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ɹʝʨʝʞʢʦ ɽ.ɻ.  

ɺʚʝʜʝʥʠʝ ʚ ʬʠʟʠʢʫ ʢʦʩʤʦʩʘ: ʋʯʝʙʥʦʝ ʧʦʩʦʙʠʝ. 

  
 ʕʪʘ ʢʥʠʛʘ ʥʘʧʠʩʘʥʘ ʥʘ ʦʩʥʦʚʝ ʢʫʨʩʘ ʣʝʢʮʠʡ ʧʦ ʦʩʥʦʚʘʤ ʢʦʩʤʠʯʝʩʢʦʡ ʬʠʟʠʢʠ, 

ʢʦʪʦʨʳʡ ʘʚʪʦʨ ʯʠʪʘʣ ʚ ʪʝʯʝʥʠʝ ʨʷʜʘ ʣʝʪ ʩʪʫʜʝʥʪʘʤ ʬʠʟʠʯʝʩʢʦʛʦ ʬʘʢʫʣʴʪʝʪʘ ʉʝʚʝʨʦ-

ɺʦʩʪʦʯʥʦʛʦ ʬʝʜʝʨʘʣʴʥʦʛʦ ʫʥʠʚʝʨʩʠʪʝʪʘ (ʜʦ 2010 ʛ - ʗʢʫʪʩʢʦʛʦ ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʛʦ 

ʫʥʠʚʝʨʩʠʪʝʪʘ). 

 ʎʝʣʴ ʢʥʠʛʠ ï ʦʟʥʘʢʦʤʣʝʥʠʝ ʩʪʫʜʝʥʪʦʚ ʬʠʟʠʯʝʩʢʠʭ ʩʧʝʮʠʘʣʴʥʦʩʪʝʡ ʩ ʦʩʥʦʚʘʤʠ 

ʬʠʟʠʢʠ ʢʦʩʤʦʩʘ. ʌʠʟʠʢʘ ʢʦʩʤʦʩʘ ï ʥʘʫʢʘ ʦ ʬʠʟʠʯʝʩʢʠʭ ʷʚʣʝʥʠʷʭ ʚʦ ɺʩʝʣʝʥʥʦʡ. ʊʦ, ʯʪʦ 

ʦʙrʯʥʦ ʧʦʥʠʤʘʝʪʩʷ ʧʦʜ ʬʠʟʠʢʦʡ ʢʦʩʤʦʩʘ, ʚʦ ʤʥʦʛʦʤ ʩʦʚʧʘʜʘʝʪ ʩ ʙʦʣʝʝ ʫʧʦʪʨʝʙʠʪʝʣʴʥʳʤ 

ʧʦʥʷʪʠʝʤ çʘʩʪʨʦʬʠʟʠʢʘè.  ʊʝʨʤʠʥ çʬʠʟʠʢʘ ʢʦʩʤʦʩʘè ʠʩʧʦʣʴʟʫʝʪʩʷ ʟʜʝʩʴ, ʯʪʦʙʳ 

ʧʦʜʯʝʨʢʥʫʪʴ, ʯʪʦ ʘʢʮʝʥʪ ʜʝʣʘʝʪʩʷ ʥʘ ʬʠʟʠʯʝʩʢʠʭ ʟʘʢʦʥʘʭ, ʣʝʞʘʱʠʭ ʚ ʦʩʥʦʚʝ ʠʟʫʯʘʝʤʳʭ 

ʷʚʣʝʥʠʡ.  

 ʂʥʠʛʘ ʥʝ ʧʨʝʪʝʥʜʫʝʪ ʥʘ ʠʩʯʝʨʧʳʚʘʶʱʝʝ ʠʟʣʦʞʝʥʠʝ ʟʘʪʨʦʥʫʪʳʭ ʚ ʥʝʡ ʚʦʧʨʦʩʦʚ. 

ɺʤʝʩʪʝ ʩ ʪʝʤ, ʘʚʪʦʨ ʩʯʠʪʘʣ ʮʝʣʝʩʦʦʙʨʘʟʥʳʤ ʦʙʨʠʩʦʚʘʪʴ ʧʦʩʣʝʜʥʠʝ ʜʦʩʪʠʞʝʥʠʷ ʥʘʫʢʠ ʚ 

ʦʙʣʘʩʪʠ ʘʩʪʨʦʬʠʟʠʢʠ, ʘ ʪʘʢʞʝ ʦʙʦʟʥʘʯʠʪʴ ʥʝʨʝʰʝʥʥʳʝ ʧʨʦʙʣʝʤʳ, ʩʪʦʷʱʠʝ ʚ ʧʦʚʝʩʪʢʝ 

ʩʝʛʦʜʥʷʰʥʝʛʦ ʜʥʷ. 

 ʆʪʣʠʯʠʪʝʣʴʥʦʡ ʦʩʦʙʝʥʥʦʩʪʴʶ  ʜʘʥʥʦʡ ʢʥʠʛʠ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʘʥʘʣʦʛʠʯʥʳʤʠ  

ʢʫʨʩʘʤʠ ʷʚʣʷʝʪʩʷ ʪʦ, ʯʪʦ ʚ ʥʝʡ ʥʘʨʷʜʫ ʩ ʪʨʘʜʠʮʠʦʥʥʳʤʠ ʜʣʷ ʘʩʪʨʦʬʠʟʠʢʠ ʚʦʧʨʦʩʘʤʠ 

ʠʟʣʦʞʝʥʳ ʦʩʥʦʚʳ ʪʘʢʠʭ ʨʘʟʜʝʣʦʚ, ʢʘʢ çɻʝʣʠʦʩʬʝʨʘè, çʉʦʣʥʝʯʥʘʷ ʘʢʪʠʚʥʦʩʪʴè,  

çʉʦʣʥʝʯʥʦ-ʟʝʤʥʳʝ ʩʚʷʟʠè, çɸʩʪʨʦʬʠʟʠʢʘ ʢʦʩʤʠʯʝʩʢʠʭ ʣʫʯʝʡè. 

 ɸʚʪʦʨ ʚʳʨʘʞʘʝʪ ʩʚʦʶ ʧʨʠʟʥʘʪʝʣʴʥʦʩʪʴ ɻ.ʌ. ʂʨʳʤʩʢʦʤʫ, ʢʦʪʦʨʳʡ ʚʟʷʣ ʥʘ ʩʝʙʷ 

ʪʨʫʜ ʧʨʦʯʠʪʘʪʴ ʢʥʠʛʫ ʠ ʩʜʝʣʘʪʴ ʨʷʜ ʮʝʥʥʳʭ ʟʘʤʝʯʘʥʠʡ, ʃ.ʊ. ʂʩʝʥʦʬʦʥʪʦʚʫ ʟʘ ʧʦʤʦʱʴ ʚ 

ʧʦʜʛʦʪʦʚʢʝ ʢʥʠʛʠ ʢ ʧʫʙʣʠʢʘʮʠʠ. 

 

 

ʆʪʚʝʪʩʪʚʝʥʥʳʡ ʨʝʜʘʢʪʦʨ: ʜ.ʬ.-ʤ.ʥ. ʖ.ʄ. ɻʨʠʛʦʨʴʝʚ 
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1. ɺʚʝʜʝʥʠʝ 
 
1.1 ʂʦʩʤʦʩ 

 

ɺ ʩʦʚʨʝʤʝʥʥʦʤ ʧʦʥʠʤʘʥʠʠ ʢʦʩʤʦʩ ʝʩʪʴ ʚʩʝ ʥʘʭʦʜʷʱʝʝʩʷ ʟʘ ʧʨʝʜʝʣʘʤʠ ɿʝʤʣʠ ʠ ʟʝʤʥʦʡ 

ʘʪʤʦʩʬʝʨʳ. ɺ ʘʥʛʣʦʷʟʳʯʥʦʡ ʥʘʫʯʥʦʡ ʣʠʪʝʨʘʪʫʨʝ ʚ ʢʘʯʝʩʪʚʝ ʘʥʘʣʦʛʘ ʪʝʨʤʠʥʘ çʢʦʩʤʦʩè 

ʧʦʣʴʟʫʶʪʩʷ ʩʣʦʚʦʤ çʧʨʦʩʪʨʘʥʩʪʚʦè (space).  ʌʠʟʠʢʘ ʢʦʩʤʦʩʘ ï ʥʘʫʢʘ ʦ ʬʠʟʠʯʝʩʢʠʭ ̫ ʚʣʝʥʠʷʭ 

ʚʦ ɺʩʝʣʝʥʥʦʡ. ʊʦ, ʯʪʦ ʦʙʳʯʥʦ ʧʦʥʠʤʘʝʪʩʷ ʧʦʜ ʬʠʟʠʢʦʡ ʢʦʩʤʦʩʘ, ʚʦ ʤʥʦʛʦʤ ʩʦʚʧʘʜʘʝʪ ʩ 

ʙʦʣʝʝ ʫʧʦʪʨʝʙʠʪʝʣʴʥʳʤ ʧʦʥʷʪʠʝʤ çʘʩʪʨʦʬʠʟʠʢʘè.  ʊʝʨʤʠʥʦʤ çʬʠʟʠʢʘ ʢʦʩʤʦʩʘè 

ʧʦʣʴʟʫʶʪʩʷ, ʢʦʛʜʘ ʭʦʪʷʪ ʧʦʜʯʝʨʢʥʫʪʴ, ʯʪʦ ʘʢʮʝʥʪ ʜʝʣʘʝʪʩʷ ʥʘ ʬʠʟʠʯʝʩʢʠʭ ʟʘʢʦʥʘʭ, ʣʝʞʘʱʠʭ 

ʚ ʦʩʥʦʚʝ ʠʟʫʯʘʝʤʳʭ ʷʚʣʝʥʠʡ. ʀʤʝʥʥʦ ʧʦʵʪʦʤʫ ʪʝʨʤʠʥ çʬʠʟʠʢʘ ʢʦʩʤʦʩʘè ʚʳʥʝʩʝʥ ʚ ʟʘʛʣʘʚʠʝ 

ʢʥʠʛʠ, ʭʦʪʷ ʜʣʷ ʢʨʘʪʢʦʩʪʠ ʥʠʞʝ ʤʳ ʙʫʜʝʤ ʚ ʦʩʥʦʚʥʦʤ ʠʩʧʦʣʴʟʦʚʘʪʴ ʪʝʨʤʠʥ çʘʩʪʨʦʬʠʟʠʢʘè. 

ʍʦʪʷ ʘʩʪʨʦʬʠʟʠʢʘ ʷʚʣʷʝʪʩʷ ʨʘʟʜʝʣʦʤ ʙʦʣʝʝ ʦʙʱʝʡ ʥʘʫʢʠ ʘʩʪʨʦʥʦʤʠʠ, ʤʥʦʛʠʝ ʨʘʟʜʝʣʳ 

ʩʦʚʨʝʤʝʥʥʦʡ ʘʩʪʨʦʬʠʟʠʢʠ ʚʢʣʶʯʘʶʪ ʚ ʩʚʦʝʤ ʥʘʟʚʘʥʠʠ ʩʣʦʚʦ çʘʩʪʨʦʥʦʤʠʷè: 

çʈʘʜʠʦʘʩʪʨʦʥʦʤʠʷè, çʈʝʥʪʛʝʥʦʚʩʢʘʷ ʘʩʪʨʦʥʦʤʠʷè ʠ ʪ.ʜ. 

ɹʣʠʞʘʡʰʘʷ ʠ ʥʘʠʙʦʣʝʝ ʠʟʫʯʝʥʥʘʷ ʦʙʣʘʩʪʴ ʢʦʩʤʦʩʘ ï ʦʢʦʣʦʟʝʤʥʦʝ ʢʦʩʤʠʯʝʩʢʦʝ 

ʧʨʦʩʪʨʘʥʩʪʚʦ. ʉʚʦʡʩʪʚʘ ʚʝʱʝʩʪʚʘ ʠ ʧʨʦʮʝʩʩʳ, ʧʨʦʪʝʢʘʶʱʠʝ ʚ ʵʪʦʡ ʦʙʣʘʩʪʠ, ʚ 

ʟʥʘʯʠʪʝʣʴʥʦʡ ʤʝʨʝ ʦʧʨʝʜʝʣʷʶʪʩʷ ʚʣʠʷʥʠʝʤ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ɿʝʤʣʠ. ʇʦʵʪʦʤʫ ʙʣʠʞʥʠʡ 

ʢʦʩʤʦʩ ʧʨʠʥʷʪʦ ʥʘʟʳʚʘʪʴ ʤʘʛʥʠʪʦʩʬʝʨʦʡ ɿʝʤʣʠ. 

ɿʝʤʣʷ ʩ ʝʝ ʤʘʛʥʠʪʦʩʬʝʨʦʡ ʷʚʣʷʶʪʩʷ ʯʘʩʪʴʶ ʉʦʣʥʝʯʥʦʡ ʩʠʩʪʝʤʳ, ʢʦʪʦʨʘʷ ʚʢʣʶʯʘʝʪ ʚ 

ʩʝʙʷ ʉʦʣʥʮʝ, ʧʣʘʥʝʪʳ, ʠʭ ʩʧʫʪʥʠʢʠ ʠ ʢʦʤʝʪʳ. ʇʨʦʩʪʨʘʥʩʪʚʦ ʤʝʞʜʫ ʧʣʘʥʝʪʘʤʠ 

(ʤʝʞʧʣʘʥʝʪʥʦʝ ʧʨʦʩʪʨʘʥʩʪʚʦ) ʟʘʧʦʣʥʝʥʦ ʨʘʟʨʝʞʝʥʥʦʡ ʩʦʣʥʝʯʥʦʡ ʧʣʘʟʤʦʡ, ʥʝʧʨʝʨʳʚʥʦ 

ʠʩʪʝʢʘʶʱʝʡ ʩ ʧʦʚʝʨʭʥʦʩʪʠ ʉʦʣʥʮʘ. 

ʉʦʣʥʮʝ ï ʦʜʥʘ ʠʟ ~ 1011 ʟʚʝʟʜ, ʦʙʨʘʟʫʶʱʠʭ ʛʠʛʘʥʪʩʢʫʶ ʟʚʝʟʜʥʫʶ ʩʠʩʪʝʤʫ ï ɻʘʣʘʢʪʠʢʫ. 

ɻʘʣʘʢʪʠʢʘ ʠʤʝʝʪ ʚʠʜ ʧʣʦʩʢʦʛʦ ʜʠʩʢʘ, ʥʘ ʧʝʨʠʬʝʨʠʠ ʢʦʪʦʨʦʛʦ ʨʘʩʧʦʣʦʞʝʥʦ ʉʦʣʥʮʝ. 

ʇʦʵʪʦʤʫ ʥʘʙʣʶʜʘʪʝʣʴ ʚʠʜʠʪ ʥʘ ʥʦʯʥʦʤ ʥʝʙʦʩʚʦʜʝ ʩʚʝʪʷʱʫʶʩʷ ʧʦʣʦʩʫ ï ʄʣʝʯʥʳʡ ʇʫʪʴ, 

ʩʦʩʪʦʷʱʠʡ ʠʟ ʟʚʝʟʜ ʛʘʣʘʢʪʠʯʝʩʢʦʛʦ ʜʠʩʢʘ. 

ɻʘʣʘʢʪʠʢʠ ʦʪʣʠʯʘʶʪʩʷ ʩʚʦʠʤʠ ʬʦʨʤʘʤʠ, ʨʘʟʤʝʨʘʤʠ ʠ ʯʠʩʣʦʤ ʚʭʦʜʷʱʠʭ ʚ ʥʠʭ ʟʚʝʟʜ. 

ɿʘʜʘʯʠ ʘʩʪʨʦʬʠʟʠʢʠ ʩʦʩʪʦʷʪ ʚ ʠʩʩʣʝʜʦʚʘʥʠʠ ʠʥʜʠʚʠʜʫʘʣʴʥʳʭ ʥʝʙʝʩʥʳʭ ʦʙʲʝʢʪʦʚ 

(ʧʣʘʥʝʪʳ, ʢʦʤʝʪʳ, ʟʚʝʟʜʳ), ʘ ʪʘʢʞʝ ʩʠʩʪʝʤ ʥʝʙʝʩʥʳʭ ʦʙʲʝʢʪʦʚ (ʧʣʘʥʝʪʥʳʝ ʩʠʩʪʝʤʳ, 

ʛʘʣʘʢʪʠʢʠ, ʩʢʦʧʣʝʥʠʷ ʛʘʣʘʢʪʠʢ ʠ ʜʨ.), ʚʢʣʶʯʘʷ ɺʩʝʣʝʥʥʫʶ ʚ ʮʝʣʦʤ, ʩ ʮʝʣʴʶ ʫʩʪʘʥʦʚʠʪʴ 

ʩʪʨʦʝʥʠʝ ʠ ʵʚʦʣʶʮʠʶ ʵʪʠʭ ʦʙʲʝʢʪʦʚ. 

 

1.2. ʆʩʦʙʝʥʥʦʩʪʠ ʘʩʪʨʦʬʠʟʠʯʝʩʢʠʭ ʠʩʩʣʝʜʦʚʘʥʠʡ 

 

ʆʪʣʠʯʠʪʝʣʴʥʦʡ ʦʩʦʙʝʥʥʦʩʪʴʶ ʘʩʪʨʦʬʠʟʠʯʝʩʢʠʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʷʚʣʷʝʪʩʷ ʥʝʚʦʟʤʦʞ-

ʥʦʩʪʴ ʧʦʩʪʘʚʠʪʴ ʵʢʩʧʝʨʠʤʝʥʪ ʚ ʧʨʠʚʳʯʥʦʤ ʜʣʷ ʬʠʟʠʢʠ ʩʤʳʩʣʝ ʵʪʦʛʦ ʩʣʦʚʘ. ʅʝ ʧʨʝʜʩʪʘʚ-

ʣʷʝʪʩʷ ʚʦʟʤʦʞʥʳʤ ʩʧʝʮʠʘʣʴʥʳʤ ʦʙʨʘʟʦʤ ʧʦʜʛʦʪʦʚʠʪʴ ʠʩʩʣʝʜʫʝʤʳʡ ʢʦʩʤʠʯʝʩʢʠʡ ʦʙʲʝʢʪ 

ʠʣʠ ʚʦʦʙʱʝ ʢʘʢ-ʪʦ ʧʦʚʣʠʷʪʴ ʥʘ ʥʝʛʦ. ʇʦʤʠʤʦ ʵʪʦʛʦ, ʠʩʩʣʝʜʦʚʘʪʝʣʴ, ʢʘʢ ʧʨʘʚʠʣʦ, ʥʝ ʠʤʝʝʪ 

ʚʦʟʤʦʞʥʦʩʪʠ   ʚʳʧʦʣʥʷʪʴ ʠʟʤʝʨʝʥʠʷ ʚ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦʡ ʙʣʠʟʦʩʪʠ ʦʪ ʠʟʫʯʘʝʤʳʭ ʦʙʲʝʢʪʦʚ. 

ʀʩʢʣʶʯʝʥʠʝʤ ʷʚʣʷʶʪʩʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʬʠʟʠʯʝʩʢʠʭ ʷʚʣʝʥʠʡ ʚ ʤʝʞʧʣʘʥʝʪʥʦʤ ʧʨʦʩʪʨʘʥʩʪʚʝ, 

ʛʜʝ ʠʤʝʝʪʩʷ ʚʦʟʤʦʞʥʦʩʪʴ ʧʨʦʠʟʚʦʜʠʪʴ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦʝ ʠʟʤʝʨʝʥʠʝ ʪʨʝʙʫʝʤʳʭ ʧʘʨʘʤʝʪ-
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ʨʦʚ ʩ ʧʦʤʦʱʴʶ ʧʨʠʙʦʨʦʚ, ʫʩʪʘʥʦʚʣʝʥʥʳʭ ʥʘ ʢʦʩʤʠʯʝʩʢʠʭ ʘʧʧʘʨʘʪʘʭ.   ɺ ʦʩʪʘʣʴʥʳʭ ʩʣʫ-

ʯʘʷʭ ʦʩʥʦʚʥʳʤ ʠʩʪʦʯʥʠʢʦʤ ʩʚʝʜʝʥʠʡ ʦ ʥʝʙʝʩʥʳʭ ʪʝʣʘʭ   ʷʚʣʷʶʪʩʷ ʨʘʟʥʦʛʦ ʪʠʧʘ ʠʟʣʫʯʝʥʠʷ, 

ʢʦʪʦʨʳʝ ʣʠʙʦ ʠʩʧʫʩʢʘʶʪʩʷ, ʣʠʙʦ ʦʪʨʘʞʘʶʪʩʷ ʵʪʠʤʠ ʪʝʣʘʤʠ. ʆʧʨʝʜʝʣʝʥʠʝ ʩʚʦʡʩʪʚ ʜʦʩʪʠ-

ʛʘʶʱʝʛʦ ɿʝʤʣʠ ʠʟʣʫʯʝʥʠʷ ʥʘ ʦʩʥʦʚʝ ʬʠʟʠʯʝʩʢʠʭ ʟʘʢʦʥʦʚ, ʦʧʠʩʳʚʘʶʱʠʭ ʚʦʟʥʠʢʥʦʚʝʥʠʝ 

ʠʟʣʫʯʝʥʠʷ ʪʦʛʦ ʠʣʠ ʠʥʦʛʦ ʪʠʧʘ, ʧʦʟʚʦʣʷʝʪ ʧʦʣʫʯʘʪʴ ʠʥʬʦʨʤʘʮʠʶ ʦʙ ʠʟʫʯʘʝʤʦʤ ʦʙʲʝʢʪʝ. 

ʅʝʧʦʩʨʝʜʩʪʚʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʥʘʙʣʶʜʝʥʠʡ, ʢʘʢ ʧʨʘʚʠʣʦ, ʩʚʦʜʷʪʩʷ ʢ ʠʟʤʝʨʝʥʥʦʡ 

ʵʥʝʨʛʠʠ, ʧʨʠʭʦʜʷʱʝʡ ʦʪ ʠʩʪʦʯʥʠʢʘ, ʚ ʦʧʨʝʜʝʣʝʥʥʳʭ ʠʥʪʝʨʚʘʣʘʭ ʩʧʝʢʪʨʘ. ʀʥʪʝʨʧʨʝʪʘʮʠʷ 

ʨʝʟʫʣʴʪʘʪʦʚ ʥʘʙʣʶʜʝʥʠʡ ʙʘʟʠʨʫʝʪʩʷ ʥʘ ʟʥʘʥʠʠ ʤʝʭʘʥʠʟʤʦʚ ʛʝʥʝʨʘʮʠʠ ʠʟʣʫʯʝʥʠʷ  ʠ  

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ  ʠʟʣʫʯʝʥʠʷ ʩ ʚʝʱʝʩʪʚʦʤ. 

ɺʘʞʥʦʡ ʦʩʦʙʝʥʥʦʩʪʴʶ ʘʩʪʨʦʬʠʟʠʢʠ ʷʚʣʷʝʪʩʷ ʪʦ, ʯʪʦ ʦʥʘ ʟʘʯʘʩʪʫʶ ʠʤʝʝʪ ʜʝʣʦ ʩ 

ʷʚʣʝʥʠʷʤʠ ʠ ʧʨʦʮʝʩʩʘʤʠ, ʥʝ ʚʦʩʧʨʦʠʟʚʦʜʠʤʳʤʠ ʚ ʣʘʙʦʨʘʪʦʨʥʳʭ ʫʩʣʦʚʠʷʭ. ʇʨʠʤʝʨʦʤ 

ʤʦʛʫʪ ʩʣʫʞʠʪʴ ʪʝʨʤʦʷʜʝʨʥʳʝ ʨʝʘʢʮʠʠ, ʢʦʪʦʨʳʝ ʷʚʣʷʶʪʩʷ ʦʜʥʠʤ ʠʟ ʛʣʘʚʥʳʭ ʠʩʪʦʯʥʠʢʦʚ 

ʵʥʝʨʛʠʠ ʟʚʝʟʜ. ɺ ʪʦ ʞʝ ʚʨʝʤʷ, ʩʦʟʜʘʥʠʝ ʫʧʨʘʚʣʷʝʤʦʛʦ ʪʝʨʤʦʷʜʝʨʥʦʛʦ ʨʝʘʢʪʦʨʘ ʜʣʷ 

ʧʨʘʢʪʠʯʝʩʢʠʭ ʮʝʣʝʡ ï ʜʝʣʦ ʙʫʜʫʱʝʛʦ.  

ɼʨʫʛʠʤ ʧʨʠʤʝʨʦʤ ʷʚʣʷʶʪʩʷ ʵʢʩʪʨʝʤʘʣʴʥʳʝ ʧʣʦʪʥʦʩʪʠ ʚʝʱʝʩʪʚʘ ʘʩʪʨʦʬʠʟʠʯʝʩʢʠʭ 

ʦʙʲʝʢʪʦʚ ï ʦʪ 10-30 ʛ/ʩʤ3 ʚ ʩʣʫʯʘʝ ʤʝʞʛʘʣʘʢʪʠʯʝʩʢʦʛʦ ʛʘʟʘ ʜʦ 1015 ʛ/ʩʤ3 ʚ ʩʣʫʯʘʝ ʥʝʡʪʨʦʥʥʳʭ 

ʟʚʝʟʜ. ɺʩʝ ʵʪʦ ʧʨʠʚʝʣʦ ʢ ʠʩʯʝʟʥʦʚʝʥʠʶ ʩʢʦʣʴ-ʥʠʙʫʜʴ ʨʝʟʢʦʡ ʛʨʘʥʠ ʤʝʞʜʫ ʬʠʟʠʢʦʡ ʠ 

ʘʩʪʨʦʬʠʟʠʢʦʡ, ʧʦʩʢʦʣʴʢʫ ʩʦʚʨʝʤʝʥʥʳʝ ʘʩʪʨʦʬʠʟʠʯʝʩʢʠʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʷʚʣʷʶʪʩʷ ʚʘʞʥʳʤ 

ʠʩʪʦʯʥʠʢʦʤ ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʭ ʟʥʘʥʠʡ. 

ʀʩʪʦʨʠʯʝʩʢʠ ʘʩʪʨʦʬʠʟʠʢʘ ʚʳʜʝʣʠʣʘʩʴ ʚ ʩʘʤʦʩʪʦʷʪʝʣʴʥʦʝ ʥʘʫʯʥʦʝ ʥʘʧʨʘʚʣʝʥʠʝ ʩ 

ʧʦʷʚʣʝʥʠʝʤ ʚ ʢʦʥʮʝ 19-ʛʦ ʚʝʢʘ ʩʧʝʢʪʨʘʣʴʥʦʛʦ ʘʥʘʣʠʟʘ, ʢʦʪʦʨʳʡ ʦʪʢʨʳʣ ʚʦʟʤʦʞʥʦʩʪʴ 

ʜʠʩʪʘʥʮʠʦʥʥʦʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ ʭʠʤʠʯʝʩʢʦʛʦ ʩʦʩʪʘʚʘ ʠ ʬʠʟʠʯʝʩʢʦʛʦ ʩʦʩʪʦʷʥʠʷ ʥʝ ʪʦʣʴʢʦ 

ʣʘʙʦʨʘʪʦʨʥʳʭ, ʥʦ ʠ ʘʩʪʨʦʥʦʤʠʯʝʩʢʠʭ ʠʩʪʦʯʥʠʢʦʚ ʩʚʝʪʘ. ʅʘ ʦʩʥʦʚʝ ʥʘʙʣʶʜʝʥʠʷ ʩʧʝʢʪʨʦʚ 

ʟʚʝʟʜ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʘʩʪʨʦʥʦʤʠʯʝʩʢʠʝ ʪʝʣʘ ʩʦʩʪʦʷʪ ʠʟ ʘʪʦʤʦʚ ʠʟʚʝʩʪʥʳʭ ʥʘ ɿʝʤʣʝ 

ʵʣʝʤʝʥʪʦʚ, ʧʦʜʯʠʥʷʶʱʠʭʩʷ ʪʝʤ ʞʝ ʬʠʟʠʯʝʩʢʠʤ ʟʘʢʦʥʘʤ. ʍʠʤʠʯʝʩʢʦʝ ʝʜʠʥʩʪʚʦ ʧʨʠʨʦʜʳ 

ʦʩʦʙʝʥʥʦ ʥʘʛʣʷʜʥʦ ʙʳʣʦ ʧʦʜʪʚʝʨʞʜʝʥʦ ʦʪʢʨʳʪʠʝʤ ʛʝʣʠʷ ï ʩʥʘʯʘʣʘ ʚ ʘʪʤʦʩʬʝʨʝ ʉʦʣʥʮʘ, ʘ 

ʪʦʣʴʢʦ ʟʘʪʝʤ ï ʚ ʥʝʢʦʪʦʨʳʭ ʤʠʥʝʨʘʣʘʭ ʥʘ ɿʝʤʣʝ. ʉʦʚʨʝʤʝʥʥʳʝ ʤʝʪʦʜʳ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ʧʦʟʚʦʣʷʶʪ ʧʦ ʩʧʝʢʪʨʘʣʴʥʳʤ ʦʩʦʙʝʥʥʦʩʪʷʤ ʠʟʣʫʯʝʥʠʷ ʥʝ ʪʦʣʴʢʦ ʫʟʥʘʪʴ ʩʦʩʪʘʚ, 

ʪʝʤʧʝʨʘʪʫʨʫ ʠ ʧʣʦʪʥʦʩʪʴ ʩʨʝʜʳ, ʥʦ ʠ ʠʟʤʝʨʠʪʴ ʩʢʦʨʦʩʪʠ ʠʩʪʦʯʥʠʢʦʚ ʠ ʩʢʦʨʦʩʪʠ 

ʚʥʫʪʨʝʥʥʠʭ ʜʚʠʞʝʥʠʡ ʚ ʥʠʭ, ʦʮʝʥʠʪʴ ʨʘʩʩʪʦʷʥʠʝ ʜʦ ʥʠʭ, ʚʳʷʩʥʠʪʴ ʤʝʭʘʥʠʟʤ ʠʟʣʫʯʝʥʠʷ ʠ 

ʤʥʦʛʠʝ ʜʨʫʛʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʥʘ ʙʘʟʝ ʬʠʟʠʯʝʩʢʠʭ ʪʝʦʨʠʡ. 

ʇʨʘʢʪʠʯʝʩʢʠ ʚʘʞʥʳʤʠ ʜʣʷ ʘʩʪʨʦʬʠʟʠʢʠ ʥʘ ʩʝʛʦʜʥʷʰʥʠʡ ʜʝʥʴ ʷʚʣʷʶʪʩʷ ʪʨʠ ʚʠʜʘ 

ʠʟʣʫʯʝʥʠʷ: ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʝ ʠʟʣʫʯʝʥʠʝ, ʢʦʩʤʠʯʝʩʢʠʝ ʣʫʯʠ ʠ ʥʝʡʪʨʠʥʥʦʝ ʠʟʣʫʯʝʥʠʝ. 

ɺʧʣʦʪʴ ʜʦ ʩʝʨʝʜʠʥʳ 20-ʛʦ ʚʝʢʘ ʚʩʝ ʘʩʪʨʦʥʦʤʠʯʝʩʢʠʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʙʳʣʠ ʦʩʥʦʚʘʥʳ 

ʥʘ ʨʝʛʠʩʪʨʘʮʠʠ ʦʧʪʠʯʝʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ ʠʣʠ ʧʦʧʨʦʩʪʫ ʚʠʜʠʤʦʛʦ ʩʚʝʪʘ. ʆʙʣʘʩʪʠ ʚʠʜʠʤʦʛʦ 

ʠʟʣʫʯʝʥʠʷ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʠʥʪʝʨʚʘʣ ʜʣʠʥ ʚʦʣʥ ʦʪ 3900 ¡ ʜʦ 7600 ¡, ʛʜʝ  

 

                                        1 ¡ (ʘʥʛʩʪʨʝʤ)  = 10-8 ʩʤ.   

 

ɿʜʝʩʴ ʠ ʜʘʣʝʝ ʠʩʧʦʣʴʟʫʝʪʩʷ ɻʘʫʩʩʦʚʘ ʩʠʩʪʝʤʘ ʝʜʠʥʠʮ ʠʟʤʝʨʝʥʠʷ.  

ʕʣʝʢʪʨʦʤʘʛʥʠʪʥʦʝ ʠʟʣʫʯʝʥʠʝ, ʢʘʢ ʠ ʜʨʫʛʠʝ ʤʠʢʨʦʦʙʲʝʢʪʳ, ʦʙʣʘʜʘʝʪ ʜʚʦʡʩʪʚʝʥʥʦʡ 

ʧʨʠʨʦʜʦʡ. ʉ ʦʜʥʦʡ ʩʪʦʨʦʥʳ ʦʥʦ ʦʙʣʘʜʘʝʪ ʚʦʣʥʦʚʳʤʠ ʩʚʦʡʩʪʚʘʤʠ, ʧʨʦʷʚʣʷʶʱʠʤʠʩʷ ʚ ʪʘʢʠʭ 

ʷʚʣʝʥʠʷʭ, ʢʘʢ ʠʥʪʝʨʬʝʨʝʥʮʠʷ ʠ ʜʠʬʨʘʢʮʠʷ. ʇʦʵʪʦʤʫ ʦʥʦ ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ ʜʣʠʥʦʡ ʚʦʣʥʳ ɚ 

ʠ ʯʘʩʪʦʪʦʡ ɜ, ʧʨʦʠʟʚʝʜʝʥʠʝ ʢʦʪʦʨʳʭ ʨʘʚʥʦ ʩʢʦʨʦʩʪʠ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʳʭ 

ʚʦʣʥ 

 

                                       c = ɚɜ, 

 

ʠʣʠ ʧʦʧʨʦʩʪʫ ï ʩʢʦʨʦʩʪʠ ʩʚʝʪʘ. ʉʢʦʨʦʩʪʴ ʩʚʝʪʘ ʚ ʚʘʢʫʫʤʝ ʩʦʩʪʘʚʣʷʝʪ 

 

                                     c = 3Ț1010 ʩʤ/ʩ. 
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ɺ ʪʦ ʞʝ ʚʨʝʤʷ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʝ ʠʟʣʫʯʝʥʠʝ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʧʦʪʦʢ ʯʘʩʪʠʮ ï 

ʬʦʪʦʥʦʚ.  ʕʥʝʨʛʠʷ ʬʦʪʦʥʦʚ ʦʜʥʦʟʥʘʯʥʦ ʩʚʷʟʘʥʘ ʩ ʯʘʩʪʦʪʦʡ ʠʣʠ ʜʣʠʥʦʡ ʚʦʣʥʳ 

ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʳʭ ʢʦʣʝʙʘʥʠʡ ʩʦʦʪʥʦʰʝʥʠʷʤʠ 

 

                              
hc

he n
l

= =  , 

 
ʚ ʢʦʪʦʨʳʭ  

 
                                  h = 6.626Ŀ10-27 ʨɻʛĿʩ  

 
ī ʧʦʩʪʦʷʥʥʘʷ ʇʣʘʥʢʘ. ɼʣʷ ʠʟʤʝʨʝʥʠʷ ʵʥʝʨʛʠʠ ʯʘʩʪʠʮ ʧʨʠʥʷʪʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʚʥʝʩʠʩʪʝʤʥʫʶ 

ʝʜʠʥʠʮʫ ʵʥʝʨʛʠʠ ʵʣʝʢʪʨʦʥʚʦʣʴʪ: 

 

                              1 ʵɺ = 1.6Ț10-12 ʵʨʛ. 

 

ʂʚʘʥʪʳ ʚʠʜʠʤʦʛʦ ʩʚʝʪʘ ʦʙʣʘʜʘʶʪ ʵʥʝʨʛʠʝʡ 1-2 ʵɺ. 

ɹʫʨʥʦʝ ʨʘʟʚʠʪʠʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʤʝʪʦʜʦʚ ʚʦ ʚʪʦʨʦʡ ʧʦʣʦʚʠʥʝ 20-ʛʦ ʚʝʢʘ ʧʨʠʚʝʣʦ 

ʢ ʨʝʚʦʣʶʮʠʦʥʥʦʤʫ ʠʟʤʝʥʝʥʠʶ ʘʩʪʨʦʥʦʤʠʠ: ʦʥʘ ʩʪʘʣʘ ʚʩʝʚʦʣʥʦʚʦʡ, ʪ.ʝ. ʧʦʣʫʯʠʣʘ 

ʚʦʟʤʦʞʥʦʩʪʴ ʠʟʚʣʝʢʘʪʴ ʠʥʬʦʨʤʘʮʠʶ ʠʟ ʚʩʝʭ ʜʠʘʧʘʟʦʥʦʚ ʩʧʝʢʪʨʘ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʳʭ ʚʦʣʥ. 

ʕʪʦ ʧʨʠʚʝʣʦ ʢ ʚʦʟʥʠʢʥʦʚʝʥʠʶ ʩʦʚʝʨʰʝʥʥʦ ʥʦʚʳʭ ʨʘʟʜʝʣʦʚ ʘʩʪʨʦʬʠʟʠʢʠ, ʪʘʢʠʭ ʢʘʢ 

ʨʘʜʠʦʘʩʪʨʦʥʦʤʠʷ, ʨʝʥʪʛʝʥʦʚʩʢʘʷ ʘʩʪʨʦʥʦʤʠʷ, ʛʘʤʤʘ-ʘʩʪʨʦʥʦʤʠʷ. 

ʀʟʣʫʯʝʥʠʝ ʚ ʚʠʜʠʤʦʡ ʯʘʩʪʠ ʩʧʝʢʪʨʘ ʧʨʦʜʦʣʞʘʝʪ ʠʛʨʘʪʴ ʙʦʣʴʰʫʶ ʨʦʣʴ ʚ ʘʩʪʨʦʥʦʤʠʠ, 

ʪʘʢ ʢʘʢ ʦʥʦ ʭʦʨʦʰʦ ʧʨʦʧʫʩʢʘʝʪʩʷ ʟʝʤʥʦʡ ʘʪʤʦʩʬʝʨʦʡ. ɺ ʦʩʪʘʣʴʥʳʭ ʫʯʘʩʪʢʘʭ ʩʧʝʢʪʨʘ 

ʩʢʘʟʳʚʘʝʪʩʷ ʟʥʘʯʠʪʝʣʴʥʦʝ ʧʦʛʣʦʱʝʥʠʝ. ʆʩʦʙʝʥʥʦ ʩʠʣʴʥʦ ʘʪʤʦʩʬʝʨʘ ʧʦʛʣʦʱʘʝʪ 

ʢʦʨʦʪʢʦʚʦʣʥʦʚʫʶ ʯʘʩʪʴ ʩʧʝʢʪʨʘ. ʇʦʵʪʦʤʫ ʫʣʴʪʨʘʬʠʦʣʝʪʦʚʦʝ, ʨʝʥʪʛʝʥʦʚʩʢʦʝ ʠ ʛʘʤʤʘ-

ʠʟʣʫʯʝʥʠʝ ʜʦʩʪʫʧʥʳ ʥʘʙʣʶʜʝʥʠʶ ʪʦʣʴʢʦ ʩ ʙʘʣʣʦʥʦʚ, ʜʦʩʪʠʛʘʶʱʠʭ ʚʳʩʦʪ 30-40 ʢʤ ʥʘʜ 

ʫʨʦʚʥʝʤ ʤʦʨʷ, ʠʣʠ ʩ ʧʦʤʦʱʴʶ ʢʦʩʤʠʯʝʩʢʠʭ ʘʧʧʘʨʘʪʦʚ. 

ʉʦ ʩʪʦʨʦʥʳ ʜʣʠʥʥʳʭ ʚʦʣʥ ʢ ʚʠʜʠʤʦʤʫ ʜʠʘʧʘʟʦʥʫ ʧʨʠʤʳʢʘʶʪ ʠʥʬʨʘʢʨʘʩʥʳʡ ʠ 

ʨʘʜʠʦʜʠʘʧʘʟʦʥ. ʀʥʬʨʘʢʨʘʩʥʦʝ ʠʟʣʫʯʝʥʠʝ ʩ ʜʣʠʥʦʡ ʚʦʣʥʳ ʙʦʣʝʝ 1-ʛʦ ʤʠʢʨʦʤʝʪʨʘ (ʤʢʤ) 

ʩʠʣʴʥʦ ʧʦʛʣʦʱʘʝʪʩʷ ʤʦʣʝʢʫʣʘʤʠ ʚʦʟʜʫʭʘ. ʅʘʙʣʶʜʝʥʠʷʤ ʩ ʧʦʚʝʨʭʥʦʩʪʠ ɿʝʤʣʠ ʜʦʩʪʫʧʥʦ 

ʠʟʣʫʯʠʥʝ ʪʦʣʴʢʦ ʚ ʥʝʢʦʪʦʨʳʭ, ʩʨʘʚʥʠʪʝʣʴʥʦ ʫʟʢʠʭ çʦʢʥʘʭè ʧʨʦʟʨʘʯʥʦʩʪʠ. 

ɿʝʤʥʘʷ ʘʪʤʦʩʬʝʨʘ ʧʨʦʟʨʘʯʥʘ ʜʣʷ ʨʘʜʠʦʚʦʣʥ ʚ ʜʠʘʧʘʟʦʥʝ ʜʣʠʥ ʚʦʣʥ ʦʪ 1 ʩʤ ʜʦ 20 ʤ. 

ɺʦʣʥʳ ʢʦʨʦʯʝ 1 ʩʤ, ʟʘ ʠʩʢʣʶʯʝʥʠʝʤ ʨʷʜʘ ʫʟʢʠʭ ʦʙʣʘʩʪʝʡ, ʧʦʣʥʦʩʪʴʶ ʧʦʛʣʦʱʘʶʪʩʷ 

ʥʠʞʥʠʤʠ ʩʣʦʷʤʠ ʘʪʤʦʩʬʝʨʳ, ʘ ʚʦʣʥʳ ʜʣʠʥʥʝʝ ʥʝʩʢʦʣʴʢʠʭ ʜʝʩʷʪʢʦʚ ʤʝʪʨʦʚ ʥʝʩʧʦʩʦʙʥʳ 

ʧʨʦʡʪʠ ʯʝʨʝʟ ʚʝʨʭʥʠʝ, ʠʦʥʠʟʦʚʘʥʥʳʝ ʩʣʦʠ ʘʪʤʦʩʬʝʨʳ ï ʠʦʥʦʩʬʝʨʫ. 

ʉʚʝʜʝʥʠʷ ʦ ʜʠʘʧʘʟʦʥʘʭ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʛʦ ʩʧʝʢʪʨʘ, ʠʩʩʣʝʜʫʝʤʳʭ ʚ ʘʩʪʨʦʬʠʟʠʢʝ, 

ʩʫʤʤʠʨʦʚʘʥʳ ʚ ʊʘʙʣʠʮʝ 1. 

ʂʦʩʤʠʯʝʩʢʠʝ ʣʫʯʠ ʷʚʣʷʶʪʩʷ ʜʨʫʛʠʤ ʚʘʞʥʳʤ ʜʣʷ ʘʩʪʨʦʬʠʟʠʢʠ ʚʠʜʦʤ ʠʟʣʫʯʝʥʠʷ. ʆʥʠ 

ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʧʦʪʦʢʠ ʷʜʝʨ ʭʠʤʠʯʝʩʢʠʭ ʵʣʝʤʝʥʪʦʚ, ʧʨʠʭʦʜʷʱʠʝ ʚ ʉʦʣʥʝʯʥʫʶ ʩʠʩʪʝʤʫ 

ʠʟ ʦʢʨʫʞʘʶʱʝʛʦ ʤʝʞʟʚʝʟʜʥʦʛʦ ʧʨʦʩʪʨʘʥʩʪʚʘ ʠ ʨʘʩʧʨʝʜʝʣʝʥʥʳʝ ʚ ʰʠʨʦʢʦʤ ʜʠʘʧʘʟʦʥʝ 

ʵʥʝʨʛʠʡ.  ʕʥʝʨʛʝʪʠʯʝʩʢʠʡ ʩʧʝʢʪʨ ʢʦʩʤʠʯʝʩʢʠʭ ʣʫʯʝʡ ʧʨʦʩʪʠʨʘʝʪʩʷ ʚʧʣʦʪʴ ʜʦ ʵʥʝʨʛʠʠ 1020 

ʵɺ, ʢʦʪʦʨʘʷ ʥʘ ʤʥʦʛʦ ʧʦʨʷʜʢʦʚ ʧʨʝʚʦʩʭʦʜʠʪ ʵʥʝʨʛʠʠ ʯʘʩʪʠʮ, ʜʦʩʪʠʞʠʤʳʝ ʥʘ ʩʦʚʨʝʤʝʥʥʳʭ 

ʫʩʢʦʨʠʪʝʣʷʭ. ɻʝʥʝʨʘʮʠʷ ʢʦʩʤʠʯʝʩʢʠʭ ʣʫʯʝʡ ʧʨʦʠʩʭʦʜʠʪ ʚ ʘʩʪʨʦʬʠʟʠʯʝʩʢʠʭ ʦʙʲʝʢʪʘʭ ʩ 

ʥʘʠʙʦʣʝʝ ʚʳʩʦʢʠʤ ʵʥʝʨʛʦʚʳʜʝʣʝʥʠʝʤ, ʪʘʢʠʭ ʢʘʢ ʦʩʪʘʪʢʠ ʩʚʝʨʭʥʦʚʳʭ, ʧʦʨʦʞʜʘʝʤʳʝ 

ʚʩʧʳʰʢʘʤʠ (ʚʟʨʳʚʘʤʠ) ʩʚʝʨʭʥʦʚʳʭ ʟʚʝʟʜ. ɿʘʜʘʯʘ ʘʩʪʨʦʬʠʟʠʢʠ ʩʦʩʪʦʠʪ ʚ ʫʩʪʘʥʦʚʣʝʥʠʠ 

ʤʝʭʘʥʠʟʤʦʚ ʛʝʥʝʨʘʮʠʠ ʢʦʩʤʠʯʝʩʢʠʭ ʣʫʯʝʡ, ʯʪʦ ʧʦʟʚʦʣʠʪ ʥʝ ʪʦʣʴʢʦ ʚʳʷʚʠʪʴ ʠʭ ʧʨʠʨʦʜʫ, ʥʦ 

ʠ ʧʦʣʫʯʠʪʴ ʥʦʚʫʶ ʠʥʬʦʨʤʘʮʠʶ ʦ ʥʘʠʙʦʣʝʝ ʤʦʱʥʳʭ ʢʦʩʤʠʯʝʩʢʠʭ ʦʙʲʝʢʪʘʭ. ʇʦʤʠʤʦ ʵʪʦʛʦ, 

ʧʦʪʦʢʠ ʢʦʩʤʠʯʝʩʢʠʭ ʣʫʯʝʡ ʥʝʩʫʪ ʥʘ ʩʝʙʝ ʦʪʧʝʯʘʪʦʢ ʩʨʝʜʳ, ʚ ʢʦʪʦʨʦʡ ʦʥʠ ʨʘʩʧʨʦʩʪʨʘʥʷʶʪʩʷ 

ʧʦ ʧʫʪʠ ʦʪ ʠʩʪʦʯʥʠʢʦʚ ʜʦ ʩʦʣʥʝʯʥʦʡ ʩʠʩʪʝʤʳ. ʇʦʵʪʦʤʫ ʠʟʫʯʝʥʠʝ ʢʦʩʤʠʯʝʩʢʠʭ ʣʫʯʝʡ 

ʧʦʟʚʦʣʷʝʪ ʧʦʣʫʯʠʪʴ ʠʥʬʦʨʤʘʮʠʶ ʦ ʬʠʟʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚʘʭ ʢʦʩʤʠʯʝʩʢʦʡ ʩʨʝʜʳ 

(ʤʝʞʧʣʘʥʝʪʥʦʡ, ʤʝʞʟʚʝʟʜʥʦʡ, ʤʝʞʛʘʣʘʢʪʠʯʝʩʢʦʡ). 
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ʇʦʪʦʢʠ ʥʝʡʪʨʠʥʦ ï ʥʝ ʤʝʥʝʝ ʚʘʞʥʳʡ ʜʣʷ ʘʩʪʨʦʬʠʟʠʯʝʩʢʠʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʪʠʧ 

ʠʟʣʫʯʝʥʠʷ.  ʆʩʦʙʝʥʥʦʩʪʴʶ ʥʝʡʪʨʠʥʦ ʷʚʣʷʝʪʩʷ ʠʭ ʵʢʩʪʨʝʤʘʣʴʥʦ ʩʣʘʙʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʩ 

ʚʝʱʝʩʪʚʦʤ. ʇʦ ʵʪʦʡ ʧʨʠʯʠʥʝ ʵʪʠ ʯʘʩʪʠʮʳ ʦʙʣʘʜʘʶʪ ʢʦʣʦʩʩʘʣʴʥʦʡ ʧʨʦʥʠʢʘʶʱʝʡ 

ʩʧʦʩʦʙʥʦʩʪʴʶ. ʊʘʢ, ʥʘʧʨʠʤʝʨ, ʧʦʪʦʢʠ ʥʝʡʪʨʠʥʦ, ʦʙʨʘʟʦʚʘʥʥʳʝ ʚ ʥʝʜʨʘʭ ʉʦʣʥʮʘ, ʙʝʟ 

ʟʘʤʝʪʥʦʛʦ ʦʩʣʘʙʣʝʥʠʷ ʚʳʭʦʜʷʪ ʥʘ ʝʛʦ ʧʦʚʝʨʭʥʦʩʪʴ. ɹʣʘʛʦʜʘʨʷ ʵʪʦʤʫ ʦʙʩʪʦʷʪʝʣʴʩʪʚʫ 

ʨʝʛʠʩʪʨʘʮʠʷ ʥʝʡʪʨʠʥʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʉʦʣʥʮʘ ʧʦʟʚʦʣʠʣʘ ʧʦʣʫʯʠʪʴ ʧʨʷʤʦʝ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʝ ʧʦʜʪʚʝʨʞʜʝʥʠʝ ʪʦʛʦ, ʯʪʦ ʦʩʥʦʚʥʳʤ ʠʩʪʦʯʥʠʢʦʤ ʵʥʝʨʛʠʠ ʉʦʣʥʮʘ (ʠ ʚʩʝʭ 

ʜʨʫʛʠʭ ʧʦʜʦʙʥʳʭ ʟʚʝʟʜ) ʷʚʣʷʶʪʩʷ ʪʝʨʤʦʷʜʝʨʥʳʝ ʨʝʘʢʮʠʠ, ʧʨʦʪʝʢʘʶʱʠʝ ʚ ʮʝʥʪʨʘʣʴʥʦʡ ʝʛʦ 

ʯʘʩʪʠ. 

ʕʢʩʪʨʝʤʘʣʴʥʦ ʩʣʘʙʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʥʝʡʪʨʠʥʦ ʩ ʚʝʱʝʩʪʚʦʤ ʜʝʣʘʝʪ ʟʘʜʘʯʫ ʠʭ 

ʨʝʛʠʩʪʨʘʮʠʠ (ʜʝʪʝʢʪʠʨʦʚʘʥʠʷ) ʯʨʝʟʚʳʯʘʡʥʦ ʩʣʦʞʥʦʡ. ʏʪʦʙʳ ʟʘʨʝʛʠʩʪʨʠʨʦʚʘʪʴ ʜʘʞʝ 

ʥʝʩʢʦʣʴʢʦ ʥʝʡʪʨʠʥʦ ʦʪ ʪʦʛʦ ʠʣʠ ʠʥʦʛʦ ʦʙʲʝʢʪʘ ʪʨʝʙʫʝʪʩʷ ʜʝʪʝʢʪʦʨ ʦʛʨʦʤʥʦʛʦ ʨʘʟʤʝʨʘ, ʚ 

ʢʦʪʦʨʦʤ ʧʦʜ ʢʦʥʪʨʦʣʝʤ ʥʘʭʦʜʠʪʩʷ ʜʦ ʩʦʪʝʥ ʪʳʩʷʯ ʪʦʥʥ ʚʝʱʝʩʪʚʘ (ʚʦʜʳ ʠʣʠ ʣʴʜʘ). ʆʜʥʘʢʦ 

ʫʩʠʣʠʷ ʧʦ ʩʦʟʜʘʥʠʶ ʪʘʢʠʭ ʜʝʪʝʢʪʦʨʦʚ ʦʢʫʧʘʶʪʩʷ ʙʣʘʛʦʜʘʨʷ ʪʦʤʫ, ʯʪʦ ʠʥʬʦʨʤʘʮʠʶ, 

ʧʦʣʫʯʘʝʤʫʶ ʦʙ ʠʩʩʣʝʜʫʝʤʦʤ ʦʙʲʝʢʪʝ ʩ ʧʦʤʦʱʴʶ ʥʝʡʪʨʠʥʦ, ʥʝʚʦʟʤʦʞʥʦ ʧʦʣʫʯʠʪʴ ʜʨʫʛʠʤ 

ʩʧʦʩʦʙʦʤ. 

 

1.3. ʈʘʩʩʪʦʷʥʠʷ ʜʦ ʢʦʩʤʠʯʝʩʢʠʭ ʦʙʲʝʢʪʦʚ 

 

ʈʘʩʩʪʦʷʥʠʝ ʜʦ ʠʩʩʣʝʜʫʝʤʦʛʦ ʢʦʩʤʠʯʝʩʢʦʛʦ ʦʙʲʝʢʪʘ ʷʚʣʷʝʪʩʷ ʦʜʥʦʡ ʠʟ ʥʘʠʙʦʣʝʝ 

ʚʘʞʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ, ʢʦʪʦʨʳʝ ʦʧʨʝʜʝʣʷʶʪʩʷ ʠʟ ʘʩʪʨʦʥʦʤʠʯʝʩʢʠʭ ʥʘʙʣʶʜʝʥʠʡ. ɺ ʪʦ ʞʝ 

ʚʨʝʤʷ ʥʝ ʩʫʱʝʩʪʚʫʝʪ ʫʥʠʚʝʨʩʘʣʴʥʦʛʦ ʤʝʪʦʜʘ ʦʧʨʝʜʝʣʝʥʠʷ ʨʘʩʩʪʦʷʥʠʡ, ʧʨʠʛʦʜʥʦʛʦ ʜʣʷ ʚʩʝʭ 

ʠʩʩʣʝʜʫʝʤʳʭ ʦʙʲʝʢʪʦʚ. ɺ ʨʘʟʥʳʭ ʜʠʘʧʘʟʦʥʘʭ ʨʘʩʩʪʦʷʥʠʡ ʧʨʠʤʝʥʷʶʪʩʷ ʨʘʟʣʠʯʥʳʝ ʤʝʪʦʜʳ, 

ʢʦʪʦʨʳʝ ʟʘʯʘʩʪʫʶ ʜʘʶʪ ʣʠʰʴ ʧʨʠʙʣʠʞʝʥʥʳʝ ʦʮʝʥʢʠ ʟʥʘʯʝʥʠʡ ʨʘʩʩʪʦʷʥʠʷ. 

ɼʣ̫ ʠʟʤʝʨʝʥʠʷ ʨʘʩʩʪʦʷʥʠʡ ʤʝʞʜʫ ʢʦʩʤʠʯʝʩʢʠʤʠ ʦʙʲʝʢʪʘʤʠ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ 

ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʡ ʩʠʪʫʘʮʠʠ ʠʣʠ ʟʘʜʘʯʠ ʚ ʩʦʚʨʝʤʝʥʥʦʡ ʘʩʪʨʦʬʠʟʠʢʝ ʠʩʧʦʣʴʟʫʝʪʩʷ ʨʷʜ 

ʚʥʝʩʠʩʪʝʤʥʳʭ ʝʜʠʥʠʮ. ʕʪʦ ʩʚʷʟʘʥʦ ʩ ʪʝʤ, ʯʪʦ ʨʘʩʩʤʘʪʨʠʚʘʝʤʳʡ ʜʠʘʧʘʟʦʥ ʚʝʣʠʯʠʥ 

ʨʘʟʣʠʯʘʝʪʩʷ ʥʘ ʜʝʩʷʪʢʠ ʧʦʨʷʜʢʦʚ. ɽʩʪʝʩʪʚʝʥʥʦʡ ʤʝʨʦʡ ʨʘʩʩʪʦʷʥʠʡ ʚ ʉʦʣʥʝʯʥʦʡ ʩʠʩʪʝʤʝ 

ʩʣʫʞʠʪ ʘʩʪʨʦʥʦʤʠʯʝʩʢʘʷ ʝʜʠʥʠʮʘ (ʘ.ʝ.)  
 

1 ʘ.ʝ. = 1.5 Ŀ 1013 ʩʤ, 
 

ʨʘʚʥʘ ̫ʚʝʣʠʯʠʥʝ ʙʦʣʴʰʦʡ ʧʦʣʫʦʩʠ ʟʝʤʥʦʡ ʦʨʙʠʪʳ. ʆʥʘ ʙʳʣʘ ʠʟʤʝʨʝʥʘ ʧʦ ʩʫʪʦʯʥʦʤʫ 

ʧʘʨʘʣʣʘʢʩʫ ʧʣʘʥʝʪ ʩʦʣʥʝʯʥʦʡ ʩʠʩʪʝʤʳ. ʍʘʨʘʢʪʝʨʥʳʡ ʨʘʟʤʝʨ ʧʣʘʥʝʪʥʦʡ ʩʠʩʪʝʤʳ ï ʦʢʦʣʦ 

100 ʘ.ʝ. 

ʇʨʠ ʠʩʩʣʝʜʦʚʘʥʠʠ ʟʚʝʟʜ ʥʘʰʝʡ ʟʚʝʟʜʥʦʡ ʩʠʩʪʝʤʳ ï ɻʘʣʘʢʪʠʢʠ ï ʠ ʜʨʫʛʠʭ ʝʱʝ ʙʦʣʝʝ 

ʫʜʘʣʝʥʥʳʭ ʦʙʲʝʢʪʦʚ, ʫʜʦʙʥʝʝ ʧʦʣʴʟʦʚʘʪʴʩʷ ʜʨʫʛʦʡ ʝʜʠʥʠʮʝʡ ï ʧʘʨʩʝʢʦʤ (ʧʢ). ʇʘʨʩʝʢ ï ɻ ʪʦ 

ʪʘʢʦʝ ʨʘʩʩʪʦʷʥʠʝ, ʩ ʢʦʪʦʨʦʛʦ ʦʪʨʝʟʦʢ, ʨʘʚʥʳʡ ʙʦʣʴʰʦʡ ʧʦʣʫʦʩʠ ʟʝʤʥʦʡ ʦʨʙʠʪʳ, 

ʨʘʩʧʦʣʦʞʝʥʥʳʡ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦ ʣʫʯʫ ʟʨʝʥʠʷ, ʚʠʜʝʥ ʧʦʜ ʫʛʣʦʤ 1'' (ʫʛʣʦʚʘʷ ʩʝʢʫʥʜʘ). ʀʟ-

ʟʘ ʛʦʜʠʯʥʦʛʦ ʜʚʠʞʝʥʠʷ ɿʝʤʣʠ ʚʦʢʨʫʛ ʉʦʣʥʮʘ ʧʦʣʦʞʝʥʠʝ ʩʚʝʪʠʣʘ ʥʘ ʥʝʙʝ, ʥʘʭʦʜʷʱʝʛʦʩʷ ʥʘ 

ʨʘʩʩʪʦʷʥʠʠ 1 ʧʘʨʩʝʢ, ʙʫʜʝʪ ʩʤʝʱʘʪʴʩʷ ʥʘ 1 ʫʛʣʦʚʫʶ ʩʝʢʫʥʜʫ ʦʪ ʩʨʝʜʥʝʛʦ ʧʦʣʦʞʝʥʠʷ. ɺ 

ʘʩʪʨʦʥʦʤʠʠ ʵʪʦ ʷʚʣʝʥʠʝ ʥʘʟʳʚʘʶʪ ʛʦʜʠʯʥʳʤ ʧʘʨʘʣʣʘʢʩʦʤ, ʦʪʩʶʜʘ ʠ ʥʘʟʚʘʥʠʝ ʝʜʠʥʠʮʳ 

ʨʘʩʩʪʦʷʥʠʷ ï ʧʘʨʩʝʢ, ʪ.ʝ. ʧʘʨʘʣʣʘʢʩ ʚ ʩʝʢʫʥʜʫ. ʇʦʩʢʦʣʴʢʫ ʚ ʨʘʜʠʘʥʥʦʡ ʤʝʨʝ 1" å 1/206265, 

ʥʘʭʦʜʠʤ  
 

1 ʧʢ = 206265 ʘ.ʝ.å 3.1 Ŀ 1018 ʩʤ. 
 

 ʅʘʨʷʜʫ ʩ ʧʘʨʩʝʢʦʤ ʚ ʘʩʪʨʦʥʦʤʠʠ ʰʠʨʦʢʦ ʠʩʧʦʣʴʟʫʝʪʩʷ ʜʨʫʛʘʷ ʝʜʠʥʠʮʘ ʠʟʤʝʨʝʥʠʷ 

ʨʘʩʩʪʦʷʥʠʡ ï ʩʚʝʪʦʚʦʡ ʛʦʜ (ʩʚ. ʛ.). ʉʚʝʪʦʚʳʤ ʛʦʜʦʤ ʥʘʟʳʚʘʝʪʩʷ ʨʘʩʩʪʦʷʥʠʝ, ʢʦʪʦʨʦʝ ʩʚʝʪ 

ʧʨʦʭʦʜʠʪ ʟʘ ʦʜʠʥ ʛʦʜ. ʇʦʩʢʦʣʴʢʫ ʚ ʛʦʜʫ ʧʨʠʤʝʨʥʦ 3.2Ā107 ʩ, ʩʚʝʪʦʚʦʡ ʛʦʜ ʨʘʚʝʥ 

 

                                            1 ʩʚ.ʛ. å 9.5Ā1017 ʩʤ å 1/3.26 ʧʢ. 
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ɿʥʘʷ ʛʦʜʠʯʥʳʡ ʧʘʨʘʣʣʘʢʩ ʥʝʙʝʩʥʦʛʦ ʦʙʲʝʢʪʘ, ʚʳʨʘʞʝʥʥʳʡ ʚ ʩʝʢʫʥʜʘʭ ʜʫʛʠ ,́ 

ʨʘʩʩʪʦʷʥʠʝ ʜʦ ʦʙʲʝʢʪʘ ʚ ʧʘʨʩʝʢʘʭ ʦʧʨʝʜʝʣʷʝʪʩʷ ʧʦ ʦʯʝʚʠʜʥʦʡ ʬʦʨʤʫʣʝ 

 

                                                               d = 1/ .́ 
 

ʈʘʩʩʪʦʷʥʠʷ ʜʦ ʙʣʠʞʘʡʰʠʭ ʟʚʝʟʜ ʩʦʩʪʘʚʣʷʝʪ ʥʝʩʢʦʣʴʢʦ ʧʘʨʩʝʢʦʚ. ʇʨʷʤʦʝ 

ʦʧʨʝʜʝʣʝʥʠʝ ʨʘʩʩʪʦʷʥʠʡ ʜʦ ʟʚʝʟʜ, ʦʩʥʦʚʘʥʥʦʝ ʥʘ ʠʟʤʝʨʝʥʠʠ ʠʭ ʛʦʜʠʯʥʦʛʦ ʧʘʨʘʣʣʘʢʩʘ, 

ʦʛʨʘʥʠʯʠʚʘʝʪʩʷ ʘʩʪʨʦʤʝʪʨʠʯʝʩʢʦʡ ʪʦʯʥʦʩʪʴʶ ʦʧʨʝʜʝʣʝʥʠʷ ʧʦʣʦʞʝʥʠʷ ʟʚʝʟʜ ʥʘ ʥʝʙʝʩʥʦʡ 

ʩʬʝʨʝ. ʄʘʢʩʠʤʘʣʴʥʦʝ ʨʘʩʩʪʦʷʥʠʝ, ʠʟʤʝʨʷʝʤʦʝ ʧʦ ʧʘʨʘʣʣʘʢʩʘʤ, ʥʝ ʧʨʝʚʳʰʘʝʪ 1 ʢʧʢ. 

ɼʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʨʘʩʩʪʦʷʥʠʡ ʜʦ ʙʦʣʝʝ ʜʘʣʝʢʠʭ ʟʚʝʟʜ ʠʩʧʦʣʴʟʫʶʪʩʷ ʨʘʟʣʠʯʥʳʝ 

ʢʦʩʚʝʥʥʳʝ ʤʝʪʦʜʳ, ʧʦʣʫʯʠʚʰʠʝ ʩʦʚʦʢʫʧʥʦʝ ʥʘʟʚʘʥʠʝ ʤʝʪʦʜʦʚ ʫʩʪʘʥʦʚʣʝʥʠʷ ʰʢʘʣʳ 

ʨʘʩʩʪʦʷʥʠʡ ʚʦ ɺʩʝʣʝʥʥʦʡ. ɺ ʦʩʥʦʚʝ ʤʥʦʛʠʭ ʤʝʪʦʜʦʚ ʣʝʞʠʪ ʦʧʨʝʜʝʣʝʥʠʝ 

ʬʦʪʦʤʝʪʨʠʯʝʩʢʦʛʦ ʨʘʩʩʪʦʷʥʠʷ ʦʪ ʩʚʝʪʷʱʝʛʦʩʷ ʦʙʲʝʢʪʘ (ʥʘʧʨʠʤʝʨ, ʟʚʝʟʜʳ) ʧʦ 

ʧʨʠʥʠʤʘʝʤʦʤʫ ʟʥʘʯʝʥʠʶ ʧʣʦʪʥʦʩʪʠ ʧʦʪʦʢʘ ʵʥʝʨʛʠʠ ʠʟʣʫʯʝʥʠʷ F, ʝʩʣʠ ʩʚʝʪʠʤʦʩʪʴ 

(ʢʦʣʠʯʝʩʪʚʦ ʵʥʝʨʛʠʠ, ʠʟʣʫʯʘʝʤʦʡ ʟʘ ʩʝʢʫʥʜʫ) ʦʙʲʝʢʪʘ L ʠʟʚʝʩʪʥʘ ʠʟ ʜʨʫʛʠʭ ʩʦʦʙʨʘʞʝʥʠʡ. 

ʇʨʝʜʧʦʣʘʛʘʷ ʩʬʝʨʠʯʝʩʢʫʶ ʩʠʤʤʝʪʨʠʶ ʠʟʣʫʯʝʥʠʷ, ʥʝʪʨʫʜʥʦ ʫʩʪʘʥʦʚʠʪʴ ʩʚʷʟʴ ʤʝʞʜʫ 

ʧʣʦʪʥʦʩʪʴʶ ʧʦʪʦʢʘ ʵʥʝʨʛʠʠ ʠʟʣʫʯʝʥʠʷ ʠ ʩʚʝʪʠʤʦʩʪʴʶ: 

 

                                                      
24

L
F

dp
=  . 

 

ʆʪʩʶʜʘ ʧʦʣʫʯʘʝʤ ʚʳʨʘʞʝʥʠʝ ʜʣʷ ʨʘʩʩʪʦʷʥʠʷ ʜʦ ʦʙʲʝʢʪʘ 

 

4

L
d

Fp
= .  

 

 ɺʘʞʥʳʤ ʢʣʘʩʩʦʤ ʦʙʲʝʢʪʦʚ, ʩʚʝʪʠʤʦʩʪʴ ʢʦʪʦʨʳʭ ʥʘʜʝʞʥʦ ʦʮʝʥʠʚʘʝʪʩʷ ʠʟ 

ʥʘʙʣʶʜʝʥʠʡ, ʷʚʣʷʶʪʩʷ ʮʝʬʝʠʜʳ ï ʧʝʨʝʤʝʥʥʳʝ ʟʚʝʟʜʳ. ɼʣʷ ʮʝʬʝʠʜ ʫʩʪʘʥʦʚʣʝʥʘ 

ʟʘʚʠʩʠʤʦʩʪʴ ʤʝʞʜʫ ʧʝʨʠʦʜʦʤ ʧʝʨʝʤʝʥʥʦʩʪʠ ʠʭ ʙʣʝʩʢʘ ʠ ʩʚʝʪʠʤʦʩʪʴʶ. ʕʪʦ ʧʦʟʚʦʣʷʝʪ ʧʦ 

ʥʘʙʣʶʜʘʝʤʦʤʫ ʧʝʨʠʦʜʫ ʦʧʨʝʜʝʣʷʪʴ ʩʚʝʪʠʤʦʩʪʴ ʮʝʬʝʠʜ L, ʘ ʧʦ ʠʟʤʝʨʷʝʤʦʤʫ ʧʦʪʦʢʫ 

ʠʟʣʫʯʝʥʠʷ F ï ʨʘʩʩʪʦʷʥʠʝ d. ʇʦʩʨʝʜʩʪʚʦʤ ʵʪʦʛʦ ʤʝʪʦʜʘ ʦʧʨʝʜʝʣʷʶʪʩʷ ʨʘʩʩʪʦʷʥʠʷ ʚʧʣʦʪʴ 

ʜʦ 10 ʤʠʣʣʠʦʥʦʚ ʧʘʨʩʝʢ (ʄʧʢ). 

 ʈʘʩʩʪʦʷʥʠʝ ʦʪ ʉʦʣʥʮʘ ʜʦ ʮʝʥʪʨʘ ɻʘʣʘʢʪʠʢʠ ʩʦʩʪʘʚʣʷʝʪ 8 ʪʳʩʷʯ ʧʘʨʩʝʢ (ʢʧʢ), ʨʘʟʤʝʨ 

ʪʠʧʠʯʥʦʡ ʛʘʣʘʢʪʠʢʠ ï ʦʢʦʣʦ 10 ʢʧʢ. ɹʣʠʞʘʡʰʠʝ ʛʘʣʘʢʪʠʢʠ ï ʩʧʫʪʥʠʢʠ ɻʘʣʘʢʪʠʢʠ ï 

ʨʘʩʧʦʣʦʞʝʥʳ ʥʘ ʨʘʩʩʪʦʷʥʠʷʭ ʦʪ 55 ʢʧʢ (ɹʦʣʴʰʦʝ ʠ ʄʘʣʦʝ ʄʘʛʝʣʣʘʥʦʚʳ ʆʙʣʘʢʘ) ʜʦ 640 

ʢʧʢ (ʪʫʤʘʥʥʦʩʪʴ ɸʥʜʨʦʤʝʜʳ). ʈʘʩʩʪʦʷʥʠʝ ʜʦ ʮʝʥʪʨʘ ʩʢʦʧʣʝʥʠʡ ʛʘʣʘʢʪʠʢ, ʥʘ ʢʨʘʶ ʢʦʪʦʨʦʛʦ 

ʨʘʩʧʦʣʘʛʘʝʪʩʷ ɻʘʣʘʢʪʠʢʘ, - ʦʢʦʣʦ 15 ʄʧʢ. ɼʨʫʛʦʝ ʙʣʠʟʢʦʝ ʩʢʦʧʣʝʥʠʝ ʛʘʣʘʢʪʠʢ ʨʘʩʧʦʣʦʞʝʥʦ 

ʥʘ ʨʘʩʩʪʦʷʥʠʠ 80 ʄʧʢ. 

ʈʘʩʩʪʦʷʥʠʷ r ʜʦ ʜʘʣʝʢʠʭ ʛʘʣʘʢʪʠʢ ʦʧʨʝʜʝʣʷʝʪʩʷ ʧʦ ʢʨʘʩʥʦʤʫ ʩʤʝʱʝʥʠʶ 

ʩʧʝʢʪʨʘʣʴʥʳʭ ʣʠʥʠʡ  

 

0

0

z
l l

l

-
= , 

 

ʦʙʫʩʣʦʚʣʝʥʥʦʤʫ ʨʘʟʙʝʛʘʥʠʝʤ ʛʘʣʘʢʪʠʢ, ʪ.ʝ. ʠʭ ʫʜʘʣʝʥʠʝʤ ʜʨʫʛ ʦʪ ʜʨʫʛʘ ʠʟ-ʟʘ ʨʘʩʰʠʨʝʥʠʷ 

ɺʩʝʣʝʥʥʦʡ. ɿʜʝʩʴ ɚ0 īʜʣʠʥʘ ʚʦʣʥʳ ʩʚʝʪʘ, ʠʩʧʫʱʝʥʥʦʛʦ ʜʘʣʝʢʠʤ ʢʦʩʤʠʯʝʩʢʠʤ ʠʩʪʦʯʥʠʢʦʤ, 

ɚ ī ʜʣʠʥʘ ʚʦʣʥʳ ʩʚʝʪʘ, ʟʘʨʝʛʠʩʪʨʠʨʦʚʘʥʥʦʛʦ ʟʝʤʥʳʤ ʥʘʙʣʶʜʘʪʝʣʝʤ. ʉʢʦʨʦʩʪʴ ʫʜʘʣʝʥʠʷ 

ʛʘʣʘʢʪʠʢ ʦʧʨʝʜʝʣʷʝʪʩʷ ʟʘʢʦʥʦʤ ʍʘʙʙʣʘ 

 

v = H0r, 
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ʛʜʝ  
 

H0 å 70  ʢʤ/(ʩĿʄʧʢ) 
 

ī ʩʦʚʨʝʤʝʥʥʦʝ ʟʥʘʯʝʥʠʝ ʧʘʨʘʤʝʪʨʘ ʍʘʙʙʣʘ, v ī ʩʢʦʨʦʩʪʴ ʫʜʘʣʝʥʠʷ ʛʘʣʘʢʪʠʢʠ, ʥʘʭʦʜʷʱʝʡʩʷ 

ʥʘ ʨʘʩʩʪʦʷʥʠʠ r ʦʪ ʥʘʙʣʶʜʘʪʝʣʷ.  

 

 

 1.4. ʀʝʨʘʨʭʠʷ ʤʘʩʰʪʘʙʦʚ ɺʩʝʣʝʥʥʦʡ 

 

ʇʨʦʩʪʨʘʥʩʪʚʝʥʥʳʝ ʠ ʩʚʷʟʘʥʥʳʝ ʩ ʥʠʤʠ ʚʨʝʤʝʥʥʳʝ ʤʘʩʰʪʘʙʳ ʥʘʙʣʶʜʘʝʤʦʡ ʯʘʩʪʠ 

ɺʩʝʣʝʥʥʦʡ ʦʛʨʦʤʥʳ ʠ ʤʝʥʷʶʪʩʷ ʚ ʰʠʨʦʢʠʭ ʧʨʝʜʝʣʘʭ. 

ʆʪ ʃʫʥʳ ʜʦ ɿʝʤʣʠ ʩʚʝʪ ʠʜʝʪ 1.3 ʩ, ʦʪ ʉʦʣʥʮʘ ʜʦ ɿʝʤʣʠ ï ʦʢʦʣʦ 500 ʩ, ʦʪ ʩʘʤʳʭ 

ʜʘʣʝʢʠʭ ʧʣʘʥʝʪ ʉʦʣʥʝʯʥʦʡ ʩʠʩʪʝʤʳ ï ʙʦʣʝʝ 4-ʭ ʯʘʩʦʚ, ʦʪ ʟʚʝʟʜ ɻʘʣʘʢʪʠʢʠ ï ʦʪ 4.4 ʛʦʜʘ ʜʦ 

100 ʪʳʩʷʯ ʣʝʪ, ʦʪ ʙʣʠʞʘʡʰʠʭ ʢ ʥʘʤ ʛʘʣʘʢʪʠʢ ï ʩʦʪʥʠ ʪʳʩʷʯ ʠ ʤʠʣʣʠʦʥʳ ʣʝʪ. ʈʘʩʩʪʦʷʥʠʝ ʜʦ 

ʩʘʤʳʭ ʜʘʣʝʢʠʭ ʥʘʙʣʶʜʘʝʤʳʭ ʛʘʣʘʢʪʠʢ ï ʙʦʣʝʝ 10 ʤʣʨʜ ʩʚʝʪʦʚʳʭ ʣʝʪ.  

ʉʦʚʨʝʤʝʥʥʳʡ ʚʦʟʨʘʩʪ ɺʩʝʣʝʥʥʦʡ ʧʦ ʧʦʨʷʜʢʫ ʚʝʣʠʯʠʥʳ ʨʘʚʝʥ ʦʙʨʘʪʥʦʤʫ ʟʥʘʯʝʥʠʶ 

ʧʦʩʪʦʷʥʥʦʡ ʍʘʙʙʣʘ 

 

tU å 1/H0 å 1.4 Ŀ 1010 ʣʝʪ. 

 

ʆʪʩʶʜʘ ʧʦʣʫʯʘʝʪʩʷ ʟʥʘʯʝʥʠʝ ʨʘʟʤʝʨʘ ʥʘʙʣʶʜʘʝʤʦʡ ʯʘʩʪʠ ɺʩʝʣʝʥʥʦʡ: 

 

                                                              lU = c tU å 1028 ʩʤ. 

 

 ʆʯʝʥʴ ʜʘʣʝʢʠʝ ʦʙʲʝʢʪʳ ʠʟ-ʟʘ ʙʦʣʴʰʦʛʦ ʚʨʝʤʝʥʠ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʩʚʝʪʘ 

ʥʘʙʣʶʜʘʶʪʩʷ ʪʘʢʠʤʠ, ʢʘʢʠʤʠ ʦʥʠ ʙʳʣʠ ʚ ʜʘʣʝʢʦʤ ʧʨʦʰʣʦʤ. ʊʘʢ, ʥʘʧʨʠʤʝʨ, ʚʩʧʳʰʢʘ ʥʘ 

ʉʦʣʥʮʝ ʧʨʦʠʩʭʦʜʷʪ ʥʘ 8 ʤʠʥʫʪ ʨʘʥʴʰʝ, ʯʝʤ ʝʝ ʦʙʥʘʨʫʞʠʚʘʶʪ ʥʘ ɿʝʤʣʝ. ɺ ʩʣʫʯʘʝ ʞʝ 

ʜʘʣʝʢʠʭ ʛʘʣʘʢʪʠʢ ʧʨʦʠʩʭʦʜʷʱʠʝ ʚ ʥʠʭ ʩʦʙʳʪʠʷ ʥʘʙʣʶʜʘʶʪʩʷ ʩ ʟʘʧʘʟʜʳʚʘʥʠʝʤ ʦʪ ʩʦʪʝʥ 

ʪʳʩʷʯ ʜʦ ʤʠʣʣʠʘʨʜʦʚ ʣʝʪ. ʊʘʢ, ʥʘʧʨʠʤʝʨ, ʚ 1987 ʛ. ʚ ɹʦʣʴʰʦʤ ʄʘʛʝʣʣʘʥʦʚʦʤ ʆʙʣʘʢʝ (ʵʪʦ 

ʦʜʥʘ ʠʟ ʙʣʠʞʘʡʰʠʭ ʢ ʥʘʤ ʛʘʣʘʢʪʠʢ) ʥʘʙʣʶʜʘʣʘʩʴ ʚʩʧʳʰʢʘ ʩʚʝʨʭʥʦʚʦʡ ʟʚʝʟʜʳ. ɺ 

ʜʝʡʩʪʚʠʪʝʣʴʥʦʩʪʠ ʵʪʦ ʩʦʙʳʪʠʝ ʧʨʦʠʟʦʰʣʦ ʦʢʦʣʦ 150-ʪʠ ʪʳʩʷʯ ʣʝʪ ʪʦʤʫ ʥʘʟʘʜ.  ʇʦʩʢʦʣʴʢʫ 

ʨʘʩʩʪʦʷʥʠʷ ʜʦ ʜʘʣʝʢʠʭ ʦʙʲʝʢʪʦʚ ʥʝ ʚʩʝʛʜʘ ʠʟʚʝʩʪʥʳ ʩ ʜʦʩʪʘʪʦʯʥʦʡ ʪʦʯʥʦʩʪʴʶ, ʜʘʪʠʨʦʚʢʫ 

ʘʩʪʨʦʥʦʤʠʯʝʩʢʠʭ ʷʚʣʝʥʠʡ ʧʨʠʥʷʪʦ ʧʨʦʠʟʚʦʜʠʪʴ ʧʦ ʚʨʝʤʝʥʠ ʠʭ ʥʘʙʣʶʜʝʥʠʷ ʥʘ ɿʝʤʣʝ. 

 ʉʨʘʚʥʠʚʘʷ ʦʙʲʝʢʪʳ ʦʜʠʥʘʢʦʚʦʡ ʧʨʠʨʦʜʳ, ʨʘʩʧʦʣʦʞʝʥʥʳʝ ʥʘ ʨʘʟʥʳʭ ʨʘʩʩʪʦʷʥʠʷʭ, 

ʤʦʞʥʦ ʠʩʩʣʝʜʦʚʘʪʴ ʵʚʦʣʶʮʠʦʥʥʳʝ ʠʟʤʝʥʝʥʠʷ, ʢʦʪʦʨʳʝ ʧʨʦʠʩʭʦʜʷʪ ʚʦ ɺʩʝʣʝʥʥʦʡ. 

ʕʚʦʣʶʮʠʦʥʥʳʡ ʭʘʨʘʢʪʝʨ ʩʦʚʨʝʤʝʥʥʦʡ ʘʩʪʨʦʥʦʤʠʠ ʷʚʣʷʝʪʩʷ ʦʜʥʦʡ ʠʟ ʚʘʞʥʳʭ ʝʝ 

ʦʩʦʙʝʥʥʦʩʪʝʡ. ɿʚʝʟʜʳ, ʛʘʣʘʢʪʠʢʠ ʠ ʜʨʫʛʠʝ ʦʙʲʝʢʪʳ ʥʝ ʷʚʣʷʶʪʩʷ ʥʝʠʟʤʝʥʥʳʤʠ 

ʦʙʨʘʟʦʚʘʥʠʷʤʠ, ʦʥʠ ʥʝʧʨʝʨʳʚʥʦ ʠʟʤʝʥʷʶʪʩʷ, ʵʚʦʣʶʮʠʦʥʠʨʫʶʪ. ʀʤʝʶʱʠʝʩʷ 

ʥʘʙʣʶʜʘʪʝʣʴʥʳʝ ʬʘʢʪʳ ʥʝʦʧʨʦʚʝʨʞʠʤʦ ʩʚʠʜʝʪʝʣʴʩʪʚʫʶʪ ʦ ʪʦʤ, ʯʪʦ ʥʝ ʪʦʣʴʢʦ ʦʪʜʝʣʴʥʳʝ 

ʢʦʩʤʠʯʝʩʢʠʝ ʦʙʲʝʢʪʳ, ʥʦ ʠ ʚʝʩʴ ʤʠʨ ʟʚʝʟʜ ʠ ʛʘʣʘʢʪʠʢ ʧʦʜʚʝʨʞʝʥ ʥʝʧʨʝʨʳʚʥʳʤ 

ʠʟʤʝʥʝʥʠʷʤ. ʉʘʤʦʝ ʛʨʘʥʜʠʦʟʥʦʝ ʠʟ ʥʠʭ ï ʨʘʩʰʠʨʝʥʠʝ ɺʩʝʣʝʥʥʦʡ. 

