʧʝʢʪʘʨʘ ʥʝʮʠʣʠʥʜʨʠʯʥʠʭ ʫʟʦʨʘʢʘ ʨʘʜʠʦʘʢʪʠʚʥʠʭ 

ʤʘʪʝʨʠʿʘʣʘ ʠ ʩʧʝʮʠʬʠʯʥʦʩʪʠ ʘʥʘʣʠʟʝ ʥʫʢʣʝʘʨʥʠʭ ʤʘʪʝʨʠʿʘʣʘ. 

ʅʝʢʝ ʠʥʪʝʨʝʩʘʥʪʥʝ ʘʥʘʣʠʟʝ ʩʧʝʢʪʘʨʘ, ʩʥʠʤˀʝʥʠʭ ʨʘʟʣʠʯʠʪʠʤ ʤʝʨʥʠʤ ʠʥʩʪʨʫʤʝʥʪʠʤʘ, ʤʝʜʠʮʠʥʩʢʠʭ 

ʨʘʜʠʦʟʦʪʦʧʘ ʢʘʦ ʠ ʤʘʪʝʨʠʿʘʣʘ ʢʦʿʠ ʩʘʜʨʞʝ ʫʨʘʥʠʿʫʤ ʠʣʠ ʧʣʫʪʦʥʠʿʫʤ (ʥʫʢʣʝʘʨʥʠʭ ʤʘʪʝʨʠʿʘʣʘ) 

ʧʨʠʢʘʟʘʥʝ ʩʫ ʢʘʦ ʠʣʫʩʪʨʘʮʠʿʘ ʫ ʧʨʠʣʦʛʫ.  

ʆʙʟʠʨʦʤ ʜʘ ʛʘʤʘ ʩʧʝʢʪʨʦʤʝʪʨʠʿʘ ʩʧʘʜʘ ʫ ʝʣʝʤʝʥʪʘʨʥʝ ʘʣʘʪʝ ʟʘ ʥʫʢʣʝʘʨʥʦ-ʬʦʨʝʥʟʠʯʢʘ ʠʩʧʠʪʠʚʘˁʘ, 

ʘ ʢʦʿʘ ʿʝ ʢˀʫʯʥʘ ʟʘ ʩʧʨʦʚʦʹʝˁʝ ʠʩʪʨʘʛʝ ʤʘʪʝʨʠʿʘʣʘ ʥʘʹʝʥʦʛ ʚʘʥ ʨʝʛʫʣʘʪʦʨʥʝ ʢʦʥʪʨʦʣʝ, ʙʠʪʥʦ ʿʝ ʜʘ ʩʝ 

ʤʝʪʦʜʝ ʘʥʘʣʠʟʝ ʧʨʠʣʘʛʦʜʝ ʧʦʩʪʦʿʝ˂ʠʤ ʢʘʧʘʮʠʪʝʪʠʤʘ ʛʘʤʘʩʧʝʢʪʨʦʤʝʪʨʠʿʩʢʠʭ ʣʘʙʦʨʘʪʦʨʠʿʘ. ʊʘ 

ʧʨʠʣʘʛʦʹʘʚʘˁʘ ʫʢˀʫʯʫʿʫ ʩʚʝ ʩʧʝʮʠʬʠʯʥʦʩʪʠ ʘʥʘʣʠʟʝ ʫʟʦʨʘʢʘ ʢʦʿʠ ʩʫ ʜʝʦ ʢʨʠʤʠʥʘʣʥʝ ʠʩʪʨʘʛʝ ʠ ʢʘʦ 

ʪʘʢʚʠ ʤʦʨʘʿʫ ʦʩʪʘʪʠ ʥʝʦʰʪʝ˂ʝʥʠ (ʫ ʠʟʚʦʨʥʦʤ ʩʪʘˁʫ), ʫʟ ʧʦʩʝʙʥʫ ʧʘʞˁʫ ʧʦʩʚʝ˂ʝʥʫ ʦʯʫʚʘˁʫ ʙʠʣʦ 

ʢʦʿʠʭ ʧʦʪʝʥʮʠʿʘʣʥʦ ʨʝʣʝʚʘʥʪʥʠʭ ʜʦʢʘʟʘ ʟʥʘʯʘʿʥʠʭ ʟʘ ʪʨʘʜʠʮʠʦʥʘʣʥʫ ʬʦʨʝʥʟʠʢʫ. 
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1.  ʅʋʂʃɽɸʈʅɸ ʌʆʈɽʅɿʀʂɸ ʂɸʆ ʅɸʋʏʅʆ-ʀʉʊʈɸɾʀɺɸʏʂɸ 

ɼʀʉʎʀʇʃʀʅɸ 

 

 ʅʘʩʪʘʥʘʢ ʥʫʢʣʝʘʨʥʝ ʬʦʨʝʥʟʠʢʝ

ɹʨʦʿʥʝ ʧʨʠʤʝʥʝ ʥʫʢʣʝʘʨʥʝ ʝʥʝʨʛʠʿʝ ʜʦʚʝʣʝ ʩʫ ʜʦ ʧʦʚʝ˂ʘˁʘ ʢʦʣʠʯʠʥʝ ʦʧʘʩʥʠʭ ʠ ʨʘʜʠʦʘʢʪʠʚʥʠʭ 

ʤʘʪʝʨʠʿʘʣʘ, ʥʫʢʣʝʘʨʥʠʭ ʠʥʩʪʘʣʘʮʠʿʘ, ʥʫʢʣʝʘʨʥʝ ʦʧʨʝʤʝ ʢʘʦ ʠ ʙʨʦʿʘ ʟʝʤʘˀʘ ʢʦʿʝ ʠʭ ʧʦʩʝʜʫʿʫ. ʊʦʢʦʤ 

ʍʣʘʜʥʦʛ ʨʘʪʘ, ʉʿʝʜʠˁʝʥʝ ɸʤʝʨʠʯʢʝ ɼʨʞʘʚʝ ʟʘʿʝʜʥʦ ʩʘ ʉʦʚʿʝʪʩʢʠʤ ʉʘʚʝʟʦʤ ʧʦʜ ʩʚʦʿʠʤ ʦʢʨʠˀʝʤ 

ʠʤʘʣʠ ʩʫ ʦʛʨʦʤʘʥ ʘʨʩʝʥʘʣ ʥʫʢʣʝʘʨʥʦʛ ʥʘʦʨʫʞʘˁʘ. ʋʧʦʨʝʜʦ ʩʘ ʨʘʩʧʘʜʦʤ ʉʦʚʿʝʪʩʢʦʛ ʉʘʚʝʟʘ ʢʦʿʠ ʩʝ 

ʜʦʛʦʜʠʦ 1991. ʛʦʜʠʥʝ, ʨʘʹʘ ʩʝ ʠ ʧʦʿʘʤ ''ʥʫʢʣʝʘʨʥʦʛ ʢʨʠʿʫʤʯʘʨʝˁʘ'' (nuclear smuggling), ʙʫʜʫ˂ʠ ʜʘ ʿʝ 

ʚʝʣʠʢʠ ʙʨʦʿ ʫʩʪʘʥʦʚʘ ʢʦʿʝ ʧʦʩʝʜʫʿʫ ʥʫʢʣʝʘʨʥʠ ʠ/ʠʣʠ ʨʘʜʠʦʘʢʪʠʚʥʠ ʤʘʪʝʨʠʿʘʣ ʟʘʪʚʦʨʝʥ ʠʣʠ ʫʥʠʰʪʝʥ. 

ʈʘʥʠʿʝ ʩʫ ʤʥʦʛʝ ʠʩʪʨʘʞʠʚʘʯʢʝ ʠʥʩʪʠʪʫʮʠʿʝ ʢʘʦ ʠ ʬʘʙʨʠʢʝ ʥʫʢʣʝʘʨʥʦʛ ʤʘʪʝʨʠʿʘʣʘ ʠʤʘʣʝ ʚʝʦʤʘ ʣʦʰʝ 

ʜʝʬʠʥʠʩʘʥʝ ʟʘʰʪʠʪʥʝ ʤʝʨʝ ʢʘʢʦ ʙʠ ʩʧʝʯʠʣʝ ʢʨʘʹʫ [Moody et al.,2015]. ʋʩʣʝʜ ʪʦʛʘ, ʨʠʟʠʢ 

ʥʝʜʦʟʚʦˀʝʥʦʛ ʧʦʩʝʜʦʚʘˁʘ ʠ ʠʣʝʛʘʣʥʦʛ ʫʧʦʪʨʝʙˀʘʚʘˁʘ ʥʫʢʣʝʘʨʥʠʭ ʤʘʪʝʨʠʿʘʣʘ ʠ ʨʘʜʠʦʘʢʪʠʚʥʠʭ 

ʠʟʚʦʨʘ ʟʘ ʢʨʠʤʠʥʘʣʥʝ ʠʣʠ ʪʝʨʦʨʠʩʪʠʯʢʝ ʘʢʪʝ ʩʝ ʧʦʚʝ˂ʘʦ. ʆʚʦ ʿʝ ʢʘʦ ʧʦʩʣʝʜʠʮʫ ʜʘʣʦ ʠ ʧʨʚʝ ʩʣʫʯʘʿʝʚʝ 

ʟʘʧʣʝʥʝ ʥʫʢʣʝʘʨʥʦʛ ʤʘʪʝʨʠʿʘʣʘ ʢʦʿʠ ʩʫ ʩʝ ʜʦʛʦʜʠʣʠ ʫ ʀʪʘʣʠʿʠ ʠ ʐʚʘʿʮʘʨʩʢʦʿ 1991. ʛʦʜʠʥʝ. ʋ 

ʛʦʜʠʥʘʤʘ ʢʦʿʝ ʩʣʝʜʝ, ʦʚʠ ʩʣʫʯʘʿʝʚʠ ʩʫ ʩʝ ʧʦʿʘʚʠʣʠ ʠ ʫ ʅʝʤʘʯʢʦʿ, ʄʘʹʘʨʩʢʦʿ, ʏʝʰʢʦʿ ʠ ʦʩʪʘʣʠʤ 

ʟʝʤˀʘʤʘ ʮʝʥʪʨʘʣʥʝ ɽʚʨʦʧʝ [Mayer et al.,2007]. ɹʫʜʫ˂ʠ ʜʘ ʩʫ ʦʚʦ ʙʠʣʠ ʜʦʛʘʹʘʿʠ ʦʜ ʠ ʤʝʹʫʥʘʨʦʜʥʦʛ ʠ 

ʥʘʮʠʦʥʘʣʥʦʛ ʟʥʘʯʘʿʘ, ʧʨʝʜʩʪʘʚʥʠʮʠ ʜʨʞʘʚʘ ʩʫ ʢʘʦ ʿʝʜʘʥ ʦʜ ʧʨʠʤʘʨʥʠʭ ʮʠˀʝʚʘ ʧʦʩʪʘʚʠʣʝ 

ʦʜʨʝʹʠʚʘˁʝ ʩʘʩʪʘʚʘ, ʥʘʤʝʥʝ ʠ ʤʦʛʫ˂ʝ ʨʫʪʝ ʥʝʣʝʛʘʣʥʝ ʪʨʛʦʚʠʥʝ ʟʘʧʣʝˁʝʥʠʭ ʥʫʢʣʝʘʨʥʠʭ ʤʘʪʝʨʠʿʘʣʘ. 

ʋ ʮʠˀʫ ʧʨʝʜʫʧʨʝʹʠʚʘˁʘ ʥʦʚʦʥʘʩʪʘʣʝ ʩʠʪʫʘʮʠʿʝ ʿʘʚʠʣʘ ʩʝ ʠ ʧʦʪʨʝʙʘ ʟʘ ʩʪʚʘʨʘˁʝʤ ʘʥʘʣʠʪʠʯʢʦʛ 

ʘʧʘʨʘʪʘ ʢʦʿʠ ʙʠ ʤʦʛʘʦ ʜʘʪʠ ʦʜʛʦʚʦʨʝ ʥʘ ʜʘʪʘ ʧʠʪʘˁʘ. ʊʘʢʦ ʿʝ ʥʘʩʪʘʣʘ ʥʦʚʘ ʥʘʫʯʥʘ ʜʠʩʠʧʣʠʥʘ ï 

ʥʫʢʣʝʘʨʥʘ ʬʦʨʝʥʟʠʢʘ. ʂʘʦ ʪʘʢʚʘ, ʥʫʢʣʝʘʨʥʘ ʬʦʨʝʥʟʠʢʘ ʧʨʝʜʩʪʘʚˀʘ ʥʘʯʠʥ ʫʧʦʪʨʝʙʝ ʟʥʘˁʘ ʠ 

ʚʝʰʪʠʥʘ ʠʟ ʜʦʤʝʥʘ ʥʫʢʣʝʘʨʥʝ ʬʠʟʠʢʝ/ʨʘʜʠʦʘʥʘʣʠʪʠʯʢʝ ʭʝʤʠʿʝ ʠ ˁʠʭʦʚʫ ʧʨʠʤʝʥʫ ʫ ʚʠʜʫ ʧʦʤʦ˂ʠ 

ʠʩʪʨʘʞʥʠʤ ʦʨʛʘʥʠʤʘ ʫ ʢʨʠʤʠʥʘʣʠʩʪʠʯʢʠʤ ʠʩʪʨʘʛʘʤʘ.  ʂʘʦ ʰʪʦ ʿʝ ʪʦ ʩʣʫʯʘʿ ʠ ʢʦʜ ʪʨʘʜʠʮʠʦʥʘʣʥʝ 

ʬʦʨʝʥʟʠʢʝ, ʥʫʢʣʝʘʨʥʘ ʬʦʨʝʥʟʠʢʘ ʩʝ ʢʦʨʠʩʪʠ ʯʠˁʝʥʠʮʦʤ ʜʘ ʦʜʨʝʹʝʥʠ ʤʝʨˀʠʚʠ ʧʘʨʘʤʝʪʨʠ ʫ ʫʟʦʨʢʫ 

ʧʨʝʜʩʪʘʚˀʘʿʫ ʢʘʨʘʢʪʝʨʠʩʪʠʢʫ ʜʘʪʦʛ ʤʘʪʝʨʠʿʘʣʘ [Mayer et al.,2007]. ɹʠʪʘʥ ʬʘʢʪʦʨ ʢʦʿʠ ʫʪʠʯʝ ʥʘ 

ʢʦʥʘʯʘʥ ʠʩʭʦʜ ʘʥʘʣʠʟʝ ʿʝ ʫʧʨʘʚʦ ʦʜʘʙʠʨ ʦʜʛʦʚʘʨʘʿʫ˂ʠʭ ʧʘʨʘʤʝʪʘʨʘ, ʙʫʜʫ˂ʠ ʜʘ ʥʘ ʦʩʥʦʚʫ ʪʦʛʘ 

ʤʦʞʝʤʦ ʜʦʙʠʪʠ ʠʩʧʨʘʚʥʝ ʠʥʬʦʨʤʘʮʠʿʝ ʦ ʚʨʩʪʠ ʥʫʢʣʝʘʨʥʦʛ/ʨʘʜʠʦʘʢʪʠʚʥʦʛ ʤʘʪʝʨʠʿʘʣʘ, ˁʝʛʦʚʦʿ 

ʫʧʦʪʨʝʙʠ ʠ ʤʦʛʫ˂ʝʤ ʧʦʨʝʢʣʫ. 

 ʆʩʥʦʚʥʠ ʧʦʿʤʦʚʠ ʠ ʜʝʬʠʥʠʮʠʿʝ 

ʋ ʧʝʨʠʦʜʫ 2006-2015. ʛʦʜʠʥʝ ʄʝʹʫʥʘʨʦʜʥʘ ʘʛʝʥʮʠʿʘ ʟʘ ʘʪʦʤʩʢʫ ʝʥʝʨʛʠʿʫ (International Atomic Energy 

Agency - IAEA) ʿʝ ʜʝʬʠʥʠʩʘʣʘ ʥʫʢʣʝʘʨʥʫ ʬʦʨʝʥʟʠʢʫ ʢʘʦ ''ʘʥʘʣʠʟʫ ʟʘʧʣʝˁʝʥʦʛ ʠʣʝʛʘʣʥʦʛ ʥʫʢʣʝʘʨʥʦʛ 

ʠʣʠ ʜʨʫʛʦʛ ʨʘʜʠʦʘʢʪʠʚʥʦʛ ʤʘʪʝʨʠʿʘʣʘ ʠ ʩʚʠʭ ʧʦʚʝʟʘʥʠʭ ʤʘʪʝʨʠʿʘʣʘ ʨʘʜʠ ʧʨʫʞʘˁʘ ʜʦʢʘʟʘ ʟʘ 

ʥʫʢʣʝʘʨʥʝ ʘʩʧʝʢʪʝ ʢʨʠʤʠʥʘʣʥʝ ʠʩʪʨʘʛʝ'', ʧʨʠ ʯʝʤʫ ʩʝ ʦʚʘ ʘʪʨʠʙʫʮʠʿʘ ʦʜʥʦʩʠ ʥʘ ''ʧʨʦʮʝʩ 

ʠʜʝʥʪʠʬʠʢʘʮʠʿʝ ʠʟʚʦʨʘ ʥʫʢʣʝʘʨʥʦʛ ʠʣʠ ʨʘʜʠʦʘʢʪʠʚʥʦʛ ʤʘʪʝʨʠʿʘʣʘ ʢʦʨʠʰ˂ʝʥʦʛ ʫ ʩʚʨʭʝ ʠʣʝʛʘʣʥʝ 

ʘʢʪʠʚʥʦʩʪʠ, ʜʘ ʙʠ ʩʝ ʦʜʨʝʜʠʣʦ ʤʝʩʪʦ ʧʦʨʝʢʣʘ ʠ ʪʨʘʥʟʠʪʥʝ ʨʫʪʝ ʦʚʘʢʚʦʛ ʤʘʪʝʨʠʿʘʣʘ, ʠ ʥʘ ʢʨʘʿʫ 

ʜʦʧʨʠʥʝʣʦ ʧʨʦʮʝʩʫ ʢʨʠʚʠʯʥʦʛ ʛʦˁʝˁʘ ʦʜʛʦʚʦʨʥʠʭ'' [Fedchenko,2015]. 2015. ʛʦʜʠʥʝ ʜʝʬʠʥʠʮʠʿʘ 

ʥʫʢʣʝʘʨʥʝ ʬʦʨʝʥʟʠʢʝ ʿʝ ʧʦʧʨʠʤʠʣʘ ʩʘʜʘʰˁʠ ʦʙʣʠʢ: ''ʀʩʧʠʪʠʚʘˁʝ ʥʫʢʣʝʘʨʥʦʛ ʠʣʠ ʜʨʫʛʦʛ 



ʅʋʂʃɽɸʈʅɸ ʌʆʈɽʅɿʀʂɸ ʂɸʆ ʅɸʋʏʅʆ-ʀʉʊʈɸɾʀɺɸʏʂɸ ɼʀʉʎʀʇʃʀʅɸ 
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ʨʘʜʠʦʘʢʪʠʚʥʦʛ ʤʘʪʝʨʠʿʘʣʘ, ʠʣʠ ʜʦʢʘʟʘ ʢʦʿʠ ʩʫ ʢʦʥʪʘʤʠʥʠʨʘʥʠ ʨʘʜʠʦʥʫʢʣʠʜʠʤʘ, ʫ ʢʦʥʪʝʢʩʪʫ ʧʨʘʚʥʦʛ 

ʧʦʩʪʫʧʢʘ ʢʦʿʠ ʩʝ ʥʘʣʘʟʠ ʧʦʜ ʦʢʨʠˀʝʤ ʤʝʹʫʥʘʨʦʜʥʦʛ ʠʣʠ ʥʘʮʠʦʥʘʣʥʦʛ ʧʨʘʚʘ ʘ ʢʦʿʠ ʩʝ ʦʜʥʦʩʠ ʥʘ 

ʥʫʢʣʝʘʨʥʫ ʙʝʟʙʝʜʥʦʩʪ ''[IAEA No. 2-G,2015]. ʆʥʘ ʤʦʞʝ ʜʘ ʧʦʤʦʛʥʝ ʠʩʪʨʘʞʥʠʤ ʦʨʛʘʥʠʤʘ ʚʣʘʩʪʠ ʜʘ 

ʨʘʟʦʪʢʨʠʿʫ ʜʝʪʘˀʝ ʦ ʦʜʨʝʹʝʥʦʤ ʠʥʮʠʜʝʥʪʫ, ʥʘ ʪʘʿ ʥʘʯʠʥ ʰʪʦ ˂ʝ ʦʜʛʦʚʦʨʠʪʠ ʥʘ ʧʠʪʘˁʘ ʰʪʘ, ʛʜʝ, ʢʘʜʘ, 

ʢʘʢʦ ʠ ʟʘʰʪʦ ʩʝ ʥʝʜʦʟʚʦˀʝʥʘ ʘʢʪʠʚʥʦʩʪ ʦʜʠʛʨʘʣʘ ʢʘʦ ʠ ʤʦʛʫ˂ʥʦʩʪ ʠʜʝʥʪʠʬʠʢʘʮʠʿʝ ʫʯʝʩʥʠʢʘ 

ʠʥʮʠʜʝʥʪʘ.  

ʇʨʠʣʠʢʦʤ ʨʝʘʛʦʚʘˁʘ ʥʘ ʤʦʛʫ˂ʠ ʥʫʢʣʝʘʨʥʠ ʠʥʮʠʜʝʥʪ, ʢʦʨʠʩʪʠ ʩʝ ''ʩʪʝʧʝʥʦʚʘʥ ʧʨʠʩʪʫʧ'' (graded 

approach). ʆʚʦ ʧʦʜʨʘʟʫʤʝʚʘ ʿʘʩʥʦ ʜʝʬʠʥʠʩʘʥ ʩʣʝʜ ʦʧʝʨʘʮʠʿʘ ʠ ʘʥʘʣʠʟʘ ʥʘ ʟʘʧʣʝˁʝʥʦʤ ʫʟʦʨʢʫ 

ʥʫʢʣʝʘʨʥʦʛ/ʨʘʜʠʦʘʢʪʠʚʥʦʛ ʤʘʪʝʨʠʿʘʣʘ ʫ ʮʠˀʫ ʧʦʩʪʠʟʘˁʘ ʠʩʧʨʘʚʥʠʭ ʠ ʪʘʯʥʠʭ ʨʝʟʫʣʪʘʪʘ. ʇʦʤʝʥʫʪʠ 

ʧʨʠʩʪʫʧ ʩʝ ʩʘʩʪʦʿʠ ʦʜ: ʢʘʪʝʛʦʨʠʟʘʮʠʿʝ, ʢʘʨʘʢʪʝʨʠʟʘʮʠʿʝ, ʥʫʢʣʝʘʨʥʦ-ʬʦʨʝʥʟʠʯʢʝ ʠʥʪʝʨʧʨʝʪʘʮʠʿʝ ʠ 

ʨʝʢʦʥʩʪʨʫʢʮʠʿʝ [Fedchenko,2015; IAEA No.2,2006]. 

¶ ʂʘʪʝʛʦʨʠʟʘʮʠʿʘ ʠʤʘ ʟʘ ʮʠˀ ʜʘ ʠʜʝʥʪʠʬʠʢʫʿʝ ʨʠʟʠʢ ʟʘ ʙʝʟʙʝʜʥʦʩʪ ʦʜʛʦʚʦʨʥʠʭ (ʚʘʪʨʦʛʘʩʮʠ, 

ʧʦʣʠʮʘʿʮʠ ʠ ʤʝʜʠʮʠʥʩʢʠ ʨʘʜʥʠʮʠ), ʧʨʠʧʘʜʥʠʢʘ ʦʨʛʘʥʘ ʨʝʜʘ ʠ ʿʘʚʥʦʩʪʠ ʢʘʦ ʠ ʫʪʚʨʹʠʚʘˁʝ 

ʧʦʩʪʦʿʘˁʘ ʧʨʝʪˁʝ ʟʘ ʥʘʮʠʦʥʘʣʥʫ ʙʝʟʙʝʜʥʦʩʪ ʠʣʠ ʢʨʠʤʠʥʘʣʥʝ ʘʢʪʠʚʥʦʩʪʠ [IAEA No.2,2006]. 

ʋ ʦʚʦʤ ʢʦʨʘʢʫ ʩʝ ʟʘʧʣʝˁʝʥʠ ʤʘʪʝʨʠʿʘʣ ʢʘʪʝʛʦʨʠʰʝ ʫ ʧʨʝʜʝʬʠʥʠʩʘʥʫ ʛʨʫʧʫ (ʛʨʫʧʝ ʩʫ 

ʨʘʟʣʠʯʠʪʝ ʫ ʟʘʚʠʩʥʦʩʪʠ ʦʜ ʜʨʞʘʚʝ ʫ ʢʦʿʦʿ ʩʝ ʠʥʮʠʜʝʥʪ ʜʝʩʠʦ), ʰʪʦ ʦʜʨʝʹʫʿʝ ʜʘˀʠ ʥʘʯʠʥ 

ʨʫʢʦʚʘˁʘ ʠ ʚʨʩʪʫ ʘʥʘʣʠʟʘ ʥʘʜ ʤʘʪʝʨʠʿʘʣʦʤ [Fedchenko,2015].  

¶ ʂʘʨʘʢʪʝʨʠʟʘʮʠʿʦʤ ʩʝ ʦʜʨʝʹʫʿʝ ʧʨʠʨʦʜʘ ʨʘʜʠʦʘʢʪʚʥʠʭ ʠ ʜʨʫʛʠʭ ʧʨʠʜʨʫʞʝʥʠʭ ʜʦʢʘʟʘ. ʆʚʘʿ 

ʧʨʦʮʝʩ ʧʦʜʨʘʟʫʤʝʚʘ ʧʦʪʧʫʥʫ ʝʣʝʤʝʥʪʘʨʥʫ ʘʥʘʣʠʟʫ ʨʘʜʠʦʘʢʪʠʚʥʦʛ ʤʘʪʝʨʠʿʘʣʘ (ʫʢˀʫʯʫʿʫ˂ʠ 

ʚʝ˂ʠʥʩʢʝ, ʤʘˁʠʥʩʢʝ ʠ ʢʦʥʩʪʠʪʫʝʥʪʝ ʫ ʪʨʘʛʦʚʠʤʘ). ʆʚʦ ʯʝʩʪʦ ʟʥʘʯʠ ʠ ʠʟʦʪʦʧʩʢʫ ʘʥʘʣʠʟʫ ʦʚʠʭ 

ʢʦʥʩʪʠʪʫʝʥʘʪʘ, ʟʘ ʧʦʪʨʝʙʝ ʯʝʛʘ ʩʝ ʢʘʦ ʜʝʩʪʨʫʢʪʠʚʥʘ ʘʥʘʣʠʪʠʯʢʘ ʪʝʭʥʠʢʘ ʢʦʨʠʩʪʠ ʤʘʩʝʥʘ 

ʩʧʝʢʪʨʦʤʝʪʨʠʿʘ ʫ ʩʚʠʤ ʦʙʣʠʮʠʤʘ, ʜʦʢ ʿʝ ʟʘ ʥʝʜʝʩʪʨʫʢʪʠʚʥʫ ʘʥʘʣʠʟʫ ʤʘʪʝʨʠʿʘʣʘ ʧʨʝʬʝʨʝʥʪʥʘ 

ʤʝʪʦʜʘ ʛʘʤʘʩʧʝʢʪʨʦʤʝʪʨʠʿʝ. ʋ ʢʘʨʘʢʪʝʨʠʟʘʮʠʿʫ ʪʘʢʦʹʝ ʩʧʘʜʘ ʠ ʬʠʟʠʯʢʘ ʢʘʨʘʢʪʝʨʠʟʘʮʠʿʘ 

ʤʘʪʝʨʠʿʘʣʘ ʢʦʿʘ ʫ ʩʣʫʯʘʿʫ ʯʚʨʩʪʠʭ ʤʘʪʝʨʠʿʘʣʘ ʧʦʜʨʘʟʫʤʝʚʘ ʤʝʨʝˁʝ ʦʩʥʦʚʥʠʭ ʜʠʤʝʥʟʠʿʘ, ʜʦʢ 

ʫ ʩʣʫʯʘʿʫ ʧʨʘʰʢʘʩʪʠʭ ʦʚʦ ʟʥʘʯʠ ʦʜʨʝʹʠʚʘˁʝ ʜʠʩʪʨʫʙʫʮʠʿʝ ʠ ʚʝʣʠʯʠʥʝ ʯʝʩʪʠʮʘ ʢʦʨʠʩʪʝ˂ʠ ʩʝ 

ʫ ʚʝ˂ʠʥʠ ʩʣʫʯʘʿʝʚʘ ʩʢʝʥʠʨʘʿʫ˂ʠʤ ʝʣʝʢʪʨʦʥʩʢʠʤ ʤʠʢʨʦʩʢʦʧʦʤ [Fedchenko,2015].  

¶ ʅʫʢʣʝʘʨʥʦ-ʬʦʨʝʥʟʠʯʢʘ ʠʥʪʝʨʧʨʝʪʘʮʠʿʘ ʧʦʜʨʘʟʫʤʝʚʘ ʜʦʚʦʹʝˁʝ ʫ ʚʝʟʫ ʠʟʤʝʨʝʥʠʭ 

ʢʘʨʘʪʝʨʠʩʪʠʢʘ ʤʘʪʝʨʠʿʘʣʘ ʩʘ ʧʦʟʥʘʪʠʤ ʯʠˁʝʥʠʮʘʤʘ ʦ ʨʫʢʦʚʘˁʫ, ʫʧʦʪʨʝʙʠ ʠ ʥʘʯʠʥʠʤʘ 

ʧʨʦʠʟʚʦʜˁʝ ʤʘʪʝʨʠʿʘʣʘ. ʆʚʦ ʟʘ ʮʠˀ ʠʤʘ ʤʦʛʫ˂ʝ ʫʪʚʨʹʠʚʘˁʝ ʚʨʝʤʝʥʘ ʠ ʤʝʩʪʘ ʧʨʦʠʟʚʦʜˁʝ 

ʥʫʢʣʝʘʨʥʦʛ/ʨʘʜʠʦʘʢʪʠʚʥʦʛ ʤʘʪʝʨʠʿʘʣʘ ʢʦʨʠʩʪʝ˂ʠ ʩʝ ʧʨʝʚʘʩʭʦʜʥʦ ʠʥʪʝʨʥʘʮʠʦʥʘʣʥʠʤ ʙʘʟʘʤʘ 

ʧʦʜʘʪʘʢʘ ʦ ʢʦʿʠʤʘ ˂ʝ ʙʠʪʠ ʨʝʯʠ ʢʘʩʥʠʿʝ. ʆʚʘʿ ʢʦʨʘʢ ʿʝ ʬʠʥʘʣʥʠ ʠʩʭʦʜ ʣʘʙʦʨʘʪʦʨʠʿʘ ʢʦʿʝ ʩʝ 

ʙʘʚʝ ʥʫʢʣʝʘʨʥʦʤ ʬʦʨʝʥʟʠʢʦʤ [Fedchenko,2015].  

¶ ʈʝʢʦʥʩʪʨʫʢʮʠʿʘ- ʆʚʘʿ ʢʦʨʘʢ ʧʦʜʨʘʟʫʤʝʚʘ ʧʦʚʝʟʠʚʘˁʝ ʠʥʬʦʨʤʘʮʠʿʘ ʢʦʿʝ ʩʫ ʜʘʣʝ ʣʘʙʦʨʘʪʦʨʠʿʝ 

ʢʦʿʝ ʩʝ ʙʘʚʝ ʥʫʢʣʝʘʨʥʦʤ ʬʦʨʝʥʟʠʢʦʤ ʩʘ ʠʩʪʠʤ ʢʦʿʝ ʩʫ ʜʦʙʠʿʝʥʝ ʜʨʫʛʠʤ ʢʘʥʘʣʠʤʘ 

(ʧʨʚʝʥʩʪʚʝʥʦ ʠʥʬʦʨʤʘʮʠʿʘʤʘ ʦʜ ʩʘʢʫʧʝˀʥʠʭ ʜʦʜʘʪʥʠʭ ʜʦʢʘʟʘ ʜʦʙʠʿʝʥʠʭ ʪʨʘʜʠʮʠʦʥʘʣʥʦʤ 

ʬʦʨʝʥʟʠʯʢʦʤ ʘʥʘʣʠʟʦʤ ʠʣʠ ʙʠʣʦ ʢʦʿʠʤ ʜʨʫʛʠʤ ʠʟʚʦʨʠʤʘ ʠʥʬʦʨʤʘʮʠʿʘ). ʋ ʫʞʠʤ ʢʨʫʛʦʚʠʤʘ 

ʧʨʦʮʝʩʘ ʠʩʪʨʘʞʠʚʘˁʘ ʥʫʢʣʝʘʨʥʦ-ʪʝʨʦʨʠʩʪʠʯʢʠʭ ʜʦʛʘʹʘʿʘ ʠ ʥʝʣʝʛʘʣʥʝ ʪʨʛʦʚʠʥʝ ʥʫʢʣʝʘʨʥʠʤ 

ʤʘʪʝʨʠʿʘʣʦʤ, ʨʝʢʦʥʩʪʨʫʢʮʠʿʘ ʩʝ ʧʦʠʩʪʦʚʝ˂ʫʿʝ ʩʘ ʧʨʦʮʝʩʦʤ ʘʪʨʠʙʫʮʠʿʝ [Fedchenko,2015]. 

 ʄʝʪʦʜʝ ʥʫʢʣʝʘʨʥʝ ʬʦʨʝʥʟʠʢʝ 

ʅʫʢʣʝʘʨʥʘ ʬʦʨʝʥʟʠʢʘ ʢʘʦ ʥʘʫʯʥʘ ʜʠʩʮʠʧʣʠʥʘ ʩʝ ʦʩʣʘˁʘ ʥʘ ʜʦʙʨʦ ʫʪʝʤʝˀʝʥʝ ʠ ʦʧʨʦʙʘʥʝ ʘʥʘʣʠʪʠʯʢʝ 

ʪʝʭʥʠʢʝ. ʆʩʥʦʚʥʘ ʧʦʜʝʣʘ ʧʦʤʝʥʫʪʠʭ ʪʝʭʥʠʢʘ ʿʝ ʥʘ: 



ʅʋʂʃɽɸʈʅɸ ʌʆʈɽʅɿʀʂɸ ʂɸʆ ʅɸʋʏʅʆ-ʀʉʊʈɸɾʀɺɸʏʂɸ ɼʀʉʎʀʇʃʀʅɸ 

-5- 
 

¶ ɼʝʩʪʨʫʢʪʠʚʥʝ ʪʝʭʥʠʢʝ ï ʂʘʦ ʰʪʦ ʠʤ ʠ ʩʘʤʦ ʠʤʝ ʩʫʛʝʨʠʰʝ, ʧʨʝʜʤʝʪ ʘʥʘʣʠʟʝ, ʦʜʥʦʩʥʦ 

ʫʟʦʨʘʢ, ʤʦʨʘ ʧʨʦ˂ʠ ʢʨʦʟ ʥʝʢʠ ʚʠʜ ʭʝʤʠʿʩʢʝ ʠʣʠ ʬʠʟʠʯʢʝ ʧʨʦʤʝʥʝ, ʜʘ ʙʠ ʫ ʢʨʘʿˁʝʤ ʠʩʭʦʜʫ 

ʙʠʦ ʫ ʦʜʨʝʹʝʥʦʿ ʤʝʨʠ ʠʣʠ ʧʦʪʧʫʥʦ ʫʥʠʰʪʝʥ. ʅʝʢʝ ʜʝʩʪʨʫʢʪʠʚʥʝ ʘʥʘʣʠʪʠʯʢʝ ʪʝʭʥʠʢʝ ʢʦʿʝ ʩʝ 

ʯʝʩʪʦ ʢʦʨʠʩʪʝ ʫ ʥʫʢʣʝʘʨʥʦʬʦʨʝʥʟʠʯʢʢʦʿ ʘʥʘʣʠʟʠ ʩʫ: ʤʘʩʝʥʘ ʩʧʝʢʪʦʨʤʝʪʨʠʿʘ ʫ ʩʚʠʤ ˁʝʥʠʤ 

ʦʙʣʠʮʠʤʘ, ʘʣʬʘ ʩʧʝʢʪʨʦʤʝʪʨʠʿʘ ʠ ʨʝʥʜʛʝʥʩʢʘ ʜʠʬʨʘʢʮʠʦʥʘ ʘʥʘʣʠʟʘ (XRD). 

¶ ʅʝʜʝʩʪʨʫʢʪʠʚʥʝ ʪʝʭʥʠʢʝ ï  ɱʝʜʠʥʠ ʫʩʣʦʚ ʢʦʿʠ ʿʝ ʦʚʜʝ ʥʝʦʧʭʦʜʥʦ ʟʘʜʦʚʦˀʠʪʠ ʿʝ ʜʘ ʫʟʦʨʘʢ 

ʤʦʨʘ ʦʩʪʘʪʠ ʥʝʪʘʢʥʫʪ, ʦʜʥʦʩʥʦ ʫ ʠʟʚʦʨʥʦʤ ʩʪʘˁʫ, ʰʪʦ ʧʦʜʨʘʟʫʤʝʚʘ ʦʜʩʫʩʪʚʦ ʬʠʟʠʯʢʠʭ ʠʣʠ 

ʭʝʤʠʿʩʢʠʭ ʧʨʦʤʝʥʘ ʙʠʣʦ ʢʦʿʝ ʚʨʩʪʝ. ɱʝʜʥʘ ʦʜʥ ʥʘʿʧʨʠʤʝˁʝʥʠʿʠʭ ʥʝʜʝʩʪʨʫʢʪʠʚʥʠʭ ʪʝʭʥʠʢʘ ʫ 

ʥʫʢʣʝʘʨʥʦʿ ʬʦʨʝʥʟʠʮʠ ʿʝʩʪʝ ʛʘʤʘ ʩʧʝʢʪʨʦʤʝʪʨʠʿʘ. ʇʦʨʝʜ ˁʝ, ʫ ʯʝʩʪʦʿ ʫʧʦʪʨʝʙʠ ʩʫ ʠ ʦʧʪʠʯʢʘ 

ʤʠʢʨʦʩʢʦʧʠʿʘ, ʩʢʝʥʠʨʘʿʫ˂ʘ ʠ ʪʨʘʥʩʤʠʩʠʦʥʘ ʝʣʝʢʪʨʦʥʩʢʘ ʤʠʢʨʦʩʢʦʧʠʿʘ ʠ ʨʝʥʜʛʝʥʩʢʘ 

ʬʣʫʦʨʝʩʮʝʥʪʥʘ ʘʥʘʣʠʟʘ (XRF). 

ʉʚʘʢʘ ʦʜ ʧʦʤʝʥʫʪʠʭ ʪʠʧʦʚʘ ʪʝʭʥʠʢʘ ʠʤʘ ʩʚʦʿʠʭ ʧʨʝʜʥʦʩʪʠ ʠ ʤʘʥʘ. ɼʝʩʪʨʫʢʪʠʚʥʝ ʪʝʭʥʠʢʝ ʛʝʥʝʨʘʣʥʦ 

ʧʨʫʞʘʿʫ ʨʝʟʫʣʪʘʪʝ ʚʝ˂ʝ ʪʘʯʥʦʩʪʠ ʠ ʧʨʝʮʠʟʥʦʩʪʠ ʫ ʦʜʥʦʩʫ ʥʘ ʥʝʜʝʩʪʨʫʢʪʠʚʥʝ, ʘʣʠ ʥʘ ʨʘʯʫʥ 

ʥʝʦʯʫʚʘˁʘ ʠʥʪʝʛʨʠʪʝʪʘ ʫʟʦʨʢʘ, ʰʪʦ ʿʝ ʫ ʧʨʦʮʝʩʫ ʢʨʠʚʠʯʥʝ ʠʩʪʨʘʛʝ ʿʝʜʘʥ ʦʜ ʠʤʧʝʨʘʪʠʚʘ. ʀʟ ʦʚʦʛ 

ʨʘʟʣʦʛʘ, ʧʦʩʪʦʿʠ ʩʝʢʚʝʥʮʘ ʘʥʘʣʠʪʠʯʢʠʭ ʪʝʭʥʠʢʘ ʢʦʿʝ ʩʝ ʩʧʨʦʚʦʜʝ ʧʦ ʧʨʠʿʝʤʫ ʫʟʦʨʢʘ, ʰʪʦ ʿʝ 

ʧʨʠʢʘʟʘʥʦ ʥʘ ʩʣʠʮʠ 1.1. ʋʟʦʨʘʢ ʧʨʚʝʥʩʪʚʝʥʦ ʙʠʚʘ ʧʦʜʚʨʛʥʫʪ ʥʝʜʝʩʪʨʫʢʪʠʚʥʠʤ ʘʥʘʣʠʪʠʯʢʠʤ 

ʪʝʭʥʠʢʘʤʘ, ʘ ʪʝʢ ʧʦʪʦʤ ʜʝʩʪʨʫʢʪʠʚʥʠʤ, ʢʘʜʘ ʩʫ ʠʟʚʫʯʝʥʝ ʩʚʝ ʠʥʬʦʨʤʘʮʠʿʝ ʢʦʿʝ ʩʝ ʤʦʛʫ ʜʦʙʠʪʠ ʩʝʪʦʤ 

ʥʝʜʝʩʪʨʫʢʪʠʚʥʠʭ ʤʝʪʦʜʘ. ʇʦ ʟʘʚʨʰʝʪʢʫ ʩʚʠʭ ʘʥʘʣʠʟʘ, ʩʚʝ ʜʦʙʠʿʝʥʝ ʠʥʬʦʨʤʘʮʠʿʝ ʩʝ ʩʫʤʠʨʘʿʫ ʠ 

ʠʟʚʝʰʪʘʿ, ʢʦʿʠ ʩʝ ʢʦʨʠʩʪʠ ʫ ʧʨʦʮʝʩʫ ʢʨʠʚʠʯʥʝ ʠʩʪʨʘʛʝ. 

 

 ʉʣʠʢʘ 1.1.  ʉʣʝʜ ʘʥʘʣʠʟʘ ʢʦʿʝ ʩʝ ʩʧʨʦʚʦʜʝ ʧʦ ʧʨʠʿʝʤʫ ʫʟʦʨʢʘ. 

  

 ʇʨʠʢʫʧˀʘˁʝ ʜʦʢʘʟʘ ʩʘ ʨʘʜʠʦʣʦʰʢʦʛ ʤʝʩʪʘ ʟʣʦʯʠʥʘ      

ʋ ʩʣʫʯʘʿʫ ʨʘʜʠʦʣʦʰʢʦʛ ʠʣʠ ʥʫʢʣʝʘʨʥʦʛ ʠʥʮʠʜʝʥʪʘ, ʧʨʚʠ ʢʦʨʘʢ ʿʝ ʫʟʠʤʘˁʝ ʫʟʦʨʘʢʘ ʩʘ ʤʝʩʪʘ 

ʜʝʰʘʚʘˁʘ (ʟʣʦʯʠʥʘ). ʉʘ ʿʝʜʥʝ ʩʪʨʘʥʝ, ʫʟʦʨʢʦʚʘˁʝ ʤʦʞʝ ʜʝʣʦʚʘʪʠ ʢʘʦ ʪʨʠʚʠʿʘʣʥʘ ʩʪʚʘʨ, ʘʣʠ ʫ ʧʨʘʢʩʠ 

ʪʦ ʩʚʘʢʘʢʦ ʥʠʿʝ. ʅʘʠʤʝ, ʫʟʠʤʘˁʝ ʫʟʦʨʘʢʘ ʟʘ ʧʦʪʨʝʙʝ ʥʫʢʣʝʘʨʥʝ ʬʦʨʝʥʟʠʢʝ ʧʨʝʜʩʪʘʚˀʘ ʩʚʦʿʝʚʨʩʪʘʥ 

ʠʟʘʟʦʚ, ʙʫʜʫ˂ʠ ʜʘ ʦʥʠ (ʫʟʦʨʮʠ) ʤʦʛʫ ʜʘ ʩʝ ʿʘʚʝ ʫ ʨʘʟʥʠʤ ʦʙʣʠʮʠʤʘ ʠ ʘʛʨʝʛʘʪʥʠʤ ʩʪʘˁʠʤʘ, ʘ ʪʘʢʦʹʝ 
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ʤʦʛʫ ʙʠʪʠ ʠ ʧʦʚʝʟʘʥʠ ʩʘ ʜʨʫʛʠʤ ʧʨʝʜʤʝʪʠʤʘ. ʇʦʨʝʜ ʪʦʛʘ, ʧʨʦʮʝʩ ʥʫʢʣʝʘʨʥʦʬʦʨʝʥʟʠʯʢʦʛ ʫʟʦʨʢʦʚʘˁʘ 

ʿʝ ʧʦʜʣʦʞʘʥ ʦʛʨʘʥʠʯʝˁʠʤʘ, ʢʘʢʦ ʧʨʘʢʪʠʯʥʠʤ ʪʘʢʦ ʠ ʣʝʛʘʣʥʠʤ. 

ʃʝʛʘʣʥʘ ʠʣʠ ʧʨʘʚʥʘ ʦʛʨʘʥʠʯʝˁʘ ʧʦʜʨʘʟʫʤʝʚʘʿʫ ʜʘ ʩʝ ʫʟʦʨʢʦʚʘˁʝʤ ʤʦʨʘ ʦʙʝʟʙʝʜʠʪʠ ʫʟʦʨʘʢ ʢʦʿʠ ʿʝ ʫ 

ʧʨʘʚʥʠʤ ʦʢʚʠʨʠʤʘ ʧʦʜʦʙʘʥ ʟʘ ʜʘˀʫ ʘʥʘʣʠʟʫ. ʊʦ ʧʦʜʨʘʟʫʤʝʚʘ ʜʘ ʩʝ ʦʜ ʤʦʤʝʥʪʘ ʫʟʠʤʘˁʘ ʫʟʦʨʢʘ ʤʦʨʘ 

ʦʙʝʟʙʝʜʠʪʠ ʣʘʥʘʮ ʦʜʛʦʚʦʨʥʦʩʪʠ (chain of custody) ʥʘʜ ʫʟʦʨʢʦʤ ʢʘʢʦ ʙʠ ʠʩʪʠ ʙʠʦ ʚʘʣʠʜʘʥ ʢʘʦ ʜʦʢʘʟ 

ʧʨʠ ʢʨʠʚʠʯʥʦʤ ʧʨʦʮʝʩʫʠʨʘˁʫ ʥʘ ʩʫʜʫ. ʇʨʘʢʪʠʯʥʘ ʦʛʨʘʥʠʯʝˁʘ ʩʝ ʦʛʣʝʜʘʿʫ ʫ ʯʠˁʝʥʠʮʠ ʜʘ ʟʘʧʣʝˁʝʥ 

ʤʘʪʝʨʠʿʘʣ ʥʝ ʤʦʨʘ ʥʫʞʥʦ ʜʘ ʙʫʜʝ ʨʝʧʨʝʟʝʥʪʘʪʠʚʘʥ ʟʘ ʥʝʢʫ ʚʝ˂ʫ ʢʦʣʠʯʠʥʫ ʦʜ ʢʦʿʝ ʿʝ ʦʥ ʧʦʪʝʢʘʦ ʢʘʦ 

ʠ ʜʘ ʩʝ ʩʚʝ ʠʥʬʦʨʤʘʮʠʿʝ ʚʝʟʘʥʝ ʟʘ ʠʩʪʨʘʛʫ ʜʦʙʠʿʘʿʫ ʩʘʤʦ ʥʘ ʦʩʥʦʚʫ ʤʘʪʝʨʠʿʘʣʘ ʢʦʿʠ ʿʝ ʜʦʩʪʫʧʘʥ ʫ 

ʫʟʦʨʢʫ. ʅʘ ʦʚʝ ʧʨʦʮʝʩʝ ʩʝ ʫ ʚʝ˂ʠʥʠ ʩʣʫʯʘʿʝʚʘ ʥʝ ʤʦʞʝ ʫʪʠʮʘʪʠ. ʇʨʠʤʝʨʘ ʨʘʜʠ, ʫ ʤʦʤʝʥʪʫ ʫʟʠʤʘˁʘ 

ʫʟʦʨʢʘ, ʥʝʢʝ ʠʥʬʦʨʤʘʮʠʿʝ ʢʦʿʝ ʫʟʦʨʘʢ ʥʦʩʠ ʩʘ ʩʦʙʦʤ ʤʦʛʫ ʙʠʪʠ ʠʟʤʝˁʝʥʝ ʠʣʠ ʫ ʧʦʪʧʫʥʦʩʪʠ ʥʝʩʪʘʪʠ 

ʢʘʦ ʧʦʩʣʝʜʠʮʘ ʬʠʟʠʯʢʠʭ ʠ ʭʝʤʠʿʩʢʠʭ ʧʨʦʮʝʩʘ ʫ ʩʘʤʦʤ ʫʟʦʨʢʫ, ʰʪʦ ʟʘ ʧʦʩʣʝʜʠʮʫ ʤʦʞʝ ʠʤʘʪʠ 

ʧʦʛʨʝʰʥʦ ʪʫʤʘʯʝˁʝ ʨʝʟʫʣʪʘʪʘ ʢʘʦ ʠ ˁʠʭʦʚʦ ʧʦʚʝʟʠʚʘˁʝ ʩʘ ʩʪʚʘʨʥʠʤ ʜʦʛʘʹʘʿʠʤʘ. ʉʪʦʛʘ, ʥʘ ʦʚʝ 

ʯʠˁʝʥʠʮʝ ʩʝ ʦʙʨʘ˂ʘ ʧʦʩʝʙʥʘ ʧʘʞˁʘ ʫ ʢʦʤʙʠʥʘʮʠʿʠ ʩʘ ʥʘʫʯʥʦʤ ʠ ʧʨʘʢʪʠʯʥʦʤ ʝʢʩʧʝʨʪʠʟʦʤ ʫ ʜʘˀʝʤ 

ʧʨʦʮʝʩʫ ʥʫʢʣʝʘʨʥʦ ʬʦʨʝʥʟʠʯʢʝ ʘʥʘʣʠʟʝ [Fedchenko,2015]. 

 ʂʘʪʝʛʦʨʠʟʘʮʠʿʘ ʠ ʢʘʨʘʢʪʝʨʠʟʘʮʠʿʘ ʫʟʦʨʢʘ 

1.5.1 ʂʘʪʝʛʦʨʠʟʘʮʠʿʘ ʫʟʦʨʢʘ 

ʇʨʦʮʝʩ ʢʦʿʠ ʧʨʘʪʠ ʫʟʠʤʘˁʝ ʫʟʦʨʘʢʘ ʿʝ ˁʝʛʦʚʘ ʢʘʪʝʛʦʨʠʟʘʮʠʿʘ. ʆʥʘ ʧʨʝʜʩʪʘʚˀʘ ʙʨʟʫ, ʦʙʘʚʝʟʥʦ 

ʥʝʜʝʩʪʨʫʢʪʠʚʥʫ, ʘʥʘʣʠʟʫ ʤʘʪʝʨʠʿʘʣʘ ʥʘ ʣʠʮʫ ʤʝʩʪʘ ʢʘʢʦ ʙʠ ʩʝ ʟʥʘʣʠ ʜʘˀʠ ʢʦʨʘʮʠ, ʫ ʚʠʜʫ ʨʫʢʦʚʘˁʘ 

ʫʟʦʨʢʦʤ ʠ ʧʦʪʨʝʙʥʠʭ ʘʥʘʣʠʟʘ. ʆʚʦ ʿʝ ʚʝʦʤʘ ʙʠʪʥʦ ʫ ʩʠʪʫʘʮʠʿʘʤʘ ʛʜʝ ʩʝ ʨʘʜʠ ʦ ʥʝʣʝʛʘʣʥʦʿ ʪʨʛʦʚʠʥʠ 

ʥʫʢʣʝʘʨʥʠʤ ʠʣʠ ʜʨʫʛʠʤ ʨʘʜʠʦʘʢʪʠʚʥʠʤ ʤʘʪʝʨʠʿʘʣʠʤʘ ʠʟʚʘʥ ʨʝʛʫʣʘʪʦʨʥʝ ʢʦʥʪʨʦʣʝ ʠʣʠ ʥʫʢʣʝʘʨʥʦ-

ʪʝʨʦʨʠʩʪʠʯʢʦʤ ʠʥʮʠʜʝʥʪʫ. ʂʘʦ ʰʪʦ ʿʝ ʚʝ˂ ʥʘʧʦʤʝʥʫʪʦ, ʢʘʪʝʛʦʨʠʟʘʮʠʿʘ ʠʤʘ ʜʚʘ ʮʠˀʘ- 1. 

ʠʜʝʥʪʠʬʠʢʘʮʠʿʘ ʨʠʟʠʢʘ ʟʘ ʙʝʟʙʝʜʥʦʩʪ ʦʜʛʦʚʦʨʥʠʭ (ʚʘʪʨʦʛʘʩʮʠ, ʧʦʣʠʮʘʿʮʠ ʠ ʤʝʜʠʮʠʥʩʢʠ ʨʘʜʥʠʮʠ), 

ʧʨʠʧʘʜʥʠʢʘ ʦʨʛʘʥʘ ʨʝʜʘ ʠ ʿʘʚʥʦʩʪʠ ʢʘʦ ʠ 2. ʫʪʚʨʹʠʚʘˁʝ ʧʦʩʪʦʿʘˁʘ ʧʨʝʪˁʝ ʟʘ ʥʘʮʠʦʥʘʣʥʫ ʙʝʟʙʝʜʥʦʩʪ 

ʠʣʠ ʢʨʠʤʠʥʘʣʥʝ ʘʢʪʠʚʥʦʩʪʠ. ʇʨʚʠ ʮʠˀ ʧʦʜʨʘʟʫʤʝʚʘ ʫʪʚʨʹʠʚʘˁʝ ʤʦʛʫ˂ʝʛ ʨʠʟʠʢʘ ʦʜ ʨʘʜʠʦʘʢʪʠʚʥʦʛ 

ʟʨʘʯʝˁʘ ʫʢʦʣʠʢʦ ʩʝ ʥʘ ʤʝʩʪʫ ʟʣʦʯʠʥʘ ʥʘʣʘʟʠ ʨʘʜʠʦʘʢʪʠʚʥʠ ʠʣʠ ʥʫʢʣʝʘʨʥʠ ʤʘʪʝʨʠʿʘʣ. ʋʪʚʨʹʠʚʘˁʝ 

ʨʠʟʠʢʘ ʩʝ ʩʧʨʦʚʦʜʠ ʧʦʤʦ˂ʫ ʤʝʪʦʜʘ ʠ ʪʝʭʥʠʢʘ ʨʘʜʠʦʣʦʰʢʝ ʘʥʘʣʠʟʝ- ʤʝʨʝˁʘ ʪʦʪʘʣʥʝ ʘʢʪʠʚʥʦʩʪʠ ʠ 

ʙʨʟʠʥʝ ʜʦʟʘ ʢʦʿʝ ʧʦʪʠʯʫ ʦʜ ʥʝʫʪʨʦʥʩʢʦʛ, ʘʣʬʘ, ʙʝʪʘ ʠʣʠ ʛʘʤʘ ʟʨʘʯʝˁʘ.  ʋʪʚʨʹʠʚʘˁʝ ʩʪʝʧʝʥʘ ʧʨʝʪˁʝ 

ʠ ʧʦʩʪʦʿʘˁʝ ʢʨʠʤʠʥʘʣʥʝ ʘʢʪʠʚʥʦʩʪʠ ʩʝ ʩʧʨʦʚʦʜʠ ʠʩʢˀʫʯʠʚʦ ʥʝʜʝʩʪʨʫʢʪʠʚʥʠʤ ʤʝʨʥʠʤ ʪʝʭʥʠʢʘʤʘ, 

ʿʝʜʥʘ ʦʜ ˁʠʭ ʿʝ ʠʛʘʤʘ ʩʧʝʢʪʨʦʤʝʪʨʠʿʘ.  ʊʠʤʝ ʩʝ ʦʨʠʿʝʥʪʘʮʠʦʥʦ ʤʦʛʫ ʦʜʨʝʜʠʪʠ ʩʘʩʪʘʚ ʠ ʢʦʣʠʯʠʥʘ 

ʟʘʧʣʝˁʝʥʦʛ ʫʟʦʨʢʘ, ʯʠʤʝ ʩʝ ʠʩʪʠ ʤʦʞʝ ʩʚʨʩʪʘʪʠ ʫ ʦʜʨʝʹʝʥʫ ʢʘʪʝʛʦʨʠʿʫ. ʊʦ ʜʘˀʝ ʧʦʤʘʞʝ ʫ 

ʦʜʨʝʹʠʚʘˁʫ ʩʪʝʧʝʥʘ ʧʨʝʪˁʝ ʢʦʿʫ ʿʝ ʦʜʨʝʹʝʥʠ ʠʥʮʠʜʝʥʪ ʠʟʘʟʚʘʦ, ʘ ʦʥʘ ʤʦʞʝ ʚʘʨʠʨʘʪʠ ʦʜ 

ʢʦʥʪʘʤʠʥʘʮʠʿʝ ʞʠʚʦʪʥʝ ʩʨʝʜʠʥʝ ʜʦ ʥʫʢʣʝʘʨʥʝ ʧʨʦʣʠʬʝʨʘʮʠʿʝ.  ʆʚʦ ʿʝ ʚʝʦʤʘ ʚʘʞʥʦ ʙʫʜʫ˂ʠ ʜʘ ʩʚʘʢʘ 

ʚʨʩʪʘ ʧʨʝʪˁʝ ʟʘʭʪʝʚʘ ʜʨʫʛʘʯʠʿʫ ʨʝʘʢʮʠʿʫ. ɼʘˀʠ ʪʦʢ ʘʥʘʣʠʟʘ ʿʝ ʜʠʢʪʠʨʘʥ ʢʘʪʝʛʦʨʠʟʘʮʠʿʦʤ ʫʟʦʨʢʘ ʥʘ 

ʤʝʩʪʫ ʟʣʦʯʠʥʘ [Fedchenko,2015; IAEA No.2,2006]. 

ɿʘʧʣʝˁʝʥʠ ʤʘʪʝʨʠʿʘʣʠ ʩʝ ʢʘʪʝʛʦʨʠʰʫ ʥʘ ʦʩʥʦʚʫ ʧʨʝʜʣʦʛʘ ʢʦʿʠ ʿʝ ʜʘʣʘ ʄʝʹʫʥʘʨʦʜʥʘ ɸʛʝʥʮʠʿʘ ʟʘ 

ɸʪʦʤʩʢʫ ɽʥʝʨʛʠʿʫ (IAEA) ʆʚʝ ʢʘʪʝʛʦʨʠʿʝ ʩʫ ʧʨʠʢʘʟʘʥʝ ʫ ʊʘʙʝʣʠ 1.1 ʠ ʊʘʙʝʣʠ 1.2 [IAEA No.2,2006; 

Fedchenko,2015]. ʇʦʜʝʣʘ ʿʝ ʥʘʧʨʘʚˀ ʝʥʘ ʦʜʚʦʿʝʥʦ ʟʘ ʥʫʢʣʝʘʨʥʝ ʠ ʜʨʫʛʝ ʨʘʜʠʦʘʢʪʠʚʥʝ ʤʘʪʝʨʠʿʘʣʝ. ʋ 

ʩʣʫʯʘʿʫ ʥʫʢʣʝʘʨʥʠʭ ʤʘʪʝʨʠʿʘʣʘ ʛʨʘʜʘʮʠʿʘ ʿʝ ʥʘʧʨʘʚˀʝʥʘ ʫʟʠʤʘʿʫ˂ʠ ʫ ʦʙʟʠʨ ʚʨʝʤʝ ʧʦʪʨʝʙʥʦ ʜʘ ʩʝ 

ʤʘʪʝʨʠʿʘʣ ʨʫʯʥʦ ʧʨʝʨʘʜʠ ʫ ʥʫʢʣʝʘʨʥʫ ʝʢʩʧʣʦʟʠʚʥʫ ʥʘʧʨʘʚʫ, ʜʦʢ ʩʝ ʫ ʩʣʫʯʘʿʫ ʨʘʜʠʦʘʢʪʠʚʥʠʭ 

ʤʘʪʝʨʠʿʘʣʘ ʧʦʜʝʣʘ ʠʟʚʨʰʠʣʘ ʧʦ ʢʘʪʝʛʦʨʠʿʘʤʘ ʦʜ 1-5, ʛʜʝ ʿʝ ʢʘʪʝʛʦʨʠʿʘ 1 ʥʘʿʦʧʘʩʥʠʿʘ ʘ ʢʘʪʝʛʦʨʠʿʘ 5 

ʥʘʿʤʘˁʝ ʦʧʘʩʥʘ ʢʘʪʝʛʦʨʠʿʘ ʧʦ ˀʫʜʩʢʦ ʟʜʨʘʚˀʝ [Fedchenko,2015]. 
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ʊʘʙʝʣʘ 1.1. ʂʘʪʝʛʦʨʠʟʘʮʠʿʘ ʥʫʢʣʝʘʨʥʦʛ ʤʘʪʝʨʠʿʘʣʘ [IAEA No.2,2006]. 

ʂʘʪʝʛʦʨʠʿʘ ʊʠʧ ʤʘʪʝʨʠʿʘʣʘ ʈʘʜʠʦʘʢʪʠʚʥʝ ʢʦʤʧʦʥʝʥʪʝ 

ʅʝʦʟʨʘʯʝʥ ʥʫʢʣʝʘʨʥʠ 

ʤʘʪʝʨʠʿʘʣ ʟʘ ʜʠʨʝʢʪʥʫ 

ʫʧʦʪʨʝʙʫ 

ɺʠʩʦʢʦ ʦʙʦʛʘ˂ʝʥ ʫʨʘʥʠʿʫʤ 

ʇʣʫʪʦʥʠʿʫʤ 
233U 

> 20% 235U 

< 80% 238Pu 

ʀʟʦʣʦʚʘʥ ʠʟʦʪʦʧ 

ʆʟʨʘʯʝʥ ʤʘʪʝʨʠʿʘʣ ʟʘ 

ʜʠʨʝʢʪʥʫ ʫʧʦʪʨʝʙʫ 

ɻʦʨʝʧʦʤʝʥʫʪʠ ʤʘʪʝʨʠʿʘʣʠ ʫ 

ʦʟʨʘʯʝʥʦʤ ʥʫʢʣʝʘʨʥʦʤ ʛʦʨʠʚʫ 

ʄʘʪʝʨʠʿʘʣ ʫ ʦʟʨʘʯʝʥʠʤ 

ʛʦʨʠʚʥʠʤ ʝʣʝʤʝʥʪʠʤʘ ʠʣʠ 

ʨʝʰʝˁʠʤʘ ʟʘ ʨʝʧʨʦʮʝʩʫʠʨʘˁʝ 

ʧʦʪʨʦʰʝʥʦʛ ʛʦʨʠʚʘ 

ɸʣʪʝʨʥʘʪʠʚʥʠ ʥʫʢʣʝʘʨʥʠ 

ʤʘʪʝʨʠʿʘʣ 

ɸʤʝʨʠʮʠʿʫʤ (241Am) 

ʅʝʧʪʫʥʠʿʫʤ (237Np) 

ʀʟʦʣʦʚʘʥ ʝʣʝʤʝʥʪ ʠʣʠ 

ʧʨʠʩʫʪʘʥ ʫ ʦʟʨʘʯʝʥʦʤ 

ʥʫʢʣʝʘʨʥʦʤ ʤʘʪʝʨʠʿʘʣʫ, ʫ 

ʠʟʦʣʦʚʘʥʦʤ ʧʣʫʪʦʥʠʿʫʤʫ ʠʣʠ 

ʠʟʦʪʦʧʩʢʦʿ ʤʝʰʘʚʠʥʠ 

ʅʫʢʣʝʘʨʥʠ ʤʘʪʝʨʠʿʘʣ ʟʘ 

ʠʥʜʠʨʝʢʪʥʫ ʫʧʦʪʨʝʙʫ 

ʆʩʠʨʦʤʘʰʝʥ ʫʨʘʥʠʿʫʤ 

ʇʨʠʨʦʜʥʠ ʫʨʘʥʠʿʫʤ 

ʅʠʩʢʦ ʦʙʦʛʘ˂ʝʥ ʫʨʘʥʠʿʫʤ 

 

ʇʣʫʪʦʥʠʿʫʤ (238Pu) 

ʊʦʨʠʿʫʤ 

< 0.7 % 235U 

~ 0.7 % 235U 

ɺʠʰʝ ʦʜ ~ 0.7 % 235U ʘ ʤʘˁʝ 

ʦʜ 20% 235U 

> 80% 238Pu 
232Th 

 

ʊʘʙʝʣʘ 1.2. ʂʘʪʝʛʦʨʠʟʘʮʠʿʘ ʜʨʫʛʦʛ (ʥʝ-ʥʫʢʣʝʘʨʥʦʛ) ʨʘʜʠʦʘʢʪʠʚʥʦʛ ʤʘʪʝʨʠʿʘʣʘ [IAEA No.2,2006]. 

ʂʘʪʝʛʦʨʠʿʘ ʊʠʧ ʫʨʝʹʘʿʘ ʈʘʜʠʦʘʢʪʠʚʥʝ ʢʦʤʧʦʥʝʥʪʝ 

ʂʘʪʝʛʦʨʠʿʘ 1 ʈʘʜʠʦʪʝʨʤʦʝʣʝʢʪʨʠʯʥʠ ʛʝʥʝʨʘʪʦʨʠ 

ʉʪʝʨʠʣʠʟʘʪʦʨʠ/ʠʨʘʜʠʿʘʪʦʨʠ 

ʊʝʣʝʪʝʨʘʧʠʿʩʢʠ ʠʟʚʦʨʠ 

238Pu, 244Cm, 90Sr 
60Co, 137Cs 
60Co, 137Cs 

ʂʘʪʝʛʦʨʠʿʘ 2 ʀʜʫʩʪʨʠʩʿʢʠ ʛʘʤʘ ʠʟʚʦʨʠ ʟʘ ʨʘʜʠʦʛʨʘʬʠʿʫ 

ɹʨʘʭʠʪʝʨʘʧʠʿʩʢʠ ʠʟʚʦʨʠ ʚʝʣʠʢʝ ʠ ʩʨʝʜˁʝ 

ʙʨʟʠʥʝ ʜʦʟʝ (HDR, MDR) 

ʂʘʣʠʙʨʘʮʠʦʥʠ ʠʟʚʦʨʠ 

60Co, 192Ir, 75Se, 169Yb, 170Tm 
60Co, 137Cs, 192Ir 

 
60Co, 137Cs 

ʂʘʪʝʛʦʨʠʿʘ 3 ʉʪʘʮʠʦʥʘʨʥʠ ʠʥʜʫʩʪʨʠʿʩʢʠ ʙʨʦʿʘʯʠ 

''well logging'' ʠʟʚʦʨʠ 

ʇʝʿʩʤʝʿʢʝʨʠ 

60Co, 137Cs, 252Cf, 241Am 
241Am/Be, 137Cs 
238Pu 

ʂʘʪʝʛʦʨʠʿʘ 4 ɹʨʘʭʠʪʝʨʘʧʠʿʩʢʠ ʠʟʚʦʨʠ ʥʠʩʢʝ ʙʨʟʠʥʝ ʜʦʟʝ 

(LDR) 

ʄʝʨʘʯʠ ʜʝʙˀʠʥʝ 

ʄʝʨʘʯʠ ʥʠʚʦʘ ʪʝʯʥʦʩʪʠ 

ʇʨʝʥʦʩʥʠ ʤʝʨʘʯʠ 

ɼʝʥʟʠʪʦʤʝʪʨʠ ʢʦʩʪʠʿʫ 

ɽʣʠʤʠʥʘʪʦʨʠ ʩʪʘʪʠʯʢʦʛ ʝʣʝʢʪʨʠʮʠʪʝʪʘ 

137Cs, 226Ra, 125I, 192Ir, 198Au, 252Cf 

 
85Kr, 90Sr, 241Am, 147Pm 
241Am, 137Cs, 60Co 
241Am/Be, 137Cs 
109Cd, 153Gd, 125I, 241Am 
241Am, 210Po 

ʂʘʪʝʛʦʨʠʿʘ 5 ɻʝʥʝʨʘʪʦʨʠ ʬʣʫʦʨʝʩʮʝʥʪʥʦʛ ʨʝʥʪʛʝʥʩʢʦʛ 

ʟʨʘʯʝˁʘ 

ɻʨʦʤʦʙʨʘʥʠ 

Mössbauer-ʦʚʠ ʩʧʝʢʪʨʦʤʝʪʨʠ 

ʀʟʚʦʨʠ ʟʘ ʤʝʜʠʮʠʥʩʢʫ ʜʠʿʘʛʥʦʩʪʠʢʫ 

 

ɱʘʚˀʘʯʠ ʧʦʞʘʨʘ 

55Fe, 109Cd, 57Co 

 
241Am, 226Ra, 3H 
57Co 

ʂʨʘʪʢʦʞʠʚʝ˂ʠ ʨʘʜʠʦʠʟʦʪʦʧʠ 

ʥʧʨ. 131I 
241Am, 238Pu 
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1.5.2 ʂʘʨʘʢʪʝʨʠʟʘʮʠʿʘ ʫʟʦʨʢʘ 

ʇʦʩʣʝ ʢʘʪʝʛʦʨʠʟʘʮʠʿʝ ʟʘʧʣʝˁʝʥʦʛ ʤʘʪʝʨʠʿʘʣʘ ʫ ʿʝʜʥʫ ʦʜ ʛʨʫʧʘ ʧʨʠʢʘʟʘʥʠʭ ʫ ʊʘʙʝʣʘʤʘ 1.1 ʠ 1.2, 

ʩʣʝʜʝ˂ʠ ʧʨʦʮʝʩ ʢʨʦʟ ʢʦʿʠ ʫʟʦʨʘʢ ʧʨʦʣʘʟʠ ʿʝ ˁʝʛʦʚʘ ʢʘʨʘʢʪʝʨʠʟʘʮʠʿʘ. ʂʘʨʘʢʪʝʨʠʟʘʮʠʿʘ ʩʝ ʦʙʠʯʥʦ 

ʦʜʚʠʿʘ ʫ (ʥʘʮʠʦʥʘʣʥʠʤ) ʣʘʙʦʨʘʪʦʨʠʿʘʤʘ ʧʨʝʜʦʜʨʝʹʝʥʠʤ ʟʘ ʥʫʢʣʝʘʨʥʫ ʬʦʨʝʥʟʠʢʫ, ʤʘʜʘ ʤʦʞʝ ʩʝ 

ʦʜʚʠʿʘʪʠ ʫ ʙʠʣʦ ʢʦʿʦʿ ʣʘʙʦʨʘʪʦʨʠʿʠ ʢʦʿʘ ʧʦʩʝʜʫʿʝ ʧʦʪʨʝʙʥʫ ʠʥʬʨʘʩʪʨʫʢʪʫʨʫ ʠ ʫ ʤʦʛʫ˂ʥʦʩʪʠ ʿʝ ʜʘ 

ʩʧʨʦʚʝʜʝ ʥʝʦʧʭʦʜʘʥ ʩʝʪ ʘʥʘʣʠʟʘ ʥʘʜ ʫʟʦʨʢʦʤ. ʉʚʨʭʘ ʦʚʦʛ ʢʦʨʘʢʘ ʿʝ ʘʥʘʣʠʟʘ 

ʥʫʢʣʝʘʨʥʦʛ/ʨʘʜʠʦʘʢʪʠʚʥʦʛ ʤʘʪʝʨʠʿʘʣʘ ʫ ʫʟʦʨʢʫ ʠ ʩʘʩʪʘʚˀʘˁʝ ʰʪʦ ʜʝʪʘˀʥʠʿʝʛ ʦʧʠʩʘ ʠʩʪʦʛ ʨʘʜʠ 

ʧʦʪʨʝʙʘ ʜʘˀʝ ʠʩʪʨʘʛʝ [Fedchenko,2015].  

ʂʘʨʘʢʪʝʨʠʩʪʠʢʝ ʤʘʪʝʨʠʿʘʣʘ - ʆʙʠʤ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ ʤʘʪʝʨʠʿʘʣʘ ʢʦʿʝ ˂ʝ ʙʠʪʠ ʠʩʧʠʪʠʚʘʥʝ, ʘ ʫʿʝʜʥʦ 

ʠ ʤʝʨʥʝ ʪʝʭʥʠʢʝ ʢʦʿʝ ʩʝ ʢʦʨʠʩʪʝ ʥʠʩʫ ʠʩʪʝ ʟʘ ʩʚʝ ʤʘʪʝʨʠʿʘʣʝ ʠ ʥʠʩʫ ʫʚʝʢ ʫʥʘʧʨʝʜ ʧʦʟʥʘʪʝ 

[Fedchenko,2015]. ʋ ʥʝʢʠʤ ʩʣʫʯʘʿʝʚʠʤʘ ˂ʝ ʧʦʩʝʙʘʥ ʩʝʪ ʘʥʘʣʠʟʘ ʙʠʪʠ ʥʝʦʧʭʦʜʘʥ, ʜʦʢ ʥʝʢʘʜ ʠ 

ʥʘʿʦʩʥʦʚʥʠʿʠ ʩʝʪ ʘʥʘʣʠʟʘ ʟʘʜʦʚʦˀʘʚʘ ʧʦʪʨʝʙʝ ʠʩʪʨʘʛʝ.  ʋ ʦʢʚʠʨʫ ʥʫʢʣʝʘʨʥʝ ʬʦʨʝʥʟʠʢʝ ʩʝ ʚʝʦʤʘ 

ʯʝʩʪʦ ʩʨʝ˂ʫ ʤʘʪʝʨʠʿʘʣʠ ʢʦʿʠ ʧʦʪʠʯʫ ʠʟ ʮʠʢʣʫʩʘ ʥʫʢʣʝʘʨʥʦʛ ʛʦʨʠʚʘ, ʠ ʦʥʠ ʢʘʦ ʪʘʢʚʠ ʧʦʩʝʜʫʿʫ ʤʥʦʛʦ 

ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ, ʘʣʠ ʦʥʝ ʩʝ ʫʛʣʘʚʥʦʤ ʤʦʛʫ ʥʝʜʚʦʩʤʠʩʣʝʥʦ ʛʨʫʧʠʩʘʪʠ ʫ ʣʠʩʪʫ ʢʘʪʝʛʦʨʠʿʘ. IAEA ʿʝ 

ʫʩʚʦʿʠʣʘ ʿʝʜʥʫ ʦʚʘʢʚʫ ʣʠʩʪʫ ʟʘ ʧʦʪʨʝʙʝ ʠʤʧʣʝʤʝʥʪʘʮʠʿʝ ʫ ʦʙʣʘʩʪʠ ʥʫʢʣʝʘʨʥʝ ʙʝʟʙʝʜʥʦʩʪʠ, ʢʦʿʘ ʿʝ 

ʧʨʠʢʘʟʘʥʘ ʫ ʊʘʙʝʣʠ 1.3 [Fedchenko,2015]. 

ʊʘʙʝʣʘ 1.3. ɻʨʫʧʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ ʥʫʢʣʝʘʨʥʠʭ ʤʘʪʝʨʠʿʘʣʘ ʧʦʜʣʦʞʥʠʭ ʤʝʨʝˁʠʤʘ [Fedchenko,2015]. 

ɻʨʫʧʘ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ ʂʘʨʘʢʪʝʨʠʩʪʠʢʝ 

ʌʠʟʠʯʢʝ ɺʝʣʠʥʝ, ʦʙʣʠʮʠ ʠ ʪʝʢʩʪʫʨʝ ʯʚʨʩʪʠʭ ʦʙʿʝʢʘʪʘ 

ʂʘʨʘʢʪʝʨʠʩʪʠʢʝ ʧʨʘʰʢʘʩʪʠʭ ʤʘʪʝʨʠʿʘʣʘ: ʜʠʩʪʨʠʙʫʮʠʿʘ 

ʚʝʣʠʯʠʥʘ ʯʝʩʪʠʮʘ, ʤʦʨʬʦʣʦʛʠʿʘ 

ʂʘʨʘʢʪʝʨʠʩʪʠʢʝ ʪʝʯʥʠʭ ʤʘʪʝʨʠʿʘʣʘ 

 

ʍʝʤʠʿʩʢʝ (ʤʦʣʝʢʫʣʘʨʥʝ) ʍʝʤʠʿʩʢʠ ʦʙʣʠʢ ʥʫʢʣʝʘʨʥʦʛ ʠʣʠ ʨʘʜʠʦʘʢʪʠʚʥʦʛ 

ʤʘʪʝʨʠʿʘʣʘ 

ʅʝʨʘʜʠʘʢʪʠʚʥʝ ʭʝʤʠʢʘʣʠʿʝ ʢʦʿʝ ʩʝ ʢʦʨʠʩʪʝ ʫ ʮʠʢʣʫʩʫ 

ʥʫʢʣʝʘʨʥʦʛ ʛʦʨʠʚʘ 

 

ɽʣʝʤʝʥʪʘʨʥʝ ɺʝ˂ʠʥʩʢʠ ʢʦʥʩʪʠʪʫʪʠʚʥʠ ʝʣʝʤʝʥʪʠ ʫ ʫʟʦʨʢʫ (ʫʢʦʣʠʢʦ 

ʥʠʿʝ ʧʨʝʪʭʦʜʥʦ ʿʘʩʥʦ ʠʟ ʦʜʨʝʹʠʚʘˁʘ ʭʝʤʠʿʩʢʦʛ ʩʘʩʪʘʚʘ) 

ʄʘˁʠʥʩʢʠ ʝʣʝʤʝʥʪʠ1 

ɽʣʝʤʝʥʪʠ ʫ ʪʨʘʛʦʚʠʤʘ2 

 

ʀʟʦʪʦʧʩʢʝ ʀʟʦʪʦʧʩʢʠ ʩʘʩʪʘʚ ʥʫʢʣʝʘʨʥʠʭ ʤʘʪʝʨʠʿʘʣʘ 

ʀʟʦʪʦʧʩʢʠ ʩʘʩʪʘʚ ʥʝʥʫʢʣʝʘʨʥʠʭ ʤʘʪʝʨʠʿʘʣʘ 

   1ʄʘˁʝ ʟʘʩʪʫʧˀʝʥʠ ʝʣʝʤʝʥʪʠ ʩʫ ʦʙʠʯʥʦ ʦʥʠ ʢʦʿʠ ʩʫ ʩʘ ʥʘʤʝʨʦʤ ʜʦʜʘʪʠ ʫ ʤʘʪʝʨʠʿʘʣ ʨʘʜʠ ʧʦʙʦˀh ʘʚʘˁʘ ʠʣʠ 

ʧʨʦʤʝʥʝ ˁʝʛʦʚʠʭ ʬʠʟʠʯʢʠʭ ʠʣʠ ʭʝʤʠʿʩʢʠʭ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ. 
     2ɽʣʝʤʝʥʪʠ ʫ ʪʨʘʛʦʚʠʤʘ ʩʝ ʧʨʝʚʘʩʭʦʜʥʦ ʥʝʥʘʤʝʨʥʦ ʜʦʜʘʿʫ ʪʦʢʦʤ ʧʨʦʠʟʚʦʜˁʝ ʤʘʪʝʨʠʿʘʣʘ ʠʣʠ ˁʝʛʦʚʝ ʠʟʨʘʜʝ. 

ʅʘ ʧʨʠʤʝʨ, ʤʘʰʠʥʩʢʘ ʦʙʨʘʜʘ ʝʣʝʤʝʥʘʪʘ ʦʜ ʫʨʘʥʠʿʫʤʘ ʩʘ ʯʝʣʠʯʥʠʤ ʠʥʩʪʨʫʤʝʥʪʠʤʘ ʦʩʪʘʚʠ˂ʝ ʪʨʘʛʦʚʝ ʯʝʣʠʢʘ ʠ 

ʭʨʦʤʘ ʫ ʤʘʪʝʨʠʿʘʣʫ. 
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ʄʝʨʥʝ ʪʝʭʥʠʢʝ ʠ ʦʧʨʝʤʘ. ʋ ʥʫʢʣʝʘʨʥʦʬʦʨʝʥʟʠʯʢʦʿ ʘʥʘʣʠʟʠ ʥʘ ʨʘʩʧʦʣʘʛʘˁʫ ʥʘʤ ʿʝ ʧʫʥʦ ʦʧʨʝʤʝ ʠ 

ʧʦʚʝʟʘʥʠʭ ʤʝʨʥʠʭ ʪʝʭʥʠʢʘ ʫ ʮʠˀʫ ʜʦʙʠʿʘˁʘ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ ʤʘʪʝʨʠʿʘʣʘ, ʧʨʠʢʘʟʘʥʠʭ ʫ ʊʘʙʝʣʠ 1.4. 

ʊʘʢʦʹʝ, ʫ ʩʢʣʘʜʫ ʩʘ [Fedchenko,2015; IAEA No.2,2006], ʢʦʨʠʩʪʝ ʩʝ ʪʨʠ ʛʨʫʧʝ ʘʥʘʣʠʪʠʯʢʠʭ ʘʣʘʪʘ: 

ʟʘʧʨʝʤʠʥʩʢʘ (bulk) ʘʥʘʣʠʟʘ, ʠʤʠ˅ʠʥʛ (ʦʩʣʠʢʘʚʘˁʝ) ʠ ʤʠʢʨʦʘʥʘʣʠʟʘ, ʧʨʠʢʘʟʘʥʦ ʫ ʊʘʙʝʣʠ 1.5. ʋ 

ʦʜʥʦʩʫ ʥʘ ʥʘʯʠʥ ʢʘʢʦ ʧʨʦʮʝʩʫʠʨʘʿʫ ʠ ʘʥʘʣʠʟʠʨʘʿʫ ʫʟʦʨʘʢ, ʤʝʨʥʝ ʪʝʭʥʠʢʝ ʩʝ ʜʝʣʝ ʥʘ ʜʝʩʪʨʫʢʪʠʚʥʝ ʠ 

ʥʝʜʝʩʪʨʫʢʪʠʚʥʝ (ʫ ʜʘˀʠʤ ʧʦʛʣʘʚˀʠʤʘ ʦʚʝ ʪʝʟʝ, ʧʘʞˁʘ ˂ʝ ʚʝ˂ʠʥʩʢʠ ʙʠʪʠ ʧʦʩʚʝ˂ʝʥʘ 

ʥʝʜʝʩʪʨʫʢʪʠʚʥʠʤ ʤʝʨʥʠʤ ʪʝʭʥʠʢʘʤʘ, ʦʜʥʦʩʥʦ ʛʘʤʘʩʧʝʢʪʨʦʤʝʪʨʠʿʠ). ʈʝʟʫʣʪʘʪ ʦʚʠʭ ʘʥʘʣʠʟʘ ʿʝ 

ʝʣʝʤʝʥʪʘʨʥʠ ʠʣʠ ʠʟʦʪʦʧʩʢʠ ʩʘʩʪʘʚ ʤʘʪʝʨʠʿʘʣʘ ʫ ʫʟʦʨʢʫ. ʋ ʩʣʫʯʘʿʫ ʜʝʩʪʨʫʢʪʠʚʥʠʭ ʪʝʭʥʠʢʘ, ʫʟʦʨʘʢ 

ʧʨʦʣʘʟʠ ʢʨʦʟ ʬʠʟʠʯʢʫ ʠ ʭʝʤʠʿʩʢʫ ʧʨʦʤʝʥʫ, ʛʜʝ ʫ ʢʨʘʿˁʝʤ ʠʩʭʦʜʫ ʜʝʦ ʫʟʦʨʢʘ ʠʣʠ ʮʝʦ ʫʟʦʨʘʢ ʙʫʜʝ 

ʫʥʠʰʪʝʥ. ʋ ʚʝ˂ʠʥʠ ʩʣʫʯʘʿʝʚʘ ʧʨʝ ʩʘʤʝ ʘʥʘʣʠʟʝ ʫʟʦʨʘʢ ʤʦʨʘ ʙʠʪʠ ʧʨʠʧʨʝʤˀʝʥ ʫ ʘʜʝʢʚʘʪʥʦʿ ʬʦʨʤʠ 

ʟʘ ʜʘˀʫ ʘʥʘʣʠʟʫ. ʅʘʩʫʧʨʦʪ ʦʚʦʤʝ, ʧʨʠʣʠʢʦʤ ʥʝʜʝʩʪʨʫʢʪʠʚʥʝ ʘʥʘʣʠʟʝ, ʢʘʦ ʰʪʦ ʠ ʩʘʤʦ ʠʤʝ ʢʘʞʝ, 

ʫʟʦʨʘʢ ʧʦʩʣʝ ʤʝʨʝˁʘ ʦʩʪʘʿʝ ʫ ʚʝʣʠʢʦʿ ʤʝʨʠ ʠʣʠ ʧʦʪʧʫʥʦ ʬʠʟʠʯʢʠ ʠ ʭʝʤʠʿʩʢʠ ʥʝʧʨʦʤʝˁʝʥ. ʉʘʤʘ 

ʘʥʘʣʠʟʘ ʤʦʞʝ ʙʠʪʠ ʧʘʩʠʚʥʘ ʠʣʠ ʘʢʪʠʚʥʘ. ʊʠʧʠʯʘʥ ʧʨʠʤʝʨ ʧʘʩʠʚʥʝ ʥʝʜʝʩʪʨʫʢʪʠʚʥʝ ʘʥʘʣʠʟʝ ʫ 

ʥʫʢʣʝʘʨʥʦʿ ʬʦʨʝʥʟʠʮʠ ʿʝ ʛʘʤʘʩʧʝʢʪʨʦʤʝʪʨʠʿʘ, ʛʜʝ ʩʝ ʤʝʨʝ ʛʘʤʘ ʟʨʘʮʠ ʢʦʿʠ ʩʧʦʥʪʘʥʦ ʥʘʧʫʰʪʘʿʫ 

ʫʟʦʨʘʢ ʠ ˁʠʭʦʚʘ ʝʥʝʨʛʠʿʘ. ʆʚʠʤ ʧʫʪʝʤ ʩʝ ʫʩʧʝʰʥʦ ʤʦʞʝ ʠʟʚʨʰʠʪʠ ʠʜʝʥʪʠʬʠʢʘʮʠʿʘ ʨʘʜʠʦʥʫʢʣʠʜʘ 

ʧʨʠʩʫʪʥʠʭ ʫ ʘʥʘʣʠʟʠʨʘʥʦʤ ʤʘʪʝʨʠʿʘʣʫ, ʥʘ ʦʩʥʦʚʫ ʿʘʩʥʦ ʜʝʬʠʥʠʩʘʥʝ ʚʝʟʝ ʠʟʤʝʹʫ ʜʘʪʦʛ ʠʟʦʪʦʧʘ ʠ 

ʦʜʨʝʹʝʥʝ ʝʤʠʪʦʚʘʥʝ ʝʥʝʨʛʠʿʝ ʛʘʤʘ ʟʨʘʢʘ. ʂʦʜ ʘʢʪʠʚʥʝ ʥʝʜʝʩʪʨʫʢʪʠʚʥʝ ʘʥʘʣʠʟʝ, ʝʤʠʩʠʿʘ ʟʨʘʯʝˁʘ ʤʦʨʘ 

ʙʠʪʠ ʠʥʜʫʢʦʚʘʥʘ ʥʘ ʥʝʢʠ ʥʘʯʠʥ, ʥʘ ʧʨʠʤʝʨ ʧʦʤʦ˂ʫ ʩʥʦʧʘ ʥʝʫʪʨʦʥʘ (ʢʘʜʘ ʩʝ ʢʦʨʠʩʪʠ ʪʝʭʥʠʢʘ 

ʥʝʫʪʨʦʥʩʢʝ ʘʢʪʠʚʘʮʠʦʥʝ ʘʥʘʣʠʟʝ) [Fedchenko,2015]. 

ɿʘʧʨʝʤʠʥʩʢʘ ʘʥʘʣʠʟʘ - ʆʚʘʿ ʪʠʧ ʘʥʘʣʠʟʝ ʩʝ ʠʤʧʣʝʤʝʥʪʠʨʘ ʫ ʮʠˀʫ ʢʘʨʘʢʪʝʨʠʟʘʮʠʿʝ ʤʘʪʝʨʠʿʘʣʘ 

ʢʘʦ ʮʝʣʠʥʝ, ʠ ʢʘʦ ʪʘʢʘʚ ʜʘʿʝ ʠʥʬʦʨʤʘʮʠʿʝ ʦ ʫʩʨʝʜˁʝʥʦʤ ʩʘʩʪʘʚʫ ʫʟʦʨʢʘ, ʰʪʦ ʿʝ ʥʝʦʧʭʦʜʥʦ ʟʘ 

ʠʜʝʥʪʠʬʠʢʘʮʠʿʫ ʝʣʝʤʝʥʘʪʘ ʫ ʪʨʘʛʦʚʠʤʘ. ʋʢʦʣʠʢʦ ʠʤʘʤʦ ʭʦʤʦʛʝʥ ʫʟʦʨʘʢ ʧʦ ʮʝʣʦʿ ʟʘʧʨʝʤʠʥʠ, 

ʦʚʘ ʘʥʘʣʠʟʘ ʥʘʤ ʿʝ ʜʦʚʦˀʥʘ ʟʘ ʢʘʨʘʢʪʝʨʠʟʘʮʠʿʫ ʩʘʤʦʛ ʤʘʪʝʨʠʿʘʣʘ. ɿʘʧʨʝʤʠʥʩʢʘ ʘʥʘʣʠʟʘ ʤʦʞʝ 

ʙʠʪʠ, ʪʘʢʦʹʝ, ʥʝʜʝʩʪʨʫʢʪʠʚʥʘ ʠʣʠ ʜʝʩʪʨʫʢʪʠʚʥʘ [Fedchenko,2015]. 

ʆʩʣʠʢʘʚʘˁʝ (ʠʤʠ˅ʠʥʛ) - ʋ ʧʨʦʮʝʩʫ ʦʩʣʠʢʘʚʘˁʘ, ʢʦʨʠʩʪʝ ʩʝ ʘʣʘʪʠ ʢʦʿʠ ʧʨʦʠʟʚʦʜʝ ʩʣʠʢʝ ʚʠʩʦʢʝ 

ʨʝʟʦʣʫʮʠʿʝ ʠ ʫʚʝ˂ʘˁʘ ʢʦʿʝ ʠʤʘʿʫ ʜʚʝ ʧʦʚʝʟʘʥʝ ʩʚʨʭʝ. 

1. ʋʪʚʨʹʠʚʘˁʝ ʭʦʤʦʛʝʥʦʩʪʠ ʫʟʦʨʢʘ. ʋʢʦʣʠʢʦ ʿʝ ʫʟʦʨʘʢ ʭʝʪʝʨʦʛʝʥ (ʫ ˁʝʛʦʚ ʩʘʩʪʘʚ ʫʣʘʟʝ ʠ 

ʯʝʩʪʠʮʝ ʜʨʫʛʝ ʧʨʠʨʦʜʝ), ʩʘʤʘ ʟʘʧʨʝʤʠʥʩʢʘ ʘʥʘʣʠʟʘ ʥʠʿʝ ʫ ʤʦʛʫ˂ʥʦʩʪʠ ʜʘ ʧʨʫʞʠ ʜʦʚʦˀʥʦ 

ʠʥʬʦʨʤʘʮʠʿʘ ʟʘ ʧʦʟʠʪʠʚʥʫ ʠʜʝʥʪʠʬʠʢʘʮʠʿʫ ʤʘʪʝʨʠʿʘʣʘ, ʚʝ˂ ʩʝ ʤʦʨʘʤʦ ʧʦʩʣʫʞʠʪʠ 

ʤʠʢʨʦʘʥʘʣʠʟʦʤ ʧʦʿʝʜʠʥʘʯʥʠʭ ʯʝʩʪʠʮʘ. ɿʘʥʠʤˀʠʚ ʧʨʠʤʝʨ ʿʝ ʟʘʧʣʝʥʘ ʧʨʘʰʢʘʩʪʦʛ 

ʤʘʪʝʨʠʿʘʣʘ ʥʘ ʄʠʥʭʝʥʩʢʦʤ ʘʝʨʦʜʨʦʤʫ 1994. ʛʦʜʠʥʝ, ʛʜʝ ʿʝ ʧʦʤʦ˂ʫ ʩʢʝʥʠʨʘʿʫ˂ʝʛ 

ʝʣʝʢʪʨʦʥʩʢʦʛ ʤʠʢʨʦʩʢʦʧʘ (ʉɽʄ) ʥʘʹʝʥʦ ʜʘ ʫʟʦʨʘʢ ʩʘʜʨʞʠ ʪʨʠ ʚʝʦʤʘ ʨʘʟʣʠʯʠʪʝ ʚʨʩʪʝ 

ʯʝʩʪʠʮʘ ï ʪʨʠʫʨʘʥʠʿʫʤ-ʦʢʪʦʢʩʠʜ (U3O8) ʠ ʜʚʘ ʪʠʧʘ ʧʣʫʪʦʥʠʿʫʤ-ʦʢʩʠʜʘ (PuO2), ʦʜ ʢʦʿʠʭ 

ʩʚʘʢʘ ʠʟʠʩʢʫʿʝ ʠʥʜʠʚʠʜʫʘʣʥʫ ʤʠʢʨʦʘʥʘʣʠʟʫ [Fedchenko,2015]. 

2. ʉʘʩʪʘʚ ʫʟʦʨʢʘ. ʆʚʦʤ ʪʝʭʥʠʢʦʤ ʩʝ ʤʦʛʫ ʠʟʚʫ˂ʠ ʠʥʬʦʨʤʘʮʠʿʝ ʦ ʛʨʘʜʠʚʥʠʤ ʝʣʝʤʝʥʪʠʤʘ 

ʩʘʤʦʛ ʤʘʪʝʨʠʿʘʣʘ (ʚʝʣʠʯʠʥʝ ʯʝʩʪʠʮʘ, ʧʣʦʯʠʮʘ, ʟʨʥʘʮʘ). ʆʚʠ ʧʦʜʘʮʠ ʤʦʛʫ ʧʦʤʦ˂ʠ ʫ 

ʜʦʙʠʿʘˁʫ ʠʩʪʦʨʠʿʝ4 ʤʘʪʝʨʠʿʘʣʘ ʫ ʫʟʦʨʢʫ ʢʘʦ ʠ ʥʘʯʠʥʘ ʧʨʦʠʟʚʦʜˁʝ. ʇʨʠʤʝʨʘ ʨʘʜʠ, 

ʬʘʙʨʠʢʝ ʟʘ ʦʙʦʛʘ˂ʠʚʘˁʝ ʫʨʘʥʠʿʫʤʘ ʢʦʨʠʩʪʝ ʫʨʘʥʠʿʫʤ ʫ ʛʘʩʦʚʠʪʦʤ ʿʝʜʠˁʝˁʫ, ʫʨʘʥʠʿʫʤ-

ʭʝʢʩʘʬʣʫʦʨʠʜ (UF6). ʋʢʦʣʠʢʦ ʩʝ UF6 ʠʩʧʘʨʝˁʘ ʥʘʪʘʣʦʞʝ ʥʘ ʫʥʫʪʨʘʰˁʠʤ ʟʠʜʦʚʠʤʘ 

ʦʧʨʝʤʝ ʧʨʦʠʟʚʦʜʥʠʭ ʧʦʩʪʨʦʿʝˁʘ, ʬʦʨʤʠʨʘ˂ʝ ʛʣʘʪʢʝ ʩʬʝʨʥʝ ʯʝʩʪʠʮʝ ʧʨʝʯʥʠʢʘ 1-2 µm. 

ʆʚʝ ʯʝʩʪʠʮʝ ʠʤʘʿʫ ʪʝʥʜʝʥʮʠʿʫ ʜʘ ʩʝ, ʢʘʢʦ ʚʨʝʤʝ ʧʨʦʣʘʟʠ, ʩʧʦʿʝ ʠ ʬʦʨʤʠʨʘʿʫ ʪʘʥʘʢ ʛʣʘʪʢʠ 

                                                      
4 ʇʦʜ ʠʩʪʦʨʠʿʦʤ ʤʘʪʝʨʠʿʘʣʘ ʩʝ ʧʦʜʨʘʟʫʤʝʚʘʿʫ ʧʨʦʮʝʩʠ ʠ/ʠʣʠ ʨʝʘʢʮʠʿʝ ʬʠʟʠʯʢʝ ʠ ʭʝʤʠʿʩʢʝ ʧʨʠʨʦʜʝ ʢʦʿʠʤʘ ʿʝ 

ʠʩʪʠ ʙʠʦ ʧʦʜʚʨʛʥʫʪ ʦʜ ʤʦʤʝʥʪʘ ʥʘʩʪʘʥʢʘ ʜʦ ʪʨʝʥʫʪʢʘ ʤʝʨʝˁʘ. 
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ʬʠʣʤ, ʢʦʿʠ ʩʝ ʧʦʪʦʤ ʤʦʞʝ ʧʦʣʦʤʠʪʠ ʠ ʬʦʨʤʠʨʘʪʠ ʛʨʫʙʝ ʧʣʦʯʘʩʪʝ ʯʝʩʪʠʮʝ. ʆʙʣʠʢ ʪʠʭ 

ʯʝʩʪʠʮʘ ʤʦʞʝ ʙʠʪʠ ʜʦʙʘʨ ʠʥʜʠʢʘʪʦʨ ʧʨʠ ʦʜʨʝʹʠʚʘˁʫ ʠʩʪʦʨʠʿʝ ʤʘʪʝʨʠʿʘʣʘ 

[Fedchenko,2015]. 

 

ʄʠʢʨʦʘʥʘʣʠʟʘ ï ɻʝʥʝʨʘʣʥʦ ʛʣʝʜʘʥʦ, ʤʠʢʨʦʘʥʘʣʠʟʘ ʧʦʜʨʘʟʫʤʝʚʘ ʦʜʨʝʹʠʚʘˁʝ ʨʝʣʘʪʠʚʥʠʭ ʠ 

ʘʧʩʦʣʫʪʥʠʭ ʠʟʦʪʦʧʩʢʠʭ ʟʘʩʪʫʧˀʝʥʦʩʪʠ ʥʠʩʢʠʭ ʢʦʥʮʝʥʪʨʘʮʠʿʘ ʭʝʤʠʿʩʢʠʭ ʿʝʜʠˁʝˁʘ ʠʣʠ ʠʟʦʪʦʧʘ. 

ʋʛʣʘʚʥʦʤ ʩʝ ʠʟʨʘʞʘʚʘ ʢʘʦ ʢʦʥʮʝʥʪʨʘʮʠʿʘ. ʂʘʦ ʰʪʦ ʿʝ ʜʝʬʠʥʠʩʘʥʦ ʫ [McNaught, Wilkinson, 1997], 

in situ ʤʠʢʨʦʘʥʘʣʠʟʘ ʿʝ ʜʝʬʠʥʠʩʘʥʘ ʢʘʦ: ʜʠʨʝʢʪʥʦ ʘʥʘʣʠʪʠʯʢʦ ʠʩʪʨʘʞʠʚʘˁʝ ʤʠʢʨʦʩʪʨʫʢʪʫʨʥʠʭ 

ʜʦʤʝʥʘ ʯʚʨʩʪʠʭ ʪʝʣʘ ʫʟ ʫʧʦʪʨʝʙʫ ʬʦʢʫʩʠʨʘʥʠʭ ʩʥʦʧʦʚʘ ʯʝʩʪʠʮʘ ʠʣʠ ʟʨʘʯʝˁʘ. ʋʢʦʣʠʢʦ ʩʝ ʧʦʩʣʝ 

ʦʩʣʠʢʘʚʘˁʘ ʫʪʚʨʜʠ ʜʘ ʩʝ ʨʘʜʠ ʦ ʭʝʪʝʨʦʛʝʥʦʤ ʤʘʪʝʨʠʿʘʣʫ ʫ ʫʟʦʨʢʫ, ʧʨʠʪʫʧʘ ʩʝ ʤʠʢʨʦʘʥʘʣʠʟʠ. ʋ 

ʩʣʫʯʘʿʫ ʧʦʤʝʥʫʪʝ ʟʘʧʣʝʥʝ ʧʨʘʭʘ ʥʘ ʄʠʥʭʝʥʩʢʦʤ ʘʝʨʦʜʨʦʤʫ, ʧʦʿʝʜʠʥʘʯʥʝ ʛʨʫʧʝ ʯʝʩʪʠʮʘ ʩʫ ʙʠʣʝ 

ʤʠʢʨʦʘʥʘʣʠʟʠʨʘʥʝ ʧʫʪʝʤ ʤʘʩʝʥʝ ʩʧʝʢʪʨʦʤʝʪʨʠʿʝ, ʰʪʦ ʿʝ ʦʪʚʦʨʠʣʦ ʤʦʛʫ˂ʥʦʩʪ ʜʘ ʩʝ ʦʜʨʝʜʠ ʟʘ ʩʚʘʢʠ 

ʤʘʪʝʨʠʿʘʣ ʧʦʿʝʜʠʥʘʯʥʦ ˁʝʛʦʚʘ: ʩʪʘʨʦʩʪ, ʪʠʧ ʨʝʘʢʪʦʨʘ ʛʜʝ ʿʝ ʥʘʩʪʘʦ ʢʘʦ ʠ ʠʟʦʪʦʧʩʢʠ ʩʘʩʪʘʚ 

[Fedchenko,2015]. 

ʉʚʘʢʘ ʧʨʦʮʝʜʫʨʘ ʠ ʘʥʘʣʠʟʘ ʫ ʥʫʢʣʝʘʨʥʦʿ ʬʦʨʝʥʟʠʮʠ ʤʦʨʘ ʜʘ ʩʝ ʫʢʣʦʧʠ ʫ ʰʠʨʠ ʧʨʘʚʥʠ ʦʢʚʠʨ. ʂʘʦ 

ʰʪʦ ʿʝ ʪʦ ʙʠʦ ʩʣʫʯʘʿ ʠ ʢʦʜ ʢʘʪʝʛʦʨʠʟʘʮʠʿʝ ʫʟʦʨʘʢʘ, ʠ ʧʨʠ ʢʘʨʘʢʪʝʨʠʟʘʮʠʿʠ ʩʝ ʩʫʦʯʘʚʘʤʦ ʩʘ ʦʜʨʝʹʝʥʠʤ 

ʦʛʨʘʥʠʯʝˁʠʤʘ ʧʨʦʧʠʩʘʥʠʤ ʫ ʦʜʛʦʚʘʨʘʿʫ˂ʠʤ ʧʨʘʚʥʠʤ ʜʦʢʫʤʝʥʪʠʤʘ. ʆʜʨʝʹʝʥʝ ʢʘʨʢʪʝʨʠʩʪʠʢʝ 

ʤʘʪʝʨʠʿʘʣʘ ʜʦʙʠʿʝʥʝ ʛʦʨʝ ʧʦʤʝʥʫʪʠʤ ʘʥʘʣʠʟʘʤʘ ʤʦʛʫ ʙʠʪʠ ʦʩʝʪˀʠʚʦʛ ʩʘʜʨʞʘʿʘ ʠ ʩʪʦʛʘ ʩʪʨʦʛʦ 

ʧʦʚʝʨˀʠʚʝ. ʇʨʠʤʝʨ ʠʤʧʣʝʤʝʥʪʘʮʠʿʝ ʦʚʠʭ ʦʛʨʘʥʠʯʝˁʘ ʩʫ ʦʥʘ ʧʦʩʪʘʚˀʝʥʘ ʟʘ ʨʘʜʠʦʥʫʢʣʠʜʥʫ 

ʢʦʤʧʦʥʝʥʪʫ ʀʥʪʝʨʥʘʮʠʦʥʘʣʥʦʛ ʄʦʥʠʪʦʨʠʥʛ ʉʠʩʪʝʤʘ (International Monitoring System - IMS) ʢʦʿʠ ʿʝ 

ʩʘʩʪʘʚʥʠ ʜʝʦ ʆʨʛʘʥʠʟʘʮʠʿʝ ʟʘ ʩʚʝʦʙʫʭʚʘʪʥʫ ʟʘʙʨʘʥʫ ʥʫʢʣʝʘʨʥʠʭ ʧʨʦʙʘ (Comprehensive Nuclear-Test-

Ban Treaty Organization ï CTBTO). ʅʘʠʤʝ ʀʄʉ ʠʟ ʚʘʟʜʫʰʥʠʭ ʬʠʣʪʝʨʘ ʩʘʢʫʧˀʘ ʨʘʜʠʦʘʢʪʠʚʥʝ 

ʯʝʩʪʠʮʝ ʠ ʧʣʝʤʝʥʠʪʝ ʛʘʩʦʚʝ. ʇʦ ʟʘʚʨʰʝʪʢʫ ʩʘʢʫʧˀʘˁʘ ʠʩʪʠʭ, ʧʨʦʪʦʢʦʣ ʫ IMS-ʫ ʿʝ ʜʘ ʩʝ ʠʟʚʨʰʠ 

ʧʨʝʪʨʘʛʘ ʥʘ ʨʘʜʠʦʥʫʢʣʠʜʝ ʢʦʿʫ ʩʠ ʠʥʜʠʢʘʪʠʚʥʠ ʟʘ ʥʫʢʣʝʘʨʥʫ ʝʢʩʧʣʦʟʠʿʫ:  ʯʝʪʠʨʠ ʠʟʦʪʦʧʘ ʢʩʝʥʦʥʘ 

(131mXe, 133Xe, 133mXe,135Xe), ʜʦʢ ʩʝ ʯʝʩʪʠʮʝ ʘʥʘʣʠʟʠʨʘʿʫ ʥʘ ʧʨʠʩʫʩʪʚʦ 84 ʨʘʜʠʦʥʫʢʣʠʜʘ (42 ʧʨʦʜʫʢʪʘ 

ʘʢʪʠʚʘʮʠʿʝ ʠ 42 ʬʠʩʠʦʥʘ ʧʨʦʜʫʢʪʘ) ʢʦʿʠ ʩʫ ʧʨʠʧʠʩʘʥʠ ʢʘʦ ʟʥʘʯʘʿʥʠ. ɿʘ ʤʝʨʝˁʝ ʧʣʝʤʝʥʠʪʠʭ ʛʘʩʦʚʘ 

ʩʝ ʢʦʨʠʩʪʠ ʛʘʤʘʩʧʝʢʪʨʦʤʝʪʨʠʿʘ ʚʠʩʦʢʝ ʨʝʟʦʣʫʮʠʿʝ (high-resolution gamma spectrometry-HRGS) ʠ 

ʙʝʪʘ-ʛʘʤʘ ʢʦʠʥʮʠʜʝʥʪʥʘ ʩʧʝʢʪʨʦʤʝʪʨʠʿʘ (betaïgamma coincidence spectrometry-BGCS) ʜʦʢ ʩʝ ʟʘ 

ʘʥʘʣʠʟʫ ʨʘʜʠʦʘʢʪʠʚʥʠʭ ʯʝʩʪʠʮʘ ʢʦʨʠʩʪʠ ʩʘʤʦ HRGS. ʋʧʦʪʨʝʙʘ ʧʨʝʮʠʟʥʠʿʠʭ ʪʝʭʥʠʢʘ ʢʘʦ ʰʪʦ ʿʝ 

ʤʘʩʝʥʘ ʩʧʝʢʪʨʦʤʝʪʨʠʿʘ ʿʝ ʟʘʙʨʘˁʝʥʘ. ʆʚʘ ʯʠˁʝʥʠʮʘ ʦʤʦʛʫ˂ʘʚʘ IMS-ʫ ʜʘ ʙʫʜʝ ʫ ʩʪʘˁʫ ʜʘ ʜʝʪʝʢʪʫʿʝ 

ʥʫʢʣʝʘʨʥʝ ʝʢʩʧʣʦʟʠʿʝ ʙʝʟ ʨʠʟʠʢʘ ʟʘ ʦʪʢʨʠʚʘˁ ʝ ʧʦʚʝʨʠˀʚʠʭ ʠʥʬʦʨʤʘʮʠʿʘ ʢʦʿʝ ʩʝ ʪʠʯʫ ʜʠʟʘʿʥʘ 

ʥʫʢʣʝʘʨʥʦʛ ʦʨʫʞʿʘ.  ʋ ʊʘʙʝʣʠ 1.4 ʧʨʠʢʘʟʘʥʝ ʩʫ ʢʘʪʝʛʦʨʠʿʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ ʤʘʪʝʨʠʿʘʣʘ ʢʘʦ ʠ ʤʝʨʥʝ 

ʪʝʭʥʠʢʝ ʢʦʿʠʤʘ ʩʝ ʠʩʪʝ ʤʦʛʫ ʠʟʤʝʨʠʪʠ. ʋ ʊʘʙʝʣʠ 1.5 ʧʨʠʢʘʟʘʥʝ ʩʫ ʜʝʩʪʨʫʢʪʠʚʥʝ ʠ 

ʥʝʜʝʩʪʨʫʢʪʠʚʥʝ ʤʝʨʥʝʪʝʭʥʠʢʝ ʢʦʿʝ ʩʝ ʢʦʨʠʩʪʝ ʫ ʨʘʟʣʠʯʠʪʠʤ ʬʘʟʘʤʘ ʧʨʦʮʝʩʘ ʢʘʨʘʢʪʝʨʠʟʘʮʠʿʝ 

ʤʘʪʝʨʠʿʘʣʘ ʫ ʥʫʢʣʝʘʨʥʦʿ ʬʦʨʝʥʟʠʮʠ [Fedchenko,2015]. 
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ʊʘʙʝʣʘ 1.4. ʉʧʝʮʠʬʠʯʥʝ ʢʘʪʝʛʦʨʠʿʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ ʤʘʪʝʨʠʿʘʣʘ ʠ ʦʜʛʦʚʘʨʘʿʫ˂ʝ ʤʝʨʥʝ ʪʝʭʥʠʢʝ 

[Fedchenko,2015]. 

ʆʢʚʠʨ ʂʘʨʘʢʪʝʨʠʩʪʠʢʝ ʦʜ 

ʟʥʘʯʘʿʘ 

ʄʝʨʥʝ 

ʪʝʭʥʠʢʝ 

ʈʘʟʚʦʿ ʠ ʢʦʥʪʨʦʣʘ ʥʫʢʣʝʘʨʥʦʛ ʥʘʦʨʫʞʘˁʘ ʠ ʩʢʣʘʜʠʰʪʘ, ʨʘʟʦʨʫʞʘˁʝ  

ʅʘʮʠʦʥʘʣʥʠ ʧʨʦʛʨʘʤʠ ʨʘʟʚʦʿʘ ʥʘʦʨʫʞʘˁʘ1 ʉʚʝ HGRS, MS 

ʋʛʦʚʦʨ ʦ ʜʝʣʠʤʠʯʥʦʿ ʟʘʙʨʘʥʠ ʥʫʢʣʝʘʨʥʠʭ ʧʨʦʙʘ1 ʀʟʦʪʦʧʩʢʝ HGRS, MS 

ʋʛʦʚʦʨ ʦ ʩʚʝʦʙʫʭʚʘʪʥʦʿ ʟʘʙʨʘʥʠ ʥʫʢʣʝʘʨʥʠʭ ʧʨʦʙʘ2: 

  ʂʦʤʧʦʥʝʥʪʘ ʀʄʉ ʟʘ ʨʘʜʠʦʥʫʢʣʠʜʝ 

  ʀʥʩʧʝʢʮʠʿʘ ʥʘ ʣʠʮʫ ʤʝʩʪʘ 

 

ʀʟʦʪʦʧʩʢʝ 

ʀʟʦʪʦʧʩʢʝ 

 

 

 

HGRS, BGCS 

HGRS, BGCS 

ʋʛʦʚʦʨ ʦ ʫʢʠʜʘˁʫ ʬʠʩʠʙʠʣʥʦʛ ʤʘʪʝʨʠʿʘʣʘ1,3 ʀʟʦʪʦʧʩʢʝ MS, HGRS 

ʅʝʧʨʦʣʠʬʝʨʘʮʠʿʘ ʠ ʥʫʢʣʝʘʨʥʘ ʙʝʟʙʝʜʥʦʩʪ   

ʋʛʦʚʦʨ ʦ ʥʝʧʨʦʣʠʬʝʨʘʮʠʿʠ (ʫʟʦʨʢʦʚʘˁʝ ʠʟ ʞʠʚʦʪʥʝ 

ʩʨʝʜʠʥʝ ʫ ʦʢʚʠʨʫ IAEA  ʤʝʨʘ ʟʘʰʪʠʪʝ 

[IAEA_Gloss,2002]) 1 

ɸʪʨʠʙʫʮʠʿʘ ʟʘ ʩʣʫʯʘʿʝʚʝ ʢʨʠʿʫʤʯʘʨʝˁʘ1 

ɸʪʨʠʙʫʮʠʿʘ ʟʘ ʩʣʫʯʘʿʝʚʝ ʥʫʢʣʝʘʨʥʦʛ ʪʝʨʦʨʠʟʤʘ1 

ɽʣʝʤʝʥʪʘʨʥʝ, 

ʀʟʦʪʦʧʩʢʝ 

ʉʚʝ 

ʉʚʝ 

HGRS, XRF, 

SEM, MS 

 

HGRS, SEM, 

MS 

HGRS, MS 

ʀʥʬʦʨʤʘʮʠʿʝ ʦ ʥʫʢʣʝʘʨʥʠʤ ʤʘʪʝʨʠʿʘʣʠʤʘ 

ʄʦʥʠʪʦʨʠʥʛ ʝʢʩʧʣʦʟʠʿʘ ʫ ʠʥʦʩʪʨʘʥʩʪʚʫ 

ʄʦʥʠʪʦʨʠʥʛ ʠʥʦʩʪʨʘʥʠʭ ʠʥʩʪʠʪʫʮʠʿʘ ʠ ʤʘʪʝʨʠʿʘʣʘ 

 

ʉʚʝ 

ʉʚʝ 

 

- 

- 

BGCS- ʙʝʪʘ-ʛʘʤʘ ʢʦʠʥʮʠʜʝʥʪʥʘ ʩʧʝʢʪʨʦʤʝʪʨʠʿʘ, HGRS- ʛʘʤʘʩʧʝʢʪʨʦʤʝʪʨʠʿʘ ʚʠʩʦʢʝ ʨʝʟʦʣʫʮʠʿʝ,   

SEM ï ʩʢʝʥʠʨʘʿʫ˂ʘ ʝʣʝʢʪʨʦʥʩʢʘ ʤʠʢʨʦʩʢʦʧʠʿʘ , XRF- ʨʝʥʪʛʝʥʩʢʘ ʬʨʣʫʦʨʝʩʮʝʥʪʥʘ ʘʥʘʣʠʟʘ, IAEA- 

ʄʝʹʫʥʘʨʦʜʥʘ ɸʛʝʥʮʠʿʘ ʟʘ ɸʪʦʤʩʢʫ ɽʥʝʨʛʠʿʫ, ʀʄʉ- ʀʥʪʝʨʥʘʮʠʦʥʘʣʥʠ ʄʦʥʠʪʦʨʠʥʛ ʉʠʩʪʝʤ. 
1ʋ ʩʢʣʦʧʫ ʦʚʦʛ ʦʢʚʠʨʘ ʩʝ ʥʝ ʧʨʠʤʝˁʫʿʫ ʦʛʨʘʥʠʯʝˁʘ ʥʘ ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ ʢʦʿʝ ˂ʝ ʩʝ ʠʩʧʠʪʠʚʘʪʠ ʢʘʦ ʠ ʥʘ 

ʫʧʦʪʨʝʙˁʝʥʝ ʤʝʨʥʝ ʪʝʭʥʠʢʝ. 
2ʋ ʩʢʣʦʧʫ ʦʚʦʛ ʦʢʚʠʨʘ ʧʨʠʤʝˁʫʿʫ ʩʝ ʦʛʨʘʥʠʯʝˁʘ ʢʘʢʦ ʥʘ ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ ʢʦʿʝ ˂ʝ ʩʝ ʠʩʧʠʪʠʚʘʪʠ ʢʘʦ ʠ ʥʘ 

ʫʧʦʪʨʝʙˀʝʥʝ ʤʝʨʥʝ ʪʝʭʥʠʢʝ. 
3ʄʝʨʥʝ ʪʝʭʥʠʢʝ ʢʦʿʝ ˂ʝ ʙʠʪʠ ʜʦʟʚʦˀʝʥʝ ʫ ʦʢʚʠʨʫ ʋʛʦʚʦʨʘ ʦ ʫʢʠʜʘˁʫ ʬʠʩʠʙʠʣʥʦʛ ʤʘʪʝʨʠʿʘʣʘ ʢʘʦ ʠ 

ʠʥʪʝʨʝʩʥʝ ʩʬʝʨʝ ʫ ʜʦʤʝʥʫ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ ʤʘʪʝʨʠʿʘʣʘ ˂ʝ ʙʠʪʠ ʦʜʨʝʹʝʥʝ ʘʢʦ ʠ ʢʘʜ ʪʘʢʘʚ ʫʛʦʚʦʨ ʙʫʜʝ ʧʦʪʧʠʩʘʥ 

ʠ ʟʘʚʠʩʝ˂ʝ ʦʜ ʩʧʝʮʠʬʠʯʥʠʭ ʜʝʪʘˀʘ ʚʝʨʠʬʠʢʘʮʠʿʝ ʫʛʦʚʦʨʘ. ʂʘʨʘʢʪʝʨʠʩʪʠʢʝ ʢʦʿʝ ˂ʝ ʙʠʪʠ ʤʝʨʝʥʝ ʤʦʛʫ ʜʘʪʠ 

ʠʥʬʦʨʤʘʮʠʿʝ ʦ ʫʢʫʧʥʦʿ ʢʦʣʠʯʠʥʠ ʧʣʫʪʦʥʠʿʫʤʘ ʧʨʦʠʟʚʝʜʝʥʦʛ ʫ ʨʝʘʢʪʦʨʫ, ʯʠˁʝʥʠʮʠ ʜʘ ʣʠ ʿʝ ʧʨʦʠʟʚʦʜˁʘ 

ʤʘʪʝʨʠʿʘʣʘ ʫ ʪʦʢʫ ʠʣʠ ʦʙʫʩʪʘʚˀʝʥʘ ʠ ʦ ʩʪʘʨʦʩʪʠ ʥʫʢʣʝʘʨʥʦʛ ʤʘʪʝʨʠʿʘʣʘ. 
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ʊʘʙʝʣʘ 1.5.  ʄʝʨʥʝ ʪʝʭʥʠʢʝ ʢʦʨʠʰ˂ʝʥʝ ʫ ʨʘʟʣʠʯʠʪʠʤ ʬʘʟʘʤʘ ʧʨʦʮʝʩʘ ʢʘʨʘʢʪʝʨʠʟʘʮʠʿʝ 

ʤʘʪʝʨʠʿʘʣʘ ʫ ʥʫʢʣʝʘʨʥʦʿ ʬʦʨʝʥʟʠʮʠ [Fedchenko,2015]. 

ɺʨʩʪʘ ʘʥʘʣʠʟʝ ɼʝʩʪʨʫʢʪʠʚʥʠ ʘʣʘʪ ʅʝʜʝʩʪʨʫʢʪʠʚʥʠ ʘʣʘʪ 

ɿʘʧʨʝʤʠʥʩʢʘ 

ʘʥʘʣʠʟʘ 

ʊʝʨʤʘʣʥʦ ʿʦʥʠʟʫʿʫ˂ʘ ʤʘʩʝʥʘ 

ʩʧʝʢʪʨʦʤʝʪʨʠʿʘ (TIMS), 

ʠʥʜʫʢʪʠʚʥʦ ʩʧʨʝʛʥʫʪʘ ʤʘʩʝʥʘ 

ʩʧʝʢʪʨʦʤʝʪʨʠʿʘ (ICP-MS) 

ʈʘʜʠʦʭʝʤʠʿʩʢʘ ʩʝʧʘʨʘʮʠʿʘ 

ɻʘʤʘ ʩʧʝʢʪʨʦʤʝʪʨʠʿʘ ʚʠʩʦʢʝ 

ʨʝʟʦʣʫʮʠʿʝ(HGRS), ʙʝʪʘ-ʛʘʤʘ 

ʢʦʠʥʮʠʜʝʥʪʥʘ ʩʧʝʢʪʨʦʤʝʪʨʠʿʘ(BGCS) , 

ʙʝʪʘ-ʛʘʤʘ ʪʨʠʛʝʨʦʚʘʥʘ ʩʧʝʢʪʨʦʤʝʪʨʠʿʘ 

(BGGS), ʨʝʥʪʛʝʥʩʢʘ ʬʣʫʦʨʝʩʮʝʥʪʥʘ 

ʘʥʘʣʠʟʘ (XRF), ʘʣʬʘ-ʯʝʩʪʠʯʥʘ 

ʩʧʝʢʪʨʦʩʢʦʧʠʿʘ (APS) 

ʀʤʠ˅ʠʥʛ - ɼʠʨʝʢʪʥʘ ʚʠʟʫʝʣʥʘ ʠʩʧʝʢʮʠʿʘ, 

ʬʦʪʦʛʨʘʬʠʿʘ, ʦʧʪʠʯʢʘ ʤʠʢʨʦʩʢʦʧʠʿʘ 

ʉʢʝʥʠʨʘʿʫ˂ʘ ʝʣʝʢʪʨʦʥʩʢʘ ʤʠʢʨʦʩʢʦʧʠʿʘ 

(SEM), ʪʨʘʥʩʤʠʩʠʦʥʘ ʝʣʝʢʪʨʦʥʩʢʘ 

ʤʠʢʨʦʩʢʦʧʠʿʘ (TEM) 

ʄʠʢʨʦʥʘʣʠʟʘ TIMS ʬʠʩʠʦʥʠʭ ʪʨʘʛʦʚʘ (FT-

TIMS), ICP-MS 

ʈʝʟʦʥʘʥʪʥʦ ʿʦʥʠʟʫʿʫ˂ʘ ʤʘʩʝʥʘ 

ʩʧʝʢʪʨʦʤʝʪʨʠʿʘ (RIMS), 

ʘʢʮʝʣʝʨʘʪʦʨʩʢʘ ʤʘʩʝʥʘ 

ʩʧʝʢʪʨʦʤʝʪʨʠʿʘ (AMS) 

ʇʦʚʨʰʠʥʩʢʠ ʿʦʥʠʟʫʿʫ˂ʘ ʤʘʩʝʥʘ 

ʩʧʝʢʪʨʦʤʝʪʨʠʿʘ (SIMS) 

ʉʢʝʥʠʨʘʿʫ˂ʘ ʝʣʝʢʪʨʦʥʩʢʘ ʤʠʢʨʦʘʥʘʣʠʟʘ 

SEM ʩʘ ʩʝʥʟʦʨʦʤ ʟʘ ʜʠʩʧʝʨʟʠʿʫ 

ʝʥʝʨʛʠʿʝ (SEM/EDS), SEM ʩʘ ʩʝʥʟʦʨʦʤ 

ʟʘ ʜʠʩʧʝʨʟʠʿʫ ʪʘʣʘʩʥʠʭ ʜʫʞʠʥʘ  

(SEM/WDS) 
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2. ʅʋʂʃɽɸʈʅɸ ʌʆʈɽʅɿʀʂɸ ʋ ʄɽɫʋʅɸʈʆɼʅʀʄ ʆʂɺʀʈʀʄɸ 

ʋ ʮʠˀʫ ʰʠʨʝˁʘ ʟʥʘˁʘ ʠ ʠʩʢʫʩʪʘʚʘ ʘ ʫʿʝʜʥʦ ʠ ʫʩʧʦʩʪʘʚˀʘˁʘ ʩʘʨʘʜˁʝ ʠʟ ʦʙʣʘʩʪʠ ʥʫʢʣʝʘʨʥʝ 

ʬʦʨʝʥʟʠʢʝ, ʥʘ ʤʝʹʫʥʘʨʦʜʥʦʤ ʥʠʚʦʫ ʦʩʥʦʚʘʥʝ ʩʫ ʙʨʦʿʥʝ ʦʨʛʘʥʠʟʘʮʠʿʝ ʠ ʧʘʨʪʥʝʨʩʪʚʘ. 

ʅʘʿʫʧʝʯʘʪˀʠʚʠʿʠ ʧʨʠʤʝʨʠ ʦʚʘʢʚʠʭ ʦʨʛʘʥʠʟʘʮʠʿʘ ʩʫ: ʄʝʹʫʥʘʨʦʜʥʘ ʨʘʜʥʘ ʛʨʫʧʘ ʟʘ ʥʫʢʣʝʘʨʥʫ 

ʬʦʨʝʥʟʠʢʫ (Nuclear Forensics International Technical Working Group- ITWG), ɻʣʦʙʘʣʥʘ ʀʥʠʮʠʿʘʪʠʚʘ 

ʟʘ ɹʦʨʙʫ ʇʨʦʪʠʚ ʅʫʢʣʝʘʨʥʦʛ ʊʝʨʦʨʠʟʤʘ (Global Initiative to Combat Nuclear Terrorism-GICNT ), 

ɹʝʟʙʝʜʦʥʦʩʥʘ ʀʥʠʮʠʿʘʪʠʚʘ ʟʘ ʉʧʨʝʯʘʚʘˁʝ ʇʨʦʣʠʬʝʨʘʮʠʿʝ (Proliferation Security Initiative-PSI). 

[Apostol,2016].

 ʄʝʹʫʥʘʨʦʜʥʘ ʨʘʜʥʘ ʛʨʫʧʘ ʟʘ ʥʫʢʣʝʘʨʥʫ ʬʦʨʝʥʟʠʢʫ ITWG  

ʄʝʹʫʥʘʨʦʜʥʘ ʈʘʜʥʘ ɻʨʫʧʘ ʟʘ ʅʫʢʣʝʘʨʥʫ ʌʦʨʝʥʟʠʢʫ (ITWG) ʿʝ ''ʤʫʣʪʠʥʘʮʠʦʥʘʣʥʘ, ʥʝʟʚʘʥʠʯʥʘ 

ʘʩʦʮʠʿʘʮʠʿʘ ʩʘʩʪʘʚˀʝʥʘ ʦʜ ˀʫʜʠ ʢʦʿʠ ʩʝ ʙʘʚʝ ʥʫʢʣʝʘʨʥʦʤ ʬʦʨʝʥʟʠʢʦʤ ʫ ʨʘʟʥʠʤ ʦʢʚʠʨʠʤʘ ï 

ʥʘʫʯʥʠʮʠ, ʧʨʠʧʘʜʥʠʮʠ ʨʝʛʫʣʘʪʦʨʥʦʛ ʪʝʣʘ ʢʘʦ ʠ ʧʨʠʧʘʜʥʠʮʠ ʦʨʛʘʥʘ ʨʝʜʘ ʠ ʤʠʨʘ (ʄʠʥʠʩʪʘʨʩʪʚʘ 

ʫʥʫʪʨʘʰˁʠʭ ʧʦʩʣʦʚʘ)''. ʉʚʠ ʦʥʠ ʠʤʘʿʫ ʿʝʜʥʫ ʟʘʜʘʪʘʢ ʢʦʿʠ ʠʤ ʿʝ ʟʘʿʝʜʥʠʯʢʠ - ʘ ʪʦ ʿʝ ʦʜʛʦʚʦʨ ʥʘ 

ʜʦʛʘʹʘʿʝ ʚʝʟʘʥʝ ʟʘ ʥʫʢʣʝʘʨʥʫ ʙʝʟʙʝʜʥʦʩʪ ʢʦʿʠ ʫʢˀʫʯʫʿʫ ʥʫʢʣʝʘʨʥʝ ʠʣʠ ʜʨʫʛʝ ʨʘʜʠʦʘʢʪʠʚʥʝ 

ʤʘʪʝʨʠʿʘʣʝ ʚʘʥ ʨʝʛʫʣʘʪʦʨʥʝ ʢʦʥʪʨʦʣʝ. ITWG ʿʝ ʦʩʥʦʚʘʥʘ ʫ ʧʝʨʠʦʜʫ ʠʟʤʝʹʫ 1995-1996. ʛʦʜʠʥʝ ʢʘʦ 

ʧʦʩʣʝʜʠʮʘ ʠʥʠʮʠʿʘʪʠʚʝ ʥʘ G-8 ʩʘʤʠʪʫ (ʩʘʤʠʪ ʫ ʆʪʘʚʠ 1995. ʢʘʦ ʠ ʩʘʤʠʪ ʫ ʄʦʩʢʚʠ 1996. ʛʦʜʠʥʝ). 

ʅʘʿʚʝ˂ʝ ʟʘʩʣʫʛʝ ʟʘ ʦʚʘʿ ʧʦʜʫʭʚʘʪ ʠʤʘʣʠ ʩʫ ʥʘʫʯʥʠʮʠ ʠʟ ʆʙʿʝʜʠˁʝʥʦʛ ʠʩʪʨʘʞʠʚʘʯʢʦʛ ʮʝʥʪʨʘ - 

ʀʥʩʪʠʪʫʪʘ ʟʘ ʊʨʘʥʩʫʨʘʥʠʿʫʤʩʢʝ ɽʣʝʤʝʥʪʝ (Joint Research Centre-Institute for Transuranium Elements 

(ITU)) ʫ ʂʘʨʣʩʨʫʝʫ ʢʦʿʠ ʧʨʝʜʩʪʘʚˀʘʿʫ˂ʠ ɽʚʨʦʧʩʢʫ ʂʦʤʠʩʠʿʫ ʠ ʅʘʮʠʦʥʘʣʥʝ ʣʘʙʦʨʘʪʦʨʠʿʝ ʧʦʜ 

ʦʢʨʠˀʝʤ ʄʠʥʠʩʪʘʨʩʪʚʘ ʟʘ ɽʥʝʨʛʝʪʠʢʫ ʉʿʝʜʠˁʝʥʠʭ ɸʤʝʨʠʯʢʠʭ ɼʨʞʘʚʘ, ʥʘʨʘʚʥʦ ʫʟ ʧʦʜʨʰʢʫ 

ʚʠʩʦʢʠʭ ʟʚʘʥʠʯʥʠʢʘ. ɺʣʘʜʘʿʫ˂ʝ ʿʝ ʤʠʰˀʝˁʝ ʜʘ ʿʝ ʦʩʥʠʚʘˁʝ ITWG ʫʪʝʤʝˀʠʣʦ ʩʘʤʫ ʥʫʢʣʝʘʨʥʫ 

ʬʦʨʝʥʟʠʢʫ ʢʘʦ ʥʦʚʫ ʥʘʫʯʥʫ ʜʠʩʮʠʧʣʠʥʫ.  ʋʯʝʰ˂ʝ ʫ ITWG ʿʝ ʦʪʚʦʨʝʥʦ ʟʘ ʩʚʝ ʟʝʤˀʝ ʢʦʿʝ ʠʩʢʘʞʫ 

ʠʥʪʝʨʝʩ ʜʘ ʩʝ ʙʘʚʝ ʥʫʢʣʝʘʨʥʦʤ ʬʦʨʝʥʟʠʢʦʤ ʠ ʧʨʠʧʘʜʥʠʢʝ ʥʘʮʠʦʥʘʣʥʠʭ ʦʨʛʘʥʠʟʘʮʠʿʘ ʢʦʿʝ ʫʯʝʩʪʚʫʿʫ 

ʫ ʦʜʛʦʚʦʨʫ ʥʘ ʜʦʛʘʹʘʿʝ ʚʝʟʘʥʝ ʟʘ ʥʫʢʣʝʘʨʥʫ ʙʝʟʙʝʜʥʦʩʪ ʘ ʢʦʿʠ ʠʤʘʿʫ ʧʦʪʨʝʙʥʝ ʢʦʤʧʝʪʝʥʮʠʿʝ ʠ 

ʢʚʘʣʠʬʠʢʘʮʠʿʝ [Garrett et al.,2014; NF_ITWG,2022]. ʅʘʰʘ ʟʝʤˀʘ ʿʝ ʫʟʝʣʘ ʯʣʘʥʩʪʚʦ ʫ ʦʚʦʿ 

ʦʨʛʘʥʠʟʘʮʠʿʠ 2017. ʛʦʜʠʥʝ ʢʘʜʘ ʿʝ ʥʘʰ ʧʨʝʜʩʪʘʚʥʠʢ ʧʨʚʠ ʧʫʪ ʫʯʝʩʪʚʦʚʘʦ ʥʘ ʛʦʜʠʰˁʝʤ ʩʘʩʪʘʥʢʫ, ʪʝ 

ʛʦʜʠʥʝ ʫ Joint Research Centre-Institute for Transuranium Elements (ITU), ʫ ʂʘʨʣʩʨʫʝʫ ʫ ʅʝʤʘʯʢʦʿ. 

ITWG ʧʨʝʜʩʪʘʚˀʘ ʧʣʘʪʬʦʨʤʫ ʢʦʿʘ ʧʦʚʝʟʫʿʝ ˀʫʜʝ ʨʘʟʣʠʯʠʪʠʭ ʟʘʥʠʤʘˁʘ ʘ ʢʦʿʠ ʩʫ ʫʢˀʫʯʝʥʠ ʫ ʣʘʥʘʮ 

ʦʧʝʨʘʮʠʿʘ ʢʦʿʠ ʧʨʘʪʠ ʦʜʨʝʹʝʥ ʜʦʛʘʹʘʿ ʚʝʟʘʥ ʟʘ ʥʫʢʣʝʘʨʥʫ ʙʝʟʙʝʜʥʦʩʪ (ʜʝʪʝʢʮʠʿʘ, ʧʨʝʚʝʥʮʠʿʘ, ʦʜʛʦʚʦʨ 

ʠ ʤʠʪʠʛʘʮʠʿʘ ʦʚʘʢʚʦʛ ʜʦʛʘʹʘʿʘ) ʠ ʦʤʦʛʫ˂ʫʿʝ ʠʤ ʜʘ ʧʦʜʝʣʝ ʩʚʦʿʘ ʠʩʢʫʩʪʚʘ ʠ ʩʪʝʢʥʫ ʥʦʚʘ ʩʘʟʥʘˁʘ ʠʟ 

ʦʙʣʘʩʪʠ ʥʫʢʣʝʘʨʥʝ ʙʝʟʙʝʜʥʦʩʪʠ ʢʦʿʘ ʩʫ ʩʪʝʢʣʠ ʢʨʦʟ ʩʪʚʘʨʥʝ ʜʦʛʘʹʘʿʝ ʠ ʫʩʘʚʨʰʘʚʘˁʘ. ITWG ʥʘ ʪʘʿ 

ʥʘʯʠʥ ʧʦʤʘʞʝ ʨʝʰʘʚʘˁʫ ʿʦʰ ʿʝʜʥʦʛ ʚʝʣʠʢʦʛ ʧʨʦʙʣʝʤʘ ʫ ʥʫʢʣʝʘʨʥʦʿ ʬʦʨʝʥʟʠʮʠ, ʘ ʪʦ ʿʝ ʧʨʦʥʘʣʘʞʝˁʝ 

ʟʘʿʝʜʥʠʯʢʦʛ ʿʝʟʠʢʘ ʠ ʪʝʨʤʠʥʦʣʦʛʠʿʝ ʠʟʤʝʹʫ ʥʘʫʯʥʠʢʘ ʠ ʠʥʞʠˁʝʨʘ (ʪʝʭʥʠʯʢʠʭ ʝʢʩʧʝʨʘʪʘ) ʩʘ ʿʝʜʥʝ 

ʩʪʨʘʥʝ ʠ ʟʘʢʦʥʦʜʘʚʥʝ ʚʣʘʩʪʠ, ʪʫʞʠʣʘʮʘ ʠ ʧʨʠʧʘʜʥʠʢʘ ʦʨʛʘʥʘ ʨʝʜʘ ʠ ʤʠʨʘ (ʥʝʪʝʭʥʠʯʢʠʭ ʝʢʩʧʝʨʘʪʘ) 

ʩʘ ʜʨʫʛʝ. [Apostol,2016] ʋʩʪʘʥʦʚˀʝʥʘ ʿʝ ʧʨʘʢʩʘ ʜʘ ʩʝ ʿʝʜʥʦʤ ʥʘ ʥʠʚʦʫ ʛʦʜʠʥʝ ʦʨʛʘʥʠʟʫʿʫ ʩʘʩʪʘʥʮʠ 

ʛʜʝ ʩʝ ʚʝʣʠʢʠ ʜʝʦ ʨʘʟʤʝʥʝ ʟʥʘˁʘ ʠ ʠʩʢʫʩʪʘʚʘ ʠ ʦʜʠʛʨʘʚʘ. ʀʟʫʟʝʪʘʢ ʩʫ ʙʠʣʝ 2001. ʛʦʜʠʥʘ, 2014. 

