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ʇʈɽɼʀʉʃʆɺʀɽ 

ʂʘʢ ʧʦʣʴʟʦʚʘʪʴʩʷ ʵʪʠʤ ʩʙʦʨʥʠʢʦʤ?  

ï ʂʘʢ ʭʦʨʦʰʝʡ ʵʥʮʠʢʣʦʧʝʜʠʝʡ, ʪʦ ʝʩʪʴ ʯʠʪʘʪʴ ʩ ʣʶʙʦʛʦ ʤʝʩʪʘ ʠ ʚ ʣʶʙʦʤ ʢʦʣʠʯʝʩʪʚʝ. 

ʉʙʦʨʥʠʢ ʩʦʩʪʦʠʪ ʠʟ 7 ʨʘʟʜʝʣʦʚ:  

1. ʍʠʤʠʷ ʠ ʥʘʫʢʘ ʦ ʤʘʪʝʨʠʘʣʘʭ 

2. ʌʠʟʠʢʘ ʥʘʥʦʩʠʩʪʝʤ, ʥʘʥʦʫʩʪʨʦʡʩʪʚʘ, ʥʘʥʦʠʥʞʝʥʝʨʠʷ, ʘʣʴʪʝʨʥʘʪʠʚʥʘʷ ʵʥʝʨʛʝʪʠʢʘ 

3. ʄʘʪʝʤʘʪʠʢʘ ʠ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʥʘʥʦʫʩʪʨʦʡʩʪʚ 

4. ɹʠʦʥʘʥʦʪʝʭʥʦʣʦʛʠʠ ʠ ʤʝʜʠʮʠʥʘ 

5. ʂʦʥʩʪʨʫʢʮʠʦʥʥʳʝ ʤʘʪʝʨʠʘʣʳ 

6. ɺʠʢʪʦʨʠʥʳ, ʪʝʩʪʳ, ʫʛʘʜʘʡʢʠ. 

7. ʅʘʯʠʥʘʶʱʠʝ ʚ ʥʘʥʦ, ʠʛʨʳ, ʪʚʦʨʯʝʩʢʠʝ ʟʘʜʘʥʠʷ 

ɺ ʢʘʞʜʦʤ ʨʘʟʜʝʣʝ ʟʘʜʘʯʠ ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ ʭʨʦʥʦʣʦʛʠʯʝʩʢʦʡ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ, ʥʘʯʠʥʘʷ ʩ 

2007 ʛʦʜʘ. ʋʨʦʚʝʥʴ ʩʣʦʞʥʦʩʪʠ ʢʘʞʜʦʡ ʟʘʜʘʯʠ ʤʦʞʥʦ ʦʮʝʥʠʪʴ ʥʝ ʪʦʣʴʢʦ ʧʦ ʝʝ ʜʣʠʥʝ, ʥʦ ʠ 

ʧʦ ʯʠʩʣʫ ʙʘʣʣʦʚ, ʢʦʪʦʨʦʝ ʟʘ ʥʝʝ ʤʦʞʥʦ ʙʳʣʦ ʧʦʣʫʯʠʪʴ ʥʘ ʦʣʠʤʧʠʘʜʝ. ʂʨʦʤʝ ʙʘʣʣʦʚ 

ʫʢʘʟʘʥʘ ʠ ʢʘʪʝʛʦʨʠʷ ʫʯʘʩʪʥʠʢʦʚ ï ʰʢʦʣʴʥʠʢʠ, ʩʪʫʜʝʥʪʳ, ʥʘʫʯʥʳʝ ʩʦʪʨʫʜʥʠʢʠ ʠ ʪ.ʜ. ʅʘ ʵʪʫ 

ʟʘʧʠʩʴ ʤʳ ʩʦʚʝʪʫʝʤ ʥʝ ʦʙʨʘʱʘʪʴ ʦʩʦʙʦʛʦ ʚʥʠʤʘʥʠʷ, ʪʘʢ ʢʘʢ ʚ ʟʘʜʘʯʘʭ ʜʣʷ ʩʪʫʜʝʥʪʦʚ ʝʩʪʴ 

ʤʥʦʛʦ ʠʥʪʝʨʝʩʥʳʭ ʚʦʧʨʦʩʦʚ ʠ ʜʣʷ ʰʢʦʣʴʥʠʢʦʚ, ʠ ʥʘʦʙʦʨʦʪ. ʅʝ ʦʛʦʨʯʘʡʪʝʩʴ, ʝʩʣʠ ʤʥʦʛʠʝ 

ʟʘʜʘʯʠ ʧʦʢʘʞʫʪʩʷ ʚʘʤ ʩʣʦʞʥʳʤʠ. ʕʪʦ ʪʦʣʴʢʦ ʥʘ ʧʝʨʚʳʡ ʚʟʛʣʷʜ. ʋʯʪʠʪʝ, ʯʪʦ ʦʩʥʦʚʥʘʷ 

ʯʘʩʪʴ ʤʘʪʝʨʠʘʣʘ ʙʳʣʘ ʧʨʝʜʣʦʞʝʥʘ ʜʣʷ ʟʘʦʯʥʦʛʦ ʪʫʨʘ, ʧʨʦʜʦʣʞʠʪʝʣʴʥʦʩʪʴ ʢʦʪʦʨʦʛʦ ʠʥʦʛʜʘ 

ʜʦʩʪʠʛʘʣʘ ʤʝʩʷʮʘ. ʕʪʦ ʜʘʚʘʣʦ ʚʦʟʤʦʞʥʦʩʪʴ ʧʦʟʥʘʢʦʤʠʪʴʩʷ ʩ ʣʠʪʝʨʘʪʫʨʦʡ, ʧʦʢʦʧʘʪʴʩʷ ʚ 

ʠʥʪʝʨʥʝʪʝ, ʧʦʩʦʚʝʪʦʚʘʪʴʩʷ ʩ ʜʨʫʟʴʷʤʠ ʠ ʫʯʠʪʝʣʷʤʠ. ʄʳ ʨʝʢʦʤʝʥʜʫʝʤ ɺʘʤ ʧʦʯʘʱʝ 

ʦʙʨʘʱʘʪʴʩʷ ʢ ʩʘʡʪʫ www.nanometer.ru, ʛʜʝ ʤʦʞʥʦ ʥʘʡʪʠ ʦʪʚʝʪʳ ʠʣʠ ʧʦʜʩʢʘʟʢʠ ʢʦ ʤʥʦʛʠʤ 

ʠʟ ʧʦʩʪʘʚʣʝʥʥʳʭ ʚʦʧʨʦʩʦʚ. 

ɽʩʣʠ ʚʳ ʚʩʝ ʞʝ ʥʝ ʨʝʰʠʣʠ ʟʘʜʘʯʫ ʧʦʣʥʦʩʪʴʶ, ʥʦ ʭʦʪʠʪʝ ʫʟʥʘʪʴ, ʚ ʯʝʤ ʪʘʤ ʜʝʣʦ, ʪʦ ʚ ʢʦʥʮʝ 

ʢʘʞʜʦʛʦ ʟʘʜʘʥʠʷ ʤʦʞʥʦ ʥʘʡʪʠ ʘʚʪʦʨʩʢʦʝ ʨʝʰʝʥʠʝ, ʠʟ ʢʦʪʦʨʦʛʦ ʚʳ ʧʦʣʫʯʠʪʝ ʦʪʚʝʪʳ ʥʘ ʪʝ 

ʚʦʧʨʦʩʳ, ʢʦʪʦʨʳʝ ʦʩʪʘʣʠʩʴ ʥʝʧʦʥʷʪʥʳʤʠ. ʈʘʟʫʤʝʝʪʩʷ, ʘʚʪʦʨʩʢʦʝ ʨʝʰʝʥʠʝ ʥʝ ʦʙʷʟʘʥʦ ʙʳʪʴ 

ʝʜʠʥʩʪʚʝʥʥʦ ʚʦʟʤʦʞʥʳʤ, ʠ ʝʩʣʠ ʚʳ ʧʨʠʜʫʤʘʣʠ ʜʨʫʛʦʝ, ʧʦʜʝʣʠʪʝʩʴ ʩ ʥʘʤʠ ʯʝʨʝʟ 

ʫʢʘʟʘʥʥʳʡ ʚʳʰʝ ʩʘʡʪ ʠ ʤʳ ʨʘʩʩʢʘʞʝʤ ʦ ʚʘʰʝʤ ʨʝʰʝʥʠʠ ʚʩʝʤ ʣʶʜʷʤ, ʟʘʠʥʪʝʨʝʩʦʚʘʥʥʳʤ ʚ 

ʥʘʥʦʪʝʭʥʦʣʦʛʠʷʭ. 

ɾʝʣʘʝʤ ʚʘʤ ʧʨʠʷʪʥʦʛʦ ʯʪʝʥʠʷ ʠ ʫʚʣʝʢʘʪʝʣʴʥʦʛʦ ʠʥʪʝʣʣʝʢʪʫʘʣʴʥʦʛʦ ʪʨʫʜʘ! 
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ʋʉʃʆɺʀʗ 

 

ʉʝʨʜʮʝ ʘʪʦʤʥʦ-ʩʠʣʦʚʦʛʦ ʤʠʢʨʦʩʢʦʧʘ (2007, ʩʪʫʜʝʥʯʝʩʢʠʡ ʫʨʦʚʝʥʴ) 

ɸʣʴʬʘ-ʢʚʘʨʮ ï ʩʘʤʳʡ ʠʟʚʝʩʪʥʳʡ ʧʴʝʟʦʵʣʝʢʪʨʠʢ, ʚ ʢʦʪʦʨʦʤ ʧʨʠʢʣʘʜʳʚʘʝʤʦʝ ʥʘʧʨʷʞʝʥʠʝ 

ʚʜʦʣʴ ʦʧʨʝʜʝʣʝʥʥʳʭ ʛʨʘʥʝʡ ʢʨʠʩʪʘʣʣʘ ʚʳʟʳʚʘʝʪ ʝʛʦ ʥʘʧʨʘʚʣʝʥʥʫʶ ʜʝʬʦʨʤʘʮʠʶ. ʕʪʦ 

ʷʚʣʝʥʠʝ ʣʝʞʠʪ ʚ ʦʩʥʦʚʝ ʨʘʙʦʪʳ ʧʦʰʘʛʦʚʳʭ ʜʚʠʛʘʪʝʣʝʡ, ʢʚʘʨʮʝʚʳʭ ʨʝʟʦʥʘʪʦʨʦʚ ʠ ʧʨ. 

ʆʜʥʘʢʦ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʤʘʪʝʨʠʘʣʘ (ʢʝʨʘʤʠʢʠ), ʧʦʣʫʯʝʥʥʦʛʦ ʠʟ 

ʢʚʘʨʮʘ, ʩʫʤʤʘʨʥʦʝ ʧʝʨʝʤʝʱʝʥʠʝ ʙʫʜʝʪ ʨʘʚʥʦ ʥʫʣʶ, ʪʘʢ ʢʘʢ ʧʨʠ ʩʣʫʯʘʡʥʦʡ ʦʨʠʝʥʪʘʮʠʠ 

ʢʨʠʩʪʘʣʣʠʪʦʚ ʩʫʤʤʘʨʥʳʡ ʚʝʢʪʦʨ, ʩʢʣʘʜʳʚʘʶʱʠʡʩʷ ʠʟ ʦʪʜʝʣʴʥʳʭ ʭʘʦʪʠʯʝʩʢʠʭ ʚʝʢʪʦʨʦʚ 

ʧʝʨʝʤʝʱʝʥʠʡ, ʙʫʜʝʪ ʥʠʯʪʦʞʥʦ ʤʘʣ. ʊʠʪʘʥʘʪ ʙʘʨʠʷ ï ʪʦʞʝ ʧʴʝʟʦʵʣʝʢʪʨʠʢ, ʦʜʥʘʢʦ 

ʢʝʨʘʤʠʯʝʩʢʘʷ ʪʨʫʙʢʘ ʠʟ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ ʥʘ ʦʩʥʦʚʝ BaTiO3 ʤʦʞʝʪ ʩʣʫʞʠʪʴ ʩʝʨʜʮʝʚʠʥʦʡ 

ʧʴʝʟʦʜʚʠʛʘʪʝʣʷ ʟʦʥʜʘ.  

1. ʆʧʠʰʠʪʝ ʢʨʠʩʪʘʣʣʠʯʝʩʢʫʶ ʩʪʨʫʢʪʫʨʫ ʘʣʴʬʘ-ʢʚʘʨʮʘ ʠ ʪʠʪʘʥʘʪʘ ʙʘʨʠʷ. (1 ʙʘʣʣ) ɺ 

ʯʝʤ ʧʨʠʥʮʠʧʠʘʣʴʥʘʷ ʨʘʟʥʠʮʘ ʤʝʞʜʫ ʵʪʠʤʠ ʤʘʪʝʨʠʘʣʘʤʠ? (1 ʙʘʣʣ)  

2. ʂʘʢ ʠʤʝʥʥʦ ʥʫʞʥʦ çʦʙʨʘʙʦʪʘʪʴè ʢʝʨʘʤʠʯʝʩʢʠʡ ʪʠʪʘʥʘʪ ʙʘʨʠʷ, ʯʪʦʙʳ ʢʝʨʘʤʠʯʝʩʢʘʷ 

ʜʝʪʘʣʴ ʩʤʦʛʣʘ ʨʘʙʦʪʘʪʴ ʚ ʩʘʤʦʤ ʩʝʨʜʮʝ ʘʪʦʤʥʦ-ʩʠʣʦʚʦʛʦ ʤʠʢʨʦʩʢʦʧʘ? (5 ʙʘʣʣʦʚ)  

3. ɺ ʯʝʤ ʧʨʠʯʠʥʘ ʪʘʢ ʥʘʟʳʚʘʝʤʦʛʦ çʢʨʠʧʘè ʧʨʠ ʧʦʣʫʯʝʥʠʠ ɸʉʄ ʠʟʦʙʨʘʞʝʥʠʡ? 

(3 ʙʘʣʣʘ) 

 

ʇʴʝʟʦʩʢʘʥʝʨ ʧʨʦʠʟʚʦʜʩʪʚʘ ʬʠʨʤʳ Quesant 
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ʉʭʝʤʘʪʠʯʝʩʢʦʝ ʠʟʦʙʨʘʞʝʥʠʝ ʧʴʝʟʦʪʨʫʙʢʠ 

 

ʉʢʘʥʠʨʫʶʱʠʡ ʟʦʥʜʦʚʳʡ ʤʠʢʨʦʩʢʦʧ NT-MDT NTEGRA Aura (NT-MDT, ʈʦʩʩʠʷ) 
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ʀʩʢʫʩʩʪʚʝʥʥʳʡ ʘʪʦʤ (2008, ʰʢʦʣʴʥʠʢʠ, ʨʘʟʤʠʥʢʘ) 

ɸʪʦʤ, ʢʘʢ ʫʯʠʣʠ ʜʨʝʚʥʠʝ, ï ʵʪʦ ʥʝʜʝʣʠʤʘʷ ʯʘʩʪʴ ʤʘʪʝʨʠʠ, ʥʝʩʦʪʚʦʨʠʤʘʷ (ʢʘʢ ʧʦʢʘʟʘʣʠ 

ʪʱʝʪʥʳʝ ʧʦʧʳʪʢʠ ʘʣʭʠʤʠʢʦʚ ʩʜʝʣʘʪʴ ʬʠʣʦʩʦʬʩʢʠʡ ʢʘʤʝʥʴ) ʠ ʥʝʫʥʠʯʪʦʞʠʤʘʷ (ʢʘʢ 

ʧʦʢʘʟʳʚʘʝʪ ʩʦʚʨʝʤʝʥʥʘʷ ʥʘʫʢʘ, ʟʜʝʩʴ, ʧʨʘʚʜʘ, ʝʩʪʴ ʠʩʢʣʶʯʝʥʠʷ).  

1. ɸ ʯʪʦ ʪʘʢʦʝ çʠʩʢʫʩʩʪʚʝʥʥʳʡ ʘʪʦʤè? (1 ʙʘʣʣ) ʂʪʦ ʠ ʧʦ ʢʘʢʠʤ ʧʨʠʯʠʥʘʤ ʝʛʦ ʚʧʝʨʚʳʝ 

ʪʘʢ ʥʘʟʚʘʣ? (1 ʙʘʣʣ)  

2. ɻʜʝ ʧʨʠʤʝʥʷʶʪʩʷ ʪʘʢʠʝ ʘʪʦʤʳ ʠ ʦʙʨʘʟʫʶʪ ʣʠ ʦʥʠ çʤʦʣʝʢʫʣʳè ʠʣʠ ʢʨʠʩʪʘʣʣʳ? 

(2 ʙʘʣʣʘ)  

3. ʇʨʝʜʣʦʞʠʪʝ ʩʭʝʤʳ ʩʠʥʪʝʟʘ çʠʩʢʫʩʩʪʚʝʥʥʳʭ ʘʪʦʤʦʚè. (2 ʙʘʣʣʘ)  

 

ɸʙʩʪʨʘʢʪʥʘʷ ʠʣʣʶʩʪʨʘʮʠʷ   
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ʈʘʜʫʛʘ (2008, ʰʢʦʣʴʥʠʢʠ, ʨʘʟʤʠʥʢʘ) 

ʎʚʝʪ ʚ ʦʢʨʫʞʘʶʱʝʤ ʤʠʨʝ ʧʨʠʜʘʝʪ ʨʘʜʦʩʪʴ ʥʘʰʝʤʫ ʩʫʱʝʩʪʚʦʚʘʥʠʶ.  

1. ɼʥʝʚʥʦʡ ʩʚʝʪ ï çʙʝʣʳʡè. ʇʦʯʝʤʫ? (1 ʙʘʣʣ)  

2. ʇʦʯʝʤʫ ʟʘʢʘʪ ʙʳʚʘʝʪ ʢʨʘʩʥʳʡ? (1 ʙʘʣʣ)  

3. ʇʦʯʝʤʫ ʤʦʢʨʳʡ ʘʩʬʘʣʴʪ ʪʝʤʥʳʡ, ʘ ʪʦʣʯʝʥʦʝ ʩʪʝʢʣʦ ʙʝʣʦʝ? (1 ʙʘʣʣ)  

4. ɽʩʣʠ ʩʦʣʥʝʯʥʳʡ ʩʚʝʪ ʧʘʜʘʝʪ ʧʦʜ ʦʧʨʝʜʝʣʝʥʥʳʤ ʫʛʣʦʤ ʚ ʚʦʜʷʥʫʶ ʧʳʣʴ ʦʪ ʤʦʱʥʦʛʦ 

ʬʦʥʪʘʥʘ, ʚʦʟʥʠʢʘʝʪ ʨʘʜʫʛʘé ʏʪʦ ʙʳ ʠʟʤʝʥʠʣʦʩʴ, ʝʩʣʠ ʙʳ ʨʘʟʤʝʨ ʢʘʧʝʣʴ 

ʫʤʝʥʴʰʠʣʩʷ ʜʦ ʝʜʠʥʠʮ ʥʘʥʦʤʝʪʨʦʚ? (2 ʙʘʣʣ) 

 

ʀʣʣʶʩʪʨʘʮʠʷ (ʘʣʣʝʛʦʨʠʷ)   
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ʀʩʪʦʨʠʷ ʩ ʚʠʥʦʤ (2008, ʰʢʦʣʴʥʠʢʠ, ʬʠʟʠʢʘ) 

ʉʝʛʥʝʪʦʚʘ ʩʦʣʴ, ʠʥʦʛʜʘ ʦʙʨʘʟʫʶʱʘʷʩʷ ʚ ʙʫʪʳʣʢʘʭ ʩʪʘʨʦʛʦ ʭʦʨʦʰʝʛʦ ʚʠʥʘ, ʜʘʣʘ ʥʘʟʚʘʥʠʝ 

ʦʜʥʦʤʫ ʠʟ ʚʘʞʥʝʡʰʠʭ ʢʣʘʩʩʦʚ ʩʦʚʨʝʤʝʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ï ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʢʘʤ.  

1. ʂʪʦ ʠ ʢʦʛʜʘ ʦʪʢʨʳʣ ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʪʚʦ? (1 ʙʘʣʣ) ʏʪʦ ʵʪʦ ʪʘʢʦʝ (2 ʙʘʣʣʘ) ʠ ʛʜʝ 

ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʢʠ ʧʨʠʤʝʥʷʶʪʩʷ? (2 ʙʘʣʣʘ)  

2. ʂʘʢʦʚʘ ʬʦʨʤʫʣʘ (1 ʙʘʣʣ), ʬʦʨʤʘ ʢʨʠʩʪʘʣʣʠʪʦʚ (2 ʙʘʣʣʘ) ʠ ʤʝʭʘʥʠʟʤ ʦʙʨʘʟʦʚʘʥʠʷ 

ʩʝʛʥʝʪʦʚʦʡ ʩʦʣʠ ʠʟ ʚʠʥʘ (1 ʙʘʣʣ)?  

3. ʄʦʞʝʪ ʣʠ ʦʥʘ ʦʙʨʘʟʦʚʳʚʘʪʴ ʭʠʨʘʣʴʥʳʝ ʬʦʨʤʳ (2 ʙʘʣʣʘ) ʠ ʜʚʦʡʥʠʢʦʚʳʝ ʜʦʤʝʥʳ? 

(2 ʙʘʣʣʘ)  

4. ɽʩʣʠ ʧʦʣʫʯʠʪʴ ʩʝʛʥʝʪʦʚʫ ʩʦʣʴ ʚ ʚʠʜʝ ʥʘʥʦʢʨʠʩʪʘʣʣʠʪʦʚ, ʪʦ ʢʘʢ ʵʪʦ ʩʢʘʞʝʪʩʷ ʥʘ ʝʝ 

ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚʘʭ? (3 ʙʘʣʣʘ)  

5. ʉʫʱʝʩʪʚʫʶʪ ʣʠ ʧʨʠʤʝʨʳ ʪʦʛʦ, ʢʦʛʜʘ ʤʘʪʝʨʠʘʣ ʅɽ ʩʣʝʜʫʝʪ ʧʝʨʝʚʦʜʠʪʴ ʚ 

ʥʘʥʦʜʠʩʧʝʨʩʥʦʝ ʩʦʩʪʦʷʥʠʝ ʠʟ-ʟʘ ʧʦʪʝʨʠ ʚʘʞʥʳʭ ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʩʚʦʡʩʪʚ? 

(2 ʙʘʣʣʘ) 

 

ʋʩʪʘʥʦʚʢʘ ʢʨʠʩʪʘʣʣʘ ʩʝʛʥʝʪʦʚʦʡ ʩʦʣʠ ʚ ʢʨʠʩʪʘʣʣʦʬʠʟʠʯʝʩʢʦʡ ʩʠʩʪʝʤʝ ʢʦʦʨʜʠʥʘʪ  
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ʇʦʩʣʝ ʜʦʞʜʠʯʢʘ, ʚ ʯʝʪʚʝʨʛ (2008, ʭʠʤʠʷ / ʤʘʪʝʨʠʘʣʦʚʝʜʝʥʠʝ) 

ʇʝʨʝʜ ɺʘʤʠ ʧʦʩʪʘʚʣʝʥʘ ʟʘʜʘʯʘ ʧʦʣʫʯʠʪʴ ʧʦʢʨʳʪʠʝ ʜʣʷ ʜʦʞʜʝʟʘʱʠʪʥʳʭ ʪʝʥʪʦʚ. ɿʘ ʦʩʥʦʚʫ 

ʪʘʢʠʭ ʧʦʢʨʳʪʠʡ ʚʳʙʨʘʥʘ ʧʦʣʠʙʫʪʘʜʠʝʥʦʚʘʷ ʧʣʝʥʢʘ, ʧʦʜʚʝʨʛʘʶʱʘʷʩʷ ʪʨʘʚʣʝʥʠʶ. ɸʉʄ-

ʠʟʦʙʨʘʞʝʥʠʷ ʧʦʚʝʨʭʥʦʩʪʠ ʧʣʝʥʢʠ ʧʦʩʣʝ ʧʣʘʟʤʝʥʥʦʛʦ ʪʨʘʚʣʝʥʠʷ ʚ ʪʝʯʝʥʠʝ 5 ʤʠʥʫʪ ʚ 

ʘʪʤʦʩʬʝʨʝ ʪʝʪʨʘʬʪʦʨʫʛʣʝʨʦʜʘ ʧʨʠ ʨʘʟʣʠʯʥʦʡ ʤʦʱʥʦʩʪʠ ʨʘʟʨʷʜʘ (ʫʢʘʟʘʥʘ ʮʠʬʨʦʡ ʥʘʜ 

ʢʘʞʜʳʤ ʠʟʦʙʨʘʞʝʥʠʝʤ) ʧʦʢʘʟʘʥʳ ʥʘ ʨʠʩʫʥʢʝ.  

 

ʂʘʢʘʷ ʠʟ ʧʨʝʜʣʦʞʝʥʥʳʭ ʦʙʨʘʙʦʪʦʢ ʧʦʟʚʦʣʠʪ ʧʦʣʫʯʠʪʴ ʥʘʠʙʦʣʴʰʫʶ ʛʠʜʨʦʬʦʙʥʦʩʪʴ 

ʧʦʚʝʨʭʥʦʩʪʠ ʧʦʢʨʳʪʠʷ ʠ ʧʦʯʝʤʫ? (5 ʙʘʣʣʦʚ)  
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ʅʘʥʦʛʫʙʢʘ (2008, ʬʠʟʠʢʘ) 

ʉʦʨʙʝʥʪʳ ï ʦʜʥʦ ʠʟ ʧʝʨʩʧʝʢʪʠʚʥʳʭ ʥʘʧʨʘʚʣʝʥʠʡ ʠʩʩʣʝʜʦʚʘʥʠʡ ʚ ʦʙʣʘʩʪʠ ʥʘʥʦʪʝʭʥʦʣʦʛʠʡ. 

1. ʇʨʝʜʣʦʞʠʪʝ ʦʙʱʫʶ ʬʦʨʤʫʣʫ ʠ ʧʦʧʳʪʘʡʪʝʩʴ ʦʮʝʥʠʪʴ ʯʠʩʣʝʥʥʦ, ʢʘʢʦʝ 

ʤʘʢʩʠʤʘʣʴʥʦʝ ʢʦʣʠʯʝʩʪʚʦ ʚʦʜʳ ʚ ʚʠʜʝ ʧʣʝʥʢʠ ʪʦʣʱʠʥʦʡ ʚ ʦʜʠʥ ʤʦʥʦʩʣʦʡ 

(ʢʘʧʠʣʣʷʨʥʫʶ ʘʜʩʦʨʙʮʠʶ ʥʝ ʧʨʠʥʠʤʘʪʴ ʚ ʨʘʩʯʝʪ) ʤʦʞʝʪ ʘʜʩʦʨʙʠʨʦʚʘʪʴ ʥʘ ʩʚʦʝʡ 

ʧʦʚʝʨʭʥʦʩʪʠ 1 ʢʛ ʥʘʥʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʦʛʦ ʢʚʘʨʮʘ? (5 ʙʘʣʣʦʚ) ɺʩʝ ʥʝʦʙʭʦʜʠʤʳʝ 

ʦʙʦʟʥʘʯʝʥʠʷ ʧʨʠ ʚʳʚʦʜʝ ʬʦʨʤʫʣʳ ʚʚʝʜʠʪʝ ʩʘʤʠ.  

2. ʂʘʢ ʚʣʠʷʝʪ ʬʦʨʤʘ ʥʘʥʦʩʪʨʫʢʪʫʨ ʥʘ ʢʦʣʠʯʝʩʪʚʦ ʘʜʩʦʨʙʠʨʦʚʘʥʥʦʡ ʚʦʜʳ? (3 ʙʘʣʣʘ) 

 

ʄʝʟʦʧʦʨʠʩʪʘʷ ʩʠʩʪʝʤʘ (ʥʘʥʦʢʦʤʧʦʟʠʪ) 

 

ɻʫʙʢʘ ʚ ʢʚʘʜʨʘʪʥʳʭ ʰʦʨʪʘʭ ï ʛʝʨʦʡ ʤʫʣʴʪʬʠʣʴʤʘ  
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ʄʘʛʥʠʪʥʳʝ ʥʘʥʦʩʠʩʪʝʤʳ (2008, ʬʠʟʠʢʘ) 

ʄʘʛʥʠʪʥʳʝ ʤʘʪʝʨʠʘʣʳ ʧʦ ʩʚʦʡʩʪʚʘʤ ʤʦʞʥʦ ʨʘʟʜʝʣʠʪʴ ʥʘ ʤʘʛʥʠʪʦʤʷʛʢʠʝ ʠ 

ʤʘʛʥʠʪʦʪʚʝʨʜʳʝ. ʇʝʨʚʳʝ ʭʘʨʘʢʪʝʨʠʟʫʶʪʩʷ ʙʦʣʴʰʦʡ ʥʘʯʘʣʴʥʦʡ ʤʘʛʥʠʪʥʦʡ 

ʧʨʦʥʠʮʘʝʤʦʩʪʴʶ ʠ ʥʠʟʢʦʡ ʢʦʵʨʮʠʪʠʚʥʦʡ ʩʠʣʦʡ, ʪ.ʝ. ʦʯʝʥʴ ʣʝʛʢʦ ʧʝʨʝʤʘʛʥʠʯʠʚʘʶʪʩʷ, ï ʵʪʦ 

ʦʧʨʝʜʝʣʷʝʪ ʠʭ ʰʠʨʦʢʦʝ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʚ ʪʨʘʥʩʬʦʨʤʘʪʦʨʘʭ ʠ ʵʣʝʢʪʨʦʤʘʛʥʠʪʘʭ. ɺʪʦʨʳʝ 

ʦʙʣʘʜʘʶʪ ʙʦʣʴʰʦʡ ʚʝʣʠʯʠʥʦʡ ʢʦʵʨʮʠʪʠʚʥʦʡ ʩʠʣʳ ʠ ʧʨʠʤʝʥʷʶʪʩʷ ʚ ʢʘʯʝʩʪʚʝ ʧʦʩʪʦʷʥʥʳʭ 

ʤʘʛʥʠʪʦʚ ʠ ʤʘʛʥʠʪʥʦʡ ʟʘʧʠʩʠ. ɼʣʷ ʫʣʫʯʰʝʥʠʷ ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʩʚʦʡʩʪʚ ʚ ʤʘʛʥʠʪʦʤʷʛʢʠʭ 

ʤʘʪʝʨʠʘʣʘʭ ʥʘʜʦ ʙʦʨʦʪʴʩʷ ʟʘ ʩʥʠʞʝʥʠʝ ʢʦʵʨʮʠʪʠʚʥʦʡ ʩʠʣʳ, ʯʪʦ ʫʤʝʥʴʰʘʝʪ ʧʦʪʝʨʠ 

ʵʥʝʨʛʠʠ ʧʨʠ ʧʝʨʝʤʘʛʥʠʯʠʚʘʥʠʠ. ʅʘʧʨʦʪʠʚ, ʜʣʷ ʤʘʛʥʠʪʦʪʚʝʨʜʳʭ ʤʘʪʝʨʠʘʣʦʚ ʫʚʝʣʠʯʝʥʠʝ 

ʢʦʵʨʮʠʪʠʚʥʦʡ ʩʠʣʳ ʧʨʝʜʩʪʘʚʣʷʝʪʩʷ ʚʝʩʴʤʘ ʧʝʨʩʧʝʢʪʠʚʥʳʤ ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ ʧʦʚʳʰʝʥʠʷ 

ʤʘʛʥʠʪʥʦʡ ʵʥʝʨʛʠʠ. ʂʘʢ ʥʠ ʫʜʠʚʠʪʝʣʴʥʦ, ʦʙʝ ʧʨʦʙʣʝʤʳ ʧʦʤʦʛʘʝʪ ʨʝʰʠʪʴ 

ʥʘʥʦʩʪʫʢʪʫʨʠʨʦʚʘʥʠʝ ʤʘʪʝʨʠʘʣʦʚ.  

ʆʙʲʷʩʥʠʪʝ, ʢʘʢ ʠ ʧʦʯʝʤʫ ʧʨʠ ʥʘʥʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥʠʠ ʠʟʤʝʥʷʶʪʩʷ ʩʚʦʡʩʪʚʘ ʤʘʛʥʠʪʥʳʭ 

ʤʘʪʝʨʠʘʣʦʚ, ʠ ʢʘʢʠʤ ʦʙʨʘʟʦʤ ʤʦʞʥʦ ʜʦʩʪʠʯʴ, ʢʘʟʘʣʦʩʴ ʙʳ, ʚʟʘʠʤʦʠʩʢʣʶʯʘʶʱʠʭ 

ʨʝʟʫʣʴʪʘʪʦʚ ï ʧʦʥʠʞʝʥʠʷ ʠʣʠ ʧʦʚʳʰʝʥʠʷ ʢʦʵʨʮʠʪʠʚʥʦʡ ʩʠʣʳ. (5 ʙʘʣʣʦʚ) 

 

ɸʣʣʝʛʦʨʠʷ...   
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ʈʝʣʷʪʠʚʠʩʪʩʢʠʝ ʢʚʘʥʪʦʚʳʝ ʪʦʯʢʠ (2008, ʬʠʟʠʢʘ) 

ʂʚʘʥʪʦʚʳʝ ʪʦʯʢʠ ï ʫʞʝ ʚʧʦʣʥʝ ʩʪʘʥʜʘʨʪʥʳʡ ʵʣʝʤʝʥʪ ʤʥʦʛʠʭ ʫʩʪʨʦʡʩʪʚ ʵʣʝʢʪʨʦʥʠʢʠ ʠ 

ʩʚʝʪʦʠʟʣʫʯʘʶʱʠʭ ʵʣʝʤʝʥʪʦʚ. 

1. ʄʦʞʥʦ ʣʠ ʥʘʙʣʶʜʘʪʴ ʥʝʚʦʦʨʫʞʝʥʥʳʤ ʛʣʘʟʦʤ ʨʝʢʦʤʙʠʥʘʮʠʦʥʥʦʝ ʣʶʤʠʥʝʩʮʝʥʪʥʦʝ 

ʩʚʝʯʝʥʠʝ ʢʚʘʥʪʦʚʳʭ ʪʦʯʝʢ ʢʨʝʤʥʠʷ ʩ ʨʘʟʤʝʨʘʤʠ 3 ʥʤ ʠ ʵʬʬʝʢʪʠʚʥʦʡ ʤʘʩʩʦʡ 

ʫʯʘʩʪʚʫʶʱʠʭ ʚ ʠʟʣʫʯʘʪʝʣʴʥʦʡ ʨʝʢʦʤʙʠʥʘʮʠʠ ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ ~0.3 ʤʘʩʩʳ 

ʩʚʦʙʦʜʥʦʛʦ ʵʣʝʢʪʨʦʥʘ, ʝʩʣʠ ʪʦʯʢʠ ʜʚʠʞʫʪʩʷ ʚ ʦʪʢʨʳʪʦʤ ʢʦʩʤʠʯʝʩʢʦʤ ʧʨʦʩʪʨʘʥʩʪʚʝ 

ʩʦ ʩʢʦʨʦʩʪʴʶ v = c/10, c ï ʩʢʦʨʦʩʪʴ ʩʚʝʪʘ ʚ ʚʘʢʫʫʤʝ? (5 ʙʘʣʣʦʚ)  

2. ʂʘʢ ʠʟʤʝʥʠʪʩʷ ʩʧʝʢʪʨ ʩʚʝʯʝʥʠʷ ʢʚʘʥʪʦʚʳʭ ʪʦʯʝʢ ʧʨʠ ʠʭ ʫʜʘʣʝʥʠʠ ʠʣʠ 

ʧʨʠʙʣʠʞʝʥʠʠ ʢ ʥʘʙʣʶʜʘʪʝʣʶ? (2 ʙʘʣʣʘ) 

 

ʂʚʘʥʪʦʚʳʝ ʪʦʯʢʠ (ʝʱʝ ʠ ʩʚʝʪʷʪʩʷ) 
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ʕʬʬʝʢʪé  
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ʉʦʣʥʝʯʥʘʷ ʙʘʪʘʨʝʷ ʥʘ ʢʚʘʥʪʦʚʳʭ ʪʦʯʢʘʭ (2008, ʬʠʟʠʢʘ) 

ʆʜʥʠʤ ʠʟ ʜʦʩʪʠʞʝʥʠʡ ʭʠʤʠʠ ʠ ʬʠʟʠʢʠ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʭ ʤʘʪʝʨʠʘʣʦʚ ʧʦʩʣʝʜʥʠʭ ʣʝʪ 

ʩʪʘʣʦ ʧʦʣʫʯʝʥʠʝ ʢʦʣʣʦʠʜʥʳʭ ʢʚʘʥʪʦʚʳʭ ʪʦʯʝʢ ï ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʭ ʥʘʥʦʢʨʠʩʪʘʣʣʦʚ, 

ʧʦʢʨʳʪʳʭ ʦʨʛʘʥʠʯʝʩʢʠʤ ʩʪʘʙʠʣʠʟʘʪʦʨʦʤ. ʅʘʠʙʦʣʝʝ ʠʥʪʝʨʝʩʥʳʤ ʩʚʦʡʩʪʚʦʤ ʪʘʢʠʭ 

ʥʘʥʦʢʨʠʩʪʘʣʣʦʚ ʷʚʣʷʝʪʩʷ ʟʘʚʠʩʠʤʦʩʪʴ ʜʣʠʥʳ ʚʦʣʥʳ ʣʶʤʠʥʝʩʮʝʥʮʠʠ ʦʪ ʨʘʟʤʝʨʘ 

ʥʘʥʦʢʨʠʩʪʘʣʣʘ. ʕʪʦ ʜʝʣʘʝʪ ʢʦʣʣʦʠʜʥʳʝ ʢʚʘʥʪʦʚʳʝ ʪʦʯʢʠ ʧʦʪʝʥʮʠʘʣʴʥʳʤ ʤʘʪʝʨʠʘʣʦʤ ʜʣʷ 

ʩʦʟʜʘʥʠʷ ʩʚʝʪʦʠʟʣʫʯʘʶʱʠʭ ʫʩʪʨʦʡʩʪʚ ï ʩʚʝʪʦʜʠʦʜʦʚ, ʩʚʝʪʦʠʟʣʫʯʘʶʱʠʭ ʵʢʨʘʥʦʚ. ʆʜʥʘʢʦ 

ʚʦʟʤʦʞʥʦ ʩʦʟʜʘʪʴ ʫʩʪʨʦʡʩʪʚʘ, ʚʳʧʦʣʥʷʶʱʠʝ ʧʨʦʪʠʚʦʧʦʣʦʞʥʫʶ ʬʫʥʢʮʠʶ ï 

ʬʦʪʦʚʦʣʴʪʘʠʯʝʩʢʠʝ ʧʨʝʙʨʘʟʦʚʘʪʝʣʠ ʠʣʠ ʩʦʣʥʝʯʥʳʝ ʙʘʪʘʨʝʠ. ʆʜʥʘ ʠʟ ʧʨʠʥʮʠʧʠʘʣʴʥʳʭ 

ʩʭʝʤ ʩʦʣʥʝʯʥʦʡ ʙʘʪʘʨʝʠ ʥʘ ʢʚʘʥʪʦʚʳʭ ʪʦʯʢʘʭ ʩʣʝʜʫʶʱʘʷ. ʅʘ ʪʦʢʦʩʲʝʤʥʳʡ ʵʣʝʢʪʨʦʜ 

ʥʘʥʦʩʠʪʩʷ ʪʦʥʢʠʡ ʧʣʦʪʥʦʫʧʘʢʦʚʘʥʥʳʡ ʩʣʦʡ ʠʟ ʢʚʘʥʪʦʚʳʭ ʪʦʯʝʢ CdTe, ʟʘʪʝʤ ʩʣʦʡ, 

ʩʦʩʪʦʷʱʠʡ ʠʟ ʢʘʚʥʪʦʚʳʭ ʪʦʯʝʢ CdSe, ʟʘʪʝʤ ʚʪʦʨʦʡ ʵʣʝʢʪʨʦʜ. 

1. ʆʙʲʷʩʥʠʪʝ ʧʨʠʥʮʠʧ ʨʘʙʦʪʳ ʜʘʥʥʦʡ ʩʦʣʥʝʯʥʦʡ ʙʘʪʘʨʝʠ. (2 ʙʘʣʣʘ) ɿʘ ʩʯʝʪ ʯʝʛʦ 

ʚʦʟʥʠʢʘʝʪ ʬʦʪʦʕɼʉ. (1 ʙʘʣʣ) ʂʘʢʦʡ ʠʟ ʩʣʦʝʚ ʢʚʘʥʪʦʚʳʭ ʪʦʯʝʢ ʦʪʚʝʯʘʝʪ ʟʘ ʪʨʘʥʩʧʦʨʪ 

ʵʣʝʢʪʨʦʥʦʚ, ʘ ʢʘʢʦʡ ï ʟʘ ʪʨʘʥʩʧʦʨʪ ʜʳʨʦʢ? (1 ʙʘʣʣ) ʂʘʢʠʝ ʜʨʫʛʠʝ ʧʘʨʳ 

ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚ ʤʦʞʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʚ ʜʘʥʥʦʡ ʩʦʣʥʝʯʥʦʡ ʙʘʪʘʨʝʝ? (1 ʙʘʣʣ)  

2. ʂʘʢʠʝ ʩʚʦʡʩʪʚʘ ʢʦʣʣʦʠʜʥʳʭ ʢʚʘʥʪʦʚʳʭ ʪʦʯʝʢ ʧʦʣʝʟʥʳ ʜʣʷ ʩʦʟʜʘʥʠʷ ʩʦʣʥʝʯʥʳʭ 

ʙʘʪʘʨʝʡ? (1 ʙʘʣʣ) ɿʘʯʝʤ ʥʫʞʝʥ ʩʪʘʙʠʣʠʟʘʪʦʨ? (1 ʙʘʣʣ) ʂʘʢʦʡ ʩʪʘʙʠʣʠʟʘʪʦʨ 

ʥʝʦʙʭʦʜʠʤʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʜʣʷ ʩʦʟʜʘʥʠʷ ʩʦʣʥʝʯʥʦʡ ʙʘʪʘʨʝʠ ʫʢʘʟʘʥʥʦʛʦ ʪʠʧʘ ʠ 

ʧʦʯʝʤʫ? (2 ʙʘʣʣʘ) 

3. ʅʘʯʠʥʘʷ ʩ ʢʘʢʦʛʦ ʤʠʥʠʤʘʣʴʥʦʛʦ ʨʘʟʤʝʨʘ (ʨʘʜʠʫʩʘ) ʢʚʘʥʪʦʚʳʭ ʪʦʯʝʢ, ʜʘʥʥʘʷ 

ʩʦʣʥʝʯʥʘʷ ʙʘʪʘʨʝʷ ʥʘʯʥʝʪ ʵʬʬʝʢʪʠʚʥʦ ʧʨʝʦʙʨʘʟʦʚʳʚʘʪʴ ʩʦʣʥʝʯʥʳʡ ʩʚʝʪ ʚ 

ʵʣʝʢʪʨʠʯʝʩʢʠʡ ʪʦʢ? (3 ʙʘʣʣʘ) ʂʚʘʥʪʦʚʳʝ ʪʦʯʢʠ ʩʯʠʪʘʪʴ ʠʜʝʘʣʴʥʳʤʠ, 

ʵʣʝʢʪʨʦʩʪʘʪʠʯʝʩʢʠʤʠ ʵʬʬʝʢʪʘʤʠ ʧʨʝʥʝʙʨʝʯʴ. ʊʝʤʧʝʨʘʪʫʨʫ ʧʦʚʝʨʭʥʦʩʪʠ ʩʦʣʥʮʘ 

ʩʯʠʪʘʪʴ ʨʘʚʥʦʡ 6000 ʂ. ɼʣʷ ʦʙʲʝʤʥʦʛʦ CdTe ʵʥʝʨʛʠʷ ʟʘʧʨʝʱʝʥʥʦʡ ʟʦʥʳ 1.5 ʵɺ, 

ʵʬʬʝʢʪʠʚʥʳʝ ʤʘʩʩʳ ʵʣʝʢʪʨʦʥʘ 0.13 mʦ, ʜʳʨʢʠ 0.45 mʦ, ʜʣʷ CdSe ï 1.8 ʵɺ, 0.14 mʦ, 

ʜʳʨʢʠ 0.35 mʦ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. 

4. ʇʨʝʜʣʦʞʠʪʝ ʠ ʦʙʦʩʥʫʡʪʝ ʜʨʫʛʠʝ ʧʨʠʥʮʠʧʠʘʣʴʥʳʝ ʩʭʝʤʳ ʩʦʣʥʝʯʥʳʭ ʙʘʪʘʨʝʡ ʥʘ 

ʢʚʘʥʪʦʚʳʭ ʪʦʯʢʘʭ. (4 ʙʘʣʣʘ) 
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ʉʚʝʯʝʥʠʝ ʢʚʘʥʪʦʚʳʭ ʪʦʯʝʢ ʥʘ ʦʩʥʦʚʝ ʩʝʣʝʥʠʜʘ ʢʘʜʤʠʷ 

 

ʉʦʣʥʝʯʥʳʝ ʙʘʪʘʨʝʠ ʚ ʧʫʩʪʳʥʝ 
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ʄʥʦʛʦ ʪʨʘʜʠʮʠʦʥʥʳʭ ʩʦʣʥʝʯʥʳʭ ʙʘʪʘʨʝʡ   
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ʂʚʘʥʪʦʚʳʡ ʩʚʝʪʦʬʦʨ (2008, ʬʠʟʠʢʘ) 

ʀʟʚʝʩʪʥʦ, ʯʪʦ ʥʘʥʦʯʘʩʪʠʮʳ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚ (ʢʚʘʥʪʦʚʳʝ ʪʦʯʢʠ) ʤʝʥʷʶʪ ʮʚʝʪ ʧʨʠ 

ʠʟʤʝʥʝʥʠʠ ʨʘʟʤʝʨʘ.  

1. ʂʘʢ ɺʳ ʜʫʤʘʝʪʝ, ʤʦʞʥʦ ʣʠ ʠʩʧʦʣʴʟʦʚʘʪʴ ʢʨʝʤʥʠʝʚʳʝ ʢʚʘʥʪʦʚʳʝ ʪʦʯʢʠ ʜʣʷ 

ʩʦʟʜʘʥʠʷ ʜʦʨʦʞʥʦʛʦ ʩʚʝʪʦʬʦʨʘ? (2 ʙʘʣʣʘ) ʂʘʢʠʝ ʧʨʠ ʵʪʦʤ ʤʦʛʣʠ ʙʳ ʙʳʪʴ ʨʘʟʤʝʨʳ 

ʥʘʥʦʯʘʩʪʠʮ? (1 ʙʘʣʣ) ʇʨʠ ʦʮʝʥʢʝ ʫʨʦʚʥʝʡ ʢʚʘʥʪʦʚʘʥʠʷ ʚ ʥʘʥʦʯʘʩʪʠʮʘʭ ʠʩʧʦʣʴʟʫʡʪʝ 

ʤʝʪʦʜ ʵʬʬʝʢʪʠʚʥʦʡ ʤʘʩʩʳ ʜʣʷ ʩʬʝʨʠʯʝʩʢʠʭ ʥʘʥʦʯʘʩʪʠʮ.  

2. ʆʮʝʥʠʪʝ ʰʠʨʠʥʫ ʩʧʝʢʪʨʘ ʩʚʝʯʝʥʠʷ ʢʚʘʥʪʦʚʳʭ ʪʦʯʝʢ ʧʨʠ ʥʦʨʤʘʣʴʥʳʭ ʫʩʣʦʚʠʷʭ ʠ 

ʤʠʥʠʤʘʣʴʥʫʶ ʜʠʩʧʝʨʩʠʶ ʠʭ ʨʘʟʤʝʨʦʚ ʜʣʷ ʨʘʟʨʝʰʝʥʠʷ ʮʚʝʪʦʚ ʩʚʝʪʦʬʦʨʘ. (3 ʙʘʣʣʘ) 

ʆʮʝʥʠʪʝ ʨʦʣʴ ʵʢʩʠʪʦʥʥʳʭ ʵʬʬʝʢʪʦʚ ʠ ʵʣʝʢʪʨʦʥ-ʬʦʥʦʥʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʚ 

ʰʠʨʠʥʝ ʩʧʝʢʪʨʘ ʩʚʝʯʝʥʠʷ. (2 ʙʘʣʣʘ) ʂʘʢʠʝ ʩʧʦʩʦʙʳ ʚʦʟʙʫʞʜʝʥʠʷ ʩʚʝʯʝʥʠʷ 

(ʣʶʤʠʥʝʩʮʝʥʮʠʠ) ʢʨʝʤʥʠʝʚʳʭ ʢʚʘʥʪʦʚʳʭ ʪʦʯʝʢ ɺʳ ʤʦʛʣʠ ʙʳ ʧʨʝʜʣʦʞʠʪʴ? 

(2 ʙʘʣʣʘ) 

 

ɸʣʣʝʛʦʨʠʷ...  
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ʊʫʥʥʝʣʴʥʳʡ ʵʬʬʝʢʪ (2008, ʬʠʟʠʢʘ) 

 

ɸʣʣʝʛʦʨʠʷ... 

ʆʜʥʠʤ ʠʟ ʦʩʥʦʚʥʳʭ ʦʪʣʠʯʠʡ ʥʘʥʦʩʪʨʫʢʪʫʨ ʦʪ ʤʘʢʨʦʩʢʦʧʠʯʝʩʢʠʭ ʪʝʣ ʷʚʣʷʝʪʩʷ ʟʘʚʠʩʠʤʦʩʪʴ 

ʠʭ ʭʠʤʠʯʝʩʢʠʭ ʠ ʬʠʟʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʦʪ ʨʘʟʤʝʨʘ. ʅʘʛʣʷʜʥʳʤ ʧʨʠʤʝʨʦʤ ʵʪʦʛʦ ʩʣʫʞʠʪ 

ʪʫʥʥʝʣʴʥʳʡ ʵʬʬʝʢʪ, ʢʦʪʦʨʳʡ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʧʨʦʥʠʢʥʦʚʝʥʠʠ ʣʝʛʢʠʭ ʯʘʩʪʠʮ (ʵʣʝʢʪʨʦʥʘ, 

ʧʨʦʪʦʥʘ) ʚ ʦʙʣʘʩʪʠ, ʥʝʜʦʩʪʫʧʥʳʝ ʜʣʷ ʥʠʭ ʵʥʝʨʛʝʪʠʯʝʩʢʠ. ʕʪʦʪ ʵʬʬʝʢʪ ʠʛʨʘʝʪ ʚʘʞʥʫʶ ʨʦʣʴ 

ʚ ʪʘʢʠʭ ʧʨʦʮʝʩʩʘʭ ʢʘʢ ʥʘʧʨʠʤʝʨ ʧʝʨʝʥʦʩ ʟʘʨʷʜʘ ʚ ʬʦʪʦʩʠʥʪʝʪʠʯʝʩʢʠʭ ʫʩʪʨʦʡʩʪʚʘʭ ʞʠʚʳʭ 

ʦʨʛʘʥʠʟʤʦʚ (ʩʪʦʠʪ ʟʘʤʝʪʠʪʴ, ʯʪʦ ʙʠʦʣʦʛʠʯʝʩʢʠʝ ʨʝʘʢʮʠʦʥʥʳʝ ʮʝʥʪʨʳ ʷʚʣʷʶʪʩʷ ʦʜʥʠʤʠ ʠʟ 

ʥʘʠʙʦʣʝʝ ʵʬʬʝʢʪʠʚʥʳʭ ʥʘʥʦʩʪʨʫʢʪʫʨ). 

ʊʫʥʥʝʣʴʥʳʡ ʵʬʬʝʢʪ ʤʦʞʥʦ ʦʙʲʷʩʥʠʪʴ ʚʦʣʥʦʚʦʡ ʧʨʠʨʦʜʦʡ ʣʝʛʢʠʭ ʯʘʩʪʠʮ ʠ ʧʨʠʥʮʠʧʦʤ 

ʥʝʦʧʨʝʜʝʣʝʥʥʦʩʪʠ. ɹʣʘʛʦʜʘʨʷ ʪʦʤʫ, ʯʪʦ ʯʘʩʪʠʮʳ ʤʘʣʦʛʦ ʨʘʟʤʝʨʘ ʥʝ ʠʤʝʶʪ ʦʧʨʝʜʝʣʝʥʥʦʛʦ 

ʧʦʣʦʞʝʥʠʷ ʚ ʧʨʦʩʪʨʘʥʩʪʚʝ, ʜʣʷ ʥʠʭ ʥʝ ʩʫʱʝʩʪʚʫʝʪ ʧʦʥʷʪʠʷ ʪʨʘʝʢʪʦʨʠʠ. ʉʣʝʜʦʚʘʪʝʣʴʥʦ, 

ʜʣʷ ʧʝʨʝʤʝʱʝʥʠʷ ʠʟ ʦʜʥʦʡ ʪʦʯʢʠ ʚ ʜʨʫʛʫʶ ʯʘʩʪʠʮʘ ʥʝ ʜʦʣʞʥʘ ʧʨʦʭʦʜʠʪʴ ʧʦ ʣʠʥʠʠ, ʠʭ 

ʩʦʝʜʠʥʷʶʱʝʡ, ʠ ʪʘʢʠʤ ʦʙʨʘʟʦʤ ʤʦʞʝʪ çʦʙʭʦʜʠʪʴè ʦʙʣʘʩʪʠ, ʟʘʧʨʝʱʝʥʥʳʝ ʧʦ ʵʥʝʨʛʠʠ. ɺ 

ʩʚʷʟʠ ʩ ʦʪʩʫʪʩʪʚʠʝʤ ʫ ʵʣʝʢʪʨʦʥʘ ʪʦʯʥʦʡ ʢʦʦʨʜʠʥʘʪʳ, ʝʛʦ ʩʦʩʪʦʷʥʠʝ ʦʧʠʩʳʚʘʶʪ ʩ ʧʦʤʦʱʴʶ 

ʚʦʣʥʦʚʦʡ ʬʫʥʢʮʠʠ, ʭʘʨʘʢʪʝʨʠʟʫʶʱʝʡ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʚʝʨʦʷʪʥʦʩʪʠ ʧʦ ʢʦʦʨʜʠʥʘʪʝ. ʅʘ 

ʨʠʩʫʥʢʝ ʧʦʢʘʟʘʥ ʪʠʧʠʯʥʳʡ ʚʠʜ ʚʦʣʥʦʚʦʡ ʬʫʥʢʮʠʠ ʧʨʠ ʪʫʥʥʝʣʠʨʦʚʘʥʠʠ ʧʦʜ 

ʵʥʝʨʛʝʪʠʯʝʩʢʠʡ ʙʘʨʴʝʨ.  
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ɺʦʣʥʦʚʘʷ ʬʫʥʢʮʠʷ ʚ ʩʣʫʯʘʝ, ʝʩʣʠ ʵʥʝʨʛʠʷ ʯʘʩʪʠʮʳ ʤʝʥʴʰʝ ʚʳʩʦʪʳ ʙʘʨʴʝʨʘ 

ɺʝʨʦʷʪʥʦʩʪʴ p ʧʨʦʥʠʢʥʦʚʝʥʠʷ ʵʣʝʢʪʨʦʥʘ ʩʢʚʦʟʴ ʧʦʪʝʥʮʠʘʣʴʥʳʡ ʙʘʨʴʝʨ ʟʘʚʠʩʠʪ ʦʪ ʚʳʩʦʪʳ 

U ʠ ʰʠʨʠʥʳ ʧʦʩʣʝʜʥʝʛʦ l: 

ὴ Ὡὼὴ
ςὰ

ᴐ
ςάὟ Ὁ ȟ 

ʛʜʝ m ï ʤʘʩʩʘ ʵʣʝʢʪʨʦʥʘ, E ï ʵʥʝʨʛʠʷ ʵʣʝʢʪʨʦʥʘ, ᴐ ï ʧʦʩʪʦʷʥʥʘʷ ʇʣʘʥʢʘ ʩ ʯʝʨʪʦʡ. 

1. ʆʧʨʝʜʝʣʠʪʝ ʚʝʨʦʷʪʥʦʩʪʴ, ʪʦʛʦ ʯʪʦ ʵʣʝʢʪʨʦʥ ʪʫʥʥʝʣʠʨʫʝʪ ʥʘ ʨʘʩʩʪʦʷʥʠʝ 0.1 ʥʤ, ʝʩʣʠ 

ʨʘʟʥʠʮʘ ʵʥʝʨʛʠʡ U ï E = 1 ʵɺ. (2 ʙʘʣʣʘ) ʈʘʩʩʯʠʪʘʡʪʝ ʨʘʟʥʦʩʪʴ ʵʥʝʨʛʠʡ (ʚ ʵɺ ʠ 

ʢɼʞ/ʤʦʣʴ), ʧʨʠ ʢʦʪʦʨʦʡ ʵʣʝʢʪʨʦʥ ʩʤʦʞʝʪ ʪʫʥʥʝʣʠʨʦʚʘʪʴ ʥʘ ʨʘʩʩʪʦʷʥʠʝ 1 ʥʤ ʩ 

ʚʝʨʦʷʪʥʦʩʪʴʶ 1 %. (2 ʙʘʣʣʘ) 

ʆʜʥʠʤ ʠʟ ʥʘʠʙʦʣʝʝ ʟʘʤʝʪʥʳʭ ʩʣʝʜʩʪʚʠʡ ʪʫʥʥʝʣʴʥʦʛʦ ʵʬʬʝʢʪʘ ʷʚʣʷʝʪʩʷ ʥʝʦʙʳʯʥʘʷ 

ʟʘʚʠʩʠʤʦʩʪʴ ʢʦʥʩʪʘʥʪʳ ʩʢʦʨʦʩʪʠ ʭʠʤʠʯʝʩʢʦʡ ʨʝʘʢʮʠʠ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ. ʇʨʠ ʫʤʝʥʴʰʝʥʠʠ 

ʪʝʤʧʝʨʘʪʫʨʳ ʢʦʥʩʪʘʥʪʘ ʩʢʦʨʦʩʪʠ ʩʪʨʝʤʠʪʩʷ ʥʝ ʢ 0 (ʢʘʢ ʤʦʞʥʦ ʦʞʠʜʘʪʴ ʠʟ ʫʨʘʚʥʝʥʠʷ 

ɸʨʨʝʥʠʫʩʘ), ʘ ʢ ʧʦʩʪʦʷʥʥʦʤʫ ʟʥʘʯʝʥʠʶ, ʢʦʪʦʨʦʝ ʦʧʨʝʜʝʣʷʝʪʩʷ ʚʝʨʦʷʪʥʦʩʪʴʶ 

ʪʫʥʥʝʣʠʨʦʚʘʥʠʷ ʷʜʝʨ p.  

ὯὝ ὃὩὼὴ
Ὁ

ὙὝ
ὃȟ

 

ʛʜʝ A ï ʧʨʝʜʵʢʩʧʦʥʝʥʮʠʘʣʴʥʳʡ ʤʥʦʞʠʪʝʣʴ, EA ï ʵʥʝʨʛʠʷ ʘʢʪʠʚʘʮʠʠ. ʕʪʦ ʤʦʞʥʦ ʦʙʲʷʩʥʠʪʴ 

ʪʝʤ, ʯʪʦ ʧʨʠ ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʚ ʨʝʘʢʮʠʶ ʚʩʪʫʧʘʶʪ ʪʦʣʴʢʦ ʪʝ ʯʘʩʪʠʮʳ, ʵʥʝʨʛʠʷ 

ʢʦʪʦʨʳʭ ʚʳʰʝ ʵʥʝʨʛʠʠ ʙʘʨʴʝʨʘ, ʘ ʧʨʠ ʥʠʟʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʨʝʘʢʮʠʷ ʠʜʝʪ ʠʩʢʣʶʯʠʪʝʣʴʥʦ 

ʟʘ ʩʯʝʪ ʪʫʥʥʝʣʴʥʦʛʦ ʵʬʬʝʢʪʘ. 

2. ʀʟ ʧʨʠʚʝʜʝʥʥʳʭ ʥʠʞʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ ʦʧʨʝʜʝʣʠʪʝ ʵʥʝʨʛʠʶ ʘʢʪʠʚʘʮʠʠ 

ʠ ʚʝʨʦʷʪʥʦʩʪʴ ʪʫʥʥʝʣʠʨʦʚʘʥʠʷ. (3 ʙʘʣʣʘ) 

T, ʂ k(T), c
ï1
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78 4.5Ĭ10ï3 

200 6.0Ĭ10ï3 

273 2.5 

ɺ ʩʦʚʨʝʤʝʥʥʳʭ ʢʚʘʥʪʦʚʳʭ ʵʣʝʢʪʨʦʥʥʳʭ ʫʩʪʨʦʡʩʪʚʘʭ ʠʩʧʦʣʴʟʫʝʪʩʷ ʵʬʬʝʢʪ ʨʝʟʦʥʘʥʩʥʦʛʦ 

ʪʫʥʥʝʣʠʨʦʚʘʥʠʷ. ʕʪʦʪ ʵʬʬʝʢʪ ʧʨʦʷʚʣʷʝʪʩʷ, ʝʩʣʠ ʵʣʝʢʪʨʦʥ ʚʩʪʨʝʯʘʝʪ ʜʚʘ ʙʘʨʴʝʨʘ, 

ʨʘʟʜʝʣʝʥʥʳʝ ʧʦʪʝʥʮʠʘʣʴʥʦʡ ʷʤʦʡ. ɽʩʣʠ ʵʥʝʨʛʠʷ ʵʣʝʢʪʨʦʥʘ ʩʦʚʧʘʜʘʝʪ ʩ ʦʜʥʠʤ ʠʟ ʫʨʦʚʥʝʡ 

ʵʥʝʨʛʠʠ ʚ ʷʤʝ (ʵʪʦ ï ʫʩʣʦʚʠʝ ʨʝʟʦʥʘʥʩʘ), ʪʦ ʦʙʱʘʷ ʚʝʨʦʷʪʥʦʩʪʴ ʪʫʥʥʝʣʠʨʦʚʘʥʠʷ 

ʦʧʨʝʜʝʣʷʝʪʩʷ ʧʨʦʭʦʞʜʝʥʠʝʤ ʯʝʨʝʟ ʜʚʘ ʪʦʥʢʠʭ ʙʘʨʴʝʨʘ, ʝʩʣʠ ʞʝ ʥʝʪ ï ʪʦ ʥʘ ʧʫʪʠ ʵʣʝʢʪʨʦʥʘ 

ʚʩʪʘʝʪ ʰʠʨʦʢʠʡ ʙʘʨʴʝʨ, ʢʦʪʦʨʳʡ ʚʢʣʶʯʘʝʪ ʧʦʪʝʥʮʠʘʣʴʥʫʶ ʷʤʫ, ʠ ʦʙʱʘʷ ʚʝʨʦʷʪʥʦʩʪʴ 

ʪʫʥʥʝʣʠʨʦʚʘʥʠʷ ʩʪʨʝʤʠʪʩʷ ʢ 0.  

 

ʈʝʟʦʥʘʥʩʥʦʝ ʪʫʥʥʝʣʠʨʦʚʘʥʠʝ (ʩʣʝʚʘ), ʥʝʨʝʟʦʥʘʥʩʥʦʝ ʪʫʥʥʝʣʠʨʦʚʘʥʠʝ (ʩʧʨʘʚʘ) 

3. ʉʨʘʚʥʠʪʝ ʚʝʨʦʷʪʥʦʩʪʠ ʨʝʟʦʥʘʥʩʥʦʛʦ ʠ ʥʝʨʝʟʦʥʘʥʩʥʦʛʦ ʪʫʥʥʝʣʠʨʦʚʘʥʠʷ ʵʣʝʢʪʨʦʥʘ 

ʧʨʠ ʩʣʝʜʫʶʱʠʭ ʧʘʨʘʤʝʪʨʘʭ: ʰʠʨʠʥʘ ʢʘʞʜʦʛʦ ʠʟ ʙʘʨʴʝʨʦʚ 0.5 ʥʤ, ʰʠʨʠʥʘ ʷʤʳ 

ʤʝʞʜʫ ʙʘʨʴʝʨʘʤʠ 2 ʥʤ, ʚʳʩʦʪʘ ʚʩʝʭ ʧʦʪʝʥʮʠʘʣʴʥʳʭ ʙʘʨʴʝʨʦʚ ʦʪʥʦʩʠʪʝʣʴʥʦ ʵʥʝʨʛʠʠ 

ʵʣʝʢʪʨʦʥʘ ʨʘʚʥʘ 0.5 ʵɺ. (3 ʙʘʣʣʘ) ɺ ʢʘʢʠʭ ʫʩʪʨʦʡʩʪʚʘʭ ʠʩʧʦʣʴʟʫʝʪʩʷ ʧʨʠʥʮʠʧ 

ʪʫʥʥʝʣʠʨʦʚʘʥʠʷ? (3 ʙʘʣʣʘ) 
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ʆʧʪʠʯʝʩʢʠʡ ʧʠʥʮʝʪ (2008, ʬʠʟʠʢʘ) 

ʅʘ ʩʝʛʦʜʥʷʰʥʠʡ ʜʝʥʴ ʪʘʢ ʥʘʟʳʚʘʝʤʳʡ ʤʝʪʦʜ ʦʧʪʠʯʝʩʢʦʛʦ ʧʠʥʮʝʪʘ ʰʠʨʦʢʦ ʧʨʠʤʝʥʷʝʪʩʷ 

ʜʣʷ ʠʟʫʯʝʥʠʷ ʤʠʢʨʦ- ʠ ʥʘʥʦʦʙʲʝʢʪʦʚ. ʕʪʦʪ ʤʝʪʦʜ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʟʘʭʚʘʪʝ ʤʠʢʨʦʦʙʲʝʢʪʦʚ, 

ʧʦʤʝʱʝʥʥʳʭ ʚ ʢʶʚʝʪʫ ʩ ʞʠʜʢʦʩʪʴʶ, ʩʠʣʴʥʦ ʩʬʦʢʫʩʠʨʦʚʘʥʥʳʤ ʣʘʟʝʨʥʳʤ ʧʫʯʢʦʤ. ɿʘʭʚʘʪ 

ʦʙʝʩʧʝʯʠʚʘʝʪʩʷ ʜʝʡʩʪʚʠʝʤ ʩʠʣ ʩʚʝʪʦʚʦʛʦ ʜʘʚʣʝʥʠʷ ʥʘ ʯʘʩʪʠʮʫ ʩʦ ʩʪʦʨʦʥʳ ʣʘʟʝʨʥʦʛʦ ʧʫʯʢʘ. 

ɺ ʙʦʣʴʰʠʥʩʪʚʝ ʩʣʫʯʘʝʚ ʵʬʬʝʢʪʠʚʥʳʡ ʧʦʪʝʥʮʠʘʣ ʪʘʢʦʡ ʦʧʪʠʯʝʩʢʦʡ ʣʦʚʫʰʢʠ ʚʙʣʠʟʠ 

ʧʦʣʦʞʝʥʠʷ ʫʩʪʦʡʯʠʚʦʛʦ ʨʘʚʥʦʚʝʩʠʷ ʘʧʧʨʦʢʩʠʤʠʨʫʝʪʩʷ ʧʦʪʝʥʮʠʘʣʦʤ ʛʘʨʤʦʥʠʯʝʩʢʦʛʦ 

ʦʩʮʠʣʣʷʪʦʨʘ. ʂʦʣʝʙʘʥʠʷ ʯʘʩʪʠʮʳ, ʘʤʧʣʠʪʫʜʘ ʢʦʪʦʨʳʭ, ʢʘʢ ʧʨʘʚʠʣʦ, ʩʦʩʪʘʚʣʷʝʪ ʥʝ ʙʦʣʝʝ 

ʩʦʪʥʠ ʥʘʥʦʤʝʪʨʦʚ, ʨʝʛʠʩʪʨʠʨʫʶʪʩʷ ʧʦ ʩʤʝʱʝʥʠʶ ʣʘʟʝʨʥʦʛʦ ʣʫʯʘ, ʨʘʩʩʝʷʥʥʦʛʦ ʥʘ 

ʟʘʭʚʘʯʝʥʥʦʤ ʦʙʲʝʢʪʝ, ʩ ʧʦʤʦʱʴʶ ʯʝʪʳʨʝʭʩʝʢʮʠʦʥʥʦʛʦ ʬʦʪʦʜʠʦʜʘ. ʇʨʠ ʵʪʦʤ ʩʯʠʪʘʝʪʩʷ, 

ʯʪʦ ʧʦʢʘʟʘʥʠʷ ʧʦʟʠʮʠʦʥʥʦ-ʯʫʚʩʪʚʠʪʝʣʴʥʦʛʦ ʜʠʦʜʘ ʧʨʷʤʦ ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʳ ʩʤʝʱʝʥʠʷʤ 

ʦʙʲʝʢʪʘ. ʄʝʪʦʜ ʦʧʪʠʯʝʩʢʦʛʦ ʧʠʥʮʝʪʘ ʧʨʠʤʝʥʷʝʪʩʷ ʪʘʢʞʝ ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʫʧʨʫʛʠʭ ʩʚʦʡʩʪʚ 

ʤʘʢʨʦʤʦʣʝʢʫʣ, ʥʘʧʨʠʤʝʨ, ɼʅʂ ʠ ʧʦʣʠʤʝʨʦʚ. ɼʣʷ ʵʪʦʛʦ ʦʜʠʥ çʢʦʥʝʮè ʤʦʣʝʢʫʣʳ 

ʠʤʤʦʙʠʣʠʟʫʶʪ ʥʘ ʧʦʜʣʦʞʢʫ, ʘ ʥʘ ʚʪʦʨʦʡ ʟʘʢʨʝʧʣʷʶʪ ʩʬʝʨʠʯʝʩʢʫʶ ʤʠʢʨʦʯʘʩʪʠʮʫ, 

ʟʘʭʚʘʪʳʚʘʝʤʫʶ ʩ ʧʦʤʦʱʴʶ çʦʧʪʠʯʝʩʢʦʛʦ ʧʠʥʮʝʪʘè. 

ʈʘʩʩʤʦʪʨʠʤ ʵʢʩʧʝʨʠʤʝʥʪ ʧʦ ʠʟʫʯʝʥʠʶ ʫʧʨʫʛʠʭ ʩʚʦʡʩʪʚ ʥʝʢʦʪʦʨʦʡ ʣʠʥʝʡʥʦʡ 

ʤʘʢʨʦʤʦʣʝʢʫʣʳ (ʩʤ. ʨʠʩʫʥʢʠ). ʉ ʦʜʥʦʛʦ ʢʦʥʮʘ ʤʘʢʨʦʤʦʣʝʢʫʣʘ ʜʣʠʥʦʡ L = 0.5 ʤʢʤ 

ʟʘʢʨʝʧʣʝʥʘ ʥʘ ʧʦʜʣʦʞʢʝ, ʢ ʝʝ ʜʨʫʛʦʤʫ ʢʦʥʮʫ ʧʨʠʢʨʝʧʣʝʥʘ ʩʬʝʨʠʯʝʩʢʘʷ ʯʘʩʪʠʮʘ ʜʠʦʢʩʠʜʘ 

ʢʨʝʤʥʠʷ ʜʠʘʤʝʪʨʦʤ D = 1 ʤʠʢʨʦʥ. ʉʠʩʪʝʤʘ ʧʦʤʝʱʝʥʘ ʚ ʚʦʜʥʫʶ ʩʨʝʜʫ (ʜʠʥʘʤʠʯʝʩʢʘʷ 

ʚʷʟʢʦʩʪʴ n = 0.001 ʇʘĀʩ) ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ. ʉʬʝʨʠʯʝʩʢʘʷ ʯʘʩʪʠʮʘ, ʥʘʭʦʜʷʩʴ ʚ 

ʧʦʣʦʞʝʥʠʠ ʨʘʚʥʦʚʝʩʠʷ, ʟʘʭʚʘʪʳʚʘʝʪʩʷ ʦʧʪʠʯʝʩʢʠʤ ʧʠʥʮʝʪʦʤ. ʉʠʛʥʘʣ ʩ ʢʚʘʜʨʘʥʪʥʦʛʦ 

ʬʦʪʦʜʠʦʜʘ ʨʝʛʠʩʪʨʠʨʫʝʪʩʷ ʯʝʪʳʨʝʭʢʘʥʘʣʴʥʳʤ ʘʥʘʣʦʛʦ-ʮʠʬʨʦʚʳʤ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʝʤ ʩ 

ʯʘʩʪʦʪʦʡ ʜʠʩʢʨʝʪʠʟʘʮʠʠ 10 ʢɻʮ ʧʦ ʢʘʞʜʦʤʫ ʠʟ ʢʘʥʘʣʦʚ. ɺ ʭʦʜʝ ʵʢʩʧʝʨʠʤʝʥʪʘ 

ʦʧʨʝʜʝʣʷʶʪʩʷ ʘʚʪʦʢʦʨʨʝʣʷʮʠʦʥʥʳʝ ʬʫʥʢʮʠʠ ʢʦʣʝʙʘʥʠʡ ʯʘʩʪʠʮʳ ʧʦ ʢʦʦʨʜʠʥʘʪʘʤ ʭ ʠ ʫ. 

ʆʩʴ ʭ ʩʦʚʧʘʜʘʝʪ ʥʘʧʨʘʚʣʝʥʠʝʤ ʤʦʣʝʢʫʣʳ.  

1. ʇʦ ʛʨʘʬʠʢʘʤ ʧʦʣʫʯʘʝʤʳʭ ʢʦʨʨʝʣʷʮʠʦʥʥʳʭ ʬʫʥʢʮʠʡ (ʩʤ. ʨʠʩʫʥʢʠ) ʦʮʝʥʠʪʝ 

ʢʦʵʬʬʠʮʠʝʥʪ ʞʝʩʪʢʦʩʪʠ ʦʧʪʠʯʝʩʢʦʡ ʣʦʚʫʰʢʠ, ʘ ʪʘʢʞʝ ʢʦʵʬʬʠʮʠʝʥʪ ʞʝʩʪʢʦʩʪʠ 

ʤʘʢʨʦʤʦʣʝʢʫʣʳ. (5 ʙʘʣʣʦʚ)  

ɼʘʣʝʝ ʣʦʚʫʰʢʫ ʥʘʯʘʣʠ ʦʪʦʜʚʠʛʘʪʴ ʚ ʧʦʣʦʞʠʪʝʣʴʥʦʤ ʥʘʧʨʘʚʣʝʥʠʠ ʚʜʦʣʴ ʦʩʠ x, ʧʨʠ ʵʪʦʤ 

ʟʘʭʚʘʯʝʥʥʘʷ ʯʘʩʪʠʮʘ ʪʘʢʞʝ ʥʘʯʘʣʘ ʤʝʥʷʪʴ ʩʚʦʝ ʤʝʩʪʦʧʦʣʦʞʝʥʠʝ.  

2. ʆʮʝʥʠʪʝ ʤʘʢʩʠʤʘʣʴʥʦ ʚʦʟʤʦʞʥʦʝ ʩʤʝʱʝʥʠʝ ʯʘʩʪʠʮʳ, ʝʩʣʠ ʜʣʠʥʘ ʚʦʣʥʳ ʣʘʟʝʨʘ, 

ʠʩʧʦʣʴʟʫʝʤʦʛʦ ʚ ʵʢʩʧʝʨʠʤʝʥʪʝ, ʨʘʚʥʘ 1064 ʥʤ. (5 ʙʘʣʣʦʚ) 
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ʈʠʩ. 1. ʉʭʝʤʘ ʵʢʩʧʝʨʠʤʝʥʪʘ 

 

ʈʠʩ. 2. ɸʚʪʦʢʦʨʨʝʣʷʮʠʦʥʥʘʷ ʬʫʥʢʮʠʷ ʢʦʣʝʙʘʥʠʷ ʯʘʩʪʠʮʳ ʚ ʦʧʪʠʯʝʩʢʦʡ ʣʦʚʫʰʢʝ  
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ʄʘʛʥʠʪʥʘʷ ʟʘʧʠʩʴ (2008, ʬʠʟʠʢʘ) 

ʉʦʚʨʝʤʝʥʥʳʝ ʪʝʥʜʝʥʮʠʠ ʨʘʟʚʠʪʠʷ ʠʥʬʦʨʤʘʮʠʦʥʥʳʭ ʪʝʭʥʦʣʦʛʠʡ ʪʨʝʙʫʝʪ ʩʦʟʜʘʥʠʷ 

ʫʩʪʨʦʡʩʪʚ ʭʨʘʥʝʥʠʷ ʜʘʥʥʳʭ ʩʦ ʩʚʝʨʭʚʳʩʦʢʦʡ ʧʣʦʪʥʦʩʪʴʶ ʟʘʧʠʩʠ. ʊʘʢ, ʚ ʦʙʳʯʥʳʭ ʜʣʷ ʥʘʩ 

ʫʩʪʨʦʡʩʪʚʘʭ HDD ʧʦʜ ʦʜʠʥ ʙʠʪ ʠʥʬʦʨʤʘʮʠʠ ʦʪʚʦʜʠʪʩʷ ʚʝʩʴʤʘ ʥʝʙʦʣʴʰʘʷ ʧʣʦʱʘʜʴ: 

ʰʠʨʠʥʘ ʤʘʛʥʠʪʥʦʡ ʜʦʨʦʞʢʠ ʩʦʩʪʘʚʣʷʝʪ ʦʢʦʣʦ 0,4 ʤʢʤ, ʘ ʜʣʠʥʘ ʫʯʘʩʪʢʘ ʜʦʨʦʞʢʠ, 

ʦʪʚʦʜʠʤʦʛʦ ʧʦʜ 1 ʙʠʪ ʠʥʬʦʨʤʘʮʠʠ, ʥʝ ʧʨʝʚʳʰʘʝʪ 50 ʥʤ. ɺ ʧʦʩʣʝʜʥʝʝ ʚʨʝʤʷ ʘʢʪʠʚʥʦ 

ʨʘʟʨʘʙʘʪʳʚʘʝʪʩʷ ʤʝʪʦʜ ʪʝʤʧʝʨʘʪʫʨʥʦ-ʢʦʥʪʨʦʣʠʨʫʝʤʦʡ ʟʘʧʠʩʠ, ʦʩʥʦʚʘʥʥʳʡ ʥʘ ʣʦʢʘʣʴʥʦʤ 

(<10 ʥʤ) ʨʘʟʦʛʨʝʚʝ ʤʘʛʥʠʪʥʦʡ ʩʨʝʜʳ ʩ ʧʦʤʦʱʴʶ ʬʦʢʫʩʠʨʦʚʘʥʥʦʛʦ ʣʘʟʝʨʥʦʛʦ ʧʫʯʢʘ ʜʦ 

ʪʝʤʧʝʨʘʪʫʨʳ, ʙʣʠʟʢʦʡ ʢ ʪʝʤʧʝʨʘʪʫʨʝ ʂʶʨʠ ʤʘʛʥʠʪʥʦʡ ʬʘʟʳ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʣʦʢʘʣʴʥʦ 

ʧʝʨʝʤʘʛʥʠʪʠʪʴ ʦʜʠʥʦʯʥʫʶ ʯʘʩʪʠʮʫ, ʥʝ ʚʦʟʜʝʡʩʪʚʫʷ ʥʘ ʦʢʨʫʞʘʶʱʠʝ ʫʯʘʩʪʢʠ. ʆʜʥʘʢʦ 

ʩʦʟʜʘʥʠʝ ʩʘʤʦʡ ʩʨʝʜʳ ʟʘʧʠʩʠ ʧʨʝʜʧʦʣʘʛʘʝʪ ʥʝʦʙʭʦʜʠʤʦʩʪʴ ʬʦʨʤʠʨʦʚʘʥʠʷ ʧʣʘʥʘʨʥʦʡ 

ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦ - ʫʧʦʨʷʜʦʯʝʥʥʦʡ ʩʠʩʪʝʤʳ ʠʟʦʣʠʨʦʚʘʥʥʳʭ ʤʘʛʥʠʪʥʳʭ ʥʘʥʦʯʘʩʪʠʮ (ʜʣʷ 

ʠʟʙʝʞʘʥʠʷ ʩʠʣʴʥʳʭ ʦʙʤʝʥʥʳʭ ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ ʤʝʞʜʫ ʯʘʩʪʠʮʘʤʠ ʚ ʦʙʣʘʩʪʷʭ ʢʦʥʪʘʢʪʦʚ) ʩ 

ʦʜʠʥʘʢʦʚʦʡ ʚʟʘʠʤʥʦʡ ʦʨʠʝʥʪʘʮʠʝʡ ʦʩʝʡ ʣʝʛʢʦʛʦ ʥʘʤʘʛʥʠʯʠʚʘʥʠʷ ʚʩʝʭ ʵʣʝʤʝʥʪʦʚ ʩʠʩʪʝʤʳ. 

ɺ ʪʦ ʞʝ ʚʨʝʤʷ, ʠʟʚʝʩʪʥʦ, ʯʪʦ ʫʤʝʥʴʰʝʥʠʝ ʨʘʟʤʝʨʦʚ ʥʘʥʦʯʘʩʪʠʮ ʧʨʠʚʦʜʠʪ ʢ ʚʦʟʨʘʩʪʘʥʠʶ 

ʘʤʧʣʠʪʫʜʳ ʪʝʤʧʝʨʘʪʫʨʥʳʭ ʢʦʣʝʙʘʥʠʡ ʤʘʛʥʠʪʥʦʛʦ ʤʦʤʝʥʪʘ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʚ 

ʩʫʱʝʩʪʚʦʚʘʥʠʶ ʪ.ʥ. ʩʫʧʝʨʧʘʨʘʤʘʛʥʠʪʥʦʛʦ ʧʨʝʜʝʣʘ ï ʢʨʠʪʠʯʝʩʢʦʛʦ ʨʘʟʤʝʨʘ ʯʘʩʪʠʮ, ʧʨʠ 

ʢʦʪʦʨʦʤ ʪʝʤʧʝʨʘʪʫʨʥʳʝ ʬʣʫʢʪʫʘʮʠʠ ʤʘʛʥʠʪʥʦʛʦ ʤʦʤʝʥʪʘ ʚʳʟʳʚʘʶʪ ʩʧʦʥʪʘʥʥʦʝ 

ʧʝʨʝʤʘʛʥʠʯʠʚʘʥʠʝ. ɼʣʷ ʧʨʝʦʜʦʣʝʥʠʷ ʵʪʦʛʦ ʦʛʨʘʥʠʯʝʥʠʷ ʙʳʣʦ ʧʨʝʜʣʦʞʝʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ 

ʤʘʩʩʠʚʳ ʘʥʠʟʦʪʨʦʧʥʳʭ ʥʘʥʦʯʘʩʪʠʮ ʤʘʛʥʠʪʥʳʭ ʤʘʪʝʨʠʘʣʦʚ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʫʚʝʣʠʯʠʪʴ 

ʩʪʘʙʠʣʴʥʦʩʪʴ ʤʘʛʥʠʪʥʳʭ ʤʦʤʝʥʪʦʚ ʟʘ ʩʯʝʪ ʠʟʤʝʥʝʥʠʷ ʵʥʝʨʛʠʠ ʨʘʟʤʘʛʥʠʯʠʚʘʥʠʷ, ʥʝ 

ʫʚʝʣʠʯʠʚʘʷ ʦʙʲʝʤ ʯʘʩʪʠʮʳ. ʊʘʢʠʝ ʧʦʜʭʦʜʳ ʫʞʝ ʨʝʘʣʠʟʫʶʪʩʷ ʚ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ, ʯʪʦ 

ʧʦʟʚʦʣʷʝʪ ʜʦʩʪʠʛʘʪʴ ʧʣʦʪʥʦʩʪʠ ʭʨʘʥʝʥʠʷ ʠʥʬʦʨʤʘʮʠʠ ʥʘ ʧʨʦʪʦʪʠʧʘʭ ʤʘʛʥʠʪʥʳʭ ʩʨʝʜ ʜʦ 

8 ɻʙ/ʜʶʡʤ
2
, ʭʦʪʷ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʝ ʨʝʰʝʥʠʷ ʧʦʢʘ ʝʱʝ ʥʝ ʧʨʝʜʣʦʞʝʥʳ.  

ʇʦʧʳʪʘʡʪʝʩʴ ʨʘʟʨʘʙʦʪʘʪʴ ʞʝʩʪʢʠʡ ʜʠʩʢ ʥʦʚʦʛʦ ʧʦʢʦʣʝʥʠʷ ʩʘʤʠ: 

1. ʇʨʝʜʣʦʞʠʪʝ ʵʢʦʥʦʤʠʯʝʩʢʠ ʦʧʨʘʚʜʘʥʥʳʝ ʤʝʪʦʜʳ ʬʦʨʤʠʨʦʚʘʥʠʷ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦ-

ʫʧʦʨʷʜʦʯʝʥʥʳʭ ʤʘʩʩʠʚʦʚ ʤʘʛʥʠʪʥʳʭ ʥʘʥʦʯʘʩʪʠʮ ʩ ʭʘʨʘʢʪʝʨʥʳʤʠ ʨʘʟʤʝʨʘʤʠ 5ï

10 ʥʤ, ʫʜʦʚʣʝʪʚʦʨʷʶʱʠʭ ʚʩʝʤ ʫʢʘʟʘʥʥʳʤ ʪʨʝʙʦʚʘʥʠʷʤ. (5 ʙʘʣʣʦʚ) 

2. ʈʘʩʩʯʠʪʘʡʪʝ ʢʨʠʪʠʯʝʩʢʠʝ ʨʘʟʤʝʨʳ ʩʬʝʨʠʯʝʩʢʠʭ ʥʘʥʦʯʘʩʪʠʮ Fe, Co, FePt, ʧʨʠ 

ʢʦʪʦʨʳʭ ʪʝʤʧʝʨʘʪʫʨʘ ʙʣʦʢʠʨʦʚʢʠ (ʪʝʤʧʝʨʘʪʫʨʘ ʧʨʠ ʢʦʪʦʨʦʡ ʯʘʩʪʠʮʘ ʧʝʨʝʭʦʜʠʪ ʚ 

ʩʫʧʝʨʧʘʨʘʤʘʛʥʠʪʥʦʝ ʩʦʩʪʦʷʥʠʝ) ʯʘʩʪʠʮʳ ʙʫʜʝʪ ʩʦʩʪʘʚʣʷʪʴ ʤʝʥʝʝ 300 ʂ. ʂʦʥʩʪʘʥʪʳ 

ʤʘʛʥʠʪʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʘʥʠʟʦʪʨʦʧʠʠ ʫʢʘʟʘʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʩʯʠʪʘʡʪʝ ʚ ʧʝʨʚʦʤ 

ʧʨʠʙʣʠʞʝʥʠʠ ʨʘʚʥʳʤʠ ʢʦʥʩʪʘʥʪʘʤ ʦʙʲʝʤʥʳʭ ʤʘʪʝʨʠʘʣʦʚ. (3 ʙʘʣʣʘ) 

3. ʆʮʝʥʠʪʝ ʟʥʘʯʝʥʠʷ ʪʝʤʧʝʨʘʪʫʨ ʙʣʦʢʠʨʦʚʢʠ ʠ ʢʦʵʨʮʠʪʠʚʥʦʡ ʩʠʣʳ ʘʥʠʟʦʪʨʦʧʥʳʭ 

ʥʘʥʦʯʘʩʪʠʮ Fe, Co, FePt ʜʠʘʤʝʪʨʦʤ 4 ʥʤ ʠ ʜʣʠʥʦʡ 4, 20, 50 ʠ 100 ʥʤ (ʜʣʷ ʨʘʩʯʝʪʘ 
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ʨʘʟʤʘʛʥʠʯʠʚʘʶʱʝʛʦ ʬʘʢʪʦʨʘ ʠʩʧʦʣʴʟʫʡʪʝ ʧʨʠʙʣʠʞʝʥʠʝ ʚʳʪʷʥʫʪʦʛʦ ʩʬʝʨʦʠʜʘ). 

(3 ʙʘʣʣʘ) ʆʮʝʥʠʪʝ ʚʝʣʠʯʠʥʳ ʤʘʛʥʠʪʥʦ-ʜʠʧʦʣʴʥʳʭ ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ ʤʝʞʜʫ 

ʯʘʩʪʠʮʘʤʠ ʚ ʧʣʦʪʥʦʫʧʘʢʦʚʘʥʥʦʤ ʤʘʩʩʠʚʝ, ʝʩʣʠ ʨʘʩʩʪʦʷʥʠʝ ʤʝʞʜʫ ʥʠʤʠ ʨʘʚʥʦ 

ʜʠʘʤʝʪʨʫ ʯʘʩʪʠʮ. (3 ʙʘʣʣʘ) 

 

ʘ      b 

ʇʕʄ-ʠʟʦʙʨʘʞʝʥʠʝ ʫʧʦʨʷʜʦʯʝʥʥʦʡ ʩʪʨʫʢʪʫʨʳ ʠʟ 3 ʥʤ ʯʘʩʪʠʮ Fe-Pt (a) ʠ ʩʭʝʤʘ ʟʘʧʠʩʠ 

ʠʥʬʦʨʤʘʮʠʠ ʥʘ ʪʘʢʦʡ ʩʪʨʫʢʪʫʨʝ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʣʘʟʝʨʥʦʛʦ ʥʘʛʨʝʚʘ (b)  
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ʆʪʜʝʣʷʝʤ ʟʝʨʥʘ ʦʪ ʧʣʝʚʝʣé (2008, ʬʠʟʠʢʘ) 

ʆʜʥʠʤ ʠʟ ʩʘʤʳʭ ʚʘʞʥʳʭ ʬʘʢʪʦʨʦʚ, ʦʧʨʝʜʝʣʷʶʱʠʭ ʨʘʟʨʝʰʝʥʠʝ ʘʪʦʤʥʦ-ʩʠʣʦʚʦʛʦ 

ʤʠʢʨʦʩʢʦʧʘ (ɸʉʄ) ʷʚʣʷʝʪʩʷ ʢʦʥʝʯʥʳʡ ʨʘʟʤʝʨ ʨʘʙʦʯʝʡ ʯʘʩʪʠ ʠʩʧʦʣʴʟʫʝʤʦʛʦ ʟʦʥʜʘ. ʂʨʦʤʝ 

ʪʦʛʦ, ʵʪʦʪ ʨʘʟʤʝʨ ʚʣʠʷʝʪ ʥʘ ʪʦʯʥʦʩʪʴ ʠʥʬʦʨʤʘʮʠʠ ʦ ʬʦʨʤʝ ʠ ʨʘʟʤʝʨʘʭ ʦʙʲʝʢʪʦʚ, ʢʦʪʦʨʫʶ 

ʤʦʞʥʦ ʧʦʣʫʯʠʪʴ ʩ ʧʦʤʦʱʴʶ ɸʉʄ.  

ʀʟ ʨʘʟʣʠʯʥʳʭ ʢʨʠʪʝʨʠʝʚ ʨʘʟʨʝʰʝʥʠʷ, ʥʘʠʙʦʣʝʝ ʯʘʩʪʦ ʫʧʦʤʠʥʘʝʤʳʤ ʷʚʣʷʝʪʩʷ ʢʨʠʪʝʨʠʡ 

ʈʵʣʝʷ. ʀʟ ʵʪʦʛʦ ʢʨʠʪʝʨʠʷ ʩʣʝʜʫʝʪ, ʯʪʦ ʜʚʘ ʦʙʲʝʢʪʘ, ʜʘʶʱʠʝ ʩʠʛʥʘʣʳ ʦʜʠʥʘʢʦʚʦʡ 

ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʨʘʟʨʝʰʠʤʳ, ʝʩʣʠ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʤʠʥʠʤʫʤʘ ʩʫʤʤʘʨʥʦʛʦ ʩʠʛʥʘʣʘ, ʢʦʪʦʨʳʡ 

ʥʘʭʦʜʠʪʩʷ ʤʝʞʜʫ ʵʪʠʤʠ ʦʙʲʝʢʪʘʤʠ, ʩʦʩʪʘʚʣʷʝʪ ʦʢʦʣʦ 80% ʦʪ ʤʘʢʩʠʤʘʣʴʥʦʡ 

ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʵʪʦʛʦ ʩʫʤʤʘʨʥʦʛʦ ʩʠʛʥʘʣʘ. 

 

ʂʨʠʪʝʨʠʡ ʈʵʣʝʷ 

ʆʯʝʥʴ ʯʘʩʪʦ ʨʘʙʦʯʫʶ ʦʙʣʘʩʪʴ ʟʦʥʜʘ ʧʨʝʜʩʪʘʚʣʷʶʪ ʚ ʚʠʜʝ ʢʦʥʫʩʘ ʩ ʧʦʣʫʩʬʝʨʠʯʝʩʢʦʡ 

ʚʝʨʰʠʥʦʡ. ʇʘʨʘʤʝʪʨʘʤʠ ʚ ʵʪʦʤ ʩʣʫʯʘʝ ʷʚʣʷʶʪʩʷ ʫʛʦʣ ʨʘʩʪʚʦʨʘ ʢʦʥʫʩʘ ʠ ʨʘʜʠʫʩ 

ʟʘʢʨʫʛʣʝʥʠʷ ʝʛʦ ʚʝʨʰʠʥʳ. ʋ ʩʪʘʥʜʘʨʪʥʳʭ ʢʨʝʤʥʠʝʚʳʭ ʟʦʥʜʦʚ, ʧʦʩʪʘʚʣʷʝʤʳʭ ʨʦʩʩʠʡʩʢʦʡ 

ʢʦʤʧʘʥʠʝʡ ʅʊ-ʄɼʊ, ʫʛʦʣ ʨʘʩʪʚʦʨʘ ʢʦʥʫʩʘ ʥʝ ʧʨʝʚʳʰʘʝʪ 22Á, ʘ ʨʘʜʠʫʩ ʢʨʠʚʠʟʥʳ ʝʛʦ 

ʚʝʨʰʠʥʳ ʩʦʩʪʘʚʣʷʝʪ 10 ʥʤ. 

  

ʂʘʥʪʠʣʝʚʝʨ 

1. ʇʦʣʘʛʘʷ, ʜʣʷ ʦʧʨʝʜʝʣʝʥʥʦʩʪʠ, ʯʪʦ ʠʟʫʯʘʝʤʳʝ ʥʘʥʦʦʙʲʝʢʪʳ, ʥʘʭʦʜʷʱʠʝʩʷ ʥʘ 

ʧʦʚʝʨʭʥʦʩʪʠ, ʠʤʝʶʪ ʬʦʨʤʫ ʧʦʣʫʩʬʝʨʳ ʠ ʨʘʩʧʦʣʦʞʝʥʳ ʥʘ ʨʘʩʩʪʦʷʥʠʷʭ, 

ʟʥʘʯʠʪʝʣʴʥʦ ʧʨʝʚʳʰʘʶʱʠʭ ʠʭ ʨʘʟʤʝʨʳ ʠ ʨʘʟʤʝʨʳ ʨʘʙʦʯʝʡ ʯʘʩʪʠ ʟʦʥʜʘ, 

ʧʨʝʜʣʦʞʠʪʝ ʧʘʨʘʤʝʪʨʳ, ʭʘʨʘʢʪʝʨʠʟʫʶʱʠʝ ʠʩʢʘʞʝʥʠʝ ʬʦʨʤʳ ʪʘʢʠʭ ʥʘʥʦʦʙʲʝʢʪʦʚ 

ʥʘ ɸʉʄ ʠʟʦʙʨʘʞʝʥʠʷʭ. ʉʯʠʪʘʪʴ, ʜʣʷ ʧʨʦʩʪʦʪʳ, ʯʪʦ ʫʛʦʣ ʨʘʩʪʚʦʨʘ ʢʦʥʫʩʘ ʟʦʥʜʘ 

ʨʘʚʝʥ 0Á. (2 ʙʘʣʣʘ) 
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2. ʀʩʭʦʜʷ ʠʟ ʪʝʭ ʞʝ ʧʨʝʜʧʦʣʦʞʝʥʠʡ, ʦʮʝʥʠʪʝ ʢʦʣʠʯʝʩʪʚʝʥʥʦ ʟʘʚʠʩʠʤʦʩʪʴ ʪʦʯʥʦʩʪʠ 

ʦʧʨʝʜʝʣʝʥʠʷ ʨʘʟʤʝʨʦʚ ʠ ʬʦʨʤʳ ʥʘʥʦʦʙʲʝʢʪʦʚ ʦʪ ʩʦʦʪʥʦʰʝʥʠʷ ʧʘʨʘʤʝʪʨʦʚ, 

ʭʘʨʘʢʪʝʨʠʟʫʶʱʠʭ ʨʘʙʦʯʫʶ ʯʘʩʪʴ ʟʦʥʜʘ ʠ ʧʘʨʘʤʝʪʨʦʚ, ʭʘʨʘʢʪʝʨʠʟʫʶʱʠʭ 

ʥʘʥʦʦʙʲʝʢʪ. (2 ʙʘʣʣʘ) 

3. ʇʨʝʜʧʦʣʘʛʘʷ, ʯʪʦ ʦʜʠʥ ʩʣʦʡ ʥʘʥʦʦʙʲʝʢʪʦʚ ʩʧʣʦʰʴ ʧʦʢʨʳʚʘʝʪ ʧʦʚʝʨʭʥʦʩʪʴ, 

ʦʮʝʥʠʪʝ, ʨʫʢʦʚʦʜʩʪʚʫʷʩʴ ʢʨʠʪʝʨʠʝʤ ʈʵʣʝʷ, ʨʘʟʨʝʰʝʥʠʝ, ʢʦʪʦʨʦʝ ʤʦʞʝʪ ʙʳʪʴ 

ʧʦʣʫʯʝʥʦ ʩ ʧʦʤʦʱʴʶ ʩʪʘʥʜʘʨʪʥʳʭ ʢʨʝʤʥʠʝʚʳʭ ʟʦʥʜʦʚ. (2 ʙʘʣʣʘ) 

4. ʉʨʘʚʥʠʪʝ ʪʦʯʥʦʩʪʴ ʦʧʨʝʜʝʣʝʥʠʷ ʧʘʨʘʤʝʪʨʦʚ, ʭʘʨʘʢʪʝʨʠʟʫʶʱʠʭ ʫʢʘʟʘʥʥʳʝ 

ʥʘʥʦʦʙʲʝʢʪʳ ʚ ʜʚʫʭ ʩʣʫʯʘʷʭ (2 ʙʘʣʣʘ): 

ʘ) ʥʘʥʦʦʙʲʝʢʪʳ ʨʘʩʧʦʣʦʞʝʥʳ ʥʘ ʨʘʩʩʪʦʷʥʠʷʭ, ʟʥʘʯʠʪʝʣʴʥʦ ʧʨʝʚʳʰʘʶʱʠʭ ʠʭ 

ʨʘʟʤʝʨʳ ʠ ʨʘʟʤʝʨʳ ʨʘʙʦʯʝʡ ʯʘʩʪʠ ʟʦʥʜʘ; 

ʙ) ʥʘʥʦʦʙʲʝʢʪʳ ʩʧʣʦʰʴ ʧʦʢʨʳʚʘʶʪ ʧʦʚʝʨʭʥʦʩʪʴ ʚ ʦʜʠʥ ʩʣʦʡ. 
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ɺʠʨʫʩ ʄʝʥʛʦ (2009, ʰʢʦʣʴʥʠʢʠ, ʙʠʦʣʦʛʠʷ) 

ʀʟʚʝʩʪʥʦ, ʯʪʦ ʚʠʨʫʩʥʳʝ ʦʙʦʣʦʯʢʠ, ʧʦʩʪʨʦʝʥʥʳʝ ʠʟ ʙʦʣʴʰʦʛʦ ʯʠʩʣʘ ʢʦʧʠʡ ʦʜʠʥʘʢʦʚʳʭ 

ʙʝʣʢʦʚʳʭ ʩʫʙʲʝʜʠʥʠʮ, ʜʦʣʞʥʳ ʠʤʝʪʴ ʩʠʤʤʝʪʨʠʯʥʦʝ ʩʪʨʦʝʥʠʝ.  

1. ʇʦʯʝʤʫ? (2 ʙʘʣʣʘ)  

ʇʦ ʪʠʧʫ ʩʠʤʤʝʪʨʠʠ ʦʙʦʣʦʯʢʠ (ʢʘʧʩʠʜʳ) ʚʠʨʫʩʳ ʧʦʜʨʘʟʜʝʣʷʶʪʩʷ ʥʘ 

ʩʧʠʨʘʣʴʥʦʩʠʤʤʝʪʨʠʯʥʳʝ (ʧʘʣʦʯʢʠ) ʠ ʠʢʦʩʘʵʜʨʠʯʝʩʢʠʝ (ʠʢʦʩʘʵʜʨʳ).  

ɺʠʨʫʩ ʄʝʥʛʦ ï ʵʪʦ ʠʢʦʩʘʵʜʨʠʯʝʩʢʠʡ ʈʅʂ-ʩʦʜʝʨʞʘʱʠʡ ʚʠʨʫʩ ʜʠʘʤʝʪʨʦʤ ʦʢʦʣʦ 30 ʥʤ, 

ʚʳʟʳʚʘʶʱʠʡ ʥʝʚʨʦʧʘʪʠʶ ʛʨʳʟʫʥʦʚ. ʇʨʠ ʩʦʨʙʮʠʠ ʥʘ ʩʣʶʜʫ ʚʠʨʫʩ ʘʛʨʝʛʠʨʫʝʪ ʠ ʦʙʨʘʟʫʝʪ 

ʧʣʦʪʥʳʝ ʩʣʦʠ ʠʣʠ ʦʪʜʝʣʴʥʳʝ ʦʩʪʨʦʚʢʠ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʢʦʥʮʝʥʪʨʘʮʠʠ. ʅʘ ʨʠʩʫʥʢʝ  

ʧʨʠʚʝʜʝʥʦ ʠʟʦʙʨʘʞʝʥʠʝ ʚʠʨʫʩʘ ʄʝʥʛʦ ʥʘ ʩʣʶʜʝ, ʧʦʣʫʯʝʥʥʦʝ ʧʨʠ ʧʦʤʦʱʠ ʘʪʦʤʥʦ-

ʩʠʣʦʚʦʛʦ ʤʠʢʨʦʩʢʦʧʘ.  

 

ʀʟʦʙʨʘʞʝʥʠʝ ʩ ʘʪʦʤʥʦ-ʩʠʣʦʚʦʛʦ ʤʠʢʨʦʩʢʦʧʘ 

2. ʈʘʩʩʤʦʪʨʠʪʝ ʠʟʦʙʨʘʞʝʥʠʝ ʠ ʦʙʲʷʩʥʠʪʝ, ʧʦʯʝʤʫ ʚʳʩʦʪʘ ʯʘʩʪʠʮʳ 1 ʩʦʩʪʘʚʣʷʝʪ 25 ʥʤ, 

ʯʘʩʪʠʮʳ 2ï26 ʥʤ, ʘ ʯʘʩʪʠʮʳ 3ï29 ʥʤ. (5 ʙʘʣʣʦʚ)  
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ɺʦʜʦʤʝʨʢʘ (2009, ʙʠʦʣʦʛʠʷ) 

ʂʘʢ ʤʳ ʟʥʘʝʤ ʠʟ ʬʠʟʠʢʠ, ʧʦʚʝʨʭʥʦʩʪʴ ʚʦʜʳ ʧʦʢʨʳʚʘʝʪ ʧʣʝʥʢʘ. ʋ ʥʝʝ ʦʩʦʙʳʝ ʩʚʦʡʩʪʚʘ, 

ʢʦʪʦʨʳʝ ʠ ʠʩʧʦʣʴʟʫʶʪ ʢʣʦʧʳ-ʚʦʜʦʤʝʨʢʠ. ʀʟ ʧʦʢʦʣʝʥʠʷ ʚ ʧʦʢʦʣʝʥʠʝ ʧʝʨʝʤʝʱʘʣʠʩʴ ʵʪʠ 

ʥʘʩʝʢʦʤʳʝ ʩ ʙʝʨʝʛʘ ʥʘ ʧʣʘʚʘʶʱʠʝ ʣʠʩʪʴʷ, ʘ ʟʘʪʝʤ ʠ ʧʨʦʩʪʦ ʥʘ ʚʦʜʫ. ʃʘʧʢʠ ʠʭ ʦʙʨʦʩʣʠ 

ʚʦʣʦʩʢʘʤʠ-ʱʝʪʠʥʢʘʤʠ, ʦʩʦʙʴʶ ʞʝʣʝʟʳ ʚʳʨʘʙʘʪʳʚʘʶʪ ʜʣʷ ʥʠʭ ʩʤʘʟʢʫ, ʢʦʪʦʨʘʷ 

ʦʪʪʘʣʢʠʚʘʝʪ ʯʘʩʪʠʮʳ ʚʦʜʳ. ɹʣʘʛʦʜʘʨʷ ʵʪʦʤʫ ʣʘʧʢʠ ʦʩʪʘʶʪʩʷ ʩʫʭʠʤʠ, ʠ ʣʝʛʢʦʝ ʥʘʩʝʢʦʤʦʝ 

ʥʝ ʪʦʥʝʪ, ʩʣʝʛʢʘ ʧʨʦʜʘʚʣʠʚʘʷ ʧʣʝʥʢʫ. ɺʦʪ ʧʦʯʝʤʫ ʚʦʜʦʤʝʨʢʘ ʣʝʛʢʦ ʙʝʛʘʝʪ ʧʦ ʚʦʜʝ. ʅʦ 

ʩʪʦʠʪ ʣʘʧʢʘʤ ʥʘʤʦʢʥʫʪʴ, ʠ ʦʥʠ ʙʫʜʫʪ ʧʦʛʨʫʞʘʪʴʩʷ ʚ ʚʦʜʫ; ʣʦʚʢʘʷ ʚʦʜʦʤʝʨʢʘ ʧʨʝʚʨʘʪʠʪʩʷ ʚ 

ʙʝʩʧʦʤʦʱʥʦʝ ʩʫʱʝʩʪʚʦ, ʧʦʩʧʝʰʠʪ ʥʘ ʙʝʨʝʛ, ʯʪʦʙʳ ʦʙʩʫʰʠʪʴ ʣʘʧʢʠ ʠ ʩʤʘʟʘʪʴ ʠʭ ʞʠʨʦʤ. 

ɹʦʣʝʝ ʪʦʛʦ, ʙʦʣʴʰʦʝ ʟʥʘʯʝʥʠʝ ʠʛʨʘʶʪ ʨʘʟʤʝʨʳ ʚʦʜʦʤʝʨʢʠ. ʂʘʢ ʠʟʚʝʩʪʥʦ, ʩ ʫʤʝʥʴʰʝʥʠʝʤ 

ʣʠʥʝʡʥʳʭ ʨʘʟʤʝʨʦʚ ʦʙʲʝʢʪʦʚ, ʟʥʘʯʠʪʝʣʴʥʳʤ ʦʙʨʘʟʦʤ ʤʝʥʷʶʪʩʷ ʠ ʩʠʣʳ, ʢʦʪʦʨʳʝ ʥʘ ʥʠʭ 

ʜʝʡʩʪʚʫʶʪ. ɺ ʯʘʩʪʥʦʩʪʠ, ʧʨʠ ʫʤʝʥʴʰʝʥʠʠ ʚʦʜʦʤʝʨʢʠ ʚ 10 ʨʘʟ, ʢʘʧʠʣʣʷʨʥʳʝ ʩʠʣʳ, 

ʫʜʝʨʞʠʚʘʶʱʠʝ ʝʸ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʚʦʜʳ, ʫʤʝʥʴʰʘʶʪʩʷ ʪʘʢʞʝ ʚ 10 ʨʘʟ (ʪ.ʢ. ʦʥʠ 

ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʳ ʣʠʥʝʡʥʦʤʫ ʨʘʟʤʝʨʫ ʚʦʜʦʤʝʨʢʠ). ɺ ʪʦ ʞʝ ʚʨʝʤʷ, ʩʠʣʘ ʪʷʞʝʩʪʠ 

ʫʤʝʥʴʰʘʝʪʩʷ ʚ 1000 ʨʘʟ (ʪ.ʢ. ʦʥʘ ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʘ ʫʞʝ ʥʝ ʣʠʥʝʡʥʦʤʫ ʨʘʟʤʝʨʫ, ʘ ʦʙʲʝʤʫ 

ʚʦʜʦʤʝʨʢʠ). ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʚ ʤʠʢʨʦʤʠʨʝ ʢʘʧʠʣʣʷʨʥʳʝ ʩʠʣʳ ʦʢʘʟʳʚʘʶʪ ʟʥʘʯʠʪʝʣʴʥʦ 

ʙʦʣʴʰʝʝ ʚʣʠʷʥʠʝ, ʯʝʤ ʩʠʣʳ ʪʷʞʝʩʪʠ, ʠ ʥʝ ʧʦʟʚʦʣʷʶʪ ʚʦʜʦʤʝʨʢʝ ʫʪʦʥʫʪʴ.  

1. ʆʧʨʝʜʝʣʠʪʝ, ʧʨʠ ʢʘʢʦʤ ʨʘʟʤʝʨʝ ʣʘʧʢʠ (ʜʠʘʤʝʪʨʝ l, ʩʤ. ʨʠʩ.) ʚʦʜʦʤʝʨʢʘ ʥʘʯʥʝʪ 

ʪʦʥʫʪʴ? (5 ʙʘʣʣʦʚ) ɼʣʷ ʧʨʦʩʪʦʪʳ ʧʨʠʥʷʪʴ, ʯʪʦ ʚʦʜʦʤʝʨʢʘ ʦʧʠʨʘʝʪʩʷ ʪʦʣʴʢʦ ʥʘ ʦʜʥʫ 

ʣʘʧʢʫ (ʢʦʥʝʯʥʦ, ʫ ʥʝʝ ʠʭ ʙʦʣʴʰʝ). ʉʯʠʪʘʪʴ, ʯʪʦ ʧʦʚʝʨʭʥʦʩʪʥʦʝ ʥʘʪʷʞʝʥʠʝ ʚʦʜʳ ʥʘ 

ʛʨʘʥʠʮʝ ʩ ʚʦʟʜʫʭʦʤ: 31070 -Ö@s  ʅ/ʤ, ʧʣʦʪʥʦʩʪʴ ʚʦʜʳ 1000=r ʢʛ/ʤ
3
, ʫʛʦʣ 

ʩʤʘʯʠʚʘʥʠʷ =q 30̄ .  

2. ʏʪʦ ʧʨʦʠʟʦʡʜʝʪ ʩ ʚʦʜʦʤʝʨʢʦʡ, ʝʩʣʠ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʚʦʜʳ ʨʘʟʣʠʪʘ ʥʝʬʪʴ (1 ʙʘʣʣ), 

ʚʦʜʘ ʩʪʘʣʘ ʩʦʣʝʥʦʡ (1 ʙʘʣʣ) ʠʣʠ ʚ ʥʝʝ ʧʦʧʘʣʠ ʜʝʪʝʨʛʝʥʪʳ? (1 ʙʘʣʣ)  

 

ʂʣʦʧ - ʚʦʜʦʤʝʨʢʘ 
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ʋʧʨʦʱʝʥʥʘʷ ʤʦʜʝʣʴ ʣʘʧʢʠ ʚʦʜʦʤʝʨʢʠ... 
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ʊʝʧʣʦʚʠʟʦʨ (2009, ʧʨʦʩʪʳʝ ʟʘʜʘʯʠ) 

ʇʨʝʜʣʘʛʘʝʪʩʷ ʧʦʩʪʨʦʠʪʴ ʪʝʧʣʦʚʠʟʦʨ (ʧʨʠʙʦʨ ʥʦʯʥʦʛʦ ʚʠʜʝʥʠʷ, ʨʘʙʦʪʘ ʢʦʪʦʨʦʛʦ ʦʩʥʦʚʘʥʘ 

ʥʘ ʫʣʘʚʣʠʚʘʥʠʠ ʠʥʬʨʘʢʨʘʩʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʥʘʛʨʝʪʳʭ ʪʝʣ) ʥʘ ʢʚʘʥʪʦʚʳʭ ʪʦʯʢʘʭ CdTe ʠ 

CdSe, ʦʙʨʘʟʦʚʘʚ ʛʝʪʝʨʦʧʝʨʝʭʦʜ ʤʝʞʜʫ ʩʣʦʷʤʠ ʵʪʠʭ ʢʚʘʥʪʦʚʳʭ ʪʦʯʝʢ. ʇʦʜʙʠʨʘʷ ʨʘʟʤʝʨʳ 

ʢʚʘʥʪʦʚʳʭ ʪʦʯʝʢ, ʤʦʞʥʦ ʜʦʙʠʪʴʩʷ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʪʝʧʣʦʚʦʛʦ ʠʟʣʫʯʝʥʠʷ ʚ ʚʠʜʠʤʳʡ ʩʚʝʪ. 

 

1. ʂʘʢʦʡ ʠʟ ʩʣʦʸʚ ʢʚʘʥʪʦʚʳʭ ʪʦʯʝʢ (CdTe ʠʣʠ CdSe) ʧʦʛʣʦʱʘʝʪ ʪʝʧʣʦʚʦʝ ʠʟʣʫʯʝʥʠʝ, ʘ 

ʢʘʢʦʡ ʠʩʧʫʩʢʘʝʪ ʚʠʜʠʤʳʡ ʩʚʝʪ? (2 ʙʘʣʣʘ)  

2. ʂʘʢʠʤʠ ʜʦʣʞʥʳ ʙʳʪʴ ʨʘʟʤʝʨʳ ʢʚʘʥʪʦʚʳʭ ʪʦʯʝʢ, ʯʪʦʙʳ ʩ ʧʦʤʦʱʴʶ ʪʘʢʦʛʦ ʧʨʠʙʦʨʘ 

ʤʦʞʥʦ ʙʳʣʦ ʚʠʜʝʪʴ ʚ ʪʝʤʥʦʪʝ ʧʨʝʜʤʝʪʳ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ? (2 ʙʘʣʣʘ) ɼʣʷ 

ʦʙʲʝʤʥʦʛʦ CdTe ʵʥʝʨʛʠʷ ʟʘʧʨʝʱʝʥʥʦʡ ʟʦʥʳ 1.5 ʵɺ, ʵʬʬʝʢʪʠʚʥʳʝ ʤʘʩʩʳ ʵʣʝʢʪʨʦʥʘ 

0.13 mʦ, ʜʳʨʢʠ 0.45 mʦ, ʜʣʷ CdSe ï 1.8 ʵɺ, 0.14 mʦ, ʜʳʨʢʠ 0.35 mʦ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. 

ɼʣʷ ʯʝʛʦ ʥʫʞʝʥ ʠʩʪʦʯʥʠʢ ʪʦʢʘ ʚ ʵʪʦʤ ʧʨʠʙʦʨʝ? (1 ʙʘʣʣ) 

3. ʆʮʝʥʠʪʝ, ʩ ʢʘʢʦʛʦ ʤʘʢʩʠʤʘʣʴʥʦʛʦ ʨʘʩʩʪʦʷʥʠʷ ʤʦʞʥʦ ʥʘʙʣʶʜʘʪʴ ʚ ʪʝʧʣʦʚʦʤ 

ʜʠʘʧʘʟʦʥʝ ʧʨʝʜʤʝʪʳ, ʥʘʭʦʜʷʱʠʝʩʷ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ ʧʦʨʷʜʢʘ 300 ʂ, ʝʩʣʠ ʚ ʚʠʜʠʤʳʡ 

ʩʚʝʪ ʧʨʝʦʙʨʘʟʫʝʪʩʷ 50 % ʵʥʝʨʛʠʠ ʪʝʧʣʦʚʦʛʦ ʠʟʣʫʯʝʥʠʷ. (2 ʙʘʣʣʘ) ʄʦʞʥʦ ʣʠ ʩ 

ʧʦʤʦʱʴʶ ʪʘʢʦʛʦ ʧʨʠʙʦʨʘ ʫʚʠʜʝʪʴ ʯʝʣʦʚʝʢʘ ʩʢʚʦʟʴ ʩʪʝʥʫ ʠʟ ʢʠʨʧʠʯʘ, ʙʝʪʦʥʘ, 

ʞʝʣʝʟʘ, ʠ ʝʩʣʠ ʜʘ, ʪʦ ʧʨʠ ʢʘʢʦʡ ʤʘʢʩʠʤʘʣʴʥʦʡ ʪʦʣʱʠʥʝ ʩʪʝʥʳ? (1 ʙʘʣʣ) ʆʮʝʥʠʪʝ 

ʫʛʣʦʚʫʶ ʨʘʟʨʝʰʘʶʱʫʶ ʩʧʦʩʦʙʥʦʩʪʴ ʪʝʧʣʦʚʠʟʦʨʘ, ʝʩʣʠ ʨʘʜʠʫʩ ʝʛʦ ʦʙʲʝʢʪʠʚʘ ʨʘʚʝʥ 

r = 3 ʩʤ. (1 ʙʘʣʣ) ʇʨʠ ʦʮʝʥʢʝ ʨʘʟʨʝʰʘʶʱʝʡ ʩʧʦʩʦʙʥʦʩʪʠ ʧʦʣʴʟʫʡʪʝʩʴ ʢʨʠʪʝʨʠʝʤ 

ʈʵʣʝʷ. 
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ʈʘʟʙʠʚʘʝʤ ʣʝʜ ʥʘ ʥʘʥʦʰʘʨʠʢʠ (2009, ʰʢʦʣʴʥʠʢʠ, ʬʠʟʠʢʘ) 

ʇʦʣʫʯʝʥʠʝ ʥʘʥʦʤʘʪʝʨʠʘʣʦʚ ʧʦ ʪʝʭʥʦʣʦʛʠʷʤ çʩʚʝʨʭʫ ʚʥʠʟè ï ʜʦʩʪʘʪʦʯʥʦ ʵʥʝʨʛʦʝʤʢʠʡ 

ʧʨʦʮʝʩʩ.  

ʆʮʝʥʠʪʝ, ʥʘʧʨʠʤʝʨ, ʵʥʝʨʛʠʶ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʤʝʞʜʫ ʤʦʣʝʢʫʣʘʤʠ ʚʦʜʳ ʚʦ ʣʴʜʫ (3 ʙʘʣʣʘ), ʘ 

ʪʘʢʞʝ ʵʥʝʨʛʠʶ, ʢʦʪʦʨʫʶ ʥʫʞʥʦ ʧʦʪʨʘʪʠʪʴ, ʯʪʦʙʳ ʨʘʟʙʠʪʴ 1 ʛʨʘʤʤ ʣʴʜʘ ʥʘ ʩʬʝʨʠʯʝʩʢʠʝ 

ʥʘʥʦʯʘʩʪʠʮʳ ʜʠʘʤʝʪʨʦʤ 100 ʥʤ. (5 ʙʘʣʣʦʚ) ʋʜʝʣʴʥʳʝ ʪʝʧʣʦʪʳ ʧʣʘʚʣʝʥʠʷ ʣʴʜʘ ʠ 

ʧʘʨʦʦʙʨʘʟʦʚʘʥʠʷ, ʘ ʪʘʢʞʝ ʢʦʵʬʬʠʮʠʝʥʪ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʥʘʪʷʞʝʥʠʷ ʚʦʜʳ ʩʯʠʪʘʪʴ 

ʠʟʚʝʩʪʥʳʤʠ (ʥʘʡʪʠ ʩʘʤʦʩʪʦʷʪʝʣʴʥʦ). 

 

ʇʨʦʩʪʦ ʣʝʜ. ʅʝʜʦʙʠʪʳʡ 
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ɸʵʨʦʟʦʣʴ (2009, ʰʢʦʣʴʥʠʢʠ, ʬʠʟʠʢʘ) 

ɺ ʨʷʜʝ ʤʝʪʦʜʦʚ ʭʠʤʠʯʝʩʢʦʛʦ ʩʠʥʪʝʟʘ (ʠ ʥʝ ʪʦʣʴʢʦ) ʪʨʝʙʫʝʪʩʷ ʚʦʜʫ ʠʣʠ ʚʦʜʥʳʝ ʨʘʩʪʚʦʨʳ 

ʧʨʝʚʨʘʪʠʪʴ ʚ ʘʵʨʦʟʦʣʴ ï ʚʟʚʝʩʴ ʤʝʣʴʯʘʡʰʠʭ ʢʘʧʝʣʴ ʚ ʛʘʟʦʚʦʡ ʩʨʝʜʝ. ʈʘʩʩʤʦʪʨʠʪʝ 

ʩʣʝʜʫʶʱʠʡ ʩʧʦʩʦʙ ʧʦʣʫʯʝʥʠʷ çʥʘʥʦʢʘʧʝʣʴè ʚʦʜʳ.  

ʀʟ ʚʝʨʪʠʢʘʣʴʥʦʛʦ ʩʦʧʣʘ ʚʳʣʝʪʘʝʪ ʧʘʨʘʣʣʝʣʴʥʘʷ ʩʪʨʫʷ ʚʦʜʳ ʩʦ ʩʢʦʨʦʩʪʴʶ V, ʢʦʪʦʨʘʷ 

ʫʜʘʨʷʝʪʩʷ ʥʦʨʤʘʣʴʥʦ ʢ ʪʚʸʨʜʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʠ ʨʘʟʙʠʚʘʝʪʩʷ ʥʘ ʤʝʣʢʠʝ ʢʘʧʣʠ ʨʘʟʣʠʯʥʦʛʦ 

ʜʠʘʤʝʪʨʘ. ʆʮʝʥʠʪʝ ʩʢʦʨʦʩʪʴ ʩʪʨʫʠ ʚʦʜʳ V, ʥʝʦʙʭʦʜʠʤʫʶ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʢʘʧʝʣʴ ʨʘʟʤʝʨʦʤ 

ʧʦʨʷʜʢʘ 100 ʥʤ; 10 ʥʤ. (ʇʦʚʝʨʭʥʦʩʪʥʦʝ ʥʘʪʷʞʝʥʠʝ ʚʦʜʳ s = 0.07 ʅ/ʤ.) ʄʦʞʥʦ ʣʠ 

ʫʩʣʳʰʘʪʴ ʵʪʫ ʩʪʨʫʶ? (5 ʙʘʣʣʦʚ) 

 

ʅʠʘʛʘʨʩʢʠʡ ʚʦʜʦʧʘʜ ʩʦ ʩʚʦʝʡ ʟʥʘʤʝʥʠʪʦʡ ʚʦʜʷʥʦʡ ʧʳʣʴʶ 
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ʂ ʚʦʧʨʦʩʫ ʦ ʧʯʝʣʦʚʦʜʩʪʚʝ (2009, ʧʨʦʩʪʳʝ ʟʘʜʘʯʠ) 

ʇʨʝʜʩʪʘʚʴʪʝ, ʯʪʦ ʫʯʝʥʳʤʠ ʙʳʣʘ ʚʳʚʝʜʝʥʘ ʥʘʥʦʧʯʝʣʘ ʨʘʟʤʝʨʦʤ ʦʢʦʣʦ 50ʥʤ. (ʘ ʚʜʨʫʛ!..) 

1. ʅʘ ʢʘʢʦʡ ʯʘʩʪʦʪʝ ʦʥʘ ʞʫʞʞʠʪ, ʢʦʛʜʘ ʣʝʪʘʝʪ? (2 ʙʘʣʣʘ) ʂʘʢʦʚʘ ʜʣʠʥʘ ʚʦʟʥʠʢʘʶʱʠʭ 

ʟʚʫʢʦʚʳʭ ʚʦʣʥ ʠ ʥʘʩʢʦʣʴʢʦ ʜʘʣʝʢʦ ʵʪʫ ʧʯʝʣʫ ʤʦʞʥʦ ʙʳʣʦ ʙʳ ʫʩʣʳʰʘʪʴ? (2 ʙʘʣʣʘ) 

2. ʉ ʢʘʢʠʤʠ ʧʨʦʙʣʝʤʘʤʠ ʤʦʞʝʪ ʩʪʦʣʢʥʫʪʴʩʷ ʪʘʢʦʡ ʦʨʛʘʥʠʟʤ ʧʨʠ ʧʦʣʝʪʝ? (1 ʙʘʣʣ) 

3. ʇʨʝʜʣʦʞʠʪʝ ʚʦʟʤʦʞʥʳʝ ʚʘʨʠʘʥʪʳ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʪʘʢʠʭ ʥʘʥʦʧʯʝʣ. (1 ʙʘʣʣ) 

 

ɼʘ, ʵʪʦ ʙʦʣʴʰʘʷ ʧʯʝʣʘ... 
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ʅʘʥʦʪʝʭʥʦʣʦʛʠʠ ʠ ʬʦʪʦʥʠʢʘ (2009, ʧʨʦʩʪʳʝ ʟʘʜʘʯʠ) 

ʇʨʠʚʝʜʠʪʝ ʥʝʩʢʦʣʴʢʦ ʧʨʠʤʝʨʦʚ ʥʘʥʦʪʝʭʥʦʣʦʛʠʡ, ʥʘʭʦʜʷʱʠʭ ʧʨʠʤʝʥʝʥʠʝ ʚ ʦʧʪʠʯʝʩʢʠʭ 

ʩʠʩʪʝʤʘʭ. ʇʨʝʜʣʦʞʠʪʝ ʥʝʩʢʦʣʴʢʦ ʥʦʚʳʭ, ʧʝʨʩʧʝʢʪʠʚʥʳʭ ʧʦ ɺʘʰʝʤʫ ʤʥʝʥʠʶ, 

ʥʘʥʦʤʘʪʝʨʠʘʣʦʚ ʜʣʷ ʧʨʠʤʝʥʝʥʠʷ ʚ ʦʙʣʘʩʪʠ ʦʧʪʠʢʠ. (5 ʙʘʣʣʦʚ) 

 

ʀʟ ʞʠʟʥʠ ʬʦʪʦʥʥʳʭ ʢʨʠʩʪʘʣʣʦʚ (ʨʘʟʜʝʣ ɻʘʣʝʨʝʷ, "ɺʣʘʜʠʤʠʨ ɺʣʘʜʠʤʠʨʦʚʠʯ") 
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ɺ ʢʦʩʤʦʩʝ (2009, ʧʨʦʩʪʳʝ ʟʘʜʘʯʠ) 

ʆʙʣʘʢʦ ʠʟ ʜʠʩʢʨʝʪʥʳʭ ʩʬʝʨʠʯʝʩʢʠʭ ʤʝʪʘʣʣʠʯʝʩʢʠʭ ʥʘʥʦʯʘʩʪʠʮ ʥʘʭʦʜʠʪʩʷ ʚ ʦʢʦʣʦʟʝʤʥʦʤ 

ʙʝʟʚʦʟʜʫʰʥʦʤ ʧʨʦʩʪʨʘʥʩʪʚʝ (ʢʦʩʤʦʩ). 

1. ʂʘʢʦʚ ʭʘʨʘʢʪʝʨ ʨʘʟʤʝʨʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ʪʝʤʧʝʨʘʪʫʨʳ ʥʘʥʦʯʘʩʪʠʮ, ʥʘʛʨʝʚʘʝʤʳʭ 

ʠʟʣʫʯʝʥʠʝʤ ʉʦʣʥʮʘ? (1 ʙʘʣʣ)  

2. ʉ ʫʯʝʪʦʤ ʫʩʨʝʜʥʝʥʥʦʡ ʚʝʣʠʯʠʥʳ ʢʦʵʬʬʠʮʠʝʥʪʘ ʦʪʨʘʞʝʥʠʷ ʩʚʝʪʘ ʦʮʝʥʠʪʝ, ʚ 

ʪʝʯʝʥʠʝ ʢʘʢʦʛʦ ʚʨʝʤʝʥʠ ʥʘʛʨʝʣʠʩʴ ʙʳ ʜʦ ʪʝʤʧʝʨʘʪʫʨʳ ʧʣʘʚʣʝʥʠʷ ʥʘʥʦʯʘʩʪʠʮʳ 

ʤʝʜʠ ʨʘʜʠʫʩʦʤ 50 ʠ 500 ʥʤ. (1 ʙʘʣʣ) 

3. ɼʦʣʞʥʘ ʣʠ ʟʘʚʠʩʝʪʴ (ʠ ʧʦʯʝʤʫ) ʠʟʣʫʯʘʪʝʣʴʥʘʷ ʩʧʦʩʦʙʥʦʩʪʴ ʥʘʥʦʯʘʩʪʠʮ ʦʪ ʠʭ 

ʨʘʟʤʝʨʘ ʠ ʢʘʢ ʵʪʦ ʩʢʘʞʝʪʩʷ ʥʘ ʪʝʤʧʝʨʘʪʫʨʝ ʥʘʥʦʯʘʩʪʠʮ, ʥʘʛʨʝʚʘʝʤʳʭ ʠʟʣʫʯʝʥʠʝʤ 

ʉʦʣʥʮʘ. (2 ʙʘʣʣʘ) 

 

ɺ ʂʦʩʤʦʩʝ... 
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ɺʠʞʫ ʥʘʥʦʪʨʫʙʢʫ! (2009, ʧʨʦʩʪʳʝ ʟʘʜʘʯʠ) 

ʆʜʥʦʩʪʝʥʥʳʝ ʫʛʣʝʨʦʜʥʳʝ ʥʘʥʦʪʨʫʙʢʠ, ʧʦʣʫʯʝʥʥʳʝ (ʢʘʢ ʩʯʠʪʘʝʪʩʷ) ʚʧʝʨʚʳʝ ʚ 1993 ʛʦʜʫ 

ʤʝʪʦʜʦʤ ʢʘʪʘʣʠʪʠʯʝʩʢʦʛʦ ʜʫʛʦʚʦʛʦ ʠʩʧʘʨʝʥʠʷ ʛʨʘʬʠʪʘ, ʷʚʣʷʶʪʩʷ ʩʝʛʦʜʥʷ ʧʨʠʤʝʨʦʤ ʦʜʥʠʭ 

ʠʟ ʥʘʠʙʦʣʝʝ ʠʥʪʝʨʝʩʥʳʭ ʥʘʥʦʩʪʨʫʢʪʫʨ ʠ ʚʳʟʳʚʘʶʪ ʦʛʨʦʤʥʳʡ ʠʥʪʝʨʝʩ ʠʩʩʣʝʜʦʚʘʪʝʣʝʡ ʚʦ 

ʚʩʝʤ ʤʠʨʝ ʙʣʘʛʦʜʘʨʷ ʫʥʠʢʘʣʴʥʳʤ ʩʪʨʫʢʪʫʨʥʳʤ ʠ ʵʣʝʢʪʨʠʯʝʩʢʠʤ ʩʚʦʡʩʪʚʘʤ (ʚʳʩʦʢʠʡ 

ʬʘʢʪʦʨ ʘʥʠʟʦʪʨʦʧʠʠ, ʠʟʤʝʥʷʝʤʘʷ ʵʣʝʢʪʨʠʯʝʩʢʘʷ ʧʨʦʚʦʜʠʤʦʩʪʴ) ʚ ʩʦʯʝʪʘʥʠʠ ʩ ʠʭ 

ʥʝʦʙʳʯʥʳʤ ʤʝʭʘʥʠʯʝʩʢʠʤ ʧʦʚʝʜʝʥʠʝʤ (ʚʳʩʦʢʠʝ ʟʥʘʯʝʥʠʷ ʤʦʜʫʣʷ ʖʥʛʘ ʠ ʧʨʝʜʝʣʘ 

ʧʨʦʯʥʦʩʪʠ ʥʘ ʨʘʟʨʳʚ). ʅʘ ʩʝʛʦʜʥʷʰʥʠʡ ʜʝʥʴ ʫʛʣʝʨʦʜʥʳʝ ʥʘʥʦʪʨʫʙʢʠ ʩʪʘʣʠ ʥʘʠʙʦʣʝʝ ʰʠʨʦʢʦ 

ʠʩʧʦʣʴʟʫʝʤʳʤ ʥʘʥʦʦʙʲʝʢʪʦʤ ʜʣʷ ʧʨʘʢʪʠʯʝʩʢʦʛʦ ʧʨʠʤʝʥʝʥʠʷ ʚ ʪʝʭʥʦʣʦʛʠʷʭ ʵʣʝʢʪʨʦʥʠʢʠ, 

ʤʝʭʘʥʠʢʠ ʠʣʠ ʧʨʠ ʩʦʟʜʘʥʠʠ ʥʘʥʦʵʣʝʢʪʨʦʤʝʭʘʥʠʯʝʩʢʠʭ ʩʠʩʪʝʤ. ʆʜʥʘʢʦ, ʢʘʢ ʚʳʷʩʥʠʣʦʩʴ ʚ 

ʨʝʟʫʣʴʪʘʪʝ ʤʥʦʛʠʭ ʵʢʩʧʝʨʠʤʝʥʪʦʚ, ʧʨʘʢʪʠʯʝʩʢʠ ʚʩʝ ʩʚʦʡʩʪʚʘ ʥʘʥʦʪʨʫʙʦʢ ʦʢʘʟʘʣʠʩʴ ʩʠʣʴʥʦ 

ʟʘʚʠʩʷʱʠʤʠ ʦʪ ʠʭ ʩʪʨʫʢʪʫʨʳ (ʪʠʧʘ ʩʚʝʨʪʢʠ), ʘ ʵʬʬʝʢʪʠʚʥʳʝ ʤʝʪʦʜʳ ʨʘʟʜʝʣʝʥʠʷ ʆʉʅʊ ʪʘʢ ʠ ʥʝ 

ʙʳʣʠ ʨʘʟʨʘʙʦʪʘʥʳ ʜʦ ʥʘʩʪʦʷʱʝʛʦ ʚʨʝʤʝʥʠ. ɺ ʩʚʷʟʠ ʩ ʵʪʠʤ ʜʣʷ ʩʦʟʜʘʥʠʷ ʨʝʘʣʴʥʳʭ ʥʘʥʦʫʩʪʨʦʡʩʪʚ 

ʦʢʘʟʘʣʦʩʴ ʥʝʦʙʭʦʜʠʤʳʤ ʟʥʘʪʴ ʠ ʫʤʝʪʴ ʧʨʝʜʩʢʘʟʳʚʘʪʴ ʩʚʦʡʩʪʚʘ ʆʉʅʊ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ 

ʥʘʙʣʶʜʘʝʤʦʡ ʭʠʨʘʣʴʥʦʩʪʠ ʪʨʫʙʦʢ. ʇʦʧʳʪʘʡʪʝʩʴ ʩʜʝʣʘʪʴ ʵʪʦ ʠ ʚʳ. ʇʦ ʜʘʥʥʳʤ ʉʊʄ ʠʟʦʙʨʘʞʝʥʠʡ 

ʦʜʥʦʩʪʝʥʥʳʭ ʫʛʣʝʨʦʜʥʳʭ ʥʘʥʦʪʨʫʙʦʢ ʦʧʨʝʜʝʣʠʪʝ: 

1. ʍʠʨʘʣʴʥʦʩʪʴ ʠ ʜʠʘʤʝʪʨ ʆʉʅʊ ʥʘ ʠʟʦʙʨʘʞʝʥʠʠ. (1 ʙʘʣʣ) 

2. ʕʣʝʢʪʨʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʆʉʅʊ. (1 ʙʘʣʣ) 

3. ʇʨʝʜʧʦʣʦʞʠʪʝ, ʩ ʧʦʤʦʱʴʶ ʢʘʢʠʭ ʤʝʪʦʜʦʚ ʚʦʟʤʦʞʥʦ ʣʦʢʘʣʴʥʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ ʫʧʦʤʷʥʫʪʳʭ 

ʚʳʰʝ ʧʘʨʘʤʝʪʨʦʚ. ʆʙʦʩʥʫʡʪʝ ʩʚʦʠ ʧʨʝʜʧʦʣʦʞʝʥʠʷ. (2 ʙʘʣʣʘ) 

4. ɺʦʟʤʦʞʥʦ ʣʠ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʵʪʠʭ ʥʘʥʦʪʨʫʙʦʢ ʜʣʷ ʩʦʟʜʘʥʠʷ ʵʣʝʢʪʨʦʣʶʤʠʥʝʩʮʝʥʪʥʳʭ 

ʫʩʪʨʦʡʩʪʚ? (1 ʙʘʣʣ) ɺ ʢʘʢʦʡ ʦʙʣʘʩʪʠ ʤʦʞʝʪ ʥʘʙʣʶʜʘʪʴʩʷ ʠʟʣʫʯʝʥʠʝ ʦʪ ʜʘʥʥʳʭ ʥʘʥʦʪʨʫʙʦʢ? 

(1 ʙʘʣʣ) 

5. ʇʨʝʜʣʦʞʠʪʝ ʩʧʦʩʦʙʳ ʤʘʥʠʧʫʣʷʮʠʠ ʠ ʩʦʟʜʘʥʠʷ ʢʦʥʪʘʢʪʦʚ ʥʘ ʦʪʜʝʣʴʥʳʭ ʆʉʅʊ ʜʣʷ 

ʬʦʨʤʠʨʦʚʘʥʠʷ ʧʦʣʝʚʦʛʦ ʪʨʘʥʟʠʩʪʦʨʘ ʥʘ ʠʭ ʦʩʥʦʚʝ. (1 ʙʘʣʣ)  
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ʕʣʝʢʪʨʦʥʥʘʷ ʙʫʤʘʛʘ (2009, ʰʢʦʣʴʥʠʢʠ, ʬʠʟʠʢʘ) 

ʉʨʘʚʥʠʪʝʣʴʥʦ ʥʝʜʘʚʥʦ ʨʷʜʦʤ ʢʦʤʧʘʥʠʡ ʙʳʣʘ ʨʘʟʨʘʙʦʪʘʥʘ ʠ ʚʥʝʜʨʝʥʘ ʚ ʧʨʦʠʟʚʦʜʩʪʚʦ ʪʘʢ 

ʥʘʟʳʚʘʝʤʘʷ çʵʣʝʢʪʨʦʥʥʘʷ ʙʫʤʘʛʘè. ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʵʣʝʢʪʨʦʥʥʘʷ ʙʫʤʘʛʘ ʧʨʠʤʝʥʷʝʪʩʷ ʚ 

ʧʦʨʪʘʪʠʚʥʳʭ ʵʣʝʢʪʨʦʥʥʳʭ ʫʩʪʨʦʡʩʪʚʘʭ (çʵʣʝʢʪʨʦʥʥʳʝ ʢʥʠʛʠè, ʤʦʙʠʣʴʥʳʝ ʪʝʣʝʬʦʥʳ ʠ 

ʪ.ʧ.). 

ʇʨʠʥʮʠʧ ʨʘʙʦʪʳ ʵʣʝʢʪʨʦʥʥʦʡ ʙʫʤʘʛʠ ʚ ʧʨʦʩʪʝʡʰʝʤ ʩʣʫʯʘʝ ʦʩʥʦʚʘʥ ʥʘ ʩʣʝʜʫʶʱʝʤ. 

ʉʫʩʧʝʥʟʠʷ ʯʝʨʥʳʭ ʠ ʙʝʣʳʭ ʤʠʢʨʦʯʘʩʪʠʮ (ʯʝʨʥʳʝ ʟʘʨʷʞʝʥʳ ʧʦʣʦʞʠʪʝʣʴʥʦ, ʙʝʣʳʝ ð 

ʦʪʨʠʮʘʪʝʣʴʥʦ) ʧʦʤʝʱʘʝʪʩʷ ʚ ʟʘʟʦʨ ʦʪ 10 ʤʢʤ ʜʦ 100 ʤʢʤ ʤʝʞʜʫ ʜʚʫʤʷ ʧʨʦʟʨʘʯʥʳʤʠ 

ʵʣʝʢʪʨʦʜʘʤʠ. ʂʘʞʜʳʡ ʠʟ ʵʣʝʢʪʨʦʜʦʚ ʨʘʟʜʝʣʝʥ ʥʘ ʩʝʪʢʫ ʧʠʢʩʝʣʝʡ. ʇʦʩʣʝ ʧʨʠʣʦʞʝʥʠʷ 

ʧʦʣʦʞʠʪʝʣʴʥʦʛʦ ʠʣʠ ʦʪʨʠʮʘʪʝʣʴʥʦʛʦ ʥʘʧʨʷʞʝʥʠʷ ʢ ʧʠʢʩʝʣʶ, ʢ ʚʝʨʭʥʝʤʫ ʵʣʝʢʪʨʦʜʫ ʟʘ ʩʯʝʪ 

ʵʣʝʢʪʨʦʩʪʘʪʠʯʝʩʢʠʭ ʩʠʣ ʧʨʠʪʷʥʫʪʩʷ ʯʝʨʥʳʝ ʠʣʠ ʙʝʣʳʝ ʯʘʩʪʠʮʳ. ʊʝʤ ʩʘʤʳʤ, ʜʘʥʥʳʡ 

ʧʠʢʩʝʣʴ ʦʢʨʘʰʠʚʘʝʪʩʷ ʚ ʯʝʨʥʳʡ ʠʣʠ ʙʝʣʳʡ ʮʚʝʪ.  

1. ʂʘʢ ʦʢʨʘʩʠʪʴ ʧʠʢʩʝʣʴ ʚ çʩʝʨʳʡ ʮʚʝʪè? (1 ʙʘʣʣ)  

ɼʦʩʪʦʠʥʩʪʚʘʤʠ ʵʣʝʢʪʨʦʥʥʦʡ ʙʫʤʘʛʠ ʷʚʣʷʶʪʩʷ ʚ ʧʝʨʚʫʶ ʦʯʝʨʝʜʴ ʢʦʤʧʘʢʪʥʦʩʪʴ (ʪʦʣʱʠʥʘ 

çʣʠʩʪʘè ʪʘʢʦʡ ʙʫʤʘʛʠ ʩʨʘʚʥʠʤʘ ʩ ʦʙʳʯʥʦʡ) ʠ ʥʠʟʢʦʝ ʵʥʝʨʛʦʧʦʪʨʝʙʣʝʥʠʝ, ʢʦʪʦʨʦʝ 

ʟʘʪʨʘʯʠʚʘʝʪʩʷ ʚ ʦʩʥʦʚʥʦʤ ʣʠʰʴ ʥʘ ʧʝʨʝʢʣʶʯʝʥʠʝ ʩʦʩʪʦʷʥʠʡ. 

2. ʉʯʠʪʘʷ ʤʠʢʨʦʯʘʩʪʠʮʳ ʩʬʝʨʠʯʝʩʢʠʤʠ ʯʘʩʪʠʮʘʤʠ ʨʘʜʠʫʩʘ R ʠ ʦʙʣʘʜʘʶʱʠʤʠ 

ʟʘʨʷʜʘʤʠ q, ʦʮʝʥʠʪʴ ʤʠʥʠʤʘʣʴʥʦʝ ʥʘʧʨʷʞʝʥʠʝ, ʥʝʦʙʭʦʜʠʤʦʝ ʜʣʷ ʧʝʨʝʢʣʶʯʝʥʠʷ 

ʧʠʢʩʝʣʷ (ʩ ʯʝʨʥʦʛʦ ʥʘ ʙʝʣʳʡ ʠ ʥʘʦʙʦʨʦʪ). ʇʣʦʪʥʦʩʪʴ ʯʘʩʪʠʮ ɟ1 = 2000 ʢʛ/ʤ
3
, 

ʧʣʦʪʥʦʩʪʴ ʞʠʜʢʦʩʪʠ ɟ2 = 1000 ʢʛ/ʤ
3
. ʉʯʠʪʘʷ ʜʠʥʘʤʠʯʝʩʢʫʶ ʚʷʟʢʦʩʪʴ ʞʠʜʢʦʩʪʠ, ʚ 

ʢʦʪʦʨʫʶ ʧʦʤʝʱʝʥʳ ʯʘʩʪʠʮʳ, ʟʘʜʘʥʥʦʡ (ɖ), ʦʧʨʝʜʝʣʠʪʴ ʚʨʝʤʷ ʦʪʢʣʠʢʘ. ʆʧʨʝʜʝʣʠʪʴ 

ʟʘʚʠʩʠʤʦʩʪʴ ʚʨʝʤʝʥʠ ʦʪʢʣʠʢʘ ʜʠʩʧʣʝʷ ʦʪ ʪʦʣʱʠʥʳ ʟʘʟʦʨʘ. (5 ʙʘʣʣʦʚ) ʂʘʢʠʤ ʜʦʣʞʥʦ 

ʙʳʪʴ ʥʘʧʨʷʞʝʥʠʝ ʥʘ ʵʣʝʢʪʨʦʜʘʭ, ʯʪʦʙʳ ʚʨʝʤʷ ʦʪʢʣʠʢʘ ʜʠʩʧʣʝʷ ʥʝ ʙʳʣʦ ʟʘʤʝʪʥʦ 

ʛʣʘʟʦʤ? ʈʘʩʩʤʦʪʨʝʪʴ ʩʣʫʯʘʡ ʟʘʟʦʨʘ ʤʝʞʜʫ ʵʣʝʢʪʨʦʜʘʤʠ d = 10 ʤʢʤ ʠ d = 100 ʤʢʤ, 

R = 1 ʤʢʤ, q = 10e (e ï ʟʘʨʷʜ ʵʣʝʢʪʨʦʥʘ), ɖ = 0.01 ʇʘĀʩ. (5 ʙʘʣʣʦʚ)  

3. ʅʘ ʢʘʢʠʭ ʝʱʝ ʧʨʠʥʮʠʧʘʭ ʤʦʛʫʪ ʙʳʪʴ ʦʩʥʦʚʘʥʳ ʪʝʭʥʦʣʦʛʠʠ ʩʦʟʜʘʥʠʷ çʵʣʝʢʪʨʦʥʥʦʡ 

ʙʫʤʘʛʠè ʨʘʟʣʠʯʥʳʭ ʚʠʜʦʚ? (3 ʙʘʣʣʘ)  
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ʉʢʦʣʴʢʦ ʚʝʰʘʪʴ ʚ ʥʘʥʦʛʨʘʤʤʘʭ? (2009, ʰʢʦʣʴʥʠʢʠ, ʬʠʟʠʢʘ) 

ʇʨʦʮʝʩʩ ʦʩʘʞʜʝʥʠʷ ʚʝʱʝʩʪʚʘ ʠʟ ʞʠʜʢʦʡ ʠʣʠ ʛʘʟʦʚʦʡ ʬʘʟʳ ʥʘ ʪʚʝʨʜʫʶ ʧʦʚʝʨʭʥʦʩʪʴ ʠʛʨʘʝʪ 

ʯʨʝʟʚʳʯʘʡʥʦ ʚʘʞʥʫʶ ʨʦʣʴ ʚʦ ʤʥʦʛʠʭ ʦʙʣʘʩʪʷʭ ʥʘʥʦʪʝʭʥʦʣʦʛʠʡ. ʅʘʧʨʠʤʝʨ, ʠʩʧʦʣʴʟʫʷ 

ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʳʝ ʧʨʦʮʝʜʫʨʳ ʥʘʥʝʩʝʥʠʷ ʪʦʥʢʠʭ ʧʣʝʥʦʢ ʨʘʟʣʠʯʥʳʭ ʚʝʱʝʩʪʚ ʩʢʚʦʟʴ 

ʩʧʝʮʠʘʣʴʥʦ ʧʦʜʛʦʪʦʚʣʝʥʥʳʝ ʪʨʘʬʘʨʝʪʳ (ʥʘʟʳʚʘʝʤʳʝ ʤʘʩʢʘʤʠ), ʧʦʣʫʯʘʶʪ ʪʨʘʥʟʠʩʪʦʨʳ 

ʨʘʟʤʝʨʦʤ ʚ ʥʝʩʢʦʣʴʢʦ ʜʝʩʷʪʢʦʚ ʥʘʥʦʤʝʪʨʦʚ. ɼʨʫʛʠʤ ʧʨʠʤʝʨʦʤ ʤʦʛʫʪ ʩʣʫʞʠʪʴ ʩʝʥʩʦʨʳ, 

ʦʧʨʝʜʝʣʷʶʱʠʝ ʢʦʥʮʝʥʪʨʘʮʠʠ ʚʝʱʝʩʪʚ ʚ ʛʘʟʦʚʦʡ ʬʘʟʝ ʠʣʠ ʨʘʩʪʚʦʨʝ. ɼʣʷ ʪʦʛʦ ʯʪʦʙʳ 

ʧʨʠʙʦʨ çʧʦʯʫʚʩʪʚʦʚʘʣè ʦʧʨʝʜʝʣʷʝʤʦʝ ʚʝʱʝʩʪʚʦ, ʝʛʦ ʤʦʣʝʢʫʣʳ, ʢʘʢ ʧʨʘʚʠʣʦ, ʜʦʣʞʥʳ 

ʩʚʷʟʘʪʴʩʷ ʩ ʯʫʚʩʪʚʠʪʝʣʴʥʦʡ ʧʦʚʝʨʭʥʦʩʪʴʶ ʩʝʥʩʦʨʘ. 