 

 

1.5. ʍʘʨʘʢʪʝʨʥʳʝ ʟʥʘʯʝʥʠʷ ʤʘʩʩ ʘʩʪʨʦʬʠʟʠʯʝʩʢʠʭ ʦʙʲʝʢʪʦʚ 

 

ʄʘʩʩʳ ʘʩʪʨʦʬʠʟʠʯʝʩʢʠʭ ʦʙʲʝʢʪʦʚ ʨʘʟʣʠʯʘʶʪʩʷ ʥʘ ʤʥʦʛʦ ʧʦʨʷʜʢʦʚ. ʊʠʧʠʯʥʘʷ ʤʘʩʩʘ 

ʟʚʝʟʜ ʨʘʚʥʘ ʤʘʩʩʝ ʉʦʣʥʮʘ 
 

                                                   M  å 2Ŀ1033 ʛ. 
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ʄʘʩʩʳ ʩʪʘʮʠʦʥʘʨʥʳʭ ʟʚʝʟʜ ʣʝʞʘʪ ʚ ʧʨʝʜʝʣʘʭ ʦʪ 0.1 ʜʦ 100M . ʄʘʩʩʘ ʩʘʤʳʭ ʙʦʣʴʰʠʭ 

ʧʣʘʥʝʪ-ʛʠʛʘʥʪʦʚ ʪʠʧʘ ʖʧʠʪʝʨʘ ʥʝ ʧʨʝʚʳʰʘʝʪ ʥʝʩʢʦʣʴʢʦ ʪʳʩʷʯʥʳʭ ʜʦʣʝʡ M . ʉʫʤʤʘʨʥʘʷ 

ʤʘʩʩʘ ʩʚʝʪʷʱʠʭʩʷ ʟʚʝʟʜ ʪʠʧʠʯʥʦʡ ʛʘʣʘʢʪʠʢʠ, ʧʦʜʦʙʥʦʡ ʥʘʰʝʡ ɻʘʣʘʢʪʠʢʝ (ʠʣʠ ʄʣʝʯʥʦʤʫ 

ʇʫʪʠ), ʩʦʩʪʘʚʣʷʝʪ   

 

                                                                MMW å 1011M .  

 

ʄʘʩʩʳ ʛʘʣʘʢʪʠʢ ʣʝʞʘʪ ʚ ʰʠʨʦʢʠʭ ʧʨʝʜʝʣʘʭ: ʦʪ ~106 M  ʜʦ ~1012M . ʇʦʤʠʤʦ ʟʚʝʟʜ ʚ ʤʘʩʩʫ 

ʛʘʣʘʢʪʠʢ ʚʥʦʩʠʪ ʚʢʣʘʜ ʪʘʢʞʝ ʤʝʞʟʚʝʟʜʥʘʷ ʩʨʝʜʘ, ʢʦʪʦʨʘʷ ʩʦʩʪʦʠʪ ʠʟ ʧʳʣʠ ʠ ʛʘʟʘ.  

 ɺʝʱʝʩʪʚʦ, ʠʟ ʢʦʪʦʨʦʛʦ ʩʦʩʪʦʷʪ ʟʚʝʟʜʳ ʠ ʛʘʟ ʷʚʣʷʝʪʩʷ ʦʙʳʯʥʳʤ, ʚ ʪʦʤ ʩʤʳʩʣʝ, ʯʪʦ, 

ʢʘʢ ʠ ʚ ʩʣʫʯʘʝ ʚʝʱʝʩʪʚʘ, ʩ ʢʦʪʦʨʳʤ ʤʳ ʠʤʝʝʤ ʜʝʣʦ ʥʘ ɿʝʤʣʝ, ʦʥʦ ʩʦʩʪʦʠʪ ʠʟ ʧʨʦʪʦʥʦʚ, ̫ ʜʝʨ 

ʜʨʫʛʠʭ ʭʠʤʠʯʝʩʢʠʭ ʵʣʝʤʝʥʪʦʚ ʠ ʵʣʝʢʪʨʦʥʦʚ. ʕʪʦ ʚʝʱʝʩʪʚʦ ʧʨʠʥʷʪʦ ʥʘʟʳʚʘʪʴ ʙʘʨʠʦʥʥʳʤ, 

ʧʦʩʢʦʣʴʢʫ ʧʦʜʘʚʣʷʶʱʘʷ ʯʘʩʪʴ ʵʪʦʛʦ ʚʝʱʝʩʪʚʘ ʧʨʝʜʩʪʘʚʣʝʥʘ ʚ ʬʦʨʤʝ ʥʫʢʣʦʥʦʚ (ʧʨʦʪʦʥʦʚ 

ʠ ʥʝʡʪʨʦʥʦʚ), ʢʦʪʦʨʳʝ ʦʪʥʦʩʷʪʩʷ ʢ ʙʘʨʠʦʥʥʦʡ ʛʨʫʧʧʝ ʵʣʝʤʝʥʪʘʨʥʳʭ ʯʘʩʪʠʮ. ɺ ʟʚʝʟʜʘʭ 

ʩʦʩʨʝʜʦʪʦʯʝʥʘ ʪʦʣʴʢʦ ʯʘʩʪʴ ʚʩʝʡ ʙʘʨʠʦʥʥʦʡ ʤʘʪʝʨʠʠ ɺʩʝʣʝʥʥʦʡ. ɿʥʘʯʠʪʝʣʴʥʘʷ ʯʘʩʪʴ 

ʙʘʨʠʦʥʦʚ ʩʦʩʨʝʜʦʪʦʯʝʥʘ ʚ ʦʙʣʘʢʘʭ ʛʦʨʷʯʝʛʦ ʛʘʟʘ ʚ ʤʝʞʛʘʣʘʢʪʠʯʝʩʢʦʤ ʧʨʦʩʪʨʘʥʩʪʚʝ. 

ʂʨʦʤʝ ʙʘʨʠʦʥʥʦʡ ʩʦʩʪʘʚʣʷʶʱʝʡ, ʚ ʧʦʣʥʫʶ ʤʘʩʩʫ ʛʘʣʘʢʪʠʢ ʚʭʦʜʠʪ ʪʝʤʥʘʷ ʤʘʪʝʨʠʷ 

ʥʝʠʟʚʝʩʪʥʦʡ ʧʨʠʨʦʜʳ, ʤʘʩʩʘ ʢʦʪʦʨʦʡ ʧʨʠʤʝʨʥʦ ʚ ʧʷʪʴ ʨʘʟ ʧʨʝʚʳʰʘʝʪ ʤʘʩʩʫ ʚʠʜʠʤʦʛʦ 

ʙʘʨʠʦʥʥʦʛʦ ʚʝʱʝʩʪʚʘ. ʊʝʨʤʠʥ çʪʝʤʥʘʷ ʤʘʪʝʨʠʷè ʦʙʷʟʘʥ ʪʦʤʫ ʬʘʢʪʫ, ʯʪʦ ʵʪʦ ʚʝʱʝʩʪʚʦ 

ʚʟʘʠʤʦʜʝʡʩʪʚʫʝʪ ʪʦʣʴʢʦ ʛʨʘʚʠʪʘʮʠʦʥʥʳʤ ʦʙʨʘʟʦʤ ʠ ʧʦʵʪʦʤʫ ʥʝʚʠʜʠʤʦ, ʚ ʦʪʣʠʯʠʝ ʦʪ 

ʙʘʨʠʦʥʥʦʛʦ ʚʝʱʝʩʪʚʘ, ʢʦʪʦʨʦʝ ʤʳ ʚʠʜʠʤ ʙʣʘʛʦʜʘʨʷ ʠʩʧʫʩʢʘʝʤʦʤʫ ʠʤ ʩʚʝʪʫ ʠʣʠ ʜʨʫʛʦʤʫ 

ʠʟʣʫʯʝʥʠʶ. ʅʘʣʠʯʠʝ ʙʦʣʴʰʠʭ ʩʢʦʧʣʝʥʠʡ ʪʝʤʥʦʡ ʤʘʪʝʨʠʠ ʚ ʛʘʣʘʢʪʠʢʘʭ ʠ ʚ ʠʭ ʩʢʦʧʣʝʥʠʷʭ 

ʦʙʥʘʨʫʞʠʚʘʝʪʩʷ ʧʦ ʧʨʦʠʟʚʦʜʠʤʦʤʫ ʠʤʠ ʛʨʘʚʠʪʘʮʠʦʥʥʦʤʫ ʚʦʟʜʝʡʩʪʚʠʶ, ʢʦʪʦʨʦʝ 

ʧʨʦʷʚʣʷʝʪʩʷ ʚ ʟʘʢʦʥʦʤʝʨʥʦʩʪʷʭ ʜʚʠʞʝʥʠʷ ʟʚʝʟʜ ʵʪʠʭ ʛʘʣʘʢʪʠʢ. 

ɺʘʞʥʳʤ ʘʩʪʨʦʬʠʟʠʯʝʩʢʠʤ ʤʝʪʦʜʦʤ ʦʮʝʥʢʠ ʤʘʩʩʳ ʛʨʘʚʠʪʘʮʠʦʥʥʦ-ʩʚʷʟʘʥʥʳʭ ʩʠʩʪʝʤ 

ʷʚʣʷʝʪʩʷ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʪʝʦʨʝʤʳ ʚʠʨʠʘʣʘ, ʢʦʪʦʨʘʷ ʫʩʪʘʥʘʚʣʠʚʘʝʪ ʩʦʦʪʥʦʰʝʥʠʝ ʤʝʞʜʫ 

ʫʩʨʝʜʥʝʥʥʦʡ ʧʦ ʚʨʝʤʝʥʠ ʧʦʣʥʦʡ ʢʠʥʝʪʠʯʝʩʢʦʡ ʵʥʝʨʛʠʝʡ ʠ ʧʦʪʝʥʮʠʘʣʴʥʦʡ ʵʥʝʨʛʠʝʡ 

ʩʠʩʪʝʤʳ (ʩʤ. ʧ. 4.4). ʅʘ ʦʩʥʦʚʝ ʵʪʦʛʦ ʩʦʦʪʥʦʰʝʥʠʷ ʧʦ ʥʘʙʣʶʜʝʥʠʷʤ ʩʢʦʨʦʩʪʝʡ ʜʚʠʞʝʥʠʡ 

ʦʪʜʝʣʴʥʳʭ ʟʚʝʟʜ (ʠʣʠ ʛʘʣʘʢʪʠʢ) ʚ ʩʢʦʧʣʝʥʠʠ ʟʚʝʟʜ (ʛʘʣʘʢʪʠʢ) ʠ ʥʘʙʣʶʜʘʝʤʳʤ ʨʘʟʤʝʨʘʤ 

ʩʢʦʧʣʝʥʠʷ ʤʦʞʥʦ ʩʜʝʣʘʪʴ ʚʳʚʦʜ ʦ ʧʦʣʥʦʡ ʤʘʩʩʝ (ʚʢʣʶʯʘʷ ʥʝʚʠʜʠʤʫʶ ʤʘʩʩʫ) ʵʪʦʛʦ 

ʩʢʦʧʣʝʥʠʷ. ʕʪʦʪ ʧʨʠʝʤ ʰʠʨʦʢʦ ʠʩʧʦʣʴʟʫʝʪʩʷ ʧʨʠ ʦʮʝʥʢʝ ʤʘʩʩ ʩʚʝʨʭʤʘʩʩʠʚʥʳʭ ʯʝʨʥʳʭ ʜʳʨ 

ʚ ̫ʜʨʘʭ ʛʘʣʘʢʪʠʢ ʠ ʢʚʘʟʘʨʦʚ. ʆʧʨʝʜʝʣʝʥʥʳʝ ʪʘʢʠʤ ʦʙʨʘʟʦʤ ʤʘʩʩʳ ʮʝʥʪʨʘʣʴʥʳʭ 

ʛʘʣʘʢʪʠʯʝʩʢʠʭ ʦʙʲʝʢʪʦʚ ʦʢʘʟʳʚʘʶʪʩʷ ʚ ʧʨʝʜʝʣʘʭ 108 ī 109 M , ʯʪʦ ʪʘʢʞʝ ʧʦʜʪʚʝʨʞʜʘʝʪʩʷ 

ʜʨʫʛʠʤʠ ʩʧʦʩʦʙʘʤʠ ʠʟʤʝʨʝʥʠʷ ʠʭ ʤʘʩʩ.
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                                                                        ʊʘʙʣʠʮʘ 1 

ɼʠʘʧʘʟʦʥʳ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʛʦ ʠʟʣʫʯʝʥʠʷ, ʠʩʩʣʝʜʫʝʤʳʝ ʚ ʘʩʪʨʦʬʠʟʠʢʝ 

 

ʆʙʣʘʩʪʴ ʩʧʝʢʪʨʘ ɼʣʠʥʳ ʚʦʣʥ ʕʥʝʨʛʠʷ ʢʚʘʥʪʦʚ ʇʨʦʟʨʘʯʥʦʩʪʴ ʘʪʤʦʩʬʝʨʳ ʄʝʪʦʜʳ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ɻʘʤʤʘ-ʣʫʯʠ < 0.1 Ȕ 

100 ʢʵɺ ï 100 ɻʵɺ 

 

> 100 ɻʵɺ 

ʇʦʣʥʦʝ ʧʦʛʣʦʱʝʥʠʝ 

 

ʇʦʣʥʦʝ ʧʦʛʣʦʱʝʥʠʝ 

ʊʝʣʝʩʢʦʧʳ ʥʘ ʙʦʨʪʫ ʂɸ 

 

ʅʘʟʝʤʥʳʝ ʛʘʤʤʘ-ʪʝʣʝʩʢʦʧʳ 

ʈʝʥʪʛʝʥʦʚʩʢʠʝ ʣʫʯʠ 0.1ð100 ¡ 100 ʵɺ ï 100 ʢʵɺ ʇʦʣʥʦʝ ʧʦʛʣʦʱʝʥʠʝ ʊʝʣʝʩʢʦʧʳ ʥʘ ʙʦʨʪʫ ʂɸ 

ɼʘʣʝʢʠʡ ʫʣʴʪʨʘʬʠʦʣʝʪ 100 ï 3100 ¡ 4 ï 100 ʵɺ ʉʠʣʴʥʦʝ ʧʦʛʣʦʱʝʥʠʝ ɺʥʝʘʪʤʦʩʬʝʨʥʳʝ 

ɹʣʠʟʢʠʡ ʫʣʴʪʨʘʬʠʦʣʝʪ 3100ð3900 ¡ 3 ï 4 ɺɻ ʉʣʘʙʦʝ ʧʦʛʣʦʱʝʥʠʝ ʉ ʧʦʚʝʨʭʥʦʩʪʠ ɿʝʤʣʠ 

ɺʠʜʠʤʳʝ ʣʫʯʠ 3900ð7600 ¡ 1.6 ï 3 ʵɺ ʉʣʘʙʦʝ ʧʦʛʣʦʱʝʥʠʝ ʉ ʧʦʚʝʨʭʥʦʩʪʠ ɿʝʤʣʠ 

ʀʥʬʨʘʢʨʘʩʥʳʝ ʣʫʯʠ 

0.79ð15 ʤʢʤ 

 

15 ʤʢʤð1 ʤʤ 

10-3 ï 1.6 ʵɺ 

ʏʘʩʪʳʝ ʧʦʣʦʩʳ ʧʦʛʣʦʱʝʥʠʷ 

 

ʉʠʣʴʥʦʝ ʧʦʛʣʦʱʝʥʠʝ 

ʏʘʩʪʠʯʥʦ ʩ ʧʦʚʝʨʭʥʦʩʪʠ ɿʝʤʣʠ 

 

ʉ ʙʘʣʣʦʥʦʚ ʠ ʂɸ 

ʈʘʜʠʦʚʦʣʥʳ 

1 ʤʤð20 ʤ 

 

> 20ʤ 

5Ŀ10-8 ï 10-3 ʵɺ 

 

< 5Ŀ10-8 ʵɺ 

ʉʣʘʙʦʝ ʧʦʛʣʦʱʝʥʠʝ 

 

ʇʦʣʥʦʝ ʧʦʛʣʦʱʝʥʠʝ 

ʅʘʟʝʤʥʳʝ ʨʘʜʠʦʪʝʣʝʩʢʦʧʳ 
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  2. ɼʚʠʞʝʥʠʝ ʥʝʙʝʩʥʳʭ ʪʝʣ 
 

 

  ɻʨʘʚʠʪʘʮʠʦʥʥʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ, ʢʦʪʦʨʦʝ ʥʝ ʠʛʨʘʝʪ ʩʫʱʝʩʪʚʝʥʥʦʡ ʨʦʣʠ ʚ 

ʩʪʨʫʢʪʫʨʝ ʦʢʨʫʞʘʶʱʝʛʦ ʥʘʩ ʚʝʱʝʩʪʚʘ ʠ ʚ ʧʦʚʝʜʝʥʠʠ ʩʦʩʪʘʚʣʷʶʱʠʭ ʝʛʦ ʯʘʩʪʠʮ, ʷʚʣʷʝʪʩʷ 

ʦʩʥʦʚʥʳʤ ʬʘʢʪʦʨʦʤ, ʦʧʨʝʜʝʣʷʶʱʠʤ ʥʝ ʪʦʣʴʢʦ ʜʚʠʞʝʥʠʝ ʥʝʙʝʩʥʳʭ ʪʝʣ, ʥʦ ʪʘʢʞʝ ʠ ʠʭ 

ʵʚʦʣʶʮʠʶ. ʇʦʩʢʦʣʴʢʫ ʪʠʧʠʯʥʳʝ ʩʢʦʨʦʩʪʠ ʥʝʙʝʩʥʳʭ ʪʝʣ v ʦʪʥʦʩʠʪʝʣʴʥʦ ʥʝʚʝʣʠʢʠ ʚ 

ʩʨʘʚʥʝʥʠʠ ʩʦ ʩʢʦʨʦʩʪʴʶ ʩʚʝʪʘ v << c, ʜʣʷ ʦʧʠʩʘʥʠʷ ʠʭ ʜʚʠʞʝʥʠʷ ʧʨʠʤʝʥʠʤʳ ʟʘʢʦʥʳ 

ʢʣʘʩʩʠʯʝʩʢʦʡ (ʥʴʪʦʥʦʚʩʢʦʡ) ʤʝʭʘʥʠʢʠ.  

 

2.1. ɿʘʢʦʥ ʚʩʝʤʠʨʥʦʛʦ ʧʨʠʪʷʞʝʥʠʷ 

 

ʉʦʛʣʘʩʥʦ ʦʪʢʨʳʪʦʤʫ ʅʴʶʪʦʥʦʤ ʟʘʢʦʥʫ ʚʩʝʤʠʨʥʦʛʦ ʧʨʠʪʷʞʝʥʠʷ ʤʝʞʜʫ ʧʘʨʦʡ 

ʤʘʩʩʠʚʥʳʭ ʪʝʣ ʜʝʡʩʪʚʫʝʪ ʩʠʣʘ ʧʨʠʪʷʞʝʥʠʷ, ʚʝʣʠʯʠʥʘ (ʤʦʜʫʣʴ) ʢʦʪʦʨʦʡ ʦʧʨʝʜʝʣʷʝʪʩʷ 

ʚʳʨʘʞʝʥʠʝʤ 

                                                                 

                                                              1 2

2
,

m m
F G

r
=                                                     (2.1)                                                           

 

ʛʜʝ m1 ʠ m2 ï ʤʘʩʩʳ, ʨʘʩʩʤʘʪʨʠʚʘʝʤʳʭ ʜʚʫʭ ʪʝʣ, r ï ʨʘʩʩʪʦʷʥʠʝ ʤʝʞʜʫ ʥʠʤʠ, 

 

G = 6.67Ŀ10-8   

3

2

ʩʤ

ʛ ʩÖ
 

 

ī ʛʨʘʚʠʪʘʮʠʦʥʥʘʷ ʧʦʩʪʦʷʥʥʘʷ. ʉʠʣʘ, ʜʝʡʩʪʚʫʶʱʘʷ ʥʘ ʢʘʞʜʦʝ ʠʟ ʪʝʣ, ʥʘʧʨʘʚʣʝʥʘ ʧʦ ʣʠʥʠʠ, 

ʩʦʝʜʠʥʷʶʱʝʡ ʜʚʘ ʪʝʣʘ ʚ ʩʪʦʨʦʥʫ ʪʝʣʘ-ʧʘʨʪʥʝʨʘ. 

 ʉʦʛʣʘʩʥʦ ʚʪʦʨʦʤʫ ʟʘʢʦʥʫ ʅʴʶʪʦʥʘ F = ma ʩʠʣʘ ʛʨʘʚʠʪʘʮʠʦʥʥʦʛʦ ʧʨʠʪʷʞʝʥʠʷ 

ʩʦʦʙʱʘʝʪ ʢʘʞʜʦʤʫ ʠʟ ʚʟʘʠʤʦʜʝʡʩʪʚʫʶʱʠʭ ʪʝʣ ʫʩʢʦʨʝʥʠʝ 

 

                                                             

 1,2

1,2 2

m
a G

r
= . (2.2)                                                             

 

ʇʨʠ ʵʪʦʤ ʦʪʥʦʰʝʥʠʝ ʫʩʢʦʨʝʥʠʡ ʜʚʫʭ ʪʝʣ 

 

                                                                   
1 2

2 1

a m

a m
=  

 

ʦʙʨʘʪʥʦ ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʦ ʦʪʥʦʰʝʥʠʶ ʤʘʩʩ ʚʟʘʠʤʦʜʝʡʩʪʚʫʶʱʠʭ ʪʝʣ. ʇʦʩʢʦʣʴʢʫ ʫʩʢʦʨʝʥʠʷ 

ʜʚʫʭ ʚʟʘʠʤʦʜʝʡʩʪʚʫʶʱʠʭ ʪʝʣ ʥʘʧʨʘʚʣʝʥʳ ʥʘʚʩʪʨʝʯʫ ʜʨʫʛ ʜʨʫʛʫ, ʦʪʥʦʩʠʪʝʣʴʥʦʝ ʫʩʢʦʨʝʥʠʝ, 

ʢʦʪʦʨʦʝ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʦʧʨʝʜʝʣʷʝʪʩʷ ʠʟ ʥʘʙʣʶʜʘʝʤʦʛʦ ʜʚʠʞʝʥʠʷ ʢʦʩʤʠʯʝʩʢʠʭ ʪʝʣ, 

ʦʧʨʝʜʝʣʷʝʪʩʷ ʚʳʨʘʞʝʥʠʝʤ 

                                                               

 1 2
12 2

m m
a G

r

+
= .  (2.3)

                                                                      
 ʉʠʩʪʝʤʘ ʜʚʫʭ ʚʟʘʠʤʦʜʝʡʩʪʚʫʶʱʠʭ ʤʘʩʩ ʦʙʣʘʜʘʝʪ ʧʦʪʝʥʮʠʘʣʴʥʦʡ ʵʥʝʨʛʠʝʡ 
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 1 2m m
V G

r
=-  (2.4)

                                                      

 

ʕʥʝʨʛʠʷ ʵʪʘ ʦʪʨʠʮʘʪʝʣʴʥʘ, ʧʦʩʢʦʣʴʢʫ ʦʙʫʩʣʦʚʣʝʥʘ ʩʠʣʘʤʠ ʧʨʠʪʷʞʝʥʠʷ. 

 ɺʘʞʥʦ ʠʤʝʪʴ ʚ ʚʠʜʫ, ʯʪʦ ʥʘʧʠʩʘʥʥʦʝ ʚʳʰʝ ʚʳʨʘʞʝʥʠʝ (2.1) ʜʣʷ ʩʠʣʳ ʧʨʠʪʷʞʝʥʠʷ 

ʩʧʨʘʚʝʜʣʠʚʦ ʪʦʣʴʢʦ ʜʣʷ ʪʦʯʝʯʥʳʭ ʤʘʩʩ, ʪ.ʝ. ʪʝʣ ʩ ʥʫʣʝʚʳʤ ʨʘʟʤʝʨʦʤ. ɼʣʷ ʨʝʘʣʴʥʳʭ ʪʝʣ ʩ 

ʭʘʨʘʢʪʝʨʥʳʤʠ ʣʠʥʝʡʥʳʤʠ ʨʘʟʤʝʨʘʤʠ l1 ʠ l2 ʫʩʣʦʚʠʝʤ ʧʨʠʤʝʥʠʤʦʩʪʠ ʷʚʣʷʝʪʩʷ ʤʘʣʦʩʪʴ 

ʨʘʟʤʝʨʦʚ ʪʝʣ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʨʘʩʩʪʦʷʥʠʝʤ ʤʝʞʜʫ ʥʠʤʠ:  

 

                                                                   l1,2 << r.  

 

ɽʩʣʠ ʵʪʦ ʫʩʣʦʚʠʝ ʥʝ ʚʳʧʦʣʥʷʝʪʩʷ ʭʦʪʷ ʙʳ ʜʣʷ ʦʜʥʦʛʦ ʠʟ ʪʝʣ, ʪʦ ʚʳʨʘʞʝʥʠʝ ʜʣʷ ʩʠʣʳ 

ʧʨʠʪʷʞʝʥʠʷ ʤʦʞʥʦ ʥʘʡʪʠ ʚ ʨʝʟʫʣʴʪʘʪʝ ʩʣʝʜʫʶʱʝʡ ʧʨʦʮʝʜʫʨʳ. ʇʫʩʪʴ ʤʳ ʠʤʝʝʤ ʜʝʣʦ ʩ 

ʪʝʣʘʤʠ ʤʘʩʩʳ M ʠ m, ʧʨʠʯʝʤ ʜʣʷ ʧʨʦʩʪʦʪʳ ʨʘʩʩʤʦʪʨʠʤ ʩʣʫʯʘʡ, ʢʦʛʜʘ ʨʘʟʤʝʨʘʤʠ ʪʝʣʘ ʤʘʩʩʳ 

M ʧʨʝʥʝʙʨʝʯʴ ʥʝʣʴʟʷ, ʘ ʪʝʣʦ ʤʘʩʩʳ m ʠʤʝʝʪ ʧʨʝʥʝʙʨʝʞʠʤʦ ʤʘʣʳʡ ʨʘʟʤʝʨ (ʪʦʯʝʯʥʘʷ ʤʘʩʩʘ). 

ɼʣʷ ʧʦʜʩʯʝʪʘ ʩʠʣʳ ʧʨʠʪʷʞʝʥʠʷ ʥʝʦʙʭʦʜʠʤʦ ʤʳʩʣʝʥʥʦ ʨʘʟʙʠʪʴ ʦʙʲʝʤ V ʤʘʩʩʳ M ʥʘ N >> 1 

ʵʣʝʤʝʥʪʘʨʥʳʭ ʦʙʲʝʤʦʚ dVi, ʪʘʢ ʯʪʦʙʳ ʜʣʷ ʣʠʥʝʡʥʦʛʦ ʨʘʟʤʝʨʘ ʢʘʞʜʦʛʦ ʠʟ ʵʣʝʤʝʥʪʘʨʥʳʭ 

ʦʙʲʝʤʦʚ l i ʚʳʧʦʣʥʷʣʦʩʴ ʫʩʣʦʚʠʝ l i << r. ʊʦʛʜʘ ʩʠʣʘ ʛʨʘʚʠʪʘʮʠʦʥʥʦʛʦ ʧʨʠʪʷʞʝʥʠʷ ʷʚʣʷʝʪʩʷ 

ʨʘʚʥʦʜʝʡʩʪʚʫʶʱʝʡ ʩʠʣ, ʜʝʡʩʪʚʫʶʱʠʭ ʤʝʞʜʫ ʪʦʯʝʯʥʦʡ ʤʘʩʩʦʡ m ʠ ʵʣʝʤʝʥʪʘʨʥʳʤʠ ʤʘʩʩ 

ʘʤʠʠ dMi, ʩ ʫʯʝʪʦʤ ʪʦʛʦ, ʯʪʦ ʥʘʧʨʘʚʣʝʥʠʝ ʵʣʝʤʝʥʪʘʨʥʦʡ ʩʠʣʳ ʠ ʨʘʩʩʪʦʷʥʠʝ r i ʟʘʚʠʩʷʪ ʦʪ i. ɺ 

ʩʣʫʯʘʝ ʪʝʣ ʩʣʦʞʥʦʡ ʬʦʨʤʳ ʩ ʥʝʦʜʥʦʨʦʜʥʳʤ ʨʘʩʧʨʝʜʝʣʝʥʠʝʤ ʧʣʦʪʥʦʩʪʠ ʚʝʱʝʩʪʚʘ ʧʦ ʦʙʲʝʤʫ 

V ʧʦʜʩʯʝʪ ʨʘʚʥʦʜʝʡʩʪʚʫʶʱʝʡ ʛʨʘʚʠʪʘʮʠʦʥʥʦʡ ʩʠʣʳ ʧʨʠʪʷʞʝʥʠʷ ʤʦʞʝʪ ʧʨʝʜʩʪʘʚʣʷʪʴ ʩʦʙʦʡ 

ʜʦʚʦʣʴʥʦ ʩʣʦʞʥʫʶ ʧʨʦʮʝʜʫʨʫ. 

 ɿʘʜʘʯʘ ʦʧʨʝʜʝʣʝʥʠʷ ʩʠʣʳ ʧʨʠʪʷʞʝʥʠʷ ʜʚʫʭ ʪʝʣ ʫʧʨʦʱʘʝʪʩʷ, ʝʩʣʠ ʪʝʣʦ ʤʘʩʩʳ M 

ʦʙʣʘʜʘʝʪ ʢʘʢʦʡ-ʣʠʙʦ ʩʠʤʤʝʪʨʠʝʡ. ʅʘʠʙʦʣʝʝ ʧʨʦʩʪʦʡ, ʥʦ ʚʤʝʩʪʝ ʩ ʪʝʤ ʧʨʘʢʪʠʯʝʩʢʠ ʚʘʞʥʳʡ 

ʩʣʫʯʘʡ ï ʢʦʛʜʘ ʧʨʦʪʷʞʝʥʥʦʝ ʪʝʣʦ ʤʘʩʩʳ M ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʦʜʥʦʨʦʜʥʳʡ ʰʘʨ ʨʘʜʠʫʩʘ R. 

ʇʨʠʤʝʥʝʥʠʝ ʪʝʦʨʝʤʳ ɻʘʫʩʩʘ-ʆʩʪʨʦʛʨʘʜʩʢʦʛʦ ʧʦʟʚʦʣʷʝʪ ʜʦʢʘʟʘʪʴ, ʯʪʦ ʚ ʵʪʦʤ ʩʣʫʯʘʝ ʩʠʣʘ 

ʧʨʠʪʷʞʝʥʠʷ, ʢʘʢ ʠ ʚ ʩʣʫʯʘʝ ʪʦʯʝʯʥʳʭ ʤʘʩʩ ʧʨʠ  r Ó R  ʦʧʨʝʜʝʣʷʝʪʩʷ ʚʳʨʘʞʝʥʠʝʤ 
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ʛʜʝ r ï ʨʘʩʩʪʦʷʥʠʝ ʤʝʞʜʫ ʪʦʯʝʯʥʦʡ ʤʘʩʩʦʡ m ʠ ʮʝʥʪʨʦʤ ʪʝʣʘ ʤʘʩʩʳ M. 

 ɽʱʝ ʦʜʠʥ ʧʦʣʝʟʥʳʡ ʧʨʠʤʝʨ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʩʣʫʯʘʡ, ʢʦʛʜʘ ʪʦʯʝʯʥʘʷ ʤʘʩʩʘ m 

ʧʦʤʝʱʝʥʘ ʚʥʫʪʨʴ ʤʘʩʩʠʚʥʦʡ ʩʬʝʨʠʯʝʩʢʦʡ ʦʙʦʣʦʯʢʠ ʨʘʜʠʫʩʘ R. ʅʝʪʨʫʜʥʦ ʧʦʢʘʟʘʪʴ, ʯʪʦ 

ʥʝʟʘʚʠʩʠʤʦ ʦʪ ʚʝʣʠʯʠʥʳ ʤʘʩʩ, ʨʘʟʤʝʨʘ ʦʙʦʣʦʯʢʠ ʠ ʤʝʩʪʦʧʦʣʦʞʝʥʠʷ ʤʘʩʩʳ m ʩʠʣʘ 

ʛʨʘʚʠʪʘʮʠʦʥʥʦʛʦ ʠʭ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʚ ʪʦʯʥʦʩʪʠ ʨʘʚʥʘ ʥʫʣʶ. ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʵʪʦʛʦ 

ʨʝʟʫʣʴʪʘʪʘ ʧʦʟʚʦʣʷʝʪ ʙʝʟ ʪʨʫʜʘ ʦʧʨʝʜʝʣʠʪʴ ʩʠʣʫ ʛʨʘʚʠʪʘʮʠʦʥʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʪʦʯʝʯʥʦʡ 

ʤʘʩʩʳ m ʩ ʦʜʥʦʨʦʜʥʳʤ ʰʘʨʦʦʙʨʘʟʥʳʤ ʪʝʣʦʤ ʤʘʩʩʳ M ʠ ʨʘʜʠʫʩʘ R ʚ ʩʣʫʯʘʝ, ʢʦʛʜʘ ʪʝʣʦ 

ʤʘʩʩʳ m ʥʘʭʦʜʠʪʩʷ ʚʥʫʪʨʠ ʰʘʨʘ, ʪ.ʝ. ʥʘ ʨʘʩʩʪʦʷʥʠʠ r < R ʦʪ ʮʝʥʪʨʘ ʰʘʨʘ. 

 ɺ ʪʦʡ ʤʝʨʝ, ʚ ʢʦʪʦʨʦʡ ɿʝʤʣʶ ʤʦʞʥʦ ʩʯʠʪʘʪʴ ʦʜʥʦʨʦʜʥʳʤ ʰʘʨʦʤ ʥʘʧʠʩʘʥʥʦʝ ʚʳʰʝ 

ʚʳʨʘʞʝʥʠʝ ʧʨʠʤʝʥʠʤʦ ʜʣʷ ʨʘʩʯʝʪʘ ʩʠʣʳ ʪʷʞʝʩʪʠ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ɿʝʤʣʠ. ɿʘʧʠʩʘʚ ʝʝ ʚ ʚʠʜʝ 

 

                                                                      FT = g m                                                               (2.6)                       

 

ʠ ʧʦʣʘʛʘʷ ʨʘʚʝʥʩʪʚʦ ʩʠʣ ʪʷʞʝʩʪʠ ʠ ʪʷʛʦʪʝʥʠʷ, FT = F, ʧʦʣʫʯʘʝʤ ʚʳʨʘʞʝʥʠʝ ʜʣʷ ʫʩʢʦʨʝʥʠʷ 

ʩʚʦʙʦʜʥʦʛʦ ʧʘʜʝʥʠʷ (ʫʩʢʦʨʝʥʠʝ ʩʠʣʳ ʪʷʞʝʩʪʠ) 
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ʛʜʝ  

 

                                               ME = 5.98Ŀ1027 ʛ,    RE = 6.378Ŀ108 ʩʤ  

 

ī ʟʥʘʯʝʥʠʷ ʤʘʩʩʳ ʠ ʨʘʜʠʫʩʘ ɿʝʤʣʠ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʈʘʩʩʯʠʪʘʥʥʦʝ ʧʦ ʬʦʨʤʫʣʝ (2.7) ʟʥʘʯʝʥʠʝ 

ʫʩʢʦʨʝʥʠʷ ʩʠʣʳ ʪʷʞʝʩʪʠ  

 

g = 981 ʩʤ/ʩ2 

 

ʩʦʚʧʘʜʘʝʪ ʩ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʦʧʨʝʜʝʣʝʥʥʳʤ ʩʨʝʜʥʠʤ ʧʦ ʧʦʚʝʨʭʥʦʩʪʠ ɿʝʤʣʠ ʟʥʘʯʝʥʠʝʤ. 

ʕʪʦ ʩʦʚʧʘʜʝʥʠʝ ʷʚʣʷʝʪʩʷ ʩʣʝʜʩʪʚʠʝʤ ʪʦʛʦ, ʯʪʦ ʩʠʣʘ ʪʷʞʝʩʪʠ ʪʦʞʜʝʩʪʚʝʥʥʘ ʩʠʣʝ ʪʷʛʦʪʝʥʠʷ, 

ʦʧʠʩʳʚʘʝʤʦʡ ʟʘʢʦʥʦʤ ʚʩʝʤʠʨʥʦʛʦ ʧʨʠʪʷʞʝʥʠʷ. 

 ʀʟʤʝʨʝʥʠʷ ʩʚʠʜʝʪʝʣʴʩʪʚʫʶʪ ʦ ʪʦʤ, ʯʪʦ ʟʥʘʯʝʥʠʝ ʫʩʢʦʨʝʥʠʷ ʩʠʣʳ ʪʷʞʝʩʪʠ g ʟʘʚʠʩʠʪ 

ʦʪ ʤʝʩʪʦʧʦʣʦʞʝʥʠʷ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ɿʝʤʣʠ. ʕʪʘ ʟʘʚʠʩʠʤʦʩʪʴ ʦʙʫʩʣʦʚʣʝʥʘ ʨʷʜʦʤ ʬʠʟʠʯʝʩʢʠʭ 

ʬʘʢʪʦʨʦʚ. ɺʦ-ʧʝʨʚʳʭ, ʬʦʨʤʘ ɿʝʤʣʠ ʦʪʢʣʦʥʷʝʪʩʷ ʦʪ ʰʘʨʦʦʙʨʘʟʥʦʡ: ɿʝʤʣʷ ʩʧʣʶʩʥʫʪʘ ʫ 

ʧʦʣʶʩʦʚ, ʟʘ ʩʯʝʪ ʯʝʛʦ ʩʠʣʘ ʧʨʠʪʷʞʝʥʠʷ ʫ ʧʦʣʶʩʦʚ ʙʦʣʴʰʝ, ʯʝʤ ʚ ʨʘʡʦʥʝ ʵʢʚʘʪʦʨʘ. ɺʦ-

ʚʪʦʨʳʭ, ʩʠʣʘ ʪʷʞʝʩʪʠ ʝʩʪʴ ʨʘʚʥʦʜʝʡʩʪʚʫʶʱʘʷ ʩʠʣʳ ʧʨʠʪʷʞʝʥʠʷ ʠ ʮʝʥʪʨʦʙʝʞʥʦʡ ʩʠʣʳ 

ʠʥʝʨʮʠʠ, ʜʝʡʩʪʚʫʶʱʝʡ ʥʘ ʚʩʝ ʪʝʣʘ ʚ ʥʝʠʥʝʨʮʠʘʣʴʥʦʡ ʩʠʩʪʝʤʝ ʦʪʩʯʝʪʘ, ʩʚʷʟʘʥʥʦʡ ʩ 

ʚʨʘʱʘʶʱʝʡʩʷ ʚʦʢʨʫʛ ʩʚʦʝʡ ʦʩʠ ɿʝʤʣʝʡ. ɿʘ ʩʯʝʪ ʜʝʡʩʪʚʠʷ ʵʪʠʭ ʜʚʫʭ ʬʘʢʪʦʨʦʚ ʫʩʢʦʨʝʥʠʝ 

ʩʠʣʳ ʪʷʞʝʩʪʠ ʫ ʧʦʣʶʩʦʚ ʠʤʝʝʪ ʤʘʢʩʠʤʘʣʴʥʦʝ ʟʥʘʯʝʥʠʝ 983 ʩʤ/ʩ2, ʘ ʫ ʵʢʚʘʪʦʨʘ ï 

ʤʠʥʠʤʘʣʴʥʦʝ 978 ʩʤ/ʩ2. ʇʦʤʠʤʦ ʵʪʦʛʦ ʥʘʙʣʶʜʘʶʪʩʷ ʣʦʢʘʣʴʥʳʝ ʚʘʨʠʘʮʠʠ ʫʩʢʦʨʝʥʠʷ, 

ʦʙʫʩʣʦʚʣʝʥʥʳʝ ʥʝʦʜʥʦʨʦʜʥʳʤ ʨʘʩʧʨʝʜʝʣʝʥʠʝʤ ʚʝʱʝʩʪʚʘ ɿʝʤʣʠ. 

 

2.2. ɿʘʢʦʥʳ ʂʝʧʣʝʨʘ 

  

 ɻʨʘʚʠʪʘʮʠʦʥʥʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʷʚʣʷʝʪʩʷ ʬʘʢʪʦʨʦʤ, ʦʧʨʝʜʝʣʷʶʱʠʤ ʜʚʠʞʝʥʠʝ 

ʥʝʙʝʩʥʳʭ ʪʝʣ (ʧʣʘʥʝʪ, ʢʦʤʝʪ, ʟʚʝʟʜ ʠ ʪ.ʜ.). ɺʩʝ ʜʨʫʛʠʝ ʚʠʜʳ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ï ʩʠʣʴʥʦʝ, 

ʩʣʘʙʦʝ ʠ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʝ, ī ʠʛʨʘʶʱʠʝ ʜʦʤʠʥʠʨʫʶʱʫʶ ʨʦʣʴ ʚ ʤʠʢʨʦʤʠʨʝ, ʥʝ ʦʢʘʟʳʚʘʶʪ 

ʩʢʦʣʴʢʦ-ʥʠʙʫʜʴ ʟʘʤʝʪʥʦʛʦ ʚʣʠʷʥʠʷ ʥʘ ʜʚʠʞʝʥʠʝ ʥʝʙʝʩʥʳʭ ʪʝʣ. ʕʣʝʢʪʨʦʤʘʛʥʠʪʥʦʝ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʧʨʝʥʝʙʨʝʞʠʤʦ ʤʘʣʦ ʧʦ ʪʦʡ ʧʨʠʯʠʥʝ, ʯʪʦ ʤʘʢʨʦʩʢʦʧʠʯʝʩʢʠʝ ʢʦʩʤʠʯʝʩʢʠʝ 

ʦʙʲʝʢʪʳ ʚ ʚʳʩʦʢʦʡ ʩʪʝʧʝʥʠ ʵʣʝʢʪʨʠʯʝʩʢʠ ʥʝʡʪʨʘʣʴʥʳ. ʉʠʣʴʥʦʝ ʠ ʩʣʘʙʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ 

ʷʚʣʷʶʪʩʷ ʩʪʦʣʴ ʢʦʨʦʪʢʦʜʝʡʩʪʚʫʶʱʠʤʠ, ʯʪʦ ʧʨʦʷʚʣʷʶʪʩʷ ʪʦʣʴʢʦ ʥʘ ʤʘʣʳʭ ʤʘʩʰʪʘʙʘʭ, 

ʪʘʢʠʭ ʢʘʢ ʨʘʟʤʝʨ ʘʪʦʤʥʳʭ ʷʜʝʨ ʠʣʠ ʨʘʟʤʝʨ ʥʫʢʣʦʥʦʚ. 

 ʀʩʪʦʨʠʯʝʩʢʠ ʧʝʨʚʦʡ ʧʨʦʙʣʝʤʦʡ, ʩʚʷʟʘʥʥʦʡ ʩ ʜʚʠʞʝʥʠʝʤ ʥʝʙʝʩʥʳʭ ʪʝʣ, ʙʳʣʘ ʟʘʜʘʯʘ 

ʦʙʲʷʩʥʝʥʠʷ ʥʘʙʣʶʜʘʝʤʳʭ ʟʘʢʦʥʦʤʝʨʥʦʩʪʝʡ ʜʚʠʞʝʥʠʷ ʧʣʘʥʝʪ ʩʦʣʥʝʯʥʦʡ ʩʠʩʪʝʤʳ. ʕʪʘ 

ʧʨʦʙʣʝʤʘ ʙʳʣʘ ʨʝʰʝʥʘ ʀ. ʂʝʧʣʝʨʦʤ (1609), ʢʦʪʦʨʳʡ ʩʬʦʨʤʫʣʠʨʦʚʘʣ ʪʨʠ ʵʤʧʠʨʠʯʝʩʢʠʭ 

ʟʘʢʦʥʘ ʧʣʘʥʝʪʘʨʥʳʭ ʜʚʠʞʝʥʠʡ: 

1. ɺʩʝ ʧʣʘʥʝʪʳ ʜʚʠʞʫʪʩʷ ʧʦ ʵʣʣʠʧʩʘʤ, ʚ ʦʜʥʦʤ ʠʟ ʬʦʢʫʩʦʚ ʢʦʪʦʨʳʭ (ʦʙʱʝʤ ʜʣʷ ʚʩʝʭ 
ʧʣʘʥʝʪ) ʥʘʭʦʜʠʪʩʷ ʉʦʣʥʮʝ. 

2. ʈʘʜʠʫʩ-ʚʝʢʪʦʨ ʧʣʘʥʝʪʳ ʚ ʨʘʚʥʳʝ ʧʨʦʤʝʞʫʪʢʠ ʚʨʝʤʝʥʠ ʦʧʠʩʳʚʘʝʪ ʨʘʚʥʦʚʝʣʠʢʠʝ 

ʧʣʦʱʘʜʠ. 

3. ʂʚʘʜʨʘʪʳ ʧʝʨʠʦʜʦʚ ʦʙʨʘʱʝʥʠʷ ʧʣʘʥʝʪ ʚʦʢʨʫʛ ʉʦʣʥʮʘ ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʳ ʢʫʙʘʤ ʙʦʣʴʰʠʭ 

ʧʦʣʫʦʩʝʡ ʠʭ ʵʣʣʠʧʪʠʯʝʩʢʠʭ ʦʨʙʠʪ. 

 ʇʦʩʢʦʣʴʢʫ ʤʘʩʩʘ ʉʦʣʥʮʘ ʧʨʠʤʝʨʥʦ ʚ 700 ʨʘʟ ʧʨʝʚʦʩʭʦʜʠʪ ʩʫʤʤʘʨʥʫʶ ʤʘʩʩʫ ʚʩʝʭ 

ʧʣʘʥʝʪ, ʧʨʠʪʷʞʝʥʠʝ ʉʦʣʥʮʘ ʷʚʣʷʝʪʩʷ ʜʦʤʠʥʠʨʫʶʱʝʡ ʩʠʣʦʡ, ʜʝʡʩʪʚʫʶʱʝʡ ʥʘ ʧʣʘʥʝʪʳ. 

ʇʦʵʪʦʤʫ ʚʟʘʠʤʥʳʤ ʛʨʘʚʠʪʘʮʠʦʥʥʳʤ ʚʦʟʜʝʡʩʪʚʠʝʤ ʧʣʘʥʝʪ ʚ ʧʝʨʚʦʤ ʧʨʠʙʣʠʞʝʥʠʠ ʤʦʞʥʦ 

ʧʨʝʥʝʙʨʝʯʴ. ɼʚʠʞʝʥʠʝ ʞʝ ʢʘʞʜʦʡ ʦʪʜʝʣʴʥʦʡ ʧʣʘʥʝʪʳ ʚ ʧʦʣʝ ʪʷʞʝʩʪʠ ʉʦʣʥʮʘ ʧʨʝʜʩʪʘʚʣʷʝʪ 

ʩʦʙʦʡ ʟʘʜʘʯʫ ʜʚʫʭ ʪʝʣ, ʢʦʪʦʨʘʷ ʠʤʝʝʪ ʪʦʯʥʦʝ ʨʝʰʝʥʠʝ. ʄʳ ʚʦʩʧʦʣʴʟʫʝʤʩʷ ʟʜʝʩʴ ʥʝʢʦʪʦʨʳʤʠ 

ʩʣʝʜʩʪʚʠʷʤʠ ʵʪʦʛʦ ʨʝʰʝʥʠʷ, ʜʣʷ ʪʦʛʦ, ʯʪʦʙʳ ʧʦʷʩʥʠʪʴ ʩʤʳʩʣ ʟʘʢʦʥʦʚ ʂʝʧʣʝʨʘ. 

 ɿʘʜʘʯʘ ʦ ʜʚʠʞʝʥʠʠ ʜʚʫʭ ʛʨʘʚʠʪʘʮʠʦʥʥʦ ʚʟʘʠʤʦʜʝʡʩʪʚʫʶʱʠʭ ʪʝʣ ʣʝʛʢʦ ʨʝʰʘʝʪʩʷ ʚ 

ʩʠʩʪʝʤʝ ʮʝʥʪʨʘ ʠʥʝʨʮʠʠ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʟʘʢʦʥʦʚ ʩʦʭʨʘʥʝʥʠʷ ʤʦʤʝʥʪʘ ʠʤʧʫʣʴʩʘ ʠ 

ʵʥʝʨʛʠʠ. ɽʩʣʠ ʚʚʝʩʪʠ ʚʝʢʪʦʨ ʚʟʘʠʤʥʦʛʦ ʨʘʩʩʪʦʷʥʠʷ ʜʚʫʭ ʪʝʣ 
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                                                         r = r1 ï r2                                                                              (2.8)          

 

ʠ ʧʦʤʝʩʪʠʪʴ ʥʘʯʘʣʦ ʢʦʦʨʜʠʥʘʪ ʚ ʮʝʥʪʨʝ ʠʥʝʨʮʠʠ, ʵʪʦ ʜʘʝʪ 

 

                                                     m1r1 + m2r2 =0. 

 

ʀʟ ʵʪʠʭ ʜʚʫʭ ʨʘʚʝʥʩʪʚ ʥʘʭʦʜʠʤ ʨʘʜʠʫʩ-ʚʝʢʪʦʨʳ ʯʘʩʪʠʮ: 

 

                                        
2

1

1 2

m

m m
=

+
r r , 

1
2

1 2

m

m m
=

+
r r .                                             (2.9)                                 

 

ʇʦʣʥʘʷ ʵʥʝʨʛʠʷ ʩʠʩʪʝʤʳ ʚ ʵʪʦʤ ʩʣʫʯʘʝ ʦʧʨʝʜʝʣʷʝʪʩʷ ʚʳʨʘʞʝʥʠʝʤ 

 

                                                 

2

( )
2

m
E V r= +

v
,                                                         (2.10)                                

ʛʜʝ 

                                                    1 2

1 2

m m
m

m m
=
+

                                                             (2.11)                                      

 

ī ʧʨʠʚʝʜʝʥʥʘʷ ʤʘʩʩʘ, v = dr /dt ï ʩʢʦʨʦʩʪʴ ʦʪʥʦʩʠʪʝʣʴʥʦʛʦ ʜʚʠʞʝʥʠʷ ʜʚʫʭ ʪʝʣ. ʇʨʠ ʵʪʦʤ 

ʟʘʜʘʯʘ ʩʚʦʜʠʪʩʷ ʢ ʟʘʜʘʯʝ ʜʚʠʞʝʥʠʷ ʤʘʪʝʨʠʘʣʴʥʦʡ ʪʦʯʢʠ ʩ ʤʘʩʩʦʡ m ʚʦ ʚʥʝʰʥʝʤ ʧʦʣʝ  

 

1 2( )
m m

V r G
r

=- , 

 

ʢʦʪʦʨʦʝ ʷʚʣʷʝʪʩʷ ʩʬʝʨʠʯʝʩʢʠ ʩʠʤʤʝʪʨʠʯʥʳʤ ʦʪʥʦʩʠʪʝʣʴʥʦ ʮʝʥʪʨʘ ʠʥʝʨʮʠʠ. 

 ʇʨʠ ʜʚʠʞʝʥʠʠ ʚ ʮʝʥʪʨʘʣʴʥʦʤ ʧʦʣʝ ʥʘʨʷʜʫ ʩ ʵʥʝʨʛʠʝʡ E ʩʦʭʨʘʥʷʝʪʩʷ ʪʘʢʞʝ ʤʦʤʝʥʪ 

ʩʠʩʪʝʤʳ ʦʪʥʦʩʠʪʝʣʴʥʦ ʮʝʥʪʨʘ ʧʦʣʷ. ɼʣʷ ʦʜʥʦʡ ʯʘʩʪʠʮʳ ʵʪʦ ʝʩʪʴ 

 

                                                       L = [rp ], 

 

ʛʜʝ p = mv ï ʠʤʧʫʣʴʩ ʯʘʩʪʠʮʳ. ʇʦʩʢʦʣʴʢʫ ʚʝʢʪʦʨʳ L ʠ r  ʚʟʘʠʤʥʦ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʳ, 

ʧʦʩʪʦʷʥʩʪʚʦ L  ʦʟʥʘʯʘʝʪ, ʯʪʦ ʧʨʠ ʜʚʠʞʝʥʠʠ ʯʘʩʪʠʮʳ ʝʝ ʨʘʜʠʫʩ-ʚʝʢʪʦʨ ʚʩʝ ʚʨʝʤʷ ʦʩʪʘʝʪʩʷ ʚ 

ʦʜʥʦʡ ʧʣʦʩʢʦʩʪʠ ï ʧʣʦʩʢʦʩʪʠ, ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦʡ ʚʝʢʪʦʨʫ L . 

 ɽʩʣʠ ʦʩʴ z ʩʠʩʪʝʤʳ ʢʦʦʨʜʠʥʘʪ ʚʳʙʨʘʪʴ ʪʘʢ, ʯʪʦʙʳ ʤʦʤʝʥʪ L  ʙʳʣ ʥʘʧʨʘʚʣʝʥ ʚʜʦʣʴ 

ʦʩʠ z, ʪʦ ʚʝʣʠʯʠʥʘ ʤʦʤʝʥʪʘ ʦʧʨʝʜʝʣʷʝʪʩʷ ʚʳʨʘʞʝʥʠʝʤ 

 

                                                            L  = mr2ɤ, 

 

ʛʜʝ ɤ = dű/dt ï ʫʛʣʦʚʘʷ ʩʢʦʨʦʩʪʴ ʦʪʥʦʩʠʪʝʣʴʥʦ ʦʩʠ z, ű ï ʧʦʣʷʨʥʳʡ ʫʛʦʣ. ʇʦʩʢʦʣʴʢʫ 

ʚʝʣʠʯʠʥʘ  

 

                                                               21

2
dS r dj=        

 

ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʧʣʦʱʘʜʴ ʩʝʢʪʦʨʘ, ʦʙʨʘʟʦʚʘʥʥʦʛʦ ʜʚʫʤʷ ʙʣʠʟʢʠʤʠ ʨʘʜʠʫʩ-ʚʝʢʪʦʨʘʤʠ, 

ʫʛʦʣ ʤʝʞʜʫ ʢʦʪʦʨʳʤʠ dű, ʚʝʣʠʯʠʥʫ ʤʦʤʝʥʪʘ ʠʤʧʫʣʴʩʘ ʯʘʩʪʠʮʳ ʤʦʞʥʦ ʟʘʧʠʩʘʪʴ ʚ ʚʠʜʝ 
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dS

dt
L = 2m .                                                     (2.12)                        

 

ʇʨʦʠʟʚʦʜʥʫʶ dS/dt ʥʘʟʳʚʘʶʪ ʩʝʢʪʦʨʠʘʣʴʥʦʡ ʩʢʦʨʦʩʪʴʶ. ʇʦʵʪʦʤʫ ʩʦʭʨʘʥʝʥʠʝ ʤʦʤʝʥʪʘ 

ʦʟʥʘʯʘʝʪ ʧʦʩʪʦʷʥʩʪʚʦ ʩʝʢʪʦʨʠʘʣʴʥʦʡ ʩʢʦʨʦʩʪʠ, ʯʪʦ ʧʦ ʩʫʪʠ ʠ ʝʩʪʴ ʚʪʦʨʦʡ ʟʘʢʦʥ ʂʝʧʣʝʨʘ.  

 ʍʘʨʘʢʪʝʨ ʜʚʠʞʝʥʠʷ  ʯʘʩʪʠʮʳ  ʦʧʨʝʜʝʣʷʝʪʩʷ  ʟʥʘʢʦʤ  ʧʦʣʥʦʡ  ʵʥʝʨʛʠʠ  ʩʠʩʪʝʤʳ: ʧʨʠ  

E < 0  ʜʚʠʞʝʥʠʝ  ʬʠʥʠʪʥʦ  (ʪ.ʝ. ʧʨʦʠʩʭʦʜʠʪ  ʚ  ʦʛʨʘʥʠʯʝʥʥʦʡ ʦʙʣʘʩʪʠ ʧʨʦʩʪʨʘʥʩʪʚʘ),  ʘ ʧʨʠ  

E > 0 ï ʠʥʬʠʥʠʪʥʦ. ʀʩʭʦʜʷ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʠʟ ʟʘʢʦʥʘ ʩʦʭʨʘʥʝʥʠʷ ʵʥʝʨʛʠʠ ʠ ʤʦʤʝʥʪʘ 

ʠʤʧʫʣʴʩʘ, ʥʝʪʨʫʜʥʦ ʧʦʢʘʟʘʪʴ, ʯʪʦ ʪʨʘʝʢʪʦʨʠʷ ʯʘʩʪʠʮʳ ʦʧʨʝʜʝʣʷʝʪʩʷ ʬʦʨʤʫʣʦʡ 

 

                                                        1 cos
p

e
r

j= +  . 

 

ʕʪʦ ʝʩʪʴ ʫʨʘʚʥʝʥʠʝ ʢʦʥʠʯʝʩʢʦʛʦ ʩʝʯʝʥʠʷ ʩ ʬʦʢʫʩʦʤ ʚ ʥʘʯʘʣʝ ʢʦʦʨʜʠʥʘʪ; p = L 2/(Gmm1m2) ʠ 

e = (1 + 2mEp2/L2)1/2 ï ʪʘʢ ʥʘʟʳʚʘʝʤʳʝ ʧʘʨʘʤʝʪʨ ʠ ʵʢʩʮʝʥʪʨʠʩʠʪʝʪ ʦʨʙʠʪʳ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. 

ʊʦʯʢʘ ű = 0 ʷʚʣʷʝʪʩʷ ʙʣʠʞʘʡʰʝʡ ʢ ʮʝʥʪʨʫ ï ʧʝʨʠʛʝʣʠʡ ʦʨʙʠʪʳ. 

 ʇʨʠ E < 0 ʵʢʩʮʝʥʪʨʠʩʠʪʝʪ e < 1, ʪ.ʝ. ʦʨʙʠʪʘ ʷʚʣʷʝʪʩʷ ʵʣʣʠʧʩʦʤ (ʩʤ. ʨʠʩ. 2.1). 

ʀʤʝʥʥʦ ʵʪʦʪ ʩʣʫʯʘʡ, ʟʘʬʠʢʩʠʨʦʚʘʥʥʳʡ ʧʝʨʚʳʤ ʟʘʢʦʥʦʤ ʂʝʧʣʝʨʘ,   ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʧʣʘʥʝʪʘʤ 

ʩʦʣʥʝʯʥʦʡ   ʩʠʩʪʝʤʳ ʉʦʛʣʘʩʥʦ ʠʟʚʝʩʪʥʳʤ ʬʦʨʤʫʣʘʤ ʘʥʘʣʠʪʠʯʝʩʢʦʡ ʛʝʦʤʝʪʨʠʠ ʙʦʣʴʰʘʷ ʠ 

ʤʘʣʘʷ ʧʦʣʫʦʩʠ ʵʣʣʠʧʩʘ ʦʧʨʝʜʝʣʷʶʪʩʷ ʚʳʨʘʞʝʥʠʷʤʠ 

 

1 2

21 2

m mp
a G

e E
= =
-

,    
2 21

p
b

m Ee
= =
-

L
 . 

 

 

ʇʨʠ e = 0 ʵʣʣʠʧʩ ʩʦʚʧʘʜʘʝʪ ʩ 

ʦʢʨʫʞʥʦʩʪʴʶ ʨʘʜʠʫʩʘ r = a = b , 

ʧʨʠʯʝʤ ʪʦʯʢʘ m ʜʚʠʞʝʪʩʷ ʧʦ 

ʦʢʨʫʞʥʦʩʪʠ ʩ ʧʦʩʪʦʷʥʥʦʡ ʩʢʦʨʦʩʪʴʶ  

                                                                           

1 2
m +m

G
r

=
c

v ,         (2.13)        

 

ʥʘʟʳʚʘʝʤʦʡ ʮʠʢʣʠʯʝʩʢʦʡ ʩʢʦʨʦʩʪʴʶ. 

ʈʝʰʝʥʠʝ ʜʣʷ ʢʨʫʛʦʚʦʛʦ ʜʚʠʞʝʥʠʷ 

ʥʝʤʝʜʣʝʥʥʦ ʧʦʣʫʯʘʝʪʩʷ, ʝʩʣʠ ʫʯʝʩʪʴ, 

ʯʪʦ ʨʦʣʴ ʮʝʥʪʨʦʩʪʨʝʤʠʪʝʣʴʥʦʡ ʩʠʣʳ 

 
2

c

m
F

r
=

v
 

 

ʚ ʜʘʥʥʦʤ ʩʣʫʯʘʝ ʚʳʧʦʣʥʷʝʪ ʩʠʣʘ 

ʛʨʘʚʠʪʘʮʠʠ F = G m1m2/r
2. ʀʟ ʨʘʚʝʥʩʪʚʘ Fc = F ʧʦʣʫʯʘʝʤ ʚʳʨʘʞʝʥʠʝ ʜʣʷ ʮʠʢʣʠʯʝʩʢʦʡ 

ʩʢʦʨʦʩʪʠ vc.  

 ʋʯʠʪʳʚʘʷ ʩʚʷʟʴ ʤʝʞʜʫ ʣʠʥʝʡʥʦʡ ʩʢʦʨʦʩʪʴʶ v = vc ʠ ʫʛʣʦʚʦʡ ʩʢʦʨʦʩʪʴʶ ɤ = v/r, ʘ 

ʪʘʢʞʝ ʩʚʷʟʴ ʤʝʞʜʫ ɤ  ʠ ʧʝʨʠʦʜʦʤ ʦʙʨʘʱʝʥʠʷ ʧʦ ʦʢʨʫʞʥʦʩʪʠ T = 2́ /ɤ, ʧʦʜʩʪʘʚʣʷʷ ʣʠʥʝʡʥʫʶ 

ʩʢʦʨʦʩʪʴ, ʚʳʨʘʞʝʥʥʫʶ ʯʝʨʝʟ ʧʝʨʠʦʜ v = 2́ r/T, ʚ ʚʳʨʘʞʝʥʠʝ ʜʣʷ ʮʠʢʣʠʯʝʩʢʦʡ ʩʢʦʨʦʩʪʠ, 

ʧʦʣʫʯʘʝʤ  

 

 

ʈʠʩ. 2.1. ʕʣʣʠʧʪʠʯʝʩʢʘʷ ʦʨʙʠʪʘ. 
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2
2 1 2

3

4m m
T

r G

p+
= .                                                      (2.14)                             

 

 ɺʨʝʤʷ ʦʙʨʘʱʝʥʠʷ ʧʦ ʵʣʣʠʧʪʠʯʝʩʢʦʡ ʦʨʙʠʪʝ ʫʜʦʙʥʦ ʦʧʨʝʜʝʣʠʪʴ ʩ ʧʦʤʦʱʴʶ ʟʘʢʦʥʘ 

ʩʦʭʨʘʥʝʥʠʷ ʤʦʤʝʥʪʘ, ʚʳʨʘʞʝʥʥʦʛʦ ʯʝʨʝʟ ʩʝʢʪʦʨʠʘʣʴʥʫʶ ʩʢʦʨʦʩʪʴ. ʀʥʪʝʛʨʠʨʫʷ ʚʳʨʘʞʝʥʠʝ 

(2.12) ʧʦ ʚʨʝʤʝʥʠ ʦʪ ʥʫʣʷ ʜʦ T, ʧʦʣʫʯʠʤ: 

 

2mS = T L , 

 

ʛʜʝ S ï ʧʣʦʱʘʜʴ ʵʣʣʠʧʩʘ. ʇʦʜʩʪʘʚʣʷʷ ʚ ʵʪʦ ʩʦʦʪʥʦʰʝʥʠʝ S = ˊ a b, ʥʘʭʦʜʠʤ ʚʳʨʘʞʝʥʠʝ ʜʣʷ 

ʧʝʨʠʦʜʘ 

 

                                                           
3/2 1 22

m m
T a

G
p

+
= ,                                                (2.15)                         

 

ʢʦʪʦʨʦʝ ʧʦ ʩʫʪʠ ʷʚʣʷʝʪʩʷ ʫʪʦʯʥʝʥʥʳʤ ʪʨʝʪʴʠʤ ʟʘʢʦʥʦʤ ʂʝʧʣʝʨʘ. 

 ɽʩʣʠ E = 0 ʵʢʩʮʝʥʪʨʠʩʠʪʝʪ e = 1, ʪ.ʝ. ʯʘʩʪʠʮʘ ʜʚʠʞʝʪʩʷ ʧʦ ʧʘʨʘʙʦʣʝ ʩ ʨʘʩʩʪʦʷʥʠʝʤ 

ʧʝʨʠʛʝʣʠʷ rmin = p/2. ʋʯʠʪʳʚʘʷ, ʯʪʦ ʚ ʧʝʨʠʛʝʣʠʠ ʤʦʤʝʥʪ ʠʤʧʫʣʴʩʘ ʨʘʚʝʥ L  = mvr, ʥʘʭʦʜʠʤ 

ʚʳʨʘʞʝʥʠʝ ʜʣʷ ʩʢʦʨʦʩʪʠ ʪʦʯʢʠ m ʚ ʧʝʨʠʛʝʣʠʠ 

 

                                                        1 22 ( )
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ʢʦʪʦʨʘʷ ʥʦʩʠʪ ʥʘʟʚʘʥʠʝ ʧʘʨʘʙʦʣʠʯʝʩʢʦʡ. 

 ɽʩʣʠ ʩʢʦʨʦʩʪʴ ʚ ʧʝʨʠʛʝʣʠʠ ʨʘʩʩʤʘʪʨʠʚʘʪʴ ʚ ʢʘʯʝʩʪʚʝ ʥʘʯʘʣʴʥʦʡ ʩʢʦʨʦʩʪʠ v0, ʪʦ 

ʧʨʠʭʦʜʠʤ ʢ ʟʘʢʣʶʯʝʥʠʶ, ʯʪʦ ʪʦʯʢʘ m ʜʚʠʞʝʪʩʷ ʧʦ ʦʢʨʫʞʥʦʩʪʠ ʧʨʠ ʫʩʣʦʚʠʠ v0 = vc; ʧʨʠ vc 

< v0 < vp ʦʥʘ ʜʚʠʞʝʪʩʷ ʧʦ ʵʣʣʠʧʩʫ ʠ ʥʘʢʦʥʝʮ, ʧʨʠ v0 = vp ʦʨʙʠʪʦʡ ʪʦʯʢʠ m ̫ ʚʣʷʝʪʩʷ ʧʘʨʘʙʦʣʘ.  

ʅʝʪʨʫʜʥʦ ʪʘʢʞʝ ʧʦʢʘʟʘʪʴ,  ʯʪʦ ʧʨʠ E > 0  ʪʦʯʢʘ ʜʚʠʞʝʪʩʷ ʧʦ ʛʠʧʝʨʙʦʣʝ. 

 ɺ ʟʘʢʣʶʯʝʥʠʝ ʥʝʦʙʭʦʜʠʤʦ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʧʨʠʚʝʜʝʥʥʘʷ ʤʘʩʩʘ m ʥʝ ʷʚʣʷʝʪʩʷ ʨʝʘʣʴʥʳʤ 

ʪʝʣʦʤ, ʢʘʢ ʠ ʝʝ ʦʨʙʠʪʘ r(ű) ʥʝ ʷʚʣʷʝʪʩʷ ʪʨʘʝʢʪʦʨʠʝʡ ʨʝʘʣʴʥʦʛʦ ʪʝʣʘ. ʈʝʘʣʴʥʳʤʠ ʪʝʣʘʤʠ 

ʷʚʣʷʶʪʩʷ ʪʦʯʢʠ m1 ʠ m2. ʀʭ ʪʨʘʝʢʪʦʨʠʠ ʙʝʟ ʪʨʫʜʘ ʤʦʛʫʪ ʙʳʪʴ ʥʘʡʜʝʥʳ ʠʟ ʩʦʦʪʥʦʰʝʥʠʷ 

ʤʝʞʜʫ r1, r2 ʠ r. ɽʩʣʠ ʦʨʙʠʪʘ r(ű) ï ɻ ʣʣʠʧʩ, ʪʦ ʠ r1(ű) ʠ r2(ű) ʪʦʞʝ ʷʚʣʷʶʪʩʷ ʵʣʣʠʧʩʘʤʠ. ɽʩʣʠ 

ʨʝʯʴ ʠʜʝʪ ʦ ʜʚʠʞʝʥʠʠ ʧʣʘʥʝʪʳ ʚʦʢʨʫʛ ʉʦʣʥʮʘ, ʪʦ ʦʙʘ ʪʝʣʘ ʧʦʜ ʚʦʟʜʝʡʩʪʚʠʝʤ ʚʟʘʠʤʥʦʛʦ 

ʧʨʠʪʷʞʝʥʠʷ ʜʚʠʞʫʪʩʷ ʧʦ ʵʣʣʠʧʪʠʯʝʩʢʠʤ ʦʨʙʠʪʘʤ ʚʦʢʨʫʛ ʠʭ ʦʙʱʝʛʦ ʮʝʥʪʨʘ ʠʥʝʨʮʠʠ. 

ʆʜʥʘʢʦ ʠʟ-ʟʘ ʙʦʣʴʰʦʛʦ ʨʘʟʣʠʯʠʷ ʠʭ ʤʘʩʩ ʨʘʟʤʝʨʳ ʦʨʙʠʪ ʠ ʩʢʦʨʦʩʪʠ ʠʭ ʜʚʠʞʝʥʠʷ ʩʠʣʴʥʦ 

ʨʘʟʣʠʯʘʶʪʩʷ. ʊʘʢ ʝʩʣʠ m1 = M  ï ʤʘʩʩʘ ʉʦʣʥʮʘ, a m2 = m ï ʤʘʩʩʘ ʧʣʘʥʝʪʳ, ʪʦ ʜʣʷ ʨʘʜʠʫʩ-

ʚʝʢʪʦʨʘ ʠ ʩʢʦʨʦʩʪʠ ʉʦʣʥʮʘ ʠʤʝʝʤ  

 

                                  1
m

r r r
M

º      ʠ    1

m

M
ºv v v .  

 

ɺ ʪʦ ʞʝ ʚʨʝʤʷ ʜʣʷ ʧʣʘʥʝʪʳ r2 å r ʠ v2 å v ʩ ʪʦʯʥʦʩʪʴʶ ʜʦ ʯʣʝʥʦʚ ʧʦʨʷʜʢʘ / 1m M . 

ʇʨʠʭʦʜʠʤ ʢ ʟʘʢʣʶʯʝʥʠʶ, ʯʪʦ ʩʢʦʨʦʩʪʴ ʉʦʣʥʮʘ ʟʥʘʯʠʪʝʣʴʥʦ ʤʝʥʴʰʝ ʩʢʦʨʦʩʪʠ ʧʣʘʥʝʪʳ. 

ʇʦʵʪʦʤʫ ʧʨʠʙʣʠʞʝʥʥʦ ʩʧʨʘʚʝʜʣʠʚʦ ʫʪʚʝʨʞʜʝʥʠʝ ʦ ʪʦʤ, ʯʪʦ ʧʣʘʥʝʪʘ ʚʨʘʱʘʝʪʩʷ ʚʦʢʨʫʛ 

ʥʝʧʦʜʚʠʞʥʦʛʦ ʉʦʣʥʮʘ. 
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2.3. ɺʦʟʤʫʱʝʥʥʦʝ ʜʚʠʞʝʥʠʝ 

 

 ɽʩʣʠ ʙʳ ʢʘʢʦʝ-ʣʠʙʦ ʪʝʣʦ ʩʦʣʥʝʯʥʦʡ ʩʠʩʪʝʤʳ ʧʨʠʪʷʛʠʚʘʣʦʩʴ ʪʦʣʴʢʦ ʉʦʣʥʮʝʤ, ʪʦ ʦʥʦ 

ʜʚʠʛʘʣʦʩʴ ʙʳ ʚʦʢʨʫʛ ʉʦʣʥʮʘ ʪʦʯʥʦ ʧʦ ʟʘʢʦʥʘʤ ʂʝʧʣʝʨʘ. ʊʘʢʦʝ ʜʚʠʞʝʥʠʝ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʝ 

ʨʝʰʝʥʠʶ ʟʘʜʘʯʠ ʜʚʫʭ ʪʝʣ, ʥʘʟʳʚʘʝʪʩʷ ʥʝʚʦʟʤʫʱʝʥʥʳʤ. ɺ ʜʝʡʩʪʚʠʪʝʣʴʥʦʩʪʠ ʞʝ ʚʩʝ ʪʝʣʘ 

ʩʦʣʥʝʯʥʦʡ ʩʠʩʪʝʤʳ ʧʨʠʪʷʛʠʚʘʶʪʩʷ ʥʝ ʪʦʣʴʢʦ ʉʦʣʥʮʝʤ, ʥʦ ʠ ʜʨʫʛ ʜʨʫʛʦʤ. ʇʦʵʪʦʤʫ ʥʠ ʦʜʥʦ 

ʪʝʣʦ ʥʝ ʤʦʞʝʪ ʜʚʠʛʘʪʴʩ ̫ʪʦʯʥʦ ʧʦ ʵʣʣʠʧʩʫ ʣʠʙʦ ʧʦ ʧʘʨʘʙʦʣʝ. ʆʪʢʣʦʥʝʥʠʷ ʚ ʜʚʠʞʝʥʠʠ ʪʝʣ 

ʦʪ ʟʘʢʦʥʦʚ ʂʝʧʣʝʨʘ ʥʘʟʳʚʘʶʪʩʷ ʚʦʟʤʫʱʝʥʠʷʤʠ, ʘ ʨʝʘʣʴʥʦʝ ʠʭ ʜʚʠʞʝʥʠʝ ï ʚʦʟʤʫʱʝʥʥʳʤ 

ʜʚʠʞʝʥʠʝʤ. ʀʟʤʝʥʝʥʠʷ ʵʣʝʤʝʥʪʦʚ ʦʨʙʠʪʳ ʪʝʣʘ ʚʩʣʝʜʩʪʚʠʝ ʧʨʠʪʷʞʝʥʠʷ ʝʛʦ ʜʨʫʛʠʤʠ ʪʝʣʘʤʠ, 

ʧʦʤʠʤʦ ʛʣʘʚʥʦʛʦ (ʮʝʥʪʨʘʣʴʥʦʛʦ) ʪʝʣʘ, ʥʘʟʳʚʘʶʪʩʷ ʚʦʟʤʫʱʝʥʠʷʤʠ. ʇʦʩʢʦʣʴʢʫ ʵʪʠ 

ʚʦʟʤʫʱʝʥʠʷ ʧʦ ʚʝʣʠʯʠʥʝ ʥʝʚʝʣʠʢʠ, ʠʭ ʤʦʞʥʦ ʨʘʩʩʯʠʪʘʪʴ ʧʨʠʙʣʠʞʝʥʥʳʤʠ ʤʝʪʦʜʘʤʠ. 

 ɼʣʷ ʪʦʛʦ ʯʪʦʙʳ ʢʘʯʝʩʪʚʝʥʥʦ ʧʨʦʠʣʣʶʩʪʨʠʨʦʚʘʪʴ ʚʦʟʤʫʱʝʥʥʦʝ ʜʚʠʞʝʥʠʝ, 

ʨʘʩʩʤʦʪʨʠʤ ʭʘʨʘʢʪʝʨ ʜʚʠʞʝʥʠʷ ʃʫʥʳ (ʨʠʩ. 2.2). ɼʣʷ ʃʫʥʳ ʮʝʥʪʨʘʣʴʥʳʤ ʪʝʣʦʤ ʷʚʣʷʝʪʩʷ 

ɿʝʤʣʷ, ʘ ʦʩʥʦʚʥʳʤ ʚʦʟʤʫʱʘʶʱʠʤ ʪʝʣʦʤ ï ʉʦʣʥʮʝ. 

 ʇʦʩʢʦʣʴʢʫ ʵʢʩʮʝʥʪʨʠʩʠʪʝʪ ʣʫʥʥʦʡ ʦʨʙʠʪʳ ʥʝʚʝʣʠʢ, ʙʫʜʝʤ ʧʨʠʙʣʠʞʝʥʥʦ ʩʯʠʪʘʪʴ ʝʝ 

ʢʨʫʛʦʚʦʡ ʩ ʨʘʜʠʫʩʦʤ, ʨʘʚʥʳʤ ʩʨʝʜʥʝʤʫ ʨʘʩʩʪʦʷʥʠʶ ʤʝʞʜʫ ʃʫʥʦʡ ʠ ɿʝʤʣʝʡ 

 

rME = 3.84Ŀ10
10 ʩʤ. 

 

ʇʨʠʪʷʞʝʥʠʝ ɿʝʤʣʠ ʩʦʦʙʱʘʝʪ ʃʫʥʝ ʫʩʢʦʨʝʥʠʝ 
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ʋʩʢʦʨʝʥʠʝ ʃʫʥʳ, ʚʳʟʚʘʥʥʦʝ ʧʨʠʪʷʞʝʥʠʝʤ ʉʦʣʥʮʘ, ʨʘʚʥʦ 

 

ʈʠʩ. 2.2. ɺʦʟʤʫʱʘʶʱʝʝ ʚʦʟʜʝʡʩʪʚʠʝ ʉʦʣʥʮʘ ʥʘ ʦʨʙʠʪʘʣʴʥʦʝ ʜʚʠʞʝʥʠʝ ʃʫʥʳ. 

ʉʧʣʦʰʥʦʡ ʣʠʥʠʝʡ ʧʦʢʘʟʘʥʘ ʥʝʚʦʟʤʫʱʝʥʥʘʷ ʦʨʙʠʪʘ ʃʫʥʳ, ʧʫʥʢʪʠʨʥʦʡ ï ʦʨʙʠʪʘ, 

ʚʦʟʤʫʱʝʥʥʘʷ ʚʦʟʜʝʡʩʪʚʠʝʤ ʉʦʣʥʮʘ. 
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ɿʜʝʩʴ rMS ï ʨʘʩʩʪʦʷʥʠʝ ʦʪ ʃʫʥʳ ʜʦ ʉʦʣʥʮʘ. ʆʪʥʦʰʝʥʠʝ ʵʪʠʭ ʫʩʢʦʨʝʥʠʡ ʨʘʚʥʦ 
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ʝʩʣʠ ʫʯʝʩʪʴ, ʯʪʦ M /ME = 333 000 ʠ rMS/rME = 390. ʊʝʤ ʩʘʤʳʤ ʧʨʠʭʦʜʠʤ ʥʘ ʧʝʨʚʳʡ ʚʟʛʣʷʜ 

ʢ ʧʘʨʘʜʦʢʩʘʣʴʥʦʤʫ ʨʝʟʫʣʴʪʘʪʫ: ʩʠʣʘ, ʜʝʡʩʪʚʫʶʱʘʷ ʥʘ ʃʫʥʫ ʩʦ ʩʪʦʨʦʥʳ ʉʦʣʥʮʘ ʚ ʜʚʘ ʨʘʟʘ 

ʙʦʣʴʰʝ ʩʠʣʳ ʧʨʠʪʷʞʝʥʠʷ ʃʫʥʳ ɿʝʤʣʝʡ, ʦʜʥʘʢʦ ʃʫʥʘ ʷʚʣʷʝʪʩʷ ʩʧʫʪʥʠʢʦʤ ɿʝʤʣʠ, ʘ ʥʝ 

ʉʦʣʥʮʘ. 

 ɼʣʷ ʦʙʲʷʩʥʝʥʠʷ ʵʪʦʛʦ ʢʘʞʫʱʝʛʦʩʷ ʧʘʨʘʜʦʢʩʘ ʥʝʦʙʭʦʜʠʤʦ ʦʧʨʝʜʝʣʠʪʴ ʚʝʣʠʯʠʥʫ 

ʚʦʟʤʫʱʝʥʠʷ, ʚʳʟʳʚʘʝʤʦʛʦ ʉʦʣʥʮʝʤ ʥʘ ʜʚʠʞʝʥʠʝ ʃʫʥʳ ʦʪʥʦʩʠʪʝʣʴʥʦ ɿʝʤʣʠ, ʩ ʫʯʝʪʦʤ ʪʦʛʦ, 

ʯʪʦ ʫʩʢʦʨʝʥʠʝ ɿʝʤʣʠ ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʉʦʣʥʮʘ ʨʘʚʥʦ 
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ʛʜʝ rES = 1 ʘ.ʝ. ï ʨʘʩʩʪʦʷʥʠʝ ʦʪ ɿʝʤʣʠ ʜʦ ʉʦʣʥʮʘ. ʀʥʳʤʠ ʩʣʦʚʘʤʠ, ʪʨʝʙʫʝʪʩʷ ʦʮʝʥʠʪʴ ʨʘʟʥʠʮʫ 

ʫʩʢʦʨʝʥʠʡ ɿʝʤʣʠ ʠ ʃʫʥʳ, ʚʳʟʚʘʥʥʳʭ ʚʦʟʜʝʡʩʪʚʠʝʤ ʉʦʣʥʮʘ. ɼʣʷ ʵʪʦʛʦ ʨʘʩʩʤʦʪʨʠʤ ʩʣʫʯʘʡ, 

ʢʦʛʜʘ ʃʫʥʘ ʥʘʭʦʜʠʪʩʷ ʚ ʪʦʯʢʝ M1 ʤʝʞʜʫ ɿʝʤʣʝʡ ʠ ʉʦʣʥʮʝʤ (ʨʠʩ.2.2). ɺ ʵʪʦʤ ʩʣʫʯʘʝ rMS = rES 

ï rMS ʠ ʫʩʢʦʨʝʥʠʝ ʃʫʥʳ ʦʪʥʦʩʠʪʝʣʴʥʦ ɿʝʤʣʠ ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʉʦʣʥʮʘ ʝʩʪʴ 
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ʊʘʢ ʢʘʢ rME ʤʘʣʦ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ rES, ʪʦ ʧʨʠʙʣʠʞʝʥʥʦ ʠʤʝʝʤ 
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ʕʪʘ ʚʝʣʠʯʠʥʘ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʫʩʢʦʨʝʥʠʝʤ ʃʫʥʳ, ʚʳʟʚʘʥʥʳʤ ʧʨʠʪʷʞʝʥʠʝʤ ɿʝʤʣʠ, 

ʩʦʩʪʘʚʣʷʝʪ 
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ʯʪʦ ʧʨʠʙʣʠʟʠʪʝʣʴʥʦ ʨʘʚʥʦ 1/90. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʨʠʭʦʜʠʤ ʢ ʟʘʢʣʶʯʝʥʠʶ, ʯʪʦ ʚʦʟʜʝʡʩʪʚʠʝ 

ʉʦʣʥʮʘ ʥʘ ʦʪʥʦʩʠʪʝʣʴʥʦʝ ʜʚʠʞʝʥʠʝ ʃʫʥʳ ʚʦʢʨʫʛ ɿʝʤʣʠ ʧʨʠʤʝʨʥʦ ʚ 100 ʨʘʟ ʤʝʥʴʰʝ 

ʚʦʟʜʝʡʩʪʚʠʷ ɿʝʤʣʠ ʥʘ ʃʫʥʫ, ʢʦʪʦʨʦʝ ʧʦ ʵʪʦʡ ʧʨʠʯʠʥʝ ʠ ʷʚʣʷʝʪʩʷ ʦʩʥʦʚʥʳʤ. 