ʛʦʜʠʥʘ, 2020. ʛʦʜʠʥʘ ʢʘʜʘ ʩʘʩʪʘʥʘʢ ʫʩʣʝʜ ʧʘʥʜʝʤʠʿʝ ʚʠʨʫʩʘ COVID-19 ʥʠʿʝ ʦʜʨʞʘʥ, ʠ 2021. ʛʦʜʠʥʘ 

ʢʘʜʘ ʿʝ ʦʚʘʿ ʩʘʩʪʘʥʘʢ ʙʠʦ ʚʠʨʪʫʝʣʥʝ ʧʨʠʨʦʜʝ. ʋ ʊʘʙʝʣʠ 2.1 [Garrett et al.,2014], ʧʨʠʢʘʟʘʥʘ ʿʝ ʣʠʩʪʘ 

ʣʦʢʘʮʠʿʘ ʠ ʦʨʛʘʥʠʟʘʪʦʨʘ ʩʘʩʪʘʥʘʢʘ ʦʜ 1995. ʛʦʜʠʥʝ ʜʦ ʜʘʥʘʩ. ʊʦʢʦʤ ʩʚʦʿʠʭ 25 ʛʦʜʠʥʘ ʧʦʩʪʦʿʘˁʘ, 

ITWG ʿʝ ʦʢʫʧʠʣʘ ʧʨʝʢʦ 300 ʝʢʩʧʝʨʘʪʘ ʠʟ ʩʢʦʨʦ 60 ʟʝʤʘˀʘ.  
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ʊʘʙʝʣʘ 2.1. ʉʘʩʪʘʥʮʠ ʄʝʹʫʥʘʨʦʜʥʝ ʨʘʜʥʝ ʛʨʫʧʝ ʟʘ ʥʫʢʣʝʘʨʥʫ ʬʦʨʝʥʟʠʢʫ (ITWG)  

[Garrett et al.,2014]. 

ɻʦʜʠʥʘ ʆʨʛʘʥʠʟʘʪʦʨ ʃʦʢʘʮʠʿʘ 

1995 Lawrence Livermore National Lʘboratory (LLNL) ʃʠʚʝʨʤʦʨ, ʂʘʣʠʬʦʨʥʠʿʘ , ʉɸɼ 

1996 Joint Research Centre-Institute for Transuranium 

Elements (ITU) 

ʂʘʨʣʩʨʫʝ, ʅʝʤʘʯʢʘ 

1996 Russian Ministry of Atomic Industry 

(MINATOM)  

ʆʙʥʠʥʩʢ, ʈʫʩʠʿʘ 

1997 Landau Network-Centro Volta ʂʦʤʦ, ʀʪʘʣʠʿʘ 

1998 Metropolitan Police ʃʦʥʜʦʥ, ɺʝʣʠʢʘ ɹʨʠʪʘʥʠʿʘ 

1999 Säteilyturvakeskus (STUK) ʍʝʣʩʠʥʢʠ, ʌʠʥʩʢʘ 

2000 International Atomic Energy Agency (IAEA) ɹʝʯ, ɸʫʩʪʨʠʿʘ 

2002 Euratom ʃʫʢʩʝʤʙʫʨʛ, ʃʫʢʩʝʤʙʫʨʛ 

2003 Hungarian Atomic Energy Agency (HAEA) ɹʫʜʠʤʧʝʰʪʘ, ʄʘʹʘʨʩʢʘ 

2004 The French Alternative Energies and Atomic 

Energy Commission (CEA) 

ʂʘʜʘʨʘʰ, ʌʨʘʥʮʫʩʢʘ 

2005 Nuclear Reasearch Institute řeģ ʇʨʘʛ, ʏʝʰʢʘ 

2006 Joint Research Centre-Institute for Transuranium 

Elements (ITU) 

ʂʘʨʣʩʨʫʝ, ʅʝʤʘʯʢʘ 

2007 Totalförsvarets forskningsinstitut (FOI) ʋʤʝʘ, ʐʚʝʜʩʢʘ 

2008 Institute for Nuclear Research and Nuclear Energy 

(INRNE) 

ʉʦʬʠʿʘ, ɹʫʛʘʨʩʢʘ 

2009 International Atomic Energy Agency (IAEA) ɹʝʯ, ɸʫʩʪʨʠʿʘ 

2010 Atomic Weapons Establishment ï (AWE) ʆʢʩʬʦʨʜ, ɺʝʣʠʢʘ ɹʨʠʪʘʥʠʿʘ 

2011 Kiev Institute for Nuclear Research (KINR) ʂʠʿʝʚ, ʋʢʨʘʿʠʥʘ 

2012 Netherlands Forensics Institute (NFI) ʍʘʛ, ʍʦʣʘʥʜʠʿʘ 

2013 Rosatom ʉʘʥʢʪ ʇʝʪʝʨʩʙʫʨʛ, ʈʫʩʠʿʘ 

2015 Centre for Energy Research ï MTA EK ɹʫʜʠʤʧʝʰʪʘ, ʄʘʹʘʨʩʢʘ 

2016 The French Alternative Energies and Atomic 

Energy Commission (CEA) 

ʃʠʦʥ, ʌʨʘʥʮʫʩʢʘ 

2017 Joint Research Centre-Institute for Transuranium 

Elements (ITU) 

ʂʘʨʣʩʨʫʝ, ʅʝʤʘʯʢʘ 

2018 Spiez Laboratory ʐʚʘʨʮʝʥʙʫʨʛ, ʐʚʘʿʮʘʨʩʢʘ 

2019 Horia Hulubei National Institute for R&D in 

Physics and Nuclear Engineering- IFIN-HH 

ɹʫʢʫʨʝʰʪ, ʈʫʤʫʥʠʿʘ 

2021 Virtual Meeting - 

2022 Lawrence Livermore National Laboratory (LLNL) ʉʘʥ ʌʨʘʥʮʠʩʢʦ, ʉɸɼ 
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ITWG ʩʚʦʿʝ ʜʝʣʦʚʘˁʝ ʫ ʚʝʣʠʢʦʿ ʤʝʨʠ ʩʧʨʦʚʦʜʠ ʧʨʝʢʦ 'Task Group'-a, ʦʜ ʢʦʿʠʭ ʿʝ ʩʚʘʢʘ ʚʝʟʘʥʘ ʟʘ ʿʝʜʘʥ 

ʘʩʧʝʢʪ ʠʣʠ ʘʢʪʠʚʥʦʩʪ ʢʦʿʠ ʩʫ ʦʮʝˁʝʥʠ ʢʘʦ ʥʫʞʥʠ ʟʘ ʥʘʧʨʝʜʦʚʘˁʝ ʤʦʜʝʨʥʝ ʥʫʢʣʝʘʨʥʝ ʬʦʨʝʥʟʠʢʝ. 

ʈʝʟʫʣʪʘʪ ʨʘʜʘ ʦʚʠʭ ʛʨʫʧʘ ʩʫ ʩʤʝʨʥʠʮʝ ʫ ʦʙʣʠʢʫ ʜʦʢʫʤʝʥʪʘ (''guidelines'') ʠ ʢʦʿʝ ʩʫ ʜʦʩʪʫʧʥʝ ʥʘ 

[NF_ITWG,2022]. ʊʨʝʥʫʪʥʦ, ʧʦʩʪʦʿʠ ʧʝʪ ʛʨʫʧʘ [Garrett et al.,2014]: 

1. ʈʘʜʥʘ ʛʨʫʧʘ ʢʦʿʘ ʩʝ ʙʘʚʠ ʜʦʢʘʟʠʤʘ (Evidence Task Group) ï ʆʚʘ ʛʨʫʧʘ ʿʝ ʧʨʚʝʥʩʪʚʝʥʦ 

ʧʦʩʚʝ˂ʝʥʘ ʧʨʘʚˀʝˁʫ ʧʨʦʮʝʜʫʨʘ ʢʦʿʝ ʩʫ ʚʝʟʘʥʝ ʟʘ ʫʧʨʘʚˀʘˁʝ ʤʝʩʪʦʤ ʟʣʦʯʠʥʘ, ʘ ʦʜʥʦʩʝ ʩʝ ʥʘ 

ʠʜʝʥʪʠʬʠʢʘʮʠʿʫ, ʩʘʢʫʧˀʘˁʝ, ʧʘʢʦʚʘˁʝ, ʯʫʚʘˁʝ ʠ ʪʨʘʥʩʧʦʨʪ ʜʦʢʘʟʘ ʢʦʿʠ ʩʘʜʨʞʝ ʥʫʢʣʝʘʨʥʠ 

ʠʣʠ ʜʨʫʛʠ ʨʘʜʠʦʘʢʪʠʚʥʠ ʤʘʪʝʨʠʿʘʣ. ʆʚʝ ʧʨʦʮʝʜʫʨʝ ʩʫ ʜʦʙʨʦ ʧʦʟʥʘʪʝ ʧʨʠʧʘʜʥʠʮʠʤʘ ʦʨʛʘʥʘ 

ʨʝʜʘ, ʘʣʠ ʩʘʤʦ ʢʘʜ ʿʝ ʨʝʯ ʦ ʢʦʥʚʝʥʮʠʦʥʘʣʥʠʤ ʜʦʢʘʟʠʤʘ, ʩʪʦʛʘ Evidence Task Group ʠʛʨʘ ʚʘʞʥʫ 

ʫʣʦʛʫ ʫ ˁʠʭʦʚʦʤ ʫʧʦʟʥʘʚʘˁʫ ʩʘ ʜʘʪʦʤ ʤʘʪʝʨʠʿʦʤ. 

2. ʈʘʜʥʘ ʛʨʫʧʘ ʢʦʿʘ ʩʝ ʙʘʚʠ ʢʦʤʫʥʠʢʘʮʦʿʦʤ, ʧʨʦʤʦʮʠʿʦʤ ʠ ʪʨʝʥʠʥʛʦʤ (Communications, 

outreach, and training Task Group) - ʛʣʘʚʥʠ ʟʘʜʘʪʘʢ ʦʚʝ ʛʨʫʧʝ ʦʛʣʝʜʘ ʩʝ ʫ ʧʨʫʞʘˁʫ ʧʦʤʦ˂ʠ 

ʫʯʝʩʥʠʮʠʤʘ ITWG ʜʘ ʥʘ ʰʪʦ ʝʬʠʢʘʩʥʠʿʠ ʥʘʯʠʥ ʠʟʚʨʰʝ ʨʘʟʤʝʥʫ ʠʥʬʦʨʤʘʮʠʿʘ ʚʝʟʘʥʠʭ ʟʘ ʨʘʜ 

ʫ ʦʢʚʠʨʠʤʘ ʥʫʢʣʝʘʨʥʝ ʬʦʨʝʥʟʠʢʝ ʥʘ ʥʘʮʠʦʥʘʣʥʦʤ ʠ ʠʥʪʝʨʥʘʮʠʦʥʘʣʥʦʤ ʥʠʚʦʫ ʢʘʦ ʠ ʩʘ 

ʜʨʫʛʠʤ ʛʨʫʧʘʤʘ ʠ ʦʨʛʘʥʠʟʘʮʠʿʘʤʘ ʯʠʿʘ ʿʝ ʠʥʪʝʨʝʩʥʘ ʩʬʝʨʘ ʥʫʢʣʝʘʨʥʘ ʬʦʨʝʥʟʠʢʘ. ʇʦʨʝʜ ʪʦʛʘ, 

ʦʚʘ ʛʨʫʧʘ ʿʝ ʫʩʨʝʜʩʨʝʹʝʥʘ ʠ ʥʘ ʦʨʛʘʥʠʟʘʮʠʿʫ, ʨʘʟʚʦʿ ʠ ʠʤʧʣʝʤʝʥʪʘʮʠʿʫ ʝʜʫʢʘʪʠʚʥʠʭ ʠ 

ʧʨʘʢʪʠʯʥʠʭ ʪʨʝʥʠʥʛ ʢʫʨʩʝʚʘ ʢʦʿʠ ʩʝ ʪʠʯʫ ʪʝʤʘ ʥʫʢʣʝʘʨʥʝ ʙʝʟʙʝʜʥʦʩʪʠ ʠ ʥʫʢʣʝʘʨʥʝ 

ʬʦʨʝʥʟʠʢʝ, ʢʘʦ ʰʪʦ ʩʫ ʫʧʨʘʚˀʘˁʝ ʨʘʜʠʦʣʦʰʢʠʤ ʤʝʩʪʦʤ ʟʣʦʯʠʥʘ, ʤʝʪʦʜʝ ʥʫʢʣʝʘʨʥʝ 

ʬʦʨʝʥʟʠʢʝ, ʠ ʫʚʦʜ ʫ ʥʫʢʣʝʘʨʥʫ ʬʦʨʝʥʟʠʢʫ. 

3. ʈʘʜʥʘ ʛʨʫʧʘ ʢʦʿʘ ʩʝ ʙʘʚʠ ʫʧʫʪʩʪʚʠʤʘ ʠ ʧʨʦʮʝʜʫʨʘʤʘ ʟʘ ʤʝʨʝˁʝ (Guidelines Task Group) ï ʋ 

ʮʠˀʫ ʫʩʧʦʩʪʘʚˀʘˁʘ ʰʪʦ ʯʚʨʰ˂ʝʛ ʥʘʫʯʥʦʛ ʪʝʤʝˀʘ ʫʥʫʪʘʨ ʥʫʢʣʝʘʨʥʝ ʬʦʨʝʥʟʠʢʝ ʢʘʦ ʥʦʚʝ 

ʥʘʫʯʥʦʠʩʪʨʘʞʠʚʘʯʢʝ ʜʠʩʮʠʧʣʠʥʝ, ʥʘ ʨʝʜʦʚʥʦʿ ʙʘʟʠ ʩʝ ʠʟʜʘʿʫ ʩʤʝʨʥʠʮʝ ʫ ʦʙʣʠʢʫ ʜʦʢʫʤʝʥʪʘ 

('guidelines'), ʢʦʿʝ ʦʣʘʢʰʘʚʘʿʫ, ʧʦʜʩʧʝʰʫʿʫ ʠ ʫʥʘʧʨʝʹʫʿʫ ʨʘʜ ʩʚʘʢʦʛ ʧʦʿʝʜʠʥʮʘ ʧʘ ʠ 

ʦʨʛʘʥʠʟʘʮʠʿʝ ʫʥʫʪʘʨ ʧʦʤʝʥʫʪʝ ʦʙʣʘʩʪʠ. ʉʤʝʨʥʠʮʝ ʩʝ ʪʠʯʫ ʩʚʠʭ ʘʩʧʝʢʘʪʘ ʥʫʢʣʝʘʨʥʝ 

ʬʦʨʝʥʟʠʢʝ, ʦʜ ʢʦʣʝʢʮʠʿʝ ʫʟʦʨʘʢʘ, ʧʨʝʢʦ ʧʦʪʨʝʙʥʠʭ ʘʥʘʣʠʟʘ ʜʦ ʪʫʤʘʯʝˁʘ ʨʝʟʫʣʪʘʪʘ. ʋ 

ʟʘʚʠʩʥʦʩʪʠ ʦʜ ʠʥʪʝʨʝʩʦʚʘˁʘ ʠ ʧʦʪʨʝʙʘ ʫʥʫʪʘʨ ITWG, ʜʦʜʘʪʥʝ ʩʤʝʨʥʠʮʝ ʤʦʛʫ ʙʠʪʠ ʨʘʟʚʠʿʝʥʝ 

ʠ ʧʫʙʣʠʢʦʚʘʥʝ. 

4. ʈʘʜʥʘ ʛʨʫʧʘ ʢʦʿʘ ʩʝ ʙʘʚʠ ʤʝʹʫʣʘʙʦʨʘʪʦʨʠʿʩʢʠʤ ʚʝʞʙʘʤʘ (Exercise Task Group) ï ITWG ʪʘʢʦʹʝ 

ʧʨʝʜʩʪʘʚˀʘ ʧʣʘʪʬʦʨʤʫ ʧʦʩʨʝʜʩʪʚʦʤ ʢʦʿʝ ʩʝ ʦʜʨʞʘʚʘʿʫ ʚʝʞʙʝ ʤʝʹʫʧʦʨʝʹʝˁʘ ʥʘ ʪʝʤʫ 

ʥʫʢʣʝʘʨʥʝ ʬʦʨʝʥʟʠʢʝ ʢʦʿʝ ʩʝ ʥʘʟʠʚʘʿʫ CMX ʚʝʞʙʝ (Collaborative Material Exercise). Exercise 

Task Group ʿʝ ʪʝʣʦ ʫʥʫʪʘʨ ITWG ʢʦʿʝ ʿʝ ʟʘʜʫʞʝʥʦ ʟʘ ʠʤʧʣʝʤʝʥʪʘʮʠʿʫ ʠ ʢʦʦʨʜʠʥʘʮʠʿʫ ʦʚʠʭ 

ʚʝʞʙʠ. ʇʨʘʚʦ ʫʯʝʰ˂ʘ ʥʘ ʦʚʠʤ ʚʝʞʙʘʤʘ ʠʤʘʿʫ ʩʚʝ ʣʘʙʦʨʘʪʦʨʠʿʝ ʢʦʿʝ ʧʦʩʝʜʫʿʫ ʧʦʪʨʝʙʥʫ 

ʠʥʬʨʘʩʪʨʫʢʪʫʨʫ (ʢʘʢʦ ʪʝʭʥʠʯʢʫ ʪʘʢʦ ʠ ˀʫʜʩʢʝ ʨʝʩʫʨʩʝ). ʉʚʝ ʣʘʙʦʨʘʪʦʨʠʿʝ ʫʯʝʩʥʠʮʠ CMX 

ʚʝʞʙʠ ʜʦʙʠʿʘʿʫ ʠʜʝʥʪʠʯʘʥ ʫʟʦʨʘʢ ʥʫʢʣʝʘʨʥʦʛ ʠʣʠ ʨʘʜʠʦʘʢʪʠʚʥʦʛ ʤʘʪʝʨʠʿʘʣʘ, ʠ ʦʜ ˁʠʭ ʩʝ 

ʪʨʘʞʠ ʜʘ ʧʨʫʞʝ ʩʚʦʿʘ ʥʫʢʣʝʘʨʥʦ ʬʦʨʝʥʟʠʯʢʘ ʦʪʢʨʠ˂ʘ ʥʘ ʪʘʿ ʥʘʯʠʥ ʰʪʦ ˂ʝ ʠʩʧʦʩʪʘʚʠʪʠ ʩʚʘʢʠ 

ʦʜ ʪʨʠ ʪʠʧʘ ʠʟʚʝʰʪʘʿʘ ʢʦʿʠ ʩʫ ʧʨʝʧʦʨʫʯʝʥʠ ʦʜ ʩʪʨʘʥʝ ITWG (24-ʯʘʩʦʚʥʠ ʠʟʚʝʰʪʘʿ, ʠʟʚʝʰʪʘʿ 

ʥʘʢʦʥ 1 ʥʝʜʝˀʝ ʠ ʠʟʚʝʰʪʘʿ ʥʘʢʦʥ 2 ʤʝʩʝʮʘ). ʇʦʩʣʝ ʧʨʝʜʘʚʘˁʘ ʜʚʦʤʝʩʝʯʥʦʛ ʠʟʚʝʰʪʘʿʘ, 

ʦʜʨʞʘʚʘ ʩʝ ʩʘʩʪʘʥʘʢ ʥʘ ʢʦʤ ʩʝ ʧʨʝʛʣʝʜʘʿʫ ʠ ʨʘʟʤʘʪʨʘʿʫ ʧʦʜʥʝʪʠ ʠʟʚʝʰʪʘʿʠ (Data Review 

Meeting), ʥʘ ʢʦʤʝ ʫʯʝʩʥʠʮʠ ʜʠʩʢʫʪʫʿʫ ʠ ʨʘʟʤʝˁʫʿʫ ʠʩʢʫʩʪʚʘ ʦ ʥʘʿʙʦˀʠʤ ʧʨʘʢʩʘʤʘ ʧʨʠ 

ʨʫʢʦʚʘˁʫ ʠ ʠʩʪʨʘʛʘʤʘ ʥʘ ʜʘʪʦʤ ʪʠʧʫ ʫʟʦʨʢʘ. ʏʝʩʪʦ, ʫ ʦʚʠʤ ʧʨʠʣʠʢʘʤʘ ʧʨʘʢʩʝ ʢʦʿʝ ʩʝ 

ʧʨʠʤʝˁʫʿʫ ʫ ʥʫʢʣʝʘʨʥʦʿ ʬʦʨʝʥʟʠʮʠ ʤʦʛʫ ʥʘ˂ʠ ʩʚʦʿʝ ʤʝʩʪʦ ʠ ʫ ʪʨʘʜʠʮʠʦʥʘʣʥʦ ʬʦʨʝʥʟʠʯʢʠʤ 

ʠʩʪʨʘʛʘʤʘ. 

5. ʈʘʜʥʘ ʛʨʫʧʘ ʢʦʿʘ ʩʝ ʙʘʚʠ ʢʦʿʘ ʩʝ ʙʘʚʠ ʅʘʮʠʦʥʘʣʥʦʤ ʙʘʟʦʤ ʧʦʜʘʪʘʢʘ ʥʫʢʣʝʘʨʥʝ ʬʦʨʝʥʟʠʢʝ 

(National Nuclear Forensics Libraries Task Group) ï ɸʥʘʣʠʟʦʤ ʨʝʟʫʣʪʘʪʘ CMX ʚʝʞʙʠ, 
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ʫʪʚʨʜʠʣʘ ʩʝ ʧʦʪʨʝʙʘ ʟʘ ʩʪʚʘʨʘˁʝʤ ʙʘʟʝ ʧʦʜʘʪʘʢʘ ʥʫʢʣʝʘʨʥʠʭ ʤʘʪʝʨʠʿʘʣʘ ʢʦʿʘ ʙʠ ʦʤʦʛʫ˂ʠʣʘ 

ʧʦʨʝʹʝˁʘ ʠʟʤʝʹʫ ʨʘʟʣʠʯʠʪʠʭ ʤʘʪʝʨʠʿʘʣʘ ʠ ʧʨʦʮʝʩʘ ʧʦʟʥʘʪʦʛ ʧʦʨʝʢʣʘ ʠ ʫʟʦʨʢʘ (ʜʦʢʘʟʘ) ʠʟ 

ʜʦʛʘʹʘʿʘ ʚʝʟʘʥʦʛ ʟʘ ʥʫʢʣʝʘʨʥʫ ʙʝʟʙʝʜʥʦʩʪ ʢʘʢʦ ʙʠ ʩʝ ʜʦʙʠʣʦ ʧʦʟʠʪʠʚʥʦ ʧʦʢʣʘʧʘˁʝ ʠ, 

ʧʦʩʣʝʜʠʯʥʦ, ʠʜʝʥʪʠʬʠʢʘʮʠʿʘ ʤʘʪʝʨʠʿʘʣʘ. ʉʘ ʪʠʤ ʮʠˀʝʤ 2009. ʛʦʜʠʥʝ, ʫʥʫʪʘʨ ITWG, 

ʦʩʥʦʚʘʥʘ ʿʝ National Nuclear Forensics Libraries Task Group. ʅʘʮʠʦʥʘʣʥʘ ʙʘʟʘ ʧʦʜʘʪʘʢʘ 

ʥʫʢʣʝʘʨʥʝ ʬʦʨʝʥʟʠʢʝ (national nuclear forensic library - NNFL) ʧʨʝʜʩʪʘʚˀʘ ʩʢʫʧ ʠʥʬʦʨʤʘʮʠʿʘ 

ʢʦʿʝ ʩʫ ʨʝʣʝʚʘʥʪʥʝ ʟʘ ʥʫʢʣʝʘʨʥʦʬʦʨʝʥʟʠʯʢʫ ʠʩʪʨʘʛʫ, ʘ ʪʠʯʫ ʩʝ ʥʫʢʣʝʘʨʥʠʭ ʠ ʨʘʜʠʦʢʪʠʚʥʠʭ 

ʤʘʪʝʨʠʿʘʣʘ ʢʦʿʠ ʩʝ ʠʣʠ ʥʘʣʘʟʝ ʠʣʠ ʩʫ ʧʨʦʠʟʚʝʜʝʥʠ ʫ ʦʜʨʝʹʝʥʦʿ ʟʝʤˀʠ [ITWG,2011]. NNFL 

ʦʚʝ ʠʥʬʦʨʤʘʮʠʿʝ ʤʦʞʝ ʩʘʜʨʞʘʪʠ ʠʥʫʪʘʨ ʿʝʜʥʝ ʠʣʠ ʚʠʰʝ ʙʘʟʘ ʧʦʜʘʪʘʢʘ, ʠʣʠ ʫ ʦʙʣʠʢʫ ʬʠʟʠʯʢʝ 

ʘʨʭʠʚʝ ʫʟʦʨʘʢʘ. ʋ ʙʘʟʠ ʧʦʜʘʪʘʢʘ ʩʝ ʥʘʣʘʟʝ ʠʥʬʦʨʤʘʮʠʿʝ ʦʜ ʦʜʨʝʹʝʥʤ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘʤʘ, ʢʦʿʝ 

ʧʦʤʘʞʫ ʫ ʜʠʩʪʠʥʢʮʠʿʠ ʿʝʜʥʦʛ ʥʫʢʣʝʘʨʥʦʛ ʠʣʠ ʨʘʜʠʦʘʢʪʠʚʥʦʛ ʤʘʪʝʨʠʿʘʣʘ ʦʜ ʜʨʫʛʦʛ. 

ʆʚʘ ʛʨʫʧʘ ʪʘʢʦʹʝ ʦʨʛʘʥʠʟʫʿʝ ʠ ʦʥʣʘʿʥ (ʚʠʨʪʫʝʣʥʝ) ʚʝʞʙʝ (virtual tabletop exercise-TTX) ʢʦʿʝ 

ʩʫ ʜʦʙʠʣʝ ʥʘʟʠʚ ''Galaxy Serpent'' ʥʘ ʪʝʤʫ NNFL. Galaxy Serpent ʚʝʞʙʝ ʠʤʘʿʫ ʟʘ ʮʠˀ ʩʪʚʘʨʘˁʝ 

ʧʨʦʪʦʪʠʧʘ ʥʘʮʠʦʥʘʣʥʠʭ ʥʫʢʣʝʘʨʥʦʬʦʨʝʥʟʠʯʢʠʭ ʙʠʙʣʠʦʪʝʢʘ ʢʦʨʠʩʪʝ˂ʠ ʧʦʜʘʪʢʝ ʩʥʘʙʜʝʚʝʥʝ 

ʦʜ ʩʪʨʘʥʝ ʦʨʛʘʥʠʟʘʪʦʨʘ ʚʝʞʙʝ. ʉʝʢʫʥʜʘʨʥʠ ʮʠˀ ʿʝ ʠ ʨʘʟʚʠʿʘˁʝ ʘʥʘʣʠʪʠʯʢʦʛ ʘʣʘʪʘ ʢʦʜ 

ʫʯʝʩʥʠʢʘ ʚʝʞʙʝ, ʢʦʿʠ ʩʝ ʦʩʪʚʘʨʫʿʝ ʧʫʪʝʤ ʧʨʦʚʝʨʝ ʜʘ ʣʠ ʿʝ ʥʝʢʠ ʭʠʧʦʪʝʪʠʯʢʠ ʟʘʧʣʝˁʝʥ 

ʤʘʪʝʨʠʿʘʣ ʢʦʥʟʠʩʪʝʥʪʘʥ ʠʣʠ ʥʝ ʩʘ ʧʦʜʘʮʠʤʘ ʢʦʿʝ ʩʫ ʦʥʠ ʫʥʝʣʠ ʫ ʧʨʦʪʦʪʠʧ ʙʠʙʣʠʦʪʝʢʝ. 

 ɻʣʦʙʘʣʥʘ ʠʥʠʮʠʿʘʪʠʚʘ ʟʘ ʙʦʨʙʫ ʧʨʦʪʠʚ ʥʫʢʣʝʘʨʥʦʛ ʪʝʨʦʨʠʟʤʘ (GICNT) 

ɻʣʦʙʘʣʥʘ ʠʥʠʮʠʿʘʪʠʚʘ ʟʘ ʙʦʨʙʫ ʧʨʦʪʠʚ ʥʫʢʣʝʘʨʥʦʛ ʪʝʨʦʨʠʟʤʘ (Global Initiative to Combat Nuclear 

Terrorism ï GICNT) ʿʝ ʦʩʥʦʚʘʥʘ 2006. ʛʦʜʠʥʝ ʧʦʜ ʢʦʥʪʝʢʩʪʦʤ 'ʜʦʙʨʦʚʦˀʥʦʛ ʧʘʨʪʥʝʨʩʪʚʘ 88 ʟʝʤʘˀʘ 

ʠ ʧʝʪ ʠʥʪʝʨʥʘʮʠʦʥʘʣʥʠʭ ʦʨʛʘʥʠʟʘʮʠʿʘ ʢʦʿʠ ʩʫ ʟʘʿʝʜʥʠʯʢʠʤ ʩʥʘʛʘʤʘ ʧʦʩʚʝ˂ʝʥʠ ʿʘʯʘˁʫ ʛʣʦʙʘʣʥʠʭ 

ʤʦʛʫ˂ʥʦʩʪʠ ʟʘ ʧʨʝʚʝʥʮʠʿʫ, ʜʝʪʝʢʮʠʿʫ ʠ ʦʜʛʦʚʦʨ ʥʘ ʘʢʪ ʥʫʢʣʝʘʨʥʦʛ ʪʝʨʦʨʠʟʤʘ'. ʉʚʝ ʟʝʤˀʝ ʯʣʘʥʠʮʝ ʩʫ 

ʩʝ ʜʦʙʨʦʚʦˀʥʦ ʧʦʩʚʝʪʠʣʝ ʠʤʧʣʝʤʝʥʪʘʮʠʿʠ Ăʀʩʢʘʟʘ ʦ ʥʘʯʝʣʠʤʘ ñ, ʢʦʿʠ ʫ ʩʪʚʘʨʠ ʧʨʝʜʩʪʘʚˀʘ ʩʢʫʧ 

ʰʠʨʠʭ ʥʘʯʝʣʘ ʚʝʟʘʥʠʭ ʟʘ ʥʫʢʣʝʘʨʥʫ ʙʝʟʙʝʜʥʦʩʪ ʠ ʢʦʿʠ ʦʙʫʭʚʘʪʘ ʜʠʿʘʧʘʟʦʥ ʧʦʚʝʟʘʥʠʭ ʮʠˀʝʚʘ. ʎʠˀ 

ʠʥʠʮʠʿʘʪʠʚʝ ʿʝ ʜʘ ʩʝ ʧʨʝʥʝʩʫ ʠʩʢʫʩʪʚʦ ʠ ʝʢʩʧʝʨʪʠʟʘ ʩʪʝʯʝʥʠ ʠʟ ʦʙʣʘʩʪʠ ʥʝʧʨʦʣʠʬʝʨʘʮʠʿʝ, ʙʦʨʙʝ 

ʧʨʦʪʠʚ ʧʨʦʣʠʬʝʨʘʮʠʿʝ ʠ ʥʫʢʣʝʘʨʥʦʛ ʪʝʨʦʨʠʟʤʘ, ʜʘ ʩʝ ʫ ʦʢʚʠʨʫ ʜʦʙʨʦʚʦˀʥʦʛ ʠ ʥʝʚʝʟʫʿʫ˂ʝʛ ʦʢʚʠʨʘ 

ʧʨʫʞʠ ʤʦʛʫ˂ʥʦʩʪ ʯʣʘʥʠʮʘʤʘ ʦʚʝ ʠʥʠʮʠʿʘʪʠʚʝ ʜʘ ʧʦʜʝʣʝ ʩʚʦʿʝ ʟʥʘˁʝ ʠ ʝʢʩʧʝʨʪʠʟʫ ʢʘʦ ʠ ʜʘ ʩʝ ʫʜʨʫʞʝ 

ʢʦʣʝʢʪʠʚʥʝ ʩʧʦʩʦʙʥʦʩʪʠ ʠ ʨʝʩʫʨʩʠ ʢʘʢʦ ʙʠ ʩʝ ʠʟʛʨʘʜʠʣʘ ʠ ʫʯʚʨʩʪʠʣʘ ʛʣʦʙʘʣʥʘ ʤʨʝʞʘ ʟʘ ʙʦʨʙʫ 

ʧʨʦʪʠʚ ʥʫʢʣʝʘʨʥʦʛ ʪʝʨʦʨʠʟʤʘ. GICNT ʦʚʝ ʮʠˀʝʚʝ ʩʧʨʦʚʦʜʠ ʫ ʜʝʣʦ ʧʫʪʝʤ ʧʨʘʢʪʠʯʥʠʭ ʠ ʪʝʦʨʝʪʩʢʠʭ 

ʘʥʛʘʞʦʚʘˁʘ ʢʨʦʟ ʨʘʟʥʝ ʘʢʪʠʚʥʦʩʪʠ ʧʦʧʫʪ ʩʝʤʠʥʘʨʘ, ʨʝʛʠʦʥʘʣʥʠʭ ʠ ʤʫʣʪʠʣʘʪʝʨʘʣʥʠʭ ʚʝʞʙʠ, 

ʩʘʩʪʘʥʘʢʘ ʪʝʭʥʠʯʢʠʭ ʝʢʩʧʝʨʘʪʘ, ʪʝʨʝʥʩʢʠʭ ʠ 'tabletop'5 ʚʝʞʙʠ ʢʘʦ ʠ ʨʘʜʥʠʭ ʩʘʩʪʘʥʘʢʘ [GICNT,2018]. 

ʇʘʨʪʥʝʨʩʢʝ ʥʘʮʠʿʝ ʫ ʦʢʚʠʨʫ ɻʣʦʙʘʣʥʝ ʠʥʠʮʠʿʘʪʠʚʝ ʟʘ ʙʦʨʙʫ ʧʨʦʪʠʚ ʥʫʢʣʝʘʨʥʦʛ ʪʝʨʦʨʠʟʤʘ ʥʫʞʥʝ ʩʫ 

ʜʘ ʩʣʝʜʝ ''ʀʩʢʘʟ ʦ ʥʘʯʝʣʠʤʘ'' ʢʘʢʦ ʙʠ, ʫ ʩʪʚʘʨʠ, ʙʠʣʠ ʫ ʤʦʛʫ˂ʥʦʩʪʠ ʜʘ ʨʘʟʚʠʿʫ ʢʦʣʘʙʦʨʘʮʠʿʩʢʝ 

ʩʧʦʩʦʙʥʦʩʪʠ ʟʘ ʙʦʨʙʫ ʧʨʦʪʠʚ ʥʫʢʣʝʘʨʥʦʛ ʪʝʨʦʨʠʟʤʘ, ʘ ʢʦʿʝ ʩʫ ʫ ʩʢʣʘʜʫ ʩʘ ʙʨʦʿʥʠʤ ʤʝʹʫʥʘʨʦʜʥʠʤ 

ʧʨʘʚʥʠʤ ʦʢʚʠʨʠʤʘ, ʧʨʝ ʩʚʝʛʘ Convention on the Physical Protection of Nuclear Material, United Nations 

Security Council Resolutions 1373 ,1540 ʠ Convention for the Suppression of Acts of Nuclear Terrorism. 

''ʀʩʢʘʟ ʦ ʥʘʯʝʣʠʤʘ'' ʩʝ ʩʘʩʪʦʿʠ ʦʜ ʩʣʝʜʝ˂ʠʭ ʧʨʠʥʮʠʧʘ [GICNT,2018]:  

1. ʋʢʦʣʠʢʦ ʿʝ ʥʝʦʧʭʦʜʥʦ ʨʘʟʚʠʪʠ ʠ ʧʦʙʦˀʰʘʪʠ ʩʠʩʪʝʤʝ ʟʘ ʫʨʘʯʫʥʘʚʘˁʝ, ʢʦʥʪʨʦʣʫ ʠ ʬʠʟʠʯʢʫ 

ʟʘʰʪʠʪʫ ʥʫʢʣʝʘʨʥʠʭ ʠ ʜʨʫʛʠʭ ʨʘʜʠʦʘʢʪʠʚʥʠʭ ʩʫʧʩʪʘʥʮʠ ʠ ʤʘʪʝʨʠʿʘʣʘ. 

                                                      
5 ɺʝʞʙʘ ʢʦʿʘ ʟʘ ʮʠˀ ʠʤʘ ʨʝʘʣʠʟʘʮʠʿʫ ʫʥʘʧʨʝʜ ʟʘʜʘʪʦʛ ʩʮʝʥʘʨʠʿʘ ʢʨʦʟ ʘʢʪʠʚʥʦʩʪʠ ʫʯʝʩʥʠʢʘ 
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2. ʇʦʚʝ˂ʘʪʠ ʩʠʛʫʨʥʦʩʥʝ ʤʝʨʝ ʥʘ ʮʠʚʠʣʥʠʤ ʥʫʢʣʝʘʨʥʠʤ ʫʩʪʘʥʦʚʘʤʘ. 

3. ʋʥʘʧʨʝʜʠʪʠ ʩʧʦʩʦʙʥʦʩʪʠ ʟʘ ʜʝʪʝʢʮʠʿʫ ʥʫʢʣʝʘʨʥʦʛ ʠ ʜʨʫʛʦʛ ʨʘʜʠʦʘʢʪʠʚʥʦʛ ʤʘʪʝʨʠʿʘʣʘ ʠ 

ʩʫʧʩʪʘʥʮʠ ʢʘʢʦ ʙʠ ʩʝ ʩʧʨʝʯʠʣʘ ʥʝʟʘʢʦʥʠʪʘ ʪʨʛʦʚʠʥʘ ʦʚʠʤ ʤʘʪʝʨʠʿʘʣʠʤʘ, ʫʢˀʫʯʫʿʫ˂ʠ 

ʩʘʨʘʜˁʫ ʫ ʠʩʪʨʘʞʠʚʘˁʫ ʠ ʨʘʟʚʦʿʫ ʢʘʧʠʮʠʪʝʪʘ ʟʘ ʜʝʪʝʢʮʠʿʫ ʥʘ ʥʘʮʠʦʥʘʣʥʦʤ ʥʠʚʦʫ ʢʦʿʠ ʙʠ 

ʙʠʣʠ ʦʪʚʦʨʝʥʠ ʟʘ ʰʠʨʫ ʫʧʦʪʨʝʙʫ. 

4. ʋʥʘʧʨʝʜʠʪʠ ʢʘʧʘʮʠʪʝʪʝ ʫʯʝʩʥʠʢʘ ʫ ʚʠʜʫ ʧʦʪʨʘʛʝ, ʟʘʧʣʝʥʝ ʠ ʫʩʧʦʩʪʘʚˀʘˁʘ ʩʠʛʫʨʥʝ ʢʦʥʪʨʦʣʝ 

ʥʘʜ ʥʫʢʣʝʘʨʥʠʤ ʠ ʜʨʫʛʠʤ ʨʘʜʠʦʘʢʪʠʚʥʠʤ ʤʘʪʝʨʠʿʘʣʠʤʘ ʠ ʩʫʧʩʪʘʥʮʘʤʘ (ʫ ʥʘʧʨʘʚʘʤʘ ʢʦʿʝ ʠʭ 

ʢʦʨʠʩʪʝ) ʢʦʿʫ ʩʫ ʫ ʥʝʟʘʢʦʥʠʪʦʤ ʧʦʩʝʜʫ. 

5. ʇʨʝʚʝʥʮʠʿʘ ʜʘʚʘˁʫ ʩʠʛʫʨʥʦʛ ʫʪʦʯʠʰʪʘ, ʬʠʥʘʥʩʠʿʩʢʠʭ ʠ ʝʢʦʥʦʤʩʢʠʭ ʨʝʩʫʨʩʘ ʪʝʨʦʨʠʩʪʠʤʘ 

ʢʦʿʠ ʞʝʣʝ ʜʘ ʧʨʠʙʘʚʝ ʥʫʢʣʝʘʨʥʠ ʠ ʜʨʫʛʠ ʨʘʜʠʦʘʢʪʠʚʥʠ ʤʘʪʝʨʠʿʘʣ. 

6. ʆʙʝʟʙʝʹʠʚʘˁʝ ʦʜʛʦʚʘʨʘʿʫ˂ʠʭ ʥʘʮʠʦʥʘʣʥʠʭ ʠ ʨʝʛʫʣʘʪʦʨʥʠʭ ʧʨʘʚʥʠʭ ʦʢʚʠʨʘ ʢʦʿʠ ʙʠ 

ʦʙʝʟʙʝʜʠʣʠ ʠʤʧʣʝʤʝʥʪʘʮʠʿʫ ʧʨʠʧʘʜʘʿʫ˂ʠʭ ʦʜʛʦʚʦʨʥʦʩʪʠ ʟʘ ʪʝʨʦʨʠʩʪʝ ʠʣʠ ʮʠʚʠʣʝ ʢʦʿʠ 

ʧʦʜʩʧʝʰʫʿʫ ʘʢʪʝ ʥʫʢʣʝʘʨʥʦʛ ʪʝʨʦʨʠʟʤʘ. 

7. ʇʦʙʦˀʰʘˁʝ ʩʧʦʩʦʙʥʦʩʪʠ ʫʯʝʩʥʠʢʘ ʟʘ ʦʜʛʦʚʦʨ, ʤʠʪʠʛʘʮʠʿʫ ʠ ʠʩʪʨʘʛʫ ʫ ʩʣʫʯʘʿʝʚʠʤʘ 

ʪʝʨʦʨʠʩʪʠʯʢʠʭ ʥʘʧʘʜʘ ʢʦʿʠ ʫʢˀʫʯʫʿʫ ʫʧʦʪʨʝʙʫ ʥʫʢʣʝʘʨʥʦʛ ʠ ʜʨʫʛʦʛ ʨʘʜʠʦʘʢʪʠʚʥʦʛ 

ʤʘʪʝʨʠʿʘʣʘ, ʫʢˀʫʯʫʿʫ˂ʠ ʠ ʨʘʟʚʦʿ ʩʧʦʩʦʙʥʦʩʪʠ ʟʘ ʠʜʝʥʪʠʬʠʢʘʮʠʿʫ ʦʚʠʭ ʤʘʪʝʨʠʿʘʣʘ ʢʦʿʠ ʿʝʩʫ 

ʠʣʠ ʤʦʛʫ ʙʠʪʠ ʫʢˀʫʯʝʥʠ ʫ ʜʘʪʠ ʠʥʮʠʜʝʥʪ. 

8. ʇʦʩʧʝʰʠʚʘˁʝ ʧʨʦʪʦʢʘ ʠʥʬʦʨʤʘʮʠʿʘ ʢʦʿʝ ʧʨʝʪʭʦʜʝ ʩʫʧʨʝʩʠʿʠ ʘʢʘʪʘ ʥʫʢʣʝʘʨʥʦʛ ʪʝʨʦʨʠʟʤʘ ʠ 

ˁʝʛʦʚʦʛ ʧʦʜʩʧʝʰʠʚʘˁʘ, ʧʨʝʜʫʟʠʤʘˁʝ ʦʜʛʦʚʘʨʘʿʫ˂ʠʭ ʤʝʨʘ ʢʦʿʝ ʩʫ ʢʦʥʟʠʩʪʝʥʪʥʝ ʩʘ 

ʥʘʮʠʦʥʘʣʥʠʤ ʧʨʘʚʥʠʤ ʦʢʚʠʨʠʤʘ ʠ ʤʝʹʫʥʘʨʦʜʥʠʤ ʦʙʘʚʝʟʘʤʘ ʫ ʮʠˀʫ ʟʘʰʪʠʪʝ ʧʦʚʝʨˀʠʚʦʩʪʠ 

ʠʥʬʦʨʤʘʮʠʿʘ ʢʦʿʝ ʩʫ ʨʘʟʤʝˁʝʥʝ ʫ ʧʦʚʝʨʝˁʫ. 

GICNT ʩʚʦʿ ʨʘʜ ʨʝʘʣʠʟʫʿʝ ʧʨʝʢʦ ʨʘʜʥʠʭ ʛʨʫʧʘ, ʩʣʠʯʥʦ ʢʘʦ ʰʪʦ ʿʝ ʩʣʫʯʘʿ ʠ ʢʦʜ ʄʝʹʫʥʘʨʦʜʥʝ ʈʘʜʥʝ 

ɻʨʫʧʝ ʟʘ ʅʫʢʣʝʘʨʥʫ ʌʦʨʝʥʟʠʢʫ. ʋ ʦʚʦʿ ʠʥʩʪʘʥʮʠ, ʪʦ ʩʫ ʪʨʠ ʨʘʜʥʝ ʛʨʫʧʝ:  

¶ ʈʘʜʥʘ ʛʨʫʧʘ ʟʘ ʥʫʢʣʝʘʨʥʫ ʬʦʨʝʥʟʠʢʫ (Nuclear Forensics Working Group - NFWG) 

¶ ʈʘʜʥʘ ʛʨʫʧʘ ʦʜʛʦʚʦʨ ʠ ʤʠʪʠʛʘʮʠʿʫ (Response and Mitigation Working Group - RMWG) 

¶ ʈʘʜʥʘ ʛʨʫʧʘ ʟʘ ʥʫʢʣʝʘʨʥʫ ʜʝʪʝʢʮʠʿʫ (Nuclear Detection Working Group - NDWG) 

ʋʢʫʧʥʫ ʘʢʪʠʚʥʦʩʪ ʠ ʩʘʨʘʜˁʫ ʠʟʤʝʹʫ ʪʨʠ ʨʘʜʥʝ ʛʨʫʧʝ ʥʘʜʛʣʝʜʘ ʧʨʝʜʩʝʜʘʚʘʿʫ˂ʠ ɻʨʫʧʝ ʟʘ 

ʠʤʧʣʝʤʝʥʪʘʮʠʿʫ ʠ ʧʨʦʮʝʥʫ (Implementation and Assessment Group (IAG)) [Apostol,2016].  ʈʘʜʥʘ ʛʨʫʧʘ 

ʟʘ ʥʫʢʣʝʘʨʥʫ ʬʦʨʝʥʟʠʢʫ ʠʤʘ ʟʘ ʮʠˀ ʫʥʘʧʨʝʹʝˁʝ ʩʧʦʩʦʙʥʦʩʪʠ ʫ ʦʙʣʘʩʪʠ ʥʫʢʣʝʘʨʥʝ ʬʦʨʝʥʟʠʢʝ ʢʘʦ 

ʥʘʫʯʥʝ ʜʠʩʮʠʧʣʠʥʝ ʥʘ ʛʣʦʙʘʣʥʦʤ ʥʠʚʦʫ, ʰʪʦ ʢʘʦ ʜʠʨʝʢʪʥʫ ʧʦʩʣʝʜʠʮʫ ʠʤʘ ʧʦʙʦˀʰʘˁʝ ʩʧʦʩʦʙʥʦʩʪʠ 

ʿʝʜʥʝ ʜʨʞʘʚʝ ʜʘ ʧʨʦʮʝʥʠ ʠ ʫʩʧʦʩʪʘʚʠ ʚʝʟʝ ʠʟʤʝʹʫ ʢʦʥʢʨʝʪʥʦʛ ʥʫʢʣʝʘʨʥʦʛ ʠʣʠ ʨʘʜʠʦʘʢʪʠʚʥʦʛ 

ʤʘʪʝʨʠʿʘʣʘ ʠ ʦʥʠʭ ʢʦʿʠ ʧʦʢʫʰʘʿʫ ʜʘ ʪʘʿ ʤʘʪʝʨʠʿʘʣ ʥʝʣʝʛʘʣʥʦ ʧʦʩʝʜʫʿʫ, ʢʦʨʠʩʪʝ ʠʣʠ ʪʨʘʥʩʧʦʨʪʫʿʫ. 

ʂʘʢʦ ʙʠ ʩʝ ʜʘʪʠ ʮʠˀ ʦʩʪʚʘʨʠʦ, NFWG ʧʦʢʣʘˁʘ ʧʦʩʝʙʥʫ ʧʘʞˁʫ ʩʣʝʜʝ˂ʠʤ ʘʢʮʠʿʘʤʘ [GICNT,2018]: 

¶ ʈʘʟʚʦʿ ʩʤʝʨʥʠʮʘ ʠ ʩʧʨʦʚʦʹʝˁʝ ʘʢʪʠʚʥʦʩʪʠ ʧʦʜʨʰʢʝ 

¶ ʇʦʩʧʝʰʠʚʘˁʝ ʨʘʟʤʝʥʝ ʥʘʿʙʦˀʠʭ ʧʨʘʢʩʠ ʫ ʦʙʣʘʩʪʠ ʥʫʢʣʝʘʨʥʝ ʬʦʨʝʥʟʠʢʝ 

¶ ʇʦʜʠʟʘˁʝ ʩʚʝʩʪʠ ʦ ʥʫʢʣʝʘʨʥʦʿ ʬʦʨʝʥʟʠʮʠ ʢʘʦ ʥʘʫʯʥʦʿ ʜʠʩʮʠʧʣʠʥʠ ʤʝʹʫ ʧʨʝʜʩʪʘʚʥʠʮʠʤʘ 

ʚʣʘʩʪʠ ï ʣʠʜʝʨʠʤʘ ʟʝʤʘˀʘ ʯʣʘʥʠʮʘ 

¶ ʇʦʤʘʛʘˁʝ ʧʘʨʪʥʝʨʩʢʠʤ ʥʘʮʠʿʘʤʘ ʧʨʠ ʫʩʧʦʩʪʘʚˀʘˁʫ ʠ ʦʜʨʞʘʚʘˁʫ ʢʘʧʘʮʠʪʝʪʘ ʫ ʦʙʣʘʩʪʠ 

ʥʫʢʣʝʘʨʥʝ ʬʦʨʝʥʟʠʢʝ ʢʘʦ ʠ ʧʦʜʩʪʠʮʘˁʝ ʫʥʫʪʨʘʰˁʝ ʠ ʤʝʹʫʥʘʨʦʜʥʝ ʩʘʨʘʜˁʝ. 
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ʋ ʊʘʙʝʣʠ 2.2 ʧʨʠʢʘʟʘʥʝ ʩʫ ʧʘʨʪʥʝʨʩʢʝ ʟʝʤˀʝ ʫʥʫʪʨʘʨ ɻʣʦʙʘʣʥʝ ʠʥʠʮʠʿʘʪʠʚʝ ʟʘ ʙʦʨʙʫ ʧʨʦʪʠʚ 

ʥʫʢʣʝʘʨʥʦʛ ʪʝʨʦʨʠʟʤʘ [GICNT,2018]. 

ʊʘʙʝʣʘ 2.2. ʃʠʩʪʘ ʟʝʤʘˀʘ ʯʣʘʥʠʮʝ ɻʣʦʙʘʣʥʝ ʠʥʠʮʠʿʘʪʠʚʝ ʟʘ ʙʦʨʙʫ ʧʨʦʪʠʚ ʥʫʢʣʝʘʨʥʦʛ ʪʝʨʦʨʠʟʤʘ 

[GICNT,2018]. 

ɸʚʛʘʥʠʩʪʘʥ ʂʘʟʘʭʩʪʘʥ ʈʫʤʫʥʠʿʘ 

ɸʟʝʨʙʝʿ˅ʘʥ ʂʘʤʙʦ˅ʘ ʈʫʩʠʿʘ 

ɸʣʙʘʥʠʿʘ ʂʘʥʘʜʘ ʉʘʫʜʠʿʩʢʘ ɸʨʘʙʠʿʘ 

ɸʣʞʠʨ ʂʠʥʘ ʉʝʿʰʝʣʠ 

ɸʨʛʝʥʪʠʥʘ ʂʠʧʘʨ ʉʠʥʛʘʧʫʨ 

ɸʫʩʪʨʘʣʠʿʘ ʂʠʨʛʠʩʪʘʥ ʉʿʝʜʠˁʝʥʝ ɸʤʝʨʠʯʢʝ ɼʨʞʘʚʝ 

ɸʫʩʪʨʠʿʘ ʃʝʪʦʥʠʿʘ ʉʣʦʚʘʯʢʘ 

ɹʘʭʨʝʠʥ ʃʠʙʠʿʘ ʉʣʦʚʝʥʠʿʘ 

ɹʝʣʛʠʿʘ ʃʠʪʚʘʥʠʿʘ ʉʨʙʠʿʘ 

ɹʝʣʦʨʫʩʠʿʘ ʃʫʢʩʝʤʙʫʨʛ ʊʘʿʣʘʥʜ 

ɹʦʩʥʘ ʠ ʍʝʨʮʝʛʦʚʠʥʘ ʄʘʜʘʛʘʩʢʘʨ ʊʘ˅ʠʢʠʩʪʘʥ 

ɹʫʛʘʨʩʢʘ ʄʘʹʘʨʩʢʘ ʊʫʨʢʤʝʥʠʩʪʘʥ 

ɺʠʿʝʪʥʘʤ ʄʘʢʝʜʦʥʠʿʘ ʊʫʨʩʢʘ 

ɻʨʫʟʠʿʘ ʄʘʣʝʟʠʿʘ ʋʟʙʝʢʠʩʪʘʥ 

ɻʨʯʢʘ ʄʘʣʪʘ ʋʿʝʜʠˁʝʥʠ ɸʨʘʧʩʢʠ ɽʤʠʨʘʪʠ 

ɼʘʥʩʢʘ ʄʘʨʦʢʦ ʋʿʝʜʠˁʝʥʦ ʂʨʘˀʝʚʩʪʚʦ 

ɽʩʪʦʥʠʿʘ ʄʘʫʨʠʮʠʿʫʩ ʋʢʨʘʿʠʥʘ 

ɿʘʤʙʠʿʘ ʄʝʢʩʠʢʦ ʌʠʣʠʧʠʥʠ 

ɿʝʣʝʥʦʨʪʩʢʘ ʆʩʪʨʚʘ ʅʝʤʘʯʢʘ ʌʠʥʩʢʘ 

ʀʟʨʘʝʣ ʅʝʧʘʣ ʌʨʘʥʮʫʩʢʘ 

ʀʥʜʠʿʘ ʅʠʛʝʨʠʿʘ ʍʦʣʘʥʜʠʿʘ 

ʀʨʘʢ ʅʦʚʠ ɿʝʣʘʥʜ ʍʨʚʘʪʩʢʘ 

ʀʨʩʢʘ ʅʦʨʚʝʰʢʘ ʎʨʥʘ ɻʦʨʘ 

ʀʩʣʘʥʜ ʆʙʘʣʘ ʉʣʦʥʦʚʘʯʝ ʏʝʰʢʘ 

ʀʪʘʣʠʿʘ ʇʘʣʘʫ ʏʠʣʝ 

ɱʘʧʘʥ ʇʘʥʘʤʘ ʐʚʘʿʮʘʨʩʢʘ 

ɱʝʨʤʝʥʠʿʘ ʇʘʨʘʛʚʘʿ ʐʚʝʜʩʢʘ 

ɱʦʨʜʘʥ ʇʦˀʩʢʘ ʐʧʘʥʠʿʘ 

ɱʫʞʥʘ ʂʦʨʝʿʘ ʇʦʨʪʫʛʘʣ ʐʨʠ ʃʘʥʢʘ 

*ʇʦʨʝʜ ʥʘʚʝʜʝʥʠʭ ʟʝʤʘˀʘ, ʫ GICNT ʩʫ ʫʢˀʫʯʝʥʝ ʠ ʤʝʹʫʥʘʨʦʜʥʝ ʦʨʛʘʥʠʟʘʮʠʿʝ: ɽʚʨʦʧʩʢʘ ʋʥʠʿʘ, ʄʝʹʫʥʘʨʦʜʥʘ 

ɸʛʝʥʮʠʿʘ ʟʘ ɸʪʦʤʩʢʫ ɽʥʝʨʛʠʿʫ (IAEA), INTERPOL, United Nations Interregional Crime and Justice Institute 

(UNICRI), United Nations Office on Drugs and Crime (UNODC). 
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 ɹʝʟʙʝʜʥʦʩʥʝ ʠʥʠʮʠʿʘʪʠʚʝ ʟʘ ʩʧʨʝʯʘʚʘˁʝ ʧʨʦʣʠʬʝʨʘʮʠʿʝ (PSI) 

ɹʝʟʙʝʜʦʥʦʩʥʘ ʠʥʠʮʠʿʘʪʠʚʘ ʟʘ ʩʧʨʝʯʘʚʘˁʝ ʧʨʦʣʠʬʝʨʘʮʠʿʝ (Proliferation Security Initiative ï PSI) 

ʧʨʝʜʩʪʘʚˀʘ ʛʣʦʙʘʣʥʠ ʧʦʜʫʭʚʘʪ, ʢʦʿʠ ʟʘ ʮʠˀ ʠʤʘ ʩʧʨʝʯʘʚʘˁʝ ʥʝʣʝʛʘʣʥʝ ʪʨʛʦʚʠʥʝ ʦʨʫʞʿʝʤ ʤʘʩʦʚʥʦʛ 

ʫʥʠʰʪʝˁʘ, ˁʠʭʦʚʠʤ ʩʠʩʪʝʤʠʤʘ ʠʩʧʦʨʫʢʝ ʢʘʦ ʠ ʧʦʚʝʟʘʥʠʤ ʤʘʪʝʨʠʿʘʣʠʤʘ ʢʦʿʠ ʩʝ ʥʘʣʘʟʝ ʫ 

ʪʨʛʦʚʠʥʩʢʠʤ ʢʘʥʘʣʠʤʘ ʯʠʿʠ ʩʫ ʫʯʝʩʥʠʮʠ ʚʣʘʜʠʥʝ ʠ ʥʝʚʣʘʜʠʥʝ ʦʨʛʘʥʠʟʘʮʠʿʝ ʘ ʠʤʘʿʫ ʚʝʟʝ ʩʘ 

ʧʨʦʣʠʬʝʨʘʮʠʿʦʤ [PSI,2022].  ʂʘʦ ʪʘʢʚʘ, PSI ʿʝ ʦʩʥʦʚʘʥʘ 31. ʤʘʿʘ 2003. ʛʦʜʠʥʝ. ɹʝʟʙʝʜʦʥʦʩʥʘ 

ʠʥʠʮʠʿʘʪʠʚʘ ʟʘ ʩʧʨʝʯʘʚʘˁʝ ʧʨʦʣʠʬʝʨʘʮʠʿʝ ʿʝ ʠʟʤʝʹʫ ʦʩʪʘʣʦʛ ʦʩʥʦʚʘʥʘ ʠ ʢʘʦ ʦʜʛʦʚʦʨ ʥʘ ʥʝʜʦʩʪʘʪʢʝ 

ʫ ʟʘʢʦʥʠʤʘ ʢʦʿʠ ʩʫ ʦʪʢʨʠʚʝʥʠ ʫ ʧʨʦʮʝʩʫ ʥʝʧʦʪʧʫʥʦʛ ʧʨʝʩʨʝʪʘˁʘ ʙʨʦʜʘ ''So San'' ʢʦʿʠ ʿʝ ʙʠʦ ʧʦʜ 

ʟʘʩʪʘʚʦʤ ʉʝʚʝʨʥʝ ʂʦʨʝʿʝ ʘ ʧʨʝʥʦʩʠʦ ʿʝ SCUD ʨʘʢʝʪʝ (ʿʝʜʥʘ ʦʜ ʚʨʩʪʘ ʙʘʣʠʩʪʠʯʢʠʭ ʨʘʢʝʪʘ ʢʨʘʪʢʦʛ 

ʜʦʤʝʪʘ) ʜʦ ɱʝʤʝʥʘ. ʆʚʘʿ ʜʦʛʘʹʘʿ ʩʝ ʦʜʠʛʨʘʦ ʫ ʜʝʮʝʤʙʨʫ 2002. ʛʦʜʠʥʝ [PSI,2003; PSI,2018]. 

ɿʘʢˀʫʯʥʦ ʩʘ ʜʘʥʘʰˁʠʤ ʜʘʪʫʤʦʤ, PSI ʿʝ ʧʨʠʭʚʘ˂ʝʥʘ ʦʜ ʩʪʨʘʥʝ 107 ʟʝʤʘˀʘ, ʠ ʦʥʝ ʩʫ ʥʘʚʝʜʝʥʝ ʫ 

ʊʘʙʝʣʠ 2.3 [PSI,2022].  ʉʚʝ ʟʝʤˀʝ ʯʣʘʥʠʮʝ ʙʝʟʙʝʜʥʦʩʥʝ ʠʥʠʮʠʿʘʪʠʚʝ ʠʤʘʿʫ ʦʙʘʚʝʟʫ ʜʘ ʢʘʦ ʪʘʢʚʝ 

ʧʨʠʭʚʘʪʝ ʠ ʀʟʿʘʚʫ ʦ ʧʨʠʥʮʠʧʠʤʘ ʧʨʝʩʨʝʪʘˁʘ (PSI Statement of Interdiction Principles), ʢʦʿʘ ʘʧʝʣʫʿʝ ʘ 

ʫʿʝʜʥʦ ʠ ʦʙʘʚʝʟʫʿʝ ʟʝʤˀʝ ʫʯʝʩʥʠʮʝ ʜʘ ʫʩʧʦʩʪʘʚʝ ʧʣʘʪʬʦʨʤʫ ʧʦʤʦ˂ʫ ʢʦʿʝ ˂ʝ ʥʘ ʰʪʦ ʢʦʦʨʜʠʥʠʩʘʥʠʿʠ 

ʠ ʝʬʠʢʘʩʥʠʿʠ ʥʘʯʠʥ ʟʘʫʩʪʘʚʠʪʠ ʥʝʣʝʛʘʣʥʫ ʪʨʛʦʚʠʥʫ ʦʨʫʞʿʝʤ ʤʘʩʦʚʥʦʛ ʫʥʠʰʪʝˁʘ, ʢʘʦ ʠ ˁʠʭʦʚʝ 

ʩʠʩʪʝʤʝ ʠʩʧʦʨʫʢʝ ʠ ʧʦʚʝʟʘʥʝ ʩʪʘʚʢʝ [PSI,2022]. ʏʣʘʥʠʮʝ PSI ʫ ʥʘʯʝʣʫ ʪʨʝʙʘ ʜʘ ʙʫʜʫ ʧʦʩʚʝ˂ʝʥʝ 

ʩʣʝʜʝ˂ʠʤ ʮʠˀʝʚʠʤʘ [PSI,2022; PSI,2018]: 

¶ ʌʦʨʤʘʣʥʦ ʧʦʩʚʝ˂ʠʚʘˁʝ ʠ ʿʘʚʥʦ ʧʨʫʞʘˁʝ ʧʦʜʨʰʢʝ ʀʟʿʘʚʠ ʦ ʧʨʠʥʮʠʧʠʤʘ ʧʨʝʩʨʝʪʘˁʘ 

(ʫʢʦʣʠʢʦ ʿʝ ʤʦʛʫ˂ʝ) 

¶ ʇʨʝʩʨʝʪʘˁʝ ʪʨʘʥʩʬʝʨʘ ʢʦʿʠ ʩʫ ʫ ʚʝʟʠ ʩʘ ʧʨʦʣʠʬʝʨʘʮʠʿʦʤ ʜʦ ʠ ʦʜ ʜʨʞʘʚʘ ʠ ʥʝʚʣʘʜʠʥʠʭ 

ʦʨʛʘʥʠʟʘʮʠʿʘ, ʫ ʩʢʣʘʜʫ ʩʘ ʩʦʧʩʪʚʝʥʠʤ ʢʘʧʘʮʠʪʝʪʠʤʘ ʠ ʤʦʛʫ˂ʥʦʩʪʠʤʘ  

¶ ʋʯʚʨʰ˂ʠʚʘˁʝ ʥʘʮʠʦʥʘʣʥʦʛ ʧʨʘʚʥʦʛ ʦʢʚʠʨʘ ʫ ʮʠˀʫ ʦʨʛʘʥʠʟʦʚʘˁʘ ʧʨʝʩʨʝʪʘˁʘ 

¶ ʋʯʝʩʪʚʦʚʘˁʝ ʫ ʧʦʜʨʰʮʠ ʧʦʩʪʫʧʮʠʤʘ ʧʨʝʩʨʝʪʘˁʘ 

¶ ʈʘʟʚʦʿ ʧʨʦʮʝʜʫʨʘ ʫ ʮʠˀʫ ʙʦˀʝ ʨʘʟʤʝʥʝ ʠʥʬʦʨʤʘʮʠʿʘ ʩʘ ʜʨʫʛʠʤ ʟʝʤˀʘʤʘ 

¶ ʀʜʝʥʪʠʬʠʢʘʮʠʿʘ ʥʘʮʠʦʥʘʣʥʠʭ ʠʥʩʪʨʫʤʝʥʘʪʘ ʢʦʿʠ ʤʦʛʫ ʜʦʧʨʠʥʝʪʠ ʮʠˀʝʚʠʤʘ ʠʥʠʮʠʿʘʪʠʚʝ 

¶ ʇʨʫʞʘˁʝ ʢʦʥʪʘʢʪ ʦʩʦʙʘ ʢʦʿʠʤʘ ʩʝ ʫʧʫ˂ʫʿʫ ʟʘʭʪʝʚʠ ʟʘ ʧʨʝʩʨʝʪʘˁʘ 

PSI ʥʝ ʧʦʩʝʜʫʿʝ ʩʝʢʨʝʪʘʨʠʿʘʪ ʥʘ ʤʝʹʫʥʘʨʦʜʥʦʤ ʥʠʚʦʫ ʠ ʥʝʤʘ ʿʘʩʥʦ ʜʝʬʠʥʠʩʘʥ ʠ ʦʜʨʝʹʝʥ ʧʨʦʛʨʘʤ 

ʬʠʥʘʥʩʠʨʘˁʘ. ʏʣʘʥʠʮʝ ʤʝʹʫ ʩʦʙʦʤ ʥʘ ʨʝʜʦʚʥʦʤ ʥʠʚʦʫ ʦʜʨʞʘʚʘʿʫ ʩʘʩʪʘʥʢʝ ʚʠʩʦʢʠʭ ʧʨʝʜʩʪʘʚʥʠʢʘ 

ʢʘʦ ʠ ʧʨʘʢʪʠʯʥʝ ʚʝʞʙʝ ʢʘʢʦ ʙʠ ʪʝʩʪʠʨʘʣʠ ʠ ʫʥʘʧʨʝʜʠʣʠ ʩʚʦʿʝ ʩʧʦʩʦʙʥʦʩʪʠ ʟʘ ʘʢʮʠʿʫ. ʅʝʬʦʨʤʘʣʥʘ 

ʩʪʨʫʢʪʫʨʘ ʟʘ ʢʦʦʨʜʠʥʠʩʘˁʝ ʥʘʨʘʚʥʦ ʧʦʩʪʦʿʠ ʠ ʦʥʘ ʿʝ ʨʘʟʚʠʿʝʥʘ ʫʥʫʪʘʨ ʪʝʣʘ ʧʦʜ ʥʘʟʠʚʦʤ ʆʧʝʨʘʪʠʚʥʘ 

ʝʢʩʧʝʨʪʩʢʘ ʛʫʧʘ (Operational Experts Group (OEG)), ʢʦʿʝ ʨʘʟʤʘʪʨʘ ʪʨʝʥʫʪʥʝ ʟʘʙʨʠʥʫʪʦʩʪʠ ʫ ʚʝʟʠ ʩʘ 

ʧʨʦʣʠʬʝʨʘʮʠʿʦʤ ʠ ʧʣʘʥʠʨʘ ʙʫʜʫ˂ʝ ʩʘʩʪʘʥʢʝ. OEG ʩʝ ʩʘʩʪʦʿʠ ʦʜ ʧʨʝʜʩʪʘʚʥʠʢʘ ʚʦʿʩʢʝ, ʦʙʘʚʝʰʪʘʿʥʝ 

ʘʛʝʥʮʠʿʝ, ʧʦʣʠʮʠʿʝ, ʝʢʩʧʝʨʘʪʘ ʠʟ ʦʙʣʘʩʪʠ ʧʨʘʚʘ ʠ ʜʠʧʣʦʤʘʪʠʿʝ ʠʟ 21 ʟʝʤˀʝ ʯʣʘʥʠʮʝ PSI. ʋ ʦʚʦʤ 

ʤʦʤʝʥʪʫ ʪʨʝʙʘ ʥʘʛʣʘʩʠʪʠ ʜʘ PSI ʧʨʝʜʩʪʘʚˀʘ ʘʢʪʠʚʥʦʩʪ ʘ ʥʝ ʠʥʩʪʠʪʫʮʠʿʫ, ʢʘʦ ʠ ʜʘ ʿʝ ʠʩʪʘ 

ʥʝʦʙʘʚʝʟʫʿʫ˂ʠ ʜʦʛʦʚʦʨ ʧʦʣʠʪʠʯʢʝ ʧʨʠʨʦʜʝ ʠ ʜʘ ʩʫ ʩʚʝ ʘʢʮʠʿʝ ʫʥʫʪʘʨ ʦʚʝ ʠʥʠʮʠʿʘʪʠʚʝ ʦʛʨʘʥʠʯʝʥʝ ʥʘ 

ʦʥʦ ʰʪʦ ʩʫ ʟʝʤˀʝ ʯʣʘʥʠʮʝ ʚʦˀʥʝ ʠ ʩʧʦʩʦʙʥʝ ʜʘ ʫʨʘʜʝ [PSI,2018; PSI,2022]. 

  

https://www.state.gov/psi-interdiction-principles/
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ʊʘʙʝʣʘ 2.3. ʃʠʩʪʘ ʟʝʤʘˀʘ ʯʣʘʥʠʮʝ (PSI) [PSI,2022]. 

ɸʚʛʘʥʠʩʪʘʥ ʀʟʨʘʝʣ ʄʘʨʦʢʦ ʉʨʙʠʿʘ 

ɸʟʝʨʙʝʿ˅ʘʥ ʀʨʘʢ ʄʘʨʰʘʣʩʢʘ ʆʩʪʨʚʘ ʊʘʿʣʘʥʜ 

ɸʣʙʘʥʠʿʘ ʀʨʩʢʘ ʄʠʢʨʦʥʝʟʠʿʘ ʊʘ˅ʠʢʠʩʪʘʥ 

ɸʥʛʦʣʘ  ʀʩʣʘʥʜ ʄʦʣʜʘʚʠʿʘ ʊʨʠʥʠʜʘʜ ʠ ʊʦʙʘʛʦ 

ɸʥʜʦʨʘ ʀʪʘʣʠʿʘ ʄʦʥʛʦʣʠʿʘ ʊʫʥʠʩ 

ɸʥʪʠʛʚʘ ʠ ɹʘʨʙʫʜʘ ɱʘʧʘʥ ʅʝʤʘʯʢʘ  ʊʫʨʢʤʝʥʠʩʪʘʥ 

ɸʨʛʝʥʪʠʥʘ ɱʝʤʝʥ ʅʦʚʠ ɿʝʣʘʥʜ ʊʫʨʩʢʘ 

ɸʫʩʪʨʘʣʠʿʘ ɱʝʨʤʝʥʠʿʘ ʅʦʨʚʝʰʢʘ ʋʟʙʝʢʠʩʪʘʥ 

ɸʫʩʪʨʠʿʘ ɱʦʨʜʘʥ ʆʤʘʥ ʋʿʝʜʠˁʝʥʠ ɸʨʘʧʩʢʠ 

ɽʤʠʨʘʪʠ 

ɹʘʭʘʤʠ ɱʫʞʥʘ ʂʦʨʝʿʘ ʇʘʣʘʫ ʋʿʝʜʠˁʝʥʦ ʂʨʘˀʝʚʩʪʚʦ 

ɹʘʭʨʝʠʥ  ʂʘʟʘʭʩʪʘʥ ʇʘʥʘʤʘ ʋʢʨʘʿʠʥʘ 

ɹʝʣʛʠʿʘ ʂʘʤʙʦ˅ʘ  ʇʘʧʫʘ ʅʦʚʘ ɻʚʠʥʝʿʘ ʌʠʣʠʧʠʥʠ 

ɹʝʣʠʟʝ ʂʘʥʘʜʘ ʇʘʨʘʛʚʘʿ ʌʠʥʩʢʘ 

ɹʝʣʦʨʫʩʠʿʘ ʂʘʪʘʨ ʇʦˀʩʢʘ ʌʠ˅ʠ 

ɹʦʩʥʘ ʠ ʍʝʨʮʝʛʦʚʠʥʘ ʂʠʧʘʨ ʇʦʨʪʫʛʘʣ ʌʨʘʥʮʫʩʢʘ 

ɹʨʫʥʝʠ ʂʠʨʛʠʩʪʘʥ ʈʫʤʫʥʠʿʘ ʍʦʣʘʥʜʠʿʘ 

ɹʫʛʘʨʩʢʘ ʂʦʣʫʤʙʠʿʘ ʈʫʩʠʿʘ ʍʦʥʜʫʨʘʩ 

ɺʘʥʫʘʪʫ ʂʫʚʘʿʪ ʉʘʤʦ ʍʨʚʘʪʩʢʘ 

ɺʘʪʠʢʘʥ ʃʝʪʦʥʠʿʘ ʉʘʥ ʄʘʨʠʥʦ ʎʨʥʘ ɻʦʨʘ 

ɺʠʿʝʪʥʘʤ ʃʠʙʝʨʠʿʘ ʉʘʫʜʠʿʩʢʘ ɸʨʘʙʠʿʘ ʏʝʰʢʘ 

ɻʨʫʟʠʿʘ ʃʠʙʠʿʘ ʉʚʝʪʘ ʃʫʮʠʿʘ ʏʠʣʝ 

ɻʨʯʢʘ ʃʠʪʚʘʥʠʿʘ ʉʚʝʪʠ ɺʠʥʮʝʥʪ ʠ 

ɻʨʝʥʘʜʠʥʠ 
ɷʠʙʫʪʠ 

ɼʘʥʩʢʘ ʃʠʭʪʝʥʰʪʘʿʥ ʉʝʚʝʨʥʘ ʄʘʢʝʜʦʥʠʿʘ ʐʚʘʿʮʘʨʩʢʘ 

ɼʦʤʠʥʠʢʘ ʃʫʢʩʝʤʙʫʨʛ ʉʠʥʛʘʧʫʨ ʐʚʝʜʩʢʘ 

ɼʦʤʠʥʠʢʘʥʩʢʘ 

ʈʝʧʫʙʣʠʢʘ 

ʄʘʹʘʨʩʢʘ ʉʿʝʜʠˁʝʥʝ 

ɸʤʝʨʠʯʢʝ ɼʨʞʘʚʝ 

ʐʧʘʥʠʿʘ 

ɽʣ ʉʘʣʚʘʜʦʨ ʄʘʣʝʟʠʿʘ ʉʣʦʚʘʯʢʘ ʐʨʠ ʃʘʥʢʘ 

ɽʩʪʦʥʠʿʘ ʄʘʣʪʘ ʉʣʦʚʝʥʠʿʘ  
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 ʄʝʹʫʥʘʨʦʜʥʠ ʧʨʘʚʥʠ ʦʢʚʠʨʠ ʟʘ ʨʝʛʫʣʘʮʠʿʫ ʥʫʢʣʝʘʨʥʝ ʙʝʟʙʝʜʥʦʩʪʠ 

ʅʘ ʠʥʪʝʨʥʘʮʠʦʥʘʣʥʦʤ ʥʠʚʦʫ ʧʦʩʪʦʿʝ ʙʨʦʿʥʠ ʧʨʘʚʥʠ ʦʢʚʠʨʠ ʫ ʚʠʜʫ ʩʧʦʨʘʟʫʤʘ ʠ ʫʛʦʚʦʨʘ ʯʠʿʘ ʿʝ ʩʚʨʭʘ 

ʨʝʛʫʣʠʩʘˁʝ ʠ ʢʦʥʪʨʦʣʘ ʩʚʠʭ ʨʘʜˁʠ ʢʦʿʝ ʩʫ ʫ ʚʝʟʠ ʩʘ ʨʫʢʦʚʘˁʝʤ, ʧʦʩʝʜʦʚʘˁʝʤ ʠ ʫʧʦʪʨʝʙʦʤ ʧʨʝ ʩʚʝʛʘ 

ʥʫʢʣʝʘʨʥʠʭ, ʘʣʠ ʠ ʜʨʫʛʠʭ ʨʘʜʠʦʘʢʪʠʚʥʠʭ ʤʘʪʝʨʠʿʘʣʘ. ʅʘʿʟʥʘʯʘʿʥʠʿʠ ʧʨʠʤʝʨʠ ʦʚʠʭ ʧʨʘʚʥʠʭ ʘʢʘʪʘ ʩʫ 

ʩʣʝʜʝ˂ʠ: 

¶ ʋʛʦʚʦʨ ʦ ʥʝʧʨʦʣʠʬʝʨʘʮʠʿʠ ʥʫʢʣʝʘʨʥʦʛ ʦʨʫʞʿʘ (Treaty on the Nonproliferation of Nuclear 

Weapons - NPT). NPT ʿʝ ʩʪʫʧʠʦ ʥʘ ʩʥʘʛʫ 1970. ʛʦʜʠʥʝ, ʠ ʜʦ ʜʘʥʘʩ ʩʝ ʦʚʦʤ ʩʧʦʨʘʟʫʤʫ 

ʧʨʠʢˀʫʯʠʣʦ ʫʢʫʧʥʦ 191 ʟʝʤʘˀʘ. ɻʣʘʚʥʠ ʮʠˀ NPT ʿʝ ʧʨʝʚʝʥʮʠʿʘ ʰʠʨʝˁʘ ʥʫʢʣʝʘʨʥʦʛ 

ʥʘʦʨʫʞʘˁʘ ʠ ʧʦʚʝʟʘʥʠʭ ʪʝʭʥʦʣʦʛʠʿʘ, ʧʨʦʤʦʮʠʿʘ ʩʘʨʘʜˁʝ ʨʘʜʠ ʤʠʨʥʦʜʦʧʩʢʝ ʫʧʦʪʨʝʙʝ 

ʥʫʢʣʝʘʨʥʝ ʝʥʝʨʛʠʿʝ ʠ ʜʘ ʫʯʚʨʩʪʠ ʚʠʰʠ ʮʠˀ ʫ ʚʠʜʫ ʜʝʣʠʤʠʯʥʦʛ ʠʣʠ ʧʦʪʧʫʥʦʛ ʥʫʢʣʝʘʨʥʦʛ 

ʨʘʟʦʨʫʞʘˁʘ. ʆʚʦ ʿʝ ʫʿʝʜʥʦ ʠ ʿʝʜʠʥʠ ʠʥʪʝʨʥʘʮʠʦʥʘʣʥʠ ʦʙʘʚʝʟʫʿʫ˂ʠ ʜʦʢʫʤʝʥʪ ʩʘ ʮʠˀʝʤ 

ʥʫʢʣʝʘʨʥʦʛ ʨʘʟʦʨʫʞʘˁʘ ʜʨʞʘʚʘ ʢʦʿʝ ʧʦʩʝʜʫʿʫ ʥʫʢʣʝʘʨʥʦ ʥʘʦʨʫʞʘˁʝ. NPT ʿʝ ʫʿʝʜʥʦ ʠ ʪʝʤʝˀ 

ʤʝʹʫʥʘʨʦʜʥʝ ʥʫʢʣʝʘʨʥʝ ʩʠʛʫʨʥʦʩʪʠ, ʠ ʢʘʦ ʪʘʢʘʚ ʧʨʫʞʘ ʥʘʿʙʦˀʫ ʦʩʥʦʚʫ ʟʘ ʦʯʫʚʘˁʝ ʤʠʨʘ ʥʘ 

ʩʚʝʪʩʢʦʤ ʥʠʚʦʫ, ʜʦʢ ʫ ʠʩʪʦ ʚʨʝʤʝ ʧʨʦʤʦʚʠʰʝ ʨʘʟʚʦʿ ʤʠʨʥʦʜʦʧʩʢʠʭ ʧʨʠʤʝʥʘ ʥʫʢʣʝʘʨʥʠʭ 

ʪʝʭʥʦʣʦʛʠʿʘ (ʧʨʝʚʘʩʭʦʜʥʦ ʫ ʝʥʝʨʛʝʪʩʢʦʤ ʩʝʢʪʦʨʫ) [Apostol,2016; NPT,2022]. 

¶ ʉʧʦʨʘʟʫʤ ʦ ʩʚʝʦʙʫʭʚʘʪʥʦʿ ʟʘʙʨʘʥʠ ʥʫʢʣʝʘʨʥʦʛ ʪʝʩʪʠʨʘˁʘ (Comprehensive Test Ban Treaty 

- CTBT). ʆʚʘʿ ʜʦʢʫʤʝʥʪ ʿʝ ʧʦʩʪʘʦ ʦʪʚʦʨʝʥ ʟʘ ʧʦʪʧʠʩʠʚʘˁʝ 1996. ʠ ʜʦ ʜʘʥʘʩ ʛʘ ʿʝ ʧʦʪʧʠʩʘʣʦ 

ʫʢʫʧʥʦ 186 ʟʝʤʘˀʘ ʜʦʢ ʿʝ ʨʘʪʠʬʠʢʦʚʘʥ ʦʜ ʩʪʨʘʥʝ ˁʠʭ 174. ʉʨʙʠʿʘ ʿʝ 2001. ʛʦʜʠʥʝ ʧʦʪʧʠʩʘʣʘ 

ʩʧʦʨʘʟʫʤ ʘ 2004. ʛʦʜʠʥʝ ʛʘ ʿʝ ʨʘʪʠʬʠʢʦʚʘʣʘ. CTBT ʿʝ ʤʫʣʪʠʣʘʪʝʨʘʣʥʠ ʫʛʦʚʦʨ ʢʦʿʠ ʠʤʘ ʟʘ 

ʮʠˀ ʟʘʙʨʘʥʫ ʝʢʩʧʣʦʟʠʿʘ ʥʫʢʣʝʘʨʥʦʛ ʦʨʫʞʿʘ, ʢʘʢʦ ʟʘ ʚʦʿʥʝ ʪʘʢʦ ʠ ʫ ʤʠʨʥʦʜʦʧʩʢʝ ʩʚʨʭʝ. 

ɿʘʙʨʘʥʘ ʝʢʩʧʣʦʟʠʿʘ ʠʤʘ ʭʦʨʠʟʦʥʪʘʣʥʠ ʠ ʚʝʨʪʠʢʘʣʥʠ ʢʘʨʘʢʪʝʨ, ʦʜʥʦʩʥʦ ʜʠʢʪʠʨʘ ʟʘʙʨʘʥʫ ʩʚʠʭ 

ʧʦʜʟʝʤʥʠʭ, ʥʘʜʟʝʤʥʠʭ ʠ ʧʦʜʚʦʜʥʠʭ ʝʢʩʧʣʦʟʠʿʘ. ɼʘ ʙʠ ʦʚʘʿ ʩʧʦʨʘʟʫʤ ʩʪʫʧʠʦ ʥʘ ʩʥʘʛʫ ʢʘʦ 

ʠʥʪʝʨʥʘʮʠʦʥʘʣʥʠ ʟʘʢʦʥ, ʦʥ ʤʦʨʘ ʙʠʪʠ ʨʘʪʠʬʠʢʦʚʘʥ ʦʜ ʩʪʨʘʥʝ ʩʚʠʭ 44 ʟʝʤʘˀʘ ʢʦʿʝ ʧʦʩʝʜʫʿʫ 

ʥʫʢʣʝʘʨʥʫ ʪʝʭʥʦʣʦʛʠʿʫ (ʦʜ ʢʦʿʠʭ 8 ʿʦʰ ʫʚʝʢ ʥʠʿʝ ʨʘʪʠʬʠʢʦʚʘʣʦ: ʂʠʥʘ, ɽʛʠʧʘʪ, ʀʥʜʠʿʘ, 

ʀʟʨʘʝʣ, ʉʝʚʝʨʥʘ ʂʦʨʝʿʘ, ʀʨʘʥ, ʇʘʢʠʩʪʘʥ ʠ ʉʿʝʜʠˁʝʥʝ ɸʤʝʨʠʯʢʝ ɼʨʞʘʚʝ) [Moody et al.,2015; 

CTBTO,2022]. 

¶ ʂʦʥʚʝʥʮʠʿʘ ʦ ʬʠʟʠʯʢʦʿ ʟʘʰʪʠʪʠ ʥʫʢʣʝʘʨʥʦʛ ʤʘʪʝʨʠʿʘʣʘ (The Convention on the Physical 

Protection of Nuclear Material - CPPNM) ʠ ˁʝʥ 2005 ɸʤʘʥʜʤʘʥ. CPPNM ʿʝ ʩʪʫʧʠʦ ʥʘ ʩʥʘʛʫ 

1987. ʛʦʜʠʥʝ ʠ (ʟʘʢˀʫʯʥʦ ʩʘ 2018. ʛʦʜʠʥʦʤ) ʨʘʪʠʬʠʢʦʚʘʥʘ ʿʝ ʦʜ ʩʪʨʘʥʝ 157 ʟʝʤʘˀʘ. 

ɸʤʘʥʜʤʘʥ 2005 ʿʝ ʩʪʫʧʠʦ ʥʘ ʩʥʘʛʫ ʫ ʤʘʿʫ 2016. ʛʦʜʠʥʝ ʢʘʜʘ ʿʝ ʅʠʢʘʨʘʛʚʘ (ʫ ʪʦʤ ʤʦʤʝʥʪʫ 102. 

ʦʜ 153 ʜʨʞʘʚʘ ʯʣʘʥʠʮʘ) ʧʨʠʭʚʘʪʠʣʘ ʦʚʘʿ ɸʤʘʥʜʤʘʥ, ʯʠʤʝ ʿʝ ʟʘʜʦʚʦˀʝʥʘ ʜʚʦʪʨʝ˂ʠʥʩʢʘ 

ʚʝ˂ʠʥʘ ʟʝʤʘˀʘ ʯʣʘʥʠʮʘ [Apostol,2016; CPPNM,2022]. 

¶ ʂʦʥʚʝʥʮʠʿʘ ʦ ʥʫʢʣʝʘʨʥʦʤ ʪʝʨʦʨʠʟʤʫ (Nuclear Terrorism Convention - NTC). ʇʨʝʪʭʦʜʥʦ 

ʧʦʟʥʘʪʘ ʧʦʜ ʠʤʝʥʦʤ - ʀʥʪʝʨʥʘʮʠʦʥʘʣʥʘ ʢʦʥʚʝʥʮʠʿʘ ʦ ʩʫʧʨʝʩʠʿʠ ʘʢʘʪʘ ʥʫʢʣʝʘʨʥʦʛ ʪʝʨʦʨʠʟʤʘ 

(The International Convention on the Suppression of Acts of Nuclear Terrorism - ICSTANT). NTC 

ʿʝ ʩʪʫʧʠʣʘ ʥʘ ʩʥʘʛʫ 2007. ʛʦʜʠʥʝ ʠ ʧʨʝʜʩʪʘʚˀʘ ʩʧʦʨʘʟʫʤ ʢʦʿʠ ʧʦʪʠʯʝ ʦʜ ʋʿʝʜʠˁʝʥʠʭ ʅʘʮʠʘ. 

ʉʪʚʦʨʝʥʘ ʿʝ ʩʘ ʮʠˀʝʤ ʜʘ ʩʝ ʢʨʠʤʠʥʘʣʠʟʫʿʫ ʘʢʪʠ ʥʫʢʣʝʘʨʥʦʛ ʪʝʨʦʨʠʟʤʘ ʠ ʜʘ ʩʝ ʧʨʦʤʦʚʠʰʝ 

ʩʘʨʘʜˁʘ ʠʟʤʝʹʫ ʟʘʢʦʥʦʜʘʚʥʝ ʠ ʠʟʚʨʰʥʝ ʚʣʘʩʪʠ ʢʘʢʦ ʙʠ ʩʝ ʧʦʤʝʥʫʪʠ ʪʝʨʦʨʠʩʪʠʯʢʠ ʘʢʪʠ 

ʩʧʨʝʯʠʣʠ, ʠʩʪʨʘʞʠʣʠ ʠ ʩʘʥʢʮʠʦʥʠʩʘʣʠ. ʊʨʝʥʫʪʥʦ, ʢʦʥʚʝʥʮʠʿʘ ʠʤʘ 115 ʟʝʤʘˀʘ ʧʦʪʧʠʩʥʠʮʘ ʠ 

118 ʧʘʨʪʠʿʘ [Apostol,2016; NTC,2022]. 

¶ ʉʧʦʨʘʟʫʤ ʦ ʟʘʙʨʘʥʠ ʧʦʩʪʘʚˀʘˁʘ ʥʫʢʣʝʘʨʥʦʛ ʠ ʜʨʫʛʦʛ ʦʨʫʞʿʘ ʤʘʩʦʚʥʦʛ ʫʥʠʰʪʝˁʘ ʥʘ 

ʤʦʨʩʢʦ ʠʣʠ ʦʢʝʘʥʩʢʦ ʜʥʦ ʢʘʦ ʠ ˁʠʭʦʚʦ ʧʦʜʪʣʦ (Treaty on the Prohibition of the Emplacement 
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and in the Subsoil Thereof) ʉʧʦʨʘʟʫʤ ʿʝ ʩʪʫʧʠʦ ʥʘ ʩʥʘʛʫ 1972. ʛʦʜʠʥʝ ʠ ʥʘʣʘʞʝ ʧʨʝʚʝʥʮʠʿʫ 

ʧʦʩʪʘʚˀʘˁʘ ʥʫʢʣʝʘʨʥʠʭ, ʭʝʤʠʿʩʢʠʭ ʠ ʙʠʦʣʦʰʢʠʭ ʦʨʫʞʿʘ ʥʘ ʤʦʨʩʢʦ ʠ ʦʢʝʘʥʩʢʦ ʜʥʦ, ʢʘʢʦ ʙʠ 

ʩʝ ʝʣʠʤʠʥʠʩʘʣʘ ʤʦʛʫ˂ʥʦʩʪ ʧʦʜʚʦʜʥʝ ʪʨʢʝ ʫ ʥʘʦʨʫʞʘˁʫ ʠ ʟʘʣʘʛʘʣʦ ʩʝ ʟʘ ʤʠʨʥʦʜʦʧʩʢʦ 

ʠʩʪʨʘʞʠʚʘˁʝ ʚʦʜʘ. ɼʦ ʜʘʥʘʰˁʝʛ ʜʘʪʫʤʘ, ʨʘʪʠʬʠʢʦʚʘʥ ʿʝ ʦʜ ʩʪʨʘʥʝ 169 ʟʝʤʘˀʘ [Apostol,2016; 

NTI,2008]. 

¶ ʋʛʦʚʦʨ ʦ ʧʨʠʥʮʠʧʠʤʘ ʫʧʨʘʚˀʘˁʘ ʘʢʪʠʚʥʦʩʪʠʤʘ ʜʨʞʘʚʘ ʫ ʠʩʪʨʘʞʠʚʘˁʫ ʠ ʫʧʦʪʨʝʙʠ 

ʩʚʝʤʠʨʘ, ʫʢˀʫʯʫʿʫ˂ʠ ʄʝʩʝʮ ʠ ʜʨʫʛʘ ʥʝʙʝʩʢʘ ʪʝʣʘ (Treaty on Principles Governing the 

Activities of States in the Exploration and Use of Outer Space, including the Moon and Other 

Celestial Bodies). ʋʛʦʚʦʨ ʿʝ ʩʪʫʧʠʦ ʥʘ ʩʥʘʛʫ 1967. ʛʦʜʠʥʝ ʠ ʬʦʨʤʠʨʘ ʦʩʥʦʚʫ ʟʘ 

ʠʥʪʝʨʥʘʮʠʦʥʘʣʥʠ ʟʘʢʦʥ ʦ ʩʚʝʤʠʨʫ. ɼʦ ʜʘʥʘʩ, ʠʤʘ 112 ʧʘʨʪʠʿʘ ʠ 89 ʟʝʤʘˀʘ ʢʦʿʝ ʩʫ ʛʘ 

ʨʘʪʠʬʠʢʦʚʘʣʝ [Apostol,2016; OST,2021]. 

¶ ʈʝʟʦʣʫʮʠʿʝ 1373 ʠ 1540 ɹʝʟʙʝʜʥʦʩʥʦʛ ʉʘʚʝʪʘ ʋʿʝʜʠˁʝʥʠʭ ʥʘʮʠʿʘ. ʉʪʫʧʠʣʝ ʩʫ ʥʘ ʩʥʘʛʫ 

2001. ʠ 2004. ʛʦʜʠʥʝ ʨʝʩʧʝʢʪʠʚʥʦ. ʅʘʣʘʞʫ ʩʣʝʜʝ˂ʝ ï ʇʦʟʠʚʘʿʫ ʥʘ ʥʘʮʠʦʥʘʣʥʫ, ʨʝʛʠʦʥʘʣʥʫ ʠ 

ʠʥʪʝʨʥʘʮʠʦʥʘʣʥʫ ʩʘʨʘʜˁʫ, ʢʘʢʦ ʙʠ ʩʝ ʫʯʚʨʩʪʠʣʘ ʤʦʛʫ˂ʥʦʩʪ ʦʜʛʦʚʦʨʘ ʥʘ ʧʨʝʪˁʝ ʥʫʢʣʝʘʨʥʦʛ 

ʪʝʨʦʨʠʟʤʘ ʥʘ ʛʣʦʙʘʣʥʦʤ ʥʠʚʦʫ. ʋ ʩʢʣʘʜʫ ʩʘ ʨʝʟʦʣʫʮʠʿʦʤ 1540 ʩʚʝ ʟʝʤˀʝ ʧʘʨʪʥʝʨʠ ʠʤʘʿʫ 

ʦʙʘʚʝʟʫ ʜʘ ʧʦʜʥʝʩʫ ʥʘʮʠʦʥʘʣʥʝ ʠʟʚʝʰʪʘʿʝ ʦ ʢʦʨʘʮʠʤʘ ʢʦʿʝ ʩʫ ʧʦʜʥʝʣʝ ʠʣʠ ʧʣʘʥʠʨʘʿʫ ʜʘ 

ʧʦʜʥʝʩʫ ʫ ʮʠˀʫ ʧʨʠʤʝˁʠʚʘˁʘ ʪʝ ʨʝʟʦʣʫʮʠʿʝ [Apostol,2016; Res1540,2004]. 

ʇʦʨʝʜ ʧʦʤʝʥʫʪʠʭ ʫʛʦʚʦʨʘ ʠ ʩʧʦʨʘʟʫʤʘ, ʧʦʩʪʦʿʠ ʿʦʰ ʿʝʜʘʥ ʚʘʞʘʥ ʘʣʘʪ ʢʦʿʠ ʠʤʘ ʟʥʘʯʘʿʥʫ ʫʣʦʛʫ ʫ 

ʦʜʨʞʘʚʘˁʫ ʤʨʝʞʝ ʠʥʪʝʨʥʘʮʠʦʥʘʣʥʝ ʥʫʢʣʝʘʨʥʝ ʩʠʛʫʨʥʦʩʪʠ ʠ ʙʝʟʙʝʜʥʦʩʪʠ ʘ ʪʦ ʩʫ ʉʘʤʠʪʠ ʦ 

ʥʫʢʣʝʘʨʥʦʿ ʙʝʟʙʝʜʥʦʩʪʠ. ʋʦʧʰʪʝ, ʠʥʠʮʠʿʘʪʠʚʘ ʦ ʦʚʠʤ ʩʘʤʠʪʠʤʘ ʿʝ ʧʨʚʠ ʧʫʪ ʧʦʢʨʝʥʫʪʘ ʛʦʚʦʨʦʤ 

ʪʘʜʘʰˁʝʛ ʧʨʝʜʩʝʜʥʠʢʘ ʉʿʝʜʠˁʝʥʠʭ ɸʤʝʨʠʯʢʠʭ ɼʨʞʘʚʘ, ɹʘʨʘʢʘ ʆʙʘʤʝ, ʫ ʇʨʘʛʫ 2009. ʛʦʜʠʥʝ. ʋ ʪʦʤ 

ʛʦʚʦʨʫ, ʥʘʛʣʘʰʝʥʘ ʿʝ ʧʦʪʨʝʙʘ ʜʘ ʩʝ ʦʩʠʛʫʨʘ ʮʝʣʦʢʫʧʥʠ ''ʨʘˁʠʚ'' ʥʫʢʣʝʘʨʥʠ ʤʘʪʝʨʠʿʘʣ ʰʠʨʦʤ ʩʚʝʪʘ ʫ 

ʨʦʢʫ ʦʜ ʯʝʪʠʨʠ ʛʦʜʠʥʝ. ɻʣʘʚʥʠ ʮʠˀ ʠʜʝʿʝ ʉʘʤʠʪʘ ʿʝ ʜʘ ʩʝ ʨʝʰʠ ʧʨʦʙʣʝʤ ʥʫʢʣʝʘʨʥʦʛ ʪʝʨʦʨʠʟʤʘ ʥʘ 

ʪʘʿ ʥʘʯʠʥ ʰʪʦ ˂ʝ ʩʝ ʩʪʘʚʠʪʠ ʧʦʜ ʟʘʢʦʥʩʢʠ ʥʘʜʟʦʨ ʥʫʢʣʝʘʨʥʠ ʤʘʪʝʨʠʿʘʣʠ ʢʦʿʠ ʩʫ ʫ ʮʠʚʠʣʥʦʤ ʧʦʩʝʜʫ 

ʘ ʤʦʛʫ ʩʝ ʫʧʦʪʨʝʙʠʪʠ ʫ ʩʚʨʭʝ ʠʟʨʘʜʝ ʦʨʫʞʿʘ, ʧʦʙʦˀʰʘʪʠ ʤʝʹʫʥʘʨʦʜʥʘ ʩʘʨʘʜˁʘ ʫ ʮʠˀʫ ʧʨʝʚʝʥʮʠʿʝ 

ʥʝʟʘʢʦʥʠʪʝ ʘʢʚʠʟʠʮʠʿʝ ʥʫʢʣʝʘʨʥʦʛ ʤʘʪʝʨʠʿʘʣʘ ʦʜ ʩʪʨʘʥʝ ʥʝʚʣʘʜʠʥʠʭ ʦʨʛʘʥʠʟʘʮʠʿʘ ʢʘʦ ʰʪʦ ʩʫ 

ʢʨʠʿʫʤʯʘʨʠ ʠʣʠ ʪʝʨʦʨʠʩʪʠʯʢʝ ʛʨʫʧʝ ʠ ʧʨʝʜʫʟʠʤʘˁʝ ʢʦʨʘʢʘ ʢʘʢʦ ʙʠ ʩʝ ʦʿʘʯʘʦ ʥʫʢʣʝʘʨʥʠ ʙʝʟʙʝʜʥʦʩʥʠ 

ʩʠʩʪʝʤ ʥʘ ʛʣʦʙʘʣʥʦʤ ʥʠʚʦʫ [NSS,2018]. 

ʌʦʢʫʩ ʩʘʤʠʪʘ ʦ ʥʫʢʣʝʘʨʥʦʿ ʙʝʟʙʝʜʥʦʩʪʠ ʿʝ ʧʨʝʚʘʩʭʦʜʥʦ ʥʫʢʣʝʘʨʥʠ ʤʘʪʝʨʠʿʘʣ ʢʦʿʠ ʩʝ ʥʘʣʘʟʫ ʫ 

ʮʠʚʠʣʥʦʿ ʩʬʝʨʠ ʜʝʣʦʚʘˁʘ, ʜʘʢʣʝ ʥʝ ʪʠʯʝ ʩʝ ʙʝʟʙʝʜʥʦʩʪʠ ʥʫʢʣʝʘʨʥʦʛ ʤʘʪʝʨʠʿʘʣʘ ʫ ʧʦʩʝʜʫ ʚʦʿʩʢʝ. ɼʦ 

ʜʘʥʘʩ, ʦʜʨʞʘʥʘ ʩʫ ʯʝʪʠʨʠ ʦʚʘʢʚʘ ʩʘʤʠʪʘ: 2010. ʛʦʜʠʥʝ ʫ ɺʘʰʠʥʛʪʦʥʫ, ʉɸɼ, 2012. ʛʦʜʠʥʝ ʫ ʉʝʫʣʫ, 

ɱʫʞʥʘ ʂʦʨʝʿʘ, 2014. ʛʦʜʠʥʝ ʫ ʍʘʛʫ, ʍʦʣʘʥʜʠʿʘ ʠ 2016. ʛʦʜʠʥʝ ʦʧʝʪ ʫ ɺʘʰʠʥʛʪʦʥʫ, ʉɸɼ. ʅʘ ʧʨʚʦʤ 

ʉʘʤʠʪʫ ʦ ʥʫʢʣʝʘʨʥʦʿ ʙʝʟʙʝʜʥʦʩʪʠ 2010. ʨʘʜʥʠ ʧʣʘʥ ʢʦʿʠ ʩʝ ʪʠʯʝ ʦʙʣʘʩʪʠ ʥʫʢʣʝʘʨʥʝ ʬʦʨʝʥʟʠʢʝ 

ʥʘʣʘʞʝ ʩʣʝʜʝ˂ʝ : ''ɿʝʤˀʝ ʯʣʘʥʠʮʝ ˂ʝ ʧʨʦʥʘ˂ʠ ʥʘʯʠʥ ʢʘʢʦ ʜʘ ʨʘʜʝ ʫ ʢʦʣʘʙʦʨʘʮʠʿʠ ʫ ʮʠˀʫ ʨʘʟʚʠʿʘˁʘ 

ʥʘʮʠʦʥʘʣʥʠʭ ʢʘʧʘʮʠʪʝʪʘ ʟʘ ʥʫʢʣʝʘʨʥʫ ʬʦʨʝʥʟʠʢʫ, ʢʘʦ ʰʪʦ ʩʫ ʩʪʚʘʨʘˁʝ ʥʘʮʠʦʥʘʣʥʠʭ ʙʠʙʣʠʦʪʝʢʘ 

ʥʫʢʣʝʘʨʥʠʭ ʤʘʪʝʨʠʿʘʣʘ ʢʘʦ ʠ ʫʩʧʦʩʪʘʚˀʘˁʝ ʠʥʪʝʨʥʘʮʠʦʥʘʣʥʠʭ ʜʠʨʝʢʮʠʿʘ ʫ ʢʦʿʠʤʘ ʙʠ ʩʝʜʝʣʝ 

ʢʦʥʪʘʢʪ ʦʩʦʙʝ, ʘ ʩʚʝ ʪʦ ʨʘʜʠ ʧʦʜʩʧʝʰʠʚʘˁʘ ʠ ʦʭʨʘʙʨʝˁʘ ʤʝʹʫʜʨʞʘʚʥʝ ʩʘʨʘʜˁʝ ʫ ʙʦʨʙʠ ʧʨʦʪʠʚ 

ʥʝʟʘʢʦʥʠʪʝ ʪʨʛʦʚʠʥʝ ʥʫʢʣʝʘʨʥʠʤ ʤʘʪʝʨʠʿʘʣʦʤ, ʫʢˀʫʯʫʿʫ˂ʠ ʠ ʘʢʪʠʚʥʦʩʪʠ ʄʝʹʫʥʘʨʦʜʥʝ ʘʛʝʥʮʠʿʝ ʟʘ 

ʘʪʦʤʩʢʫ ʝʥʝʨʛʠʿʫ ʫ ʦʚʦʿ ʩʬʝʨʠ ʜʝʣʦʚʘˁʘ''. ʉʚʘʢʠ ʦʜ ʦʚʘ ʯʝʪʠʨʠ ʩʘʤʠʪʘ ʿʝ ʢʘʦ ʨʝʟʫʣʪʘʪ ʠʟʥʝʜʨʠʦ 

''consensus communiqué'', ʢʦʿʠ ʿʝ ʨʝʘʬʠʨʤʠʩʘʦ ʛʣʘʚʥʝ ʮʠˀʝʚʝ ʩʘʤʠʪʘ ʠ ʦʩʤʝʣʠʦ ʜʨʞʘʚʝ ʯʣʘʥʠʮʝ ʜʘ 

ʧʨʝʜʫʟʤʫ ʥʝʢʝ ʘʢʮʠʿʝ, ʢʘʦ ʰʪʦ ʩʫ ʨʘʪʠʬʠʢʘʮʠʿʘ ʢˀʫʯʥʠʭ ʩʧʦʨʘʟʫʤʘ ʠʣʠ ʤʠʥʠʤʠʟʘʮʠʿʘ ʩʢʣʘʜʠʰʪʘ 

ʥʫʢʣʝʘʨʥʦʛ ʤʘʪʝʨʠʿʘʣʘ ʢʦʿʠ ʩʝ ʤʦʞʝ ʫʧʦʪʨʝʙʠʪʠ ʟʘ ʦʨʫʞʿʝ [Apostol,2016; ASS,2018]. 
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2.4.1 ʅʘʮʠʦʥʘʣʥʘ ʨʝʛʫʣʘʪʠʚʘ 

ʇʦʨʝʜ ʧʦʤʝʥʫʪʠʭ ʤʝʹʫʥʘʨʦʜʥʠʭ ʩʧʦʨʘʟʫʤʘ, ʫʛʦʚʦʨʘ ʠ ʠʥʠʮʠʿʘʪʠʚʘ, ʥʘ ʪʝʨʠʪʦʨʠʿʠ ʈʝʧʫʙʣʠʢʝ ʉʨʙʠʿʝ 

ʥʘ ʩʥʘʟʠ ʩʫ ʠ ʦʜʨʝʹʝʥʠ ʥʘʮʠʦʥʘʣʥʠ ʧʨʘʚʥʠ ʘʢʪʠ: 

¶ ʂʨʠʚʠʯʥʠ ʟʘʢʦʥʠʢ ʩʘ ʩʚʦʿʠʤ ʜʦʧʫʥʘʤʘ, ʦʙʿʘʚˀʝʥ ʫ ʉʣʫʞʙʝʥʦʤ ʛʣʘʩʥʠʢʫ ʈʝʧʫʙʣʠʢʝ ʉʨʙʠʿʝ 

ʙʨʦʿ 85/2005, 88/2005 - ʠʩʧʨʘʚʢʘ, 107/2005 - ʠʩʧʨʘʚʢʘ, 72/2009, 111/2009, 121/2012, 104/2013, 

108/2014, 94/2016 ʠ 35/2019. ʋ ʦʢʚʠʨʫ ʧʦʤʝʥʫʪʦʛ ʟʘʢʦʥʠʢʘ ʧʨʝʧʦʟʥʘʿʝ ʩʝ ʧʦʿʘʤ ʧʨʝʪˁʝ 

ʥʫʢʣʝʘʨʥʠʤ ʪʝʨʦʨʠʟʤʦʤ - ʫʢʦʣʠʢʦ ʦʩʦʙʘ  'ʧʨʦʠʟʚʦʜʠ, ʧʦʩʝʜʫʿʝ, ʥʘʙʘʚˀʘ, ʧʨʝʚʦʟʠ, ʩʥʘʙʜʝʚʘ 

ʠʣʠ ʫʧʦʪʨʝʙˀʘʚʘ ʥʫʢʣʝʘʨʥʦ, ʙʠʦʣʦʰʢʦ, ʭʝʤʠʿʩʢʦ ʠʣʠ ʜʨʫʛʦ ʦʨʫʞʿʝ, ʝʢʩʧʣʦʟʠʚ, ʥʫʢʣʝʘʨʥʠ 

ʠʣʠ ʨʘʜʠʦʘʢʪʠʚʥʠ ʤʘʪʝʨʠʿʘʣ ʠʣʠ ʫʨʝʹʘʿ, ʫʢˀʫʯʫʿʫ˂ʠ ʠ ʠʩʪʨʘʞʠʚʘˁʝ ʠ ʨʘʟʚʦʿ ʥʫʢʣʝʘʨʥʦʛ, 

ʙʠʦʣʦʰʢʦʛ ʠʣʠ ʭʝʤʠʿʩʢʦʛ ʦʨʫʞʿʘ, ʧʨʦʪʠʚʥʦ ʧʨʦʧʠʩʠʤʘ ʦʜʦʙʨʠ ʠʣʠ ʧʨʠʩʪʫʧʠ ʠʟʛʨʘʜˁʠ 

ʥʫʢʣʝʘʨʥʝ ʝʣʝʢʪʨʘʥʝ, ʧʦʩʪʨʦʿʝˁʘ ʟʘ ʧʨʦʠʟʚʦʜˁʫ ʥʫʢʣʝʘʨʥʦʛ ʛʦʨʠʚʘ ʠʣʠ ʧʦʩʪʨʦʿʝˁʘ ʟʘ 

ʧʨʝʨʘʜʫ ʠʩʣʫʞʝʥʦʛ ʥʫʢʣʝʘʨʥʦʛ ʦʪʧʘʜʘ ʙʠ˂ʝ ʦʩʫʹʝʥʘ ʢʘʟʥʦʤ ʟʘʪʚʦʨʘ ʦʜ ʰʝʩʪ ʤʝʩʝʮʠ ʜʦ 

ʧʝʪʥʘʝʩʪ ʛʦʜʠʥʘ', ʟʘʚʠʩʥʦ ʦʜ ʧʦʯʠˁʝʥʦʛ ʢʨʠʚʠʯʥʦʛ ʜʝʣʘ. ʆʚʠ ʧʦʩʪʫʧʮʠ ʩʫ ʨʝʛʫʣʠʩʘʥʠ ʫ 

ʦʢʚʠʨʫ ʏʣʘʥʦʚʘ 267., 287., 372., 391. ʠ ʏʣʘʥʘ 431 [KrivZak,2019]. 

¶ ɿʘʢʦʥ ʦ ʨʘʜʠʿʘʮʠʦʥʦʿ ʠ ʥʫʢʣʝʘʨʥʦʿ ʩʠʛʫʨʥʦʩʪʠ ʠ ʙʝʟʙʝʜʥʦʩʪʠ ïʦʙʿʘʚˀʝʥ ʫ ʉʣʫʞʙʝʥʦʤ 

ʛʣʘʩʥʠʢʫ ʈʝʧʫʙʣʠʢʝ ʉʨʙʠʿʝ ʙʨʦʿ 95/2018 ʠ 10/2019. ''ʆʚʠʤ ʟʘʢʦʥʦʤ ʩʝ ʫʨʝʹʫʿʫ ʤʝʨʝ 

ʨʘʜʠʿʘʮʠʦʥʝ ʠ ʥʫʢʣʝʘʨʥʝ ʩʠʛʫʨʥʦʩʪʠ ʠ ʙʝʟʙʝʜʥʦʩʪʠ, ʫʩʣʦʚʠ ʟʘ ʦʙʘʚˀʘˁʝ ʜʝʣʘʪʥʦʩʪʠ ʩʘ 

ʠʟʚʦʨʠʤʘ ʟʨʘʯʝˁʘ, ʧʦʩʪʫʧʘˁʝ ʫ ʩʠʪʫʘʮʠʿʠ ʧʣʘʥʠʨʘʥʦʛ, ʧʦʩʪʦʿʝ˂ʝʛ ʠ ʚʘʥʨʝʜʥʦʛ ʠʟʣʘʛʘˁʘ 

ʿʦʥʠʟʫʿʫ˂ʝʤ ʟʨʘʯʝˁʫ ʫ ʮʠˀʫ ʦʙʝʟʙʝʹʠʚʘˁʘ ʟʘʰʪʠʪʝ ʧʦʿʝʜʠʥʘʮʘ, ʩʪʘʥʦʚʥʠʰʪʚʘ ʠ ʞʠʚʦʪʥʝ 

ʩʨʝʜʠʥʝ ʦʜ ʰʪʝʪʥʦʛ ʫʪʠʮʘʿʘ ʿʦʥʠʟʫʿʫ˂ʝʛ ʟʨʘʯʝˁʘ, ʩʘʜʘ ʠ ʫʙʫʜʫ˂ʝ''. ''ʆʚʘʿ ʟʘʢʦʥ ʩʝ ʧʨʠʤʝˁʫʿʝ 

ʥʘ ʩʚʝ ʜʝʣʘʪʥʦʩʪʠ ʢʦʿʝ ʫʢˀʫʯʫʿʫ ʤʠʨʥʦʜʦʧʩʢʫ ʧʨʠʤʝʥʫ ʥʫʢʣʝʘʨʥʝ ʝʥʝʨʛʠʿʝ ʠ ʿʦʥʠʟʫʿʫ˂ʝʛ 

ʟʨʘʯʝˁʘ ʥʘ ʪʝʨʠʪʦʨʠʿʠ ʠʣʠ ʧʦʜ ʥʘʜʣʝʞʥʦʰ˂ʫ ʠʣʠ ʢʦʥʪʨʦʣʦʤ ʈʝʧʫʙʣʠʢʝ ʉʨʙʠʿʝ''. ʋ ʩʢʣʦʧʫ 

ʦʚʦʛ ʟʘʢʦʥʘ, ʦʩʥʦʚʘʥ ʿʝ ɼʠʨʝʢʪʦʨʘʪ ʟʘ ʨʘʜʠʿʘʮʠʦʥʫ ʠ ʥʫʢʣʝʘʨʥʫ ʩʠʛʫʨʥʦʩʪ ʠ ʙʝʟʙʝʜʥʦʩʪ 

ʉʨʙʠʿʝ ʢʦʿʠ ʦʙʘʚˀʘ ʬʫʥʢʮʠʿʫ ʨʝʛʫʣʘʪʦʨʥʝ ʢʦʥʪʨʦʣʝ ʜʝʣʘʪʥʦʩʪʠ ʢʦʿʝ ʩʫ ʦʙʫʭʚʘ˂ʝʥʝ ʦʚʠʤ 

ʟʘʢʦʥʦʤ [ZRNSB,2019]. 

ɼʠʨʝʢʪʦʨʘʪ ʟʘ ʨʘʜʠʿʘʮʠʦʥʫ ʠ ʥʫʢʣʝʘʨʥʫ ʩʠʛʫʨʥʦʩʪ ʠ ʙʝʟʙʝʜʥʦʩʪ ʉʨʙʠʿʝ ʩʘʤʦʩʪʘʣʥʦ ʠ ʬʫʥʢʮʠʦʥʘʣʥʦ 

ʥʝʟʘʚʠʩʥʦ ʨʝʛʫʣʘʪʦʨʥʦ ʪʝʣʦ ʢʦʿʝ ʚʨʰʠ ʨʝʛʫʣʘʪʦʨʥʝ, ʩʪʨʫʯʥʝ ʠ ʩʘ ˁʠʤ ʧʦʚʝʟʘʥʝ ʠʟʚʨʰʥʝ ʧʦʩʣʦʚʝ ʫ 

ʦʙʣʘʩʪʠ ʨʘʜʠʿʘʮʠʦʥʝ ʠ ʥʫʢʣʝʘʨʥʝ ʩʠʛʫʨʥʦʩʪʠ ʠ ʙʝʟʙʝʜʥʦʩʪʠ [ZRNSB,2019]. ʇʨʠʤʘʨʥʘ ʬʫʥʢʮʠʿʘ 

ɼʠʨʝʢʪʦʨʘʪʘ ʿʝ ʨʝʛʫʣʘʮʠʿʘ ʦʜʨʝʹʠʚʘˁʘ ʇʨʦʛʨʘʤʘ ʦ ʥʫʢʣʝʘʨʥʦʿ ʩʠʛʫʨʥʦʩʪʠ ʠ ʙʝʟʙʝʜʥʦʩʪʠ, ʨʝʛʫʣʘʮʠʿʘ 

ʫʩʧʦʩʪʘʚˀʘˁʘ ʙʝʟʙʝʜʥʦʩʥʠʭ ʤʝʨʘ ʥʫʢʣʝʘʨʥʠʭ ʦʙʿʝʢʘʪʘ ʠ ʥʫʢʣʝʘʨʥʠʭ ʤʘʪʝʨʠʿʘʣʘ, ʠʟʨʘʜʘ ʙʨʦʿʥʠʭ 

ʇʨʘʚʠʣʥʠʢʘ ʠʟ ʦʙʣʘʩʪʠ ʥʫʢʣʝʘʨʥʝ ʩʠʛʫʨʥʦʩʪʠ ʠ ʙʝʟʙʝʜʥʦʩʪʠ, ʠʟʨʘʜʘ ʅʘʮʠʦʥʘʣʥʦʛ ʘʢʮʠʦʥʦʛ ʧʣʘʥʘ, 

ʧʨʠʧʨʝʤʘ ʧʨʝʜʣʦʛʘ ʇʣʘʥʘ ʜʝʣʦʚʘˁʘ ʫ ʩʣʫʯʘʿʫ ʥʫʢʣʝʘʨʥʝ ʠʣʠ ʨʘʜʠʦʣʦʰʢʝ ʚʘʥʨʝʜʥʝ ʩʠʪʫʘʮʠʿʝ, 

ʧʨʦʧʠʩʫʿʝ ʤʝʨʝ ʟʘ ʟʘʰʪʠʪʫ ʧʦʿʝʜʠʥʘʮʘ, ʩʪʘʥʦʚʥʠʰʪʚʘ ʠ ʞʠʚʦʪʥʝ ʩʨʝʜʠʥʝ ʦʜ ʰʪʝʪʥʦʛ ʫʪʠʮʘʿʘ 

ʿʦʥʠʟʫʿʫ˂ʝʛ ʟʨʘʯʝˁʘ, ʧʨʠʧʨʝʤʘ ʥʘʮʨʪʝ ʩʪʨʘʪʝʛʠʿʘ ʠ ʘʢʮʠʦʥʝ ʧʣʘʥʦʚʝ ʟʘ ˁʠʭʦʚʦ ʩʧʨʦʚʦʹʝˁʝ ʠʟ ʯʣ. 6. 

ʠ 8. ɿʘʢʦʥ ʦ ʨʘʜʠʿʘʮʠʦʥʦʿ ʠ ʥʫʢʣʝʘʨʥʦʿ ʩʠʛʫʨʥʦʩʪʠ ʠ ʙʝʟʙʝʜʥʦʩʪʠ ʠ ʤʥʦʛʝ ʜʨʫʛʝ [SRBATOM,2019]. 
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 ʈʠʟʠʮʠ ʧʦ ʥʫʢʣʝʘʨʥʫ ʙʝʟʙʝʜʥʦʩʪ 

ʋ ʧʦʩʣʝʜˁʠʭ 30 ʛʦʜʠʥʘ, ʿʘʚʠʦ ʩʝ ʧʦʚʝ˂ʘʥ ʙʨʦʿ ʠʥʮʠʜʝʥʪʘ ʢʦʿʠ ʩʫ ʫʢˀʫʯʠʚʘʣʠ ʥʫʢʣʝʘʨʥʝ ʠ ʜʨʫʛʝ 

ʨʘʜʠʦʘʢʪʠʚʥʝ ʤʘʪʝʨʠʿʘʣʝ. ʊʠ ʠʥʮʠʜʝʥʪʠ ʧʦ ʩʚʦʿʦʿ ʧʨʠʨʦʜʠ ʧʨʝʜʩʪʘʚˀʘʿʫ ʦʛʨʦʤʥʫ ʧʨʝʪˁʫ ʧʦ 

ʥʫʢʣʝʘʨʥʫ ʩʠʛʫʨʥʦʩʪ ʠ ʙʝʟʙʝʜʥʦʩʪ ʢʘʢʦ ʟʝʤʘˀʘ ʢʦʿʝ ʧʦʩʝʜʫʿʫ ʥʫʢʣʝʘʨʥʝ ʤʘʪʝʨʠʿʘʣʝ ʠ ʥʫʢʣʝʘʨʥʠ 

ʧʨʦʛʨʘʤ, ʪʘʢʦ ʠ ʥʘ ʛʣʦʙʘʣʥʦʤ ʥʠʚʦʫ. ʋ ʩʢʣʘʜʫ ʩʘ ʜʝʬʠʥʠʮʠʿʦʤ ʢʦʿʫ ʿʝ ʜʘʣʘ ʄʝʹʫʥʘʨʦʜʥʘ ʘʛʝʥʮʠʿʘ 

ʟʘ ʘʪʦʤʩʢʫ ʝʥʝʨʛʠʿʫ (IAEA), ʜʦʛʘʹʘʿ ʥʫʢʣʝʘʨʥʝ ʙʝʟʙʝʜʥʦʩʪʠ  ʿ ʝ ''ʜʦʛʘʹʘʿ ʢʦʿʠ ʠʤʘ ʧʦʪʝʥʮʠʿʘʣʥʝ ʠʣʠ 

ʩʪʚʘʨʥʝ ʠʤʧʣʠʢʘʮʠʿʝ  ʧʦ ʧʠʪʘˁʫ ʥʫʢʣʝʘʨʥʝ ʙʝʟʙʝʜʥʦʩʪʠ ʠ ʢʦʿʠ ʩʝ ʤʦʨʘ ʩʘʥʠʨʘʪʠ'', ʜʦʢ ʿʝ ʧʨʝʪˁʘ ʧʦ 

ʥʫʢʣʝʘʨʥʫ ʙʝʟʙʝʜʥʦʩʪ ʜʝʬʠʥʠʩʘʥʘ ʢʘʦ ''ʦʩʦʙʘ ʠʣʠ ʛʨʫʧʘ ˀʫʜʠ ʩʘ ʤʦʪʠʚʘʮʠʿʦʤ, ʥʘʤʝʨʦʤ ʠ 

ʩʧʦʩʦʙʥʦʰ˂ʫ ʜʘ ʧʦʯʠʥʝ ʢʨʠʚʠʯʥʘ ʠʣʠ ʥʘʤʝʨʥʘ ʥʝʦʚʣʘʰ˂ʝʥʘ ʜʝʣʘ ʢʦʿʘ ʫʢˀʫʯʫʿʫ ʠʣʠ ʩʫ ʫʩʤʝʨʝʥʘ ʥʘ 

ʥʫʢʣʝʘʨʥʠ ʤʘʪʝʨʠʿʘʣ, ʜʨʫʛʠ ʨʘʜʠʦʘʢʪʠʚʥʠ ʤʘʪʝʨʠʿʘʣ, ʧʨʠʜʨʫʞʝʥʝ ʦʙʿʝʢʪʝ ʠʣʠ ʘʢʪʠʚʥʦʩʪʠ ʟʘ ʢʦʿʝ 

ʜʨʞʘʚʘ ʫʪʚʨʜʠ ʜʘ ʠʤʘʿʫ ʥʝʧʦʚʦˀʘʥ ʫʪʠʮʘʿ ʥʘ ʥʫʢʣʝʘʨʥʫ ʙʝʟʙʝʜʥʦʩʪ''. ʊʘʢʦʹʝ, 

ʥʫʢʣʝʘʨʥʦʙʝʟʙʝʜʥʦʩʥʝ ʤʝʨʝ ʩʫ ʜʝʬʠʥʠʩʘʥʝ ʢʘʦ ''ʤʝʨʝ ʢʦʿʝ ʠʤʘʿʫ ʟʘ ʮʠˀ ʜʘ ʩʧʨʝʯʝ ʧʨʝʪˁʫ ʧʦ 

ʥʫʢʣʝʘʨʥʫ ʙʝʟʙʝʜʥʦʩʪ ʜʘ ʠʩʧʫʥʠ ʢʨʠʚʠʯʥʦ ʠʣʠ ʥʘʤʝʨʥʦ ʥʝʦʚʣʘʰ˂ʝʥʦ ʜʝʣʦ ʢʦʿʝ ʩʝ ʪʠʯʝ ʥʫʢʣʝʘʨʥʦʛ 

ʤʘʪʝʨʠʿʘʣʘ, ʜʨʫʛʦʛ ʨʘʜʠʦʘʢʪʠʚʥʦʛ ʤʘʪʝʨʠʿʘʣʘ, ʧʨʠʜʨʫʞʝʥʠʭ ʦʙʿʝʢʘʪʘ ʠ ʘʢʪʠʚʥʦʩʪʠ ʠʣʠ ʜʘ ʜʝʪʝʢʪʫʿʝ 

ʠʣʠ ʦʜʛʦʚʦʨʠ ʥʘ ʜʦʛʘʹʘʿ ʥʫʢʣʝʘʨʥʝ ʙʝʟʙʝʜʥʦʩʪʠ'' [IAEA No.20,2013]. ʋ ʥʘʩʪʘʚʢʫ ˂ʝ ʫ ʚʠʜʫ ʧʨʠʤʝʨʘ 

ʙʠʪʠ ʠʟʣʦʞʝʥʠ ʥʝʢʠ ʦʜ ʟʥʘʯʘʿʥʠʿʠʭ ʢʨʠʤʠʥʘʣʥʠʭ ʠʥʮʠʜʝʥʘʪʘ ʢʦʿʠ ʩʫ ʧʨʠʿʘʚˀʝʥʠ ʄʝʹʫʥʘʨʦʜʥʦʿ 

ɸʛʝʥʮʠʿʠ ʟʘ ɸʪʦʤʩʢʫ ɽʥʝʨʛʠʿʫ, ʘ ʫʢˀʫʯʫʿʫ ʥʫʢʣʝʘʨʥʠ ʠ ʜʨʫʛʠ ʨʘʜʠʦʘʢʪʠʚʥʠ ʤʘʪʝʨʠʿʘʣ 

[Apostol,2016]:  

¶ ɿʘʧʦʩʣʝʥʠ ʫ ʬʘʙʨʠʮʠ ʟʘ ʨʝʧʨʦʮʝʩʫʠʨʘˁʝ La Hague ʫ ʌʨʘʥʮʫʩʢʦʿ, ʧʦʢʫʰʘʦ ʿʝ ʜʘ ʧʦʯʠʥʠ 

ʫʙʠʩʪʚʦ, ʪʠʤʝ ʰʪʦ ʿʝ ʧʦʩʪʘʚʠʦ ʤʝʪʘʣʥʝ ʨʘʜʠʦʘʢʪʠʥʝ ʜʠʩʢʦʚʝ ʠʩʧʦʜ ʘʫʪʦ ʩʝʜʠʰʪʘ ʩʚʦʛ ʰʝʬʘ. 

ʆʚʘʿ ʠʥʮʠʜʝʥʪ ʩʝ ʦʜʠʛʨʘʦ 1978. ʛʦʜʠʥʝ. 

¶ ʋʥʫʪʘʨ ʙʝʪʦʥʩʢʦʛ ʟʠʜʘ ʫ ʩʪʘʥʫ ʫ ʤʝʩʪʫ ʂʨʘʤʘʪʦʨʩʢ, ʋʢʨʘʿʠʥʘ, ʥʘʹʝʥʘ ʿʝ ʤʘʣʘ ʢʘʧʩʫʣʘ ʢʦʿʘ ʿʝ 

ʩʘʜʨʞʘʣʘ ʚʠʩʦʢʫ ʘʢʪʠʚʥʦʩʪ 137Cs. ʉʤʘʪʨʘ ʩʝ ʜʘ ʿʝ ʢʘʧʩʫʣʘ ʫ ʩʪʚʘʨʠ ʙʠʣʘ ʜʝʦ ʤʝʨʥʦʛ ʫʨʝʹʘʿʘ 

ʢʦʿʠ ʿʝ ʠʟʛʫʙˀʝʥ ʪʦʢʦʤ ʢʘʩʥʠʭ 1970-ʪʠʭ ʛʦʜʠʥʘ, ʠ ʜʘ ʿʝ ʟʘʚʨʰʠʣʘ ʧʦʤʝʰʘʥʘ ʩʘ ʰˀʫʥʢʦʤ ʢʦʿʠ 

ʿʝ ʢʦʨʠʰ˂ʝʥ ʧʨʠ ʠʟʛʨʘʜˁʠ ʟʛʨʘʜʝ 1980. ɼʦ ʤʦʤʝʥʪʘ ʢʘʜʘ ʿʝ ʢʘʧʩʫʣʘ ʦʪʢʨʠʚʝʥʘ, 6 ʩʪʘʥʘʨʘ 

ʦʚʦʛ ʩʪʘʥʘ ʿʝ ʜʦʙʠʣʦ ʣʝʫʢʝʤʠʿʫ ʠ ʿʦʰ ˁʠʭ 17 ʿʝ ʧʨʠʤʠʣʦ ʚʠʩʦʢʫ ʜʦʟʫ ʟʨʘʯʝˁʘ. ʆʚʘʿ ʠʥʮʠʜʝʥʪ 

ʩʝ ʦʜʠʛʨʘʦ 1989. ʛʦʜʠʥʝ [NucIncidents,2022]. 

¶ ʊʝʣʝʚʠʟʠʿʩʢʠ ʨʝʧʦʨʪʝʨ ʿʝ ʜʦʙʠʦ ʜʦʿʘʚʫ ʜʘ ʩʝ ʥʘ ʣʦʢʘʣʠʪʝʪʫ ʧʘʨʢʘ ʀʩʤʘʠʣʦʚʦ ʫ ʠʩʪʦʯʥʦʿ 

ʄʦʩʢʚʠ, ʈʫʩʠʿʘ, ʥʘʣʘʟʠ ʩʘʢʨʠʚʝʥʦ ʨʘʜʠʦʘʢʪʠʚʥʦ ʦʨʫʞʿʝ. ʇʦʪʦʤ ʿʝ ʫʩʣʝʜʠʣʘ ʜʝʪʘˀʥʘ ʠʩʪʨʘʛʘ, 

ʥʘʢʦʥ ʯʝʛʘ ʿʝ ʧʨʦʥʘʹʝʥ ʩʫʜ ʢʦʿʠ ʿʝ ʩʘʜʨʞʘʦ ʮʝʟʠʿʫʤ 137Cs, ʧʦʚʝʟʘʥ ʩʘ ʰʪʘʧʠʥʠʤʘ ʜʠʥʘʤʠʪʘ. 

ʆʚʘʿ ʠʥʮʠʜʝʥʪ ʩʝ ʦʜʠʛʨʘʦ 1995. ʛʦʜʠʥʝ [NucIncidents,2022]. 

¶ ɿʘʧʦʩʣʝʥʠ ʫ ʬʘʙʨʠʮʠ ʟʘ ʨʝʧʨʦʮʝʩʫʠʨʘˁʝ ʤʘʣʠʭ ʨʘʟʤʝʨʘ WAK (Wiederaufbereitungsanlage 

Karlsruhe), ʫ ʤʝʩʪʫ ʂʘʨʣʩʨʫʝ, ʅʝʤʘʯʢʘ, ʫʢʨʘʦ ʿʝ ʧʣʫʪʦʥʠʿʫʤ ʩʘ ʨʘʜʥʦʛ ʤʝʩʪʘ, ʠ ʩʫʤˁʘ ʩʝ ʜʘ 

ʿʝ ʧʦʢʫʰʘʦ ʜʘ ʦʪʨʫʿʝ ʩʚʦʿʫ ʙʠʚʰʫ ʞʝʥʫ. ʈʘʜʠʥʢ ʥʠʿʝ ʫʢʨʘʦ ʚʝʣʠʢʫ ʢʦʣʠʯʠʥʫ ʧʣʫʪʦʥʠʿʫʤʘ, 

ʩʘʤʦ ʧʘʨ ʢʨʧʘ ʢʦʿʝ ʩʫ ʩʣʫʞʠʣʝ ʟʘ ʙʨʠʩʘˁʝ ʦʜʨʝʹʝʥʠʭ ʧʦʚʨʰʠʥʘ ʠ ʤʘʣʫ ʢʦʣʠʯʠʥʫ ʪʝʯʥʦʛ 

ʦʪʧʘʜʘ. ʇʦʨʝʜ ʧʦʯʠʥʠʪʝˁʘ, ʿʦʰ ʥʘʿʤʘˁʝ ʜʚʦʿʝ ˀʫʜʠ ʿʝ ʙʠʣʦ ʢʦʥʪʘʤʠʥʠʨʘʥʦ ʧʣʫʪʦʥʠʿʫʤʦʤ. 

ɼʚʘ ʮʝʣʘ ʩʪʘʥʘ ʫ ʛʨʘʜʫ ʃʘʥʜʘʫ ʫ ʦʙʣʘʩʪʠ Rhineland-Palatinate ʩʫ ʙʠʣʠ ʢʦʥʪʘʤʠʥʠʨʘʥʠ, ʠ 

ʤʦʨʘʣʘ ʩʝ ʠʟʚʨʰʠʪʠ ʧʦʪʧʫʥʘ ʜʝʢʦʥʪʘʤʠʥʘʮʠʿʘ ʫ ʚʨʝʜʥʦʩʪʠ ʦʜ ʜʚʘ ʤʠʣʠʦʥʘ ʝʫʨʘ. ʏʦʚʝʢ ʿʝ ʥʘ 

ʢʨʘʿʫ ʦʩʫʹʝʥ ʠ ʧʦʩʣʘʪ ʫ ʟʘʪʚʦʨ. ʆʚʘʿ ʠʥʮʠʜʝʥʪ ʩʝ ʦʜʠʛʨʘʦ 2001. ʛʦʜʠʥʝ [NucIncidents,2022]. 