ʂʘʢ ʞʝ ʢʦʥʪʨʦʣʠʨʦʚʘʪʴ ʧʨʦʮʝʩʩ ʦʩʘʞʜʝʥʠʷ ʚʝʱʝʩʪʚʘ ʥʘ ʧʦʚʝʨʭʥʦʩʪʴ? ɺʟʚʝʩʠʪʴ! ʅʦ ʜʣʷ 

ʵʪʦʛʦ ʥʘʤ ʧʦʥʘʜʦʙʷʪʩʷ ʦʯʝʥʴ ʯʫʚʩʪʚʠʪʝʣʴʥʳʝ ʚʝʩʳ. ʆʥʠ ʥʘʟʳʚʘʶʪʩʷ ʢʚʘʨʮʝʚʳʝ 

ʤʠʢʨʦʚʝʩʳ (quartz crystal microbalance, QCM). ʆʩʥʦʚʫ ʵʪʦʛʦ ʧʨʠʙʦʨʘ ʩʦʩʪʘʚʣʷʝʪ ʢʚʘʨʮʝʚʘʷ 

ʧʣʘʩʪʠʥʘ. ʉʚʝʨʭʫ ʠ ʩʥʠʟʫ ʵʪʦʡ ʧʣʘʩʪʠʥʳ ʥʘʥʝʩʝʥʳ ʟʦʣʦʪʳʝ ʵʣʝʢʪʨʦʜʳ. ʇʨʠ ʧʦʜʢʣʶʯʝʥʠʠ 

ʢ ʵʪʠʤ ʵʣʝʢʪʨʦʜʘʤ ʧʝʨʝʤʝʥʥʦʛʦ ʥʘʧʨʷʞʝʥʠʷ ʧʣʘʩʪʠʥʘ ʥʘʯʠʥʘʝʪ ʢʦʣʝʙʘʪʴʩʷ ʟʘ ʩʯʝʪ 

ʷʚʣʝʥʠʷ ʦʙʨʘʪʥʦʛʦ ʧʴʝʟʦʵʬʬʝʢʪʘ. 

1. ʏʪʦ ʪʘʢʦʝ ʧʨʷʤʦʡ ʠ ʦʙʨʘʪʥʳʡ ʧʴʝʟʦʵʬʬʝʢʪ? (1 ʙʘʣʣ) ʇʦʯʝʤʫ ʧʨʠ ʧʨʠʣʦʞʝʥʠʠ 

ʧʝʨʝʤʝʥʥʦʛʦ ʥʘʧʨʷʞʝʥʠʷ ʧʣʘʩʪʠʥʘ ʥʘʯʠʥʘʝʪ ʢʦʣʝʙʘʪʴʩʷ? (2 ʙʘʣʣʘ) ʇʦʯʝʤʫ ʧʨʠ 

ʵʪʦʤ ʙʳʣʘ ʚʟʷʪʘ ʠʤʝʥʥʦ ʢʚʘʨʮʝʚʘʷ ʧʣʘʩʪʠʥʢʘ, ʘ ʥʝ ʩʪʝʢʣʷʥʥʘʷ (ʪʦʛʦ ʞʝ ʩʦʩʪʘʚʘ)? 

(1 ʙʘʣʣ) 

ɿʘ ʩʯʝʪ ʪʦʛʦ, ʯʪʦ ʧʣʘʩʪʠʥʘ ʚʳʨʝʟʘʥʘ ʠʟ ʢʨʠʩʪʘʣʣʘ ʢʚʘʨʮʘ ʧʦʜ ʦʧʨʝʜʝʣʝʥʥʳʤ ʫʛʣʦʤ, ʦʥʘ 

ʩʦʚʝʨʰʘʝʪ ʪʘʢ ʥʘʟʳʚʘʝʤʳʝ ʩʜʚʠʛʦʚʳʝ ʢʦʣʝʙʘʥʠʷ, ʢʘʢ ʙʳ ʧʦʢʘʯʠʚʘʷʩʴ ʠʟ ʩʪʦʨʦʥʳ ʚ 

ʩʪʦʨʦʥʫ. ʇʨʠ ʦʧʨʝʜʝʣʝʥʥʦʡ ʯʘʩʪʦʪʝ ʧʝʨʝʤʝʥʥʦʛʦ ʥʘʧʨʷʞʝʥʠʷ ʚ ʪʘʢʦʡ ʢʦʣʝʙʘʪʝʣʴʥʦʡ 

ʩʠʩʪʝʤʝ ʥʘʩʪʫʧʘʝʪ ʨʝʟʦʥʘʥʩ. ʂʘʟʘʣʦʩʴ ʙʳ, ʢʘʢʦʝ ʦʪʥʦʰʝʥʠʝ ʢ ʚʝʩʘʤ ʠʤʝʝʪ ʵʪʘ 

ʜʝʨʛʘʶʱʘʷʩʷ ʧʣʘʩʪʠʥʢʘ? ʆʢʘʟʘʣʦʩʴ, ʯʪʦ ʧʨʠ ʦʩʘʞʜʝʥʠʠ ʚʝʱʝʩʪʚʘ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʵʪʦʛʦ 

ʫʩʪʨʦʡʩʪʚʘ ʧʨʦʠʩʭʦʜʠʪ ʧʦʥʠʞʝʥʠʝ ʨʝʟʦʥʘʥʩʥʦʡ ʯʘʩʪʦʪʳ ʧʣʘʩʪʠʥʳ (ʚʩʧʦʤʥʠʤ ʠʟʤʝʥʝʥʠʝ 

ʨʝʟʦʥʘʥʩʥʦʡ ʯʘʩʪʦʪʳ ʧʨʫʞʠʥʥʦʛʦ ʤʘʷʪʥʠʢʘ ʧʨʠ ʠʟʤʝʥʝʥʠʠ ʤʘʩʩʳ ʛʨʫʟʘ). ʄʘʩʩʘ 

ʦʩʘʞʜʝʥʥʦʛʦ ʚʝʱʝʩʪʚʘ ʩʚʷʟʘʥʘ ʩ ʠʟʤʝʥʝʥʠʝʤ ʨʝʟʦʥʘʥʩʥʦʡ ʯʘʩʪʦʪʳ ʩʦʦʪʥʦʰʝʥʠʝʤ 

ʉʘʫʵʨʙʨʝʷ: 

m C fD =  D, 
2

02

ʢʚ ʢʚA
C

f

r m  
= , 

ʛʜʝ ʉ ï ʢʦʵʬʬʠʮʠʝʥʪ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʠ ʨʝʟʦʥʘʪʦʨʘ, A ï ʧʣʦʱʘʜʴ ʧʣʘʩʪʠʥʳ, ɟʢʚ ï ʧʣʦʪʥʦʩʪʴ 

ʢʚʘʨʮʘ, ɛʢʚ ï ʩʜʚʠʛʦʚʳʡ ʤʦʜʫʣʴ ʫʧʨʫʛʦʩʪʠ ʢʚʘʨʮʘ, f0 ï ʠʩʭʦʜʥʘʷ ʯʘʩʪʦʪʘ ʨʝʟʦʥʘʥʩʘ. 
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2. ʈʘʩʩʯʠʪʘʡʪʝ ʢʦʵʬʬʠʮʠʝʥʪ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʠ ʢʚʘʨʮʝʚʳʭ ʤʠʢʨʦʚʝʩʦʚ ʩ ʨʝʟʦʥʘʥʩʥʦʡ 

ʯʘʩʪʦʪʦʡ 12 ʄɻʮ ʠ ʧʣʦʱʘʜʴʶ 22 ʤʤ
2
, ʝʩʣʠ ɟʢʚ = 2.648 ʛ/ʩʤ

3
, 

ɛʢʚ = 2.947Ŀ10
11 
ʛ/(ʩʤĬʩ

2
). (1 ʙʘʣʣ) 

ʉ ʧʦʤʦʱʴʶ ʢʚʘʨʮʝʚʳʭ ʚʝʩʦʚ ʢʦʥʪʨʦʣʠʨʫʶʪ ʪʘʢʞʝ ʧʨʦʮʝʩʩ ʥʘʥʝʩʝʥʠʷ ʵʣʝʤʝʥʪʦʚ 

ʠʥʪʝʛʨʘʣʴʥʳʭ ʩʭʝʤ. 

3. ʇʨʠʥʠʤʘʷ, ʯʪʦ ʪʦʯʥʦʩʪʴ ʦʧʨʝʜʝʣʝʥʠʷ ʨʝʟʦʥʘʥʩʥʦʡ ʯʘʩʪʦʪʳ ʢʨʠʩʪʘʣʣʘ ʚ ʚʘʢʫʫʤʝ 

ʩʦʩʪʘʚʣʷʝʪ 0.03 ɻʮ, ʨʘʩʩʯʠʪʘʡʪʝ ʤʠʥʠʤʘʣʴʥʫʶ ʤʘʩʩʫ ʟʦʣʦʪʘ, ʢʦʪʦʨʫʶ ʤʦʞʥʦ 

çʚʟʚʝʩʠʪʴè ʥʘ ʪʘʢʠʭ ʚʝʩʘʭ. (1 ʙʘʣʣ) ʉʢʦʣʴʢʦ ʘʪʦʤʘʨʥʳʭ ʩʣʦʝʚ ʟʦʣʦʪʘ ʩʦʜʝʨʞʠʪʩʷ ʚ 

ʵʪʦʤ ʢʦʣʠʯʝʩʪʚʝ, ʝʩʣʠ ʩʯʠʪʘʪʴ, ʯʪʦ ʟʦʣʦʪʦ ʨʘʚʥʦʤʝʨʥʦ ʧʦʢʨʳʚʘʝʪ ʧʣʘʩʪʠʥʫ ʩ ʦʜʥʦʡ 

ʩʪʦʨʦʥʳ? (1 ʙʘʣʣ) 

ɹʣʘʛʦʜʘʨʷ ʪʦʤʫ, ʯʪʦ ʢʚʘʨʮʝʚʳʝ ʤʠʢʨʦʚʝʩʳ ʤʦʛʫʪ ʨʘʙʦʪʘʪʴ ʥʝ ʪʦʣʴʢʦ ʚ ʚʘʢʫʫʤʝ ʠ ʥʘ 

ʚʦʟʜʫʭʝ, ʥʦ ʠ ʚ ʞʠʜʢʦʩʪʠ, ʦʥʠ ʧʦʣʫʯʠʣʠ ʰʠʨʦʢʦʝ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʝ ʚ ʙʠʦʭʠʤʠʠ. ʅʘʧʨʠʤʝʨ, 

ʟʘʢʨʝʧʠʚ (ʠʤʤʦʙʠʣʠʟʦʚʘʚ) ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʚʝʩʦʚ ʨʘʩʧʦʟʥʘʶʱʠʝ ʙʠʦʤʦʣʝʢʫʣʳ, 

ʩʧʝʮʠʬʠʯʝʩʢʠ ʟʘʭʚʘʪʳʚʘʶʱʠʝ ʠʟ ʨʘʩʪʚʦʨʘ ʦʧʨʝʜʝʣʷʝʤʦʝ ʚʝʱʝʩʪʚʦ, ʤʳ ʧʦʣʫʯʘʝʤ ʦʜʠʥ ʠʟ 

ʚʘʨʠʘʥʪʦʚ ʙʠʦʩʝʥʩʦʨʘ. ʅʘʠʙʦʣʴʰʝʝ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʝ ʧʦʣʫʯʠʣʠ ʠʤʤʫʥʦʙʠʦʩʝʥʩʦʨʳ 

(ʨʘʩʧʦʟʥʘʶʱʠʝ ʤʦʣʝʢʫʣʳ ï ʘʥʪʠʪʝʣʘ, ʯʘʱʝ ʚʩʝʛʦ ʤʦʥʦʢʣʦʥʘʣʴʥʳʝ) ʠ ɼʅʂ-ʙʠʦʩʝʥʩʦʨʳ 

(ʨʘʩʧʦʟʥʘʶʱʠʝ ʤʦʣʝʢʫʣʳ ï ʢʦʨʦʪʢʠʝ ʬʨʘʛʤʝʥʪʳ ɼʅʂ ʠʣʠ ʈʅʂ). 

4. ʂʘʢʠʝ ʢʣʘʩʩʳ ʙʠʦʤʦʣʝʢʫʣ ʤʦʞʥʦ ʦʧʨʝʜʝʣʷʪʴ ʧʨʠ ʧʦʤʦʱʠ ʥʘʥʦʛʨʘʚʠʤʝʪʨʠʯʝʩʢʠʭ 

ʙʠʦʩʝʥʩʦʨʦʚ, ʠʩʧʦʣʴʟʫʷ ʚ ʢʘʯʝʩʪʚʝ ʨʘʩʧʦʟʥʘʶʱʠʭ ʵʣʝʤʝʥʪʦʚ ʘ) ʘʥʪʠʪʝʣʘ; ʙ) 

ʢʦʨʦʪʢʠʝ ʦʜʥʦʮʝʧʦʯʝʯʥʳʝ ʬʨʘʛʤʝʥʪʳ ɼʅʂ (ʈʅʂ), ʚ) ʘʤʠʥʦʢʠʩʣʦʪʳ. ʆʙʲʷʩʥʠʪʝ 

ʧʨʠʥʮʠʧʳ ʨʘʩʧʦʟʥʘʚʘʥʠʷ ʦʧʨʝʜʝʣʷʝʤʦʛʦ ʚʝʱʝʩʪʚʘ ʚ ʫʢʘʟʘʥʥʳʭ ɺʘʤʠ ʩʣʫʯʘʷʭ. 

(2 ʙʘʣʣʘ)  

5. ʆʮʝʥʠʪʝ, ʢʘʢʦʝ ʤʠʥʠʤʘʣʴʥʦʝ ʯʠʩʣʦ ʤʦʣʝʢʫʣ ʙʝʣʢʘ ʩ ʤʦʣʝʢʫʣʷʨʥʦʡ ʤʘʩʩʦʡ 150 000 

ʤʦʛʫʪ çʚʟʚʝʩʠʪʴè ʢʚʘʨʮʝʚʳʝ ʤʠʢʨʦʚʝʩʳ ʠʟ ʧʫʥʢʪʘ 2, ʝʩʣʠ ʪʦʯʥʦʩʪʴ ʦʧʨʝʜʝʣʝʥʠʷ 

ʨʝʟʦʥʘʥʩʥʦʡ ʯʘʩʪʦʪʳ ʚ ʞʠʜʢʦʩʪʠ ʩʦʩʪʘʚʣʷʝʪ 0.1 ɻʮ. (1 ʙʘʣʣ) 

6.  ɺ ʢʘʢʠʭ ʝʱʝ ʦʙʣʘʩʪʷʭ ʥʘʫʢʠ, ʪʝʭʥʠʢʠ, ʤʝʜʠʮʠʥʳ ɺʳ ʙʳ ʧʨʝʜʣʦʞʠʣʠ ʠʩʧʦʣʴʟʦʚʘʪʴ 

çʥʘʥʦʚʝʩʳè? (1 ʙʘʣʣ) ʂʘʢʠʝ ʝʱʝ ʙʳʚʘʶʪ ʢʦʩʪʨʫʢʮʠʠ ʫ çʥʘʥʦʚʝʩʦʚè? (1 ʙʘʣʣ) 
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ʉʭʝʤʘʪʠʯʝʩʢʦʝ ʠʟʦʙʨʘʞʝʥʠʝ ʠʟʛʦʪʦʚʣʝʥʠʷ ʵʣʝʢʪʨʦʜʦʚ ʪʨʘʥʟʠʩʪʦʨʘ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʤʘʩʦʯʥʦʛʦ ʥʘʧʳʣʝʥʠʷ. 

 

ʆʙʱʠʡ ʚʠʜ QCM-ʩʝʥʩʦʨʘ ʠ ʩʜʚʠʛʦʚʳʝ ʢʦʣʝʙʘʥʠʷ, ʚʦʟʥʠʢʘʶʱʠʝ ʚ ʧʣʘʩʪʠʥʝ ʧʨʠ 

ʧʨʠʣʦʞʝʥʠʠ ʧʝʨʝʤʝʥʥʦʛʦ ʥʘʧʨʷʞʝʥʠʷ. 

 

ʋʩʪʘʥʦʚʢʘ ʜʣʷ ʤʘʩʦʯʥʦʛʦ ʥʘʥʝʩʝʥʠʷ ʵʣʝʤʝʥʪʦʚ ʠʥʪʝʛʨʘʣʴʥʳʭ ʩʭʝʤ. 
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ʅʘʥʦʛʨʘʚʠʤʝʪʨʠʯʝʩʢʠʡ ʠʤʤʫʥʦʙʠʦʩʝʥʩʦʨ. 
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ʏʝʣʦʚʝʢ-ʇʘʫʢ: ʤʠʬ ʠʣʠ ʨʝʘʣʴʥʦʩʪʴ? (2009, ʰʢʦʣʴʥʠʢʠ, ʬʠʟʠʢʘ) 

ʆʙʣʘʩʪʠ ʙʠʦʤʠʤʝʪʠʢʠ ʠ ʙʠʦʥʠʢʠ ï ʦʜʥʠ ʠʟ ʩʘʤʳʭ ʧʝʨʩʧʝʢʪʠʚʥʳʭ ʠ ʠʥʪʝʨʝʩʥʳʭ ʦʙʣʘʩʪʝʡ 

ʥʘʫʢʠ ʠ ʪʝʭʥʠʢʠ.  

ʇʨʠʨʦʜʘ ʯʘʩʪʦ ʚʜʦʭʥʦʚʣʷʝʪ ʫʯʸʥʳʭ ʥʘ ʩʦʟʜʘʥʠʝ "ʫʤʥʳʭ" ʤʘʪʝʨʠʘʣʦʚ. ʊʘʢ, ʠʟʚʝʩʪʥʦ, ʯʪʦ 

ʤʘʣʝʥʴʢʘʷ ʪʨʦʧʠʯʝʩʢʘʷ ʷʱʝʨʠʮʘ ï ʛʝʢʢʦʥ ï ʦʙʣʘʜʘʝʪ ʫʜʠʚʠʪʝʣʴʥʦʡ ʩʧʦʩʦʙʥʦʩʪʴʶ. ʆʥʘ ʙʝʟ 

ʦʩʦʙʦʛʦ ʪʨʫʜʘ ʤʦʞʝʪ ʙʝʛʘʪʴ ʥʝ ʪʦʣʴʢʦ ʧʦ ʦʪʚʝʩʥʳʤ ʩʪʝʥʘʤ, ʥʦ ʠ ʧʦ ʧʦʪʦʣʢʫ. ʉʠʣʘ 

ʩʮʝʧʣʝʥʠʷ ʣʘʧ ʷʱʝʨʠʮʳ ʩ ʧʦʚʝʨʭʥʦʩʪʴʶ ʩʦʩʪʘʚʣʷʝʪ 10 ʅ/ʩʤ
2
. 

1. ʈʘʩʩʢʘʞʠʪʝ, ʟʘ ʩʯʸʪ ʯʝʛʦ ʝʡ ʵʪʦ ʫʜʘʸʪʩʷ? (1 ʙʘʣʣ)  

2. ʆʮʝʥʠʪʝ ʤʘʩʩʫ ʛʝʢʢʦʥʘ, ʝʩʣʠ ʧʨʠ ʙʝʛʝ ʦʥ ʠʩʧʦʣʴʟʫʝʪ ʪʦʣʴʢʦ 3 % ʦʪ çʩʠʣʳ 

ʩʮʝʧʣʝʥʠʷè? ʉʯʠʪʘʡʪʝ, ʯʪʦ ʧʣʦʱʘʜʴ ʣʘʧʢʠ ʷʱʝʨʠʮʳ ʩʦʩʪʘʚʣʷʝʪ 100 ʤʤ
2
. (1 ʙʘʣʣ) 

3. ʆʮʝʥʠʪʝ ʤʘʢʩʠʤʘʣʴʥʳʡ ʪʝʦʨʝʪʠʯʝʩʢʠʡ ʛʨʫʟ, ʢʦʪʦʨʳʡ ʤʦʞʝʪ ʫʜʝʨʞʠʚʘʪʴ ʛʝʢʢʦʥ, 

ʝʩʣʠ ʠʟʚʝʩʪʥʦ, ʯʪʦ ʦʥ ʠʩʧʦʣʴʟʫʝʪ ʚʩʝʛʦ 0,04 % ʧʦʚʝʨʭʥʦʩʪʠ ʩʚʦʠʭ ʫʜʠʚʠʪʝʣʴʥʳʭ 

ʣʘʧʦʢ. (1 ʙʘʣʣ)  

4. ʈʘʩʩʯʠʪʘʡʪʝ, ʢʘʢʦʛʦ ʤʠʥʠʤʘʣʴʥʦʛʦ ʨʘʟʤʝʨʘ ʜʦʣʞʥʘ ʙʳʪʴ ʦʙʫʚʴ ʏʝʣʦʚʝʢʘ-ʇʘʫʢʘ, 

ʝʩʣʠ ʦʥʘ ʠʟʛʦʪʦʚʣʝʥʘ ʠʟ ʤʘʪʝʨʠʘʣʘ, ʠʩʧʦʣʴʟʫʝʤʦʛʦ ʛʝʢʢʦʥʦʤ, ʠ ʠʤʝʝʪ ʪʘʢʦʡ ʞʝ 

ʟʘʧʘʩ ʧʨʦʯʥʦʩʪʠ? (2 ʙʘʣʣʘ)  

5. ʉʤʦʞʝʪ ʣʠ ʦʙʳʯʥʳʡ ʯʝʣʦʚʝʢ ʙʳʩʪʨʦ ʧʝʨʝʜʚʠʛʘʪʴʩʷ ʧʦ ʩʪʝʥʘʤ ʚ ʪʘʢʦʡ ʘʤʤʫʥʠʮʠʠ? 

(1 ʙʘʣʣ) ɸ ʧʦ ʛʨʷʟʥʦʡ ʩʪʝʥʝ? (1 ʙʘʣʣ) 

6. ʇʨʝʜʣʦʞʠʪʝ ʠʩʢʫʩʩʪʚʝʥʥʳʡ ʤʘʪʝʨʠʘʣ, ʧʦʭʦʞʠʡ ʥʘ ʪʦ, ʯʪʦ ʠʤʝʝʪʩʷ ʥʘ ʣʘʧʢʘʭ 

ʛʝʢʢʦʥʘ? (1 ʙʘʣʣ)  

 

ʗʱʝʨʠʮʘ ʥʘ ʩʪʝʢʣʝ 
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ʇʦʨʠʩʪʳʡ ʢʨʝʤʥʠʡ (2009, ʰʢʦʣʴʥʠʢʠ, ʬʠʟʠʢʘ) 

ʕʣʝʢʪʨʦʥʥʳʝ ʠ ʦʧʪʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʢʨʝʤʥʠʷ ʤʦʞʥʦ ʟʥʘʯʠʪʝʣʴʥʦ ʠʟʤʝʥʠʪʴ, ʬʦʨʤʠʨʫʷ 

ʥʘʥʦʩʪʨʫʢʪʫʨʳ ʚ ʚʠʜʝ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦ ʨʘʟʜʝʣʸʥʥʳʭ ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʫʯʘʩʪʢʦʚ ʩ 

ʤʠʥʠʤʘʣʴʥʳʤʠ ʨʘʟʤʝʨʘʤʠ ʥʝʩʢʦʣʴʢʦ ʥʘʥʦʤʝʪʨʦʚ (ʥʘʥʦʢʨʠʩʪʘʣʣʳ). ʂʨʝʤʥʠʝʚʳʝ 

ʥʘʥʦʢʨʠʩʪʘʣʣʳ ʤʦʛʫʪ ʙʳʪʴ ʧʦʣʫʯʝʥʳ ʧʨʦʩʪʳʤ ʩʧʦʩʦʙʦʤ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʛʦ ʪʨʘʚʣʝʥʠʷ 

ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʢʨʝʤʥʠʷ (c-Si) ʚ ʨʘʩʪʚʦʨʝ ʧʣʘʚʠʢʦʚʦʡ ʢʠʩʣʦʪʳ (HF), ʢʘʢ ʩʭʝʤʘʪʠʯʥʦ 

ʧʦʢʘʟʘʥʦ ʥʘ ʨʠʩ.1.  

 

ʈʠʩ. 1 

1. ʆʙʲʷʩʥʠʪʝ, ʢʘʢ ʵʪʦ ʧʨʦʠʩʭʦʜʠʪ. (2 ʙʘʣʣʘ)  

ʇʨʠ ʵʪʦʤ ʠʟ ʦʙʲʝʤʘ ʠʩʭʦʜʥʦʛʦ ʤʘʪʝʨʠʘʣʘ ʩʝʣʝʢʪʠʚʥʦ ʫʜʘʣʷʝʪʩʷ (ʚʳʪʨʘʚʣʠʚʘʝʪʩʷ) 

ʚʝʱʝʩʪʚʦ ʠ ʬʦʨʤʠʨʫʝʪʩʷ ʧʣʦʪʥʘʷ ʩʝʪʴ ʤʝʣʴʯʘʡʰʠʭ ʧʦʨ, ʨʘʟʜʝʣʷʶʱʠʭ ʥʝʧʨʦʪʨʘʚʣʝʥʥʳʝ 

ʫʯʘʩʪʢʠ, ʛʜʝ ʘʪʦʤʳ ʢʨʝʤʥʠʷ ʟʘʥʠʤʘʶʪ ʪʝ ʞʝ ʤʝʩʪʘ, ʯʪʦ ʠ ʚ ʠʩʭʦʜʥʦʤ ʢʨʠʩʪʘʣʣʝ c-Si. ɺ 

ʨʝʟʫʣʴʪʘʪʝ ʧʦʣʫʯʘʝʪʩʷ ʪʘʢ ʥʘʟʳʚʘʝʤʳʡ ʧʦʨʠʩʪʳʡ ʢʨʝʤʥʠʡ (ʇʂ). ʅʘ ʨʠʩ.2 ʧʦʢʘʟʘʥʦ 

ʠʟʦʙʨʘʞʝʥʠʝ ʫʯʘʩʪʢʘ ʇʂ ʚ ʧʨʦʩʚʝʯʠʚʘʶʱʝʤ ʵʣʝʢʪʨʦʥʥʦʤ ʤʠʢʨʦʩʢʦʧʝ.  

 

ʈʠʩ. 2 

ɺʘʞʥʝʡʰʝʡ ʭʘʨʘʢʪʝʨʠʩʪʠʢʦʡ ʇʂ ʷʚʣʷʝʪʩʷ ʪʘʢ ʥʘʟʳʚʘʝʤʘʷ ʧʦʨʠʩʪʦʩʪʴ (ʈ), ʦʧʨʝʜʝʣʷʝʤʘʷ 

ʢʘʢ ʦʪʥʦʰʝʥʠʝ ʦʙʲʝʤʘ ʧʦʨ (ʦʙʲʝʤʘ ʫʜʘʣʝʥʥʦʛʦ ʧʨʠ ʪʨʘʚʣʝʥʠʠ ʚʝʱʝʩʪʚʘ) ʢ ʧʦʣʥʦʤʫ 

ʦʙʲʝʤʫ ʧʦʨʠʩʪʦʛʦ ʩʣʦʷ (ʠʩʭʦʜʥʦʤʫ ʛʝʦʤʝʪʨʠʯʝʩʢʦʤʫ ʦʙʲʝʤʫ ʜʦ ʪʨʘʚʣʝʥʠʷ): VVP ʧʦʨ/= . 

ʀʥʦʛʜʘ ʧʦʨʠʩʪʦʩʪʴ ʚʳʨʘʞʘʶʪ ʚ ʧʨʦʮʝʥʪʘʭ: %100)/( Ö= VVP ʧʦʨ , ʯʪʦ ʧʦʜʯʝʨʢʠʚʘʝʪ ʝʝ 

ʟʥʘʯʝʥʠʝ ʢʘʢ ʤʝʨʳ ʫʜʘʣʝʥʥʦʛʦ ʧʨʠ ʪʨʘʚʣʝʥʠʠ ʦʙʲʝʤʘ ʚʝʱʝʩʪʚʘ. ʇʨʠ ʵʪʦʤ, ʦʯʝʚʠʜʥʦ, 
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ʩʧʨʘʚʝʜʣʠʚʦ ʨʘʚʝʥʩʪʚʦ: SiʧʦʨVVV +=  , ʛʜʝ SiV - ʩʫʤʤʘʨʥʳʡ ʦʙʲʝʤ ʢʨʝʤʥʠʝʚʳʭ 

ʥʘʥʦʢʨʠʩʪʘʣʣʦʚ ʚ ʇʂ. ɺ ʩʣʫʯʘʝ ʜʦʩʪʘʪʦʯʥʦ ʚʳʩʦʢʦʡ ʧʦʨʠʩʪʦʩʪʠ (ʦʙʳʯʥʦ P > 0,6-0,7) 

ʦʩʪʘʚʰʠʝʩʷ ʢʨʝʤʥʠʝʚʳʝ çʦʩʪʘʪʢʠè ʠʤʝʶʪ ʥʘʥʦʤʝʪʨʦʚʳʝ ʨʘʟʤʝʨʳ ʠ ʷʚʣʷʶʪʩʷ ʩʝʪʴʶ 

ʥʘʥʦʢʨʠʩʪʘʣʣʦʚ, ʚ ʢʦʪʦʨʳʭ ʥʦʩʠʪʝʣʠ ʟʘʨʷʜʘ ʧʨʠʦʙʨʝʪʘʶʪ ʩʧʝʮʠʬʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ 

ʚʩʣʝʜʩʪʚʠʝ ʢʚʘʥʪʦʚʦʛʦ ʨʘʟʤʝʨʥʦʛʦ ʵʬʬʝʢʪʘ. 

2. ʏʪʦ ʵʪʦ ʟʘ ʩʚʦʡʩʪʚʘ? (1 ʙʘʣʣ) 

ʕʪʦ ʧʨʠʚʦʜʠʪ ʢ ʠʟʤʝʥʝʥʠʶ ʵʣʝʢʪʨʦʥʥʳʭ ʠ ʦʧʪʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʤʘʪʝʨʠʘʣʘ. ɺ ʯʘʩʪʥʦʩʪʠ, 

ʇʂ ʩʪʘʥʦʚʠʪʩʷ ʦʧʪʠʯʝʩʢʠ ʙʦʣʝʝ ʧʨʦʟʨʘʯʥʳʤ ʠ ʤʝʥʝʝ ʵʣʝʢʪʨʦʧʨʦʚʦʜʷʱʠʤ, ʯʝʤ ʠʩʭʦʜʥʳʡ 

ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʡ ʢʨʝʤʥʠʡ. ʇʨʠ ʦʧʪʠʯʝʩʢʦʤ ʠʣʠ ʵʣʝʢʪʨʠʯʝʩʢʦʤ ʚʦʟʙʫʞʜʝʥʠʠ ʚ ʇʂ 

ʥʘʙʣʶʜʘʝʪʩʷ ʵʬʬʝʢʪʠʚʥʘʷ ʣʶʤʠʥʝʩʮʝʥʮʠʷ ʚ ʚʠʜʠʤʦʤ ʜʠʘʧʘʟʦʥʝ ʩʧʝʢʪʨʘ, ʩʧʝʢʪʨʘʣʴʥʳʝ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʢʦʪʦʨʦʡ ʧʦʟʚʦʣʷʶʪ ʩʫʜʠʪʴ ʦ ʨʘʟʤʝʨʘʭ ʢʨʝʤʥʠʝʚʳʭ ʥʘʥʦʢʨʠʩʪʘʣʣʦʚ, 

ʩʦʩʪʘʚʣʷʶʱʠʭ ʇʂ. 

3. ʃʁ ʤʠʥʝʩʮʠʨʫʝʪ ʣʠ çʦʙʲʝʤʥʳʡ ʢʨʝʤʥʠʡè ʠʣʠ ʪʦʣʴʢʦ ʇʂ, ʠ ʧʦʯʝʤʫ? (2 ʙʘʣʣʘ)  

 

ʈʠʩ. 3 

ɿʥʘʷ ʧʘʨʘʤʝʪʨʳ ʠʩʭʦʜʥʦʡ ʢʨʝʤʥʠʝʚʦʡ ʧʣʘʩʪʠʥʳ, ʠʩʧʦʣʴʟʫʝʤʦʡ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʇʂ, ʘ 

ʪʘʢʞʝ ʨʝʟʫʣʴʪʘʪʳ ʚʟʚʝʰʠʚʘʥʠʡ ʧʣʘʩʪʠʥʳ ʧʦʩʣʝ ʬʦʨʤʠʨʦʚʘʥʠʷ ʧʦʨʠʩʪʦʛʦ ʩʣʦʷ, ʤʦʞʥʦ 

ʦʧʨʝʜʝʣʠʪʴ ʚʘʞʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʧʦʣʫʯʝʥʥʳʭ ʥʘʥʦʩʪʨʫʢʪʫʨ. ʊʘʢ, ʨʘʩʩʤʦʪʨʠʤ  

ʠʩʭʦʜʥʫʶ ʧʣʘʩʪʠʥʫ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʢʨʝʤʥʠʷ (ʧʣʦʪʥʦʩʪʴ ʨʘʚʥʘ 2 ʛ/ʩʤ
3
) ʚ ʬʦʨʤʝ ʜʠʩʢʘ 

ʪʦʣʱʠʥʦʡ h = 1 ʤʤ  ʠ ʤʘʩʩʦʡ M = 10 ʛ. ɺ ʧʨʦʮʝʩʩʝ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʛʦ ʪʨʘʚʣʝʥʠʷ ʯʘʩʪʴ 

ʧʣʘʩʪʠʥʳ ʩʪʘʣʘ ʧʦʨʠʩʪʦʡ (ʨʠʩ.3). ʄʘʩʩʘ ʧʣʘʩʪʠʥʳ ʧʦʩʣʝ ʬʦʨʤʠʨʦʚʘʥʠʷ ʥʘ ʥʝʡ ʩʣʦʷ ʇʂ 

ʩʦʩʪʘʚʠʣʘ m1 = 6 ʛ, ʘ ʧʦʩʣʝ ʫʜʘʣʝʥʠʷ ʜʘʥʥʦʛʦ ʩʣʦʷ ʦʥʘ ʦʢʘʟʘʣʘʩʴ ʨʘʚʥʘ m2 = 5 ʛ. 

4. ʂʘʢʦʚʘ ʚʝʣʠʯʠʥʘ ʧʦʨʠʩʪʦʩʪʠ P  ʧʦʣʫʯʠʚʰʝʛʦʩʷ ʇʂ? (2 ʙʘʣʣʘ)  

5. ʇʨʝʜʧʦʣʘʛʘʷ, ʯʪʦ ʇʂ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʩʣʦʡ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʦʩʪʘʚʰʝʡʩʷ 

ʢʨʝʤʥʠʝʚʦʡ ʧʣʘʩʪʠʥʳ, ʦʧʨʝʜʝʣʠʪʴ ʝʛʦ ʪʦʣʱʠʥʫ d. (2 ʙʘʣʣʘ)   

6. ʇʨʝʜʧʦʣʘʛʘʷ, ʯʪʦ ʇʂ ʩʦʩʪʦʠʪ ʠʟ ʩʣʘʙʦ ʩʚʷʟʘʥʥʳʭ ʩʬʝʨʠʯʝʩʢʠʭ ʥʘʥʦʢʨʠʩʪʘʣʣʦʚ ʩ 

ʨʘʜʠʫʩʦʤ R = 2 ʥʤ, ʦʧʨʝʜʝʣʠʪʴ ʠʭ ʯʠʩʣʦ ʚ ʧʦʣʫʯʠʚʰʝʤʩʷ ʧʦʨʠʩʪʦʤ ʩʣʦʝ (1 ʙʘʣʣ) ʠ 

ʧʦʣʥʫʶ ʧʣʦʱʘʜʴ ʠʭ ʧʦʚʝʨʭʥʦʩʪʠ. (1 ʙʘʣʣ)   
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ʂʘʢ ʠʟʤʝʨʠʪʴ ʥʘʥʦʩʠʣʳ, ʥʘʥʦʧʨʦʬʠʣʴ ʠ ʥʘʥʦʪʨʝʥʠʝ (2009, ʰʢʦʣʴʥʠʢʠ, ʬʠʟʠʢʘ) 

ʉʢʘʥʠʨʫʶʱʘʷ ʩʠʣʦʚʘʷ ʤʠʢʨʦʩʢʦʧʠʷ ï ʦʜʠʥ ʠʟ ʥʘʠʙʦʣʝʝ ʤʦʱʥʳʭ ʤʝʪʦʜʦʚ ʠʟʫʯʝʥʠʷ 

ʦʙʲʝʢʪʦʚ ʥʘʥʦʪʝʭʥʦʣʦʛʠʠ. ʉʘʤʦʡ ʨʘʩʧʨʦʩʪʨʘʥʝʥʥʦʡ ʨʘʟʥʦʚʠʜʥʦʩʪʴʶ ʩʠʣʦʚʦʡ 

ʤʠʢʨʦʩʢʦʧʠʠ ʷʚʣʷʝʪʩʷ ʘʪʦʤʥʦ-ʩʠʣʦʚʘʷ ʤʠʢʨʦʩʢʦʧʠʷ, ʢʦʪʦʨʘʷ ʠʩʧʦʣʴʟʫʝʪ ʜʣʷ ʠʟʫʯʝʥʠʷ 

ʦʙʲʝʢʪʦʚ ʟʦʥʜ ʥʘʥʦʤʝʪʨʦʚʳʭ ʨʘʟʤʝʨʦʚ, ʟʘʢʨʝʧʣʝʥʥʳʡ ʥʘ çʤʠʢʨʦʧʨʫʞʠʥʝè ï ʢʘʥʪʠʣʝʚʝʨʝ 

(ʨʠʩ.1).  

1. ʀʟ ʢʘʢʠʭ ʤʘʪʝʨʠʘʣʦʚ ʩʦʩʪʦʠʪ ʢʘʥʪʠʣʝʚʝʨ ʠ ʢʘʢ ʠʭ ʠʟʛʦʪʘʚʣʠʚʘʶʪ? (5 ʙʘʣʣʦʚ) 

 

 

ʈʠʩ.1. ʉʭʝʤʘʪʠʯʝʩʢʦʝ ʠʟʦʙʨʘʞʝʥʠʝ ʠ ʵʣʝʢʪʨʦʥʥʘʷ ʤʠʢʨʦʬʦʪʦʛʨʘʬʠʷ ʪʠʧʠʯʥʦʛʦ 

ʢʘʥʪʠʣʝʚʝʨʘ ʩ ʟʦʥʜʦʤ 

ʉʠʣʦʚʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʢʦʥʮʘ ʟʦʥʜʘ ʩ ʠʟʫʯʘʝʤʳʤ ʥʘʥʦʦʙʲʝʢʪʦʤ ʧʨʠʚʦʜʠʪ ʢ ʠʟʛʠʙʫ 

ʢʘʥʪʠʣʝʚʝʨʘ, ʢʦʪʦʨʳʡ ʦʙʳʯʥʦ ʜʝʪʝʢʪʠʨʫʝʪʩʷ ʩ ʧʦʤʦʱʴʶ ʦʧʪʠʯʝʩʢʦʡ ʩʠʩʪʝʤʳ, 

ʚʳʧʦʣʥʝʥʥʦʡ ʧʦ ʩʭʝʤʝ ʦʧʪʠʯʝʩʢʦʛʦ ʨʳʯʘʛʘ (ʨʠʩ.2). ɺ ʵʪʦʡ ʩʭʝʤʝ ʠʟʛʠʙ ʢʘʥʪʠʣʝʚʝʨʘ 

ʧʨʠʚʦʜʠʪ ʢ ʧʝʨʝʤʝʱʝʥʠʶ ʧʷʪʥʘ ʦʪʨʘʞʝʥʥʦʛʦ ʣʘʟʝʨʥʦʛʦ ʣʫʯʘ ʥʘ ʯʝʪʳʨʝʭʩʝʢʮʠʦʥʥʦʤ 

ʬʦʪʦʜʠʦʜʝ. ʕʪʦ ʧʝʨʝʤʝʱʝʥʠʝ ʠʟʤʝʥʷʝʪ ʩʦʦʪʥʦʰʝʥʠʝ ʬʦʪʦʪʦʢʦʚ ʦʪ ʨʘʟʣʠʯʥʳʭ ʩʝʢʮʠʡ, 

ʢʦʪʦʨʦʝ ʠʟʤʝʨʷʝʪʩʷ ʩ ʧʦʤʦʱʴʶ ʵʣʝʢʪʨʦʥʥʳʭ ʩʭʝʤ. 

 

ʈʠʩ.2. ʉʭʝʤʘ ʩʠʩʪʝʤʳ ʜʝʪʝʢʪʠʨʦʚʘʥʠʷ ʠʟʛʠʙʘ ʢʘʥʪʠʣʝʚʝʨʘ ʦʧʪʠʯʝʩʢʦʡ ʩʠʩʪʝʤʦʡ 

 

2. ʆʮʝʥʠʪʴ, ʢʘʢ ʟʘʚʠʩʠʪ ʦʪ ʛʝʦʤʝʪʨʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ ʩʭʝʤʳ ʩʦʦʪʥʦʰʝʥʠʝ ʩʤʝʱʝʥʠʷ 

ʧʷʪʥʘ ʣʘʟʝʨʥʦʛʦ ʣʫʯʘ ʥʘ ʬʦʪʦʜʠʦʜʝ ʢ ʩʤʝʱʝʥʠʶ ʟʦʥʜʘ, ʚʳʟʚʘʥʥʦʤʫ 
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ʚʟʘʠʤʦʜʝʡʩʪʚʠʝʤ ʟʦʥʜʘ ʩ ʥʘʥʦʦʙʲʝʢʪʦʤ (3 ʙʘʣʣʘ), ʠʩʧʦʣʴʟʫʷ ʩʣʝʜʫʶʱʠʝ 

ʧʨʝʜʧʦʣʦʞʝʥʠʷ: 

ʘ) ʧʨʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʠ ʟʦʥʜ ʧʝʨʝʤʝʱʘʝʪʩʷ ʥʘ ʨʘʩʩʪʦʷʥʠʝ, ʤʥʦʛʦ ʤʝʥʴʰʝʝ, ʯʝʤ 

ʜʣʠʥʘ ʢʘʥʪʠʣʝʚʝʨʘ; 

ʙ) ʜʣʠʥʘ ʧʫʪʠ ʣʘʟʝʨʥʦʛʦ ʣʫʯʘ ʦʪ ʢʘʥʪʠʣʝʚʝʨʘ ʜʦ ʬʦʪʦʜʠʦʜʘ ʤʥʦʛʦ ʙʦʣʴʰʝ, ʯʝʤ 

ʜʣʠʥʘ ʢʘʥʪʠʣʝʚʝʨʘ; 

ʚ) ʣʘʟʝʨʥʳʡ ʣʫʯ ʠʜʝʪ ʚʜʦʣʴ ʜʣʠʥʥʦʡ ʩʪʦʨʦʥʳ ʢʘʥʪʠʣʝʚʝʨʘ; 

ʛ) ʫʛʦʣ ʧʘʜʝʥʠʷ ʣʘʟʝʨʥʦʛʦ ʣʫʯʘ ʥʘ ʢʘʥʪʠʣʝʚʝʨ ʨʘʚʝʥ 
4

p
, ʘ ʦʪʨʘʞʝʥʠʝ ʣʘʟʝʨʥʦʛʦ ʣʫʯʘ 

ʦʪ ʢʘʥʪʠʣʝʚʝʨʘ ʟʝʨʢʘʣʴʥʦʝ; 

ʜ) ʠʟʛʠʙ ʢʘʥʪʠʣʝʚʝʨʘ ʤʦʞʥʦ ʧʨʝʜʩʪʘʚʠʪʴ ʢʘʢ ʝʛʦ ʧʦʚʦʨʦʪ ʚʦʢʨʫʛ ʦʩʠ, ʧʨʦʭʦʜʷʱʝʡ 

ʧʦ ʣʠʥʠʠ ʝʛʦ ʢʨʝʧʣʝʥʠʷ ʢ ʦʩʥʦʚʘʥʠʶ; 

ʝ) ʩʠʣʘ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʦʩʪʨʠʷ ʟʦʥʜʘ ʩ ʥʘʥʦʦʙʲʝʢʪʘʤʠ ʥʘʧʨʘʚʣʝʥʘ 

ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦ ʧʣʦʩʢʦʡ ʯʘʩʪʠ ʢʘʥʪʠʣʝʚʝʨʘ. 

ʊʠʧʠʯʥʳʡ ʢʘʥʪʠʣʝʚʝʨ ʜʣʷ ʢʦʥʪʘʢʪʥʳʭ ʨʝʞʠʤʦʚ ʠʤʝʝʪ ʜʣʠʥʫ 300 ʤʠʢʨʦʥ, ʰʠʨʠʥʫ 

30 ʤʠʢʨʦʥ ʠ ʪʦʣʱʠʥʫ 1 ʤʠʢʨʦʥ. ɾʝʩʪʢʦʩʪʴ ʪʘʢʦʛʦ ʢʘʥʪʠʣʝʚʝʨʘ ʩʦʩʪʘʚʣʷʝʪ 0.1 
ʤ

ʅ
. 

3. ʇʨʝʜʧʦʣʘʛʘʷ, ʯʪʦ ʨʘʩʩʪʦʷʥʠʝ ʦʪ ʢʘʥʪʠʣʝʚʝʨʘ ʜʦ ʬʦʪʦʜʠʦʜʘ ʩʦʩʪʘʚʣʷʝʪ 10 ʩʤ, ʘ 

ʬʦʪʦʜʠʦʜ ʤʦʞʝʪ ʟʘʨʝʛʠʩʪʨʠʨʦʚʘʪʴ ʩʤʝʱʝʥʠʝ ʣʘʟʝʨʥʦʛʦ ʧʷʪʥʘ ʥʘ 100 ʥʤ, ʦʮʝʥʠʪʴ 

ʤʠʥʠʤʘʣʴʥʫʶ ʩʠʣʫ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʦʩʪʨʠʷ ʟʦʥʜʘ ʩ ʥʘʥʦʦʙʲʝʢʪʦʤ, ʢʦʪʦʨʫʶ ʤʦʞʥʦ 

ʟʘʨʝʛʠʩʪʨʠʨʦʚʘʪʴ. (2 ʙʘʣʣʘ) 

ʉʘʤʳʤ ʧʨʦʩʪʳʤ ʨʝʞʠʤʦʤ ʨʘʙʦʪʳ ʘʪʦʤʥʦ-ʩʠʣʦʚʦʛʦ ʤʠʢʨʦʩʢʦʧʘ ʷʚʣʷʝʪʩʷ ʠʟʤʝʨʝʥʠʝ 

ʥʘʥʦʨʝʣʴʝʬʘ ʧʦʚʝʨʭʥʦʩʪʠ. ʇʨʠ ʵʪʦʤ ʦʙʨʘʟʝʮ ʧʝʨʝʤʝʱʘʝʪʩʷ ʧʦʜ ʟʦʥʜʦʤ ʧʦ ʨʘʩʪʨʫ (ʨʠʩ.3), 

ʘ ʩ ʧʦʤʦʱʴʶ ʦʧʪʠʯʝʩʢʦʡ ʩʠʩʪʝʤʳ ʜʝʪʝʢʪʠʨʦʚʘʥʠʷ ʩʪʘʙʠʣʠʟʠʨʫʝʪʩʷ ʠʟʛʠʙ ʢʘʥʪʠʣʝʚʝʨʘ (ʠ 

ʩʠʣʘ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʢʦʥʮʘ ʟʦʥʜʘ ʩ ʫʯʘʩʪʢʦʤ ʧʦʚʝʨʭʥʦʩʪʠ). 
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ʈʠʩ.3. ʉʭʝʤʘʪʠʯʝʩʢʦʝ ʠʟʦʙʨʘʞʝʥʠʝ ʧʨʦʮʝʩʩʘ ʩʢʘʥʠʨʦʚʘʥʠʷ: ʧʨʷʤʦʡ ʭʦʜ ʦʙʦʟʥʘʯʝʥ 

ʢʨʘʩʥʳʤʠ ʩʪʨʝʣʢʘʤʠ, ʦʙʨʘʪʥʳʡ - ʩʠʥʠʤʠ; ʨʝʛʠʩʪʨʘʮʠʷ ʠʥʬʦʨʤʘʮʠʠ ʧʨʦʠʟʚʦʜʠʪʩʷ ʚ 

ʚʳʜʝʣʝʥʥʳʭ ʪʦʯʢʘʭ ʧʨʠ ʧʨʷʤʦʤ ʧʨʦʭʦʜʝ 

ʂʨʦʤʝ ʨʝʣʴʝʬʘ ʧʦʚʝʨʭʥʦʩʪʠ ʥʘ ʥʘʥʦʤʝʪʨʦʚʳʭ ʤʘʩʰʪʘʙʘʭ ʩ ʧʦʤʦʱʴʶ ʩʢʘʥʠʨʫʶʱʝʡ 

ʩʠʣʦʚʦʡ ʤʠʢʨʦʩʢʦʧʠʠ ʤʦʞʥʦ ʠʩʩʣʝʜʦʚʘʪʴ ʠ ʜʨʫʛʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ, ʥʘʧʨʠʤʝʨ ʣʦʢʘʣʴʥʫʶ 

ʩʠʣʫ ʪʨʝʥʠʷ. ɼʣʷ ʵʪʦʛʦ ʧʨʠ ʧʝʨʝʤʝʱʝʥʠʠ ʦʙʨʘʟʮʘ ʩ ʧʦʤʦʱʴʶ ʦʧʪʠʯʝʩʢʦʡ ʩʠʩʪʝʤʳ 

ʜʝʪʝʢʪʠʨʫʝʪʩʷ ʥʝ ʪʦʣʴʢʦ ʠʟʛʠʙ, ʥʦ ʠ ʢʨʫʯʝʥʠʝ ʢʘʥʪʠʣʝʚʝʨʘ (ʨʠʩ.4). 

 

ʈʠʩ.4. ʀʟʛʠʙ ʠ ʢʨʫʯʝʥʠʝ ʢʘʥʪʠʣʝʚʝʨʘ, ʜʝʪʝʢʪʠʨʫʝʤʳʝ ʧʨʠ ʠʩʩʣʝʜʦʚʘʥʠʠ ʥʘʥʦʨʝʣʴʝʬʘ 

(ʩʣʝʚʘ) ʠ ʣʦʢʘʣʴʥʦʡ ʩʠʣʳ ʪʨʝʥʠʷ (ʩʧʨʘʚʘ), ʘ ʪʘʢʞʝ ʩʠʣʳ, ʢʦʪʦʨʳʝ ʠʭ ʚʳʟʳʚʘʶʪ ʠ 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʩʤʝʱʝʥʠʷ ʧʷʪʥʘ ʥʘ ʬʦʪʦʜʠʦʜʝ 

ʇʨʠ ʵʪʦʤ ʦʜʥʦʚʨʝʤʝʥʥʦ ʨʝʛʠʩʪʨʠʨʫʝʪʩʷ ʜʚʘ ʩʠʛʥʘʣʘ: ʩʠʛʥʘʣ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʡ ʨʝʣʴʝʬʫ ʠ 

ʩʠʛʥʘʣ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʡ ʢʨʫʯʝʥʠʶ ʢʘʥʪʠʣʝʚʝʨʘ. ʂ ʩʦʞʘʣʝʥʠʶ, ʠʟʛʠʙ ʢʘʥʪʠʣʝʚʝʨʘ 

ʚʳʟʳʚʘʝʪʩʷ ʥʝ ʪʦʣʴʢʦ ʪʨʝʥʠʝʤ, ʥʦ ʠ ʨʝʣʴʝʬʦʤ ʧʦʚʝʨʭʥʦʩʪʠ. ʅʘ ʥʘʢʣʦʥʥʳʭ ʫʯʘʩʪʢʘʭ ʩʠʣʘ 

ʥʦʨʤʘʣʴʥʦʡ ʨʝʘʢʮʠʠ ʦʙʨʘʟʮʘ ʠʤʝʝʪ ʛʦʨʠʟʦʥʪʘʣʴʥʫʶ ʩʦʩʪʘʚʣʷʶʱʫʶ (ʨʠʩ.5). 
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ʈʠʩ.5. ʉʭʝʤʘ ʬʦʨʤʠʨʦʚʘʥʠʷ ʩʭʦʜʥʳʭ ʩʠʛʥʘʣʦʚ ʢʨʫʯʝʥʠʷ ʢʘʥʪʠʣʝʚʝʨʘ ʟʘ ʩʯʝʪ ʨʘʟʣʠʯʥʳʭ 

ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʪʨʝʥʠʷ (ʚʚʝʨʭʫ) ʠ ʦʩʦʙʝʥʥʦʩʪʝʡ ʨʝʣʴʝʬʘ (ʚʥʠʟʫ) 

ʇʦʵʪʦʤʫ ʨʝʛʠʩʪʨʠʨʫʝʤʳʝ ʣʘʪʝʨʘʣʴʥʳʝ ʩʠʣʳ ʥʝʩʫʪ ʠʥʬʦʨʤʘʮʠʶ ʢʘʢ ʦ ʨʘʩʧʨʝʜʝʣʝʥʠʠ ʩʠʣʳ 

ʪʨʝʥʠʷ, ʪʘʢ ʠ ʦ ʨʝʣʴʝʬʝ ʧʦʚʝʨʭʥʦʩʪʠ. 

 

4. ʇʨʝʜʣʦʞʠʪʝ ʩʧʦʩʦʙ ʠʣʠ ʩʧʦʩʦʙʳ, ʩ ʧʦʤʦʱʴʶ ʢʦʪʦʨʳʭ ʤʦʞʥʦ ʙʳʣʦ ʙʳ ʦʪʜʝʣʠʪʴ 

ʠʥʬʦʨʤʘʮʠʶ ʦ ʣʦʢʘʣʴʥʦʤ ʢʦʵʬʬʠʮʠʝʥʪʝ ʪʨʝʥʠʷ ʦʪ ʠʥʬʦʨʤʘʮʠʠ ʦ ʨʝʣʴʝʬʝ ʦʙʨʘʟʮʘ. 

(3 ʙʘʣʣʘ)  

5. ʂʘʢʠʝ ʝʱʝ ʨʝʞʠʤʳ çʩʲʝʤʢʠè ʠʩʧʦʣʴʟʫʶʪʩʷ ʚ ʩʢʘʥʠʨʫʶʱʝʡ ʟʦʥʜʦʚʦʡ ʤʠʢʨʦʩʢʦʧʠʠ 

ʠ ʚ ʯʝʤ ʠʭ ʩʫʪʴ? (4 ʙʘʣʣʘ) 
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ʃʫʯ ʩʚʝʪʘ ʚ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʦʡ ʩʚʝʨʭʨʝʰʝʪʢʝ (2009, ʰʢʦʣʴʥʠʢʠ, ʬʠʟʠʢʘ)  

ʉʚʝʨʭʨʝʰʝʪʢʘ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʧʝʨʠʦʜʠʯʝʩʢʫʶ ʩʪʨʫʢʪʫʨʫ ʪʦʥʢʠʭ ʯʝʨʝʜʫʶʱʠʭʩʷ ʩʣʦʝʚ 

ʨʘʟʣʠʯʥʳʭ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚ. ʊʘʢʠʝ ʩʪʨʫʢʪʫʨʳ ʧʨʠʤʝʥʷʶʪ ʚ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʭ 

ʵʣʝʢʪʨʦʥʥʳʭ ʠ ʩʚʝʪʦʠʟʣʫʯʘʶʱʠʭ ʧʨʠʙʦʨʘʭ. ɺʘʞʥʳʤ ʧʨʠʤʝʨʦʤ ʷʚʣʷʝʪʩʷ ʠʩʧʦʣʴʟʦʚʘʥʠʝ 

ʩʚʝʨʭʨʝʰʝʪʦʢ ʚ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʭ ʣʘʟʝʨʘʭ ʥʘ ʦʩʥʦʚʝ GaAs/AlGaAs. ɿʘ ʨʘʟʨʘʙʦʪʢʫ 

ʧʨʠʥʮʠʧʦʚ ʩʦʟʜʘʥʠʷ ʠ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʪʘʢʠʭ ʩʪʨʫʢʪʫʨ, ʥʘʟʳʚʘʝʤʳʭ ʪʘʢʞʝ 

ʛʝʪʝʨʦʩʪʨʫʢʪʫʨʘʤʠ, ʨʦʩʩʠʡʩʢʦʤʫ ʫʯʝʥʦʤʫ ɾ.ʀ.ɸʣʬʝʨʦʚʫ ʙʳʣʘ ʚʨʫʯʝʥʘ ʅʦʙʝʣʝʚʩʢʘʷ 

ʧʨʝʤʠʷ 2000 ʛ.  

 

ʈʘʩʩʤʦʪʨʠʤ ʩʚʝʨʭʨʝʰʝʪʢʫ ʪʦʣʱʠʥʦʡ h = 350 ʥʤ, ʩʦʩʪʦʷʱʫʶ ʠʟ N = 10 ʯʝʨʝʜʫʶʱʠʭʩʷ ʧʘʨ 

ʩʣʦʝʚ, ʥʘ ʢʦʪʦʨʫʶ ʧʘʜʘʝʪ ʣʫʯ ʩʚʝʪʘ ʧʦʜ ʫʛʣʦʤ Ŭ = 30
0
. ʀʥʪʝʥʩʠʚʥʦʩʪʴ ʩʚʝʪʘ, ʚʳʰʝʜʰʝʛʦ 

ʠʟ ʩʚʝʨʭʨʝʰʝʪʢʠ, ʫʤʝʥʴʰʠʣʘʩʴ ʚ 3 ʨʘʟʘ.  

ʅʘʡʪʠ ʪʦʣʱʠʥʳ ʩʣʦʝʚ (3 ʙʘʣʣʘ) ʠ ʨʘʩʩʪʦʷʥʠʝ ʧʦ ʛʦʨʠʟʦʪʘʣʠ, ʥʘ ʢʦʪʦʨʦʝ ʦʪʥʦʩʠʪʝʣʴʥʦ 

ʪʦʯʢʠ ʚʭʦʜʘ ʩʤʝʩʪʠʪʩʷ ʣʫʯ ʧʦʩʣʝ ʧʨʦʭʦʞʜʝʥʠʷ ʩʚʝʨʭʨʝʰʝʪʢʠ. (3 ʙʘʣʣʘ) ʂʦʵʬʬʠʮʠʝʥʪʳ 

ʧʦʛʣʦʱʝʥʠʷ ʩʚʝʪʘ kGaAs = 6Ö10
4
 ʩʤ

-1
, kAlGaAs = 2Ö10

4 
ʩʤ

-1
, ʧʦʢʘʟʘʪʝʣʠ ʧʨʝʣʦʤʣʝʥʠʷ ʩʚʝʪʘ 

nGaAs = 3,3 ʠ nAlGaAs = 3. 
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ʃʦʢʘʣʴʥʦʝ ʧʦʣʝ (2009, ʰʢʦʣʴʥʠʢʠ, ʬʠʟʠʢʘ) 

ʂ ʪʦʥʢʦʤʫ ʤʝʪʘʣʣʠʯʝʩʢʦʤʫ ʟʦʥʜʫ ʩ ʨʘʜʠʫʩʦʤ ʟʘʦʩʪʨʝʥʠʷ ʢʦʥʯʠʢʘ R = 200 ʥʤ ʧʦʜʥʦʩʷʪ 

ʵʣʝʢʪʨʠʯʝʩʢʠ ʟʘʨʷʞʝʥʥʫʶ ʥʘʥʦʯʘʩʪʠʮʫ ʩʝʨʝʙʨʘ (r = 10 ʥʤ, q = 10e, e ï ʟʘʨʷʜ ʵʣʝʢʪʨʦʥʘ). 

1. ʆʧʨʝʜʝʣʠʪʴ, ʚʦ ʩʢʦʣʴʢʦ ʨʘʟ ʩʠʣʘ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʯʘʩʪʠʮʳ ʠ ʟʦʥʜʘ ʙʦʣʴʰʝ, ʯʝʤ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʵʪʦʡ ʞʝ ʯʘʩʪʠʮʳ ʩ ʨʦʚʥʦʡ ʤʝʪʘʣʣʠʯʝʩʢʦʡ ʧʦʚʝʨʭʥʦʩʪʴʶ, ʧʨʠ 

ʦʜʠʥʘʢʦʚʦʤ ʨʘʩʩʪʦʷʥʠʠ ʤʝʞʜʫ ʥʠʤʠ, l = 100 ʥʤ. (4 ʙʘʣʣʘ)  

2. ɼʣʷ ʯʝʛʦ ʤʦʛʫʪ ʠʩʧʦʣʴʟʦʚʘʪʴʩʷ ʪʘʢʠʝ ʧʨʦʚʦʜʷʱʠʝ ʟʦʥʜʳ ʥʘ ʧʨʘʢʪʠʢʝ, ʚ ʪʦʤ ʯʠʩʣʝ ʚ 

ʦʙʣʘʩʪʠ ʥʘʥʦʪʝʭʥʦʣʦʛʠʡ? (2 ʙʘʣʣʘ) 

 

 

ʕʣʝʢʪʨʠʯʝʩʢʦʝ ʯʫʜʦ  
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ʋʧʨʫʛʠʝ ʩʚʦʡʩʪʚʘ ʤʘʢʨʦʤʦʣʝʢʫʣ (2009, ʰʢʦʣʴʥʠʢʠ, ʬʠʟʠʢʘ) 

ɼʘʚʥʦ ʠʜʫʪ ʩʧʦʨʳ, ʦʪʥʦʩʠʪʴ ʣʠ ʚʳʩʦʢʦʤʦʣʝʢʫʣʷʨʥʳʝ ʩʦʝʜʠʥʝʥʠʷ, ʜʝʥʜʨʠʤʝʨʳ, ʙʝʣʢʠ ʠ 

ʧʨ. ʢ ʥʘʥʦʦʙʲʝʢʪʘʤ. ɺ ʣʶʙʦʤ ʩʣʫʯʘʝ, ʵʪʦ ʚʝʱʝʩʪʚʘ, ʢʦʪʦʨʳʝ ʩʘʤʳʤ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʳʤ 

ʦʙʨʘʟʦʤ ʠʩʧʦʣʴʟʫʶʪʩʷ ʜʣʷ ʩʦʟʜʘʥʠʷ ʥʘʥʦʤʘʪʝʨʠʘʣʦʚ ʠ ʥʘʥʦʫʩʪʨʦʡʩʪʚ. ʏʠʩʣʦ ʘʪʦʤʦʚ, 

ʚʭʦʜʷʱʠʭ ʚ ʩʦʩʪʘʚ ʤʘʢʨʦʤʦʣʝʢʫʣ, ʠʤʝʝʪ ʧʦʨʷʜʦʢ ʩʦʪʝʥ ʪʳʩʷʯ ʠʣʠ ʤʠʣʣʠʦʥʦʚ. ɸʪʦʤʳ, ʠʟ 

ʢʦʪʦʨʳʭ ʩʦʩʪʦʷʪ ʧʦʣʠʤʝʨʳ, ʦʙʨʘʟʫʶʪ ʣʠʥʝʡʥʳʝ ʠʣʠ ʨʘʟʚʝʪʚʣʸʥʥʳʝ ʮʝʧʠ, ʘ ʪʘʢʞʝ 

ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʝ ʪʨʸʭʤʝʨʥʳʝ ʩʪʨʫʢʪʫʨʳ, ʚ ʪʦʤ ʯʠʩʣʝ ʫʧʦʨʷʜʦʯʝʥʥʳʝ. ʀʩʩʣʝʜʦʚʘʥʠʝ 

ʧʦʣʠʤʝʨʦʚ ʯʨʝʟʚʳʯʘʡʥʦ ʚʘʞʥʦ ʠ ʩ ʬʫʥʜʘʤʝʥʪʘʣʴʥʦʡ, ʠ ʩ ʧʨʘʢʪʠʯʝʩʢʦʡ ʪʦʯʝʢ ʟʨʝʥʠʷ.  

1. ʇʨʠʚʝʜʠʪʝ ʧʨʠʤʝʨʳ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʤʘʢʨʦʤʦʣʝʢʫʣ ʚ ʥʘʥʦʪʝʭʥʦʣʦʛʠʷʭ. (3 ʙʘʣʣʘ) 

ʇʨʝʜʩʪʘʚʠʤ, ʯʪʦ ʤʳ ʠʟʫʯʘʝʤ ʫʧʨʫʛʠʝ ʩʚʦʡʩʪʚʘ ʣʠʥʝʡʥʳʭ ʤʘʢʨʦʤʦʣʝʢʫʣ (ʥʝʨʘʟʚʝʪʚʣʸʥʥʳʭ 

ʮʝʧʦʯʝʢ ʠʟ ʧʦʚʪʦʨʷʶʱʠʭʩʷ ʩʪʨʫʢʪʫʨʥʳʭ ʟʚʝʥʴʝʚ). ʇʨʠ ʥʝʙʦʣʴʰʦʤ ʨʘʩʪʷʞʝʥʠʠ ʵʪʠ 

ʤʦʣʝʢʫʣʳ ʧʦʜʯʠʥʷʶʪʩʷ ʟʘʢʦʥʫ ɻʫʢʘ. ʅʘʰʘ ʟʘʜʘʯʘ ï ʠʟʤʝʨʠʪʴ ʢʦʵʬʬʠʮʠʝʥʪ ʞʸʩʪʢʦʩʪʠ 

ʤʦʣʝʢʫʣʳ ʠʣʠ ʦʪʜʝʣʴʥʦʛʦ ʩʪʨʫʢʪʫʨʥʦʛʦ ʟʚʝʥʘ. 

     

ʅʝʢʪʦ ʧʨʝʜʣʦʞʠʣ ʜʣʷ ʵʪʦʛʦ ʩʣʝʜʫʶʱʠʡ ʵʢʩʧʝʨʠʤʝʥʪ. ʀʟʤʝʨʠʤ ʜʣʠʥʫ ʤʦʣʝʢʫʣʳ ʚ 

ʥʝʜʝʬʦʨʤʠʨʦʚʘʥʥʦʤ ʩʦʩʪʦʷʥʠʠ. ʄʦʣʝʢʫʣʘ ʩʦʩʪʦʠʪ ʠʟ n = 200000 ʩʪʨʫʢʪʫʨʥʳʭ ʟʚʝʥʴʝʚ. 

ʂʘʞʜʦʝ ʟʚʝʥʦ ʙʫʜʝʤ ʩʯʠʪʘʪʴ ʩʦʩʪʦʷʱʠʤ ʠʟ çʧʨʫʞʠʥʢʠè, ʞʸʩʪʢʦʩʪʴ ʢʦʪʦʨʦʡ ʪʨʝʙʫʝʪʩʷ 

ʠʟʤʝʨʠʪʴ, ʠ çʛʨʫʟʠʢʘè, ʤʘʩʩʘ ʢʦʪʦʨʦʛʦ ʠʟʚʝʩʪʥʘ ʠ ʨʘʚʥʘ m = 1,8Ŀ10
-25

 ʢʛ. ɿʘʪʝʤ ʧʦʜʚʝʩʠʤ 

ʤʦʣʝʢʫʣʫ ʟʘ ʦʜʠʥ ʢʦʥʝʮ ʥʘ ʦʩʪʨʠʝ ʩʧʝʮʠʘʣʴʥʦʛʦ ʟʦʥʜʘ ʚ ʩʦʩʫʜʝ, ʚ ʢʦʪʦʨʦʤ ʩʦʟʜʘʥ ʚʳʩʦʢʠʡ 

ʚʘʢʫʫʤ. ʄʦʣʝʢʫʣʘ ʨʘʩʪʷʥʝʪʩʷ ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʩʠʣʳ ʪʷʞʝʩʪʠ. ʀʟʤʝʨʠʚ ʜʣʠʥʫ ʨʘʩʪʷʥʫʪʦʡ 

ʤʦʣʝʢʫʣʳ, ʤʦʞʥʦ ʚʳʯʠʩʣʠʪʴ ʢʦʵʬʬʠʮʠʝʥʪ ʞʸʩʪʢʦʩʪʠ k ʦʜʥʦʛʦ ʩʪʨʫʢʪʫʨʥʦʛʦ ʟʚʝʥʘ. 
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2. ɺʳʯʠʩʣʠʪʝ, ʥʘʩʢʦʣʴʢʦ ʠʟʤʝʥʠʪʩʷ ʜʣʠʥʘ ʤʦʣʝʢʫʣʳ ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʩʠʣʳ ʪʷʞʝʩʪʠ, 

ʝʩʣʠ ʢʦʵʬʬʠʮʠʝʥʪ ʞʸʩʪʢʦʩʪʠ ʝʸ ʩʪʨʫʢʪʫʨʥʦʛʦ ʟʚʝʥʘ ʨʘʚʝʥ k = 0.04 ʅ/ʤ. ʉʜʝʣʘʡʪʝ 

ʚʳʚʦʜ ʦ ʪʦʤ, ʤʦʞʥʦ ʣʠ ʙʳʣʦ ʠʟʤʝʨʠʪʴ ʵʪʦʪ ʢʦʵʬʬʠʮʠʝʥʪ ʚ ʧʨʝʜʣʦʞʝʥʥʦʤ 

ʵʢʩʧʝʨʠʤʝʥʪʝ. (3 ʙʘʣʣʘ) 

ʇʨʝʜʣʦʞʝʥ ʜʨʫʛʦʡ ʵʢʩʧʝʨʠʤʝʥʪ. ɺʦʟʴʤʸʤ ʤʘʢʨʦʤʦʣʝʢʫʣʫ (ʧʫʩʪʴ ʯʠʩʣʦ ʝʸ ʩʪʨʫʢʪʫʨʥʳʭ 

ʵʣʝʤʝʥʪʦʚ ʨʘʚʥʦ n = 200000), ʧʦʜʚʝʩʠʤ ʝʸ ʟʘ ʦʜʠʥ ʢʦʥʝʮ ʚ ʩʦʩʫʜʝ, ʛʜʝ ʩʦʟʜʘʥ ʚʳʩʦʢʠʡ 

ʚʘʢʫʫʤ, ʢʘʢ ʚ ʧʨʝʜʳʜʫʱʝʤ ʵʢʩʧʝʨʠʤʝʥʪʝ. ʂ ʥʠʞʥʝʤʫ ʢʦʥʮʫ ʤʦʣʝʢʫʣʳ ʧʨʠʢʨʝʧʠʤ 

ʤʠʢʨʦʯʘʩʪʠʮʫ, ʤʘʩʩʘ ʢʦʪʦʨʦʡ ʤʥʦʛʦ ʙʦʣʴʰʝ ʤʘʩʩʳ ʤʦʣʝʢʫʣʳ (ʧʫʩʪʴ ʤʘʩʩʘ ʵʪʦʡ 

ʤʠʢʨʦʯʘʩʪʠʮʳ ʨʘʚʥʘ m = 1,2Ŀ10
-16

 ʢʛ). ɺʙʣʠʟʠ ʩʦʩʫʜʘ (ʩʚʝʨʭʫ ʥʘʜ ʟʦʥʜʦʤ) ʧʦʤʝʩʪʠʤ 

ʠʩʪʦʯʥʠʢ ʟʚʫʢʘ. ɹʫʜʝʤ ʤʝʥʷʪʴ ʯʘʩʪʦʪʫ ʠʩʪʦʯʥʠʢʘ ʠ ʚʳʷʩʥʠʤ, ʧʨʠ ʢʘʢʦʡ ʯʘʩʪʦʪʝ ʘʤʧʣʠʪʫʜʘ 

ʢʦʣʝʙʘʥʠʡ ʤʠʢʨʦʯʘʩʪʠʮʳ ʤʘʢʩʠʤʘʣʴʥʘ. ʇʦ ʵʪʠʤ ʜʘʥʥʳʤ ʤʦʞʥʦ ʚʳʯʠʩʣʠʪʴ ʢʦʵʬʬʠʮʠʝʥʪ 

ʞʸʩʪʢʦʩʪʠ k ʦʜʥʦʛʦ ʩʪʨʫʢʪʫʨʥʦʛʦ ʟʚʝʥʘ. ʇʨʝʜʩʪʘʚʠʤ, ʯʪʦ ʪʘʢʦʡ ʵʢʩʧʝʨʠʤʝʥʪ ʧʨʦʚʝʜʸʥ, ʠ 

ʤʘʢʩʠʤʫʤ ʘʤʧʣʠʪʫʜʳ ʢʦʣʝʙʘʥʠʡ ʤʠʢʨʦʯʘʩʪʠʮʳ ʥʘʙʣʶʜʘʝʪʩʷ, ʢʦʛʜʘ ʜʣʠʥʘ ʟʚʫʢʦʚʦʡ ʚʦʣʥʳ 

ʚ ʚʦʟʜʫʭʝ ʨʘʚʥʘ ɚ = 15 ʩʤ. 

3. ɺʳʯʠʩʣʠʪʝ ʢʦʵʬʬʠʮʠʝʥʪ ʞʸʩʪʢʦʩʪʠ k ʦʜʥʦʛʦ ʩʪʨʫʢʪʫʨʥʦʛʦ ʟʚʝʥʘ ʧʦ ʵʪʠʤ ʜʘʥʥʳʤ. 

ʄʘʩʩʘʤʠ ʩʪʨʫʢʪʫʨʥʳʭ ʟʚʝʥʴʝʚ ʜʣʷ ʧʨʦʩʪʦʪʳ ʧʨʝʥʝʙʨʝʯʴ. (3 ʙʘʣʣʘ) 

çʉʨʝʜʥʝʝ ʟʚʝʥʦè. ʇʨʝʜʩʪʘʚʠʤ, ʯʪʦ ʜʣʠʥʥʘʷ ʤʘʢʨʦʤʦʣʝʢʫʣʘ ʦʙʱʝʡ ʤʘʩʩʦʡ M = 10
ï18

 ʢʛ 

ʧʦʜʚʝʰʝʥʘ ʟʘ ʜʚʘ ʢʦʥʮʘ ʢ ʛʦʨʠʟʦʥʪʘʣʴʥʦʡ ʧʦʜʣʦʞʢʝ. ʇʨʠ ʵʪʦʤ ʦʢʘʟʘʣʦʩʴ, ʯʪʦ ʩʠʣʳ, 

ʜʝʡʩʪʚʫʶʱʠʝ ʥʘ ʤʦʣʝʢʫʣʫ ʚ ʪʦʯʢʘʭ ʧʦʜʚʝʩʘ, ʦʙʨʘʟʫʶʪ ʫʛʦʣ Ŭ = 60Á ʩ ʛʦʨʠʟʦʥʪʦʤ. 

 

4. ʅʘʡʜʠʪʝ ʩʠʣʫ ʥʘʪʷʞʝʥʠʷ ʩʨʝʜʥʝʛʦ ʟʚʝʥʘ ʤʦʣʝʢʫʣʳ. (3 ʙʘʣʣʘ) 

çɼʠʩʢʨʝʪʥʦʩʪʴ ʠ ʥʝʧʨʝʨʳʚʥʦʩʪʴè. ʇʨʠ ʨʘʩʩʤʦʪʨʝʥʠʠ ʫʧʨʫʛʠʭ ʩʚʦʡʩʪʚ ʤʦʞʥʦ 

ʧʦʣʴʟʦʚʘʪʴʩʷ ʨʘʟʣʠʯʥʳʤʠ ʤʦʜʝʣʷʤʠ ʤʘʢʨʦʤʦʣʝʢʫʣʳ. ɺ ʧʝʨʚʳʭ ʚʦʧʨʦʩʘʭ ʵʪʦʡ ʟʘʜʘʯʠ ʙʳʣʘ 

ʨʘʩʩʤʦʪʨʝʥʘ ʜʠʩʢʨʝʪʥʘʷ ʤʦʜʝʣʴ ʤʦʣʝʢʫʣʳ: ʤʦʣʝʢʫʣʘ ʩʦʩʪʦʠʪ ʠʟ ʢʦʥʝʯʥʦʛʦ ʯʠʩʣʘ 

ʩʪʨʫʢʪʫʨʥʳʭ ʟʚʝʥʴʝʚ, ʢʘʞʜʳʡ ʠʟ ʢʦʪʦʨʳʭ ʤʦʞʥʦ ʧʨʠʙʣʠʞʸʥʥʦ ʩʤʦʜʝʣʠʨʦʚʘʪʴ ʛʨʫʟʠʢʦʤ ʠ 

ʧʨʫʞʠʥʢʦʡ. ʇʘʨʘʤʝʪʨʘʤʠ ʵʪʦʡ ʤʦʜʝʣʠ ʷʚʣʷʶʪʩʷ ʤʘʩʩʘ çʛʨʫʟʠʢʘè m, ʢʦʵʬʬʠʮʠʝʥʪ 

ʞʸʩʪʢʦʩʪʠ ʧʨʫʞʠʥʢʠ k ʠ ʜʣʠʥʘ ʩʪʨʫʢʪʫʨʥʦʛʦ ʟʚʝʥʘ L. 
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ʆʜʥʘʢʦ ʚ ʥʝʢʦʪʦʨʳʭ ʩʣʫʯʘʷʭ ʤʦʞʝʪ ʦʢʘʟʘʪʴʩʷ ʩʫʱʝʩʪʚʝʥʥʦʡ çʵʬʬʝʢʪʠʚʥʘʷ ʪʦʣʱʠʥʘè 

ʤʦʣʝʢʫʣʳ d. ɺ ʵʪʦʤ ʩʣʫʯʘʝ ʤʦʣʝʢʫʣʫ ʤʦʞʥʦ ʤʦʜʝʣʴʥʦ ʨʘʩʩʤʘʪʨʠʚʘʪʴ ʢʘʢ ʫʧʨʫʛʠʡ ʞʛʫʪ 

ʜʠʘʤʝʪʨʘ d, ʩʜʝʣʘʥʥʳʡ ʠʟ ʤʘʪʝʨʠʘʣʘ ʧʣʦʪʥʦʩʪʴʶ ɟ ʩ ʤʦʜʫʣʝʤ ʫʧʨʫʛʦʩʪʠ (ʤʦʜʫʣʝʤ 

ʖʥʛʘ) E. ʇʘʨʘʤʝʪʨʘʤʠ ʵʪʦʡ ʤʦʜʝʣʠ ʷʚʣʷʶʪʩʷ d, ɟ ʠ E, ʧʨʠʯʸʤ ʧʦʩʣʝʜʥʠʝ ʜʚʘ ʠʟ ʥʠʭ 

ʥʝʦʙʭʦʜʠʤʦ ʚʳʯʠʩʣʠʪʴ, ʟʥʘʷ ʧʘʨʘʤʝʪʨʳ ʜʠʩʢʨʝʪʥʦʡ ʤʦʜʝʣʠ m, k ʠ L. 

5. ɺʳʚʝʜʠʪʝ ʬʦʨʤʫʣʳ, ʧʦʟʚʦʣʷʶʱʠʝ ʨʘʩʩʯʠʪʳʚʘʪʴ ʧʘʨʘʤʝʪʨʳ ɟ ʠ E, ʝʩʣʠ ʠʟʚʝʩʪʥʳ 

ʧʘʨʘʤʝʪʨʳ ʜʠʩʢʨʝʪʥʦʡ ʤʦʜʝʣʠ m, k ʠ L, ʘ ʪʘʢʞʝ ʵʬʬʝʢʪʠʚʥʳʡ ʜʠʘʤʝʪʨ ʤʦʣʝʢʫʣʳ d. 

(2 ʙʘʣʣʘ) 

6. ʅʘʩʢʦʣʴʢʦ ʫʚʝʣʠʯʠʪʩʷ ʜʣʠʥʘ ʨʝʟʠʥʦʚʦʛʦ ʞʛʫʪʘ, ʠʤʝʶʱʝʛʦ ʚ ʥʝʜʝʬʦʨʤʠʨʦʚʘʥʥʦʤ 

ʩʦʩʪʦʷʥʠʠ ʜʣʠʥʫ Lʦ = 1 ʤ, ʧʣʦʪʥʦʩʪʴ ɟ = 400 ʢʛ/ʤ
3
 ʠ ʤʦʜʫʣʴ ʫʧʨʫʛʦʩʪʠ 

E = 16000 ʅ/ʤ
2
, ʝʩʣʠ ʝʛʦ ʚʝʨʪʠʢʘʣʴʥʦ ʧʦʜʚʝʩʠʪʴ ʟʘ ʦʜʠʥ ʢʦʥʝʮ? (3 ʙʘʣʣʘ) 
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ʅʘʥʦʧʦʜʰʠʧʥʠʢ (2009, ʥʘʥʦʠʥʞʝʥʝʨʠʷ) 

ʆʜʥʦʩʣʦʡʥʳʝ ʫʛʣʝʨʦʜʥʳʝ ʥʘʥʦʪʨʫʙʢʠ ʤʦʛʫʪ ʦʙʣʘʜʘʪʴ ʵʣʝʤʝʥʪʘʤʠ ʩʠʤʤʝʪʨʠʠ, ʩʨʝʜʠ 

ʢʦʪʦʨʳʭ ʤʳ ʦʛʨʘʥʠʯʠʤʩʷ ʧʦʚʦʨʦʪʥʳʤʠ ʦʩʷʤʠ ʩʠʤʤʝʪʨʠʠ ʥʘʧʨʘʚʣʝʥʥʳʤʠ ʚʜʦʣʴ ʦʩʠ 

ʪʨʫʙʢʠ ʠ ʪʨʘʥʩʣʷʮʠʷʤʠ ʚʜʦʣʴ ʪʨʫʙʢʠ. ʇʨʠ ʨʦʩʪʝ ʫʛʣʝʨʦʜʥʳʭ ʪʨʫʙʦʢ, ʥʘʨʷʜʫ ʩ 

ʦʜʥʦʩʣʦʡʥʳʤʠ, ʦʙʨʘʟʫʶʪʩʷ ʠ ʤʥʦʛʦʩʣʦʡʥʳʝ ʥʘʥʦʪʨʫʙʢʠ, ʩ ʨʘʩʩʪʦʷʥʠʷʤʠ ʤʝʞʜʫ ʩʣʦʷʤʠ 

ʧʨʠʙʣʠʞʝʥʥʦ ʨʘʚʥʳʤʠ ʤʝʞʧʣʦʩʢʦʩʪʥʦʤʫ ʨʘʩʩʪʦʷʥʠʶ ʚ ʢʨʠʩʪʘʣʣʝ ʛʨʘʬʠʪʘ.  

ɿʘʜʘʚʰʠʩʴ ʚʳʰʝʫʢʘʟʘʥʥʳʤʠ ʵʣʝʤʝʥʪʘʤʠ ʩʠʤʤʝʪʨʠʠ ʢʘʞʜʦʡ ʠʟ ʪʨʫʙʦʢ, ʩʜʝʣʘʡʪʝ 

ʪʝʦʨʝʪʠʯʝʩʢʠʡ ʘʥʘʣʠʟ ʵʥʝʨʛʠʠ ʩʚʷʟʠ ʪʨʫʙʦʢ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʵʣʝʤʝʥʪʦʚ ʩʠʤʤʝʪʨʠʠ 

ʢʘʞʜʦʡ ʠʟ ʪʨʫʙʦʢ, ʩʦʩʪʘʚʣʷʶʱʠʭ ʜʚʫʭʩʣʦʡʥʫʶ ʥʘʥʦʪʨʫʙʢʫ (ʩʤ. ʨʠʩʫʥʦʢ). (7 ʙʘʣʣʦʚ) 

 

ɼʚʫʭʩʣʦʡʥʘʷ ʥʘʥʦʪʨʫʙʢʘ 
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ʇʣʘʟʤʝʥʥʦʝ ʪʨʘʚʣʝʥʠʝ (2009, ʥʘʥʦʠʥʞʝʥʝʨʠʷ) 

ʆʜʥʠʤ ʠʟ ʤʝʪʦʜʦʚ ʩʦʟʜʘʥʠʷ ʤʠʢʨʦ- ʠ ʥʘʥʦʩʪʨʫʢʪʫʨ ʠ ʤʠʢʨʦʵʣʝʢʪʨʦʥʥʳʭ ʩʭʝʤ ʷʚʣʷʝʪʩʷ 

ʤʝʪʦʜ ʧʣʘʟʤʝʥʥʦʛʦ ʪʨʘʚʣʝʥʠʷ. ʅʘ ʧʦʜʣʦʞʢʫ ʥʘʥʦʩʷʪ ʩʣʦʡ ʩʫʙʩʪʨʘʪʘ (ʦʙʳʯʥʦ ʤʝʪʘʣʣʘ), ʠʟ 

ʢʦʪʦʨʦʛʦ ʪʨʝʙʫʝʪʩʷ ʧʦʣʫʯʠʪʴ ʥʫʞʥʫʶ ʩʪʨʫʢʪʫʨʫ (ʨʠʩ. ʘ). ɿʘʪʝʤ ʧʦʚʝʨʭ ʩʫʙʩʪʨʘʪʘ ʥʘʥʦʩʷʪ 

ʤʘʩʢʫ ï ʩʚʦʝʦʙʨʘʟʥʫʶ ʢʦʧʠʶ ʥʫʞʥʦʡ ʩʪʨʫʢʪʫʨʳ (ʨʠʩ. ʙ). ʄʝʪʦʜ ʧʨʠʤʝʥʠʤ ʪʦʛʜʘ, ʢʦʛʜʘ 

ʩʦʟʜʘʪʴ ʢʦʧʠʶ ʩʪʨʫʢʪʫʨʳ ʠʟ ʤʘʪʝʨʠʘʣʘ ʤʘʩʢʠ ʧʨʦʱʝ, ʯʝʤ ʩʘʤʫ ʩʪʨʫʢʪʫʨʫ. ʇʦʩʣʝ 

ʥʘʥʝʩʝʥʠʷ ʤʘʩʢʠ ʦʙʨʘʟʝʮ ʧʦʤʝʱʘʶʪ ʚ ʧʣʘʟʤʫ, ʥʘʭʦʜʷʱʫʶʩʷ ʚ ʵʣʝʢʪʨʠʯʝʩʢʦʤ ʧʦʣʝ 

(ʩʫʙʩʪʨʘʪ ʠʥʦʛʜʘ ʩʣʫʞʠʪ ʦʜʥʠʤ ʠʟ ʵʣʝʢʪʨʦʜʦʚ, ʩʦʟʜʘʶʱʠʭ ʧʦʣʝ), ʠ ʧʨʦʠʩʭʦʜʠʪ ʪʨʘʚʣʝʥʠʝ. 

ʀʦʥʳ ʧʣʘʟʤʳ ʨʝʘʛʠʨʫʶʪ ʩ ʩʫʙʩʪʨʘʪʦʤ, ʨʘʩʱʝʧʣʷʷ ʝʛʦ, ʥʦ ʥʝ ʨʘʩʱʝʧʣʷʷ ʤʘʩʢʫ. ɺ ʠʪʦʛʝ 

ʧʦʣʫʯʘʝʪʩʷ ʪʨʝʙʫʝʤʘʷ ʩʪʨʫʢʪʫʨʘ (ʨʠʩ. ʚ).  

 

ʘ)     ʙ)     ʚ) 

ʆʜʥʘ ʠʟ ʪʝʭʥʠʯʝʩʢʠʭ ʪʨʫʜʥʦʩʪʝʡ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʪʦʤ, ʯʪʦ ʠʦʥʳ ʧʣʘʟʤʳ ʫʯʘʩʪʚʫʶʪ ʚ 

ʭʘʦʪʠʯʝʩʢʦʤ ʪʝʧʣʦʚʦʤ ʜʚʠʞʝʥʠʠ ʠ çʙʦʤʙʘʨʜʠʨʫʶʪè ʩʫʙʩʪʨʘʪ ʥʝ ʚ ʦʜʥʦʤ ʥʘʧʨʘʚʣʝʥʠʠ, ʘ 

ʙʝʩʧʦʨʷʜʦʯʥʦ. ʇʦʵʪʦʤʫ çʩʪʝʥʢʠè ʩʫʙʩʪʨʘʪʘ ʧʦʣʫʯʘʶʪʩʷ ʥʝ ʚʝʨʪʠʢʘʣʴʥʳʤʠ (ʢʘʢ ʥʘ ʨʠʩ. ʚ), 

ʘ ʥʘʢʣʦʥʥʳʤʠ. ʋʧʨʦʱʸʥʥʳʡ ʚʠʜ çʩʪʝʥʢʠè ʧʦʢʘʟʘʥ ʥʘ ʩʣʝʜʫʶʱʝʤ ʨʠʩʫʥʢʝ: 

 

ʇʫʩʪʴ ʪʨʘʚʣʝʥʠʝ ʧʨʦʠʩʭʦʜʠʪ ʚ ʠʦʥʠʟʠʨʦʚʘʥʥʦʤ ʘʪʦʤʘʨʥʦʤ ʢʠʩʣʦʨʦʜʝ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 

T = 300 ʂ, ʘ ʪʦʣʱʠʥʘ ʤʘʩʢʠ ʨʘʚʥʘ d = 2 ʤʢʤ. ʆʙʨʘʟʝʮ ʧʦʤʝʱʸʥ ʤʝʞʜʫ ʵʣʝʢʪʨʦʜʘʤʠ, ʢ 

ʢʦʪʦʨʳʤ ʧʨʠʣʦʞʝʥʦ ʥʘʧʨʷʞʝʥʠʝ U = 1000 ɺ, ʨʘʩʩʪʦʷʥʠʝ ʤʝʞʜʫ ʢʦʪʦʨʳʤʠ ʨʘʚʥʦ L = 1 ʩʤ. 

ʕʣʝʢʪʨʠʯʝʩʢʦʝ ʧʦʣʝ, ʚ ʢʦʪʦʨʦʤ ʥʘʭʦʜʠʪʩʷ ʦʙʨʘʟʝʮ, ʤʦʞʥʦ ʧʨʠʙʣʠʞʸʥʥʦ ʩʯʠʪʘʪʴ 

ʦʜʥʦʨʦʜʥʳʤ (ʧʦ ʢʨʘʡʥʝʡ ʤʝʨʝ, ʚ ʥʘʯʘʣʝ ʪʨʘʚʣʝʥʠʷ). ʉʠʣʦʚʳʝ ʣʠʥʠʠ ʧʦʣʷ ʥʘʧʨʘʚʣʝʥʳ 

ʚʚʝʨʭ. ʉʫʙʩʪʨʘʪ ʙʦʤʙʘʨʜʠʨʫʝʪʩʷ ʠʦʥʘʤʠ ʢʠʩʣʦʨʦʜʘ.  
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1. ʆʮʝʥʠʪʝ (ʚʳʯʠʩʣʠʪʝ ʧʨʠʙʣʠʞʸʥʥʦ) ʫʛʦʣ Ŭ, ʦʙʨʘʟʫʶʱʠʡʩʷ ʤʝʞʜʫ ʩʪʝʥʢʘʤʠ 

ʩʫʙʩʪʨʘʪʘ ʠ ʚʝʨʪʠʢʘʣʴʶ, ʚ ʥʘʯʘʣʝ ʪʨʘʚʣʝʥʠʷ. (5 ʙʘʣʣʦʚ)
1
 

2. ʂʘʢʠʤʠ ʩʧʦʩʦʙʘʤʠ ʤʦʞʥʦ ʧʨʝʦʜʦʣʝʪʴ ʫʢʘʟʘʥʥʫʶ ʪʝʭʥʠʯʝʩʢʫʶ ʪʨʫʜʥʦʩʪʴ, ʪ.ʝ. ʢʘʢ 

ʩʜʝʣʘʪʴ ʪʘʢ, ʯʪʦʙʳ çʩʪʝʥʢʠè ʧʦʣʫʯʘʣʠʩʴ ʢʘʢ ʤʦʞʥʦ ʙʦʣʝʝ ʚʝʨʪʠʢʘʣʴʥʳʤʠ? 

(2 ʙʘʣʣʘ)  

3. ʂʘʢʠʝ ʥʘʥʦʩʪʨʫʢʪʫʨʳ ʤʦʞʥʦ ʧʦʣʫʯʘʪʴ ʩ ʧʦʤʦʱʴʶ ʨʘʟʣʠʯʥʳʭ ʤʦʜʠʬʠʢʘʮʠʡ ʤʝʪʦʜʘ 

ʧʣʘʟʤʝʥʥʦʛʦ ʪʨʘʚʣʝʥʠʷ? ʆʧʠʰʠʪʝ ʧʨʦʮʝʩʩ ʧʦʣʫʯʝʥʠʷ. (ʧʦ 1 ʙʘʣʣʫ ʟʘ ʧʨʠʤʝʨ, 

ʤʘʢʩʠʤʫʤ 5 ʙʘʣʣʦʚ)  

 

  

                                                           
ɼʣʷ ʦʪʚʝʪʘ ʥʘ ʧʝʨʚʳʡ ʚʦʧʨʦʩ ʩʯʠʪʘʡʪʝ, ʯʪʦ ʠʦʥʳ ʢʠʩʣʦʨʦʜʘ ʥʘʯʠʥʘʶʪ ʜʚʠʞʝʥʠʝ ʩ ʚʳʩʦʪʳ d ʥʘʜ ʩʫʙʩʪʨʘʪʦʤ 

(ʚ ʥʘʯʘʣʝ ʪʨʘʚʣʝʥʠʷ), ʠʤʝʷ ʥʘʯʘʣʴʥʫʶ ʩʢʦʨʦʩʪʴ, ʨʘʚʥʫʶ ʩʨʝʜʥʝʢʚʘʜʨʘʪʠʯʥʦʡ ʩʢʦʨʦʩʪʠ ʜʚʠʞʝʥʠʷ ʜʘʥʥʳʭ 

ʠʦʥʦʚ ʚ ʧʣʘʟʤʝ (ʵʪʦ ʧʨʠʙʣʠʞʝʥʠʝ ʜʦʧʫʩʪʠʤʦ ʜʣʷ ʦʮʝʥʢʠ), ʠ ʜʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʩ ʩʫʙʩʪʨʘʪʦʤ ʥʝ 

ʩʪʘʣʢʠʚʘʶʪʩʷ ʩ ʜʨʫʛʠʤʠ ʯʘʩʪʠʮʘʤʠ. ʈʘʩʩʤʦʪʨʝʪʴ ʚʩʝ ʚʦʟʤʦʞʥʳʝ ʥʘʧʨʘʚʣʝʥʠʷ ʥʘʯʘʣʴʥʦʡ ʩʢʦʨʦʩʪʠ. 
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ɸʥʠʟʦʪʨʦʧʥʦʝ ʪʨʘʚʣʝʥʠʝ (2009, ʥʘʥʦʠʥʞʝʥʝʨʠʷ) 

ɼʣʷ ʦʙʦʟʥʘʯʝʥʠʷ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʠʭ ʧʣʦʩʢʦʩʪʝʡ ʠ ʥʘʧʨʘʚʣʝʥʠʡ ʚ ʢʫʙʠʯʝʩʢʠʭ 

ʢʨʠʩʪʘʣʣʘʭ ʠʩʧʦʣʴʟʫʶʪʩʷ ʠʥʜʝʢʩʳ  ʄʠʣʣʝʨʘ.  

 

ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʨʘʟʣʠʯʥʳʝ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʠʝ ʧʣʦʩʢʦʩʪʠ ʤʦʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ 

ʢʨʝʤʥʠʷ ʦʙʣʘʜʘʶʪ ʨʝʟʢʦ ʚʳʨʘʞʝʥʥʦʡ ʘʥʠʟʦʪʨʦʧʠʝʡ ʩʚʦʡʩʪʚ ʧʨʠ ʪʨʘʚʣʝʥʠʠ ʥʝʢʦʪʦʨʳʤʠ 

ʞʠʜʢʦʩʪʥʳʤʠ ʪʨʘʚʠʪʝʣʷʤʠ.  

ʅʘʧʨʠʤʝʨ, ʩʢʦʨʦʩʪʴ ʪʨʘʚʣʝʥʠʷ ʚ ʱʝʣʦʯʠ ʂʆʅ ʧʣʦʩʢʦʩʪʝʡ (100), (010), (001) ʚ 400 ʨʘʟ 

ʧʨʝʚʳʰʘʝʪ ʩʢʦʨʦʩʪʴ ʪʨʘʚʣʝʥʠʷ ʧʣʦʩʢʦʩʪʝʡ (111). 

 

ɺ ʩʚʷʟʠ ʩ ʵʪʠʤ ʧʨʠ ʪʨʘʚʣʝʥʠʠ ʤʦʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʢʨʝʤʥʠʷ ʫʜʘʣʷʶʪʩʷ ʧʨʝʞʜʝ ʚʩʝʛʦ 

ʧʣʦʩʢʦʩʪʠ, ʦʙʣʘʜʘʶʱʠʝ ʚʳʩʦʢʦʡ ʩʢʦʨʦʩʪʴʶ ʪʨʘʚʣʝʥʠʷ, ʘ ʦʩʪʘʶʪʩʷ ʪʝ, ʢʦʪʦʨʳʝ 

ʧʨʘʢʪʠʯʝʩʢʠ ʥʝ ʪʨʘʚʷʪʩʷ ʚ ʂʆʅ, ʪ.ʝ. (111). ʕʪʦ ʧʦʟʚʦʣʷʝʪ ʧʨʠ ʬʦʨʤʠʨʦʚʘʥʠʠ 

ʤʠʢʨʦʩʪʨʫʢʪʫʨ ʠʟ ʢʨʝʤʥʠʷ ʦʙʝʩʧʝʯʠʚʘʪʴ ʦʯʝʥʴ ʪʦʯʥʳʝ ʨʘʟʤʝʨʳ ʵʣʝʤʝʥʪʦʚ. ʆʜʥʘʢʦ ʧʨʠ 

ʵʪʦʤ ʥʝʦʙʭʦʜʠʤʦ ʫʯʠʪʳʚʘʪʴ, ʯʪʦ ʛʨʘʥʠ ʬʦʨʤʠʨʫʶʱʠʭʩʷ ʧʨʦʬʠʣʝʡ ʙʫʜʫʪ ʨʘʩʧʦʣʦʞʝʥʳ 

ʧʦʜ ʥʝʢʦʪʦʨʳʤ ʫʛʣʦʤ a ʢ ʠʩʭʦʜʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ.  

1. ʈʘʩʩʯʠʪʘʡʪʝ ʵʪʦʪ ʫʛʦʣ. (2 ʙʘʣʣʘ)  

2. ʂʘʢ ʩ ʧʦʤʦʱʴʶ ʘʥʠʟʦʪʨʦʧʥʦʛʦ ʪʨʘʚʣʝʥʠʷ ʩʜʝʣʘʪʴ ʦʩʪʨʳʡ ʢʘʥʪʠʣʝʚʝʨ ʜʣʷ ɸʉʄ, 

ʦʙʲʷʩʥʠʪʝ ʩʫʪʴ ʪʝʭʥʦʣʦʛʠʠ ʠ ʦʧʠʰʠʪʝ ʦʩʥʦʚʥʳʝ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʝ ʩʪʘʜʠʠ? (4 ʙʘʣʣʘ) 
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ɾʝʨʪʚʝʥʥʳʡ ʦʢʠʩʝʣ (2009, ʥʘʥʦʠʥʞʝʥʝʨʠʷ) 

ɺ ʧʨʦʮʝʩʩʝ ʠʟʛʦʪʦʚʣʝʥʠʷ ʄʕʄʉ ʰʠʨʦʢʦ ʧʨʠʤʝʥʷʝʪʩʷ ʪʝʭʥʦʣʦʛʠʷ ʧʦʚʝʨʭʥʦʩʪʥʦʡ 

ʤʠʢʨʦʦʙʨʘʙʦʪʢʠ. ʇʨʠ ʵʪʦʤ ʨʘʩʧʨʦʩʪʨʘʥʝʥ ʧʨʦʮʝʩʩ ʫʜʘʣʝʥʠʷ ʞʝʨʪʚʝʥʥʦʛʦ ʦʢʠʩʣʘ ʩ ʮʝʣʴʶ 

ʦʩʚʦʙʦʞʜʝʥʠʷ ʤʠʢʨʦʩʪʨʫʢʪʫʨ (ʢʘʥʪʠʣʝʚʝʨʦʚ, ʤʠʢʨʦʤʦʩʪʠʢʦʚ ʠ ʜʨ.). ʂ ʩʦʞʘʣʝʥʠʶ, ʯʘʩʪʦ 

ʧʨʦʠʩʭʦʜʠʪ ʪʘʢ, ʯʪʦ ʩʪʨʫʢʪʫʨʘ ʦʩʪʘʝʪʩʷ ʥʝ ʩʚʦʙʦʜʥʦ ʩʪʦʷʱʝʡ, ʘ ʧʨʠʣʠʧʘʝʪ ʢ ʧʦʚʝʨʭʥʦʩʪʠ 

ʧʦʜʣʦʞʢʠ (ʩʤ. ʨʠʩ.), ʪʘʢʠʤ ʦʙʨʘʟʦʤ ʧʨʠʚʦʜʷ ʢ ʧʦʣʥʦʤʫ ʥʘʨʫʰʝʥʠʶ ʬʫʥʢʮʠʦʥʘʣʴʥʦʩʪʠ. 

 

ʉ ʯʝʤ ʩʚʷʟʘʥʦ ʪʘʢʦʝ ʧʦʚʝʜʝʥʠʝ ʩʚʦʙʦʜʥʳʭ ʤʠʢʨʦʩʪʨʫʢʪʫʨ ʠ ʢʘʢ ʩ ʥʠʤ ʙʦʨʦʪʴʩʷ? (5 ʙʘʣʣʦʚ) 
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ɼʝʰʠʬʨʦʚʢʘ ʠʟʦʙʨʘʞʝʥʠʡ (2009, ʥʘʥʦʠʥʞʝʥʝʨʠʷ) 

ʀʟʦʙʨʘʞʝʥʠʷ, ʧʦʣʫʯʘʝʤʳʝ ʩ ʧʦʤʦʱʴʶ ʩʢʘʥʠʨʫʶʱʠʭ ʟʦʥʜʦʚʳʭ ʤʠʢʨʦʩʢʦʧʦʚ, ʤʦʛʫʪ 

ʩʦʜʝʨʞʘʪʴ ʦʰʠʙʦʯʥʫʶ ʠʥʬʦʨʤʘʮʠʶ, ʩʪʘʥʜʘʨʪʥʳʝ (ʦʧʠʩʘʥʥʳʝ) ʠ ʝʱʝ ʥʝʠʟʚʝʩʪʥʳʝ 

ʘʨʪʝʬʘʢʪʳ, ʧʦʵʪʦʤʫ ʜʦʙʠʪʴʩʷ ʠʩʪʠʥʳ ʯʘʩʪʦ ʙʳʚʘʝʪ ʦʯʝʥʴ ʥʝʧʨʦʩʪʦ (ʢʘʢ, ʥʘʧʨʠʤʝʨ, ʥʘ 

ʘʣʣʝʛʦʨʠʯʝʩʢʦʡ ʢʘʨʪʠʥʢʝ ʚʥʠʟʫ, ʧʨʝʜʦʩʪʘʚʣʝʥʥʦʡ ʢʦʤʧʘʥʠʝʡ çʄʠʢʨʦʤʘʰè - 

ʧʨʦʠʟʚʦʜʠʪʝʣʝʤ ʢʘʥʪʠʣʝʚʝʨʦʚ): 

 

1. ɺ ʯʸʤ ʩʦʩʪʦʠʪ ʩʫʪʴ ʤʝʪʦʜʘ ʯʠʩʣʝʥʥʦʡ ʜʝʢʦʥʚʦʣʶʮʠʠ, ʧʨʠʤʝʥʷʝʤʦʛʦ ʧʨʠ 

ʚʦʩʩʪʘʥʦʚʣʝʥʠʠ ʉɿʄ ʠʟʦʙʨʘʞʝʥʠʡ? (3 ʙʘʣʣʘ)  

2. ʇʨʠ ʢʘʢʠʭ ʫʩʣʦʚʠʷʭ ʧʨʠ ʜʘʥʥʦʤ ʤʝʪʦʜʝ ʚʦʟʤʦʞʥʦ ʧʦʣʥʦʝ ʚʦʩʩʪʘʥʦʚʣʝʥʠʝ 

ʧʦʚʝʨʭʥʦʩʪʠ? (3 ʙʘʣʣʘ) ɸʨʛʫʤʝʥʪʠʨʫʡʪʝ ʦʪʚʝʪ ʠ ʧʦʜʪʚʝʨʜʠʪʝ ʝʛʦ, ʧʦ ʚʦʟʤʦʞʥʦʩʪʠ, 

ʨʘʩʯʝʪʘʤʠ. 
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ʂʘʥʪʠʣʝʚʝʨ (2009, ʥʘʥʦʠʥʞʝʥʝʨʠʷ) 

ʇʦʜ ʜʝʡʩʪʚʠʝʤ ʧʦʧʝʨʝʯʥʦʡ ʩʠʣʳ ʥʝʢʦʪʦʨʦʡ ʚʝʣʠʯʠʥʳ ʩʚʦʙʦʜʥʳʡ ʢʦʥʝʮ ʢʘʥʪʠʣʝʚʝʨʘ 

ʦʪʢʣʦʥʠʣʩʷ ʧʦ ʦʩʠ ʍ ʥʘ ʥʝʢʦʪʦʨʫʶ ʚʝʣʠʯʠʥʫ.  

ɿʥʘʷ ʜʣʠʥʫ ʢʘʥʪʠʣʝʚʝʨʘ, ʪʦʣʱʠʥʫ ʢʘʥʪʠʣʝʚʝʨʘ, ʰʠʨʠʥʫ ʢʘʥʪʠʣʝʚʝʨʘ, ʜʣʠʥʫ ʠʛʣʳ 

ʢʘʥʪʠʣʝʚʝʨʘ, ʤʦʜʫʣʴ ʫʧʨʫʛʦʩʪʠ ʤʘʪʝʨʠʘʣʘ, ʠʟ ʢʦʪʦʨʦʛʦ ʩʜʝʣʘʥ ʢʘʥʪʠʣʝʚʝʨ, ʦʧʨʝʜʝʣʠʪʴ 

ʚʝʣʠʯʠʥʫ ʦʪʢʣʦʥʝʥʠʷ ʧʦ ʦʩʠ ʍ. (6 ʙʘʣʣʦʚ) ʆʮʝʥʦʯʥʳʝ ʯʠʩʣʝʥʥʳʝ ʜʘʥʥʳʝ ʜʘʡʪʝ ʩʘʤʠ. 

 

ʈʘʩʯʝʪʥʘʷ ʩʭʝʤʘ 
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ɻʣʦʙʘʣʴʥʘʷ ʤʠʥʠʘʪʶʨʠʟʘʮʠʷ (2009, ʥʘʥʦʠʥʞʝʥʝʨʠʷ) 

ʉʝʡʯʘʩ ʦʯʝʥʴ ʤʥʦʛʦ ʛʦʚʦʨʷʪ ʦ ʥʘʥʦʵʣʝʪʨʦʥʠʢʝ, ʧʨʝʜʩʢʘʟʳʚʘʶʪ ʝʡ ʙʫʨʥʦʝ ʨʘʟʚʠʪʠʝ, ʩʪʨʦʷʪ 

ʨʘʜʫʞʥʳʝ ʧʨʦʛʥʦʟʳ, ʜʘʞʝ ʜʝʤʦʥʩʪʨʠʨʫʶʪ ʧʨʦʪʦʪʠʧʳ. ʊʝʤ ʥʝ ʤʝʥʝʝ, ʩʝʨʴʝʟʥʫʶ ʧʨʦʙʣʝʤʫ 

ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʦʪʩʫʪʩʪʚʠʝ ʷʩʥʦʛʦ ʧʦʥʠʤʘʥʠʷ, ʢʘʢʠʝ ʠʤʝʥʥʦ ʵʣʝʤʝʥʪʳ ʙʫʜʫʪ 

ʠʩʧʦʣʴʟʦʚʘʥʳ ʧʨʠ ʩʦʟʜʘʥʠʠ ʨʝʘʣʴʥʦ ʜʝʡʩʪʚʫʶʱʠʭ ʩʭʝʤ ʚ ʥʘʥʦʵʣʝʢʪʨʦʥʠʢʝ ʠ ʢʘʢ 

ʨʝʘʣʠʟʦʚʘʪʴ ʠʭ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʚ ʵʣʝʢʪʨʦʥʥʦʡ ʩʭʝʤʝ.  

1. ʇʦ ʘʥʘʣʦʛʠʠ ʩ ʢʨʝʤʥʠʝʚʦʡ ʵʣʝʢʪʨʦʥʠʢʦʡ ʨʘʟʨʘʙʦʪʘʡʪʝ ʛʠʧʦʪʝʪʠʯʝʩʢʠ ʵʣʝʤʝʥʪʥʫʶ 

ʙʘʟʫ ʥʘʥʦʵʣʝʢʪʨʦʥʠʢʠ, ʫʢʘʞʠʪʝ ʦʩʥʦʚʥʳʝ ʧʨʠʥʮʠʧʳ ʬʫʥʢʮʠʦʥʠʨʦʚʘʥʠʷ ʠ 

ʜʦʩʪʠʛʘʝʤʳʝ ʧʘʨʘʤʝʪʨʳ ʚʳʙʨʘʥʥʳʭ ɺʘʤʠ ʵʣʝʤʝʥʪʦʚ. (10 ʙʘʣʣʦʚ)  

2. ʂʘʢʠʝ ʥʦʚʳʝ ʧʨʠʥʮʠʧʳ ʤʦʛʫʪ ʙʳʪʴ ʟʘʣʦʞʝʥʳ ʚ ʬʦʨʤʠʨʦʚʘʥʠʝ ʪʘʢʦʡ ʙʘʟʳ? 

(5 ʙʘʣʣʦʚ)  

3. ʂʘʢ ʦʪʜʝʣʴʥʳʝ ʵʣʝʤʝʥʪʳ ʩʦʟʜʘʥʥʦʡ ɺʘʤʠ ʙʘʟʳ ʤʦʛʫʪ ʙʳʪʴ ʩʚʷʟʘʥʳ ʩ ʨʘʟʚʠʪʠʝʤ 

ʩʧʠʥʪʨʦʥʠʢʠ ʠ ʬʦʪʦʥʠʢʠ? (3 ʙʘʣʣʘ) 

 

ʅʘʥʦʪʨʘʥʟʠʩʪʦʨ 
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ʄʝʭʘʥʦʦʙʨʘʙʦʪʢʘ (2009, ʥʘʥʦʠʥʞʝʥʝʨʠʷ) 

ʆʜʥʠʤ ʠʟ ʧʝʨʚʳʭ ʧʨʦʝʢʪʦʚ, ʧʨʠʥʷʪʳʭ ʢ ʬʠʥʘʥʩʠʨʦʚʘʥʠʶ ʈʆʉʅɸʅʆ, ʙʳʣ ʧʨʦʝʢʪ, 

ʥʘʧʨʘʚʣʝʥʥʳʡ ʥʘ ʧʨʝʮʠʟʠʦʥʥʫʶ ʤʝʭʘʥʠʯʝʩʢʫʶ ʦʙʨʘʙʦʪʢʫ ʧʦʚʝʨʭʥʦʩʪʝʡ ʜʣʷ ʩʦʟʜʘʥʠʷ 

ʘʩʬʝʨʠʯʝʩʢʦʡ ʦʧʪʠʢʠ.  

1. ʏʪʦ ʪʘʢʦʝ ʠʥʪʝʨʧʦʣʷʮʠʷ ʚ ʤʝʭʘʥʦʦʙʨʘʙʪʢʝ ʠ ʢʘʢʠʝ ʝʝ ʚʠʜʳ ʧʨʠʤʝʥʷʶʪʩʷ ʚ ʩʪʘʥʢʘʭ 

ʩ ʯʠʩʣʦʚʳʤ ʧʨʦʛʨʘʤʤʥʳʤ ʫʧʨʘʚʣʝʥʠʝʤ? (3 ʙʘʣʣʘ)  

2. ʅʝ ʤʦʛʣʠ ʙʳ ɺʳ ʥʘʟʚʘʪʴ ʥʦʚʳʝ ʚʠʜʳ ʠʥʪʝʨʧʦʣʷʮʠʠ, ʢʦʪʦʨʳʝ ʚ ʝʱʝ ʙʦʣʴʰʝʡ 

ʩʪʝʧʝʥʠ ʤʦʛʣʠ ʙʳ ʫʣʫʯʰʠʪʴ ʢʘʯʝʩʪʚʦ ʤʝʭʘʥʦʦʙʨʘʙʦʪʢʠ? (2 ʙʘʣʣʘ)  

3. ʂʘʢ ʩ ʧʦʤʦʱʴʶ ʠʥʪʝʨʧʦʣʷʮʠʠ ʤʦʞʥʦ ʙʳʣʦ ʙʳ ʜʦʙʠʪʴʩʷ ʫʩʧʝʭʘ ʧʨʠ ʧʦʣʫʯʝʥʠʠ 

ʵʣʝʤʝʥʪʦʚ ʘʩʬʝʨʠʯʝʩʢʦʡ ʦʧʪʠʢʠ? (2 ʙʘʣʣʘ) 

 

ʉʪʘʥʦʢ... ʅʝ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʘʩʬʝʨʠʯʝʩʢʦʡ ʦʧʪʠʢʠ! 
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ʄʝʪʨʦʣʦʛʠʷ (2009, ʥʘʥʦʠʥʞʝʥʝʨʠʷ) 

ʄʝʪʨʦʣʦʛʠʷ ʷʚʣʷʝʪʩʷ ʦʜʥʦʡ ʠʟ ʙʦʣʝʚʳʭ ʪʦʯʝʢ ʨʘʟʚʠʪʠʷ ʥʘʥʦʪʝʭʥʦʣʦʛʠʡ. ʕʪʦ ʩʚʷʟʘʥʦ ʩ 

ʪʝʤ, ʯʪʦ ʜʦʩʪʦʚʝʨʥʦʩʪʴ ʧʦʣʫʯʘʝʤʦʡ ʥʘʫʯʥʦʡ ʠ ʠʟʤʝʨʠʪʝʣʴʥʦʡ ʠʥʬʦʨʤʘʮʠʠ, ʦʩʦʙʝʥʥʦ ʚ 

ʩʣʫʯʘʝ ʥʘʥʦʤʘʪʝʨʠʘʣʦʚ ʠ ʜʨʫʛʠʭ ʧʨʦʜʫʢʪʦʚ ʥʘʥʦʪʝʭʥʦʣʦʛʠʡ, ʯʘʩʪʦ ʥʘʧʨʷʤʫʶ ʦʧʨʝʜʝʣʷʝʪ 

ʧʨʘʢʪʠʯʝʩʢʫʶ ʟʥʘʯʠʤʦʩʪʴ ʨʘʟʨʘʙʦʪʦʢ.  

1. ʆʜʥʦʡ ʠʟ ʤʝʨ ʜʣʷ ʧʦʚʝʨʢʠ ʠ ʢʘʣʠʙʨʦʚʢʠ ʠʟʤʝʨʠʪʝʣʴʥʳʭ ʧʨʠʙʦʨʦʚ, ʧʦʟʚʦʣʷʶʱʠʭ 

ʧʨʦʚʦʜʠʪʴ ʠʟʤʝʨʝʥʠʷ ʚ ʥʘʥʦʤʝʪʨʦʚʦʤ ʜʠʘʧʘʟʦʥʝ, ʷʚʣʷʝʪʩʷ ʫʥʠʚʝʨʩʘʣʴʥʘʷ ʤʝʨʘ. ɼʣʷ 

ʯʝʛʦ ʦʥʘ ʧʨʝʜʥʘʟʥʘʯʝʥʘ? (3 ʙʘʣʣʘ) 

2. ʏʪʦ ʦʥʘ ʠʟ ʩʝʙʷ ʧʨʝʜʩʪʘʚʣʷʝʪ ʠ ʢʘʢʠʤʠ ʩʚʦʡʩʪʚʘʤʠ ʜʦʣʞʥʘ ʦʙʣʘʜʘʪʴ ʪʘʢʘʷ 

ʫʥʠʚʝʨʩʘʣʴʥʘʷ ʤʝʨʘ? (3 ʙʘʣʣʘ) 

3. ʄʦʞʝʪʝ ʣʠ ɺʳ ʥʘʟʚʘʪʴ ʭʦʪʷ ʙʳ ʥʝʩʢʦʣʴʢʦ ʫʩʧʝʰʥʳʭ ʧʦʧʳʪʦʢ ʩʦʟʜʘʥʠʷ ʵʪʘʣʦʥʦʚ 

ʩʧʝʮʠʘʣʴʥʦ ʜʣʷ ʨʘʙʦʪ ʚ ʦʙʣʘʩʪʠ ʥʘʥʦʪʝʭʥʦʣʦʛʠʡ? (3 ʙʘʣʣʘ) 

 

ʊʦʞʝ ʤʝʪʨʦʣʦʛʠʷ... 
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ʆ ʣʘʟʝʨʥʦʤ ʜʠʩʢʝ (2009, ʥʘʥʦʤʘʪʝʨʠʘʣʳ) 

ʎʠʬʨʦʚʘʷ ʠʥʬʦʨʤʘʮʠʷ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʴ ʝʜʠʥʠʮ ʠ ʥʫʣʝʡ. ʅʘ 

ʨʘʟʥʳʭ ʥʦʩʠʪʝʣʷʭ ʠʩʧʦʣʴʟʫʶʪʩʷ ʨʘʟʥʳʝ ʬʠʟʠʯʝʩʢʠʝ ʧʨʠʥʮʠʧʳ ʜʣʷ ʝʝ ʟʘʧʠʩʠ. ʅʘ CD-ROM 

ʠʥʬʦʨʤʘʮʠʷ ʥʘʥʦʩʠʪʩʷ ʚ ʚʠʜʝ ʚʳʩʪʫʧʦʚ ʠ ʫʛʣʫʙʣʝʥʠʡ ï ʧʠʪʦʚ. ʈʝʣʴʝʬ ʦʪʧʝʯʘʪʳʚʘʝʪʩʷ ʥʘ 

ʨʘʟʦʛʨʝʪʦʤ ʧʦʣʠʢʘʨʙʦʥʘʪʝ ʧʨʠ ʧʦʤʦʱʠ ʩʧʝʮʠʘʣʴʥʳʭ ʰʪʘʤʧʦʚ, ʘ ʟʘʪʝʤ ʧʦʢʨʳʚʘʝʪʩʷ 

ʦʪʨʘʞʘʶʱʠʤ ʤʝʪʘʣʣʦʤ (ʘʣʶʤʠʥʠʡ, ʩʝʨʝʙʨʦ, ʟʦʣʦʪʦ ʠ ʜʨ.) ʠ ʟʘʱʠʪʥʳʤ ʣʘʢʦʤ, ʧʦʚʝʨʭ 

ʢʦʪʦʨʦʛʦ ʢʣʝʠʪʩʷ ʥʘʢʣʝʡʢʘ. ɺʩʷ ʠʥʬʦʨʤʘʮʠʷ ʟʘʧʠʩʳʚʘʝʪʩʷ ʚ ʦʜʥʫ ʩʧʠʨʘʣʴʥʫʶ ʜʦʨʦʞʢʫ 

ʙʝʟ ʧʨʦʤʝʞʫʪʢʦʚ ʤʝʞʜʫ ʩʦʩʝʜʥʠʤʠ ʩʠʤʚʦʣʘʤʠ.  

ʅʘ ʨʠʩ. 1 ʧʨʠʚʝʜʝʥʦ ʠʟʦʙʨʘʞʝʥʠʝ ʧʦʚʝʨʭʥʦʩʪʠ CD-ʜʠʩʢʘ, ʧʦʣʫʯʝʥʥʦʝ ʧʨʠ ʧʦʤʦʱʠ 

ʘʪʦʤʥʦ-ʩʠʣʦʚʦʛʦ ʤʠʢʨʦʩʢʦʧʘ. ʈʘʟʤʝʨ ʢʘʜʨʘ: 1200 Ĭ 1200 ʥʤ
2
. ʀʩʧʦʣʴʟʫʷ ʪʘʢʞʝ ʜʘʥʥʳʝ ʠʟ 

ʩʪʘʥʜʘʨʪʘ ʜʣʷ CD-ʜʠʩʢʦʚ (ʨʠʩ. 2), ʦʪʚʝʪʴʪʝ ʥʘ ʩʣʝʜʫʶʱʠʝ ʚʦʧʨʦʩʳ: 

1. ʆʮʝʥʠʪʝ, ʢʘʢʦʝ ʢʦʣʠʯʝʩʪʚʦ ʜʘʥʥʳʭ ʤʦʞʥʦ ʟʘʧʠʩʘʪʴ ʥʘ ʜʠʩʢ. (2 ʙʘʣʣʘ) 

2. ʉʨʘʚʥʠʪʝ ʧʦʣʫʯʠʚʰʠʡʩʷ ʫ ɺʘʩ ʨʝʟʫʣʴʪʘʪ ʩ ʨʝʘʣʴʥʳʤ ʦʙʲʝʤʦʤ CD. ʆʙʲʷʩʥʠʪʝ 

ʧʦʣʫʯʠʚʰʠʡʩʷ ʨʝʟʫʣʴʪʘʪ. (2 ʙʘʣʣʘ) 

3. ʆʮʝʥʠʪʝ, ʢʘʢʠʝ ʨʘʟʤʝʨʳ ʜʦʣʞʝʥ ʠʤʝʪʴ ʧʠʪ ʥʘ DVD-ʜʠʩʢʝ. (1 ʙʘʣʣ) 

 

ʈʠʩ. 1. ɸʉʄ-ʠʟʦʙʨʘʞʝʥʠʝ ʧʦʚʝʨʭʥʦʩʪʠ CD-ʜʠʩʢʘ 
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ʈʠʩ. 2. CD-Rom 

ʅʠʞʝ ʧʨʠʚʝʜʝʥʳ ʩʪʘʥʜʘʨʪʥʳʝ ʨʘʟʤʝʨʳ ʜʠʩʢʦʚ. 

¶ ɺʥʝʰʥʠʡ ʜʠʘʤʝʪʨ ʜʠʩʢʘ ï 120+0.3 ʤʤ, 

¶ ɼʠʘʤʝʪʨ ʚʥʫʪʨʝʥʥʝʛʦ ʦʪʚʝʨʩʪʠʷ ï 15+0.1 ʤʤ. 

¶ ɿʦʥʘ, ʛʜʝ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʟʘʧʠʩʘʥʘ ʠʥʬʦʨʤʘʮʠʷ, ʥʘʟʳʚʘʝʪʩʷ ʧʨʦʛʨʘʤʤʥʦʡ ʟʦʥʦʡ. 

¶ ɺʥʫʪʨʝʥʥʠʡ ʜʠʘʤʝʪʨ ʧʨʦʛʨʘʤʤʥʦʡ ʟʦʥʳ ʠʤʝʝʪ ʜʠʘʤʝʪʨ 50 ʤʤ. 

¶ ɺʥʝʰʥʠʡ ʜʠʘʤʝʪʨ ʧʨʦʛʨʘʤʤʥʦʡ ʟʦʥʳ ʠʤʝʝʪ ʜʠʘʤʝʪʨ 116 ʤʤ. 

¶ ʇʝʨʝʜ ʧʨʦʛʨʘʤʤʥʦʡ ʟʦʥʦʡ ʥʘʭʦʜʠʪʩʷ ʚʚʦʜʥʘʷ ʟʦʥʘ, ʤʠʥʠʤʘʣʴʥʳʡ ʜʠʘʤʝʪʨ ʢʦʪʦʨʦʡ 

ʨʘʚʝʥ 46 ʤʤ. ɺ ʵʪʦʡ ʟʦʥʝ ʟʘʧʠʩʳʚʘʝʪʩʷ ʠʥʬʦʨʤʘʮʠʷ ʦ ʩʦʜʝʨʞʠʤʦʤ ʜʠʩʢʘ. 

¶ ɿʘ ʧʨʦʛʨʘʤʤʥʦʡ ʟʦʥʦʡ ʥʘʭʦʜʠʪʩʷ ʚʳʚʦʜʥʘʷ ʟʦʥʘ, ʰʠʨʠʥʘ ʢʦʪʦʨʦʡ ʨʘʚʥʘ 1 ʤʤ. 

¶ ʇʨʠʞʠʤʥʘʷ ʟʦʥʘ ʠʩʧʦʣʴʟʫʝʪʩʷ ʜʣʷ ʬʠʢʩʠʨʦʚʘʥʠʷ ʢʦʤʧʘʢʪ-ʜʠʩʢʘ ʚ ʧʨʠʚʦʜʝ. ɽʝ 

ʚʥʫʪʨʝʥʥʠʡ ʜʠʘʤʝʪʨ ʨʘʚʝʥ 26 ʤʤ, ʘ ʚʥʝʰʥʠʡ ï 33 ʤʤ. 
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ʃʘʟʝʨʳ ʥʘ ʢʚʘʥʪʦʚʳʭ ʷʤʘʭ ʠ ʪʦʯʢʘʭ (2009, ʥʘʥʦʬʠʟʠʢʘ) 

ʂʚʘʥʪʦʚʳʝ ʪʦʯʢʠ ʠ ʷʤʳ ʵʬʬʝʢʪʠʚʥʦ ʠʩʧʦʣʴʟʫʶʪʩʷ ʜʣʷ ʩʦʟʜʘʥʠʷ ʣʘʟʝʨʦʚ ʥʝʙʦʣʴʰʦʡ 

ʤʦʱʥʦʩʪʠ ʩ ʚʳʩʦʢʠʤ ʂʇɼ. ʊʘʢʠʝ ʣʘʟʝʨʳ ʠʩʧʦʣʴʟʫʶʪʩʷ ʚ ʚʦʣʦʢʦʥʥʦ-ʦʧʪʠʯʝʩʢʠʭ ʣʠʥʠʷʭ 

ʩʚʷʟʠ. ʆʜʥʠʤ ʠʟ ʢʣʘʩʩʠʯʝʩʢʠʭ ʧʨʠʤʝʨʦʚ ʷʚʣʷʝʪʩʷ ʣʘʟʝʨ, ʦʩʥʦʚʘʥʥʳʡ ʥʘ ʰʠʨʦʢʦ 

ʠʩʧʦʣʴʟʫʝʤʦʤ ʚ ʤʠʢʨʦʵʣʝʢʪʨʦʥʠʢʝ ʛʝʪʝʨʦʧʝʨʝʭʦʜʝ ʤʝʞʜʫ ʩʣʦʷʤʠ ʘʨʩʝʥʠʜʘ ʛʘʣʣʠʷ GaAs ʠ 

ʘʨʩʝʥʠʜʘ ʘʣʶʤʠʥʠʷ-ʛʘʣʣʠʷ AlxGa1ïxAs. ʅʘ ʣʝʚʦʤ ʨʠʩʫʥʢʝ ʧʦʢʘʟʘʥʘ ʩʭʝʤʘ ʵʥʝʨʛʝʪʠʯʝʩʢʠʭ 

ʟʦʥ ʪʘʢʦʛʦ ʧʝʨʝʭʦʜʘ, ʥʘ ʧʨʘʚʦʤ ʨʠʩʫʥʢʝ ï ʢʚʘʥʪʦʚʘʷ ʷʤʘ, ʦʙʨʘʟʦʚʘʥʥʘʷ ʜʚʫʤʷ ʪʘʢʠʤʠ 

ʧʝʨʝʭʦʜʘʤʠ (ʪʦʥʢʠʡ ʩʣʦʡ GaAs ʥʘʭʦʜʠʪʩʷ ʤʝʞʜʫ ʩʣʦʷʤʠ AlxGa1ïxAs). 

 

ʅʘ ʩʣʝʜʫʶʱʝʤ ʨʠʩʫʥʢʝ ʧʦʢʘʟʘʥʘ ʵʥʝʨʛʝʪʠʯʝʩʢʘʷ ʩʭʝʤʘ ʣʘʟʝʨʘ ʥʘ ʢʚʘʥʪʦʚʦʡ ʷʤʝ. ʐʠʨʠʥʘ 

ʟʘʧʨʝʱʝʥʥʦʡ ʟʦʥʳ ʚ ʘʨʩʝʥʠʜʝ ʛʘʣʣʠʷ ʩʦʩʪʘʚʣʷʝʪ 1,5 ʵɺ, ʘ ʚ ʪʚʝʨʜʦʤ ʨʘʩʪʚʦʨʝ AlxGa1-xAs 

ʦʥʘ ʨʘʩʪʝʪ ʩ ʨʦʩʪʦʤ x. ʇʨʠ x = 1, ʪʦ ʝʩʪʴ ʚ ʩʦʝʜʠʥʝʥʠʠ AlAs, ʰʠʨʠʥʘ ʟʘʧʨʝʱʝʥʥʦʡ ʟʦʥʳ 

ʨʘʚʥʘ 2,2 ʵɺ. ʕʬʬʝʢʪʠʚʥʘʷ ʤʘʩʩʘ ʵʣʝʢʪʨʦʥʘ ʚ ʘʨʩʝʥʠʜʝ ʛʘʣʣʠʷ ʨʘʚʥʘ m1 = 0,067me, ʛʜʝ me ï 

ʤʘʩʩʘ ʧʦʢʦʷ ʵʣʝʢʪʨʦʥʘ. ʀʤʝʥʥʦ ʙʣʘʛʦʜʘʨʷ ʤʘʣʦʩʪʠ ʵʬʬʝʢʪʠʚʥʦʡ ʤʘʩʩʳ ʘʨʩʝʥʠʜ ʛʘʣʣʠʷ 

ʧʦʣʫʯʠʣ ʰʠʨʦʢʦʝ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʝ. ʕʬʬʝʢʪʠʚʥʘʷ ʤʘʩʩʘ ʜʳʨʢʠ ʚ GaAs ʨʘʚʥʘ m2 = 0,45me. 

 

1. ʂʘʢʫʶ ʜʣʠʥʫ ʚʦʣʥʳ ʛʝʥʝʨʠʨʫʝʪ ʨʘʩʩʤʘʪʨʠʚʘʝʤʳʡ ʣʘʟʝʨ, ʝʩʣʠ ʪʦʣʱʠʥʘ ʩʣʦʷ 

ʘʨʩʝʥʠʜʘ ʛʘʣʣʠʷ ʨʘʚʥʘ d = 10 ʥʤ? (3 ʙʘʣʣʘ) 

ɺ ʮʝʣʷʭ ʵʢʦʥʦʤʠʠ ʵʥʝʨʛʠʠ ʠ ʤʠʥʠʤʠʟʘʮʠʠ ʢʦʥʩʪʨʫʢʮʠʡ ʤʦʱʥʦʩʪʴ ʣʘʟʝʨʦʚ ʚ ʦʧʪʠʯʝʩʢʠʭ 

ʣʠʥʠʷʭ ʩʚʷʟʠ ʩʪʨʝʤʷʪʩʷ ʫʤʝʥʴʰʠʪʴ. ʆʜʥʘʢʦ ʩʢʦʣʴ ʫʛʦʜʥʦ ʤʘʣʦʡ ʝʸ ʩʜʝʣʘʪʴ ʥʝʣʴʟʷ. 

2. ʆʮʝʥʠʪʝ ʤʠʥʠʤʘʣʴʥʫʶ (ʧʦʨʦʛʦʚʫʶ) ʠ ʤʘʢʩʠʤʘʣʴʥʫʶ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʩʚʝʪʘ, 

ʢʦʪʦʨʫʶ ʤʦʞʥʦ ʧʦʣʫʯʠʪʴ ʥʘ ʚʳʭʦʜʝ ʠʟ ʜʘʥʥʦʛʦ ʣʘʟʝʨʘ, ʩʯʠʪʘʷ, ʯʪʦ ʦʜʥʦ ʠʟ ʟʝʨʢʘʣ 

ʨʝʟʦʥʘʪʦʨʘ ʛʣʫʭʦʝ (ʦʪʨʘʞʘʝʪ ʩʚʝʪ ʧʦʣʥʦʩʪʴʶ), ʘ ʜʨʫʛʦʝ ʠʤʝʝʪ ʢʦʵʬʬʠʮʠʝʥʪ 

ʦʪʨʘʞʝʥʠʷ R = 0,9. ɼʣʠʥʘ ʨʝʟʦʥʘʪʦʨʘ L = 100 ʤʢʤ. (5 ʙʘʣʣʦʚ) 
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ɺ ʧʦʩʣʝʜʥʝʝ ʚʨʝʤʷ ʚʦ ʤʥʦʛʠʭ ʣʘʙʦʨʘʪʦʨʠʷʭ ʤʠʨʘ ʚʝʜʫʪʩʷ ʨʘʙʦʪʳ ʧʦ ʩʦʟʜʘʥʠʶ ʣʘʟʝʨʦʚ ʥʘ 

ʢʚʘʥʪʦʚʳʭ ʪʦʯʢʘʭ. ʊʘʢʠʝ ʣʘʟʝʨʳ ʟʘʤʝʯʘʪʝʣʴʥʳ ʥʝ ʪʦʣʴʢʦ ʪʝʤ, ʯʪʦ ʠʤʝʶʪ ʦʯʝʥʴ ʤʘʣʳʝ 

ʨʘʟʤʝʨʳ, ʥʦ ʠ ʪʝʤ, ʯʪʦ ʤʦʛʫʪ ʚʢʣʶʯʘʪʴʩʷ ʫʞʝ ʧʨʠ ʦʯʝʥʴ ʥʠʟʢʦʡ ʤʦʱʥʦʩʪʠ. 

ʅʘ ʩʣʝʜʫʶʱʝʤ ʨʠʩʫʥʢʝ ʠʟʦʙʨʘʞʸʥ ʤʠʢʨʦʜʠʩʢʦʚʳʡ ʣʘʟʝʨ ʠʟ ʩʣʦʷ ʘʨʩʝʥʠʜʘ ʠʥʜʠʷ ʥʘ 

ʧʦʚʝʨʭʥʦʩʪʠ ʘʨʩʝʥʠʜʘ ʛʘʣʣʠʷ. ʈʘʟʣʠʯʠʝ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ ʜʚʫʭ ʚʝʱʝʩʪʚ 

ʧʨʠʚʦʜʠʪ ʢ ʦʙʨʘʟʦʚʘʥʠʶ ʦʩʪʨʦʚʢʦʚ ʘʨʩʝʥʠʜʘ ʠʥʜʠʷ ʨʘʟʤʝʨʦʤ ʦʢʦʣʦ 25 ʥʤ, ʢʦʪʦʨʳʝ ʠ 

ʩʣʫʞʘʪ ʢʚʘʥʪʦʚʳʤʠ ʪʦʯʢʘʤʠ. ɿʘʪʝʤ, ʩ ʧʦʤʦʱʴʶ ʪʨʘʚʣʝʥʠʷ, ʧʦʣʫʯʝʥʳ ʜʠʩʢʠ ʜʠʘʤʝʪʨʦʤ 

1.8 ʤʢʤ ʥʘ ʢʦʣʦʥʥʘʭ ʠʟ ʘʨʩʝʥʠʜʘ ʛʘʣʣʠʷ, ʩʦʜʝʨʞʘʱʠʝ ʦʢʦʣʦ 130 ʢʚʘʥʪʦʚʳʭ ʪʦʯʝʢ. 

 

ʈʘʟʤʝʨʳ ʜʠʩʢʘ ʠ ʢʚʘʥʪʦʚʳʭ ʪʦʯʝʢ ʚʳʙʨʘʥʳ ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʯʪʦʙʳ ʩʦʟʜʘʪʴ ʵʬʬʝʢʪ 

çʰʝʧʯʫʱʝʡ ʛʘʣʝʨʝʠè, ʢʦʛʜʘ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʘʷ ʚʦʣʥʘ ʨʘʩʧʨʦʩʪʨʘʥʷʝʪʩʷ ʚʜʦʣʴ ʢʨʘʷ ʜʠʩʢʘ. 

ɺ ʵʪʦʡ ʦʙʣʘʩʪʠ ʩʦʜʝʨʞʠʪʩʷ ʦʢʦʣʦ 60 ʢʚʘʥʪʦʚʳʭ ʪʦʯʝʢ, ʢʦʪʦʨʳʝ ʠ ʦʙʨʘʟʫʶʪ ʣʘʟʝʨ. 

ʀʩʧʫʩʢʘʥʠʝ ʩʚʝʪʘ ʚʳʟʳʚʘʝʪʩʷ ʦʩʚʝʱʝʥʠʝʤ ʜʠʩʢʘ ʥʘ ʜʨʫʛʦʡ, ʥʝʨʝʟʦʥʘʥʩʥʦʡ ʜʣʠʥʝ ʚʦʣʥʳ. 

3. ʅʘʡʜʠʪʝ ʜʣʠʥʫ ʚʦʣʥʳ, ʛʝʥʝʨʠʨʫʝʤʦʡ ʪʘʢʠʤ ʣʘʟʝʨʦʤ, ʠ ʦʮʝʥʠʪʝ ʰʠʨʠʥʫ ʛʣʘʚʥʦʡ 

ʩʧʝʢʪʨʘʣʴʥʦʡ ʣʠʥʠʠ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ 50 ʂ ʠ 300 ʂ. ʂʘʢ ʚʣʠʷʝʪ ʜʠʩʧʝʨʩʠʷ 

ʨʘʟʤʝʨʦʚ ʢʚʘʥʪʦʚʳʭ ʪʦʯʝʢ ʠ ʬʣʫʢʪʫʘʮʠʠ ʠʭ ʨʘʟʤʝʨʦʚ ʟʘ ʩʯʸʪ ʪʝʧʣʦʚʦʛʦ ʜʚʠʞʝʥʠʷ 

ʥʘ ʩʧʝʢʪʨ ʠ ʤʦʱʥʦʩʪʴ ʵʪʦʛʦ ʣʘʟʝʨʘ? ʂʘʢ ʟʘʚʠʩʠʪ ʤʦʱʥʦʩʪʴ ʦʪ ʯʠʩʣʘ ʢʚʘʥʪʦʚʳʭ 

ʪʦʯʝʢ ʥʘ ʨʘʙʦʯʝʡ ʧʦʚʝʨʭʥʦʩʪʠ? (5 ʙʘʣʣʦʚ) 

4. ʏʪʦ ʤʦʞʝʪ ʩʣʫʞʠʪʴ ʥʘʢʘʯʢʦʡ ʚ ʜʘʥʥʦʤ ʣʘʟʝʨʝ, ʠ ʩʚʝʪ ʢʘʢʦʡ ʜʣʠʥʳ ʚʦʣʥʳ ʤʦʞʝʪ 

ʚʳʟʳʚʘʪʴ ʚʳʭʦʜ ʣʘʟʝʨʥʦʛʦ ʠʤʧʫʣʴʩʘ ʠʟ çʰʝʧʯʫʱʝʡ ʛʘʣʝʨʝʠè (ʪ.ʝ. ʩʣʫʞʠʪʴ 

çʬʦʪʦʥʥʳʤ ʪʫʨʥʠʢʝʪʦʤè)? (2 ʙʘʣʣʘ) 

5. ʇʨʝʜʣʦʞʠʪʝ ʠ ʦʙʦʩʥʫʡʪʝ ʜʨʫʛʠʝ ʧʨʠʥʮʠʧʠʘʣʴʥʳʝ ʩʭʝʤʳ ʣʘʟʝʨʦʚ ʥʘ ʢʚʘʥʪʦʚʳʭ 

ʪʦʯʢʘʭ. (4 ʙʘʣʣʘ) 
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ʌʦʪʦʥʥʳʝ ʢʨʠʩʪʘʣʣʳ (2009, ʥʘʥʦʬʠʟʠʢʘ) 

ʌʦʪʦʥʥʳʝ ʢʨʠʩʪʘʣʣʳ ʷʚʣʷʶʪʩʷ ʩʨʝʜʦʡ, ʚ ʢʦʪʦʨʦʡ ʩʦʟʜʘʥʳ ʠʩʢʫʩʩʪʚʝʥʥʳʝ ʦʧʪʠʯʝʩʢʠʝ 

ʥʝʦʜʥʦʨʦʜʥʦʩʪʠ. ʍʘʨʘʢʪʝʨʥʘʷ ʜʣʠʥʘ ʥʝʦʜʥʦʨʦʜʥʦʩʪʝʡ (çʧʝʨʠʦʜ ʦʧʪʠʯʝʩʢʦʡ 

ʩʚʝʨʭʨʝʰʸʪʢʠè) ʦʙʳʯʥʦ ʥʘ ʧʦʨʷʜʢʠ ʙʦʣʴʰʝ ʧʝʨʠʦʜʘ ʨʝʰʸʪʢʠ ʥʝʩʫʱʝʛʦ ʢʨʠʩʪʘʣʣʘ. ɽʩʣʠ 

ʧʝʨʠʦʜ ʦʧʪʠʯʝʩʢʦʡ ʩʚʝʨʭʨʝʰʝʪʢʠ ʩʨʘʚʥʠʤ ʩ ʜʣʠʥʦʡ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʡ ʚʦʣʥʳ, ʪʦ 

ʧʦʚʝʜʝʥʠʝ ʬʦʪʦʥʦʚ ʢʘʨʜʠʥʘʣʴʥʦ ʦʪʣʠʯʘʝʪʩʷ ʦʪ ʠʭ ʧʦʚʝʜʝʥʠʷ ʚ ʨʝʰʝʪʢʝ ʦʙʳʯʥʦʛʦ 

ʢʨʠʩʪʘʣʣʘ. 

ɺ ʚʘʢʫʫʤʝ ʠ ʚ ʦʙʳʯʥʳʭ ʩʨʝʜʘʭ ʬʦʪʦʥʳ ʜʚʠʞʫʪʩʷ ʩ ʙʦʣʴʰʠʤʠ ʩʢʦʨʦʩʪʷʤʠ, ʠ ʝʩʣʠ ʤʳ 

ʧʳʪʘʝʤʩʷ ʠʭ çʦʩʪʘʥʦʚʠʪʴè, ʪʦ ʦʥʠ ʧʦʛʣʦʱʘʶʪʩʷ, ʪ.ʢ. ʚʩʷ ʠʭ ʵʥʝʨʛʠʷ ʩʚʷʟʘʥʘ ʩ ʜʚʠʞʝʥʠʝʤ. 

ʅʦ ʚ ʬʦʪʦʥʥʳʭ ʢʨʠʩʪʘʣʣʘʭ ʩʠʪʫʘʮʠʷ ʠʥʘʷ. ʉʚʦʙʦʜʥʳʝ ʬʦʪʦʥʳ ʧʨʝʚʨʘʱʘʶʪʩʷ ʚ 

ʢʚʘʟʠʯʘʩʪʠʮʳ, ʦʙʨʘʟʦʚʘʥʥʳʝ ʢʦʛʝʨʝʥʪʥʳʤ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝʤ ʩʚʝʪʘ ʩ ʢʨʠʩʪʘʣʣʦʤ ï ʠʭ 

ʠʥʦʛʜʘ ʥʘʟʳʚʘʶʪ ʪʷʞʝʣʳʤʠ ʬʦʪʦʥʘʤʠ (heavy photons). ʗʚʣʝʥʠʝ ʟʘʭʚʘʪʘ, ʠʣʠ ʧʣʝʥʝʥʠʷ 

(confinement), ʠʟʣʫʯʝʥʠʷ ʜʘʚʥʦ ʟʥʘʢʦʤʦ ʦʧʪʠʢʘʤ ʧʦ ʨʷʜʫ ʵʬʬʝʢʪʦʚ, ʥʘʙʣʶʜʘʚʰʠʭʩʷ ʚ 

ʩʧʝʢʪʨʘʭ ʛʘʟʦʚʦʛʦ ʨʘʟʨʷʜʘ. ʆʜʥʘʢʦ ʟʘʭʚʘʪ ʠʟʣʫʯʝʥʠʷ ʚ ʬʦʪʦʥʥʳʭ ʢʨʠʩʪʘʣʣʘʭ ʷʚʣʷʝʪʩʷ 

ʧʨʠʥʮʠʧʠʘʣʴʥʦ ʥʦʚʳʤ ʷʚʣʝʥʠʝʤ, ʪʘʢ ʢʘʢ ʧʨʦʠʩʭʦʜʠʪ ʙʝʟ ʤʥʦʛʦʢʨʘʪʥʦʛʦ ʧʦʛʣʦʱʝʥʠʷ ʠ 

ʠʩʧʫʩʢʘʥʠʷ ʬʦʪʦʥʦʚ. ʆʥʦ ʟʜʝʩʴ ʥʝʚʦʟʤʦʞʥʦ ʚ ʩʠʣʫ ʦʧʨʝʜʝʣʝʥʥʳʭ ʩʦʦʪʥʦʰʝʥʠʡ ʤʝʞʜʫ 

ʧʘʨʘʤʝʪʨʘʤʠ ʬʦʪʦʥʥʳʭ ʠ ʵʣʝʢʪʨʦʥʥʳʭ ʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʟʦʥ. ʇʝʨʝʥʦʩ ʠʟʣʫʯʝʥʠʷ ʧʨʠ ʝʛʦ 

ʧʣʝʥʝʥʠʠ ʚ ʬʦʪʦʥʥʦʤ ʢʨʠʩʪʘʣʣʝ ʥʦʩʠʪ ʫʧʦʨʷʜʦʯʝʥʥʳʡ ʭʘʨʘʢʪʝʨ, ʩʫʱʝʩʪʚʝʥʥʦ ʦʪʣʠʯʘʷʩʴ 

ʦʪ ʠʟʚʝʩʪʥʦʛʦ ʨʘʥʝʝ ʭʘʦʪʠʯʝʩʢʦʛʦ ʜʚʠʞʝʥʠʷ ʚ ʛʘʟʦʚʦʡ ʩʨʝʜʝ. 

1. ʂʘʢʠʝ ʩʫʱʝʩʪʚʫʶʪ ʪʝʦʨʝʪʠʯʝʩʢʠʝ ʧʦʜʭʦʜʳ ʢ ʦʧʠʩʘʥʠʶ ʬʦʪʦʥʥʳʭ ʢʨʠʩʪʘʣʣʦʚ ʠ 

ʪʷʞʸʣʳʭ ʬʦʪʦʥʦʚ? (1 ʙʘʣʣ)  

2. ɺ ʯʸʤ ʧʨʠʥʮʠʧʠʘʣʴʥʳʝ ʦʪʣʠʯʠʷ ʦʜʥʦʤʝʨʥʳʭ, ʜʚʫʤʝʨʥʳʭ ʠ ʪʨʸʭʤʝʨʥʳʭ ʬʦʪʦʥʥʳʭ 

ʢʨʠʩʪʘʣʣʦʚ? (1 ʙʘʣʣ) ʏʪʦ ʪʘʢʦʝ çʬʦʪʦʥʥʘʷ ʟʘʧʨʝʱʸʥʥʘʷ ʟʦʥʘè, ʠ ʯʝʤ ʦʧʨʝʜʝʣʷʶʪʩʷ 

ʝʸ ʛʨʘʥʠʮʳ (ʧʨʠʚʝʜʠʪʝ ʦʧʨʝʜʝʣʝʥʠʝ, ʬʦʨʤʫʣʳ ʠ ʧʦʷʩʥʝʥʠʷ). (2 ʙʘʣʣʘ) 

ʇʨʦʚʦʜʷ ʘʥʘʣʦʛʠʶ ʤʝʞʜʫ ʪʷʞʸʣʳʤʠ ʬʦʪʦʥʘʤʠ ʠ ʵʣʝʢʪʨʦʥʘʤʠ, ʬʦʪʦʥʥʳʝ ʢʨʠʩʪʘʣʣʳ 

ʤʦʞʥʦ ʨʘʟʜʝʣʠʪʴ ʥʘ ʧʨʦʚʦʜʥʠʢʠ, ʧʦʣʫʧʨʦʚʦʜʥʠʢʠ, ʠʟʦʣʷʪʦʨʳ ʠ ʩʚʝʨʭʧʨʦʚʦʜʥʠʢʠ. 

ʌʦʪʦʥʥʘʷ çʩʚʝʨʭʧʨʦʚʦʜʠʤʦʩʪʴè, ʚ ʦʪʣʠʯʠʝ ʦʪ ʵʣʝʢʪʨʠʯʝʩʢʦʡ, ʥʝ ʧʨʝʜʩʪʘʚʣʷʝʪ ʙʦʣʴʰʠʭ 

ʪʨʫʜʥʦʩʪʝʡ. 

3. ʅʘʨʠʩʫʡʪʝ ʩʭʝʤʫ ʚʟʘʠʤʥʦʛʦ ʨʘʩʧʦʣʦʞʝʥʠʷ ʬʦʪʦʥʥʳʭ ʠ ʵʣʝʢʪʨʦʥʥʳʭ 

ʵʥʝʨʛʝʪʠʯʝʩʢʠʭ (ʨʘʟʨʝʰʸʥʥʳʭ) ʟʦʥ ʚ ʬʦʪʦʥʥʦʤ ʧʨʦʚʦʜʥʠʢʝ, ʧʦʣʫʧʨʦʚʦʜʥʠʢʝ, 

ʠʟʦʣʷʪʦʨʝ ʠ ʩʚʝʨʭʧʨʦʚʦʜʥʠʢʝ. (1 ʙʘʣʣ) 

ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʬʦʪʦʥʥʳʭ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚ ʫʜʦʙʥʦ ʜʣʷ ʦʨʛʘʥʠʟʘʮʠʠ ʫʧʨʘʚʣʝʥʠʷ 

ʩʚʝʪʦʚʳʤʠ ʧʦʪʦʢʘʤʠ. ʕʪʦ ʤʦʞʥʦ ʜʝʣʘʪʴ, ʥʘʧʨʠʤʝʨ, ʚʣʠʷʷ ʥʘ ʧʦʣʦʞʝʥʠʝ ʠ ʰʠʨʠʥʫ 

ʵʣʝʢʪʨʦʥʥʳʭ ʠ ʬʦʪʦʥʥʳʭ ʟʘʧʨʝʱʸʥʥʳʭ ʟʦʥ. ʇʦʵʪʦʤʫ ʬʦʪʦʥʥʳʝ ʢʨʠʩʪʘʣʣʳ ʩʫʣʷʪ ʙʦʣʴʰʠʝ 
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ʚʦʟʤʦʞʥʦʩʪʠ ʜʣʷ ʩʦʟʜʘʥʠʷ ʬʦʪʦʥʥʳʭ ʜʠʦʜʦʚ, ʪʨʘʥʟʠʩʪʦʨʦʚ, ʣʦʛʠʯʝʩʢʠʭ ʵʣʝʤʝʥʪʦʚ, 

ʣʘʟʝʨʦʚ ʥʦʚʦʛʦ ʪʠʧʘ, ʦʧʪʠʯʝʩʢʠʭ ʢʦʤʧʴʶʪʝʨʦʚ, ʭʨʘʥʝʥʠʷ ʠ ʧʝʨʝʜʘʯʠ ʠʥʬʦʨʤʘʮʠʠ. 