 ɺ ʪʦʯʢʝ M1 ʉʦʣʥʮʝ ʦʪʜʘʣʷʝʪ ʃʫʥʫ ʦʪ ɿʝʤʣʠ, ʘ ʚ ʪʦʯʢʝ M3 ï ɿʝʤʣʶ ʦʪ ʃʫʥʳ. ʅʝʪʨʫʜʥʦ 

ʧʦʢʘʟʘʪʴ, ʯʪʦ ʚ ʪʦʯʢʘʭ M2 ʠ M4 ʚʦʟʤʫʱʘʶʱʘʷ ʩʠʣʘ ʥʝʩʢʦʣʴʢʦ ʩʙʣʠʞʘʝʪ ʃʫʥʫ ʠ ɿʝʤʣʶ, ʪʘʢ 

ʢʘʢ ʫʩʢʦʨʝʥʠʷ, ʩʦʦʙʱʘʝʤʳʝ ʠʤ ʉʦʣʥʮʝʤ, ʚ ʵʪʠʭ ʩʣʫʯʘʷʭ ʨʘʚʥʳ ʧʦ ʚʝʣʠʯʠʥʝ, ʘ ʠʭ 

ʥʘʧʨʘʚʣʝʥʠʷ ʩʭʦʜʷʪʩʷ ʧʦʜ ʦʩʪʨʳʤ ʫʛʣʦʤ. 

 ɸʥʘʣʦʛʠʯʥʳʤ ʦʙʨʘʟʦʤ ʤʦʞʥʦ ʨʘʩʩʯʠʪʘʪʴ ʚʦʟʤʫʱʘʶʱʫʶ ʩʠʣʫ, ʜʝʡʩʪʚʫʶʱʫʶ ʩʦ 

ʩʪʦʨʦʥʳ ʃʫʥʳ ʥʘ ɿʝʤʣʶ. ʊʘʢ ʢʘʢ ʨʘʟʤʝʨʳ ɿʝʤʣʠ ʢʦʥʝʯʥʳ, ʩʠʣʳ ʣʫʥʥʦʛʦ ʧʨʠʪʷʞʝʥʠʷ ʥʘ 
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ʨʘʟʥʳʝ ʪʦʯʢʠ ɿʝʤʣʠ ʥʝʦʜʠʥʘʢʦʚʳ. ɽʩʣʠ ʙʳ ɿʝʤʣʷ ʙʳʣʘ ʘʙʩʦʣʶʪʥʦ ʪʚʝʨʜʳʤ ʪʝʣʦʤ, ʪʦ ʧʦʜ 

ʜʝʡʩʪʚʠʝʤ ʵʪʠʭ ʚʦʟʤʫʱʘʶʱʠʭ ʩʠʣ ʚ ʪʝʣʝ ɿʝʤʣʠ ʧʦʷʚʠʣʠʩʴ ʙʳ ʥʘʪʷʞʝʥʠʷ ʠ ʝʜʚʘ ʟʘʤʝʪʥʳʝ 

ʜʝʬʦʨʤʘʮʠʠ. ɼʝʡʩʪʚʠʝ ʵʪʠʭ ʩʠʣ ʥʘ ʚʦʜʥʫʶ ʧʦʚʝʨʭʥʦʩʪʴ ɿʝʤʣʠ ʚʳʟʳʚʘʝʪ ʚʝʩʴʤʘ ʟʘʤʝʪʥʳʝ 

ʷʚʣʝʥʠʷ, ʢʦʪʦʨʳʝ ʥʘʟʳʚʘʶʪʩʷ ʧʨʠʣʠʚʘʤʠ ʠ ʦʪʣʠʚʘʤʠ. 

 ʇʨʦʚʦʜʷ ʨʘʩʩʤʦʪʨʝʥʠʝ, ʢʘʢ ʠ ʚ ʩʣʫʯʘʝ ʦʧʠʩʘʥʠʷ ʚʦʟʤʫʱʘʶʱʝʛʦ ʚʦʟʜʝʡʩʪʚʠʷ ʉʦʣʥʮʘ 

ʥʘ ʦʨʙʠʪʫ ʃʫʥʳ, ʥʝʪʨʫʜʥʦ ʫʩʪʘʥʦʚʠʪʴ, ʯʪʦ ʫʯʘʩʪʢʠ ʟʝʤʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ, ʨʘʩʧʦʣʦʞʝʥʥʳʝ ʥʘ 

ʣʠʥʠʠ ɿʝʤʣʷ ï ʃʫʥʘ, ʠʩʧʳʪʳʚʘʶʪ ʫʩʢʦʨʝʥʠʝ ʧʦ ʦʪʥʦʰʝʥʠʶ ʢ ʮʝʥʪʨʫ ɿʝʤʣʠ, ʨʘʚʥʦʝ 
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ɹʦʢʦʚʳʝ ʞʝ ʫʯʘʩʪʢʠ ʟʝʤʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ, ʥʘʧʨʦʪʠʚ, ʧʦʣʫʯʘʶʪ ʥʝʢʦʪʦʨʦʝ ʫʩʢʦʨʝʥʠʝ ʢ 

ʮʝʥʪʨʫ ɿʝʤʣʠ. ʉʣʝʜʦʚʘʪʝʣʴʥʦ, ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʣʫʥʥʦʛʦ ʧʨʠʪʷʞʝʥʠʷ ʚʦʜʥʘʷ ʦʙʦʣʦʯʢʘ ɿʝʤʣʠ 

ʧʨʠʥʠʤʘʝʪ ʬʦʨʤʫ ʵʣʣʠʧʩʦʠʜʘ, ʚʳʪʷʥʫʪʦʛʦ ʚʜʦʣʴ ʥʘʧʨʘʚʣʝʥʠʷ ɿʝʤʣʷ-ʃʫʥʘ, ʪʘʢ ʯʪʦ ʥʘ 

ʫʯʘʩʪʢʘʭ, ʧʨʠʣʝʛʘʶʱʠʭ ʢ ʵʪʦʤʫ ʥʘʧʨʘʚʣʝʥʠʶ, ʙʫʜʫʪ ʥʘʙʣʶʜʘʪʴʩʷ ʧʨʠʣʠʚʳ, ʘ ʥʘ ʙʦʢʦʚʳʭ 

ʫʯʘʩʪʢʘʭ ï ʦʪʣʠʚʳ, ʧʦʜʦʙʥʦ ʪʦʤʫ, ʢʘʢ ʜʝʬʦʨʤʠʨʫʝʪʩʷ ʦʨʙʠʪʘ ʃʫʥʳ ʟʘ ʩʯʝʪ ʚʦʟʤʫʱʘʶʱʝʛʦ 

ʚʦʟʜʝʡʩʪʚʠʷ ʉʦʣʥʮʘ (ʩʤ. ʨʠʩ. 2.2). ɺʩʣʝʜʩʪʚʠʝ ʚʨʘʱʝʥʠʷ ɿʝʤʣʠ ʧʨʠʣʠʚʥʳʝ ʚʳʩʪʫʧʳ 

ʧʝʨʝʜʚʠʛʘʶʪʩʷ ʧʦ ʟʝʤʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ, ʪʘʢ ʯʪʦ ʟʘ ʚʨʝʤʷ ʤʝʞʜʫ ʜʚʫʤʷ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʳʤʠ 

ʢʫʣʴʤʠʥʘʮʠʷʤʠ ʃʫʥʳ, ʨʘʚʥʦʝ ʚ ʩʨʝʜʥʝʤ 24h52m, ʧʨʠʣʠʚʥʳʝ ʚʳʩʪʫʧʳ ʦʙʭʦʜʷʪ ʚʦʢʨʫʛ 

ʟʝʤʥʦʛʦ ʰʘʨʘ ʠ ʟʘ ʵʪʦ ʚʨʝʤʷ ʚ ʢʘʞʜʦʤ ʤʝʩʪʝ ʧʨʦʠʟʦʡʜʝʪ ʜʚʘ ʧʨʠʣʠʚʘ ʠ ʜʚʘ ʦʪʣʠʚʘ. 

 ʇʨʠʪʷʞʝʥʠʝ ʉʦʣʥʮʘ ʩ ʫʯʝʪʦʤ ʢʦʥʝʯʥʦʩʪʠ ɿʝʤʣʠ ʩʦʟʜʘʝʪ ʘʥʘʣʦʛʠʯʥʳʡ ʵʬʬʝʢʪ. 

ʋʩʢʦʨʝʥʠʝ ʧʨʠʣʠʚʦʦʙʨʘʟʫʶʱʝʡ ʩʠʣʳ ʉʦʣʥʮʘ ʨʘʚʥʦ 
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ʕʪʦ ʫʩʢʦʨʝʥʠʝ ʧʨʠʤʝʨʥʦ ʚ 2.2 ʨʘʟʘ ʤʝʥʴʰʝ ʫʩʢʦʨʝʥʠʷ a'EM, ʦʙʫʩʣʦʚʣʝʥʥʦʛʦ ʃʫʥʦʡ.  

 ɺʳʩʦʪʘ ʧʨʠʣʠʚʘ ʚ ʨʘʟʥʳʭ ʤʝʩʪʘʭ ʥʝʦʜʠʥʘʢʦʚʘ. ɺʦ ʚʥʫʪʨʝʥʥʠʭ ʤʦʨʷʭ, ʥʘʧʨʠʤʝʨ, ʚ 

ʏʝʨʥʦʤ ʠ ɹʘʣʪʠʡʩʢʦʤ, ʧʨʠʣʠʚʳ ʤʘʣʳ ï ʚʩʝʛʦ ʥʝʩʢʦʣʴʢʦ ʩʘʥʪʠʤʝʪʨʦʚ. ɺ ʦʢʝʘʥʝ, ʚʜʘʣʠ ʦʪ 

ʧʦʙʝʨʝʞʴʷ, ʚʝʣʠʯʠʥʘ ʧʨʠʣʠʚʘ ʦʢʦʣʦ 1 ʤ, ʥʦ ʫ ʙʝʨʝʛʦʚ, ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʠʭ ʦʯʝʨʪʘʥʠʡ, 

ʧʨʠʣʠʚʳ ʤʦʛʫʪ ʜʦʩʪʠʛʘʪʴ 15-20 ʤ. 

 

 2.4. ʆʧʨʝʜʝʣʝʥʠʝ ʤʘʩʩ ʥʝʙʝʩʥʳʭ ʪʝʣ 

 

 ɿʘʢʦʥ ʚʩʝʤʠʨʥʦʛʦ ʪʷʛʦʪʝʥʠʷ ʧʦʟʚʦʣʷʝʪ ʠʟʤʝʨʠʪʴ ʦʜʥʫ ʠʟ ʚʘʞʥʝʡʰʠʭ ʬʠʟʠʯʝʩʢʠʭ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʥʝʙʝʩʥʦʛʦ ʪʝʣʘ ï ʝʛʦ ʤʘʩʩʫ. ʇʨʠ ʵʪʦʤ ʠʩʧʦʣʴʟʫʝʪʩʷ ʥʝʩʢʦʣʴʢʦ ʨʘʟʥʳʭ 

ʤʝʪʦʜʦʚ ʦʧʨʝʜʝʣʝʥʠʷ ʤʘʩʩʳ: ʠʟ ʠʟʤʝʨʝʥʠʡ ʩʠʣʳ ʪʷʞʝʩʪʠ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʜʘʥʥʦʛʦ ʪʝʣʘ 

(ʛʨʘʚʠʤʝʪʨʠʯʝʩʢʠʡ ʩʧʦʩʦʙ); ʧʦ ʪʨʝʪʴʝʤʫ (ʫʪʦʯʥʝʥʥʦʤʫ) ʟʘʢʦʥʫ ʂʝʧʣʝʨʘ; ʠʟ ʘʥʘʣʠʟʘ 

ʥʘʙʣʶʜʘʝʤʳʭ ʚʦʟʤʫʱʝʥʠʡ, ʧʨʦʠʟʚʦʜʠʤʳʭ ʥʝʙʝʩʥʳʤ ʪʝʣʦʤ ʚ ʜʚʠʞʝʥʠʠ ʜʨʫʛʠʭ ʥʝʙʝʩʥʳʭ 

ʪʝʣ. 

 ʇʝʨʚʳʡ ʩʧʦʩʦʙ ʧʨʠʤʝʥʠʤ ʧʦʢʘ ʪʦʣʴʢʦ ʢ ɿʝʤʣʝ. ʇʦʩʢʦʣʴʢʫ, ʢʘʢ ʙʳʣʦ ʧʦʢʘʟʘʥʦ, 

ʫʩʢʦʨʝʥʠʝ ʩʠʣʳ ʪʷʞʝʩʪʠ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ɿʝʤʣʠ  
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ʦʧʨʝʜʝʣʷʝʪʩʷ ʤʘʩʩʦʡ ɿʝʤʣʠ ʠ ʝʝ ʨʘʜʠʫʩʦʤ, ʤʘʩʩʘ ɿʝʤʣʠ  
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ʤʦʞʝʪ ʙʳʪʴ ʦʧʨʝʜʝʣʝʥʘ ʧʦ ʠʟʚʝʩʪʥʦʤʫ ʟʥʘʯʝʥʠʶ ʫʩʢʦʨʝʥʠʷ g, ʝʩʣʠ ʠʟʚʝʩʪʥʘ ʪʘʢʞʝ 

ʚʝʣʠʯʠʥʘ ʝʝ ʨʘʜʠʫʩʘ RE. ɿʥʘʯʝʥʠʝ ʨʘʜʠʫʩʘ ɿʝʤʣʠ ʦʧʨʝʜʝʣʝʥʦ ʠʟ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʳʭ 

ʠʟʤʝʨʝʥʠʡ ʥʘ ʝʝ ʧʦʚʝʨʭʥʦʩʪʠ. ʇʦ ʠʟʚʝʩʪʥʳʤ ʚ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʟʥʘʯʝʥʠʷʤ ʚʝʣʠʯʠʥ g ʠ RE 

ʧʦʣʫʯʘʝʪʩʷ ʤʘʩʩʘ ɿʝʤʣʠ 

 

ME = 5.976Ŀ1027 ʛ. 

 

 ʊʨʝʪʠʡ, ʫʪʦʯʥʝʥʥʳʡ ʟʘʢʦʥ ʂʝʧʣʝʨʘ ʧʦʟʚʦʣʷʝʪ ʦʧʨʝʜʝʣʠʪʴ ʩʦʦʪʥʦʰʝʥʠʝ ʤʝʞʜʫ 

ʤʘʩʩʦʡ ʉʦʣʥʮʘ ʠ ʤʘʩʩʦʡ ʧʣʘʥʝʪʳ, ʝʩʣʠ ʫ ʧʦʩʣʝʜʥʝʡ ʠʤʝʝʪʩʷ ʩʧʫʪʥʠʢ ʠ ʠʟʚʝʩʪʥʳ ʝʛʦ 

ʨʘʩʩʪʦʷʥʠʝ ʦʪ ʧʣʘʥʝʪʳ ʠ ʧʝʨʠʦʜ ʦʙʨʘʱʝʥʠʷ ʚʦʢʨʫʛ ʥʝʝ. ɼʝʡʩʪʚʠʪʝʣʴʥʦ, ʧʦʩʢʦʣʴʢʫ 

ʜʚʠʞʝʥʠʝ ʩʧʫʪʥʠʢʘ ʚʦʢʨʫʛ ʧʣʘʥʝʪʳ ʧʦʜʯʠʥʷʝʪʩʷ ʪʝʤ ʞʝ ʟʘʢʦʥʘʤ, ʯʪʦ ʠ ʜʚʠʞʝʥʠʝ ʧʣʘʥʝʪʳ 

ʚʦʢʨʫʛ ʉʦʣʥʮʘ, ʩʧʨʘʚʝʜʣʠʚʦ ʩʦʦʪʥʦʰʝʥʠʝ 
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ʚ ʢʦʪʦʨʦʤ M ʠ m ï ʤʘʩʩʳ ʧʣʘʥʝʪʳ ʠ ʩʧʫʪʥʠʢʘ, Tp ʠ Ts ï ʧʝʨʠʦʜʳ ʚʨʘʱʝʥʠʷ ʧʣʘʥʝʪʳ ʚʦʢʨʫʛ 

ʉʦʣʥʮʘ ʠ ʩʧʫʪʥʠʢʘ ʚʦʢʨʫʛ ʧʣʘʥʝʪʳ, ap ʠ as ï ʙʦʣʴʰʠʝ ʧʦʣʫʦʩʠ ʦʨʙʠʪ ʧʣʘʥʝʪʳ ʠ ʩʧʫʪʥʠʢʘ 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʕʪʦ ʩʦʦʪʥʦʰʝʥʠʝ ʣʝʛʢʦ ʧʨʝʦʙʨʘʟʦʚʘʪʴ ʢ ʚʠʜʫ 
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ʆʪʥʦʰʝʥʠʝ M /M ʜʣʷ ʚʩʝʭ ʧʣʘʥʝʪ ʚʝʣʠʢʦ; ʦʪʥʦʰʝʥʠʝ ʞʝ m/M, ʥʘʦʙʦʨʦʪ, ʤʘʣʦ ʠ ʠʤ ʤʦʞʥʦ 

ʧʨʝʥʝʙʨʝʯʴ. ʉ ʫʯʝʪʦʤ ʵʪʦʛʦ ʧʦʣʫʯʘʝʤ ʚʳʨʘʞʝʥʠʝ ʜʣʷ ʤʘʩʩʳ ʧʣʘʥʝʪʳ 
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.                                               (2.17)                     

 

ʆʧʨʝʜʝʣʝʥʥʘʷ ʪʘʢʠʤ ʦʙʨʘʟʦʤ ʤʘʩʩʘ ʖʧʠʪʝʨʘ ʩʦʩʪʘʚʣʷʝʪ M /1050 . 

 ʊʘʢ ʢʘʢ ʤʘʩʩʘ ʃʫʥʳ ʥʝ ʷʚʣʷʝʪʩʷ ʧʨʝʥʝʙʨʝʞʠʤʦ ʤʘʣʦʡ ʚ ʩʨʘʚʥʝʥʠʠ ʩ ʤʘʩʩʦʡ ɿʝʤʣʠ, 

ʦʪʥʦʰʝʥʠʝʤ m/M ʧʨʝʥʝʙʨʝʛʘʪʴ ʥʝʣʴʟʷ. ʆʪʥʦʰʝʥʠʝ ʤʘʩʩ ʃʫʥʳ ʠ ɿʝʤʣʠ MM/ME = 1/83.3 ʙʳʣʦ 

ʥʘʡʜʝʥʦ ʠʟ ʥʘʙʣʶʜʝʥʠʡ ʚʦʟʤʫʱʝʥʠʡ ʚ ʜʚʠʞʝʥʠʠ ʠʩʢʫʩʩʪʚʝʥʥʳʭ ʩʧʫʪʥʠʢʦʚ ɿʝʤʣʠ. ʉ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʩʦʦʪʥʦʰʝʥʠʷ (2.17) ʧʦʣʫʯʘʝʪʩʷ, ʯʪʦ ʤʘʩʩʘ ʉʦʣʥʮʘ ʚ 333 000 ʨʘʟʘ ʙʦʣʴʰʝ 

ʤʘʩʩʳ ɿʝʤʣʠ, ʪ.ʝ. 

 

M  = 2Ŀ1033 ʛ. 

 

 ʄʘʩʩʳ ʧʣʘʥʝʪ, ʥʝ ʠʤʝʶʱʠʭ ʩʧʫʪʥʠʢʦʚ (ʄʝʨʢʫʨʠʡ, ɺʝʥʝʨʘ, ʇʣʫʪʦʥ), ʦʧʨʝʜʝʣʷʶʪʩʷ 

ʠʟ ʘʥʘʣʠʟʘ ʚʦʟʤʫʱʝʥʠʡ, ʢʦʪʦʨʳʝ ʦʥʠ ʧʨʦʠʟʚʦʜʷʪ ʚ ʜʚʠʞʝʥʠʠ ʜʨʫʛʠʭ ʧʣʘʥʝʪ. 

 

 

 

 

 2.5. ɼʚʠʞʝʥʠʝ ʢʦʩʤʠʯʝʩʢʠʭ ʘʧʧʘʨʘʪʦʚ 

 

 ʊʨʘʝʢʪʦʨʠʷ ʢʦʩʤʠʯʝʩʢʦʛʦ ʘʧʧʘʨʘʪʘ ʩʦʩʪʦʠʪ ʠʟ ʜʚʫʭ ʦʩʥʦʚʥʳʭ ʫʯʘʩʪʢʦʚ: ʘʢʪʠʚʥʦʛʦ ʠ 

ʧʘʩʩʠʚʥʦʛʦ. ɼʚʠʞʝʥʠʝ ʥʘ ʘʢʪʠʚʥʦʤ ʫʯʘʩʪʢʝ ʦʧʨʝʜʝʣʷʝʪʩʷ ʚ ʦʩʥʦʚʥʦʤ ʪʷʛʦʡ ʨʝʘʢʪʠʚʥʳʭ 



 23 

ʜʚʠʛʘʪʝʣʝʡ, ʩʦʧʨʦʪʠʚʣʝʥʠʝʤ ʟʝʤʥʦʡ ʘʪʤʦʩʬʝʨʳ ʠ ʧʨʠʪʷʞʝʥʠʝʤ ɿʝʤʣʠ. ʇʘʩʩʠʚʥʳʡ ʫʯʘʩʪʦʢ 

ʪʨʘʝʢʪʦʨʠʠ ʥʘʯʠʥʘʝʪʩʷ ʩ ʤʦʤʝʥʪʘ ʚʳʢʣʶʯʝʥʠʷ ʜʚʠʛʘʪʝʣʝʡ ʧʦʩʣʝʜʥʝʡ ʩʪʫʧʝʥʠ ʨʘʢʝʪʳ. ʅʘ 

ʵʪʦʤ ʫʯʘʩʪʢʝ ʢʦʩʤʠʯʝʩʢʠʡ ʘʧʧʘʨʘʪ ʜʚʠʞʝʪʩʷ ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʧʨʠʪʷʞʝʥʠʷ ɿʝʤʣʠ ʠ ʜʨʫʛʠʭ ʪʝʣ 

ʩʦʣʥʝʯʥʦʡ ʩʠʩʪʝʤʳ. 

 ʀʩʪʦʨʠʯʝʩʢʠ ʧʝʨʚʳʡ ʠ ʥʘʠʙʦʣʝʝ ʨʘʩʧʨʦʩʪʨʘʥʝʥʥʳʡ ʪʠʧ ʢʦʩʤʠʯʝʩʢʠʭ ʘʧʧʘʨʘʪʦʚ ï 

ʠʩʢʫʩʩʪʚʝʥʥʳʝ ʩʧʫʪʥʠʢʠ ɿʝʤʣʠ (ʀʉɿ). ʇʨʠ ʜʚʠʞʝʥʠʠ ʀʉɿ ʧʦ ʦʨʙʠʪʝ ʦʩʥʦʚʥʦʡ ʩʠʣʦʡ 

ʜʝʡʩʪʚʫʶʱʝʡ ʥʘ ʥʝʛʦ ʷʚʣʷʝʪʩʷ ʧʨʠʪʷʞʝʥʠʝ ɿʝʤʣʠ, ʘ ʟʘʢʦʥʦʤʝʨʥʦʩʪʠ ʝʛʦ ʜʚʠʞʝʥʠʷ 

ʩʦʚʧʘʜʘʶʪ ʩ ʟʘʢʦʥʘʤʠ ʦʙʨʘʱʝʥʠʷ ʧʣʘʥʝʪ ʚʦʢʨʫʛ ʉʦʣʥʮʘ. 

 ɼʚʠʛʘʪʝʣʠ ʢʦʩʤʠʯʝʩʢʦʛʦ ʢʦʨʘʙʣʷ ʠ ʪʦʧʣʠʚʦ ʜʣʷ ʠʭ ʨʘʙʦʪʳ ʩʦʩʪʘʚʣʷʶʪ ʟʥʘʯʠʪʝʣʴʥʫʶ 

ʯʘʩʪʴ ʤʘʩʩʳ ʢʦʨʘʙʣʷ: ʩʪʘʨʪʦʚʘʷ ʤʘʩʩʘ ʩʦʚʨʝʤʝʥʥʳʭ ʨʘʢʝʪʦʥʦʩʠʪʝʣʝʡ ʩʦʩʪʘʚʣʷʝʪ ʚʝʣʠʯʠʥʫ 

ʦʪ 10 ʪ ʜʦ 10 ʪʳʩ. ʪ; ʤʘʩʩʘ ʪʦʧʣʠʚʘ ï ʦʢʦʣʦ 90% ʦʪ ʩʪʘʨʪʦʚʦʡ ʤʘʩʩʳ ʨʘʢʝʪʳ. ɺʩʣʝʜʩʪʚʠʝ 

ʵʪʦʛʦ ʧʦ ʩʦʦʙʨʘʞʝʥʠʷʤ ʵʢʦʥʦʤʠʯʥʦʩʪʠ ʘʢʪʠʚʥʳʡ ʫʯʘʩʪʦʢ ʪʨʘʝʢʪʦʨʠʠ ʜʦʣʞʝʥ ʙʳʪʴ 

ʤʘʢʩʠʤʘʣʴʥʦ ʢʦʨʦʪʢʠʤ: ʦʥ ʟʘʢʘʥʯʠʚʘʝʪʩʷ ʥʘ ʙʣʠʞʘʡʰʝʤ ʢ ɿʝʤʣʝ ʫʯʘʩʪʢʝ ʦʨʙʠʪʳ, ʥʘ 

ʢʦʪʦʨʫʶ ʪʨʝʙʫʝʪʩʷ ʚʳʚʝʩʪʠ ʢʦʩʤʠʯʝʩʢʠʡ ʘʧʧʘʨʘʪ. ʂʘʢ ʩʣʝʜʫʝʪ ʠʟ ʨʘʩʩʤʦʪʨʝʥʠʷ 

ʟʘʢʦʥʦʤʝʨʥʦʩʪʝʡ ʜʚʠʞʝʥʠʷ ʧʣʘʥʝʪ ʚʦʢʨʫʛ ʉʦʣʥʮʘ (ʩʤ. ʨʠʩ. 2.3), ʩʢʦʨʦʩʪʴ ʘʧʧʘʨʘʪʘ ʚ ʵʪʦʡ 

ʪʦʯʢʝ ʥʘʧʨʘʚʣʝʥʘ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦ ʣʠʥʠʠ, ʩʦʝʜʠʥʷʶʱʝʡ ʝʛʦ ʩ ʮʝʥʪʨʦʤ ɿʝʤʣʠ. ʇʦʵʪʦʤʫ 

ʨʘʙʦʪʘ ʜʚʠʛʘʪʝʣʝʡ ʢʦʨʘʙʣʷ ʩʚʦʜʠʪʩʷ ʢ ʚʳʚʦʜʫ ʢʦʩʤʠʯʝʩʢʦʛʦ ʘʧʧʘʨʘʪʘ ʟʘ ʧʨʝʜʝʣʳ ʟʝʤʥʦʡ 

ʘʪʤʦʩʬʝʨʳ ʠ ʧʨʠʜʘʥʠʶ ʝʤʫ ʚ ʙʣʠʞʘʡʰʝʡ ʢ ɿʝʤʣʝ ʪʦʯʢʝ ʨʘʩʯʝʪʥʦʡ ʧʘʩʩʠʚʥʦʡ ʪʨʘʝʢʪʦʨʠʠ 

ʥʝʦʙʭʦʜʠʤʦʡ ʩʢʦʨʦʩʪʠ ʚ ʛʦʨʠʟʦʥʪʘʣʴʥʦʤ ʦʪʥʦʩʠʪʝʣʴʥʦ ʧʦʚʝʨʭʥʦʩʪʠ ɿʝʤʣʠ ʥʘʧʨʘʚʣʝʥʠʠ. 

 ʊʝʣʦ, ʟʘʧʫʱʝʥʥʦʝ ʛʦʨʠʟʦʥʪʘʣʴʥʦ ʥʘ ʚʳʩʦʪʝ h ʦʪ ʧʦʚʝʨʭʥʦʩʪʠ ɿʝʤʣʠ ʩʪʘʥʝʪ ʀʉɿ, ʝʩʣʠ 

ʝʛʦ ʩʢʦʨʦʩʪʴ ʚ ʵʪʦʪ ʥʘʯʘʣʴʥʳʡ ʤʦʤʝʥʪ ʦʢʘʞʝʪʩʷ ʜʦʩʪʘʪʦʯʥʦ ʙʦʣʴʰʦʡ. ɽʩʣʠ ʩʢʦʨʦʩʪʴ 

ʟʘʧʫʩʢʘ ʪʦʯʥʦ ʨʘʚʥʘ ʮʠʢʣʠʯʝʩʢʦʡ ʥʘ ʜʘʥʥʦʡ ʚʳʩʦʪʝ h, ʪʦ ʪʝʣʦ ʙʫʜʝʪ ʜʚʠʛʘʪʴʩʷ ʧʦ ʢʨʫʛʦʚʦʡ 

ʦʨʙʠʪʝ. ʄʘʩʩʘ ʠʩʢʫʩʩʪʚʝʥʥʦʛʦ ʩʧʫʪʥʠʢʘ ʥʠʯʪʦʞʥʦ ʤʘʣʘ ʚ ʩʨʘʚʥʝʥʠʠ ʩ ʤʘʩʩʦʡ ɿʝʤʣʠ, 

ʧʦʵʪʦʤʫ ʢʨʫʛʦʚʘʷ ʩʢʦʨʦʩʪʴ ʥʘ ʨʘʩʩʪʦʷʥʠʠ r = RE + h ʦʪ ʮʝʥʪʨʘ ɿʝʤʣʠ ʚ ʩʦʦʪʚʝʪʩʪʚʠʝ ʩ 

ʚʳʨʘʞʝʥʠʝʤ (2.13) ʝʩʪʴ 
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ʛʜʝ g ï ʫʩʢʦʨʝʥʠʝ ʩʠʣʳ ʪʷʞʝʩʪʠ ʫ ʧʦʚʝʨʭʥʦʩʪʠ ɿʝʤʣʠ. 

 ʋ ʚʦʦʙʨʘʞʘʝʤʦʛʦ ʩʧʫʪʥʠʢʘ, ʜʚʠʞʫʱʝʛʦʩʷ ʧʦ ʦʢʨʫʞʥʦʩʪʠ ʨʘʜʠʫʩʘ r = RE ʫ ʩʘʤʦʡ 

ʧʦʚʝʨʭʥʦʩʪʠ ɿʝʤʣʠ (h = 0) ʩʢʦʨʦʩʪʴ ʨʘʚʥʘ 

 

                                                             ὺ  ὫὙ  = 7.91 ʢʤ/ʩ.                                               

 

ʕʪʘ ʩʢʦʨʦʩʪʴ ʥʘʟʳʚʘʝʪʩʷ ʧʝʨʚʦʡ ʢʦʩʤʠʯʝʩʢʦʡ ʩʢʦʨʦʩʪʴʶ ʦʪʥʦʩʠʪʝʣʴʥʦ ɿʝʤʣʠ. ʀʟ-ʟʘ 

ʥʘʣʠʯʠʷ ʘʪʤʦʩʬʝʨʳ ʨʝʘʣʴʥʳʝ ʟʘʧʫʩʢʠ ʩʧʫʪʥʠʢʦʚ ʦʩʫʱʝʩʪʚʣʷʶʪʩʷ ʥʘ ʚʳʩʦʪʘʭ h > 150 ʢʤ, 

ʛʜʝ ʪʦʨʤʦʟʷʱʝʝ ʚʦʟʜʝʡʩʪʚʠʝ ʘʪʤʦʩʬʝʨʳ ʤʘʣʦ. ʎʠʢʣʠʯʝʩʢʘʷ ʩʢʦʨʦʩʪʴ ʥʘ ʢʦʥʝʯʥʦʡ ʚʳʩʦʪʝ h 

ʤʝʥʴʰʝ ʧʝʨʚʦʡ ʢʦʩʤʠʯʝʩʢʦʡ, ʢʘʢ ʵʪʦ ʚʠʜʥʦ ʠʟ ʩʦʦʪʥʦʰʝʥʠʷ 
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 ɽʩʣʠ ʩʢʦʨʦʩʪʴ ʟʘʧʫʩʢʘ ʪʝʣʘ ʣʝʞʠʪ ʚ ʧʨʝʜʝʣʘʭ vc < v0 < vp, ʪʦ ʦʥʦ ʜʚʠʞʝʪʩʷ ʧʦ 

ʵʣʣʠʧʪʠʯʝʩʢʦʡ ʦʨʙʠʪʝ (ʩʤ. ʨʠʩ. 2.3). ʇʝʨʠʦʜ ʦʙʨʘʱʝʥʠʷ ʩʦʛʣʘʩʥʦ ʪʨʝʪʴʝʤʫ ʟʘʢʦʥʫ ʂʝʧʣʝʨʘ 

(2.15) ʨʘʚʝʥ 
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 ʆʜʥʘ ʠʟ ʦʩʥʦʚʥʳʭ ʧʨʠʯʠʥ, ʠʟʤʝʥʷʶʱʠʭ ʦʨʙʠʪʫ ʩʧʫʪʥʠʢʘ ï ʚʣʠʷʥʠʝ ʩʦʧʨʦʪʠʚʣʝʥʠʷ 

ʘʪʤʦʩʬʝʨʳ ɿʝʤʣʠ. ʇʦʩʢʦʣʴʢʫ ʧʣʦʪʥʦʩʪʴ ʘʪʤʦʩʬʝʨʳ ʧʘʜʘʝʪ ʩ ʚʳʩʦʪʦʡ, ʦʩʥʦʚʥʦʝ 

ʩʦʧʨʦʪʠʚʣʝʥʠʝ ʩʧʫʪʥʠʢ ʠʩʧʳʪʳʚʘʝʪ ʚʙʣʠʟʠ ʧʝʨʠʛʝʷ. ɺʩʣʝʜʩʪʚʠʝ ʵʪʦʛʦ ʚʳʩʦʪʘ ʘʧʦʛʝʷ 

ʦʨʙʠʪʳ ʩʧʫʪʥʠʢʘ ʩ ʢʘʞʜʳʤ ʦʙʦʨʦʪʦʤ ʫʤʝʥʴʰʘʝʪʩʷ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʫʤʝʥʴʰʘʝʪʩʷ 

ʵʢʩʮʝʥʪʨʠʩʠʪʝʪ ʦʨʙʠʪʳ, ʦʥʘ ʩʪʘʥʦʚʠʪʩʷ ʚʩʝ ʙʦʣʝʝ ʙʣʠʟʢʦʡ ʢ ʢʨʫʛʦʚʦʡ. ʂʦʛʜʘ ʚʳʩʦʪʘ ʘʧʦʛʝʷ 

ʩʪʘʥʦʚʠʪʩʷ ʩʨʘʚʥʠʤʦʡ ʩ ʚʳʩʦʪʦʡ ʧʝʨʠʛʝʷ, ʩʧʫʪʥʠʢ ʠʩʧʳʪʳʚʘʝʪ ʪʦʨʤʦʞʝʥʠʝ ʚʜʦʣʴ ʚʩʝʡ 

ʦʨʙʠʪʳ. ʊʘʢ ʢʘʢ ʩʧʫʪʥʠʢ ʩ ʢʘʞʜʳʤ ʦʙʦʨʦʪʦʤ ʩʥʠʞʘʝʪʩʷ, ʪʦ ʝʛʦ ʧʦʪʝʥʮʠʘʣʴʥʘʷ ʵʥʝʨʛʠʷ 

ʫʤʝʥʴʰʘʝʪʩʷ, ʯʘʩʪʴ ʝʝ ʧʝʨʝʭʦʜʠʪ ʚ ʢʠʥʝʪʠʯʝʩʢʫʶ ʵʥʝʨʛʠʶ. ʕʪʦ ʧʨʠʨʘʱʝʥʠʝ ʵʥʝʨʛʠʠ ʩ 

ʠʟʙʳʪʢʦʤ ʢʦʤʧʝʥʩʠʨʫʝʪ ʵʥʝʨʛʠʶ, ʪʝʨʷʝʤʫʶ ʥʘ ʧʨʝʦʜʦʣʝʥʠʝ ʩʦʧʨʦʪʠʚʣʝʥʠʷ ʘʪʤʦʩʬʝʨʳ. 

ʇʦʵʪʦʤʫ ʩʢʦʨʦʩʪʴ ʩʧʫʪʥʠʢʘ ʥʝ ʫʤʝʥʴʰʘʝʪʩʷ, ʘ ʥʘʦʙʦʨʦʪ, ʫʚʝʣʠʯʠʚʘʝʪʩʷ, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ 

ʨʘʜʠʫʩ ʦʨʙʠʪʳ ʫʤʝʥʴʰʘʝʪʩʷ. ɽʩʣʠ ʥʝ ʧʨʝʜʧʨʠʥʠʤʘʪʴ ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ ʤʝʨ, ʩʧʫʪʥʠʢ ʚʭʦʜʠʪ 

ʚ ʧʣʦʪʥʳʝ ʩʣʦʠ ʘʪʤʦʩʬʝʨʳ ʠ ʩʛʦʨʘʝʪ. 

 ɽʩʣʠ ʥʘ ʚʳʩʦʪʝ h ʦʪ ʧʦʚʝʨʭʥʦʩʪʠ ɿʝʤʣʠ ʪʝʣʫ ʩʦʦʙʱʠʪʴ ʥʘʯʘʣʴʥʫʶ ʩʢʦʨʦʩʪʴ v0 < vc, 

ʪʦ ʦʥʦ ʪʘʢʞʝ ʥʘʯʥʝʪ ʜʚʠʛʘʪʴʩʷ ʧʦ ʵʣʣʠʧʪʠʯʝʩʢʦʡ ʦʨʙʠʪʝ ʚʦʢʨʫʛ ʮʝʥʪʨʘ ɿʝʤʣʠ, ʢʘʢ ʠ ʚ ʩʣʫʯʘʝ 

v0 > vc, ʩ ʪʦʡ ʨʘʟʥʠʮʝʡ, ʯʪʦ ʪʦʯʢʘ ʟʘʧʫʩʢʘ ʚ ʵʪʦʤ ʩʣʫʯʘʝ ʷʚʣʷʝʪʩʷ ʘʧʦʛʝʝʤ ʦʨʙʠʪʳ, ʘ ʮʝʥʪʨ 

ɿʝʤʣʠ ʨʘʩʧʦʣʦʞʝʥ ʚ ʜʘʣʴʥʝʤ ʦʪ ʪʦʯʢʠ ʟʘʧʫʩʢʘ ʬʦʢʫʩʝ ʵʣʣʠʧʩʘ. ʆʜʥʘʢʦ, ʧʦʩʢʦʣʴʢʫ ʚ ʵʪʦʤ 

ʩʣʫʯʘʝ ʦʨʙʠʪʘ ʧʝʨʝʩʝʢʘʝʪ ʧʦʚʝʨʭʥʦʩʪʴ ɿʝʤʣʠ (ʪʘʢʘʷ ʦʨʙʠʪʘ ʧʦʢʘʟʘʥʘ ʰʪʨʠʭʦʚʦʡ ʣʠʥʠʝʡ ʥʘ 

ʨʠʩ.2.3), ʜʚʠʞʝʥʠʝ ʧʦ ʥʝʡ ʚʦʟʤʦʞʥʦ ʪʦʣʴʢʦ ʥʝʧʨʦʜʦʣʞʠʪʝʣʴʥʦʝ ʚʨʝʤʷ.  

 ɼʣʷ ʪʦʛʦ ʯʪʦʙʳ ʢʦʩʤʠʯʝʩʢʠʡ ʘʧʧʘʨʘʪ ʧʨʝʦʜʦʣʝʣ ʧʨʠʪʷʞʝʥʠʝ ɿʝʤʣʠ ʥʝʦʙʭʦʜʠʤʦ ʚ 

ʥʘʯʘʣʝ ʧʘʩʩʠʚʥʦʛʦ ʫʯʘʩʪʢʘ ʩʦʦʙʱʠʪʴ ʝʤʫ ʩʢʦʨʦʩʪʴ ʨʘʚʥʫʶ ʠʣʠ ʙʦʣʴʰʫʶ ʯʝʤ 
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ɽʩʣʠ ʩʯʠʪʘʪʴ, ʯʪʦ ʟʘʧʫʩʢ ʧʨʦʠʟʦʰʝʣ ʫ ʩʘʤʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ɿʝʤʣʠ (h = 0), ʪʦ ʵʪʘ ʩʢʦʨʦʩʪʴ 

ʨʘʚʥʘ 
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v v = 11.2 ʢʤ/ʩ. 

 

ʆʥʘ ʥʦʩʠʪ ʥʘʟʚʘʥʠʝ ʚʪʦʨʦʡ ʢʦʩʤʠʯʝʩʢʦʡ ʩʢʦʨʦʩʪʴʶ ʦʪʥʦʩʠʪʝʣʴʥʦ ɿʝʤʣʠ. ʇʘʨʘʙʦʣʠʯʝʩʢʘʷ 

ʩʢʦʨʦʩʪʴ ʧʨʠ ʟʘʧʫʩʢʝ ʥʘ ʚʳʩʦʪʝ h ʤʝʥʴʰʝ ʚʪʦʨʦʡ ʢʦʩʤʠʯʝʩʢʦʡ ʠ ʦʧʨʝʜʝʣʷʝʪʩʷ ʧʦ ʬʦʨʤʫʣʝ 

 

ʈʠʩ. 2.3. ʆʨʙʠʪʳ ʠʩʢʫʩʩʪʚʝʥʥʦʛʦ 

ʩʧʫʪʥʠʢʘ ɿʝʤʣʠ (ʀʉɿ) ʧʨʠ ʨʘʟʥʳʭ 

ʟʥʘʯʝʥʠʷʭ ʥʘʯʘʣʴʥʦʡ ʩʢʦʨʦʩʪʠ v0. 



 25 

                                                             E
p 2k

E

R
=

R +h
.v v                                                       (2.20)                             

 

 ɽʩʣʠ ʩʢʦʨʦʩʪʴ ʟʘʧʫʩʢʘ ʢʦʩʤʠʯʝʩʢʦʛʦ ʘʧʧʘʨʘʪʘ v0 ʧʨʝʚʳʰʘʝʪ ʧʘʨʘʙʦʣʠʯʝʩʢʫʶ 

ʩʢʦʨʦʩʪʴ vp, ʪʦ ʘʧʧʘʨʘʪ ʯʝʨʝʟ ʥʝʢʦʪʦʨʦʝ ʚʨʝʤʷ ʫʜʘʣʷʝʪʩʷ ʦʪ ɿʝʤʣʠ ʥʘ ʜʦʩʪʘʪʦʯʥʦ ʙʦʣʴʰʦʝ 

ʨʘʩʩʪʦʷʥʠʝ Er R  ʠ ʧʨʝʦʙʣʘʜʘʶʱʝʡ ʩʠʣʦʡ, ʜʝʡʩʪʚʫʶʱʝʡ ʥʘ ʥʝʛʦ, ʩʪʘʥʦʚʠʪʩʷ ʧʨʠʪʷʞʝʥʠʝ 

ʉʦʣʥʮʘ. ɼʘʣʴʥʝʡʰʝʝ ʜʚʠʞʝʥʠʝ ʘʧʧʘʨʘʪʘ ʟʘʚʠʩʠʪ ʦʪ ʚʝʣʠʯʠʥʳ ʝʛʦ ʩʢʦʨʦʩʪʠ ʦʪʥʦʩʠʪʝʣʴʥʦ 

ʉʦʣʥʮʘ V, ʥʘʟʳʚʘʝʤʦʡ ʛʝʣʠʦʮʝʥʪʨʠʯʝʩʢʦʡ ʩʢʦʨʦʩʪʴʶ ʩ ʫʯʝʪʦʤ ʪʦʛʦ, ʯʪʦ ɿʝʤʣʷ ʜʚʠʞʝʪʩʷ 

ʦʪʥʦʩʠʪʝʣʴʥʦ ʉʦʣʥʮʘ ʩ ʦʨʙʠʪʘʣʴʥʦʡ ʩʢʦʨʦʩʪʴʶ VE. 

 ʀʟ ʟʘʢʦʥʘ ʩʦʭʨʘʥʝʥʠʷ ʵʥʝʨʛʠʠ ʘʧʧʘʨʘʪʘ ʧʨʠ ʝʛʦ ʜʚʠʞʝʥʠʠ ʚ ʧʦʣʝ ʪʷʞʝʩʪʠ ɿʝʤʣʠ 

ʩʣʝʜʫʝʪ, ʯʪʦ ʝʛʦ ʢʠʥʝʪʠʯʝʩʢʘʷ ʵʥʝʨʛʠʷ ʧʨʠ ʫʜʘʣʝʥʠʠ ʥʘ ʨʘʩʩʪʦʷʥʠʝ Er R  ʫʤʝʥʴʰʠʣʘʩʴ ʥʘ 

ʚʝʣʠʯʠʥʫ ʧʦʪʝʥʮʠʘʣʴʥʦʡ ʵʥʝʨʛʠʠ ʚ ʪʦʯʢʝ ʟʘʧʫʩʢʘ r0, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʦʧʨʝʜʝʣʠʪʴ ʩʢʦʨʦʩʪʴ 

ʘʧʧʘʨʘʪʘ ʦʪʥʦʩʠʪʝʣʴʥʦ ɿʝʤʣʠ: 

 

E

0

2GM

r
= -v v2 2

0
. 

 

ɽʩʣʠ ʵʪʘ ʩʢʦʨʦʩʪʴ ʙʣʠʟʢʘ ʢ ʥʫʣʶ, ʪʦ ʘʧʧʘʨʘʪ ʩʪʘʥʦʚʠʪʩʷ, ʢʘʢ ʠ ɿʝʤʣʷ, ʩʧʫʪʥʠʢʦʤ ʉʦʣʥʮʘ. 

ɽʩʣʠ ʧʨʠʙʣʠʞʝʥʥʦ ʧʨʠʥʷʪʴ, ʯʪʦ ʦʨʙʠʪʘ ɿʝʤʣʠ ʢʨʫʛʦʚʘʷ, ʪʦ ʦʨʙʠʪʘʣʴʥʘʷ ʩʢʦʨʦʩʪʴ ɿʝʤʣʠ 

ʨʘʚʥʘ ʢʨʫʛʦʚʦʡ ʩʢʦʨʦʩʪʠ ʦʪʥʦʩʠʪʝʣʴʥʦ ʉʦʣʥʮʘ ʩ ʨʘʜʠʫʩʦʤ ʦʨʙʠʪʳ rE= 1 ʘ.ʝ.: 

 

E

c

GM
V =

r
= 29.8 ʢʤ/ʩ. 

 

 ʇʘʨʘʙʦʣʠʯʝʩʢʘʷ ʩʢʦʨʦʩʪʴ ʦʪʥʦʩʠʪʝʣʴʥʦ ʉʦʣʥʮʘ ʥʘ ʨʘʩʩʪʦʷʥʠʠ, ʨʘʚʥʦʤ ʨʘʜʠʫʩʫ 

ʟʝʤʥʦʡ ʦʨʙʠʪʳ, ʨʘʚʥʘ 

p c
V = 2V = 42.1 ʢʤ/ʩ. 

 

ʉʣʝʜʦʚʘʪʝʣʴʥʦ, ʝʩʣʠ ʛʝʣʠʦʮʝʥʪʨʠʯʝʩʢʘʷ ʩʢʦʨʦʩʪʴ ʘʧʧʘʨʘʪʘ ʚʳʰʝ ʧʘʨʘʙʦʣʠʯʝʩʢʦʡ ʩʢʦʨʦʩʪʠ 

Vp, ʘʧʧʘʨʘʪ ʧʨʠ ʝʛʦ ʜʚʠʞʝʥʠʠ ʚ ʧʦʣʝ ʪʷʛʦʪʝʥʠʷ ʉʦʣʥʮʘ ʧʦʢʠʥʝʪ ʧʨʝʜʝʣʳ ʉʦʣʥʝʯʥʦʡ 

ʩʠʩʪʝʤʳ. 

 ɻʝʣʠʦʮʝʥʪʨʠʯʝʩʢʘʷ ʩʢʦʨʦʩʪʴ ʘʧʧʘʨʘʪʘ, ʠʤʝʶʱʝʛʦ ʩʢʦʨʦʩʪʴ v ʦʪʥʦʩʠʪʝʣʴʥʦ ɿʝʤʣʠ, 

ʟʘʚʠʩʠʪ ʦʪ ʝʛʦ ʥʘʧʨʘʚʣʝʥʠʷ ʜʚʠʞʝʥʠʷ ʦʪʥʦʩʠʪʝʣʴʥʦ ʥʘʧʨʘʚʣʝʥʠʷ ʦʨʙʠʪʘʣʴʥʦʛʦ ʜʚʠʞʝʥʠʷ 

ɿʝʤʣʠ. ɽʩʣʠ ʧʨʠ ʚʳʭʦʜʝ ʠʟ ʩʬʝʨʳ ʜʝʡʩʪʚʠʷ ɿʝʤʣʠ ʘʧʧʘʨʘʪ ʜʚʠʞʝʪʩʷ ʚ ʥʘʧʨʘʚʣʝʥʠʠ 

ʦʨʙʠʪʘʣʴʥʦʛʦ ʜʚʠʞʝʥʠʷ ɿʝʤʣʠ ʠ ʠʤʝʝʪ ʧʨʠ ʵʪʦʤ ʛʝʣʠʦʮʝʥʪʨʠʯʝʩʢʫʶ ʩʢʦʨʦʩʪʴ V = Vp, ʪʦ ʝʛʦ 

ʩʢʦʨʦʩʪʴ ʦʪʥʦʩʠʪʝʣʴʥʦ ɿʝʤʣʠ 

 

v = Vp ï Vc = 12.3 ʢʤ/ʩ, 

 

ʘ ʧʨʠ ʚʳʭʦʜʝ ʚ ʩʪʦʨʦʥʫ, ʧʨʦʪʠʚʦʧʦʣʦʞʥʫʶ ʦʨʙʠʪʘʣʴʥʦʤʫ ʜʚʠʞʝʥʠʶ ɿʝʤʣʠ 

 

v = Vp + Vc = 71.9 ʢʤ/ʩ. 

 

ʊʦʛʜʘ ʥʘʯʘʣʴʥʘʷ ʩʢʦʨʦʩʪʴ ʘʧʧʘʨʘʪʘ (ʩʢʦʨʦʩʪʴ ʟʘʧʫʩʢʘ)  

 

p
= +v v v2 2

0
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ʚ ʧʝʨʚʦʤ ʩʣʫʯʘʝ ʨʘʚʥʘ v0 = 16.6 ʢʤ/ʩ, ʘ ʚʦ ʚʪʦʨʦʤ ʩʣʫʯʘʝ v0 = 72.8 ʢʤ/ʩ. ʉʣʝʜʦʚʘʪʝʣʴʥʦ, 

ʩʢʦʨʦʩʪʴ, ʧʨʠ ʢʦʪʦʨʦʡ ʟʘʧʫʱʝʥʥʳʡ ʩ ɿʝʤʣʠ ʢʦʩʤʠʯʝʩʢʠʡ ʘʧʧʘʨʘʪ ʤʦʞʝʪ ʫʡʪʠ ʟʘ ʧʨʝʜʝʣʳ 

ʉʦʣʥʝʯʥʦʡ ʩʠʩʪʝʤʳ, ʩʠʣʴʥʦ ʟʘʚʠʩʠʪ ʦʪ ʥʘʧʨʘʚʣʝʥʠʷ ʚʳʭʦʜʘ ʘʧʧʘʨʘʪʘ ʠʟ ʩʬʝʨʳ ʜʝʡʩʪʚʠʷ 

ɿʝʤʣʠ ʧʦ ʦʪʥʦʰʝʥʠʶ ʢ ʥʘʧʨʘʚʣʝʥʠʶ ʦʨʙʠʪʘʣʴʥʦʛʦ ʜʚʠʞʝʥʠʷ ɿʝʤʣʠ. ɽʝ ʟʥʘʯʝʥʠʷ  ʣʝʞʘʪ ʚ 

ʧʨʝʜʝʣʘʭ 

 

16.6 ʢʤ/ʩ < v0 < 72.8 ʢʤ/ʩ. 

 

ʄʠʥʠʤʘʣʴʥʘʷ ʩʢʦʨʦʩʪʴ 

 

v3k = 16.6 ʢʤ/ʩ 

 

ʥʘʟʳʚʘʝʪʩʷ ʪʨʝʪʴʝʡ ʢʦʩʤʠʯʝʩʢʦʡ ʩʢʦʨʦʩʪʴʶ ʦʪʥʦʩʠʪʝʣʴʥʦ ɿʝʤʣʠ. 

 

 

  

 

 

2.6. ʈʦʪʘʮʠʦʥʥʳʝ ʢʨʠʚʳʝ ʛʘʣʘʢʪʠʢ ʠ ʪʝʤʥʘʷ ʤʘʪʝʨʠʷ 

 

 ʆʪʜʝʣʴʥʳʝ ʟʚʝʟʜʳ ʚ ʛʘʣʘʢʪʠʢʘʭ ʠʩʧʳʪʳʚʘʶʪ ʟʘʢʦʥʦʤʝʨʥʦʝ ʜʚʠʞʝʥʠʝ ʧʦʜ 

ʛʨʘʚʠʪʘʮʠʦʥʥʳʤ ʚʦʟʜʝʡʩʪʚʠʝʤ ʜʨʫʛʠʭ ʟʚʝʟʜ. ɽʩʣʠ ʧʨʝʜʧʦʣʦʞʠʪʴ, ʯʪʦ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʤʘʩʩʳ 

ʛʘʣʘʢʪʠʢʠ ʚ ʧʨʝʜʝʣʘʭ ʝʝ ʦʙʲʝʤʘ ʧʨʠʙʣʠʟʠʪʝʣʴʥʦ ʩʬʝʨʠʯʝʩʢʠ ʩʠʤʤʝʪʨʠʯʥʦ, ʪʦ ʩʣʝʜʫʝʪ 

ʦʞʠʜʘʪʴ, ʯʪʦ ʟʚʝʟʜʳ ʜʚʠʞʫʪʩʷ ʧʦ ʢʨʫʛʦʚʳʤ ʦʨʙʠʪʘʤ ʚʦʢʨʫʛ ʛʘʣʘʢʪʠʯʝʩʢʦʛʦ ʮʝʥʪʨʘ. 

ʉʢʦʨʦʩʪʴ ʠʭ ʜʚʠʞʝʥʠʷ ʚ ʩʦʦʪʚʝʪʩʪʚʠʝ ʩ ʚʳʨʘʞʝʥʠʝʤ (2.13) ʤʦʞʝʪ ʙʳʪʴ ʧʨʝʜʩʪʘʚʣʝʥʘ ʚ ʚʠʜʝ 

 

                                                         r
GM

(r)=
r

v , 

 

ʛʜʝ r ï ʨʘʜʠʫʩ ʦʨʙʠʪʳ, Mr ï ʤʘʩʩʘ ʚʝʱʝʩʪʚʘ ʛʘʣʘʢʪʠʢʠ, ʩʦʩʨʝʜʦʪʦʯʝʥʥʦʛʦ ʚʥʫʪʨʠ ʦʨʙʠʪʳ.  

 ʇʦʣʘʛʘʷ ʜʣʷ ʧʨʦʩʪʦʪʳ, ʯʪʦ  ʚʝʱʝʩʪʚʦ ʛʘʣʘʢʪʠʢʠ  ʨʘʩʧʨʝʜʝʣʝʥʦ ʚ ʧʨʝʜʝʣʘʭ 

ʩʬʝʨʠʯʝʩʢʦʛʦ ʦʙʲʝʤʘ ʨʘʜʠʫʩʘ R ʩ ʦʜʥʦʨʦʜʥʦʡ ʧʣʦʪʥʦʩʪʴʶ ɟ, ʧʦʣʫʯʘʝʤ 

 

                                                             3

r

4
M = ˊr ɟ

3
.  

 

ʇʦʵʪʦʤʫ ʜʣʷ ʚʥʫʪʨʝʥʥʝʡ ʯʘʩʪʠ ʛʘʣʘʢʪʠʢʠ ʨʦʪʘʮʠʦʥʥʘʷ ʢʨʠʚʘʷ ï ʟʘʚʠʩʠʤʦʩʪʴ ʩʢʦʨʦʩʪʠ 

ʟʚʝʟʜʳ ʦʪ ʨʘʩʩʪʦʷʥʠʷ ʜʦ ʮʝʥʪʨʘ ʛʘʣʘʢʪʠʢʠ ï ʠʤʝʝʪ ʚʠʜ 

 

                                                                 ( )r ŕv . 

 

 ɽʩʣʠ ʨʘʩʩʪʦʷʥʠʝ r ʧʨʝʚʳʰʘʝʪ ʨʘʟʤʝʨ (ʨʘʜʠʫʩ) ʛʘʣʘʢʪʠʢʠ R, ʪʦ Mr ʝʩʪʴ ʤʘʩʩʘ ʚʩʝʡ 

ʛʘʣʘʢʪʠʢʠ M. ʉʣʝʜʦʚʘʪʝʣʴʥʦ, ʦʪʜʝʣʴʥʳʝ ʧʝʨʠʬʝʨʠʯʝʩʢʠʝ ʟʚʝʟʜʳ, ʨʘʩʧʦʣʦʞʝʥʥʳʝ ʥʘ 

ʙʦʣʴʰʠʭ ʨʘʩʩʪʦʷʥʠʷʭ r > R, ʜʦʣʞʥʳ ʜʚʠʛʘʪʴʩʷ ʧʦ ʩʚʦʠʤ ʦʨʙʠʪʘʤ ʩʦ ʩʢʦʨʦʩʪʷʤʠ 

 

                                                          
-1/ 2GM

(r)= r
r
´ ,v  

 

ʧʦʩʢʦʣʴʢʫ ʚ ʵʪʦʤ ʩʣʫʯʘʝ Mr = M. 

 ɼʣʷ ʚʩʝʭ ʠʟʚʝʩʪʥʳʭ ʛʘʣʘʢʪʠʢ ʨʝʟʫʣʴʪʘʪ ʠʟʤʝʨʝʥʠʷ ʩʢʦʨʦʩʪʝʡ ʟʚʝʟʜ ʥʘ ʙʦʣʴʰʠʭ 

ʨʘʩʩʪʦʷʥʠʷʭ r > R ʠʤʝʝʪ ʚʠʜ 
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                                                                    v(r) = const. 

 
ʊʘʢʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʦʟʥʘʯʘʝʪ, ʯʪʦ ʤʘʩʩʘ ʛʘʣʘʢʪʠʢʠ ʠ ʚ ʦʙʣʘʩʪʠ r > R ʨʘʩʧʨʝʜʝʣʝʥʘ ʧʦ ʟʘʢʦʥʫ 

 

                                                                     rM ŕ . 

 

ʕʪʦ ʫʢʘʟʳʚʘʝʪ ʥʘ ʩʫʱʝʩʪʚʦʚʘʥʠʝ ʦʛʨʦʤʥʦʡ ʥʝʠʟʣʫʯʘʶʱʝʡ ʤʘʩʩʳ ʚʝʱʝʩʪʚʘ, ʨʘʩʧʣʦʞʝʥʥʦʡ 

ʜʘʣʝʢʦ ʟʘ ʧʨʝʜʝʣʘʤʠ ʚʠʜʠʤʦʛʦ ʦʙʲʝʤʘ ʛʘʣʘʢʪʠʢʠ (ʩʤ. ʨʠʩ. 2.4). ʅʘʙʣʶʜʝʥʠʷ ʪʘʢʦʛʦ ʨʦʜʘ 

ʣʝʛʣʠ ʚ ʦʩʥʦʚʫ ʛʠʧʦʪʝʟʳ ʦ ʥʘʣʠʯʠʠ ʫ ʛʘʣʘʢʪʠʢ ʛʘʣʦ, ʩʦʩʪʦʷʱʝʛʦ ʠʟ ʥʝʚʠʜʠʤʦʡ ʠʣʠ ʪʝʤʥʦʡ 

ʤʘʪʝʨʠʠ. ɸʥʘʣʠʟ ʨʝʟʫʣʴʪʘʪʦʚ ʪʘʢʠʭ ʥʘʙʣʶʜʝʥʠʡ ʧʨʠʚʝʣʠ ʢ ʟʘʢʣʶʯʝʥʠʶ, ʯʪʦ ʤʘʩʩʘ ʪʝʤʥʦʡ 

ʤʘʪʝʨʠʠ ʚʦ ɺʩʝʣʝʥʥʦʡ ʚ ʧʷʪʴ ʨʘʟ ʧʨʝʚʦʩʭʦʜʠʪ ʤʘʩʩʫ ʙʘʨʠʦʥʥʦʡ ʤʘʪʝʨʠʠ. 

 

ɿʘʜʘʯʠ ʢ ʛʣʘʚʝ 2: 

 

1. ɼʦʢʘʟʘʪʴ, ʯʪʦ ʩʠʣʘ ʛʨʘʚʠʪʘʮʠʦʥʥʦʛʦ ʧʨʠʪʷʞʝʥʠʷ, ʜʝʡʩʪʚʫʶʱʘʷ ʩʦ ʩʪʦʨʦʥʳ 
ʤʘʩʩʠʚʥʦʡ ʩʬʝʨʠʯʝʩʢʦʡ ʦʙʦʣʦʯʢʠ ʥʘ ʤʘʪʝʨʠʘʣʴʥʫʶ ʪʦʯʢʫ, ʥʘʭʦʜʷʱʫʶʩʷ ʚʥʫʪʨʠ   

ʩʬʝʨʳ, ʨʘʚʥʘ ʥʫʣʶ. 

2. ɺʳʚʝʩʪʠ ʚʳʨʘʞʝʥʠʝ ʜʣʷ ʛʨʘʚʠʪʘʮʠʦʥʥʦʡ ʩʠʣʳ, ʜʝʡʩʪʚʫʶʱʝʡ ʥʘ ʤʘʪʝʨʠʘʣʴʥʫʶ 

ʪʦʯʢʫ ʤʘʩʩʳ m ʩʦ ʩʪʦʨʦʥʳ ʰʘʨʦʦʙʨʘʟʥʦʛʦ ʦʜʥʦʨʦʜʥʦʛʦ ʪʝʣʘ ʤʘʩʩʳ M ʠ ʨʘʜʠʫʩʘ R 

ʢʘʢ ʬʫʥʢʮʠʶ ʨʘʩʩʪʦʷʥʠʷ r ʪʦʯʢʠ m ʦʪ ʮʝʥʪʨʘ ʪʝʣʘ M ʜʣʷ ʨʘʩʩʪʦʷʥʠʡ  r < R. 

3.  ɺʳʚʝʩʪʠ ʚʳʨʘʞʝʥʠʝ ʜʣʷ ʛʨʘʚʠʪʘʮʠʦʥʥʦʡ ʵʥʝʨʛʠʠ ʰʘʨʦʦʙʨʘʟʥʦʛʦ ʦʜʥʦʨʦʜʥʦʛʦ 

ʪʝʣʘ ʤʘʩʩʳ M ʠ ʨʘʜʠʫʩʘ R.  

4. ʆʮʝʥʠʪʴ ʦʪʥʦʩʠʪʝʣʴʥʫʶ ʨʘʟʥʠʮʫ ʟʥʘʯʝʥʠʡ ʢʠʥʝʪʠʯʝʩʢʦʡ ʵʥʝʨʛʠʠ, ʢʦʪʦʨʫʶ 
ʪʨʝʙʫʝʪʩʷ ʩʦʦʙʱʠʪʴ ʪʝʣʫ ʜʣʷ ʚʳʚʦʜʘ ʝʛʦ ʥʘ ʦʢʦʣʦʟʝʤʥʫʶ ʢʨʫʛʦʚʫʶ ʦʨʙʠʪʫ 

ʨʘʜʠʫʩʘ RE, ʚ ʜʚʫʭ ʩʣʫʯʘʷʭ, ʢʦʛʜʘ ʝʛʦ ʟʘʧʫʩʢ ʧʨʦʠʟʚʦʜʠʪʩʷ ʚ ʥʘʧʨʘʚʣʝʥʠʠ ʥʘ ʚʦʩʪʦʢ 

ʠ ʥʘ ʟʘʧʘʜ ʠʟ ʪʦʯʢʠ ʟʝʤʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʩ ʛʝʦʛʨʘʬʠʯʝʩʢʦʡ ʰʠʨʦʪʦʡ  ɚ. 

5. ɼʦʢʘʟʘʪʴ, ʯʪʦ ʠʟ ʚʪʦʨʦʛʦ ʟʘʢʦʥʘ ʂʝʧʣʝʨʘ ʩʣʝʜʫʝʪ ʚʳʚʦʜ: ʩʢʦʨʦʩʪʴ ʧʣʘʥʝʪʳ 

ʤʘʢʩʠʤʘʣʴʥʘ ʚ ʪʦʯʢʝ ʥʘʠʙʦʣʴʰʝʛʦ ʩʙʣʠʞʝʥʠʷ ʩ ʉʦʣʥʮʝʤ ʠ ʤʠʥʠʤʘʣʴʥʘ ʧʨʠ 

ʤʘʢʩʠʤʘʣʴʥʦʤ ʫʜʘʣʝʥʠʠ ʦʪ ʉʦʣʥʮʘ.  

6. ʄʦʞʥʦ ʣʠ ʟʘʧʫʩʪʠʪʴ ʀʉɿ, ʢʦʪʦʨʳʡ, ʜʚʠʛʘʷʩʴ ʧʦ ʩʚʦʝʡ ʦʨʙʠʪʝ,  ʥʝʠʟʤʝʥʥʦ 

ʥʘʭʦʜʠʣʩʷ ʙʳ ʥʘʜ    ʄʦʩʢʚʦʡ? 

7. ɺʳʚʝʩʪʠ ʟʘʢʦʥ ʠʟʤʝʥʝʥʠʷ ʩʢʦʨʦʩʪʠ ʨʘʢʝʪʳ ʚʦ ʚʨʝʤʝʥʠ V(t), ʧʨʠʥʠʤʘʷ ʚʦ ʚʥʠʤʘʥʠʝ, 

ʯʪʦ ʨʘʢʝʪʘ ʥʘʭʦʜʠʪʩʷ ʚʥʝ ʜʝʡʩʪʚʠʷ ʚʥʝʰʥʠʭ ʩʠʣ ʠ ʜʚʠʞʝʪʩʷ ʟʘ ʩʯʝʪ ʨʝʘʢʪʠʚʥʦʡ 

ʪʷʛʠ, ʢʦʪʦʨʘʷ ʚʦʟʥʠʢʘʝʪ ʚ ʨʝʟʫʣʴʪʘʪʝ ʚʳʙʨʦʩʘ ʚʳʭʣʦʧʥʳʭ ʛʘʟʦʚ ʩʦ ʩʢʦʨʦʩʪʴʶ 

vʦʪʥʦʩʠʪʝʣʴʥʦ ʨʘʢʝʪʳ. ʅʘʯʘʣʴʥʘʷ ʤʘʩʩʘ ʨʘʢʝʪʳ M0 = M(t0) = Ms + m0 ʚʢʣʶʯʘʝʪ 

ʤʘʩʩʫ ʧʦʣʝʟʥʦʡ ʥʘʛʨʫʟʢʠ Ms ʠ ʤʘʩʩʫ ʪʦʧʣʠʚʘ m0 = m(t0). ʉʢʦʨʦʩʪʴ ʨʘʢʝʪʳ V(t) 

ʚʳʨʘʟʠʪʴ ʚ ʪʝʨʤʠʥʘʭ v, M0 ʠ m(t). 

ʈʠʩ. 2.4. ʈʦʪʘʮʠʦʥʥʘʷ ʢʨʠʚʘʷ 

ʛʘʣʘʢʪʠʢʠ NGC 3198. ɺʢʣʘʜ 

ʚʠʜʠʤʦʡ, ʪʝʤʥʦʡ ʤʘʪʝʨʠʠ ʠ ʠʭ ʩʫʤʤʘ 

ʧʦʢʘʟʘʥ ʰʪʨʠʭʦʚʦʡ, ʰʪʨʠʭ-

ʧʫʥʢʪʠʨʥʦʡ ʠ ʩʧʣʦʰʥʦʡ ʣʠʥʠʷʤʠ 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʊʦʯʢʠ ï ʨʝʟʫʣʴʪʘʪʳ 

ʥʘʙʣʶʜʝʥʠʡ. 
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8. ɻʝʦʩʪʘʮʠʦʥʘʨʥʦʡ ʥʘʟʳʚʘʝʪʩʷ ʦʨʙʠʪʘ, ʣʝʞʘʱʘʷ ʚ ʵʢʚʘʪʦʨʠʘʣʴʥʦʡ ʧʣʦʩʢʦʩʪʠ ɿʝʤʣʠ, 

ʧʝʨʠʦʜ ʦʙʨʘʱʝʥʠʷ ʩʧʫʪʥʠʢʘ ʧʦ ʢʦʪʦʨʦʡ ʨʘʚʝʥ ʧʝʨʠʦʜʫ ʚʨʘʱʝʥʠʷ ɿʝʤʣʠ ʚʦʢʨʫʛ 

ʩʚʦʝʡ ʦʩʠ. ʈʘʩʩʯʠʪʘʪʴ ʨʘʜʠʫʩ ʛʝʦʩʪʘʮʠʦʥʘʨʥʦʡ ʦʨʙʠʪʳ ʩʧʫʪʥʠʢʘ ɿʝʤʣʠ ʠ ʩʢʦʨʦʩʪʴ 

ʀʉɿ, ʜʚʠʞʫʱʝʛʦʩʷ ʧʦ ʵʪʦʡ ʦʨʙʠʪʝ. 

9. ʇʝʨʚʳʡ ʀʉɿ ʩʦʚʝʨʰʘʣ ʦʜʠʥ ʦʙʦʨʦʪ ʚʦʢʨʫʛ ɿʝʤʣʠ ʟʘ 90 ʤʠʥʫʪ. ʄʦʞʝʪ ʣʠ 

ʩʦʚʨʝʤʝʥʥʳʡ ʢʦʩʤʠʯʝʩʢʠʡ ʘʧʧʘʨʘʪ ʦʙʣʝʪʝʪʴ ɿʝʤʣʶ ʙʳʩʪʨʝʝ? 

10. çʊʨʘʝʢʪʦʨʠʝʡ ʪʝʣʘ, ʙʨʦʰʝʥʥʦʛʦ ʧʦʜ ʫʛʣʦʤ ʢ ʛʦʨʠʟʦʥʪʫ, ̫ ʚʣʷʝʪʩʷ ʧʘʨʘʙʦʣʘè ʛʣʘʩʠʪ 

ʰʢʦʣʴʥʳʡ ʫʯʝʙʥʠʢ ʬʠʟʠʢʠ. ʉʦʛʣʘʩʥʦ ʞʝ ʧʝʨʚʦʤʫ ʟʘʢʦʥʫ ʂʝʧʣʝʨʘ ʪʨʘʝʢʪʦʨʠʝʡ 

ʪʝʣʘ ʜʦʣʞʝʥ ʙʳʪʴ ʵʣʣʠʧʩ (ʪʦʯʥʝʝ ï ʝʛʦ ʯʘʩʪʴ). ɼʘʪʴ ʦʙʲʷʩʥʝʥʠʝ ʵʪʦʤʫ ʢʘʞʫʱʝʤʫʩʷ 

ʧʨʦʪʠʚʦʨʝʯʠʶ. 
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 3. ʀʟʣʫʯʝʥʠʝ ʠ ʧʦʛʣʦʱʝʥʠʝ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʳʭ ʚʦʣʥ 

 
 ʆʩʥʦʚʥʳʤ ʠʩʪʦʯʥʠʢʦʤ ʠʥʬʦʨʤʘʮʠʠ ʦ ʥʝʙʝʩʥʳʭ ʪʝʣʘʭ ʦʩʪʘʝʪʩʷ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʝ 

ʠʟʣʫʯʝʥʠʝ.   ʉ ʜʨʝʚʥʝʡʰʠʭ ʚʨʝʤʝʥ ʠ   ʜʦ ʩʝʨʝʜʠʥʳ 20-ʛʦ ʚʝʢʘ ʘʩʪʨʦʥʦʤʠʯʝʩʢʠʝ ʥʘʙʣʶʜʝʥʠʷ 

ʧʨʦʚʦʜʠʣʠʩʴ ʠʩʢʣʶʯʠʪʝʣʴʥʦ ʚ ʦʧʪʠʯʝʩʢʦʤ ʜʠʘʧʘʟʦʥʝ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʛʦ ʩʧʝʢʪʨʘ. 

ʈʘʜʠʦʥʘʙʣʶʜʝʥʠʷ ʢʦʩʤʠʯʝʩʢʠʭ ʠʩʪʦʯʥʠʢʦʚ ʥʘʯʘʣʠʩʴ ʚʦ ʤʥʦʛʦʤ ʙʣʘʛʦʜʘʨʷ ʨʘʟʚʠʪʠʶ 

ʨʘʜʠʦʪʝʭʥʠʢʠ ʜʣʷ ʮʝʣʝʡ ʩʚʷʟʠ ʠ ʨʘʜʠʦʣʦʢʘʮʠʠ. ɿʝʤʥʘʷ ʘʪʤʦʩʬʝʨʘ ʥʝ ʧʨʦʧʫʩʢʘʝʪ 

ʢʦʨʦʪʢʦʚʦʣʥʦʚʦʝ ʠʟʣʫʯʝʥʠʝ. ʇʦʵʪʦʤʫ ʨʝʛʠʩʪʨʘʮʠʷ ʫʣʴʪʨʘʬʠʦʣʝʪʦʚʦʛʦ, ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʠ 

ʛʘʤʤʘ-ʠʟʣʫʯʝʥʠʷ ʦʪ ʥʝʙʝʩʥʳʭ ʦʙʲʝʢʪʦʚ ʥʘʯʠʥʘʣʘʩʴ ʩ 1960-ʭ ʛʦʜʦʚ, ʢʦʛʜʘ ʩʪʘʣʠ ʚʦʟʤʦʞʥʳ 

ʟʘʧʫʩʢʠ ʜʝʪʝʢʪʦʨʦʚ ʞʝʩʪʢʦʛʦ ʠʟʣʫʯʝʥʠʷ ʚ ʚʳʩʦʢʠʝ ʩʣʦʠ ʘʪʤʦʩʬʝʨʳ ʜʦ ʚʳʩʦʪ ʦʢʦʣʦ 40 ʢʤ 

ʩ ʧʦʤʦʱʴʶ ʙʘʣʣʦʥʦʚ ʠ ʟʘ ʝʝ ʧʨʝʜʝʣʳ ʥʘ ʠʩʢʫʩʩʪʚʝʥʥʳʭ ʩʧʫʪʥʠʢʘʭ ɿʝʤʣʠ. 

ɺʝʱʝʩʪʚʦ (ʙʘʨʠʦʥʥʦʝ) ʚ ʣʶʙʦʤ ʬʠʟʠʯʝʩʢʦʤ ʩʦʩʪʦʷʥʠʠ ʠʟʣʫʯʘʝʪ ʠ ʧʦʛʣʦʱʘʝʪ 

ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʳʝ ʚʦʣʥʳ. ɹʦʣʝʝ 99% ʚʠʜʠʤʦʛʦ ʚʝʱʝʩʪʚʘ ʚ ʧʨʠʨʦʜʝ ʠʤʝʝʪ ʪʝʤʧʝʨʘʪʫʨʫ 

ʩʚʳʰʝ 100 ʪʳʩʷʯ ʛʨʘʜʫʩʦʚ. ʕʪʦ ʚʝʱʝʩʪʚʦ ʟʚʝʟʜ ʠ ʛʦʨʷʯʝʛʦ ʨʘʟʨʝʞʝʥʥʦʛʦ ʤʝʞʟʚʝʟʜʥʦʛʦ ʠ 

ʤʝʞʛʘʣʘʢʪʠʯʝʩʢʦʛʦ ʛʘʟʘ. ʇʨʠ ʪʘʢʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʛʘʟ ʧʦʣʥʦʩʪʴʶ ʠʦʥʠʟʦʚʘʥ, ʪʦ ʝʩʪʴ 

ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʧʣʘʟʤʫ, ʩʦʩʪʦʷʱʫʶ ʠʟ ʩʚʦʙʦʜʥʳʭ ʵʣʝʢʪʨʦʥʦʚ, ʠʦʥʦʚ ʠ ʷʜʝʨ. ʉʚʦʡʩʪʚʘ 

ʪʘʢʦʛʦ ʚʝʱʝʩʪʚʘ ʩʨʘʚʥʠʪʝʣʴʥʦ ʧʨʦʩʪʳʝ, ʠ ʪʦʣʴʢʦ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ ʥʠʞʝ 104 K, ʢʦʛʜʘ 

ʵʣʝʢʪʨʦʥʳ ʦʢʘʟʳʚʘʶʪʩʷ ʩʚʷʟʘʥʥʳʤʠ ʩ ʷʜʨʘʤʠ, ʧʨʦʮʝʩʩ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʯʘʩʪʠʮ, ʢʘʢ ʠ 

ʧʨʦʮʝʩʩ ʠʟʣʫʯʝʥʠʷ ʠ ʧʦʛʣʦʱʝʥʠʷ ʩʚʝʪʘ, ʩʪʘʥʦʚʠʪʩʷ ʟʥʘʯʠʪʝʣʴʥʦ ʩʣʦʞʥʝʝ. 

 
 3.1. ʆʩʥʦʚʥʳʝ ʧʦʥʷʪʠʷ 

 

ɺʘʞʥʦʡ ʭʘʨʘʢʪʝʨʠʩʪʠʢʦʡ ʠʟʣʫʯʝʥʠʷ ʷʚʣʷʝʪʩʷ ʠʥʪʝʥʩʠʚʥʦʩʪʴ, ʢʦʪʦʨʘʷ ʝʩʪʴ ʵʥʝʨʛʠʷ 

ʠʟʣʫʯʝʥʠʷ, ʧʨʦʪʝʢʘʶʱʝʡ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦ ʧʣʦʩʢʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʝʜʠʥʠʯʥʦʡ ʧʣʦʱʘʜʠ ʟʘ 

ʝʜʠʥʠʮʫ ʚʨʝʤʝʥʠ ʚ ʟʘʜʘʥʥʦʤ ʥʘʧʨʘʚʣʝʥʠʠ ʚ ʝʜʠʥʠʯʥʦʤ ʠʥʪʝʨʚʘʣʝ ʯʘʩʪʦʪ (ʠʣʠ ʜʣʠʥ ʚʦʣʥ). 

ɺ ʩʦʦʪʚʝʪʩʪʚʠʝ ʩ ʦʧʨʝʜʝʣʝʥʠʝʤ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʠʟʣʫʯʝʥʠʷ, ʧʘʜʘʶʱʝʛʦ ʥʘ ʥʝʙʦʣʴʰʫʶ 

ʧʣʦʱʘʜʢʫ ʧʣʦʱʘʜʠ dS  ʚ  ʥʘʧʨʘʚʣʝʥʠʠ, ʭʘʨʘʢʪʝʨʠʟʫʝʤʳʤ ʚʝʢʪʦʨʦʤ k (ʨʠʩ. 3.1), ï ʵʪʦ 

ʤʦʱʥʦʩʪʴ ʧʨʦʭʦʜʷʱʝʡ ʯʝʨʝʟ ʧʣʦʱʘʜʢʫ ʵʥʝʨʛʠʠ ʠʟʣʫʯʝʥʠʷ dE/dt,  ʦʪʥʝʩʝʥʥʘʷ ʢ ʧʨʦʝʢʮʠʠ 

 

ʈʠʩ. 3.1 ʂ ʦʧʨʝʜʝʣʝʥʠʶ 

ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʠʟʣʫʯʝʥʠʷ. 

ʅʘʧʨʘʚʣʝʥʠʝ ʠʟʣʫʯʝʥʠʷ 

ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ ʚʝʢʪʦʨʦʤ k ʠ 

ʪʝʣʝʩʥʳʤ ʫʛʣʦʤ dɋ ʚʦʢʨʫʛ ʥʝʛʦ. 

ʉʠʩʪʝʤʘ ʢʦʦʨʜʠʥʘʪ OXYZ 

ʚʳʙʨʘʥʘ ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʯʪʦ 

ʧʣʦʱʘʜʢʘ dS ʣʝʞʠʪ ʚ ʧʣʦʩʢʦʩʪʠ 

OXY ʪʘʢ, ʯʪʦ ʥʦʨʤʘʣʴ ʢ ʥʝʡ n 

ʥʘʧʨʘʚʣʝʥʘ ʚʜʦʣʴ ʦʩʠ Z. 
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ʧʣʦʱʘʜʠ ʧʣʦʱʘʜʢʠ ʥʘ ʧʣʦʩʢʦʩʪʴ ʚʦʣʥʦʚʦʛʦ ʬʨʦʥʪʘ coskdS dSq= , ʦʢʨʫʞʘʶʱʝʤʫ ʚʝʢʪʦʨ k 

ʪʝʣʝʩʥʦʤʫ ʫʛʣʫ dɋ ʠ ʢ  ʠʥʪʝʨʚʘʣʫ ʯʘʩʪʦʪʳ dɜ ʠʣʠ ʜʣʠʥ ʚʦʣʥ dɚ: 
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ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ɿʜʝʩʴ dɋ = sinɗdɗdű ī ɻʣʝʤʝʥʪ ʪʝʣʝʩʥʦʛʦ ʫʛʣʘ. ʇʝʨʝʭʦʜ ʦʪ Iɜ ʢ Iɚ ʦʩʫʱʝʩʪʚ-

ʣʷʝʪʩʷ ʯʝʨʝʟ ʦʯʝʚʠʜʥʦʝ ʩʦʦʪʥʦʰʝʥʠʝ ɜdɜ = | ɚdɚ|, ʠʟ ʢʦʪʦʨʦʛʦ ʩʣʝʜʫʝʪ 

 

I In l
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ʇʦʤʠʤʦ ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʦʡ ʠʥʪʝʥʩʠʚʥʦʩʪʠ In ʠʣʠ Il ʠʩʧʦʣʴʟʫʝʪʩʷ ʠʥʪʝʛʨʘʣʴʥʘʷ 

ʠʥʪʝʥʩʠʚʥʦʩʪʴ 
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ʢʦʪʦʨʘʷ ʭʘʨʘʢʪʝʨʠʟʫʝʪ ʵʥʝʨʛʠʶ ʠʟʣʫʯʝʥʠʷ, ʧʨʦʠʥʪʝʛʨʠʨʦʚʘʥʥʫʶ ʧʦ ʝʛʦ ʩʧʝʢʪʨʫ. 