¶ ʊʨʦʚʘˁʝ ɸʣʝʢʩʘʥʜʨʘ ʃʠʪʚʠʝʥʢʘ ʧʦʣʦʥʠʿʫʤʦʤ 210Po, ʢʦʿʠ ʿʝ (ʩʝʤ ʛʘʤʘ ʣʠʥʠʿʝ ʩʣʘʙʦʛ 

ʠʥʪʝʥʟʠʪʝʪʘ ʥʘ 803 keV) ʠʟʨʘʟʠʪ ʘʣʬʘ ʝʤʠʪʝʨ. ɸʣʝʢʩʘʥʜʘʨ ʃʠʪʚʠʝʥʢʦ ʿʝ ʙʠʚʰʠ ʦʬʠʮʠʨ 

ʨʫʩʢʦʛ ʌʉɹ (ʈʫʩʢʠ ʌʝʜʝʨʘʣʥʠ ɹʝʟʙʝʜʥʦʩʥʠ ʉʝʨʚʠʩ), ʢʦʿʠ ʿʝ ʠʟʙʝʛʘʦ ʧʨʦʩʝʢʫʮʠʿʫ ʫ ʈʫʩʠʿʠ, 
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ʠ ʜʦʙʠʦ ʧʦʣʠʪʠʯʢʠ ʘʟʠʣ ʫ ɺʝʣʠʢʦʿ ɹʨʠʪʘʥʠʿʠ. ʆʪʨʦʚʘʥ ʿʝ ʠʥʛʝʩʪʠʿʦʤ ʟʝʣʝʥʦʛ ʯʘʿʘ ʢʦʿʠ ʿʝ 

ʩʘʜʨʞʘʦ 210Po. Post-mortum ʛʘʤʘʩʧʝʢʪʨʦʤʝʪʨʠʿʩʢʦʤ ʘʥʘʣʠʟʦʤ ʙʠʦʜʠʩʪʨʠʙʫʮʠʿʝ 210Po ʫ ʪʝʣʫ, 

ʫʪʚʨʹʝʥʦ ʿʝ ʜʘ ʿʝ ʫʢʫʧʥʘ ʘʢʪʠʚʥʦʩʪ ʢʦʿʘ ʿʝ ʠʥʛʝʩʪʠʨʘʥʘ ʧʨʠʙʣʠʞʥʦ 4.4 GBq, ʰʪʦ ʿʝ ʧʨʝʢʦ 400 

ʧʫʪʘ ʚʠʰʝ ʦʜ ʩʨʝʜˁʝ ʣʝʪʘʣʥʝ ʜʦʟʝ ʟʘ ʩʣʫʯʘʿ ʠʥʛʝʩʪʠʿʝ. ʃʠʪʚʠʝʥʢʦ ʿʝ ʥʘ ʢʨʘʿʫ ʧʨʝʤʠʥʫʦ ʫʩʣʝʜ 

ʟʘʩʪʦʿʘ ʩʨʮʘ 22. ʥʦʚʝʤʙʨʘ 2006. ʛʦʜʠʥʝ ʥʘ ʋʥʠʚʝʨʟʠʪʝʪʩʢʦʿ ʙʦʣʥʠʮʠ ʫ ʃʦʥʜʦʥʫ, ɺʝʣʠʢʘ 

ɹʨʠʪʘʥʠʿʘ ʫ ʢʦʿʫ ʿʝ ʧʨʠʤˀʝʥ 3. ʥʦʚʝʤʙʨʘ 2006. ʛʦʜʠʥʝ [Litvienko,2022]. 

ʊʘʜʘʰˁʠ ʛʝʥʝʨʘʣʥʠ ʜʠʨʝʢʪʦʨ IAEA Mohamed ElBaradei ʿʝ ʪʦʢʦʤ ʩʚʦʛ ʛʦʚʦʨʘ ʥʘ ʀʥʪʝʨʥʘʮʠʦʥʘʣʥʦʿ 

ʢʦʥʬʝʨʝʥʮʠʿʠ ʥʘ ʪʝʤʫ ʅʫʢʣʝʘʨʥʝ ʙʝʟʙʝʜʥʦʩʪʠ 2005. ʛʦʜʠʥʝ ʜʝʬʠʥʠʩʘʦ ʯʝʪʠʨʠ ʧʦʪʝʥʮʠʿʘʣʥʘ ʨʠʟʠʢʘ 

ʧʦ ʥʫʢʣʝʘʨʥʫ ʙʝʟʙʝʜʥʦʩʪ [Apostol, 2016; IAEA NT,2019]: 

1. ʇʨʠʙʘʚˀʘˁʝ ʥʫʢʣʝʘʨʥʠʭ ʤʘʪʝʨʠʿʘʣʘ ʨʘʜʠ ʢʦʥʩʪʨʫʢʮʠʿʝ ʥʫʢʣʝʘʨʥʠʭ ʝʢʩʧʣʦʟʠʚʥʠʭ ʥʘʧʨʘʚʘ; 

2. ʂʨʘʹʘ ʥʫʢʣʝʘʨʥʦʛ ʦʨʫʞʿʘ; 

3. ʈʘʜʠʦʣʦʰʢʠ ʭʘʟʘʨʜʠ (ʦʧʘʩʥʦʩʪʠ) ʥʘʩʪʘʣʠ ʫʩʣʝʜ ʩʘʙʦʪʘʞʝ ʠʣʠ ʥʘʧʘʜʘ ʥʘ ʥʫʢʣʝʘʨʥʫ ʫʩʪʘʥʦʚʫ 

ʠʣʠ ʪʨʘʥʩʧʦʨʪʥʦ ʚʦʟʠʣʦ; 

4. ʄʘʣʠʮʠʦʟʥʘ ʫʧʦʪʨʝʙʘ ʨʘʜʠʦʘʢʪʠʚʥʠʭ ʠʟʚʦʨʘ, ʫʢˀʫʯʫʿʫ˂ʠ ʠ dirty bombs (ʧʨˀʘʚʝ ʙʦʤʙʝ). 

ʂʘʦ ʰʪʦ ʩʝ ʤʦʞʝ ʚʠʜʝʪʠ ʠʟ ʛʦʚʦʨʘ ʛʝʥʝʨʘʣʥʦʛ ʜʠʨʝʢʪʦʨʘ IAEA, ʿʝʜʘʥ ʦʜ ʨʠʟʠʢʘ ʿʝ ʠ ʢʦʥʩʪʨʫʢʮʠʿʘ 

ʧʨˀʘʚʝ ʙʦʤʙʝ ʦʜ ʩʪʨʘʥʝ ʪʝʨʦʨʠʩʪʘ. ʇʦʤʝʥʫʪʝ ʥʘʧʨʘʚʝ ʩʝ ʧʨʝʚʘʩʭʦʜʥʦ ʤʦʛʫ ʥʘ˂ʠ ʫ ʪʨʠ ʨʘʟʣʠʯʠʪʘ 

ʦʙʣʠʢʘ ʘ ʪʦ ʩʫ: Radiological Exposure Device (RED), Radiological Dispersal Device (RDD), Improvised 

Nuclear Device (IND): 

Radiological Exposure Device (RED), ʈʘʜʠʦʣʦʰʢʠ ʝʢʩʧʦʟʠʮʠʦʥʠ ʫʨʝʹʘʿ ʧʨʝʜʩʪʘʚˀʘ ʨʘʜʠʦʘʢʪʠʚʥʠ 

ʤʘʪʝʨʠʿʘʣ ʠʣʠ ʧʨʝʜʤʝʪ ʢʦʿʠ ʩʘʜʨʞʠ ʨʘʜʠʦʘʢʪʠʚʥʠ ʤʘʪʝʨʠʿʘʣ (ʜʝʣʠʤʠʯʥʦ ʠʣʠ ʧʦʪʧʫʥʦ ʥʝʟʘʰʪʠ˂ʝʥ), 

ʘ ʯʠʿʘ ʿʝ ʩʚʨʭʘ ʠʟʣʘʛʘˁʝ ʿʘʚʥʦʩʪʠ ʿʦʥʠʟʫʿʫ˂ʝʤ ʟʨʘʯʝˁʫ ʙʝʟ ˁʠʭʦʚʦʛ ʟʥʘˁʘ. ʇʦʤʝʥʫʪʦ ʠʟʣʘʛʘˁʝ ʢʘʦ 

ʧʦʩʣʝʜʠʮʫ ʠʤʘ ʦʜʨʝʹʝʥʝ ʜʝʪʝʨʤʠʥʠʩʪʠʯʢʝ ʠ/ʠʣʠ ʩʪʦʭʘʩʪʠʯʢʝ ʙʠʦʣʦʰʢʝ ʝʬʝʢʪʝ. ʉʪʝʧʝʥ ʦʧʘʩʥʦʩʪʠ, 

ʘ ʩʘʤʠʤ ʪʠʤ ʠ ʩʢʘʣʝ ʨʘʜʠʦʙʠʦʣʦʰʢʠʭ ʝʬʝʢʘʪʘ ʟʘʚʠʩʠ˂ʝ ʦʜ ʚʨʩʪʝ ʠ ʢʦʣʠʯʠʥʝ ʨʘʜʠʘʢʪʠʚʥʦʛ 

ʤʘʪʝʨʠʿʘʣʘ, ʫʜʘˀʝʥʦʩʪʠ ʦʜ ʥʘʧʨʘʚʝ ʠ ʥʘʨʘʚʥʦ ʚʨʝʤʝʥʘ ʧʨʦʚʝʜʝʥʦʛ ʫ ʥʝʧʦʩʨʝʜʥʦʿ ʙʣʠʟʠʥʠ ʠʩʪʝ. RED 

ʩʝ ʤʦʞʝ ʧʦʩʪʘʚʠʪʠ ʥʘ ʚʝʣʠʢʠ ʜʠʿʘʧʘʟʦʥ ʿʘʚʥʠʭ ʤʝʩʪʘ ï ʠʩʧʦʜ ʩʝʜʠʰʪʘ ʫ ʿʘʚʥʦʤ ʪʨʘʥʩʧʦʨʪʫ, ʫ 

ʧʨʦʤʝʪʥʠʤ ʿʘʚʥʠʤ ʧʨʦʣʘʟʠʤʘ, ʫʥʫʪʘʨ ʧʦʩʣʫʞʘʚʥʠʢʘ ʭʨʘʥʝ, ʠʪʜ. ɼʦʛʘʹʘʿ ʢʦʿʠ ʫʢˀʫʯʫʿʝ RED ʤʦʞʝ 

ʠʤʘʪʠ ʧʦʪʝʥʮʠʿʘʣʥʦ ʚʝʦʤʘ ʦʧʘʩʥʝ ʧʦʩʣʝʜʠʮʝ, ʢʘʢʦ ʧʦ ʞʨʪʚʝ ʠʟʣʘʛʘˁʘ ʪʘʢʦ ʠ ʧʦ ʮʝʣʦʢʫʧʥʠ ʩʠʩʪʝʤ 

ʿʘʚʥʦʛ ʨʝʜʘ ʠ ʤʠʨʘ ï ʧʨʝʪʝʨʘʥʦ, ʥʝʧʦʪʨʝʙʥʦ ʠʟʣʘʛʘˁʝ ʿʘʚʥʦʩʪʠ ʿʦʥʠʟʫʿʫ˂ʝʤ ʟʨʘʯʝˁʫ, ʥʝʤʠʨ ʠ ʧʘʥʠʢʫ 

ʿʘʚʥʦʩʪʠ, ʥʝʧʦʚʝʨʝˁʝ ʫ ʚʣʘʜʫ, ʧʨʠʚʨʝʤʝʥʠ ʛʫʙʠʪʘʢ ʠʥʬʨʘʩʪʨʫʢʪʫʨʝ [Apostol,2016; REMM,2022; 

REDinfo,2022]. 

Radiological Dispersal Device (RDD), ʈʘʜʠʦʣʦʰʢʠ ʜʠʩʧʝʨʟʠʚʥʠ ʫʨʝʹʘʿ, ʩʘʩʪʦʿʠ ʩʝ ʦʜ 

ʚʠʩʦʢʦʨʘʜʠʦʘʢʪʠʚʥʦʛ ʤʘʪʝʨʠʿʘʣʘ ʧʦʚʝʟʘʥʦʛ ʩʘ ʩʪʘʥʜʘʨʜʥʠʤ ʝʢʩʧʣʦʟʠʚʦʤ (ʝʢʩʧʣʦʟʠʚʥʦʤ ʥʘʧʨʘʚʦʤ). 

ʇʦʩʪʦʿʠ ʠ ʚʘʨʠʿʘʮʠʿʘ RDD ʢʦʜ ʢʦʿʝ ʩʝ ʫʤʝʩʪʦ ʝʢʩʧʣʦʟʠʚʘ ʢʦʨʠʩʪʝ ʜʨʫʛʘ ʩʨʝʜʩʪʚʘ ʜʠʩʠʤʠʥʘʮʠʿʝ 

ʧʦʧʫʪ ʚʝʥʪʠʣʘʮʠʿʝ. ʉʚʨʭʘ ʦʚʝ ʥʘʧʨʘʚʝ ʿʝ ʨʘʩʧʨʰʠʚʘˁʝ ʨʘʜʠʦʥʫʢʣʠʜʘ ʚʠʩʦʢʝ ʘʢʪʠʚʥʦʩʪʠ ʧʦ ʙʣʠʞʦʿ 

ʦʢʦʣʠʥʠ, ʘʣʠ ʙʝʟ ʠʟʘʟʠʚʘˁʘ ʩʘʤʝ ʥʫʢʣʝʘʨʥʝ ʨʝʘʢʮʠʿʝ ʪʦʢʦʤ ʝʢʩʧʣʦʟʠʿʝ. ʅʘʧʘʜ ʢʦʿʠ ʫʢˀʫʯʫʿʝ 

ʫʧʦʪʨʝʙʫ RDD ʜʦ ʜʘʥʘʰˁʝʛ ʜʘʥʘ ʥʠʿʝ ʫʩʧʝʰʥʦ ʠʟʚʝʜʝʥ. ʇʦʩʣʝʜʠʮʝ ʭʠʧʦʪʝʪʠʯʢʝ ʝʢʩʧʣʦʟʠʿʝ RDD ʩʫ 

ʤʥʦʛʦʙʨʦʿʥʝ, ʧʦʯʝʚ ʦʜ ˀʫʜʩʢʠʭ ï ʪʨʝʥʫʪʥʠʭ ʞʨʪʘʚʘ ʫ ʚʠʜʫ ʦʩʦʙʘ ʢʦʿʝ ʩʫ ʙʠʣʝ ʫ ʙʣʠʩʢʦʤ ʦʢʨʫʞʝˁʫ 

ʠʥʠʮʠʿʘʣʥʝ ʝʢʩʧʣʦʟʠʿʝ ʢʘʦ ʠ ʥʘʢʥʘʜʥʠʭ ʞʨʪʘʚʘ ʫʩʣʝʜ ʧʦʩʣʝʜʠʮʘ ʧʨʝʢʦʤʝʨʥʦʛ ʠʟʣʘʛʘˁʘ ʿʦʥʠʟʫʿʫ˂ʝʤ 

ʟʨʘʯʝˁʫ, ʜʦ ʝʢʦʥʦʤʩʢʠʭ ʫ ʚʠʜʫ ʢʦʥʪʘʤʠʥʘʮʠʿʝ ʞʠʚʦʪʥʝ ʩʨʝʜʠʥʝ, ʧʘʥʠʢʝ ʠ ʩʪʨʘʭʘ ʤʝʹʫ ʿʘʚʥʦʩʪʠ, 

ʪʨʦʰʢʦʚʘ ʜʝʢʦʥʪʘʤʠʥʘʮʠʿʝ ʠ ʨʝʤʝʜʠʿʘʮʠʿʝ ʞʠʚʦʪʥʝ ʩʨʝʜʠʥʝ. RDD ʧʨʝʜʩʪʘʚˀʘ ʚʝʣʠʢʫ ʧʨʝʪˁʫ, 

ʫʟʠʤʘʿʫ˂ʠ ʫ ʦʙʟʠʨ ʜʘ ʟʘ ʢʦʥʩʪʨʫʢʮʠʿʫ ʪʘʢʚʝ ʥʘʧʨʘʚʝ ʫʦʧʰʪʝ ʥʠʿʝ ʧʦʪʨʝʙʘʥ ʚʠʩʦʢ ʥʠʚʦ ʟʥʘˁʘ ʠ 
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ʪʝʭʥʦʣʦʰʢʝ ʩʦʬʠʩʪʠʮʠʨʘʥʦʩʪʠ, ʫʢʦʣʠʢʦ ʧʦʛʦʜʘʥ ʚʠʩʦʢʦʘʢʪʠʚʥʠ ʨʘʜʠʦʘʢʪʠʚʥʠ ʠʟʚʦʨ ʧʦʩʪʘʥʝ 

ʜʦʩʪʫʧʘʥ ʪʝʨʦʨʠʩʪʠʤʘ [Moody et al.,2015; Apostol,2016]. 

Improvised Nuclear Device (IND), ʀʤʧʨʦʚʠʟʦʚʘʥʠ ʥʫʢʣʝʘʨʥʠ ʫʨʝʹʘʿ ʿʝ ʪʝʦʨʠʿʩʢʘ (ʭʠʧʦʪʝʪʠʯʢʘ) 

ʙʦʤʙʘ, ʢʦʿʘ ʿʝ ʜʠʟʘʿʥʠʨʘʥʘ ʠʣʠ ʢʦʥʩʪʨʫʠʩʘʥʘ ʚʘʥ ʥʘʜʣʝʞʥʦʩʪʠ ʟʚʘʥʠʯʥʝ ʚʣʘʜʠʥʝ ʦʨʛʘʥʠʟʘʮʠʿʝ 

(ʥʫʢʣʝʘʨʥʦ ʦʨʫʞʿʝ ʫʢʨʘʜʝʥʦ ʠʟ ʧʦʩʪʦʿʝ˂ʝʛ ʘʨʩʝʥʘʣʘ ʠʣʠ ʩʢʣʘʜʠʰʪʘ ʦʜʨʝʹʝʥʝ ʟʝʤˀʝ ʩʝ ʪʘʢʦʹʝ ʩʤʘʪʨʘ 

ʟʘ ʠʤʧʨʦʚʠʟʦʚʘʥʫ ʥʫʢʣʝʘʨʥʫ ʥʘʧʨʘʚʫ). IND ʩʝ ʩʘʩʪʦʿʠ ʦʜ ʩʧʝʮʠʿʘʣʥʦʛ ʥʫʢʣʝʘʨʥʦʛ ʤʘʪʝʨʠʿʘʣʘ 

(''weapons-grade'' ʧʣʫʪʦʥʠʿʫʤ ʠʣʠ HEU) ʠ ʩʚʨʭʘ ʿʦʿ ʿʝ ʠʟʘʟʠʚʘˁʝ ʥʫʢʣʝʘʨʥʝ ʝʢʩʧʣʦʟʠʿʝ. ʇʦʩʣʝʜʠʮʝ 

IND ʩʫ, ʧʨʝ ʩʚʝʛʘ, ʪʨʝʥʫʪʥʘ ʰʪʝʪʘ ʠ ˀʫʜʩʢʝ ʞʨʪʚʝ ʫ ʰʠʨʦʢʦʤ ʦʧʩʝʛʫ ʥʘʩʪʘʣʝ ʦʜ ʩʘʤʝ ʝʢʩʧʣʦʟʠʿʝ ʠ 

ʟʥʘʯʘʿʥʘ ʨʘʜʠʦʘʢʪʠʚʥʘ ʢʦʥʪʘʤʠʥʘʮʠʿʘ ʦʜ ''fallout''-a (ʨʘʩʧʨʰʠʚʘˁʘ ʨʘʜʠʦʥʫʢʣʠʜʘ), ʘ ʧʦʪʦʤ ʠ ʥʝʤʠʨ 

ʠ ʧʘʥʠʢʘ ʿʘʚʥʦʩʪʠ ʠ ʦʩʪʘʣʝ ʚʝ˂ ʥʘʙʨʦʿʘʥʝ ʝʢʦʥʦʤʩʢʝ ʧʦʩʣʝʜʠʮʝ [Moody et al.,2015; Apostol,2016]. 

ɿʘ ʢʦʥʩʪʨʫʢʮʠʿʫ IND ʧʦʪʨʝʙʥʦ ʧʨʝ ʩʚʝʛʘ ʟʥʘʯʘʿʥʦ ʟʥʘˁʝ ʠʟ ʦʙʣʘʩʪʠ ʥʫʢʣʝʘʨʥʝ ʬʠʟʠʢʝ ʠ 

ʠʥʞʝˁʝʨʩʪʚʘ, ʧʨʝʮʠʟʥʦʩʪ ʠʟʨʘʜʝ ʠ ʪʝʭʥʦʣʦʰʢʘ ʫʩʘʚʨʰʝʥʦʩʪ ʥʘ ʚʠʩʦʢʦʤ ʥʠʚʦʫ, ʙʨʦʿʥʝ ʩʠʛʫʨʥʦʩʥʝ 

ʤʝʨʝ ʟʝʤʘˀʘ ʢʦʿʝ ʧʦʩʝʜʫʿʫ ʥʫʢʣʝʘʨʥʠ ʤʘʪʝʨʠʿʘʣ, ʢʘʦ ʠ ʧʦʩʝʜʦʚʘˁʝ ʠʟʫʟʝʪʥʦ ʩʢʫʧʠʭ ʠ ʟʘ ʧʨʦʠʟʚʦʜˁʫ 

ʪʝʭʥʦʣʦʰʢʠ ʟʘʭʪʝʚʥʠʭ ʩʧʝʮʠʿʘʣʥʠʭ ʥʫʢʣʝʘʨʥʠʭ ʤʘʪʝʨʠʿʘʣʘ6 (ʧʨʠʙʣʠʞʥʦ 17 kg 235U ʠʣʠ 6 kg 239Pu 

(Ŭ-ʬʘʟʝ) ʟʘ ʢʦʥʩʪʨʫʢʮʠʿʫ IND). ʀʤʘʿʫ˂ʠ ʥʘʚʝʜʝʥʝ ʯʠˁʝʥʠʮʝ ʫ ʚʠʜʫ, ʚʝʨʦʚʘʪʥʦ˂ʘ ʜʝʰʘʚʘˁʘ 

ʪʝʨʦʨʠʩʪʠʯʢʦʛ IND ʥʘʧʘʜʘ ʿʝ ʚʝʦʤʘ ʤʘʣʘ. ʅʘʨʘʚʥʦ, ʫʢʦʣʠʢʦ ʙʠ ʩʝ ʠʟʚʝʦ ʫʩʧʝʰʘʥ ʥʘʧʘʜ, ʧʦʩʣʝʜʠʮʝ 

ʙʠ ʙʠʣʝ ʝʥʦʨʤʥʝ. ʋ ʩʣʫʯʘʿʫ RDD ʥʘʧʘʜʘ ʠʤʘʤʦ ʜʨʫʛʘʯʠʿʫ ʩʠʪʫʘʮʠʿʫ, ʛʜʝ ʿʝ ʚʝʨʦʚʘʪʥʦ˂ʘ ʟʘ ʪʘʢʘʚ 

ʥʘʧʘʜ ʟʥʘʯʘʿʥʦ ʚʝ˂ʘ, ʫ ʧʦʨʝʹʝˁʫ ʩʘ IND ʥʘʧʘʜʦʤ, ʫʩʣʝʜ ʚʝʦʤʘ ʨʘʩʧʨʦʩʪʨʘˁʝʥʝ ʫʧʦʪʨʝʙʝ 

ʚʠʩʦʢʦʘʢʪʠʚʥʠʭ ʢʦʤʝʨʮʠʿʘʣʥʠʭ ʨʘʜʠʦʘʢʪʠʚʥʠʭ ʤʘʪʝʨʠʿʘʣʘ [Moody et al.,2015; Apostol, 2016]. 

ʅʘ ʩʣʠʮʠ 2.1 ʿʝ ʧʨʠʢʘʟʘʥ ʛʦʜʠʰˁʠ ʪʨʝʥʜ ʟʘʧʣʝʥʘ ʠʣʝʛʘʣʥʦʛ ʥʫʢʣʝʘʨʥʦʛ ʤʘʪʝʨʠʿʘʣʘ ʫ ʧʝʨʠʦʜʫ ʦʜ 

1992-2011. ʛʦʜʠʥʝ. ʐʪʘʚʠʰʝ, ʧʨʠʢʘʟʘʥʠ ʩʫ ʠʩʢˀʫʯʠʚʦ ʩʧʝʮʠʿʘʣʥʠ ʥʫʢʣʝʘʨʥʠ ʤʘʪʝʨʠʿʘʣʠ ʢʦʿʠ ʩʝ 

ʤʦʛʫ ʫʧʦʪʨʝʙʠʪʠ ʟʘ ʢʦʥʩʪʨʫʢʮʠʿʫ ʦʨʫʞʿʘ. ɹʨʦʿ ʠ ʦʧʠʩ ʠʥʮʠʜʝʥʘʪʘ ʿʝ ʫ ʩʢʣʘʜʫ ʩʘ ʠʥʬʦʨʤʘʮʠʿʘʤʘ 

ʜʦʩʪʫʧʥʠʤ ʫ IAEA [Moody et al.,2015]. 

 
 ʉʣʠʢʘ 2.1. ɿʘʧʣʝʥʝ ʩʧʝʮʠʿʘʣʥʠʭ ʥʫʢʣʝʘʨʥʠʭ ʤʘʪʝʨʠʿʘʣʘ ʢʦʿʠ ʩʝ ʤʦʛʫ ʫʧʦʪʨʝʙʠʪʠ ʟʘ ʢʦʥʩʪʨʫʢʮʠʿʫ 

ʦʨʫʞʿʘ [Moody et al.,2015]. 

                                                      
6 ʄʘʪʝʨʠʿʘʣʠ ʢʦʿʠ ʩʫ ʦʙʦʛʘ˂ʝʥʠ ʠʟʦʪʦʧʠʤʘ ʫʨʘʥʠʿʫʤʘ 233U, 235U ʠʣʠ ʩʘʜʨʞʝ ʙʠʣʦ ʢʦʿʠ ʦʜ ʠʟʦʪʦʧʘ ʧʣʫʪʦʥʠʿʫʤʘ 
238-242Pu [Moody et al.,2015]. 
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 IAEA ɹʘʟʘ ʧʦʜʘʪʘʢʘ ʦ ʠʥʮʠʜʝʥʪʠʤʘ ʠ ʥʝʜʦʟʚʦˀʝʥʦʤ ʪʨʘʥʩʧʦʨʪʫ (ITDB) 

IAEA ɹʘʟʘ ʧʦʜʘʪʘʢʘ ʦ ʠʥʮʠʜʝʥʪʠʤʘ ʠ ʪʨʛʦʚʠʥʠ (The IAEA Incident and Trafficking Database (ITDB)) 

ʿʝ ʜʝʦ ʠʥʬʦʨʤʘʮʠʦʥʦʛ ʩʠʩʪʝʤʘ IAEA ʢʦʿʠ ʿʝ ʟʘʜʫʞʝʥ ʟʘ ʩʢʣʘʜʠʰʪʝˁʝ ʠ ʧʨʦʪʦʢ ʠʥʬʦʨʤʘʮʠʿʘ ʦ 

ʥʝʟʘʢʦʥʠʪʦʿ ʪʨʛʦʚʠʥʠ, ʠʥʮʠʜʝʥʪʠʤʘ ʠ ʜʨʫʛʠʤ ʦʙʣʠʮʠʤʘ ʥʝʜʦʟʚʦˀʝʥʠʭ ʘʢʪʠʚʥʦʩʪʠ ʠʣʠ ʜʦʛʘʹʘʿʘ ʢʦʿʠ 

ʩʝ ʪʠʯʫ ʥʫʢʣʝʘʨʥʦʛ ʠ ʜʨʫʛʦʛ ʨʘʜʠʦʘʢʪʠʚʥʦʛ ʤʘʪʝʨʠʿʘʣʘ ʚʘʥ ʨʝʛʫʣʘʪʦʨʥʝ ʢʦʥʪʨʦʣʝ. ITDB ʩʘʜʨʞʠ 

ʠʥʬʦʨʤʘʮʠʿʝ ʘʫʪʦʨʠʪʘʪʠʚʥʦʛ ʪʠʧʘ, ʢʦʿʝ ʩʫ ʧʨʠʿʘʚˀʝʥʝ ʦʜ ʩʪʨʘʥʝ ʟʝʤʘˀʘ ʯʣʘʥʠʮʘ, ʧʨʝʢʦ 

ʥʦʤʠʥʦʚʘʥʠʭ ʢʦʥʪʘʢʪ ʦʩʦʙʘ, ʥʘ ʜʦʙʨʦʚʦˀʥʦʿ ʙʘʟʠ. ɼʘˀʝ, ʦʚʝ ʠʥʬʦʨʤʘʮʠʿʝ ʩʝ ʜʠʩʪʨʠʙʫʠʨʘʿʫ ʩʚʠʤ 

ʟʝʤˀʘʤʘ ʯʣʘʥʠʮʘʤʘ ʠ ʜʨʫʛʠʤ ʦʨʛʘʥʠʟʘʮʠʿʘʤʘ ʦʜ ʠʥʪʝʨʝʩʘ. ɿʘʢˀʫʯʥʦ ʩʘ 2021. ʛʦʜʠʥʦʤ ʙʠʣʦ ʿʝ 142 

ʟʝʤˀʝ ʯʣʘʥʠʮʝ ʦʚʝ ʙʘʟʝ ʧʦʜʘʪʘʢ, ʫʢˀʫʯʫʿʫ˂ʠ ʠ ʉʨʙʠʿʫ. ITDB ʿ ʝ ʦʩʥʦʚʘʥ 1995. ʛʦʜʠʥʝ ʦʜ ʩʪʨʘʥʝ ʩʘʤʝ 

IAEA ʠ ʟʝʤʘˀʘ ʯʣʘʥʠʮʘ. ɹʘʟʘ ʧʦʜʘʪʘʢʘ ʦ ʠʥʮʠʜʝʥʪʠʤʘ ʠ ʥʝʜʦʟʚʦˀʝʥʦʤ ʪʨʘʥʩʧʦʨʪʫ ʦʙʫʭʚʘʪʘ ʩʚʝ 

ʪʠʧʦʚʝ ʥʫʢʣʝʘʨʥʦʛ ʤʘʪʝʨʠʿʘʣʘ, ʧʨʠʨʦʜʥʠʭ ʠ ʚʝʰʪʘʯʢʠʭ ʨʘʜʠʦʠʟʦʪʦʧʘ ʠʣʠ ʤʘʪʝʨʠʿʘʣʘ 

ʢʦʥʪʘʤʠʥʠʨʘʥʠʭ ʠʩʪʠʤ, ʢʘʦ ʰʪʦ ʿʝ, ʥʘ ʧʨʠʤʝʨ, ʦʪʧʘʜʥʠ ʤʝʪʘʣ. ʆʜ 2016. ʛʦʜʠʥʝ ʧʨʠʭʚʘ˂ʝʥʦ ʿʝ 

ʫʚʦʹʝˁʝ ʢʣʘʩʠʬʠʢʘʮʠʿʝ ʠʥʮʠʜʝʥʘʪʘ ʢʦʿʠ ʩʫ ʧʨʠʿʘʚˀʝʥʠ ʫ ʪʨʠ ʛʨʫʧʝ: [IAEA ITDB,2022; 

ITDBfact,2020; ITDBfact,2022]  

¶ ɻʨʫʧʘ 1 ï ʀʥʮʠʜʝʥʪʠ ʢʦʿʠ ʿʝʩʫ, ʠʣʠ ʿʝ ʚʝʣʠʢʘ ʚʝʨʦʚʘʪʥʦ˂ʘ ʜʘ ʿʝʩʫ ʧʦʚʝʟʘʥʠ ʩʘ ʥʝʣʝʛʘʣʥʦʤ 

ʪʨʛʦʚʠʥʦʤ ʠ ʟʣʦʥʘʤʝʨʥʦʤ ʫʧʦʪʨʝʙʦʤ. 

¶ ɻʨʫʧʘ 2 -  ʀʥʮʠʜʝʥʪʠ ʯʠʿʘ ʥʘʤʝʨʘ ʥʠʿʝ ʿʘʩʥʦ ʦʜʨʝʹʝʥʘ. 

¶ ɻʨʫʧʘ 3 - ʀʥʮʠʜʝʥʪʠ ʢʦʿʠ ʥʠʩʫ, ʠʣʠ ʿʝ ʤʘʣʘ ʚʝʨʦʚʘʪʥʦ˂ʘ ʜʘ ʿʝʩʫ ʧʦʚʝʟʘʥʠ ʩʘ ʥʝʣʝʛʘʣʥʦʤ 

ʪʨʛʦʚʠʥʦʤ ʠ ʟʣʦʥʘʤʝʨʥʦʤ ʫʧʦʪʨʝʙʦʤ. 

ɼʦ 31. ʜʝʮʝʤʙʨʘ 2021. ʛʦʜʠʥʝ ITDB ʝʿ ʠʤʘʦ ʫʢʫʧʥʦ 3928 ʧʦʪʚʨʹʝʥʠʭ ʠʥʮʠʜʝʥʘʪʘ, ʧʦʯʝʚ ʦʜ 1993. 

ʛʦʜʠʥʝ. ʆʜ ʪʠʭ 3928 ʧʦʪʚʨʹʝʥʠʭ ʩʣʫʯʘʿʝʚʘ, ˁʠʭ 320 ʿʝ ʙʠʣʦ ʫ ʦʢʚʠʨʫ ɻʨʫʧʝ 1 (ʢʦʿʘ ʿʝ ʠ ʥʘʿʨʠʟʠʯʥʠʿʘ 

ʠ ʧʨʝʚʘʩʭʦʜʥʦ ʦʙʣʘʩʪ ʜʝʣʦʚʘˁʘ ʥʫʢʣʝʘʨʥʝ ʬʦʨʝʥʟʠʢʝ), 1034 ʠʥʮʠʜʝʥʪʘ ʫ ʦʢʚʠʨʫ ɻʨʫʧʝ 2 ʠ 2574 

ʠʥʮʠʜʝʥʪʘ ʫ ʦʢʚʠʨʫ ɻʨʫʧʝ 3. ʋ ʪʦʢʫ 2021. ʛʦʜʠʥʝ, ITDB-ʫ ʿʝ ʧʨʠʿʘʚˀʝʥʦ 120 ʠʥʮʠʜʝʥʘʪʘ 

[ITDBfact,2022]. ʉʘ ʉʣʠʢʝ 2.2 [ITDB,2021] ʤʦʞʝ ʩʝ ʧʨʠʤʝʪʠʪʠ ʦʧʘʜʘʿʫ˂ʠ ʪʨʝʥʜ ʧʨʠʿʘʚˀʝʥʠʭ 

ʠʥʮʠʜʝʥʘʪʘ ʫ ʧʝʨʠʦʜʫ ʦʜ 2017. ʛʦʜʠʥʝ ʜʦ ʜʘʥʘʩ.  

 

 ʉʣʠʢʘ 2.2. ʋʢʫʧʘʥ ʙʨʦʿ ʧʨʠʿʘʚˀʝʥʠʭ ʧʦʪʚʨʹʝʥʠʭ ʠʥʮʠʜʝʥʘʪʘ ʫ ʧʝʨʠʦʜʫ 1993-2021 [ITDB,2021]. 
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ITDB ʥʘʤ ʥʝ˂ʝ ʧʨʫʞʠʪʠ ʥʫʢʣʝʘʨʥʦʬʦʨʝʥʟʠʯʢʝ ʠʥʬʦʨʤʘʮʠʿʝ ʢʘʦ ʰʪʦ ʩʫ ʧʦʨʝʢʣʦ ʠʣʠ ʤʝʩʪʦ ʛʫʙʠʪʢʘ 

ʥʫʢʣʝʘʨʥʦʛ ʠʣʠ ʜʨʫʛʦʛ ʨʘʜʠʦʘʢʪʠʚʥʦʛ ʤʘʪʝʨʠʿʘʣʘ (ʪʨʝʥʫʪʘʢ ʦʜ ʢʦʛ ʚʠʰʝ ʥʠʿʝ ʧʦʜ ʨʝʛʫʣʘʪʦʨʥʦʤ 

ʢʦʥʪʨʦʣʦʤ), ʘʣʠ ʤʦʞʝ ʜʘʪʠ ʠʥʬʦʨʤʘʮʠʿʝ ʦʜ ʟʥʘʯʘʿʘ ʟʘ ʧʦʚʝʟʠʚʘˁʝ ʜʚʘ ʩʣʫʯʘʿʘ ʠ ʛʝʥʝʨʘʣʥʦ ʟʘ 

ʟʘʩʪʫʧˀʝʥʦʩʪ ʦʚʘʢʚʠʭ ʜʦʛʘʹʘʿʘ. 

 ɹʠʙʣʠʦʪʝʢʘ ʥʫʢʣʝʘʨʥʝ ʬʦʨʝʥʟʠʢʝ 

ʅʘʮʠʦʥʘʣʥʘ ʙʠʙʣʠʦʪʝʢʘ ʥʫʢʣʝʘʨʥʝ ʬʦʨʝʥʟʠʢʝ (National Nuclear Forensics Library (NNFL)) 

ʧʨʝʜʩʪʘʚˀʘ ʙʘʟʫ ʧʦʜʘʪʘʢʘ ʢʦʿʘ ʩʣʫʞʠ ʟʘ ʠʜʝʥʪʠʬʠʢʘʮʠʿʫ ʥʫʢʣʝʘʨʥʦʛ ʠ ʜʨʫʛʦʛ ʨʘʜʠʦʘʢʪʠʚʥʦʛ 

ʤʘʪʝʨʠʿʘʣʘ ʢʦʿʠ ʩʝ ʥʘʹʫ ʚʘʥ ʨʝʛʫʣʘʪʦʨʥʝ ʢʦʥʪʨʦʣʝ. ʋ ʩʢʣʘʜʫ ʩʘ ʧʨʝʧʦʨʫʢʦʤ IAEA, ʟʝʤˀʝ ʯʣʘʥʠʮʝ 

ʪʨʝʙʘ ʜʘ ʨʘʟʚʠʿʫ ʙʠʙʣʠʦʪʝʢʝ (NNFL) ʫ ʮʠˀʫ ʩʪʚʘʨʘˁʘ ʥʘʮʠʦʥʘʣʥʦʛ ʠʥʚʝʥʪʘʨʘ ʧʦʩʪʦʿʝ˂ʝʛ ʥʫʢʣʝʘʨʥʦʛ 

ʠ ʦʩʪʘʣʦʛ ʨʘʜʠʦʘʢʪʠʚʥʦʛ ʤʘʪʝʨʠʿʘʣʘ ʢʘʦ ʠ ʩʪʚʘʨʘˁʘ ʙʘʟʝ, ʧʫʪʝʤ ʢʦʿʝ ʩʝ ʤʦʞʝ ʫʩʧʦʩʪʘʚʠʪʠ 

ʤʝʹʫʜʨʞʘʚʥʘ ʩʘʨʘʜˁʘ ʠ ʨʘʟʤʝʥʘ ʦʩʝʪˀʠʚʠʭ ʠʥʬʦʨʤʘʮʠʿʘ ʫ ʦʙʣʘʩʪʠ ʥʫʢʣʝʘʨʥʝ ʙʝʟʙʝʜʥʦʩʪʠ. NNFL 

ʩʝ ʤʦʞʝ ʜʝʬʠʥʠʩʘʪʠ ʠ ʢʘʦ 'ʧʦʜʨʰʢʘ ʠʩʪʨʘʛʘʤʘ ʫ ʚʠʜʫ ʠʥʬʦʨʤʘʮʠʿʘ', ʢʦʿʘ ʧʨʝʜʩʪʘʚˀʘ ʦʨʛʘʥʠʟʦʚʘʥ 

ʩʢʫʧ ʠʥʬʦʨʤʘʮʠʿʘ ʦ ʥʫʢʣʝʘʨʥʠʤ ʠ ʨʘʜʠʦʘʢʪʠʚʥʠʤ ʤʘʪʝʨʠʿʘʣʠʤʘ ʢʦʿʠ ʩʫ ʧʨʦʠʟʚʝʜʝʥʠ, 

ʫʧʦʪʨʝʚˀʠʚʘʥʠ ʠʣʠ ʩʢʣʘʜʠʰʪʝʥʠ ʫ ʦʢʚʠʨʫ ʿʝʜʥʝ ʟʝʤˀʝ. ɹʠʙʣʠʦʪʝʢʘ ʥʝ ʧʨʝʜʩʪʘʚˀʘ ʩʘʤʦ ʙʘʟʫ 

ʨʝʬʝʨʝʥʪʥʠʭ ʠʥʬʦʨʤʘʮʠʿʘ ʦ ʥʫʢʣʝʘʨʥʦʤ ʠ ʜʨʫʛʦʤ ʨʘʜʠʦʘʢʪʠʚʥʦʤ ʤʘʪʝʨʠʿʘʣʫ ʚʝ˂ ʿʝ ʧʦʜʘʮʠʤʘ 

ʧʨʠʜʨʫʞʝʥʦ ʠ ʝʢʩʧʝʨʪʩʢʦ ʪʫʤʘʯʝˁʝ ʦʚʠʭ ʠʥʬʦʨʤʘʮʠʿʘ ʠ ʧʦʜʘʪʘʢʘ. ʆʚʦ ʟʥʘˁʝ ʿʝ ʦʜ ʢʨʫʮʠʿʘʣʥʦʛ 

ʟʥʘʯʘʿʘ, ʙʫʜʫ˂ʠ ʜʘ ʫ ʚʝʣʠʢʦʤ ʙʨʦʿʫ ʩʣʫʯʘʿʝʚʘ ʩʘʤʦ ʫʧʦʪʨʝʙʘ ʠʥʬʦʨʤʘʮʠʿʘ ʢʦʿʝ ʩʝ ʥʘʣʘʟʝ ʫ ʙʘʟʘʤʘ 

ʧʦʜʘʪʘʢʘ (NNFL) ʥʠʿʝ ʜʦʚʦˀʥʘ ʟʘ ʧʦʟʠʪʠʚʘʥ ʠʩʭʦʜ ʠʩʪʨʘʛʝ ʦʜʥʦʩʥʦ ʫʩʧʝʰʥʫ ʠ ʪʘʯʥʫ 

ʠʜʝʥʪʠʬʠʢʘʮʠʿʫ ʟʘʧʣʝˁʝʥʦʛ ʤʘʪʝʨʠʿʘʣʘ, ʚʝ˂ ʿʝ ʟʘ ʪʦ ʧʦʪʨʝʙʥʦ ʠ ʟʥʘˁʝ ʝʢʩʧʝʨʘʪʘ ʢʦʿʠ ʠʤʘʿʫ 

ʧʨʝʪʭʦʜʥʦʛ ʠʩʢʫʩʪʚʘ ʫ ʨʘʜʫ ʩʘ ʥʫʢʣʝʘʨʥʠʤ ʠ ʜʨʫʛʠʤ ʨʘʜʠʦʘʢʪʠʚʥʠʤ ʤʘʪʝʨʠʿʘʣʠʤʘ, ʢʘʢʦ ʙʠ ʦʚʝ 

ʧʦʜʘʪʢʝ ʧʨʝʧʦʟʥʘʣʠ ʠʣʠ ʧʦʚʝʟʘʣʠ ʥʘ ʦʜʛʦʚʘʨʘʿʫ˂ʠ ʥʘʯʠʥ, ʠ ʫʟ ʧʦʤʦ˂ ʥʫʢʣʝʘʨʥʦʬʦʨʝʥʟʠʯʢʠʭ ʘʥʘʣʠʟʘ 

ʜʦʥʝʣʠ ʠʩʧʨʘʚʘʥ ʟʘʢˀʫʯʘʢ. ʄʠʰˀʝˁʝ ʝʢʩʧʝʨʘʪʘ ʠʟ ʦʙʣʘʩʪʠ ʥʫʢʣʝʘʨʥʝ ʬʦʨʝʥʟʠʢʝ ʿʝ ʩʪʦʛʘ 

ʝʩʝʥʮʠʿʘʣʥʦ ʟʘ ʬʦʨʤʫʣʘʮʠʿʫ ʥʫʢʣʝʘʨʥʦʬʦʨʝʥʟʠʯʢʠʭ ʟʘʢˀʫʯʘʢʘ ʩʘ ʚʠʩʦʢʠʤ ʥʠʚʦʦʤ ʧʦʚʝʨʝˁʘ 

[Apostol, 2016; NNFL,2018]. 

ʀʘʢʦ ʩʘʤ ʧʨʦʮʝʩ ʠ ʩʤʝʨ ʨʘʟʚʦʿʘ NNFL ʟʘʚʠʩʠ ʦʜ ʢʦʥʢʨʝʪʥʝ ʜʨʞʘʚʝ (ʧʦʩʪʦʿʘˁʘ ʙʠʣʦ ʢʦʛ ʚʠʜʘ 

ʥʫʢʣʝʘʨʥʦʛ ʧʨʦʛʨʘʤʘ ʠʣʠ ʧʦʩʪʨʦʿʝˁʘ ʟʘ ʧʨʦʠʟʚʦʜˁʫ ʠʟʦʪʦʧʘ), ʧʦʩʪʦʿʠ ʛʝʥʝʨʘʣʠʟʦʚʘʥ ʧʨʠʩʪʫʧ ʟʘ 

ʨʘʟʚʦʿ ʠʩʪʝ [Apostol,2016]: 

¶ ʇʨʝʧʦʟʥʘʪʠ ʧʦʪʨʝʙʫ ʜʘ ʩʝ ʨʘʟʚʠʿʝ ʦʚʘʢʚʘ ʙʠʙʣʠʦʪʝʢʘ ʠ ʩʪʚʦʨʠʪʠ ʫʩʣʦʚʝ ʟʘ ˁʝʥ ʨʘʟʚʦʿ, ʢʘʦ 

ʰʪʦ ʿʝ ʪʦ ʄʝʤʦʨʘʥʜʫʤ ʦ ʨʘʟʫʤʝʚʘˁʫ ʠʟʤʝʹʫ ʜʚʝ ʠʥʩʪʠʪʫʮʠʿʝ ʠʣʠ ʚʣʘʜʝ. 

¶ ʀʜʝʥʪʠʬʠʢʦʚʘʪʠ ʤʘʪʝʨʠʿʘʣʝ ʢʦʿʠ ʧʦʩʪʦʿʝ ʫ ʟʝʤˀʠ ʠ ʧʦʩʪʦʿʝ˂ʝ ʧʦʜʘʪʢʝ ʟʘ ʠʥʢʣʫʟʠʿʫ ʫ 

ʙʠʙʣʠʦʪʝʢʫ. 

¶ ʋʩʘʛʣʘʩʠʪʠ ʢʦʿʝ ʩʫ ʪʦ ʨʝʣʝʚʘʥʪʥʝ ʠʥʬʦʨʤʘʮʠʿʝ ʢʦʿʝ ˂ʝ ʫ˂ʠ ʫ NNFL, ʫ ʜʦʛʦʚʦʨʫ ʩʘ ʝʢʩʧʝʨʪʠʤʘ 

ʠʟ ʦʙʣʘʩʪʠ, ʨʝʛʫʣʘʪʦʨʥʠʤ ʚʣʘʩʪʠʤʘ, ʦʨʛʘʥʠʤʘ ʨʝʜʘ ʠ ʤʠʨʘ, ʠʪʜ. 

¶ ʀʜʝʥʪʠʬʠʢʦʚʘʪʠ ʠ ʧʦʧʫʥʠʪʠ ʧʨʘʟʥʠʥʝ ʫ ʩʝʪʦʚʠʤʘ ʧʦʜʘʪʘʢʘ, ʟʘ ʰʪʘ ʿʝ ʥʝʦʧʭʦʜʥʘ 

ʥʫʢʣʝʘʨʥʦʬʦʨʝʥʟʠʯʢʘ ʝʢʩʧʝʨʪʠʟʘ. 

¶ ʇʨʦʮʝʥʠʪʠ ʨʝʣʝʚʘʥʪʥʝ ʥʫʢʣʝʘʨʥʦʬʦʨʝʥʟʠʯʢʝ ʦʪʠʩʢʝ ʢʦʿʠ ʩʫ ʥʝʦʧʭʦʜʥʠ ʟʘ ʢʦʤʧʘʨʘʪʠʚʥʫ 

ʘʥʘʣʠʟʫ. ʆʚʘʿ ʢʦʨʘʢ ʩʝ ʤʦʞʝ ʨʝʘʣʠʟʦʚʘʪʠ ʢʦʨʠʰʪʝˁʝʤ ʠʩʢʫʩʪʚʘ ʦʜ ʧʨʝʪʭʦʜʥʠʭ ʟʘʭʪʝʚʘ 

ʠʩʪʨʘʞʥʠʭ ʦʨʛʘʥʘ ʚʣʘʩʪʠ, ʙʫʜʫ˂ʠ ʜʘ ʩʝ ʙʠʪʥʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ ʦʙʠʯʥʦ ʦʪʢʨʠʿʫ ʫ ʪʦʢʫ ʧʨʦʮʝʩʘ 

ʠʩʪʨʘʛʝ. 
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¶ ʈʘʟʚʠʪʠ ʘʣʘʪʝ ʟʘ ʢʦʤʧʘʨʘʪʠʚʥʫ ʘʥʘʣʠʟʫ. 

¶ ʈʘʟʚʠʪʠ ʠʣʠ ʤʦʜʠʬʠʢʦʚʘʪʠ ʙʘʟʝ ʧʦʜʘʪʘʢʘ ʫʢʦʣʠʢʦ ʟʘ ʪʦ ʠʤʘ ʧʦʪʨʝʙʝ. 

ʆʜ ʤʦʤʝʥʪʘ ʢʘʜʘ ʿʝ NNFL ʫʩʧʦʩʪʘʚˀʝʥʘ ʠ ʨʘʟʚʠʿʝʥʘ, ʤʦʨʘʿʫ ʩʝ ʨʘʟʤʘʪʨʘʪʠ ʬʠʥʘʥʩʠʿʩʢʠ, 

ʙʠʨʦʢʨʘʪʩʢʠ ʠ ʣʝʛʘʣʥʠ ʘʣʘʪʠ ʟʘ ʦʜʨʞʠʚʦʩʪ ʠʩʪʝ. ʆʚʠ ʤʝʭʘʥʠʟʤʠ ʩʝ ʤʦʛʫ ʿʘʚʠʪʠ ʫ ʨʘʟʣʠʯʠʪʠʤ 

ʦʙʣʠʮʠʤʘ, ʘʣʠ ʫ ʩʚʘʢʦʤ ʩʣʫʯʘʿʫ ʤʦʛʫ ʠʤʘʪʠ ʢʦʨʠʩʪʠ ʦʜ ʫʢˀʫʯʠʚʘˁʘ ʫ ʧʨʦʮʝʩ ʩʚʠʭ ʢʦʤʧʝʪʝʥʪʥʠʭ 

ʚʣʘʩʪʠ ʠ ʜʨʫʛʠʭ ʦʨʛʘʥʠʟʘʮʠʿʘ ʦʜ ʠʥʪʝʨʝʩʘ ʫ ʦʙʣʘʩʪʠ ʥʫʢʣʝʘʨʥʦʬʦʨʝʥʟʠʯʢʝ ʘʥʘʣʠʟʝ. ʋʩʧʝʰʥʦ 

ʠʤʧʣʝʤʝʥʪʠʨʘʥ NNFL ʩʠʩʪʝʤ ʤʦʞʝ ʟʥʘʯʘʿʥʦ ʜʦʧʨʠʥʝʪʠ ʜʨʞʘʚʥʠʤ ʠʥʪʝʨʝʩʠʤʘ ʫ ʮʠˀʫ ʧʨʝʚʝʥʮʠʿʝ ʠ 

ʦʜʛʦʚʦʨʘ ʥʘ ʠʣʝʛʘʣʥʝ ʘʢʪʠʚʥʦʩʪʠ ʢʦʿʝ ʫʢˀʫʯʫʿʫ ʥʫʢʣʝʘʨʥʝ ʠ ʦʩʪʘʣʝ ʨʘʜʠʦʘʢʪʠʚʥʝ ʤʘʪʝʨʠʿʘʣʝ 

[Apostol, 2016; NNFL,2018]. 

ʈʘʟʚʦʿ ʠ ʦʜʨʞʘˁʝ ʬʫʥʢʮʠʦʥʘʣʥʦʛ ʩʠʩʪʝʤʘ NNFL ʟʘʭʪʝʚʘ ʫʩʘʛʣʘʰʝʥʦ ʜʝʣʦʚʘˁʝ ʘʢʪʝʨʘ ʠʟ ʨʘʟʣʠʯʠʪʠʭ 

ʩʬʝʨʘ ʦʨʛʘʥʠʟʘʮʠʿʝ ʚʣʘʜʝ, ʠʥʜʫʩʪʨʠʿʝ, ʤʝʜʠʮʠʥʝ ʠ ʥʘʨʘʚʥʦ ʘʢʘʜʝʤʠʿʝ ʫ ʚʠʜʫ ʠʩʪʨʘʞʠʚʘʯʘ ʠ 

ʝʢʩʧʝʨʘʪʘ ʠʟ ʦʙʣʘʩʪʠ ʥʫʢʣʝʘʨʥʠʭ ʜʠʩʧʠʧʣʠʥʘ, ʰʪʦ ʿʝ ʠʣʫʩʪʨʘʪʠʚʥʦ ʧʨʠʢʘʟʘʥʦ ʥʘ ʉʣʠʮʠ 2.3 

[NNFL,2018]. 

 

 ʉʣʠʢʘ 2.3. ʇʦʚʝʟʘʥʦʩʪ ʠ ʫʣʦʛʝ ʨʘʟʣʠʯʠʪʠʭ ʘʢʪʝʨʘ ʫ ʧʨʦʮʝʩʫ ʬʫʥʢʮʠʦʥʠʩʘˁʘ NNFL [NNFL,2018]. 

 

 ʄʦʜʝʣ ʘʢʮʠʦʥʦʛ ʧʣʘʥʘ 

ʋ ʩʣʫʯʘʿʫ ʜʝʰʘʚʘˁʘ ʠʥʮʠʜʝʥʪʘ ʢʦʿʠ ʫʢˀʫʯʫʿʝ ʥʫʢʣʝʘʨʥʠ ʠʣʠ ʜʨʫʛʠ ʨʘʜʠʦʘʢʪʠʚʥʠ ʤʘʪʝʨʠʿʘʣ, ʨʘʜˁʝ 

ʠ ʦʧʝʨʘʮʠʿʝ ʢʦʿʝ ʩʝ ʪʨʝʙʘʿʫ ʧʨʠʤʝʥʠʪʠ ʤʦʛʫ ʙʠʪʠ ʨʘʟʣʠʯʠʪʝ. ʋ ʮʠˀʫ ʦʧʪʠʤʠʟʘʮʠʿʝ ʠ ʩʪʘʥʜʘʨʜʠʟʘʮʠʿʝ 

ʧʨʦʮʝʜʫʨʝ ʢʦʿʘ ʧʦʜʨʘʟʫʤʝʚʘ ʩʣʝʜ ʦʧʝʨʘʮʠʿʘ ʥʘʜ ʟʘʧʣʝˁʝʥʠʤ ʥʫʢʣʝʘʨʥʠʤ ʠʣʠ ʨʘʜʠʦʘʢʪʠʚʥʠʤ 

ʤʘʪʝʨʠʿʘʣʦʤ, ʩʪʚʦʨʝʥ ʿʝ ʢʦʥʮʝʧʪ ʄʦʜʝʣʘ ɸʢʮʠʦʥʦʛ ʧʣʘʥʘ. ʅʘ ʩʘʩʪʘʥʢʫ ʄʝʹʫʥʘʨʦʜʥʝ ʨʘʜʥʝ ʛʨʫʧʝ ʟʘ 

ʥʫʢʣʝʘʨʥʫ ʬʦʨʝʥʟʠʢʫ (ITWG) ʫ IAEA-ʠ ʫ ɹʝʯʫ, 2000. ʛʦʜʠʥʝ ʫʩʚʦʿʝʥ ʿʝ ʨʝʬʝʨʝʥʪʥʠ ʄʦʜʝʣ ɸʮʢʠʦʥʦʛ 

ʧʣʘʥʘ, ʢʦʿʠ ʧʦʜʨʘʟʫʤʝʚʘ ʫʧʦʪʨʝʙʫ ʥʫʢʣʝʘʨʥʝ ʬʦʨʝʥʟʠʢʝ ʢʘʦ ʘʣʘʪʘ ʫ ʩʚʦʿʩʪʚʫ ʦʜʛʦʚʦʨʘ ʥʘ ʥʝʟʘʢʦʥʠʪʫ 

ʪʨʛʦʚʠʥʫ ʥʫʢʣʝʘʨʥʠʤ ʠ ʜʨʫʛʠʤ ʨʘʜʠʦʘʢʪʠʚʥʠʤ ʤʘʪʝʨʠʿʘʣʦʤ [IAEA No.2,2006]. 
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ʇʦʨʝʜ ʦʧʝʨʘʮʠʿʘ ʢʘʦ ʰʪʦ ʩʫ ʦʜʛʦʚʦʨ ʥʘ ʠʥʮʠʜʝʥʪ, ʥʫʢʣʝʘʨʥʦʬʦʨʝʥʟʠʯʢʦ ʫʟʦʨʢʦʚʘˁʝ ʠ ʪʨʘʥʩʧʦʨʪ 

ʫʟʦʨʢʘ, ʥʫʢʣʝʘʨʥʦʬʦʨʝʥʟʠʯʢʘ ʘʥʘʣʠʟʘ, ʪʨʘʜʠʮʠʦʥʘʣʥʦʬʦʨʝʥʟʠʯʢʘ ʘʥʘʣʠʟʘ ʠ ʥʘ ʢʨʘʿʫ 

ʥʫʢʣʝʘʨʥʦʬʦʨʝʥʟʠʯʢʘ ʠʥʪʝʨʧʨʝʪʘʮʠʿʘ ʠ ʨʝʰʘʚʘˁʝ ʠʩʪʨʘʛʝ, ʫ ʤʦʜʝʣʫ ʘʢʮʠʦʥʦʛ ʧʣʘʥʘ ʿʝ ʪʘʢʦʹʝ 

ʥʘʟʥʘʯʝʥʦ ʢʦʿʝ ʬʫʥʢʮʠʿʝ ʠ ʥʘ ʢʦʿʠʤ ʧʦʣʦʞʘʿʠʤʘ ʫ ʥʘʜʣʝʞʥʠʤ ʠʥʩʪʠʪʫʮʠʿʘʤʘ ʠ ʦʨʛʘʥʠʟʘʮʠʿʘʤʘ ʪʨʝʙʘ 

ʜʘ ʙʫʜʫ ʘʥʛʘʞʦʚʘʥʝ ʫ ʜʘʪʦʤ ʪʨʝʥʫʪʢʫ ʣʘʥʮʘ ʥʘʚʝʜʝʥʠʭ ʦʧʝʨʘʮʠʿʘ [Kristo et al.,2004]. ɼʘʢʣʝ, ʄʦʜʝʣ 

ʘʢʮʠʦʥʦʛ ʧʣʘʥʘ ʧʨʝʜʩʪʘʚˀʘ ʫʦʧʰʪʝʥʝ ʩʤʝʨʥʠʮʝ ʦ ʥʘʯʠʥʫ ʩʧʦʚʦʹʝˁʘ ʥʫʢʣʝʘʨʥʦʬʦʨʝʥʟʠʯʢʦʛ 

ʠʩʧʠʪʠʚʘˁʘ ʠ ʧʦʚʝʟʘʥʠʭ ʘʢʪʠʚʥʦʩʪʠ ʢʦʿʝ ʪʨʝʙʘʿʫ ʙʠʪʠ ʨʝʘʣʠʟʦʚʘʥʝ ʫ ʢʦʥʪʝʢʩʪʫ ʠʩʪʨʘʛʝ ʜʦʛʘʹʘʿʘ 

ʥʫʢʣʝʘʨʥʝ ʙʝʟʙʝʜʥʦʩʪʠ. ʇʣʘʥ ʧʦʢʨʠʚʘ ʘʢʪʠʚʥʦʩʪʠ ʥʘʜʣʝʞʥʠʭ ʚʣʘʩʪʠ, ʢʦʿʝ ʧʦʪʨʘʞʫʿʫ 

ʥʫʢʣʝʘʨʥʦʬʦʨʝʥʟʠʯʢʘ ʠʩʧʠʪʠʚʘˁʘ ʢʘʦ ʠ ʣʘʙʦʨʘʪʦʨʠʿʝ ʦʜ ʢʦʿʠʭ ʩʝ ʤʦʞʝ ʪʨʘʞʠʪʠ ʜʘ ʫʨʘʜʝ ʘʥʘʣʠʟʫ ʠ 

ʜʘʿʫ ʠʥʪʝʨʧʨʝʪʘʮʠʿʫ. ʐʝʤʘʪʩʢʠ ʧʨʠʢʘʟ ʄʦʜʝʣʘ aʢʮʠʦʥʦʛ ʧʣʘʥʘ, ʧʨʠʢʘʟʘʥ ʿʝ ʥʘ ʩʣʠʮʠ 2.4. ʊʨʝʙʘ 

ʧʨʠʤʝʪʠʪʠ ʜʘ ʧʨʦʤʝʥʘ ʙʦʿʝ ʧʦʟʘʜʠʥʝ ʧʨʝʜʩʪʘʚˀʘ ʧʨʝʣʘʟʘʢ ʩʘ ʫʧʨʘʚˀʘˁʘ ʨʘʜʠʦʣʦʰʢʠʤ ʤʝʩʪʦʤ 

ʟʣʦʯʠʥʘ ʥʘ ʥʫʢʣʝʘʨʥʫ ʬʦʨʝʥʟʠʢʫ [IAEA No. 2-G,2015]. ɺʘʞʥʦ ʿʝ ʠʩʪʘ˂ʠ ʜʘ ʩʚʘʢʘ ʜʨʞʘʚʘ ʪʨʝʙʘ ʜʘ ʠʤʘ 

ʩʚʦʿ ʥʘʯʝʣʥʠ ʅʘʮʠʦʥʘʣʥʠ ʘʢʮʠʦʥʠ ʧʣʘʥ, ʘʣʠ ʩʝ ʩʚʘʢʘʢʦ ʦʜ ʩʠʪʫʘʮʠʿʝ ʜʦ ʩʠʪʫʘʮʠʿʝ ʦʚʘʿ ʧʣʘʥ ʨʝʚʠʜʠʨʘ 

ʠ ʧʨʠʣʘʛʦʹʘʚʘ ʧʦʪʨʝʙʘʤʘ ʩʘʤʝ ʠʩʪʨʘʛʝ. 

 

ʉʣʠʢʘ 2.4. ʇʨʠʢʘʟ ʄʦʜʝʣʘ ʘʢʮʠʦʥʦʛ ʧʣʘʥʘ [IAEA No. 2-G,2015]. 

ʋ ʩʢʣʘʜʫ ʩʘ ʄʦʜʝʣʦʤ ʘʢʮʠʦʥʦʛ ʧʣʘʥʘ ʠ ITWG, ʧʨʚʠ ʨʝʟʫʣʪʘʪʠ ʘʥʘʣʠʟʘ ʩʝ ʦʯʝʢʫʿʫ ʫ ʚʨʝʤʝʥʩʢʦʤ 

ʦʢʚʠʨʫ ʦʜ 24 ʯʘʩʘ ʦʜ ʧʦʯʝʪʢʘ ʠʩʪʨʘʛʝ (ʟʘʧʣʝʥʝ ʠ ʧʨʠʿʝʤʘ ʫʟʦʨʢʘ). ʈʝʟʫʣʪʘʪʠ ʦʚʦʛ ʠʟʚʝʰʪʘʿʘ ʙʠ 

ʪʨʝʙʘʣʦ ʜʘ ʧʦʪʢʨʝʧʝ ʟʘʧʘʞʘˁʘ ʩʘ ʪʝʨʝʥʘ ʢʘʦ ʠ ʜʘ ʜʘʿʫ ʦʩʥʦʚʫ ʫ ʚʠʜʫ ʥʝʦʧʭʦʜʥʠʭ ʠʥʬʦʨʤʘʮʠʿʘ ʟʘ 

ʢʨʝʠʨʘˁʝ ʧʣʘʥʘ ʜʘˀʠʭ ʘʥʘʣʠʪʠʯʢʠʭ ʘʢʪʠʚʥʦʩʪʠ. 24-ʯʘʩʦʚʥʠ ʠʟʚʝʰʪʘʿ ʩʘʜʨʞʠ ʠʥʬʦʨʤʘʮʠʿʝ ʦ 

ʬʠʟʠʯʢʦʿ ʢʘʨʘʢʪʝʨʠʟʘʮʠʿʠ ʠʩʧʠʪʠʚʘʥʦʛ ʤʘʪʝʨʠʿʘʣʘ ʫ ʚʠʜʫ ʚʝʣʠʯʠʥʝ ʠ ʦʙʣʠʢʘ ʫʟʦʨʢʘ, ʙʦʿʝ, ʬʠʟʠʯʢʦʛ 

ʦʙʣʠʢʘ, ʪʦʧʦʛʨʘʬʠʿʝ ʧʦʚʨʰʠʥʝ, ʦʙʝʣʝʞʿʘ (ʫʢʦʣʠʢʦ ʧʦʩʪʦʿʝ), ʢʘʦ ʠ ʧʦʜʘʪʢʝ ʦ ʠʟʦʪʦʧʩʢʦʤ ʩʘʩʪʘʚʫ. 

ɺʨʝʤʝʥʩʢʠ ʦʢʚʠʨʠ ʟʘ ʥʘʨʝʜʥʝ ʠʟʚʝʰʪʘʿʝ ʩʫ ʥʝʜʝˀʫ ʜʘʥʘ ʠ 2 ʤʝʩʝʮʘ [Apostol,2016]. ʋ ʊʘʙʝʣʠ 2.4 ʿʝ 

ʧʨʠʢʘʟʘʥʘ ʧʨʝʜʣʦʞʝʥʘ ʩʝʢʚʝʥʮʘ ʣʘʙʦʨʘʪʦʨʠʿʩʢʠʭ ʘʥʘʣʠʟʘ ʟʘ ʠʟʚʝʰʪʘʿʝ ʨʘʟʣʠʯʠʪʠʭ ʚʨʝʤʝʥʩʢʠʭ 

ʦʢʚʠʨʘ [IAEA No.2,2006; IAEA No. 2-G,2015].  
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 ʊʘʙʝʣʘ 2.4. ʇʨʝʜʣʦʞʝʥʘ ʩʝʢʚʝʥʮʘ ʣʘʙʦʨʘʪʦʨʠʿʩʢʠʭ ʘʥʘʣʠʟʘ ʠ ʤʝʪʦʜʘ [IAEA No.2,2006]. 

ʊʝʭʥʠʢʝ/ʤʝʪʦʜʝ 24 ʯʘʩʘ 1 ʥʝʜʝˀʘ 2 ʤʝʩʝʮʘ 

ʈʘʜʠʣʦʰʢʝ 

ʇʨʦʮʝʥʘ ʫʢʫʧʥʝ 

ʘʢʪʠʚʥʦʩʪʠ 

ɹʨʟʠʥʘ ʜʦʟʝ (Ŭ,ɓ,ɔ,n) 

ʇʦʚʨʰʠʥʩʢʘ 

ʢʦʥʪʘʤʠʥʘʮʠʿʘ 

  

ʌʠʟʠʯʢʝ 

ɺʠʟʫʝʣʥʘ ʠʥʩʧʝʢʮʠʿʘ 

ʈʘʜʠʦʛʨʘʬʠʿʘ 

ʌʦʪʦʛʨʘʬʠʿʘ 

ʄʝʨʝˁʝ ʤʘʩʝ 

ʄʝʨʝˁʝ ʜʠʤʝʥʟʠʿʘ 

ʆʧʪʠʯʢʘ ʤʠʢʨʦʩʢʦʧʠʿʘ 

ɻʫʩʪʠʥʘ 

 

SEM/EDS 

XRD 

TEM (EDX) 

ʊʨʘʜʠʮʠʦʥʘʣʥʦ 

ʬʦʨʝʥʟʠʯʢʝ 
ʆʪʠʩʮʠ, ʚʣʘʢʥʘ   

ʀʟʦʪʦʧʩʢʘ ʘʥʘʣʠʟʘ 
ɔ ʩʧʝʢʪʨʦʤʝʪʨʠʿʘ 

Ŭ ʩʧʝʢʪʨʦʤʝʪʨʠʿʘ 

ʄʘʩʝʥʘ ʩʧʝʢʪʨʦʤʝʪʨʠʿʘ 

(SIMS, TIMS, ICP-MS) 

ʈʘʜʠʦʭʝʤʠʿʩʢʘ 

ʩʝʧʘʨʘʮʠʿʘ 

ɽʣʝʤʝʥʪʘʨʥʝ/ʭʝʤʠʿʩʢʝ  
ICP-MS, XRF, IDMS, 

ʪʠʪʨʘʮʠʿʘ 
GC-MS 

IDMS ï ʠʟʦʪʦʧ-ʜʠʣʫʪʘʮʠʦʥʘ ʤʘʩʝʥʘ ʩʧʝʢʪʨʦʤʝʪʨʠʿʘ, GC-MS ï ʛʘʩʥʦ ʭʨʦʤʘʪʦʛʨʘʬʩʢʘ ʤʘʩʝʥʘ ʩʧʝʢʪʨʦʤʝʪʨʠʿʘ 
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3. ʅʋʂʃɽɸʈʅʀ ʀ ɼʈʋɻʀ ʈɸɼʀʆɸʂʊʀɺʅʀ ʄɸʊɽʈʀɱɸʃʀ ʋ 

ʅʋʂʃɽɸʈʅʆɱ ʌʆʈɽʅɿʀʎʀ 

ʊʠʧʦʚʠ ʤʘʪʝʨʠʿʘʣʘ ʢʦʿʠ ʩʝ ʤʦʛʫ ʥʘ˂ʠ ʠʟʚʘʥ ʨʝʛʫʣʘʪʦʨʥʝ ʢʦʥʪʨʦʣʝ ʩʝ ʥʘʿʯʝʰ˂ʝ ʜʝʣʝ ʫ ʪʨʠ ʛʨʫʧʝ: 

1. ʅʫʢʣʝʘʨʥʠ ʤʘʪʝʨʠʿʘʣʠ (ʫʨʘʥʠʿʫʤ, ʧʣʫʪʦʥʠʿʫʤ ʠ ʜʨʫʛʠ ʘʢʪʠʥʠʜʠ) 

2. ʈʘʜʠʦʘʢʪʠʚʥʠ ʠʟʚʦʨʠ (ʥʘʿʯʝʰ˂ʝ ʦʥʠ ʢʦʿʠ ʩʝ ʢʦʨʠʩʪʝ ʫ ʠʥʜʫʩʪʨʠʿʠ, ʤʝʜʠʮʠʥʠ ʠʣʠ ʟʘ ʥʘʫʯʥʘ 

ʠʩʪʨʘʞʠʚʘˁʘ) 

3. ɼʨʫʛʠ ʨʘʠʦʘʢʪʠʚʥʠ ʤʘʪʝʨʠʿʘʣʠ (ʦʪʧʘʜʥʠ ʨʘʜʠʦʘʢʪʠʚʥʠ ʤʝʪʘʣ, ʛʨʦʤʦʙʨʘʥʠ...) 

 ʌʦʨʝʥʟʠʯʢʠ ʦʪʠʩʮʠ 

ʉʚʝ ʘʥʘʣʠʟʝ ʠ ʧʨʦʮʝʩʠ ʢʦʿʠ ʩʫ ʦʧʠʩʘʥʠ ʫ ʦʢʚʠʨʫ ʢʘʨʘʢʪʝʨʠʟʘʮʠʿʝ ʤʘʪʝʨʠʿʘʣʘ ʠʤʘʿʫ ʿʝʜʥʫ ʩʚʨʭʫ, ʘ ʪʦ 

ʿʝ ʜʘ ʧʨʫʞʝ ʜʦʚʦˀʥʦ ʩʧʝʮʠʬʠʯʥʠʭ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ ʟʘ ʠʩʧʠʪʠʚʘʥʠ ʤʘʪʝʨʠʿʘʣ ʜʘ ʙʠ ʩʝ ʦʥ ʥʘ 

ʥʝʜʚʦʩʤʠʩʣʝʥ ʥʘʯʠʥ ʤʦʛʘʦ ʠʟʜʚʦʿʠʪʠ ʠʟ ʛʨʫʧʝ ʠ ʠʜʝʥʪʠʬʠʢʦʚʘʪʠ. ʆʚʦ ʿʝ ʢˀʫʯʥʦ ʟʘ ʜʘˀʝ ʪʫʤʘʯʝˁʝ 

ʠ ʜʦʥʦʰʝˁʝ ʟʘʢˀʫʯʘʢʘ. ʀʥʬʦʨʤʘʮʠʿʝ ʜʦʙʠʿʝʥʝ ʢʘʨʘʢʪʝʨʠʟʘʮʠʿʦʤ ʤʦʨʘʿʫ ʙʠʪʠ ʜʦʚʦˀʥʦ ʧʨʝʮʠʟʥʝ ʠ 

ʪʘʯʥʝ ʢʘʢʦ ʙʠ ʩʝ ʦʩʪʚʘʨʠʦ ʟʘʜʘʪʠ ʮʠˀ ʘʥʘʣʠʟʘ, ʘ ʪʦ ʿʝ ʧʦʟʠʪʠʚʥʘ ʠʜʝʥʪʠʬʠʢʘʮʠʿʘ ʜʘʪʦʛ ʤʘʪʝʨʠʿʘʣʘ. 

ʂʘʨʘʢʪʝʨʠʩʪʠʢʘ, ʠʣʠ ʚʝʨʦʚʘʪʥʠʿʝ ʩʢʫʧ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ ʢʦʿʝ ʦʤʦʛʫ˂ʘʚʘʿʫ ʠʜʝʥʪʠʬʠʢʘʮʠʿʫ ʤʘʪʝʨʠʿʘʣʘ, 

ʥʘʟʠʚʘʿʫ ʩʝ ʥʫʢʣʝʘʨʥʦ-ʬʦʨʝʥʟʠʯʢʠ ''ʦʪʠʩʘʢ'' (signature) [Fedchenko,2015].  ʋ ʦʜʨʝʹʝʥʠʤ ʠʥʩʪʘʥʮʘʤʘ 

ʿʝʜʘʥ ʦʪʠʩʘʢ ʥʠʿʝ ʜʦʚʦˀʘʥ ʢʘʢʦ ʙʠ ʩʝ ʫʩʧʝʰʥʦ ʤʦʛʣʦ ʦʜʛʦʚʦʨʠʪʠ ʧʠʪʘˁʘ ʢʦʿʝ ʧʦʩʪʘʚˀʘ ʠʩʪʨʘʞʥʠ 

ʪʫʞʠʣʘʮ. ʅʝʢʘ ʦʜ ʥʘʿʯʝʰ˂ʠʭ ʧʠʪʘˁʘ ʩʫ [IAEA No. 2-G,2015; Apostol, 2016]: 

- ɼʘ ʣʠ ʿʝ ʟʘʧʣʝˁʝʥʠ ʤʘʪʝʨʠʿʘʣ ʨʘʜʠʦʘʢʪʠʚʘʥ, ʘʢʦ ʿʝʩʪʝ ʦ ʢʘʢʚʦʤ ʪʠʧʫ ʤʘʪʝʨʠʿʘʣʘ ʩʝ ʨʘʜʠ? 

- ʂʦʿʝ ʿʝ ʤʦʛʫ˂ʝ ʧʦʨʝʢʣʦ ʠ ʩʪʘʨʦʩʪ ʤʘʪʝʨʠʿʘʣʘ? 

- ʂʦʿʠ ʩʫ ʚʝʨʦʚʘʪʥʠ ʥʘʯʠʥʠ ʧʨʦʠʟʚʦʜˁʝ?  

- ɼʘ ʣʠ ʿʝ ʧʨʠʣʦʞʝʥ ʜʦʢʘʟ (ʟʘʧʣʝˁʝʥ ʤʘʪʝʨʠʿʘʣ) ʚʦʿʥʦʛ, ʠʥʜʫʩʪʨʠʿʩʢʦʛ, ʤʝʜʠʮʠʥʩʢʦʛ, 

ʠʩʪʨʘʞʠʚʘʯʢʦʛ ʠʣʠ ʥʝʢʦʛ ʜʨʫʛʦʛ ʧʦʨʝʢʣʘ? 

- ɼʘ ʣʠ ʩʝ ʧʨʠʣʦʞʝʥʠ ʜʦʢʘʟ ʧʦʞʝ ʫʧʦʪʨʝʙʠʪʠ ʟʘ ʧʨʦʠʟʚʦʜˁʫ ''ʧʨˀʘʚʝ ʙʦʤʙʝ''? 

- ɼʘ ʣʠ ʿʝ ʧʨʠʣʦʞʝʥ ʜʦʢʘʟ ʜʝʦ ʥʝʢʝ ʚʝ˂ʝ ʥʘʧʨʘʚʝ ʠʣʠ ʧʨʠʧʘʜʘ ʥʝʢʦʿ ʚʝ˂ʦʿ ʢʦʣʠʯʠʥʠ? 

- ɼʘ ʣʠ ʧʨʠʣʦʞʝʥʠ ʜʦʢʘʟʠ ʧʨʝʜʩʪʘʚˀʘʿʫ ʧʨʝʪˁʫ ʧʦ ˀʫʜʩʢʦ ʟʜʨʘʚˀʝ ʠ ʞʠʚʦʪ? 

ʇʠʪʘˁʘ ʧʦʩʪʘʚˀʝʥʘ ʦʜ ʩʪʨʘʥʝ ʠʩʪʨʘʞʥʦʛ ʪʫʞʠʦʮʘ ʜʠʢʪʠʨʘʿʫ ʦʙʠʤ ʠ ʩʝʪ ʘʥʘʣʠʟʘ ʢʦʿʝ ˂ʝ ʙʠʪʠ 

ʩʧʨʦʚʝʜʝʥʝ ʥʘʜ ʟʘʧʣʝˁʝʥʠʤ ʤʘʪʝʨʠʿʘʣʦʤ ʦʜʥʦʩʥʦ ʧʨʝʜʤʝʪʦʤ ʠʩʪʨʘʛʝ (ʩʣʠʢʘ 3.1).  

 

ʉʣʠʢʘ 3.1. ʇʠʪʘˁʘ ʥʘ ʢʦʿʘ ʩʝ ʘʥʘʣʠʟʘʤʘ ʤʦʨʘ ʦʜʛʦʚʦʨʠʪʠ.
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ʀʟ ʧʨʝʜʩʪʘʚˀʝʥʦʛ ʩʝʪʘ ʧʠʪʘˁʘ ʩʝ ʣʘʢʦ ʤʦʞʝ ʟʘʢˀʫʯʠʪʠ ʜʘ ʿʝʜʘʥ ʦʪʠʩʘʢ ʨʝʪʢʦ ʢʘʜʘ ʤʦʞʝ ʙʠʪʠ 

ʜʦʚʦˀʘʥ ʜʘ ʧʨʫʞʠ ʦʜʛʦʚʦʨ ʥʘ ʩʚʘ ʠʣʠ ʤʘʢʘʨ ʚʝ˂ʠʥʫ ʧʠʪʘˁʘ, ʚʝ˂ ʪʘʢʘʚ ʦʪʠʩʘʢ ʤʦʞʝ ʧʨʫʞʠʪʠ ʢʦʨʠʩʥʝ 

ʠʥʬʦʨʤʘʮʠʿʝ ʦ ʜʝʣʫ ʠʩʪʦʨʠʿʝ ʤʘʪʝʨʠʿʘʣʘ, ʠ ʪʝʢ ʫ ʢʦʤʙʠʥʘʮʠʿʠ ʩʘ ʦʩʪʘʣʠʤ ʦʪʠʩʮʠʤʘ ʤʦʞʝ ʧʨʫʞʠʪʠ 

ʿʘʩʥʫ ʩʣʠʢʫ ʦ ʠʩʧʠʪʠʚʘʥʦʤ ʤʘʪʝʨʠʿʘʣʫ ʠ ʩʪʦʛʘ ʜʘʪʠ ʧʦʪʧʫʥ ʦʜʛʦʚʦʨ ʥʘ ʛʦʨʝʧʦʤʝʥʫʪʘ ʧʠʪʘˁʘ. 

ʇʨʠʤʝʨʘ ʨʘʜʠ, ʤʝʨʝˁʝ ʦʙʣʠʢʘ ʠ ʚʝʣʠʯʠʥʝ ʛʦʨʠʚʥʦʛ ʝʣʝʤʝʥʪʘ ʤʦʞʝ ʧʨʫʞʠʪʠ ʠʥʬʦʨʤʘʮʠʿʝ ʦ 

ʧʨʦʠʟʚʦʹʘʯʫ ʘʣʠ ʿʝʜʠʥʦ ʘʢʦ ʩʝ ʛʦʨʠʚʥʠ ʝʣʝʤʝʪʠ ʪʠʭ ʜʠʤʝʥʟʠʿʘ ʧʨʦʠʟʚʦʜʝ ʫ ʩʘʤʦ ʿʝʜʥʦʿ ʫʩʪʘʥʦʚʠ. 

ɺʝ˂ ʘʢʦ ʩʝ ʞʝʣʠ ʟʥʘʪʠ ʜʘʪʫʤ ʧʨʦʠʟʚʦʜˁʝ ʧʦʪʨʝʙʥʠ ʩʫ ʥʘʤ ʜʦʜʘʪʥʠ ʨʝʟʫʣʪʘʪʠ (ʦʪʠʩʮʠ). ʉʘ ʜʨʫʛʝ 

ʩʪʨʘʥʝ, ʟʘʧʣʝˁʝʥʠ ʤʘʪʝʨʠʿʘʣ ʤʦʞʝ ʠʤʘʪʠ ʠ ʚʠʰʝ ʨʘʟʣʠʯʠʪʠʭ ʦʪʠʩʘʢʘ ʢʦʿʠ ʫʧʫ˂ʫʿʫ ʥʘ ʠʩʪʠ ʜʝʦ 

ʠʩʪʦʨʠʿʝ ʤʘʪʝʨʠʿʘʣʘ ʠʣʠ ˁʝʛʦʚʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ [Fedchenko,2015].  

ʅʫʢʣʝʘʨʥʦ-ʬʦʨʝʥʟʠʯʢʝ ʦʪʠʩʢʝ ʜʝʣʠʤʦ ʜʘ ʜʚʝ ʛʨʫʧʝ: ʧʨʝʜʠʢʪʠʚʥʝ ʠ ʝʤʧʠʨʠʿʩʢʝ (ʢʦʤʧʘʨʘʪʠʚʥʝ). 

ʇʨʝʜʠʢʪʠʚʥʝ ʦʪʠʩʢʝ ʜʦʙʠʿʘʤʦ ʠʤʧʣʝʤʝʥʪʘʮʠʿʦʤ ʘʣʘʪʘ ʟʘ ʤʦʜʝʣʦʚʘˁʝ (ʙʘʟʠʨʘʥʠʭ ʥʘ ʭʝʤʠʿʩʢʠʤ ʠ 

ʬʠʟʠʯʢʠʤ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘʤʘ), ʢʦʨʠʰ˂ʝʥʠʤ ʫ ʠʟʨʘʜʠ ʥʫʢʣʝʘʨʥʦʛ ʦʨʫʞʿʘ ʠ ʛʦʨʠʚʥʦʛ ʮʠʢʣʫʩʘ. 

ʇʨʠʤʝʨʘ ʨʘʜʠ, ʫʢʦʣʠʢʦ ʩʫ ʦʜʨʝʹʝʥʝ ʠʥʬʦʨʤʘʮʠʿʝ ʦ ʨʝʘʢʪʦʨʫ ʫʥʘʧʨʝʜ ʧʦʟʥʘʪʝ, ʢʘʦ ʰʪʦ ʩʫ ˁʝʛʦʚ ʤʦʜ 

ʦʧʝʨʘʮʠʿʝ ʠ ʪʠʧ, ʚʨʝʤʝ ʦʟʨʘʯʠʚʘˁʘ ʛʦʨʠʚʘ ʠ ʧʦʯʝʪʥʠ ʩʘʩʪʘʚ ʛʦʨʠʚʘ, ʪʘʜʘ ʩʝ ʩʠʤʫʣʘʮʠʦʥʠʤ 

ʪʝʭʥʠʢʘʤʘ ʤʦʞʝ ʜʦʙʠʪʠ ʧʨʝʜʚʠʹʝʥ ʠʟʦʪʦʧʩʢʠ ʩʘʩʪʘʚ ʠ ʧʨʝʦʩʪʘʣʘ ʢʦʣʠʯʠʥʘ ʧʣʫʪʦʥʠʿʫʤʘ ʫ ʛʦʨʠʚʫ 

(ʛʦʚʦʨʠ ʩʝ ʦ ʨʝʘʢʪʦʨʠʤʘ ʢʦʿʠ ʢʘʦ ʛʦʨʠʚʥʝ ʝʣʝʤʝʥʪʝ ʢʦʨʠʩʪʝ ʫʨʘʥʠʿʫʤ). ʅʫʢʣʝʘʨʥʘ ʬʦʨʝʥʟʠʢʘ ʢʘʦ 

ʥʘʫʯʥʘ ʜʠʩʮʠʧʣʠʥʘ ʜʘʿʝ ʧʨʚʝʥʩʪʚʦ ʝʤʧʠʨʠʿʩʢʠʤ ʜʦʢʘʟʠʤʘ, ʜʦʢ ʩʝ ʦʥʠ ʧʨʝʜʠʢʪʠʚʥʠ, ʦʜʥʦʩʥʦ ˁʠʭʦʚʠ 

ʨʝʟʫʣʪʘʪʠ, ʫʛʣʘʚʥʦʤ ʢʦʨʠʩʪʝ ʢʘʦ ''ʚʦʜʠʯ'' ʟʘ   ʧʣʘʥʠʨʘˁʝ ʠ ʠʟʚʨʰʝˁʝ ʘʥʘʣʠʟʘ ʠ ʤʝʨʝˁʘ. ɸʢʦ ʩʝ ʜʝʩʠ 

ʩʠʪʫʘʮʠʿʘ ʜʘ ʩʝ ʠʟʤʝʨʝʥʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ ʧʣʫʪʦʥʠʿʫʤʘ ʧʦʢʣʘʧʘʿʫ ʩʘ ʪʝʦʨʠʿʩʢʠʤ ʧʨʝʜʚʠʹʘˁʠʤʘ 

ʜʦʙʠʿʝʥʠʤ ʩʠʤʫʣʘʮʠʦʥʠʤ ʪʝʭʥʠʢʘʤʘ, ʪʘʜʘ ʦʚʦ ʟʥʘʯʘʿʥʦ ʩʢʨʘ˂ʫʿʝ ʧʫʪ ʟʘ ʦʜʨʝʹʠʚʘˁʝ ʧʦʨʝʢʣʘ 

ʤʘʪʝʨʠʿʘʣʘ. ʋ ʊʘʙʝʣʘʤʘ 3.1 ʠ 3.2 ʜʘʪʠ ʩʫ ʢʘʨʘʢʪʝʨʠʩʪʠʯʥʠ ʦʪʠʩʮʠ ʟʘ ʧʣʫʪʦʥʠʿʫʤ ʠ ʫʨʘʥʠʿʫʤ 

ʨʝʩʧʝʢʪʠʚʥʦ [AAAS,2007]. ʀʟ ʊʘʙʝʣʘ 3.1 ʠ 3.2 ʤʦʞʝ ʩʝ ʟʘʢˀʫʯʠʪʠ ʜʘ ʫ ʩʣʫʯʘʿʫ ʧʣʫʪʦʥʠʿʫʤʘ ʤʦʞʝʤʦ 

ʠʟʚʫ˂ʠ ʚʠʰʝ ʠʥʬʦʨʤʘʮʠʿʘ ʠʟ ˁʝʛʦʚʠʭ ʦʪʠʩʘʢʘ, ʥʝʛʦ ʰʪʦ ʿʝ ʪʦ ʩʣʫʯʘʿ ʢʦʜ ʫʨʘʥʠʿʫʤʘ. 

 

ʊʘʙʝʣʘ 3.1. ʂʘʨʘʢʪʝʨʠʩʪʠʢʝ ʢʦʿʝ ʩʫ ʨʝʣʝʚʘʥʪʥʝ ʟʘ ʜʝʪʝʢʮʠʿʫ ʧʣʫʪʦʥʠʿʫʤʘ [AAAS,2007]. 

ɺʨʩʪʘ ʦʪʠʩʢʘ ʆʪʢʨʠʚʝʥʝ ʠʥʬʦʨʤʘʮʠʿʝ 

ʇʦʨʘʩʪ ʢʦʥʮʝʪʨʘʮʠʿʝ ʠʟʦʪʦʧʘ ʧʦʪʦʤʘʢʘ 

(241Am, 235U) 

ʉʪʘʨʦʩʪ ʤʘʪʝʨʠʿʘʣʘ (ʚʨʝʤʝ ʦʜ ʧʦʩʣʝʜˁʝ 

ʭʝʤʠʿʩʢʝ ʩʝʧʘʨʘʮʠʿʝ) 

ʀʟʦʪʦʧʩʢʠ ʦʜʥʦʮʠ ʧʣʫʪʦʥʠʿʫʤʘ ʊʠʧ ʨʝʘʢʪʦʨʘ ʟʘ ʧʨʦʠʟʚʦʜˁʫ ʧʣʫʪʦʥʠʿʫʤʘ: 

- ʆʙʦʛʘ˂ʝˁʝ U ʫ ʧʨʦʠʟʚʦʜʥʦʤ ʨʝʘʢʪʦʨʫ 

- ʅʝʫʪʨʦʥʩʢʠ ʩʧʝʢʪʘʨ ʫ ʧʨʦʠʟʚʦʜʥʦʤ          

ʨʝʘʢʪʦʨʫ 

ʈʝʟʠʜʫʘʣʥʠ ʠʟʦʪʦʧʠ ʊʝʭʥʠʢʝ ʭʝʤʠʿʩʢʦʛ ʧʨʦʮʝʩʫʠʨʘˁʘ 

ʂʦʥʮʝʥʪʨʘʮʠʿʝ ʢʨʘʪʢʦʞʠʚʝ˂ʠʭ ʧʦʪʦʤʘʢʘ 

ʬʠʩʠʦʥʠʭ ʧʨʦʜʫʢʘʪʘ 

ʀʥʜʠʢʘʪʦʨʠ ʭʝʤʠʿʩʢʦʛ ʧʨʠʥʦʩʘ 

ʀʟʦʪʦʧʩʢʝ ʟʘʩʪʫʧˀʝʥʦʩʪʠ Kr ʠ Xe ɺʨʝʤʝ ʠʟʣʠʚʘˁʘ 
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ʊʘʙʝʣʘ 3.2. ʈʝʣʝʚʘʥʪʥʠ ʫʨʘʥʠʿʫʤʩʢʠ ʦʪʠʩʮʠ [AAAS,2007]. 

ɺʨʩʪʘ ʦʪʠʩʢʘ ʆʪʢʨʠʚʝʥʝ ʠʥʬʦʨʤʘʮʠʿʝ 

ʆʜʥʦʩ ʧʨʠʨʦʜʥʦ ʟʘʩʪʫʧˀʝʥʠʭ ʠʟʦʪʦʧʘ 

(234U,235U,238U) 

ʉʫʞʘʚʘˁʝ ʠʟʙʦʨʘ ʣʦʢʘʣʠʪʝʪʘ ʫʨʘʥʠʿʫʤʩʢʝ ʨʫʜʝ 

ʇʨʠʩʫʩʪʚʦ ʠʟʦʪʦʧʘ ʧʨʦʠʟʚʝʜʝʥʠʭ 

ʦʟʨʘʯʠʚʘˁʝʤ (232U,236U) 

ʀʥʜʠʢʘʪʦʨ ʨʝʧʨʦʮʝʩʫʠʨʘˁʘ ʫʨʘʥʠʿʫʤʘ ʠ ʤʦʞʝ 

ʫʢʘʟʘʪʠ ʥʘ ʪʠʧ ʢʦʨʠʰ˂ʝʥʦʛ ʨʝʘʢʪʦʨʘ 

ʇʦʨʘʩʪ ʢʦʥʮʝʪʨʘʮʠʿʝ ʠʟʦʪʦʧʘ 

ʧʦʪʦʤʘʢʘ (230Th,231Pa) 

ɼʘʪʫʤ ʧʦʩʣʝʜˁʝ ʭʝʤʠʿʩʢʝ ʩʝʧʘʨʘʮʠʿʝ 

ʀʟʦʪʦʧʩʢʝ ʟʘʩʪʫʧˀʝʥʦʩʪʠ Kr ʠ Xe ɺʨʝʤʝ ʠʟʣʠʚʘˁʘ 

ʉʪʘʙʠʣʥʠ ʠʟʦʪʦʧʠ ʦʜʨʝʹʝʥʠʭ ʝʣʝʤʝʥʘʪʘ ʢʘʦ ʰʪʦ ʩʫ ʪʦ ʩʪʨʦʥʮʠʿʫʤ, ʦʣʦʚʦ ʠ ʢʠʩʝʦʥʠʢ ʪʘʢʦʹʝ ʤʦʛʫ 

ʧʦʩʣʫʞʠʪʠ ʢʘʦ ʠʟʚʦʨ ʠʥʬʦʨʤʘʮʠʿʘ ʦ ʤʝʩʪʫ ʨʝʧʨʦʮʝʩʫʠʨʘˁʘ ʠʣʠ ʧʨʦʠʟʚʦʜˁʝ ʥʫʢʣʝʘʨʥʠʭ ʤʘʪʝʨʠʿʘʣʘ. 

ʇʦʤʝʥʫʪʠ ʠʟʦʪʦʧʠ ʩʫ ʧʦʟʥʘʪʠ ʠ ʢʘʦ ''ʛʝʦʣʦʢʘʮʠʿʩʢʠ'' ʠʥʜʠʢʘʪʦʨʠ, ʧʦʤʦ˂ʫ ʢʦʿʠʭ ʩʝ ʤʦʞʝ ʩʪʝ˂ʠ ʙʦˀʘ 

ʩʣʠʢʘ ʦ ʪʦʤʝ ʛʜʝ ʿʝ ʥʘʧʨʘʚˀʝʥ ʤʘʪʝʨʠʿʘʣ ʠʣʠ ʦʜʘʢʣʝ ʿʝ ʠʩʢʦʧʘʚʘʥʘ ʨʫʜʘ/ʩʠʨʦʚʠʥʘ ʟʘ ʜʘʪʠ ʤʘʪʝʨʠʿʘʣ 

[AAAS,2007]. 

 ʇʣʫʪʦʥʠʿʫʤ 

ʀʟʦʪʦʧʩʢʠ ʩʘʩʪʘʚ ʨʝʘʢʪʦʨʩʢʠ ʥʘʩʪʘʣʦʛ ʧʣʫʪʦʥʠʿʫʤʘ ʿʝ ʜʝʬʠʥʠʩʘʥ ʩʪʝʧʝʥʦʤ ʠʟʛʘʨʘˁʘ ʠ ʪʠʧʦʤ 

ʫʨʘʥʠʿʫʤʩʢʦʛ ʛʦʨʠʚʘ ʦʜ ʢʦʛ ʿʝ ʥʘʩʪʘʦ, ʢʘʦ ʠ ʠʩʪʦʨʠʿʦʤ ʫʧʨʘʚˀʘˁʘ ʠ ʪʠʧʦʤ ʨʝʘʢʪʦʨʘ. ʇʨʠʤʝʨʘ ʨʘʜʠ, 

ʯʘʢ ʠ ʘʢʦ ʜʚʘ ʫʟʦʨʢʘ ʠʤʘʿʫ ʠʩʪʠ ʧʨʦʮʝʥʪʫʘʣʥʠ ʫʜʝʦ 239Pu, ˁʠʭʦʚʦ ʧʦʨʝʢʣʦ ʠ ʜʘˀʝ ʤʦʞʝ ʙʠʪʠ 

ʨʘʟʣʠʯʠʪʦ, ʥʘ ʦʩʥʦʚʫ ʠʟʤʝʨʝʥʠʭ ʚʨʝʜʥʦʩʪʠ ʜʨʫʛʠʭ ʠʟʦʪʦʧʩʢʠʭ ʦʜʥʦʩʘ ʫʥʫʪʘʨ ʫʟʦʨʢʘ. 

ʇʣʫʪʦʥʠʿʫʤʩʢʠ ʠʟʦʪʦʧʩʢʠ ʩʘʩʪʘʚ ʿʝ ʧʦʜʣʦʞʘʥ ʧʨʦʤʝʥʘʤʘ ʢʦʿʝ ʥʘʩʪʘʿʫ ʫʩʣʝʜ ʩʪʘʨʦʩʪʠ ʤʘʪʝʨʠʿʘʣʘ, 

ʧʨʝʚʘʩʭʦʜʥʦ ʢʘʦ ʧʦʩʣʝʜʠʮʘ ʨʘʩʧʘʜʘ 241Pu, ʢʦʿʠ ʠʤʘ ʧʝʨʠʦʜ ʧʦʣʫʨʘʩʧʘʜʘ ʦʜ 14.4 ʛʦʜʠʥʘ. ʈʝʟʫʣʪʫʿʫ˂ʝ 

ʥʘʛʦʤʠʣʘʚʘˁʝ 241Am ʧʨʝʜʩʪʘˀʘ ʚʝʦʤʘ ʧʦʫʟʜʘʥ ʠʥʜʠʢʘʪʦʨ ʚʨʝʤʝʥʘ ʧʨʦʪʝʢʣʦʛ ʦʜ ʧʦʩʣʝʜˁʝ ʭʝʤʠʿʩʢʝ 

ʩʝʧʘʨʘʮʠʿʝ [AAAS,2007]. ʂʘʦ ʰʪʦ ʿʝ ʧʦʟʥʘʪʦ, ʧʣʫʪʦʥʠʿʫʤ ʿʝ ʧʨʝʚʘʩʭʦʜʥʦ ʩʠʥʪʝʪʠʯʢʠ ʨʘʜʠʦʥʫʢʣʠʜ 

(ʩʝʤ ʪʨʘʛʦʚʘ ʫ ʤʘʣʠʤ ʢʦʣʠʯʠʥʘʤʘ ʢʦʿʠ ʩʝ ʤʦʛʫ ʥʘ˂ʠ ʫʥʫʪʘʨ ɿʝʤˀʠʥʝ ʢʦʨʝ) ʠ ʢʘʦ ʪʘʢʘʚ ʥʘʩʪʘʿʝ ʫ 

ʥʫʢʣʝʘʨʥʠʤ ʨʝʘʢʪʦʨʠʤʘ. ʇʨʦʮʝʩ ʥʘʩʪʘʥʢʘ ʥʘʿʟʥʘʯʘʿʥʠʿʝʛ ʠʟʦʪʦʧʘ ʧʣʫʪʦʥʠʿʫʤʘ (239Pu) ʢʨʝ˂ʝ ʢʘʜʘ 238U 

ʘʧʩʦʨʙʫʿʝ ʿʝʜʘʥ ʥʝʫʪʨʦʥ ʠ ʥʘʩʪʘʥʝ 239U, ʢʦʿʠ ʩʝ ʧʦʪʦʤ ʨʘʩʧʘʜʘ ʥʘ 239Np, ʛʜʝ ʿʦʰ ʿʝʜʥʠʤ ʙʝʪʘ ʨʘʩʧʘʜʦʤ 
239Np ʥʘʩʪʘʿʝ 239Pu. ʇʦʤʝʥʫʪʠ ʧʨʦʮʝʩ ʿʝ ʧʨʠʢʘʟʘʥ ʫ ʨʝʣʘʮʠʿʠ 1.1 [Kennedy et al.,1946]. 

 Ὗ ὲᴼ Ὗ ὔὴ ὖό (1.1) 

ʅʘ ʩʣʠʯʘʥ ʥʘʯʠʥ ʥʘʩʪʘʿʝ ʠ ʜʨʫʛʠ ʥʘʿʟʥʘʯʘʿʥʠʿʠ ʠʟʦʪʦʧ ʧʣʫʪʦʥʠʿʫʤʘ (238Pu). ʋ ʦʚʦʤ ʩʣʫʯʘʿʫ 238U ʩʝ 

ʙʦʤʙʘʨʜʫʿʝ ʧʨʦʿʝʢʪʠʣʠʤʘ ʫ ʚʠʜʫ ʜʝʫʪʝʨʠʿʫʤʘ, ʫʩʣʝʜ ʯʝʛʘ ʥʘʩʪʘʿʫ ʜʚʘ ʥʝʫʪʨʦʥʘ ʠ 238Np ʢʦʿʠ ʩʝ ʧʦʪʦʤ 

ʩʧʦʥʪʘʥʦ ʨʘʩʧʘʜʘ ʢʘʥʘʣʠʤʘ ʙʝʪʘ ʨʘʩʧʘʜʘ ʥʘ 238Pu. ʅʘʩʪʘʥʘʢ 238Pu ʿʝ ʧʨʠʢʘʟʘʥ ʫ ʨʝʣʘʮʠʿʠ 1.2.  

ɸʣʪʝʨʥʘʪʠʚʥʠ ʥʘʯʠʥ ʥʘʩʪʘʥʢʘ 238Pu ʿʝ ʧʫʪʝʤ ʦʟʨʘʯʠʚʘˁʘ ʥʝʧʪʫʥʠʿʫʤʘ (237Np) ʥʝʫʪʨʦʥʠʤʘ [Seaborg 

et al.,1946]. 

 Ὗ Ὀᴼ ὔὴ ςὲ  Ƞ  ὔὴ ὖό (1.2) 
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ʆʩʪʘʣʠ ʠʟʦʪʦʧʠ ʧʣʫʪʦʥʠʿʫʤʘ ʩʝ ʧʨʝʚʘʩʭʦʜʥʦ ʜʦʙʠʿʘʿʫ ʠʟʣʘʛʘˁʝʤ 239Pu ʩʥʦʧʫ ʥʝʫʪʨʦʥʘ. ʂʘʜʘ ʿʝ 

ʠʟʦʪʦʧʩʢʘ ʟʘʩʪʫʧˀʝʥʦʩʪ 239Pu ʫ ʤʘʪʝʨʠʿʘʣʫ ~ 93%, ʪʘʜʘ ʩʝ ʦʥ ʢʘʪʝʛʦʨʠʰʝ ʢʘʦ ʧʣʫʪʦʥʠʿʫʤ ʟʘ ʫʧʦʪʨʝʙʫ 

ʫ ʦʨʫʞʿʫ (''weapons-grade'') [US DOE,1997]. ɹʠʣʦ ʢʦʿʠ ʪʠʧ ʨʝʘʢʪʦʨʘ ʩʝ ʤʦʞʝ ʢʦʨʠʩʪʠʪʠ ʟʘ 

ʧʨʦʠʟʚʦʜˁʫ ''weapons-grade'' ʧʣʫʪʦʥʠʿʫʤʘ, ʥʘ ʪʘʿ ʥʘʯʠʥ ʰʪʦ ˂ʝ ʩʝ ʦʛʨʘʥʠʯʠʪʠ ʠʟʛʘʨʘˁʝ 

ʫʨʘʥʠʿʫʤʩʢʦʛ ʛʦʨʠʚʘ. ʊʠʧ ʨʝʘʢʪʦʨʘ ʢʦʿʠ ʿʝ ʧʨʝʜʦʜʨʝʹʝʥ ʥʘʤʝʥʩʢʠ ʟʘ ʧʨʦʠʟʚʦʜˁʫ ʧʣʫʪʦʥʠʿʫʤʘ 

ʥʘʟʠʚʘ ʩʝ ''breeder''7 ʨʝʘʢʪʦʨ, ʢʦʿʠ ʿʝ ʜʠʟʘʿʥʠʨʘʥ ʥʘ ʪʘʿ ʥʘʯʠʥ ʜʘ ʧʨʦʠʟʚʦʜʠ ʚʠʰʝ ʬʠʩʠʙʠʣʥʦʛ 

ʤʘʪʝʨʠʿʘʣʘ ʥʝʛʦ ʰʪʦ ʛʘ ʪʨʦʰʠ [Moody et al.,2015]. ʋ ʊʘʙʝʣʠ 3.3 ʧʨʠʢʘʟʘʥʝ ʩʫ ʧʦʜʝʣʝ ʧʣʫʪʦʥʠʿʫʤʘ ʧʦ 

ʧʠʪʘˁʫ ʨʘʟʣʠʯʠʪʠʭ ʥʘʤʝʥʘ ʥʘ ʦʩʥʦʚʫ ʧʨʦʮʝʥʪʫʘʣʥʦʛ ʤʘʩʝʥʦʛ ʫʜʝʣʘ 239Pu ʫ ʤʘʪʝʨʠʿʘʣʫ [US 

DOE,1997; Carson et al.,2009]. ʋ ʊʘʙʝʣʠ 3.4 ʩʫ ʧʨʠʢʘʟʘʥʠ ʛʣʘʚʥʠ ʪʠʧʦʚʠ ʨʝʘʢʪʦʨʘ (ʧʦ ʟʝʤˀʘʤʘ), ʢʦʿʠ 

ʩʝ ʢʦʨʠʩʪʝ ʠʣʠ ʩʫ ʙʠʣʠ ʢʦʨʠʰ˂ʝʥʠ ʩʘ ʧʦʩʝʙʥʦʤ ʥʘʤʝʥʦʤ - ʧʨʦʠʟʚʦʜˁʘ ʧʣʫʪʦʥʠʿʫʤʘ [AAAS,2007]. 

ʊʘʙʝʣʘ 3.3. ʇʦʜʝʣʘ ʧʣʫʪʦʥʠʿʫʤʘ [Carson et al.,2009; US DOE,1997]. 

ʊʠʧ ʧʣʫʪʦʥʠʿʫʤʘ ʄʘʩʝʥʠ ʫʜʝʦ 239Pu ʫ ʤʘʪʝʨʠʿʘʣʫ [%]  

'' Super grade''  98 

'' Weapons-grade''  93-98 

'' Fuel-grade''  80-93 

'' Reactor-grade''  < 80 

 

ʊʘʙʝʣʘ 3.4. ʀʟʘʙʨʘʥʠ ʪʠʧʦʚʠ ʨʝʘʢʪʦʨʘ ʟʘ ʧʨʦʠʟʚʦʜˁʫ ʧʣʫʪʦʥʠʿʫʤʘ [AAAS,2007]. 

                                                      
7 ʊʠʧ ʥʫʢʣʝʘʨʥʦʛ ʨʝʘʢʪʦʨʘ ʢʦʿʠ ʧʨʦʠʟʚʦʜʠ ʚʠʰʝ ʬʠʩʠʙʠʣʥʦʛ ʤʘʪʝʨʠʿʘʣʘ ʥʝʛʦ ʰʪʦ ʧʦʪʨʦʰʠ [Waltar, 

Reynolds,1981]. 

ʄʦʜʝʨʘʪʦʨ ɻʨʘʬʠʪ ʊʝʰʢʘ ʚʦʜʘ ʇʦʛʦʥʩʢʦ ʛʦʨʠʚʦ 

ʩʘ ʩʧʦˀʘʰˁʠʤ 

DEU ʤʝʪʘʤʘ 
ʍʣʘʹʝˁʝ H2O CO2 H2O D2O 

ɻʣʘʚʥʠ ʧʨʠʤʝʨʠ Hanford Calder Hall Cirus (NRX) Dimona Savannah River 

ʉʿʝʜʠˁʝʥʝ 

ɸʤʝʨʠʯʢʝ 

ɼʨʞʘʚʝ 

X    X 

ʈʫʩʠʿʘ X     

ɺʝʣʠʢʘ 

ɹʨʠʪʘʥʠʿʘ 

 X    

ʌʨʘʥʮʫʩʢʘ  X   X 

ʂʠʥʘ X     

ʀʟʨʘʝʣ    X  

ʀʥʜʠʿʘ   X X  

ʇʘʢʠʩʪʘʥ   X   

ʉʝʚʝʨʥʘ ʂʦʨʝʿʘ  X    
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ʇʨʦʠʟʚʦʜˁʘ ʧʣʫʪʦʥʠʿʫʤʘ ʿʝ ʥʘʿʚʝ˂ʘ ʫ ʨʝʘʢʪʦʨʠʤʘ ʢʦʿʠ ʢʦʨʠʩʪʝ ʧʨʠʨʦʜʥʠ ʫʨʘʥʠʿʫʤ ʢʘʦ ʛʦʨʠʚʦ. ʆʚʘʿ 

ʪʠʧ ʨʝʘʢʪʦʨʘ ʥʠʿʝ ʫ ʤʦʛʫ˂ʥʦʩʪʠ ʜʘ ʢʦʨʠʩʪʠ ʦʙʠʯʥʫ ʚʦʜʫ ʢʘʦ ʤʦʜʝʨʘʪʦʨ ʥʝʫʪʨʦʥʘ (ʫʩʣʝʜ ʧʘʨʘʟʠʪʩʢʝ 

ʘʧʩʦʨʧʮʠʿʝ ʥʝʫʪʨʦʥʘ ʦʜ ʩʪʨʘʥʝ ʿʝʟʛʘʨʘ ʚʦʜʦʥʠʢʘ), ʚʝ˂ ʩʝ ʫ ʪʝ ʩʚʨʭʝ ʢʦʨʠʩʪʠ ʠʣʠ ʫʛˁʝʥʠʢ ʠʣʠ ʪʝʰʢʘ 

ʚʦʜʘ. ʂʘʦ ʰʪʦ ʚʠʜʠʤʦ ʠʟ ʊʘʙʝʣʝ 3.4, ʛʨʘʬʠʪʥʦ ʤʦʜʝʨʠʨʘʥʠ ʨʝʘʢʪʦʨʠ ʩʝ ʢʦʨʠʩʪʝ ʫ ʟʝʤˀʘʤʘ 

ʧʦʪʧʠʩʥʠʮʘʤʘ ʋʛʦʚʦʨʘ ʦ ʥʝʧʨʦʣʠʬʝʨʘʮʠʿʠ. ʈʝʘʢʪʦʨʠ ʢʦʿʠ ʢʦʨʠʩʪʝ ʣʘʢʫ ʚʦʜʫ ʟʘ ʭʣʘʹʝˁʝ ʥʘ 

ʣʦʢʘʣʠʪʝʪʠʤʘ ʫ ʈʫʩʠʿʠ ʠ ʂʠʥʠ, ʩʫ ʧʦ ʜʠʟʘʿʥʫ ʠʜʝʥʪʠʯʥʠ ʦʥʠʤ ʢʦʿʠ ʩʫ ʠʟʛʨʘʹʝʥʠ ʥʘ ʪʝʨʠʪʦʨʠʿʠ ʉɸɼ 

ʥʘ ʣʦʢʘʣʠʪʝʪʫ Hanford, ʢʦʿʠ ʩʫ ʧʨʝʜʪʘʚʥʠʮʠ ʩʪʘʨʦʛ ʜʠʟʘʿʥʘ ʛʨʘʬʠʪʥʦ ʤʦʜʝʨʠʨʘʥʠʭ ʨʝʘʢʪʦʨʘ ʩʘ 

ʚʦʜʝʥʠʤ ʭʣʘʹʝˁʝʤ. ʌʨʘʥʮʫʩʢʘ ʠ ʉɸɼ ʩʫ ʢʦʥʩʪʨʫʠʩʘʣʠ ʪʘʢʦʹʝ ʠ ʨʝʘʢʪʦʨʝ ʢʦʿʠ ʢʦʨʠʩʪʝ ʪʝʰʢʫ ʚʦʜʫ 

ʢʘʦ ʨʘʩʭʣʘʜʥʠ ʤʝʜʠʿʫʤ, ʘ ʢʘʦ ʛʦʨʠʚʦ ʢʦʨʠʩʪʝ ʦʙʦʛʘ˂ʝʥʠ ʫʨʘʥʠʿʫʤ ʩʘ ʤʝʪʘʤʘ ʦʜ ʦʩʠʨʦʤʘʰʝʥʦʛ 

ʫʨʘʥʠʿʫʤʘ (depleted uranium- DEU). ʈʝʘʢʪʦʨʠ ʤʦʜʝʨʠʨʘʥʠ ʪʝʰʢʦʤ ʚʦʜʦʤ ʩʫ ʥʘʧʨʘʚˀʝʥʠ ʫ ʀʥʜʠʿʠ, 

ʇʘʢʠʩʪʘʥʫ ʠ ʀʟʨʘʝʣʫ. NRX ʪʠʧ ʨʝʘʢʪʦʨʘ ʿʝ ʧʨʚʝʥʩʪʚʝʥʦ ʙʠʦ ʨʘʟʚʠʿʝʥ ʫ ʂʘʥʘʜʠ ʘʣʠ ʩʝ ʪʘ ʪʝʭʥʦʣʦʛʠʿʘ 

ʧʦʪʦʤ ʠʤʧʣʝʤʝʥʪʠʨʘʣʘ ʫ ʮʠˀʫ ʧʨʦʠʟʚʦʜˁʝ ʧʣʫʪʦʥʠʿʫʤʘ ʟʘ ʚʦʿʥʝ ʩʚʨʭʝ ʫ ʇʘʢʠʩʪʘʥʫ ʠ ʀʥʜʠʿʠ. NRX 

ʨʝʘʢʪʦʨʠ ʟʘ ʛʦʨʠʚʦ ʢʦʨʠʩʪʝ ʧʨʠʨʦʜʥʠ ʫʨʘʥʠʿʫʤ, ʤʦʜʝʨʘʪʦʨ ʫ ˁʠʤʘ ʿʝ ʪʝʰʢʘ ʚʦʜʘ, ʘ ʿʝʟʛʨʦ ʨʝʘʢʪʦʨʘ 

ʩʝ ʭʣʘʜʠ ʣʘʢʦʤ (ʦʙʠʯʥʦʤ) ʚʦʜʦʤ. ''Calder-Hall'' ʪʠʧ ʨʝʘʢʪʦʨʘ ʿʝ ʪʘʢʦʹʝ ʛʨʘʬʠʪʥʦ ʤʦʜʝʨʠʨʘʥ ʘʣʠ ʩʝ ʫ 

ʦʚʦʿ ʠʥʩʪʘʥʮʠ ʢʘʦ ʨʘʩʭʣʘʜʥʦ ʩʨʝʜʩʪʚʦ ʢʦʨʠʩʪʠ ʛʘʩ, ʧʨʝʚʘʩʭʦʜʥʦ ʫʛˀʝʥ-ʜʠʦʢʩʠʜ (CO2). ʆʚʘ 

ʪʝʭʥʦʣʦʛʠʿʘ ʿʝ ʥʘʰʣʘ ʩʚʦʿʫ ʧʨʠʤʝʥʫ ʥʘ ʨʝʘʢʪʦʨʠʤʘ ʠʟʛʨʘʹʝʥʠʤ ʫ ɺʝʣʠʢʦʿ ɹʨʠʪʘʥʠʿʠ ʠ, ʩʢʦʨʠʿʝ, 

ʉʝʚʝʨʥʦʿ ʂʦʨʝʿʠ [AAAS,2007]. 

ɱʝʜʥʘ ʦʜ ʛʣʦʙʘʣʥʦ ʥʘʿʚʘʞʥʠʿʠʭ ʘʥʘʣʠʟʘ ʫ ʥʫʢʣʝʘʨʥʦʿ ʬʦʨʝʥʟʠʮʠ ʿʝ ʧʨʦʮʝʩ ʦʜʨʝʹʠʚʘˁʘ ʨʘʟʣʠʯʠʪʠʭ 

ʦʜʥʦʩʘ ʧʣʫʪʦʥʠʿʫʤʩʢʠʭ ʠʟʦʪʦʧʘ ʠʟ breeder ʨʝʘʢʪʦʨʘ. ʆʜʨʘʹʝʥʘ ʿʝ ʘʥʘʣʠʟʘ ʧʨʦʤʝʥʝ ʦʜʥʦʩʘ 

ʧʣʫʪʦʥʠʿʫʤʩʢʠʭ ʠʟʦʪʦʧʘ ʩʘ ʩʪʝʧʝʥʦʤ ʠʟʛʘʨʘˁʘ ʛʦʨʠʚʘ, ʫʟ ʠʤʧʣʝʤʝʥʪʘʮʠʿʫ ʩʦʬʪʚʝʨʩʢʠʭ ʢʦʜʦʚʘ 

ORIGEN2, MCNP ʠ MCODE. ʅʘ ʉʣʠʮʠ 3.2 ʩʫ ʧʨʠʢʘʟʘʥʠ ʨʝʟʫʣʪʘʪʠ ʧʦʤʝʥʫʪʠʭ ʘʥʘʣʠʟʘ ʢʦʿʠ ʧʦʢʘʟʫʿʫ 

ʚʝʣʠʢ ʩʪʝʧʝʥ ʧʦʢʣʘʧʘˁʘ ʠ ʩʣʠʯʥʦʩʪʠ ʠʟʦʪʦʧʩʢʦʛ ʩʘʩʪʘʚʘ ʤʝʹʫ ʫʟʦʨʮʠʤʘ ʠʟ ʨʘʟʣʠʯʠʪʠʭ ʨʝʘʢʪʦʨʩʢʠʭ 

ʪʠʧʦʚʘ ʠ ʩʪʝʧʝʥʘ ʠʟʛʘʨʘˁʘ (ʰʪʦ ʿʝ ʚʝ˂ʝ ʠʟʛʘʨʘˁʝ, ʤʘˁʠ ʿʝ ʫʜʝʦ 239Pu ʫ ʤʘʪʝʨʠʿʘʣʫ).  

 

ʉʣʠʢʘ 3.2. ʀʟʦʪʦʧʩʢʠ ʦʜʥʦʩʠ ʨʘʟʣʠʯʠʪʠʭ ʠʟʦʪʦʧʘ ʧʣʫʪʦʥʠʿʫʤʘ ʢʘʦ ʬʫʥʢʮʠʿʘ ʫʜʝʣʘ 239Pu 

[AAAS,2007]. 

ʉʘ ʧʫʥʦʤ ʣʠʥʠʿʦʤ ʿʝ ʧʨʝʜʩʪʘʚˀʝʥ ʧʣʫʪʦʥʠʿʫʤ ʠʟ ''Hanford'' ʪʠʧʘ ʨʝʘʢʪʦʨʘ ʜʦʢ ʿʝ ʩʘ ʠʩʧʨʝʢʠʜʘʥʦʤ 

ʣʠʥʠʿʦʤ ʦʙʝʣʝʞʝʥ ʧʣʫʪʦʥʠʿʫʤ ʠʟ ''Calder Hall'' ʪʠʧʘ ʨʝʘʢʪʦʨʘ.  ʆʥʦ ʰʪʦ ʩʝ ʤʦʞʝ ʟʘʢˀʫʯʠʪʠ ʩʘ ʩʣʠʢʝ 

3.2 ʿʝ ʜʘ ʩʫ ʠʟʦʪʦʧʩʢʠ ʦʜʥʦʩʠ ʯʘʢ ʠ ʥʘ ʚʝ˂ʠʤ ʩʪʝʧʝʥʠʤʘ ʠʟʛʘʨʘˁʘ ʚʝʦʤʘ ʙʣʠʩʢʠ, ʦʜʥʦʩʥʦ ʜʘ ʩʝ ʥʘ 
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ʦʩʥʦʚʫ ʦʚʦʛ ʪʠʧʘ ʘʥʘʣʠʟʝ ʥʝ ʤʦʞʝ ʜʦʥʝʪʠ ʿʘʩʘʥ ʟʘʢˀʫʯʘʢ ʦ ʧʦʨʝʢʣʫ ʤʘʪʝʨʠʿʘʣʘ. ʂʘʢʦ ʙʠ ʪʦ ʙʠʣʦ 

ʠʟʚʦʜˀʠʚʦ, ʧʦʩʪʦʿʠ ʤʦʛʫ˂ʥʦʩʪ ʜʘ ʩʝ ʫʨʘʜʠ ʜʨʫʛʘʯʠʿʠ ʪʠʧ ʘʥʘʣʠʟʝ, ʧʨʠʢʘʟʘʥ ʥʘ ʉʣʠʮʠ 3.3 

[AAAS,2007; Mayer et al.,2005]. 

 

ʉʣʠʢʘ 3.3. ʀʟʦʪʦʧʩʢʠ ʦʜʥʦʩʠ ʦʜʨʝʹʝʥʠʭ ʧʣʫʪʦʥʠʿʫʤʩʢʠʭ ʩʘʩʪʘʚʘ [AAAS,2007; Mayer et al.,2005]. 

(ITWG RR- ʫʟʦʨʘʢ ʧʣʫʪʦʥʠʿʫʤʘ ʟʘ ʠʥʪʝʨʢʦʤʧʘʨʘʮʠʿʩʢʫ ʚʝʞʙʫ, SRM 947 ʠ SRM 946 ʧʨʝʜʩʪʘʚˀʘʿʫ 

ʧʣʫʪʦʥʠʿʫʤʩʢʝ ʩʪʘʥʜʘʨʜʥʝ ʨʝʬʝʨʝʥʪʥʝ ʤʘʪʝʨʠʿʘʣʝ, R1 ʠ R2 ʜʚʘ ʫʟʦʨʢʘ ʨʫʩʢʦʛ ʧʦʨʝʢʣʘ, ʥʘʚʦʜʥʦ 

ʧʨʦʠʟʚʝʜʝʥʠ ʨʝʘʢʪʦʨʫ ʟʘ ʪʝʩʪʠʨʘˁʝ ʤʘʪʝʨʠʿʘʣʘ ʠ RBMK ʨʝʘʢʪʦʨʫ, Munich 1994 ï ʫʟʦʨʘʢ ʟʘʧʣʝˁʝʥ 

ʥʘ ʄʠʥʭʝʥʩʢʦʤ ʘʝʨʦʜʨʦʤʫ) 

ʅʘ ʩʣʠʮʠ 3.3 ʮʨʚʝʥʠʤ ʪʘʯʢʘʤʘ ʩʫ ʦʟʥʘʯʝʥʠ ʧʦʜʘʮʠ ʜʦʙʠʿʝʥʠ ʦʜ ʩʪʚʘʨʥʠʭ ʫʟʦʨʘʢʘ ʧʣʫʪʦʥʠʿʫʤʘ 

(ʝʤʧʠʨʠʿʩʢʠ ʦʪʠʩʮʠ) ʜʦʢ ʩʫ ʧʣʘʚʦʤ ʙʦʿʦʤ ʦʟʥʘʯʝʥʝ ʪʘʯʢʝ ʢʦʿʝ ʩʫ ʜʦʙʠʿʝʥʝ ʩʦʬʪʚʝʨʩʢʠʤ ʥʝʫʪʨʦʥʩʢʠʤ 

ʧʨʦʨʘʯʫʥʠʤʘ (ʧʨʝʜʠʢʪʠʚʥʠ ʦʪʠʩʮʠ).  ʂʘʢʦ ʙʠ ʘʥʘʣʠʟʘ ʙʠʣʘ ʰʪʦ ʚʘʣʠʜʥʠʿʘ, ʦʜʘʙʨʘʥʠ ʩʫ ʫʟʦʨʮʠ ʢʦʿʠ 

ʠʤʘʿʫ ʠʜʝʥʪʠʯʘʥ ʨʝʬʝʨʝʥʪʥʠ ʤʘʩʝʥʠ ʫʜʝʦ 239Pu ʦʜ 93.8%. ʇʨʠʢʘʟʘʥʘ ʿʝ ʢʦʨʝʣʘʮʠʿʘ ʟʘ ʜʚʘ 

ʢʘʨʘʪʝʨʠʩʪʠʯʥʘ ʠʟʦʪʦʧʩʢʘ ʦʜʥʦʩʘ (242Pu/240Pu ʠ 238Pu/ʊʆʊPu) ʢʦʿʠ ʫʿʝʜʥʦ ʧʨʝʜʩʪʘʚˀʘʿʫ ʠ ʚʝʦʤʘ 

ʩʧʝʮʠʬʠʯʥʝ ʢʦʤʙʠʥʘʮʠʿʝ ʥʫʢʣʝʘʨʥʦʬʦʨʝʥʟʠʯʢʠʭ ʦʪʠʩʘʢʘ. ʆʜʥʦʩ 242Pu/240Pu ʿʝ ʧʦʢʘʟʘʪʝˀ 

ʠʟʣʦʞʝʥʦʩʪʠ ʠʣʠ ʠʟʛʘʨʘˁʘ ʜʦʢ ʿʝ ʦʜʥʦʩ 238Pu/ʊʆʊPu ʠʥʜʠʢʘʪʦʨ ʟʘ ''ʪʚʨʜʦ˂ʫ'' ʥʝʫʪʨʦʥʩʢʦʛ ʩʧʝʢʪʨʘ. 

ʇʨʠʢʘʟʘʥʠ ʧʦʜʘʮʠ ʩʫ ʜʦʙʠʿʝʥʠ ʧʦʤʦ˂ʫ ʤʘʩʝʥʝ ʩʧʝʢʪʨʦʤʝʪʨʠʿʝ. ʉʘ ʩʣʠʢʝ ʩʝ ʤʦʞʝ ʟʘʢˀʫʯʠʪʠ ʜʘ ʩʝ ʥʘ 

ʦʩʥʦʚʫ ʦʚʦʛ ʪʠʧʘ ʘʥʘʣʠʟʝ ʤʦʞʝ ʠʟʚʨʰʠʪʠ ʿʘʩʥʦ ʨʘʟʣʠʢʦʚʘˁʝ ʠʟʤʝʹʫ ʦʜʨʝʹʝʥʠʭ ʫʟʦʨʘʢʘ, ʰʪʦ 

ʧʨʝʜʩʪʘʚˀʘ ʚʝʣʠʢʠ ʢʦʨʘʢ ʢʘ ʦʜʨʝʹʠʚʘˁʫ ʧʦʨʝʢʣʘ ʜʘʪʦʛ ʤʘʪʝʨʠʿʘʣʘ. ɺʠʜʠʤʦ ʜʘ ʨʘʟʣʠʯʠʪʠ ʫʟʦʨʮʠ 

ʠʤʘʿʫ ʿʘʩʥʦ ʜʝʬʠʥʠʩʘʥʝ ʚʨʝʜʥʦʩʪʠ ʠʟʦʪʦʧʩʢʠʭ ʦʜʥʦʩʘ ʧʣʫʪʦʥʠʿʫʤʘ, ʰʪʦ ʩʝ ʫ ʬʦʨʝʥʟʠʯʢʦʿ ʠʩʪʨʘʟʠ 

ʤʦʞʝ ʚʝʦʤʘ ʜʦʙʨʦ ʠʩʢʦʨʠʩʪʠʪʠ ʟʘ ʠʜʝʥʪʠʬʠʢʘʮʠʿʫ ʟʘʧʣʝˁʝʥʦʛ ʤʘʪʝʨʠʿʘʣʘ. ʇʦʜʘʮʠ ʫʢʘʟʫʿʫ ʥʘ ʪʦ ʜʘ 

ʩʝ ʩʘ ʚʠʩʦʢʠʤ ʩʪʝʧʝʥʦʤ ʩʠʛʫʨʥʦʩʪʠ ʤʦʞʝ ʠʟʚʨʰʠʪʠ ʨʘʟʣʠʢʦʚʘˁʝ ''weapons-gradʝ'' ʫʟʦʨʘʢʘ 

ʧʣʫʪʦʥʠʿʫʤʘ ʢʦʿʠ ʩʫ ʜʦʙʠʿʝʥʠ ʠʟ ʨʘʟʣʠʯʠʪʠʭ ʦʩʥʦʚʥʠʭ ʪʠʧʦʚʘ ʨʝʘʢʪʦʨʘ. ʇʦʜ ʦʚʠʤ ʩʝ ʧʦʜʨʘʟʫʤʝʚʘʿʫ 

ʨʝʘʢʪʦʨʠ ʢʦʿʠ ʢʦʨʠʩʪʝ ʧʨʠʨʦʜʥʠ ʫʨʘʥʠʿʫʤ ʢʘʦ ʛʦʨʠʚʦ, ''fast-breeder'' ʨʝʘʢʪʦʨʠ ʠ ʨʝʘʢʪʦʨʠ ʢʦʿʠ 

ʢʦʨʠʩʪʝ ʦʙʠʯʥʫ ʚʦʜʫ ʟʘ ʭʣʘʹʝˁʝ ʠ ʦʩʠʨʦʤʘʰʝʥ ʫʨʘʥʠʿʫʤ ʟʘ ʛʦʨʠʚʦ. ʉʘ ʜʨʫʛʝ ʩʪʨʘʥʝ, ʦʜʨʝʹʝʥʠ 

ʠʟʦʪʦʧʩʢʠ ʩʘʩʪʘʚʠ ʢʘʦ ʰʪʦ ʩʫ ʪʦ ʦʥʠ ʜʦʙʠʿʝʥʠ ʠʟ ''Hanford'' ʠ ''NRX'' ʪʠʧʦʚʘ ʨʝʘʢʪʦʨʘ, ʩʝ ʿʘʢʦ ʪʝʰʢʦ 

ʤʦʛʫ ʨʘʟʣʠʢʦʚʘʪʠ. ʊʘʢʦʹʝ ʤʦʞʝ ʩʝ ʟʘʢˀʫʯʠʪʠ ʜʘ ʫ ʦʚʦʤ ʩʣʫʯʘʿʫ ʥʫʢʣʝʘʨʥʦ-ʬʦʨʝʥʟʠʯʢʘ ʘʥʘʣʠʟʘ ʢʦʿʘ 

ʩʝ ʙʘʟʠʨʘ ʥʘ ʝʤʧʠʨʠʿʩʢʠʤ ʦʪʠʩʮʠʤʘ ʜʘʿʝ ʤʥʦʛʦ ʚʠʰʝ ʟʘʢˀʫʯʘʢʘ ʦʜ ʦʥʝ ʙʘʟʠʨʘʥʝ ʩʪʨʦʛʦ ʥʘ 
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ʧʨʝʜʠʢʪʠʚʥʠʤ ʜʦʢʘʟʠʤʘ. ʅʘʨʘʚʥʦ ʫ ʥʝʢʠʤ ʩʠʪʫʘʮʠʿʘʤʘ ʿʝ ʧʨʠʩʪʫʧ ʧʨʘʚʠʤ ʜʦʢʘʟʠʤʘ ʚʝʦʤʘ 

ʦʛʨʘʥʠʯʝʥ, ʪʝ ʩʫ ʘʥʘʣʠʟʝ ʙʘʟʠʨʘʥʝ ʥʘ ʧʨʝʜʠʢʪʠʚʥʠʤ ʦʪʠʩʮʠʤʘ ʿʝʜʠʥʠ ʠʟʚʦʨ ʠʥʬʦʨʤʘʮʠʿʘ 

[AAAS,2007]. 

 ʋʨʘʥʠʿʫʤ 

ʋʨʘʥʠʿʫʤ ʢʘʦ ʝʣʝʤʝʥʪ ʧʨʝʜʩʪʘʚˀʘ ʧʦʯʝʪʥʫ ʪʘʯʢʫ ʢʘʢʦ ʟʘ ʩʦʧʩʪʚʝʥʦ ʠʟʦʪʦʧʩʢʦ ʦʙʦʛʘ˂ʠʚʘˁʝ ʪʘʢʦ ʠ 

ʟʘ ʧʨʦʠʟʚʦʜˁʫ ʧʣʫʪʦʥʠʿʫʤʘ ʫʥʫʪʘʨ ʨʝʘʢʪʦʨʘ. ʋʨʘʥʠʿʫʤʩʢʝ ʦʪʠʩʢʝ ʤʦʞʝʤʦ ʩʚʨʩʪʘʪʠ ʫ ʪʨʠ 

ʥʘʿʨʝʣʝʚʘʥʪʥʠʿʝ ʛʨʫʧʝ: ʠʩʪʦʨʠʿʘʪ ʤʘʪʝʨʠʿʘʣʘ ʢʦʨʠʰ˂ʝʥʦʛ ʫ ʧʨʦʮʝʩʫ ʦʙʦʛʘ˂ʠʚʘˁʘ (ʨʘʟʣʠʢʘ ʠʟʤʝʹʫ 

ʨʝʧʨʦʮʝʩʫʠʨʘʥʦʛ ʠ ʧʨʠʨʦʜʥʦʛ ʫʨʘʥʠʿʫʤʘ), ʚʨʩʪʝ ʪʝʭʥʦʣʦʛʠʿʘ ʠʤʧʣʝʤʝʥʪʠʨʘʥʠʭ ʧʨʠ ʧʨʦʮʝʩʫ 

ʧʨʦʠʟʚʦʜˁʝ ''weapons-grade'' ʫʨʘʥʠʿʫʤʘ ʠ ʚʘʨʠʿʘʮʠʿʝ ʫ ʠʟʦʪʦʧʩʢʦʤ ʩʘʩʪʘʚʫ ʧʨʚʦʙʠʪʥʝ ʫʨʘʥʠʿʫʤʩʢʝ 

ʨʫʜʝ. ʋʨʘʥʠʿʫʤ ʿʝ ʧʨʠʨʦʜʥʠ ʝʣʝʤʝʥʪ ʠʟ ʛʨʫʧʝ ʘʢʪʠʥʠʜʘ, ʠ ʤʦʞʝ ʩʝ ʥʘ˂ʠ ʫʥʫʪʘʨ ɿʝʤˀʠʥʝ ʢʦʨʝ ʫ 

ʢʦʥʮʝʥʪʨʘʮʠʿʠ ʦʜ 3 ppm (''parts per million'' ï ʜʝʦ ʫ ʤʠʣʠʦʥ). ʋ ʩʘʩʪʘʚʫ ʧʨʠʨʦʜʥʦʛ ʫʨʘʥʠʿʫʤʘ ʥʘʣʘʟʝ 

ʩʝ ʪʨʠ ʠʟʦʪʦʧʘ (ʫ ʟʥʘʯʘʿʥʠʤ ʢʦʥʮʝʥʪʨʘʮʠʿʘʤʘ), ʘ ʪʦ ʩʫ 234U (0.0054 % ʟʘʩʪʫʧˀʝʥʦʩʪʠ), 235U (0.72 % 

ʟʘʩʪʫʧˀʝʥʦʩʪʠ) ʠ 238U (99.27 % ʟʘʩʪʫʧˀʝʥʦʩʪʠ) [Ebaid,2009; AAAS,2007]. 