4. ʆʙʲʷʩʥʠʪʝ ʚʦʟʤʦʞʥʦʝ ʫʩʪʨʦʡʩʪʚʦ ʠ ʧʨʠʥʮʠʧ ʨʘʙʦʪʳ ʬʦʪʦʥʥʦʛʦ ʜʠʦʜʘ ʠ ʬʦʪʦʥʥʦʛʦ 

ʪʨʘʥʟʠʩʪʦʨʘ. ʌʦʪʦʥʥʳʡ ʜʠʦʜ ï ʵʣʝʤʝʥʪ, ʧʨʦʧʫʩʢʘʶʱʠʡ ʩʚʝʪ ʚ ʦʜʥʦʤ ʥʘʧʨʘʚʣʝʥʠʠ 

ʠ ʥʝ ʧʨʦʧʫʩʢʘʶʱʠʡ ʚ ʜʨʫʛʦʤ. ʂʘʢʠʝ ʧʨʝʠʤʫʱʝʩʪʚʘ ʠʤʝʶʪ ʵʪʠ ʫʩʪʨʦʡʩʪʚʘ ʧʝʨʝʜ 

ʵʣʝʢʪʨʦʥʥʳʤʠ ʘʥʘʣʦʛʘʤʠ? (3 ʙʘʣʣʘ) 

 

ɽʱʝ ʦʜʥʘ ʚʦʟʤʦʞʥʦʩʪʴ, ʧʨʝʜʦʩʪʘʚʣʷʝʤʘʷ ʬʦʪʦʥʥʳʤʠ ʢʨʠʩʪʘʣʣʘʤʠ, ï ʩʦʟʜʘʥʠʝ ʥʦʚʦʛʦ ʪʠʧʘ 

ʚʦʣʥʦʚʦʜʦʚ. ʈʘʜʠʫʩ ʠʟʛʠʙʘ ʦʙʳʯʥʦʛʦ ʩʪʝʢʣʦʚʦʣʦʢʥʘ ʥʝ ʤʦʞʝʪ ʙʳʪʴ ʦʯʝʥʴ ʤʘʣʝʥʴʢʠʤ, 

ʠʥʘʯʝ ʩʚʝʪ ʧʦʢʠʥʝʪ ʚʦʣʥʦʚʦʜ. ʇʦʵʪʦʤʫ ʜʣʷ ʠʟʤʝʥʝʥʠʷ ʥʘʧʨʘʚʣʝʥʠʷ ʜʚʠʞʝʥʠʷ ʚʦʣʥʳ, 

ʥʘʧʨʠʤʝʨ, ʥʘ ʫʛʦʣ 90 ʛʨʘʜʫʩʦʚ ʪʨʝʙʫʝʪʩʷ ʨʘʩʩʪʦʷʥʠʝ ʧʦʨʷʜʢʘ ʜʝʩʷʪʠ ʜʣʠʥ ʚʦʣʥ (ʨʠʩ. 

ʩʣʝʚʘ). ɸ ʚ ʚʦʣʥʦʚʦʜʝ ʠʟ ʬʦʪʦʥʥʳʭ ʢʨʠʩʪʘʣʣʦʚ ʧʦʪʨʝʙʫʝʪʩʷ ʨʘʩʩʪʦʷʥʠʝ ʧʦʨʷʜʢʘ ʦʜʥʦʡ 

ʜʣʠʥʳ ʚʦʣʥʳ ʠ ʜʘʞʝ ʤʝʥʴʰʝ (ʨʠʩ. ʩʧʨʘʚʘ). ʕʪʦ ʧʦʟʚʦʣʷʝʪ ʵʬʬʝʢʪʠʚʥʦ ʫʚʝʣʠʯʠʚʘʪʴ 

ʧʣʦʪʥʦʩʪʴ ʵʣʝʤʝʥʪʦʚ ʬʦʪʦʥʥʳʭ ʩʠʩʪʝʤ. 

 

5. ʆʙʲʷʩʥʠʪʝ, ʟʘ ʩʯʸʪ ʯʝʛʦ ʜʦʩʪʠʛʘʝʪʩʷ ʵʪʦʪ ʵʬʬʝʢʪ. ʇʝʨʝʯʠʩʣʠʪʝ ʩʧʦʩʦʙʳ ʫʧʨʘʚʣʝʥʠʷ 

ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʝʤ ʬʦʪʦʥʘ ʚ ʬʦʪʦʥʥʦʤ ʢʨʠʩʪʘʣʣʝ. (3 ʙʘʣʣʘ) 

ɺ ʨʘʙʦʪʘʭ, ʚʳʧʦʣʥʝʥʥʳʭ ʚ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʭ ʮʝʥʪʨʘʭ ɻʘʨʚʘʨʜʩʢʦʛʦ ʫʥʠʚʝʨʩʠʪʝʪʘ, 

ʩʦʦʙʱʘʣʦʩʴ ʦʙ "ʦʩʪʘʥʦʚʢʝ" ʩʚʝʪʘ. ɺʦʣʥʦʚʦʡ ʮʫʛ, ʟʘʥʠʤʘʶʱʠʡ ʚ ʚʘʢʫʫʤʝ ʥʝʩʢʦʣʴʢʦ 

ʢʠʣʦʤʝʪʨʦʚ, ʙʳʣ ʩʞʘʪ ʜʦ ʨʘʟʤʝʨʦʚ ʚ ʥʝʩʢʦʣʴʢʦ ʤʠʣʣʠʤʝʪʨʦʚ, ʯʪʦ ʩʦʦʪʚʝʪʩʪʚʫʝʪ 

ʩʥʠʞʝʥʠʶ ʛʨʫʧʧʦʚʦʡ ʩʢʦʨʦʩʪʠ ʩʚʝʪʘ ʜʦ ʩʦʪʥʠ ʤʝʪʨʦʚ ʚ ʩʝʢʫʥʜʫ. ʕʢʩʧʝʨʠʤʝʥʪʘʪʦʨʳ 



75 

 

ʟʘʧʠʩʳʚʘʣʠ ʚʦ ʚʭʦʜʥʦʤ ʩʚʝʪʦʚʦʤ ʩʠʛʥʘʣʝ ʠʥʬʦʨʤʘʮʠʶ ʩ ʯʘʩʪʦʪʦʡ ʤʦʜʫʣʷʮʠʠ 1 ʢɻʮ, ʘ 

ʟʘʪʝʤ ʚʦʩʩʪʘʥʘʚʣʠʚʘʣʠ ʝʝ ʠʟ ʩʞʘʪʦʛʦ ʩʦʩʪʦʷʥʠʷ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʙʳʣʦ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ 

ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥʦ ʩʦʟʜʘʥʠʝ ʵʣʝʤʝʥʪʦʚ ʧʘʤʷʪʠ ʥʘ ʪʷʞʝʣʳʭ ʬʦʪʦʥʘʭ. 

6. ʂʘʢʦʚʦ ʧʨʝʜʝʣʴʥʦ ʚʦʟʤʦʞʥʦʝ ʩʥʠʞʝʥʠʝ ʩʢʦʨʦʩʪʠ ʬʦʪʦʥʘ ʚ ʬʦʪʦʥʥʦʤ ʢʨʠʩʪʘʣʣʝ, ʠ 

ʢʘʢʦʚʘ ʧʨʝʜʝʣʴʥʘʷ ʧʣʦʪʥʦʩʪʴ ʟʘʧʠʩʠ ʠʥʬʦʨʤʘʮʠʠ ʫʢʘʟʘʥʥʳʤ ʩʧʦʩʦʙʦʤ (ʚ ʙʠʪʘʭ)? 

(2 ʙʘʣʣʘ) 

ʊʝʭʥʦʣʦʛʠʷ ʬʦʪʦʥʥʳʭ ʢʨʠʩʪʘʣʣʦʚ ʧʦʟʚʦʣʷʝʪ ʩʦʟʜʘʚʘʪʴ ʚʝʱʝʩʪʚʘ ʩ ʦʪʨʠʮʘʪʝʣʴʥʳʤ 

ʧʦʢʘʟʘʪʝʣʝʤ ʧʨʝʣʦʤʣʝʥʠʷ. ʊʘʢʠʝ ʤʘʪʝʨʠʘʣʳ ʦʪʢʨʳʚʘʶʪ ʧʫʪʴ ʢ ʩʦʟʜʘʥʠʶ ʥʦʚʳʭ 

ʫʥʠʢʘʣʴʥʳʭ ʦʧʪʠʯʝʩʢʠʭ ʧʨʠʙʦʨʦʚ. ɸʥʛʣʠʡʩʢʠʡ ʬʠʟʠʢ ɼʞʦʥ ʇʝʥʜʨʠ ʧʦʢʘʟʘʣ, ʯʪʦ 

ʚʦʟʤʦʞʥʦ ʩʦʟʜʘʥʠʝ "ʩʫʧʝʨʣʠʥʟʳ", ʢʦʪʦʨʘʷ ʙʫʜʝʪ ʬʦʢʫʩʠʨʦʚʘʪʴ ʩʚʝʪ ʚ ʦʙʣʘʩʪʴ, ʨʘʟʤʝʨʦʤ ʚ 

ʩʦʪʥʠ ʨʘʟ ʤʝʥʴʰʫʶ, ʯʝʤ ʜʣʠʥʘ ʚʦʣʥʳ ʧʘʜʘʶʱʝʛʦ ʩʚʝʪʘ. 

7. ʏʝʤ ʦʙʫʩʣʦʚʣʝʥ ʦʪʨʠʮʘʪʝʣʴʥʳʡ ʧʦʢʘʟʘʪʝʣʴ ʧʨʝʣʦʤʣʝʥʠʷ ʤʘʪʝʨʠʘʣʘ ʩ ʬʠʟʠʯʝʩʢʦʡ 

ʪʦʯʢʠ ʟʨʝʥʠʷ, ʠ ʢʘʢ ʤʦʞʥʦ ʩʦʟʜʘʪʴ ʪʘʢʠʝ ʤʘʪʝʨʠʘʣʳ ʥʘ ʧʨʘʢʪʠʢʝ? (4 ʙʘʣʣʘ) 

ʅʘʨʠʩʫʡʪʝ ʩʭʝʤʫ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʩʚʝʪʘ ʚ çʩʫʧʝʨʣʠʥʟʝè. ɺʦʟʤʦʞʥʦ ʣʠ ʩʦʟʜʘʪʴ 

ʘʥʘʣʦʛ çʩʫʧʝʨʣʠʥʟʳè ʠʟ ʤʘʪʝʨʠʘʣʦʚ ʩ ʧʦʣʦʞʠʪʝʣʴʥʳʤ ʧʦʢʘʟʘʪʝʣʝʤ ʧʨʝʣʦʤʣʝʥʠʷ? 

(1 ʙʘʣʣ) 

8. ʂʘʢʠʝ ʷʚʣʝʥʠʷ ʤʦʛʫʪ ʧʨʦʠʟʦʡʪʠ, ʝʩʣʠ ʬʦʪʦʥ ʙʫʜʝʪ ʩʬʦʢʫʩʠʨʦʚʘʥ ʚ ʦʙʣʘʩʪʴ, ʚ ʩʦʪʥʠ 

ʨʘʟ ʤʝʥʴʰʫʶ ʜʣʠʥʳ ʝʛʦ ʚʦʣʥʳ? (2 ʙʘʣʣʘ) 

9. ʏʪʦ ʠʟʤʝʥʠʪʩʷ, ʝʩʣʠ ʨʘʟʤʝʨʳ ʩʫʙʤʠʢʨʦʥʥʳʭ ʤʠʢʨʦʩʬʝʨ ʚ ʵʪʦʡ ʟʘʜʘʯʝ ʫʤʝʥʴʰʠʪʴ 

ʜʦ ʨʘʟʤʝʨʦʚ ʢʚʘʥʪʦʚʳʭ ʪʦʯʝʢ? (5 ʙʘʣʣʦʚ)  
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Memory technology of the future (2009, ʥʘʥʦʬʠʟʠʢʘ) 

Nowadays we live under information avalanche. In order to be able to process all this 

information, we need to store gigantic volumes of it. 

1. What memory technologies are available on the market for information storage (list 5 ï 

10 technologies as well as the state of development of these technologies; there are 

different architectures built on one technology, such as Flash: NAND, NOR etc. Different 

architectures are counted as one technology)? (5 ʙʘʣʣʦʚ) 

2. What are the industry requirements for memory media (list 5 ï 10 main parameters)? 

(1 ʙʘʣʣ) 

3. What is the minimum bit-size achievable for the technology fundamentally for the all 

above mentioned technologies? Choose any 3 technology you want to discuss and run the 

numbers. What is the current state of art for those technologies? (5 ʙʘʣʣʦʚ) 

4. Suggest the bit-reading technology for the memory technologies and estimate the 

fundamental limits of the linear read speed. (3 ʙʘʣʣʘ) 

5. When do you think fundamental limits for memory technologies in terms of bit size, and 

read speed will be achieved by the industry? (2 ʙʘʣʣʘ) 

6. Estimate the current market size for memory products in millions of USD. Please state 

the assumptions used for market sizing. (3 ʙʘʣʣʘ) 

ʇʨʠ ʦʪʚʝʪʝ ʥʘ ʘʥʛʣʠʡʩʢʦʤ ʷʟʳʢʝ ï ʧʣʶʩ 3 ʙʘʣʣʘ. 

 

ɺʩʧʦʤʥʠʪʴ ʚʩʝ ...  
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ʉʝʨʝʙʨʦ ï ʠ ʪʦʣʴʢʦ ʦʥʦ (2009, ʥʘʥʦʬʠʟʠʢʘ) 

ʉʝʨʝʙʨʦ ï ʫʜʠʚʠʪʝʣʴʥʳʡ ʤʝʪʘʣʣ. ʆʥʦ ʥʝ ʪʦʣʴʢʦ ʤʦʥʝʪʘʨʥʳʡ ʤʘʪʝʨʠʘʣ, ʦʥʦ ʠʩʧʦʣʴʟʫʝʪʩʷ ʚ 

ʵʣʝʢʪʨʦʪʝʭʥʠʢʝ, ʤʝʜʠʮʠʥʝ ʠ ʪ.ʜ. ɺ ʧʦʩʣʝʜʥʝʝ ʚʨʝʤʷ ʙʦʣʴʰʠʝ ʥʘʜʝʞʜʳ ʚʦʟʣʘʛʘʶʪʩʷ ʥʘ 

ʩʝʨʝʙʨʦ ʠ ʚ ʦʙʣʘʩʪʠ ʥʘʥʦʪʝʭʥʦʣʦʛʠʡ. 

1. ʂʘʢʠʝ ʠʤʝʥʥʦ ʥʘʜʝʞʜʳ? (2 ʙʘʣʣʘ) 

ʀʤʝʥʥʦ ʧʦʵʪʦʤʫ ʧʨʦʮʝʩʩʳ ʧʦʣʫʯʝʥʠʷ ʥʘʥʦʯʘʩʪʠʮ ʩʝʨʝʙʨʘ ʜʦʩʪʘʪʦʯʥʦ ʧʦʜʨʦʙʥʦ 

ʠʟʫʯʘʶʪʩʷ ʨʘʟʣʠʯʥʳʤʠ ʛʨʫʧʧʘʤʠ ʠʩʩʣʝʜʦʚʘʪʝʣʝʡ.  

2. ʄʦʞʥʦ ʣʠ ʦʩʘʜʠʪʴ ʥʘ ʧʦʚʝʨʭʥʦʩʪʴ ʚ 1 ʩʤ
2
 ʩʬʝʨʠʯʝʩʢʠʝ ʥʘʥʦʯʘʩʪʠʮʳ ʩʝʨʝʙʨʘ 

ʨʘʜʠʫʩʘ 1 ʥʤ ʚ ʦʜʠʥ ʩʣʦʡ ʜʣʷ ʪʦʛʦ, ʯʪʦʙʳ ʧʦʣʫʯʠʚʰʘʷʩʷ ʧʣʸʥʢʘ ʠʤʝʣʘ ʦʧʪʠʯʝʩʢʫʶ 

ʧʣʦʪʥʦʩʪʴ, ʨʘʚʥʫʶ ʝʜʠʥʠʮʝ? (2 ʙʘʣʣʘ)  

3. ʇʦʯʝʤʫ ʢʦʣʣʦʠʜʥʳʝ ʨʘʩʪʚʦʨʳ ʤʝʪʘʣʣʦʚ, ʧʨʝʜʩʪʘʚʣʷʶʱʠʝ ʩʦʙʦʡ ʚʟʚʝʩʴ 

ʤʝʪʘʣʣʠʯʝʩʢʠʭ ʥʘʥʦʯʘʩʪʠʮ, ʢʘʢ ʧʨʘʚʠʣʦ, ʦʪʣʠʯʘʶʪʩʷ ʧʦ ʮʚʝʪʫ ʦʪ ʛʦʣʫʙʦʛʦ ʥʝʙʘ, 

ʭʦʪʷ ʨʘʟʤʝʨ ʯʘʩʪʠʮ ʤʘʣ, ʠ ʜʦʣʞʥʦ ʥʘʙʣʶʜʘʪʴʩʷ ʨʵʣʝʝʚʩʢʦʝ ʨʘʩʩʝʷʥʠʝ? (2 ʙʘʣʣʘ)  

4. ʇʦʯʝʤʫ ʜʣʷ ʢʦʣʣʦʠʜʥʳʭ ʨʘʩʪʚʦʨʦʚ ʤʝʪʘʣʣʦʚ, ʧʨʝʜʩʪʘʚʣʷʶʱʠʭ ʩʦʙʦʡ ʚʟʚʝʩʴ 

ʤʝʪʘʣʣʠʯʝʩʢʠʭ ʥʘʥʦʯʘʩʪʠʮ, ʮʚʝʪ ʩʙʦʢʫ ʥʝ ʩʦʚʧʘʜʘʝʪ ʩ ʮʚʝʪʦʤ, ʢʦʪʦʨʳʡ ʦʥʠ 

ʧʨʦʧʫʩʢʘʶʪ? (1 ʙʘʣʣ)  

5. ʇʦʯʝʤʫ ʠʟʦʙʨʘʞʝʥʠʝ ʯʸʨʥʦ-ʙʝʣʦʡ ʬʦʪʦʛʨʘʬʠʠ ʥʝ ʠʤʝʝʪ ʢʘʢʦʡ-ʣʠʙʦ ʦʢʨʘʩʢʠ, ʭʦʪʷ 

ʦʥʦ ʩʦʩʪʦʠʪ ʠʟ ʥʘʥʦʯʘʩʪʠʮ ʩʝʨʝʙʨʘ, ʢʦʪʦʨʳʝ ʚ ʢʦʣʣʦʠʜʥʳʭ ʨʘʩʪʚʦʨʘʭ ʨʘʩʩʝʠʚʘʶʪ 

ʩʚʝʪ ʜʣʷ ʨʘʟʥʳʭ ʜʣʠʥ ʚʦʣʥ ʧʦ-ʨʘʟʥʦʤʫ? (2 ʙʘʣʣʘ) 

ʀʟʚʝʩʪʥʦ (ʧʦʩʪʫʣʠʨʦʚʘʥʦ ʪʝʦʨʝʪʠʯʝʩʢʠ ʠ ʚ ʟʥʘʯʠʪʝʣʴʥʦʡ ʩʪʝʧʝʥʠ ʧʦʜʪʚʝʨʞʜʘʝʪʩʷ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ), ʯʪʦ ʩʫʱʝʩʪʚʫʝʪ ʪʨʠ ʩʪʘʙʠʣʴʥʳʭ ʛʝʦʤʝʪʨʠʠ ʟʘʨʦʜʳʰʝʡ ʥʘʥʦʯʘʩʪʠʮ 

ʙʣʘʛʦʨʦʜʥʳʭ ʤʝʪʘʣʣʦʚ: ʠʢʦʩʘʵʜʨʠʯʝʩʢʘʷ, ʜʝʢʘʵʜʨʠʯʝʩʢʘʷ ʠ ʦʢʪʘʵʜʨʠʯʝʩʢʘʷ. ɺ ʜʘʥʥʳʭ ʪʨʝʭ 

ʛʝʦʤʝʪʨʠʯʝʩʢʠʭ ʬʦʨʤʘʭ, ʧʦʚʝʨʭʥʦʩʪʠ ʛʨʘʥʝʡ ʵʬʬʝʢʪʠʚʥʦ ʷʚʣʷʶʪ ʩʦʙʦʡ (111) ʧʣʦʩʢʦʩʪʠ 

ʛʨʘʥʝʮʝʥʪʨʠʨʦʚʘʥʥʦʡ ʢʫʙʠʯʝʩʢʦʡ (ɻʎʂ) ʫʧʘʢʦʚʢʠ ʤʝʪʘʣʣʦʚ.  

6. ʂʘʢʠʝ ʝʱʝ ʩʠʤʤʝʪʨʠʯʥʳʝ ʬʦʨʤʳ ʥʘʥʦʢʨʠʩʪʘʣʣʦʚ ʤʦʞʥʦ ʧʦʣʫʯʠʪʴ ʚ ʧʨʦʮʝʩʩʝ 

ʵʧʠʪʘʢʩʠʘʣʴʥʦʛʦ ʨʦʩʪʘ ʜʘʥʥʳʭ ʪʨʝʭ ʟʘʨʦʜʳʰʝʡ ʥʘʥʦʯʘʩʪʠʮ, ʝʩʣʠ ʧʦʚʝʨʭʥʦʩʪʠ 

ʛʨʘʥʝʡ ʩʤʦʛʫʪ ʷʚʣʷʪʴʩʷ ʜʨʫʛʠʤʠ ʩʪʘʙʠʣʴʥʳʤʠ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʠʤʠ 

ʧʣʦʩʢʦʩʪʷʤʠ ɻʎʂ ʫʧʘʢʦʚʢʠ? (4 ʙʘʣʣʘ) ʇʨʠʚʝʪʩʪʚʫʝʪʩʷ ʨʘʩʩʤʦʪʨʝʥʠʝ ʜʘʥʥʦʡ 

ʧʨʦʙʣʝʤʳ ʜʣʷ ʜʨʫʛʠʭ ʪʠʧʦʚ ʫʧʘʢʦʚʢʠ, ʦʪʣʠʯʥʳʭ ʦʪ ɻʎʂ. 
2
 

                                                           
ʇʨʠʤʝʯʘʥʠʷ: ʧʦʜʫʤʘʡʪʝ (ʜʣʷ ʩʝʙʷ), ʙʫʜʝʪ ʣʠ ʨʘʟʥʠʮʘ ʚ ʦʧʪʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚʘʭ ʤʝʞʜʫ ʯʘʩʪʠʮʘʤʠ ʩʝʨʝʙʨʘ ʚ 1, 

10 ʠ 100 ʥʤ. ɺ ʚʦʧʨʦʩʝ ʦ ʬʦʪʦʛʨʘʬʠʠ ʥʝ ʟʘʮʠʢʣʠʚʘʡʪʝʩʴ ʥʘ ʨʘʟʤʝʨʝ :-)  
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ʀ ʪʦʥʢʠʤ ʩʣʦʝʤ ʩʝʨʝʙʨʘ... 
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ʆʧʪʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʧʦʨʠʩʪʦʛʦ ʢʨʝʤʥʠʷ (2009, ʥʘʥʦʬʠʟʠʢʘ) 

ʇʦʨʠʩʪʳʡ ʢʨʝʤʥʠʡ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʩʦʚʦʢʫʧʥʦʩʪʴ ʢʨʝʤʥʠʝʚʳʭ ʥʘʥʦʢʨʠʩʪʘʣʣʦʚ ʠ ʧʦʨ ʩ 

ʨʘʟʤʝʨʘʤʠ ʧʦʨʷʜʢʘ ʥʝʩʢʦʣʴʢʠʭ ʥʘʥʦʤʝʪʨʦʚ. ʆʥ ʦʙʣʘʜʘʝʪ ʫʥʠʢʘʣʴʥʳʤʠ ʩʪʨʫʢʪʫʨʥʳʤʠ, 

ʦʧʪʠʯʝʩʢʠʤʠ, ʵʣʝʢʪʨʦʥʥʳʤʠ ʠ ʙʠʦʣʦʛʠʯʝʩʢʠʤʠ ʩʚʦʡʩʪʚʘʤʠ ʠ ʷʚʣʷʝʪʩʷ ʦʙʲʝʢʪʦʤ ʜʣʷ 

ʠʩʩʣʝʜʦʚʘʥʠʡ ʬʠʟʠʢʦʚ ʠ ʭʠʤʠʢʦʚ. ʇʦʩʢʦʣʴʢʫ ʭʘʨʘʢʪʝʨʥʳʝ ʨʘʟʤʝʨʳ (ʜʠʘʤʝʪʨʳ) ʧʦʨ ʠ 

ʥʘʥʦʢʨʠʩʪʘʣʣʦʚ ʦʙʳʯʥʦ ʤʥʦʛʦ ʤʝʥʴʰʝ ʜʣʠʥʳ ʚʦʣʥʳ ʩʚʝʪʘ ʚʠʜʠʤʦʛʦ ʠʣʠ ʀʂ-ʜʠʘʧʘʟʦʥʘ, 

ʪʦ ʧʦʨʠʩʪʳʡ ʢʨʝʤʥʠʡ ʤʦʞʝʪ ʨʘʩʩʤʘʪʨʠʚʘʪʴʩʷ ʢʘʢ ʵʬʬʝʢʪʠʚʥʘʷ ʦʧʪʠʯʝʩʢʘʷ ʩʨʝʜʘ ʩʦ 

ʩʚʦʠʤʠ ʦʧʪʠʯʝʩʢʠʤʠ ʧʘʨʘʤʝʪʨʘʤʠ, ʥʘʧʨʠʤʝʨ, ʧʦʢʘʟʘʪʝʣʝʤ ʧʨʝʣʦʤʣʝʥʠʷ, ʢʦʵʬʬʠʮʠʝʥʪʦʤ 

ʧʦʛʣʦʱʝʥʠʷ ʠ ʜʨ.  

ʇʦʨʠʩʪʳʡ ʢʨʝʤʥʠʡ, ʧʦʣʫʯʝʥʥʳʡ ʩ ʧʦʤʦʱʴʶ ʤʝʪʦʜʘ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʛʦ ʪʨʘʚʣʝʥʠʷ 

ʧʣʘʩʪʠʥ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʢʨʝʤʥʠʷ ʚ ʨʘʩʪʚʦʨʝ ʧʣʘʚʠʢʦʚʦʡ ʢʠʩʣʦʪʳ, ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ 

ʪʦʥʢʫʶ ʧʣʝʥʢʫ ʪʦʣʱʠʥʦʡ ʧʦʨʷʜʢʘ ʥʝʩʢʦʣʴʢʠʭ ʤʠʢʨʦʤʝʪʨʦʚ. ʆʧʪʠʯʝʩʢʘʷ ʩʧʝʢʪʨʦʩʢʦʧʠʷ 

ʷʚʣʷʝʪʩʷ ʦʜʥʠʤ ʠʟ ʤʝʪʦʜʦʚ ʠʟʫʯʝʥʠʷ ʩʚʦʡʩʪʚ ʧʦʨʠʩʪʦʛʦ ʢʨʝʤʥʠʷ. ʅʘ ʨʠʩ. 1 ʧʨʝʜʩʪʘʚʣʝʥ 

ʩʧʝʢʪʨ ʧʨʦʧʫʩʢʘʥʠʷ ʧʣʝʥʢʠ ʧʦʨʠʩʪʦʛʦ ʢʨʝʤʥʠʷ, ʠʟʤʝʨʝʥʥʳʡ ʚ ʀʂ-ʩʧʝʢʪʨʦʤʝʪʨʝ. 

ʆʧʪʠʯʝʩʢʦʝ ʠʟʣʫʯʝʥʠʝ ʧʘʜʘʝʪ ʥʦʨʤʘʣʴʥʦ ʥʘ ʦʙʨʘʟʝʮ.  
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ʈʠʩ.1 

1. ʅʘʡʜʠʪʝ ʧʦʢʘʟʘʪʝʣʴ ʧʨʝʣʦʤʣʝʥʠʷ ʧʣʝʥʢʠ ʧʦʨʠʩʪʦʛʦ ʢʨʝʤʥʠʷ (ʨʠʩ.1), ʝʩʣʠ ʝʝ 

ʪʦʣʱʠʥʘ d = 10 ʤʢʤ. (2 ʙʘʣʣʘ) 

ʅʘ ʨʠʩ. 2 ʧʨʝʜʩʪʘʚʣʝʥʳ ʩʧʝʢʪʨʳ ʧʨʦʧʫʩʢʘʥʠʷ ʧʣʝʥʦʢ ʧʦʨʠʩʪʦʛʦ ʢʨʝʤʥʠʷ, ʚʳʨʘʱʝʥʥʳʭ ʥʘ 

ʧʦʜʣʦʞʢʘʭ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʢʨʝʤʥʠʷ ʩ ʦʨʠʝʥʪʘʮʠʝʡ ʧʦʚʝʨʭʥʦʩʪʠ [110].  
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ʈʠʩ. 2 

2. ʇʦʯʝʤʫ ʚ ʜʘʥʥʦʤ ʩʣʫʯʘʝ ʚ ʩʧʝʢʪʨʘʭ ʠʥʪʝʨʬʝʨʝʥʮʠʠ ʥʘʙʣʶʜʘʶʪʩʷ ʙʠʝʥʠʷ? (4 ʙʘʣʣʘ) 

3. ʇʨʝʜʩʪʘʚʴʪʝ, ʯʪʦ ʧʣʝʥʢʘ ʧʦʨʠʩʪʦʛʦ ʢʨʝʤʥʠʷ ʙʳʣʘ ʪʝʨʤʠʯʝʩʢʠ ʦʢʠʩʣʝʥʘ ʥʘ ʚʦʟʜʫʭʝ. 

ʂʘʢ ʠʟʤʝʥʠʪʴʩʷ ʝʝ ʧʦʢʘʟʘʪʝʣʴ ʧʨʝʣʦʤʣʝʥʠʷ ʠ ʧʦʯʝʤʫ? (2 ʙʘʣʣʘ) 
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ʆʧʪʠʯʝʩʢʦʝ ʩʚʝʨʭʨʘʟʨʝʰʝʥʠʝ (2009, ʥʘʥʦʬʠʟʠʢʘ) 

ʉʢʘʥʠʨʫʶʱʘʷ ʦʧʪʠʯʝʩʢʘʷ ʤʠʢʨʦʩʢʦʧʠʷ ʙʣʠʞʥʝʛʦ ʧʦʣʷ (ʉʆʄɹʇ) ï ʦʜʥʘ ʠʟ ʩʦʚʨʝʤʝʥʥʳʭ 

ʤʝʪʦʜʠʢ ʧʦʣʫʯʝʥʠʷ ʩʚʝʨʭʚʳʩʦʢʦʛʦ ʨʘʟʨʝʰʝʥʠʷ ʦʧʪʠʯʝʩʢʦʛʦ ʦʪʢʣʠʢʘ ʥʘʥʦʦʙʲʝʢʪʦʚ. 

ʈʘʟʨʝʰʘʶʱʘʷ ʩʧʦʩʦʙʥʦʩʪʴ ʦʙʳʯʥʦʡ (ʜʘʣʴʥʝʧʦʣʴʥʦʡ) ʦʧʪʠʯʝʩʢʦʡ ʤʠʢʨʦʩʢʦʧʠʠ 

ʦʛʨʘʥʠʯʝʥʘ ʩʥʠʟʫ ʜʠʬʨʘʢʮʠʦʥʥʳʤ ʧʨʝʜʝʣʦʤ: ʧʨʠ ʦʩʚʝʱʝʥʠʠ ʩʚʝʪʦʤ ʩ ʜʣʠʥʦʡ ʚʦʣʥʳ, 

ʥʘʧʨʠʤʝʨ, ɚ = 450 ʥʤ, ʩʦʚʨʝʤʝʥʥʳʝ ʦʧʪʠʯʝʩʢʠʝ ʤʠʢʨʦʩʢʦʧʳ ʤʦʛʫʪ ʦʙʝʩʧʝʯʠʪʴ 

ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʝ ʨʘʟʨʝʰʝʥʠʝ ʦʙʲʝʢʪʦʚ, ʨʘʟʥʝʩʝʥʥʳʭ ʥʘ ʨʘʩʩʪʦʷʥʠʝ ʥʝ ʤʝʥʝʝ R å 200 ʥʤ. 

ɺ ʤʠʢʨʦʩʢʦʧʘʭ, ʨʝʘʣʠʟʫʶʱʠʭ ʤʝʪʦʜ ʉʆʄɹʇ, ʚʦʟʤʦʞʥʦ ʧʦʣʫʯʝʥʠʝ ʨʘʟʨʝʰʝʥʠʷ ʚ ʜʝʩʷʪʢʠ 

ʥʘʥʦʤʝʪʨʦʚ.  

  

ʄʝʪʦʜ ʉʆʄɹʇ ʩʦʩʪʦʠʪ ʚ ʩʣʝʜʫʶʱʝʤ (ʨʠʩʫʥʢʠ ʚʟʷʪʳ ʠʟ ʧʦʩʦʙʠʷ çʆʩʥʦʚʳ ʩʢʘʥʠʨʫʶʱʝʡ 

ʟʦʥʜʦʚʦʡ ʤʠʢʨʦʩʢʦʧʠʠè ɺ. ʃ. ʄʠʨʦʥʦʚʘ). ʂ ʦʙʨʘʟʮʫ ʥʘ ʨʘʩʩʪʦʷʥʠʝ ~10 ʥʤ ʧʦʜʥʦʩʠʪʩʷ 

ʟʦʥʜ ï ʢʦʥʝʮ ʦʧʪʦʚʦʣʦʢʥʘ, ʦʙʨʝʟʘʥʥʳʡ ʠ ʟʘʧʳʣʝʥʥʳʡ ʤʝʪʘʣʣʦʤ (ʦʙʳʯʥʦ ʘʣʶʤʠʥʠʝʤ) ʢʘʢ 

ʧʦʢʘʟʘʥʦ ʥʘ ʨʠʩʫʥʢʝ. ʂʦʥʝʮ ʚʦʣʦʢʥʘ ʠʟʛʦʪʦʚʣʝʥ ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʯʪʦ ʦʪʚʝʨʩʪʠʝ, ʯʝʨʝʟ 

ʢʦʪʦʨʦʝ ʚ ʚʦʣʦʢʥʦ ʩʧʦʩʦʙʥʦ ʧʨʦʥʠʢʘʪʴ ʠʟʣʫʯʝʥʠʝ, ʠʤʝʝʪ ʜʠʘʤʝʪʨ d < 100 ʥʤ. ɽʩʣʠ 

ʦʩʚʝʱʘʪʴ ʦʙʨʘʟʝʮ ʩ ʦʙʨʘʪʥʦʡ ʩʪʦʨʦʥʳ (ʩʤ. ʨʠʩ.), ʪʦ ʚ ʚʦʣʦʢʥʦ ʙʫʜʝʪ ʧʦʧʘʜʘʪʴ ʠʟʣʫʯʝʥʠʝ, 

ʩʦʙʨʘʥʥʦʝ ʩ ʤʘʣʝʥʴʢʦʛʦ ʫʯʘʩʪʢʘ ʦʙʨʘʟʮʘ, ʧʦ ʧʣʦʱʘʜʠ ʩʨʘʚʥʠʤʦʛʦ ʩ ʧʣʦʱʘʜʴʶ ʦʪʚʝʨʩʪʠʷ 

ʚʦʣʦʢʥʘ. ʉʚʝʪ ʯʝʨʝʟ ʚʦʣʦʢʥʦ ʧʦʧʘʜʘʝʪ ʥʘ ʜʝʪʝʢʪʦʨ. ɼʘʣʝʝ, ʚʦʣʦʢʥʦ ʧʝʨʝʤʝʱʘʝʪʩʷ, ʠ 

ʧʨʦʠʟʚʦʜʠʪʩʷ ʠʟʤʝʨʝʥʠʝ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʚ ʥʦʚʦʡ ʪʦʯʢʝ, ʠ ʪʘʢ ʜʘʣʝʝ (ʨʘʩʩʪʦʷʥʠʝ ʦʪ ʢʦʥʮʘ 

ʚʦʣʦʢʥʘ ʜʦ ʧʦʚʝʨʭʥʦʩʪʠ ʚʦʣʦʢʥʘ ʫʜʝʨʞʠʚʘʝʪʩʷ ʥʘ ʧʦʩʪʦʷʥʥʦʤ ʫʨʦʚʥʝ). ʈʝʟʫʣʴʪʘʪʦʤ 

ʠʟʤʝʨʝʥʠʡ ʷʚʣʷʝʪʩʷ ʨʘʩʪʨʦʚʦʝ ʠʟʦʙʨʘʞʝʥʠʝ, ʛʜʝ ʢʦʦʨʜʠʥʘʪʘ ʧʠʢʩʝʣʷ ʩʦʦʪʚʝʪʩʪʚʫʝʪ 

ʢʦʦʨʜʠʥʘʪʝ ʚ ʧʣʦʩʢʦʩʪʠ ʦʙʨʘʟʮʘ, ʘ ʮʚʝʪ ʧʠʢʩʝʣʷ ʭʘʨʘʢʪʝʨʠʟʫʝʪ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʩʠʛʥʘʣʘ, 

ʧʨʠʥʷʪʦʛʦ ʚ ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʡ ʪʦʯʢʝ ʦʙʨʘʟʮʘ.  

ʈʘʩʩʤʦʪʨʠʤ ʦʙʨʘʟʝʮ, ʩʦʩʪʦʷʱʠʡ ʠʟ ʜʚʫʭ ʦʜʠʥʘʢʦʚʳʭ ʦʪʚʝʨʩʪʠʡ, ʧʨʦʜʝʣʘʥʥʳʭ ʚ 

ʥʝʧʨʦʟʨʘʯʥʦʤ ʵʢʨʘʥʝ. ɼʠʘʤʝʪʨ ʦʪʚʝʨʩʪʠʡ 200 ʥʤ, ʨʘʩʩʪʦʷʥʠʝ ʤʝʞʜʫ ʥʠʤʠ 200 ʥʤ. 
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ʆʩʚʝʱʝʥʠʝ ʧʨʦʠʟʚʦʜʠʪʩʷ ʩ ʧʨʦʪʠʚʦʧʦʣʦʞʥʦʡ ʦʪ ʥʘʙʣʶʜʘʪʝʣʷ ʩʪʦʨʦʥʳ ʦʙʨʘʟʮʘ ʣʘʟʝʨʥʳʤ 

ʧʫʯʢʦʤ ʩ ʜʣʠʥʦʡ ʚʦʣʥʳ ɚ = 500 ʥʤ ʠ ʧʣʦʩʢʠʤ ʚʦʣʥʦʚʳʤ ʬʨʦʥʪʦʤ.  

1. ʉʭʝʤʘʪʠʯʥʦ ʟʘʨʠʩʫʡʪʝ ʠʟʦʙʨʘʞʝʥʠʝ ʜʘʥʥʳʭ ʦʙʲʝʢʪʦʚ, ʢʦʪʦʨʦʝ ʤʦʞʝʪ ʙʳʪʴ 

ʧʦʣʫʯʝʥʦ ʚ ʦʙʳʯʥʦʤ ʦʧʪʠʯʝʩʢʦʤ ʤʠʢʨʦʩʢʦʧʝ. (1 ʙʘʣʣ) ʇʨʝʜʧʦʣʦʞʠʤ, ʯʪʦ 

ʠʟʦʙʨʘʞʝʥʠʝ ʬʦʨʤʠʨʫʝʪʩʷ ʤʠʢʨʦʩʢʦʧʦʤ ʥʘ ʵʢʨʘʥʝ. ʂʘʢʠʤʠ ʬʫʥʢʮʠʷʤʠ ʙʫʜʝʪ 

ʦʧʠʩʳʚʘʪʴʩʷ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʧʦʣʷ ʚ ʧʣʦʩʢʦʩʪʠ ʵʢʨʘʥʘ? (1 ʙʘʣʣ) ʇʦʩʪʨʦʡʪʝ 

ʦʜʥʦʤʝʨʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʧʦʣʷ ʥʘ ʵʢʨʘʥʝ ʚ ʩʝʯʝʥʠʠ, ʧʨʦʭʦʜʷʱʝʤ ʯʝʨʝʟ ʮʝʥʪʨʳ 

ʠʟʦʙʨʘʞʝʥʠʡ ʦʪʚʝʨʩʪʠʡ, ʝʩʣʠ ʠʩʧʦʣʴʟʫʝʪʩʷ ʦʧʪʠʯʝʩʢʘʷ ʩʠʩʪʝʤʘ ʩ ʯʠʩʣʦʚʦʡ 

ʘʧʝʨʪʫʨʦʡ NA = 0.95. (2 ʙʘʣʣʘ)  

2. ʂʘʢʠʝ ʧʘʨʘʤʝʪʨʳ ʠʟʤʝʨʠʪʝʣʴʥʦʛʦ ʧʨʠʙʦʨʘ ʤʦʞʥʦ ʠʟʤʝʥʠʪʴ ʜʣʷ ʜʦʩʪʠʞʝʥʠʷ 

ʥʘʠʣʫʯʰʝʛʦ ʨʘʟʨʝʰʝʥʠʷ? (1 ʙʘʣʣ) ʏʝʤʫ ʨʘʚʥʦ ʵʪʦ ʨʘʟʨʝʰʝʥʠʝ? (1 ʙʘʣʣ)  

3. ʇʦʩʪʨʦʡʪʝ ʨʘʩʪʨʦʚʦʝ ʠʟʦʙʨʘʞʝʥʠʝ ʦʙʨʘʟʮʘ, ʢʦʪʦʨʦʝ ʤʦʞʝʪ ʙʳʪʴ ʧʦʣʫʯʝʥʦ ʩ 

ʧʦʤʦʱʴʶ ʤʝʪʦʜʘ ʉʆʄɹʇ, ʝʩʣʠ ʠʩʧʦʣʴʟʦʚʘʪʴ ʟʦʥʜ ʩ ʜʠʘʤʝʪʨʦʤ ʦʪʚʝʨʩʪʠʷ 

d = 50 ʥʤ. (3 ʙʘʣʣʘ) ʈʘʩʯʝʪ ʧʨʦʚʦʜʠʪʴ ʚ ʧʨʠʙʣʠʞʝʥʠʠ, ʢʦʛʜʘ ʪʨʘʝʢʪʦʨʠʷ ʟʦʥʜʘ 

ʚʩʝʛʜʘ ʧʘʨʘʣʣʝʣʴʥʘ ʵʢʨʘʥʫ ʠ ʟʦʥʜ ʥʝ ʧʨʦʚʘʣʠʚʘʝʪʩʷ ʚ ʦʪʚʝʨʩʪʠʷ. ʏʝʤ ʦʧʨʝʜʝʣʷʝʪʩʷ 

ʨʘʟʨʝʰʘʶʱʘʷ ʩʧʦʩʦʙʥʦʩʪʴ ʪʘʢʦʛʦ ʤʝʪʦʜʘ? (1 ʙʘʣʣ) ʇʦ ʰʠʨʠʥʝ ʥʘ ʧʦʣʫʚʳʩʦʪʝ 

ʛʨʘʬʠʢʘ I (x,y) ʦʧʨʝʜʝʣʠʪʝ ʜʠʘʤʝʪʨ ʦʪʚʝʨʩʪʠʡ; ʯʝʤ ʚʳʟʚʘʥʦ ʦʪʢʣʦʥʝʥʠʝ ʦʪ 

ʜʝʡʩʪʚʠʪʝʣʴʥʦʛʦ ʟʥʘʯʝʥʠʷ? (1 ʙʘʣʣ)  
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ʇʣʘʟʤʦʥʥʳʝ ʧʠʢʩʝʣʠ (2009, ʥʘʥʦʬʠʟʠʢʘ) 

ʀʟʚʝʩʪʥʦ, ʯʪʦ ʧʣʝʥʢʘ ʩʝʨʝʙʨʘ ʪʦʣʱʠʥʦʡ 100 ʥʤ ʧʨʘʢʪʠʯʝʩʢʠ ʥʝ ʧʨʦʧʫʩʢʘʝʪ ʚʠʜʠʤʦʝ 

ʠʟʣʫʯʝʥʠʝ. ʊʘʢʞʝ ʠʟʚʝʩʪʥʦ, ʯʪʦ ʧʨʦʧʫʩʢʘʥʠʝ ʩʚʝʪʘ ʯʝʨʝʟ ʥʝʧʨʦʟʨʘʯʥʳʡ ʵʢʨʘʥ ʩ 

ʦʪʚʝʨʩʪʠʝʤ ʜʠʘʤʝʪʨʦʤ d << ɚ ʥʠʯʪʦʞʥʦ ʤʘʣʦ ʠ ʫʙʳʚʘʝʪ ʩ ʨʦʩʪʦʤ ʜʣʠʥʳ ʚʦʣʥʳ ʧʦ ʟʘʢʦʥʫ 

I ~ ɚ
-4
. ʆʜʥʘʢʦ, ʝʩʣʠ ʚ ʚʳʰʝʫʧʦʤʷʥʫʪʦʡ ʧʣʝʥʢʝ ʧʨʦʜʝʣʘʪʴ ʫʧʦʨʷʜʦʯʝʥʥʳʡ ʤʘʩʩʠʚ ʪʘʢʠʭ 

ʦʪʚʝʨʩʪʠʡ ʩ ʧʝʨʠʦʜʦʤ aʦ ~ 900 ʥʤ, ʚ ʩʧʝʢʪʨʝ ʧʨʦʧʫʩʢʘʥʠʷ ʧʦʷʚʷʪʩʷ ʨʝʟʦʥʘʥʩʥʳʝ 

ʦʩʦʙʝʥʥʦʩʪʠ (ʩʤ. ʨʠʩ.). 

 

 

 

ʈʦʩʪ ʧʨʦʧʫʩʢʘʥʠʷ ʩʚʷʟʘʥ ʩ ʪʝʤ, ʯʪʦ ʥʘ ʧʝʨʠʦʜʠʯʝʩʢʠ ʤʦʜʫʣʠʨʦʚʘʥʥʳʭ ʧʦʚʝʨʭʥʦʩʪʷʭ 

ʤʝʪʘʣʣʠʯʝʩʢʠʭ ʧʣʝʥʦʢ ʚʦʟʤʦʞʥʦ ʨʝʟʦʥʘʥʩʥʦʝ ʚʦʟʙʫʞʜʝʥʠʝ ʧʦʚʝʨʭʥʦʩʪʥʳʭ ʧʣʘʟʤʦʥ-

ʧʦʣʷʨʠʪʦʥʦʚ (ʇʇ), ʢʦʪʦʨʳʝ çʧʨʦʩʘʯʠʚʘʶʪʩʷè ʯʝʨʝʟ ʦʪʚʝʨʩʪʠʷ ʣʝʛʯʝ, ʯʝʤ ʩʚʝʪ.  

1. ʇʦʣʫʯʠʪʝ ʟʘʢʦʥ ʜʠʩʧʝʨʩʠʠ ɤ (k) ʇʇ, ʨʘʩʧʨʦʩʪʨʘʥʷʶʱʝʛʦʩʷ ʧʦ ʛʣʘʜʢʦʡ ʧʣʝʥʢʝ 

ʤʝʪʘʣʣʘ. (1 ʙʘʣʣ)  

2. ʇʦʩʪʨʦʡʪʝ ʟʘʢʦʥ ʜʠʩʧʝʨʩʠʠ ʇʇ ʜʣʷ ʩʝʨʝʙʨʷʥʦʡ ʧʣʝʥʢʠ ʚ ʜʠʘʧʘʟʦʥʝ ʜʣʠʥ ʚʦʣʥ 

ɚ = 400 õ 1000 ʥʤ ʥʘ ʦʜʥʦʤ ʛʨʘʬʠʢʝ ʩ ʟʘʢʦʥʦʤ ʜʠʩʧʝʨʩʠʠ ʩʚʝʪʘ ʚ ʚʘʢʫʫʤʝ. (2 ʙʘʣʣʘ)  

ʈʘʩʩʤʦʪʨʠʤ ʩʘʤʳʡ ʧʨʦʩʪʦʡ ʩʣʫʯʘʡ, ʢʦʛʜʘ ʚ ʩʝʨʝʙʨʷʥʦʡ ʧʣʝʥʢʝ ʧʨʦʜʝʣʘʥ ʤʘʩʩʠʚ ʩʢʚʦʟʥʳʭ 

ʱʝʣʝʡ ʰʠʨʠʥʦʡ d < 0. ʇʨʠ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʠ ʇʇ ʚʜʦʣʴ ʧʝʨʠʦʜʠʯʝʩʢʠ ʤʦʜʫʣʠʨʦʚʘʥʥʦʡ 

ʧʣʝʥʢʠ ʝʛʦ ʟʘʢʦʥ ʜʠʩʧʝʨʩʠʠ ʤʦʜʠʬʠʮʠʨʫʝʪʩʷ ʘʥʘʣʦʛʠʯʥʦ ʟʘʢʦʥʫ ʜʠʩʧʝʨʩʠʠ ʵʣʝʢʪʨʦʥʘ ʚ 

ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʝʪʢʝ.  

3. ʉʭʝʤʘʪʠʯʥʦ ʠʟʦʙʨʘʟʠʪʝ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʡ ʟʘʢʦʥ ʜʠʩʧʝʨʩʠʠ ʇʇ ʥʘ ʛʨʘʬʠʢʝ ɤ (k) 

ʧʨʠ ao = 900 ʥʤ. (1 ʙʘʣʣ) ɿʘʧʠʰʠʪʝ ʫʩʣʦʚʠʝ ʨʝʟʦʥʘʥʩʥʦʛʦ ʚʦʟʙʫʞʜʝʥʠʷ ʇʇ ʩ 

ʫʯʘʩʪʠʝʤ ʚʝʢʪʦʨʘ ʦʙʨʘʪʥʦʡ ʨʝʰʝʪʢʠ ʧʨʠ ʫʩʣʦʚʠʠ ʥʦʨʤʘʣʴʥʦʛʦ ʧʘʜʝʥʠʷ 

ʥʝʧʦʣʷʨʠʟʦʚʘʥʥʦʛʦ ʩʚʝʪʘ ʥʘ ʦʙʨʘʟʝʮ. (1 ʙʘʣʣ) ʈʘʩʩʯʠʪʘʡʪʝ ʜʣʠʥʳ ʚʦʣʥ ʚ ʚʘʢʫʫʤʝ 
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ʠʟʣʫʯʝʥʠʷ ʚʠʜʠʤʦʛʦ ʜʠʘʧʘʟʦʥʘ, ʥʘ ʢʦʪʦʨʳʭ ʧʨʦʧʫʩʢʘʥʠʝ ʙʫʜʝʪ ʤʘʢʩʠʤʘʣʴʥʳʤ. 

(2 ʙʘʣʣʘ)  

4. ʇʨʝʜʧʦʣʦʞʠʤ, ʯʪʦ ʩʚʝʪ ʧʘʜʘʝʪ ʥʘ ʩʪʨʫʢʪʫʨʫ ʧʦʜ ʫʛʣʦʤ, ʧʨʠʯʝʤ ʧʣʦʩʢʦʩʪʴ ʧʘʜʝʥʠʷ 

ʦʨʪʦʛʦʥʘʣʴʥʘ ʱʝʣʷʤ. ʇʦ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʦʤʫ ʟʘʢʦʥʫ ʜʠʩʧʝʨʩʠʠ ʫʩʪʘʥʦʚʠʪʝ, ʢʘʢ 

ʙʫʜʫʪ ʚʝʩʪʠ ʩʝʙʷ ʧʦʣʦʞʝʥʠʷ ʨʝʟʦʥʘʥʩʦʚ ʧʨʦʧʫʩʢʘʥʠʷ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʫʛʣʘ ʧʘʜʝʥʠʷ? 

(1 ʙʘʣʣ) ɺʳʙʝʨʠʪʝ ʦʜʠʥ ʠʟ ʥʘʡʜʝʥʥʳʭ ʨʝʟʦʥʘʥʩʦʚ ʠ ʨʘʩʩʯʠʪʘʡʪʝ, ʢʘʢʦʡ çʮʚʝʪʦʚʦʡè 

ʜʠʘʧʘʟʦʥ ʤʦʞʝʪ ʧʦʢʨʳʚʘʪʴ ʪʘʢʦʡ çʧʠʢʩʝʣè ʧʨʠ ʠʟʤʝʥʝʥʠʠ ʫʛʣʘ ʧʘʜʝʥʠʷ ʦʪ 0Á ʜʦ 

60Á? (2 ʙʘʣʣʘ)  
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ʅʘʥʦʬʣʫʢʪʫʘʮʠʠ ʚ ʬʦʪʦʥʥʦ-ʩʠʣʦʚʦʤ ʤʠʢʨʦʩʢʦʧʝ (2009, ʥʘʥʦʬʠʟʠʢʘ) 

ʉʠʣʴʥʦʩʬʦʢʫʩʠʨʦʚʘʥʥʦʝ ʣʘʟʝʨʥʦʝ ʠʟʣʫʯʝʥʠʝ ʧʦʟʚʦʣʷʝʪ ʟʘʭʚʘʪʳʚʘʪʴ ʧʨʦʟʨʘʯʥʳʝ ʦʙʲʝʢʪʳ 

ʤʠʢʨʦʥʥʦʛʦ ʠ ʩʫʙʤʠʢʨʦʥʥʦʛʦ ʨʘʟʤʝʨʦʚ ʙʣʘʛʦʜʘʨʷ ʜʝʡʩʪʚʠʶ ʛʨʘʜʠʝʥʪʥʳʭ ʩʠʣ ʜʘʚʣʝʥʠʷ 

ʩʚʝʪʘ. ʉʫʩʧʝʥʟʠʷ ʠʟʫʯʘʝʤʳʭ ʤʠʢʨʦʦʙʲʝʢʪʦʚ ʧʦʤʝʱʘʝʪʩʷ ʚ ʢʶʚʝʪʫ ʩ ʧʨʦʟʨʘʯʥʦʡ 

ʞʠʜʢʦʩʪʴʶ, ʢʘʢ ʧʨʘʚʠʣʦ ʩ ʚʦʜʦʡ. ʕʪʦʪ ʤʝʪʦʜ ʧʦʣʫʯʠʣ ʥʘʟʚʘʥʠʝ ʤʝʪʦʜʘ çʦʧʪʠʯʝʩʢʦʛʦ 

ʧʠʥʮʝʪʘè (çoptical tweezersè ï ʘʥʛʣ.) ʠ ʚ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʰʠʨʦʢʦ ʧʨʠʤʝʥʷʝʪʩʷ ʜʣʷ 

ʠʟʫʯʝʥʠʷ ʦʜʠʥʦʯʥʳʭ ʙʠʦʣʦʛʠʯʝʩʢʠʭ ʢʣʝʪʦʢ.  

ʈʘʟʤʝʨ ʦʧʪʠʯʝʩʢʦʡ ʣʦʚʫʰʢʠ (R) ʧʦ ʧʦʨʷʜʢʫ ʚʝʣʠʯʠʥʳ ʩʦʩʪʘʚʣʷʝʪ ʥʝʩʢʦʣʴʢʦ ʜʣʠʥ ʚʦʣʥ 

ʠʟʣʫʯʝʥʠʷ ʠʩʧʦʣʴʟʫʝʤʦʛʦ ʣʘʟʝʨʘ (ʢʘʢ ʧʨʘʚʠʣʦ, R ~ 1ï5 ʤʢʤ). ɺʘʞʥʦʡ ʭʘʨʘʢʪʝʨʠʩʪʠʢʦʡ 

ʦʧʪʠʯʝʩʢʦʡ ʣʦʚʫʰʢʠ ʷʚʣʷʝʪʩʷ ʝʝ ʞʝʩʪʢʦʩʪʴ (k). ʕʬʬʝʢʪʠʚʥʘʷ ʧʦʪʝʥʮʠʘʣʴʥʘʷ ʷʤʘ, ʚ 

ʢʦʪʦʨʫʶ ʧʦʧʘʜʘʝʪ ʧʨʦʟʨʘʯʥʘʷ ʯʘʩʪʠʮʘ, ʚʙʣʠʟʠ ʧʦʣʦʞʝʥʠʷ ʨʘʚʥʦʚʝʩʠʷ ʘʧʧʨʦʢʩʠʤʠʨʫʝʪʩʷ 

ʧʦʪʝʥʮʠʘʣʴʥʦʡ ʷʤʦʡ ʛʘʨʤʦʥʠʯʝʩʢʦʛʦ ʦʩʮʠʣʣʷʪʦʨʘ, ʞʝʩʪʢʦʩʪʴ ʢʦʪʦʨʦʛʦ ʠ ʷʚʣʷʝʪʩʷ 

ʵʬʬʝʢʪʠʚʥʦʡ ʞʝʩʪʢʦʩʪʴʶ ʣʦʚʫʰʢʠ. ɺ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʨʘʙʦʪʘʭ k ~ 1ï10 ʧʅ/ʤʢʤ.  

ʆʪʜʝʣʴʥʳʤ ʢʣʘʩʩʦʤ ʟʘʜʘʯ, ʨʝʰʘʝʤʳʭ ʩ ʧʦʤʦʱʴʶ ʤʝʪʦʜʘ ʦʧʪʠʯʝʩʢʦʛʦ ʧʠʥʮʝʪʘ ʷʚʣʷʝʪʩʷ 

ʪʘʢ ʥʘʟʳʚʘʝʤʘʷ çʬʦʪʦʥʥʦ-ʩʠʣʦʚʘʷ ʤʠʢʨʦʩʢʦʧʠʷè (çphotonic force microscopyè ï ʘʥʛʣ.). 

ʉʫʪʴ ʝʝ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʩʣʝʜʫʶʱʝʤ: ʟʥʘʷ ʞʝʩʪʢʦʩʪʴ ʦʧʪʠʯʝʩʢʦʡ ʣʦʚʫʰʢʠ, ʧʦ ʩʤʝʱʝʥʠʶ ʠʟ 

ʧʦʣʦʞʝʥʠʷ ʨʘʚʥʦʚʝʩʠʷ ʦʧʨʝʜʝʣʷʶʪ ʩʠʣʫ, ʜʝʡʩʪʚʫʶʱʫʶ ʥʘ ʯʘʩʪʠʮʫ (F = kx). ʊʘʢʦʡ ʤʝʪʦʜ 

ʧʦʟʚʦʣʷʝʪ ʠʟʤʝʨʷʪʴ ʩʠʣʳ ʦʪ ʜʝʩʷʪʢʦʚ ʬʝʤʪʦʥʴʶʪʦʥʦʚ ʜʦ ʥʝʩʢʦʣʴʢʠʭ ʧʠʢʦʥʴʶʪʦʥʦʚ.  

ʈʘʩʩʤʦʪʨʠʤ ʩʣʝʜʫʶʱʠʡ ʵʢʩʧʝʨʠʤʝʥʪ. ʉ ʧʦʤʦʱʴʶ ʦʧʪʠʯʝʩʢʦʡ ʣʦʚʫʰʢʠ, ʩʬʦʨʤʠʨʦʚʘʥʥʦʡ 

ʠʟʣʫʯʝʥʠʝʤ ʥʝʧʨʝʨʳʚʥʦʛʦ ʠʥʬʨʘʢʨʘʩʥʦʛʦ ʣʘʟʝʨʘ (1064 ʥʤ), ʞʝʩʪʢʦʩʪʴ ʣʦʚʫʰʢʠ 

k_z = 1 ʧʅ/ʤʢʤ, ʟʘʭʚʘʯʝʥʘ ʧʨʦʟʨʘʯʥʘʷ ʯʘʩʪʠʮʘ ʜʠʦʢʩʠʜʘ ʢʨʝʤʥʠʷ ʜʠʘʤʝʪʨʦʤ 2 ʤʢʤ, 

ʧʦʢʨʳʪʘʷ ʩʣʫʯʘʡʥʳʤ ʦʙʨʘʟʦʤ ʥʝʧʨʦʟʨʘʯʥʳʤʠ ʤʝʪʘʣʣʠʯʝʩʢʠʤʠ ʥʘʥʦʯʘʩʪʠʮʘʤʠ ʨʘʟʤʝʨʦʤ 

70 ʥʤ. ʇʣʦʱʘʜʴ ʧʦʢʨʳʪʦʡ ʦʙʣʘʩʪʠ ʩʦʩʪʘʚʣʷʝʪ 10 % ʦʪ ʧʣʦʱʘʜʠ ʧʦʚʝʨʭʥʦʩʪʠ ʚʩʝʡ 

ʯʘʩʪʠʮʳ. ʏʘʩʪʠʮʘ ʧʣʘʚʘʝʪ ʚ ʚʦʜʝ, ʥʘʭʦʜʷʱʝʡʩʷ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ. ʅʘ 

ʧʦʚʝʨʭʥʦʩʪʴ ʯʘʩʪʠʮʳ ʬʦʢʫʩʠʨʫʝʪʩʷ ʠʟʣʫʯʝʥʠʝ ʥʝʧʨʝʨʳʚʥʦʛʦ ʣʘʟʝʨʘ ʩ ʜʣʠʥʦʡ ʚʦʣʥʳ 

ʠʟʣʫʯʝʥʠʷ 532 ʥʤ ʠ ʤʦʱʥʦʩʪʴʶ 1 ʤɺʪ, ʢʘʢ ʧʦʢʘʟʘʥʦ ʥʘ ʨʠʩʫʥʢʝ. ɼʠʥʘʤʠʯʝʩʢʘʷ ʚʷʟʢʦʩʪʴ 

ʚʦʜʳ ɖ = 10
-3

 (ʅĀc/ʤ
2
). ʊʝʤʧʝʨʘʪʫʨʫ ʩʯʠʪʘʪʴ ʢʦʤʥʘʪʥʦʡ.  

1. ʆʮʝʥʠʪʴ ʨʝʛʫʣʷʨʥʦʝ ʩʤʝʱʝʥʠʝ ʯʘʩʪʠʮʳ ʜʠʦʢʩʠʜʘ ʢʨʝʤʥʠʷ, ʚʳʟʚʘʥʥʦʝ ʜʘʚʣʝʥʠʝʤ 

ʠʟʣʫʯʝʥʠʷ ʩʦ ʩʪʦʨʦʥʳ ʟʝʣʝʥʦʛʦ ʣʘʟʝʨʘ. ʅʘʛʨʝʚʦʤ ʧʨʝʥʝʙʨʝʯʴ. (3 ʙʘʣʣʘ) 

2. ʆʮʝʥʠʪʴ ʩʨʝʜʥʝʝ ʟʥʘʯʝʥʠʝ ʬʣʫʢʪʫʘʮʠʡ ʧʦʣʦʞʝʥʠʷ ʯʘʩʪʠʮʳ ʚ ʣʦʚʫʰʢʝ, ʚʳʟʚʘʥʥʳʭ 

ʜʘʚʣʝʥʠʝʤ ʠʟʣʫʯʝʥʠʷ ʟʝʣʝʥʦʛʦ ʣʘʟʝʨʘ, ʧʦ ʢʦʦʨʜʠʥʘʪʝ Z (ʩʤ. ʨʠʩ.), ʩʯʠʪʘʷ ʞʝʩʪʢʦʩʪʴ 

ʧʦ ʜʨʫʛʠʤ ʥʘʧʨʘʚʣʝʥʠʷʤ: k_x >> k_z, k_y>>k_z. (5 ʙʘʣʣʦʚ) 
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3. ʂʘʢ ʜʦʣʞʥʳ ʙʳʪʴ ʨʘʩʧʨʝʜʝʣʝʥʳ ʥʘʥʦʯʘʩʪʠʮʳ ʩʝʨʝʙʨʘ ʧʦ ʧʦʚʝʨʭʥʦʩʪʠ, ʯʪʦʙʳ 

ʬʣʫʢʪʫʘʮʠʠ ʙʳʣʠ ʤʘʢʩʠʤʘʣʴʥʳ? ʄʠʥʠʤʘʣʴʥʳ? ʆʮʝʥʠʪʴ ʟʥʘʯʝʥʠʷ ʤʘʢʩʠʤʘʣʴʥʳʭ ʠ 

ʤʠʥʠʤʘʣʴʥʳʭ ʬʣʫʢʪʫʘʮʠʡ. (3 ʙʘʣʣʘ) 

4. ʉʨʘʚʥʠʪʴ ʘʤʧʣʠʪʫʜʫ ʬʣʫʢʪʫʘʮʠʡ ʩ ʘʤʧʣʠʪʫʜʦʡ ʙʨʦʫʥʦʚʩʢʦʛʦ ʜʚʠʞʝʥʠʷ 

ʟʘʭʚʘʯʝʥʥʦʡ ʯʘʩʪʠʮʳ. (5 ʙʘʣʣʦʚ) 
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ʌʦʪʦʥʥʳʝ ʚʦʣʥʳ ʛʘʩʷʪ ʚʝʪʝʨ (2009, ʥʘʥʦʬʠʟʠʢʘ) 

ʅʘʜ ʚʝʨʭʥʝʡ ʧʦʚʝʨʭʥʦʩʪʴʶ ʩʪʝʢʣʷʥʥʦʡ ʧʨʠʟʤʳ (ʩʤ. ʨʠʩ.) ʚ ʚʦʜʝ ʥʘ ʨʘʩʩʪʦʷʥʠʠ l = 200 ʥʤ 

ʦʪ ʧʦʚʝʨʭʥʦʩʪʠ ʧʨʠʟʤʳ ʧʦʤʝʱʝʥʘ ʦʧʪʠʯʝʩʢʠ ʥʝʧʨʦʟʨʘʯʥʘʷ ʥʘʥʦʯʘʩʪʠʮʘ ʜʠʘʤʝʪʨʦʤ 

d = 200 ʥʤ. ʇʨʠʟʤʘ ʦʩʚʝʱʘʝʪʩʷ ʥʝʧʨʝʨʳʚʥʳʤ ʣʘʟʝʨʦʤ ʩ ʜʣʠʥʦʡ ʚʦʣʥʳ ʠʟʣʫʯʝʥʠʷ 532 ʥʤ ʠ 

ʠʥʪʝʥʩʠʚʥʦʩʪʴʶ 105 ɺʪ/ʩʤ
2
, ʢʘʢ ʧʦʢʘʟʘʥʦ ʥʘ ʨʠʩʫʥʢʝ. ʋʛʦʣ ʧʘʜʝʥʠʷ Ŭ = 75 ʛʨʘʜʫʩʦʚ. 

ɼʠʥʘʤʠʯʝʩʢʘʷ ʚʷʟʢʦʩʪʴ ʚʦʜʳ ɖ = 10
-3 
(ʅĀc/ʤ

2
).  

1. ʆʧʨʝʜʝʣʠʪʴ ʩʠʣʫ, ʜʝʡʩʪʚʫʶʱʫʶ ʥʘ ʯʘʩʪʠʮʫ ʚ ʥʘʧʨʘʚʣʝʥʠʠ ʦʩʠ X ʠ 

ʫʩʪʘʥʦʚʠʚʰʫʶʩʷ ʩʢʦʨʦʩʪʴ ʜʚʠʞʝʥʠʷ. ʇʦʢʘʟʘʪʝʣʴ ʧʨʝʣʦʤʣʝʥʠʷ ʩʪʝʢʣʘ n1 = 1.4, 

ʧʦʢʘʟʘʪʝʣʴ ʧʨʝʣʦʤʣʝʥʠʷ ʚʦʜʳ nʦ = 1.33. ʅʘʛʨʝʚʦʤ ʧʨʝʥʝʙʨʝʯʴ. (5 ʙʘʣʣʦʚ) 

 

ɺ ʚʦʜʝ ʧʣʘʚʘʝʪ ʦʧʪʠʯʝʩʢʠ ʩʣʘʙʦʧʦʛʣʦʱʘʶʱʘʷ ʯʘʩʪʠʮʘ, ʦʙʣʘʜʘʶʱʘʷ ʢʨʫʛʦʚʳʤ 

ʜʠʭʨʦʠʟʤʦʤ, ʜʠʘʤʝʪʨ ʯʘʩʪʠʮʳ 10 ʤʢʤ. ʆʪʥʦʰʝʥʠʝ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʦʧʪʠʯʝʩʢʦʛʦ 

ʧʨʦʧʫʩʢʘʥʠʷ ʧʨʘʚʦ- ʠ ʣʝʚʦ-ʮʠʨʢʫʣʷʨʥʦ ʧʦʣʷʨʠʟʦʚʘʥʥʳʭ ʚʦʣʥ ï 0.9. ʈʷʜʦʤ ʩ ʵʪʦʡ ʯʘʩʪʠʮʝʡ 

ʧʣʘʚʘʝʪ ʝʱʝ ʦʜʥʘ ʯʘʩʪʠʮʘ ʪʘʢʦʛʦ ʞʝ ʨʘʟʤʝʨʘ, ʥʦ ʥʝ ʦʙʣʘʜʘʶʱʘʷ ʢʨʫʛʦʚʳʤ ʜʠʭʨʦʠʟʤʦʤ. 

ʆʙʝ ʯʘʩʪʠʮʳ ʦʩʚʝʱʘʶʪʩʷ ʧʘʨʘʣʣʝʣʴʥʳʤ ʧʣʦʩʢʦʧʦʣʷʨʠʟʦʚʘʥʥʳʤ ʠʟʣʫʯʝʥʠʝʤ 

ʥʝʧʨʝʨʳʚʥʦʛʦ ʣʘʟʝʨʘ ʩ ʜʣʠʥʦʡ ʚʦʣʥʳ ʠʟʣʫʯʝʥʠʷ 532 ʥʤ ʠ ʠʥʪʝʥʩʠʚʥʦʩʪʴʶ 10
4
 ɺʪ/ʩʤ

2
. 

ɼʠʥʘʤʠʯʝʩʢʘʷ ʚʷʟʢʦʩʪʴ ʚʦʜʳ ɖ = 10
-3

 (ʅĀc /ʤ
2
), ʥʘʛʨʝʚʦʤ ʧʨʝʥʝʙʨʝʯʴ.  

2. ʆʮʝʥʠʪʴ ʫʩʪʘʥʦʚʠʚʰʠʝʩʷ ʩʢʦʨʦʩʪʠ ʯʘʩʪʠʮ (V), ʝʩʣʠ ʢʦʵʬʬʠʮʠʝʥʪʳ ʧʨʝʣʦʤʣʝʥʠʷ 

ʯʘʩʪʠʮ n1 = 1.4, ʘ ʦʢʨʫʞʘʶʱʝʡ ʩʨʝʜʳ nʦ = 1.33. (4 ʙʘʣʣʘ) ʆʮʝʥʠʪʴ ʤʦʤʝʥʪ ʠʤʧʫʣʴʩʘ 

ʠ ʫʛʣʦʚʫʶ ʩʢʦʨʦʩʪʴ ʚʨʘʱʝʥʠʷ ʧʝʨʚʦʡ ʯʘʩʪʠʮʳ. (5 ʙʘʣʣʦʚ) ʉʯʠʪʘʷ, ʯʪʦ ʚʪʦʨʘʷ 

ʯʘʩʪʠʮʘ ʥʘʭʦʜʠʪʩʷ ʥʘ ʨʘʩʩʪʦʷʥʠʠ L ʦʪ ʧʝʨʚʦʡ ʯʘʩʪʠʮʳ (ʩʤ. ʨʠʩ.), ʦʮʝʥʠʪʴ ʫʛʣʦʚʫʶ 

ʩʢʦʨʦʩʪʴ ʚʨʘʱʝʥʠʷ ʚʪʦʨʦʡ ʯʘʩʪʠʮʳ. ʆʧʨʝʜʝʣʠʪʴ ʦʪʥʦʰʝʥʠʝ ʫʛʣʦʚʳʭ ʩʢʦʨʦʩʪʝʡ 

ʯʘʩʪʠʮ ʧʨʠ ʨʘʩʩʪʦʷʥʠʠ ʤʝʞʜʫ ʥʠʤʠ L = 1 ʤʢʤ, L = 5 ʤʢʤ. (5 ʙʘʣʣʦʚ) 
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ɺ ʪʦʥʢʠʡ ʟʘʟʦʨ ʪʦʣʱʠʥʦʡ D ʤʝʞʜʫ ʜʚʫʤʷ ʧʣʦʩʢʠʤʠ ʧʦʢʨʦʚʥʳʤʠ ʩʪʝʢʣʘʤʠ ʧʦʤʝʱʝʥʘ 

ʚʦʜʥʘʷ ʩʫʩʧʝʥʟʠʷ ʧʨʦʟʨʘʯʥʳʭ ʥʘʥʦʯʘʩʪʠʮ ʜʠʘʤʝʪʨʦʤ 100 ʥʤ (ʩʤ. ʨʠʩ.). ʇʣʦʪʥʦʩʪʴ 

ʤʘʪʝʨʠʘʣʘ ʯʘʩʪʠʮ ï ɟ = 3000 ʢʛ/ʤ
3
. ʅʘ ʚʝʨʭʥʶʶ ʧʦʚʝʨʭʥʦʩʪʴ ʦʧʠʩʘʥʥʦʡ ʷʯʝʡʢʠ ʩ 

ʧʦʤʦʱʴʶ ʦʙʲʝʢʪʠʚʘ ʩ ʯʠʩʣʦʚʦʡ ʘʧʧʝʨʪʫʨʦʡ ʏɸ = 0.8 ʬʦʢʫʩʠʨʫʝʪʩʷ ʠʟʣʫʯʝʥʠʝ 

ʥʝʧʨʝʨʳʚʥʦʛʦ ʠʥʬʨʘʢʨʘʩʥʦʛʦ ʣʘʟʝʨʘ (1064 ʥʤ), ʤʦʱʥʦʩʪʴ ʣʘʟʝʨʘ 50 ʤɺʪ.  

3. ʆʧʨʝʜʝʣʠʪʴ ʤʘʢʩʠʤʘʣʴʥʫʶ ʪʦʣʱʠʥʫ ʟʘʟʦʨʘ, ʧʨʠ ʢʦʪʦʨʦʡ ʥʘ ʚʝʨʭʥʝʡ ʧʦʚʝʨʭʥʦʩʪʠ 

ʝʱʝ ʙʫʜʫʪ ʩʦʙʠʨʘʪʴʩʷ ʥʘʥʦʯʘʩʪʠʮʳ. ɼʣʷ ʚʜʚʦʝ ʤʝʥʴʰʝʡ ʪʦʣʱʠʥʳ ʧʨʠʙʣʠʞʝʥʥʦ 

ʦʧʨʝʜʝʣʠʪʴ ʟʘʚʠʩʠʤʦʩʪʴ ʦʪ ʚʨʝʤʝʥʠ ʯʠʩʣʘ ʧʨʠʞʘʪʳʭ ʢ ʚʝʨʭʥʝʡ ʧʦʚʝʨʭʥʦʩʪʠ 

ʥʘʥʦʯʘʩʪʠʮ. ʉʯʠʪʘʪʴ, ʯʪʦ ʜʠʘʤʝʪʨ ʧʝʨʝʪʷʞʢʠ ʚ ʪʦʯʢʝ ʬʦʢʫʩʘ ʩʦʩʪʘʚʣʷʝʪ 1.5 ʤʢʤ, ʘ 

ʢʦʥʮʝʥʪʨʘʮʠʷ ʯʘʩʪʠʮ ʥʘ ʝʜʠʥʠʮʫ ʧʣʦʱʘʜʠ ʷʯʝʡʢʠ ʩʦʩʪʘʚʣʷʝʪ 1 ʯʘʩʪ/ʤʢʤ
2
. 

ɼʠʥʘʤʠʯʝʩʢʘʷ ʚʷʟʢʦʩʪʴ ʚʦʜʳ ɖ = 10
-3

 (ʅĀc/ʤ
2
), ʥʘʛʨʝʚʦʤ ʧʨʝʥʝʙʨʝʯʴ. (5 ʙʘʣʣʦʚ) 
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ʄʦʣʝʢʫʣʷʨʥʳʝ ʤʦʪʦʨʳ (2009, ʥʘʥʦʬʠʟʠʢʘ) 

ɺ ʢʦʥʮʝ ʧʨʦʰʣʦʛʦ ʚʝʢʘ ʙʳʣʦ ʩʜʝʣʘʥʦ ʟʘʤʝʯʘʪʝʣʴʥʦʝ ʦʪʢʨʳʪʠʝ ʚ ʦʙʣʘʩʪʠ ʙʠʦʬʠʟʠʢʠ: ʙʳʣʦ 

ʦʙʥʘʨʫʞʝʥʦ, ʯʪʦ ʬʝʨʤʝʥʪʳ ɸʊʌ-ʩʠʥʪʘʟʘ ʠ ɸʊʌ-ʘʟʘ ʧʦ ʩʚʦʝʤʫ ʩʪʨʦʝʥʠʶ ʠ ʧʨʠʥʮʠʧʫ 

ʨʘʙʦʪʳ ʧʨʘʢʪʠʯʝʩʢʠ ʧʦʣʥʦʩʪʴʶ ʧʦʚʪʦʨʷʶʪ ʠʟʦʙʨʝʪʸʥʥʳʝ ʯʝʣʦʚʝʢʦʤ ʫʩʪʨʦʡʩʪʚʘ ï 

ʵʣʝʢʪʨʦʤʦʪʦʨʳ ʠ ʛʝʥʝʨʘʪʦʨʳ. ʌʝʨʤʝʥʪ ɸʊʌ-ʩʠʥʪʘʟʘ ʧʨʝʜʥʘʟʥʘʯʝʥ ʜʣʷ ʩʠʥʪʝʟʘ ʠʣʠ 

ʛʠʜʨʦʣʠʟʘ ʤʦʣʝʢʫʣ ɸʊʌ, ʘ ʪʘʢʞʝ ʜʣʷ ʧʝʨʝʥʦʩʘ ʧʨʦʪʦʥʦʚ (ʅ
+
) ʯʝʨʝʟ ʤʝʤʙʨʘʥʫ ʢʣʝʪʢʠ, ʯʪʦ 

ʦʙʝʩʧʝʯʠʚʘʝʪ ʩʪʘʙʠʣʴʥʳʡ ʚʥʫʪʨʠʢʣʝʪʦʯʥʳʡ ʨʅ ʮʠʪʦʧʣʘʟʤʳ. ɹʳʣʦ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʧʨʠ 

ʨʘʙʦʪʝ ʦʜʥʘ ʠʟ ʯʘʩʪʝʡ ʵʪʦʛʦ ʬʝʨʤʝʥʪʘ ʩʦʚʝʨʰʘʝʪ ʚʨʘʱʘʪʝʣʴʥʦʝ ʜʚʠʞʝʥʠʝ. ʕʪʦʪ ʬʘʢʪ 

ʧʨʠʚʣʸʢ ʚʥʠʤʘʥʠʝ ʤʥʦʛʠʭ ʠʩʩʣʝʜʦʚʘʪʝʣʝʡ ʢ ʠʟʫʯʝʥʠʶ ʤʝʭʘʥʠʟʤʘ ʨʘʙʦʪʳ ɸʊʌ-ʩʠʥʪʘʟʳ.  

 

ʇʦ ʤʝʨʝ ʪʦʛʦ ʢʘʢ ʧʨʦʪʦʥʳ ʧʨʦʪʝʢʘʶʪ ʯʝʨʝʟ ʥʠʞʥʶʶ (ʩʤ. ʨʠʩ.) ʯʘʩʪʴ ʬʝʨʤʝʥʪʘ, ʝʛʦ 

çʨʦʪʦʨè ʚʨʘʱʘʝʪʩʷ ʧʦ ʯʘʩʦʚʦʡ ʩʪʨʝʣʢʝ, ʠ ʚ ʚʝʨʭʥʝʡ ʯʘʩʪʠ ʠʜʝʪ ʩʠʥʪʝʟ ɸʊʌ. ʊʘʢʠʤ 

ʦʙʨʘʟʦʤ, ʵʪʦ ʫʩʪʨʦʡʩʪʚʦ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʘʥʘʣʦʛ ʵʣʝʢʪʨʦʤʦʪʦʨʘ, ʢʦʪʦʨʳʡ ʧʨʝʚʨʘʱʘʝʪ 

ʵʣʝʢʪʨʠʯʝʩʢʫʶ ʵʥʝʨʛʠʶ ʚ ʤʝʭʘʥʠʯʝʩʢʫʶ. ʄʝʭʘʥʠʯʝʩʢʘʷ ʵʥʝʨʛʠʷ, ʚ ʩʚʦʶ ʦʯʝʨʝʜʴ, 

ʧʨʝʚʨʘʱʘʝʪʩʷ ʚ ʵʥʝʨʛʠʶ ʭʠʤʠʯʝʩʢʠʭ ʩʚʷʟʝʡ ʤʦʣʝʢʫʣʳ ɸʊʌ. ʇʨʠ ʛʠʜʨʦʣʠʟʝ ɸʊʌ çʨʦʪʦʨè 

ʚʨʘʱʘʝʪʩʷ ʧʨʦʪʠʚ ʯʘʩʦʚʦʡ ʩʪʨʝʣʢʠ, ʠ ʧʨʦʠʩʭʦʜʠʪ ʦʙʨʘʪʥʳʡ ʧʨʦʮʝʩʩ: ʵʥʝʨʛʠʷ ʭʠʤʠʯʝʩʢʠʭ 

ʩʚʷʟʝʡ ʧʨʝʚʨʘʱʘʝʪʩʷ ʚ ʵʣʝʢʪʨʠʯʝʩʢʫʶ ʵʥʝʨʛʠʶ. ɺ ʵʪʦʤ ʨʝʞʠʤʝ ʨʘʙʦʪʳ ʬʝʨʤʝʥʪ 

ʚʳʧʦʣʥʷʝʪ ʨʦʣʴ çʛʝʥʝʨʘʪʦʨʘ ʵʣʝʢʪʨʦʵʥʝʨʛʠʠè.  

ʅʝʩʢʦʣʴʢʠʤʠ ʛʨʫʧʧʘʤʠ ʠʩʩʣʝʜʦʚʘʪʝʣʝʡ ʙʳʣ ʧʨʦʚʝʜʸʥ ʩʣʝʜʫʶʱʠʡ ʵʢʩʧʝʨʠʤʝʥʪ: ɸʊʌ-

ʩʠʥʪʘʟʘ ʙʳʣʘ ʟʘʢʨʝʧʣʝʥʘ ʥʘ ʧʦʜʣʦʞʢʝ, ʘ ʢ ʝʸ ʚʘʣʫ ʧʨʠʩʦʝʜʠʥʠʣʠ ʬʣʫʦʨʝʩʮʝʥʪʥʫʶ 

ʤʠʢʨʦʩʬʝʨʫ ʜʠʘʤʝʪʨʦʤ ʦʢʦʣʦ 1 ʤʢʤ. ʅʘʙʣʶʜʘʣʦʩʴ ʚʨʘʱʝʥʠʝ ʤʠʢʨʦʩʬʝʨʳ, ʠ ʩ ʧʦʤʦʱʴʶ 

ʩʧʝʮʠʘʣʴʥʳʭ ʧʨʠʙʦʨʦʚ ʚʝʣʠʩʴ ʠʟʤʝʨʝʥʠʷ ʧʘʨʘʤʝʪʨʦʚ ʚʨʘʱʝʥʠʷ. ɺ ʦʜʥʦʤ ʠʟ 
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ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʧʨʠ ʛʠʜʨʦʣʠʟʝ ɸʊʌ ʙʳʣʦ ʦʙʥʘʨʫʞʝʥʦ ʚʨʘʱʝʥʠʝ ʤʠʢʨʦʩʬʝʨʳ ʩ ʯʘʩʪʦʪʦʡ 4 

ʦʙʦʨʦʪʘ ʚ ʩʝʢʫʥʜʫ, ʧʨʠʯʸʤ ʚʨʘʱʝʥʠʝ ʧʨʝʜʩʪʘʚʣʷʣʦ ʩʦʙʦʡ ʜʠʩʢʨʝʪʥʳʝ ʠʟʤʝʥʝʥʠʷ ʫʛʣʘ 

ʨʦʪʦʨʘ, ʢʘʞʜʳʡ ʨʘʟ ʥʘ 120Á.  

 

 

1. ʆʧʠʰʠʪʝ ʧʨʦʮʝʩʩ ʨʘʙʦʪʳ ɸʊʌ-ʩʠʥʪʘʟʳ ʚ ʨʝʞʠʤʝ ʤʦʪʦʨʘ ʠ ʚ ʨʝʞʠʤʝ ʛʝʥʝʨʘʪʦʨʘ ʩ 

ʬʠʟʠʯʝʩʢʦʡ ʪʦʯʢʠ ʟʨʝʥʠʷ (ʠʣʠ ʧʨʦʚʝʜʠʪʝ ʘʥʘʣʦʛʠʶ ʩ ʤʘʢʨʦʩʢʦʧʠʯʝʩʢʠʤ ʤʦʪʦʨʦʤ ʠ 

ʛʝʥʝʨʘʪʦʨʦʤ: ʫʢʘʞʠʪʝ, ʢʘʢʘʷ ʯʘʩʪʴ ʬʝʨʤʝʥʪʘ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʢʘʞʜʦʡ ʜʝʪʘʣʠ ʵʪʠʭ 

ʫʩʪʨʦʡʩʪʚ, ʠ ʦʧʠʰʠʪʝ ʧʨʠʥʮʠʧ ʠʭ ʨʘʙʦʪʳ). (4 ʙʘʣʣʘ)  

2. ɺ ʦʧʠʩʘʥʥʦʤ ʚʳʰʝ ʵʢʩʧʝʨʠʤʝʥʪʝ ɸʊʌ-ʩʠʥʪʘʟʘ ʨʘʙʦʪʘʣʘ ʚ ʨʝʞʠʤʝ ʛʝʥʝʨʘʪʦʨʘ. 

ɺʳʯʠʩʣʠʪʝ ʩʠʣʫ ʪʦʢʘ ʧʨʦʪʦʥʦʚ ʠ ʦʮʝʥʠʪʝ (ʚʳʯʠʩʣʠʪʝ ʧʨʠʙʣʠʞʸʥʥʦ) ʕɼʉ, ʜʘʚʘʝʤʦʝ 

ʪʘʢʠʤ ʛʝʥʝʨʘʪʦʨʦʤ. (5 ʙʘʣʣʦʚ) ʉʯʠʪʘʡʪʝ, ʯʪʦ ʧʨʠ ʛʠʜʨʦʣʠʟʝ ɸʊʌ ʚ ʩʨʝʜʥʝʤ 

ʚʳʜʝʣʷʝʪʩʷ ʵʥʝʨʛʠʷ ʚ ʢʦʣʠʯʝʩʪʚʝ 50 ʢɼʞ/ʤʦʣʴ.  
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3. ʆʮʝʥʠʪʝ ʧʦ ʧʦʨʷʜʢʫ ʚʝʣʠʯʠʥʳ ʤʘʢʩʠʤʘʣʴʥʳʡ ʚʨʘʱʘʶʱʠʡ ʤʦʤʝʥʪ, ʢʦʪʦʨʳʡ ʤʦʞʝʪ 

ʨʘʟʚʠʪʴ ɸʊʌ-ʩʠʥʪʘʟʘ ʧʨʠ ʨʘʙʦʪʝ ʚ ʨʝʞʠʤʝ ʤʦʪʦʨʘ. (4 ʙʘʣʣʘ)  

ɼʨʫʛʦʡ ʫʥʠʢʘʣʴʥʳʡ ʙʠʦʣʦʛʠʯʝʩʢʠʡ ʤʦʪʦʨ, ʢʦʪʦʨʳʡ ʙʫʜʝʪ ʪʘʢʞʝ ʧʦʣʝʟʝʥ ʥʘʥʦʪʝʭʥʦʣʦʛʠʷʤ 

ï ʤʦʣʝʢʫʣʳ ʙʝʣʢʘ ʢʠʥʝʟʠʥʘ. ʕʪʠ ʤʦʣʝʢʫʣʳ ʜʚʠʞʫʪʩʷ ʚʜʦʣʴ ʧʦʣʠʤʝʨʥʳʭ ʥʠʪʝʡ, ʠʩʧʦʣʴʟʫʷ 

ʚ ʢʘʯʝʩʪʚʝ "ʪʦʧʣʠʚʘ" ʤʦʣʝʢʫʣʳ ɸʊʌ. ʆʥʠ ʚʳʧʦʣʥʷʶʪ ʪʨʘʥʩʧʦʨʪ ʚʝʱʝʩʪʚ ʚʥʫʪʨʠ ʢʣʝʪʢʠ ʠ 

ʧʝʨʝʤʝʱʝʥʠʝ ʚʝʟʠʢʫʣ. ɽʩʣʠ ʧʨʦʚʝʩʪʠ ʘʥʘʣʦʛʠʶ ʩ ʤʘʢʨʦʤʠʨʦʤ, ʪʦ ʧʦʣʠʤʝʨʥʳʝ ʥʠʪʠ 

(ʤʠʢʨʦʪʨʫʙʢʠ) ʠʛʨʘʶʪ ʨʦʣʴ ʨʝʣʴʩʦʚ, ʧʦ ʢʦʪʦʨʳʤ ʧʝʨʝʤʝʱʘʶʪʩʷ ʤʦʣʝʢʫʣʳ ʙʝʣʢʦʚ 

ʢʠʥʝʟʠʥʘ (ʚʘʛʦʥʳ), ʥʝʩʷ ʥʘ ʩʝʙʝ ʧʦʣʝʟʥʳʡ ʛʨʫʟ. ʆʜʠʥ ʢʦʥʝʮ ʵʪʦʡ ʤʦʣʝʢʫʣʳ ʧʨʠʢʨʝʧʣʷʝʪʩʷ 

ʢ ʚʝʟʠʢʫʣʝ, ʢʦʪʦʨʫʶ ʥʝʦʙʭʦʜʠʤʦ ʪʨʘʥʩʧʦʨʪʠʨʦʚʘʪʴ, ʘ ʜʨʫʛʦʡ ï ʢ ʤʠʢʨʦʪʨʫʙʢʝ, ʢʦʪʦʨʘʷ 

ʥʘʧʨʘʚʣʷʝʪ ʜʚʠʞʝʥʠʝ.  

 

 

ɹʳʣʦ ʦʙʥʘʨʫʞʝʥʦ, ʯʪʦ ʤʦʣʝʢʫʣʘ "ʰʘʛʘʝʪ" ʚʜʦʣʴ ʤʠʢʨʦʪʨʫʙʢʠ, ʜʝʣʘʷ 8-ʥʘʥʦʤʝʪʨʦʚʳʝ 

ʰʘʛʠ. ʅʘ ʨʠʩʫʥʢʝ ʢʠʥʝʟʠʥʦʚʳʡ ʢʦʤʧʣʝʢʩ ʧʝʨʝʤʝʱʘʝʪ ʦʨʛʘʥʝʣʣʫ ʤʝʣʘʥʦʩʦʤʫ 

(ʦʪʚʝʪʩʪʚʝʥʥʫʶ ʟʘ ʩʠʥʪʝʟ ʤʝʣʘʥʠʥʘ) ʚʜʦʣʴ ʤʠʢʨʦʪʨʫʙʢʠ. ɼʣʷ ʪʦʛʦ ʯʪʦʙʳ ʪʘʢ ʰʘʛʥʫʪʴ, 
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ʤʦʣʝʢʫʣʘ ʠʩʧʦʣʴʟʫʝʪ ʚ ʢʘʯʝʩʪʚʝ ʪʦʧʣʠʚʘ 1 ʤʦʣʝʢʫʣʫ ɸʊʌ. ɿʘ ʦʜʥʫ ʩʝʢʫʥʜʫ ʤʦʣʝʢʫʣʘ 

ʢʠʥʝʟʠʥʘ ʨʘʩʱʝʧʣʷʝʪ ʧʨʠʤʝʨʥʦ 100 ʤʦʣʝʢʫʣ ɸʊʌ, ʜʝʣʘʷ 800 ʰʘʛʦʚ. ʇʨʠ ʵʪʦʤ ʪʷʛʦʚʘʷ 

ʩʠʣʘ, ʨʘʟʚʠʚʘʝʤʘʷ ʦʜʥʦʡ ʤʦʣʝʢʫʣʦʡ ʢʠʥʝʟʠʥʘ, ʧʨʠʤʝʨʥʦ ʨʘʚʥʘ 6 ʧʅ.  

4. ʇʦ ʵʪʠʤ ʜʘʥʥʳʤ ʚʳʯʠʩʣʠʪʝ ʂʇɼ ʤʦʣʝʢʫʣʳ ʢʠʥʝʟʠʥʘ. (3 ʙʘʣʣʘ)  

5. ɺ ʢʘʢʠʭ ʦʙʣʘʩʪʷʭ ʥʘʥʦʪʝʭʥʦʣʦʛʠʡ ʤʦʞʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʦʧʠʩʘʥʥʳʝ ʤʦʣʝʢʫʣʷʨʥʳʝ 

ʤʦʪʦʨʳ ʠ ʜʣʷ ʯʝʛʦ? ɸʥʘʣʦʛʘʤʠ ʢʘʢʠʭ ʤʘʢʨʦʩʢʦʧʠʯʝʩʢʠʭ ʧʨʠʩʧʦʩʦʙʣʝʥʠʡ ʦʥʠ 

ʤʦʛʫʪ ʩʣʫʞʠʪʴ ʧʨʠ ʩʦʟʜʘʥʠʠ ʨʘʟʣʠʯʥʳʭ ʥʘʥʦʦʙʲʝʢʪʦʚ? ʏʪʦ ʤʦʞʥʦ ʦʪʥʝʩʪʠ ʢ 

ʧʨʝʠʤʫʱʝʩʪʚʘʤ, ʘ ʯʪʦ ʢ ʥʝʜʦʩʪʘʪʢʘʤ ʤʦʣʝʢʫʣʷʨʥʳʭ ʤʦʪʦʨʦʚ? (4 ʙʘʣʣʘ) 
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ɿʘʨʷʞʝʥʥʳʝ ʥʘʥʦʯʘʩʪʠʮʳ (2010, ʰʢʦʣʴʥʠʢʠ, ʬʠʟʠʢʘ) 

ʀʟʚʝʩʪʥʦ, ʯʪʦ ʢʦʣʣʦʠʜʥʳʝ ʨʘʩʪʚʦʨʳ (ʟʦʣʠ), ʥʘʧʨʠʤʝʨ, ʢʚʘʥʪʦʚʳʭ ʪʦʯʝʢ, ʤʦʛʫʪ 

ʘʛʣʦʤʝʨʠʨʦʚʘʪʴ, ʦʙʨʘʟʫʷ ʩʣʦʞʥʳʝ ʢʦʤʧʣʝʢʩʳ, ʩʦʩʪʦʷʱʠʝ ʠʟ 2-ʭ ʠ ʙʦʣʝʝ ʯʘʩʪʠʮ. ʆʜʥʦʡ ʠʟ 

ʧʨʠʯʠʥ ʪʘʢʦʛʦ ʷʚʣʝʥʠʷ ʷʚʣʷʝʪʩʷ ʠʟʙʳʪʦʢ ʧʦʚʝʨʭʥʦʩʪʥʦʡ ʵʥʝʨʛʠʠ ʠ ʩʠʣʳ ʤʦʣʝʢʫʣʷʨʥʦʛʦ 

ʧʨʠʪʷʞʝʥʠʷ, ʟʘʩʪʘʚʣʷʶʱʠʝ ʦʙʲʝʜʠʥʷʪʴʩʷ ʧʦʜʦʰʝʜʰʠʝ ʙʣʠʟʢʦ ʜʨʫʛ ʢ ʜʨʫʛʫ ʤʘʣʳʝ 

ʯʘʩʪʠʮʳ. ɼʣʷ ʧʨʝʜʦʪʚʨʘʱʝʥʠʷ ʘʛʣʦʤʝʨʘʮʠʠ ʤʦʞʥʦ ʩʦʦʙʱʘʪʴ ʥʘʥʦʯʘʩʪʠʮʘʤ ʟʘʨʷʜ 

ʦʜʥʦʠʤʝʥʥʦʛʦ ʟʥʘʢʘ, ʯʪʦ ʧʨʠʚʝʜʝʪ ʢ ʠʭ ʦʪʪʘʣʢʠʚʘʥʠʶ.  

1. ʂʘʢʠʤʠ ʩʧʦʩʦʙʘʤʠ ʤʦʞʥʦ ʟʘʨʷʜʠʪʴ ʥʘʥʦʯʘʩʪʠʮʳ ʚ ʢʦʣʣʦʠʜʥʦʤ ʨʘʩʪʚʦʨʝ? (2 ʙʘʣʣʘ)  

2. ʂʘʢʠʤʠ ʤʦʛʫʪ ʙʳʪʴ ʤʠʥʠʤʘʣʴʥʳʡ ʠ ʤʘʢʩʠʤʘʣʴʥʳʡ ʟʘʨʷʜ ʥʘʥʦʯʘʩʪʠʮʳ? (2 ʙʘʣʣʘ)  

ʇʫʩʪʴ, ʥʘʧʨʠʤʝʨ, ʢʘʞʜʦʤʫ ʠʟ ʦʙʨʘʟʫʶʱʠʭ ʟʦʣʴ ʥʘʥʦʢʨʠʩʪʘʣʣʦʚ ʢʨʝʤʥʠʷ (Si), ʠʤʝʶʱʠʭ 

ʩʬʝʨʠʯʝʩʢʫʶ ʬʦʨʤʫ ʩ ʨʘʜʠʫʩʦʤ R = 1 ʥʤ, ʩʦʦʙʱʠʣʠ ʧʦʣʦʞʠʪʝʣʴʥʳʡ ʟʘʨʷʜ q, ʨʘʚʥʳʡ ʧʦ 

ʤʦʜʫʣʶ ʫʜʚʦʝʥʥʦʤʫ ʟʘʨʷʜʫ ʵʣʝʢʪʨʦʥʘ.  

3. ʉʤʦʛʫʪ ʣʠ ʪʘʢʠʝ ʯʘʩʪʠʮʳ ʦʙʨʘʟʦʚʳʚʘʪʴ ʘʛʣʦʤʝʨʘʪʳ ʧʨʠ ʩʪʦʣʢʥʦʚʝʥʠʠ ʚ 

ʢʦʣʣʦʠʜʥʦʤ ʨʘʩʪʚʦʨʝ ʚ ʙʝʥʟʦʣʝ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ? (5 ʙʘʣʣʦʚ)  

4. ʀʟʤʝʥʠʪʩʷ ʣʠ ʨʝʟʫʣʴʪʘʪ, ʝʩʣʠ ʟʘʤʝʥʠʪʴ ʙʝʥʟʦʣ ʥʘ ʚʦʜʫ? (3 ʙʘʣʣʘ)  

5. ɿʘʚʠʩʠʪ ʣʠ ʚʝʨʦʷʪʥʦʩʪʴ ʘʛʣʦʤʝʨʘʮʠʠ ʦʪ ʨʘʟʤʝʨʦʚ ʥʘʥʦʯʘʩʪʠʮ (1 ʙʘʣʣ), ʠʭ 

ʢʦʥʮʝʥʪʨʘʮʠʠ (1 ʙʘʣʣʘ), ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ʨʘʩʪʚʦʨʘ? (1 ʙʘʣʣ) 
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ɼʘ ʙʫʜʝʪ ʩʚʝʪ! (2010, ʰʢʦʣʴʥʠʢʠ, ʬʠʟʠʢʘ) 

ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʠʟʚʝʩʪʥʦ ʤʥʦʞʝʩʪʚʦ ʪʠʧʦʚ ʠʩʪʦʯʥʠʢʦʚ ʩʚʝʪʘ. ʅʦ ʤʘʣʦ ʢʪʦ ʟʥʘʝʪ, ʯʪʦ 

ʨʘʙʦʪʫ ʧʨʘʢʪʠʯʝʩʢʠ ʣʶʙʦʛʦ ʠʟ ʥʠʭ ʥʝʚʦʟʤʦʞʥʦ ʧʨʝʜʩʪʘʚʠʪʴ ʙʝʟ ʥʘʥʦʦʙʲʝʢʪʦʚ, 

ʥʘʥʦʤʘʪʝʨʠʘʣʦʚ ʠʣʠ ʥʘʥʦʪʝʭʥʦʣʦʛʠʡ. ɹʦʣʝʝ ʪʦʛʦ, ʯʝʤ ʙʦʣʝʝ ʦʩʦʟʥʘʥʥʳʤ ʷʚʣʷʝʪʩʷ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʯʝʣʦʚʝʢʦʤ ʥʘʥʦʪʝʭʥʦʣʦʛʠʡ ʜʣʷ ʩʦʟʜʘʥʠʷ ʠʩʪʦʯʥʠʢʦʚ ʩʚʝʪʘ, ʪʝʤ ʙʦʣʝʝ 

ʩʦʚʝʨʰʝʥʥʳʤʠ, ʫʥʠʚʝʨʩʘʣʴʥʳʤʠ ʠ ʙʝʟʦʪʢʘʟʥʳʤʠ ʦʥʠ ʩʪʘʥʦʚʷʪʩʷ.  

ʀʩʪʦʨʠʯʝʩʢʠ ʧʝʨʚʳʤ ʠʩʪʦʯʥʠʢʦʤ ʩʚʝʪʘ ʜʣʷ ʯʝʣʦʚʝʢʘ ʙʳʣʦ ʧʣʘʤʷ ʢʦʩʪʨʘ. ʉʠʜʷ ʚ ʧʝʱʝʨʝ 

ʦʢʦʣʦ ʦʛʥʷ, ʜʨʝʚʥʠʡ ʯʝʣʦʚʝʢ ʙʝʟʫʯʘʩʪʥʦ ʥʘʙʣʶʜʘʣ, ʢʘʢ ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʚʦʩʭʦʜʷʱʠʭ 

ʚʦʟʜʫʰʥʳʭ ʧʦʪʦʢʦʚ ʥʘʥʦʯʘʩʪʠʮʳ ʟʦʣʳ ʠ ʩʘʞʠ, ʦʙʨʘʟʫʶʱʠʝ ʜʳʤ, ʧʝʨʝʭʦʜʷʪ ʚ ʘʵʨʦʟʦʣʴʥʦʝ 

ʩʦʩʪʦʷʥʠʝ ʠ ʫʣʝʪʫʯʠʚʘʶʪʩʷ ʚʦʩʚʦʷʩʠ.  

1. ʈʘʩʩʯʠʪʘʡʪʝ ʩʢʦʨʦʩʪʴ v ʚʦʩʭʦʜʷʱʝʛʦ ʚʦʟʜʫʰʥʦʛʦ ʧʦʪʦʢʘ, ʢʦʪʦʨʘʷ ʥʝʦʙʭʦʜʠʤʘ ʜʣʷ 

ʧʝʨʝʚʦʜʘ ʚ ʘʵʨʦʟʦʣʴʥʦʝ ʩʦʩʪʦʷʥʠʝ ʩʬʝʨʠʯʝʩʢʠʭ ʥʘʥʦʯʘʩʪʠʮ ʩʘʞʠ ʜʠʘʤʝʪʨʦʤ 

100 ʥʤ, ʝʩʣʠ ɛ (ʢʦʵʬʬʠʮʠʝʥʪ ʚʥʫʪʨʝʥʥʝʛʦ ʪʨʝʥʠʷ ʯʘʩʪʠʮ) ʨʘʚʝʥ 0.72, ʩʠʣʘ 

ʘʫʪʛʝʟʠʠ F (ʦʧʨʝʜʝʣʷʶʱʘʷ ʦʩʝʜʘʥʠʝ ʯʘʩʪʠʮʳ) 0.4 ʅ, ʢʦʵʬʬʠʮʠʝʥʪ ʩʦʧʨʦʪʠʚʣʝʥʠʷ 

ʯʘʩʪʠʮ ʩ ʨʘʚʝʥ 10
7
, ʧʣʦʪʥʦʩʪʴ ʯʘʩʪʠʮ ʧʨʠʥʷʪʴ ʨʘʚʥʦʡ 1.17 ʛ/ʩʤ

3
. (2 ʙʘʣʣʘ) 

3
 

ʉʣʝʜʫʶʱʠʤ ʧʦʢʦʣʝʥʠʝʤ ʠʩʪʦʯʥʠʢʦʚ ʩʚʝʪʘ ʩʪʘʣʠ ʣʘʤʧʳ ʥʘʢʘʣʠʚʘʥʠʷ, ʠʟʚʝʩʪʥʳʝ ʢʘʢ 

çʣʘʤʧʦʯʢʠ ʀʣʴʠʯʘè. ɼʝʡʩʪʚʫʶʱʠʤ ʥʘʯʘʣʦʤ ʪʘʢʠʭ ʠʩʪʦʯʥʠʢʦʚ ʩʚʝʪʘ ʷʚʣʷʝʪʩʷ 

ʚʦʣʴʬʨʘʤʦʚʘʷ ʥʠʪʴ, ʢʦʪʦʨʘʷ ʩʚʝʪʠʪʩʷ ʚʩʣʝʜʩʪʚʠʝ ʥʘʛʨʝʚʘʥʠʷ ʦʪ ʧʨʦʪʝʢʘʶʱʝʛʦ ʯʝʨʝʟ ʥʝʝ 

ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʪʦʢʘ. ʉʨʦʢ ʩʣʫʞʙʳ ʪʘʢʦʡ ʣʘʤʧʳ ʥʝʚʝʣʠʢ. ʆʜʥʘʢʦ ʙʳʣʦ ʦʙʥʘʨʫʞʝʥʦ, ʯʪʦ 

ʜʦʙʘʚʣʝʥʠʝ ʚ ʣʘʤʧʫ ʛʘʣʦʛʝʥʦʚ (ʚ ʧʝʨʚʫʶ ʦʯʝʨʝʜʴ ʠʦʜʘ) ʩʫʱʝʩʪʚʝʥʥʦ ʧʨʦʜʣʝʚʘʝʪ ʩʨʦʢ 

ʩʣʫʞʙʳ ʠʩʪʦʯʥʠʢʘ ʩʚʝʪʘ ʠ ʧʦʟʚʦʣʷʝʪ ʨʘʙʦʪʘʪʴ ʚ ʙʦʣʝʝ çʘʢʪʠʚʥʳʭè ʨʝʞʠʤʘʭ (ʪʘʢ 

ʥʘʟʳʚʘʝʤʳʝ ʛʘʣʦʛʝʥʦʚʳʝ ʣʘʤʧʳ). ʉʧʝʮʠʘʣʴʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʫʚʝʣʠʯʝʥʠʝ 

ʩʨʦʢʘ ʩʣʫʞʙʳ ʣʘʤʧʳ ʚ ʵʪʦʤ ʩʣʫʯʘʝ ʧʨʦʠʩʭʦʜʠʪ ʙʣʘʛʦʜʘʨʷ ʧʨʦʪʝʢʘʥʠʶ ʭʠʤʠʯʝʩʢʠʭ 

ʪʨʘʥʩʧʦʨʪʥʳʭ ʨʝʘʢʮʠʡ ʩ ʫʯʘʩʪʠʝʤ ʧʨʦʤʝʞʫʪʦʯʥʦ ʦʙʨʘʟʫʶʱʠʭʩʷ ʥʘʥʦʢʣʘʩʪʝʨʥʳʭ 

ʩʦʝʜʠʥʝʥʠʡ ʚʦʣʴʬʨʘʤʘ ʩ ʛʘʣʦʛʝʥʘʤʠ.  

2.  ʆʜʠʥ ʠʟ ʪʘʢʠʭ ʥʘʥʦʢʣʘʩʪʝʨʦʚ ʠʤʝʝʪ ʩʦʩʪʘʚ W6I12. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʫʩʪʘʥʦʚʣʝʥʦ, 

ʯʪʦ ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʨʘʩʪʚʦʨʘ ʥʠʪʨʘʪʘ ʩʝʨʝʙʨʘ ʠʟ ʵʪʦʛʦ ʥʘʥʦʢʣʘʩʪʝʨʘ ʤʦʞʥʦ ʦʩʘʜʠʪʴ 

ʪʦʣʴʢʦ 1/3 ʦʪ ʦʙʱʝʛʦ ʢʦʣʠʯʝʩʪʚʘ ʠʦʜʘ. ʇʨʝʜʣʦʞʠʪʝ ʩʪʨʦʝʥʠʝ ʥʘʥʦʢʣʘʩʪʝʨʘ. ʋʯʪʠʪʝ, 

ʯʪʦ ʢʘʪʠʦʥ ʚ ʥʘʥʦʢʣʘʩʪʝʨʝ ʠʤʝʝʪ ʚʳʩʦʢʦʩʠʤʤʝʪʨʠʯʥʦʝ ʩʪʨʦʝʥʠʝ. (2 ʙʘʣʣʘ)  

ɻʣʘʚʥʳʡ ʥʝʜʦʩʪʘʪʦʢ ʣʘʤʧ ʥʘʢʘʣʠʚʘʥʠʷ ï ʦʛʨʦʤʥʳʝ ʧʦʪʝʨʠ ʵʥʝʨʛʠʠ ʚ ʚʠʜʝ ʙʝʩʧʦʣʝʟʥʦ 

ʨʘʩʩʝʠʚʘʶʱʝʛʦʩʷ ʪʝʧʣʘ. ɺ ʢʘʯʝʩʪʚʝ ʘʣʴʪʝʨʥʘʪʠʚʳ ʣʘʤʧʘʤ ʥʘʢʘʣʠʚʘʥʠʷ ʤʦʞʥʦ 

ʨʘʩʩʤʘʪʨʠʚʘʪʴ ʨʪʫʪʥʳʝ ʣʘʤʧʳ, ʚ ʢʦʪʦʨʦʤ ʠʩʪʦʯʥʠʢʘʤʠ ʩʚʝʪʦʚʦʛʦ ʠʟʣʫʯʝʥʠʷ ʷʚʣʷʶʪʩʷ 

                                                           
ɼʣʷ ʦʪʚʝʪʘ ʥʘ ʧʝʨʚʳʡ ʚʦʧʨʦʩ ʠʩʧʦʣʴʟʫʡʪʝ ʬʦʨʤʫʣʫ v = (2ɛF/ɟcS)

1/2
, ʛʜʝ S ï ʧʣʦʱʘʜʴ ʧʦʧʝʨʝʯʥʦʛʦ ʩʝʯʝʥʠʷ 

ʯʘʩʪʠʮʳ. 
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ʘʪʦʤʳ ʨʪʫʪʠ, ʚʦʟʙʫʞʜʝʥʥʳʝ ʪʣʝʶʱʠʤ ʵʣʝʢʪʨʠʯʝʩʢʠʤ ʨʘʟʨʷʜʦʤ. ɻʣʘʚʥʳʡ ʥʝʜʦʩʪʘʪʦʢ 

ʪʘʢʠʭ ʣʘʤʧ ï ʩʣʦʞʥʦʩʪʴ ʠʭ ʫʪʠʣʠʟʘʮʠʠ.  

3. ʇʨʝʜʣʦʞʠʪʝ ʨʘʟʫʤʥʳʝ ʩʧʦʩʦʙʳ ʫʪʠʣʠʟʘʮʠʠ ʨʪʫʪʥʳʭ ʣʘʤʧ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʥʘʥʦʪʝʭʥʦʣʦʛʠʡ. ʋʯʪʠʪʝ, ʯʪʦ ʧʨʝʜʣʦʞʝʥʥʳʡ ʩʧʦʩʦʙ ʜʦʣʞʝʥ ʙʳʪʴ ʧʨʦʩʪʳʤ, 

ʵʢʦʥʦʤʠʯʝʩʢʠ ʮʝʣʝʩʦʦʙʨʘʟʥʳʤ ʠ ʠʩʢʣʶʯʘʪʴ ʣʶʙʦʡ ʨʠʩʢ ʜʣʷ ʵʢʦʣʦʛʠʠ. (3 ʙʘʣʣʘ)  

ʉʘʤʳʝ ʩʦʚʝʨʰʝʥʥʳʝ ʠʩʪʦʯʥʠʢʠ ʩʚʝʪʘ (ʩʚʝʪʦʜʠʦʜʥʳʝ ʣʘʤʧʳ) ʨʘʙʦʪʘʶʪ ʥʘ ʦʩʥʦʚʝ 

ʣʶʤʠʥʝʩʮʝʥʮʠʠ ʢʚʘʥʪʦʚʳʭ ʪʦʯʝʢ. ʀʭ ʦʩʥʦʚʥʘʷ ʦʩʦʙʝʥʥʦʩʪʴ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʪʦʤ, ʯʪʦ, 

ʚʘʨʴʠʨʫʷ ʨʘʟʤʝʨ ʥʘʥʦʯʘʩʪʠʮ ʣʶʤʠʥʝʩʮʠʨʫʶʱʝʛʦ ʤʘʪʝʨʠʘʣʘ, ʤʦʞʥʦ ʧʦʣʫʯʘʪʴ ʠʟʣʫʯʝʥʠʝ ʩ 

ʨʘʟʥʦʡ ʜʣʠʥʦʡ ʚʦʣʥʳ.  

4. ʂʘʢʠʤ ʮʚʝʪʦʤ ʙʫʜʝʪ ʩʚʝʪʠʪʴ ʩʚʝʪʦʜʠʦʜʥʘʷ ʣʘʤʧʘ ʥʘ ʦʩʥʦʚʝ ʢʚʘʥʪʦʚʳʭ ʪʦʯʝʢ 

ʩʝʣʝʥʠʜʘ ʢʘʜʤʠʷ ʨʘʜʠʫʩʦʤ 3 ʥʤ? ɼʣʷ ʨʘʩʯʝʪʘ ʠʩʧʦʣʴʟʫʡʪʝ ʬʦʨʤʫʣʫ  

(Eg)
2
 = (Eʦ)

2
 + [2Ĭ(h/2 )́

2
ĬEʦĬ(́/r)

2
] / m, 

ʛʜʝ Eg ï ʰʠʨʠʥʘ ʟʘʧʨʝʱʝʥʥʦʡ ʟʦʥʳ ʜʣʷ ʢʚʘʥʪʦʚʦʡ ʪʦʯʢʠ, Eʦ ï ʰʠʨʠʥʘ ʟʘʧʨʝʱʝʥʥʦʡ 

ʟʦʥʳ ʜʣʷ ʦʙʲʝʤʥʦʛʦ ʦʙʨʘʟʮʘ, r ï ʨʘʜʠʫʩ ʥʘʥʦʢʨʠʩʪʘʣʣʘ (ʤ), m ï ʵʬʬʝʢʪʠʚʥʘʷ ʤʘʩʩʘ 

ʵʣʝʢʪʨʦʥʘ. ɼʣʷ ʩʝʣʝʥʠʜʘ ʢʘʜʤʠʷ Eʦ = 2.88Ĭ10
-19

 ɼʞ, m = 1.09Ĭ10
-31

 ʢʛ. (3 ʙʘʣʣʘ) 
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ʅʘʥʦʩʬʝʨʥʘʷ ʣʠʪʦʛʨʘʬʠʷ (2010, ʰʢʦʣʴʥʠʢʠ, ʬʠʟʠʢʘ)  

ʆʜʥʠʤ ʠʟ ʧʝʨʩʧʝʢʪʠʚʥʳʭ ʤʝʪʦʜʦʚ ʧʦʣʫʯʝʥʠʷ ʫʧʦʨʷʜʦʯʝʥʥʳʭ ʥʘʥʦʩʪʨʫʢʪʫʨ ʷʚʣʷʝʪʩʷ 

ʤʝʪʦʜʠʢʘ ʥʘʥʦʩʬʝʨʥʦʡ ʣʠʪʦʛʨʘʬʠʠ. ʅʘ ʧʝʨʚʦʤ ʵʪʘʧʝ ʜʘʥʥʦʡ ʪʝʭʥʦʣʦʛʠʠ ʧʨʦʠʩʭʦʜʠʪ 

ʥʘʥʝʩʝʥʠʝ ʫʧʦʨʷʜʦʯʝʥʥʦʛʦ ʧʣʦʪʥʦʫʧʘʢʦʚʘʥʥʦʛʦ ʤʦʥʦʩʣʦʷ ʠʣʠ ʙʠʩʣʦʷ ʥʘʥʦʩʬʝʨ. ʅʘ 

ʚʪʦʨʦʤ ʧʨʦʠʩʭʦʜʠʪ ʥʘʥʝʩʝʥʠʝ ʤʘʩʢʠ ʤʝʪʘʣʣʘ ʧʦʩʨʝʜʩʪʚʦʤ ʥʘʧʳʣʝʥʠʷ ʤʝʪʘʣʣʘ ʩʢʚʦʟʴ 

ʤʘʩʢʫ ʠʟ ʤʠʢʨʦʩʬʝʨ. ʅʘ ʪʨʝʪʴʝʤ ʵʪʘʧʝ ʧʨʦʠʩʭʦʜʠʪ ʘʥʠʟʦʪʨʦʧʥʦʝ ʪʨʘʚʣʝʥʠʝ ʧʦʜʣʦʞʢʠ 

ʯʝʨʝʟ ʧʦʣʫʯʠʚʰʫʶʩʷ ʤʝʪʘʣʣʠʯʝʩʢʫʶ ʤʘʩʢʫ.  

1. ʆʧʨʝʜʝʣʠʪʝ ʣʘʪʝʨʘʣʴʥʳʝ ʧʘʨʘʤʝʪʨʳ ʧʦʣʫʯʝʥʥʳʭ ʥʘʥʦʩʪʨʫʢʪʫʨ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ 

ʤʦʥʦʩʣʦʷ ʩʬʝʨ ʜʠʘʤʝʪʨʦʤ d ʚ ʢʘʯʝʩʪʚʝ ʤʘʩʢʠ ʜʣʷ ʥʘʧʳʣʝʥʠʷ ʤʝʪʘʣʣʘ (ʦʧʨʝʜʝʣʠʪʴ 

ʧʘʨʘʤʝʪʨʳ: ʧʝʨʠʦʜ ʩʪʨʫʢʪʫʨʳ, ʩʪʦʨʦʥʘ ʵʣʝʤʝʥʪʘ ʩʪʨʫʢʪʫʨʳ, ʘ ʪʘʢʞʝ ʨʘʜʠʫʩʳ 

ʚʧʠʩʘʥʥʦʡ ʠ ʦʧʠʩʘʥʥʦʡ ʦʢʨʫʞʥʦʩʪʝʡ). (2 ʙʘʣʣʘ)  

2. ʆʧʨʝʜʝʣʠʪʝ ʣʘʪʝʨʘʣʴʥʳʝ ʧʘʨʘʤʝʪʨʳ ʧʦʣʫʯʝʥʥʳʭ ʥʘʥʦʩʪʨʫʢʪʫʨ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ 

ʙʠʩʣʦʷ ʩʬʝʨ ʜʠʘʤʝʪʨʦʤ d ʚ ʢʘʯʝʩʪʚʝ ʤʘʩʢʠ ʜʣʷ ʥʘʧʳʣʝʥʠʷ ʤʝʪʘʣʣʘ (ʦʧʨʝʜʝʣʠʪʴ 

ʧʘʨʘʤʝʪʨʳ: ʧʝʨʠʦʜ ʩʪʨʫʢʪʫʨʳ, ʩʪʦʨʦʥʘ ʵʣʝʤʝʥʪʘ ʩʪʨʫʢʪʫʨʳ, ʘ ʪʘʢʞʝ ʨʘʜʠʫʩʳ 

ʚʧʠʩʘʥʥʦʡ ʠ ʦʧʠʩʘʥʥʦʡ ʦʢʨʫʞʥʦʩʪʝʡ). (3 ʙʘʣʣʘ)  

ɺ ʦʜʥʦʡ ʠʟ ʤʦʜʠʬʠʢʘʮʠʡ ʥʘʥʦʩʬʝʨʥʦʡ ʣʠʪʦʛʨʘʬʠʠ ʥʘʧʳʣʝʥʠʝ ʤʝʪʘʣʣʘ ʯʝʨʝʟ ʤʘʩʢʫ ʠʟ 

ʤʠʢʨʦʩʬʝʨ ʧʨʦʠʩʭʦʜʠʪ ʥʝ ʧʦʜ ʥʦʨʤʘʣʴʶ ʢ ʧʦʚʝʨʭʥʦʩʪʠ, ʘ ʧʦʜ ʥʝʢʦʪʦʨʳʤ ʫʛʣʦʤ ʢ 

ʥʦʨʤʘʣʠ.  

3. ʂʘʢʦʡ ʚʠʜ ʙʫʜʫʪ ʠʤʝʪʴ ʧʦʣʫʯʝʥʥʳʝ ʩʪʨʫʢʪʫʨʳ ʧʨʠ ʥʘʧʳʣʝʥʠʠ ʤʝʪʘʣʣʘ ʧʦʜ ʫʛʣʦʤ 

45 ʛʨʘʜʫʩʦʚ ʢ ʥʦʨʤʘʣʠ, ʘʟʠʤʫʪʘʣʴʥʳʡ ʫʛʦʣ ʚʳʙʝʨʝʪʝ ʩʘʤʦʩʪʦʷʪʝʣʴʥʦ. (3 ʙʘʣʣʘ)  

4. ʅʘʡʪʠ ʟʘʚʠʩʠʤʦʩʪʴ ʦʩʥʦʚʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʵʣʝʤʝʥʪʦʚ ʦʪ ʫʛʣʘ ʥʘʧʳʣʝʥʠʷ ʤʝʪʘʣʣʘ. 

(2 ʙʘʣʣʘ)  

5. ʂʘʢʠʝ ʦʛʨʘʥʠʯʝʥʠʷ ʝʩʪʴ ʥʘ ʪʦʯʥʦʩʪʴ ʠ ʨʘʟʨʝʰʝʥʠʝ ʪʝʭʥʦʣʦʛʠʠ ʥʘʥʦʩʬʝʨʥʦʡ 

ʣʠʪʦʛʨʘʬʠʠ? (3 ʙʘʣʣʘ)  

6. ʇʨʝʜʣʦʞʠʪʝ, ʢʘʢʠʝ ʝʱʸ ʬʦʨʤʳ ʵʣʝʤʝʥʪʦʚ ʤʦʞʥʦ ʧʦʣʫʯʠʪʴ, ʠʩʧʦʣʴʟʫʷ ʪʝʭʥʦʣʦʛʠʶ 

ʥʘʥʦʩʬʝʨʥʦʡ ʣʠʪʦʛʨʘʬʠʠ. (2 ʙʘʣʣʘ) 
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ʅʘʥʦʘʚʪʦʤʦʙʠʣʴ (2010, ʰʢʦʣʴʥʠʢʠ, ʬʠʟʠʢʘ)  

ɺ ʥʘʥʦʤʠʨʝ ʝʩʪʴ ʚʩʝ ï ʜʘʞʝ ʤʘʰʠʥʳ, ʢʦʪʦʨʳʝ ʩʧʦʩʦʙʥʳ ʧʝʨʝʚʦʟʠʪʴ ʤʦʣʝʢʫʣʳ, ʢʣʘʩʪʝʨʳ ʠ 

ʜʨʫʛʠʝ ʥʘʥʦʛʨʫʟʳ ʠʣʠ ʞʝ ʧʨʦʩʪʦ ʢʘʪʘʪʴʩʷ ʙʝʟ ʜʝʣʘ. ʇʨʝʜʩʪʘʚʠʤ ʩʝʙʝ ʥʘʥʦʛʨʫʟʦʚʠʢ, ʫ 

ʢʦʪʦʨʦʛʦ ʨʦʣʠ ʧʝʨʝʜʥʝʡ ʠ ʟʘʜʥʝʡ ʧʘʨ ʢʦʣʝʩ ʚʳʧʦʣʥʷʶʪ ʦʜʠʥʘʢʦʚʳʝ ʥʘʥʦʪʨʫʙʢʠ, ʟʘʢʨʳʪʳʝ 

ʩ ʦʙʝʠʭ ʩʪʦʨʦʥ (ʩʤ. ʨʠʩ. 1).  

 

ʈʠʩ. 1. ʅʘʥʦʛʨʫʟʦʚʠʢ ʥʘ ʥʘʥʦʢʦʣʝʩʘʭ 

ʂʦʣʝʩʘ ʪʘʢʦʛʦ ʛʨʫʟʦʚʠʢʘ ʥʝ ʷʚʣʷʶʪʩʷ ʠʜʝʘʣʴʥʳʤʠ ʮʠʣʠʥʜʨʘʤʠ. ʆʥʠ ʩʦʩʪʦʷʪ ʠʟ 

ʰʝʩʪʠʫʛʦʣʴʥʠʢʦʚ ʩʦ ʩʪʦʨʦʥʦʡ 0.14 ʥʤ, ʠ ʚ ʧʦʧʝʨʝʯʥʦʤ ʩʝʯʝʥʠʠ ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʥʝ 

ʦʢʨʫʞʥʦʩʪʴ, ʘ ʧʨʘʚʠʣʴʥʳʡ N-ʫʛʦʣʴʥʠʢ (ʩʤ. ʨʠʩ 2).  

 

ʈʠʩ. 2. ʉʝʯʝʥʠʝ ʢʦʣʝʩʘ (N = 8) 

ʇʨʠ ʜʚʠʞʝʥʠʠ ʛʨʫʟʦʚʠʢ ʙʫʜʝʪ ʚʩʝ ʚʨʝʤʷ ʧʦʜʧʨʳʛʠʚʘʪʴ, ʪʨʘʪʷ ʥʘ ʢʘʞʜʳʡ ʧʨʳʞʦʢ ʵʥʝʨʛʠʶ 

mgh, ʛʜʝ m ï ʤʘʩʩʘ ʛʨʫʟʦʚʠʢʘ, h ï ʚʳʩʦʪʘ ʧʨʳʞʢʘ, ʢʦʪʦʨʘʷ ʟʘʚʠʩʠʪ ʦʪ ʯʠʩʣʘ 

ʰʝʩʪʠʫʛʦʣʴʥʠʢʦʚ ʚ ʩʝʯʝʥʠʠ ʢʦʣʝʩʘ ï N.  

ʄʘʩʩʫ ʥʘʥʦʛʨʫʟʦʚʠʢʘ ʧʨʠ ʙʦʣʴʰʠʭ N ʤʦʞʥʦ ʦʧʠʩʘʪʴ ʬʦʨʤʫʣʦʡ:  

m(N) = m1 + m2N + m3N2, 

ʛʜʝ m1 = 10 000 ʘ.ʝ.ʤ., m2 = 700 ʘ.ʝ.ʤ, m3 = 25 ʘ.ʝ.ʤ.  

1. ʆʙʲʷʩʥʠʪʝ ʚʠʜ ʟʘʚʠʩʠʤʦʩʪʠ m(N). (1 ʙʘʣʣ)  

2. ʆʧʨʝʜʝʣʠʪʝ ʟʘʚʠʩʠʤʦʩʪʴ ʵʥʝʨʛʠʠ ɽ, ʥʝʦʙʭʦʜʠʤʦʡ ʜʣʷ ʦʜʥʦʛʦ ʰʘʛʘ, ʦʪ N. (3 ʙʘʣʣʘ)  

3. ʆʧʨʝʜʝʣʠʪʝ ʟʥʘʯʝʥʠʝ N, ʜʣʷ ʢʦʪʦʨʦʛʦ ʟʘʪʨʘʪʳ ʵʥʝʨʛʠʠ ʥʘ ʦʜʠʥ ʰʘʛ ʤʠʥʠʤʘʣʴʥʳ, ʠ 

ʨʘʩʩʯʠʪʘʡʪʝ ʵʪʠ ʟʘʪʨʘʪʳ. (4 ʙʘʣʣʘ) 
4
 

  

                                                           
4 ʇʨʠʤʠʪʝ, ʯʪʦ ʧʨʠ ʤʘʣʳʭ ʫʛʣʘʭ ʤʦʞʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʧʨʠʙʣʠʞʝʥʥʳʝ ʚʳʨʘʞʝʥʠʷ ʜʣʷ ʪʨʠʛʦʥʦʤʝʪʨʠʯʝʩʢʠʭ 

ʬʫʥʢʮʠʡ: sin(x) å x, cos(x) å 1 ï x
2
/2. 
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ʅʘʥʦʧʣʘʚʫʯʝʩʪʴ (2010, ʰʢʦʣʴʥʠʢʠ, ʬʠʟʠʢʘ) 

ɺʩʝʤ ʠʟʚʝʩʪʥʦ, ʯʪʦ ʪʝʣʘ, ʧʣʦʪʥʦʩʪʴ ʢʦʪʦʨʳʭ ʙʦʣʴʰʝ ʧʣʦʪʥʦʩʪʠ ʦʢʨʫʞʘʶʱʝʡ ʩʨʝʜʳ, 

ʧʘʜʘʶʪ ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʩʠʣʳ ʪʷʞʝʩʪʠ, ʧʦʥʠʞʘʷ ʧʦʪʝʥʮʠʘʣʴʥʫʶ ʵʥʝʨʛʠʶ. ʆʜʥʘʢʦ ʜʣʷ 

ʥʘʥʦʯʘʩʪʠʮ ʵʪʦ ʥʝ ʚʩʝʛʜʘ ʩʧʨʘʚʝʜʣʠʚʦ. ʇʨʝʜʩʪʘʚʠʤ ʩʝʙʝ ʚʟʚʝʩʴ ʢʚʘʨʮʝʚʦʛʦ ʧʝʩʢʘ ʚ ʚʦʜʝ. 

ʇʣʦʪʥʦʩʪʴ ʢʚʘʨʮʘ ɟʢ = 2.1ẗ10
3 
ʢʛ/ʤ

3
, ʪʦ ʝʩʪʴ ʙʦʣʝʝ ʯʝʤ ʚ ʜʚʘ ʨʘʟʘ ʧʨʝʚʳʰʘʝʪ ʧʣʦʪʥʦʩʪʴ 

ʚʦʜʳ ɟʚ = 1.0ẗ10
3
 ʢʛ/ʤ

3
. ʇʨʝʜʧʦʣʦʞʠʤ, ʜʣʷ ʦʧʨʝʜʝʣʝʥʥʦʩʪʠ, ʯʪʦ ʚʟʚʝʩʴ ʥʘʣʠʪʘ ʚ ʩʦʩʫʜ 

ʝʤʢʦʩʪʴʶ 0.5 ʣ ʠ ʚʳʩʦʪʘ ʩʪʦʣʙʘ ʞʠʜʢʦʩʪʠ ʩʦʩʪʘʚʣʷʝʪ hb = 10 ʩʤ, ʘ ʧʝʩʯʠʥʢʠ ʠʤʝʶʪ ʬʦʨʤʫ 

ʰʘʨʠʢʦʚ. ʇʨʝʜʧʦʣʦʞʠʤ, ʯʪʦ ʨʘʜʠʫʩ ʧʝʩʯʠʥʦʢ rʯ = 0.5 ʤʤ. ɽʩʣʠ ʵʪʫ ʚʟʚʝʩʴ ʚʟʙʘʣʘʤʫʪʠʪʴ, 

ʜʦʙʠʚʘʷʩʴ ʨʘʚʥʦʤʝʨʥʦʛʦ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʧʝʩʯʠʥʦʢ ʚ ʦʙʲʝʤʝ, ʘ ʧʦʪʦʤ ʦʩʪʘʚʠʪʴ ʚ ʧʦʢʦʝ, ʪʦ 

ʟʘ ʜʦʣʠ ʩʝʢʫʥʜʳ ʚʩʝ ʧʝʩʯʠʥʢʠ ʦʢʘʞʫʪʩʷ ʥʘ ʜʥʝ ʩʦʩʫʜʘ. ʇʨʠʯʠʥʦʡ ʵʪʦʛʦ, ʢʦʥʝʯʥʦ ʞʝ, ʙʫʜʝʪ 

ʩʠʣʘ ʪʷʞʝʩʪʠ, ʜʝʡʩʪʚʫʶʱʘʷ ʥʘ ʯʘʩʪʠʮʳ. ʉ ʜʨʫʛʦʡ ʩʪʦʨʦʥʳ, ʢʦʛʜʘ ʩʬʝʨʠʯʝʩʢʠʝ ʯʘʩʪʠʮʳ 

ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʩʠʣʳ ʪʷʞʝʩʪʠ ʜʚʠʛʘʶʪʩʷ ʩʢʚʦʟʴ ʞʠʜʢʦʩʪʴ, ʦʥʠ ʠʩʧʳʪʳʚʘʶʪ ʩʦʧʨʦʪʠʚʣʝʥʠʝ 

(ʩʠʣʘ ʚʷʟʢʦʛʦ ʪʨʝʥʠʷ). ʉʠʣʘ ʪʨʝʥʠʷ Fʪʨ ʦʧʠʩʳʚʘʝʪʩʷ ʟʘʢʦʥʦʤ ʉʪʦʢʩʘ: 

Fʪʨ = 6rvɖ, 

ʛʜʝ v ï ʩʢʦʨʦʩʪʴ ʜʚʠʞʝʥʠʷ ʯʘʩʪʠʮʳ, ʘ ɖ ï ʚʷʟʢʦʩʪʴ ʞʠʜʢʦʩʪʠ (ʜʣʷ ʚʦʜʳ ɖ å 0.9ẗ10
ï3

 ʇʘẗʩ).  

ʆʢʘʟʳʚʘʝʪʩʷ, ʨʝʟʫʣʴʪʘʪ ʜʝʡʩʪʚʠʷ ʨʘʟʣʠʯʥʳʭ ʩʠʣ ʥʘ ʯʘʩʪʠʮʳ ʚ ʞʠʜʢʦʩʪʠ ʩʠʣʴʥʦ ʟʘʚʠʩʠʪ ʦʪ 

ʨʘʟʤʝʨʘ ʯʘʩʪʠʮ. ʅʠʞʝ ʧʨʠʚʝʜʝʥʳ ʚʨʝʤʝʥʘ ʦʩʝʜʘʥʠʷ ʧʝʩʯʠʥʦʢ ʨʘʟʥʳʭ ʨʘʟʤʝʨʦʚ.  

ʊʘʙʣʠʮʘ. ɺʨʝʤʝʥʘ ʦʩʝʜʘʥʠʷ ʧʝʩʯʠʥʦʢ ʚ ʩʦʩʫʜʝ ʝʤʢʦʩʪʴʶ 1 ʣ ʩ ʚʳʩʦʪʦʡ ʩʪʦʣʙʘ ʞʠʜʢʦʩʪʠ 

10 ʩʤ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʨʘʜʠʫʩʘ ʧʝʩʯʠʥʦʢ  

ʈʘʜʠʫʩ 

ʧʝʩʯʠʥʦʢ  

0.5 ʤʤ 50 

ʤʠʢʨʦʥ 

5 

ʤʠʢʨʦʥ 

0.5 

ʤʠʢʨʦʥʘ 

50 ʥʤ 5 ʥʤ 

ɺʨʝʤʷ 

ʦʩʝʜʘʥʠʷ  

150 ʤʩ 15 ʩ 25 ʤʠʥ 42 ʯ ʦʢʦʣʦ 

6 ʤʝʩʷʮʝʚ 

48 ʣʝʪ 

1. ʆʙʲʷʩʥʠʪʝ, ʧʦʯʝʤʫ ʧʨʠ ʫʤʝʥʴʰʝʥʠʠ ʨʘʜʠʫʩʘ ʯʘʩʪʠʮʳ ʚ 10 ʨʘʟ ʚʨʝʤʷ ʦʩʝʜʘʥʠʷ 

ʪʘʢʠʭ ʯʘʩʪʠʮ ʥʘ ʜʥʦ ʩʦʩʫʜʘ ʚʦʟʨʘʩʪʘʝʪ ʚ ʛʦʨʘʟʜʦ ʙʦʣʴʰʝʝ ʯʠʩʣʦ ʨʘʟ. (2 ʙʘʣʣʘ)  

2. ʅʘʧʠʰʠʪʝ ʬʦʨʤʫʣʫ, ʦʧʠʩʳʚʘʶʱʫʶ ʟʘʚʠʩʠʤʦʩʪʴ ʚʨʝʤʝʥʠ ʦʩʝʜʘʥʠʷ ʯʘʩʪʠʮʳ ʦʪ ʝʝ 

ʨʘʜʠʫʩʘ. (3 ʙʘʣʣʘ)  

3. ɺʦ ʩʢʦʣʴʢʦ ʨʘʟ ʙʫʜʫʪ ʦʪʣʠʯʘʪʴʩʷ ʚʨʝʤʝʥʘ ʦʩʝʜʘʥʠʷ ʧʝʩʯʠʥʦʢ ʧʨʠ ʫʤʝʥʴʰʝʥʠʠ ʠʭ 

ʨʘʜʠʫʩʘ ʩ 1 ʤʠʢʨʦʥʘ ʜʦ 25 ʥʤ? (1 ʙʘʣʣ)  

4. ʂʘʢ ɺʳ ʜʫʤʘʝʪʝ, ʠʤʝʶʪ ʣʠ ʬʠʟʠʯʝʩʢʠʡ ʩʤʳʩʣ ʚʨʝʤʝʥʘ ʦʩʝʜʘʥʠʷ ʧʝʩʯʠʥʦʢ, 

ʧʨʠʚʝʜʝʥʥʳʝ ʚ ʜʚʫʭ ʧʦʩʣʝʜʥʠʭ ʩʪʦʣʙʮʘʭ ʪʘʙʣʠʮʳ 1? ʆʪʚʝʪ ʦʙʦʩʥʫʡʪʝ. (2 ʙʘʣʣʘ) 
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ʂʘʢ ʨʘʙʦʪʘʝʪ ʪʫʥʥʝʣʴʥʳʡ ʤʠʢʨʦʩʢʦʧ (2010, ʰʢʦʣʴʥʠʢʠ, ʬʠʟʠʢʘ) 

ʉʢʘʥʠʨʫʶʱʘʷ ʟʦʥʜʦʚʘʷ ʤʠʢʨʦʩʢʦʧʠʷ ʷʚʣʷʝʪʩʷ ʦʜʥʠʤ ʠʟ ʥʘʠʙʦʣʝʝ ʤʦʱʥʳʭ ʤʝʪʦʜʦʚ 

ʠʟʫʯʝʥʠʷ ʦʙʲʝʢʪʦʚ ʥʘʥʦʪʝʭʥʦʣʦʛʠʠ. ʇʝʨʚʳʤ ʠʟ ʟʦʥʜʦʚʳʭ ʤʠʢʨʦʩʢʦʧʦʚ ʙʳʣ ʩʢʘʥʠʨʫʶʱʠʡ 

ʪʫʥʥʝʣʴʥʳʡ ʤʠʢʨʦʩʢʦʧ (ʉʊʄ). ʉʊʄ ʧʦʟʚʦʣʷʝʪ ʧʦʣʫʯʘʪʴ ʟʘʤʝʯʘʪʝʣʴʥʳʝ ʠʟʦʙʨʘʞʝʥʠʷ 

ʦʪʜʝʣʴʥʳʭ ʘʪʦʤʦʚ.  

ʈʘʙʦʪʘ ʉʊʄ ʦʩʥʦʚʘʥʘ ʥʘ ʷʚʣʝʥʠʠ ʪʫʥʥʝʣʠʨʦʚʘʥʠʷ ʵʣʝʢʪʨʦʥʦʚ ʯʝʨʝʟ ʫʟʢʠʡ ʧʦʪʝʥʮʠʘʣʴʥʳʡ 

ʙʘʨʴʝʨ ʚ ʚʘʢʫʫʤʝ ʤʝʞʜʫ ʤʝʪʘʣʣʠʯʝʩʢʠʤ ʟʦʥʜʦʤ ʠ ʧʨʦʚʦʜʷʱʠʤ ʦʙʨʘʟʮʦʤ ʚʦ ʚʥʝʰʥʝʤ 

ʵʣʝʢʪʨʠʯʝʩʢʦʤ ʧʦʣʝ. ʕʪʦ ʩʭʝʤʘʪʠʯʥʦ ʠʟʦʙʨʘʞʝʥʦ ʥʘ ʨʠʩ.1. ʕʬʬʝʢʪ ʪʫʥʥʝʣʠʨʦʚʘʥʠʷ ʠʤʝʝʪ 

ʢʚʘʥʪʦʚʫʶ ʧʨʠʨʦʜʫ ʠ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʩʣʝʜʫʶʱʝʤ. ʉʫʱʝʩʪʚʫʝʪ ʦʪʣʠʯʥʘʷ ʦʪ ʥʫʣʷ 

ʚʝʨʦʷʪʥʦʩʪʴ ʪʦʛʦ, ʯʪʦ ʯʘʩʪʠʮʘ (ʥʘʧʨʠʤʝʨ ï ʵʣʝʢʪʨʦʥ) ʧʨʝʦʜʦʣʝʝʪ ʧʦʪʝʥʮʠʘʣʴʥʳʡ ʙʘʨʴʝʨ 

ʜʘʞʝ ʚ ʪʦʤ ʩʣʫʯʘʝ, ʢʦʛʜʘ ʝʝ ʧʦʣʥʘʷ ʵʥʝʨʛʠʷ (ʦʩʪʘʶʱʘʷʩʷ ʧʨʠ ʵʪʦʤ ʥʝʠʟʤʝʥʥʦʡ) ʤʝʥʴʰʝ 

ʚʳʩʦʪʳ ʙʘʨʴʝʨʘ. ɺ ʉʊʄ ʟʦʥʜ ʧʦʜʚʦʜʠʪʩʷ ʢ ʧʦʚʝʨʭʥʦʩʪʠ ʦʙʨʘʟʮʘ ʥʘ ʨʘʩʩʪʦʷʥʠʷ ʚ 

ʥʝʩʢʦʣʴʢʦ ʘʥʛʩʪʨʝʤ ʠ ʦʙʨʘʟʫʝʪʩʷ ʪʫʥʥʝʣʴʥʦ-ʧʨʦʟʨʘʯʥʳʡ ʧʦʪʝʥʮʠʘʣʴʥʳʡ ʙʘʨʴʝʨ, ʚʝʣʠʯʠʥʘ 

ʢʦʪʦʨʦʛʦ ʦʧʨʝʜʝʣʷʝʪʩʷ, ʚ ʦʩʥʦʚʥʦʤ, ʟʥʘʯʝʥʠʷʤʠ ʨʘʙʦʪʳ ʚʳʭʦʜʘ ʵʣʝʢʪʨʦʥʦʚ ʠʟ ʤʘʪʝʨʠʘʣʘ 

ʟʦʥʜʘ ʠ ʦʙʨʘʟʮʘ. ʇʨʠ ʧʨʠʣʦʞʝʥʠʠ ʨʘʟʥʦʩʪʠ ʧʦʪʝʥʮʠʘʣʦʚ ʤʝʞʜʫ ʟʦʥʜʦʤ ʠ ʦʙʨʘʟʮʦʤ ʤʝʞʜʫ 

ʥʠʤʠ ʥʘʯʠʥʘʝʪ ʪʝʯʴ ʵʣʝʢʪʨʠʯʝʩʢʠʡ ʪʦʢ, ʚʳʟʚʘʥʥʳʡ ʪʫʥʥʝʣʠʨʦʚʘʥʠʝʤ ʵʣʝʢʪʨʦʥʦʚ.  

ʅʝʩʤʦʪʨʷ ʥʘ ʪʦ, ʯʪʦ ʵʬʬʝʢʪ ʪʫʥʥʝʣʠʨʦʚʘʥʠʷ ʥʘʙʣʶʜʘʝʪʩʷ ʪʦʣʴʢʦ ʜʣʷ ʢʚʘʥʪʦʚʳʭ ʦʙʲʝʢʪʦʚ, 

ʜʣʷ ʘʥʘʣʠʟʘ ʨʘʙʦʪʳ ʉʊʄ ʯʘʩʪʦ ʤʦʞʥʦ ʦʙʦʡʪʠʩʴ ʙʝʟ ʢʚʘʥʪʦʚʦʡ ʤʝʭʘʥʠʢʠ. ʇʨʠ 

ʢʘʯʝʩʪʚʝʥʥʦʤ ʨʘʩʩʤʦʪʨʝʥʠʠ ʙʘʨʴʝʨ ʤʦʞʥʦ ʩʯʠʪʘʪʴ ʧʨʷʤʦʫʛʦʣʴʥʳʤ (ʩʤ. ʨʠʩ. 1, ʥʘ ʢʦʪʦʨʦʤ 

ʬʦʨʤʘ ʠʩʢʘʞʝʥʘ ʠʟ-ʟʘ ʥʘʣʠʯʠʷ ʨʘʟʥʦʩʪʠ ʧʦʪʝʥʮʠʘʣʦʚ ʤʝʞʜʫ ʟʦʥʜʦʤ ʠ ʦʙʨʘʟʮʦʤ). ʇʨʠ 

ʵʪʦʤ ʵʬʬʝʢʪʠʚʥʘʷ ʚʳʩʦʪʘ ʙʘʨʴʝʨʘ ű* ʨʘʚʥʘ ʩʨʝʜʥʝʡ ʨʘʙʦʪʝ ʚʳʭʦʜʘ ʤʘʪʝʨʠʘʣʦʚ ʟʦʥʜʘ ű3 ʠ 

ʦʙʨʘʟʮʘ űʦ: ű* = (ű3 + űo)/2. ɼʣʷ ʦʮʝʥʦʢ ʠ ʢʘʯʝʩʪʚʝʥʥʳʭ ʨʘʩʩʫʞʜʝʥʠʡ ʯʘʩʪʦ ʧʦʣʴʟʫʶʪʩʷ 

ʩʣʝʜʫʶʱʝʡ ʫʧʨʦʱʝʥʥʦʡ ʬʦʨʤʫʣʦʡ ʜʣʷ ʧʣʦʪʥʦʩʪʠ ʪʫʥʥʝʣʴʥʦʛʦ ʪʦʢʘ jʊ, ʧʨʦʪʝʢʘʶʱʝʛʦ 

ʤʝʞʜʫ ʜʚʫʤʷ ʧʨʦʚʦʜʥʠʢʘʤʠ, ʨʘʟʜʝʣʝʥʥʳʤʠ ʚʘʢʫʫʤʥʳʤ ʪʫʥʥʝʣʴʥʳʤ ʙʘʨʴʝʨʦʤ:  

 

ʛʜʝ jʦ ï ʧʦʩʪʦʷʥʥʘʷ, ʟʘʚʠʩʷʱʘʷ ʦʪ ʨʘʟʥʦʩʪʠ ʧʦʪʝʥʮʠʘʣʦʚ ʤʝʞʜʫ ʧʨʦʚʦʜʥʠʢʘʤʠ, h = 6.6ẗ10
ï

34
 ɼʞẗʩ ï ʧʦʩʪʦʷʥʥʘʷ ʇʣʘʥʢʘ, m  ɻï ʤʘʩʩʘ ʵʣʝʢʪʨʦʥʘ, ű* ï ʵʬʬʝʢʪʠʚʥʘʷ ʚʳʩʦʪʘ ʪʫʥʥʝʣʴʥʦʛʦ 

ʙʘʨʴʝʨʘ (ʚ ʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʝʜʠʥʠʮʘʭ, ʥʘʧʨʠʤʝʨ ʚ ʵɺ).  

ʂʦʥʝʯʥʦ, ʥʘ ʩʘʤʦʤ ʜʝʣʝ ʥʘ ʘʪʦʤʥʳʭ ʤʘʩʰʪʘʙʘʭ ʦʩʪʨʠʝ ʟʦʥʜʘ ʉʊʄ ʠ ʪʦʪ ʫʯʘʩʪʦʢ ʦʙʨʘʟʮʘ, 

ʢʦʪʦʨʳʡ ʠʟʫʯʘʝʪʩʷ, ʚʳʛʣʷʜʠʪ ʩʦʚʩʝʤ ʥʝ ʪʘʢ, ʢʘʢ ʵʪʦ ʧʦʢʘʟʘʥʦ ʥʘ ʨʠʩ.1. ʂʫʜʘ ʙʣʠʞʝ ʢ 

ʨʝʘʣʴʥʦʩʪʠ ʢʘʨʪʠʥʘ, ʧʦʢʘʟʘʥʥʘʷ ʥʘ ʨʠʩ.2 ʠ ʫʯʠʪʳʚʘʶʱʘʷ ʘʪʦʤʥʫʶ ʩʪʨʫʢʪʫʨʫ ʚʝʱʝʩʪʚʘ.  

1. ʊʫʥʥʝʣʴʥʳʡ ʪʦʢ ʪʝʯʝʪ ʯʝʨʝʟ ʣʶʙʦʡ ʘʪʦʤ ʟʦʥʜʘ, ʨʷʜʦʤ ʩ ʢʦʪʦʨʳʤ ʨʘʩʧʦʣʦʞʝʥ ʘʪʦʤ 

ʦʙʨʘʟʮʘ. ʆʩʪʨʠʝ ʟʦʥʜʘ ʉʊʄ ʥʘ ʩʘʤʦʤ ʜʝʣʝ ʩʦʩʪʦʠʪ ʥʝ ʠʟ ʦʜʥʦʛʦ ʘʪʦʤʘ, ʘ ʠʟ 
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ʥʝʩʢʦʣʴʢʠʭ. ʊʝʤ ʥʝ ʤʝʥʝʝ, ʉʊʄ ʦʯʝʥʴ ʯʘʩʪʦ ʜʘʝʪ ʚʦʟʤʦʞʥʦʩʪʴ ʨʘʟʨʝʰʘʪʴ 

ʦʪʜʝʣʴʥʳʝ ʘʪʦʤʳ. ʇʦʯʝʤʫ ʪʘʢ ʧʦʣʫʯʘʝʪʩʷ? (1 ʙʘʣʣ)  

 

ʈʠʩ.1. ʉʭʝʤʘ, ʠʣʣʶʩʪʨʠʨʫʶʱʘʷ ʧʨʠʥʮʠʧ ʨʘʙʦʪʳ ʉʊʄ ʟʘ ʩʯʝʪ ʪʫʥʥʝʣʠʨʦʚʘʥʠʷ 

ʵʣʝʢʪʨʦʥʦʚ ʯʝʨʝʟ ʧʦʪʝʥʮʠʘʣʴʥʳʡ ʙʘʨʴʝʨ: E ï ʵʥʝʨʛʠʷ, E  ɻï ʵʥʝʨʛʠʷ ʪʫʥʥʝʣʠʨʫʶʱʠʭ 

ʵʣʝʢʪʨʦʥʦʚ, Z ï ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʘʷ ʢʦʦʨʜʠʥʘʪʘ, ȹ ï ʰʠʨʠʥʘ ʠ ű* ï ʵʬʬʝʢʪʠʚʥʘʷ ʚʳʩʦʪʘ 

ʪʫʥʥʝʣʴʥʦʛʦ ʙʘʨʴʝʨʘ. 