 ʀʥʪʝʥʩʠʚʥʦʩʪʴ ʷʚʣʷʝʪʩʷ ʭʘʨʘʢʪʝʨʠʩʪʠʢʦʡ ʠʟʣʫʯʝʥʠʷ, ʨʘʩʧʨʦʩʪʨʘʥʷʶʱʝʛʦʩʷ ʚ 

ʥʘʧʨʘʚʣʝʥʠʠ k, ʠ ʥʝ ʟʘʚʠʩʠʪ ʦʪ ʦʨʠʝʥʪʘʮʠʠ ʚʳʙʨʘʥʥʦʡ (ʠʣʠ ʚʦʦʙʨʘʞʘʝʤʦʡ) ʧʣʦʱʘʜʢʠ (ʨʠʩ. 

3.1).  

ʄʦʱʥʦʩʪʴ ʠʟʣʫʯʝʥʠʷ, ʧʨʦʭʦʜʷʱʝʛʦ ʯʝʨʝʟ ʧʣʦʱʘʜʢʫ ʝʜʠʥʠʯʥʦʡ ʧʣʦʱʘʜʠ 

ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ ʧʣʦʪʥʦʩʪʴʶ ʧʦʪʦʢʘ ʵʥʝʨʛʠʠ ʠʟʣʫʯʝʥʠʷ 

 

                                                               Ὂ  ᷿ὧέί— Ὅ Ὠ  .                                        

  

ʀʥʪʝʛʨʠʨʦʚʘʥʠʝ ʚ ʵʪʦʤ ʚʳʨʘʞʝʥʠʠ ʚʳʧʦʣʥʷʝʪʩʷ ʧʦ ʥʘʧʨʘʚʣʝʥʠʷʤ ʚʦʣʥʦʚʦʛʦ ʚʝʢʪʦʨʘ k. 

ʈʘʟʤʝʨʥʦʩʪʴ ʠʥʪʝʛʨʘʣʴʥʦʡ ʧʣʦʪʥʦʩʪʠ ʧʦʪʦʢʘ ʠʟʣʫʯʝʥʠʷ ï ʵʨʛ/(ʩʤ2Āʩ). ɸʥʘʣʦʛʠʯʥʳʤ ʦʙʨʘ-

ʟʦʤ ʚʳʨʘʞʘʶʪʩʷ ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʳʝ ʧʦʪʦʢʠ Fl(ʨʘʟʤʝʨʥʦʩʪʠ ʵʨʛ/(ʩʤ2ĀʩĀʩʤ)) ʠ Fn 

(ʵʨʛ/(ʩʤ2ĀʩĀɻʮ)) ʯʝʨʝʟ ʠʥʪʝʥʩʠʚʥʦʩʪʠ Il ʠ In ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ.  

 ɺ ʩʣʫʯʘʝ ʠʟʦʪʨʦʧʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʥʝ ʟʘʚʠʩʠʪ ʦʪ ʥʘʧʨʘʚʣʝʥʠʷ k, ʧʦ-

ʵʪʦʤʫ ʧʦʪʦʢ ʵʥʝʨʛʠʠ ʠʟʣʫʯʝʥʠʷ F ʨʘʚʝʥ ʥʫʣʶ. 

 ɺ ʩʣʫʯʘʝ ʙʝʩʢʦʥʝʯʥʦʡ ʠʟʣʫʯʘʶʱʝʡ ʧʦʚʝʨʭʥʦʩʪʠ, ʩʦʚʧʘʜʘʶʱʝʡ ʩ ʧʣʦʩʢʦʩʪʴʶ 

OXYZ, ʚ ʧʦʣʫʧʨʦʩʪʨʘʥʩʪʚʝ z > 0 ʧʨʠʩʫʪʩʪʚʫʝʪ ʪʦʣʴʢʦ ʠʟʣʫʯʝʥʠʝ, ʦʪʚʝʯʘʶʱʝʝ ʥʘʧʨʘʚʣʝ-

ʥʠʷʤ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʤ 0 / 2¢ ¢q p , 0 2¢ ¢j p, ʧʨʠʯʝʤ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʚʦ ʚʩʝʭ ʵʪʠʭ 

ʥʘʧʨʘʚʣʝʥʠʷʭ ʦʜʠʥʘʢʦʚʘ. ʅʝʪʨʫʜʥʦ ʫʩʪʘʥʦʚʠʪʴ, ʯʪʦ ʧʣʦʪʥʦʩʪʴ ʧʦʪʦʢʘ ʵʥʝʨʛʠʠ ʠʟʣʫʯʝʥʠʷ 

ʠʩʭʦʜʷʱʝʡ ʠʟ ʝʜʠʥʠʮʳ ʧʦʚʝʨʭʥʦʩʪʠ ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʡ ʧʣʦʩʢʦʩʪʠ ʩʚʷʟʘʥʘ ʩ ʠʥʪʝʥʩʠʚʥʦ-

ʩʪʴʶ ʩʦʦʪʥʦʰʝʥʠʝʤ F Ip= . ʕʪʦ ʩʦʦʪʥʦʰʝʥʠʝ ʧʨʠʤʝʥʠʤʦ, ʚ ʯʘʩʪʥʦʩʪʠ, ʜʣʷ ʧʦʚʝʨʭʥʦʩʪʠ 

ʟʚʝʟʜʳ ï ʬʦʪʦʩʬʝʨʳ.  
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 ɺ ʫʩʣʦʚʠʷʭ ʢʦʩʤʦʩʘ ʪʠʧʠʯʥʳʤ ʧʨʠʤʝʨʦʤ ʠʩʪʦʯʥʠʢʘ ʠʟʣʫʯʝʥʠʷ ʷʚʣʷʝʪʩʷ ʟʚʝʟʜʘ 

ʨʘʜʠʫʩʘ R, ʨʘʩʧʦʣʦʞʝʥʥʘʷ ʥʘ ʨʘʩʩʪʦʷʥʠʠ r R  ʦʪ ʥʘʙʣʶʜʘʪʝʣʷ. ɺ ʵʪʦʤ ʥʘʠʙʦʣʝʝ 

ʨʘʩʧʨʦʩʪʨʘʥʝʥʥʦʤ ʩʣʫʯʘʝ ʧʦʪʦʢ ʠʟʣʫʯʝʥʠʷ F ʧʨʠʥʷʪʦ ʦʪʥʦʩʠʪʴ ʢ ʧʣʦʱʘʜʢʝ, ʨʘʩʧʦʣʘʛʘʝʤʦʡ 

ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦ ʣʠʥʠʠ, ʢʦʪʦʨʘʷ ʩʦʝʜʠʥʷʝʪ ʮʝʥʪʨ ʟʚʝʟʜʳ ʠ ʥʘʙʣʶʜʘʪʝʣʷ. ʀʟ ʩʦʦʙʨʘʞʝʥʠʡ 

ʩʠʤʤʝʪʨʠʠ ʷʩʥʦ, ʯʪʦ ʧʦʪʦʢ ʠʟʣʫʯʝʥʠʷ F   ̫ ʚʣʷʝʪʩʷ ʬʫʥʢʮʠʝʡ ʨʘʩʩʪʦʷʥʠʷ r ʠ ʥʝ ʟʘʚʠʩʠʪ ʦʪ 

ʥʘʧʨʘʚʣʝʥʠʷ r . ʇʦʵʪʦʤʫ ʚʝʣʠʯʠʥʘ 24 r Fp  ʝʩʪʴ ʵʥʝʨʛʠʷ, ʠʟʣʫʯʘʝʤʘʷ ʟʚʝʟʜʦʡ ʚ ʝʜʠʥʠʮʫ 

ʚʨʝʤʝʥʠ, ʪ.ʝ. ʝʝ ʩʚʝʪʠʤʦʩʪʴ L. ʆʪʩʶʜʘ 
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ʕʪʦʪ ʧʦʪʦʢ ʩʚʷʟʘʥ ʩ ʠʥʪʝʥʩʠʚʥʦʩʪʴʶ ʚ ʪʦʯʢʝ ʥʘʙʣʶʜʝʥʠʷ ʧʨʦʩʪʳʤ ʩʦʦʪʥʦʰʝʥʠʝʤ 

F I= DW, ʚ ʢʦʪʦʨʦʤ 2 2/R rpDW=  - ʪʝʣʝʩʥʳʡ ʫʛʦʣ, ʚ ʧʨʝʜʝʣʘʭ ʢʦʪʦʨʦʛʦ ʥʘʙʣʶʜʘʪʝʣʴ ʚʠ-

ʜʠʪ ʟʚʝʟʜʫ. ʆʪʩʶʜʘ ʩ ʫʯʝʪʦʤ ʪʦʛʦ, ʯʪʦ ʚ ʧʨʝʜʝʣʘʭ ʪʝʣʝʩʥʦʛʦ ʫʛʣʘ DW ʩ ʚʳʩʦʢʦʡ ʪʦʯʥʦʩʪʴʶ 

cos 1qº  ʩʣʝʜʫʝʪ ʚʳʨʘʞʝʥʠʝ ʜʣʷ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʠʟʣʫʯʝʥʠʷ 
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ʆʪʩʶʜʘ ʩʣʝʜʫʝʪ, ʯʪʦ ʚ ʧʨʝʜʝʣʘʭ ʪʝʣʝʩʥʦʛʦ ʫʛʣʘ DW, ʪ.ʝ. ʧʨʠ /R rq¢ , ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʧʦ-

ʩʪʦʷʥʥʘ ʠ ʥʝ ʟʘʚʠʩʠʪ ʦʪ ʨʘʩʩʪʦʷʥʠʷ r, ʪʦʛʜʘ ʢʘʢ ʟʘ ʝʛʦ ʧʨʝʜʝʣʘʤʠ, ʪ.ʝ. ʧʨʠ /R rq> , ʠʥʪʝʥ-

ʩʠʚʥʦʩʪʴ ʨʘʚʥʘ ʥʫʣʶ. 

ʇʣʦʪʥʦʩʪʴ ʵʥʝʨʛʠʠ ʠʟʣʫʯʝʥʠʷ ï ʵʪʦ ʵʥʝʨʛʠʷ ʠʟʣʫʯʝʥʠʷ ʚ ʝʜʠʥʠʯʥʦʤ ʦʙʲʝʤʝ ʧʨʦ-

ʩʪʨʘʥʩʪʚʘ  
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ʆʥʘ ʠʤʝʝʪ ʨʘʟʤʝʨʥʦʩʪʴ ʵʨʛ/ʩʤ3. ɸʥʘʣʦʛʠʯʥʳʤ ʦʙʨʘʟʦʤ ʩʧʝʢʪʨʘʣʴʥʘʷ ʧʣʦʪʥʦʩʪʴ ʵʥʝʨʛʠʠ 

ʠʟʣʫʯʝʥʠʷ En ʠ El ʚʳʨʘʞʘʝʪʩʷ ʯʝʨʝʟ ʠʥʪʝʥʩʠʚʥʦʩʪʠ Il ʠ In ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ.  

ʉʧʝʢʪʨ ï ʵʪʦ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʠʥʪʝʥʩʠʚʥʦʩʪʠ (ʠʣʠ ʧʦʪʦʢʘ) ʠʟʣʫʯʝʥʠʷ ʧʦ ʜʣʠʥʘʤ ʚʦʣʥ 

Iɚ (Fɜ) ʠʣʠ ʯʘʩʪʦʪʘʤ Iɜ (Fɚ).  

ʊʝʧʣʦʚʦʝ ʠʟʣʫʯʝʥʠʝ ï ʵʪʦ ʠʟʣʫʯʝʥʠʝ ʩʨʝʜʳ, ʚ ʢʦʪʦʨʦʡ ʵʥʝʨʛʠʷ ʭʘʦʪʠʯʝʩʢʦʛʦ ʜʚʠʞʝ-

ʥʠʷ ʯʘʩʪʠʮ ʪʝʤ ʠʣʠ ʠʥʳʤ ʩʧʦʩʦʙʦʤ ʧʝʨʝʭʦʜʠʪ ʚ ʵʥʝʨʛʠʶ ʬʦʪʦʥʦʚ. ʇʨʠʤʝʨʦʤ ʪʝʧʣʦʚʦʛʦ 

ʠʟʣʫʯʝʥʠʷ ʩʣʫʞʠʪ ʩʚʦʙʦʜʥʦ-ʩʚʦʙʦʜʥʦʝ (ʪʦʨʤʦʟʥʦʝ) ʠʟʣʫʯʝʥʠʝ ʵʣʝʢʪʨʦʥʦʚ ʚ ʧʦʣʝ ʧʦʣʦʞʠ-

ʪʝʣʴʥʳʭ ʠʦʥʦʚ, ʫʜʘʨʥʦʝ ʚʦʟʙʫʞʜʝʥʠʝ ʘʪʦʤʥʳʭ ʫʨʦʚʥʝʡ ʩ ʧʦʩʣʝʜʫʶʱʠʤ ʚʳʩʚʝʯʠʚʘʥʠʝʤ ʠ 

ʪ.ʜ. ʍʘʨʘʢʪʝʨʥʘʷ ʦʩʦʙʝʥʥʦʩʪʴ ʣʶʙʦʛʦ ʪʠʧʘ ʪʝʧʣʦʚʦʛʦ ʠʟʣʫʯʝʥʠʷ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʪʦʤ, ʯʪʦ 

ʧʨʠ ʫʩʨʝʜʥʝʥʠʠ ʢʦʵʬʬʠʮʠʝʥʪʘ ʠʟʣʫʯʝʥʠʷ ʧʦ ʪʝʧʣʦʚʦʤʫ (ʤʘʢʩʚʝʣʣʦʚʩʢʦʤʫ) ʨʘʩʧʨʝʜʝʣʝ-

ʥʠʶ ʯʘʩʪʠʮ ʧʦ ʩʢʦʨʦʩʪʷʤ, ʠʤʝʶʱʝʤʫ ʵʢʩʧʦʥʝʥʮʠʘʣʴʥʦʝ ʦʙʨʝʟʘʥʠʝ ʚ ʦʙʣʘʩʪʠ ʚʳʩʦʢʠʭ ʩʢʦ-

ʨʦʩʪʝʡ  
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ʚ ʩʧʝʢʪʨʝ ʧʦʣʫʯʘʶʱʝʛʦʩʷ ʥʝʧʨʝʨʳʚʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʚʦʟʥʠʢʘʝʪ ʵʢʩʧʦʥʝʥʮʠʘʣʴʥʳʡ ʩʧʘʜ, 

ʥʘʯʠʥʘʷ ʩ ʵʥʝʨʛʠʡ hɜ ~ kT. ɿʜʝʩʴ 

 

                                                            k  = 1.38Ŀ10-16 ʵʨʛ/ʂ 

 

ī ʧʦʩʪʦʷʥʥʘʷ ɹʦʣʴʮʤʘʥʘ.  
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ʀʥʘʷ ʩʠʪʫʘʮʠʷ ʜʣʷ ʥʝʪʝʧʣʦʚʦʛʦ ʠʟʣʫʯʝʥʠʷ: ʝʛʦ ʩʧʝʢʪʨ ʤʦʞʝʪ ʧʨʦʩʪʠʨʘʪʴʩʷ ʚ ʦʙʣʘʩʪʴ 

ʦʯʝʥʴ ʚʳʩʦʢʠʭ ʵʥʝʨʛʠʡ ʠ ʦʥ ʥʝ ʠʤʝʝʪ ʥʠʢʘʢʦʛʦ ʦʪʥʦʰʝʥʠʷ ʢ ʪʝʤʧʝʨʘʪʫʨʝ ʩʨʝʜʳ. ʇʨʠʤʝʨʳ 

ʥʝʪʝʧʣʦʚʦʛʦ ʠʟʣʫʯʝʥʠʷ ï ʩʠʥʭʨʦʪʨʦʥʥʦʝ ʠʟʣʫʯʝʥʠʝ ʨʝʣʷʪʠʚʠʩʪʩʢʠʭ ʵʣʝʢʪʨʦʥʦʚ ʚ ʤʘʛʥʠʪ-

ʥʦʤ ʧʦʣʝ, ʯʝʨʝʥʢʦʚʩʢʦʝ ʠʟʣʫʯʝʥʠʝ ʟʘʨʷʞʝʥʥʳʭ ʯʘʩʪʠʮ ʚ ʩʨʝʜʝ ʠ ʪ.ʜ. ʅʝʪʝʧʣʦʚʦʝ ʠʟʣʫʯʝʥʠʝ 

ʧʨʦʠʟʚʦʜʠʪʩʷ ʧʦʧʫʣʷʮʠʝʡ ʚʳʩʦʢʦʵʥʝʨʛʠʯʥʳʭ ʟʘʨʷʞʝʥʥʳʭ ʯʘʩʪʠʮ ï ʢʦʩʤʠʯʝʩʢʠʤʠ ʣʫʯʘʤʠ, 

ʵʥʝʨʛʝʪʠʯʝʩʢʠʡ ʩʧʝʢʪʨ ʢʦʪʦʨʳʭ ʩʦʚʝʨʰʝʥʥʦ ʥʝ ʧʦʭʦʞ ʥʘ ʤʘʢʩʚʝʣʣʦʚʩʢʠʡ. ʀʥʪʝʥʩʠʚʥʦʝ 

ʥʝʪʝʧʣʦʚʦʝ ʠʟʣʫʯʝʥʠʝ ʥʘʙʣʶʜʘʝʪʩʷ ʦʪ ʦʙʲʝʢʪʦʚ, ʚ ʢʦʪʦʨʳʭ ʧʨʦʠʩʭʦʜʠʪ ʛʝʥʝʨʘʮʠʷ (ʫʩʢʦʨʝ-

ʥʠʝ) ʢʦʩʤʠʯʝʩʢʠʭ ʣʫʯʝʡ. 

 

 

 

 

3.2. ʉʧʝʢʪʨ ʠʟʣʫʯʝʥʠʷ ʘʙʩʦʣʶʪʥʦ ʯʝʨʥʦʛʦ ʪʝʣʘ 

 

ɺʘʞʥʝʡʰʠʡ ʧʨʠʤʝʨ ʪʝʧʣʦʚʦʛʦ ʠʟʣʫʯʝʥʠʷ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʠʟʣʫʯʝʥʠʝ ʘʙʩʦʣʶʪʥʦ 

ʯʝʨʥʦʛʦ ʪʝʣʘ. ʀʟʣʫʯʝʥʠʝ ʘʙʩʦʣʶʪʥʦ ʯʝʨʥʦʛʦ ʪʝʣʘ ʥʘʭʦʜʠʪʩʷ ʚ ʧʦʣʥʦʤ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʦʤ 

ʨʘʚʥʦʚʝʩʠʠ ʩʦ ʩʨʝʜʦʡ ʠ ʧʦʪʦʤʫ ʥʘʟʳʚʘʝʪʩʷ ʨʘʚʥʦʚʝʩʥʳʤ ʠʟʣʫʯʝʥʠʝʤ.  

ʊʝʨʤʦʜʠʥʘʤʠʯʝʩʢʦʝ ʨʘʚʥʦʚʝʩʠʝ  ï ʩʦʩʪʦʷʥʠʝ, ʧʨʠ ʢʦʪʦʨʦʤ ʫʩʪʘʥʘʚʣʠʚʘʝʪʩʷ ʜʝʪʘʣʴ-

ʥʳʡ ʙʘʣʘʥʩ ʚʩʝʭ ʵʣʝʤʝʥʪʘʨʥʳʭ ʬʠʟʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʦʚ: ʠʟʣʫʯʝʥʠʷ ʠ ʧʦʛʣʦʱʝʥʠʷ, ʠʦʥʠʟʘ-

ʮʠʠ ʠ ʨʝʢʦʤʙʠʥʘʮʠʠ ʠ ʪ.ʜ.; ʚʩʝ ʧʨʷʤʳʝ ʠ ʦʙʨʘʪʥʳʝ ʧʨʦʮʝʩʩʳ ʠʜʫʪ ʩ ʦʜʠʥʘʢʦʚʳʤʠ ʩʢʦʨʦ-

ʩʪʷʤʠ. ʇʨʠ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʦʤ ʨʘʚʥʦʚʝʩʠʠ ʩʫʱʝʩʪʚʫʝʪ ʪʦʣʴʢʦ ʦʜʥʦ ʟʥʘʯʝʥʠʝ ʪʝʤʧʝʨʘ-

ʪʫʨʳ, ʢʦʪʦʨʦʝ ʦʧʨʝʜʝʣʷʝʪ ʬʠʟʠʯʝʩʢʦʝ ʩʦʩʪʦʷʥʠʝ ʩʨʝʜʳ. ɺ ʧʨʠʨʦʜʝ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʦʝ 

ʨʘʚʥʦʚʝʩʠʝ ʥʠʛʜʝ ʥʝ ʚʳʧʦʣʥʷʝʪʩʷ ʩʪʨʦʛʦ. ʃʦʢʘʣʴʥʦʝ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʦʝ ʨʘʚʥʦʚʝʩʠʝ ʦʟʥʘ-

ʯʘʝʪ, ʯʪʦ ʚ ʢʘʞʜʦʡ ʤʘʣʦʡ ʦʙʣʘʩʪʠ ʜʝʪʘʣʴʥʦʝ ʨʘʚʥʦʚʝʩʠʝ ʩʫʱʝʩʪʚʫʝʪ ʠ ʧʦʜʜʝʨʞʠʚʘʝʪ ʪʝʨ-

ʤʦʜʠʥʘʤʠʯʝʩʢʦʝ ʨʘʚʥʦʚʝʩʠʝ, ʥʦ ʪʝʤʧʝʨʘʪʫʨʘ ʷʚʣʷʝʪʩʷ ʬʫʥʢʮʠʝʡ ʢʦʦʨʜʠʥʘʪ ʠ ʚʨʝʤʝʥʠ. 

ʇʨʠ ʣʦʢʘʣʴʥʦʤ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʦʤ ʨʘʚʥʦʚʝʩʠʠ ʚʳʧʦʣʥʷʝʪʩʷ  ʟʘʢʦʥ ɹʦʣʴʮʤʘʥʘ ʨʘʩʧʨʝʜʝ-

ʣʝʥʠʷ ʘʪʦʤʦʚ ʧʦ ʵʥʝʨʛʠʷʤ ʠ ʟʘʢʦʥ ʄʘʢʩʚʝʣʣʘ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʩʚʦʙʦʜʥʳʭ ʯʘʩʪʠʮ ʧʦ ʩʢʦʨʦ-

ʩʪʷʤ (ʵʥʝʨʛʠʷʤ).  

ʋʩʣʦʚʠʝ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʦʛʦ ʨʘʚʥʦʚʝʩʠʷ ʩʦʚʤʝʩʪʥʦ ʩ ʩʦʦʪʥʦʰʝʥʠʷʤʠ ʕʡʥʰʪʝʡʥʘ 

ʜʣʷ ʚʝʨʦʷʪʥʦʩʪʝʡ ʠʩʧʫʩʢʘʥʠʷ ʠ ʧʦʛʣʦʱʝʥʠʷ ʩʚʝʪʘ ʧʦʟʚʦʣʷʝʪ ʦʧʨʝʜʝʣʠʪʴ ʩʧʝʢʪʨ ʨʘʚʥʦʚʝʩ-

ʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʠʣʠ ʩʧʝʢʪʨ ʘʙʩʦʣʶʪʥʦ ʯʝʨʥʦʛʦ ʪʝʣʘ, ʢʦʪʦʨʳʡ ʦʧʠʩʳʚʘʝʪʩʷ ʬʫʥʢʮʠʝʡ 

ʇʣʘʥʢʘ Iɜ = Bɜ(T) ʠ ʟʘʚʠʩʠʪ ʪʦʣʴʢʦ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ T. ʇʦʣʝ ʨʘʚʥʦʚʝʩʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʠʟʦ-

ʪʨʦʧʥʦ ʠ ʥʝʧʦʣʷʨʠʟʦʚʘʥʦ.  

ʌʫʥʢʮʠʷ ʇʣʘʥʢʘ ʤʦʞʝʪ ʙʳʪʴ ʟʘʧʠʩʘʥʘ ʚ ʚʠʜʝ ʫʜʝʣʴʥʦʡ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʚ ʝʜʠʥʠʯʥʦʤ 

ʠʥʪʝʨʚʘʣʝ ʯʘʩʪʦʪ ʩ ʨʘʟʤʝʨʥʦʩʪʴʶ ʵʨʛ/(ʩʤ2ĿcĿɻʮȚʩʪʝʨ) 

 

                               
1

exp -1

3

2

2hɜ
B (T)=

hɜc

kT

n
å õ
æ ö
ç ÷

,                                 (3.1)               

 
ʠʣʠ ʚʠʜʝ ʫʜʝʣʴʥʦʡ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʚ ʝʜʠʥʠʯʥʦʤ ʠʥʪʝʨʚʘʣʝ ʜʣʠʥ ʚʦʣʥ (ʚ ʝʜʠʥʠʮʘʭ 

ʵʨʛ/(ʩʤ3ĿcĿʩʪʝʨ)) 

 

                                         1

exp -1

2

ɚ 5

2hc
B (T)=

hcɚ

ɚkT

å õ
æ ö
ç ÷

.                                 (3.2)                

 
 ɺ ʧʨʝʜʝʣʴʥʦʤ ʩʣʫʯʘʝ ʥʠʟʢʠʭ ʯʘʩʪʦʪ h kTn  ʬʦʨʤʫʣʘ ʇʣʘʥʢʘ ʧʝʨʝʭʦʜʠʪ ʚ ʟʘʢʦʥ 

ʈʝʣʝʷ ɼʞʠʥʩʘ 
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2

ɜ 2

2ɜ
B = kT

c
.                                                        (3.3)                        

 

ɺ ʚʳʨʘʞʝʥʠʝ ʜʣʷ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʚ ʵʪʦʤ ʩʣʫʯʘʝ ʥʝ ʚʦʰʣʘ ʧʦʩʪʦʷʥʥʘʷ ʇʣʘʥʢʘ, ʚ ʵʪʦʤ ʧʨʝ-

ʜʝʣʝ ʬʦʨʤʫʣʘ ʦʧʠʩʳʚʘʝʪ ʯʠʩʪʦ ʢʣʘʩʩʠʯʝʩʢʦʝ ʠʟʣʫʯʝʥʠʝ. ʇʦʧʳʪʢʘ ʵʢʩʪʨʘʧʦʣʠʨʦʚʘʪʴ ʟʘʢʦʥ 

ʈʵʣʝʷïɼʞʠʥʩʘ ʚ ʦʙʣʘʩʪʴ ʙʦʣʝʝ ʚʳʩʦʢʠʭ ʯʘʩʪʦʪ ʧʨʠʚʦʜʠʪ ʢ ʧʨʦʪʠʚʦʨʝʯʠʶ: ʵʥʝʨʛʠʷ ʠʟʣʫʯʝ-

ʥʠʷ 
2

1

3 3

2 1d I

n

n

n

n n n´ -ñ , ʩʦʩʨʝʜʦʪʦʯʝʥʥʘʷ ʚ ʠʥʪʝʨʚʘʣʝ ʯʘʩʪʦʪ ɜ1 - ɜ2, ʥʝʦʛʨʘʥʠʯʝʥʥʦ ʨʘʩʪʝʪ ʩ 

ʨʦʩʪʦʤ ʯʘʩʪʦʪʳ ɜ2. ʕʪʦ ʧʨʦʪʠʚʦʨʝʯʠʝ, ʧʦʣʫʯʠʚʰʝʝ ʥʘʟʚʘʥʠʝ çʫʣʴʪʨʘʬʠʦʣʝʪʦʚʘʷ ʢʘʪʘ-

ʩʪʨʦʬʘè, ʷʚʣʷʝʪʩʷ ʩʣʝʜʩʪʚʠʝʤ ʥʝʧʨʠʛʦʜʥʦʩʪʠ ʟʘʢʦʥʘ ʈʝʣʝʷ-ɼʞʠʥʩʘ ʚ ʦʙʣʘʩʪʠ ʚʳʩʦʢʠʭ ʯʘ-

ʩʪʦʪ. 

 ɼʣʷ ʦʙʣʘʩʪʠ ʚʳʩʦʢʠʭ ʯʘʩʪʦʪ h kTn  ʬʦʨʤʫʣʘ ʇʣʘʥʢʘ ʧʝʨʝʭʦʜʠʪ ʚ ʟʘʢʦʥ ɺʠʥʘ 

 

                                         exp
3

ɜ 2

2hɜ hɜ
B =

c kT

å õ
-æ ö
ç ÷

.                                      (3.4)                     

ʇʦʩʢʦʣʴʢʫ 0
dB

dT

l>  ʜʣʷ ʚʩʝʭ  ʜʣʠʥ ʚʦʣʥ ɚ, ʢʨʠʚʳʝ ʬʫʥʢʮʠʠ ʇʣʘʥʢʘ ʜʣʷ ʨʘʟʥʳʭ ʪʝʤ-

ʧʝʨʘʪʫʨ ʥʠʛʜʝ ʥʝ ʧʝʨʝʩʝʢʘʶʪʩʷ ʜʨʫʛ ʩ ʜʨʫʛʦʤ, ʧʣʘʥʢʦʚʩʢʘʷ ʢʨʠʚʘʷ ʩ ʪʝʤʧʝʨʘʪʫʨʦʡ T2 > T1 

ʮʝʣʠʢʦʤ ʣʝʞʠʪ ʚʳʰʝ ʢʨʠʚʦʡ ʩ ʪʝʤʧʝʨʘʪʫʨʦʡ T1 (ʩʤ. ʨʠʩ. 3.2). ʄʘʢʩʠʤʫʤ ʠʟʣʫʯʘʝʤʦʡ ʘʙʩʦ-
ʣʶʪʥʦ ʯʝʨʥʳʤ ʪʝʣʦʤ ʵʥʝʨʛʠʠ ʧʨʠʭʦʜʠʪʩʷ ʥʘ ʯʘʩʪʦʪʫ ɜmax, ʟʥʘʯʝʥʠʝ ʢʦʪʦʨʦʡ ʧʦʣʫʯʘʝʪʩʷ ʠʟ 

ʫʩʣʦʚʠʷ 0
dB

d

n

n
= : 

ʈʠʩ. 3.2. ʉʧʝʢʪʨʳ ʠʟʣʫʯʝʥʠʷ ʘʙʩʦʣʶʪʥʦ ʯʝʨʥʦʛʦ ʪʝʣʘ (ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʢʘʢ ʬʫʥʢʮʠʷ ʜʣʠʥʳ 

ʚʦʣʥʳ ʠʟʣʫʯʝʥʠʷ) ʧʨʠ ʨʘʟʥʳʭ ʟʥʘʯʝʥʠʷʭ ʪʝʤʧʝʨʘʪʫʨʳ T. 



 34 

 

                                                           hɜmax å kT.                                                 (3.5)           
 

 

ɸʥʘʣʦʛʠʯʥʳʤ ʦʙʨʘʟʦʤ ʧʦʣʫʯʘʝʪʩʷ ʟʥʘʯʝʥʠʝ ʜʣʠʥʳ ʚʦʣʥʳ ɚmax, ʢʦʪʦʨʦʡ ʦʪʚʝʯʘʝʪ 

ʤʘʢʩʠʤʫʤ ʩʧʝʢʪʨʘ Bɚ: 

 

                                        
max

1 1K
0.29 ʩʤ

4.97

hc

kT T

å õ
l = º æ ö

ç ÷
.                                               (3.6) 

 

 
ɺʳʨʘʞʝʥʠʷ ʜʣʷ ɚmax  ʠ ɜmax ʥʦʩʷʪ ʥʘʟʚʘʥʠʝ ʟʘʢʦʥʘ ʩʤʝʱʝʥʠʷ ɺʠʥʘ. 

 ɺʳʨʘʞʝʥʠʝ ʜʣʷ ʧʦʪʦʢʘ ʵʥʝʨʛʠʠ, ʠʟʣʫʯʘʝʤʳʡ ʝʜʠʥʠʮʝʡ ʧʦʚʝʨʭʥʦʩʪʠ ʘʙʩʦʣʶʪʥʦ ʯʝʨ-

ʥʦʛʦ ʪʝʣʘ ʚ ʝʜʠʥʠʮʫ ʚʨʝʤʝʥʠ ʧʦʣʫʯʘʝʪʩʷ, ʝʩʣʠ ʩʧʝʢʪʨ Bɜ ʧʨʦʠʥʪʝʛʨʠʨʦʚʘʪʴ ʧʦ ʧʦʣʫʩʬʝʨʝ 

ʥʘʧʨʘʚʣʝʥʠʡ ʠ ʧʦ ʚʩʝʤ ʯʘʩʪʦʪʘʤ: 

 

                                               F = ÚÚ Bɜ cos ɗdɋdɜ = ́ ÚBɜdɜ = ůBT4.                             (3.6)               

 
ʕʪʦ ʟʘʢʦʥ ʉʪʝʬʘʥʘ-ɹʦʣʴʮʤʘʥʘ, ʚ ʢʦʪʦʨʦʤ 

 

                             -5

2

2 ʵʨʛ
5.67 10

15 ʩʤ ʩ ʛʨʘʜ

6

B 5 3

ˊ k
ů =

c h
º Ö

Ö Ö 4
                                (3.7)        

          
ī ʧʦʩʪʦʷʥʥʘʷ ʉʪʝʬʘʥʘ-ɹʦʣʴʮʤʘʥʘ.                                                               

 ʇʣʦʪʥʦʩʪʴ ʵʥʝʨʛʠʠ ʘʙʩʦʣʶʪʥʦ ʯʝʨʥʦʛʦ ʪʝʣʘ  

 
1 4

( )E B T d d B d
c c

g n n

p
n n= W=ññ ñ 

 

ʢʘʢ ʥʝʪʨʫʜʥʦ ʚʠʜʝʪʴ ʦʧʨʝʜʝʣʷʝʪʩʷ ʚʳʨʘʞʝʥʠʝʤ 

 

44 BE T
c

g

s
= . 

 

ɼʘʚʣʝʥʠʝ, ʩʦʟʜʘʚʘʝʤʦʝ ʵʪʠʤ ʠʟʣʫʯʝʥʠʝʤ, ʝʩʪʴ 
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s
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ʅʝʪʨʫʜʥʦ ʪʘʢʞʝ ʫʩʪʘʥʦʚʠʪʴ ʚʳʨʘʞʝʥʠʷ ʜʣʷ ʩʨʝʜʥʝʡ ʢʦʥʮʝʥʪʨʘʮʠʠ ʬʦʪʦʥʦʚ 

3

max0
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n d

c h
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n l
 

 
ʠ ʩʨʝʜʥʝʡ ʵʥʝʨʛʠʠ ʬʦʪʦʥʦʚ  

 

                                                                Ůɔ = Eɔ/nɔ å 2.7 kT. 
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3.3. ʊʝʤʧʝʨʘʪʫʨʘ ʘʩʪʨʦʬʠʟʠʯʝʩʢʠʭ ʠʩʪʦʯʥʠʢʦʚ,  

                   ʦʧʨʝʜʝʣʷʝʤʘʷ ʧʦ ʠʭ ʠʟʣʫʯʝʥʠʶ 

 

ɺ ʩʣʫʯʘʝ ʘʙʩʦʣʶʪʥʦ ʯʝʨʥʦʛʦ ʪʝʣʘ ʪʝʤʧʝʨʘʪʫʨʘ ʪʝʣʘ ʷʚʣʷʝʪʩʷ ʝʜʠʥʩʪʚʝʥʥʳʤ ʧʘʨʘ-

ʤʝʪʨʦʤ, ʦʧʨʝʜʝʣʷʶʱʠʤ ʩʧʝʢʪʨ ʠʟʣʫʯʝʥʠʷ. ɺ ʘʩʪʨʦʬʠʟʠʢʝ, ʢʘʢ ʧʨʘʚʠʣʦ, ʤʳ ʠʤʝʝʤ ʜʝʣʦ ʩ 

ʥʘʙʣʶʜʝʥʠʷʤʠ ʠʩʪʦʯʥʠʢʦʚ ʚ ʦʛʨʘʥʠʯʝʥʥʦʤ ʜʠʘʧʘʟʦʥʝ ʯʘʩʪʦʪ (ʜʣʠʥ ʚʦʣʥ). ʆʮʝʥʢʘ ʪʝʤʧʝ-

ʨʘʪʫʨʳ ʠʟʣʫʯʘʶʱʝʛʦ ʪʝʣʘ ʤʦʞʝʪ ʙʳʪʴ ʩʜʝʣʘʥʘ ʨʘʟʣʠʯʥʳʤʠ ʩʧʦʩʦʙʘʤʠ. ʇʨʠ ʵʪʦʤ ʧʦʣʫʯʘʝ-

ʤʦʝ ʟʥʘʯʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ ʜʘʣʝʢʦ ʥʝ ʚʩʝʛʜʘ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʬʠʟʠʯʝʩʢʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʠʟʣʫ-

ʯʘʶʱʝʡ ʩʨʝʜʳ. ʅʘʠʙʦʣʝʝ ʯʘʩʪʦ ʚʩʪʨʝʯʘʶʪʩʷ ʩʣʝʜʫʶʱʠʝ ʦʧʨʝʜʝʣʝʥʠʷ ʪʝʤʧʝʨʘʪʫʨʳ. 

ʗʨʢʦʩʪʥʘʷ ʪʝʤʧʝʨʘʪʫʨʘ Tb ï ʪʝʤʧʝʨʘʪʫʨʘ ʪʘʢʦʛʦ ʘʙʩʦʣʶʪʥʦ ʯʝʨʥʦʛʦ ʪʝʣʘ, ʢʦʪʦʨʦʝ 

ʠʤʝʝʪ ʠʥʪʝʥʩʠʚʥʦʩʪʴ, ʨʘʚʥʫʶ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʠʟʫʯʘʝʤʦʛʦ ʠʩʪʦʯʥʠʢʘ ʥʘ ʜʘʥʥʦʡ ʯʘʩʪʦʪʝ,  Iɜ 

= Bɜ (Tb). ɺ ʯʘʩʪʥʦʤ ʩʣʫʯʘʝ ʨʘʜʠʦʚʦʣʥ, ʜʣʷ ʢʦʪʦʨʳʭ ʧʦʯʪʠ ʚʩʝʛʜʘ ʚʳʧʦʣʥʝʥʦ ʫʩʣʦʚʠʝ 

h kTn  ʧʨʠʤʝʥʠʤʦʩʪʠ ʧʨʠʙʣʠʞʝʥʠʷ ʈʵʣʝʷïɼʞʠʥʩʘ, ʷʨʢʦʩʪʥʘʷ ʪʝʤʧʝʨʘʪʫʨʘ ʦʧʨʝʜʝʣʷʝʪʩʷ 

ʚʳʨʘʞʝʥʠʝʤ 
2

22
b

c
T I

k
n

n
=  . 

 

ʗʨʢʦʩʪʥʘʷ ʪʝʤʧʝʨʘʪʫʨʘ Tb ʚ ʦʙʱʝʤ ʩʣʫʯʘʝ ʝʩʪʴ ʬʫʥʢʮʠʷ ʯʘʩʪʦʪʳ, ʝʩʣʠ ʩʧʝʢʪʨ ʥʝ ʯʝʨʥʦ-

ʪʝʣʴʥʳʡ. ʀʥʪʝʥʩʠʚʥʦʩʪʴ ʠʟʣʫʯʝʥʠʷ ʘʙʩʦʣʶʪʥʦ ʯʝʨʥʦʛʦ ʪʝʣʘ ʩ ʪʝʤʧʝʨʘʪʫʨʦʡ ʊ ʷʚʣʷʝʪʩʷ 

ʤʘʢʩʠʤʘʣʴʥʦ ʜʦʩʪʠʞʠʤʦʡ ʠʥʪʝʥʩʠʚʥʦʩʪʴʶ ʜʣʷ ʪʝʧʣʦʚʦʛʦ ʠʟʣʫʯʝʥʠʷ ʣʶʙʦʛʦ ʪʝʣʘ ʩ ʪʝʤ-

ʧʝʨʘʪʫʨʦʡ T. ɼʣʷ ʰʠʨʦʢʦʛʦ ʢʣʘʩʩʘ ʥʝʪʝʧʣʦʚʳʭ ʩʧʝʢʪʨʦʚ ʷʨʢʦʩʪʥʘʷ ʪʝʤʧʝʨʘʪʫʨʘ ʥʝ ʠʤʝʝʪ 

ʥʠʢʘʢʦʛʦ ʦʪʥʦʰʝʥʠʷ ʢ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠʤ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤ ʩʨʝʜʳ (ʥʘʧʨʠʤʝʨ, ʚ ʩʣʫʯʘʝ 

ʩʠʥʭʨʦʪʨʦʥʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʩʦ ʩʪʝʧʝʥʥʳʤ ʩʧʝʢʪʨʦʤ). ʌʝʥʦʤʝʥʦʣʦʛʠʯʝʩʢʠ ʦʯʝʥʴ ʚʳʩʦʢʘʷ 

ʷʨʢʦʩʪʥʘʷ ʪʝʤʧʝʨʘʪʫʨʘ ʷʚʣʷʝʪʩʷ ʫʢʘʟʘʥʠʝʤ ʥʘ ʥʝʪʝʧʣʦʚʦʡ ʭʘʨʘʢʪʝʨ ʠʟʣʫʯʝʥʠʷ (ʥʘʧʨʠʤʝʨ, 

ʜʣʷ ʨʘʜʠʦʠʟʣʫʯʝʥʠʷ ʧʫʣʴʩʘʨʦʚ Tb > 1020 K). 

ʕʬʬʝʢʪʠʚʥʦʡ ʪʝʤʧʝʨʘʪʫʨʦʡ ʦʙʲʝʢʪʘ Teff ʥʘʟʳʚʘʝʪʩʷ ʪʝʤʧʝʨʘʪʫʨʘ ʘʙʩʦʣʶʪʥʦ ʯʝʨ-

ʥʦʛʦ ʪʝʣʘ, ʠʟʣʫʯʘʶʱʝʛʦ ʚ ʝʜʠʥʠʮʫ ʚʨʝʤʝʥʠ ʩ ʝʜʠʥʠʮʳ ʧʣʦʱʘʜʠ ʚʦ ʚʩʝʤ ʜʠʘʧʘʟʦʥʝ ʯʘʩʪʦʪ 

ʪʫ ʞʝ ʵʥʝʨʛʠʶ, ʯʪʦ ʠ ʨʘʩʩʤʘʪʨʠʚʘʝʤʳʡ ʦʙʲʝʢʪ. ɺ ʩʦʦʪʚʝʪʩʪʚʠʝ ʩ ʵʪʠʤ ʦʧʨʝʜʝʣʝʥʠʝʤ ʧʣʦʪ-

ʥʦʩʪʴ ʧʦʪʦʢʘ ʠʟʣʫʯʝʥʠʷ ʧʦʚʝʨʭʥʦʩʪʠ ʦʙʲʝʢʪʘ ʩʚʷʟʘʥʘ ʩ ʵʬʬʝʢʪʠʚʥʦʡ ʪʝʤʧʝʨʘʪʫʨʦʡ ʩʦʦʪ-

ʥʦʰʝʥʠʝʤ 

 

F = ÚÚ Iɜ cos ɗdɋdɜ = ůBT4
eff. 

 

ʕʪʦ ʩʦʦʪʥʦʰʝʥʠʝ ʧʨʠʤʝʥʷʝʪʩʷ ʜʣʷ ʦʮʝʥʢʠ ʪʝʤʧʝʨʘʪʫʨʳ ʢʦʩʤʠʯʝʩʢʠʭ ʦʙʲʝʢʪʦʚ, ʥʘʧʨʠʤʝʨ,  

ʟʚʝʟʜ. 

ɽʩʣʠ ʠʤʝʝʪʩʷ ʰʘʨʦʦʙʨʘʟʥʦʝ ʪʝʣʦ (ʥʘʧʨʠʤʝʨ, ʟʚʝʟʜʘ ʠʣʠ ʧʣʘʥʝʪʘ) ʩ ʨʘʜʠʫʩʦʤ R, ʠʟ-

ʣʫʯʘʶʱʘʷ ʚ ʝʜʠʥʠʮʫ ʚʨʝʤʝʥʠ ʵʥʝʨʛʠʶ L, ʥʘʟʳʚʘʝʤʫʶ ʩʚʝʪʠʤʦʩʪʴʶ ʪʝʣʘ, ʪʦ 

 

                                                    L = 4ˊR2ůBT4
eff ,                                                            (3.8)                                           

 
ʦʪʢʫʜʘ ʩʣʝʜʫʝʪ ʚʳʨʘʞʝʥʠʝ ʜʣʷ ʵʬʬʝʢʪʠʚʥʦʡ ʪʝʤʧʝʨʘʪʫʨʳ 

 

                                                           4
eff 2

B

L
T = .

4ˊR ů
                                                        (3.9) 

 

ʕʬʬʝʢʪʠʚʥʳʝ ʪʝʤʧʝʨʘʪʫʨʳ ʟʚʝʟʜ ʣʝʞʘʪ ʚ ʧʨʝʜʝʣʘʭ 103-106 ʂ. 

ʉʧʝʢʪʨʘʤʠ, ʙʣʠʟʢʠʤʠ ʢ ʯʝʨʥʦʪʝʣʴʥʳʤ ʷʚʣʷʶʪʩʷ: ʩʧʝʢʪʨʳ ʩʦʙʩʪʚʝʥʥʦʛʦ ʠʟʣʫʯʝʥʠʷ 

ʧʣʘʥʝʪ, ʟʚʝʟʜ; ʩʧʝʢʪʨ ʬʦʥʦʚʦʛʦ (ʨʝʣʠʢʪʦʚʦʛʦ) ʠʟʣʫʯʝʥʠʷ ɺʩʝʣʝʥʥʦʡ. 
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ʅʘʠʙʦʣʝʝ ʠʟʚʝʩʪʥʳʝ ʧʨʠʤʝʨʳ ʥʝʪʝʧʣʦʚʳʭ ʩʧʝʢʪʨʦʚ ï ʩʧʝʢʪʨʳ ʧʫʣʴʩʘʨʦʚ (ʚʨʘʱʘʶ-

ʱʠʭʩʷ ʥʝʡʪʨʦʥʥʳʭ ʟʚʝʟʜ ʩ ʩʠʣʴʥʳʤ ʤʘʛʥʠʪʥʳʤ ʧʦʣʝʤ), ʨʘʜʠʦʛʘʣʘʢʪʠʢ, ʢʚʘʟʘʨʦʚ, ʦʩʪʘʪ-

ʢʦʚ ʩʚʝʨʭʥʦʚʳʭ ʟʚʝʟʜ. ʍʘʨʘʢʪʝʨʥʦʡ ʦʩʦʙʝʥʥʦʩʪʴʶ ʪʘʢʠʭ ʩʧʝʢʪʨʦʚ ʷʚʣʷʝʪʩʷ ʥʘʣʠʯʠʝ ʩʪʝʧʝʥ-

ʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ʧʦʪʦʢʘ ʠʟʣʫʯʝʥʠʷ ʦʪ ʯʘʩʪʦʪʳ F a

n n-´  ʩ ʧʦʢʘʟʘʪʝʣʝʤ ʩʧʝʢʪʨʘ (ʩʧʝʢʪʨʘʣʴ-

ʥʳʤ ʠʥʜʝʢʩʦʤ)  Ŭ, ʦʙʳʯʥʦ ʠʤʝʶʱʠʤ ʟʥʘʯʝʥʠʷ ʦʪ 0.5 ʜʦ 1. 

 

 

 

 

3.4. ʀʟʣʫʯʝʥʠʝ ʨʝʘʣʴʥʳʭ ʪʝʣ 

 

ɿʘʢʦʥ ʇʣʘʥʢʘ ʦʧʠʩʳʚʘʝʪ ʣʠʰʴ ʠʟʣʫʯʝʥʠʝ ʘʙʩʦʣʶʪʥʦ ʯʝʨʥʦʛʦ ʪʝʣʘ. ʀʟʣʫʯʝʥʠʝ ʨʝ-

ʘʣʴʥʳʭ ʪʝʣ ʦʪʣʠʯʘʝʪʩʷ ʦʪ ʧʣʘʥʢʦʚʩʢʦʛʦ, ʧʨʠʯʝʤ ʚ ʥʝʢʦʪʦʨʳʭ ʩʣʫʯʘʷʭ, ʚʝʩʴʤʘ ʩʫʱʝʩʪʚʝʥʥʦ. 

ʕʪʦ ʦʪʣʠʯʠʝ ʦʩʦʙʝʥʥʦ ʩʠʣʴʥʦ ʧʨʦʷʚʣʷʝʪʩʷ ʚ ʩʣʫʯʘʝ ʨʘʟʨʝʞʝʥʥʳʭ ʧʨʦʟʨʘʯʥʳʭ ʛʘʟʦʚʳʭ ʪʫ-

ʤʘʥʥʦʩʪʝʡ. ʆʥʠ, ʢʘʢ ʧʨʘʚʠʣʦ, ʠʤʝʶʪ ʣʠʥʝʡʯʘʪʳʡ ʩʧʝʢʪʨ ʠʟʣʫʯʝʥʠʷ. 

ʃʠʥʝʡʯʘʪʦʝ ʠʟʣʫʯʝʥʠʝ ī ʠʟʣʫʯʝʥʠʝ ʥʘʛʨʝʪʦʛʦ ʛʘʟʘ (ʧʣʘʟʤʳ) ʥʘ ʦʧʨʝʜʝʣʝʥʥʳʭ ʯʘʩʪʦ-

ʪʘʭ, ʥʘʙʣʶʜʘʝʤʦʝ ʚ ʬʦʨʤʝ ʜʠʩʢʨʝʪʥʳʭ ʩʧʝʢʪʨʘʣʴʥʳʭ ʣʠʥʠʡ.  ʃʠʥʝʡʯʘʪʦʝ ʠʟʣʫʯʝʥʠʝ  

ʦʙʨʘʟʫʝʪʩʷ ʚʦ ʚʥʝʰʥʠʭ ʯʘʩʪʷʭ ʘʪʤʦʩʬʝʨ ʟʚʸʟʜ (ʭʨʦʤʦʩʬʝʨʝ, ʢʦʨʦʥʝ), ʤʝʞʟʚʸʟʜʥʦʡ ʠ ʤʝʞ-

ʛʘʣʘʢʪʠʯʝʩʢʦʡ ʩʨʝʜʝ. ʌʦʪʦʥʳ ʣʠʥʝʡʯʘʪʦʛʦ ʠʟʣʫʯʝʥʠʷ  ʠʩʧʫʩʢʘʶʪʩʷ ʦʪʜʝʣʴʥʳʤʠ ʘʪʦʤʘʤʠ 

(ʠʦʥʘʤʠ, ʤʦʣʝʢʫʣʘʤʠ), ʦʢʘʟʘʚʰʠʤʠʩʷ ʚ ʚʦʟʙʫʞʜʸʥʥʦʤ ʩʦʩʪʦʷʥʠʠ, ʧʨʠ ʧʝʨʝʭʦʜʘʭ ʚ ʥʠʭ 

ʵʣʝʢʪʨʦʥʘ ʥʘ ʙʦʣʝʝ ʥʠʟʢʠʡ ʫʨʦʚʝʥʴ ʵʥʝʨʛʠʠ (ʚ ʯʘʩʪʥʦʩʪʠ, ʚ ʦʩʥʦʚʥʦʝ ʵʥʝʨʛʝʪʠʯʝʩʢʦʝ ʩʦ-

ʩʪʦʷʥʠʝ). ʀʩʧʫʱʝʥʥʳʡ ʘʪʦʤʦʤ ʬʦʪʦʥ ʤʦʞʝʪ ʣʠʙʦ ʚʳʡʪʠ ʠʟ ʦʙʲʸʤʘ ʧʣʘʟʤʳ ʠ ʜʦʩʪʠʯʴ 

ʥʘʙʣʶʜʘʪʝʣʷ, ʣʠʙʦ ʧʦʛʣʦʪʠʪʴʩʷ ʦʜʥʠʤ ʠʟ ʦʢʨʫʞʘʶʱʠʭ ʘʪʦʤʦʚ. ɺ ʧʦʩʣʝʜʥʝʤ ʩʣʫʯʘʝ ʘʪʦʤ, 

ʧʦʛʣʦʪʠʚʰʠʡ ʬʦʪʦʥ, ʦʢʘʟʳʚʘʝʪʩʷ ʚ ʚʦʟʙʫʞʜʸʥʥʦʤ ʩʦʩʪʦʷʥʠʠ ʠ ʤʦʞʝʪ ʚʥʦʚʴ ʠʩʧʫʩʪʠʪʴ ʬʦ-

ʪʦʥ, ʚʦʦʙʱʝ ʛʦʚʦʨʷ, ʫʞʝ ʜʨʫʛʦʡ ʯʘʩʪʦʪʳ. ɽʩʣʠ ʠʟʣʫʯʝʥʠʝ ʠ ʧʦʛʣʦʱʝʥʠʝ ʧʨʦʠʩʭʦʜʷʪ ʤʥʦ-

ʛʦʢʨʘʪʥʦ, ʩʧʝʢʪʨʘʣʴʥʘʷ ʣʠʥʠʷ ʩʠʣʴʥʦ ʫʰʠʨʷʝʪʩʷ. ɼʝʡʩʪʚʠʪʝʣʴʥʦ, ʬʦʪʦʥ ʩ ʯʘʩʪʦʪʦʡ, ʙʣʠʟ-

ʢʦʡ ʢ ʯʘʩʪʦʪʝ ʮʝʥʪʨʘ ʣʠʥʠʠ, ʩ ʙʦʣʴʰʦʡ ʚʝʨʦʷʪʥʦʩʪʴʶ ʧʦʛʣʦʱʘʝʪʩʷ ʚʥʦʚʴ, ʘ ʬʦʪʦʥ ʩ ʯʘʩʪʦ-

ʪʦʡ, ʜʘʣʸʢʦʡ ʦʪ ʮʝʥʪʨʘ ʣʠʥʠʠ, ʣʝʛʢʦ ʚʳʭʦʜʠʪ ʠʟ ʦʙʲʸʤʘ. ʇʦʵʪʦʤʫ ʚʝʨʦʷʪʥʦʩʪʴ ʚʳʭʦʜʘ ʬʦ-

ʪʦʥʘ ʚ çʢʨʳʣʴʷʭè ʣʠʥʠʠ ʵʬʬʝʢʪʠʚʥʦ ʚʦʟʨʘʩʪʘʝʪ, ʪ. ʝ. ʣʠʥʠʷ ʫʰʠʨʷʝʪʩʷ. ɺ ʧʨʝʜʝʣʝ ʙʦʣʴʰʠʭ 

ʦʙʲʝʤʦʚ ʠʟʣʫʯʘʶʱʝʛʦ ʚʝʱʝʩʪʚʘ ʣʠʥʠʷ ʠʩʯʝʟʘʝʪ ī ʩʣʠʚʘʝʪʩʷ ʩ ʥʝʧʨʝʨʳʚʥʳʤ ʩʧʝʢʪʨʦʤ. ʇʦ-

ʵʪʦʤʫ ʣʠʥʝʡʯʘʪʦʝ ʠʟʣʫʯʝʥʠʝ  ʩʦʭʨʘʥʷʝʪʩʷ ʣʠʰʴ ʚ ʩʣʫʯʘʝ ʥʝ ʩʣʠʰʢʦʤ ʙʦʣʴʰʦʡ ʧʣʦʪʥʦʩʪʠ 

ʠ ʨʘʟʤʝʨʦʚ ʠʟʣʫʯʘʶʱʝʡ ʩʨʝʜʳ.  

ʃʠʥʝʡʯʘʪʦʝ ʠʟʣʫʯʝʥʠʝ ʥʝʩʸʪ ʚʘʞʥʫʶ ʠʥʬʦʨʤʘʮʠʶ ʦ ʩʦʩʪʦʷʥʠʠ ʠ ʬʠʟʠʯʝʩʢʠʭ ʧʨʦ-

ʮʝʩʩʘʭ ʚ ʠʟʣʫʯʘʶʱʝʡ ʩʨʝʜʝ. ʅʘʠʙʦʣʝʝ ʧʨʦʩʪʘ ʩʧʝʢʪʨʘʣʴʥʘʷ ʜʠʘʛʥʦʩʪʠʢʘ ʩʨʝʜʳ ʚ ʩʣʫʯʘʝ, 

ʢʦʛʜʘ ʚʝʨʦʷʪʥʦʩʪʴ ʚʪʦʨʠʯʥʦʛʦ ʧʦʛʣʦʱʝʥʠʷ ʠʩʧʫʱʝʥʥʦʛʦ ʚ ʣʶʙʦʡ ʪʦʯʢʝ ʬʦʪʦʥʘ ʤʘʣʘ, ʪ. ʝ. 

ʠʟʣʫʯʝʥʠʝ ʩʚʦʙʦʜʥʦ ʚʳʭʦʜʠʪ ʠʟ ʦʙʲʸʤʘ, ʟʘʥʠʤʘʝʤʦʛʦ ʩʨʝʜʦʡ. ʊʘʢʦʡ ʩʣʫʯʘʡ ʥʘʟʳʚʘʝʪʩʷ ʦʧ-

ʪʠʯʝʩʢʠ ʪʦʥʢʦʡ ʩʨʝʜʦʡ.  

ʇʨʠ ʧʝʨʝʭʦʜʝ ʠʟ ʚʦʟʙʫʞʜʝʥʥʦʛʦ ʩʦʩʪʦʷʥʠʷ m ʩ ʵʥʝʨʛʠʝʡ Em ʚ ʩʦʩʪʦʷʥʠʝ n ʩ ʵʥʝʨʛʠʝʡ 

En < Em ʘʪʦʤ (ʠʦʥ, ʤʦʣʝʢʫʣʘ) ʠʩʧʫʩʢʘʝʪ ʬʦʪʦʥ ʩ ʵʥʝʨʛʠʝʡ 

 

                                                 Ůɜ = hɜ = Em ï En.                                                         

 

ʉʚʝʪʠʤʦʩʪʴ ʠʟʣʫʯʘʶʱʝʛʦ ʦʙʲʝʤʘ V ʧʣʘʟʤʳ ʚ ʩʧʝʢʪʨʘʣʴʥʦʡ ʣʠʥʠʠ, ʦʪʚʝʯʘʶʱʝʡ ʧʝ-

ʨʝʭʦʜʫ  m Ÿ n, ʨʘʚʥʘ 

                                                  Lmn = VNm(X)Amn(Em ï En),   

 

ʛʜʝ Amn ï ʚʝʨʦʷʪʥʦʩʪʴ ʧʝʨʝʭʦʜʘ m Ÿ n, Nm(X) ï ʢʦʥʮʝʥʪʨʘʮʠʷ ʘʪʦʤʦʚ (ʠʣʠ ʠʦʥʦʚ) ʩʦʨʪʘ X, 

ʥʘʭʦʜʷʱʠʭʩʷ ʚ ʚʦʟʙʫʞʜʝʥʥʦʤ ʩʦʩʪʦʷʥʠʠ m.  

ɺʝʣʠʯʠʥʘ Nm(X) ʟʘʚʠʩʠʪ ʦʪ ʢʦʥʮʝʥʪʨʘʮʠʠ ʵʣʝʤʝʥʪʘ ʍ ʚ ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʤ ʦʙʲʝʤʝ, ʘ 

ʪʘʢʞʝ ʦʪ ʤʝʭʘʥʠʟʤʦʚ ʚʦʟʙʫʞʜʝʥʠʷ ʠ ʜʝʟʘʢʪʠʚʘʮʠʠ ʚʦʟʙʫʞʜʝʥʥʦʛʦ ʩʦʩʪʦʷʥʠʷ m. ʇʦʩʣʝʜʥʠʝ 

ʟʘʚʠʩʷʪ ʦʪ ʨʷʜʘ ʬʠʟʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ ʩʨʝʜʳ, ʪʘʢʠʭ ʢʘʢ ʧʣʦʪʥʦʩʪʴ, ʩʪʝʧʝʥʴ ʠʦʥʠʟʘʮʠʠ ʠ 

ʪʝʤʧʝʨʘʪʫʨʘ.  
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ʕʥʝʨʛʠʠ ʜʠʩʢʨʝʪʥʳʭ ʫʨʦʚʥʝʡ Em ʠ ʚʝʨʦʷʪʥʦʩʪʠ ʧʝʨʝʭʦʜʦʚ ʤʝʞʜʫ ʫʨʦʚʥʷʤʠ  Amn 

ʦʧʨʝʜʝʣʷʶʪʩʷ ʠʩʢʣʶʯʠʪʝʣʴʥʦ ʠʥʜʠʚʠʜʫʘʣʴʥʳʤʠ ʬʠʟʠʯʝʩʢʠʤʠ ʩʚʦʡʩʪʚʘʤʠ ʵʣʝʤʝʥʪʘ ʍ. 

ʆʥʠ ʨʘʩʩʯʠʪʳʚʘʶʪʩʷ ʪʝʦʨʝʪʠʯʝʩʢʠ ʠ/ʠʣʠ ʠʟʤʝʨʷʶʪʩʷ ʚ ʣʘʙʦʨʘʪʦʨʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʘʭ. ʇʦ-

ʣʦʞʝʥʠʝ ʩʧʝʢʪʨʘʣʴʥʳʭ ʣʠʥʠʡ ʥʘ ʰʢʘʣʝ ʵʥʝʨʛʠʠ ʠʣʠ ʯʘʩʪʦʪʳ ʬʦʪʦʥʦʚ ʧʦʟʚʦʣʷʝʪ ʥʘʜʝʞʥʦ 

ʠʜʝʥʪʠʬʠʮʠʨʦʚʘʪʴ ʠʭ ʧʨʠʥʘʜʣʝʞʥʦʩʪʴ ʦʧʨʝʜʝʣʝʥʥʦʤʫ ʭʠʤʠʯʝʩʢʦʤʫ ʵʣʝʤʝʥʪʫ (ʘʪʦʤʫ, 

ʠʦʥʫ ʠʣʠ ʤʦʣʝʢʫʣʝ). ʇʦʵʪʦʤʫ ʠʩʩʣʝʜʦʚʘʥʠʝ ʣʠʥʝʡʯʘʪʦʛʦ ʠʟʣʫʯʝʥʠʷ ʢʦʩʤʠʯʝʩʢʠʭ ʦʙʲʝʢʪʦʚ 

ʧʦʟʚʦʣʷʝʪ ʧʦʣʫʯʘʪʴ ʠʥʬʦʨʤʘʮʠʶ ʦ ʭʠʤʠʯʝʩʢʦʤ ʩʦʩʪʘʚʝ ʦʙʲʝʢʪʘ, ʘ ʪʘʢʞʝ ʦ ʥʝʢʦʪʦʨʳʭ ʝʛʦ 

ʬʠʟʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʘʭ. 

ʀʜʝʥʪʠʬʠʢʘʮʠʶ ʦʪʜʝʣʴʥʦʡ ʣʠʥʠʠ ʚ ʥʘʙʣʶʜʘʝʤʦʤ ʩʧʝʢʪʨʝ ʪʦʛʦ ʠʣʠ ʠʥʦʛʦ ʠʩʪʦʯ-

ʥʠʢʘ Fɚ(ɚ0) ʥʝʚʦʟʤʦʞʥʦ ʦʩʫʱʝʩʪʚʠʪʴ, ʜʘʞʝ ʝʩʣʠ ʜʣʠʥʘ ʚʦʣʥʳ ɚ0, ʩʦʦʪʚʝʪʩʪʚʫʶʱʘʷ ʜʘʥʥʦʡ 

ʣʠʥʠʠ, ʭʦʨʦʰʦ ʠʟʚʝʩʪʥʘ. ʂʘʢ ʧʨʘʚʠʣʦ, ʠʩʪʦʯʥʠʢ ʜʚʠʞʝʪʩʷ ʚʜʦʣʴ ʣʫʯʘ ʟʨʝʥʠʷ ʦʪʥʦʩʠʪʝʣʴʥʦ 

ʥʘʙʣʶʜʘʪʝʣʷ ʩ ʥʝʢʦʪʦʨʦʡ ʩʢʦʨʦʩʪʴʶ v. ʇʦʵʪʦʤʫ ʜʣʠʥʘ ʚʦʣʥʳ ɚ, ʦʪʚʝʯʘʶʱʘʷ ʧʦʣʦʞʝʥʠʶ 

ʜʘʥʥʦʡ ʣʠʥʠʠ ʚ ʥʘʙʣʶʜʘʝʤʦʤ ʩʧʝʢʪʨʝ, ʚʩʣʝʜʩʪʚʠʝ ʵʬʬʝʢʪʘ ɼʦʧʣʝʨʘ ʦʪʣʠʯʘʝʪʩʷ ʦʪ ʜʣʠʥʳ 

ʚʦʣʥʳ ɚ0, ʦʪʚʝʯʘʶʱʝʡ ʧʦʣʦʞʝʥʠʶ ʣʠʥʠʠ ʚ ʩʧʝʢʪʨʝ ʥʝʧʦʜʚʠʞʥʦʛʦ ʠʩʪʦʯʥʠʢʘ, ʥʘ ʚʝʣʠʯʠʥʫ 

 

                                              0 0 / cdl l l l= - =v  .  

ɿʜʝʩʴ /dr dt=v  ï ʩʢʦʨʦʩʪʴ ʠʟʤʝʥʝʥʠʷ ʨʘʩʩʪʦʷʥʠʷ r ʤʝʞʜʫ ʠʩʪʦʯʥʠʢʦʤ ʠ ʥʘʙʣʶʜʘʪʝʣʝʤ. 

ɽʩʣʠ ʥʘʙʣʶʜʘʪʝʣʴ ʠ ʠʩʪʦʯʥʠʢ ʫʜʘʣʷʶʪʩʷ ʜʨʫʛ ʦʪ ʜʨʫʛʘ, ʢʘʢ ʵʪʦ ʯʘʱʝ ʚʩʝʛʦ ʠʤʝʝʪ ʤʝʩʪʦ 

ʈʠʩ. 3.3. ʌʨʘʛʤʝʥʪ ʪʠʧʠʯʥʦʛʦ  ʩʧʝʢʪʨʘ ʛʘʣʘʢʪʠʢʠ (ʧʣʦʪʥʦʩʪʴ ʧʦʪʦʢʘ ʵʥʝʨʛʠʠ ʢʘʢ ʬʫʥʢʮʠʷ 

ʜʣʠʥʳ ʚʦʣʥʳ) ʩ ʢʨʘʩʥʳʤʠ ʩʤʝʱʝʥʠʷʤʠ 0.3 < z < 0.45 (ʧʦʜʨʦʙʥʝʝ ʦ ʢʨʘʩʥʦʤ ʩʤʝʱʝʥʠʠ ʩʤ. 

ʛʣʘʚʫ 8), ʪʨʘʥʩʬʦʨʤʠʨʦʚʘʥʥʦʛʦ ʢ ʩʠʩʪʝʤʝ ʦʪʩʯʝʪʘ ʠʩʪʦʯʥʠʢʘ. ʇʫʥʢʪʠʨʦʤ ʧʦʢʘʟʘʥʳ 

ʥʝʢʦʪʦʨʳʝ ʣʠʥʠʠ ʠʟʣʫʯʝʥʠʷ ʠ ʧʦʛʣʦʱʝʥʠʷ, ʦʙʫʩʣʦʚʣʝʥʥʳʝ ʢʚʘʥʪʦʚʳʤʠ ʧʝʨʝʭʦʜʘʤʠ ʚ 

ʘʪʦʤʘʭ ʠ ʠʦʥʘʭ. 
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ʚʩʣʝʜʩʪʚʠʝ ʨʘʩʰʠʨʝʥʠʷ ɺʩʝʣʝʥʥʦʡ, ʪʦ ʚʩʝ ʩʧʝʢʪʨʘʣʴʥʳʝ ʣʠʥʠʠ ʚ ʥʘʙʣʶʜʘʝʤʦʤ ʩʧʝʢʪʨʝ 

ʩʤʝʱʝʥʳ ʚ ʜʣʠʥʥʦʚʦʣʥʦʚʫʶ (ʢʨʘʩʥʫʶ) ʦʙʣʘʩʪʴ ʦʪʥʦʩʠʪʝʣʴʥʦ ʩʧʝʢʪʨʘ ʠʩʪʦʯʥʠʢʘ ʥʘ ʚʝʣʠ-

ʯʠʥʫ 0zl lD = , ʛʜʝ z ï ʪʘʢ ʥʘʟʳʚʘʝʤʦʝ ʢʨʘʩʥʦʝ ʩʤʝʱʝʥʠʝ (ʩʤ. ʛʣʘʚʫ 8). ɼʣʷ ʥʝ ʦʯʝʥʴ ʫʜʘ-

ʣʝʥʥʳʭ ʦʙʲʝʢʪʦʚ, ʨʘʩʧʦʣʦʞʝʥʥʳʭ ʥʘ ʨʘʩʩʪʦʷʥʠʷʭ r  100 ʄʧʢ, / 1z v cº <. ɼʣʷ ʙʦʣʝʝ 

ʫʜʘʣʝʥʥʳʭ ʦʙʲʝʢʪʦʚ ʢʨʘʩʥʦʝ ʩʤʝʱʝʥʠʝ ʤʦʞʝʪ ʙʳʪʴ ʟʥʘʯʠʪʝʣʴʥʦ ʙʦʣʴʰʝ ʝʜʠʥʠʮʳ ( 1)z> . 

ʉʦʚʨʝʤʝʥʥʳʤ ʤʝʪʦʜʘʤ ʜʦʩʪʫʧʥʦ ʠʩʩʣʝʜʦʚʘʥʠʝ ʛʘʣʘʢʪʠʢ, ʨʘʩʧʦʣʦʞʝʥʥʳʭ ʥʘ ʨʘʩʩʪʦʷʥʠʷʭ, 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʢʨʘʩʥʦʤʫ ʩʤʝʱʝʥʠʶ 10zº . ɼʣʷ ʥʘʜʝʞʥʦʡ ʠʜʝʥʪʠʬʠʢʘʮʠʠ ʩʧʝʢʪʨʘʣʴ-

ʥʳʭ ʣʠʥʠʡ ʫʜʘʣʝʥʥʦʛʦ ʦʙʲʝʢʪʘ ʥʝʦʙʭʦʜʠʤʦ, ʯʪʦʙʳ ʚ ʠʩʩʣʝʜʫʝʤʦʤ ʩʧʝʢʪʨʝ ʧʨʠʩʫʪʩʪʚʦʚʘʣʦ 

ʥʝʩʢʦʣʴʢʦ ʣʠʥʠʡ ʦʜʥʦʛʦ ʵʣʝʤʝʥʪʘ (ʯʘʱʝ ʚʩʝʛʦ ï ʚʦʜʦʨʦʜʘ). ʉʦʧʦʩʪʘʚʣʝʥʠʝ  ʧʦʣʦʞʝʥʠʷ 

ʩʧʝʢʪʨʘʣʴʥʳʭ ʣʠʥʠʡ ʠʟʤʝʨʝʥʥʦʛʦ ʩʧʝʢʪʨʘ ʩ ʧʦʣʦʞʝʥʠʝʤ ʣʠʥʠʡ ʨʘʟʣʠʯʥʳʭ ʵʣʝʤʝʥʪʦʚ, ʠʟ-

ʤʝʨʝʥʥʳʭ ʚ ʣʘʙʦʨʘʪʦʨʥʳʭ ʫʩʣʦʚʠʷʭ, ʧʦʟʚʦʣʷʝʪ ʥʘʜʝʞʥʦ ʦʧʨʝʜʝʣʠʪʴ ʧʨʠʥʘʜʣʝʞʥʦʩʪʴ ʣʠ-

ʥʠʡ ʵʣʝʤʝʥʪʘʤ ʠʣʠ ʠʭ ʩʦʝʜʠʥʝʥʠʷʤ, ʘ ʪʘʢʞʝ ʦʧʨʝʜʝʣʠʪʴ ʚʝʣʠʯʠʥʫ ʢʨʘʩʥʦʛʦ ʩʤʝʱʝʥʠʷ z. ɺ 

ʢʘʯʝʩʪʚʝ ʧʨʠʤʝʨʘ ʥʘ ʈʠʩ. 3.3 ʧʨʠʚʝʜʝʥʳ ʬʨʘʛʤʝʥʪʳ ʪʠʧʠʯʥʳʭ ʩʧʝʢʪʨʦʚ ʫʜʘʣʝʥʥʳʭ ʛʘʣʘʢ-

ʪʠʢ, ʧʨʠʚʝʜʝʥʥʳʝ ʢ ʩʠʩʪʝʤʝ ʦʪʩʯʝʪʘ ʠʩʪʦʯʥʠʢʘ. ɺʠʜʥʦ, ʯʪʦ ʚ ʩʧʝʢʪʨʝ ʧʨʠʩʫʪʩʪʚʫʶʪ ʧʦ ʥʝ-

ʩʢʦʣʴʢʦ ʣʠʥʠʡ ʦʜʥʦʛʦ ʵʣʝʤʝʥʪʘ. 

 ʇʦʤʠʤʦ ʥʘʣʠʯʠʷ ʩʧʝʢʪʨʘʣʴʥʳʭ ʣʠʥʠʡ (ʫʟʢʠʭ ʧʠʢʦʚ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʠʟʣʫʯʝʥʠʷ) ʚ 

ʩʧʝʢʪʨʘʭ ʢʦʩʤʠʯʝʩʢʠʭ ʦʙʲʝʢʪʦʚ ʥʘʙʣʶʜʘʶʪʩʷ ʣʠʥʠʠ ʧʦʛʣʦʱʝʥʠʷ ï ʫʟʢʠʝ ʧʨʦʚʘʣʳ ʠʥʪʝʥ-

ʩʠʚʥʦʩʪʠ ʠʟʣʫʯʝʥʠʷ ʚʙʣʠʟʠ ʦʧʨʝʜʝʣʝʥʥʳʭ ʜʣʠʥ ʚʦʣʥ (ʩʤ. ʨʠʩ. 3.3). ʃʠʥʠʠ ʧʦʛʣʦʱʝʥʠʷ ʦʙ-

ʨʘʟʫʶʪʩʷ ʚʩʣʝʜʩʪʚʠʝ ʠʟʙʠʨʘʪʝʣʴʥʦʛʦ (ʨʝʟʦʥʘʥʩʥʦʛʦ) ʧʦʛʣʦʱʝʥʠʷ ʠʟʣʫʯʝʥʠʷ ʘʪʦʤʘʤʠ 

ʩʨʝʜʳ, ʨʘʩʧʦʣʦʞʝʥʥʦʡ ʤʝʞʜʫ ʠʩʪʦʯʥʠʢʦʤ ʠ ʥʘʙʣʶʜʘʪʝʣʝʤ. 

 ʂʘʞʜʘʷ ʩʧʝʢʪʨʘʣʴʥʘʷ ʣʠʥʠʷ ʠʤʝʝʪ ʢʦʥʝʯʥʫʶ ʰʠʨʠʥʫ  

 

                                                                 ȹɚ = ɚ1 ī ɚ2,  

 

ʢʦʪʦʨʘʷ ʦʧʨʝʜʝʣʷʝʪʩʷ ʟʥʘʯʝʥʠʷʤʠ ʜʣʠʥ ʚʦʣʥ ɚ1 < ɚ0 ʠ ɚ2 > ɚ0, ʢʦʪʦʨʳʤ ʩʦʦʪʚʝʪʩʪʚʫʪ ʜʚʫ-

ʢʨʘʪʥʦʝ ʧʘʜʝʥʠʝ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʠʟʣʫʯʝʥʠʷ, ʦʪʥʦʩʠʪʝʣʴʥʦ ʤʘʢʩʠʤʘʣʴʥʦʛʦ ʟʥʘʯʝʥʠʷ: 

 

                                                     1 2 0( ) ( ) ( ) / 2I I I= =l l ll l l . 

 

ʉʫʱʝʩʪʚʫʝʪ ʨʷʜ ʬʘʢʪʦʨʦʚ, ʚʣʠʷʥʠʝ ʢʦʪʦʨʳʭ ʧʨʠʚʦʜʠʪ ʢ ʫʰʠʨʝʥʠʶ ʩʧʝʢʪʨʘʣʴʥʳʭ 

ʣʠʥʠʡ. ʆʜʥʠʤ ʠʟ ʥʘʠʙʦʣʝʝ ʚʘʞʥʳʭ ʬʘʢʪʦʨʦʚ ʷʚʣʷʝʪʩʷ ʭʘʦʪʠʯʝʩʢʦʝ ʜʚʠʞʝʥʠʝ ʵʣʝʤʝʥʪʘʨ-

ʥʳʭ ʠʟʣʫʯʘʪʝʣʝʡ ï ʘʪʦʤʦʚ ʠ ʠʦʥʦʚ, ī ʬʦʨʤʠʨʫʶʱʠʭ ʥʘʙʣʶʜʘʝʤʦʝ ʠʟʣʫʯʝʥʠʝ ʠʩʪʦʯʥʠʢʘ. 

ʏʘʱʝ ʚʩʝʛʦ ʚ ʵʪʦʤ ʢʘʯʝʩʪʚʝ ʚʳʩʪʫʧʘʝʪ ʪʝʧʣʦʚʦʝ ʜʚʠʞʝʥʠʝ ʘʪʦʤʦʚ ʚʝʱʝʩʪʚʘ ʠʩʪʦʯʥʠʢʘ. ɺ 

ʵʪʦʤ ʩʣʫʯʘʝ ʥʘʙʣʶʜʘʝʤʘʷ ʰʠʨʠʥʘ ʩʧʝʢʪʨʘʣʴʥʳʭ ʣʠʥʠʡ 

 

                                                               /T cl lD ºv   

 

ʦʧʨʝʜʝʣʷʝʪʩʷ ʚʝʣʠʯʠʥʦʡ ʭʘʨʘʢʪʝʨʥʦʡ ʪʝʧʣʦʚʦʡ ʩʢʦʨʦʩʪʠ ʘʪʦʤʦʚ vT . ʆʪʩʶʜʘ ʩʣʝʜʫʝʪ, ʯʪʦ 

ʩʧʝʢʪʨʘʣʴʥʳʝ ʣʠʥʠʠ ʦʙʲʝʢʪʦʚ, ʚʝʱʝʩʪʚʦ ʢʦʪʦʨʦʛʦ ʥʘʛʨʝʪʦ ʜʦ ʚʳʩʦʢʦʡ ʪʝʤʧʝʨʘʪʫʨʳ, ʠʤʝʶʪ 

ʙʦʣʴʰʫʶ ʰʠʨʠʥʫ. ʇʨʠʤʝʨʦʤ ʪʘʢʦʛʦ ʨʦʜʘ ʷʚʣʷʝʪʩʷ ʚʟʨʳʚ ʟʚʝʟʜʳ (ʚʩʧʳʰʢʘ ʩʚʝʨʭʥʦʚʦʡ), ʚ 

ʨʝʟʫʣʴʪʘʪʝ ʢʦʪʦʨʦʛʦ ʚʝʱʝʩʪʚʦ ʟʚʝʟʜʳ ʨʘʟʦʛʨʝʚʘʝʪʩʷ ʜʦ ʪʝʤʧʝʨʘʪʫʨʳ T ~ 109 K (ʩʤ. ʧ.4.9), 

ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʟʥʘʯʠʪʝʣʴʥʦʤʫ ʫʰʠʨʝʥʠʶ ʣʠʥʠʡ  ȹɚ å 10-2 ɚ ʚ ʩʧʝʢʪʨʝ ʩʚʝʨʭʥʦʚʳʭ. 

 ʀʟ ʩʢʘʟʘʥʥʦʛʦ ʩʣʝʜʫʝʪ, ʯʪʦ ʢʘʢ ʧʦʣʦʞʝʥʠʝ ʩʧʝʢʪʨʘʣʴʥʳʭ ʣʠʥʠʡ ʠ ʠʭ ʠʥʪʝʥʩʠʚʥʦʩʪʴ, 

ʪʘʢ ʠ ʰʠʨʠʥʘ ʣʠʥʠʡ (ʚ ʦʙʱʝʤ ʩʣʫʯʘʝ ï ʬʦʨʤʘ ʩʧʝʢʪʨʘʣʴʥʳʭ ʣʠʥʠʡ) ʥʝʩʫʪ ʚʘʞʥʫʶ ʠʥʬʦʨ-

ʤʘʮʠʶ ʦ ʬʠʟʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʘʭ ʠʩʪʦʯʥʠʢʘ ʠʟʣʫʯʝʥʠʷ. 
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3.5. ʇʝʨʝʥʦʩ ʠʟʣʫʯʝʥʠʷ ʚ ʩʨʝʜʝ 

 

ʇʨʠ ʧʨʦʭʦʞʜʝʥʠʠ ʧʫʯʢʘ ʠʟʣʫʯʝʥʠʷ ʩ ʠʥʪʝʥʩʠʚʥʦʩʪʴʶ Iɜ ʧʫʪʠ dʭ ʚ ʧʦʛʣʦʱʘʶʱʝʡ 

ʩʨʝʜʝ ʯʘʩʪʴ ʬʦʪʦʥʦʚ ʚʳʙʳʚʘʝʪ ʠʟ ʧʫʯʢʘ (ʧʦʛʣʦʱʘʝʪʩʷ), ʯʪʦ ʦʧʠʩʳʚʘʝʪʩʷ ʫʨʘʚʥʝʥʠʝʤ 

 

                                                                dIɜ = īŬɜIɜdʭ,                                                           (3.10) 

 

ʚ ʢʦʪʦʨʦʤ Ŭɜ  ï ʢʦʵʬʬʠʮʠʝʥʪ ʧʦʛʣʦʱʝʥʠʷ, ʟʘʚʠʩʷʱʠʡ ʦʪ ʬʠʟʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ ʩʨʝʜʳ. ɺ 

ʩʦʦʪʚʝʪʩʪʚʠʝ ʩ ʫʨʘʚʥʝʥʠʝʤ (3.10) ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʧʫʯʢʘ ʫʤʝʥʴʰʘʝʪʩʷ ʧʦʩʣʝ ʧʨʦʭʦʞʜʝʥʠʷ 

ʨʘʩʩʪʦʷʥʠʷ x ʦʪ ʪʦʯʢʠ x = 0 ʜʦ ʪʦʯʢʠ x ʧʦ ʵʢʩʧʦʥʝʥʮʠʘʣʴʥʦʤʫ ʟʘʢʦʥʫ 

 

                                                        (0)exp

x

ɜ ɜ

0

I = I - Ŭdx
å õ
æ ö
ç ÷
ñ . 