ʈʘʟʣʠʢʝ ʫ ʧʨʦʮʝʩʫ ʦʙʦʛʘ˂ʝˁʘ ʨʝʧʨʦʮʝʩʫʠʨʘʥʦʛ ʠ ʧʨʠʨʦʜʥʦʛ ʫʨʘʥʠʿʫʤʘ 

ʋʩʣʝʜ ʜʝʣʠʢʘʪʥʦʩʪʠ ʤʘʪʝʨʠʿʝ, ʟʝʤˀʝ ʢʦʿʝ ʧʦʩʝʜʫʿʫ ʥʫʢʣʝʘʨʥʦ ʥʘʦʨʫʞʘˁʝ, ʧʨʝʚʘʩʭʦʜʥʦ ʧʨʠʤʝˁʫʿʫ 

ʜʚʦʩʪʝʧʝʥʠ ʧʨʠʩʪʫʧ ʢʘʜʘ ʿʝ ʫ ʧʠʪʘˁʫ ʧʨʦʠʟʚʦʜˁʘ ʬʠʩʠʙʠʣʥʦʛ ʤʘʪʝʨʠʿʘʣʘ. ʇʨʚʠ ʢʦʨʘʢ ʧʨʦʜʨʘʟʫʤʝʚʘ 

ʫʧʦʪʨʝʙʫ ʫʨʘʥʠʿʫʤʘ ʫ breeder ʨʝʘʢʪʦʨʠʤʘ ʟʘ ʧʣʫʪʦʥʠʿʫʤ, ʛʜʝ ʩʝ 235U ʩʘʤʦ ʜʝʣʠʤʠʯʥʦ ʦʩʠʨʦʤʘʰʫʿʝ 

ʩʘ 0.7% ʜʦ 0.6% ʤʘʩʝʥʦʛ ʫʜʝʣʘ ʫ ʤʘʪʝʨʠʿʘʣʫ. ʀʟ ʠʟʛʘʨʘʥʦʛ ʛʦʨʠʚʘ ʩʝ ʧʦʪʦʤ ʝʢʩʪʨʘʭʫʿʫ ʫʨʘʥʠʿʫʤ ʠ 

ʧʣʫʪʦʥʠʿʫʤ, ʘ ʨʝʧʨʦʮʝʩʫʠʨʘʥʠ ʫʨʘʥʠʿʫʤ ʩʝ ʢʦʨʠʩʪʠ ʜʘˀʝ ʢʘʦ ʩʠʨʦʚʠʥʘ ʟʘ ʧʨʦʠʟʚʦʜˁʫ ʚʠʩʦʢʦ 

ʦʙʦʛʘ˂ʝʥʦʛ ʫʨʘʥʠʿʫʤʘ (HEU). ʆʚʠʤ ʧʦʩʪʫʧʢʦʤ ʩʝ ʦʩʠʛʫʨʘʚʘ ʢʦʥʩʪʘʥʪʥʘ ʧʨʦʠʟʚʦʜˁʘ ʥʫʢʣʝʘʨʥʦʛ 

ʤʘʪʝʨʠʿʘʣʘ ʯʘʢ ʠ ʘʢʦ ʿʝ ʩʠʨʦʚʠʥʘ (ʫʨʘʥʠʿʫʤʩʢʘ ʨʫʜʘ) ʫ ʦʩʢʫʜʠʮʠ [AAAS,2007]. 

ʂʘʨʘʢʪʝʨʠʩʪʠʯʥʠ ʦʪʠʩʘʢ ʜʘ ʿʝ ʫʨʘʥʠʿʫʤ ʫ ʤʘʪʝʨʠʿʘʣʫ ʙʠʦ ʨʝʧʨʦʮʝʩʫʠʨʘʥ (ʧʨʝʪʭʦʜʥʦ ʦʟʨʘʯʠʚʘʥ) ʿʝ 

ʧʨʠʩʫʩʪʚʦ ˁʝʛʦʚʠʭ ʠʟʦʪʦʧʘ ʢʦʿʠ ʩʝ ʥʝ ʿʘʚˀʘʿʫ ʫ ʧʨʠʨʦʜʠ ʢʘʦ 236U ʠ 232U. ʂʦʥʮʝʥʪʨʘʮʠʿʘ 232U ʠʟʦʪʦʧʘ 

ʫ ʨʝʧʨʦʮʝʩʫʠʨʘʥʦʤ ʫʨʘʥʠʿʫʤʫ ʿʝ ʪʘʢʦʹʝ ʚʝʦʤʘ ʢʦʨʝʣʠʩʘʥʘ ʩʘ ʬʘʢʪʦʨʦʤ ʢʦʿʠ ʥʠʿʝ ʧʦʚʝʟʘʥ ʟʘ 

ʦʟʨʘʯʠʚʘˁʝʤ ʫ ʨʝʘʢʪʦʨʫ ʘ ʪʦ ʿʝ ʚʨʝʤʝ ʤʠʨʦʚʘˁʘ, ʦʜʥʦʩʥʦ ʚʨʝʤʝʥʩʢʠ ʧʝʨʠʦʜ ʠʟʤʝʹʫ ʧʨʦʮʝʩʘ 

ʧʫʨʠʬʠʢʘʮʠʿʝ (ʧʨʝʯʠʰ˂ʘʚʘˁʘ) ʧʨʠʨʦʜʥʦʛ ʫʨʘʥʠʿʫʤʘ ʠ ʧʨʦʮʝʩʘ ʦʟʨʘʯʠʚʘˁʘ ʫʥʫʪʘʨ ʨʝʘʢʪʦʨʘ ʢʘʢʦ ʙʠ 

ʥʘʩʪʘʦ ʧʣʫʪʦʥʠʿʫʤ. ʋʥʫʪʘʨ ʦʚʦʛ ʚʨʝʤʝʥʩʢʦʛ ʠʥʪʝʨʚʘʣʘ ʩʝ ʜʝʦ 235U ʨʘʩʧʘʜʘ ʧʨʝʢʦ ʢʨʘʪʢʦʞʠʚʝ˂ʝʛ 

ʠʟʦʪʦʧʘ ʪʦʨʠʿʫʤʘ 231Th ʫ ʧʘʣʘʜʠʿʫʤ 231Pa. ʇʦʤʝʥʫʪʠ 231Pa ʢʘʜʘ ʿʝ ʠʟʣʦʞʝʥ ʚʠʩʦʢʦʤ ʬʣʫʢʩʫ ʥʝʫʪʨʦʥʘ 

(ʫʥʫʪʘʨ ʨʝʘʢʪʦʨʘ) ʜʦʞʠʚˀʘʚʘ ʟʘʭʚʘʪ ʥʝʫʪʨʦʥʘ ʠ ʧʨʝʪʚʘʨʘ ʩʝ ʫ ʿʝʟʛʨʦ 232Pa, ʢʦʿʝ ʩʝ ʫ ʢʨʘʪʢʦʤ 

ʚʨʝʤʝʥʩʢʦʤ ʧʝʨʠʦʜʫ ʨʘʩʧʘʜʘ ʥʘ 232U. ʆʚʘʿ ʧʨʦʮʝʩ ʿʝ ʚʝʦʤʘ ʟʥʘʯʘʿʘʥ, ʙʫʜʫ˂ʠ ʜʘ ʩʝ ʪʠʤʝ ʤʥʦʛʦ 

ʧʦʚʝ˂ʘʚʘ ʢʦʣʠʯʠʥʘ ʥʘʛʦʤʠʣʘʥʦʛ 232U ʧʦ ʦʟʨʘʯʠʚʘˁʫ ʛʦʨʠʚʘ ʦʜ ʧʨʠʨʦʜʥʦʛ ʫʨʘʥʠʿʫʤʘ. ɼʘʢʣʝ, ʧʦ 

ʧʨʠʩʫʩʪʚʫ ʠ ʢʦʣʠʯʠʥʠ ʚʝʰʪʘʯʢʠʭ ʠʟʦʪʦʧʘ ʫʨʘʥʠʿʫʤʘ 236U ʠ 232U ʤʦʞʝʤʦ ʫʪʚʨʜʠʪʠ ʜʘ ʣʠ ʿʝ ʤʘʪʝʨʠʿʘʣ 

ʙʠʦ ʧʨʝʪʭʦʜʥʦ ʦʟʨʘʯʠʚʘʥ ʠʣʠ ʥʝ, ʢʘʦ ʠ ʢʦʣʠʢʦ ʿʝ ʚʨʝʤʝʥʘ ʧʨʦʪʝʢʣʦ ʦʜ ʤʦʤʝʥʪʘ ʧʨʦʠʟʚʦʜˁʝ ʜʦ 

ʦʟʨʘʯʠʚʘˁʘ, ʰʪʦ ʿʝ ʚʝʦʤʘ ʢʦʨʠʩʥʘ ʠʥʬʦʨʤʘʮʠʿʘ ʢʦʿʘ ʩʝ ʤʦʞʝ ʠʩʢʦʨʠʩʪʠʪʠ ʫ ʥʫʢʣʝʘʨʥʦ-ʬʦʨʝʥʟʠʯʢʦʿ 

ʘʥʘʣʠʟʠ ʠ ʢʘʦ ʪʘʢʚʘ ʜʝʬʠʥʠʪʠʚʥʦ ʧʨʝʜʩʪʘʚˀʘ ʚʝʦʤʘ ʢʘʨʘʢʪʝʨʠʩʪʠʯʘʥ ʦʪʠʩʘʢ ʫʨʘʥʠʿʫʤʘ [AAAS,2007]. 

ʋ ʊʘʙʝʣʠ 1.10 ʧʨʠʢʘʟʘʥʠ ʩʫ ʠʟʦʪʦʧʩʢʠ ʩʘʩʪʘʚʠ ʫʨʘʥʠʿʫʤʩʢʦʛ ʤʘʪʝʨʠʿʘʣʘ ʟʘ ʜʚʘ ʨʘʟʣʠʯʠʪʘ ʪʠʧʘ 

ʨʝʘʢʪʦʨʘ - ''Hanford'' ʪʠʧ ʛʨʘʬʠʪʥʦ ʤʦʜʝʨʠʨʘʥʠʭ ʨʝʘʢʪʦʨʘ ʠ ''NRX'' ʪʠʧ ʨʝʘʢʪʦʨʘ ʢʦʿʠ ʢʘʦ ʤʦʜʝʨʘʪʦʨ 

ʢʦʨʠʩʪʠ ʪʝʰʢʫ ʚʦʜʫ. ʋ ʮʠˀʫ ʥʘʛʣʘʰʘʚʘˁʘ ʨʘʟʣʠʢʘ, ʫ ʧʨʦʨʘʯʫʥʫ ʿʝ ʧʨʝʪʧʦʩʪʘʚˀʝʥʦ ʜʘ Hanford ʪʠʧ 

ʨʘʜʠ ʧʨʠ ʤʘˁʦʿ ʛʫʩʪʠʥʠ ʩʥʘʛʝ ʦʜ 20 WĀcm3 ʜʦʢ ʿʝ ʟʘ ''NRX'' ʪʠʧ ʫʟʝʪʦ ʜʘ ʨʘʜʠ ʩʘ ʛʫʩʪʠʥʦʤ ʩʥʘʛʝ ʦʜ 

80 WĀcm3. ʋ ʦʙʘ ʧʨʠʤʝʨʘ, ʩʘʜʨʞʘʿ 236U ʫ ʨʝʧʨʦʮʝʩʫʠʨʘʥʦʤ ʫʨʘʥʠʿʫʤʫ ʠʟʥʦʩʠ 3% ʩʘʜʨʞʘʿʘ 235U 
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ʦʜʥʦʩʥʦ 0.02% ʫʢʫʧʥʦʛ ʫʨʘʥʠʿʫʤʘ ʫ ʤʘʪʝʨʠʿʘʣʫ. ʆʥʦ ʰʪʦ ʿʝ ʟʥʘʯʘʿʥʘ ʨʘʟʣʠʢʘ ʫ ʜʚʘ ʥʘʚʝʜʝʥʘ ʧʨʠʤʝʨʘ 

ʦʜʥʦʩʥʦ ʤʘʪʝʨʠʿʘʣʘ ʿʝ ʫʧʨʘʚʦ ʩʘʜʨʞʘʿ 232U. ʆʥ ʿʝ ʚʝ˂ʠ ʫ ʤʘʪʝʨʠʿʘʣʫ ʠʟ ''Hanford'' ʪʠʧʘ ʨʝʘʢʪʦʨʘ 

ʙʫʜʫ˂ʠ ʜʘ ʩʝ ʛʦʨʠʚʦ ʫ ʦʚʦʤ ʩʣʫʯʘʿʫ ʜʫʞʝ ʦʟʨʘʯʫʿʝ ʧʨʠ ʤʘˁʦʿ ʛʫʩʪʠʥʠ ʩʥʘʛʝ ʰʪʦ ʨʝʟʫʣʪʫʿʝ ʚʝ˂ʠʤ 

ʚʨʝʤʝʥʦʤ ʠʟʣʘʛʘˁʘ, ʢʦʿʝ, ʧʦʩʣʝʜʠʯʥʦ, ʜʘʿʝ ʚʠʰʝ ʚʨʝʤʝʥʘ 235U ʜʘ ʩʝ ʫʩʣʝʜ ʦʟʨʘʯʠʚʘˁʘ (ʧʨʝʢʦ 231Pa ʠ 
232Pa) ʨʘʩʧʘʜʥʝ ʥʘ 232U. ʆʚʦ ʨʝʟʫʣʪʫʿʝ ʚʝ˂ʠʤ ʥʘʛʦʤʠʣʘʚʘˁʝʤ ʧʦʤʝʥʫʪʦʛ 232U ʢʦʜ ''Hanford'' ʪʠʧʘ 

ʨʝʘʢʪʦʨʘ [AAAS,2007]. 

ʊʘʙʝʣʘ 3.5. ɸʪʦʤʩʢʠ ʫʜʝʣʠ ʫʨʘʥʠʿʫʤʘ ʠʟ ʧʨʦʠʟʚʦʜʥʦʛ ʨʝʘʢʪʦʨʘ ʥʘ ʮʠˀʘʥʦʤ ʩʪʝʧʝʥʫ 

ʠʟʛʘʨʘˁʘ[AAAS,2007]. 

ʀʟʦʪʦʧ Hanford ʪʠʧ 

[% ʊʆʊU] 

NRX ʪʠʧ 

[% ʊʆʊU] 

ʆʜʥʦʩ 

232U 2.03Ā10-12 1.20Ā10-12 1.684 

233U 3.58Ā10-11 3.77Ā10-11 0.949 

234U 5.29Ā10-5 5.29Ā10-5 1.000 

235U 6.01Ā10-3 5.90Ā10-3 1.019 

236U 1.86Ā10-4 1.99Ā10-4 0.932 

238U 9.94Ā10-12 9.94Ā10-1 1.000 

*ɿʘ ʚʨʝʤʝ ʧʨʦʪʝʢʣʦ ʦʜ ʧʦʩʣʝʜˁʝ ʧʫʨʠʬʠʢʘʮʠʿʝ ʜʦ ʧʦʯʝʪʢʘ ʦʟʨʘʯʠʚʘˁʘ ʿʝ ʫʟʝʪʘ ʿʝʜʥʘ ʛʦʜʠʥʘ, ʰʪʦ ʿʝ 

ʝʢʚʠʚʘʣʝʥʪʥʦ ʧʦʯʝʪʥʦʤ ʫʜʝʣʫ 231Pa ʦʜ 1 ppm 235U. 

ʄʘʪʝʨʠʿʘʣʠ ʦʧʠʩʘʥʠ ʫ ʊʘʙʝʣʠ 3.5 ʩʝ ʧʦ ʦʟʨʘʯʠʚʘˁʫ ʤʦʛʫ ʢʦʨʠʩʪʠʪʠ ʢʘʦ ʧʦʣʘʟʥʠ ʤʘʪʝʨʠʿʘʣʠ ʫ ʩʚʨʭʝ 

ʧʨʦʠʟʚʦʜˁʝ ʥʫʢʣʝʘʨʥʦʛ ʥʘʦʨʫʞʘˁʘ. ʈʘʜʠ ʧʨʦʨʘʯʫʥʘ, ʫʟʝʪ ʿʝ ʥʦʨʤʘʪʠʚ ʢʦʿʠ ʥʘʣʘʞʝ ʜʘ ˂ʝ ʦʚʠ 

ʤʘʪʝʨʠʿʘʣʠ ʜʦʙʠʿʝʥʠ ʦʜ ʤʘʪʝʨʠʿʘʣʘ ʦʧʠʩʘʥʠʭ ʫ ʊʘʙʝʣʠ 3.5, ʠʤʘʪʠ ʥʦʤʠʥʘʣʥʦ ʦʙʦʛʘ˂ʝˁʝ ʫʨʘʥʠʿʫʤʦʤ 
235U ʦʜ 93 % (HEU ʤʘʪʝʨʠʿʘʣ). ʈʝʟʫʣʪʘʪʠ ʧʨʠʢʘʟʘʥʠ ʫ ʊʘʙʝʣʠ 3.6 ʜʦʙʠʿʝʥʠ ʩʫ ʫʟ ʧʦʤʦ˂ ʩʦʬʪʚʝʨʘ 

MSTAR-IAEA Enrichment Code, ʢʦʿʠ ʩʣʫʞʠ ʟʘ ʤʦʜʝʣʦʚʘˁʝ ʤʫʣʪʠʠʟʦʪʦʧʩʢʦʛ ʦʙʦʛʘ˂ʠʚʘˁʘ ʠ ʢʦʨʠʩʪʠ 

ʧʨʠʩʪʫʧ ʫʧʘʨʝʥʦʛ ʦʜʥʦʩʘ ʠʟʦʪʦʧʩʢʝ ʟʘʩʪʫʧˀʝʥʦʩʪʠ. ɺʠʰʝ ʦ ʩʘʤʦʤ ʢʦʜʫ ʠ ʥʘʯʠʥʫ ʨʘʜʘ ʦʚʦʛ ʩʦʬʪʚʝʨʘ 

ʤʦʞʝ ʩʝ ʚʠʜʝʪʠ ʫ [Starr,1996]. ɼʦʙʠʿʝʥʠ ʨʝʟʫʣʪʘʪʠ ʩʫ ʥʘʿʧʦʜʦʙʥʠʿʠ ʟʘ ʧʨʦʮʝʩ ʠʟʦʪʦʧʩʢʦʛ 

ʦʙʦʛʘ˂ʠʚʘˁʘ ʛʘʩʥʝ ʜʠʬʫʟʠʿʝ. ʇʦʩʤʘʪʨʘʿʫ˂ʠ ʊʘʙʝʣʫ 3.6 ʤʦʞʝ ʩʝ ʧʨʠʤʝʪʠʪʠ ʜʘ ʩʫ ʫʨʘʥʠʿʫʤʩʢʠ ʦʪʠʩʮʠ 

ʢʦʿʠ ʩʫ ʙʠʣʠ ʧʨʠʩʫʪʥʠ ʫ ʤʘʪʝʨʠʿʘʣʫ ʧʨʝ ʧʨʦʮʝʩʘ ʠʟʦʪʦʧʩʢʦʛ ʦʙʦʛʘ˂ʝˁʘ ʧʨʠʩʫʪʥʠ ʠ ʧʦʩʣʝ ʠʩʪʦʛ, ʰʪʦ 

ʧʨʝʜʩʪʘʚˀʘ ʟʥʘʯʘʿʥʫ ʯʠˁʝʥʠʮʫ ʫ ʧʦʩʪʫʧʢʫ ʝʚʘʣʫʘʮʠʿʝ ʚʘʣʠʜʥʦʩʪʠ ʠʟʘʙʨʘʥʠʭ ʦʪʠʩʘʢʘ ʫ ʧʨʦʮʝʩʫ 

ʥʫʢʣʝʘʨʥʦ-ʬʦʨʝʥʟʠʯʢʝ ʘʥʘʣʠʟʝ (ʥʘʨʘʚʥʦ, ʧʦʜʨʘʟʫʤʝʚʘʿʫ˂ʠ ʜʘ ʩʫ ʠʥʬʦʨʤʘʮʠʿʝ ʦ ʜʝʪʘˀʠʤʘ ʚʝʟʘʥʠʤ 

ʟʘ ʠʩʪʦʨʠʿʫ ʠ ʧʨʦʠʟʚʦʜˁʫ ʟʘʧʣʝˁʝʥʦʛ ʤʘʪʝʨʠʿʘʣʘ ʧʦʟʥʘʪʠ). ʋ ʧʦʤʝʥʫʪʦʿ ʪʘʙʝʣʠ ʩʫ ʪʘʢʦʹʝ ʧʨʠʩʪʫʪʥʠ 

ʧʦʜʘʮʠ ʠ ʦ HEU ʤʘʪʝʨʠʿʘʣʫ ʜʦʙʠʿʝʥʦʤ ʦʜ ʧʨʠʨʦʜʥʦʛ ʫʨʘʥʠʿʫʤʘ (ʥʝʨʝʧʨʦʮʝʩʫʠʨʘʥʦʛ) [AAAS,2007]. 
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              ʊʘʙʝʣʘ 3.6 ï ɸʪʦʤʩʢʠ ʫʜʝʣʠ ''weapons-grade'' ʫʨʘʥʠʿʫʤʘ ʜʦʙʠʿʝʥʦʛ ʦʜ ʧʨʠʨʦʜʥʦʛ ʠ 

ʨʝʧʨʦʮʝʩʫʠʨʘʥʦʛ ʫʨʘʥʠʿʫʤʘ [AAAS,2007]. 

ʀʟʦʪʦʧ ʏʠʩʪ HEU 

[% ʊʆʊU] 

ʀʟʦʪʦʧ Hanford ʪʠʧ 

[% ʊʆʊU] 

NRX ʪʠʧ 

[% ʊʆʊU] 

ʆʜʥʦʩ 

232U - 232U 5.48Ā10-8 3.34Ā10-8 1.643 

233U - 233U 8.86Ā10-7 9.58Ā10-7 0.925 

234U 0.93 234U 1.12 1.15 0.977 

235U 93.00 235U 93.00 93.00 1.000 

236U - 236U 1.26 1.36 0.923 

238U 6.07 238U 4.62 4.49 1.029 

               *ʎʠˀʘʥʦ ʦʙʦʛʘ˂ʝˁʝ ʿʝ 93 % 235U. ʈʝʟʫʣʪʘʪʠ ʩʫ ʙʘʟʠʨʘʥʠ ʥʘ MSTAR ʢʘʣʢʫʣʘʮʠʿʘʤʘ 

ʋʨʘʥʠʿʫʤʩʢʠ ʦʪʠʩʮʠ ʧʨʠ ʨʘʟʣʠʯʠʪʠʤ ʧʨʦʮʝʩʠʤʘ ʠʟʦʪʦʧʩʢʦʛ ʦʙʦʛʘ˂ʝˁʘ  

ʋ ʩʚʨʭʝ ʧʨʦʠʟʚʦʜˁʝ ʥʫʢʣʝʘʨʥʦʛ ʥʘʦʨʫʞʘˁʘ, ʚʠʩʦʢʦ ʦʙʦʛʘ˂ʝʥ ʫʨʘʥʠʿʫʤ ʩʝ ʤʦʞʝ ʜʦʙʠʪʠ ʨʘʟʣʠʯʠʪʠʤ 

ʪʝʭʥʦʣʦʰʢʠʤ ʧʨʦʮʝʩʠʤʘ. ʅʘʿʚʠʰʝ ʟʘʩʪʫʧˀʝʥʠ ʩʫ ʧʨʦʮʝʩ ʛʘʩʥʝ ʮʝʥʪʨʠʬʫʛʝ ʠ ʧʨʦʮʝʩ ʛʘʩʥʝ ʜʠʬʫʟʠʿʝ. 

ʇʦʤʝʥʫʪʝ ʤʝʪʦʜʝ ʠʤʧʣʝʤʝʥʪʠʨʘʿʫ ʧʦʪʧʫʥʦ ʨʘʟʣʠʯʠʪʝ ʬʠʟʠʯʢʝ ʧʨʦʮʝʩʝ ʟʘ ʠʟʦʪʦʧʩʢʫ ʤʘʩʝʥʫ 

ʩʝʧʘʨʘʮʠʿʫ. ɿʘ ʨʘʟʣʠʢʫ ʦʜ ʩʣʫʯʘʿʘ ʩʘ ʨʘʟʣʠʯʠʪʠʤ ʧʦʨʝʢʣʦʤ ʤʘʪʝʨʠʿʘʣʘ ʛʜʝ ʩʝ ʫʦʯʘʚʘ ʿʘʩʘʥ ʦʪʠʩʘʢ ʧʨʠ 

ʘʥʘʣʠʟʠ ʤʘʪʝʨʠʿʘʣʘ, ʨʘʟʣʠʯʠʪʠ ʠʥʜʫʩʪʨʠʿʢʠ ʧʨʦʮʝʩʠ, ʫ ʚʝ˂ʠʥʠ ʩʣʫʯʘʿʝʚʘ, ʥʝ ʦʩʪʘʚˀʘʿʫ ʚʠʜˀʠʚ 

ʦʪʠʩʘʢ. ʀʘʢʦ ʩʝ ʘʧʩʦʣʫʪʥʘ ʚʨʝʜʥʦʩʪ ʩʝʧʘʨʘʮʠʦʥʠʭ ʬʘʢʪʦʨʘ, ʦʜʥʦʩʥʦ ʙʨʦʿ ʝʪʘʧʘ ʧʨʠ ʧʨʦʠʟʚʦʜˁʠ 

''weapons-grade'' ʫʨʘʥʠʿʫʤʘ ʚʝʦʤʘ ʨʘʟʣʠʢʫʿʫ ʟʘ ʜʚʘ ʧʦʤʝʥʫʪʘ ʠʥʜʫʩʪʨʠʿʩʢʘ ʧʨʦʮʝʩʘ, ʢʦʥʮʝʥʪʨʘʮʠʿʝ 

ʠʟʦʪʦʧʘ 232U, 234U, 236U ʢʦʿʠ ʩʝ ʤʦʛʫ ʥʘ˂ʠ ʫ ʪʨʘʛʦʚʠʤʘ ʫ ʤʘʪʝʨʠʿʘʣʫ (ʘ ʢʦʿʝ ʯʠʥʝ ʦʪʠʩʘʢ) ʩʝ ʧʨʘʢʪʠʯʥʦ 

ʥʝ ʨʘʟʣʠʢʫʿʫ. ʆʚʦ ʿʝ ʧʦʩʣʝʜʠʮʘ ʤʝʹʫʬʘʟʥʦʛ ʤʝʰʘˁʘ ʦʚʠʭ ʠʟʦʪʦʧʘ ʫ ʧʨʦʮʝʩʫ ʦʧʪʠʤʠʟʦʚʘʥʦʤ ʟʘ 

ʦʙʦʛʘ˂ʝˁʝ ʠʟʦʪʦʧʦʤ 235U. ʋʩʣʝʜ ʪʦʛʘ, ʙʠʣʦ ʢʦʿʠ ʧʦʪʝʥʮʠʿʘʣʥʦ ʦʪʠʩʘʢ ʿʝ ʥʘ ʦʚʘʿ ʥʘʯʠʥ ʠʟʙʨʠʩʘʥ 

[AAAS,2007]. 

ɺʘʨʠʿʘʮʠʿʝ ʫ ʠʟʦʪʦʧʩʢʦʤ ʩʘʩʪʘʚʫ ʧʨʠʨʦʜʥʦʛ ʫʨʘʥʠʿʫʤʘ 

ʂʘʦ ʰʪʦ ʿʝ ʚʝ˂ ʥʘʚʝʜʝʥʦ, ʩʘʤʦ ʩʝ ʠʟʦʪʦʧʠ 234U, 235U ʠ 238U ʿʘʚˀʘʿʫ ʧʨʠʨʦʜʥʦ ʫ ʟʥʘʯʘʿʥʠʤ 

ʢʦʥʮʝʥʪʨʘʮʠʿʘʤʘ. ʅʘʨʘʚʥʦ, ʧʦʩʪʦʿʝ ʚʘʨʠʿʘʮʠʿʝ ʫ ʠʟʦʪʦʧʩʢʦʤ ʩʘʩʪʘʚʫ ʫ ʫʨʘʥʠʿʫʤʩʢʦʿ ʨʫʜʠ ʟʘʚʠʩʥʦ ʦʜ 

ʤʝʩʪʘ ʩʘ ʢʦʛ ʿʝ ʝʢʩʪʨʘʭʦʚʘʥʘ, ʘ ʧʦʩʣʝʜʠʮʘ ʩʫ ʧʨʠʨʦʜʥʠʭ ʥʫʢʣʝʘʨʥʠʭ ʨʝʘʢʮʠʿʘ, ʘʥʪʨʦʧʦʛʝʥʦʛ ʫʪʠʮʘʿʘ 

ʠ ʠʟʦʪʦʧʩʢʝ ʬʨʘʢʮʠʦʥʘʮʠʿʝ [Richter et al.,1999]. ʇʦʩʪʦʿʠ ʠʥʠʮʠʿʘʪʠʚʘ ʜʘ ʩʝ ʢʘʨʘʢʪʝʨʠʰʝ ʰʪʦ ʚʝ˂ʠ 

ʙʨʦʿ ʨʫʜʘ ʧʨʠʨʦʜʥʦʛ ʫʨʘʥʠʿʫʤʘ ʰʠʨʦʤ ʩʚʝʪʘ, ʢʘʢʦ ʙʠ ʧʦʩʪʦʿʘʣʘ ʤʦʛʫ˂ʥʦʩʪ ʠʜʝʥʪʠʬʠʢʘʮʠʿʝ ʧʦʨʝʢʣʘ 

ʧʨʝʩʨʝʪʥʫʪʠʭ ʠʣʠ ʟʘʧʣʝˁʝʥʠʭ ʫʨʘʥʠʿʫʤʩʢʠʭ ʫʟʦʨʘʢʘ. 234U ʩʝ ʫʧʨʢʦʩ ʥʝʢʦʣʠʢʦ ʨʝʜʦʚʘ ʚʝʣʠʯʠʥʝ 

ʤʘˁʝʤ ʧʝʨʠʦʜʫ ʧʦʣʫʨʘʩʧʘʜʘ ʫ ʦʜʥʦʩʫ ʥʘ 238U (2.3Ā105 ʠ 4.5Ā109 ʛʦʜʠʥʘ, ʨʝʩʧʝʢʪʠʚʥʦ) ʿʘʚˀʘ ʫ 

ʧʨʠʨʦʜʥʦʤ ʫʨʘʥʠʿʫʤʫ. ʆʚʦ ʿʝ ʧʦʩʣʝʜʠʮʘ ʨʘʩʧʘʜʘ 238U ʥʘ 234Th ʢʦʿʠ ʩʝ ʧʨʝʢʦ 234mPa ʙʨʟʦ ʨʘʩʧʘʜʘ ʥʘ 
234U. ʈʘʚʥʦʪʝʞʥʘ ʢʦʥʮʝʥʪʨʘʮʠʿʘ 234U ʫ ʧʨʠʨʦʜʥʦʤ ʫʨʘʥʠʿʫʤʫ ʦʜ 0.0055% ʦʜʨʝʹʝʥʘ ʿʝ ʦʜʥʦʩʦʤ 

ʧʝʨʠʦʜʘ ʧʦʣʫʨʘʩʧʘʜʘ 234U ʠ 238U ʘʣʠ ʫ ʦʜʨʝʹʝʥʦʿ ʤʝʨʠ ʠ ʦʜʨʝʹʝʥʠʤ ʭʝʤʠʿʩʢʠʤ ʠ ʛʝʦʣʦʰʢʠʤ 

ʧʨʦʮʝʩʠʤʘ ʫʥʫʪʘʨ ʩʪʝʥʘ. ʆʥʦ ʰʪʦ ʿʝ ʙʠʪʥʦ ʟʘ ʥʫʢʣʝʘʨʥʫ ʬʦʨʝʥʟʠʢʫ ʩʫ ʩʘʤʦ ʚʘʨʠʿʘʮʠʿʝ 234U, ʢʦʿʝ ʩʫ 

ʛʝʥʝʨʘʣʥʦ ʨʝʜʘ ±10% [AAAS,2007].  

  



ʅʋʂʃɽɸʈʅʀ ʀ ɼʈʋɻʀ ʈɸɼʀʆɸʂʊʀɺʅʀ ʄɸʊɽʈʀɱɸʃʀ ʋ ʅʋʂʃɽɸʈʅʆɱ ʌʆʈɽʅɿʀʎʀ 

-41- 
 

 ʈʘʜʠʦʘʢʪʠʚʥʠ ʠʟʚʦʨʠ 

ʄʘʪʝʨʠʿʘʣʠ ʢʦʿʠ ʩʝ ʤʦʛʫ ʧʦʿʘʚʠʪʠ ʢʘʦ ʫʟʦʨʮʠ, ʦʜʥʦʩʥʦ ʧʨʝʜʤʝʪʠ ʠʩʪʨʘʛʝ ʫ ʥʫʢʣʝʘʨʥʦʿ ʬʦʨʝʥʟʠʮʠ 

ʿʝʩʫ ʠ ʨʘʜʠʦʘʢʪʠʚʥʠ ʠʟʚʦʨʠ. ɱʝʜʥʘ ʦʜ ʦʩʥʦʚʥʠʭ ʧʦʜʝʣʘ ʨʘʜʠʦʘʢʪʠʚʥʠʭ ʠʟʚʦʨʘ ʿʝ ʥʘ ʟʘʪʚʦʨʝʥʝ 

ʦʜʥʦʩʥʦ ʝʥʢʘʧʩʫʣʠʨʘʥʝ ʠ ʦʪʚʦʨʝʥʝ. 

¶ ɿʘʪʚʦʨʝʥʠ ʨʘʜʠʦʘʢʪʠʚʥʠ ʠʟʚʦʨʠ ʧʨʝʜʩʪʘʚˀʘʿʫ ʪʠʧ ʨʘʜʠʦʘʢʪʠʚʥʦʛ ʠʟʚʦʨʘ ʢʦʿʠ ʿʝ 

ʝʥʢʘʧʩʫʣʠʨʘʥ ʫ ʥʝʢʠ ʚʠʜ ʯʚʨʩʪʦʛ ʤʘʪʝʨʠʿʘʣʘ, ʥʘʿʯʝʰ˂ʝ ʤʝʪʘʣ, ʘʣʠ ʤʦʞʝ ʙʠʪʠ ʠ ʫ ʢʝʨʘʤʠʮʠ 

ʠʣʠ ʧʣʘʩʪʠʮʠ. ʅʘʤʝʥʘ ʧʦʤʝʥʫʪʝ ʝʥʢʘʧʩʫʣʘʮʠʿʝ ʿʝ ʜʘ ʦʜʨʞʠ ʨʘʜʠʦʘʢʪʠʚʥʠ ʤʘʪʝʨʠʿʘʣ ʥʘ 

ʤʝʩʪʫ, ʥʝʜʦʟʚʦˀʘʚʘʿʫ˂ʠ ˁʝʛʦʚʦ ʰʠʨʝˁʝ ʠʣʠ ʜʠʩʣʦʮʠʨʘˁʝ, ʯʠʤʝ ʩʝ ʩʧʨʝʯʘʚʘ ʠ ʧʨʝʥʦʩ 

ʢʦʥʘʪʤʠʥʘʮʠʿʝ, ʜʦʢ ʫ ʠʩʪʦʤ ʤʦʤʝʥʪʫ ʧʨʦʧʫʰʪʘ ʨʘʜʠʦʘʢʪʠʚʥʦ ʟʨʘʯʝˁʝ. ɿʘʪʚʦʨʝʥʠ ʠʟʚʦʨʠ ʩʫ 

ʜʠʟʘʿʥʠʨʘʥʠ ʥʘ ʪʘʢʘʚ ʥʘʯʠʥ ʜʘ ʠ ʧʦ ʥʝʧʦʚʦˀʥʠʤ ʫʩʣʦʚʠʤʘ, ʢʘʦ ʰʪʦ ʩʫ ʛʨʫʙʦ ʨʫʢʦʚʘˁʝ ʠʣʠ 

ʠʟʣʘʛʘˁʝ ʧʦʚʠʰʝʥʠʤ ʪʝʤʧʝʨʘʪʫʨʘʤʘ, ʦʜʨʞʝ ʩʚʦʿ ʠʥʪʝʛʨʠʪʝʪ, ʧʨʠ ʯʝʤʫ ʥʝ ʦʩʣʦʙʘʹʘʿʫ 

ʨʘʜʠʦʘʢʪʠʚʥʠ ʤʘʪʝʨʠʿʘʣ ʩʘʜʨʞʘʥ ʫ ˁʠʤʘ. ʆʚʘʿ ʪʠʧ ʠʟʚʦʨʘ ʥʝ ʧʨʝʜʩʪʘʚˀʘ ʢʦʥʪʘʤʠʥʘʮʠʿʩʢʠ 

ʨʠʟʠʢ ʧʦʜ ʥʦʨʤʘʣʥʠʤ ʫʩʣʦʚʠʤʘ, ʙʫʜʫ˂ʠ ʜʘ ʿʝ ʩʘʤ ʨʘʜʠʦʘʢʪʠʚʥʠ ʤʘʪʝʨʠʿʘʣ ʝʥʢʘʧʩʫʣʠʨʘʥ ʠʣʠ 

ʥʘʥʝʩʝʥ ʠ ʫʩʝʥʜʚʠʯʝʥ ʠʟʤʝʹʫ ʜʚʝ ʧʦʚʨʰʠʥʝ. ʉʘ ʜʨʫʛʝ ʩʪʨʘʥʝ, ʫʩʣʝʜ ʥʝʧʨʦʧʠʩʥʦʛ ʨʫʢʦʚʘˁʘ, 

ʟʘʪʚʦʨʝʥʠ ʠʟʚʦʨʠ ʩʚʘʢʘʢʦ ʤʦʛʫ ʧʨʝʜʩʪʘʚˀʘʪʠ ʨʘʜʠʿʘʮʠʦʥʠ ʭʘʟʘʨʜ. 

¶ ʆʪʚʦʨʝʥʠ ʨʘʜʠʦʘʢʪʠʚʥʠ ʠʟʚʦʨʠ ʧʨʝʜʩʪʘʚˀʘʿʫ ʪʠʧ ʨʘʜʠʦʘʢʪʠʚʥʦʛ ʠʟʚʦʨʘ ʢʦʿʠ ʥʠʿʝ 

ʝʥʢʘʧʩʫʣʠʨʘʥ. ʄʦʛʫ ʩʝ ʿʘʚʠʪʠ ʫ ʬʦʨʤʠ ʪʝʯʥʦʩʪʠ, ʧʨʘʭʘ ʘ ʫ ʥʝʢʠʤ ʩʣʫʯʘʿʝʚʠʤʘ ʠ ʫ ʛʘʩʦʚʠʪʦʤ 

ʦʙʣʠʢʫ, ʢʦʿʠ ʫ ʩʝʙʠ ʩʘʜʨʞʝ ʨʘʜʠʦʘʢʪʠʚʥʠ ʤʘʪʝʨʠʿʘʣ. ʂʘʦ ʪʘʢʚʠ ʧʨʝʜʩʪʘʚˀʘʿʫ ʚʝʣʠʢʠ 

ʢʦʥʪʘʤʠʥʘʮʠʿʩʢʠ ʨʠʟʠʢ ʙʫʜʫ˂ʠ ʜʘ ʩʝ ʣʘʢʦ ʤʦʛʫ ʧʨʦʩʫʪʠ ʠʣʠ ʨʘʩʧʨʰʠʪʠ ʫ ʦʢʦʣʠʥʫ (ʞʠʚʦʪʥʫ 

ʩʨʝʜʠʥʫ) ʫʩʣʝʜ ʥʝʧʨʦʧʠʩʥʝ ʫʧʦʪʨʝʙʝ ʠ ʩʢʣʘʜʠʰʪʝˁʘ. ɼʘ ʙʠ ʩʝ ʨʠʟʠʢ ʰʪʦ ʿʝ ʤʦʛʫ˂ʝ ʚʠʰʝ 

ʩʤʘˁʠʦ, ʤʦʨʘʿʫ ʩʝ ʯʫʚʘʪʠ ʫ ʟʘʪʚʦʨʝʥʠʤ ʧʦʩʫʜʘʤʘ, ʠʟʦʣʦʚʘʥʠʤ ʧʦʜʨʫʯʿʠʤʘ ʠʣʠ ʜʠʛʝʩʪʦʨʠʤʘ 

ʢʘʢʦ ʙʠ ʩʝ ʧʨʝʜʫʧʨʝʜʠʣʦ ʧʨʦʩʠʧʘˁʝ, ʮʫʨʝˁʝ ʠʣʠ ʠʩʧʘʨʘʚʘˁʝ. ʉʘ ʜʨʫʛʝ ʩʪʨʘʥʝ, ʦʪʚʦʨʝʥʠ 

ʠʟʚʦʨʠ ʠʤʘʿʫ ʨʘʟʥʦʚʨʩʥʝ ʧʨʠʤʝʥʝ ʠ ʤʦʛʫ ʙʠʪʠ ʢʦʨʠʰ˂ʝʥʠ ʫ ʨʘʟʣʠʯʠʪʠʤ ʝʢʩʧʝʨʠʤʝʥʪʠʤʘ 

ʘʣʠ ʩʝ ˁʠʤʘ ʤʦʨʘ ʨʫʢʦʚʘʪʠ ʩʘ ʧʦʩʝʙʥʠʤ ʦʧʨʝʟʦʤ. ʄʦʛʫ ʩʝ ʣʘʢʦ ʨʘʟʙʣʘʞʠʚʘʪʠ, ʤʝʰʘʪʠ, 

ʦʜʚʘʿʘʪʠ ʠʣʠ ʯʘʢ ʤʦʜʠʬʠʢʦʚʘʪʠ ʢʘʢʦ ʙʠ ʦʜʛʦʚʘʨʘʣʠ ʨʘʟʣʠʯʠʪʠʤ ʧʦʪʨʝʙʘʤʘ ʠ ʮʠˀʝʚʠʤʘ.  

ʈʘʜʠʦʘʢʪʠʚʥʠ ʠʟʚʦʨʠ ʩʝ ʢʦʨʠʩʪʝ ʫ ʤʝʜʠʮʠʥʩʢʝ, ʠʩʪʨʘʞʠʚʘʯʢʝ, ʠʥʜʫʩʪʨʠʿʩʢʝ ʧʘ ʯʘʢ ʠ ʚʦʿʥʝ ʩʚʨʭʝ. 

ɹʠʣʦ ʢʦʿʠ ʨʘʜʠʦʘʢʪʠʚʥʠ ʠʟʚʦʨ ʢʦʿʠ ʩʝ ʥʝ ʥʘʣʘʟʠ ʧʦʜ ʨʝʛʫʣʘʪʦʨʥʦʤ ʢʦʥʪʨʦʣʦʤ ʙʠʣʦ ʟʘʪʦ ʰʪʦ ʥʠʢʘʜʘ 

ʠ ʥʠʿʝ ʙʠʦ ʧʦʜ ʨʝʛʫʣʘʪʦʨʥʦʤ ʢʦʥʪʨʦʣʦʤ ʠʣʠ ʟʘʪʦ ʰʪʦ ʿʝ ʙʠʦ ʠʟʛʫʙˀʝʥ, ʥʘʧʫʰʪʝʥ, ʫʢʨʘʜʝʥ ʠʣʠ ʥʘ 

ʙʠʣʦ ʢʦʿʠ ʜʨʫʛʠ ʥʘʯʠʥ ʧʨʝʤʝʰʪʝʥ ʙʝʟ ʦʜʛʦʚʘʨʘʿʫ˂ʝ ʘʫʪʦʨʠʟʘʮʠʿʝ, ʥʘʟʠʚʘ ʩʝ ''orphan'' ʠʟʚʦʨ. ʆʚʠ 

ʠʟʚʦʨʠ ʩʫ ʜʦʚʝʣʠ ʜʦ ʥʝʩʨʝ˂ʘ ʩʘ ʪʝʰʢʠʤ ʧʘ ʯʘʢ ʠ ʬʘʪʘʣʥʠʤ ʧʦʩʣʝʜʠʮʘʤʘ ʢʦʿʝ ʩʫ ʙʠʣʝ ʨʝʟʫʣʪʘʪ 

ʠʟʣʘʛʘˁʘ ʧʦʿʝʜʠʥʘʮʘ ʨʘʜʠʦʘʢʪʠʚʥʦʤ ʟʨʘʯʝˁʫ ʫʛʣʘʚʥʦʤ ʠʟ ʥʝʟʥʘˁʘ ʠʣʠ ʥʝʜʦʚʦˀʥʝ ʩʚʝʩʪʠ ʩʘ ʯʠʤʝ 

ʩʝ ʨʫʢʫʿʝ. Orphan ʠʟʚʦʨʠ ʩʝ ʯʝʩʪʦ ʤʦʛʫ ʟʘʪʝ˂ʠ ʫ ʦʪʧʘʜʥʦʤ ʤʝʪʘʣʫ. ʊʦʧˀʝˁʝʤ ʦʚʦʛ ʤʝʪʘʣʘ ʟʘʿʝʜʥʦ ʩʘ 

orphan ʠʟʚʦʨʠʤʘ, ʜʦʙʠʿʘ ʩʝ ʚʠʩʦʢʦ ʨʘʜʠʦʘʢʪʠʚʥʦ-ʢʦʥʪʘʤʠʨʘʥʠ ʨʝʮʠʢʣʠʨʘʥʠ ʤʝʪʘʣ ʠʣʠ ʦʪʧʘʜ, ʰʪʦ 

ʩʘʤʦ ʧʦ ʩʝʙʠ ʧʨʝʜʩʪʘʚˀʘ ʦʛʨʦʤʘʥ ʨʘʜʠʦʣʦʰʢʠ ʭʘʟʘʨʜ ʟʘ ʞʠʚʦʪʥʫ ʩʨʝʜʠʥʫ [IAEA SS,2012]. 

Orphan ʠʟʚʦʨʠ ʟʘʿʝʜʥʦ ʩʘ ʜʨʫʛʠʤ ʨʘʜʠʦʘʢʪʠʚʥʠʤ ʤʘʪʝʨʠʿʘʣʦʤ ʢʦʿʠ ʩʫ ʚʘʥ ʨʝʛʫʣʘʪʦʨʥʝ ʢʦʥʪʨʦʣʝ 

ʧʨʝʜʩʪʘʚˀʘʿʫ MORC8 ʤʘʪʝʨʠʿʘʣʝ. ʋ ʥʝʥʫʣʢʣʝʘʨʥʠʤ ʟʝʤˀʘʤʘ, ʢʘʦ ʰʪʦ ʿʝ ʉʨʙʠʿʘ, MORC ʤʘʪʝʨʠʿʘʣʠ 

ʢʦʿʠ ʩʝ ʤʦʛʫ ʥʘ˂ʠ ʥʘ ʪʝʨʝʥʫ ʩʫ ʧʨʚʝʥʩʪʚʝʥʦ ʤʝʜʠʮʠʥʩʢʠ ʠ ʠʥʜʫʩʪʨʠʿʩʢʠ ʨʘʜʠʦʠʟʦʪʦʧʠ, ʜʝʪʘˀʥʠʿʝ 

ʜʝʢʣʘʨʠʩʘʥʠ ʫ ʊʘʙʝʣʠ 1.2. ʂʘʦ ʪʘʢʚʠ, ʦʥʠ ʯʝʩʪʦ ʤʦʛʫ ʙʠʪʠ ʧʨʝʜʤʝʪ ʢʨʠʤʠʥʘʣʥʝ ʠʩʪʨʘʛʝ. 

                                                      
8 MORC ï Materials Out of Regulatory Control 



ʅʋʂʃɽɸʈʅʀ ʀ ɼʈʋɻʀ ʈɸɼʀʆɸʂʊʀɺʅʀ ʄɸʊɽʈʀɱɸʃʀ ʋ ʅʋʂʃɽɸʈʅʆɱ ʌʆʈɽʅɿʀʎʀ 

-42- 
 

ʋ ʧʨʘʢʩʠ ʟʘʪʚʦʨʝʥʠ ʤʝʜʠʮʠʥʩʢʠ ʠʣʠ ʠʥʜʫʩʪʨʠʿʩʢʠ ʠʟʚʦʨʠ ʩʫ ʫʛʨʘʹʝʥʠ ʫ ʫʨʝʹʘʿ ʢʦʿʠ ʿʝ ʜʠʟʘʿʥʠʨʘʥ 

ʥʘ ʪʘʿ ʥʘʯʠʥ ʜʘ ʠʣʠ ʜʦʟʚʦˀʘʚʘ ʨʘʜʠʦʘʢʪʠʚʥʦʤ ʠʟʚʦʨʫ ʜʘ ʩʝ ʙʝʟʙʝʜʥʦ ʧʦʤʝʨʠ ʚʘʥ ʟʘʰʪʠʪʝ ʫʨʝʹʘʿʘ ʥʘ 

ʤʝʩʪʦ ʛʜʝ ʩʝ ʩʥʦʧ ʟʨʘʯʝˁʘ ʢʦʨʠʩʪʠ ʠ ʟʘʪʠʤ ʧʦʥʦʚʥʦ ʚʨʘʪʠ ʫʥʫʪʘʨ ʟʘʰʪʠʪʝ ʩʘʤʦʛ ʫʨʝʹʘʿʘ ʧʦʩʣʝ 

ʫʧʦʪʨʝʙʝ, ʠʣʠ ʦʩʣʦʙʘʹʘ ʩʥʦʧ ʟʨʘʯʝˁʘ ʠʟ ʫʨʝʹʘʿʘ ʫʟ ʦʯʫʚʘˁʝ ʟʘʰʪʠʪʝ ʦʢʦ ʩʘʤʦʛ ʠʟʚʦʨʘ ʪʦʢʦʤ ʮʝʣʦʛ 

ʧʦʩʪʫʧʢʘ. ʅʝʢʝ ʦʜ ʧʨʠʤʝʥʘ ʩʥʦʧʘ ʟʨʘʯʝˁʘ ʦʚʘʢʚʠʭ ʠʟʚʦʨʘ ʩʫ ʩʣʝʜʝ˂ʝ: ʥʝʜʝʩʪʨʫʢʪʠʚʥʦ ʠʩʧʠʪʠʚʘˁʝ 

ʢʚʘʣʠʪʝʪʘ ʚʘʨʘ ʢʦʜ ʤʝʪʘʣʥʠʭ ʮʝʚʠ, ʠʩʧʠʪʠʚʘˁʝ ʥʠʚʦʘ ʪʝʯʥʦʩʪʠ ʫ ʦʜʨʝʹʝʥʦʤ ʩʫʜʫ ʢʦʿʠ ʩʝ ʥʘʣʘʟʠ ʥʘ 

ʧʦʢʨʝʪʥʦʿ ʪʨʘʮʠ (ʧʨʝʭʨʘʤʙʝʥʘ ʠʥʜʫʩʪʨʠʿʘ), ʪʝʣʝʪʝʨʘʧʠʿʩʢʦ ʦʟʨʘʯʠʚʘˁʝ ʦʥʢʦʣʦʰʢʠʭ ʧʘʮʠʿʝʥʘʪʘ ʠ 

ʤʥʦʛʝ ʜʨʫʛʝ. ʉʘʤ ʫʨʝʹʘʿ ʫ ʢʦʤ ʩʫ ʩʤʝʰʪʝʥʠ ʨʘʜʠʦʘʢʪʠʚʥʠ ʠʟʚʦʨʠ ʤʦʞʝ ʩʝ ʿʘʚˀʘʪʠ ʫ ʰʠʨʦʢʦʤ ʦʧʩʝʛʫ 

ʜʠʟʘʿʥʘ, ʟʘʚʠʩʥʦ ʦʜ ʬʫʥʢʮʠʿʝ ʠ ʧʨʠʤʝʥʝ ʢʦʿʫ ˂ʝ ʠʤʘʪʠ. ɼʠʤʝʥʟʠʿʝ ʦʚʠʭ ʫʨʝʹʘʿʘ ˂ʝ ʚʘʨʠʨʘʪʠ ʦʜ 

ʚʝʣʠʯʠʥʝ ʦʜ ʩʘʤʦ ʥʝʢʦʣʠʢʦ ʮʝʥʪʠʤʝʪʘʨʘ (ʝʣʠʤʠʥʘʪʦʨʠ ʩʪʘʪʠʯʢʦʛ ʥʘʝʣʝʢʪʨʠʩʘˁʘ) ʜʦ ʧʨʝʢʦ ʿʝʜʥʦʛ 

ʤʝʪʨʘ (ʩʪʘʨʠ 60Co ʪʝʣʝʪʝʨʘʧʠʿʩʢʠ ʫʨʝʹʘʿʠ, ʠʨʘʜʠʿʘʪʦʨʠ) [IAEA SRS,2013]. 

ʈʘʜʠʦʘʢʪʠʚʥʠ ʠʟʚʦʨʠ ʩʝ ʫ ʩʢʣʘʜʫ ʩʘ [IAEA SS,2012], ʜʝʣʝ ʥʘ ʧʝʪ ʢʘʪʝʛʦʨʠʿʘ, ʟʘʚʠʩʥʦ ʦʜ ʩʪʝʧʝʥʘ 

ʧʨʝʪˁʝ ʢʦʿʫ ʧʨʝʜʩʪʘʚˀʘʿʫ ʫʢʦʣʠʢʦ ʩʝ ˁʠʤʘ ʧʦʛʨʝʰʥʦ ʨʫʢʫʿʝ. 

¶ ʂʘʪʝʛʦʨʠʿʘ 1 (ʝʢʩʪʨʝʤʥʦ ʦʧʘʩʥʠ) ï ʆʚʠ ʠʟʚʦʨʠ, ʫʢʦʣʠʢʦ ʩʝ ˁʠʤʘ ʥʝ ʨʫʢʫʿʝ ʥʘ ʧʦʫʟʜʘʥ 

ʥʘʯʠʥ ʠʣʠ ʥʠʩʫ ʜʦʚʦˀʥʦ ʟʘʰʪʠ˂ʝʥʠ, ʩʘ ʚʝʣʠʢʦʤ ʚʝʨʦʚʘʪʥʦ˂ʦʤ ʤʦʛʫ ʠʟʘʟʚʘʪʠ ʪʨʘʿʥʝ ʧʦʚʨʝʜʝ 

ʥʘ ʙʠʣʦ ʢʦʿʦʿ ʦʩʦʙʠ ʢʦʿʘ ʿʝ ʫ ʢʦʥʪʘʢʪʫ ʩʘ ˁʠʤʘ ʜʫʞʝ ʦʜ ʥʝʢʦʣʠʢʦ ʤʠʥʫʪʘ. ɼʫʞʠ ʧʝʨʠʦʜʠ 

ʠʟʣʘʛʘˁʘ ʠʤʘʣʠ ʙʠ ʬʘʪʘʣʘʥ ʠʩʭʦʜ. ʊʠʧʠʯʥʠ ʧʨʝʜʩʪʘʚʥʠʮʠ ʦʚʝ ʢʘʪʝʛʦʨʠʿʝ ʩʫ ʨʘʜʠʦ-

ʪʝʨʤʦʝʣʝʢʪʨʠʯʥʠ ʛʝʥʝʨʘʪʦʨʠ, ʪʝʣʝʪʝʨʘʧʠʿʩʢʠ ʠʟʚʦʨʠ ʠ ʠʥʜʫʩʪʨʠʿʩʢʠ ʠʨʘʜʠʿʘʪʦʨʠ. 

¶ ʂʘʪʝʛʦʨʠʿʘ 2 (ʚʝʦʤʘ ʦʧʘʩʥʠ) - ʆʚʠ ʠʟʚʦʨʠ, ʫʢʦʣʠʢʦ ʩʝ ˁʠʤʘ ʥʝ ʨʫʢʫʿʝ ʥʘ ʧʦʫʟʜʘʥ ʥʘʯʠʥ 

ʠʣʠ ʥʠʩʫ ʜʦʚʦˀʥʦ ʟʘʰʪʠ˂ʝʥʠ, ʤʦʛʫ ʠʟʘʟʚʘʪʠ ʪʨʘʿʥʝ ʧʦʚʨʝʜʝ ʥʘ ʙʠʣʦ ʢʦʿʦʿ ʦʩʦʙʠ ʢʦʿʘ ʿʝ ʫ 

ʢʦʥʪʘʢʪʫ ʩʘ ˁʠʤʘ ʢʨʘʪʘʢ ʚʨʝʤʝʥʩʢʠ ʧʝʨʠʦʜ (ʥʝʢʦʣʠʢʦ ʤʠʥʫʪʘ ʜʦ ʥʝʢʦʣʠʢʦ ʩʘʪʠ). ʀʟʣʘʛʘˁʝ 

ʠʟʚʦʨʠʤʘ ʦʚʝ ʢʘʪʝʛʦʨʠʿʝ ʜʫʞʝ ʦʜ ʥʝʢʦʣʠʢʦ ʩʘʪʠ ʤʦʞʝ ʙʠʪʠ ʬʘʪʘʣʥʦ. ʇʨʠʤʝʨʠ ʠʟʚʦʨʘ ʢʦʿʠ 

ʩʧʘʜʘʿʫ ʫ ʦʚʫ ʢʘʪʝʛʦʨʠʿʫ ʩʫ ʦʥʠ ʢʦʿʠ ʩʝ ʢʦʨʠʩʪʝ ʫ ʠʥʜʫʩʪʨʠʿʩʢʦʿ ʨʘʜʠʦʛʨʘʬʠʿʠ ʠ 

ʙʨʘʭʠʪʝʨʘʧʠʿʩʢʠ ʠʟʚʦʨʠ ʚʝʣʠʢʝ ʠ ʩʨʝʜˁʝ ʙʨʟʠʥʝ ʜʦʟʝ. 

¶ ʂʘʪʝʛʦʨʠʿʘ 3 (ʦʧʘʩʥʠ) - ʆʚʠ ʠʟʚʦʨʠ, ʫʢʦʣʠʢʦ ʩʝ ˁʠʤʘ ʥʝ ʨʫʢʫʿʝ ʥʘ ʧʦʫʟʜʘʥ ʥʘʯʠʥ ʠʣʠ ʥʠʩʫ 

ʜʦʚʦˀʥʦ ʟʘʰʪʠ˂ʝʥʠ, ʤʦʛʫ ʠʟʘʟʚʘʪʠ ʪʨʘʿʥʝ ʧʦʚʨʝʜʝ ʥʘ ʙʠʣʦ ʢʦʿʦʿ ʦʩʦʙʠ ʢʦʿʘ ʿʝ ʫ ʢʦʥʪʘʢʪʫ ʩʘ 

ˁʠʤʘ ʜʫʞʝ ʦʜ ʥʝʢʦʣʠʢʦ ʩʘʪʠ. ʀʟʣʘʛʘˁʝ ʧʦʜ ʦʜʨʝʹʝʥʠʤ ʫʩʣʦʚʠʤʘ (ʥʝʢʦʣʠʢʦ ʜʘʥʘ ʜʦ 

ʥʝʢʦʣʠʢʦ ʥʝʜʝˀʘ) ʤʦʞʝ ʙʠʪʠ ʬʘʪʘʣʥʦ ʘʣʠ ʿʝ ʤʘʣʦ ʚʝʨʦʚʘʪʥʦ. ʀʟʚʦʨʠ ʢʦʿʠ ʩʧʘʜʘʿʫ ʫ ʦʚʫ 

ʢʘʪʝʛʦʨʠʿʫ ʩʫ ʦʥʠ ʢʦʿʠ ʩʝ ʢʦʨʠʩʪʝ ʫ ʩʪʘʮʠʦʥʘʨʥʠʤ ʠʥʜʫʩʪʨʠʿʩʢʠʤ ʤʝʨʘʯʠʤʘ, ʢʘʦ ʰʪʦ ʩʫ 

ʤʝʨʘʯʠ ʥʠʚʦʘ ʪʝʯʥʦʩʪʠ, ʤʝʨʘʯʠ ʛʫʩʪʠʥʝ, ʧʨʠʪʠʩʢʘ ʢʘʦ ʠ ʫʨʝʹʘʿʠ ʢʦʿʠ ʩʝ ʢʦʨʠʩʪʝ ʫ ʝʚʘʣʫʘʮʠʿʠ 

ʩʘʩʪʘʚʘ ʩʣʦʿʝʚʘ ʫ ʙʫʰʦʪʠʥʘʤʘ.  

¶ ʂʘʪʝʛʦʨʠʿʘ 4 (ʤʘʣʦ ʚʝʨʦʚʘʪʥʦ ʜʘ ʙʫʜʫ ʦʧʘʩʥʠ) ï ʄʘʣʦ ʿʝ ʚʝʨʦʚʘʪʥʦ ʜʘ ʥʝʢʦ ʤʦʞʝ ʠʤʘʪʠ 

ʪʨʘʿʥʝ ʧʦʚʨʝʜʝ ʫʩʣʝʜ ʠʟʣʘʛʘˁʘ ʠʟʚʦʨʠʤʘ ʦʚʝ ʢʘʪʝʛʦʨʠʿʝ. ʄʝʹʫʪʠʤ, ʚʝ˂ʘ ʥʝʟʘʰʪʠ˂ʝʥʘ 

ʢʦʣʠʯʠʥʘ ʦʚʦʛ ʨʘʜʠʦʘʢʪʠʚʥʦʛ ʤʘʪʝʨʠʿʘʣʘ, ʤʦʞʝ ʫʟ ʤʘʣʫ ʚʝʨʦʚʘʪʥʦ˂ʫ, ʜʘ ʠʟʘʟʦʚʝ ʧʨʠʚʨʝʤʝʥʝ 

ʧʦʚʨʝʜʝ ʥʘ ʦʩʦʙʠ ʢʦʿʘ ʿʝ ʫ ʢʦʥʪʘʢʪʫ ʩʘ ˁʠʤʘ ʜʫʞʠ ʚʨʝʤʝʥʩʢʠ ʧʝʨʠʦʜ. 

¶ ʂʘʪʝʛʦʨʠʿʘ 5 (ʫʛʣʘʚʥʦʤ ʙʝʟʦʧʘʩʥʠ) ï ʅʝ ʧʦʩʪʦʿʠ ʥʠʢʘʢʘʚ ʨʠʟʠʢ ʦʜ ʪʨʘʿʥʠʭ ʧʦʚʨʝʜʘ ʫʩʣʝʜ 

ʙʠʣʦ ʢʘʢʚʦʛ ʠʟʣʘʛʘˁʘ ʠʟʚʦʨʠʤʘ ʦʚʝ ʢʘʪʝʛʦʨʠʿʝ. 

ʊʘʯʥʝ ʘʢʪʠʚʥʦʩʪʠ ʠʟʚʦʨʘ ʢʦʿi ʩʧʘʜʘʿʫ ʫ ʢʘʪʝʛʦʨʠʿʫ 1, 2 ʠ 3 ʤʦʛʫ ʩʝ ʥʘ˂ʠ ʫ [IAEA CRS,2005].
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4. ɽʂʉʇɽʈʀʄɽʅʊɸʃʅɽ ʄɽʊʆɼɽ ʀ ʊɽʍʅʀʂɽ 

ʎʠˀ ʦʚʝ ʪʝʟʝ ʿʝ ʨʘʟʚʦʿ ʠʥʦʚʘʪʠʚʥʠʭ ʥʝʜʪʝʩʪʨʫʢʪʠʚʥʠʭ ʤʝʪʦʜʘ ʟʘ ʧʦʪʨʝʙʝ ʘʥʘʣʠʟʝ ʥʫʢʣʝʘʨʥʦʛ ʠ 

ʜʨʫʛʦʛ ʨʘʜʠʦʘʢʪʠʚʥʦʛ ʤʘʪʝʨʠʿʘʣʘ, ʥʘʨʘʚʥʦ ʦʩʣʘˁʘʿʫ˂ʠ ʩʝ ʥʘ ʧʦʩʪʦʿʝ˂ʫ ʠ ʜʦʙʨʦ ʫʩʪʘʥʦʚˀʝʥʫ 

ʤʝʪʦʜʦʣʦʰʢʫ ʠʥʬʨʘʩʪʨʫʢʪʫʨʫ. ʋ ʜʦʤʝʥʫ ʥʫʢʣʝʘʨʥʝ ʬʦʨʝʥʟʠʢʝ ʢʘʦ ʥʘʫʯʥʦ-ʠʩʪʨʘʞʠʚʘʯʢʝ 

ʜʠʩʮʠʧʣʠʥʝ, ʢʘʜʘ ʿʝ ʫ ʧʠʪʘˁʫ ʥʝʜʝʩʪʨʫʢʪʠʚʥʘ ʘʥʘʣʠʟʘ, ʧʨʚʠ ʠʟʙʦʨ ʫʚʝʢ ʧʘʜʘ ʥʘ ʛʘʤʘʩʧʝʢʪʨʦʤʝʪʨʠʿʫ. 

ʂʘʜʘ ʩʫ ʫ ʧʠʪʘˁʫ ʤʝʨʝˁʘ ʢʦʿʘ ʠʟʠʩʢʫʿʫ ʜʦʙʨʫ ʝʥʝʨʛʝʪʩʢʫ ʨʝʟʦʣʫʮʠʿʫ, ʥʘʿʯʝʰ˂ʝ ʩʝ ʢʘʦ ʘʣʘʪ ʢʦʨʠʩʪʝ 

ʧʦʣʫʧʨʦʚʦʜʥʠʯʢʠ ʜʝʪʝʢʪʦʨʠ.  

 ʇʦʣʫʧʨʦʚʦʜʥʠʯʢʠ ʜʝʪʝʢʪʦʨʠ 

ʋ ʥʫʢʣʝʘʨʥʦʿ ʬʠʟʠʮʠ ʚʝʦʤʘ ʿʝ ʨʘʩʧʨʦʩʪʨʘˁʝʥʘ ʫʧʦʪʨʝʙʘ ʧʦʣʫʧʨʦʚʦʜʥʠʯʢʠʭ ʤʘʪʝʨʠʿʘʣʘ ʢʘʦ 

ʜʝʪʝʢʪʦʨʘ ʟʨʘʯʝˁʘ. ʋ ʦʢʚʠʨʫ ʦʚʝ ʪʝʟʝ, ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʘ ʤʝʨʝˁʘ ʩʫ ʚʨʰʝʥʘ ʥʘ ʛʝʨʤʘʥʠʿʫʤʩʢʠʤ 

ʧʦʣʫʧʨʦʚʦʜʥʠʯʢʠʤ ʜʝʪʝʢʪʦʨʠʤʘ ʚʠʩʦʢʝ ʯʠʩʪʦ˂ʝ (High Purity Germanium - HPGe), ʪʝ ˂ʝ ʫ ʦʚʦʤ 

ʧʦʛʣʘʚˀʫ ʬʦʢʫʩ ʙʠʪʠ ʩʪʘʚˀʝʥ ʥʘ ˁʠʭ. ʄʦʛʫ ʩʝ ʧʨʦʠʟʚʦʜʠʪʠ ʫ ʚʠʰʝ ʛʝʦʤʝʪʨʠʿʘ, ʘʣʠ ʜʚʝ ʥʘʟʥʘʯʘʿʥʠʿʝ 

ʩʫ ʧʣʘʥʘʨʥʘ ʠ ʢʦʘʢʩʠʿʘʣʥʘ ʢʦʥʬʠʛʫʨʘʮʠʿʘ. ɹʘʰ ʪʘ ʜʚʘ ʪʠʧʘ HPGe ʜʝʪʝʢʪʦʨʘ ʠ ʥʘʣʘʟʝ ʩʚʦʿʫ ʧʨʠʤʝʥʫ 

ʫ ʥʫʢʣʝʘʨʥʦʿ ʬʦʨʝʥʟʠʮʠ, ʢʘʦ ʘʣʘʪʠ ʟʘ ʥʝʜʝʩʪʨʫʢʪʠʚʥʫ ʛʘʤʘʩʧʝʢʪʨʦʤʝʪʨʠʿʩʢʫ ʘʥʘʣʠʟʫ ʥʫʢʣʝʘʨʥʠʭ ʠ 

ʜʨʫʛʠʭ ʨʘʜʠʦʘʢʪʠʚʥʠʭ ʤʘʪʝʨʠʿʘʣʘ. ɱʝʜʘʥ ʦʜ ʨʘʟʣʦʛʘ ʟʙʦʛ ʢʦʿʠʭ ʩʝ HPGe ʜʝʪʝʢʪʦʨʠ ʢʦʨʠʩʪʝ ʟʘ 

ʣʘʙʦʨʘʪʦʨʠʿʩʢʝ ʥʝʜʝʩʪʨʫʢʪʠʚʥʝ ʘʥʘʣʠʟʝ ʿʝ ˁʠʭʦʚʘ ʥʝʥʘʜʤʘʰʠʚʘ ʝʥʝʨʛʝʪʩʢʘ ʨʝʟʦʣʫʮʠʿʘ ʫ ʦʜʥʦʩʫ ʥʘ 

ʜʨʫʛʝ ʪʠʧʦʚʝ ʜʝʪʝʢʪʦʨʘ ʟʨʘʯʝˁʘ. ɻʣʘʚʥʠ ʬʘʢʪʦʨ ʢʦʿʠ ʦʜʨʝʹʫʿʝ ʝʥʝʨʛʝʪʩʢʫ ʨʝʟʦʣʫʮʠʿʫ ʜʝʪʝʢʪʦʨʘ 

ʯʚʨʩʪʦʛ ʩʪʘˁʘ ʿʝ ʩʪʘʪʠʩʪʠʢʘ, ʦʜʥʦʩʥʦ ʙʨʦʿ ʥʦʩʠʣʘʮʘ ʠʥʬʦʨʤʘʮʠʿʝ-ʥʘʝʣʝʢʪʨʠʩʘˁʘ (ʫ ʦʚʦʤ ʩʣʫʯʘʿʫ 

ʧʘʨʦʚʘ ʝʣʝʢʪʨʦʥ-ʰʫʧˀʠʥʘ) ʢʦʿʠ ʥʘʩʪʘʿʝ ʧʦ ʧʨʦʣʘʩʢʫ ʫʧʘʜʥʦʛ ʟʨʘʯʝˁʘ ʢʨʦʟ ʤʝʜʠʿʫʤ ʢʨʠʩʪʘʣʘ 

ʜʝʪʝʢʪʦʨʘ. ʆʚʘʿ ʙʨʦʿ ʿʝ ʫʧʨʘʚʦ ʥʘʿʚʝ˂ʠ ʢʦʜ HPGe ʜʝʪʝʢʪʦʨʘ, ʰʪʦ ʨʝʟʫʣʪʫʿʝ ʝʥʝʨʛʝʪʩʢʦʤ ʨʝʟʦʣʫʮʠʿʦʤ 

ʥʘ ʟʘʚʠʜʥʦʤ ʥʠʚʦʫ. ʆʥʘ ʿʝ ʦʜ ʢˀʫʯʥʦʛ ʟʥʘʯʘʿʘ ʟʘ ʫʩʧʝʰʥʦ ʠʟʚʣʘʯʝˁʝ ʢʦʨʠʩʥʠʭ ʠʥʬʦʨʤʘʮʠʿʘ ʠʟ 

ʤʝʨʝʥʠʭ ʩʧʝʢʪʘʨʘ ʥʫʢʣʝʘʨʥʠʭ ʠ ʦʩʪʘʣʠʭ ʨʘʜʠʦʘʢʪʠʚʥʠʭ ʤʘʪʝʨʠʿʘʣʘ [Knoll,2010]. 

ɿʘ ʧʦʪʨʝʙʝ ʛʘʤʘʩʧʝʢʪʨʦʤʝʪʨʠʿʝ, ʛʝʨʤʘʥʠʿʫʤ (Ge) ʩʝ ʥʘʿʚʠʰʝ ʢʦʨʠʩʪʠ ʢʘʦ ʤʘʪʝʨʠʿʘʣ ʟʘ ʠʟʨʘʜʫ 

ʧʦʣʫʧʨʦʚʦʜʥʠʯʢʠʭ ʜʝʪʝʢʪʦʨʘ. ɿʘ ʪʦ ʧʦʩʪʦʿʠ ʧʘʨ ʨʘʟʣʦʛʘ, ʧʨʝ ʩʚʝʛʘ ʠʤʘ ʚʝ˂ʠ ʨʝʜʥʠ ʙʨʦʿ (Z=32) ʦʜ 

ʩʚʦʛ ʛʣʘʚʥʦʛ 'ʢʦʥʢʫʨʝʥʪʘ' ʩʠʣʠʮʠʿʫʤʘ, ʰʪʦ ʛʘ ʯʠʥʠ ʝʬʠʢʘʩʥʠʿʠʤ ʫ ʟʘʫʩʪʘʚˀʘˁʫ ʛʘʤʘ ʟʨʘʯʝˁʘ ʚʝ˂ʠʭ 

ʝʥʝʨʛʠʿʘ ʫʩʣʝʜ ʚʝ˂ʝʛ ʤʘʩʝʥʦʛ ʘʪʝʥʫʘʮʠʦʥʦʛ ʢʦʝʬʠʮʠʿʝʥʪʘ. ʇʦʩʤʘʪʨʘʿʫ˂ʠ ʤʦʥʦʢʨʠʩʪʘʣʝ 

ʛʝʨʤʘʥʠʿʫʤʘ, ʦʙʣʘʩʪ ʧʨʦʩʪʦʨʥʦʛ ʥʘʝʣʝʢʪʨʠʩʘˁʘ ʤʦʨʘ ʙʠʪʠ ʠ ʜʘˀʝ ʨʝʣʘʪʠʚʥʦ ʚʝʣʠʢʘ ʢʘʢʦ ʙʠ ʫ 

ʧʦʪʧʫʥʦʩʪʠ ʟʘʫʩʪʘʚʠʣʘ ʛʘʤʘ ʟʨʘʢʝ (~25 mm ʟʘ ʟʨʘʯʝˁʝ ʝʥʝʨʛʠʿʝ 662 keV-a). ɻʝʨʤʘʥʠʿʫʤ ʿʝ ʤʝʪʘʣʦʠʜ 

ʢʦʿʠ ʩʧʘʜʘ ʫ IV-a ʛʨʫʧʫ ʧʝʨʠʦʜʥʦʛ ʩʠʩʪʝʤʘ ʝʣʝʤʝʥʘʪʘ ʠ ʠʤʘ ʧʦʚʨʰʠʥʩʢʠ ʮʝʥʪʨʠʨʘʥʫ ʢʫʙʥʫ 

(ʜʠʿʘʤʘʥʪʩʢʫ) ʩʪʨʫʢʪʫʨʫ ʢʨʠʩʪʘʣʥʝ ʨʝʰʝʪʢʝ. ʐʝʤʘʪʩʢʠ ʧʨʠʢʘʟ ʦʚʝ ʨʝʰʝʪʢʝ ʜʘʪ ʿʝ ʥʘ ʩʣʠʮʠ 4.1 

[Dobson,2005], ʜʦʢ ʩʫ ʦʩʥʦʚʥʝ ʬʠʟʠʯʢʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ ʛʝʨʤʘʥʠʿʫʤʘ ʧʨʠʢʘʟʘʥʝ ʫ ʊʘʙʝʣʠ 4.1 

[NSM,2001].
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ʉʣʠʢʘ 4.1. ʈʘʚʥʠ ʢʨʠʩʪʘʣʥʝ ʨʝʰʝʪʢʝ ʛʝʨʤʘʥʠʿʫʤʘ ʧʨʠʢʘʟʘʥʝ ʧʦʤʦ˂ʫ Miller -ʦʚʠʭ ʠʥʜʝʢʩʘ ʠ 

ʧʦʚʨʰʠʥʩʢʠ ʮʝʥʪʨʠʨʘʥʘ ʢʫʙʥʘ ʢʨʠʩʪʘʣʥʘ ʨʝʰʝʪʢʘ [Dobson,2005]. 

ʊʘʙʝʣʘ 4.1.  ʌʠʟʠʯʢʘ ʩʚʦʿʩʪʚʘ ʛʝʨʤʘʥʠʿʫʤʘ [NSM,2001]. 

ʂʘʨʘʢʪʝʨʠʩʪʠʢʘ ɺʨʝʜʥʦʩʪ 

ɸʪʦʤʩʢʘ ʤʘʩʘ 72.6 

ɸʪʦʤʩʢʠ ʙʨʦʿ 32 

ɸʪʦʤʩʢʠ ʨʘʜʠʿʫʩ 0.137 nm 

ɻʫʩʪʠʥʘ 5.32 gĀcm-3 

ɽʣʝʢʪʨʦʥʩʢʘ ʢʦʥʬʠʛʫʨʘʮʠʿʘ (3d)10(4s)2(4p)2 

ɼʠʝʣʝʢʪʨʠʯʥʘ ʢʦʥʩʪʘʥʪʘ Ůr 16.2 

ʂʦʥʮʝʥʪʨʘʮʠʿʘ ʠʥʪʨʠʥʩʠʯʥʠʭ ʥʦʩʠʣʘʮʘ 

ʥʘʝʣʝʢʪʨʠʩʘˁʘ (300 ʂ) 

2.0Ā1013 cm-3 

ʀʥʪʨʠʥʩʠʯʥʘ ʦʪʧʦʨʥʦʩʪ 46 ɋĀcm 

ɽʥʝʨʛʝʪʩʢʠ ʧʨʦʮʝʧ (300 ʂ/0 ʂ) 0.67 eV/0.75 eV 

ɽʥʝʨʛʠʿʘ ʿʦʥʠʟʘʮʠʿʝ (77 ʂ) 2.96 eV 

ʇʦʢʨʝʪˀʠʚʦʩʪ ʝʣʝʢʪʨʦʥʘ (300 ʂ) 3900 cm2ĀV-1Ās-1 

ʇʦʢʨʝʪˀʠʚʦʩʪ ʰʫʧˀʠʥʘ 1900 cm2ĀV-1Ās-1 
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ɼʘ ʙʠ ʥʝʢʠ ʜʝʪʝʢʪʦʨ ʙʠʦ ʫʧʦʪʨʝʙˀʠʚ ʠ ʬʫʥʢʮʠʦʥʘʣʘʥ ʟʘ ʛʘʤʘ ʩʧʝʢʪʨʦʤʝʪʨʠʿʫ, ʦʜʨʝʹʝʥʘ ʜʝʙˀʠʥʘ 

ˁʝʛʦʚʝ ʘʢʪʠʚʥʝ ʟʘʧʨʝʤʠʥʝ ʦʜʥʦʩʥʦ ʩʣʦʿʘ ʧʨʦʩʪʦʨʥʦʛ (ʚʝʟʘʥʦʛ) ʥʘʝʣʝʢʪʨʠʩʘˁʘ ʤʦʨʘ ʙʠʪʠ 

ʧʦʩʪʠʛʥʫʪʘ, ʢʘʢʦ ʙʠ ʪʘʿ ʜʝʪʝʢʪʦʨ ʙʠʦ ʩʧʦʩʦʙʘʥ ʜʘ ʝʬʠʢʘʩʥʦ ʘʪʝʥʫʠʨʘ ʛʘʤʘ ʟʨʘʢʝ. ɼʝʙˀʠʥʘ ʦʚʦʛ ʩʣʦʿʘ 

ʜʝʬʠʥʠʩʘʥʘ ʿʝ ʨʝʣʘʮʠʿʦʤ 4.1: 

 Ὠ
ς‭ὠ

Ὡὔ

Ⱦ

 (4.1) 

, ʛʜʝ ʿʝ ‭ ʜʠʝʣʝʢʪʨʠʯʥʘ ʢʦʥʩʪʘʥʪʘ ʤʘʪʝʨʠʿʘʣʘ, ὠ ʧʨʝʜʩʪʘʚˀʘ ʠʥʚʝʨʟʥʠ 'ʙʠʘʩ' ʥʘʧʦʥ, Ὡ ʿ ʝ ʝʣʝʤʝʥʪʘʨʥʦ 

ʥʘʝʣʝʢʪʨʠʩʘˁʝ, ʜʦʢ ʿʝ ὔ ʥʝʪʦ ʢʦʥʮʝʥʪʨʘʮʠʿʘ ʥʝʯʠʩʪʦ˂ʘ ʫ ʤʘʪʝʨʠʿʘʣʫ. ʇʨʠʤʝʪʠ˂ʝʤʦ ʜʘ  ʩʝ ʥʘ 

ʦʜʨʝʹʝʥʦʤ ʟʘʜʘʪʦʤ ʥʘʧʦʥʫ ὠ, ʧʦʚʝ˂ʘˁʝ ʜʝʙˀʠʥʝ ʩʣʦʿʘ ʧʨʦʩʪʦʨʥʦʛ ʥʘʝʣʝʢʪʨʠʩʘˁʘ ʤʦʞʝ ʧʦʩʪʠ˂ʠ 

ʠʩʢˀʫʯʠʚʦ ʩʤʘˁʝˁʝʤ ʢʦʥʮʝʥʪʨʘʮʠʿʝ ʥʝʯʠʩʪʦ˂ʘ ʫʥʫʪʘʨ ʢʨʠʩʪʘʣʘ ὔ. ʐʪʦ ʿʝ ʜʝʙˀʠʥʘ Ὠ ʚʝ˂ʘ, 

ʤʘʪʝʨʠʿʘʣ ˂ʝ ʩʣʫʞʠʪʠ ʢʘʦ ʝʬʠʢʘʩʥʠʿʠ ʜʝʪʝʢʪʦʨ ʟʨʘʯʝˁʘ. ʉʤʘˁʝˁʝ ʢʦʥʮʝʥʪʨʘʮʠʿʝ ʥʝʯʠʩʪʦ˂ʘ ʩʝ, ʫ 

ʧʨʠʥʮʠʧʫ, ʤʦʞʝ ʧʦʩʪʠ˂ʠ ʥʘ ʜʚʘ ʥʘʯʠʥʘ. ɱʝʜʘʥ ʿʝ ʠʤʧʣʝʤʝʥʪʘʮʠʿʘ ʪʝʭʥʦʣʦʰʢʠʭ ʠʥʜʫʩʪʨʠʿʩʢʠʭ 

ʧʨʦʮʝʩʘ ʢʦʿʠ ʠʤʘʿʫ ʤʦʛʫ˂ʥʦʩʪ ʜʘ ʧʨʦʠʟʚʝʜʫ ʧʨʘʢʪʠʯʥʦ ʯʠʩʪ ʛʝʨʤʘʥʠʿʫʤ ʩʘ ʢʦʥʮʝʥʪʨʘʮʠʿʦʤ 

ʥʝʯʠʩʪʦ˂ʘ ʦʜ 1010 ʘʪʦʤʘ/cm3. ʋ ʩʢʣʘʜʫ ʩʘ ʨʝʣʘʮʠʿʦʤ 4.1, ʫʟʠʤʘʿʫ˂ʠ ʫ ʦʙʟʠʨ ʥʘʚʝʜʝʥʫ ʢʦʥʮʝʥʪʨʘʮʠʿʫ 

ʥʝʯʠʩʪʦ˂ʘ ʠ ʧʨʠ ʥʘʧʦʥʫ ʥʝ ʚʝ˂ʝʤ ʦʜ 1000 V, ʤʦʛʫ ʩʝ ʧʦʩʪʠ˂ʠ ʜʝʙˀʠʥʝ ʩʣʦʿʘ ʧʨʦʩʪʦʨʥʦʛ 

ʥʘʝʣʝʢʪʨʠʩʘˁʘ ʦʜ 10 mm. ɼʝʪʝʢʪʦʨʠ ʢʦʿʠ ʩʫ ʧʨʦʠʟʚʝʜʝʥʠ ʥʘ ʦʚʘʢʘʚ ʥʘʯʠʥ ʥʘʟʠʚʘʿʫ ʩʝ ʠʥʪʨʠʥʩʠʯʥʠ 

ʛʝʨʤʘʥʠʿʫʤʩʢʠ ʠʣʠ ʛʝʨʤʘʥʠʿʫʤʩʢʠ ʜʝʪʝʢʪʦʨʠ ʚʠʩʦʢʝ ʯʠʩʪʦ˂ʝ (High Purity GermaniumïHPGe 

detectors). ɼʨʫʛʠ ʥʘʯʠʥ ʿʝ ʩʪʚʘʨʘˁʝ ʤʘʪʝʨʠʿʘʣʘ ʫ ʢʦʤʝ ʩʫ ʧʨʠʩʫʪʥʝ ʥʝʯʠʩʪʦ˂ʝ ʠʟʙʘʣʘʥʩʠʨʘʥʝ 

ʜʦʧʘʥʪʥʠʤ ʘʪʦʤʠʤʘ ʩʫʧʨʦʪʥʦʛ ʪʠʧʘ ʫ ʦʜʥʦʩʫ ʥʘ ʚʝ˂ ʧʦʩʪʦʿʝ˂ʝ ʥʝʯʠʩʪʦ˂ʝ. ʆʚʘʿ ʧʨʦʮʝʩ ʿʝ ʫ ʩʣʫʯʘʿʫ 

ʛʝʨʤʘʥʠʿʫʩʤʢʠʭ ʜʝʪʝʢʪʦʨʘ ʜʦʙʠʦ ʠʤʝ ''lithium ion drifting'' (ʧʨʦʮʝʩ ʜʨʠʬʪʘ ʿʦʥʘ ʣʠʪʠʿʫʤʘ). ɼʝʪʝʢʪʦʨʠ 

ʢʦʿʠ ʩʝ ʧʨʦʠʟʚʦʜʝ ʥʘ ʦʚʘʢʘʚ ʥʘʯʠʥ ʥʘʟʠʚʘʿʫ ʩʝ Ge(Li) ʜʝʪʝʢʪʦʨʠ. Ge(Li) ʜʝʪʝʢʪʦʨʠ ʩʫ ʢʦʤʝʨʮʠʿʘʣʥʦ 

ʧʨʠʩʫʪʥʠ ʦʜ 1960ʪʠʭ ʛʦʜʠʥʘ, ʩʚʝ ʜʦ ʧʦʯʝʪʢʘ 1980ʪʠʭ ʢʘʜʘ ʩʝ ʪʝʭʥʦʣʦʛʠʿʘ ʜʦʚʦˀʥʦ ʫʩʘʚʨʰʠʣʘ ʜʘ ʙʠ 

ʠʭ ʥʘʩʣʝʜʠʣʠ HPGe ʜʝʪʝʢʪʦʨʠ. ɻʣʘʚʥʘ ʧʨʝʜʥʦʩʪ HPGe ʜʝʪʝʢʪʦʨʘ ʫ ʦʜʥʦʩʫ ʥʘ Ge(Li) ʿʝ ʪʘ ʜʘ ʩʫ ʦʥʠ 

ʤʦʛʣʠ ʙʠʪʠ ʙʝʟʙʝʜʥʦ ''ʟʘʛʨʝʿʘʥʠ'' ʥʘ ʩʦʙʥʫ ʪʝʤʧʝʨʘʪʫʨʫ ʫ ʧʝʨʠʦʜʠʤʘ ʢʘʜʘ ʥʠʩʫ ʢʦʨʠʰ˂ʝʥʠ, ʟʘ 

ʨʘʟʣʠʢʫ ʦʜ Ge(Li) ʜʝʪʝʢʪʦʨʘ ʢʦʿʠ ʩʫ, ʜʘ ʙʠ ʦʩʪʘʣʠ ʬʫʥʢʮʠʦʥʘʣʥʠ, ʤʦʨʘʣʠ ʙʠʪʠ ʦʜʨʞʘʚʘʥʠ ʥʘ 

ʪʝʤʧʝʨʘʪʫʨʠ ʪʝʯʥʦʛ ʘʟʦʪʘ, ʰʪʦ ʠʭ ʯʠʥʠ ʟʥʘʪʥʦ ʚʠʰʝ ''user friendly'' ʦʜʥʦʩʥʦ ʣʘʢʰʠʤ ʟʘ ʫʧʦʪʨʝʙʫ. 

ʊʨʝʙʘ ʥʘʛʣʘʩʠʪʠ ʜʘ ʩʫ ʧʝʨʬʦʨʤʘʥʩʝ ʠ ʦʧʝʨʘʮʠʦʥʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ ʟʘ Ge(Li) ʠ HPGe ʜʝʪʝʢʪʦʨʝ 

ʠʜʝʥʪʠʯʥʝ ʚʝʣʠʯʠʥʝ ʢʨʠʩʪʘʣʘ ʧʨʘʢʪʠʯʥʦ ʿʝʜʥʘʢʝ. ʇʦʜ ʪʠʤʝ ʩʝ ʧʦʜʨʘʟʫʤʝʚʘ ʜʘ ʩʫ ʚʝʣʠʯʠʥʝ ʢʘʦ ʰʪʦ 

ʩʫ ʦʜʟʠʚ, ʚʠʩʠʥʘ ʠ ʦʙʣʠʢ ʠʟʣʘʟʥʦʛ ʩʠʛʥʘʣʘ, ʝʬʠʢʘʩʥʦʩʪ ʜʝʪʝʢʮʠʿʝ ʠ ʤʥʦʛʝ ʜʨʫʛʝ, ʟʘ ʜʚʘ ʥʘʚʝʜʝʥʘ 

ʪʠʧʘ ʜʝʪʝʢʪʦʨʘ ʚʝʦʤʘ ʩʣʠʯʥʝ ʠʣʠ ʧʘʢ, ʧʦʪʧʫʥʦ ʿʝʜʥʘʢʝ [Knoll,2010]. 

4.1.1 ʇʨʦʠʟʚʦʜʘˁʘ HPGe ʜʝʪʝʢʪʦʨʘ 

ɱʦʰ 1970-ʪʠʭ ʛʦʜʠʥʘ ʧʦʯʝʣʝ ʩʫ ʩʘ ʨʘʟʚʦʿʝʤ ʪʝʭʥʦʣʦʛʠʿʝ ʢʦʿʝ ʩʫ ʙʠʣʝ ʫ ʤʦʛʫ˂ʥʦʩʪʠ ʜʘ ʧʨʦʠʟʚʝʜʫ 

ʛʝʨʤʘʥʠʿʫʤ ʠʟʫʟʝʪʥʦ ʚʠʩʦʢʝ ʯʠʩʪʦ˂ʝ, ʩʘ ʢʦʥʮʝʥʪʨʘʮʠʿʦʤ ʥʝʯʠʩʪʦ˂ʘ ʦʜ ʩʚʝʛʘ 1010 ʘʪʦʤʘ/cm3. ʇʦʯʝʪʥʘ 

''ʩʠʨʦʚʠʥʘ'' ʟʘ ʦʚʘʿ ʧʨʦʮʝʩ ʙʠʦ ʿʝ ʛʝʨʤʘʥʠʿʫʤ ʢʦʿʠ ʩʝ ʠ ʜʦ ʪʘʜʘ ʫʧʦʪʨʝʙˀʘʚʘʦ ʟʘ ʧʨʦʠʟʚʦʜˁʫ 

ʧʦʣʫʧʨʦʚʦʜʥʠʯʢʠʭ ʜʝʪʝʢʪʦʨʘ. ʊʝʭʥʠʢʘ ʟʦʥʩʢʦʛ ʨʘʬʠʥʠʩʘˁʘ ʿʝ ʢʦʨʠʰ˂ʝʥʘ ʢʘʢʦ ʙʠ ʩʝ ʦʚʘʿ ʧʦʣʘʟʥʠ 

ʤʘʪʝʨʠʿʘʣ ʜʘˀʝ ʧʨʦʮʝʩʫʠʨʘʦ. ʀʤʧʣʝʤʝʥʪʘʮʠʿʦʤ ʦʚʝ ʪʝʭʥʠʢʝ ʩʝ ʢʦʣʠʯʠʥʘ ʧʨʠʩʫʪʥʠʭ ʥʝʯʠʩʪʦ˂ʘ 

ʧʨʦʛʨʝʩʠʚʥʦ ʩʤʘˁʫʿʝ, ʘ ʪʦ ʩʝ ʧʦʩʪʠʞʝ ʣʦʢʘʣʠʟʦʚʘʥʠʤ ʟʘʛʨʝʚʘˁʝʤ ʫʟʦʨʢʘ, ʠ ʧʦʩʪʝʧʝʥʠʤ 

ʧʨʝʤʝʰʪʘˁʝʤ ʟʘʛʨʝʿʘʥʦʛ ʧʦʜʨʫʯʿʘ ʩʘ ʿʝʜʥʦʛ ʥʘ ʜʨʫʛʠ ʢʨʘʿ ʠʩʪʦʛ. ʀʤʘʿʫ˂ʠ ʫ ʚʠʜʫ ʜʘ ʩʫ ʥʝʯʠʩʪʦ˂ʝ 

ʨʘʩʪʚʦʨˀʠʚʠʿʝ ʫ ʠʩʪʦʧˀʝʥʦʤ ʥʝʛʦ ʫ ʯʚʨʩʪʦʤ ʛʝʨʤʘʥʠʿʫʤʫ, ʥʘ ʦʚʘʿ ʥʘʯʠʥ ʩʝ ʦʥʝ ʧʨʝʬʝʨʝʥʪʥʦ ʚʝʞʫ 

ʟʘ ʠʩʪʦʧˀʝʥʫ ʟʦʥʫ, ʠ ʥʘ ʪʘʿ ʥʘʯʠʥ ʙʠʚʘʿʫ ʫʢʣʦˁʝʥʝ ʠʟ ʫʟʦʨʢʘ. ʅʘʢʦʥ ʤʥʦʛʦʩʪʨʫʢʠʭ ʠʪʝʨʘʮʠʿʘ ʦʚʦʛ 
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ʧʦʩʪʫʧʢʘ, ʤʦʞʝ ʩʝ ʜʦʙʠʪʠ ʫʟʦʨʘʢ ʢʦʿʠ ʫ ʩʝʙʠ ʩʘʜʞʠ ʢʦʥʮʝʥʪʨʘʮʠʿʫ ʥʝʯʠʩʪʦ˂ʘ ʦʜ ʩʚʝʛʘ 109 ʘʪʦʤʘ/cm3. 

ʄʘʪʝʨʠʿʘʣ ʢʦʿʠ ʿʝ ʜʦʙʠʿʝʥ ʥʘ ʦʚʘʿ ʥʘʯʠʥ ʿʝ ʿʝʜʘʥ ʦʜ ʥʘʿʧʨʝʯʠʰ˂ʝʥʠʿʠʭ ʢʦʿʠ ʩʫ ʠʢʘʜʘ ʥʘʧʨʘʚˀʝʥʠ. 

ʇʦʪʦʤ ʩʝ, ʠʟ ʦʚʘʢʦ ʧʨʝʯʠʰ˂ʝʥʝ ʙʘʟʝ, ʤʦʛʫ ʧʨʦʠʟʚʦʜʠʪʠ ʨʝʣʘʪʠʚʥʦ ʚʝʣʠʢʠ ʤʦʥʦʢʨʠʩʪʘʣʠ 

ʛʝʨʤʘʥʠʿʫʤʘ ʢʦʿʠ ʩʝ ʧʦʪʦʤ ʢʦʨʠʩʪʝ ʟʘ ʧʨʦʠʟʚʦʜˁʫ HPGe ʜʝʪʝʢʪʦʨʘ. ʋʢʦʣʠʢʦ ʩʫ ʧʨʝʦʩʪʘʣʝ ʥʝʯʠʩʪʦ˂ʝ 

ʫ ʢʨʠʩʪʘʣʫ n-ʪʠʧʘ ʠʣʠ ʜʦʥʦʨʩʢʝ (ʥʧʨ. P, As ʠʣʠ Sb), ʜʦʙʠʿʝʥ ʤʦʥʦʢʨʠʩʪʘʣ ˂ʝ ʙʠʪʠ ''ʙʣʘʛʦʛ n-ʪʠʧʘ'' 

(ʯʝʩʪʦ ʩʝ ʢʘʦ ʦʟʥʘʢʘ ʟʘ ʚʠʩʦʢʦ ʯʠʩʪʠ ʛʝʨʤʘʥʠʿʫʤ n-ʪʠʧʘ ʢʦʨʠʩʪʠ ɜ-ʪʠʧ). ʉʘ ʜʨʫʛʝ ʩʪʨʘʥʝ, ʫʢʦʣʠʢʦ ʩʫ 

ʨʝʟʠʜʫʘʣʥʝ ʥʝʯʠʩʪʦ˂ʝ ʫ ʨʘʬʠʥʠʩʘʥʦʤ ʛʝʨʤʘʥʠʿʫʤʫ ʘʢʮʝʧʪʦʨʩʢʦʛ ʠʣʠ p ʪʠʧʘ (ʥʧʨ. Al, Ga ʠʣʠ In), 

ʜʦʙʠʿʘʤʦ ʤʦʥʦʢʨʠʩʪʘʣ ''ʙʣʘʛʦʛ p-ʪʠʧʘ'' (-́ʪʠʧ). ʅʘ ʩʣʠʮʠ 4.2 ʿʝ ʧʨʠʢʘʟʘʥʘ ʟʘʚʠʩʥʦʩʪ ʝʣʝʢʪʨʠʯʥʝ 

ʧʨʦʚʦʜˀʠʚʦʩʪʠ ʛʝʨʤʘʥʠʿʫʤʘ ʦʜ ʨʝʟʠʜʫʘʣʥʝ ʢʦʥʮʝʥʪʨʘʮʠʿʝ ʜʦʧʘʥʘʪʘ (ʘʢʮʝʧʪʦʨʩʢʦʛ ʠʣʠ ʜʦʥʦʧʨʩʢʦʛ 

ʪʠʧʘ). ʋ ʧʨʘʢʩʠ ʿʝ ʩʠʪʫʘʮʠʿʘ ʪʘʢʚʘ ʜʘ ʩʝ ʛʝʨʤʘʥʠʿʫʤʩʢʠ ʜʝʪʝʢʪʦʨʠ ʧʨʦʠʟʚʦʜʝ ʪʘʢʦ ʜʘ ʿʝ ʫ ˁʠʤʘ 

ʨʝʟʠʜʫʘʣʥʘ ʢʦʥʮʝʥʪʨʘʮʠʿʘ ʜʦʧʘʥʘʪʘ ʚʝʦʤʘ ʤʘʣʘ ʘ ʩʘʤʠʤ ʪʠʤ ʠ ʧʨʦʚʦʜˀʠʚʦʩʪ ʥʠʩʢʘ [Knoll,2010]. 

 

ʉʣʠʢʘ 4.2. ʇʨʦʤʝʥʘ ʝʣʝʢʪʨʠʯʥʝ ʧʨʦʚʦʜˀʠʚʦʩʪʠ ʫ ʛʝʨʤʘʥʠʿʫʤʫ ʢʘʦ ʬʫʥʢʮʠʿʘ ʨʝʟʠʜʫʘʣʥʝ 

ʢʦʥʮʝʥʪʨʘʮʠʿʝ ʜʦʧʘʥʘʪʘ. ʀʜʝʘʣʥʦ ʠʥʪʨʠʥʩʠʯʥʠ ʤʘʪʝʨʠʿʘʣ ʥʘʣʘʟʠ ʩʝ ʥʘ ʥʫʣʪʦʿ ʪʘʯʢʠ ʥʘ ʘʧʩʮʠʩʠ 

[Knoll, 2010]. 

4.1.2 ʇʣʘʥʘʨʥʠ ʪʠʧ ʜʝʪʝʢʪʦʨʘ 

ʋʢʦʣʠʢʦ ʿʝ ʟʘ ʧʦʪʨʝʙʝ ʘʥʘʣʠʟʝ ʦʜʨʝʹʝʥʦʛ ʤʘʪʝʨʠʿʘʣʘ ʥʝʦʧʭʦʜʥʘ ʚʠʩʦʢʘ ʝʥʝʨʛʝʪʩʢʘ ʨʝʟʦʣʫʮʠʿʘ ʥʘ 

'ʥʠʩʢʠʤ' ʝʥʝʨʛʠʿʘʤʘ (ʰʪʦ ʠ ʿʝʩʪʝ ʩʣʫʯʘʿ ʩʘ ʥʫʢʣʝʘʨʥʠʤ ʤʘʪʝʨʠʿʘʣʠʤʘ, ʙʫʜʫ˂ʠ ʜʘ ʩʧʝʢʪʨʠ ʦʚʘʢʚʠʭ 

ʤʘʪʝʨʠʿʘʣʘ ʠʤʘʿʫ ʚʝʣʠʢʠ ʙʨʦʿ ʙʣʠʩʢʦ ʧʦʟʠʮʠʦʥʠʨʘʥʠʭ ʬʦʪʦʧʠʢʦʚʘ ʫ ʥʠʩʢʦʝʥʝʨʛʝʪʩʢʦʤ ʦʧʩʝʛʫ) 

ʠʟʙʦʨ ʟʘ ʤʝʨʥʫ ʦʧʨʝʤʫ ʦʜʥʦʩʥʦ ʜʝʪʝʢʪʦʨ ʧʘʜʘ ʥʘ ʧʣʘʥʘʨʥʠ ʪʠʧ HPGe ʜʝʪʝʢʪʦʨʘ. ʇʨʠʤʝʨ 

ʢʦʥʬʠʛʫʨʘʮʠʿʝ ʿʝʜʥʦʛ ʪʘʢʚʦʛ ʧʣʘʥʘʨʥʦʛ HPGe -́ʪʠʧʘ ʜʝʪʝʢʪʦʨʘ ʜʘʪ ʿʝ ʥʘ ʩʣʠʮʠ 4.3. ʂʘʜʘ ʧʦʩʤʘʪʨʘʤʦ 

ʧʣʘʥʘʨʥʫ ʢʦʥʬʠʛʫʨʘʮʠʿʫ, ʝʣʝʢʪʨʠʯʥʠ ʢʦʥʪʘʢʪʠ ʩʫ ʨʝʘʣʠʟʦʚʘʥʠ ʥʘ ʜʚʝ ʨʘʚʥʝ ʧʦʚʨʰʠʥʝ 

ʛʝʨʤʘʥʠʿʫʤʩʢʦʛ ʜʠʩʢʘ [Knoll, 2010]. 
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ʉʣʠʢʘ 4.3. ʐʝʤʘʪʩʢʠ ʧʨʠʢʘʟ ʧʣʘʥʘʨʥʦʛ HPGe ʜʝʪʝʢʪʦʨʘ. ɸʢʦ ʩʝ ʨʘʜʠ ʦ -́ʪʠʧʫ ʜʝʪʝʢʪʦʨʘ, p+ 

ʢʦʥʪʘʢʪ ʿʝ ʨʝʢʪʠʬʠʨʘʿʫ˂ʠ, ʜʦʢ ʿʝ ʫ ʩʣʫʯʘʿʫ ɜ-ʪʠʧʘ ʪʦ n+ ʢʦʥʪʘʢʪ [Knoll, 2010]. 

ɸʢʪʠʚʥʘ ʟʘʧʨʝʤʠʥʘ ʦʜʥʦʩʥʦ ʦʙʣʘʩʪ ʧʨʦʩʪʦʨʥʦʛ ʥʘʝʣʝʢʪʨʠʩʘˁʘ ʩʝ ʬʦʨʤʠʨʘ ʧʨʠʢˀʫʯʝˁʝʤ ʦʚʘʢʚʦʛ 

n-p ʩʧʦʿʘ ʥʘ ʠʥʚʝʨʟʥʠ bias ʥʘʧʦʥ. ʊʝʭʥʠʢʝ ʿʦʥʩʢʝ ʠʤʧʣʘʥʪʘʮʠʿʝ ʩʝ ʧʨʝʚʘʩʭʦʜʥʦ ʢʦʨʠʩʪʝ ʟʘ 

ʧʨʦʠʟʚʦʜˁʫ ʢʦʥʪʘʢʪʥʠʭ ʩʣʦʿʝʚʘ, ʙʫʜʫ˂ʠ ʜʘ ʩʝ ʥʘ ʦʚʘʿ ʥʘʯʠʥ ʤʦʛʫ ʥʘʧʨʘʚʠʪʠ ʚʝʦʤʘ ʪʘʥʢʠ ʩʣʦʿʝʚʠ, 

ʰʪʦ ʿʝ ʠʟʨʘʟʠʪʦ ʧʦʛʦʜʥʦ ʟʘ ʜʝʪʝʢʮʠʿʫ ʩʣʘʙʦʧʨʦʜʦʨʥʦʛ ʟʨʘʯʝˁʘ ʢʘʦ ʰʪʦ ʩʫ ʛʘʤʘ ʬʦʪʦʥʠ ʥʠʩʢʝ 

ʝʥʝʨʛʠʿʝ ʠ ʍ-ʟʨʘʮʠ. ʨ-ʪʠʧ ʢʦʥʪʘʢʪʠ ʩʝ ʬʦʨʤʠʨʘʿʫ ʨʝʣʘʪʠʚʥʦ ʿʝʜʥʦʩʪʘʚʥʦ, ʠʤʧʣʘʥʪʘʮʠʿʦʤ ʘʪʦʤʘ ʙʦʨʘ 

(B). ʋ ʩʣʫʯʘʿʫ n-ʪʠʧʘ ʢʦʥʪʘʢʘʪʘ, ˁʠʭʦʚʘ ʧʨʦʠʟʚʦʜˁʘ ʿʝ ʥʝʰʪʦ ʨʝʹʘ, ʙʫʜʫ˂ʠ ʜʘ ʩʝ ʧʨʦʮʝʩʦʤ 

ʠʤʧʣʘʥʪʘʮʠʿʝ ʩʪʚʘʨʘʿʫ ʘʢʮʝʧʪʦʨʩʢʘ ʤʝʩʪʘ ʫ ʢʨʠʩʪʘʣʫ ʛʝʨʤʘʥʠʿʫʤʘ. ʂʘʜʘ ʩʝ ʧʨʦʠʟʚʦʜʝ, n-ʪʠʧ 

ʢʦʥʪʘʢʪʠ ʩʝ ʨʝʘʣʠʟʫʿʫ ʠʤʧʣʘʥʪʘʮʠʿʦʤ ʘʪʦʤʘ ʬʦʩʬʦʨʘ (P), ʘʣʠ ʿʝ ʫ ʧʨʦʮʝʩʫ ʧʨʦʠʟʚʦʜˁʝ ʧʦʪʨʝʙʘʥ 

ʢʦʨʘʢ ʢʦʿʠ ʧʦʜʨʘʟʫʤʝʚʘ ʟʘʭʪʝʚʥʦ ʞʘʨʝˁʝ ʢʘʢʦ ʙʠ ʜʦʥʦʨʩʢʠ ʘʪʦʤʠ ʧʦʩʪʘʣʠ ʝʣʝʢʪʨʠʯʥʦ ʘʢʪʠʚʥʠ. 

ʋʩʣʝʜ ʥʘʚʝʜʝʥʝ ʯʠˁʝʥʠʮʝ, ʚʝ˂ʠʥʘ ʢʦʥʪʘʢʘʪʘ n-ʪʠʧʘ ʩʝ ʠ ʜʘˀʝ ʧʨʦʠʟʚʦʜʝ ʜʠʬʫʟʠʿʦʤ ʣʠʪʠʿʫʤʘ (Li), 

ʯʠʤʝ ʩʝ ʜʦʙʠʿʘʿʫ ʟʥʘʪʥʦ ʜʝʙˀʠ ʧʦʚʨʰʠʥʝ ʤʨʪʚʦʛ ʩʣʦʿʘ (dead layer). ʀʥʚʝʨʟʥʠ bias ʥʘʧʦʥ ʧʦʜʨʘʟʫʤʝʚʘ 

ʧʨʠʤʝʥʫ ʧʦʟʠʪʠʚʥʦʛ ʥʘʧʦʥʘ ʥʘ n+ ʢʦʥʪʘʢʪ ʫ ʦʜʥʦʩʫ ʥʘ p+ ʧʦʚʨʰʠʥʫ. ʈʝʛʠʿʘ ʙʝʟ ʩʣʦʙʦʜʥʠʭ ʥʦʩʠʣʘʮʘ 

ʥʘʝʣʝʢʪʨʠʩʘˁʘ (ʘʢʪʠʚʥʘ ʟʘʧʨʝʤʠʥʘ ʜʝʪʝʢʪʦʨʘ) ʧʦʯʠˁʝ ʥʘ n+ ʠʚʠʮʠ n-p ʩʧʦʿʘ (ʮʝʥʪʨʘʣʥʝ ʨʝʛʠʿʝ) ʠ 

ʰʠʨʠ ʩʝ ʩʘ ʧʦʨʘʩʪʦʤ ʧʨʠʤʝˁʝʥʦʛ ʥʘʧʦʥʘ ʜʦʛ ʛʦʪʦʚʦ ʮʝʣʘ ʟʘʧʨʝʤʠʥʘ ʜʝʪʝʢʪʦʨʘ ʥʝ ʦʩʪʘʥʝ ʙʝʟ 

ʩʣʦʙʦʜʥʠʭ ʥʦʩʠʣʘʮʘ ʥʘʝʣʝʢʪʨʠʩʘˁʘ. ɼʘˀʠʤ ʧʦʨʘʩʪʦʤ ʥʘʧʦʥʘ ʩʝ ʜʦʙʠʿʘ ʫʥʠʬʦʨʤʥʠ ʧʦʨʘʩʪ 

ʚʨʝʜʥʦʩʪʠ ʿʘʯʠʥʝ ʝʣʝʢʪʨʠʯʥʦʛ ʧʦˀʘ ʫ ʮʝʣʦʤ ʜʝʪʝʢʪʦʨʫ. ʇʦʞʝˀʥʦ ʿʝ ʜʘ ʩʝ ʧʨʠʤʝˁʝʥʠ ʥʘʧʦʥ ʜʦʜʘʪʥʦ 

ʧʦʚʝ˂ʘ (overvoltage) ʪʦʣʠʢʦ ʜʘ ʤʠʥʠʤʘʣʥʘ ʚʨʝʜʥʦʩʪ ʿʘʯʠʥʝ ʝʣʝʢʪʨʠʯʥʦʛ ʧʦˀʘ ʙʫʜʝ ʜʦʚʦˀʥʦ ʚʝʣʠʢʘ 

ʜʘ ʧʨʝʜʘ ʩʘʪʫʨʠʟʘʮʠʦʥʫ ʙʨʟʠʥʫ ʜʨʠʬʪʘ (ʙʨʟʠʥʘ ʜʨʠʬʪʘ ʢʦʿʘ ʜʘˀʝ ʥʝ ʟʘʚʠʩʠ ʦʜ ʧʦʨʘʩʪʘ ʝʣʝʢʪʨʠʯʥʦʛ 

ʧʦˀʘ) ʥʦʩʠʦʮʠʤʘ ʥʘʝʣʝʢʪʨʠʩʘˁʘ, ʯʠʤʝ ʩʝ ʤʠʥʠʤʘʣʠʟʫʿʫ ʥʝʞʝˀʝʥʠ ʝʬʝʢʪʠ ʧʦʧʫʪ ʟʘʨʦʙˀʘʚʘˁʘ ʠ 

ʨʝʢʦʤʙʠʥʘʮʠʿʝ ʥʘʝʣʝʢʪʨʠʩʘˁʘ ʢʘʦ ʠ ʚʨʝʤʝ ʩʘʢʫʧˀʘˁʘ ʥʘʝʣʝʢʪʨʠʩʘˁʘ. ʋ ʩʣʫʯʘʿʫ ʛʝʨʤʘʥʠʿʫʤʘ (Ge) 

ʥʘ ʥʦʨʤʘʣʥʦʿ ʦʧʝʨʘʪʠʚʥʦʿ ʪʝʤʧʝʨʘʪʫʨʠ ʦʜ 77ʂ, ʩʘʪʫʨʠʟʘʮʠʦʥʝ (ʤʘʢʩʠʤʘʣʥʝ) ʙʨʟʠʥʝ ʝʣʝʢʪʨʦʥʘ ʩʝ 

ʜʦʩʪʠʞʫ ʧʨʠ ʚʨʝʜʥʦʩʪʠʤʘ ʿʘʯʠʥʝ ʝʣʝʢʪʨʠʯʥʦʛ ʧʦˀʘ ʦʜ ʦʢʦ 105 V/m, ʜʦʢ ʿʝ ʟʘ ʧʦʩʪʠʟʘˁʝ ʦʚʠʭ ʙʨʟʠʥʘ 

ʫ ʩʣʫʯʘʿʫ ʰʫʧˀʠʥʘ ʧʦʪʨʝʙʥʘ ʿʘʯʠʥʘ ʧʦˀʘ 3-5 ʧʫʪʘ ʚʝ˂ʘ. ʄʘʢʩʠʤʘʣʥʠ ʧʨʠʤʝˁʝʥ ʥʘʧʦʥ ʿʝ ʫ ʧʨʘʢʩʠ 

ʦʛʨʘʥʠʯʝʥ ʥʘ 3-5 kV, ʧʨʠ ʢʦʤ ʝʣʝʢʪʨʦʥʠ ʘʣʠ ʥʝ ʠ ʰʫʧˀʠʥʝ ʜʦʩʪʠʞʠ ʩʘʪʫʨʠʟʘʮʠʦʥʫ ʙʨʟʠʥʫ ʜʨʠʬʪʘ. 

ʈʘʟʣʦʛ ʟʘ ʦʚʦ ʩʫ ʧʨʦʙʦʿ ʤʘʪʝʨʠʿʘʣʘ ʠ ʧʦʚʨʰʠʥʩʢʦ ʮʫʨʝˁʝ ʩʪʨʫʿʝ ʧʨʠ ʚʝ˂ʠʤ ʥʘʧʦʥʠʤʘ [Knoll,2010]. 

HPGe ʜʝʪʝʢʪʦʨʠ ʩʝ ʤʦʛʫ ʧʨʦʠʟʚʦʜʠʪʠ ʠ ʥʘ ʥʘʯʠʥ ʜʘ ʦʥʠ ʙʫʜʫ ɜ-ʪʠʧʘ. ʀ ʫ ʦʚʦʤ ʩʣʫʯʘʿʫ ʠʥʚʝʨʟʥʠ bias 

ʥʘʧʦʥ ʧʦʜʨʘʟʫʤʝʚʘ ʧʨʠʤʝʥʫ ʧʦʟʠʪʠʚʥʦʛ ʥʘʧʦʥʘ ʥʘ n+ ʢʦʥʪʘʢʪ ʫ ʦʜʥʦʩʫ ʥʘ p+ ʧʦʚʨʰʠʥʫ, ʘʣʠ ʩʫ ʫʣʦʛʝ 

ʢʦʥʪʘʢʘʪʘ ʫ ʦʚʦʤ ʩʣʫʯʘʿʫ ʟʘʤʝˁʝʥʝ. p+ ʢʦʥʪʘʢʪ ʿʝ ʫ ʦʚʦʤ ʩʣʫʯʘʿʫ ʨʝʢʪʠʬʠʨʘʿʫ˂ʠ, ʰʪʦ ʜʘˀʝ 

ʧʦʜʨʘʟʫʤʝʚʘ ʜʘ ʩʝ ʩʘ ʧʦʨʘʩʪʦʤ ʥʘʧʦʥʘ ʦʙʣʘʩʪ ʧʨʦʩʪʦʨʥʦʛ ʥʘʝʣʝʢʪʨʠʩʘˁʘ ʰʠʨʠ ʦʜ ʦʚʦʛ ʢʦʥʪʘʢʪʘ 

[Knoll, 2010]. 
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ʇʨʠ ʤʘʢʩʠʤʘʣʥʦʿ ʚʝʣʠʯʠʥʠ ʦʙʣʘʩʪʠ ʧʨʦʩʪʦʨʥʦʛ (ʚʝʟʘʥʦʛ) ʥʝʣʝʢʪʨʠʩʘˁʘ ʠ ʧʨʠ ʚʝʣʠʢʦʤ overvoltage, 

ʝʣʝʢʪʨʠʯʥʦ ʧʦˀʝ ʿʝ ʛʦʪʦʚʦ ʫʥʠʬʦʨʤʥʦ ʫ ʧʨʦʩʪʦʨʫ ʠʟʤʝʹʫ ʢʦʥʪʘʢʘʪʘ. ʋʩʣʝʜ ʪʦʛʘ, ʝʣʝʢʪʨʦʥʠ ʠ 

ʰʫʧˀʠʥʝ ʜʨʠʬʪʫʿʫ ʧʦʜ ʫʪʠʮʘʿʝʤ ʝʣʝʢʪʨʠʯʥʦʛ ʧʦˀʘ ʢʦʥʩʪʘʥʪʥʝ ʿʘʯʠʥʝ ʢʨʦʟ ʮʝʣʫ ʘʢʪʠʚʥʫ ʟʘʧʨʝʤʠʥʫ 

ʜʝʪʝʢʪʦʨʘ. ʋ ʩʣʫʯʘʿʫ ʢʦʘʢʩʠʿʘʣʥʝ ʛʝʦʤʝʪʨʠʿʝ ʢʦʿʘ ˂ʝ ʫ ʥʘʩʪʘʚʢʫ ʙʠʪʠ ʦʧʠʩʘʥʘ, ʝʣʝʢʪʨʠʯʥʦ ʧʦˀʝ 

ʫʥʫʪʘʨ ʘʢʪʠʚʥʝ ʟʘʧʨʝʤʠʥʝ ʜʝʪʝʢʪʦʨʘ ʿʝ ʧʨʠʣʠʯʥʦ ʥʝʫʥʠʬʦʨʤʥʦ ʰʪʦ ʟʘ ʧʦʩʣʝʜʠʮʫ ʠʤʘ ʟʥʘʯʘʿʥʦ ʚʝ˂ʠ 

ʫʪʠʮʘʿ ʥʘ ʜʠʥʘʤʠʢʫ ʢʨʝʪʘˁʘ ʥʦʩʠʣʘʮʘ ʥʘʝʣʝʢʪʨʠʩʘˁʘ ʥʝʛʦ ʰʪʦ ʿʝ ʪʦ ʩʣʫʯʘʿ ʢʦʜ ʧʣʘʥʘʨʥʝ 

ʢʦʥʬʠʛʫʨʘʮʠʿʝ. ʂʦʜ ʧʣʘʥʘʨʥʠʭ HPGe ʜʝʪʝʢʪʦʨʘ, ʜʘ ʙʠ ʥʘʩʪʘʣʦ ʝʣʝʢʪʨʠʯʥʦ ʧʦˀʝ ʜʦʚʦˀʥʦ ʟʘ 

ʝʬʠʢʘʩʥʫ ʢʦʣʝʢʮʠʿʫ ʥʘʝʣʝʢʪʨʠʩʘˁʘ, ʧʦʪʨʝʙʥʦ ʿʝ ʜʘ ʩʝ ʧʨʠʤʝʥʠ ʥʘʧʦʥ ʦʜ ʙʘʨʝʤ 1000 V. ʋ 

ʢʦʥʬʠʛʫʨʘʮʠʿʠ ʧʨʠʢʘʟʘʥʦʿ ʥʘ ʩʣʠʮʠ 4.3, ʤʦʞʝ ʩʝ ʧʨʠʤʝʪʠʪʠ ʜʘ ʩʝ ʧʨʠʤʝˁʝʥ ʥʘʧʦʥ ʧʦʿʘʚˀʫʿʝ ʧʨʝʢʦ 

ʙʦʯʥʠʭ ʧʦʚʨʰʠʥʘ Ge ʜʠʩʢʘ, ʰʪʦ ʿʝ ʫʟʨʦʢ ʧʦʿʘʚʝ ʪʘʢʦʟʚʘʥʠʭ ʩʪʨʫʿʘ ʮʫʨʝˁʘ (leakage currents). 

ʌʣʫʢʪʫʘʮʠʿʝ ʦʚʠʭ ʩʪʨʫʿʘ ʤʦʛʫ ʙʠʪʠ ʫʟʨʦʢ ʥʘʩʪʘʥʢʘ ʰʫʤʘ ʫ ʩʠʛʥʘʣʫ, ʠ ʤʦʛʫ ʜʦʚʝʩʪʠ ʜʦ ʧʦʛʦʨʰʘˁʘ 

ʝʥʝʨʛʝʪʩʢʝ ʨʝʟʦʣʫʮʠʿʝ ʜʝʪʝʢʪʦʨʘ [Knoll,2010]. 

ʇʦʩʪʦʿʝ ʥʘʯʠʥʠ ʜʘ ʩʝ ʧʦʤʝʥʫʪʘ leakage current ʠ ˁʝʥʠ ʣʦʰʠ ʫʪʠʮʘʿʠ ʫ ʚʝʣʠʢʦʿ ʤʝʨʠ ʩʫʟʙʠʿʫ, ʠ ʦʥʠ 

ʩʫ ʧʨʠʢʘʟʘʥʠ ʥʘ ʩʣʠʮʠ 4.4. ʇʨʚʠ ʦʜ ˁʠʭ ʧʨʠʢʘʟʘʥ ʿʝ ʥʘ ʩʣʠʮʠ 4.4ʘ, ʛʜʝ ʩʝ ʦʚʦ ʩʫʟʙʠʿʘˁʝ ʨʝʘʣʠʟʫʿʝ 

ʧʦʤʦ˂ʫ ʫʩʢe ʝʣʝʢʪʨʦʜʝ ʫ ʚʠʜʫ ʟʘʰʪʠʪʥʦʛ ʧʨʩʪʝʥʘ (guard ring) ʢʦʿʘ ʩʝ ʥʘʣʘʟʠ ʦʢʦ ʧʝʨʠʬʝʨʠʿʝ 

ʝʣʝʢʪʨʦʜʝ ʩʘ ʢʦʿʝ ʩʝ ʦʯʠʪʘʚʘ ʩʠʛʥʘʣ ʠ ʠʟʤʝʹʫ ʢʦʿʠʭ ʧʦʩʪʦʿʠ ʦʜʨʝʹʝʥ ʨʘʟʤʘʢ. ʉʪʨʫʿʘ ʮʫʨʝˁʘ ʢʦʿʘ ʪʝʯʝ 

ʧʦ ʙʦʯʥʠʤ ʠʚʠʮʘʤʘ ʢʨʠʩʪʘʣʘ ʿʝ ʥʘ ʦʚʘʿ ʥʘʯʠʥ ʿʝʜʥʦʩʪʘʚʥʦ ʫʟʝʤˀʝʥʘ, ʪʝ ʜʘˀʝ ʥʝ ʤʦʞʝ ʠʤʘʪʠ ʫʪʠʮʘʿ 

ʥʘ ʩʠʛʥʘʣ. ʆʚʠʤ ʩʝ ʥʝʟʥʘʪʥʦ ʩʤʘˁʫʿʝ ʝʬʠʢʘʩʥʦʩʪ ʜʝʪʝʢʮʠʿʝ, ʙʫʜʫ˂ʠ ʜʘ ʿʝ ʧʦʚʨʰʠʥʘ ʝʣʝʢʪʨʦʜʝ ʩʘ 

ʢʦʿʝ ʩʝ ʩʠʛʥʘʣ ʦʯʠʪʘʚʘ ʥʝʟʥʘʪʥʦ ʤʘˁʘ ʥʝʛʦ ʰʪʦ ʙʠ ʙʠʣʘ ʜʘ ʧʦʢʨʠʚʘ ʮʝʣʫ ʧʦʚʨʰʠʥʫ. ʆʚʦ ʥʝ ʤʦʨʘ 

ʥʫʞʥʦ ʠʤʘʪʠ ʥʝʛʘʪʠʚʥʫ ʢʦʥʦʪʘʮʠʿʫ, ʙʫʜʫ˂ʠ ʜʘ ʘʢʪʠʚʥʘ ʟʘʧʨʝʤʠʥʘ ʫ ʦʚʦʤ ʩʣʫʯʘʿʫ ʥʝ ʫʢˀʫʯʫʿʝ ʨʝʛʠʿʝ 

ʢʨʠʩʪʘʣʘ ʢʦʿʝ ʩʝ ʥʘʣʘʟʝ ʙʣʠʟʫ ʠʚʠʮʘ ʜʠʩʢʘ ʛʜʝ ʤʦʞʝ ʜʦ˂ʠ ʜʦ ʟʘʨʦʙˀʘʚʘˁʘ ʥʘʝʣʝʢʪʨʠʩʘˁʘ ʢʦʿʝ 

ʨʝʟʫʣʪʫʿʝ ʧʫʣʩʝʚʠʤʘ ʩʤʘˁʝʥʝ ʘʤʧʣʠʪʫʜʝ, ʰʪʦ ʥʘ ʢʨʘʿʫ ʜʦʚʦʜʠ ʜʦ ʧʦʛʦʨʰʘˁʘ ʝʥʝʨʛʝʪʩʢʝ ʨʝʟʦʣʫʮʠʿʝ 

 

ʉʣʠʢʘ 4.4. ʊʠʧʦʚʠ ʢʦʥʬʠʛʫʨʘʮʠʿʘ ʧʣʘʥʘʨʥʠʭ ʜʝʪʝʢʪʦʨʘ. ɽʣʝʢʪʨʦʜʝ ʩʫ ʧʨʠʢʘʟʘʥʝ ʩʘ 

ʧʨʝʥʘʛʣʘʰʝʥʠʤ ʧʫʥʠʤ ʮʨʥʠʤ ʣʠʥʠʿʘʤʘ [Knoll,2010]. 
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ʜʝʪʝʢʪʦʨʘ. ʅʘ ʩʣʠʮʠ 4.4ʙ ʿ ʝ ʧʨʠʢʘʟʘʥʘ ʢʦʥʬʠʛʫʨʘʮʠʿʘ ʩʘ ʞʣʝʙʦʤ, ʢʦʿʘ ʢʦʨʠʩʪʠ ʬʘʙʨʠʯʢʠ ʫʨʝʟʘʥ ʞʣʝʙ 

ʫ ʢʨʠʩʪʘʣ Ge ʢʘʢʦ ʙʠ ʩʝ ʧʦʚʝ˂ʘʣʘ ʝʬʝʢʪʠʚʥʘ ʧʦʚʨʰʠʥʘ ʨʘʟʤʘʢʘ ʠʟʤʝʹʫ ʟʘʰʪʠʪʥʦʛ ʧʨʩʪʝʥʘ ʠ 

ʝʣʝʢʪʨʦʜʝ ʩʘ ʢʦʿʝ ʩʝ ʦʯʠʪʘʚʘ ʩʠʛʥʘʣ, ʙʝʟ ʫʪʠʮʘʿʘ ʥʘ ʚʝʣʠʯʠʥʫ ʘʢʪʠʚʥʝ ʟʘʧʨʝʤʠʥʝ ʜʝʪʝʢʪʦʨʘ. ɱʦʰ ʿʝʜʥʦ 

ʤʦʛʫ˂ʝ ʨʝʰʝˁʝ ʧʨʠʢʘʟʘʥʦ ʿʝ ʥʘ ʩʣʠʮʠ 4.4ʚ, ʛʜʝ ʝʣʝʢʪʨʦʜʘ ʥʘ ʜʦˁʦʿ ʧʦʚʨʰʠʥʠ ʦʙʫʭʚʘʪʘ ʙʦʯʥʝ ʩʪʨʘʥʝ 

Ge ʜʠʩʢʘ, ʜʦʢ ʿʝ ʛʦʨˁʘ ʝʣʝʢʪʨʦʜʘ ʥʘʧʨʘʚˀʝʥʘ ʪʘʢʦ ʜʘ ʙʫʜʝ ʟʥʘʯʘʿʥʦ ʤʘˁʘ ʦʜ ʛʦʨˁʝ ʧʦʚʨʰʠʥʝ 

ʧʣʘʥʘʨʥʦʛ ʜʝʪʝʢʪʦʨʘ. ʆʚʘ ʢʦʥʬʠʛʫʨʘʮʠʿʘ ʦʤʦʛʫ˂ʘʚʘ ʚʝʣʠʢʠ ʨʘʟʤʘʢ ʠʟʤʝʹʫ ʝʣʝʢʪʨʦʜʘ, ʠ ʢʘʦ ʜʦʜʘʪʥʫ 

ʧʦʛʦʜʥʦʩʪ, ʩʤʘˁʫʿʝ ʢʘʧʘʮʠʪʘʥʮʫ ʜʝʪʝʢʪʦʨʘ ʫ ʦʜʥʦʩʫ ʥʘ ʩʣʫʯʘʿ ʢʘʜ ʙʠ ʛʦʨˁʘ ʝʣʝʢʪʨʦʜʘ ʧʦʢʨʠʚʘʣʘ 

ʮʝʣʫ ʧʦʚʨʰʠʥʫ, ʰʪʦ ʟʘ ʧʦʩʣʝʜʠʮʫ ʠʤʘ ʙʨʞʠ 'ʦʜʛʦʚʦʨ' ʜʝʪʝʢʪʦʨʘ ʢʘʦ ʮʝʣʦʛ ʩʠʩʪʝʤʘ. ʊʘʢʦʹʝ ʧʦʩʪʦʿʠ 

ʠ ʤʦʛʫ˂ʥʦʩʪ ʧʦʙʦˀʰʘˁʘ ʦʜʥʦʩʘ ʩʠʛʥʘʣ/ʰʫʤ, ʙʫʜʫ˂ʠ ʜʘ ʿʝ ʰʫʤ ʩʨʘʟʤʝʨʘʥ ʢʘʧʘʮʠʪʘʥʮʠ ʜʝʪʝʢʪʦʨʘ. 

ʋ ʦʚʦʤ ʩʣʫʯʘʿʫ, ʫʥʠʬʦʨʤʥʦʩʪ ʝʣʝʢʪʨʠʯʥʦʛ ʧʦˀʘ ʢʨʦʟ ʘʢʪʠʚʥʫ ʟʘʧʨʝʤʠʥʫ ʜʝʪʝʢʪʦʨʘ ʿʝ ʫ ʦʜʨʝʹʝʥʦʿ 

ʥʘʨʫʰʝʥʘ ʫ ʦʜʥʦʩʫ ʥʘ ʿʝʜʥʦʩʪʘʚʘʥ ʧʣʘʥʘʨʥʠ ʜʝʪʝʢʪʦʨ, ʪʝ ʿʝ ʠ ʜʠʥʘʤʠʢʘ ʢʨʝʪʘˁʘ ʥʦʩʠʣʘʮʘ 

ʥʘʝʣʝʢʪʨʠʩʘˁʘ ʥʝʟʥʘʪʥʦ ʜʨʫʛʘʯʠʿʘ, ʯʠʤʝ ʿʝ ʜʦʥʝʢʣʝ ʧʦʚʝ˂ʘʥʘ ʚʝʨʦʚʘʪʥʦ˂ʘ ʟʘ ʨʝʢʦʤʙʠʥʘʮʠʿʫ 

ʥʘʝʣʝʢʪʨʠʩʘˁʘ ʠ ʥʘʨʫʰʝʥ ʧʨʦʮʝʩ ʩʘʢʫʧˀʘˁʘ ʥʘʝʣʝʢʪʨʠʩʘˁʘ. ʂʘʢʦ ʿʝ ʛʣʘʚʥʘ ʧʨʠʤʝʥʘ ʦʚʦʛ ʪʠʧʘ 

ʜʝʪʝʢʪʦʨʘ ʫ ʥʠʩʢʦʝʥʝʨʛʝʪʩʢʦʿ ʛʘʤʘ ʩʧʝʢʪʨʦʩʢʦʧʠʿʠ, ʝʣʝʢʪʨʦʜʘ ʢʦʿʘ ʦʙʘʚʠʿʘ Ge ʜʠʩʢ ʩʝ ʧʨʦʠʟʚʦʜʠ ʜʘ 

ʙʫʜʝ ʰʪʦ ʿʝ ʤʦʛʫ˂ʝ ʪʘˁʘ ʢʘʢʦ ʙʠ ʩʝ ʤʠʥʠʤʠʟʠʨʘʣʘ ʘʪʝʥʫʘʮʠʿʘ. ɼʠʩʢ ʿʝ ʦʨʠʿʝʥʪʠʩʘʥ ʪʘʢʦ ʜʘ ʿʝ ʦʚʘ 

ʝʣʝʢʪʨʦʜʘ ʦʢʨʝʥʫʪʘ ʢʘ ʠʥʮʠʜʝʥʪʥʦʤ ʟʨʘʯʝˁʫ [Knoll, 2010]. 

ʂʘʢʦ ʿʝ ʧʨʝʪʭʦʜʥʦ ʚʝ˂ ʨʝʯʝʥʦ, ʧʣʘʥʘʨʥʠ HPGe ʜʝʪʝʢʪʦʨʠ ʩʫ ʦʜʣʠʯʘʥ ʠʟʙʦʨ ʢʘʜʘ ʥʘʤ ʿʝ ʧʦʪʨʝʙʥʘ 

ʚʠʩʦʢʘ ʝʥʝʨʛʝʪʩʢʘ ʨʝʟʦʣʫʮʠʿʘ, ʤʝʹʫʪʠʤ ʪʦ ʿʝ ʤʦʛʫ˂ʝ ʿʝʜʠʥʦ ʥʘ ʨʘʯʫʥ ʝʬʠʢʘʩʥʦʩʪʠ ʜʝʪʝʢʮʠʿʝ ʟʘ ʛʘʤʘ 

ʟʨʘʯʝˁʝ ʚʠʰʠʭ ʝʥʝʨʛʠʿʘ. ʆʚʦ ʧʨʦʠʟʠʣʘʟʠ ʠʟ ʧʨʦʩʪʦ ʬʠʟʠʯʢʠʭ ʦʛʨʘʥʠʯʝˁʘ ʫ ʚʠʜʫ ʜʠʤʝʥʟʠʿʘ ʩʘʤʦʛ 

Ge ʢʨʠʩʪʘʣʘ, ʛʜʝ ʦʥʝ ʿʝʜʥʦʩʪʘʚʥʦ ʥʠʩʫ ʜʦʚʦˀʥʝ ʢʘʢʦ ʙʠ ʩʝ ʥʘ ʝʬʠʢʘʩʘʥ ʥʘʯʠʥ ʟʘʫʩʪʘʚʠʣʦ 

(ʘʪʝʥʫʠʨʘʣʦ) ʚʠʩʦʢʦʝʥʝʨʛʝʪʩʢʦ ʟʨʘʯʝˁʝ. 