 

ʈʠʩ.2. ʉʭʝʤʘʪʠʯʝʩʢʠʝ ʠʟʦʙʨʘʞʝʥʠʝ ʘʪʦʤʥʦʡ ʩʪʨʫʢʪʫʨʳ ʫʯʘʩʪʢʦʚ ʢʦʥʮʘ ʟʦʥʜʘ ʠ 

ʧʦʚʝʨʭʥʦʩʪʠ ʦʙʨʘʟʮʘ, ʤʝʞʜʫ ʢʦʪʦʨʳʤʠ ʧʨʦʠʩʭʦʜʠʪ ʪʫʥʥʝʣʠʨʦʚʘʥʠʝ ʧʨʠ ʨʘʙʦʪʝ ʉʊʄ. 

ʏʘʩʪʦ ʜʣʷ ʪʦʛʦ, ʯʪʦʙʳ ʟʦʥʜ ʉʊʄ ʙʳʣ çʭʦʨʦʰʠʤè ʠ ʧʦʟʚʦʣʷʣ ʫʚʠʜʝʪʴ ʦʪʜʝʣʴʥʳʝ ʘʪʦʤʳ ʦʥ 

ʧʨʦʩʪʦ ʜʦʣʞʝʥ ʟʘʢʘʥʯʠʚʘʪʴʩʷ ʦʜʥʠʤ ʘʪʦʤʦʤ (ʢʘʢ ʵʪʦ ʧʦʢʘʟʘʥʦ ʥʘ ʨʠʩ.2).  

2. ʅʘ ʦʩʥʦʚʘʥʠʠ ʬʦʨʤʫʣʳ (1) ʜʦʢʘʞʠʪʝ, ʯʪʦ ʚ ʩʣʫʯʘʝ, ʝʩʣʠ ʚʳʩʦʪʘ ʪʫʥʥʝʣʴʥʦʛʦ 

ʙʘʨʴʝʨʘ 5 ʵɺ, ʥʘʧʨʷʞʝʥʠʝ ʥʘ ʟʦʥʜʝ 10 ʤɺ, ʨʘʩʩʪʦʷʥʠʝ ʦʪ ʢʦʥʮʘ ʟʦʥʜʘ ʜʦ 

ʧʦʚʝʨʭʥʦʩʪʠ 5 ¡ ʘ ʪʦʯʥʦʩʪʴ ʠʟʤʝʨʝʥʠʷ ʪʫʥʥʝʣʴʥʦʛʦ ʪʦʢʘ 10 %, ʉʊʄ ʧʦʟʚʦʣʠʪ 
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ʫʚʠʜʝʪʴ, ʯʪʦ ʥʝʩʢʦʣʴʢʦ ʘʪʦʤʦʚ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʥʘʭʦʜʷʪʩʷ ʛʣʫʙʞʝ, ʯʝʤ ʦʩʪʘʣʴʥʳʝ ʥʘ 

0.5 ¡. ʇʨʝʜʧʦʣʘʛʘʝʪʩʷ, ʯʪʦ ʟʦʥʜ ʉʊʄ çʭʦʨʦʰʠʡè. (2 ʙʘʣʣʘ)  

ʇʦʩʢʦʣʴʢʫ ʚ ʦʩʥʦʚʝ ʨʘʙʦʪʳ ʉʊʄ ʣʝʞʠʪ ʷʚʣʝʥʠʝ ʪʫʥʥʝʣʠʨʦʚʘʥʠʷ, ʪʦ ʚ ʧʦʣʫʯʘʝʤʳʭ ʜʘʥʥʳʭ 

ʩʦʜʝʨʞʠʪʩʷ ʠʥʬʦʨʤʘʮʠʷ ʥʝ ʪʦʣʴʢʦ ʦ ʨʝʣʴʝʬʝ, ʥʦ ʠ ʦʙ ʵʣʝʢʪʨʦʥʥʦʡ ʩʪʨʫʢʪʫʨʝ ʧʦʚʝʨʭʥʦʩʪʠ 

ʦʙʨʘʟʮʘ, ʥʘʧʨʠʤʝʨ ʦ ʨʘʙʦʪʝ ʚʳʭʦʜʘ ʵʣʝʢʪʨʦʥʦʚ.  

3. ʇʨʝʜʣʦʞʠʪʝ ʩʧʦʩʦʙ ʠʟʤʝʨʝʥʠʷ ʣʦʢʘʣʴʥʦʡ ʵʬʬʝʢʪʠʚʥʦʡ ʚʳʩʦʪʳ ʪʫʥʥʝʣʴʥʦʛʦ 

ʙʘʨʴʝʨʘ ʩ ʧʦʤʦʱʴʶ ʉʊʄ. (1 ʙʘʣʣ)  

4. ʇʨʝʜʣʦʞʠʪʝ ʩʧʦʩʦʙ ʠʟʤʝʨʝʥʠʷ ʩ ʧʦʤʦʱʴʶ ʉʊʄ ʣʦʢʘʣʴʥʳʭ ʨʘʙʦʪ ʚʳʭʦʜʘ 

ʵʣʝʢʪʨʦʥʘ ʜʣʷ ʟʦʥʜʘ ʠ ʦʙʨʘʟʮʘ ʚ ʪʦʤ ʩʣʫʯʘʝ. (2 ʙʘʣʣʘ)  
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ʊʘʢʦʡ ʥʝʧʨʘʚʠʣʴʥʳʡ ʟʘʢʦʥ ʆʤʘ (2010, ʰʢʦʣʴʥʠʢʠ, ʬʠʟʠʢʘ) 

ɺ 1825-1827 ʛʦʜʘʭ ɻʝʦʨʛ ʉʠʤʦʥ ʆʤ ʦʪʢʨʳʚʘʝʪ ʩʚʦʡ ʟʥʘʤʝʥʠʪʳʡ ʟʘʢʦʥ, ʢʦʪʦʨʳʡ ʩʚʷʟʳʚʘʝʪ 

ʩʠʣʫ ʪʦʢʘ, ʧʨʦʪʝʢʘʶʱʝʛʦ ʯʝʨʝʟ ʧʨʦʚʦʜʥʠʢ, ʠ ʥʘʧʨʷʞʝʥʠʝ, ʧʨʠʣʦʞʝʥʥʦʝ ʢ ʢʦʥʮʘʤ 

ʧʨʦʚʦʜʥʠʢʘ, ʯʝʨʝʟ ʥʝʢʠʡ ʢʦʵʬʬʠʮʠʝʥʪ ï ʧʨʦʚʦʜʠʤʦʩʪʴ (ʠʣʠ ʩʦʧʨʦʪʠʚʣʝʥʠʝ). ʕʪʘ 

ʟʘʚʠʩʠʤʦʩʪʴ ʩ ʜʦʩʪʘʪʦʯʥʦ ʚʳʩʦʢʦʡ ʪʦʯʥʦʩʪʴʶ ʩʦʙʣʶʜʘʝʪʩʷ ʜʣʷ ʦʙʲʸʤʥʳʭ ʧʨʦʚʦʜʥʠʢʦʚ.  

ʆʜʥʘʢʦ ʥʝʜʘʚʥʦ ʠʩʩʣʝʜʦʚʘʪʝʣʷʤ-ʬʠʟʠʢʘʤ ʫʜʘʣʦʩʴ ʠʟʤʝʨʠʪʴ ʩ ʧʦʤʦʱʴʶ ʪʫʥʥʝʣʴʥʦʛʦ 

ʤʠʢʨʦʩʢʦʧʘ ʚʦʣʴʪ-ʘʤʧʝʨʥʫʶ ʭʘʨʘʢʪʝʨʠʩʪʠʢʫ ʢʦʥʪʘʢʪʘ ʚʦʣʴʬʨʘʤʦʚʦʡ ʧʨʦʚʦʣʦʢʠ 

ʜʠʘʤʝʪʨʦʤ 1 ʥʤ ʩ ʟʦʣʦʪʦʡ ʧʦʜʣʦʞʢʦʡ. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʜʘʥʥʳʝ ʧʨʠʚʝʜʝʥʳ ʚ ʪʘʙʣʠʮʝ.  

ʊʘʙʣʠʮʘ ʩ ʧʦʣʫʯʝʥʥʳʤʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ ʜʘʥʥʳʤʠ. 

U, mV I, mkA U, mV I, mkA 

7,5 0,37 361,1 22,29 

22,7 0,83 374,3 23,67 

45,4 1,74 385,6 25,23 

68 2,66 397 26,61 

92,7 3,58 412,1 27,8 

111,5 4,59 421,6 29,45 

149,3 6,33 431 30,92 

160,7 7,25 442,3 32,39 

173,9 7,89 455,6 33,76 

192,8 8,81 470,7 35,5 

200,4 9,45 480,2 36,97 

207,9 9,91 493,4 38,35 

225 11,2 502,8 39,08 

243,9 12,48 514,2 40,28 

260,9 13,76 523,6 41,93 

266,5 14,31 533,1 43,58 

276 14,95 542,5 45,32 

293 16,15 550,1 46,97 

300,6 16,79 557,7 48,53 

310 17,34 567,1 50,28 

323,3 17,98 576,6 51,74 

330,8 18,62 584,1 53,3 

342,2 20 593,6 55,14 
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351,6 21,56 601,1 56,88 

1. ʇʦʯʝʤʫ ʦʙʳʯʥʦ ʠʩʧʦʣʴʟʫʶʪ ʠʤʝʥʥʦ ʟʦʣʦʪʫʶ ʠʣʠ ʚʦʣʴʬʨʘʤʦʚʫʶ ʧʨʦʚʦʣʦʢʫ? 

(2 ʙʘʣʣʘ)  

2. ʂʘʢʦʡ ʵʬʬʝʢʪ ʥʘʙʣʶʜʘʣʠ ʬʠʟʠʢʠ? (1 ʙʘʣʣ)  

3. ʏʝʤ ʦʪʣʠʯʘʶʪʩʷ ʚʦʣʴʪʘʤʧʝʨʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʚʦʣʴʬʨʘʤʦʚʦʡ ʧʨʦʚʦʣʦʯʢʠ 

ʢʨʫʛʣʦʛʦ ʩʝʯʝʥʠʷ ʜʠʘʤʝʪʨʦʤ 1 ʤʤ, 1 ʤʢʤ, 10 ʥʤ ʠ 1 ʥʤ ʠ ʝʜʠʥʠʯʥʦʡ ʜʣʠʥʥʳ (ʚʩʝ 

ʫʢʘʟʘʥʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʧʦʩʪʨʦʠʪʴ ʥʘ ʦʜʥʦʤ ʛʨʘʬʠʢʝ ʠ ʧʦʷʩʥʠʪʴ). (2 ʙʘʣʣʘ)  

4. ʇʦʩʪʨʦʡʪʝ ʛʨʘʬʠʢ ʟʘʚʠʩʠʤʦʩʪʠ ʧʨʦʚʦʜʠʤʦʩʪʠ ʦʪ ʧʨʠʣʦʞʝʥʥʦʛʦ ʥʘʧʨʷʞʝʥʠʷ ʧʦ 

ʜʘʥʥʳʤ ʪʘʙʣʠʮʳ.  

5. ʂ ʫʢʘʟʘʥʥʦʤʫ ʚ ʧʫʥʢʪʝ 2 ʵʬʬʝʢʪʫ ʦʙʳʯʥʦ ʧʨʠʤʝʥʷʶʪ ʢʦʥʩʪʘʥʪʫ Gʦ. ʂʘʢ ʥʘʟʳʚʘʝʪʩʷ 

ʜʘʥʥʘʷ ʢʦʥʩʪʘʥʪʘ? ʂʘʢʦʚʘ ʝʸ ʨʘʟʤʝʨʥʦʩʪʴ ʠ ʟʥʘʯʝʥʠʝ ʚ ʩʠʩʪʝʤʝ ʉʀ? ʀ ʜʣʷ ʯʝʛʦ ʚ 

ʥʘʩʪʦʷʱʠʡ ʤʦʤʝʥʪ ʠʩʧʦʣʴʟʫʝʪʩʷ ʜʘʥʥʘʷ ʚʝʣʠʯʠʥʘ? (3 ʙʘʣʣʘ) 
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ɺʦʟʚʨʘʱʝʥʠʝ ʄʠʣʣʠʢʝʥʘ (2010, ʰʢʦʣʴʥʠʢʠ, ʬʠʟʠʢʘ, ʧʦʚʳʰʝʥʥʦʡ ʩʣʦʞʥʦʩʪʠ) 

éʀ ʩʥʦʚʘ ʧʨʦ ʤʝʪʦʜ ʦʧʪʠʯʝʩʢʦʛʦ ʧʠʥʮʝʪʘ, ʢʘʢ ʩʧʦʩʦʙ ʠʟʤʝʨʝʥʠʷ ʜʘʞʝ ʥʝ ʥʘʥʦ, ʘ 

ʬʝʤʪʦʩʠʣʦʚʳʭ ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ. ɺ ʜʠʩʪʠʣʣʠʨʦʚʘʥʥʦʡ ʜʝʠʦʥʠʟʦʚʘʥʥʦʡ ʚʦʜʝ (ʜʠʥʘʤʠʯʝʩʢʘʷ 

ʚʷʟʢʦʩʪʴ ɖ = 0.001 ʇʘĀʩ) ʧʣʘʚʘʶʪ ʧʦʣʠʤʝʨʥʳʝ ʩʬʝʨʠʯʝʩʢʠʝ ʤʠʢʨʦʯʘʩʪʠʮʳ ʨʘʜʠʫʩʘ 

R = 1 ʤʢʤ. ɾʠʜʢʦʩʪʴ ʩ ʯʘʩʪʠʮʘʤʠ ʧʦʤʝʱʝʥʘ ʚ ʟʘʟʦʨ ʤʝʞʜʫ ʜʚʫʤʷ ʧʘʨʘʣʣʝʣʴʥʳʤʠ 

ʵʣʝʢʪʨʦʜʘʤʠ, ʨʘʩʧʦʣʦʞʝʥʥʳʤʠ ʥʘ ʨʘʩʩʪʦʷʥʠʠ D = 1 ʤʤ, ʢ ʢʦʪʦʨʳʤ ʧʨʠʣʦʞʝʥʦ 

ʥʘʧʨʷʞʝʥʠʝ U = 1 ʢɺ (ʩʤ. ʨʠʩʫʥʦʢ)  

 

ʆʜʥʘ ʠʟ ʯʘʩʪʠʮ ʟʘʭʚʘʯʝʥʘ ʚ ʦʧʪʠʯʝʩʢʫʶ ʣʦʚʫʰʢʫ. ʉʤʝʱʝʥʠʷ ʯʘʩʪʠʮ ʩ ʚʳʩʦʢʦʡ (10 ʢɻʮ) 

ʯʘʩʪʦʪʦʡ ʨʝʛʠʩʪʨʠʨʫʶʪʩʷ ʩ ʧʦʤʦʱʴʶ ʯʝʪʳʨʝʭʩʝʢʮʠʦʥʥʦʛʦ (ʢʚʘʜʨʘʥʪʥʦʛʦ ʬʦʪʦʜʠʦʜʘ). 

(ʊʘʢʦʡ ʤʝʪʦʜ ʷʚʣʷʝʪʩʷ ʦʙʱʝʧʨʠʥʷʪʳʤ ʧʨʠ ʨʘʙʦʪʝ ʩ ʦʧʪʠʯʝʩʢʠʤʠ ʧʠʥʮʝʪʘʤʠ.) ʉʥʘʯʘʣʘ 

ʧʨʦʚʦʜʠʣʘʩʴ ʢʘʣʠʙʨʦʚʢʘ ʦʧʪʠʯʝʩʢʦʡ ʣʦʚʫʰʢʠ ʧʨʠ ʚʳʢʣʶʯʝʥʥʦʤ ʵʣʝʢʪʨʠʯʝʩʢʦʤ ʧʦʣʝ. 

ɾʝʩʪʢʦʩʪʴ ʦʧʪʠʯʝʩʢʦʡ ʣʦʚʫʰʢʠ ʩʦʩʪʘʚʠʣʘ 10 ʧʅ/ʤʢʤ.  

1. ʆʮʝʥʠʪʴ ʜʠʩʧʝʨʩʠʶ ʩʤʝʱʝʥʠʡ ʟʘʭʚʘʯʝʥʥʦʡ ʯʘʩʪʠʮʳ ʧʨʠ ʫʩʣʦʚʠʠ, ʯʪʦ ʵʢʩʧʝʨʠʤʝʥʪ 

ʧʨʦʚʦʜʠʣʩʷ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ. (3 ʙʘʣʣʘ)  

ɿʘʪʝʤ ʚʢʣʶʯʘʶʪ ʧʦʩʪʦʷʥʥʦʝ ʧʦʣʝ, ʧʨʠʣʦʞʝʥʥʦʝ ʢ ʵʣʝʢʪʨʦʜʘʤ ʠ ʨʝʛʠʩʪʨʠʨʫʶʪ ʩʨʝʜʥʝʝ 

ʩʤʝʱʝʥʠʝ ʯʘʩʪʠʮʳ ʩ ʠʥʪʝʨʚʘʣʦʤ ʫʩʨʝʜʥʝʥʠʷ ʚ 1 ʩʝʢʫʥʜʫ. ɺ ʭʦʜʝ ʠʟʤʝʨʝʥʠʡ ʧʦʣʫʯʝʥʘ 

ʟʘʚʠʩʠʤʦʩʪʴ ʵʪʦʛʦ ʟʥʘʯʝʥʠʷ ʦʪ ʚʨʝʤʝʥʠ, ʧʨʝʜʩʪʘʚʣʝʥʥʘʷ ʥʘ ʛʨʘʬʠʢʝ (ʥʘʧʨʷʞʝʥʠʝ ʤʝʞʜʫ 

ʵʣʝʢʪʨʦʜʘʤʠ ʦʩʪʘʚʘʣʦʩʴ ʥʝʠʟʤʝʥʥʳʤ):  
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2. ʆʧʨʝʜʝʣʠʪʴ ʟʘʨʷʜ ʯʘʩʪʠʮʳ ʚ ʨʘʟʣʠʯʥʳʝ ʧʨʦʤʝʞʫʪʢʠ ʚʨʝʤʝʥʠ. (5 ʙʘʣʣʦʚ)  

3. ʏʝʤʫ ʨʘʚʥʦ (ʠʟ ʜʘʥʥʦʛʦ ʵʢʩʧʝʨʠʤʝʥʪʘ) ʤʠʥʠʤʘʣʴʥʦʝ ʠʟʤʝʥʝʥʠʝ ʟʘʨʷʜʘ? (2 ʙʘʣʣʘ) 

ʏʝʤʫ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʪʘʢʦʝ ʠʟʤʝʥʝʥʠʝ ʟʘʨʷʜʘ? (1 ʙʘʣʣ)  

4. ʇʦʧʨʦʙʫʡʪʝ ʧʨʠʜʫʤʘʪʴ ʢʘʢʦʝȤʣʠʙʦ ʧʨʠʤʝʥʝʥʠʝ ʦʧʠʩʘʥʥʦʛʦ ʵʬʬʝʢʪʘ. (2 ʙʘʣʣʘ) 
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ʈʘʟʥʦʮʚʝʪʥʳʡ ʨʘʩʪʚʦʨ (2010, ʰʢʦʣʴʥʠʢʠ, ʬʠʟʠʢʘ, ʧʦʚʳʰʝʥʥʦʡ ʩʣʦʞʥʦʩʪʠ) 

ʄʦʣʦʜʦʡ ʝʩʪʝʩʪʚʦʠʩʧʳʪʘʪʝʣʴ ʧʦʣʫʯʠʣ ʚ ʩʚʦʝ ʨʘʩʧʦʨʷʞʝʥʠʝ ʩʫʭʫʶ ʩʤʝʩʴ ʭʦʨʦʰʦ 

ʣʶʤʠʥʝʩʮʠʨʫʶʱʠʭ ʥʘʥʦʯʘʩʪʠʮ ʩʬʝʨʠʯʝʩʢʦʡ ʬʦʨʤʳ, ʧʦʣʫʯʝʥʥʳʭ ʠʟ ʩʝʣʝʥʠʜʘ ʢʘʜʤʠʷ 

CdSe. ʕʪʘ ʩʤʝʩʴ ʩʦʩʪʦʷʣʘ ʠʟ ʥʘʥʦʯʘʩʪʠʮ ʜʚʫʭ ʨʘʟʥʳʭ ʜʠʘʤʝʪʨʦʚ, ʦʜʠʥ ʠʟ ʥʠʭ ʙʳʣ ʠʟʚʝʩʪʝʥ 

ʠ ʩʦʩʪʘʚʣʷʣ 2 ʥʤ. ɼʦ ʪʦʛʦ, ʢʘʢ ʵʪʠ ʥʘʥʦʯʘʩʪʠʮʳ ʙʳʣʠ ʩʤʝʰʘʥʳ, ʠʭ ʩʧʝʢʪʨʳ ʧʦʛʣʦʱʝʥʠʷ ʠ 

ʣʶʤʠʥʝʩʮʝʥʮʠʠ ʙʳʣʠ ʠʟʤʝʨʝʥʳ ʜʚʫʤʷ ʨʘʟʥʳʤʠ ʠʩʩʣʝʜʦʚʘʪʝʣʷʤʠ. ʉʧʝʢʪʨʳ ʠʟʤʝʨʷʣʠʩʴ 

ʜʣʷ çʨʘʩʪʚʦʨʦʚè (ʥʘ ʩʘʤʦʤ ʜʝʣʝ, ʵʪʦ ʙʳʣʠ, ʢʦʥʝʯʥʦ, ʟʦʣʠ) ʥʘʥʦʯʘʩʪʠʮ ʚ ʛʝʢʩʘʥʝ.  

ʇʦʣʫʯʝʥʥʳʝ ʩʧʝʢʪʨʳ ʧʨʠʚʝʜʝʥʳ ʥʘ ʨʠʩ.1. 

 

ʈʠʩ.1. ʉʧʝʢʪʨʳ ʧʦʛʣʦʱʝʥʠʷ ʠ ʣʶʤʠʥʝʩʮʝʥʮʠʠ ʥʘʥʦʯʘʩʪʠʮ ʠʟ CdSe, çʨʘʩʪʚʦʨʝʥʥʳʭè ʚ 

ʛʝʢʩʘʥʝ: A ï ʧʦʛʣʦʱʝʥʠʝ, I ï ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʣʶʤʠʥʝʩʮʝʥʮʠʠ. ʉʧʝʢʪʨʳ ʠʟʦʙʨʘʞʝʥʳ ʪʘʢ, 

ʢʘʢ ʦʥʠ ʯʘʩʪʦ ʠʟʦʙʨʘʞʘʶʪʩʷ ʚ ʥʘʫʯʥʳʭ ʩʪʘʪʴʷʭ. ɼʣʠʥʳ ʚʦʣʥ ʚʦʟʙʫʞʜʘʶʱʝʛʦ ʠʟʣʫʯʝʥʠʷ 

ʩʦʩʪʘʚʣʷʣʠ 355 ʥʤ ʠ 3.50 ʵɺ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ɼʣʠʥʳ ʚʦʣʥ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ 

ʤʘʢʩʠʤʫʤʘʤ ʣʶʤʠʥʝʩʮʝʥʮʠʠ ʨʘʚʥʳ 465 ʥʤ ʠ 1.83 ʵɺ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. 

1. ʀʤʝʣ ʣʠ ʧʨʘʚʦ ʠʩʩʣʝʜʦʚʘʪʝʣʴ, ʠʟʤʝʨʷʚʰʠʡ ʩʧʝʢʪʨ ʥʘ ʨʠʩ. 1ʙ, 

ʠʩʧʦʣʴʟʦʚʘʪʴʵʣʝʢʪʨʦʥʚʦʣʴʪ ʚ ʢʘʯʝʩʪʚʝ ʝʜʠʥʠʮʳ ʠʟʤʝʨʝʥʠʷ ʜʣʠʥʳ ʚʦʣʥʳ? 

ʆʙʦʩʥʫʡʪʝ ʩʚʦʡ ʦʪʚʝʪ. (1 ʙʘʣʣ) 
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2. ʂʘʢʠʝ ʜʣʠʥʳ ʚʦʣʥ ʚ ʥʘʥʦʤʝʪʨʘʭ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʜʣʠʥʝ ʚʦʣʥʳ ʠʟʣʫʯʝʥʠʷ 

ʚʦʟʙʫʞʜʝʥʠʷ ʠ ʜʣʠʥʝ ʚʦʣʥʳ ʤʘʢʩʠʤʫʤʘ ʣʶʤʠʥʝʩʮʝʥʮʠʠ ʥʘ ʨʠʩ. 1ʙ? (1 ʙʘʣʣ) 

3. ʂʘʢʠʤ ʮʚʝʪʘʤ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʜʣʠʥʳ ʚʦʣʥ ʤʘʢʩʠʤʫʤʦʚ ʣʶʤʠʥʝʩʮʝʥʮʠʠ QD ʥʘ 

ʨʠʩ.1? (1 ʙʘʣʣ) 

4. ɼʠʘʤʝʪʨ ʢʘʢʠʭ ʥʘʥʦʯʘʩʪʠʮ ʙʦʣʴʰʝ ï ʩʧʝʢʪʨ ʣʶʤʠʥʝʩʮʝʥʮʠʠ ʢʦʪʦʨʳʭ ʠʟʦʙʨʘʞʝʥ ʥʘ 

ʨʠʩ.1ʘ ʠʣʠ ʩʧʝʢʪʨ ʣʶʤʠʥʝʩʮʝʥʮʠʠ ʢʦʪʦʨʳʭ ʠʟʦʙʨʘʞʝʥ ʥʘ ʨʠʩ. 1ʙ? (1 ʙʘʣʣ) 

ʄʦʣʦʜʦʡ ʝʩʪʝʩʪʚʦʠʩʧʳʪʘʪʝʣʴ ʥʘʩʳʧʘʣ ʧʦʣʫʯʝʥʥʫʶ ʩʤʝʩʴ ʚ ʧʨʦʟʨʘʯʥʳʡ ʩʦʩʫʜ ʠ 

ʘʢʢʫʨʘʪʥʦ, ʥʝ ʚʟʙʘʣʪʳʚʘʷ ʥʘʥʦʯʘʩʪʠʮ, ʥʘʣʠʣ ʩʚʝʨʭʫ ʦʨʛʘʥʠʯʝʩʢʠʡ ʨʘʩʪʚʦʨʠʪʝʣʴ ʛʝʢʩʘʥ ʠ 

ʧʣʦʪʥʦ ʟʘʢʨʳʣ ʩʦʩʫʜ, ʯʪʦʙʳ ʨʘʩʪʚʦʨʠʪʝʣʴ ʥʝ ʠʩʧʘʨʷʣʩʷ. ʉʪʦʣʙ ʞʠʜʢʦʩʪʠ ʚ ʩʦʩʫʜʝ 

ʩʦʩʪʘʚʠʣ 5 ʩʤ. ʇʦʩʣʝ ʵʪʦʛʦ ʝʩʪʝʩʪʚʦʠʩʧʳʪʘʪʝʣʴ ʫʝʭʘʣ ʥʘ ʢʘʥʠʢʫʣʳ. ɺʝʨʥʫʚʰʠʩʴ ʯʝʨʝʟ 

ʤʝʩʷʮ, ʦʥ ʦʙʥʘʨʫʞʠʣ, ʯʪʦ ʚ ʩʦʩʫʜʝ ʦʙʨʘʟʦʚʘʣʩʷ çʨʘʩʪʚʦʨè, ʮʚʝʪ ʢʦʪʦʨʦʛʦ ʠʟʤʝʥʷʣʩʷ ʚ 

ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʚʳʩʦʪʳ, ʠʟʤʝʨʝʥʥʦʡ ʦʪ ʜʥʘ ʩʦʩʫʜʘ. ɽʩʪʝʩʪʚʦʠʩʧʳʪʘʪʝʣʴ ʘʢʢʫʨʘʪʥʦ (ʥʝ 

ʧʝʨʝʤʝʰʠʚʘʷ çʨʘʩʪʚʦʨè) ʠʟʤʝʨʠʣ ʩʧʝʢʪʨʳ ʣʶʤʠʥʝʩʮʝʥʮʠʠ ʥʘ ʨʘʟʥʳʭ ʚʳʩʦʪʘʭ ʠ ʧʦʣʫʯʠʣ 

ʨʝʟʫʣʴʪʘʪʳ, ʢʦʪʦʨʳʝ ʠʟʦʙʨʘʞʝʥʳ ʥʘ ʨʠʩ.2. ʀʟ ʵʪʠʭ ʩʧʝʢʪʨʦʚ ʦʥ ʩʜʝʣʘʣ ʟʘʢʣʶʯʝʥʠʝ, ʯʪʦ 

ʩʘʤʠ ʥʘʥʦʯʘʩʪʠʮʳ ʥʝ ʠʟʤʝʥʠʣʠʩʴ.  

5. ʂʘʢ ɺʳ ʜʫʤʘʝʪʝ, ʥʘ ʦʩʥʦʚʘʥʠʠ ʢʘʢʠʭ ʠʤʝʥʥʦ ʧʘʨʘʤʝʪʨʦʚ ʠʟʤʝʨʝʥʥʳʭ ʩʧʝʢʪʨʦʚ 

ʣʶʤʠʥʝʩʮʝʥʮʠʠ ʝʩʪʝʩʪʚʦʠʩʧʳʪʘʪʝʣʴ ʩʜʝʣʘʣ ʪʘʢʦʡ ʚʳʚʦʜ? (2 ʙʘʣʣʘ) 

6. ʆʙʲʷʩʥʠʪʝ, ʧʦʯʝʤʫ çʨʘʩʪʚʦʨè ʠʟʤʝʥʷʣ ʮʚʝʪ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʚʳʩʦʪʳ? (2 ʙʘʣʣʘ) 

ʂʨʦʤʝ ʪʦʛʦ, ʤʦʣʦʜʦʡ ʝʩʪʝʩʪʚʦʠʩʧʳʪʘʪʝʣʴ ʟʘʤʝʪʠʣ, ʯʪʦ ʩʦʦʪʥʦʰʝʥʠʝ ʠʥʪʝʥʩʠʚʥʦʩʪʝʡʜʚʫʭ 

ʧʠʢʦʚ ʚ ʩʧʝʢʪʨʘʭ ʣʶʤʠʥʝʩʮʝʥʮʠʠ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʚʳʩʦʪʳ h, ʦʪʩʯʠʪʳʚʘʝʤʦʡ ʦʪ 

ʜʥʘʩʦʩʫʜʘ, ʧʦʜʯʠʥʷʝʪʩʷ ʬʦʨʤʫʣʝ, ʛʜʝ  ï ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʧʠʢʘ ʣʶʤʠʥʝʩʮʝʥʮʠʠ, ʤʘʢʩʠʤʫʤ 

ʢʦʪʦʨʦʛʦ ʨʘʩʧʦʣʦʞʝʥ ʧʨʠ ʤʝʥʴʰʝʡ ʜʣʠʥʝ ʚʦʣʥʳ,  ï ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʧʠʢʘ ʣʶʤʠʥʝʩʮʝʥʮʠʠ, 

ʤʘʢʩʠʤʫʤ ʢʦʪʦʨʦʛʦ ʨʘʩʧʦʣʦʞʝʥ ʧʨʠ ʤʝʥʴʰʝʡ ʜʣʠʥʝ ʚʦʣʥʳ, K ï ʧʦʣʦʞʠʪʝʣʴʥʘʷ 

ʧʦʩʪʦʷʥʥʘʷ. ʀʟʤʝʨʠʚ ʧʦʩʪʦʷʥʥʫʶ K, ʤʦʣʦʜʦʡ ʝʩʪʝʩʪʚʦʠʩʧʳʪʘʪʝʣʴ ʧʦʣʫʯʠʣ ʟʥʘʯʝʥʠʝ 

0.65 ʩʤ
ï1

. 

ʉʦʦʙʨʘʟʠʚ, ʯʪʦ ʦʥ ʠʤʝʝʪ ʜʝʣʦ ʩ ʘʥʘʣʦʛʦʤ ʙʘʨʦʤʝʪʨʠʯʝʩʢʦʡ ʬʦʨʤʫʣʳ, ʝʩʪʝʩʪʚʦʠʩʧʳʪʘʪʝʣʴ 

ʥʘʦʩʥʦʚʘʥʠʠ ʜʘʥʥʳʭ ʦ ʧʣʦʪʥʦʩʪʠ CdSe (4.0 ʛ/ʩʤ
3
), ʧʣʦʪʥʦʩʪʠ ʛʝʢʩʘʥʘ (0.66 ʛ/ʩʤ

3
), 

ʪʝʤʧʝʨʘʪʫʨʝ (20 
ʦ
ʉ) ʠ ʜʠʘʤʝʪʨʝ ʦʜʥʠʭ ʠʟ ʥʘʥʦʯʘʩʪʠʮ, ʩʦʩʪʘʚʣʷʚʰʠʭ ʩʤʝʩʴ, ʩʫʤʝʣ ʦʮʝʥʠʪʴ 

ʜʠʘʤʝʪʨ ʜʨʫʛʠʭʥʘʥʦʯʘʩʪʠʮ, ʥʘʭʦʜʠʚʰʠʭʩʷ ʚ ʪʦʡ ʩʫʭʦʡ ʩʤʝʩʠ, ʢʦʪʦʨʫʶ ʦʥ ʧʦʣʫʯʠʣ. 

7. ʅʘʧʠʰʠʪʝ ʚʳʨʘʞʝʥʠʝ ʜʣʷ ʧʦʩʪʦʷʥʥʦʡ K, ʢʦʪʦʨʦʝ ʝʩʪʝʩʪʚʦʠʩʧʳʪʘʪʝʣʴ ʠʩʧʦʣʴʟʦʚʘʣ 

ʜʣʷ ʚʳʯʠʩʣʝʥʠʷ ʜʠʘʤʝʪʨʘ ʪʝʭ ʥʘʥʦʯʘʩʪʠʮ, ʜʣʷ ʢʦʪʦʨʳʭ ʦʥ ʙʳʣ ʥʝʠʟʚʝʩʪʝʥ. 

ɸʢʢʫʨʘʪʥʦ ʧʦʜʧʠʰʠʪʝ ʚʩʝ ʦʙʦʟʥʘʯʝʥʠʷ ʚ ʵʪʦʡ ʬʦʨʤʫʣʝ. ʂʘʢʦʚ ʵʪʦʪ ʥʝʠʟʚʝʩʪʥʳʡ 

ʜʠʘʤʝʪʨ? (3 ʙʘʣʣʘ) 
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ʈʠʩ.2. ʉʧʝʢʪʨʳ ʣʶʤʠʥʝʩʮʝʥʮʠʠ çʨʘʩʪʚʦʨʘè ʩʤʝʩʠ ʢʚʘʥʪʦʚʳʭ ʪʦʯʝʢ ʠʟ CdSe ʚ ʛʝʢʩʘʥʝ, 

ʠʟʤʝʨʝʥʥʘʷ ʥʘ ʨʘʟʣʠʯʥʳʭ ʨʘʩʩʪʦʷʥʠʷʭ ʦʪ ʜʥʘ ʩʦʩʫʜʘ: ɚ ï ʜʣʠʥʘ ʚʦʣʥʳ ʠʟʣʫʯʝʥʠʷ, I ï 

ʠʥʪʝʥʩʠʚʥʦʩʪʴ. ɼʣʠʥʘ ʚʦʣʥʳ ʚʦʟʙʫʞʜʘʶʱʝʛʦ ʠʟʣʫʯʝʥʠʷ 355 ʥʤ 
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ɿʦʥʜʦʚʘʷ ʤʠʢʨʦʩʢʦʧʠʷ ʙʠʦʣʦʛʠʯʝʩʢʠʭ ʦʙʲʝʢʪʦʚ (2010, ʥʘʥʦʙʠʦʪʝʭʥʦʣʦʛʠʠ ʠ 

ʤʝʜʠʮʠʥʘ) 

ʆʜʥʦ ʠʟ ʚʘʞʥʳʭ ʠ ʘʢʪʫʘʣʴʥʳʭ ʥʘʧʨʘʚʣʝʥʠʡ ʙʠʦʣʦʛʠʠ - ʚʠʟʫʘʣʠʟʘʮʠʷ ʞʠʚʳʭ ʢʣʝʪʦʢ ʠ 

ʧʦʚʝʨʭʥʦʩʪʥʳʭ ʠ ʧʦʜʤʝʤʙʨʘʥʥʳʭ ʩʪʨʫʢʪʫʨ ʞʠʚʳʭ ʢʣʝʪʦʢ ʩ ʩʫʙʤʠʢʨʦʤʝʪʨʦʚʳʤ 

ʨʘʟʨʝʰʝʥʠʝʤ. ʆʜʠʥ ʠʟ ʤʝʪʦʜʦʚ, ʧʦʟʚʦʣʷʶʱʠʭ ʧʦʜʦʙʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ - ʵʪʦ ʘʪʦʤʥʦ-

ʩʠʣʦʚʘʷ ʤʠʢʨʦʩʢʦʧʠʷ (ɸʉʄ).  

ʋʢʘʞʠʪʝ:  

1. ʆʩʦʙʝʥʥʦʩʪʠ ʢʣʝʪʦʢ, ʢʦʪʦʨʳʝ ʩʣʝʜʫʝʪ ʫʯʝʩʪʴ ʧʨʠ ʨʘʙʦʪʝ ʩ ɸʉʄ? (1 ʙʘʣʣ)  

2. ʂʘʢʠʝ ʤʦʜʳ ɸʉʄ ɺʳ ʙʳ ʧʨʝʜʣʦʞʠʣʠ ʧʨʠʤʝʥʠʪʴ ʧʨʠ ʨʘʙʦʪʝ ʩ ʞʠʚʳʤʠ ʢʣʝʪʢʘʤʠ? 

(1 ʙʘʣʣ)  

3. ʂʘʢʠʝ ʪʠʧʳ ʢʣʝʪʦʢ ʥʝ ʤʦʛʫʪ ʙʳʪʴ ʠʩʩʣʝʜʦʚʘʥʳ ʧʨʠ ʧʦʤʦʱʠ ɸʉʄ ʚ ñʞʠʚʦʤò ʚʠʜʝ? 

(1 ʙʘʣʣ)  

4. ʂʘʢʠʝ ʢʣʝʪʦʯʥʳʝ ʩʪʨʫʢʪʫʨʳ ʤʦʛʫʪ ʙʳʪʴ ʚʠʟʫʘʣʠʟʦʚʘʥʳ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ɸʉʄ ʥʘ 

ʞʠʚʳʭ ʢʣʝʪʢʘʭ? (1 ʙʘʣʣ)  

5. ʂʘʢʠʝ ʚʦʟʤʦʞʥʳʝ ʘʨʪʝʬʘʢʪʳ ʩʣʝʜʫʝʪ ʫʯʝʩʪʴ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ɸʉʄ ʜʣʷ 

ʚʠʟʫʘʣʠʟʘʮʠʠ ʢʣʝʪʦʢ ʠ ʠʭ ʩʪʨʫʢʪʫʨ? ʂʘʢ ʤʦʞʥʦ ʧʨʦʚʝʨʠʪʴ, ʷʚʣʷʝʪʩʷ ʣʠ ʥʝʢʦʪʦʨʳʡ 

ʧʦʜʦʟʨʠʪʝʣʴʥʳʡ ʫʯʘʩʪʦʢ ɸʉʄ ʠʟʦʙʨʘʞʝʥʠʷ ʢʣʝʪʢʠ ʦʩʦʙʝʥʥʦʩʪʴʶ ʢʣʝʪʢʠ ʠʣʠ 

ʘʨʪʝʬʘʢʪʦʤ ʩʢʘʥʠʨʦʚʘʥʠʷ? (2 ʙʘʣʣʘ)  

6. ʂʘʢʦʡ ʚʘʨʠʘʥʪ ʩʢʘʥʠʨʫʶʱʝʡ ʟʦʥʜʦʚʦʡ ʤʠʢʨʦʩʢʦʧʠʠ ɺʳ ʤʦʞʝʪʝ ʧʨʝʜʣʦʞʠʪʴ ʜʣʷ 

ʚʠʟʫʘʣʠʟʘʮʠʠ ʞʠʚʳʭ ʢʣʝʪʦʢ ʩ ʩʫʙʤʠʢʨʦʤʝʪʨʦʚʳʤ ʨʘʟʨʝʰʝʥʠʝʤ ʚ ʘʣʴʪʝʨʥʘʪʠʚʫ 

ɸʉʄ? (2 ʙʘʣʣʘ)  
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ʋʚʠʜʝʪʴ ʥʝʚʠʜʠʤʦʝ (2010, ʬʠʟʠʢʘ ʥʘʥʦʩʠʩʪʝʤ ʠ ʥʘʥʦʫʩʪʨʦʡʩʪʚʘ) 

ʄʠʢʨʦʩʢʦʧʠʷ ʩʪʘʚʠʪ ʧʝʨʝʜ ʩʦʙʦʡ ʟʘʜʘʯʫ ʫʚʠʜʝʪʴ ʦʙʲʝʢʪʳ ʢʘʢ ʤʦʞʥʦ ʙʦʣʝʝ ʤʝʥʴʰʠʭ 

ʨʘʟʤʝʨʦʚ. ʇʨʠʥʮʠʧʠʘʣʴʥʳʤ ʦʛʨʘʥʠʯʝʥʠʝʤ ʦʧʪʠʯʝʩʢʠʭ ʤʠʢʨʦʩʢʦʧʦʚ ʷʚʣʷʝʪʩʷ 

ʜʠʬʨʘʢʮʠʦʥʥʳʡ ʧʨʝʜʝʣ ï ʵʢʩʧʝʨʠʤʝʥʪʘʪʦʨ ʥʝ ʤʦʞʝʪ ʨʘʩʩʤʦʪʨʝʪʴ ʚ ʤʠʢʨʦʩʢʦʧ ʦʙʲʝʢʪ 

ʨʘʟʤʝʨʦʤ ʤʝʥʴʰʝ, ʯʝʤ ʧʦʣʦʚʠʥʘ ʜʣʠʥʳ ʚʦʣʥʳ ʠʩʧʦʣʴʟʫʝʤʦʛʦ ʠʟʣʫʯʝʥʠʷ (ʪʠʧʠʯʥʘʷ 

ʤʘʢʩʠʤʘʣʴʥʘʷ ʚʝʣʠʯʠʥʘ ï ʦʢʦʣʦ 500 ʥʤ). ʕʪʦ ʦʛʨʘʥʠʯʝʥʠʝ ʩʚʷʟʘʥʦ ʩ ʪʝʤ, ʯʪʦ ʩʚʝʪʦʚʳʝ 

ʚʦʣʥʳ, ʥʝʩʫʱʠʝ ʚ ʩʝʙʝ ʠʥʬʦʨʤʘʮʠʶ ʦ ʤʘʣʝʡʰʠʭ ʜʝʪʘʣʷʭ ʦʙʲʝʢʪʘ, ʧʨʦʩʪʦ ʥʝ 

ʨʘʩʧʨʦʩʪʨʘʥʷʶʪʩʷ ʥʘ ʜʘʣʝʢʠʝ ʦʧʪʠʯʝʩʢʠʝ ʨʘʩʩʪʦʷʥʠʷ ʦʪ ʦʙʲʝʢʪʘ. ʇʨʦʙʣʝʤʘ ʙʳʣʘ 

ʥʝʨʘʟʨʝʰʠʤʦʡ ʜʦ ʪʦʛʦ ʤʦʤʝʥʪʘ, ʢʘʢ ʚ 2000 ʛʦʜʫ ɼ.ʈ. ʉʤʠʪ ʠ ʝʛʦ ʛʨʫʧʧʘ (D.R. Smith, Willie  

J. Padilla, D.C. Vier, S.C. Nemat-Nasser, and S. Schultz, Phys. Rev. Lett. 2000. 84, 4184) 

ʚʧʝʨʚʳʝ ʧʦʣʫʯʠʣʠ ʧʝʨʚʳʝ ʦʙʨʘʟʮʳ ʩʫʧʝʨʣʠʥʟ. ʆʥʠ ʧʦʟʚʦʣʠʣʠ "ʨʘʩʩʤʦʪʨʝʪʴ" ʦʙʲʝʢʪʳ 

ʨʘʟʤʝʨʦʤ ʜʦ ʜʝʩʷʪʳʭ ʯʘʩʪʝʡ ʜʣʠʥʳ ʚʦʣʥʳ.  

ʉʫʧʝʨʣʠʥʟʳ ʩʦʩʪʦʷʪ ʠʟ ʤʘʪʝʨʠʘʣʦʚ, ʦʙʣʘʜʘʶʱʠʭ ʦʜʥʦʚʨʝʤʝʥʥʦ ʦʪʨʠʮʘʪʝʣʴʥʳʤʠ 

ʜʠʵʣʝʢ-ʪʨʠʯʝʩʢʦʡ ʠ ʤʘʛʥʠʪʥʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʷʤʠ. ɺ ʪʘʢʠʭ ʩʠʩʪʝʤʘʭ ʧʦʢʘʟʘʪʝʣʴ 

ʧʨʝʣʦʤʣʝʥʠʷ ʩʪʘʥʦʚʠʪʩʷ ʦʪʨʠʮʘʪʝʣʴʥʳʤ. ʆʪʧʨʘʚʥʦʡ ʪʦʯʢʦʡ ʚ ʠʟʫʯʝʥʠʠ ʦʧʪʠʢʠ ʩʨʝʜ ʩ 

ʦʪʨʠʮʘʪʝʣʴʥʳʤ ʧʦʢʘʟʘʪʝʣʝʤ ʧʨʝʣʦʤʣʝʥʠʷ ʷʚʣʷʝʪʩʷ ʨʘʙʦʪʘ ɺʠʢʪʦʨʘ ɺʝʩʝʣʘʛʦ, 

ʦʧʫʙʣʠʢʦʚʘʥʥʘʷ ʠʤ ʝʱʝ ʚ 1967ʛ. ɽʤʫ ʫʜʘʣʦʩʴ ʪʝʦʨʝʪʠʯʝʩʢʠ ʧʨʝʜʩʢʘʟʘʪʴ ʪʝ ʩʚʦʡʩʪʚʘ, 

ʧʦʜʪʚʝʨʞʜʝʥʠʷ ʢʦʪʦʨʳʤ ʩʝʡʯʘʩ ʥʘʭʦʜʷʪʩʷ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ. ʇʦʧʨʦʙʫʡʪʝ ʦʙʲʷʩʥʠʪʴ 

ʩʣʝʜʫʶʱʠʝ ʩʚʦʡʩʪʚʘ ʩʫʧʝʨʣʠʥʟ:  

1. ʇʦʜ ʫʛʣʦʤ j ʢ ʥʦʨʤʘʣʠ ʠʟ ʩʨʝʜʳ ʩ ʧʦʢʘʟʘʪʝʣʝʤ ʧʨʝʣʦʤʣʝʥʠʷ n1 ʚ ʩʨʝʜʫ ʩ 

ʧʦʢʘʟʘʪʝʣʝʤ ʧʨʝʣʦʤʣʝʥʠʷ n2 ʧʘʜʘʝʪ ʣʫʯ. ʅʘʨʠʩʦʚʘʪʴ ʭʦʜ ʧʨʦʰʝʜʰʝʛʦ ʠ 

ʧʨʝʣʦʤʣʝʥʥʦʛʦ ʣʫʯʘ, ʫʢʘʟʘʪʴ ʥʘʧʨʘʚʣʝʥʠʝ ʚʦʣʥʦʚʦʛʦ ʚʝʢʪʦʨʘ ʠ ʚʝʢʪʦʨʘ ʋʤʦʚʘ-

ʇʦʡʥʪʠʥʛʘ. ʈʘʩʩʤʦʪʨʝʪʴ ʚʘʨʠʘʥʪʳ: a) n1 > 0, n2 < 0, ʙ) n1 < 0, n2 < 0. (1 ʙʘʣʣ) ʆʧʠʩʘʪʴ 

ʫʩʣʦʚʠʷ, ʧʨʠ ʢʦʪʦʨʳʭ ʧʘʜʘʶʱʠʡ ʣʫʯ ʠʩʧʳʪʳʚʘʝʪ ʧʨʝʣʦʤʣʝʥʠʝ ʥʘ ʛʨʘʥʠʮʝ ʨʘʟʜʝʣʘ 

ʜʚʫʭ ʩʨʝʜ, ʥʦ ʦʪʨʘʞʝʥʥʳʡ ʣʫʯ ʙʫʜʝʪ ʦʪʩʫʪʩʪʚʦʚʘʪʴ. ʆʙʲʷʩʥʠʪʴ, ʧʦʯʝʤʫ. (1 ʙʘʣʣ)  

2. ʆʙʲʷʩʥʠʪʝ, ʧʦʯʝʤʫ ʜʠʬʨʘʢʮʠʦʥʥʳʡ ʧʨʝʜʝʣ ʪʦʯʥʦʩʪʠ ʦʙʳʯʥʳʭ ʦʧʪʠʯʝʩʢʠʭ 

ʧʨʠʙʦʨʦʚ ʥʝ ʨʘʙʦʪʘʝʪ ʜʣʷ ʩʫʧʝʨʣʠʥʟ. (3 ʙʘʣʣʘ)  

3. ʕʢʩʧʝʨʠʤʝʥʪʘʪʦʨ ʭʦʯʝʪ ʠʟʫʯʠʪʴ ʧʦʚʝʨʭʥʦʩʪʴ ʦʙʨʘʟʮʘ ʩ ʧʦʤʦʱʴʶ 

ʧʣʦʩʢʦʧʘʨʘʣʣʝʣʴʥʦʡ ʧʣʘʩʪʠʥʢʠ ʩ ʧʦʢʘʟʘʪʝʣʝʤ ʧʨʝʣʦʤʣʝʥʠʷ n = ī1 ʪʦʣʱʠʥʦʡ d. ɺ 

ʝʛʦ ʨʘʩʧʦʨʷʞʝʥʠʠ ʝʩʪʴ ʜʝʪʝʢʪʦʨ, ʨʝʛʠʩʪʨʠʨʫʶʱʠʡ ʜʝʡʩʪʚʠʪʝʣʴʥʦʝ ʠʟʦʙʨʘʞʝʥʠʝ. 

ʅʘ ʢʘʢʦʤ ʨʘʩʩʪʦʷʥʠʠ ʵʢʩʧʝʨʠʤʝʥʪʘʪʦʨʫ ʥʫʞʥʦ ʧʦʩʪʘʚʠʪʴ ʵʪʦʪ ʜʝʪʝʢʪʦʨ ʦʪ 

ʧʦʚʝʨʭʥʦʩʪʠ ʦʙʨʘʟʮʘ? ʀ ʢʘʢʠʤ ʦʙʨʘʟʦʤ ʨʘʩʧʦʣʦʞʠʪʴ ʣʠʥʟʫ? (2 ʙʘʣʣʘ)  

4. ʀʟ ʚʦʟʜʫʭʘ (ʧʦʢʘʟʘʪʝʣʴ ʧʨʝʣʦʤʣʝʥʠʷ n1 = 1) ʥʘ ʧʣʦʩʢʦʧʘʨʘʣʝʣʣʴʥʫʶ ʩʫʧʝʨʣʠʥʟʫ ʩ 

ʧʦʢʘʟʘʪʝʣʝʤ ʧʨʝʣʦʤʣʝʥʠʷ n2 = ī1 ʥʦʨʤʘʣʴʥʦ ʧʘʜʘʝʪ ʩʚʝʪ ʦʪ ʥʝʧʨʝʨʳʚʥʦ 
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ʠʟʣʫʯʘʶʱʝʛʦ ʣʘʟʝʨʘ ʤʦʱʥʦʩʪʴʶ 1 ɺʪ. ʉ ʦʙʨʘʪʥʦʡ ʩʪʦʨʦʥʳ ʣʠʥʟʳ ʟʘʢʨʝʧʣʝʥʦ 

ʟʝʨʢʘʣʦ. ʋʢʘʟʘʪʴ ʚʝʣʠʯʠʥʫ ʠ ʥʘʧʨʘʚʣʝʥʠʝ ʩʠʣʳ, ʜʝʡʩʪʚʫʶʱʝʡ ʥʘ ʟʝʨʢʘʣʦ. (2 ʙʘʣʣʘ)  

5. ʂʦʥʝʯʥʦ, ʠʜʝʘʣʴʥʳʭ ʩʨʝʜ ʩ ʧʦʩʪʦʷʥʥʳʤ ʦʪʨʠʮʘʪʝʣʴʥʳʤ ʧʦʢʘʟʘʪʝʣʝʤ ʧʨʝʣʦʤʣʝʥʠʷ 

n (ɚ) = const < 0 ʚ ʰʠʨʦʢʦʤ ʦʧʪʠʯʝʩʢʦʤ ʜʠʘʧʘʟʦʥʝ ʥʝ ʩʫʱʝʩʪʚʫʝʪ. ʅʝʦʙʭʦʜʠʤʳʤ 

ʪʨʝʙʦʚʘʥʠʝʤ ʜʣʷ ʩʫʱʝʩʪʚʦʚʘʥʠʷ ʩʫʧʝʨʣʠʥʟ ʷʚʣʷʝʪʩʷ ʥʘʣʠʯʠʝ ʥʝʣʠʥʝʡʥʦʛʦ ʟʘʢʦʥʘ 

ʜʠʩʧʝʨʩʠʠ n (ɚ). ʇʦʯʝʤʫ? ʂʘʢʠʤ ʟʘʢʦʥʘʤ ʧʨʠʨʦʜʳ ʧʨʦʪʠʚʦʨʝʯʠʪ ʦʪʩʫʪʩʪʚʠʝ 

ʜʠʩʧʝʨʩʠʠ ʚ ʩʫʧʝʨʣʠʥʟʘʭ? (3 ʙʘʣʣʘ)  

6. ʇʨʝʜʳʜʫʱʠʝ ʨʘʩʩʫʞʜʝʥʠʷ ʧʦʟʚʦʣʷʶʪ ʧʦʥʷʪʴ, ʢʘʢ çʫʚʠʜʝʪʴ ʥʝʚʠʜʠʤʦʝè. ɸ ʤʦʞʥʦ 

ʩʜʝʣʘʪʴ ʥʘʦʙʦʨʦʪ ʠ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʝʪʘʤʘʪʝʨʠʘʣʦʚ ʩʦʟʜʘʪʴ ʩʦʚʨʝʤʝʥʥʫʶ 

çʰʘʧʢʫ-ʥʝʚʠʜʠʤʢʫè? ʂʨʘʪʢʦ ʧʨʦʢʦʤʤʝʥʪʠʨʫʡʪʝ ʵʪʦ ʫʪʚʝʨʞʜʝʥʠʝ. (1 ʙʘʣʣ) ʄʦʞʥʦ 

ʣʠ ʩʦʟʜʘʪʴ çʰʘʧʢʫ-ʥʝʚʠʜʠʤʢʫè ʩ ʧʦʤʦʱʴʶ ʥʘʥʦʪʝʭʥʦʣʦʛʠʡ? (1 ʙʘʣʣ)  
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ʌʣʫʢʪʫʠʨʫʶʱʘʷ ʤʦʣʝʢʫʣʘ ɼʅʂ (2010, ʬʠʟʠʢʘ ʥʘʥʦʩʠʩʪʝʤ ʠ ʥʘʥʦʫʩʪʨʦʡʩʪʚʘ) 

ʄʝʪʦʜ ʦʧʪʠʯʝʩʢʦʛʦ ʧʠʥʮʝʪʘ ʰʠʨʦʢʦ ʧʨʠʤʝʥʷʝʪʩʷ ʢʘʢ ʫʥʠʢʘʣʴʥʳʡ ʠʥʩʪʨʫʤʝʥʪ ʠʟʫʯʝʥʠʷ 

ʤʠʢʨʦʤʠʨʘ. ʆʧʪʠʯʝʩʢʠʝ ʧʠʥʮʝʪʳ ʥʘʜʝʞʥʦ ʟʘʨʝʢʦʤʝʥʜʦʚʘʣʠ ʩʝʙʷ ʚ ʪʦʤ ʯʠʩʣʝ, ʢʘʢ 

ʤʠʥʠʘʪʶʨʥʳʝ ʜʠʥʘʤʦʤʝʪʨʳ, ʧʦʟʚʦʣʷʶʱʠʝ ʠʟʤʝʨʷʪʴ ʩʠʣʳ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʤʝʞʜʫ 

ʤʠʢʨʦʦʙʲʝʢʪʘʤʠ ʚ ʥʝʩʢʦʣʴʢʦ ʬʝʤʪʦʥʴʶʪʦʥʦʚ.  

ʈʘʩʩʤʦʪʨʠʤ ʩʣʝʜʫʶʱʠʡ ʵʢʩʧʝʨʠʤʝʥʪ. ʉ ʧʦʤʦʱʴʶ ʜʚʫʣʫʯʝʚʦʛʦ ʦʧʪʠʯʝʩʢʦʛʦ ʧʠʥʮʝʪʘ 

ʟʘʭʚʘʯʝʥʳ ʜʚʝ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʝ ʧʨʦʟʨʘʯʥʳʝ ʤʠʢʨʦʩʬʝʨʳ ʨʘʜʠʫʩʦʤ 1 ʤʢʤ. ʄʝʞʜʫ 

ʤʠʢʨʦʩʬʝʨʘʤʠ, ʥʘʭʦʜʷʱʠʤʠʩʷ ʥʘ ʨʘʩʩʪʦʷʥʠʠ 6 ʤʢʤ ʨʘʩʧʦʣʦʞʝʥʘ ʥʘʪʷʥʫʪʘʷ ʤʦʣʝʢʫʣʘ 

ɼʅʂ, ʞʝʩʪʢʦ ʧʨʠʢʨʝʧʣʝʥʥʘʷ ʩʚʦʠʤʠ ʢʦʥʮʘʤʠ ʢ ʤʠʢʨʦʩʬʝʨʘʤ (ʩʤ. ʨʠʩ.). 

 

ʎʝʣʴʶ ʵʢʩʧʝʨʠʤʝʥʪʘ ʷʚʣʷʝʪʩʷ ʦʙʥʘʨʫʞʝʥʠʝ ʪʝʧʣʦʚʳʭ ʬʣʫʢʪʫʘʮʠʡ ʤʦʣʝʢʫʣʳ. ɺ ʭʦʜʝ 

ʵʢʩʧʝʨʠʤʝʥʪʘ ʙʳʣʠ ʠʟʤʝʨʝʥʳ ʘʚʪʦ- ʠ ʢʨʦʩʩ-ʢʦʨʨʝʣʷʮʠʦʥʥʳʝ ʬʫʥʢʮʠʠ ʩʤʝʱʝʥʠʷ 

ʤʠʢʨʦʩʬʝʨ, ʦʧʨʝʜʝʣʝʥʥʳʝ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ ʢʘʢ: 

 

1. ʉʯʠʪʘʷ ʘʚʪʦ- ʠ ʢʨʦʩʩ-ʢʦʨʨʝʣʷʮʠʦʥʥʳʝ ʬʫʥʢʮʠʠ ʠʟʚʝʩʪʥʳʤʠ, ʦʧʨʝʜʝʣʠʪʴ ʞʝʩʪʢʦʩʪʠ 

ʦʧʪʠʯʝʩʢʠʭ ʣʦʚʫʰʝʢ (2 ʙʘʣʣʘ) ʠ ʤʦʣʝʢʫʣʳ ɼʅʂ. (4 ʙʘʣʣʘ)  

2. ʉʯʠʪʘʷ, ʯʪʦ ʬʣʫʢʪʫʘʮʠʠ ʤʦʣʝʢʫʣʳ ʠʤʝʶʪ ʪʝ ʞʝ ʢʦʨʨʝʣʷʮʠʦʥʥʳʝ ʩʚʦʡʩʪʚʘ, ʯʪʦ ʠ 

ʪʝʧʣʦʚʳʝ ʬʣʫʢʪʫʘʮʠʠ ʤʠʢʨʦʩʬʝʨ ʟʘ ʩʯʝʪ ʙʨʦʫʥʦʚʩʢʦʛʦ ʜʚʠʞʝʥʠʷ, ʦʮʝʥʠʪʴ, ʚʦ 

ʩʢʦʣʴʢʦ ʨʘʟ ʦʪʣʠʯʘʶʪʩʷ ʬʣʫʢʪʫʘʮʠʠ ʤʠʢʨʦʩʬʝʨ, ʚʳʟʚʘʥʥʳʝ ʬʣʫʢʪʫʘʮʠʷʤʠ 

ʤʦʣʝʢʫʣʳ, ʠ ʬʣʫʢʪʫʘʮʠʠ ʤʠʢʨʦʩʬʝʨ ʚʩʣʝʜʩʪʚʠʝ ʙʨʦʫʥʦʚʩʢʦʛʦ ʜʚʠʞʝʥʠʷ. (5 ʙʘʣʣʦʚ) 

3. ʄʦʞʥʦ ʣʠ çʟʘʩʝʯʴè ʬʣʫʢʪʫʘʮʠʠ ʤʦʣʝʢʫʣʳ, ʝʩʣʠ ʠʭ ʚʣʠʷʥʠʝ ʥʘ ʩʤʝʱʝʥʠʝ ʯʘʩʪʠʮʳ 

ʟʥʘʯʠʪʝʣʴʥʦ ʤʝʥʴʰʝ ʙʨʦʫʥʦʚʩʢʠʭ ʬʣʫʢʪʫʘʮʠʡ ʯʘʩʪʠʮʳ. (2 ʙʘʣʣʘ) 
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ʇʘʨʘʜʦʢʩʳ ʤʠʢʨʦʛʠʜʨʠʜʠʥʘʤʠʢʠ ʚ ʦʧʪʠʯʝʩʢʦʤ ʧʠʥʮʝʪʝ (2010, ʬʠʟʠʢʘ ʥʘʥʦʩʠʩʪʝʤ ʠ 

ʥʘʥʦʫʩʪʨʦʡʩʪʚʘ) 

ʅʘ ʤʘʩʰʪʘʙʘʭ ʚ ʥʝʩʢʦʣʴʢʦ ʤʠʢʨʦʤʝʪʨʦʚ ʜʘʞʝ ʧʨʠʚʳʯʥʳʝ ʠ ʥʘʛʣʷʜʥʳʝ 

ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʠʝ ʩʦʦʙʨʘʞʝʥʠʷ ʤʦʛʫʪ ʥʝ ʨʘʙʦʪʘʪʴ, ʧʦʵʪʦʤʫ, ʝʩʣʠ ʚ ʭʦʜʝ ʨʝʰʝʥʠʷ ʫ ɺʘʩ 

ʧʦʣʫʯʠʪʩʷ ʧʘʨʘʜʦʢʩʘʣʴʥʳʡ ʨʝʟʫʣʴʪʘʪ ï ʥʝ ʫʜʠʚʣʷʡʪʝʩʴ!  

ʆʜʥʦʡ ʠʟ ʩʬʝʨ ʧʨʠʤʝʥʝʥʠʷ ʦʧʪʠʯʝʩʢʦʛʦ ʧʠʥʮʝʪʘ ʷʚʣʷʝʪʩʷ ʠʟʫʯʝʥʠʝ 

ʤʠʢʨʦʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʠʭ ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ. ʈʘʩʩʤʦʪʨʠʤ ʜʚʝ ʦʜʠʥʘʢʦʚʳʝ ʤʠʢʨʦʩʬʝʨʳ 

ʜʠʦʢʩʠʜʘ ʢʨʝʤʥʠʷ (R = 1 ʤʢʤ), ʧʣʘʚʘʶʱʠʝ ʚ ʚʦʜʝ (ʜʠʥʘʤʠʯʝʩʢʘʷ ʚʷʟʢʦʩʪʴ ɖ = 0.001 ʇʘĀʩ). 

ʏʘʩʪʠʮʳ ʟʘʭʚʘʯʝʥʳ ʚ ʜʚʝ ʥʝʟʘʚʠʩʠʤʳʝ ʦʧʪʠʯʝʩʢʠʝ ʣʦʚʫʰʢʠ ʩ ʦʜʠʥʘʢʦʚʳʤʠ ʞʝʩʪʢʦʩʪʷʤʠ 

(k = 10 ʧʅ/ʤʢʤ) ʥʘ ʨʘʩʩʪʦʷʥʠʠ L = 5 ʤʢʤ ʤʝʞʜʫ ʧʦʣʦʞʝʥʠʷʤʠ ʨʘʚʥʦʚʝʩʠʷ (ʮʝʥʪʨʘʤʠ 

ʣʦʚʫʰʝʢ). ʂʘʞʜʘʷ ʠʟ ʯʘʩʪʠʮ ʙʨʦʫʥʦʚʩʢʠ ʢʦʣʝʙʣʝʪʩʷ ʚ ʩʚʦʝʡ ʣʦʚʫʰʢʝ. ɺ ʭʦʜʝ 

ʵʢʩʧʝʨʠʤʝʥʪʘ ʨʝʛʠʩʪʨʠʨʫʝʪʩʷ ʢʨʦʩʩπʢʦʨʨʝʣʷʮʠʦʥʥʘʷ ʬʫʥʢʮʠʷ ʩʣʫʯʘʡʥʳʭ ʩʤʝʱʝʥʠʡ 

ʯʘʩʪʠʮ, ʦʧʨʝʜʝʣʝʥʥʘʷ ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ:  

, 

ʛʜʝ x1  ï ʩʤʝʱʝʥʠʝ ʧʝʨʚʦʡ ʯʘʩʪʠʮʳ ʚʜʦʣʴ ʦʩʠ ʍ ʠʟ ʧʦʣʦʞʝʥʠʷ ʨʘʚʥʦʚʝʩʠʷ ʚ ʧʝʨʚʦʡ 

ʦʧʪʠʯʝʩʢʦʡ ʣʦʚʫʰʢʝ, x2 ï ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʝ ʩʤʝʱʝʥʠʝ ʚʪʦʨʦʡ ʯʘʩʪʠʮʳ. ʉʢʦʙʢʠ ç<é>è 

ʦʙʦʟʥʘʯʘʶʪ ʫʩʨʝʜʥʝʥʠʝ ʧʦ ʚʨʝʤʝʥʠ. 

 

ɻʠʜʨʦʜʠʥʘʤʠʯʝʩʢʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʯʘʩʪʠʮ ʦʧʨʝʜʝʣʷʝʪʩʷ ʪʝʥʟʦʨʦʤ ʆʩʠʥʘ (Oseen tensor), 

ʢʦʪʦʨʳʡ ʠʤʝʝʪ ʚʠʜ:  

 

ʛʜʝ ï ʢʦʵʬʬʠʮʠʝʥʪ ʚʷʟʢʦʛʦ ʪʨʝʥʠʷ, r ï ʚʝʢʪʦʨ, ʥʘʧʨʘʚʣʝʥʥʳʡ ʦʪ ʮʝʥʪʨʘ ʦʜʥʦʡ 

ʯʘʩʪʠʮʳ ʢ ʮʝʥʪʨʫ ʜʨʫʛʦʡ, I ï ʝʜʠʥʠʯʥʘʷ ʤʘʪʨʠʮʘ. ʋʨʘʚʥʝʥʠʝ ʜʚʠʞʝʥʠʷ nπʦʡ (n = 1,2) 

ʯʘʩʪʠʮʳ ʠʤʝʝʪ ʚʠʜ: 

 

ʂʦʨʨʝʣʷʮʠʦʥʥʳʝ ʩʚʦʡʩʪʚʘ ʩʣʫʯʘʡʥʳʭ ʬʣʫʢʪʫʘʮʠʦʥʥʳʭ ʩʠʣ ʩʣʝʜʫʶʱʠʝ: 
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1. ʆʧʨʝʜʝʣʠʪʴ ʚʠʜ ʢʨʦʩʩπʢʦʨʨʝʣʷʮʠʦʥʥʦʡ ʬʫʥʢʮʠʠ ʩʤʝʱʝʥʠʷ ʯʘʩʪʠʮ. (5 ʙʘʣʣʦʚ) 

ʆʙʲʷʩʥʠʪʴ ʬʠʟʠʯʝʩʢʫʶ ʧʨʠʯʠʥʫ ʪʘʢʦʡ ʟʘʚʠʩʠʤʦʩʪʠ. (2 ʙʘʣʣʘ)  

2. ʏʝʤ ʦʧʨʝʜʝʣʷʝʪʩʷ ʭʘʨʘʢʪʝʨʥʦʝ ʚʨʝʤʷ ʢʦʨʨʝʣʷʮʠʠ (ʘʥʪʠʢʦʨʨʝʣʷʮʠʠ) ʩʤʝʱʝʥʠʡ 

ʯʘʩʪʠʮ, ʧʦʣʫʯʠʪʴ ʯʠʩʣʝʥʥʳʝ ʟʥʘʯʝʥʠʷ? (3 ʙʘʣʣʘ)  

3. ʏʝʤʫ ʨʘʚʥʘ ʤʘʢʩʠʤʘʣʴʥʘʷ ʢʦʨʨʝʣʷʮʠʷ (ʘʥʪʠʢʦʨʨʝʣʷʮʠʷ)? (2 ʙʘʣʣʘ)   
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ʇʘʨʘʜʦʢʩʳ ʤʠʢʨʦʤʠʨʘ (2010, ʬʠʟʠʢʘ ʥʘʥʦʩʠʩʪʝʤ ʠ ʥʘʥʦʫʩʪʨʦʡʩʪʚʘ) 

1. ɸʪʦʤʳ ï ʥʝ ʰʘʨʠʢʠ! (2 ʙʘʣʣʘ) 

ʅʘ ʩʝʛʦʜʥʷʰʥʠʡ ʜʝʥʴ ʭʦʨʦʰʦ ʠʟʚʝʩʪʥʦ, ʯʪʦ ʚ ʤʠʢʨʦʤʠʨʝ (ʘ ʪʦʯʥʝʝ, ʥʘ ʘʪʦʤʥʳʭ ʤʘʩʰʪʘʙʘʭ 

ʜʣʠʥ) ʟʘʢʦʥʳ ʢʣʘʩʩʠʯʝʩʢʦʡ ʬʠʟʠʢʠ ʧʝʨʝʩʪʘʶʪ ʨʘʙʦʪʘʪʴ, ʠ ʥʘ ʩʤʝʥʫ ʠʤ ʧʨʠʭʦʜʠʪ 

ʢʚʘʥʪʦʚʘʷ ʤʝʭʘʥʠʢʘ. ɺ ʩʠʣʫ ʩʦʦʪʥʦʰʝʥʠʡ ʥʝʦʧʨʝʜʝʣʸʥʥʦʩʪʝʡ ɻʝʡʟʝʥʙʝʨʛʘ, ʪʦʯʥʦʝ 

ʨʘʩʧʦʣʦʞʝʥʠʝ ʠʣʠ ʛʨʘʥʠʮʳ ʢʘʢʦʛʦ-ʣʠʙʦ ʦʙʲʝʢʪʘ ʚ ʧʨʦʩʪʨʘʥʩʪʚʝ ʦʧʨʝʜʝʣʠʪʴ ʥʝʚʦʟʤʦʞʥʦ. 

ɹʝʩʩʤʳʩʣʝʥʥʦ ʛʦʚʦʨʠʪʴ ʦ ʪʦʯʥʦʤ ʤʝʩʪʦʥʘʭʦʞʜʝʥʠʠ ʵʣʝʢʪʨʦʥʘ ʚ ʘʪʦʤʝ, ʘ ʪʘʢʞʝ ʦ ʛʨʘʥʠʮʝ 

ʘʪʦʤʘ. ʄʦʞʥʦ, ʢʦʥʝʯʥʦ, ʛʦʚʦʨʠʪʴ ʦʙ ʦʨʙʠʪʘʣʷʭ ʠ ʵʣʝʢʪʨʦʥʥʦʡ ʧʣʦʪʥʦʩʪʠ, ʦʜʥʘʢʦ ʵʪʘ 

ʧʣʦʪʥʦʩʪʴ ʝʩʪʴ ʚ ʜʝʡʩʪʚʠʪʝʣʴʥʦʩʪʠ ʘʤʧʣʠʪʫʜʘ ʚʝʨʦʷʪʥʦʩʪʠ ʦʙʥʘʨʫʞʠʪʴ ʵʣʝʢʪʨʦʥ ʚ 

ʦʢʨʝʩʪʥʦʩʪʠ ʥʝʢʦʪʦʨʦʡ ʪʦʯʢʠ ʚ ʵʣʝʤʝʥʪʘʨʥʦʤ ʘʢʪʝ ʠʟʤʝʨʝʥʠʷ, ʘ ʥʝ ʥʝʧʨʝʨʳʚʥʦʝ 

ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʧʣʦʪʥʦʩʪʠ ʟʘʨʷʜʘ. ʅʦ ʧʦʯʝʤʫ ʞʝ ʪʦʛʜʘ ʥʘ ʤʥʦʛʠʭ ʠʟʦʙʨʘʞʝʥʠʷʭ ʤʠʢʨʦ- ʠ 

ʥʘʥʦʩʪʨʫʢʪʫʨ, ʧʦʣʫʯʘʝʤʳʭ ʩ ʧʦʤʦʱʴʶ ʤʠʢʨʦʩʢʦʧʦʚ ʨʘʟʥʳʭ ʪʠʧʦʚ (ɸʉʄ, ʇʕʄ, ʉɿʄ, 

ʉʊʄ), ʘʪʦʤʳ ʚʳʛʣʷʜʷʪ ʢʘʢ ʰʘʨʠʢʠ ʠʣʠ çʩʛʫʩʪʢʠè ʤʘʪʝʨʠʠ? 

ʂʘʢʦʝ ʦʙʩʪʦʷʪʝʣʴʩʪʚʦ, ʦʙʱʝʝ ʜʣʷ ʨʘʟʥʳʭ ʪʠʧʦʚ ʤʠʢʨʦʩʢʦʧʠʠ, ʧʦʟʚʦʣʷʝʪ ʬʦʨʤʠʨʦʚʘʪʴ 

ʠʟʦʙʨʘʞʝʥʠʷ, ʢʦʪʦʨʳʝ ʚʳ ʚʠʜʠʪʝ ʥʘ ʨʠʩʫʥʢʘʭ? 
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2. ɺʦʣʥʳ ʜʝ ɹʨʦʡʣʷ (2 ʙʘʣʣʘ) 

ʆʜʥʘʞʜʳ ʜʚʦʝ ʶʥʳʭ ʜʨʫʟʝʡ-ʥʘʥʦʪʝʭʥʦʣʦʛʦʚ ʟʘʜʘʣʠʩʴ ʧʨʦʩʪʳʤ, ʥʘ ʧʝʨʚʳʡ ʚʟʛʣʷʜ, 

ʚʦʧʨʦʩʦʤ: ʢʘʢ ʩʚʷʟʘʥʘ ʯʘʩʪʦʪʘ ʚʦʣʥʳ ʜʝ ɹʨʦʡʣʷ ɤ ʩʚʦʙʦʜʥʦʡ ʯʘʩʪʠʮʳ ʩ ʚʦʣʥʦʚʳʤ 

ʚʝʢʪʦʨʦʤ k? 

ʆʥʠ ʨʝʰʠʣʠ ʚʳʚʝʩʪʠ ʥʫʞʥʫʶ ʬʦʨʤʫʣʫ, ʥʦ ʢʘʞʜʳʡ ʠʟ ʥʠʭ ʜʝʡʩʪʚʦʚʘʣ ʩʚʦʠʤ ʩʧʦʩʦʙʦʤ. 

ʇʝʨʚʳʡ ʨʘʩʩʫʞʜʘʣ ʪʘʢ. ɿʘʧʠʰʝʤ ʠʟʚʝʩʪʥʫʶ ʬʦʨʤʫʣʫ ʩʚʷʟʠ (ʮʠʢʣʠʯʝʩʢʦʡ) ʯʘʩʪʦʪʳ ʩ 

ʧʝʨʠʦʜʦʤ: .ɺʳʨʘʟʠʤ ʧʝʨʠʦʜ ʯʝʨʝʟ ʜʣʠʥʫ ʚʦʣʥʳ ʠ ʩʢʦʨʦʩʪʴ:. ʇʦʣʫʯʘʝʪʩʷ: 

(1) 

ɼʘʣʝʝ ʧʨʠʤʝʥʠʤ ʩʦʦʪʥʦʰʝʥʠʝ ʜʝ ɹʨʦʡʣʷ ʜʣʷ ʠʤʧʫʣʴʩʘ ʠ ʜʣʠʥʳ ʚʦʣʥʳ:. ʇʦʜʩʪʘʚʠʤ 

ʵʪʦ ʚ (1), ʧʦʩʣʝ ʯʝʛʦ ʫʯʪʸʤ, ʯʪʦ h =2 , ʠ ʫʤʥʦʞʠʤ ʯʠʩʣʠʪʝʣʴ ʠ ʟʥʘʤʝʥʘʪʝʣʴ ʜʨʦʙʠ ʥʘ 

ʤʘʩʩʫ ʯʘʩʪʠʮʳ m. ɿʘʪʝʤ ʧʨʠʤʝʥʠʤ ʦʧʨʝʜʝʣʝʥʠʝ ʠʤʧʫʣʴʩʘ ʠ ʩʚʷʟʴ ʠʤʧʫʣʴʩʘ ʩ 

ʚʦʣʥʦʚʳʤ ʚʝʢʪʦʨʦʤ. ʇʦʣʫʯʘʝʪʩʷ ʮʝʧʦʯʢʘ ʨʘʚʝʥʩʪʚ: 

,  (2) 

ʯʪʦ ʠ ʷʚʣʷʝʪʩʷ ʠʩʢʦʤʦʡ ʩʚʷʟʴʶ. 

ɺʪʦʨʦʡ ʜʨʫʛ ʨʘʩʩʫʞʜʘʣ ʧʦ-ʜʨʫʛʦʤʫ. ʕʥʝʨʛʠʷ ʠ ʯʘʩʪʦʪʘ ʩʚʷʟʘʥʳ ʩʦʦʪʥʦʰʝʥʠʝʤ . 

ʕʥʝʨʛʠʷ ʚ ʩʣʫʯʘʝ ʩʚʦʙʦʜʥʦʡ ʯʘʩʪʠʮʳ ʨʘʚʥʘ , ʘ ʠʤʧʫʣʴʩ ʨʘʚʝʥ . ʀʟ ʜʚʫʭ 

ʧʦʩʣʝʜʥʠʭ ʨʘʚʝʥʩʪʚ ʧʦʣʫʯʘʝʤ, ʯʪʦ . ʋʯʠʪʳʚʘʷ, ʯʪʦ p= k, ʠʤʝʝʤ: 

. ʆʪʩʶʜʘ ʩʣʝʜʫʝʪ ʦʪʚʝʪ:   

      (3) 

ʂ ʫʜʠʚʣʝʥʠʶ ʜʨʫʟʝʡ, ʠʭ ʨʝʟʫʣʴʪʘʪʳ (2) ʠ (3) ʦʪʣʠʯʘʶʪʩʷ ʚ 2 ʨʘʟʘ. ʇʦʯʝʤʫ? ʅʘʡʜʠʪʝ 

ʦʰʠʙʢʫ ʚ ʨʘʩʩʫʞʜʝʥʠʷʭ (ʠʣʠ ʦʰʠʙʢʠ, ʝʩʣʠ ʠʭ ʥʝʩʢʦʣʴʢʦ) ʠ ʚʳʚʝʜʠʪʝ ʧʨʘʚʠʣʴʥʫʶ 

ʬʦʨʤʫʣʫ ʜʣʷ ʩʚʷʟʠ ʯʘʩʪʦʪʳ ʠ ʚʦʣʥʦʚʦʛʦ ʚʝʢʪʦʨʘ. 
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3. ʇʨʠʨʦʜʘ ʵʣʝʢʪʨʦʜʚʠʞʫʱʝʡ ʩʠʣʳ (2 ʙʘʣʣʘ) 

ʀʟʚʝʩʪʥʦ, ʯʪʦ ʵʣʝʢʪʨʦʜʚʠʞʫʱʘʷ ʩʠʣʘ (ʕɼʉ) ʚʩʷʢʦʛʦ ʠʩʪʦʯʥʠʢʘ ʪʦʢʘ ʩʫʱʝʩʪʚʫʝʪ ʟʘ 

ʩʯʸʪʜʝʡʩʪʚʠʷ ʪʘʢ ʥʘʟʳʚʘʝʤʳʭ ʩʪʦʨʦʥʥʠʭ ʩʠʣ, ʢʦʪʦʨʳʝ ʜʝʡʩʪʚʫʶʪ ʚʥʫʪʨʠ ʠʩʪʦʯʥʠʢʘ ʠ 

ʧʝʨʝʥʦʩʷʪ ʟʘʨʷʞʝʥʥʳʝ ʯʘʩʪʠʮʳ ʧʨʦʪʠʚ ʢʫʣʦʥʦʚʩʢʠʭ ʩʠʣ, ʦʙʫʩʣʦʚʣʝʥʥʳʭ ʩʢʦʧʣʝʥʠʝʤ 

ʟʘʨʷʜʦʚ ʥʘ ʧʦʣʶʩʘʭ ʠʩʪʦʯʥʠʢʘ. ʀʤʝʥʥʦ ʟʘ ʩʯʸʪ ʜʝʡʩʪʚʠʷ ʩʪʦʨʦʥʥʠʭ ʩʠʣ ʧʦʣʶʩʘ ʠʩʪʦʯʥʠʢʘ 

ʧʦʜʜʝʨʞʠʚʘʶʪʩʷ ʟʘʨʷʞʝʥʥʳʤʠ. ʏʘʩʪʦ ʚ ʣʠʪʝʨʘʪʫʨʝ ʤʦʞʥʦ ʚʩʪʨʝʪʠʪʴ ʫʪʚʝʨʞʜʝʥʠʝ ʦ ʪʦʤ, 

ʯʪʦ ʩʪʦʨʦʥʥʠʝ ʩʠʣʳ, ʚ ʦʪʣʠʯʠʝ ʦʪ ʢʫʣʦʥʦʚʩʢʠʭ ʩʠʣ, ʠʤʝʶʪ ʜʨʫʛʫʶ, ʥʝ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʫʶ 

ʧʨʠʨʦʜʫ. ʆʜʥʘʢʦ, ʚʦʟʥʠʢʘʝʪ ʚʦʧʨʦʩ: ʝʩʣʠ ʩʪʦʨʦʥʥʠʝ ʩʠʣʳ ʥʝ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʳʝ, ʪʦ ʢʘʢʠʝ 

ʦʥʠ? ɺ ʬʠʟʠʢʝ ʠʟʚʝʩʪʥʦ ʚʩʝʛʦ ʯʝʪʳʨʝ ʚʠʜʘ ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʭ ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ: 

ʛʨʘʚʠʪʘʮʠʦʥʥʦʝ, ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʝ, ʩʠʣʴʥʦʝ ʠ ʩʣʘʙʦʝ. ʂ ʢʘʢʦʤʫ ʪʠʧʫ ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ 

ʦʪʥʦʩʷʪʩʷ ʩʪʦʨʦʥʥʠʝ ʩʠʣʳ, ʠ ʚ ʯʸʤ ʟʘʢʣʶʯʘʝʪʩʷ ʠʭ ʧʨʠʥʮʠʧʠʘʣʴʥʦʝ ʦʪʣʠʯʠʝ ʦʪ 

ʢʫʣʦʥʦʚʩʢʠʭ? ʆʧʠʰʠʪʝ ʤʝʭʘʥʠʟʤ ʚʦʟʥʠʢʥʦʚʝʥʠʷ ʵʪʠʭ ʩʠʣ ʠ ʧʨʠʯʠʥʳ ʠʭ ʦʪʣʠʯʠʷ ʦʪ 

ʢʫʣʦʥʦʚʩʢʠʭ ʩʠʣ ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ ʢʚʘʥʪʦʚʦʡ ʤʝʭʘʥʠʢʠ. ʈʘʩʩʤʦʪʨʠʪʝ ʩʣʫʯʘʡ ʭʠʤʠʯʝʩʢʠʭ 

ʠʩʪʦʯʥʠʢʦʚ ʪʦʢʘ ʠ ʥʘʟʦʚʠʪʝ ʢʘʢ ʤʠʥʠʤʫʤ ʜʚʘ ʬʘʢʪʦʨʘ, ʟʘ ʩʯʸʪ ʢʦʪʦʨʳʭ ʩʪʦʨʦʥʥʠʝ ʩʠʣʳ 

ʦʪʣʠʯʘʶʪʩʷ ʦʪ ʢʫʣʦʥʦʚʩʢʠʭ. 

 

4. ʀʜʝʘʣʴʥʳʡ ʢʚʘʥʪʦʚʳʡ ʛʘʟ (2 ʙʘʣʣʘ) 

ʆʪʥʦʩʠʪʝʣʴʥʘʷ ʧʨʦʩʪʦʪʘ ʤʦʜʝʣʝʡ ʠʜʝʘʣʴʥʳʭ ʢʚʘʥʪʦʚʳʭ ʛʘʟʦʚ ʬʝʨʤʠʦʥʦʚ ʠʣʠ 

ʙʦʟʦʥʦʚʧʦʟʚʦʣʷʝʪ ʨʝʰʘʪʴ ʘʥʘʣʠʪʠʯʝʩʢʠ ʤʥʦʞʝʩʪʚʦ ʟʘʜʘʯ, ʩʚʷʟʘʥʥʳʭ ʩ ʪʘʢʠʤʠ ʩʠʩʪʝʤʘʤʠ. 

ʅʦ ʠʜʝʘʣʴʥʳʝ ʛʘʟʳ ʤʦʛʫʪ ʩʣʫʞʠʪʴ ʣʠʰʴ ʛʨʫʙʳʤ, çʥʫʣʝʚʳʤè ʧʨʠʙʣʠʞʝʥʠʝʤ ʨʝʘʣʴʥʳʭ 

ʬʠʟʠʯʝʩʢʠʭ ʩʠʩʪʝʤ, ʧʦʩʢʦʣʴʢʫ ʯʘʩʪʠʮʳ ʪʘʢʠʭ ʛʘʟʦʚ ʧʨʝʜʧʦʣʘʛʘʶʪʩʷ ʩʚʦʙʦʜʥʳʤʠ ʠ ʥʝ 
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ʚʟʘʠʤʦʜʝʡʩʪʚʫʶʱʠʤʠ ʜʨʫʛ ʩ ʜʨʫʛʦʤ. ɺ ʨʝʘʣʴʥʦʩʪʠ ʯʘʩʪʠʮʳ ʚʩʝʛʜʘ ʚʟʘʠʤʦʜʝʡʩʪʚʫʶʪ ʜʨʫʛ 

ʩ ʜʨʫʛʦʤ ʠ ʩ ʚʥʝʰʥʠʤʠ ʧʦʣʷʤʠ. 

ʅʘʧʨʠʤʝʨ, ʵʣʝʢʪʨʦʥʳ ʚ ʢʨʠʩʪʘʣʣʘʭ ʥʝ ʩʚʦʙʦʜʥʳ, ʘ ʥʘʭʦʜʷʪʩʷ ʚ ʧʦʪʝʥʮʠʘʣʝ 

ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʸʪʢʠ, ʠ, ʧʦʩʢʦʣʴʢʫ ʦʥʠ ʟʘʨʷʞʝʥʳ, ʦʥʠ ʚʩʝʛʜʘ ʚʟʘʠʤʦʜʝʡʩʪʚʫʶʪ ʜʨʫʛ ʩ 

ʜʨʫʛʦʤ. ʇʦʵʪʦʤʫ ʚʦʟʥʠʢʘʝʪ ʚʦʧʨʦʩ ʦ ʛʨʘʥʠʮʘʭ ʧʨʠʤʝʥʠʤʦʩʪʠ ʤʦʜʝʣʝʡ ʪʘʢʠʭ ʛʘʟʦʚ. ɼʣʷ 

ʛʘʟʘ ʵʣʝʢʪʨʦʥʦʚ ʢʨʠʪʝʨʠʡ ʧʨʠʤʝʥʠʤʦʩʪʠ ʤʦʜʝʣʠ ʧʦ ʩʠʣʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʤʦʞʥʦ ʧʦʣʫʯʠʪʴ 

ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ.ɺʟʘʠʤʦʜʝʡʩʪʚʠʝ ʩʣʘʙʦʝ, ʝʩʣʠ ʭʘʨʘʢʪʝʨʥʘʷ ʫʜʝʣʴʥʘʷ (ʪ.ʝ. ʨʠʭʦʜʷʱʘʷʩʷ 

ʥʘ ʦʜʥʫ ʯʘʩʪʠʮʫ) ʧʦʪʝʥʮʠʘʣʴʥʘʷ ʵʥʝʨʛʠʷ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ Ů intʵʣʝʢʪʨʦʥʦʚ ʤʥʦʛʦ ʤʝʥʴʰʝ ʠʭ 

ʢʠʥʝʪʠʯʝʩʢʦʡ ʵʥʝʨʛʠʠ. ʍʘʨʘʢʪʝʨʥʘʷ ʢʠʥʝʪʠʯʝʩʢʘʷ ʵʥʝʨʛʠʷ ʧʦ ʧʦʨʷʜʢʫ ʚʝʣʠʯʠʥʳ ʨʘʚʥʘ 

ʵʥʝʨʛʠʠ ʌʝʨʤʠ ŮF. ʆʪʩʶʜʘ  ʧʦʣʫʯʘʝʤ ʫʩʣʦʚʠʝ çʠʜʝʘʣʴʥʦʩʪʠè ʛʘʟʘ: ʫʜʝʣʴʥʘʷ ʵʥʝʨʛʠʷ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ ʜʦʣʞʥʘ ʙʳʪʴ ʤʥʦʛʦ ʤʝʥʴʰʝ ʵʥʝʨʛʠʠ ʌʝʨʤʠ 

Ůint << ŮF      (4) 

ɼʣʷ ʪʨʸʭʤʝʨʥʦʛʦ ʛʘʟʘ ʵʣʝʢʪʨʦʥʦʚ ʵʥʝʨʛʠʷ ʌʝʨʤʠ ʨʘʩʩʯʠʪʳʚʘʝʪʩʷ ʧʦ ʩʪʘʥʜʘʨʪʥʦʡ ʬʦʨʤʫʣʝ 

       (5) 

ʛʜʝ m ï ʤʘʩʩʘ ʵʣʝʢʪʨʦʥʘ, N ï ʦʙʱʝʝ ʯʠʩʣʦ ʵʣʝʢʪʨʦʥʦʚ, V ï ʦʙʲʸʤ ʛʘʟʘ. ɺʝʣʠʯʠʥʘ n = N/V 

ʝʩʪʴ ʢʦʥʮʝʥʪʨʘʮʠʷ ʵʣʝʢʪʨʦʥʦʚ. ʋʜʝʣʴʥʫʶ ʵʥʝʨʛʠʶ ʢʫʣʦʥʦʚʩʢʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ 

ʵʣʝʢʪʨʦʥʦʚ ʣʝʛʢʦ ʦʮʝʥʠʪʴ, ʧʦʣʘʛʘʷ, ʯʪʦ ʭʘʨʘʢʪʝʨʥʦʝ (ʫʩʨʝʜʥʸʥʥʦʝ ʧʦ ʵʥʝʨʛʠʠ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ) ʨʘʩʩʪʦʷʥʠʝ ʤʝʞʜʫ ʜʚʫʤʷ ʚʟʘʠʤʦʜʝʡʩʪʚʫʶʱʠʤʠ ʵʣʝʢʪʨʦʥʘʤʠ ʨʘʚʥʦ 

 . ʊʦʛʜʘ ʜʣʷ ʵʥʝʨʛʠʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʠʤʝʝʤ (ʚ ʩʠʩʪʝʤʝ ʝʜʠʥʠʮ, ʛʜʝ ʢʦʵʬʬʠʮʠʝʥʪ 

ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʦʩʪʠ ʚ ʟʘʢʦʥʝ ʂʫʣʦʥʘ ʨʘʚʝʥ ʝʜʠʥʠʮʝ; e ï ʟʘʨʷʜ ʵʣʝʢʪʨʦʥʘ). 

     (6) 

ʇʦʜʩʪʘʚʠʤ (5) ʠ (6) ʚ (4): 

 

ʋʤʥʦʞʘʷ ʦʙʝ ʯʘʩʪʠ ʵʪʦʛʦ ʥʝʨʘʚʝʥʩʪʚʘ ʥʘ   ʠ ʧʨʝʥʝʙʨʝʛʘʷ ʯʠʩʣʦʚʳʤ 

ʢʦʵʬʬʠʮʠʝʥʪʦʤ, ʧʦʣʫʯʘʝʤ ʫʩʣʦʚʠʝ çʠʜʝʘʣʴʥʦʩʪʠè ʛʘʟʘ ʵʣʝʢʪʨʦʥʦʚ ʚ ʚʠʜʝ   

     (7) 

ʇʦʣʫʯʘʝʪʩʷ ʧʘʨʘʜʦʢʩʘʣʴʥʳʡ ʨʝʟʫʣʴʪʘʪ: ʯʝʤ ʙʦʣʴʰʝ ʢʦʥʮʝʥʪʨʘʮʠʷ ʵʣʝʢʪʨʦʥʥʦʛʦ ʛʘʟʘ (ʪ.ʝ. 

ʯʝʤ ʙʦʣʴʰʝ ʝʛʦ ʧʣʦʪʥʦʩʪʴ), ʪʝʤ ʦʥ ʙʦʣʝʝ ʠʜʝʘʣʴʥʳʡ. ɺ ʩʣʫʯʘʝ ʢʣʘʩʩʠʯʝʩʢʦʛʦ (ʥʝ 

ʢʚʘʥʪʦʚʦʛʦ) ʛʘʟʘ ʩʠʪʫʘʮʠʷ ʦʙʨʘʪʥʘʷ: ʨʝʘʣʴʥʳʡ ʛʘʟ ʪʝʤ ʙʣʠʞʝ ʢ ʠʜʝʘʣʴʥʦʤʫ, ʯʝʤ ʤʝʥʴʰʝ 

ʝʛʦ ʧʣʦʪʥʦʩʪʴ, ʘ ʧʨʠ ʙʦʣʴʰʠʭ ʧʣʦʪʥʦʩʪʷʭ ʢʘʢ ʨʘʟ ʚʦʟʥʠʢʘʶʪ ʦʪʢʣʦʥʝʥʠʷ ʚ ʧʦʚʝʜʝʥʠʠ 



119 

 

ʨʝʘʣʴʥʦʛʦ ʛʘʟʘ ʦʪ ʠʜʝʘʣʴʥʦʛʦ. ɹʦʣʝʝ ʪʦʛʦ, ʚʩʝ ʨʝʟʫʣʴʪʘʪʳ, ʧʦʣʫʯʝʥʥʳʝ ʜʣʷ ʢʚʘʥʪʦʚʳʭ 

ʛʘʟʦʚ, ʜʦʣʞʥʳ ʚ ʧʨʝʜʝʣʴʥʦʤ ʩʣʫʯʘʝ ʧʝʨʝʭʦʜʠʪʴ ʚ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʨʝʟʫʣʴʪʘʪʳ ʜʣʷ 

ʢʣʘʩʩʠʯʝʩʢʠʭ ʛʘʟʦʚ, ʥʦ ʨʝʟʫʣʴʪʘʪ (7) ʧʨʷʤʦ ʧʨʦʪʠʚʦʧʦʣʦʞʝʥ ʢʣʘʩʩʠʯʝʩʢʦʤʫ ʩʣʫʯʘʶ. ʂʘʢ 

ʞʝ ʦʙʲʷʩʥʠʪʴ ʧʦʣʫʯʝʥʥʳʡ ʨʝʟʫʣʴʪʘʪ ʠ ʨʘʟʨʝʰʠʪʴ ʧʨʦʪʠʚʦʨʝʯʠʝ? 

5. ʇʨʠʩʫʪʩʪʚʠʝ ʥʘʙʣʶʜʘʪʝʣʷ (2 ʙʘʣʣʘ) 

ʅʘ ʨʠʩʫʥʢʝ ʠʟʦʙʨʘʞʝʥʘ ʫʧʨʦʱʸʥʥʘʷ, ʠʜʝʘʣʠʟʠʨʦʚʘʥʥʘʷ ʩʭʝʤʘ ʦʜʥʦʛʦ ʠʟ ʠʟʚʝʩʪʥʳʭ ʠ 

ʩʘʤʳʭ ʠʥʪʨʠʛʫʶʱʠʭ ʵʢʩʧʝʨʠʤʝʥʪʦʚ, ʢʦʪʦʨʳʝ ʧʨʠʚʝʣʠ ʢ ʩʦʟʜʘʥʠʶ ʩʦʚʨʝʤʝʥʥʦʡ ʢʚʘʥʪʦʚʦʡ 

ʤʝʭʘʥʠʢʠ: ʜʠʬʨʘʢʮʠʷ ʵʣʝʢʪʨʦʥʦʚ ʥʘ ʵʢʨʘʥʝ ʩ ʜʚʫʤʷ ʱʝʣʷʤʠ. 

 

ʀʩʪʦʯʥʠʢ ʵʣʝʢʪʨʦʥʦʚ ʜʦʩʪʘʪʦʯʥʦ ʩʣʘʙʳʡ, ʪʘʢʦʡ, ʯʪʦ ʚ ʢʘʞʜʳʡ ʤʦʤʝʥʪ ʚʨʝʤʝʥʠ ʤʝʞʜʫ 

ʥʠʤ ʠ ʵʢʨʘʥʦʤ, ʥʘ ʢʦʪʦʨʦʤ ʬʦʨʤʠʨʫʝʪʩʷ ʠʥʪʝʨʬʝʨʝʥʮʠʦʥʥʘʷ ʢʘʨʪʠʥʘ, ʥʘʭʦʜʠʪʩʷ ʥʝ ʙʦʣʝʝ 

ʦʜʥʦʛʦ ʠʩʧʫʱʝʥʥʦʛʦ ʠʤ ʵʣʝʢʪʨʦʥʘ. ʈʝʟʫʣʴʪʘʪ ʵʪʦʛʦ ʵʢʩʧʝʨʠʤʝʥʪʘ ʭʦʨʦʰʦ ʠʟʚʝʩʪʝʥ: ʝʩʣʠ 

ʦʢʦʣʦ ʱʝʣʝʡ 1 ʠ 2 ʥʝʪ ʜʝʪʝʢʪʦʨʦʚ, ʢʦʪʦʨʳʝ ʬʠʢʩʠʨʫʶʪ ʧʨʦʭʦʞʜʝʥʠʝ ʵʣʝʢʪʨʦʥʘ ʩʢʚʦʟʴ 

ʱʝʣʴ, ʪʦ ʥʘ ʵʢʨʘʥʝ ʧʨʠ ʜʦʩʪʘʪʦʯʥʦ ʜʦʣʛʦʤ ʵʢʩʧʦʟʠʮʠʦʥʠʨʦʚʘʥʠʠ ʧʦʷʚʣʷʝʪʩʷ 

ʠʥʪʝʨʬʝʨʝʥʮʠʦʥʥʘʷ ʢʘʨʪʠʥʘ (ʨʠʩ. ʘ). ɽʩʣʠ ʞʝ ʫʩʪʘʥʦʚʠʪʴ ʜʝʪʝʢʪʦʨʳ D1 ʠ D2, ʪʦ ʢʘʨʪʠʥʘ 

ʠʩʯʝʟʘʝʪ, ʠ ʥʘ ʵʢʨʘʥʝ ʥʘʙʣʶʜʘʝʪʩʷ çʩʫʤʤʘ ʠʥʪʝʥʩʠʚʥʦʩʪʝʡè P1 + P2 (ʨʠʩ. ʙ). ʈʝʟʫʣʴʪʘʪ ʢʘʢ 

ʙʫʜʪʦ ʙʳ ʟʘʚʠʩʠʪ ʦʪ ʪʦʛʦ, ʥʘʙʣʶʜʘʝʤ ʣʠ ʤʳ ʟʘ ʵʣʝʢʪʨʦʥʦʤ ʠʣʠ ʥʝʪ (ʧʦʣʫʯʘʝʤ ʣʠ ʤʳ 

ʠʥʬʦʨʤʘʮʠʶ ʦ ʪʦʤ, ʯʝʨʝʟ ʢʘʢʫʶ ʠʟ ʱʝʣʝʡ ʧʨʦʰʸʣ ʵʣʝʢʪʨʦʥ). ʆʙʲʷʩʥʝʥʠʝ ʵʪʦʛʦ 

ʵʢʩʧʝʨʠʤʝʥʪʘ ʩʦʩʪʦʠʪ ʚ ʪʦʤ, ʯʪʦ ʧʨʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʠ ʵʣʝʢʪʨʦʥʘ ʩ ʬʦʪʦʥʦʤ ʜʝʪʝʢʪʦʨʘ 

ʧʨʦʠʩʭʦʜʠʪ ʨʝʜʫʢʮʠʷ ʚʦʣʥʦʚʦʛʦ ʧʘʢʝʪʘ (ʨʝʜʫʢʮʠʷ ʚʦʣʥʦʚʦʡ ʬʫʥʢʮʠʠ, ʢʦʪʦʨʘʷ ʦʧʠʩʳʚʘʝʪ 

ʩʦʩʪʦʷʥʠʝ ʵʣʝʢʪʨʦʥʘ). ʅʦ ʚʦʟʥʠʢʘʝʪ ʩʣʝʜʫʶʱʠʡ ʚʦʧʨʦʩ. ʅʘ ʧʫʪʠ ʦʪ ʠʩʪʦʯʥʠʢʘ ʜʦ ʵʢʨʘʥʘ-

ʧʨʠʸʤʥʠʢʘ ʵʣʝʢʪʨʦʥ, ʪʘʢ ʠʣʠ ʠʥʘʯʝ, ʚʟʘʠʤʦʜʝʡʩʪʚʫʝʪ ʩ ʵʢʨʘʥʦʤ, ʚ ʢʦʪʦʨʦʤ ʠʤʝʶʪʩʷ ʜʚʝ 

ʱʝʣʠ (ʜʝʡʩʪʚʠʪʝʣʴʥʦ, ʝʩʣʠ ʙʳ ʵʪʦʛʦ ʵʢʨʘʥʘ ʥʝ ʙʳʣʦ, ʪʦ ʤʳ ʥʝ ʥʘʙʣʶʜʘʣʠ ʙʳ 

ʠʥʪʝʨʬʝʨʝʥʮʠʶ). ʕʪʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʝ, ʠ, ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ ʢʚʘʥʪʦʚʦʡ 

ʪʝʦʨʠʠ ʧʦʣʷ, ʦʥʦ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʟʘ ʩʯʸʪ ʦʙʤʝʥʘ ʢʚʘʥʪʘʤʠ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ 

(ʬʦʪʦʥʘʤʠ). ʇʦʯʝʤʫ ʧʨʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʠ ʵʣʝʢʪʨʦʥʘ ʩ ʜʝʪʝʢʪʦʨʦʤ ʧʨʦʠʩʭʦʜʠʪ ʨʝʜʫʢʮʠʷ 

ʚʦʣʥʦʚʦʛʦ ʧʘʢʝʪʘ, ʘ ʧʨʠ ʝʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʠ ʩ ʵʢʨʘʥʦʤ ʩʦ ʱʝʣʷʤʠ ʨʝʜʫʢʮʠʷ ʥʝ 
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ʧʨʦʠʩʭʦʜʠʪ? ɺ ʯʸʤ ʧʨʠʥʮʠʧʠʘʣʴʥʦʝ ʨʘʟʣʠʯʠʝ ʤʝʞʜʫ ʵʪʠʤʠ ʜʚʫʤʷ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷʤʠ? 

ʂʘʢʠʤ ʙʫʜʝʪ ʨʝʟʫʣʴʪʘʪ ʵʢʩʧʝʨʠʤʝʥʪʘ, ʝʩʣʠ ʫʩʪʘʥʦʚʠʪʴ ʪʦʣʴʢʦ ʦʜʠʥ ʜʝʪʝʢʪʦʨ ʦʢʦʣʦ ʦʜʥʦʡ 

ʠʟ ʱʝʣʝʡ (ʪʦʣʴʢʦ D1 ʠʣʠ ʪʦʣʴʢʦ D2)? 
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ʅʘʥʦʢʦʥʜʝʥʩʘʪʦʨ ʠ ʵʬʬʝʢʪ ʂʘʟʠʤʠʨʘ (2010, ʬʠʟʠʢʘ ʥʘʥʦʩʠʩʪʝʤ ʠ ʥʘʥʦʫʩʪʨʦʡʩʪʚʘ) 

ʇʨʠ ʫʤʝʥʴʰʝʥʠʠ ʨʘʟʤʝʨʦʚ ʵʣʝʢʪʨʦʥʥʳʭ ʫʩʪʨʦʡʩʪʚ ʜʦ ʥʘʥʦʤʘʩʰʪʘʙʦʚ ʚʩʸ ʙʦʣʴʰʫʶ ʨʦʣʴ 

ʥʘʯʠʥʘʶʪ ʠʛʨʘʪʴ ʢʚʘʥʪʦʚʳʝ ʵʬʬʝʢʪʳ. ʆʜʠʥ ʠʟ ʪʘʢʠʭ ʵʬʬʝʢʪʦʚ ï ʵʬʬʝʢʪ ʂʘʟʠʤʠʨʘ, 

ʟʘʢʣʶʯʘʶʱʠʡʩʷ ʚʦ ʚʟʘʠʤʥʦʤ ʧʨʠʪʷʞʝʥʠʠ ʧʨʦʚʦʜʷʱʠʭ ʥʝʟʘʨʷʞʝʥʥʳʭ ʪʝʣ ʧʦʜ ʜʝʡʩʪʚʠʝʤ 

ʢʚʘʥʪʦʚʳʭ ʬʣʫʢʪʫʘʮʠʡ ʚʘʢʫʫʤʘ. ʈʘʩʩʤʦʪʨʠʪʝ ʧʣʦʩʢʠʡ ʢʦʥʜʝʥʩʘʪʦʨ ʩ ʠʜʝʘʣʴʥʳʤʠ 

ʧʨʦʚʦʜʷʱʠʤʠ ʧʣʘʩʪʠʥʘʤʠ, ʤʝʞʜʫ ʢʦʪʦʨʳʤʠ ʥʘʭʦʜʠʪʩʷ ʚʘʢʫʫʤ.  

1. ʆʮʝʥʠʪʝ, ʥʘ ʢʘʢʦʤ ʨʘʩʩʪʦʷʥʠʠ ʜʦʣʞʥʳ ʥʘʭʦʜʠʪʴʩʷ ʧʣʘʩʪʠʥʢʠ, ʯʪʦʙʳ ʟʥʘʯʝʥʠʝ 

ʩʠʣʳ ʂʘʟʠʤʠʨʘ ʩʨʘʚʥʷʣʦʩʴ ʩ ʵʣʝʢʪʨʦʩʪʘʪʠʯʝʩʢʠʤ ʧʨʠʪʷʞʝʥʠʝʤ ʧʣʘʩʪʠʥʦʢ. 

ʉʯʠʪʘʡʪʝ ʯʪʦ ʥʘʧʨʷʞʝʥʠʝ ʤʝʞʜʫ ʧʣʘʩʪʠʥʘʤʠ U = 1 ɺ. (2 ʙʘʣʣʘ)  

2. ʂʘʢʠʝ ʧʨʦʙʣʝʤʳ ʤʦʛʫʪ ʙʳʪʴ ʚ ʨʘʙʦʪʝ ʪʘʢʦʛʦ ʢʦʥʜʝʥʩʘʪʦʨʘ ʧʨʠ ʜʘʥʥʦʤ ʨʘʩʩʪʦʷʥʠʠ 

ʤʝʞʜʫ ʧʣʘʩʪʠʥʘʤʠ? (2 ʙʘʣʣʘ)  

3. ɺʳʚʝʜʠʪʝ ʟʥʘʯʝʥʠʝ ʩʠʣʳ ʂʘʟʠʤʠʨʘ ʚ ʧʨʦʩʪʝʡʰʝʤ ʦʜʥʦʤʝʨʥʦʤ ʧʨʠʙʣʠʞʝʥʠʠ ï 

ʩʢʘʣʷʨʥʦʛʦ ʧʦʣʷ, ʦʛʨʘʥʠʯʝʥʥʦʛʦ ʨʝʟʦʥʘʪʦʨʦʤ ʜʣʠʥʦʡ d (ʪʦʯʢʘʤʠ ʥʘ ʧʨʷʤʦʡ). 

(3 ʙʘʣʣʘ)  

4. ɺʦʟʤʦʞʥʦ ʣʠ ʧʨʠʪʷʞʝʥʠʝ ʚ ʵʬʬʝʢʪʝ ʂʘʟʠʤʠʨʘ? ʂʘʢʠʝ ʫʩʣʦʚʠʷ ʥʝʦʙʭʦʜʠʤʳ ʜʣʷ 

ʵʪʦʛʦ? (1 ʙʘʣʣ) 
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ʇʣʘʟʤʦʥʥʳʡ ʉʥʝʣʣʠʫʩ (2010, ʬʠʟʠʢʘ ʥʘʥʦʩʠʩʪʝʤ ʠ ʥʘʥʦʫʩʪʨʦʡʩʪʚʘ) 

ʅʘ ʛʨʘʥʠʮʝ ʤʝʪʘʣʣʘ ʠ ʜʠʵʣʝʢʪʨʠʢʘ ʤʦʛʫʪ ʚʦʟʙʫʞʜʘʪʴʩʷ ʧʦʚʝʨʭʥʦʩʪʥʳʝ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʳʝ 

ʚʦʣʥʳ ʩ ʯʘʩʪʦʪʘʤʠ ʦʧʪʠʯʝʩʢʦʛʦ ʜʠʘʧʘʟʦʥʘ, ʪʘʢ ʥʘʟʳʚʘʝʤʳʝ ʧʦʚʝʨʭʥʦʩʪʥʳʝ ʧʣʘʟʤʦʥ-

ʧʦʣʷʨʠʪʦʥʳ (ʇʇʇ). ʊʘʢʠʝ ʚʦʣʥʳ ʠʤʝʶʪ ʦʪʣʠʯʥʳʡ ʦʪ ʦʙʳʯʥʳʭ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʳʭ ʚʦʣʥ 

ʟʘʢʦʥ ʜʠʩʧʝʨʩʠʠ,ʧʦʵʪʦʤʫ ʥʝ ʤʦʛʫʪ ʙʳʪʴ ʚʦʟʙʫʞʜʝʥʳ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʧʘʜʘʶʱʠʤ 

ʠʟʣʫʯʝʥʠʝʤ. ʆʜʥʘʢʦ, ʪʘʢʠʝ ʧʦʚʝʨʭʥʦʩʪʥʳʝ ʚʦʣʥʳ ʤʦʛʫʪ ʙʳʪʴ ʚʦʟʙʫʞʜʝʥʳ ʥʘ 

ʥʝʦʜʥʦʨʦʜʥʦʩʪʷʭ ʤʝʪʘʣʣʠʯʝʩʢʦʡ ʧʦʚʝʨʭʥʦʩʪʠ, ʧʝʨʠʦʜʠʯʝʩʢʠ ʥʘʥʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʭ 

ʧʦʚʝʨʭʥʦʩʪʷʭ, ʠ ʚ ʩʭʝʤʘʭ ʩ ʧʨʠʟʤʘʤʠ.  

1. ɿʘʧʠʩʘʪʴ ʜʠʩʧʝʨʩʠʦʥʥʦʝ ʫʨʘʚʥʝʥʠʝ ʜʣʷ ʇʇʇ ʥʘ ʛʨʘʥʠʮʝ ʨʘʟʜʝʣʘ ʤʝʪʘʣʣ-

ʜʠʵʣʝʢʪʨʠʢ. (2 ʙʘʣʣʘ)  

2. ʆʧʠʩʘʪʴ ʩʭʝʤʳ ʚʦʟʙʫʞʜʝʥʠʷ ʇʇʇ. (2 ʙʘʣʣʘ)  

ʈʘʩʩʤʦʪʨʠʤ ʩʣʝʜʫʶʱʫʶ ʥʘʥʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʫʶ ʧʦʚʝʨʭʥʦʩʪʴ, ʩʦʩʪʦʷʱʫʶ ʠʟ ʦʙʣʘʩʪʠ 

ʚʦʟʙʫʞʜʝʥʠʷ ʧʦʚʝʨʭʥʦʩʪʥʳʭ ʧʣʘʟʤʦʥʦʚ (ʧʝʨʠʦʜʠʯʝʩʢʠ ʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʘʷ ʧʦʚʝʨʭʥʦʩʪʴ 

ʘʣʶʤʠʥʠʷ, ʧʝʨʠʦʜ ʩʪʨʫʢʪʫʨʳ 355 ʥʤ), ʦʙʣʘʩʪʠ ʯʠʩʪʦʡ ʟʦʣʦʪʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʠ ʦʙʣʘʩʪʠ 

ʟʦʣʦʪʦʡ ʧʦʚʝʨʭʥʦʩʪʠ, ʧʦʢʨʳʪʦʡ ʢʨʘʩʠʪʝʣʝʤ (ʩʤ. ʨʠʩ. ï ʚʠʜ ʩʚʝʨʭʫ). 

 

ʅʘ ʦʙʣʘʩʪʴ ʚʦʟʙʫʞʜʝʥʠʷ ʧʦʚʝʨʭʥʦʩʪʥʳʭ ʧʣʘʟʤʦʥʦʚ ʧʘʜʘʝʪ ʠʟʣʫʯʝʥʠʝ ʣʘʟʝʨʘ ʩ ʜʣʠʥʦʡ 

ʚʦʣʥʳ 532 ʥʤ.  

3. ʇʦʜ ʢʘʢʠʤ ʫʛʣʦʤ ʜʦʣʞʥʦ ʧʘʜʘʪʴ ʥʘ ʧʝʨʠʦʜʠʯʝʩʢʠ ʥʘʥʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʫʶ 

ʧʦʚʝʨʭʥʦʩʪʴ ʘʣʶʤʠʥʠʷ ʠʟʣʫʯʝʥʠʝ ʣʘʟʝʨʘ, ʯʪʦʙʳ ʚ ʩʠʩʪʝʤʝ ʙʳʣʠ ʚʦʟʙʫʞʜʝʥʳ 

ʧʦʚʝʨʭʥʦʩʪʥʳʝ ʧʣʘʟʤʦʥʳ? (2 ʙʘʣʣʘ)  

ʆʙʣʘʩʪʴ, ʧʦʢʨʳʪʘʷ ʢʨʘʩʠʪʝʣʝʤ, ʥʘʙʣʶʜʘʝʪʩʷ ʚ ʤʠʢʨʦʩʢʦʧ. ʆʧʨʝʜʝʣʠʪʝ ʰʠʨʠʥʫ L ʪʝʤʥʦʡ 

ʧʦʣʦʩʳ. (5 ʙʘʣʣʦʚ) ʉʯʠʪʘʡʪʝ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʝ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʟʦʣʦʪʘ ʠ ʘʣʶʤʠʥʠʷ ʥʘ ʜʣʠʥʝ 

ʚʦʣʥʳ 532 ʥʤ ʨʘʚʥʳʤʠ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ:  

ŮAu = ï2.5 + 0.43I 

ŮAl = ï6.4 + 0.9I 
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ʉʚʦʙʦʜʥʳʝ ʥʦʩʠʪʝʣʠ ʟʘʨʷʜʘ ʚ ʧʦʨʠʩʪʦʤ ʢʨʝʤʥʠʠ (2010, ʬʠʟʠʢʘ ʥʘʥʦʩʠʩʪʝʤ ʠ 

ʥʘʥʦʫʩʪʨʦʡʩʪʚʘ) 

ʇʦʨʠʩʪʳʡ ʢʨʝʤʥʠʡ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʩʦʚʦʢʫʧʥʦʩʪʴ ʥʘʥʦʢʨʠʩʪʘʣʣʦʚ ʠ ʧʦʨ ʩ ʨʘʟʤʝʨʘʤʠ 

ʦʪ ʝʜʠʥʠʮ ʜʦ ʩʦʪʝʥ ʥʘʥʦʤʝʪʨʦʚ. ɼʘʥʥʳʡ ʤʘʪʝʨʠʘʣ ʷʚʣʷʝʪʩʷ ʚ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʦʙʲʝʢʪʦʤ 

ʠʩʩʣʝʜʦʚʘʥʠʡ ʤʥʦʛʠʭ ʥʘʫʯʥʳʭ ʣʘʙʦʨʘʪʦʨʠʡ ʚʦ ʚʩʝʤ ʤʠʨʝ, ʧʦʩʢʦʣʴʢʫ ʦʙʣʘʜʘʝʪ 

ʫʥʠʢʘʣʴʥʳʤʠ ʩʪʨʫʢʪʫʨʥʳʤʠ, ʦʧʪʠʯʝʩʢʠʤʠ, ʵʣʝʢʪʨʦʥʥʳʤʠ ʠ ʙʠʦʣʦʛʠʯʝʩʢʠʤʠ ʩʚʦʡʩʪʚʘʤʠ. 

ʇʦʨʠʩʪʳʡ ʢʨʝʤʥʠʡ ʧʨʠʥʷʪʦ ʢʣʘʩʩʠʬʠʮʠʨʦʚʘʪʴ ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʧʨʠʥʮʠʧʦʤ IUPAC 

(International Union of Pure and Applied Chemistry), ʢʦʪʦʨʳʡ ʦʧʨʝʜʝʣʷʝʪ ʪʠʧ ʧʦʨʠʩʪʦʛʦ 

ʤʘʪʝʨʠʘʣʘ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʨʘʟʤʝʨʘ ʧʦʨ [Rouquerol, J., Avnir, D., Fairbridge, C.W., Everett, 

et all "Recommendations for the characterization of porous solids", Pure Appl.Chem, 1994.v.66, 

pp. 1739-1758.]  

ʊʘʙʣʠʮʘ 1. ʂʣʘʩʩʠʬʠʢʘʮʠʷ ʧʦʨʠʩʪʦʛʦ ʢʨʝʤʥʠʷ ʧʦ ʨʘʟʤʝʨʘʤ ʝʛʦ ʧʦʨ. 

ɺʠʜ ʧʦʨʠʩʪʦʛʦ ʢʨʝʤʥʠʷ ʈʘʟʤʝʨ ʧʦʨ 

ʄʠʢʨʦʧʦʨʠʩʪʳʡ (ʥʘʥʦʧʦʨʠʩʪʳʡ) ¢2 ʥʤ 

ʄʝʟʦʧʦʨʠʩʪʳʡ 2-50 ʥʤ 

ʄʘʢʨʦʧʦʨʠʩʪʳʡ >50 ʥʤ 

ʅʝʜʘʚʥʦ ʙʳʣʦ ʜʦʢʘʟʘʥʦ ʩʫʱʝʩʪʚʦʚʘʥʠʝ ʨʘʚʥʦʚʝʩʥʳʭ ʩʚʦʙʦʜʥʳʭ ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ ʚ 

ʥʘʥʦʢʨʠʩʪʘʣʣʘʭ ʤʝʟʦʧʦʨʠʩʪʦʛʦ ʢʨʝʤʥʠʷ (ʤʝʟʦ-ʇʂ). ʊʘʢ, ʙʳʣʦ ʦʙʥʘʨʫʞʝʥʦ, ʯʪʦ ʧʦʤʠʤʦ 

ʧʦʣʦʩ ʣʦʢʘʣʴʥʳʭ ʧʦʚʝʨʭʥʦʩʪʥʳʭ ʢʦʣʝʙʘʥʠʡ ʚ ʩʧʝʢʪʨʘʭ ʀʂ-ʧʨʦʧʫʩʢʘʥʠʷ ʧʣʝʥʦʢ ʤʝʟʦ-ʇʂ 

ʥʘʙʣʶʜʘʝʪʩʷ ʧʦʛʣʦʱʝʥʠʝ ʀʂ-ʠʟʣʫʯʝʥʠʷ, ʩʚʷʟʘʥʥʦʝ ʩ ʥʘʣʠʯʠʝʤ ʩʚʦʙʦʜʥʳʭ ʥʦʩʠʪʝʣʝʡ 

ʟʘʨʷʜʘ (ʉʅɿ).  

1. ʏʝʤ ʤʦʞʥʦ ʦʙʲʷʩʥʠʪʴ ʫʤʝʥʴʰʝʥʠʝ ʢʦʥʮʝʥʪʨʘʮʠʠ ʩʚʦʙʦʜʥʳʭ ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ 

(ʉʅɿ) ʚ ʥʘʥʦʢʨʠʩʪʘʣʣʘʭ ʤʝʟʦʧʦʨʠʩʪʦʛʦ ʢʨʝʤʥʠʷ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʦʙʲʝʤʥʳʤ 

ʢʨʝʤʥʠʝʤ? (1 ʙʘʣʣ)  

ʅʘ ʨʠʩ. 1 ʧʨʝʜʩʪʘʚʣʝʥʳ ʟʘʚʠʩʠʤʦʩʪʠ ʢʦʵʬʬʠʮʠʝʥʪʘ ʧʦʛʣʦʱʝʥʠʷ Ŭ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ 

ʢʨʝʤʥʠʷ (c-Si) ʠ ʤʝʟʦ-ʇʂ ʦʪ ʜʣʠʥʳ ʚʦʣʥʳ ɚ ʀʂ-ʠʟʣʫʯʝʥʠʷ. ɿʘʚʠʩʠʤʦʩʪʠ Ŭ (ɚ) 

ʦʧʨʝʜʝʣʷʣʠʩʴ ʥʘ ʦʩʥʦʚʝ ʠʟʤʝʨʝʥʥʳʭ ʩʧʝʢʪʨʦʚ ʧʨʦʧʫʩʢʘʥʠʷ ʩʦʛʣʘʩʥʦ ʩʦʦʪʥʦʰʝʥʠʶ: 

,     (1) 

ʛʜʝ h ï ʪʦʣʱʠʥʘ ʧʣʝʥʢʠ ʤʝʟʦ-ʇʂ, ʊ (l) - ʧʨʦʧʫʩʢʘʥʠʝ (ʟʘʚʠʩʠʤʦʩʪʠ ʊ (l) ʧʦʣʫʯʝʥʳ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ). 

[])(ln)( 1llaTh--º
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ʈʠʩ. 1. ɿʘʚʠʩʠʤʦʩʪʴ ʢʦʵʬʬʠʮʠʝʥʪʘ ʧʦʛʣʦʱʝʥʠʷ c-Si ʠ ʤʝʟʦ-ʇʂ ʦʪ ʜʣʠʥʳ ʚʦʣʥʳ ʀʂ-

ʠʟʣʫʯʝʥʠʷ. 

ʆʪʤʝʪʠʤ, ʯʪʦ ʩʧʝʢʪʨ ʧʨʦʧʫʩʢʘʥʠʷ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʢʨʝʤʥʠʷ ʙʳʣ ʩʥʷʪ ʧʨʠ ʪʝʭ ʞʝ 

ʫʩʣʦʚʠʷʭ, ʯʪʦ ʠ ʜʣʷ ʧʦʨʠʩʪʦʛʦ ʢʨʝʤʥʠʷ. ʋʜʝʣʴʥʦʝ ʩʦʧʨʦʪʠʚʣʝʥʠʝ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ 

ʢʨʝʤʥʠʷ, ʟʘʚʠʩʠʤʦʩʪʴ a (l) ʢʦʪʦʨʦʛʦ ʧʨʝʜʩʪʘʚʣʝʥʘ ʥʘ ʨʠʩ. 1, ʩʦʚʧʘʜʝʪ ʩ ʫʜʝʣʴʥʳʤ 

ʩʦʧʨʦʪʠʚʣʝʥʠʝʤ ʧʦʜʣʦʞʢʠ ʩ-Si, ʥʘ ʢʦʪʦʨʦʡ ʙʳʣʘ ʚʳʨʘʱʝʥʘ ʧʣʝʥʢʘ ʤʝʟʦ-ʇʂ. 

2. ʉʯʠʪʘʷ, ʚʨʝʤʝʥʘ ʨʘʩʩʝʷʥʠʷ ʜʳʨʦʢ ʚ ʥʘʥʦʢʨʠʩʪʘʣʣʘʭ ʢʨʝʤʥʠʷ ʩ ʭʘʨʘʢʪʝʨʥʳʤʠ 

ʨʘʟʤʝʨʘʤʠ, ʜʘʣʝʢʠʤʠ ʦʪ ʫʩʣʦʚʠʡ ʢʚʘʥʪʦʚʦʛʦ ʨʘʟʤʝʨʥʦʛʦ ʵʬʬʝʢʪʘ, ʙʣʠʟʢʠ ʢ 

ʟʥʘʯʝʥʠʷʤ ʜʣʷ ʧʦʜʣʦʞʢʠ c-Si. ɸ ʪʘʢʞʝ, ʯʪʦ ʭʘʨʘʢʪʝʨ ʧʦʛʣʦʱʝʥʠʷ ʜʣʷ ʦʙʨʘʟʮʦʚ 

ʤʝʟʦ-ʇʂ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʢʣʘʩʩʠʯʝʩʢʦʡ ʤʦʜʝʣʠ ɼʨʫʜʝ, ʦʧʨʝʜʝʣʠʪʴ ʢʦʥʮʝʥʪʨʘʮʠʶ 

ʉʅɿ ʚ ʤʝʟʦ-ʇʂ (3 ʙʘʣʣʘ), ʠʩʧʦʣʴʟʫʷ ʜʣʷ ʥʦʨʤʠʨʦʚʢʠ ʩʧʝʢʪʨ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ 

ʢʨʝʤʥʠʷ ʩ ʠʟʚʝʩʪʥʦʡ ʢʦʥʮʝʥʪʨʘʮʠʝʡ ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ, ʨʘʚʥʦʡ 10
20 
ʩʤ

-3
. 

ɼʣʷ ʨʘʩʯʝʪʘ ʢʦʥʮʝʥʪʨʘʮʠʠ ʉʅɿ ʩʣʝʜʫʝʪ ʚʦʩʧʦʣʴʟʦʚʘʪʴʩʷ ʩʣʝʜʫʶʱʠʤ ʚʳʨʘʞʝʥʠʝʤ:  

,     (2) 

ʛʜʝ Nʩʥʟ ï ʢʦʥʮʝʥʪʨʘʮʠʷ ʉʅɿ, n ï ʧʦʢʘʟʘʪʝʣʴ ʧʨʝʣʦʤʣʝʥʠʷ ʦʙʨʘʟʮʘ (nc-Si = 3.4, nʤʝʟʦ-ʇʂ = 1.7), 

t ï ʚʨʝʤʷ ʨʘʩʩʝʷʥʠʷ ʢʚʘʟʠʠʤʧʫʣʴʩʘ ʜʳʨʦʢ (ʩʯʠʪʘʪʴ tc-Si = tʤʝʟʦ-ʇʂ), ʚʝʣʠʯʠʥʫ 

 ʧʨʠʥʷʪʴ ʨʘʚʥʦʡ const (ʟʜʝʩʴ m
*
- ʵʬʬʝʢʪʠʚʥʘʷ ʤʘʩʩʘ (ʜʣʷ ʩʚʦʙʦʜʥʳʭ 

ʜʳʨʦʢ ʚ c-Si m
*  
= mp

*
=0.37mʦ, mʦ = 9.1Ö10

-31 
ʢʛ; eʦ = 8.85Ö10

-12
 ʌ/ʤ, ʝ = 1.6Ö10

-19 
ʂʣ). 

ʇʦʨʠʩʪʦʩʪʴ ʧʣʝʥʢʠ ʤʝʟʦ-ʇʂ ʩʯʠʪʘʪʴ ʨʘʚʥʦʡ 60 %. 

3. ʂʘʢ ʙʫʜʝʪ ʠʟʤʝʥʷʪʴʩʷ ʢʦʥʮʝʥʪʨʘʮʠʷ ʉʅɿ ʧʨʠ ʪʝʨʤʠʯʝʩʢʦʤ ʦʢʠʩʣʝʥʠʠ ʦʙʨʘʟʮʦʚ 

ʤʝʟʦʧʦʨʠʩʪʦʛʦ ʢʨʝʤʥʠʷ ʠ ʧʦʯʝʤʫ? (2 ʙʘʣʣʘ) 

4. ʇʨʠʩʫʪʩʪʚʫʶʪ ʣʠ ʉʅɿ ʚ ʤʠʢʨʦʧʦʨʠʩʪʦʤ ʢʨʝʤʥʠʠ? (2 ʙʘʣʣʘ) 
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ʏʪʦ ʠʟʤʝʨʷʝʪ ʪʫʥʥʝʣʴʥʳʡ ʤʠʢʨʦʩʢʦʧ? (2010, ʬʠʟʠʢʘ ʥʘʥʦʩʠʩʪʝʤ ʠ ʥʘʥʦʫʩʪʨʦʡʩʪʚʘ) 

ʉʢʘʥʠʨʫʶʱʘʷ ʪʫʥʥʝʣʴʥʘʷ ʤʠʢʨʦʩʢʦʧʠʷ (ʉʊʄ) ï ʦʜʠʥ ʠʟ ʩʘʤʳʭ ʠʥʪʝʨʝʩʥʳʭ ʤʝʪʦʜʦʚ 

ʠʟʫʯʝʥʠʷ ʩʪʨʦʝʥʠʷ ʚʝʱʝʩʪʚʘ ʥʘ ʥʘʥʦʤʝʪʨʦʚʳʭ ʠ ʘʪʦʤʥʳʭ ʤʘʩʰʪʘʙʘʭ. ʉ ʧʦʤʦʱʴʶ ʉʊʄ 

ʧʦʣʫʯʘʶʪʩʷ ʟʘʤʝʯʘʪʝʣʴʥʳʝ ʠʟʦʙʨʘʞʝʥʠʷ çʦʪʜʝʣʴʥʳʭ ʘʪʦʤʦʚè.  

ʀʟʦʙʨʘʞʝʥʠʷ ʘʪʦʤʦʚ ʜʝʡʩʪʚʠʪʝʣʴʥʦ ʦʯʝʥʴ ʢʨʘʩʠʚʳ. ɺʤʝʩʪʝ ʩ ʪʝʤ, ʥʘ ʘʪʦʤʥʳʭ ʤʘʩʰʪʘʙʘʭ 

ʚʩʪʘʝʪ ʚʦʧʨʦʩ ï ʯʪʦ ʠʤʝʥʥʦ ʚʠʜʠʪ ʉʊʄ. ʊʦ, ʢʘʢʦʝ ʠʟʦʙʨʘʞʝʥʠʝ ʧʦʣʫʯʘʝʪʩʷ ʚ ʉʊʄ, 

ʟʘʚʠʩʠʪ ʦʪ ʥʝʩʢʦʣʴʢʠʭ ʧʘʨʘʤʝʪʨʦʚ. ʆʩʥʦʚʥʳʤʠ ʠʟ ʥʠʭ ʷʚʣʷʶʪʩʷ ʨʘʙʦʪʘ ʚʳʭʦʜʘ 

ʵʣʝʢʪʨʦʥʦʚ ʠʟ ʤʘʪʝʨʠʘʣʦʚ ʦʙʨʘʟʮʘ ʠ ʟʦʥʜʘ, ʨʘʟʥʦʩʪʴ ʧʦʪʝʥʮʠʘʣʦʚ ʤʝʞʜʫ ʟʦʥʜʦʤ ʠ 

ʦʙʨʘʟʮʦʤ ʠ ʵʥʝʨʛʝʪʠʯʝʩʢʠʝ ʩʧʝʢʪʨʳ ʵʣʝʢʪʨʦʥʦʚ ʟʦʥʜʘ ʠ ʦʙʨʘʟʮʘ ʚʙʣʠʟʠ ʪʦʡ ʦʙʣʘʩʪʠ, ʯʝʨʝʟ 

ʢʦʪʦʨʫʶ ʧʨʦʪʝʢʘʝʪ ʪʫʥʥʝʣʴʥʳʡ ʪʦʢ. ʊʘʢʠʝ ʵʥʝʨʛʝʪʠʯʝʩʢʠʝ ʩʧʝʢʪʨʳ ʤʦʞʥʦ ʠʟʫʯʘʪʴ, ʝʩʣʠ 

ʠʩʧʦʣʴʟʦʚʘʪʴ ʤʝʪʦʜʠʢʫ ʩʢʘʥʠʨʫʶʱʝʡ ʟʦʥʜʦʚʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ ï ʠʟʤʝʨʝʥʠʷ ʟʘʚʠʩʠʤʦʩʪʠ 

ʪʫʥʥʝʣʴʥʦʛʦ ʪʦʢʘ ʦʪ ʨʘʟʥʦʩʪʠ ʧʦʪʝʥʮʠʘʣʦʚ ʤʝʞʜʫ ʟʦʥʜʦʤ ʠ ʦʙʨʘʟʮʦʤ. ʕʪʘ ʟʘʚʠʩʠʤʦʩʪʴ 

ʯʘʩʪʦ ʥʘʟʳʚʘʝʪʩʷ ʚʦʣʴʪ-ʘʤʧʝʨʥʦʡ ʭʘʨʘʢʪʝʨʠʩʪʠʢʦʡ (ɺɸʍ) ʪʫʥʥʝʣʴʥʦʛʦ ʢʦʥʪʘʢʪʘ. ɼʣʷ 

ʠʥʪʝʨʧʨʝʪʘʮʠʠ ɺɸʍ ʠʩʧʦʣʴʟʫʶʪʩʷ ʵʥʝʨʛʝʪʠʯʝʩʢʠʝ ʜʠʘʛʨʘʤʤʳ, ʧʨʠʤʝʨ ʢʦʪʦʨʦʡ ʧʨʠʚʝʜʝʥ 

ʥʘ ʨʠʩ.1. 

 

ʈʠʩ.1. ʇʨʠʤʝʨ ʵʥʝʨʛʝʪʠʯʝʩʢʦʡ ʜʠʘʛʨʘʤʤʳ ʪʫʥʥʝʣʴʥʦʛʦ ʢʦʥʪʘʢʪʘ ʤʝʪʘʣʣʠʯʝʩʢʦʛʦ ʟʦʥʜʘ ʩ 

ʧʦʚʝʨʭʥʦʩʪʴʶ ʤʝʪʘʣʣʠʯʝʩʢʦʛʦ ʦʙʨʘʟʮʦʤ. E ï ʵʥʝʨʛʠʷ, Z ï ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʘʷ ʢʦʦʨʜʠʥʘʪʘ, 

EF,ʦ ʠ EF,ʟ ï ʫʨʦʚʥʠ ʌʝʨʤʠ ʵʣʝʢʪʨʦʥʦʚ ʚ ʦʙʨʘʟʮʝ ʠ ʟʦʥʜʝ, Vʟ ï ʨʘʟʥʦʩʪʴ ʧʦʪʝʥʮʠʘʣʦʚ 

ʤʝʞʜʫ ʟʦʥʜʦʤ ʠ ʦʙʨʘʟʮʦʤ 

1.  ʇʦʣʦʞʠʪʝʣʝʥ ʠʣʠ ʦʪʨʠʮʘʪʝʣʝʥ ʧʦʪʝʥʮʠʘʣ ʟʦʥʜʘ ʦʪʥʦʩʠʪʝʣʴʥʦ ʦʙʨʘʟʮʘ ʥʘ ʨʠʩ.1? 

(1 ʙʘʣʣ)  
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2. ʅʘʨʠʩʫʡʪʝ ʚ ʢʦʦʨʜʠʥʘʪʘʭ (ʪʫʥʥʝʣʴʥʳʡ ʪʦʢ) / (ʧʦʪʝʥʮʠʘʣ ʟʦʥʜʘ ʦʪʥʦʩʠʪʝʣʴʥʦ 

ʦʙʨʘʟʮʘ) ʢʘʢ ʙʫʜʝʪ ʚʳʛʣʷʜʝʪʴ ɺɸʍ ʪʫʥʥʝʣʴʥʦʛʦ ʢʦʥʪʘʢʪʘ, ʵʥʝʨʛʝʪʠʯʝʩʢʘʷ 

ʜʠʘʛʨʘʤʤʘ ʢʦʪʦʨʦʛʦ ʠʟʦʙʨʘʞʝʥʘ ʥʘ ʨʠʩ.1? (1 ʙʘʣʣ)  

ʅʘ ʨʠʩ.2 ʧʨʠʚʝʜʝʥʳ ʧʨʠʤʝʨʳ ɺɸʍ ʪʫʥʥʝʣʴʥʳʭ ʢʦʥʪʘʢʪʦʚ ʤʝʪʘʣʣʠʯʝʩʢʦʛʦ ʟʦʥʜʘ ʩ 

ʧʦʚʝʨʭʥʦʩʪʷʤʠ ʨʘʟʣʠʯʥʳʭ ʦʙʨʘʟʮʦʚ.  

 

ʈʠʩ.2. ɺɸʍ ʪʫʥʥʝʣʴʥʳʭ ʢʦʥʪʘʢʪʦʚ ʤʝʪʘʣʣʠʯʝʩʢʦʛʦ ʟʦʥʜʘ ʩ ʧʦʚʝʨʭʥʦʩʪʷʤʠ ʨʘʟʣʠʯʥʳʭ 

ʦʙʨʘʟʮʦʚ 

3.  ʂʘʢʠʝ ʠʤʝʥʥʦ ɺɸʍ ʥʘ ʨʠʩ.2 ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʩʣʫʯʘʷʤ, ʢʦʛʜʘ ʦʙʨʘʟʝʮ ʷʚʣʷʝʪʩʷ:  

¶ ʤʝʪʘʣʣʦʤ,  

¶ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʤ c n-ʪʠʧʦʤ ʧʨʦʚʦʜʠʤʦʩʪʠ ʠ ʚʳʩʦʢʦʡ ʩʪʝʧʝʥʴʶ 

ʣʝʛʠʨʦʚʘʥʠʷ,  

¶ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʤ c p-ʪʠʧʦʤ ʧʨʦʚʦʜʠʤʦʩʪʠ ʠ ʥʠʟʢʦʡ ʩʪʝʧʝʥʴʶ ʣʝʛʠʨʦʚʘʥʠʷ,  

¶ ʩʚʝʨʭʧʨʦʚʦʜʥʠʢʦʤ ʚ ʩʚʝʨʭʧʨʦʚʦʜʷʱʝʤ ʩʦʩʪʦʷʥʠʠ? (1 ʙʘʣʣ)  

4. ʅʘʨʠʩʫʡʪʝ ʩʭʝʤʘʪʠʯʥʦ ʵʥʝʨʛʝʪʠʯʝʩʢʠʝ ʜʠʘʛʨʘʤʤʳ ʪʫʥʥʝʣʴʥʳʭ ʢʦʥʪʘʢʪʦʚ, ɺɸʍ 

ʢʦʪʦʨʳʭ ʠʟʦʙʨʘʞʝʥʳ ʥʘ ʨʠʩ.2. ɼʣʷ ʢʘʞʜʦʡ ɺɸʍ ʥʘʨʠʩʫʡʪʝ ʜʚʝ ʜʠʘʛʨʘʤʤʳ, 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʨʘʟʣʠʯʥʳʤ ʟʥʘʢʘʤ ʦʪʥʦʩʠʪʝʣʴʥʦ ʦʙʨʘʟʮʘ. (2 ʙʘʣʣʘ)  

ʊʦ, ʯʪʦ ʉʊʄ ʯʫʚʩʪʚʠʪʝʣʝʥ ʢ ʵʥʝʨʛʝʪʠʯʝʩʢʦʤʫ ʩʧʝʢʪʨʫ ʵʣʝʢʪʨʦʥʦʚ ʚʙʣʠʟʠ ʪʦʛʦ ʫʯʘʩʪʢʘ 

ʧʦʚʝʨʭʥʦʩʪʠ ʦʙʨʘʟʮʘ, ʯʝʨʝʟ ʢʦʪʦʨʳʡ ʪʝʯʝʪ ʪʫʥʥʝʣʴʥʳʡ ʪʦʢ, ʧʨʠʚʦʜʠʪ ʢ ʪʦʤʫ, ʯʪʦ ʦʜʠʥ ʠ 

ʪʦʪ ʞʝ ʘʪʦʤ ʤʦʞʝʪ ʚʳʛʣʷʜʝʪʴ ʧʦ-ʨʘʟʥʦʤʫ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʨʘʟʥʦʩʪʠ ʧʦʪʝʥʮʠʘʣʦʚ ʤʝʞʜʫ 

ʟʦʥʜʦʤ ʠ ʦʙʨʘʟʮʦʤ. ʅʘ ʨʠʩ.3 ʧʨʝʜʩʪʘʚʣʝʥʳ ʠʟʦʙʨʘʞʝʥʠʷ ʦʜʠʥʦʯʥʦʛʦ ʘʪʦʤʘ ʢʠʩʣʦʨʦʜʘ, 

ʘʜʩʦʨʙʠʨʦʚʘʥʥʦʛʦ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ (110) ʤʦʥʦʢʨʠʩʪʘʣʣʘ ʚʳʩʦʢʦʣʝʛʠʨʦʚʘʥʥʦʛʦ ʘʨʩʝʥʠʜʘ 
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ʛʘʣʣʠʷ (GaAs) ʩ ʧʨʦʚʦʜʠʤʦʩʪʴʶ n-ʪʠʧʘ. ʆʙʘ ʠʟʦʙʨʘʞʝʥʠʷ ʧʦʣʫʯʝʥʳ ʚ ʨʝʞʠʤʝ 

çʪʦʧʦʛʨʘʬʠʠè, ʢʦʛʜʘ ʩʠʩʪʝʤʘ ʦʙʨʘʪʥʦʡ ʩʚʷʟʠ ʉʊʄ ʧʦʜʜʝʨʞʠʚʘʝʪ ʪʫʥʥʝʣʴʥʳʡ ʪʦʢ 

ʧʦʩʪʦʷʥʥʳʤ ʚ ʧʨʦʮʝʩʩʝ ʩʢʘʥʠʨʦʚʘʥʠʷ. 

 

ʈʠʩ.3. ʉʊʄ ʠʟʦʙʨʘʞʝʥʠʷ ʦʜʥʦʛʦ ʠ ʪʦʛʦ ʞʝ ʫʯʘʩʪʢʘ ʧʦʚʝʨʭʥʦʩʪʠ (110) GaAs c 

ʘʜʩʦʨʙʠʨʦʚʘʥʥʳʤ ʘʪʦʤʦʤ ʢʠʩʣʦʨʦʜʘ, ʧʦʣʫʯʝʥʥʳʝ ʧʨʠ V3 = +2.6 B (ʘ) ʠ V3 = ï1.5 B (ʙ). 

ɼʣʠʥʘ ʤʘʩʰʪʘʙʥʦʛʦ ʦʪʨʝʟʢʘ 1 ʥʤ. ʀʩʪʦʯʥʠʢ, ʠʟ ʢʦʪʦʨʦʛʦ ʚʟʷʪʳ ʠʟʦʙʨʘʞʝʥʠʷ ʙʫʜʝʪ 

ʧʨʠʚʝʜʝʥ ʚ ʦʪʚʝʪʝ. 

5. ʅʘ ʦʙʦʠʭ ʠʟʦʙʨʘʞʝʥʠʷ ʚʠʜʥʳ ʥʝ ʪʦʣʴʢʦ ʘʪʦʤ ʢʠʩʣʦʨʦʜʘ, ʥʦ ʠ ʜʨʫʛʠʝ ʘʪʦʤʳ. ɸʪʦʤʳ 

ʢʘʢʠʭ ʠʤʝʥʥʦ ʵʣʝʤʝʥʪʦʚ ʚʠʜʥʳ ʥʘ ʨʠʩ. 3ʘ ʠ ʥʘ ʨʠʩ. 3ʙ? ʆʪʚʝʪ ʦʙʦʩʥʫʡʪʝ. (2 ʙʘʣʣ)  

6. ʇʦʯʝʤʫ ʘʜʩʦʨʙʠʨʦʚʘʥʥʳʡ ʘʪʦʤ ʢʠʩʣʦʨʦʜʘ, ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʧʦʪʝʥʮʠʘʣʘ ʟʦʥʜʘ 

ʦʪʥʦʩʠʪʝʣʴʥʦ ʦʙʨʘʟʮʘ ʚʠʜʝʥ ʧʦ-ʨʘʟʥʦʤʫ ï ʪʦ ʢʘʢ ʚʳʩʪʫʧ, ʪʦ ʢʘʢ ʚʧʘʜʠʥʘ? 

ʆʙʦʩʥʫʡʪʝ ʩʚʦʡ ʦʪʚʝʪ. (2 ʙʘʣʣʘ)  

7. ʇʦʯʝʤʫ ʨʘʟʤʝʨ ʠʟʦʙʨʘʞʝʥʠʷ ʘʜʩʦʨʙʠʨʦʚʘʥʥʦʛʦ ʘʪʦʤʘ ʢʠʩʣʦʨʦʜʘ ʚ ʧʣʦʩʢʦʩʪʠ 

ʧʦʚʝʨʭʥʦʩʪʠ ʟʥʘʯʠʪʝʣʴʥʦ ʙʦʣʴʰʝ, ʯʝʤ ʨʘʟʤʝʨʳ ʘʪʦʤʦʚ ʤʳʰʴʷʢʘ ʠ ʛʘʣʣʠʷ? 

(3 ʙʘʣʣʘ) 
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ʅʘʥʦʥʘʩʪʨʦʡʢʘ (2010, ʬʠʟʠʢʘ ʥʘʥʦʩʠʩʪʝʤ ʠ ʥʘʥʦʫʩʪʨʦʡʩʪʚʘ) 

ʂʚʘʥʪʦʚʦʨʘʟʤʝʨʥʳʝ ʦʙʲʝʢʪʳ ï ʦʜʥʠ ʠʟ ʩʘʤʳʭ ʠʥʪʝʨʝʩʥʳʭ ʚ ʥʘʥʦʤʠʨʝ. ʂʨʦʤʝ ʩʦʙʩʪʚʝʥʥʦ 

ʨʘʟʤʝʨʥʦʛʦ ʢʚʘʥʪʦʚʘʥʠʷ, ʪʘʢʠʝ ʦʙʲʝʢʪʳ ʤʦʛʫʪ ʧʨʦʷʚʣʷʪʴ ʢʦʣʣʝʢʪʠʚʥʳʝ ʩʚʦʡʩʪʚʘ, 

ʦʪʣʠʯʥʳʝ ʢʘʢ ʦʪ çʦʙʲʝʤʥʳʭè ʩʚʦʡʩʪʚ ʩʘʤʦʛʦ ʚʝʱʝʩʪʚʘ, ʠʟ ʢʦʪʦʨʦʛʦ ʦʥʠ ʩʦʩʪʦʷʪ, ʪʘʢ ʠ ʦʪ 

ʩʚʦʡʩʪʚ ʦʪʜʝʣʴʥʳʭ ʥʘʥʦʦʙʲʝʢʪʦʚ. ʀʥʦʛʜʘ ʚʣʠʷʪʴ ʥʘ ʵʪʠ ʩʚʦʡʩʪʚʘ ʤʦʞʥʦ, ʠʟʤʝʥʷʷ, 

ʥʘʧʨʠʤʝʨ, ʨʘʩʩʪʦʷʥʠʷ ʥʘ ʥʘʥʦʤʝʪʨʦʚʳʭ ʤʘʩʰʪʘʙʘʭ. ʅʠʞʝ ʦʧʠʩʘʥ ʪʘʢʦʡ ʧʨʠʤʝʨ.  

ʅʘ ʨʠʩ.1 ʧʨʝʜʩʪʘʚʣʝʥʳ ʩʧʝʢʪʨʳ ʧʦʛʣʦʱʝʥʠʷ ʧʣʝʥʦʢ, ʧʦʣʫʯʝʥʥʳʭ ʧʨʠ ʚʳʩʳʭʘʥʠʠ ʟʦʣʝʡ 

ʢʚʘʥʪʦʚʳʭ ʪʦʯʝʢ ʜʚʫʭ ʨʘʟʥʳʭ ʜʠʘʤʝʪʨʦʚ ʠʟ ʙʠʥʘʨʥʦʛʦ ʧʦʣʫʧʨʦʚʦʜʥʠʢʘ A
III

B
V
.  