 

ʆʪʥʝʩʝʥʥʳʡ ʢ ʦʜʥʦʤʫ ʘʪʦʤʫ ʢʦʵʬʬʠʮʠʝʥʪ ʧʦʛʣʦʱʝʥʠʷ 

 

                                                               Ŭɜ/n = ůɜ  

 

ʟʘʚʠʩʠʪ ʪʦʣʴʢʦ ʦʪ ʩʚʦʡʩʪʚ ʩʘʤʦʛʦ ʘʪʦʤʘ. ɺʝʣʠʯʠʥʘ  ůɜ ʠʤʝʝʪ ʨʘʟʤʝʨʥʦʩʪʴ ʩʤ2 ʠ ʥʦʩʠʪ ʥʘʟʚʘ-

ʥʠʝ ʵʬʬʝʢʪʠʚʥʦʛʦ ʩʝʯʝʥʠʷ ʧʦʛʣʦʱʝʥʠʷ.  

ɹʝʟʨʘʟʤʝʨʥʘʷ ʚʝʣʠʯʠʥʘ 

 

                                                                  
x

ɜ ɜ

0

Ű = Ŭdxñ  

ʦʧʨʝʜʝʣʷʶʱʘʷ ʩʪʝʧʝʥʴ ʧʦʛʣʦʱʝʥʠʷ ʚʜʦʣʴ ʣʫʯʘ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʩʚʝʪʘ, ʥʘʟʳʚʘʝʪʩʷ ʦʧʪʠ-

ʯʝʩʢʦʡ ʪʦʣʱʝʡ. ʉ ʫʯʝʪʦʤ ʦʧʨʝʜʝʣʝʥʠʷ ʦʧʪʠʯʝʩʢʦʡ ʪʦʣʱʠ ʠʟʤʝʥʝʥʠʝ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʠʟʣʫ-

ʯʝʥʠʷ ʩ ʨʘʩʩʪʦʷʥʠʝʤ ʦʧʨʝʜʝʣʷʝʪʩʷ ʩʦʦʪʥʦʰʝʥʠʝʤ  

 

                                                             Iɜ = Iɜ(0) exp(īŰɜ). 

 

ʉʣʦʡ ʩʨʝʜʳ, ʠʤʝʶʱʠʡ ʙʦʣʴʰʫʶ ʦʧʪʠʯʝʩʢʫʶ ʪʦʣʱʫ 1nt , ʥʘʟʳʚʘʶʪ ʦʧʪʠʯʝʩʢʠ ʪʦʣʩʪʳʤ  

(ʩʨʝʜʘ ʧʨʘʢʪʠʯʝʩʢʠ ʥʝʧʨʦʟʨʘʯʥʘ ʜʣʷ ʠʟʣʫʯʝʥʠʷ); ʩʣʦʡ ʩʨʝʜʳ ʩ 1nt  ʥʘʟʳʚʘʶʪ ʦʧʪʠʯʝʩʢʠ 

ʪʦʥʢʠʤ (ʩʨʝʜʘ ʧʨʦʟʨʘʯʥʘ ʜʣʷ ʠʟʣʫʯʝʥʠʷ). 

ʇʦ ʦʧʨʝʜʝʣʝʥʠʶ ʛʝʦʤʝʪʨʠʯʝʩʢʘʷ ʪʦʣʱʠʥʘ ʩʨʝʜʳ, ʦʪʚʝʯʘʶʱʘʷ ʦʧʪʠʯʝʩʢʦʡ ʪʦʣʱʝ Űɜ  

= 1, ʥʘʟʳʚʘʝʪʩʷ ʩʨʝʜʥʝʡ ʜʣʠʥʦʡ ʩʚʦʙʦʜʥʦʛʦ ʧʨʦʙʝʛʘ ʬʦʪʦʥʘ lɜ. ʋʯʠʪʳʚʘʷ ʩʚʷʟʴ Űɜ = Ŭɜlɜ, ʧʦ-

ʣʫʯʘʝʤ ʩʦʦʪʥʦʰʝʥʠʝ 

 

                                                       
1 1

l
n

n

n na s
= =  , 

 

ʩʦʛʣʘʩʥʦ ʢʦʪʦʨʦʤʫ ʜʣʠʥʘ ʩʚʦʙʦʜʥʦʛʦ ʧʨʦʙʝʛʘ ʵʪʦ ʦʙʨʘʪʥʳʡ ʢʦʵʬʬʠʮʠʝʥʪ ʧʦʛʣʦʱʝʥʠʷ.  

ɽʩʣʠ ʩʨʝʜʘ ʩʧʦʩʦʙʥʘ ʢʘʢ ʠʟʣʫʯʘʪʴ, ʪʘʢ ʠ ʧʦʛʣʦʱʘʪʴ ʠʟʣʫʯʝʥʠʝ, ʪʦ ʚ ʩʪʘʮʠʦʥʘʨʥʦʤ 

ʩʣʫʯʘʝ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʠʟʣʫʯʝʥʠʷ ʦʧʠʩʳʚʘʝʪʩʷ ʫʨʘʚʥʝʥʠʝ ʧʝʨʝʥʦʩʘ 

 

                                                         
dI

j
dx

n
n na=- +,                                                      (3.11) 
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ʚ ʢʦʪʦʨʦʤ jɜ  ī ʢʦʵʬʬʠʮʠʝʥʪ ʠʟʣʫʯʝʥʠʷ, ʢʦʪʦʨʳʡ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ɻ ʥʝʨʛʠʶ, ʠʟʣʫʯʘʝʤʫʶ 

ʝʜʠʥʠʮʝʡ ʦʙʲʝʤʘ ʩʨʝʜʳ ʟʘ ʝʜʠʥʠʮʫ ʚʨʝʤʝʥʠ ʚ ʠʥʪʝʨʚʘʣʝ ʯʘʩʪʦʪ ɜ, ɜ +dɜ ʚ ʚ ʧʝʨʝʜʝʣʘʭ ʝʜʠ-

ʥʠʯʥʦʛʦ ʪʝʣʝʩʥʦʛʦ ʫʛʣʘ. ɺ ʩʦʦʪʚʝʪʩʪʚʠʝ ʩ ʵʪʠʤ ʦʧʨʝʜʝʣʝʥʠʝʤ ʵʥʝʨʛʠʷ dEɜ, ʠʟʣʫʯʘʝʤʘʷ ʦʙʲ-

ʝʤʦʤ dV ʚ ʧʨʝʜʝʣʘʭ ʪʝʣʝʩʥʦʛʦ ʫʛʣʘ dɋ ʟʘ ʚʨʝʤʷ dt, ʦʧʨʝʜʝʣʷʝʪʩʷ ʚʳʨʘʞʝʥʠʝʤ  

 

                                                                 dEɜ = jɜdV dɋ dt .  

 

ʈʘʟʤʝʨʥʦʩʪʴ ʢʦʵʬʬʠʮʠʝʥʪʘ ʠʟʣʫʯʝʥʠʷ jɜ ī ʵʨʛ/(ʩʤ
3ĿcĀʩʨ).  

ʉ ʫʯʝʪʦʤ ʪʦʛʦ, ʯʪʦ dŰɜ = Ŭɜdx ʫʨʘʚʥʝʥʠʝ ʧʝʨʝʥʦʩʘ (3.11) ʤʦʞʥʦ ʧʝʨʝʧʠʩʘʪʴ ʚ ʚʠʜʝ: 

 

                                                          
dI

I S
d

n
n n

nt
=- +,                                                         (3.12)                                     

 

ʛʜʝ  

 

                                                               
j

S n
n

na
=           

 

ï ʬʫʥʢʮʠʷ ʠʩʪʦʯʥʠʢʘ. ʎʝʣʝʩʦʦʙʨʘʟʥʦʩʪʴ ʚʚʝʜʝʥʠʷ ʵʪʦʡ ʬʫʥʢʮʠʠ ʩʚʷʟʘʥʘ ʩ ʪʝʤ, ʯʪʦ ʯʘʩʪʦ 

ʦʥʘ ʥʘʭʦʜʠʪʩʷ ʠʣʠ ʚʳʯʠʩʣʷʝʪʩʷ ʧʨʦʱʝ, ʯʝʤ ʢʦʵʬʬʠʮʠʝʥʪʳ ʠʟʣʫʯʝʥʠʷ ʠʣʠ ʧʦʛʣʦʱʝʥʠʷ ʧʦ 

ʦʪʜʝʣʴʥʦʩʪʠ. ʊʘʢ, ʩʦʛʣʘʩʥʦ ʟʘʢʦʥʫ ʂʠʨʭʛʦʬʘ, ʚ ʩʣʫʯʘʝ ʩʨʝʜʳ, ʥʘʭʦʜʷʱʝʡʩʷ ʚ ʣʦʢʘʣʴʥʦʤ 

ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʦʤ ʨʘʚʥʦʚʝʩʠʠ, ʬʫʥʢʮʠʷ ʠʩʪʦʯʥʠʢʘ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʬʫʥʢʮʠʶ ʇʣʘʥʢʘ 

ʜʣʷ ʨʘʚʥʦʚʝʩʥʦʛʦ ʠʟʣʫʯʝʥʠʷ: 

 

                                                                Sɜ  = Bɜ(T).                                                         (3.13) 

 

ɺ ʥʘʠʙʦʣʝʝ ʧʨʦʩʪʦʤ ʯʘʩʪʥʦʤ ʩʣʫʯʘʝ, ʢʦʛʜʘ ʬʫʥʢʮʠʷ ʠʩʪʦʯʥʠʢʘ ʧʦʩʪʦʷʥʥʘ ʚ ʩʨʝʜʝ, 

ʪ.ʝ. ʥʝ ʟʘʚʠʩʠʪ ʦʪ ʦʧʪʠʯʝʩʢʦʡ ʪʦʣʱʠ, ʨʝʰʝʥʠʝ ʫʨʘʚʥʝʥʠʷ ʧʝʨʝʥʦʩʘ ʠʤʝʝʪ ʚʠʜ 

 

                  

                                (0) (1 ) [ (0) ]ɜ ɜ ɜ

ɜ

Ű Ű Ű

ɜ ɜ ɜ ɜ ɜI I e S e S e I S
- - -

= + - = + -.                              (3.14)                  

 

ʀʟ ʵʪʦʛʦ ʚʳʨʘʞʝʥʠʷ ʚʠʜʥʦ, ʯʪʦ ʚ ʧʨʝʜʝʣʝ ʙʦʣʴʰʠʭ ʦʧʪʠʯʝʩʢʠʭ ʪʦʣʱʠʥ 1nt  ʠʥʪʝʥʩʠʚ-

ʥʦʩʪʴ ʠʟʣʫʯʝʥʠʷ ʩʪʘʥʦʚʠʪʩʷ ʨʘʚʥʦʡ ʬʫʥʢʮʠʠ ʠʩʪʦʯʥʠʢʘ Iɜ = Sɜ. ʆʪʩʶʜʘ ʩʣʝʜʫʝʪ, ʯʪʦ ʠʟʣʫ-

ʯʝʥʠʝ ʩʨʝʜʳ, ʥʘʭʦʜʷʱʝʡʩʷ ʚ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʦʤ ʨʘʚʥʦʚʝʩʠʠ, ʧʨʝʚʨʘʱʘʝʪʩʷ ʚ ʠʟʣʫʯʝʥʠʝ 

ʘʙʩʦʣʶʪʥʦ ʯʝʨʥʦʛʦ ʪʝʣʘ ʚ ʧʨʝʜʝʣʝ ʙʦʣʴʰʠʭ ʦʧʪʠʯʝʩʢʠʭ ʪʦʣʱʠʥ: 

 

                                                    Iɜ Ÿ Bɜ(T)    ʧʨʠ     Űɜ Ÿ Ð.  

 

ʅʝʧʨʝʨʳʚʥʳʡ ʩʧʝʢʪʨ ʠʟʣʫʯʝʥʠʷ, ʙʣʠʟʢʠʡ ʢ ʧʣʘʥʢʦʚʩʢʦʤʫ, ʤʦʞʝʪ ʧʦʣʫʯʘʪʴʩʷ ʠ ʦʪ ʦʧʪʠʯʝ-

ʩʢʠ ʪʦʥʢʠʭ ʩʨʝʜ, ʝʩʣʠ ʢʦʵʬʬʠʮʠʝʥʪ ʧʦʛʣʦʱʝʥʠʷ Ŭɜ ʩʣʘʙʦ ʟʘʚʠʩʠʪ ʦʪ ʯʘʩʪʦʪʳ. 

 

 

3.6. ʅʝʪʝʧʣʦʚʦʝ ʠʟʣʫʯʝʥʠʝ 

 

 ʈʷʜ ʘʩʪʨʦʬʠʟʠʯʝʩʢʠʭ ʦʙʲʝʢʪʦʚ ʷʚʣʷʝʪʩʷ ʠʩʪʦʯʥʠʢʦʤ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʛʦ ʠʟʣʫʯʝʥʠʷ, 

ʩʚʦʡʩʪʚʘ ʢʦʪʦʨʦʛʦ ʧʨʘʢʪʠʯʝʩʢʠ ʥʝ ʩʚʷʟʘʥʳ ʩ ʪʝʤʧʝʨʘʪʫʨʦʡ ʩʨʝʜʳ, ʚ ʢʦʪʦʨʦʡ ʦʥʦ ʛʝʥʝʨʠʨʫ-

ʝʪʩʷ. ʊʘʢʦʝ ʠʟʣʫʯʝʥʠʝ ʧʨʠʥʷʪʦ ʥʘʟʳʚʘʪʴ ʥʝʪʝʧʣʦʚʳʤ.  ʆʪʩʫʪʩʪʚʠʝ ʩʚʷʟʠ ʩ ʪʝʤʧʝʨʘʪʫʨʦʡ 

ʩʨʝʜʳ ʦʙʲʷʩʥʷʝʪʩʷ ʪʝʤ, ʯʪʦ ʠʩʪʦʯʥʠʢʦʤ ʵʥʝʨʛʠʠ ʠʟʣʫʯʝʥʠʷ ʷʚʣʷʝʪʩʷ ʥʝ ʪʝʧʣʦʚʘʷ ʵʥʝʨʛʠʷ 

ʩʨʝʜʳ (ʛʘʟʘ), ʘ ʵʥʝʨʛʠʷ ʥʝʙʦʣʴʰʦʡ ʧʦ ʢʦʣʠʯʝʩʪʚʫ ʧʦʧʫʣʷʮʠʠ ʚʳʩʦʢʦʵʥʝʨʛʠʯʥʳʭ ʯʘʩʪʠʮ  ʩ 
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ʥʝʪʝʧʣʦʚʳʤ ʵʥʝʨʛʝʪʠʯʝʩʢʠʤ ʩʧʝʢʪʨʦʤ. ʊʠʧʠʯʥʳʤ ʧʨʠʤʝʨʦʤ ʪʘʢʦʛʦ ʨʦʜʘ ʧʦʧʫʣʷʮʠʠ ʷʚʣʷ-

ʶʪʩʷ ʢʦʩʤʠʯʝʩʢʠʝ ʣʫʯʠ ï ʷʜʨʘ ʭʠʤʠʯʝʩʢʠʭ ʵʣʝʤʝʥʪʦʚ ʠ ʵʣʝʢʪʨʦʥʳ, ʠʤʝʶʱʠʝ ʩʪʝʧʝʥʥʦʡ 

ʵʥʝʨʛʝʪʠʯʝʩʢʠʡ ʩʧʝʢʪʨ ʚ ʰʠʨʦʢʦʡ ʦʙʣʘʩʪʠ ʵʥʝʨʛʠʡ. ʂʦʩʤʠʯʝʩʢʠʝ ʣʫʯʠ ʧʦʚʩʝʤʝʩʪʥʦ ʧʨʠ-

ʩʫʪʩʪʚʫʶʪ ʚ ɻʘʣʘʢʪʠʢʝ, ʧʨʘʢʪʠʯʝʩʢʠ ʨʘʚʥʦʤʝʨʥʦ ʟʘʧʦʣʥʷʷ ʚʝʩʴ ʝʝ ʦʙʲʝʤ (ʩʤ. ʛʣʘʚʫ 7).  ɺ 

ʦʙʲʝʢʪʘʭ, ʚ ʢʦʪʦʨʳʭ ʧʨʦʠʩʭʦʜʠʪ ʠʥʪʝʥʩʠʚʥʘʷ ʛʝʥʝʨʘʮʠʷ ʢʦʩʤʠʯʝʩʢʠʭ ʣʫʯʝʡ, ʠʭ ʢʦʥʮʝʥʪʨʘ-

ʮʠʷ ʥʘʤʥʦʛʦ ʧʦʨʷʜʢʦʚ ʧʨʝʚʦʩʭʦʜʠʪ ʠʭ ʩʨʝʜʥʶʶ ʢʦʥʮʝʥʪʨʘʮʠʶ ʚ ɻʘʣʘʢʪʠʢʝ. ʊʘʢʠʝ ʦʙʲʝʢʪʳ 

ʷʚʣʷʶʪʩʷ ʠʩʪʦʯʥʠʢʘʤʠ ʥʝʪʝʧʣʦʚʦʛʦ ʠʟʣʫʯʝʥʠʷ, ʧʦʨʦʞʜʘʝʤʦʛʦ ʢʦʩʤʠʯʝʩʢʠʤʠ ʣʫʯʘʤʠ. ɼʝ-

ʪʝʢʪʠʨʦʚʘʥʠʝ ʥʝʪʝʧʣʦʚʦʛʦ ʠʟʣʫʯʝʥʠʷ  ʜʘʝʪ ʚʦʟʤʦʞʥʦʩʪʴ ʧʦʣʫʯʘʪʴ ʠʥʬʦʨʤʘʮʠʶ ʢʘʢ ʦʙ ʠʩ-

ʪʦʯʥʠʢʘʭ ʢʦʩʤʠʯʝʩʢʠʭ ʣʫʯʝʡ, ʪʘʢ ʠ ʦ ʩʘʤʠʭ ʦʙʲʝʢʪʘʭ, ʢʦʪʦʨʳʝ, ʢʘʢ ʧʨʘʚʠʣʦ, ʦʪʣʠʯʘʶʪʩʷ 

ʙʦʣʴʰʠʤ ʵʥʝʨʛʦʩʦʜʝʨʞʘʥʠʝʤ.  

 ɺ ʥʝʢʦʪʦʨʳʭ ʦʙʲʝʢʪʘʭ ʤʦʛʫʪ ʧʨʠʩʫʪʩʪʚʦʚʘʪʴ ʧʦʧʫʣʷʮʠʠ ʯʘʩʪʠʮ ʧʦ ʩʚʦʠʤ ʭʘʨʘʢʪʝ-

ʨʠʩʪʠʢʘʤ ʧʦʭʦʞʠʝ ʥʘ ʢʦʩʤʠʯʝʩʢʠʝ ʣʫʯʠ, ʭʦʪʷ ʠ ʥʠʢʘʢ ʥʝ ʩʚʷʟʘʥʥʳʝ ʩ ʥʠʤʠ. ʇʦʵʪʦʤʫ ʪʝʨ-

ʤʠʥ çʢʦʩʤʠʯʝʩʢʠʝ ʣʫʯʠè ʠʥʦʛʜʘ ʙʫʜʝʤ ʫʧʦʪʨʝʙʣʷʪʴ ʚ ʨʘʩʰʠʨʠʪʝʣʴʥʦʤ ʩʤʳʩʣʝ, ʜʣʷ ʦʙʦ-

ʟʥʘʯʝʥʠʷ ʧʦʧʫʣʷʮʠʠ ʟʘʨʷʞʝʥʥʳʭ ʯʘʩʪʠʮ ʩ ʵʥʝʨʛʠʷʤʠ, ʥʘʤʥʦʛʦ ʧʨʝʚʳʰʘʶʱʠʤʠ ʩʨʝʜʥʶʶ 

ʪʝʧʣʦʚʫʶ ʵʥʝʨʛʠʶ ʩʨʝʜʳ, ʠ ʩʦ ʩʧʝʢʪʨʦʤ, ʩʫʱʝʩʪʚʝʥʥʦ ʦʪʣʠʯʥʳʤ ʦʪ ʤʘʢʩʚʝʣʣʦʚʩʢʦʛʦ.  

 ɺ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʪʦʛʦ, ʢʘʢʦʡ ʬʠʟʠʯʝʩʢʠʡ ʤʝʭʘʥʠʟʤ ʦʙʝʩʧʝʯʠʚʘʝʪ ʛʝʥʝʨʘʮʠʶ ʠʟʣʫ-

ʯʝʥʠʷ, ʩʫʱʝʩʪʚʫʝʪ ʥʝʩʢʦʣʴʢʦ ʪʠʧʦʚ ʥʝʪʝʧʣʦʚʦʛʦ ʠʟʣʫʯʝʥʠʷ. 

 

 

 3.6.1. ʉʠʥʭʨʦʪʨʦʥʥʦʝ ʠʟʣʫʯʝʥʠʝ 

 

ʉʠʥʭʨʦʪʨʦʥʥʦʝ ʠʟʣʫʯʝʥʠʝ ī ʦʜʠʥ ʠʟ ʚʠʜʦʚ ʤʘʛʥʠʪʦʪʦʨʤʦʟʥʦʛʦ ʠʟʣʫʯʝʥʠʷ: ʠʟʣʫʯʝ-

ʥʠʝ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʳʭ ʚʦʣʥ ʟʘʨʷʞʝʥʥʳʤʠ ʯʘʩʪʠʮʘʤʠ (ʚ ʢʦʩʤʦʩʝ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʵʣʝʢ-

ʪʨʦʥʘʤʠ), ʜʚʠʞʫʱʠʤʠʩʷ ʩ ʨʝʣʷʪʠʚʠʩʪʩʢʠʤʠ ʩʢʦʨʦʩʪʷʤʠ ʚ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ ɺ. ʆʥʦ ʚʧʝʨʚʳʝ 

ʥʘʙʣʶʜʘʣʦʩʴ ʚ ʫʩʢʦʨʠʪʝʣʷʭ ʵʣʝʢʪʨʦʥʦʚ ð ʩʠʥʭʨʦʪʨʦʥʘʭ. ʄʘʛʥʠʪʥʦʝ ʧʦʣʝ ʧʦʚʩʝʤʝʩʪʥʦ 

ʧʨʠʩʫʪʩʪʚʫʝʪ ʚ ʢʦʩʤʦʩʝ ʠ ʦʢʘʟʳʚʘʝʪ ʩʫʱʝʩʪʚʝʥʥʦʝ ʚʣʠʷʥʠʝ ʥʘ ʜʚʠʞʝʥʠʝ ʢʦʩʤʠʯʝʩʢʠʭ ʣʫ-

ʯʝʡ, ʢʘʢ ʵʣʝʢʪʨʦʥʦʚ, ʪʘʢ ʠ ʘʪʦʤʥʳʭ ʷʜʝʨ. ɺʤʝʩʪʝ ʩ ʪʝʤ, ʧʦʪʝʨʠ ʵʥʝʨʛʠʠ ʥʘ ʩʠʥʭʨʦʪʨʦʥʥʦʝ 

ʠʟʣʫʯʝʥʠʝ ʩʫʱʝʩʪʚʝʥʥʘ ʪʦʣʴʢʦ ʜʣʷ ʵʣʝʢʪʨʦʥʦʚ ʠ ʥʝʩʫʱʝʩʪʚʝʥʥʘ ʜʣʷ ʧʨʦʪʦʥʦʚ ʠ ʙʦʣʝʝ ʤʘʩ-

ʩʠʚʥʳʭ ʯʘʩʪʠʮ. ʇʦʵʪʦʤʫ ʙʝʟ ʧʦʪʝʨʠ ʦʙʱʥʦʩʪʠ ʤʦʞʥʦ ʛʦʚʦʨʠʪʴ ʦ ʩʠʥʭʨʦʪʨʦʥʥʦʤ ʠʟʣʫʯʝ-

ʥʠʠ ʵʣʝʢʪʨʦʥʦʚ, ʭʦʪʷ ʧʨʠʚʝʜʝʥʥʳʝ ʥʠʞʝ ʬʦʨʤʫʣʳ ʠʤʝʶʪ ʦʙʱʠʡ ʭʘʨʘʢʪʝʨ. 

ʕʣʝʢʪʨʠʯʝʩʢʦʝ ʧʦʣʝ ɽ ʚ ʢʦʩʤʠʯʝʩʢʦʡ ʧʣʘʟʤʝ, ʢʘʢ ʧʨʘʚʠʣʦ, ʠʤʝʝʪ ʚʪʦʨʠʯʥʦʝ, ʠʥʜʫʢ-

ʮʠʦʥʥʦʝ ʧʨʦʠʩʭʦʞʜʝʥʠʝ, ʧʦʵʪʦʤʫ ʦʥʦ ʤʘʣʦ E B ʠ ʚʦ ʤʥʦʛʠʭ ʩʣʫʯʘʷʭ ʝʛʦ ʚʣʠʷʥʠʝʤ ʥʘ 

ʜʚʠʞʝʥʠʝ ʟʘʨʷʞʝʥʥʳʭ ʯʘʩʪʠʮ ʤʦʞʥʦ ʧʨʝʥʝʙʨʝʯʴ. 

ʄʘʛʥʠʪʥʦʝ ʧʦʣʝ ʠʩʢʨʠʚʣʷʝʪ ʪʨʘʝʢʪʦʨʠʶ ʜʚʠʞʝʥʠʷ ʵʣʝʢʪʨʦʥʦʚ, ʠ ʚʦʟʥʠʢʘʶʱʝʝ ʧʨʠ 

ʵʪʦʤ ʫʩʢʦʨʝʥʠʝ ʷʚʣʷʝʪʩʷ ʧʨʠʯʠʥʦʡ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʛʦ ʠʟʣʫʯʝʥʠʷ.  

ʅʘ ʟʘʨʷʞʝʥʥʫʶ ʯʘʩʪʠʮʫ, ʜʚʠʞʫʱʫʶʩʷ ʩʦ ʩʢʦʨʦʩʪʴʶ v ʚ ʧʣʦʩʢʦʩʪʠ, ʧʝʨʧʝʥʜʠʢʫʣʷʨ-

ʥʦʡ ʚʥʝʰʥʝʤʫ ʤʘʛʥʠʪʥʦʤʫ ʧʦʣʶ B, ʜʝʡʩʪʚʫʝʪ ʩʠʣʘ ʃʦʨʝʥʮʘ 

                                       

                                                       [ ]
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c
=F vB ,                                                                   (3.15) 

 

ʛʜʝ e  ī ʟʘʨʷʜ  ʯʘʩʪʠʮʳ. ʉʠʣʘ ʃʦʨʝʥʮʘ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʘ ʚʝʢʪʦʨʫ ʩʢʦʨʦʩʪʠ ʯʘʩʪʠʮʳ v. ʇʦ-

ʵʪʦʤʫ ʦʥʘ ʠʩʢʨʠʚʣʷʝʪ ʪʨʘʝʢʪʦʨʠʶ ʯʘʩʪʠʮʳ, ʥʦ ʥʝ ʤʝʥʷʝʪ ʝʸ ʵʥʝʨʛʠʶ. ɺ ʧʦʩʪʦʷʥʥʦʤ ʦʜʥʦ-

ʨʦʜʥʦʤ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ ʯʘʩʪʠʮʘ ʜʚʠʞʝʪʩʷ ʩ ʧʦʩʪʦʷʥʥʦʡ ʩʢʦʨʦʩʪʴʶ cosq=v v  ʚʜʦʣʴ ʧʦʣʷ, 

ʘ ʚ ʧʣʦʩʢʦʩʪʠ, ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦʡ ʤʘʛʥʠʪʥʦʤʫ ʧʦʣʶ, ʦʥʘ ʜʚʠʞʝʪʩʷ ʩ ʧʦʩʪʦʷʥʥʦʡ ʧʦ ʘʙʩʦ-

ʣʶʪʥʦʡ ʚʝʣʠʯʠʥʝ ʩʢʦʨʦʩʪʴʶ ʧʦ ʦʢʨʫʞʥʦʩʪʠ ʨʘʜʠʫʩʘ  
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ʢʦʪʦʨʳʡ ʥʘʟʳʚʘʝʪʩʷ ʣʘʨʤʦʨʦʚʩʢʠʤ ʠʣʠ ʛʠʨʦʨʘʜʠʫʩʦʤ. ɿʜʝʩʴ p ï ʠʤʧʫʣʴʩ ʯʘʩʪʠʮʳ, 

sinB B q^=  ï ʢʦʤʧʦʥʝʥʪʘ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ, ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʘʷ ʩʢʦʨʦʩʪʠ ʯʘʩʪʠʮʳ, ɗ ï ʫʛʦʣ 

ʤʝʞʜʫ ʧʦʣʝʤ B ʠ ʩʢʦʨʦʩʪʴʶ v. 

ʀʟʣʫʯʝʥʠʝ ʥʝʨʝʣʷʪʠʚʠʩʪʩʢʠʭ ʯʘʩʪʠʮ (ʮʠʢʣʦʪʨʦʥʥʦʝ ʠʟʣʫʯʝʥʠʝ) ʧʨʦʠʩʭʦʜʠʪ ʥʘ  ʯʘ-

ʩʪʦʪʝ  
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ʠ ʝʝ ʧʝʨʚʳʭ ʛʘʨʤʦʥʠʢʘʭ. ɿʜʝʩʴ 
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ī ʛʠʨʦʯʘʩʪʦʪʘ ʠʣʠ ʣʘʨʤʦʨʦʚʩʢʘʷ ʯʘʩʪʦʪʘ ʥʝʨʝʣʷʪʠʚʠʩʪʩʢʦʡ ʯʘʩʪʠʮʳ, m ï ʝʝ ʤʘʩʩʘ.  

ʀʟʣʫʯʝʥʠʝ ʟʘʨʷʞʝʥʥʳʭ ʫʣʴʪʨʘʨʝʣʷʪʠʚʠʩʪʩʢʠʭ ʯʘʩʪʠʮ, ʪ. ʝ. ʯʘʩʪʠʮ ʧʦʣʥʘʷ ʵʥʝʨʛʠʷ 

ʢʦʪʦʨʳʭ 2mce , ʦʙʣʘʜʘʝʪ ʨʷʜʦʤ ʩʫʱʝʩʪʚʝʥʥʳʭ ʦʪʣʠʯʠʡ ʦʪ ʠʟʣʫʯʝʥʠʷ ʥʝʨʝʣʷʪʠʚʠʩʪʩʢʠʭ 

ʯʘʩʪʠʮ. ʊʘʢ, ʯʘʩʪʦʪʘ ʚʨʘʱʝʥʠʷ ʧʦ ʛʠʨʦʦʢʨʫʞʥʦʩʪʠ ʵʣʝʢʪʨʦʥʘ c ʧʦʣʥʦʡ ʵʥʝʨʛʠʝʡ Ů = ũmc2 

ʨʘʚʥʘ 
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,                                                                (3.18) 

 

ʛʜʝ ũ = Ů/(mc2) ï ʃʦʨʝʥʮ-ʬʘʢʪʦʨ ʨʝʣʷʪʠʚʠʩʪʩʢʦʡ ʯʘʩʪʠʮʳ. 

ʀʟ-ʟʘ ʵʬʬʝʢʪʘ ɼʦʧʣʝʨʘ ʯʘʩʪʦʪʘ ʩʚʝʪʘ, ʠʟʣʫʯʘʝʤʦʛʦ ʙʳʩʪʨʦ ʜʚʠʞʫʱʝʡʩʷ ʯʘʩʪʠʮʝʡ ʚ 

ʥʘʧʨʘʚʣʝʥʠʠ ʩʚʦʝʛʦ ʜʚʠʞʝʥʠʷ, ʩʠʣʴʥʦ ʧʦʚʳʰʘʝʪʩʷ, ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʠʟʣʫʯʝʥʠʷ ʥʘ ʚʳʩʦʢʠʭ 

ʛʘʨʤʦʥʠʢʘʭ ʚʦʟʨʘʩʪʘʝʪ. ʋ ʨʝʣʷʪʠʚʠʩʪʩʢʠʭ ʯʘʩʪʠʮ ʩ ʃʦʨʝʥʮ-ʬʘʢʪʦʨʦʤ 1G  ʠʟʣʫʯʝʥʠʝ ʚ 

ʦʙʣʘʩʪʠ ʚʳʩʦʢʠʭ ʛʘʨʤʦʥʠʢ ʦʙʣʘʜʘʝʪ ʧʨʘʢʪʠʯʝʩʢʠ ʥʝʧʨʝʨʳʚʥʳʤ ʩʧʝʢʪʨʦʤ ʠ ʩʦʩʨʝʜʦʪʦʯʝʥʦ 

ʚ ʥʘʧʨʘʚʣʝʥʠʠ ʤʛʥʦʚʝʥʥʦʡ ʩʢʦʨʦʩʪʠ ʚ ʫʟʢʦʤ ʢʦʥʫʩʝ ʩ ʫʛʣʦʤ ʨʘʩʪʚʦʨʘ  

 

                                                      ȹɣ ~ 1/ũ. 

 

ʋʟʢʠʡ ʢʦʥʫʩ, ʚ ʧʨʝʜʝʣʘʭ ʢʦʪʦʨʦʛʦ ʟʘʢʣʶʯʝʥʦ ʠʟʣʫʯʝʥʠʝ ʵʣʝʢʪʨʦʥʘ, ʧʦʚʦʨʘʯʠʚʘʝʪʩʷ ʚʤʝʩʪʝ 

ʩ ʧʦʚʦʨʦʪʦʤ ʚʝʢʪʦʨʘ ʤʛʥʦʚʝʥʥʦʡ ʩʢʦʨʦʩʪʠ ʵʣʝʢʪʨʦʥʘ. ʕʪʦ ʦʟʥʘʯʘʝʪ, ʯʪʦ ʥʘʙʣʶʜʘʪʝʣʴ, 

ʥʘʭʦʜʷʱʠʡʩʷ ʚ ʧʣʦʩʢʦʩʪʠ ʦʨʙʠʪʳ ʵʣʝʢʪʨʦʥʘ, ʚʠʜʠʪ ʚʩʧʳʰʢʠ ʠʟʣʫʯʝʥʠʷ ʚ ʪʝ ʤʦʤʝʥʪʳ ʚʨʝ-

ʤʝʥʠ, ʢʦʛʜʘ ʩʢʦʨʦʩʪʴ ʵʣʝʢʪʨʦʥʘ ʥʘʧʨʘʚʣʝʥʘ ʥʘ ʥʝʛʦ. ɺʩʧʳʰʢʠ ʩʣʝʜʫʶʪ ʯʝʨʝʟ ʧʨʦʤʝʞʫʪʢʠ 

ʚʨʝʤʝʥʠ T = ɜB
ī1, ʜʣʠʪʝʣʴʥʦʩʪʴ ʚʩʧʳʰʢʠ  

 

                                                     
3

T
tD =
G

 .  

 

ʇʦʩʢʦʣʴʢʫ ʯʘʩʪʦʪʘ ʧʦʚʪʦʨʝʥʠʷ ʚʩʧʳʰʝʢ ʜʦʩʪʘʪʦʯʥʦ ʚʝʣʠʢʘ, ʥʘʙʣʶʜʘʪʝʣʴ ʧʨʘʢʪʠʯʝʩʢʠ ʚʠ-

ʜʠʪ ʥʝʧʨʝʨʳʚʥʦʝ ʠʟʣʫʯʝʥʠʝ. ʄʘʢʩʠʤʘʣʴʥʘʷ ʤʦʱʥʦʩʪʴ ʩʠʥʭʨʦʪʨʦʥʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʦʜʥʦʡ 

ʯʘʩʪʠʮʳ ʧʨʠʭʦʜʠʪʩʷ ʥʘ ʯʘʩʪʦʪʫ  

 

                                                    ɜm =  0.435ɜBũ 
2 ,                                                       (3.19) 

 

ʘ ʩʫʤʤʘʨʥʘʷ ʧʦ ʩʧʝʢʪʨʫ ʤʦʱʥʦʩʪʴ ʠʟʣʫʯʝʥʠʷ ʯʘʩʪʠʮʳ ʨʘʚʥʘ:  
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 ʂʦʵʬʬʠʮʠʝʥʪ ʠʟʣʫʯʝʥʠʷ, ʧʨʦʠʟʚʦʜʠʤʦʛʦ ʵʣʝʢʪʨʦʥʘʤʠ, ʠʤʝʶʱʠʤʠ ʵʥʝʨʛʝʪʠʯʝʩʢʠʡ 

ʩʧʝʢʪʨ n(Ů), ʦʧʠʩʳʚʘʝʪʩʷ ʚʳʨʘʞʝʥʠʝʤ 

 

                                                        ( ) ( , )j d n Qn e e e n=ñ , 

 

ʚ ʢʦʪʦʨʦʤ Q(Ů,ɜ) ï ʩʧʝʢʪʨ ʠʟʣʫʯʝʥʠʷ ʵʣʝʢʪʨʦʥʘ ʩ ʵʥʝʨʛʠʝʡ Ů. ɿʜʝʩʴ ʠ ʜʘʣʝʝ ʩʧʝʢʪʨ ʯʘʩʪʠʮ 

(ʠʣʠ ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʘʷ ʢʦʥʮʝʥʪʨʘʮʠʷ) n(Ů) ʦʧʨʝʜʝʣʝʥ ʪʘʢ, ʯʪʦ ʚʝʣʠʯʠʥʘ ( )dN n de e=  

ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʢʦʥʮʝʥʪʨʘʮʠʶ ʯʘʩʪʠʮ ʩ ʵʥʝʨʛʠʝʡ Ů ʚ ʠʥʪʝʨʚʘʣʝ dŮ, ʘ ʚʝʣʠʯʠʥʘ 

 

                                                               
2

1

1 2( , ) ( )N d n

e

e

e e e e=ñ  

ʝʩʪʴ ʢʦʥʮʝʥʪʨʘʮʠʷ ʯʘʩʪʠʮ, ʵʥʝʨʛʠʷ ʢʦʪʦʨʳʭ ʣʝʞʠʪ ʚ ʠʥʪʝʨʚʘʣʝ 1 2e e e< < . 

 ʉʧʝʢʪʨ ʠʟʣʫʯʝʥʠʷ ʦʜʥʦʛʦ ʵʣʝʢʪʨʦʥʘ ʦʧʠʩʳʚʘʝʪʩʷ ʧʣʘʚʥʦʡ ʬʫʥʢʮʠʝʡ ʯʘʩʪʦʪʳ Q(Ů,ɜ), 

ʢʦʪʦʨʘʷ ʠʤʝʝʪ ʤʘʢʩʠʤʘʣʴʥʦʝ ʟʥʘʯʝʥʠʝ ɜ = ɜm. ʇʨʠʝʤʣʝʤʳʤ ʚʦ ʤʥʦʛʠʭ ʧʨʘʢʪʠʯʝʩʢʠ ʚʘʞʥʳʭ 

ʩʣʫʯʘʷʭ ʧʨʠʙʣʠʞʝʥʠʝʤ ʜʣʷ ʵʪʦʡ ʬʫʥʢʮʠʠ ʷʚʣʷʝʪʩʷ  ʧʨʝʜʩʪʘʚʣʝʥʠʝ ʝʝ ʚ ʚʠʜʝ 

 

                                                              m( , ) ( )totQ Qe n d n n= - . 

 

ʕʪʘ ʧʨʠʙʣʠʞʝʥʥʘʷ ʬʫʥʢʮʠʷ ʦʙʣʘʜʘʝʪ ʥʝʦʙʭʦʜʠʤʳʤʠ ʩʚʦʡʩʪʚʘʤʠ: ʦʥʘ ʠʤʝʝʪ ʤʘʢʩʠʤʫʤ ʧʨʠ 

ɜ = ɜm ʠ ʠʥʪʝʛʨʘʣ ʦʪ ʥʝʝ ʧʦ ʚʩʝʤ ʯʘʩʪʦʪʘʤ ʝʩʪʴ totQ . 

ʕʥʝʨʛʝʪʠʯʝʩʢʠʡ ʩʧʝʢʪʨ ʨʝʣʷʪʠʚʠʩʪʩʢʠʭ ʵʣʝʢʪʨʦʥʦʚ ʚ ʢʦʩʤʦʩʝ, ʢʘʢ ʧʨʘʚʠʣʦ, ʚ ʰʠʨʦ-

ʢʦʤ ʜʠʘʧʘʟʦʥʝ ʵʥʝʨʛʠʠ 
2

maxmc e e< ʠʤʝʝʪ ʩʪʝʧʝʥʥʦʡ ʚʠʜ 
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2 2
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n Ů
mc mc
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å õ
= æ ö

ç ÷
,                                             (3.21) 

 

ʛʜʝ N0 ï ʢʦʥʩʪʘʥʪʘ, ʦʧʨʝʜʝʣʷʶʱʘʷ ʩʫʤʤʘʨʥʫʶ ʢʦʥʮʝʥʪʨʘʮʠʶ ʵʣʝʢʪʨʦʥʦʚ; ɔ ï ʧʦʢʘʟʘʪʝʣʴ 

ʩʧʝʢʪʨʘ, maxe  - ʵʥʝʨʛʠʷ ʵʣʝʢʪʨʦʥʦʚ, ʧʨʠ ʢʦʪʦʨʦʡ ʦʢʘʥʯʠʚʘʝʪʩʷ ʩʪʝʧʝʥʥʦʡ ʫʯʘʩʪʦʢ ʠʭ ʩʧʝʢ-

ʪʨʘ.  

  ʂʦʵʬʬʠʮʠʝʥʪ ʠʟʣʫʯʝʥʠʷ, ʧʨʦʠʟʚʦʜʠʤʦʛʦ ʵʣʝʢʪʨʦʥʘʤʠ, ʠʤʝʶʱʠʤʠ ʩʧʝʢʪʨ (3.21) 

ʦʧʨʝʜʝʣʷʝʪʩʷ ʩʦʦʪʥʦʰʝʥʠʝʤ:  
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ʩʤ ʩʨ ʩ ɻʮÖ Ö Ö3 ,                          (3.22) 

 

ʛʜʝ  

                                                    
1

2

g
a

-
=                                                                    (3.23) 

 

ī ʧʦʢʘʟʘʪʝʣʴ ʩʧʝʢʪʨʘ (ʩʧʝʢʪʨʘʣʴʥʳʡ ʠʥʜʝʢʩ) ʩʠʥʭʨʦʪʨʦʥʥʦʛʦ ʠʟʣʫʯʝʥʠʷ. 

 ʉʪʝʧʝʥʥʦʡ ʩʧʝʢʪʨ ʚʳʩʦʢʦʵʥʝʨʛʠʯʥʳʭ ʯʘʩʪʠʮ ʚʩʝʛʜʘ ʦʛʨʘʥʠʯʝʥ ʥʝʢʦʪʦʨʦʡ ʤʘʢʩʠ-

ʤʘʣʴʥʦʡ ʵʥʝʨʛʠʝʡ Ůmax, ʚʙʣʠʟʠ ʢʦʪʦʨʦʡ ʩʧʝʢʪʨ ʦʢʘʥʯʠʚʘʝʪʩʷ ʨʝʟʢʠʤ, ʢʚʘʟʠʵʢʩʧʦʥʝʥʮʠʘʣʴ-

ʥʳʤ  ʫʢʨʫʯʝʥʠʝʤ. ɺʩʣʝʜʩʪʚʠʝ ʵʪʦʛʦ ʩʪʝʧʝʥʥʦʡ ʩʧʝʢʪʨ ʩʠʥʭʨʦʪʨʦʥʥʦʛʦ ʠʟʣʫʯʝʥʠʷ (3.22) 

ʟʘʢʘʥʯʠʚʘʝʪʩʷ ʫʢʨʫʯʝʥʠʝʤ ʚʙʣʠʟʠ ʯʘʩʪʦʪʳ  
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ɽʩʣʠ ʨʝʣʷʪʠʚʠʩʪʩʢʠʝ ʵʣʝʢʪʨʦʥʳ, ʠʤʝʶʱʠʝ ʵʥʝʨʛʝʪʠʯʝʩʢʠʡ ʩʧʝʢʪʨ (3.21), ʨʘʚʥʦ-

ʤʝʨʥʦ ʟʘʧʦʣʥʷʶʪ ʦʙʲʝʤ V, ʪʦ ʩʚʝʪʠʤʦʩʪʴ ʵʪʦʛʦ ʦʙʲʝʢʪʘ ʨʘʚʥʘ 

 

                                                             Lɜ = jɜV, 

 

ʘ ʧʣʦʪʥʦʩʪʴ ʧʦʪʦʢʘ ʩʠʥʭʨʦʪʨʦʥʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʥʘ ʨʘʩʩʪʦʷʥʠʠ d ʨʘʚʥʘ 
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ʩʤ ʩ ɻʮÖ Ö
                                            (3.24) 

 

  ɺʘʞʥʳʤ ʩʚʦʡʩʪʚʦʤ ʩʠʥʭʨʦʪʨʦʥʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʷʚʣʷʝʪʩʷ ʝʛʦ ʧʦʣʷʨʠʟʘʮʠʷ. ɺ ʥʘʠʙʦ-

ʣʝʝ ʧʨʦʩʪʦʤ ʩʣʫʯʘʝ ʦʜʥʦʨʦʜʥʦʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʩʪʝʧʝʥʴ ʣʠʥʝʡʥʦʡ ʧʦʣʷʨʠʟʘʮʠʠ ʠʟʣʫʯʝ-

ʥʠʷ ʨʘʚʥʘ  

 

                                                         
1
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g

g

+

+

P =  .                                                                  (3.25) 

 

ʄʘʛʥʠʪʥʦʝ ʧʦʣʝ ʨʝʘʣʴʥʳʭ ʢʦʩʤʠʯʝʩʢʠʭ ʦʙʲʝʢʪʦʚ ʩʫʱʝʩʪʚʝʥʥʦ ʥʝʦʜʥʦʨʦʜʥʦ.  ʂʘʢ ʷʩʥʦ ʠʟ 

ʦʙʱʠʭ ʩʦʦʙʨʘʞʝʥʠʡ, ʩʪʝʧʝʥʴ ʧʦʣʷʨʠʟʘʮʠʠ ʠʟʣʫʯʝʥʠʷ ʨʘʚʥʘ ʥʫʣʶ, ʝʩʣʠ ʚ ʧʨʝʜʝʣʘʭ ʠʩʩʣʝ-

ʜʫʝʤʦʛʦ ʦʙʲʝʤʘ ʤʘʛʥʠʪʥʦʝ ʧʦʣʝ ʤʝʥʷʝʪʩʷ ʦʪ ʪʦʯʢʠ ʢ ʪʦʯʢʝ ʪʘʢ, ʯʪʦ ʚʩʝ ʝʛʦ ʚʦʟʤʦʞʥʳʝ 

ʥʘʧʨʘʚʣʝʥʠʷ ʨʘʚʥʦʚʝʨʦʷʪʥʳ. ʅʝʢʦʪʦʨʘʷ ʦʪʣʠʯʥʘʷ ʦʪ ʥʫʣʷ ʧʦʣʷʨʠʟʘʮʠʷ ʠʤʝʝʪ ʤʝʩʪʦ, ʝʩʣʠ 

ʚ ʨʘʩʧʨʝʜʝʣʝʥʠʠ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʧʦ ʥʘʧʨʘʚʣʝʥʠʷʤ ʩʫʱʝʩʪʚʫʝʪ ʧʨʝʦʙʣʘʜʘʶʱʝʝ ʥʘʧʨʘʚʣʝ-

ʥʠʝ. ʇʦʵʪʦʤʫ ʠʟʤʝʨʝʥʠʷ ʧʦʣʷʨʠʟʘʮʠʠ ʩʠʥʭʨʦʪʨʦʥʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʜʘʝʪ ʠʥʬʦʨʤʘʮʠʶ ʦ 

ʩʪʨʫʢʪʫʨʝ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʠʩʩʣʝʜʫʝʤʦʛʦ ʦʙʲʝʢʪʘ. 

 ʀʥʪʝʥʩʠʚʥʦʝ ʩʠʥʭʨʦʪʨʦʥʥʦʝ ʠʟʣʫʯʝʥʠʝ ʥʘʙʣʶʜʘʝʪʩʷ ʦʪ ʤʥʦʞʝʩʪʚʘ ʢʦʩʤʠʯʝʩʢʠʭ 

ʦʙʲʝʢʪʦʚ ʨʘʟʣʠʯʥʦʡ ʧʨʠʨʦʜʳ, ʚ ʢʦʪʦʨʳʭ ʩʫʱʝʩʪʚʫʝʪ ʧʦʧʫʣʷʮʠʷ ʨʝʣʷʪʠʚʠʩʪʩʢʠʭ ʵʣʝʢʪʨʦ-

ʥʦʚ. ʊʘʢʦʚʳʤʠ ʷʚʣʷʶʪʩʷ, ʧʨʝʞʜʝ ʚʩʝʛʦ, ʦʙʲʝʢʪʳ, ʚ ʢʦʪʦʨʳʭ ʧʨʦʠʩʭʦʜʠʪ ʠʥʪʝʥʩʠʚʥʘʷ ʛʝʥʝ-

ʨʘʮʠʷ (ʫʩʢʦʨʝʥʠʝ) ʚʳʩʦʢʦʵʥʝʨʛʠʯʥʳʭ ʟʘʨʷʞʝʥʥʳʭ ʯʘʩʪʠʮ, ʪʘʢʠʝ ʢʘʢ ʦʩʪʘʪʢʠ ʩʚʝʨʭʥʦʚʳʭ 

ʟʚʝʟʜ. ʇʦʤʠʤʦ ʵʪʦʛʦ, ʠʩʪʦʯʥʠʢʘʤʠ ʩʠʥʭʨʦʪʨʦʥʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʷʚʣʷʶʪʩʷ ʛʘʣʘʢʪʠʢʠ, ʚ ʦʙʲ-

ʝʤʝ ʢʦʪʦʨʳʭ ʙʣʘʛʦʜʘʨʷ ʢʦʥʬʠʛʫʨʘʮʠʠ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʜʦʩʪʘʪʦʯʥʦ ʜʦʣʛʦ ʫʜʝʨʞʠʚʘʶʪʩʷ 

ʵʣʝʢʪʨʦʥʳ ʢʦʩʤʠʯʝʩʢʠʭ ʣʫʯʝʡ, ʧʨʦʠʟʚʝʜʝʥʥʳʭ ʛʘʣʘʢʪʠʯʝʩʢʠʤʠ ʠʩʪʦʯʥʠʢʘʤʠ. ʉʫʱʝʩʪʚʫʶ-

ʱʠʝ ʤʝʪʦʜʳ ʨʝʛʠʩʪʨʘʮʠʠ ʧʦʟʚʦʣʷʶʪ ʥʘʠʙʦʣʝʝ ʥʘʜʝʞʥʦ ʬʠʢʩʠʨʦʚʘʪʴ ʩʠʥʭʨʦʪʨʦʥʥʦʝ ʠʟʣʫ-

ʯʝʥʠʝ ʚ ʨʘʜʠʦ ʠ ʨʝʥʪʛʝʥʦʚʩʢʦʤ ʜʠʘʧʘʟʦʥʘʭ. ʈʝʛʠʩʪʨʘʮʠʷ ʩʠʥʭʨʦʪʨʦʥʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʜʘʝʪ 

ʚʘʞʥʫʶ ʠʥʬʦʨʤʘʮʠʶ ʦ ʩʧʝʢʪʨʘʭ ʨʝʣʷʪʠʚʠʩʪʩʢʠʭ ʵʣʝʢʪʨʦʥʦʚ ʠ ʤʘʛʥʠʪʥʳʭ ʧʦʣʷʭ ʚ ʦʙʲʝʢ-

ʪʘʭ ï ʠʩʪʦʯʥʠʢʘʭ ʠʟʣʫʯʝʥʠʷ. 

 ʉʠʥʭʨʦʪʨʦʥʥʦʝ ʠʟʣʫʯʝʥʠʝ ʵʣʝʢʪʨʦʥʘ ʩʦʧʨʦʚʦʞʜʘʝʪʩʷ ʧʦʪʝʨʝʡ (ʫʤʝʥʴʰʝʥʠʝʤ) ʝʛʦ 

ʵʥʝʨʛʠʠ Ů ʩʦ ʩʢʦʨʦʩʪʴʶ 
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ī ʭʘʨʘʢʪʝʨʥʦʝ ʚʨʝʤʷ ʧʦʪʝʨʠ ʵʥʝʨʛʠʠ, 

 

                                                                     

2

8
B

B
E

p
=  

 

ī ʧʣʦʪʥʦʩʪʴ ʵʥʝʨʛʠʠ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ. ɺʳʨʘʞʝʥʠʷ (3.26) ʠ (3.27) ʟʘʧʠʩʘʥʳ ʜʣʷ ʩʣʫʯʘʷ ʠʟʦ-

ʪʨʦʧʥʦʛʦ ʫʛʣʦʚʦʛʦ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʵʣʝʢʪʨʦʥʦʚ, ʫʯʝʪ ʢʦʪʦʨʦʛʦ ʩʚʦʜʠʪʩʷ ʢ ʟʘʤʝʥʝ ʚʝʣʠʯʠʥʳ 
2B^ ʝʝ ʩʨʝʜʥʠʤ ʧʦ ʫʛʣʫ ɗ ʟʥʘʯʝʥʠʝʤ 22 / 3B . 

 ʇʦʪʝʨʠ ʵʥʝʨʛʠʠ ʥʘ ʩʠʥʭʨʦʪʨʦʥʥʦʝ ʠʟʣʫʯʝʥʠʝ ʷʚʣʷʶʪʩʷ ʦʩʥʦʚʥʳʤ ʚʠʜʦʤ ʧʦʪʝʨʴ 

ʵʥʝʨʛʠʠ ʨʝʣʷʪʠʚʠʩʪʩʢʠʭ ʵʣʝʢʪʨʦʥʦʚ ʚ ʢʦʩʤʠʯʝʩʢʦʡ ʩʨʝʜʝ. ʂʘʢ ʚʠʜʥʦ ʠʟ ʚʳʨʘʞʝʥʠʷ (3.27) 

ʩʠʥʭʨʦʪʨʦʥʥʳʝ ʧʦʪʝʨʠ ʨʘʩʪʫʪ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʵʥʝʨʛʠʠ ʵʣʝʢʪʨʦʥʦʚ. 

 

  

 

3.6.2. ʀʟʣʫʯʝʥʠʝ ʧʨʠ ʢʦʤʧʪʦʥʦʚʩʢʦʤ ʨʘʩʩʝʷʥʠʠ 

 

ɽʱʝ ʦʜʠʥ ʚʘʞʥʳʡ ʪʠʧ ʥʝʪʝʧʣʦʚʦʛʦ ʠʟʣʫʯʝʥʠʷ ʚʦʟʥʠʢʘʝʪ ʧʨʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʠ ʨʝʣʷ-

ʪʠʚʠʩʪʩʢʠʭ ʵʣʝʢʪʨʦʥʦʚ ʩ ʬʦʥʦʚʳʤ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʳʤ ʠʟʣʫʯʝʥʠʝʤ ï ʚ ʨʝʟʫʣʴʪʘʪʝ ʢʦʤʧʪʦ-

ʥʦʚʩʢʦʛʦ ʨʘʩʩʝʷʥʠʷ. ʂʦʤʧʪʦʥʦʚʩʢʦʝ ʨʘʩʩʝʷʥʠʝ ī ʫʧʨʫʛʦʝ ʨʘʩʩʝʷʥʠʝ ʬʦʪʦʥʘ ʥʘ ʩʚʦʙʦʜʥʦʤ 

ʵʣʝʢʪʨʦʥʝ. ʆʥʦ ʦʧʨʝʜʝʣʷʝʪ ʥʝʧʨʦʟʨʘʯʥʦʩʪʴ ʚʝʱʝʩʪʚʘ ʜʣʷ ʞʸʩʪʢʠʭ (ʚʳʩʦʢʦʵʥʝʨʛʠʯʥʳʭ) 

ʨʝʥʪʛʝʥʦʚʩʢʠʭ ʠ ʛʘʤʤʘ-ʣʫʯʝʡ. ʏʘʩʪʥʳʤ ʩʣʫʯʘʝʤ ʢʦʤʧʪʦʥʦʚʩʢʦʛʦ ʨʘʩʩʝʷʥʠʷ  ʚ ʧʨʝʜʝʣʝ ʥʠʟ-

ʢʦʯʘʩʪʦʪʥʳʭ ʬʦʪʦʥʦʚ ʠ ʤʘʣʦʵʥʝʨʛʠʯʥʳʭ ʵʣʝʢʪʨʦʥʦʚ ʷʚʣʷʝʪʩʷ ʪʦʤʩʦʥʦʚʩʢʦʝ ʨʘʩʩʝʷʥʠʝ. 

ʈʘʩʩʝʷʥʠʝ ʬʦʪʦʥʘ ʥʘ ʧʦʢʦʷʱʝʤʩʷ ʵʣʝʢʪʨʦʥʝ ʚ ʩʠʣʫ ʟʘʢʦʥʦʚ ʩʦʭʨʘʥʝʥʠʷ ʵʥʝʨʛʠʠ ʠ ʢʦʣʠʯʝ-

ʩʪʚʘ ʜʚʠʞʝʥʠʷ ʩʦʧʨʦʚʦʞʜʘʝʪʩʷ ʫʤʝʥʴʰʝʥʠʝʤ ʵʥʝʨʛʠʠ ʬʦʪʦʥʘ ʠ ʧʝʨʝʜʘʯʝʡ ʝʸ ʵʣʝʢʪʨʦʥʫ. 

ʕʪʦ ʷʚʣʝʥʠʝ ʙʳʣʦ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʦʪʢʨʳʪʦ ʚ 1922 ʛʦʜʫ ʘʤʝʨʠʢʘʥʩʢʠʤ ʬʠʟʠʢʦʤ ɸ. ʂʦʤʧ-

ʪʦʥʦʤ, ʠʩʩʣʝʜʦʚʘʚʰʠʤ ʨʘʩʩʝʷʥʠʝ ʨʝʥʪʛʝʥʦʚʩʢʠʭ ʣʫʯʝʡ ʚ ʛʨʘʬʠʪʝ, ʠ ʠʟʚʝʩʪʥʦ ʢʘʢ ʵʬʬʝʢʪ 

ʂʦʤʧʪʦʥʘ, ʠʣʠ ʢʦʤʧʪʦʥ-ʵʬʬʝʢʪ.  

ʈʘʩʩʝʷʥʠʝ ʥʠʟʢʦʯʘʩʪʦʪʥʳʭ ʬʦʪʦʥʦʚ ʥʘ ʫʣʴʪʨʘʨʝʣʷʪʠʚʠʩʪʩʢʠʭ ʵʣʝʢʪʨʦʥʘʭ ʧʨʠʚʦʜʠʪ 

ʢ ʫʚʝʣʠʯʝʥʠʶ ʵʥʝʨʛʠʠ ʬʦʪʦʥʦʚ. ʕʪʦ ʪʘʢ ʥʘʟʳʚʘʝʤʳʡ ʦʙʨʘʪʥʳʡ ʢʦʤʧʪʦʥ-ʵʬʬʝʢʪ. ʆʙʨʘʪ-

ʥʳʡ ʢʦʤʧʪʦʥ-ʵʬʬʝʢʪ ʷʚʣʷʝʪʩʷ ʦʜʥʠʤ ʠʟ ʚʘʞʥʝʡʰʠʭ ʤʝʭʘʥʠʟʤʦʚ ʬʦʨʤʠʨʦʚʘʥʠʷ ʩʧʝʢʪʨʦʚ 

ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʠ ʛʘʤʤʘ-ʠʟʣʫʯʝʥʠʷ ʘʩʪʨʦʥʦʤʠʯʝʩʢʠʭ ʦʙʲʝʢʪʦʚ.  

ʅʠʟʢʦʵʥʝʨʛʠʯʥʳʡ ʬʦʪʦʥ ʩ ʵʥʝʨʛʠʝʡ 
2

ph mce , ʚ ʩʠʩʪʝʤʝ ʧʦʢʦʷ ʨʝʣʷʪʠʚʠʩʪʩʢʦʛʦ 

ʵʣʝʢʪʨʦʥʘ ʩ ʵʥʝʨʛʠʝʡ Ů = ũmc2  ʠʤʝʝʪ ʵʥʝʨʛʠʶ Ůɔ å (1 ï cos ɗ)ũŮph, ʛʜʝ ũ ï ʃʦʨʝʥʮ-ʬʘʢʪʦʨ 

ʵʣʝʢʪʨʦʥʘ, ɗ ï ʫʛʦʣ ʤʝʞʜʫ ʚʝʢʪʦʨʘʤʠ ʩʢʦʨʦʩʪʠ ʬʦʪʦʥʘ ʠ ʵʣʝʢʪʨʦʥʘ. ɺ ʩʣʫʯʘʝ, ʢʦʛʜʘ ʬʦʪʦʥ 

ʧʝʨʚʦʥʘʯʘʣʴʥʦ ʜʚʠʞʝʪʩʷ ʥʘʚʩʪʨʝʯʫ ʵʣʝʢʪʨʦʥʫ ʠ ʚ ʨʝʟʫʣʴʪʘʪʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʨʘʩʩʝʠʚʘʝʪʩʷ 

ʥʘʟʘʜ, ʵʥʝʨʛʠʷ ʨʘʩʩʝʷʥʥʦʛʦ ʬʦʪʦʥʘ ʠʤʝʝʪ ʤʘʢʩʠʤʘʣʴʥʦ ʚʦʟʤʦʞʥʦʝ ʟʥʘʯʝʥʠʝ 

 

                                            Ůɔ = 4 ũ 2Ůph,                                                              

 

ʝʩʣʠ ʧʨʝʥʝʙʨʝʯʴ ʵʬʬʝʢʪʦʤ ʦʪʜʘʯʠ, ʪ.ʝ. ʠʟʤʝʥʝʥʠʝʤ ʵʥʝʨʛʠʠ ʵʣʝʢʪʨʦʥʘ. ʇʦʩʣʝʜʥʝʝ ʜʦʧʫ-

ʩʪʠʤʦ ʧʨʠ ʫʩʣʦʚʠʠ 

 

                                                      
2 2
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ph
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ee
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ʇʨʠ ʚʳʧʦʣʥʝʥʠʠ ʵʪʦʛʦ ʫʩʣʦʚʠʷ ʩʝʯʝʥʠʝ ʨʘʩʩʝʷʥʠʷ ʬʦʪʦʥʦʚ  ʨʘʚʥʦ ʩʝʯʝʥʠʶ ʊʦʤʩʦʥʘ 
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= 6.65Ā10ī25 ʩʤ2.                                       (3.28) 
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ʇʨʠ ʵʪʦʤ ʩʨʝʜʥʷʷ ʵʥʝʨʛʠʷ ʨʘʩʩʝʷʥʥʳʭ ʬʦʪʦʥʦʚ ʦʧʨʝʜʝʣʷʝʪʩʷ ʚʳʨʘʞʝʥʠʝʤ 

 

                                                        24
ũ

3
phge e= .                                                              (3.29) 

 

ɽʩʣʠ ʵʣʝʢʪʨʦʥʳ ʠʤʝʶʪ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʧʦ ʵʥʝʨʛʠʷʤ n(Ů), ʪʦ ʩʧʝʢʪʨ ʞʸʩʪʢʦʛʦ ʠʟʣʫʯʝ-

ʥʠʷ, ʬʦʨʤʠʨʫʶʱʝʛʦʩʷ ʚ ʨʝʟʫʣʴʪʘʪʝ ʦʙʨʘʪʥʦʛʦ ʢʦʤʧʪʦʥ-ʵʬʬʝʢʪʘ ʬʦʥʦʚʳʭ ʬʦʪʦʥʦʚ ʩ ʵʥʝʨ-

ʛʠʝʡ Ůph ʠ ʢʦʥʮʝʥʪʨʘʮʠʝʡ nph ʚ ʝʜʠʥʠʯʥʦʤ ʦʙʲʝʤʝ (ʢʦʵʬʬʠʮʠʝʥʪ ʠʟʣʫʯʝʥʠʷ), ʦʧʨʝʜʝʣʷʝʪʩʷ 

ʚʳʨʘʞʝʥʠʝʤ  

 

                                         

                                        ( ) ( ) ( , )phj n d Ig g ge e e s e e= ñ ,                                          (3.30) 

 

ʛʜʝ  

                                                            
( )

( )
4

n c
I

e
e

p
=                                                          (3.31) 

 

ī ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʨʝʣʷʪʠʚʠʩʪʩʢʠʭ ʵʣʝʢʪʨʦʥʦʚ, ʠʤʝʶʱʠʭ ʠʟʦʪʨʦʧʥʦʝ ʫʛʣʦʚʦʝ ʨʘʩʧʨʝʜʝʣʝ-

ʥʠʝ, ( , )gs e e ī ʩʝʯʝʥʠʝ ʨʘʩʩʝʷʥʠʷ ʬʦʥʦʚʦʛʦ ʬʦʪʦʥʘ ʥʘ ʵʣʝʢʪʨʦʥʝ ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ ʬʦʪʦʥʘ ʩ 

ʵʥʝʨʛʠʝʡ Ůɔ.  

ʅʘʠʙʦʣʝʝ ʧʨʦʩʪʦʝ ʧʨʠʙʣʠʞʝʥʠʝ ʦʪʚʝʯʘʝʪ ʧʨʝʜʧʦʣʦʞʝʥʠʶ ʦ ʪʦʤ, ʯʪʦ ʚʩʝ ʨʘʩʩʝʷʥʥʳʝ 

ʬʦʪʦʥʳ ʧʨʠʦʙʨʝʪʘʶʪ ʦʜʠʥʘʢʦʚʫʶ ʵʥʝʨʛʠʶ g ge e= , ʨʘʚʥʫʶ ʠʭ ʩʨʝʜʥʝʡ ʵʥʝʨʛʠʠ. ʕʪʦʤʫ 

ʧʨʠʙʣʠʞʝʥʠʶ ʦʪʚʝʯʘʝʪ ʩʝʯʝʥʠʝ ʨʘʩʩʝʷʥʠʷ 

 

                                                    ( , ) ( )Tg g gs e e s d e e= - . 

 

ɺ ʵʪʦʤ ʩʣʫʯʘʝ ʢʦʵʬʬʠʮʠʝʥʪ ʠʟʣʫʯʝʥʠʷ ʠʤʝʝʪ ʚʠʜ 
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j Ů n Ů

ˊ Ů Ů
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ʬʦʪʦʥ

ʩʤ ʩʨ ʩ ʵʨʛÖ Ö Ö
,                         (3.32) 

 
ʛʜʝ  

                                   

                                                        
2

3

4
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ph

Ů
Ů mc

Ů
=                                                        (3.33) 

 

ī ʵʥʝʨʛʠʷ ʵʣʝʢʪʨʦʥʦʚ, ʢʦʪʦʨʳʝ ʧʨʦʠʟʚʦʜʷʪ ʬʦʪʦʥʳ ʩ ʵʥʝʨʛʠʝʡ Ůɔ.  
ʂʘʢ ʩʣʝʜʫʝʪ ʠʟ ʚʳʨʘʞʝʥʠʡ (3.32) ʠ (3.33), ʚ ʩʣʫʯʘʝ ʩʪʝʧʝʥʥʦʛʦ ʩʧʝʢʪʨʘ ʵʣʝʢʪʨʦʥʦʚ 

n ge-´ ʩʧʝʢʪʨ ʦʙʨʘʟʫʶʱʠʭʩʷ ʚ ʨʝʟʫʣʴʪʘʪʝ ʨʘʩʩʝʷʥʠʷ ʬʦʪʦʥʦʚ ʪʘʢʞʝ ʠʤʝʝʪ ʩʪʝʧʝʥʥʦʡ ʚʠʜ  

 

                                                           j
a

g ge
-´     

ʩ ʧʦʢʘʟʘʪʝʣʝʤ 
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ʚ ʦʙʣʘʩʪʠ ʵʥʝʨʛʠʡ Ůɔ(Ů), ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʵʥʝʨʛʠʷʤ ʵʣʝʢʪʨʦʥʦʚ maxe e . 

 ɺʳʨʘʞʝʥʠʝ (3.32) ʩʧʨʘʚʝʜʣʠʚʦ, ʝʩʣʠ ʜʣʷ ʚʩʝʭ ʨʘʩʩʤʘʪʨʠʚʘʝʤʳʭ ʵʥʝʨʛʠʡ ʚʳʧʦʣʥʝʥʦ 

ʫʩʣʦʚʠʝ ʧʨʠʤʝʥʠʤʦʩʪʠ ʪʦʤʩʦʥʦʚʩʢʦʛʦ (ʢʣʘʩʩʠʯʝʩʢʦʛʦ) ʧʨʝʜʝʣʘ, ʪ.ʝ. ʧʨʠ ʫʩʣʦʚʠʠ 

 

                                                  
2

2

max

ph

mc
mce
e

. 

ɺ ʧʨʦʪʠʚʦʧʦʣʦʞʥʦʤ ʩʣʫʯʘʝ, ʢʦʛʜʘ ʤʘʢʩʠʤʘʣʴʥʘʷ ʵʥʝʨʛʠʷ ʵʣʝʢʪʨʦʥʦʚ                                                   
Ůmax > mc2(mc2/ Ůph) ʩʧʝʢʪʨ ʠʟʣʫʯʝʥʠʷ ʥʘʯʠʥʘʝʪ ʟʥʘʯʠʪʝʣʴʥʦ ʦʪʢʣʦʥʷʪʴʩʷ ʦʪ ʩʪʝʧʝʥʥʦʡ ʟʘ-

ʚʠʩʠʤʦʩʪʠ jɔ ~ Ůɔ
- Ŭ, ʥʘʯʠʥʘʷ ʩ ʵʥʝʨʛʠʠ Ůɔ, ʢʦʪʦʨʘʷ ʦʪʚʝʯʘʝʪ ʵʥʝʨʛʠʠ ʵʣʝʢʪʨʦʥʘ 

 

                                                         
2

2

ph

mc
mce
e

  . 

ʕʪʦʪ ʦʙʫʩʣʦʚʣʝʥʦ ʚʣʠʷʥʠʝʤ ʵʬʬʝʢʪʘ ʦʪʜʘʯʠ ʵʣʝʢʪʨʦʥʘ, ʢʦʪʦʨʳʡ ʧʨʠʚʦʜʠʪ ʢ ʫʤʝʥʴʰʝʥʠʶ 

ʩʝʯʝʥʠʷ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ. 

ʆʙʨʘʪʥʳʡ ʢʦʤʧʪʦʥ-ʵʬʬʝʢʪ ʷʚʣʷʝʪʩʷ ʦʜʥʠʤ ʠʟ ʦʩʥʦʚʥʳʭ ʤʝʭʘʥʠʟʤʦʚ ʬʦʨʤʠʨʦʚʘʥʠʷ 

ʞʸʩʪʢʠʭ ʩʪʝʧʝʥʥʳʭ ʩʧʝʢʪʨʦʚ ʠʟʣʫʯʝʥʠʷ ʚ ʦʙʲʝʢʪʘʭ, ʚ ʢʦʪʦʨʳʭ ʵʬʬʝʢʪʠʚʥʦ ʧʨʦʠʟʚʦʜʷʪʩʷ 

ʢʦʩʤʠʯʝʩʢʠʝ ʣʫʯʠ (ʚ ʦʩʪʘʪʢʘʭ ʩʚʝʨʭʥʦʚʳʭ, ʚ ʘʢʪʠʚʥʳʭ ʛʘʣʘʢʪʠʯʝʩʢʠʭ ʷʜʨʘʭ).  

ʋʚʝʣʠʯʝʥʠʝ ʵʥʝʨʛʠʠ ʬʦʥʦʚʳʭ ʬʦʪʦʥʦʚ ʚ ʧʨʦʮʝʩʩʝ ʢʦʤʧʪʦʥʦʚʩʢʦʛʦ ʨʘʩʩʝʷʥʠʷ ʦʩʫ-

ʱʝʩʪʚʣʷʝʪʩʷ ʟʘ ʩʯʝʪ ʵʥʝʨʛʠʠ ʵʣʝʢʪʨʦʥʦʚ. ʉʣʝʜʦʚʘʪʝʣʴʥʦ, ʩʨʝʜʥʷʷ ʩʢʦʨʦʩʪʴ ʧʦʪʝʨʠ ʵʥʝʨʛʠʠ 

ʵʣʝʢʪʨʦʥʘ ʨʘʚʥʘ ʩʢʦʨʦʩʪʠ ʨʦʩʪʘ ʵʥʝʨʛʠʠ ʬʦʪʦʥʦʚ: 
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ɿʜʝʩʴ  Eph = nph Ůph ï ʧʣʦʪʥʦʩʪʴ ʵʥʝʨʛʠʠ ʬʦʥʦʚʦʛʦ ʠʟʣʫʯʝʥʠʷ. 

ʆʙʨʘʪʥʳʡ ʢʦʤʧʪʦʥ-ʵʬʬʝʢʪ ʢʘʢ ʠ ʩʠʥʭʨʦʪʨʦʥʥʦʝ ʠʟʣʫʯʝʥʠʝ ʷʚʣʷʝʪʩʷ ʦʩʥʦʚʥʦʡ ʧʨʠ-

ʯʠʥʦʡ ʧʦʪʝʨʴ ʵʥʝʨʛʠʠ ʨʝʣʷʪʠʚʠʩʪʩʢʠʤʠ ʵʣʝʢʪʨʦʥʘʤʠ ʚ ʘʩʪʨʦʥʦʤʠʯʝʩʢʠʭ ʦʙʲʝʢʪʘʭ. ʊʝʤʧ 

ʠʟʤʝʥʝʥʠʷ ʵʥʝʨʛʠʠ ʵʣʝʢʪʨʦʥʘ ʟʘ ʩʯʝʪ ʵʪʠʭ ʧʦʪʝʨʴ ʩ ʫʯʝʪʦʤ ʚʳʨʘʞʝʥʠʡ (3.27) ʠ (3.34) ʦʧʠ-

ʩʳʚʘʝʪʩʷ ʚʳʨʘʞʝʥʠʝʤ 
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ī ʭʘʨʘʢʪʝʨʥʦʝ ʚʨʝʤʷ ʧʦʪʝʨʴ ʵʥʝʨʛʠʠ ʵʣʝʢʪʨʦʥʘʤʠ. 

ɺ ʤʝʞʟʚʝʟʜʥʦʡ ʩʨʝʜʝ ɻʘʣʘʢʪʠʢʠ ʥʘʧʨʷʞʝʥʥʦʩʪʴ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʩʦʩʪʘʚʣʷʝʪ B å 
5Ā10ī6 ɻʩ, ʯʪʦ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʧʣʦʪʥʦʩʪʠ ʵʥʝʨʛʠʠ EB å 0.6 ʵɺ/ʩʤ3. ʇʨʠʤʝʨʥʦ ʪʘʢʠʤ ʞʝ ʵʥʝʨ-

ʛʦʩʦʜʝʨʞʘʥʠʝʤ ʦʙʣʘʜʘʝʪ ʬʦʥʦʚʦʝ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʝ ʠʟʣʫʯʝʥʠʝ, ʟʥʘʯʠʪʝʣʴʥʫʶ ʯʘʩʪʴ ʢʦʪʦ-

ʨʦʛʦ ʩʦʩʪʘʚʣʷʝʪ ʨʝʣʠʢʪʦʚʦʝ ʠʟʣʫʯʝʥʠʝ. ʇʦʵʪʦʤʫ ʦʙʘ ʬʘʢʪʦʨʘ ï ʩʠʥʭʨʦʪʨʦʥʥʳʝ ʧʦʪʝʨʠ ʠ 

ʂʦʤʧʪʦʥ-ʵʬʬʝʢʪ ï ʚ ʨʘʚʥʦʡ ʩʪʝʧʝʥʠ ʦʛʨʘʥʠʯʠʚʘʶʪ ʚʨʝʤʷ ʞʠʟʥʠ ʚʳʩʦʢʦʵʥʝʨʛʠʯʥʳʭ ʵʣʝʢ-

ʪʨʦʥʦʚ ʚ ɻʘʣʘʢʪʠʢʝ. ɺ ʯʘʩʪʥʦʩʪʠ, ʚʦʟʨʘʩʪ ʵʣʝʢʪʨʦʥʦʚ ʩ ʵʥʝʨʛʠʝʡ Ů > 50 ɻʵɺ ʚ ʩʦʩʪʘʚʝ ʢʦʩ-

ʤʠʯʝʩʢʠʭ ʣʫʯʝʡ ʥʝ ʧʨʝʚʳʰʘʝʪ 106 ʣʝʪ, ʟʥʘʯʠʪʝʣʴʥʦ ʤʝʥʴʰʝ ʩʨʝʜʥʝʛʦ ʚʨʝʤʝʥʠ ʠʭ ʜʠʬʬʫ-

ʟʠʦʥʥʦʛʦ ʙʣʫʞʜʘʥʠʷ ʚ ɻʘʣʘʢʪʠʢʝ (ʩʤ. ɻʣʘʚʫ 7). ʕʪʦ ʦʟʥʘʯʘʝʪ, ʯʪʦ ʵʣʝʢʪʨʦʥʳ ʪʘʢʠʭ ʵʥʝʨʛʠʡ 

ʥʝ ʤʦʛʫʪ ʠʤʝʪʴ ʚʥʝʛʘʣʘʢʪʠʯʝʩʢʦʝ ʧʨʦʠʩʭʦʞʜʝʥʠʝ ʠ ʛʝʥʝʨʠʨʫʶʪʩʷ ʚ ʦʙʲʝʢʪʘʭ, ʨʘʩʧʦʣʦʞʝʥ-

ʥʳʭ ʚ ɻʘʣʘʢʪʠʢʝ. 
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3.6.3. ɻʘʤʤʘ-ʠʟʣʫʯʝʥʠʝ, ʧʦʨʦʞʜʘʝʤʦʝ ʥʫʢʣʦʥʥʦʡ ʢʦʤʧʦʥʝʥʪʦʡ  

          ʢʦʩʤʠʯʝʩʢʠʭ   ʣʫʯʝʡ 

 

ʂʘʢ ʩʣʝʜʫʝʪ ʠʟ ʚʳʨʘʞʝʥʠʡ (3.34) ʠ (3.35) ʠʟʣʫʯʝʥʠʝ ʨʝʣʷʪʠʚʠʩʪʩʢʠʭ ʧʨʦʪʦʥʦʚ ʟʘ 

ʩʯʝʪ ʠʭ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʩ ʤʘʛʥʠʪʥʳʤ ʧʦʣʝʤ ʠ ʬʦʥʦʚʳʤʠ ʬʦʪʦʥʘʤʠ ʥʘ ʤʥʦʛʦ ʧʦʨʷʜʢʦʚ 

ʤʝʥʴʰʝ, ʯʝʤ ʠʟʣʫʯʝʥʠʝ ʵʣʝʢʪʨʦʥʦʚ ʠʟ-ʟʘ ʟʥʘʯʠʪʝʣʴʥʦ ʙʦʣʴʰʝʡ ʤʘʩʩʳ. ʆʩʥʦʚʥʳʤ ʢʘʥʘʣʦʤ 

ʛʝʥʝʨʘʮʠʠ ʥʝʪʝʧʣʦʚʦʛʦ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʧʨʦʪʦʥʥʦʡ ʢʦʤʧʦʥʝʥʪʦʡ ʢʦʩʤʠʯʝ-

ʩʢʠʭ ʣʫʯʝʡ ʷʚʣʷʶʪʩʷ ʠʭ ʩʪʦʣʢʥʦʚʝʥʠʷ ʩ ʷʜʨʘʤʠ ʢʦʩʤʠʯʝʩʢʦʡ ʩʨʝʜʳ (ʛʣʘʚʥʳʤ ʦʙʨʘʟʦʤ ï ʩ 

ʧʨʦʪʦʥʘʤʠ), ʧʨʠʚʦʜʷʱʠʝ ʢ ʨʦʞʜʝʥʠʶ ˊ0-ʤʝʟʦʥʦʚ: 

 

                                                  p + p Ÿ p + p +  ˊ0.  

 

ʉ ʚʝʨʦʷʪʥʦʩʪʴʶ ʦʢʦʣʦ 99 % ʚ ʩʨʝʜʥʝʤ ʟʘ ʚʨʝʤʷ Ű = 8Ā10ī15 ʩ ́0-ʤʝʟʦʥ ʨʘʩʧʘʜʘʝʪʩʷ ʥʘ ʜʚʘ 

ʬʦʪʦʥʘ (ʛʘʤʤʘ-ʢʚʘʥʪʘ): 

 

                                                            ˊ0 Ÿ ɔ + ɔ. 

 
ʕʥʝʨʛʠʷ ʛʘʤʤʘ-ʢʚʘʥʪʘ ʚ ʩʠʩʪʝʤʝ ʧʦʢʦʷ ˊ0-ʤʝʟʦʥʘ ʨʘʚʥʘ 

 

                                                 

2

2

m cp
ge¡=   = 67.5 ʄʵɺ. 

 

ɿʜʝʩʴ m  ́= 135 ʄʵɺ ï ʤʘʩʩʘ ˊ0-ʤʝʟʦʥʘ. 

 ʈʦʞʜʝʥʠʝ ˊ0-ʤʝʟʦʥʦʚ ʚʦʟʤʦʞʥʦ, ʪʦʣʴʢʦ ʝʩʣʠ ʢʠʥʝʪʠʯʝʩʢʘʷ ʵʥʝʨʛʠʷ ʧʨʦʪʦʥʘ ʢʦʩʤʠ-

ʯʝʩʢʠʭ ʣʫʯʝʡ Ů ʧʨʝʚʳʰʘʝʪ ʧʦʨʦʛʦʚʫʶ ʵʥʝʨʛʠʶ 
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 280 ʄʵɺ.                                       (3.36) 

 
ʉʨʝʜʥʷʷ ʵʥʝʨʛʠʷ ˊ0-ʤʝʟʦʥʘ ʩʦʩʪʘʚʣʷʝʪ ʦʢʦʣʦ 20% ʵʥʝʨʛʠʠ ʧʨʦʪʦʥʘ Ů: ‐Ӷ πȟς‐. ʀʩʧʦʣʴ-

ʟʫʷ, ʢʘʢ ʠ ʚ ʩʣʫʯʘʝ ʠʟʣʫʯʝʥʠʷ ʧʨʠ ʢʦʤʧʪʦʥʦʚʩʢʦʤ ʨʘʩʩʝʷʥʠʠ, ʫʧʨʦʱʝʥʥʦʝ ʚʳʨʘʞʝʥʠʝ ʜʣʷ 

ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʦʛʦ ʩʝʯʝʥʠʷ ʨʦʞʜʝʥʠʷ ˊ0-ʤʝʟʦʥʦʚ 

 

                                                „‐ȟ‐ ‐„  πȟς‐ , 

 

ʥʝʪʨʫʜʥʦ ʧʦʣʫʯʠʪʴ ʵʥʝʨʛʝʪʠʯʝʩʢʠʡ ʩʧʝʢʪʨ ˊ0-ʤʝʟʦʥʦʚ, ʨʦʞʜʘʶʱʠʭʩʷ ʚ ʝʜʠʥʠʮʝ ʦʙʲʝʤʘ ʚ 

ʝʜʠʥʠʮʫ ʚʨʝʤʝʥʠ (ʢʦʵʬʬʠʮʠʝʥʪ ʠʟʣʫʯʝʥʠʷ) ʚʩʣʝʜʩʪʚʠʝ ʨʨ-ʩʪʦʣʢʥʦʚʝʥʠʡ: 

 

                         Ὦ‐  ὲ Ὠ᷿‐Ὅ‐„‐ȟ‐  υ „ὲὍ‐  . 