4.1.3 ʂʦʘʢʩʠʿʘʣʥʠ ʪʠʧ ʜʝʪʝʢʪʦʨʘ 

ʂʦʜ ʧʣʘʥʘʨʥʝ ʢʦʥʬʠʛʫʨʘʮʠʿʝ HPGe ʜʝʪʝʢʪʦʨʘ, ʫʢʫʧʥʘ ʟʘʧʨʝʤʠʥʘ ʢʨʠʩʪʘʣʘ ʩʝ ʢʨʝ˂ʝ ʫ ʜʝʩʝʪʠʥʘʤʘ 

cm3 ʠ ʦʛʨʘʥʠʯʝʥʘ ʿʝ ʩʘ ʧʨʝʯʥʠʢʦʤ ʫʟʛʘʿʘʥʦʛ ʢʨʠʩʪʘʣʘ ʜʝʙˀʠʥʝ ʦʜʩʝʮʘˁʘ ʠʩʪʦʛ. ʋ ʩʚʘʢʦʜʥʝʚʥʦʿ ʛʘʤʘ 

ʩʧʝʢʪʨʦʤʝʪʨʠʿʠ ʢʦʿʘ ʧʦʜʨʘʟʫʤʝʚʘ ʠ ʘʥʘʣʠʟʫ ʫʟʦʨʢʘ ʧʦʨʝʢʣʦʤ ʠʟ ʞʠʚʦʪʥʝ ʩʨʝʜʠʥʝ, ʟʥʘʯʘʿʥʠʿʘ ʿʝ 

ʧʦʪʨʝʙʘ ʟʘ ʜʝʪʝʢʪʦʨʠʤʘ ʚʝ˂ʝ ʟʘʧʨʝʤʠʥʝ, ʢʦʿʠ ʧʦʩʣʝʜʠʯʥʦ ʠʤʘʿʫ ʫʧʦʪʨʝʙˀʠʚʫ ʝʬʠʢʘʩʥʦʩʪ ʜʝʪʝʢʮʠʿʝ 

ʫ ʰʠʨʝʤ ʝʥʝʨʛʝʪʩʢʦʤ ʦʧʩʝʛʫ. ʆʚʦ ʩʝ ʧʦʩʪʠʞʝ ʮʠʣʠʥʜʨʠʯʥʦʤ ʠʣʠ ʢʦʘʢʩʠʿʘʣʥʦʤ ʛʝʦʤʝʪʨʠʿʦʤ ʢʦʿʘ ʫ 

ʩʝʙʠ ʩʘʜʨʞʠ ʤʥʦʛʦ ʚʝ˂ʫ ʟʘʧʨʝʤʠʥʫ ʢʨʠʩʪʘʣʘ ʘ ʩʘʤʠʤ ʪʠʤ ʠ ʘʢʪʠʚʥʫ ʟʘʧʨʝʤʠʥʫ ʥʝʛʦ ʰʪʦ ʿʝ ʪʦ ʩʣʫʯʘʿ 

ʢʦʜ ʧʣʘʥʘʨʥʝ. ʅʘ ʩʣʠʮʠ 4.5 ʧʨʠʢʘʟʘʥʠ ʩʫ ʧʦʧʨʝʯʥʠ ʧʨʝʩʝʮʠ ʢʦʘʢʩʠʿʘʣʥʝ ʛʝʦʤʝʪʨʠʿʝ ʜʝʪʝʢʪʦʨʘ ʫ ʜʚʝ 

ʨʘʚʥʠ ʢʘʦ ʠ ʨʘʟʣʠʯʠʪʝ ʢʦʥʩʪʨʫʢʮʠʦʥʝ ʚʘʨʠʿʘʮʠʿʝ ʠʩʪʝ. ʋ ʦʚʦʿ ʢʦʥʬʠʛʫʨʘʮʠʿʠ, ʿʝʜʥʘ ʝʣʝʢʪʨʦʜʘ ʿʝ 

ʥʘʧʨʘʚˀʝʥʘ ʜʘ ʙʫʜʝ ʥʘ ʩʧʦˀʥʦʿ ʧʦʚʨʰʠʥʠ ʛʝʨʤʘʥʠʿʫʤʩʢʦʛ ʮʠʣʠʥʜʨʘ, ʜʦʢ ʿʝ ʜʨʫʛʘ ʝʣʝʢʪʨʦʜʘ 

ʦʙʝʟʙʝʹʝʥʘ ʚʘʹʝˁʝʤ ''ʿ ʝʟʛʨʘ'' Ge ʢʨʠʩʪʘʣʘ ʠ ʩʤʝʰʪʘˁʝʤ ʢʦʥʪʘʢʪʘ ʧʨʝʢʦ ʫʥʫʪʨʘʰˁʝ ʧʦʚʨʰʠʥʝ 

ʮʠʣʠʥʜʨʘ. ʂʘʢʦ ʩʝ ʥʘ ʦʚʘʿ ʥʘʯʠʥ ʢʨʠʩʪʘʣ ʤʦʞʝ ʧʨʦʠʟʚʝʩʪʠ ʜʘ ʙʫʜʝ ʜʫʛʘʯʘʢ ʫ ʘʢʩʠʿʘʣʥʦʤ ʧʨʘʚʮʫ, 

ʜʦʩʪʠʞʫ ʘʢʪʠʚʥʝ ʟʘʧʨʝʤʠʥʝ ʜʦ ʯʘʢ 800 cm3. ɱʦʰ ʿʝʜʥʘ ʧʨʝʜʥʦʩʪ ʢʦʘʢʩʠʿʘʣʥʝ ʢʦʥʬʠʛʫʨʘʮʠʿʝ ʿʝ ʪʘ ʜʘ 

ʩʝ, ʢʦʨʠʩʪʝ˂ʠ ʤʘʣʠ ʫʥʫʪʨʘʰˁʠ ʧʨʝʯʥʠʢ, ʤʦʛʫ ʧʨʦʠʟʚʝʩʪʠ ʜʝʪʝʢʪʦʨʠ ʚʝʣʠʢʝ ʟʘʧʨʝʤʠʥʝ ʩʘ ʤʘˁʦʤ 

ʢʘʧʘʮʠʪʘʥʮʦʤ ʥʝʛʦ ʰʪʦ ʙʠ ʪʦ ʙʠʣʦ ʤʦʛʫ˂ʝ ʠʤʧʣʝʤʝʥʪʘʮʠʿʦʤ ʧʣʘʥʘʨʥʝ ʛʝʦʤʝʪʨʠʿʝ [Knoll,2010]. 

Closed-end ʢʦʘʢʩʠʿʘʣʥʘ ʢʦʥʬʠʛʫʨʘʮʠʿʘ ʧʦʜʨʘʟʫʤʝʚʘ ʜʘ ʿʝ ʩʘʤʦ ʜʝʦ ʫʥʫʪʨʘʰˁʝʛ ʿʝʟʛʨʘ Ge ʮʠʣʠʥʜʨʘ 

ʠʟʚʘʹʝʥ, ʪʝ ʩʝ ʩʧʦˀʥʘ ʝʣʝʢʪʨʦʜʘ ʧʨʦʪʝʞʝ ʠ ʧʨʝʢʦ ʨʘʚʥʦʛ ʜʝʣʘ ʮʠʣʠʥʨʘ. ɺʝ˂ʠʥʘ ʢʦʤʝʨʮʠʿʘʣʥʠʭ HPGe 

ʢʦʘʢʩʠʿʘʣʥʠʭ ʜʝʪʝʢʪʦʨʘ ʩʝ ʠ ʧʨʦʠʟʚʦʜʝ ʫ ʦʚʦʿ ʢʦʥʬʠʛʫʨʘʮʠʿʠ ʢʘʢʦ ʙʠ ʩʝ ʠʟʙʝʛʣʝ ʢʦʤʧʣʠʢʘʮʠʿʝ 

ʥʘʩʪʘʣʝ ʫʩʣʝʜ ʩʪʨʫʿʘ ʮʫʨʝˁʘ. ɼʦʜʘʪʥʘ ʧʨʝʜʥʦʩʪ closed-end ʚʘʨʠʿʘʮʠʿʝ ʿʝ ʜʘ ʨʘʚʥʘ ʧʦʚʨʰʠʥʘ ʤʦʞʝ ʜʘ 

ʧʦʩʣʫʞʠ ʟʘ ʜʝʪʝʢʮʠʿʫ ʥʠʩʢʦʝʥʝʨʛʝʪʩʢʦʛ ʟʨʘʯʝˁʘ, ʫʢʦʣʠʢʦ ʩʝ ʢʦʥʩʪʨʫʢʮʠʿʩʢʠ ʥʘ ˁʫ ʩʤʝʩʪʠ ʪʘʥʘʢ 
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ʝʣʝʢʪʨʠʯʥʠ ʢʦʥʪʘʢʪ. ɿʘ ʨʘʟʣʠʢʫ ʦʜ true coaxial, ʢʦʜ closed-end ʢʦʥʬʠʛʫʨʘʮʠʿʝ ʣʠʥʠʿʝ ʝʣʝʢʪʨʠʯʥʦʛ 

ʧʦˀʘ ʥʠʩʫ ʫ ʧʦʪʧʫʥʦʩʪʠ ʨʘʜʠʿʘʣʥʝ, ʪʝ ʧʦʩʪʦʿʠ ʪʝʥʜʝʥʮʠʿʘ ʜʘ ʩʝ ʫ ʘʢʪʠʚʥʦʿ ʟʘʧʨʝʤʠʥʠ ʢʨʠʩʪʘʣʘ 

ʩʪʚʦʨʝ ʨʝʛʠʿʝ ʩʘ ʩʣʘʙʠʿʠʤ ʧʦˀʝʤ (ʦʙʠʯʥʦ ʩʝ ʥʘʣʘʟʝ ʫ ʫʛʣʦʚʠʤʘ ʮʠʣʠʥʜʨʘ), ʫ ʢʦʿʠʤʘ ʥʦʩʠʦʮʠ 

ʥʘʝʣʝʢʪʨʠʩʘˁʘ ʥʝ ʜʦʩʪʠʞʫ ʩʘʪʫʨʘʮʠʦʥʫ ʙʨʟʠʥʫ ʜʨʠʬʪʘ. ʂʘʢʦ ʙʠ ʩʝ ʦʯʫʚʘʦ ʨʘʜʠʿʘʣʥʠ ʢʘʨʘʢʪʝʨ 

ʣʠʥʠʿʘ ʧʦˀʘ ʫʥʫʪʘʨ ʢʨʠʩʪʘʣʘ ʠ ʝʣʠʤʠʥʠʩʘʣʝ ʨʝʛʠʿʝ ʩʘ ʩʣʘʙʠʿʠʤ ʝʣʝʢʪʨʠʯʥʠʤ ʧʦˀʝʤ, ʧʨʦʠʟʚʦʹʘʯʠ 

ʟʘʦʙˀʫʿʫ ʧʨʝʜˁʝ ʫʛʣʦʚʝ ʮʠʣʠʥʜʨʘ ʢʨʠʩʪʘʣʘ (bulletizing) ʠ ʧʨʦʜʫʙˀʫʿʫ ʮʝʥʪʨʘʣʥʫ ʨʫʧʫ ʪʘʢʦ ʜʘ ʙʫʜʝ 

ʰʪʦ ʙʣʠʞʘ ʨʘʚʥʦʿ ʧʦʚʨʰʠʥʠ (ʩʣʠʢʘ 4.5). ʊʘʢʦʹʝ, ʢʦʘʢʩʠʿʘʣʥʠ ʜʝʪʝʢʪʦʨʠ ʩʝ ʤʦʛʫ ʧʨʦʠʟʚʦʜʠʪʠ ʫ ʫ 

well ʢʦʥʬʠʛʫʨʘʮʠʿʠ, ʫ ʢʦʿʦʿ ʿʝ ʦʤʦʛʫ˂ʝʥ ʩʧʦˀʥʠ ʧʨʠʩʪʫʧ ʮʝʥʪʨʘʣʥʦʿ ʨʫʧʠ. ʋ ʦʚʦʿ ʛʝʦʤʝʪʨʠʿʠ ʿʝ 

ʫʟʦʨʘʢ ʧʨʘʢʪʠʯʥʦ ʦʢʨʫʞʝʥ ʜʝʪʝʢʪʦʨʦʤ, ʰʪʦ ʨʝʟʫʣʪʫʿʝ ʠʟʫʟʝʪʥʦ ʚʝʣʠʢʦʤ ʝʬʠʢʘʩʥʦʰ˂ʫ ʜʝʪʝʢʮʠʿʝ. 

ʅʘʨʘʚʥʦ, ʧʦʩʪʦʿʠ ʠ ʥʝʛʘʪʠʚʥʠ ʘʩʧʝʢʪ ʦʚʘʢʚʝ ʛʝʦʤʝʪʨʠʿʝ, ʘ ʪʦ ʿʝ ʚʝʦʤʘ ʠʟʨʘʞʝʥ ʝʬʝʢʘʪ ʢʘʩʢʘʜʥʦʛ 

ʩʫʤʠʨʘˁʘ ʚʠʜˀʠʚ ʫ ʩʧʝʢʪʨʫ ʤʝʨʝʥʦʛ ʤʘʪʝʨʠʿʘʣʘ/ʫʟʦʨʢʘ [Knoll,2010]. 

 

ʉʣʠʢʘ 4.5. ʊʨʠ ʨʘʟʣʠʯʠʪʘ ʪʠʧʘ ʢʦʘʢʩʠʿʘʣʥʝ ʢʦʥʬʠʛʫʨʘʮʠʿʝ (ʛʦʨʝ) ʠ ʧʦʧʨʝʯʥʠ ʧʨʝʩʝʮʠ ʢʨʠʩʪʘʣʘ n- 

ʠ p-ʪʠʧʘ ʢʨʠʩʪʘʣʘ ʩʘ ʦʜʛʦʚʘʨʘʿʫ˂ʠʤ ʢʦʥʬʠʛʫʨʘʮʠʿʘʤʘ ʝʣʝʢʪʨʦʜʘ [Knoll, 2010]. 

ʈʝʢʪʠʬʠʨʘʿʫ˂ʠ ʢʦʥʪʘʢʪ ʩʝ ʫ ʦʚʦʿ ʛʝʦʤʝʪʨʠʿʠ ʤʦʞʝ ʥʘʧʨʘʚʠʪʠ ʜʘ ʙʫʜʝ ʢʘʢʦ ʥʘ ʩʧʦˀʘˁʥʦʿ ʪʘʢʦ ʠ ʥʘ 

ʫʥʫʪʨʘʰˁʦʿ ʧʦʚʨʰʠʥʠ ʢʨʠʩʪʘʣʘ. ʋʢʦʣʠʢʦ ʿʝ ʩʧʦˀʘʰˁʘ ʧʦʚʨʰʠʥʘ ʨʝʢʪʠʬʠʨʘʿʫ˂ʠ ʢʦʥʪʘʢʪ, ʦʙʣʘʩʪ 

ʧʨʦʩʪʦʨʥʦʛ ʥʘʝʣʝʢʪʨʠʩʘˁʘ ʨʘʩʪʝ ʩʘ ʧʦʨʘʩʪʦʤ ʧʨʠʤʝˁʝʥʦʛ ʥʘʧʦʥʘ ʢʘ ʫʥʫʪʨʘ, ʜʦʢ ʥʝ ʜʦʩʪʠʛʥʝ 

ʤʘʢʩʠʤʘʣʥʫ ʟʘʧʨʝʤʠʥʫ. ɸʢʦ ʿʝ ʨʝʢʪʠʬʠʨʘʿʫ˂ʠ ʢʦʥʪʘʢʪ ʫʥʫʪʨʘʰˁʘ ʧʦʚʨʰʠʥʘ, ʘʢʪʠʚʥʘ ʟʘʧʨʝʤʠʥʘ 

ʨʘʩʪʝ ʢʘ ʩʧʦˀʘ, ʠ ʧʦʪʨʝʙʘʥ ʿʝ ʤʥʦʛʦ ʚʝ˂ʠ ʥʘʧʦʥ ʢʘʢʦ ʙʠ ʦʥʘ ʜʦʩʝʛʣʘ ʤʘʢʩʠʤʘʣʥʫ ʚʝʣʠʯʠʥʫ. ʇʨʚʠ 

ʩʣʫʯʘʿ ʦʙʝʟʙʝʹʫʿʝ ʚʝ˂ʫ ʿʘʯʠʥʫ ʝʣʝʢʪʨʠʯʥʦʛ ʧʦˀʘ ʥʘ ʩʧʦˀʘʰˁʝʤ ʢʦʥʪʘʢʪʫ, ʛʜʝ ʩʝ ʥʘʣʘʟʠ ʠ ʚʝ˂ʠʥʩʢʠ 

ʜʝʦ ʟʘʧʨʝʤʠʥʝ ʜʝʪʝʢʪʦʨʘ. ʀʤʘʿʫ˂ʠ ʥʘʚʝʜʝʥʝ ʯʠˁʝʥʠʮʝ ʫ ʚʠʜʫ, ʧʨʦʠʟʚʦʹʘʯʠ ʚʝ˂ʠʥʩʢʠ ʧʨʦʠʟʚʦʜʝ 

ʩʧʦˀʥʠ ʢʦʥʪʘʢʪ ʢʘʦ ʨʝʢʪʠʬʠʨʘʿʫ˂ʠ, ʪʘʯʥʠʿʝ ʟʘ p-ʪʠʧ HPGe ʢʦʘʢʩʠʿʘʣʥʠʭ ʜʝʪʝʢʪʦʨʘ ʩʧʦˀʥʠ ʢʦʥʪʘʢʪ 

˂ʝ ʙʠʪʠ n+, ʜʦʢ ˂ʝ ʢʦʜ n-ʪʠʧa ʜʝʪʝʢʪʦʨʘ ʩʧʦˀʥʠ ʢʦʥʪʘʢʪ ʙʠʪʠ p+. ɺʠʩʦʢʠ ʥʘʧʦʥ ʩʝ ʧʦʚʝʟʫʿʝ ʩʘ 

ʩʧʦˀʘʰˁʠʤ ʢʦʥʪʘʢʪʦʤ ʜʦʢ ʩʝ ʫʥʫʪʨʘʰˁʠ ʢʦʥʪʘʢʪ ʥʘʣʘʟʠ ʙʣʠʟʫ ʧʦʪʝʥʮʠʿʘʣʘ ʫʟʝʤˀʝˁʘ [Knoll,2010].  
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 ɻʘʤʘ ʩʧʝʢʪʨʦʤʝʪʨʠʿʘ ʢʘʦ ʥʝʜʝʩʪʨʫʢʪʠʚʥʘ ʤʝʪʦʜʘ ʥʫʢʣʝʘʨʥʝ ʬʦʨʝʥʟʠʢʝ 

ʋ ʩʣʫʯʘʿʝʚʠʤʘ ʢʘʜʘ ʿʝ ʦʯʫʚʘˁʝ ʬʠʟʠʯʢʦ-ʭʝʤʠʿʩʢʦʛ ʩʪʘˁʘ ʫʟʦʨʢʘ ʠʤʧʝʨʘʪʠʚ (ʰʪʦ ʿʝ ʩʣʫʯʘʿ ʫ 

ʥʫʢʣʝʘʨʥʦʿ ʬʦʨʝʥʟʠʮʠ) ʧʨʚʦ ʩʝ ʧʨʠʙʝʛʘʚʘ ʠʤʧʣʝʤʝʥʪʘʮʠʿʠ ʥʝʜʝʩʪʨʫʢʪʠʚʥʠʭ ʤʝʨʥʠʭ ʪʝʭʥʠʢʘ. ɱʝʜʥʘ 

ʦʜ ˁʠʭ ʿʝ ʠ ʛʘʤʘ ʩʧʝʢʪʨʦʤʝʪʨʠʿʘ. ʆʥʘ ʩʝ ʢʦʨʠʩʪʠ ʜʘ ʩʝ ʥʘ ʨʝʣʘʪʠʚʥʦ ʙʨʟ, ʿʝʬʪʠʥ ʠ ʰʪʦ ʿʝ ʦʜ ʚʝʣʠʢʦʛ 

ʟʥʘʯʘʿʘ- ʥʝʜʝʩʪʨʫʢʪʠʚʘʥ ʥʘʯʠʥ ʠʟʚʨʰʠ ʢʘʨʘʢʪʝʨʠʟʘʮʠʿʘ ʥʫʢʣʝʘʨʥʦʛ ʠʣʠ ʜʨʫʛʦʛ ʨʘʜʠʦʘʢʪʠʚʥʦʛ 

ʤʘʪʝʨʠʿʘʣʘ ʫ ʧʦʛʣʝʜʫ ʝʣʝʤʝʥʪʘʨʥʦʛ ʩʘʩʪʘʚʘ ʠʣʠ ˁʝʛʦʚʘ ʢʘʪʝʛʦʨʠʟʘʮʠʿʘ ʧʨʝʢʦ ʠʟʦʪʦʧʩʢʦʛ ʩʘʩʪʘʚʘ 

ʫʟʦʨʢʘ. ʇʦʨʝʜ ʧʦʤʝʥʫʪʝ ʩʚʨʭʝ, ʛʘʤʘ ʩʧʝʢʪʨʦʤʝʪʨʠʿʘ ʤʦʞʝ ʜʘ ʧʦʩʣʫʞʠ ʠ ʟʘ ʨʝʰʘʚʘˁʝ ʤʘʣʦ 

ʟʘʭʪʝʚʥʠʿʠʭ ʟʘʜʘʪʘʢʘ, ʢʘʦ ʰʪʦ ʩʫ ʧʠʪʘˁʝ ʨʝʧʨʦʮʝʩʫʠʨʘˁʘ ʥʫʢʣʝʘʨʥʦʛ ʤʘʪʝʨʠʿʘʣʘ (ʧʦʥʦʚʥʘ ʫʧʦʪʨʝʙʘ 

ʠʩʪʨʦʰʝʥʦʛ ʥʫʢʣʝʘʨʥʦʛ ʛʦʨʠʚʘ) ʢʘʦ ʠ ˁʝʛʦʚʘ ʩʪʘʨʦʩʪ [Apostol et al.,2016; Fedchenko,2015; Zsigrai, 

Nguyen,2006]. 

ʂʘʦ ʰʪʦ ʿʝ ʧʦʟʥʘʪʦ, ʝʬʠʢʘʩʥʦʩʪ ʜʝʪʝʢʮʠʿʝ HPGe ʜʝʪʝʢʪʦʨʘ ʿʝ ʬʫʥʢʮʠʿʘ ʝʥʝʨʛʠʿʝ ʠʥʮʠʜʝʥʪʥʠʭ ʛʘʤʘ 

ʬʦʪʦʥʘ. ʉʪʦʛʘ, ʦʚʦ ʿʝ ʿʝʜʘʥ ʦʜ ʬʘʢʪʦʨʘ ʢʦʿʠ ʿʝ ʙʠʪʘʥ ʟʘ ʠʟʙʦʨ ʝʥʝʨʛʝʪʩʢʦʛ ʦʧʩʝʛʘ ʢʦʥʢʨʝʪʥʦʛ ʤʝʨʝˁʘ 

ʦʜʥʦʩʥʦ ʪʠʧʘ ʜʝʪʝʢʪʦʨʘ ʢʦʿʠ ˂ʝ ʩʝ ʢʦʨʠʩʪʠʪʠ. ʋ ʥʫʢʣʝʘʨʥʦʿ ʬʦʨʝʥʟʠʮʠ, ʧʨʠ ʛʘʤʘʩʧʝʢʪʨʦʤʝʪʨʠʿʩʢʦʿ 

ʘʥʘʣʠʟʠ, ʯʝʩʪʦ ʧʦʩʪʦʿʠ ʧʦʪʨʝʙʘ ʟʘ ʘʥʘʣʠʟʫ ʥʫʢʣʝʘʨʥʠʭ ʤʘʪʝʨʠʿʘʣʘ ʢʦʿʠ ʫ ʩʝʙʠ ʩʘʜʨʞʝ ʧʣʫʪʦʥʠʿʫʤʩʢʝ 

ʠ ʫʨʘʥʠʿʫʤʩʢʝ ʠʟʦʪʦʧʝ. ʋ ʟʘʚʠʩʥʦʩʪʠ ʦʜ ʢʦʥʢʨʝʪʥʦʛ ʠʟʦʪʦʧʘ, ʦʥʠ ʥʝʢʘʜ ʤʦʛʫ ʙʠʪʠ ʜʠʨʝʢʪʥʦ ʤʝʨʝʥʠ 

ʧʨʝʢʦ ʩʦʧʩʪʚʝʥʠʭ ʛʘʤʘ ʧʠʢʦʚʘ, ʜʦʢ ʩʝ ʫ ʜʨʫʛʠʤ ʩʣʫʯʘʿʝʚʠʤʘ (ʢʘʜʘ ʨʘʜʠʦʠʟʦʪʦʧ ʥʠʿʝ ʛʘʤʘ ʝʤʠʪʝʨ) 

ˁʠʭʦʚʘ ʘʢʪʠʚʥʦʩʪ ʦʜʨʝʹʫʿʝ ʧʦʤʦ˂ʫ ʛʘʤʘ ʧʠʢʦʚʘ ʧʦʪʦʤʘʢʘ.  

4.2.1 ɽʥʝʨʛʠʿʝ ʦʜ ʠʥʪʝʨʝʩʘ ʧʨʠ ʘʥʘʣʠʟʠ ʥʫʢʣʝʘʨʥʦʛ ʤʘʪʝʨʠʿʘʣʘ 

ʉʪʝʧʝʥ ʦʙʦʛʘ˂ʝˁʘ ʫʨʘʥʠʿʫʤʩʢʠʭ ʫʟʦʨʘʢʘ (HEU- ʚʠʩʦʢʦ-ʦʙʦʛʘ˂ʝʥ, LEU- ʥʠʩʢʦ-ʦʙʦʛʘ˂ʝʥ ʠ DEU ï 

ʦʩʠʨʦʤʘʰʝʥ ʫʨʘʥʠʿʫʤ) ʢʦʿʠ ʿʝ ʫʩʢʦ ʚʝʟʘʥ ʟʘ ʢʦʥʮʝʥʪʨʘʮʠʿʫ 235U ʩʝ ʦʜʨʝʹʫʿʝ ʧʦʤʦ˂ʫ ʧʠʢʦʚʘ ʥʘ 

ʝʥʝʨʛʠʿʘʤʘ ʦʜ 143.8, 163.3, 185.7,194.9 ʠ 205.3 keV. ɸʢʪʠʚʥʦʩʪ 238U ʩʝ ʦʜʨʝʹʫʿʝ ʧʨʝʢʦ ʘʢʪʠʚʥʦʩʪʠ 

ʧʦʪʦʤʘʢʘ, ʧʨʝ ʩʚʝʛʘ 234mPa ʥʘ ʝʥʝʨʛʠʿʘʤʘ 250.3, 766.4 ʠ 1001.0 keV. ʀʟʦʪʦʧʩʢʠ ʦʜʥʦʩʠ 

(ʢʦʥʮʝʥʪʨʘʮʠʿʝ) ʫʨʘʥʠʿʫʤʘ ʩʝ ʫ ʧʨʘʢʩʠ ʯʝʩʪʦ ʠʟʨʘʞʘʚʘʿʫ ʫ ʦʜʥʦʩʫ ʥʘ 238U. ʆʜʥʦʩ 234U/238U ʩʝ ʢʦʨʠʩʪʠ 

ʟʘ ʦʜʨʝʹʠʚʘˁʝ ʩʪʘʨʦʩʪʠ ʤʘʪʝʨʠʿʘʣʘ (ʚʨʝʤʝʥʘ ʧʨʦʪʝʢʣʦʛ ʦʜ ʧʦʩʣʝʜˁʝ ʭʝʤʠʿʩʢʝ ʩʝʧʘʨʘʮʠʿʝ), ʛʜʝ 234U 

ʝʤʠʪʫʿʝ ʛʘʤʘ ʬʦʪʦʥ ʝʥʝʨʛʠʿʝ 120.9 keV. ɿʘʪʫʧˀʝʥʦʩʪ ʠʟʦʪʦʧʘ 234U ʤʦʞʝ ʩʝ ʢʦʨʠʩʪʠʪʠ ʢʘʦ ʠʥʜʠʢʘʪʦʨ 

ʛʝʦʛʨʘʬʩʢʦʛ ʧʦʨʝʢʣʘ ʨʫʜʝ ʫʨʘʥʠʿʫʤʘ, ʘʢʦ ʩʝ ʠʩʢʦʨʠʩʪʠ ʯʠˁʝʥʠʮʘ ʜʘ ʠʟʦʪʦʧʩʢʘ ʟʘʩʪʫʧˀʝʥʦʩʪ 

ʢʦʥʢʨʝʪʥʦ ʦʚʦʛ ʠʟʦʪʦʧʘ ʥʝʟʥʘʪʥʦ ʚʘʨʠʨʘ ʫ ʟʘʚʠʩʥʦʩʪʠ ʦʜ ʣʦʢʘʮʠʿʝ ʠʩʢʦʧʘʚʘˁʘ ʨʫʜʝ. ʆʜʥʦʩ 236U/238U 

(ʢʦʨʠʩʪʝ˂ʠ ʝʥʝʨʛʠʿʫ 49.4 keV) ʩʝ ʢʦʨʠʩʪʠ ʟʘ ʫʪʚʨʹʠʚʘˁʝ ʨʝʧʨʦʮʝʩʫʠʨʘˁʘ ʤʘʪʝʨʠʿʘʣʘ (ʜʘ ʣʠ ʿʝ 

ʧʨʝʪʭʦʜʥʦ ʙʠʦ ʦʟʨʘʯʠʚʘʥ ʫ ʨʝʘʢʪʦʨʫ), ʜʦʢ ʩʝ ʠʟʦʪʦʧʠ 233U ʠ 232U ʢʦʿʠ ʩʝ ʪʘʢʦʹʝ ʢʦʨʠʩʪʝ ʟʘ 

ʦʜʨʝʹʠʚʘˁʝ ʩʪʘʨʦʩʪʠ ʤʘʪʝʨʠʿʘʣʘ ʧʦʨʝʜʝ ʩʘ ʠʟʦʪʦʧʦʤ 229Th ʫʤʝʩʪʦ 238U. ʇʨʠʩʫʩʪʚʦ 232U ʿʝ ʪʘʢʦʹʝ 

ʠʥʜʠʢʘʪʠʚʥʦ ʟʘ ʧʨʠʩʫʩʪʚʦ ʛʦʨʝ ʧʦʤʝʥʫʪʦʛ 236U, ʙʫʜʫ˂ʠ ʜʘ ʿʝ ʦʥ ʚʝʦʤʘ ʪʝʰʢʦ ʚʠʜˀʠʚ ʫ ʛʘʤʘ 

ʩʧʝʢʪʨʠʤʘ ʟʙʦʛ ʬʦʪʦʧʠʢʦʚʘ ʩʣʘʙʦʛ ʠʥʪʝʥʟʠʪʝʪʘ. ʇʨʠʩʫʩʪʚʦ 236U ʿʝ ʚʝʦʤʘ ʙʠʪʥʦ ʟʘ ʦʧʝʨʘʪʦʨʝ 

ʥʫʢʣʝʘʨʥʠʭ ʨʝʘʢʪʦʨʘ ʙʫʜʫ˂ʠ ʜʘ ʿʝ ʦʥ ʘʧʩʦʨʙʝʨ ʥʝʫʪʨʦʥʘ [Fedchenko,2015; Ramebäck et al.,2008; 

Zsigrai et al.,2015]. 

ʇʨʠ ʘʥʘʣʠʟʠ ʤʘʪʝʨʠʿʘʣʘ ʢʦʿʠ ʩʘʜʨʞʠ Pu, ʩʠʪʫʘʮʠʿʘ ʿʝ ʚʝʦʤʘ ʩʣʠʯʥʘ ʛʦʨʝ ʧʦʤʝʥʫʪʦʿ. ɺʝ˂ʠʥʘ 

ʧʣʫʪʦʥʠʿʫʤʩʢʠʭ ʠʟʦʪʦʧʘ (238Pu-242Pu) ʩʫ ʪʘʢʦʹʝ ʛʘʤʘ-ʝʤʠʪʝʨʠ. ʀʟʦʪʦʧ ʢʦʿʠ ʩʝ ʢʦʨʠʩʪʠ ʧʨʝʚʘʩʭʦʜʥʦ 

ʟʘ ʠʟʨʘʜʫ ʥʫʢʣʝʘʨʥʦʛ ʥʘʦʨʫʞʘˁʘ, 239Pu, ʝʤʠʪʫʿʝ ʛʘʤʘ ʟʨʘʯʝˁʝ ʝʥʝʨʛʠʿʘ 129.4 ʠ 413.7 keV, ʜʦʢ 

ʧʨʠʩʫʩʪʚʦ 240Pu ʫʪʚʨʹʫʿʝʤʦ ʧʨʝʛʦ ʛʘʤʘ ʧʠʢʦʚʘ ʥʘ 45.2 ʠ 160.3 keV. ɸʢʪʠʚʥʦʩʪ ʠʟʦʪʦʧʘ ʢʦʿʠ 

ʧʨʘʢʪʠʯʥʦ ʥʝʤʘʿʫ ʚʠʜˀʠʚʠʭ ʛʘʤʘ ʣʠʥʠʿʘ ʢʘʦ ʰʪʦ ʿʝ 241Pu, ʦʜʨʝʹʫʿʝʤʦ ʧʨʝʢʦ ˁʠʭʦʚʠʭ ʧʦʪʦʤʘʢʘ, ʰʪʦ 

ʿʝ ʫ ʦʚʦʿ ʠʥʩʪʘʥʮʠ 241Am ʠ ˁʝʛʦʚʘ ʛʘʤʘ ʣʠʥʠʿʘ ʥʘ 59.5 keV. ʀʟʦʪʦʧʠ ʢʦʿʠ ʩʫ ʧʨʝʚʘʩʭʦʜʥʦ ʬʠʩʠʦʥʠ 

ʧʨʦʜʫʢʪʠ (95Zr, 106Ru, 134Cs, 137Cs, 237Np ʠ ʜʨʫʛʠ), ʦʜʥʦʩʥʦ ˁʠʭʦʚʝ ʛʘʤʘ ʣʠʥʠʿʝ, ʤʦʛʫ ʩʝ ʥʘ˂ʠ ʫ 
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ʩʧʝʢʪʨʠʤʘ ʤʘʪʝʨʠʿʘʣʘ ʢʦʿʠ ʩʫ ʦʪʧʘʜ ʦʜ ʥʫʢʣʝʘʨʥʝ ʝʢʩʧʣʦʟʠʿʝ ʠʣʠ ʠʩʪʨʦʰʝʥʦ ʥʫʢʣʝʘʨʥʦ ʛʦʨʠʚʦ 

ʙʫʜʫ˂ʠ ʜʘ ʠʤʘʿʫ ʜʫʛʘʯʘʢ ʧʝʨʠʦʜ ʧʦʣʫʨʘʩʧʘʜʘ. ʂʘʦ ʪʘʢʚʠ ʧʨʝʜʩʪʘʚˀʘʿʫ ʦʧʘʩʥʦʩʪ ʧʦ ʞʠʚʦʪʥʫ ʩʨʝʜʠʥʫ 

[Fedchenko,2015]. 

4.2.2 ʌʦʥʩʢʦ ʟʨʘʯʝˁʝ 

ʌʦʥʩʢʦ ʟʨʘʯʝˁʝ ʫ ʚʝ˂ʠʥʠ ʨʫʪʠʥʩʢʠʭ ʤʝʨʝˁʘ ʧʨʝʜʩʪʘʚˀʘ ʥʝʞʝˀʝʥʫ ʢʦʤʧʦʥʝʥʪʫ ʩʧʝʢʪʨʘ ʛʘʤʘ 

ʟʨʘʯʝˁʘ. ʆʥʦ ʥʘʿʚʝ˂ʠʤ ʫʜʝʣʦʤ ʧʦʪʠʯʝ ʦʜ ʢʦʩʤʠʯʢʦʛ ʟʨʘʯʝˁʘ, ʟʘʰʪʠʪʝ ʠ ʝʣʝʢʪʨʦʥʠʢʝ, 

ʨʘʜʠʦʘʢʪʠʚʥʠʭ ʥʝʯʠʩʪʦ˂ʘ ʫ ʜʝʪʝʢʪʦʨʩʢʦʤ ʩʠʩʪʝʤʫ ʠ ʥʘʨʘʚʥʦ ʩʧʦˀʘʰˁʝʛ ʧʨʠʨʦʜʥʦʛ ʠ ʚʝʰʪʘʯʢʦʛ 

ʟʨʘʯʝˁʘ ʠʟ ʦʢʦʣʠʥʝ. HPGe ʜʝʪʝʢʪʦʨʠ ʥʘʿʚʝ˂ʫ ʝʬʠʢʘʩʥʦʩʪ ʜʝʪʝʢʮʠʿʝ ʠʤʘʿʫ ʫ ʥʠʩʢʦʝʥʝʨʛʝʪʩʢʦʿ 

ʦʙʣʘʩʪʠ, ʛʜʝ ʩʝ ʫʧʨʘʚʦ ʥʘʣʘʟʠ ʠ ʚʝ˂ʠʥʩʢʠ ʫʜʝʦ ʧʦʟʘʜʠʥʩʢʦʛ (ʬʦʥʩʢʦʛ) ʟʨʘʯʝˁʘ. ʇʦʩʪʦʿʠ ʥʝʢʦʣʠʢʦ 

ʨʝʰʝˁʘ ʟʘ ʨʝʜʫʢʮʠʿʫ ʬʦʥʘ, ʢʘʜʘ ʧʨʠʯʘʤʦ ʦ HPGe ʜʝʪʝʢʪʦʨʩʢʦʤ ʩʠʩʪʝʤʫ ʩʘ ʢʨʠʦʩʪʘʪʦʤ. 

ʅʘʿʿʝʜʥʦʩʪʘʚʥʠʿʝ ʦʜ ˁʠʭ ʿʝ ʜʘ ʩʝ ʠʟ ʙʣʠʞʝ ʦʢʦʣʠʥʝ ʜʝʪʝʢʪʦʨʩʢʦʛ ʩʠʩʪʝʤʘ ʫʢʣʦʥʝ ʩʚʝ ʢʦʤʧʦʥʝʥʪʝ 

ʢʦʿʝ ʜʦʧʨʠʥʦʩʝ ʬʦʥʫ ʘ ʥʠʩʫ ʥʝʦʧʭʦʜʥʝ. ʋʢʦʣʠʢʦ ʦʚʦ ʥʠʿʝ ʜʦʚʦˀʥʦ ʜʘ ʩʝ ʬʦʥ ʩʧʫʩʪʠ ʥʘ 

ʟʘʜʦʚʦˀʘʚʘʿʫ˂ʠ ʥʠʚʦ, ʧʨʠʙʝʛʘʚʘ ʩʝ ʢʦʥʩʪʨʫʢʮʠʿʠ ʟʘʰʪʠʪʝ ʦʢʦ ʩʠʩʪʝʤʘ. ʆʧʝʪ, ʦʚʘ ʟʘʰʪʠʪʘ ʤʦʞʝ ʙʠʪʠ 

ʨʝʘʣʠʟʦʚʘʥʘ ʥʘ ʜʚʘ ʥʘʯʠʥʘ: ʘʢʪʠʚʥʘ (ʚʝʪʦ) ʠ ʧʘʩʠʚʥʘ ʟʘʰʪʠʪʘ. ɸʢʪʠʚʥʘ ʟʘʰʪʠʪʘ ʫ ʩʪʚʘʨʠ ʧʨʝʜʩʪʘʚˀʘ 

ʜʦʜʘʪʥʠ ʜʝʪʝʢʪʦʨ (ʫʛʣʘʚʥʦʤ ʩʫ ʪʦ ʦʨʛʘʥʩʢʠ ʧʣʘʩʪʠʯʥʠ ʩʮʠʥʪʠʣʘʪʦʨʠ (BGO)), ʢʦʿʠ ʩʝ 

ʘʥʪʠʢʦʠʥʮʠʜʝʥʪʥʦ ʧʦʚʝʞʫ ʩʘ HPGe ʜʝʪʝʢʪʦʨʦʤ, ʥʘ ʪʘʿ ʥʘʯʠʥ ʜʘ ʛʘ ʚʝʪʦ ʜʝʪʝʢʪʦʨʠ ʠʣʠ ʫ ʧʦʪʧʫʥʦʩʪʠ 

ʠʣʠ ʫ ʥʝʢʦʣʠʢʦ ʧʨʘʚʘʮʘ ʦʢʨʫʞʫʿʫ. ʋ ʧʨʘʢʩʠ ʦʚʦ ʟʥʘʯʠ ʜʘ ʩʝ ʦʜʙʘʮʫʿʝ ʩʚʘʢʠ ʜʦʛʘʹʘʿ ʢʦʿʠ ʿʝ ʧʨʚʦ 

ʜʝʪʝʢʪʦʚʘʥ ʫ ʚʝʪʦ ʜʝʪʝʢʪʦʨʫ, ʘ ʧʦʪʦʤ ʫ ʛʝʨʤʘʥʠʿʫʤʩʢʦʤ, ʦʜʥʦʩʥʦ ʥʘ ʦʚʘʿ ʥʘʯʠʥ ʩʝ ʦʜʙʘʮʫʿʫ ʩʚʠ 

ʩʠʛʥʘʣʠ ʢʦʿʠ ʧʦʪʠʯʫ ʠʟ ʦʢʦʣʠʥʝ ʜʝʪʝʢʪʦʨʘ ʘ ʥʝ ʤʝʨʝʥʦʛ ʫʟʦʨʢʘ. ʆʚʦ ʟʘ ʧʦʩʣʝʜʠʮʫ ʠʤʘ ʟʥʘʪʥʦ ʥʠʞʫ 

ʩʪʘʪʠʩʪʠʢʫ ʜʦʛʘʹʘʿʘ, ʠ ʫ ʦʚʦʿ ʠʥʩʪʘʥʮʠ ʿʝ ʧʦʪʨʝʙʥʦ ʤʥʦʛʦ ʜʫʞʝ ʚʨʝʤʝ ʘʢʚʠʟʠʮʠʿʝ ʟʘ ʢʦʨʠʩʪʘʥ ʛʘʤʘ 

ʩʧʝʢʪʘʨ. ʐʪʦ ʩʝ ʪʠʯʝ ʧʘʩʠʚʥʠʭ ʟʘʰʪʠʪʘ, ʦʥʝ ʩʝ ʫʛʣʘʚʥʦʤ ʧʨʘʚʝ ʦʜ ʦʣʦʚʘ (Pb), ʙʫʜʫ˂ʠ ʜʘ ʿʝ ʦʥʦ 

ʢʦʤʝʨʮʠʿʘʣʥʦ ʣʘʢʦ ʜʦʩʪʫʧʥʦ ʠ ʠʤʘ ʚʝʣʠʢʫ ʛʫʩʪʠʥʫ ʰʪʦ ʛʘ ʯʠʥʠ ʝʬʠʢʘʩʥʠʤ ʫ ʘʪʝʥʫʘʮʠʿʠ ʛʘʤʘ ʟʨʘʢʘ. 

ʄʝʹʫʪʠʤ, ʠ ʦʥʦ ʠʤʘ ʦʜʨʝʹʝʥʠʭ ʤʘʥʘ ï ʧʨʘʢʪʠʯʥʦ ʩʚʘʢʦ ʣʘʢʦʜʦʩʪʫʧʥʦ ʦʣʦʚʦ ʿʝ ʫ ʦʜʨʝʹʝʥʦʿ ʤʝʨʠ 

ʢʦʥʪʘʤʠʥʠʨʘʥʦ ʩʚʦʿʠʤ ʠʟʦʪʦʧʦʤ 210Pb, ʢʦʿʠ ʩʚʦʿʝ ʧʦʨʝʢʣʦ ʫʛʣʘʚʥʦʤ ʚʦʜʠ ʿʦʰ ʠʟ ʨʫʜʝ ʦʣʦʚʘ. ʇʝʨʠʦʜ 

ʧʦʣʫʨʘʩʧʘʜʘ 210Pb ʠʟʥʦʩʠ 22.2 ʛʦʜʠʥʝ, ʠ ʦʥʦ ʜʦʧʨʠʥʦʩʠ ʬʦʥʫ ʜʚʦʿʘʢʦ - ʩʚʦʿʠʤ ʛʘʤʘ ʬʦʪʦʥʦʤ ʝʥʝʨʛʠʿʝ 

46.5 keV ʢʘʦ ʠ bremsstrahlung ʢʦʥʪʠʥʫʫʤʦʤ ʜʦ 1.16 MeV, ʢʦʿʠ ʧʦʪʠʯʝ ʦʜ ʙʝʪʘ ʨʘʩʧʘʜʘ 210Bi, ʢʦʿʠ ʿʝ 

ʿʝʜʘʥ ʦʜ ʧʦʪʦʤʘʢʘ 210Pb. ʊʘʢʦʹʝ ʪʫ ʩʫ ʠ ʬʣʫʦʨʝʩʮʝʥʪʥʠ ʍ-ʟʨʘʮʠ, ʥʘ ʝʥʝʨʛʠʿʘʤʘ 74.9 keV ʠ 84.9 keV, 

ʢʦʿʠ ʥʘʩʪʘʿʫ ʫʩʣʝʜ ʠʥʪʝʨʘʢʮʠʿʘ ʛʘʤʘ ʬʦʪʦʥʘ ʩʘ ʦʣʦʚʥʦʤ ʟʘʰʪʠʪʦʤ. ʂʘʢʦ ʙʠ ʩʝ ʩʤʘˁʠʦ ʫʪʠʮʘʿ 210Pb 

ʥʘ ʬʦʥ, ʧʨʝʧʦʨʫʯʫʿʝ ʩʝ ʢʦʨʠʰôʝˁʝ 'ʩʪʘʨʦʛ' ʦʣʦʚʘ (ʦʜ ʩʪʘʨʠʭ ʦʣʦʚʥʠʭ ʚʦʜʦʚʦʜʥʠʭ ʮʝʚʠ, ʙʘʣʘʩʪ ʪʝʛʦʚʘ 

ʩʘ ʩʪʘʨʠʭ ʙʨʦʜʦʚʘ, ʠʪʜ.). [Fedchenko,2015; Verplancke,1992]. 

ʋʢʦʣʠʢʦ ʬʦʥ ʧʦʩʪʠʛʥʫʪ ʧʨʝʪʭʦʜʥʦ ʦʧʠʩʘʥʦʤ ʤʝʪʦʜʦʤ ʥʠʿʝ ʥʘ ʟʘʜʦʚʦˀʘʚʘʿʫ˂ʝ ʥʠʩʢʦʤ ʥʠʚʦʫ, 

ʧʨʠʙʝʛʘʚʘ ʩʝ ʢʦʥʩʪʨʫʢʮʠʿʠ ʩʣʦʿʝʚʠʪʝ ʟʘʰʪʠʪʝ. ʅʘʿʯʝʰ˂ʘ ʫ ʫʧʦʪʨʝʙʠ ʿʝ ʢʦʤʙʠʥʘʮʠʿʘ 3 ʤʘʪʝʨʠʿʘʣʘ: 

ʫʥʫʪʨʘʰˁʠ ʪʘʥʢʠ ʩʣʦʿ (ʨʝʜʘ ʥʝʢʦʣʠʢʦ mm-1cm) ʧʨʘʚʠ ʩʝ ʦʜ ʫʣʪʨʘ-ʯʠʩʪʦʛ ʝʣʝʢʪʨʦʣʠʪʠʯʢʦʛ ʙʘʢʨʘ 

(Cu), ʧʦʩʣʝ ʢʦʛʘ ʩʣʝʜʠ ʪʘʢʦʹʝ ʪʘʥʘʢ ʤʝʹʫʩʣʦʿ ʦʜ ʫʣʪʨʘ-ʯʠʩʪʦʛ ʢʘʣʘʿʘ (Sn), ʜʦʢ ʿʝ ʩʧʦˀʘʰˁʠ (ʠ 

ʥʘʿʤʘʩʠʚʥʠʿʠ) ʩʣʦʿ ʥʘʧʨʘʚˀʝʥ ʦʜ ʦʣʦʚʘ (Pb). ʆʚʘʿ ʩʣʦʿ ʫ ʥʝʢʠʤ ʩʣʫʯʘʿʝʚʠʤʘ ʤʦʞʝ ʜʘ ʩʝ ʩʘʩʪʦʿʠ ʦʜ 

ʜʚʘ ʜʝʣʘ ï ʪʘˁʝʛ ʫʥʫʪʨʘʰˁʝʛ ʩʣʦʿʘ ʢʦʿʠ ʥʘʣʝʞʝ ʥʘ ʩʣʦʿ ʦʜ ʢʘʣʘʿʘ, ʢʦʿʠ ʿʝ ʥʘʧʨʘʚˀʝʥ ʦʜ ʨʘʜʠʦ-ʯʠʩʪʦʛ 

ʦʣʦʚʘ ʢʦʿʝ ʛʦʪʦʚʦ ʜʘ ʥʝ ʩʘʜʨʞʠ 210Pb ʠ ʤʘʩʠʚʥʦʛ ʩʧʦˀʘʰˁʝʛ ʩʣʦʿʘ ʦʜ ʢʦʥʚʝʥʮʠʦʥʘʣʥʦʛ ʦʣʦʚʘ. ʋʣʦʛʘ 

ʦʚʘʢʦ ʩʣʦʿʝʚʠʪʝ ʟʘʰʪʠʪʝ ʿʝ ʩʣʝʜʝ˂ʘ: ʬʣʫʦʨʝʩʮʝʥʪʥʝ ʍ-ʟʨʘʢʝ ʦʜ ʦʣʦʚʘ (ʝʥʝʨʛʠʿʝ 74.9 keV ʠ 84.9 keV) 

ʫʩʧʝʰʥʦ ʘʪʝʥʫʠʨʘ ʢʘʣʘʿ, ʫ ʢʦʤ ʩʝ ʫʩʣʝʜ ʦʚʦʛʘ ʠʥʜʫʢʫʿʫ ʬʣʫʦʨʝʩʮʝʥʪʥʠ ʍ-ʟʨʘʮʠ ʝʥʝʨʛʠʿʘ 25.3 keV ʠ 

28.5 keV; ʆʚʠ ʍ-ʟʨʘʮʠ ʜʦʩʧʝʚʘʿʫ ʜʦ ʫʥʫʪʨʘʰˁʝʛ ʩʣʦʿʘ ʦʜ ʙʘʢʨʘ ʢʦʿʠ ʠʭ ʘʪʝʥʫʠʨʘ, ʠ ʨʝʝʤʠʪʫʿʝ 

ʩʦʧʩʪʚʝʥʝ ʬʣʫʦʨʝʩʮʝʥʪʥʝ ʍ-ʟʨʘʢʝ ʝʥʝʨʛʠʿʘ 8 keV ʠ 8.9 keV. ʆʚʦ ʩʫ ʪʦʣʠʢʦ ʥʠʩʢʝ ʝʥʝʨʛʠʿʝ, ʜʘ ʫ 

ʨʫʪʠʥʩʢʦʿ ʛʘʤʘʩʧʝʢʪʨʦʤʝʪʨʠʿʩʢʦʿ ʘʥʘʣʠʟʠ, ʩʚʘʢʘʢʦ ʙʠʚʘʿʫ ʩʦʬʪʚʝʨʩʢʠ ʦʜʩʝʯʝʥʝ (energy cut ʩʝ ʦʙʠʯʥʦ 
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ʧʨʘʚʠ ʠʩʧʦʜ 10 keV, ʙʫʜʫ˂ʠ ʜʘ ʫ ʦʚʦʤ ʝʥʝʨʛʠʿʩʢʦʤ ʦʧʩʝʛʫ, ʰʫʤ ʧʦʨʝʢʣʦʤ ʦʜ ʩʘʤʝ ʝʣʝʢʪʨʦʥʠʢʝ ʠʤʘ 

ʚʝ˂ʠʥʩʢʠ ʫʜʝʦ ʢʘʦ ʠ ʜʘ ʪʘʿ ʩʘʤ ʦʧʩʝʛ ʥʠʿʝ ʨʝʣʝʚʘʥʪʘʥ ʫ ʨʫʪʠʥʩʢʦʿ ʛʘʤʘ ʩʧʝʢʪʨʦʤʝʪʨʠʿʠ. 

ʇʨʠʣʠʢʦʤ ʠʟʙʦʨʘ ʤʘʪʝʨʠʿʘʣʘ ʟʘ ʠʟʨʘʜʫ ʟʘʰʪʠʪʝ HPGe ʜʝʪʝʢʪʦʨʘ ʪʨʝʙʘ ʠʟʙʝʛʘʚʘʪʠ ʦʥʝ ʢʦʤʧʦʥʝʥʪʝ 

ʢʦʿʝ ʫ ʩʚʦʤ ʩʘʩʪʘʚʫ ʠʤʘʿʫ ʝʣʝʤʝʥʪʝ ʩʘ ʚʝʣʠʢʠʤ ʝʬʠʢʘʩʥʠʤ ʧʨʝʩʝʮʠʤʘ ʟʘ (n,nɔ) ʠ (n,‎) ʨʝʘʢʮʠʿʝ, ʟʘʪʠʤ 

ʤʘʪʝʨʠʿʘʣʝ ʢʦʿʠ ʠʤʘʿʫ ʚʝʣʠʢʠ ʤʘʩʝʥʠ ʫʜʝʦ ʚʦʜʦʥʠʢʘ, ʙʫʜʫ˂ʠ ʜʘ ʿʝ ʦʥ ʠʟʫʟʝʪʥʦ ʜʦʙʘʨ ʫ ʘʧʩʦʨʧʮʠʿʠ 

ʥʝʫʪʨʦʥʘ (ʢʦʿʫ ʧʨʘʪʠ ʝʤʠʩʠʿʘ ʬʦʪʦʥʘ ʝʥʝʨʛʠʿʝ 2.22 MeV- ʟʘʭʚʘʪ ʥʝʫʪʨʦʥʘ ʦʜ ʩʪʨʘʥʝ ʚʦʜʦʥʠʢʘ ʠ 

ʬʦʨʤʘʮʠʿʘ ʜʝʫʪʝʨʠʿʫʤʘ) ʠ ʪʝʨʤʘʣʠʟʘʮʠʿʠ ʙʨʟʠʭ ʥʝʫʪʨʦʥʘ. ʊʘʢʦʹʝ, ʪʨʝʙʘ ʦʙʨʘʪʠʪʠ ʧʘʞˁʫ ʜʘ ʜʝʙˀʠʥʘ 

ʟʘʰʪʠʪʝ ʥʝ ʙʫʜʝ ʚʝ˂ʘ ʦʜ ʦʥʝ ʢʦʿʘ ʿʝ ʧʦʪʨʝʙʥʘ ʟʘ ʜʘʪʠ ʥʠʚʦ ʬʦʥʩʢʦʛ ʟʨʘʯʝˁʘ, ʙʫʜʫ˂ʫ ʜʘ ʦʥʘ ʫʪʠʯʝ ʥʘ 

ʧʦʚʝ˂ʘˁʝ ʙʨʦʿʘ ʥʝʫʪʨʦʥʘ [Fedchenko,2015]. 

ɺʝʣʠʢʠ ʜʦʧʨʠʥʦʩ ʬʦʥʩʢʦʤ ʟʨʘʯʝˁʫ ʠʣʠ background-ʫ ʠʤʘ ʠ ʩʚʦ ʛʘʤʘ ʠ ʍ-ʟʨʘʯʝˁʝ ʢʦʿʝ ʧʦʪʠʯʝ ʦʜ 
226Ra, 228Th i 40K ʢʦʿʠ ʩʝ ʤʦʛʫ ʥʘ˂ʠ ʫ ʝʣʝʢʪʨʦʥʩʢʠʤ ʢʦʥʧʦʥʝʥʪʘʤʘ ʧʨʝʜʧʦʿʘʯʘʚʘʯʘ, ʟʘʪʠʤ ʟʨʘʯʝˁʝ ʠʟ 

ʧʨʠʨʦʜʥʠʭ ʨʘʜʠʦʘʢʪʠʚʥʠʭ ʥʠʟʦʚʘ 238U, 235U ʠ 232Th ʢʦʿʝ ʩʝ ʤʦʞʝ ʥʘ˂ʠ ʫ ʘʣʫʤʠʥʠʿʫʤʫ (Al) ʢʦʿʠ ʩʝ 

ʢʦʨʠʩʪʠ ʫ ʤʥʦʛʠʤ ʢʦʥʧʦʥʝʥʪʘʤʘ ʜʝʪʝʢʪʦʨʩʢʦʛ ʩʠʩʪʝʤʘ. ʇʦʤʝʥʫʪʠ 226Ra, 228Th i 40K, ʩʚʦʿ ʜʦʧʨʠʥʦʩ 

ʬʦʥʫ ʤʦʛʫ ʜʘʪʠ ʠ ʧʨʝʢʦ ʘʢʪʠʚʠʨʘʥʦʛ ʘʢʪʠʚʥʦʛ ʫʛˀʘ ʠ ʤʦʣʝʢʫʣʘʨʥʦʛ ʩʠʪʘ ʢʦʿʠ ʩʝ ʥʘʣʘʟʝ ʫ ʢʨʠʦʩʪʘʪʫ 

(ʪʘʯʥʠʿʝ ʜʿʫʘʨʫ) HPGe ʜʝʪʝʢʪʦʨʩʢʦʛ ʩʠʩʪʝʤʘ. ʄʘʣʠ ʘʣʠ ʥʝʢʘʜ ʥʝʟʘʥʝʤʘʨˀʠʚ ʫʜʝʦ ʬʦʥʫ ʤʦʛʫ ʜʘʪʠ ʠ 

ʨʘʜʠʦʠʟʦʪʦʧʠ ʛʝʨʤʘʥʠʿʫʤʘ ʢʦʿʠ ʥʘʩʪʘʿʫ ʫ ʠʥʪʝʨʘʢʮʠʿʘʤʘ ʩʘ ʢʦʩʤʠʯʢʠʤ ʟʨʘʯʝˁʝʤ. ɱʝʜʘʥ ʦʜ ʟʥʘʯʘʿʥʠʭ 

ʨʘʜʠʦʥʫʢʣʠʜʘ ʢʦʿʠ (ʫ ʟʘʚʠʩʥʦʩʪʠ ʦʜ ʣʦʢʘʮʠʿʝ ʥʘ ʢʦʿʦʿ ʩʝ ʜʝʪʝʢʪʦʨʩʢʠ ʩʠʪʝʤ ʥʘʣʘʟʠ) ʿʝ ʠ ʨʘʜʦʥ, 

ʪʘʯʥʠʿʝ ˁʝʛʦʚʘ ʪʨʠ ʠʟʦʪʦʧʘ: 222Rn (T1/2 = 3.8 ʜʘʥʘ), 220Rn (T1/2 = 56 s) ʧʦʟʥʘʪʠʿʠ ʠ ʢʘʦ ʪʦʨʦʥ ʠ 219Rn 

(T1/2 = 4 s), ʢʦʿʠ, ʙʫʜʫ˂ʠ ʜʘ ʩʫ ʫ ʛʘʩʦʚʠʪʦʤ ʩʪʘˁʫ, ʣʘʢʦ ʜʠʬʫʥʜʫʿʫ ʫ ʙʣʠʩʢʫ ʦʢʦʣʠʥʫ ʜʝʪʝʢʪʦʨʘ ʛʜʝ ʩʝ 

ʙʨʟʦ ʨʘʩʧʘʜʘʿʫ ʥʘ ʩʚʦʿʝ ʧʦʪʦʤʢʝ ʢʦʿʠ ʩʫ ʠʥʪʝʥʟʠʚʥʠ ʛʘʤʘ ʝʤʠʪʝʨʠ (212Pb, 214Pb, 212Bi, 214Bi, 208Tl, ʠʪʜ.). 

ʇʨʦʙʣʝʤ ʫʪʠʮʘʿʘ ʨʘʜʦʥʘ ʩʝ ʿʝʜʥʦʩʪʘʚʥʦ ʨʝʰʘʚʘ ʠʤʧʣʝʤʝʥʪʘʮʠʿʦʤ ʚʝʥʪʠʣʘʮʠʦʥʦʛ ʩʠʩʪʝʤʘ 

[Fedchenko,2015]. 

ʂʘʜʘ ʿʝ ʨʝʯ ʦ ʢʦʤʧʦʥʝʥʪʠ ʬʦʥʘ ʢʦʿʘ ʧʦʪʠʯʝ ʦʜ ʢʦʩʤʠʯʢʦʛ ʟʨʘʯʝˁʘ, ʦʥʘ ʧʨʦʠʟʠʣʘʟʠ ʠʣʠ ʠʟ ʜʠʨʝʢʪʥʠʭ 

ʠʣʠ ʠʟ ʩʝʢʫʥʜʘʨʥʦ ʠʥʜʫʢʦʚʘʥʠʭ ʨʝʘʢʮʠʿʘ. ʉʘʩʪʘʚ ʢʦʩʤʠʯʢʦʛ ʟʨʘʯʝˁʘ ʚʝ˂ʠʥʩʢʠ ʯʠʥʝ ʧʨʦʪʦʥʠ, ʘʣʬʘ 

ʯʝʩʪʠʮʝ ʠ ʪʝʞʘ ʿʝʟʛʨʘ. ʋʩʣʝʜ ˁʠʭʦʚʠʭ ʨʝʘʢʮʠʿʘ ʫ ʛʦʨˁʠʤ ʩʣʦʿʝʚʠʤʘ ʘʪʤʦʩʬʝʨʝ, ʥʘʩʪʘʿʫ ʤʠʦʥʠ, 

ʝʣʝʢʪʨʦʥʠ, ʬʦʪʦʥʠ ʠ ʜʨʫʛʝ ʯʝʩʪʠʮʝ ʢʦʿʝ ʧʦʪʦʤ ʩʪʠʞʫ ʥʘ ʧʦʚʨʰʠʥʫ ʟʝʤˀʝ. ʋʧʨʘʚʦ ʫ ʠʥʪʝʨʘʢʮʠʿʠ 

ʤʠʦʥʘ ʩʘ ʤʘʪʝʨʠʿʦʤ, ʩʪʚʘʨʘʿʫ ʩʝ ʥʝʫʪʨʦʥʠ ʢʦʿʠ, ʢʘʢʦ ʿʝ ʤʘʣʦʧʨʝ ʦʧʠʩʘʥʦ, ʫ ʩʚʦʿʠʤ ʠʥʪʝʨʘʢʮʠʿʘʤʘ 

ʠʥʜʫʢʫʿʫ ʥʘʩʪʘʥʘʢ ʛʘʤʘ ʟʨʘʯʝˁʘ ʢʦʿʝ ʜʦʧʨʠʥʦʩʠ ʬʦʥʫ. ʂʘʢʦ ʙʠ ʩʝ ʫʤʘˁʠʣʘ ʦʚʘ ʢʦʤʧʦʥʝʥʪʘ ʬʦʥʘ, 

ʧʨʝʧʦʨʫʯʫʿʫ ʩʝ ʧʨʠʟʝʤʥʠ ʠʣʠ ʯʘʢ ʧʦʜʟʝʤʥʠ ʫʩʣʦʚʠ ʤʝʨʝˁʘ, ʢʘʢʦ ʙʠ ʩʝ ʧʦʩʪʠʛʘʦ ʰʪʦ ʥʠʞʠ ʬʦʥ. 

ʊʘʢʦʹʝ, ʤʦʛʫ ʩʝ ʧʦʩʪʘʚʠʪʠ ʚʝʪʦ ʜʝʪʝʢʪʦʨʠ, ʢʘʢʦ ʿʝ ʚʝ˂ ʦʧʠʩʘʥʦ, ʥʘ ʧʦʟʠʮʠʿʠ ʠʟʥʘʜ ʜʝʪʝʢʪʦʨʘ, ʢʘʢʦ 

ʙʠ ʩʝ ʢʦʩʤʠʯʢʦ ʠ ʩʝʢʫʥʜʘʨʥʦ ʛʘʤʘ ʟʨʘʯʝˁʝ ʠʥʜʫʢʦʚʘʥʦ ˁʠʤʝ ʤʦʛʣʠ ʫʢʣʦʥʠʪʠ ʠʟ ʩʧʝʢʪʨʘ 

[Fedchenko,2015]. 

4.2.3 ɻʘʤʘ ʩʧʝʢʪʨʦʤʝʪʨʠʿʘ ʢʘʦ ʘʣʘʪ ʥʫʢʣʝʘʨʥʝ ʬʦʨʝʥʟʠʢʝ 

ʀʘʢʦ ʩʝ ʛʘʤʘ ʩʧʝʢʪʨʦʤʝʪʨʠʿʘ ʜʘʥʘʩ ʨʫʪʠʥʩʢʠ ʢʦʨʠʩʪʠ, ʥʝʢʝ ʩʧʝʮʠʬʠʯʥʦʩʪʠ ʚʝʟʘʥʝ ʟʘ ʘʥʘʣʠʟʫ ʟʘ 

ʧʦʪʨʝʙʝ ʥʫʢʣʝʘʨʥʝ ʬʦʨʝʥʟʠʢʝ ʙʠ˂ʝ ʜʝʪʘˀʥʦ ʧʨʠʢʘʟʘʥʝ ʫ ʜʘˀʝʤ ʪʝʢʩʪʫ ʫ ʩʢʣʘʜʫ ʩʘ ʪʨʝʥʫʪʥʦ ʚʘʞʝ˂ʠʤ 

ʧʨʝʧʦʨʫʢʘʤʘ ʤʝʹʫʥʘʨʦʜʥʝ ʨʘʜʥʝ ʛʨʫʧʝ ʟʘ ʥʫʢʣʝʘʨʥʫ ʬʦʨʝʥʟʠʢʫ ʫ ʦʙʣʘʩʪʠ ʛʘʤʘ ʩʧʝʢʪʨʦʤʝʪʨʠʿʝ.  

ʂʘʦ ʰʪʦ ʿʝ ʧʨʝʪʭʦʜʥʦ ʙʠʣʦ ʨʝʯʝʥʦ, ʛʘʤʘ ʩʧʝʢʪʨʦʤʝʪʨʠʿʘ ʧʨʠʧʘʜʘ ʛʨʫʧʠ ʥʝʜʝʩʪʨʫʢʪʠʚʥʠʭ ʪʝʭʥʠʢʘ 

ʥʫʢʣʝʘʨʥʦ-ʬʦʨʝʥʟʠʯʢʝ ʘʥʘʣʠʟʝ. ɸ ʪʦ ʜʘˀʝ ʟʥʘʯʠ ʜʘ ʩʝ ʫʟʦʨʘʢ ʤʝʨʠ ʫ ''ʠʟʚʦʨʥʦʤ'' ʩʪʘˁʫ, ʙʝʟ 

ʧʨʝʪʭʦʜʥʠʭ ʭʝʤʠʿʩʢʠʭ ʠʣʠ ʬʠʟʠʯʢʠʭ ʧʨʠʧʨʝʤʘ, ʢʦʨʠʩʪʝ˂ʠ ʛʘʤʘ ʟʨʘʯʝˁʝ ʢʘʨʘʢʪʝʨʠʩʪʠʯʥʦ ʟʘ ʩʚʘʢʠ 

ʨʘʜʠʦʠʟʦʪʦʧ ʠ ˁʝʛʦʚ ʠʥʪʝʥʟʠʪʝʪ ʢʘʢʦ ʙʠ ʩʝ ʦʪʢʨʠʦ ʢʚʘʥʪʠʪʝʪ ʠ ʢʚʘʣʠʪʝʪ ʨʘʜʠʦʥʫʢʣʠʜʘ ʧʨʠʩʫʪʥʠʭ ʫ 
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ʫʟʦʨʢʫ. ɻʘʤʘ ʩʧʝʢʪʨʦʤʝʪʨʠʿʘ ʩʚʦʿʫ ʧʨʠʤʝʥʫ ʥʘʣʘʟʠ ʢʘʢʦ ʫ ʣʘʙʦʨʘʪʦʨʠʿʩʢʠʤ ʫʩʣʦʚʠʤʘ, ʪʘʢʦ ʠ ʥʘ 

ʪʝʨʝʥʫ.  

¶ ʋ ʪʝʨʝʥʩʢʠʤ ʫʩʣʦʚʠʤʘ, ʦʚʫ ʤʝʪʦʜʫ ʢʦʨʠʩʪʠʤʦ ʢʘʢʦ ʙʠ ʦʜʨʝʜʠʣʠ ʩʪʝʧʝʥ ʧʨʝʪˁʝ ʦʜʥʦʩʥʦ 

ʨʘʜʠʦʣʦʰʢʠ ʠʥʮʠʜʝʥʪ ʢʦʿʠ ʧʨʝʜʩʪʘʚˀʘ ʟʘʧʣʝˁʝʥ ʥʫʢʣʝʘʨʥʠ ʠʣʠ ʜʨʫʛʠ ʨʘʜʠʦʘʢʪʠʚʥʠ 

ʤʘʪʝʨʠʿʘʣ. ʆʚʦ ʧʦʜʨʘʟʫʤʝʚʘ ʜʘ ʩʝ ʥʘ ʙʨʟ ʠ ʝʬʠʢʘʩʘʥ ʥʘʯʠʥ ʠʜʝʥʪʠʬʠʢʫʿʝ ʨʘʜʠʦʘʢʪʠʚʥʠ 

ʤʘʪʝʨʠʿʘʣ ʠ ʜʘ ʩʝ ʩʪʝʢʥʝ ʛʨʫʙʘ ʩʣʠʢʘ ʦ ˁʝʛʦʚʦʤ ʠʟʦʪʦʧʩʢʦʤ ʩʘʩʪʘʚʫ. ʋʟʠʤʘʿʫ˂ʠ ʫ ʦʙʟʠʨ 

ʥʘʯʠʥ ʥʘ ʢʦʿʠ ˂ʝ ʫʟʦʨʘʢ ʥʘʢʥʘʜʥʦ ʙʠʪʠ ʧʨʦʮʝʩʫʠʨʘʥ, ʨʘʟʤʘʪʨʘʿʫ ʩʝ ʩʣʝʜʝ˂ʝ ʯʝʪʠʨʠ 

ʢʘʪʝʛʦʨʠʿʝ: ʈʘʜʠʦʘʢʪʠʚʥʠ ʤʘʪʝʨʠʿʘʣ ʧʨʠʨʦʜʥʦʛ ʧʦʨʝʢʣʘ - NORM (Naturally Occurring 

Radioactive Material- NORM) 

¶ ʄʝʜʠʮʠʥʩʢʠ ʨʘʜʠʦʠʟʦʪʦʧʠ 

¶ ʀʥʜʫʩʪʨʠʿʩʢʠ ʨʘʜʠʦʠʟʦʪʦʧʠ (ʤʦʞʜʘ ʫʙʘʮʠʪʠ ʪʘʙʝʣʫ 1 ʠʟ IAEA 2-G [4]) 

¶ ʉʧʝʮʠʿʘʣʥʠ ʥʫʢʣʝʘʨʥʠ ʤʘʪʝʨʠʿʘʣ  

ɻʜʝ ʩʝ ʧʦʜ NORM ʧʦʜʨʘʟʫʤʝʚʘʿʫ ʦʥʠ ʤʘʪʝʨʠʿʘʣʠ ʢʦʿʠ ʩʝ ʤʦʛʫ ʥʘ˂ʠ ʫ ʞʠʚʦʪʥʦʿ ʩʨʝʜʠʥʠ ʘ ʢʦʿʠ ʩʘʜʨʞʝ 

ʨʘʜʠʦʠʟʦʪʦʧʝ ʧʨʠʨʦʜʥʦʛ ʧʦʨʝʢʣʘ (ʫʛʣʘʚʥʦʤ ʩʫ ʪʦ ʯʣʘʥʦʚʠ ʧʨʠʨʦʜʥʠʭ ʨʘʜʠʦʘʢʪʠʚʥʠʭ ʥʠʟʦʚʘ 238U, 
235U ʠ 232Th, ʢʘʦ ʠ 40ʂ). ʋ ʤʝʜʠʮʠʥʩʢʝ ʨʘʜʠʦʠʟʦʪʦʧʝ ʩʧʘʜʘʿʫ 14C, 18F, 57Co,67Ga, 123 I, 125I, 131I, 99mTc..., 

ʜʦʢ ʩʝ ʫ ʠʥʜʫʩʪʨʠʿʩʢʝ ʨʘʜʠʦʠʟʦʪʦʧʝ ʩʚʨʩʪʘʚʘʿʫ 241Am, 133Ba, 109Cd, 252Cf, 60Co, 137Cs, 192Ir, 90Sr... [IAEA 

No. 2-G,2015]. ʇʦʜ ʩʧʝʮʠʿʘʣʥʠʤ ʥʫʢʣʝʘʨʥʠʤ ʤʘʪʝʨʠʿʘʣʠʤʘ (Special Nuclear Material ï SNM) ʩʝ 

ʧʦʜʨʘʟʫʤʝʚʘʿʫ ʦʥʠ ʤʘʪʝʨʠʿʘʣʠ ʢʦʿʠ ʩʫ ʦʙʦʛʘ˂ʝʥʠ ʠʟʦʪʦʧʠʤʘ ʫʨʘʥʠʿʫʤʘ 233U, 235U ʠʣʠ ʩʘʜʨʞʝ ʙʠʣʦ 

ʢʦʿʠ ʦʜ ʠʟʦʪʦʧʘ ʧʣʫʪʦʥʠʿʫʤʘ 238-242Pu [Moody et al.,2015; IAEA No. 2-G,2015; ITWG_GsIf,2016]. 

ʋ ʣʘʙʦʨʘʪʦʨʠʿʩʢʠʤ ʫʩʣʦʚʠʤʘ, ʛʘʤʘ ʩʧʝʢʪʨʦʤʝʪʨʠʿʫ ʫ ʦʢʚʠʨʫ ʥʫʢʣʝʘʨʥʦ ʬʦʨʝʥʟʠʯʢʝ ʠʩʪʨʘʛʝ 

ʢʦʨʠʩʪʠʤʦ ʢʘʢʦ ʙʠ ʤʦʛʣʠ ʧʨʝʮʠʟʥʦ ʜʘ ʦʜʨʝʜʠʤʦ ʠʟʦʪʦʧʩʢʠ ʩʘʩʪʘʚ ʠ ʢʦʣʠʯʠʥʫ ʩʚʠʭ ʧʨʠʩʫʪʥʠʭ 

ʨʘʜʠʦʥʫʢʣʠʜʘ ʫ ʟʘʧʣʝˁʝʥʦʤ ʫʟʦʨʢʫ. ʂʘʜʘ ʩʝ ʨʘʜʠ ʦ ʘʥʘʣʠʟʠ ʩʧʝʮʠʿʘʣʥʦʛ ʥʫʢʣʝʘʨʥʦʛ ʤʘʪʝʨʠʿʘʣʘ ʢʘʦ 

ʰʪʦ ʩʫ ʫʨʘʥʠʿʫʤ ʠʣʠ ʧʣʫʪʦʥʠʿʫʤ, ʧʦʤʦ˂ʫ ʛʘʤʘ ʩʧʝʢʪʨʦʤʝʪʨʠʿʝ ʤʦʞʝʤʦ ʠʟʨʘʯʫʥʘʪʠ ʩʪʘʨʦʩʪ 

ʤʘʪʝʨʠʿʘʣʘ, ʧʨʠʩʫʩʪʚʦ ʨʝʧʨʦʮʝʩʫʠʨʘʥʦʛ ʫʨʘʥʠʿʫʤʘ ʢʘʦ ʠ ʧʨʠʩʫʩʪʚʦ ʬʠʩʠʦʥʠʭ ʧʨʦʜʫʢʘʪʘ. 

ʀʥʬʦʨʤʘʮʠʿʝ ʜʦʙʠʿʝʥʝ ʥʘ ʦʚʘʿ ʥʘʯʠʥ ʤʦʛʫ ʙʠʪʠ ʦʜ ʢʦʨʠʩʪʠ ʧʨʠ ʠʩʪʨʘʟʠ, ʧʨʫʞʘʿʫ˂ʠ ʧʦʢʘʟʘʪʝˀʝ 

ʧʦʨʝʢʣʘ ʠ ʩʪʘʨʦʩʪʠ ʟʘʧʣʝˁʝʥʦʛ ʤʘʪʝʨʠʿʘʣʘ, ʢʘʦ ʠ ʤʦʛʫ˂ʥʦʩʪʠ ʧʦʚʝʟʠʚʘˁʘ ʪʦʛ ʤʘʪʝʨʠʿʘʣʘ ʩʘ ʚʝ˂ʦʤ 

ʢʦʣʠʯʠʥʦʤ ʠʩʪʦʛ ʠʣʠ ʩʘ ʥʝʢʠʤ ʦʜ ʧʨʝʪʭʦʜʥʠʭ ʩʣʫʯʘʿʝʚʘ ʟʘʧʣʝʥʝ [ITWG_GsLa,2016]. 

ɻʘʤʘ ʩʧʝʢʪʘʨ ʤʝʨʝʥʦʛ ʫʟʦʨʢʘ ʥʘ ʩʚʦʿʝʚʨʩʪʘʥ ʥʘʯʠʥ ʧʨʝʜʩʪʘʚˀʘ ˁʝʛʦʚʫ ''ʣʠʯʥʫ ʢʘʨʪʫ'', ʙʫʜʫ˂ʠ ʜʘ ʩʝ 

ʠʟ ˁʝʛʘ ʛʦʪʦʚʦ ʥʝʜʚʦʩʤʠʩʣʝʥʦ ʤʦʛʫ ʫʪʚʨʜʠʪʠ ʛʘʤʘ ʝʤʠʩʠʿʝ ʨʘʜʠʦʥʫʢʣʠʜʘ ʧʨʠʩʫʪʥʠʭ ʫ ʜʘʪʦʤ ʫʟʦʨʢʫ. 

ʇʦʿʝʜʥʦʩʪʘʚˀʝʥʦ ʨʝʯʝʥʦ, ʩʧʝʢʪʘʨ ʧʨʠʢʘʟʫʿʝ ʙʨʦʿ ʜʝʪʝʢʪʦʚʘʥʠʭ ʛʘʤʘ ʬʦʪʦʥʘ ʢʘʦ ʬʫʥʢʮʠʿʫ ʝʥʝʨʛʠʿʝ. 

ʅʘ ʩʣʠʮʠ 4.6 ʠ 4.7 ʧʨʠʢʘʟʘʥʠ ʩʫ ʢʘʨʘʢʪʝʨʠʩʪʠʯʥʠ ʩʧʝʢʪʨʠ ʫʨʘʥʠʿʫʤʘ ʠ ʧʣʫʪʦʥʠʿʫʤʘ ʨʝʩʧʝʢʪʠʚʥo. 
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ʉʣʠʢʘ 4.6. ɻʘʤʘ ʩʧʝʢʪʘʨ ʫʨʘʥʠʿʫʤʘ ʥʦʤʠʥʘʣʥʦʛ ʦʙʦʛʘ˂ʝˁʘ 4.42% 235U [ITWG_GsOv,2016]. 

 

ʉʣʠʢʘ 4.7. ɻʘʤʘ ʩʧʝʢʪʘʨ ʧʣʫʪʦʥʠʿʫʤʘ ʥʦʤʠʥʘʣʥʦʛ ʦʙʦʛʘ˂ʝˁʘ 84% 239Pu [ITWG_GsOv,2016]. 

ʐʝʤʘʪʩʢʠ ʧʨʠʢʘʟ ʤʦʜʝʨʥʦʛ ʜʝʪʝʢʪʦʨʩʢʦʛ ʩʠʩʪʝʤʘ ʚʠʩʦʢʝ ʨʝʟʦʣʫʮʠʿʝ (ʝʥʝʨʛʝʪʩʢʝ) ʢʦʿʠ ʩʝ 

ʠʤʧʣʝʤʝʥʪʠʨʘ ʟʘ ʧʦʪʨʝʙʝ ʥʫʢʣʝʘʨʥʝ ʬʦʨʝʥʟʠʢʝ ʧʨʠʢʘʟʘʥ ʿʝ ʥʘ ʩʣʠʮʠ 4.8. ʉʘʩʪʦʿʠ ʩʝ ʦʜ HPGe 

ʜʝʪʝʢʪʦʨʘ ʢʦʿʠ ʿʝ ʭʣʘʹʝʥ ʠʣʠ ʝʣʝʢʪʨʠʯʥʦ ʠʣʠ ʧʫʪʝʤ ʪʝʯʥʦʛ ʘʟʦʪʘ ʠ ʥʘ ʢʦʿʠ ʿʝ ʧʨʠʢʘʯʝʥ ʧʨʝʜʧʦʿʘʯʘʚʘʯ, 

ʟʘʪʠʤ ʝʣʝʢʪʨʦʥʩʢʠʭ ʢʦʤʧʦʥʝʥʪʠ (ʠʟʚʦʨ ʚʠʩʦʢʦʛ ʥʘʧʦʥʘ, ʧʦʿʘʯʘʚʘʯ, ʤʫʣʪʠʢʘʥʘʣʥʠ ʘʥʘʣʠʟʘʪʦʨ...) ʠ 
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ʨʘʯʫʥʘʨʘ ʢʦʿʠ ʩʣʫʞʠ ʟʘ ʧʨʠʢʘʟ, ʦʙʨʘʜʫ ʠ ʯʫʚʘˁʝ ʛʘʤʘ ʩʧʝʢʪʘʨʘ. ɽʣʝʢʪʨʦʥʩʢʝ ʢʦʤʧʦʥʝʥʪʝ ʫ ʥʝʢʠʤ 

ʠʟʚʝʜʙʘʤʘ ʤʦʛʫ ʙʠʪʠ ʠʥʪʝʛʨʠʩʘʥʝ ʫ ʿʝʜʥʫ ʿʝʜʠʥʠʮʫ, ʜʦʢ ʩʫ ʢʦʜ ʧʦʨʪʘʙʠʣʥʠʭ ʩʠʩʪʝʤʘ ʩʚʝ ʥʘʚʝʜʝʥʝ 

ʢʦʤʧʦʥʝʥʪʝ ʫʛʨʘʹʝʥʝ ʫ ʿʝʜʘʥ ʧʨʝʥʦʩʥʠ ʫʨʝʹʘʿ. ʂʦʥʢʨʝʪʥʦ, ʫ ʣʘʙʦʨʘʪʦʨʠʿʩʢʦʿ ʧʦʩʪʘʚʮʠ, ʜʝʪʝʢʪʦʨʠ ʩʝ 

ʦʙʠʯʥʦ ʦʢʨʫʞʫʿʫ ʟʘʰʪʠʪʠʥʠʤ ʤʘʪʝʨʠʿʘʣʠʤʘ ʢʦʿʠ ʩʫ ʧʨʝʪʭʦʜʥʦ ʦʧʠʩʘʥʠ, ʥʘʨʘʚʥʦ ʜʘ ʙʠ ʩʝ ʩʤʘˁʠʦ 

ʜʦʧʨʠʥʦʩ ʬʦʥʘ ʠ ʫʪʠʮʘʿ ʜʨʫʛʠʭ ʨʘʜʠʦʘʢʪʠʚʥʠʭ ʤʘʪʝʨʠʿʘʣʘ ʢʦʿʠ ʩʝ ʤʦʛʫ ʥʘʣʘʟʠʪʠ ʫ ʥʝʧʦʩʨʝʜʥʦʿ 

ʦʢʦʣʠʥʠ [ITWG_GsOv,2016]. 

 

ʉʣʠʢʘ 4.8. ʐʝʤʘʪʩʢʠ ʧʨʠʢʘʟ ʢʦʤʧʦʥʝʥʪʠ ʜʝʪʝʢʪʦʨʩʢʦʛ ʩʠʩʪʝʤʘ [ITWG_GsOv,2016]. 

ʅʘʿʿʝʜʥʦʩʪʘʚʥʠʿʝ ʨʝʯʝʥʦ, ʜʘ ʙʠ ʩʝ ʜʦʙʠʦ ʛʘʤʘ ʩʧʝʢʪʘʨ ʟʘʧʣʝˁʝʥʦʛ ʫʟʦʨʢʘ, ʦʥ ʩʝ ʧʦʩʪʘʚʠ ʥʘ ʜʝʪʝʢʪʦʨ 

ʫ ʦʜʨʝʹʝʥʠ ʧʦʣʦʞʘʿ ʠ ʥʘ ʦʜʨʝʹʝʥʦʤ ʨʘʩʪʦʿʘˁʫ ʦʜ ʢʘʧʝ ʜʝʪʝʢʪʦʨʘ ʫ ʟʘʚʠʩʥʦʩʪʠ ʦʜ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ 

ʩʘʤʦʛ ʫʟʦʨʢʘ, ʧʨʝ ʩʚʝʛʘ ˁʝʛʦʚʝ ʘʢʪʠʚʥʦʩʪʠ. ʇʦʪʦʤ, ʛʘʤʘ ʟʨʘʯʝˁʝ ʠʟ ʫʟʦʨʢʘ ʧʨʦʜʠʨʝ ʜʦ ʢʨʠʩʪʘʣʘ 

ʜʝʪʝʢʪʦʨʘ, ʛʜʝ ʜʦʣʘʟʠ ʜʦ ʠʥʪʝʨʘʢʮʠʿʝ ʦʚʦʛ ʟʨʘʯʝˁʘ ʩʘ ʤʝʜʠʿʫʤʦʤ ʢʨʠʩʪʘʣʘ, ʫʩʣʝʜ ʯʝʛʘ ʩʝ ʩʪʚʘʨʘ 

ʝʣʝʢʪʨʠʯʥʠ ʩʠʛʥʘʣ. ʊʠ ʩʠʛʥʘʣʠ ʧʨʦʣʘʟʝ ʢʨʦʟ ʧʦʿʘʯʘʚʘʯ ʪʫ ʩʝ ʫʦʙʣʠʯʘʚʘʿʫ ʠ ʧʨʠʣʘʛʦʹʘʚʘʿʫ ʟʘ ʫʣʘʟ ʫ 

ʤʫʣʪʠʢʘʥʘʣʥʠ ʘʥʘʣʠʟʘʪʦʨ, ʟʘʪʠʤ ʩʝ ʙʨʦʿʝ ʠ ʩʦʨʪʠʨʘʿʫ ʫ ʜʠʩʢʨʝʪʥʝ ʢʘʥʘʣʝ ʫ ʟʘʚʠʩʥʦʩʪʠ ʦʜ ʝʥʝʨʛʠʿʝ 

ʛʘʤʘ ʟʨʘʢʘ (ʘʤʧʣʠʪʫʜʝ ʩʠʛʥʘʣʘ). ʆʚʘʿ ʪʠʧ ʧʦʜʘʪʘʢʘ ʩʝ ʥʘʿʯʝʰ˂ʝ ʧʨʠʢʘʟʫʿʝ ʫ ʦʙʣʠʢʫ ʭʠʩʪʦʛʨʘʤʘ ʙʨʦʿʘ 

ʜʝʪʝʢʪʦʚʘʥʠʭ ʩʠʛʥʘʣʘ. ɸʢʦ ʭ-ʦʩʫ (ʘʧʩʮʠʩʫ) ʦʚʦʛ ʭʠʩʪʦʛʨʘʤʘ ʫ ʚʠʜʫ ʙʨʦʿʘ ʢʘʥʘʣʘ ʧʨʝʪʚʦʨʠʤʦ ʫ 

ʝʥʝʨʛʠʿʫ, ʜʦʙʠʿʘʤʦ ʞʝˀʝʥʠ ʛʘʤʘ ʩʧʝʢʪʘʨ, ʢʘʦ ʰʪʦ ʩʫ ʦʥʠ ʧʨʠʢʘʟʘʥʠ ʥʘ ʩʣʠʢʘʤʘ 4.6 ʠ 4.7. ʐʪʦ ʿʝ 

ʜʫʞʝ ʚʨʝʤʝ ʘʢʚʠʟʠʮʠʿʝ ʩʧʝʢʪʨʘ, ʙʦˀʘ ʿʝ ʩʪʘʪʠʩʪʠʢʘ ʤʝʨʝˁʘ (ʚʠʰʝ ʬʦʪʦʥʘ ʙʠʚʘ ʢʦʥʚʝʨʪʦʚʘʥʦ ʫ 

ʩʧʝʢʪʘʨ), ʦʜʥʦʩʥʦ ʤʘˁʝ ʩʫ ʤʝʨʥʝ ʥʝʩʠʛʫʨʥʦʩʪʠ ʠʥʪʝʥʟʠʪʝʪʘ ʢʦʥʢʨʝʪʥʦʛ ʛʘʤʘ ʧʠʢʘ. ɼʨʫʛʠʤ ʨʝʯʠʤʘ, 

ʰʪʦ ʿʝ ʜʫʞʝ ʚʨʝʤʝ ʤʝʨʝˁʘ, ʧʦʜʘʮʠ ʠʟ ʩʧʝʢʪʨʘ ʩʫ ʧʦʫʟʜʘʥʠʿʠ [ITWG_GsOv,2016]. 

ʉʘ ʜʨʫʛʝ ʩʪʨʘʥʝ, ʚʨʝʤʝ ʧʦʪʨʝʙʥʦ ʟʘ ʘʢʚʠʟʠʮʠʿʫ ʜʦʙʨʦʛ ʛʘʤʘ ʩʧʝʢʪʨʘ ʥʠʿʝ ʬʠʢʩʥʘ ʚʝʣʠʯʠʥʘ ʚʝ˂ ʟʘʚʠʩʠ 

ʦʜ ʦʜʨʝʹʝʥʠʭ ʧʘʨʘʤʝʪʘʨʘ ʢʘʦ ʰʪʦ ʩʫ, ʧʨʝ ʩʚʝʛʘ, ʘʢʪʠʚʥʦʩʪ, ʛʫʩʪʠʥʘ ʠ ʛʝʦʤʝʪʨʠʿʩʢʘ ʢʦʥʬʠʛʫʨʘʮʠʿʘ 

ʫʟʦʨʢʘ ʫ ʦʜʥʦʩʫ ʥʘ ʜʝʪʝʢʪʦʨ, ʝʬʠʢʘʩʥʦʩʪʠ ʜʝʪʝʢʪʦʨʘ ʠ ʥʘʨʘʚʥʦ ʪʠʧʘ ʠʥʬʦʨʤʘʮʠʿʝ ʢʦʿʫ ʞʝʣʠʤʦ ʜʘ 

ʠʟʚʫʯʝʤʦ ʠʟ ʩʧʝʢʪʨʘ (ʿʝʜʥʦʩʪʘʚʥʘ ʠʜʝʥʪʠʬʠʢʘʮʠʿʘ ʨʘʜʠʦʥʫʢʣʠʜʘ ʠʣʠ ˁʠʭʦʚʘ ʢʚʘʥʪʠʬʠʢʘʮʠʿʘ). ʋ 

ʪʠʧʠʯʥʠʤ ʥʫʢʣʝʘʨʥʦ-ʬʦʨʝʥʟʠʯʢʠʤ ʩʣʫʯʘʿʝʚʠʤʘ ʚʨʝʤʝ ʤʝʨʝˁʘ ʟʘ ʧʦʪʨʝʙʝ ʢʘʪʝʛʦʨʠʟʘʮʠʿʝ ʫʟʦʨʢʘ ʥʘ 

ʣʠʮʫ ʤʝʩʪʘ ʿʝ ʨʝʜʘ ʜʝʩʝʪʠʥʝ ʤʠʥʫʪʘ, ʜʦʢ ʿʝ ʟʘ ʜʝʪʘˀʥʠʿʫ ʣʘʙʦʨʘʪʦʨʠʿʩʢʫ ʘʥʘʣʠʟʫ ʧʦʪʨʝʙʥʦ ʚʨʝʤʝ 

ʤʝʨʝˁʘ ʦʜ ʧʘʨ ʩʘʪʠ ʜʦ ʥʝʢʦʣʠʢʦ ʜʘʥʘ [ITWG_GsOv,2016]. 

ʂʘʜʘ ʿʝ ʨʝʯ ʦ ʠʟʙʦʨʫ ʧʨʠʢʣʘʜʥʦʛ ʜʝʪʝʢʪʦʨʘ ʟʘ ʜʘʪʦ ʤʝʨʝˁʝ, ʚʝʣʠʢʫ ʫʣʦʛʫ ʠʛʨʘ ˁʝʛʦʚʘ ʝʬʠʢʘʩʥʦʩʪ 

ʜʝʪʝʢʮʠʿʝ. ʂʘʦ ʰʪʦ ʿʝ ʧʦʟʥʘʪʦ, ʝʬʠʢʘʩʥʦʩʪ ʜʝʪʝʢʪʦʨʘ ʧʨʝʜʩʪʘʚˀʘ ʦʜʥʦʩ ʙʨʦʿʘ ʜʝʪʝʢʪʦʚʘʥʠʭ ʬʦʪʦʥʘ 

ʠ ʙʨʦʿʘ ʬʦʪʦʥʘ ʢʦʿʠ ʩʫ ʜʦʰʣʠ ʜʦ ʜʝʪʝʢʪʦʨʘ. ʇʦʟʠʚʘʿʫ˂ʠ ʩʝ ʥʘ ʛʦʨʝ ʧʦʤʝʥʫʪʦ ʚʨʝʤʝ ʘʢʚʠʟʠʮʠʿʝ 

ʩʧʝʢʪʨʘ, ʦʥʦ ʿʝ ʢʨʘ˂ʝ ʰʪʦ ʿʝ ʝʬʠʢʘʩʥʦʩʪ ʜʝʪʝʢʮʠʿʝ ʚʝ˂ʘ. ʉʘ ʜʨʫʛʝ ʩʪʨʘʥʝ, ʿʦʰ ʿʝʜʥʘ ʙʠʪʥʘ 

ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ ʛʘʤʘ ʩʧʝʢʪʨʦʤʝʪʨʘ, ʧʘ ʠ ʩʚʘʢʦʛ ʜʨʫʛʦʛ, ʿʝ ˁʝʛʦʚʘ ʝʥʝʨʛʝʪʩʢʘ ʨʝʟʦʣʫʮʠʿʘ. ʆʥʘ 
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ʧʨʝʜʩʪʘʚˀʘ ʤʝʨʫ ʩʧʦʩʦʙʥʦʩʪʠ ʜʝʪʝʢʪʦʨʘ ʜʘ ʨʘʟʜʚʦʿʠ ʜʚʘ ʛʘʤʘ ʬʦʪʦʥʘ ʙʣʠʩʢʠʭ ʝʥʝʨʛʠʿʘ ʠ ʫ ʩʧʝʢʪʨʫ 

ʠʭ ʧʨʠʢʘʞʝ ʢʘʦ ʜʚʘ ʦʜʚʦʿʝʥʘ ʬʦʪʦʧʠʢʘ. ɽʥʝʨʛʝʪʩʢʘ ʨʝʟʦʣʫʮʠʿʘ ʩʝ ʦʧʠʩʫʿʝ ʧʦʤʦ˂ʫ ʚʝʣʠʯʠʥʝ FWHM 

(Ful Width at Half Maximum) ʢʦʿʘ ʧʨʝʜʩʪʘʚˀʘ ʰʠʨʠʥʫ ʬʦʪʦʧʠʢʘ ʦʜʨʝʹʝʥʝ ʝʥʝʨʛʠʿʝ ʥʘ ʧʦʣʦʚʠʥʠ 

ˁʝʛʦʚʝ ʤʘʢʩʠʤʘʣʥʝ ʚʠʩʠʥʝ ʠʟʨʘʞʝʥʫ ʫ keV. ʐʪʦ ʿʝ FWHM ʤʘˁʠ, ʚʝ˂ʘ ʿʝ ʝʥʝʨʛʝʪʩʢʘ ʨʝʟʦʣʫʮʠʿʘ 

ʜʝʪʝʢʪʦʨʘ, ʪʝ ʿʝ ʩʪʦʛʘ ʩʧʦʩʦʙʘʥ ʜʘ ʙʦˀʝ ʨʘʟʣʫʯʠ ʜʚʘ ʩʫʩʝʜʥʘ ʬʦʪʦʧʠʢʘ ʙʣʠʩʢʠʭ ʝʥʝʨʛʠʿʘ. ʅʘ ʩʣʠʮʠ 

4.9 ʿʝ ʧʨʠʢʘʟʘʥʘ ʨʘʟʣʠʢʘ ʠʟʤʝʹʫ ʩʧʝʢʪʘʨʘ ʠʩʪʦʛ ʤʘʪʝʨʠʿʘʣʘ, ʧʨʠʢʫʧˀʝʥʠʭ ʜʝʪʝʢʪʦʨʠʤʘ ʚʠʩʦʢʝ ʠ 

ʥʠʩʢʝ ʝʥʝʨʛʝʪʩʢʝ ʨʝʟʦʣʫʮʠʿʝ [ITWG_GsOv,2016]. ɼʝʪʝʢʪʦʨʠ ʥʠʩʢʝ ʠ ʩʨʝʜˁʝ ʝʥʝʨʛʝʪʩʢʝ ʨʝʟʦʣʫʮʠʿʝ 

ʢʘʦ ʰʪʦ ʩʫ ʪʦ ʩʮʠʥʪʠʣʘʮʠʦʥʠ Na(Tl)I ʠʣʠ LBr3 ʠʣʠ ʧʘʢ ʧʦʣʫʧʨʦʚʦʜʥʠʯʢʠ Cd(Zn)Te ʩʝ ʤʦʛʫ 

ʢʦʨʠʩʪʠʪʠ ʫ ʪʝʨʝʥʩʢʠʤ ʫʩʣʦʚʠʤʘ ʢʘʢʦ ʙʠ ʩʝ ʠʜʝʥʪʠʬʠʢʦʚʘʦ ʨʘʜʠʦʘʢʪʠʚʥʠ ʤʘʪʝʨʠʿʘʣ ʠʣʠ 

ʜʝʪʝʢʪʦʚʘʣʦ ʧʨʠʩʫʩʪʚʦ ʥʫʢʣʝʘʨʥʦʛ ʤʘʪʝʨʠʿʘʣʘ, ʘʣʠ ʟʘ ʢʦʤʧʣʝʢʩʥʠʿʫ ʣʘʙʦʨʘʪʦʨʠʿʩʢʫ ʧʨʠʤʝʥʫ ʠ 

ʘʥʘʣʠʟʫ ʢʦʨʠʩʪʝ ʩʝ ʠʩʢˀʫʯʠʚʦ ʛʘʤʘ ʩʧʝʢʪʨʦʤʝʪʨʠ ʚʠʩʦʢʝ ʨʝʟʦʣʫʮʠʿʝ, ʦʜʥʦʩʥʦ HPGe ʜʝʪʝʢʪʦʨʠ. 

ʊʨʝʙʘ ʥʘʛʣʘʩʠʪʠ ʜʘ ʧʝʨʬʦʨʤʘʥʩʝ ʪʨʝʥʫʪʥʦ ʥʘʿʥʘʧʨʝʜʥʠʿʠʭ ʧʨʝʥʦʩʥʠʭ ʝʣʝʢʪʨʠʯʥʦ ʭʣʘʹʝʥʠʭ HPGe 

ʜʝʪʝʢʪʦʨʘ ʥʠʩʫ ʥʘ ʟʘʜʦʚʦˀʘʚʘʿʫ˂ʝʤ ʥʠʚʦʫ ʟʘ ʧʦʪʨʝʙʝ ʟʘʭʪʝʚʥʠʿʝ ʣʘʙʦʨʘʪʦʨʠʿʩʢʝ ʘʥʘʣʠʟʝ (ʢʦʿʘ 

ʫʢˀʫʯʫʿʝ ʥʧʨ. ʦʜʨʝʹʠʚʘˁʝ ʠʟʦʪʦʧʩʢʦʛ ʩʘʩʪʘʚʘ ʥʫʢʣʝʘʨʥʦʛ ʤʘʪʝʨʠʿʘʣʘ ʠʣʠ ˁʝʛʦʚʝ ʩʪʘʨʦʩʪʠ) ʚʝ˂ ʩʝ ʫ 

ʪʝ ʩʚʨʭʝ ʢʦʨʠʩʪʝ ʠʩʢˀʫʯʠʚʦ HPGe ʩʠʩʪʝʤʠ ʢʦʿʠ ʩʝ ʭʣʘʜʝ ʪʝʯʥʠʤ ʘʟʦʪʦʤ [ITWG_GsLa,2016]. 

 

 

ʉʣʠʢʘ 4.9. ʉʧʝʢʪʘʨ LEU ʢʦʿʠ ʿʝ ʩʥʠʤˀʝʥ Na(Tl)I ʜʝʪʝʢʪʦʨʦʤ ʥʠʩʢʝ ʨʝʟʦʣʫʮʠʿʝ (ʧʨʠʢʘʟʘʥ ʮʨʚʝʥʦʤ 

ʣʠʥʠʿʦʤ) ʠ HPGe ʜʝʪʝʢʪʦʨʦʤ ʚʠʩʦʢʝ ʨʝʟʦʣʫʮʠʿʝ (ʮʨʥʘ ʣʠʥʠʿʘ) [ITWG_GsLa,2016]. 

ʋ ʩʣʫʯʘʿʫ ʢʘʜʘ ʙʠʣʦ ʢʦʿʠ ʢʦʤʘʜ ʟʘʧʣʝˁʝʥʦʛ ʤʘʪʝʨʠʿʘʣʘ ʠʟʠʩʢʫʿʝ ʥʫʢʣʝʘʨʥʦʬʦʨʝʥʟʠʯʢʫ ʘʥʘʣʠʟʫ, 

ʠʤʧʣʝʤʝʥʪʠʨʘʿʫ ʩʝ ʜʚʘ ʪʠʧʘ ʣʘʙʦʨʘʪʦʨʠʿʩʢʠʭ ʛʘʤʘʩʧʝʢʪʨʦʤʝʪʨʠʿʩʢʠʭ ʤʝʨʝˁʘ ʢʦʿʘ ʢʦʨʠʩʪʝ ʜʚʘ 

ʨʘʟʣʠʯʠʪʘ ʪʠʧʘ HPGe ʜʝʪʝʢʪʦʨʘ. ʇʨʠʤʝʨʘ ʨʘʜʠ, ʠʟʦʪʦʧʩʢʠ ʩʘʩʪʘʚ ʤʘʪʝʨʠʿʘʣʘ ʢʦʿʠ ʩʘʜʨʞʝ U ʠ/ʠʣʠ 

Pu, ʩʪʘʨʦʩʪ Pu ʩʝ ʦʜʨʝʹʫʿʫ ʧʦʤʦ˂ʫ ʜʝʪʝʢʪʦʨʘ ʢʦʿʠ ʠʤʘ ʜʦʙʨʫ ʝʥʝʨʛʝʪʩʢʫ ʨʝʟʦʣʫʮʠʿʫ ʫ ʦʙʣʘʩʪʠ ~100 

keV ï ʦʚʦ ʩʫ ʧʣʘʥʘʨʥʠ ʜʝʪʝʢʪʦʨʠ ʦʧʠʩʘʥʠ ʫ ʧʦʛʣʘʚˀʫ 4.1.2, ʩʘ ʨʝʟʦʣʫʮʠʿʦʤ (FWHM) < 600 eV ʥʘ 

122 keV, ʙʫʜʫ˂ʠ ʜʘ ʩʝ ʫ ʦʚʦʿ ʝʥʝʨʛʝʪʩʢʦʿ ʦʙʣʘʩʪʠ ʥʘʣʘʟʠ ʚʝ˂ʠʥʘ ʬʦʪʦʧʠʢʦʚʘ ʨʝʣʝʚʘʥʪʥʠʭ ʟʘ 

ʦʜʨʝʹʠʚʘˁʝ ʧʦʤʝʥʫʪʠʭ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ ʥʫʢʣʝʘʨʥʠʭ ʤʘʪʝʨʠʿʘʣʘ. ɼʦʜʘʪʥʝ ʠʥʬʦʨʤʘʮʠʿʝ ʚʝʟʘʥʝ ʟʘ 
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-58- 
 

ʠʩʧʠʪʠʚʘʥʠ ʤʘʪʝʨʠʿʘʣ ʩʝ ʤʦʛʫ ʜʦʙʠʪʠ ʠʟ ʚʠʰʝʛ ʝʥʝʨʛʝʪʩʢʦʛ ʦʧʩʝʛʘ ʩʧʝʢʪʨʘ. ʄʝʹʫʪʠʤ, ʝʥʝʨʛʝʩʪʢʘ 

ʨʝʟʦʣʫʮʠʿʘ ʜʝʪʝʢʪʦʨʘ ʦʧʘʜʘ ʩʘ ʧʦʨʘʩʪʦʤ ʝʬʠʢʘʩʥʦʩʪʠ, ʠ ʦʙʨʥʫʪʦ. ʉʪʦʛʘ, ʜʝʪʝʢʪʦʨʠ ʢʦʿʠ ʠʤʘʿʫ ʜʦʙʨʫ 

ʝʥʝʨʛʝʪʩʢʫ ʨʝʟʦʣʫʮʠʿʫ ʫ ʥʠʩʢʦʝʥʝʨʛʝʪʩʢʦʿ ʦʙʣʘʩʪʠ (< 250 keV), ʠʤʘʿʫ ʣʦʰʫ ʝʬʠʢʘʩʥʦʩʪ ʥʘ ʚʠʰʠʤ 

ʝʥʝʨʛʠʿʘʤʘ, ʪʝ ʩʧʝʢʪʨʠ ʩʘ ʚʠʰʠʤ ʝʥʝʨʛʠʿʘʤʘ ʧʨʠʢʫʧˀʝʥʠ ʦʜ ʩʪʨʘʥʝ ʦʚʘʢʚʠʭ ʜʝʪʝʢʪʦʨʘ ʥʠʩʫ 

ʘʜʝʢʚʘʪʥʠ ʟʘ ʘʥʘʣʠʟʫ. ʆʚʘʿ ʧʨʦʙʣʝʤ ʩʝ ʨʝʰʘʚʘ ʜʦʜʘʪʥʠʤ ʤʝʨʝˁʝʤ, ʛʜʝ ʩʝ ʢʦʨʠʩʪʠ ʢʦʘʢʩʠʿʘʣʥʠ HPGe 

ʜʝʪʝʢʪʦʨ ʢʦʿʠ ʠʤʘ ʟʥʘʪʥʦ ʙʦˀʫ ʝʬʠʢʘʩʥʦʩʪ ʫ ʚʠʩʦʢʦʝʥʝʨʛʝʪʩʢʦʿ ʦʙʣʘʩʪʠ (~ 500-1200 keV). ʅʘ ʦʚʘʿ 

ʥʘʯʠʥ ʩʝ ʤʦʛʫ ʜʦʙʠʪʠ ʠʥʬʦʨʤʘʮʠʿʝ ʚʝʟʘʥʝ ʟʘ ʧʨʠʩʫʩʪʚʦ ʨʝʧʨʦʮʝʩʫʠʨʘʥʦʛ U, ʩʪʘʨʦʩʪ U ʢʘʦ ʠ 

ʧʨʠʩʫʩʪʚʦ ʬʠʩʠʦʥʠʭ ʧʨʦʜʫʢʘʪʘ. ʊʘʢʦʹʝ, ʠʟ ʩʧʝʢʪʨʘ ʢʦʘʢʩʠʿʘʣʥʦʛ ʜʝʪʝʢʪʦʨʘ ʩʝ ʤʦʞʝ ʧʦʪʚʨʜʠʪʠ 

ʠʟʦʪʦʧʩʢʠ ʩʘʩʪʘʚ ʧʣʫʪʦʥʠʿʫʤʘ, ʜʦʙʠʿʝʥ ʠʟ ʩʧʝʢʪʨʘ ʧʣʘʥʘʨʥʦʛ ʜʝʪʝʢʪʦʨʘ. ʆʜʘʚʜʝ ʚʠʜʠʤʦ ʜʘ ʿʝ ʠʟʙʦʨ 

ʦʜʛʦʚʘʨʘʿʫ˂ʝʛ ʜʝʪʝʢʪʦʨʘ ʟʘ ʢʦʥʢʨʝʪʥʦ ʤʝʨʝˁʝ ʫʚʝʢ ʢʦʤʧʨʦʤʠʩ ʠʟʤʝʹʫ ʝʥʝʨʛʝʪʩʢʝ ʨʝʟʦʣʫʮʠʿʝ ʠ 

ʝʬʠʢʘʩʥʦʩʪʠ ʜʝʪʝʢʮʠʿʝ [ITWG_GsLa,2016]. 

ʅʘ ʪʨʞʠʰʪʫ ʧʦʩʪʦʿʝ ʠ ʪʘʢʦʟʚʘʥʠ ''broad energy'' ʜʝʪʝʢʪʦʨʠ ʢʦʿʠ ʠʤʘʿʫ ʟʘʜʦʚʦˀʘʚʘʿʫ˂ʫ ʝʥʝʨʛʝʪʩʢʫ 

ʨʝʟʦʣʫʮʠʿʫ ʫ ʢʦʤʙʠʥʘʮʠʿʠ ʩʘ ʨʝʣʘʪʠʚʥʦ ʚʠʩʦʢʦʤ ʝʬʠʢʘʩʥʦʰ˂ʫ ʧʨʝʢʦ ʮʝʣʦʛ ʝʥʝʨʛʝʪʩʢʦʛ ʩʧʝʢʪʨʘ, ʠ 

ʤʦʛʫ ʩʝ ʢʦʨʠʩʪʠʪʠ ʟʘ ʤʝʨʝˁʝ ʢʘʢʦ ʥʠʩʢʦʝʥʝʨʛʝʪʩʢʝ ʪʘʢʦ ʠ ʚʠʩʦʢʦʝʥʝʨʛʝʪʩʢʝ ʦʙʣʘʩʪʠ ʛʘʤʘ ʩʧʝʢʪʨʘ, 

ʥʘʨʘʚʥʦ ʫʟ ʦʜʨʝʹʝʥʝ ʢʦʤʧʨʦʤʠʩʝ ʫ ʧʦʛʣʝʜʫ ʧʝʨʬʦʨʤʘʥʩʠ. Broad energy ʜʝʪʝʢʪʦʨʠ ʩʫ ʜʦʙʨʦ ʨʝʰʝˁʝ 

ʫ ʚʠʜʫ ʫʰʪʝʜʝ ʨʝʩʫʨʩʘ, ʙʫʜʫ˂ʠ ʜʘ ʩʝ ʩʘ ˁʠʤʘ ʤʦʛʫ ʧʨʠʢʫʧˀʘʪʠ ʠ ʥʠʩʢʦ ʠ ʚʠʩʦʢʦʝʥʝʨʛʝʪʩʢʠ ʩʧʝʢʪʨʠ 

ʥʫʢʣʝʘʥʠʭ ʠ ʜʨʫʛʠʭ ʨʘʜʠʦʘʢʪʠʚʥʠʭ ʤʘʪʝʨʠʿʘʣʘ, ʘʣʠ ʥʠ ʙʣʠʟʫ ʠʩʪʦʛ ʢʚʘʣʠʪʝʪʘ ʢʘʦ ʰʪʦ ʩʝ ʪʦ ʤʦʞʝ 

ʧʦʩʪʠ˂ʠ ʩʘ ʜʝʪʝʢʪʦʨʠʤʘ ʢʦʿʠ ʩʫ ʦʧʪʠʤʠʟʦʚʘʥʠ ʟʘ ʦʜʨʝʹʝʥʫ ʝʥʝʨʛʝʪʩʢʫ ʦʙʣʘʩʪ [ITWG_GsLa,2016].  

ʐʪʦ ʩʝ ʪʠʯʝ ʟʘʰʪʠʪʝ ʜʝʪʝʢʪʦʨʘ ʫ ʥʫʢʣʝʘʨʥʦʬʦʨʝʥʟʠʯʢʦʿ ʘʥʘʣʠʟʠ, ʦʥʘ ʿʝ ʥʝʦʧʭʦʜʥʘ ʫʢʦʣʠʢʦ 

ʢʦʨʠʩʪʠʤʦ ʢʦʘʢʩʠʿʘʣʥʠ ʜʝʪʝʢʪʦʨ ʢʦʿʠ ʠʤʘ ʜʦʙʨʫ ʝʬʠʢʘʩʥʦʩʪ ʠ ʫ ʚʠʰʝʤ ʝʥʝʨʛʝʪʩʢʦʤ ʦʧʩʝʛʫ ʩʧʝʢʪʨʘ 

ʠʟ ʢʦʛ ʞʝʣʠʤʦ ʜʘ ʠʟʚʫʯʝʤʦ ʠʥʬʦʨʤʘʮʠʿʝ ʚʝʟʘʥʝ ʟʘ ʠʩʧʠʪʠʚʘʥʠ ʤʘʪʝʨʠʿʘʣ, ʙʫʜʫ˂ʠ ʜʘ ʩʫ ʬʦʪʦʧʠʢʦʚʠ 

ʦʜ ʠʥʪʝʨʝʩʘ ʩʣʘʙʦʛ ʠʥʪʝʥʟʠʪʝʪʘ, ʪʘʢʦ ʜʘ ʯʘʢ ʠ ʧʨʠʨʦʜʥʠ ʬʦʥ ʤʦʞʝ ʠʤʘʪʠ ʟʥʘʯʘʿʘʥ ʥʝʛʘʪʠʚʥʠ ʫʪʠʮʘʿ. 

ʋʢʦʣʠʢʦ ʢʦʨʠʩʪʠʤʦ ʧʣʘʥʘʨʥʠ ʜʝʪʝʢʪʦʨ ʟʘ ʦʜʨʝʹʠʚʘˁʝ ʠʟʦʪʦʧʩʢʦʛ ʩʘʩʪʘʚʘ ʤʘʪʝʨʠʿʘʣʘ, ʠʥʪʝʥʟʠʪʝʪʠ 

ʧʠʢʦʚʘ ʫ ʥʠʩʢʦʝʥʝʨʛʝʪʩʢʦʿ ʦʙʣʘʩʪʠ ʩʫ ʟʥʘʪʥʦ ʚʝ˂ʠ, ʩʪʦʛʘ ʧʨʠʨʦʜʥʠ ʬʦʥ ʠʤʘ ʤʘʣʠ ʫʪʠʮʘʿ ʥʘ ʤʝʨʝˁʝ. 

ʋ ʧʦʤʝʥʫʪʦʿ ʠʥʩʪʘʥʮʠ ʟʘʰʪʠʪʘ ʜʝʪʝʢʪʦʨʘ ʥʠʿʝ ʥʝʦʧʭʦʜʥʘ, ʘʣʠ ʥʘʨʘʚʥʦ ʫʢʦʣʠʢʦ ʧʦʩʪʦʿʠ ʧʨʘʢʪʠʯʥʘ 

ʤʦʛʫ˂ʥʦʩʪ ʟʘ ʪʦ ʫʚʝʢ ʿʝ ʧʦʞʝˀʥʘ [ITWG_GsLa,2016]. 

ɻʝʥʝʨʘʣʥʦ ʛʣʝʜʘʥʦ, ʧʦ ʜʝʬʠʥʠʮʠʿʠ ʄʝʹʫʥʘʨʦʜʥʝ ʘʛʝʥʮʠʿʝ ʟʘ ʘʪʦʤʩʢʫ ʝʥʝʨʛʠʿʫ IAEA, 

ʥʫʢʣʝʘʨʥʦʬʦʨʝʥʟʠʯʢʘ ʘʥʘʣʠʟʘ ʧʨʝʜʩʪʘʚˀʘ ʧʨʦʮʝʩ ʘʥʘʣʠʟʝ ʟʘʧʣʝˁʝʥʦʛ ʠʣʝʛʘʣʥʦʛ ʥʫʢʣʝʘʨʥʦʛ ʠʣʠ 

ʜʨʫʛʦʛ ʨʘʜʠʦʘʢʪʠʚʥʦʛ ʤʘʪʝʨʠʿʘʣʘ ʠ ʩʚʠʭ ʧʦʚʝʟʘʥʠʭ ʤʘʪʝʨʠʿʘʣʘ ʨʘʜʠ ʧʨʫʞʘˁʘ ʜʦʢʘʟʘ ʟʘ ʥʫʢʣʝʘʨʥʫ 

ʘʪʨʠʙʫʮʠʿʫ. ʇʨʦʮʝʩ ʘʥʘʣʠʟʝ ʧʦʯʠˁʝ ʩʘ ʢʘʪʝʛʦʨʠʟʘʮʠʿʦʤ ʟʘʧʣʝˁʝʥʦʛ ʤʘʪʝʨʠʿʘʣʘ ʢʘʢʦ ʙʠ ʩʝ ʫʪʚʨʜʠʣʘ 

ʠ ʝʚʘʣʫʠʨʘʣʘ ʧʨʝʪˁʘ, ʧʦʩʣʝ ʯʝʛʘ ʜʦʣʘʟʠ ʜʝʪʘˀʥʠʿʘ ʘʥʘʣʠʟʘ ʫ ʚʠʜʫ ʢʘʨʘʢʪʝʨʠʟʘʮʠʿʝ, ʢʘʢʦ ʙʠ ʩʝ 

ʥʝʜʚʦʩʤʠʩʣʝʥʦ ʦʜʨʝʜʠʣʘ ʧʨʠʨʦʜʘ ʨʘʜʠʦʘʢʪʠʚʥʦʛ ʠ/ʠʣʠ ʥʫʢʣʝʘʨʥʦʛ ʤʘʪʝʨʠʿʘʣʘ. ʋ ʩʚʝʤʫ ʦʚʦʤʝ, ʛʘʤʘ 

ʩʧʝʢʪʨʦʤʝʪʨʠʿʘ ʠʤʘ ʜʚʦʿʘʢʫ ʫʣʦʛʫ. ʇʨʚʦ, ʥʘ ʣʦʢʘʮʠʿʠ ʤʝʩʪʘ ʟʣʦʯʠʥʘ ʛʜʝ ʿʝ ʤʘʪʝʨʠʿʘʣ ʦʪʢʨʠʚʝʥ, ʦʥʘ 

ʧʨʝʜʩʪʘʚˀʘ ʚʝʦʤʘ ʢʦʨʠʩʪʘʥ ʘʣʘʪ ʟʘ ʙʨʟʫ ʪʝʨʝʥʩʢʫ ʠʜʝʥʪʠʬʠʢʘʮʠʿʫ ʠ ʢʘʪʝʛʦʨʠʟʘʮʠʿʫ ʟʘʧʣʝˁʝʥʦʛ 

ʨʘʜʠʦʘʢʪʠʚʥʦʛ ʠʣʠ ʥʫʢʣʝʘʨʥʦʛ ʤʘʪʝʨʠʿʘʣʘ. ʋ ʧʦʯʝʪʥʠʤ ʪʨʝʥʫʮʠʤʘ ʠʩʪʨʘʛʝ, ʮʠˀ ʿʝ ʜʘ ʩʝ ʟʘ ʢʨʘʪʘʢ 

ʚʨʝʤʝʥʩʢʠ ʧʝʨʠʦʜ ʠʜʝʥʪʠʬʠʢʫʿʝ ʤʘʪʝʨʠʿʘʣ ʠ ʩʪʝʢʥʝ ʛʨʫʙʘ ʩʣʠʢʘ ʦ ˁʝʛʦʚʦʤ ʠʟʦʪʦʧʩʢʦʤ ʩʘʩʪʘʚʫ. 

ɼʨʫʛʦ, ʟʘ ʩʚʝʦʙʫʭʚʘʪʥʠʿʫ ʢʘʨʘʢʪʝʨʠʟʘʮʠʿʫ ʤʘʪʝʨʠʿʘʣʘ, ʛʘʤʘ ʩʧʝʢʪʨʦʤʝʪʨʠʿʫ ʢʦʨʠʩʪʠʤʦ ʢʘʦ 

ʥʝʜʝʩʪʨʫʢʪʠʚʥʫ ʘʥʘʣʠʪʠʯʢʫ ʪʝʭʥʠʢʫ ʫ ʣʘʙʦʨʘʪʦʨʠʿʠ. ʆʚʜʝ ʿʝ ʮʠˀ ʜʘ ʩʝ ʩʘ ʰʪʦ ʿʝ ʤʦʛʫ˂ʝ ʚʝ˂ʠʤ 

ʩʪʝʧʝʥʦʤ ʪʘʯʥʦʩʪʠ ʦʜʨʝʜʠ ʠʟʦʪʦʧʩʢʠ ʩʘʩʪʘʚ ʤʘʪʝʨʠʿʘʣʘ. ʋʢʦʣʠʢʦ ʿʝ ʨʝʯ ʦ ʩʧʝʮʠʿʘʣʥʦʤ ʥʫʢʣʝʘʨʥʦʤ 

ʤʘʪʝʨʠʿʘʣʫ ʢʘʦ ʰʪʦ ʩʫ ʫʨʘʥʠʿʫʤ ʠʣʠ ʧʣʫʪʦʥʠʿʫʤ, ʢʦʨʠʩʪʝ˂ʠ ʛʘʤʘ ʩʧʝʢʪʨʦʤʝʪʨʠʿʫ ʤʦʞʝʤʦ ʦʜʨʝʜʠʪʠ 

ʠ ʫʢʫʧʥʫ ʢʦʣʠʯʠʥʫ ʥʫʢʣʝʘʨʥʦʛ ʤʘʪʝʨʠʿʘʣʘ, ʧʨʠʩʫʩʪʚʦ ʨʝʧʨʦʮʝʩʫʠʨʘʥʦʛ ʫʨʘʥʠʿʫʤʘ, ʩʪʘʨʦʩʪ 

ʤʘʪʝʨʠʿʘʣʘ ʢʘʦ ʠ ʧʨʠʩʫʩʪʚʦ ʬʠʩʠʦʥʠʭ ʧʨʦʜʫʢʘʪʘ. ʇʘʨʘʤʝʪʨʠ ʤʘʪʝʨʠʿʘʣʘ ʢʦʿʠ ʤʦʛʫ ʙʠʪʠ 

ʢʚʘʥʪʠʬʠʢʦʚʘʥʠ ʧʦʤʦ˂ʫ ʛʘʤʘ ʩʧʝʢʪʨʦʤʝʪʨʠʿʝ, ʧʨʠʢʘʟʘʥʠ ʩʫ ʫ ʊʘʙʝʣʠ 4.2 [ITWG_GsOv,2016]. 
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4.2.4 ʋʟʦʨʮʠ-ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ ʠ ʦʛʨʘʥʠʯʝˁʘ 

ʂʘʦ ʰʪʦ ʿʝ ʚʝ˂ ʜʝʬʠʥʠʩʘʥʦ, ʛʘʤʘ ʩʧʝʢʪʨʦʤʝʪʨʠʿʘ ʿʝ ʥʝʜʝʩʪʨʫʢʪʠʚʥʘ ʤʝʪʦʜʘ. ʂʘʦ ʪʘʢʚʘ ʤʦʞʝ ʩʝ 

ʧʨʠʤʝʥʠʪʠ ʥʘ ʰʠʨʦʢ ʨʘʩʧʦʥ ʫʟʦʨʘʢʘ ʨʘʟʣʠʯʠʪʠʭ ʢʦʥʬʠʛʫʨʘʮʠʿʘ ʠ ʚʨʩʪʘ. ʀʩʧʠʪʠʚʘʥʠ ʤʘʪʝʨʠʿʘʣʠ ʩʝ 

ʦʙʠʯʥʦ ʩʪʘʚˀʘʿʫ ʥʘ ʘʥʘʣʠʟʫ ʫ ʠʟʚʦʨʥʦʤ ʩʪʘˁʫ (ʢʘʢʦ ʩʫ ʠ ʜʦʩʧʝʣʠ ʫ ʣʘʙʦʨʘʪʦʨʠʿʫ), ʙʝʟ ʙʠʣʦ ʢʘʢʚʝ 

ʧʨʝʪʭʦʜʥʝ ʭʝʤʠʿʩʢʝ ʠ ʬʠʟʠʯʢʝ ʧʨʠʧʨʝʤʝ. ʉʪʘʨʦʩʪ ʤʘʪʝʨʠʿʘʣʘ ʠ ʠʟʦʪʦʧʩʢʠ ʦʜʥʦʩʠ ʩʝ ʤʦʛʫ 

ʦʜʨʝʹʠʚʘʪʠ ʥʝʟʘʚʠʩʥʦ ʦʜ ʦʙʣʠʢʘ, ʭʝʤʠʿʩʢʦʛ ʩʘʩʪʘʚʘ ʠʣʠ ʬʠʟʠʯʢʝ ʬʦʨʤʝ ʫʟʦʨʢʘ, ʠ ʥʝ ʟʘʭʪʝʚʘʿʫ 

ʫʧʦʪʨʝʙʫ ʨʝʬʝʨʝʥʪʥʠʭ ʤʘʪʝʨʠʿʘʣʘ. ʉʘ ʜʨʫʛʝ ʩʪʨʘʥʝ, ʢʘʜʘ ʿʝ ʮʠˀ ʘʥʘʣʠʟʝ ʢʚʘʥʪʠʬʠʢʘʮʠʿʘ 

ʨʘʜʠʦʥʫʢʣʠʜʘ ʧʨʠʩʫʪʥʠʭ ʫ ʫʟʦʨʢʫ ʥʫʢʣʝʘʨʥʦʛ ʠʣʠ ʜʨʫʛʦʛ ʨʘʜʠʦʘʢʪʠʚʥʦʛ ʤʘʪʝʨʠʿʘʣʘ, ʦʜʥʦʩʥʦ 

ʜʦʙʠʿʘˁʝ ˁʠʭʦʚʝ ʘʢʪʠʚʥʦʩʪʠ, ʚʝʦʤʘ ʿʝ ʙʠʪʥʘ ʤʝʨʥʘ ʢʦʥʬʠʛʫʨʘʮʠʿʘ ʫʟʦʨʘʢ-ʜʝʪʝʢʪʦʨ ʠ ʥʝʦʧʭʦʜʥʘ ʿʝ 

ʫʧʦʪʨʝʙʘ ʨʝʬʝʨʝʥʪʥʠʭ ʤʘʪʝʨʠʿʘʣʘ ʠ ʤʘʪʨʠʮʝ ʩʣʠʯʥʝ ʠʩʧʠʪʠʚʘʥʦʤ ʫʟʦʨʢʫ ʠʣʠ ʧʘʢ ʩʠʤʫʣʘʮʠʦʥʠʭ 

ʠ/ʠʣʠ ʩʝʤʠʝʤʧʠʨʠʿʩʢʠʭ ʪʝʭʥʠʢʘ. ɽʢʩʧʝʨʠʤʝʥʪʘʣʥʠ ʨʘʜ ʦʚʝ ʪʝʟʝ, ʙʘʟʠʨʘʦ ʩʝ ʫʧʨʘʚʦ ʥʘ ʫʪʠʮʘʿʫ 

ʨʘʟʣʠʯʠʪʠʭ ʛʝʦʤʝʪʨʠʿʘ ʫʟʦʨʢʘ ʠ ˁʝʛʦʚʝ ʤʘʪʨʠʮʝ ʥʘ ʨʝʟʫʣʪʘʪ ʘʥʘʣʠʟʝ ʫ ʚʠʜʫ ʤʘʩʝʥʝ ʘʢʪʠʚʥʦʩʪʠ 

ʫʟʦʨʢʘ, ʢʦʿʠ ˂ʝ ʫ ʧʦʛʣʘʚˀʫ 5 ʙʠʪʠ ʜʝʪʘˀʥʦ ʠʟʣʦʞʝʥ [ITWG_GsOv,2016]. 

ʊʘʙʝʣʘ 4.2. ɻʘʤʘʩʧʝʢʪʨʦʤʝʪʨʠʿʩʢʠ ʧʘʨʘʤʝʪʨʠ ʨʝʣʝʚʘʥʪʥʠ ʟʘ ʥʫʢʣʝʘʨʥʫ ʬʦʨʝʥʟʠʢʫ 

[ITWG_GsOv,2016]. 

ʇʘʨʘʤʝʪʘʨ  ʂʦʤʝʥʪʘʨ 

ʇʨʠʩʫʩʪʚʦ ʛʘʤʘ ''ʦʪʠʩʘʢʘ''  ʫʩʣʝʜ 

ʠʥʪʝʨʘʢʮʠʿʝ ʘʣʬʘ ʯʝʩʪʠʮʘ ʠʣʠ 

ʥʝʫʪʨʦʥʘ 

ʋʢʘʟʫʿʫ ʥʘ ʧʨʫʩʫʩʪʚʦ ʩʪʘʙʠʣʥʠʭ (ʥʝʨʘʜʠʦʘʢʪʠʚʥʠʭ) 

ʤʘʪʝʨʠʿʘʣʘ ʢʦʿʠ ʩʫ ʙʠʣʠ ʫ ʢʦʥʪʘʢʪʫ ʠʣʠ ʦʢʨʫʞʠʚʘʣʠ 

ʥʫʢʣʝʘʨʥʠ ʤʘʪʝʨʠʿʘʣ 

ʉʪʘʨʦʩʪ U ʇʨʝʧʦʨʫʯʫʿʝ ʩʝ ʟʘʰʪʠʪʘ ʜʝʪʝʢʪʦʨʘ (ʥʠʩʢʝ ʝʥʝʨʛʠʿʝ) 

ʉʪʘʨʦʩʪ Pu - 

ʀʟʦʪʦʧʩʢʘ ʟʘʩʪʫʧˀʝʥʦʩʪ 234U, 235U ʠ 238U 

ʫ ʫʨʘʥʠʿʫʤʩʢʦʤ ʫʟʦʨʢʫ 

ʋʛʣʘʚʥʦʤ ʙʝʟ ʧʦʪʨʝʙʝ ʟʘ ʟʘʰʪʠʪʦʤ ʜʝʪʝʢʪʦʨʘ (ʥʠʩʢʝ 

ʝʥʝʨʛʠʿʝ) 

ʀʟʦʪʦʧʩʢʘ ʟʘʩʪʫʧˀʝʥʦʩʪ 238Pu, 239Pu, 
240Pu, 241Pu ʠ 241Am ʫ ʧʣʫʪʦʥʠʿʫʤʩʢʦʤ 

ʫʟʦʨʢʫ 

ʋʛʣʘʚʥʦʤ ʙʝʟ ʧʦʪʨʝʙʝ ʟʘ ʟʘʰʪʠʪʦʤ ʜʝʪʝʢʪʦʨʘ 

(ʥʠʩʢʝ ʝʥʝʨʛʠʿʝ) 

ʉʘʜʨʞʘʿ 232U 232U ʫʢʘʟʫʿʝ ʥʘ ʧʨʠʩʫʩʪʚʦ ʨʝʧʨʦʮʝʩʫʠʨʘʥʦʛ 

ʫʨʘʥʠʿʫʤʘ 

ʋʢʫʧʘʥ ʩʘʜʨʞʘʿ Pu ʠ U - 

ʇʨʠʩʫʩʪʚʦ ʬʠʩʠʦʥʠʭ ʧʨʦʜʫʢʘʪʘ ʋʢʘʟʫʿʝ ʥʘ ʧʨʝʪʭʦʜʥʦ ʦʟʨʘʯʠʚʘˁʝ ʠʣʠ ʢʦʥʪʘʤʠʥʘʮʠʿʫ 

ɺʨʩʪʘ ʠ ʘʢʪʠʚʥʦʩʪ ʜʨʫʛʠʭ 

ʨʘʜʠʦʘʢʪʠʚʥʠʭ ʤʘʪʝʨʠʿʘʣʘ 

ʅʧʨ. ʤʘʪʝʨʠʿʘʣʠ ʫ ʨʘʜʠʦʣʦʰʢʦʿ ʜʠʩʧʝʨʟʠʚʥʦʿ 

ʥʘʧʨʘʚʠ ʠʣʠ ʢʦʥʪʘʤʠʥʘʮʠʿʘ ʫ ʫʟʦʨʢʫ 
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ʋ ʩʪʘʥʜʘʨʜʥʦʿ ʧʨʘʢʩʠ, ʢʦʜ ʛʘʤʘʩʧʝʢʪʨʦʤʝʪʨʠʿʩʢʠʭ ʤʝʨʝˁʘ ʧʨʝʪʧʦʩʪʘʚˀʘ ʩʝ ʜʘ ʿʝ ʫʟʦʨʘʢ ʭʦʤʦʛʝʥ, 

ʘʣʠ ʩʝ ʤʦʨʘ ʠʤʘʪʠ ʥʘ ʫʤʫ ʜʘ ʫʢʦʣʠʢʦ ʩʫ ʜʠʤʝʥʟʠʿʝ ʩʘʤʦʛ ʫʟʦʨʢʘ ʚʝʣʠʢʝ, ʜʝʪʝʢʪʦʚʘʥʦ ʟʨʘʯʝˁʝ (ʫʩʣʝʜ 

ʚʝʣʠʢʝ ʛʫʩʪʠʥʝ ʫʟʦʨʢʘ) ʜʦʣʘʟʠ ʧʨʝʚʘʩʭʦʜʥʦ ʠʟ ʧʦʚʨʰʠʥʩʢʠʭ ʩʣʦʿʝʚʘ ʦʢʨʝʥʫʪʠʭ ʢʘ ʜʝʪʝʢʪʦʨʫ. ʉʪʦʛʘ, 

ʫ ʪʠʤ ʩʣʫʯʘʿʝʚʠʤʘ, ʤʝʨʝˁʠʤʘ ʥʝ ʜʦʙʠʿʘʤʦ ʥʠʢʘʢʚʝ ʠʥʬʦʨʤʘʮʠʿʝ ʦ ʫʥʫʪʨʘʰˁʦʩʪʠ ʫʟʦʨʢʘ. ʅʘ ʦʚʦʤ 

ʤʝʩʪʫ ˂ʝ ʙʠʪʠ ʠʟʥʝʩʝʥʘ ʥʝʢʘ ʦʜ ʩʚʦʿʩʪʘʚʘ ʫʟʦʨʘʢʘ (ʧʨʚʦ ʨʘʜʠʦʘʢʪʠʚʥʠʭ ʘ ʧʦʪʦʤ ʠ ʥʫʢʣʝʘʨʥʠʭ 

ʤʘʪʝʨʠʿʘʣʘ) ʢʦʿʠ ʤʦʛʫ ʠʤʘʪʠ ʥʝʛʘʪʠʚʘʥ ʫʪʠʮʘʿ ʥʘ ʛʘʤʘʩʧʝʢʪʨʦʤʝʪʨʠʿʩʢʦ ʤʝʨʝˁʝ [ITWG_GsOv,2016]. 

¶ ɸʢʪʠʚʥʦʩʪ ʫʟʦʨʢʘ ï ʧʨʠ ʘʥʘʣʠʟʠ ʫʟʦʨʘʢʘ ʯʠʿʘ ʿʝ ʘʢʪʠʚʥʦʩʪ ʠʟʨʘʟʠʪʦ ʚʠʩʦʢʘ, ʢʘʜʘ ʩʝ ʩʤʘˁʝˁʝ 

ʤʨʪʚʦʛ ʚʨʝʤʝʥʘ ʜʝʪʝʢʪʦʨʘ (ʚʨʝʤʝ ʢʦʿʝ ʿʝ ʧʦʪʨʝʙʥʦ ʜʝʪʝʢʪʦʨʩʢʦʤ ʩʠʩʪʝʤʫ ʜʘ ʧʨʝʮʠʟʥʦ 

ʨʘʟʜʚʦʿʠ ʜʚʘ ʠʣʠ ʚʠʰʝ ʛʘʤʘ ʬʦʪʦʥʘ ʢʦʿʦʿʠ ʧʨʠʩʪʠʞʫ ʫ ʢʨʪʢʦʤ ʚʨʝʤʝʥʩʢʦʤ ʠʥʪʝʨʚʘʣʫ) ʥʝ 

ʤʦʞʝ ʠʟʚʝʩʪʠ ʧʦʚʝ˂ʘˁʝʤ ʫʜʘˀʝʥʦʩʪʠ ʫʟʦʨʢʘ ʦʜ ʜʝʪʝʢʪʦʨʘ ʠʣʠ ʧʦʩʪʘʚʢʦʤ ʜʦʜʘʪʥʝ ʟʘʰʪʠʪʝ 

ʠʟʤʝʹʫ ˁʠʭ, ʧʨʠʙʝʛʘʚʘ ʩʝ ʜʝˀʝˁʫ (ʮʝʧʘˁʫ ʫʟʦʨʢʘ). 

¶ ʇʨʠʩʫʩʪʚʦ ʜʨʫʛʠʭ ʨʘʜʠʦʘʢʪʠʚʥʠʭ ʤʘʪʝʨʠʿʘʣʘ ʯʠʿʝ ʛʘʤʘ ʟʨʘʯʝˁʝ ʤʦʞʝ ʩʤʝʪʘʪʠ ʜʝʪʝʢʮʠʿʠ 

ʛʘʤʘ ʟʨʘʯʝˁʘ ʫʟʦʨʢʘ ('masking' ʝʬʝʢʘʪ). 

¶ ɿʘʰʪʠʪʘ ʫʟʦʨʢʘ ï ʫʢʦʣʠʢʦ ʩʝ ʠʟʤʝʹʫ ʫʟʦʨʢʘ ʠ ʜʝʪʝʢʪʦʨʘ ʥʘʣʘʟʠ ʧʨʝʚʠʰʝ ʟʘʰʪʠʪʥʦʛ 

ʤʘʪʝʨʠʿʘʣʘ (> 5 cm ʦʣʦʚʘ) ʜʦʙʠʿʘ ʩʝ ʦʛʨʘʥʠʯʝʥ ʦʙʠʤ ʠʥʬʦʨʤʘʮʠʿʘ ʠʟ ʩʧʝʢʪʨʘ ʩʥʠʤˀʝʥʦʛ ʧʦʜ 

ʪʘʢʚʠʤ ʫʩʣʦʚʠʤʘ. 