 

ʈʠʩ.1. ʉʧʝʢʪʨʳ ʧʨʦʧʫʩʢʘʥʠʷ ʪʦʥʢʠʭ ʧʣʝʥʦʢ, ʧʦʣʫʯʝʥʥʳʭ ʧʨʠ ʚʳʩʳʭʘʥʠʠ ʟʦʣʝʡ 

ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʭ ʢʚʘʥʪʦʚʳʭ ʪʦʯʝʢ ʜʚʫʭ ʨʘʟʥʳʭ ʜʠʘʤʝʪʨʦʚ 

1. ʀʟ ʢʘʢʦʛʦ ʩʦʝʜʠʥʝʥʠʷ ʩʦʩʪʦʷʪ ʵʪʠ ʢʚʘʥʪʦʚʳʝ ʪʦʯʢʠ: InN, InP ʠʣʠ InAs? ʆʪʚʝʪ 

ʦʙʦʩʥʫʡʪʝ. (2 ʙʘʣʣʘ)  

2. ɼʠʘʤʝʪʨ ʢʘʢʠʭ ʢʚʘʥʪʦʚʳʭ ʪʦʯʝʢ ʙʦʣʴʰʝ ï ʩʧʝʢʪʨ ʢʦʪʦʨʳʭ ʠʟʦʙʨʘʞʝʥ ʢʨʠʚʦʡ 1 ʠʣʠ 

ʩʧʝʢʪʨ ʢʦʪʦʨʳʭ ʠʟʦʙʨʘʞʝʥ ʢʨʠʚʦʡ 2? ʆʪʚʝʪ ʦʙʦʩʥʫʡʪʝ. (2 ʙʘʣʣʘ)  

3. ɺ ʢʘʢʦʡ ʦʙʣʘʩʪʠ ʩʧʝʢʪʨʘ ʙʫʜʫʪ ʣʶʤʠʥʝʩʮʠʨʦʚʘʪʴ ʪʘʢʠʝ ʢʚʘʥʪʦʚʳʝ ʪʦʯʢʠ? (1 ʙʘʣʣ)  

4. ʂʘʢ ʥʘʟʳʚʘʝʪʩʷ ʭʘʨʘʢʪʝʨʥʳʡ ʧʠʢ ʧʦʛʣʦʱʝʥʠʷ ʥʘ ʵʪʠʭ ʩʧʝʢʪʨʘʭ? (1 ʙʘʣʣ) 

ʅʘ ʨʠʩ.2 ʧʨʠʚʝʜʝʥʳ ʩʧʝʢʪʨʳ ʣʶʤʠʥʝʩʮʝʥʮʠʠ ʪʦʥʢʠʭ ʧʣʝʥʦʢ ʠʟ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʭ 

ʢʚʘʥʪʦʚʳʭ ʪʦʯʝʢ, ʩʧʝʢʪʨʳ ʧʦʛʣʦʱʝʥʠʷ ʢʦʪʦʨʳʭ ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʨʠʩ.1.  
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ʈʠʩ.2. ʉʧʝʢʪʨʳ ʣʶʤʠʥʝʩʮʝʥʮʠʠ ʪʦʥʢʠʭ ʧʣʝʥʦʢ, ʧʦʣʫʯʝʥʥʳʭ ʧʨʠ ʚʳʩʳʭʘʥʠʠ ʟʦʣʝʡ 

ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʭ ʢʚʘʥʪʦʚʳʭ ʪʦʯʝʢ ʜʚʫʭ ʨʘʟʥʳʭ ʜʠʘʤʝʪʨʦʚ 

ɽʩʣʠ ʞʝ ʠʟʛʦʪʦʚʠʪʴ (ʥʘʧʨʠʤʝʨ, ʪʝʤ ʞʝ ʚʳʩʳʭʘʥʠʝʤ) ʪʦʥʢʠʝ ʧʣʝʥʢʠ ʠʟ ʩʤʝʩʝʡ ʢʚʘʥʪʦʚʳʭ 

ʪʦʯʝʢ, ʩʧʝʢʪʨʳ ʢʦʪʦʨʳʭ ʠʟʦʙʨʘʞʝʥʳ ʥʘ ʨʠʩ.1 ʠ 2, ʪʦ ʩʧʝʢʪʨʳ ʣʶʤʠʥʝʩʮʝʥʮʠʠ ʪʘʢʦʡ 

ʧʣʝʥʢʠ ʙʫʜʫʪ ʟʘʚʠʩʝʪʴ ʦʪ ʪʦʛʦ, ʢʘʢʦʚʦ ʩʨʝʜʥʝʝ ʨʘʩʩʪʦʷʥʠʝ ʤʝʞʜʫ ʢʚʘʥʪʦʚʳʤʠ ʪʦʯʢʘʤʠ 

ʨʘʟʥʳʭ ʜʠʘʤʝʪʨʦʚ. ʇʨʠʤʝʨʳ ʪʘʢʠʭ ʩʧʝʢʪʨʦʚ ʠʟʦʙʨʘʞʝʥʳ ʥʘ ʨʠʩ.3, ʘ ʟʘʚʠʩʠʤʦʩʪʴ 

ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʜʚʫʭ ʧʠʢʦʚ ʦʪ ʩʨʝʜʥʝʛʦ ʨʘʩʩʪʦʷʥʠʷ ʤʝʞʜʫ ʢʚʘʥʪʦʚʳʤʠ ʪʦʯʢʘʤʠ ʨʘʟʥʳʭ 

ʜʠʘʤʝʪʨʦʚ ï ʥʘ ʨʠʩ.4. ʀʟʤʝʥʷʪʴ ʨʘʩʩʪʦʷʥʠʝ ʤʝʞʜʫ ʢʚʘʥʪʦʚʳʤʠ ʪʦʯʢʘʤʠ ʤʦʞʥʦ, ʥʘʧʨʠʤʝʨ, 

ʜʦʙʘʚʣʝʥʠʝʤ ʦʧʪʠʯʝʩʢʠ ʠ ʭʠʤʠʯʝʩʢʠ ʥʝʡʪʨʘʣʴʥʦʛʦ ʚʝʱʝʩʪʚʘ, ʥʝ ʠʩʧʘʨʷʶʱʝʛʦʩʷ ʚʤʝʩʪʝ ʩ 

ʨʘʩʪʚʦʨʠʪʝʣʝʤ. ʇʨʠ ʨʘʩʪʚʦʨʝʥʠʠ ʞʝ ʧʦʣʫʯʠʚʰʠʭʩʷ ʧʣʝʥʦʢ ʩʧʝʢʪʨʳ ʚʥʦʚʴ ʩʪʘʥʦʚʷʪʩʷ 

ʪʘʢʠʤʠ, ʢʘʢ ʧʦʢʘʟʘʥʦ ʥʘ ʨʠʩ.2, ʪ.ʝ. ʢʚʘʥʪʦʚʳʝ ʪʦʯʢʠ ʦʩʪʘʶʪʩʷ ʩʘʤʠʤʠ ʩʦʙʦʡ. 
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ʈʠʩ.3. ʉʧʝʢʪʨʳ ʣʶʤʠʥʝʩʮʝʥʮʠʠ ʪʦʥʢʠʭ ʧʣʝʥʦʢ, ʧʦʣʫʯʝʥʥʳʭ ʧʨʠ ʚʳʩʳʭʘʥʠʠ ʩʤʝʩʠ ʟʦʣʝʡ 

ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʭ ʢʚʘʥʪʦʚʳʭ ʪʦʯʝʢ ʜʚʫʭ ʨʘʟʥʳʭ ʜʠʘʤʝʪʨʦʚ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʩʨʝʜʥʝʛʦ 

ʨʘʩʩʪʦʷʥʠʷ ʤʝʞʜʫ ʢʚʘʥʪʦʚʳʤʠ ʪʦʯʢʘʤʠ 

5. ʂʘʢʦʚ ʤʝʭʘʥʠʟʤ ʵʪʦʛʦ ʷʚʣʝʥʠʷ? (2 ʙʘʣʣʘ)  

6. ʅʘʧʠʰʠʪʝ ʫʨʘʚʥʝʥʠʝ, ʦʧʠʩʳʚʘʶʱʝʝ ʟʘʚʠʩʠʤʦʩʪʠ, ʠʟʦʙʨʘʞʝʥʥʳʝ ʥʘ ʨʠʩ.4, ʠ 

ʦʧʨʝʜʝʣʠʪʝ (ʩ ʪʦʯʥʦʩʪʴʶ Ñ 10 %) ʚʝʣʠʯʠʥʫ, ʭʘʨʘʢʪʝʨʠʟʫʶʱʫʶ ʧʨʦʮʝʩʩ, 

ʧʨʠʚʦʜʷʱʠʡ ʢ ʪʘʢʠʤ ʠʟʤʝʥʝʥʠʷʤ ʚ ʩʧʝʢʪʨʘʭ. (3 ʙʘʣʣʘ) 

 

ʈʠʩ.4. ɿʘʚʠʩʠʤʦʩʪʠ ʠʥʪʝʥʩʠʚʥʦʩʪʝʡ ʧʠʢʦʚ ʣʶʤʠʥʝʩʮʝʥʮʠʠ ʢʚʘʥʪʦʚʳʭ ʪʦʯʝʢ ʜʚʫʭ ʨʘʟʥʳʭ 

ʜʠʘʤʝʪʨʦʚ ʦʪ ʩʨʝʜʥʝʛʦ ʨʘʩʩʪʦʷʥʠʷ ʤʝʞʜʫ ʥʠʤʠ  
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ʆʰʠʙʦʯʢʠ ʠ ʧʦʛʨʝʰʥʦʩʪʠ (2010, ʬʠʟʠʢʘ ʥʘʥʦʩʠʩʪʝʤ ʠ ʥʘʥʦʫʩʪʨʦʡʩʪʚʘ) 

ʆʜʠʥ ʠʟ ʦʩʥʦʚʥʳʭ ʤʠʢʨʦʩʢʦʧʠʯʝʩʢʠʭ ʤʝʪʦʜʦʚ, ʠʩʧʦʣʴʟʫʝʤʳʭ ʧʨʠ ʠʩʩʣʝʜʦʚʘʥʠʠ 

ʥʘʥʦʤʠʨʘ, ʵʪʦ ʘʪʦʤʥʦ-ʩʠʣʦʚʘʷ ʤʠʢʨʦʩʢʦʧʠʷ. ʂʦʥʩʪʨʫʢʮʠʷ ʩʢʘʥʠʨʫʶʱʝʡ ʛʦʣʦʚʢʠ ʪʘʢʦʛʦ 

ʧʨʠʙʦʨʘ ʧʨʠʚʝʜʝʥʘ ʥʘ ʨʠʩ. 1. ʉʢʘʥʠʨʫʶʱʠʡ ʵʣʝʤʝʥʪ ʤʠʢʨʦʩʢʦʧʘ (ʟʦʥʜ) ï ʢʨʝʤʥʠʝʚʳʡ 

ʢʘʥʪʠʣʝʚʝʨ. ʂʘʯʝʩʪʚʦ ʠʟʦʙʨʘʞʝʥʠʷ ʠ ʪʦʯʥʦʩʪʴ ʠʟʤʝʨʝʥʥʳʭ ʟʥʘʯʝʥʠʡ ʥʘʧʨʷʤʫʶ ʟʘʚʠʩʠʪ ʦʪ 

ʧʨʘʚʠʣʴʥʦʡ ʥʘʩʪʨʦʡʢʠ ʤʠʢʨʦʩʢʦʧʘ. ʊʠʧʠʯʥʳʝ ʢʘʥʪʠʣʝʚʝʨʳ ʠʤʝʶʪ ʬʦʨʤʫ ʧʨʷʤʦʫʛʦʣʴʥʦʡ 

ʙʘʣʢʠ ʜʣʠʥʦʡ L = 200 ʤʢʤ, ʪʦʣʱʠʥʦʡ t = 0.5 ʤʢʤ ʠ ʰʠʨʠʥʦʡ w = 40 ʤʢʤ, ʤʦʜʫʣʴ ʖʥʛʘ 

ʢʨʝʤʥʠʷ E = 2Ā10
10 
ʇʘ.  

ʇʝʨʝʜ ʥʘʯʘʣʦʤ ʨʘʙʦʪʳ ʵʢʩʧʝʨʠʤʝʥʪʘʪʦʨ ʥʘʩʪʨʘʠʚʘʝʪ ʣʘʟʝʨʥʫʶ ʩʠʩʪʝʤʫ ʜʝʪʝʢʪʠʨʦʚʘʥʠʷ 

ʠʟʛʠʙʘ ʢʘʥʪʠʣʝʚʝʨʘ. ʇʨʠ ʵʪʦʤ ʣʘʟʝʨʥʳʡ ʣʫʯ ʜʦʣʞʝʥ ʙʳʪʴ ʥʘʩʪʨʦʝʥ ʥʘ ʩʘʤʳʡ ʢʨʘʡ ʙʘʣʢʠ ï 

ʨʦʚʥʦ ʥʘʜ ʪʝʤ ʤʝʩʪʦʤ, ʛʜʝ ʨʘʩʧʦʣʦʞʝʥʘ ʠʛʣʘ. ɺ ʩʚʦʙʦʜʥʦʤ ʩʦʩʪʦʷʥʠʠ ʢʘʥʪʠʣʝʚʝʨ 

ʨʘʩʧʦʣʦʞʝʥ ʛʦʨʠʟʦʥʪʘʣʴʥʦ, ʘ ʚ ʭʦʜʝ ʩʢʘʥʠʨʦʚʘʥʠʷ ʥʘ ʥʝʛʦ ʜʝʡʩʪʚʫʝʪ ʩʠʣʘ ʩʦ ʩʪʦʨʦʥʳ 

ʦʙʨʘʟʮʘ ʠ ʦʥ ʠʟʛʠʙʘʝʪʩʷ. ʀʟʛʠʙ ʬʠʢʩʠʨʫʝʪʩʷ ʣʘʟʝʨʥʦʡ ʩʠʩʪʝʤʦʡ: ʣʘʟʝʨʥʳʡ ʣʫʯ ʦʪʨʘʞʘʝʪʩʷ 

ʦʪ ʙʘʣʢʠ ʠ ʧʦʧʘʜʘʝʪ ʥʘ ʯʝʪʳʨʝʭʩʝʢʮʠʦʥʥʳʡ ʬʦʪʦʜʠʦʜ. ʇʦʢʘ ʢʘʥʪʠʣʝʚʝʨ ʥʘʭʦʜʠʪʩʷ ʚ 

ʩʚʦʙʦʜʥʦʤ ʩʦʩʪʦʷʥʠʠ, ʣʫʯ ʧʦʧʘʜʘʝʪ ʚ ʩʘʤʳʡ ʮʝʥʪʨ ʬʦʪʦʜʠʦʜʘ, ʢʦʛʜʘ ʢʘʥʪʠʣʝʚʝʨ ʠʟʦʛʥʫʪ, 

ʣʫʯ ʩʤʝʱʘʝʪʩʷ (ʩʠʛʥʘʣ ʆʪʢʣʦʥʝʥʠʝ ʠʣʠ Deflection) ʠ ʵʪʦ ʩʤʝʱʝʥʠʝ ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʦ 

ʠʟʛʠʙʫ ʢʘʥʪʠʣʝʚʝʨʘ. ʉʤʝʱʝʥʠʝ ʣʫʯʘ ʧʦ ʬʦʪʦʜʠʦʜʫ ʚ ʩʚʦʶ ʦʯʝʨʝʜʴ ʧʝʨʝʩʯʠʪʳʚʘʝʪʩʷ ʚ 

ʚʳʩʦʪʫ, ʧʨʠʯʝʤ ʤʝʪʦʜʳ ʧʝʨʝʩʯʝʪʘ ʤʦʛʫʪ ʙʳʪʴ ʨʘʟʥʳʤʠ (!).  

1. ʆʮʝʥʠʪʝ ʚʝʣʠʯʠʥʫ ʦʪʥʦʩʠʪʝʣʴʥʦʡ ʦʰʠʙʢʠ ʠʟʤʝʨʝʥʠʡ (ʚ %), ʢʦʪʦʨʘʷ ʚʦʟʥʠʢʘʝʪ ʚ 

ʩʠʛʥʘʣʝ Deflection, ʝʩʣʠ ʣʘʟʝʨʥʳʡ ʣʫʯ ʩʫʱʝʩʪʚʝʥʥʦ ʫʜʘʣʝʥ ʦʪ ʢʨʘʷ ʢʘʥʪʠʣʝʚʝʨʘ 

(ʥʘʭʦʜʠʪʩʷ ʚ ʩʝʨʝʜʠʥʝ ʙʘʣʢʠ ʠʣʠ ʝʱʝ ʜʘʣʴʰʝ). (5 ʙʘʣʣʦʚ)  

2. ʂ ʯʝʤʫ ʧʨʠʚʦʜʠʪ ʵʪʘ ʦʰʠʙʢʘ ʥʘ ʪʦʧʦʛʨʘʬʠʯʝʩʢʦʤ ʠʟʦʙʨʘʞʝʥʠʠ (ʩʠʛʥʘʣ ɺʳʩʦʪʘ, 

Height)? (2 ʙʘʣʣʘ) ʉʫʱʝʩʪʚʝʥʥʘ ʣʠ ʵʪʘ ʦʰʠʙʢʘ? ʇʨʠ ʠʩʩʣʝʜʦʚʘʥʠʠ ʢʘʢʠʭ ʦʙʲʝʢʪʦʚ 

ʵʪʦʪ ʵʬʬʝʢʪ ʜʦʣʞʝʥ ʧʨʦʷʚʣʷʪʴʩʷ ʩʠʣʴʥʝʝ? (1 ʙʘʣʣ)  

3. ʇʨʠ ʢʘʢʠʭ ʛʝʦʤʝʪʨʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʘʭ ʢʘʥʪʠʣʝʚʝʨʘ ʦʰʠʙʢʘ ʙʫʜʝʪ 

ʤʠʥʠʤʠʟʠʨʦʚʘʥʘ? (1 ʙʘʣʣ) 

 

ʈʠʩ.1. ʇʨʠʥʮʠʧʠʘʣʴʥʘʷ ʩʭʝʤʘ ʩʢʘʥʠʨʫʶʱʝʡ ʛʦʣʦʚʢʠ ʘʪʦʤʥʦ-ʩʠʣʦʚʦʛʦ ʤʠʢʨʦʩʢʦʧʘ 
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ʈʠʩ.2. 
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ʃʝʚʠʪʘʮʠʷ ʥʘʥʦʯʘʩʪʠʮ  (2010, ʬʠʟʠʢʘ ʥʘʥʦʩʠʩʪʝʤ ʠ ʥʘʥʦʫʩʪʨʦʡʩʪʚʘ, ʠʥʞʝʥʝʨʥʦ-

ʬʠʟʠʯʝʩʢʘʷ)  

ʆʜʥʠʤ ʠʟ ʧʝʨʩʧʝʢʪʠʚʥʳʭ ʤʝʪʦʜʦʚ ʬʦʨʤʠʨʦʚʘʥʠʷ ʥʘʥʦʯʘʩʪʠʮ ʷʚʣʷʝʪʩʷ ʣʘʟʝʨʥʘʷ ʘʙʣʷʮʠʷ. 

ʉʫʪʴ ʤʝʪʦʜʘ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʦʙʣʫʯʝʥʠʠ ʢʦʨʦʪʢʠʤʠ ʤʦʱʥʳʤʠ ʣʘʟʝʨʥʳʤʠ ʠʤʧʫʣʴʩʘʤʠ 

ʪʚʝʨʜʦʪʝʣʴʥʦʡ ʤʠʰʝʥʠ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʵʪʦʛʦ ʚʝʱʝʩʪʚʦ ʠʩʧʘʨʷʝʪʩʷ ʩ ʧʦʚʝʨʭʥʦʩʪʠ ʤʠʰʝʥʠ, ʘ 

ʟʘʪʝʤ ʬʦʨʤʠʨʫʝʪʩʷ ʚ ʚʠʜʝ ʥʘʥʦʯʘʩʪʠʮ. ʈʘʟʤʝʨ ʯʘʩʪʠʮ ʤʦʞʥʦ ʚʘʨʴʠʨʦʚʘʪʴ ʚ ʰʠʨʦʢʠʭ 

ʧʨʝʜʝʣʘʭ: ʦʪ 2 ʥʤ ʜʦ 1 ʤʢʤ.  

1. ʆʪ ʢʘʢʠʭ ʬʘʢʪʦʨʦʚ ʟʘʚʠʩʠʪ ʩʨʝʜʥʠʡ ʨʘʟʤʝʨ? (1 ʙʘʣʣ) ʀʟ ʢʘʢʠʭ ʤʘʪʝʨʠʘʣʦʚ ʤʦʞʥʦ 

ʧʦʣʫʯʘʪʴ ʥʘʥʦʯʘʩʪʠʮʳ ʤʝʪʦʜʦʤ ʣʘʟʝʨʥʦʡ ʘʙʣʷʮʠʠ? (1 ʙʘʣʣ) 

 

ʈʠʩ.1. ʋʩʪʘʥʦʚʢʘ, ʠʟʦʙʨʘʞʝʥʥʘʷ ʥʘ ʨʠʩʫʥʢʝ, ʤʦʞʝʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥʘ ʜʣʷ 

ʬʦʨʤʠʨʦʚʘʥʠʷ ʥʘʥʦʯʘʩʪʠʮ, ʦʩʪʳʚʘʶʱʠʭ ʚ ʢʚʘʟʠʨʘʚʥʦʚʝʩʥʳʭ ʫʩʣʦʚʠʷʭ 

ʋʩʪʘʥʦʚʢʘ, ʠʟʦʙʨʘʞʝʥʥʘʷ ʥʘ ʨʠʩ. 1, ʤʦʞʝʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥʘ ʜʣʷ ʬʦʨʤʠʨʦʚʘʥʠʷ 

ʥʘʥʦʯʘʩʪʠʮ, ʦʩʪʳʚʘʶʱʠʭ ʚ ʢʚʘʟʠʨʘʚʥʦʚʝʩʥʳʭ ʫʩʣʦʚʠʷʭ. ʇʦʩʣʝ ʘʙʣʷʮʠʠ ʦʙʨʘʟʦʚʘʚʰʠʝʩʷ 

ʥʘʥʦʯʘʩʪʠʮʳ ʜʠʘʤʝʪʨʦʤ d = 50 ʥʤ ʫʚʣʝʢʘʶʪʩʷ ʚʦʩʭʦʜʷʱʠʤ ʧʦʪʦʢʦʤ ʚʦʜʦʨʦʜʘ, ʢʦʪʦʨʳʡ 

ʩʦʟʜʘʝʪʩʷ ʚʝʥʪʠʣʷʪʦʨʦʤ. ɺʝʥʪʠʣʷʪʦʨ ʠʤʝʝʪ 5 ʣʦʧʘʩʪʝʡ ʠ ʚʳʩʦʪʫ h = 5 ʤʤ. ʉʢʦʨʦʩʪʴ 

ʚʨʘʱʝʥʠʷ ï 600 ʦʙ/ʤʠʥ. ɼʘʚʣʝʥʠʝ ʚʦʜʦʨʦʜʘ ʧʦʜʦʙʨʘʥʦ ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʯʪʦʙʳ 

ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʘʷ ʩʠʣʘ, ʫʚʣʝʢʘʶʱʘʷ ʥʘʥʦʯʘʩʪʠʮʳ, ʩʢʦʤʧʝʥʩʠʨʦʚʘʣʘ ʩʠʣʫ ʪʷʞʝʩʪʠ 

ʥʘʥʦʯʘʩʪʠʮ. ɺ ʵʪʦʤ ʩʣʫʯʘʝ, ʥʘʥʦʯʘʩʪʠʮʳ ʙʫʜʫʪ ñʣʝʚʠʪʠʨʦʚʘʪʴò, ʪʦ ʝʩʪʴ ʧʦʢʦʠʪʴʩʷ 

ʜʣʠʪʝʣʴʥʦʝ ʚʨʝʤʷ ʙʝʟ ʦʧʦʨʳ.  

2. ʆʮʝʥʠʪʴ ʚʨʝʤʷ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʥʘʥʦʯʘʩʪʠʮ. (5 ʙʘʣʣʦʚ) ʉʨʘʚʥʠʪʴ ʧʦʣʫʯʝʥʥʦʝ ʚʨʝʤʷ 

ʩ ʘʥʘʣʦʛʠʯʥʦʡ ʭʘʨʘʢʪʝʨʠʩʪʠʢʦʡ ʜʣʷ ʢʨʝʤʥʠʷ, ʧʦʣʫʯʘʝʤʦʛʦ ʪʨʘʜʠʮʠʦʥʥʳʤ ʤʝʪʦʜʦʤ 

ʏʦʭʨʘʣʴʩʢʦʛʦ, ʝʩʣʠ ʠʟʚʝʩʪʥʦ, ʯʪʦ ʜʣʷ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʢʨʠʩʪʘʣʣʘ ʜʣʠʥʦʡ 1 ʤ 
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ʥʝʦʙʭʦʜʠʤʦ 40 ʩʫʪʦʢ. (3 ʙʘʣʣʘ) ɼʠʥʘʤʠʯʝʩʢʘʷ ʚʷʟʢʦʩʪʴ ʚʦʜʦʨʦʜʘ ʧʨʠ ʘʪʤʦʩʬʝʨʥʦʤ 

ʜʘʚʣʝʥʠʠ ʨʘʚʥʘ 8.8Ā10
6 
ʅĀʩ/ʤ

2
. 
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ʌʦʪʦʥʥʳʝ ʢʨʠʩʪʘʣʣʳ (2010, ʬʠʟʠʢʘ ʥʘʥʦʩʠʩʪʝʤ ʠ ʥʘʥʦʫʩʪʨʦʡʩʪʚʘ, ʬʠʟʠʢʦ-

ʤʘʪʝʨʠʘʣʦʚʝʜʯʝʩʢʘʷ)  

ʂʦʣʣʦʠʜʥʳʝ ʢʨʠʩʪʘʣʣʳ ʧʨʠʚʣʝʢʘʶʪ ʦʛʨʦʤʥʦʝ ʚʥʠʤʘʥʠʝ ʠʩʩʣʝʜʦʚʘʪʝʣʝʡ ʚ ʩʚʷʟʠ ʩ 

ʚʦʟʤʦʞʥʦʩʪʴʶ ʠʭ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʚ ʢʘʯʝʩʪʚʝ ʬʦʪʦʥʥʳʭ ʢʨʠʩʪʘʣʣʦʚ (ʌʂ), ʤʘʪʝʨʠʘʣʦʚ ʩ 

ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦ-ʧʝʨʠʦʜʠʯʝʩʢʠʤ ʠʟʤʝʥʝʥʠʝʤ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʥʘ 

ʤʘʩʰʪʘʙʘʭ ʜʣʠʥ ʚʦʣʥ ʪʦʛʦ ʠʣʠ ʠʥʦʛʦ ʚʠʜʘ ʠʟʣʫʯʝʥʠʷ. ʆʩʥʦʚʥʳʤ ʩʚʦʡʩʪʚʦʤ ʌʂ ʷʚʣʷʝʪʩʷ 

ʥʘʣʠʯʠʝ ʚ ʩʧʝʢʪʨʘʭ ʠʭ ʩʦʙʩʪʚʝʥʥʳʭ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʳʭ ʩʦʩʪʦʷʥʠʡ ʬʦʪʦʥʥʳʭ ʟʘʧʨʝʱʝʥʥʳʭ 

ʟʦʥ (ʌɿɿ) ï ʩʧʝʢʪʨʘʣʴʥʳʭ ʦʙʣʘʩʪʝʡ, ʚ ʧʨʝʜʝʣʘʭ ʢʦʪʦʨʳʭ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʝ 

ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʧʦʜʘʚʣʝʥʦ ʚʦ ʚʩʝʭ ʠʣʠ ʚ ʥʝʢʦʪʦʨʳʭ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʠʭ 

ʥʘʧʨʘʚʣʝʥʠʷʭ ʬʦʪʦʥʥʦʛʦ ʢʨʠʩʪʘʣʣʘ. ʏʘʩʪʦ ʌʂ ʨʘʩʩʤʘʪʨʠʚʘʶʪ ʢʘʢ ʦʧʪʠʯʝʩʢʠʝ ʘʥʘʣʦʛʠ 

ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʭ ʤʘʪʝʨʠʘʣʦʚ. ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʠʥʪʝʨʝʩ ʢ ʬʦʪʦʥʥʳʤ ʢʨʠʩʪʘʣʣʘʤ, ʚ 

ʦʩʦʙʝʥʥʦʩʪʠ ʜʣʷ ʚʠʜʠʤʦʛʦ ʠ ʙʣʠʞʥʝʛʦ ʠʥʬʨʘʢʨʘʩʥʦʛʦ ʜʠʘʧʘʟʦʥʦʚ, ʩʚʷʟʘʥ ʩ ʤʥʦʞʝʩʪʚʦʤ 

ʧʝʨʩʧʝʢʪʠʚʥʳʭ ʧʨʘʢʪʠʯʝʩʢʠʭ ʧʨʠʤʝʥʝʥʠʡ (ʩʦʟʜʘʥʠʝ ʣʘʟʝʨʦʚ ʩ ʥʠʟʢʠʤ ʧʦʨʦʛʦʤ ʛʝʥʝʨʘʮʠʠ, 

ʩʚʝʪʦʠʟʣʫʯʘʶʱʠʭ ʵʣʝʤʝʥʪʦʚ ʩ ʚʳʩʦʢʠʤ ʂʇɼ, ʘ ʪʘʢʞʝ ʦʧʪʠʯʝʩʢʠʭ ʣʦʛʠʯʝʩʢʠʭ ʵʣʝʤʝʥʪʦʚ).  

ʅʘ ʨʠʩ. 1 ʧʨʠʚʝʜʝʥʳ ʜʠʬʨʘʢʮʠʦʥʥʳʝ ʢʘʨʪʠʥʳ ʜʣʷ ʧʣʝʥʢʠ ʢʦʣʣʦʠʜʥʦʛʦ ʢʨʠʩʪʘʣʣʘ, 

ʩʦʩʪʦʷʱʝʛʦ ʠʟ ʧʣʦʪʥʦʫʧʘʢʦʚʘʥʥʳʭ ʩʬʝʨʠʯʝʩʢʠʭ ʯʘʩʪʠʮ ʠʟ ʧʦʣʠʤʝʪʠʣʤʝʪʘʢʨʠʣʘʪʘ 

ʜʠʘʤʝʪʨʦʤ 400 ʥʤ (ʜʣʠʥʘ ʚʦʣʥʳ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ 0.8 ¡). ʋʛʦʣ ʧʘʜʝʥʠʷ 

ʦʪʩʯʠʪʳʚʘʝʪʩʷ ʦʪ ʥʦʨʤʘʣʠ ʢ ʧʦʚʝʨʭʥʦʩʪʠ ʧʣʝʥʢʠ. ɼʠʬʨʘʢʮʠʦʥʥʳʡ ʵʢʩʧʝʨʠʤʝʥʪ ʧʨʦʚʝʜʝʥ 

ʚ ʛʝʦʤʝʪʨʠʠ çʥʘ ʧʨʦʧʫʩʢʘʥʠʝè. 

 

ʈʠʩ. 1. ɼʠʬʨʘʢʮʠʦʥʥʳʝ ʢʘʨʪʠʥʳ ʜʣʷ ʢʦʣʣʦʠʜʥʦʛʦ ʢʨʠʩʪʘʣʣʘ. ʋʛʦʣ ʧʘʜʝʥʠʷ 

ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ ʥʘ ʦʙʨʘʟʝʮ: (ɸ) 0, (ɹ) 35, (ɺ) 55 ʛʨʘʜʫʩʦʚ 

1. ʏʝʤʫ ʨʘʚʝʥ ʜʠʬʨʘʢʮʠʦʥʥʳʡ ʫʛʦʣ 2Ū ʜʣʷ ʧʝʨʚʦʛʦ ʜʠʬʨʘʢʮʠʦʥʥʦʛʦ ʤʘʢʩʠʤʫʤʘ? 

(1 ʙʘʣʣ)  

2. ʇʨʦʠʥʜʠʮʠʨʫʡʪʝ ʚʩʝ ʨʝʬʣʝʢʩʳ ʥʘ ʧʨʠʚʝʜʝʥʥʳʭ ʜʠʬʨʘʢʮʠʦʥʥʳʭ ʢʘʨʪʠʥʘʭ. 

(2 ʙʘʣʣʘ)  

3. ʂʘʢʦʚʘ ʩʪʨʫʢʪʫʨʘ ʠʟʫʯʝʥʥʦʛʦ ʢʦʣʣʦʠʜʥʦʛʦ ʢʨʠʩʪʘʣʣʘ (ʠʩʭʦʜʷ ʠʟ ʜʠʬʨʘʢʮʠʦʥʥʳʭ 

ʜʘʥʥʳʭ)? (3 ʙʘʣʣʘ)  
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4. ɽʩʪʴ ʣʠ ʥʘ ʜʘʥʥʳʭ ʜʠʬʨʘʢʪʦʛʨʘʤʤʘʭ ʦʩʦʙʝʥʥʦʩʪʠ, ʥʝ ʩʚʦʡʩʪʚʝʥʥʳʝ 

ʤʦʥʦʢʨʠʩʪʘʣʣʘʤ? ɽʩʣʠ ʜʘ, ʪʦ ʢʘʢʦʚʳ ʦʥʠ ʠ ʩ ʯʝʤ ʦʥʠ ʩʚʷʟʘʥʳ? (2 ʙʘʣʣʘ)  

5. ʇʦʯʝʤʫ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʜʠʬʨʘʢʮʠʦʥʥʦʛʦ ʤʘʢʩʠʤʫʤʘ, ʦʙʦʟʥʘʯʝʥʥʦʛʦ ʮʠʬʨʦʡ 1 ʥʘ 

ʨʠʩ. 1ɹ ʚʦ ʤʥʦʛʦ ʨʘʟ ʤʝʥʴʰʝ, ʯʝʤ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʦʪʨʘʞʝʥʠʷ ʧʦʜ ʥʦʤʝʨʦʤ 2 ʥʘ ʪʦʤ 

ʞʝ ʨʠʩʫʥʢʝ? ʆʪʚʝʪ ʧʦʜʪʚʝʨʜʠʪʝ ʨʘʩʯʝʪʦʤ. (2 ʙʘʣʣʘ)  

6. ʇʦʧʨʦʙʫʡʪʝ ʥʘʨʠʩʦʚʘʪʴ ʩʧʝʢʪʨ ʧʨʦʧʫʩʢʘʥʠʷ ʪʘʢʦʡ ʧʣʝʥʢʠ, ʨʘʩʧʦʣʦʞʝʥʥʦʡ ʥʘ 

ʧʦʜʣʦʞʢʝ ʠʟ ITO (ʩʪʝʢʣʦ ʩ ʪʦʥʢʠʤ ʧʨʦʚʦʜʷʱʠʤ ʩʣʦʝʤ ʠʟ ʠʥʜʠʡ-ʦʣʦʚʷʥʥʦʛʦ 

ʦʢʩʠʜʘ), ʚ ʜʠʘʧʘʟʦʥʝ ʦʪ 200 ʜʦ 3000 ʥʤ ʧʨʠ ʥʦʨʤʘʣʴʥʦʤ ʧʘʜʝʥʠʠ ʩʚʝʪʘ ʥʘ ʦʙʨʘʟʝʮ. 

ʈʘʩʩʯʠʪʘʡʪʝ ʧʦʣʦʞʝʥʠʷ ʥʘʠʙʦʣʝʝ ʟʥʘʯʠʤʳʭ ʦʩʦʙʝʥʥʦʩʪʝʡ ʥʘ ʜʘʥʥʦʤ ʩʧʝʢʪʨʝ. 

(4 ʙʘʣʣʘ)  

7. ʂʘʢ ʙʫʜʝʪ ʠʟʤʝʥʷʪʴʩʷ ʧʦʣʦʞʝʥʠʝ ʥʘʠʙʦʣʝʝ ʠʥʪʝʥʩʠʚʥʦʛʦ ʤʠʥʠʤʫʤʘ ʚ ʩʧʝʢʪʨʝ 

ʧʨʦʧʫʩʢʘʥʠʷ ʧʨʠ ʠʟʤʝʥʝʥʠʠ ʫʛʣʘ ʧʘʜʝʥʠʷ ʩʚʝʪʘ ʥʘ ʦʙʨʘʟʝʮ ʦʪ 0 ʜʦ 60 ʛʨʘʜʫʩʦʚ? 

ʆʪʚʝʪ ʧʦʜʪʚʝʨʜʠʪʝ ʨʘʩʯʝʪʘʤʠ. (2 ʙʘʣʣʘ) 
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ɼʞʝʜʘʡ (2010, ʢʦʥʩʪʨʫʢʮʠʦʥʥʳʝ ʤʘʪʝʨʠʘʣʳ) 

ɺ ʮʠʢʣʝ ʨʦʤʘʥʦʚ ʃʫʢʴʷʥʝʥʢʦ ñʃʦʨʜ ʩ ʧʣʘʥʝʪʳ ɿʝʤʣʷò ʦʧʠʩʘʥʦ ʚʩʝʩʦʢʨʫʰʘʶʱʝʝ ʦʨʫʞʠʝ ï 

ʧʣʦʩʢʦʩʪʥʦʡ ʤʝʯ. ʆʥ ʠʤʝʝʪ ʟʘʪʦʯʢʫ ʣʝʟʚʠʷ çʦʩʪʨʦʪʦʡè ʜʦ 1 ʘʪʦʤʘ ʠ ʩʧʦʩʦʙʝʥ ʨʘʩʩʝʢʘʪʴ 

ʣʶʙʦʡ ʤʘʪʝʨʠʘʣ.  

1. ʆʮʝʥʠʪʝ ʜʘʚʣʝʥʠʝ, ʢʦʪʦʨʦʝ ʦʢʘʟʳʚʘʝʪ ʵʪʦʪ ʤʝʯ (ʜʣʠʥʘ ï 70 ʩʤ) ʥʘ ʧʦʚʝʨʭʥʦʩʪʴ, 

ʝʩʣʠ ʝʛʦ ʤʘʩʩʘ 300 ʛ ʠ ʥʘʯʘʣʴʥʘʷ ʩʢʦʨʦʩʪʴ ʨʘʚʥʘ ʥʫʣʶ. (1 ʙʘʣʣ)  

ɺ ʩʘʤʦʤ ʨʦʤʘʥʝ ʦʧʠʩʘʥʦ, ʯʪʦ ʧʨʠ ʚʟʤʘʭʝ ʤʝʯʦʤ ʝʛʦ ʢʨʦʤʢʘ ʩʪʠʨʘʝʪʩʷ ʦ ʚʦʟʜʫʭ ʠ 

ʧʦʩʪʝʧʝʥʥʦ ʟʘʪʫʧʣʷʝʪʩʷ. ɼʣʷ ʟʘʪʦʯʢʠ ʧʨʠʤʝʥʷʝʪʩʷ ʠʤʧʫʣʴʩ ʥʝʢʦʝʛʦ ʧʦʣʷ, ʢʦʪʦʨʳʡ 

ʠʩʧʘʨʷʝʪ ʚʝʨʭʥʠʡ ʩʣʦʡ ʤʘʪʝʨʠʘʣʘ ʤʝʯʘ ʠ ʩʥʦʚʘ ʟʘʪʘʯʠʚʘʝʪ ʝʛʦ. ʄʝʯ ʚʳʜʝʨʞʠʚʘʝʪ ʧʦʨʷʜʢʘ 

ʪʳʩʷʯʠ ʦʧʝʨʘʮʠʡ ʟʘʪʘʯʠʚʘʥʠʷ, ʧʦʩʣʝ ʯʝʛʦ ʣʝʟʚʠʝ ʩʛʦʨʘʝʪ. 

2. ʉʯʠʪʘʷ, ʯʪʦ ʧʦʧʝʨʝʯʥʦʝ ʩʝʯʝʥʠʝ ʤʝʯʘ ʠʤʝʝʪ ʚʠʜ ʨʦʤʙʘ ʠ ʯʪʦ ʧʨʠ ʟʘʪʦʯʢʝ 

ʠʩʧʘʨʷʝʪʩʷ 100 ʘʪʦʤʥʳʭ ʩʣʦʸʚ ʩ ʢʘʞʜʦʡ ʩʪʦʨʦʥʳ ʢʣʠʥʢʘ, ʦʮʝʥʠʪʝ ʪʦʣʱʠʥʫ ʤʝʯʘ. 

(1 ʙʘʣʣ)  

3. ʇʨʝʜʧʦʣʦʞʠʪʝ, ʠʟ ʢʘʢʦʛʦ ʤʘʪʝʨʠʘʣʘ ʤʦʞʥʦ ʩʜʝʣʘʪʴ ʪʘʢʦʡ ʤʝʯ ʧʨʠ ʥʳʥʝʰʥʝʤ 

ʨʘʟʚʠʪʠʠ ʥʘʥʦʪʝʭʥʦʣʦʛʠʠ. ʂʘʢ ʝʛʦ ʩʜʝʣʘʪʴ? (1 ʙʘʣʣ ʟʘ ʢʘʞʜʳʡ ʤʘʪʝʨʠʘʣ ʠ 1 ʟʘ 

ʢʘʞʜʫʶ ʧʨʝʜʣʦʞʝʥʥʫʶ ʪʝʭʥʦʣʦʛʠʶ, ʩ ʧʦʷʩʥʝʥʠʷʤʠ)  

4. ʂʘʢ ʪʨʘʥʩʧʦʨʪʠʨʦʚʘʪʴ ʧʣʦʩʢʦʩʪʥʦʡ ʤʝʯ? ʀʟ ʯʝʛʦ ʤʦʞʥʦ ʩʜʝʣʘʪʴ ʥʦʞʥʳ? (1 ʙʘʣʣ)  

5. ʇʨʝʜʧʦʣʦʞʠʤ, ʯʪʦ ʉʝʨʛʝʡ ʩ ʧʣʘʥʝʪʳ ɿʝʤʣʷ ʙʳʣ ʥʝ ʪʦʣʴʢʦ ʚʦʠʥʦʤ, ʥʦ ʠ ʫʯʸʥʳʤ. 

ʍʦʨʦʰʝʥʴʢʦ ʧʦʜʫʤʘʚ, ʦʥ ʩʦʟʜʘʣ ʟʘʱʠʪʫ ʦʪ ʧʣʦʩʢʦʩʪʥʦʛʦ ʤʝʯʘ ʠ ʩʪʘʣ ʥʝʫʷʟʚʠʤ. 

ʇʨʝʜʣʦʞʠʪʝ ʧʨʠʥʮʠʧ, ʥʘ ʢʦʪʦʨʦʤ ʤʦʞʝʪ ʨʘʙʦʪʘʪʴ ʵʪʘ ʟʘʱʠʪʘ. (2 ʙʘʣʣʘ)  
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ʇʦʜ ʢʨʳʰʝʡ ʜʦʤʘ ʪʚʦʝʛʦé (2010, ʢʦʥʩʪʨʫʢʮʠʦʥʥʳʝ ʤʘʪʝʨʠʘʣʳ) 

ɺ ʩʪʨʦʠʪʝʣʴʩʪʚʝ ʠʟʜʘʚʥʘ ʠʩʧʦʣʴʟʫʝʪʩʷ ʛʠʜʨʦʠʟʦʣʷʮʠʷ ʢʨʳʰʠ. ʆʥʘ ʵʚʦʣʶʮʠʦʥʠʨʦʚʘʣʘ ʦʪ 

ʤʭʘ ʠʣʠ ʧʘʣʴʤʦʚʳʭ ʣʠʩʪʴʝʚ ʜʦ ʙʠʪʫʤʘ ʠ ʜʨʝʚʝʩʥʦʡ ʩʤʦʣʳ, ʘ ʟʘʪʝʤ - ʜʦ ʩʧʝʮʠʘʣʴʥʳʭ 

ʤʘʪʝʨʠʘʣʦʚ, ʠʩʧʦʣʴʟʫʶʱʠʭ ʥʘʥʦʪʝʭʥʦʣʦʛʠʠ. ʉʝʡʯʘʩ ʰʠʨʦʢʦ ʧʨʠʤʝʥʷʝʪʩʷ 

ʧʘʨʦʧʨʦʥʠʮʘʝʤʘʷ ʛʠʜʨʦʠʟʦʣʷʮʠʷ. ʆʥʘ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʪʦʥʢʫʶ ʧʣʸʥʢʫ 

ʧʦʣʠʚʠʥʠʣʭʣʦʨʠʜʥʦʛʦ ʧʦʣʠʤʝʨʘ (ʇɺʍ), ʩʧʣʦʰʴ ʧʦʢʨʳʪʫʶ ʧʦʨʘʤʠ ʨʘʟʤʝʨʦʤ ʧʦʨʷʜʢʘ 

ʩʦʪʥʠ ʥʘʥʦʤʝʪʨʦʚ. ʇɺʍ ʛʠʜʨʦʠʟʦʣʷʮʠʷ ʫʜʦʙʥʦ ʩʢʣʝʠʚʘʝʪʩʷ ʠ ʝʩʣʠ ʥʝ ʧʦʜʚʝʨʛʘʪʴ ʝʸ 

ʜʝʡʩʪʚʠʶ ʩʦʣʥʝʯʥʦʛʦ ʩʚʝʪʘ ï ʦʯʝʥʴ ʫʩʪʦʡʯʠʚʘ ʠ ʜʦʣʛʦʚʝʯʥʘ.  

1. ʆʧʠʰʠʪʝ ʧʨʠʥʮʠʧ ʨʘʙʦʪʳ ʪʘʢʦʡ ʛʠʜʨʦʠʟʦʣʷʮʠʠ. (1 ʙʘʣʣ)  

2. ʆʧʠʰʠʪʝ ʦʩʥʦʚʥʳʝ ʩʧʦʩʦʙʳ ʧʦʣʫʯʝʥʠʷ ʧʦʜʦʙʥʳʭ ʥʘʥʦʤʘʪʝʨʠʘʣʦʚ. (2 ʙʘʣʣʘ)  

3. ʅʘ ʩʪʨʦʡʢʝ ʪʘʢʫʶ ʧʣʸʥʢʫ ʠʥʦʛʜʘ ʠʩʧʦʣʴʟʫʶʪ ʥʝ ʧʦ ʥʘʟʥʘʯʝʥʠʶ. ʅʝʢʦʪʦʨʳʝ 

ʧʨʠʤʝʥʝʥʠʷ ʧʨʦʩʪʦ ʚʘʨʚʘʨʩʢʠʝ, ʥʘʧʨʠʤʝʨ, ʧʦʜʩʪʝʣʠʪʴ ʝʸ ʥʘ ʧʦʣ ʜʣʷ ʟʘʱʠʪʳ ʦʪ 

ʧʳʣʠ. ʅʝʢʦʪʦʨʳʝ ï ʦʯʝʥʴ ʦʨʠʛʠʥʘʣʴʥʳʝ. ʅʘʧʨʠʤʝʨ, ʚʦʜʦʥʝʧʨʦʥʠʮʘʝʤʦʩʪʴ ʧʣʸʥʢʠ 

ʧʦʟʚʦʣʷʝʪ ʠʩʧʦʣʴʟʦʚʘʪʴ ʝʸ ʜʣʷ ʧʝʨʝʥʦʩʢʠ ʚʦʜʳ ʚ ʜʳʨʷʚʳʭ ʚʸʜʨʘʭ, ʚʳʩʪʠʣʘʷ ʚʝʜʨʦ 

ʠʟʥʫʪʨʠ. ʆʧʨʝʜʝʣʠʪʝ, ʢʘʢʦʡ ʦʙʲʸʤ ʚʦʜʳ ʤʦʞʥʦ ʫʜʝʨʞʠʚʘʪʴ ʚ ʚʝʜʨʝ, ʚʳʩʪʣʘʥʥʦʤ 

ʵʪʦʡ ʧʣʸʥʢʦʡ, ʝʩʣʠ ʜʠʘʤʝʪʨ ʥʘʥʦʜʳʨʦʯʝʢ ʚ ʥʝʡ ʨʘʚʝʥ 100 ʥʤ. ʇʣʦʱʘʜʴ ʜʥʘ ʚʝʜʨʘ 

ʨʘʚʥʘ 400 ʩʤ
2
. ʉʯʠʪʘʪʴ, ʯʪʦ ʢʨʘʝʚʦʡ ʫʛʦʣ ʨʘʚʝʥ 180Á. (2 ʙʘʣʣʘ)  

4. 100 ʥʤ ï ʵʪʦ ʟʥʘʯʠʪʝʣʴʥʦ ʤʝʥʴʰʝ, ʯʝʤ ʨʘʟʤʝʨʳ ʙʘʢʪʝʨʠʡ ʠ ʩʧʦʨ. ʄʘʪʝʨʠʘʣʳ, 

ʦʙʣʘʜʘʶʱʠʝ ʪʘʢʦʡ ʩʪʨʫʢʪʫʨʦʡ, ʰʠʨʦʢʦ ʧʨʠʤʝʥʷʶʪʩʷ ʜʣʷ ʠʟʛʦʪʦʚʣʝʥʠʷ 

ʩʪʝʨʠʣʠʟʫʶʱʠʭ ʬʠʣʴʪʨʦʚ. ʇʨʠ ʵʪʦʤ ʩʦʧʨʦʪʠʚʣʝʥʠʝ, ʢʦʪʦʨʦʝ ʩʦʟʜʘʶʪ ʢʨʘʝʚʳʝ 

ʵʬʬʝʢʪʳ, ʤʦʞʝʪ ʩʫʱʝʩʪʚʝʥʥʦ ʫʭʫʜʰʠʪʴ ʨʘʙʦʪʫ ʚʩʝʡ ʩʠʩʪʝʤʳ. ʇʨʝʜʣʦʞʠʪʝ ʩʧʦʩʦʙ 

ʫʤʝʥʴʰʝʥʠʷ ʠʣʠ ʫʩʪʨʘʥʝʥʠʷ ʵʪʦʛʦ ʵʬʬʝʢʪʘ, ʝʩʣʠ ʠʟʚʝʩʪʥʦ, ʯʪʦ ʤʘʪʝʨʠʘʣ ï 

ʧʦʣʠʵʪʠʣʝʥ. (3 ʙʘʣʣʘ)  

5. ʇʨʠ ʩʪʝʨʠʣʠʟʫʶʱʝʡ ʬʠʣʴʪʨʘʮʠʠ ʚʘʞʥʦ ʟʥʘʪʴ, ʢʘʢʠʝ ʢʦʤʧʦʥʝʥʪʳ ʟʘʜʝʨʞʠʚʘʶʪʩʷ 

ʪʘʢʠʤ ʬʠʣʴʪʨʦʤ, ʘ ʢʘʢʠʝ ʧʨʦʭʦʜʷʪ. ʆʮʝʥʠʪʝ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʩʪʝʨʠʣʠʟʫʶʱʠʭ 

ʬʠʣʴʪʨʦʚ ʧʨʦʪʠʚ ʩʣʝʜʫʶʱʠʭ ʦʙʲʝʢʪʦʚ:  

¶ ɺʠʨʫʩʳ  

¶ ɹʘʢʪʝʨʠʠ  

¶ ʉʧʦʨʳ  

¶ ʅʘʪʠʚʥʳʡ ʜʝʢʩʪʨʘʥ  

¶ ɹʠʦʣʦʛʠʯʝʩʢʠʝ ʪʦʢʩʠʥʳ  

¶ ɸʤʸʙʳ  

¶ ʄʠʮʝʣʠʡ ʛʨʠʙʦʚ  

¶ ʇʳʣʴʮʘ ʨʘʩʪʝʥʠʡ  
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¶ ɺʦʣʦʢʥʘ ʮʝʣʣʶʣʦʟʳ  

¶ ʅʘʪʠʚʥʳʡ ʣʠʛʥʠʥ  

¶ ʄʘʣʷʨʠʡʥʳʡ ʧʣʘʟʤʦʜʠʡ  

ʆʙʲʷʩʥʠʪʝ ɺʘʰʝ ʨʝʰʝʥʠʝ. (3 ʙʘʣʣʘ)  
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ʅʠʪʠ ʠ ʰʘʨʠʢʠ (2010, ʟʘʜʘʯʠ ʜʣʷ ʥʘʯʠʥʘʶʱʠʭ) 

ʄʝʪʘʣʣʠʯʝʩʢʠʝ ʠ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʝ ʥʘʥʦʥʠʪʠ ʧʨʠʚʣʝʢʘʶʪ ʠʥʪʝʨʝʩ ʫʯʝʥʳʭ ʙʣʘʛʦʜʘʨʷ 

ʧʝʨʩʧʝʢʪʠʚʝ ʧʨʠʤʝʥʝʥʠʷ ʚ ʥʘʥʦʵʣʝʢʪʨʦʥʠʢʝ, ʦʧʪʦʵʣʝʢʪʨʦʥʠʢʝ ʠ ʜʨʫʛʠʭ ʦʙʣʘʩʪʷʭ. ʆʜʥʘʢʦ, 

ʜʣʷ ʫʩʧʝʰʥʦʛʦ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʥʘʥʦʥʠʪʝʡ ʜʦʣʞʥʳ ʙʳʪʴ ʠʟʫʯʝʥʳ ʧʨʦʮʝʩʩʳ, ʧʨʦʠʩʭʦʜʷʱʠʝ 

ʧʨʠ ʠʭ ʪʝʨʤʠʯʝʩʢʠʦʡ ʦʙʨʘʙʦʪʢʝ. ʅʘʧʨʠʤʝʨ, ʧʨʠ ʦʧʨʝʜʝʣʝʥʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʥʘʥʦʥʠʪʠ 

ʤʦʛʫʪ ʨʘʩʧʘʜʘʪʴʩʷ ʚ ʮʝʧʦʯʢʫ ʥʘʥʦʰʘʨʠʢʦʚ.  

1. ʂʘʢʦʡ ʵʬʬʝʢʪ ʣʝʞʠʪ ʚ ʦʩʥʦʚʝ ʦʧʠʩʘʥʥʦʛʦ ʷʚʣʝʥʠʷ ʠ ʢʪʦ ʷʚʣʷʝʪʩʷ ʝʛʦ 

ʧʝʨʚʦʦʪʢʨʳʚʘʪʝʣʝʤ? (1 ʙʘʣʣ) ʆʙʲʷʩʥʠʪʝ ʧʨʠʯʠʥʫ ʜʘʥʥʦʛʦ ʵʬʬʝʢʪʘ. (2 ʙʘʣʣʘ) 

ʄʦʞʝʪ ʣʠ ʥʘʙʣʶʜʘʪʴʩʷ ʜʘʥʥʳʡ ʵʬʬʝʢʪ ʜʣʷ ʤʠʢʨʦ- ʠ ʤʘʢʨʦʥʠʪʝʡ, ʧʦʷʩʥʠʪʝ? 

(1 ʙʘʣʣ)  

2. ʆʮʝʥʠʪʝ ʨʘʩʩʪʦʷʥʠʝ ʤʝʞʜʫ ʥʘʥʦʰʘʨʠʢʘʤʠ ʠ ʠʭ ʨʘʜʠʫʩ, ʧʦʣʫʯʝʥʥʳʤʠ ʧʨʠ 

ʩʘʤʦʧʨʦʠʟʚʦʣʴʥʦʡ ʬʨʘʛʤʝʥʪʘʮʠʠ ʟʦʣʦʪʳʭ ʥʘʥʦʥʠʪʝʡ ʜʠʘʤʝʪʨʦʤ 30 ʥʤ 

(ʥʝʜʦʩʪʘʶʱʠʝ ʜʣʷ ʨʘʩʯʝʪʘ ʜʘʥʥʳʝ ʥʘʡʜʠʪʝ ʩʘʤʠ). (3 ʙʘʣʣʘ) 

3. ɻʜʝ ʤʦʞʝʪ ʥʘʡʪʠ ʧʨʠʤʝʥʝʥʠʝ ʜʘʥʥʳʡ ʵʬʬʝʢʪ? (1 ʙʘʣʣ)  
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ʂʘʢ ʥʘʧʝʯʘʪʘʪʴ ʤʘʪʝʨʠʥʩʢʫʶ ʧʣʘʪʫ (2010, ʰʢʦʣʴʥʠʢʠ, ʨʝʛʠʦʥʘʣʴʥʳʡ ʪʫʨ) 

ʉ ʪʝʭʥʦʣʦʛʠʝʡ ʤʠʢʨʦʧʝʯʘʪʠ ʯʘʩʪʦ ʩʚʷʟʳʚʘʶʪ ʙʫʜʫʱʝʝ ʤʠʢʨʦʵʣʝʢʪʨʦʥʠʢʠ. ʉʪʨʫʡʥʘʷ 

ʧʝʯʘʪʴ ʵʣʝʢʪʨʦʥʥʳʭ ʩʭʝʤ ʧʦʟʚʦʣʠʪ ʦʪʢʘʟʘʪʴʩʷ ʦʪ çʛʨʷʟʥʳʭè ʧʨʦʠʟʚʦʜʩʪʚ, ʥʘ ʢʦʪʦʨʳʭ 

ʦʩʥʦʚʘʥʘ ʩʦʚʨʝʤʝʥʥʘʷ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʘʷ ʧʨʦʤʳʰʣʝʥʥʦʩʪʴ. ʊʝʭʥʦʣʦʛʠʷ ʤʠʢʨʦʧʝʯʘʪʠ 

ʤʦʞʝʪ ʫʤʝʥʴʰʠʪʴ ʧʨʦʤʳʰʣʝʥʥʳʝ ʚʳʙʨʦʩʳ ʠ ʫʧʨʦʩʪʠʪʴ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʝ ʧʨʦʮʝʩʩʳ. 

ʆʜʥʘʢʦ ʥʘ ʧʨʘʢʪʠʢʝ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʤʠʢʨʦʧʝʯʘʪʠ ʩʪʘʣʢʠʚʘʝʪʩʷ ʩ ʨʷʜʦʤ ʪʨʫʜʥʦʩʪʝʡ: ʚ 

ʯʘʩʪʥʦʩʪʠ ï ʜʦʩʪʘʪʦʯʥʦ ʪʨʫʜʥʦ ʩʜʝʣʘʪʴ ʦʙʲʝʤ ʢʘʧʣʠ ʤʝʥʴʰʝ 1 ʧʠʢʦʣʠʪʨʘ (çʧʠʢʦ-è 

ʦʟʥʘʯʘʝʪ, ʯʪʦ ʚʝʣʠʯʠʥʘ ʝʱʝ ʚ ʪʳʩʷʯʫ ʨʘʟ ʤʝʥʴʰʝ, ʯʝʤ ʦʜʥʘ ʤʠʣʣʠʘʨʜʥʘʷ, ʪʦ ʝʩʪʴ çʥʘʥʦè), 

ʯʪʦ ʙʳʚʘʝʪ ʥʝʜʦʩʪʘʪʦʯʥʦ ʜʣʷ ʪʦʛʦ, ʯʪʦʙʳ ʧʦʚʳʩʠʪʴ ʜʦ ʧʨʠʝʤʣʝʤʦʛʦ ʫʨʦʚʥʷ ʨʘʟʨʝʰʝʥʠʝ 

ʧʝʯʘʪʠ, ʘ ʪʘʢʞʝ ʩʣʦʞʥʦʩʪʴʶ ʠʟʛʦʪʦʚʣʝʥʠʷ ʯʝʨʥʠʣ ʜʣʷ ʤʠʢʨʦʧʝʯʘʪʠ ʠ ʧʨʦʙʣʝʤʘʤʠ, 

ʚʦʟʥʠʢʘʶʱʠʤʠ ʠʟ ï ʟʘ ʧʨʦʮʝʩʩʦʚ, ʧʨʦʪʝʢʘʶʱʠʭ ʩ çʚʳʧʣʶʥʫʪʦʡè ʠʟ ʜʶʟʳ ʧʝʯʘʪʘʶʱʝʡ 

ʛʦʣʦʚʢʠ ʥʘ ʧʦʚʝʨʭʥʦʩʪʴ ʨʠʩʫʥʢʘ ʢʘʧʣʝʡ.  

 

ʇʝʯʘʪʘʶʱʘʷ ʛʦʣʦʚʢʘ ʠ ʩʪʨʦʙʦʩʢʦʧʠʯʝʩʢʘʷ ʬʦʪʦʛʨʘʬʠʷ ʢʘʧʝʣʴ ʩʫʩʧʝʥʟʠʠ ʢʚʘʥʪʦʚʳʭ 

ʪʦʯʝʢ. 

ʇʨʝʜʧʦʣʦʞʠʤ, ʚʳ ʫʤʝʝʪʝ ʧʦʣʫʯʘʪʴ ʢʚʘʥʪʦʚʳʝ ʪʦʯʢʠ ʪʝʣʣʫʨʠʜʘ ʢʘʜʤʠʷ CdTe ʩ ʦʜʥʠʤ ʠ 

ʪʝʤ ʞʝ ʨʘʜʠʫʩʦʤ 10 ʥʤ (ʧʣʦʪʥʦʩʪʴ 5.85 ʛ/ʩʤ
3
) ʠ ʫ ɺʘʩ ʝʩʪʴ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʡ 

çʧʨʦʜʚʠʥʫʪʳʡè ʩʪʨʫʡʥʳʡ ʧʨʠʥʪʝʨ, ʧʣʶʶʱʠʡʩʷ ʢʘʧʣʷʤʠ ʩʪʨʦʛʦ ʧʦ 1 ʧʠʢʦʣʠʪʨʫ. ɺʳ 

ʧʨʠʛʦʪʦʚʠʣʠ ʟʦʣʴ (ʢʦʣʣʦʠʜʥʳʡ ʨʘʩʪʚʦʨ, ʚ ʢʦʪʦʨʦʤ ʩʬʝʨʠʯʝʩʢʠʝ ʢʚʘʥʪʦʚʳʝ ʪʦʯʢʠ ʚʠʩʷʪ 

ʙʝʟ ʠʟʤʝʥʝʥʠʡ ʚ ʚʦʜʝ ʩʢʦʣʴ ʫʛʦʜʥʦ ʜʦʣʛʦ) ʣʶʤʠʥʝʩʮʝʥʪʥʳʭ ʢʚʘʥʪʦʚʳʭ ʪʦʯʝʢ ʚ ʚʦʜʥʦʤ 

ʨʘʩʪʚʦʨʝ ʩ ʠʭ ʤʘʩʩʦʚʦʡ ʜʦʣʝʡ 1 %. ɺʳ ʪʘʢʞʝ ʟʥʘʝʪʝ, ʯʪʦ ʧʨʠ ʩʪʦʣʢʥʦʚʝʥʠʠ ʚʳʧʣʶʥʫʪʳʭ 

ʢʘʧʝʣʴ ʩ ʧʦʜʣʦʞʢʦʡ ʦʥʠ ʨʘʟʤʘʟʳʚʘʝʪʩʷ ʚ ʢʨʫʛʣʫʶ ʠ ʧʣʦʩʢʫʶ ʢʘʧʣʶ ï ʙʣʠʥ (çʢʣʷʢʩʫè) 

ʪʦʣʱʠʥʦʡ 100 ʥʤ, ʢʦʪʦʨʘʷ ʚʳʩʳʭʘʝʪ ʠ ʧʨʠ ʵʪʦʤ ʩʦʭʨʘʥʷʝʪ ʩʚʦʠ ʠʩʭʦʜʥʳʝ ʢʦʥʪʫʨʳ, ʘ 

ʢʚʘʥʪʦʚʳʝ ʪʦʯʢʠ ʩʣʫʯʘʡʥʳʤ ʦʙʨʘʟʦʤ ʨʘʩʧʨʝʜʝʣʷʶʪʩʷ ʧʦ ʚʩʝʡ ʧʣʦʱʘʜʠ, ʟʘʥʠʤʘʚʰʝʡʩʷ 

ʨʘʥʝʝ çʢʣʷʢʩʦʡè.  

ʂʘʢʦʚʘ ʚʝʨʦʷʪʥʦʩʪʴ ʪʦʛʦ, ʯʪʦ ʧʦʩʣʝ ʚʳʩʳʭʘʥʠʷ ɺʳ ʧʦʧʘʜʝʪʝ ʪʦʥʯʘʡʰʝʡ ʥʘʥʦʠʛʦʣʢʦʡ 

ʠʤʝʥʥʦ ʚ ʦʜʥʫ ʠʟ ʦʩʪʘʚʰʠʭʩʷ ʥʘ ʧʦʜʣʦʞʢʝ ʢʚʘʥʪʦʚʳʭ ʪʦʯʝʢ, ʘ ʥʝ ʚ ʩʘʤʫ çʛʦʣʫʶè 
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ʧʦʜʣʦʞʢʫ ʚ ʧʨʝʜʝʣʘʭ ʚʳʩʦʭʰʝʛʦ ʧʷʪʥʘ (ʚ ʩʢʦʣʴʢʠʭ ʩʣʫʯʘʷʭ ʠʟ ʪʳʩʷʯʠ ʵʪʦ ʧʨʦʠʟʦʡʜʝʪ)? (5 

ʙʘʣʣʦʚ) 
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ʌʦʪʦʟʘʛʘʜʢʘ (2010, ʰʢʦʣʴʥʠʢʠ, ʨʝʛʠʦʥʘʣʴʥʳʡ ʪʫʨ) 

ʉʪʫʜʝʥʪʳ ʚ ʫʥʠʚʝʨʩʠʪʝʪʝ ʧʦʣʫʯʠʣʠ ʦʯʝʥʴ ʠʥʪʝʨʝʩʥʦʝ ʚʝʱʝʩʪʚʦ ʪʝʤʥʦʛʦ ʮʚʝʪʘ, ʢʦʪʦʨʦʝ 

ʤʦʞʝʪ ʙʳʪʴ ʧʝʨʝʚʝʜʝʥʦ ʚ ʚʦʜʥʳʡ ʨʘʩʪʚʦʨ, ʢʦʪʦʨʳʡ ʦʪ ʵʪʦʛʦ ʩʪʘʥʦʚʠʪʩʷ ʢʦʨʠʯʥʝʚʳʤ. ʇʨʠ 

ʵʪʦʤ ʚʨʘʱʝʥʠʝ ʤʘʛʥʠʪʘ ʧʨʠ ʬʠʟʠʯʝʩʢʦʤ ʢʦʥʪʘʢʪʝ ʩ ʙʘʥʦʯʢʦʡ, ʩʦʜʝʨʞʘʱʝʡ ʟʦʣʴ, ʧʨʠʚʦʜʠʪ 

ʢ ʟʘʤʝʪʥʦʤʫ ʠʟʤʝʥʝʥʠʶ ʧʨʦʟʨʘʯʥʦʩʪʠ ʨʘʩʪʚʦʨʘ, ʟʘʚʠʩʷʱʝʤʫ ʦʪ ʨʘʩʧʦʣʦʞʝʥʠʷ ʤʘʛʥʠʪʘ. 

ʇʨʠ ʧʨʦʩʚʝʯʠʚʘʥʠʠ ʢʦʨʠʯʥʝʚʦʛʦ ʨʘʩʪʚʦʨʘ ʣʫʯʝʤ ʣʘʟʝʨʥʦʡ ʫʢʘʟʢʠ ʦʥ ʩʪʘʥʦʚʠʪʩʷ ʚʠʜʠʤʳʤ, 

ʧʨʠ ʵʪʦʤ ʚ ʨʘʩʪʚʦʨʝ ʝʩʪʴ ʪʦʣʴʢʦ ʥʝʦʨʛʘʥʠʯʝʩʢʠʝ ʚʝʱʝʩʪʚʘ. 

 

 

1. ʂʘʢʠʝ ʥʝʦʨʛʘʥʠʯʝʩʢʠʝ ʵʣʝʤʝʥʪʳ ʠ ʚʝʱʝʩʪʚʘ ʤʦʛʫʪ (ʢʨʦʤʝ ʚʦʜʳ) ʩʦʜʝʨʞʘʪʴʩʷ ʚ 

çʙʘʥʦʯʢʝè? (2 ʙʘʣʣʘ) 

2. ʇʦʯʝʤʫ ʨʘʩʪʚʦʨ ʠʟʤʝʥʷʝʪ ʩʚʦʶ ʧʨʦʟʨʘʯʥʦʩʪʴ ʧʨʠ ʚʨʘʱʝʥʠʠ ʤʘʛʥʠʪʘ? (3 ʙʘʣʣʘ) 

3. ʇʦʯʝʤʫ ʣʫʯ ʣʘʟʝʨʘ ʩʪʘʥʦʚʠʪʩʷ ʚʠʜʠʤʳʤ? (1 ʙʘʣʣ) 
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ʆʯʥʳʡ ʪʫʨ (2010, ʰʢʦʣʴʥʠʢʠ, ʬʠʟʠʢʘ) 

ɺʘʨʠʘʥʪ 1. ɺʘʨʠʘʪʠʚʥʘʷ ʯʘʩʪʴ ʧʦ ʢʦʥʪʨʦʣʶ ʦʙʱʠʭ ʟʥʘʥʠʡ ʧʦ ʬʠʟʠʢʝ 

(ʝʩʣʠ ɺʳ ʨʝʰʠʣʠ ʥʝ ʚʩʝ ʟʘʜʘʥʠʷ ï ʥʠʯʝʛʦ ʩʪʨʘʰʥʦʛʦ, ʛʣʘʚʥʦʝ ï ʧʦʢʘʞʠʪʝ, ʯʪʦ ɺʳ 

ʟʥʘʝʪʝ ʦʩʥʦʚʳ ʬʠʟʠʢʠ) 

1. ʂʘʢʦʡ ʠʟ ʩʧʦʩʦʙʦʚ ʥʘʠʙʦʣʝʝ ʵʬʬʝʢʪʠʚʝʥ ʜʣʷ ʚʦʟʙʫʞʜʝʥʠʷ ʣʶʤʠʥʝʩʮʝʥʮʠʠ 

ʢʚʘʥʪʦʚʳʭ ʪʦʯʝʢ ʢʨʝʤʥʠʷ? ʆʪʚʝʪ ʧʦʷʩʥʠʪʝ. (2 ʙʘʣʣʘ) 

2. ɺ ʢʘʢʦʤ ʜʠʘʧʘʟʦʥʝ ʩʧʝʢʪʨʘ ʧʦʛʣʦʱʘʪʴ ʢʚʘʥʪʦʚʳʝ ʪʦʯʢʠ ʛʝʨʤʘʥʠʷ ʩ ʰʠʨʠʥʦʡ 

ʟʘʧʨʝʱʝʥʥʦʡ ʟʦʥʳ ʤʝʥʝʝ 0.8 ʵɺ. ɺ ʢʘʢʦʡ ʦʙʣʘʩʪʠ ʩʧʝʢʪʨʘ ʦʥʠ ʙʫʜʫʪ 

ʣʶʤʠʥʝʩʮʠʨʦʚʘʪʴ (çʩʚʝʪʠʪʴʩʷè) ʠ ʧʦʯʝʤʫ? (2 ʙʘʣʣʘ) 

3. ɺ XVII  ʚʝʢʝ ʙʳʣ ʠʟʦʙʨʝʪʝʥ ʧʝʨʚʳʡ ʦʧʪʠʯʝʩʢʠʡ ʤʠʢʨʦʩʢʦʧ. ɺʩʢʦʨʝ ʧʦʩʣʝ ʵʪʦʛʦ 

ʃʝʚʝʥʛʫʢ ʧʨʠʤʝʥʠʣ ʵʪʦ ʠʟʦʙʨʝʪʝʥʠʝ, ʯʪʦ ʧʦʟʚʦʣʠʣʦ ʝʤʫ ʩʜʝʣʘʪʴ ʨʷʜ ʚʘʞʥʳʭ 

ʦʪʢʨʳʪʠʡ ʚ ʦʙʣʘʩʪʠ ʙʠʦʣʦʛʠʠ ʢʣʝʪʢʠ. ʂʘʢʠʝ ʬʘʢʪʦʨʳ ʦʩʣʦʞʥʷʶʪ ʠʩʧʦʣʴʟʦʚʘʥʠʝ  

ʦʧʪʠʯʝʩʢʦʛʦ ʤʠʢʨʦʩʢʦʧʘ ʜʣʷ ʠʟʤʝʨʝʥʠʷ ʨʘʟʤʝʨʦʚ ʥʘʥʦʦʙʲʝʢʪʦʚ? (2 ʙʘʣʣʘ) 

4. ʀʟʚʝʩʪʥʦ, ʯʪʦ ʥʘʥʦʯʘʩʪʠʮʳ ʦʙʣʘʜʘʶʪ ʙʦʣʴʰʦʡ ʫʜʝʣʴʥʦʡ ʧʦʚʝʨʭʥʦʩʪʴʶ, ʯʪʦ 

ʠʩʧʦʣʴʟʫʝʪʩʷ ʚ ʢʘʪʘʣʠʟʝ ʠ ʩʝʥʩʦʨʠʢʝ. ʆʮʝʥʠʪʝ ʫʜʝʣʴʥʫʶ ʧʣʦʱʘʜʴ ʧʦʚʝʨʭʥʦʩʪʠ 

ʜʣʷ ʧʦʨʦʰʢʘ ʩʬʝʨʠʯʝʩʢʠʭ ʥʘʥʦʯʘʩʪʠʮ ʢʨʝʤʥʠʷ ʩ ʜʠʘʤʝʪʨʦʤ 4 ʥʤ (ʧʣʦʪʥʦʩʪʴ 

2.3 ʛ/ʩʤ
3
). (1 ʙʘʣʣ) 

5. ʇʨʦʠʟʦʡʜʝʪ ʣʠ ʩʪʦʣʢʥʦʚʝʥʠʝ ʜʚʫʭ ʦʜʥʦʠʤʝʥʥʦ ʟʘʨʷʞʝʥʥʳʭ ʥʘʥʦʯʘʩʪʠʮ 

ʨʘʜʠʫʩʦʤ 1 ʥʤ, ʜʚʠʞʫʱʠʭʩʷ ʥʘʚʩʪʨʝʯʫ ʜʨʫʛ ʜʨʫʛʫ ʩ ʦʜʠʥʘʢʦʚʦʡ ʩʢʦʨʦʩʪʴʶ 

250 ʤ/ʩ. ɿʘʨʷʜ ʯʘʩʪʠʮ 3.2 10
-19

 ʂʣ. (1 ʙʘʣʣ) 

6. ɼʚʫʭʤʝʨʥʳʡ ʥʘʥʦʤʘʪʝʨʠʘʣ çʛʨʘʬʘʥè ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʧʦʣʥʦʩʪʴʶ 

ʛʠʜʨʠʨʦʚʘʥʥʫʶ ʛʨʘʬʠʪʦʚʫʶ ʧʣʦʩʢʦʩʪʴ. ʆʧʨʝʜʝʣʠʪʝ ʙʨʫʪʪʦ-ʬʦʨʤʫʣʫ ʛʨʘʬʘʥʘ. 

ɻʨʘʬʘʥ ʧʨʝʜʣʘʛʘʝʪʩʷ ʠʩʧʦʣʴʟʦʚʘʪʴ ʜʣʷ ʭʨʘʥʝʥʠʷ ʚʦʜʦʨʦʜʘ. ɺʘʞʥʝʡʰʘʷ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʘ ʤʝʪʦʜʘ ʭʨʘʥʝʥʠʷ ï ʵʪʦ ʦʪʥʦʰʝʥʠʝ ʤʘʩʩʳ çʩʦʭʨʘʥʷʝʤʦʛʦ 

ʚʦʜʦʨʦʜʘè ʢ ʤʘʩʩʝ çʢʦʥʪʝʡʥʝʨʘè. ʏʝʤ ʙʦʣʴʰʝ ʵʪʦ ʦʪʥʦʰʝʥʠʝ, ʪʝʤ ʣʫʯʰʝ. ɻʜʝ 

ʚʳʛʦʜʥʝʝ ʭʨʘʥʠʪʴ ʚʦʜʦʨʦʜ ï ʚ ʛʨʘʬʘʥʝ ʠʣʠ ʚ ʩʪʘʣʴʥʦʤ ʙʘʣʣʦʥʝ ʚʝʩʦʤ 12 ʢʛ, 

ʦʙʲʸʤʦʤ 30 ʣ ʧʦʜ ʜʘʚʣʝʥʠʝʤ 100 ʙʘʨ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ? (2 ʙʘʣʣʘ) 

7. ʆʮʝʥʠʪʝ ʢʦʣʠʯʝʩʪʚʦ ʦʜʠʥʘʢʦʚʳʭ ʢʘʧʝʣʴ, ʥʘ ʢʦʪʦʨʳʝ ʨʘʟʦʙʴʝʪʩʷ ʢʘʧʣʷ ʚʦʜʳ 

ʨʘʟʤʝʨʦʤ 0.1 ʤʤ ʧʨʠ ʧʘʜʝʥʠʠ ʥʘ ʩʪʝʢʣʦ ʩ ʚʳʩʦʪʳ 1 ʩʤ. ɺʦʜʘ: ʧʣʦʪʥʦʩʪʴ 

ɟ = 10
3 
ʢʛ/ʤ

3
, ʢʦʵʬʬʠʮʠʝʥʪ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʥʘʪʷʞʝʥʠʷ ů = 0.07 ʅ/ʤ. (3 ʙʘʣʣʘ) 

8. ɻʨʘʬʠʪ ʠʤʝʝʪ ʩʣʦʠʩʪʫʶ ʩʪʨʫʢʪʫʨʫ ʠ ʧʨʠ ʪʨʝʥʠʠ ʨʘʟʚʘʣʠʚʘʝʪʩʷ ʥʘ ʦʪʜʝʣʴʥʳʝ 

ʯʝʰʫʡʢʠ. ʕʪʦ ʩʚʦʡʩʪʚʦ ʰʠʨʦʢʦ ʠʩʧʦʣʴʟʫʝʪʩʷ ʚ ʢʘʨʘʥʜʘʰʘʭ. ʆʮʝʥʠʪʝ ʢʦʣʠʯʝʩʪʚʦ 

ʩʣʦʝʚ ʛʨʘʬʠʪʘ, ʢʦʪʦʨʳʝ ʦʩʪʘʶʪʩʷ ʥʘ ʙʫʤʘʛʝ ʧʨʠ ʧʨʦʚʝʜʝʥʠʠ ʛʨʘʬʠʪʦʚʳʤ 

ʛʨʠʬʝʣʝʤ ʧʦ ʥʝʡ. ɻʨʘʬʠʪ: ʨʘʩʩʪʦʷʥʠʝ ʤʝʞʜʫ ʩʣʦʷʤʠ ï 0.35 ʥʤ. ɼʦʧʦʣʥʠʪʝʣʴʥʳʝ 

ʥʝʦʙʭʦʜʠʤʳʝ ɺʘʤ ʜʘʥʥʳʝ ʚʚʝʜʠʪʝ ʩʘʤʠ. (4 ʙʘʣʣʘ) 
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9. ʆʜʥʠʤ ʠʟ ʥʘʧʨʘʚʣʝʥʠʡ ʨʘʟʚʠʪʠʷ ʵʥʝʨʛʝʪʠʢʠ ʷʚʣʷʝʪʩʷ ʩʦʟʜʘʥʠʝ ʜʚʠʛʘʪʝʣʝʡ. 

ʈʘʩʩʤʦʪʠʤ ʷʜʝʨʥʳʡ ʬʦʪʦʥʥʳʡ ʜʚʠʛʘʪʝʣʴ. ʊʘʢʦʡ ʜʚʠʛʘʪʝʣʴ ʩʦʩʪʦʠʪ ʠʟ 

ʠʟʣʫʯʘʪʝʣʷ, ʨʘʩʧʦʣʦʞʝʥʥʦʛʦ ʥʘ ʢʦʩʤʠʯʝʩʢʦʤ ʢʦʨʘʙʣʝ, ʠ ʟʝʨʢʘʣʘ 

ʧʝʨʝʠʟʣʫʯʘʶʱʝʛʦ ʵʪʠ ʬʦʪʦʥʳ ʚ ʧʨʦʩʪʨʘʥʩʪʚʦ ʚʥʝ ʢʦʨʘʙʣʷ. ʆʮʝʥʠʪʝ 

ʤʠʥʠʤʘʣʴʥʫʶ ʤʦʱʥʦʩʪʴ ʠʟʣʫʯʝʥʠʷ, ʥʝʦʙʭʦʜʠʤʫʶ ʜʣʷ ʪʦʛʦ, ʯʪʦʙʳ ʢʦʩʤʠʯʝʩʢʠʡ 

ʘʧʧʘʨʘʪ ʤʘʩʩʦʡ 1000 ʪʦʥʥ ʩ ʬʦʪʦʥʥʳʤ ʜʚʠʛʘʪʝʣʝʤ ʩʪʘʣ ʠʩʢʫʩʩʪʚʝʥʥʳʤ 

ʩʧʫʪʥʠʢʦʤ ʥʝʙʝʩʥʦʛʦ ʪʝʣʘ ʤʘʩʩʦʡ 0.1 ʤʘʩʩ ɿʝʤʣʠ. ʄʘʩʩʘ ɿʝʤʣʠ M = 5.9 Ŀ 10
24 
ʢʛ, 

ʨʘʜʠʫʩ ɿʝʤʣʠ R = 6378 ʢʤ. ɻʨʘʚʠʪʘʮʠʦʥʥʘʷ ʧʦʩʪʦʷʥʥʘʷ G = 6.6 Ŀ 10
ī11 
ʤ

3
ʢʛ
ī1
ʩ
ī2 

. 

(2 ʙʘʣʣʘ) 

 

ɺʘʨʠʘʥʪ 2. ɺʘʨʠʘʪʠʚʥʘʷ ʯʘʩʪʴ ʧʦ ʢʦʥʪʨʦʣʶ ʦʙʱʠʭ ʟʥʘʥʠʡ ʧʦ ʬʠʟʠʢʝ 

(ʝʩʣʠ ɺʳ ʨʝʰʠʣʠ ʥʝ ʚʩʝ ʟʘʜʘʥʠʷ ï ʥʠʯʝʛʦ ʩʪʨʘʰʥʦʛʦ, ʛʣʘʚʥʦʝ ï ʧʦʢʘʞʠʪʝ, ʯʪʦ ɺʳ 

ʟʥʘʝʪʝ ʦʩʥʦʚʳ ʬʠʟʠʢʠ) 

1. ʂʘʢʦʡ ʠʟ ʩʧʦʩʦʙʦʚ ʥʘʠʙʦʣʝʝ ʵʬʬʝʢʪʠʚʝʥ ʜʣʷ ʚʦʟʙʫʞʜʝʥʠʷ ʣʶʤʠʥʝʩʮʝʥʮʠʠ 

ʢʚʘʥʪʦʚʳʭ ʪʦʯʝʢ ʛʝʨʤʘʥʠʷ? ʆʪʚʝʪ ʧʦʷʩʥʠʪʝ. (2 ʙʘʣʣʘ) 

2. ɺ ʢʘʢʦʤ ʜʠʘʧʘʟʦʥʝ ʩʧʝʢʪʨʘ ʧʦʛʣʦʱʘʪʴ ʢʚʘʥʪʦʚʳʝ ʪʦʯʢʠ ʢʨʝʤʥʠʷ ʩ ʰʠʨʠʥʦʡ 

ʟʘʧʨʝʱʝʥʥʦʡ ʟʦʥʳ ʤʝʥʝʝ 1 ʵɺ. ɺ ʢʘʢʦʡ ʦʙʣʘʩʪʠ ʩʧʝʢʪʨʘ ʦʥʠ ʙʫʜʫʪ 

ʣʶʤʠʥʝʩʮʠʨʦʚʘʪʴ (çʩʚʝʪʠʪʴʩʷè) ʠ ʧʦʯʝʤʫ? (2 ʙʘʣʣʘ) 

3. ɺ XVII  ʚʝʢʝ ʙʳʣ ʠʟʦʙʨʝʪʝʥ ʧʝʨʚʳʡ ʦʧʪʠʯʝʩʢʠʡ ʤʠʢʨʦʩʢʦʧ. ɺʩʢʦʨʝ ʧʦʩʣʝ ʵʪʦʛʦ 

ʃʝʚʝʥʛʫʢ ʧʨʠʤʝʥʠʣ ʵʪʦ ʠʟʦʙʨʝʪʝʥʠʝ, ʯʪʦ ʧʦʟʚʦʣʠʣʦ ʝʤʫ ʩʜʝʣʘʪʴ ʨʷʜ ʚʘʞʥʳʭ 

ʦʪʢʨʳʪʠʡ ʚ ʦʙʣʘʩʪʠ ʙʠʦʣʦʛʠʠ ʢʣʝʪʢʠ. ʂʘʢʦʚʳ ʤʠʥʠʤʘʣʴʥʳʝ ʨʘʟʤʝʨʳ ʦʙʲʝʢʪʦʚ, 

ʨʘʟʣʠʯʠʤʳʭ ʚ ʦʧʪʠʯʝʩʢʦʤ ʤʠʢʨʦʩʢʦʧʝ, ʨʘʙʦʪʘʶʱʝʤ ʧʨʠ ʧʦʜʩʚʝʪʢʝ ʢʨʘʩʥʳʤ 

ʩʚʝʪʦʤ? (2 ʙʘʣʣʘ) 

4. ʀʟʚʝʩʪʥʦ, ʯʪʦ ʥʘʥʦʯʘʩʪʠʮʳ ʦʙʣʘʜʘʶʪ ʙʦʣʴʰʦʡ ʫʜʝʣʴʥʦʡ ʧʦʚʝʨʭʥʦʩʪʴʶ, ʯʪʦ 

ʠʩʧʦʣʴʟʫʝʪʩʷ ʚ ʢʘʪʘʣʠʟʝ ʠ ʩʝʥʩʦʨʠʢʝ. ʆʮʝʥʠʪʝ ʫʜʝʣʴʥʫʶ ʧʣʦʱʘʜʴ ʧʦʚʝʨʭʥʦʩʪʠ 

ʜʣʷ ʧʦʨʦʰʢʘ ʩʬʝʨʠʯʝʩʢʠʭ ʥʘʥʦʯʘʩʪʠʮ ʢʨʝʤʥʠʷ ʩ ʜʠʘʤʝʪʨʦʤ 2 ʥʤ (ʧʣʦʪʥʦʩʪʴ 

2.3 ʛ/ʩʤ
3
). (1 ʙʘʣʣ) 

5. ʇʨʦʠʟʦʡʜʝʪ ʣʠ ʩʪʦʣʢʥʦʚʝʥʠʝ ʜʚʫʭ ʦʜʥʦʠʤʝʥʥʦ ʟʘʨʷʞʝʥʥʳʭ ʥʘʥʦʯʘʩʪʠʮ 

ʨʘʜʠʫʩʦʤ 1 ʥʤ, ʜʚʠʞʫʱʠʭʩʷ ʥʘʚʩʪʨʝʯʫ ʜʨʫʛ ʜʨʫʛʫ ʩ ʦʜʠʥʘʢʦʚʦʡ ʩʢʦʨʦʩʪʴʶ 

300 ʤ/ʩ. ɿʘʨʷʜ ʯʘʩʪʠʮ 3.2 10
-19

 ʂʣ. (1 ʙʘʣʣ) 

6. ɼʚʫʭʤʝʨʥʳʡ ʥʘʥʦʤʘʪʝʨʠʘʣ çʛʨʘʬʘʥè ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʧʦʣʥʦʩʪʴʶ 

ʛʠʜʨʠʨʦʚʘʥʥʫʶ ʛʨʘʬʠʪʦʚʫʶ ʧʣʦʩʢʦʩʪʴ. ʆʧʨʝʜʝʣʠʪʝ ʙʨʫʪʪʦ-ʬʦʨʤʫʣʫ ʛʨʘʬʘʥʘ. 

ɻʨʘʬʘʥ ʧʨʝʜʣʘʛʘʝʪʩʷ ʠʩʧʦʣʴʟʦʚʘʪʴ ʜʣʷ ʭʨʘʥʝʥʠʷ ʚʦʜʦʨʦʜʘ. ɺʘʞʥʝʡʰʘʷ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʘ ʤʝʪʦʜʘ ʭʨʘʥʝʥʠʷ ï ʵʪʦ ʦʪʥʦʰʝʥʠʝ ʤʘʩʩʳ çʩʦʭʨʘʥʷʝʤʦʛʦ 
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ʚʦʜʦʨʦʜʘè ʢ ʤʘʩʩʝ çʢʦʥʪʝʡʥʝʨʘè. ʏʝʤ ʙʦʣʴʰʝ ʵʪʦ ʦʪʥʦʰʝʥʠʝ, ʪʝʤ ʣʫʯʰʝ. ɻʜʝ 

ʚʳʛʦʜʥʝʝ ʭʨʘʥʠʪʴ ʚʦʜʦʨʦʜ ï ʚ ʛʨʘʬʘʥʝ ʠʣʠ ʚ ʩʪʘʣʴʥʦʤ ʙʘʣʣʦʥʝ ʚʝʩʦʤ 15 ʢʛ, 

ʦʙʲʸʤʦʤ 30 ʣ ʧʦʜ ʜʘʚʣʝʥʠʝʤ 200 ʙʘʨ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ? (2 ʙʘʣʣʘ) 

7. ʂʘʧʣʷ ʨʪʫʪʠ ʨʘʜʠʫʩʦʤ 1 ʤʤ ʧʨʠ ʧʘʜʝʥʠʠ ʥʘ ʪʚʝʨʜʫʶ ʧʦʚʝʨʭʥʦʩʪʴ ʩ ʚʳʩʦʪʳ 1 ʤ 

ʨʘʟʙʠʚʘʝʪʩʷ ʥʘ ʥʝʢʦʪʦʨʦʝ ʯʠʩʣʦ ʦʜʠʥʘʢʦʚʳʭ ʢʘʧʝʣʴ. ʆʮʝʥʠʪʝ ʠʭ ʨʘʟʤʝʨ. ʈʪʫʪʴ: 

ʧʣʦʪʥʦʩʪʴ ɟ = 1.3 Ŀ 10
4 
ʢʛ/ʤ

3 
, ʢʦʵʬʬʠʮʠʝʥʪ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʥʘʪʷʞʝʥʠʷ 

ů = 0.5 ʅ/ʤ. (3 ʙʘʣʣʘ) 

8. ɻʨʘʬʠʪ ʠʤʝʝʪ ʩʣʦʠʩʪʫʶ ʩʪʨʫʢʪʫʨʫ ʠ ʧʨʠ ʪʨʝʥʠʠ ʨʘʟʚʘʣʠʚʘʝʪʩʷ ʥʘ ʦʪʜʝʣʴʥʳʝ 

ʯʝʰʫʡʢʠ. ʕʪʦ ʩʚʦʡʩʪʚʦ ʰʠʨʦʢʦ ʠʩʧʦʣʴʟʫʝʪʩʷ ʚ ʢʘʨʘʥʜʘʰʘʭ. ʆʮʝʥʠʪʝ ʢʦʣʠʯʝʩʪʚʦ 

ʩʣʦʝʚ ʛʨʘʬʠʪʘ, ʢʦʪʦʨʳʝ ʦʩʪʘʶʪʩʷ ʥʘ ʙʫʤʘʛʝ ʧʨʠ ʧʨʦʚʝʜʝʥʠʠ ʛʨʘʬʠʪʦʚʳʤ 

ʛʨʠʬʝʣʝʤ ʧʦ ʥʝʡ. ɻʨʘʬʠʪ: ʨʘʩʩʪʦʷʥʠʝ ʤʝʞʜʫ ʩʣʦʷʤʠ ï 0.35 ʥʤ. ɼʦʧʦʣʥʠʪʝʣʴʥʳʝ 

ʥʝʦʙʭʦʜʠʤʳʝ ɺʘʤ ʜʘʥʥʳʝ ʚʚʝʜʠʪʝ ʩʘʤʠ. (4 ʙʘʣʣʘ) 

9. ʆʜʥʠʤ ʠʟ ʥʘʧʨʘʚʣʝʥʠʡ ʨʘʟʚʠʪʠʷ ʵʥʝʨʛʝʪʠʢʠ ʷʚʣʷʝʪʩʷ ʩʦʟʜʘʥʠʝ ʜʚʠʛʘʪʝʣʝʡ. 

ʈʘʩʩʤʦʪʠʤ ʷʜʝʨʥʳʡ ʬʦʪʦʥʥʳʡ ʜʚʠʛʘʪʝʣʴ. ʊʘʢʦʡ ʜʚʠʛʘʪʝʣʴ ʩʦʩʪʦʠʪ ʠʟ 

ʠʟʣʫʯʘʪʝʣʷ, ʨʘʩʧʦʣʦʞʝʥʥʦʛʦ ʥʘ ʢʦʩʤʠʯʝʩʢʦʤ ʢʦʨʘʙʣʝ, ʠ ʟʝʨʢʘʣʘ 

ʧʝʨʝʠʟʣʫʯʘʶʱʝʛʦ ʵʪʠ ʬʦʪʦʥʳ ʚ ʧʨʦʩʪʨʘʥʩʪʚʦ ʚʥʝ ʢʦʨʘʙʣʷ. ʆʮʝʥʠʪʝ 

ʤʠʥʠʤʘʣʴʥʫʶ ʤʦʱʥʦʩʪʴ ʠʟʣʫʯʝʥʠʷ, ʥʝʦʙʭʦʜʠʤʫʶ ʜʣʷ ʪʦʛʦ, ʯʪʦʙʳ ʢʦʩʤʠʯʝʩʢʠʡ 

ʘʧʧʘʨʘʪ ʤʘʩʩʦʡ 2000 ʪʦʥʥ ʩ ʬʦʪʦʥʥʳʤ ʜʚʠʛʘʪʝʣʝʤ ʧʦʢʠʥʫʣ ʧʨʝʜʝʣʳ ʉʦʣʥʝʯʥʦʡ 

ʩʠʩʪʝʤʳ. ʄʘʩʩʘ ʉʦʣʥʮʘ ʚ 3.3Ŀ10
5 
ʨʘʟ ʙʦʣʴʰʝ ʤʘʩʩʳ ɿʝʤʣʠ. ʄʘʩʩʘ ɿʝʤʣʠ 

M = 5.9Ŀ10
24 
ʢʛ, ʨʘʜʠʫʩ ɿʝʤʣʠ R = 6378 ʢʤ. ɻʨʘʚʠʪʘʮʠʦʥʥʘʷ ʧʦʩʪʦʷʥʥʘʷ 

G = 6.6Ŀ10
ī11 
ʤ

3
ʢʛ
ī1
ʩ
ī2

. (2 ʙʘʣʣʘ) 

 

ɺʘʨʠʘʥʪ 3. ɺʘʨʠʘʪʠʚʥʘʷ ʯʘʩʪʴ ʧʦ ʢʦʥʪʨʦʣʶ ʦʙʱʠʭ ʟʥʘʥʠʡ ʧʦ ʬʠʟʠʢʝ 

(ʝʩʣʠ ɺʳ ʨʝʰʠʣʠ ʥʝ ʚʩʝ ʟʘʜʘʥʠʷ ï ʥʠʯʝʛʦ ʩʪʨʘʰʥʦʛʦ, ʛʣʘʚʥʦʝ ï ʧʦʢʘʞʠʪʝ, ʯʪʦ ɺʳ 

ʟʥʘʝʪʝ ʦʩʥʦʚʳ ʬʠʟʠʢʠ) 

1. ʂʘʢʦʡ ʠʟ ʩʧʦʩʦʙʦʚ ʥʘʠʙʦʣʝʝ ʵʬʬʝʢʪʠʚʝʥ ʜʣʷ ʚʦʟʙʫʞʜʝʥʠʷ ʣʶʤʠʥʝʩʮʝʥʮʠʠ 

ʢʚʘʥʪʦʚʳʭ ʪʦʯʝʢ ʩʫʣʴʬʠʜʘ ʩʚʠʥʮʘ? ʆʪʚʝʪ ʧʦʷʩʥʠʪʝ. (2 ʙʘʣʣʘ)  

2. ɺ ʢʘʢʦʤ ʜʠʘʧʘʟʦʥʝ ʩʧʝʢʪʨʘ ʙʫʜʫʪ ʧʦʛʣʦʱʘʪʴ ʢʚʘʥʪʦʚʳʝ ʪʦʯʢʠ ʢʘʨʙʠʜʘ ʢʨʝʤʥʠʷ ʩ 

ʰʠʨʠʥʦʡ ʟʘʧʨʝʱʝʥʥʦʡ ʟʦʥʳ ʦʢʦʣʦ 3 ʵɺ? ɺ ʢʘʢʦʡ ʦʙʣʘʩʪʠ ʩʧʝʢʪʨʘ ʦʥʠ ʙʫʜʫʪ 

ʣʶʤʠʥʝʩʮʠʨʦʚʘʪʴ (çʩʚʝʪʠʪʴʩʷè) ʠ ʧʦʯʝʤʫ? (2 ʙʘʣʣʘ) 

3. ɺ XVII  ʚʝʢʝ ʙʳʣ ʠʟʦʙʨʝʪʝʥ ʧʝʨʚʳʡ ʦʧʪʠʯʝʩʢʠʡ ʤʠʢʨʦʩʢʦʧ. ɺʩʢʦʨʝ ʧʦʩʣʝ ʵʪʦʛʦ 

ʃʝʚʝʥʛʫʢ ʧʨʠʤʝʥʠʣ ʵʪʦ ʠʟʦʙʨʝʪʝʥʠʝ, ʯʪʦ ʧʦʟʚʦʣʠʣʦ ʝʤʫ ʩʜʝʣʘʪʴ ʨʷʜ ʚʘʞʥʳʭ 

ʦʪʢʨʳʪʠʡ ʚ ʦʙʣʘʩʪʠ ʙʠʦʣʦʛʠʠ ʢʣʝʪʢʠ. ʂʘʢʠʤ ʦʙʨʘʟʦʤ ʤʦʞʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ  

ʦʧʪʠʯʝʩʢʠʡ ʤʠʢʨʦʩʢʦʧ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʠʥʬʦʨʤʘʮʠʠ ʦ ʥʘʥʦʦʙʲʝʢʪʘʭ? (2 ʙʘʣʣʘ) 
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4. ʀʟʚʝʩʪʥʦ, ʯʪʦ ʥʘʥʦʯʘʩʪʠʮʳ ʦʙʣʘʜʘʶʪ ʙʦʣʴʰʦʡ ʫʜʝʣʴʥʦʡ ʧʦʚʝʨʭʥʦʩʪʴʶ, ʯʪʦ 

ʠʩʧʦʣʴʟʫʝʪʩʷ ʚ ʢʘʪʘʣʠʟʝ ʠ ʩʝʥʩʦʨʠʢʝ. ʆʮʝʥʠʪʝ ʫʜʝʣʴʥʫʶ ʧʣʦʱʘʜʴ ʧʦʚʝʨʭʥʦʩʪʠ 

ʜʣʷ ʧʦʨʦʰʢʘ ʩʬʝʨʠʯʝʩʢʠʭ ʥʘʥʦʯʘʩʪʠʮ ʢʨʝʤʥʠʷ ʩ ʜʠʘʤʝʪʨʦʤ 6 ʥʤ (ʧʣʦʪʥʦʩʪʴ 

2.3 ʛ/ʩʤ
3
). (1 ʙʘʣʣ) 

5. ʇʨʦʠʟʦʡʜʝʪ ʣʠ ʩʪʦʣʢʥʦʚʝʥʠʝ ʜʚʫʭ ʦʜʥʦʠʤʝʥʥʦ ʟʘʨʷʞʝʥʥʳʭ ʥʘʥʦʯʘʩʪʠʮ 

ʨʘʜʠʫʩʦʤ 1 ʥʤ, ʜʚʠʞʫʱʠʭʩʷ ʥʘʚʩʪʨʝʯʫ ʜʨʫʛ ʜʨʫʛʫ ʩ ʦʜʠʥʘʢʦʚʦʡ ʩʢʦʨʦʩʪʴʶ 

200 ʤ/ʩ. ɿʘʨʷʜ ʯʘʩʪʠʮ 3.2 10
-19

 ʂʣ. (1 ʙʘʣʣ) 

6. ɼʚʫʭʤʝʨʥʳʡ ʥʘʥʦʤʘʪʝʨʠʘʣ çʛʨʘʬʘʥè ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʧʦʣʥʦʩʪʴʶ 

ʛʠʜʨʠʨʦʚʘʥʥʫʶ ʛʨʘʬʠʪʦʚʫʶ ʧʣʦʩʢʦʩʪʴ. ʆʧʨʝʜʝʣʠʪʝ ʙʨʫʪʪʦ-ʬʦʨʤʫʣʫ ʛʨʘʬʘʥʘ. 

ɻʨʘʬʘʥ ʧʨʝʜʣʘʛʘʝʪʩʷ ʠʩʧʦʣʴʟʦʚʘʪʴ ʜʣʷ ʭʨʘʥʝʥʠʷ ʚʦʜʦʨʦʜʘ. ɺʘʞʥʝʡʰʘʷ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʘ ʤʝʪʦʜʘ ʭʨʘʥʝʥʠʷ ï ʵʪʦ ʦʪʥʦʰʝʥʠʝ ʤʘʩʩʳ çʩʦʭʨʘʥʷʝʤʦʛʦ 

ʚʦʜʦʨʦʜʘè ʢ ʤʘʩʩʝ çʢʦʥʪʝʡʥʝʨʘè. ʏʝʤ ʙʦʣʴʰʝ ʵʪʦ ʦʪʥʦʰʝʥʠʝ, ʪʝʤ ʣʫʯʰʝ. ɻʜʝ 

ʚʳʛʦʜʥʝʝ ʭʨʘʥʠʪʴ ʚʦʜʦʨʦʜ ï ʚ ʛʨʘʬʘʥʝ ʠʣʠ ʚ ʩʪʘʣʴʥʦʤ ʙʘʣʣʦʥʝ ʚʝʩʦʤ 10 ʢʛ, 

ʦʙʲʸʤʦʤ 20 ʣ ʧʦʜ ʜʘʚʣʝʥʠʝʤ 100 ʙʘʨ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ? (2 ʙʘʣʣʘ) 

7. ʇʨʠ ʧʘʜʝʥʠʠ ʢʘʧʣʠ ʨʪʫʪʠ ʨʘʟʤʝʨʘ ʧʦʨʷʜʢʘ 1 ʤʤ ʩ ʚʳʩʦʪʳ 5 ʩʤ ʥʘ ʪʚʝʨʜʫʶ 

ʤʝʪʘʣʣʠʯʝʩʢʫʶ ʧʦʚʝʨʭʥʦʩʪʴ, ʦʥʘ ʨʘʟʙʠʚʘʝʪʩʷ ʥʘ ʥʝʢʦʪʦʨʦʝ ʯʠʩʣʦ ʦʜʠʥʘʢʦʚʳʭ 

ʢʘʧʝʣʴ. ʈʘʟʦʙʴʝʪʩʷ ʣʠ ʢʘʧʣʷ ʨʪʫʪʠ ʨʘʟʤʝʨʦʤ 100 ʥʤ ʧʨʠ ʧʘʜʝʥʠʠ ʩ ʪʦʡ ʞʝ 

ʚʳʩʦʪʳ? ʈʪʫʪʴ: ʧʣʦʪʥʦʩʪʴ ɟ = 1.3Ŀ10
4 
ʢʛ/ʤ

3
, ʢʦʵʬʬʠʮʠʝʥʪ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ 

ʥʘʪʷʞʝʥʠʷ ů = 0.5 ʅ/ʤ. (3 ʙʘʣʣʘ) 

8. ɻʨʘʬʠʪ ʠʤʝʝʪ ʩʣʦʠʩʪʫʶ ʩʪʨʫʢʪʫʨʫ ʠ ʧʨʠ ʪʨʝʥʠʠ ʨʘʟʚʘʣʠʚʘʝʪʩʷ ʥʘ ʦʪʜʝʣʴʥʳʝ 

ʯʝʰʫʡʢʠ. ʕʪʦ ʩʚʦʡʩʪʚʦ ʰʠʨʦʢʦ ʠʩʧʦʣʴʟʫʝʪʩʷ ʚ ʢʘʨʘʥʜʘʰʘʭ. ʆʮʝʥʠʪʝ ʢʦʣʠʯʝʩʪʚʦ 

ʩʣʦʝʚ ʛʨʘʬʠʪʘ, ʢʦʪʦʨʳʝ ʦʩʪʘʶʪʩʷ ʥʘ ʙʫʤʘʛʝ ʧʨʠ ʧʨʦʚʝʜʝʥʠʠ ʛʨʘʬʠʪʦʚʳʤ 

ʛʨʠʬʝʣʝʤ ʧʦ ʥʝʡ. ɻʨʘʬʠʪ: ʨʘʩʩʪʦʷʥʠʝ ʤʝʞʜʫ ʩʣʦʷʤʠ ï 0.35 ʥʤ. ɼʦʧʦʣʥʠʪʝʣʴʥʳʝ 

ʥʝʦʙʭʦʜʠʤʳʝ ɺʘʤ ʜʘʥʥʳʝ ʚʚʝʜʠʪʝ ʩʘʤʠ. (4 ʙʘʣʣʘ) 

9. ʆʜʥʠʤ ʠʟ ʥʘʧʨʘʚʣʝʥʠʡ ʨʘʟʚʠʪʠʷ ʵʥʝʨʛʝʪʠʢʠ ʷʚʣʷʝʪʩʷ ʩʦʟʜʘʥʠʝ ʜʚʠʛʘʪʝʣʝʡ. 

ʈʘʩʩʤʦʪʠʤ ʷʜʝʨʥʳʡ ʬʦʪʦʥʥʳʡ ʜʚʠʛʘʪʝʣʴ. ʊʘʢʦʡ ʜʚʠʛʘʪʝʣʴ ʩʦʩʪʦʠʪ ʠʟ 

ʠʟʣʫʯʘʪʝʣʷ, ʨʘʩʧʦʣʦʞʝʥʥʦʛʦ ʥʘ ʢʦʩʤʠʯʝʩʢʦʤ ʢʦʨʘʙʣʝ, ʠ ʟʝʨʢʘʣʘ 

ʧʝʨʝʠʟʣʫʯʘʶʱʝʛʦ ʵʪʠ ʬʦʪʦʥʳ ʚ ʧʨʦʩʪʨʘʥʩʪʚʦ ʚʥʝ ʢʦʨʘʙʣʷ. ʆʮʝʥʠʪʝ 

ʤʠʥʠʤʘʣʴʥʫʶ ʤʦʱʥʦʩʪʴ ʠʟʣʫʯʝʥʠʷ, ʥʝʦʙʭʦʜʠʤʫʶ ʜʣʷ ʪʦʛʦ, ʯʪʦʙʳ ʢʦʩʤʠʯʝʩʢʠʡ 

ʘʧʧʘʨʘʪ ʤʘʩʩʦʡ 2000 ʪʦʥʥ ʩ ʬʦʪʦʥʥʳʤ ʜʚʠʛʘʪʝʣʝʤ ʧʦʢʠʥʫʣ ʧʨʝʜʝʣʳ ʉʦʣʥʝʯʥʦʡ 

ʩʠʩʪʝʤʳ. ʄʘʩʩʘ ʉʦʣʥʮʘ ʚ 3.3Ŀ10
5 
ʨʘʟ ʙʦʣʴʰʝ ʤʘʩʩʳ ɿʝʤʣʠ. ʄʘʩʩʘ ɿʝʤʣʠ 

M = 5.9Ŀ10
24 
ʢʛ, ʨʘʜʠʫʩ ɿʝʤʣʠ R = 6378 ʢʤ. ɻʨʘʚʠʪʘʮʠʦʥʥʘʷ ʧʦʩʪʦʷʥʥʘʷ 

G = 6.6Ŀ10
ī11 
ʤ

3
ʢʛ
ī1
ʩ
ī2 

. (2 ʙʘʣʣʘ) 
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ɺʘʨʠʘʥʪ 4. ɺʘʨʠʘʪʠʚʥʘʷ ʯʘʩʪʴ ʧʦ ʢʦʥʪʨʦʣʶ ʦʙʱʠʭ ʟʥʘʥʠʡ ʧʦ ʬʠʟʠʢʝ 

(ʝʩʣʠ ɺʳ ʨʝʰʠʣʠ ʥʝ ʚʩʝ ʟʘʜʘʥʠʷ ï ʥʠʯʝʛʦ ʩʪʨʘʰʥʦʛʦ, ʛʣʘʚʥʦʝ ï ʧʦʢʘʞʠʪʝ, ʯʪʦ ɺʳ 

ʟʥʘʝʪʝ ʦʩʥʦʚʳ ʬʠʟʠʢʠ) 

1. ʂʘʢʦʡ ʠʟ ʩʧʦʩʦʙʦʚ ʥʘʠʙʦʣʝʝ ʵʬʬʝʢʪʠʚʝʥ ʜʣʷ ʚʦʟʙʫʞʜʝʥʠʷ ʣʶʤʠʥʝʩʮʝʥʮʠʠ 

ʢʚʘʥʪʦʚʳʭ ʪʦʯʝʢ ʪʝʣʣʫʨʠʜʘ ʢʘʜʤʠʷ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʦʙʲʝʤʥʳʤ ʤʘʪʝʨʠʘʣʦʤ? 

ʆʪʚʝʪ ʧʦʷʩʥʠʪʝ. (2 ʙʘʣʣʘ) 

2. ɺ ʢʘʢʦʤ ʜʠʘʧʘʟʦʥʝ ʩʧʝʢʪʨʘ ʙʫʜʫʪ ʧʦʛʣʦʱʘʪʴ ʢʚʘʥʪʦʚʳʝ ʪʦʯʢʠ ʢʨʝʤʥʠʷ ʩ 

ʰʠʨʠʥʦʡ ʟʘʧʨʝʱʝʥʥʦʡ ʟʦʥʳ ʤʝʥʝʝ 1 ʵɺ? ɺ ʢʘʢʦʡ ʦʙʣʘʩʪʠ ʩʧʝʢʪʨʘ ʦʥʠ ʙʫʜʫʪ 

ʣʶʤʠʥʝʩʮʠʨʦʚʘʪʴ (çʩʚʝʪʠʪʴʩʷè) ʠ ʧʦʯʝʤʫ? (2 ʙʘʣʣʘ) 

3. ɺ XVII  ʚʝʢʝ ʙʳʣ ʠʟʦʙʨʝʪʝʥ ʧʝʨʚʳʡ ʦʧʪʠʯʝʩʢʠʡ ʤʠʢʨʦʩʢʦʧ. ɺʩʢʦʨʝ ʧʦʩʣʝ ʵʪʦʛʦ 

ʃʝʚʝʥʛʫʢ ʧʨʠʤʝʥʠʣ ʵʪʦ ʠʟʦʙʨʝʪʝʥʠʝ, ʯʪʦ ʧʦʟʚʦʣʠʣʦ ʝʤʫ ʩʜʝʣʘʪʴ ʨʷʜ ʚʘʞʥʳʭ 

ʦʪʢʨʳʪʠʡ ʚ ʦʙʣʘʩʪʠ ʙʠʦʣʦʛʠʠ ʢʣʝʪʢʠ. ʂʘʢʦʚʳ ʤʠʥʠʤʘʣʴʥʳʝ ʨʘʟʤʝʨʳ ʦʙʲʝʢʪʦʚ, 

ʨʘʟʣʠʯʠʤʳʭ ʚ ʦʧʪʠʯʝʩʢʦʤ ʤʠʢʨʦʩʢʦʧʝ ʧʨʠ ʧʦʜʩʚʝʪʢʝ ʟʝʣʝʥʳʤ ʩʚʝʪʦʤ? (2 ʙʘʣʣʘ) 

4. ʀʟʚʝʩʪʥʦ, ʯʪʦ ʥʘʥʦʯʘʩʪʠʮʳ ʦʙʣʘʜʘʶʪ ʙʦʣʴʰʦʡ ʫʜʝʣʴʥʦʡ ʧʦʚʝʨʭʥʦʩʪʴʶ, ʯʪʦ 

ʠʩʧʦʣʴʟʫʝʪʩʷ ʚ ʢʘʪʘʣʠʟʝ ʠ ʩʝʥʩʦʨʠʢʝ. ʆʮʝʥʠʪʝ ʫʜʝʣʴʥʫʶ ʧʣʦʱʘʜʴ ʧʦʚʝʨʭʥʦʩʪʠ 

ʜʣʷ ʧʦʨʦʰʢʘ ʩʬʝʨʠʯʝʩʢʠʭ ʥʘʥʦʯʘʩʪʠʮ ʢʨʝʤʥʠʷ ʩ ʜʠʘʤʝʪʨʦʤ 8 ʥʤ (ʧʣʦʪʥʦʩʪʴ 

2.3 ʛ/ʩʤ
3
). (1 ʙʘʣʣ) 

5. ʇʨʦʠʟʦʡʜʝʪ ʣʠ ʩʪʦʣʢʥʦʚʝʥʠʝ ʜʚʫʭ ʦʜʥʦʠʤʝʥʥʦ ʟʘʨʷʞʝʥʥʳʭ ʥʘʥʦʯʘʩʪʠʮ 

ʨʘʜʠʫʩʦʤ 1 ʥʤ, ʜʚʠʞʫʱʠʭʩʷ ʥʘʚʩʪʨʝʯʫ ʜʨʫʛ ʜʨʫʛʫ ʩ ʦʜʠʥʘʢʦʚʦʡ ʩʢʦʨʦʩʪʴʶ 

250 ʤ/ʩ? ɿʘʨʷʜ ʯʘʩʪʠʮ 3.2 10
-19

 ʂʣ. (1 ʙʘʣʣ) 

6. ɼʚʫʭʤʝʨʥʳʡ ʥʘʥʦʤʘʪʝʨʠʘʣ çʛʨʘʬʘʥè ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʧʦʣʥʦʩʪʴʶ 

ʛʠʜʨʠʨʦʚʘʥʥʫʶ ʛʨʘʬʠʪʦʚʫʶ ʧʣʦʩʢʦʩʪʴ. ʆʧʨʝʜʝʣʠʪʝ ʙʨʫʪʪʦ-ʬʦʨʤʫʣʫ ʛʨʘʬʘʥʘ. 

ɻʨʘʬʘʥ ʧʨʝʜʣʘʛʘʝʪʩʷ ʠʩʧʦʣʴʟʦʚʘʪʴ ʜʣʷ ʭʨʘʥʝʥʠʷ ʚʦʜʦʨʦʜʘ. ɺʘʞʥʝʡʰʘʷ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʘ ʤʝʪʦʜʘ ʭʨʘʥʝʥʠʷ ï ʵʪʦ ʦʪʥʦʰʝʥʠʝ ʤʘʩʩʳ çʩʦʭʨʘʥʷʝʤʦʛʦ 

ʚʦʜʦʨʦʜʘè ʢ ʤʘʩʩʝ çʢʦʥʪʝʡʥʝʨʘè. ʏʝʤ ʙʦʣʴʰʝ ʵʪʦ ʦʪʥʦʰʝʥʠʝ, ʪʝʤ ʣʫʯʰʝ. ɻʜʝ 

ʚʳʛʦʜʥʝʝ ʭʨʘʥʠʪʴ ʚʦʜʦʨʦʜ ï ʚ ʛʨʘʬʘʥʝ ʠʣʠ ʚ ʩʪʘʣʴʥʦʤ ʙʘʣʣʦʥʝ ʚʝʩʦʤ 20 ʢʛ, 

ʦʙʲʸʤʦʤ 50 ʣ ʧʦʜ ʜʘʚʣʝʥʠʝʤ 150 ʙʘʨ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ? (2 ʙʘʣʣʘ) 

7. ʂʘʧʣʷ ʨʪʫʪʠ ʨʘʜʠʫʩʦʤ 1ʤʤ ʧʨʠ ʧʘʜʝʥʠʠ ʥʘ ʪʚʝʨʜʫʶ ʧʦʚʝʨʭʥʦʩʪʴ ʩ ʚʳʩʦʪʳ 1ʤ 

ʨʘʟʙʠʚʘʝʪʩʷ ʥʘ ʥʝʢʦʪʦʨʦʝ ʯʠʩʣʦ ʦʜʠʥʘʢʦʚʳʭ ʢʘʧʝʣʴ. ʆʮʝʥʠʪʝ ʠʭ ʨʘʟʤʝʨ. ʈʪʫʪʴ: 

ʧʣʦʪʥʦʩʪʴ ɟ = 1.3Ŀ10
4 
ʢʛ/ʤ

3 
, ʢʦʵʬʬʠʮʠʝʥʪ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʥʘʪʷʞʝʥʠʷ ů = 0.5 

ʅ/ʤ. (3 ʙʘʣʣʘ) 

8. ɻʨʘʬʠʪ ʠʤʝʝʪ ʩʣʦʠʩʪʫʶ ʩʪʨʫʢʪʫʨʫ ʠ ʧʨʠ ʪʨʝʥʠʠ çʨʘʟʚʘʣʠʚʘʝʪʩʷè ʥʘ ʦʪʜʝʣʴʥʳʝ 

ʯʝʰʫʡʢʠ. ʕʪʦ ʩʚʦʡʩʪʚʦ ʰʠʨʦʢʦ ʠʩʧʦʣʴʟʫʝʪʩʷ ʚ ʢʘʨʘʥʜʘʰʘʭ. ʆʮʝʥʠʪʝ ʢʦʣʠʯʝʩʪʚʦ 

ʩʣʦʝʚ ʛʨʘʬʠʪʘ, ʢʦʪʦʨʳʝ ʦʩʪʘʶʪʩʷ ʥʘ ʙʫʤʘʛʝ ʧʨʠ ʧʨʦʚʝʜʝʥʠʠ ʛʨʘʬʠʪʦʚʳʤ 
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ʛʨʠʬʝʣʝʤ ʧʦ ʥʝʡ. ɻʨʘʬʠʪ: ʨʘʩʩʪʦʷʥʠʝ ʤʝʞʜʫ ʩʣʦʷʤʠ ï 0.35 ʥʤ. ɼʦʧʦʣʥʠʪʝʣʴʥʳʝ 

ʥʝʦʙʭʦʜʠʤʳʝ ɺʘʤ ʜʘʥʥʳʝ ʚʚʝʜʠʪʝ ʩʘʤʠ. (4 ʙʘʣʣʘ) 

9. ʆʜʥʠʤ ʠʟ ʥʘʧʨʘʚʣʝʥʠʡ ʨʘʟʚʠʪʠʷ ʵʥʝʨʛʝʪʠʢʠ ʷʚʣʷʝʪʩʷ ʩʦʟʜʘʥʠʝ ʜʚʠʛʘʪʝʣʝʡ. 

ʈʘʩʩʤʦʪʠʤ ʷʜʝʨʥʳʡ ʬʦʪʦʥʥʳʡ ʜʚʠʛʘʪʝʣʴ. ʊʘʢʦʡ ʜʚʠʛʘʪʝʣʴ ʩʦʩʪʦʠʪ ʠʟ 

ʠʟʣʫʯʘʪʝʣʷ, ʨʘʩʧʦʣʦʞʝʥʥʦʛʦ ʥʘ ʢʦʩʤʠʯʝʩʢʦʤ ʢʦʨʘʙʣʝ, ʠ ʟʝʨʢʘʣʘ 

ʧʝʨʝʠʟʣʫʯʘʶʱʝʛʦ ʵʪʠ ʬʦʪʦʥʳ ʚ ʧʨʦʩʪʨʘʥʩʪʚʦ ʚʥʝ ʢʦʨʘʙʣʷ. ʆʮʝʥʠʪʝ 

ʤʠʥʠʤʘʣʴʥʫʶ ʤʦʱʥʦʩʪʴ ʠʟʣʫʯʝʥʠʷ, ʥʝʦʙʭʦʜʠʤʫʶ ʜʣʷ ʪʦʛʦ, ʯʪʦʙʳ ʢʦʩʤʠʯʝʩʢʠʡ 

ʘʧʧʘʨʘʪ ʤʘʩʩʦʡ 1000 ʪʦʥʥ ʩ ʬʦʪʦʥʥʳʤ ʜʚʠʛʘʪʝʣʝʤ ʧʨʝʦʜʦʣʝʣ ʛʨʘʚʠʪʘʮʠʦʥʥʦʝ 

ʧʨʠʪʷʞʝʥʠʝ ʥʝʙʝʩʥʦʛʦ ʪʝʣʘ ʤʘʩʩʦʡ 20 ʤʘʩʩ ɿʝʤʣʠ. ʄʘʩʩʘ ɿʝʤʣʠ M = 5.9Ā10
24 
ʢʛ, 

ʨʘʜʠʫʩ ɿʝʤʣʠ R = 6378 ʢʤ. ɻʨʘʚʠʪʘʮʠʦʥʥʘʷ ʧʦʩʪʦʷʥʥʘʷ G = 6.6Ā10
ī11 
ʤ

3
ʢʛ
ī1
ʩ
ī2

. 

(3 ʙʘʣʣʘ) 

 

ʉʣʦʞʥʳʝ ʟʘʜʘʥʠʷ 

(ʝʩʣʠ ɺʳ ʨʝʰʠʣʠ ʥʝ ʚʩʝ ʟʘʜʘʥʠʷ ï ʥʠʯʝʛʦ ʩʪʨʘʰʥʦʛʦ, ʛʣʘʚʥʦʝ ï ʨʝʰʘʪʴ ʠʭ ʥʘ ʭʦʨʦʰʝʤ 

ʫʨʦʚʥʝ, ʧʦʢʘʟʳʚʘʶʱʝʤ ɺʘʰʠ ʟʥʘʥʠʷ ʠ ʵʨʫʜʠʮʠʶ ʚ ʬʠʟʠʢʝ. ɿʘʜʘʥʠʷ ʤʦʞʥʦ ʨʝʰʘʪʴ ʚ 

ʣʶʙʦʤ ʧʦʨʷʜʢʝ, ʘ ʪʘʢʞʝ ʯʘʩʪʷʤʠ, ʟʘ ʚʩʝ ʚʝʨʥʳʝ ʦʪʚʝʪʳ ʧʦ ʪʝʤʝ ʥʘʯʠʩʣʷʶʪʩʷ ʙʘʣʣʳ) 

1. ʇʨʝʜʧʦʣʘʛʘʝʪʩʷ, ʯʪʦ ʜʚʫʭʤʝʨʥʳʡ ʫʛʣʝʨʦʜʥʳʡ ʤʘʪʝʨʠʘʣ ʛʨʘʬʝʥ ʷʚʣʷʝʪʩʷ 

ʫʥʠʢʘʣʴʥʳʤ ʛʘʟʦʚʳʤ ʩʝʥʩʦʨʦʤ. ʕʣʝʢʪʨʠʯʝʩʢʦʝ ʩʦʧʨʦʪʠʚʣʝʥʠʝ ʛʨʘʬʝʥʘ ʠʟʤʝʥʷʝʪʩʷ 

ʧʨʠ ʫʜʘʨʝ ʦ ʝʛʦ ʧʦʚʝʨʭʥʦʩʪʴ ʜʘʞʝ ʦʜʥʦʡ ʤʦʣʝʢʫʣʳ ʛʘʟʘ! ʊʘʢʠʤ ʦʙʨʘʟʦʤ, 

ʧʨʠʩʫʪʩʪʚʠʝ ʚʩʝʛʦ ʦʜʥʦʡ ʛʘʟʦʚʦʡ ʤʦʣʝʢʫʣʳ ʦʧʨʝʜʝʣʝʥʥʦʛʦ ʪʠʧʘ ʤʦʞʝʪ ʙʳʪʴ 

ʟʘʨʝʛʠʩʪʨʠʨʦʚʘʥʦ. ʇʫʩʪʴ ʩʝʥʩʦʨ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʧʨʷʤʦʫʛʦʣʴʥʳʡ 

ʧʘʨʘʣʣʝʣʝʧʠʧʝʜ. ʅʘ ʜʥʝ ʣʝʞʠʪ ʛʨʘʬʝʥʦʚʘʷ ʧʣʘʩʪʠʥʢʘ-ʩʝʥʩʦʨ (ʜʝʪʝʢʪʦʨ). ɺʳʩʦʪʘ 

ʫʩʪʨʦʡʩʪʚʘ 10 ʩʤ. ʉʝʥʩʦʨ ʨʝʛʠʩʪʨʠʨʫʝʪ ʤʦʣʝʢʫʣʳ ɸ. ʉʨʝʜʥʷʷ ʩʢʦʨʦʩʪʴ ʠʭ 

ʜʚʠʞʝʥʠʷ ʩʦʩʪʘʚʣʷʝʪ 500 ʤ/ʩʝʢ. ɺ ʤʠʥʫʪʫ ʜʘʪʯʠʢ ʬʠʢʩʠʨʫʝʪ 5*10
5
ʩʪʦʣʢʥʦʚʝʥʠʡ. 

ʉʢʦʣʴʢʦ ʤʦʣʝʢʫʣ ɸ ʥʘʭʦʜʠʪʩʷ ʚ ʜʘʪʯʠʢʝ (ʩʪʦʣʢʥʦʚʝʥʠʷ ʩ ʙʦʢʦʚʳʤʠ ʩʪʝʥʢʘʤʠ 

ʥʝʚʦʟʤʦʞʥʳ)? ʂʘʢ ʥʫʞʥʦ ʠʟʤʝʥʠʪʴ ʤʦʣʝʢʫʣʷʨʥʫʶ ʤʘʩʩʫ ɸ (ʵʪʦ ʙʫʜʝʪ ʛʘʟ ɹ), ʯʪʦʙʳ 

ʜʘʚʣʝʥʠʝ, ʦʢʘʟʳʚʘʝʤʦʝ ʥʘ ʛʨʘʬʝʥ, ʦʩʪʘʣʦʩʴ ʧʨʝʞʥʠʤ ʧʨʠ ʫʤʝʥʴʰʝʥʠʠ ʩʢʦʨʦʩʪʠ 

ʜʚʠʞʝʥʠʷ ʤʦʣʝʢʫʣ ʚ 5 ʨʘʟ? ʉʢʦʣʴʢʦ ʩʪʦʣʢʥʦʚʝʥʠʡ ʙʫʜʝʪ ʬʠʢʩʠʨʦʚʘʪʴ ʚʦ ʚʪʦʨʦʤ 

ʩʣʫʯʘʝ ʜʘʪʯʠʢ, ʝʩʣʠ ʚ ʩʦʩʫʜʝ ʦʩʪʘʥʝʪʩʷ ʪʦʣʴʢʦ ʦʜʥʘ ʤʦʣʝʢʫʣʘ? ʏʪʦ ʧʨʦʠʟʦʡʜʝʪ ʩ 

ʢʦʣʠʯʝʩʪʚʦʤ ʬʠʢʩʠʨʫʝʤʳʭ ʩʪʦʣʢʥʦʚʝʥʠʡ, ʝʩʣʠ ʩʤʝʰʘʪʴ ʛʘʟ ɸ ʠ ʛʘʟ ɹ? ʀʤʝʝʪ ʣʠ 

ʧʦʣʫʯʝʥʥʳʡ ʨʝʟʫʣʴʪʘʪ ʧʨʘʢʪʠʯʝʩʢʠʡ ʩʤʳʩʣ? ʂʘʢ ʙʳ ɺʳ ʠʟʦʙʨʘʟʠʣʠ ʟʘʚʠʩʠʤʦʩʪʴ ʦʪ 

ʚʨʝʤʝʥʠ ʩʝʥʩʦʨʥʦʛʦ ʩʠʛʥʘʣʘ ʥʘ ʪʘʢʦʤ ʜʘʪʯʠʢʝ ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʧʝʨʠʦʜʘʭ ʩʯʠʪʳʚʘʥʠʷ 

ʠʟʤʝʨʷʝʤʦʛʦ ʩʠʛʥʘʣʘ? ʄʦʞʝʪ ʣʠ ʚ ʢʘʯʝʩʪʚʝ ʵʣʝʤʝʥʪʘ ʧʦʜʦʙʥʦʛʦ ʛʘʟʦʚʦʛʦ ʩʝʥʩʦʨʘ 

ʠʩʧʦʣʴʟʦʚʘʪʴʩʷ ʦʜʥʦʩʪʝʥʥʘʷ ʫʛʣʝʨʦʜʥʘʷ ʥʘʥʦʪʨʫʙʢʘ, ʦʪʚʝʪ ʧʦʷʩʥʠʪʝ. (8 ʙʘʣʣʦʚ) 
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2. ɺʦʟʤʦʞʥʦʩʪʠ ʩʢʘʥʠʨʫʶʱʝʛʦ ʪʫʥʥʝʣʴʥʦʛʦ ʤʠʢʨʦʩʢʦʧʘ (ʉʊʄ) ʥʝ ʦʛʨʘʥʠʯʠʚʘʶʪʩʷ 

ʧʦʣʫʯʝʥʠʝʤ ʟʘʤʝʯʘʪʝʣʴʥʳʭ ʠʟʦʙʨʘʞʝʥʠʡ ʦʪʜʝʣʴʥʳʭ ʘʪʦʤʦʚ. ʉʨʝʜʠ ʤʥʦʞʝʩʪʚʘ 

ʚʦʟʤʦʞʥʦʩʪʝʡ ʉʊʄ ʚʳʜʝʣʷʝʪʩʷ ʝʛʦ ʩʧʦʩʦʙʥʦʩʪʴ ʜʘʚʘʪʴ ʠʥʬʦʨʤʘʮʠʶ ʦ ʣʦʢʘʣʴʥʳʭ 

ʵʣʝʢʪʨʦʥʥʳʭ ʩʚʦʡʩʪʚʘʭ ʦʙʨʘʟʮʘ. ʆʙʳʯʥʦ ʜʣʷ ʵʪʦʛʦ ʠʟʤʝʨʷʶʪ ʚʦʣʴʪ-ʘʤʧʝʨʥʳʝ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ (ɺɸʍ) ʪʫʥʥʝʣʴʥʦʛʦ ʢʦʥʪʘʢʪʘ ʟʦʥʜ-ʧʦʚʝʨʭʥʦʩʪʴ ʚ ʟʘʜʘʥʥʳʭ ʪʦʯʢʘʭ 

ʧʦʚʝʨʭʥʦʩʪʠ. ɼʣʷ ʭʘʨʘʢʪʝʨʥʳʭ ʟʥʘʯʝʥʠʡ ʥʘʧʨʷʞʝʥʠʷ ʥʘ ʪʫʥʥʝʣʴʥʦʤ ʢʦʥʪʘʢʪʝ 

ʧʦʨʷʜʢʘ πȟρ ρˏ  ʠ ʪʫʥʥʝʣʴʥʳʭ ʪʦʢʘʭ ʥʘ ʫʨʦʚʥʝ πȟρ ρ̎  ̱ ʩʦʧʨʦʪʠʚʣʝʥʠʝ 

ʪʫʥʥʝʣʴʥʦʛʦ ʢʦʥʪʘʢʪʘ 2̓ ʧʦ ʧʦʨʷʜʢʫ ʚʝʣʠʯʠʥʳ ʩʦʩʪʘʚʣʷʝʪ ρπ ρπ˛ .̍  

3.  

ʈʠʩ.1. ʕʥʝʨʛʝʪʠʯʝʩʢʘʷ ʜʠʘʛʨʘʤʤ ʪʫʥʥʝʣʴʥʦʛʦ ʢʦʥʪʘʢʪʘ ʟʦʥʜ-ʧʦʚʝʨʭʥʦʩʪʴ:  ï 

ʵʥʝʨʛʠʷ,  ï ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʘʷ ʢʦʦʨʜʠʥʘʪʘ (ʦʩʴ ʥʘʧʨʘʚʣʝʥʘ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦ 

ʧʦʚʝʨʭʥʦʩʪʠ ʦʙʨʘʟʮʘ), Ὁl ȟ̏̂̑ ʠ Ὁl ȟ̈ ï ʫʨʦʚʥʠ (ʵʥʝʨʛʠʠ) ʌʝʨʤʠ ʦʙʨʘʟʮʘ ʠ ʟʦʥʜʘ 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ὠ̈ ï ʧʦʪʝʥʮʠʘʣ ʟʦʥʜʘ ʦʪʥʦʩʠʪʝʣʴʥʦ ʦʙʨʘʟʮʘ,  - ʟʘʨʷʜ 

ʵʣʝʢʪʨʦʥʘ. ʉʣʫʯʘʡ (ʘ) ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʦʪʩʫʪʩʪʚʠʶ ʥʘʧʨʷʞʝʥʠʷ, ʘ ʩʣʫʯʘʡ (ʙ) ï 

ʥʘʣʠʯʠʶ ʥʘʧʨʷʞʝʥʠʷ (ʨʘʟʥʦʩʪʠ ʧʦʪʝʥʮʠʘʣʦʚ) ʤʝʞʜʫ ʟʦʥʜʦʤ ʠ ʧʦʚʝʨʭʥʦʩʪʴʶ 

ʂʘʢ ʧʨʘʚʠʣʦ, ʩʦʧʨʦʪʠʚʣʝʥʠʝ ʠʩʩʣʝʜʫʝʤʳʭ ʚ ʉʊʄ ʦʙʨʘʟʮʦʚ wʦʙʨ ʩʫʱʝʩʪʚʝʥʥʦ 

ʤʝʥʴʰʝ wʪ, ʠ ʭʘʨʘʢʪʝʨ ɺɸʍ ʦʧʨʝʜʝʣʷʝʪʩʷ, ʚ ʦʩʥʦʚʥʦʤ, ʩʚʦʡʩʪʚʘʤʠ ʥʝʙʦʣʴʰʦʡ 

ʦʙʣʘʩʪʠ ʦʙʨʘʟʮʘ ʚʙʣʠʟʠ ʪʫʥʥʝʣʴʥʦʛʦ ʢʦʥʪʘʢʪʘ. ɼʣʷ ʠʥʪʝʨʧʨʝʪʘʮʠʠ ɺɸʍ ʦʯʝʥʴ 

ʯʘʩʪʦ ʠʩʧʦʣʴʟʫʶʪ ʧʦʥʷʪʠʷ ʟʦʥʥʦʡ ʪʝʦʨʠʠ ʩʪʨʦʝʥʠʷ ʪʚʝʨʜʳʭ ʪʝʣ, ʠʟʦʙʨʘʞʘʝʤʳʝ 

ʛʨʘʬʠʯʝʩʢʠ ʚ ʚʠʜʝ ʪʘʢ ʥʘʟʳʚʘʝʤʳʭ ʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʜʠʘʛʨʘʤʤ. ʕʥʝʨʛʝʪʠʯʝʩʢʘʷ 

ʜʠʘʛʨʘʤʤʘ ʦʜʠʥ ʠʟ ʩʘʤʳʭ ʪʠʧʠʯʥʳʭ ʩʣʫʯʘʝʚ ʪʫʥʥʝʣʴʥʦʛʦ ʢʦʥʪʘʢʪʘ ʟʦʥʜ-

ʧʦʚʝʨʭʥʦʩʪʴ ʚʳʛʣʷʜʠʪ ʪʘʢ, ʢʘʢ ʵʪʦ ʧʦʢʘʟʘʥʦ ʥʘ ʨʠʩ.1. 

ɺʦʧʨʦʩ 1. ʂʘʢʦʚ ʦʩʥʦʚʥʦʡ ʢʨʠʪʝʨʠʡ ʧʨʠʤʝʥʠʤʦʩʪʠ ʟʦʥʥʦʡ ʪʝʦʨʠʠ ʩʪʨʦʝʥʠʷ 

ʪʚʝʨʜʳʭ ʪʝʣ? 

ɺʦʧʨʦʩ 2. ʉʬʦʨʤʫʣʠʨʫʡʪʝ, ʯʪʦ ʪʘʢʦʝ ʫʨʦʚʝʥʴ (ʵʥʝʨʛʠʷ) ʌʝʨʤʠ? 

ɺʦʧʨʦʩ 3. ʇʦʣʦʞʠʪʝʣʝʥ ʠʣʠ ʦʪʨʠʮʘʪʝʣʝʥ ʧʦʪʝʥʮʠʘʣ ʟʦʥʜʘ ʦʪʥʦʩʠʪʝʣʴʥʦ ʦʙʨʘʟʮʘ V3 

ʥʘ ʨʠʩ.1ʙ? 
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ɺɸʍ ʪʫʥʥʝʣʴʥʦʛʦ ʢʦʥʪʘʢʪʘ ʟʦʥʜ-ʧʦʚʝʨʭʥʦʩʪʴ, ʵʥʝʨʛʝʪʠʯʝʩʢʘʷ ʜʠʘʛʨʘʤʤʘ ʢʦʪʦʨʦʛʦ 

ʠʟʦʙʨʘʞʝʥʘ ʥʘ ʨʠʩ.1, ʧʨʠ ʤʘʣʳʭ (ʧʦʨʷʜʢʘ мɺ) ʥʘʧʨʷʞʝʥʠʷʭ ʤʝʞʜʫ ʟʦʥʜʦʤ ʠ 

ʦʙʨʘʟʮʦʤ, ʧʦʢʘʟʘʥʘ ʥʘ ʨʠʩ.2. 

 

ʈʠʩ.2 (ʩʣʝʚʘ). ɺɸʍ ʪʫʥʥʝʣʴʥʦʛʦ ʢʦʥʪʘʢʪʘ ʟʦʥʜ-ʧʦʚʝʨʭʥʦʩʪʴ, ʵʥʝʨʛʝʪʠʯʝʩʢʘʷ 

ʜʠʘʛʨʘʤʤʘ ʢʦʪʦʨʦʛʦ ʧʦʢʘʟʘʥʘ ʥʘ ʨʠʩ.1: ὠ̈ ï ʥʘʧʨʷʞʝʥʠʝ (ʨʘʟʥʦʩʪʴ ʧʦʪʝʥʮʠʘʣʦʚ) 

ʤʝʞʜʫ ʟʦʥʜʦʤ ʠ ʧʦʚʝʨʭʥʦʩʪʴʶ ʦʙʨʘʟʮʘ, Ὅ̓ ï ʪʫʥʥʝʣʴʥʳʡ ʪʦʢ.  

ʈʠʩ.3 (ʩʧʨʘʚʘ). ʕʥʝʨʛʝʪʠʯʝʩʢʘʷ ʜʠʘʛʨʘʤʤʘ ʪʫʥʥʝʣʴʥʦʛʦ ʢʦʥʪʘʢʪʘ ʟʦʥʜ-

ʧʦʚʝʨʭʥʦʩʪʴ. ʋʨʦʚʥʠ ʵʥʝʨʛʠʠ Ὁ̝  ̃ʠ Ὁˏ  ̝ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʜʥʫ ʟʦʥʳ ʧʨʦʚʦʜʠʤʦʩʪʠ ʠ 

ʧʦʪʦʣʢʫ ʚʘʣʝʥʪʥʦʡ ʟʦʥʳ ʦʙʨʘʟʮʘ 

ʅʘ ʨʠʩ.3 ʠʟʦʙʨʘʞʝʥʘ ʵʥʝʨʛʝʪʠʯʝʩʢʘʷ ʜʠʘʛʨʘʤʤ ʜʣʷ ʩʣʫʯʘʷ, ʢʦʛʜʘ ʵʣʝʢʪʨʦʥʥʘʷ 

ʩʪʨʫʢʪʫʨʘ ʦʙʨʘʟʮʘ ʥʝ ʩʪʦʣʴ ʧʨʦʩʪʘ. 

ɺʦʧʨʦʩ 4. ʅʘʨʠʩʫʡʪʝ ʩʭʝʤʘʪʠʯʥʦ ɺɸʍ ʪʫʥʥʝʣʴʥʦʛʦ ʢʦʥʪʘʢʪʘ ʟʦʥʜ-ʧʦʚʝʨʭʥʦʩʪʴ, 

ʵʥʝʨʛʝʪʠʯʝʩʢʘʷ ʜʠʘʛʨʘʤʤʘ ʢʦʪʦʨʦʛʦ ʠʟʦʙʨʘʞʝʥʘ ʥʘ ʨʠʩ.3. 

ɺʦʧʨʦʩ 5. ʂ ʢʘʢʦʤʫ ʪʠʧʫ (ʧʦ ʠʭ ʵʣʝʢʪʨʠʯʝʩʢʠʤ ʩʚʦʡʩʪʚʘʤ) ʚʝʱʝʩʪʚ ʦʪʥʦʩʠʪʩʷ 

ʦʙʨʘʟʝʮ, ʵʥʝʨʛʝʪʠʯʝʩʢʘʷ ʜʠʘʛʨʘʤʤʘ ʢʦʪʦʨʦʛʦ ʠʟʦʙʨʘʞʝʥʘ ʥʘ ʨʠʩ.3? 

ʉʫʤʤʘʨʥʦ 8 ʙʘʣʣʦʚ. 

3. ʅʘ ʨʠʩʫʥʢʝ ʧʨʠʚʝʜʝʥʘ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʤ ʟʘʚʠʩʠʤʦʩʪʴ ʢʦʵʬʬʠʮʠʝʥʪʘ ʧʦʛʣʦʱʝʥʠʷ 

ʠʥʬʨʘʢʨʘʩʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʦʪ ʚʦʣʥʦʚʦʛʦ ʯʠʩʣʘ ʚ ʢʨʝʤʥʠʝʚʳʭ ʢʚʘʥʪʦʚʳʭ ʥʠʪʷʭ ʠ 

ʤʦʜʝʣʴʥʘʷ ʢʨʠʚʘʷ. ʅʘ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʠȋ ʢʨʠʚʦʠȋ ʥʘ ʬʦʥʝ ʧʦʛʣʦʱʝʥʠʷ çʥʘ 

ʭʠʤʠʯʝʩʢʠʭ ʩʚʷʟʷʭè ʚʠʜʥʘ ʥʝʤʦʥʦʪʦʥʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ. ʀʟʤʝʨʝʥʠʷ ʧʨʦʚʦʜʠʣʠʩʴ ʧʨʠ 

ʢʦʤʥʘʪʥʦʠȋ ʪʝʤʧʝʨʘʪʫʨʝ. ʂʚʘʥʪʦʚʳʝ ʥʠʪʠ ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʤʝʪʦʜʦʤ 

ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʛʦ ʪʨʘʚʣʝʥʠʷ ʚʳʩʦʢʦʣʝʛʠʨʦʚʘʥʥʳʭ ʢʨʝʤʥʠʝʚʳʭ ʧʣʘʩʪʠʥ ʩ 

ʠʩʭʦʜʥʦʠȋ ʢʦʥʮʝʥʪʨʘʮʠʝʠȋ ʥʦʩʠʪʝʣʝʠȋ ʟʘʨʷʜʘ 1020
 1/ʩʤ
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(ʇʨʠ ʤʦʜʝʣʠʨʦʚʘʥʠʠ ʛʣʘʜʢʦʡ ʢʨʠʚʦʡ ʥʘ ʨʠʩʫʥʢʝ ʠʩʧʦʣʴʟʦʚʘʣʘʩʴ ʛʠʧʦʪʝʟʘ ʦ 

ʧʦʛʣʦʱʝʥʠʠ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʛʘʟʦʤ ʩʚʦʙʦʜʥʳʭ ʥʦʩʠʪʝʣʝʠȋ ʟʘʨʷʜʘ.)  

ʇʨʝʜʣʦʞʠʪʝ ʩʚʦʝ ʦʙʲʷʩʥʝʥʠʝ ʦʙʥʘʨʫʞʝʥʥʦʠȋ ʦʩʦʙʝʥʥʦʩʪʠ ʚ ʩʧʝʢʪʨʝ ʢʦʵʬʬʠʮʠʝʥʪʘ 

ʧʦʛʣʦʱʝʥʠʷ. ʂʘʯʝʩʪʚʝʥʥʦ ʦʙʲʷʩʥʠʪʝ, ʢʘʢʦʠȋ ʜʦʣʞʥʘ ʙʳʪʴ ʢʦʥʮʝʥʪʨʘʮʠʷ ʥʦʩʠʪʝʣʝʠȋ, 

ʯʪʦʙʳ ʤʘʢʩʠʤʘʣʴʥʦʝ ʧʦʛʣʦʱʝʥʠʝ ʚ ʥʘʥʦʥʠʪʷʭ ʥʘʩʪʫʧʠʣʦ ʚ ʉɺʏ ʜʠʘʧʘʟʦʥʝ. 

(6 ʙʘʣʣʦʚ) 

4. ʂʘʧʣʠ ʟʦʣʦʪʘ ʙʳʣʠ ʩʬʦʨʤʠʨʦʚʘʥʳ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʛʨʘʬʠʪʘ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 1350 ʂ 

ʚ ʚʘʢʫʫʤʝ. ɹʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʟʘʚʠʩʠʤʦʩʪʴ ʚʳʩʦʪʳ ʢʘʧʝʣʴ ʦʪ ʜʠʘʤʝʪʨʘ (ʚ 

ʜʠʘʧʘʟʦʥʝ ʜʠʘʤʝʪʨʦʚ 10 ï 100 ʥʤ) ʣʠʥʝʡʥʘʷ ʠ ʦʧʠʩʳʚʘʝʪʩʷ ʫʨʘʚʥʝʥʠʝʤ 

H = 0.8788D - 1.11 (ʚ ʥʘʥʦʤʝʪʨʘʭ). ʆʙʲʷʩʥʠʪʝ ʥʘʙʣʶʜʘʝʤʦʝ ʷʚʣʝʥʠʝ. ʂʘʢ ɺʳ 

ʜʫʤʘʝʪʝ, ʢʘʢʠʝ ʧʘʨʘʤʝʪʨʳ ʩʠʩʪʝʤʳ ʤʦʛʫʪ ʙʳʪʴ ʧʦʣʫʯʝʥʳ ʠʟ ʧʨʝʜʩʪʘʚʣʝʥʥʳʭ 

ʜʘʥʥʳʭ? (6 ʙʘʣʣʦʚ) 

5. ʂʘʢʠʝ ʬʠʟʠʯʝʩʢʠʝ ʩʧʦʩʦʙʳ ʚʳʩʦʢʦʧʣʦʪʥʦʡ ʟʘʧʠʩʠ ʠʥʬʦʨʤʘʮʠʠ ʠ ʝʝ ʩʯʠʪʳʚʘʥʠʷ 

ɺʳ ʤʦʞʝʪʝ ʧʨʝʜʣʦʞʠʪʴ, ʧʦʷʩʥʠʪʝ ɺʘʰ ʦʪʚʝʪ (ʚʳʙʦʨ)? (5 ʙʘʣʣʦʚ) 
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ʆʯʥʳʡ ʪʫʨ (2011, ʰʢʦʣʴʥʠʢʠ, ʬʠʟʠʢʘ) 

ɺʘʨʠʘʪʠʚʥʳʡ ʙʣʦʢ ʧʨʦʩʪʳʭ ʟʘʜʘʯ 

ʅʘʙʦʨ 1 

1. ʆʜʥʘ ʠʟ ʪʝʭʥʦʣʦʛʠʡ ʩʪʨʫʡʥʦʡ ʧʝʯʘʪʠ ʧʦʜʨʘʟʫʤʝʚʘʝʪ ʚʳʜʘʚʣʠʚʘʥʠʝ ʯʝʨʥʠʣ ʠʟ 

ʩʦʧʝʣ ʧʦʤʦʱʴʶ ʧʴʝʟʦʵʣʝʤʝʥʪʘ. ɼʣʷ ʧʦʚʳʰʝʥʠʷ ʨʘʟʨʝʰʝʥʠʷ ʧʝʯʘʪʠ ʥʫʞʥʦ 

ʫʤʝʥʴʰʘʪʴ ʨʘʟʤʝʨ ʢʘʧʣʠ. ʆʮʝʥʠʪʴ ʤʦʜʫʣʴ ʖʥʛʘ ʧʴʝʟʦʵʣʝʤʝʥʪʘ ʚ ʧʝʯʘʪʘʶʱʝʡ 

ʛʦʣʦʚʢʝ ʩʪʨʫʡʥʦʛʦ ʧʨʠʥʪʝʨʘ,  ʝʩʣʠ ʨʘʟʤʝʨ ʩʦʧʝʣ ʩʦʩʪʘʚʣʷʝʪ 50 ʥʤ. 

ʆʪʥʦʩʠʪʝʣʴʥʦʝ ʫʜʣʠʥʝʥʠʝ ʧʴʝʟʦʵʣʝʢʪʨʠʢʘ Ů = 0,01%, ʢʦʵʬʬʠʮʠʝʥʪ 

ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʥʘʪʷʞʝʥʠʷ ʯʝʨʥʠʣ 50 10
-3

 ʅ/ʤ. ʏʝʨʥʠʣʘ ʩʯʠʪʘʪʴ ʩʤʘʯʠʚʘʶʱʠʤʠ 

ʧʦʚʝʨʭʥʦʩʪʴ ʜʶʟ. 

2. ʆʮʝʥʠʪʴ ʤʠʥʠʤʘʣʴʥʫʶ ʤʘʩʩʫ ʥʘʥʦʯʘʩʪʠʮʳ, ʢʦʪʦʨʫʶ ʤʦʞʥʦ ʠʟʤʝʨʠʪʴ ʩ 

ʧʦʤʦʱʴʶ ʢʚʘʨʮʝʚʦʛʦ ʨʝʟʦʥʘʪʦʨʘ, ʨʘʙʦʪʘʶʱʝʛʦ ʥʘ ʥʝʢʦʪʦʨʦʡ ʯʘʩʪʦʪʝ ɤ0. 

ʇʨʝʜʧʦʣʘʛʘʝʪʩʷ, ʯʪʦ ʥʘʥʦʯʘʩʪʠʮʘ ʧʨʠʣʠʧʘʝʪ ʢ ʧʦʚʝʨʭʥʦʩʪʠ ʢʚʘʨʮʝʚʦʛʦ 

ʨʝʟʦʥʘʪʦʨʘ ʚ ʚʠʜʝ ʧʣʘʩʪʠʥʳ, ʤʘʩʩʘ ʢʦʪʦʨʦʡ m = 1 ʛ. ʇʦʣʘʛʘʪʴ, ʯʪʦ ʤʦʞʥʦ 

ʠʟʤʝʨʠʪʴ ʯʘʩʪʦʪʫ, ʦʪʣʠʯʘʶʱʫʶʩʷ ʦʪ ʨʝʟʦʥʘʥʩʥʦʡ, ʙʦʣʝʝ ʯʝʤ ʥʘ Ů = 0,0001%. 