                                

ɿʜʝʩʴ 
264 10ps
-º Ö ʩʤ2ï ʧʦʣʥʦʝ ʩʝʯʝʥʠʝ ʨʦʞʜʝʥʠʷ ˊ0-ʤʝʟʦʥʦʚ ʚ ʨʨ-ʩʪʦʣʢʥʦʚʝʥʠʷʭ, ɔ ï ʧʦʢʘ-

ʟʘʪʝʣʴ ʵʥʝʨʛʝʪʠʯʝʩʢʦʛʦ ʩʧʝʢʪʨʘ ʧʨʦʪʦʥʦʚ Ὅ θ  ‐ , nH ï ʢʦʥʮʝʥʪʨʘʮʠʷ ʘʪʦʤʦʚ ʚʦʜʦʨʦʜʘ ʚ 

ʩʨʝʜʝ.  

 ɺ ʣʘʙʦʨʘʪʦʨʥʦʡ ʩʠʩʪʝʤʝ ʦʪʩʯʝʪʘ ʦʙʨʘʟʫʶʱʠʝʩʷ ʦʪ ʨʘʩʧʘʜʘ ˊ0-ʤʝʟʦʥʦʚ ʬʦʪʦʥʳ ʨʘʚ-

ʥʦʤʝʨʥʦ ʨʘʩʧʨʝʜʝʣʝʥʳ ʧʦ ʵʥʝʨʛʠʠ ʚ ʜʠʘʧʘʟʦʥʝ 0 < Ůɔ < Ů́. ʇʦʵʪʦʤʫ ʩʧʝʢʪʨʳ ʬʦʪʦʥʦʚ ʠ ˊ0-

ʤʝʟʦʥʦʚ ʩʚʷʟʘʥʳ ʩʦʦʪʥʦʰʝʥʠʝʤ 
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                                           Ὦ‐ ς᷿ Ὦ‐   Ὦ‐   

 

ʆʪʩʶʜʘ ʩʧʝʢʪʨ ʛʘʤʤʘ-ʠʟʣʫʯʝʥʠʷ, ʧʦʨʦʞʜʘʝʤʦʛʦ ʚ ʝʜʠʥʠʮʝ ʦʙʲʝʤʘ ʩʨʝʜʳ (ʢʦʵʬʬʠʮʠʝʥʪ ʠʟ-

ʣʫʯʝʥʠʷ) ʧʨʦʪʦʥʘʤʠ ʢʦʩʤʠʯʝʩʢʠʭ ʣʫʯʝʡ, ʠʤʝʶʱʠʭ ʵʥʝʨʛʝʪʠʯʝʩʢʠʡ ʩʧʝʢʪʨ n(Ů) = 4ˊI(Ů)/c, 

ʠʤʝʝʪ ʚʠʜ                                                    

 

                                      
1
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ʬʦʪʦʥ

ʩʤ ʩ ʩʨ ʵʨʛÖ Ö Ö
                    (3.37) 

 

ʛʜʝ Ůmin å 100 ʄʵɺ ï ʤʠʥʠʤʘʣʴʥʘʷ ʵʥʝʨʛʠʷ ʛʘʤʤʘ-ʢʚʘʥʪʦʚ, ʅ(ʭ) ï ʬʫʥʢʮʠʷ ʍʝʚʠʩʘʡʜʘ. 

 ɺ ʩʣʫʯʘʝ ʩʪʝʧʝʥʥʦʛʦ ʩʧʝʢʪʨʘ ʧʨʦʪʦʥʦʚ 
kn ge-´ ʩʧʝʢʪʨ ʦʙʨʘʟʫʶʱʠʭʩʷ ʛʘʤʤʘ-ʢʚʘʥʪʦʚ 

ʪʘʢʞʝ ʩʪʝʧʝʥʥʦʡ j g

l ge
-´ , ʧʨʠʯʝʤ, ʩ ʪʝʤ ʞʝ ʧʦʢʘʟʘʪʝʣʝʤ ʩʧʝʢʪʨʘ ɔ. ʉʪʝʧʝʥʥʦʡ ʫʯʘʩʪʦʢ 

ʩʧʝʢʪʨʘ ʛʘʤʤʘ-ʢʚʘʥʪʦʚ ʦʢʘʥʯʠʚʘʝʪʩʷ ʧʨʠ ʵʥʝʨʛʠʠ  max max0.1ge eº , ʛʜʝ Ůmax ï ʧʨʝʜʝʣʴʥʘʷ ʵʥʝʨ-

ʛʠʷ, ʦʛʨʘʥʠʯʠʚʘʶʱʘʷ ʩʪʝʧʝʥʥʦʡ ʫʯʘʩʪʦʢ ʩʧʝʢʪʨʘ ʧʨʦʪʦʥʦʚ.  

 ʇʦʩʢʦʣʴʢʫ ʚʳʩʦʢʦʵʥʝʨʛʠʯʥʦʝ ʛʘʤʤʘ-ʠʟʣʫʯʝʥʠʝ ʤʦʞʝʪ ʛʝʥʝʨʠʨʦʚʘʪʴʩʷ, ʢʘʢ ʵʣʝʢ-

ʪʨʦʥʥʦʡ, ʪʘʢ ʠ ʥʫʢʣʦʥʥʦʡ ʢʦʤʧʦʥʝʥʪʘʤʠ ʢʦʩʤʠʯʝʩʢʠʭ ʣʫʯʝʡ, ʚʳʜʝʣʝʥʠʝ ʚʢʣʘʜʦʚ ʵʪʠʭ ʜʚʫʭ 

ʢʦʤʧʦʥʝʥʪ ʚ ʥʘʙʣʶʜʘʝʤʦʝ ʠʟʣʫʯʝʥʠʝ ʠʥʜʠʚʠʜʫʘʣʴʥʦʛʦ ʦʙʲʝʢʪʘ ʧʨʝʜʩʪʘʚʣʷʝʪ ʦʧʨʝʜʝʣʝʥ-

ʥʫʶ ʪʨʫʜʥʦʩʪʴ. ɺ ʨʘʟʨʝʰʝʥʠʠ ʵʪʦʡ ʧʨʦʙʣʝʤʳ ʧʦʤʦʛʘʝʪ ʪʦ ʦʙʩʪʦʷʪʝʣʴʩʪʚʦ, ʯʪʦ ʩʧʝʢʪʨ 

ʛʘʤʤʘ-ʠʟʣʫʯʝʥʠʷ ʦʪ ʦʙʨʘʪʥʦʛʦ ʢʦʤʧʪʦʥ-ʵʬʬʝʢʪʘ ʩʫʱʝʩʪʚʝʥʥʦ ʙʦʣʝʝ ʞʝʩʪʢʠʡ ʚ ʩʨʘʚʥʝʥʠʠ 

ʩʦ ʩʧʝʢʪʨʦʤ ʦʪ ʨʘʩʧʘʜʘ ˊ0-ʤʝʟʦʥʦʚ, ʨʦʞʜʘʝʤʳʭ ʚ ʨʨ-ʩʪʦʣʢʥʦʚʝʥʠʷʭ. 

 ʀʩʪʦʯʥʠʢʘʤʠ ʠʥʪʝʥʩʠʚʥʦʛʦ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʥʝʪʝʧʣʦʚʦʡ ʧʨʠʨʦʜʳ ʷʚ-

ʣʷʶʪʩʷ ʘʩʪʨʦʬʠʟʠʯʝʩʢʠʝ ʦʙʲʝʢʪʳ (ʧʫʣʴʩʘʨʳ, ʦʩʪʘʪʢʠ ʩʚʝʨʭʥʦʚʳʭ, ʘʢʪʠʚʥʳʝ ʛʘʣʘʢʪʠʯʝʩʢʠʝ 

ʷʜʨʘ ʠ ʜʨ.), ʚ ʢʦʪʦʨʳʭ (ʠʣʠ ʚʙʣʠʟʠ ʢʦʪʦʨʳʭ) ʧʨʦʠʩʭʦʜʠʪ ʵʬʬʝʢʪʠʚʥʘʷ ʛʝʥʝʨʘʮʠʷ (ʫʩʢʦʨʝ-

ʥʠʝ) ʚʳʩʦʢʦʵʥʝʨʛʠʯʥʳʭ ʟʘʨʷʞʝʥʥʳʭ ʯʘʩʪʠʮ ï ʢʦʩʤʠʯʝʩʢʠʭ ʣʫʯʝʡ. ʀʤʝʥʥʦ ʢʦʩʤʠʯʝʩʢʠʝ 

ʣʫʯʠ ʚ ʧʨʦʮʝʩʩʝ ʠʭ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʩʦ ʩʨʝʜʦʡ ʧʦʨʦʞʜʘʶʪ ʥʝʪʝʧʣʦʚʦʝ ʠʟʣʫʯʝʥʠʝ. ʇʦʵʪʦʤʫ 

ʨʝʛʠʩʪʨʘʮʠʷ ʥʝʪʝʧʣʦʚʦʛʦ ʠʟʣʫʯʝʥʠʷ ʠʟ ʪʦʛʦ ʠʣʠ ʠʥʦʛʦ ʢʦʩʤʠʯʝʩʢʦʛʦ ʦʙʲʝʢʪʘ ʜʘʝʪ ʠʥʬʦʨ-

ʤʘʮʠʶ ʦ ʩʚʦʡʩʪʚʘʭ ʢʦʩʤʠʯʝʩʢʠʭ ʣʫʯʝʡ ʠ ʩʘʤʦʛʦ ʦʙʲʝʢʪʘ. 

 

 

 

 

 

 

3.6.4. ʀʟʣʫʯʝʥʠʝ ɺʘʚʠʣʦʚʘ-ʏʝʨʝʥʢʦʚʘ 

 

 ʀʟʣʫʯʝʥʠʝ ɺʘʚʠʣʦʚʘ-ʏʝʨʝʥʢʦʚʘ (ʠʣʠ ʯʝʨʝʥʢʦʚʩʢʦʝ ʠʟʣʫʯʝʥʠʝ) ʚʦʟʥʠʢʘʝʪ ʧʨʠ ʜʚʠʞʝ-

ʥʠʠ ʟʘʨʷʞʝʥʥʦʡ ʯʘʩʪʠʮʳ ʚ ʚʝʱʝʩʪʚʝ, ʝʩʣʠ ʝʝ ʩʢʦʨʦʩʪʴ ʧʨʝʚʳʰʘʝʪ ʬʘʟʦʚʫʶ ʩʢʦʨʦʩʪʴ ʩʚʝʪʘ: 

 

                                                            
c

n
g=v > v .                                                              (3.38) 

 

ɿʜʝʩʴ n ï ʧʦʢʘʟʘʪʝʣʴ ʧʨʝʣʦʤʣʝʥʠʷ ʩʨʝʜʳ. ʕʪʦ ʷʚʣʝʥʠʝ ʙʳʣʦ ʦʪʢʨʳʪʦ ʚ 1937 ʛ. ʩʦʚʝʪʩʢʠʤʠ 

ʬʠʟʠʢʘʤʠ ʉ.ʀ. ɺʘʚʠʣʦʚʳʤ ʠ ʇ.ɸ. ʏʝʨʝʥʢʦʚʳʤ ʠ ʚ 1937 ʛ. ʪʝʦʨʝʪʠʯʝʩʢʠ ʦʙʲʷʩʥʝʥʦ ʀ.ɽ. 

ʊʘʤʤʦʤ ʠ ʀ.ʄ. ʌʨʘʥʢʦʤ. 

 ʅʝʢʦʪʦʨʳʝ ʚʘʞʥʳʝ ʩʚʦʡʩʪʚʘ ʯʝʨʝʥʢʦʚʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ ʚʳʪʝʢʘʶʪ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ 

ʠʟ ʟʘʢʦʥʦʚ ʩʦʭʨʘʥʝʥʠʷ ʵʥʝʨʛʠʠ 

 

                                                               Ů1 = Ů2 + Ůɔ                                                              (3.39) 
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                                                                p1 = p2 + pɔ,                                                          (3.40) 

 

ʛʜʝ  

 

                                                          2 4 2 2Ů m c p c= + , 

 

p ʠ m ï ʵʥʝʨʛʠʷ, ʠʤʧʫʣʴʩ ʠ ʤʘʩʩʘ ʯʘʩʪʠʮʳ; Ůɔ ʠ pɔ  ï ʵʥʝʨʛʠʷ ʠ ʠʤʧʫʣʴʩ ʠʟʣʫʯʘʝʤʦʛʦ ʯʘʩʪʠ-

ʮʝʡ ʬʦʪʦʥʘ, ʠʥʜʝʢʩʳ 1 ʠ 2 ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʯʘʩʪʠʮʝ ʜʦ ʠ ʧʦʩʣʝ ʘʢʪʘ ʠʟʣʫʯʝʥʠʷ ʝʶ ʬʦʪʦʥʘ 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʂʘʢ ʩʣʝʜʫʝʪ ʠʟ ʚʳʨʘʞʝʥʠʡ (3.40) ʠ (3.41), ʬʦʪʦʥ ʠʟʣʫʯʘʝʪʩʷ ʧʦʜ ʫʛʣʦʤ ɗ ʢ 

ʥʘʧʨʘʚʣʝʥʠʶ ʜʚʠʞʝʥʠʷ ʯʘʩʪʠʮʳ, ʢʦʩʠʥʫʩ ʢʦʪʦʨʦʛʦ ʦʧʨʝʜʝʣʷʝʪʩʷ ʚʳʨʘʞʝʥʠʝʤ 

 

                                               

2
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v

v v
,                                        (3.41) 

 

ʛʜʝ v2 = p2c
2/Ů2. 

 ɽʩʣʠ ʬʦʪʦʥ ʫʥʦʩʠʪ ʥʝʙʦʣʴʰʫʶ ʜʦʣʶ ʵʥʝʨʛʠʠ ʯʘʩʪʠʮʳ, ʯʪʦ ʧʨʘʢʪʠʯʝʩʢʠ ʚʩʝʛʜʘ 

ʠʤʝʝʪ ʤʝʩʪʦ, ʨʘʟʣʠʯʠʝʤ ʵʥʝʨʛʠʡ Ů1 ʠ Ů2 ʤʦʞʥʦ ʧʨʝʥʝʙʨʝʯʴ ʠ ʚʳʨʘʞʝʥʠʝ (3.41) ʩʫʱʝʩʪʚʝʥʥʦ 

ʫʧʨʦʱʘʝʪʩʷ: 

 

                                                          cos
g

q=
v

v
.                                                               (3.42) 

 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʨʠ ʫʩʣʦʚʠʠ v > vɔ ʯʘʩʪʠʮʘ ʤʦʞʝʪ ʠʟʣʫʯʘʪʴ ʬʦʪʦʥʳ, ʧʨʠʯʝʤ ʧʦʜ ʩʪʨʦʛʦ 
ʦʧʨʝʜʝʣʝʥʥʳʤ ʫʛʣʦʤ. 

ʂʦʣʠʯʝʩʪʚʦ ʬʦʪʦʥʦʚ ʩ ʵʥʝʨʛʠʝʡ Ů = hɜ ʠʩʧʫʩʢʘʝʤʳʭ ʯʘʩʪʠʮʝʡ ʥʘ ʝʜʠʥʠʮʝ 

ʧʨʦʭʦʜʠʤʦʛʦ ʝʶ ʧʫʪʠ ʦʧʨʝʜʝʣʷʝʪʩʷ ʚʳʨʘʞʝʥʠʝʤ 

  

                                          ὔ ‐  ‐ ρ   
̏̓̏̎̕

̒̍
. 

 

  

ʆʪʩʶʜʘ, ʵʥʝʨʛʠʷ, ʠʟʣʫʯʘʝʤʘʷ ʯʘʩʪʠʮʝʡ ʥʘ ʜʣʠʥʝ l,  ʦʧʨʝʜʝʣʷʝʪʩʷ ʬʦʨʤʫʣʦʡ ʊʘʤʤʘ-ʌʨʘʥʢʘ 

 

                                                      
2 2 2

2 2

0

4
1

e l ʩ
E d

c n

¤
å õp

= -æ ö
ç ÷
ñ n n

n
,                                              (3.43) 

 

ʛʜʝ ʠʥʪʝʛʨʠʨʦʚʘʥʠʝ ʬʘʢʪʠʯʝʩʢʠ ʧʨʦʠʟʚʦʜʠʪʩʷ ʧʦ ʦʙʣʘʩʪʠ ʯʘʩʪʦʪ, ʚ ʢʦʪʦʨʦʡ 

 

                                                                  ( ) 1n
c

n >
v

  . 

 

 ʏʝʨʝʥʢʦʚʩʢʦʝ ʠʟʣʫʯʝʥʠʝ ʣʝʞʠʪ ʚ ʦʩʥʦʚʝ ʜʝʡʩʪʚʠʷ ʯʝʨʝʥʢʦʚʩʢʠʭ ʩʯʝʪʯʠʢʦʚ (ʜʝʪʝʢ-

ʪʦʨʦʚ) ʧʨʝʜʥʘʟʥʘʯʝʥʥʳʭ ʜʣʷ ʨʝʛʠʩʪʨʘʮʠʠ ʙʳʩʪʨʳʭ ʟʘʨʷʞʝʥʥʳʭ ʯʘʩʪʠʮ. ʇʦʤʠʤʦ ʵʪʦʛʦ ʨʝ-

ʛʠʩʪʨʘʮʠʷ ʯʝʨʝʥʢʦʚʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ, ʧʦʨʦʞʜʘʝʤʦʛʦ ʢʦʩʤʠʯʝʩʢʠʤʠ ʣʫʯʘʤʠ ʠ ʛʘʤʤʘ-ʢʚʘʥ-

ʪʘʤʠ ʚʳʩʦʢʦʡ ʵʥʝʨʛʠʠ ʚ ʟʝʤʥʦʡ ʘʪʤʦʩʬʝʨʝ, ʰʠʨʦʢʦ ʧʨʠʤʝʥʷʝʪʩʷ ʜʣʷ ʜʝʪʝʢʪʠʨʦʚʘʥʠʷ ʢʦʩ-

ʤʠʯʝʩʢʠʭ ʣʫʯʝʡ ʠ ʛʘʤʤʘ-ʢʚʘʥʪʦʚ. 
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3.7. ʄʝʞʟʚʝʟʜʥʘʷ ʩʨʝʜʘ 

 

ɺʘʞʥʦʡ ʩʦʩʪʘʚʣʷʶʱʝʡ ʯʘʩʪʴʶ ɻʘʣʘʢʪʠʢʠ ʧʦʤʠʤʦ ʟʚʝʟʜʥʳʭ ʢʦʤʧʦʥʝʥʪ ʷʚʣʷʝʪʩʷ 

ʤʝʞʟʚʝʟʜʥʘʷ ʩʨʝʜʘ. ʄʝʞʟʚʝʟʜʥʳʡ ʛʘʟ (ʚ ʦʩʥʦʚʥʦʤ ʚʦʜʦʨʦʜ) ʚ ʥʘʰʝʡ ɻʘʣʘʢʪʠʢʝ ʩʦʩʪʘʚʣʷʶʪ 

ʥʝʩʢʦʣʴʢʦ ʧʨʦʮʝʥʪʦʚ ʦʪ ʤʘʩʩʳ ʚʠʜʠʤʦʛʦ ʚʝʱʝʩʪʚʘ, ʥʦ ʝʛʦ ʨʦʣʴ ʢʨʘʡʥʝ ʚʝʣʠʢʘ. ɼʦʣʷ ʛʘʟʘ ʚ 

ʤʘʩʩʝ ʛʘʣʘʢʪʠʢʠ ʦʧʨʝʜʝʣʷʝʪ ʘʢʪʠʚʥʦʩʪʴ ʧʨʦʮʝʩʩʘ ʟʚʝʟʜʦʦʙʨʘʟʦʚʘʥʠʷ. ɺ ʭʦʣʦʜʥʳʭ ʤʘʩʩʠʚ-

ʥʳʭ ʛʘʟʦʧʳʣʝʚʳʭ ʢʦʤʧʣʝʢʩʘʭ ʩʦʟʜʘʶʪʩʷ ʧʦʜʭʦʜʷʱʠʝ ʫʩʣʦʚʠʷ ʜʣʷ ʨʘʟʚʠʪʠʷ ʛʨʘʚʠʪʘʮʠʦʥ-

ʥʦʡ ʥʝʫʩʪʦʡʯʠʚʦʩʪʠ (ʩʤ. ʧ. 4.2) ʠ ʧʨʦʠʩʭʦʜʠʪ ʨʦʞʜʝʥʠʝ ʟʚʝʟʜ.  

ɺ ʧʨʦʮʝʩʩʝ ʵʚʦʣʶʮʠʠ ʟʚʝʟʜʳ ʪʝʨʷʶʪ ʤʘʩʩʫ ʚ ʚʠʜʝ ʟʚʝʟʜʥʦʛʦ ʚʝʪʨʘ. ɺ ʢʦʥʮʝ ʵʚʦʣʶ-

ʮʠʠ ʟʚʝʟʜ ʧʨʠ ʦʙʨʘʟʦʚʘʥʠʠ ʢʦʤʧʘʢʪʥʳʭ ʦʩʪʘʪʢʦʚ ʧʨʦʠʩʭʦʜʠʪ ʩʙʨʦʩ ʦʙʦʣʦʯʢʠ ʟʚʝʟʜʳ. ʊʘ-

ʢʠʤ ʦʙʨʘʟʦʤ, ʧʨʦʠʩʭʦʜʠʪ ʧʦʩʪʦʷʥʥʳʡ ʢʨʫʛʦʚʦʨʦʪ ʛʘʟ-ʟʚʝʟʜʳ-ʛʘʟ, ʧʨʠ ʢʦʪʦʨʦʤ ʧʦʣʥʘʷ 

ʤʘʩʩʘ ʛʘʟʘ ʧʦʩʪʝʧʝʥʥʦ ʫʤʝʥʴʰʘʝʪʩʷ, ʪ.ʢ. ʯʘʩʪʴ ʙʘʨʠʦʥʦʚ ʦʩʪʘʝʪʩʷ ʚ ʚʠʜʝ ʢʦʤʧʘʢʪʥʳʭ ʦʩʪʘʪ-

ʢʦʚ (ʙʝʣʳʭ ʢʘʨʣʠʢʦʚ, ʥʝʡʪʨʦʥʥʳʭ ʟʚʝʟʜ, ʯʝʨʥʳʭ ʜʳʨ), ʘ ʯʘʩʪʴ ï ʚʳʙʨʘʩʳʚʘʝʪʩʷ ʠʟ ʛʘʣʘʢ-

ʪʠʢʠ ʚ ʤʝʞʛʘʣʘʢʪʠʯʝʩʢʦʝ ʧʨʦʩʪʨʘʥʩʪʚʦ.  

ʂʨʦʤʝ ʛʘʟʘ ʢ ʢʦʤʧʦʥʝʥʪʘʤ ʤʝʞʟʚʝʟʜʥʦʡ ʩʨʝʜʳ ʪʘʢʞʝ ʦʪʥʦʩʷʪ ʤʝʞʟʚʝʟʜʥʫʶ ʧʳʣʴ 

(ʦʢʦʣʦ 1% ʦʪ ʤʘʩʩʳ ʛʘʟʘ), ʤʝʞʟʚʝʟʜʥʳʝ ʤʘʛʥʠʪʥʳʝ ʧʦʣʷ ʠ ʢʦʩʤʠʯʝʩʢʠʝ ʣʫʯʠ. 

ʄʝʞʟʚʝʟʜʥʘʷ ʩʨʝʜʘ ʦʙʥʘʨʫʞʠʚʘʝʪ ʩʚʦʝ ʧʨʠʩʫʪʩʪʚʠʝ ʧʦ ʩʣʝʜʫʶʱʠʤ ʵʬʬʝʢʪʘʤ: ʥʘʣʠ-

ʯʠʝ ʚ ʤʝʞʟʚʝʟʜʥʦʤ ʧʨʦʩʪʨʘʥʩʪʚʝ ʧʨʦʪʷʞʝʥʥʳʭ ʩʚʝʪʷʱʠʭʩʷ ʪʫʤʘʥʥʦʩʪʝʡ;  ʦʩʣʘʙʣʝʥʠʝ ʩʚʝʪʘ 

ʟʚʝʟʜ (ʤʝʞʟʚʝʟʜʥʦʝ ʧʦʛʣʦʱʝʥʠʝ); ʠʥʬʨʘʢʨʘʩʥʦʝ ʠʟʣʫʯʝʥʠʝ ʤʝʞʟʚʝʟʜʥʦʡ ʧʳʣʠ; ʨʝʥʪʛʝʥʦʚ-

ʩʢʦʝ ʠʟʣʫʯʝʥʠʝ ʛʦʨʷʯʝʛʦ ʛʘʟʘ, ʥʘʛʨʝʪʦʛʦ ʫʜʘʨʥʳʤʠ ʚʦʣʥʘʤʠ, ʚʦʟʥʠʢʘʶʱʠʤʠ ʧʨʠ ʚʩʧʳʰʢʘʭ 

ʩʚʝʨʭʥʦʚʳʭ; ʩʠʥʭʨʦʪʨʦʥʥʦʝ ʠʟʣʫʯʝʥʠʝ ʨʝʣʷʪʠʚʠʩʪʩʢʠʭ ʵʣʝʢʪʨʦʥʦʚ ʚ ʤʝʞʟʚʝʟʜʥʳʭ ʤʘʛʥʠʪ-

ʥʳʭ ʧʦʣʷʭ. 

ʇʨʦʩʪʨʘʥʩʪʚʝʥʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʤʝʞʟʚʝʟʜʥʦʡ ʩʨʝʜʳ ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ ʩʣʦʞʥʦʡ 

ʩʪʨʫʢʪʫʨʦʡ, ʩʦʩʪʦʷʱʝʡ ʠʟ ʦʪʜʝʣʴʥʳʭ ʦʙʨʘʟʦʚʘʥʠʡ. ʆʩʥʦʚʥʳʝ ʩʦʩʪʘʚʣʷʶʱʠʝ ʤʝʞʟʚʝʟʜʥʦʡ 

ʩʨʝʜʳ ʠ ʠʭ ʬʠʟʠʯʝʩʢʠʝ ʧʘʨʘʤʝʪʨʳ: ʢʦʨʦʥʘʣʴʥʳʡ ʛʘʟ ʩ ʪʝʤʧʝʨʘʪʫʨʦʡ T = 106 K ʠ ʢʦʥʮʝʥʪʨʘ-

ʮʠʝʡ ʘʪʦʤʦʚ ʚʦʜʦʨʦʜʘ nH = 0.003 ʩʤī3 ʟʘʥʠʤʘʝʪ ʜʦʣʶ ʦʙʲʝʤʘ ɻʘʣʘʢʪʠʢʠ  f = 0.3; ʪʝʧʣʘʷ 

ʩʨʝʜʘ ʩ T = 104 K, nH = 0.3 ʩʤī3 ʠ f = 0.5; ʤʦʣʝʢʫʣʷʨʥʳʝ ʦʙʣʘʢʘ ʩ T = 10 K, nH = 102-103 ʩʤī3. 

ʆʩʥʦʚʥʘʷ ʦʩʦʙʝʥʥʦʩʪʴ ʤʝʞʟʚʝʟʜʥʦʡ ʩʨʝʜʳ ï ʝʝ ʢʨʘʡʥʝ ʥʠʟʢʘʷ ʧʣʦʪʥʦʩʪʴ.  

ʇʨʦʟʨʘʯʥʦʩʪʴ ʤʝʞʟʚʝʟʜʥʦʡ ʩʨʝʜʳ ʜʣʷ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʧʨʠʚʦʜʠʪ ʢ ʦʪ-

ʩʫʪʩʪʚʠʶ ʚ ʥʝʡ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʦʛʦ ʨʘʚʥʦʚʝʩʠʷ. ʂʘʢ ʩʣʝʜʩʪʚʠʝ ʪʝʤʧʝʨʘʪʫʨʘ  ʠʟʣʫʯʝʥʠʷ, 

ʧʨʦʥʠʟʳʚʘʶʱʝʛʦ ʩʨʝʜʫ, ʥʝ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʪʝʤʧʝʨʘʪʫʨʝ ʩʨʝʜʳ, ʘ ʪʝʤʧʝʨʘʪʫʨʘ ʠʦʥʦʚ ʠ ʵʣʝʢ-

ʪʨʦʥʦʚ ʚ ʧʣʘʟʤʝ, ʢʘʢ ʧʨʘʚʠʣʦ, ʨʘʟʣʠʯʘʶʪʩʷ. 

ʅʘʛʨʝʚ ʤʝʞʟʚʝʟʜʥʦʡ ʩʨʝʜʳ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʫʣʴʪʨʘʬʠʦʣʝʪʦʚʳʤ ʠʟʣʫʯʝʥʠʝʤ ʟʚʝʟʜ ʠ 

ʫʜʘʨʥʳʤʠ ʚʦʣʥʘʤʠ ʦʪ ʚʩʧʳʰʝʢ ʩʚʝʨʭʥʦʚʳʭ ʟʚʝʟʜ. ʆʭʣʘʞʜʝʥʠʝ ʩʨʝʜʳ ʠʤʝʝʪ ʨʘʜʠʘʪʠʚʥʫʶ 

ʧʨʠʨʦʜʫ: ʩʨʝʜʘ ʪʝʨʷʝʪ ʵʥʝʨʛʠʶ ʚ ʚʠʜʝ ʬʦʪʦʥʦʚ, ʛʝʥʝʨʘʮʠʷ ʢʦʪʦʨʳʭ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʟʘ ʩʯʝʪ 

ʪʝʧʣʦʚʦʡ ʵʥʝʨʛʠʠ ʩʨʝʜʳ.  

ɺʘʞʥʝʡʰʝʡ ʢʦʤʧʦʥʝʥʪʦʡ ʤʝʞʟʚʝʟʜʥʦʡ ʩʨʝʜʳ, ʚʦ ʤʥʦʛʦʤ ʦʧʨʝʜʝʣʷʶʱʝʡ ʝʝ ʜʠʥʘ-

ʤʠʢʫ, ʷʚʣʷʝʪʩʷ ʢʨʫʧʥʦʤʘʩʰʪʘʙʥʦʝ ʤʘʛʥʠʪʥʦʝ ʧʦʣʝ ɻʘʣʘʢʪʠʢʠ. ʉʨʝʜʥʝʝ ʟʥʘʯʝʥʠʝ ʤʘʛʥʠʪ-

ʥʦʛʦ ʧʦʣʷ ʚʙʣʠʟʠ ʧʣʦʩʢʦʩʪʠ ɻʘʣʘʢʪʠʢʠ ʦʢʦʣʦ ɺ = 5Ā10ī6 ɻʩ.  

ɺ ʫʩʣʦʚʠʷʭ ʢʦʩʤʠʯʝʩʢʦʡ ʧʣʘʟʤʳ ʤʘʛʥʠʪʥʦʝ ʧʦʣʝ ʚ ʧʦʜʘʚʣʷʶʱʝʤ ʙʦʣʴʰʠʥʩʪʚʝ ʩʠ-

ʪʫʘʮʠʡ ʤʦʞʥʦ ʩʯʠʪʘʪʴ ʚʤʦʨʦʞʝʥʥʳʤ ʚ ʩʨʝʜʫ. ɺʤʦʨʦʞʝʥʥʦʩʪʴ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʦʟʥʘʯʘʝʪ 

ʩʦʭʨʘʥʝʥʠʝ ʤʘʛʥʠʪʥʦʛʦ ʧʦʪʦʢʘ ʯʝʨʝʟ ʣʶʙʦʡ ʟʘʤʢʥʫʪʳʡ ʧʨʦʚʦʜʷʱʠʡ ʢʦʥʪʫʨ ʧʨʠ ʝʛʦ ʜʝʬʦʨ-

ʤʘʮʠʠ: 

 

 .
S

d const=ñB S  (3.44) 

ʇʨʠ ʩʞʘʪʠʠ ʦʙʣʘʢʘ ʧʣʘʟʤʳ ʧʦʧʝʨʝʢ ʧʦʣʷ ʚʝʣʠʯʠʥʘ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʚʦʟʨʘʩʪʘʝʪ, ʧʨʠʯʝʤ 

ʬʠʟʠʯʝʩʢʘʷ ʧʨʠʯʠʥʘ ʚʦʟʨʘʩʪʘʥʠʷ ʧʦʣʷ ï ʧʦʷʚʣʝʥʠʝ ʵʣʝʢʪʨʦʜʚʠʞʫʱʘʷ ʩʠʣʘ ʠʥʜʫʢʮʠʠ, ʧʨʝ-

ʧʷʪʩʪʚʫʶʱʝʡ ʠʟʤʝʥʝʥʠʶ ʤʘʛʥʠʪʥʦʛʦ ʧʦʪʦʢʘ.  

ɺ ʣʘʙʦʨʘʪʦʨʥʳʭ ʫʩʣʦʚʠʷʭ ʩʦʭʨʘʥʝʥʠʝ ʤʘʛʥʠʪʥʦʛʦ ʧʦʪʦʢʘ ʚʦʟʥʠʢʘʝʪ ʚ ʩʨʝʜʘʭ ʩ ʚʳ-

ʩʦʢʦʡ ʵʣʝʢʪʨʦʧʨʦʚʦʜʠʤʦʩʪʴʶ ů. ɺ ʧʨʝʜʝʣʝ ʙʝʩʢʦʥʝʯʥʦʡ ʵʣʝʢʪʨʦʧʨʦʚʦʜʠʤʦʩʪʠ (ʠʜʝʘʣʴʥʦ 
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ʧʨʦʚʦʜʷʱʘʷ ʩʨʝʜʘ) ʙʝʩʢʦʥʝʯʥʦ ʤʘʣʦʝ ɻ ʣʝʢʪʨʠʯʝʩʢʦʝ ʧʦʣʝ ʚʳʟʳʚʘʣʦ ʙʳ ʨʦʩʪ ʪʦʢʘ ʜʦ ʙʝʩʢʦ-

ʥʝʯʥʦ ʙʦʣʴʰʦʡ ʚʝʣʠʯʠʥʳ, ʯʪʦ ʪʨʝʙʦʚʘʣʦ ʙʳ ʙʝʩʢʦʥʝʯʥʦ ʙʦʣʴʰʦʡ ʟʘʪʨʘʪʳ ʵʥʝʨʛʠʠ. ʉʣʝʜʦ-

ʚʘʪʝʣʴʥʦ, ʚ ʧʨʠʙʣʠʞʝʥʠʠ ʠʜʝʘʣʴʥʦʡ ʧʨʦʚʦʜʠʤʦʩʪʠ ʵʣʝʢʪʨʠʯʝʩʢʦʝ ʧʦʣʝ ʚ ʩʠʩʪʝʤʝ ʢʦʦʨʜʠ-

ʥʘʪ, ʩʚʷʟʘʥʥʦʡ ʩ ʜʚʠʞʫʱʝʡʩʷ ʩʨʝʜʦʡ, ʜʦʣʞʥʦ ʨʘʚʥʷʪʴʩʷ ʥʫʣʶ.  

ʌʠʟʠʯʝʩʢʘʷ ʠʥʪʝʨʧʨʝʪʘʮʠʷ ʜʚʠʞʝʥʠʷ ʠʜʝʘʣʴʥʦ ʧʨʦʚʦʜʷʱʝʡ ʩʨʝʜʳ ʤʦʞʝʪ ʙʳʪʴ ʜʘʥʘ 

ʚ ʪʝʨʤʠʥʘʭ ʚʤʦʨʦʞʝʥʥʦʩʪʠ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʚ ʩʨʝʜʫ. ɽʩʣʠ ʜʚʠʞʫʱʠʡʩʷ ʧʨʦʚʦʜʥʠʢ ʧʝʨʝ-

ʩʝʢʘʝʪ ʩʠʣʦʚʳʝ ʣʠʥʠʠ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ, ʚ ʥʝʤ ʚʦʟʙʫʞʜʘʝʪʩʷ ʵʣʝʢʪʨʦʜʚʠʞʫʱʘʷ ʩʠʣʘ, ʧʨʝ-

ʧʷʪʩʪʚʫʶʱʘʷ ʠʟʤʝʥʝʥʠʶ ʤʘʛʥʠʪʥʦʛʦ ʧʦʪʦʢʘ. ʇʦʵʪʦʤʫ ʠʜʝʘʣʴʥʳʡ ʧʨʦʚʦʜʥʠʢ ʩʚʦʠʤ ʜʚʠ-

ʞʝʥʠʝʤ ʜʦʣʞʝʥ ʫʚʣʝʢʘʪʴ ʩʠʣʦʚʳʝ ʣʠʥʠʠ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʪʘʢ, ʢʘʢ ʝʩʣʠ ʙʳ ʦʥʠ ʙʳʣʠ ʚ ʥʝʛʦ 

ʚʤʦʨʦʞʝʥʳ. ʀʜʝʘʣʴʥʦ ʧʨʦʚʦʜʷʱʘʷ ʧʣʘʟʤʘ ʜʚʠʞʝʪʩʷ ʪʘʢ, ʢʘʢ ʝʩʣʠ ʙʳ ʝʝ ʯʘʩʪʠʮʳ ʙʳʣʠ 

çʧʨʠʢʣʝʝʥʳè ʢ ʩʠʣʦʚʳʤ ʣʠʥʠʷʤ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ. ʈʝʘʣʴʥʘʷ ʢʦʩʤʠʯʝʩʢʘʷ ʧʣʘʟʤʘ ʜʘʣʝʢʦ ʥʝ 

ʠʜʝʘʣʴʥʘ, ʧʦʵʪʦʤʫ ʚʤʦʨʦʞʝʥʥʦʩʪʴ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʚ ʧʣʘʟʤʫ ʩʣʝʜʫʝʪ ʧʦʥʠʤʘʪʴ ʚ ʩʤʳʩʣʝ 

ʪʦʛʦ, ʯʪʦ ʪʨʝʙʫʝʪʩʷ ʙʦʣʴʰʦʝ ʚʨʝʤʷ ʠʟʤʝʥʝʥʠʷ ʤʘʛʥʠʪʥʦʛʦ ʧʦʪʦʢʘ ʯʝʨʝʟ ʧʨʦʚʦʜʷʱʠʡ ʢʦʥ-

ʪʫʨ ʧʨʠ ʝʛʦ ʜʝʬʦʨʤʘʮʠʷʭ. ʀʥʳʤʠ ʩʣʦʚʘʤʠ, ʥʫʞʥʦ ʩʨʘʚʥʠʚʘʪʴ ʚʨʝʤʷ ʜʠʩʩʠʧʘʮʠʠ ʤʘʛʥʠʪ-

ʥʦʛʦ ʧʦʣʷ ʠʟ-ʟʘ ʢʦʥʝʯʥʦʡ ʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʚʦʜʠʤʦʩʪʠ ʧʣʘʟʤʳ ʩ ʭʘʨʘʢʪʝʨʥʳʤ ʚʨʝʤʝʥʥʳʤ 

ʤʘʩʰʪʘʙʦʤ ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʛʦ ʬʠʟʠʯʝʩʢʦʛʦ ʧʨʦʮʝʩʩʘ (ʚʨʝʤʝʥʠ ʩʞʘʪʠʷ ʦʙʣʘʢʘ ʛʘʟʘ, ʧʝʨʠʦʜʘ 

ʝʛʦ ʚʨʘʱʝʥʠʷ ʠ ʪ.ʜ.).  

ɽʩʣʠ ʚ ʥʝʢʦʪʦʨʦʡ ʦʙʣʘʩʪʠ  ʩʨʝʜʳ ʪʝʯʝʪ ʪʦʢ ʩ ʧʣʦʪʥʦʩʪʴʶ j, ʪʦ ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʫʨʘʚ-

ʥʝʥʠʝʤ ʄʘʢʩʚʝʣʣʘ,  
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p
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ʦʥ ʧʦʨʦʞʜʘʶʪ ʤʘʛʥʠʪʥʦʝ ʧʦʣʝ B ~ 4 j́R/c, ʛʜʝ R ï ʨʘʟʤʝʨ ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʡ ʦʙʣʘʩʪʠ.  

ʊʦʢ ʚ ʧʣʘʟʤʝ ʩ ʢʦʥʝʯʥʦʡ ʧʨʦʚʦʜʠʤʦʩʪʴʶ ʟʘʪʫʭʘʝʪ ʠʟ-ʟʘ ʜʞʦʫʣʝʚʳʭ ʧʦʪʝʨʴ, ʩʚʷʟʘʥ-

ʥʳʭ ʩʦ ʩʪʦʣʢʥʦʚʝʥʠʷʤʠ ɻ ʣʝʢʪʨʦʥʦʚ ʩ ʠʦʥʘʤʠ. ɺʳʜʝʣʷʝʤʦʝ ʪʝʧʣʦ ʚ ʝʜʠʥʠʮʫ ʚʨʝʤʝʥʠ ʚ ʝʜʠ-

ʥʠʯʥʦʤ ʦʙʲʝʤʝ ʧʣʘʟʤʳ ʦʧʨʝʜʝʣʷʝʪʩʷ ʚʳʨʘʞʝʥʠʝʤ  
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Q

s
= =Ej   ,  

 

ʛʜʝ E ï ʚʝʢʪʦʨ ʥʘʧʨʷʞʝʥʥʦʩʪʠ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ, ʢʦʪʦʨʦʝ ʚ ʩʦʦʪʚʝʪʩʪʚʠʝ ʩ ʟʘʢʦʥʦʤ ʆʤʘ  

ʩʦʟʜʘʝʪ ʵʣʝʢʪʨʠʯʝʩʢʠʡ ʪʦʢ j  = ůE. ʄʘʛʥʠʪʥʘʷ ʵʥʝʨʛʠʷ ʚ ʝʜʠʥʠʮʝ ʦʙʲʝʤʘ ʨʘʚʥʘ  
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p
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ʉʣʝʜʦʚʘʪʝʣʴʥʦ, ʭʘʨʘʢʪʝʨʥʦʝ ʚʨʝʤʷ ʜʠʩʩʠʧʘʮʠʠ ʤʘʛʥʠʪʥʦʡ ʵʥʝʨʛʠʠ ʚ ʪʝʧʣʦ (ʠ ʩʦʦʪʚʝʪʩʪʚʫ-

ʶʱʝʝ ʟʘʪʫʭʘʥʠʝ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ) ʚ ʦʙʲʝʤʝ ʩ ʭʘʨʘʢʪʝʨʥʳʤ ʨʘʟʤʝʨʦʤ R ʦʧʨʝʜʝʣʷʝʪʩʷ ʢʘʢ  
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= . (3.45) 

 

 ʉʪʝʧʝʥʴ ʚʤʦʨʦʞʝʥʥʦʩʪʠ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʚ ʩʨʝʜʫ (ʧʣʘʟʤʫ) ʦʧʨʝʜʝʣʷʝʪʩʷ ʩʦʦʪʥʦʰʝ-

ʥʠʝʤ ʤʝʞʜʫ ʚʨʝʤʝʥʝʤ ʜʠʩʩʠʧʘʮʠʠ ʠ ʜʨʫʛʠʤʠ ʭʘʨʘʢʪʝʨʥʳʤʠ ʚʨʝʤʝʥʘʤʠ, ʛʣʘʚʥʳʤ ʠʟ ʢʦʪʦ-

ʨʳʭ ʷʚʣʷʝʪʩʷ ʢʠʥʝʤʘʪʠʯʝʩʢʦʝ ʚʨʝʤʷ 
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ʛʜʝ w ï ʭʘʨʘʢʪʝʨʥʘʷ ʩʢʦʨʦʩʪʴ ʜʚʠʞʝʥʠʷ ʩʨʝʜʳ. ʋʩʣʦʚʠʝ d ct t ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʠʜʝʘʣʴʥʦʡ 
ʚʤʦʨʦʞʝʥʥʦʩʪʠ. ʕʪʦ ʫʩʣʦʚʠʝ ʤʦʞʥʦ ʟʘʧʠʩʘʪʴ ʚ ʥʝʩʢʦʣʴʢʦ ʠʥʦʤ ʚʠʜʝ 
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= =                                                (3.46) 

 

ʩ ʧʦʤʦʱʴʶ ʙʝʟʨʘʟʤʝʨʥʦʛʦ ʧʘʨʘʤʝʪʨʘ ï ʤʘʛʥʠʪʥʦʛʦ ʯʠʩʣʘ ʈʝʡʥʦʣʴʜʩʘ Rem. ɿʜʝʩʴ 
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ī ʤʘʛʥʠʪʥʘʷ ʚʷʟʢʦʩʪʴ, ʦʧʨʝʜʝʣʷʶʱʘʷ ʩʢʦʨʦʩʪʴ ʜʠʩʩʠʧʘʮʠʠ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ. 

ʋʩʣʦʚʠʝ ʚʤʦʨʦʞʝʥʥʦʩʪʠ ʦʟʥʘʯʘʝʪ ʪʘʢʞʝ ʥʝʚʦʟʤʦʞʥʦʩʪʴ ʧʨʦʥʠʢʥʦʚʝʥʠʝ ʚʥʝʰʥʝʛʦ 

ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʚ ʧʣʘʟʤʫ. 

ʇʨʦʚʦʜʠʤʦʩʪʴ ʧʣʘʟʤʳ ʥʝ ʟʘʚʠʩʠʪ ʦʪ ʧʣʦʪʥʦʩʪʠ, ʠ ʣʝʞʠʪ ʚ ʧʨʝʜʝʣʘʭ 1013ī1016 cī1. 

ɹʣʘʛʦʜʘʨʷ ʙʦʣʴʰʠʤ ʨʘʟʤʝʨʘʤ ʢʦʩʤʠʯʝʩʢʠʭ ʦʙʲʝʢʪʦʚ ʪʘʢʘʷ ʧʨʦʚʦʜʠʤʦʩʪʴ ʦʙʝʩʧʝʯʠʚʘʝʪ ʚʳ-

ʧʦʣʥʝʥʠʝ ʫʩʣʦʚʠʷ ʚʤʦʨʦʞʝʥʥʦʩʪʠ (3.46) ʩ ʙʦʣʴʰʠʤ ʟʘʧʘʩʦʤ. ɺ ʢʘʯʝʩʪʚʝ ʧʨʠʤʝʨʘ ʨʘʩʩʤʦʪ-

ʨʠʤ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʧʣʘʟʤʳ ʩʦʣʥʝʯʥʦʛʦ ʚʝʪʨʘ ʩ ʤʘʛʥʠʪʦʩʬʝʨʦʡ ɿʝʤʣʠ (ʨʘʟʜʝʣ 6.6). ɺ ʵʪʦʤ 

ʩʣʫʯʘʝ R å 15 RE å 1010 ʩʤ, w = 300 ʢʤ/ʩ, ʯʪʦ ʧʨʠ ů = 1013 cī1 ʜʘʝʪ Rem = 1010. ʇʦʵʪʦʤʫ ʧʨʠ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʠ ʩ ʛʝʦʤʘʛʥʠʪʥʳʤ ʧʦʣʝʤ ʩʦʣʥʝʯʥʳʡ ʚʝʪʝʨ ʚʝʜʝʪ ʩʝʙʷ ʢʘʢ ʚʳʩʦʢʦʧʨʦʚʦʜʷʱʘʷ 

ʩʨʝʜʘ. ʕʪʦ ʥʝ ʠʩʢʣʶʯʘʝʪ ʪʦʛʦ, ʯʪʦ ʚ ʦʪʜʝʣʴʥʳʭ ʤʘʣʳʭ ʧʦ ʨʘʟʤʝʨʫ ʦʙʣʘʩʪʷʭ ʫʩʣʦʚʠʝ ʚʤʦʨʦ-

ʞʝʥʥʦʩʪʠ ʤʦʞʝʪ ʥʘʨʫʰʘʪʴʩʷ. 

ɺʤʦʨʦʞʝʥʥʦʩʪʴ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʚ ʧʣʘʟʤʫ ʷʚʣʷʝʪʩʷ ʭʦʨʦʰʠʤ ʧʨʠʙʣʠʞʝʥʠʝʤ ʧʨʘʢ-

ʪʠʯʝʩʢʠ ʚʦ ʚʩʝʭ ʘʩʪʨʦʬʠʟʠʯʝʩʢʠʭ ʩʠʪʫʘʮʠʷʭ. ʆʜʥʘʢʦ ʚ ʤʘʣʳʭ ʤʘʩʰʪʘʙʘʭ ʵʪʦ ʧʨʠʙʣʠʞʝʥʠʝ 

ʤʦʞʝʪ ʥʝ ʚʳʧʦʣʥʷʪʴʩʷ, ʦʩʦʙʝʥʥʦ ʚ ʦʙʣʘʩʪʷʭ ʨʝʟʢʦʛʦ ʠʟʤʝʥʝʥʠʷ ʧʘʨʘʤʝʪʨʦʚ ʧʣʘʟʤʳ ʠ ʤʘʛ-

ʥʠʪʥʦʛʦ ʧʦʣʷ.  

 

 

 

 

3.8. ʊʝʣʝʩʢʦʧʳ 

 

ʆʧʪʠʯʝʩʢʦʝ ʠʟʣʫʯʝʥʠʝ ʜʦ ʩʠʭ ʧʦʨ ʦʩʪʘʝʪʩʷ ʛʣʘʚʥʳʤ ʠʩʪʦʯʥʠʢʦʤ ʠʥʬʦʨʤʘʮʠʠ ʦ ʢʦʩ-

ʤʠʯʝʩʢʠʭ ʦʙʲʝʢʪʘʭ. 

ɼʣʷ ʧʦʣʫʯʝʥʠʷ ʠʟʦʙʨʘʞʝʥʠʡ ʚʩʝ ʙʦʣʝʝ ʫʜʘʣʝʥʥʳʭ ʠ ʧʦʵʪʦʤʫ ï ʩʣʘʙʳʭ   ʦʙʲʝʢʪʦʚ 

ʪʨʝʙʫʝʪʩʷ ʧʦʚʳʰʝʥʠʝ ʨʘʟʨʝʰʘʶʱʝʡ ʩʧʦʩʦʙʥʦʩʪʠ ʧʨʠʥʠʤʘʶʱʝʛʦ ʫʩʪʨʦʡʩʪʚʘ ʠ ʫʚʝʣʠʯʝʥʠʝ 

ʝʛʦ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʠ. ʆʙʝ ʵʪʠ ʮʝʣʠ ʜʦʩʪʠʛʘʶʪʩʷ ʧʨʠʤʝʥʝʥʠʝʤ ʪʝʣʝʩʢʦʧʘ ï ʦʧʪʠʯʝʩʢʦʛʦ 

ʧʨʠʙʦʨʘ, ʚ ʢʦʪʦʨʦʤ ʧʨʦʠʩʭʦʜʠʪ ʬʦʢʫʩʠʨʦʚʢʘ ʩʚʝʪʘ, ʧʘʜʘʶʱʝʛʦ ʥʘ ʦʙʲʝʢʪʠʚ, ʚ ʥʝʙʦʣʴʰʫʶ 

ʦʙʣʘʩʪʴ ʚ ʬʦʢʘʣʴʥʦʡ ʧʣʦʩʢʦʩʪʠ ʪʝʣʝʩʢʦʧʘ, ʛʜʝ ʩʪʨʦʠʪʩʷ ʨʝʟʢʦʝ ʠʟʦʙʨʘʞʝʥʠʝ ʠʩʪʦʯʥʠʢʘ ʠʟ-

ʣʫʯʝʥʠʷ. ʂʘʢ ʠʟʚʝʩʪʥʦ, ʧʝʨʚʳʡ ʦʧʪʠʯʝʩʢʠʡ ʪʝʣʝʩʢʦʧ ʙʳʣ ʠʩʧʦʣʴʟʦʚʘʥ ʩ ʘʩʪʨʦʥʦʤʠʯʝʩʢʠʤʠ 

ʮʝʣʷʤʠ ɻʘʣʠʣʝʦ ɻʘʣʠʣʝʝʤ ʚ 1610 ʛ. ʠ ʩʦʩʪʦʷʣ ʠʟ ʧʦʣʦʞʠʪʝʣʴʥʦʡ ʣʠʥʟʳ (ʦʙʲʝʢʪʠʚ) ʠ ʦʪʨʠ-

ʮʘʪʝʣʴʥʦʡ (ʦʢʫʣʷʨ) ʩ ʨʘʟʥʳʤʠ ʜʠʘʤʝʪʨʘʤʠ ʠ ʬʦʢʫʩʥʳʤʠ ʨʘʩʩʪʦʷʥʠʷʤʠ. ɺʧʦʩʣʝʜʩʪʚʠʠ 

(ʚʧʝʨʚʳʝ ʵʪʦ ʩʜʝʣʘʣ ʀ. ʅʴʶʪʦʥ) ʚʤʝʩʪʦ ʣʠʥʟʳ ʜʣʷ ʦʙʲʝʢʪʠʚʘ ʩʪʘʣʠ ʠʩʧʦʣʴʟʦʚʘʪʴ ʟʝʨʢʘʣʘ 

(ʪʝʣʝʩʢʦʧʳ ʨʝʬʣʝʢʪʦʨʳ), ʩ ʧʦʤʦʱʴʶ ʢʦʪʦʨʳʭ ʤʦʞʥʦ ʧʦʩʪʨʦʠʪʴ ʠʟʦʙʨʘʞʝʥʠʷ ʩ ʤʝʥʴʰʠʤʠ 

ʠʩʢʘʞʝʥʠʷʤʠ (ʘʙʝʨʨʘʮʠʷʤʠ), ʯʝʤ ʩ ʧʦʤʦʱʴʶ ʣʠʥʟʦʚʳʭ ʦʙʲʝʢʪʠʚʦʚ. ʆʙʲʝʢʪʠʚ ʠʟʛʦʪʘʚʣʠ-

ʚʘʝʪʩʷ ʢʘʢ ʤʦʞʥʦ ʙʦʣʴʰʝʛʦ ʜʠʘʤʝʪʨʘ, ʯʪʦʙʳ ʩʦʙʠʨʘʪʴ ʤʘʢʩʠʤʘʣʴʥʦʝ ʢʦʣʠʯʝʩʪʚʦ ʵʥʝʨʛʠʠ 

ʠ ʠʤʝʪʴ ʭʦʨʦʰʫʶ ʫʛʣʦʚʫʶ ʨʘʟʨʝʰʘʶʱʫʶ ʩʧʦʩʦʙʥʦʩʪʴ.  

ʈʘʟʨʝʰʘʶʱʘʷ ʩʧʦʩʦʙʥʦʩʪʴ ʪʝʣʝʩʢʦʧʘ ʦʧʨʝʜʝʣʷʝʪʩʷ ʜʠʘʤʝʪʨʦʤ ʦʙʲʝʢʪʠʚʘ D ʠ ʩʦ-

ʩʪʦʷʥʠʝʤ ʘʪʤʦʩʬʝʨʳ ʚ ʤʝʩʪʝ ʥʘʙʣʶʜʝʥʠʷ. ʆʥʘ ʦʛʨʘʥʠʯʝʥʘ ʜʠʬʨʘʢʮʠʝʡ ʩʚʝʪʘ ʩ ʜʣʠʥʦʡ 

ʚʦʣʥʳ ɚ ʥʘ ʚʭʦʜʥʦʤ ʟʨʘʯʢʝ (ʦʧʨʘʚʝ ʦʙʲʝʢʪʠʚʘ) ʥʘ ʫʛʦʣ 
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ʠʣʠ ï ʜʣʷ ʥʘʟʝʤʥʳʭ ʦʧʪʠʯʝʩʢʠʭ ʪʝʣʝʩʢʦʧʦʚ ï ʚʣʠʷʥʠʝʤ ʘʪʤʦʩʬʝʨʥʦʡ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ ʠ 

ʦʙʳʯʥʦ ʩʦʩʪʘʚʣʷʝʪ ʧʦʨʷʜʢʘ 1 ʩʝʢʫʥʜʳ ʜʫʛʠ. ʀʟʦʙʨʘʞʝʥʠʝ ʩʪʨʦʠʪʩʷ ʚ ʬʦʢʘʣʴʥʦʡ ʧʣʦʩʢʦʩʪʠ 

ʦʙʲʝʢʪʠʚʘ. ɽʩʣʠ ʩʪʘʚʠʪʩʷ ʟʘʜʘʯʘ ʠʟʫʯʝʥʠʷ ʠʟʦʙʨʘʞʝʥʠʷ ʚʩʝʭ ʦʙʲʝʢʪʦʚ, ʧʦʧʘʜʘʶʱʠʭ ʚ ʧʦʣʝ 

ʟʨʝʥʠʷ ʦʙʲʝʢʪʠʚʘ, ʚ ʬʦʢʘʣʴʥʦʡ ʧʣʦʩʢʦʩʪʠ ʫʩʪʘʥʘʚʣʠʚʘʝʪʩʷ ʧʘʥʦʨʘʤʥʳʡ ʧʨʠʝʤʥʠʢ ï  ʬʦʪʦ-

ʧʣʘʩʪʠʥʢʘ ʠʣʠ ʧʨʠʙʦʨ ʩ ʟʘʨʷʜʦʚʦʡ ʩʚʷʟʴʶ (ʇɿʉ-ʤʘʪʨʠʮʘ).  

 ʆʩʥʦʚʥʘʷ ʟʘʜʘʯʘ ʪʝʣʝʩʢʦʧʘ ï ʩʦʙʨʘʪʴ ʩʚʝʪ, ʧʘʜʘʶʱʠʡ ʥʘ ʦʙʲʝʢʪʠʚ, ʠ ʧʦʣʫʯʠʪʴ ʧʦ 

ʚʦʟʤʦʞʥʦʩʪʠ ʥʘʠʙʦʣʝʝ ʯʝʪʢʦʝ ʠʟʦʙʨʘʞʝʥʠʝ ʠʩʩʣʝʜʫʝʤʦʛʦ ʦʙʲʝʢʪʘ, ʯʪʦʙʳ ʦʙʝʩʧʝʯʠʪʴ ʤʘʢ-

ʩʠʤʘʣʴʥʫʶ ʪʦʯʥʦʩʪʴ ʦʮʝʥʦʢ ʩʚʝʪʦʚʦʛʦ ʧʦʪʦʢʘ, ʫʛʣʦʤʝʨʥʳʭ ʠʟʤʝʨʝʥʠʡ ʠ ʧʦʣʦʞʝʥʠʷ ʩʧʝʢ-

ʪʨʘʣʴʥʳʭ ʣʠʥʠʡ. ɺʦʟʤʦʞʥʦʩʪʠ ʥʘʙʣʶʜʝʥʠʷ ʩʣʘʙʳʭ ʦʙʲʝʢʪʦʚ ʚʦʟʨʘʩʪʘʶʪ ʩ ʫʚʝʣʠʯʝʥʠʝʤ 

ʜʠʘʤʝʪʨʘ ʪʝʣʝʩʢʦʧʘ. 

ʂʨʫʧʥʳʝ ʩʦʚʨʝʤʝʥʥʳʝ ʦʧʪʠʯʝʩʢʠʝ ʪʝʣʝʩʢʦʧʳ ʠʤʝʶʪ ʜʠʘʤʝʪʨ ʛʣʘʚʥʦʛʦ ʟʝʨʢʘʣʘ D å 

10 ʤ. ʉʧʠʩʦʢ ʢʨʫʧʥʝʡʰʠʭ ʪʝʣʝʩʢʦʧʦʚ ʚʦʟʛʣʘʚʣʷʶʪ ʜʚʘ ʪʝʣʝʩʢʦʧʘ ʠʤ. ʋ. ʂʝʢʘ ʥʘ ʦʙʩʝʨʚʘ-

ʪʦʨʠʠ ʄʘʫʥʘ ʂʝʘ (ɻʘʚʘʡʩʢʠʝ ʦʩʪʨʦʚʘ) ʩ ʜʠʘʤʝʪʨʦʤ ʟʝʨʢʘʣʘ D = 10 ʤ.  ʊʘʤ ʞʝ ʨʘʩʧʦʣʦʞʝʥ 

ʷʧʦʥʩʢʠʡ ʪʝʣʝʩʢʦʧ ʉʫʙʘʨʫ ʩ ʜʠʘʤʝʪʨʦʤ ʟʝʨʢʘʣʘ D = 8.3 ʤ. ʉʣʝʜʦʤ ʠʜʫʪ ʯʝʪʳʨʝ ʟʝʨʢʘʣʘ 

ʪʝʣʝʩʢʦʧʘ VLT (Very Large Telescope) ɽʚʨʦʧʝʡʩʢʦʡ ʖʞʥʦʡ ʆʙʩʝʨʚʘʪʦʨʠʠ (ʉʝʨʨʦ ʇʘʨʘʥʘʣ, 

ʏʠʣʠ) c D å 8.2 ʤ. ʂʣʘʩʩ 8-ʤʠ ʤʝʪʨʦʚʳʭ ʟʝʨʢʘʣ ʟʘʤʳʢʘʶʪ 2 ʠʜʝʥʪʠʯʥʳʭ ʪʝʣʝʩʢʦʧʘ ɼʞʝ-

ʤʠʥʠ  ï ʦʜʠʥ ʫʩʪʘʥʦʚʣʝʥ ʥʘ ɻʘʚʘʡʩʢʠʭ ʦʩʪʨʦʚʘʭ (ʦʙʩʝʨʚʘʪʦʨʠʷ ʄʘʫʥʘ ʂʝʘ), ʜʨʫʛʦʡ ï ʚ ʏʠ-

ʣʠʡʩʢʠʭ ɸʥʜʘʭ (ʦʙʩʝʨʚʘʪʦʨʠʷ ʉʝʨʦ ʇʘʭʦʥ). ʇʦ ʩʦʩʪʦʷʥʠʶ ʥʘ 2012-ʡ ʛʦʜ, ʨʦʩʩʠʡʩʢʠʡ ʪʝʣʝ-

ʩʢʦʧ ɹʊɸ ʉʧʝʮʠʘʣʴʥʦʡ ɸʩʪʨʦʬʠʟʠʯʝʩʢʦʡ ʆʙʩʝʨʚʘʪʦʨʠʠ ʈɸʅ ʩ ʜʠʘʤʝʪʨʦʤ D = 6 ʤ ʷʚʣʷ-

ʝʪʩʷ ʦʜʥʠʤ ʠʟ 5-ʪʠ ʪʝʣʝʩʢʦʧʦʚ ʪʘʢʦʛʦ ʢʣʘʩʩʘ. 

ɺʘʞʥʫʶ ʨʦʣʴ ʚ ʠʩʩʣʝʜʦʚʘʥʠʠ ʢʦʩʤʠʯʝʩʢʠʭ ʦʙʲʝʢʪʦʚ ʠʛʨʘʶʪ ʢʦʩʤʠʯʝʩʢʠʝ ʪʝʣʝ-

ʩʢʦʧʳ. ʀʭ ʫʛʣʦʚʦʝ ʨʘʟʨʝʰʝʥʠʝ ʚ ʜʝʩʷʪʢʠ ʨʘʟ ʚʳʰʝ,  ʘ ʠʩʩʣʝʜʫʝʤʳʡ ʩʧʝʢʪʨʘʣʴʥʳʡ ʜʠʘʧʘʟʦʥ 

ʟʥʘʯʠʪʝʣʴʥʦ ʰʠʨʝ, ʯʝʤ ʫ ʥʘʟʝʤʥʳʭ ʠʥʩʪʨʫʤʝʥʪʦʚ. ʉʘʤʳʡ ʙʦʣʴʰʦʡ ʢʦʩʤʠʯʝʩʢʠʡ ʪʝʣʝʩʢʦʧ, 

ʩʦʟʜʘʥʥʳʡ ʚ 1990 ʛ ʜʣʷ ʥʘʙʣʶʜʝʥʠʷ ʚ ʦʧʪʠʯʝʩʢʦʤ ʜʠʘʧʘʟʦʥʝ, ʠʤʝʝʪ ʟʝʨʢʘʣʦ ʜʠʘʤʝʪʨʦʤ 2.4 

ʤ (ʪʝʣʝʩʢʦʧ çʍʘʙʙʣè (ʨʠʩ. 3.4), ʅɸʉɸ ʠ ɽʚʨʦʧʝʡʩʢʦʝ ʢʦʩʤʠʯʝʩʢʦʝ ʘʛʝʥʪʩʪʚʦ), ʢʦʪʦʨʦʝ 

ʦʙʝʩʧʝʯʠʚʘʝʪ ʫʛʣʦʚʦʝ ʨʘʟʨʝʰʝʥʠʝ ʦʢʦʣʦ 0.1¡¡. ʅʘʙʣʶʜʝʥʠʷ, ʚʳʧʦʣʥʝʥʥʳʝ ʪʝʣʝʩʢʦʧʦʤ çʍʘ-

ʙʙʣè, ʧʦʟʚʦʣʠʣʠ ʟʥʘʯʠʪʝʣʴʥʦ ʫʪʦʯʥʠʪʴ ʟʥʘʯʝʥʠʝ ʧʦʩʪʦʷʥʥʦʡ ʍʘʙʙʣʘ ʠ ʚʦʟʨʘʩʪ ɺʩʝʣʝʥʥʦʡ 

ï 13.7 ʤʣʨʜ. ʣʝʪ. ʊʝʣʝʩʢʦʧ çʍʘʙʙʣè ʚ 2009 ʛ ʩʜʝʣʘʣ ʩʥʠʤʦʢ ʩʘʤʦʡ ʫʜʘʣʝʥʥʦʡ ʛʘʣʘʢʪʠʢʠ, 

ʨʘʩʩʪʦʷʥʠʝ ʜʦ ʢʦʪʦʨʦʡ ʥʘ ʦʩʥʦʚʝ ʥʘʙʣʶʜʝʥʠʡ ʪʝʣʝʩʢʦʧʦʤ  VLT ʩʦʩʪʘʚʣʷʝʪ 13.1 ʤʣʨʜ. ʩʚʝ-

ʪʦʚʳʭ ʣʝʪ. 

ʅʘʟʝʤʥʘʷ ʘʩʪʨʦʥʦʤʠʷ, ʦʛʨʘʥʠʯʝʥʥʘʷ ʦʧʪʠʯʝʩʢʠʤ ʘʪʤʦʩʬʝʨʥʳʤ ʦʢʥʦʤ ʧʨʦʟʨʘʯʥʦ-

ʩʪʠ, ʪʝʤ ʥʝ ʤʝʥʝʝ, ʪʦʞʝ ʙʳʩʪʨʦ ʨʘʟʚʠʚʘʝʪʩʷ. ɼʠʘʤʝʪʨʳ ʪʝʣʝʩʢʦʧʦʚ  ʧʝʨʝʰʘʛʥʫʣʠ ʜʝʬʦʨʤʘ-

ʮʠʦʥʥʳʡ ʧʨʝʜʝʣ ʧʘʩʩʠʚʥʳʭ ʟʝʨʢʘʣ, ʩʦʩʪʘʚʣʷʶʱʠʡ 6 ʤ. ʇʨʠʤʝʥʝʥʠʝ ʩʠʩʪʝʤʳ ʘʜʘʧʪʠʚʥʦʡ 

ʦʧʪʠʢʠ, ʚʦʩʩʪʘʥʘʚʣʠʚʘʶʱʝʡ ʧʦʯʪʠ ʠʜʝʘʣʴʥʦʝ ʠʟʦʙʨʘʞʝʥʠʝ, ʠʩʢʘʞʝʥʥʦʝ ʥʝʦʜʥʦʨʦʜʥʦʡ ʘʪ-

ʤʦʩʬʝʨʦʡ ɿʝʤʣʠ, ʧʦʟʚʦʣʠʪ ʚ ʙʣʠʞʘʡʰʝʤ ʙʫʜʫʱʝʤ ʠʟʛʦʪʦʚʠʪʴ ʵʢʩʪʨʝʤʘʣʴʥʦ ʙʦʣʴʰʠʝ ʪʝʣʝ-

ʩʢʦʧʳ ʩ ʩʝʛʤʝʥʪʥʳʤ (ʩʦʩʪʘʚʥʳʤ) ʟʝʨʢʘʣʦʤ ʜʠʘʤʝʪʨʘ D å 40 ʤ. ʊʘʢ ʩʠʣʘʤʠ ɽʚʨʦʧʝʡʩʢʦʡ 

ʶʞʥʦʡ ʦʙʩʝʨʚʘʪʦʨʠʠ ʫʞʝ ʥʘʯʘʪʦ ʩʪʨʦʠʪʝʣʴʩʪʚʦ ʪʝʣʝʩʢʦʧʘ E-ELT (European Extremely 

ʈʠʩ. 3.4 ʂʦʩʤʠʯʝʩʢʠʡ ʪʝʣʝʩʢʦʧ 

çʍʘʙʙʣè ʩ ʜʠʘʤʝʪʨʦʤ ʟʝʨʢʘʣʘ 2.4 

ʤ. ʉʦʚʤʝʩʪʥʳʡ ʧʨʦʝʢʪ ʅɸʉɸ ʠ 

ɽʚʨʦʧʝʡʩʢʦʛʦ ʢʦʩʤʠʯʝʩʢʦʛʦ  

ʘʛʝʥʪʩʪʚʘ. ɺʦʣʥʦʚʦʡ ʜʠʘʧʘʟʦʥ: 

ʫʣʴʪʨʘʬʠʦʣʝʪʦʚʳʡ, ʚʠʜʠʤʳʡ, 

ʠʥʬʨʘʢʨʘʩʥʳʡ. ɺʳʚʝʜʝʥ ʥʘ ʦʨʙʠʪʫ 

ʚ 1990 ʛ. 
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Large Telescope) ʩ ʜʠʘʤʝʪʨʦʤ D = 39.3 ʤ (ʨʠʩ. 3.5). ʆʥ ʙʫʜʝʪ ʚʦʟʚʝʜʝʥ ʥʘ ʛʦʨʝ ʉʝʨʦ-ɸʨʤʘ-

ʟʦʥʝʩ ʚ ʏʠʣʠ ʠ ʙʫʜʝʪ ʠʤʝʪʴ ʨʝʢʦʨʜʥʦʝ ʫʛʣʦʚʦʝ ʨʘʟʨʝʰʝʥʠʝ 0.001¡¡. 
ʆʜʥʘ ʠʟ ʦʙʣʘʩʪʝʡ, ʛʜʝ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʪʝʣʝʩʢʦʧʘ E-ELT ʦʞʠʜʘʝʪʩʷ ʟʥʘʯʠʪʝʣʴʥʳʡ 

ʥʘʫʯʥʳʡ ʧʨʦʨʳʚ ï ʧʦʠʩʢʠ ʵʢʟʦʧʣʘʥʝʪ, ʪʦ ʝʩʪʴ ʧʣʘʥʝʪ, ʦʙʨʘʱʘʶʱʠʭʩʷ ʚʦʢʨʫʛ ʜʨʫʛʠʭ ʟʚʝʟʜ. 

ʄʦʞʥʦ ʦʞʠʜʘʪʴ ʥʝ ʪʦʣʴʢʦ ʦʪʢʨʳʪʠʷ ʧʣʘʥʝʪ ʩ ʤʘʩʩʘʤʠ ʚʧʣʦʪʴ ʜʦ ʟʝʤʥʦʡ, ʥʦ ʪʘʢʞʝ ʠ ʧʦʣʫ-

ʯʝʥʠʝ ʧʨʷʤʳʭ ʠʟʦʙʨʘʞʝʥʠʡ ʧʣʘʥʝʪ ʙʦʣʴʰʠʭ ʨʘʟʤʝʨʦʚ ʠ ʠʟʤʝʨʝʥʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢ  

 

ʠʭ ʘʪʤʦʩʬʝʨ. 

ʊʝʣʝʩʢʦʧ E-ELT ʧʦʟʚʦʣʠʪ ʘʩʪʨʦʥʦʤʘʤ ʚʳʷʚʣʷʪʴ ʬʦʨʤʠʨʫʶʱʠʝʩʷ ʧʣʘʥʝʪʥʳʝ ʩʠ-

ʩʪʝʤʳ ʥʘ ʩʘʤʳʭ ʨʘʥʥʠʭ ʩʪʘʜʠʷʭ ʠʭ ʦʙʨʘʟʦʚʘʥʠʷ, ʜʝʪʝʢʪʠʨʦʚʘʪʴ ʚʦʜʫ ʠ ʦʨʛʘʥʠʯʝʩʢʠʝ ʤʦʣʝ-

ʢʫʣʳ ʚ ʧʨʦʪʦʧʣʘʥʝʪʥʳʭ ʜʠʩʢʘʭ ʚʦʢʨʫʛ ʟʚʝʟʜ ʚ ʧʨʦʮʝʩʩʝ ʠʭ ʬʦʨʤʠʨʦʚʘʥʠʷ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, 

ʪʝʣʝʩʢʦʧ E-ELT ʜʦʣʞʝʥ ʦʪʚʝʪʠʪʴ ʥʘ ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʝ ʚʦʧʨʦʩʳ ʪʝʦʨʠʠ ʦʙʨʘʟʦʚʘʥʠʷ ʠ ʵʚʦ-

ʣʶʮʠʠ ʧʣʘʥʝʪ. ɸ ʵʪʦ ʩʜʝʣʘʝʪ ʥʘʩ ʥʘ ʰʘʛ ʙʣʠʞʝ ʢ ʦʪʚʝʪʫ ʥʘ ʝʱʝ ʦʜʠʥ ʞʛʫʯʠʡ ʚʦʧʨʦʩ: ʦʜʠ-

ʥʦʢʠ ʣʠ ʤʳ ʚʦ ɺʩʝʣʝʥʥʦʡ?  

ʀʩʩʣʝʜʫʷ ʥʘʠʙʦʣʝʝ ʫʜʘʣʝʥʥʳʝ ʦʙʲʝʢʪʳ, E-ELT ʥʘʡʜʝʪ ʢʣʶʯ ʢ ʧʦʥʠʤʘʥʠʶ ʪʦʛʦ, ʢʘʢ 

ʦʙʨʘʟʦʚʘʣʠʩʴ ʩʘʤʳʝ ʧʝʨʚʳʝ ʦʙʲʝʢʪʳ ɺʩʝʣʝʥʥʦʡ: ʜʨʝʚʥʝʡʰʠʝ ʟʚʝʟʜʳ, ʛʘʣʘʢʪʠʢʠ, ʯʝʨʥʳʝ 

ʜʳʨʳ, ʠ ʢʘʢ ʦʥʠ ʚʟʘʠʤʦʜʝʡʩʪʚʦʚʘʣʠ. ʊʝʣʝʩʢʦʧ E-ELT ʩʧʨʦʝʢʪʠʨʦʚʘʥ ʪʘʢ, ʯʪʦʙʳ ʚʝʩʪʠ ʜʝ-

ʪʘʣʴʥʦʝ ʠʟʫʯʝʥʠʝ ʧʝʨʚʳʭ ʛʘʣʘʢʪʠʢ ʠ ʧʨʦʩʣʝʞʠʚʘʪʴ ʠʭ ʵʚʦʣʶʮʠʶ ʚ ʢʦʩʤʠʯʝʩʢʦʤ ʚʨʝʤʝʥʠ. 

ʅʘʙʣʶʜʝʥʠʷ ʨʘʥʥʠʭ ʛʘʣʘʢʪʠʢ ʪʝʣʝʩʢʦʧʦʤ E-ELT ʧʦʟʚʦʣʠʪ ʧʦʥʷʪʴ, ʢʘʢ ʩʬʦʨʤʠʨʦʚʘʣʠʩʴ ʵʪʠ 

ʦʙʲʝʢʪʳ ʠ ʢʘʢ ʦʥʠ ʵʚʦʣʶʮʠʦʥʠʨʦʚʘʣʠ 

ɽʱʝ ʦʜʥʘ ʮʝʣʴ, ʩʪʦʷʱʘʷ ʧʝʨʝʜ E-ELT, - ʧʨʷʤʳʝ ʠʟʤʝʨʝʥʠʷ ʫʩʢʦʨʝʥʠʷ ʨʘʩʰʠʨʝʥʠʷ 

ɺʩʝʣʝʥʥʦʡ. ʊʝʣʝʩʢʦʧ E-ELT ʙʫʜʝʪ ʟʘʥʠʤʘʪʴʩʷ ʧʦʠʩʢʦʤ ʚʦʟʤʦʞʥʳʭ ʚʘʨʠʘʮʠʡ ʬʫʥʜʘʤʝʥ-

ʪʘʣʴʥʳʭ ʬʠʟʠʯʝʩʢʠʭ ʧʦʩʪʦʷʥʥʳʭ ʩʦ ʚʨʝʤʝʥʝʤ. ɼʦʩʪʦʚʝʨʥʦʝ ʦʙʥʘʨʫʞʝʥʠʝ ʪʘʢʠʭ ʚʘʨʠʘʮʠʡ 

ʙʫʜʝʪ  

ʠʤʝʪʴ ʜʘʣʝʢʦ ʠʜʫʱʠʝ ʧʦʩʣʝʜʩʪʚʠʷ ʜʣʷ ʥʘʰʝʛʦ ʧʦʥʠʤʘʥʠʷ ʦʙʱʠʭ ʟʘʢʦʥʦʚ ʬʠʟʠʢʠ. 

ʈʘʜʠʦʪʝʣʝʩʢʦʧʳ ʠʩʧʦʣʴʟʫʶʪʩʷ ʜʣʷ ʧʨʠʝʤʘ ʢʦʩʤʠʯʝʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ ʚ ʧʨʝʜʝʣʘʭ 

ʦʢʥʘ ʧʨʦʟʨʘʯʥʦʩʪʠ ʟʝʤʥʦʡ ʘʪʤʦʩʬʝʨʳ  ʚ ʜʠʘʧʘʟʦʥʝ ʜʣʠʥ ʚʦʣʥ ʦʪ ʤʤ ʜʦ ʜʝʢʘʤʝʪʨʦʚ. ɼʚʝ 

ʦʩʥʦʚʥʳʝ ʯʘʩʪʠ ʨʘʜʠʦʪʝʣʝʩʢʦʧʘ ï ʘʥʪʝʥʥʘ ʠ ʨʘʜʠʦʤʝʪʨ (ʧʨʠʝʤʥʦʝ ʫʩʪʨʦʡʩʪʚʦ). ʅʘʠʙʦʣʝʝ 

ʨʘʩʧʨʦʩʪʨʘʥʝʥʳ ʧʘʨʘʙʦʣʠʯʝʩʢʠʝ ʘʥʪʝʥʥʳ, ʩʦʙʠʨʘʶʱʠʝ ʧʘʨʘʣʣʝʣʴʥʳʡ ʨʘʜʠʦʧʦʪʦʢ ʚ ʬʦ-

ʢʫʩʝ. ʇʦʣʥʦʧʦʚʦʨʦʪʥʳʝ ʘʥʪʝʥʥʳ ʜʦʩʪʠʛʘʶʪ ʜʠʘʤʝʪʨʘ D = 100 ʤ (ɹʦʥʥ, ʌʈɻ). ʂʨʫʧʥʝʡʰʝʡ 

ʥʝʧʦʜʚʠʞʥʦʡ ʘʥʪʝʥʥʦʡ ʜʠʘʤʝʪʨʘ D = 300 ʤ ʦʩʥʘʱʝʥ ʨʘʜʠʦʪʝʣʝʩʢʦʧ ʚ ɸʨʝʩʠʙʦ (ʇʫʵʨʪʦ 

ʈʠʢʦ, ʉʐɸ). ʂʨʫʧʥʝʡʰʠʡ ʨʘʜʠʦʪʝʣʝʩʢʦʧ ʠʟ ʩʦʩʪʘʚʥʳʭ ʧʦʜʚʠʞʥʳʭ ʟʝʨʢʘʣ, ʧʨʠʤʳʢʘʶʱʠʭ 

ʜʨʫʛ ʢ ʜʨʫʛʫ ï ʈɸʊɸʅï600 (ʈʦʩʩʠʷ).  

ʈʘʟʨʝʰʘʶʱʘʷ ʫʛʣʦʚʘʷ ʩʧʦʩʦʙʥʦʩʪʴ ʨʘʜʠʦʪʝʣʝʩʢʦʧʘ, ʢʘʢ ʠ ʚ ʩʣʫʯʘʝ ʦʧʪʠʯʝʩʢʦʛʦ ʪʝ-

ʣʝʩʢʦʧʘ, ʦʧʨʝʜʝʣʷʝʪʩʷ ʚʳʨʘʞʝʥʠʝʤ ɗ å ɚ/D, ʛʜʝ ɚ ī ʜʣʠʥʘ ʚʦʣʥʳ ʧʨʠʥʠʤʘʝʤʦʛʦ ʠʟʣʫʯʝʥʠʷ, 

ʘ D ī ʜʠʘʤʝʪʨ ʘʥʪʝʥʥʳ (ʠʣʠ ʦʙʣʘʩʪʠ, ʩʦʜʝʨʞʘʱʝʡ ʩʦʚʦʢʫʧʥʦʩʪʴ ʘʥʪʝʥʥ) ʨʘʜʠʦʪʝʣʝʩʢʦʧʘ. 

ʀʟ-ʟʘ ʙʦʣʴʰʦʡ ʜʣʠʥʳ ʨʘʜʠʦʚʦʣʥ ʨʘʟʨʝʰʘʶʱʘʷ ʩʧʦʩʦʙʥʦʩʪʴ ʦʪʜʝʣʴʥʳʭ ʨʘʜʠʦʪʝʣʝʩʢʦʧʦʚ 

ʈʠʩ. 3.5 ɽʚʨʦʧʝʡʩʢʠʡ 

ʵʢʩʪʨʝʤʘʣʴʥʦ ʙʦʣʴʰʦʡ 

ʪʝʣʝʩʢʦʧ E-ELT ʩ ʜʠʘʤʝʪʨʦʤ 

39.3 ʤ. ɹʫʜʝʪ ʚʦʟʚʝʜʝʥ ʥʘ ʛʦʨʝ 

ʉʝʨʦ-ɸʨʤʘʟʦʥʝʩ ʚ ʏʠʣʠ ʠ 

ʙʫʜʝʪ ʠʤʝʪʴ ʫʛʣʦʚʦʝ 

ʨʘʟʨʝʰʝʥʠʝ . 
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ʜʘʞʝ ʩ ʦʯʝʥʴ ʙʦʣʴʰʠʤ ʜʠʘʤʝʪʨʦʤ ʘʥʪʝʥʥʳ ʧʣʦʭʘʷ, ʩʦʩʪʘʚʣʷʷ ʚ ʣʫʯʰʝʤ ʩʣʫʯʘʝ ʥʝʩʢʦʣʴʢʦ 

ʫʛʣʦʚʳʭ ʤʠʥʫʪ.  