¶ ʅʝʫʪʨʦʥʩʢʦ ʟʨʘʯʝˁʝ ï ʋ ʧʨʦʰʣʦʩʪʠ Pu ʩʝ ʯʝʩʪʦ ʢʦʨʠʩʪʠʦ ʟʘ ʧʨʦʠʟʚʦʜˁʫ Pu-Be ʥʝʫʪʨʦʥʩʢʠʭ 

ʠʟʚʦʨʘ. ʅʝʫʪʨʦʥʩʢʦ ʟʨʘʯʝˁʝ ʧʨʝʜʩʪʘʚˀʘ ʦʧʘʩʥʦʩʪ ʠʟ ʚʠʰʝ ʨʘʟʣʦʛʘ: 

1. ʈʘʜʠʦʣʦʰʢʠ ʭʘʟʘʨʜ ʟʘ ʛʘʤʘ ʩʧʝʢʪʨʦʤʝʪʨʠʩʪʝ 

2. ʌʦʥʩʢʠ ʢʦʥʪʠʥʫʫʤ ʫ ʩʧʝʢʪʨʫ ʢʦʿʠ ʧʦʪʠʯʝ ʦʜ ʛʘʤʘ ʟʨʘʢʘ ʥʘʩʪʘʣʠʭ ʠʥʪʝʨʘʢʮʠʿʦʤ 

ʥʝʫʪʨʦʥʘ ʩʘ ʢʨʠʩʪʘʣʦʤ ʜʝʪʝʢʪʦʨʘ ʩʤʝʪʘ ʫ ʝʚʘʣʫʘʮʠʿʠ ʩʘʤʦʛ ʩʧʝʢʪʨʘ. ʋ ʦʜʨʝʹʝʥʠʤ 

ʠʥʩʪʘʥʮʘʤʘ ʢʘʜʘ ʩʝ ʥʝʫʪʨʦʥʩʢʠ Pu-Be ʠʟʚʦʨʠ ʧʨʘʚʝ ʦʜ Pu ʚʝʦʤʘ ʚʠʩʦʢʦʛ ʩʪʝʧʝʥʘ 

ʠʟʛʘʨʘˁʘ (< 50% 239Pu ʫ ʠʟʦʪʦʧʩʢʦʤ ʩʘʩʪʘʚʫ Pu ʤʘʪʝʨʠʿʘʣʘ [Lloyd, Clayton,1973]), 

ʠʥʪʝʨʬʝʨʝʥʮʠʿʝ ʫ ʩʧʝʢʪʨʫ ʤʦʛʫ ʙʠʪʠ ʪʝ ʨʘʟʤʝʨʝ ʜʘ ʢʦʤʝʨʮʠʿʘʣʥʠ ʢʦʜʦʚʠ ʟʘ ʘʥʘʣʠʟʫ 

ʤʘʪʝʨʠʿʘʣʘ ʧʦʧʫʪ PC FRAM ʥʝ ʙʫʜʫ ʫ ʤʦʛʫ˂ʥʦʩʪʠ ʜʘ ʪʘʯʥʦ ʦʜʨʝʜʝ ʠʟʦʪʦʧʩʢʠ ʩʘʩʪʘʚ 

ʫʟʦʨʢʘ. 

3. ʄʦʛʫ˂ʘ ʨʘʜʠʿʘʮʠʦʥʘ ʦʰʪʝ˂ʝˁʘ HPGe ʢʨʠʩʪʘʣʘ 

¶ ʉʘʜʨʞʘʿ ʥʫʢʣʝʘʨʥʦʛ ʤʘʪʝʨʠʿʘʣʘ ï ɼʘ ʙʠ ʫ ʨʦʢʫ ʦʜ ʥʝʢʦʣʠʢʦ ʩʘʪʠ ʜʦʙʠʦ ʟʘʜʦʚʦˀʘʚʘʿʫ˂ʝ 

ʧʨʝʮʠʟʘʥ ʨʝʟʫʣʪʘʪ ʠʟʦʪʦʧʩʢʦʛ ʩʘʩʪʘʚʘ ʫʟʦʨʢʘ ʧʦʪʨʝʙʥʦ ʿʝ ʦʢʦ 0.5g ʥʫʢʣʝʘʨʥʦʛ ʤʘʪʝʨʠʿʘʣʘ. 

¶ ʀʟʦʪʦʧʩʢʠ ʩʘʩʪʘʚ Pu ï ʀʟʦʪʦʧʩʢʠ ʩʘʩʪʘʚ Pu ʫ ʫʟʦʨʢʫ ʩʝ ʯʝʩʪʦ ʧʨʦʮʝˁʫʿʝ (ʦʜʨʝʹʫʿʝ) 

ʠʤʧʣʝʤʝʥʪʠʨʘˁʝʤ ʢʦʤʝʨʮʠʿʘʣʥʦ ʜʦʩʪʫʧʥʠʭ ʢʦʜʦʚʘ ʢʦʿʠ ʘʫʪʦʤʘʪʩʢʠ ʨʘʯʫʥʘʿʫ Pu ʠʟʦʪʦʧʩʢʠ 

ʩʘʩʪʘʚ ʠʟ ʛʘʤʘ ʩʧʝʢʪʨʘ. ʈʘʟʣʠʯʠʪʠ ʢʦʜʦʚʠ ʧʘ ʯʘʢ ʠ ʨʘʟʣʠʯʠʪʝ ʚʝʨʟʠʿʝ ʠʩʪʦʛ ʢʦʜʘ ʤʦʛʫ ʜʘʪʠ 

ʜʨʫʛʘʯʠʿʝ ʨʝʟʫʣʪʘʪʝ ʢʦʨʠʩʪʝ˂ʠ ʠʩʪʠ ʩʧʝʢʪʘʨ. ʇʨʝ ʩʚʝʛʘ, Pu ʚʠʩʦʢʦʛ ʩʪʝʧʝʥʘ ʠʟʛʘʨʘˁʘ, ʢʦʿʠ 

ʠʤʘ ʧʦʚʠʰʝʥ ʫʜʝʦ 242Pu ʠ ʧʦʩʣʝʜʠʯʥʦ ʩʤʘˁʝʥ ʫʜʝʦ 239Pu ʧʨʝʜʩʪʘʚˀʘ ʧʦʩʝʙʘʥ ''ʠʟʘʟʦʚ'' ʟʘ 

ʧʦʤʝʥʫʪʝ ʢʦʜʦʚʝ, ʪʘʢʦ ʜʘ ʨʝʟʫʣʪʘʪʝ ʟʘ ʤʘʪʝʨʠʿʘʣʝ ʢʦʿʠ ʩʘʜʨʞʝ < 60 % ʤʘʩʝʥʦʛ ʫʜʝʣʘ 239Pu 

ʪʨʝʙʘ ʫʟʠʤʘʪʠ ʩʘ ʦʜʨʝʹʝʥʦʤ ʜʦʟʦʤ ʦʧʨʝʟʘ. ʂʦʤʝʨʮʠʿʘʣʥʦ ʜʦʩʪʫʧʥʠ ʢʦʜʦʚʠ ʫ ʥʝʢʠʤ 

ʠʥʩʪʘʥʮʘʤʘ ʫʦʧʰʪʝ ʥʝ ʫʩʧʝʚʘʿʫ ʜʘ ʜʦʙʠʿʫ ʨʝʟʫʣʪʘʪ ʟʘ ʠʟʦʪʦʧʩʢʠ ʩʘʩʪʘʚ ʦʚʘʢʚʦʛ ʤʘʪʝʨʠʿʘʣʘ 

ʠʣʠ ʧʨʠʿʘʚʝ ʧʦʛʨʝʰʥʝ ʚʨʝʜʥʦʩʪʠ. ʋ ʦʚʠʤ ʩʣʫʯʘʿʝʚʠʤʘ ʧʦʪʨʝʙʘʥ ʿʝ ʘʣʪʝʨʥʘʪʠʚʥʠ ʧʨʠʩʪʫʧ. ɼʘ 

ʙʠ ʩʝ ʜʦʙʠʣʠ ʨʝʧʨʝʟʝʥʪʘʪʠʚʥʠ ʨʝʟʫʣʪʘʪʠ, ʥʝʢʘʜ ʿʝ ʿʝʜʥʦʩʪʘʚʥʦ ʜʦʚʦˀʥʦ ʧʦʚʝ˂ʘʪʠ ʚʨʝʤʝ 

ʘʢʚʠʟʠʮʠʿʝ ʩʧʝʢʪʨʘ, ʜʦʢ ʿʝ ʧʦʥʝʢʘʜ ʧʦʪʨʝʙʥʦ ʧʨʠʙʝ˂ʠ ʨʫʯʥʠʤ ʧʨʦʨʘʯʫʥʠʤʘ. 

ʋʧʦʪʨʝʙʘ ʛʘʤʘ ʩʧʝʢʪʨʦʤʝʪʨʠʿʝ ʫ ʥʫʢʣʝʘʨʥʦ ʬʦʨʝʥʟʠʯʢʠʤ ʠʩʪʨʘʛʘʤʘ ʠʤʘ ʩʚʦʿʠʭ ʧʨʝʜʥʦʩʪʠ, ʘʣʠ ʠ 

ʩʚʦʿʠʤ ʤʘʥʘ, ʰʪʦ ˂ʝ ʥʘ ʜʘˀʝ ʙʠʪʠ ʥʘʚʝʜʝʥʦ. 

ʇʨʝʜʥʦʩʪʠ: 

¶ ɹʨʟʠ ʨʝʟʫʣʪʘʪʠ ʚʝ˂ ʥʘ ʪʝʨʝʥʫ. 
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¶ ʇʦʨʪʘʙʠʣʥʦʩʪ. 

¶ ʇʦʪʧʫʥʦ ʥʝʜʝʩʪʨʫʢʪʠʚʥʘ ʤʝʪʦʜʘ, ʯʠʤʝ ʪʨʘʜʠʮʠʦʥʘʣʥʠ ʬʦʨʝʥʟʠʯʢʠ ʜʦʢʘʟʠ ʦʩʪʘʿʫ ʦʯʫʚʘʥʠ. 

¶ ʄʠʥʠʤʘʣʥʠ ʠʣʠ ʥʠʢʘʢʚʠ ʟʘʭʪʝʚʠ ʫ ʚʠʜʫ ʧʨʠʧʨʝʤʝ ʫʟʦʨʢʘ. 

ʄʘʥʝ: 

¶ ɿʘ ʛʘʤʘ ʩʧʝʢʪʨʦʤʝʪʨʝ ʚʠʩʦʢʝ ʨʝʟʦʣʫʮʠʿʝ ʧʦʪʨʝʙʥʦ ʿʝ ʭʣʘʹʝˁʝ ʠʣʠ ʝʣʝʢʪʨʠʯʥʦ ʠʣʠ ʪʝʯʥʠʤ 

ʘʟʦʪʦʤ. 

¶ ʋʩʣʝʜ ʦʛʨʘʥʠʯʝˁʘ ʥʘ ʪʝʨʝʥʫ (ʫʛʣʘʚʥʦʤ ʩʫ ʪʦ ʢʨʘʪʢʘ ʚʨʝʤʝʥʘ ʘʢʚʠʟʠʮʠʿʝ) ʠʣʠ ʥʝʤʦʛʫ˂ʥʦʩʪ 

ʢʦʥʪʨʦʣʝ ʫʩʣʦʚʘ ʤʝʨʝˁʘ ʥʘ ʣʠʮʫ ʤʝʩʪʘ (ʫʜʘˀʝʥʦʩʪ ʜʝʪʝʢʪʦʨ-ʫʟʦʨʘʢ, ʟʘʰʪʠʪʘ), ʧʨʝʮʠʟʥʦʩʪ ʠ 

ʪʘʯʥʦʩʪ ʪʝʨʝʥʩʢʠʭ ʤʝʨʝˁʘ ʿʝ ʟʥʘʪʥʦ ʥʠʞʘ ʦʜ ʤʝʨʝˁʘ ʩʧʨʦʚʝʜʝʥʠʭ ʫ ʣʘʙʦʨʘʪʦʨʠʿʩʢʠʤ 

ʫʩʣʦʚʠʤʘ. 

¶ ʉʘ ʤʦʜʝʨʥʠʤ ʛʘʤʘʩʧʝʢʪʨʦʤʝʪʨʠʿʩʢʠʤ ʜʝʪʝʢʪʦʨʩʢʠʤ ʩʠʩʪʝʤʠʤʘ ʥʠʿʝ ʤʦʛʫ˂ʝ ʜʠʨʝʢʥʦ ʠʟ 

ʩʧʝʢʪʨʘ ʠʟʚʫ˂ʠ ʠʥʬʦʨʤʘʮʠʿʝ ʦ ʫʜʝʣʫ 242Pu. ɼʘ ʙʠ ʩʝ ʪʦ ʧʦʩʪʠʛʣʦ, ʢʦʨʠʩʪʝ ʩʝ ʠʟʦʪʦʧʩʢʝ 

ʢʦʨʝʣʘʮʠʿʝ. ɿʘ Pu ʢʦʿʠ ʠʤʘ ʚʠʩʦʢ ʫʜʝʦ 242Pu, ʦʚʦ ʠʟʘʟʠʚʘ ʚʝʣʠʢʝ ʥʝʩʠʛʫʨʥʦʩʪʠ ʫ ʦʜʨʝʹʠʚʘˁʫ 

ʠʟʦʪʦʧʩʢʦʛ ʩʘʩʪʘʚʘ ʧʣʫʪʦʥʠʿʫʤʘ. ɼʦʙʠʿʘˁʝ ʧʨʝʮʠʟʥʠʭ ʫʜʝʣʘ 242Pu ʧʦʪʧʫʥʦ ʥʝʜʝʩʪʨʫʢʪʠʚʥʠʤ 

ʤʝʪʦʜʘʤʘ ʤʦʛʫ˂ʝ ʿʝ ʘʢʦ ʨʝʟʫʣʪʘʪʝ ʛʘʤʘ ʩʧʝʢʪʨʦʤʝʪʨʠʿʝ ʢʦʤʙʠʥʫʿʝʤʦ ʩʘ ʥʝʫʪʨʦʥʩʢʠʤ 

ʢʦʠʥʮʠʜʝʥʪʥʠʤ ʤʝʨʝˁʠʤʘ ʠ ʢʘʣʦʨʠʤʝʪʨʠʿʦʤ. 

¶ ʇʨʝʮʠʟʥʦʩʪ ʛʘʤʘ ʩʧʝʢʪʨʦʤʝʪʨʠʿʝ ʿʝ ʟʥʘʯʘʿʥʦ ʤʘˁʘ ʥʝʛʦ ʢʦʜ ʜʝʩʪʨʫʢʪʠʚʥʠʭ ʤʝʪʦʜʘ ʧʦʧʫʪ 
ʨʘʟʣʠʯʠʪʠʭ ʤʘʩʝʥʠʭ ʩʧʝʢʪʨʦʤʝʪʨʠʿʘ (ʩʪʘʥʜʘʨʜʥʘ ʜʝʚʠʿʘʮʠʿʘ ʧʦʿʝʜʠʥʘʯʥʦʛ ʨʝʟʫʣʪʘʪʘ ʤʝʨʝˁʘ 

ʢʦʜ ʛʘʤʘ ʩʧʝʢʪʨʦʤʝʪʨʠʿʝ ˂ʝ ʙʠʪʠ ʚʝ˂ʘ).  

 

 

 ʉʦʬʪʚʝʨʩʢʠ ʧʘʢʝʪʠ ʟʘ ʘʥʘʣʠʟʫ 

 

ɿʘ ʧʦʪʨʝʙʝ ʘʢʚʠʟʠʮʠʿʝ ʠ ʥʘʢʥʘʜʥʝ ʘʥʘʣʠʟʝ ʧʨʠʢʫʧˀʝʥʠʭ ʩʧʝʢʪʘʨʘ ʥʫʢʣʝʘʨʥʠʭ ʠ ʜʨʫʛʠʭ 

ʨʘʜʠʦʘʢʪʠʚʥʠʭ ʤʘʪʝʨʠʿʘʣʘ ʢʦʨʠʰ˂ʝʥ ʿʝ ʥʝʢʦʣʠʢʦ ʩʦʬʪʚʝʨʘ ʠ ʩʦʬʪʚʝʨʩʢʠʭ ʧʘʢʝʪʘ. ʇʨʚʠ ʫ ʥʠʟʫ ʿʝ 

GENIE 2000 ʩʦʬʪʚʝʨ, ʢʦʿʠ ʿʝ ʢʦʨʠʰ˂ʝʥ ʟʘ ʧʨʠʢʫʧˀʘˁʝ ʩʧʝʢʪʘʨʘ ʩʘ ʜʝʪʝʢʪʦʨʘ ʠ ʦʯʠʪʘʚʘʚʘˁʝ 

ʠʥʪʝʥʟʠʪʝʪʘ ʛʘʤʘ ʣʠʥʠʿʘ ʦʜ ʠʥʪʝʨʝʩʘ ʫʥʫʪʘʨ ʩʧʝʢʪʨʘ, ʧʦʪʦʤ ʩʫ ʢʦʨʠʰ˂ʝʥʠ ʩʦʬʪʚʝʨʠ Angle ʠ 

EFFTRAN ʫ ʮʠˀʫ ʢʘʣʢʫʣʘʮʠʿʘ ʦʜʛʦʚʘʨʘʿʫ˂ʠʭ ʝʬʠʢʘʩʥʦʩʪʠ ʜʝʪʝʢʮʠʿʝ ʥʘ ʧʨʠʥʮʠʧʫ ʤʦʜʝʣʘ ʪʨʘʥʩʬʝʨʘ 

ʝʬʠʢʘʩʥʦʩʪʠ, ʩʠʤʫʣʘʮʠʦʥʠ ʩʦʬʪʚʝʨʩʢʠ ʧʘʢʝʪ GEANT4 ʢʦʿʠ ʿʝ ʢʦʨʠʰ˂ʝʥ ʟʘ ʤʦʜʝʣʦʚʘʥˁʝ ʜʝʪʝʢʪʦʨʘ  

ʠ ʢʨʝʠʨʘˁʝ ʩʠʤʫʣʠʨʘʥʠʭ ʬʫʥʢʮʠʿʘ ʝʬʠʢʘʩʥʦʩʪʠ ʜʝʪʝʢʮʠʿʝ ʠ ʥʘ ʢʨʘʿʫ PC FRAM ʩʦʬʪʚʝʨ ʧʦʤʦ˂ʫ ʢʦʛ 

ʩʝ ʤʦʛʫ ʜʦʙʠʪʠ ʤʘʩʝʥʠ ʫʜʝʣʠ ʦʜʨʝʹʝʥʠʭ ʠʟʦʪʦʧʘ ʿʝʜʥʦʛ ʝʣʝʤʝʥʪʘ ʦʜʥʦʩʥʦ ˁʠʭʦʚʦ ʦʙʦʛʘ˂ʝˁʝ. ʇʦʨʝʜ 

ʧʦʤʝʥʫʪʠʭ ʩʦʬʪʚʝʨʘ ʢʦʨʠʰ˂ʝʥʠ ʩʫ ʠ ʜʨʫʛʠ ʘʣʠ ʫ ʤʥʦʛʦ ʤʘˁʝʤ ʫʜʝʣʫ, ʦ ʢʦʿʠʤʘ ˂ʝ ʪʘʢʦʹʝ ʙʠʪʠ ʨʝʯʠ 

ʢʘʩʥʠʿʝ. 
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4.3.1 GenieTM 2000 Basic Spectroscopy Software  

 

GenieTM 2000 Basic Spectroscopy Software ʧʨʝʜʩʪʘʚˀʘ ʩʚʝʦʙʫʭʚʘʪʥʦ ʦʢʨʫʞʝˁʝ ʢʦʿʝ ʩʣʫʞʠ ʟʘ 

ʘʢʚʠʟʠʮʠʿʫ, ʧʨʠʢʘʟʠʚʘˁʝ ʠ ʘʥʘʣʠʟʫ ʧʦʜʘʪʘʢʘ ʫ ʦʙʣʘʩʪʠ ʘʣʬʘ ʠ ʛʘʤʩʧʝʢʪʨʦʤʝʪʨʠʿʝ. ʇʨʫʞʘ ʧʦʜʨʰʢʫ 

ʟʘ ʚʝʣʠʢ ʙʨʦʿ ʥʝʟʘʚʠʩʥʠʭ ʜʝʪʝʢʪʦʨʘ, ʯʠʤʝ ʩʝ ʧʦʩʪʠʞʫ ʟʥʘʪʥʝ ʤʦʛʫ˂ʥʦʩʪʠ ʫ ʧʦʛʣʝʜʫ ʫʤʨʝʞʘʚʘˁʘ. 

GenieTM 2000 ʩʦʬʪʚʝʨ ʫ ʩʚʦʤ ʩʘʩʪʘʚʫ ʤʦʞʝ ʜʘ ʧʦʩʝʜʫʿʝ ʨʘʟʣʠʯʠʪʝ ʧʨʦʛʨʘʤʩʢʝ ʧʘʢʝʪʝ ʢʦʿʠ ʪʠʤʝ 

ʦʙʝʟʙʝʹʫʿʫ ʤʦʛʫ˂ʥʦʩʪ ʮʝʣʦʢʫʧʥʝ ʦʙʨʘʜʝ ʠ ʘʥʘʣʠʟʝ ʧʨʠʢʫʧˀʝʥʠʭ ʧʦʜʘʪʘʢʘ, ʘ ʪʦ ʧʦʨʝʜ ʩʪʘʥʜʘʨʜʥʝ 

ʩʧʝʢʪʨʘʣʥʝ ʘʥʘʣʠʟʝ ʧʦʜʨʘʟʫʤʝʚʘ ʢʨʝʠʨʘˁʝ ʩʧʝʮʠʬʠʯʥʝ ʛʝʦʤʝʪʨʠʿʝ ʚʝʟʘʥʝ ʟʘ ʤʝʨʝˁʘ, ʬʠʪʦʚʘˁʝ 

ʧʦʿʝʜʠʥʘʯʥʠʭ ʧʠʢʦʚʘ ʫʥʫʪʘʨ ʤʫʣʪʠʧʣʝʪʘ, ʢʦʨʝʢʮʠʿʝ ʨʝʟʫʣʪʘʪʘ ʥʘ ʨʘʜʠʦʘʢʪʠʚʥʠ ʨʘʩʧʘʜ, 

ʠʜʝʥʪʠʬʠʢʘʮʠʿʫ ʠ ʢʚʘʥʪʠʬʠʢʘʮʠʿʫ ʨʘʜʠʦʥʫʢʣʠʜʘ ʠʟ ʩʧʝʢʪʨʘ, ʠʪʜ. ɱʝʜʘʥ ʦʜ ʧʦʤʝʥʫʪʠʭ ʧʘʢʝʪʘ ʿʝ 

Interactive Peak Fit ʢʦʿʠ ʩʝ ʩʘʩʪʦʿʠ ʦʜ ʙʨʦʿʥʠʭ ʘʣʘʪʘ ʟʘ ʘʥʘʣʠʟʫ ʧʠʢʦʚʘ ʫ ʢʦʥʢʨʝʪʥʦʤ ʩʧʝʢʪʨʫ. ʆʚʘʿ 

ʧʘʢʝʪ ʿʝ ʚʝʦʤʘ ʩʚʨʩʠʩʭʦʜʘʥ ʫ ʠʥʩʪʘʥʮʘʤʘ ʢʘʜʘ ʩʝ ʦʙʨʘʹʫʿʫ ʢʦʤʧʣʝʢʩʥʠ ʩʧʝʢʪʨʠ, ʟʙʦʛ ʩʚʦʿʝ 

ʩʧʦʩʦʙʥʦʩʪʠ ʜʘ ʘʥʘʣʠʟʠʨʘ ʩʠʥʛʣʝʪ ʧʠʢʦʚʝ ʢʘʦ ʠ ʦʥʝ ʢʦʿʠ ʩʝ ʥʘʣʘʟʝ ʫ ʤʫʣʪʠʧʣʝʪʠʤʘ, ʥʝʟʘʚʠʩʥʦ ʦʜ 

ʦʩʪʘʪʢʘ ʩʧʝʢʪʨʘ. ʊʘʢʦʹʝ, ʢʦʨʠʩʥʠʢ ʠʤʘ ʦʧʮʠʿʫ ʜʘ ʨʫʯʥʦ ʬʠʪʫʿʝ ʙʠʣʦ ʢʦʿʠ ʛʘʤʘ ʧʠʢ ʫ ʩʧʝʢʪʨʫ (ʩʠʥʛʣʝʪ 

ʠʣʠ ʤʫʣʪʠʧʣʝʪ). Gamma Analysis Software ʿʝ ʧʘʢʝʪ ʢʦʿʠ ʩʘʜʨʞʠ ʩʢʫʧ ʥʘʧʨʝʜʥʠʭ ʘʣʛʦʨʠʪʘʤʘ ʟʘ 

ʘʥʘʣʠʟʫ ʛʘʤʘ ʩʧʝʢʪʨʘ ʢʦʿʝ ʜʦʙʠʿʘ ʩʦʬʪʚʝʨ GenieTM 2000, ʜʦʢ ʧʘʢʝʪ Geometry Composer ʦʤʦʛʫ˂ʫʿʝ 

ʠʥʪʝʨʘʢʪʠʚʥʫ ʚʠʟʫʝʣʠʟʘʮʠʿʫ ʠ ʜʝʬʠʥʠʮʠʿʫ ʧʘʨʘʤʝʪʘʨʘ ʚʝʟʘʥʠʭ ʟʘ ʜʝʪʝʢʪʦʨ, ʘʧʩʦʨʙʝʨ ʠ ʫʟʦʨʘʢ. ʅʘ 

ʩʣʠʮʠ 4.10 ʿʝ ʧʨʠʢʘʟʘʥʦ ʢʦʨʠʩʥʠʯʢʦ ʦʢʨʫʞʝˁʝ ʧʦʿʝʜʠʥʠʭ ʧʘʢʝʪʘ ʫʥʫʪʘʨ GenieTM 2000 Basic 

Spectroscopy Software-ʘ [Genie,2016; Genie OM,2006]. 

 

ʉʣʠʢʘ 4.10. ʂʦʨʠʩʥʠʯʢʦ ʦʢʨʫʞʝˁʝ ʫʥʫʪʘʨ ʩʦʬʪʚʝʨʘ GenieTM 2000 Basic Spectroscopy Software 

[Genie,2016; Genie OM, 2006]. 
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4.3.2 EFFTRAN ʩʦʬʪʚʝʨ 

 

EFFTRAN ʿʝ ʤʘʪʝʤʘʪʠʯʢʠ ʩʦʬʪʚʝʨʩʢʠ ʢʦʜ ʢʦʿʠ ʿʝ ʥʘʧʠʩʘʥ ʫʥʫʪʘʨ ʧʨʦʛʨʘʤʘ Fortran77 ʠ ʢʦʿʠ 

ʬʫʥʢʮʠʦʥʠʰʝ ʥʘ Windows ʧʣʘʪʬʦʨʤʠ ʧʦʩʨʝʜʩʪʚʦʤ Microsoft Excel ʢʦʨʠʩʥʠʯʢʦʛ ʦʢʨʫʞʝˁʘ 

ʫʧʦʪʨʝʙʦʤ Visual Basic Application (VBA)  ʤʦʜʘʣʠʪʝʪʘ, ʫ ʩʚʨʭʫ ʨʘʯʫʥʘˁʘ ʥʝʧʦʟʥʘʪʝ ʝʬʠʢʘʩʥʦʩʪʠ 

ʜʝʪʝʢʮʠʿʝ. EFFTRAN ʩʦʬʪʚʝʨ ʧʨʝʜʩʪʘʚˀʘ ʧʨʘʢʪʠʯʥʫ ʧʨʠʤʝʥʫ ʤʝʪʦʜʘ ''ʪʨʘʥʩʬʝʨʘ ʝʬʠʢʘʩʥʦʩʪʠ'' ʫ 

ʛʘʤʘʩʧʝʢʪʨʦʤʝʪʨʠʿʠ ʟʘ ʫʟʦʨʢʝ ʮʠʣʠʥʜʨʠʯʥʝ ʛʝʦʤʝʪʨʠʿʝ, ʙʘʟʠʨʘʥʝ ʥʘ ʄʦʥʪʝ ʂʘʨʣʦ ʩʠʤʫʣʘʮʠʿʘʤʘ 

ʢʦʿʝ ʠʥʢʦʨʧʦʨʠʨʘʿʫ ʚʝʨʦʚʘʪʥʦ˂ʝ ʟʘ ʨʘʟʣʠʯʠʪʝ ʠʥʪʝʨʘʢʮʠʿʝ ʛʘʤʘ ʟʨʘʢʘ ʧʨʠ ˁʠʭʦʚʦʤ ʧʨʦʣʘʩʢʫ ʢʨʦʟ 

ʨʘʟʣʠʯʠʪʝ ʤʝʜʠʿʫʤʝ ʢʘʦ ʰʪʦ ʩʫ ʫʟʦʨʘʢ ʠ ʩʘʤ ʜʝʪʝʢʪʦʨ. ʆʚʘʿ ʧʨʠʩʪʫʧ ʯʠʥʠ ʨʘʯʫʥʘʨʩʢʠ ʢʦʜ ʨʝʣʘʪʠʚʥʦ 

ʿʝʜʥʦʩʪʘʚʥʠʤ ʟʘ ʧʠʩʘˁʝ ʠ ʧʨʫʞʘ ʘʜʝʢʚʘʪʥʫ ʙʨʟʠʥʫ ʢʘʣʢʫʣʘʮʠʿʘ ʟʘ ʨʫʪʠʥʩʢʫ ʘʥʘʣʠʟʫ ʧʨʠʢʫʧˀʝʥʠʭ 

ʩʧʝʢʪʘʨʘ. ʄʝʭʘʥʠʟʘʤ ʦʚʝ ʤʝʪʦʜʝ ʧʦʜʨʘʟʫʤʝʚʘ ʠʟʨʘʯʫʥʘʚʘˁʝ ʦʜʥʦʩʘ ʪʦʪʘʣʥʝ ʝʬʠʢʘʩʥʦʩʪʠ ʟʘ ʫʟʦʨʘʢ 

ʦʜ ʠʥʪʝʨʝʩʘ ʠ ʢʘʣʠʙʨʘʮʠʦʥʦʛ ʫʟʦʨʢʘ ʠ ʤʥʦʞʝˁʝʤ ʪʦʛ ʦʜʥʦʩʘ ʩʘ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʦʤ ʦʜʥʦʩʥʦ ʤʝʨʝʥʦʤ 

Full Energy Peak Efficiency (FEPE) ʢʘʣʠʙʨʘʮʠʦʥʦʛ ʫʟʦʨʢʘ. ɺʝʣʠʢʘ ʧʨʝʜʥʦʩʪ ʦʚʝ ʤʝʪʦʜʝ, ʦʛʣʝʜʘ ʩʝ ʫ 

ʪʦʤʝ ʜʘ ʩʝ ʨʘʯʫʥʘˁʝʤ ʦʜʥʦʩʘ ʝʬʠʢʘʩʥʦʩʪʠ, ʫ ʚʝʣʠʢʦʿ ʤʝʨʠ ʧʦʥʠʰʪʘʚʘʿʫ ʝʚʝʥʪʫʘʣʥʝ ʥʝʪʘʯʥʦʩʪʠ ʠʣʠ 

ʥʝʩʘʚʨʰʝʥʦʩʪʠ ʫ ʩʘʤʦʤ ʤʦʜʝʣʫ ʜʝʪʝʢʪʦʨʘ, ʯʠʤʝ ʩʝ ʦʤʦʛʫ˂ʘʚʘ ʜʦʙʠʿʘˁʝ ʢʚʘʣʠʪʝʪʥʠʭ ʨʝʟʫʣʪʘʪʘ ʯʘʢ 

ʠ ʫ ʩʠʪʫʘʮʠʿʘʤʘ ʢʘʜʘ ʦʜ ʩʪʨʘʥʝ ʧʨʦʠʟʚʦʹʘʯʘ ʜʝʪʝʢʪʦʨʘ ʥʠʩʫ ʦʙʝʟʙʝʹʝʥʠ ʠʣʠ ʩʫ ʦʙʝʟʙʝʹʝʥʠ 

ʥʝʦʧʪʠʤʠʟʦʚʘʥʠ ʧʦʜʘʮʠ. ʇʦʥʠʰʪʘʚʘˁʝ ʥʝʪʘʯʥʦʩʪʠ ʩʝ ʪʘʢʦʹʝ ʦʜʥʦʩʠ ʥʘ ʝʬʠʢʘʩʥʝ ʧʨʝʩʝʢʝ ʟʘ 

ʠʥʪʝʨʘʢʮʠʿʝ ʛʘʤʘ ʠ ʨʝʥʜʛʝʥʩʢʠʭ ʟʨʘʢʘ ʢʦʿʠ ʩʝ ʤʦʛʫ ʢʦʨʠʩʪʠʪʠ ʫ ʨʘʟʣʠʯʠʪʠʤ ʠʤʧʣʝʤʝʥʪʘʮʠʿʘʤʘ 

ʤʝʪʦʜʘ ʪʨʘʥʩʬʝʨʘ ʝʬʠʢʘʩʥʦʩʪʠ ʠ ʥʘ ʬʠʟʠʯʢʝ ʤʦʜʝʣʝ ˁʠʭʦʚʝ ʠʥʪʝʨʘʢʮʠʿʝ ʠ ʧʨʘ˂ʝˁʝ ʪʨʘʛʦʚʘ ʯʝʩʪʠʮʘ. 

EFFTRAN ʩʦʬʪʚʝʨ ʪʘʢʦʹʝ ʠʤʘ ʤʦʛʫ˂ʥʦʩʪ ʢʘʣʢʫʣʘʮʠʿʝ ʢʦʨʝʢʮʠʦʥʠʭ ʬʘʢʪʦʨʘ ʟʘ ʢʦʠʥʮʠʜʝʥʪʥʦ 

ʩʫʤʠʨʘˁʝ ʟʘ ʦʜʨʝʹʝʥʠ ʨʘʜʠʦʥʫʢʣʠʜ ʫ ʦʜʛʦʚʘʨʘʿʫ˂ʦʿ ʫʟʦʨʘʢ-ʜʝʪʝʢʪʦʨ ʛʝʦʤʝʪʨʠʿʠ. ʇʨʠʣʠʢʦʤ 

ʨʘʯʫʥʘˁʘ ʦʚʠʭ ʬʘʢʪʦʨʘ, ʫʟʠʤʘʿʫ ʩʝ ʫ ʦʙʟʠʨ ʛʘʤʘ-ʛʘʤʘ, ʛʘʤʘ-ʨʝʥʜʛʝʥʩʢʝ ʠ ʨʝʥʜʛʝʥʩʢʦ-ʨʝʥʜʛʝʥʩʢʝ 

ʢʦʠʥʮʠʜʝʥʮʠʿʝ. ʅʘʢʦʥ ʠʟʨʘʯʫʥʘʚʘˁʘ, ʢʦʨʝʢʮʠʦʥʠʤ ʬʘʢʪʦʨʠʤʘ ʟʘ ʢʦʠʥʮʠʜʝʥʪʥʦ ʩʫʤʠʨʘˁʝ ʤʥʦʞʝ ʩʝ 

ʥʝʪʦ ʧʦʚʨʰʠʥʝ ʦʙʫʭʚʘ˂ʝʥʝ ʜʘʪʠʤ ʧʠʢʦʤ ʫ ʩʧʝʢʪʨʫ. EFFTRAN ʩʦʬʪʚʝʨ ʘʫʪʦʤʘʪʩʢʠ ʠʟʨʘʯʫʥʘʚʘ ʦʚʝ 

ʬʘʢʪʦʨʝ, ʥʘ ʦʩʥʦʚʫ ʛʝʦʤʝʪʨʠʿʝ ʫʟʦʨʢʘ, ʤʦʜʝʣʘ ʜʝʪʝʢʪʦʨʘ ʠ ʨʘʜʠʦʥʫʢʣʠʜʘ ʦʜ ʠʥʪʝʨʝʩʘ. [Vidmar,2005; 

Vidmar et al.,2010; Stanic et al.,2019; Vraniļar et al.,2021]. ʇʨʠʢʘʟ ʢʦʨʠʩʥʠʯʢʦʛ ʦʢʨʫʞʝˁʘ ʫʥʫʪʘʨ 

EFFTRAN ʩʦʬʪʚʝʨʘ, ʜʘʪ ʿʝ ʥʘ ʩʣʠʮʠ 4.11 ʠ 4.12. 

ʂʘʢʦ ʙʠ ʠʟʨʘʯʫʥʘʦ ʥʝʧʦʟʥʘʪʝ ʝʬʠʢʘʩʥʦʩʪʠ ʟʘ ʜʘʪʫ ʫʟʦʨʘʢ-ʜʝʪʝʢʪʦʨ ʛʝʦʤʝʪʨʠʿʫ, EFFTRAN ʩʦʬʪʚʝʨ 

ʩʝ ʦʩʣʘˁʘ ʥʘ ʧʨʦʮʝʩ 'ʪʨʘʥʩʬʝʨʘ ʝʬʠʢʘʩʥʦʩʪʠ', ʢʦʿʠ ʩʝ ʩʧʨʦʚʦʜʠ ʫ ʩʢʣʘʜʫ ʩʘ ʿʝʜʥʘʯʠʥʦʤ: 

 ‐ ‐
–

–
 (4.2) 

ʋ ʥʘʚʝʜʝʥʦʿ ʿʝʜʥʘʯʠʥʠ, ʬʦʪʦʧʠʢ ʝʬʠʢʘʩʥʦʩʪʠ ʩʫ ʦʟʥʘʯʝʥʝ ʩʘ Ů, ʜʦʢ ʩʫ ʪʦʪʘʣʥʝ ʝʬʠʢʘʩʥʦʩʪʠ ʦʟʥʘʯʝʥʝ 

ʩʘ ɖ. ɺʝʣʠʯʠʥʝ ʢʦʿʝ ʥʠʩʫ ʠʥʜʝʢʩʠʨʘʥʝ ʦʜʥʦʩʝ ʩʝ ʥʘ ʥʝʧʦʟʥʘʪ ʫʟʦʨʘʢ ʜʦʢ ʩʝ ʠʩʪʝ ʢʦʿʝ ʠʤʘʿʫ ʠʥʜʝʢʩ 

''ref '' ʦʜʥʦʩʝ ʥʘ ʛʝʦʤʝʪʨʠʿʫ ʩʘ ʩʪʘʥʜʘʨʜʥʠʤ ʨʝʬʝʨʝʥʪʥʠʤ ʢʘʣʠʙʨʘʮʠʦʥʠʤ ʠʟʚʦʨʦʤ. ʊʦʪʘʣʥʝ 

ʝʬʠʢʘʩʥʦʩʪʠ ʩʫ ʩʨʘʯʫʥʘʪʝ ʧʦʤʦ˂ʫ ʩʘʤʦʛ ʢʦʜʘ ʫʥʫʪʘʨ EFFTRAN-ʘ, ʜʦʢ ʬʦʪʦʧʠʢ ʝʬʠʢʘʩʥʦʩʪʠ 

ʨʝʬʝʨʝʥʪʥʦʛ ʠʟʚʦʨʘ ʤʦʨʘʿʫ ʙʠʪʠ ʠʟʤʝʨʝʥʝ. ʀʩʭʦʜ ʦʚʝ ʤʝʪʦʜʝ ʿʝ ʬʦʪʦʧʠʢ ʝʬʠʢʘʩʥʦʩʪ ʥʝʧʦʟʥʘʪʦʛ 

ʚʦʣʫʤʠʥʦʟʥʦʛ ʠʟʚʦʨʘ. ʅʘʨʘʚʥʦ, ʜʘ ʙʠ ʧʦʤʝʥʫʪʝ ʪʦʪʘʣʥʝ ʝʬʠʢʘʩʥʦʩʪʠ ʤʦʛʣʝ ʙʠʪʠ ʩʨʘʯʫʥʘʪʝ, 

ʥʝʦʧʭʦʜʥʦ ʿʝ ʢʦʥʩʪʨʫʠʩʘʪʠ ʜʝʪʘˀʘʥ ʤʦʜʝʣ ʜʝʪʝʢʪʦʨʘ. ʂʘʢʦ ʙʠ ʩʝ ʜʦʙʠʣʠ ʧʨʝʮʠʟʥʠ ʨʝʟʫʣʪʘʪʠ 

ʛʘʤʘʩʧʝʢʪʨʦʤʝʪʨʠʿʩʢʠʭ ʤʝʨʝˁʘ, ʦʜ ʚʝʣʠʢʝ ʚʘʞʥʦʩʪʠ ʿʝ ʧʨʝʮʠʟʥʦ ʠʟʨʘʯʫʥʘʚʘˁʝ ʝʬʠʢʘʩʥʦʩʪʠ 

ʜʝʪʝʢʮʠʿʝ ʟʘ ʨʘʟʣʠʯʠʪʝ ʛʝʦʤʝʪʨʠʿʝ ʠʟʚʦʨʘ, ʤʘʪʨʠʮʝ ʠ ʝʥʝʨʛʠʿʝ, ʯʠʤʝ ʩʝ ʜʦʙʠʿʘʿʫ ʨʝʬʝʨʝʥʪʥʝ ʢʨʠʚʝ 

ʝʬʠʢʘʩʥʦʩʪʠ (Reference Efficiency Curve ï REC). ʊʨʘʞʝʥʘ ʝʬʠʢʘʩʥʦʩʪ ʩʝ ʤʦʞʝ ʠʟʨʘʯʫʥʘʪʠ ʠʣʠ 
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ʧʦʤʦ˂ʫ ʢʘʣʠʙʨʘʮʠʦʥʠʭ ʩʪʘʥʜʘʨʜʘ ʩʘ ʩʝʨʪʠʬʠʢʦʚʘʥʠʤ ʘʢʪʠʚʥʦʩʪʠʤʘ ʨʘʜʠʦʥʫʢʣʠʜʘ ʢʦʿʠ ʧʦʩʝʜʫʿʫ 

ʠʜʝʥʪʠʯʥʘ ʩʚʦʿʩʪʚʘ ʢʘʦ ʥʝʧʦʟʥʘʪʠ ʫʟʦʨʘʢ (ʛʝʦʤʝʪʨʠʿʘ, ʤʘʪʨʠʮʘ ʠ ʧʨʠʩʫʪʥʠ ʨʘʜʠʦʥʫʢʣʠʜʠ), ʛʜʝ ʥʝʤʘ 

ʤʝʩʪʘ ʘʧʨʦʢʩʠʤʘʮʠʿʘʤʘ, ʠʣʠ ʧʦʤʦ˂ʫ ʩʦʬʪʚʝʨʘ ʢʦʿʠ ʩʫ ʜʠʟʘʿʥʠʨʘʥʠ ʫ ʩʚʨʭʝ ʥʫʤʝʨʠʯʢʠʭ ʠʣʠ 

ʩʝʤʠʝʤʧʠʨʠʿʩʢʠʭ ʢʘʣʢʫʣʘʮʠʿʘ [Vidmar,2005]. 

 

ʉʣʠʢʘ 4.11. ʂʦʨʠʩʥʠʯʢʦ ʦʢʨʫʞʝˁʝ ʫʥʫʪʘʨ EFFTRAN ʩʦʬʪʚʝʨʘ. 

ʀʤʘʿʫ˂ʠ ʫ ʚʠʜʫ ʥʘʚʝʜʝʥʝ ʯʠˁʝʥʠʮʝ, ʤʦʞʝ ʩʝ ʟʘʢˀʫʯʠʪʠ ʜʘ ʿʝ ʢʘʣʠʙʨʘʮʠʿʘ ʝʬʠʢʘʩʥʦʩʪʠ ʩʘʩʪʘʚʥʠ ʜʝʦ 

ʩʚʘʢʝ ʚʨʩʪʝ ʤʝʨʝˁʘ ʢʦʿʝ ʩʝ ʩʧʨʦʚʦʜʠ ʩʘ ʜʝʪʝʢʪʦʨʠʤʘ ʢʦʿʠ ʠʤʘʿʫ ʧʘʨʘʤʝʪʘʨʩʢʠ ʟʘʚʠʩʥʫ ʬʫʥʢʮʠʿʫ 

ʝʬʠʢʘʩʥʦʩʪʠ ʜʝʪʝʢʮʠʿʝ. ʇʦ ʟʘʚʨʰʝʪʢʫ ʤʝʨʝˁʘ ʠ ʘʢʚʠʟʠʮʠʿʝ ʩʧʝʢʪʘʨʘ, ʤʦʞʝ ʩʝ ʧʨʠʩʪʫʧʠʪʠ ʧʦʩʪʫʧʢʫ 

ʨʘʯʫʥʘˁʘ ʨʝʬʝʨʝʥʪʥʝ ʢʨʠʚʝ ʝʬʠʢʘʩʥʦʩʪʠ. ʅʝʦʧʭʦʜʘʥ ʫʩʣʦʚ ʿʝ ʜʘ ʧʨʠʢʫʧˀʝʥ ʩʧʝʢʪʘʨ ʙʫʜʝ ʦʜ ʜʦʙʨʦ 

ʜʝʬʠʥʠʩʘʥʦʛ ʠʟʚʦʨʘ, ʩʝʨʪʠʬʠʢʦʚʘʥʝ ʘʢʪʠʚʥʦʩʪʠ. ʇʦʪʦʤ, ʚʨʰʠ ʩʝ ʩʝʣʝʢʮʠʿʘ ʧʠʢʦʚʘ ʢʦʿʠ ʧʦʪʠʯʫ ʦʜ 

ʨʘʜʠʦʘʢʪʠʚʥʦʛ ʨʘʩʧʘʜʘ ʞʝˀʝʥʦʛ ʠʟʦʪʦʧʘ, ʥʘ ʦʩʥʦʚʫ ʢʦʿʠʭ ʩʝ ʢʦʨʠʩʪʝ˂ʠ ʨʝʣʘʮʠʿʫ (4.3) ʤʦʞʝ 

ʠʟʨʘʯʫʥʘʪʠ ʨʝʣʘʪʠʚʥʘ ʝʬʠʢʘʩʥʦʩʪ: 

 ʀ
ὔϽὅὕὍ

ὸϽὴϽὃ
 (4.3) 
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ʋ ʨʝʣʘʮʠʿʠ (4.2), N ʧʨʝʜʩʪʘʚˀʘ ʫʢʫʧʘʥ ʙʨʦʿ ʜʝʪʝʢʪʦʚʘʥʠʭ ʛʘʤʘ ʬʦʪʦʥʘ ʦʜʨʝʹʝʥʝ ʝʥʝʨʛʠʿʝ, t ʿʝ ʚʨʝʤʝ 

ʘʢʚʠʟʠʮʠʿʝ, pɔ ʧʨʝʜʩʪʘʚˀʘ ʢʚʘʥʪʥʠ ʧʨʠʥʦʩ, ʦʜʥʦʩʥʦ ʚʝʨʦʚʘʪʥʦ˂ʫ ʝʤʠʩʠʿʝ ʬʦʪʦʥʘ ʜʘʪʝ ʝʥʝʨʛʠʿʝ ʧʨʠ 

ʨʘʩʧʘʜʫ, ɸ ʿ ʝ ʘʢʪʠʚʥʦʩʪ ʨʘʜʠʦʥʫʢʣʠʜʘ ʢʦʨʠʛʦʚʘʥʘ ʥʘ ʨʘʩʧʘʜ ʜʦʢ COI ʧʨʝʜʩʪʘʚˀʘ ʢʦʨʝʢʮʠʦʥʠ ʬʘʢʪʦʨ 

ʟʘ ʢʦʠʥʮʠʜʝʥʪʥʦ ʩʫʤʠʨʘˁʝ. ʈʝʬʝʨʝʥʪʥʝ ʢʨʠʚʝ ʝʬʠʢʘʩʥʦʩʪʠ ʩʝ ʤʦʛʫ ʠʟʨʘʯʫʥʘʪʠ ʟʘ ʙʠʣʦ ʢʦʿʠ 

ʨʝʬʝʨʝʥʪʥʠ ʤʘʪʝʨʠʿʘʣ, ʨʘʟʣʠʯʠʪʝ ʜʝʪʝʢʪʦʨʝ, ʛʝʦʤʝʪʨʠʿʝ ʫʟʦʨʢʘ ʠ ʤʘʪʨʠʮʝ. ʋ ʦʢʚʠʨʫ ʦʚʦʛ 

ʩʦʬʪʚʝʨʩʢʦʛ ʧʘʢʝʪʘ, ʧʦʩʪʦʿʠ ʤʦʛʫ˂ʥʦʩʪ ʢʨʝʘʮʠʿʝ ʤʘʪʝʨʠʿʘʣʘ, ʦʜʥʦʩʥʦ ʤʘʪʨʠʮʝ ʫʟʦʨʢʘ ʠ ʩʪʘʥʜʘʨʜʘ. 

ɿʘ ʦʚʫ ʨʘʜˁʫ, ʧʦʩʪʦʿʠ ʟʘʩʝʙʥʠ ʤʦʜʫʣ ʫ ʩʢʣʦʧʫ ʢʦʛ ʤʦʞʝʤʦ ʢʨʝʠʨʘʪʠ ʤʘʪʨʠʮʫ ʧʨʦʠʟʚʦˀʥʦʛ 

ʝʣʝʤʝʥʪʘʨʥʦʛ ʠʣʠ ʤʦʣʝʢʫʣʩʢʦʛ ʩʘʩʪʘʚʘ ʜʦ ʜʝʩʝʪ ʢʦʥʩʪʠʪʫʝʥʘʪʘ. ʂʘʜʘ ʩʫ ʧʦʟʥʘʪʝ REC ʠ 

ʩʧʝʮʠʬʠʢʘʮʠʿʝ ʫʟʦʨʢʘ, ʢʘʣʠʙʨʘʮʠʦʥʦʛ ʩʪʘʥʜʘʨʜʘ ʠ ʜʝʪʝʢʪʦʨʘ, EFFTRAN ʩʦʬʪʚʝʨ ʤʦʞʝ ʢʨʝʠʨʘʪʠ 

ʞʝˀʝʥʫ ʥʝʧʦʟʥʘʪʫ ʢʨʠʚʫ ʝʬʠʢʘʩʥʦʩʪʠ ʟʘ ʤʝʨʝʥʠ ʫʟʦʨʘʢ [Vidmar,2005]. 

ʉʣʠʢʘ 4.12. ʂʦʨʠʩʥʠʯʢʦ ʦʢʨʫʞʝˁʝ ʫʥʫʪʘʨ EFFTRAN ʩʦʬʪʚʝʨʘ. 

ʅʘ ʩʣʠʮʠ 4.12 ʚʠʜʠʤʦ ʧʨʦʟʦʨʝ ʫʥʫʪʘʨ ʢʦʿʠʭ ʩʝ ʟʘʜʘʿʫ ʦʜʚʦʿʝʥʦ ʧʘʨʘʤʝʪʨʠ ʚʝʟʘʥʠ ʟʘ ʜʝʪʝʢʪʦʨ (ʚʠʩʠʥʘ 

ʠ ʨʘʜʠʿʫʩ ʢʨʠʩʪʘʣʘ, ʟʘʦʙˀʝʥʦʩʪ, ʤʘʪʝʨʠʿʘʣ ʦʜ ʢʦʛ ʿʝ ʥʘʧʨʘʚˀʝʥ, ʜʝʙˀʠʥʝ ʤʨʪʚʠʭ ʩʣʦʿʝʚʘ ʥʘ ʩʘʤʦʤ 

ʢʨʠʩʪʘʣʫ ʢʘʦ ʠ ʧʦʩʪʦʿʘˁʝ ʧʨʦʟʦʨʘ ʥʘ ʜʝʪʝʢʪʦʨʫ ʠ, ʫʢʦʣʠʢʦ ʧʦʩʪʦʿʠ, ʤʘʪʝʨʠʿʘʣ ʠʩʪʦʛ) ʠ ʩʪʘʥʜʘʨʜʥʠ 

ʨʝʬʝʨʝʥʪʥʠ ʤʘʪʝʨʠʿʘʣ ʠ ʫʟʦʨʘʢ ʦʜ ʠʥʪʝʨʝʩʘ (ʚʠʩʠʥʘ, ʦʙʣʠʢ ʠ ʤʘʪʝʨʠʿʘʣ ʢʦʥʪʝʿʥʝʨʘ ʫ ʢʦʿʝʤ ʩʫ, 

ʤʘʪʨʠʮʘ ʦʜʥʦʩʥʦ ʤʘʪʝʨʠʿʘʣ ʢʦʿʠ ʩʘʯʠˁʘʚʘ ʩʪʘʥʜʘʨʜ ʠ ʫʟʦʨʘʢ ʢʘʦ ʠ ˁʠʭʦʚʘ ʛʝʦʤʝʪʨʠʿʘ ʫ ʦʜʥʦʩʫ ʥʘ 

ʜʝʪʝʢʪʦʨ). ʅʘ ʩʣʠʮʠ 4.11 ʤʦʛʫ ʩʝ ʧʨʠʤʝʪʠʪʠ ʧʦˀʘ ʫ ʢʦʿʠʤʘ ʫʥʦʩʠʤʦ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʦ ʦʜʨʝʹʝʥʝ 

ʚʨʝʜʥʦʩʪʠ ʬʫʥʢʮʠʿʝ ʝʬʠʢʘʩʥʦʩʪʠ ʟʘ ʝʥʝʨʛʠʿʝ ʦʜ ʠʥʪʝʨʝʩʘ, ʟʘ ʢʦʿʝ ʥʘʤ ʩʦʬʪʚʝʨ, ʨʝʩʧʝʢʪʠʚʥʦ, ʨʘʯʫʥʘ 

ʝʬʠʢʘʩʥʦʩʪʠ ʟʘ ʥʘʰ ʫʟʦʨʘʢ, ʧʦʤʦ˂ʫ ʧʘʨʘʤʝʪʘʨʘ ʜʝʪʝʢʪʦʨʘ, ʩʪʘʥʜʘʨʜʘ ʠ ʩʘʤʦʛ ʫʟʦʨʢʘ ʢʦʿʝ ʩʤʦ 

ʧʨʝʪʭʦʜʥʦ ʟʘʜʘʣʠ. ʅʘʿʚʝ˂ʝ ʦʛʨʘʥʠʯʝˁʝ EFFTRAN ʩʦʬʪʚʝʨʘ ʦʛʣʝʜʘ ʩʝ ʫ ʯʠˁʝʥʠʮʠ ʜʘ ʿʝ ʧʨʦʮʝʩ 

ʪʨʘʩʥʩʬʝʨʘ ʝʬʠʢʘʩʥʦʩʪʠ ʤʦʛʫ˂ ʿʝʜʠʥʦ ʫ ʩʣʫʯʘʿʫ ʮʠʣʠʥʜʨʠʯʥʝ ʠ ʘʢʩʠʿʘʣʥʦ ʩʠʤʝʪʨʠʯʥʝ ʛʝʦʤʝʪʨʠʿʝ 

ʜʝʪʝʢʪʦʨʘ ʠ ʫʟʦʨʢʘ. 
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4.3.3 Angle ʩʦʬʪʚʝʨ 

 Angle ʧʨʝʜʩʪʘʚˀʘ ʩʦʬʪʚʝʨ ʢʦʿʠ ʩʚʦʿʫ ʫʧʦʪʨʝʙʫ ʥʘʣʘʟʠ ʫ ʦʙʣʘʩʪʠ ʢʚʘʥʪʠʪʘʪʠʚʥʝ ʛʘʤʘ 

ʩʧʝʢʪʨʦʤʝʪʨʠʿʝ, ʠ ʢʘʦ ʪʘʢʘʚ ʩʝ ʚʝ˂ ʚʠʰʝ ʦʜ 25 ʛʦʜʠʥʘ ʢʦʨʠʩʪʠ ʫ ʙʨʦʿʥʠʤ ʘʥʘʣʠʪʠʯʢʠʤ 

ʣʘʙʦʨʘʪʦʨʠʿʘʤʘ ʢʦʿʝ ʩʝ ʙʘʚʝ ʛʘʤʘ ʩʧʝʢʪʨʦʤʝʪʨʠʿʦʤ. ʋ ʧʨʚʠ ʤʘʭ, ʦʚʘʿ ʩʦʬʪʚʝʨ ʿʝ ʨʘʟʚʠʿʝʥ ʟʘ 

ʧʦʣʫʧʨʦʚʦʜʥʠʯʢʝ ʛʝʨʤʘʥʠʿʫʤʩʢʝ ʜʝʪʝʢʪʦʨʝ (HPGe), ʜʦʢ ʪʨʝʥʫʪʥʦ ʧʦʩʪʦʿʠ ʧʦʜʨʰʢʘ ʠ ʟʘ 

ʩʮʠʥʪʠʣʘʮʠʦʥʝ (ʥʘʪʨʠʿʫʤ-ʿʦʜʠʜʩʢʝ (NaI)) ʜʝʪʝʢʪʦʨʝ ʙʫʜʫ˂ʠ ʜʘ ʩʫ ʦʚʘ ʜʚʘ ʪʠʧʘ ʜʝʪʝʢʪʦʨʘ 

ʥʘʿʟʘʩʪʫʧˀʝʥʠʿʠ ʫ ʤʦʜʝʨʥʠʤ ʛʘʤʘʩʧʝʢʪʨʦʤʝʪʨʠʿʩʢʠʤ ʩʠʩʪʝʤʠʤʘ. Angle ʩʦʬʪʚʝʨ ʧʨʫʞʘ ʧʨʝʮʠʟʥʦ 

ʦʜʨʝʹʠʚʘˁʝ ʘʢʪʠʚʥʦʩʪʠ ʫʟʦʨʘʢʘ, ʪʝ ʩʝ ʢʘʦ ʪʘʢʘʚ ʠ ʢʦʨʠʩʪʠ ʟʘ ʢʚʘʥʪʠʬʠʢʘʮʠʿʫ ʦʜʥʦʩʥʦ 

ʩʧʝʢʪʨʦʤʝʪʨʠʿʫ ʩʘʤʠʭ ʤʝʨʝˁʘ. ʉʣʠʯʥʦ ʢʘʦ ʠ EFFTRAN ʩʦʬʪʚʝʨʘ, ʜʘ ʙʠ ʩʨʘʯʫʥʘʦ ʝʬʠʢʘʩʥʦʩʪ 

ʜʝʪʝʢʮʠʿʝ, Angle ʢʦʨʠʩʪʠ ʤʝʪʦʜʫ 'ʪʨʘʥʩʬʝʨʘ ʝʬʠʢʘʩʥʦʩʪʠ', ʩʘʤʦ ʩʝ ʦʥʘ ʩʧʨʦʚʦʜʠ ʥʘ ʤʘʣʦ ʜʨʫʛʘʯʠʿʠ 

ʥʘʯʠʥ. Angle ʢʦʨʠʩʥʠʢʫ ʧʨʫʞʘ ʤʦʛʫ˂ʥʦʩʪ ʟʘ ʧʨʝʮʠʟʥʦ ʦʜʨʝʹʠʚʘˁʝ ʘʢʪʠʚʥʦʩʪʠ ʛʘʤʘ-

ʩʧʝʢʪʨʦʩʢʦʧʩʢʠʭ ʫʟʦʨʘʢʘ, ʠ ʢʘʦ ʪʘʢʘʚ ʩʝ ʢʦʨʠʩʪʠ ʟʘ ʢʚʘʥʪʠʬʠʢʘʮʠʿʫ ʤʝʨʥʠʭ ʧʦʜʘʪʘʢʘ [Angle 4,2016; 

Jovanovic et al.,1997]. 

ʂʘʦ ʰʪʦ ʿʝ ʪʦ ʙʠʦ ʩʣʫʯʘʿ ʠ ʢʦʜ EFFTRAN ʩʦʬʪʚʝʨʘ, ʫʥʫʪʘʨ Angle ʩʦʬʪʚʝʨʩʢʦʛ ʧʘʢʝʪʘ ʢʦʨʠʩʥʠʢ ʠʤʘ 

ʩʣʠʯʥʝ ʤʦʛʫ˂ʥʦʩʪʠ - ʜʘ ʥʘʧʨʘʚʠ ʠ ʟʘʜʘ ʛʝʦʤʝʪʨʠʿʫ ʠ ʪʠʧ ʜʝʪʝʢʪʦʨʘ, ʚʨʩʪʫ ʢʦʥʪʝʿʥʝʨʘ ʟʘ ʫʟʦʨʘʢ ʠ 

ʨʝʬʝʨʝʥʪʥʠ ʩʪʘʥʜʘʨʥʠ ʤʘʪʝʨʠʿʘʣ, ʤʘʪʨʠʮʫ ʫʟʦʨʢʘ ʠ ʨʝʬʝʨʝʥʪʥʦʛ ʤʘʪʝʨʠʿʘʣʘ ʠ ʥʘʨʘʚʥʦ ʨʝʬʝʨʝʥʪʥʫ 

ʢʨʠʚʫ ʝʬʠʢʘʩʥʦʩʪʠ (REC). ʆʥʦ ʰʪʦ ʿʝ ʙʠʪʥʘ ʨʘʟʣʠʢʘ, ʿʝ ʜʘ Angle ʩʦʬʪʚʝʨ ʠ ʙʝʟ ʟʘʜʘʚʘˁʘ REC ʤʦʞʝ 

ʜʘ ʧʨʫʞʠ ʨʝʟʫʣʪʘʪʝ ʫ ʚʠʜʫ ʧʨʦʩʪʦʨʥʠʭ ʫʛʣʦʚʘ ʟʘ ʩʪʘʥʜʘʨʥʠ ʨʝʬʝʨʝʥʪʥʠ ʤʘʪʝʨʠʿʘʣ ʠ ʫʟʦʨʘʢ. 

ɽʬʝʢʪʠʚʥʠ ʧʨʦʩʪʦʨʥʠ ʫʛʘʦ ɱ ʧʨʝʜʩʪʘʚˀʘ ʢʘʣʢʫʣʠʩʘʥʫ ʚʨʝʜʥʦʩʪ ʢʦʿʘ ʫ ʩʝʙʠ ʩʘʜʨʞʠ ʪʨʠ ʢʦʤʧʦʥʝʥʪʝ, 

ʘ ʩʘʤʘ ʿʝ ʫʩʢʦ ʧʦʚʝʟʘʥʘ ʩʘ ʝʬʠʢʘʩʥʦʰ˂ʫ ʜʝʪʝʢʮʠʿʝ. ʆʚʠʤ ʩʝ ʧʦʜʨʘʟʫʤʝʚʘ ʜʘ ʿʝ ʚʠʨʪʫʝʣʥʠ 'ʧʠʢ-ʥʘ-

ʧʠʢ' ʦʜʥʦʩ, ʫ ʩʪʚʘʨʠ ʠʥʪʨʠʥʩʠʯʥʘ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ ʢʨʠʩʪʘʣʘ ʜʝʪʝʢʪʦʨʘ, ʪʦ ʿʝʩʪ ʜʘ ʟʘʚʠʩʠ ʠʩʢˀʫʯʠʚʦ 

ʦʜ ʝʥʝʨʛʠʿʝ. ʊʦ ʜʘˀʝ ʟʥʘʯʠ ʜʘ ʿʝ ʝʬʠʢʘʩʥʦʩʪ ʜʝʪʝʢʮʠʿʝ Ů ʧʨʦʧʦʨʮʠʦʥʘʣʥʘ ʝʬʝʢʪʠʚʥʦʤ ʧʨʦʩʪʦʨʥʦʤ 

ʫʛʣʫ ɱ. ɽʬʠʢʘʩʥʦʩʪ ʜʝʪʝʢʮʠʿʝ (‐  ʩʝ ʜʦʙʠʿʘ ʧʦʤʦ˂ʫ ʩʣʝʜʝ˂ʝ ʨʝʣʘʮʠʿʝ : 

 ‐ ‐ȟ
ɱ

ɱ
 

(4.4) 

ʛʜʝ ʿʝ ʩʘ ʦʟʥʘʢʦʤ ref ʦʟʥʘʯʝʥʘ ʨʝʬʝʨʝʥʪʥʘ ʜʝʪʝʢʮʠʦʥʘ ʛʝʦʤʝʪʨʠʿʘ ʜʦʢ ʩʝ ʦʟʥʘʢʘ p ʦʜʥʦʩʠ ʥʘ ʪʨʘʞʝʥʫ 

(ʥʝʧʦʟʥʘʪʫ) ʝʬʠʢʘʩʥʦʩʪ ʜʝʪʝʢʮʠʿʝ. ʋ ʥʘʩʪʘʚʢʫ ʪʝʢʩʪʘ ʙʠ˂ʝ ʧʨʠʢʘʟʘʥ ʤʘʪʝʤʘʪʠʯʢʠ ʤʦʜʝʣ ʟʘ ʨʘʯʫʥʘˁʝ 

ʧʨʦʩʪʦʨʥʠʭ ʫʛʣʦʚʘ ʠ ʝʬʠʢʘʩʥʦʩʪʠ ʟʘ ʩʣʫʯʘʿ ʘʢʩʠʿʘʣʥʦ-ʩʠʤʝʪʨʠʯʥʝ ʛʝʦʤʝʪʨʠʿʝ ʜʝʪʝʢʪʦʨ-ʫʟʦʨʘʢ 

(ʠʟʚʦʨ) [Angle 4, 2016]. 

 

ʄʘʪʝʤʘʪʠʯʢʠ ʤʦʜʝʣ 

ɿʘ ʜʘʪʫ ʧʨʦʠʟʚʦˀʥʫ ʛʝʦʤʝʪʨʠʿʫ ʜʝʪʝʢʪʦʨ (D) ï ʠʟʚʦʨ (S), ʝʬʝʢʪʠʚʥʠ ʧʨʦʩʪʦʨʥʠ ʫʛʘʦ ʤʦʞʝ ʜʘ ʩʝ 

ʜʝʬʠʥʠʰʝ ʥʘ ʩʣʝʜʝ˂ʠ ʥʘʯʠʥ: 

   Ὠ  (4.5) 

ʛʜʝ ʿʝ ʩʘ VS ʦʟʥʘʯʝʥʘ ʟʘʧʨʝʤʠʥʘ ʠʟʚʦʨʘ ʘ ʩʘ SD ʧʦʚʨʰʠʥʘ ʜʝʪʝʢʪʦʨʘ ʦʢʨʝʥʫʪʘ ʢʘ ʠʟʚʦʨʫ (ʧʦʚʨʰʠʥʘ 

ʜʝʪʝʢʪʦʨʘ ʢʦʿʫ 'ʚʠʜʠ' ʠʟʚʦʨ), ʜʦʢ ʿʝ Äɱ ʜʝʬʠʥʠʩʘʥ ʢʘʦ: 
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 Ὠ 
Ὂ Ὂ Ὕὖᴆὲᴆ

Ὕὖᴆ
Ὠ„ (4.6) 

ʋ ʿʝʜʥʘʯʠʥʠ (4.6) ʩʘ ʊ ʿ ʝ ʦʟʥʘʯʝʥʘ ʧʨʦʠʟʚʦˀʥʘ ʪʘʯʢʘ ʫʥʫʪʘʨ ʟʘʧʨʝʤʠʥʝ VS , P ʧʨʝʜʩʪʘʚˀʘ ʧʨʦʠʟʚʦˀʥʫ 

ʪʘʯʢʫ ʢʦʿʘ ʩʝ ʥʘʣʘʟʠ ʥʘ ʧʦʚʨʰʠʥʠ SD , ʜʦʢ ʿʝ ʩʘ Îᴆ ʦʟʥʘʯʝʥ ʿʝʜʠʥʠʯʥʠ ʚʝʢʪʦʨ ʢʦʿʠ ʿʝ ʥʦʨʤʘʣʘʥ ʥʘ 

ʠʥʬʠʥʠʪʝʟʠʤʘʣʥʫ ʧʦʚʨʰʠʥʫ Äʎ ʧʦʚʨʰʠʥʝ SD. ʀʤʘʿʫ˂ʠ ʩʚʝ ʥʘʚʝʜʝʥʦ ʫ ʚʠʜʫ, ʿʝʜʥʘʯʠʥʘ (5.4) 

ʧʨʝʜʩʪʘʚˀʘ ʧʝʪʦʩʪʨʫʢʠ ʠʥʪʝʛʨʘʣ. ʇʦʤʦ˂ʫ ʬʘʢʪʦʨʘ &  ʫʨʘʯʫʥʘʪʘ ʿʝ ʘʪʝʥʫʘʮʠʿʘ ʛʘʤʘ-ʬʦʪʦʥʘ ʢʦʿʠ ʩʝ 

ʢʨʝ˂ʝ ʜʫʞ ʧʨʘʚʮʘ ʚʝʢʪʦʨʘ 40ᴆ , ʜʦʢ ʢʨʝ˂ʝ ʩʝ ʢʨʦʟ ʜʝʪʝʢʪʦʨ ʠ ʥʘʧʫʰʪʘ ˁʝʛʦʚʫ ʘʢʪʠʚʥʫ ʟʘʧʨʝʤʠʥʫ, ʘ 

ʫʧʦʪʨʝʙʦʤ &  ʦʧʠʩʘʥʘ ʚʝʨʦʚʘʪʥʦ˂ʘ ʥʝʝʣʘʩʪʠʯʥʝ ʠʥʪʝʨʘʢʮʠʿʝ ʬʦʪʦʥʘ ʩʘ ʤʘʪʝʨʠʿʘʣʦʤ ʜʝʪʝʢʪʦʨʘ 

(ʠʥʪʝʨʘʢʮʠʿʝ ʫ ʢʦʿʠʤʘ ʜʦʣʘʟʠ ʜʦ ʛʫʙʠʪʢʘ ʝʥʝʨʛʠʿʝ ʠʥʠʮʠʿʘʣʥʦʛ ʬʦʪʦʥʘ). ʋ ʧʦʤʝʥʫʪʘ ʜʚʘ ʬʘʢʪʦʨʘ ʩʫ 

ʠʥʢʦʨʧʦʨʠʨʘʥʠ ʛʝʦʤʝʪʨʠʿʩʢʠ ʠ ʢʦʤʧʦʟʠʮʠʦʥʠ ʧʘʨʘʤʝʪʨʠ ʤʘʪʝʨʠʿʘʣʘ ʢʨʦʟ ʢʦʿʠ ʧʨʦʣʘʟʠ ʬʦʪʦʥ. 

ʆʧʠʩʘʥʝ ʚʝʣʠʯʠʥʝ ʩʫ ʧʨʠʢʘʟʘʥʝ ʥʘ ʉʣʠʮʠ 4.13 [Angle 4,2016]. 

 

ʉʣʠʢʘ 4.13. ʇʨʠʢʘʟ ʧʘʨʘʤʝʪʨʠʟʦʚʘʥʝ ʧʨʦʠʟʚʦˀʥʝ ʛʝʦʤʝʪʨʠʿʝ ʠʟʚʦʨ-ʜʝʪʝʢʪʦʨ [Angle 4,2016]. 

ʋ ʨʫʪʠʥʩʢʦʿ ʛʘʤʘʩʧʝʢʪʨʦʤʝʪʨʠʿʩʢʦʿ ʧʨʘʢʩʠ, ʠʟʚʦʨ ʠʣʠ ʫʟʦʨʘʢ ʩʝ, ʢʘʜʘ ʿʝ ʨʝʯ ʦ ʚʦʣʫʤʠʥʦʟʥʠʤ 

ʠʟʚʦʨʠʤʘ, ʥʘʿʯʝʰ˂ʝ ʥʘʣʘʟʠ ʫ ʮʠʣʠʥʜʨʠʯʥʦʿ ʛʝʦʤʝʪʨʠʿʠ. ʋ ʥʘʩʪʘʚʢʫ ˂ʝ ʙʠʪʠ ʦʧʠʩʘʥʠ ʩʣʫʯʘʿʝʚʠ 

ʮʝʥʪʨʘʣʥʦ-ʘʢʩʠʿʘʣʥʝ ʩʠʤʝʪʨʠʿʝ ʠʟʚʦʨʘ ʠ ʜʝʪʝʢʪʦʨʘ, ʫ ʠʥʩʪʘʥʮʠ ʢʘʜʘ ʿʝ ʧʦʣʫʧʨʝʯʥʠʢ ʠʟʚʦʨʘ ʤʘˁʠ, 

ʦʜʥʦʩʥʦ ʚʝ˂ʠ ʦʜ ʧʦʣʫʧʨʝʯʥʠʢʘ ʜʝʪʝʢʪʦʨʘ. 

ʋ ʩʣʫʯʘʿʫ ʢʘʜʘ ʿʝ ʧʦʣʫʧʨʝʯʥʠʢ ʠʟʚʦʨʘ ʤʘˁʠ ʦʜ ʧʦʣʫʧʨʝʯʥʠʢʘ ʜʝʪʝʢʪʦʨʘ (r0 < R0) ʠ ʠʩʪʠ ʩʝ ʥʘʣʘʟʝ ʫ 

ʘʢʩʠʿʘʣʥʦʿ ʩʠʤʝʪʨʠʿʠ, ʧʝʪʦʩʪʨʫʢʠ ʠʥʪʝʛʨʘʣ ʠʟ ʿʝʜʥʘʯʠʥʝ (4.5) ʩʝ ʩʚʦʜʠ ʥʘ ʯʝʪʚʦʨʦʩʪʨʫʢʠ ʫʩʣʝʜ ʩʘʤʝ 

ʧʨʠʨʦʜʝ ʘʢʩʠʿʘʣʥʝ ʩʠʤʝʪʨʠʿʝ.  

ɿʘ ʩʣʫʯʘʿ ʢʘʜʘ ʿʝ ʧʦʣʫʧʨʝʯʥʠʢ ʮʠʣʠʥʜʨʠʯʥʦʛ ʠʟʚʦʨʘ ʤʘˁʠ ʦʜ ʧʦʣʫʧʨʝʯʥʠʢʘ ʜʝʪʝʢʪʦʨʘ (r0 < R0) 

ʿʝʜʥʘʯʠʥʘ (4.5) ʜʦʙʠʿʘ ʩʣʝʜʝ˂ʠ ʦʙʣʠʢ: 

  
τ

ὶὒ
Ὠ ὰὨὰὶὨὶὨ•

Ὂ Ὂ ὙὨὙ

Ὑ ςὙὶὧέί•ὶ Ὠ ὰ
 

(4.7) 
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ʐʝʤʘʪʩʢʠ ʧʨʠʢʘʟ ʛʝʦʤʝʪʨʠʿʝ (r0 < R0) ʜʘʪ ʿʝ ʥʘ ʉʣʠʮʠ 4.14. ʋʢʦʣʠʢʦ ʞʝʣʠʤʦ ʜʘ ʨʘʜʠʤʦ ʧʨʦʨʘʯʫʥ 

ʧʨʦʩʪʦʨʥʦʛ ʫʛʣʘ ʟʘ ʜʠʩʢ ʠ ʪʘʯʢʘʩʪʝ ʠʟʚʦʨʝ, ʫ ʿʝʜʥʘʯʠʥʫ (4.7) ʫʚʨʰʪʘʚʘʤʦ L=0 ʠ L=0, r0=0 

ʨʝʩʧʝʢʪʠʚʥʦ.  

 

ʉʣʠʢʘ 4.14. ʐʝʤʘʪʩʢʠ ʧʨʠʢʘʟ ʧʦʩʪʘʚʢʝ ʠʟʚʦʨ-ʜʝʪʝʢʪʦʨ (r0 < R0) [Angle 4,2016]. 

ʋ ʠʥʩʪʘʥʮʠ ʢʘʜʘ ʿʝ ʧʦʣʫʧʨʝʯʥʠʢ ʠʟʚʦʨʘ ʚʝ˂ʠ ʦʜ ʧʦʣʫʧʨʝʯʥʠʢʘ ʜʝʪʝʢʪʦʨʘ (r0 > R0), ʿʝʜʥʘʯʠʥʘ (4.5) ʩʝ 

ʤʦʞʝ ʥʘʧʠʩʘʪʠ ʥʘ ʩʣʝʜʝ˂ʠ ʥʘʯʠʥ (ʉʣʠʢʘ 4.15): 

 

  Ὠ 

ȟ

Ὠ 

ȟ

 

τ

ὶὒ
Ὠ ὰὨὰὶὨὶὨ•

Ὂ Ὂ ὙὨὙ

Ὑ ςὙὶὧέί•ὶ Ὠ ὰ
 

τ

ὶ Ὑ ὒ
Ὠ ὰὨὰὶὨὶὨ•

Ὂ Ὂ ὶὧέί•Ὑ ὨὬ

Ὑ ςὙὶὧέί•ὶ Ὠ ὰ Ὤ

  

(4.7) 

 

ʛʜʝ ʿʝ ʒ ʜʝʬʠʥʠʩʘʥʦ ʢʘʦ : 

 • • ὶ ὥὶὧὸὫ
ὶ Ὑ

Ὑ
 

(4.8) 
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ʉʣʠʢʘ 4.15. ʐʝʤʘʪʩʢʠ ʧʨʠʢʘʟ ʧʦʩʪʘʚʢʝ ʠʟʚʦʨ-ʜʝʪʝʢʪʦʨ (r0 > R0) [Angle 4,2016]. 

ʅʘ ʩʣʠʮʠ 4.16 ʿ ʝ ʧʨʠʢʘʟʘʥ ʛʣʘʚʥʠ ʧʨʦʟʦʨ, ʦʜʥʦʩʥʦ ʢʦʨʠʩʥʠʯʢʠ ʠʥʪʝʨʬʝʿʩ ʢʦʿʠ ʩʝ ʧʦʿʘʚˀʫʿʝ ʧʨʠʣʠʢʦʤ 

ʧʦʢʨʝʪʘˁʘ ʧʨʦʛʨʘʤʘ Angle. ɹʨʦʿʝʚʠʤʘ ʩʫ ʦʟʥʘʯʝʥʘ ʧʦˀʘ ʧʦʩʨʝʜʩʪʚʦʤ ʢʦʿʠʭ ʧʨʦʛʨʘʤ ʠʟʚʨʰʘʚʘ 

ʛʣʘʚʥʝ ʬʫʥʢʮʠʿʝ: 1- ʊʨʘʢʘ ʢʦʿʘ ʩʘʜʨʞʠ ʦʩʥʦʚʥʝ ʬʫʥʢʮʠʿʝ ʠ ʧʦʟʠʚʘ ʦʩʪʘʣʝ ʧʨʦʟʦʨʝ, 2- ʧʨʦʟʦʨ ʫʥʫʪʘʨ 

ʢʦʛʘ ʟʘʜʘʿʝʤʦ ʦʩʥʦʚʥʝ ʧʘʨʘʤʝʪʨʝ ʜʝʪʝʢʪʦʨʘ, 3- ʧʨʦʟʦʨ ʟʘ ʜʝʬʠʥʠʩʘˁʝ ʩʘʩʪʘʚʘ ʠ ʦʙʣʠʢʘ ʢʦʥʪʝʿʥʝʨʘ 

ʫʥʫʪʘʨ ʢʦʛʘ ʩʝ ʥʘʣʘʟʠ ʠʟʚʦʨ, 4- ʧʨʦʟʦʨ ʟʘ ʧʘʨʘʤʝʪʨʠʟʘʮʠʿʫ ʛʝʦʤʝʪʨʠʿʝ ʫʟʦʨʘʢ-ʜʝʪʝʢʪʦʨ, ʦʜʥʦʩʥʦ 

ʜʝʬʠʥʠʩʘˁʝ ˁʠʭʚʦʛ ʤʝʹʫʩʦʙʥʦʛ ʧʦʣʦʞʘʿʘ ʠ ʧʦʩʪʦʿʘˁʘ ʤʝʹʫʩʣʦʿʝʚʘ ʠ ʘʧʩʦʨʙʝʨʘ ʠʟʤʝʹʫ ʫʟʦʨʢʘ ʠ 

ʜʝʪʝʢʪʦʨʘ, 5- ʧʨʦʟʦʨ ʫʥʫʪʘʨ ʢʦʛʘ ʟʘʜʘʿʝʤʦ ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ ʠʟʚʦʨʘ (ʫʟʦʨʢʘ), 6- ʧʨʦʟʦʨ ʢʦʿʠ ʩʘʜʨʞʠ  

ʜʦʜʘʪʥʝ ʧʘʨʘʤʝʪʨʝ ʢʘʦ ʰʪʦ ʩʫ ʧʨʝʮʠʟʥʦʩʪ ʢʘʣʢʫʣʘʮʠʿʝ, ʩʝʪ ʝʥʝʨʛʠʿʘ ʦʜ ʠʥʪʝʨʝʩʘ, ʢʨʠʚʫ ʝʬʠʢʘʩʥʦʩʪʠ, 

ʠʪʜ. [Angle 4,2016]  

 

ʉʣʠʢʘ 4.16. ʂʦʨʠʩʥʠʯʢʦ ʦʢʨʫʞʝˁʝ ANGLE 4 ʩʦʬʪʚʝʨʘ [Angle 4, 2016] 
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4.3.4 FRAM ʩʦʬʪʚʝʨ 

The Fixed-energy Response-function Analysis with Multiple efficiency (FRAM) ʿʝ ʩʦʬʚʝʨʩʢʠ ʢʦʜ ʢʦʿʠ 

ʿʝ ʧʨʚʦʙʠʪʥʦ ʥʘʤʝˁʝʥ ʟʘ ʨʘʜ ʩʘ ʧʦʣʫʧʨʦʚʦʜʥʠʯʢʠʤ HPGe ʜʝʪʝʢʪʦʨʠʤʘ ʚʠʩʦʢʝ ʨʝʟʦʣʫʮʠʿʝ, ʘ ʦʜ ʩʚʦʿʝ 

ʥʦʚʝ ʚʝʨʟʠʿʝ (V6.1) ʠ ʩʘ ʣʘʥʪʘʥʠʿʫʤ ʙʨʦʤʠʜʥʠʤ (LaBr3) ʠ ʢʘʜʤʠʿʫʤ-ʮʠʥʢ-ʪʝʣʫʨʠʜʥʠʤ (CaZnTe) 

ʜʝʪʝʢʪʦʨʠʤʘ ʩʨʝʜˁʝ ʨʝʟʦʣʫʮʠʿʝ ʢʦʿʠ ʧʦ ʩʚʦʿʦʿ ʧʨʠʨʦʜʠ ʩʧʘʜʘʿʫ ʫ ʩʮʠʥʪʠʣʘʮʠʦʥʝ ʜʝʪʝʢʪʦʨʝ. ʆʚʘʿ 

ʩʦʬʪʚʝʨ ʿʝ ʜʦʞʠʚʝʦ ʩʚʦʿ ʨʘʟʚʦʿ ʩʨʝʜʠʥʦʤ 1980ʪʠʭ ʛʦʜʠʥʘ ʫ Los Alamos National Laboratory, ʘ ʜʘʥʘʩ 

ʿʝ ʢʦʤʝʨʮʠʿʘʣʠʟʦʚʘʥ ʦʜ ʩʪʨʘʥʝ ʬʠʨʤʠ Ametek ORTEC ʠ Mirion TECHNOLOGIES (CANBERRA). 

FRAM ʩʣʫʞʠ ʟʘ ʘʥʘʣʠʟʫ ʛʘʤʘ ʩʧʝʢʪʘʨʘ ʦʜ ʫʟʦʨʘʢʘ ʢʦʿʠ ʩʘʜʨʞʝ ʧʣʫʪʦʥʠʿʫʤ ʠ/ʠʣʠ ʫʨʘʥʠʿʫʤ. ʋʥʫʪʘʨ 

ʦʚʠʭ ʩʧʝʢʪʘʨʘ ʩʝ ʥʘʣʘʟʝ ʩʚʝ ʧʦʪʨʝʙʥʝ ʠʥʬʦʨʤʘʮʠʿʝ ʢʘʢʦ ʙʠ ʩʦʬʪʚʝʨ ʧʨʦʨʘʯʫʥʘʦ ʠʟʦʪʦʧʩʢʝ 

ʟʘʩʪʫʧˀʝʥʦʩʪʠ (ʦʜʥʦʩʝ) ʨʘʜʠʦʥʫʢʣʠʜʘ ʧʨʠʩʫʪʥʠʭ ʫ ʤʝʨʝʥʦʤ ʫʟʦʨʢʫ 238-241Pu, 241Am, 235U, 237Np, ʠʪʜ. 

, ʥʝʟʘʚʠʩʥʦ ʦʜ ʦʙʣʠʢʘ, ʜʠʤʝʥʟʠʿʘ, ʚʝʣʠʯʠʥʝ  ʠ ʬʠʟʠʯʢʦʛ ʠ ʭʝʤʠʿʩʢʦʛ ʩʘʩʪʘʚʘ ʫʟʦʨʢʘ ʢʘʦ ʠ ʤʝʨʥʝ 

ʛʝʦʤʝʪʨʠʿʝ ʠ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ ʢʦʥʪʝʿʥʝʨʘ ʫʟʦʨʢʘ. ʈʝʟʫʣʪʘʪʠ ʩʝ ʜʦʙʠʿʘʿʫ ʢʦʨʠʩʪʝ˂ʠ ʩʘʤʦ ʧʦʜʘʪʢʝ 

ʩʘʜʨʞʘʥʝ ʫ ʩʧʝʢʪʨʫ ʠ ʬʠʟʠʯʢʝ ʢʦʥʩʪʘʥʪʝ. ɼʨʫʛʠʤ ʨʝʯʠʤʘ, ʟʘ ʘʥʘʣʠʟʫ FRAM ʩʦʬʪʚʝʨʦʤ ʠ ʜʦʙʠʿʘˁʝ 

ʨʝʟʫʣʪʘʪʘ, ʢʘʦ ʰʪʦ ʩʫ ʠʟʦʪʦʧʩʢʘ ʟʘʩʪʫʧˀʝʥʦʩʪ ʠ ʢʘʣʦʨʠʤʝʪʨʠʿʩʢʠ ʧʦʜʘʮʠ (ʩʥʘʛʘ ʧʨʦʠʟʚʝʜʝʥʘ 

ʬʠʩʠʿʦʤ ʩʧʝʮʠʿʘʣʥʠʭ ʥʫʢʣʝʘʨʥʠʭ ʤʘʪʝʨʠʿʘʣʘ), ʥʘʤ ʥʠʿʝ ʧʦʪʨʝʙʥʘ ʥʠʪʠ ʝʥʝʨʛʝʪʩʢʘ ʥʠʪʠ ʢʘʣʠʙʨʘʮʠʿʘ 

ʟʘ ʝʬʠʢʘʩʥʦʩʪ ʜʝʪʝʢʮʠʿʝ. FRAM ʢʦʜ ʿʝ ʩʪʨʫʢʪʫʠʨʘʥ ʥʘ ʪʘʢʘʚ ʥʘʯʠʥ ʜʘ ʢʦʨʠʩʥʠʢʫ ʧʨʫʞʠ ʦʥʦʣʠʢʦ 

ʢʦʥʪʨʦʣʝ ʢʦʣʠʢʦ ʞʝʣʠ ʥʘʜ ʘʥʘʣʠʟʦʤ ʢʘʢʦ ʙʠ ʩʝ ʧʦʚʝ˂ʘʣʘ ʩʚʝʩʪʨʘʥʦʩʪ ʠ ʧʨʠʤʝʥˀʠʚʦʩʪ ʦʚʦʛ 

ʩʦʬʪʚʝʨʘ. ʆʚʦ ʩʝ ʧʦʩʪʠʞʝ ʢʦʨʠʰ˂ʝˁʝʤ ʩʝʪʦʚʘ ʧʘʨʘʤʝʪʘʨʘ, ʢʦʿʠ ʩʘʜʨʞʠ ʩʚʝ ʧʘʨʘʤʝʪʨʝ ʧʦʪʨʝʙʥʝ ʟʘ 

ʘʥʘʣʠʟʫ ʛʘʤʘ ʩʧʝʢʪʨʘ. ʊʦ ʫʢˀʫʯʫʿʝ ʠʥʬʦʨʤʘʮʠʿʝ ʦ ʠʟʦʪʦʧʠʤʘ ʢʦʿʝ ʪʨʝʙʘ ʘʥʘʣʠʟʠʨʘʪʠ, ʛʘʤʘ ʧʠʢʦʚʠʤʘ 

ʢʦʿʝ ʪʨʝʙʘ ʢʦʨʠʩʪʠʪʠ, ʥʫʢʣʝʘʨʥʝ ʧʦʜʘʪʢʝ ʟʘ ʠʟʦʪʦʧʝ ʠ ʛʘʤʘ ʟʨʘʢʝ, ʫʩʣʦʚʝ ʧʨʠʢʫʧˀʘˁʘ ʧʦʜʘʪʘʢʘ ʢʘʦ 

ʰʪʦ ʩʫ ʧʦʿʘʯʘˁʝ (gain), ʥʫʣʘ (pole zero), ʙʨʦʿ ʢʘʥʘʣʘ, ʨʝʛʠʦʥʠ ʩʧʝʢʪʨʘ ʟʘ ʘʥʘʣʠʟʫ ʠ ʜʠʿʘʛʥʦʩʪʠʯʢʠ 

ʪʝʩʪ ʧʘʨʘʤʝʪʘʨʘ. [Zsigrai et al.,2017; ORTEC FRAM.,2022; Sampson,1992; Sampson,2003]. 

ʌʦʨʤʫʣʘ ʢʦʿʫ FRAM ʩʦʬʪʚʝʨ ʢʦʨʠʩʪʠ ʟʘ ʢʘʣʢʫʣʘʮʠʿʫ ʠʟʦʪʦʧʩʢʠʭ ʦʜʥʦʩʘ ʜʘʪʘ ʿʝ ʫ ʿʝʜʥʘʯʠʥʠ (4.9) 

[Sampson,2003]: 
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(4.9) 

ʛʜʝ ʥʘʤ ʿʝ: 

- ὅὉ  ʧʦʚʨʰʠʥʘ ʬʦʪʦʧʠʢʘ  ʿʝʥʝʨʛʠʿʝ ɽʿ ʝʤʠʪʦʚʘʥʦʛ ʦʜ ʩʪʨʘʥʝ ʠʟʦʪʦʧʘ i 

- ὝȾ ʧʝʨʠʦʜ ʧʦʣʫʨʘʩʧʘʜʘ ʠʟʦʪʦʧʘ i 

- ὔ  ʙʨʦʿ ʿʝʟʛʘʨʘ ʠʟʦʪʦʧʘ i 

- ὄὙ ʦʜʥʦʩ ʛʨʘʥʘˁʘ (ʙʨʦʿ ʟʨʘʢʘ ʧʦ ʨʘʩʧʘʜʫ) ʟʘ ʛʘʤʘ ʟʨʘʢ ʝʥʝʨʛʠʿʝ ɽ ʿʠʟʦʪʦʧʘ i 

- ὙὉὉ  ï ʨʝʣʘʪʠʚʥʘ ʝʬʠʢʘʩʥʦʩʪ ʟʘ ʜʝʪʝʢʮʠʿʫ ʬʦʪʦʧʠʢʘ ʝʥʝʨʛʠʿʝ ɽ.ʿ ʋʢˀʫʯʫʿʝ 

ʝʬʠʢʘʩʥʦʩʪ ʩʘʤʦʛ ʜʝʪʝʢʪʦʨʘ, ʝʬʝʢʘʪ ʩʘʤʦʘʧʩʦʨʧʮʠʿʝ ʫʥʫʪʘʨ ʫʟʦʨʢʘ ʠ ʘʪʝʥʫʘʮʠʿʝ ʫʥʫʪʘʨ 

ʤʘʪʝʨʠʿʘʣʘ ʟʘ ʧʘʢʦʚʘˁʝ ʠʣʠ ʦʥʠʭ ʢʦʿʠ ʩʝ ʥʘʣʘʟʝ ʠʟʤʝʹʫ ʜʝʪʝʢʪʦʨʘ ʠ ʫʟʦʨʢʘ. 

ʇʦʪʨʝʙʘ ʟʘ ʦʜʥʦʩʦʤ ʝʬʠʢʘʩʥʦʩʪʠ ʝʣʠʤʠʥʠʰʝ ʧʨʦʙʣʝʤʝ ʚʝʟʘʥʝ ʟʘ ʘʧʩʦʣʫʪʥʘ ʤʝʨʝˁʘ ʝʬʠʢʘʩʥʦʩʪʠ 

ʜʝʪʝʢʮʠʿʝ ʢʘʦ ʰʪʦ ʩʫ ʨʝʧʨʦʜʫʮʠʙʠʣʥʦʩʪ ʪʘʯʥʠʭ ʫʩʣʦʚʘ ʤʝʨʝˁʘ ʠ ʛʝʦʤʝʪʨʠʿʝ ʠ ʯʠʥʠ ʦʚʘʿ ʤʝʪʦʜ 

ʧʨʠʤʝʥˀʠʚʠʤ ʥʘ ʫʟʦʨʢʝ ʧʨʦʠʟʚʦˀʥʦʛ ʩʘʩʪʚʘ, ʚʝʣʠʯʠʥʝ ʠ ʦʙʣʠʢʘ. ʋ ʥʘʿʨʘʥʠʿʠʤ ʧʨʠʤʝʥʘʤʘ ʤʝʪʦʜʘ 

ʟʘ ʤʝʨʝˁʝ ʧʣʫʪʦʥʠʿʫʤʩʢʠʭ ʠʟʦʪʦʧʩʢʠʭ ʦʜʥʦʩʘ, ʫʟʝʪʘ ʿʝ ʧʨʝʪʧʦʩʪʘʚʢʘ ʜʘ ʜʚʘ ʛʘʤʘ ʧʠʢʘ ʢʦʿʠ ʩʝ 

ʢʦʨʠʩʪʝ ʫ ʧʨʦʨʘʯʫʥʫ ʤʦʨʘʿʫ ʙʠʪʠ ʝʥʝʨʛʝʪʩʢʠ ʜʦʚʦˀʥʦ ʙʣʠʟʫ ʢʘʢʦ ʙʠ ʩʝ ʤʦʛʣʝ ʟʘʥʝʤʘʨʠʪʠ ʨʘʟʣʠʢʝ ʫ 
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ʩʘʤʦʘʧʩʦʨʧʮʠʿʠ, ʘʧʩʦʨʧʮʠʿʠ ʫ ʤʘʪʝʨʠʿʘʣʠʤʘ ʟʘ ʧʘʢʦʚʘˁʝ ʠ ʝʬʠʢʘʩʥʦʩʪʠ ʜʝʪʝʢʪʦʨʘ. ʇʨʝʧʦʨʫʢʘ ʟʘ 

ʤʘʢʩʠʤʘʣʥʫ ʝʥʝʨʛʝʪʩʢʫ ʨʘʟʣʠʢʫ ʜʚʘ ʟʨʘʢʘ ʫ ʿʝʜʥʦʤ ʧʘʨʫ ʙʠʣʘ ʿʝ 10 keV. ʈʘʟʣʠʢʝ ʫ ʝʬʠʢʘʩʥʦʩʪʠ, ʯʘʢ 

ʠ ʢʦʜ ʧʘʨʦʚʘ ʛʘʤʘ ʧʠʢʦʚʘ ʙʣʠʩʢʠʭ ʝʥʝʨʛʠʿʘ ʤʦʛʫ ʙʠʪʠ ʟʥʘʯʘʿʥʝ, ʠ ʙʠʣʝ ʩʫ ʫʟʨʦʢ ʟʘ ʦʜʨʝʹʝʥʘ 

ʦʜʩʪʫʧʘˁʘ ʢʦʿʘ ʩʫ ʫʦʯʝʥʘ ʫ ʧʦʯʝʮʠʤʘ ʨʘʟʚʦʿʘ ʦʚʝ ʤʝʪʦʜʦʣʦʛʠʿʝ. ʂˀʫʯ ʟʘ ˁʝʥʫ ʫʩʧʝʰʥʦʩʪ ʙʠʣʦ ʿʝ 

ʠʥʢʦʨʧʦʨʠʨʘˁʝ ʠʥʪʨʠʥʩʠʯʥʦʛ ʩʘʤʦʦʜʨʝʹʠʚʘˁʘ ʢʨʠʚʝ ʨʝʣʘʪʠʚʥʝ ʝʬʠʢʘʩʥʦʩʪʠ ʠʟ ʩʘʤʦʛ ʛʘʤʘ ʩʧʝʢʪʨʘ 

ʩʚʘʢʦʛ ʫʟʦʨʢʘ. ʋʦʯʝʥʦ ʿʝ ʜʘ ʩʝ ʠʟ ʛʘʤʘ ʩʧʝʢʪʘʨʘ ʫʟʦʨʘʢʘ ʤʦʞʝ ʦʜʨʝʜʠʪʠ ʦʜʥʦʩ ʨʝʣʘʪʠʚʥʠʭ 

ʝʬʠʢʘʩʥʦʩʪʠ ʥʘ ʦʜʨʝʹʝʥʠʤ ʝʥʝʨʛʠʿʘʤʘ. ʀʟ ʿʝʜʥʘʯʠʥʝ (4.9) (ʧʦʩʤʘʪʨʘʿʫ˂ʠ ʛʘʤʘ ʧʠʢʦʚʝ ʿʝʜʥʦʛ 

ʨʘʜʠʦʠʟʦʪʦʧʘ) ʤʦʞʝ ʩʝ ʚʠʜʝʪʠ ʜʘ ʿʝ ʢʦʣʠʯʥʠʢ ʧʦʚʨʰʠʥʝ ʬʦʪʦʧʠʢʘ ʜʘʪʝ ʝʥʝʨʛʠʿʝ ɽʿ ʠ ʦʜʥʦʩʘ ʛʨʘʥʘˁʘ 

ʠʩʪʦʛ ʩʨʘʟʤʝʨʘʥ ʝʬʠʢʘʩʥʦʩʪʠ ʥʘ ʝʥʝʨʛʠʿʠ ɽʿ: 

 
ὅὉ
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ὝȾ
 Ͻ‐Ὁ  

(4.10) 

ʀʟ ʿʝʜʥʘʯʠʥʝ 4.10 ʩʣʝʜʠ ʜʘ ʦʚʘʿ ʢʦʣʠʯʥʠʢ ʜʝʬʠʥʠʰʝ ʦʙʣʠʢ ʢʨʠʚʝ ʨʝʣʘʪʠʚʥʝ ʝʬʠʢʘʩʥʦʩʪʠ ʢʘʦ 

ʬʫʥʢʮʠʿʝ ʝʥʝʨʛʠʿʝ. ɿʘ ʦʜʨʝʹʠʚʘˁʝ ʨʝʣʘʪʠʚʥʝ ʝʬʠʢʘʩʥʦʩʪʠ ʩʝ ʤʦʛʫ ʢʦʨʠʩʪʠʪʠ ʛʘʤʘ ʧʠʢʦʚʠ ʦʜ 

ʨʘʟʣʠʯʠʪʠʭ ʠʟʦʪʦʧʘ, ʜʦʢʣʝ ʛʦʜ ʦʥʠ ʫ ʫʟʦʨʢʫ ʠʤʘʿʫ ʠʩʪʫ ʬʠʟʠʯʢʫ ʜʠʩʪʨʠʙʫʮʠʿʫ. ʂʨʠʚʝ ʦʜ ʨʘʟʣʠʯʠʪʠʭ 

ʠʟʦʪʦʧʘ ʠʩʪʝ ʬʠʟʠʯʢʝ ʜʠʩʪʨʠʙʫʮʠʿʝ ʠʤʘʿʫ ʠʩʪʠ ʦʙʣʠʢ, ʩʘʤʦ ʩʝ ʨʘʟʣʠʢʫʿʫ ʧʦ ʘʤʧʣʠʪʫʜʠ, ʢʦʿʘ ʿʝ 

ʦʢʘʨʘʢʪʝʨʠʩʘʥʘ ʯʣʘʥʦʤ ʫ ʫʛʣʘʩʪʦʿ ʟʘʛʨʘʜʠ ʫ ʿʝʜʥʘʯʠʥʠ 4.10. ɿʘ ʨʘʟʚʦʿ ʦʧʠʩʘʥʝ ʤʝʪʦʜʦʣʦʛʠʿʝ 

ʟʘʩʣʫʞʥʠ ʩʫ Jack Parker ʠ Doug Reilly, ʠ ʦʥʘ ʧʨʝʜʩʪʘʚˀʘ ʦʩʥʦʚʫ ʟʘ ʚʝ˂ʠʥʫ ʜʘʥʘʰˁʠʭ ʩʦʬʪʚʝʨʘ ʟʘ 

ʠʟʦʪʦʧʩʢʫ ʘʥʘʣʠʟʫ, ʫʢˀʫʯʫʿʫ˂ʠ ʠ FRAM ʩʦʬʪʚʝʨ. ɺʠʰʝ ʜʝʪʘˀʘ ʚʝʟʘʥʠʭ ʟʘ ʩʘʤʫ ʘʥʘʣʠʟʫ ʠ 

ʢʘʣʢʫʣʘʮʠʿʝ, ʤʦʛʫ ʩʝ ʥʘ˂ʠ ʫ [Sampson,2003; FRAM OM,2003]. ʅʘ ʩʣʠʮʠ 4.17 ʧʨʠʢʘʟʘʥʦ ʿʝ ʢʦʨʠʩʥʠʯʢʦ 

ʦʢʨʫʞʝˁʝ FRAM ʩʦʬʪʚʝʨʘ.  

 

  

 

 

 

 

 

 

 

 

 

 

 

ʉʣʠʢʘ 4.17. ʂʦʨʠʩʥʠʯʢʠ ʠʥʪʝʨʬʝʿʩ PC FRAM ʩʦʬʪʚʝʨʘ. 
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5. ʈɽɿʋʃʊɸʊʀ ʀʉʊʈɸɾʀɺɸɳɸ ï ɸʅɸʃʀɿɸ ʈɸɼʀʆɸʂʊʀɺʅʀʍ 

ʄɸʊɽʈʀɱɸʃɸ 

ʀʜʝʿʘ ʟʘ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʠ ʨʘʜ ʫʨʘʹʝʥ ʫ ʦʢʚʠʨʫ ʦʚʝ ʜʦʢʪʦʨʩʢʝ ʜʠʩʝʨʪʘʮʠʿʝ, ʧʦʪʝʢʣʘ ʿʝ ʫʧʨʘʚʦ ʦʜ 

ʩʧʝʮʠʬʠʯʥʦʩʪʠ ʫʟʦʨʘʢʘ ʢʦʿʠ ʩʝ ʧʦʿʘʚˀʫʿʫ ʫ ʦʙʣʘʩʪʠ ʥʫʢʣʝʘʨʥʝ ʬʦʨʝʥʟʠʢʝ, ʧʨʝ ʩʚʝʛʘ ʫ ʧʦʛʣʝʜʫ 

ˁʠʭʦʚʦʛ ʦʙʣʠʢʘ ʠ ʭʝʤʠʿʩʢʦʛ ʩʘʩʪʘʚʘ. ʋʟʠʤʘʿʫ˂ʠ ʫ ʦʙʟʠʨ ʥʫʢʣʝʘʨʥʝ ʤʘʪʝʨʠʿʘʣʝ, ʦʥʠ ʩʝ ʤʦʛʫ ʧʦʿʘʚʠʪʠ 

ʫ, ʥʘʠʟʛʣʝʜ, ʤʝʪʘʣʥʦʿ ʬʦʨʤʠ (ʥʘʿʯʝʰʯʝ ʩʫ ʪʦ ʜʝʣʦʚʠ ʠʣʠ ʮʝʣʠ ʛʦʨʠʚʥʠ ʝʣʝʤʝʥʪʠ), ʟʘʪʠʤ ʫ ʧʨʘʰʢʘʩʪʦʿ 

ʬʦʨʤʠ (ʛʜʝ ʩʝ ʫʛʣʘʚʥʦʤ ʨʘʜʠ ʦ ʫʟʦʨʢʫ ʢʦʿʠ ʧʦʪʠʯʝ ʦʜ ʿʝʜʥʝ ʦʜ ʬʘʟʘ ʮʠʢʣʫʩʘ ʧʨʦʠʟʚʦʜˁʝ ʛʦʨʠʚʥʠʭ 

ʝʣʝʤʝʥʘʪʘ) ʧʘ ʠ ʫ ʬʦʨʤʠ ʪʝʯʥʠʭ ʨʘʩʪʚʦʨʘ ʢʦʿʠ ʩʘʜʨʞʝ ʦʜʨʝʹʝʥʝ ʢʦʣʠʯʠʥʝ ʥʫʢʣʝʘʨʥʠʭ ʠ/ʠʣʠ ʜʨʫʛʠʭ 

ʨʘʜʠʦʘʢʪʠʚʥʠʭ ʤʘʪʝʨʠʿʘʣʘ. ʇʦʤʝʥʫʪʠ ʫʟʦʨʮʠ ʤʦʛʫ ʙʠʪʠ ʧʨʦʠʟʚʦˀʥʦʛ ʦʙʣʠʢʘ, ʩʘʩʪʘʚʘ ʠ ʭʝʤʠʿʩʢʝ 

ʬʦʨʤʝ. ʋ ʟʘʚʠʩʥʦʩʪʠ ʦʜ ʚʨʩʪʝ ʘʥʘʣʠʟʝ ʠ ʮʠˀʘ ʠʩʪʝ, ʦʚʦ ʤʦʞʝ ʠʣʠ ʥʝ ʤʦʨʘ ʧʨʝʜʩʪʘʚˀʘʪʠ ʧʨʝʧʨʝʢʫ. 

ʋ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʦʤ ʜʝʣʫ ʦʚʝ ʜʠʩʝʨʪʘʮʠʿʝ ʬʦʢʫʩʠʨʘʣʠ ʩʤʦ ʩʝ ʥʘ ʤʝʪʦʜʝ ʥʝʜʝʩʪʨʫʢʪʠʚʥʝ ʘʥʘʣʠʟʝ 

ʤʘʪʝʨʠʿʘʣʘ, ʪʘʯʥʠʿʝ ʛʘʤʘ ʩʧʝʢʪʨʦʤʝʪʨʠʿʫ. ʂʘʦ ʰʪʦ ʿʝ ʧʨʝʪʭʦʜʥʦ ʨʝʯʝʥʦ, ʧʦʤʦ˂ʫ ʛʘʤʘ ʩʧʝʢʪʨʦʤʝʪʨʠʿʝ 

ʩʝ ʤʦʞʝ ʦʜʨʝʜʠʪʠ ʩʪʘʨʦʩʪ ʫʟʦʨʢʘ ʠ ˁʝʛʦʚ ʠʟʦʪʦʧʩʢʠ ʩʘʩʪʘʚ, ʥʘ ʰʪʘ ʦʙʣʠʢ, ʩʘʩʪʘʚ ʠ ʭʝʤʠʿʩʢʘ ʬʦʨʤʘ 

ʫʟʦʨʢʘ ʥʝʤʘʿʫ ʫʪʠʮʘʿ. ʄʝʹʫʪʠʤ, ʢʘʜʘ ʠʤʘʤʦ ʟʘ ʮʠˀ ʢʚʘʥʪʠʬʠʢʘʮʠʿʫ ʨʘʜʠʦʥʫʢʣʠʜʘ ʢʦʿʠ ʩʝ ʥʘʣʘʟʝ ʫ 

ʫʟʦʨʢʫ, ʢʦʥʢʨʝʪʥʦ ʜʦʙʠʿʘˁʝ ʘʢʪʠʚʥʦʩʪʠ ʠʩʪʠʭ, ʧʦʤʝʥʫʪʠ ʧʘʨʘʤʝʪʨʠ ʫʟʦʨʢʘ ʤʦʛʫ ʠʤʘʪʠ ʚʝʣʠʢʠ 

ʫʪʠʮʘʿ ʥʘ ʨʝʟʫʣʪʘʪʝ ʘʥʘʣʠʟʝ, ʟʘʚʠʩʥʦ ʦʜ ʢʦʥʢʨʝʪʥʝ ʛʝʦʤʝʪʨʠʿʝ ʤʝʨʝˁʘ. 

ʋ ʧʨʚʦʤ ʜʝʣʫ ʠʩʪʨʘʞʠʚʘˁʘ ʩʧʨʦʚʝʜʝʥʦʛ ʫ ʦʢʚʠʨʫ ʦʚʝ ʪʝʟʝ, ʘʢʮʝʥʘʪ ʿʝ ʩʪʘʚˀʝʥ ʥʘ ʠʩʧʠʪʠʚʘˁʝ 

ʫʪʠʮʘʿʘ ʦʙʣʠʢʘ ʫʟʦʨʢʘ ʥʘ ʨʝʟʫʣʪʘʪ ʛʘʤʘʩʧʝʢʪʨʦʤʝʪʨʠʿʩʢʝ ʘʥʘʣʠʟʝ, ʦʜʥʦʩʥʦ ʫʪʠʮʘʿʘ ʥʘ ʬʫʥʢʮʠʿʫ 

ʝʬʠʢʘʩʥʦʩʪʠ ʜʝʪʝʢʮʠʿʝ. ʂʘʜʘ ʩʝ ʧʨʠʯʘ ʦ ʝʬʠʢʘʩʥʦʩʪʠ ʜʝʪʝʢʮʠʿʝ, ʥʘ ʦʚʦʤ ʤʝʩʪʫ ˂ʝ ʙʠʪʠ ʜʘʪʦ 

ʧʦʿʘʰˁʝˁʝ ʢʦʿʠ ʪʠʧʦʚʠ ʝʬʠʢʘʩʥʦʩʪʠ ʧʦʩʪʦʿʝ, ʢʦʿʠ ʩʫ ʩʝ ʢʦʨʠʩʪʠʣʠ ʫ ʦʚʦʤ ʠʩʪʨʘʞʠʚʘˁʫ, ʢʘʦ ʠ ʢʦʿʝ 

ʤʝʪʦʜʝ ʧʦʩʪʦʿʝ ʟʘ ʨʘʯʫʥʘˁʝ ʠʩʪʠʭ.  

ʋ ʟʘʚʠʩʥʦʩʪʠ ʫ ʢʦʤ ʢʦʥʪʝʢʩʪʫ ʩʝ ʝʬʠʢʘʩʥʦʩʪ ʜʝʪʝʢʮʠʿʝ ʫʧʦʪʨʝʙˀʘʚʘ, ʤʦʛʫ ʩʝ ʜʝʬʠʥʠʩʘʪʠ ʯʝʪʠʨʠ 

ʨʘʟʣʠʯʠʪʘ ʪʠʧʘ: 

¶ ʈʝʣʘʪʠʚʥʘ ʝʬʠʢʘʩʥʦʩʪ ï ʜʝʬʠʥʠʰʝ ʩʝ (ʟʘ ʜʘʪʠ ʜʝʪʝʢʪʦʨ) ʢʘʦ ʦʜʥʦʩ ʙʨʟʠʥʝ ʦʜʙʨʦʿʘ ʫʥʫʪʘʨ 

ʬʦʪʦʧʠʢʘ ʝʥʝʨʛʠʿʝ 1332.5 keV ʢʘʜʘ ʩʝ ʪʘʯʢʘʩʪʠ 60Co ʠʟʚʦʨ ʥʘʣʘʟʠ ʥʘ ʫʜʘˀʝʥʦʩʪʠ 250 mm ʦʜ 

(HPGe) ʜʝʪʝʢʪʦʨʘ ʥʘ ʚʝʨʪʠʢʘʣʥʦʿ ʦʩʠ ʜʝʪʝʢʪʦʨʘ ʠ ʙʨʟʠʥʝ ʦʜʙʨʦʿʘ ʥʘ ʬʦʪʦʧʠʢʫ 1332.5 keV 

ʢʘʜʘ ʿʝ ʠʩʪʠ ʠʟʚʦʨ ʤʝʨʝʥ ʧʦʜ ʠʩʪʠʤ ʫʩʣʦʚʠʤʘ ʥʘ NaI(Tl) ʩʮʠʥʪʠʣʘʮʠʦʥʦʤ ʜʝʪʝʢʪʦʨʫ 

ʜʠʤʝʥʟʠʿʘ 76 ʭ 76 mm. ʈʝʣʘʪʠʚʥʘ ʝʬʠʢʘʩʥʦʩʪ ʩʝ ʢʦʨʠʩʪʠ ʟʘ ʢʘʨʘʢʪʝʨʠʟʘʮʠʿʫ ʧʨʝʚʘʩʭʦʜʥʦ 

ʢʦʘʢʩʠʿʘʣʥʠʭ ʜʝʪʝʢʪʦʨʘ, ʙʫʜʫ˂ʠ ʜʘ ʦʥʠ ʠʤʘʿʫ ʝʬʠʢʘʩʥʦʩʪ ʜʝʪʝʢʮʠʿʝ ʥʘ ʟʘʜʦʚʦˀʘʚʘʿʫ˂ʝʤ 

ʥʠʚʦʫ ʫ ʝʥʝʨʛʝʪʩʢʦʤ ʦʧʩʝʛʫ ʦʜ ʠʥʪʝʨʝʩʘ. ʇʣʘʥʘʨʥʠ ʜʝʪʝʢʪʦʨʠ ʥʠʩʫ ʥʠ ʜʠʟʘʿʥʠʨʘʥʠ ʟʘ ʨʘʜ ʥʘ 

ʧʦʤʝʥʫʪʠʤ ʝʥʝʨʛʠʿʘʤʘ (1332 keV) [Gilmore,2008]. 

¶ ɸʧʩʦʣʫʪʥʘ ʬʦʪʦʧʠʢ ʝʬʠʢʘʩʥʦʩʪ ï ʫ ʨʫʪʠʥʩʢʦʿ ʛʘʤʘʩʧʝʢʪʨʦʤʝʪʨʠʿʠ, ʫʧʨʘʚʦ ʩʝ ʢʦʨʠʩʪʠ 

ʦʚʘʢʦ ʜʝʬʠʥʠʩʘʥʘ ʝʬʠʢʘʩʥʦʩʪ ʜʝʪʝʢʮʠʿʝ ʠ ʧʨʝʜʩʪʘʚˀʘ ʿʝʜʘʥ ʦʜ ʥʘʿʟʥʘʯʘʿʥʠʿʠʭ ʧʘʨʘʤʝʪʘʨʘ. 

ʇʦʤʦ˂ʫ ˁʝ ʜʦʚʦʜʝ ʩʝ ʫ ʚʝʟʫ ʧʦʚʨʰʠʥʘ ʧʦʜ ʬʦʪʦʧʠʢʦʤ (ʫʢʫʧʘʥ ʦʜʙʨʦʿ) ʠ ʘʢʪʠʚʥʦʩʪ ʢʦʿʫ ʠʩʪʠ 

ʧʨʝʜʩʪʘʚˀʘ, ʦʜʥʦʩʥʦ ʧʦʚʨʰʠʥʘ ʧʠʢʘ ʪʘʯʥʦ ʦʜʨʝʹʝʥʝ ʝʥʝʨʛʠʿʝ ʠ ʙʨʦʿ ʛʘʤʘ ʬʦʪʦʥʘ 

ʝʤʠʪʦʚʘʥʠʭ ʦʜ ʩʪʨʘʥʝ ʠʟʚʦʨʘ. ʆʥʘ ʟʘʚʠʩʠ ʦʜ ʛʝʦʤʝʪʨʠʿʝ ʠʟʚʦʨ-ʜʝʪʝʢʪʦʨ. ʉʚʝ ʨʘʯʫʥʘʪʝ 

ʝʬʠʢʘʩʥʦʩʪʠ ʫ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʦʤ ʜʝʣʫ ʪʝʟʝ ʩʫ ʘʧʩʦʣʫʪʥʝ ʬʦʪʦʧʠʢ ʝʬʠʢʘʩʥʦʩʪʠ, ʠ ʨʘʯʫʥʘʿʫ 

ʩʝ ʢʦʨʠʩʪʝ˂ʠ ʨʝʣʘʮʠʿʫ 5.2 [Gilmore, 2008]. 

¶ ɸʧʩʦʣʫʪʥʘ ʪʦʪʘʣʥʘ ʝʬʠʢʘʩʥʦʩʪ ï ʧʨʝʜʩʪʘʚˀʘ ʦʜʥʦʩ ʙʨʦʿʘ ʛʘʤʘ ʬʦʪʦʥʘ ʩʚʠʭ ʝʥʝʨʛʠʿʘ 

ʝʤʠʪʦʚʘʥʠʭ ʦʜ ʩʪʨʘʥʝ ʠʟʚʦʨʘ ʠ ʦʜʙʨʦʿʘ ʫ ʮʝʣʦʤ ʩʧʝʢʪʨʫ (ʙʨʦʿ ʜʝʪʝʢʪʦʚʘʥʠʭ ʛʘʤʘ ʬʦʪʦʥʘ ʩʚʠʭ 
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¶ ʝʥʝʨʛʠʿʘ). ʋ ʦʚʦʤ ʩʣʫʯʘʿʫ ʩʝ, ʟʘ ʨʘʟʣʠʢʫ ʦʜ ʬʦʪʦʧʠʢ ʝʬʠʢʘʩʥʦʩʪʠ, ʧʦʨʝʜ ʬʦʪʦʧʠʢʦʚʘ ʫ ʦʙʟʠʨ 

ʫʟʠʤʘ ʠ ʢʦʤʧʪʦʥʩʢʠ ʢʦʥʪʠʥʫʫʤ [Gilmore,2008]. 

¶ ʉʦʧʩʪʚʝʥʘ ʝʬʠʢʘʩʥʦʩʪ ï (ʙʠʣʦ ʬʦʪʦʧʠʢ ʠʣʠ ʪʦʪʘʣʥʘ) ʧʦʚʝʟʫʿʝ ʦʜʙʨʦʿ ʫ ʩʧʝʢʪʨʫ ʩʘ ʙʨʦʿʝʤ 

ʠʥʮʠʜʝʥʪʥʠʭ ʬʦʪʦʥʘ ʢʦʿʠ ʩʪʫʞʫ ʜʦ ʜʝʪʝʢʪʦʨʘ. ʆʚʘʿ ʪʠʧ ʝʬʠʢʘʩʥʦʩʪʠ ʧʨʝʜʩʪʘʚˀʘ ʧʘʨʘʤʝʪʘʨ 

ʩʘʤʦʛ ʜʝʪʝʢʪʦʨʘ ʠ ʥʝʟʘʚʠʩʥʘ ʿʝ ʦʜ ʛʝʦʤʝʪʨʠʿʝ ʠʟʚʦʨ-ʜʝʪʝʢʪʦʨ [Gilmore,2008]. 

ʇʦʩʪʦʿʝ 3 ʨʘʟʣʠʯʠʪʝ ʤʝʪʦʜʝ ʟʘ ʦʜʨʝʹʠʚʘˁʝ ʝʬʠʢʘʩʥʦʩʪʠ ʜʝʪʝʢʮʠʿʝ, ʘ ʪʦ ʩʫ ʨʝʣʘʪʠʚʥʠ, ʘʧʩʦʣʫʪʥʠ 

ʠ ʧʦʣʫʝʤʧʠʨʠʿʩʢʠ ʧʨʠʩʪʫʧ. 

¶ ʈʝʣʘʪʠʚʥʘ ʤʝʪʦʜʘ ï ʿʝ ʯʝʩʪʦ ʧʨʠʤʝˁʠʚʘʥʘ ʫ ʨʫʪʠʥʩʢʦʿ ʛʘʤʘ ʩʧʝʢʪʨʦʤʝʪʨʠʿʠ. ʂʦʨʠʩʪʠ 

ʩʝ ʩʝʨʪʠʬʠʢʦʚʘʥʠ ʨʝʬʝʨʝʥʪʥʠ ʠʟʚʦʨ ʧʦʟʥʘʪʝ ʘʢʪʠʚʥʦʩʪʠ, ʟʘ ʢʦʿʠ ʩʝ ʠʟʨʘʯʫʥʘʚʘ 

ʝʬʠʢʘʩʥʦʩʪ ʜʝʪʝʢʮʠʿʝ ʠ ʧʦʪʦʤ ʧʦʨʝʜʠ ʩʘ ʥʝʧʦʟʥʘʪʠʤ ʫʟʦʨʢʦʤ ʢʦʿʠ ʿʝ ʤʝʨʝʥ ʧʦʜ ʠʩʪʠʤ 

ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʠʤ ʫʩʣʦʚʠʤʘ ʢʘʦ ʠ ʠʟʚʦʨ. ʎʠˀ ʿʝ ʜʘ ʦʙʣʠʢ ʠ ʤʘʪʨʠʮʘ (ʩʘʩʪʘʚ) 

ʩʝʨʪʠʬʠʢʦʚʘʥʦʛ ʫʟʦʨʢʘ ʙʫʜʫ ʰʪʦ ʩʣʠʯʥʠʿʠ ʥʝʧʦʟʥʘʪʦʤ ʫʟʦʨʢʫ ʢʘʢʦ ʙʠ ʩʝ ʤʦʛʣʦ ʫʨʘʜʠʪʠ 

'ʿʝʜʘʥ-ʥʘ-ʿʝʜʘʥ' ʧʨʝʩʣʠʢʘʚʘˁʝ ʬʫʥʢʮʠʿʝ ʝʬʠʢʘʩʥʦʩʪʠ. ʆʚʘʿ ʧʨʠʩʪʫʧ ʿʝ ʚʝʦʤʘ ʧʨʝʮʠʟʘʥ ʿʝʨ 

ʥʝʤʘ ʧʫʥʦ ʬʘʢʪʦʨʘ ʢʦʿʠ ʜʦʧʨʠʥʦʩʝ ʤʝʨʥʦʿ ʥʝʩʠʛʫʨʥʦʩʪʠ, ʘʣʠ ʿʝ ʪʘʢʦʹʝ ʠ ʧʨʠʣʠʯʥʦ 

ʥʝʧʨʘʢʪʠʯʘʥ ʫ ʧʦʛʣʝʜʫ ʚʝʣʠʢʦʛ ʙʨʦʿʘ ʨʘʟʣʠʯʠʪʠʭ ʠʟʚʦʨʘ ʩʝʨʪʠʬʠʢʦʚʘʥʠʭ ʤʘʪʨʠʮʘ ʢʦʿʠʤ 

ʩʝ ʤʦʨʘ ʨʘʩʧʦʣʘʛʘʪʠ ʢʘʢʦ ʙʠ ʩʝ ʧʦʢʨʠʦ ʜʠʿʘʧʘʟʦʥ ʥʝʧʦʟʥʘʪʠʭ ʫʟʦʨʘʢʘ ʢʦʿʠ ʩʝ ʤʦʛʫ ʥʘ˂ʠ 

ʥʘ ʤʝʨʝˁʫ [Angle 4,2016]. 

¶ ɸʧʩʦʣʫʪʥʘ ʤʝʪʦʜʘ ï ʠʤʧʣʝʤʝʥʪʠʨʘ ʩʦʬʪʚʝʨʩʢʝ ʧʘʢʝʪʝ ʢʘʦ ʰʪʦ ʿʝ GEANT4 ʧʘʢʝʪ ʢʦʿʠ 

ʢʦʨʠʩʪʠ Monte Carlo ʤʝʪʦʜʫ, ʦ ʢʦʤʝ ˂ʝ ʚʠʰʝ ʨʝʯʠ ʙʠʪʠ ʫ ʜʘˀʝʤ ʪʝʢʩʪʫ. ʆʚʘʿ ʧʨʠʩʪʫʧ ʿʝ 

ʚʝʦʤʘ ʪʘʯʘʥ ʙʫ˂ʠ ʜʘ ʿʝ ʟʘʩʥʦʚʘʥ ʥʘ ʯʠʩʪʦ ʤʘʪʝʤʘʪʠʯʢʠʤ (ʩʠʤʫʣʘʮʠʦʥʠʤ) ʢʘʣʢʫʣʘʮʠʿʘʤʘ. 

ɼʘ ʙʠ ʬʫʥʢʮʠʦʥʠʩʘʦ, ʦʚʘʿ ʤʝʪʦʜ ʟʘʭʪʝʚʘ ʧʦʟʥʘʚʘˁʝ ʚʝʣʠʢʦʛ ʙʨʦʿʘ ʬʠʟʠʯʢʠʭ ʧʘʨʘʤʝʪʘʨʘ, 

ʢʦʿʠ ʦʧʠʩʫʿʫ ʜʝʪʝʢʪʦʨ, ʫʟʦʨʘʢ ʠ ʩʘʤ ʧʨʦʮʝʩ ʜʝʪʝʢʮʠʿʝ, ʠ ʫ ʚʝ˂ʠʥʠ ʩʣʫʯʘʿʝʚʘ (ʫ ʟʘʚʠʩʥʦʩʪʠ 

ʦʜ ʢʦʤʧʣʝʢʩʥʦʩʪʠ ʜʝʪʝʢʪʦʨʩʢʦʛ ʩʠʩʪʝʤʘ) ʧʦʜʨʘʟʫʤʝʚʘ ʚʝʣʠʢʘ ʚʨʝʤʝʥʘ ''ʠʟʨʘʯʫʥʘʚʘˁʘ''. 

ʄʦʞʝ ʩʝ ʜʝʩʠʪʠ ʜʘ ʜʦʹʝ ʜʦ ʥʘʨʫʰʝˁʘ ʧʨʝʮʠʟʥʦʩʪʠ ʨʝʟʫʣʪʘʪʘ ʫʩʣʝʜ ʚʝʣʠʢʠʭ ʬʘʢʪʦʨʘ 

ʧʨʦʧʘʛʘʮʠʿʝ ʛʨʝʰʘʢʘ [Angle 4,2016]. 

¶ ʇʦʣʫʝʤʧʠʨʠʿʩʢʘ ʤʝʪʦʜʘ ï ʨʘʜʠ ʪʘʢʦ ʰʪʦ ʢʦʤʙʠʥʫʿʝ ʧʦʟʠʪʠʚʥʝ ʩʪʨʘʥʝ ʘʧʩʦʣʫʪʥʦʛ ʠ 

ʨʝʣʘʪʠʚʥʦʛ ʧʨʠʩʪʫʧʘ ʨʘʯʫʥʘˁʫ ʝʬʠʢʘʩʥʦʩʪʠ ʜʝʪʝʢʮʠʿʝ, ʘ ʩʘʤʠʤ ʪʠʤ ʠ ʫʤʘˁʫʿʝ ˁʠʭʦʚʝ 

ʥʝʜʦʩʪʘʪʢʝ. ʉʘʩʪʦʿʠ ʩʝ ʠʟ ʜʚʘ ʜʝʣʘ:  

o ʂʘʣʠʙʨʘʮʠʿʝ - ʛʜʝ ʩʝ ʨʘʯʫʥʘ ʨʝʬʝʨʝʥʪʥʘ ʢʨʠʚʘ ʝʬʠʢʘʩʥʦʩʪʠ ʟʘ ʜʘʪʠ ʜʝʪʝʢʪʦʨ ʠ 

ʛʝʦʤʝʪʨʠʿʫ (ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʠ ʜʝʦ) ʫʧʦʪʨʝʙʦʤ ʙʠʣʦ ʢʦʛ ʩʪʘʥʜʘʨʜʥʦʛ ʨʝʬʝʨʝʥʪʥʦʛ 

ʤʘʪʝʨʠʿʘʣʘ 

o ʂʘʣʢʫʣʘʮʠʿʝ ʥʝʧʦʟʥʘʪʝ ʘʢʪʠʚʥʦʩʪʠ. 

ʉʦʬʪʚʝʨʠ ʧʦʧʫʪ EFFTRAN-ʘ ʠ Angle4 ʢʦʨʠʩʪʝ ʫʧʨʘʚʦ ʦʚʘʿ ʧʨʠʩʪʫʧ ʢʦʿʠ ʩʝ ʧʦʢʘʟʘʦ ʢʘʦ 

ʚʝʦʤʘ ʢʦʨʠʩʪʘʥ ʫ ʨʫʪʠʥʩʢʦʿ ʛʘʤʘʧʩʝʢʪʨʦʤʝʪʨʠʿʩʢʦʿ ʧʨʘʢʩʠ, ʙʫʜʫ˂ʠ ʜʘ ʝʣʠʤʠʥʠʰʝ 

ʧʦʪʨʝʙʫ ʟʘ ʧʦʩʝʜʦʚʘˁʝʤ ʚʝʣʠʢʦʛ ʙʨʦʿʘ ʩʝʨʪʠʬʠʢʦʚʘʥʠʭ ʨʝʬʝʨʝʥʪʥʠʭ ʠʟʚʦʨʘ, ʙʠʣʦ ʢʦʿʠ 

ʩʝʨʪʠʬʠʢʦʚʘʥʠ ʠʟʚʦʨ ʿʝ ʜʦʚʦˀʘʥ ʟʘ ʢʘʣʠʙʨʘʮʠʿʫ, ʘ ʧʦʪʦʤ ʩʝ ʚʨʰʠ ʪʨʘʥʩʬʝʨ ʝʬʠʢʘʥʦʩʪʠ 

ʥʘ ʥʦʚʫ ʛʝʦʤʝʪʨʠʿʫ ʠ/ʠʣʠ ʥʦʚʫ ʤʘʪʨʠʮʫ ʫʟʦʨʢʘ ʦʜ ʠʥʪʝʨʝʩʘ. ʀ ʢʦʜ ʧʨʠʤʝʥʝ ʦʚʠʭ 

ʩʦʬʪʚʝʨʘ ʙʠʪʥʦ ʿʝ ʧʨʝʮʠʟʥʦ ʜʝʬʠʥʠʩʘʪʠ ʜʝʪʝʢʪʦʨ, ʧʘ ʧʦʪʝʥʮʠʿʘʣʥʠ ʧʨʦʙʣʝʤ ʪʘʢʦʹʝ ʤʦʞʝ 

ʙʠʪʠ ʯʠˁʝʥʠʮʘ ʜʘ ʧʦʜʘʮʠ ʦ ʧʨʝʮʠʟʥʠʤ ʜʠʤʝʥʟʠʿʘʤʘ ʢʨʠʩʪʘʣʘ ʠ ʜʨʫʛʠʭ ʢʦʤʧʦʥʝʥʪʠ 

ʜʝʪʝʢʪʦʨʘ ʥʠʩʫ ʫʚʝʢ ʜʦʩʪʫʧʥʠ [Angle 4,2016]. 



 ʈɽɿʋʃʊɸʊʀ ʀʉʊʈɸɾʀɺɸɳɸ ï ɸʅɸʃʀɿɸ ʈɸɼʀʆɸʂʊʀɺʅʀʍ ʄɸʊɽʈʀɱɸʃɸ  

-74- 
 

ʈʘʟʣʦʛ ʟʘ ʠʩʧʠʪʠʚʘˁʝ ʫʪʠʮʘʿʘ ʦʙʣʠʢʘ ʫʟʦʨʢʘ ʥʘ ʨʘʟʫʣʪʘʪʝ ʛʘʤʘʩʧʝʢʪʨʦʤʝʪʨʠʿʩʢʝ ʢʚʘʥʪʠʪʘʪʠʚʥʝ 

ʘʥʘʣʠʟʝ ʧʨʦʠʟʠʣʘʟʠ ʠʟ ʯʠˁʝʥʠʮʝ ʜʘ ʫ ʨʫʪʠʥʩʢʠʤ ʛʘʤʘʩʧʝʢʪʨʦʤʝʪʨʠʿʩʢʠʤ ʣʘʙʦʨʘʪʦʨʠʿʘʤʘ9 ʧʦʩʪʦʿʠ 

ʧʦʪʨʝʙʘ ʟʘ ʮʠʣʠʥʜʨʠʯʥʠʤ ʦʙʣʠʢʦʤ ʫʟʦʨʢʘ. ʇʦʨʝʜ ʦʚʦʛ ʟʘʭʪʝʚʘ ʧʦʞʝˀʥʦ ʿʝ ʜʘ ʫʟʦʨʘʢ ʙʫʜʝ ʰʪʦ 

ʩʣʠʯʥʠʿʠ ʧʦ ʦʙʣʠʢʫ ʠ ʝʣʝʤʝʤʪʘʨʥʦʤ ʩʘʩʪʘʚʫ ʩʪʘʥʜʘʨʜʥʦʤ ʨʝʬʝʨʝʥʪʥʦʤ ʤʘʪʝʨʠʿʘʣʫ. ʋʩʣʦʚ ʜʘ 

ʘʥʘʣʠʟʠʨʘʥʠ ʫʟʦʨʘʢ ʙʫʜʝ ʮʠʣʠʥʜʨʠʯʥʦʛ ʦʙʣʠʢʘ ʧʦʩʪʦʿʠ ʟʙʦʛ ʦʛʨʘʥʠʯʝˁʘ ʩʦʬʪʚʝʨʘ ʟʘ ʪʨʘʥʩʬʝʨ 

ʝʬʠʢʘʩʥʦʩʪʠ (ʢʘʦ ʰʪʦ ʩʫ ʪʦ EFFTRAN ʠ Angle), ʢʦʿʠ ʤʦʛʫ ʜʘ ʬʫʥʢʮʠʦʥʠʰʫ, ʦʜʥʦʩʥʦ ʜʘʿʫ ʨʝʟʫʣʪʘʪʝ 

ʩʘʤʦ ʘʢʦ ʿʝ ʫʟʦʨʘʢ ʢʦʿʠ ʿʝ ʧʦʩʪʘʚˀʝʥ ʥʘ ʜʝʪʝʢʪʦʨ ʮʠʣʠʥʜʨʠʯʥʦʛ ʦʙʣʠʢʘ, ʦʜʥʦʩʥʦ ʘʢʩʠʿʘʣʥʦ 

ʩʠʤʝʪʨʠʯʘʥ ʫ ʦʜʥʦʩʫ ʥʘ ʚʝʨʪʠʢʘʣʥʫ ʦʩʫ ʢʨʠʩʪʘʣʘ ʜʝʪʝʢʪʦʨʘ. 