3. ɼʚʝ ʦʜʠʥʘʢʦʚʳʝ ʥʘʥʦʯʘʩʪʠʮʳ, ʣʝʪʷʱʠʝ ʥʘʚʩʪʨʝʯʫ ʜʨʫʛ ʜʨʫʛʫ, ʠʩʧʳʪʳʚʘʶʪ 

ʘʙʩʦʣʶʪʥʦ ʥʝʫʧʨʫʛʦʝ ʩʦʫʜʘʨʝʥʠʝ. ʏʘʩʪʠʮʳ ʠʤʝʶʪ ʢʠʥʝʪʠʯʝʩʢʠʝ ʵʥʝʨʛʠʠ ʧʦ 

E = 10
-15

 ɼʞ ʢʘʞʜʘʷ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʩʦʫʜʘʨʝʥʠʷ ʪʝʤʧʝʨʘʪʫʨʘ ʦʙʨʘʟʦʚʘʚʰʝʡʩʷ 

ʯʘʩʪʠʮʳ ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʥʘ ȹT = 1 K. ʅʘʡʪʠ ʤʘʩʩʫ ʥʘʥʦʯʘʩʪʠʮʳ, ʝʩʣʠ ʫʜʝʣʴʥʘʷ 

ʪʝʧʣʦʝʤʢʦʩʪʴ ʝʝ ʚʝʱʝʩʪʚʘ c = 0,5 ʢɼʞ/ (ʢʛĀʂ). 

4. ʅʘʡʪʠ ʯʠʩʣʦ ʥʘʥʦʯʘʩʪʠʮ ʢʨʝʤʥʠʷ N, ʝʩʣʠ ʠʟʚʝʩʪʥʘ ʠʭ ʤʘʩʩʘ ʄ = 1.6 ʤʛ, ʨʘʜʠʫʩ 

r = 100 ʥʤ ʠ ʧʣʦʪʥʦʩʪʴ ʢʨʝʤʥʠʷ ɟ = 2.3 ʛ/ʩʤ
3
. 

5. ʄʘʩʩ-ʩʧʝʢʪʨʦʩʢʦʧʠʷ ʥʘʥʦʯʘʩʪʠʮ. ɼʣʷ ʨʘʟʜʝʣʝʥʠʷ ʥʘʥʦʯʘʩʪʠʮ ʧʦ ʨʘʟʤʝʨʘʤ 

ʠʩʧʦʣʴʟʫʝʪʩʷ ʤʘʩʩ-ʩʧʝʢʪʨʦʤʝʪʨ. ɿʘʨʷʞʝʥʥʳʝ ʥʘʥʦʯʘʩʪʠʮʳ ʨʘʟʥʳʭ ʨʘʟʤʝʨʦʚ ʧʦ-

ʨʘʟʥʦʤʫ ʦʪʢʣʦʥʷʶʪʩʷ ʚʦ ʚʥʝʰʥʝʤ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ, ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦʤ ʚʝʢʪʦʨʫ 

ʩʢʦʨʦʩʪʠ. ʅʘʡʪʠ ʨʘʜʠʫʩ ʪʨʘʝʢʪʦʨʠʠ R ʟʦʣʦʪʦʡ ʥʘʥʦʯʘʩʪʠʮʳ ʚʦ ʚʥʝʰʥʝʤ ʧʦʣʝ 

B = 10
-3

 ʊʣ. ʉʢʦʨʦʩʪʴ ʥʘʥʦʯʘʩʪʠʮʳ v = 2 ʤ/ʩ, ʨʘʜʠʫʩ ʥʘʥʦʯʘʩʪʠʮʳ r = 10 ʥʤ, ʘ ʝʝ 

ʟʘʨʷʜ ʨʘʚʝʥ ʟʘʨʷʜʫ ʵʣʝʢʪʨʦʥʘ. ʇʣʦʪʥʦʩʪʴ ʟʦʣʦʪʘ 19 ʛ/ʩʤ
3
. 

 

ʅʘʙʦʨ 2 

1. ʆʜʥʘ ʠʟ ʪʝʭʥʦʣʦʛʠʡ ʩʪʨʫʡʥʦʡ ʧʝʯʘʪʠ ʧʦʜʨʘʟʫʤʝʚʘʝʪ ʚʳʜʘʚʣʠʚʘʥʠʝ ʯʝʨʥʠʣ ʠʟ ʩʦʧʝʣ 

ʧʦʤʦʱʴʶ ʧʴʝʟʦʵʣʝʤʝʥʪʘ. ɼʣʷ ʧʦʚʳʰʝʥʠʷ ʨʘʟʨʝʰʝʥʠʷ ʧʝʯʘʪʠ ʥʫʞʥʦ ʫʤʝʥʴʰʘʪʴ 

ʨʘʟʤʝʨ ʢʘʧʣʠ. ʆʮʝʥʠʪʴ ʤʦʜʫʣʴ ʖʥʛʘ ʧʴʝʟʦʵʣʝʤʝʥʪʘ ʚ ʧʝʯʘʪʘʶʱʝʡ ʛʦʣʦʚʢʝ 

ʩʪʨʫʡʥʦʛʦ ʧʨʠʥʪʝʨʘ,  ʝʩʣʠ ʨʘʟʤʝʨ ʩʦʧʝʣ ʩʦʩʪʘʚʣʷʝʪ 30 ʥʤ. ʆʪʥʦʩʠʪʝʣʴʥʦʝ 
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ʫʜʣʠʥʝʥʠʝ ʧʴʝʟʦʵʣʝʢʪʨʠʢʘ Ů = 0,02%, ʢʦʵʬʬʠʮʠʝʥʪ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʥʘʪʷʞʝʥʠʷ 

ʯʝʨʥʠʣ 40 10
-3

 ʅ/ʤ. ʏʝʨʥʠʣʘ ʩʯʠʪʘʪʴ ʩʤʘʯʠʚʘʶʱʠʤʠ ʧʦʚʝʨʭʥʦʩʪʴ ʜʶʟ. 

2. ʆʮʝʥʠʪʴ ʤʠʥʠʤʘʣʴʥʫʶ ʤʘʩʩʫ ʥʘʥʦʯʘʩʪʠʮʳ, ʢʦʪʦʨʫʶ ʤʦʞʥʦ ʠʟʤʝʨʠʪʴ ʩ ʧʦʤʦʱʴʶ 

ʢʚʘʨʮʝʚʦʛʦ ʨʝʟʦʥʘʪʦʨʘ, ʨʘʙʦʪʘʶʱʝʛʦ ʥʘ ʥʝʢʦʪʦʨʦʡ ʯʘʩʪʦʪʝ ɤ0. ʇʨʝʜʧʦʣʘʛʘʝʪʩʷ, ʯʪʦ 

ʥʘʥʦʯʘʩʪʠʮʘ ʧʨʠʣʠʧʘʝʪ ʢ ʧʦʚʝʨʭʥʦʩʪʠ ʢʚʘʨʮʝʚʦʛʦ ʨʝʟʦʥʘʪʦʨʘ ʚ ʚʠʜʝ ʧʣʘʩʪʠʥʳ, 

ʤʘʩʩʘ ʢʦʪʦʨʦʡ m = 2 ʛ. ʇʦʣʘʛʘʪʴ, ʯʪʦ ʤʦʞʥʦ ʠʟʤʝʨʠʪʴ ʯʘʩʪʦʪʫ, ʦʪʣʠʯʘʶʱʫʶʩʷ ʦʪ  

ʨʝʟʦʥʘʥʩʥʦʡ, ʙʦʣʝʝ ʯʝʤ ʥʘ Ů = 0,0003%. 

3. ɼʚʝ ʦʜʠʥʘʢʦʚʳʝ ʥʘʥʦʯʘʩʪʠʮʳ, ʣʝʪʷʱʠʝ ʥʘʚʩʪʨʝʯʫ ʜʨʫʛ ʜʨʫʛʫ, ʠʩʧʳʪʳʚʘʶʪ 

ʘʙʩʦʣʶʪʥʦ ʥʝʫʧʨʫʛʦʝ ʩʦʫʜʘʨʝʥʠʝ. ʏʘʩʪʠʮʳ ʠʤʝʶʪ ʢʠʥʝʪʠʯʝʩʢʠʝ ʵʥʝʨʛʠʠ ʧʦ E = 10
-

15
 ɼʞ ʢʘʞʜʘʷ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʩʦʫʜʘʨʝʥʠʷ ʪʝʤʧʝʨʘʪʫʨʘ ʦʙʨʘʟʦʚʘʚʰʝʡʩʷ ʯʘʩʪʠʮʳ 

ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʥʘ ȹ T = 2 K. ʅʘʡʪʠ ʤʘʩʩʫ ʥʘʥʦʯʘʩʪʠʮʳ, ʝʩʣʠ ʫʜʝʣʴʥʘʷ ʪʝʧʣʦʝʤʢʦʩʪʴ 

ʝʝ ʚʝʱʝʩʪʚʘ c = 0,7 ʢɼʞ/ (ʢʛĀʂ). 

4. ʅʘʡʪʠ ʯʠʩʣʦ ʥʘʥʦʯʘʩʪʠʮ ʢʨʝʤʥʠʷ N, ʝʩʣʠ ʠʟʚʝʩʪʥʘ ʠʭ ʤʘʩʩʘ ʄ = 1.9 ʤʛ, ʨʘʜʠʫʩ 

r = 80 ʥʤ ʠ ʧʣʦʪʥʦʩʪʴ ʢʨʝʤʥʠʷ ɟ = 2.3 ʛ/ʩʤ
3
. 

5. ʄʘʩʩ-ʩʧʝʢʪʨʦʩʢʦʧʠʷ ʥʘʥʦʯʘʩʪʠʮ. ɼʣʷ ʨʘʟʜʝʣʝʥʠʷ ʥʘʥʦʯʘʩʪʠʮ ʧʦ ʨʘʟʤʝʨʘʤ 

ʠʩʧʦʣʴʟʫʝʪʩʷ ʤʘʩʩ-ʩʧʝʢʪʨʦʤʝʪʨ. ɿʘʨʷʞʝʥʥʳʝ ʥʘʥʦʯʘʩʪʠʮʳ ʨʘʟʥʳʭ ʨʘʟʤʝʨʦʚ ʧʦ-

ʨʘʟʥʦʤʫ ʦʪʢʣʦʥʷʶʪʩʷ ʚʦ ʚʥʝʰʥʝʤ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ, ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦʤ ʩʢʦʨʦʩʪʠ. 

ʅʘʡʪʠ ʨʘʜʠʫʩ ʪʨʘʝʢʪʦʨʠʠ R ʩʝʨʝʙʨʷʥʦʡ ʥʘʥʦʯʘʩʪʠʮʳ ʚʦ ʚʥʝʰʥʝʤ ʧʦʣʝ B = 10
-3

 ʊʣ. 

ʉʢʦʨʦʩʪʴ ʥʘʥʦʯʘʩʪʠʮʳ v = 2 ʤ/ʩ, ʨʘʜʠʫʩ ʥʘʥʦʯʘʩʪʠʮʳ r = 10 ʥʤ, ʘ ʝʝ ʟʘʨʷʜ ʨʘʚʝʥ 

ʟʘʨʷʜʫ ʵʣʝʢʪʨʦʥʘ. ʇʣʦʪʥʦʩʪʴ ʩʝʨʝʙʨʷ 10.5 ʛ/ʩʤ
3
. 

 

ʅʘʙʦʨ 3 

1. ʆʜʥʘ ʠʟ ʪʝʭʥʦʣʦʛʠʡ ʩʪʨʫʡʥʦʡ ʧʝʯʘʪʠ ʧʦʜʨʘʟʫʤʝʚʘʝʪ ʚʳʜʘʚʣʠʚʘʥʠʝ ʯʝʨʥʠʣ ʠʟ ʩʦʧʝʣ 

ʧʦʤʦɦɹʶ ʧʴʝʟʦʵʣʝʤʝʥʪʘ. ɼʣʷ ʧʦʚʳʰʝʥʠʷ ʨʘʟʨʝʰʝʥʠʷ ʧʝʯʘʪʠ ʥʫʞʥʦ ʫʤʝʥʴʰʘʪʴ 

ʨʘʟʤʝʨ ʢʘʧʣʠ. ʆʮʝʥʠʪʴ ʤʦʜʫʣʴ ʖʥʛʘ ʧʴʝʟʦʵʣʝʤʝʥʪʘ ʚ ʧʝʯʘʪʘʶʱʝʡ ʛʦʣʦʚʢʝ 

ʩʪʨʫʡʥʦʛʦ ʧʨʠʥʪʝʨʘ,  ʝʩʣʠ ʨʘʟʤʝʨ ʩʦʧʝʣ ʩʦʩʪʘʚʣʷʝʪ 70 ʥʤ. ʆʪʥʦʩʠʪʝʣʴʥʦʝ 

ʫʜʣʠʥʝʥʠʝ ʧʴʝʟʦʵʣʝʢʪʨʠʢʘ Ů = 0,03%, ʢʦʵʬʬʠʮʠʝʥʪ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʥʘʪʷʞʝʥʠʷ 

ʯʝʨʥʠʣ 30 10
-3

 ʅ/ʤ. ʏʝʨʥʠʣʘ ʩʯʠʪʘʪʴ ʩʤʘʯʠʚʘʶʱʠʤʠ ʧʦʚʝʨʭʥʦʩʪʴ ʜʶʟ. 

2. ʆʮʝʥʠʪʴ ʤʠʥʠʤʘʣʴʥʫʶ ʤʘʩʩʫ ʥʘʥʦʯʘʩʪʠʮʳ, ʢʦʪʦʨʫʶ ʤʦʞʥʦ ʠʟʤʝʨʠʪʴ ʩ ʧʦʤʦʱʴʶ 

ʢʚʘʨʮʝʚʦʛʦ ʨʝʟʦʥʘʪʦʨʘ, ʨʘʙʦʪʘʶʱʝʛʦ ʥʘ ʥʝʢʦʪʦʨʦʡ ʯʘʩʪʦʪʝ ɤ0. ʇʨʝʜʧʦʣʘʛʘʝʪʩʷ, ʯʪʦ 

ʥʘʥʦʯʘʩʪʠʮʘ ʧʨʠʣʠʧʘʝʪ ʢ ʧʦʚʝʨʭʥʦʩʪʠ ʢʚʘʨʮʝʚʦʛʦ ʨʝʟʦʥʘʪʦʨʘ ʚ ʚʠʜʝ ʧʣʘʩʪʠʥʳ, 

ʤʘʩʩʘ ʢʦʪʦʨʦʡ m = 3 ʛ. ʇʦʣʘʛʘʪʴ, ʯʪʦ ʤʦʞʥʦ ʠʟʤʝʨʠʪʴ ʯʘʩʪʦʪʫ, ʦʪʣʠʯʘʶʱʫʶʩʷ ʦʪ  

ʨʝʟʦʥʘʥʩʥʦʡ, ʙʦʣʝʝ ʯʝʤ ʥʘ Ů = 0,0004%. 

3. ɼʚʝ ʦʜʠʥʘʢʦʚʳʝ ʥʘʥʦʯʘʩʪʠʮʳ, ʣʝʪʷʱʠʝ ʥʘʚʩʪʨʝʯʫ ʜʨʫʛ ʜʨʫʛʫ, ʠʩʧʳʪʳʚʘʶʪ 

ʘʙʩʦʣʶʪʥʦ ʥʝʫʧʨʫʛʦʝ ʩʦʫʜʘʨʝʥʠʝ. ʏʘʩʪʠʮʳ ʠʤʝʶʪ ʢʠʥʝʪʠʯʝʩʢʠʝ ʵʥʝʨʛʠʠ ʧʦ E = 10
-
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15
 ɼʞ ʢʘʞʜʘʷ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʩʦʫʜʘʨʝʥʠʷ ʪʝʤʧʝʨʘʪʫʨʘ ʦʙʨʘʟʦʚʘʚʰʝʡʩʷ ʯʘʩʪʠʮʳ 

ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʥʘ ȹT = 3 K. ʅʘʡʪʠ ʤʘʩʩʫ ʥʘʥʦʯʘʩʪʠʮʳ, ʝʩʣʠ ʫʜʝʣʴʥʘʷ ʪʝʧʣʦʝʤʢʦʩʪʴ 

ʝʝ ʚʝʱʝʩʪʚʘ c = 1 ʢɼʞ/ (ʢʛĀʂ). 

4. ʅʘʡʪʠ ʯʠʩʣʦ ʥʘʥʦʯʘʩʪʠʮ ʢʨʝʤʥʠʷ N, ʝʩʣʠ ʠʟʚʝʩʪʥʘ ʠʭ ʤʘʩʩʘ ʄ = 2 ʤʛ, ʨʘʜʠʫʩ r = 50 

ʥʤ ʠ ʧʣʦʪʥʦʩʪʴ ʢʨʝʤʥʠʷ ɟ = 2.3 ʛ/ʩʤ
3
. 

5. ʄʘʩʩ-ʩʧʝʢʪʨʦʩʢʦʧʠʷ ʥʘʥʦʯʘʩʪʠʮ. ɼʣʷ ʨʘʟʜʝʣʝʥʠʷ ʥʘʥʦʯʘʩʪʠʮ ʧʦ ʨʘʟʤʝʨʘʤ 

ʠʩʧʦʣʴʟʫʝʪʩʷ ʤʘʩʩ-ʩʧʝʢʪʨʦʤʝʪʨ. ɿʘʨʷʞʝʥʥʳʝ ʥʘʥʦʯʘʩʪʠʮʳ ʨʘʟʥʳʭ ʨʘʟʤʝʨʦʚ ʧʦ-

ʨʘʟʥʦʤʫ ʦʪʢʣʦʥʷʶʪʩʷ ʚʦ ʚʥʝʰʥʝʤ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ, ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦʤ ʩʢʦʨʦʩʪʠ. 

ʅʘʡʪʠ ʨʘʜʠʫʩ ʪʨʘʝʢʪʦʨʠʠ R ʢʨʝʤʥʠʝʚʦʡ ʥʘʥʦʯʘʩʪʠʮʳ ʚʦ ʚʥʝʰʥʝʤ ʧʦʣʝ B = 10
-3

 ʊʣ. 

ʉʢʦʨʦʩʪʴ ʥʘʥʦʯʘʩʪʠʮʳ v = 2 ʤ/ʩ, ʨʘʜʠʫʩ ʥʘʥʦʯʘʩʪʠʮʳ r = 10 ʥʤ, ʘ ʝʝ ʟʘʨʷʜ ʨʘʚʝʥ 

ʟʘʨʷʜʫ ʵʣʝʢʪʨʦʥʘ. ʇʣʦʪʥʦʩʪʴ ʢʨʝʤʥʠʷ 2.33 ʛ/ʩʤ
3
. 

 

ʅʘʙʦʨ 4 

1. ʆʜʥʘ ʠʟ ʪʝʭʥʦʣʦʛʠʡ ʩʪʨʫʡʥʦʡ ʧʝʯʘʪʠ ʧʦʜʨʘʟʫʤʝʚʘʝʪ ʚʳʜʘʚʣʠʚʘʥʠʝ ʯʝʨʥʠʣ ʠʟ ʩʦʧʝʣ 

ʧʦʤʦʱʴʶ ʧʴʝʟʦʵʣʝʤʝʥʪʘ. ɼʣʷ ʧʦʚʳʰʝʥʠʷ ʨʘʟʨʝʰʝʥʠʷ ʧʝʯʘʪʠ ʥʫʞʥʦ ʫʤʝʥʴʰʘʪʴ 

ʨʘʟʤʝʨ ʢʘʧʣʠ. ʆʮʝʥʠʪʴ ʤʦʜʫʣʴ ʖʥʛʘ ʧʴʝʟʦʵʣʝʤʝʥʪʘ ʚ ʧʝʯʘʪʘʶʱʝʡ ʛʦʣʦʚʢʝ 

ʩʪʨʫʡʥʦʛʦ ʧʨʠʥʪʝʨʘ,  ʝʩʣʠ ʨʘʟʤʝʨ ʩʦʧʝʣ ʩʦʩʪʘʚʣʷʝʪ 95 ʥʤ. ʆʪʥʦʩʠʪʝʣʴʥʦʝ 

ʫʜʣʠʥʝʥʠʝ ʧʴʝʟʦʵʣʝʢʪʨʠʢʘ Ů = 0,015%, ʢʦʵʬʬʠʮʠʝʥʪ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʥʘʪʷʞʝʥʠʷ 

ʯʝʨʥʠʣ 45 10
-3

 ʅ/ʤ. ʏʝʨʥʠʣʘ ʩʯʠʪʘʪʴ ʩʤʘʯʠʚʘʶʱʠʤʠ ʧʦʚʝʨʭʥʦʩʪʴ ʜʶʟ. 

2. ʆʮʝʥʠʪʴ ʤʠʥʠʤʘʣʴʥʫʶ ʤʘʩʩʫ ʥʘʥʦʯʘʩʪʠʮʳ, ʢʦʪʦʨʫʶ ʤʦʞʥʦ ʠʟʤʝʨʠʪʴ ʩ ʧʦʤʦʱʴʶ 

ʢʚʘʨʮʝʚʦʛʦ ʨʝʟʦʥʘʪʦʨʘ, ʨʘʙʦʪʘʶʱʝʛʦ ʥʘ ʥʝʢʦʪʦʨʦʡ ʯʘʩʪʦʪʝ ɤ0. ʇʨʝʜʧʦʣʘʛʘʝʪʩʷ, ʯʪʦ 

ʥʘʥʦʯʘʩʪʠʮʘ ʧʨʠʣʠʧʘʝʪ ʢ ʧʦʚʝʨʭʥʦʩʪʠ ʢʚʘʨʮʝʚʦʛʦ ʨʝʟʦʥʘʪʦʨʘ ʚ ʚʠʜʝ ʧʣʘʩʪʠʥʳ, 

ʤʘʩʩʘ ʢʦʪʦʨʦʡ m = 5 ʛ. ʇʦʣʘʛʘʪʴ, ʯʪʦ ʤʦʞʥʦ ʠʟʤʝʨʠʪʴ ʯʘʩʪʦʪʫ, ʦʪʣʠʯʘʶʱʫʶʩʷ ʦʪ  

ʨʝʟʦʥʘʥʩʥʦʡ, ʙʦʣʝʝ ʯʝʤ ʥʘ Ů = 0,00025%. 

3. ɼʚʝ ʦʜʠʥʘʢʦʚʳʝ ʥʘʥʦʯʘʩʪʠʮʳ, ʣʝʪʷʱʠʝ ʥʘʚʩʪʨʝʯʫ ʜʨʫʛ ʜʨʫʛʫ, ʠʩʧʳʪʳʚʘʶʪ 

ʘʙʩʦʣʶʪʥʦ ʥʝʫʧʨʫʛʦʝ ʩʦʫʜʘʨʝʥʠʝ. ʏʘʩʪʠʮʳ ʠʤʝʶʪ ʢʠʥʝʪʠʯʝʩʢʠʝ ʵʥʝʨʛʠʠ ʧʦ E = 10
-

15
 ɼʞ ʢʘʞʜʘʷ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʩʦʫʜʘʨʝʥʠʷ ʪʝʤʧʝʨʘʪʫʨʘ ʦʙʨʘʟʦʚʘʚʰʝʡʩʷ ʯʘʩʪʠʮʳ 

ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʥʘ ȹT = 5 K. ʅʘʡʪʠ ʤʘʩʩʫ ʥʘʥʦʯʘʩʪʠʮʳ, ʝʩʣʠ ʫʜʝʣʴʥʘʷ ʪʝʧʣʦʝʤʢʦʩʪʴ 

ʝʝ ʚʝʱʝʩʪʚʘ c = 02 ʢɼʞ/ (ʢʛĀʂ). 

4. ʅʘʡʪʠ ʯʠʩʣʦ ʥʘʥʦʯʘʩʪʠʮ ʢʨʝʤʥʠʷ N, ʝʩʣʠ ʠʟʚʝʩʪʥʘ ʠʭ ʤʘʩʩʘ ʄ = 4 ʤʛ, ʨʘʜʠʫʩ r = 75 

ʥʤ ʠ ʧʣʦʪʥʦʩʪʴ ʢʨʝʤʥʠʷ ɟ = 2.3 ʛ/ʩʤ
3
. 

5. ʄʘʩʩ-ʩʧʝʢʪʨʦʩʢʦʧʠʷ ʥʘʥʦʯʘʩʪʠʮ. ɼʣʷ ʨʘʟʜʝʣʝʥʠʷ ʥʘʥʦʯʘʩʪʠʮ ʧʦ ʨʘʟʤʝʨʘʤ 

ʠʩʧʦʣʴʟʫʝʪʩʷ ʤʘʩʩ-ʩʧʝʢʪʨʦʤʝʪʨ. ɿʘʨʷʞʝʥʥʳʝ ʥʘʥʦʯʘʩʪʠʮʳ ʨʘʟʥʳʭ ʨʘʟʤʝʨʦʚ ʧʦ-

ʨʘʟʥʦʤʫ ʦʪʢʣʦʥʷʶʪʩʷ ʚʦ ʚʥʝʰʥʝʤ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ, ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦʤ ʩʢʦʨʦʩʪʠ. 

ʅʘʡʪʠ ʨʘʜʠʫʩ ʪʨʘʝʢʪʦʨʠʠ R ʛʝʨʤʘʥʠʝʚʦʡ ʥʘʥʦʯʘʩʪʠʮʳ ʚʦ ʚʥʝʰʥʝʤ ʧʦʣʝ B = 10
-3

 ʊʣ. 
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ʉʢʦʨʦʩʪʴ ʥʘʥʦʯʘʩʪʠʮʳ v = 2 ʤ/ʩ, ʨʘʜʠʫʩ ʥʘʥʦʯʘʩʪʠʮʳ r = 10 ʥʤ, ʘ ʝʝ ʟʘʨʷʜ ʨʘʚʝʥ 

ʟʘʨʷʜʫ ʵʣʝʢʪʨʦʥʘ. ʇʣʦʪʥʦʩʪʴ ʛʝʨʤʘʥʠʷ 5.3 ʛ/ʩʤ
3
. 

 

ʅʘʙʦʨ 5 

1. ʆʜʥʘ ʠʟ ʪʝʭʥʦʣʦʛʠʡ ʩʪʨʫʡʥʦʡ ʧʝʯʘʪʠ ʧʦʜʨʘʟʫʤʝʚʘʝʪ ʚʳʜʘʚʣʠʚʘʥʠʝ ʯʝʨʥʠʣ ʠʟ ʩʦʧʝʣ 

ʧʦʤʦʱʴʶ ʧʴʝʟʦʵʣʝʤʝʥʪʘ. ɼʣʷ ʧʦʚʳʰʝʥʠʷ ʨʘʟʨʝʰʝʥʠʷ ʧʝʯʘʪʠ ʥʫʞʥʦ ʫʤʝʥʴʰʘʪʴ 

ʨʘʟʤʝʨ ʢʘʧʣʠ. ʆʮʝʥʠʪʴ ʤʦʜʫʣʴ ʖʥʛʘ ʧʴʝʟʦʵʣʝʤʝʥʪʘ ʚ ʧʝʯʘʪʘʶʱʝʡ ʛʦʣʦʚʢʝ 

ʩʪʨʫʡʥʦʛʦ ʧʨʠʥʪʝʨʘ,  ʝʩʣʠ ʨʘʟʤʝʨ ʩʦʧʝʣ ʩʦʩʪʘʚʣʷʝʪ 99 ʥʤ. ʆʪʥʦʩʠʪʝʣʴʥʦʝ 

ʫʜʣʠʥʝʥʠʝ ʧʴʝʟʦʵʣʝʢʪʨʠʢʘ Ů = 0,011%, ʢʦʵʬʬʠʮʠʝʥʪ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʥʘʪʷʞʝʥʠʷ 

ʯʝʨʥʠʣ 55 10
-3

 ʅ/ʤ. ʏʝʨʥʠʣʘ ʩʯʠʪʘʪʴ ʩʤʘʯʠʚʘʶʱʠʤʠ ʧʦʚʝʨʭʥʦʩʪʴ ʜʶʟ. 

2. ʆʮʝʥʠʪʴ ʤʠʥʠʤʘʣʴʥʫʶ ʤʘʩʩʫ ʥʘʥʦʯʘʩʪʠʮʳ, ʢʦʪʦʨʫʶ ʤʦʞʥʦ ʠʟʤʝʨʠʪʴ ʩ ʧʦʤʦʱʴʶ 

ʢʚʘʨʮʝʚʦʛʦ ʨʝʟʦʥʘʪʦʨʘ, ʨʘʙʦʪʘʶʱʝʛʦ ʥʘ ʥʝʢʦʪʦʨʦʡ ʯʘʩʪʦʪʝ ɤ0. ʇʨʝʜʧʦʣʘʛʘʝʪʩʷ, ʯʪʦ 

ʥʘʥʦʯʘʩʪʠʮʘ ʧʨʠʣʠʧʘʝʪ ʢ ʧʦʚʝʨʭʥʦʩʪʠ ʢʚʘʨʮʝʚʦʛʦ ʨʝʟʦʥʘʪʦʨʘ ʚ ʚʠʜʝ ʧʣʘʩʪʠʥʳ, 

ʤʘʩʩʘ ʢʦʪʦʨʦʡ m = 0.1 ʛ. ʇʦʣʘʛʘʪʴ, ʯʪʦ ʤʦʞʥʦ ʠʟʤʝʨʠʪʴ ʯʘʩʪʦʪʫ, ʦʪʣʠʯʘʶʱʫʶʩʷ ʦʪ  

ʨʝʟʦʥʘʥʩʥʦʡ, ʙʦʣʝʝ ʯʝʤ ʥʘ Ů = 0,00001%. 

3. ɼʚʝ ʦʜʠʥʘʢʦʚʳʝ ʥʘʥʦʯʘʩʪʠʮʳ, ʣʝʪʷʱʠʝ ʥʘʚʩʪʨʝʯʫ ʜʨʫʛ ʜʨʫʛʫ, ʠʩʧʳʪʳʚʘʶʪ 

ʘʙʩʦʣʶʪʥʦ ʥʝʫʧʨʫʛʦʝ ʩʦʫʜʘʨʝʥʠʝ. ʏʘʩʪʠʮʳ ʠʤʝʶʪ ʢʠʥʝʪʠʯʝʩʢʠʝ ʵʥʝʨʛʠʠ ʧʦ E = 10
-

15
 ɼʞ ʢʘʞʜʘʷ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʩʦʫʜʘʨʝʥʠʷ ʪʝʤʧʝʨʘʪʫʨʘ ʦʙʨʘʟʦʚʘʚʰʝʡʩʷ ʯʘʩʪʠʮʳ 

ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʥʘ ȹT = 1.5 K. ʅʘʡʪʠ ʤʘʩʩʫ ʥʘʥʦʯʘʩʪʠʮʳ, ʝʩʣʠ ʫʜʝʣʴʥʘʷ 

ʪʝʧʣʦʝʤʢʦʩʪʴ ʝʝ ʚʝʱʝʩʪʚʘ c = 0,25 ʢɼʞ/ (ʢʛĀʂ). 

4. ʅʘʡʪʠ ʯʠʩʣʦ ʥʘʥʦʯʘʩʪʠʮ ʢʨʝʤʥʠʷ N, ʝʩʣʠ ʠʟʚʝʩʪʥʘ ʠʭ ʤʘʩʩʘ ʄ = 16 ʤʛ, ʨʘʜʠʫʩ 

r = 10 ʥʤ ʠ ʧʣʦʪʥʦʩʪʴ ʢʨʝʤʥʠʷ ɟ = 2.3 ʛ/ʩʤ
3
. 

5. ʄʘʩʩ-ʩʧʝʢʪʨʦʩʢʦʧʠʷ ʥʘʥʦʯʘʩʪʠʮ. ɼʣʷ ʨʘʟʜʝʣʝʥʠʷ ʥʘʥʦʯʘʩʪʠʮ ʧʦ ʨʘʟʤʝʨʘʤ 

ʠʩʧʦʣʴʟʫʝʪʩʷ ʤʘʩʩ-ʩʧʝʢʪʨʦʤʝʪʨ. ɿʘʨʷʞʝʥʥʳʝ ʥʘʥʦʯʘʩʪʠʮʳ ʨʘʟʥʳʭ ʨʘʟʤʝʨʦʚ ʧʦ-

ʨʘʟʥʦʤʫ ʦʪʢʣʦʥʷʶʪʩʷ ʚʦ ʚʥʝʰʥʝʤ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ, ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦʤ ʩʢʦʨʦʩʪʠ. 

ʅʘʡʪʠ ʨʘʜʠʫʩ ʪʨʘʝʢʪʦʨʠʠ R ʧʣʘʪʠʥʦʚʦʡ ʥʘʥʦʯʘʩʪʠʮʳ ʚʦ ʚʥʝʰʥʝʤ ʧʦʣʝ B = 10
-3

 ʊʣ. 

ʉʢʦʨʦʩʪʴ ʥʘʥʦʯʘʩʪʠʮʳ v = 2 ʤ/ʩ, ʨʘʜʠʫʩ ʥʘʥʦʯʘʩʪʠʮʳ r = 10 ʥʤ, ʘ ʝʝ ʟʘʨʷʜ ʨʘʚʝʥ 

ʟʘʨʷʜʫ ʵʣʝʢʪʨʦʥʘ. ʇʣʦʪʥʦʩʪʴ ʧʣʘʪʠʥʳ 21.5 ʛ/ʩʤ
3
. 

 

ʉʣʦʞʥʳʝ ʟʘʜʘʯʠ 

1. ʕʢʩʠʪʦʥ ï ʵʪʦ ʩʚʷʟʘʥʥʦʝ ʩʦʩʪʦʷʥʠʝ ʵʣʝʢʪʨʦʥʘ e ʠ ʜʳʨʢʠ h (ʜʳʨʢʘ ï ʵʪʦ ʦʪʩʫʪʩʪʚʠʝ 

ʵʣʝʢʪʨʦʥʘ, ʤʦʞʥʦ ʩʯʠʪʘʪʴ ʯʘʩʪʠʮʝʡ ʩ ʟʘʨʷʜʦʤ +e) ʚ ʧʦʣʫʧʨʦʚʦʜʥʠʢʝ. ʆʥ ʚʦʟʥʠʢʘʝʪ 

ʟʘ ʩʯʝʪ ʢʫʣʦʥʦʚʩʢʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ. ʆʮʝʥʠʪʴ ʨʘʜʠʫʩ ʵʢʩʠʪʦʥʘ ʠ ʩʨʘʚʥʠʪʴ ʝʛʦ ʩ 

ʭʘʨʘʢʪʝʨʥʳʤ ʤʝʞʘʪʦʤʥʳʤ ʨʘʩʩʪʦʷʥʠʝʤ a = 3 ᴠ.  ʕʬʬʝʢʪʠʚʥʘʷ ʤʘʩʩʘ ʵʣʝʢʪʨʦʥʘ 

m = 0.067me, ʵʬʬʝʢʪʠʚʥʘʷ ʤʘʩʩʘ ʜʳʨʢʠ m = 0.12me, ʜʠʵʣʝʢʪʨʠʯʝʩʢʘʷ ʧʨʦʥʠʮʘʝʤʦʩʪʴ 
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Ů = 10 (GaAs).  

 

2. ʇʨʠ ʦʧʠʩʘʥʠʠ ʢʦʣʝʙʘʥʠʷ ʤʦʣʝʢʫʣ ʚʙʣʠʟʠ ʤʝʪʘʣʣʠʯʝʩʢʠʭ ʧʦʚʝʨʭʥʦʩʪʝʡ 

ʠʩʧʦʣʴʟʫʝʪʩʷ ʤʦʜʝʣʴ ʦʩʮʠʣʣʷʪʦʨʘ. ʇʨʠ ʵʪʦʤ ʩʯʠʪʘʝʪʩʷ, ʯʪʦ ʤʦʣʝʢʫʣʘ ʧʨʝʜʩʪʘʚʣʷʝʪ 

ʩʦʙʦʡ ʤʘʪʝʨʠʘʣʴʥʫʶ ʪʦʯʢʫ ʩ ʟʘʜʘʥʥʦʡ ʤʘʩʩʦʡ m, ʧʨʠʢʨʝʧʣʝʥʥʫʶ ʥʘ ʧʨʫʞʠʥʢʝ ʢ 

ʧʣʦʩʢʦʩʪʠ. ɽʩʣʠ ʤʦʣʝʢʫʣʘ ʥʘʭʦʜʠʪʩʷ ʥʘ ʨʘʩʩʪʦʷʥʠʠ x < a ʦʪ ʧʦʚʝʨʭʥʦʩʪʠ, ʪʦ 

ʢʦʵʬʬʠʮʠʝʥʪ ʞʝʩʪʢʦʩʪʠ ʧʨʫʞʠʥʢʠ ʨʘʚʝʥ k = k0, ʘ ʝʩʣʠ ʤʦʣʝʢʫʣʘ ʥʘʭʦʜʠʪʩʷ ʥʘ 

ʨʘʩʩʪʦʷʥʠʷʭ x Ó a, ʪʦ ʢʦʵʬʬʠʮʠʝʥʪ ʞʝʩʪʢʦʩʪʠ k =3k0. ʅʘʡʪʠ ʧʝʨʠʦʜ ʢʦʣʝʙʘʥʠʡ 

ʤʦʣʝʢʫʣʳ, ʝʩʣʠ ʚ ʥʘʯʘʣʴʥʳʡ ʤʦʤʝʥʪ ʤʦʣʝʢʫʣʘ ʥʘʭʦʜʠʣʘʩʴ ʚ ʪʦʯʢʝ b = ã2a. 

 

3. ʂʘʢʦʛʦ ʨʘʟʤʝʨʘ ʜʦʣʞʥʘ ʙʳʪʴ ʩʦʣʥʝʯʥʘʷ ʙʘʪʘʨʝʷ ʩ ʂʇɼ ɖ = 33%, ʨʘʩʧʦʣʦʞʝʥʥʘʷ ʥʘ 

ʵʢʚʘʪʦʨʝ ʧʦʚʝʨʭʥʦʩʪʠ ɿʝʤʣʠ, ʯʪʦʙʳ ʦʙʝʩʧʝʯʠʪʴ ʵʣʝʢʪʨʦʵʥʝʨʛʠʝʡ ʩʪʨʘʥʫ ʩ 

ʧʦʪʨʝʙʣʝʥʠʝʤ ʵʥʝʨʛʠʠ 10
9 
ʢɺʪĿʯ/ʛʦʜ? ʉʚʝʪʠʤʦʩʪʴ ʉʦʣʥʮʘ (ʢʦʣʠʯʝʩʪʚʦ ʵʥʝʨʛʠʠ, 

ʠʟʣʫʯʘʝʤʦʡ ʚ ʝʜʠʥʠʮʫ ʚʨʝʤʝʥʠ) PS = 3.8Ā10
26 
ɺʪ, ʨʘʩʩʪʦʷʥʠʝ ʦʪ ɿʝʤʣʠ ʜʦ ʉʦʣʥʮʘ 

R = 1.5Ŀ10
11 
ʤ.  

4. ʄʘʢʩʠʤʘʣʴʥʦʝ ʢʦʣʠʯʝʩʪʚʦ ʠʥʬʦʨʤʘʮʠʠ, ʢʦʪʦʨʦʝ ʤʦʞʥʦ ʟʘʧʠʩʘʪʴ ʥʘ ʧʣʘʩʪʠʥʢʫ 

ʩʦʚʨʝʤʝʥʥʦʛʦ ʞʝʩʪʢʦʛʦ ʜʠʩʢʘ (S = 25 ʩʤ
2
), ʩʦʩʪʘʚʣʷʝʪ ũ = 1 Tb. ʆʜʠʥ ʙʠʪ 

ʠʥʬʦʨʤʘʮʠʠ ʚ ʪʘʢʦʤ ʞʝʩʪʢʦʤ ʜʠʩʢʝ ʟʘʧʠʩʳʚʘʝʪʩʷ ʢʘʢ ʤʘʛʥʠʪʥʳʡ ʤʦʤʝʥʪ ʦʜʥʦʛʦ 

ʬʝʨʨʦʤʘʛʥʠʪʥʦʛʦ ʜʦʤʝʥʘ. ʇʨʝʜʩʪʘʚʠʤ ʩʝʙʝ ʞʝʩʪʢʠʡ ʜʠʩʢ ʙʫʜʫʱʝʛʦ, ʚ ʢʦʪʦʨʦʤ 

1 ʙʠʪ ʠʥʬʦʨʤʘʮʠʠ ʟʘʧʠʩʳʚʘʝʪʩʷ ʥʘ ʝʜʠʥʠʯʥʳʝ ʘʪʦʤʥʳʝ ʩʧʠʥʳ, ʢʦʪʦʨʳʝ 

ʨʘʩʧʦʣʦʞʝʥʳ ʥʘ ʨʘʩʩʪʦʷʥʠʠ a = 5 ᴠ. ʂʘʢʦʚʘ ʤʘʢʩʠʤʘʣʴʥʘʷ ʚʤʝʩʪʠʤʦʩʪʴ ʧʣʘʩʪʠʥʳ 

ʞʝʩʪʢʦʛʦ ʜʠʩʢʘ ʙʫʜʫʱʝʛʦ ʪʦʛʦ ʞʝ ʨʘʟʤʝʨʘ S, ʝʩʣʠ ʩʯʠʪʘʪʴ, ʯʪʦ ʦʜʠʥ ʙʘʡʪ 

ʠʥʬʦʨʤʘʮʠʠ ʤʦʞʥʦ ʟʘʧʠʩʘʪʴ ʚ ʦʜʠʥ ʘʪʦʤ? (1 ʙʘʡʪ = 8 ʙʠʪ, 1 Tb å 10
12 
ʙʘʡʪ)  

5. ʉʫʧʝʨʣʠʥʟʘ (10 ʙʘʣʣʦʚ). ʆʜʥʠʤ ʠʟ ʦʞʠʜʘʝʤʳʭ ʧʨʦʜʫʢʪʦʚ ʥʘʥʦʪʝʭʥʦʣʦʛʠʡ ʷʚʣʷʝʪʩʷ 

ʪʘʢ ʥʘʟʳʚʘʝʤʘʷ ʩʫʧʝʨʣʠʥʟʘ ʠʣʠ ʣʠʥʟʘ ɺʝʩʝʣʘʛʦ (ʥʘʟʚʘʥʥʘʷ ʪʘʢ ʧʦ ʠʤʝʥʠ 
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ʧʨʝʜʣʦʞʠʚʰʝʛʦ ʝʝ ʩʦʚʝʪʩʢʦʛʦ ʫʯʝʥʦʛʦ ɺ.ɻ.ɺʝʩʝʣʘʛʦ), ʢʦʪʦʨʘʷ ʥʝ ʠʤʝʝʪ 

ʜʠʬʨʘʢʮʠʦʥʥʳʭ ʦʛʨʘʥʠʯʝʥʠʡ ʨʘʟʨʝʰʘʶʱʝʡ ʩʧʦʩʦʙʥʦʩʪʠ ʠ ʧʦʵʪʦʤʫ ʤʦʞʝʪ ʙʳʪʴ 

ʠʩʧʦʣʴʟʦʚʘʥʘ ʜʣʷ ʧʦʩʪʨʦʝʥʠʷ ʠʟʦʙʨʘʞʝʥʠʡ ʚ ʩʚʝʨʭʪʦʯʥʦʡ ʬʦʪʦʣʠʪʦʛʨʘʬʠʠ. ʊʘʢʘʷ 

ʣʠʥʟʘ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʧʣʦʩʢʦʧʘʨʘʣʣʝʣʴʥʫʶ ʧʣʘʩʪʠʥʢʫ ʠʟ ʚʝʱʝʩʪʚʘ ʩ ʟʘʜʘʥʥʦʡ 

ʩʪʨʫʢʪʫʨʦʡ ʥʘʥʘʥʦʫʨʦʚʥʝ (ʤʝʪʘʤʘʪʝʨʠʘʣ) ʩ ʦʪʨʠʮʘʪʝʣʴʥʳʤ ʧʦʢʘʟʘʪʝʣʝʤ 

ʧʨʝʣʦʤʣʝʥʠʷ (n < 0). ʈʘʩʧʨʦʩʪʨʘʥʝʥʠʝ ʣʫʯʝʡ ʩʚʝʪʘ ʚ ʤʝʪʘʤʘʪʝʨʠʘʣʝ ʬʦʨʤʘʣʴʥʦ 

ʧʦʜʯʠʥʷʝʪʩʷ ʟʘʢʦʥʘʤ ʛʝʦʤʝʪʨʠʯʝʩʢʦʡ ʦʧʪʠʢʠ, ʚ ʯʘʩʪʥʦʩʪʠ, ʚʳʧʦʣʥʷʝʪʩʷ ʟʘʢʦʥ 

ʧʨʝʣʦʤʣʝʥʠʷ (ʟʘʢʦʥ ʉʥʝʣʣʠʫʩʘ), ʦʜʥʘʢʦ ʧʨʝʣʦʤʣʝʥʥʳʡ ʠ ʧʘʜʘʶʱʠʡ ʣʫʯ ʣʝʞʘʪ ʚ 

ʦʜʥʦʡ ʧʦʣʫʧʣʦʩʢʦʩʪʠ ʧʦ ʦʪʥʦʰʝʥʠʶ ʢ ʥʦʨʤʘʣʠ ʢ ʛʨʘʥʠʮʝ ʨʘʟʜʝʣʘ, ʢʘʢ ʧʦʢʘʟʘʥʦ ʥʘ 

ʨʠʩʫʥʢʝ.  

 

ʆʪʚʝʪʠʪʴ, ʧʦʣʴʟʫʷʩʴ ʟʘʢʦʥʘʤʠ ʛʝʦʤʝʪʨʠʯʝʩʢʦʡ ʦʧʪʠʢʠ ʥʘ ʩʣʝʜʫʶʱʠʝ ʚʦʧʨʦʩʳ:  

1) ɹʫʜʝʪ ʣʠ ʩʫʧʝʨʣʠʥʟʘ ʬʦʢʫʩʠʨʦʚʘʪʴ ʧʘʨʘʣʣʝʣʴʥʳʡ ʧʫʯʦʢ ʩʚʝʪʘ, ʧʘʜʘʶʱʠʡ ʥʘ 

ʥʝʝ ʧʦʜ ʥʝʢʦʪʦʨʳʤ ʫʛʣʦʤ? (1 ʙʘʣʣ) 

2) ʄʦʞʝʪ ʣʠ ʠʟʦʙʨʘʞʝʥʠʝ ʙʳʪʴ ʜʝʡʩʪʚʠʪʝʣʴʥʳʤ? (1 ʙʘʣʣ) 

3) ʄʦʞʥʦ ʣʠ ʧʦʣʫʯʠʪʴ ʚ ʩʫʧʝʨʣʠʥʟʝ ʫʤʝʥʴʰʝʥʥʦʝ ʠʟʦʙʨʘʞʝʥʠʝ ʧʨʝʜʤʝʪʘ? 

(3 ʙʘʣʣʘ) 

4) ʇʨʠ ʢʘʢʦʡ ʪʦʣʱʠʥʝ ʩʫʧʝʨʣʠʥʟʳ d, ʠʤʝʶʱʝʡ ʦʪʥʦʩʠʪʝʣʴʥʳʡ ʧʦʢʘʟʘʪʝʣʴ 

ʧʨʝʣʦʤʣʝʥʠʷ n = _2, ʠʟʦʙʨʘʞʝʥʠʝ ʢʚʘʥʪʦʚʦʡ ʪʦʯʢʠ ʜʠʘʤʝʪʨʦʤ D = 5 ʥʤ, 

ʥʘʭʦʜʷʱʝʡʩʷ ʥʘ ʨʘʩʩʪʦʷʥʠʠ l = 10 ʥʤ, ʙʫʜʝʪ ʢʘʩʘʪʴʩʷ ʝʝ ʦʙʨʘʪʥʦʡ 

ʧʦʚʝʨʭʥʦʩʪʠ, ʢʘʢ ʧʦʢʘʟʘʥʦ ʥʘ ʨʠʩʫʥʢʝ? ʋʛʣʳ ʧʘʜʝʥʠʷ ʠ ʧʨʝʣʦʤʣʝʥʠʷ ʜʣʷ 

ʧʨʦʩʪʦʪʳ ʤʦʞʥʦ ʧʦʣʘʛʘʪʴ ʤʘʣʳʤʠ, ʪʘʢʠʤʠ, ʯʪʦ ʚʳʧʦʣʥʷʝʪʩʷ ʫʩʣʦʚʠʝ tg Ŭ ~ 

sin Ŭ ~ Ŭ. (5 ʙʘʣʣʦʚ) 
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6. ʉ60 ʠ ʛʝʣʠʡ. ʈʘʩʩʯʠʪʘʡʪʝ ʛʠʧʦʪʝʪʠʯʝʩʢʠ ʜʘʚʣʝʥʠʝ ʛʝʣʠʷ (ʚ ʘʪʤʦʩʬʝʨʘʭ) ʧʨʠ 25ÜC ʚʦ 

ʚʥʫʪʨʝʥʥʝʡ ʧʦʣʦʩʪʠ ʬʫʣʣʝʨʝʥʘ ʚ ʵʥʜʦʵʜʨʘʣʴʥʦʤ ʢʦʤʧʣʝʢʩʝ He@C60. ɼʠʘʤʝʪʨ 

ʬʫʣʣʝʨʝʥʘ ʧʨʠʥʷʪʴ ʨʘʚʥʳʤ 0,7 ʥʤ, ʨʘʟʤʝʨʘʤʠ ʘʪʦʤʦʚ ʧʨʝʥʝʙʨʝʯʴ. (2 ʙʘʣʣʘ)  

ʀʤʝʝʪ ʣʠ ʩʤʳʩʣ ʧʦʜʦʙʥʳʡ ʨʘʩʯʝʪ ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ ʤʦʣʝʢʫʣʷʨʥʦ - ʢʠʥʝʪʠʯʝʩʢʦʡ 

ʪʝʦʨʠʠ? ʉʚʦʡ ʦʪʚʝʪ ʘʨʛʫʤʝʥʪʠʨʫʡʪʝ? (3 ʙʘʣʣʘ) 

ʋʩʣʦʚʠʷ ʩʠʥʪʝʟʘ ʬʫʣʣʝʨʝʥʘ ʧʦʜʨʘʟʫʤʝʚʘʶʪ ʚʳʩʦʢʫʶ ʪʝʤʧʝʨʘʪʫʨʫ (1000
ʦ
ʉ) ʠ 

ʧʦʥʠʞʝʥʥʦʝ ʜʘʚʣʝʥʠʝ ʠʥʝʨʪʥʦʛʦ ʛʘʟʘ (100 ʤʤ.ʨʪ.ʩʪ. He). ʈʘʩʩʯʠʪʘʡʪʝ, ʥʘ ʩʢʦʣʴʢʦ 

ʤʦʣʝʢʫʣ C60 ʚ ʧʨʦʜʫʢʪʝ ʩʠʥʪʝʟʘ ʧʨʠʭʦʜʠʪʩʷ ʦʜʥʘ ʤʦʣʝʢʫʣʘ He@C60. (2 ʙʘʣʣʘ) 

ʉʯʠʪʘʪʴ 1 ʘʪʤ = 101325 ʇʘ. 

7. ʇʫʟʳʨʴ. ʄʳʣʴʥʳʡ ʧʫʟʳʨʴ ʜʠʘʤʝʪʨʦʤ 5 ʩʤ ʩ ʥʝʚʝʩʦʤʦʡ ʦʙʦʣʦʯʢʦʡ ʥʘʧʦʣʥʝʥ 

ʩʤʝʩʴʶ ʫʛʣʝʢʠʩʣʦʛʦ ʛʘʟʘ ʠ ʛʝʣʠʷ, ʧʣʦʪʥʦʩʪʴ ʢʦʪʦʨʦʡ ʩʦʩʪʘʚʣʷʝʪ 0.99 ʦʪ ʧʣʦʪʥʦʩʪʠ 

ʚʦʟʜʫʭʘ. ʇʫʟʳʨʴ ʧʦʤʝʩʪʠʣʠ ʚ ʘʵʨʦʟʦʣʴ ʟʦʣʦʪʳʭ ʥʘʥʦʯʘʩʪʠʮ ʜʠʘʤʝʪʨʦʤ 50 ʥʤ.  

1) ʉʢʦʣʴʢʦ ʥʘʥʦʯʘʩʪʠʮ ʜʦʣʞʥʦ ʧʨʠʣʠʧʥʫʪʴ ʢ ʧʦʚʝʨʭʥʦʩʪʠ ʧʫʟʳʨʷ, ʯʪʦʙʳ ʝʛʦ 

çʩʫʤʤʘʨʥʘʷè ʧʣʦʪʥʦʩʪʴ ʩʨʘʚʥʷʣʘʩʴ ʩ ʧʣʦʪʥʦʩʪʴʶ ʚʦʟʜʫʭʘ? (5 ʙʘʣʣʦʚ)  

2) ɹʫʜʝʪ ʣʠ ʦʥ ʧʨʠ ʵʪʦʤ ʧʨʦʜʦʣʞʘʪʴ ʚʠʩʝʪʴ ʚ ʚʦʟʜʫʭʝ? (1 ʙʘʣʣ) 

ʇʣʦʪʥʦʩʪʴ ʟʦʣʦʪʘ ʧʨʠʤʠʪʝ ʨʘʚʥʦʡ 19,32 ʛ/ʩʤ
3
. 

8. ʌʣʦʪʘʮʠʷ. ɺ ʛʦʨʥʦʡ ʧʨʦʤʳʰʣʝʥʥʦʩʪʠ ʜʣʷ ʨʘʟʜʝʣʝʥʠʷ ʤʠʥʝʨʘʣʦʚ ʧʨʠʤʝʥʷʝʪʩʷ 

ʤʝʪʦʜ ʬʣʦʪʘʮʠʠ (ʪʘʢ ʤʦʞʥʦ ʧʳʪʘʪʴʩʷ ʜʦʙʳʪʴ ʜʘʞʝ ʢʨʫʧʠʥʢʠ ʟʦʣʦʪʘ!). ʄʝʪʦʜ 

ʦʩʥʦʚʘʥ ʥʘ ʦʪʣʠʯʠʷʭ ʚ ʩʤʘʯʠʚʘʝʤʦʩʪʠ ʤʠʥʝʨʘʣʦʚ, ʠʟʤʝʣʴʯʝʥʥʳʭ ʜʦ ʨʘʟʤʝʨʦʚ 

ʧʦʨʷʜʢʘ 100 ʤʢʤ. ʏʝʨʝʟ ʩʫʩʧʝʥʟʠʶ ʠʟʤʝʣʴʯʝʥʥʦʡ ʧʦʨʦʜʳ ʚ ʥʝʢʦʪʦʨʦʡ ʞʠʜʢʦʩʪʠ 

ʧʨʦʧʫʩʢʘʶʪ ʧʦʪʦʢ ʤʘʣʝʥʴʢʠʭ çʧʫʟʳʨʴʢʦʚè ʜʨʫʛʦʡ ʞʠʜʢʦʩʪʠ, ʢʦʪʦʨʳʝ ʫʚʣʝʢʘʶʪ ʟʘ 

ʩʦʙʦʡ ʪʚʝʨʜʳʝ ʯʘʩʪʠʮʳ ʧʦʨʦʜʳ ʠ ʦʙʨʘʟʫʶʪ ʧʝʥʫ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʩʦʩʫʜʘ.   

ʕʪʫ ʤʝʪʦʜʠʢʫ ʤʦʞʥʦ ʧʨʠʤʝʥʷʪʴ ʜʣʷ ʨʘʟʜʝʣʝʥʠʷ ʥʘʥʦʯʘʩʪʠʮ ʧʦ ʨʘʟʤʝʨʘʤ. 

ʈʘʩʩʤʦʪʨʠʤ ʚʦʜʥʫʶ ʩʫʩʧʝʥʟʠʶ (ʯʘʩʪʠʮʳ ʚʟʚʝʰʝʥʳ ʚ ʚʦʜʝ) ʩʬʝʨʠʯʝʩʢʠʭ 

ʥʘʥʦʯʘʩʪʠʮ ʟʦʣʦʪʘ.  

1) ʂʘʢʠʤʠ ʩʚʦʡʩʪʚʘʤʠ ʜʦʣʞʥʘ ʦʙʣʘʜʘʪʴ çʧʫʟʳʨʴʢʦʚʘʷ ʞʠʜʢʦʩʪʴè ʜʣʷ 

ʨʘʟʜʝʣʝʥʠʷ ʥʘʥʦʯʘʩʪʠʮ? (2 ʙʘʣʣʘ) 

2) ʅʘʡʜʠʪʝ ʜʠʘʤʝʪʨ ʧʫʟʳʨʴʢʦʚ ʠʟ ʢʝʨʦʩʠʥʘ, ʥʝʦʙʭʦʜʠʤʳʭ ʜʣʷ ʨʘʟʜʝʣʝʥʠʷ 

ʥʘʥʦʯʘʩʪʠʮ ʥʘ ʜʚʝ ʬʨʘʢʮʠʠ: ʙʦʣʴʰʝ ʠ ʤʝʥʴʰʝ d = 10 ʥʤ. (3 ʙʘʣʣʘ) 

3) ʇʣʦʪʥʦʩʪʴ ʢʝʨʦʩʠʥʘ r liquid = 0,8 ʛ/ʩʤ
3
, ʧʣʦʪʥʦʩʪʴ ʟʦʣʦʪʘ  rsolid= 2,33. 

9. ʂʦʥʪʫʨ. ʅʘ ʧʨʦʟʨʘʯʥʫʶ ʧʣʘʩʪʠʥʫ ʠʟ ʢʚʘʨʮʘ ʥʘʥʝʩʝʥʳ ʩʪʨʫʢʪʫʨʳ ʪʠʧʘ 

ʢʦʣʝʙʘʪʝʣʴʥʦʛʦ ʢʦʥʪʫʨʘ (ʩʤ. ʨʠʩ.). ʂʘʞʜʘʷ ʩʪʨʫʢʪʫʨʘ ʩʦʩʪʦʠʪ ʠʟ ʧʣʦʩʢʦʡ ʢʘʪʫʰʢʠ 

ʠʥʜʫʢʪʠʚʥʦʩʪʠ ʠ ʧʣʦʩʢʦʛʦ ʢʚʘʜʨʘʪʥʦʛʦ ʢʦʥʜʝʥʩʘʪʦʨʘ ʩʦ ʩʪʦʨʦʥʦʡ d = 10 ʥʤ, 

ʦʙʢʣʘʜʢʠ ʢʦʪʦʨʦʛʦ ʥʘʭʦʜʷʪʩʷ ʩ ʨʘʟʥʳʭ ʩʪʦʨʦʥ ʧʣʘʩʪʠʥʳ.  
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1) ʅʘʡʪʠ ʪʦʣʱʠʥʫ ʧʣʘʩʪʠʥʳ h, ʧʨʠ ʢʦʪʦʨʦʡ ʨʝʟʦʥʘʥʩʥʘʷ ʯʘʩʪʦʪʘ ʜʘʥʥʦʛʦ 

ʢʦʥʪʫʨʘ ʙʫʜʝʪ ʩʦʚʧʘʜʘʪʴ ʩ ʯʘʩʪʦʪʦʡ ʢʨʘʩʥʦʛʦ ʩʚʝʪʘ (ʜʣʠʥʘ ʚʦʣʥʳ l = 632 ʥʤ). 

(3 ʙʘʣʣʘ)  

2) ʂʘʢʠʝ ʬʠʟʠʯʝʩʢʠʝ ʷʚʣʝʥʠʷ ʙʫʜʫʪ ʧʨʦʠʩʭʦʜʠʪʴ ʧʨʠ ʧʨʦʭʦʞʜʝʥʠʠ ʩʚʝʪʘ ʯʝʨʝʟ 

ʧʣʘʩʪʠʥʫ? (2 ʙʘʣʣʘ)  

ʀʥʜʫʢʪʠʚʥʦʩʪʴ ʢʘʪʫʰʢʠ L = 9,54 10
-14

 ɻʥ, ʜʠʵʣʝʢʪʨʠʯʝʩʢʘʷ ʧʨʦʥʠʮʘʝʤʦʩʪʴ ʢʚʘʨʮʘ 

4. 
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ʈɽʐɽʅʀʗ 

 

ʉʝʨʜʮʝ ʘʪʦʤʥʦ-ʩʠʣʦʚʦʛʦ ʤʠʢʨʦʩʢʦʧʘ (2007, ʩʪʫʜʝʥʯʝʩʢʠʡ ʫʨʦʚʝʥʴ) 

ʆʩʥʦʚʘʥʦ ʥʘ ʨʝʰʝʥʠʠ ʧʦʙʝʜʠʪʝʣʷ ʀʥʪʝʨʥʝʪ-ʦʣʠʤʧʠʘʜʳ ʧʦ ʜʘʥʥʦʡ ʥʦʤʠʥʘʮʠʠ ʘʩʧ. ʄɻʋ 

ɽ.ɻ.ɽʚʪʫʰʝʥʢʦ 

1. Ŭ-ʢʚʘʨʮ (Ŭ-SiO2) ʦʙʨʘʟʫʝʪ ʢʘʨʢʘʩʥʫʶ ʢʨʠʩʪʘʣʣʠʯʝʩʢʫʶ ʩʪʨʫʢʪʫʨʫ ʩ ʛʝʢʩʘʛʦʥʘʣʴʥʦʡ 

ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʦʡ, ʦʙʣʘʜʘʶʱʫʶ ʧʘʨʘʤʝʪʨʘʤʠ: a = 4.91 Ȕ, c = 5.40 Ȕ, Z = 3 

(SiO2), V = 113 Ȕ
3
. (ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʘʷ ʛʨʫʧʧʘ P3121). ʆʩʥʦʚʥʳʤ ʤʦʪʠʚʦʤ 

ʟʘʧʦʣʥʝʥʠʷ ʷʚʣʷʶʪʩʷ ʪʝʪʨʘʵʜʨʳ [SiO4], ʢʘʞʜʳʡ ʘʪʦʤ O ʦʜʥʦʚʨʝʤʝʥʥʦ ʷʚʣʷʝʪʩʷ 

ʚʝʨʰʠʥʦʡ ʜʚʫʭ ʪʝʪʨʘʵʜʨʦʚ (ʨʠʩ.1, ʚʠʜ ʩʪʨʫʢʪʫʨʳ ʧʨʘʚʦʚʨʘʱʘʶʱʝʛʦ Ŭ-ʢʚʘʨʮʘ ʚʜʦʣʴ 

ʦʩʠ z). ɺ ʩʪʨʫʢʪʫʨʝ Ŭ-ʢʚʘʨʮʘ ʤʦʞʥʦ ʚʳʜʝʣʠʪʴ ʥʝʩʢʦʣʴʢʦ ʫʨʦʚʥʝʡ ʩʪʨʫʢʪʫʨʥʦʡ 

ʦʨʛʘʥʠʟʘʮʠʠ. ʊʨʦʡʢʠ ʪʝʪʨʘʵʜʨʦʚ ʦʙʨʘʟʫʶʪ ʦʜʥʦʢʨʘʪʥʳʝ ʩʧʠʨʘʣʠ, ʧʘʨʘʣʣʝʣʴʥʳʝ 

ʦʩʠ z (ʨʠʩ.2). ʅʘ ʙʦʣʝʝ ʚʳʩʦʢʦʤ ʫʨʦʚʥʝ ʦʨʛʘʥʠʟʘʮʠʠ ʢʘʞʜʳʡ ʪʝʪʨʘʵʜʨ ʫʯʘʩʪʚʫʝʪ ʚ 

ʦʙʨʘʟʦʚʘʥʠʠ ʜʚʫʭ ʪʨʝʭʢʨʘʪʥʳʭ ʠ ʜʚʫʭ ʰʝʩʪʠʢʨʘʪʥʳʭ ʩʧʠʨʘʣʝʡ, ʦʙʣʘʜʘʶʱʠʭ 

ʧʨʦʪʠʚʦʧʦʣʦʞʥʦʡ ʟʘʢʨʫʯʝʥʥʦʩʪʴʶ (ʨʠʩ.3). ʉʧʠʨʘʣʠ ʦʙʨʘʟʫʶʪ ʢʘʥʘʣʳ ʚ ʩʪʨʫʢʪʫʨʝ 

ʢʚʘʨʮʘ, ʩʘʤʘ ʩʪʨʫʢʪʫʨʘ (ʨʠʩ.4) ʦʙʫʩʣʘʚʣʠʚʘʝʪ ʥʘʣʠʯʠʝ ʜʚʫʭ ʵʥʘʥʪʠʦʤʝʨʥʳʭ 

ʤʦʜʠʬʠʢʘʮʠʡ ï ʧʨʘʚʦ- ʠ ʣʝʚʦʚʨʘʱʘʶʱʝʡ. Ŭ-ʢʚʘʨʮ ï ʧʴʝʟʦʵʣʝʢʪʨʠʢ. 

 

ʈʠʩ.1. ɺʠʜ ʩʪʨʫʢʪʫʨʳ ʧʨʘʚʦʚʨʘʱʘʶʱʝʛʦ Ŭ-ʢʚʘʨʮʘ ʚʜʦʣʴ ʦʩʠ z. 

http://www.nanometer.ru/olymptestans.html?id=1834&user=1006
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ʈʠʩ.2. ʉʪʨʦʝʥʠʝ ʝʜʠʥʠʯʥʦʡ ʩʧʠʨʘʣʠ ʚ ʩʪʨʫʢʪʫʨʝ Ŭ-ʢʚʘʨʮʘ 

 

ʈʠʩ.3. ɺʠʜ ʩʪʨʫʢʪʫʨʳ ʧʨʘʚʦʚʨʘʱʘʶʱʝʛʦ Ŭ-ʢʚʘʨʮʘ ʚʜʦʣʴ ʦʩʠ z, ʩʪʨʝʣʢʘʤʠ ʧʦʢʘʟʘʥʦ 

ʥʘʧʨʘʚʣʝʥʠʝ ʟʘʢʨʫʯʠʚʘʥʠʷ ʪʨʦʡʥʳʭ ʠ ʰʝʩʪʠʢʨʘʪʥʳʭ ʩʧʠʨʘʣʝʡ 

 

ʈʠʩ.4. ʕʣʝʤʝʥʪʘʨʥʘʷ ʷʯʝʡʢʘ ʧʨʘʚʦʚʨʘʱʘʶʱʝʛʦ Ŭ-ʢʚʘʨʮʘ 

http://www.nanometer.ru/olymptestans.html?id=1834&user=1006
http://www.nanometer.ru/olymptestans.html?id=1834&user=1006
http://www.nanometer.ru/olymptestans.html?id=1834&user=1006
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ʊʠʪʘʥʘʪ ʙʘʨʠʷ (BaTiO3) ʠʤʝʝʪ ʧʷʪʴ ʧʦʣʠʤʦʨʬʥʳʭ ʤʦʜʠʬʠʢʘʮʠʡ: ʨʦʤʙʦʵʜʨʠʯʝʩʢʫʶ, 

ʨʦʤʙʠʯʝʩʢʫʶ, ʪʝʪʨʘʛʦʥʘʣʴʥʫʶ, ʢʫʙʠʯʝʩʢʫʶ ʠ ʛʝʢʩʘʛʦʥʘʣʴʥʫʶ. ʇʨʠ ʦʙʳʯʥʳʭ 

ʫʩʣʦʚʠʷʭ ʩʪʘʙʠʣʴʥʦʡ ʷʚʣʷʝʪʩʷ ʪʝʪʨʘʛʦʥʘʣʴʥʘʷ ʩʪʨʫʢʪʫʨʘ (a = 3.99 Ȕ, c = 4.04 Ȕ, V = 

64.4 Ȕ
3
, ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʘʷ ʛʨʫʧʧʘ P4mm), ʠʤʝʶʱʘʷ ʠʩʢʘʞʝʥʥʫʶ ʩʪʨʫʢʪʫʨʫ 

ʧʝʨʦʚʩʢʠʪʘ (ʨʠʩ.5). ɸʪʦʤ Ti ʤʦʞʝʪ ʩʤʝʱʘʪʴʩʷ ʚʥʫʪʨʠ ʢʠʩʣʦʨʦʜʥʳʭ ʦʢʪʘʵʜʨʦʚ ʥʘ 

ʦʛʨʦʤʥʳʝ ʚʝʣʠʯʠʥʳ ~ 0.013 ¡. ʊʠʪʘʥʘʪ ʙʘʨʠʷ ï (ʤʥʦʛʦʦʩʥʳʡ) ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʢ, ʪʦ 

ʝʩʪʴ ʤʦʞʝʪ çʨʘʟʙʠʚʘʪʴʩʷè ʧʨʠ ʦʧʨʝʜʝʣʝʥʥʳʭ ʫʩʣʦʚʠʷʭ (ʥʠʞʝ ʪʝʤʧʝʨʘʪʫʨʳ ʂʶʨʠ) 

ʥʘ ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʠʝ ʜʦʤʝʥʳ, ʚ ʨʝʟʫʣʴʪʘʪʝ ʯʝʛʦ ʚʦʟʥʠʢʘʶʱʘʷ ʩʧʦʥʪʘʥʥʘʷ 

ʧʦʣʷʨʠʟʘʮʠʷ ʥʝ ʧʨʠʚʦʜʠʪ ʢ ʚʦʟʥʠʢʥʦʚʝʥʠʶ ʤʘʢʨʦʩʢʦʧʠʯʝʩʢʠ ʨʘʟʜʝʣʝʥʥʳʭ ʟʘʨʷʜʦʚ. 

ɺ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʪʦʛʦ, ʢʘʢʘʷ ʠʟ ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʤʦʜʠʬʠʢʘʮʠʡ ʦʭʣʘʞʜʝʥʘ ʥʠʞʝ 

ʪʝʤʧʝʨʘʪʫʨʳ ʂʶʨʠ, ʚʦʟʥʠʢʰʠʝ ʜʦʤʝʥʳ ʩʠʤʤʝʪʨʠʯʥʦ ʨʘʩʧʦʣʘʛʘʶʪʩʷ ʧʦ ʧʨʠʥʮʠʧʫ 

çʛʣʦʚʘ ʢ ʭʚʦʩʪʫè ʪʘʢ, ʯʪʦʙʳ çʟʘʤʢʥʫʪʴè, ʩʦʤʧʝʥʩʠʨʦʚʘʪʴ ʵʣʝʢʪʨʠʯʝʩʢʦʝ ʧʦʣʝ. 

ʅʝʠʩʢʘʞʝʥʥʘʷ ʢʫʙʠʯʝʩʢʘʷ ʤʦʜʠʬʠʢʘʮʠʷ ʪʠʪʘʥʘʪʘ ʙʘʨʠʷ, ʠʤʝʶʱʘʷ ʮʝʥʪʨ ʠʥʚʝʨʩʠʠ, 

ʥʝ ʷʚʣʷʝʪʩʷ ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʢʦʤ. ʉʝʛʥʝʪʦʵʣʝʢʪʨʠʢʠ ʷʚʣʷʶʪʩʷ ʧʦʜʢʣʘʩʩʦʤ 

ʧʴʝʟʦʵʣʝʢʪʨʠʢʦʚ, ʪʦ ʝʩʪʴ ʜʘʣʝʢʦ ʥʝ ʚʩʝ ʧʴʝʟʦʵʣʝʢʪʨʠʢʠ ʤʦʛʫʪ ʦʜʥʦʚʨʝʤʝʥʥʦ ʙʳʪʴ ʠ 

ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʢʘʤʠ, ʦʜʥʘʢʦ ʚʩʝ ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʢʠ ï ʵʪʦ ʧʴʝʟʦʵʣʝʢʪʨʠʢʠ. 

 

ʈʠʩ. 5. ʕʣʝʤʝʥʪʘʨʥʘʷ ʷʯʝʡʢʘ ʪʝʪʨʘʛʦʥʘʣʴʥʦʛʦ ʪʠʪʘʥʘʪʘ ʙʘʨʠʷ 

ʇʴʝʟʦʵʣʝʢʪʨʠʯʝʩʢʠʡ ʵʬʬʝʢʪ ï ʷʚʣʝʥʠʝ ʚʦʟʥʠʢʥʦʚʝʥʠʷ ʵʣʝʢʪʨʦʩʪʘʪʠʯʝʩʢʠʭ ʟʘʨʷʜʦʚ 

ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʤʝʭʘʥʠʯʝʩʢʠʭ ʥʘʧʨʷʞʝʥʠʡ, ʧʨʠʯʝʤ ʚʝʣʠʯʠʥʘ ʵʪʠʭ ʟʘʨʷʜʦʚ ʦʙʳʯʥʦ 

ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʘ ʤʝʭʘʥʠʯʝʩʢʦʤʫ ʥʘʧʨʷʞʝʥʠʶ ʠ ʤʝʥʷʶʪ ʟʥʘʢ ʚʤʝʩʪʝ ʩ ʥʠʤ, ʠʩʯʝʟʘʷ 

ʧʨʠ ʝʛʦ ʩʥʷʪʠʠ. ʅʘʨʷʜʫ ʩ ʧʨʷʤʳʤ ʩʫʱʝʩʪʚʫʝʪ ʦʙʨʘʪʥʳʡ ʧʴʝʟʦʵʣʝʢʪʨʠʯʝʩʢʠʡ 

ʵʬʬʝʢʪ, ʟʘʢʣʶʯʘʶʱʠʡʩʷ ʚ ʚʦʟʥʠʢʥʦʚʝʥʠʠ ʤʝʭʘʥʠʯʝʩʢʠʭ ʜʝʬʦʨʤʘʮʠʡ ʤʘʪʝʨʠʘʣʘ 

ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʧʨʠʣʦʞʝʥʥʦʛʦ ʢ ʥʝʤʫ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ, ʧʨʠʯʝʤ ʚʝʣʠʯʠʥʘ 

http://www.nanometer.ru/olymptestans.html?id=1834&user=1006
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ʤʝʭʘʥʠʯʝʩʢʦʡ ʜʝʬʦʨʤʘʮʠʠ ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʘ ʥʘʧʨʷʞʝʥʥʦʩʪʠ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ. 

ʇʴʝʟʦʵʣʝʢʪʨʠʯʝʩʢʠʡ ʵʬʬʝʢʪ ʧʦʷʚʣʷʝʪʩʷ ʪʦʣʴʢʦ ʚ ʪʦʤ ʩʣʫʯʘʝ, ʢʦʛʜʘ ʫʧʨʫʛʘʷ 

ʜʝʬʦʨʤʘʮʠʷ ʢʨʠʩʪʘʣʣʘ ʩʦʧʨʦʚʦʞʜʘʝʪʩʷ ʠʟʤʝʥʝʥʠʝʤ ʚʟʘʠʤʥʦʛʦ ʧʦʣʦʞʝʥʠʷ 

ʩʪʨʫʢʪʫʨʥʳʭ ʵʣʝʤʝʥʪʦʚ ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ ʢʨʠʩʪʘʣʣʘ, ʚʳʟʳʚʘʷ ʚ ʩʠʣʫ ʪʘʢʦʛʦ 

ʧʝʨʝʤʝʱʝʥʠʷ ʚʦʟʥʠʢʥʦʚʝʥʠʝ ʜʠʧʦʣʴʥʳʭ ʤʦʤʝʥʪʦʚ ʠ ʟʘʪʝʤ ʤʘʢʨʦʩʢʦʧʠʯʝʩʢʦʡ 

ʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʦʣʷʨʠʟʘʮʠʠ. ɺ ʩʪʨʫʢʪʫʨʘʭ, ʠʤʝʶʱʠʭ ʮʝʥʪʨ ʩʠʤʤʝʪʨʠʠ, 

ʜʝʬʦʨʤʘʮʠʷ ʥʝ ʤʦʞʝʪ ʥʘʨʫʰʠʪʴ ʚʥʫʪʨʝʥʥʝʝ ʨʘʚʥʦʚʝʩʠʝ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʝʪʢʠ, 

ʠ, ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʧʴʝʟʦʵʣʝʢʪʨʠʯʝʩʢʠʤʠ ʩʚʦʡʩʪʚʘʤʠ ʦʙʣʘʜʘʶʪ ʪʦʣʴʢʦ ʤʘʪʝʨʠʘʣʳ, ʚ 

ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʷʯʝʡʢʝ ʢʦʪʦʨʳʭ ʦʪʩʫʪʩʪʚʫʝʪ ʮʝʥʪʨ ʩʠʤʤʝʪʨʠʠ. ʆʪʩʫʪʩʪʚʠʝ ʮʝʥʪʨʘ 

ʩʠʤʤʝʪʨʠʠ ʷʚʣʷʝʪʩʷ ʥʝʦʙʭʦʜʠʤʳʤ, ʥʦ ʥʝʜʦʩʪʘʪʦʯʥʳʤ ʫʩʣʦʚʠʝʤ ʩʫʱʝʩʪʚʦʚʘʥʠʷ 

ʧʴʝʟʦʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʵʬʬʝʢʪʘ. ʇʴʝʟʦʵʣʝʢʪʨʠʯʝʩʢʠʝ ʵʬʬʝʢʪʳ ʥʝ ʤʦʛʫʪ ʥʘʙʣʶʜʘʪʴʩʷ 

ʚ ʪʚʝʨʜʳʭ ʧʦʨʦʰʢʦʦʙʨʘʟʥʳʭ ʤʘʪʝʨʠʘʣʘʭ, ʪʘʢ ʢʘʢ ʯʘʩʪʠʮʳ ʧʦʨʦʰʢʘ ʠʤʝʶʪ 

ʩʣʫʯʘʡʥʫʶ ʦʨʠʝʥʪʘʮʠʶ. ʀʤʝʥʥʦ ʧʦ ʵʪʦʡ ʧʨʠʯʠʥʝ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʠʡ ʢʚʘʨʮ ʥʝ 

ʦʙʣʘʜʘʝʪ ʩʚʦʡʩʪʚʘʤʠ ʧʴʝʟʦʵʣʝʢʪʨʠʢʘ.  

ʇʦ ʪʝʤ ʞʝ ʩʘʤʳʤ ʧʨʠʯʠʥʘʤ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʠʡ ʪʠʪʘʥʘʪ ʙʘʨʠʷ ʙʝʟ ʩʧʝʮʠʘʣʴʥʦʡ 

ʦʙʨʘʙʦʪʢʠ ʪʘʢʞʝ ʥʝ ʤʦʞʝʪ ʨʘʙʦʪʘʪʴ ʚ ʢʘʯʝʩʪʚʝ ʧʴʝʟʦʵʣʝʢʪʨʠʢʘ. ʆʜʥʘʢʦ ʨʘʟʣʠʯʠʝ 

ʤʝʞʜʫ ʪʠʪʘʥʘʪʦʤ ʙʘʨʠʷ ʠ Ŭ-ʢʚʘʨʮʝʤ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʪʦʤ, ʯʪʦ ʧʝʨʚʳʡ ʷʚʣʷʝʪʩʷ 

ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʢʦʤ (ʠ ʧʦʵʪʦʤʫ ʠ ʧʴʝʟʦʵʣʝʢʪʨʠʢʦʤ ʪʦʞʝ), ʘ ʧʦʩʣʝʜʥʠʡ ï ʥʝ 

ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʢ, ʘ çʪʦʣʴʢʦè ʧʴʝʟʦʵʣʝʢʪʨʠʢ. ʈʘʩʩʤʦʪʨʠʤ ʧʦʜʨʦʙʥʝʝ ʧʨʦʮʝʩʩ 

ʩʧʦʥʪʘʥʥʦʡ ʧʦʣʷʨʠʟʘʮʠʠ ʪʠʪʘʥʘʪʘ ʙʘʨʠʷ. ʄʘʣʝʥʴʢʠʡ Ti
4+

 ʚ ʢʠʩʣʦʨʦʜʥʳʭ ʦʢʪʘʵʜʨʘʭ 

ʠʤʝʝʪ ʥʝʢʦʪʦʨʫʶ çʩʚʦʙʦʜʫè ʧʝʨʝʤʝʱʝʥʠʷ ʚ ʢʠʩʣʦʨʦʜʥʦʤ ʦʢʪʘʵʜʨʝ ʧʫʪʝʤ ʧʨʦʩʢʦʢʘ 

ʯʝʨʝʟ ʤʝʪʘʩʪʘʙʠʣʴʥʦʝ ʩʠʤʤʝʪʨʠʯʥʦʝ ʧʦʣʦʞʝʥʠʝ ʚ ʮʝʥʪʨʝ ʦʢʪʘʵʜʨʘ ʚ ʨʘʚʥʦʚʝʩʥʦʝ 

ʧʦʣʦʞʝʥʠʝ çʚʚʝʨʭʫè ʠʣʠ çʚʥʠʟʫè ʠʩʢʘʞʝʥʥʦʛʦ ʦʢʪʘʵʜʨʘ (ʙʠʩʪʘʙʠʣʴʥʘʷ ʩʠʩʪʝʤʘ). 

ʇʨʠ ʜʦʩʪʘʪʦʯʥʦ ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʪʝʧʣʦʚʘʷ ʵʥʝʨʛʠʷ ʠʦʥʘ ʪʠʪʘʥʘ ʜʦʩʪʘʪʦʯʥʘ 

ʜʣʷ ʪʦʛʦ, ʯʪʦʙʳ ʦʥ ʥʝʧʨʝʨʳʚʥʦ ʤʠʛʨʠʨʦʚʘʣ ʚʥʫʪʨʠ ʢʠʩʣʦʨʦʜʥʦʛʦ ʦʢʪʘʵʜʨʘ, 

ʧʦʦʯʝʨʝʜʥʦ ʧʨʠʙʣʠʞʘʷʩʴ ʪʦ ʢ ʦʜʥʦʤʫ, ʪʦ ʢ ʜʨʫʛʦʤʫ ʢʦʥʮʫ ʦʢʪʘʵʜʨʘ. ʋʩʨʝʜʥʝʥʥʦʝ 

ʧʦʣʦʞʝʥʠʝ ʠʦʥʘ ʪʠʪʘʥʘ ʥʘʭʦʜʠʪʩʷ ʚ ʮʝʥʪʨʝ ʦʢʪʘʵʜʨʘ, ʧʦʵʪʦʤʫ ʵʣʝʤʝʥʪʘʨʥʘʷ ʷʯʝʡʢʘ 

ʷʚʣʷʝʪʩʷ ʩʠʤʤʝʪʨʠʯʥʦʡ ï ʢʫʙʠʯʝʩʢʦʡ.  

ʇʦʥʠʞʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ ʚʝʜʝʪ ʢ ʩʥʠʞʝʥʠʶ ʪʝʧʣʦʚʦʡ ʵʥʝʨʛʠʠ ʢʦʣʝʙʘʥʠʡ ʪʠʪʘʥʘ, ʠ 

ʥʠʞʝ ʪʝʤʧʝʨʘʪʫʨʳ ʂʶʨʠ ʦʥ ʣʦʢʘʣʠʟʫʝʪʩʷ ʙʣʠʞʝ ʢ ʦʜʥʦʤʫ ʠʟ ʢʦʥʮʦʚ ʢʠʩʣʦʨʦʜʥʦʛʦ 

ʦʢʪʘʵʜʨʘ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʵʣʝʤʝʥʪʘʨʥʘʷ ʷʯʝʡʢʘ ʧʨʠʦʙʨʝʪʘʝʪ ʜʠʧʦʣʴʥʳʡ ʤʦʤʝʥʪ. ʊʝʤ 

ʥʝ ʤʝʥʝʝ, ʤʘʢʨʦʩʢʦʧʠʯʝʩʢʠ ʤʘʪʝʨʠʘʣ ʥʝ ʩʪʘʥʦʚʠʪʩʷ ʦʜʥʦʨʦʜʥʦ ʧʦʣʷʨʠʟʦʚʘʥʥʳʤ, ʘ 

ʩʦʩʪʦʠʪ ʠʟ ʜʦʤʝʥʦʚ ï ʦʙʣʘʩʪʝʡ ʩ ʨʘʟʣʠʯʥʳʤʠ ʥʘʧʨʘʚʣʝʥʠʷʤʠ ʩʧʦʥʪʘʥʥʦʡ 

ʧʦʣʷʨʠʟʘʮʠʠ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʨʠ ʦʪʩʫʪʩʪʚʠʠ ʚʥʝʰʥʠʭ ʚʦʟʜʝʡʩʪʚʠʡ ʩʫʤʤʘʨʥʳʡ 

ʵʣʝʢʪʨʠʯʝʩʢʠʡ ʜʠʧʦʣʴʥʳʡ ʤʦʤʝʥʪ ʦʙʨʘʟʮʘ ʚ ʮʝʣʦʤ ʧʨʘʢʪʠʯʝʩʢʠ ʨʘʚʝʥ ʥʫʣʶ.  
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2. ɼʣʷ ʪʦʛʦ, ʯʪʦʙʳ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʠʡ ʦʙʨʘʟʝʮ ʪʠʪʘʥʘʪʘ ʙʘʨʠʷ ʧʨʠʦʙʨʝʣ ʩʚʦʡʩʪʚʘ 

ʧʴʝʟʦʵʣʝʢʪʨʠʢʘ, ʝʛʦ ʥʝʦʙʭʦʜʠʤʦ ʧʦʤʝʩʪʠʪʴ ʚ ʩʠʣʴʥʦʝ ʚʥʝʰʥʝʝ ʵʣʝʢʪʨʠʯʝʩʢʦʝ ʧʦʣʝ. 

ɺʦ ʚʥʝʰʥʝʤ ʵʣʝʢʪʨʠʯʝʩʢʦʤ ʧʦʣʝ ʜʦʤʝʥʳ, ʥʘʧʨʘʚʣʝʥʠʝ ʧʦʣʷʨʠʟʘʮʠʠ ʢʦʪʦʨʳʭ 

ʩʦʚʧʘʜʘʝʪ ʩ ʥʘʧʨʘʚʣʝʥʠʝʤ ʧʦʣʷ, ʠʤʝʶʪ ʙʦʣʝʝ ʥʠʟʢʫʶ ʵʥʝʨʛʠʶ. ʇʨʦʠʩʭʦʜʠʪ 

ʧʨʦʮʝʩʩ ʩʤʝʱʝʥʠʷ ʜʦʤʝʥʥʳʭ ʛʨʘʥʠʮ, ʜʦʤʝʥʳ, ʧʦʣʷʨʠʟʦʚʘʥʥʳʝ ʧʦ ʧʦʣʶ, ʨʘʩʪʫʪ ʟʘ 

ʩʯʝʪ ʜʦʤʝʥʦʚ, ʧʦʣʷʨʠʟʦʚʘʥʥʳʭ ʧʨʦʪʠʚ ʧʦʣʷ: ʤʠʢʨʦʢʨʠʩʪʘʣʣ BaTiO3 ʮʝʣʠʢʦʤ 

ʧʦʣʷʨʠʟʫʝʪʩʷ ʧʦ ʧʦʣʶ ʠ ʩʪʘʥʦʚʠʪʩʷ ʦʜʥʦʜʦʤʝʥʥʳʤ. ɽʩʣʠ ʛʦʚʦʨʠʪʴ ʪʦʯʥʝʝ, ʦʥʠ 

ʧʦʣʫʯʘʶʪ ʪʘʢ ʥʘʟʳʚʘʝʤʫʶ ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʫʶ ʪʝʢʩʪʫʨʫ, ʩʦʭʨʘʥʷʶʱʫʶʩʷ 

ʯʘʩʪʠʯʥʦ ʧʦʩʣʝ ʩʥʷʪʠʷ ʧʦʣʷ, ʧʦʩʢʦʣʴʢʫ ʜʣʷ ʪʠʪʘʥʘʪʘ ʙʘʨʠʷ ʜʦʩʪʘʪʦʯʥʦ ʚʝʣʠʢʘ 

ʦʩʪʘʪʦʯʥʘʷ ʧʦʣʷʨʠʟʘʮʠʷ, ʘ ʜʣʷ ʪʦʛʦ, ʯʪʦʙʳ ʦʙʨʘʟʝʮ ʚʥʦʚʴ ʧʨʠʦʙʨʝʣ ʨʘʚʥʦʝ 

ʢʦʣʠʯʝʩʪʚʦ ʧʨʦʪʠʚʦʧʦʣʦʞʥʦ ʥʘʧʨʘʚʣʝʥʥʳʭ ʜʦʤʝʥʦʚ, ʥʝʦʙʭʦʜʠʤʦ ʧʨʠʣʦʞʠʪʴ 

çʨʘʟʲʵʣʝʢʪʨʠʟʫʶʱʝʝè ʧʦʣʝ, ʨʘʚʥʦʝ ʚʝʣʠʯʠʥʝ ʪʘʢ ʥʘʟʳʚʘʝʤʦʡ ʢʦʵʨʮʠʪʠʚʥʦʡ ʩʠʣʳ 

(ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʢʠ ʭʘʨʘʢʪʝʨʠʟʫʶʪʩʷ ʛʠʩʪʝʨʝʟʠʩʦʤ ʧʦʣʷʨʠʟʘʮʠʠ, ʧʦʩʢʦʣʴʢʫ ʜʣʷ 

çʧʝʨʝʵʣʝʢʪʨʠʟʘʮʠʠè ʜʦʤʝʥʦʚ ʥʝʦʙʭʦʜʠʤʦ ʩʦʚʝʨʰʠʪʴ ʨʘʙʦʪʫ ʟʘ ʩʯʝʪ ʚʥʝʰʥʠʭ ʩʠʣ). 

ɼʣʷ ʫʩʢʦʨʝʥʠʷ ʧʨʦʮʝʩʩʘ ʩʦʟʜʘʥʠʝ ʧʴʝʟʦʵʣʝʢʪʨʠʯʝʩʢʦʡ ʪʝʢʩʪʫʨʳ ʝʛʦ ʧʨʦʚʦʜʷʪ 

ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ: ʥʘʛʨʝʚʘʶʪ ʢʝʨʘʤʠʯʝʩʢʫʶ ʧʴʝʟʦʪʨʫʙʢʫ ʚʳʰʝ ʪʝʤʧʝʨʘʪʫʨʳ 

ʂʶʨʠ, ʧʦʤʝʱʘʶʪ ʚ ʩʠʣʴʥʦʝ ʚʥʝʰʥʝʝ ʵʣʝʢʪʨʠʯʝʩʢʦʝ ʧʦʣʝ (ʦʢʦʣʦ 3 ʢɺ/ʩʤ), ʘ ʟʘʪʝʤ 

ʤʝʜʣʝʥʥʦ ʦʭʣʘʞʜʘʶʪ. 

3. ʂʨʠʧ-ʵʬʬʝʢʪ (ʦʪ ʘʥʛʣ. creep ï ʧʦʣʟʪʠ, ʤʝʜʣʝʥʥʦ ʧʨʦʜʚʠʛʘʪʴʩʷ) ʟʘʢʣʶʯʘʝʪʩʷ ʚ 

ʟʘʧʘʟʜʳʚʘʥʠʠ ʨʝʘʢʮʠʠ (ʠʟʤʝʥʝʥʠʠ ʨʘʟʤʝʨʦʚ) ʥʘ ʠʟʤʝʥʝʥʠʝ ʚʝʣʠʯʠʥʳ 

ʫʧʨʘʚʣʷʶʱʝʛʦ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ. ʅʘ ʨʠʩ. 6 ʩʭʝʤʘʪʠʯʝʩʢʠ ʧʦʢʘʟʘʥʳ 

ʧʨʠʣʦʞʝʥʥʦʝ ʥʘʧʨʷʞʝʥʠʝ ʠ ʨʘʟʤʝʨ ʧʴʝʟʦʵʣʝʢʪʨʠʢʘ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʚʨʝʤʝʥʠ. ʀʟ 

ʨʠʩʫʥʢʘ ʚʠʜʥʦ, ʯʪʦ ʠʟʤʝʥʝʥʠʝ ʥʘʧʨʷʞʝʥʥʦʩʪʠ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ 

ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ ʙʳʩʪʨʳʤ ʧʝʨʚʠʯʥʳʤ ʠʟʤʝʥʝʥʠʝʤ ʨʘʟʤʝʨʦʚ ʦʙʨʘʟʮʘ, ʦʜʥʘʢʦ ʟʘʪʝʤ 

ʥʘʩʪʫʧʘʝʪ ʬʘʟʘ ʤʝʜʣʝʥʥʦʛʦ ʠʟʤʝʥʝʥʠʷ ʝʛʦ ʨʘʟʤʝʨʘ. ʂʨʠʧ ʚʩʝʛʜʘ ʥʘʙʣʶʜʘʝʪʩʷ ʚ 

ʥʘʧʨʘʚʣʝʥʠʠ, ʩʦʚʧʘʜʘʶʱʝʤ ʩ ʥʘʧʨʘʚʣʝʥʠʝʤ ʦʩʥʦʚʥʦʛʦ ʠʟʤʝʥʝʥʠʷ ʨʘʟʤʝʨʘ. 

ʊʠʧʠʯʥʳʝ ʚʝʣʠʯʠʥʳ ʢʨʠʧʘ ʚʘʨʴʠʨʫʶʪʩʷ ʦʪ 1 ʜʦ 20% ʩ ʭʘʨʘʢʪʝʨʥʳʤʠ ʚʨʝʤʝʥʘʤʠ 

ʨʝʣʘʢʩʘʮʠʠ 10-100 ʩʝʢʫʥʜ. ɺʦʟʤʦʞʥʦʝ ʦʙʲʷʩʥʝʥʠʝ ʢʨʠʧ-ʵʬʬʝʢʪʘ ʟʘʢʣʶʯʘʝʪʩʷ ʚ 

ʪʦʤ, ʯʪʦ ʨʝʘʣʴʥʳʡ ʧʴʝʟʦʵʣʝʢʪʨʠʢ ʚʩʝʛʜʘ ʯʘʩʪʠʯʥʦ ʜʝʧʦʣʷʨʠʟʦʚʘʥ ï ʠʤʝʝʪʩʷ 

ʥʝʙʦʣʴʰʘʷ ʯʘʩʪʴ ʜʦʤʝʥʦʚ ʩ ʧʦʣʷʨʠʟʘʮʠʝʡ ʧʨʦʪʠʚ ʧʦʣʷ. ʇʝʨʝʭʦʜ -180Ü Ÿ +180Ü 

ʧʨʦʠʩʭʦʜʠʪ ʯʝʨʝʟ ʵʥʝʨʛʝʪʠʯʝʩʢʠ ʥʝʚʳʛʦʜʥʫʶ 90Ü ʧʦʣʷʨʠʟʘʮʠʶ, ʧʨʠʚʦʜʷ ʢ 

ʟʘʧʘʟʜʳʚʘʥʠʶ ʦʪʢʣʠʢʘ ʧʴʝʟʦʢʝʨʘʤʠʢʠ. 
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ʈʠʩ. 6. ʂʨʠʧ-ʵʬʬʝʢʪ ï ʷʚʣʝʥʠʝ ʟʘʧʘʟʜʳʚʘʥʠʷ ʨʝʘʢʮʠʠ (ʠʟʤʝʥʝʥʠʠ ʨʘʟʤʝʨʦʚ) ʥʘ 

ʠʟʤʝʥʝʥʠʝ ʚʝʣʠʯʠʥʳ ʫʧʨʘʚʣʷʶʱʝʛʦ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ 

ʇʨʠʤʝʯʘʥʠʷ. 

ʋʢʘʟʘʥʥʳʝ ʥʠʞʝ ʠʣʣʶʩʪʨʘʮʠʠ ʥʝ ʪʨʝʙʦʚʘʣʠʩʴ ʚ ʢʘʯʝʩʪʚʝ ʦʙʷʟʘʪʝʣʴʥʦʡ ʯʘʩʪʠ 

ʨʝʰʝʥʠʷ, ʪʝʤ ʥʝ ʤʝʥʝʝ, ʦʥʠ ʧʨʠʚʦʜʷʪʩʷ ʟʜʝʩʴ ʜʣʷ ʪʦʛʦ, ʯʪʦʙʳ ʙʦʣʝʝ ʜʝʪʘʣʴʥʦ 

ʦʟʥʘʢʦʤʠʪʴ ʩ ʩʫʱʝʩʪʚʦʤ ʦʙʩʫʞʜʘʝʤʦʛʦ ʚʦʧʨʦʩʘ. 

 

ʉʭʝʤʘ ʩʪʨʦʝʥʠʷ ʦʜʥʦʡ ʠʟ ʚʦʟʤʦʞʥʳʭ ʜʦʤʝʥʥʳʭ ʩʪʨʫʢʪʫʨ ʚ ʪʠʪʘʥʘʪʝ ʙʘʨʠʷ 

(ʚʠʜʥʘ ʚ ʦʧʪʠʯʝʩʢʦʤ ʤʠʢʨʦʩʢʦʧʝ ʚ ʧʦʣʷʨʠʟʦʚʘʥʥʦʤ ʩʚʝʪʝ ʚ ʚʠʜʝ çʜʚʦʡʥʠʢʦʚè). 

http://www.nanometer.ru/olymptestans.html?id=1834&user=1006
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ʘ   ʙ   ʚ 

ʂʨʠʩʪʘʣʣʠʯʝʩʢʠʝ ʤʦʜʠʬʠʢʘʮʠʠ, ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʠʝ ʧʝʨʝʭʦʜʳ ʠ ʥʘʧʨʘʚʣʝʥʠʷ 

ʩʧʦʥʪʘʥʥʦʡ ʧʦʣʷʨʠʟʘʮʠʠ ʚ ʪʠʪʘʥʘʪʝ ʙʘʨʠʷ ʢʘʢ ʤʥʦʛʦʦʩʥʦʤ ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʢʝ (ʘ. 

ʪʝʪʨʘʛʦʥʘʣʴʥʘʷ ʤʦʜʠʬʠʢʘʮʠʷ, ʧʦʣʷʨʠʟʘʮʠʷ ʚʜʦʣʴ ʦʜʥʦʡ ʠʟ ʦʩʝʡ, ʨʝʙʝʨ 

ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʝ, ʙ. ʨʦʤʙʠʯʝʩʢʘʷ ʤʦʜʠʬʠʢʘʮʠʷ, ʧʦʣʷʨʠʟʘʮʠʷ ʚʜʦʣʴ ʜʠʘʛʦʥʘʣʠ 

ʛʨʘʥʠ, ʚ. ʨʦʤʙʦʵʜʨʠʯʝʩʢʘʷ ʤʦʜʠʬʠʢʘʮʠʷ, ʧʦʣʷʨʠʟʘʮʠʷ ʚʜʦʣʴ ʦʙʲʝʤʥʦʡ ʜʠʘʛʦʥʘʣʠ). 

 

Ps ï ʧʦʣʷʨʠʟʘʮʠʷ ʥʘʩʳʱʝʥʠʷ, PR ï ʦʩʪʘʪʦʯʥʘʷ ʧʦʣʷʨʠʟʘʮʠʷ (ʧʦʩʣʝ ʩʥʷʪʠʷ ʧʦʣʷ), Ec 

ï ʢʦʵʨʮʠʪʠʚʥʘʷ ʩʠʣʘ (çʩʪʠʨʘʥʠʝè ʦʩʪʘʪʦʯʥʦʡ ʧʦʣʷʨʠʟʘʮʠʠ) 

ʇʦʣʷʨʠʟʘʮʠʷ ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʢʦʚ ï ʦʩʦʙʳʡ ʪʠʧ ʧʦʣʷʨʠʟʘʮʠʠ (ʬʦʨʤʠʨʦʚʘʥʠʝ 

ʜʦʤʝʥʦʚ). ʇʨʠʣʦʞʝʥʠʝ ʧʦʣʷ ʚʳʟʳʚʘʝʪ ʨʦʩʪ ʜʦʤʝʥʦʚ, ʦʨʠʝʥʪʠʨʦʚʘʥʥʳʭ ʧʦ ʧʦʣʶ, 

ʤʘʢʨʦʧʦʣʷʨʠʟʘʮʠʶ, ʪʦ ʝʩʪʴ ʧʦʣʷʨʠʟʘʮʠʶ ʚʩʝʛʦ ʦʙʨʘʟʮʘ. ʈʘʟʙʠʝʥʠʝ ʥʘ ʜʦʤʝʥʳ 
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ʧʨʦʠʩʭʦʜʠʪ ʟʘ ʩʯʝʪ ʧʦʥʠʞʝʥʠʷ ʵʥʝʨʛʠʠ ʚʩʝʡ ʩʠʩʪʝʤʳ ʚ ʮʝʣʦʤ ʧʨʠ çʚʥʫʪʨʝʥʥʝʤè 

ʟʘʤʳʢʘʥʠʷ ʧʦʣʷ ʟʘ ʩʯʝʪ ʚʦʟʥʠʢʥʦʚʝʥʠʷ ʧʨʦʪʠʚʦʧʦʣʦʞʥʦ ʦʨʠʝʥʪʠʨʦʚʘʥʥʳʭ 

ʜʦʤʝʥʦʚ, ʚ ʩʪʝʥʢʘʭ ʜʦʤʝʥʦʚ ʟʘʧʘʩʘʝʪʩʷ ʚ ʦʩʥʦʚʥʦʤ ʫʧʨʫʛʘʷ ʵʥʝʨʛʠʷ.  
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ʀʩʢʫʩʩʪʚʝʥʥʳʡ ʘʪʦʤ (2008, ʰʢʦʣʴʥʠʢʠ, ʨʘʟʤʠʥʢʘ) 

ʂʫʟʥʝʮʦʚ ʉʝʨʛʝʡ ʉʝʨʛʝʝʚʠʯ 

1. çʀʩʢʫʩʩʪʚʝʥʥʳʡ ʘʪʦʤè ï ʵʪʦ ʠ ʝʩʪʴ ʢʚʘʥʪʦʚʘʷ ʪʦʯʢʘ. ʂʚʘʥʪʦʚʘʷ ʪʦʯʢʘ ï ʵʪʦ ʦʙʲʝʢʪ, 

ʦʛʨʘʥʠʯʝʥʥʳʡ ʩʦ ʚʩʝʭ ʩʪʦʨʦʥ, ʪʦ ʝʩʪʴ ʧʦ ʚʩʝʤ ʪʨʸʤ ʢʦʦʨʜʠʥʘʪʘʤ, ʪʘʢ ʯʪʦ ʦʥ 

ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʪʨʸʭʤʝʨʥʫʶ ʧʦʪʝʥʮʠʘʣʴʥʫʶ ʷʤʫ ʜʣʷ ʥʘʭʦʜʷʱʠʭʩʷ ʚ ʥʸʤ 

ʵʣʝʢʪʨʦʥʘ (ʵʣʝʢʪʨʦʥʦʚ). ʊʦ ʝʩʪʴ ʵʪʦʪ ʦʙʲʝʢʪ (ʥʝʢʦʪʦʨʦʝ ʢʦʣʠʯʝʩʪʚʦ ʤʝʪʘʣʣʘ ʠʣʠ 

ʧʦʣʫʧʨʦʚʦʜʥʠʢʘ) ʠʤʝʝʪ ʥʘʥʦʨʘʟʤʝʨʳ, ʧʨʠ ʢʦʪʦʨʳʭ ʥʘʙʣʶʜʘʶʪʩʷ ʢʚʘʥʪʦʚʳʝ 

ʵʬʬʝʢʪʳ, ʪʘʢʠʝ ʞʝ ʢʘʢ ʚ ʦʙʳʯʥʦʤ ʘʪʦʤʝ. 

ʆʙ ʦʙʳʯʥʦʤ ʘʪʦʤʝ: ɺ ʦʙʳʯʥʦʤ ʘʪʦʤʝ ʵʣʝʢʪʨʦʥʳ ʥʝ ʤʦʛʫʪ ʠʤʝʪʴ ʣʶʙʦʝ ʟʥʘʯʝʥʠʝ 

ʵʥʝʨʛʠʠ: ʜʣʷ ʘʪʦʤʘ ʢʘʞʜʦʛʦ ʭʠʤʠʯʝʩʢʦʛʦ ʵʣʝʤʝʥʪʘ ʩʫʱʝʩʪʚʫʝʪ ʩʚʦʡ ʥʘʙʦʨ 

çʨʘʟʨʝʰʸʥʥʳʭè ʟʥʘʯʝʥʠʡ ʵʥʝʨʛʠʡ. ʕʪʦʪ ʥʘʙʦʨ ʨʘʟʨʝʰʸʥʥʳʭ ʵʥʝʨʛʠʡ ï ʜʠʩʢʨʝʪʥʳʡ, 

ʪʦ ʝʩʪʴ ʤʝʞʜʫ ʵʥʝʨʛʝʪʠʯʝʩʢʠʤʠ ʫʨʦʚʥʷʤʠ ʝʩʪʴ ʟʘʟʦʨ, ʜʠʘʧʘʟʦʥ ʵʥʝʨʛʠʡ, ʢʦʪʦʨʳʝ 

ʵʣʝʢʪʨʦʥ ʥʠ ʟʘ ʯʪʦ ʥʝ ʤʦʞʝʪ ʠʤʝʪʴ. ʏʪʦʙʳ ʧʝʨʝʡʪʠ ʩ ʥʠʞʥʝʛʦ ʫʨʦʚʥʷ ʥʘ ʫʨʦʚʝʥʴ 

ʚʳʰʝ ʵʣʝʢʪʨʦʥʫ ʪʨʝʙʫʝʪʩʷ ʜʦʧʦʣʥʠʪʝʣʴʥʘʷ ʵʥʝʨʛʠʷ DE (ʨʘʚʥʘʷ ʨʘʟʥʦʩʪʠ ʵʥʝʨʛʠʡ 

ʵʪʠʭ ʫʨʦʚʥʝʡ), ʢʦʪʦʨʫʶ ʦʥ ʤʦʞʝʪ ʧʦʣʫʯʠʪʴ ʥʝʩʢʦʣʴʢʠʤʠ ʩʧʦʩʦʙʘʤʠ, ʥʘʧʨʠʤʝʨ, ʵʪʫ 

ʵʥʝʨʛʠʶ ʝʤʫ ʤʦʞʝʪ ʧʝʨʝʜʘʪʴ ʬʦʪʦʥ ʠʣʠ ʵʪʫ ʵʥʝʨʛʠʶ ʦʥ ʤʦʞʝʪ ʧʦʣʫʯʠʪʴ ʧʨʠ 

ʥʘʛʨʝʚʘʥʠʠ ʚʝʱʝʩʪʚʘ. ʇʝʨʝʡʜʷ ʥʘ ʚʝʨʭʥʠʡ ʫʨʦʚʝʥʴ, ʵʣʝʢʪʨʦʥ ʧʝʨʝʚʦʜʠʪ ʘʪʦʤ ʚ 

ʚʦʟʙʫʞʜʸʥʥʦʝ ʩʦʩʪʦʷʥʠʝ. ʇʨʠ ʦʙʨʘʪʥʦʤ ʧʝʨʝʭʦʜʝ ʩ ʚʝʨʭʥʝʛʦ ʫʨʦʚʥʷ ʥʘ ʥʠʞʥʠʡ 

ʵʣʝʢʪʨʦʥ ʪʝʨʷʝʪ ʵʪʫ ʵʥʝʨʛʠʶ DE, ʥʘʧʨʠʤʝʨ, ʠʩʧʫʩʢʘʷ ʬʦʪʦʥ. ʇʨʠ ʵʪʦʤ, ʝʩʣʠ 

ʵʣʝʢʪʨʦʥ ʧʝʨʝʭʦʜʠʪ ʥʘ ʜʨʫʛʦʡ ʥʠʞʥʠʡ ʫʨʦʚʝʥʴ, ʢʦʪʦʨʳʡ ʣʝʞʠʪ ʚʳʰʝ 

ʧʝʨʚʦʥʘʯʘʣʴʥʦʛʦ, ʪʦ ʵʥʝʨʛʠʷ ʬʦʪʦʥʘ ʙʫʜʝʪ ʤʝʥʴʰʝ, ʘ ʠʤʝʥʥʦ ʙʫʜʝʪ ʨʘʚʥʘ ʟʘʟʦʨʫ 

ʤʝʞʜʫ ʵʪʠʤʠ ʫʨʦʚʥʷʤʠ. ʊʦ ʝʩʪʴ ʘʪʦʤ ʤʦʞʝʪ ʧʦʛʣʦʪʠʪʴ ʬʦʪʦʥ ʦʜʥʦʡ ʯʘʩʪʦʪʳ, ʘ 

ʠʟʣʫʯʠʪʴ ʜʨʫʛʦʡ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʦʙʳʯʥʳʡ ʘʪʦʤ ʠʤʝʝʪ ʜʠʩʢʨʝʪʥʳʡ ʥʘʙʦʨ ʵʥʝʨʛʠʡ 

ʜʣʷ ʵʣʝʢʪʨʦʥʦʚ. ʋ ʚʩʝʭ ʘʪʦʤʦʚ ʦʜʥʦʛʦ ʭʠʤʠʯʝʩʢʦʛʦ ʵʣʝʤʝʥʪʘ ʵʪʦʪ ʥʘʙʦʨ ʙʫʜʝʪ ʦʜʠʥ 

ʠ ʪʦʪ ʞʝ. ɼʘ, ʥʘʣʠʯʠʝ ʜʠʩʢʨʝʪʥʦʛʦ ʥʘʙʦʨʘ ï ʵʪʦ ʧʨʦʷʚʣʝʥʠʝ ʢʚʘʥʪʦʚʦʛʦ ʵʬʬʝʢʪʘ: 

ʵʣʝʢʪʨʦʥʳ ʚ ʘʪʦʤʘʭ ʥʘʭʦʜʷʪʩʷ, ʢʘʢ ʚ ʫʟʢʠʭ ʪʨʸʭʤʝʨʥʳʭ ʪʝʩʥʳʭ ʢʦʣʦʜʮʘʭ. ʂʘʢ ʚ 

ʪʶʨʴʤʝ, ʛʜʝ ʢʘʞʜʳʡ ʧʨʝʩʪʫʧʥʠʢ ʩʠʜʠʪ ʚ ʩʚʦʝʡ ʦʜʠʥʦʯʥʦʡ ʢʘʤʝʨʝ.  

ʂʚʘʥʪʦʚʘʷ ʪʦʯʢʘ. ɺ ʧʨʦʚʦʜʥʠʢʘʭ ʠ ʧʦʣʫʧʨʦʚʦʜʥʠʢʘʭ, ʥʘʭʦʜʷʱʠʭʩʷ ʚ ʪʚʸʨʜʦʤ 

ʩʦʩʪʦʷʥʠʠ, ʚʩʝʛʜʘ ʧʨʠʩʫʪʩʪʚʫʶʪ ʩʚʦʙʦʜʥʳʝ ʵʣʝʢʪʨʦʥʳ, ʢʦʪʦʨʳʝ ʩʚʦʙʦʜʥʦ 

ʧʝʨʝʜʚʠʛʘʶʪʩʷ ʧʦ ʚʩʝʤʫ ʦʙʲʸʤʫ. ʆʥʠ ʥʘʩʣʘʞʜʘʶʪʩʷ ʩʚʦʙʦʜʦʡ ʠ ʤʦʛʫʪ ʧʦʟʚʦʣʠʪʴ 

ʩʝʙʝ ʠʤʝʪʴ ʧʦʯʪʠ ʣʶʙʦʝ ʟʥʘʯʝʥʠʝ ʵʥʝʨʛʠʠ, ʪʦ ʝʩʪʴ ʠʭ ʵʥʝʨʛʠʷ ʤʦʞʝʪ ʠʟʤʝʥʷʪʴʩʷ 

ʧʣʘʚʥʦ. ʆʜʥʘʢʦ, ʝʩʣʠ ʥʘʯʠʥʘʪʴ ʠʟʤʝʣʴʯʘʪʴ ʚʝʱʝʩʪʚʦ, ʪʦ ʵʣʝʢʪʨʦʥʳ ʥʘʯʠʥʘʶʪ 

ʯʫʚʩʪʚʦʚʘʪʴ, ʯʪʦ ʩʚʦʙʦʜʘ ʠʭ ʦʛʨʘʥʠʯʠʚʘʝʪʩʷ ʠ ʦʙʣʘʩʪʴ ʥʝʧʨʝʨʳʚʥʳʭ ʟʥʘʯʝʥʠʡ 

ʵʥʝʨʛʠʡ ʥʘʯʠʥʘʝʪ ʩʫʞʘʪʴʩʷ. ʀ ʢʦʛʜʘ ʨʘʟʤʝʨʳ ʢʫʩʢʘ ʚʝʱʝʩʪʚʘ ʩʪʘʥʦʚʷʪʩʷ ʤʝʥʴʰʝ 

100 ʥʤ (ʧʨʠʙʣʠʟʠʪʝʣʴʥʦ), ʪʦ ʜʝʡʩʪʚʫʝʪ ʢʚʘʥʪʦʚʳʡ ʵʬʬʝʢʪ ʠ ʩʚʦʙʦʜʥʳʝ ʵʣʝʢʪʨʦʥʳ 
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ʧʨʝʚʨʘʱʘʶʪʩʷ ʚ ʥʝʩʚʦʙʦʜʥʳʭ, ʥʘʙʦʨ ʨʘʟʨʝʰʸʥʥʳʭ ʵʥʝʨʛʠʡ ʩʪʘʥʦʚʠʪʩʷ 

ʜʠʩʢʨʝʪʥʳʤ. ʊʦ ʝʩʪʴ ʢʘʢ ʚ ʦʙʳʯʥʦʤ ʘʪʦʤʝ. ʇʦʵʪʦʤʫ-ʪʦ ʠ ʨʝʰʠʣʠ ʥʘʟʳʚʘʪʴ ʪʘʢʦʡ 

ʦʙʲʝʢʪ çʠʩʢʫʩʩʪʚʝʥʥʳʤ ʘʪʦʤʦʤè.  

ʂʪʦ ʧʝʨʚʳʡ ʧʨʝʜʣʦʞʠʣ ʥʘʟʚʘʥʠʝ çʠʩʢʫʩʩʪʚʝʥʥʳʡ ʘʪʦʤè? ʕʪʦ ʤʦʛ ʙʳʪʴ ʠ ʈʠʯʘʨʜ 

ʌʝʡʥʤʘʥ, ʠ ʕʨʠʢ ɼʨʝʢʩʣʝʨ (ʘʚʪʦʨ çʄʘʰʠʥʳ ʩʦʟʠʜʘʥʠʷè,  ʷ ʯʠʪʘʣ ʦʪʨʳʚʢʠ), 

ʢʦʪʦʨʳʡ ʧʨʠʜʫʤʘʣ ʩʣʦʚʦ çʥʘʥʦʪʝʭʥʦʣʦʛʠʷè.  

2. ʆʙʣʘʩʪʴ ʧʨʠʤʝʥʝʥʠʷ ʠʩʢʫʩʩʪʚʝʥʥʳʭ ʘʪʦʤʦʚ ʩʚʷʟʘʥʘ ʩ ʠʭ ʩʚʦʡʩʪʚʦʤ ï ʜʠʩʢʨʝʪʥʳʤ 

ʥʘʙʦʨʦʤ ʵʥʝʨʛʠʡ. ʅʘ ʠʭ ʦʩʥʦʚʝ ʤʦʞʥʦ ʜʝʣʘʪʴ (ʠ ʫʞʝ ʩʜʝʣʘʥʳ) ʠʩʪʦʯʥʠʢʠ ʣʘʟʝʨʥʦʛʦ 

ʠʟʣʫʯʝʥʠʷ. ɹʦʣʴʰʠʝ ʚʦʟʤʦʞʥʦʩʪʠ ʩʚʷʟʘʥʳ ʪʘʢʞʝ ʩ ʚʦʟʤʦʞʥʦʩʪʴʶ ʠʟʤʝʥʷʪʴ 

ʯʘʩʪʦʪʳ ʠʟʣʫʯʝʥʠʷ ʢʚʘʥʪʦʚʳʭ ʪʦʯʝʢ, ʤʝʥʷʷ ʠʭ ʨʘʟʤʝʨʳ. ʏʝʤ ʙʦʣʴʰʝ ʢʚʘʥʪʦʚʘʷ 

ʪʦʯʢʘ, ʪʝʤ ʙʦʣʴʰʝ ʜʣʠʥʘ ʚʦʣʥʳ ʠʟʣʫʯʝʥʠʷ. ʅʘ ʦʩʥʦʚʝ ʀʟʣʫʯʝʥʠʝ ʠʩʢʫʩʩʪʚʝʥʥʳʭ 

ʘʪʦʤʦʚ ʤʦʞʥʦ ʩʦʟʜʘʪʴ ʠʟʣʫʯʝʥʠʝ ʚ ʜʠʘʧʘʟʦʥʝ 10
10 
ï 10

12
 ɻʮ, ʢʦʪʦʨʦʝ ʜʨʫʛʠʤ 

ʩʧʦʩʦʙʦʤ, ʧʦ-ʤʦʝʤʫ, ʧʦʢʘ ʥʝ ʩʦʟʜʘʥʦ. ʋ ʀʂ-ʠʟʣʫʯʝʥʠʷ ʯʘʩʪʦʪʘ 10
13

 ɻʮ. 

3. ʉʧʦʩʦʙʳ ʧʦʣʫʯʝʥʠʷ (ʩʭʝʤʳ ʩʠʥʪʝʟʘ) ʢʚʘʥʪʦʚʳʭ ʪʦʯʝʢ: 

1) ʆʜʠʥ ʠʟ ʩʘʤʳʭ ʨʘʩʧʨʦʩʪʨʘʥʸʥʥʳʭ ʩʧʦʩʦʙʦʚ: ʚʳʨʘʱʠʚʘʥʠʝ ʧʠʨʘʤʠʜʦʢ - 

ʥʘʨʘʱʠʚʘʥʠʝ ʤʝʪʦʜʦʤ ʤʦʣʝʢʫʣʷʨʥʦ-ʣʫʯʝʚʦʡ ʵʧʠʪʘʢʩʠʠ ʤʘʪʝʨʠʘʣʘ B ʥʘ 

ʧʦʚʝʨʭʥʦʩʪʠ ʤʘʪʝʨʠʘʣʘ A, ʢʦʛʜʘ ʧʦʩʪʦʷʥʥʳʝ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʝʪʢʠ 

ʤʘʪʝʨʠʘʣʦʚ ʨʘʟʣʠʯʘʶʪʩʷ ʥʝʟʥʘʯʠʪʝʣʴʥʦ - ʥʘ ʥʝʩʢʦʣʴʢʦ ʧʨʦʮʝʥʪʦʚ. ʕʪʦ 

ʧʨʠʚʦʜʠʪ ʢ ʪʦʤʫ, ʯʪʦ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʦʜʥʦʛʦ ʧʦʣʫʧʨʦʚʦʜʥʠʢʘ ʚʳʨʘʩʪʘʶʪ 

ʧʠʨʘʤʠʜʢʠ ʜʨʫʛʦʛʦ. ʕʪʠ ʧʠʨʘʤʠʜʢʠ ʠ ʝʩʪʴ ʠʩʢʫʩʩʪʚʝʥʥʳʝ ʘʪʦʤʳ. 

2) ɼʨʫʛʦʡ ʩʧʦʩʦʙ  ʩʚʷʟʘʥ ʩ ʣʠʪʦʛʨʘʬʠʝʡ: ʚʳʪʨʘʚʣʠʚʘʶʪʩʷ ʫʯʘʩʪʢʠ ʤʘʪʝʨʠʘʣʘ çɸè  

ʠ ʧʦʤʝʱʘʶʪʩʷ ʚ ʵʪʠ ʷʤʢʠ ʚʢʣʶʯʝʥʠʷ ʘʪʦʤʦʚ ʜʨʫʛʦʛʦ ʤʘʪʝʨʠʘʣʘ çɺè. ʅʫʞʥʦ, 

ʯʪʦʙʳ ʰʠʨʠʥʘ ʟʘʧʨʝʱʸʥʥʦʡ ʟʦʥʳ ʤʘʪʝʨʠʘʣʘ ɸ ʙʳʣʘ ʙʦʣʴʰʝ, ʯʝʤ ʫ ʤʘʪʝʨʠʘʣʘ 

çɺè. ʊʦʛʜʘ ʵʣʝʢʪʨʦʥʳ ʤʘʪʝʨʠʘʣʘ çɺè ʦʢʘʞʫʪʩʷ ʟʘʧʝʨʪʳ ï ʦʥʠ ʥʝ ʩʤʦʛʫʪ 

ʧʝʨʝʡʪʠ ʚ çɸè, ʦʢʘʟʘʚʰʠʩʴ ʚ ʧʦʪʝʥʮʠʘʣʴʥʦʡ ʷʤʝ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ 

ʚʦʟʥʠʢʥʦʚʝʥʠʶ ʜʠʩʢʨʝʪʥʦʛʦ ʥʘʙʦʨʘ ʵʥʝʨʛʠʡ ʠ ʧʨʝʚʨʘʱʝʥʠʶ ʚʢʨʘʧʣʝʥʠʡ 

ʤʘʪʝʨʠʘʣʘ çɺè ʚ ʠʩʢʫʩʩʪʚʝʥʥʳʝ ʘʪʦʤʳ. ʋʬ! ʇʦʜʫʩʪʘʣ ʩʪʫʯʘʪʴ ʧʦ ʢʣʘʚʠʰʘʤ. ɸ 

ʢʦʥʮʘ ʥʝ ʚʠʜʥʦ. 

çʄʦʣʝʢʫʣʳè ʠ ʢʨʠʩʪʘʣʣʳ ʠʟ ʠʩʢʫʩʩʪʚʝʥʥʳʭ ʘʪʦʤʦʚ. ʆʧʠʩʘʥʥʳʡ ʚʳʰʝ ʩʧʦʩʦʙ ɸ) 

ʧʦʟʚʦʣʷʝʪ ʧʦʣʫʯʘʪʴ ʤʥʦʛʦʩʣʦʡʥʳʝ ʩʪʨʫʢʪʫʨʳ ʠʟ ʢʚʘʥʪʦʚʳʭ ʪʦʯʝʢ. ɺ ʢʘʢʦʤ-ʪʦ 

ʩʤʳʩʣʝ, ʵʪʦ ʤʦʞʥʦ ʥʘʟʚʘʪʴ ʢʨʠʩʪʘʣʣʦʤ, ʚ ʢʦʪʦʨʦʤ ʙʫʜʝʪ ʩʫʱʝʩʪʚʦʚʘʪʴ ʩʪʨʦʛʦ 

ʫʧʦʨʷʜʦʯʝʥʥʦʝ ʨʘʩʧʦʣʦʞʝʥʠʝ ʢʚʘʥʪʦʚʳʭ ʪʦʯʝʢ. ʉ ʜʨʫʛʦʡ ʩʪʦʨʦʥʳ, ʚ ʤʦʣʝʢʫʣʘʭ ʠ 

ʢʨʠʩʪʘʣʣʘʭ ʘʪʦʤʳ ʩʚʷʟʘʥʳ ʜʨʫʛ ʩ ʜʨʫʛʦʤ ʭʠʤʠʯʝʩʢʠʤʠ ʩʚʷʟʷʤʠ. ɽʩʣʠ ʤʝʞʜʫ ʜʚʫʤʷ 

ʢʚʘʥʪʦʚʳʤʠ ʪʦʯʢʘʤʠ ʚʦʟʥʠʢʥʫʪ ʭʠʤʠʯʝʩʢʠʝ ʩʚʷʟʠ, ʪʦ ʝʩʪʴ ʧʨʦʠʟʦʡʜʸʪ ʢʘʢʦʡ-ʪʦ 

ʚʘʨʠʘʥʪ ʦʙʦʙʱʝʩʪʚʣʝʥʠʷ ʵʣʝʢʪʨʦʥʦʚ, ʪʦ ʧʨʦʠʟʦʡʜʸʪ ʧʨʦʩʪʦ ʫʜʚʦʝʥʠʝ ʢʚʘʥʪʦʚʦʡ 
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ʪʦʯʢʠ. ʇʦʣʫʯʠʤ ʢʚʘʥʪʦʚʫʶ ʪʦʯʢʫ ʩ ʜʨʫʛʠʤ ʜʠʩʢʨʝʪʥʳʤ ʥʘʙʦʨʦʤ ʵʥʝʨʛʠʡ. ʗ ʪʘʢ 

ʜʫʤʘʶ. 

 

ʂʦʟʣʷʢʦʚʘ ɽʢʘʪʝʨʠʥʘ ʉʝʨʛʝʝʚʥʘ 

1. çʀʩʢʫʩʩʪʚʝʥʥʳʡ ʘʪʦʤè ï ʵʪʦ ʢʚʘʥʪʦʚʘʷ ʪʦʯʢʘ. ɸʪʦʤ çʠʩʢʫʩʩʪʚʝʥʥʳʡè ʧʦ 

ʩʨʘʚʥʝʥʠʶ ʩ ʥʘʩʪʦʷʱʠʤ, ʩʦʜʝʨʞʠʪ ʥʝ ʦʜʠʥ, ʘ ʙʦʣʴʰʝʝ ʢʦʣ-ʚʦ ʘʪʦʤʦʚ, ʥʦ ʚ ʮʝʣʦʤ 

çʚʝʜʫʪè ʦʥʠ ʩʝʙʷ ʢʘʢ ʦʜʠʥ ʘʪʦʤ. ʋ ʢʚʘʥʪʦʚʦʡ ʪʦʯʢʠ ʝʩʪʴ ʩʚʦʠ ʵʣʝʢʪʨʦʥʥʳʝ ʫʨʦʚʥʠ 

ʧʨʦʚʦʜʠʤʦʩʪʠ, ʠ ʵʣʝʢʪʨʦʥʳ ʤʦʛʫʪ çʧʝʨʝʙʝʛʘʪʴè ʩ ʦʜʥʦʛʦ ʫʨʦʚʥʷ ʥʘ ʜʨʫʛʦʡ (ʢʘʢ ʚ 

ʦʙʳʯʥʦʤ ʘʪʦʤʝ!). ʅʦ ʵʣʝʢʪʨʦʥ, ʧʦʢʠʥʫʚʰʠʡ çʩʚʦʸ ʤʝʩʪʦè, ʧʦʩʨʝʜʩʪʚʦʤ ʟʘʨʷʜʦʚʳʭ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ ʚʩʝ ʨʘʚʥʦ ʦʩʪʘʝʪʩʷ ʩ ʥʠʤ ʩʚʷʟʘʥ, ʠ ʵʪʘ ʧʘʨʘ çʵʣʝʢʪʨʦʥ ï ʜʳʨʢʘè 

ʥʘʟʳʚʘʝʪʩʷ ʵʢʩʠʪʦʥʦʤ. ʀʟʚʝʩʪʥʦ, ʯʪʦ ʠʟʣʫʯʘʶʪ ʩʚʝʪ ɸʊʆʄʓ. ʅʦ, ʦʢʘʟʳʚʘʝʪʩʷ, 

ʢʚʘʥʪʦʚʳʝ ʪʦʯʢʠ (ʠʟ-ʟʘ ʠʟʤʝʥʝʥʠʷ ʵʥʝʨʛʠʠ ʵʢʩʠʪʦʥʦʚ) ʪʦʞʝ ʤʦʛʫʪ ʠʟʣʫʯʘʪʴ ʩʚʝʪ. 

çʀʩʢʫʩʩʪʚʝʥʥʳʡ ʘʪʦʤè, ʚ ʦʪʣʠʯʠʝ ʦʪ ʦʙʳʢʥʦʚʝʥʥʦʛʦ, ʥʝ ʠʤʝʝʪ ʷʜʨʘ, ʦʜʥʘʢʦ ʚ 

ʮʝʣʦʤ ʝʛʦ ʩʚʦʡʩʪʚʘ ʩʭʦʞʠ ʩ ʦʙʳʯʥʳʤ ʘʪʦʤʦʤ. ʀʟ-ʟʘ ʵʪʠʭ ʠ ʝʱʝ ʥʝʢʦʪʦʨʳʭ ʜʨʫʛʠʭ 

ʩʚʦʡʩʪʚ ʢʚʘʥʪʦʚʳʭ ʪʦʯʝʢ ʠʭ ʠ ʧʨʦʟʚʘʣʠ çʠʩʢʫʩʩʪʚʝʥʥʳʤʠ ʘʪʦʤʘʤʠè. 

ɺʧʝʨʚʳʝ ʢʚʘʥʪʦʚʳʝ ʪʦʯʢʠ ʥʘʟʚʘʣ ʪʘʢ ʣʘʫʨʝʘʪ ʅʦʙʝʣʝʚʩʢʦʡ ʧʨʝʤʠʠ ʧʦ ʬʠʟʠʢʝ 2000 

ʛʦʜʘ ɾʦʨʝʩ ɸʣʬʝʨʦʚ: çʂʚʘʥʪʦʚʳʝ ʪʦʯʢʠ ï ʵʪʦ çʠʩʢʫʩʩʪʚʝʥʥʳʝ ʘʪʦʤʳè, ʩʚʦʡʩʪʚʘʤʠ 

ʢʦʪʦʨʳʭ ʤʦʞʥʦ ʫʧʨʘʚʣʷʪʴè.  

2. ʂʚʘʥʪʦʚʳʝ ʪʦʯʢʠ ʝʱʸ ʩʨʘʚʥʠʪʝʣʴʥʦ ʥʦʚʳʡ ʦʙʲʝʢʪ ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ, ʧʦʵʪʦʤʫ ʦ 

ʰʠʨʦʢʦʤ ʧʨʦʤʳʰʣʝʥʥʦʤ ʧʨʠʤʝʥʝʥʠʠ ʨʝʯʠ ʧʦʢʘ ʥʝ ʠʜʸʪ. ʅʦ ʦʧʪʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ 

ʤʠʢʨʦʢʨʠʩʪʘʣʣʦʚ-ʢʚʘʥʪʦʚʳʭ ʪʦʯʝʢ ʫʞʝ ʠʩʧʦʣʴʟʫʶʪʩʷ ʚ ʩʘʤʳʭ ʥʝʦʞʠʜʘʥʥʳʭ 

ʠʩʩʣʝʜʦʚʘʥʠʷʭ, ʚ ʢʦʪʦʨʳʭ ʪʨʝʙʫʝʪʩʷ ʫʜʦʙʥʘʷ, ʧʝʨʝʩʪʨʘʠʚʘʝʤʘʷ ʣʶʤʠʥʝʩʮʝʥʮʠʷ, 

ʥʘʧʨʠʤʝʨ ʚ ʙʠʦʣʦʛʠʯʝʩʢʠʭ ʠʩʩʣʝʜʦʚʘʥʠʷʭ. 

ʂʚʘʥʪʦʚʳʝ ʪʦʯʢʠ ð ʦʜʠʥ ʠʟ ʛʣʘʚʥʳʭ ʢʘʥʜʠʜʘʪʦʚ ʜʣʷ ʧʨʝʜʩʪʘʚʣʝʥʠʷ ʢʫʙʠʪʦʚ ʚ 

ʢʚʘʥʪʦʚʳʭ ʢʦʤʧʴʶʪʝʨʘʭ. 

ʉʫʱʝʩʪʚʫʝʪ ʧʨʦʛʨʘʤʤʘ ʩʦʟʜʘʥʠʷ ʜʠʩʧʣʝʝʚ ʥʘ ʢʚʘʥʪʦʚʳʭ ʪʦʯʢʘʭ ï QD-LED. 

ɼʦ ʥʘʩʪʦʷʱʝʛʦ ʤʦʤʝʥʪʘ ʢʚʘʥʪʦʚʳʝ ʪʦʯʢʠ ʙʳʣʠ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʠʟʚʝʩʪʥʳ ʟʘ ʠʭ 

ʩʧʦʩʦʙʥʦʩʪʴ ʧʨʦʠʟʚʦʜʠʪʴ ʤʥʦʞʝʩʪʚʦ ʨʘʟʣʠʯʥʳʭ ʮʚʝʪʦʚ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʠʭ 

ʨʘʟʤʝʨʦʚ (ʯʪʦ ʦʢʘʟʘʣʦʩʴ ʦʩʦʙʝʥʥʦ ʫʜʦʙʥʳʤ ʜʣʷ ʬʣʫʦʨʝʩʮʝʥʪʥʳʭ ʤʝʪʦʢ ʚ 

ʙʠʦʤʝʜʠʮʠʥʩʢʠʭ ʧʨʠʤʝʥʝʥʠʷʭ). ʆʜʥʘʢʦ ʭʠʤʠʢʠ ʠʟ ʋʥʠʚʝʨʩʠʪʝʪʘ ɺʘʥʜʝʨʙʠʣʪʘ 

(Vanderbilt University) ʥʘʰʣʠ ʩʧʦʩʦʙ, ʧʦʟʚʦʣʷʶʱʠʡ ʟʘʩʪʘʚʠʪʴ ʢʚʘʥʪʦʚʳʝ ʪʦʯʢʠ 

ʠʟʣʫʯʘʪʴ ʚ ʰʠʨʦʢʦʤ ʜʠʘʧʘʟʦʥʝ ʯʘʩʪʦʪ, ʪʦ ʝʩʪʴ ʧʨʦʠʟʚʦʜʠʪʴ ʙʝʣʳʡ ʩʚʝʪ. 

ʅʘ ʠʭ ʦʩʥʦʚʝ ʩʝʡʯʘʩ ʩʦʟʜʘʶʪʩʷ ʢʘʢ ʥʦʚʳʝ ʚʠʜʳ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʭ ʣʘʟʝʨʦʚ, ʪʘʢ ʠ 

ʧʨʠʥʮʠʧʠʘʣʴʥʦ ʥʦʚʳʝ ʫʩʪʨʦʡʩʪʚʘ (ʥʘʧʨʠʤʝʨ, ʠʩʪʦʯʥʠʢʠ ʦʜʠʥʦʯʥʳʭ ʬʦʪʦʥʦʚ ʜʣʷ 

ʢʚʘʥʪʦʚʦʡ ʢʨʠʧʪʦʛʨʘʬʠʠ ) 
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ʉʦʟʜʘʚʘʷ ʤʥʦʞʝʩʪʚʦ ʢʚʘʥʪʦʚʳʭ ʪʦʯʝʢ, ʨʘʩʧʦʣʦʞʝʥʥʳʭ ʯʝʨʝʟ ʨʘʚʥʳʝ ʠʥʪʝʨʚʘʣʳ, 

ʤʦʞʥʦ ʧʦʣʫʯʠʪʴ ʠʩʢʫʩʩʪʚʝʥʥʳʡ ʢʨʠʩʪʘʣʣ. ʄʦʞʥʦ ʢʦʥʩʪʨʫʠʨʦʚʘʪʴ ʪʘʢʞʝ 

ʦʜʥʦʤʝʨʥʳʝ ʠ ʜʚʫʤʝʨʥʳʝ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʝ ʩʪʨʫʢʪʫʨʳ (ʢʚʘʥʪʦʚʳʝ ʧʨʦʚʦʣʦʢʠ ʠ 

ʢʚʘʥʪʦʚʳʝ ʩʪʝʥʢʠ). ʂʦʤʙʠʥʘʮʠʠ ʨʘʟʣʠʯʥʳʭ ʪʠʧʦʚ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʭ ʩʪʨʫʢʪʫʨ 

ʩʣʫʞʘʪ ʦʩʥʦʚʦʡ ʠʥʬʦʨʤʘʮʠʦʥʥʳʭ ʪʝʭʥʦʣʦʛʠʡ, ʢʦʪʦʨʳʝ ʚʩʸ ʙʦʣʝʝ ʦʢʨʫʞʘʶʪ ʥʘʩ 

ʜʘʞʝ ʚ ʧʦʚʩʝʜʥʝʚʥʦʡ ʞʠʟʥʠ.  

ɼʚʝ ʩʚʷʟʘʥʥʳʝ ʚ ʢʚʘʥʪʦʚʦ-ʤʝʭʘʥʠʯʝʩʢʦʤ ʩʤʳʩʣʝ ʢʚʘʥʪʦʚʳʝ ʪʦʯʢʠ ʤʦʞʥʦ ʥʘʟʚʘʪʴ  

"ʠʩʢʫʩʩʪʚʝʥʥʦʡ ʤʦʣʝʢʫʣʦʡ". ɼʣʷ ʪʦʛʦ, ʯʪʦʙʳ ʧʦʣʫʯʠʪʴ ʠʩʢʫʩʩʪʚʝʥʥʳʝ ʤʦʣʝʢʫʣʳ ʠʟ 

ʢʚʘʥʪʦʚʳʭ ʪʦʯʝʢ, ʥʝʦʙʭʦʜʠʤʦ ʚʳʨʘʩʪʠʪʴ ʜʚʘ ʙʣʠʟʢʦ ʨʘʩʧʦʣʦʞʝʥʥʳʭ ʩʣʦʷ 

ʢʚʘʥʪʦʚʳʭ ʪʦʯʝʢ.  

3. ʆʜʥʘ ʠʟ ʥʘʠʙʦʣʝʝ ʨʘʩʧʨʦʩʪʨʘʥʝʥʥʳʭ ʪʝʭʥʦʣʦʛʠʡ ʨʦʩʪʘ ʢʚʘʥʪʦʚʳʭ ʪʦʯʝʢ ï 

ʤʦʣʝʢʫʣʷʨʥʦ-ʧʫʯʢʦʚʘʷ ʵʧʠʪʘʢʩʠʷ. ɺ ʵʪʦ ʤʝʪʦʜʠʢʝ ʚʳʨʘʱʠʚʘʥʠʝ ʧʣʝʥʦʢ ʠʣʠ ʙʦʣʝʝ 

ʩʣʦʞʥʳʭ ʩʪʨʫʢʪʫʨ ʧʨʦʠʟʚʦʜʠʪʩʷ ʚ ʚʳʩʦʢʦʚʘʢʫʫʤʥʦʡ ʫʩʪʘʥʦʚʢʝ ʧʫʪʝʤ ʦʩʘʞʜʝʥʠʷ 

ʘʪʦʤʦʚ (ʠʣʠ ʤʦʣʝʢʫʣ) ʠʩʧʘʨʷʝʤʦʛʦ  ʚʝʱʝʩʪʚʘ, ʩʦʜʝʨʞʘʱʝʛʦʩʷ ʚ ʩʧʝʮʠʘʣʴʥʦʤ 

ʠʩʪʦʯʥʠʢʝ, ʥʘ ʧʦʜʜʝʨʞʠʚʘʝʤʫʶ ʧʨʠ ʟʘʜʘʥʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʧʦʜʣʦʞʢʫ. ʇʦʪʦʢʠ 

ʚʝʱʝʩʪʚʘ ʠʟ ʠʩʪʦʯʥʠʢʦʚ ʩʪʦʣʴ ʤʘʣʳ, ʯʪʦ ʧʨʠ ʦʧʨʝʜʝʣʝʥʥʳʭ ʫʩʣʦʚʠʷʭ ʥʘ 

ʧʦʚʝʨʭʥʦʩʪʠ ʥʘʨʘʩʪʘʝʪ ʦʜʠʥ ʤʦʥʦʤʦʣʝʢʫʣʷʨʥʳʡ ʩʣʦʡ ʚʝʱʝʩʪʚʘ ʟʘ ʜʨʫʛʠʤ: 

ʦʩʘʞʜʘʶʱʠʝʩʷ ʥʘ ʧʦʚʝʨʭʥʦʩʪʴ ʘʪʦʤʳ (ʤʦʣʝʢʫʣʳ) ʥʝ ʦʩʪʘʶʪʩʷ ʪʘʤ, ʢʫʜʘ ʧʦʧʘʣʠ, ʘ 

ʤʠʛʨʠʨʫʶʪ ʧʦ ʧʦʚʝʨʭʥʦʩʪʠ, ʚʩʪʨʘʠʚʘʷʩʴ ʚ "ʧʦʜʭʦʜʷʱʠʝ ʤʝʩʪʘ", ʯʪʦ ʠ ʦʙʝʩʧʝʯʠʚʘʝʪ 

ʚʳʩʦʢʦʝ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʝ ʩʦʚʝʨʰʝʥʩʪʚʦ ʧʦʣʫʯʘʝʤʳʭ ʧʣʝʥʦʢ ʠ ʩʪʨʫʢʪʫʨ. ʆʜʥʘʢʦ ʥʘ 

ʩʚʦʡʩʪʚʘ ʧʦʣʫʯʘʶʱʠʭʩʷ ʩʪʨʫʢʪʫʨ ʚʣʠʷʝʪ ʤʥʦʞʝʩʪʚʦ ʬʘʢʪʦʨʦʚ (ʪʝʤʧʝʨʘʪʫʨʘ 

ʧʦʜʣʦʞʢʠ, ʧʦʪʦʢʠ ʚʝʱʝʩʪʚʘ ʠʟ ʠʩʪʦʯʥʠʢʦʚ, ʩʚʦʡʩʪʚʘ ʦʩʘʞʜʘʝʤʳʭ ʤʘʪʝʨʠʘʣʦʚ, 

ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʝ ʩʦʚʝʨʰʝʥʩʪʚʦ ʧʦʜʣʦʞʢʠ ʠ ʪ.ʜ.) ʇʦʵʪʦʤʫ ʦʯʝʥʴ ʙʦʣʴʰʦʝ ʟʥʘʯʝʥʠʝ 

ʠʤʝʝʪ ʧʦʠʩʢ ʦʧʪʠʤʘʣʴʥʳʭ ʜʣʷ ʪʦʡ ʠʣʠ ʠʥʦʡ ʟʘʜʘʯʠ ʨʝʞʠʤʦʚ ʨʦʩʪʘ. 

 

ɸʣʝʰʠʥ ɻʣʝʙ ʖʨʴʝʚʠʯ 

1. ʀʩʢʫʩʩʪʚʝʥʥʳʡ ʘʪʦʤ ï ʥʝ ʯʪʦ ʠʥʦʝ, ʢʘʢ ʢʚʘʥʪʦʚʘʷ ʪʦʯʢʘ. ɽʛʦ ʥʘʟʚʘʣʠ ʪʘʢ ʠʟ-ʟʘ 

ʦʩʦʙʝʥʥʦʩʪʠ ʢʘʢ ʙʳ çʭʨʘʥʠʪʴè ʥʝʙʦʣʴʰʠʝ ʢʦʣʠʯʝʩʪʚʘ ʵʣʝʢʪʨʦʥʦʚ.  

2. ʂʚʘʥʪʦʚʳʝ ʪʦʯʢʠ ʥʘʭʦʜʷʪ ʧʨʠʤʝʥʝʥʠʝ ʚ ʤʠʥʠʘʪʶʨʥʳʭ ʵʣʝʢʪʨʦʥʥʳʭ 

ʟʘʧʦʤʠʥʘʶʱʠʭ ʫʩʪʨʦʡʩʪʚʘʭ. ʂʚʘʥʪʦʚʳʝ ʪʦʯʢʠ ʦʙʨʘʟʫʶʪ ʪʦʣʴʢʦ ʜʚʫʭʤʝʨʥʫʶ 

ʩʪʨʫʢʪʫʨʫ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʧʦʣʫʧʨʦʚʦʜʥʠʢʘ, ʤʦʞʥʦ ʩʢʘʟʘʪʴ, ʯʪʦ ʵʪʦ ʝʩʪʴ ʠʭ 

çʢʨʠʩʪʘʣʣʳè. çʄʦʣʝʢʫʣʳè ʦʥʠ ʥʝ ʦʙʨʘʟʫʶʪ. 

3. ʂʚʘʥʪʦʚʳʝ ʪʦʯʢʠ ʤʦʛʫʪ ʦʙʨʘʟʦʚʳʚʘʪʴʩʷ, ʝʩʣʠ ʥʘ ʢʨʠʩʪʘʣʣʠʯʝʩʢʫʶ ʧʦʚʝʨʭʥʦʩʪʴ 

ʢʨʝʤʥʠʷ ʠʣʠ ʘʨʩʝʥʠʜʘ ʛʘʣʣʠʷ ʥʘʥʝʩʪʠ ʥʝʙʦʣʴʰʦʝ ʯʠʩʣʦ ʘʪʦʤʦʚ, ʥʘʧʨʠʤʝʨ, 

ʛʝʨʤʘʥʠʷ.   
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ʈʘʜʫʛʘ (2008, ʰʢʦʣʴʥʠʢʠ, ʨʘʟʤʠʥʢʘ) 

ʂʫʟʥʝʮʦʚ ʉʝʨʛʝʡ ʉʝʨʛʝʝʚʠʯ 

1. ɼʥʝʚʥʦʡ ʩʚʝʪ ï çʙʝʣʳʡè, ʧʦʪʦʤʫ ʯʪʦ ʭʦʪʷ ʠ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʩʧʝʢʪʨ ʚʦʣʥ ʩ 

ʨʘʟʥʳʤʠ ʜʣʠʥʘʤʠ ʚʦʣʥ (ʪʦ ʝʩʪʴ ʨʘʟʥʳʤʠ ʮʚʝʪʘʤʠ), ʥʦ ʚʟʘʠʤʥʦʝ ʜʝʡʩʪʚʠʝ ʜʣʠʥ ʚʦʣʥ 

ʧʨʠʚʦʜʠʪ ʢ ʵʬʬʝʢʪʫ çʙʝʣʦʛʦè ʩʚʝʪʘ. ɺʩʝ ʚʦʣʥʳ ʚʠʜʠʤʦʛʦ ʩʚʝʪʘ ʜʚʠʞʫʪʩʷ ʚʤʝʩʪʝ ʚ 

ʦʜʥʦʤ çʧʘʢʝʪʝè ʩ ʦʜʥʦʡ ʩʢʦʨʦʩʪʴʶ ʚ ʩʨʝʜʝ ʩ ʧʦʢʘʟʘʪʝʣʝʤ ʧʨʝʣʦʤʣʝʥʠʷ, ʨʘʚʥʳʤ ʠ 

ʙʣʠʟʢʠʤ ʝʜʠʥʠʮʝ. ɺʠʜʠʤʳʡ ʩʚʝʪ ʩʦʩʪʦʠʪ ʠʟ ʚʦʣʥ ʨʘʟʥʦʡ ʜʣʠʥʳ: ʧʨʠʙʣʠʟʠʪʝʣʴʥʦ ʦʪ 

0.4 ʤʢʤ (ʬʠʦʣʝʪʦʚʳʡ) ʜʦ 0.7 ʤʢʤ (ʢʨʘʩʥʳʡ). 

2. ʉʚʝʪ ʩʣʘʙʦ ʨʘʩʩʝʠʚʘʝʪʩʷ ʚ ʘʪʤʦʩʬʝʨʝ, ʢʦʛʜʘ ʩʦʣʥʮʝ ʚ ʟʝʥʠʪʝ. ʍʦʪʷ ʨʘʩʩʝʷʥʠʝ ʠ ʚ ʵʪʦ 

ʚʨʝʤʷ ʩʫʪʦʢ ʧʨʦʠʩʭʦʜʠʪ, ʠʤʝʥʥʦ ʧʦʵʪʦʤʫ ʮʚʝʪ ʥʝʙʘ ʛʦʣʫʙʦʡ. ʈʘʩʩʝʷʥʠʝ ʩʚʝʪʘ 

ʧʨʦʠʩʭʦʜʠʪ ʥʘ ʤʦʣʝʢʫʣʘʭ ʚʦʟʜʫʭʘ ʠ ʦʧʠʩʳʚʘʝʪʩʷ ʬʦʨʤʫʣʦʡ ʈʝʣʝʷ, ʩʦʛʣʘʩʥʦ 

ʢʦʪʦʨʦʡ ʩʪʝʧʝʥʴ ʨʘʩʩʝʷʥʠʷ ʦʙʨʘʪʥʦ ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʘ ʯʝʪʚʸʨʪʦʡ ʩʪʝʧʝʥʠ ʜʣʠʥʳ 

ʚʦʣʥʳ. ʊʦ ʝʩʪʴ ʯʝʤ ʤʝʥʴʰʝ ʜʣʠʥʘ ʚʦʣʥʳ, ʪʝʤ ʙʦʣʴʰʝ ʨʘʩʩʝʷʥʠʝ (ʜʠʩʧʝʨʩʠʷ). 

ʇʦɻʪʦʤʫ-ʪʦ ʢʦʨʦʪʢʦʚʦʣʥʦʚʘʷ ʯʘʩʪʴ ʩʧʝʢʪʨʘ ʩʚʝʪʘ ʨʘʩʩʝʠʚʘʝʪʩʷ (ʛʦʣʫʙʳʝ, ʩʠʥʠʝ ʠ 

ʬʠʦʣʝʪʦʚʳʝ) ʙʦʣʴʰʝ, ʯʝʤ ʜʣʠʥʥʦʚʦʣʥʦʚʘʷ (ʢʨʘʩʥʳʡ ʮʚʝʪ).  ʅʘ ʟʘʢʘʪʝ ʩʦʣʥʝʯʥʳʝ 

ʣʫʯʠ ʧʨʦʭʦʜʷʪ ʛʦʨʘʟʜʦ ʙʦʣʴʰʫʶ ʯʘʩʪʴ ʘʪʤʦʩʬʝʨʳ ɿʝʤʣʠ, ʯʝʤ ʜʥʸʤ,  ʧʨʝʞʜʝ ʯʝʤ 

ʜʦʩʪʠʛʥʫʪʴ ʥʘʰʠʭ ʛʣʘʟ. ʕʪʦ ʩʚʷʟʘʥʦ ʩ ʪʝʤ, ʯʪʦ ʚ ʟʝʥʠʪʝ ʩʦʣʥʝʯʥʳʡ ʩʚʝʪ ʧʘʜʘʝʪ 

ʧʦʯʪʠ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦ ʢ ʧʦʚʝʨʭʥʦʩʪʠ ɿʝʤʣʠ ʠ ʧʨʦʭʦʜʠʪ ʧʫʪʴ ʨʘʚʥʳʡ ʪʦʣʱʠʥʝ 

ʘʪʤʦʩʬʝʨʳ (ʩ ʜʦʩʪʘʪʦʯʥʦʡ ʪʦʯʥʦʩʪʴʶ ʤʦʞʥʦ ʫʯʠʪʳʚʘʪʴ ʪʦʣʴʢʦ ʪʨʦʧʦʩʬʝʨʫ ʵʪʦ ʦʪ 

8 ʢʤ ʚ ʧʦʣʷʨʥʳʭ ʰʠʨʦʪʘʭ ʜʦ 16 ʢʤ ʚ ʪʨʦʧʠʢʘʭ). ʇʨʦʭʦʜʷ ʥʘ ʟʘʢʘʪʝ ʯʝʨʝʟ ʙʦʣʴʰʫʶ 

ʪʦʣʱʫ ʚʦʟʜʫʭʘ, ʩʚʝʪ ʠʩʧʳʪʳʚʘʝʪ ʛʦʨʘʟʜʦ ʙʦʣʴʰʝ ʘʢʪʦʚ ʨʘʩʩʝʷʥʠʷ ʥʘ ʤʦʣʝʢʫʣʘʭ 

ʚʦʟʜʫʭʘ. ʇʨʝʞʜʝ ʚʩʝʛʦ ʵʪʦ ʦʪʥʦʩʠʪʩʷ ʢ ʢʦʨʦʪʢʦʚʦʣʥʦʚʦʡ ʯʘʩʪʠ ʩʧʝʢʪʨʘ, ʢʦʪʦʨʘʷ 

ʩʠʣʴʥʦ ʨʘʩʩʝʠʚʘʝʪʩʷ ʠ ʜʦ ʥʘʩ ʜʦʭʦʜʠʪ ʚ ʦʩʥʦʚʥʦʤ ʜʣʠʥʥʦʚʦʣʥʦʚʘʷ ʯʘʩʪʴ ʩʧʝʢʪʨʘ, 

ʪʦ ʝʩʪʴ ʜʣʠʥʳ ʚʦʣʥ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʢʨʘʩʥʦʤʫ ʮʚʝʪʫ. ʇʦʵʪʦʤʫ ʟʘʢʘʪ ʢʨʘʩʥʳʡ. ʗ 

ʦʮʝʥʠʣ ʠʟ ʣʶʙʦʧʳʪʩʪʚʘ ʧʫʪʴ ʢʦʪʦʨʳʡ ʧʨʦʭʦʜʠʪ ʩʚʝʪ ʥʘ ʟʘʢʘʪʝ ʯʝʨʝʟ ʪʨʦʧʦʩʬʝʨʫ, 

ʧʦʣʫʯʠʣʦʩʴ ʧʦʨʷʜʢʘ 420 ʢʤ, ʯʪʦ ʚ 30 ï 50 ʨʘʟ ʙʦʣʴʰʝ, ʯʝʤ  ʚ ʟʝʥʠʪʝ. 