ɼʣʷ ʫʚʝʣʠʯʝʥʠʷ ʨʘʟʨʝʰʘʶʱʝʡ ʩʧʦʩʦʙʥʦʩʪʠ ʪʨʝʙʫʝʪʩʷ ʫʚʝʣʠʯʝʥʠʝ ʙʘʟʳ ʧʨʠʝʤʘ ʨʘ-

ʜʠʦʩʠʛʥʘʣʘ. ʕʪʦ ʜʦʩʪʠʛʘʝʪʩʷ ʤʝʪʦʜʦʤ ʨʘʜʠʦʠʥʪʝʨʬʝʨʦʤʝʪʨʠʠ, ʢʦʛʜʘ ʩʠʛʥʘʣ ʦʪ ʜʚʫʭ ʠʣʠ 

ʙʦʣʝʝ ʨʘʜʠʦʪʝʣʝʩʢʦʧʦʚ, ʨʘʟʥʝʩʝʥʥʳʭ ʥʘ ʨʘʩʩʪʦʷʥʠʝ S, ʟʘʧʠʩʳʚʘʝʪʩʷ ʧʨʠʝʤʥʳʤ ʫʩʪʨʦʡ-

ʩʪʚʦʤ ʥʘ ʢʘʞʜʦʤ ʪʝʣʝʩʢʦʧʝ, ʘ ʟʘʪʝʤ ʩʦʚʤʝʩʪʥʦ ʦʙʨʘʙʘʪʳʚʘʝʪʩʷ. ʕʬʬʝʢʪʠʚʥʘʷ ʨʘʟʨʝʰʘʶ-

ʱʘʷ ʩʧʦʩʦʙʥʦʩʪʴ ʧʨʠ ʵʪʦʤ ʩʪʘʥʦʚʠʪʩʷ ʧʦʨʷʜʢʘ ɚ/S. ʇʦʩʢʦʣʴʢʫ ʨʘʩʩʪʦʷʥʠʝ ʤʝʞʜʫ ʪʝʣʝʩʢʦ-

ʧʘʤʠ S D ʟʥʘʯʠʪʝʣʴʥʦ ʙʦʣʴʰʝ ʜʠʘʤʝʪʨʦʚ ʪʝʣʝʩʢʦʧʦʚ D, ʧʨʠʤʝʥʝʥʠʝ ʨʘʜʠʦʠʥʪʝʨʦʬʝʨʦ-

ʤʝʪʨʠʠ ʧʦʟʚʦʣʷʝʪ ʟʥʘʯʠʪʝʣʴʥʦ ʫʣʫʯʰʠʪʴ ʨʘʟʨʝʰʘʶʱʫʶ ʩʧʦʩʦʙʥʦʩʪʴ ʠʥʩʪʨʫʤʝʥʪʘ. ɺ ʠʥ-

ʪʝʨʬʝʨʦʤʝʪʨʠʠ ʩʦ ʩʚʝʨʭʜʣʠʥʥʦʡ ʙʘʟʦʡ ʠʩʧʦʣʴʟʫʶʪʩʷ ʪʝʣʝʩʢʦʧʳ, ʨʘʩʧʦʣʦʞʝʥʥʳʝ ʚ ʨʘʟʥʳʭ 

ʢʦʥʮʘʭ ɿʝʤʣʠ (ʥʘʧʨʠʤʝʨ, ʚ ɽʚʨʦʧʝ ʠ ʚ ɸʚʩʪʨʘʣʠʠ), ʧʨʠ ʵʪʦʤ ʜʦʩʪʠʛʘʝʪʩʷ ʨʘʟʨʝʰʘʶʱʘʷ 

ʩʧʦʩʦʙʥʦʩʪʴ ʣʫʯʰʝ 0.0001¡¡ ʜʫʛʠ.  

ɸʪʘʢʘʤʩʢʘʷ ɹʦʣʴʰʘʷ ʄʠʣʣʠʤʝʪʨʦʚʘʷ/ʉʫʙʤʠʣʣʠʤʝʪʨʦʚʘʷ ʈʝʰʝʪʢʘ ALMA  (The 

Atacama Large Millimeter/Submillimeter Array), ʚʦʟʚʦʜʠʤʘʷ ʥʘ ʧʣʘʪʦ ʏʘʭʥʘʥʪʦʨ ʚ ʏʠʣʠ ʥʘ 

ʚʳʩʦʪʝ 5000 ʤʝʪʨʦʚ, ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʥʘʠʙʦʣʝʝ ʤʦʱʥʳʡ ʧʦ ʩʚʦʠʤ ʚʦʟʤʦʞʥʦʩʪʷʤ ʨʘʜʠʦ-

ʠʥʪʝʨʬʝʨʦʤʝʪʨ (ʨʠʩ. 3.6). ALMA ʙʫʜʝʪ ʪʝʣʝʩʢʦʧʦʤ ʨʝʚʦʣʶʮʠʦʥʥʦʡ ʢʦʥʩʪʨʫʢʮʠʠ, ʩʦʩʪʦʷ-

ʱʠʤ ʠʟ 66-ʪʠ ʚʳʩʦʢʦʪʦʯʥʳʭ ʘʥʪʝʥʥ, ʨʘʩʩʯʠʪʘʥʥʳʭ ʥʘ ʧʨʠʝʤ ʠʟʣʫʯʝʥʠʷ ʩ ʜʣʠʥʦʡ ʚʦʣʥʳ ʦʪ 

0.3 ʜʦ 9.6 ʤʤ. ɽʛʦ ʛʣʘʚʥʘʷ ʨʝʰʝʪʢʘ ʙʫʜʝʪ ʩʦʩʪʦʷʪʴ ʠʟ 50 ʘʥʪʝʥʥ, ʧʦ 12 ʤʝʪʨʦʚ ʚ ʜʠʘʤʝʪʨʝ, 

ʜʝʡʩʪʚʫʶʱʠʭ ʢʘʢ ʝʜʠʥʳʡ ʪʝʣʝʩʢʦʧ ï  ʠʥʪʝʨʬʝʨʦʤʝʪʨ. ɼʦʧʦʣʥʠʪʝʣʴʥʘʷ ʢʦʤʧʘʢʪʥʘʷ ʨʝ-

ʰʝʪʢʘ ʙʫʜʝʪ ʩʦʜʝʨʞʘʪʴ ʯʝʪʳʨʝ 12-ʤʝʪʨʦʚʳʭ ʠ ʜʚʝʥʘʜʮʘʪʴ 7-ʤʝʪʨʦʚʳʭ ʘʥʪʝʥʥ. ɺʩʝ 66 ʘʥ-

ʪʝʥʥ ALMA ʤʦʛʫʪ ʩʦʯʝʪʘʪʴʩʷ ʚ ʨʘʟʣʠʯʥʳʭ ʢʦʥʬʠʛʫʨʘʮʠʷʭ, ʚ ʢʦʪʦʨʳʭ ʤʘʢʩʠʤʘʣʴʥʦʝ ʨʘʩ-

ʩʪʦʷʥʠʝ ʤʝʞʜʫ ʘʥʪʝʥʥʘʤʠ ʤʦʞʝʪ ʤʝʥʷʪʴʩʷ ʦʪ 150 ʤʝʪʨʦʚ ʜʦ 16 ʢʠʣʦʤʝʪʨʦʚ. ʊʝʣʝʩʢʦʧ ʩʤʦ-

ʞʝʪ ʟʦʥʜʠʨʦʚʘʪʴ ɺʩʝʣʝʥʥʫʶ ʥʘ ʤʠʣʣʠʤʝʪʨʦʚʳʭ ʠ ʩʫʙʤʠʣʣʠʤʝʪʨʦʚʳʭ ʚʦʣʥʘʭ ʩ ʙʝʩʧʨʝʮʝ-

ʜʝʥʪʥʦʡ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴʶ ʠ ʨʘʟʨʝʰʝʥʠʝʤ, ʧʨʠ ʯʝʪʢʦʩʪʠ ʠʟʦʙʨʘʞʝʥʠʡ ʚ ʜʝʩʷʪʴ ʨʘʟ ʣʫʯ-

ʰʝʡ, ʯʝʤ ʪʘ, ʢʦʪʦʨʫʶ ʦʙʝʩʧʝʯʠʚʘʝʪ ʢʦʩʤʠʯʝʩʢʠʡ ʪʝʣʝʩʢʦʧ çʍʘʙʙʣè.  

ALMA ï ʩʘʤʳʡ ʤʦʱʥʳʡ ʠʥʩʪʨʫʤʝʥʪ ʜʣʷ ʥʘʙʣʶʜʝʥʠʡ ʭʦʣʦʜʥʦʡ ɺʩʝʣʝʥʥʦʡ ï  ʤʦʣʝ-

ʢʫʣʷʨʥʦʛʦ ʛʘʟʘ ʠ ʧʳʣʠ, ʘ ʪʘʢʞʝ ʨʝʣʠʢʪʦʚʦʛʦ ʠʟʣʫʯʝʥʠʷ. ALMA ʙʫʜʝʪ ʠʩʩʣʝʜʦʚʘʪʴ ʩʪʨʦʠ-

ʪʝʣʴʥʳʝ ʙʣʦʢʠ, ʠʟ ʢʦʪʦʨʳʭ ʩʦʟʜʘʶʪʩʷ ʟʚʝʟʜʳ, ʧʣʘʥʝʪʥʳʝ ʩʠʩʪʝʤʳ, ʛʘʣʘʢʪʠʢʠ ʠ ʩʘʤʘ ʞʠʟʥʴ. 

ʇʦʣʫʯʘʷ ʜʝʪʘʣʴʥʳʝ ʠʟʦʙʨʘʞʝʥʠʷ ʟʚʝʟʜ ʠ ʧʣʘʥʝʪ, ʨʦʞʜʘʶʱʠʭʩʷ ʚ ʦʙʣʘʢʘʭ ʛʘʟʘ ʚʙʣʠʟʠ ʉʦʣ-

ʥʝʯʥʦʡ ʩʠʩʪʝʤʳ, ʠ ʨʝʛʠʩʪʨʠʨʫʷ ʫʜʘʣʝʥʥʳʝ ʛʘʣʘʢʪʠʢʠ ʥʘ ʢʨʘʶ ʥʘʙʣʶʜʘʝʤʦʡ ɺʩʝʣʝʥʥʦʡ (ʤʳ 

ʚʠʜʠʤ ʠʭ ʪʘʢʠʤʠ, ʢʘʢʠʤ ʦʥʠ ʙʳʣʠ ʧʨʠʤʝʨʥʦ ʜʝʩʷʪʴ ʤʠʣʣʠʘʨʜʦʚ ʣʝʪ ʥʘʟʘʜ), ʘʩʪʨʦʥʦʤʳ ʩʤʦ-

ʛʫʪ ʦʪʚʝʪʠʪʴ ʥʘ ʥʝʢʦʪʦʨʳʝ ʠʟ ʛʣʫʙʦʯʘʡʰʠʭ ʚʦʧʨʦʩʦʚ, ʢʘʩʘʶʱʠʭʩʷ ʥʘʰʝʛʦ ʧʨʦʠʩʭʦʞʜʝʥʠʷ 

ʠ ʤʝʩʪʘ ʚ ʢʦʩʤʦʩʝ. 

ʉʪʨʦʠʪʝʣʴʩʪʚʦ ALMA ʙʳʣʦ ʟʘʚʝʨʰʝʥʦ ʚ 2013 ʛ., ʥʦ ʧʝʨʚʳʝ ʥʘʙʣʶʜʝʥʠʷ ʩ ʤʠʥʠ-

ʤʘʣʴʥʦʡ ʢʦʥʬʠʛʫʨʘʮʠʝʡ ʨʝʰʝʪʢʠ, ʩʦʩʪʦʷʱʝʡ ʠʟ 16-ʪʠ ʘʥʪʝʥʥ, ʥʘʯʘʣʠʩʴ ʫʞʝ ʚ 2011 ʛ. 

ʈʠʩ. 3.6 ʈʘʜʠʦʠʥʪʝʨʬʝʨʦʤʝʪʨ 

ALMA  (ʏʠʣʠ), ʩʦʩʪʦʷʱʠʡ ʠʟ 

66 ʚʳʩʦʢʦʪʦʯʥʳʭ ʘʥʪʝʥʥ, 

ʨʘʩʩʯʠʪʘʥʥʳʭ ʥʘ ʧʨʠʝʤ 

ʠʟʣʫʯʝʥʠʷ ʩ ʜʣʠʥʦʡ ʚʦʣʥʳ ʦʪ 

0.3 ʜʦ 9.6 ʤʤ. 
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ʇʨʝʜʝʣʴʥʦ ʙʦʣʴʰʦʛʦ ʫʛʣʦʚʦʛʦ ʨʘʟʨʝʰʝʥʠʷ ʥʘ ʦʩʥʦʚʝ ʧʨʠʤʝʥʝʥʠʷ ʨʘʜʠʦʠʥʪʝʨʬʝʨʦ-

ʤʝʪʨʠʠ ʤʦʞʥʦ ʜʦʙʠʪʴʩʷ, ʚʳʚʝʜʷ ʦʜʠʥ ʠʟ ʨʘʜʠʦʪʝʣʝʩʢʦʧʦʚ ʚ ʢʦʩʤʦʩ (ʢʦʩʤʠʯʝʩʢʠʡ ʨʘʜʠʦ-

ʠʥʪʝʨʬʝʨʦʤʝʪʨ). ʇʨʠʤʝʨʦʤ ʪʘʢʦʛʦ ʨʦʜʘ ʷʚʣʷʝʪʩʷ ʧʨʦʝʢʪ çʈʘʜʠʦʘʩʪʨʦʥè, ʥʘʯʘʚʰʠʡ ʨʘʙʦʪʫ 

ʚ 2011 ʛ (ʨʠʩ. 3.7). ʆʩʥʦʚʫ ʧʨʦʝʢʪʘ ʩʦʩʪʘʚʣʷʝʪ ʥʘʟʝʤʥʦ-ʢʦʩʤʠʯʝʩʢʠʡ ʠʥʪʝʨʬʝʨʦʤʝʪʨ, ʩʦ-

ʩʪʦʷʱʠʡ ʠʟ ʩʝʪʠ ʥʘʟʝʤʥʳʭ ʨʘʜʠʦʪʝʣʝʩʢʦʧʦʚ ʠ ʢʦʩʤʠʯʝʩʢʦʛʦ ʨʘʜʠʦʪʝʣʝʩʢʦʧʘ, ʫʩʪʘʥʦʚʣʝʥ-

ʥʦʛʦ ʥʘ ʨʦʩʩʠʡʩʢʦʤ ʢʦʩʤʠʯʝʩʢʦʤ ʘʧʧʘʨʘʪʝ çʉʧʝʢʪʨ-ʈè. 

ʉʫʪʴ ʵʢʩʧʝʨʠʤʝʥʪʘ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʦʜʥʦʚʨʝʤʝʥʥʦʤ ʥʘʙʣʶʜʝʥʠʠ ʦʜʥʦʛʦ ʨʘʜʠʦʠʩʪʦʯ-

ʥʠʢʘ ʥʘʟʝʤʥʳʤʠ ʠ ʢʦʩʤʠʯʝʩʢʠʤ ʨʘʜʠʦʪʝʣʝʩʢʦʧʘʤʠ. ʂʦʩʤʠʯʝʩʢʠʡ ʨʘʜʠʦʪʝʣʝʩʢʦʧ  ʦʙʨʘʱʘ-

ʝʪʩʷ ʧʦ ʵʣʣʠʧʪʠʯʝʩʢʦʡ ʦʨʙʠʪʝ ʩ ʚʳʩʦʪʦʡ ʘʧʦʛʝʷ ʦʢʦʣʦ 340 ʪʳʩ. ʢʤ, ʩʨʘʚʥʠʤʦʡ ʩ ʨʘʩʩʪʦʷ-

ʥʠʝʤ ʜʦ ʃʫʥ,r ʠ ʠʩʧʦʣʴʟʫʝʪ ʣʫʥʥʫʶ ʛʨʘʚʠʪʘʮʠʶ ʜʣʷ ʧʦʚʦʨʦʪʘ ʧʣʦʩʢʦʩʪʠ ʩʚʦʝʡ ʦʨʙʠʪʳ. 

ɺʳʩʦʢʦʝ ʨʘʟʨʝʰʝʥʠʝ ʧʨʠ ʥʘʙʣʶʜʝʥʠʠ ʨʘʜʠʦʠʩʪʦʯʥʠʢʦʚ ʦʙʝʩʧʝʯʠʚʘʝʪʩʷ ʟʘ ʩʯʸʪ ʙʦʣʴʰʦʛʦ 

ʧʣʝʯʘ ʠʥʪʝʨʬʝʨʦʤʝʪʨʘ, ʨʘʚʥʦʛʦ ʚʳʩʦʪʝ ʘʧʦʛʝʷ ʦʨʙʠʪʳ. 

ɻʣʘʚʥʘʷ ʥʘʫʯʥʘʷ ʮʝʣʴ ʤʠʩʩʠʠ ð ʠʩʩʣʝʜʦʚʘʥʠʝ ʘʩʪʨʦʥʦʤʠʯʝʩʢʠʭ ʦʙʲʝʢʪʦʚ ʨʘʟʣʠʯ-

ʥʳʭ ʪʠʧʦʚ ʩ ʙʝʩʧʨʝʮʝʜʝʥʪʥʳʤ ʨʘʟʨʝʰʝʥʠʝʤ ʜʦ ʤʠʣʣʠʦʥʥʳʭ ʜʦʣʝʡ ʫʛʣʦʚʦʡ ʩʝʢʫʥʜʳ. ʈʘʟ-

ʨʝʰʝʥʠʝ, ʜʦʩʪʠʛʥʫʪʦʝ ʩ ʧʦʤʦʱʴʶ ʧʨʦʝʢʪʘ çʈʘʜʠʦʘʩʪʨʦʥè, ʧʦʟʚʦʣʠʪ ʠʟʫʯʘʪʴ ʪʘʢʠʝ ʷʚʣʝʥʠʷ 

ʢʘʢ: ʠʩʩʣʝʜʦʚʘʥʠʝ ʨʝʣʷʪʠʚʠʩʪʩʢʠʭ ʩʪʨʫʡ (ʜʞʝʪʦʚ) ʠ ʦʢʨʝʩʪʥʦʩʪʠ ʩʚʝʨʭʤʘʩʩʠʚʥʳʭ ʯʸʨʥʳʭ 

ʜʳʨ ʚ ʘʢʪʠʚʥʳʭ ʛʘʣʘʢʪʠʢʘʭ; ʩʪʨʦʝʥʠʝ ʠ ʜʠʥʘʤʠʢʘ ʦʙʣʘʩʪʝʡ ʟʚʝʟʜʦʦʙʨʘʟʦʚʘʥʠʷ; ʥʝʡʪʨʦʥʥʳʝ 

ʟʚʸʟʜʳ ʠ ʯʸʨʥʳʝ ʜʳʨʳ; ʩʪʨʫʢʪʫʨʘ ʠ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʤʝʞʟʚʸʟʜʥʦʡ ʠ ʤʝʞʧʣʘʥʝʪʥʦʡ ʧʣʘʟʤʳ; 

ʧʦʩʪʨʦʝʥʠʝ ʚʳʩʦʢʦʪʦʯʥʦʡ ʤʦʜʝʣʠ ʛʨʘʚʠʪʘʮʠʦʥʥʦʛʦ ʧʦʣʷ ɿʝʤʣʠ. 

ʂʦʨʦʪʢʦʚʦʣʥʦʚʦʝ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʝ ʠʟʣʫʯʝʥʠʝ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʠ ʛʘʤʤʘ-ʜʠʘʧʘʟʦʥʘ 

ʦʪ ʢʦʩʤʠʯʝʩʢʠʭ ʦʙʲʝʢʪʦʚ ʜʦʩʪʫʧʥʦ ʥʘʙʣʶʜʝʥʠʶ ʪʦʣʴʢʦ ʟʘ ʧʨʝʜʝʣʘʤʠ ʟʝʤʥʦʡ ʘʪʤʦʩʬʝʨʳ ʩ 

ʧʦʤʦʱʴʶ ʢʦʩʤʠʯʝʩʢʠʭ ʪʝʣʝʩʢʦʧʦʚ. ɼʣʷ ʨʝʛʠʩʪʨʘʮʠʷ ʞʝʩʪʢʠʭ ʢʚʘʥʪʦʚ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʛʦ 

ʠʟʣʫʯʝʥʠʷ ʠʩʧʦʣʴʟʫʶʪ ʠʭ ʦʩʦʙʝʥʥʦʩʪʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʩ ʚʝʱʝʩʪʚʦʤ. ɼʣʷ ʨʝʛʠʩʪʨʘʮʠʠ ʬʦ-

ʪʦʥʦʚ ʩ ʵʥʝʨʛʠʝʡ ʤʝʥʝʝ 20ï30 ʢʵɺ ʧʨʠʤʝʥʷʶʪʩʷ ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʳʝ ʛʘʟʦʥʘʧʦʣʥʝʥʥʳʝ ʩʯʝʪ-

ʈʠʩ. 3.7 ʂʦʩʤʠʯʝʩʢʠʡ 

ʨʘʜʠʦʠʥʪʝʨʬʝʨʦʤʝʪʨ 

çʈʘʜʠʦʘʩʪʨʦʥè. 

ʈʠʩ. 3.8 ʈʝʥʪʛʝʥʦʚʩʢʘʷ 

ʦʙʩʝʨʚʘʪʦʨʠʷ (ʪʝʣʝʩʢʦʧ) 

çʏʘʥʜʨʘè. 
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ʯʠʢʠ, ʠʩʧʦʣʴʟʫʶʱʠʝ ʬʦʪʦʵʬʬʝʢʪ ʚ ʛʘʟʝ ʠʣʠ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʪʚʝʨʜʦʛʦ ʪʝʣʘ. ɼʣʷ ʨʝʛʠʩʪʨʘ-

ʮʠʠ ʬʦʪʦʥʦʚ ʩ ʵʥʝʨʛʠʝʡ ʦʪ 30 ʢʵɺ ʜʦ 10 ʄʵɺ ʧʨʠʤʝʥʷʶʪ ʩʮʠʥʪʠʣʣʷʮʠʦʥʥʳʝ ʜʝʪʝʢʪʦʨʳ. 

ʇʘʜʘʶʱʠʡ ʬʦʪʦʥ ʚʳʟʳʚʘʝʪ ʚ ʩʮʠʥʪʠʣʣ̫ ʪʦʨʝ ʚʩʧʳʰʢʫ ʫʣʴʪʨʘʬʠʦʣʝʪʦʚʦʛʦ ʠʣʠ ʚʠʜʠʤʦʛʦ 

ʠʟʣʫʯʝʥʠʷ, ʘʤʧʣʠʪʫʜʘ ʢʦʪʦʨʦʡ ʚ ʦʧʨʝʜʝʣʝʥʥʦʤ ʩʧʝʢʪʨʘʣʴʥʦʤ ʜʠʘʧʘʟʦʥʝ ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʘ 

ʵʥʝʨʛʠʠ ʧʦʛʣʦʱʝʥʥʦʛʦ ʢʚʘʥʪʘ. ʀʤʧʫʣʴʩʳ ʚʠʜʠʤʦʛʦ ʠʟʣʫʯʝʥʠʷ ʨʝʛʠʩʪʨʠʨʫʶʪʩʷ ʬʦʪʦʫʤʥʦ-

ʞʠʪʝʣʷʤʠ.  

ʇʨʠʤʝʨʘʤʠ ʫʩʧʝʰʥʦʡ ʨʘʙʦʪʳ ʢʦʩʤʠʯʝʩʢʠʭ ʦʙʩʝʨʚʘʪʦʨʠʡ ʚ ʨʝʥʪʛʝʥʦʚʩʢʦʤ ʠ ʛʘʤʤʘ-

ʜʠʘʧʘʟʦʥʝ ʤʦʛʫʪ ʩʣʫʞʠʪʴ ʨʝʥʪʛʝʥʦʚʩʢʠʡ ʪʝʣʝʩʢʦʧ çʏʘʥʜʨʘè (ʨʠʩ. 3.8), ʨʘʙʦʪʘʶʱʠʡ ʥʘ ʦʨ-

ʙʠʪʝ ʩ 1999 ʛ, ʠ ʛʘʤʤʘ-ʪʝʣʝʩʢʦʧ çʌʝʨʤʠè (ʨʠʩ. 3.9), ʥʘʯʘʚʰʠʡ ʜʝʪʝʢʪʠʨʦʚʘʥʠʝ ʛʘʤʤʘ-ʠʟʣʫ-

ʯʝʥʠʷ ʩ ʵʥʝʨʛʠʝʡ ʦʪ 20 ʄʵɺ ʜʦ 300 ɻʵɺ ʩ 2008 ʛ. 

ʈʝʛʠʩʪʨʘʮʠʷ ʛʘʤʤʘ-ʠʟʣʫʯʝʥʠʷ ʩ ʵʥʝʨʛʠʷʤʠ ʚʳʰʝ 300 ɻʵɺ ʩ ʧʦʤʦʱʴʶ ʢʦʩʤʠʯʝʩʢʠʭ 

ʪʝʣʝʩʢʦʧʦʚ ʟʘʪʨʫʜʥʠʪʝʣʴʥʘ ʧʦ ʧʨʠʯʠʥʝ ʩʫʱʝʩʪʚʫʶʱʠʭ ʦʛʨʘʥʠʯʝʥʠʡ ʥʘ ʨʘʟʤʝʨ ʠ ʤʘʩʩʫ 

ʫʩʪʨʦʡʩʪʚʘ, ʢʦʪʦʨʦʝ ʤʦʞʥʦ ʚʳʚʝʩʪʠ ʥʘ ʦʢʦʣʦʟʝʤʥʫʶ ʦʨʙʠʪʫ. ʈʝʛʠʩʪʨʘʮʠʷ ʛʘʤʤʘ-ʠʟʣʫʯʝ-

ʥʠʷ ʩ ʵʥʝʨʛʠʷʤʠ ʚʳʰʝ 100 ɻʵɺ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʥʘʟʝʤʥʳʤʠ ʛʘʤʤʘ-ʪʝʣʝʩʢʦʧʘʤʠ. ʈʝʛʠʩʪʨʘ-

ʮʠʷ ʧʦʧʘʜʘʶʱʝʛʦ ʚ ʥʦʯʥʫʶ ʘʪʤʦʩʬʝʨʫ ʛʘʤʤʘ-ʢʚʘʥʪʘ ʦʩʥʦʚʘʥʘ ʥʘ ʜʝʪʝʢʪʠʨʦʚʘʥʠʠ 

ʚʩʧʳʰʢʠ ʦʧʪʠʯʝʩʢʠʭ ʬʦʪʦʥʦʚ ʯʝʨʝʥʢʦʚʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ, ʢʦʪʦʨʦʝ ʨʦʞʜʘʝʪʩʷ ʚʩʣʝʜʩʪʚʠʝ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʛʘʤʤʘ-ʢʚʘʥʪʘ ʩ ʘʪʤʦʩʬʝʨʦʡ. ʌʦʪʦʥʳ ʯʝʨʝʥʢʦʚʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ ʬʦʢʫʩʠʨʫ-

ʶʪʩʷ ʩ ʧʦʤʦʱʴʶ ʟʝʨʢʘʣʘ ʥʘ ʨʝʛʠʩʪʨʠʨʫʶʱʫʶ ʢʘʤʝʨʫ, ʢʦʪʦʨʘʷ ʠ ʦʩʫʱʝʩʪʚʣʷʝʪ ʜʝʪʝʢʪʠʨʦ-

ʚʘʥʠʝ ʚʩʧʳʰʢʠ ʯʝʨʝʥʢʦʚʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ. ʇʦ ʧʘʨʘʤʝʪʨʘʤ ʵʪʦʡ ʚʩʧʳʰʢʠ ʦʧʨʝʜʝʣʷʝʪʩʷ 

ʵʥʝʨʛʠʷ ʛʘʤʤʘ-ʢʚʘʥʪʘ ʠ ʥʘʧʨʘʚʣʝʥʠʝ ʝʛʦ ʧʨʠʭʦʜʘ. ʂʨʫʧʥʝʡʰʘʷ ʜʝʡʩʪʚʫʶʱʘʷ ʩʠʩʪʝʤʘ 

ʛʘʤʤʘ-ʪʝʣʝʩʢʦʧʦʚ HESS (High Energy Stereoscopic System) ʚʢʣʶʯʘʶʱʘʷ ʚ ʩʝʙʷ 5 ʪʝʣʝʩʢʦ-

ʧʦʚ (4 ʩ ʟʝʨʢʘʣʦʤ ʜʠʘʤʝʪʨʘ 12 ʤ ʠ 1 ʩ ʟʝʨʢʘʣʦʤ ʜʠʘʤʝʪʨʘ 28 ʤ) ʥʘʭʦʜʠʪʩʷ ʚ ʅʘʤʠʙʠʠ ʚ 100 

ʢʤ ʦʪ ʩʪʦʣʠʮʳ  ʛ. ɺʠʥʜʭʫʢʘ (ʩʤ. ʛʣʘʚʫ 7). 

 

 

 

 

ɿʘʜʘʯʠ ʢ ʛʣʘʚʝ 3: 

 

1. ʆʧʨʝʜʝʣʠʪʴ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʠʟʣʫʯʝʥʠʷ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʛʦ ʤʘʢʩʠʤʫʤʫ ʬʫʥʢʮʠʠ 
ʇʣʘʥʢʘ Bɚ. 

2. ʂʘʢ ʟʘʚʠʩʠʪ ʷʨʢʦʩʪʥʘʷ ʪʝʤʧʝʨʘʪʫʨʘ ʨʘʜʠʦʠʩʪʦʯʥʠʢʘ, ʠʤʝʶʱʝʛʦ ʩʪʝʧʝʥʥʦʡ ʩʧʝʢʪʨ 
Fɜ ~ ɜ-Ŭ ʦʪ ʜʣʠʥʳ ʚʦʣʥʳ, ʥʘ ʢʦʪʦʨʦʡ ʚʝʜʝʪʩʷ ʥʘʙʣʶʜʝʥʠʝ? 

3. ʀʩʭʦʜʷ ʠʟ ʟʘʢʦʥʘ ʇʣʘʥʢʘ Bɚ(T), ʚʳʚʝʩʪʠ ʟʘʢʦʥ ʉʪʝʬʘʥʘ-ɹʦʣʴʮʤʘʥʘ. 

4. ʉʚʝʪʠʤʦʩʪʴ ʉʦʣʥʮʘ ʨʘʚʥʘ L = 3.84 Ț1033 ʵʨʛ/ʩ, ʘ ʵʬʬʝʢʪʠʚʥʘʷ ʪʝʤʧʝʨʘʪʫʨʘ ï Teff = 

5785 K. ʆʧʨʝʜʝʣʠʪʴ ʨʘʜʠʫʩ ʉʦʣʥʮʘ. 

5. ʄʘʢʩʠʤʫʤ ʩʦʣʥʝʯʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʧʨʠʭʦʜʠʪʩʷ ʥʘ ʜʣʠʥʫ ʚʦʣʥʳ ɚmax = 4600 Ȕ. ɺʳʯʠʩ-

ʣʠʪʴ ʪʝʤʧʝʨʘʪʫʨʫ ʉʦʣʥʮʘ ʧʦ ʟʘʢʦʥʫ ʩʤʝʱʝʥʠʷ ɺʠʥʘ ʠ ʩʨʘʚʥʠʪʴ ʝʝ ʩ ʵʬʬʝʢʪʠʚʥʦʡ 

ʪʝʤʧʝʨʘʪʫʨʦʡ. ʉ ʯʝʤ ʩʚʷʟʘʥʦ ʨʘʟʣʠʯʠʝ ʵʪʠʭ ʪʝʤʧʝʨʘʪʫʨ?  

 

ʈʠʩ. 3.9 ʂʦʩʤʠʯʝʩʢʠʡ ʛʘʤʤʘ-

ʪʝʣʝʩʢʦʧ çʌʝʨʤʠè. 



 59 

6. ʆʧʨʝʜʝʣʠʪʴ ʤʠʥʠʤʘʣʴʥʫʶ (ʧʦʨʦʛʦʚʫʶ) ʵʥʝʨʛʠʶ ʧʨʦʪʦʥʘ, ʧʨʠ ʢʦʪʦʨʦʡ ʚʦʟʤʦʞʥʦ 
ʨʦʞʜʝʥʠʝ ˊ0-ʤʝʟʦʥʘ ʚ ʩʪʦʣʢʥʦʚʝʥʠʠ ʩ ʜʨʫʛʠʤ, ʧʦʢʦʷʱʠʤʩʷ ʧʨʦʪʦʥʦʤ. 

7. ɺʳʚʝʩʪʠ ʚʳʨʘʞʝʥʠʝ ʜʣʷ ʢʦʩʠʥʫʩʘ ʫʛʣʘ, ʧʦʜ ʢʦʪʦʨʳʤ ʠʟʣʫʯʘʶʪʩʷ ʯʝʨʝʥʢʦʚʩʢʠʝ ʬʦ-
ʪʦʥʳ ʧʦ ʦʪʥʦʰʝʥʠʶ ʢ ʥʘʧʨʘʚʣʝʥʠʶ ʜʚʠʞʝʥʠʷ ʵʣʝʢʪʨʦʥʘ. 

8. ʋʩʪʘʥʦʚʠʪʴ ʚʟʘʠʤʦʩʚʷʟʴ ʚʝʣʠʯʠʥʳ ʥʘʧʨʷʞʝʥʥʦʩʪʠ ʦʜʥʦʨʦʜʥʦʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʩ 

ʧʣʦʪʥʦʩʪʴʶ ʚʳʩʦʢʦʧʨʦʚʦʜʷʱʝʡ ʩʨʝʜʳ, ʢʦʪʦʨʘʷ ʧʦʜʚʝʨʛʘʝʪʩʷ ʠʟʦʪʨʦʧʥʦʤʫ ʩʞʘʪʠʶ. 

9. ɺʳʚʝʩʪʠ ʚʳʨʘʞʝʥʠʝ ʜʣʷ ʵʥʝʨʛʠʠ ʨʘʩʩʝʷʥʥʦʛʦ ʥʘʟʘʜ ʬʦʪʦʥʘ ʧʨʠ ʝʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʠ 
ʩ ʜʚʠʞʫʱʠʤʩʷ ʥʘʚʩʪʨʝʯʫ ʨʝʣʷʪʠʚʠʩʪʩʢʠʤ ʵʣʝʢʪʨʦʥʦʤ. 

10. ɺʳʚʝʩʪʠ ʟʘʢʦʥ ʩʤʝʱʝʥʠʷ ɺʠʥʘ. 

 

 

 

 

4. ɿʚʝʟʜʳ 

 
4.1. ʆʙʱʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ 

 

ɿʚʝʟʜʳ ï ʤʘʩʩʠʚʥʳʝ ʧʣʘʟʤʝʥʥʳʝ ʰʘʨʳ, ʥʘʭʦʜʷʱʠʝʩʷ ʚ ʨʘʚʥʦʚʝʩʥʦʤ ʩʦʩʪʦʷʥʠʠ. ʇʦ 

ʩʚʦʝʤʫ ʬʠʟʠʯʝʩʢʦʤʫ ʩʦʩʪʦʷʥʠʶ ʟʚʝʟʜʳ ʨʘʟʜʝʣʷʶʪʩʷ ʥʘ ʥʦʨʤʘʣʴʥʳʝ, ʩʦʩʪʦʷʱʠʝ ʠʟ ʥʝʚʳʨʦ-

ʞʜʝʥʥʦʛʦ ʚʝʱʝʩʪʚʘ (ʠʜʝʘʣʴʥʦʛʦ ʛʘʟʘ), ʠ ʚʳʨʦʞʜʝʥʥʳʝ (ʙʝʣʳʝ ʢʘʨʣʠʢʠ, ʥʝʡʪʨʦʥʥʳʝ 

ʟʚʝʟʜʳ). ɺ ʥʝʜʨʘʭ ʥʦʨʤʘʣʴʥʳʭ ʟʚʝʟʜ ʠʜʫʪ ʪʝʨʤʦʷʜʝʨʥʳʝ ʨʝʘʢʮʠʠ, ʢʦʪʦʨʳʝ ʦʙʝʩʧʝʯʠʚʘʶʪ 

ʨʘʚʥʦʚʝʩʠʝ ʟʚʝʟʜ ʠ ʠʭ ʩʚʝʪʠʤʦʩʪʴ. ʈʘʚʥʦʚʝʩʠʝ ʚʳʨʦʞʜʝʥʥʳʭ ʟʚʝʟʜ ʧʦʜʜʝʨʞʠʚʘʝʪʩʷ ʜʘʚʣʝ-

ʥʠʝʤ ʢʚʘʥʪʦʚʦʤʝʭʘʥʠʯʝʩʢʠ ʚʳʨʦʞʜʝʥʥʳʭ ʬʝʨʤʠʦʥʦʚ (ʵʣʝʢʪʨʦʥʦʚ ʚ ʩʣʫʯʘʝ ʙʝʣʳʭ ʢʘʨʣʠ-

ʢʦʚ ʠʣʠ ʥʝʡʪʨʦʥʦʚ ʚ ʩʣʫʯʘʝ ʥʝʡʪʨʦʥʥʳʭ ʟʚʝʟʜ). ʂ ʦʩʦʙʦʤʫ ʢʣʘʩʩʫ ʩʣʝʜʫʝʪ ʦʪʥʝʩʪʠ ʯʝʨʥʳʝ 

ʜʳʨʳ, ʢʦʪʦʨʳʝ ʚ ʦʙʳʯʥʦʤ ʩʤʳʩʣʝ ʟʚʝʟʜʘʤʠ ʥʝ ʷʚʣʷʶʪʩʷ. ɹʝʣʳʝ ʢʘʨʣʠʢʠ, ʥʝʡʪʨʦʥʥʳʝ 

ʟʚʝʟʜʳ ʠ ʯʝʨʥʳʝ ʜʳʨʳ ʦʙʲʝʜʠʥʷʶʪ ʦʙʱʠʤ ʥʘʟʚʘʥʠʝʤ çʢʦʤʧʘʢʪʥʳʝ ʦʩʪʘʪʢʠè, ʪ.ʢ. ʦʥʠ 

ʷʚʣʷʶʪʩʷ ʢʦʥʝʯʥʳʤʠ ʧʨʦʜʫʢʪʘʤʠ ʵʚʦʣʶʮʠʠ ʦʙʳʯʥʳʭ ʟʚʝʟʜ. ʇʦʣʥʦʝ ʯʠʩʣʦ ʟʚʝʟʜ ʠ ʠʭ ʦʩʪʘʪ-

ʢʦʚ ʚ ʥʘʰʝʡ ɻʘʣʘʢʪʠʢʝ ʩʦʩʪʘʚʣʷʝʪ ʧʦʨʷʜʢʘ 1011.  

 ʇʦ ʩʚʦʠʤ ʩʚʦʡʩʪʚʘʤ ʥʦʨʤʘʣʴʥʳʝ ʟʚʝʟʜʳ ʤʦʛʫʪ ʩʠʣʴʥʦ ʦʪʣʠʯʘʪʴʩʷ ʜʨʫʛ ʦʪ ʜʨʫʛʘ. 

ʇʨʠ ʵʪʦʤ ʦʩʥʦʚʥʳʤʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ ʟʚʝʟʜ, ʦʧʨʝʜʝʣʷʶʱʠʤʠ ʠʭ ʩʪʨʦʝʥʠʝ ʠ ʵʚʦʣʶʮʠʶ, 

ʷʚʣʷʶʪʩʷ ʥʘʯʘʣʴʥʘʷ ʤʘʩʩʘ M, ʭʠʤʠʯʝʩʢʠʡ ʩʦʩʪʘʚ (ʩʦʜʝʨʞʘʥʠʝ ʛʝʣʠʷ ʠ ʙʦʣʝʝ ʪʷʞʝʣʳʭ 

ʵʣʝʤʝʥʪʦʚ ʧʦ ʦʪʥʦʰʝʥʠʶ ʢ ʚʦʜʦʨʦʜʫ) ʠ ʚʦʟʨʘʩʪ.  

ʄʘʩʩʳ ʟʚʝʟʜ ʣʝʞʘʪ ʚ ʧʨʝʜʝʣʘʭ ʦʪ 0.08M  ʜʦ å100M , ʧʨʠʯʝʤ, ʯʝʤ ʙʦʣʴʰʝ ʤʘʩʩʘ 

ʟʚʝʟʜ, ʪʝʤ ʨʝʞʝ ʦʥʠ ʚʩʪʨʝʯʘʶʪʩʷ.  

 ʍʠʤʠʯʝʩʢʠʡ ʩʦʩʪʘʚ ʟʚʝʟʜ (ʛʣʘʚʥʳʤ ʦʙʨʘʟʦʤ, ʩʦʜʝʨʞʘʥʠʝ ʤʝʪʘʣʣʦʚ) ʦʧʨʝʜʝʣʷʝʪ 

ʢʦʵʬʬʠʮʠʝʥʪ ʧʦʛʣʦʱʝʥʠʷ ʚʥʝʰʥʠʭ ʩʣʦʝʚ ʦʙʦʣʦʯʢʠ ʟʚʝʟʜʳ, ʯʪʦ ʩʢʘʟʳʚʘʝʪʩʷ ʥʘ ʚʩʝʭ 

ʧʘʨʘʤʝʪʨʘʭ ʟʚʝʟʜʳ (ʨʘʜʠʫʩʝ, ʮʝʥʪʨʘʣʴʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʠ ʩʢʦʨʦʩʪʠ ʧʨʦʪʝʢʘʥʠʷ ʷʜʝʨʥʳʭ 

ʨʝʘʢʮʠʡ). ʇʦ ʩʚʦʝʤʫ ʭʠʤʠʯʝʩʢʦʤʫ ʩʦʩʪʘʚʫ ʟʚʝʟʜʳ ʜʝʣʷʪʩʷ ʥʘ ʜʚʘ ʙʦʣʴʰʠʭ ʢʣʘʩʩʘ 

(ʥʘʩʝʣʝʥʠʷ). ʂ ʥʘʩʝʣʝʥʠʶ I-ʛʦ ʪʠʧʘ ʦʪʥʦʩʷʪʩʷ ʟʚʝʟʜʳ ʙʝʜʥʳʝ ʪʷʞʝʣʳʤʠ ʵʣʝʤʝʥʪʘʤʠ: 

ʩʦʜʝʨʞʘʥʠʝ ʵʣʝʤʝʥʪʦʚ ʪʷʞʝʣʝʝ ʛʝʣʠʷ ʚ ʥʠʭ ʥʝ ʧʨʝʚʳʰʘʝʪ ʥʝʩʢʦʣʴʢʠʭ ʜʝʩʷʪʳʭ ʜʦʣʝʡ 

ʧʨʦʮʝʥʪʘ ʧʦ ʤʘʩʩʝ. ʕʪʦ ʩʪʘʨʳʝ ʤʘʣʦʤʘʩʩʠʚʥʳʝ ʟʚʝʟʜʳ ī ʢʘʢ ʢʘʨʣʠʢʠ ʛʣʘʚʥʦʡ 

ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ, ʪʘʢ ʠ ʢʨʘʩʥʳʝ ʛʠʛʘʥʪʳ, ī ʨʘʩʧʦʣʦʞʝʥʥʳʝ ʚ ʩʬʝʨʠʯʝʩʢʦʡ 

ʩʦʩʪʘʚʣʷʶʱʝʡ ʥʘʰʝʡ ʠ ʜʨʫʛʠʭ ʩʧʠʨʘʣʴʥʳʭ ʛʘʣʘʢʪʠʢ. ʂ ʥʘʩʝʣʝʥʠʶ II-ʛʦ ʪʠʧʘ ʦʪʥʦʩʷʪ 

ʟʚʝʟʜʳ ʩ ʭʠʤʠʯʝʩʢʠʤ ʩʦʩʪʘʚʦʤ, ʙʣʠʟʢʠʤ ʢ ʩʦʣʥʝʯʥʦʤʫ: ʥʘ ʜʦʣʶ ʵʣʝʤʝʥʪʦʚ ʪʷʞʝʣʝʝ ʛʝʣʠʷ 

ʧʨʠʭʦʜʠʪʩʷ ʦʢʦʣʦ 2% ʧʦ ʤʘʩʩʝ. ɻʘʟ, ʠʟ ʢʦʪʦʨʦʛʦ ʦʙʨʘʟʫʶʪʩʷ ʟʚʝʟʜʳ ʥʘʩʝʣʝʥʠʷ II, ʯʘʩʪʠʯʥʦ 

ʷʚʣʷʝʪʩʷ ʧʨʦʜʫʢʪʦʤ ʵʚʦʣʶʮʠʠ ʟʚʝʟʜ ʥʘʩʝʣʝʥʠʷ I ʠ ʧʦʵʪʦʤʫ ʦʙʦʛʘʱʝʥ ʪʷʞʝʣʳʤʠ 

ʭʠʤʠʯʝʩʢʠʤʠ ʵʣʝʤʝʥʪʘʤʠ ï ʧʨʦʜʫʢʪʘʤʠ ʷʜʝʨʥʦʡ ʵʚʦʣʶʮʠʠ ʟʚʝʟʜ ʧʨʝʜʳʜʫʱʠʭ ʧʦʢʦʣʝʥʠʡ 

ʠ ʚʩʧʳʰʝʢ ʩʚʝʨʭʥʦʚʳʭ. ʉʦʣʥʮʝ ʧʨʠʥʘʜʣʝʞʠʪ ʢ ʥʘʩʝʣʝʥʠʶ II-ʛʦ ʪʠʧʘ. ʉʫʱʝʩʪʚʦʚʘʥʠʝ 

ʟʚʝʟʜ, ʩʦʩʪʦʷʱʠʭ ʮʝʣʠʢʦʤ ʠʟ ʧʝʨʚʠʯʥʦʛʦ ʚʝʱʝʩʪʚʘ, ʥʝ ʧʨʦʰʝʜʰʝʛʦ ʷʜʝʨʥʦʡ ʧʝʨʝʨʘʙʦʪʢʠ 

(ʥʘʩʝʣʝʥʠʝ III), ʷʚʣʷʝʪʩʷ ʧʨʝʜʤʝʪʦʤ ʥʘʫʯʥʦʛʦ ʧʦʠʩʢʘ. ʇʦʢʘ ʠʟʚʝʩʪʥʦ ʣʠʰʴ ʥʝʩʢʦʣʴʢʦ ʟʚʝʟʜ 

ʥʝʙʦʣʴʰʦʡ ʤʘʩʩʳ, ʥʘʭʦʜʷʱʠʭʩʷ ʚ ʛʘʣʦ ʥʘʰʝʡ ɻʘʣʘʢʪʠʢʠ, ʢʦʪʦʨʳʝ ʧʨʘʢʪʠʯʝʩʢʠ ʣʠʰʝʥʳ 
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ʪʷʞʝʣʳʭ ʵʣʝʤʝʥʪʦʚ. ʍʠʤʠʯʝʩʢʠʡ ʩʦʩʪʘʚ ʟʚʝʟʜ ʦʧʨʝʜʝʣʷʝʪʩʷ ʧʦ ʠʭ ʩʧʝʢʪʨʘʤ. ʈʝʟʫʣʴʪʘʪʳ 

ʧʦʢʘʟʳʚʘʶʪ, ʯʪʦ ʥʝʢʦʪʦʨʳʝ ʟʚʝʟʜʳ ʦʙʣʘʜʘʶʪ ʪʝʤʠ ʠʣʠ ʠʥʳʤʠ ʦʩʦʙʝʥʥʦʩʪʷʤʠ ʭʠʤʠʯʝʩʢʦʛʦ 

ʩʦʩʪʘʚʘ. ʆʜʥʘʢʦ ʙʦʣʴʰʠʥʩʪʚʦ ʢʦʩʤʠʯʝʩʢʠʭ ʦʙʲʝʢʪʦʚ ʠʤʝʝʪ ʩʭʦʜʥʳʡ ʩʦʩʪʘʚ. ʄʦʞʥʦ 

ʛʦʚʦʨʠʪʴ ʦ ʩʨʝʜʥʝʤ ʢʦʩʤʠʯʝʩʢʦʤ ʩʦʜʝʨʞʘʥʠʠ ʵʣʝʤʝʥʪʦʚ, ʦ ʢʦʪʦʨʦʤ ʩʫʜʷʪ ʧʦ 

ʦʪʥʦʩʠʪʝʣʴʥʦʤʫ ʢʦʣʠʯʝʩʪʚʫ ʘʪʦʤʦʚ, ʥʘʭʦʜʷʱʠʭʩʷ ʚ ʢʘʢʦʤ-ʣʠʙʦ ʦʙʲʝʤʝ. ɺ ʪʘʙʣʠʮʝ 2 

ʧʨʠʚʝʜʝʥʳ ʦʪʥʦʩʠʪʝʣʴʥʳʝ ʩʦʜʝʨʞʘʥʠʷ ʥʘʠʙʦʣʝʝ ʨʘʩʧʨʦʩʪʨʘʥʝʥʥʳʭ  ʵʣʝʤʝʥʪʦʚ, 

ʧʦʣʫʯʝʥʥʳʝ ʥʘ ʦʩʥʦʚʝ ʠʟʫʯʝʥʠʷ ʩʧʝʢʪʨʦʚ ʟʚʝʟʜ ʠ ʜʘʶʱʠʝ ʧʨʝʜʩʪʘʚʣʝʥʠʝ ʦ 

ʨʘʩʧʨʦʩʪʨʘʥʝʥʥʦʩʪʠ ʭʠʤʠʯʝʩʢʠʭ ʵʣʝʤʝʥʪʦʚ ʚ ʢʦʩʤʦʩʝ. ɺʩʝ ʯʠʩʣʘ ʘʪʦʤʦʚ ʧʨʠʚʝʜʝʥʳ ʧʦ 

ʦʪʥʦʰʝʥʠʶ ʢ ʯʠʩʣʫ ʘʪʦʤʦʚ ʚʦʜʦʨʦʜʘ, ʩʦʜʝʨʞʘʥʠʝ ʢʦʪʦʨʳʭ ʫʩʣʦʚʥʦ ʧʨʠʥʷʪʦ ʨʘʚʥʳʤ 106. 

 

                                                                                                     

  

 

 

ʊʘʙʣʠʮʘ 2 

 

   ʉʨʝʜʥʷʷ ʨʘʩʧʨʦʩʪʨʘʥʝʥʥʦʩʪʴ ʭʠʤʠʯʝʩʢʠʭ ʵʣʝʤʝʥʪʦʚ ʚ ʟʚʝʟʜʘʭ 

 

ʕʣʝʤʝʥʪ ʆʪʥʦʩʠʪʝʣʴʥʦʝ 

ʯʠʩʣʦ ʘʪʦʤʦʚ 

ʕʣʝʤʝʥʪ ʆʪʥʦʩʠʪʝʣʴʥʦʝ 

ʯʠʩʣʦ ʘʪʦʤʦʚ 

ɺʦʜʦʨʦʜ           1 000 000 ʉʝʨʘ                20 

ɻʝʣʠʡ              100 000 ʄʘʛʥʠʡ                20 

ʂʠʩʣʦʨʦʜ                  1 000 ɾʝʣʝʟʦ                  6 

ʋʛʣʝʨʦʜ                     400 ʅʘʪʨʠʡ                  2 

ʅʝʦʥ                     200 ɸʣʶʤʠʥʠʡ                  2 

ɸʟʦʪ                     100 ɸʨʛʦʥ                  2 

ʂʨʝʤʥʠʡ                       60 ʂʘʣʴʮʠʡ                  1 

 

  

ʉʧʝʢʪʨ ʚʳʭʦʜʷʱʝʛʦ ʠʟ ʘʪʤʦʩʬʝʨʳ ʟʚʝʟʜʳ ʠʟʣʫʯʝʥʠʷ ʟʘʚʠʩʠʪ ʦʪ ʬʠʟʠʯʝʩʢʦʛʦ 

ʩʦʩʪʦʷʥʠʷ ʠ ʭʠʤʠʯʝʩʢʦʛʦ ʩʦʩʪʘʚʘ ʧʣʘʟʤʳ, ʚ ʢʦʪʦʨʦʡ ʵʪʦ ʠʟʣʫʯʝʥʠʝ ʛʝʥʝʨʠʨʫʝʪʩʷ. ʇʦ ʩʚʦʠʤ 

ʩʧʝʢʪʨʘʣʴʥʳʤ ʩʚʦʡʩʪʚʘʤ ʟʚʝʟʜʳ ʧʦʜʨʘʟʜʝʣʷʶʪʩʷ ʥʘ ʩʧʝʢʪʨʘʣʴʥʳʝ ʢʣʘʩʩʳ, ʦʙʦʟʥʘʯʘʝʤʳʝ 

ʙʫʢʚʘʤʠ O, B, A, F, G, K, M, L (ʦʩʥʦʚʥʳʝ  ʩʧʝʢʪʨʘʣʴʥʳʝ  ʢʣʘʩʩʳ)   ʚ   ʧʦʨʷʜʢʝ   ʫʙʳʚʘʥʠʷ   

ʵʬʬʝʢʪʠʚʥʦʡ  ʪʝʤʧʝʨʘʪʫʨʳ ʦʪ ~ 30000K ʜʦ ~ 2000K. ʆʜʥʦʤʫ ʠ ʪʦʤʫ ʞʝ ʩʧʝʢʪʨʘʣʴʥʦʤʫ 

ʢʣʘʩʩʫ ʤʦʛʫʪ ʩʦʦʪʚʝʪʩʪʚʦʚʘʪʴ ʟʚʝʟʜʳ ʨʘʟʥʳʭ ʨʘʜʠʫʩʦʚ.  

ʋʜʦʙʥʳʤ ʛʨʘʬʠʯʝʩʢʠʤ ʧʨʝʜʩʪʘʚʣʝʥʠʝʤ ʩʦʩʪʦʷʥʠʷ ʟʚʝʟʜʳ ʦʢʘʟʘʣʘʩʴ ʚʚʝʜʝʥʥʘʷ ʚ 
ʥʘʯʘʣʝ 20-ʛʦ ʚʝʢʘ ʜʠʘʛʨʘʤʤʘ ʮʚʝʪïʩʚʝʪʠʤʦʩʪʴ (ʠʣʠ ʩʚʝʪʠʤʦʩʪʴ ï ʵʬʬʝʢʪʠʚʥʘʷ 

ʪʝʤʧʝʨʘʪʫʨʘ), ʥʘʟʳʚʘʝʤʘʷ ʜʠʘʛʨʘʤʤʦʡ ɻʝʨʮʰʧʨʫʥʛʘïʈʝʩʩʝʣʘ  (ʩʤ. ʨʠʩ. 4.1). ʅʘ ʵʪʦʡ 

ʜʠʘʛʨʘʤʤʝ ʥʘʠʙʦʣʝʝ ʦʪʯʝʪʣʠʚʦ ʧʨʦʩʣʝʞʠʚʘʝʪʩʷ ʛʣʘʚʥʘʷ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʴ, ʚʠʜʥʳ ʚʝʪʚʠ 

ʛʠʛʘʥʪʦʚ ʠ ʩʚʝʨʭʛʠʛʘʥʪʦʚ, ʘ ʪʘʢʞʝ ʚʝʪʚʴ ʩʫʙʢʘʨʣʠʢʦʚ ʠ ʙʝʣʳʭ ʢʘʨʣʠʢʦʚ. ɿʚʝʟʜʳ ʛʣʘʚʥʦʡ 

ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ ʥʘʠʙʦʣʝʝ ʤʥʦʛʦʯʠʩʣʝʥʥʳ, ʠʭ ʢʦʣʠʯʝʩʪʚʦ ʩʦʩʪʘʚʣʷʝʪ ʦʢʦʣʦ 90% ʚʩʝʭ 

ʟʚʝʟʜ. ʕʪʦ ʟʚʝʟʜʳ, ʚ ʥʝʜʨʘʭ ʢʦʪʦʨʳʭ ʠʜʝʪ ʪʝʨʤʦʷʜʝʨʥʦʝ ʛʦʨʝʥʠʝ ʚʦʜʦʨʦʜʘ (ʩʤ. ʧ.4.5) ī 

ʩʘʤʘʷ ʧʨʦʜʦʣʞʠʪʝʣʴʥʘʷ ʩʪʘʜʠʷ ʵʚʦʣʶʮʠʠ ʟʚʝʟʜʳ. ʇʦʩʣʝʜʫʶʱʠʝ ʵʚʦʣʶʮʠʦʥʥʳʝ ʩʪʘʜʠʠ 

ʚʧʣʦʪʴ ʜʦ ʦʙʨʘʟʦʚʘʥʠʷ ʢʦʤʧʘʢʪʥʦʛʦ ʦʩʪʘʪʢʘ ʧʦ ʜʣʠʪʝʣʴʥʦʩʪʠ ʩʦʩʪʘʚʣʷʶʪ ʦʢʦʣʦ 10% 

ʚʨʝʤʝʥʠ ʞʠʟʥʠ ʟʚʝʟʜʳ ʥʘ ʛʣʘʚʥʦʡ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ.  

ʇʘʨʘʤʝʪʨʳ ʟʚʝʟʜ, ʪʘʢʠʝ ʢʘʢ ʤʘʩʩʘ, ʨʘʟʤʝʨ, ʩʚʝʪʠʤʦʩʪʴ, ʪʝʤʧʝʨʘʪʫʨʘ ʧʨʠʥʷʪʦ 

ʩʦʦʪʥʦʩʠʪʴ ʩ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʤʠ ʧʘʨʘʤʝʪʨʘʤʠ ʉʦʣʥʮʘ. ʊʘʢ ʝʩʣʠ ʚʳʨʘʞʝʥʠʝ (3.7) ʧʦʯʣʝʥʥʦ 

ʨʘʟʜʝʣʠʪʴ ʥʘ ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʝ ʩʦʦʪʥʦʰʝʥʠʝ ʜʣʷ ʉʦʣʥʮʘ ʠ ʧʨʦʣʦʛʘʨʠʬʤʠʨʦʚʘʪʴ, ʧʦʣʫʯʠʤ 

 

                                                           lg 2lg 4lg
L R T

L R T
= +   ,                                          (4.1) 
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ʛʜʝ ʧʦʜ ʪʝʤʧʝʨʘʪʫʨʦʡ ʧʦʥʠʤʘʝʪʩʷ ʵʬʬʝʢʪʠʚʥʘʷ ʪʝʤʧʝʨʘʪʫʨʘ. ʆʪʩʶʜʘ, ʚ ʯʘʩʪʥʦʩʪʠ ʩʣʝʜʫʝʪ, 

ʯʪʦ ʥʘ ʜʠʘʛʨʘʤʤʝ ʩʚʝʪʠʤʦʩʪʴ-ʪʝʤʧʝʨʘʪʫʨʘ ʟʚʝʟʜʘʤ ʩ ʬʠʢʩʠʨʦʚʘʥʥʳʤ ʨʘʟʤʝʨʦʤ R ʦʪʚʝʯʘʝʪ 

ʧʨʷʤʘʷ ʣʠʥʠʷ. ɿʚʝʟʜʳ, ʦʪʚʝʯʘʶʱʠʝ ʥʝʢʦʪʦʨʳʤ ʟʥʘʯʝʥʠʷʤ R/ R , ʧʦʢʘʟʘʥʳ ʥʘ ʨʠʩ.4.1 

ʰʪʨʠʭʦʚʳʤʠ ʣʠʥʠʷʤʠ. 

 ʅʘʨʷʜʫ ʩʦ ʩʚʝʪʠʤʦʩʪʴʶ ʥʘ ʜʠʘʛʨʘʤʤʝ ɻʝʨʮʰʧʨʫʥʛʘīʈʝʩʩʝʣʘ (ʨʠʩ. 4.1) ʠʩʧʦʣʴʟʫʝʪʩʷ 

ʩʚʷʟʘʥʥʳʡ ʩ ʥʝʡ ʧʘʨʘʤʝʪʨ ï ʘʙʩʦʣʶʪʥʘʷ ʟʚʝʟʜʥʘʷ ʚʝʣʠʯʠʥʘ M: 

 

                                                      M = M  ï 2.5lg(L/ L ).                                                      (4.2) 

 

ɺʦʟʨʘʩʪ ʟʚʝʟʜ  ʦʮʝʥʠʚʘʝʪʩʷ ʪʝʦʨʝʪʠʯʝʩʢʠ, ʯʘʱʝ ʚʩʝʛʦ ʧʦ ʧʦʣʦʞʝʥʠʶ ʥʘ ʜʠʘʛʨʘʤʤʝ 

ɻʝʨʮʰʧʨʫʥʛʘ-ʈʝʩʩʝʣʘ, ʧʦʩʢʦʣʴʢʫ ʦʥʦ ʤʝʥʷʝʪʩʷ ʚ ʪʝʯʝʥʠʝ ʞʠʟʥʠ ʟʚʝʟʜʳ. ɺ ʥʘʰʝʡ ɻʘʣʘʢʪʠʢʝ, 

ʢʘʢ ʠ ʚ ʜʨʫʛʠʭ ʛʘʣʘʢʪʠʢʘʭ, ʥʘʙʣʶʜʘʶʪʩʷ ʟʚʝʟʜʳ ʩʘʤʳʭ ʨʘʟʣʠʯʥʳʭ ʚʦʟʨʘʩʪʦʚ ï  

 

ʦʪ ʥʘʭʦʜʷʱʠʭʩʷ ʝʱʝ ʥʘ ʩʪʘʜʠʠ ʦʙʨʘʟʦʚʘʥʠʷ ʜʦ ʩʪʘʨʳʭ ʟʚʝʟʜ ʩ ʚʦʟʨʘʩʪʦʤ ʦʢʦʣʦ 10 ʤʣʨʜ. ʣʝʪ. 

ɺʦʟʨʘʩʪ ʉʦʣʥʮʘ ʨʘʚʝʥ ʧʨʠʤʝʨʥʦ 5 ʤʣʨʜ. ʣʝʪ.  

ʄʘʩʩʘ, ʭʠʤʠʯʝʩʢʠʡ ʩʦʩʪʘʚ ʠ ʚʦʟʨʘʩʪ ʦʧʨʝʜʝʣʷʶʪ ʧʦʣʦʞʝʥʠʝ ʟʚʝʟʜʳ ʥʘ ʜʠʘʛʨʘʤʤʝ 

ɻʝʨʮʰʧʨʫʥʛʘīʈʝʩʩʝʣʘ, ʘ, ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʠ ʪʘʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʟʚʝʟʜ ʢʘʢ ʵʬʬʝʢʪʠʚʥʘʷ 

ʪʝʤʧʝʨʘʪʫʨʘ Teff ʠ ʨʘʟʤʝʨ R.  

ʀʥʪʝʨʚʘʣ ʟʥʘʯʝʥʠʡ ʨʘʟʤʝʨʦʚ ʟʚʝʟʜ ʦʯʝʥʴ ʚʝʣʠʢ ï ʦʪ ʚʝʣʠʯʠʥʳ ʧʦʨʷʜʢʘ R = 10 ʢʤ ʜʣʷ 

ʥʝʡʪʨʦʥʥʳʭ ʟʚʝʟʜ ʜʦ ʨʘʟʤʝʨʦʚ R ~ 100R , ʩʦʧʦʩʪʘʚʠʤʳʭ ʩ ʨʘʟʤʝʨʘʤʠ ʚʩʝʡ ʉʦʣʥʝʯʥʦʡ 

ʧʣʘʥʝʪʥʦʡ ʩʠʩʪʝʤʳ, ʜʣʷ ʢʨʘʩʥʳʭ ʩʚʝʨʭʛʠʛʘʥʪʦʚ.  

ʈʠʩ 4.1 ɼʠʘʛʨʘʤʤʘ ɻʝʨʮʰʧʨʫʥʛʘ-ʈʝʩʩʝʣʘ: ʘʙʩʦʣʶʪʥʘʷ ʟʚʝʟʜʥʘʷ ʚʝʣʠʯʠʥʘ (ʣʝʚʘʷ ʰʢʘʣʘ) 

ʠ ʩʚʝʪʠʤʦʩʪʴ ʟʚʝʟʜ (ʧʨʘʚʘʷ ʰʢʘʣʘ) ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʵʬʬʝʢʪʠʚʥʦʡ ʪʝʤʧʝʨʘʪʫʨʳ ʟʚʝʟʜʳ. 

ʆʙʣʘʩʪʠ ʩʝʨʦʛʦ ʮʚʝʪʘ ʦʪʚʝʯʘʶʪ ʚʝʪʚʷʤ ʟʚʝʟʜ ʛʣʘʚʥʦʡ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ, ʛʠʛʘʥʪʦʚ, 

ʩʚʝʨʭʛʠʛʘʥʪʦʚ, ʩʫʙʢʘʨʣʠʢʦʚ ʠ ʢʘʨʣʠʢʦʚ. ʊʦʥʢʦʡ ʧʫʥʢʪʠʨʥʦʡ ʣʠʥʠʝʡ ʧʦʢʘʟʘʥ 

ʵʚʦʣʶʮʠʦʥʥʳʡ ʧʫʪʴ ʉʦʣʥʮʘ: ʛʨʘʚʠʪʘʮʠʦʥʥʦʝ ʩʞʘʪʠʝ ʠʟ ʤʝʞʟʚʝʟʜʥʦʛʦ ʛʘʟʘ, ʟʚʝʟʜʘ 

ʛʣʘʚʥʦʡ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ, ʢʨʘʩʥʳʡ ʛʠʛʘʥʪ, ʙʝʣʳʡ ʢʘʨʣʠʢ. 
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ʅʘʠʙʦʣʝʝ ʚʘʞʥʦʡ ʭʘʨʘʢʪʝʨʠʩʪʠʢʦʡ ʟʚʝʟʜʳ ʷʚʣʷʝʪʩʷ ʝʝ ʤʘʩʩʘ. ʆʥʘ ʚ ʟʥʘʯʠʪʝʣʴʥʦʡ 

ʤʝʨʝ ʦʧʨʝʜʝʣʷʝʪ ʚʩʝ ʦʩʪʘʣʴʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʟʚʝʟʜʳ. ɺʝʣʠʯʠʥʫ ʤʘʩʩʳ ʤʦʞʥʦ ʦʮʝʥʠʪʴ ʧʦ 

ʛʨʘʚʠʪʘʮʠʦʥʥʦʤʫ ʧʦʣʶ ʟʚʝʟʜʳ, ʠʟʤʝʨʷʷ ʝʝ ʚʦʟʜʝʡʩʪʚʠʝ ʥʘ ʩʦʩʝʜʥʠʝ ʟʚʝʟʜʳ. ɺʦ ʤʥʦʛʠʭ 

ʩʣʫʯʘʷʭ ʟʚʝʟʜʳ ʦʙʨʘʟʫʶʪ ʧʘʨʳ (ʜʚʦʡʥʳʝ ʩʠʩʪʝʤʳ).  ɼʣʷ ʦʮʝʥʢʠ ʤʘʩʩ ʪʘʢʠʭ ʟʚʝʟʜ 

ʠʩʧʦʣʴʟʫʝʪʩʷ ʪʨʝʪʠʡ ʟʘʢʦʥ ʂʝʧʣʝʨʘ ʠ ʧʦʣʫʯʝʥʥʳʝ ʠʟ ʥʘʙʣʶʜʝʥʠʡ ʧʘʨʘʤʝʪʨʳ ʦʨʙʠʪ ʟʚʝʟʜ. 

ʀʟʤʝʨʝʥʠʷ ʤʘʩʩ ʟʚʝʟʜ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʦʥʠ ʟʘʢʣʶʯʝʥʳ ʚ ʧʨʝʜʝʣʘʭ ʦʪ 0.08M  ʜʦ å100M . 

ʄʘʢʩʠʤʘʣʴʥʦʝ ʟʥʘʯʝʥʠʝ ʟʚʝʟʜʥʳʭ ʤʘʩʩ M = 100M  ʦʙʫʩʣʦʚʣʝʥʦ ʥʝʫʩʪʦʡʯʠʚʦʩʪʴʶ 

ʧʨʦʪʦʟʚʝʟʜʥʳʭ ʦʙʨʘʟʦʚʘʥʠʡ ʩ ʤʘʩʩʘʤʠ M > 100M . ʅʠʞʥʠʡ ʧʨʝʜʝʣ M = 0.08M

ʦʙʫʩʣʦʚʣʝʥ ʪʝʤ, ʯʪʦ ʧʨʠ ʤʝʥʴʰʠʭ ʟʥʘʯʝʥʠʷʭ ʤʘʩʩʳ ʦʙʨʘʟʦʚʘʥʥʦʛʦ ʦʙʲʝʢʪʘ ʚ ʝʛʦ ʥʝʜʨʘʭ 

ʪʝʤʧʝʨʘʪʫʨʘ ʥʝʜʦʩʪʘʪʦʯʥʦ ʚʳʩʦʢʘ ʜʣʷ ʧʨʦʪʝʢʘʥʠʷ ʪʝʨʤʦʷʜʝʨʥʳʭ ʨʝʘʢʮʠʡ, ʢʦʪʦʨʳʝ 

ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʦʩʥʦʚʥʦʡ ʠʩʪʦʯʥʠʢ ʵʥʝʨʛʠʠ ʟʚʝʟʜ (ʩʤ. ʧ. 4.5). ʇʦʵʪʦʤʫ ʦʙʲʝʢʪ ʩ ʤʘʩʩʦʡ  

M < 0.08M ʥʝ ʷʚʣʷʝʪʩʷ ʟʚʝʟʜʦʡ. 

ʅʝʟʘʚʠʩʠʤʳʝ ʠʟʤʝʨʝʥʠʷ ʤʘʩʩ ʠ ʩʚʝʪʠʤʦʩʪʝʡ ʟʚʝʟʜ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʜʣʷ ʙʦʣʴʰʠʥʩʪʚʘ 

ʟʚʝʟʜ ʛʣʘʚʥʦʡ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ ʵʪʠ ʚʝʣʠʯʠʥʳ ʩʚʷʟʘʥʳ ʩʦʦʪʥʦʰʝʥʠʝʤ 
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ʚ ʢʦʪʦʨʦʤ n = 4.5 ʜʣʷ ʟʚʝʟʜ ʩ ʤʘʩʩʘʤʠ M < 1M  ʠ n =3 ʧʨʠ M > 1M . ʀʩʧʦʣʴʟʫʷ ʵʪʦ 

ʩʦʦʪʥʦʰʝʥʠʝ ʤʦʞʥʦ ʧʦ ʠʟʚʝʩʪʥʦʡ ʩʚʝʪʠʤʦʩʪʠ ʦʮʝʥʠʪʴ ʤʘʩʩʫ ʟʚʝʟʜʳ. ɼʣʷ ʦʜʠʥʦʯʥʳʭ ʟʚʝʟʜ 

ʵʪʦʪ ʤʝʪʦʜ ʯʘʩʪʦ ʷʚʣʷʝʪʩʷ ʝʜʠʥʩʪʚʝʥʥʳʤ. 

 ɼʣʷ ʟʚʝʟʜ ʛʣʘʚʥʦʡ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ ʫʩʪʘʥʦʚʣʝʥʘ ʩʚʷʟʴ ʤʝʞʜʫ ʨʘʟʤʝʨʦʤ ʟʚʝʟʜʳ R 

ʠ ʝʝ ʤʘʩʩʦʡ 

 

                                                               R Ma´ , 

 

ʛʜʝ Ŭ = 0.4-0.8. ʏʝʤ ʙʦʣʴʰʝ ʤʘʩʩʘ ʟʚʝʟʜʳ, ʪʝʤ ʙʦʣʴʰʝ ʝʝ ʨʘʜʠʫʩ ʠ ʩʚʝʪʠʤʦʩʪʴ. ʇʦʵʪʦʤʫ 

ʙʦʣʝʝ ʤʘʩʩʠʚʥʳʝ ʟʚʝʟʜʳ ʨʘʩʧʦʣʘʛʘʶʪʩʷ ʣʝʚʝʝ ʠ ʚʳʰʝ ʉʦʣʥʮʘ ʥʘ ʜʠʘʛʨʘʤʤʝ ɻʝʨʮʰʧʨʫʥʛʘ-

ʈʝʩʩʝʣʘ. 

ʇʦʩʣʝ ʚʳʛʦʨʘʥʠʷ ʚʦʜʦʨʦʜʘ ʟʚʝʟʜʘ ʦʪʭʦʜʠʪ ʦʪ ʛʣʘʚʥʦʡ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ ʚ ʩʪʦʨʦʥʫ 

ʢʨʘʩʥʳʭ ʛʠʛʘʥʪʦʚ. ʇʨʠ ʵʪʦʤ ʨʘʜʠʫʩ ʟʚʝʟʜʳ ʙʳʩʪʨʦ ʫʚʝʣʠʯʠʚʘʝʪʩʷ, ʵʬʬʝʢʪʠʚʥʘʷ 

ʪʝʤʧʝʨʘʪʫʨʘ ʧʘʜʘʝʪ. ʀʩʪʦʯʥʠʢ ʵʥʝʨʛʠʠ ʢʨʘʩʥʳʭ ʛʠʛʘʥʪʦʚ ï ʛʦʨʝʥʠʝ ʚʦʜʦʨʦʜʘ ʚ ʩʣʦʝ, 

ʦʢʨʫʞʘʶʱʝʤ ʛʝʣʠʝʚʦʝ ʷʜʨʦ. ʅʘ ʙʦʣʝʝ ʧʦʟʜʥʠʭ ʩʪʘʜʠʷʭ ʵʚʦʣʶʮʠʠ ʚ ʷʜʨʝ ʟʚʝʟʜʳ ʧʨʦʠʩʭʦʜʠʪ 

ʛʦʨʝʥʠʝ ʛʝʣʠʷ ʠ ʝʛʦ ʧʨʝʚʨʘʱʝʥʠʝ ʚ ʫʛʣʝʨʦʜ, ʫʛʣʝʨʦʜʘ ʚ ʢʠʩʣʦʨʦʜ ʠ ʪ.ʜ. ʚʧʣʦʪʴ ʜʦ ʵʣʝʤʝʥʪʦʚ 

ʛʨʫʧʧʳ ʞʝʣʝʟʘ. ʊʝʨʤʦʷʜʝʨʥʳʝ ʨʝʘʢʮʠʠ ʛʦʨʝʥʠʷ ʢʘʞʜʦʛʦ ʩʣʝʜʫʶʱʝʛʦ ʵʣʝʤʝʥʪʘ  ʧʨʦʠʩʭʦʜʷʪ  

ʚʦ   ʚʩʝ   ʚʦʟʨʘʩʪʘʶʱʝʤ   ʪʝʤʧʝ.   ɼʣʷ   ʟʚʝʟʜ  ʩ    ʥʘʯʘʣʴʥʦʡ   ʤʘʩʩʦʡ M < 8ī10M  ɻ ʚʦʣʶʮʠʷ 

ʟʘʢʘʥʯʠʚʘʝʪʩʷ ʦʙʨʘʟʦʚʘʥʠʝʤ ʙʝʣʦʛʦ ʢʘʨʣʠʢʘ ʩ ʤʘʩʩʘʤʠ M < 1.4M . ʅʘ ʈʠʩ. 3.1 ʧʦʢʘʟʘʥ 

ʨʘʩʩʯʠʪʘʥʥʳʡ ʵʚʦʣʶʮʠʦʥʥʳʡ ʧʫʪʴ ʟʚʝʟʜʳ ʪʠʧʘ ʉʦʣʥʮʘ: ʛʨʘʚʠʪʘʮʠʦʥʥʦʝ ʩʞʘʪʠʝ ʠʟ 

ʤʝʞʟʚʝʟʜʥʦʛʦ ʛʘʟʘ, ʟʚʝʟʜʘ ʛʣʘʚʥʦʡ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ, ʢʨʘʩʥʳʡ ʛʠʛʘʥʪ, ʙʝʣʳʡ ʢʘʨʣʠʢ. ʇʨʠ 

ʵʪʦʤ ʩʪʘʜʠʷ ʟʚʝʟʜʳ ʛʣʘʚʥʦʡ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ ʩʘʤʘʷ ʧʨʦʜʦʣʞʠʪʝʣʴʥʘʷ: ʦʥʘ ʜʣʠʪʩʷ ʦʢʦʣʦ 

10 ʤʣʨʜ. ʣʝʪ. ʀʤʝʥʥʦ ʵʪʦ ʦʙʩʪʦʷʪʝʣʴʩʪʚʦ ʦʙʲʷʩʥʷʝʪ ʪʦʪ ʬʘʢʪ, ʯʪʦ ʦʙʣʘʩʪʴ ʟʚʝʟʜ ʛʣʘʚʥʦʡ 

ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ ʩʘʤʘʷ ʥʘʩʝʣʝʥʥʘʷ. ʇʝʨʝʭʦʜ ʚ ʩʪʘʜʠʶ ʢʨʘʩʥʦʛʦ ʛʠʛʘʥʪʘ ʠ ʟʘʪʝʤ ʚ ʩʪʘʜʠʶ 

ʙʝʣʦʛʦ ʢʘʨʣʠʢʘ ʟʘʥʠʤʘʝʪ ʦʢʦʣʦ 1 ʤʣʨʜ. ʣʝʪ.  

ɹʦʣʝʝ ʤʘʩʩʠʚʥʳʝ ʟʚʝʟʜʳ ʚʟʨʳʚʘʶʪʩʷ ʢʘʢ ʩʚʝʨʭʥʦʚʳʝ, ʥʘʭʦʜʷʩʴ ʥʘ ʩʪʘʜʠʠ 

ʩʚʝʨʭʛʠʛʘʥʪʘ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʚʩʧʳʰʝʢ ʩʚʝʨʭʥʦʚʳʭ ʯʘʩʪʴ ʚʝʱʝʩʪʚʘ ʟʚʝʟʜʳ ʚʳʙʨʘʩʳʚʘʝʪʩʷ ʩ 

ʙʦʣʴʰʦʡ ʩʢʦʨʦʩʪʴʶ ʚ ʦʢʨʫʞʘʶʱʝʝ ʤʝʞʟʚʝʟʜʥʦʝ ʧʨʦʩʪʨʘʥʩʪʚʦ, ʘ ʥʘ ʤʝʩʪʝ ʠʩʭʦʜʥʦʡ ʟʚʝʟʜʳ 

ʦʙʨʘʟʫʶʪʩʷ ʩʚʝʨʭʧʣʦʪʥʳʝ ʥʝʡʪʨʦʥʥʳʝ ʟʚʝʟʜʳ ʠʣʠ ʯʝʨʥʳʝ ʜʳʨʳ. 



 63 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʠʟʤʝʥʝʥʠʝ ʭʠʤʠʯʝʩʢʦʛʦ ʩʦʩʪʘʚʘ ʚʝʱʝʩʪʚʘ ʟʚʝʟʜʳ ʟʘ ʩʯʝʪ 

ʧʨʦʪʝʢʘʶʱʠʭ ʚ ʠʭ ʥʝʜʨʘʭ ʷʜʝʨʥʳʭ ʨʝʘʢʮʠʡ ʷʚʣʷʝʪʩʷ ʦʩʥʦʚʥʳʤ ʬʘʢʪʦʨʦʤ, 

ʦʙʫʩʣʘʚʣʠʚʘʶʱʠʤ ʝʝ ʵʚʦʣʶʮʠʶ. 

ɼʨʫʛʦʡ ʚʘʞʥʳʡ ʬʘʢʪʦʨ ʵʚʦʣʶʮʠʠ ʟʚʝʟʜ ï ʠʟʤʝʥʝʥʠʝ ʠʭ ʤʘʩʩʳ. ʉʫʱʝʩʪʚʫʝʪ ʜʚʝ 

ʦʩʥʦʚʥʳʝ ʧʨʠʯʠʥʳ, ʧʨʠʚʦʜʷʱʠʝ ʢ ʠʟʤʝʥʝʥʠʶ ʤʘʩʩʳ ʟʚʝʟʜʳ. ʄʘʩʩʘ ʟʚʝʟʜ, ʚʭʦʜʷʱʠʭ ʚ 

ʜʚʦʡʥʫʶ ʩʠʩʪʝʤʫ (ʪʦʯʥʝʝ ï ʚ ʪʝʩʥʫʶ ʜʚʦʡʥʫʶ ʩʠʩʪʝʤʫ), ʤʦʛʫʪ ʤʝʥʷʪʴʩʷ ʟʘ ʩʯʝʪ ʧʝʨʝʪʝʢʘʥʠʷ 

ʚʝʱʝʩʪʚʘ  ʦʜʥʦʡ ʟʚʝʟʜʳ ʥʘ ʜʨʫʛʫʶ, ʯʪʦ ʦʢʘʟʳʚʘʝʪ ʢʘʨʜʠʥʘʣʴʥʦʝ ʚʣʠʷʥʠʝ ʥʘ ʵʚʦʣʶʮʠʶ 

ʟʚʝʟʜ-ʢʦʤʧʘʥʴʦʥʦʚ. ʊʘʢ, ʥʘʧʨʠʤʝʨ, ʧʝʨʝʪʝʢʘʥʠʝ ʚʝʱʝʩʪʚʘ ʟʚʝʟʜʳ ʛʣʘʚʥʦʡ 

ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ ʥʘ ʙʝʣʳʡ ʢʘʨʣʠʢ ʧʨʠʚʦʜʠʪ ʢ ʝʛʦ ʚʟʨʳʚʫ, ʢʦʪʦʨʳʡ ʬʠʢʩʠʨʫʝʪʩʷ 

ʥʘʙʣʶʜʘʪʝʣʝʤ ʢʘʢ ʚʩʧʳʰʢʘ ʩʚʝʨʭʥʦʚʦʡ ʪʠʧʘ I (ʩʤ. ʨʘʟʜʝʣʳ 4.8, 4.9).  