 ʊʝʩʪʠʨʘˁʝ ʤʦʛʫ˂ʥʦʩʪʠ Angle ʠ EFFTRAN ʩʦʬʪʚʝʨʘ ʫ ʧʦʨʝʹʝˁʫ ʩʘ 

GEANT4 ʩʠʤʫʣʘʮʠʿʘʤʘ ʫ ʛʘʤʘ ʩʧʝʢʪʨʦʤʝʪʨʠʿʠ ʮʠʣʠʥʜʨʠʯʥʠʭ ʠ 

ʥʝʮʠʣʠʥʜʨʠʯʥʠʭ ʛʝʦʤʝʪʨʠʿʘ ʫʟʦʨʘʢʘ 

ʆʩʥʦʚʥʠ ʮʠˀ ʩʚʘʢʝ ʨʫʪʠʥʩʢʝ ʛʘʤʘʩʧʝʢʪʨʦʤʝʪʨʠʿʩʢʝ ʣʘʙʦʨʘʪʦʨʠʿʝ ʿʝ ʧʨʝʮʠʟʥʦ ʦʜʨʝʹʠʚʘˁʝ ʬʫʥʢʮʠʿʝ 

ʝʬʠʢʘʩʥʦʩʪʠ ʜʝʪʝʢʮʠʿʝ ʢʘʢʦ ʙʠ ʩʝ ʜʦʙʠʣʠ ʧʨʝʮʠʟʥʠ ʨʝʟʫʣʪʘʪʠ ʤʝʨʝˁʘ. ʋ ʩʪʘʥʜʘʨʜʥʦʿ 

ʛʘʤʘʩʧʝʢʪʨʦʤʝʪʨʠʿʩʢʦʿ ʧʨʘʢʩʠ, ʦʜʨʝʹʠʚʘˁʝ ʘʢʪʠʚʥʦʩʪʠ ʨʘʜʠʦʥʫʢʣʠʜʘ ʢʦʿʠ ʩʫ ʥʠʩʢʦʝʥʝʨʛʝʪʩʢʠ 

ʝʤʠʪʝʨʠ ʤʦʞʝ ʧʨʝʜʩʪʘʚˀʘʪʠ ʩʚʦʿʝʚʨʩʪʘʥ ʠʟʘʟʦʚ. ɻʘʤʘ ʩʧʝʢʪʨʦʤʝʪʨʠʿʘ ʩʝ ʯʝʩʪʦ ʢʦʨʠʩʪʠ ʢʘʦ ʛʣʘʚʥʠ 

ʘʣʘʪ ʟʘ ʠʥʠʮʠʿʘʣʥʫ ʢʘʨʘʢʪʝʨʠʟʘʮʠʿʫ ʢʘʢʦ ʙʠ ʩʝ ʦʜʨʝʜʠʣʠ ʦʩʥʦʚʥʠ ʧʘʨʘʤʝʪʨʠ ʥʝʧʦʟʥʘʪʦʛ ʫʟʦʨʢʘ ʢʦʿʠ 

ʿʝ ʧʨʦʥʘʹʝʥ ʥʘ ʪʝʨʝʥʫ, ʧʦʛʦʪʦʚʦ ʘʢʦ ʧʦʩʪʦʿʠ ʩʫʤˁʘ ʜʘ ʪʘʿ ʢʦʥʢʨʝʪʥʠ ʤʘʪʝʨʠʿʘʣ ʤʦʞʝ ʧʨʠʧʘʜʘʪʠ 

ʤʘʪʝʨʠʿʘʣʠʤʘ ʠʟʚʘʥ ʨʝʛʫʣʘʪʦʨʥʝ ʢʦʥʪʨʦʣʝ ʠ ʙʠʪʠ ʜʝʦ ʢʨʠʤʠʥʘʣʥʝ ʠʩʪʨʘʛʝ. ʋ ʦʚʘʢʚʠʤ ʩʠʪʫʘʮʠʿʘʤʘ 

ʛʣʘʚʥʫ ʟʘʙʨʠʥʫʪʦʩʪ ʧʨʝʜʩʪʘʚˀʘ ʫʨʘʥʠʿʫʤ, ʙʫʜʫ˂ʠ ʜʘ ʿʝʜʘʥ ʦʜ ˁʝʛʦʚʠʭ ʠʟʦʪʦʧʘ 235U, ʤʦʞʝ ʜʘ ʩʝ 

ʢʦʨʠʩʪʠ ʟʘ ʧʦʪʨʝʙʝ ʧʨʦʠʟʚʦʜˁʝ ʥʫʢʣʝʘʨʥʝ ʙʦʤʙʝ. ɻʘʤʘ ʩʧʝʢʪʨʦʤʝʪʨʠʿʘ ʧʨʝʜʩʪʘʚˀʘ 

ʥʘʿʧʨʠʤʝʥˀʠʚʠʿʫ ʥʝʜʝʩʪʨʫʢʪʠʚʥʫ ʪʝʭʥʠʢʫ ʫ ʦʙʣʘʩʪʠ ʥʫʢʣʝʘʨʥʝ ʬʦʨʝʥʟʠʢʝ ʟʘ ʦʜʨʝʹʠʚʘˁʝ 

ʠʟʦʪʦʧʩʢʦʛ ʩʘʩʪʘʚʘ ʫʨʘʥʠʿʫʤʘ. 

ʇʨʚʠ ʜʝʦ ʠʩʪʨʘʞʠʚʘˁʘ ʙʘʚʠʦ ʩʝ ʪʝʩʪʠʨʘˁʝʤ ʧʨʝʜʥʦʩʪʠ ʠ ʤʘʥʘ ʧʦʣʫʝʤʧʠʨʠʿʩʢʠʭ ʤʝʪʦʜʘ 

ʢʦʨʠʰ˂ʝˁʝʤ ʜʚʘ ʩʦʬʪʚʝʨʘ (EFFTRAN ʠ Angle) ʢʘʦ ʠ ʩʠʤʫʣʘʮʠʦʥʝ ʤʝʪʦʜʝ ʢʦʨʠʰ˂ʝˁʝʤ ʧʘʢʝʪʘ 

GEANT4 ʧʨʠʤʝˁʝʥʠʤ ʥʘ ʫʟʦʨʢʝ ʢʦʿʠ ʩʘʜʨʞʝ ʠʟʦʪʦʧʝ ʫʨʘʥʠʿʫʤʘ ʠ ʪʦʨʠʿʫʤʘ. ʇʦʩʝʙʥʘ ʧʘʞˁʘ 

ʧʦʩʚʝ˂ʝʥʘ ʿʝ ʥʝʮʠʣʠʥʜʨʠʯʥʠʤ ʛʝʦʤʝʪʨʠʿʘʤʘ ʫʟʦʨʘʢʘ. ʎʠˀ ʦʚʦʛ ʠʩʪʨʘʞʠʚʘˁʘ ʙʠʦ ʿʝ ʜʘ ʩʝ ʠʩʧʠʪʘʿʫ 

ʤʦʛʫ˂ʥʦʩʪʠ ʨʫʪʠʥʩʢʝ ʛʘʤʘʩʧʝʢʪʨʦʤʝʪʨʠʿʩʢʝ ʣʘʙʦʨʘʪʦʨʠʿʝ ʜʘ ʦʜʛʦʚʦʨʠ ʥʘ ʜʦʛʘʹʘʿ ʚʝʟʘʥ ʟʘ ʥʫʢʣʝʘʨʥʫ 

ʙʝʟʙʝʜʥʦʩʪ. ʅʘ ʦʩʥʦʚʫ ʜʦʙʠʿʝʥʠʭ ʨʝʟʫʣʪʘʪʘ ʜʘʪʝ ʩʫ ʦʧʰʪʝ ʧʨʝʧʦʨʫʢʝ ʟʘ ʢʦʨʠʰ˂ʝˁʝ 

ʧʦʣʫʝʤʧʠʨʠʿʩʢʠʭ ʠ ʩʠʤʫʣʘʮʠʦʥʠʭ ʤʝʪʦʜʘ. 

ɱʝʜʘʥ ʦʜ ʟʥʘʯʘʿʥʠʭ ʠʟʘʟʦʚʘ ʫ ʥʠʩʢʦʝʥʝʨʛʝʪʩʢʦʿ ʛʘʤʘ ʩʧʝʢʪʨʦʤʝʪʨʠʿʠ (ʝʥʝʨʛʠʿʝ ʠʩʧʦʜ 200 keV) 

ʧʨʝʜʩʪʘʚˀʘ ʪʘʯʥʦ ʦʜʨʝʹʠʚʘˁʝ ʝʬʠʢʘʩʥʦʩʪʠ ʜʝʪʝʢʮʠʿʝ ʫ ʦʚʦʤ ʨʝʛʠʦʥʫ ʢʦʿʝ ʩʝ ʧʦʢʘʟʘʣʦ ʦʜ ʧʨʝʩʫʜʥʦʛ 

ʟʥʘʯʘʿʘ ʟʘ ʜʦʙʠʿʘˁʝ ʧʨʝʮʠʟʥʠʭ ʨʝʟʫʣʪʘʪʘ ʢʦʥʮʝʥʪʨʘʮʠʿʝ ʘʢʪʠʚʥʦʩʪʠ ʠʟʦʪʦʧʘ ʫʨʘʥʠʿʫʤʘ. ʂʘʦ ʰʪʦ ʿʝ 

ʚʝ˂ ʨʝʯʝʥʦ, ʛʘʤʘ ʩʧʝʢʪʨʦʤʝʪʨʠʿʘ ʩʝ ʫ ʥʫʢʣʝʘʨʥʦʿ ʬʦʨʝʥʟʠʮʠ ʢʦʨʠʩʪʠ ʢʘʦ ʥʝʜʝʩʪʨʫʢʪʠʚʥʘ ʪʝʭʥʠʢʘ. 

ʌʝʥʦʤʝʥ ʥʫʢʣʝʘʨʥʦʛ ʢʨʠʿʫʤʯʘʨʝˁʘ ʠ ʥʝʜʦʟʚʦˀʝʥʝ ʪʨʛʦʚʠʥʝ ʥʫʢʣʝʘʨʥʠʤ ʤʘʪʝʨʠʿʘʣʦʤ ʜʦʚʝʦ ʿʝ ʜʦ 

ʨʘʟʚʦʿʘ ʥʫʢʣʝʘʨʥʝ ʬʦʨʝʥʟʠʢʝ. ʂʘʦ ʨʝʣʘʪʠʚʥʦ ʤʣʘʜʘ ʥʘʫʯʥʘ ʜʠʩʮʠʧʣʠʥʘ, ʥʫʢʣʝʘʨʥʘ ʬʦʨʝʥʟʠʢʘ 

ʧʨʝʜʩʪʘʚˀʘ ʥʘʯʠʥ ʜʘ ʩʝ ʟʥʘˁʘ ʠ ʚʝʰʪʠʥʝ ʠʟ ʜʦʤʝʥʘ ʥʫʢʣʝʘʨʥʝ ʬʠʟʠʢʝ ʢʦʨʠʩʪʝ ʠ ʧʨʠʤʝʥʝ ʢʘʦ ʧʦʤʦ˂ 

ʥʘʜʣʝʞʥʠʤʘ ʫ ʢʨʠʤʠʥʘʣʠʩʪʠʯʢʠʤ ʠʩʪʨʘʛʘʤʘ [Mayer et al.,2005]. ʋ ʩʣʫʯʘʿʫ ʩʧʝʮʠʿʘʣʥʦʛ ʥʫʢʣʝʘʨʥʦʛ 

ʤʘʪʝʨʠʿʘʣʘ ʢʦʿʠ ʩʘʜʨʞʠ ʫʨʘʥʠʿʫʤ, ʛʘʤʘ ʩʧʝʢʪʨʦʤʝʪʨʠʿʘ ʩʝ ʤʦʞʝ ʢʦʨʠʩʪʠʪʠ ʟʘ ʦʜʨʝʹʠʚʘˁʝ ʫʢʫʧʥʦʛ 

                                                      
9 ʃʘʙʦʨʘʪʦʨʠʿʝ ʢʦʿʝ ʥʠʩʫ ʬʦʢʫʩʠʨʘʥʝ ʥʘ ʘʥʘʣʠʟʫ ʥʫʢʣʝʘʨʥʦʛ ʤʘʪʝʨʠʿʘʣʘ, ʚʝ˂ ʦʙʨʘʹʫʿʫ ʫʟʦʨʢʝ ʠʟ ʞʠʚʦʪʥʝ 

ʩʨʝʜʠʥʝ, ʢʦʿʠ ʩʫ, ʧʦ ʧʨʘʚʠʣʫ, ʟʥʘʪʥʦ ʥʠʞʝ ʘʢʪʠʚʥʦʩʪʠ ʦʜ ʥʫʢʣʝʘʨʥʠʭ. 
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ʩʘʜʨʞʘʿʘ ʥʫʢʣʝʘʨʥʦʛ ʤʘʪʝʨʠʿʘʣʘ, ʩʪʘʨʦʩʪʠ ʤʘʪʝʨʠʿʘʣʘ (ʚʨʝʤʝ ʧʨʦʪʝʢʣʦ ʦʜ ʧʦʩʣʝʜˁʝʛ ʦʙʦʛʘ˂ʠʚʘˁʘ), 

ʧʨʠʩʫʩʪʚʘ ʨʝʧʨʦʮʝʩʫʠʨʘʥʦʛ ʫʨʘʥʠʿʫʤʘ ʠ ʧʨʠʩʫʩʪʚʘ ʬʠʩʠʦʥʠʭ ʧʨʦʜʫʢʘʪʘ. ʇʦʨʝʜ ʪʦʛʘ, ʢʘʦ 

ʥʝʜʝʩʪʨʫʢʪʠʚʥʘ ʤʝʪʦʜʘ ʟʘ ʘʥʘʣʠʟʫ ʫʟʦʨʘʢʘ, ʣʘʙʦʨʘʪʦʨʠʿʩʢʝ ʧʨʠʤʝʥʝ ʛʘʤʘ-ʩʧʝʢʪʨʦʤʝʪʨʠʿʝ ʟʘ ʧʦʪʨʝʙʝ 

ʥʫʢʣʝʘʨʥʝ ʬʦʨʝʥʟʠʢʝ ʧʦʢʘʟʘʣʝ ʩʫ ʩʝ ʢʘʦ ʜʦʙʨʝ ʟʘ ʧʨʝʮʠʟʥʦ ʦʜʨʝʹʠʚʘˁʝ ʠʟʦʪʦʧʩʢʦʛ ʩʘʩʪʘʚʘ 

ʨʘʜʠʦʥʫʢʣʠʜʘ ʢʦʿʠ ʝʤʠʪʫʿʫ ʛʘʤʘ ʟʨʘʯʝˁʝ ʫ ʫʟʦʨʢʫ ʠ ʟʘ ʢʚʘʥʪʠʬʠʢʘʮʠʿʫ ʢʦʣʠʯʠʥʝ ʩʚʘʢʦʛ ʧʨʠʩʫʪʥʦʛ 

ʨʘʜʠʦʠʟʦʪʦʧʘ [Stanic et al.,2019]. 

ʋʨʘʥʠʿʫʤ ʿʝ ʧʨʠʨʦʜʥʠ ʝʣʝʤʝʥʪ ʠʟ ʛʨʫʧʝ ʘʢʪʠʥʠʜʘ, ʠ ʤʦʞʝ ʩʝ ʥʘ˂ʠ ʫʥʫʪʘʨ ɿʝʤˀʠʥʝ ʢʦʨʝ ʫ 

ʢʦʥʮʝʥʪʨʘʮʠʿʠ ʦʜ 3 ppm ('parts per million' ï ʜʝʦ ʫ ʤʠʣʠʦʥ). ʋ ʩʘʩʪʘʚʫ ʧʨʠʨʦʜʥʦʛ ʫʨʘʥʠʿʫʤʘ ʢʦʿʠ ʩʝ 

ʜʦʙʠʿʘ ʠʩʢʦʧʘʚʘˁʝʤ ʨʫʜʝ ʥʘʣʘʟʝ ʩʝ ʪʨʠ ʠʟʦʪʦʧʘ (ʫ ʟʥʘʯʘʿʥʠʤ ʢʦʥʮʝʥʪʨʘʮʠʿʘʤʘ), ʘ ʪʦ ʩʫ 234U (0.0054% 

ʟʘʩʪʫʧˀʝʥʦʩʪʠ), 235U (0.72% ʟʘʩʪʫʧˀʝʥʦʩʪʠ) i 238U (99.27% ʟʘʩʪʫʧˀʝʥʦʩʪʠ) [Ebaid,2009]. ɺʝ˂ʠʥʘ 

ʥʘʿʠʥʪʝʥʟʠʚʥʠʿʠʭ ʛʘʤʘ ʣʠʥʠʿʘ ʢʦʿʝ ʝʤʠʪʫʿʫ ʩʚʠ ʠʟʦʪʦʧʠ ʫʨʘʥʠʿʫʤʘ ʥʘʣʘʟʠ ʩʝ ʫ ʥʠʩʢʦʝʥʝʨʛʝʪʩʢʦʤ 

ʜʝʣʫ ʛʘʤʘ ʩʧʝʢʪʨʘ, ʘ ʫʧʨʘʚʦ ʦʚʘʿ ʝʥʝʨʛʝʪʩʢʠ ʨʝʛʠʦʥ ʧʨʝʜʩʪʘʚˀʘ ʠʟʘʟʦʚ ʫ ʙʠʣʦ ʢʦʿʦʿ ʛʘʤʘ 

ʩʧʝʢʪʨʦʤʝʪʨʠʿʩʢʦʿ ʘʥʘʣʠʟʠ ʢʘʢʦ ʿʝ ʚʝ˂ ʨʝʯʝʥʦ. ɼʘ ʙʠ ʩʝ ʜʦʙʠʣʘ ʙʠʣʦ ʢʘʢʚʘ ʠʥʬʦʨʤʘʮʠʿʘ ʦ 

ʨʘʜʠʦʥʫʢʣʠʜʫ ʦʜ ʠʥʪʝʨʝʩʘ ʠʟ ʛʘʤʘ ʩʧʝʢʪʨʘ, ʤʦʨʘ ʙʠʪʠ ʠʩʧʫˁʝʥ ʛʣʘʚʥʠ ʧʨʝʜʫʩʣʦʚ, ʘ ʪʦ ʿʝ ʪʘʯʥʦ 

ʦʯʠʪʘʚʘˁʝ ʙʨʟʠʥʝ ʦʜʙʨʦʿʘ ʠʟ ʥʠʩʢʦʝʥʝʨʛʝʪʩʢʦʛ ʜʝʣʘ ʩʧʝʢʪʨʘ. ʊʦ ʤʦʞʝ ʙʠʪʠ ʩʣʦʞʝʥʦ ʠʟ ʚʠʰʝ 

ʨʘʟʣʦʛʘ, ʘ ʿʝʜʘʥ ʦʜ ˁʠʭ ʿʝ ʠ ʧʦʟʠʮʠʦʥʠʨʘˁʘ ʛʘʤʘ ʣʠʥʠʿʝ ʫ ʦʙʣʘʩʪʠ ʢʦʿʘ ʧʨʠʨʦʜʥʦ ʠʤʘ ʚʝʣʠʢ ʬʦʥ ʠ 

ʣʦʰʝ (ʥʝʘʜʝʢʚʘʪʥʦ) ʜʝʬʠʥʠʩʘʥʝ ʬʫʥʢʮʠʿʝ ʝʬʠʢʘʩʥʦʩʪʠ ʜʝʪʝʢʮʠʿʝ ʟʘ ʦʚʘʿ ʝʥʝʨʛʝʪʩʢʠ ʦʧʩʝʛ. ʈʘʟʣʦʛ ʟʘ 

ʪʦ ʤʦʞʝ ʙʠʪʠ ʥʝʜʦʚʦˀʥʦ ʜʦʙʨʘ ʢʚʘʥʪʠʬʠʢʘʮʠʿʘ ʝʬʝʢʘʪʘ ʩʘʤʦʘʧʩʦʨʧʮʠʿʝ ʥʠʩʢʦʝʥʝʨʛʝʪʩʢʠʭ ʛʘʤʘ 

ʬʦʪʦʥʘ ʫ ʫʟʦʨʢʫ. ʉ ʦʙʟʠʨʦʤ ʥʘ ʥʘʚʝʜʝʥʦ, ʦʩʥʦʚʥʠ ʧʨʦʙʣʝʤ ʫ ʥʠʩʢʦʝʥʝʨʛʝʪʩʢʦʿ ʛʘʤʘ ʩʧʝʢʪʨʦʤʝʪʨʠʿʠ 

ʿʝ ʪʘʯʥʦ ʦʜʨʝʹʠʚʘˁʝ ʬʫʥʢʮʠʿʝ ʝʬʠʢʘʩʥʦʩʪʠ ʜʝʪʝʢʮʠʿʝ ʫ ʦʚʦʤ ʨʝʛʠʦʥʫ ʠ ʧʦʢʘʟʘʣʦ ʩʝ ʜʘ ʿʝ ʪʦ ʦʜ 

ʧʨʝʩʫʜʥʦʛ ʟʥʘʯʘʿʘ ʟʘ ʜʦʙʠʿʘˁʝ ʧʨʝʮʠʟʥʠʭ ʨʝʟʫʣʪʘʪʘ ʟʘ ʢʦʥʮʝʥʪʨʘʮʠʿʫ ʘʢʪʠʚʥʦʩʪʠ ʫʨʘʥʠʿʫʤʘ. 

ʋʟʦʨʮʠ ʧʨʦʥʘʹʝʥʠ ʥʘ ʪʝʨʝʥʫ ʩʫ ʥʘʿʯʝʰ˂ʝ ʥʝʧʨʘʚʠʣʥʦʛ ʦʙʣʠʢʘ ï ʥʝʮʠʣʠʥʜʨʠʯʥʦʛ, ʠ ʫʢʦʣʠʢʦ ʞʝʣʠʤʦ 

ʜʘ ʫʟʦʨʘʢ ʦʩʪʘʥʝ ʥʝʦʰʪʝ˂ʝʥ ʟʘ ʜʘˀʫ ʘʥʘʣʠʟʫ ʥʝ ʤʦʞʝʤʦ ʤʫ ʧʨʦʤʝʥʠʪʠ ʦʙʣʠʢ ʠ ʢʦʥʩʪʠʪʫʮʠʿʫ 

(ʭʝʤʠʿʩʢʫ ʬʦʨʤʫ). ʂʘʦ ʰʪʦ ʿʝ ʚʝ˂ ʧʦʤʝʥʫʪʦ, ʫ ʨʫʪʠʥʩʢʦʿ ʛʘʤʘʩʧʝʢʪʨʦʤʝʪʨʠʿʠ ʢʘʣʠʙʨʘʮʠʿʘ 

ʛʝʨʤʘʥʠʿʫʤʩʢʠʭ ʜʝʪʝʢʪʦʨʘ ʩʝ ʚʨʰʠ ʟʘ ʮʠʣʠʥʜʨʠʯʥʫ ʛʝʦʤʝʪʨʠʿʫ ʫʟʦʨʢʘ. ɼʘ ʙʠ ʩʝ ʪʝ ʢʘʣʠʙʨʘʮʠʿʝ 

ʤʦʛʣʝ ʢʦʨʠʩʪʠʪʠ ʟʘ ʙʠʣʦ ʢʦʿʠ ʫʟʦʨʘʢ ʢʦʿʠ ʥʠʿʝ ʥʫʞʥʦ ʮʠʣʠʥʜʨʠʯʘʥ, ʤʦʨʘ ʩʝ ʥʘʧʨʘʚʠʪʠ 

ʟʘʜʦʚʦˀʘʚʘʿʫ˂ʝ ʜʦʙʨʘ ʘʧʨʦʢʩʠʤʘʮʠʿʘ ˁʝʛʦʚʝ ʛʝʦʤʝʪʨʠʿʝ. ʊʘʢʦʹʝ, ʛʫʩʪʠʥʘ, ʩʘʩʪʘʚ ʠ ʩʘʜʨʞʘʿ 

ʨʘʜʠʦʥʫʢʣʠʜʘ ʫʟʦʨʘʢʘ ʧʨʦʥʘʹʝʥʠʭ ʥʘ ʪʝʨʝʥʫ ʤʦʛʫ ʚʘʨʠʨʘʪʠ ʠ ʥʠʿʝ ʣʘʢʦ ʧʨʦʥʘ˂ʠ ʘʜʝʢʚʘʪʥʫ 

ʘʧʨʦʢʩʠʤʘʮʠʿʫ ʢʦʿʘ ʿʝ ʧʦʪʨʝʙʥʘ ʫ ʤʘʪʝʤʘʪʠʯʢʠʤ ʧʨʦʨʘʯʫʥʠʤʘ ʝʬʠʢʘʩʥʦʩʪʠ ʜʝʪʝʢʮʠʿʝ. 

ʊʠʧʠʯʥʘ ʣʘʙʦʨʘʪʦʨʠʿʘ ʟʘ ʛʘʤʘ ʩʧʝʢʪʨʦʤʝʪʨʠʿʫ ʠʤʘ ʥʘ ʨʘʩʧʦʣʘʛʘˁʫ ʦʛʨʘʥʠʯʝʥʝ ʨʝʩʫʨʩʝ ʫ ʨʫʪʠʥʩʢʦʿ 

ʧʨʘʢʩʠ. ʅʘ ʪʨʞʠʰʪʫ ʩʫ ʜʦʩʪʫʧʥʠ ʘʫʪʦʤʘʪʩʢʠ, ʢʦʤʝʨʮʠʿʘʣʥʠ ʩʦʬʪʚʝʨʠ ʟʘ ʢʘʨʘʢʪʝʨʠʟʘʮʠʿʫ ʫʟʦʨʘʢʘ 

ʧʨʦʥʘʹʝʥʠʭ ʥʘ ʪʝʨʝʥʫ ʟʘ ʢʦʿʝ ʩʝ ʧʦʪʝʥʮʠʿʘʣʥʦ ʩʫʤˁʘ ʜʘ ʤʦʛʫ ʙʠʪʠ ʥʫʢʣʝʘʨʥʠ ʤʘʪʝʨʠʿʘʣʠ ʢʘʦ ʰʪʦ ʿʝ 

MGAU, MGAU++ (Multi-Group Analysis for Uranium), PC FRAM [ORTEC FRAM.,2022; Gunnick et 

al.,1994; MGA++,2023]. ʆʚʠ ʩʦʬʪʚʝʨʠ ʟʘ ʧʦʪʨʝʙʝ ʘʥʘʣʠʟʝ ʛʘʤʘ ʩʧʝʢʪʘʨʘ ʢʦʨʠʩʪʝ ʬʫʥʢʮʠʿʝ 

ʜʝʢʦʥʚʦʣʫʮʠʿʝ ʟʘ ʤʫʣʪʠʧʣʝʪʝ ʫ ʩʧʝʢʪʨʫ. ɸʣʠ, ʩ ʜʨʫʛʝ ʩʪʨʘʥʝ, ʠʤʘʿʫ˂ʠ ʫ ʚʠʜʫ ʜʘ ʘʥʘʣʠʟʘ ʥʫʢʣʝʘʨʥʦʛ 

ʠ ʜʨʫʛʦʛ ʨʘʜʠʦʘʢʪʠʚʥʦʛ ʤʘʪʝʨʠʿʘʣʘ ʟʘ ʧʦʪʨʝʙʝ ʥʫʢʣʝʘʨʥʝ ʬʦʨʝʥʟʠʢʝ ʥʠʿʝ ʪʘʢʦ ʯʝʩʪʘ, ʦʜ ʚʝʣʠʢʝ ʿʝ 

ʚʘʞʥʦʩʪʠ ʜʘ ʩʝ ʪʝʩʪʠʨʘʿʫ ʠ ʤʦʛʫ˂ʥʦʩʪʠ ʠ ʦʛʨʘʥʠʯʝˁʘ ʜʦʩʪʫʧʥʠʭ ʢʦʜʦʚʘ ʢʦʿʠ ʢʦʨʠʩʪʝ ʤʘʪʝʤʘʪʠʯʢʝ 

ʧʨʦʨʘʯʫʥʝ (EFFTRAN ʠ Angle) ʟʘ ʪʨʘʥʩʬʝʨ ʝʬʠʢʘʩʥʦʩʪʠ ʢʦʿʘ ʙʠ ʩʝ ʤʦʛʣʘ ʢʦʨʠʩʪʠʪʠ ʟʘ ʜʘˀʫ 

ʧʨʝʮʠʟʥʠʿʫ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʫ ʘʥʘʣʠʟʫ ʛʘʤʘ ʩʧʝʢʪʨʘ. ʆʚʠ ʤʘʪʝʤʘʪʠʯʢʠ ʢʦʜʦʚʠ ʥʠʩʫ ʧʦʩʚʝ˂ʝʥʠ ʩʘʤʦ 

ʘʥʘʣʠʟʠ ʩʘʜʨʞʘʿʘ ʫʨʘʥʠʿʫʤʘ ʠ/ʠʣʠ ʧʣʫʪʦʥʠʿʫʤʘ ʠ ʩʪʦʛʘ ʩʝ ʯʝʰ˂ʝ ʥʘʣʘʟʝ ʫ ʣʘʙʦʨʘʪʦʨʠʿʠ ʟʘ ʛʘʤʘ 

ʩʧʝʢʪʨʦʤʝʪʨʠʿʫ. ʋʟ ʦʜʛʦʚʘʨʘʿʫ˂ʝ ʧʨʠʣʘʛʦʹʘʚʘˁʝ, ʢʦʜʦʚʠ ʤʘʪʝʤʘʪʠʯʢʦʛ ʧʨʦʨʘʯʫʥʘ ʪʨʘʥʩʬʝʨʘ 

ʝʬʠʢʘʩʥʦʩʪʠ ʤʦʛʫ ʜʘʪʠ ʧʨʠʭʚʘʪˀʠʚʝ ʨʝʟʫʣʪʘʪʝ ʟʘ ʢʦʥʮʝʥʪʨʘʮʠʿʫ ʘʢʪʠʚʥʦʩʪʠ ʨʘʜʠʦʠʟʦʪʦʧʘ 
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ʧʨʠʩʫʪʥʠʭ ʫ ʫʟʦʨʢʫ ʦʜ ʠʥʪʝʨʝʩʘ ʰʪʦ ˂ʝ ʙʠʪʠ ʧʦʢʘʟʘʥʦ ʫ ʜʘˀʝʤ ʜʝʣʫ ʥʘ ʢʦʥʢʨʝʪʥʠʤ ʨʝʟʫʣʪʘʪʠʤʘ 

ʤʝʨʝˁʘ. 

ʋ ʙʨʦʿʥʠʤ ʦʙʿʘʚˀʝʥʠʤ ʩʪʫʜʠʿʘʤʘ ʢʦʿʝ ʩʫ ʩʝ ʬʦʢʫʩʠʨʘʣʝ ʥʘ ʫʪʠʮʘʿ ʨʘʟʣʠʯʠʪʠʭ ʤʘʪʨʠʮʘ, ʛʫʩʪʠʥʘ ʠ 

ʩʘʩʪʘʚʘ ʫʟʦʨʘʢʘ ʫ ʛʝʦʤʝʪʨʠʿʘʤʘ ʮʠʣʠʥʜʨʠʯʥʦʛ ʫʟʦʨʢʘ ʥʘ ʦʜʨʝʹʠʚʘˁʝ ʝʬʠʢʘʩʥʦʩʪʠ, ʟʘʢˀʫʯʝʥʦ ʿʝ ʜʘ 

ʪʨʝʥʫʪʥʦ ʜʦʩʪʫʧʥʠ ʤʘʪʝʤʘʪʠʯʢʠ ʢʦʜʦʚʠ ʟʘ ʪʨʘʥʩʬʝʨ ʝʬʠʢʘʩʥʦʩʪʠ ʜʘʿʫ ʟʥʘʯʘʿʥʘ ʦʜʩʪʫʧʘˁʘ ʫ 

ʨʝʟʫʣʪʫʿʫ˂ʠʤ ʢʦʥʮʝʥʪʨʘʮʠʿʘʤʘ ʘʢʪʠʚʥʦʩʪʠ ʨʘʜʠʦʥʫʢʣʠʜʘ ʠʟ ʥʠʩʢʦʝʥʝʨʛʝʪʩʢʦʛ ʜʝʣʘ ʩʧʝʢʪʨʘ 

[Kaminski et al.,2014; Tucakoviĺ et al.,2017; Stanic et al.,2019]. ʀʜʝʿʘ ʦʚʝ ʩʪʫʜʠʿʝ ʿʝ ʜʘ ʩʝ ʠʩʧʠʪʘ 

ʧʨʠʤʝʥˀʠʚʦʩʪ ʜʚʝ ʧʦʣʫʝʤʧʠʨʠʿʩʢʝ ʤʝʪʦʜʝ (ʢʦʨʠʩʪʝ˂ʠ ʩʦʬʪʚʝʨe EFFTRAN ʠ Angle) ʫ ʧʦʨʝʹʝˁʫ ʩʘ 

ʩʠʤʫʣʘʮʠʦʥʦʤ ʤʝʪʦʜʦʤ (GEANT4) ʟʘ ʘʥʘʣʠʟʫ ʫʟʦʨʘʢʘ ʥʝʮʠʣʠʥʜʨʠʯʥʝ ʠ ʮʠʣʠʥʜʨʠʯʥʝ ʛʝʦʤʝʪʨʠʿʝ ʥʘ 

ʪʘʿ ʥʘʯʠʥ ʰʪʦ ˂ʝ ʦʙʣʠʢ ʫʟʦʨʢʘ ʙʠʪʠ ʧʘʞˀʠʚʠʿʝ ʠ ʧʨʝʮʠʟʥʠʿʝ ʜʝʬʠʥʠʩʘʥ. ʇʨʝʜʤʝʪ ʠʩʪʨʘʞʠʚʘˁʘ ʩʫ 

ʫʟʦʨʮʠ ʢʦʿʠ ʩʘʜʨʞʝ ʠʟʦʪʦʧʝ ʫʨʘʥʠʿʫʤʘ ʠ/ʠʣʠ ʪʦʨʠʿʫʤʘ.  

ʂʘʨʘʢʪʝʨʠʩʪʠʢʝ ʜʝʪʝʢʪʦʨʘ 

ɿʘ ʧʦʪʨʝʙʝ ʦʚʦʛ ʜʝʣʘ ʠʩʪʨʘʞʠʚʘˁʘ ʢʦʨʠʰ˂ʝʥ ʿʝ HPGe ʢʦʘʢʩʠʿʘʣʥʠ ʜʝʪʝʢʪʦʨ ʧʨʦʰʠʨʝʥʦʛ ʝʥʝʨʛʝʪʩʢʦʛ 

ʦʧʩʝʛʘ, ʧʨʦʠʟʚʦʹʘʯʘ CANBERRA ʠ ʩʝʨʠʿʩʢʝ ʦʟʥʘʢʝ GX10021. ɸʢʪʠʚʥʘ ʟʘʧʨʝʤʠʥʘ ʢʨʠʩʪʘʣʘ ʜʝʪʝʢʪʦʨʘ 

ʿʝ 380 cm3 ʠ ʜʝʪʝʢʪʦʨ ʠʤʘ ʨʝʣʘʪʠʚʥʫ ʝʬʠʢʘʩʥʦʩʪ ʜʝʪʝʢʮʠʿʝ ʦʜ 100%. ʂʘʧʘ ʜʝʪʝʢʪʦʨʘ ʠʤʘ ʧʨʦʟʦʨ 

ʜʝʙˀʠʥʝ 0.89 mm ʢʦʿʠ ʿʝ ʥʘʧʨʘʚˀʝʥ ʦʜ ʢʘʨʙʦʥʩʢʠʭ ʚʣʘʢʘʥʘ ʚʠʩʦʢʝ ʯʚʨʩʪʦ˂ʝ, ʰʪʦ ʦʙʝʟʙʝʹʫʿʝ 85% 

ʪʨʘʥʩʤʠʩʠʿʝ ʟʘ ʬʦʪʦʥʝ ʝʥʝʨʛʠʿʝ ʧʨʝʢʦ 15 keV ʠ ʛʦʪʦʚʦ 100% ʪʨʘʥʩʤʠʩʠʿʝ ʟʘ ʬʦʪʦʥʝ ʝʥʝʨʛʠʿʝ ʠʟʥʘʜ 

20 keV [Mrdja et al.,2019]. ɼʝʪʝʢʪʦʨ ʠʤʘ ʝʥʝʨʛʝʪʩʢʫ ʨʝʟʦʣʫʮʠʿʫ ʦʜ 1.4 keV ʥʘ ʝʥʝʨʛʠʿʠ 122 keV, ʠ 

ʨʝʟʦʣʫʮʠʿʫ ʦʜ 2.0 keV ʥʘ 1332 keV [Stanic et al.,2019]. ʆʚʘʿ HPGe ʜʝʪʝʢʪʦʨ ʿʝ ʩʤʝʰʪʝʥ ʫ 

ʢʦʤʝʨʮʠʿʘʣʥʫ, ʧʨʝʪʝʞʥʦ ʦʣʦʚʥʫ, ʧʘʩʠʚʥʫ ʞʘhʪʠʪʫ ʢʦʿʘ ʦʙʝʟʙʝʹʫʿʝ ʚʝʦʤʘ ʥʠʟʘʢ ʬʦʥ. ɿʘʰʪʠʪʘ ʿʝ 

ʪʘʢʦʹʝ ʧʨʦʠʟʚʦʹʘʯʘ CANBERRA, ʧʨʦʠʟʚʦʜʥʝ ʦʟʥʘʢʝ 777B. ʋʢʫʧʥʘ ʤʘʩʘ ʦʚʝ ʟʘʰʪʠʪʝ ʿʝ 1633 kg. 

ɼʝʙˀʠʥʘ ʦʣʦʚʥʝ ʟʘʰʪʠʪʝ ʿʝ 15 cm. ʉʧʦˀʘʰˁʠʭ 125 mm ʟʘʰʪʠʪʝ ʿʝ ʥʘʧʨʘʚˀʝʥʦ ʦʜ ʥʠʩʢʦʬʦʥʩʢʦʛ 

ʦʣʦʚʘ, ʜʦʢ ʿʝ ʫʥʫʪʨʘʰˁʠʭ 25 mm ʥʘʧʨʘʚˀʝʥʦ ʦʜ ʩʝʣʝʢʮʠʦʥʠʩʘʥʦʛ ʦʣʦʚʘ ʢʦʿʝ ʠʤʘ ʩʘʜʨʞʘʿ 210Pb ʦʜ 

20 Bq kg-1, ʜʝʙˀʠʥʘ ʦʚʦʛ ʫʥʫʪʨʘʰˁʝʛ ʩʣʦʿʘ ʿʝ ʜʦʚʦˀʥʘ ʜʘ ʟʘʫʩʪʘʚʠ ʟʘʢʦʯʥʦ ʟʨʘʯʝˁʝ ʧʨʦʠʟʚʝʜʝʥʦ ʫ 

ʩʧʦˀʘʰˁʝʤ ʩʣʦʿʫ. ʄʦʜʝʣ 777B ʠʤʘ ʜʦʜʘʪʥʠ ʩʣʦʿ ʥʠʩʢʦʬʦʥʩʢʦʛ ʢʘʣʘʿʘ ʜʝʙˀʠʥʝ 1 mm ʢʦʿʠ ʥʘʣʝʞʝ 

ʥʘ ʫʥʫʪʨʘʰˁʠ ʩʣʦʿ ʦʣʦʚʘ, ʘ ʥʘ ʧʦʤʝʥʫʪʠ ʩʣʦʿ ʢʘʣʘʿʘ ʥʘʣʝʞʝ ʩʣʦʿ ʙʘʢʨʘ ʚʠʩʦʢʝ ʝʣʝʢʪʨʦʣʠʪʠʯʢʝ 

ʯʠʩʪʦ˂ʝ ʜʝʙˀʠʥʝ 1.5 mm. ʂʘʦ ʰʪʦ ʿʝ ʧʨʝʪʭʦʜʥʦ ʥʘʧʦʤʝʥʫʪʦ, ʢʘʣʘʿ ʩʣʫʞʠ ʜʘ ʟʘʫʩʪʘʚʠ ʬʣʫʦʨʝʩʮʝʥʪʥʝ 

ʍ-ʟʨʘʢʝ ʦʜ ʂ-ˀʫʩʢʝ ʦʣʦʚʘ ʝʥʝʨʛʠʿʝ 75-84 keV, ʘ ʙʘʢʘʨ ʩʝ ʢʦʨʠʩʪʠ ʜʘ ʟʘʫʩʪʘʚʠ ʍ-ʟʨʘʢʝ ʦʜ ʂ-ˀʫʩʢʝ 

ʢʘʣʘʿʘ, ʝʥʝʨʛʠʿʘ 25-28 keV. ɼʝʪʝʢʪʦʨʩʢʠ ʩʠʩʪʝʤ ʩʝ ʩʘʩʪʦʿʠ ʦʜ HPGe ʜʝʪʝʢʪʦʨʘ, ʠʟʚʦʨʘ ʚʠʩʦʢʦʛ ʥʘʧʦʥʘ 

(4500 V), ʧʦʿʘʯʘʚʘʯʘ ʠ ʤʫʣʪʠʢʘʥʘʣʥʦʛ ʘʥʘʣʠʟʘʪʦʨʘ. ʉʘʤ ʜʝʪʝʢʪʦʨ ʫ ʢʦʤʝʨʮʠʿʘʣʥʦʿ ʟʘʰʪʠʪʠ ʧʨʠʢʘʟʘʥ 

ʿʝ ʥʘ ʩʣʠʮʠ 5.1. 
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ʉʣʠʢʘ 5.1. HPGe ʢʦʘʢʩʠʿʘʣʥʠ ʜʝʪʝʢʪʦʨ ʧʨʦʠʟʚʦʹʘʯʘ CANBERRA ʠ ʩʝʨʠʿʩʢʝ ʦʟʥʘʢʝ GX10021. 

ʋʟʦʨʮʠ 

ʋʟʦʨʘʢ 1ɸ ʿ ʝ ʧʝʣʝʪ ʫʨʘʥʠʿʫʤ ʜʠʦʢʩʠʜʘ (UO2). ʎʠʣʠʥʜʨʠʯʥʦʛ ʿʝ ʦʙʣʠʢʘ, ʧʨʝʯʥʠʢʘ 11.2 mm ʠ ʚʠʩʠʥʝ 

15.1 mm ʠ ʩʤʝʰʪʝʥ ʫ ʩʪʘʢʣʝʥʫ ʝʧʨʫʚʝʪʫ ʜʝʙˀʠʥʝ ʟʠʜʘ ʦʜ 1 mm. ʇʦʩʪʘʚˀʝʥ ʿʝ ʭʦʨʠʟʦʥʪʘʣʥʦ ʥʘ 

ʧʦʢʣʦʧʘʮ ʜʝʪʝʢʪʦʨʘ ʠ ʠʟʤʝʨʝʥ. ʉʘʤʫ ʝʧʨʫʚʝʪʫ ʥʠʿʝ ʙʠʣʦ ʤʦʛʫ˂ʝ ʧʦʩʪʘʚʠʪʠ ʫʩʧʨʘʚʥʦ ʟʙʦʛ ʦʙʣʠʢʘ, ʘ 

ʠ ʤʥʦʛʦ ʠʥʪʝʨʝʩʘʥʪʥʠʿʠ ʩʣʫʯʘʿ ʿʝ ʙʠʦ ʜʘ ʛʝʦʤʝʪʨʠʿʘ ʥʝ ʙʫʜʝ ʮʠʣʠʥʜʨʠʯʥʘ. ʋʟʦʨʘʢ ʩʝ ʥʘ ʜʝʪʝʢʪʦʨʫ 

ʩʥʠʤʘʦ ʧʨʝʢʦ ʥʦ˂ʠ ʫ ʚʨʝʤʝʥʩʢʦʤ ʠʥʪʝʨʚʘʣʫ ʦʜ 7.5Ā104 s. ɿʙʦʛ ʯʠˁʝʥʠʮʝ ʜʘ ʩʫ EFFTRAN ʠ Angle 

ʩʦʬʪʚʝʨʠ ʜʠʟʘʿʥʠʨʘʥʠ ʜʘ ʨʘʜʝ ʩʘʤʦ ʩʘ ʚʝʨʪʠʢʘʣʥʦʤ, ʘʢʩʠʿʘʣʥʦ-ʩʠʤʝʪʨʠʯʥʦʤ ʮʠʣʠʥʜʨʠʯʥʦʤ 

ʛʝʦʤʝʪʨʠʿʦʤ ʫʟʦʨʢʘ, ʫ ʦʚʦʤ ʩʣʫʯʘʿʫ ʥʝʦʧʭʦʜʥʦ ʿʝ ʙʠʣʦ ʜʘ ʩʝ ʜʝʬʠʥʠʰʝ ʧʨʠʙʣʠʞʥʘ ʝʢʚʠʚʘʣʝʥʪʥʘ 

ʛʝʦʤʝʪʨʠʿʘ ʫʟʦʨʢʘ ʰʪʦ ʟʥʘʯʠ ʜʘ ʩʝ ʙʠʣʦ ʢʦʿʘ ʥʝʧʨʘʚʠʣʥʘ ʛʝʦʤʝʪʨʠʿʘ ʫʟʦʨʢʘ ''ʧʨʝʜʩʪʘʚʠ'' ʫ ʩʦʬʪʚʝʨʫ 

ʰʪʦ ʩʣʠʯʥʠʿʝ ʮʠʣʠʥʜʨʠʯʥʦʤ ʦʙʣʠʢʫ ʢʦʣʠʢʦ ʿʝ ʤʦʛʫ˂ʝ. ʆʚʘ ʘʧʨʦʢʩʠʤʘʮʠʿʘ ʩʚʘʢʘʢʦ ʫʥʦʩʠ ʜʦʜʘʪʥʫ 

ʤʝʨʥʫ ʥʝʩʠʛʫʨʥʦʩʪ ʫ ʧʨʦʨʘʯʫʥ. ʋ GEANT4 ʥʝʤʘ ʧʦʪʨʝʙʝ ʟʘ ʘʧʨʦʢʩʠʤʘʮʠʿʦʤ ʩʘ ʝʢʚʠʚʘʣʝʥʪʥʦʤ 

ʛʝʦʤʝʪʨʠʿʦʤ ʫʟʦʨʢʘ ʿʝʨ ʩʝ ʦʙʣʠʢ ʫʟʦʨʢʘ ʤʦʞʝ ʜʝʬʠʥʠʩʘʪʠ ʩʘ ʜʝʪʘˀʠʤʘ ʰʪʦ ʿʝ ʧʨʝʜʥʦʩʪ 

ʩʠʤʫʣʘʮʠʦʥʦʛ ʘʣʘʪʘ. ɹʘʟʘ ʝʢʚʠʚʘʣʝʥʪʥʦʛ ʮʠʣʠʥʜʨʘ ʿʝ ʫ ʩʣʫʯʘʿʫ ʫʟʦʨʢʘ 1ɸ ʫʟʝʪʘ ʜʘ ʙʫʜʝ ʧʦʣʦʚʠʥʘ 

ʧʦʚʨʰʠʥʝ ʦʤʦʪʘʯʘ ʧʦʣʦʞʝʥʦʛ UO2 ʧʝʣʝʪʘ. ʆʚʘ ʦʜʣʫʢʘ ʿʝ ʜʦʥʝʪʘ ʠʟ ʨʘʟʣʦʛʘ ʰʪʦ ʫʟʦʨʘʢ 1ɸ ʠʤʘ 

ʠʟʨʘʟʠʪʦ ʚʝʣʠʢʫ ʛʫʩʪʠʥʫ, ʪʝ ʩʪʦʛʘ ʩʘʤʦ ʛʘʤʘ ʟʨʘʮʠ ʠʟ ʩʣʦʿʘ ʙʣʠʩʢʦʛ ʧʦʚʨʰʠʥʠ ʧʝʣʝʪʘ ʤʦʛʫ ʜʘ 

ʥʘʧʫʩʪʝ ʠʩʪʠ. ɺʠʩʠʥʘ ʝʢʚʠʚʘʣʝʥʪʥʦʛ ʮʠʣʠʥʜʨʘ ʿʝ ʠʟʨʘʯʫʥʘʪʘ ʥʘ ʦʩʥʦʚʫ ʧʨʝʪʧʦʩʪʘʚʢʝ ʜʘ ʧʝʣʝʪ UO2 

ʠ ʝʬʝʢʪʠʚʥʠ ʮʠʣʠʥʜʘʨ ʠʤʘʿʫ ʠʩʪʫ ʟʘʧʨʝʤʠʥʫ. ʋʟʦʨʘʢ ʿʝ, ʜʘʢʣʝ, ʜʝʬʠʥʠʩʘʥ ʢʘʦ ʮʠʣʠʥʜʘʨ ʧʨʝʯʥʠʢʘ 

18.33 mm ʠ ʚʠʩʠʥʝ 5.6 mm. ɿʘ ʤʘʪʨʠʮʫ ʫʟʦʨʢʘ ʫʟʝʪ ʿʝ UO2 ʛʫʩʪʠʥʝ 10.96 g cm-3, ʠ ʦʥʘ ʿʝ ʜʝʬʠʥʠʩʘʥʘ 

ʫ EFFTRAN ʩʦʬʪʚʝʨʫ, ʰʪʦ ʿʝ ʧʨʠʢʘʟʘʥʦ ʥʘ ʩʣʠʮʠ 5.2. ʉʪʚʘʨʘʥ ʠʟʛʣʝʜ ʫʟʦʨʢʘ ʢʘʦ ʠ ʩʠʤʫʣʠʨʘʥʘ 

ʧʦʩʪʘʚʢʘ ʤʝʨʝˁʘ ʜʦʙʠʿʝʥʘ ʫ ʧʘʢʝʪʫ GEANT4 ʧʨʠʢʘʟʘʥʠ ʩʫ ʥʘ ʩʣʠʮʠ 5.3. 
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ʉʣʠʢʘ 5.2. ɼʝʬʠʥʠʩʘˁʝ ʤʘʪʨʠʮʝ ʫʟʦʨʢʘ 1ɸ ʫ EFFTRAN ʩʦʬʪʚʝʨʫ. 

                                 

ʉʣʠʢʘ 5.3. ʋʟʦʨʘʢ 1ɸ ï ʧʝʣʝʪ UO2 (ʣʝʚʦ) ʠ ʩʠʤʫʣʠʨʘʥʘ ʧʦʩʪʘʚʢʘ ʤʝʨʝˁʘ ʫ ʦʢʚʠʨʫ GEANT4 ʧʘʢʝʪʘ 

(ʜʝʩʥʦ). 
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ʋʟʦʨʘʢ 2ɸ ʿʝ IAEA ʨʝʬʝʨʝʥʪʥʠ ʤʘʪʝʨʠʿʘʣ, ʫʨʘʥʠʿʫʤʩʢʘ ʨʫʜʘ (ʦʟʥʘʢʝ IAEA-RGU-1) [RGU-1,1987], 

ʫʧʘʢʦʚʘʥʘ ʫ ʭʦʨʠʟʦʥʪʘʣʥʦ ʧʦʩʪʘʚˀʝʥʫ HDPE10 ʙʦʯʠʮʫ ʜʝʙˀʠʥʝ ʟʠʜʘ 1 mm, ʧʨʝʯʥʠʢʘ 27 mm ʠ 

ʚʠʩʠʥʝ 48 mm. ɽʢʚʠʚʘʣʝʥʪʥʘ ʛʝʦʤʝʪʨʠʿʘ ʫʟʦʨʢʘ ʙʠʦ ʿʝ ʮʠʣʠʥʜʘʨ ʧʨʝʯʥʠʢʘ 42.29 mm ʠ ʚʠʩʠʥʝ 18.4 

mm. ɺʨʝʤʝ ʘʢʚʠʟʠʮʠʿʝ ʩʧʝʢʪʨʘ ʿʝ 8.3Ā104 s. ɿʘ ʝʬʝʢʪʠʚʥʫ ʧʦʚʨʰʠʥʫ ʙʘʟʝ ʮʠʣʠʥʜʨʘ ʫʟʝʪ ʿʝ ʧʦʧʨʝʯʥʠ 

ʧʨʝʩʝʢ ʭʦʨʠʟʦʥʪʘʣʥʦ ʧʦʩʪʘʚˀʝʥʝ ʙʦʯʠʮʝ, ʘ ʚʠʩʠʥʘ ʿʝ ʠʟʨʘʯʫʥʘʪʘ ʥʘ ʦʩʥʦʚʫ ʧʨʝʪʧʦʩʪʘʚʢʝ ʜʘ 

ʭʦʨʠʟʦʥʪʘʣʥʘ ʙʦʯʠʮʘ ʫʨʘʥʠʿʫʤʩʢʝ ʨʫʜʝ ʠ ʝʬʝʢʪʠʚʥʠ ʮʠʣʠʥʜʘʨ ʠʤʘʿʫ ʠʩʪʫ ʟʘʧʨʝʤʠʥʫ. ʋʟʦʨʘʢ 2 ʿʝ 

ʪʘʢʦʹʝ ʫʧʘʢʦʚʘʥ ʫ ʩʪʘʥʜʘʨʜʥʫ ʮʠʣʠʥʜʨʠʯʥʫ ʛʝʦʤʝʪʨʠʿʫ ʧʨʝʯʥʠʢʘ 69 mm ʠ ʚʠʩʠʥʝ 60 mm. ʄʘʪʨʠʮʘ 

ʫʟʦʨʢʘ ʿʝ ʫʟʝʪʘ ʢʘʦ ʟʝʤˀʘ ʩʘ ʠʟʤʝʨʝʥʦʤ ʛʫʩʪʠʥʦʤ (1.23±0.05) gcm-3. ʋʟʦʨʘʢ 2ɸ ʠʤʘ ʨʝʬʝʨʝʥʪʥʫ 

ʚʨʝʜʥʦʩʪ ʟʘ ʢʦʥʮʝʥʪʨʘʮʠʿʫ ʘʢʪʠʚʥʦʩʪʠ 238U ʦʜ (4.94Ñ0.49) kBqkg-1. ɼʝʬʠʥʠʩʘˁʝ ʤʘʪʨʠʮʝ ʫʟʦʨʢʘ 2ɸ 

ʧʨʠʢʘʟʘʥʦ ʿʝ ʥʘ ʩʣʠʮʠ 5.4. ʘ ʩʠʤʫʣʠʨʘʥʘ ʧʦʩʪʘʚʢʘ ʤʝʨʝˁʘ ʜʦʙʠʿʝʥʘ ʫ ʧʘʢʝʪʫ GEANT4 ʧʨʠʢʘʟʘʥʘ ʿʝ 

ʥʘ ʩʣʠʮʠ 5.5 ʫ ʛʝʦʤʝʪʨʠʿʠ ʭʦʨʠʟʦʥʪʘʣʥʦʛ ʚʠʘʣʘ, ʦʜʥʦʩʥʦ ʥʘ ʩʣʠʮʠ 5.6 ʫ ʩʪʘʥʜʘʨʜʥʦʿ ʮʠʣʠʥʜʨʠʯʥʦʿ 

ʛʝʦʤʝʪʨʠʿʠ. 

ʋʟʦʨʘʢ 3ɸ ʿʝ ʢʦʤʘʜ ʤʝʪʘʣʥʝ ʛʚʦʟʜʝʥʝ ʧʣʦʯʝ, ʧʦʨʝʢʣʦʤ ʠʟ ʘʚʠʦʥʩʢʦʛ ʤʦʪʦʨʘ ʩʘ ʚʠʩʦʢʠʤ ʩʘʜʨʞʘʿʝʤ 
232Th. ʋʿʝʜʥʘʯʝʥʝ ʿʝ ʜʝʙˀʠʥʝ ʦʜ 2 mm, ʥʝʧʨʘʚʠʣʥʦʛ ʿʝ ʦʙʣʠʢʘ, ʦʪʧʨʠʣʠʢʝ 32 ʭ 38 mm. ɽʢʚʠʚʘʣʝʥʪʥʘ 

ʛʝʦʤʝʪʨʠʿʘ ʫʟʦʨʢʘ ʫʟʝʪʘ ʿʝ ʜʘ ʙʫʜʝ ʮʠʣʠʥʜʘʨ ʧʨʝʯʥʠʢʘ 39.36 mm ʠ ʚʠʩʠʥʝ 2 mm. ɺʨʝʤʝ ʘʢʚʠʟʠʮʠʿʝ 

ʩʧʝʢʪʨʘ ʿʝ 7.9Ā104 s. ɽʬʝʢʪʠʚʥʘ ʧʦʚʨʰʠʥʘ ʙʘʟʝ ʮʠʣʠʥʜʨʘ ʿʝ ʫʟʝʪʘ ʢʘʦ ʧʦʚʨʰʠʥʘ ʥʝʧʨʘʚʠʣʥʝ ʤʝʪʘʣʥʝ 

ʧʣʦʯʝ, ʩ ʦʙʟʠʨʦʤ ʜʘ ʿʝ ʘʧʨʦʢʩʠʤʘʪʠʚʥʦ ʢʚʘʜʨʘʪʥʦʛ ʦʙʣʠʢʘ. ʄʘʪʨʠʮʘ ʫʟʦʨʢʘ ʿʝ ʫʟʝʪʘ ʢʘʦ ʛʚʦʞʹʝ (Fe), 

ʛʫʩʪʠʥʝ 7.874 gcm-3 ʫʧʘʢʦʚʘʥʦ ʫ HDPE ʢʦʥʪʝʿʥʝʨ ʩʘ ʜʝʙˀʠʥʦʤ ʟʠʜʘ ʦʜ 1 mm. ɼʝʬʠʥʠʩʘˁʝ ʤʘʪʨʠʮʝ 

ʧʨʠʢʘʟʘʥʦ ʿʝ ʥʘ ʩʣʠʮʠ 5.7, ʜʦʢ ʿʝ ʩʠʤʫʣʠʨʘʥʘ ʧʦʩʪʘʚʢʘ ʤʝʨʝˁʘ ʜʦʙʠʿʝʥʘ ʫ ʧʘʢʝʪʫ GEANT4 ʧʨʠʢʘʟʘʥʘ 

ʥʘ ʩʣʠʮʠ 5.8. 

 

ʉʣʠʢʘ 5.4. ɼʝʬʠʥʠʩʘˁʝ ʤʘʪʨʠʮʝ ʫʟʦʨʢʘ 2ɸ ʫ EFFTRAN ʩʦʬʪʚʝʨʫ. 

                                                      
10 High Density PolyEthylene ï ʧʦʣʠʝʪʠʣʝʥ ʚʠʩʦʢʝ ʛʫʩʪʠʥʝ 
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ʉʣʠʢʘ 5.5. ʉʠʤʫʣʠʨʘʥʘ ʧʦʩʪʘʚʢʘ ʤʝʨʝˁʘ ʟʘ ʫʟʦʨʘʢ 2ɸ ʫ ʛʝʦʤʝʪʨʠʿʠ ʭʦʨʠʟʦʥʪʘʣʥʦʛ ʚʠʘʣʘ ʫ ʦʢʚʠʨʫ 

GEANT4 ʧʘʢʝʪʘ. 

 

 

ʉʣʠʢʘ 5.6. ʉʠʤʫʣʠʨʘʥʘ ʧʦʩʪʘʚʢʘ ʤʝʨʝˁʘ ʟʘ ʫʟʦʨʘʢ 2ɸ ʫ ʩʪʘʥʜʘʨʜʥʦʿ ʮʠʣʠʥʜʨʠʯʥʦʿ ʛʝʦʤʝʪʨʠʿʠ ʫ 

ʦʢʚʠʨʫ GEANT4 ʧʘʢʝʪʘ. 



 ʈɽɿʋʃʊɸʊʀ ʀʉʊʈɸɾʀɺɸɳɸ ï ɸʅɸʃʀɿɸ ʈɸɼʀʆɸʂʊʀɺʅʀʍ ʄɸʊɽʈʀɱɸʃɸ  
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ʉʣʠʢʘ 5.7. ɼʝʬʠʥʠʩʘˁʝ ʤʘʪʨʠʮʝ ʫʟʦʨʢʘ 3ɸ ʫ EFFTRAN ʩʦʬʪʚʝʨʫ. 

          

ʉʣʠʢʘ 5.8. ʋʟʦʨʘʢ 3ɸ ï ʛʚʦʟʜʝʥʘ ʧʣʦʯʠʮʘ (ʣʝʚʦ) ʠ ʩʠʤʫʣʠʨʘʥʘ ʧʦʩʪʘʚʢʘ ʤʝʨʝˁʘ ʫ ʦʢʚʠʨʫ GEANT4 

ʧʘʢʝʪʘ (ʜʝʩʥʦ). 

 



 ʈɽɿʋʃʊɸʊʀ ʀʉʊʈɸɾʀɺɸɳɸ ï ɸʅɸʃʀɿɸ ʈɸɼʀʆɸʂʊʀɺʅʀʍ ʄɸʊɽʈʀɱɸʃɸ  
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ʇʨʦʨʘʯʫʥ 

ʂʘʦ ʰʪʦ ʿʝ ʥʘʚʝʜʝʥʦ ʫ ʫʚʦʜʥʠʤ ʨʝʯʝʥʠʮʘʤʘ ʦʚʦʛ ʧʦʛʣʘʚˀʘ, ʝʬʠʢʘʩʥʦʩʪʠ ʜʝʪʝʢʮʠʿʝ ʩʫ ʨʘʯʫʥʘʪʝ 

ʢʦʨʠʩʪʝ˂ʠ EFFTRAN ʠ Angle  ʩʦʬʪʚʝʨʝ, ʠ ʧʦʪʦʤ ʩʫ ʧʦʨʝʹʝʥʝ ʩʘ ʝʬʠʢʘʩʥʦʩʪʠʤʘ ʜʦʙʠʿʝʥʠʤ ʧʫʪʝʤ 

GEANT4 ʩʦʬʪʚʝʨʩʢʦʛ ʧʘʢʝʪʘ.  

ʇʦʩʤʘʪʨʘʿʫ˂ʠ ʚʝ˂ʠʥʫ ʛʘʤʘ ʣʠʥʠʿʘ ʨʘʟʤʘʪʨʘʥʠʭ ʨʘʜʠʦʥʫʢʣʠʜʘ ʫ ʘʥʘʣʠʟʠʨʘʥʠʤ ʫʟʦʨʮʠʤʘ, 

ʢʦʨʝʢʮʠʦʥʠ ʬʘʢʪʦʨʠ ʟʘ ʢʦʠʥʮʠʜʝʥʪʥʘ ʩʫʤʠʨʘˁʘ ʜʦʙʠʿʝʥʠ EFFTRAN ʩʦʬʪʚʝʨʦʤ ʩʫ ʙʣʠʟʫ 1 

(ʿʝʜʠʥʠʮʝ) ʠ ʩʪʦʛʘ ʿʝ ʨʘʟʣʠʢʘ ʫ ʚʨʝʜʥʦʩʪʠʤʘ ʝʬʠʢʘʩʥʦʩʪʠ ʜʝʪʝʢʮʠʿʝ ʜʦʙʠʿʝʥʠʭ EFFTRAN ʠ Angle 

ʩʦʬʪʚʝʨʦʤ (ʚʝʨʟʠʿʘ Angle ʩʦʬʪʚʝʨʘ ʢʦʨʠʰ˂ʝʥʦʛ ʫ ʦʚʦʤ ʠʩʪʨʘʞʠʚʘˁʫ (Angle 4) ʥʝ ʫʢˀʫʯʫʿʝ COI 

ʬʘʢʪʦʨʝ) ʛʝʥʝʨʘʣʥʦ ʤʘˁʘ ʦʜ 8%. ɼʘʢʣʝ, ʫ ʦʚʦʤ ʩʣʫʯʘʿʫ, COI ʬʘʢʪʦʨʠ ʥʠʩʫ ʙʠʣʠ ʦʜ ʚʝʣʠʢʦʛ ʟʥʘʯʘʿʘ 

ʟʘ ʜʦʙʠʿʘˁʝ ʢʦʥʘʯʥʠʭ ʨʝʟʫʣʪʘʪʘ. ʂʘʣʠʙʨʘʮʠʿʘ ʝʬʠʢʘʩʥʦʩʪʠ ʧʨʝʜʩʪʘʚˀʘ ʩʘʩʪʘʚʥʠ ʜʝʦ ʩʚʘʢʦʛ 

ʛʘʤʘʩʧʝʢʪʨʦʤʝʪʨʠʿʩʢʦʛ ʤʝʨʝˁʘ. ʅʘʢʦʥ ʰʪʦ ʩʫ ʩʧʝʢʪʨʠ ʠʟʤʝʨʝʥʠ, ʤʦʞʝ ʩʝ ʧʨʠʩʪʫʧʠʪʠ ʧʨʦʮʝʩʫ 

ʧʨʦʨʘʯʫʥʘ ʨʝʬʝʨʝʥʪʥʝ ʢʨʠʚʝ ʝʬʠʢʘʩʥʦʩʪʠ (REC). ʇʨʚʦ, ʥʘʢʦʥ ʤʝʨʝˁʘ ʜʦʙʨʦ ʜʝʬʠʥʠʩʘʥʦʛ ʠʟʚʦʨʘ11 

ʩʘ ʧʦʟʥʘʪʦʤ ʘʢʪʠʚʥʦʰ˂ʫ, ʚʨʰʠ ʩʝ ʩʝʣʝʢʮʠʿʘ ʧʠʢʦʚʘ ʟʘ ʢʦʿʝ ʩʝ ʨʘʜʠ ʘʥʘʣʠʟʘ ʘʢʪʠʚʥʦʩʪʠ ʟʘ 

ʩʧʝʮʠʬʠʯʥʝ ʨʘʜʠʦʥʫʢʣʠʜʝ12. ʊʘʜʘ ʩʝ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʘ ʝʬʠʢʘʩʥʦʩʪ ʜʦʙʠʿʘ ʢʦʨʠʩʪʝ˂ʠ ʿʝʜʥʘʯʠʥʫ 5.1: 

 ʀ
ὔ

ὸϽὴϽὃ
 (5.1) 

ʉʣʠʯʥʦ ʢʘʦ ʰʪʦ ʿʝ ʦʧʠʩʘʥʦ ʫ ʧʦʛʣʘʚˀʫ 4.3, N ʧʨʝʜʩʪʘʚˀʘ ʫʢʫʧʘʥ ʙʨʦʿ ʜʝʪʝʢʪʦʚʘʥʠʭ ʛʘʤʘ ʬʦʪʦʥʘ 

ʦʜʨʝʹʝʥʝ ʝʥʝʨʛʠʿʝ ʫ ʩʧʝʢʪʨʫ ʩʪʘʥʜʘʨʜʘ, t ʿʝ ʚʨʝʤʝ ʘʢʚʠʟʠʮʠʿʝ, pɔ ʧʨʝʜʩʪʘʚˀʘ ʢʚʘʥʪʥʠ ʧʨʠʥʦʩ, 

ʦʜʥʦʩʥʦ ʚʝʨʦʚʘʪʥʦ˂ʫ ʝʤʠʩʠʿʝ ʬʦʪʦʥʘ ʜʘʪʝ ʝʥʝʨʛʠʿʝ ʧʨʠ ʨʘʩʧʘʜʫ ʜʦʢ ʿʝ ɸ ʘʢʪʠʚʥʦʩʪ ʨʘʜʠʦʥʫʢʣʠʜʘ ʫ 

ʩʪʘʥʜʘʨʜʫ, ʢʦʨʠʛʦʚʘʥʘ ʥʘ ʨʘʩʧʘʜ. ʉʦʬʪʚʝʨ Angle 4 ʥʝ ʢʦʨʠʩʪʠ ʢʦʨʝʢʮʠʿʝ ʥʘ ʢʦʠʥʮʠʜʝʥʪʥʦ ʩʫʤʠʨʘˁʝ, 

ʜʦʢ EFFTRAN ʪʦ ʫʟʠʤʘ ʫ ʦʙʟʠʨ. ʂʘʜʘ ʠʤʘʤʦ ʠʟʨʘʯʫʥʘʪʝ ʝʬʠʢʘʩʥʦʩʪʠ ʟʘ ʜʠʩʢʨʝʪʥʝ ʝʥʝʨʛʠʿʝ ʟʘ 

ʩʪʘʥʜʘʨʜʥʠ ʨʝʬʝʨʝʥʪʥʠ ʤʘʪʝʨʠʿʘʣ, ʤʦʛʫ ʩʝ ʢʦʥʩʪʨʫʠʩʘʪʠ ʨʝʬʝʨʝʥʪʥʝ ʢʨʠʚʝ ʝʬʠʢʘʩʥʦʩʪʠ, ʟʘ 

ʨʘʟʣʠʯʠʪʝ ʜʝʪʝʢʪʦʨʝ, ʛʝʦʤʝʪʨʠʿʝ ʫʟʦʨʢʘ ʠ ʤʘʪʨʠʮʝ. ɿʥʘʿʫ˂ʠ ʜʝʪʘˀʥʝ ʧʘʨʘʤʝʪʨʝ ʜʝʪʝʢʪʦʨʘ, ʫʟʦʨʘʢʘ ʠ 

ʩʪʘʥʜʘʨʜʥʦʛ ʨʝʬʝʨʝʥʪʥʦʛ ʤʘʪʝʨʠʿʘʣʘ, EFFTRAN ʠ Angle  ʩʦʬʪʚʝʨ ʤʦʛʫ ʠʟʨʘʯʫʥʘʪʠ ʥʝʧʦʟʥʘʪʝ 

ʝʬʠʢʘʩʥʦʩʪʠ ʟʘ ʙʠʣʦ ʢʦʿʠ ʥʝʧʦʟʥʘʪʠ ʫʟʦʨʘʢ.  

ʂʘʦ ʩʪʘʥʜʘʨʜʥʠ ʨʝʬʝʨʝʥʪʥʠ ʤʘʪʝʨʠʿʘʣ ʫ ʩʚʠʤ ʤʝʨʝˁʠʤʘ ʢʦʨʠʰ˂ʝʥ ʿʝ ʩʝʨʪʠʬʠʢʦʚʘʥʠ ʠʟʚʦʨ ʏʝʰʢʦʛ 

ʤʝʪʨʦʣʦʰʢʦʛ ʠʥʩʪʠʪʫʪʘ ʪʠʧʘ CBSS-2, ʢʦʿʠ ʫ ʩʝʙʠ ʩʘʜʨʞʠ ʤʝʰʘʚʠʥʫ ʨʘʟʣʠʯʠʪʠʭ ʨʘʜʠʦʥʫʢʣʠʜʘ 

(241Am, 109Cd, 139Ce, 57Co, 60Co, 137Cs, 113Sn, 85Sr, 88Y, 51Cr, 152Eu), ʢʘʢʦ ʙʠ ʧʦʢʨʠʦ ʰʠʨʦʢ ʝʥʝʨʛʝʪʩʢʠ 

ʠʥʪʝʨʚʘʣ 59-1836 keV. ʆʚʠ ʨʘʜʠʦʥʫʢʣʠʜʠ ʩʫ ʠʤʧʣʘʥʪʠʨʘʥʠ ʫ ʤʘʪʨʠʮʫ ʩʠʣʠʢʦʥʩʢʝ ʩʤʦʣʝ, ʩʘ 

ʜʝʢʣʘʨʠʩʘʥʠʤ ʝʣʝʤʝʥʪʘʨʥʠʤ ʩʘʩʪʘʚʦʤ ʠ ʛʫʩʪʠʥʦʤ 0.985 gcm-3. ʆʚʘʢʦ ʜʝʬʠʥʠʩʘʥ ʤʘʪʝʨʠʿʘʣ ʿʝ 

ʫʧʘʢʦʚʘʥ ʫ ʢʦʥʪʝʿʥʝʨ ʮʠʣʠʥʜʨʠʯʥʝ ʛʝʦʤʝʪʨʠʿʝ, ʧʨʝʯʥʠʢʘ 70 mm ʠ ʚʠʩʠʥʝ 69 mm. 

ɼʘ ʙʠ ʩʝ ʫʥʫʪʘʨ ʩʦʬʪʚʝʨʩʢʠʭ ʧʘʢʝʪʘ EFFTRAN ʠ Angle  ʠʟʨʘʯʫʥʘʣʝ ʥʝʧʦʟʥʘʪʝ ʝʬʠʢʘʩʥʦʩʪʠ ʫʟʦʨʘʢʘ 

ʦʜ ʠʥʪʝʨʝʩʘ, ʫ ʦʢʚʠʨʫ ʩʝʤʠʝʤʧʠʨʠʿʩʢʝ ʤʝʪʦʜʝ, ʧʦʪʨʝʙʥʦ ʿʝ ʥʘʧʨʘʚʠʪʠ ʨʝʬʝʨʝʥʪʥʝ ʢʨʠʚʝ 

eʬʠʢʘʩʥʦʩʪʠ (REC). ɿʘ ʜʝʪʝʢʪʦʨ CANBERRA GX20021 ʧʦʤʝʥʫʪʘ ʢʨʠʚʘ ʿʝ ʠʟʨʘʯʫʥʘʪʘ ʧʦʤʦ˂ʫ 

ʩʦʬʪʚʝʨʘ TableCurve 2D [TableCurve,2023], ʫʥʫʪʘʨ ʢʦʛʘ ʿʝ ʥʘʧʨʘʚˀʝʥʘ ʬʠʪ ʬʫʥʢʮʠʿʘ 

ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʦ ʜʦʙʠʿʝʥʠʭ ʝʬʠʢʘʩʥʦʩʪʠ ʢʦʿʝ ʩʫ ʩʨʘʯʫʥʘʪʝ ʧʦʤʦ˂ʫ ʩʪʘʥʜʘʨʜʥʦʛ ʨʝʬʝʨʝʥʪʥʦʛ 

                                                      
11 ʉʪʘʥʜʘʨʜʥʠ ʨʝʬʝʨʝʥʪʥʠ ʤʘʪʝʨʠʿʘʣ ʢʦʿʠ ʠʤʘ ʩʝʨʪʠʬʠʢʦʚʘʥʫ ʢʦʥʮʝʥʪʨʘʮʠʿʫ ʘʢʪʠʚʥʦʩʪʠ ʩʚʘʢʦʛ ʨʘʜʠʦʥʫʢʣʠʜʘ 

ʢʦʿʠ ʩʝ ʥʘʣʘʟʠ ʫ ˁʝʤʫ ʢʘʦ ʠ ʿʘʩʥʦ ʜʝʬʠʥʠʩʘʥ ʩʘʩʪʘʚ ʠ ʭʝʤʠʿʩʢʫ ʬʦʨʤʫ ʤʘʪʨʠʮʝ. 
12 ʄʦʨʘ ʩʝ ʦʜʨʘʜʠʪʠ ʢʦʨʝʢʮʠʿʘ ʥʦʤʠʥʘʣʥʝ ʘʢʪʠʚʥʦʩʪʠ ʥʘ ʨʘʜʠʦʘʢʪʠʚʥʠ ʨʘʩʧʘʜ, ʦʜʥʦʩʥʦ ʠʟʨʘʯʫʥʘʪʠ 

ʘʢʪʠʚʥʦʩʪʠ ʧʦʿʝʜʠʥʠʭ ʨʘʜʠʦʥʫʢʣʠʜʘ ʥʘ ʜʘʥ ʤʝʨʝˁʘ. 
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ʤʘʪʝʨʠʿʘʣʘ CBSS-2. REC ʿʝ ʛʨʘʬʠʯʢʠ ʧʨʠʢʘʟʘʥʘ ʥʘ ʩʣʠʮʠ 5.9, ʜʦʢ ʿʝ ʬʫʥʢʮʠʿʘ ʬʠʪʘ ʧʨʠʢʘʟʘʥʘ ʫ 

ʿʝʜʥʘʯʠʥʠ 5.2.  

 

ʉʣʠʢʘ 5.9. ʈʝʬʝʨʝʥʪʥʘ ʢʨʠʚʘ ʝʬʠʢʘʩʥʦʩʪʠ ʟʘ ʜʝʪʝʢʪʦʨ CANBERRA GX20021. 

 ώ ὥ ὦϽὰὲὼ ὧϽ
ὰὲὼ

ὼ

Ὠ

ὼ
 

(5.2) 

ɺʨʝʜʥʦʩʪʠ ʧʦʿʝʜʠʥʠʭ ʧʘʨʘʤʝʪʘʨʘ ʫʥʫʪʘʨ ʿʝʜʥʘʯʠʥʝ 5.2 ʩʫ ʩʣʝʜʝ˂ʝ: ʘ=0.0378(9), b=-0.0051(21), 

c=198(9) ʠ d=-771(31). ʉʘʤʘ ʬʫʥʢʮʠʿʘ y ʧʨʝʜʩʪʘʚˀʘ ʝʬʠʢʘʩʥʦʩʪ ʜʝʪʝʢʮʠʿʝ ʜʦʢ ʿʝ ʩʘ ʭ ʧʨʝʜʩʪʘʚˀʝʥʘ 

ʝʥʝʨʛʠʿʘ. ʋ ʧʦʨʝʹʝˁʫ ʩʘ ʧʦʣʫʝʤʧʠʨʠʿʩʢʦʤ ʤʝʪʦʜʦʤ, ʟʘ ʩʠʤʫʣʘʮʠʦʥʫ ʤʝʪʦʜʫ ʫʦʧʰʪʝ ʥʠʿʝ ʧʦʪʨʝʙʘʥ 

ʨʝʬʝʨʝʥʪʥʠ ʤʘʪʝʨʠʿʘʣ. ɿʙʦʛ ʪʦʛʘ ʿʝ ʩʠʤʫʣʘʮʠʦʥʠ ʤʝʪʦʜ ʪʝʩʪʠʨʘʥ ʩʘ ʠʩʪʦʤ ʛʨʫʧʦʤ ʫʟʦʨʘʢʘ. 

ʄʦʥʪʝ ʂʘʨʣʦ ʩʠʤʫʣʘʮʠʿʘ, ʢʨʦʟ GEANT4 ʩʠʤʫʣʘʮʠʦʥʠ ʧʘʢʝʪ [Agostinelli et al.,2003], ʨʘʟʚʠʿʝʥʘ ʿʝ ʫ 

ʩʚʨʭʫ ʨʝʧʨʦʜʫʢʮʠʿʝ ʦʜʟʠʚʘ ʛʝʨʤʘʥʠʿʫʤʩʢʠʭ ʜʝʪʝʢʪʦʨʘ, ʢʘʢʦ ʙʠ ʩʝ ʜʦʙʠʣʠ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʠ ʩʧʝʢʪʨʠ 

ʜʝʪʝʢʪʦʨʘ ʫ ʰʠʨʦʢʦʤ ʩʧʝʢʪʨʫ ʧʨʠʤʝʥʘ [Jokovic et al.,2009; Krmar et al.,2013]. GEANT4 ʦʤʦʛʫ˂ʘʚʘ 

ʦʧʠʩ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʝ ʧʦʩʪʘʚʢʝ ʧʨʝʜʩʪʘʚˀʝʥʝ ʩʪʨʫʢʪʫʨʦʤ ʛʝʦʤʝʪʨʠʿʩʢʠʭ ʟʘʧʨʝʤʠʥʘ ʩʘʯʠˁʝʥʠʭ ʦʜ 

ʦʜʨʝʹʝʥʠʭ ʤʘʪʝʨʠʿʘʣʘ, ʠ ʧʨʘ˂ʝˁʝ ʬʠʟʠʯʢʠʭ ʧʨʦʮʝʩʘ. ʋ ʩʠʤʫʣʘʮʠʿʠ, ʛʝʨʤʘʥʠʿʫʤʩʢʠ ʜʝʪʝʢʪʦʨʠ, 

ʟʘʿʝʜʥʦ ʩʘ ʮʝʣʦʤ ʧʦʩʪʘʚʢʦʤ, ʢʦʥʩʪʨʫʠʩʘʥʠ ʩʫ ʚʝʦʤʘ ʜʝʪʘˀʥʦ, ʧʨʝʤʘ ʩʧʝʮʠʬʠʢʘʮʠʿʘʤʘ ʧʦʜʘʪʘʢʘ 

ʧʨʦʠʟʚʦʹʘʯʘ. ʋ ʦʚʦʤ ʠʩʪʨʘʞʠʚʘˁʫ ʢʦʨʠʰ˂ʝʥʘ ʿʝ ʚʝʨʟʠʿʘ 4.9.5. GEANT4 ʟʘ ʜʦʙʠʿʘˁʝ ʝʬʠʢʘʩʥʦʩʪʠ 

ʜʝʪʝʢʮʠʿʝ ʟʘ ʨʘʟʣʠʯʠʪʝ ʛʝʦʤʝʪʨʠʿʝ ʟʘʧʨʝʤʠʥʩʢʠʭ (ʚʦʣʫʤʠʥʦʟʥʠʭ) ʠʟʚʦʨʘ ʧʦʩʪʘʚˀʝʥʠʭ ʠʩʧʨʝʜ HPGe 

ʜʝʪʝʢʪʦʨʘ (ʉʣʠʢʝ 5.3, 5.5, 5.6, 5.8). ʋ ʮʠˀʫ ʠʟʚʨʰʝˁʘ ʩʠʤʫʣʘʮʠʿʘ, ʜʝʪʝʢʪʦʨ ʿʝ ʤʦʜʝʣʦʚʘʥ ʫʟʠʤʘʿʫ˂ʠ 

ʫ ʦʙʟʠʨ ʪʝʭʥʠʯʢʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ ʜʦʙʠʿʝʥʝ ʦʜ ʧʨʦʠʟʚʦʹʘʯʘ, ʦʩʠʤ ʮʝʥʪʨʘʣʥʝ ʰʫʧˀʠʥʝ, ʯʠʿʠ ʩʫ 

ʧʘʨʘʤʝʪʨʠ ʚʝʣʠʯʠʥʝ ʧʨʦʮʝˁʝʥʠ [Nikolic et al.,2014]. ɿʘ ʩʚʘʢʫ ʛʘʤʘ ʝʥʝʨʛʠʿʫ, 106 ʬʦʪʦʥʘ ʿʝ ʛʝʥʝʨʠʩʘʥʦ 

ʠʟʦʪʨʦʧʥʦ ʠʟ ʦʜʨʝʹʝʥʦʛ ʠʟʚʦʨʘ. ʋ ʩʠʤʫʣʘʮʠʿʘʤʘ ʿʝ ʫʟʝʪ ʫ ʦʙʟʠʨ ʝʣʝʤʝʥʪʘʨʥʠ ʩʘʩʪʘʚ, ʢʘʦ ʠ ʛʫʩʪʠʥʘ 

ʤʘʪʨʠʮʘ ʫʟʦʨʘʢʘ ʠ ʠʟʚʦʨʘ. ʌʦʪʦʧʠʢ ʝʬʠʢʘʩʥʦʩʪ ʟʘ ʩʚʘʢʫ ʝʥʝʨʛʠʿʫ ʿʝ ʧʨʦʥʘʹʝʥʘ ʢʘʦ ʦʜʥʦʩ ʙʨʦʿʘ 

ʬʦʪʦʥʘ ʜʝʪʝʢʪʦʚʘʥʠʭ ʧʦʜ ʬʦʪʦʧʠʢʦʤ ʜʘʪʝ ʝʥʝʨʛʠʿʝ ʠ ʙʨʦʿʘ ʛʝʥʝʨʠʩʘʥʠʭ ʬʦʪʦʥʘ. ʋ ʩʠʤʫʣʘʮʠʿʘʤʘ ʿʝ 
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ʧʨʠʤʝˁʝʥ ʩʪʘʥʜʘʨʜʥʠ ʝʣʝʢʪʨʦʤʘʛʥʝʪʥʠ ʧʘʢʝʪ GEANT4 ʩʘ ʩʣʝʜʝ˂ʠʤ ʧʘʨʘʤʝʪʨʠʤʘ MC ʩʠʤʫʣʘʮʠʿʝ: 

1000 nm ʟʘ ʧʨʝʩʝʢ ʧʨʘ˂ʝˁʘ ʠ 990 eV ʟʘ ʝʥʝʨʛʝʪʩʢʠ ʧʨʝʩʝʢ. 

ɸʢʪʠʚʥʦʩʪ ʩʚʘʢʦʛ ʦʜ ʫʟʦʨʘʢʘ ʨʘʯʫʥʘʪʘ ʿʝ ʫ ʩʢʣʘʜʫ ʩʘ ʨʝʣʘʮʠʿʦʤ 5.1. 

ʂʦʤʙʠʥʦʚʘʥʫ ʤʝʨʥʫ ʥʝʩʠʛʫʨʥʦʩʪ ʟʘ ʧʨʝʪʭʦʜʥʦ ʜʝʬʠʥʠʩʘʥʫ ʘʢʪʠʚʥʦʩʪ ʩʚʘʢʦʛ ʦʜ ʫʟʦʨʘʢʘ ʫ ʩʣʫʯʘʿʫ 

ʢʘʜʘ ʝʬʠʢʘʩʥʦʩʪ ʜʦʙʠʿʘʤʦ ʧʦʤʦ˂ʫ EFFTRAN ʠ Angle ʩʦʬʪʚʝʨʘ u(A), ʨʘʯʫʥʘʤʦ ʧʦʤʦ˂ʫ ʩʣʝʜʝ˂ʝ 

ʨʝʣʘʮʠʿʝ: 

 όὃ ‐‏ ὔ‏  
(5.3) 

ŭŮ ʧʨʝʜʩʪʘʚˀʘ ʤʝʨʥʫ ʥʝʩʠʛʫʨʥʦʩʪ ʬʠʪʘ ʟʘ ʬʫʥʢʮʠʿʫ ʝʬʠʢʘʩʥʦʩʪʠ ʫ ʢʦʤʙʠʥʘʮʠʿʠ ʩʘ ʨʝʣʘʪʠʚʥʦʤ 

ʥʝʩʠʛʫʨʥʦʰ˂ʫ ʘʢʪʠʚʥʦʩʪʠ ʨʘʜʠʦʘʢʪʠʚʥʦʛ ʩʪʘʥʜʘʨʜʘ ʩʝʢʫʥʜʘʨʥʦʛ ʨʝʬʝʨʝʥʪʥʦʛ ʤʘʪʝʨʠʿʘʣʘ ʠ 

ʥʝʩʠʛʫʨʥʦʰ˂ʫ ʫʚʝʜʝʥʦʤ ʧʨʦʮʝʩʦʤ ʧʨʦʠʟʚʦʜˁʝ ʩʝʢʫʥʜʘʨʥʦʛ ʨʝʬʝʨʝʥʪʥʦʛ ʤʘʪʝʨʠʿʘʣʘ ʢʦʿʫ ʿʝ ʜʘʦ 

ʧʨʦʠʟʚʦʹʘʯ (CBSS-2), ʢʦʨʠʰ˂ʝʥoʛ ʫ ʤʝʪʦʜʠ ʪʨʘʥʩʬʝʨʘ ʝʬʠʢʘʩʥʦʩʪʠ. ŭN ʿʝ ʤʝʨʥʘ ʥʝʩʠʛʫʨʥʦʩʪ 

ʦʜʙʨʦʿʘ. ʅʝʩʠʛʫʨʥʦʩʪʠ ʢʦʿʝ ʩʝ ʫʥʦʩʝ ʧʨʝʢʦ t ʠ pɔ ʩʫ ʟʘʥʝʤʘʨˀʠʚʝ. ʄʝʨʥʘ ʥʝʩʠʛʫʨʥʦʩʪ u(A) ʟʘ ʩʚʝ 

ʘʥʘʣʠʟʠʨʘʥʝ ʝʥʝʨʛʠʿʝ ʥʠʿʝ ʧʨʝʣʘʟʠʣʘ 10% ʥʘ ʥʠʚʦʫ ʧʦʚʝʨʝˁʘ ʦʜ 2ů. 

ʋ GEANT4 ʧʘʢʝʪʫ, ʧʨʠʣʠʢʦʤ ʨʘʯʫʥʘˁʘ ʤʝʨʥʝ ʥʝʩʠʛʫʨʥʦʩʪʠ, ʫʟʝʪʘ ʿʝ ʫ ʦʙʟʠʨ ʧʨʝʪʧʦʩʪʘʚʢʘ 

ʧʨʝʜʦʯʝʥʘ ʫ ʥʘʨʝʜʥʠʭ ʧʘʨ ʨʝʯʝʥʠʮʘ. ɻʣʘʚʥʝ ʚʘʨʠʿʘʙʣʝ ʢʦʿʝ ʩʫ ʫʥʝʪʝ ʫ ʩʠʤʫʣʘʮʠʿʫ ʩʫ 9 

ʢʘʨʘʢʪʝʨʠʩʪʠʯʥʠʭ ʜʠʤʝʥʟʠʿʘ ʜʝʪʝʢʪʦʨʘ (ʧʨʝʯʥʠʢ ʠ ʜʫʞʠʥʘ ʢʨʠʩʪʘʣʘ, ʧʨʝʯʥʠʢ ʠ ʜʫʞʠʥʘ ʢʨʠʩʪʘʣʥʝ 

ʰʫʧˀʠʥʝ, ʛʦʨˁʠ ʠ ʙʦʯʥʠ ʤʨʪʚʠ ʩʣʦʿ, ʧʨʝʯʥʠʢ ʢʘʧʝ ʜʝʪʝʢʪʦʨʘ, ʜʝʙˀʠʥʘ ʧʨʦʟʦʨʘ ʠ ʨʘʟʤʘʢ ʠʟʤʝʹʫ 

ʧʨʦʟʦʨʘ ʠ ʢʨʠʩʪʘʣʘ) ʠ 4 ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ ʢʦʿʝ ʩʝ ʦʜʥʦʩʝ ʥʘ ʫʟʦʨʘʢ (ʟʘʧʨʝʤʠʥʘ ʫʟʦʨʢʘ, ʤʘʪʝʨʠʿʘʣ ʦʜ 

ʢʦʛ ʩʫ ʫʟʦʨʘʢ ʠ ʢʦʥʪʝʿʥʝʨ, ʦʜʥʦʩʥʦ ˁʠʭʦʚʘ ʛʫʩʪʠʥʘ ʠ ʭʝʤʠʿʩʢʠ ʩʘʩʪʘʚ, ʠ ʨʘʟʤʘʢ ʠʟʤʝʹʫ ʢʦʥʪʝʿʥʝʨʘ ʠ 

ʘʧʩʦʨʙʝʨʘ). ɿʘ ʦʚʝ ʚʘʨʠʿʘʙʣʝ, ʦʩʠʤ ʭʝʤʠʿʩʢʦʛ ʩʘʩʪʘʚʘ ʫʟʦʨʢʘ ʠ ʢʦʥʪʝʿʥʝʨʘ, ʥʝʩʠʛʫʨʥʦʩʪ ʩʝ ʤʦʞʝ 

ʧʨʦʮʝʥʠʪʠ ʥʘ 1% ʟʘ ʛʝʦʤʝʪʨʠʿʫ ʢʨʠʩʪʘʣʘ ʠ ʨʘʟʤʘʢʘ ʠʟʤʝʹʫ ʢʦʥʪʝʿʥʝʨʘ ʠ ʘʧʩʦʨʙʝʨʘ ʠ 10% ʟʘ ʜʝʙˀʠʥʫ 

ʧʨʦʟʦʨʘ ʠ ʟʘʟʦʨ ʠʟʤʝʹʫ ʧʨʦʟʦʨʘ ʠ ʢʨʠʩʪʘʣʘ. ɼʘ ʙʠ ʩʝ ʫ ʰʪʦ ʚʝ˂ʦʿ ʤʝʨʠ ʩʤʘˁʠʣʘ ʥʝʩʣʘʛʘˁʘ ʠʟʤʝʹʫ 

ʩʠʤʫʣʠʨʘʥʠʭ ʠ ʠʟʤʝʨʝʥʠʭ ʚʨʝʜʥʦʩʪʠ, ʙʫʣʝʪʠʟʘʮʠʿʘ, ʤʨʪʚʠ ʩʣʦʿ ʠ ʧʨʦʩʪʦʨ ʠʟʤʝʹʫ ʧʨʦʟʦʨʘ ʠ ʢʨʠʩʪʘʣʘ 

ʩʫ ʚʘʨʠʨʘʥʠ ʫ ʩʠʤʫʣʘʮʠʿʠ, ʘ ʪʠʤʝ ʿʝ ʥʝʩʠʛʫʨʥʦʩʪ ʩʤʘˁʝʥʘ ʥʘ ʧʨʦʮʝˁʝʥʠʭ 1%. ʍʝʤʠʿʩʢʠ ʩʘʩʪʘʚ 

ʢʦʥʪʝʿʥʝʨʘ ʿʝ ʜʦʙʨʦ ʜʝʬʠʥʠʩʘʥ, ʘʣʠ ʟʘ ʫʟʦʨʘʢ ʿʝ ʩʠʪʫʘʮʠʿʘ ʢʦʤʧʣʠʢʦʚʘʥʠʿʘ. ʋʟʨʦʢ ʪʦʤʝ ʤʦʞʝ ʙʠʪʠ 

ʥʝʘʜʝʢʚʘʪʥʦ ʧʦʟʥʘʚʘˁʝ ʭʝʤʠʿʩʢʦʛ ʩʘʩʪʘʚʘ ʫʨʘʥʠʿʫʤʩʢʝ ʨʫʜʝ, ʤʝʪʘʣʥʝ ʧʣʦʯʝ ʠ UO2 ʧʝʣʝʪʘ, ʰʪʦ 

ʜʦʧʨʠʥʦʩʠ ʚʝ˂ʦʿ ʤʝʨʥʦʿ ʥʝʩʠʛʫʨʥʦʩʪʠ. ʇʨʦʮʝˁʫʿʝ ʩʝ ʜʘ ʿʝ ʪʦ 10% [Nikolic et al.,2014]. ʐʪʦ ʩʝ ʪʠʯʝ 

ʩʠʤʫʣʘʮʠʿʝ, ʤʝʨʥʘ ʥʝʩʠʛʫʨʥʦʩʪ usimulation ʿʝ ʠʟʨʘʯʫʥʘʪʘ ʧʨʝʤʘ ʩʣʝʜʝ˂ʦʿ ʿʝʜʥʘʯʠʥʠ: 

 
ό ὼ‏  (5.4) 

ʛʜʝ ŭὼ ʧʨʝʜʩʪʘʚˀʘ ʨʝʣʘʪʠʚʥʫ ʥʝʩʠʛʫʨʥʦʩʪ ʚʨʝʜʥʦʩʪʠ ὼ. ʋ ʧʨʦʨʘʯʫʥʫ ʨʝʣʘʪʠʚʥʝ ʤʝʨʥʝ 

ʥʝʩʠʛʫʨʥʦʩʪʠ ʩʠʤʫʣʘʮʠʿʝ, ʚʘʨʠʿʘʙʣʘ ὼ ʧʨʝʜʩʪʘʚˀʘ ʬʦʪʦʧʠʢ ʝʬʠʢʘʩʥʦʩʪ (FEPE), ʦʜ ʢʦʿʠʭ ʿʝ ʩʚʘʢʘ 

ʧʦʿʝʜʠʥʘʯʥʦ ʩʠʤʫʣʠʨʘʥʘ ʫ ʦʢʚʠʨʫ GEANT4 ʢʦʜʘ ʟʘ ʩʚʘʢʫ ʝʥʝʨʛʠʿʫ, ʜʦʢ ŭὼ ʧʨʝʜʩʪʘʚˀʘ ʨʝʣʘʪʠʚʥʦ 

ʦʜʩʪʫʧʘˁʝ FEPE ʚʨʝʜʥʦʩʪʠ ʠʟʨʘʯʫʥʘʪʠʭ ʠʟ ʩʠʤʫʣʘʮʠʿʘ ʩʘ ʨʘʟʣʠʯʠʪʠʤ ʙʨʦʿʝʤ ʛʝʥʝʨʠʩʘʥʠʭ ʜʦʛʘʹʘʿʘ 

ʧʦ run-ʫ. ʆʧʪʠʤʘʣʥʠ ʙʨʦʿ ʜʦʛʘʹʘʿʘ ʧʦ run-ʫ ʢʦʿʠ ʜʘʿʝ ʜʦʙʨʫ ʩʪʘʪʠʩʪʠʢʫ ʩʘ ʥʝʩʠʛʫʨʥʦʰ˂ʫ ʥʘ 

ʟʘʜʦʚʦˀʘʚʘʿʫ˂ʝʤ ʥʠʚʦʫ ʿʝ 106 ʜʦʛʘʹʘʿʘ, ʠʤʘʿʫ˂ʠ ʥʘ ʫʤʫ ʜʘ ʧʦʤʝʥʫʪʘ ʥʝʩʠʛʫʨʥʦʩʪ ʪʨʝʙʘ ʜʘ ʩʝ ʟʘʜʨʞʠ 

ʫ ʨʘʩʧʦʥʫ ʦʜ ʧʦʤʝʥʫʪʠʭ 5%. ʋʟʠʤʘʿʫ˂ʠ ʫ ʦʙʟʠʨ ʥʘʚʝʜʝʥʦ, ʫʢʫʧʥʘ ʥʝʩʠʛʫʨʥʦʩʪ ʩʠʤʫʣʠʨʘʥʠʭ 

ʨʝʟʫʣʪʘʪʘ ʧʨʦʮʝˁʫʿʝ ʩʝ ʥʘ 5%. 
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ʈʝʟʫʣʪʘʪʠ ʠ ʜʠʩʢʫʩʠʿʘ 

ʈʝʟʫʣʪʘʪʠ ʜʦʙʠʿʝʥʠ ʢʦʨʠʰ˂ʝˁʝʤ ʜʚʘ ʩʦʬʪʚʝʨʘ ʟʘ ʪʨʘʥʩʬʝʨ ʝʬʠʢʘʩʥʦʩʪʠ (Angle  ʠ EFFTRAN) ʠ 

ʩʠʤʫʣʘʮʠʦʥʦʛ ʧʘʢʝʪʘ (GEANT4) ʧʨʠʢʘʟʘʥʠ ʩʫ ʫ ʚʠʜʫ ʢʦʥʮʝʥʪʨʘʮʠʿʘ ʘʢʪʠʚʥʦʩʪʠ ʟʘ ʦʜʨʝʹʝʥʝ 

ʝʥʝʨʛʠʿʝ ʢʦʿʝ ʩʫ ʢʘʨʘʢʪʝʨʠʩʪʠʯʥʝ ʟʘ ʠʟʦʪʦʧʝ ʫʨʘʥʠʿʫʤʘ 238U ʠ 235U (ʊʘʙʝʣʝ 5.1-5.3) ʠ 232Th (ʊʘʙʝʣʘ 

5.4).  

ʋ ʦʚʦʤ ʠʩʪʨʘʞʠʚʘˁʫ ʤʝʪʦʜ ʪʨʘʥʩʬʝʨʘ ʝʬʠʢʘʩʥʦʩʪʠ ʿʝ ʠʤʧʣʝʤʝʥʪʠʨʘʥ ʫ GEANT4 ʩʠʤʫʣʘʮʠʦʥʦʤ 

ʢʦʜʫ ʥʘ ʩʣʝʜʝ˂ʠ ʥʘʯʠʥ: ʢʦʨʠʰ˂ʝʥʝ ʩʫ ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ ʧʨʦʠʟʚʦʹʘʯʘ ʜʝʪʝʢʪʦʨʘ ʫʟ ʜʦʜʘʪʥʦ 

ʧʦʜʝʰʘʚʘˁʝ ʛʝʦʤʝʪʨʠʿʝ (ʢʘʦ ʰʪʦ ʩʫ ʜʝʙˀʠʥʘ ʤʨʪʚʠʭ ʩʣʦʿʝʚʘ, ʨʘʩʪʦʿʘˁʝ ʢʨʠʩʪʘʣʘ ʦʜ ʧʨʦʟʦʨʘ, ʠʪʜ.) 

ʩʘ ʮʠˀʝʤ ʜʘ ʩʝ ʚʘʣʠʜʫʿ ʫ13 ʜʦʙʠʿʝʥʠ ʨʝʟʫʣʪʘʪʠ ʩʠʤʫʣʘʮʠʿʝ. ɽʢʩʧʝʨʠʤʝʥʪʘʣʥʝ ʚʨʝʜʥʦʩʪʠ ʝʬʠʢʘʩʥʦʩʪʠ 

ʜʝʪʝʢʮʠʿʝ ʠʟʨʘʯʫʥʘʪʝ ʩʫ ʢʦʨʠʩʪʝ˂ʠ ʜʝʢʣʘʨʠʩʘʥʝ ʧʦʟʥʘʪʝ ʘʢʪʠʚʥʦʩʪʠ ʩʝʨʪʠʬʠʢʦʚʘʥʦʛ ʨʝʬʝʨʝʥʪʥʦʛ 

ʤʘʪʝʨʠʿʘʣʘ CBSS-2. ʀʟʤʝʨʝʥʝ (ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʝ) ʠ ʩʠʤʫʣʠʨʘʥʝ ʢʨʠʚʝ ʝʬʠʢʘʩʥʦʩʪʠ ʟʘ CBSS-2 ʩʫ 

ʧʨʝʜʩʪʘʚˀʝʥʝ ʥʘ ʩʣʠʮʠ 5.10. ʈʝʣʘʪʠʚʥʘ ʥʝʩʠʛʫʨʥʦʩʪ ʧʦʩʤʘʪʨʘʿʫ˂ʠ ʮʝʦ ʝʥʝʨʛʝʪʩʢʠ ʦʧʩʝʛ ʩʧʝʢʪʨʘ 

ʧʘʜʘ ʠʩʧʦʜ 15%. ʇʨʠʣʘʛʦʹʝʥʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ ʜʝʪʝʢʪʦʨʘ ʩʫ ʟʘʪʠʤ ʢʦʨʠʰ˂ʝʥʝ ʟʘ ʩʚʝ ʜʘˀʝ ʧʨʦʨʘʯʫʥʝ 

ʟʘ ʠʩʧʠʪʠʚʘʥʝ ʫʟʦʨʢʝ. 

 

ʉʣʠʢʘ 5.10. ɽʢʩʧʝʨʠʤʝʥʪʘʣʥʝ ʠ ʩʠʤʫʣʠʨʘʥʝ (ʩʘ ʦʜʛʦʚʘʨʘʿʫ˂ʠʤ ʧʦʜʝʰʘʚʘˁʠʤʘ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ 

ʜʝʪʝʢʪʦʨʘ) ʢʨʠʚʝ ʝʬʠʢʘʩʥʦʩʪʠ ʟʘ ʩʝʨʪʠʬʠʢʦʚʘʥʠ ʨʝʬʝʨʝʥʪʥʠ ʤʘʪʝʨʠʿʘʣ CBSS-2. 

ʂʦʥʮʝʥʪʨʘʮʠʿʘ ʘʢʪʠʚʥʦʩʪʠ ʟʘ ʠʟʦʪʦʧ 238U ʿʝ ʨʘʯʫʥʘʪʘ ʢʦʨʠʰ˂ʝˁʝʤ ʦʜʙʨʦʿʘ ʠʟ ʛʘʤʘ ʣʠʥʠʿʘ ʥʘ 63.3 

keV ʢʦʿʘ ʧʦʪʠʯʝ ʦʜ ʨʘʩʧʘʜʘ 234Th ʠ 1001.03 keV ʢʦʿʘ ʧʦʪʠʯʝ ʦʜ ʨʘʩʧʘʜʘ 234mPa, ʙʫʜʫ˂ʠ ʜʘ ʥʘ ʧʦʤʝʥʫʪʘ 

ʜʚʘ ʬʦʪʦʧʠʢʘ ʠʤʘʤʦ ʥʘʿʤʘˁʫ ʢʦʣʠʯʠʥʫ ʠʥʪʝʨʬʝʨʝʥʮʠʿʘ ʦʜ ʜʨʫʛʠʭ ʧʠʢʦʚʘ. ʂʦʥʮʝʥʪʨʘʮʠʿʘ 

ʘʢʪʠʚʥʦʩʪʠ ʟʘ ʠʟʦʪʦʧ 235U ʨʘʯʫʥʘʪʘ ʠʟ ʣʠʥʠʿʘ ʥʘ 143.8 keV ʠ 163.3 keV ʢʦʿʝ ʧʦʪʠʯʫ ʜʠʨʝʢʪʥʦ ʦʜ 

ʨʘʩʧʘʜʘ 235U.  

                                                      
13 ʎʠˀ ʚʘʣʠʜʘʮʠʿʝ ʿʝ ʜʘ ʩʝ ʨʝʟʫʣʪʘʪʠ ʫ ʚʠʜʫ ʬʦʪʦʧʠʢ ʝʬʠʢʘʩʥʦʩʪʠ ʜʦʙʠʿʝʥʠʭ ʫ GEANT4 ʫ ʰʪʦ ʚʝ˂ʦʿ ʤʝʨʠ 

ʧʦʢʣʦʧʝ ʩʘ ʩʘ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʦ ʜʦʙʠʿʝʥʦʤ ʝʬʠʢʘʩʥʦʰ˂ʫ. 
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ɿʘ ʧʨʦʨʘʯʫʥ ʤʘʩʝʥʝ ʘʢʪʠʚʥʦʩʪʠ 235U ʥʠʿʝ ʢʦʨʠʰ˂ʝʥʘ ʥʘʿʠʥʪʝʥʟʠʚʥʠʿʘ ʣʠʥʠʿʘ ʥʘ 185.7 keV ʟʙʦʛ 

ʠʥʪʝʨʬʝʨʝʥʮʠʿʝ ʩʘ ʣʠʥʠʿʦʤ ʥʘ 186.2 keV ʢʦʿʘ ʧʦʪʠʯʝ ʦʜ ʨʘʩʧʘʜʘ 226Ra, ʘ ʢʦʿʘ ʥʠʿʝ ʤʦʛʣʘ ʙʠʪʠ 

ʢʚʘʥʪʠʪʘʪʠʚʥʦ ʠʩʢˀʫʯʝʥʘ ʫʩʣʝʜ ʥʝʧʦʟʥʘʪʦʛ ʠʟʦʪʦʧʩʢʦʛ ʩʘʩʪʘʚʘ ʫʟʦʨʢʘ 1ɸ. ʂʦʥʮʝʥʪʨʘʮʠʿʝ 

ʘʢʪʠʚʥʦʩʪʠ ʟʘ ʠʟʦʪʦʧʝ ʫʨʘʥʠʿʫʤʘ 238U ʠ 235U ʟʘ ʨʘʟʣʠʯʠʪʝ ʠʟʦʨʢʝ ʧʨʠʢʘʟʘʥʝ ʩʫ ʫ ʊʘʙʝʣʘʤʘ 5.1-5.3.  

ʂʦʥʮʝʥʪʨʘʮʠʿʘ ʘʢʪʠʚʥʦʩʪʠ ʟʘ ʠʟʦʪʦʧ 232Th ʿʝ ʨʘʯʫʥʘʪʘ ʢʦʨʠʰ˂ʝˁʝʤ ʣʠʥʠʿʘ ʥʘ 238.6 keV ʠ 338.3 keV, 

ʢʦʿʝ ʧʦʪʠʯʫ ʦʜ ʨʘʩʧʘʜʘ 212Pb ʠ 228Ac, ʨʝʩʧʝʢʪʠʚʥʦ ʠ ʧʨʠʢʘʟʘʥʝ ʩʫ ʫ ʊʘʙʝʣʠ 5.4. ʋ ʧʨʦʨʘʯʫʥʫ 

ʧʦʤʝʥʫʪʠʭ ʢʦʥʮʝʥʪʨʘʮʠʿʘ ʘʢʪʠʚʥʦʩʪʠ ʩʤʘʪʨʘʥʦ ʿʝ ʜʘ ʿʝ ʫ ʫʟʦʨʮʠʤʘ ʫʩʧʦʩʪʘʚˀʝʥʘ ʩʝʢʫʣʘʨʥʘ 

ʨʘʜʠʦʘʢʪʠʚʥʘ ʨʘʚʥʦʪʝʞʘ. ɸʢʪʠʚʥʦʩʪʠ ʟʘ ʦʜʨʝʹʝʥʫ ʛʝʦʤʝʪʨʠʿʫ ʫʟʦʨʢʘ ʢʦʨʠʰ˂ʝˁʝʤ ʝʬʠʢʘʩʥʦʩʪʠ 

ʜʦʙʠʿʝʥʠʭ ʧʫʪʝʤ EFFTRAN, Angle  ʠ GEANT4 ʩʦʬʪʚʝʨʘ, ʨʘʯʫʥʘʪʝ ʩʫ ʠʟ ʠʩʪʦʛ ʛʘʤʘ ʩʧʝʢʪʨʘ. 

 

ʊʘʙʝʣʘ 5.1. ʂʦʥʮʝʥʪʨʘʮʠʿʝ ʘʢʪʠʚʥʦʩʪʠ ʩʘ ʫʟʦʨʘʢ 1ɸ ʜʦʙʠʿʝʥʝ ʧʦʣʫʝʤʧʠʨʠʿʩʢʠʤ ʠ ʩʠʤʫʣʘʮʠʦʥʦʤ 

ʤʝʪʦʜʦʤ. 

ʉʦʬʪʚʝʨ ʈʘʜʠʦʥʫʢʣʠʜ ɽʥʝʨʛʠʿʘ [keV] ʂʦʥʮʝʥʪʨʘʮʠʿʘ ʘʢʪʠʚʥʦʩʪʠ 

[MBq/kg] 

EFFTRAN 238U 63.3 3.56±0.17 

1001.03 5.68±0.24 

235U 143.8 0.233±0.014 

163.3 0.245±0.016 

Angle  238U 63.3 3.73±0.19 

1001.03 5.38±0.81 

235U 143.8 0.195±0.013 

163.3 0.234±0.015 

GEANT4 238U 63.3 3.94±0.21 

1001.03 5.79±0.87 

235U 143.8 0.213±0.014 

163.3 0.219±0.014 
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ʊʘʙʝʣʘ 5.2. ʂʦʥʮʝʥʪʨʘʮʠʿʝ ʘʢʪʠʚʥʦʩʪʠ ʟʘ ʫʟʦʨʘʢ 2ɸ ʫ ʛʝʦʤʝʪʨʠʿʠ ʭʦʨʠʟʦʥʪʘʣʥʦʛ ʚʠʘʣʘ, ʜʦʙʠʿʝʥʝ 

ʧʦʣʫʝʤʧʠʨʠʿʩʢʠʤ ʠ ʩʠʤʫʣʘʮʠʦʥʦʤ ʤʝʪʦʜʦʤ. 

ʉʦʬʪʚʝʨ ʈʘʜʠʦʥʫʢʣʠʜ ɽʥʝʨʛʠʿʘ [keV] ʂʦʥʮʝʥʪʨʘʮʠʿʘ ʘʢʪʠʚʥʦʩʪʠ 

[MBq/kg] 

EFFTRAN 238U 63.3 4.45±0.29 

1001.03 4.51±0.26 

235U 143.8 0.424±0.018 

163.3 0.266±0.015 

Angle  238U 63.3 4.36±0.28 

1001.03 4.37±0.25 

235U 143.8 0.382±0.019 

163.3 0.252±0.021 

GEANT4 238U 63.3 4.85±0.31 

1001.03 5.34±0.29 

235U 143.8 0.386±0.018 

163.3 0.251±0.015 
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ʊʘʙʝʣʘ 5.3. ʂʦʥʮʝʥʪʨʘʮʠʿʝ ʘʢʪʠʚʥʦʩʪʠ ʩʘ ʫʟʦʨʘʢ 2ɸ ʫ ʮʠʣʠʥʜʨʠʯʥʦʿ ʛʝʦʤʝʪʨʠʿʠ, ʜʦʙʠʿʝʥʝ 

ʧʦʣʫʝʤʧʠʨʠʿʩʢʠʤ ʠ ʩʠʤʫʣʘʮʠʦʥʦʤ ʤʝʪʦʜʦʤ. 

ʉʦʬʪʚʝʨ ʈʘʜʠʦʥʫʢʣʠʜ ɽʥʝʨʛʠʿʘ [keV] ʂʦʥʮʝʥʪʨʘʮʠʿʘ ʘʢʪʠʚʥʦʩʪʠ 

[MBq/kg] 

EFFTRAN 238U 63.3 5.17±0.24 

1001.03 5.23±0.26 

235U 143.8 0.242±0.019 

163.3 0.249±0.021 

Angle  238U 63.3 5.26±0.25 

1001.03 5.28±0.27 

235U 143.8 0.248±0.018 

163.3 0.266±0.022 

GEANT4 238U 63.3 5.17±0.26 

1001.03 5.23±0.28 

235U 143.8 0.193±0.018 

163.3 0.204±0.015 

 

ʊʘʙʝʣʘ 5.4. ʂʦʥʮʝʥʪʨʘʮʠʿʝ ʘʢʪʠʚʥʦʩʪʠ ʩʘ ʫʟʦʨʘʢ 3ɸ, ʜʦʙʠʿʝʥʝ ʧʦʣʫʝʤʧʠʨʠʿʩʢʠʤ ʠ ʩʠʤʫʣʘʮʠʦʥʦʤ 

ʤʝʪʦʜʦʤ. 

ʉʦʬʪʚʝʨ ʈʘʜʠʦʥʫʢʣʠʜ ɽʥʝʨʛʠʿʘ [keV] ʂʦʥʮʝʥʪʨʘʮʠʿʘ 

ʘʢʪʠʚʥʦʩʪʠ [105Bq/kg] 

EFFTRAN 232Th 238.6 1.11±0.04 

338.3 1.12±0.05 

Angle  232Th 238.6 1.09±0.05 

338.3 1.03±0.06 

GEANT4 232Th 238.6 0.91±0.05 

338.3 0.94±0.05 
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ɻʨʘʬʠʯʢʠ ʧʨʠʢʘʟ ʤʝʹʫʩʦʙʥʦʛ ʧʦʨʝʹʝˁʘ ʜʦʙʠʿʝʥʠʭ ʨʝʟʫʣʪʘʪʘ ʟʘ ʧʦʿʝʜʠʥʘʯʥʝ ʫʟʦʨʢʝ ʥʘ ʝʥʝʨʛʠʿʘʤʘ 

63.3 keV (ʫʟʦʨʘʢ 1ɸ ʠ ʫʟʦʨʘʢ 2ɸ), ʦʜʥʦʩʥʦ 238.6 keV ʠ 338.3 keV (ʫʟʦʨʘʢ 3ɸ) ʧʨʠʢʘʟʘʥ ʿʝ ʥʘ ʩʣʠʢʘʤʘ 

5.11-5.15. ɹʫʜʫ˂ʠ ʜʘ ʪʘʯʥʘ ʚʨʝʜʥʦʩʪ ʢʦʥʮʝʥʪʨʘʮʠʿʝ ʘʢʪʠʚʥʦʩʪʠ ʙʠʣʦ ʢʦʛ ʧʨʠʩʫʪʥʦʛ ʨʘʜʠʦʥʫʢʣʠʜʘ ʫ 

ʫʟʦʨʮʠʤʘ 1ɸ ʠ 3ɸ ʥʠʿʝ ʧʦʟʥʘʪʘ, ʢʦʨʠʰ˂ʝʥʘ ʿʝ ʩʨʝʜˁʘ ʚʨʝʜʥʦʩʪ14 ʩʘ ʦʜʛʦʚʘʨʘʿʫ˂ʦʤ ʩʪʘʥʜʘʨʜʥʦʤ 

ʜʝʚʠʿʘʮʠʿʦʤ ʢʘʦ ʨʝʬʝʨʝʥʪʥʘ (ʪʘʯʥʘ), ʢʘʢʦ ʙʠ ʩʝ ʪʝʩʪʠʨʘʣʝ ʤʝʪʦʜʝ. ʋʟʦʨʘʢ 2ɸ ʿʝ ʩʪʘʥʜʘʨʜʥʠ 

ʨʝʬʝʨʝʥʪʥʠ ʤʘʪʝʨʠʿʘʣ ʠ ʢʘʦ ʪʘʢʘʚ ʠʤʘ ʜʝʢʣʘʨʠʩʘʥʝ ʚʨʝʜʥʦʩʪʠ ʢʦʥʮʝʥʪʨʘʮʠʿʘ ʘʢʪʠʚʥʦʩʪʠ ʩʚʠʭ ʫ 

ˁʝʤʫ ʧʨʠʩʫʪʥʠʭ ʨʘʜʠʦʥʫʢʣʠʜʘ, ʪʝ ʩʝ ʢʘʦ ʨʝʬʝʨʝʥʪʥʘ ʚʨʝʜʥʦʩʪ ʟʘ ʧʦʨʝʹʝˁʝ ʤʝʪʦʜʘ ʢʦʨʠʩʪʠʣʘ ʫʧʨʘʚʦ 

ʦʥʘ ʜʝʢʣʘʨʠʩʘʥʘ, ʩʘ ʢʦʨʠʜʦʨʦʤ ʛʨʝʰʢʝ ʦʜ ±10%.  

  

ʉʣʠʢʘ 5.11. ʂʦʥʮʝʥʪʨʘʮʠʿʝ ʘʢʪʠʚʥʦʩʪʠ ʟʘ ʫʟʦʨʘʢ 1ɸ ʥʘ 63.3 keV ʜʦʙʠʿʝʥʝ ʧʦʤʦ˂ʫ ʨʘʟʣʠʯʠʪʠʭ 

ʤʝʪʦʜʘ. 

                                                      
14 ʉʨʝʜˁʘ ʚʨʝʜʥʦʩʪ ʟʘ ʢʦʥʮʝʥʪʨʘʮʠʿʫ ʘʢʪʠʚʥʦʩʪʠ ʿʝ ʜʦʙʠʿʝʥʘ ʫʩʨʝʜˁʘʚʘˁʝʤ ʨʝʟʫʣʪʘʪʘ ʜʦʙʠʿʝʥʠʭ EFFTRAN, 

Angle 4 ʠ GEANT4 ʩʦʬʪʚʝʨʩʢʠʤ ʧʘʢʝʪʠʤʘ. 
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ʉʣʠʢʘ 5.12. ʂʦʥʮʝʥʪʨʘʮʠʿʝ ʘʢʪʠʚʥʦʩʪʠ ʟʘ ʫʟʦʨʘʢ 2ɸ ʥʘ 63.3 keV ʜʦʙʠʿʝʥʝ ʧʦʤʦ˂ʫ ʨʘʟʣʠʯʠʪʠʭ 

ʤʝʪʦʜʘ, ʫ ʛʝʦʤʝʪʨʠʿʠ ʭʦʨʠʟʦʥʪʘʣʥʦʛ ʚʠʘʣʘ. 

 

ʉʣʠʢʘ 5.13. ʂʦʥʮʝʥʪʨʘʮʠʿʝ ʘʢʪʠʚʥʦʩʪʠ ʟʘ ʫʟʦʨʘʢ 2ɸ ʥʘ 63.3 keV ʜʦʙʠʿʝʥʝ ʧʦʤʦ˂ʫ ʨʘʟʣʠʯʠʪʠʭ 

ʤʝʪʦʜʘ, ʫ ʮʠʣʠʥʜʨʠʯʥʦʿ ʛʝʦʤʝʪʨʠʿʠ. 
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ʉʣʠʢʘ 5.14. ʂʦʥʮʝʥʪʨʘʮʠʿʝ ʘʢʪʠʚʥʦʩʪʠ ʟʘ ʫʟʦʨʘʢ 3ɸ ʥʘ 238.6 keV ʜʦʙʠʿʝʥʝ ʧʦʤʦ˂ʫ ʨʘʟʣʠʯʠʪʠʭ 

ʤʝʪʦʜʘ. 

  

ʉʣʠʢʘ 5.15. ʂʦʥʮʝʥʪʨʘʮʠʿʝ ʘʢʪʠʚʥʦʩʪʠ ʟʘ ʫʟʦʨʘʢ 3ɸ ʥʘ 338.3 keV ʜʦʙʠʿʝʥʝ ʧʦʤʦ˂ʫ ʨʘʟʣʠʯʠʪʠʭ 

ʤʝʪʦʜʘ. 
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ʇʦʩʤʘʪʨʘʿʫ˂ʠ ʨʝʟʫʣʪʘʪʝ ʟʘ ʫʟʦʨʘʢ 2ɸ ʫ ʨʘʟʣʠʯʠʪʠʤ ʛʝʦʤʝʪʨʠʿʘʤʘ ʢʦʿʠ ʩʫ ʧʨʠʢʘʟʘʥʠ ʫ ʊʘʙʝʣʠ 5.2, 

ʩʣʠʮʠ 5.12, ʦʜʥʦʩʥʦ ʊʘʙʝʣʠ 5.3 ʠ ʩʣʠʮʠ 5.13, ʤʦʞʝ ʩʝ ʚʠʜʝʪʠ ʜʘ ʠ ʧʦʣʫʝʤʧʠʨʠʿʩʢʝ ʠ ʩʠʤʫʣʘʮʠʦʥʝ 

ʤʝʪʦʜʝ ʜʘʿʫ ʢʦʥʟʠʩʪʝʥʪʥʝ, ʟʘʜʦʚʦˀʘʚʘʿʫ˂ʝ ʨʝʟʫʣʪʘʪʝ, ʦʜʥʦʩʥʦ ʦʥʝ ʢʦʿʝ ʠʤʘʿʫ ʜʦʙʨʦ ʩʣʘʛʘˁʝ ʩʘ 

ʨʝʬʝʨʝʥʪʥʦʤ ʚʨʝʜʥʦʰ˂ʫ. ɿʘ ʫʟʦʨʘʢ 1ɸ ʠ ʫʟʦʨʘʢ 2ɸ ʩʫ ʜʦʜʘʪʥʦ ʠʟʨʘʯʫʥʘʪʝ ʠ ʪʦʪʘʣʥʝ ʢʦʥʮʝʥʪʨʘʮʠʿʝ 

ʘʢʪʠʚʥʦʩʪʠ ʟʘ ʠʟʦʪʦʧ 238U. ʊʦʪʘʣʥʘ ʢʦʥʮʝʥʪʨʘʮʠʿʘ ʘʢʪʠʚʥʦʩʪʠ ʩʝ ʨʘʯʫʥʘʣʘ ʢʦʨʠʩʪʝ˂ʠ ʣʠʥʠʿʝ ʥʘ 63.3 

keV ʠ 1001.03 keV (ʢʦʿʠ ʩʫ ʧʦʪʦʤʮʠ 238U) ʘʣʠ ʠ ʠʟ ʛʘʤʘ ʣʠʥʠʿʘ ʥʘ 143.8 keV ʠ 163.3 keV (ʢʦʿʠ ʩʫ 

ʧʦʪʦʤʮʠ 235U). ʂʘʜʘ ʩʝ ʘʢʪʠʚʥʦʩʪ 238U ʨʘʯʫʥʘ ʧʨʝʢʦ ʛʘʤʘ ʣʠʥʠʿʘ ʧʦʪʦʤʘʢʘ 235U, ʢʦʨʠʩʪʠʣʘ ʿʝ ʨʝʣʘʮʠʿʘ 

5.5 [Olszewski, 2016]. ʋ ʪʦʿ ʨʝʣʘʮʠʿʠ, ʦʜʥʦʩ 1/0.046 ʧʨʝʜʩʪʘʚˀʘ ʦʜʥʦʩ ʢʦʥʮʝʥʪʨʘʮʠʿʘ ʘʢʪʠʚʥʦʩʪʠ 235U 

ʠ 238U ʫ ʧʨʠʨʦʜʥʠʤ ʫʟʦʨʮʠʤʘ.  ʋ ʩʣʫʯʘʿʫ ʫʟʦʨʢʘ 1ɸ ʨʝʬʝʨʝʥʪʥʘ ʚʨʝʜʥʦʩʪ ʿʝ ʫ ʪʦʿ ʠʥʩʪʘʥʮʠ ʫʟʝʪʘ ʢʘʦ 

ʩʨʝʜˁʘ ʚʨʝʜʥʦʩʪ ʪʦʪʘʣʥʠʭ ʢʦʥʮʝʥʪʨʘʮʠʿʘ ʘʢʪʠʚʥʦʩʪʠ 238U ʜʦʙʠʿʝʥʠʭ EFFTRAN, Angle ʠ GEANT4 

ʩʦʬʪʚʝʨʩʢʠʤ ʧʘʢʝʪʠʤʘ. ʂʦʜ ʋʟʦʨʢʘ 2, ʙʫʜʫ˂ʠ ʜʘ ʿʝ ʦʥ ʨʝʬʝʨʝʥʪʥʠ ʤʘʪʝʨʠʿʘʣ, ʨʝʬʝʨʝʥʪʥʘ ʚʨʝʜʥʦʩʪ 

ʿʝ ʧʦʟʥʘʪʘ ʦʜ ʧʨʦʠʟʚʦʹʘʯʘ ʠ ʫʟʝʪʘ ʿʝ ʢʘʦ ʪʘʢʚʘ. ʊʦʪʘʣʥʘ ʢʦʥʮʝʥʪʨʘʮʠʿʘ ʘʢʪʠʚʥʦʩʪʠ 238U ʢʘʦ ʠ ˁʝʥʦ 

ʦʜʩʪʫʧʘˁʝ ʦʜ ʩʨʝʜˁʝ ʚʨʝʜʥʦʩʪʠ ʟʘ ʫʟʦʨʘʢ 1ɸ ʠ ʫʟʦʨʘʢ 2ɸ ʧʨʠʢʘʟʘʥʠ ʩʫ ʫ ʊʘʙʝʣʘʤʘ 5.5 - 5.7, ʢʘʦ ʠ ʥʘ 

ʩʣʠʢʘʤʘ 5.16 - 5.18.  

 ὃ Ὗ ὃ Ὗ Ͻ
ρ

πȢπτφ
 (5.5) 

ʊʘʙʝʣʘ 5.5. ʊʦʪʘʣʥʘ ʢʦʥʮʝʥʪʨʘʮʠʿʘ ʘʢʪʠʚʥʦʩʪʠ 238U ʟʘ ʫʟʦʨʘʢ 1ɸ. 

ʉʦʬʪʚʝʨ ʊʦʪʘʣʥʘ ʢʦʥʮʝʥʪʨʘʮʠʿʘ 

ʘʢʪʠʚʥʦʩʪʠ 238U 

[MBq kg -1] 

ʉʨʝʜˁʘ ʚʨʝʜʥʦʩʪ ʢʘʦ 

ʨʝʬʝʨʝʥʪʥʘ 

[MBq kg -1] 

ʈʝʣʘʪʠʚʥʦ ʦʜʩʪʫʧʘˁʝ 

[%]  

EFFTRAN 4.96±0.08 

4.82±0.15 

+2.92 

Angle 4.67±0.13 -3.26 

GEANT4 4.84±0.15 +0.31 

 

ʊʘʙʝʣʘ 5.6. ʊʦʪʘʣʥʘ ʢʦʥʮʝʥʪʨʘʮʠʿʘ ʘʢʪʠʚʥʦʩʪʠ 238U ʟʘ ʫʟʦʨʘʢ 2ɸ, ʛʝʦʤʝʪʨʠʿʘ ʭʦʨʠʟʦʥʪʘʣʥʦʛ ʚʠʘʣʘ. 

ʉʦʬʪʚʝʨ ʊʦʪʘʣʥʘ ʢʦʥʮʝʥʪʨʘʮʠʿʘ 

ʘʢʪʠʚʥʦʩʪʠ 238U 

[MBq kg -1] 

ʈʝʬʝʨʝʥʪʥʘ ʚʨʝʜʥʦʩʪ 

[MBq kg -1] 

ʈʝʣʘʪʠʚʥʦ ʦʜʩʪʫʧʘˁʝ 

[%]  

EFFTRAN 4.96±0.39 

4.94±0.49 

+0.40 

Angle 4.79±0.38 -3.04 

GEANT4 5.25±0.37 -3.58 
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ʊʘʙʝʣʘ 5.7. ʊʦʪʘʣʥʘ ʢʦʥʮʝʥʪʨʘʮʠʿʘ ʘʢʪʠʚʥʦʩʪʠ 238U ʟʘ ʫʟʦʨʘʢ 2ɸ, ʮʠʣʠʥʜʨʠʯʥʘ ʛʝʦʤʝʪʨʠʿʘ. 

ʉʦʬʪʚʝʨ ʊʦʪʘʣʥʘ ʢʦʥʮʝʥʪʨʘʮʠʿʘ 

ʘʢʪʠʚʥʦʩʪʠ 238U 

[MBq kg -1] 

ʈʝʬʝʨʝʥʪʥʘ ʚʨʝʜʥʦʩʪ 

[MBq kg -1] 

ʈʝʣʘʪʠʚʥʦ ʦʜʩʪʫʧʘˁʝ 

[%]  

EFFTRAN 5.25±0.44 

4.94±0.49 

+6.38 

Angle 5.31±0.45 +7.61 

GEANT4 4.81±0.39 -2.71 

 

 

ʉʣʠʢʘ 5.16. ʊʦʪʘʣʥʘ ʢʦʥʮʝʥʪʨʘʮʠʿʘ ʘʢʪʠʚʥʦʩʪʠ 238U ʟʘ ʫʟʦʨʘʢ 1ɸ. 
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ʉʣʠʢʘ 5.17. ʊʦʪʘʣʥʘ ʢʦʥʮʝʥʪʨʘʮʠʿʘ ʘʢʪʠʚʥʦʩʪʠ 238U ʟʘ ʫʟʦʨʘʢ 2ɸ ʫ ʛʝʦʤʝʪʨʠʿʠ ʭʦʨʠʟʦʥʪʘʣʥʦʛ 

ʚʠʘʣʘ. 

 

ʉʣʠʢʘ 5.18. ʊʦʪʘʣʥʘ ʢʦʥʮʝʥʪʨʘʮʠʿʘ ʘʢʪʠʚʥʦʩʪʠ 238U ʟʘ ʫʟʦʨʘʢ 2ɸ ʫ ʮʠʣʠʥʜʨʠʯʥʦʿ ʛʝʦʤʝʪʨʠʿʠ. 
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ʈʝʣʘʪʠʚʥʘ ʦʜʩʪʫʧʘˁʘ ʪʦʪʘʣʥʝ ʢʦʥʮʝʥʪʨʘʮʠʿʝ ʘʢʪʠʚʥʦʩʪʠ 238U ʦʜ ʨʝʬʝʨʝʥʪʥʝ ʚʨʝʜʥʦʩʪʠ ʟʘ ʫʟʦʨʘʢ 2ɸ 

ʫ ʜʚʝ ʪʝʩʪʠʨʘʥʝ ʛʝʦʤʝʪʨʠʿʝ (ʭʦʨʠʟʦʥʪʘʣʥʠ ʚʠʘʣ ʠ ʮʠʣʠʥʜʨʠʯʥʘ) ʩʫ ʠʩʧʦʜ 8% ʠ ʟʘ ʧʦʣʫʝʤʧʠʨʠʿʩʢʝ ʠ 

ʟʘ ʩʠʤʫʣʘʮʠʦʥʫ ʤʝʪʦʜʫ, ʰʪʦ ʿʝ ʠ ʧʨʠʢʘʟʘʥʦ ʫ ʊʘʙʝʣʘʤʘ 5.6-5.7 ʠ ʥʘ ʩʣʠʢʤʘ 5.17-5.18. ɿʘʜʦʚʦˀʘʚʘʿʫ˂ʝ 

ʩʣʘʛʘˁʝ ʠʟʤʝʹʫ ʨʝʟʫʣʪʘʪʘ ʜʦʙʠʿʝʥʠʭ ʨʘʟʣʠʯʠʪʠʤ ʤʝʪʦʜʘʤʘ ʜʦʙʠʿʝʥʦ ʿʝ ʠ ʟʘ ʩʧʝʮʠʬʠʯʥʝ ʝʥʝʨʛʠʿʝ 

(63.3 keV), ʰʪʦ ʿʝ ʧʨʠʢʘʟʘʥʦ ʥʘ ʩʣʠʢʘʤʘ 5.12-5.13 ʠ ʊʘʙʝʣʘʤʘ 5.2-5.3. ʋ ʨʝʬʝʨʝʥʮʠ [Nikolic,2014] 

ʩʣʠʯʘʥ ʟʘʢˀʫʯʘʢ ʿʝ ʜʦʙʠʿʝʥ ʧʦʨʝʹʝˁʝʤ EFFTRAN-a ʠ GEANT4, ʢʘʜʘ ʿʝ ʦʜ ʠʥʪʝʨʝʩʘ ʥʠʩʢʦʝʥʝʨʛʝʪʩʢʠ 

ʦʧʩʝʛ (63.3 keV ʬʦʪʦʧʠʢ), EFFTRAN ʜʘʿʝ ʨʝʟʫʣʪʘʪʝ ʩʘ ʚʝ˂ʦʤ ʪʘʯʥʦʰ˂ʫ. ʋ ʠʜʝʘʣʥʦʿ ʩʠʪʫʘʮʠʿʠ, 

ʢʦʥʮʝʥʪʨʘʮʠʿʝ ʘʢʪʠʚʥʦʩʪʠ ʠʟʨʘʯʫʥʘʪʝ ʦʜʚʦʿʝʥʦ ʟʘ ʣʠʥʠʿʝ 63.3 keV ʠ 1001.03 keV ʪʨʝʙʘ ʜʘ ʙʫʜʫ 

ʫʧʦʨʝʜʠʚʝ. ʋʢʦʣʠʢʦ ʪʦ ʥʠʿʝ ʩʣʫʯʘʿ, ʦʚʦ ʤʦʞʝ ʙʠʪʠ ʠʥʜʠʢʘʮʠʿʘ ʜʘ ʤʘʪʨʠʮʘ ʫʟʦʨʢʘ ʥʠʿʝ ʘʜʝʢʢʚʘʪʥʦ 

ʜʝʬʠʥʠʩʘʥʘ, ʦ ʯʝʤʫ ˂ʝ ʚʠʰʝ ʨʝʯʠ ʙʠʪʠ ʫ ʜʝʣʫ ʠʩʪʨʘʞʠʚʘˁʘ ʢʦʿʠ ʿʝ ʬʦʢʫʩʠʨʘʥ ʥʘ ʫʪʠʮʘʿ ʤʘʪʨʠʮʝ 

ʫʟʦʨʢʘ ʥʘ ʪʘʯʥʦʩʪ ʨʝʟʫʣʪʘʪʘ. ʀʟ ʊʘʙʝʣʘ 5.1-5.3 ʿʝ ʦʯʠʛʣʝʜʥʦ ʜʘ ʩʫ ʠ Angle ʠ EFFTRAN ʩʦʬʪʚʝʨ ʜʘʣʠ 

ʟʘʜʦʚʦˀʘʚʘʿʫ˂ʝ ʨʝʟʫʣʪʘʪʝ.  

ʉʣʠʯʥʘ ʧʨʝʪʧʦʩʪʘʚʢʘ ʩʝ ʤʦʞʝ ʧʨʠʤʝʥʠʪʠ ʠ ʟʘ ʧʨʦʨʘʯʫʥ ʢʦʥʮʝʥʪʨʘʮʠʿʝ ʘʢʪʠʚʥʦʩʪʠ 232Th ʧʨʝʢʦ 

ʬʦʪʦʧʠʢʦʚʘ ʥʘ 238.6 keV ʠ 338.3 keV. ʈʝʟʫʣʪʘʪʠ ʧʨʠʢʘʟʘʥʠ ʫ ʊʘʙʝʣʠ 5.4 ʧʦʢʘʟʫʿʫ ʜʘ ʩʚʝ ʪʨʠ 

ʢʦʨʠʰ˂ʝʥʝ ʤʝʪʦʜʝ ʜʘʿʫ ʦʯʝʢʠʚʘʥʝ, ʦʜʥʦʩʥʦ ʫʩʘʛʣʘʰʝʥʝ ʨʝʟʫʣʪʘʪʝ. 