3. ʂʦʣʠʯʝʩʪʚʦ ʦʪʨʘʞʸʥʥʦʛʦ ʩʚʝʪʘ ʟʘʚʠʩʠʪ ʦʪ ʨʘʟʥʦʩʪʠ ʧʦʢʘʟʘʪʝʣʝʡ ʧʨʝʣʦʤʣʝʥʠʷ ʩʨʝʜ, 

ʥʘ ʛʨʘʥʠʮʝ ʢʦʪʦʨʳʭ ʧʨʦʠʩʭʦʜʠʪ ʦʪʨʘʞʝʥʠʝ. ʏʝʤ ʙʦʣʴʰʝ ʨʘʟʥʦʩʪʴ, ʪʝʤ ʙʦʣʴʰʝ 

ʩʚʝʪʘ ʦʪʨʘʞʘʝʪʩʷ. ʉʚʝʪ ʧʦʧʘʜʘʝʪ ʚ ʩʣʦʡ ʚʦʜʳ, ʘ ʟʘʪʝʤ ʦʪʨʘʞʘʝʪʩʷ ʦʪ ʘʩʬʘʣʴʪʘ. 

ʈʘʟʥʦʩʪʴ ʧʦʢʘʟʘʪʝʣʷ ʧʨʝʣʦʤʣʝʥʠʷ ʘʩʬʘʣʴʪʘ ʠ ʚʦʜʳ ʤʝʥʴʰʝ, ʯʝʤ ʜʣʷ ʘʩʬʘʣʴʪʘ ʠ 

ʚʦʟʜʫʭʘ, ʧʦʪʦʤʫ ʯʪʦ ʧʦʢʘʟʘʪʝʣʴ ʧʨʝʣʦʤʣʝʥʠʷ ʚʦʜʳ (n = 1.33) ʚʳʰʝ, ʯʝʤ ʫ ʚʦʟʜʫʭʘ 

(n = 1). ʇʦʵʪʦʤʫ ʦʪʨʘʞʝʥʠʝ ʚ ʧʝʨʚʦʤ ʩʣʫʯʘʝ ʤʝʥʴʰʝ. 

4. ɺ ʢʘʧʣʷʭ ʧʨʦʠʩʭʦʜʠʪ ʜʠʩʧʝʨʩʠʷ ʩʚʝʪʘ, ʪʦ ʝʩʪʴ ʨʘʟʣʦʞʝʥʠʝ ʩʚʝʪʘ ʚ ʩʧʝʢʪʨ, 

ʚʳʜʝʣʝʥʠʝ ʚʩʝʭ ʜʣʠʥ ʚʦʣʥ ʠʟ-ʟʘ ʠʭ ʨʘʟʥʦʡ ʩʧʦʩʦʙʥʦʩʪʠ ʧʨʝʣʦʤʣʷʪʴʩʷ ʚ ʩʨʝʜʘʭ: ʯʝʤ 

ʜʣʠʥʴʰʝ ʚʦʣʥʘ, ʪʝʤ ʩʣʘʙʝʝ ʨʘʩʩʝʠʚʘʶʪʩʷ ʵʪʠ ʚʦʣʥʳ ʢʘʧʣʝ.  ɽʩʣʠ ʙʳ ʨʘʟʤʝʨ ʢʘʧʝʣʴ 
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ʫʤʝʥʴʰʠʣʩʷ ʜʦ ʥʝʩʢʦʣʴʢʠʭ ʥʘʥʦʤʝʪʨʦʚ, ʪʦ ʧʦ ʢʣʘʩʩʠʯʝʩʢʦʡ ʪʝʦʨʠʠ ʜʠʬʨʘʢʮʠʠ, 

ʩʚʝʪ ʥʝ ʩʤʦʞʝʪ çʧʦʯʫʚʩʪʚʦʚʘʪʴè ʵʪʠ ʢʘʧʣʠ, ʪʦ ʝʩʪʴ ʪʘʢʠʝ ʢʘʧʣʠ ʥʝ ʧʨʠʚʝʜʫʪ ʢ 

ʧʨʝʣʦʤʣʝʥʠʶ ʠ ʤʳ ʥʝ ʩʤʦʞʝʤ ʥʘʙʣʶʜʘʪʴ ʷʚʣʝʥʠʝ ʨʘʜʫʛʠ.  

 

ʂʦʟʣʷʢʦʚʘ ɽʢʘʪʝʨʠʥʘ ʉʝʨʛʝʝʚʥʘ 

1. ɹʝʣʳʡ ʩʚʝʪ ï ʵʪʦ ʩʤʝʩʴ ʚʩʝʭ ʮʚʝʪʦʚ ʩʧʝʢʪʨʘ, ʪ.ʝ. ʩʤʝʩʴ ʩʚʝʪʘ ʩ ʨʘʟʣʠʯʥʳʤʠ ʜʣʠʥʘʤʠ 

ʚʦʣʥ. ʉʚʝʪ ʜʥʝʤ ʥʘʤ, ʢʦʥʝʯʥʦ, çʦʙʝʩʧʝʯʠʚʘʝʪè ʩʦʣʥʮʝ. ʉʦʣʥʮʝ ʩʦʩʪʦʠʪ ʠʟ 

ʦʛʨʦʤʥʦʛʦ ʢʦʣʠʯʝʩʪʚʘ ʨʘʟʣʠʯʥʳʭ ʵʣʝʤʝʥʪʦʚ (ʭʦʪʷ ʝʩʪʴ ʠ ʦʩʥʦʚʥʳʝ, ʢʦʪʦʨʳʭ 

ʙʦʣʴʰʝ ʚʩʝʛʦ). ʂʘʞʜʳʡ ʵʣʝʤʝʥʪ ʠʟʣʫʯʘʝʪ ʩʚʝʪ ʪʦʣʴʢʦ ʦʧʨʝʜʝʣʝʥʥʳʭ ʜʣʠʥ ʚʦʣʥ 

(ʥʘʧʨʠʤʝʨ, ʣʠʥʝʡʯʘʪʳʡ ʩʧʝʢʪʨ ʚʦʜʦʨʦʜʘ ʩʦʩʪʦʠʪ ʠʟ ʯʝʪʳʨʝʭ ʣʠʥʠʡ, ʪ.ʝ. ʚʦʜʦʨʦʜ 

ʩʧʦʩʦʙʝʥ ʠʩʧʫʩʢʘʪʴ ʚʠʜʠʤʳʡ ʩʚʝʪ ʪʦʣʴʢʦ ʯʝʪʳʨʝʭ ʨʘʟʣʠʯʥʳʭ ʜʣʠʥ ʚʦʣʥ). ʅʦ ʚʩʝ 

ʚʤʝʩʪʝ ʵʪʦ ʦʛʨʦʤʥʦʝ çʩʢʦʧʠʱʝè ʨʘʟʣʠʯʥʳʭ ʘʪʦʤʦʚ ʠʩʧʫʩʢʘʝʪ ʩʚʝʪ ʩ ʪʘʢʠʤ 

ʦʛʨʦʤʥʳʤ ʨʘʟʥʦʦʙʨʘʟʠʝʤ ʜʣʠʥ ʚʦʣʥ, ʯʪʦ ʚ ʥʝʤ ʩʦʜʝʨʞʠʪʩʷ ʦʜʥʦʚʨʝʤʝʥʥʦ ʩʚʝʪ ʠʟ 

ʚʩʝʭ ʯʘʩʪʝʡ ʩʧʝʢʪʨʘ ï ʘ ʵʪʦ ʠ ʝʩʪʴ ʙʝʣʳʡ ʩʚʝʪ.  

2. ɺʦ ʚʨʝʤʷ ʟʘʢʘʪʘ ʩʚʝʪ ʧʨʦʭʦʜʠʪ ʧʦ ʢʘʩʘʪʝʣʴʥʦʡ, ʧʦʯʪʠ ʧʘʨʘʣʣʝʣʴʥʦ ʟʝʤʥʦʡ 

ʧʦʚʝʨʭʥʦʩʪʠ, ʪʘʢ ʯʪʦ ʧʫʪʴ, ʢʦʪʦʨʳʡ ʧʨʦʭʦʜʠʪ ʩʦʣʥʝʯʥʳʡ ʩʚʝʪ, ʥʘʩʪʦʣʴʢʦ ʜʦʣʦʛ, ʯʪʦ 

ʤʥʦʛʦ ʩʠʥʝʛʦ ʠ ʜʘʞʝ ʞʸʣʪʦʛʦ ʩʚʝʪʘ ʨʘʩʩʝʠʚʘʝʪʩʷ ʠ ʥʝ ʜʦʭʦʜʠʪ ʜʦ ʛʣʘʟʘ 

ʥʘʙʣʶʜʘʪʝʣʷ. ɹʣʘʛʦʜʘʨʷ ʵʪʦʤʫ, ʦʙʣʘʢʘ ʠ ʥʝʙʦ ʚʙʣʠʟʠ ʛʦʨʠʟʦʥʪʘ ʦʢʨʘʰʠʚʘʶʪʩʷ ʚ 

ʢʨʘʩʥʳʝ ʪʦʥʘ. ʈʘʩʩʝʷʥʠʝ ʠ ʧʦʛʣʦʱʝʥʠʝ ð ʛʣʘʚʥʳʝ ʧʨʠʯʠʥʳ ʟʘʪʫʭʘʥʠʷ ʩʚʝʪʘ ʚ 

ʘʪʤʦʩʬʝʨʝ. ʈʘʩʩʝʷʥʠʝ ʤʝʥʷʝʪʩʷ ʢʘʢ ʬʫʥʢʮʠʷ ʦʪ ʦʪʥʦʰʝʥʠʷ ʜʠʘʤʝʪʨʘ ʯʘʩʪʠʮʳ ʢ 

ʜʣʠʥʝ ʚʦʣʥʳ ʩʚʝʪʘ. ʂʦʛʜʘ ʵʪʦ ʦʪʥʦʰʝʥʠʝ ʤʝʥʴʰʝ 1/10, ʚʦʟʥʠʢʘʝʪ ʈʵʣʝʝʚʩʢʦʝ 

ʨʘʩʩʝʷʥʠʝ, ʧʨʠ ʢʦʪʦʨʦʤ ʢʦʵʬʬʠʮʠʝʥʪ ʨʘʩʩʝʷʥʠʷ ʦʙʨʘʪʥʦ ʧʨʦʧʦʨʮʠʦʥʘʣʝʥ 

ʯʝʪʚʝʨʪʦʡ ʩʪʝʧʝʥʠ ʜʣʠʥʳ ʚʦʣʥʳ. 

3. ʕʬʬʝʢʪ ʈʘʤʘʥʘ (ʢʦʤʙʠʥʘʮʠʦʥʥʦʝ ʠʣʠ ʨʘʤʘʥʦʚʩʢʦʝ ʨʘʩʩʝʷʥʠʝ) ð ʨʘʩʩʝʷʥʠʝ ʩʚʝʪʘ ʚ 

ʛʘʟʘʭ, ʞʠʜʢʦʩʪʷʭ ʠ ʢʨʠʩʪʘʣʣʘʭ, ʩʦʧʨʦʚʦʞʜʘʶʱʝʝʩʷ ʟʘʤʝʪʥʳʤ ʠʟʤʝʥʝʥʠʝʤ ʝʛʦ 

ʯʘʩʪʦʪʳ. ɺ ʦʪʣʠʯʠʝ ʦʪ ʨʵʣʝʝʚʩʢʦʛʦ ʨʘʩʩʝʷʥʠʷ ʩʚʝʪʘ, ʚ ʩʣʫʯʘʝ ʨʘʤʘʥʦʚʩʢʦʛʦ 

ʨʘʩʩʝʷʥʠʷ ʩʚʝʪʘ ʚ ʩʧʝʢʪʨʝ ʨʘʩʩʝʷʥʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʧʦʷʚʣʷʶʪʩʷ ʩʧʝʢʪʨʘʣʴʥʳʝ ʣʠʥʠʠ, 

ʢʦʪʦʨʳʭ ʥʝʪ ʚ ʩʧʝʢʪʨʝ ʧʝʨʚʠʯʥʦʛʦ (ʚʦʟʙʫʞʜʘʶʱʝʛʦ) ʩʚʝʪʘ. ʇʦ-ʚʠʜʠʤʦʤʫ, ʩʚʝʪ, 

ʧʨʦʭʦʜʷ ʯʝʨʝʟ ʚʦʜʥʳʡ ʩʣʦʡ ʨʘʩʩʝʠʚʘʝʪʩʷ ʠ ʧʨʠʦʙʨʝʪʘʝʪ ʪʘʢʫʶ ʯʘʩʪʦʪʫ, ʢʦʪʦʨʘʷ ʥʝ 

ʠʟʣʫʯʘʝʪʩʷ ʘʩʬʘʣʴʪʦʤ, ʧʦʵʪʦʤʫ ʤʦʢʨʳʡ ʘʩʬʘʣʴʪ ʯʝʨʥʳʡ.  

ɸ ʚ ʩʣʫʯʘʝ ʩ ʪʦʣʯʝʥʳʤ ʩʪʝʢʣʦʤ ï ʥʘʦʙʦʨʦʪ: ʦʛʨʦʤʥʦʝ ʢʦʣ-ʚʦ ʢʨʠʩʪʘʣʣʠʢʦʚ ʩʪʝʢʣʘ 

ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʦʛʨʦʤʥʦʝ ʢʦʣʠʯʝʩʪʚʦ ʧʨʠʟʤ ʩ ʦʛʨʦʤʥʳʤ ʢʦʣʠʯʝʩʪʚʦʤ 

ʧʨʝʣʦʤʣʷʶʱʠʭ ʧʦʚʝʨʭʥʦʩʪʝʡ, ʢʦʪʦʨʳʝ ʤʥʦʞʝʩʪʚʦ ʨʘʟ ʧʨʝʣʦʤʣʷʶʪ ʧʘʜʘʶʱʠʡ ʩʚʝʪ. 

ʅʦ, ʚ ʢʦʥʮʝ ʢʦʥʮʦʚ, ʦʥ, ʢʘʢ ʙʳʣ ʙʝʣʳʤ, ʪʘʢ ʠʤ ʠ ʦʩʪʘʝʪʩʷ.  
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4. ɽʩʣʠ ʞʝ ʨʘʟʤʝʨ ʢʘʧʝʣʴ ʫʤʝʥʴʰʠʪʴ ʜʦ ʛʨʘʥʠʮ ʥʘʥʦʤʝʪʨʦʚ (ʠʣʠ ʝʩʣʠ ʜʘʞʝ 

ʧʨʝʜʩʪʘʚʠʪʴ, ʯʪʦ ʢʘʧʣʠ ʩʦʩʪʦʷʪ ʠʟ ʝʜʠʥʠʯʥʳʭ ʘʪʦʤʦʚ ʚʦʜʳ) ʪʦ, ʧʦ-ʤʦʝʤʫ, ʦʥʠ 

ʙʫʜʫʪ ʠʩʧʫʩʢʘʪʴ ʪʦʣʴʢʦ ʪʘʢʦʡ ʩʚʝʪ, ʢʦʪʦʨʳʡ ʚʭʦʜʠʪ ʚ ʩʧʝʢʪʨ ʠʩʧʫʩʢʘʥʠʷ ʧʘʨʦʚ 

ʚʦʜʳ (ʧʦʣʦʩʘʪʳʡ). ʆʙʲʷʩʥʷʝʪʩʷ ʵʪʦ ʪʝʤ, ʯʪʦ çʢʘʧʣʠè, ʩʦʩʪʦʷʱʠʝ ʠʟ ʝʜʠʥʠʯʥʳʭ 

ʘʪʦʤʦʚ, ʩʚʝʪ ʥʝ ʧʨʝʣʦʤʣʷʶʪ, ʘ  ʧʦʛʣʦʱʘʶʪ, ʘ ʟʘʪʝʤ ʠʩʧʫʩʢʘʶʪ ʪʦʣʴʢʦ ʪʘʢʦʡ ʩʚʝʪ, 

ʢʦʪʦʨʳʡ ʤʦʛʫʪ ʠʩʧʫʩʪʠʪʴ (ʪ.ʝ. ʢʦʪʦʨʳʡ ʚʭʦʜʠʪ ʚ ʩʧʝʢʪʨ ʠʩʧʫʩʢʘʥʠʷ ʚʦʜʳ).   

 

ɸʣʝʰʠʥ ɻʣʝʙ ʖʨʴʝʚʠʯ 

1. ɼʥʝʚʥʦʡ ʩʚʝʪ ʙʝʣʳʡ, ʧʦʪʦʤʫ ʯʪʦ ʉʦʣʥʮʝ ʠʟʣʫʯʘʝʪ ʧʦʯʪʠ ʚʝʩʴ ʩʧʝʢʪʨ ʚʠʜʠʤʦʛʦ 

ʠʟʣʫʯʝʥʠʷ.  

2. ʉʚʝʪʦʚʦʝ ʠʟʣʫʯʝʥʠʝ, ʠʜʫʱʝʝ ʩ ʉʦʣʥʮʘ, ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʤʝʩʴ ʚʦʣʥ ʨʘʟʣʠʯʥʳʭ ʯʘʩʪʦʪ, 

ʢʦʪʦʨʘʷ ʯʝʣʦʚʝʯʝʩʢʦʤʫ ʛʣʘʟʫ ʠ ʢʘʞʝʪʩʷ ʙʝʣʦʡ. ʂʦʛʜʘ ʉʦʣʥʮʝ ʟʘʭʦʜʠʪ, ʪʦ ʠʟ-ʟʘ 

ʤʘʣʦʛʦ ʫʛʣʘ ʚʭʦʜʘ ʠʟʣʫʯʝʥʠʷ ʚ ʘʪʤʦʩʬʝʨʫ ʨʘʟʣʦʞʝʥʠʝ ʩʧʝʢʪʨʘ ʟʘʤʝʪʥʦ, ʘ ʪ.ʢ. ʫ 

ʢʨʘʩʥʦʛʦ ʮʚʝʪʘ ʩʘʤʘʷ ʙʦʣʴʰʘʷ ʜʣʠʥʘ ʚʦʣʥʳ, ʪʦ ʢʨʘʩʥʘʷ ʧʦʣʦʩʘ ʩʧʝʢʪʨʘ ʥʘʭʦʜʠʪʩʷ 

ʩʥʠʟʫ, ʠ ʤʳ ʚʠʜʠʤ ʠʤʝʥʥʦ ʵʪʫ ʧʦʣʦʩʫ. 

3. ʇʦʚʝʨʭʥʦʩʪʴ ʩʪʝʢʣʘ, ʢʘʢ ʠ ʚʩʝ ʜʨʫʛʠʝ ʪʝʣʘ, ʦʪʨʘʞʘʝʪ ʩʦʣʥʝʯʥʳʡ ʩʚʝʪ. ʂʦʛʜʘ ʩʪʝʢʣʦ 

ʪʦʣʯʝʥʦʝ, ʪʦ ʧʦʚʝʨʭʥʦʩʪʴ ʩʪʝʢʣʘ ʦʯʝʥʴ ʩʠʣʴʥʦ ʫʚʝʣʠʯʠʚʘʝʪʩʷ, ʧʦʵʪʦʤʫ ʦʪʨʘʞʘʝʪʩʷ 

ʧʦʯʪʠ ʚʝʩʴ ʩʚʝʪ, ʧʘʜʘʶʱʠʡ ʥʘ ʥʝʛʦ. ʆʩʪʘʣʴʥʦʡ ʩʚʝʪ ʧʨʝʣʦʤʣʷʝʪʩʷ ʚʥʫʪʨʠ ʩʪʝʢʣʘ, 

ʧʨʦʠʩʭʦʜʠʪ ʚʥʫʪʨʝʥʥʝʝ ʦʪʨʘʞʝʥʠʝ, ʘ ʪʘʢʞʝ ʧʨʝʣʦʤʣʝʥʥʳʡ ʩʚʝʪ ʦʪʨʘʞʘʝʪʩʷ ʦʪ 

ʜʨʫʛʠʭ ʯʘʩʪʠʮ ʩʪʝʢʣʘ. ʀʟ-ʟʘ ʵʪʦʛʦ ʦʥʦ ʢʘʞʝʪʩʷ ʙʝʣʳʤ. ʂʦʛʜʘ ʘʩʬʘʣʴʪ ʩʫʭʦʡ, ʪʦ ʦʥ 

ʧʦʢʨʳʪ ʪʦʥʢʠʤ ʩʣʦʝʤ ʯʘʩʪʠʮ ʧʝʩʢʘ ʠ ʧʳʣʠ, ʧʦʵʪʦʤʫ ʦʥ ʠʤʝʝʪ ʠʭ ʮʚʝʪ. ʂʦʛʜʘ 

ʘʩʬʘʣʴʪ ʞʝ ʤʦʢʨʳʡ, ʧʳʣʴ ʠ ʧʝʩʦʢ ʯʘʩʪʠʯʥʦ ʩʤʳʚʘʶʪʩʷ, ʯʘʩʪʠʯʥʦ ʦʩʝʜʘʶʪ, ʠ 

ʘʩʬʘʣʴʪ ʧʨʠʦʙʨʝʪʘʝʪ ʩʚʦʡ ʠʩʪʠʥʥʳʡ ʮʚʝʪ ï ʯʝʨʥʳʡ. 

4. ɽʩʣʠ ʙʳ ʨʘʟʤʝʨ ʢʘʧʝʣʴ ʫʤʝʥʴʰʠʣʩʷ ʙʳ ʜʦ ʝʜʠʥʠʮ ʥʘʥʦʤʝʪʨʦʚ, ʪʦ ʩʚʝʪ ʥʝ 

ʨʘʟʣʘʛʘʣʩʷ ʙʳ ʧʦ ʩʣʝʜʫʶʱʝʡ ʧʨʠʯʠʥʝ: ʜʣʷ ʪʦʛʦ, ʯʪʦʙʳ ʚʦʣʥʳ ʨʘʟʣʠʯʥʦʡ ʜʣʠʥʳ 

ʧʨʝʣʦʤʣʷʣʠʩʴ, ʥʝʦʙʭʦʜʠʤʦ ʯʪʦʙʳ ʨʘʟʤʝʨʳ ʧʨʝʣʦʤʣʷʶʱʝʛʦ ʦʙʲʝʢʪʘ ʙʳʣʠ ʥʝ ʤʝʥʝʝ 

ʜʣʠʥʳ ʚʦʣʥʳ. ʅʦ ʜʣʠʥʘ ʚʦʣʥ ʚʠʜʠʤʦʛʦ ʠʟʣʫʯʝʥʠʷ ʧʦʨʷʜʢʘ 10
2
. ʀʟ ʵʪʦʛʦ ʩʣʝʜʫʝʪ, 

ʯʪʦ ʩʚʝʪ ʥʝ ʙʫʜʝʪ ʨʘʟʣʘʛʘʪʴʩʷ. 
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ʀʩʪʦʨʠʷ ʩ ʚʠʥʦʤ (2008, ʰʢʦʣʴʥʠʢʠ, ʬʠʟʠʢʘ) 

ʂʫʟʥʝʮʦʚ ʉʝʨʛʝʡ ʉʝʨʛʝʝʚʠʯ 

1. ɺʦ-ʧʝʨʚʳʭ, ʜʘʜʠʤ ʦʧʨʝʜʝʣʝʥʠʝ ï ʯʪʦ ʞʝ ʪʘʢʦʝ ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʪʚʦ? ɹʫʜʝʤ 

ʥʘʟʳʚʘʪʴ ʩʦʚʦʢʫʧʥʦʩʪʴ ʷʚʣʝʥʠʡ, ʩʚʷʟʘʥʥʳʭ ʩ ʥʘʣʠʯʠʝʤ ʚ ʢʨʠʩʪʘʣʣʝ ʩʧʦʥʪʘʥʥʦʡ 

ʧʦʣʷʨʠʟʘʮʠʠ ï ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʠʤ ʵʬʬʝʢʪʦʤ, ʘ ʤʘʪʝʨʠʘʣʳ, ʚ ʢʦʪʦʨʳʭ ʵʪʦʪ 

ʵʬʬʝʢʪ ʠʤʝʝʪ ʤʝʩʪʦ, ï ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʢʘʤʠ.  

ɺʧʝʨʚʳʝ ʵʬʬʝʢʪ ʩʧʦʥʪʘʥʥʦʡ ʧʦʣʷʨʠʟʘʮʠʠ ʚ ʚʝʱʝʩʪʚʝ ʙʳʣ ʦʙʥʘʨʫʞʝʥ ʚ 1920 ʛʦʜʫ 

ʘʤʝʨʠʢʘʥʩʢʠʤ ʫʯʝʥʳʤ ɼʞʦʟʝʬʦʤ ɺʘʣʘʰʝʢʦʤ ʥʘ ʢʨʠʩʪʘʣʣʘʭ ʩʝʛʥʝʪʦʚʦʡ 

(ʨʦʰʝʣʝʚʦʡ) ʩʦʣʠ  

2. ʉʝʛʥʝʪʦʚʘ ʩʦʣʴ KNaC4H4O6*4H2O ï ʪʘʨʪʨʘʪ ʢʘʣʠʷ-ʥʘʪʨʠʷ (ʧʨʠʤʝʯʘʥʠʝ ï ʩʦʣʠ 

ʚʠʥʥʦʡ ʢʠʩʣʦʪʳ ʥʘʟʳʚʘʶʪʩʷ ʪʘʨʪʨʘʪʘʤʠ)
*
. ɺ ʘʥʛʣʦʷʟʳʯʥʦʡ ʣʠʪʝʨʘʪʫʨʝ ʩʝʛʥʝʪʦʚʘ 

ʩʦʣʴ ʥʦʩʠʪ ʥʘʟʚʘʥʠʝ ñrochellesaltò, ʘ ʚʝʱʝʩʪʚʘ, ʢʦʪʦʨʳʝ ʤʳ ʥʘʟʳʚʘʝʤ 

ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʢʘʤʠ ï ʬʝʨʨʦʵʣʝʢʪʨʠʢʘʤʠ (ferroelectrics) ʚ ʩʚʷʟʠ ʩ ʬʦʨʤʘʣʴʥʦʡ 

ʘʥʘʣʦʛʠʝʡ ʩ ʬʝʨʨʦʤʘʛʥʝʪʠʢʘʤʠ, ʢʦʪʦʨʳʝ ʪʘʢʞʝ ʦʙʣʘʜʘʶʪ ʩʧʦʥʪʘʥʥʳʤ ʤʘʛʥʠʪʥʳʤ 

ʤʦʤʝʥʪʦʤ.  

ʉʘʤʘ ʩʝʛʥʝʪʦʚʘ ʩʦʣʴ, ʙʳʣʘ ʧʦʣʫʯʝʥʘ  ʦʢʦʣʦ 1655ʛ. ʬʨʘʥʮʫʟʩʢʠʤ  ʘʧʪʝʢʘʨʝʤ ʉʝʥʴʝʪʘ 

(Pierre Seignette) ʠʟ ʬʨʘʥʮʫʟʩʢʦʛʦ  ʛʦʨʦʜʢʘ  ʃʘ-ʈʦh ʝӢʣɹ (La Rochelle). ʅʘ ʨʠʩʫʥʢʝ 

ʧʨʠʚʝʜʝʥ ʚʠʜ ʢʨʠʩʪʘʣʣʠʪʘ ʩʝʛʥʝʪʦʚʦʡ ʩʦʣʠ, ʢʦʪʦʨʳʡ ʠʤʝʝʪ ʛʦʣʫʙʦʡ ʮʚʝʪ ʠ  ʬʦʨʤʫ 

ʨʦʤʙʠʯʝʩʢʦʡ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ, ʥʘ ʚʢʫʩ ï ʩʠʣʴʥʦ-ʩʦʣʝʥʳʡ (ʤʦʞʥʦ ʠʭ 

ʜʘʞʝ ʝʩʪʴ, ʥʦ ʯʘʩʪʦ ʧʨʠʜʝʪʩʷ ʠʩʢʘʪʴ ʪʫʘʣʝʪ, ʜʣʷ ʵʪʦʡ ʮʝʣʠ ʠʭ ʠ ʧʨʠʤʝʥʷʶʪ ʚ 

ʤʝʜʠʮʠʥʝ, ʨʘʥʴʰʝ ʧʨʦʜʘʚʘʣʠ ʚ ʘʧʪʝʢʘʭ).  

 

ʉʝʛʥʝʪʦʚʫ ʩʦʣʴ ʧʦʣʫʯʘʶʪ ʠ ʠʟ ʚʠʥʘ, ʘ ʚʝʨʥʝʝ ʠʟ ʚʠʥʥʦʡ ʢʠʩʣʦʪʳ, ʢʦʪʦʨʘʷ ʚ 

ʙʦʣʴʰʦʤ ʢʦʣʠʯʝʩʪʚʝ ʩʦʜʝʨʞʠʪʩʷ ʚ ʚʠʥʦʛʨʘʜʥʦʤ ʩʦʢʝ ʠ ʚʳʜʝʣʷʝʪʩʷ ʠʟ ʥʝʛʦ ʧʨʠ 

ʚʳʜʝʨʞʢʝ ʚʠʥʘ ʚ ʚʠʜʝ ʢʨʠʩʪʘʣʣʦʚ ʚʠʥʥʦʢʘʣʠʝʚʦʡ ʩʦʣʠ (ʚʠʥʥʳʡ ʢʘʤʝʥʴ). ʇʨʠ 

ʥʝʡʪʨʘʣʠʟʘʮʠʠ ʢʠʩʣʦʡ ʚʠʥʥʦʢʘʣʠʝʚʦʡ ʩʦʣʠ ʩʦʜʦʡ ʧʦʣʫʯʘʝʪʩʷ ʚʠʥʥʦʢʠʩʣʘʷ ʢʘʣʠʡ-

ʥʘʪʨʠʝʚʘʷ ʩʦʣʴ (ʩʝʛʥʝʪʦʚʘ ʩʦʣʴ). 

                                                           
*
 J. Valasek, Piezoelectric and allied phenomena in Rochelle Salt Phys. Rev.15, 537 (1920), "Phys. Rev."17, 475 

(1921) 
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3. ʊʝʧʝʨʴ ʦ ʭʠʨʘʣʴʥʦʩʪʠ ʩʝʛʥʝʪʦʚʦʡ ʩʦʣʠ. ɺʦʧʨʦʩ ʥʝʧʨʦʩʪʦʡ, ʪʘʢ ʢʘʢ, ʩ ʦʜʥʦʡ 

ʩʪʦʨʦʥʳ, ʝʩʪʴ ʪʝʦʨʝʪʠʯʝʩʢʫʶ ʚʦʟʤʦʞʥʦʩʪʴ ʩʫʱʝʩʪʚʦʚʘʥʠʷ ʣʝʚʳʭ ʠ ʧʨʘʚʳʭ 

ʢʨʠʩʪʘʣʣʦʚ ʩʝʛʥʝʪʦʚʦʡ ʩʦʣʠ ʠʣʠ, ʜʨʫʛʠʤʠ ʩʣʦʚʘʤʠ, ʩʝʛʥʝʪʦʚʘ ʩʦʣʴ ʤʦʞʝʪ 

ʦʙʨʘʟʦʚʳʚʘʪʴ ʭʠʨʘʣʴʥʳʝ ʬʦʨʤʳ. ʉ ʜʨʫʛʦʡ ʩʪʦʨʦʥʳ,  ʢʨʠʩʪʘʣʣʳ ʩʝʛʥʝʪʦʚʦʡ ʩʦʣʠ, 

ʧʦʣʫʯʝʥʥʳʝ ʠʟ ʚʠʥʘ, ʚʩʪʨʝʯʘʶʪʩʷ ʪʦʣʴʢʦ ʧʨʘʚʳʤʠ ʠ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ ʥʝ ʦʙʣʘʜʘʶʪ 

ʭʠʨʘʣʴʥʦʩʪʴʶ. 

ɼʚʦʡʥʠʢʦʚʳʝ ʜʦʤʝʥʳ ï ʟʘʢʦʥʦʤʝʨʥʳʝ ʩʨʦʩʪʢʠ ʜʚʫʭ ʦʜʥʦʨʦʜʥʳʭ ʢʨʠʩʪʘʣʣʦʚ, ʚ 

ʢʦʪʦʨʦʤ ʦʜʠʥ ʢʨʠʩʪʘʣʣ ʦʪʣʠʯʘʝʪʩʷ ʦʪ ʜʨʫʛʦʛʦ ʟʝʨʢʘʣʴʥʳʤ ʦʪʨʘʞʝʥʠʝʤ ʚ ʧʣʦʩʢʦʩʪʠ 

ʩʠʤʤʝʪʨʠʠ (ʧʣʦʩʢʦʩʪʴ ʜʚʦʡʥʠʢʦʚʘʥʠʷ), ʠʣʠ ʧʦʚʦʨʦʪʦʤ ʚʦʢʨʫʛ ʦʩʠ ʩʠʤʤʝʪʨʠʠ (ʦʩʴ 

ʜʚʦʡʥʠʢʦʚʘʥʠʷ) ʠʣʠ ʦʪʨʘʞʝʥʠʝʤ ʚ ʮʝʥʪʨʝ ʠʥʚʝʨʩʠʠ) ï ʩʝʛʥʝʪʦʚʘ ʩʦʣʴ ʤʦʞʝʪ 

ʦʙʨʘʟʦʚʳʚʘʪʴ. 

4. ʈʘʩʩʤʦʪʨʠʤ ʚʦʧʨʦʩ ʦ ʚʦʟʤʦʞʥʦʤ ʚʣʠʷʥʠʠ ʨʘʟʤʝʨʘ ʢʨʠʩʪʘʣʣʠʪʘ ʥʘ 

ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʩʝʛʥʝʪʦʚʦʡ ʩʦʣʠ. ʀʟʚʝʩʪʥʦ, ʯʪʦ ʥʠʞʝ ʪʝʤʧʝʨʘʪʫʨʳ 

ʂʶʨʠ, ʚ ʦʪʩʫʪʩʪʚʠʝ ʚʥʝʰʥʝʛʦ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʢʠ (ʜʦʩʪʘʪʦʯʥʦ 

ʙʦʣʴʰʦʛʦ ʨʘʟʤʝʨʘ, ʙʦʣʝʝ ʤʠʢʨʦʥʘ), ʢʘʢ ʧʨʘʚʠʣʦ, ʠʤʝʶʪ ʜʦʤʝʥʥʫʶ ʩʪʨʫʢʪʫʨʫ. 

ɼʦʤʝʥʳ ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʤʠʢʨʦʩʢʦʧʠʯʝʩʢʠʝ ʦʙʣʘʩʪʠ, ʦʙʣʘʜʘʶʱʠʝ 

ʩʧʦʥʪʘʥʥʦʡʧʦʣʷʨʠʟʘʮʠʝʡ, ʢʦʪʦʨʘʷ ʚʦʟʥʠʢʘʝʪ ʧʦʜ ʚʣʠʷʥʠʝʤ ʚʥʫʪʨʝʥʥʠʭ ʧʨʦʮʝʩʩʦʚ 

ʚ ʜʠʵʣʝʢʪʨʠʢʝ. ʅʘʧʨʘʚʣʝʥʠʝ ʧʦʣʷʨʠʟʘʮʠʠ ʫ ʨʘʟʥʳʭ ʜʦʤʝʥʦʚ ʨʘʟʣʠʯʥʦ. ʇʦʵʪʦʤʫ 

ʩʫʤʤʘʨʥʘʷ ʧʦʣʷʨʠʟʘʮʠʷ ʦʙʨʘʟʮʘ ʚ ʮʝʣʦʤ ʨʘʚʥʘ ʥʫʣʶ. ʉʣʝʜʦʚʘʪʝʣʴʥʦ, ʝʩʣʠ 

ʢʨʠʩʪʘʣʣʠʪ ʤʳ ʫʤʝʥʴʰʠʤ ʜʦ ʥʘʥʦʨʘʟʤʝʨʘ, ʪʦ ʦʥ ʙʫʜʝʪ ʩʦʩʪʦʷʪʴ ʚʩʝʛʦ ʣʠʰʴ ʠʟ 

ʦʜʥʦʛʦ ʜʦʤʝʥʘ, ʠ ʩʫʤʤʘʨʥʘʷ ʧʦʣʷʨʠʟʮʠʷ ʙʫʜʝʪ ʦʪʣʠʯʥʘ ʦʪ ʥʫʣʷ, ʪʦ ʝʩʪʴ ʧʦʣʫʯʠʪʩʷ 

ʪʘʢʦʡ ʵʣʝʢʪʨʠʯʝʩʢʠʡ ʜʠʧʦʣʴ, ʢʦʪʦʨʳʡ ʙʫʜʝʪ ʦʙʣʘʜʘʪʴ ʵʣʝʢʪʨʠʯʝʩʢʠʤ ʧʦʣʝʤ!   

5. ʇʨʠ ʫʤʝʥʴʰʝʥʠʠ ʨʘʟʤʝʨʦʚ ʨʦʣʴ ʧʦʚʝʨʭʥʦʩʪʠ ʚʦʟʨʘʩʪʘʝʪ, ʘ ʦʙʲʸʤʥʳʝ ʩʚʦʡʩʪʚʘ 

ʤʦʛʫʪ ʙʳʪʴ ʧʦʪʝʨʷʥʳ. ʅʘʚʝʨʥʦʝ, ʧʨʠʤʝʨʦʤ ʤʦʛʫʪ ʙʳʪʴ ʧʦʣʫʧʨʦʚʦʜʥʠʢʠ ʪʠʧʘ 

ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʢʨʝʤʥʠʷ. ɽʛʦ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʝ ʩʚʦʡʩʪʚʘ ï ʟʘʚʠʩʠʤʦʩʪʴ 

ʧʨʦʚʦʜʠʤʦʩʪʠ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ, ʠʟʤʝʥʝʥʠʝ ʧʨʦʚʦʜʠʤʦʩʪʠ ʧʨʠ ʜʦʙʘʚʣʝʥʠʠ ʧʨʠʤʝʩʠ 

ʠ ʜʨ. ï ʧʦʟʚʦʣʷʶʪ ʩʦʟʜʘʚʘʪʴ ʨʘʟʥʳʝ ʫʩʪʨʦʡʩʪʚʘ, ʥʘʧʨʠʤʝʨ p-n-ʧʝʨʝʭʦʜʳ. ʇʨʠ 

ʥʘʥʦʨʘʟʤʝʨʘʭ,  p-n-ʧʝʨʝʭʦʜʳ ʦʯʝʚʠʜʥʦ ʧʦʪʝʨʷʶʪ ʩʚʦʠ ʩʚʦʡʩʪʚʘ, ʪʘʢ ʢʘʢ ʚ ʥʠʭ 

ʚʘʞʥʦ ʥʘʣʠʯʠʝ ʦʙʲʸʤʘ ʠ ʧʝʨʝʭʦʜʥʦʡ ʦʙʣʘʩʪʠ ʤʝʞʜʫ ʧʦʣʫʧʨʦʚʦʜʥʠʢʘʤʠ ʨʘʟʥʦʛʦ 

ʪʠʧʘ ʧʨʦʚʦʜʠʤʦʩʪʠ. 

 

ʂʦʟʣʷʢʦʚʘ ɽʢʘʪʝʨʠʥʘ ʉʝʨʛʝʝʚʥʘ 

1. ʉʨʘʚʥʠʪʝʣʴʥʦ ʥʝʜʘʚʥʦ, ʚ 20-30-ʭ ʛʦʜʘʭ ʧʨʦʰʣʦʛʦ ʩʪʦʣʝʪʠʷ, ɼʞ. ɺʘʣʘʰʝʢ ʚ ʉʐɸ, 

ʀ.ɺ.ʂʫʨʯʘʪʦʚ ʩ ʩʦʪʨʫʜʥʠʢʘʤʠ ʚ ʉʉʉʈ, ɻ.ɹʫʰ ʩ ʩʦʪʨʫʜʥʠʢʘʤʠ ʚ ʐʚʝʡʮʘʨʠʠ 

ʧʦʢʘʟʘʣʠ, ʯʪʦ ʚ ʥʝʢʦʪʦʨʳʭ ʠʦʥʥʳʭ ʢʨʠʩʪʘʣʣʘʭ ʵʣʝʢʪʨʠʯʝʩʢʘʷ ʧʦʣʷʨʠʟʘʮʠʷ ʤʦʞʝʪ 
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ʚʦʟʥʠʢʘʪʴ ʠ ʩʫʱʝʩʪʚʦʚʘʪʴ ʩʧʦʥʪʘʥʥʦ, ʪ.ʝ. ʚ ʦʪʩʫʪʩʪʚʠʝ ʚʥʝʰʥʝʛʦ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ 

ʧʦʣʷ. ʕʪʦ ʬʠʟʠʯʝʩʢʦʝ ʷʚʣʝʥʠʝ ʙʳʣʦ ʦʙʥʘʨʫʞʝʥʦ ʚʧʝʨʚʳʝ ʚ ʢʨʠʩʪʘʣʣʘʭ ʩʝʛʥʝʪʦʚʦʡ 

ʩʦʣʠ (ʢʦʪʦʨʘʷ ʚʧʝʨʚʳʝ ʙʳʣʘ ʧʦʣʫʯʝʥʘ ʚ 1672 ʛʦʜʫ ʬʨʘʥʮʫʟʩʢʠʤ ʘʧʪʝʢʘʨʝʤ 

ʉʝʛʥʝʪʦʤ. ʕʪʦ ʜʚʦʡʥʘʷ ʩʦʣʴ ʚʠʥʥʦʡ ʢʠʩʣʦʪʳ, ʝʝ ʭʠʤʠʯʝʩʢʘʷ ʬʦʨʤʫʣʘ KNaC4H4O6 Å 

4ʅ2ʆ) ʚ ʠʥʪʝʨʚʘʣʝ ʪʝʤʧʝʨʘʪʫʨ ʤʝʞʜʫ ï 18 ʠ +24 
0
ʉ ʠ ʟʘʪʝʤ ï ʚ ʢʨʠʩʪʘʣʣʘʭ 

ʜʠʛʠʜʨʦʬʦʩʬʘʪʘ ʢʘʣʠʷ KH2PO4 (KDP) ï ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ ʥʠʞʝ ï 150
 ʦ
ʉ 

ɺ ʨʫʩʩʢʦʡ ʣʠʪʝʨʘʪʫʨʝ ʦʧʠʩʘʥʥʦʝ ʷʚʣʝʥʠʝ ʥʘʟʳʚʘʶʪ ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʪʚʦʤ, ʚ 

ʟʘʨʫʙʝʞʥʦʡ ï ʬʝʨʨʦʵʣʝʢʪʨʠʯʝʩʪʚʦʤ. 

ʉʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʪʚʦ ï ʩʦʚʦʢʫʧʥʦʩʪʴ ʵʣʝʢʪʨʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ, ʭʘʨʘʢʪʝʨʥʳʭ ʜʣʷ 

ʛʨʫʧʧʳ ʜʠʵʣʝʢʪʨʠʢʦʚ, ʥʘʟʳʚʘʶʱʠʭʩʷ ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʢʘʤʠ ʠ ʷʚʣʷʶʱʠʭʩʷ 

ʨʘʟʥʦʚʠʜʥʦʩʪʴʶ ʧʠʨʦʵʣʝʢʪʨʠʢʦʚ. 

ʉʝʛʥʝʪʦʵʣʝʢʪʨʠʢʠ ï  ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʝ ʜʠʵʣʝʢʪʨʠʢʠ, ʦʙʣʘʜʘʶʱʠʝ ʚ ʦʧʨʝʜʝʣʸʥʥʦʤ 

ʠʥʪʝʨʚʘʣʝ ʪʝʤʧʝʨʘʪʫʨ ʩʧʦʥʪʘʥʥʦʡ (ʩʘʤʦʧʨʦʠʟʚʦʣʴʥʦʡ) ʧʦʣʷʨʠʟʘʮʠʝʡ, ʢʦʪʦʨʘʷ 

ʩʫʱʝʩʪʚʝʥʥʦ ʠʟʤʝʥʷʝʪʩʷ ʧʦʜ ʚʣʠʷʥʠʝʤ ʚʥʝʰʥʠʭ ʚʦʟʜʝʡʩʪʚʠʡ.  

ʇʨʠʤʝʥʝʥʠʷ. ɹʦʣʴʰʘʷ ʜʠʵʣʝʢʪʨʠʯʝʩʢʘʷ ʧʨʦʥʠʮʘʝʤʦʩʪʴ ʚʙʣʠʟʠ ʪʝʤʧʝʨʘʪʫʨʳ ʂʶʨʠ 

(ʥʘʧʨʠʤʝʨ, ʚ BaTiO3) ʧʨʝʜʩʪʘʚʣʷʝʪ ʠʥʪʝʨʝʩ ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ ʧʨʠʤʝʥʝʥʠʷ ʚ 

ʤʥʦʛʦʩʣʦʡʥʳʭ ʢʦʥʜʝʥʩʘʪʦʨʘʭ. ʅʠʦʙʘʪ ʣʠʪʠʷ (LiNbO3), ʦʙʣʘʜʘʶʱʠʡ ʙʦʣʴʰʠʤʠ 

ʵʣʝʢʪʨʦʦʧʪʠʯʝʩʢʠʤʠ ʢʦʵʬʬʠʮʠʝʥʪʘʤʠ, ï ʥʘʠʣʫʯʰʠʡ ʤʘʪʝʨʠʘʣ ʜʣʷ ʠʥʪʝʛʨʘʣʴʥʳʭ 

ʦʧʪʠʯʝʩʢʠʭ ʤʦʜʫʣʷʪʦʨʦʚ ʠ ʜʝʬʣʝʢʪʦʨʦʚ. ʊʦʥʢʠʝ ʧʣʝʥʢʠ ʠʟ ʮʠʨʢʦʥʘʪʘ-ʪʠʪʘʥʘʪʘ 

ʩʚʠʥʮʘ ʠ ʣʘʥʪʘʥʘ (PLZT) ʘʢʪʠʚʥʦ ʠʟʫʯʘʶʪʩʷ ʩ ʮʝʣʴʶ ʩʦʟʜʘʥʠʷ ʵʥʝʨʛʦʟʘʚʠʩʠʤʳʭ 

ʤʠʢʨʦʵʣʝʢʪʨʦʥʥʳʭ ɿʋ ʩ ʧʨʠʤʝʥʝʥʠʝʤ ʢʨʝʤʥʠʝʚʦʡ ʪʝʭʥʦʣʦʛʠʠ. (ɹʠʩʪʘʙʠʣʴʥʘʷ 

ʧʦʣʷʨʠʟʘʮʠʷ ï ʠʜʝʘʣʴʥʘʷ ʦʩʥʦʚʘ ʜʣʷ ʜʚʦʠʯʥʳʭ ʷʯʝʝʢ ʧʘʤʷʪʠ.) ʂʨʠʩʪʘʣʣ ʂʅ2ʈʆ4 

ʰʠʨʦʢʦ ʧʨʠʤʝʥʷʝʪʩʷ ʜʣʷ ʫʜʚʦʝʥʠʷ ʦʧʪʠʯʝʩʢʦʡ ʯʘʩʪʦʪʳ ʣʘʟʝʨʘ. ʀʟ 

ʪʨʠʛʣʠʮʠʥʩʫʣʴʬʘʪʘ (TGS) ʠʟʛʦʪʘʚʣʠʚʘʶʪʩʷ ʬʦʪʦʧʨʠʝʤʥʠʢʠ ʜʣʷ ʠʥʬʨʘʢʨʘʩʥʦʡ 

ʦʙʣʘʩʪʠ ʩʧʝʢʪʨʘ. ʉʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʘʷ ʢʝʨʘʤʠʢʘ ʠ ʧʦʣʠʤʝʨʳ ʠʩʧʦʣʴʟʫʶʪʩʷ ʚ 

ʢʘʯʝʩʪʚʝ ʧʴʝʟʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʝʡ, ʛʠʜʨʦʬʦʥʦʚ ʠ ʠʟʤʝʨʠʪʝʣʴʥʳʭ 

ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʝʡ ʜʘʚʣʝʥʠʷ. ʋʩʧʝʭʠ ʚ ʵʪʠʭ ʠ ʜʨʫʛʠʭ ʪʝʭʥʠʯʝʩʢʠʭ ʧʨʠʣʦʞʝʥʠʷʭ 

ʙʫʜʫʪ ʦʧʨʝʜʝʣʷʪʴʩʷ ʜʦʩʪʠʞʝʥʠʷʤʠ ʚ ʦʙʣʘʩʪʠ ʦʙʨʘʙʦʪʢʠ ʤʘʪʝʨʠʘʣʦʚ ʠ ʚʳʨʘʱʠʚʘʥʠʷ 

ʢʨʠʩʪʘʣʣʦʚ ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʢʦʚ ʚʳʩʦʢʦʛʦ ʢʘʯʝʩʪʚʘ. 

2. ʍʠʤʠʯʝʩʢʘʷ ʬʦʨʤʫʣʘ  ʩʝʛʥʝʪʦʚʦʡ ʩʦʣʠ - KNaC4H4O6 Å 4ʅ2ʆ. 

ʂʨʠʩʪʘʣʣ ʩʝʛʥʝʪʦʚʦʡ ʩʦʣʠ ʧʦʭʦʞ ʥʘ ʧʨʠʟʤʫ  ʩ ʨʘʟʥʳʤʠ ʙʦʢʦʚʳʤʠ ʛʨʘʥʷʤʠ. ʇʨʠ 

ʵʪʦʤ ʢʘʢʦʡ ʙʳ ʚʠʜ ʥʠ ʠʤʝʣ ʢʨʠʩʪʘʣʣ, ʫʛʣʳ ʤʝʞʜʫ ʛʨʘʥʷʤʠ ʘ ʦʩʪʘʶʪʩʷ 

ʥʝʠʟʤʝʥʥʳʤʠ. ʊʘʢ ʯʪʦ ʫʛʦʣ ʤʝʞʜʫ ʛʨʘʥʷʤʠ P1 ʠ ʈ2 ʚʩʝʛʜʘ ʨʘʚʝʥ 163Á, ʤʝʞʜʫ ʈ2 ʠ ʘ 

ï 40Á ʠ ʪ.ʜ. 
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ɺʠʥʥʘʷ ʢʠʩʣʦʪʘ ʦʯʝʥʴ ʨʘʩʧʨʦʩʪʨʘʥʝʥʘ ʚ ʨʘʩʪʠʪʝʣʴʥʦʤ ʮʘʨʩʪʚʝ. ɺ ʙʦʣʴʰʦʤ 

ʢʦʣʠʯʝʩʪʚʝ ʥʘʭʦʜʠʪʩʷ ʚ ʚʠʥʦʛʨʘʜʥʦʤ ʩʦʢʝ, ʠʟ ʢʦʪʦʨʦʛʦ ʦʥʘ ʚʳʜʝʣʷʝʪʩʷ ʧʨʠ 

ʚʳʜʝʨʞʢʝ ʚʠʥʘ ʚ ʚʠʜʝ ʢʨʠʩʪʘʣʣʦʚ ʢʠʩʣʦʡ ʚʠʥʥʦʢʘʣʠʝʚʦʡ ʩʦʣʠ (ʚʠʥʥʳʡ ʢʘʤʝʥʴ). 

ʇʨʠ ʥʝʡʪʨʘʣʠʟʘʮʠʠ ʢʠʩʣʦʡ ʚʠʥʥʦʢʘʣʠʝʚʦʡ ʩʦʣʠ ʩʦʜʦʡ ʧʦʣʫʯʘʝʪʩʷ ʚʠʥʥʦʢʠʩʣʘʷ 

ʢʘʣʠʡ-ʥʘʪʨʠʝʚʘʷ ʩʦʣʴ (ʩʝʛʥʝʪʦʚʘ ʩʦʣʴ). 

ʀʪʘʢ, ʚ ʚʠʥʝ ʧʨʠʩʫʪʩʪʚʫʝʪ ʚʠʥʥʘʷ ʢʠʩʣʦʪʘ. ʉʦ ʚʨʝʤʝʥʝʤ ʦʥʘ ʧʨʝʚʨʘʱʘʝʪʩʷ ʚ 

ʢʨʠʩʪʘʣʣʳ ʚʠʥʥʦʢʘʣʠʝʚʦʡ ʩʦʣʠ. ʉʦ ʚʨʝʤʝʥʝʤ, ʚ ʨʝʟʫʣʴʪʘʪʝ ʨʘʟʣʦʞʝʥʠʷ 

ʦʨʛʘʥʠʯʝʩʢʠʭ ʚʝʱʝʩʪʚ, ʚʳʜʝʣʷʝʪʩʷ ʘʤʤʠʘʢ. ʉʦʣʴ (NaCl), ʢʦʥʝʯʥʦ ʞʝ, ʪʦʞʝ 

ʩʦʜʝʨʞʠʪʩʷ ʚ ʨʘʩʪʠʪʝʣʴʥʳʭ ʢʣʝʪʢʘʭ, ʪʘʢʞʝ, ʢʘʢ ʠ ʚʦʜʘ ʠ ʫʛʣʝʢʠʩʣʳʡ ʛʘʟ. ʉʦ 

ʚʨʝʤʝʥʝʤ, ʧʨʦʠʩʭʦʜʠʪ ʪʘʢʘʷ ʨʝʘʢʮʠʷ: 

NH3 + CO2 + H2O + NaCl Ÿ NaHCO3 + NH4Cl 

ɻʠʜʨʦʢʘʨʙʦʥʘʪ ʪʦʞʝ ʨʘʟʣʘʛʘʝʪʩʷ ʥʘ ʢʘʨʙʦʥʘʪ (ʪ.ʝ. ʥʫʞʥʘʷ ʥʘʤ ʩʦʜʘ) ʠ ʪ.ʜ. 

ʅʫ ʘ ʜʘʣʝʝ ʧʨʦʠʩʭʦʜʠʪ ʨʝʘʢʮʠʷ ʥʝʡʪʨʘʣʠʟʘʮʠʠ ʢʠʩʣʦʡ ʚʠʥʥʦʢʘʣʠʝʚʦʡ ʩʦʣʠ ʩʦʜʦʡ, ʚ 

ʨʝʟʫʣʴʪʘʪʝ ʯʝʛʦ ʦʙʨʘʟʫʝʪʩʷ ʩʝʛʥʝʪʦʚʘ ʩʦʣʴ. 

3. ɼʚʦʡʥʠʢʦʚʘʥʠʝ ï ʦʙʨʘʟʦʚʘʥʠʝ ʚ ʤʦʥʦʢʨʠʩʪʘʣʣʝ ʦʙʣʘʩʪʝʡ ʩ ʟʘʢʦʥʦʤʝʨʥʦ 

ʠʟʤʝʥʝʥʥʦʡ ʦʨʠʝʥʪʘʮʠʝʡ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ. ʉʪʨʫʢʪʫʨʳ ʜʚʦʡʥʠʢʦʚʳʭ 

ʦʙʨʘʟʦʚʘʥʠʡ ʷʚʣʷʶʪʩʷ ʣʠʙʦ ʟʝʨʢʘʣʴʥʳʤ ʦʪʨʘʞʝʥʠʝʤ ʘʪʦʤʥʦʡ ʩʪʨʫʢʪʫʨʳ 

ʤʘʪʝʨʠʥʩʢʦʛʦ ʢʨʠʩʪʘʣʣʘ (ʤʘʪʨʠʮʳ) ʚ ʦʧʨʝʜʝʣʝʥʥʦʡ ʧʣʦʩʢʦʩʪʠ, ʣʠʙʦ ʦʙʨʘʟʫʶʪʩʷ 

ʧʦʚʦʨʦʪʦʤ ʩʪʨʫʢʪʫʨʳ ʤʘʪʨʠʮʳ ʚʦʢʨʫʛ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʦʡ ʦʩʠ ʥʘ ʥʝʢʦʪʦʨʳʡ 

ʫʛʦʣ, ʧʦʩʪʦʷʥʥʳʡ ʜʣʷ ʜʘʥʥʦʛʦ ʚʝʱʝʩʪʚʘ, ʣʠʙʦ ʜʨʫʛʠʤʠ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷʤʠ 

ʩʠʤʤʝʪʨʠʠ. ɺ ʢʨʠʩʪʘʣʣʘʭ ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʢʦʚ, ʚ ʪʦʤ ʯʠʩʣʝ ʠ ʩʝʛʥʝʪʦʚʦʡ ʩʦʣʠ,  

ʜʚʦʡʥʠʢʦʚʳʝ ʦʙʨʘʟʦʚʘʥʠʷ ʷʚʣʷʶʪʩʷ ʦʜʥʦʚʨʝʤʝʥʥʦ ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʠʤʠ 

ʜʦʤʝʥʘʤʠ, ʧʨʠʯʸʤ ʦʥʠ ʭʘʨʘʢʪʝʨʠʟʫʶʪʩʷ ʨʘʟʣʠʯʥʳʤʠ ʦʧʪʠʯʝʩʢʠʤʠ ʩʚʦʡʩʪʚʘʤʠ. 

4. ʉʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʥʘʭʦʜʷʪʩʷ ʚ ʦʙʨʘʪʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʩʫʤʤʘʨʥʦʡ 

ʧʣʦʱʘʜʠ ʧʦʚʝʨʭʥʦʩʪʠ ʜʦʤʝʥʦʚ. ʊ.ʝ. ʯʝʤ ʤʝʥʴʰʝ ʜʦʤʝʥʳ, ʪʝʤ ʙʦʣʴʰʝ ʫ ʥʠʭ 

ʩʫʤʤʘʨʥʘʷ ʧʦʚʝʨʭʥʦʩʪʴ ʠ ʪʝʤ ʤʝʥʝʝ ʟʘʤʝʪʥʳ ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ. ʊʘʢ 

ʞʝ ʧʨʦʠʟʦʡʜʝʪ ʠ ʩ ʥʘʥʦʢʨʠʩʪʘʣʣʘʤʠ ʩʝʛʥʝʪʦʚʦʡ ʩʦʣʠ. ʊ.ʢ. ʨʘʟʤʝʨʳ ʢʨʠʩʪʘʣʣʦʚ 
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ʫʤʝʥʴʰʘʶʪʩʷ, ʪʦ ʫʤʝʥʴʰʘʶʪʩʷ  ʠ ʨʘʟʤʝʨʳ ʜʦʤʝʥʦʚ, ʘ ʟʥʘʯʠʪ ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʠʝ 

ʩʚʦʡʩʪʚʘ ʪʘʢʦʛʦ ʢʨʠʩʪʘʣʣʘ ʫʭʫʜʰʘʶʪʩʷ.  

5. çʊʚʝʨʜʳʝè ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʢʠ ï ʢʘʢ ʨʘʟ ʧʨʠʤʝʨ ʪʦʛʦ, ʢʦʛʜʘ ʤʘʪʝʨʠʘʣ ʥʝ ʩʣʝʜʫʝʪ 

ʧʝʨʝʚʦʜʠʪʴ ʚ ʥʘʥʦʜʠʩʧʝʨʥʦʝ ʩʦʩʪʦʷʥʠʝ, ʧʦʩʢʦʣʴʢʫ ʪʝʨʷʶʪʩʷ ʝʛʦ 

ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ.  

 

ɸʣʝʰʠʥ ɻʣʝʙ ʖʨʴʝʚʠʯ 

1. ʉʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʪʚʦ ʙʳʣʦ ʦʪʢʨʳʪʦ ʚ 1945 ɹ.ʄ.ɺʫʣʦʤ ʠ ʀ.ʄ.ɻʦʣʴʜʤʘʥʦʤ. ʕʪʦ 

ʘʥʘʣʦʛ ʬʝʨʨʦʤʘʛʥʝʪʠʟʤʘ, ʪʦʣʴʢʦ ʵʣʝʢʪʨʠʯʝʩʢʠʡ, ʪ.ʝ. ʧʨʠ ʧʦʤʝʱʝʥʠʠ ʚ 

ʵʣʝʢʪʨʠʯʝʩʢʦʝ ʧʦʣʝ ʚʦʟʥʠʢʘʝʪ ʵʣʝʢʪʨʠʯʝʩʢʘʷ ʧʦʣʷʨʠʟʘʮʠʷ.  

2. KNaC4H4O6, ʂNaC4H4O6ϊ4H2O, ʦʙʨʘʟʫʝʪʩʷ ʦʥʘ ʠʟ ʚʠʥʥʦʡ ʢʠʩʣʦʪʳ. ʉʥʘʯʘʣʘ 

ʦʙʨʘʟʫʝʪʩʷ ʛʠʜʨʦʪʘʨʪʨʘʪ ʥʘʪʨʠʷ, ʧʦʪʦʤ ʦʥ ʚʟʘʠʤʦʜʝʡʩʪʚʫʝʪ ʩ ʠʦʥʘʤʠ ʢʘʣʠʷ ʠ 

ʦʩʘʞʜʘʝʪʩʷ ʚ ʚʠʜʝ ʩʝʛʥʝʪʦʚʦʡ ʩʦʣʠ.  

3. ʊ.ʢ. ʚʠʥʥʘʷ ʢʠʩʣʦʪʘ ʦʙʨʘʟʫʝʪ ʭʠʨʘʣʴʥʳʝ ʬʦʨʤʳ, ʪʦ ʝʝ ʢʘʣʠʡ-ʥʘʪʨʠʝʚʘʷ ʩʦʣʴ ʪʘʢʞʝ 

ʙʫʜʝʪ ʦʙʨʘʟʦʚʳʚʘʪʴ ʦʧʪʠʯʝʩʢʠʝ ʠʟʦʤʝʨʳ. ɼʚʦʡʥʠʢʦʚʳʝ ʜʦʤʝʥʳ ʪʘʢʞʝ ʦʙʨʘʟʫʝʪ. 

4. ʆʥʘ ʧʝʨʝʩʪʘʥʝʪ ʧʦʣʷʨʠʟʦʚʘʪʴʩʷ ʚ ʵʣʝʢʪʨʠʯʝʩʢʦʤ ʧʦʣʝ, ʝʝ ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʠʝ 

ʩʚʦʡʩʪʚʘ ʠʩʯʝʟʥʫʪ.  

5. ʉʦʙʩʪʚʝʥʥʦ, ʵʪʦ ʠ ʝʩʪʴ ʧʨʠʤʝʨ, ʢʦʛʜʘ ʥʝ ʥʘʜʦ ʧʝʨʝʚʦʜʠʪʴ ʚʝʱʝʩʪʚʦ ʚ 

ʥʘʥʦʜʠʩʧʝʨʩʥʦʝ ʩʦʩʪʦʷʥʠʝ ʠʟ-ʟʘ ʧʦʪʝʨʠ ʚʘʞʥʳʭ ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʩʚʦʡʩʪʚ. 
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ʇʦʩʣʝ ʜʦʞʜʠʯʢʘ, ʚ ʯʝʪʚʝʨʛ (2008, ʭʠʤʠʷ / ʤʘʪʝʨʠʘʣʦʚʝʜʝʥʠʝ) 

ʄʘʢʝʝʚʘ ɽʢʘʪʝʨʠʥʘ ɸʥʘʪʦʣʴʝʚʥʘ 

ʇʣʘʟʤʝʥʥʦʝ ʪʨʘʚʣʝʥʠʝ ʚ ʘʪʤʦʩʬʝʨʝ ʪʝʪʨʘʬʪʦʨʠʜʘ ʫʛʣʝʨʦʜʘ ʧʨʝʩʣʝʜʫʝʪ ʥʝʩʢʦʣʴʢʦ ʮʝʣʝʡ: 

1) ʧʦʢʨʳʪʠʝ ʧʦʚʝʨʭʥʦʩʪʠ ʛʠʜʨʦʬʦʙʥʦʡ ʧʣʝʥʢʦʡ (ʜʣʷ ʫʤʝʥʴʰʝʥʠʷ ʫʛʣʘ ʩʤʘʯʠʚʘʥʠʷ); 

2) ʪʨʘʚʣʝʥʠʝ ʧʦʚʝʨʭʥʦʩʪʠ ʜʣʷ ʧʨʠʜʘʥʠʷ ʝʡ ʤʠʢʨʦʩʪʨʫʢʪʫʨʳ, ʧʨʠʚʦʜʷʱʝʡ ʢ 

ʫʤʝʥʴʰʝʥʠʶ ʩʤʘʯʠʚʘʥʠʷ. (ʐʝʨʦʭʦʚʘʪʳʝ ʧʦʚʝʨʭʥʦʩʪʠ ʧʨʠ ʦʜʠʥʘʢʦʚʦʤ ʫʛʣʝ 

ʩʤʘʯʠʚʘʥʠʷ ʤʘʪʝʨʠʘʣʘ ʭʫʞʝ ʩʤʘʯʠʚʘʶʪʩʷ, ʯʝʤ ʛʣʘʜʢʠʝ.) 

ʀʟ ʤʦʜʝʣʝʡ ʩʤʘʯʠʚʘʥʠʷ ɺʝʥʟʝʣʷ ʠ ʂʘʩʩʠ-ɹʝʢʩʪʝʨʘ ʚʳʪʝʢʘʝʪ ʤʘʪʝʤʘʪʠʯʝʩʢʠ ʦʙʦʩʥʦʚʘʥʥʦʝ 

ʧʨʘʚʠʣʦ ʜʠʟʘʡʥʘ ʤʦʨʬʦʣʦʛʠʠ ʧʦʚʝʨʭʥʦʩʪʝʡ ʩ ʤʘʢʩʠʤʘʣʴʥʦʡ ʛʠʜʨʦʬʦʙʥʦʩʪʴʶ ï 

ʤʠʢʨʦʩʪʨʫʢʪʫʨʘ ʧʦʚʝʨʭʥʦʩʪʠ ʜʦʣʞʥʘ ʩʦʩʪʦʷʪʴ ʠʟ ʚʳʩʦʢʠʭ ʠ ʪʦʥʢʠʭ ʩʪʦʣʙʠʢʦʚ, ʠʤʝʶʱʠʭ 

ʢʘʢ ʤʦʞʥʦ ʙʦʣʴʰʝʝ ʩʦʦʪʥʦʰʝʥʠʝ ʜʣʠʥʳ ʠ ʜʠʘʤʝʪʨʘ. ʇʨʠʨʦʜʘ ʯʘʩʪʦ ʨʝʘʣʠʟʫʝʪ ʵʪʦ ʧʨʘʚʠʣʦ 

ʜʣʷ ʩʦʟʜʘʥʠʷ ʛʠʜʨʦʬʦʙʥʳʭ ʧʦʚʝʨʭʥʦʩʪʝʡ, ʥʘʧʨʠʤʝʨ, ʧʨʠ çʢʦʥʩʪʨʫʠʨʦʚʘʥʠʠè ʣʠʩʪʴʝʚ 

ʨʘʩʪʝʥʠʡ (ʥʘʠʙʦʣʝʝ ʠʟʚʝʩʪʝʥ ʧʨʠʤʝʨ ʣʦʪʦʩʘ), ʚʦʨʩʠʥʢʠ ʥʘ ʪʝʣʘʭ ʥʘʩʝʢʦʤʳʭ, ʥʘ ʢʨʳʣʴʷʭ 

ʙʘʙʦʯʝʢ, ʜʣʷ ʢʦʪʦʨʳʭ ʟʘʱʠʪʘ ʦʪ ʠʟʙʳʪʦʯʥʦʡ ʚʦʜʳ ʞʠʟʥʝʥʥʦ ʥʝʦʙʭʦʜʠʤʘ: ʥʘʤʦʢʥʫʚ, ʦʥʠ 

ʧʦʪʝʨʷʣʠ ʙʳ ʩʧʦʩʦʙʥʦʩʪʴ ʣʝʪʘʪʴ. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʪʨʘʚʣʝʥʠʝ ʧʣʘʟʤʦʡ ʜʦʣʞʥʦ ʧʨʠʚʦʜʠʪʴ ʢ ʩʦʟʜʘʥʠʶ ʦʧʠʩʘʥʥʦʡ ʚʳʰʝ 

ʧʦʚʝʨʭʥʦʩʪʠ. ʆʙʳʯʥʦ ʜʣʷ ʵʪʦʡ ʮʝʣʠ ʠʩʧʦʣʴʟʫʶʪ ʧʦʣʠʤʝʨʳ, ʩʦʩʪʦʷʱʠʝ ʠʭ ʜʚʫʭ ʠʣʠ ʙʦʣʝʝ 

ʩʠʣʴʥʦ ʨʘʟʣʠʯʘʶʱʠʭʩʷ ʯʘʩʪʝʡ (ʩʦʧʦʣʠʤʝʨʳ, ʢʨʝʤʥʠʡ-ʦʨʛʘʥʠʢʘ), ʦʜʥʘ ʠʟ ʢʦʪʦʨʳʭ ʩʠʣʴʥʝʝ 

ʧʦʜʚʝʨʞʝʥʘ ʜʝʡʩʪʚʠʶ ʠʦʥʦʚ ʧʣʘʟʤʳ ʠ ʙʳʩʪʨʝʝ ʚʳʪʨʘʚʣʠʚʘʝʪʩʷ, ʦʙʨʘʟʫʷ ʚ ʨʝʟʫʣʴʪʘʪʝ 

ʦʧʠʩʘʥʥʫʶ ʚʳʰʝ ʧʦʚʝʨʭʥʦʩʪʴ. ɼʣʷ ʨʘʟʜʝʣʝʥʠʷ ʠ ʢʦʥʪʨʦʣʷ ʩʪʘʜʠʡ ʪʨʘʚʣʝʥʠʷ ʠ ʧʦʢʨʳʪʠʷ 

ʛʠʜʨʦʬʦʙʥʦʡ ʧʣʝʥʢʦʡ ʠʩʧʦʣʴʟʫʶʪʩʷ ʨʘʟʥʳʝ ʩʦʩʪʘʚʣʷʶʱʠʝ ʩʨʝʜʳ ʧʣʘʟʤʳ. 

ɺ ʜʘʥʥʦʤ ʩʣʫʯʘʝ, ʧʨʦʮʝʩʩ ʪʨʘʚʣʝʥʠʷ ʠ ʧʦʢʨʳʪʠʷ ʧʣʝʥʢʦʡ ʩʦʚʤʝʱʝʥʳ: ʬʪʦʨʠʜ ʫʛʣʝʨʦʜʘ 

ʜʘʝʪ ʨʘʜʠʢʘʣʳ ʬʪʦʨʘ, ʢʦʪʦʨʳʝ ʨʝʘʛʠʨʫʶʪ ʩ ʧʨʠʩʫʪʩʪʚʫʶʱʠʤʠ ʚ ʤʦʣʝʢʫʣʝ ʧʦʣʠʤʝʨʘ 

ʜʚʦʡʥʳʤʠ ʩʚʷʟʷʤʠ, ʤʝʪʠʣʴʥʳʤʠ ʛʨʫʧʧʘʤʠ, ʠ ʧʨʦʩʪʦ ʨʘʟʨʳʚʘʶʪ ʉ ï ʉ ʩʚʷʟʠ, (ʦʙʨʘʟʦʚʘʥʠʝ 

ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʩʚʷʟʝʡ C ï F ʧʨʠʜʘʝʪ ʝʡ ʛʠʜʨʦʬʦʙʥʦʩʪʴ), ʠ CF2-ʨʘʜʠʢʘʣʳ, ʢʦʪʦʨʳʝ ʤʦʛʫʪ 

ʧʦʣʠʤʝʨʠʟʘʚʘʪʴʩʷ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʚ ʭʦʨʦʰʦ ʠʟʚʝʩʪʥʳʡ ʩʚʦʝʡ çʥʝʩʤʘʯʠʚʘʝʤʦʩʪʴʶè 

ʪʝʬʣʦʥ. 

ʇʦ ʧʨʠʚʝʜʝʥʥʳʤ ʬʦʪʦʛʨʘʬʠʷʤ ʚʠʜʥʦ, ʯʪʦ ʧʦʚʝʨʭʥʦʩʪʴ ʩ ʥʘʠʣʫʯʰʝʡ ʤʦʨʬʦʣʦʛʠʝʡ 

(ʥʘʠʙʦʣʴʰʝʝ ʢʦʣʠʯʝʩʪʚʦ ʤʝʣʢʠʭ ʰʝʨʦʭʦʚʘʪʦʩʪʝʡ, ʢʦʪʦʨʳʝ ʩʠʣʴʥʦ ʧʦʥʠʞʘʶʪ ʵʥʝʨʛʠʶ 

ʩʢʘʪʳʚʘʥʠʷ ʢʘʧʝʣʴ) ʚʠʜʥʘ ʥʘ ʪʨʝʪʴʝʤ ʠʟʦʙʨʘʞʝʥʠʠ (ʚʘʨʠʘʥʪ çʚè). ʊʘʢʞʝ ʣʦʛʠʯʥʦ 

ʧʨʝʜʧʦʣʦʞʠʪʴ, ʯʪʦ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʤʦʱʥʦʩʪʠ ʧʨʦʠʩʭʦʜʠʪ ʣʫʯʰʝʝ ʧʦʢʨʳʪʠʝ 

ʚʦʜʦʦʪʪʘʣʢʠʚʘʶʱʝʡ ʧʣʝʥʢʦʡ, ʯʪʦ ʧʨʠʚʝʜʝʪ ʢ ʝʱʝ ʙʦʣʴʰʝʤʫ ʫʚʝʣʠʯʝʥʠʶ ʛʠʜʨʦʬʦʙʥʳʭ 

ʩʚʦʡʩʪʚ. 
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ʍʘʨʣʘʤʦʚʘ ʄʘʨʠʘʥʥʘ ɺʷʯʝʩʣʘʚʦʚʥʘ 

ʅʘʠʙʦʣʴʰʫʶ ʛʠʜʨʦʬʦʙʥʦʩʪʴ ʧʦʟʚʦʣʠʪ ʧʦʣʫʯʠʪʴ ʦʙʨʘʙʦʪʢʘ ʧʣʘʟʤʝʥʥʳʤ  ʪʨʘʚʣʝʥʠʝʤ ʧʨʠ 

ʤʦʱʥʦʩʪʠ ʨʘʟʨʷʜʘ 80 ʚʘʪʪ ʚ ʪʝʯʝʥʠʝ 5 ʤʠʥʫʪ ʚ ʪʝʪʨʘʬʪʦʨʫʛʣʝʨʦʜʝ. ʇʨʠ ʜʘʥʥʦʤ ʪʠʧʝ 

ʦʙʨʘʙʦʪʢʠ ʤʳ ʧʦʣʫʯʘʝʤ ʧʦʚʝʨʭʥʦʩʪʴ ʩ ʥʘʠʙʦʣʴʰʠʤʠ ʰʝʨʦʭʦʚʘʪʦʩʪʷʤʠ.  

ʈʘʩʩʤʦʪʨʠʤ, ʢʘʢ ʰʝʨʦʭʦʚʘʪʦʩʪʴ ʚʣʠʷʝʪ ʥʘ ʩʤʘʯʠʚʘʥʠʝ ʧʦʚʝʨʭʥʦʩʪʠ ʪʚʝʨʜʦʛʦ ʪʝʣʘ: 

ʇʦʚʝʨʭʥʦʩʪʴ ʨʝʘʣʴʥʦʛʦ ʪʚʝʨʜʦʛʦ ʪʝʣʘ ʥʠʢʦʛʜʘ ʥʝ ʙʳʚʘʝʪ ʠʜʝʘʣʴʥʦ ʛʣʘʜʢʦʡ ʥʘ ʨʠʩ. 1. 

ʧʨʠʚʝʜʝʥʘ ʤʠʢʨʦʧʨʦʬʠʣʦʛʨʘʤʤʘ ʫʯʘʩʪʢʘ ʧʦʚʝʨʭʥʦʩʪʠ ʨʝʘʣʴʥʦʛʦ ʪʚʝʨʜʦʛʦ ʪʝʣʘ.  

 

ʈʠʩ. 1. ʄʠʢʨʦʧʨʦʬʠʣʦʛʨʘʤʤʘ ʧʦʚʝʨʭʥʦʩʪʠ ʨʝʘʣʴʥʦʛʦ ʪʚʝʨʜʦʛʦ ʪʝʣʘ. 

ʅʘ ʨʠʩʫʥʢʝ ʙ ʧʨʝʜʩʪʘʚʣʝʥʘ ʩʭʝʤʘʪʠʟʠʨʦʚʘʥʥʘʷ ʨʘʩʰʠʬʨʦʚʢʘ ʫʯʘʩʪʢʘ ɸɺ ʵʪʦʡ 

ʧʨʦʬʠʣʦʛʨʘʤʤʳ. ʇʨʠʙʣʠʞʝʥʥʦ ʨʝʣʴʝʬ ʧʦʚʝʨʭʥʦʩʪʠ ʤʦʞʥʦ ʨʘʩʩʤʘʪʨʠʚʘʪʴ ʢʘʢ 

ʩʦʚʦʢʫʧʥʦʩʪʴ ʤʠʢʨʦʢʘʥʘʚʦʢ ʛʣʫʙʠʥʦʡ H ʠ ʰʠʨʠʥʦʡ d; H = d/2*tg(c), ʛʜʝ c ï ʫʛʦʣ ʤʝʞʜʫ 

ʠʜʝʘʣʠʟʠʨʦʚʘʥʥʦʡ ʧʣʦʩʢʦʡ ʧʦʚʝʨʭʥʦʩʪʴʶ ʠ ʙʦʢʦʚʦʡ ʩʪʦʨʦʥʦʡ ʢʘʥʘʚʢʠ. ʇʨʠ ʥʘʣʠʯʠʠ 

ʰʝʨʦʭʦʚʘʪʦʩʪʝʡ ʨʝʘʣʴʥʘʷ ʧʦʚʝʨʭʥʦʩʪʴ ʪʚʝʨʜʦʛʦ ʪʝʣʘ ʙʦʣʴʰʝ ʠʜʝʘʣʠʟʠʨʦʚʘʥʥʦʡ. 

ʆʪʥʦʰʝʥʠʝ  ʨʝʘʣʴʥʦʡ ʧʣʦʱʘʜʠ ʧʦʚʝʨʭʥʦʩʪʠ ʢ ʝʸ ʧʨʦʝʢʮʠʠ ʥʘ ʠʜʝʘʣʠʟʠʨʦʚʘʥʥʫʶ 

ʧʦʚʝʨʭʥʦʩʪʴ ï ʢʦʵʬʬʠʮʝʥʪ ʰʝʨʦʭʦʚʘʪʦʩʪʠ. 
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ʋʚʝʣʠʯʝʥʠʝ ʠʩʪʠʥʥʦʡ ʧʣʦʱʘʜʠ ʧʦʚʝʨʭʥʦʩʪʠ ʧʨʠʚʦʜʠʪ ʢ ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʤʫ ʚʦʟʨʘʩʪʘʥʠʶ 

ʚʢʣʘʜʘ ʚ ʵʥʝʨʛʝʪʠʢʫ ʩʤʘʯʠʚʘʥʠʷ ʛʨʘʥʠʮ ʪʚʝʨʜʦʝ ʪʝʣʦ-ʞʠʜʢʦʩʪʴ, ʪʚʝʨʜʦʝ ʪʝʣʦïʛʘʟ. 

ʉʦʛʣʘʩʥʦ ɸ. ɺʝʥʮʝʣʶ ʠ ɸ. ɺ. ɼʝʨʷʛʠʥʫ, ʚ ʩʣʫʯʘʝ ʢʦʥʪʘʢʪʘ ʞʠʜʢʦʩʪʠ ʩ ʧʦʚʝʨʭʥʦʩʪʴʶ 

ʨʝʘʣʴʥʦʛʦ ʪʚʝʨʜʦʛʦ ʪʝʣʘ ʚʳʨʘʞʝʥʠʝ ʜʣʷ ʨʘʙʦʪʳ ʘʜʛʝʟʠʠ ʧʨʠʤʝʪ ʩʣʝʜʫʶʱʠʡ ʚʠʜ: 

)( ʪʛʰ ʪʞa kW ss -= , ʪʦʛʜʘ ʫʩʨʝʜʥʝʥʥʦʝ (çʵʬʬʝʢʪʠʚʥʦʝè) ʟʥʘʯʝʥʠʝ ʢʦʩʠʥʫʩʘ ʢʨʘʝʚʦʛʦ ʫʛʣʘ 

ʨʘʚʥʦ: 
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ʀʟ ʧʨʠʚʝʜʝʥʥʦʛʦ ʚʳʨʘʞʝʥʠʝ ʚʠʜʥʦ, ʯʪʦ ʧʨʠ ʩʤʘʯʠʚʘʥʠʠ ʰʝʨʦʭʦʚʘʪʦʡ ʛʠʜʨʦʬʦʙʥʦʡ 

ʧʦʚʝʨʭʥʦʩʪʠ ʩʤʘʯʠʚʘʥʠʝ ʟʘ ʩʯʝʪ ʰʝʨʦʭʦʚʘʪʦʩʪʝʡ ʫʭʫʜʰʘʝʪʩʷ (qɻʬ ʨʘʩʪʝʪ). ʊʘʢʠʤ ʦʙʨʘʟʦʤ, 

ʯʝʤ ʙʦʣʝʝ ʰʝʨʦʭʦʚʘʪʦʡ ʙʫʜʝʪ ʧʦʚʝʨʭʥʦʩʪʴ, ʪʝʤ ʦʥʘ ʙʫʜʝʪ ʙʦʣʝʝ ʛʠʜʨʦʬʦʙʥʦʡ. 

 

ʉʤʠʨʥʦʚ ɽʚʛʝʥʠʡ ɸʣʝʢʩʝʝʚʠʯ 

ʇʦʚʝʨʭʥʦʩʪʴ ʮʚʝʪʢʘ ʣʦʪʦʩʘ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʚʦʣʥʦʦʙʨʘʟʥʫʶ ʧʦʚʝʨʭʥʦʩʪʴ, ʥʘ ʢʦʪʦʨʦʡ 

ʨʘʩʧʦʣʦʞʝʥʳ ʤʠʢʨʦʯʘʩʪʠʯʢʠ, ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʜʦʩʪʠʛʘʝʪʩʷ ʚʳʩʦʢʘʷ ʛʠʜʨʦʬʦʙʥʦʩʪʴ 

ʧʦʚʝʨʭʥʦʩʪʠ. 

ʇʨʠ ʦʙʨʘʙʦʪʢʝ ʧʦʣʠʙʫʪʘʜʠʝʥʦʚʦʡ ʧʣʸʥʢʠ ʪʝʬʣʦʥʦʤ ʧʨʦʠʩʭʦʜʠʪ ʚʥʝʜʨʝʥʠʝ ʤʦʣʝʢʫʣ 

ʪʝʬʣʦʥʘ ʚ ʩʪʨʫʢʪʫʨʫ ʧʣʸʥʢʠ ʥʘ ʥʝʙʦʣʴʰʫʶ ʛʣʫʙʠʥʫ ʧʦʨʷʜʢʘ ʩʦʪʝʥ ʥʘʥʦʤʝʪʨʦʚ, ʧʨʠ ʵʪʦʤ 

ʛʠʜʨʦʬʦʙʥʦʩʪʴ ʜʦ ʥʝʢʦʪʦʨʦʛʦ ʩʦʜʝʨʞʘʥʠʷ ʪʝʬʣʦʥʘ ʨʘʩʪʸʪ, ʘ ʟʘʪʝʤ ʚʳʭʦʜʠʪ ʥʘ ʥʘʩʳʱʝʥʠʝ, 

ʯʪʦ ʤʦʞʝʪ ʩʦʦʪʚʝʪʩʪʚʦʚʘʪʴ ʧʦʣʥʦʤʫ ʟʘʧʦʣʥʝʥʠʶ ʧʦʚʝʨʭʥʦʩʪʠ ʩʣʦʝʤ ʠʟ ʩʚʷʟʘʥʥʳʭ 

ʤʦʣʝʢʫʣ ʪʝʬʣʦʥʘ. 

ʉʣʝʜʦʚʘʪʝʣʴʥʦ, ʥʝʦʙʭʦʜʠʤʦ ʪʘʢ ʠʟʤʝʥʠʪʴ ʤʠʩʢʨʦʩʪʫʨʫʢʪʫʨʫ, ʯʪʦʙʳ ʙʳʣ ʜʦʩʪʠʛʥʫʪʦ ʵʪʦ 

ʥʘʩʳʱʝʥʠʝ ʠ ʩʬʦʨʤʠʨʦʚʘʣʠʩʴ ʥʝʨʦʚʥʦʩʪʠ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ. ʕʪʠʤ ʢʨʠʪʝʨʠʷʤ ʙʦʣʝʝ ʚʩʝʛʦ 

ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʨʠʩʫʥʦʢ ʙ, ʥʘ ʢʦʪʦʨʦʤ, ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʨʠʩʫʥʢʦʤ ʘ, ʙʦʣʝʝ ʯʸʪʢʦ ʚʠʜʥʘ 

ʤʦʜʠʬʠʢʘʮʠʷ ʧʦʚʝʨʭʥʦʩʪʠ, ʪ.ʝ. ʦʙʨʘʟʦʚʘʥʠʝ ʰʝʨʦʭʦʚʘʪʦʡ ʩʪʨʫʢʪʫʨʳ, ʘ ʥʘ ʨʠʩʫʥʢʝ ʚ 

ʧʨʝʜʩʪʘʚʣʝʥ ʦʙʨʘʟʝʮ ʩ ʠʟʙʳʪʦʯʥʳʤ ʪʨʘʚʣʝʥʠʝʤ, ʪʘʢ ʢʘʢ ʥʝʨʦʚʥʦʩʪʠ ʩʣʠʰʢʦʤ ʚʝʣʠʢʠ, ʯʪʦ 

ʤʦʞʝʪ ʧʨʠʚʝʩʪʠ ʢ ʨʘʟʨʫʰʝʥʠʶ ʧʦʣʫʯʝʥʥʦʛʦ ʤʘʪʝʨʠʘʣʘ. 
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ʅʘʥʦʛʫʙʢʘ (2008, ʬʠʟʠʢʘ) 

ɸʚʪʦʨʩʢʦʝ ʨʝʰʝʥʠʝ 

1. ʊʦʣʱʠʥʘ ʤʦʥʦʩʣʦʷ ʚʦʜʳ  

 

ʇʦʚʝʨʭʥʦʩʪʴ ʥʝʨʘʟʜʝʣʝʥʥʦʛʦ ʥʘ ʦʪʜʝʣʴʥʳʝ ʯʘʩʪʠ ʢʚʘʨʮʘ ʠʤʝʝʪ ʧʦʨʷʜʦʢ 6a
2
, ʛʜʝ  

 

a
2 
= 49 ʩʤ

2 
= 4.9Ĭ10

-3
 ʤ

2
 

2. ʅʘʥʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥʠʝ: 

r ï ʤʠʥʠʤʘʣʴʥʳʡ ʨʘʟʤʝʨ ʥʘʥʦʩʪʨʫʢʪʫʨ ʜʦʣʞʝʥ ʙʳʪʴ ʙʦʣʴʰʝ ʨʘʟʤʝʨʘ ʤʦʣʝʢʫʣʳ ʚ 

ʢʚʘʨʮʝ ~0.5 ʥʤ. 

ʅʘʥʦ-ʩʣʦʠ:  

 

ʅʘʥʦ-ʮʠʣʠʥʜʨʳ:  

 

ʅʘʥʦ-ʩʬʝʨʳ:  

 

ʄʘʩʩʘ ʚʦʜʳ ʜʣʷ ʘʜʩʦʨʙʮʠʠ ʥʘ ʥʘʥʦ-ʩʣʦʷʭ ʠ ʥʘʥʦ-ʮʠʣʠʥʜʨʘʭ:  

 

ɼʣʷ ʥʘʥʦʩʬʝʨ: mH2O = 1.05 ʢʛ (ɹʦʣʴʰʝ 1 ʣ ʚʦʜʳ!) 

 

ʄʘʢʝʝʚʘ ɽʢʘʪʝʨʠʥʘ ɸʥʘʪʦʣʴʝʚʥʘ 

1. ɼʣʷ ʚʳʚʦʜʘ ʬʦʨʤʫʣʳ, ʧʦʟʚʦʣʷʶʱʝʡ ʦʮʝʥʠʪʴ ʤʘʢʩʠʤʘʣʴʥʦʝ ʢʦʣʠʯʝʩʪʚʦ ʚʦʜʳ, 

ʘʜʩʦʨʙʠʨʦʚʘʥʥʦʡ ʚ ʚʠʜʝ ʤʦʥʦʩʣʦʷ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʥʘʥʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʦʛʦ ʢʚʘʨʮʘ, 

ʚʚʝʜʝʤ ʨʷʜ ʦʙʦʟʥʘʯʝʥʠʡ. 

1) Sʫʜ ï ʧʣʦʱʘʜʴ ʧʦʚʝʨʭʥʦʩʪʠ, ʧʨʠʭʦʜʷʱʘʷʩʷ ʥʘ 1 ʛʨʘʤʤ ʚʝʱʝʩʪʚʘ. 

ʄʘʢʩʠʤʘʣʴʥʦʡ ʧʣʦʱʘʜʴʶ ʧʦʚʝʨʭʥʦʩʪʠ ʧʨʠ ʬʠʢʩʠʨʦʚʘʥʥʦʤ ʦʙʲʝʤʝ ʦʙʣʘʜʘʝʪ 

ʩʬʝʨʠʯʝʩʢʘʷ ʯʘʩʪʠʮʘ. ʇʦʵʪʦʤʫ ʜʣʷ ʦʮʝʥʦʯʥʳʭ ʨʘʩʯʝʪʦʚ ʧʨʝʜʩʪʘʚʠʤ 

http://www.nanometer.ru/2008/05/06/12100226307094/BPROP_IMG_images_1/form.JPG
http://www.nanometer.ru/2008/05/06/12100226307094/BPROP_IMG_images_1/form.JPG
http://www.nanometer.ru/2008/05/06/12100226307094/BPROP_IMG_images_1/form.JPG
http://www.nanometer.ru/2008/05/06/12100226307094/BPROP_IMG_images_1/form.JPG
http://www.nanometer.ru/2008/05/06/12100226307094/BPROP_IMG_images_1/form.JPG
http://www.nanometer.ru/2008/05/06/12100226307094/BPROP_IMG_images_1/form.JPG


185 

 

ʥʘʥʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʡ ʢʚʘʨʮ ʢʘʢ ʘʥʩʘʤʙʣʴ n ʛʣʘʜʢʠʭ ʩʬʝʨʠʯʝʩʢʠʭ ʯʘʩʪʠʮ 

ʨʘʜʠʫʩʘ r, ʩʦʝʜʠʥʝʥʥʳʭ ʧʝʨʝʰʝʡʢʘʤʠ (ʩʫʤʤʘʨʥʦʡ ʧʣʦʱʘʜʴʶ ʧʝʨʝʰʝʡʢʦʚ 

ʧʨʝʥʝʙʨʝʛʘʝʤ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʦʙʱʝʡ ʧʣʦʱʘʜʴʶ ʧʦʚʝʨʭʥʦʩʪʠ). ʊʦʛʜʘ 
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ʛʜʝ Si, Vi ï ʧʣʦʱʘʜʴ ʧʦʚʝʨʭʥʦʩʪʠ ʠ ʦʙʲʝʤ ʦʜʥʦʡ ʯʘʩʪʠʮʳ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʦʣʫʯʘʝʤ, ʯʪʦ ʫʜʝʣʴʥʘʷ ʧʣʦʱʘʜʴ ʧʦʚʝʨʭʥʦʩʪʠ ʦʙʨʘʪʥʦ 

ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʘ ʨʘʜʠʫʩʫ ʦʪʜʝʣʴʥʳʭ ʯʘʩʪʠʮ. 

2) ʄʦʥʦʩʣʦʡ ï ʤʦʣʝʢʫʣʳ ʚʦʜʳ ʧʦʢʨʳʚʘʶʪ ʧʦʚʝʨʭʥʦʩʪʴ ʢʚʘʨʮʘ ʧʣʦʪʥʳʤ 

ʦʜʠʥʘʨʥʳʤ ʩʣʦʝʤ. ɿʥʘʷ ʧʣʦʱʘʜʴ, ʟʘʥʠʤʘʝʤʫʶ ʦʪʜʝʣʴʥʦʡ ʤʦʣʝʢʫʣʦʡ (SH2O), ʤʦʞʥʦ 

ʚʳʯʠʩʣʠʪʴ ʧʦʚʝʨʭʥʦʩʪʥʫʶ ʧʣʦʪʥʦʩʪʴ ʤʦʥʦʩʣʦʷ X: 
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3) ʆʪʩʶʜʘ ʥʘʭʦʜʠʤ ʤʘʩʩʫ ʚʦʜʳ, ʧʨʠʭʦʜʷʱʫʶʩʷ ʥʘ 1 ʛʨʘʤʤ ʢʚʘʨʮʘ (m1) 
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ʅʘ ʢʠʣʦʛʨʘʤʤ ʢʚʘʨʮʘ ʪʦʛʜʘ ʧʨʠʭʦʜʠʪʩʷ m2 ʚʦʜʳ: 
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4) ʇʣʦʪʥʦʩʪʴ ʢʚʘʨʮʘ ʚʦʟʴʤʝʤ ʠʟ ʩʧʨʘʚʦʯʥʳʭ ʜʘʥʥʳʭ: r = 2,6 ʛ/ʩʤ3
. 

ʇʣʦʱʘʜʴ, ʟʘʥʠʤʘʝʤʫʶ ʦʜʥʦʡ ʤʦʣʝʢʫʣʦʡ ʚʦʜʳ ù
ú

ø
é
ê

è 2

2

A

AS OH , ʦʮʝʥʠʤ ʜʚʫʤʷ ʩʧʦʩʦʙʘʤʠ. 

1ʡ ʩʧʦʩʦʙ. 

ʀʟ ʣʠʪʝʨʘʪʫʨʥʳʭ ʜʘʥʥʳʭ ʥʘʭʦʜʠʤ, ʯʪʦ ʵʬʬʝʢʪʠʚʥʳʡ ʨʘʜʠʫʩ ʤʦʣʝʢʫʣʳ ʚʦʜʳ rH2O = 

1,4 Ȕ. ʊʦʛʜʘ, ʚ ʧʨʦʩʪʝʡʰʝʤ ʧʨʠʙʣʠʞʝʥʠʠ ʩʯʠʪʘʝʤ, ʯʪʦ ʧʣʦʱʘʜʢʘ, ʟʘʥʠʤʘʝʤʘʷ 
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ʤʦʣʝʢʫʣʦʡ ʚʦʜʳ, ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʢʚʘʜʨʘʪ (ʥʘʠʙʦʣʝʝ ʧʦʣʥʦʝ ʧʦʢʨʳʪʠʝ 

ʧʣʦʩʢʦʩʪʠ ʩ ʥʘʠʤʝʥʴʰʠʤ ʯʠʩʣʦʤ ʟʘʟʦʨʦʚ) ʩʦ ʩʪʦʨʦʥʦʡ 2r: ù
ú

ø
é
ê

è
==

2

2 84,74
2

A

ArS OH . 

2ʡ ʩʧʦʩʦʙ. 

ɺʦʟʴʤʝʤ 1 ʤʦʣʴ ʞʠʜʢʦʡ ʚʦʜʳ, ʦʙʲʝʤ ʦʜʥʦʡ ʤʦʣʝʢʫʣʳ ʚʦʜʳ ʚ ʧʨʠʙʣʠʞʝʥʠʠ ʢʫʙʘ 
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ɼʘʣʝʝ ʚ ʨʘʩʯʝʪʘʭ ʙʫʜʝʤ ʠʩʧʦʣʴʟʦʚʘʪʴ ʫʩʨʝʜʥʝʥʥʦʝ ʟʥʘʯʝʥʠʝ 8,5 Ȕ
2
. 

5) ʈʘʜʠʫʩ ʯʘʩʪʠʮ ʧʨʠʤʝʨʥʦ ʦʮʝʥʠʤ ʠʟ ʧʨʠʚʝʜʝʥʥʦʛʦ ʚ ʫʩʣʦʚʠʠ ʩʥʠʤʢʘ ʇʕʄ ʢʘʢ 

r ~ 180 ʥʤ (ʩʨʝʜʥʠʡ ʨʘʜʠʫʩ ʚʩʝʭ ʯʘʩʪʠʮ ʥʘ ʩʥʠʤʢʝ, ʜʠʘʧʘʟʦʥ ʨʘʜʠʫʩʦʚ 130ï400 ʥʤ). 
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6) ʉʪʦʠʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʧʦ ʦʧʨʝʜʝʣʝʥʠʶ IUPAC, ʥʘʥʦʩʪʨʫʢʪʫʨʥʳʤʠ ʥʘʟʳʚʘʶʪʩʷ 

ʤʘʪʝʨʠʘʣʳ, ʫ ʢʦʪʦʨʳʭ ʭʦʪʷ ʙʳ ʦʜʥʦ ʠʟ ʠʟʤʝʨʝʥʠʡ ʥʝ ʧʨʝʚʳʰʘʝʪ 100 ʥʤ. ʇʦʵʪʦʤʫ 

ʯʘʩʪʠʮʳ ʩ ʨʘʜʠʫʩʦʤ 180 ʥʤ ʥʝ ʷʚʣʷʶʪʩʷ ʥʘʥʦʩʪʨʫʢʪʫʨʥʳʤʠ ʚ ʧʦʣʥʦʤ ʩʤʳʩʣʝ ʵʪʦʛʦ 

ʩʣʦʚʘ. 

ʆʮʝʥʠʚʘʷ ʧʨʠʚʝʜʝʥʥʫʶ ʚ ʫʩʣʦʚʠʠ ʤʠʢʨʦʬʦʪʦʛʨʘʬʠʶ ʇʕʄ, ʤʦʞʥʦ ʧʨʝʜʧʦʣʦʞʠʪʴ 

ʩʣʝʜʫʶʱʠʡ ʩʧʦʩʦʙ ʥʘʥʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥʠʷ: ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʯʘʩʪʠʮ ʨʘʜʠʫʩʘ r1 = 180 

ʥʤ ʨʘʩʧʦʣʦʞʝʥʳ ʙʦʣʝʝ ʤʝʣʢʠʝ ʯʘʩʪʠʮʳ ʩ ʨʘʜʠʫʩʦʤ (ʧʨʠʙʣʠʞʝʥʠʝ ʛʣʘʜʢʦʡ ʩʬʝʨʦʡ) 

r2<<r1 (r2å 10 ʥʤ). ʇʨʠ ʵʪʦʤ ʣʦʢʘʣʴʥʦ ʧʣʦʱʘʜʴ ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʩ ˊr
2
 (ʧʣʦʱʘʜʢʘ ʧʦʜ 

ʰʘʨʠʢʦʤ) ʜʦ ˊr
2 

+ 4ˊr
2
 (ʧʣʦʱʘʜʢʘ, ʢʦʪʦʨʘʷ, ʚ ʧʨʠʙʣʠʞʝʥʠʠ ʩʬʝʨʠʯʝʩʢʠʭ ʯʘʩʪʠʮ 

ʦʩʪʘʝʪʩʷ ʜʦʩʪʫʧʥʦʡ ʜʣʷ ʘʜʩʦʨʙʮʠʠ ʧʣʶʩ ʧʣʦʱʘʜʴ ʧʦʚʝʨʭʥʦʩʪʠ ʯʘʩʪʠʮʳ). 

 

ʇʨʦʠʩʭʦʜʠʪ ʦʙʱʝʝ ʫʚʝʣʠʯʝʥʠʝ ʧʣʦʱʘʜʠ ʧʦʚʝʨʭʥʦʩʪʠ: S = So + 5*ɤ1*So, 

ˉǊ2 ˉǊ2 + 4̄ Ǌ2 
5

4
2
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ʛʜʝ So ï ʧʣʦʱʘʜʴ ʚ ʧʨʠʙʣʠʞʝʥʠʠ ʩʫʱʝʩʪʚʦʚʘʥʠʷ ʪʦʣʴʢʦ ʛʣʘʜʢʠʭ ʩʬʝʨʠʯʝʩʢʠʭ 

ʯʘʩʪʠʮ ʨʘʜʠʫʩʘ r1, ɤ1 ï ʩʪʝʧʝʥʴ çʟʘʧʦʣʥʝʥʠʷè ʩʬʝʨʠʯʝʩʢʠʤʠ ʯʘʩʪʠʮʘʤʠ 

ʧʦʚʝʨʭʥʦʩʪʠ So(ʧʦ ʦʧʨʝʜʝʣʝʥʠʶ, ʤʝʥʴʰʝ ʝʜʠʥʠʮʳ, ʧʦʩʢʦʣʴʢʫ ʩʬʝʨʠʯʝʩʢʠʝ 

ʯʘʩʪʠʮʳ ʥʝ ʤʦʛʫʪ 100%-ʥʦ ʟʘʧʦʣʥʠʪʴ ʧʦʚʝʨʭʥʦʩʪʴ; ʦʮʝʥʦʯʥʦ ʝʛʦ ʤʦʞʥʦ ʧʦʣʫʯʠʪʴ 

ʠʟ ʧʨʠʚʝʜʝʥʥʦʡ ʤʠʢʨʦʬʦʪʦʛʨʘʬʠʠ). 

ɼʘʣʝʝ, ʧʨʝʜʧʦʣʘʛʘʷ ʬʨʘʢʪʘʣʴʥʦʩʪʴ ʩʪʨʫʢʪʫʨʳ (ʥʘ ʯʘʩʪʠʮʘʭ ʩ r2 ʧʦʤʝʱʘʶʪʩʷ 

ʯʘʩʪʠʮʳ ʩ r3<< r2 , ʢʦʪʦʨʳʭ ʫʞʝ ʥʝ ʚʠʜʥʦ ʥʘ ʩʥʠʤʢʝ), ʧʦʣʫʯʠʤ: S = So + 5*ɤ1*So + 

25*ɤ1* ɤ2*So. 

ʆʜʥʘʢʦ, ʜʘʥʥʳʡ ʫʨʦʚʝʥʴ ʬʨʘʢʪʘʣʴʥʦʩʪʠ, ʧʦ-ʚʠʜʠʤʦʤʫ, ʙʫʜʝʪ ʧʦʩʣʝʜʥʠʤ, 

ʧʦʩʢʦʣʴʢʫ ʫʞʝ r4 ʙʫʜʝʪ ʤʝʥʴʰʝ, ʯʝʤ ʨʘʟʤʝʨ ʤʦʣʝʢʫʣʳ ʚʦʜʳ. 

ʀʟ ʧʨʠʤʝʨʥʳʭ ʦʮʝʥʦʢ ʧʨʠʚʝʜʝʥʥʦʛʦ ʩʥʠʤʢʘ, ɤ1 å 0,25 (ʯʝʪʚʝʨʪʴ ʧʣʦʱʘʜʠ ʟʘʥʷʪʦ 

ʥʘʥʦʯʘʩʪʠʮʘʤʠ). ʇʨʠʥʷʚ ʜʣʷ ʧʨʠʤʝʨʘ ɤ1 = ɤ2 = 0,25, ʧʦʣʫʯʠʤ,  

S = Sʦ*(1 + 5*0,25 +25*0,0625) = Sʦ*(1 + 1,25 + 1,56) = 3,8 Sʦ 

ʪʦ ʝʩʪʴ ʧʨʠ ʫʯʝʪʝ 2-ʭ ʫʨʦʚʥʝʡ ʥʘʥʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥʠʷ S ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʧʨʘʢʪʠʯʝʩʢʠ 

ʚ 4 ʨʘʟʘ. ɺʘʞʥʳʡ ʚʳʚʦʜ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʪʦʤ, ʯʪʦ ʧʨʠ ʬʨʘʢʪʘʣʴʥʦʡ ʩʪʨʫʢʪʫʨʝ ʢʘʞʜʳʡ 

ʙʦʣʝʝ ʥʠʟʢʠʡ ʫʨʦʚʝʥʴ ʦʨʛʘʥʠʟʘʮʠʠ ʜʘʝʪ ʚʢʣʘʜ ʩʦʧʦʩʪʘʚʠʤʳʡ ʩ Sʦ (ʚ ʜʘʥʥʦʤ 

ʧʨʠʙʣʠʞʝʥʠʠ ʜʘʞʝ ʙʦʣʴʰʝ Sʦ). 

ʅʝʦʙʭʦʜʠʤʦ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʧʨʠʚʝʜʝʥʥʘʷ ʬʦʨʤʫʣʘ ʷʚʣʷʝʪʩʷ ʧʨʠʙʣʠʞʝʥʥʦʡ, 

ʧʦʩʢʦʣʴʢʫ ʥʝ ʫʯʠʪʳʚʘʝʪʩʷ ʧʦʧʨʘʚʢʘ ʥʘ ʤʘʩʩʫ ʯʘʩʪʠʮ ʩ r2, r3é (ʫʯʝʪ ʵʪʦʡ ʤʘʩʩʳ 

ʥʝʤʥʦʛʦ ʫʤʝʥʴʰʠʪ Sʦ ʠ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ S). ɼʘʥʥʘʷ ʧʦʧʨʘʚʢʘ, ʪʝʤ ʥʝ ʤʝʥʝʝ, ʙʫʜʝʪ 

ʥʝʩʫʱʝʩʪʚʝʥʥʦʡ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʚʢʣʘʜʦʤ, ʚʥʦʩʠʤʳʤ ʵʪʠʤʠ ʯʘʩʪʠʮʘʤʠ ʚ 

ʩʫʤʤʘʨʥʫʶ ʧʣʦʱʘʜʴ ʧʦʚʝʨʭʥʦʩʪʠ. 

2. ʇʦʩʢʦʣʴʢʫ, ʢʘʢ ʙʳʣʦ ʧʦʢʘʟʘʥʦ ʨʘʥʝʝ, ʤʘʩʩʘ ʘʜʩʦʨʙʠʨʦʚʘʥʥʦʡ ʚʦʜʳ ʧʨʷʤʦ 

ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʘ ʚʝʣʠʯʠʥʝ ʫʜʝʣʴʥʦʡ ʧʣʦʱʘʜʠ ʧʦʚʝʨʭʥʦʩʪʠ ʘʜʩʦʨʙʝʥʪʘ, ʪʦ ʚʦʧʨʦʩ 

ʚʣʠʷʥʠʷ ʥʘ ʢʦʣʠʯʝʩʪʚʦ ʘʜʩʦʨʙʠʨʦʚʘʥʥʦʡ ʚʦʜʳ ʩʚʦʜʠʪʩʷ ʢ ʚʦʧʨʦʩʫ ʚʣʠʷʥʠʷ 

ʬʦʨʤʳʥʘ Sʫʜ. 

ɹʦʣʴʰʦʡ ʫʜʝʣʴʥʦʡ ʧʣʦʱʘʜʴʶ ʧʦʚʝʨʭʥʦʩʪʠ ʦʙʣʘʜʘʶʪ ʫʣʴʪʨʘʜʠʩʧʝʨʩʥʳʝ ʤʘʪʝʨʠʘʣʳ 

(r < 50 ʥʤ), ʚʳʩʦʢʦʧʦʨʠʩʪʳʝ ʚʝʱʝʩʪʚʘ, ʦʙʣʘʜʘʶʱʠʝ ʨʘʟʚʠʪʦʡ ʩʠʩʪʝʤʦʡ ʪʦʥʢʠʭ 

ʢʘʥʘʣʦʚ, ʘ ʪʘʢʞʝ ʤʘʪʝʨʠʘʣʳ ʩ ʬʨʘʢʪʘʣʴʥʦʡ ʧʦʚʝʨʭʥʦʩʪʴʶ, ʢʘʢ ʙʳʣʦ ʨʘʩʩʤʦʪʨʝʥʦ 

ʚʳʰʝ. ʉʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʚʝʱʝʩʪʚʘ ʩ ʢʨʫʧʥʳʤʠ ʢʨʠʩʪʘʣʣʠʪʘʤʠ ʠ ʩ ʰʠʨʦʢʠʤʠ ʧʦʨʘʤʠ 

ʙʫʜʫʪ ʠʤʝʪʴ ʤʝʥʴʰʫʶ Sʫʜ, ʠ, ʟʥʘʯʠʪ, ʩʦʨʙʠʨʦʚʘʪʴ ʤʝʥʴʰʝ ʚʦʜʳ. ɺ ʢʘʯʝʩʪʚʝ 

ʧʨʠʤʝʨʘ: ʤʘʩʩʘ ʚʦʜʳ, ʩʦʨʙʠʨʦʚʘʥʥʦʡ ʥʘ ʢʠʣʦʛʨʘʤʤʝ ʢʚʘʨʮʘ ʩ ʨʘʜʠʫʩʦʤ 

ʢʨʠʩʪʘʣʣʠʪʦʚ 15 ʥʤ ʩʦʩʪʘʚʣʷʝʪ 27 ʛ. ʊʘʢʦʡ ʩʣʫʯʘʡ ʤʦʞʝʪ ʙʳʪʴ ʨʝʘʣʠʟʦʚʘʥ, 

ʥʘʧʨʠʤʝʨ, ʝʩʣʠ ʯʘʩʪʠʮʳ ʨʘʜʠʫʩʘ 200 ʥʤ ʩʬʦʨʤʠʨʦʚʘʥʳ ʠʟ ʯʘʩʪʠʮ ʩ ʤʝʥʴʰʠʤ 

ʨʘʜʠʫʩʦʤ. 



188 

 

ʆʜʥʘʢʦ ʩʪʦʠʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʚ ʨʝʘʣʴʥʦʡ ʩʠʪʫʘʮʠʠ ʢʨʦʤʝ ʘʜʩʦʨʙʮʠʠ ʚʦʜʳ ʥʘ 

ʧʦʚʝʨʭʥʦʩʪʠ ʢʚʘʨʮʘ ʚʩʝʛʜʘ ʠʤʝʝʪ ʤʝʩʪʦ ʨʷʜ ʢʘʧʠʣʣʷʨʥʳʭ ʷʚʣʝʥʠʡ, ʪʘʢʠʭ, ʢʘʢ 

ʢʦʥʜʝʥʩʘʮʠʷ ʥʘ ʚʦʛʥʫʪʳʭ ʧʦʚʝʨʭʥʦʩʪʷʭ ʩ ʤʘʣʳʤ ʨʘʜʠʫʩʦʤ ʢʨʠʚʠʟʥʳ (ʪʦʥʢʠʝ 

ʢʘʧʠʣʣʷʨʳ, ʰʝʨʦʭʦʚʘʪʦʩʪʠ), ʯʪʦ ʚʝʜʝʪ ʢ ʨʦʩʪʫ ʢʦʣʠʯʝʩʪʚʘ ʩʦʜʝʨʞʘʱʝʡʩʷ ʚ 

ʩʦʨʙʝʥʪʝ ʚʦʜʳ. 

 

ɽʚʪʫʰʝʥʢʦ ɽʚʛʝʥʠʡ ɻʝʥʥʘʜʠʝʚʠʯ 

1. ʇʨʝʞʜʝ ʚʩʝʛʦ, ʦʮʝʥʠʤ ʧʣʦʱʘʜʴ ʦʜʥʦʡ ʤʦʣʝʢʫʣʳ ʚʦʜʳ. ʇʨʠʤʝʤ, ʯʪʦ ʚʦʜʘ ʥʘ 

ʧʦʚʝʨʭʥʦʩʪʠ ʢʚʘʨʮʘ ʩʪʨʫʢʪʫʨʠʨʦʚʘʥʘ ʪʘʢʞʝ ʢʘʢ ʠ ʚʦ ʣʴʜʫ (ʚʝʩʴʤʘ ʨʘʟʫʤʥʦʝ 

ʧʨʝʜʧʦʣʦʞʝʥʠʝ, ʝʡ ʝʩʪʴ ʩ ʯʝʤ ʦʙʨʘʟʦʚʳʚʘʪʴ ʚʦʜʦʨʦʜʥʳʝ ʩʚʷʟʠ). ʇʣʦʪʥʦʩʪʴ ʣʴʜʘ 

ʧʨʠ 0 Áʉ ʩʦʩʪʘʚʣʷʝʪ 917 ʢʛ/ʤ
3
. ʄʦʣʝʢʫʣʷʨʥʳʡ ʦʙʲʝʤ ʩʦʩʪʘʚʣʷʝʪ 

29 3

1 3.3 10
A

M
V ʤ

Nr

-= = Ö . ɹʫʜʝʤ ʩʯʠʪʘʪʴ, ʯʪʦ ʤʦʣʝʢʫʣʘ ʚʦʜʳ ʟʘʥʠʤʘʝʪ ʢʫʙ, 

ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʦʮʝʥʦʯʥʘʷ ʧʣʦʱʘʜʴ ʤʦʣʝʢʫʣʳ ʩʦʩʪʘʚʣʷʝʪ 
2 2

2 3 19 21.0 10
OH O HS V ʤ-= = Ö . 

ɺ ʨʘʩʯʝʪʝ ʥʘ ʤʦʣʴ ʤʦʥʦʩʣʦʷ ʚʦʜʳ ʵʪʦ 
2 2

4 26.0 10m

H O H O AS S N ʤ ʤʦʣʴ= Ö = Ö .ʊʘʢʞʝ ʚ 

ʨʘʩʯʝʪʘʭ ʥʘʤ ʧʦʥʘʜʦʙʠʪʩʷ ʧʣʦʪʥʦʩʪʴ ʢʚʘʨʮʘ. ʆʥʘ ʨʘʚʥʘ 2660 ʢʛ/ʤ
3
. 

ʅʘʯʥʝʤ, ʧʦʞʘʣʫʡ, ʩʦ ʩʪʨʫʢʪʫʨ çʥʘʥʦè ʧʦ ʚʩʝʤ ʪʨʝʤ ʠʟʤʝʨʝʥʠʷʤ: ʢʚʘʨʮʝʚʳʭ 

ʥʘʥʦʯʘʩʪʠʮ. ʇʣʦʱʘʜʴ ʧʦʚʝʨʭʥʦʩʪʠ ʥʘʥʦʯʘʩʪʠʮ ʚʳʯʠʩʣʠʤ ʢʘʢ ʧʣʦʱʘʜʴ ʩʬʝʨʳ 

ʜʠʘʤʝʪʨʘ d: 2S dp=  . ʆʙʲʝʤ ʪʘʢʦʡ ʩʬʝʨʳ ʨʘʚʝʥ 
31

6 dp . ʂʦʣʠʯʝʩʪʚʦ ʪʘʢʠʭ ʩʬʝʨ ʚ 

1 ʢʛ ʢʚʘʨʮʘ 

2

3

6

SiO dpr
, ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʦʙʱʘʷ ʧʣʦʱʘʜʴ ʯʘʩʪʠʮ ʩʦʩʪʘʚʠʪ 

2

6

SiO dr
, 

ʢʦʣʠʯʝʩʪʚʦ ʚʦʜʳ, ʢʦʪʦʨʦʝ ʫʤʝʩʪʠʪʩʷ ʥʘ ʵʪʦʡ ʧʦʚʝʨʭʥʦʩʪʠ 

2

2 2

86 3.8 10
H O m

H O SiOS d d
n

r

-Ö
= = . ʊʘʢ, ʜʣʷ 1-ʥʤ ʥʘʥʦʯʘʩʪʠʮ ʜʠʦʢʩʠʜʘ ʢʨʝʤʥʠʷ ʧʦʣʫʯʘʝʤ 

2
38H O ʤʦʣʴn =  . ɼʣʷ ʜʨʫʛʦʡ ʛʨʘʥʠʮʳ çʥʘʥʦè, 100 ʥʤ, ʧʦʣʫʯʘʝʤ 

2
0.19H O ʤʦʣʴn =  . 

ʉʪʦʠʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʪʦʯʝʯʥʦ ʢʘʩʘʶʱʠʝʩʷ ʜʨʫʛ ʜʨʫʛʘ ʥʘʥʦʯʘʩʪʠʮʳ, ʦʙʨʘʟʫʶʱʠʝ 

ʘʞʫʨʥʳʡ ʪʨʝʭʤʝʨʥʳʡ ʢʘʨʢʘʩ, ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʧʨʦʩʪʝʡʰʫʶ ʤʦʜʝʣʴ ʘʵʨʦʛʝʣʝʡ. 

ʉʨʝʜʥʠʡ ʨʘʟʤʝʨ ʯʘʩʪʠʮ ʘʵʨʦʛʝʣʝʡ ʩʦʩʪʘʚʣʷʝʪ 4 ï 6 ʥʤ, ʪʘʢʠʤ ʦʙʨʘʟʦʤ, 

ʤʘʢʩʠʤʘʣʴʥʘʷ ʧʣʦʱʘʜʴ ʧʦʚʝʨʭʥʦʩʪʠ ʠʭ ʩʦʩʪʘʚʣʷʝʪ 

2

26
450

1000 SiO

ʤ ʛ
dr
=  (ʚʠʜʠʤʦ, 

ʥʘʥʦʯʘʩʪʠʮʳ, ʩʦʩʪʘʚʣʷʶʱʠʝ ʘʵʨʦʛʝʣʠ, ʠʤʝʶʪ ʝʱʝ ʤʝʥʴʰʠʡ ʨʘʟʤʝʨ ʠʣʠ ʙʦʣʴʰʫʶ 

ʘʥʠʟʦʪʨʦʧʠʶ, ʧʦʪʦʤʫ ʯʪʦ ʠʭ ʨʝʘʣʴʥʘʷ ʫʜʝʣʴʥʘʷ ʧʦʚʝʨʭʥʦʩʪʴ ʩʦʩʪʘʚʣʷʝʪ 400 ï

 700 ʤ
2
/ʛ). 
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ʉʣʝʜʫʶʱʠʤʠ ʨʘʩʩʤʦʪʨʠʤ ʦʜʥʦʤʝʨʥʳʝ ʩʪʨʫʢʪʫʨʳ, ʥʘʥʦʚʦʣʦʢʥʘ ʠ ʥʘʥʦʪʨʫʙʢʠ ʠ 

ʧʦʨʠʩʪʳʝ ʢʚʘʨʮʝʚʳʝ ʤʘʪʝʨʠʘʣʳ. ʇʨʠʤʝʤ, ʯʪʦ ʥʘʰʠ ʥʘʥʦʦʙʲʝʢʪʳ ʠʤʝʶʪ ʙʦʣʴʰʫʶ 

ʧʨʦʪʷʞʝʥʥʦʩʪʴ, ʧʦʵʪʦʤʫ ʢʨʘʝʚʳʤʠ ʵʬʬʝʢʪʘʤʠ ʤʦʞʥʦ ʧʨʝʥʝʙʨʝʯʴ. ʀʪʘʢ, 

ʮʠʣʠʥʜʨʠʯʝʩʢʠʝ ʥʘʥʦʚʦʣʦʢʥʘ ʜʠʘʤʝʪʨʦʤ d. ʀʭ ʧʣʦʱʘʜʴ ʚ ʨʘʩʯʝʪʝ ʥʘ ʦʜʠʥ 

ʧʦʛʦʥʥʳʡ ʤʝʪʨ J ʩʦʩʪʘʚʣʷʝʪ dp , ʦʙʲʝʤ 
2

4

dp
, ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʚ 1 ʢʛ ʢʚʘʨʮʘ 

2

2

4

SiO dpr
 ʤʝʪʨʘ ʚʦʣʦʢʦʥ, ʠʭ ʧʣʦʱʘʜʴ 

2

4

SiO dr
, ʢʦʣʠʯʝʩʪʚʦ ʘʜʩʦʨʙʠʨʦʚʘʥʥʦʡ ʚʦʜʳ 

2

2 2

84 2.5 10
H O m

H O SiOS d d
n

r

-Ö
= = . ɼʣʷ 1-ʥʤ ʚʦʣʦʢʦʥ ʧʦʣʫʯʘʝʤ 

2
25H O ʤʦʣʴn =  , ʜʣʷ 100-

ʥʘʥʦʤʝʪʨʦʚʳʭ 
2

0.25H O ʤʦʣʴn =  . ɼʘʣʝʝ ʚ ʧʨʦʛʨʘʤʤʝ ʥʘʥʦʪʨʫʙʢʠ ʚʥʫʪʨʝʥʥʠʤ 

ʜʠʘʤʝʪʨʦʤ d ʠ ʪʦʣʱʠʥʦʡ ʩʪʝʥʦʢ ȹ. ʀʭ ʧʣʦʱʘʜʴ ʚ ʨʘʩʯʝʪʝ ʥʘ ʤʝʪʨ ʜʣʠʥʳ ʩʦʩʪʘʚʣʷʝʪ 

( ) ( )2 2d d dp p p+ + D = +D, ʦʙʲʝʤ 
( )

( )
2 22

4 4

d d
d

p p
p

+ D
- =  D +D. ʆʧʫʩʢʘʷ 

ʧʨʦʤʝʞʫʪʦʯʥʳʝ ʚʳʢʣʘʜʢʠ, ʢʦʣʠʯʝʩʪʚʦ ʘʜʩʦʨʙʠʨʦʚʘʥʥʦʡ ʚʦʜʳ ʥʘ 1 ʢʛ ʥʘʥʦʪʨʫʙʦʢ 

ʩʦʩʪʘʚʣʷʝʪ 
2

2 2

82 1.3 10
H O m

H O SiOS
n

r

-Ö
= =

D D
, ʪʦ ʝʩʪʴ ʥʝ ʟʘʚʠʩʠʪ ʦʪ ʜʠʘʤʝʪʨʘ ʪʨʫʙʦʢ, ʘ 

ʪʦʣʴʢʦ ʦʪ ʪʦʣʱʠʥʳ ʩʪʝʥʦʢ ʠ ʠʤʝʝʪ ʚʠʜ, ʩʭʦʜʥʳʡ ʩ ʚʳʨʘʞʝʥʠʝʤ ʜʣʷ ʥʘʥʦʩʪʝʨʞʥʝʡ 

ʜʠʘʤʝʪʨʦʤ 2ȹ. 

ʈʘʩʩʤʦʪʨʠʤ ʝʱʝ ʦʜʠʥ ʪʠʧ ʦʜʥʦʤʝʨʥʳʭ ʥʘʥʦʩʪʨʫʢʪʫʨ, ʩʚʦʝʛʦ ʨʦʜʘ çʦʙʨʘʱʝʥʥʳʭè, 

ʢʦʛʜʘ ʚ ʤʘʩʩʠʚʥʦʤ ʦʙʨʘʟʮʝ ʢʚʘʨʮʘ ʧʘʨʘʣʣʝʣʴʥʦ ʜʨʫʛ ʜʨʫʛʫ ʨʘʩʧʦʣʦʞʝʥʳ ʜʣʠʥʥʳʝ 

ʮʠʣʠʥʜʨʠʯʝʩʢʠʝ ʧʦʨʳ. ʇʫʩʪʴ ʦʥʠ ʫʣʦʞʝʥʳ ʚ ʛʝʢʩʘʛʦʥʘʣʴʥʫʶ ʩʪʨʫʢʪʫʨʫ ʩ ʧʝʨʠʦʜʦʤ 

T ʠ ʦʪʥʦʰʝʥʠʝʤ ʜʠʘʤʝʪʨʘ ʧʦʨ ʢ ʧʝʨʠʦʜʫ Ŭ. ʇʣʦʱʘʜʴ ʚʥʫʪʨʝʥʥʝʡ ʧʦʚʝʨʭʥʦʩʪʠ 

ʪʘʢʠʭ ʧʦʨ ʥʘ ʝʜʠʥʠʮʫ ʠʭ ʜʣʠʥʳ ʩʦʩʪʘʚʣʷʝʪ Tpa  , ʦʙʲʝʤ ʢʘʞʜʦʡ ʛʝʢʩʘʛʦʥʘʣʴʥʦʡ 

ʷʯʝʡʢʠ ʟʘ ʚʳʯʝʪʦʤ ʦʙʲʝʤʘ ʧʦʨʳ ʥʘ ʝʜʠʥʠʮʫ ʜʣʠʥʳ ʨʘʚʝʥ 

( )
2 2 2 2 2

23
2 3

2 4 4

T T Ta pa
pa- = - . ʂʦʣʠʯʝʩʪʚʦ ʘʜʩʦʨʙʠʨʦʚʘʥʥʦʡ ʚʦʜʳ ʥʘ 1 ʢʛ 

ʢʚʘʨʮʘ: 

( ) ( )
2 2

8

22

4 2.5 10

1.102 3m

H O SiO
TS T

pa a

ar pa

-Ö
=

--
. ʅʘʧʨʠʤʝʨ, ʜʣʷ 5T ʥʤ=   ʠ 0.8a=  (ʚ 

ʵʪʦʤ ʩʣʫʯʘʝ ʪʦʣʱʠʥʘ ʩʪʝʥʦʢ ʤʝʞʜʫ ʧʦʨʘʤʠ ʙʫʜʝʪ ʩʦʩʪʘʚʣʷʪʴ 1 ʥʤ) ʧʦʣʫʯʠʤ 

2
8.7H O ʤʦʣʴn =  , ʘ ʜʣʷ 200T ʥʤ=   ʠ 0.5a=  (ʪʦʣʱʠʥʘ ʩʪʝʥʦʢ 100 ʥʤ) ï 

2
0.074H O ʤʦʣʴn =  . 
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ɼʦʰʣʘ ʦʯʝʨʝʜʴ ʠ ʜʦ ʜʚʫʤʝʨʥʳʭ ʩʪʨʫʢʪʫʨ. ʈʘʩʩʤʦʪʨʠʤ ʪʦʥʢʫʶ ʧʣʝʥʢʫ ʢʚʘʨʮʘ 

ʪʦʣʱʠʥʦʡ d. ʅʘ ʝʝ ʧʦʚʝʨʭʥʦʩʪʠ ʤʦʞʥʦ ʘʜʩʦʨʙʠʨʦʚʘʪʴ 

2 2

82 1.3 10
m

H O SiOS d dr

-Ö
=  ʤʦʣʴ 

ʚʦʜʳ. ɼʣʷ 1d ʥʤ=  
2

13H O ʤʦʣʴn =  . 

2. ʀʩʧʦʣʴʟʫʷ ʢʦʤʙʠʥʘʮʠʶ ʧʝʨʝʯʠʩʣʝʥʥʳʭ ʚʳʰʝ ʤʘʪʝʨʠʘʣʦʚ (ʜʦʙʘʚʠʚ ʢ ʥʠʤ ʝʱʝ 

ʩʬʝʨʠʯʝʩʢʠʝ ʧʦʣʦʩʪʠ ʚ ʦʙʲʝʤʥʦʤ ʤʘʪʝʨʠʘʣʝ), ʤʦʞʥʦ ʩʢʦʥʩʪʨʫʠʨʦʚʘʪʴ ʧʨʘʢʪʠʯʝʩʢʠ 

ʣʶʙʦʡ ʥʘʥʦʤʘʪʝʨʠʘʣ. ʀʟʤʝʥʝʥʠʝ ʬʦʨʤʳ ʥʘʥʦʩʪʨʫʢʪʫʨ ʩʫʱʝʩʪʚʝʥʥʳʤ ʦʙʨʘʟʦʤ ʥʝ 

ʦʪʨʘʟʠʪʩʷ ʥʘ ʧʦʨʷʜʢʘʭ ʧʣʦʱʘʜʝʡ. ɺʦʦʙʱʝ, ʣʶʙʦʝ ʦʪʢʣʦʥʝʥʠʝ ʦʪ çʢʨʫʛʣʦʩʪʠè 

ʚʳʟʦʚʝʪ ʩʥʠʞʝʥʠʝ ʫʜʝʣʴʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʤʘʪʝʨʠʘʣʘ, ʪʘʢ ʢʘʢ ʢʨʫʛ ʠʤʝʝʪ 

ʥʘʠʙʦʣʴʰʝʝ ʩʦʦʪʥʦʰʝʥʠʝ ʧʝʨʠʤʝʪʨ:ʦʙʲʝʤ. ʊʘʢ, ʤʦʞʥʦ, ʥʘʧʨʠʤʝʨ, ʨʘʩʩʤʦʪʨʝʪʴ 

ʢʚʘʨʮʝʚʳʝ ʥʠʪʠ, ʠʤʝʶʱʠʝ ʚ ʩʝʯʝʥʠʠ ʧʨʘʚʠʣʴʥʳʡ ʰʝʩʪʠʫʛʦʣʴʥʠʢ. ʀʭ ʧʣʦʱʘʜʴ 

ʙʫʜʝʪ ʥʝʩʢʦʣʴʢʦ ʥʠʞʝ ʧʣʦʱʘʜʠ ʢʨʫʛʣʳʭ ʥʠʪʝʡ ʧʨʠ ʦʜʠʥʘʢʦʚʦʡ ʤʘʩʩʝ ʦʙʨʘʟʮʦʚ, ʥʦ 

ʧʦʨʷʜʦʢ ʯʠʩʣʘ ʦʩʪʘʥʝʪʩʷ ʪʝʤ ʞʝ. ʆʙʱʘʷ ʪʝʥʜʝʥʮʠʷ ʪʘʢʦʚʘ: ʢʦʣʠʯʝʩʪʚʦ 

ʘʜʩʦʨʙʠʨʦʚʘʥʥʦʡ ʚʦʜʳ ʦʙʨʘʪʥʦ ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʦ ʭʘʨʘʢʪʝʨʥʦʤʫ ʨʘʟʤʝʨʫ 

ʥʘʥʦʩʪʨʫʢʪʫʨ ʠ ʫʤʝʥʴʰʘʝʪʩʷ ʩ ʧʦʚʳʰʝʥʠʝʤ ʠʭ ʨʘʟʤʝʨʥʦʩʪʠ. 

 

ʍʘʨʣʘʤʦʚʘ ʄʘʨʠʘʥʥʘ ɺʷʯʝʩʣʘʚʦʚʥʘ 

1. ʇʨʝʜʧʦʣʦʞʠʤ, ʯʪʦ ʢʚʘʨʮ ʩʦʩʪʦʠʪ ʠʟ ʪʝʪʨʘʵʜʨʦʚ [SiO4], ʜʣʠʥʘ ʩʚʷʟʠ ʢʨʝʤʥʠʡ-

ʢʠʩʣʦʨʦʜ ï 0.163 ʥʤ. ʊʦʛʜʘ ʜʣʠʥʘ ʨʝʙʨʘ ʪʝʪʨʘʵʜʨʘ ʚʳʯʠʩʣʷʝʪʩʷ ʧʦ ʪʝʦʨʝʤʝ 

ʢʦʩʠʥʫʩʦʚ: 

 

a
2
 = b

2
 + c

2
 ï 2bccos109

o
28

| 

b = c = 0.163 ʥʤ, ʪʦʛʜʘ a = 0.266 ʥʤ 

ɺʩʝ ʪʝʪʨʘʵʜʨʳ ʚ ʢʚʘʨʮʝ ʦʨʠʝʥʪʠʨʦʚʘʥʳ ʪʘʢ, ʯʪʦ ʪʦʣʴʢʦ ʦʜʥʘ ʪʨʝʫʛʦʣʴʥʘʷ ʛʨʘʥʴ 

ʥʘʭʦʜʠʪʴʩʷ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ. 

ʅʘ ʦʜʥʫ ʪʨʝʫʛʦʣʴʥʫʶ ʛʨʘʥʴ ʤʦʞʝʪ ʩʦʨʙʠʨʦʚʘʪʴʩʷ ʦʜʥʘ ʤʦʣʝʢʫʣʘ ʚʦʜʳ, ʟʘ ʩʯʝʪ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ d+ 
 ʥʘ ʢʨʝʤʥʠʠ ʚ ʢʚʘʨʮʝ ʩ d-  

ʢʠʩʣʦʨʦʜʘ ʚ ʤʦʣʝʢʫʣʝ ʚʦʜʳ. 

ʈʘʩʩʯʠʪʘʝʤ,  ʥʘ ʢʘʢʫʶ ʧʣʦʱʘʜʴ ʩʦʨʙʠʨʫʝʪʩʷ ʦʜʥʘ ʤʦʣʝʢʫʣʘ ʚʦʜʳ, ʜʣʷ ʵʪʦʛʦ 

ʨʘʩʩʯʠʪʘʝʤ ʧʣʦʱʘʜʴ ʪʨʝʫʛʦʣʴʥʦʡ ʛʨʘʥʠ: 

Si 

O 
O 

O 

O 
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ʤ1 -

-
Ö=

Ö
Ö

Ö
=n

 

ʇʫʩʪʴ ʫ ʥʘʩ ʠʤʝʝʪʩʷ ʢʠʣʦʛʨʘʤʤ ʢʚʘʨʮʘ, ʦʙʱʘʷ ʧʣʦʱʘʜʴ ʝʛʦ ʧʦʚʝʨʭʥʦʩʪʠ ʨʘʚʥʘ 

520000 ʤ
2
, ʪʦʛʜʘ ʥʘ ʝʛʦ ʧʦʚʝʨʭʥʦʩʪʴ ʤʦʞʝʪ ʩʦʨʙʠʨʦʚʘʪʴʩʷ  

ʤʦʣʴʤʤʤʦʣʴ 23.28520000/1043.5ʩʫʤʤ)( 225 =ÖÖ= -n  

ʈʘʩʩʯʠʪʘʝʤ ʪʝʧʝʨʴ ʤʘʩʩʫ ʩʦʨʙʠʨʦʚʘʥʥʦʡ ʚʦʜʳ: 

ʛ 508,11  ʛ/ʤʦʣʴ1823.28)( 2 =Ö= ʤʦʣʴOHm  

2. ʌʦʨʤʘ ʥʘʥʦʩʪʨʫʢʪʫʨ ʙʫʜʝʪ ʩʠʣʴʥʦ ʚʣʠʷʪʴ ʥʘ ʢʦʣʠʯʝʩʪʚʦ ʘʜʩʦʨʙʠʨʦʚʘʥʥʦʡ ʚʦʜʳ, 

ʪʘʢ ʥʘʧʨʠʤʝʨ, ʝʩʣʠ ʤʳ ʚʦʟʴʤʝʤ ʯʘʩʪʠʮʳ ʜʠʘʤʝʪʨʦʤ ʚ ʥʝʩʢʦʣʴʢʦ ʥʘʥʦʤʝʪʨʦʚ, 

ʤʦʥʦʩʣʦʡ ʚʦʜʳ ʙʫʜʝʪ ʘʜʩʦʨʙʠʨʦʚʘʪʴʩʷ ʥʘ ʚʩʝʡ ʧʣʦʱʘʜʠ ʧʦʚʝʨʭʥʦʩʪʠ, ʦʜʥʘʢʦ ʞʝ, 

ʝʩʣʠ ʤʳ ʚʦʟʴʤʝʤ ʧʦʨʠʩʪʫʶ ʩʪʨʫʢʪʫʨʫ, ʪʦ ʜʦʩʪʫʧ ʚʦʜʳ ʚʥʫʪʨʴ ʧʦʨ ʤʦʞʝʪ ʙʳʪʴ 

ʟʘʪʨʫʜʥʝʥ ʠ ʚʦʜʘ ʥʝ ʧʦʢʨʦʝʪ ʤʦʥʦʩʣʦʝʤ ʚʩʶ ʧʦʚʝʨʭʥʦʩʪʴ. ʂʨʦʤʝ ʪʦʛʦ, 

a 

l 
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ʩʫʱʝʩʪʚʝʥʥʦʝ ʚʣʠʷʥʠʝ ʙʫʜʫʪ ʦʢʘʟʳʚʘʪʴ ʥʝʨʦʚʥʦʩʪʠ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʯʘʩʪʠʮ (ʠʣʠ 

ʧʦʨ) ʯʝʤ ʙʦʣʝʝ ʰʝʨʦʭʦʚʘʪʘʷ ʙʫʜʝʪ ʧʦʚʝʨʭʥʦʩʪʴ, ʪʝʤ ʙʦʣʴʰʝ ʙʫʜʝʪ ʩʦʨʙʠʨʦʚʘʪʴʩʷ 

ʚʦʜʳ. 

 

ʉʤʠʨʥʦʚ ɽʚʛʝʥʠʡ ɸʣʝʢʩʝʝʚʠʯ 

1. ʄʦʣʝʢʫʣʳ ʚʦʜʳ ʨʘʩʧʦʣʦʞʝʥʳ ʪʘʢ, ʯʪʦ ʦʙʨʘʟʫʶʪ ʩʦʪʳ (ʧʨʠʙʣʠʞʝʥʠʝ, ʜʣʷ ʪʦʛʦ, 

ʯʪʦʙʳ ʦʮʝʥʠʪʴ ʧʣʦʱʘʜʴ, ʧʨʠʭʦʜʷʱʫʶʩʷ ʥʘ ʦʜʥʫ ʤʦʣʝʢʫʣʳ ʚʦʜʳ). ʊʘʢʠʤ ʦʙʨʘʟʦʤ, 

ʤʦʞʥʦ ʧʦʣʫʯʠʪʴ ʦʮʝʥʦʯʥʦʝ ʟʥʘʯʝʥʠʝ çʸʤʢʦʩʪʠè ʪʘʢʦʛʦ ʩʦʨʙʝʥʪʘ. ʇʫʩʪʴ Sʫʜʝʣ = 

300 ʤ
2
/ʛ, ʪʦʛʜʘ N = 1.26*1022, ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ɜ = 2,1*10

-2
 ʤʦʣʴ/ʛ (21 ʤʦʣʴ/ʢʛ). 

2. ɺʚʝʜʝʥʠʝ ʚ ʩʪʨʫʢʪʫʨʫ ʫʟʢʠʭ ʢʘʥʘʣʦʚ, ʚ ʢʦʪʦʨʳʝ ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʢʘʧʠʣʣʷʨʥʳʭ ʩʠʣ 

ʤʦʞʝʪ ʧʨʦʥʠʢʘʪʴ ʚʝʱʝʩʪʚʦ, ʟʥʘʯʠʪʝʣʴʥʦ ʧʦʚʳʰʘʝʪ ʩʦʨʙʠʦʥʥʳʝ ʩʚʦʡʩʪʚʘ 

ʤʘʪʝʨʠʘʣʘ. ʊʘʢ ʞʝ ʢ ʫʚʝʣʠʯʝʥʠʶ ʢʦʣʠʯʝʩʪʚʘ ʩʦʨʙʠʨʫʝʤʦʛʦ ʚʝʱʝʩʪʚʘ ʧʨʠʚʦʜʠʪ 

ʨʘʟʚʠʪʘʷ ʧʦʚʝʨʭʥʦʩʪʴ. ʕʪʦ ʚʝʨʥʦ ʠ ʜʣʷ ʩʣʫʯʘʷ ʚʦʜʳ. ʂ ʪʦʤʫ ʞʝ ʚʦʜʘ ʩʢʣʦʥʥʘ 

ʦʙʨʘʟʦʚʳʚʘʪʴ ʩʠʣʴʥʳʝ ʚʦʜʦʨʦʜʥʳʝ ʩʚʷʟʠ, ʘ, ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʧʦʚʝʨʭʥʦʩʪʴ ʩʦʨʙʝʥʪʘ 

ʧʦʢʨʳʚʘʝʪʩʷ ʥʝʩʢʦʣʴʢʠʤʠ ʩʣʦʷʤʠ ʚʦʜʳ ʠ ʜʣʷ çʨʘʟʤʝʱʝʥʠʷè ʝʸ ʥʝʦʙʭʦʜʠʤʦ ʤʝʩʪʦ, 

ʪ.ʝ. ʙʦʣʴʰʝʝ ʢʦʣʠʯʝʩʪʚʦ ʚʦʜʳ ʙʫʜʝʪ ʩʦʨʙʠʨʦʚʘʪʴʩʷ ʥʘ ʙʦʣʝʝ ʨʳʭʣʳʭ ʩʪʨʫʢʪʫʨʘʭ. 

 

ʈʦʤʘʰʢʘ ʄʠʭʘʠʣ ʖʨʴʝʚʠʯ 

1. ʆʯʝʚʠʜʥʦ, ʢʦʣʠʯʝʩʪʚʦ ʘʜʩʦʨʙʠʨʦʚʘʥʥʦʡ ʚʦʜʳ ʟʘʚʠʩʠʪ ʦʪ ʤʥʦʞʝʩʪʚʘ ʫʩʣʦʚʠʡ: 

ʥʘʧʨʠʤʝʨ, ʦʪ ʥʘʯʘʣʴʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʚʦʜʳ (ʞʠʜʢʦʩʪʴ ʠʣʠ ʧʘʨ; ʪʝʤʧʝʨʘʪʫʨʘ, 

ʜʘʚʣʝʥʠʝ) ʠ ʦʪ ʬʦʨʤʳ ʢʨʠʩʪʘʣʣʦʚ ʢʚʘʨʮʘ ʠ ʧʦʜʣʦʞʢʠ, ʥʘ ʢʦʪʦʨʦʡ ʦʥ ʤʦʞʝʪ 

ʥʘʭʦʜʠʪʴʩʷ. ʈʘʩʩʤʦʪʨʠʤ ʩʥʘʯʘʣʘ ʥʝʢʦʪʦʨʳʡ ʠʜʝʘʣʠʟʠʨʦʚʘʥʥʳʡ ʩʣʫʯʘʡ, ʘ ʟʘʪʝʤ 

ʙʫʜʝʤ ʝʛʦ ʢʦʨʨʝʢʪʠʨʦʚʘʪʴ. 

ʇʫʩʪʴ ʥʘ ʧʦʜʣʦʞʢʝ ʚʳʨʘʱʝʥ ʦʜʠʥ ʩʣʦʡ ʢʚʘʨʮʘ (ʩʤ. ʨʠʩ; ʠʟʚʠʥʷʶʩʴ ʟʘ ʢʘʯʝʩʪʚʦ). 
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ɸʪʦʤʳ ʢʠʩʣʦʨʦʜʘ, ʧʦʤʝʯʝʥʥʳʝ ʢʨʘʩʥʳʤʠ ʪʦʯʢʘʤʠ, ʤʦʛʫʪ çʧʨʠʰʠʚʘʪʴʩʷè ʢ 

ʧʦʜʣʦʞʢʝ, ʥʘʧʨʠʤʝʨ, ʚʦʜʦʨʦʜʥʳʤʠ ʩʚʷʟʷʤʠ. ʕʪʦ ʤʦʛʫʪ ʙʳʪʴ ʚʦʦʙʱʝ ʘʪʦʤʳ ʜʨʫʛʦʛʦ 

ʵʣʝʤʝʥʪʘ, ʠʟ ʢʦʪʦʨʦʛʦ ʩʦʩʪʦʠʪ ʧʦʜʣʦʞʢʘ, ʥʦ ʤʳ ʚ ʨʘʩʯʸʪʘʭ ʙʫʜʝʤ ʩʯʠʪʘʪʴ, ʯʪʦ ʵʪʦ 

ʘʪʦʤʳ ʢʠʩʣʦʨʦʜʘ. 

ʇʫʩʪʴ ʚʳʨʘʱʝʥʦ N ʷʯʝʝʢ ʢʚʘʨʮʘ. ɽʩʣʠ ʤʳ ʠʤʝʝʤ ʜʝʣʦ ʩ ʦʜʥʠʤ ʩʣʦʝʤ ʷʯʝʝʢ, ʪʦ ʥʘ 

ʢʘʞʜʫʶ ʷʯʝʡʢʫ ʧʨʠʭʦʜʠʪʩʷ 4 ʘʪʦʤʘ ʢʨʝʤʥʠʷ (ʧʦ ʦʜʥʦʤʫ ʥʘ ʚʝʨʭʥʝʤ ʠ ʥʠʞʥʝʤ 

ʦʩʥʦʚʘʥʠʷʭ, ʧʦ ʦʜʥʦʤʫ ʥʘ ʙʦʢʦʚʳʭ ʛʨʘʥʷʭ, ʥʦ ʢʘʞʜʳʡ ʘʪʦʤ ʙʦʢʦʚʦʡ ʛʨʘʥʠ 

ʧʨʠʥʘʜʣʝʞʠʪ ʜʚʫʤ ʷʯʝʡʢʘʤ). ɽʩʣʠ ʞʝ ʤʳ ʠʤʝʝʤ ʜʝʣʦ ʩ ʪʦʣʩʪʳʤ ʩʣʦʝʤ ʢʚʘʨʮʘ, ʪʦ ʥʘ 

ʢʘʞʜʫʶ ʷʯʝʡʢʫ ʧʨʠʭʦʜʷʪʩʷ 3 ʘʪʦʤʘ ʢʨʝʤʥʠʷ (6 ʘʪʦʤʦʚ ʥʘ ʛʨʘʥʷʭ, ʥʦ ʢʘʞʜʳʡ 

ʧʨʠʥʘʜʣʝʞʠʪ ʦʜʥʦʚʨʝʤʝʥʥʦ ʜʚʫʤ ʷʯʝʡʢʘʤ). ɺ ʦʙʱʝʤ ʩʣʫʯʘʝ N ʷʯʝʝʢ ʢʚʘʨʮʘ 

ʩʦʜʝʨʞʘʪ Nq ʘʪʦʤʦʚ ʢʨʝʤʥʠʷ ʠ 2Nq ʘʪʦʤʦʚ ʢʠʩʣʦʨʦʜʘ, ʛʜʝ ʧʘʨʘʤʝʪʨ q ʧʨʠʥʠʤʘʝʪ 

ʟʥʘʯʝʥʠʷ ʦʪ 3 ʜʦ 4. ʇʦʣʥʘʷ ʤʘʩʩʘ ʢʨʠʩʪʘʣʣʘ ʨʘʚʥʘ 

021 )2( NqmmmNqM =+=
  (1) 

ʛʜʝ m1 ʠ m2 ï ʤʘʩʩʳ ʘʪʦʤʦʚ ʢʨʝʤʥʠʷ ʠ ʢʠʩʣʦʨʦʜʘ, mʦ ï ʤʘʩʩʘ ʩʦʝʜʠʥʝʥʠʷ SiO2. 

ʈʘʩʩʤʦʪʨʠʤ çʨʘʙʦʯʫʶ ʧʦʚʝʨʭʥʦʩʪʴè ʢʨʠʩʪʘʣʣʘ, ʥʘ ʢʦʪʦʨʦʡ ʙʫʜʝʪ ʠʜʪʠ ʘʜʩʦʨʙʮʠʷ 

(ʪ.ʝ. ʚʝʨʭʥʠʡ ʩʣʦʡ ʘʪʦʤʦʚ). ɺʠʜʠʤ, ʯʪʦ ʥʘ ʢʘʞʜʫʶ ʷʯʝʡʢʫ ʚʝʨʭʥʝʛʦ ʩʣʦʷ 

ʧʨʠʭʦʜʠʪʩʷ ʧʦ 2 çʨʘʙʦʯʠʭè ʘʪʦʤʘ ʢʠʩʣʦʨʦʜʘ (ʢʦʪʦʨʳʝ ʙʫʜʫʪ ʦʙʨʘʟʦʚʳʚʘʪʴ 

ʚʦʜʦʨʦʜʥʳʝ ʩʚʷʟʠ ʩ ʘʪʦʤʘʤʠ ʚ ʤʦʣʝʢʫʣʘʭ ʚʦʜʳ). ʅʘ ʩʣʝʜʫʶʱʝʤ ʨʠʩʫʥʢʝ 

ʠʟʦʙʨʘʞʝʥʘ ʧʨʦʝʢʮʠʷ ʚʝʨʭʥʝʛʦ ʩʣʦʷ ʘʪʦʤʦʚ ʥʘ ʛʦʨʠʟʦʥʪʘʣʴʥʫʶ ʧʣʦʩʢʦʩʪʴ. 