ɿʚʝʟʜʥʳʡ ʚʝʪʝʨ ï ʩʪʘʮʠʦʥʘʨʥʦʝ ʠʩʪʝʯʝʥʠʝ ʚʝʱʝʩʪʚʘ ʠʟ ʟʚʝʟʜʳ ʩʦ ʩʢʦʨʦʩʪʷʤʠ 10-103 

ʢʤ/ʩ ï ʧʨʠʚʦʜʠʪ ʢ ʫʤʝʥʴʰʝʥʠʶ ʤʘʩʩʳ ʟʚʝʟʜʳ, ʯʪʦ ʷʚʣʷʝʪʩʷ ʩʫʱʝʩʪʚʝʥʥʳʤ, ʘ ʚ ʨʷʜʝ ʩʣʫʯʘʝʚ 

ï ʦʧʨʝʜʝʣʷʶʱʠʤ ʬʘʢʪʦʨʦʤ ʵʚʦʣʶʮʠʠ ʟʚʝʟʜ. ʆʜʥʘ ʠʟ ʦʩʥʦʚʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʟʚʝʟʜʥʦʛʦ 

ʚʝʪʨʘ ï ʪʝʤʧ ʧʦʪʝʨʠ ʤʘʩʩʳ ʟʚʝʟʜʳ M, ʢʦʪʦʨʳʡ ʧʨʠʥʷʪʦ ʚʳʨʘʞʘʪʴ ʚ ʝʜʠʥʠʮʘʭ M /ʛʦʜ.  

ʇʦʪʝʨʠ ʤʘʩʩʳ, ʫʥʦʩʠʤʦʡ ʟʚʝʟʜʥʳʤ ʚʝʪʨʦʤ, ʥʝ ʦʯʝʥʴ ʚʘʞʥʳ ʜʣʷ ʟʚʝʟʜ ʛʣʘʚʥʦʡ 

ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ ʥʝʙʦʣʴʰʠʭ ʤʘʩʩ M M  ʠ ʨʘʟʤʝʨʦʚ R R . ʊʘʢ, ʥʘʧʨʠʤʝʨ, ʪʝʤʧ 

ʧʦʪʝʨʠ ʤʘʩʩʳ ʉʦʣʥʮʝʤ ʟʘ ʩʯʝʪ ʩʦʣʥʝʯʥʦʛʦ ʚʝʪʨʘ ʩʦʩʪʘʚʣʷʝʪ 
1410M M-= /ʛʦʜ (ʩʤ. ʛʣʘʚʫ 7). 

ʇʦʵʪʦʤʫ ʟʘ ʚʩʝ ʚʨʝʤʷ ʩʫʱʝʩʪʚʦʚʘʥʠʝ ʟʚʝʟʜʳ, ʧʦʜʦʙʥʳʝ ʉʦʣʥʮʫ, ʪʝʨʷʶʪ ʥʠʯʪʦʞʥʫʶ ʯʘʩʪʴ 

ʩʚʦʝʡ ʤʘʩʩʳ. ʆʜʥʘʢʦ, ʤʘʩʩʠʚʥʳʝ  ʟʚʝʟʜʳ ʩʧʝʢʪʨʘʣʴʥʳʭ ʢʣʘʩʩʦʚ ʆ ʠ ɺ, ʘ ʪʘʢʞʝ ʢʨʘʩʥʳʝ 

ʛʠʛʘʥʪʳ ʠ ʩʚʝʨʭʛʠʛʘʥʪʳ ʠʥʪʝʥʩʠʚʥʦ ʪʝʨʷʶʪ ʤʘʩʩʫ: ʪʝʤʧ ʧʦʪʝʨʠ ʠʭ ʤʘʩʩʳ ʩʦʩʪʘʚʣʷʝʪ 
6 510 10M M- -= - /ʛʦʜ. ʊʘʢʠʝ ʟʚʝʟʜʳ ʪʝʨʷʶʪ ʜʦ ʧʦʣʦʚʠʥʳ ʩʚʦʝʡ ʤʘʩʩʳ ʟʘ ʩʯʝʪ ʟʚʝʟʜʥʦʛʦ 

ʚʝʪʨʘ, ʯʪʦ ʠʛʨʘʝʪ ʚʘʞʥʫʶ ʨʦʣʴ ʜʣʷ ʠʭ ʵʚʦʣʶʮʠʠ.  

 

 

 

 

4.2. ʆʙʨʘʟʦʚʘʥʠʝ ʟʚʝʟʜ 

 

ɿʚʝʟʜʳ ʦʙʨʘʟʫʶʪʩʷ ʚ ʨʝʟʫʣʴʪʘʪʝ ʛʨʘʚʠʪʘʮʠʦʥʥʦʡ (ʜʞʠʥʩʦʚʩʢʦʡ) ʥʝʫʩʪʦʡʯʠʚʦʩʪʠ ʚ 

ʭʦʣʦʜʥʳʭ ʧʣʦʪʥʳʭ ʤʦʣʝʢʫʣʷʨʥʳʭ ʦʙʣʘʢʘʭ. ʇʨʦʘʥʘʣʠʟʠʨʦʚʘʚ ʣʠʥʝʘʨʠʟʦʚʘʥʥʫʶ ʩʠʩʪʝʤʫ 

ʫʨʘʚʥʝʥʠʡ ʛʘʟʦʜʠʥʘʤʠʢʠ ʜʣʷ ʠʜʝʘʣʴʥʦʛʦ ʛʘʟʘ, ɼʞ. ɼʞʠʥʩ (1902) ʚʧʝʨʚʳʝ ʧʦʢʘʟʘʣ, ʯʪʦ 

ʠʟʥʘʯʘʣʴʥʦ ʦʜʥʦʨʦʜʥʘʷ ʛʨʘʚʠʪʠʨʫʶʱʘʷ ʩʨʝʜʘ ʩ ʧʣʦʪʥʦʩʪʴʶ ɟ0 ʥʝʫʩʪʦʡʯʠʚʘ ʧʦ ʦʪʥʦʰʝʥʠʶ 

ʢ ʤʘʣʳʤ ʚʦʟʤʫʱʝʥʠʷʤ ʧʣʦʪʥʦʩʪʠ ʩ ʭʘʨʘʢʪʝʨʥʳʤ ʤʘʩʰʪʘʙʦʤ, ʧʨʝʚʳʰʘʶʱʠʤ ʤʘʩʰʪʘʙ 

ɼʞʠʥʩʘ 
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.                                                          (4.3) 
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ï ʩʢʦʨʦʩʪʴ ʟʚʫʢʘ ʚ ʩʨʝʜʝ ʪʝʤʧʝʨʘʪʫʨʦʡ T ʠ ʧʦʢʘʟʘʪʝʣʝʤ ʘʜʠʘʙʘʪʳ ɔ, m = ɛmp ï ʩʨʝʜʥʷʷ ʤʘʩʩʘ 

ʯʘʩʪʠʮ ʩʨʝʜʳ, ɛ ï ʦʪʥʦʩʠʪʝʣʴʥʘʷ ʤʦʣʝʢʫʣʷʨʥʘʷ ʤʘʩʩʘ, mp ï ʤʘʩʩʘ ʧʨʦʪʦʥʘ. ɼʣʷ ʩʨʝʜʳ, 

ʩʦʩʪʦʷʱʝʡ ʠʟ ʧʨʦʪʦʥʦʚ ʠ ʵʣʝʢʪʨʦʥʦʚ (ʚʦʜʦʨʦʜʥʘʷ ʧʣʘʟʤʘ) ɛ = 0.5 ʠ ɔ = 5/3.  ʅʝʙʦʣʴʰʠʝ ʧʦ 

ʚʝʣʠʯʠʥʝ ʩʣʫʯʘʡʥʳʝ ʫʧʣʦʪʥʝʥʠʷ ʚʝʱʝʩʪʚʘ ʩʨʝʜʳ ʥʘʨʘʩʪʘʶʪ ʚʦ ʚʨʝʤʝʥʠ, ʝʩʣʠ ʦʥʠ 

ʦʭʚʘʪʳʚʘʶʪ ʦʙʣʘʩʪʴ ʩ ʣʠʥʝʡʥʳʤ ʨʘʟʤʝʨʦʤ l > lJ. ɺʦʟʤʫʱʝʥʠʷ ʩ ʤʘʩʰʪʘʙʘʤʠ ʤʝʥʴʰʠʤʠ 

ʜʞʠʥʩʦʚʩʢʦʡ ʜʣʠʥʳ l < lJ ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʘʢʫʩʪʠʯʝʩʢʠʝ ʢʦʣʝʙʘʥʠʷ.  
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ʄʘʩʩʳ, ʧʨʝʚʳʰʘʶʱʠʝ ʤʘʩʩʫ ɼʞʠʥʩʘ, ʷʚʣʷʶʪʩʷ ʥʝʩʪʘʙʠʣʴʥʳʤʠ ʦʪʥʦʩʠʪʝʣʴʥʦ 

ʛʨʘʚʠʪʘʮʠʦʥʥʦʛʦ ʩʞʘʪʠʷ, ʧʦʩʢʦʣʴʢʫ ʩʘʤʦʧʨʠʪʷʞʝʥʠʝ ʦʙʣʘʩʪʠ ʩ ʚʳʩʦʢʦʡ ʧʣʦʪʥʦʩʪʴʶ 

ʩʪʘʥʦʚʠʪʩʷ ʙʦʣʴʰʝ ʛʨʘʜʠʝʥʪʘ ʚʥʫʪʨʝʥʥʝʛʦ ʜʘʚʣʝʥʠʷ.  

ʈʘʟʚʠʪʠʝ ʛʨʘʚʠʪʘʮʠʦʥʥʦʡ ʥʝʫʩʪʦʡʯʠʚʦʩʪʠ ʚ ʧʝʨʚʦʥʘʯʘʣʴʥʦ ʧʦʯʪʠ ʦʜʥʦʨʦʜʥʦʤ 

ʚʝʱʝʩʪʚʝ ʧʨʠʚʦʜʠʪ ʢ ʦʙʨʘʟʦʚʘʥʠʶ ʩʛʫʩʪʢʦʚ. ʇʦʵʪʦʤʫ ʛʨʘʚʠʪʘʮʠʦʥʥʘʷ ʥʝʫʩʪʦʡʯʠʚʦʩʪʴ 

ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʢʘʢ ʧʨʠʯʠʥʘ ʦʙʨʘʟʦʚʘʥʠʷ ʛʘʣʘʢʪʠʢ ʠ ʟʚʝʟʜ. 

ʉʢʦʨʦʩʪʴ ʨʦʩʪʘ ʚʦʟʤʫʱʝʥʠʡ ʧʣʦʪʥʦʩʪʠ 0dr r r= -  ʦʧʨʝʜʝʣʷʝʪʩʷ ʪʦʣʴʢʦ ʥʘʯʘʣʴʥʦʡ 

ʧʣʦʪʥʦʩʪʴʶ ʩʨʝʜʳ ʠ ʥʝ ʟʘʚʠʩʠʪ ʦʪ ʤʘʩʰʪʘʙʘ ʚʦʟʤʫʱʝʥʠʷ:  

 

ŭɟ = ɟ0 exp(t/Űg),      Űg  = 2(́Gɟ0)
-1/2. 

 

ʇʦ ʤʝʨʝ ʩʞʘʪʠʷ ʧʣʦʪʥʦʩʪʴ ʦʙʦʩʦʙʠʚʰʝʡʩʷ ʦʙʣʘʩʪʠ ʚʦʟʨʘʩʪʘʝʪ, ʜʞʠʥʩʦʚʩʢʘʷ ʜʣʠʥʘ 

ʚʦʣʥʳ ʫʤʝʥʴʰʘʝʪʩʷ ʠ ʧʦʷʚʣʷʝʪʩʷ ʚʦʟʤʦʞʥʦʩʪʴ ʬʨʘʛʤʝʥʪʘʮʠʠ ʩʨʝʜʳ ʥʘ ʤʝʣʢʦʤʘʩʰʪʘʙʥʳʝ 

ʦʙʨʘʟʦʚʘʥʠʷ. ʇʦʵʪʦʤʫ ʟʚʝʟʜʳ ʚʩʝʛʜʘ ʨʦʞʜʘʶʪʩʷ ʛʨʫʧʧʘʤʠ (ʩʢʦʧʣʝʥʠʷʤʠ, ʢʦʤʧʣʝʢʩʘʤʠ). 

ʄʦʣʦʜʳʝ ʤʘʩʩʠʚʥʳʝ ʛʦʨʷʯʠʝ ʟʚʝʟʜʳ ʥʘʙʣʶʜʘʶʪʩʷ ʧʦʯʪʠ ʠʩʢʣʶʯʠʪʝʣʴʥʦ ʚ  ʘʩʩʦʮʠʘʮʠʷʭ.  

 ɼʦ ʪʝʭ ʧʦʨ, ʧʦʢʘ ʮʝʥʪʨʘʣʴʥʘʷ ʪʝʤʧʝʨʘʪʫʨʘ ʠ ʧʣʦʪʥʦʩʪʴ ʥʝʜʦʩʪʘʪʦʯʥʳ ʜʣʷ ʥʘʯʘʣʘ 

ʪʝʨʤʦʷʜʝʨʥʳʭ ʨʝʘʢʮʠʡ ʩʠʥʪʝʟʘ, ʧʨʠ ʩʞʘʪʠʠ ʧʨʦʠʩʭʦʜʠʪ ʚʳʜʝʣʝʥʠʝ ʛʨʘʚʠʪʘʮʠʦʥʥʦʡ ʵʥʝʨ-

ʛʠʠ, ʧʦʣʦʚʠʥʘ ʢʦʪʦʨʦʡ, ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʪʝʦʨʝʤʦʡ ʚʠʨʠʘʣʘ (ʧ.4.4), ʠʜʝʪ ʥʘ ʫʚʝʣʠʯʝʥʠʝ ʪʝʧ-

ʣʦʚʦʡ ʵʥʝʨʛʠʠ, ʘ ʜʨʫʛʘʷ ʧʦʣʦʚʠʥʘ ʫʭʦʜʠʪ ʚ ʚʠʜʝ ʠʟʣʫʯʝʥʠʷ. ʕʪʘ ʬʘʟʘ ʵʚʦʣʶʮʠʠ ʥʘʟʳʚʘʝʪʩʷ 

ʩʪʘʜʠʝʡ ʧʨʦʪʦʟʚʝʟʜʳ. ʉʞʘʪʠʝ ʧʨʦʪʦʟʚʝʟʜʳ ʦʩʪʘʥʘʚʣʠʚʘʝʪʩʷ ʩ ʥʘʯʘʣʦʤ ʪʝʨʤʦʷʜʝʨʥʳʭ ʨʝʘʢ-

ʮʠʡ ʧʨʝʚʨʘʱʝʥʠʷ ʚʦʜʦʨʦʜʘ ʚ ʛʝʣʠʡ. ɽʩʣʠ ʙʳ ʛʠʛʘʥʪʩʢʠʝ ʤʦʣʝʢʫʣʷʨʥʳʝ ʦʙʣʘʢʘ ʚ ɻʘʣʘʢʪʠʢʝ 

(ʠʭ ʥʝʩʢʦʣʴʢʦ ʪʳʩʷʯ) ʩʚʦʙʦʜʥʦ ʩʞʠʤʘʣʠʩʴ ʠʟ-ʟʘ ʛʨʘʚʠʪʘʮʠʦʥʥʦʡ ʥʝʫʩʪʦʡʯʠʚʦʩʪʠ, ʪʦ ʟʘ 

ʚʨʝʤʷ ~ 106 ʣʝʪ ʠʟ ʥʠʭ ʦʙʨʘʟʦʚʘʣʠʩʴ ʙʳ ʟʚʝʟʜʳ. ʊʘʢ ʢʘʢ ʧʦʣʥʘʷ ʤʘʩʩʘ ʤʦʣʝʢʫʣʷʨʥʦʛʦ ʚʦʜʦ-

ʨʦʜʘ ʚ ɻʘʣʘʢʪʠʢʝ M ~109 M , ʪʦ ʪʝʤʧ ʟʚʝʟʜʦʦʙʨʘʟʦʚʘʥʠʷ ʩʦʩʪʘʚʠʣ ʙʳ 103 M  ʚ ʛʦʜ. ʆʜʥʘʢʦ 

ʥʘʙʣʶʜʘʝʤʦʝ ʟʥʘʯʝʥʠʝ ʪʝʤʧʘ ʟʚʝʟʜʦʦʙʨʘʟʦʚʘʥʠʷ ʚ ɻʘʣʘʢʪʠʢʝ ï ʥʝʩʢʦʣʴʢʦ M  ʚ ʛʦʜ. ʕʪʦ 

ʟʘʤʝʜʣʝʥʠʝ ʟʚʝʟʜʦʦʙʨʘʟʦʚʘʥʠʷ ʦʙʫʩʣʦʚʣʝʥʦ ʬʘʢʪʦʨʘʤʠ, ʧʨʝʧʷʪʩʪʚʫʶʱʠʤʠ ʩʞʘʪʠʶ: ʚʨʘ-

ʱʝʥʠʝʤ ʛʘʟʘ ʠ ʤʘʛʥʠʪʥʳʤ ʧʦʣʝʤ (ʠʟ-ʟʘ ʚʤʦʨʦʞʝʥʥʦʩʪʠ ʧʦʣʷ ʚ ʢʦʩʤʠʯʝʩʢʫʶ ʧʣʘʟʤʫ). 

 

 

 4.3. ʋʩʣʦʚʠʷ ʨʘʚʥʦʚʝʩʠʷ 

 

  

ʉʪʘʮʠʦʥʘʨʥʦʩʪʴ ʟʚʝʟʜ ʦʙʝʩʧʝʯʠʚʘʝʪʩʷ ʫʩʣʦʚʠʝʤ ʨʘʚʥʦʚʝʩʠʷ ʩʠʣ, ʜʝʡʩʪʚʫʶʱʠʭ ʥʘ 

ʢʘʞʜʳʡ ʵʣʝʤʝʥʪ ʚʝʱʝʩʪʚʘ ʟʚʝʟʜʳ. ɺʥʫʪʨʝʥʥʝʝ ʪʝʧʣʦʚʦʝ ʜʘʚʣʝʥʠʝ, ʩʪʨʝʤʷʱʝʝʩʷ ʨʘʩʰʠʨʠʪʴ 

ʦʙʲʝʤ, ʟʘʥʠʤʘʝʤʳʡ ʚʝʱʝʩʪʚʦʤ ʟʚʝʟʜʳ, ʧʦʚʩʝʤʝʩʪʥʦ ʫʨʘʚʥʦʚʝʰʝʥ ʩʠʣʘʤʠ ʚʟʘʠʤʥʦʛʦ ʛʨʘ-

ʚʠʪʘʮʠʦʥʥʦʛʦ ʧʨʠʪʷʞʝʥʠʷ, ʩʪʨʝʤʷʱʠʤʠʩʷ ʩʞʘʪʴ ʚʩʝ ʚʝʱʝʩʪʚʦ ʚ ʩʢʦʣʴ ʫʛʦʜʥʦ ʤʘʣʳʡ 

ʦʙʲʝʤ. ɼʣʷ ʢʦʣʠʯʝʩʪʚʝʥʥʳʭ ʦʮʝʥʦʢ ʧʨʝʜʩʪʘʚʠʤ ʟʚʝʟʜʫ ʚ ʚʠʜʝ ʩʬʝʨʠʯʝʩʢʠ ʩʠʤʤʝʪʨʠʯʥʦʛʦ 

ʛʘʟʦʚʦʛʦ ʦʙʣʘʢʘ, ʦʩʥʦʚʥʘʷ ʯʘʩʪʴ ʚʝʱʝʩʪʚʘ ʢʦʪʦʨʦʛʦ ʩʦʩʨʝʜʦʪʦʯʝʥʘ ʚ ʧʨʝʜʝʣʘʭ ʩʬʝʨʳ ʨʘʜʠ-

ʫʩʘ R. ʅʘ ʧʨʦʠʟʚʦʣʴʥʳʡ ʮʠʣʠʥʜʨʠʯʝʩʢʠʡ ʵʣʝʤʝʥʪ ʚʝʱʝʩʪʚʘ ʦʙʲʝʤʦʤ dV = dSdr, ʨʘʩʧʦʣʦ-

ʞʝʥʥʳʡ ʥʘ ʨʘʩʩʪʦʷʥʠʠ r ʦʪ ʮʝʥʪʨʘ ʟʚʝʟʜʳ ʜʝʡʩʪʚʫʝʪ ʚʳʪʘʣʢʠʚʘʶʱʘʷ ʩʠʣʘ, ʦʙʫʩʣʦʚʣʝʥʥʘʷ 

ʨʘʟʥʦʩʪʴʶ ʜʘʚʣʝʥʠʡ P1 ʠ P2, ʜʝʡʩʪʚʫʶʱʠʭ ʥʘ ʥʠʞʥʝʝ ʠ ʚʝʨʭʥʝʝ ʦʩʥʦʚʘʥʠʝ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ 

(ʩʤ. ʨʠʩ. 4.2): 

 

                                                    FP1 ï FP2 = dS(P1 ï P2) =dS dP . 
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  ʉʫʤʤʘʨʥʦʝ ʛʨʘʚʠʪʘʮʠʦʥʥʦʝ ʧʨʠʪʷʞʝʥʠʝ ʩʦ ʩʪʦʨʦʥʳ ʚʩʝʭ ʜʨʫʛʠʭ ʵʣʝʤʝʥʪʦʚ ʤʘʩʩʳ 

ʦʧʨʝʜʝʣʷʝʪʩʷ ʧʨʠʪʷʞʝʥʠʝʤ ʯʘʩʪʠ ʤʘʩʩʳ ʟʚʝʟʜʳ, ʟʘʥʠʤʘʶʱʝʡ ʰʘʨ ʨʘʜʠʫʩʘ r, ʪʘʢ ʢʘʢ ʩʫʤ-

ʤʘʨʥʦʝ ʛʨʘʚʠʪʘʮʠʦʥʥʦʝ ʚʦʟʜʝʡʩʪʚʠʝ ʚʥʝʰʥʠʭ ʩʣʦʝʚ ʨʘʚʥʦ ʥʫʣʶ. ʇʦʵʪʦʤʫ ʛʨʘʚʠʪʘʮʠʦʥʥʘʷ 

ʩʠʣʘ ʥʘʧʨʘʚʣʝʥʘ ʢ ʮʝʥʪʨʫ ʠ ʨʘʚʥʘ  

 

                                                           
2

( )
g

M r dm
F G

r
=- , 

 

ʛʜʝ dm = ɟdV ï ʤʘʩʩʘ ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʛʦ ʵʣʝʤʝʥʪʘ, M(r) ï ʤʘʩʩʘ ʚʝʱʝʩʪʚʘ ʟʚʝʟʜʳ ʚ ʰʘʨʝ 

ʨʘʜʠʫʩʘ r. ʇʨʠʨʘʚʥʠʚʘʷ ʵʪʠ ʜʚʝ ʩʠʣʳ, ʧʦʣʫʯʘʝʤ ʫʩʣʦʚʠʝ ʨʘʚʥʦʚʝʩʠʝ 

 

                                                       

                                                               
2

( )dP M r ɟ
G

dr r
=- .                                                 (4.5) 

 

ʇʨʠʥʠʤʘʷ ʚ ʢʘʯʝʩʪʚʝ ʪʠʧʠʯʥʳʭ ʟʥʘʯʝʥʠʡ r ~ R, M(r) ~ M, ʧʦʣʫʯʘʝʤ ʧʨʠʙʣʠʞʝʥʥʦʝ ʟʥʘʯʝʥʠʝ 

ʚʥʫʪʨʝʥʥʝʛʦ ʜʘʚʣʝʥʠʷ 

 

 
Mɟ

P G
R

. 

 

ʇʨʠʥʠʤʘʷ ʚʦ ʚʥʠʤʘʥʠʝ ʩʚʷʟʴ ʜʘʚʣʝʥʠʷ ʩ ʪʝʤʧʝʨʘʪʫʨʦʡ 

 

P =  n kT, 

 

 

 

 

ʤʦʞʥʦ ʪʘʢʞʝ ʦʮʝʥʠʪʴ ʪʠʧʠʯʥʫʶ ʪʝʤʧʝʨʘʪʫʨʫ ʚ ʥʝʜʨʘʭ ʟʚʝʟʜʳ. ɿʜʝʩʴ n = ɟ/m ï 

ʢʦʥʮʝʥʪʨʘʮʠʷ ʯʘʩʪʠʮ ʛʘʟʘ, m = ɛmp ï ʩʨʝʜʥʷʷ ʤʘʩʩʘ ʯʘʩʪʠʮ, mp ï ʤʘʩʩʘ ʧʨʦʪʦʥʘ, ɛ ï 

ʦʪʥʦʩʠʪʝʣʴʥʘʷ ʤʦʣʝʢʫʣʷʨʥʘʷ ʤʘʩʩʘ. ɽʩʣʠ ʧʨʠʥʷʪʴ ʯʪʦ ʚʝʱʝʩʪʚʦ ʧʨʝʜʩʪʘʚʣʷʝʪ ʚʦʜʦʨʦʜʥʫʶ 

ʧʣʘʟʤʫ, ʪ.ʝ. ʩʦʩʪʦʠʪ ʠʟ ʵʣʝʢʪʨʦʥʦʚ ʠ ʧʨʦʪʦʥʦʚ, ʪʦ ɛ = 0.5 ʠ 

 

 
2

pGMm
T

kR
º . 

 

ɼʣʷ ʉʦʣʥʮʘ ʵʪʦ ʚʳʨʘʞʝʥʠʝ ʜʘʝʪ ʊ å 107 ʂ, ʯʪʦ ʚʩʝʛʦ ʚ ʧʦʣʪʦʨʘ ʨʘʟʘ ʥʠʞʝ, ʯʝʤ ʜʘʶʪ 

ʥʘʜʝʞʥʳʝ ʨʘʩʯʝʪʳ. 

ʈʠʩ. 4.2.  ʂ ʫʩʣʦʚʠʶ ʨʘʚʥʦʚʝʩʠʷ ʚʝʱʝʩʪʚʘ ʟʚʝʟʜ. 

ʇʦʢʘʟʘʥʳ ʦʩʥʦʚʥʳʝ ʩʠʣʳ, ʜʝʡʩʪʚʫʶʱʠʝ ʥʘ 

ʧʨʦʠʟʚʦʣʴʥʳʝ ʵʣʝʤʝʥʪ ʚʝʱʝʩʪʚʘ: ʩʠʣʘ ʧʨʠʪʷʞʝʥʠʷ 

Fg ʠ ʩʠʣʳ ʪʝʧʣʦʚʦʛʦ ʜʘʚʣʝʥʠʷ ʥʘ ʥʠʞʥʶʶ (FP1) ʠ 

ʚʝʨʭʥʶʶ (FP2) ʧʦʚʝʨʭʥʦʩʪʠ ʵʣʝʤʝʥʪʘ. 
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 4.4. ʊʝʦʨʝʤʘ ʚʠʨʠʘʣʘ 

 

ʊʝʦʨʝʤʘ ʚʠʨʠʘʣʘ ʩʧʨʘʚʝʜʣʠʚʘ ʜʣʷ ʩʠʩʪʝʤʳ ʯʘʩʪʠʮ (ʪʝʣ), ʚʟʘʠʤʦʜʝʡʩʪʚʫʶʱʠʭ 

ʧʦʩʨʝʜʩʪʚʦʤ ʩʠʣ, ʟʘʚʠʩʷʱʠʭ ʦʪ ʨʘʩʩʪʦʷʥʠʷ ʧʦ ʟʘʢʦʥʫ nF r-´ . ɽʩʣʠ ʜʚʠʞʝʥʠʝ ʯʘʩʪʠʮ 

ʬʠʥʠʪʥʦ, ʪ.ʝ. ʦʛʨʘʥʠʯʝʥʦ ʚ ʧʨʦʩʪʨʘʥʩʪʚʝ, ʯʪʦ ʩʧʨʘʚʝʜʣʠʚʦ ʜʣʷ ʯʘʩʪʠʮ ʩʪʘʮʠʦʥʘʨʥʦʡ 

ʟʚʝʟʜʳ, ʪʦ ʚ ʯʘʩʪʥʦʤ ʩʣʫʯʘʝ ʛʨʘʚʠʪʘʮʠʦʥʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ 2F r-´  ʩʨʝʜʥʠʝ ʟʥʘʯʝʥʠʷ 

ʩʫʤʤʘʨʥʦʡ ʢʠʥʝʪʠʯʝʩʢʦʡ ʵʥʝʨʛʠʠ ʚʩʝʭ ʪʝʣ ʩʠʩʪʝʤʳ EK ʠ ʧʦʪʝʥʮʠʘʣʴʥʦʡ ʵʥʝʨʛʠʠ ʠʭ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ V ʩʚʷʟʘʥʳ ʩʦʦʪʥʦʰʝʥʠʝʤ 

 

                                                               2EK + V = 0.                                                         (4.6) 

 

ɺ ʧʨʠʤʝʥʝʥʠʠ ʢ ʚʝʱʝʩʪʚʫ ʟʚʝʟʜʳ ʧʦʜ ʪʝʣʘʤʠ ʩʣʝʜʫʝʪ ʧʦʥʠʤʘʪʴ ʯʘʩʪʠʮʳ (ʧʨʦʪʦʥʳ, 

ʵʣʝʢʪʨʦʥʳ ʠ ʜʨʫʛʠʝ ʯʘʩʪʠʮʳ), ʠʟ ʢʦʪʦʨʳʭ ʩʦʩʪʦʠʪ ʚʝʱʝʩʪʚʦ. ɺ ʵʪʦʤ ʩʣʫʯʘʝ ʧʦʪʝʥʮʠʘʣʴʥʘʷ 

ʵʥʝʨʛʠʷ ʛʨʘʚʠʪʘʮʠʦʥʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʯʘʩʪʠʮ ʚʝʱʝʩʪʚʘ ʧʦ ʧʦʨʷʜʢʫ ʚʝʣʠʯʠʥʳ ʨʘʚʥʘ 

 

                                                    

2M
V G

R
º-   , 

 

ʛʜʝ M ï ʤʘʩʩʘ ʟʚʝʟʜʳ, R ï ʝʝ ʨʘʜʠʫʩ. 

ʂʠʥʝʪʠʯʝʩʢʘʷ ʵʥʝʨʛʠʷ ʯʘʩʪʠʮ ʟʚʝʟʜʥʦʛʦ ʚʝʱʝʩʪʚʘ ʩʢʣʘʜʳʚʘʝʪʩʷ ʠʟ ʵʥʝʨʛʠʠ 

ʚʨʘʱʝʥʠʷ ʟʚʝʟʜʳ Erot ʠ ʪʝʧʣʦʚʦʡ ʵʥʝʨʛʠʠ ʚʝʱʝʩʪʚʘ ET. ʕʥʝʨʛʠʷ ʚʨʘʱʝʥʠʷ, ʢʘʢ ʧʨʘʚʠʣʦ, ʧʦ 

ʚʝʣʠʯʠʥʝ ʟʥʘʯʠʪʝʣʴʥʦ ʤʝʥʴʰʝ ʪʝʧʣʦʚʦʡ ʵʥʝʨʛʠʠ ʚʝʱʝʩʪʚʘ, ʧʦʵʪʦʤʫ ʠʤʝʝʤ: 

 

                                                
3

2
K TE E NkT= = .   

 

ɿʜʝʩʴ N = M/(ɛmp) ï ʢʦʣʠʯʝʩʪʚʦ ʯʘʩʪʠʮ, ɛ ï ʦʪʥʦʩʠʪʝʣʴʥʘʷ ʤʦʣʝʢʫʣʷʨʥʘʷ ʤʘʩʩʘ. ɺʳʨʘʞʝʥʠʝ 

(4.6) ʧʦʟʚʦʣʷʝʪ ʧʦʣʫʯʠʪʴ ʦʮʝʥʢʫ ʚʝʣʠʯʠʥʳ ʩʨʝʜʥʝʡ ʪʝʤʧʝʨʘʪʫʨʳ ʚʝʱʝʩʪʚʘ ʟʚʝʟʜʳ: 

 

3

pGM m
T

kR
º

m
 . 

 

ɼʣʷ ʉʦʣʥʮʘ ʵʪʦ ʚʳʨʘʞʝʥʠʝ ʜʘʝʪ ʊ = 4Ŀ106 ʂ (ʝʩʣʠ ʧʨʠʥʷʪʴ ɛ = 0.5), ʯʪʦ ʥʝ ʩʠʣʴʥʦ 

ʦʪʣʠʯʘʝʪʩʷ ʦʪ ʟʥʘʯʝʥʠʷ, ʜʘʚʘʝʤʦʛʦ ʩʦʚʨʝʤʝʥʥʳʤʠ ʤʦʜʝʣʷʤʠ ʚʥʫʪʨʝʥʥʝʛʦ ʩʪʨʦʝʥʠʷ 

ʉʦʣʥʮʘ. 

 ʀʟ ʪʝʦʨʝʤʳ ʚʠʨʠʘʣʘ ʚʳʪʝʢʘʝʪ ʪʘʢʞʝ ʩʦʦʪʥʦʰʝʥʠʝ ʤʝʞʜʫ ʧʦʣʥʦʡ ʵʥʝʨʛʠʝʡ ʩʠʩʪʝʤʳ 

E = EK + V ʠ ʢʠʥʝʪʠʯʝʩʢʦʡ ʵʥʝʨʛʠʝʡ: 

 

                                                             E = ī EK.                                                         (4.7) 

 

ʇʦʣʥʘʷ ʵʥʝʨʛʠʷ ʟʚʝʟʜʳ ʫʤʝʥʴʰʘʝʪʩʷ ʩʦ ʚʨʝʤʝʥʝʤ ʠʟ-ʟʘ ʧʦʪʝʨʴ ʵʥʝʨʛʠʠ ʥʘ ʝʝ 

ʠʟʣʫʯʝʥʠʝ. ʇʨʦʮʝʩʩ ʧʦʪʝʨʴ ʵʥʝʨʛʠʠ ʦʯʝʥʴ ʤʝʜʣʝʥʥʳʡ, ʧʦʵʪʦʤʫ ʪʝʦʨʝʤʘ ʚʠʨʠʘʣʘ 

ʧʨʠʤʝʥʠʤʘ ʜʣʷ ʤʝʜʣʝʥʥʦ ʵʚʦʣʶʮʠʦʥʠʨʫʶʱʝʡ ʟʚʝʟʜʳ. ʀʟ ʩʦʦʪʥʦʰʝʥʠʷ (4.7) ʩʣʝʜʫʝʪ, ʯʪʦ 

ʚʝʣʠʯʠʥʳ ʤʝʜʣʝʥʥʳʭ ʠʟʤʝʥʝʥʠʡ ʪʝʧʣʦʚʦʡ ʠ ʧʦʣʥʦʡ ʵʥʝʨʛʠʠ ʩʚʷʟʘʥʳ ʩʦʦʪʥʦʰʝʥʠʝʤ 

 

                                                           ȹET = ī ȹE.                                                       (4.8) 
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ʆʪʩʶʜʘ ʩʣʝʜʫʝʪ, ʯʪʦ ʟʚʝʟʜʘ, ʪʝʨʷʶʱʘʷ ʚ ʚʠʜʝ ʠʟʣʫʯʝʥʠʷ ʵʥʝʨʛʠʶ ( 0)ED < , ʥʝ ʦʩʪʳʚʘʝʪ, ʘ 

ʥʘʧʨʦʪʠʚ, ʨʘʟʦʛʨʝʚʘʝʪʩʷ ( 0)TED > . ʇʨʠ ʵʪʦʤ ʦʥʘ ʩʞʠʤʘʝʪʩʷ ʠ ʝʝ ʧʦʪʝʥʮʠʘʣʴʥʘʷ ʵʥʝʨʛʠʷ 

ʫʤʝʥʴʰʘʝʪʩʷ ( 0)VD < . 

 ʇʨʠʤʝʥʝʥʠʝ ʩʦʦʪʥʦʰʝʥʠʷ (4.6) ʢ ʩʢʦʧʣʝʥʠʶ ʟʚʝʟʜ ʧʦʟʚʦʣʷʝʪ ʦʮʝʥʠʪʴ ʝʛʦ ʤʘʩʩʫ 

 

                                                               
2 KRE

M
G

=   , 

 

ʝʩʣʠ ʩʫʤʤʘʨʥʘʷ ʢʠʥʝʪʠʯʝʩʢʘʷ ʵʥʝʨʛʠʷ ʟʚʝʟʜ ʩʢʦʧʣʝʥʠʷ EK ʠʟʚʝʩʪʥʘ ʠʟ ʥʘʙʣʶʜʝʥʠʡ. 

ʇʨʠʤʝʥʝʥʠʝ ʵʪʦʛʦ ʩʦʦʪʥʦʰʝʥʠʷ ʢ ʥʝʙʦʣʴʰʠʤ ʧʦ ʨʘʟʤʝʨʫ R ʮʝʥʪʨʘʣʴʥʳʤ ʦʙʣʘʩʪʷʤ 

ʛʘʣʘʢʪʠʢ, ʢʘʢ ʧʨʘʚʠʣʦ, ʧʨʠʚʦʜʠʪ ʢ ʥʝʩʦʦʪʚʝʪʩʪʚʠʶ: ʥʘʡʜʝʥʥʘʷ ʪʘʢʠʤ ʦʙʨʘʟʦʤ ʤʘʩʩʘ M 

ʩʫʱʝʩʪʚʝʥʥʦ ʙʦʣʴʰʝ ʩʫʤʤʘʨʥʦʡ ʤʘʩʩʳ ʚʩʝʭ ʟʚʝʟʜ ʦʙʣʘʩʪʠ MS. ʈʘʟʨʝʰʝʥʠʝ ʧʨʦʪʠʚʦʨʝʯʠʷ 

ʩʦʩʪʦʠʪ ʚ ʪʦʤ, ʯʪʦ ʚ ʮʝʥʪʨʝ ʛʘʣʘʢʪʠʢ ʠʤʝʶʪʩʷ ʤʘʩʩʠʚʥʳʝ ʢʦʤʧʘʢʪʥʳʝ ʦʙʲʝʢʪʳ ï 

ʩʚʝʨʭʤʘʩʩʠʚʥʳʝ ʯʝʨʥʳʝ ʜʳʨʳ, ī ʢʦʪʦʨʳʝ ʧʨʦʷʚʣʷʶʪ ʩʝʙʷ ʛʨʘʚʠʪʘʮʠʦʥʥʳʤ ʚʦʟʜʝʡʩʪʚʠʝʤ  

ʥʘ ʦʢʨʫʞʘʶʱʠʝ ʟʚʝʟʜʳ. 

 

 

 4.5. ʊʝʨʤʦʷʜʝʨʥʳʝ ʨʝʘʢʮʠʠ 

 

 ʇʦʩʢʦʣʴʢʫ ʧʦʪʝʥʮʠʘʣʴʥʘʷ ʵʥʝʨʛʠʷ ʟʚʝʟʜʳ ʧʦ ʧʦʨʷʜʢʫ ʚʝʣʠʯʠʥʳ ʨʘʚʥʘ   

 

                                                                 

2M
V G

R
º  ,  

 

ʪʦ ʩʚʝʪʠʤʦʩʪʴ ʟʚʝʟʜʳ L ʟʘ ʩʯʝʪ ʵʪʦʡ ʵʥʝʨʛʠʠ ʤʦʞʝʪ ʙʳʪʴ ʦʙʝʩʧʝʯʝʥʘ ʚ ʪʝʯʝʥʠʝ ʚʨʝʤʝʥʠ 

 

                                                                      
V

t
L

= . 

 

ɼʣʷ ʉʦʣʥʮʘ |V| å 4Ŀ1048 ʵʨʛ, ʯʪʦ ʜʘʝʪ t = 3Ŀ107 ʣʝʪ. ɺ ʜʝʡʩʪʚʠʪʝʣʴʥʦʩʪʠ ʞʝ ʚʨʝʤʷ ʞʠʟʥʠ 

ʉʦʣʥʮʘ ʩʦʩʪʘʚʣʷʝʪ  t å 5Ŀ109 ʣʝʪ. ʕʪʦ ʦʟʥʘʯʘʝʪ, ʯʪʦ ʜʣʷ ʦʙʝʩʧʝʯʝʥʠʷ ʥʘʙʣʶʜʘʝʤʦʡ 

ʩʚʝʪʠʤʦʩʪʠ ʉʦʣʥʮʘ ʚ ʪʝʯʝʥʠʝ 5Ŀ109 ʣʝʪ ʧʦʤʠʤʦ ʵʥʝʨʛʠʠ ʛʨʘʚʠʪʘʮʠʦʥʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ 

ʪʨʝʙʫʝʪʩʷ ʜʦʧʦʣʥʠʪʝʣʴʥʳʡ, ʛʦʨʘʟʜʦ ʙʦʣʝʝ ʤʦʱʥʳʡ ʠʩʪʦʯʥʠʢ ʵʥʝʨʛʠʠ.  

ɽʜʠʥʩʪʚʝʥʥʦ ʚʦʟʤʦʞʥʳʤ ʠʩʪʦʯʥʠʢʦʤ ʵʥʝʨʛʠʠ ʚ ʥʝʜʨʘʭ ʟʚʝʟʜ ʷʚʣʷʶʪʩʷ ʷʜʝʨʥʳʝ 

ʨʝʘʢʮʠʠ, ʢʦʪʦʨʳʝ ʧʨʦʪʝʢʘʶʪ ʩ ʚʳʜʝʣʝʥʠʝʤ ʵʥʝʨʛʠʠ. ʗʜʝʨʥʳʝ ʨʝʘʢʮʠʠ, ʢʘʢ ʧʨʘʚʠʣʦ, 

ʩʦʧʨʦʚʦʞʜʘʶʪʩʷ ʧʨʝʚʨʘʱʝʥʠʝʤ ʘʪʦʤʥʳʭ ʷʜʝʨ. ɺʦʟʤʦʞʥʦʩʪʴ ʚʳʜʝʣʝʥʠʷ ʵʥʝʨʛʠʠ ʚ ʷʜʝʨʥʳʭ 

ʨʝʘʢʮʠʷʭ ʩʚʷʟʘʥʘ ʩ ʥʘʣʠʯʠʝʤ ʪʘʢ ʥʘʟʳʚʘʝʤʦʡ ʵʥʝʨʛʠʠ ʩʚʷʟʠ ʷʜʝʨ, ʢʦʪʦʨʦʡ ʥʘʟʳʚʘʝʪʩʷ 

ʵʥʝʨʛʠʷ, ʥʝʦʙʭʦʜʠʤʘʷ ʜʣʷ ʧʦʣʥʦʛʦ ʨʘʩʱʝʧʣʝʥʠʷ ʷʜʨʘ ʥʘ ʦʪʜʝʣʴʥʳʝ ʧʨʦʪʦʥʳ ʠ ʥʝʡʪʨʦʥʳ.  

ɸʪʦʤʥʦʝ ʷʜʨʦ ʩ ʤʘʩʩʦʡ M, ʟʘʨʷʜʦʚʳʤ ʯʠʩʣʦʤ Z ʠ ʤʘʩʩʦʚʳʤ ʯʠʩʣʦʤ A = Z + N 

ʩʦʜʝʨʞʠʪ Z ʧʨʦʪʦʥʦʚ ʠ N ʥʝʡʪʨʦʥʦʚ ʠ ʝʛʦ ʵʥʝʨʛʠʷ ʩʚʷʟʠ ʝʩʪʴ 

 

                                               Eb (Z, A) = (Zmp +Nmn ï M)c2.                                                  (4.9) 

 

ɼʣʷ ʣʶʙʦʛʦ ʘʪʦʤʥʦʛʦ ʷʜʨʘ ʵʥʝʨʛʠʷ ʩʚʷʟʠ ʧʦʣʦʞʠʪʝʣʴʥʘ Eb > 0, ʧʦʵʪʦʤʫ ʤʘʩʩʘ ʷʜʨʘ M 

ʤʝʥʴʰʝ ʩʫʤʤʘʨʥʦʡ ʤʘʩʩʳ ʥʫʢʣʦʥʦʚ, ʠʟ ʢʦʪʦʨʳʭ ʦʥʦ ʩʦʩʪʦʠʪ.  

ʇʨʦʩʪʝʡʰʘʷ ʷʜʝʨʥʘʷ ʨʝʘʢʮʠʷ ï ʩʘʤʦʧʨʦʠʟʚʦʣʴʥʳʡ ʨʘʩʧʘʜ ʷʜʨʘ ʤʘʩʩʳ M ʥʘ ʜʚʘ 

ʜʨʫʛʠʭ, ʩ ʤʘʩʩʘʤʠ M1 ʠ M2. ɿʘʢʦʥ ʩʦʭʨʘʥʝʥʠʷ ʵʥʝʨʛʠʠ ʚ ʵʪʦʤ ʩʣʫʯʘʝ ʟʘʧʠʩʳʚʘʝʪʩʷ ʚ ʚʠʜʝ 

 

                                                       Mc2 = M1c
2 + M2c

2 + ȹE, 
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ʛʜʝ ȹE ï ʩʫʤʤʘʨʥʘʷ ʢʠʥʝʪʠʯʝʩʢʘʷ ʵʥʝʨʛʠʷ ʚʪʦʨʠʯʥʳʭ ʷʜʝʨ. ʉ ʪʦʯʢʠ ʟʨʝʥʠʷ ʟʘʢʦʥʘ 

ʩʦʭʨʘʥʝʥʠʷ ʵʥʝʨʛʠʠ ʨʝʘʢʮʠʷ ʨʘʩʧʘʜʘ ʚʦʟʤʦʞʥʘ ʧʨʠ ʚʳʧʦʣʥʝʥʠʠ ʫʩʣʦʚʠʷ M1c
2 + M2c

2 < Mc2, 

ʪ.ʝ. ʧʨʠ ȹE > 0. ɽʩʣʠ ʠʩʭʦʜʥʦʝ ʷʜʨʦ ʧʦʢʦʠʪʩʷ, ʪʦ ʝʛʦ ʵʥʝʨʛʠʶ ʤʦʞʥʦ ʟʘʧʠʩʘʪʴ ʚ ʚʠʜʝ 

 

                                                  Mc2 = (Zmp +Nmn)c
2 ī Eb (Z,A). 

 

ɿʘʧʠʩʳʚʘʷ ʘʥʘʣʦʛʠʯʥʳʝ ʩʦʦʪʥʦʰʝʥʠʷ ʜʣʷ ʷʜʝʨ ʩ ʤʘʩʩʘʤʠ M1 ʠ M2 ʠ ʫʯʠʪʳʚʘʷ, ʯʪʦ Z = Z1 + 

Z2 ʠ A = A1 + A2, ʩʦʭʨʘʥʝʥʠʝ ʵʥʝʨʛʠʠ ʚ ʧʨʦʮʝʩʩʝ ʨʘʩʧʘʜʘ ʤʦʞʥʦ ʧʨʝʜʩʪʘʚʠʪʴ ʚ ʚʠʜʝ 

 

                                                         Eb1 + Eb2 ï Eb = ȹE. 

 

ʆʪʩʶʜʘ ʚʠʜʥʦ, ʯʪʦ ȹE > 0, ʝʩʣʠ ʵʥʝʨʛʠʷ ʩʚʷʟʠ ʚʪʦʨʠʯʥʳʭ ʷʜʝʨ ʙʦʣʴʰʝ ʵʥʝʨʛʠʠ ʩʚʷʟʠ 

ʠʩʭʦʜʥʦʛʦ ʷʜʨʘ, ʪ.ʝ.  

 

                                                           Eb1 + Eb2 > Eb.  

 

                                                       

ɺ ʵʪʦʤ ʩʣʫʯʘʝ ʨʘʩʧʘʜ ʚʦʟʤʦʞʝʥ (ʝʩʣʠ ʦʥ ʥʝ ʟʘʧʨʝʱʝʥ ʜʨʫʛʠʤʠ ʟʘʢʦʥʘʤʠ ʩʦʭʨʘʥʝʥʠʷ), 

ʧʨʠʯʝʤ ʦʥ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʩ ʚʳʜʝʣʝʥʠʝʤ ʵʥʝʨʛʠʠ. ɺ ʧʨʦʪʠʚʦʧʦʣʦʞʥʦʤ ʩʣʫʯʘʝ  Eb1 + Eb2 < 

Eb ʨʘʩʧʘʜ ʟʘʧʨʝʱʝʥ ʟʘʢʦʥʦʤ ʩʦʭʨʘʥʝʥʠʷ ʵʥʝʨʛʠʠ. ɺ ʵʪʦʤ ʩʣʫʯʘʝ ʥʘʦʙʦʨʦʪ ʚʦʟʤʦʞʥʘ 

ʨʝʘʢʮʠʷ ʩʠʥʪʝʟʘ ʜʚʫʭ ʷʜʝʨ ʩ ʤʘʩʩʘʤʠ M1 ʠ M2 ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ ʙʦʣʝʝ ʪʷʞʝʣʦʛʦ ʷʜʨʘ ʤʘʩʩʳ 

M ʪʘʢʞʝ ʩ ʚʳʜʝʣʝʥʠʝʤ ʵʥʝʨʛʠʠ 

 

                                                          ȹE å Eb ī Eb1 ī Eb2 . 

 

ɺʳʚʦʜ ʦ ʪʦʤ, ʢʘʢʠʝ ʠʤʝʥʥʦ ʨʝʘʢʮʠʠ ʧʨʦʪʝʢʘʶʪ ʩ ʚʳʜʝʣʝʥʠʝʤ ʵʥʝʨʛʠʠ ʤʦʞʥʦ 

ʩʜʝʣʘʪʴ, ʦʩʥʦʚʳʚʘʷʩʴ ʥʘ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʦʧʨʝʜʝʣʝʥʥʦʡ ʫʜʝʣʴʥʦʡ ʵʥʝʨʛʠʠ ʩʚʷʟʠ Eb/A, 

ʢʦʪʦʨʘʷ ʧʨʝʜʩʪʘʚʣʝʥʘ ʥʘ ʨʠʩ. 4.3. ʇʦʩʢʦʣʴʢʫ ʵʥʝʨʛʠʷ ʩʚʷʟʠ ʠʤʝʝʪ ʤʘʢʩʠʤʫʤ Eb/A å 8.8 ʄʵɺ 
ʧʨʠ ɸ å 56, ʪ.ʝ. ʚ ʦʙʣʘʩʪʠ ʷʜʝʨ ʞʝʣʝʟʘ, ʪʷʞʝʣʳʤ ʷʜʨʘʤ ʩ ʘʪʦʤʥʳʤʠ ʯʠʩʣʘʤʠ A > 56 

ʵʥʝʨʛʝʪʠʯʝʩʢʠ ʚʳʛʦʜʝʥ ʧʨʦʮʝʩʩ ʜʝʣʝʥʠʷ ʥʘ ʦʩʢʦʣʢʠ. ʕʪʦʪ ʧʨʦʮʝʩʩ ʩʘʤʦʧʨʦʠʟʚʦʣʴʥʦʛʦ 

ʨʘʩʧʘʜʘ ʪʷʞʝʣʳʭ ʷʜʝʨ ʠʜʝʪ ʩ ʚʳʜʝʣʝʥʠʝʤ ʵʥʝʨʛʠʠ, ʧʦʣʫʯʠʚʰʝʡ ʥʘʟʚʘʥʠʝ ʘʪʦʤʥʦʡ. 

ʈʠʩ. 4.3 ʋʜʝʣʴʥʘʷ ʵʥʝʨʛʠʷ ʩʚʷʟʠ ʥʫʢʣʦʥʦʚ ʚ ʘʪʦʤʥʦʤ ʷʜʨʝ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʘʪʦʤʥʦʛʦ 

ʯʠʩʣʘ ʷʜʨʘ. 
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ʃʝʛʯʘʡʰʠʤ ʷʜʨʘʤ, ʥʘʦʙʦʨʦʪ, ʵʥʝʨʛʝʪʠʯʝʩʢʠ ʚʳʛʦʜʥʦ ʩʣʠʚʘʪʴʩʷ ʜʨʫʛ ʩ ʜʨʫʛʦʤ ʚ ʙʦʣʝʝ 

ʪʷʞʝʣʳʝ ʷʜʨʘ ʩ ʚʳʜʝʣʝʥʠʝʤ ʪʝʨʤʦʷʜʝʨʥʦʡ ʵʥʝʨʛʠʠ. 

 ʇʦʩʢʦʣʴʢʫ ʚ ʚʝʱʝʩʪʚʝ ʟʚʝʟʜ ʣʝʛʢʠʝ ʵʣʝʤʝʥʪʳ ʷʚʣʷʶʪʩʷ ʧʨʝʦʙʣʘʜʘʶʱʠʤʠ, ʠʤʝʥʥʦ 

ʪʝʨʤʦʷʜʝʨʥʳʝ ʨʝʘʢʮʠʠ ʩʠʥʪʝʟʘ, ʧʨʦʪʝʢʘʶʱʠʝ ʚ ʠʭ ʥʝʜʨʘʭ, ʷʚʣʷʶʪʩʷ ʦʩʥʦʚʥʳʤ ʠʩʪʦʯʥʠʢʦʤ 

ʵʥʝʨʛʠʠ. ɺ ʟʚʝʟʜʘʭ ʩ ʤʘʩʩʘʤʠ M < 1.3M  ʦʩʥʦʚʥʫʶ ʨʦʣʴ ʠʛʨʘʶʪ ʨʝʘʢʮʠʠ ʚʦʜʦʨʦʜʥʦʛʦ 

ʮʠʢʣʘ (ɹʝʪʝ, 1939): 

 

        p + p Ÿ d + e+ + ɜe       (Ůɜ < 0.42 ʄʵɺ)                                                                      (4.10) 

        p + d Ÿ 3He + ɔ                                                                                                           (4.11) 

       3He + 3He Ÿ 4He +2p                                                                                                   (4.12) 

      ʈʝʘʢʮʠʠ (4.10)-(4.12) ʚʦʜʦʨʦʜʥʦʛʦ ʮʠʢʣʘ (ʪʦʯʥʝʝ ï ʜʚʝ ʨʝʘʢʮʠʠ (4.10) ʠ (4.11) ʩ 

ʧʦʩʣʝʜʫʶʱʝʡ ʨʝʘʢʮʠʝʡ (4.12)) ʟʘʚʝʨʰʘʶʪʩʷ ʦʙʨʘʟʦʚʘʥʠʝʤ ʷʜʨʘ ʛʝʣʠʷ 4He ʠʟ ʯʝʪʳʨʝʭ 

ʧʨʦʪʦʥʦʚ, ʧʨʠʯʝʤ, ʥʠʢʘʢʠʝ ʜʨʫʛʠʝ ʷʜʨʘ ʥʝ ʨʘʩʭʦʜʫʶʪʩʷ. 

 ɿʘʚʝʨʰʘʶʱʘʷ ʨʝʘʢʮʠʷ ʮʠʢʣʘ (4.12) ʨʝʘʣʠʟʫʝʪʩʷ ʚ 65% ʩʣʫʯʘʝʚ. ʉ ʚʝʨʦʷʪʥʦʩʪʴʶ 36% 

ʚʦʜʦʨʦʜʥʳʡ ʮʠʢʣ ʟʘʚʝʨʰʘʝʪʩʷ ʨʝʘʢʮʠʷʤʠ  

  

       3He + 4He Ÿ 7Be + ɔ                                                                                                     (4.13) 

       7Be + eī Ÿ 7Li  + ɜe (Ůɜ = 0.862 ʄʵɺ ʠʣʠ Ůɜ = 0.384 ʄʵɺ)                                          (4.14) 

       7Be + p Ÿ 8B + ɔ,                                                                                                          (4.15) 

                         8B Ÿ 8Be + e+ + ɜe   (Ůɜ < 14 ʄʵɺ), 

                                   8Be Ÿ 2 4He 

 

ʂʘʢ ʠ ʧʨʝʜʳʜʫʱʘʷ ʵʪʘ ʚʝʪʚʴ ʚʦʜʦʨʦʜʥʦʛʦ ʮʠʢʣʘ ʟʘʚʝʨʰʘʶʪʩʷ ʦʙʨʘʟʦʚʘʥʠʝʤ ʷʜʨʘ 

ʛʝʣʠʷ 4He ʠʟ ʯʝʪʳʨʝʭ ʧʨʦʪʦʥʦʚ. ʇʝʨʚʘʷ ʨʝʘʢʮʠʷ ʵʪʦʛʦ ʮʠʢʣʘ (4.10) ʩʘʤʘʷ ʤʝʜʣʝʥʥʘʷ, 

ʧʦʵʪʦʤʫ ʦʥʘ ʦʧʨʝʜʝʣʷʝʪ ʪʝʤʧ ʵʥʝʨʛʦʚʳʜʝʣʝʥʠʷ ʠ ʚʨʝʤʷ ʞʠʟʥʠ ʟʚʝʟʜʳ ʥʘ ʛʣʘʚʥʦʡ 

ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ.  

ʆʙʨʘʟʦʚʘʥʠʝ ʦʜʥʦʛʦ ʷʜʨʘ ʛʝʣʠʷ ʩʦʧʨʦʚʦʞʜʘʝʪʩʷ ʚʳʜʝʣʝʥʠʝʤ ʵʥʝʨʛʠʠ 

 

                                                    ȹEH = 26.7 ʄʵɺ, 

 

ʠʟ ʢʦʪʦʨʦʡ ʚ ʩʨʝʜʥʝʤ  ʦʢʦʣʦ 0.6 ʄʵɺ ʫʥʦʩʷʪ ʥʝʡʪʨʠʥʦ. ʇʦʩʢʦʣʴʢʫ ʥʘ ʢʘʞʜʳʝ ȹEH 

ʚʳʜʝʣʷʝʤʦʡ ʚ ʥʝʜʨʘʭ ʟʚʝʟʜʳ ʵʥʝʨʛʠʠ ʨʦʞʜʘʝʪʩʷ ʜʚʘ ʥʝʡʪʨʠʥʦ, ʥʝʡʪʨʠʥʥʘʷ ʩʚʝʪʠʤʦʩʪʴ 

ʟʚʝʟʜʳ (ʢʦʣʠʯʝʩʪʚʦ ʥʝʡʪʨʠʥʦ, ʠʩʧʫʩʢʘʝʤʳʭ ʟʚʝʟʜʦʡ ʚ ʝʜʠʥʠʮʫ ʚʨʝʤʝʥʠ) ʨʘʚʥʘ 

 

                                                 2
H

L
N

E
n=

D
  . 

 

ʅʝʡʪʨʠʥʥʘʷ ʩʚʝʪʠʤʦʩʪʴ ʉʦʣʥʮʘ ʩʦʩʪʘʚʣʷʝʪ Nɜ =1.8Ŀ10
38 ʥʝʡʪʨʠʥʦ/ʩ. ʈʝʛʠʩʪʨʘʮʠʷ 

ʩʦʣʥʝʯʥʳʭ ʥʝʡʪʨʠʥʦ ʧʦʟʚʦʣʠʣʘ ʧʦʣʫʯʠʪʴ ʠʩʯʝʨʧʳʚʘʶʱʝʝ ʜʦʢʘʟʘʪʝʣʴʩʪʚʦ ʪʦʛʦ, ʯʪʦ 

ʠʩʪʦʯʥʠʢʦʤ ʵʥʝʨʛʠʠ ʉʦʣʥʮʘ ʷʚʣʷʶʪʩʷ ʪʝʨʤʦʷʜʝʨʥʳʝ ʨʝʘʢʮʠʠ ʚʦʜʦʨʦʜʥʦʛʦ ʮʠʢʣʘ, 

ʧʨʦʪʝʢʘʶʱʠʝ ʚ ʝʛʦ ʥʝʜʨʘʭ (ʩʤ. ʛʣʘʚʫ 5). 

 ʊʝʨʤʦʷʜʝʨʥʳʝ ʨʝʘʢʮʠʠ ʚ ʟʚʝʟʜʘʭ ʧʨʠʚʦʜʷʪ ʢ ʧʦʩʪʝʧʝʥʥʦʤʫ ʠʟʤʝʥʝʥʠʶ ʭʠʤʠʯʝʩʢʦʛʦ 

ʩʦʩʪʘʚʘ ʟʚʝʟʜʥʦʛʦ ʚʝʱʝʩʪʚʘ, ʯʪʦ ʚʳʟʳʚʘʝʪ ʧʝʨʝʩʪʨʦʡʢʫ (ʵʚʦʣʶʮʠʶ) ʟʚʝʟʜʳ. ʇʝʨʚʳʡ ʵʪʘʧ 

ʵʚʦʣʶʮʠʠ ʟʘʢʘʥʯʠʚʘʝʪʩʷ ʠʩʪʦʱʝʥʠʝʤ ʟʘʧʘʩʘ ʚʦʜʦʨʦʜʘ ʚ ʮʝʥʪʨʘʣʴʥʳʭ ʦʙʣʘʩʪʷʭ ʟʚʝʟʜʳ. 

ɿʘʪʝʤ ʧʦʩʣʝ ʧʦʚʳʰʝʥʠʷ ʪʝʤʧʝʨʘʪʫʨʳ, ʚʳʟʚʘʥʥʦʛʦ ʩʞʘʪʠʝʤ ʮʝʥʪʨʘʣʴʥʳʭ ʩʣʦʝʚ ʟʚʝʟʜʳ, 

ʩʪʘʥʦʚʷʪʩʷ ʵʬʬʝʢʪʠʚʥʳʤʠ ʪʝʨʤʦʷʜʝʨʥʳʝ ʨʝʘʢʮʠʠ ʛʦʨʝʥʠʷ ʛʝʣʠʷ, ʢʦʪʦʨʳʝ ʩʤʝʥʷʶʪʩʷ 

ʨʝʘʢʮʠʷʤʠ ʛʦʨʝʥʠʷ C, O, Si ʠ ʧʦʩʣʝʜʫʶʱʠʭ ʵʣʝʤʝʥʪʦʚ ʚʧʣʦʪʴ ʜʦ Fe. ʇʦʩʣʝ ʠʩʪʦʱʝʥʠʷ 

ʦʯʝʨʝʜʥʦʛʦ ʷʜʝʨʥʦʛʦ ʛʦʨʶʯʝʛʦ ʧʨʦʠʩʭʦʜʠʪ ʧʦʚʳʰʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ ʠ ʧʣʦʪʥʦʩʪʠ ʜʦ ʪʝʭ 

ʧʦʨ, ʧʦʢʘ ʥʝ ʚʢʣʶʯʘʶʪʩʷ ʥʦʚʳʝ ʪʝʨʤʦʷʜʝʨʥʳʝ ʨʝʘʢʮʠʠ ʤʝʞʜʫ ʘʪʦʤʥʳʤʠ ʷʜʨʘʤʠ ï 

ʧʨʦʜʫʢʪʘʤʠ ʧʨʝʜʳʜʫʱʝʛʦ ʵʪʘʧʘ ʵʚʦʣʶʮʠʠ. ʂʘʞʜʦʤʫ ʵʪʘʧʫ ʵʚʦʣʶʮʠʠ ʟʚʝʟʜʳ 

ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʦʧʨʝʜʝʣʝʥʥʳʝ ʪʝʨʤʦʷʜʝʨʥʳʝ ʨʝʘʢʮʠʠ. 
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 ɺ ʨʝʟʫʣʴʪʘʪʝ ʧʨʦʪʝʢʘʥʠʷ ʚ ʥʝʜʨʘʭ ʤʘʩʩʠʚʥʳʭ ʟʚʝʟʜ ʚʩʝʭ ʵʪʠʭ ʮʠʢʣʦʚ ʷʜʝʨʥʳʭ 

ʨʝʘʢʮʠʡ ʦʙʨʘʟʫʶʪʩʷ ʞʝʣʝʟʥʳʝ ʟʚʝʟʜʥʳʝ ʷʜʨʘ, ʢʦʪʦʨʳʝ, ʚ ʢʦʥʮʝ ʢʦʥʮʦʚ, ʪʝʨʷʶʪ 

ʫʩʪʦʡʯʠʚʦʩʪʴ ʠ ʧʝʨʝʭʦʜʷʪ ʚ ʩʦʩʪʦʷʥʠʝ ʛʨʘʚʠʪʘʮʠʦʥʥʦʛʦ ʢʦʣʣʘʧʩʘ, ʟʘʢʘʥʯʠʚʘʶʱʝʛʦʩʷ 

ʦʙʨʘʟʦʚʘʥʠʝʤ ʥʝʡʪʨʦʥʥʳʭ ʟʚʝʟʜ ʣʠʙʦ ʯʝʨʥʳʭ ʜʳʨ.  

 

 

 

 

 

 4.6. ʍʘʨʘʢʪʝʨ ʜʚʠʞʝʥʠʷ ʢʚʘʥʪʦʚ ʚ ʥʝʜʨʘʭ ʟʚʝʟʜ 

 

ʈʘʩʩʤʦʪʨʠʤ ʥʘ ʧʨʠʤʝʨʝ ʉʦʣʥʮʘ ʦʩʦʙʝʥʥʦʩʪʠ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʢʚʘʥʪʦʚ ʠʟʣʫʯʝʥʠʷ ʚ 

ʚʝʱʝʩʪʚʝ ʟʚʝʟʜʳ. ʌʦʪʦʥʳ ʨʦʞʜʘʶʪʩʷ ʚ ʟʦʥʝ ʷʜʝʨʥʳʭ ʨʝʘʢʮʠʡ ʚ ʮʝʥʪʨʘʣʴʥʦʡ ʦʙʣʘʩʪʠ 

ʉʦʣʥʮʘ r < 0.3 R . ʇʣʦʪʥʦʩʪʴ ʚʝʱʝʩʪʚʘ ʚ ʮʝʥʪʨʝ ʉʦʣʥʮʘ ʦʢʦʣʦ 100 ʛ/ʩʤ3, ʪʝʤʧʝʨʘʪʫʨʘ ʦʢʦʣʦ 

107 ʂ. ʋʩʣʦʚʠʷ ʩ ʚʳʩʦʢʦʡ ʪʦʯʥʦʩʪʴʶ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʧʦʣʥʦʤʫ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʦʤʫ ʨʘʚʥʦ-

ʚʝʩʠʶ, ʧʦʵʪʦʤʫ ʵʥʝʨʛʠʷ ʨʦʞʜʘʶʱʠʭʩʷ ʬʦʪʦʥʦʚ ʨʘʩʧʨʝʜʝʣʝʥʘ ʧʦ ʟʘʢʦʥʫ ʇʣʘʥʢʘ ʜʣʷ ʘʙʩʦ-

ʣʶʪʥʦ ʯʝʨʥʦʛʦ ʪʝʣʘ. ʄʘʢʩʠʤʫʤ ʩʧʝʢʪʨʘ ʦʪʚʝʯʘʝʪ ʵʥʝʨʛʠʠ ʬʦʪʦʥʦʚ Ů = hɜ å 1 ʢʵɺ, ʯʪʦ ʩʦʦʪ-

ʚʝʪʩʪʚʫʝʪ ʞʝʩʪʢʦʤʫ ʨʝʥʪʛʝʥʦʚʩʢʦʤʫ ʠʟʣʫʯʝʥʠʶ. 

ɼʚʠʞʫʱʠʝʩʷ ʠʟ ʩʦʣʥʝʯʥʳʭ ʥʝʜʨ ʬʦʪʦʥʳ ʠʩʧʳʪʳʚʘʶʪ ʤʥʦʛʦʢʨʘʪʥʳʝ ʨʘʩʩʝʷʥʠʷ ʚ ʨʝ-

ʟʫʣʴʪʘʪʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʩʦ ʩʚʦʙʦʜʥʳʤʠ ʵʣʝʢʪʨʦʥʘʤʠ. ʇʨʠ ʵʪʦʤ ʚ ʨʝʟʫʣʴʪʘʪʝ ʨʘʩʩʝʷʥʠʡ 

ʥʘʧʨʘʚʣʝʥʠʝ ʜʚʠʞʝʥʠʷ ʬʦʪʦʥʦʚ ʩʣʫʯʘʡʥʳʤ ʦʙʨʘʟʦʤ ʤʝʥʷʝʪʩʷ. ʇʦʵʪʦʤʫ ʭʘʨʘʢʪʝʨ ʨʘʩʧʨʦ-

ʩʪʨʘʥʝʥʠʷ ʬʦʪʦʥʦʚ ʥʦʩʠʪ ʜʠʬʬʫʟʠʦʥʥʳʡ ʭʘʨʘʢʪʝʨ ʩ ʢʦʵʬʬʠʮʠʝʥʪʦʤ ʜʠʬʬʫʟʠʠ 

 

                                                       
3

l cg
k= .                                                             (4.16) 

 

ɼʣʠʥʘ ʩʚʦʙʦʜʥʦʛʦ ʧʨʦʙʝʛʘ ʬʦʪʦʥʘ (ʩʨʝʜʥʝʝ ʨʘʩʩʪʦʷʥʠʝ, ʧʨʦʭʦʜʠʤʦʝ ʬʦʪʦʥʦʤ ʤʝʞʜʫ ʜʚʫʤʷ 

ʧʦʩʣʝʜʫʶʱʠʤʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷʤʠ) 

 

                                                     
1

e

l
n

g
s

=                                                                (4.17) 

 

ʦʧʨʝʜʝʣʷʝʪʩʷ ʢʦʥʮʝʥʪʨʘʮʠʝʡ ʵʣʝʢʪʨʦʥʦʚ ne ʠ ʩʝʯʝʥʠʝʤ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʬʦʪʦʥʦʚ ʩ ʵʣʝʢʪʨʦ-

ʥʘʤʠ. ʋʧʨʫʛʦʤʫ  ʨʘʩʩʝʷʥʠʶ ʬʦʪʦʥʦʚ ʦʪʚʝʯʘʝʪ ʊʦʤʩʦʥʦʚʩʢʦʝ ʩʝʯʝʥʠʝ  

 

                                                         ů = ůT = 6.65Ŀ10ī25 ʩʤ2. 

 

ʆʧʠʩʘʥʥʳʡ ʭʘʨʘʢʪʝʨ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʬʦʪʦʥʦʚ ʠʤʝʝʪ ʤʝʩʪʦ ʚ ʟʦʥʝ ʷʜʝʨʥʳʭ ʨʝʘʢʮʠʡ 

(r < 0.2R ) ʠ ʚ ʟʦʥʝ ʣʫʯʠʩʪʦʛʦ ʨʘʚʥʦʚʝʩʠʷ, ʟʘʥʠʤʘʶʱʝʡ ʦʙʣʘʩʪʴ  

 

                                            0.2R  < r < 0.7R .  

 

ɺʨʝʤʷ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʬʦʪʦʥʦʚ ʯʝʨʝʟ ʵʪʫ ʟʦʥʫ ʦʧʨʝʜʝʣʷʝʪʩʷ ʚʳʨʘʞʝʥʠʝʤ 

 

                                                              

2L
tg
k
=  , 

 

ʛʜʝ L = 0.7R .  
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ʇʣʦʪʥʦʩʪʴ ʚʝʱʝʩʪʚʘ ʧʨʠ r = 0.3R  ʩʦʩʪʘʚʣʷʝʪ ɟ å 10 ʛ/ʩʤ3, ʯʪʦ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʢʦʥ-

ʮʝʥʪʨʘʮʠʠ ʵʣʝʢʪʨʦʥʦʚ  

 

                                           
2510e

p

n
m

r
= º  ʩʤī3.  

 

ʇʦʵʪʦʤʫ ʚʨʝʤʷ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʬʦʪʦʥʦʚ ʯʝʨʝʟ ʟʦʥʫ ʣʫʯʠʩʪʦʛʦ ʨʘʚʥʦʚʝʩʠʷ ʩʦʩʪʘʚʣʷʝʪ 

 

                                                           tɔ å 5Ā104 ʣʝʪ. 

 

ɼʣʷ ʩʨʘʚʥʝʥʠʷ ï ʥʝʡʪʨʠʥʦ, ʩʝʯʝʥʠʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʢʦʪʦʨʦʛʦ ʩ ʚʝʱʝʩʪʚʦʤ ʥʘ ʤʥʦʛʦ ʧʦʨʷʜ-

ʢʦʚ ʤʝʥʴʰʝ, ʯʝʤ ʫ ʬʦʪʦʥʦʚ, ʩʚʦʙʦʜʥʦ ʧʦʢʠʜʘʶʪ ʉʦʣʥʮʝ ʟʘ ʚʨʝʤʷ t å R /c å 2 c. 

ʇʦ ʤʝʨʝ ʫʜʘʣʝʥʠʷ ʦʪ ʮʝʥʪʨʘ ʉʦʣʥʮʘ ʪʝʤʧʝʨʘʪʫʨʘ ʠ ʧʣʦʪʥʦʩʪʴ ʚʝʱʝʩʪʚʘ ʧʘʜʘʶʪ, ʠ 

ʥʘ ʨʘʩʩʪʦʷʥʠʷʭ, ʙʦʣʴʰʠʭ 0.7R  ʫʞʝ ʩʫʱʝʩʪʚʫʶʪ ʥʝ ʧʦʣʥʦʩʪʴʶ ʠʦʥʠʟʦʚʘʥʥʳʝ ʠ ʥʝʡʪʨʘʣʴ-

ʥʳʝ ʘʪʦʤʳ. ʕʪʦ ʧʨʠʚʦʜʠʪ ʢ ʩʫʱʝʩʪʚʝʥʥʦʤʫ ʠʟʤʝʥʝʥʠʶ ʭʘʨʘʢʪʝʨʘ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʬʦʪʦ-

ʥʦʚ. ʇʨʝʦʙʣʘʜʘʶʱʠʤʠ ʩʪʘʥʦʚʷʪʩʷ ʧʨʦʮʝʩʩʳ ʧʦʛʣʦʱʝʥʠʷ ʬʦʪʦʥʦʚ ʩ ʧʦʩʣʝʜʫʶʱʠʤ ʧʝʨʝʠʟ-

ʣʫʯʝʥʠʝʤ ʚʪʦʨʠʯʥʳʭ ʬʦʪʦʥʦʚ ʤʝʥʴʰʠʭ ʵʥʝʨʛʠʡ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʵʪʦʛʦ ʧʨʦʠʩʭʦʜʠʪ çʜʨʦʙʣʝ-

ʥʠʝè ʞʝʩʪʢʠʭ ʢʚʘʥʪʦʚ ʥʘ ʢʚʘʥʪʳ ʤʝʥʴʰʠʭ ʵʥʝʨʛʠʡ. ɺʤʝʩʪʦ ʛʘʤʤʘ-ʣʫʯʝʡ ʠʟʣʫʯʘʶʪʩʷ ʨʝʥʪ-

ʛʝʥʦʚʩʢʠʝ, ʚʤʝʩʪʦ ʨʝʥʪʛʝʥʦʚʩʢʠʭ ï ʫʣʴʪʨʘʬʠʦʣʝʪʦʚʳʝ, ʢʦʪʦʨʳʝ, ʚ ʩʚʦʶ ʦʯʝʨʝʜʴ, ʚ ʥʘʨʫʞ-

ʥʳʭ ʩʣʦʷʭ ʜʨʦʙʷʪʩʷ ʥʘ ʢʚʘʥʪʳ ʚʠʜʠʤʳʭ ʠ ʪʝʧʣʦʚʳʭ ʣʫʯʝʡ, ʦʢʦʥʯʘʪʝʣʴʥʦ ʠʟʣʫʯʘʝʤʳʭ 

ʉʦʣʥʮʝʤ. 

 ʀʥʪʝʥʩʠʚʥʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʬʦʪʦʥʦʚ ʩ ʚʝʱʝʩʪʚʦʤ ʚ ʟʦʥʝ r > 0.7R  ʧʨʠʚʦʜʠʪ ʢ 

ʪʦʤʫ, ʯʪʦ ʧʦʜ ʚʦʟʜʝʡʩʪʚʠʝʤ ʜʘʚʣʝʥʠʷ ʠʟʣʫʯʝʥʠʷ (ʬʦʪʦʥʦʚ) ʚʝʱʝʩʪʚʦ ʧʨʠʭʦʜʠʪ ʚ ʜʚʠʞʝʥʠʝ 

(ʢʦʥʚʝʢʮʠʶ). ʇʦʵʪʦʤʫ ʚʥʝʰʥʷʷ ʟʦʥʘ r > 0.7R , ʚ ʢʦʪʦʨʦʡ ʧʝʨʝʥʦʩ ʠʟʣʫʯʝʥʠʷ ʦʙʝʩʧʝʯʠʚʘ-

ʝʪʩʷ ʛʣʘʚʥʳʤ ʦʙʨʘʟʦʤ ʢʦʥʚʝʢʪʠʚʥʳʤʠ ʚʠʭʨʝʚʳʤʠ ʜʚʠʞʝʥʠʷʤʠ ʚʝʱʝʩʪʚʘ, ʥʘʟʳʚʘʝʪʩʷ ʢʦʥ-

ʚʝʢʪʠʚʥʦʡ ʟʦʥʦʡ. ʂʦʥʚʝʢʪʠʚʥʳʝ ʜʚʠʞʝʥʠʷ ʚʝʱʝʩʪʚʘ ʟʥʘʯʠʪʝʣʴʥʦ ʩʦʢʨʘʱʘʶʪ ʚʨʝʤʷ ʧʝʨʝ-

ʥʦʩʘ ʬʦʪʦʥʦʚ: ʧʝʨʝʩʝʯʝʥʠʝ ʠʤʠ ʢʦʥʚʝʢʪʠʚʥʦʡ ʟʦʥʳ ʩʦʩʪʘʚʣʷʝʪ ʥʝʩʢʦʣʴʢʦ ʜʝʩʷʪʢʦʚ ʣʝʪ. 

 ʉʘʤʳʝ ʚʥʝʰʥʠʝ ʩʣʦʠ ʉʦʣʥʮʘ, ʠʟʣʫʯʝʥʠʝ ʢʦʪʦʨʳʭ ʤʦʞʥʦ ʥʘʙʣʶʜʘʪʴ, ʥʘʟʳʚʘʶʪʩʷ 

ʩʦʣʥʝʯʥʦʡ ʘʪʤʦʩʬʝʨʦʡ. ʆʩʥʦʚʥʘʷ ʯʘʩʪʴ ʩʦʣʥʝʯʥʦʡ ʘʪʤʦʩʬʝʨʳ, ʚ ʢʦʪʦʨʦʡ ʦʙʨʘʟʫʝʪʩʷ ʚʠʜʠ-

ʤʦʝ ʠʟʣʫʯʝʥʠʝ, ʥʘʟʳʚʘʝʪʩʷ ʬʦʪʦʩʬʝʨʦʡ. ʌʦʪʦʩʬʝʨʘ ʚʠʜʥʘ ʧʨʠ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦʤ ʥʘʙʣʶ-

ʜʝʥʠʠ ʉʦʣʥʮʘ ʚ ʙʝʣʦʤ ʩʚʝʪʝ ʚ ʚʠʜʝ ʢʘʞʫʱʝʡʩʷ ʝʛʦ ʧʦʚʝʨʭʥʦʩʪʠ. ʆʥʘ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ 

ʦʪʥʦʩʠʪʝʣʴʥʦ ʪʦʥʢʫʶ ʦʙʣʘʩʪʴ ʪʦʣʱʠʥʦʡ ʦʢʦʣʦ 300 ʢʤ ʩ ʪʝʤʧʝʨʘʪʫʨʦʡ Teff = 5770K. 

 

 

4.7. ʈʘʩʧʨʦʩʪʨʘʥʝʥʥʦʩʪʴ ʭʠʤʠʯʝʩʢʠʭ ʵʣʝʤʝʥʪʦʚ 

 

ʈʘʩʧʨʦʩʪʨʘʥʝʥʥʦʩʪʴʶ ʭʠʤʠʯʝʩʢʠʭ ʵʣʝʤʝʥʪʦʚ ʥʘʟʳʚʘʶʪ ʯʠʩʣʦ ʘʪʦʤʦʚ ʵʪʦʛʦ 

ʵʣʝʤʝʥʪʘ, ʧʨʠʭʦʜʷʱʝʛʦʩʷ ʚ ʚʝʱʝʩʪʚʝ ʥʘ ʦʧʨʝʜʝʣʝʥʥʦʝ, ʥʦʨʤʠʨʦʚʦʯʥʦʝ ʯʠʩʣʦ ʘʪʦʤʦʚ 

çʦʧʦʨʥʦʛʦè ʵʣʝʤʝʥʪʘ. ʆʙʳʯʥʦ ʚ ʢʘʯʝʩʪʚʝ ʪʘʢʦʛʦ ʦʧʦʨʥʦʛʦ ʵʣʝʤʝʥʪʘ ʚʳʙʠʨʘʶʪ ʚʦʜʦʨʦʜ. 

ʈʘʩʧʨʦʩʪʨʘʥʝʥʥʦʩʪʴ ʵʣʝʤʝʥʪʦʚ ʚ ʉʦʣʥʝʯʥʦʡ ʩʠʩʪʝʤʝ ʦʧʨʝʜʝʣʷʶʪ ʠʟ ʘʥʘʣʠʟʘ ʚʝʱʝʩʪʚʘ 

ʟʝʤʥʦʡ ʢʦʨʳ, ʃʫʥʳ, ʤʝʪʝʦʨʠʪʦʚ ʠ ʠʟ ʩʧʝʢʪʨʦʩʢʦʧʠʯʝʩʢʦʛʦ ʘʥʘʣʠʟʘ ʩʦʣʥʝʯʥʦʛʦ ʠʟʣʫʯʝʥʠʷ.  

ɽʩʣʠ ʦʪʚʣʝʯʴʩʷ ʦʪ ʘʥʦʤʘʣʠʡ, ʦʙʫʩʣʦʚʣʝʥʥʳʭ ʦʩʦʙʝʥʥʦʩʪʷʤʠ ʵʚʦʣʶʮʠʠ 

ʢʦʩʤʠʯʝʩʢʠʭ ʦʙʲʝʢʪʦʚ (ʥʘʧʨʠʤʝʨ, ʘʥʦʤʘʣʴʥʦ ʤʘʣʦʝ ʢʦʣʠʯʝʩʪʚʦ ʚʦʜʦʨʦʜʘ ʠ ʛʝʣʠʷ ʥʘ 

ɿʝʤʣʝ), ʪʦ ʨʘʩʧʨʦʩʪʨʘʥʝʥʥʦʩʪʠ ʵʣʝʤʝʥʪʦʚ ʚ ʨʘʟʣʠʯʥʳʭ ʢʦʩʤʠʯʝʩʢʠʭ ʦʙʲʝʢʪʘʭ ʦʢʘʟʳʚʘʶʪʩʷ 

ʙʣʠʟʢʠʤʠ ʜʨʫʛ ʢ ʜʨʫʛʫ ʠ ʢ ʨʘʩʧʨʦʩʪʨʘʥʝʥʥʦʩʪʷʤ ʵʣʝʤʝʥʪʦʚ ʠ ʠʭ ʠʟʦʪʦʧʦʚ ʚ ʉʦʣʥʝʯʥʦʡ 

ʩʠʩʪʝʤʝ.  