ɼʘ ʙʠ ʩʝ ʜʦʙʠʣʘ ʜʠʨʝʢʪʥʠʿʘ ʠʥʜʠʢʘʮʠʿʘ ʪʘʯʥʦʩʪʠ ʧʨʠʤʝˁʝʥʝ ʤʝʪʦʜʦʣʦʛʠʿʝ, ʜʦʜʘʪʥʦ ʧʦʨʝʹʝˁʝ 

ʠʟʤʝʹʫ ʨʝʟʫʣʪʘʪʘ ʝʬʠʢʘʩʥʦʩʪʠ ʜʦʙʠʿʝʥʠʭ EFFTRAN, Angle ʠ GEANT4 ʩʦʬʪʚʝʨʩʢʠʤ ʧʘʢʝʪʠʤʘ ʠ 

ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʠʭ ʨʝʟʫʣʪʘʪʘ ʜʦʙʠʿʝʥʠʭ ʟʘ ʨʝʬʝʨʝʥʪʥʠ ʤʘʪʝʨʠʿʘʣ ʫʟʦʨʘʢ 2ɸ ʫ ʮʠʣʠʥʜʨʠʯʥʦʿ 

ʛʝʦʤʝʪʨʠʿʠ ʧʨʠʢʘʟʘʥʦ ʿʝ ʥʘ ʩʣʠʮʠ 5.19. ɽʢʩʧʝʨʠʤʝʥʪʘʣʥʘ ʝʬʠʢʘʩʥʦʩʪ ʿʝ ʜʦʙʠʿʝʥʘ ʟʘ ʨʝʬʝʨʝʥʪʥʝ 

ʚʨʝʜʥʦʩʪʠ ʢʦʥʮʝʥʪʨʘʮʠʿʝ ʘʢʪʠʚʥʦʩʪʠ ʢʦʿʝ ʩʫ ʫʥʘʧʨʝʜ ʧʦʟʥʘʪʝ. ʈʝʟʫʣʪʘʪʠ ʧʨʠʢʘʟʘʥʠ ʥʘ ʩʣʠʮʠ 5.19 

ʿʘʩʥʦ ʫʢʘʟʫʿʫ ʥʘ ʜʦʙʨʦ ʩʣʘʛʘˁʝ ʝʬʠʢʘʩʥʦʩʪʠ ʟʘ ʩʚʝ ʠʩʧʠʪʠʚʘʥʝ ʤʝʪʦʜʝ. 

 

ʉʣʠʢʘ 5.19. ʇʦʨʝʹʝˁʝ ʨʝʟʫʣʪʘʪʘ EFFTRAN, Angle ʠ GEANT4 ʝʬʠʢʘʩʥʦʩʪʠ ʠ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʠʭ 

ʨʝʟʫʣʪʘʪʘ ʜʦʙʠʿʝʥʠʭ ʟʘ ʨʝʬʝʨʝʥʪʥʠ ʤʘʪʝʨʠʿʘʣ ʫʟʦʨʘʢ 2ɸ ʫ ʮʠʣʠʥʜʨʠʯʥʦʿ ʛʝʦʤʝʪʨʠʿʠ. 



 ʈɽɿʋʃʊɸʊʀ ʀʉʊʈɸɾʀɺɸɳɸ ï ɸʅɸʃʀɿɸ ʈɸɼʀʆɸʂʊʀɺʅʀʍ ʄɸʊɽʈʀɱɸʃɸ  
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ʆʩʥʦʚʥʠ ʟʘʢˀʫʯʮʠ ʫʪʠʮʘʿʘ ʛʝʦʤʝʪʨʠʿʝ ʫʟʦʨʢʘ 

ɻʣʘʚʥʘ ʠʜʝʿʘ ʦʚʦʛ ʠʩʪʨʘʞʠʚʘˁʘ ʙʠʣʘ ʿʝ ʜʘ ʩʝ ʪʝʩʪʠʨʘ ʧʨʠʤʝʥˀʠʚʦʩʪ ʜʚʘ ʩʦʬʪʚʝʨʘ ʟʘ ʤʘʪʝʤʘʪʠʯʢʝ 

ʢʘʣʢʫʣʘʮʠʿʝ (ʪʨʘʥʩʬʝʨ ʝʬʠʢʘʩʥʦʩʪʠ) Angle ʠ EFFTRAN ʫ ʧʦʨʝʹʝˁʫ ʩʘ ʩʠʤʫʣʘʮʠʦʥʦʤ ʤʝʪʦʜʦʤ 

(GEANT4) ʫ ʩʚʨʭʫ ʧʨʝʮʠʟʥʦʛ ʦʜʨʝʹʠʚʘˁʘ ʢʦʥʮʝʥʪʨʘʮʠʿʘ ʘʢʪʠʚʥʦʩʪʠ, ʟʘ ʨʘʟʣʠʯʠʪʝ ʛʝʦʤʝʪʨʠʿʝ 

ʫʟʦʨʘʢʘ. ʆʙʝ ʤʝʪʦʜʝ (ʜʚʝ ʧʦʣʫʝʤʧʠʨʠʿʩʢʝ ʠ ʩʠʤʫʣʘʮʠʦʥʘ) ʩʫ ʪʝʩʪʠʨʘʥʝ ʥʘ 3 ʨʘʟʣʠʯʠʪʝ ʛʝʦʤʝʪʨʠʿʝ 

ʫʟʦʨʢʘ ʠ ʤʘʪʨʠʮʝ, ʠʘʢʦ ʤʝʨʝʥʠ ʫʟʦʨʮʠ ʥʠʩʫ ʜʠʨʝʢʪʥʦ ʧʦʚʝʟʘʥʠ ʩʘ ʦʙʣʘʩʪʠʤʘ ʥʫʢʣʝʘʨʥʝ ʬʦʨʝʥʟʠʢʝ, 

ʢʦʨʠʰ˂ʝʥʠ ʩʫ ʩʘʤʦ ʫ ʩʚʨʭʝ ʪʝʩʪʠʨʘˁʘ ʠ ʟʘʢˀʫʯʘʢ ʙʠ ʤʦʛʘʦ ʜʘ ʩʝ ʦʜʥʦʩʠ ʥʘ ʙʠʣʦ ʢʦʿʠ ʜʨʫʛʠ ʫʟʦʨʘʢ. 

ɸʥʘʣʠʟʠʨʘʥʠ ʫʟʦʨʮʠ ʩʫ ʙʠʣʠ UO2 ʧʝʣʝʪ, ʨʝʬʝʨʝʥʪʥʠ ʤʘʪʝʨʠʿʘʣ ʫ ʮʠʣʠʥʜʨʠʯʥʦʿ ʛʝʦʤʝʪʨʠʿʠ 

ʘʢʩʠʿʘʣʥʦ ʩʠʤʝʪʨʠʯʘʥ ʫ ʦʜʥʦʩʫ ʥʘ ʚʝʨʪʠʢʘʣʥʫ ʦʩʫ ʢʨʠʩʪʘʣʘ ʜʝʪʝʢʪʦʨʘ ʠ ʮʠʣʠʥʜʨʠʯʥʘ ʙʦʯʠʮʘ, 

ʠʩʧʫˁʝʥʘ ʨʝʬʝʨʝʥʪʥʠʤ ʤʘʪʝʨʠʿʘʣʦʤ, ʧʦʩʪʘʚˀʝʥʘ ʫ ʭʦʨʠʟʦʥʪʘʣʥʦʤ ʧʦʣʦʞʘʿʫ ʥʘ ʢʘʧʠ ʜʝʪʝʢʪʦʨʘ ʠ 

ʤʘʣʘ ʤʝʪʘʣʥʘ ʧʣʦʯʘ ʥʝʧʨʘʚʠʣʥʦʛ ʦʙʣʠʢʘ. ʆʩʥʦʚʥʘ ʠʜʝʿʘ ʢʦʨʠʰ˂ʝˁʘ ʨʝʬʝʨʝʥʪʥʦʛ ʤʘʪʝʨʠʿʘʣʘ ʙʠʣʘ ʿʝ 

ʪʝʩʪʠʨʘˁʝ ʤʝʪʦʜʘ, ʩʘ ʧʦʟʥʘʪʠʤ ʢʦʥʮʝʥʪʨʘʮʠʿʘʤʘ ʘʢʪʠʚʥʦʩʪʠ. ʋ ʧʨʘʢʩʠ, ʢʘʜʘ ʿʝ ʨʝʯ ʦ ʫʟʦʨʮʠʤʘ ʢʦʿʠ 

ʩʝ ʤʦʛʫ ʥʘ˂ʠ ʚʘʥ ʨʝʛʫʣʘʪʦʨʥʝ ʢʦʥʪʨʦʣʝ, ʦʥʠ ʤʦʛʫ ʙʠʪʠ ʨʘʟʣʠʯʠʪʠʭ ʦʙʣʠʢʘ ʠ ʩʘʩʪʘʚʘ, ʘ ʦʧʰʪʠ 

ʟʘʢˀʫʯʘʢ ʦʚʦʛ ʠʩʪʨʘʞʠʚʘˁʘ ʿʝ ʜʘ ʿʝ ʿʝʜʠʥʠ ʥʘʯʠʥ ʜʘ ʩʝ ʟʘ ʦʜʨʝʹʠʚʘˁʝ ʢʦʥʮʝʥʪʨʘʮʠʿʝ ʘʢʪʠʚʥʦʩʪʠ 

ʢʦʨʠʩʪʝ Angle ʠ EFFTRAN ʩʦʬʪʚʝʨ (ʢʦʿʠ ʠʤʧʣʝʤʝʥʪʠʨʘʿʫ ʤʝʪʦʜ ʪʨʘʥʩʬʝʨʘ ʝʬʠʢʘʩʥʦʩʪʠ) ʿʝ ʜʘ ʩʝ 

ʛʝʦʤʝʪʨʠʿʘ ʘʧʨʦʢʩʠʤʠʨʘ ʜʘ ʙʫʜʝ ʰʪʦ ʙʣʠʞʘ ʦʙʣʠʢʦʤ ʮʠʣʠʥʜʨʠʯʥʦʿ. ʊʘʢʦʹʝ, ʩʘʩʪʘʚ-ʛʫʩʪʠʥʫ ʫʟʦʨʢʘ 

ʪʨʝʙʘ ʘʧʨʦʢʩʠʤʠʨʘʪʠ ʠʣʠ ʠʟʤʝʨʠʪʠ. ʋ GEANT4 ʩʦʬʪʚʝʨʩʢʦʤ ʧʘʢʝʪʫ ʟʘ ʩʠʤʫʣʘʮʠʿʫ, ʛʝʦʤʝʪʨʠʿʘ ʠ 

ʩʘʩʪʘʚ ʫʟʦʨʢʘ ʩʝ ʤʦʛʫ ʧʨʝʮʠʟʥʠʿʝ ʜʝʬʠʥʠʩʘʪʠ ʰʪʦ ʿʝ ʧʨʝʜʥʦʩʪ ˁʝʛʦʚʝ ʫʧʦʪʨʝʙʝ. 

ɼʦʙʠʿʝʥʠ ʨʝʟʫʣʪʘʪʠ ʫʢʘʟʫʿʫ ʜʘ ʩʫ ʠ Angle ʠ EFFTRAN ʩʦʬʪʚʝʨ ʟʘ ʪʨʘʥʩʬʝʨ ʝʬʠʢʘʩʥʦʩʪʠ ʩʘ 

ʘʜʝʢʚʘʪʥʦʤ ʘʧʨʦʢʩʠʤʘʪʠʚʥʦʤ ʜʝʬʠʥʠʮʠʿʦʤ ʛʝʦʤʝʪʨʠʿʝ ʫʟʦʨʢʘ ʜʘʣʠ ʟʘʜʦʚʦˀʘʚʘʿʫ˂ʝ ʨʝʟʫʣʪʘʪʝ ʠʘʢʦ 

Angle 4 ʥʝ ʫʢˀʫʯʫʿʝ ʢʦʨʝʢʮʠʿʫ ʟʘ ʢʦʠʥʮʠʜʝʥʪʥʘ ʩʫʤʠʨʘˁʘ ʠ ʦʙʘ ʩʦʬʪʚʝʨʘ ʩʫ ʜʠʟʘʿʥʠʨʘʥʘ ʟʘ 

ʚʝʨʪʠʢʘʣʥʦ ʮʠʣʠʥʜʨʠʯʥʫ ʛʝʦʤʝʪʨʠʿʫ. ɻʣʘʚʥʠ ʥʝʜʦʩʪʘʪʘʢ ʿʝ ʰʪʦ ʿʝ ʟʘ ʢʦʨʠʰ˂ʝˁʝ ʪʘ ʜʚʘ ʩʦʬʪʚʝʨʘ 

ʧʦʪʨʝʙʘʥ ʩʝʨʪʠʬʠʢʦʚʘʥ ʨʝʬʝʨʝʥʪʥʠ ʤʘʪʝʨʠʿʘʣ. ʉʘ ʜʨʫʛʝ ʩʪʨʘʥʝ, ʩʠʤʫʣʘʮʠʦʥʘ ʤʝʪʦʜʘ ʫʟ GEANT4 

ʙʠ ʩʝ ʤʦʛʣʘ ʢʦʨʠʩʪʠʪʠ ʙʝʟ ʩʝʨʪʠʬʠʢʦʚʘʥʦʛ ʨʝʬʝʨʝʥʪʥʦʛ ʤʘʪʝʨʠʿʘʣʘ ʩʘ ʜʝʪʘˀʥʦʤ ʜʝʬʠʥʠʮʠʿʦʤ 

ʜʝʪʝʢʪʦʨʘ ʦʜ ʩʪʨʘʥʝ ʧʨʦʠʟʚʦʹʘʯʘ, ʘʣʠ ʩʝ ʪʘʯʥʠʿʠ ʨʝʟʫʣʪʘʪʠ ʤʦʛʫ ʜʦʙʠʪʠ ʘʢʦ ʩʝ ʫ GEANT4 

ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ ʜʝʪʝʢʪʦʨʘ ʜʝʬʠʥʠʰʫ ʢʘʢʦ ʥʘ ʦʩʥʦʚʫ ʜʝʬʠʥʠʮʠʿʝ ʧʨʦʠʟʚʦʹʘʯʘ ʪʘʢʦ ʠ ʫʟ ʜʦʜʘʪʥʘ 

ʧʦʜʝʰʘʚʘˁʘ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ ʜʝʪʝʢʪʦʨʘ ʫ ʩʠʤʫʣʘʮʠʿʠ ʫʟ ʢʦʨʠʰ˂ʝˁʝ ʩʝʨʪʠʬʠʢʦʚʘʥʦʛ ʨʝʬʝʨʝʥʪʥʦʛ 

ʤʘʪʝʨʠʿʘʣʘ (ʫ ʥʘʰʝʤ ʩʣʫʯʘʿʫ CBSS-2).  

ɻʝʥʝʨʘʣʥʠ ʟʘʢˀʫʯʘʢ ʿʝ ʜʘ ʩʝ ʦʙʝ ʤʝʪʦʜʝ (ʧʦʣʫʝʤʧʠʨʠʿʩʢʝ ʠ ʩʠʤʫʣʘʮʠʦʥʘ) ʤʦʛʫ ʢʦʨʠʩʪʠʪʠ ʟʘ 

ʧʨʚʦʙʠʪʥʫ ʧʨʦʮʝʥʫ ʢʦʥʮʝʥʪʨʘʮʠʿʝ ʘʢʪʠʚʥʦʩʪʠ ʨʘʜʠʦʠʟʦʪʦʧʘ ʫʨʘʥʠʿʫʤʘ ʫ ʫʟʦʨʮʠʤʘ ʢʦʿʠ ʠʤʘʿʫ 

ʨʘʟʣʠʯʠʪʝ ʛʝʦʤʝʪʨʠʿʝ. ʉʘ ʜʨʫʛʝ ʩʪʨʘʥʝ, ʠʘʢʦ ʿʝ ʛʝʦʤʝʪʨʠʿʘ ʘʥʘʣʠʟʠʨʘʥʝ ʤʝʪʘʣʥʝ ʧʣʦʯʝ ʧʨʝʜʩʪʘʚˀʘʣʘ 

ʩʚʦʿʝʚʨʩʪʘʥ ʠʟʘʟʦʚ, ʦʙʝ ʤʝʪʦʜʝ ʩʫ ʜʘʣʝ ʫʧʦʨʝʜʠʚʝ ʨʝʟʫʣʪʘʪʝ ʟʘ ʢʦʥʮʝʥʪʨʘʮʠʿʫ ʘʢʪʠʚʥʦʩʪʠ 232Th. 

ʋ ʙʫʜʫ˂ʠʤ ʠʩʪʨʘʞʠʚʘˁʠʤʘ, ʦʧʠʩʘʥʘ ʤʝʪʦʜʦʣʦʛʠʿʘ ʩʝ ʤʦʞʝ ʪʝʩʪʠʨʘʪʠ ʥʘ ʜʨʫʛʘʯʠʿʠʤ 

ʥʝʮʠʣʠʥʜʨʠʯʥʠʤ ʫʟʦʨʮʠʤʘ ʩʘ ʥʝʧʦʟʥʘʪʠʤ ʩʘʜʨʞʘʿʝʤ ʨʘʜʠʦʠʟʦʪʦʧʘ, ʙʫʜʫ˂ʠ ʜʘ ʩʝ ʨʘʟʣʠʯʠʪʠ 

ʥʫʢʣʝʘʨʥʠ ʠ ʜʨʫʛʠ ʨʘʜʠʦʘʢʪʠʚʥʠ ʤʘʪʝʨʠʿʘʣʠ ʤʦʛʫ ʥʘ˂ʠ ʚʘʥ ʨʝʛʫʣʘʪʦʨʥʝ ʢʦʥʪʨʦʣʝ ʢʘʦ ʠ ʜʘ ʿʝ 

ʜʦʢʘʟʘʥʦ ʿʝ ʜʘ ʿʝ ʛʘʤʘ ʩʧʝʢʪʨʦʤʝʪʨʠʿʘ ʿʝʜʥʘ ʦʜ ʥʘʿʙʦˀʠʭ ʥʝʜʝʩʪʨʫʢʪʠʚʥʠʭ ʘʥʘʣʠʪʠʯʢʠʭ ʪʝʭʥʠʢʘ ʟʘ 

ʧʦʯʝʪʥʫ ʙʨʟʫ ʢʘʨʘʢʪʝʨʠʟʘʮʠʿʫ ʠ ʢʘʪʝʛʦʨʠʟʘʮʠʿʫ ʥʝʧʦʟʥʘʪʦʛ ʤʘʪʝʨʠʿʘʣʘ. 
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 ʋʪʠʮʘʿ ʤʘʪʨʠʮʝ ʫʟʦʨʢʘ ʥʘ ʤʦʜʝʣʦʚʘˁʝ ʬʫʥʢʮʠʿʝ ʝʬʠʢʘʩʥʦʩʪʠ ʫ 

ʛʘʤʘʩʧʝʢʪʨʦʤʝʪʨʠʿʩʢʦʤ ʦʜʨʝʹʠʚʘˁʫ ʠʟʦʪʦʧʘ ʫʨʘʥʠʿʫʤʘ  

ʇʦʨʝʜ ʛʝʦʤʝʪʨʠʿʝ ʦʜʥʦʩʥʦ ʦʙʣʠʢʘ ʫʟʦʨʢʘ, ʫ ʦʢʚʠʨʫ ʦʚʝ ʪʝʟʝ ʠʩʧʠʪʘʥ ʿʝ ʠ ʫʪʠʮʘʿ ʩʘʩʪʘʚʘ ʠ ʤʘʪʨʠʮʝ 

ʫʟʦʨʢʘ ʥʘ ʨʝʟʫʣʪʘʪʝ ʛʘʤʘʩʧʝʢʪʨʦʤʝʪʨʠʿʩʢʠʭ ʤʝʨʝˁʘ. ʀ ʫ ʦʚʦʤ ʩʣʫʯʘʿʫ, ʢʚʘʥʪʠʬʠʢʘʮʠʿʘ ʫʪʠʮʘʿʘ 

ʤʘʪʨʠʮʝ ʫʨʘʹʝʥʘ ʿʝ ʧʨʝʢʦ ʬʫʥʢʮʠʿʘ ʝʬʠʢʘʩʥʦʩʪʠ ʜʝʪʝʢʮʠʿʝ. ʂʘʦ ʰʪʦ ʿʝ ʚʝ˂ ʧʦʤʝʥʫʪʦ ʫ 

ʛʘʤʘʩʧʝʢʪʨʦʤʝʪʨʠʿʩʢʠʤ ʣʘʙʦʨʘʪʦʨʠʿʘʤʘ ʯʝʩʪʦ ʩʝ ʤʝʪʦʜʘ ʪʨʘʥʩʬʝʨʘ ʝʬʠʢʘʩʥʦʩʪʠ ʢʦʨʠʩʪʠ ʟʘ 

ʜʦʙʠʿʘˁʝ ʬʫʥʢʮʠʿʝ ʝʬʠʢʘʩʥʦʩʪʠ ʜʝʪʝʢʮʠʿʝ ʫ ʦʢʚʠʨʫ ʨʘʟʣʠʯʠʪʠʭ ʩʦʬʪʚʝʨʘ. ʇʦʪʨʝʙʥʦ ʿʝ ʧʦʟʥʘʚʘʪʠ 

ʩʘʩʪʘʚ ʦʜʥʦʩʥʦ ʤʘʪʨʠʮʫ ʫʟʦʨʢʘ, ʠ ʫ ʦʜʨʝʹʝʥʦʤ ʢʦʨʘʢʫ ʘʥʘʣʠʟʝ ʫʥʝʪʠ ʫ ʩʦʬʪʚʝʨ ʢʘʢʦ ʙʠ ʠʩʪʠ ʤʦʛʘʦ 

ʩʨʘʯʫʥʘʪʠ ʝʬʠʢʘʩʥʦʩʪ ʜʝʪʝʢʮʠʿʝ. ʂʦʣʠʢʦ ʿʝ ʙʠʪʥʦ ʧʦʟʥʘʚʘʪʠ ʪʘʯʘʥ ʩʘʩʪʘʚ ʥʘʰʝʛ ʫʟʦʨʢʘ, ʢʘʦ ʠ ʢʦʣʠʢʫ 

ʥʝʩʠʛʫʨʥʦʩʪ ʫʥʦʩʠʤʦ ʫ ʘʥʘʣʠʟʫ ʥʝʧʦʟʥʘʚʘˁʝʤ ʠʩʪʦʛ, ʙʠ˂ʝ ʠʟʣʦʞʝʥʦ ʫ ʜʘˀʝʤ ʪʝʢʩʪʫ. 

ʆʩʥʦʚʥʘ ʠʜʝʿʘ ʧʨʠʢʘʟʘʥʦʛ ʠʩʪʨʘʞʠʚʘˁʘ ʙʠʣʘ ʿʝ ʜʘ ʩʝ ʠʩʧʠʪʘ ʫʪʠʮʘʿ ʧʨʝʮʠʟʥʦʛ ʦʜʨʝʹʠʚʘˁʘ ʤʘʪʨʠʮʝ 

ʫʟʦʨʢʘ ʥʘ ʜʦʙʠʿʘˁʝ ʧʦʫʟʜʘʥʠʭ ʨʝʟʫʣʪʘʪʘ ʫ ʛʘʤʘ ʩʧʝʢʪʨʦʤʝʪʨʠʿʠ. ʀʜʝʿʘ ʿʝ ʪʝʩʪʠʨʘʥʘ ʢʦʨʠʰ˂ʝˁʝʤ ʜʚʘ 

ʨʘʟʣʠʯʠʪʘ ʧʨʠʩʪʫʧʘ ʢʦʿʠ ʠʤʘʿʫ ʠʩʪʠ ʮʠˀ: ʢʚʘʥʪʠʬʠʢʘʮʠʿʫ ʢʦʥʮʝʥʪʨʘʮʠʿʝ ʘʢʪʠʚʥʦʩʪʠ ʠʟʦʪʦʧʘ 

ʫʨʘʥʠʿʫʤʘ ʫ ʨʘʟʣʠʯʠʪʠʤ ʫʟʦʨʮʠʤʘ ʧʨʦʥʘʹʝʥʠʤ ʫ ʥʝʢʘʜʘʰˁʝʤ ʣʝʞʠʰʪʫ ʨʫʜʝ ʫʨʘʥʠʿʫʤʘ ʄʘʟʜʨʝʿʘ. 

ʇʨʚʠ ʧʨʠʩʪʫʧ ʿʝ ʟʘʩʥʦʚʘʥ ʥʘ ʠʪʝʨʘʪʠʚʥʦʿ ʤʝʪʦʜʦʣʦʛʠʿʠ, ʢʦʿʘ ʢʦʨʠʩʪʠ ʦʥʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ ʫʟʦʨʢʘ ʢʦʿʝ 

ʩʝ ʤʦʛʫ ʢʚʘʥʪʠʬʠʢʦʚʘʪʠ ʧʨʝ ʩʘʤʦʛ ʛʘʤʘʩʧʝʢʪʨʦʤʝʪʨʠʿʩʢʦʛ ʤʝʨʝˁʘ. ɻʫʩʪʠʥʘ ʫʟʦʨʢʘ ʠ ʠʟʨʘʯʫʥʘʪʠ 

ʤʘʩʝʥʠ ʫʜʝʣʠ ˁʝʛʦʚʠʭ ʩʘʩʪʦʿʘʢʘ (ʢʦʿʠ ʩʝ ʚʘʨʠʨʘʿʫ ʫ ʩʚʘʢʦʿ ʠʪʝʨʘʮʠʿʠ) ʤʦʛʫ ʧʦʤʦ˂ʠ ʜʘ ʩʝ ʜʦʙʠʿʝ 

ʬʫʥʢʮʠʿʘ ʝʬʠʢʘʩʥʦʩʪʠ ʠʟ ʢʦʿʝ ʩʝ ʤʦʛʫ ʠʟʚʝʩʪʠ ʢʦʥʮʝʥʪʨʘʮʠʿʝ ʘʢʪʠʚʥʦʩʪʠ 235U ʠ 238U ʠ ʦʜʛʦʚʘʨʘʿʫ˂ʝ 

ʤʘʩʝ ʠʟʦʪʦʧʘ ʫʨʘʥʠʿʫʤʘ ʟʘ ʥʘʨʝʜʥʫ ʠʪʝʨʘʮʠʿʫ. ɼʨʫʛʠ ʧʨʠʩʪʫʧ ʢʦʿʠ ʿʝ ʪʝʩʪʠʨʘʥ ʧʨʝʜʩʪʘʚˀʘ ʧʨʝʪʭʦʜʥʦ 

ʦʧʠʩʘʥ ʧʦʣʫʝʤʧʠʨʠʿʩʢʠ ʤʝʪʦʜ ʫ ʦʢʚʠʨʫ ʢʦʛ ʩʝ, ʫ ʦʚʦʿ ʠʥʩʪʘʥʮʠ, ʫʧʦʪʨʝʙʦʤ GEANT4 ʠ EFFTRAN 

ʩʦʬʪʚʝʨʩʢʠʭ ʢʦʜʦʚʘ ʛʝʥʝʨʠʰʝ ʬʫʥʢʮʠʿʘ ʝʬʠʢʘʩʥʦʩʪʠ ʜʝʪʝʢʮʠʿʝ ʢʦʿʘ ʿʝ ʧʦʪʨʝʙʥʘ ʟʘ ʜʘˀʝ ʧʨʦʨʘʯʫʥʝ. 

ʋʩʪʘʥʦʚˀʝʥʦ ʿʝ ʜʘ ʩʫ ʤʘʪʨʠʮʝ ʫʟʦʨʘʢʘ ʢʦʿʝ ʩʘʜʨʞʝ ʝʣʝʤʝʥʪʝ ʘʢʪʠʥʠʜʘ, ʧʦʩʝʙʥʦ ʫʨʘʥʠʿʫʤ, ʚʝʦʤʘ 

ʚʘʞʥʘ ʪʝʤʘ ʟʘ ʠʩʪʨʘʞʠʚʘˁʝ, ʙʫʜʫ˂ʠ ʜʘ ʪʘʢʚʠ ʤʘʪʝʨʠʿʘʣʠ ʧʨʝʜʩʪʘʚˀʘʿʫ ʦʧʘʩʥʦʩʪ ʧʦ ˀʫʜʝ ʠ ʞʠʚʦʪʥʫ 

ʩʨʝʜʠʥʫ ʿʝʨ ʠʤʘʿʫ ʚʝʟʝ ʩʘ TENORM-ʦʤ15 [Dowdall et al.,2004], ʫʧʦʪʨʝʙʦʤ ʦʩʠʨʦʤʘʰʝʥʦʛ ʫʨʘʥʠʿʫʤʘ 

ʠ ʠʣʝʛʘʣʥʦʤ ʪʨʛʦʚʠʥʦʤ ʥʫʢʣʝʘʨʥʠʭ ʠ ʜʨʫʛʠʭ ʨʘʜʠʦʘʢʪʠʚʥʠʭ ʤʘʪʝʨʠʿʘʣʘ. 

ʋ ʧʨʝʪʭʦʜʥʦʤ ʧʝʨʠʦʜʫ, ʢʘʜʘ ʪʝʭʥʦʣʦʛʠʿʘ ʟʘ HPGe ʜʝʪʝʢʪʦʨʝ ʢʦʿʠ ʠʤʘʿʫ ʚʠʩʦʢʫ ʝʬʠʢʘʩʥʦʩʪ ʜʝʪʝʢʮʠʿʝ 

ʫ ʚʠʰʝʤ ʝʥʝʨʛʝʪʩʢʦʤ ʦʧʩʝʛʫ ʥʠʿʝ ʙʠʣʘ ʜʦʩʪʫʧʥʘ, ʤʝʨʝˁʝ ʘʢʪʠʚʥʦʩʪʠ 238U ʩʝ ʫʛʣʘʚʥʦʤ ʟʘʩʥʠʚʘʣʦ ʥʘ 

ʘʥʘʣʠʟʠ ʧʠʢʘ ʦʜ 63.3 keV ʦʜ 234Th (ʩʘ ʠʥʪʝʥʟʠʪʝʪʦʤ ʦʜ 3.7%). ʈʘʟʣʦʛ ʟʘ ʦʚʦ ʿʝ ʣʦʰʘ ʩʪʘʪʠʩʪʠʢʘ 

ʙʨʦʿʘˁʘ ʤʘˁʝ ʠʥʪʝʥʟʠʚʥʦʛ ʧʠʢʘ ʦʜ 1001.03 keV ʦʜ 234mPa (0.84%) ʢʦʿʠ ʠʤʘ ʤʘˁʝ ʩʧʝʢʪʨʘʣʥʠʭ 

ʩʤʝʪˁʠ. ɼʘʥʘʩ, ʢʘʜʘ ʿʝ ʧʨʠʩʫʪʥʘ ʘʜʝʢʚʘʪʥʘ HPGe ʪʝʭʥʦʣʦʛʠʿʘ, ʧʠʢ ʦʜ 1001.03 keV ʩʝ ʤʦʞʝ ʢʦʨʠʩʪʠʪʠ 

ʟʘ ʦʜʨʝʹʠʚʘˁʝ ʘʢʪʠʚʥʦʩʪʠ 238U [Dowdall et al.,2004; Yücel et al,1998]. ʂʘʦ ʰʪʦ ʩʝ ʤʦʞʝ ʚʠʜʝʪʠ, ʫ ʛʘʤʘ 

ʩʧʝʢʪʨʦʤʝʪʨʠʿʠ, ʘʢʪʠʚʥʦʩʪ ʫʨʘʥʠʿʫʤʘ ʩʝ ʦʜʨʝʹʫʿʝ ʠʥʜʠʨʝʢʪʥʦ ʧʨʝʢʦ ʛʘʤʘ ʣʠʥʠʿʘ ˁʝʛʦʚʠʭ ʧʦʪʦʤʘʢʘ. 

ʇʨʠʣʠʢʦʤ ʘʥʘʣʠʟʝ ʛʘʤʘ ʩʧʝʢʪʨʘ ʫʟʦʨʘʢʘ ʩʘ ʚʠʩʦʢʠʤ ʩʘʜʨʞʘʿʝʤ ʫʨʘʥʠʿʫʤʘ, ʤʦʨʘʿʫ ʩʝ ʫʟʝʪʠ ʫ ʦʙʟʠʨ 

ʚʠʩʦʢʝ ʩʧʝʢʪʨʘʣʥʝ ʠʥʪʝʨʬʝʨʝʥʮʠʿʝ ʠ ʚʝʣʠʢʘ ʩʘʤʦʘʧʩʦʨʧʮʠʿʘ ʫ ʠʟʤʝʨʝʥʦʤ ʫʟʦʨʢʫ ʥʘ ʧʠʢʫ ʦʜ 63.3 

keV ʦʜ 234Th ʢʦʿʠ ʩʝ ʥʘʣʘʟʠ ʫ ʜʝʣʫ ʩʧʝʢʪʨʘ ʛʜʝ ʿʝ ʧʨʠʨʦʜʥʦ ʚʝʣʠʢ ʬʦʥ. ʇʦʢʘʟʘʥʦ ʿʝ ʜʘ ʟʘʥʝʤʘʨʠʚʘˁʝ 

ʩʧʝʢʪʨʘʣʥʠʭ ʜʦʧʨʠʥʦʩʘ 235U ʠ 232Th ʥʘ ʬʦʪʦʧʠʢʫ ʦʜ 63.3 keV ʤʦʞʝ ʜʦʚʝʩʪʠ ʜʦ ʚʝʣʠʢʦʛ ʦʜʩʪʫʧʘˁʘ 

(0.8 - 122%) ʫ ʠʟʨʘʯʫʥʘʪʦʿ ʘʢʪʠʚʥʦʩʪʠ 238U, ʜʦʢ ʫ ʩʣʫʯʘʿʫ ʟʘʥʝʤʘʨʠʚʘˁʘ ʜʦʧʨʠʥʦʩʘ 232Th (ʧʨʝʢʦ 228Ac) 

                                                      

15 TENORM -  Technologicaly Enhanced Natural Occuring Materials ʩʫ ʧʨʠʨʦʜʥʠ ʨʘʜʠʦʘʢʪʠʚʥʠ ʤʘʪʝʨʠʿʘʣʠ 

(NORM)  



 ʈɽɿʋʃʊɸʊʀ ʀʉʊʈɸɾʀɺɸɳɸ ï ɸʅɸʃʀɿɸ ʈɸɼʀʆɸʂʊʀɺʅʀʍ ʄɸʊɽʈʀɱɸʃɸ  

-98- 
 

ʥʘ 1001 keV ʧʠʢ ʦʜ 234mPa, ʠʤʘʤʦ ʨʝʣʘʪʠʚʥʦ ʤʘˁʠ ʫʪʠʮʘʿ ʦʜ 0.05ï3%, ʫ ʟʘʚʠʩʥʦʩʪʠ ʦʜ ʩʘʜʨʞʘʿʘ 

ʪʦʨʠʿʫʤʘ ʫ ʫʟʦʨʮʠʤʘ [Yücel et al,2009]. ʉʪʦʛʘ, ʘʢʦ ʩʫ ʪʝʭʥʠʯʢʠ ʫʩʣʦʚʠ ʠʩʧʫˁʝʥʠ, ʟʘ ʧʨʦʨʘʯʫʥ 

ʘʢʪʠʚʥʦʩʪʠ ʪʨʝʙʘ ʫʟʝʪʠ ʚʠʩʦʢʦʝʥʝʨʛʝʪʩʢʠ ʧʠʢ ʫʨʘʥʠʿʫʤʘ (1001 keV), ʟʙʦʛ ʤʘˁʝʛ ʫʪʠʮʘʿʘ ʤʘʪʨʠʮʝ 

ʫʟʦʨʢʘ ʥʘ ʪʘʯʥʦʩʪ ʢʦʥʘʯʥʦʛ ʨʝʟʫʣʪʘʪʘ. 

ʉʚʨʭʘ ʦʚʦʛ ʠʩʪʨʘʞʠʚʘˁʘ ʙʠʣʘ ʿʝ ʜʘ ʩʝ ʫʧʦʨʝʜʝ ʨʘʟʣʠʯʠʪʠ ʧʨʠʩʪʫʧʠ ʟʘ ʦʜʨʝʹʠʚʘˁʝ ʢʦʥʮʝʥʪʨʘʮʠʿʝ 

ʘʢʪʠʚʥʦʩʪʠ ʫʨʘʥʠʿʫʤʘ ʫ ʤʘʪʨʠʮʘʤʘ ʫʟʦʨʘʢʘ ʢʦʿʠ ʠʤʘʿʫ ʚʠʩʦʢ ʤʘʩʝʥʠ ʫʜʝʦ ʫʨʘʥʠʿʫʤʘ ʠ ʜʘ ʩʝ ʫʪʚʨʜʠ 

ʧʦʪʨʝʙʘ ʟʘ ʧʨʝʮʠʟʥʠʤ ʧʨʦʨʘʯʫʥʦʤ (ʦʧʠʩʘʥʠʤ ʫ ʦʢʚʠʨʫ ʠʪʝʨʘʪʠʚʥʝ ʤʝʪʦʜʝ) ʥʘ ʪʘʿ ʥʘʯʠʥ ʰʪʦ ˂ʝ ʩʝ 

ʢʚʘʥʪʠʬʠʢʦʚʘʪʠ ʨʝʣʘʪʠʚʥʦ ʦʜʩʪʫʧʘˁʝ ʤʝʹʫ ʠʟʨʘʯʫʥʘʪʠʤ ʤʘʩʝʥʠʤ ʘʢʪʠʚʥʦʩʪʠʤʘ, ʢʦʿʝ ʩʫ ʜʦʙʠʿʝʥʝ 

ʨʘʟʣʠʯʠʪʠʤ ʤʝʪʦʜʘʤʘ.  

ʄʝʪʦʜʦʣʦʛʠʿʘ 

ɼʝʪʝʢʪʦʨʠ 

ɿʘ ʧʦʪʨʝʙʝ ʦʚʦʛ ʜʝʣʘ ʠʩʪʨʘʞʠʚʘˁʘ ʘʥʘʣʠʟʠʨʘʥʠ ʫʟʦʨʮʠ ʩʫ ʤʝʨʝʥʠ ʥʘ ʜʚʘ HPGe ʜʝʪʝʢʪʦʨʘ. ɼʝʪʝʢʪʦʨ 

1 ʿʝ ʛʝʨʤʘʥʠʿʫʤʩʢʠ ʜʝʪʝʢʪʦʨ ʚʠʩʦʢʝ ʯʠʩʪʦ˂ʝ (HPGe) ʢʦʘʢʩʠʿʘʣʥʠ ʜʝʪʝʢʪʦʨ ʧʨʦʰʠʨʝʥʦʛ ʤʝʨʥʦʛ 

ʦʧʩʝʛʘ. ʇʨʦʠʟʚʝʜʝʥ ʿʝ ʦʜ ʩʪʨʘʥʝ ʬʠʨʤʝ ORTEC ʩʘ ʩʝʨʠʿʩʢʠʤ ʙʨʦʿʝʤ GMX-20190 (LLB). ʆʟʥʘʢʘ GMX 

(gamma-x) ʧʦʜʨʘʟʫʤʝʚʘ ʜʘ ʿʝ ʦʚʘʿ ʜʝʪʝʢʪʦʨ ʥʘʤʝˁʝʥ ʠ ʟʘ ʍ ʠ ʟʘ ʛʘʤʘ ʩʧʝʢʪʨʦʤʝʪʨʠʿʫ, ʜʦʢ ʦʟʥʘʢʘ LLB 

(Low Level Background) ʟʥʘʯʠ ʜʘ ʿʝ ʜʝʪʝʢʪʦʨ ʢʦʥʩʪʨʫʠʩʘʥ ʟʘ ʫʩʣʦʚʝ ʥʠʩʢʦʬʦʥʩʢʦʛ ʤʝʨʝˁʘ. GMX-

20190 ʿʝ ʢʦʘʢʩʠʿʘʣʥʠ ʜʝʪʝʢʪʦʨ N-ʪʠʧʘ. ʉʧʦˀʘʰˁʠ ʢʦʥʪʘʢʪ ʢʨʠʩʪʘʣʘ ʜʝʪʝʢʪʦʨʘ ʿʝ ʠʤʧʣʘʥʪʠʨʘʥ 

ʙʦʨʦʤ ʠ ʜʝʙˀʠʥʝ ʿʝ 0.3 Õm ʫʩʣʝʜ ʯʝʛʘ ʠʤʘ ʚʝ˂ʫ ʝʬʠʢʘʩʥʦʩʪ ʟʘ ʜʝʪʝʢʮʠʿʫ ʥʠʩʢʦʝʥʝʨʛʝʪʩʢʦʛ ʛʘʤʘ 

ʟʨʘʯʝˁʘ. ɻʝʨʤʘʥʠʿʫʩʤʢʠ ʢʨʠʩʪʘʣ ʿʝ ʧʨʝʯʥʠʢʘ 56 mm, ʚʠʩʠʥʝ ʦʜ 65.2 mm ʠ ʘʢʪʠʚʥʝ ʟʘʧʨʝʤʠʥʝ ʦʜ 160 

cm3 (ʩʣʠʢʘ 5.20). ɼʝʪʝʢʪʦʨ ʧʦʩʝʜʫʿʝ ʪʘʥʢʠ ʙʝʨʠʣʠʿʫʤʩʢʠ ʧʨʦʟʦʨ ʜʝʙˀʠʥʝ 0.5 mm ʠ ʯʠʩʪʦ˂ʝ 99.8 %. 

ʈʝʣʘʪʠʚʥʘ ʝʬʠʢʘʩʥʦʩʪ ʜʝʪʝʢʪʦʨʘ ʿʝ  32.4 %, ʝʥʝʨʛʝʪʩʢʘ ʨʝʟʦʣʫʮʠʿʘ (FWHM) ʿʝ 1.92 keV  ʥʘ 1.33 MeV 

ʠ P/C ʦʜʥʦʩ16 ʦʜ 54.1. ɼʝʪʝʢʪʦʨ 1 ʿʝ ʟʘʰʪʠ˂ʝʥ ʚʠʰʝʩʣʦʿʥʦʤ ʦʣʦʚʦʤ, ʢʘʣʘʿʝʤ ʠ ʙʘʢʨʦʤ. ɿʘʰʪʠʪʘ ʩʝ 

ʩʘʩʪʦʿʠ ʦʜ ʩʧʦˀʘʰˁʝʛ ʩʣʦʿʘ ʦʜ 120 mm ʦʜ ʨʘʬʠʥʠʩʘʥʦʛ ʥʠʩʢʦʬʦʥʩʢʦʛ ʦʣʦʚʘ (Pb), 3.5 mm ʢʘʣʘʿʘ (Sn) 

ʠ ʫʥʫʪʨʘʰˁʝʛ ʩʣʦʿʘ ʦʜ 0.5 mm ʦʜ ʙʘʢʨʘ (Cu) ʚʠʩʦʢʝ ʯʠʩʪʦ˂ʝ (ʩʣʠʢʘ 5.21). ʄʝʨʝˁʝ ʫʟʦʨʘʢʘ 1 ʠ 2 ʘ 

HPGe ʜʝʪʝʢʪʦʨʫ 1 ʠʟʚʨʰʝʥʦ ʿʝ ʥʘ ʨʘʩʪʦʿʘˁʫ ʦʜ 0.5 cm ʠʟʤʝʹʫ ʜʥʘ ʢʦʥʪʝʿʥʝʨʘ ʟʘ ʫʟʦʨʢʝ ʠ 

ʙʝʨʠʣʠʿʫʤʩʢʦʛ Bʝ ʧʨʦʟʦʨʘ. 

     

ʉʣʠʢʘ 5.20. ʂʘʨʘʢʪʝʨʠʩʪʠʢʝ GMX-20190 ʜʝʪʝʢʪʦʨʘ ʦʜ ʩʪʨʘʥʝ ʧʨʦʠʟʚʦʹʘʯʘ (ʣʝʚʦ) ʠ ʰʝʤʘʪʩʢʠ 

ʧʨʠʢʘʟ ʠʩʪʦʛ (ʜʝʩʥʦ). 

                                                      
16 Peak-to-Compton ratio ï ʆʜʥʦʩ ʚʠʩʠʥʝ ʬʦʪʦʧʠʢʘ ʠ ʢʦʤʧʪʦʥʩʢʦʛ ʢʦʥʪʠʥʫʫʤʘ 
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ʉʣʠʢʘ 5.21. HPGe ʢʦʘʢʩʠʿʘʣʥʠ ʜʝʪʝʢʪʦʨ ʧʨʦʠʟʚʦʹʘʯʘ ORTEC ʠ ʩʝʨʠʿʩʢʝ ʦʟʥʘʢʝ GMX-20190. 

ɼʝʪʝʢʪʦʨ 2 ʿʝ ʪʘʢʦʹʝ ʛʝʨʤʘʥʠʿʫʤʩʢʠ ʜʝʪʝʢʪʦʨ ʚʠʩʦʢʝ ʯʠʩʪʦ˂ʝ (HPGe) ʧʨʦʠʟʚʦʹʘʯʘ CANBERRA ʩʘ 

ʩʝʨʠʿʩʢʦʤ ʦʟʥʘʢʦʤ GX5020. ɳʝʛʦʚ ʢʨʠʩʪʘʣ ʠʤʘ ʨʘʜʠʿʫʩ ʦʜ 31.8 mm ʠ ʚʠʩʠʥʫ ʦʜ 63.95 mm ʩʘ 

ʘʢʪʠʚʥʦʤ ʟʘʧʨʝʤʠʥʦʤ ʦʜ 200 cm3. ʇʨʠʣʘʛʦʹʝʥ ʛʝʦʤʝʪʨʠʿʩʢʠ ʤʦʜʝʣ ʜʝʪʝʢʪʦʨʘ 2 ʧʦʩʪʠʛʥʫʪ ʿʝ 

ʦʧʪʠʤʠʟʘʮʠʿʦʤ ʜʝʙˀʠʥʝ ʤʨʪʚʦʛ ʩʣʦʿʘ ʧʦʤʦ˂ʫ Monte Carlo ʩʠʤʫʣʘʮʠʿʘ, ʘ ʚʨʝʜʥʦʩʪʠ ʩʫ: ʛʦʨˁʠ ʤʨʪʚʠ 

ʩʣʦʿ ʦʜ 0.005 mm, ʙʦʯʥʠ ʤʨʪʚʠ ʩʣʦʿ ʦʜ 1.2 mm ʠ ʙʝʨʠʣʠʿʫʤʩʢʠ ʧʨʦʟʦʨ ʜʝʙˀʠʥʝ 0.5 mm. ʀʤʘ 

ʨʝʣʘʪʠʚʥʫ ʝʬʠʢʘʩʥʦʩʪ ʦʜ 50% ʠ ʝʥʝʨʛʝʪʩʢʫ ʨʝʟʦʣʫʮʠʿʫ (FWHM) ʦʜ 2.0 keV ʥʘ 1.33 MeV. ɼʝʪʝʢʪʦʨ 

2 ʿʝ ʧʦʩʪʘʚˀʝʥ ʫ ʦʣʦʚʥʫ ʟʘʰʪʠʪʫ ʜʝʙˀʠʥʝ 16.5 cm ʢʦʿʘ ʦʙʝʟʙʝʹʫʿʝ ʥʠʩʢʝ ʬʦʥʩʢʝ ʩʤʝʪˁʝ (ʦʢʦ 1 cps). 

ʄʝʨʝˁʝ ʫʟʦʨʢʘ 1ɹ ʠ ʫʟʦʨʢʘ 2ɹ ʠʟʚʨʰʝʥʦ ʿʝ ʥʘ ʨʘʩʪʦʿʘˁʫ ʦʜ 6.6 cm ʠʟʤʝʹʫ ʜʥʘ ʧʦʩʫʜʝ ʟʘ ʫʟʦʨʢʝ ʠ 

ʙʝʨʠʣʠʿʫʤʩʢʦʛ ʧʨʦʟʦʨʘ. ʋʟʦʨʮʠ ʩʫ ʩʪʘʚˀʝʥʠ ʥʘ ʧʨʘʟʥʫ ʄʘʨʠʥʝʣʠ ʧʦʩʫʜʫ ʢʦʿʘ ʿʝ ʧʦʩʪʘʚˀʝʥʘ ʥʘ 

ʜʝʪʝʢʪʦʨ, ʦʙʝʟʙʝʹʫʿʫ˂ʠ ʨʘʩʪʦʿʘˁʝ ʦʜ 6.6 cm. 

ʋʟʦʨʮʠ 

ʋ ʦʢʚʠʨʫ ʦʚʦʛ ʠʩʪʨʘʞʠʚʘˁʘ ʘʥʘʣʠʟʠʨʘʥʘ ʩʫ ʜʚʘ ʫʟʦʨʢʘ. ʆʙʘ ʫʟʦʨʢʘ ʫʟʝʪʘ ʩʫ ʠʟ ʥʘʧʫʰʪʝʥʦʛ 

ʨʫʜʘʨʩʢʦʛ ʦʢʥʘ ʫ ʥʝʢʘʜʘʰˁʝʤ ʣʝʞʠʰʪʫ ʨʫʜʝ ʫʨʘʥʠʿʫʤʘ ʄʘʟʜʨʝʿʘ, ʫ ʠʩʪʦʯʥʦʤ ʜʝʣʫ ʉʨʙʠʿʝ. ʋʟʦʨʘʢ 

1ɹ ʿ ʝ ʙʠʦ ʥʘʣʠʢ ʟʝʤˀʠʰʪʫ, ʥʘʨʘʥ˅ʘʩʪʝ ʙʦʿʝ, ʠʟʤʝʨʝʥʝ ʛʫʩʪʠʥʝ ʦʜ 0.801 gĀcm-3 ʠ ʤʘʩʝ 20.72 g. ʋʟʦʨʘʢ 

2ɹ ʿʝ ʙʠʦ ʪʘʢʦʹʝ ʥʘʣʠʢ ʟʝʤˀʠʰʪʫ ʪʘʤʥʦ ʩʠʚʝ, ʩʢʦʨʦ ʮʨʥʝ ʙʦʿʝ, ʠʟʤʝʨʝʥʝ ʛʫʩʪʠʥʝ 2.25 gĀcm-3ʠ ʤʘʩʝ 

49.59 g (ʉʣʠʢʘ 5.22). 
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ʉʣʠʢʘ 5.22. ʋʟʦʨʘʢ 1ɹ (ʜʝʩʥʦ) ʠ ʫʟʦʨʘʢ 2ɹ (ʣʝʚʦ) ʫ ˁʠʭʦʚʠʤ ʢʦʥʪʝʿʥʝʨʠʤʘ. 

ʀʪʝʨʘʪʠʚʥʠ ʤʝʪʦʜ 

ʀʪʝʨʘʪʠʚʥʠ ʧʦʩʪʫʧʘʢ ʩʝ ʟʘʩʥʠʚʘ ʥʘ ʧʨʠʥʮʠʧʫ ʢʦʥʩʪʘʥʪʥʝ ʛʫʩʪʠʥʝ ʫʟʦʨʢʘ, ʜʦʢ ʤʘʩʝʥʠ ʫʜʝʦ ˁʝʛʦʚʠʭ 

ʢʦʤʧʦʥʝʥʘʪʘ ʚʘʨʠʨʘ ʫ ʩʚʘʢʦʿ ʠʪʝʨʘʮʠʿʠ. ʀʪʝʨʘʪʠʚʥʠ ʤʝʪʦʜ ʿʝ ʜʠʨʝʢʪʥʦ ʧʦʚʝʟʘʥ ʩʘ ʚʘʨʠʿʘʮʠʿʘʤʘ 

ʤʘʩʝʥʠʭ ʫʜʝʣʘ ʨʘʟʣʠʯʠʪʠʭ ʢʦʤʧʦʥʝʥʪʠ ʤʘʪʨʠʮʝ ʫʟʦʨʢʘ. ɱʝʜʠʥʘ ʚʨʝʜʥʦʩʪ ʧʦʚʝʟʘʥʘ ʩʘ ʩʘʩʪʘʚʦʤ 

ʫʟʦʨʢʘ, ʘ ʢʦʿʘ ʩʝ ʤʦʞʝ ʠʟʤʝʨʠʪʠ, ʿʝ ˁʝʛʦʚʘ ʛʫʩʪʠʥʘ. ɿʘ ʦʜʨʝʹʠʚʘˁʝ ʤʘʩʝʥʠʭ ʫʜʝʣʘ ʢʦʥʩʪʠʪʫʝʥʘʪʘ 

ʫʟʦʨʢʘ ʤʦʞʝ ʩʝ ʧʦʩʪʘʚʠʪʠ ʩʘʤʦ ʿʝʜʥʘ ʿʝʜʥʘʯʠʥʘ ʩʘ ʿʝʜʥʦʤ ʧʨʦʤʝʥˀʠʚʦʤ [Rikalo,2020]. ʈʝʟʫʣʪʘʪʠ 

ʜʦʙʠʿʝʥʠ ʫ ʦʢʚʠʨʫ ʠʪʝʨʘʪʠʚʥʝ ʤʝʪʦʜʝ, ʜʦʙʠʿʝʥʠ ʩʫ ʥʘ ʦʩʥʦʚʫ ʧʦʜʘʪʘʢʘ ʜʦʙʠʿʝʥʠʭ ʤʝʨʝˁʝʤ ʫʟʦʨʘʢʘ 

ʥʘ ʜʝʪʝʢʪʦʨʫ 2. 

ʋ ʩʧʝʢʪʨʫ ʫʟʦʨʢʘ 1ɹ ʥʠʩʫ ʧʨʠʤʝ˂ʝʥʠ ʛʘʤʘ ʧʠʢʦʚʠ 232Th ʥʠʟʘ ʘ ʫʦʯʝʥʠ ʩʫ ʩʘʤʦ ʧʠʢʦʚʠ ʧʨʚʠʭ 

ʥʝʢʦʣʠʢʦ ʯʣʘʥʦʚʘ 238U ʥʠʟʘ. ʅʘ ʦʩʥʦʚʫ ʦʚʦʛʘ ʧʨʝʪʧʦʩʪʘʚˀʝʥʦ ʿʝ ʜʘ ʧʨʠʩʫʪʥʠ ʨʘʜʠʦʥʫʢʣʠʜʠ ʥʠʩʫ ʫ 

ʩʚʦʤ ʧʨʠʨʦʜʥʦʤ ʦʙʣʠʢʫ ʠ ʜʘ ʩʫ ʥʘʿʚʝʨʦʚʘʪʥʠʿʝ ʧʨʠʩʫʪʥʠ ʢʘʦ ʢʦʤʧʦʥʝʥʪʝ ʠʥʜʫʩʪʨʠʿʩʢʠ ʥʘʧʨʘʚˀʝʥʦʛ 

ʞʫʪʦʛ ʢʦʣʘʯʘ (ʤʘʪʝʨʠʿʘʣʘ ʢʦʿʠ ʿʝ ʫ ʦʜʨʝʹʝʥʦʤ ʤʦʤʝʥʪʫ ʧʨʦʰʘʦ ʢʨʦʟ ʧʨʦʮʝʩ ʭʝʤʠʿʩʢʝ ʩʝʧʘʨʘʮʠʿʝ, 

ʯʠʤʝ ʿʝ ʧʨʝʢʠʥʫʪʘ ʨʘʜʠʦʘʢʪʠʚʥʘ ʨʘʚʥʦʪʝʞʘ ʩʚʠʭ ʝʣʝʤʝʥʘʪʘ 238U ʥʠʟʘ ʢʦʿʫ ʦʯʝʢʫʿʝʤʦ ʜʘ ʚʠʜʠʤʦ ʫ 

ʫʟʦʨʮʠʤʘ ʧʨʠʨʦʜʥʦʛ ʧʦʨʝʢʣʘ). ʄʝʹʫʪʠʤ, ʟʙʦʛ ʤʘʣʝ ʛʫʩʪʠʥʝ ʫʟʦʨʢʘ ʠ ʯʠˁʝʥʠʮʝ ʜʘ ʩʝ ʫ ʧʨʚʦʿ 

ʠʪʝʨʘʮʠʿʠ ʤʦʞʝ ʧʦʩʪʘʚʠʪʠ ʩʘʤʦ ʿʝʜʥʘ ʿʝʜʥʘʯʠʥʘ ʩʘ ʿʝʜʥʦʤ ʥʝʧʦʟʥʘʪʦʤ ʧʨʦʤʝʥˀʠʚʦʤ, 

ʧʨʝʪʧʦʩʪʘʚˀʝʥʦ ʿʝ ʜʘ ʩʝ ʫʟʦʨʘʢ ʩʘʩʪʦʿʠ ʩʘʤʦ ʦʜ ʚʘʟʜʫʭʘ ʠ ʟʝʤˀʠʰʪʘ. 

ʊʝʦʨʠʿʩʢʝ ʚʨʝʜʥʦʩʪʠ ʛʫʩʪʠʥʝ ʢʦʨʠʰ˂ʝʥʝ ʟʘ ʟʝʤˀʠʰʪʝ ʠ ʚʘʟʜʫʭ ʙʠʣʝ ʩʫ 1.4 gĀcm-3 ʠ 0.00125 gĀcm-3, 

ʨʝʩʧʝʢʪʠʚʥʦ. ʄʥʦʞʝˁʝʤ ʛʫʩʪʠʥʝ ʩʘ ʟʘʧʨʝʤʠʥʦʤ ʫʟʦʨʢʘ ʠ ʜʝˀʝˁʝʤ ʩʘ ʤʘʩʦʤ ʦʜʨʝʹʝʥʦʛ 

ʢʦʥʩʪʠʪʫʝʥʪʘ ʤʦʛʫ˂ʝ ʿʝ ʦʜʨʝʜʠʪʠ ʤʘʩʝʥʝ ʫʜʝʣʝ ʢʦʥʩʪʠʪʫʝʥʘʪʘ ʫ ʫʟʦʨʢʫ. 

ʋ ʩʧʝʢʪʨʫ ʫʟʦʨʢʘ 2ɹ ʧʨʠʤʝ˂ʝʥʠ ʩʫ ʛʘʤʘ ʧʠʢʦʚʠ ʦʜ ʩʚʠʭ ʯʣʘʥʦʚʘ ʥʠʟʦʚʘ 232Th ʠ 238U. ʊʦ ʟʥʘʯʠ ʜʘ ʿʝ 

ʟʝʤˀʠʰʪʝ ʙʦʛʘʪʦ ʨʘʜʠʦʥʫʢʣʠʜʠʤʘ ʫ ʧʨʠʨʦʜʥʦʤ ʦʙʣʠʢʫ. ʅʘ ʦʩʥʦʚʫ ʛʫʩʪʠʥʝ ʫʟʦʨʢʘ ʧʨʝʪʧʦʩʪʘʚˀʝʥʦ 

ʿʝ ʜʘ ʩʝ ʫʟʦʨʘʢ ʩʘʩʪʦʿʠ ʦʜ ʠʥʜʫʩʪʨʠʿʩʢʠ ʧʨʦʠʟʚʝʜʝʥʦʛ ʞʫʪʦʛ ʢʦʣʘʯʘ ʠ ʚʣʘʞʥʦʛ ʟʝʤˀʠʰʪʘ ʙʦʛʘʪʦʛ 

ʨʘʜʠʦʥʫʢʣʠʜʠʤʘ ʫ ˁʠʭʦʚʦʤ ʧʨʠʨʦʜʥʦʤ ʦʙʣʠʢʫ. 

ʋʪʚʨʹʝʥʦ ʿʝ ʜʘ ʤʘʩʘ ʞʫʪʦʛ ʢʦʣʘʯʘ ʠʟʥʦʩʠ 22.55 g, ʘ ʤʘʩʘ ʟʝʤˀʠʰʪʘ 27.04 g. ʇʨʠʙʣʠʞʥʦ ʿʝ ʧʨʦʮʝˁʝʥʦ 

ʜʘ ʩʝ ʚʣʘʞʥʦ ʟʝʤˀʠʰʪʝ ʩʘʩʪʦʿʠ ʦʜ 30% ʚʦʜʝ ʠ 70% ʩʫʚʦʛ ʟʝʤˀʠʰʪʘ, ʰʪʦ ʟʥʘʯʠ ʜʘ ʩʝ ʩʘʩʪʦʿʠ ʦʜ 18.93 
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g ʩʫʚʦʛ ʟʝʤˀʠʰʪʘ ʠ 8.11 g ʚʦʜʝ. ʅʘʢʦʥ ʦʜʨʝʹʠʚʘˁʘ ʤʘʩʝʥʠʭ ʫʜʝʣʘ, ʫʟʦʨʮʠ ʩʝ ʤʦʛʫ ʜʝʬʠʥʠʩʘʪʠ ʫ 

ʙʠʙʣʠʦʪʝʮʠ LabSOCS17 ʩʦʬʪʚʝʨʘ. 

ʂʦʨʝʢʮʠʦʥʠ ʬʘʢʪʦʨʠ ʟʘ ʢʦʠʥʮʠʜʝʥʪʥʘ ʩʫʤʠʨʘˁʘ ʟʘ ʚʦʣʫʤʠʥʦʟʥʝ ʠʟʚʦʨʝ ʦʜʨʝʹʝʥʠ ʩʫ ʿʝʜʥʘʯʠʥʦʤ 

(5.6), ʠʟʚʝʜʝʥʦʤ ʤʝʪʦʜʦʤ ʦʧʠʩʘʥʦʤ ʫ ʨʝʬʝʨʝʥʮʠ [Kolotov et al.,1996]. ʆʚʘ ʤʝʪʦʜʘ ʟʘʭʪʝʚʘ ʜʘ ʩʝ ʠʟʚʦʨ 

ʧʦʜʝʣʠ ʥʘ ʥʝʢʦʣʠʢʦ ʟʦʥʘ, ʿʝʜʥʘʢʠʭ ʧʦ ʟʘʧʨʝʤʠʥʠ. 

 
Ὂ

В ‐ȟὺ

В
‐ȟ
Ὢ ᾀ

ὺ
 (5.6) 

ʌʘʢʪʦʨ Fg ʧʨʝʜʩʪʘʚˀʘ ʢʦʨʝʢʮʠʦʥʠ ʬʘʢʪʦʨ ʟʘ ʢʦʠʥʮʠʜʝʥʪʥʘ ʩʫʤʠʨʘˁʘ ʥʘ ʦʜʨʝʹʝʥʦʿ ʝʥʝʨʛʠʿʠ g ʟʘ 

ʟʘʧʨʝʤʠʥʩʢʠ (ʚʦʣʫʤʠʥʦʟʥʠ) ʠʟʚʦʨ, Ůi,g ʿʝ ʝʬʠʢʘʩʥʦʩʪ ʜʝʪʝʢʪʦʨʘ ʥʘ ʝʥʝʨʛʠʿʠ g ʟʘ ʟʦʥʫ ʥʘʙʨʦʿʘʥʫ 

ʠʥʜʝʢʩʦʤ i ʠ fg(zi) ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʦ ʦʜʨʝʹʝʥ ʢʦʨʝʢʮʠʦʥʠ ʬʘʢʪʦʨ ʟʘ ʢʦʠʥʮʠʜʝʥʪʥʘ ʩʫʤʠʨʘˁʘ ʟʘ 

ʪʘʯʢʘʩʪʠ ʠʟʚʦʨ ʝʥʝʨʛʠʿʝ g (ʩʣʠʢʘ 5.23). 

 

ʉʣʠʢʘ 5.23. ʋʟʦʨʘʢ ʧʦʜʝˀʝʥ ʫ 6 ʟʦʥʘ, ʢʘʢʘʚ ʿʝ ʠ ʢʦʨʠʰ˂ʝʥ ʫ ʧʨʦʨʘʯʫʥʫ. 

ɽʬʠʢʘʩʥʦʩʪʠ ʜʝʪʝʢʪʦʨʘ ʟʘ ʩʚʘʢʫ ʟʦʥʫ Ůi,g  ʦʜʨʝʹʝʥʝ ʩʫ ʧʦʤʦ˂ʫ ʢʘʣʠʙʨʘʮʠʦʥʦʛ LabSOCS ʩʦʬʪʚʝʨʘ. 

ʇʦʪʨʝʙʥʦ ʿʝ ʧʨʘʚʠʣʥʦ ʜʝʬʠʥʠʩʘʪʠ ʜʠʤʝʥʟʠʿʝ ʩʚʘʢʝ ʟʦʥʝ ʠ ˁʝʥʫ ʫʜʘˀʝʥʦʩʪ ʦʜ ʜʝʪʝʢʪʦʨʘ. ʇʨʦʙʣʝʤ 

ʥʘʩʪʘʿʝ ʢʘʜʘ ʿʝ ʫ ʧʠʪʘˁʫ ʜʝʬʠʥʠʩʘˁʝ ʟʦʥʘ ʥʘʙʨʦʿʘʥʠʭ ʙʨʦʿʝʚʠʤʘ 2, 4 ʠ 6 ʿʝʨ ʿʝ ʥʝʤʦʛʫ˂ʝ ʜʝʬʠʥʠʩʘʪʠ 

ˁʝʥ ʦʙʣʠʢ ʫ LabSOCS ʩʦʬʪʚʝʨʫ. ɼʘ ʙʠ ʟʘʦʙʠʰʣʘ ʦʚʘ ʧʨʝʧʨʝʢʘ, ʫʤʝʩʪʦ ʜʘ ʩʝ ʫʪʚʨʜʠ ʝʬʠʢʘʩʥʦʩʪ 

ʜʝʪʝʢʪʦʨʘ ʟʘ ʟʦʥʫ 2, ʦʜʨʝʹʝʥʘ ʿʝ ʝʬʠʢʘʩʥʦʩʪ ʚʝ˂ʝ ʮʠʣʠʥʜʨʠʯʥʝ ʟʦʥʝ ʢʦʿʘ ʩʘʜʨʞʠ ʦʙʝ ʟʦʥʝ 1 ʠ 2. ʆʚʘ 

                                                      
17 LabSOCS (Laboratory SOurceless Calibration Software) - ʿʝ ʢʦʤʝʨʮʠʿʘʣʥʠ ʩʦʬʪʚʝʨ ʢʦʿʠ ʩʝ ʢʦʨʠʩʪʠ ʟʘ 

ʤʘʪʝʤʘʪʠʯʢʦ ʦʜʨʝʹʠʚʘˁʝ ʬʫʥʢʮʠʿʝ ʝʬʠʢʘʩʥʦʩʪʠ ʜʝʪʝʢʮʠʿʝ ʛʝʨʤʘʥʠʿʫʤʩʢʠʭ ʜʝʪʝʢʪʦʨʘ ʚʠʩʦʢʝ ʯʠʩʪʦ˂ʝ 

[LabSOCS,2002]. ʊʠʧʠʯʥʦ, LabSOCS ʩʦʬʪʚʝʨ ʜʦʣʘʟʠ ʫʥʘʧʨʝʜ ʫʧʘʨʝʥ ʩʘ ʢʫʧˀʝʥʠʤ CANBERRA ʜʝʪʝʢʪʦʨʦʤ, ʘ 

ʩʚʝ ˁʝʛʦʚʝ ʧʘʨʘʤʝʪʨʝ ʫʥʫʪʘʨ ʩʦʬʪʚʝʨʘ ʿʝ ʚʝ˂ ʫʥʘʧʨʝʜ ʜʝʬʠʥʠʩʘʦ ʧʨʦʠʟʚʦʹʘʯ. ʇʦʢʘʟʘʣʦ ʩʝ ʜʘ ʿʝ ʟʘ ʮʠʣʠʥʜʨʠʯʥʝ 

ʫʟʦʨʢʝ ʨʘʟʣʠʢʘ ʫ ʝʬʠʢʘʩʥʦʩʪʠ ʠʟʤʝʹʫ ʚʨʝʜʥʦʩʪʠ ʜʦʙʠʿʝʥʠʭ ʦʚʠʤ ʩʦʬʪʚʝʨʦʤ ʠ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʦ ʤʘˁʘ ʦʜ 3% 

[Djordjevic, Milosevic,2012]. 
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ʚʝ˂ʘ ʟʦʥʘ ʠʤʘ ʠʩʪʠ ʜʦʧʨʠʥʦʩ ʩʪʦʧʠ ʙʨʦʿʘˁʘ ʢʘʦ ʟʦʥʝ 1 ʠ 2 ʟʘʿʝʜʥʦ. ɽʬʠʢʘʩʥʦʩʪ ʜʝʪʝʢʪʦʨʘ ʟʘ ʟʦʥʫ 2 

ʤʦʞʝ ʩʝ ʠʟʨʘʯʫʥʘʪʠ ʠʟ ʿʝʜʥʘʯʠʥʝ: 

 ‐
‐ ὠ ὠ ὠ

ὠ
 

(5.7) 

ʫ ʢʦʿʦʿ ‐  ʧʨʝʜʩʪʘʚˀʘ ʝʬʠʢʘʩʥʦʩʪ ʜʝʪʝʢʮʠʿʝ ʟʘ ʟʦʥʫ ʢʦʿʘ ʫ ʩʝʙʠ ʩʘʜʨʞʠ ʟʦʥʝ 1 ʠ 2. ɽʬʠʢʘʩʥʦʩʪʠ 

ʜʝʪʝʢʮʠʿʝ ʟʘ ʧʨʝʦʩʪʘʣʝ ʧʘʨʥʝ ʟʦʥʝ, ʩʝ ʦʜʨʝʹʫʿʫ ʥʘ ʘʥʘʣʦʛʘʥ ʥʘʯʠʥ, ʢʦʨʠʰ˂ʝˁʝʤ LabSOCS ʩʦʬʪʚʝʨʘ 

[Rikalo,2020]. 

ʂʦʨʝʢʮʠʦʥʠ ʬʘʢʪʦʨʠ ʢʦʿʠ ʩʫ ʬʫʥʢʮʠʿʘ ʨʘʩʪʦʿʘˁʘ ʠʟʤʝʹʫ ʜʝʪʝʢʪʦʨʘ ʠ ʪʘʯʢʘʩʪʠʭ ʠʟʚʦʨʘ fg(zi) ʦʜʨʝʹʝʥʠ 

ʩʫ ʫ ʨʝʬʝʨʝʥʮʘʤʘ [Djordjevic, Milosevic,2012; Milosevic et al.,2014] ʧʨʠʤʝʥʦʤ ʨʝʬʝʨʝʥʪʥʠʭ ʪʘʯʢʘʩʪʠʭ 

ʠʟʚʦʨʘ 235U ʠ 238U. ɿʘ ʨʘʟʣʠʢʫ ʦʜ ʪʘʯʢʘʩʪʠʭ ʠʟʚʦʨʘ, ʟʦʥʝ ʫ ʦʚʦʤ ʨʘʜʫ ʠʤʘʿʫ ʟʥʘʯʘʿʥʫ ʟʘʧʨʝʤʠʥʫ ʰʪʦ 

ʠʤʧʣʠʮʠʨʘ ʜʘ ˂ʝ ʦʜʨʝʹʝʥʠ ʜʝʣʦʚʠ ʟʦʥʘ ʙʠʪʠ ʫʜʘˀʝʥʠʿʠ ʦʜ ʜʨʫʛʠʭ ʫ ʦʜʥʦʩʫ ʥʘ ʜʝʪʝʢʪʦʨ. ɼʘ ʙʠ ʩʝ 

ʬʫʥʢʮʠʿʝ fg(zi) ʧʨʘʚʠʣʥʦ ʢʦʨʠʩʪʠʣʝ ʧʦʪʨʝʙʥʦ ʿʝ ʦʜʨʝʜʠʪʠ ʧʨʦʩʝʯʥʦ ʨʘʩʪʦʿʘˁʝ ʠʟʤʝʹʫ ʩʚʘʢʝ ʟʦʥʝ ʠ 

ʜʝʪʝʢʪʦʨʘ. ʆʚʦ ʩʝ ʧʦʩʪʠʞʝ ʦʜʨʝʹʠʚʘˁʝʤ ʨʘʩʪʦʿʘˁʘ ʠʟʤʝʹʫ ʜʚʝ ʥʘʩʫʤʠʯʥʦ ʦʜʘʙʨʘʥʝ ʪʘʯʢʝ, ʿʝʜʥʝ 

ʫʥʫʪʘʨ ʟʘʧʨʝʤʠʥʝ ʫʟʦʨʢʘ, ʘ ʜʨʫʛʝ ʥʘ ʧʦʚʨʰʠʥʠ ʜʝʪʝʢʪʦʨʘ. ʅʘʢʦʥ ʪʦʛʘ, ʦʚʘʿ ʠʟʨʘʟ ʩʝ ʫʩʨʝʜˁʫʿʝ 

ʢʦʨʠʰ˂ʝˁʝʤ ʠʥʪʝʛʨʘˀʝˁʘ ʮʝʣʦʤ ʟʘʧʨʝʤʠʥʦʤ ʫʟʦʨʢʘ ʠ ʧʦʚʨʰʠʥʦʤ ʜʝʪʝʢʪʦʨʘ. ʇʦʪʝʥʮʠʿʘʣʥʠ 

ʧʨʦʙʣʝʤ ʩʘ ʧʨʝʮʠʟʥʠʤ ʠʟʨʘʯʫʥʘʚʘˁʝʤ ʝʬʠʢʘʩʥʦʩʪʠ ʜʝʪʝʢʮʠʿʝ ʿʝ ʠʥʪʝʨʬʝʨʝʥʮʠʿʘ ʩʘ 

ʬʣʫʦʨʝʩʮʝʥʪʥʠʤ ʨʝʥʜʛʝʥʩʢʠʤ ʟʨʘʮʠʤʘ ʫʨʘʥʠʿʫʤʘ ʥʘ ʝʥʝʨʛʠʿʠ 92.59 keV [Murray et al.,1987]. ʂʘʦ 

ʧʦʩʣʝʜʠʮʘ ʙʝʪʘ ʨʘʩʧʘʜʘ, ʝʣʝʢʪʨʦʥ ʩʝ ʝʤʠʪʫʿʝ ʠʟ ʿʝʟʛʨʘ ʘʪʦʤʘ, ʘ ʦʚʠ ʝʣʝʢʪʨʦʥʠ ʤʦʛʫ ʜʘ ʩʪʫʧʝ ʫ 

ʠʥʪʝʨʘʢʮʠʿʫ ʩʘ ʜʨʫʛʠʤ ʘʪʦʤʠʤʘ, ʫʩʣʝʜ ʯʝʛʘ ʫʩʧʦʨʘʚʘʿʫ ʠ ʝʤʠʪʫʿʫ ʢʦʥʪʠʥʫʘʣʥʦ ʟʘʢʦʯʥʦ ʟʨʘʯʝˁʝ 

(bremsshtralung). ʇʦʨʝʜ ʪʦʛʘ, ʫ ʫʟʦʨʮʠʤʘ ʙʦʛʘʪʠʤ ʪʦʨʠʿʫʤʦʤ ʦʚʝ ʙʝʪʘ ʯʝʩʪʠʮʝ ʤʦʛʫ ʠʟʙʘʮʠʪʠ 

ʝʣʝʢʪʨʦʥ ʠʟ ʫʥʫʪʨʘʰˁʝ ʂ-ˀʫʩʢʝ ʘʪʦʤʘ ʪʦʨʠʿʫʤʘ, ʘ ʩʣʘʙʠʿʝ ʚʝʟʘʥ ʝʣʝʢʪʨʦʥ ʠʟ L-ˀʫʩʢʝ ʪʘʜʘ ʧʦʧʫˁʘʚʘ 

ʦʚʦ ʧʨʘʟʥʦ ʤʝʩʪʦ. ʂʘʦ ʨʝʟʫʣʪʘʪ ʪʦʛʘ, ʝʤʠʪʫʿʝ ʩʝ ʜʝʝʢʩʮʠʪʘʮʠʦʥʠ ὑ‌ ʬʦʪʦʥ ʩʘ ʝʥʝʨʛʠʿʦʤ ʦʜ 93 keV. 

ʆʚʦ ʩʪʚʘʨʘ ʠʥʪʝʨʬʝʨʝʥʮʠʿʫ ʩʘ ʚʨʭʦʤ ʦʜ 92.59 keV [Kaste et al.,2006]. 

ɸʢʪʠʚʥʦʩʪ ʠʟʦʪʦʧʘ ʫʨʘʥʠʿʫʤʘ ʿʝ ʦʜʨʝʹʝʥʘ ʢʦʨʠʰ˂ʝˁʝʤ ʧʠʢʦʚʘ ʥʘ 63.29 keV, 92.59 keV ʠ 1001.03 

keV ʫ ʩʢʣʘʜʫ ʩʘ ʨʝʣʘʮʠʿʦʤ 5.8: 

 ὃ
ὔ

ὸ‐ὴὊ
 (5.8) 

ʛʜʝ ɸ ʧʨʝʜʩʪʘʚˀʘ ʘʢʪʠʚʥʦʩʪ ʦʜʨʝʹʝʥʫ ʧʨʝʢʦ ʛʘʤʘ ʧʠʢʘ ʦʜʨʝʹʝʥʝ ʝʥʝʨʛʠʿʝ, N ʧʨʝʜʩʪʘʚˀʘ ʦʜʙʨʦʿ, ὸ  

ʚʨʝʤʝ ʘʢʚʠʟʠʮʠʿʝ, pɔ ʿʝ ʢʚʘʥʪʥʠ ʧʨʠʥʦʩ ʛʘʤʘ ʧʠʢʘ ʘ Ὂ ʢʦʨʝʢʮʠʦʥʠ ʬʘʢʪʦʨ ʟʘ ʢʦʥʢʨʝʪʥʠ ʬʦʪʦʧʠʢ. 

ʇʦʣʫʝʤʧʠʨʠʿʩʢʠ ʤʝʪʦʜ 

ʆʚʘ ʤʝʪʦʜʘ ʩʝ ʪʘʢʦʹʝ ʟʘʩʥʠʚʘ ʥʘ ʢʦʥʩʪʘʥʪʥʦʿ ʛʫʩʪʠʥʠ ʫʟʦʨʘʢʘ. ʂʦʨʠʩʪʝ˂ʠ ʤʝʪʦʜʦʣʦʛʠʿʫ ʨʘʟʚʠʿʝʥʫ ʠ 

ʦʧʠʩʘʥʫ ʫ [Vranicar et al., 2021], ʦʜʥʦʩʥʦ ʧʨʝʪʭʦʜʥʦʤ ʧʦʛʣʘʚˀʫ, ʢʦʨʠʰ˂ʝʥ ʿʝ ʩʦʬʪʚʝʨ EFFTRAN ʠ 

GEANT4 ʟʘ ʜʦʙʠʿʘˁʝ ʬʫʥʢʮʠʿʘ ʝʬʠʢʘʩʥʦʩʪʠ ʜʝʪʝʢʮʠʿʝ. ʆʩʠʤ ʥʘʯʠʥʘ ʥʘ ʢʦʿʠ ʩʝ ʜʦʣʘʟʠ ʜʦ ʬʫʥʢʮʠʿʝ 

ʝʬʠʢʘʩʥʦʩʪʠ (ʨʟʣʠʯʠʪʠʤ ʧʨʦʮʝʩʠʤʘ ʧʨʝʢʦ EFFTRAN ʠ GEANT4 ʩʦʬʪʚʝʨʘ), ʤʝʪʦʜ ʠʟʨʘʯʫʥʘʚʘˁʘ 

ʤʘʩʝʥʝ ʘʢʪʠʚʥʦʩʪʠ 238U ʠ 235U ʿʝ ʠʜʝʥʪʠʯʘʥ. ʈʝʟʫʣʪʘʪʠ ʜʦʙʠʿʝʥʠ ʫ ʦʢʚʠʨʫ ʧʦʣʫʝʤʧʠʨʠʿʩʢʝ ʤʝʪʦʜʝ, 

ʜʦʙʠʿʝʥʠ ʩʫ ʥʘ ʦʩʥʦʚʫ ʧʦʜʘʪʘʢʘ ʜʦʙʠʿʝʥʠʭ ʤʝʨʝˁʝʤ ʫʟʦʨʘʢʘ ʥʘ ʜʝʪʝʢʪʦʨʫ 1. 
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ʂʘʢʦ ʙʠ ʩʝ ʫ ʩʦʬʪʚʝʨʩʢoʤ ʧʘʢʝʪʫ EFFTRAN ʜʦʙʠʣʝ ʝʬʠʢʘʩʥʦʩʪʠ ʟʘ ʪʨʘʞʝʥʠ ʫʟʦʨʘʢ, ʫ ʦʢʚʠʨʫ 

ʩʝʤʠʝʤʧʠʨʠʿʩʢʝ ʤʝʪʦʜʝ, ʧʦʪʨʝʙʥʦ ʿʝ ʥʘʧʨʘʚʠʪʠ ʨʝʬʝʨʝʥʪʥʝ ʢʨʠʚʝ eʬʠʢʘʩʥʦʩʪʠ (REC). ɿʘ ʜʝʪʝʢʪʦʨ  

ORTEC GMX-20190 ʦʚʦ ʿʝ ʫʯʠˁʝʥʦ ʬʠʪʦʚʘˁʝʤ ʪʘʯʘʢʘ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʝ ʝʬʠʢʘʩʥʦʩʪʠ ʫ ʧʨʦʛʨʘʤʫ 

TableCurve 2D [TableCurve,2023]. ʇʦʤʝʥʫʪʝ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʝ ʝʬʠʢʘʩʥʦʩʪʠ ʜʦʙʠʿʝʥʝ ʩʫ ʧʦʤʦ˂ʫ ʩʝʪʘ 

ʩʝʨʪʠʬʠʢʦʚʘʥʠʭ ʪʘʯʢʘʩʪʠʭ ʠʟʚʦʨʘ. REC ʿʝ ʛʨʘʬʠʯʢʠ ʧʨʠʢʘʟʘʥʘ ʥʘ ʩʣʠʮʠ 5.24, ʜʦʢ ʿʝ ʬʫʥʢʮʠʿʘ ʬʠʪʘ 

ʧʨʠʢʘʟʘʥʘ ʫ ʿʝʜʥʘʯʠʥʠ 5.9. ɺʨʝʜʥʦʩʪʠ ʧʦʿʝʜʠʥʠʭ ʧʘʨʘʤʝʪʘʨʘ ʫ ʿʝʜʥʘʯʠʥʠ 5.9 ʩʫ ʩʣʝʜʝ˂ʝ: ʘ=5.1(4), 

b=-0.61(7), c=-24.9(17), d=0.039(4), e=67(4) ʠ f=-75(3). ʉʘʤʘ ʬʫʥʢʮʠʿʘ y ʧʨʝʜʩʪʘʚˀʘ ʝʬʠʢʘʩʥʦʩʪ 

ʜʝʪʝʢʮʠʿʝ ʜʦʢ ʿʝ ʩʘ ʭ ʧʨʝʜʩʪʘʚˀʝʥʘ ʝʥʝʨʛʠʿʘ. 

 

ʉʣʠʢʘ 5.24. ʈʝʬʝʨʝʥʪʥʘ ʢʨʠʚʘ ʝʬʠʢʘʩʥʦʩʪʠ ʟʘ ʜʝʪʝʢʪʦʨ ORTEC GMX-20190. 
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(5.9) 

ʅʘ ʧʦʯʝʪʢʫ ʘʥʘʣʠʟʝ, ʧʨʝʪʧʦʩʪʘʚʠʣʦ ʩʝ ʜʘ ʘʢʪʠʚʥʦʩʪ ʫʨʘʥʠʿʫʤʘ ʫ ʠʟʤʝʨʝʥʠʤ ʫʟʦʨʮʠʤʘ ʤʦʞʝ ʜʘ 

ʧʦʪʠʯʝ ʦʜ ʫʨʘʥʠʿʫʤʘ ʫ ʨʘʟʣʠʯʠʪʠʤ ʭʝʤʠʿʩʢʠʤ ʦʙʣʠʮʠʤʘ ï ʯʠʩʪʦʤ U, UO2 ʠ U3O8 (ʧʨʝʪʧʦʩʪʘʚʢʘ ʿʝ ʜʘ 

ʩʝ ʥʝʤʘ ʧʨʝʪʭʦʜʥʦʛ ʩʘʟʥʘˁʘ ʦ ʧʦʨʝʢʣʫ ʠʣʠ ʭʝʤʠʿʩʢʦʤ ʩʘʩʪʘʚʫ ʫʟʦʨʘʢʘ, ʘ ʪʘʢʦʹʝ ʠ ʜʘ ʩʝ ʪʝʩʪʠʨʘ ʫʪʠʮʘʿ 

ʨʘʟʣʠʯʠʪʠʭ ʤʘʪʨʠʮʘ ʥʘ ʝʬʠʢʘʩʥʦʩʪ ʜʝʪʝʢʮʠʿʝ). ʇʦʨʝʜ ʪʦʛʘ, ʧʨʠʤʝʥʦʤ GEANT4 ʧʘʢʝʪʘ ʪʝʩʪʠʨʘʥ ʿʝ 

ʫʪʠʮʘʿ ʨʘʟʣʠʯʠʪʠʭ ʤʘʩʝʥʠʭ ʩʘʜʨʞʘʿʘ ʫʨʘʥʠʿʫʤʘ ʫ ʫʟʦʨʢʫ ʥʘ ʬʫʥʢʮʠʿʫ ʝʬʠʢʘʩʥʦʩʪʠ. 

ʋ ʫʟʦʨʢʫ 1ɹ, ʟʙʦʛ ˁʝʛʦʚʝ ʛʫʩʪʠʥʝ ʦʜ 0.81 gĀcm-3 ʠ ʠʥʪʝʥʟʠʚʥʝ ʥʘʨʘʥ˅ʘʩʪʝ ʙʦʿʝ, ʢʘʦ ʠ ʦʜʩʫʩʪʚʘ ʛʘʤʘ 

ʧʠʢʦʚʘ ʢʦʿʠ ʧʦʪʠʯʫ ʦʜ ʥʠʟʘ 232Th, ʧʨʝʪʧʦʩʪʘʚˀʝʥʦ ʿʝ ʜʘ ʿʝ ʫʨʘʥʠʿʫʤ ʫ ʦʚʦʤ ʫʟʦʨʢʫ ʫ ʦʙʣʠʢʫ ʞʫʪʦʛ 

ʢʦʣʘʯʘ, ʦʜʥʦʩʥʦ U3O8 ʙʫʜʫ˂ʠ ʜʘ ʿʝ ʛʫʩʪʠʥʘ ʦʚʝ ʭʝʤʠʿʩʢʝ ʬʦʨʤʝ ʥʘʿʤʘˁʘ ʦʜ ʪʨʠ ʥʘʚʝʜʝʥʝ. ɿʙʦʛ 

ʚʨʝʜʥʦʩʪʠ ʛʫʩʪʠʥʝ ʢʦʿʘ ʿʝ ʤʘˁʘ ʦʜ ʩʘʤʦʛ ʟʝʤˀʠʰʪʘ, ʫʟʝʪʦ ʿʝ ʜʘ ʩʝ ʫʟʦʨʘʢ ʩʘʩʪʦʿʠ ʦʜ ʩʤʝʰʝ ʟʝʤˀʝ 

ʢʦʿʘ ʫ ʩʘʜʨʞʠ ʞʫʪʠ ʢʦʣʘʯ (ʛʫʩʪʠʥʘ ʦʚʝ ʟʝʤˀʝ ʫʟʝʪʘ ʿʝ ʜʘ ʙʫʜʝ ʛʫʩʪʠʥʘ ʫʟʦʨʢʘ 2ɹ) ʠ ʚʘʟʜʫʭʘ. 

ʀʟʨʘʯʫʥʘʪʦ ʿʝ ʜʘ ʤʘʩʝʥʠ ʫʜʝʦ U3O8 ʫ ʪʦʤ ʟʝʤˀʠʰʪʫ ʠʟʥʦʩʠ 45.4 %. ɻʫʩʪʠʥʘ ʟʝʤˀʠʰʪʘ ʿʝ ʫʟʝʪʘ 1.4 

gĀcm-3. 
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ʋ ʫʟʦʨʢʫ 2ɹ, ʩ ʦʙʟʠʨʦʤ ʥʘ ˁʝʛʦʚʫ ʚʝ˂ʫ ʛʫʩʪʠʥʫ ʦʜ 2.25 gĀcm-3 ʠ ʪʘʤʥʠʿʫ ʙʦʿʫ, ʧʨʝʪʧʦʩʪʘʚˀʝʥʦ ʿʝ ʜʘ 

ʫʨʘʥʠʿʫʤ ʤʦʞʝ ʙʠʪʠ ʧʨʠʩʫʪʘʥ ʫ ʨʘʟʣʠʯʠʪʠʤ ʦʙʣʠʮʠʤʘ ï ʦʜʥʦʩʥʦ U, UO2 ʠ U3O8. ʂʘʦ ʰʪʦ ʿʝ 

ʧʨʝʪʭʦʜʥʦ ʥʘʚʝʜʝʥʦ ʫ ʠʪʝʨʘʪʠʚʥʦʤ ʤʝʪʦʜʫ, ʫ ʫʟʦʨʢʫ 2ɹ ʩʫ ʧʨʠʤʝ˂ʝʥʠ ʛʘʤʘ ʧʠʢʦʚʠ ʦʜ ʩʚʠʭ ʯʣʘʥʦʚʘ 

ʥʠʟʦʚʘ 232Th ʠ 238U. ʋʥʫʪʘʨ ʪʝ ʤʝʪʦʜʝ ʩʝ ʧʨʝʪʧʦʩʪʘʚˀʘʣʦ ʜʘ ʩʝ ʫʟʦʨʘʢ ʩʘʩʪʦʿʠ ʦʜ ʿʝʜʥʦʛ ʦʙʣʠʢʘ 

ʫʨʘʥʠʿʫʤʘ ʠ ʟʝʤˀʝ. ʋ ʦʢʚʠʨʫ ʧʦʣʫʝʤʧʠʨʠʿʩʢʝ ʤʝʪʦʜʝ ʤʘʩʝʥʠ ʫʜʝʣʠ ʨʘʟʣʠʯʠʪʠʭ ʢʦʥʩʪʠʪʫʝʥʘʪʘ 

ʠʟʨʘʯʫʥʘʚʘʿʫ ʩʝ ʥʘ ʦʩʥʦʚʫ ʨʘʟʣʠʢʝ ʛʫʩʪʠʥʝ ʫʟʦʨʢʘ 2ɹ ʠ ʛʫʩʪʠʥʝ ʯʠʩʪʝ ʤʘʪʨʠʮʝ ʟʝʤˀʠʰʪʘ, ʢʦʿʘ ʩʝ 

ʫʟʠʤʘ ʢʘʦ 1.4 gĀcm-3. ʊʦʢʦʤ ʩʚʘʢʦʛ ʧʨʦʨʘʯʫʥʘ ʧʨʝʪʧʦʩʪʘʚˀʝʥʦ ʿʝ ʜʘ ʿʝ ʩʚʘʢʠ ʦʜ ʢʦʥʩʪʠʪʫʝʥʘʪʘ (U, 

UO2 ʠ U3O8) ʦʜʛʦʚʦʨʘʥ ʟʘ ʜʦʜʘʪʥʫ ʛʫʩʪʠʥʫ ʫʟʦʨʢʘ, ʘ ʥʘ ʦʩʥʦʚʫ ʛʫʩʪʠʥʘ ʦʚʘ ʪʨʠ ʩʘʩʪʦʿʢʘ (19.0, 10.9 ʠ 

8.3 gĀcm-3 ʨʝʩʧʝʢʪʠʚʥʦ) ʠ ʛʫʩʪʠʥʝ ʫʟʦʨʢʘ, ʠʟʨʘʯʫʥʘʪʦ ʿʝ ʜʘ ʤʘʩʝʥʠ ʫʜʝʣʠ U, UO2 ʠ U3O8 ʠʟʥʦʩʝ 40.8 

%, 43.4 % ʠ 454 % ʨʝʩʧʝʢʪʠʚʥʦ. ʋʜʝʣʠ ʩʫ ʨʘʯʫʥʘʪʠ ʫ ʩʢʣʘʜʫ ʩʘ ʩʣʝʜʝ˂ʦʤ ʨʝʣʘʮʠʿʦʤ: 

 ØϽʍ̈ ̭̆̍̆ρ ØϽʍ ȟ  ̉̌ ̉ ʍ̔ ̈̏̑̋́ (5.10) 

ʈʝʰʘʚʘˁʝʤ ʨʝʣʘʮʠʿʝ 5.10 [Rikalo,2020] ʧʦ Ø ʜʦʙʠʿʘʤʦ ʟʘʧʨʝʤʠʥʩʢʠ ʫʜʝʦ ʦʜʨʝʹʝʥʦʛ ʢʦʥʩʪʠʪʫʝʥʪʘ ʫ 

ʫʟʦʨʢʫ. ɼʘˀʠʤ ʤʥʦʞʝˁʝʤ ʟʘʧʨʝʤʠʥʩʢʦʛ ʫʜʝʣʘ ʩʘ ʟʘʧʨʝʤʠʥʦʤ ʫʟʦʨʢʘ ʘ ʧʦʪʦʤ ʠ ʛʫʩʪʠʥʦʤ ʦʜʨʝʹʝʥʦʛ 

ʢʦʥʩʪʠʪʫʝʥʪʘ ʜʦʙʠʿʘʤʦ ʤʘʩʝʥʠ ʫʜʝʦ ʪʦʛ ʢʦʥʩʪʠʪʫʝʥʪʘ ʫ ʥʘʰʝʤ ʫʟʦʨʢʫ. 

ʂʘʦ ʠ ʫ ʧʦʛʣʘʚˀʫ 5.1, ʠ ʫ ʦʚʜʝ ʿʝ ʟʘ ʧʦʪʨʝʙʝ ʢʘʣʠʙʨʘʮʠʿʝ ʜʝʪʝʢʪʦʨʘ ʢʦʨʠʰʝ˂ʥ ʩʝʨʪʠʬʠʢʦʚʘʥʠ ʠʟʚʦʨ 

ʏʝʰʢʦʛ ʤʝʪʨʦʣʦʰʢʦʛ ʠʥʩʪʠʪʫʪʘ ʪʠʧʘ CBSS-2.  

ʋʟʠʤʘʿʫ˂ʠ ʫ ʦʙʟʠʨ ʜʘ ʦʜʩʪʫʧʘˁʘ ʩʧʝʮʠʬʠʯʥʠʭ ʘʢʪʠʚʥʦʩʪʠ 238U ʠ 235U ʠʟʨʘʯʫʥʘʪʠʭ ʥʘ ʦʧʠʩʘʥ ʥʘʯʠʥ 

ʩʘ ʦʚʠʤ ʠʟʙʦʨʦʤ ʤʘʪʨʠʮʘ ʫʟʦʨʘʢʘ ʥʠʩʫ ʟʘʥʝʤʘʨˀʠʚʘ (ʜʘˀʘ ʜʠʩʢʫʩʠʿʘ ˂ʝ ʙʠʪʠ ʧʨʝʜʩʪʘʚˀʝʥʘ ʫ ʦʢʚʠʨʫ 

ʨʝʟʫʣʪʘʪʘ), ʫʢʘʟʘʣʘ ʩʝ ʧʦʪʨʝʙʘ ʟʘ ʢʦʨʝʢʮʠʿʦʤ ʧʨʝʪʧʦʩʪʘʚˀʝʥʠʭ ʤʘʪʨʠʮʘ ʫʟʦʨʢʘ. ʀʤʘʿʫ˂ʠ ʦʚʦ ʫ ʚʠʜʫ, 

ʭʝʤʠʿʩʢʠ ʩʘʩʪʘʚʠ ʫʟʦʨʘʢʘ ʜʦʙʠʿʝʥʠ ʫ ʜʨʫʛʦʿ ʠʪʝʨʘʮʠʿʠ ʫ ʠʪʝʨʘʪʠʚʥʦʿ ʤʝʪʦʜʠ ʩʫ ʢʦʨʠʰ˂ʝʥʠ ʠ 

ʧʨʠʤʝˁʝʥʠ ʫ ʜʘˀʝʤ ʧʨʦʨʘʯʫʥʫ ʧʦʤʦ˂ʫ EFFTRAN ʠ GEANT4 ʩʦʬʪʚʝʨʘ. 

 

ɹʫ˅ʝʪ ʤʝʨʥʝ ʥʝʩʠʛʫʨʥʦʩʪʠ 

ʂʦʤʙʠʥʦʚʘʥʘ ʤʝʨʥʘ ʥʝʩʠʛʫʨʥʦʩʪ ʟʘ ʨʘʯʫʥʘʪʫ ʘʢʪʠʚʥʦʩʪ ʫʟʦʨʢʘ ʧʨʝʢʦ ʝʬʠʢʘʩʥʦʩʪʠ ʜʦʙʠʿʝʥʝ 

EFFTRAN ʩʦʬʪʚʝʨʦʤ ʠ ʀʪʝʨʘʪʠʚʥʠʤ ʤʝʪʦʜʦʤ - u(A), ʜʦʙʠʿʝʥʘ ʿʝ ʢʦʨʠʰ˂ʝˁʝʤ ʨʝʣʘʮʠʿʝ: 

 όὃ ‐‏ ὔ‏ ὴ‏  
(5.11) 

ʛʜʝ ŭŮ ʧʨʝʜʩʪʘʚˀʘ ʨʝʣʘʪʠʚʥʫ ʥʝʩʠʛʫʨʥʦʩʪ ʬʠʪʦʚʘʥʝ ʬʫʥʢʮʠʿʝ ʝʬʠʢʘʩʥʦʩʪʠ ʫ ʢʦʤʙʠʥʘʮʠʿʠ ʩʘ 

ʨʝʣʘʪʠʚʥʦʤ ʥʝʩʠʛʫʨʥʦʰ˂ʫ ʘʢʪʠʚʥʦʩʪʠ ʨʘʜʠʦʘʢʪʠʚʥʦʛ ʩʪʘʥʜʘʨʜʘ ʩʝʢʫʥʜʘʨʥʦʛ ʨʝʬʝʨʝʥʪʥʦʛ 

ʤʘʪʝʨʠʿʘʣʘ ʠ ʥʝʩʠʛʫʨʥʦʰ˂ʫ ʫʚʝʜʝʥʦʤ ʧʨʦʮʝʩʦʤ ʧʨʦʠʟʚʦʜˁʝ ʩʝʢʫʥʜʘʨʥʦʛ ʨʝʬʝʨʝʥʪʥʦʛ ʤʘʪʝʨʠʿʘʣʘ 

ʢʦʿʫ ʿʝ ʜʘʦ ʧʨʦʠʟʚʦʹʘʯ (CBSS-2), ʢʦʨʠʰ˂ʝʥ ʫ ʤʝʪʦʜʠ ʧʨʝʥʦʩʘ ʝʬʠʢʘʩʥʦʩʪʠ, ‏ὔ ʿʝ ʨʝʣʘʪʠʚʥʘ 

ʥʝʩʠʛʫʨʥʦʩʪ ʦʜʙʨʦʿʘ, ‏ὴ ʿʝ ʛʨʝʰʢʘ ʢʚʘʥʪʥʦʛ ʧʨʠʥʦʩʘ. ʋʪʠʮʘʿ ʚʨʝʤʝʥʘ t ʥʘ ʢʦʤʙʠʥʦʚʘʥʫ ʤʝʨʥʫ 

ʥʝʩʛʫʨʥʦʩʪ ʿʝ ʟʘʥʝʤʘʨˀʠʚ. ʋʢʫʧʥʘ ʤʝʨʥʘ ʥʝʩʠʛʫʨʥʦʩʪ όὃʟʘ ʩʚʝ ʝʥʝʨʛʠʿʝ ʥʠʿʝ ʧʨʝʣʘʟʠʣʘ 10% ʧʨʠ 

ʥʠʚʦʫ ʧʦʚʝʨʝˁʘ ʦʜ 2ů. ʂʦʤʙʠʥʦʚʘʥʘ ʤʝʨʥʘ ʥʝʩʠʛʫʨʥʦʩʪ ʟʘ ʨʘʯʫʥʘʪʫ ʘʢʪʠʚʥʦʩʪ ʫʟʦʨʢʘ ʧʨʝʢʦ 

ʝʬʠʢʘʩʥʦʩʪʠ ʜʦʙʠʿʝʥʝ GEANT4 ʩʦʬʪʚʝʨʦʤ ʿʝ ʠʜʝʥʪʠʯʥʘ ʢʘʦ ʰʪʦ ʿʝ ʦʧʠʩʘʥʦ ʫ ʧʦʛʣʘʚˀʫ 5.1 (ʨʝʣʘʮʠʿʘ 

5.4). 
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ʈʝʟʫʣʪʘʪʠ 

ʀʪʝʨʘʪʠʚʥʠ ʤʝʪʦʜ - ʋʟʦʨʘʢ 1ɹ 

ʌʦʪʦʧʠʢ ʥʘ 1001.03 keV ʩʝ ʧʦʢʘʟʘʦ ʢʘʦ ʥʘʿʧʦʫʟʜʘʥʠʿʠ ʟʘ ʦʜʨʝʹʠʚʘˁʝ ʘʢʪʠʚʥʦʩʪʠ ʫʨʘʥʠʿʫʤʘ, ʛʜʝ ʿʝ 

ʪʨʝʙʘʣʦ ʦʜʨʝʜʠʪʠ ʩʘʤʦ ʢʦʨʝʢʮʠʦʥʝ ʬʘʢʪʦʨʝ ʟʘ ʧʨʘʚʘ ʢʦʠʥʮʠʜʝʥʪʥʘ ʩʫʤʠʨʘˁʘ (TCS18). ʇʦʤʝʥʫʪʠ 

ʛʘʤʘ ʧʠʢ ʧʦʪʠʯʝ ʦʜ ʨʘʩʧʘʜʘ 234mPa, ʜʨʫʛʦʛ ʧʦʪʦʤʢʘ 238U. 

ɼʦʧʨʠʥʦʩʠ ʛʘʤʘ ʧʠʢʫ ʦʜ 92.59 keV ʧʦʪʠʯʫ ʦʜ ʨʘʩʧʘʜʘ 234Th (238U ʥʠʟ) ʠ 231Th (235U ʥʠʟ). ʋ ʨʘʩʧʘʜʫ 
234Th ʝʤʠʪʫʿʫ ʩʝ ʛʘʤʘ ʟʨʘʮʠ 92.38 keV (2.31%) ʠ 92.80 keV (2.1%), ʘ ʫʟ ʝʤʠʩʠʿʫ ʛʘʤʘ ʟʨʘʢʘ, ʝʤʠʪʫʿʝ 

ʩʝ ʠ ʨʝʥʜʛʝʥʩʢʦ ʟʨʘʯʝˁʝ 92.28 (0.0171%) ʢʘʦ ʧʦʩʣʝʜʠʮʘ ʨʘʩʧʘʜʘ 234Th. ʈʘʩʧʘʜ 231Th ʿʝ ʧʨʘ˂ʝʥ 

ʝʤʠʩʠʿʦʤ ʛʘʤʘ ʟʨʘʢʘ ʦʜ 93.02 keV (0.047%) ʠ ʍ-ʟʨʘʢʘ ʦʜ 92.282 keV ʰʪʦ ʫʟʨʦʢʫʿʝ ʠʥʪʝʨʬʝʨʝʥʮʠʿʫ 

ʩʘ ʬʦʪʦʥʠʤʘ ʝʤʠʪʦʚʘʥʠʤ ʨʘʩʧʘʜʦʤ 234Th. ʅʝʦʧʭʦʜʥʦ ʿʝ ʦʜʫʟʝʪʠ ʜʦʧʨʠʥʦʩ ʢʦʿʠ ʧʦʪʠʯʝ ʦʜ ʯʣʘʥʦʚʘ 
235U (231Th) ʦʜ ʫʢʫʧʥʝ ʧʦʚʨʰʠʥʝ ʧʠʢʘ. ʆʚʘʿ ʜʦʧʨʠʥʦʩ ʿʝ ʠʟʨʘʯʫʥʘʪ ʧʨʝʢʦ ʨʝʣʘʮʠʿʝ: 

 ὔωςȢυω ὯὩὠȠ Th
231 ὃ Ͻὸ Ͻ‐ Ȣ  Ͻ ὴ 

(5.12) 

ɻʜʝ ʿʝ ‐ Ȣ  ʝʬʠʢʘʩʥʦʩʪ ʜʝʪʝʢʮʠʿʝ ʥʘ 92.59 keV, ὴ ʢʦʤʙʠʥʦʚʘʥʘ ʚʝʨʦʚʘʪʥʦ˂ʘ ʝʤʠʩʠʿʝ ʛʘʤʘ ʠ 

ʨʝʥʜʛʝʥʩʢʠʭ ʟʨʘʢʘ ʠ ὃ  ʿʝ ʘʢʪʠʚʥʦʩʪ 235U. ʇʦʩʪʦʿʠ ʚʠʰʝ ʤʝʪʦʜʘ ʟʘ ʦʜʨʝʹʠʚʘˁʝ ʦʚʝ ʘʢʪʠʚʥʦʩʪʠ, 

ʿʝʜʥʘ ʦʜ ˁʠʭ ʿʝ ʦʧʠʩʘʥʘ ʫ ʨʝʬʝʨʝʥʮʠ [Yücel et al, 2009]. ʄʝʹʫʪʠʤ, ʦʚʜʝ ʿʝ ʫʟʝʪ ʜʨʫʛʘʯʠʿʠ ʧʨʠʩʪʫʧ ʠ 

ʦʧʠʩʘʥ ʫ ʨʝʣʘʮʠʿʠ:  

 ὃ  

πȢππχςπτ‗

πȢωωςχτς‗
 ὃ ρππρ keV    (5.13) 

ɻʜʝ ʩʫ ʩʘ 0.007204 ʠ 0.992742 ʧʨʝʜʩʪʘʚˀʝʥʝ ʠʟʦʪʦʧʩʢʝ ʟʘʩʪʫʧˀʝʥʦʩʪʠ 235U ʠ 238U ʨʝʩʧʝʢʪʠʚʥʦ, ʫ 

ʧʨʠʨʦʜʥʦʤ ʫʨʘʥʠʿʫʤʫ, ‗  ʠ ‗  ʩʫ ˁʠʭʦʚʝ ʢʦʥʩʪʘʥʪʝ ʨʘʩʧʘʜʘ, ʘ ὃ  ʿʝ ʘʢʪʠʚʥʦʩʪ 238U. 

238U ʥʠʟ ʜʦʧʨʠʥʦʩʠ ʧʠʢʫ ʥʘ 63.29 keV ʩʘ ʨʘʩʧʘʜʦʤ 234Th, 234Pa ʠ 234mPa. ʈʘʩʧʘʜ 234Th ʧʨʦʠʟʚʦʜʠ ʛʘʤʘ 

ʟʨʘʢʝ ʦʜ 62.86 keV (0.016%) ʠ 63.29 keV (3.7%). ʈʘʩʧʘʜʠ ʦʜ 234Pa ʠ 234mPa ʜʘʿʫ ʛʘʤʘ ʟʨʘʢʝ ʦʜ 62.70 

keV (0.0012% ʠ 1.6% ʨʝʩʧʝʢʪʠʚʥʦ). ʀʥʪʝʨʬʝʨʝʥʮʠʿʘ ʿʝ ʧʨʠʩʫʪʥʘ ʟʙʦʛ ʨʘʩʧʘʜʘ 231Th, ʧʦʪʦʤʢʘ 235U. ʋ 

ʦʚʦʤ ʨʘʩʧʘʜʫ, ʝʤʠʪʫʿʝ ʩʝ ʛʘʤʘ ʟʨʘʢ ʝʥʝʨʛʠʿʝ 63.86 keV (0,023%), ˁʝʛʦʚ ʜʦʧʨʠʥʦʩ ʿʝ ʠʟʨʘʯʫʥʘʪ ʫ 

ʥʘʩʪʘʚʢʫ ʠ ʧʦʪʨʝʙʥʦ ʛʘ ʿʝ ʦʜʫʟʝʪʠ ʦʜ ʧʦʚʨʰʠʥʝ ʧʠʢʘ. 

 ὔφσȢςω keVȠ Th
231 ὃ Ͻὸ Ͻ‐ Ȣ  Ͻ ὴ 

(5.14) 

ɻʜʝ ʿʝ ὃ  ʿʝ ʘʢʪʠʚʥʦʩʪ 235U ʠʟʨʘʯʫʥʘʪʘ ʫ ʨʝʣʘʮʠʿʠ 6.7 ʘ ὴ ʚʝʨʦʚʘʪʥʦ˂ʘ ʝʤʠʩʠʿʝ (ʢʚʘʥʪʥʠ ʧʨʠʥʦʩ) 

ʟʘ ʛʘʤʘ ʟʨʘʢ ʝʥʝʨʛʠʿʝ 63.86 keV. 

ɸʢʪʠʚʥʦʩʪ 235U ʩʝ ʤʦʞʝ ʠʟʨʘʯʫʥʘʪʠ ʢʦʨʠʰ˂ʝˁʝʤ ʧʠʢʦʚʘ ʥʘ 143.76 keV, 163.33 keV ʠ 185.72 keV. 

ɼʦʧʨʠʥʦʩʠ ʧʠʢʫ ʦʜ 143.76 keV ʫ ʛʘʤʘ ʩʧʝʢʪʨʫ ʧʦʪʠʯʫ ʦʜ ʨʘʩʧʘʜʘ 235U ʠ ˁʝʛʦʚʠʭ ʧʦʪʦʤʘʢʘ 223Ra ʠ 
231Pa. ʉʘ ʨʘʩʧʘʜʦʤ 235U ʝʤʠʪʫʿʫ ʩʝ ʛʘʤʝ ʥʘ 142.40 keV (0.005%) ʠ 143.76 keV (10.96%). ʋ ʨʘʩʧʘʜʫ 

                                                      
18 TCS- True Coincidence Summing 
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223Ra ʠ 231Pa ʝʤʠʪʫʿʫ ʩʝ ʛʘʤʘ ʟʨʘʮʠ ʥʘ 144.4 keV (0.015%) ʠ 144.235 keV (0.0327%). ʇʦʨʝʜ ʪʦʛʘ, ʩʘ 

ʨʘʩʧʘʜʦʤ 234Pa, ʧʦʪʦʤʢʘ 238U, ʝʤʠʪʫʿʝ ʩʝ ʛʘʤʘ ʥʘ 143.78 keV ʰʪʦ ʫʟʨʦʢʫʿʝ ʩʤʝʪˁʝ ʛʘʤʘ ʟʨʘʮʠʤʘ 

ʧʦʨʝʢʣʦʤ ʦʜ 235U ʠ ˁʝʛʦʚʠʭ ʧʦʪʦʤʘʢʘ. ɼʦʧʨʠʥʦʩ 234Pa ʪʨʝʙʘ ʦʜʫʟʝʪʠ ʦʜ ʦʜʙʨʦʿʘ ʜʘ ʙʠ ʩʝ ʜʦʙʠʦ 

ʜʦʧʨʠʥʦʩ ʣʘʥʮʘ 235U ʠʟ ʿʝʜʥʘʯʠʥʝ 6.7. ɼʦʧʨʠʥʦʩ 234Pa ʩʝ ʨʘʯʫʥʘ ʥʘ ʩʣʝʜʝ˂ʠ ʥʘʯʠʥ: 

 ὔρτσȢχφ keVȠ Pa ὃ Ͻὸ Ͻ‐ Ȣ   Ͻ ὴ 
(5.15) 

ɻʜʝ ʿʝ ὃ  ʿʝ ʘʢʪʠʚʥʦʩʪ 238U ʜʦʙʠʿʝʥʘ ʦʜ ʩʚʘ ʪʨʠ ʧʠʢʘ. 

ʇʨʠ ʨʘʩʧʘʜʫ 235U ʠ ˁʝʛʦʚʦʛ ʧʦʪʦʤʢʘ 231Th, ʝʤʠʪʫʿʫ ʩʝ ʛʘʤʘ ʟʨʘʮʠ ʥʘ 163.356 keV (5.08%) ʠ 163.1 keV 

(0.154%), ʨʝʩʧʝʢʪʠʚʥʦ. ʇʦʨʝʜ ʪʦʛʘ, ʧʦʩʪʦʿʠ ʤʘʣʠ ʜʦʧʨʠʥʦʩ ʛʘʤʘ ʣʠʥʠʿʝ 164.94 keV ʢʦʿʘ ʧʦʪʠʯʝ ʦʜ 

ʨʘʩʧʘʜʘ 234Pa. ɳʝʥ ʜʦʧʨʠʥʦʩ ʿʝ ʠʟʨʘʯʫʥʘʪ ʫ ʥʘʩʪʘʚʢʫ (ʿʝʜʥʘʯʠʥʘ 5.16) ʠ ʪʨʝʙʘ ʛʘ ʦʜʫʟʝʪʠ ʠʟ ʩʧʝʢʪʨʘ 

ʦʜ ʦʜʙʨʦʿʘ ʬʦʪʦʧʠʢʘ ʥʘ 163.33 keV. 

 ὔρφσȢσσ ËÅ6Ƞ Pa ὃ Ͻὸ Ͻ‐ Ȣ    Ͻ ὴ 
(5.16) 

ʊʘʢʦʹʝ, ʧʨʠ ʨʘʩʧʘʜʫ 235U ʝʤʠʪʫʿʝ ʩʝ ʛʘʤʘ ʟʨʘʢ ʥʘ 185.72 keV (57.2%). ʇʨʠ ʨʘʩʧʘʜʫ 234Pa, ʝʤʠʪʫʿʝ ʩʝ 

ʬʦʪʦʧʠʢ ʥʘ 186.15 keV ʰʪʦ ʠʟʘʟʠʚʘ ʠʥʪʝʨʬʝʨʝʥʮʠʿʝ. ɼʦʧʨʠʥʦʩ ʦʜ 234Pa ʿ ʝ ʠʟʨʘʯʫʥʘʪ ʫ ʥʘʩʪʘʚʢʫ 

(ʿʝʜʥʘʯʠʥʘ 5.17) ʠ ʪʨʝʙʘ ʛʘ ʦʜʫʟʝʪʠ ʦʜ ʧʦʚʨʰʠʥʝ ʧʠʢʘ. 

 ὔρψυȢχς keVȠ Pa ὃ Ͻὸ Ͻ‐ Ȣ    Ͻ ὴ 
(5.17) 

ʋ ʊʘʙʝʣʠ 5.8 ʧʨʝʜʩʪʘʚˀʝʥʝ ʩʫ ʘʢʪʠʚʥʦʩʪʠ 235U ʠ 238U ʠʟʨʘʯʫʥʘʪʝ ʧʨʝʢʦ ʛʘʤʘ ʧʠʢʦʚʘ ʢʦʿʠ ʧʦʪʠʯʫ ʦʜ 

ˁʠʭʦʚʠʭ ʧʦʪʦʤʘʢʘ ʢʘʦ ʠ ˁʠʭʦʚʝ ʦʪʝʞʘʥʦ ʫʩʨʝʜˁʝʥʝ ʘʢʪʠʚʥʦʩʪʠ. ɺʠʜʠ ʩʝ ʚʝʣʠʢʘ ʨʘʟʣʠʢʘ ʠʟʤʝʹʫ 

ʧʦʿʝʜʠʥʘʯʥʠʭ ʘʢʪʠʚʥʦʩʪʠ ï ʨʘʯʫʥʘʪʠʭ ʦʜ ʨʘʣʠʯʠʪʠʭ ʧʠʢʦʚʘ, ʰʪʦ ʟʥʘʯʠ ʜʘ ʿʝ ʥʘʰʘ ʧʦʯʝʪʥʘ 

ʧʨʝʪʧʦʩʪʘʚʢʘ ʦ ʢʦʥʩʪʠʪʫʝʥʪʠʤʘ ʫʟʦʨʢʘ ʙʠʣʘ ʧʦʛʨʝʰʥʘ. ʅʝʦʧʭʦʜʥʦ ʿʝ ʜʝʬʠʥʠʩʘʪʠ ʥʦʚʠ ʩʘʩʪʘʚ ʫʟʦʨʢʘ 

ʫ ʜʨʫʛʦʿ ʠʪʝʨʘʮʠʿʠ ʜʘ ʙʠ ʩʝ ʝʣʠʤʠʥʠʩʘʣʘ ʦʚʘ ʥʝʩʣʘʛʘˁʘ. 

ʊʘʙʝʣʘ 5.8. ʂʦʥʮʝʥʪʨʘʮʠʿʘ ʘʢʪʠʚʥʦʩʪʠ ʫʟʦʨʢʘ 1ɹ, ʫ ʧʨʚʦʿ ʠʪʝʨʘʮʠʿʠ. 

ʈʘʜʠʦʥʫʢʣʠʜ ɽʥʝʨʛʠʿʘ [keV] ʂʦʥʮʝʥʪʨʘʮʠʿʘ ʘʢʪʠʚʥʦʩʪʠ  

[MBq kg -1] 

ʋʩʨʝʜˁʝʥʘ ʘʢʪʠʚʥʦʩʪ 

[MBq kg -1] 

238U 63.29 1.66°0.01 2.58°0.21 

92.59 2.66°0.17 

1001.03 3.75°0.23 

235U 143.76 0.11°0.01 0.119°0.003 

163.33 0.12°0.01 

185.72 0.13°0.01 
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ɿʘ ʦʜʨʝʹʠʚʘˁʝ ʤʘʩʝ 238U ʠ U3O8 ʫ ʫʟʦʨʢʫ ʿʝ ʢʦʨʠʰ˂ʝʥʘ ʘʢʪʠʚʥʦʩʪ ʠʟʨʘʯʫʥʘʪʘ ʧʨʝʢʦ ʛʘʤʘ ʧʠʢʘ ʥʘ 

1001.03 keV. ʂʘʢʦ ʿʝ ʫʪʠʮʘʿ ʤʘʪʨʠʮʝ ʠ ʛʫʩʪʠʥʝ ʥʘʿʤʘˁʠ ʥʘ ʧʠʢʫ ʥʘʿʚʝ˂ʝ ʝʥʝʨʛʠʿʝ, ʘʢʪʠʚʥʦʩʪ ʨʘʯʫʥʘʪʘ 

ʠʟ ʦʚʦʛ ʧʠʢʘ ʫʟʝʪʘ ʿʝ ʢʘʦ ''ʪʘʯʥʘ''. ʄʘʩʝ ʢʦʥʩʪʠʪʫʝʥʘʪʘ ʨʘʯʫʥʘʪʝ ʩʫ ʧʨʝʢʦ ʩʣʝʜʝ˂ʠʭ ʿʝʜʥʘʯʠʥʘ: 

 άᴂ
ὃ ρππρ keVϽὃ Ὗ

‗ Ͻὔ
φȢςτ Ὣ (5.18) 

   

 
άU3O8

ά σϽὃ U ψϽὃ O

σϽὃ U
χȢσυ Ὣ 

(5.19) 

ɸʢʦ ʩʘʜʘ ʠʩʢʦʨʠʩʪʠʤʦ ʤʘʩʫ U3O8 ʜʝʬʠʥʠʩʘʥʝ ʿʝʜʥʘʯʠʥʦʤ (5.19) ʤʦʛʫ˂ʝ ʿʝ ʠʟʨʘʯʫʥʘʪʠ ʤʘʩʫ 

ʟʝʤˀʠʰʪʘ ʫ ʫʟʦʨʢʫ. ʋʟʦʨʘʢ 1ɹ ʫ ʜʨʫʛʦʿ ʠʪʝʨʘʮʠʿʠ ʜʝʬʠʥʠʩʘʥ ʿʝ ʢʘʦ 35.6% ʞʫʪʦʛ ʢʦʣʘʯʘ ʠ 64.4% 

ʩʫʚʦʛ ʟʝʤˀʠʰʪʘ ʫ ʙʠʙʣʠʦʪʝʮʠ LabSOCS. ɹʠʣʦ ʿʝ ʧʦʪʨʝʙʥʦ ʧʦʥʦʚʠʪʠ ʮʝʦ ʧʦʩʪʫʧʘʢ ʢʦʿʠ ʩʝ ʩʘʩʪʦʿʠ 

ʦʜ ʦʜʨʝʹʠʚʘˁʘ ʝʬʠʢʘʩʥʦʩʪʠ ʜʝʪʝʢʪʦʨʘ ʧʦʤʦ˂ʫ ʩʦʬʪʚʝʨʘ LabSOCS, ʠʟʨʘʯʫʥʘʚʘˁʘ ʬʘʢʪʦʨʘ ʢʦʨʝʢʮʠʿʝ 

ʟʘ ʢʘʩʢʘʜʥʘ ʩʫʤʠʨʘˁʘ ʠ ʧʨʦʨʘʯʫʥʘ ʘʢʪʠʚʥʦʩʪʠ 235U ʠ 238U. ʈʝʟʫʣʪʘʪʠ ʜʨʫʛʝ ʠʪʝʨʘʮʠʿʝ ʧʨʠʢʘʟʘʥʠ ʩʫ 

ʫ ʊʘʙʝʣʠ 5.9. ɸʢʪʠʚʥʦʩʪʠ ʦʜʨʝʹʝʥʝ ʠʟ ʨʘʟʣʠʯʠʪʠʭ ʧʠʢʦʚʘ ʩʘʜʘ ʠʤʘʿʫ ʧʦʜʫʜʘʨʥʝ ʚʨʝʜʥʦʩʪʠ ʠ ˁʠʭʦʚʘ 

ʦʜʩʪʫʧʘˁʘ ʦʜ ʦʪʝʞʘʥʝ ʩʨʝʜˁʝ ʘʢʪʠʚʥʦʩʪʠ ʩʫ ʫʥʫʪʘʨ ʛʨʘʥʠʮʘ ʤʝʨʥʝ ʥʝʩʠʛʫʨʥʦʩʪʠ. 

ʊʘʙʝʣʘ 5.9. ʂʦʥʮʝʥʪʨʘʮʠʿʘ ʘʢʪʠʚʥʦʩʪʠ ʫʟʦʨʢʘ 1ɹ, ʫ ʜʨʫʛʦʿ ʠʪʝʨʘʮʠʿʠ. 

ʈʘʜʠʦʥʫʢʣʠʜ ɽʥʝʨʛʠʿʘ [keV] ʂʦʥʮʝʥʪʨʘʮʠʿʘ ʘʢʪʠʚʥʦʩʪʠ  

[MBq kg -1] 

ʋʩʨʝʜˁʝʥʘ ʘʢʪʠʚʥʦʩʪ 

[MBq kg -1] 

238U 63.29 3.56°0.22 3.59°0.08 

92.59 3.65°0.23 

1001.03 3.59°0.23 

235U 143.76 0.16°0.01 0.166°0.005 

163.33 0.16°0.01 

185.72 0.17°0.01 

ʂʦʨʠʩʪʝ˂ʠ ʤʘʩʝʥʝ ʘʢʪʠʚʥʦʩʪʠ 238U ʠ 235U ʧʨʠʢʘʟʘʥʝ ʫ ʊʘʙʝʣʠ 5.9, ʤʦʛʫ ʩʝ ʠʟʨʘʯʫʥʘʪʠ ʤʘʩʝ 238U ʠ 235U 

ʫ ʫʟʦʨʢʫ, ʧʨʝʢʦ ʿʝʜʥʘʯʠʥʘ 5.20 ʠ 5.21, ʨʝʩʧʝʢʪʠʚʥʦ. 
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 άᴂᴂ
ὃᴂᴂ Ͻὃ U

‗ Ͻὔ
υȢωψς Ὣ 

(5.20) 

   

 
άᴂᴂ

ὃᴂᴂ Ͻὃ U

‗ Ͻὔ
πȢπτσ Ὣ 

(5.21) 

ʀʪʝʨʘʪʠʚʥʠ ʤʝʪʦʜ - ʋʟʦʨʘʢ 2ɹ 

ɿʘ ʨʘʟʣʠʢʫ ʦʜ ʫʟʦʨʢʘ 1ɹ, ʫ ʫʟʦʨʢʫ 2ɹ ʧʦʩʪʦʿʝ ʜʦʜʘʪʥʝ ʩʤʝʪˁʝ ʢʦʿʝ ʧʦʪʠʯʫ ʦʜ ʨʘʩʧʘʜʘ ʠʟ 232Th ʥʠʟʘ ʠ 

ʧʨʝʦʩʪʘʣʠʭ ʯʣʘʥʦʚʘ ʥʠʟʘ 238U ʢʦʿʠ ʥʠʩʫ ʙʠʣʠ ʧʨʠʩʫʪʥʠ ʫ ʫʟʦʨʢʫ 1ɹ. ʆʚʝ ʜʦʧʨʠʥʦʩʝ ʪʘʢʦʹʝ ʪʨʝʙʘ 

ʫʟʝʪʠ ʫ ʦʙʟʠʨ ʧʨʠ ʠʟʨʘʯʫʥʘʚʘˁʫ ʘʢʪʠʚʥʦʩʪʠ ʫʨʘʥʠʿʫʤʘ, ʦʜʫʟʠʤʘˁʝʤ ʦʜ ʦʜʙʨʦʿʘ ʦʜʛʦʚʘʨʘʿʫ˂ʠʭ 

ʧʠʢʦʚʘ ʫ ʩʧʝʢʪʨʫ. ɼʘ ʙʠ ʩʝ ʫʪʚʨʜʠʦ ʜʦʧʨʠʥʦʩ ʦʚʠʭ ʨʘʜʠʦʥʫʢʣʠʜʘ ʥʘ ʪʠʤ ʧʠʢʦʚʠʤʘ, ʙʠʣʦ ʿʝ ʧʦʪʨʝʙʥʦ 

ʧʨʚʦ ʫʪʚʨʜʠʪʠ ˁʠʭʦʚʫ ʘʢʪʠʚʥʦʩʪ. ʆʚʠ ʨʘʜʠʦʥʫʢʣʠʜʠ ʩʫ ʧʨʠʩʫʪʥʠ ʫ ʫʟʦʨʢʫ 2ɹ ʫ ʩʚʦʤ ʧʨʠʨʦʜʥʦʤ 

ʦʙʣʠʢʫ ʧʘ ʿʝ ʧʨʝʪʧʦʩʪʘʚˀʝʥʦ ʜʘ ʩʫ ʯʣʘʥʦʚʠ 232Th ʥʠʟʘ ʠ 238U ʥʠʟʘ ʢʦʿʠ ʥʠʩʫ ʧʨʠʩʫʪʥʠ ʫ ʫʟʦʨʢʫ 1ɹ ʫ 

ʨʘʜʠʦʘʢʪʠʚʥʦʿ ʨʘʚʥʦʪʝʞʠ. ɸʢʪʠʚʥʦʩʪ ʯʣʘʥʦʚʘ ʥʠʟʘ 232Th ʦʜʨʝʹʝʥʘ ʿʝ ʢʦʨʠʰ˂ʝˁʝʤ ʨʝʬʝʨʝʥʪʥʠʭ 

ʧʠʢʦʚʘ 228Ac ʥʘ 338.3 keV, 911.3 keV, ʠ 969.9 keV. ɸʢʪʠʚʥʦʩʪ 228Ac ʿ ʝ ʦʜʨʝʹʝʥʘ ʢʦʨʠʰ˂ʝˁʝʤ ʦʪʝʞʘʥʝ 

ʫʩʨʝʜˁʝʥʝ ʚʨʝʜʥʦʩʪʠ ʦʚʘ ʪʨʠ ʧʠʢʘ, ʘ ʘʢʪʠʚʥʦʩʪ ʦʩʪʘʣʠʭ ʨʘʜʠʦʥʫʢʣʠʜʘ ʠʟ ʥʠʟʘ 232Th ʿʝ ʦʜʨʝʹʝʥʘ ʥʘ 

ʦʩʥʦʚʫ ʨʘʜʠʦʘʢʪʠʚʥʝ ʨʘʚʥʦʪʝʞʝ ʠʟʤʝʹʫ ˁʠʭ ʠ 228Ac. ʀʜʝʥʪʠʯʥʘ ʪʝʭʥʠʢʘ ʿʝ ʢʦʨʠʰ˂ʝʥʘ ʟʘ ʦʜʨʝʹʠʚʘˁʝ 

ʘʢʪʠʚʥʦʩʪʠ ʨʘʜʠʦʥʫʢʣʠʜʘ ʠʟ ʣʘʥʮʘ 238U (ʦʥʠʭ ʢʦʿʠ ʥʠʩʫ ʧʨʠʩʫʪʥʠ ʫ ʧʨʚʦʤ ʫʟʦʨʢʫ), ʧʦʤʦ˂ʫ ʪʨʠ 

ʨʝʬʝʨʝʥʪʥʘ ʧʠʢʘ 214Bi ʥʘ 609.3 keV, 1120.3 keV, ʠ 1764.5 keV. 

ɼʦʜʘʪʥʠ ʜʦʧʨʠʥʦʩʠ ʩʫ ʫʟʝʪʠ ʫ ʦʙʟʠʨ ʪʦʢʦʤ ʧʨʦʨʘʯʫʥʘ ʘʢʪʠʚʥʦʩʪʠ 238U ʫʟ ʧʦʤʦ˂ ʧʠʢʦʚʘ ʥʘ 63.29 keV 

(ʨʘʩʧʘʜ 232Th ʢʦʿʠ ʜʘʿʝ ʛʘʤʘ ʟʨʘʢʝ ʥʘ 63.81 keV) ʠ 92.59 keV (ʨʘʩʧʘʜ 228Ac ʢʦʿʠ ʧʨʦʠʟʚʦʜʠ ʛʘʤʘ ʟʨʘʢʝ 

ʥʘ 93.35 keV). ʇʨʠʣʠʢʦʤ ʨʘʯʫʥʘˁʘ ʘʢʪʠʚʥʦʩʪʠ 235U ʫʟ ʧʦʤʦ˂ ʧʠʢʘ ʦʜ 185.72 keV ʙʠʣʦ ʿʝ ʧʦʪʨʝʙʥʦ 

ʜʦʜʘʪʥʦ ʦʜʫʟʝʪʠ ʜʦʧʨʠʥʦʩʝ ʦʜ 226Ra (186.2 keV) ʠ 228Ac (184.54 keV). ʅʘ ʦʩʥʦʚʫ ʟʘʧʘʞʘˁʘ ʜʦʙʠʿʝʥʠʭ 

ʠʟ ʛʘʤʘ ʩʧʝʢʪʨʘ ʫʟʦʨʘʢʘ ï ʦʜʩʫʩʪʚʦ ʧʦʩʪʨʘʜʦʥʩʢʠʭ ʛʘʤʘ ʧʠʢʦʚʘ (ʫʛʣʘʚʥʦʤ 295.2 keV, 351.9 keV ʠ 

609.3 keV) ʫʢʘʟʫʿʝ ʜʘ ʧʦʩʪʦʿʠ ʤʘʣʠ ʠʣʠ ʥʠʢʘʢʘʚ ʜʦʧʨʠʥʦʩ 226Ra ʧʠʢʫ ʦʜ 185.72 keV. ʊʘʿ ʫʪʠʮʘʿ ʿʝ 

ʩʤʘʪʨʘʥ ʟʘʥʝʤʘʨˀʠʚʠʤ. 

ʋ ʧʨʚʦʿ ʠʪʝʨʘʮʠʿʠ, ʫʟʦʨʘʢ 2ɹ ʿ ʝ ʜʝʬʠʥʠʩʘʥ ʩʣʝʜʝ˂ʠʤ ʢʦʥʩʪʠʪʫʝʥʪʠʤʘ ï 45.47% ʞʫʪʦʛ ʢʦʣʘʯʘ, 38.17% 

ʟʝʤˀʝ ʠ 16.36% ʚʦʜʝ. ʅʘʢʦʥ ʫʪʚʨʹʠʚʘˁʘ ʝʬʠʢʘʩʥʦʩʪʠ ʜʝʪʝʢʪʦʨʘ ʠ ʬʘʢʪʦʨʘ ʢʦʨʝʢʮʠʿʝ, ʠʟʨʘʯʫʥʘʪʘ ʿʝ 

ʘʢʪʠʚʥʦʩʪ ʫʟʦʨʢʘ 2ɹ ʫʟʠʤʘʿʫ˂ʠ ʫ ʦʙʟʠʨ ʩʚʝ ʝʬʝʢʪʝ ʠʥʪʝʨʬʝʨʝʥʮʠʿʝ. ʀʟʨʘʯʫʥʘʪʝ ʘʢʪʠʚʥʦʩʪʠ ʫ ʧʨʚʦʿ 

ʠʪʝʨʘʮʠʿʠ ʧʨʠʢʘʟʘʥʝ ʩʫ ʫ ʊʘʙʝʣʠ 5.10. 
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ʊʘʙʝʣʘ 5.10. ʂʦʥʮʝʥʪʨʘʮʠʿʘ ʘʢʪʠʚʥʦʩʪʠ ʫʟʦʨʢʘ 2ɹ, ʫ ʧʨʚʦʿ ʠʪʝʨʘʮʠʿʠ. 

ʈʘʜʠʦʥʫʢʣʠʜ ɽʥʝʨʛʠʿʘ [keV] ʂʦʥʮʝʥʪʨʘʮʠʿʘ ʘʢʪʠʚʥʦʩʪʠ  

[MBq kg -1] 

ʋʩʨʝʜˁʝʥʘ ʘʢʪʠʚʥʦʩʪ 

[MBq kg -1] 

238U 63.29 4.92±0.31 5.96±0.11 

92.59 5.38±0.33 

1001.03 6.63±0.41 

235U 143.76 0.25±0.02 0.26±0.06 

163.33 0.24±0.01 

185.72 0.30±0.02 

ʀʟʨʘʯʫʥʘʪʝ ʘʢʪʠʚʥʦʩʪʠ 238U ʥʘ ʦʩʥʦʚʫ ʨʘʟʣʠʯʠʪʠʭ ʛʘʤʘ ʧʠʢʦʚʘ ʥʠʩʫ ʙʠʣʝ ʤʝʹʫʩʦʙʥʦ ʫʩʢʣʘʹʝʥʝ ʪʘʢʦ 

ʜʘ ʿʝ ʙʠʣʦ ʥʝʦʧʭʦʜʥʦ ʜʝʬʠʥʠʩʘʪʠ ʥʦʚʠ ʩʘʩʪʘʚ ʫʟʦʨʢʘ ʥʘ ʦʩʥʦʚʫ ʘʢʪʠʚʥʦʩʪʠ ʦʜʨʝʹʝʥʝ ʢʦʨʠʰ˂ʝˁʝʤ 

ʧʠʢʘ ʦʜ 1001.03 keV. ʅʦʚʘ ʤʘʩʘ ʞʫʪʦʛ ʢʦʣʘʯʘ ʦʜʨʝʹʝʥʘ ʿʝ ʿʝʜʥʘʯʠʥʘʤʘ (5.22) ʠ (5.23) ʠ ʥʘ ʦʩʥʦʚʫ 

ʪʦʛʘ ʿʝ ʦʜʨʝʹʝʥ ʥʦʚʠ ʩʘʩʪʘʚ ʫʟʦʨʢʘ ʟʘ ʜʨʫʛʫ ʠʪʝʨʘʮʠʿʫ ʢʘʦ: 63.33% ʞʫʪʦʛ ʢʦʣʘʯʘ, 25.67% ʟʝʤˀʝ ʠ 

11% ʚʦʜʝ. 

 άᴂ
ὃ ρππρ keVϽὃ Ὗ

‗ Ͻὔ
ςφȢτχ Ὣ (5.22) 

   

 
ά

ά σϽὃ Ὗ ψϽὃ ὕ

σϽὃ Ὗ
σρȢςρ Ὣ 

(5.23) 

ʇʦʥʘʚˀʘʿʫ˂ʠ ʧʨʝʪʭʦʜʥʦ ʦʧʠʩʘʥ ʧʦʩʪʫʧʘʢ, ʥʦʚʝ ʘʢʪʠʚʥʦʩʪʠ ʩʫ ʩʨʘʯʫʥʘʪʝ ʫ ʜʨʫʛʦʿ ʠʪʝʨʘʮʠʿʠ, ʠ 

ʧʨʠʢʘʟʘʥʝ ʩʫ ʫ ʊʘʙʝʣʠ 5.11. 

  
















































































