 

ʇʫʩʪʴ ʚ ʙʦʣʝʝ ʦʙʱʝʤ ʩʣʫʯʘʝ ʥʘ ʧʦʜʣʦʞʢʝ ʚʳʨʘʱʝʥʦ r ʦʜʠʥʘʢʦʚʳʭ ʩʣʦʸʚ ʙʝʟ 

ʜʝʬʝʢʪʦʚ. ʊʦʛʜʘ ʯʠʩʣʦ ʘʪʦʤʦʚ ʢʠʩʣʦʨʦʜʘ ʥʘ ʨʘʙʦʯʝʡ ʧʦʚʝʨʭʥʦʩʪʠ ʨʘʚʥʦ 2N/r. ɼʘʣʝʝ 

ʨʘʩʩʤʦʪʨʠʤ ʚʦʟʤʦʞʥʳʝ ʧʫʪʠ ʘʜʩʦʨʙʮʠʠ ʚʦʜʳ ʥʘ ʨʘʙʦʯʝʡ ʧʦʚʝʨʭʥʦʩʪʠ. ɺ 
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ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʩʦʦʪʥʦʰʝʥʠʡ ʨʘʟʤʝʨʦʚ ʤʦʣʝʢʫʣ ʤʦʞʝʪ ʨʝʘʣʠʟʦʚʘʪʴʩʷ ʦʜʠʥ ʠʟ 

ʧʦʢʘʟʘʥʥʳʭ ʥʠʞʝ ʩʣʫʯʘʝʚ. 

 

 

ɺ ʢʘʞʜʦʤ ʠʟ ʵʪʠʭ (ʠ ʥʝʩʢʦʣʴʢʠʭ ʜʨʫʛʠʭ ʚʦʟʤʦʞʥʳʭ) ʩʣʫʯʘʝʚ ʢ ʜʚʫʤ ʘʪʦʤʘʤ 

ʢʠʩʣʦʨʦʜʘ ʧʨʠʩʦʝʜʠʥʷʝʪʩʷ ʚʦʜʦʨʦʜʥʳʤʠ ʩʚʷʟʷʤʠ ʦʜʥʘ ʤʦʣʝʢʫʣʘ ʚʦʜʳ. ɿʥʘʯʠʪ, 

ʯʠʩʣʦ ʘʜʩʦʨʙʠʨʦʚʘʥʥʳʭ ʤʦʣʝʢʫʣ ʚʦʜʳ ʨʘʚʥʦ N/r. ɺʳʨʘʞʘʷ N ʠʟ ʬʦʨʤʫʣʳ (1), 

ʧʦʣʫʯʠʤ, ʯʪʦ ʯʠʩʣʦ ʘʜʩʦʨʙʠʨʦʚʘʥʥʳʭ ʤʦʣʝʢʫʣ ʚʦʜʳ ʨʘʚʥʦ 

0rqm

M
Q=

 

ʊʦʛʜʘ ʤʘʩʩʘ ʘʜʩʦʨʙʠʨʦʚʘʥʥʦʡ ʚʦʜʳ ʨʘʚʥʘ 

M
rqm

m
M ʚʦʜʳ
ʚʦʜʳ

0

=

 (2) 

ʛʜʝ mʚʦʜʳ ï ʤʘʩʩʘ ʤʦʣʝʢʫʣʳ ʚʦʜʳ, Mʚʦʜʳ ï ʧʦʣʥʘʷ ʤʘʩʩʘ ʘʜʩʦʨʙʠʨʦʚʘʥʥʦʡ ʚʦʜʳ. 

ɼʦʙʘʚʠʤ ʚ ʬʦʨʤʫʣʫ (2) ʝʱʸ ʦʜʠʥ ʧʘʨʘʤʝʪʨ. ʂʨʠʩʪʘʣʣ ʢʚʘʨʮʘ ʤʦʞʝʪ ʥʘʭʦʜʠʪʴʩʷ ʥʘ 

ʧʦʜʣʦʞʢʝ, ʥʦ ʝʩʣʠ ʦʥ ʜʦʩʪʘʪʦʯʥʦ ʪʦʣʩʪʳʡ, ʦʥ ʤʦʞʝʪ ʩʫʱʝʩʪʚʦʚʘʪʴ ʙʝʟ ʧʦʜʣʦʞʢʠ, ʠ 

ʪʦʛʜʘ ʧʣʦʱʘʜʴ ʨʘʙʦʯʝʡ ʧʦʚʝʨʭʥʦʩʪʠ ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʚʜʚʦʝ. ʇʦʵʪʦʤʫ ʠʤʝʝʤ: 



195 

 

M
rqm

m
M ʚʦʜʳ
ʚʦʜʳ

0

g=

 (3) 

ʛʜʝ ɔ ʧʨʠʥʠʤʘʝʪ ʟʥʘʯʝʥʠʝ 1, ʝʩʣʠ ʫ ʢʨʠʩʪʘʣʣʘ ʦʜʥʘ ʩʪʦʨʦʥʘ ʨʘʙʦʯʘʷ, ʠ 2, ʝʩʣʠ 2 

ʩʪʦʨʦʥʳ ʨʘʙʦʯʠʝ. ʆʪʤʝʪʠʤ ʪʘʢʞʝ, ʯʪʦ ʦʪʥʦʰʝʥʠʝ ʤʘʩʩ ʤʦʣʝʢʫʣ ʟʜʝʩʴ ï ʧʦʩʪʦʷʥʥʘʷ 

ʚʝʣʠʯʠʥʘ, ʠ ʦʥʘ ʨʘʚʥʘ mʚʦʜʳ/ mʦ = 0,3. ʇʦʵʪʦʤʫ ʟʘʧʠʰʝʤ (3) ʚ ʚʠʜʝ 

M
rq

Mʚʦʜʳ

g3,0
=

 (3ô) 

ʉʜʝʣʘʝʤ ʦʮʝʥʢʠ (M = 1 ʢʛ): 

ʇʨʠ r = 5; q = 3,5; ɔ = 1 ʠʤʝʝʤ Mʚʦʜʳ = 0,017 ʢʛ = 17 ʛ. 

ʇʨʠ r = 100; q = 3; ɔ = 2 ʠʤʝʝʤ Mʚʦʜʳ = 2 ʛ. 

ʇʨʠ r = 20; q = 3; ɔ = 2 ʠʤʝʝʤ Mʚʦʜʳ = 10 ʛ. 

ɺ ʵʪʠʭ ʨʘʩʯʸʪʘʭ ʧʨʝʜʧʦʣʘʛʘʣʦʩʴ, ʯʪʦ ʧʦʚʝʨʭʥʦʩʪʴ ʧʣʦʩʢʘʷ ʠ ʤʦʣʝʢʫʣʳ ʚʦʜʳ 

ʦʙʨʘʟʫʶʪ ʤʦʥʦʩʣʦʡ ʧʨʦʩʪʦʡ ʩʪʨʫʢʪʫʨʳ, ʧʦʢʘʟʘʥʥʦʡ ʥʘ ʧʨʝʜʳʜʫʱʝʡ ʩʝʨʠʠ 

ʨʠʩʫʥʢʦʚ. ʅʘ ʩʘʤʦʤ ʜʝʣʝ ʩʪʨʫʢʪʫʨʘ ʜʘʞʝ çʧʣʦʩʢʦʛʦè ʤʦʥʦʩʣʦʷ ʤʦʞʝʪ ʙʳʪʴ ʙʦʣʝʝ 

ʩʣʦʞʥʦʡ. ʅʘʧʨʠʤʝʨ, ʢ ʧʘʨʝ ʘʪʦʤʦʚ ʢʠʩʣʦʨʦʜʘ ʜʚʫʭ ʤʦʣʝʢʫʣ ʚʦʜʳ ʤʦʞʝʪ ʮʝʧʣʷʪʴʩʷ 

ʝʱʸ ʦʜʥʘ ʤʦʣʝʢʫʣʘ. ʀʣʠ, ʥʘʧʨʠʤʝʨ, ʤʦʣʝʢʫʣʘ ʚʦʜʳ ʤʦʞʝʪ ʩʮʝʧʣʷʪʴʩʷ ʥʝ ʩ ʜʚʫʤʷ, ʘ 

ʩ ʦʜʥʠʤ ʘʪʦʤʦʤ ʢʠʩʣʦʨʦʜʘ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʢʚʘʨʮʘ. ɽʩʣʠ ʵʪʦ ʪʘʢ, ʪʦ ʧʨʘʚʫʶ ʯʘʩʪʴ 

ʬʦʨʤʫʣʳ (3) ʥʫʞʥʦ ʫʤʥʦʞʠʪʴ ʥʘ ʢʦʵʬʬʠʮʠʝʥʪ Ŭ, ʟʥʘʯʝʥʠʷ ʢʦʪʦʨʦʛʦ ʧʨʷʜʢʘ 

ʥʝʩʢʦʣʴʢʠʭ ʝʜʠʥʠʮ: 

M
rq

Mʚʦʜʳ

ga3,0
=

 (3ôô) 

ʉʜʝʣʘʝʤ ʦʮʝʥʢʠ (M = 1 ʢʛ, Ŭ = 2): 

ʇʨʠ r = 5; q = 3,5; ɔ = 1 ʠʤʝʝʤ Mʚʦʜʳ = 0,034 ʢʛ = 34 ʛ. 

ʇʨʠ r = 100; q = 3; ɔ = 2 ʠʤʝʝʤ Mʚʦʜʳ = 4 ʛ. 

ʇʨʠ r = 20; q = 3; ɔ = 2 ʠʤʝʝʤ Mʚʦʜʳ = 20 ʛ. 

ɼʦ ʩʠʭ ʧʦʨ ʤʳ ʨʘʩʩʤʘʪʨʠʚʘʣʠ ʘʜʩʦʨʙʮʠʶ ʥʘ ʧʣʦʩʢʦʡ ʧʦʚʝʨʭʥʦʩʪʠ. ʆʯʝʚʠʜʥʦ, ʯʪʦ 

ʜʣʷ ʤʘʢʩʠʤʘʣʴʥʦʡ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʘʜʩʦʨʙʮʠʠ ʥʫʞʥʦ ʜʦʙʠʚʘʪʴʩʷ ʫʚʝʣʠʯʝʥʠʷ 

ʧʣʦʱʘʜʠ ʧʦʚʝʨʭʥʦʩʪʠ ʧʨʠ ʟʘʜʘʥʥʦʡ ʤʘʩʩʝ ʦʙʨʘʟʮʘ. ɺ ʩʣʫʯʘʝ ʪʦʥʢʦʛʦ ʧʣʦʩʢʦʛʦ 

ʦʙʨʘʟʮʘ ʧʣʦʱʘʜʴ ʩʪʨʝʤʠʪʩʷ ʢ ʤʘʢʩʠʤʫʤʫ, ʦʜʥʘʢʦ ʦʥʘ ʦʛʨʘʥʠʯʝʥʘ ʪʝʤ, ʯʪʦ ʢʨʠʩʪʘʣʣ 

ʥʝʣʴʟʷ ʩʜʝʣʘʪʴ ʩʣʠʰʢʦʤ ʪʦʥʢʠʤ (r = 1 ʧʨʠ ɔ = 2). 

2. ɺ ʩʣʫʯʘʝ ʢʨʠʩʪʘʣʣʘ ʩʣʦʞʥʦʡ ʬʦʨʤʳ, ʤʘʩʩʘ ʘʜʩʦʨʙʠʨʦʚʘʥʥʦʡ ʚʦʜʳ 

ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʘ ʥʝ ʤʘʩʩʝ ʦʙʨʘʟʮʘ, ʘ ʧʣʦʱʘʜʠ ʝʛʦ ʧʦʚʝʨʭʥʦʩʪʠ. ɺʳʚʝʜʝʤ ʬʦʨʤʫʣʫ 

ʜʣʷ ʵʪʦʛʦ ʩʣʫʯʘʷ. 
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ɺʚʝʜʸʤ ʨʘʩʩʪʦʷʥʠʝ ʤʝʞʜʫ ʘʪʦʤʘʤʠ ʚʦʜʦʨʦʜʘ ʚ ʤʦʣʝʢʫʣʝ ʚʦʜʳ L = 1,5Ŀ10
-10

 ʤ = 

15 ʥʤ; 

ɽʩʣʠ ʯʠʩʣʦ ʘʪʦʤʦʚ ʢʠʩʣʦʨʦʜʘ ʥʘ ʨʘʙʦʯʝʡ ʧʦʚʝʨʭʥʦʩʪʠ ʨʘʚʥʦ k, ʪʦ ʧʣʦʱʘʜʴ ʨʘʙʦʯʝʡ 

ʧʦʚʝʨʭʥʦʩʪʠ, ʢʘʢ ʚʠʜʥʦ ʠʟ ʨʠʩʫʥʢʦʚ, ʨʘʚʥʘ  

24

3
6 2 k

LS Ö=
 (4) 

(ʧʦʚʝʨʭʥʦʩʪʴ ʩʦʩʪʦʠʪ ʠʟ çʩʦʪè ï ʧʨʘʚʠʣʴʥʳʭ ʰʝʩʪʠʫʛʦʣʴʥʠʢʦʚ; ʢʘʞʜʘʷ ʩʦʪʘ 

ʩʦʩʪʦʠʪ ʠʟ 6 ʧʨʘʚʠʣʴʥʳʭ ʪʨʝʫʛʦʣʴʥʠʢʦʚ; ʧʣʦʱʘʜʴ ʧʨʘʚʠʣʴʥʦʛʦ ʪʨʝʫʛʦʣʴʥʠʢʘ 2

4

3
L

, ʠ ʩʦʪ ʚ 2 ʨʘʟʘ ʤʝʥʴʰʝ, ʯʝʤ ʘʪʦʤʦʚ ʢʠʩʣʦʨʦʜʘ ʥʘ ʨʘʙʦʯʝʡ ʧʦʚʝʨʭʥʦʩʪʠ). ʉ ʜʨʫʛʦʡ 

ʩʪʦʨʦʥʳ, k/2 ï ʯʠʩʣʦ ʘʜʩʦʨʙʠʨʦʚʘʥʥʳʭ ʤʦʣʝʢʫʣ ʚʦʜʳ. ɺʳʨʘʟʠʤ k/2: 

236

4

2 L

Sk
=

 

ʋʤʥʦʞʠʚ ʵʪʫ ʚʝʣʠʯʠʥʫ ʥʘ ʤʘʩʩʫ ʤʦʣʝʢʫʣʳ ʚʦʜʳ ʠ ʢʦʵʬʬʠʮʠʝʥʪ Ŭ, ʧʦʣʫʯʠʤ 

ʧʦʣʥʫʶ ʤʘʩʩʫ ʘʜʩʦʨʙʠʨʦʚʘʥʥʦʡ ʚʦʜʳ: 

S
L

m
M

2

ʚʦʜʳ

ʚʦʜʳ
36

4a
=

  (5) 

ʛʜʝ, ʥʘʧʦʤʥʠʤ, mʚʦʜʳ ï ʤʘʩʩʘ ʤʦʣʝʢʫʣʳ ʚʦʜʳ. 

ɽʩʣʠ ʧʦʚʝʨʭʥʦʩʪʴ ʥʝʨʦʚʥʘʷ (ʩʠʣʴʥʦ ʦʪʣʠʯʘʝʪʩʷ ʦʪ ʧʣʦʩʢʦʩʪʠ), ʪʦ ʚ ʬʦʨʤʫʣʫ (5) 

ʩʣʝʜʫʝʪ ʝʱʸ ʜʦʙʘʚʠʪʴ çʢʦʵʬʬʠʮʠʝʥʪ ʢʨʠʚʠʟʥʳè ʧʦʚʝʨʭʥʦʩʪʠ ɜ, ʢʦʪʦʨʳʡ ʤʦʞʥʦ 

ʦʮʝʥʠʪʴ ʢʘʢ ʨʘʩʩʪʦʷʥʠʝ L ʤʝʞʜʫ ʘʪʦʤʘʤʠ ʚʦʜʦʨʦʜʘ ʚ ʧʨʦʩʪʨʘʥʩʪʚʝ, ʜʝʣʸʥʥʦʝ ʥʘ 

ʢʨʘʪʯʘʡʰʝʝ ʨʘʩʩʪʦʷʥʠʝ L' ʤʝʞʜʫ ʪʝʤʠ ʞʝ ʘʪʦʤʘʤʠ, ʧʨʦʭʦʜʠʤʦʝ ʧʦ ʧʦʚʝʨʭʥʦʩʪʠ. 

ʊʦʛʜʘ ʬʦʨʤʫʣʘ ʚ ʩʘʤʦʤ ʦʙʱʝʤ ʚʠʜʝ ʟʘʧʠʩʳʚʘʝʪʩʷ ʢʘʢ ʠʥʪʝʛʨʘʣ ʧʦ ʧʦʚʝʨʭʥʦʩʪʠ: 

ñÖ=
S

dS
L

m
M n

a
2

ʚʦʜʳ

ʚʦʜʳ
36

4

 (6) 
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ʄʘʛʥʠʪʥʳʝ ʥʘʥʦʩʠʩʪʝʤʳ (2008, ʬʠʟʠʢʘ) 

ʄʘʢʝʝʚʘ ɽʢʘʪʝʨʠʥʘ ɸʥʘʪʦʣʴʝʚʥʘ 

 

ʅʘʥʦʩʪʨʫʢʪʫʨʥʦʝ ʩʦʩʪʦʷʥʠʝ ʚʣʠʷʝʪ ʥʘ ʩʚʦʡʩʪʚʘ ʬʝʨʨʦʤʘʛʥʝʪʠʢʦʚ. ɺ ʤʘʢʨʦʦʙʲʝʧʤʝ 

ʬʝʨʨʦʤʘʛʥʠʪʥʳʝ ʤʘʪʝʨʠʘʣʳ ʠʤʝʶʪ ʜʦʤʝʥʥʫʶ ʩʪʨʫʢʪʫʨʫ, ʢʦʪʦʨʘʷ ʚʦʟʥʠʢʘʝʪ ʚ ʨʝʟʫʣʴʪʘʪʝ 

ʤʠʥʠʤʠʟʘʮʠʠ ʩʫʤʤʘʨʥʦʡ ʵʥʝʨʛʠʠ ʬʝʨʨʦʤʘʛʥʝʪʠʢʦʚ ʚ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ. ɿʘʤʳʢʘʥʠʝ 

ʤʘʛʥʠʪʥʳʭ ʧʦʪʦʢʦʚ ʜʦʤʝʥʦʚ, ʨʘʩʧʦʣʦʞʝʥʥʳʭ ʚʜʦʣʴ ʦʩʝʡ ʣʝʛʢʦʛʦ ʥʘʤʘʛʥʠʯʠʚʘʥʠʷ, 

ʩʥʠʞʘʝʪ ʤʘʛʥʠʪʦʩʪʘʪʠʯʝʩʢʫʶ ʵʥʝʨʛʠʶ, ʪʦʛʜʘ ʢʘʢ ʣʶʙʳʝ ʥʘʨʫʰʝʥʠʷ ʦʜʥʦʨʦʜʥʦʩʪʠ 

ʬʝʨʨʦʤʘʛʥʝʪʠʢʘ (ʛʨʘʥʠʮʳ ʨʘʟʜʝʣʘ) ʫʚʝʣʠʯʠʚʘʶʪ ʝʛʦ ʚʥʫʪʨʝʥʥʶʶ ʵʥʝʨʛʠʶ. ʇʨʠ 

ʫʤʝʥʴʰʝʥʠʠ ʨʘʟʤʝʨʘ ʬʝʨʨʦʤʘʛʥʝʪʠʢʘ ʟʘʤʳʢʘʥʠʝ ʤʘʛʥʠʪʥʳʭ ʧʦʪʦʢʦʚ ʚʥʫʪʨʠ ʥʝʛʦ 

ʦʢʘʟʳʚʘʝʪʩʷ ʚʩʝ ʤʝʥʝʝ ʚʳʛʦʜʥʳʤ ʵʥʝʨʛʝʪʠʯʝʩʢʠ. ʇʦʢʘ ʬʝʨʨʦʤʘʛʥʠʪʥʘʷ ʯʘʩʪʠʮʘ ʠʤʝʝʪ 

ʤʥʦʛʦʜʦʤʝʥʥʫʶ ʩʪʨʫʢʪʫʨʫ, ʝʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʩ ʚʥʝʰʥʠʤ ʤʘʛʥʠʪʥʳʤ ʧʦʣʝʤ ʩʚʦʜʠʪʩʷ ʢ 

ʩʤʝʱʝʥʠʶ ʛʨʘʥʠʯʥʦʛʦ ʩʣʦʷ (ʩʪʝʥʢʠ) ʤʝʞʜʫ ʜʦʤʝʥʘʤʠ. ʇʦ ʤʝʨʝ ʧʨʠʙʣʠʞʝʥʠʷ 

ʬʝʨʨʦʤʘʛʥʠʪʥʳʭ ʯʘʩʪʠʮ ʢ ʦʜʥʦʜʦʤʝʥʥʦʤʫ ʩʦʩʪʦʷʥʠʶ ʦʩʥʦʚʥʳʤ ʤʝʭʘʥʠʟʤʦʤ 

ʧʝʨʝʤʘʛʥʠʯʠʚʘʥʠʷ ʩʪʘʥʦʚʠʪʩʷ ʩʦʛʣʘʩʦʚʘʥʥʦʝ ʚʨʘʱʝʥʠʝ ʙʦʣʴʰʠʥʩʪʚʘ ʤʘʛʥʠʪʥʳʭ ʤʦʤʝʥʪʦʚ 

ʦʪʜʝʣʴʥʳʭ ʘʪʦʤʦʚ. ʇʨʠ ʜʦʩʪʠʞʝʥʠʠ ʥʝʢʦʪʦʨʦʛʦ ʢʨʠʪʠʯʝʩʢʦʛʦ ʨʘʟʤʝʨʘ Dcrit ʯʘʩʪʠʮʳ 

ʩʪʘʥʦʚʷʪʩʷ ʦʜʥʦʜʦʤʝʥʥʳʤʠ, ʯʪʦ ʩʦʧʨʦʚʦʞʜʘʝʪʩʷ ʫʚʝʣʠʯʝʥʠʝʤ ʢʦʵʨʮʠʪʠʚʥʦʡ ʩʠʣʳ ʜʦ 

ʤʘʢʩʠʤʘʣʴʥʦʛʦ ʟʥʘʯʝʥʠʷ Hc,max (ʜʣʷ ʧʝʨʝʤʘʛʥʠʯʠʚʘʥʠʷ ʦʜʥʦʜʦʤʝʥʥʦʡ ʩʬʝʨʠʯʝʩʢʦʡ 

ʯʘʩʪʠʮʳ ʧʫʪʝʤ ʢʦʛʝʨʝʥʪʥʦʛʦ ʚʨʘʱʝʥʠʷ ʥʫʞʥʦ ʧʨʠʣʦʞʠʪʴ ʦʙʨʘʪʥʦʝ ʤʘʛʥʠʪʥʦʝ ʧʦʣʝ Hc,max). 

ɼʘʣʴʥʝʡʰʝʝ ʫʤʝʥʴʰʝʥʠʝ ʨʘʟʤʝʨʘ ʯʘʩʪʠʮ ʧʨʠʚʦʜʠʪ ʢ ʨʝʟʢʦʤʫ ʧʘʜʝʥʠʶ ʢʦʵʨʮʠʪʠʚʥʦʡ ʩʠʣʳ 

ʜʦ ʥʫʣʷ ʚʩʣʝʜʩʪʚʠʝ ʧʝʨʝʭʦʜʘ ʚ ʩʫʧʝʨʧʘʨʘʤʘʛʥʠʪʥʦʝ ʩʦʩʪʦʷʥʠʝ. 

ʋʩʣʦʚʠʝʤ ʜʣʷ ʧʝʨʝʭʦʜʘ ʚ ʩʫʧʝʨʧʘʨʘʤʘʛʥʠʪʥʦʝ ʩʦʩʪʦʷʥʠʝ ʷʚʣʷʝʪʩʷ ʧʨʝʦʙʣʘʜʘʥʠʝ ʵʥʝʨʛʠʠ 

ʪʝʧʣʦʚʦʛʦ ʜʚʠʞʝʥʠʷ ʯʘʩʪʠʮ kT ʥʘʜ ʵʥʝʨʛʠʝʡ ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ ʯʘʩʪʠʮʳ (KV, ʛʜʝ ʂ ï 

ʢʦʥʩʪʘʥʪʘ ʘʥʠʟʦʪʨʦʧʠʠ ʢʦʥʢʨʝʪʥʦʛʦ ʤʘʪʝʨʠʘʣʘ, V ï ʦʙʲʸʤ ʯʘʩʪʠʮʳ). 
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ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʚʘʨʴʠʨʫʷ ʨʘʟʤʝʨ ʯʘʩʪʠʮ ʤʘʪʝʨʠʘʣʘ, ʤʦʞʥʦ ʣʠʙʦ ʧʦʣʫʯʘʪʴ ʯʘʩʪʠʮʳ ʩ 

ʨʘʟʤʝʨʘʤʠ, ʙʣʠʟʢʠʤʠ ʢ Dcrit ʠ ʤʘʢʩʠʤʘʣʴʥʳʤ ʟʥʘʯʝʥʠʝʤ ʢʦʵʨʮʠʪʠʚʥʦʡ ʩʠʣʳ, ʣʠʙʦ ʙʨʘʪʴ 

ʤʝʥʴʰʠʝ ʯʘʩʪʠʮʳ ʠ ʧʦʣʫʯʘʪʴ ʤʘʛʥʠʪʦʤʷʛʢʠʝ ʤʘʪʝʨʠʘʣʳ. 

 

ɽʚʪʫʰʝʥʢʦ ɽʚʛʝʥʠʡ ɻʝʥʥʘʜʠʝʚʠʯ 

ʅʝʙʦʣʴʰʦʝ ʧʨʝʜʠʩʣʦʚʠʝ. ʅʝʢʦʪʦʨʳʝ ʬʨʘʛʤʝʥʪʳ ʵʪʦʛʦ ʨʝʰʝʥʠʷ ʙʳʣʠ ʚʟʷʪʳ ʤʥʦʡ ʠʟ ʤʦʝʛʦ 

ʨʝʰʝʥʠʷ ʧʨʦʰʣʦʛʦʜʥʝʡ ʟʘʜʘʯʠ ʦ ʤʘʛʥʠʪʥʳʭ ʥʘʥʦʯʘʩʪʠʮʘʭ. ʆʜʥʘʢʦ, ʩ ʫʯʝʪʦʤ ʪʦʛʦ, ʯʪʦ 

ʠʤʝʥʥʦ ʤʦʡ ʪʝʢʩʪ ʧʦʧʘʣ ʚ ʦʧʫʙʣʠʢʦʚʘʥʥʳʡ ʩʙʦʨʥʠʢ ʨʝʰʝʥʠʡ, ʧʨʝʜʚʠʞʫ, ʯʪʦ ʪʦʪ ʞʝ ʪʝʢʩʪ 

ʠ ʠʣʣʶʩʪʨʘʮʠʠ ʤʦʛʫʪ ʧʦʷʚʠʪʴʩʷ ʝʱʝ ʫ ʨʷʜʘ ʫʯʘʩʪʥʠʢʦʚ. 

ʂʦʵʨʮʠʪʠʚʥʘʷ ʩʠʣʘ ʝʩʪʴ ʪʘʢʦʝ ʨʘʟʤʘʛʥʠʯʠʚʘʶʱʝʝ ʤʘʛʥʠʪʥʦʝ ʧʦʣʝ ʥʘʧʨʷʞʝʥʥʦʩʪʴʶ H, 

ʢʦʪʦʨʦʝ ʥʝʦʙʭʦʜʠʤʦ ʧʨʠʣʦʞʠʪʴ ʢ ʬʝʨʨʦʤʘʛʥʠʪʥʦʤʫ ʦʙʨʘʟʮʫ, ʧʨʝʜʚʘʨʠʪʝʣʴʥʦ 

ʥʘʤʘʛʥʠʯʝʥʥʦʤʫ ʜʦ ʥʘʩʳʱʝʥʠʷ, ʯʪʦʙʳ ʜʦʚʝʩʪʠ ʜʦ ʥʫʣʷ ʝʛʦ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʴ I. 

ʈʘʩʩʤʦʪʨʠʤ ʢʘʯʝʩʪʚʝʥʥʦ ʧʨʦʮʝʩʩʳ ʠʟʤʝʥʝʥʠʷ ʜʦʤʝʥʥʦʡ ʩʪʨʫʢʪʫʨʳ ʬʝʨʨʦʤʘʛʥʝʪʠʢʘ ʧʨʠ 

ʫʤʝʥʴʰʝʥʠʠ ʨʘʟʤʝʨʘ ʯʘʩʪʠʮ (ʢʦʣʠʯʝʩʪʚʝʥʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʧʨʠʚʝʜʝʥʳ ʚ ʧʨʠʣʦʞʝʥʠʠ). 

ɼʦʤʝʥʥʘʷ ʩʪʨʫʢʪʫʨʘ ʤʘʩʩʠʚʥʦʛʦ ʬʝʨʨʦʤʘʛʥʝʪʠʢʘ ʚʦʟʥʠʢʘʝʪ ʚ ʨʝʟʫʣʴʪʘʪʝ ʤʠʥʠʤʠʟʘʮʠʠ 

ʩʫʤʤʘʨʥʦʡ ʵʥʝʨʛʠʠ, ʚ ʢʦʪʦʨʫʶ ʚʭʦʜʷʪ: ʦʙʤʝʥʥʘʷ ʵʥʝʨʛʠʷ, ʤʠʥʠʤʘʣʴʥʘʷ ʧʨʠ ʧʘʨʘʣʣʝʣʴʥʦʤ 

ʨʘʩʧʦʣʦʞʝʥʠʠ ʩʧʠʥʦʚ ʵʣʝʢʪʨʦʥʦʚ; ʵʥʝʨʛʠʷ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʦʡ ʘʥʠʟʦʪʨʦʧʠʠ, 

ʦʙʫʩʣʦʚʣʝʥʥʦʡ ʩʫʱʝʩʪʚʦʚʘʥʠʝʤ ʚ ʢʨʠʩʪʘʣʣʝ ʦʩʝʡ çʣʝʛʢʦʛʦè ʠ çʪʨʫʜʥʦʛʦè 

ʥʘʤʘʛʥʠʯʠʚʘʥʠʷ; ʤʘʛʥʠʪʦʩʪʘʪʠʯʝʩʢʘʷ ʵʥʝʨʛʠʷ, ʩʚʷʟʘʥʥʘʷ ʩ ʥʘʣʠʯʠʝʤ ʤʘʛʥʠʪʥʳʭ ʧʦʣʶʩʦʚ 

ʚʥʫʪʨʠ ʠ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʦʙʨʘʟʮʘ; ʤʘʛʥʠʪʦʩʪʨʠʢʮʠʦʥʥʘʷ ʵʥʝʨʛʠʷ, ʚʳʟʚʘʥʥʘʷ ʩʪʨʝʤʣʝʥʠʝʤ 

ʜʦʤʝʥʦʚ ʠʟʤʝʥʠʪʴ ʩʚʦʶ ʜʣʠʥʫ. ɿʘʤʳʢʘʥʠʝ ʤʘʛʥʠʪʥʳʭ ʧʦʪʦʢʦʚ ʜʦʤʝʥʦʚ ʫʤʝʥʴʰʘʝʪ ʯʠʩʣʦ 

ʧʦʣʶʩʦʚ ʚ ʦʙʨʘʟʮʝ ʠ ʩʚʷʟʘʥʥʫʶ ʩ ʵʪʠʤ ʤʘʛʥʠʪʦʩʪʘʪʠʯʝʩʢʫʶ ʵʥʝʨʛʠʶ. 

ɼʦʤʝʥʳ, ʢʦʪʦʨʳʝ ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʦʙʣʘʩʪʠ ʬʝʨʨʦʤʘʛʥʝʪʠʢʘ, ʩʧʦʥʪʘʥʥʦ 

ʥʘʤʘʛʥʠʯʝʥʥʳʝ ʜʦ ʥʘʩʳʱʝʥʠʷ, ʨʘʩʧʦʣʘʛʘʶʪʩʷ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʚʜʦʣʴ ʥʘʧʨʘʚʣʝʥʠʡ çʣʝʛ 

ʢʦʛʦè ʥʘʤʘʛʥʠʯʠʚʘʥʠʷ.  

 

ʇʨʠ ʫʤʝʥʴʰʝʥʠʠ ʜʠʘʤʝʪʨʘ ʯʘʩʪʠʮʳ ʤʘʛʥʠʪʦʩʪʘʪʠʯʝʩʢʘʷ ʵʥʝʨʛʠʷ, ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʘʷ 

ʦʙʲʝʤʫ, ʫʙʳʚʘʝʪ ʙʳʩʪʨʝʝ, ʯʝʤ ʵʥʝʨʛʠʷ ʛʨʘʥʠʮʳ ʤʝʞʜʫ ʜʦʤʝʥʘʤʠ, ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʘʷ 
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ʧʦʚʝʨʭʥʦʩʪʠ, ʇʦʵʪʦʤʫ ʜʦʩʪʘʪʦʯʥʦ ʤʘʣʳʝ ʯʘʩʪʠʮʳ ʬʝʨʨʦʤʘʛʥʝʪʠʢʘ ʜʦʣʞʥʳ ʩʪʘʥʦʚʠʪʴʩʷ 

ʦʜʥʦʜʦʤʝʥʥʳʤʠ. 

ʆʜʥʦʜʦʤʝʥʥʘʷ ʯʘʩʪʠʮʘ ʧʨʠ ʜʘʣʴʥʝʡʰʝʤ ʫʤʝʥʴʰʝʥʠʠ ʨʘʟʤʝʨʦʚ ʧʨʦʜʦʣʞʘʝʪ ʩʦʭʨʘʥʷʪʴ 

ʦʜʥʦʨʦʜʥʫʶ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʴ, ʪʘʢ ʢʘʢ ʘʪʦʤʥʳʝ ʤʦʤʝʥʪʳ ʫʜʝʨʞʠʚʘʶʪʩʷ ʦʙʤʝʥʥʳʤʠ 

ʩʠʣʘʤʠ ʚ ʧʘʨʘʣʣʝʣʴʥʦʤ ʨʘʩʧʦʣʦʞʝʥʠʠ. ʆʜʥʘʢʦ ʩ ʫʤʝʥʴʰʝʥʠʝʤ ʦʙʲʝʤʘ ʯʘʩʪʠʮʳ ʚʦʟʨʘʩʪʘʝʪ 

ʚʝʨʦʷʪʥʦʩʪʴ ʩʧʦʥʪʘʥʥʦʡ ʪʝʧʣʦʚʦʡ ʨʘʟʦʨʠʝʥʪʘʮʠʠ ʩʫʤʤʘʨʥʳʭ ʤʘʛʥʠʪʥʳʭ ʤʦʤʝʥʪʦʚ 

ʦʪʜʝʣʴʥʳʭ ʯʘʩʪʠʮ. ʕʪʦʪ ʧʨʦʮʝʩʩ ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ ʥʝʢʦʪʦʨʳʤ ʵʥʝʨʛʝʪʠʯʝʩʢʠʤ ʙʘʨʴʝʨʦʤ, 

ʚʝʣʠʯʠʥʘ ʢʦʪʦʨʦʛʦ ʧʨʷʤʦ ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʘ ʦʙʲʝʤʫ ʯʘʩʪʠʮʳ. ɼʣʷ ʥʘʥʦʯʘʩʪʠʮ ʤʘʣʳʭ 

ʨʘʟʤʝʨʦʚ (ʧʦʨʷʜʢʘ ʜʝʩʷʪʢʦʚ ʥʤ) ʧʨʦʮʝʩʩ ʩʧʦʥʪʘʥʥʦʡ ʨʘʟʦʨʠʝʥʪʘʮʠʠ ʧʨʦʠʩʭʦʜʠʪ ʟʘ 

ʚʨʝʤʝʥʘ ʧʦʨʷʜʢʘ ʤʠʣʣʠʩʝʢʫʥʜ, ʪʘʢʠʤ ʦʙʨʘʟʦʤ ʤʘʣʳʝ ʯʘʩʪʠʮʳ ʬʝʨʨʦʤʘʛʥʝʪʠʢʘ ʙʫʜʫʪ 

ʦʙʥʘʨʫʞʠʚʘʪʴ ʩʫʧʝʨʧʘʨʘʤʘʛʥʠʪʥʳʝ ʩʚʦʡʩʪʚʘ. 

ʉʭʝʤʘʪʠʯʝʩʢʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʢʦʵʨʮʠʪʠʚʥʦʡ ʩʠʣʳ ʦʪ ʜʠʘʤʝʪʨʘ ʯʘʩʪʠʮ ʧʨʝʜʩʪʘʚʣʝʥʘ ʥʘ 

ʨʠʩʫʥʢʝ. ʈʘʟʤʘʛʥʠʯʠʚʘʥʠʝ ʤʥʦʛʦʜʦʤʝʥʥʦʛʦ ʦʙʲʝʤʥʦʛʦ ʤʘʪʝʨʠʘʣʘ ʧʨʦʠʩʭʦʜʠʪ ʟʘ ʩʯʝʪ 

ʜʚʠʞʝʥʠʷ ʜʦʤʝʥʥʳʭ ʛʨʘʥʠʮ, ʧʦʵʪʦʤʫ ʜʣʷ ʦʩʫʱʝʩʪʚʣʝʥʠʷ ʜʘʥʥʦʛʦ ʧʨʦʮʝʩʩʘ ʥʝʦʙʭʦʜʠʤʦ 

ʧʦʣʝ ʦʪʥʦʩʠʪʝʣʴʥʦ ʥʝʙʦʣʴʰʦʡ ʥʘʧʨʷʞʝʥʥʦʩʪʠ. ʇʨʠ ʧʨʠʙʣʠʞʝʥʠʠ ʢ ʦʙʣʘʩʪʠ 

ʦʜʥʦʜʦʤʝʥʥʦʩʪʠ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʳʤ ʤʝʭʘʥʠʟʤʦʤ ʨʘʟʤʘʛʥʠʯʠʚʘʥʠʷ ʩʪʘʥʦʚʠʪʩʷ 

ʢʦʛʝʨʝʥʪʥʦʝ ʚʨʘʱʝʥʠʝ ʩʧʠʥʦʚ, ʢʦʪʦʨʦʝ ʜʣʷ ʦʜʥʦʜʦʤʝʥʥʦʛʦ ʦʙʨʘʟʮʘ ʩʪʘʥʦʚʠʪʩʷ 

ʝʜʠʥʩʪʚʝʥʥʦ ʚʦʟʤʦʞʥʳʤ ʤʝʭʘʥʠʟʤʦʤ ʨʘʟʤʘʛʥʠʯʠʚʘʥʠʷ. ʕʪʦ ʧʨʦʮʝʩʩ ʟʘʪʨʫʜʥʝʥ, ʪ.ʢ. ʝʤʫ 

ʧʨʝʧʷʪʩʪʚʫʝʪ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʘʷ ʘʥʠʟʦʪʨʦʧʠʷ ʠ ʘʥʠʟʦʪʨʦʧʠʷ ʬʦʨʤʳ ʯʘʩʪʠʮ, ʧʦʵʪʦʤʫ 

ʧʨʠ ʦʧʨʝʜʝʣʝʥʥʦʤ ʨʘʟʤʝʨʝ ʥʘʥʦʯʘʩʪʠʮ ʢʦʵʨʮʠʪʠʚʥʘʷ ʩʠʣʘ ʧʨʦʭʦʜʠʪ ʯʝʨʝʟ ʤʘʢʩʠʤʫʤ. ʇʨʠ 

ʜʘʣʴʥʝʡʰʝʤ ʫʤʝʥʴʰʝʥʠʠ ʨʘʟʤʝʨʘ, ʢʘʢ ʫʞʝ ʙʳʣʦ ʩʢʘʟʘʥʦ, ʧʨʦʠʩʭʦʜʠʪ ʩʢʘʯʢʦʦʙʨʘʟʥʳʡ 

ʧʝʨʝʭʦʜ ʢ ʩʧʦʥʪʘʥʥʦʤʫ ʨʘʟʤʘʛʥʠʯʠʚʘʥʠʶ ʦʙʨʘʟʮʘ ʟʘ ʩʯʝʪ ʪʝʧʣʦʚʦʡ ʨʘʟʦʨʠʝʥʪʘʮʠʠ 

ʩʫʤʤʘʨʥʳʭ ʤʘʛʥʠʪʥʳʭ ʤʦʤʝʥʪʦʚ ʦʪʜʝʣʴʥʳʭ ʯʘʩʪʠʮ, ʪ.ʝ. ʦʙʨʘʟʝʮ ʩʪʘʥʦʚʠʪʩʷ 

çʩʫʧʝʨʧʘʨʘʤʘʛʥʠʪʥʳʤè. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʚʘʨʴʠʨʫʷ ʨʘʟʤʝʨ ʥʘʥʦʯʘʩʪʠʮ ʬʝʨʨʦʤʘʛʥʝʪʠʢʘ, ʤʦʞʥʦ ʧʦʣʫʯʘʪʴ ʤʘʪʝʨʠʘʣʳ 

ʢʘʢ ʩ ʧʦʚʳʰʝʥʥʳʤʠ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʤʘʩʩʠʚʥʳʤ ʦʙʨʘʟʮʦʤ ʟʥʘʯʝʥʠʷʤʠ ʢʦʵʨʮʠʪʠʚʥʦʡ ʩʠʣʳ 

(ʚ ʦʙʣʘʩʪʠ, ʙʣʠʟʢʦʡ ʢ ʤʘʢʩʠʤʫʤʫ ʢʨʠʚʦʡ, ʪ.ʝ. ʦʙʣʘʩʪʠ ʦʜʥʦʜʦʤʝʥʥʳʭ ʯʘʩʪʠʮ), ʪʘʢ ʠ ʩ 

ʧʦʥʠʞʝʥʥʳʤ ʟʥʘʯʝʥʠʝʤ Hc (ʜʣʷ ʦʜʥʦʜʦʤʝʥʥʳʭ ʯʘʩʪʠʮ, ʙʣʠʟʢʠʭ ʢ ʩʦʩʪʦʷʥʠʶ 

çʩʫʧʝʨʧʘʨʘʤʘʛʥʠʪʥʦʩʪʠè). 

 

ʇʨʠʣʦʞʝʥʠʝ 

ʈʘʩʩʤʦʪʨʠʤ ʢʦʣʠʯʝʩʪʚʝʥʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʧʝʨʝʭʦʜʦʚ, ʦʧʠʩʘʥʥʳʭ ʚ ʪʝʢʩʪʝ ʨʝʰʝʥʠʷ. 

ɿʥʘʯʝʥʠʝ ʧʨʝʜʝʣʴʥʦʛʦ, ʠʣʠ ʢʨʠʪʠʯʝʩʢʦʛʦ ʨʘʜʠʫʩʘ, Rc, ʧʨʠ ʢʦʪʦʨʦʤ ʝʱʝ ʩʦʭʨʘʥʷʝʪʩʷ 

ʦʜʥʦʨʦʜʥʘʷ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʴ, ʠʤʝʝʪ ʚʠʜ: 

Rc å 0.95/IsĀ(10ĀA)
1/2
Ā[Q ï 2ĀK/Is

2
 ï H/Is]

-1/2
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ʛʜʝ Is ï ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʴ ʥʘʩʳʱʝʥʠʷ; ɸ ï ʧʘʨʘʤʝʪʨ ʦʙʤʝʥʥʦʡ ʵʥʝʨʛʠʠ; ʂ ï ʢʦʥʩʪʘʥʪʘ 

ʘʥʠʟʦʪʨʦʧʠʠ; Q ï ʨʘʟʤʘʛʥʠʯʠʚʘʶʱʠʡ ʬʘʢʪʦʨ; ʅ ï ʥʘʧʨʷʞʝʥʥʦʩʪʴ ʧʦʣʷ. 

ʏʘʩʪʠʮʘ ʩ ʨʘʜʠʫʩʦʤ, ʫʜʦʚʣʝʪʚʦʨʷʶʱʠʤ ʜʘʥʥʦʤʫ ʫʨʘʚʥʝʥʠʶ, ʧʨʠ ʚʩʝʭ ʟʥʘʯʝʥʠʷʭ ʧʦʣʷ 

H > ï2ĀK/Is ʦʩʪʘʝʪʩʷ ʦʜʥʦʜʦʤʝʥʥʦʡ. ʋʩʣʦʚʠʝ ʘʙʩʦʣʶʪʥʦʡ ʦʜʥʦʜʦʤʝʥʥʦʩʪʠ: 

R < Rc å 0.95/IsĀ[10ĀcĀz
2
ĀA/(aʦĀQR)]

1/2
 

ʛʜʝ ʩ = 1/2, 1 ʠ 2 ʜʣʷ ʧʨʦʩʪʦʡ ʢʫʙʠʯʝʩʢʦʡ, ʆʎʂ ʠ ɻʎʂ ʨʝʰʝʪʦʢ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ; z ï ʯʠʩʣʦ 

ʥʝʢʦʤʧʝʥʩʠʨʦʚʘʥʥʳʭ ʩʧʠʥʦʚ ʥʘ ʘʪʦʤ; ɸ ï ʦʙʤʝʥʥʳʡ ʠʥʪʝʛʨʘʣ; aʦ ï ʧʘʨʘʤʝʪʨ 

ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʝʪʢʠ; QR ï ʨʘʟʤʘʛʥʠʯʠʚʘʶʱʠʡ ʬʘʢʪʦʨ ʦʜʥʦʜʦʤʝʥʥʦʛʦ ʵʣʣʠʧʩʦʠʜʘ 

ʚʜʦʣʴ ʢʦʨʦʪʢʦʡ ʦʩʠ. 

ʇʦ ʤʝʨʝ ʧʨʠʙʣʠʞʝʥʠʷ ʬʝʨʨʦʤʘʛʥʠʪʥʳʭ ʯʘʩʪʠʮ ʢ ʦʜʥʦʜʦʤʝʥʥʦʤʫ ʩʦʩʪʦʷʥʠʶ 

ʧʨʝʦʙʣʘʜʘʶʱʠʤ ʤʝʭʘʥʠʟʤʦʤ ʧʝʨʝʤʘʛʥʠʯʠʚʘʥʠʷ ʩʪʘʥʦʚʠʪʩʷ ʧʨʦʮʝʩʩ ʩʠʥʭʨʦʥʥʦʛʦ 

(ʢʦʛʝʨʝʥʪʥʦʛʦ) ʚʨʘʱʝʥʠʷ ʙʦʣʴʰʠʥʩʪʚʘ ʠʥʜʠʚʠʜʫʘʣʴʥʳʭ ʘʪʦʤʥʳʭ ʤʘʛʥʠʪʥʳʭ ʤʦʤʝʥʪʦʚ. 

ʕʪʦʤʫ ʧʨʦʮʝʩʩʫ ʧʨʝʧʷʪʩʪʚʫʝʪ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʘʷ ʘʥʠʟʦʪʨʦʧʠʷ ʠ ʘʥʠʟʦʪʨʦʧʠʷ ʬʦʨʤʳ 

ʯʘʩʪʠʮ. ʏʪʦʙʳ ʧʝʨʝʤʘʛʥʠʪʠʪʴ ʦʜʥʦʜʦʤʝʥʥʫʶ ʩʬʝʨʠʯʝʩʢʫʶ ʯʘʩʪʠʮʫ ʧʫʪʝʤ ʢʦʛʝʨʝʥʪʥʦʛʦ 

ʚʨʘʱʝʥʠʷ, ʥʝʦʙʭʦʜʠʤʦ ʧʨʠʣʦʞʠʪʴ ʦʙʨʘʪʥʦʝ ʧʦʣʝ 

Hc,max = 2ĀKe/Is 

ʛʜʝ Hc,max ï ʤʘʢʩʠʤʘʣʴʥʘʷ ʢʦʵʨʮʠʪʠʚʥʘʷ ʩʠʣʘ; ʂe ï ʵʬʬʝʢʪʠʚʥʘʷ ʢʦʥʩʪʘʥʪʘ ʘʥʠʟʦʪʨʦʧʠʠ. 

ʂʘʢ ʫʞʝ ʙʳʣʦ ʩʢʘʟʘʥʦ, ʧʨʦʮʝʩʩ ʩʧʦʥʪʘʥʥʦʡ ʪʝʧʣʦʚʦʡ ʨʘʟʦʨʠʝʥʪʘʮʠʠ ʩʫʤʤʘʨʥʳʭ 

ʤʘʛʥʠʪʥʳʭ ʤʦʤʝʥʪʦʚ ʦʪʜʝʣʴʥʳʭ ʯʘʩʪʠʮ ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ ʵʥʝʨʛʝʪʠʯʝʩʢʠʤ ʙʘʨʴʝʨʦʤ E. 

ɺʝʨʦʷʪʥʦʩʪʴ ʪʘʢʦʛʦ ʧʨʦʮʝʩʩʘ ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʘ exp[ïE/(kBĀT)]. ɺʝʢʪʦʨ ʩʫʤʤʘʨʥʦʛʦ 

ʤʘʛʥʠʪʥʦʛʦ ʤʦʤʝʥʪʘ ʦʪʜʝʣʴʥʦʡ ʯʘʩʪʠʮʳ M = VĀI s. ʉʫʤʤʘʨʥʘʷ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʴ I  = NĀM 

ʘʥʩʘʤʙʣʷ ʠʟ N ʯʘʩʪʠʮ, ʚʦʟʥʠʢʘʶʱʘʷ ʚ ʧʦʣʝ ʅ, ʧʦʩʣʝ ʚʳʢʣʶʯʝʥʠʷ ʵʪʦʛʦ ʧʦʣʷ ʩʪʨʝʤʠʪʩʷ ʢ 

ʥʫʣʶ ʠʟ-ʟʘ ʙʨʦʫʥʦʚʩʢʦʛʦ ʜʚʠʞʝʥʠʷ ʦʨʠʝʥʪʘʮʠʡ ʚʝʢʪʦʨʦʚ ʄ ʦʪʜʝʣʴʥʳʭ ʯʘʩʪʠʮ, ʩʣʝʜʫʷ 

ʟʘʢʦʥʫ: 

I = IsĀexp(ït/Ű) 

ʛʜʝ t ï ʚʨʝʤʷ; Ű ï ʚʨʝʤʷ ʨʝʣʘʢʩʘʮʠʠ. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʩʠʩʪʝʤʘ ʤʘʣʳʭ ʯʘʩʪʠʮ ʚʝʜʝʪ ʩʝʙʷ ʧʦʜʦʙʥʦ ʘʥʩʘʤʙʣʶ ʧʘʨʘʤʘʛʥʠʪʥʳʭ 

ʘʪʦʤʦʚ, ʦʙʣʘʜʘʶʱʠʭ ʙʦʣʴʰʠʤ ʤʘʛʥʠʪʥʳʤ ʤʦʤʝʥʪʦʤ ʄ. ʊʝʦʨʠʷ ʧʨʝʜʧʦʣʘʛʘʝʪ, ʯʪʦ ʚʨʝʤʷ 

ʨʝʣʘʢʩʘʮʠʠ Ű ʟʘʚʠʩʠʪ ʦʪ ʵʥʝʨʛʝʪʠʯʝʩʢʦʛʦ ʙʘʨʴʝʨʘ ɽ = KĀV: 

Ű = ŰʦĀexp[E/kBT] 

ʛʜʝ Űʦ ï ʯʘʩʪʦʪʥʳʡ ʬʘʢʪʦʨ, ʢʦʪʦʨʳʡ ʚ ʧʝʨʚʦʤ ʧʨʠʙʣʠʞʝʥʠʠ ʨʘʚʝʥ ʯʘʩʪʦʪʝ ʧʨʝʮʝʩʩʠʠ 

ʤʘʛʥʠʪʥʦʛʦ ʤʦʤʝʥʪʘ ʯʘʩʪʠʮʳ, ʦʮʝʥʦʯʥʦ ʨʘʚʝʥ 10
-9

 ʩ. 
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ʍʘʨʣʘʤʦʚʘ ʄʘʨʠʘʥʥʘ ɺʷʯʝʩʣʘʚʦʚʥʘ 

 

ɿʘʚʠʩʠʤʦʩʪʴ ʢʦʵʨʮʠʪʠʚʥʦʡ ʩʠʣʳ ʦʪ ʨʘʟʤʝʨʘ ʯʘʩʪʠʮ 

ʅʘʠʙʦʣʴʰʝʝ ʠʟʤʝʥʝʥʠʝ ʤʘʛʥʠʪʥʳʭ ʩʚʦʡʩʪʚ ʥʘʥʦʤʘʪʝʨʠʘʣʦʚ ʩʚʷʟʘʥʦ ʩ ʠʟʤʝʥʝʥʠʝʤ 

ʜʦʤʝʥʥʦʡ ʩʪʨʫʢʪʫʨʳ ʤʘʛʥʠʪʦʫʧʦʨʷʜʦʯʝʥʥʳʭ ʩʠʩʪʝʤ ʧʨʠ ʫʤʝʥʴʰʝʥʠʠ ʨʘʟʤʝʨʦʚ ʯʘʩʪʠʮ. 

ʆʙʨʘʟʦʚʘʥʠʝ ʜʦʤʝʥʥʦʡ ʩʪʨʫʢʪʫʨʳ ʦʙʲʝʤʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʦʙʫʩʣʦʚʣʝʥʦ ʥʘʣʠʯʠʝʤ 

ʨʘʟʤʘʛʥʠʯʠʚʘʶʱʝʛʦ ʬʘʢʪʦʨʘ, ʪʦʛʜʘ ʢʘʢ ʧʨʠ ʧʝʨʝʭʦʜʝ ʥʘ ʥʘʥʦʫʨʦʚʝʥʴ ʵʥʝʨʛʠʷ ʜʦʤʝʥʥʦʡ 

ʩʪʝʥʢʠ ʟʥʘʯʠʪʝʣʴʥʦ ʧʨʝʚʦʩʭʦʜʠʪ ʵʥʝʨʛʠʶ ʨʘʟʤʘʛʥʠʯʠʚʘʥʠʷ, ʠ ʬʦʨʤʠʨʦʚʘʥʠʝ ʜʦʤʝʥʥʦʡ 

ʩʪʨʫʢʪʫʨʳ ʦʢʘʟʳʚʘʝʪʩʷ ʵʥʝʨʛʝʪʠʯʝʩʢʠ ʥʝ ʚʳʛʦʜʥʳʤ. ɼʣʷ ʦʙʲʝʤʥʦʛʦ ʚʝʱʝʩʪʚʘ 

ʭʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʠʝ ʤʘʛʥʠʪʥʳʝ ʩʚʦʡʩʪʚʘ ʦʧʨʝʜʝʣʷʶʪʩʷ ʜʠʥʘʤʠʢʦʡ ʜʦʤʝʥʥʳʭ ʩʪʝʥʦʢ, ʘ 

ʧʨʠ ʫʤʝʥʴʰʝʥʠʠ ʨʘʟʤʝʨʘ ʤʥʦʛʦʜʦʤʝʥʥʦʡ ʯʘʩʪʠʮʳ ʧʦʜʚʠʞʥʦʩʪʴ ʜʦʤʝʥʥʳʭ ʩʪʝʥʦʢ 

ʟʥʘʯʠʪʝʣʴʥʦ ʫʤʝʥʴʰʘʝʪʩʷ, ʯʪʦ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʨʦʩʪʫ ʢʦʵʨʮʠʪʠʚʥʦʡ ʩʠʣʳ (ʨʠʩʫʥʦʢ). 

ɼʘʣʴʥʝʡʰʝʝ ʫʤʝʥʴʰʝʥʠʝ ʨʘʟʤʝʨʘ ʯʘʩʪʠʮʳ ʜʦ ʨʘʟʤʝʨʘ ʦʪʜʝʣʴʥʦʛʦ ʜʦʤʝʥʘ (ʦʜʥʦʜʦʤʝʥʥʳʝ 

ʯʘʩʪʠʮʳ) ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʤʘʢʩʠʤʘʣʴʥʦʡ ʢʦʵʨʮʠʪʠʚʥʦʡ ʩʠʣʝ Hc,max.  

ʅʠʞʝ ʵʪʦʛʦ ʢʨʠʪʠʯʝʩʢʦʛʦ ʨʘʟʤʝʨʘ ʠʟʤʝʥʝʥʠʝ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʧʨʦʠʩʭʦʜʠʪ ʢʦʛʝʨʝʥʪʥʳʤ 

ʧʦʚʦʨʦʪʦʤ ʚʩʝʭ ʩʧʠʥʦʚ ʚ ʯʘʩʪʠʮʝ ʠʣʠ ʟʘ ʩʯʝʪ ʦʙʨʘʟʦʚʘʥʠʷ ʜʦʤʝʥʥʳʭ ʩʪʝʥʦʢ ʚ 

ʧʨʠʣʦʞʝʥʥʦʤ ʧʦʣʝ. ʂʨʠʪʠʯʝʩʢʠʡ ʨʘʟʤʝʨ ʯʘʩʪʠʮʳ Dcrit ʦʮʝʥʠʚʘʶʪ ʧʦ ʫʨʘʚʥʝʥʠʶ: 

dS

crit
zN

cI

M
D

0

109,1

m
=

,      (1) 

ʛʜʝ c ï ʧʦʩʪʦʷʥʥʘʷ, ʟʘʚʠʩʷʱʘʷ ʦʪ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ ʚʝʱʝʩʪʚʘ, I ï ʢʦʥʩʪʘʥʪʘ 

ʦʙʤʝʥʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ, z ï ʧʦʩʪʦʷʥʥʘʷ ʨʝʰʝʪʢʠ, Nd = ïHd/MR ï ʢʦʵʬʬʠʮʠʝʥʪ 

ʨʘʟʤʘʛʥʠʯʠʚʘʥʠʷ ʧʨʠ ʥʘʧʨʷʞʝʥʥʦʩʪʠ ʨʘʟʤʘʛʥʠʯʠʚʘʶʱʝʛʦ ʧʦʣʷ Hd. ʇʦ ʤʝʨʝ ʫʤʝʥʴʰʝʥʠʷ 
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ʨʘʟʤʝʨʘ ʥʠʞʝ Dcrit ʥʘʙʣʶʜʘʝʪʩʷ ʩʧʘʜ ʢʦʵʨʮʠʪʠʚʥʦʡ ʩʠʣʳ ʧʦ ʧʨʠʯʠʥʝ ʫʚʝʣʠʯʝʥʠʷ ʪʝʧʣʦʚʳʭ 

ʬʣʫʢʪʫʘʮʠʡ ʤʘʛʥʠʪʥʦʛʦ ʤʦʤʝʥʪʘ ʯʘʩʪʠʮʳ. ʆʙʳʯʥʦ ʧʦʚʝʜʝʥʠʝ ʥʝ ʚʟʘʠʤʦʜʝʡʩʪʚʫʶʱʠʭ ʠʣʠ 

ʩʣʘʙʦ ʚʟʘʠʤʦʜʝʡʩʪʚʫʶʱʠʭ ʥʘʥʦʯʘʩʪʠʮ ʦʧʠʩʳʚʘʶʪ ʢʘʢ ʧʘʨʘʤʘʛʥʠʪʥʦʝ ʚʝʱʝʩʪʚʦ ʩ 

ʙʦʣʴʰʠʤ ʤʘʛʥʠʪʥʳʤ ʤʦʤʝʥʪʦʤ; ʪʦ ʝʩʪʴ ʚʝʱʝʩʪʚʦ ʧʝʨʝʭʦʜʠʪ ʚ ʩʫʧʝʨʧʘʨʘʤʘʛʥʠʪʥʦʝ 

ʩʦʩʪʦʷʥʠʝ. ʇʨʠ ʵʪʦʤ ʤʘʛʥʠʪʥʳʡ ʬʘʟʦʚʳʡ ʧʝʨʝʭʦʜ ʬʝʨʨʦʤʘʛʥʝʪʠʢ ï ʩʫʧʝʨʧʘʨʘʤʘʛʥʝʪʠʢ 

ʷʚʣʷʝʪʩʷ ʤʘʛʥʠʪʥʳʤ ʬʘʟʦʚʳʤ ʧʝʨʝʭʦʜʦʤ ʚʪʦʨʦʛʦ ʨʦʜʘ. ɼʣʷ ʠʜʝʘʣʴʥʳʭ 

ʩʫʧʝʨʧʘʨʘʤʘʛʥʝʪʠʢʦʚ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʴ ʧʦʩʣʝ ʩʥʷʪʠʷ ʧʦʣʷ ʨʝʣʘʢʩʠʨʫʝʪ ʧʦ ʟʘʢʦʥʫ: 

M = Mse
-t/t

 ,       (2) 

ʛʜʝ t ï ʚʨʝʤʷ ʨʝʣʘʢʩʘʮʠʠ. ʍʘʨʘʢʪʝʨʥʦʝ ʚʨʝʤʷ ʨʝʣʘʢʩʘʮʠʠ ʦʮʝʥʠʚʘʶʪ ʧʦ ʬʦʨʤʫʣʝ:  

kTEef /
0

1 D--=t
.      (3) 

ʛʜʝ ʚʳʩʦʪʘ ʘʢʪʠʚʘʮʠʦʥʥʦʛʦ ʙʘʨʴʝʨʘ Dɽ ʨʘʩʩʯʠʪʳʚʘʝʪʩʷ ʧʦ ʬʦʨʤʫʣʝ: 

E = KVsin
2q ,       (4) 

ʂ ï ʢʦʥʩʪʘʥʪʘ ʦʜʥʦʦʩʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ ʚ ʟʘʜʘʥʥʦʤ ʥʘʧʨʘʚʣʝʥʠʠ, q ï ʫʛʦʣ ʤʝʞʜʫ 

ʤʘʛʥʠʪʥʳʤ ʤʦʤʝʥʪʦʤ ʠ ʟʘʜʘʥʥʳʤ ʥʘʧʨʘʚʣʝʥʠʝʤ, V = (4/3)pR
3
 ï ʦʙʲʝʤ ʤʘʛʥʠʪʥʦʡ ʯʘʩʪʠʮʳ. 

ʆʜʥʘʢʦ ʚʦ ʤʥʦʛʠʭ ʩʣʫʯʘʷʭ ʚʨʝʤʷ ʨʝʣʘʢʩʘʮʠʠ ʤʘʛʥʠʪʥʦʛʦ ʤʦʤʝʥʪʘ ʦʢʘʟʳʚʘʝʪʩʷ 

ʩʦʧʦʩʪʘʚʠʤʳʤ ʩ ʚʨʝʤʝʥʝʤ ʠʟʤʝʨʝʥʠʷ (tʠʟʤ), ʠ ʧʨʠ t > tʠʟʤ ʤʘʛʥʠʪʥʳʡ ʤʦʤʝʥʪ ʯʘʩʪʠʮʳ ʥʝ 

ʫʩʧʝʚʘʝʪ ʨʝʣʘʢʩʠʨʦʚʘʪʴ ʟʘ ʠʟʤʝʥʝʥʠʝʤ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ, ʪ.ʝ. ʦʙʥʘʨʫʞʠʪʴ 

ʩʫʧʝʨʧʘʨʘʤʘʛʥʠʪʥʦʝ ʩʦʩʪʦʷʥʠʝ ʥʝ ʫʜʘʝʪʩʷ. ʊʘʢ, ʧʨʠ tº 100 ʩ (tʠʟʤ ~100 ʩ ʜʣʷ ʩʪʘʪʠʯʝʩʢʠʭ 

ʠʟʤʝʨʝʥʠʡ ʤʘʛʥʠʪʥʦʡ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ, tʠʟʤ ~10
-8

 ʩ ʜʣʷ ʄʝʩʩʙʘʫʵʨʦʚʩʢʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ) 

ʠ fʦ = 10
9
 ʚʳʩʦʪʘ ʘʢʪʠʚʘʮʠʦʥʥʦʛʦ ʙʘʨʴʝʨʘ ʙʫʜʝʪ ʨʘʚʥʦʡ Dɽcrit = ln(tfʦ)kT = 25 kT. ʉʦʛʣʘʩʥʦ 

ʚʳʨʘʞʝʥʠʶ 4, ʫʩʣʦʚʠʝ ʩʫʱʝʩʪʚʦʚʘʥʠʷ ʩʫʧʝʨʧʘʨʘʤʘʛʥʝʪʠʟʤʘ ʯʘʩʪʠʮ ʩ ʘʢʩʠʘʣʴʥʦʡ 

ʘʥʠʟʦʪʨʦʧʠʝʡ: KV = 25 kT. ɺ ʵʪʦʤ ʩʣʫʯʘʝ, ʧʨʠ tʠʟʤ < 100 ʩ, ʤʘʛʥʠʪʥʳʝ ʤʦʤʝʥʪʳ ʯʘʩʪʠʮʳ ʩ 

Dɽ > Dɽcrit ʦʢʘʟʳʚʘʶʪʩʷ ʙʣʦʢʠʨʦʚʘʥʥʳʤʠ (ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʴ ʥʝ ʨʝʣʘʢʩʠʨʫʝʪ ʟʘ ʚʨʝʤʷ 

ʠʟʤʝʨʝʥʠʷ). ʊʝʤʧʝʨʘʪʫʨʫ ʙʣʦʢʠʨʦʚʢʠ ʦʧʨʝʜʝʣʷʶʪ ʢʘʢ: 

k

KV

fk

E
TB

25)ln( 0

º
D

=
t .      (5) 

ʇʨʠ tʠʟʤ>t, ʚʝʢʪʦʨ ʤʘʛʥʠʪʥʦʛʦ ʤʦʤʝʥʪʘ ʫʩʧʝʚʘʝʪ ʨʝʣʘʢʩʠʨʦʚʘʪʴ ʟʘ ʚʨʝʤʷ ʠʟʤʝʨʝʥʠʷ, ʘ 

ʤʘʛʥʠʪʥʘʷ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʴ ʧʘʜʘʝʪ ʩ ʨʦʩʪʦʤ ʪʝʤʧʝʨʘʪʫʨʳ, ʩʦʛʣʘʩʥʦ ʟʘʢʦʥʫ ʂʶʨʠ, 

ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʦ 1/T. ɺ ʦʙʱʝʤ ʩʣʫʯʘʝ ʟʘʚʠʩʠʤʦʩʪʴ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ʠ 

ʧʦʣʷ ʦʧʠʩʳʚʘʝʪʩʷ ʬʫʥʢʮʠʝʡ ʃʘʥʞʝʚʝʥʘ: 
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ʛʜʝ mï ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʴ, m ï ʤʘʛʥʠʪʥʳʡ ʤʦʤʝʥʪ ʦʜʥʦʡ ʯʘʩʪʠʮʳ, k ï ʢʦʥʩʪʘʥʪʘ 

ɹʦʣʴʮʤʘʥʘ, T ï ʪʝʤʧʝʨʘʪʫʨʘ.  

 

ʉʤʠʨʥʦʚ ɽʚʛʝʥʠʡ ɸʣʝʢʩʝʝʚʠʯ 

ʅʘ ʨʠʩʫʥʢʝ ʧʨʠʚʝʜʝʥ ʛʨʘʬʠʢ ʠʟʤʝʥʝʥʠʷ ʢʦʵʨʮʠʪʠʚʥʦʡ ʩʠʣʳ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʨʘʟʤʝʨʘ 

ʯʘʩʪʠʮ. 

 

ʇʨʠ ʫʤʝʥʴʰʝʥʠʠ ʨʘʟʤʝʨʘ ʯʘʩʪʠʮ ʢʦʵʨʮʠʪʠʚʥʘʷ ʩʠʣʘ ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʜʦ ʦʧʨʝʜʝʣʸʥʥʦʛʦ 

ʧʨʝʜʝʣʘ, ʦʙʫʩʣʦʚʣʝʥʥʦʛʦ ʦʜʥʦʜʦʤʝʥʥʳʤ ʩʦʩʪʦʷʥʠʝʤ ʯʘʩʪʠʮ. ʊ.ʝ. ʢʘʞʜʘʷ ʯʘʩʪʠʮʘ 

ʤʘʪʝʨʠʘʣʘ ʷʚʣʷʝʪʩʷ ʦʜʥʠ ʝʜʠʥʩʪʚʝʥʥʳʤ ʜʦʤʝʥʦʤ. ɼʘʣʝʝ ʧʨʦʠʩʭʦʜʠʪ ʨʝʟʢʦʝ ʧʘʜʝʥʠʝ 

ʢʦʵʨʮʠʪʠʚʥʦʡ ʩʠʣʳ, ʪʘʢ ʢʘʢ ʚ ʦʯʝʥʴ ʤʘʣʝʥʴʢʠʭ ʯʘʩʪʠʮʘʭ ʪʝʧʣʦʚʳʝ ʬʣʫʢʪʫʘʮʠʠ 

ʨʘʟʫʧʦʨʷʜʦʯʠʚʘʶʪ ʥʘʧʨʘʚʣʝʥʥʳʝ ʚʜʦʣʴ ʚʳʜʝʣʝʥʥʦʛʦ ʥʘʧʨʘʚʣʝʥʠʷ ʩʧʠʥʳ. ʊʘʢʠʭ 

ʨʝʟʫʣʴʪʘʪʦʚ ʤʦʞʥʦ ʜʦʩʪʠʯʴ, ʠʟʤʝʥʷʷ ʪʝʤʧʝʨʘʪʫʨʫ, ʧʨʠ ʢʦʪʦʨʦʡ ʥʘʭʦʜʷʪʩʷ ʯʘʩʪʠʮʳ. ʊʦʛʜʘ 

ʧʨʠ ʦʜʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʯʘʩʪʠʮʘ ʙʫʜʝʪ ʷʚʣʷʪʴʩʷ ʤʦʥʦʜʝʤʝʥʥʦʡ ʠ ʦʙʣʘʜʘʪʴ ʚʳʩʦʢʦʡ 

ʢʦʵʨʮʠʪʠʚʥʦʡ ʩʠʣʦʡ, ʘ ʧʨʠ ʜʨʫʛʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʯʘʩʪʠʮʘ ʙʫʜʝʪ ʥʘʭʦʜʠʪʴʩʷ ʟʘ ʧʨʝʜʝʣʘʤʠ 

ʩʫʧʝʨʧʘʨʘʤʘʛʥʝʪʠʟʤʘ ʠ, ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʦʙʣʘʜʘʪʴ ʤʘʣʦʡ ʢʦʵʨʮʠʪʠʚʥʦʡ ʩʠʣʦʡ. ʊʘʢ ʞʝ 

ʤʦʞʥʦ ʠʟʤʝʥʷʪʴ ʢʦʵʨʮʠʪʠʚʥʫʶ ʩʠʣʫ ʧʫʪʸʤ ʫʤʝʥʴʰʝʥʠʷ ʠʣʠ ʫʚʝʣʠʯʝʥʠʷ ʨʘʟʤʝʨʘ ʯʘʩʪʠʮ 

ʤʘʪʝʨʠʘʣʘ. 

 

ʈʦʤʘʰʢʘ ʄʠʭʘʠʣ ʖʨʴʝʚʠʯ 

ʉʥʘʯʘʣʘ ʦʙʲʷʩʥʠʤ ʥʘʛʣʷʜʥʦ, ʢʘʢʠʤ ʦʙʨʘʟʦʤ ʤʦʞʥʦ ʜʦʩʪʠʯʴ, ʢʘʟʘʣʦʩʴ ʙʳ, 

ʚʟʘʠʤʦʠʩʢʣʶʯʘʶʱʠʭ ʨʝʟʫʣʴʪʘʪʦʚ ï ʧʦʚʳʰʝʥʠʷ ʠʣʠ ʧʦʥʠʞʝʥʠʷ ʢʦʵʨʮʠʪʠʚʥʦʡ ʩʠʣʳ. ɺ 

ʦʪʩʫʪʩʪʚʠʝ ʚʥʝʰʥʠʭ ʧʦʣʝʡ ʤʘʛʥʠʪ ʥʘʭʦʜʠʪʩʷ ʚ ʥʝʢʦʪʦʨʦʤ ʩʪʘʮʠʦʥʘʨʥʦʤ ʩʦʩʪʦʷʥʠʠ, ʪʦ 
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ʝʩʪʴ, ʛʦʚʦʨʷ ʚ ʪʝʨʤʠʥʘʭ ʤʝʭʘʥʠʢʠ, ʚ ʨʘʚʥʦʚʝʩʠʠ. ʇʦʣʝ ʤʘʛʥʠʪʘ ʦʧʨʝʜʝʣʷʝʪʩʷ ʦʨʠʝʥʪʘʮʠʝʡ 

ʤʘʛʥʠʪʥʳʭ ʤʦʤʝʥʪʦʚ ʘʪʦʤʦʚ ʠ ʛʨʫʧʧ ʘʪʦʤʦʚ, ʠʟ ʢʦʪʦʨʳʭ ʦʥ ʩʦʩʪʦʠʪ. ʈʘʚʥʦʚʝʩʠʝ, ʢʘʢ 

ʠʟʚʝʩʪʥʦ, ʙʳʚʘʝʪ ʪʨʸʭ ʨʘʟʣʠʯʥʳʭ ʪʠʧʦʚ: ʫʩʪʦʡʯʠʚʦʝ, ʥʝʫʩʪʦʡʯʠʚʦʝ ʠ ʙʝʟʨʘʟʣʠʯʥʦʝ (ʩʤ. 

ʨʠʩ). 

 

ʈʘʚʥʦʚʝʩʠʝ ʪʝʣʘ ʫʩʪʦʡʯʠʚʦ (ʨʠʩ. ʩʣʝʚʘ), ʝʩʣʠ ʧʨʠ ʚʳʚʝʜʝʥʠʠ ʠʟ ʨʘʚʥʦʚʝʩʠʷ 

ʨʘʚʥʦʜʝʡʩʪʚʫʶʱʘʷ ʚʩʝʭ ʧʨʠʣʦʞʝʥʥʳʭ ʢ ʥʝʤʫ ʩʠʣ ʚʦʟʚʨʘʱʘʝʪ ʪʝʣʦ ʢ ʧʦʣʦʞʝʥʠʶ 

ʨʘʚʥʦʚʝʩʠʷ; ʥʝʫʩʪʦʡʯʠʚʦ, ʝʩʣʠ ʦʥʘ ʫʜʘʣʷʝʪ ʪʝʣʦ ʦʪ ʧʦʣʦʞʝʥʠʷ ʨʘʚʥʦʚʝʩʠʷ (ʚ ʮʝʥʪʨʝ), ʠ 

ʙʝʟʨʘʟʣʠʯʥʦ, ʝʩʣʠ ʨʘʚʥʦʜʝʡʩʪʚʫʶʱʘʷ ʨʘʚʥʘ ʥʫʣʶ (ʩʧʨʘʚʘ). 

ʇʦ ʦʪʥʦʰʝʥʠʶ ʢ ʤʘʛʥʠʪʫ: ʨʘʚʥʦʚʝʩʥʦʝ ʧʦʣʦʞʝʥʠʝ ʤʘʛʥʠʪʥʳʭ ʤʦʤʝʥʪʦʚ ʫʩʪʦʡʯʠʚʦ, ʝʩʣʠ 

ʠʭ ʧʨʠ ʦʪʢʣʦʥʝʥʠʠ ʚʥʝʰʥʠʤ ʧʦʣʝʤ ʦʥʠ ʩʪʨʝʤʷʪʩʷ ʚʝʨʥʫʪʴʩʷ ʚ ʥʘʯʘʣʴʥʦʝ ʧʦʣʦʞʝʥʠʝ, ʠ 

ʙʝʟʨʘʟʣʠʯʥʦ, ʝʩʣʠ ʧʨʠ ʠʟʤʝʥʝʥʠʠ ʦʨʠʝʥʪʘʮʠʠ ʤʦʤʝʥʪʦʚ ʥʝ ʚʦʟʥʠʢʘʝʪ ʚʥʫʪʨʝʥʥʠʭ ʩʠʣ, 

ʩʧʦʩʦʙʥʳʭ ʠʟʤʝʥʠʪʴ ʦʨʠʝʥʪʘʮʠʶ (ʦʨʠʝʥʪʘʮʠʷ ʤʦʤʝʥʪʘ ʥʘʭʦʜʠʪʩʷ ʚʦ ʚʣʘʩʪʠ ʚʥʝʰʥʝʛʦ 

ʧʦʣʷ). ʉʣʝʜʦʚʘʪʝʣʴʥʦ, ʜʣʷ ʩʦʟʜʘʥʠʷ ʤʘʛʥʠʪʦʪʚʸʨʜʳʭ ʤʘʪʝʨʠʘʣʦʚ ʥʫʞʥʦ ʦʙʝʩʧʝʯʠʪʴ 

ʫʩʪʦʡʯʠʚʦʝ ʨʘʚʥʦʚʝʩʠʝ ʤʘʛʥʠʪʥʳʭ ʤʦʤʝʥʪʦʚ ʘʪʦʤʦʚ ʠʣʠ ʛʨʫʧʧ ʘʪʦʤʦʚ, ʘ ʜʣʷ ʩʦʟʜʘʥʠʷ 

ʤʘʛʥʠʪʦʤʷʛʢʠʭ ʤʘʪʝʨʠʘʣʦʚ ï ʙʝʟʨʘʟʣʠʯʥʦʝ ʨʘʚʥʦʚʝʩʠʝ. 

ʈʘʩʩʤʦʪʨʠʤ, ʢʘʢʠʤ ʦʙʨʘʟʦʤ ʤʦʞʥʦ ʜʦʩʪʠʯʴ ʫʩʪʦʡʯʠʚʦʛʦ ʨʘʚʥʦʚʝʩʠʷ. ɽʩʣʠ ʤʳ, ʥʘʧʨʠʤʝʨ, 

ʩʚʷʞʝʤ ʤʥʦʛʦ ʘʪʦʤʦʚ ʚ ʤʘʢʨʦʤʦʣʝʢʫʣʫ ʢʦʚʘʣʝʥʪʥʳʤʠ ʩʚʷʟʷʤʠ, ʪʦ ʵʣʝʢʪʨʦʥʥʳʝ ʦʨʙʠʪʘʣʠ 

ʘʪʦʤʦʚ ʦʢʘʞʫʪʩʷ ʩʚʷʟʘʥʥʳʤʠ ʚ çʞʸʩʪʢʫʶ ʢʦʥʩʪʨʫʢʮʠʶè, ʠ ʤʘʛʥʠʪʥʳʡ ʤʦʤʝʥʪ 

(ʜʠʘʤʘʛʥʝʪʠʟʤ, ʦʙʫʩʣʦʚʣʝʥʥʳʡ ʦʨʙʠʪʘʣʴʥʳʤ ʜʚʠʞʝʥʠʝʤ ʵʣʝʢʪʨʦʥʦʚ) ʪʘʢʦʡ 

çʢʦʥʩʪʨʫʢʮʠʠè ʙʫʜʝʪ ʞʸʩʪʢʦ (ʚ ʛʨʫʙʦʤ ʧʨʠʙʣʠʞʝʥʠʠ ʢʦʥʝʯʥʦ) ʩʚʷʟʘʥ ʩ ʤʦʣʝʢʫʣʦʡ. ɽʩʣʠ 

ʙʳ ʤʦʞʥʦ ʙʳʣʦ ʩʦʟʜʘʪʴ ʤʘʢʨʦʩʢʦʧʠʯʝʩʢʦʝ ʪʝʣʦ, ʧʨʝʜʩʪʘʚʣʷʶʱʝʝ ʩʦʙʦʡ ʦʜʥʫ ʛʠʛʘʥʪʩʢʫʶ 

ʤʘʢʨʦʤʦʣʝʢʫʣʫ, ʪʦ ʵʪʦ ʙʳʣ ʙʳ ʚʦʟʤʦʞʥʳʡ ʧʫʪʴ ʨʝʰʝʥʠʷ ʟʘʜʘʯʠ. 

ʊʘʢʦʝ ʪʝʣʦ ʩʦʟʜʘʪʴ ʚ ʧʨʠʥʮʠʧʝ ʤʦʞʥʦ (ʥʘʧʨʠʤʝʨ, ʢʦʚʘʣʝʥʪʥʳʝ ʢʨʠʩʪʘʣʣʳ), ʥʦ ʵʪʦ ʜʘʣʝʢʦ 

ʥʝ ʩʘʤʦʝ ʵʬʬʝʢʪʠʚʥʦʝ ʨʝʰʝʥʠʝ ʟʘʜʘʯʠ. ɹʦʣʝʝ ʵʬʬʝʢʪʠʚʥʳʝ ʨʝʰʝʥʠʷ ʦʩʥʦʚʘʥʳ ʥʘ 

ʩʦʟʜʘʥʠʠ ʤʘʛʥʠʪʥʳʭ ʢʚʘʥʪʦʚʳʭ ʪʦʯʝʢ ï ʩʪʨʫʢʪʫʨ ʨʘʟʤʝʨʘ ʧʦʨʷʜʢʘ ʥʝʩʢʦʣʴʢʠʭ ʥʤ, 

ʦʙʣʘʜʘʶʱʠʭ ʤʘʛʥʠʪʥʳʤ ʤʦʤʝʥʪʦʤ. ʆʜʠʥ ʠʟ ʚʠʜʦʚ ʪʘʢʠʭ ʪʦʯʝʢ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ 

ʮʠʣʠʥʜʨʳ ʨʘʜʠʫʩʦʤ r = 30 ï 60 ʥʤ ʠ ʚʳʩʦʪʦʡ ʧʦʨʷʜʢʘ h = 20 ʥʤ. ʂʘʞʜʘʷ ʪʦʯʢʘ ʩʘʤʘ ʧʦ 

ʩʝʙʝ ʤʦʞʝʪ ʦʙʣʘʜʘʪʴ ʙʦʣʴʰʦʡ ʠʣʠ ʤʘʣʦʡ ʢʦʵʨʮʠʪʠʚʥʦʡ ʩʠʣʦʡ. ɺʘʨʴʠʨʦʚʘʥʠʝ ʚʝʣʠʯʠʥʳ 

ʢʦʵʨʮʠʪʠʚʥʦʡ ʩʠʣʳ ʚʦʟʤʦʞʥʦ ʙʣʘʛʦʜʘʨʷ ʪʦʤʫ, ʯʪʦ ʧʨʠ ʪʘʢʠʭ ʤʘʣʳʭ ʨʘʟʤʝʨʘʭ ʤʦʞʥʦ 

ʧʨʝʥʝʙʨʝʯʴ ʘʥʠʟʦʪʨʦʧʠʝʡ, ʠʤʝʶʱʝʡ ʤʝʩʪʦ ʚ ʦʙʳʯʥʳʭ ʢʨʠʩʪʘʣʣʘʭ (ʚ ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ 
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ʨʝʰʸʪʢʘʭ ʠʤʝʶʪʩʷ ʚʳʜʝʣʝʥʥʳʝ ʥʘʧʨʘʚʣʝʥʠʷ ʧʣʶʩ ʜʝʬʝʢʪʳ). ʅʘ ʫʨʦʚʥʝ ʜʝʩʷʪʢʦʚ ʥʤ 

ʩʪʨʫʢʪʫʨʘ ʤʘʛʥʠʪʥʳʭ ʪʦʯʝʢ ʦʧʨʝʜʝʣʷʝʪʩʷ ʚ ʦʩʥʦʚʥʦʤ ʦʙʤʝʥʥʳʤ ʠ ʤʘʛʥʠʪʦʩʪʘʪʠʯʝʩʢʠʤ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʝʤ. ʆʙʤʝʥʥʳʝ ʩʠʣʳ ʦʨʠʝʥʪʠʨʫʶʪ ʤʘʛʥʠʪʥʳʝ ʤʦʤʝʥʪʳ ʘʪʦʤʦʚ ʧʘʨʘʣʣʝʣʴʥʦ, 

ʯʪʦ ʢʘʢ ʨʘʟ ʠ ʪʨʝʙʫʝʪʩʷ ʜʣʷ ʩʦʟʜʘʥʠʷ ʩʫʤʤʘʨʥʦʛʦ ʤʘʛʥʠʪʥʦʛʦ ʤʦʤʝʥʪʘ ʥʘʥʦʪʦʯʢʠ. 

ʄʘʛʥʠʪʦʩʪʘʪʠʯʝʩʢʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʧʨʝʧʷʪʩʪʚʫʝʪ ʦʙʨʘʟʦʚʘʥʠʶ ʧʦʣʶʩʦʚ (ʧʨʠ ʙʦʣʴʰʠʭ 

ʨʘʟʤʝʨʘʭ ʤʦʞʝʪ ʧʨʠʚʝʩʪʠ ʢ ʟʘʢʨʫʯʠʚʘʥʠʶ ʤʦʤʝʥʪʦʚ ʘʪʦʤʦʚ, ʪ.ʝ. ʢ ʚʠʭʨʝʚʦʡ ʩʪʨʫʢʪʫʨʝ ʠ 

ʟʘʤʳʢʘʥʠʶ ʩʠʣʦʚʳʭ ʣʠʥʠʡ ʚʥʫʪʨʠ ʪʦʯʢʠ). ʅʦ ʯʝʤ ʤʝʥʴʰʝ ʨʘʟʤʝʨ ʪʦʯʢʠ, ʪʝʤ ʙʦʣʴʰʫʶ 

ʨʦʣʴ ʠʛʨʘʶʪ ʦʙʤʝʥʥʳʝ ʩʠʣʳ.  

ʈʝʛʫʣʠʨʫʷ ʨʘʟʤʝʨ ʪʦʯʝʢ, ʤʦʞʥʦ ʨʝʛʫʣʠʨʦʚʘʪʴ ʩʦʦʪʥʦʰʝʥʠʝ ʤʝʞʜʫ ʦʙʤʝʥʥʳʤʠ ʠ 

ʤʘʛʥʠʪʦʩʪʘʪʠʯʝʩʢʠʤʠ ʩʠʣʘʤʠ, ʘ ʩʣʝʜʦʚʘʪʝʣʴʥʦ ï ʨʝʛʫʣʠʨʦʚʘʪʴ ʢʦʵʨʮʠʪʠʚʥʫʶ ʩʠʣʫ 

ʦʪʜʝʣʴʥʦʡ ʪʦʯʢʠ. ɽʩʣʠ ʦʙʤʝʥʥʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʤʥʦʛʦ ʙʦʣʴʰʝ ʤʘʛʥʠʪʦʩʪʘʪʠʯʝʩʢʦʛʦ (ʧʨʠ 

r å h å 20 ʥʤ), ʪʦ ʤʘʛʥʠʪʥʳʝ ʤʦʤʝʥʪʳ ʥʘʭʦʜʷʪʩʷ ʚ ʫʩʪʦʡʯʠʚʦʤ ʨʘʚʥʦʚʝʩʠʠ, ʘ ʝʩʣʠ ʵʪʠ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʦʜʥʦʛʦ ʧʦʨʷʜʢʘ, ʪʦ ʨʘʚʥʦʚʝʩʠʝ ʙʣʠʟʢʦ ʢ ʙʝʟʨʘʟʣʠʯʥʦʤʫ (ʧʨʠ r å 20 ʥʤ, 

h å 60 ʥʤ). 

ʄʘʛʥʠʪʥʳʝ ʥʘʥʦʪʦʯʢʠ ʤʦʛʫʪ ʠʤʝʪʴ ʬʦʨʤʫ ʢʘʢ ʮʠʣʠʥʜʨʠʯʝʩʢʫʶ, ʪʘʢ ʠ ʙʣʠʟʢʫʶ ʢ 

ʩʬʝʨʠʯʝʩʢʦʡ. 

ʆʪʤʝʪʠʤ, ʯʪʦ ʜʣʷ ʩʦʟʜʘʥʠʷ ʫʩʪʦʡʯʠʚʦʛʦ ʨʘʚʥʦʚʝʩʠʷ ʤʘʛʥʠʪʥʳʭ ʤʦʤʝʥʪʦʚ ʙʦʣʝʝ ʚʳʛʦʜʥʘ 

ʮʠʣʠʥʜʨʠʯʝʩʢʘʷ ʩʠʤʤʝʪʨʠʷ (ʤʦʤʝʥʪʳ ʥʘʧʨʘʚʣʝʥʳ ʧʦ ʦʩʠ ʮʠʣʠʥʜʨʘ), ʘ ʜʣʷ ʙʝʟʨʘʟʣʠʯʥʦʛʦ 

ʨʘʚʥʦʚʝʩʠʷ ï ʩʬʝʨʠʯʝʩʢʘʷ ʩʠʤʤʝʪʨʠʷ (ʥʝʪ ʚʳʜʝʣʝʥʥʦʛʦ ʥʘʧʨʘʚʣʝʥʠʷ). 

ʊʦ ʝʩʪʴ, ʢʦʵʨʮʠʪʠʚʥʘʷ ʩʠʣʘ ʦʪʜʝʣʴʥʦʡ ʪʦʯʢʠ ʦʧʨʝʜʝʣʷʝʪʩʷ ʜʚʫʤʷ ʬʘʢʪʦʨʘʤʠ ï ʬʦʨʤʦʡ ʠ 

ʨʘʟʤʝʨʘʤʠ. 

ɼʘʣʝʝ ʙʫʜʝʤ ʥʘʥʦʪʦʯʢʫ ʫʩʣʦʚʥʦ ʠʟʦʙʨʘʞʘʪʴ ʰʘʨʠʢʦʤ ʠ ʨʘʩʩʤʦʪʨʠʤ, ʢʘʢʠʝ ʤʘʩʩʠʚʳ 

(ʩʪʨʫʢʪʫʨʳ) ʠʟ ʥʠʭ ʤʦʞʥʦ ʩʦʟʜʘʪʴ ʜʣʷ ʜʦʩʪʠʞʝʥʠʷ ʫʩʪʦʡʯʠʚʦʛʦ ʠʣʠ ʙʝʟʨʘʟʣʠʯʥʦʛʦ 

ʨʘʚʥʦʚʝʩʠʷ. 

ɼʣʷ ʩʦʟʜʘʥʠʷ ʫʩʪʦʡʯʠʚʦʛʦ ʨʘʚʥʦʚʝʩʠʷ (ʤʘʛʥʠʪʦʪʚʸʨʜʳʭ ʩʪʨʫʢʪʫʨ) ʥʫʞʥʦ ʙʨʘʪʴ ʪʦʯʢʠ ʩ 

ʚʳʩʦʢʦʡ ʢʦʵʨʮʠʪʠʚʥʦʡ ʩʠʣʦʡ ʠ ʩʪʨʦʠʪʴ, ʥʘʧʨʠʤʝʨ, ʧʨʦʩʪʫʶ ʢʫʙʠʯʝʩʢʫʶ ʨʝʰʸʪʢʫ. 

ʅʘ ʨʠʩ. ʩʣʝʚʘ ʧʦʢʘʟʘʥʳ ʤʘʛʥʠʪʥʳʝ ʤʦʤʝʥʪʳ ʠ ʣʠʥʠʠ ʠʥʜʫʢʮʠʠ ʚ ʧʦʣʦʞʝʥʠʠ ʨʘʚʥʦʚʝʩʠʷ 

(ʜʣʷ ʧʨʦʩʪʦʪʳ ʨʠʩʫʥʢʘ ʚ ʦʜʥʦʡ ʧʣʦʩʢʦʩʪʠ). ʅʘ ʨʠʩ. ʩʧʨʘʚʘ ʚʥʝʰʥʝʝ ʧʦʣʝ ʦʪʢʣʦʥʠʣʦ 

ʤʦʤʝʥʪʳ ʦʪ ʧʦʣʦʞʝʥʠʷ ʨʘʚʥʦʚʝʩʠʷ, ʠ ʤʘʛʥʠʪʥʳʝ ʣʠʥʠʠ ʠʩʢʨʠʚʠʣʠʩʴ. ʇʨʠ ʵʪʦʤ ʚʦʟʥʠʢ 

ʤʦʤʝʥʪ ʩʠʣ, ʩʪʨʝʤʷʱʠʡʩʷ ʚʝʨʥʫʪʴ ʤʦʤʝʥʪʳ ʚ ʧʦʣʦʞʝʥʠʝ ʨʘʚʥʦʚʝʩʠʷ (ʣʠʥʠʠ ʠʥʜʫʢʮʠʠ 

ʩʪʨʝʤʷʪʩʷ ʢ ʥʘʠʤʝʥʴʰʝʡ ʜʣʠʥʝ). 
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ɼʣʷ ʩʦʟʜʘʥʠʷ ʙʝʟʨʘʟʣʠʯʥʦʛʦ ʨʘʚʥʦʚʝʩʠʷ (ʤʘʛʥʠʪʦʤʷʛʢʠʭ ʩʪʨʫʢʪʫʨ) ʥʫʞʥʦ ʙʨʘʪʴ ʪʦʯʢʠ ʩ 

ʥʠʟʢʦʡ ʢʦʵʨʮʠʪʠʚʥʦʡ ʩʠʣʦʡ ʠ ʩʪʨʦʠʪʴ, ʥʘʧʨʠʤʝʨ, ʧʣʦʪʥʝʡʰʠʝ ʰʘʨʦʚʳʝ ʫʧʘʢʦʚʢʠ. 

ʉʠʤʤʝʪʨʠʷ ʪʝʪʨʘʵʜʨʠʯʝʩʢʦʡ ʇʐʋ ʙʣʠʟʢʘ ʢ ʩʬʝʨʠʯʝʩʢʦʡ ʩʠʤʤʝʪʨʠʠ. 

ʅʘ ʩʣʝʜʫʶʱʠʭ (ʧʣʦʩʢʠʭ) ʨʠʩʫʥʢʘʭ ʧʦʢʘʟʘʥʦ, ʢʘʢ ʧʨʦʠʩʭʦʜʠʪ ʧʝʨʝʤʘʛʥʠʯʠʚʘʥʠʝ ʚ 

ʩʪʨʫʢʪʫʨʝ, ʩʠʤʤʝʪʨʠʷ ʢʦʪʦʨʦʡ ʙʣʠʟʢʘ ʢ ʩʬʝʨʠʯʝʩʢʦʡ. 

 Ÿ      Ÿ   

  Ÿ     Ÿ   

 

ʂʘʢ ʚʠʜʠʤ, ʚ ʪʘʢʦʡ ʩʪʨʫʢʪʫʨʝ ʚʦʟʤʦʞʥʘ ʧʝʨʝʦʨʠʝʥʪʘʮʠʷ ʤʘʛʥʠʪʥʳʭ ʧʦʣʶʩʦʚ ʥʘ 

ʧʨʦʪʠʚʦʧʦʣʦʞʥʫʶ. 
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ʈʝʣʷʪʠʚʠʩʪʩʢʠʝ ʢʚʘʥʪʦʚʳʝ ʪʦʯʢʠ (2008, ʬʠʟʠʢʘ) 

ɸʚʪʦʨʩʢʦʝ ʨʝʰʝʥʠʝ 

1. ɼʘ, ʤʦʞʥʦ, ʝʩʣʠ ʪʦʯʢʠ ʧʨʦʣʝʪʘʶʪ ʥʘʧʨʦʪʠʚ ʥʘʙʣʶʜʘʪʝʣʷ ʠʣʠ ʧʨʠʙʣʠʞʘʶʪʩʷ ʢ 

ʥʝʤʫ. 

ʃʶʤʠʥʝʩʮʝʥʮʠʷ ʥʝʧʦʜʚʠʞʥʦʡ ʢʚ.ʪʦʯʢʠ ʠʤʝʝʪ ʵʥʝʨʛʠʶ ʬʦʪʦʥʦʚ  

, 

ʛʜʝ Eg0 = 1.12 ʵɺ, mr = 0.3m0 

ʊʦʛʜʘ ʜʣʠʥʘ ʚʦʣʥʳ ʩʚʝʯʝʥʠʷ ʪʘʢʦʡ ʪʦʯʢʠ ʩʦʦʪʚʝʪʩʪʚʫʝʪ  

,  

ʪ.ʝ. ʝʱʝ ʤʦʞʝʪ ʙʳʪʴ ʚʠʜʠʤʘ ʥʝʚʦʦʨʫʞʝʥʥʳʤ ʛʣʘʟʦʤ. 

2. ʉ ʫʯʝʪʦʤ ʨʝʣʷʪʠʚʠʩʪʩʢʦʛʦ ʵʬʬʝʢʪʘ ɼʦʧʣʝʨʘ:  

 

ʊʦʛʜʘ ʜʣʷ ʧʨʠʙʣʠʞʘʶʱʝʡʩʷ ʪʦʯʢʠ (V > 0): l+= 665 ʥʤ ï ʢʨʘʩʥʳʡ ʩʚʝʪ, ʘ ʜʣʷ 

ʫʜʘʣʷʶʱʝʡʩʷ ʪʦʯʢʠ (V < 0) : l-= 813 ʥʤ ï ʠʥʬʨʘʢʨʘʩʥʳʡ ʩʚʝʪ. 

 

ʄʘʢʝʝʚʘ ɽʢʘʪʝʨʠʥʘ ɸʥʘʪʦʣʴʝʚʥʘ 

1. ɼʣʠʥʘ ʚʦʣʥʳ ʠʩʧʫʩʢʘʝʤʦʛʦ ʢʚʘʥʪʘ ʦʧʨʝʜʝʣʷʝʪʩʷ ʰʠʨʠʥʦʡ ʟʘʧʨʝʱʝʥʥʦʡ ʟʦʥʳ ʚ 

ʤʘʪʝʨʠʘʣʝ: 
l

=
hc

Eg ; ( )
( )ʵɺEE

hc
ʥʤ

gg

1240
==l . 

ɿʘʚʠʩʠʤʦʩʪʴ Eg ʦʪ ʨʘʟʤʝʨʘ ʩʬʝʨʠʯʝʩʢʠʭ ʯʘʩʪʠʮ ʦʧʠʩʳʚʘʝʪʩʷ ʚ ʨʘʤʢʘʭ ʤʝʪʦʜʘ 

ʵʬʬʝʢʪʠʚʥʳʭ ʤʘʩʩ: 

2

22

0
2 r

EE gg
ÖmÖ

Öp
+=

>
, 

ʛʜʝ Eg0 ï ʰʠʨʠʥʘ ʟʘʧʨʝʱʝʥʥʦʡ ʟʦʥʳ ʦʙʲʝʤʥʦʛʦ ʧʦʣʫʧʨʦʚʦʜʥʠʢʘ, r ï ʨʘʜʠʫʩ 

ʩʬʝʨʠʯʝʩʢʦʡ ʯʘʩʪʠʮʳ (ʝʩʣʠ ʥʝ ʦʛʦʚʦʨʝʥʦ ʪʦʯʥʦ, ʩʯʠʪʘʝʤ, ʯʪʦ ʨʘʟʤʝʨ ï ʵʪʦ ʨʘʜʠʫʩ 

ʯʘʩʪʠʮʳ), > = 1,0545*10
-34

 ï ʧʦʩʪʦʷʥʥʘʷ ʇʣʘʥʢʘ ʩ ʯʝʨʪʦʡ, m ï ʧʨʠʚʝʜʝʥʥʘʷ ʤʘʩʩʘ 

ʵʢʩʠʪʦʥʘ: ɛ = me*mp/(me + mp) (= 0,3me ʜʣʷ ʢʨʝʤʥʠʷ), mʝ = 9,1*10
-31

 ʢʛ, Eg0 (Si) = 

1,12 ʵɺ. 

ʇʦʩʢʦʣʴʢʫ ʜʚʠʞʝʥʠʝ ʧʨʦʠʩʭʦʜʠʪ ʩ ʦʢʦʣʦʩʚʝʪʦʚʦʡ ʩʢʦʨʦʩʪʴʶ, ʚ ʟʥʘʯʝʥʠʝ ʤʘʩʩʳ 

ʥʝʦʙʭʦʜʠʤʦ ʚʚʝʩʪʠ ʨʝʣʷʪʠʚʠʩʪʩʢʫʶ ʧʦʧʨʘʚʢʫ: 



208 

 

m

c

c

m

c

v

m
mv Ö=

Ö
-

=

-

= 005,1

100
11

2

2

2

2
 

ʇʦʜʩʪʘʚʣʷʷ ʚʩʝ ʚʝʣʠʯʠʥʳ, ʧʦʣʫʯʘʝʤ ʵɺEg 2587,1
3005,1

26,1
12,1

2
=

Ö
+=  ʠʣʠ l = 985 ʥʤ. 

(ɽʩʣʠ ʩʯʠʪʘʪʴ, ʯʪʦ ʧʨʠʚʝʜʝʥʥʳʡ ʚ ʫʩʣʦʚʠʠ ʨʘʟʤʝʨ ï ʵʪʦ ʜʠʘʤʝʪʨ, ʧʦʣʫʯʠʤ 

l = 740 ʥʤ). 

ʅʝʪ, ʥʝʚʦʦʨʫʞʝʥʥʳʤ ʛʣʘʟʦʤ ʚ ʜʘʥʥʳʭ ʫʩʣʦʚʠʷʭ ʩʚʝʯʝʥʠʝ ʥʘʙʣʶʜʘʪʴ ʥʝʣʴʟʷ, 

ʧʦʩʢʦʣʴʢʫ ʜʘʥʥʳʝ ʤʘʢʩʠʤʫʤ ʠʟʣʫʯʝʥʠʷ ʧʨʠʭʦʜʠʪʩʷ ʥʘ ʀʂ-ʜʠʘʧʘʟʦʥ. 

2. ʇʨʠ ʜʚʠʞʝʥʠʠ ʠʩʪʦʯʥʠʢʘ ʠʟʣʫʯʝʥʠʷ ʦʪʥʦʩʠʪʝʣʴʥʦ ʥʘʙʣʶʜʘʪʝʣʷ ʥʝʦʙʭʦʜʠʤʦ 

ʫʯʠʪʳʚʘʪʴ ʪʦʪ ʬʘʢʪ, ʯʪʦ ʧʨʠ ʵʪʦʤ ʚʦʟʥʠʢʘʝʪ ʠʟʤʝʥʝʥʠʝ ʯʘʩʪʦʪʳ ʠ ʜʣʠʥʳ ʚʦʣʥ, 

ʨʝʛʠʩʪʨʠʨʫʝʤʳʭ ʥʘʙʣʶʜʘʪʝʣʝʤ (ʵʬʬʝʢʪ ɼʦʧʣʝʨʘ). ʊʨʘʜʠʮʠʦʥʥʦʡ ʠʣʣʶʩʪʨʘʮʠʝʡ 

ʢʣʘʩʩʠʯʝʩʢʦʛʦ ʵʬʬʝʢʪʘ ɼʦʧʣʝʨʘ ʷʚʣʷʝʪʩʷ ʵʬʬʝʢʪ ʠʟʤʝʥʝʥʠʷ ʯʘʩʪʦʪʳ ʟʚʫʢʘ ʚ 

ʨʝʟʫʣʴʪʘʪʝ ʜʚʠʞʝʥʠʷ ʠʩʪʦʯʥʠʢʘ ʠʣʠ ʧʨʠʝʤʥʠʢʘ. ɼʣʷ ʘʜʝʢʚʘʪʥʦʛʦ ʦʧʠʩʘʥʠʷ 

ʘʥʘʣʦʛʠʯʥʦʛʦ ʷʚʣʝʥʠʷ ʚ ʦʧʪʠʢʝ ʥʝʦʙʭʦʜʠʤʦ ʧʦʣʴʟʦʚʘʪʴʩʷ ʩʦʦʪʥʦʰʝʥʠʷʤʠ 

ʩʧʝʮʠʘʣʴʥʦʡ ʪʝʦʨʠʠ ʦʪʥʦʩʠʪʝʣʴʥʦʩʪʠ, ʫʯʠʪʳʚʘʶʱʠʝ ʵʬʬʝʢʪʳ ʟʘʤʝʜʣʝʥʠʷ ʚʨʝʤʝʥʠ 

ʠ ʩʦʢʨʘʱʝʥʠʷ ʨʘʩʩʪʦʷʥʠʡ, ʧʦʩʢʦʣʴʢʫ ʩʚʝʪ ʷʚʣʷʝʪʩʷ ʟʘʚʝʜʦʤʦ ʨʝʣʷʪʠʚʠʩʪʩʢʠʤ 

ʦʙʲʝʢʪʦʤ. 

c
v

c
v

-

+
l=l

1

1

0 , 

ʛʜʝ c ï ʩʢʦʨʦʩʪʴ ʩʚʝʪʘ. ʂʦʛʜʘ ɡ > 0, ʠʩʪʦʯʥʠʢ ʫʜʘʣʷʝʪʩʷ ʦʪ ʥʘʙʣʶʜʘʪʝʣʷ ʠ l > lʦ, ʚ 

ʩʣʫʯʘʝ ɡ < 0 ʠʩʪʦʯʥʠʢ ʧʨʠʙʣʠʞʘʝʪʩʷ ʢ ʥʘʙʣʶʜʘʪʝʣʶ, ʠ l < lʦ. 

ɼʣʷ ʧʦʣʫʯʝʥʥʳʭ ʜʣʠʥ ʚʦʣʥ ʪʦʛʜʘ 

lʦ, ʥʤ l, ʥʤ (ɡ > 0) l, ʥʤ (ɡ < 0) 

985 1088 890 

740 818 669 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʝʩʣʠ ʢʚʘʥʪʦʚʳʝ ʪʦʯʢʠ ʙʫʜʫʪ ʫʜʘʣʷʪʴʩʷ ʦʪ ʥʘʙʣʶʜʘʪʝʣʷ, ʪʦ ʚ 

ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʤ ʩʣʫʯʘʝ ʜʣʠʥʘ ʚʦʣʥʳ, ʦʪʚʝʯʘʶʱʘʷ ʤʘʢʩʠʤʫʤʫ ʠʟʣʫʯʝʥʠʷ, 

ʩʤʝʩʪʠʪʩʷ ʝʱʝ ʛʣʫʙʞʝ ʚ ʀʂ-ʜʠʘʧʘʟʦʥ. ɽʩʣʠ ʞʝ ʠʩʪʦʯʥʠʢ ʙʫʜʝʪ ʜʚʠʛʘʪʴʩʷ ʥʘʚʩʪʨʝʯʫ 

ʥʘʙʣʶʜʘʪʝʣʶ, ʜʣʠʥʘ ʚʦʣʥʳ ʫʤʝʥʴʰʠʪʩʷ, ʠ ʚ ʩʣʫʯʘʝ ʯʘʩʪʠʮʳ ʩ r = 1,5 ʥʤ ʝʛʦ 

ʩʚʝʯʝʥʠʝ ʤʦʞʥʦ ʙʫʜʝʪ ʫʚʠʜʝʪʴ ʥʝʚʦʦʨʫʞʝʥʥʳʤ ʛʣʘʟʦʤ. 

 

ɽʚʪʫʰʝʥʢʦ ɽʚʛʝʥʠʡ ɻʝʥʥʘʜʠʝʚʠʯ 
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1. ɼʣʷ ʦʮʝʥʢʠ ʰʠʨʠʥʳ ʟʘʧʨʝʱʝʥʥʦʡ ʟʦʥʳ ʢʚʘʥʪʦʚʳʭ ʪʦʯʝʢ ʠʩʧʦʣʴʟʫʝʤ ʤʝʪʦʜ 

ʵʬʬʝʢʪʠʚʥʦʡ ʤʘʩʩʳ ʜʣʷ ʩʬʝʨʠʯʝʩʢʦʡ ʧʦʪʝʥʮʠʘʣʴʥʦʡ ʷʤʳ, ʵʣʝʢʪʨʦʩʪʘʪʠʯʝʩʢʠʤʠ 

ʯʣʝʥʘʤʠ ʫʨʘʚʥʝʥʠʷ ʧʨʝʥʝʙʨʝʞʝʤ: 

2

2

0

2
1.1 1.4

8 0.3
g

Si

h
E ʵɺ

e m r
= + =   

   
, ʯʪʦ ʩʦʦʪʚʝʪʩʪʚʫʝʪ 893ʥʤ l=   

2. ʀʩʧʦʣʴʟʫʷ ʬʦʨʤʫʣʳ ʜʣʷ ʨʝʣʷʪʠʚʠʩʪʩʢʦʛʦ ʵʬʬʝʢʪʘ ɼʦʧʣʝʨʘ, ʚʳʯʠʩʣʠʤ ʜʣʠʥʳ ʚʦʣʥ 

ʧʨʠʙʣʠʞʘʶʱʝʡʩʷ ʠ ʫʜʘʣʷʶʱʝʡʩʷ ʦʪ ʥʘʩ ʥʘʥʦʯʘʩʪʠʮʳ. ɿʘʤʝʪʠʤ, ʯʪʦ ʧʨʠ 

ʧʨʠʙʣʠʞʝʥʠʠ ʯʘʩʪʠʮʳ ʝʝ ʩʧʝʢʪʨ ʬʣʫʦʨʝʩʮʝʥʮʠʠ ʙʫʜʝʪ ʩʤʝʱʘʪʴʩʷ ʚ 

ʢʦʨʦʪʢʦʚʦʣʥʦʚʫʶ ʦʙʣʘʩʪʴ, ʘ ʧʨʠ ʫʜʘʣʝʥʠʠ ï ʥʘʦʙʦʨʦʪ. 

ʇʨʠʙʣʠʞʝʥʠʝ: 
1 /

807
1 /

em

v c
ʥʤ

v c
l l

-
= =  

+
 

ʋʜʘʣʝʥʠʝ: 
1 /

987
1 /

em

v c
ʥʤ

v c
l l

+
= =  

-
 

ʏʝʣʦʚʝʯʝʩʢʠʡ ʛʣʘʟ ʤʦʞʝʪ ʨʝʛʠʩʪʨʠʨʦʚʘʪʴ ʩʚʝʪ ʚ ʜʠʘʧʘʟʦʥʝ ʜʣʠʥ ʚʦʣʥ 380 ï 750 ʥʤ 

(ʦʧʪʠʤʠʩʪʠʯʥʳʡ ʚʘʨʠʘʥʪ, ʥʝ ʚʩʝ ʪʘʢ ʤʦʛʫʪ J). ɿʥʘʯʠʪ, ʣʶʤʠʥʝʩʮʝʥʪʥʦʝ ʩʚʝʯʝʥʠʝ 

ʢʚʘʥʪʦʚʳʭ ʪʦʯʝʢ ʥʝʚʦʦʨʫʞʝʥʥʳʤ ʛʣʘʟʦʤ ʥʝ ʫʚʠʜʝʪʴ. 

P.S. ʋʯʝʪ ʚ ʤʝʪʦʜʝ ʵʬʬʝʢʪʠʚʥʳʭ ʤʘʩʩ ʢʫʣʦʥʦʚʩʢʦʛʦ ʧʨʠʪʷʞʝʥʠʶ ʵʣʝʢʪʨʦʥʦʚ ʠ 

ʜʳʨʦʢ ʜʦʧʦʣʥʠʪʝʣʴʥʦ ʩʥʠʟʠʪ ʰʠʨʠʥʫ ʟʘʧʨʝʱʝʥʥʦʡ ʟʦʥʳ, ʪ.ʝ. ʝʱʝ ʩʤʝʩʪʠʪ ʥʘʰʠ 

ʦʮʝʥʦʯʥʳʝ ʜʣʠʥ ʚʦʣʥ ʚ ʜʣʠʥʥʦʚʦʣʥʦʚʫʶ ʦʙʣʘʩʪʴ. 

 

ʍʘʨʣʘʤʦʚʘ ʄʘʨʠʘʥʥʘ ɺʷʯʝʩʣʘʚʦʚʥʘ 

1. ʈʘʩʩʯʠʪʘʝʤ, ʢʘʢʦʡ ʜʣʠʥʳ ʚʦʣʥʳ ʙʫʜʝʪ ʩʦʦʪʚʝʪʩʪʚʦʚʘʪʴ ʨʝʢʦʤʙʠʥʘʮʠʦʥʥʦʝ 

ʩʚʝʯʝʥʠʝ ʥʘʥʦʯʘʩʪʠʮ, ʜʣʷ ʵʪʦʛʦ ʨʘʩʩʯʠʪʘʝʤ ʟʘʧʨʝʱʝʥʥʫʶ ʟʦʥʫ ʥʘʥʦʯʘʩʪʠʮ ʢʨʝʤʥʠʷ 

ʜʠʘʤʝʪʨʦʤ 3 ʥʤ. 

ʌʦʨʤʫʣʘ ʜʣʷ ʨʘʩʯʝʪʘ ʰʠʨʠʥʳ ʟʘʧʨʝʱʝʥʥʦʡ ʟʦʥʳ: 

ka

e
EE g

2

2

22

8,1
a2
-+=

m

p>
, 

ʛʜʝ Eg ï ʰʠʨʠʥʘ ʟʘʧʨʝʱʝʥʥʦʡ ʟʦʥʳ ʦʙʲʝʤʥʦʛʦ ʤʘʪʝʨʠʘʣʘ, ɛ ï ʧʨʠʚʝʜʝʥʥʘʷ ʤʘʩʩʘ 

ʵʣʝʢʪʨʦʥʘ ʠ ʜʳʨʢʠ, k ï ʜʠʵʣʝʢʪʨʠʯʝʩʢʘʷ ʧʨʦʥʠʮʘʝʤʦʩʪʴ Si, a ï ʨʘʜʠʫʩ ʥʘʥʦʯʘʩʪʠʮ. 

Eg =  1.12 ɻ ɺ 

k = 11.7 

ɛ = 1/((1/0.3me)+(1/0.3me)) = 0.3me/2 

ʐʠʨʠʥʘ ʟʘʧʨʝʱʝʥʥʦʡ ʟʦʥʳ ʙʫʜʝʪ ʨʘʚʥʘ: 
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ee 1.602 10
19-

Ö:=
E x( ) 2.2482:=

E 1.12 1.8( )
1.602 10

19-
Ö( )

2

11.7 1.5Ö 10
9-

Ö 1.602Ö 10
19-

Ö

Ö-

6.6260710
34-

Ö

2 pÖ

å
æ
ç

õ
ö
÷

2è
é
é
ê

ø
ù
ù
ú
p

2
Ö

2
1

1

0.3 9.109Ö 10
31-

Ö

1

0.3 9.109Ö 10
31-

Ö

+
å
æ
ç

õ
ö
÷

Ö 1.5 10
9-

Ö( )
2

1.602Ö 10
19-

Ö

+:=

Eg ʥʘʥʦ = 2.234 ʵɺ = 3.57 *10
-19 
ɼʞ 

ɼʣʷ ʨʘʩʯʝʪʘ ʙʳʣʦ ʠʩʧʦʣʴʟʦʚʘʥʦ ʩʣʝʜʫʶʱʝʝ ʧʨʠʙʣʠʞʝʥʠʝ: 

ʈʘʟʤʝʨ ʥʘʥʦʢʨʠʩʪʘʣʣʘ ʤʥʦʛʦ ʤʝʥʴʰʝ ʵʬʬʝʢʪʠʚʥʦʛʦ ɹʦʨʦʚʩʢʦʛʦ ʨʘʜʠʫʩʘ (a << aB). 

ɺ ʵʪʦʤ ʩʣʫʯʘʝ ʜʚʠʞʝʥʠʝ ʵʣʝʢʪʨʦʥʘ ʠ ʜʳʨʢʠ ʢʚʘʥʪʦʚʘʥʦ, ʘ ʠʭ ʧʦʚʝʜʝʥʠʝ ʤʦʞʝʪ ʙʳʪʴ 

ʦʧʠʩʘʥʦ ʢʘʢ ʧʦʚʝʜʝʥʠʝ ʥʝʚʟʘʠʤʦʜʝʡʩʪʚʫʶʱʠʭ ʯʘʩʪʠʮ ʚ ʧʦʪʝʥʮʠʘʣʴʥʦʡ ʷʤʝ.  

ʈʘʩʩʯʠʪʘʝʤ ʜʣʠʥʫ ʚʦʣʥʳ ʠ ʯʘʩʪʦʪʫ ʠʟʣʫʯʝʥʠʷ ʧʦʢʦʷʱʝʡʩʷ ʯʘʩʪʠʮʳ 

ʇʨʠ ʠʟʣʫʯʘʪʝʣʴʥʦʡ ʨʝʢʦʤʙʠʥʘʮʠʠ ʚʳʜʝʣʷʝʪʩʷ ʵʥʝʨʛʠʷ ʨʘʚʥʘʷ Eg  

l

c
hE= ʥʤʤ

ɼʞ

cʤʩ

E

c
h 5561056.5

10*57.3

/103ɼʞ1062.6 7

19

834

=Ö=
ÖÖÖ

== -

-

-

l (ɺʠʜʠʤʘʷ ʦʙʣʘʩʪʴ 

ʩʧʝʢʪʨʘ ï ʤʦʞʥʦ ʥʘʙʣʶʜʘʪʴ ʛʣʘʟʦʤ) 

ɻʮ104,5
cɼʞ1062.6

10*57.3 14

19

19

Ö=
ÖÖ

==
-

- ɼʞ

h

E
n

 

2. ɺʦʩʧʦʣʴʟʫʝʤʩʷ ʬʦʨʤʫʣʦʡ ʜʣʷ ʨʝʣʷʪʠʚʠʩʪʩʢʦʛʦ ʵʬʬʝʢʪʘ ɼʦʧʣʝʨʘ: 

c

c
u

u

nn

+

-
=

1

1

0 , ʛʜʝ u ï ʦʪʥʦʩʠʪʝʣʴʥʘʷ ʩʢʦʨʦʩʪʴ ʜʚʠʞʝʥʠʷ ʠʩʪʦʯʥʠʢʘ ʠ ʧʨʠʝʤʥʠʢʘ. 

ɽʩʣʠ ʯʘʩʪʠʮʳ ʙʫʜʫʪ ʫʜʘʣʷʪʴʩʷ ʦʪ ʥʘʙʣʶʜʘʪʝʣʷ, ʜʣʠʥʘ ʚʦʣʥʳ ʣʶʤʠʥʝʩʮʝʥʮʠʠ ʙʫʜʝʪ 

ʫʚʝʣʠʯʠʚʘʪʴʩʷ, ʨʘʩʩʯʠʪʘʝʤ (u/c = 0.1): 

ɻʮɻʮ 141414 1088.49.0*104.5
1.1

9.0
ɻʮ104.5 Ö=Ö=Ö=n  

ɼʣʠʥʘ ʚʦʣʥʳ ʨʘʚʥʘ: 

ʥʤʤ
ɻʮ

ʤʩ
6141014.6

1088.4

ʩ/103 7

14

8

=Ö=
Ö

Ö
== -

u
l  ï ʵʪʘ ʜʣʠʥʘ ʚʦʣʥʳ ʣʝʞʠʪ ʚ ʚʠʜʠʤʦʡ 

ʦʙʣʘʩʪʠ ʩʧʝʢʪʨʘ, ʩʣʝʜʦʚʘʪʝʣʴʥʦ ʝʸ ʤʦʞʥʦ ʥʘʙʣʶʜʘʪʴ ʛʣʘʟʦʤ. 

ɽʩʣʠ ʯʘʩʪʠʮʳ ʙʫʜʫʪ ʧʨʠʙʣʠʞʘʪʴʩʷ ʢ ʥʘʙʣʶʜʘʪʝʣʶ, ʜʣʠʥʘ ʚʦʣʥʳ ʣʶʤʠʥʝʩʮʝʥʮʠʠ 

ʙʫʜʝʪ ʫʚʝʣʠʯʠʚʘʪʴʩʷ, ʨʘʩʩʯʠʪʘʝʤ (u/c = 0.1): 

ɻʮɻʮ 141414 1097.51.1*10.5
9.0

1.1
ɻʮ104.5 Ö=Ö=Ö=n  

ɼʣʠʥʘ ʚʦʣʥʳ ʨʘʚʥʘ: 
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ʥʤʤ
ɻʮ

ʤʩ
5021002.5

1097.5

ʩ/103 7

14

8

=Ö=
Ö

Ö
== -

u
l  ï ʵʪʘ ʜʣʠʥʘ ʚʦʣʥʳ ʣʝʞʠʪ ʚ ʚʠʜʠʤʦʡ 

ʦʙʣʘʩʪʠ ʩʧʝʢʪʨʘ, ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʝʸ ʤʦʞʥʦ ʥʘʙʣʶʜʘʪʴ ʛʣʘʟʦʤ. 

ʇʨʠ ʧʨʠʙʣʠʞʝʥʠʠ ʯʘʩʪʠʮ ʢ ʥʘʙʣʶʜʘʪʝʣʶ ʙʫʜʝʪ ʧʨʦʠʩʭʦʜʠʪʴ ʪʘʢ ʥʘʟʳʚʘʝʤʳʡ 

ʩʠʥʠʡ ʩʜʚʠʛ (ʩʜʚʠʛ ʩʧʝʢʪʨʘ ʚ ʙʦʣʝʝ ʢʦʨʦʪʢʦʚʦʣʥʦʚʫʶ ʦʙʣʘʩʪʴ). ʇʨʠ ʦʪʜʘʣʝʥʠʠ 

ʯʘʩʪʠʮ ʦʪ ʥʘʙʣʶʜʘʪʝʣʷ ʙʫʜʝʪ ʧʨʦʠʩʭʦʜʠʪʴ ʪʘʢ ʥʘʟʳʚʘʝʤʳʡ ʢʨʘʩʥʳʡ 

ʩʜʚʠʛ (ʩʜʚʠʛ ʩʧʝʢʪʨʘ ʚ ʙʦʣʝʝ ʜʣʠʥʥʦʚʦʣʥʦʚʫʶ ʦʙʣʘʩʪʴ). 

 

ʈʦʤʘʰʢʘ ʄʠʭʘʠʣ ʖʨʴʝʚʠʯ 

1. ʈʘʩʩʪʦʷʥʠʝ ʤʝʞʜʫ ʩʦʩʝʜʥʠʤʠ ʫʨʦʚʥʷʤʠ ʵʥʝʨʛʠʠ ʵʣʝʢʪʨʦʥʘ ʚ ʢʚʘʥʪʦʚʦʡ ʪʦʯʢʝ 

ʤʦʞʥʦ ʦʮʝʥʠʪʴ ʠʟ ʧʨʠʥʮʠʧʘ ʥʝʦʧʨʝʜʝʣʸʥʥʦʩʪʝʡ ɻʝʡʟʝʥʙʝʨʛʘ. ʀʤʝʝʤ: 

>ºDD px , ʚʩʪʘʚʠʤ ʚ ʵʪʫ ʬʦʨʤʫʣʫ ʨʘʟʤʝʨ ʪʦʯʢʠ ʠ ʨʘʟʥʦʩʪʴ ʠʤʧʫʣʴʩʦʚ ʥʘ ʜʚʫʭ 

ʩʦʩʝʜʥʠʭ ʫʨʦʚʥʷʭ: 

>ºÖpd , 222 >ºÖpd , 
mm

p
d

22

22
2 >

ºÖ , 

ʦʪʢʫʜʘ ʨʘʟʥʦʩʪʴ ʵʥʝʨʛʠʠ ʩʦʩʝʜʥʠʭ ʫʨʦʚʥʝʡ ʨʘʚʥʘ 

2

2

2md
E

>
=D  

ʛʜʝ d ï ʭʘʨʘʢʪʝʨʥʳʡ ʨʘʟʤʝʨ ʪʦʯʢʠ, m ï ʵʬʬʝʢʪʠʚʥʘʷ ʤʘʩʩʘ ʵʣʝʢʪʨʦʥʘ. ʆʪʩʶʜʘ, 

ʫʯʠʪʳʚʘʷ, ʯʪʦ E = hɜ, ʠʤʝʝʤ ʚʳʨʘʞʝʥʠʝ ʜʣʷ ʩʦʙʩʪʚʝʥʥʦʡ ʯʘʩʪʦʪʳ ʠʟʣʫʯʝʥʠʷ ʪʦʯʢʠ: 

20
2md

h
=n  . 

ɺʳʯʠʩʣʝʥʠʝ ʜʘʸʪ 0,13Ŀ10
15

 ɻʮ, ʪʦʛʜʘ ʢʘʢ ʚʠʜʠʤʳʡ ʩʚʝʪ ʣʝʞʠʪ ʚ ʜʠʘʧʘʟʦʥʝ ʦʪ 

0,4Ŀ10
15

 ʜʦ 0,8Ŀ10
15

 ɻʮ. 

ʈʝʣʷʪʠʚʠʩʪʩʢʠʡ ʵʬʬʝʢʪ ɼʦʧʣʝʨʘ, ʢʘʢ ʤʳ ʫʚʠʜʠʤ ʧʨʠ ʦʪʚʝʪʝ ʥʘ ʚʪʦʨʦʡ ʚʦʧʨʦʩ, ʥʝ 

ʩʜʚʠʛʘʝʪ ʩʦʙʩʪʚʝʥʥʫʶ ʯʘʩʪʦʪʫ ʥʘʩʪʦʣʴʢʦ, ʯʪʦʙʳ ʦʥʘ ʧʦʧʘʣʘ ʚ ʚʠʜʠʤʳʡ ʜʠʘʧʘʟʦʥ. 

ʉʣʝʜʦʚʘʪʝʣʴʥʦ, ʩʚʝʯʝʥʠʝ ʪʘʢʠʭ ʪʦʯʝʢ ʛʣʘʟ, ʩʢʦʨʝʝ ʚʩʝʛʦ, ʥʝ ʫʚʠʜʠʪ (ʘ ʫʚʠʜʠʪ ʣʠʰʴ 

ʚ ʪʦʤ ʩʣʫʯʘʝ, ʝʩʣʠ ʦʩʫʱʝʩʪʚʣʷʶʪʩʷ ʧʝʨʝʭʦʜʳ ʥʝ ʪʦʣʴʢʦ ʤʝʞʜʫ ʩʦʩʝʜʥʠʤʠ 

ʫʨʦʚʥʷʤʠ ʵʥʝʨʛʠʠ, ʥʦ ʠ ʥʘ ʥʝʩʢʦʣʴʢʦ ʫʨʦʚʥʝʡ ʩʨʘʟʫ (ʥʘʧʨʠʤʝʨ, ʝʩʣʠ ʠʤʝʶʪ ʤʝʩʪʦ 

ʵʢʩʠʪʦʥʥʳʝ ʵʬʬʝʢʪʳ)). 

ʆʮʝʥʠʤ ʨʦʣʴ ʵʢʩʠʪʦʥʥʳʭ ʵʬʬʝʢʪʦʚ. ʕʢʩʠʪʦʥ ʩʦʩʪʦʠʪ ʠʟ ʵʣʝʢʪʨʦʥʘ ʠ ʜʳʨʢʠ. ʇʘʨʫ 

çʵʣʝʢʪʨʦʥ-ʜʳʨʢʘè ʤʦʞʥʦ ʩʯʠʪʘʪʴ ʩʚʷʟʘʥʥʦʡ ʚ ʵʢʩʠʪʦʥ ʚ ʩʣʫʯʘʝ, ʢʦʛʜʘ ʵʥʝʨʛʠʷ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʵʣʝʢʪʨʦʥʘ ʠ ʜʳʨʢʠ ʠʤʝʝʪ ʪʦʪ ʞʝ ʧʦʨʷʜʦʢ, ʯʪʦ ʠ ʵʥʝʨʛʠʷ ʠʭ 

ʜʚʠʞʝʥʠʷ, ʘ ʵʥʝʨʛʠʷ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʜʚʫʭ ʵʢʩʠʪʦʥʦʚ ʤʘʣʘ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʵʥʝʨʛʠʝʡ 

http://ru.wikipedia.org/wiki/%D0%AD%D0%BD%D0%B5%D1%80%D0%B3%D0%B8%D1%8F
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ʢʘʞʜʦʛʦ ʠʟ ʥʠʭ. ʆʮʝʥʠʤ ʨʘʜʠʫʩ ʵʢʩʠʪʦʥʘ R (ʨʘʩʩʪʦʷʥʠʝ ʤʝʞʜʫ ʵʣʝʢʪʨʦʥʦʤ ʠ 

ʜʳʨʢʦʡ), ʧʨʠ ʢʦʪʦʨʦʤ ʵʪʦ ʠʤʝʝʪ ʤʝʩʪʦ. 

kinE
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 (k ï ʵʣʝʢʪʨʠʯʝʩʢʘʷ ʧʦʩʪʦʷʥʥʘʷ, e ï ʟʘʨʷʜ ʵʣʝʢʪʨʦʥʘ), 

ʦʪʢʫʜʘ 

2

222

>
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ʪ.ʝ. ʵʢʩʠʪʦʥʳ ʚ ʦʪʜʝʣʴʥʳʭ ʪʦʯʢʘʭ ʥʝ ʩʫʱʝʩʪʚʫʶʪ; ʵʬʬʝʢʪʘ ʥʝʪ. 

2. ʈʝʣʷʪʠʚʠʩʪʩʢʠʡ ʵʬʬʝʢʪ ɼʦʧʣʝʨʘ ʦʧʠʩʳʚʘʝʪʩʷ ʬʦʨʤʫʣʦʡ 
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ɺ ʜʘʥʥʦʡ ʟʘʜʘʯʝ k ʧʨʠʥʠʤʘʝʪ ʟʥʘʯʝʥʠʷ ʦʪ 1,1 ʜʦ 0,9. ʊʦ ʝʩʪʴ, ʧʨʠ ʧʨʠʙʣʠʞʝʥʠʠ 

ʪʦʯʝʢ ʢ ʥʘʙʣʶʜʘʪʝʣʶ (ʥʘʙʣʶʜʘʪʝʣʴ ʥʘ ʣʠʥʠʠ ʜʚʠʞʝʥʠʷ ʪʦʯʝʢ) ʥʘʙʣʶʜʘʝʤʘʷ 

ʯʘʩʪʦʪʘ ʨʘʚʥʘ 0,143Ŀ10
15

 ɻʮ, ʘ ʧʨʠ ʫʜʘʣʝʥʠʠ ʦʪ ʥʘʙʣʶʜʘʪʝʣʷ ʯʘʩʪʦʪʘ ʨʘʚʥʘ 

0,117Ŀ10
15

 ɻʮ. ʇʨʠ ʨʘʟʣʠʯʥʳʭ ʧʦʣʦʞʝʥʠʷʭ ʥʘʙʣʶʜʘʪʝʣʷ ʦʪʥʦʩʠʪʝʣʴʥʦ ʪʦʯʝʢ ʦʥ 

ʙʫʜʝʪ ʥʘʙʣʶʜʘʪʴ ʯʘʩʪʦʪʳ ʠʟ ʵʪʦʛʦ ʠʥʪʝʨʚʘʣʘ. 
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ʉʦʣʥʝʯʥʘʷ ʙʘʪʘʨʝʷ ʥʘ ʢʚʘʥʪʦʚʳʭ ʪʦʯʢʘʭ (2008, ʬʠʟʠʢʘ) 

ɸʚʪʦʨʩʢʦʝ ʨʝʰʝʥʠʝ 

1. ʇʨʝʜʣʦʞʝʥʥʘʷ ʚ ʟʘʜʘʯʝ ʩʦʣʥʝʯʥʘʷ ʙʘʪʘʨʝʷ ʷʚʣʷʝʪʩʷ ʜʝʡʩʪʚʫʶʱʝʡ ʠ ʧʨʝʜʣʦʞʝʥʘ ʚ 

ʩʪʘʪʴʝ Gur I., Fromer N.A., Geier M.L., Alivisatos A.P. Air-Stable All-Inorganic 

Nanocrystal Solar Cells Processed from Solution // Science 310, 462-465 (2005). 

ʄʝʭʘʥʠʟʤ ʨʘʙʦʪʳ ʩʦʣʥʝʯʥʦʡ ʙʘʪʘʨʝʠ ʥʘ ʢʚʘʥʪʦʚʳʭ ʪʦʯʢʘʭ ʦʪʥʦʩʠʪʩʷ ʢ ʪʘʢ 

ʥʘʟʳʚʘʝʤʦʤʫ ʜʦʥʦʨʥʦ-ʘʢʮʝʧʪʦʨʥʦʤʫ ʪʠʧʫ, ʢʦʛʜʘ ʥʘ ʵʥʝʨʛʝʪʠʯʝʩʢʦʡ ʜʠʘʛʨʘʤʤʝ 

ʥʠʞʥʠʡ ʥʝʟʘʧʦʣʥʝʥʥʳʡ ʫʨʦʚʝʥʴ ʜʦʥʦʨʥʦʡ ʤʦʣʝʢʫʣʳ (ʠʣʠ ʢʚʘʥʪʦʚʦʨʘʟʤʝʨʥʳʡ 

ʫʨʦʚʝʥʴ ʚ ʟʦʥʝ ʧʨʦʚʦʜʠʤʦʩʪʠ ʢʚʘʥʪʦʚʦʡ ʪʦʯʢʠ CdTe) ʣʝʞʠʪ ʚʳʰʝ ʧʦ ʵʥʝʨʛʠʠ 

(ʦʪʥʦʩʠʪʝʣʴʥʦ ʚʘʢʫʫʤʘ) ʧʦ ʦʪʥʦʰʝʥʠʶ ʢ ʩʦʦʪʚʝʪʩʚʫʶʱʝʤʫ ʫʨʦʚʥʶ ʘʢʮʝʧʪʦʨʥʦʡ 

ʤʦʣʝʢʫʣʳ (ʢʚʘʥʪʦʚʦʡ ʪʦʯʢʠ CdSe). ɼʣʷ ʚʝʨʭʥʝʛʦ ʟʘʧʦʣʥʝʥʥʦʛʦ ʫʨʦʚʥʷ (ʠʣʠ 

ʢʚʘʥʪʦʚʦʨʘʟʤʝʥʦʛʦ ʫʨʦʚʥʷ ʚ ʚʘʣʝʥʪʥʦʡ ʟʦʥʝ) ʩʠʪʫʘʮʠʷ ʦʙʨʘʪʥʘʷ.  

 

ʌʦʪʦʕɼʉ ʙʫʜʝʪ ʚʦʟʥʠʢʘʪʴ ʟʘ ʩʯʝʪ ʨʘʟʥʦʛʦ ʵʥʝʨʛʝʪʠʯʝʩʢʦʛʦ ʧʦʣʦʞʝʥʠʷ 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʢʚʘʥʪʦʚʦʨʘʟʤʝʨʥʳʭ ʫʨʦʚʥʝʡ ʜʣʷ ʟʦʥʳ ʧʨʦʚʦʜʠʤʦʩʪʠ ʠʣʠ ʜʣʷ 

ʚʘʣʝʥʪʥʦʡ ʟʦʥʳ ʢʚʘʥʪʦʚʳʭ ʪʦʯʝʢ CdTe ʠ CdSe. ɼʣʷ ʦʙʲʝʤʥʳʭ CdTe ʠ CdSe 

ʩʨʦʜʩʪʚʦ ʢ ʵʣʝʢʪʨʦʥʫ, ʦʧʨʝʜʝʣʷʶʱʝʝ ʧʦʣʦʞʝʥʠʝ ʢʨʘʷ ʟʦʥʳ ʧʨʦʚʦʜʠʤʦʩʪʠ, ʨʘʚʥʦ 

4.2 ʠ 4.8 ʵɺ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʈʘʟʥʦʝ ʵʥʝʨʛʝʪʠʯʝʩʢʦʝ ʧʦʣʦʞʝʥʠʝ ʫʨʦʚʥʝʡ ʧʨʠʚʝʜʝʪ ʢ 

ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʤʫ ʨʘʟʜʝʣʝʥʠʶ ʬʦʪʦʚʦʟʙʫʞʜʝʥʥʳʭ ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ. ʅʝʦʙʭʦʜʠʤʦ 

ʦʪʤʝʪʠʪʴ ʦʪʣʠʯʠʝ ʦʪ ʩʪʘʥʜʘʨʪʥʳʭ ʩʦʣʥʝʯʥʳʭ ʙʘʪʘʨʝʡ ʥʘ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʭ p-n 

ʧʝʨʝʭʦʜʘʭ, ʚ ʢʦʪʦʨʳʭ ʝʩʪʴ ʚʩʪʨʦʝʥʥʦʝ ʵʣʝʢʪʨʠʯʝʩʢʦʝ ʧʦʣʝ ʚ ʦʙʣʘʩʪʠ p-n ʧʝʨʝʭʦʜʘ. 

ɺ ʨʘʩʩʤʦʪʨʝʥʥʦʡ ʙʘʪʘʨʝʝ ʥʘ ʢʚʘʥʪʦʚʳʭ ʪʦʯʢʘʭ ʪʘʢʦʛʦ ʧʦʣʷ ʠʟʥʘʯʘʣʴʥʦ ʥʝʪ. 

ʌʦʪʦʚʦʟʙʫʞʜʝʥʥʳʝ ʵʣʝʢʪʨʦʥʳ ʙʫʜʫʪ ʧʝʨʝʭʦʜʠʪʴ ʚ ʩʣʦʡ ʢʚʘʥʪʦʚʳʭ ʪʦʯʝʢ CdSe, ʛʜʝ 

ʦʥʠ ʠʤʝʶʪ ʤʝʥʴʰʫʶ ʵʥʝʨʛʠʶ, ʬʦʪʦʚʦʟʙʫʞʜʝʥʥʳʝ ʜʳʨʢʠ ï ʚ ʩʣʦʡ CdTe. 
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ʉʦʦʪʚʝʪʩʪʚʝʥʥʦ ʟʘ ʪʨʘʥʩʧʦʨʪ ʵʣʝʢʪʨʦʥʦʚ ʙʫʜʝʪ ʦʪʚʝʯʘʪʴ ʩʣʦʡ ʢʚʘʥʪʦʚʳʭ ʪʦʯʝʢ 

CdSe, ʟʘ ʪʨʘʥʩʧʦʨʪ ʜʳʨʦʢ ï ʩʣʦʡ CdTe.  

ɼʨʫʛʠʤʠ ʤʘʪʝʨʠʘʣʘʤʠ ʤʦʛʫʪ ʙʳʪʴ ʧʦʣʫʧʨʦʚʦʜʥʠʢʠ ʩ ʨʘʟʣʠʯʥʳʤ ʩʨʦʜʩʪʚʦʤ ʢ 

ʵʣʝʢʪʨʦʥʫ, ʢʦʪʦʨʦʝ ʦʧʨʝʜʝʣʷʝʪ ʨʘʟʥʦʩʪʴ ʵʥʝʨʛʠʡ ʢʚʘʥʪʦʚʦʨʘʟʤʝʨʥʳʭ ʫʨʦʚʥʝʡ ʚ 

ʟʦʥʝ ʧʨʦʚʦʜʠʤʦʩʪʠ. ʈʘʟʨʳʚ ʢʨʘʝʚ ʟʦʥ ʚ ʟʦʥʝ ʧʨʦʚʦʜʠʤʦʩʪʠ ʜʦʣʞʝʥ ʠʤʝʪʴ ʪʘʢʦʡ ʞʝ 

ʟʥʘʢ. ɺʦʦʙʱʝ ʛʦʚʦʨʷ, ʵʪʦ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʝ ʧʘʨʳ, ʦʪʥʦʩʷʱʠʝʩʷ ʢ ʪʘʢ 

ʥʘʟʳʚʘʝʤʦʤʫ ʪʠʧʫ II ʛʝʪʝʨʦʧʝʨʝʭʦʜʦʚ. 

 

ʅʘʧʨʠʤʝʨ, CdS-CdTe (ʩʨʦʜʩʪʚʦ ʢ ʵʣʝʢʪʨʦʥʫ 4.7 ʠ 4.2 ʵɺ), CdS-ZnSe (4.7 ʠ 4.0 ʵɺ).  

2. ɼʣʷ ʩʦʟʜʘʥʠʷ ʩʦʣʥʝʯʥʳʭ ʙʘʪʘʨʝʡ ʧʨʠʚʣʝʢʘʪʝʣʴʥʳ ʩʣʝʜʫʶʱʠʝ ʩʚʦʡʩʪʚʘ 

ʢʦʣʣʦʠʜʥʳʭ ʢʚʘʥʪʦʚʳʭ ʪʦʯʝʢ: ʚʦʟʤʦʞʥʦʩʪʴ ʢʦʥʪʨʦʣʷ ʵʬʬʝʢʪʠʚʥʦʡ ʰʠʨʠʥʳ 

ʟʘʧʨʝʱʝʥʥʦʡ ʟʦʥʳ, ʪ.ʝ. ʚʦʟʤʦʞʥʦʩʪʴ ʧʦʜʩʪʨʦʡʢʠ ʩʧʝʢʪʨʘʣʴʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ 

ʢʚʘʥʪʦʚʳʭ ʪʦʯʝʢ ʧʨʠ ʚʘʨʴʠʨʦʚʘʥʠʠ ʨʘʟʤʝʨʘ ʧʦʜ ʪʨʝʙʫʝʤʳʝ ʜʣʠʥʳ ʚʦʣʥ; ʚʳʩʦʢʘʷ 

ʬʦʪʦʩʪʘʙʠʣʴʥʦʩʪʴ, ʩʚʦʡʩʪʚʝʥʥʘʷ ʥʝʦʨʛʘʥʠʯʝʩʢʠʤ ʤʘʪʝʨʠʘʣʘʤ; ʨʘʩʪʚʦʨʠʤʦʩʪʴ ʩ 

ʦʙʨʘʟʦʚʘʥʠʝʤ ʟʦʣʝʡ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʣʝʛʢʦ ʤʘʥʠʧʫʣʠʨʦʚʘʪʴ ʢʚʘʥʪʦʚʳʤʠ ʪʦʯʢʘʤʠ. ɺ 

ʨʘʙʦʪʘʭ ʂʣʠʤʦʚʘ ʠʟ ʃʦʩ-ɸʣʘʤʦʩʘ ʫʢʘʟʳʚʘʝʪʩʷ ʪʘʢʞʝ ʚʦʟʤʦʞʥʦʩʪʴ ʤʫʣʴʪʠʧʣʠʢʘʮʠʠ 

ʬʦʪʦʚʦʟʙʫʞʜʝʥʥʳʭ ʵʣʝʢʪʨʦʥ-ʜʳʨʦʯʥʳʭ ʧʘʨ ʚ ʢʚʘʥʪʦʚʳʭ ʪʦʯʢʘʭ, ʪ.ʝ. ʢʦʛʜʘ 1 ʬʦʪʦʥ 

ʩ ʚʳʩʦʢʦʡ ʵʥʝʨʛʠʝʡ ʨʦʞʜʘʝʪ ʙʦʣʝʝ 1 ʵʣʝʢʪʨʦʥ-ʜʳʨʦʯʥʦʡ ʧʘʨʳ. 

ʉʪʘʙʠʣʠʟʘʪʦʨ ʧʘʩʩʠʚʠʨʫʝʪ ʧʦʚʝʨʭʥʦʩʪʥʳʝ ʜʝʬʝʢʪʳ ʚ ʢʚʘʥʪʦʚʳʭ ʪʦʯʢʘʭ, 

ʧʨʝʧʷʪʩʪʚʫʝʪ ʠʭ ʘʛʨʝʛʘʮʠʠ ʠ ʜʝʣʘʝʪ ʢʚʘʥʪʦʚʳʝ ʪʦʯʢʠ ʨʘʩʪʚʦʨʠʤʳʤʠ. ʂʘʢ ʧʨʘʚʠʣʦ, 

ʩʪʘʙʠʣʠʟʘʪʦʨʳ ï ʵʪʦ ʜʣʠʥʥʦʮʝʧʦʯʝʯʥʳʝ ʦʨʛʘʥʠʯʝʩʢʠʝ ʤʦʣʝʢʫʣʳ, ʦʜʥʠʤ ʢʦʥʮʦʤ 

ʧʨʠʚʷʟʘʥʥʳʝ ʢ ʧʦʚʝʨʭʥʦʩʪʠ ʢʚʘʥʪʦʚʦʡ ʪʦʯʢʠ, ʥʘʧʨʠʤʝʨ, ʦʣʝʠʥʦʚʘʷ ʢʠʩʣʦʪʘ, 

ʪʨʠʦʢʪʠʣʬʦʩʬʠʥʦʢʩʠʜ. 

ɼʣʷ ʩʦʣʥʝʯʥʦʡ ʙʘʪʘʨʝʠ ʩʪʘʙʠʣʠʟʘʪʦʨ ʜʦʣʞʝʥ ʙʳʪʴ ʢʦʨʪʢʦʮʝʧʦʯʝʯʥʳʤ, ʯʪʦʙʳ 

ʦʙʝʩʧʝʯʠʪʴ ʤʠʥʠʤʘʣʴʥʦʝ ʨʘʩʩʪʦʷʥʠʝ ʤʝʞʜʫ ʢʚʘʥʪʦʚʳʤʠ ʪʦʯʢʘʤʠ ʚ ʩʣʦʝ, ʠ 
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ʦʙʝʩʧʝʯʠʪʴ ʚʦʟʤʦʞʥʦʩʪʴ ʪʨʘʥʩʧʦʨʪʘ ʵʣʝʢʪʨʦʥʦʚ ʠ ʜʳʨʦʢ ʧʦ ʧʨʳʞʢʦʚʦʤʫ 

ʤʝʞʘʥʠʟʤʫ. ʅʘʧʨʠʤʝʨ, ʧʠʨʠʜʠʥ, ʙʫʪʠʣʘʤʠʥ. 

3. ɼʣʠʥʫ ʚʦʣʥʳ ʤʘʢʩʠʤʫʤʘ ʠʟʣʫʯʝʥʠʷ ʩʦʣʥʮʘ ʤʦʞʥʦ ʨʘʩʯʠʪʘʪʴ ʧʦ ʬʦʨʤʫʣʝ ɺʠʥʘ ʜʣʷ 

ʠʟʣʫʯʝʥʠʷ ʘʙʩʦʣʶʪʥʦ ʯʝʨʥʦʛʦ ʪʝʣʘ l (ʤʢʤ) = 2898/ʊ(ʂ) ï 0.483 ʤʢʤ = 483 ʥʤ, ʯʪʦ 

ʥʝʩʢʦʣʴʢʦ ʦʪʣʠʯʘʝʪʩʷ ʦʪ ʨʝʘʣʴʥʦʛʦ ʤʘʢʩʠʤʫʤʘ 560 ʥʤ (ʤʦʞʥʦ ʧʨʠʥʷʪʴ ʨʝʰʝʥʠʷ ʠ 

ʪʝʭ, ʢʪʦ ʜʘʩʪ ʨʘʩʯʝʪʳ ʜʣʷ 560 ʥʤ!). ʕʥʝʨʛʠʷ ʬʦʪʦʥʘ ʩ ʜʣʠʥʦʡ ʚʦʣʥʳ 483 ʥʤ ʧʨʠ 

ʵʪʦʤ ʨʘʚʥʘ 2.56 ʵɺ.  

 

ɺ ʠʜʝʘʣʴʥʦʤ ʩʣʫʯʘʝ ʩʣʫʯʘʝ ʵʬʬʝʢʪʠʚʥʘʷ ʰʠʨʠʥʘ ʟʘʧʨʝʱʝʥʥʦʡ ʟʦʥʳ ʜʣʷ ʢʚʘʥʪʦʚʦʡ 

ʦʧʨʝʜʝʣʷʝʪʩʷ ʬʦʨʤʫʣʦʡ ʜʣʷ ʧʦʪʝʥʮʠʘʣʴʥʦʡ ʷʤʳ ʜʣʷ ʵʣʝʢʪʨʦʥʘ ʠ ʜʳʨʢʠ ʧʦ 

ʩʦʦʪʥʦʰʝʥʠʶ  

 

ʠʣʠ  

 

ʛʜʝ me, mh ï ʵʬʬʝʢʪʠʚʥʳʝ ʤʘʩʩʳ ʵʣʝʢʪʨʦʥʘ ʠ ʜʳʨʢʠ, Eg ï ʰʠʨʠʥʘ ʟʘʧʨʝʱʝʥʥʦʡ 

ʟʦʥʳ ʦʙʲʝʤʥʦʛʦ ʤʘʪʝʨʠʘʣʘ, R ï ʨʘʜʠʫʩ ʢʚʘʥʪʦʚʦʡ ʪʦʯʢʠ. 

ɼʣʷ ʧʨʠʚʝʜʝʥʥʳʭ ʟʥʘʯʝʥʠʡ ʰʠʨʠʥ ʟʘʧʨʝʱʝʥʥʦʡ ʟʦʥʳ ʠ ʵʬʬʝʢʪʠʚʥʳʭ ʤʘʩʩ 

ʧʦʣʫʯʘʝʤ  
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ʜʣʷ CdSe ,  

ʪʘʢʠʤ ʦʙʨʘʟʦʤ R(CdSe) = 2.2 ʥʤ 

ʜʣʷ CdTe  

,  

ʪʘʢʠʤ ʦʙʨʘʟʦʤ R(CdTe) = 1.9 ʥʤ 

4. ɼʨʫʛʦʡ ʧʨʠʥʮʠʧʠʘʣʴʥʦʡ ʩʭʝʤʦʡ ʙʘʪʘʨʝʠ ʥʘ ʢʚʘʥʪʦʚʳʭ ʪʦʯʢʘʭ ʤʦʞʝʪ ʙʳʪʴ, 

ʥʘʧʨʠʤʝʨ, ʪʘʢ ʥʘʟʳʚʘʝʤʘʷ ʩʦʣʥʝʯʥʘʷ ʙʘʪʘʨʝʷ ɻʨʘʪʮʝʣʷ. ʄʘʡʢʣ ɻʨʘʪʮʝʣʴ ʚ 1991 ʛ. 

ʧʨʝʜʣʦʞʠʣ ʥʘʥʦʩʠʪʴ ʦʨʛʘʥʠʯʝʩʢʠʡ ʩʝʥʩʠʙʠʣʠʟʘʪʦʨ ʥʘ ʧʦʨʠʩʪʳʡ ʩʣʦʡ ʦʢʩʠʜʥʦʛʦ 

ʧʦʣʫʧʨʦʚʦʜʥʠʢʘ ʜʠʦʢʩʠʜʘ ʪʠʪʘʥʘ. ʇʦʛʣʦʱʝʥʥʳʡ ʬʦʪʦʥ ʨʦʞʜʘʝʪ ʵʣʝʢʪʨʦʥ ʠ ʜʳʨʢʫ 

ʚ ʤʦʣʝʢʫʣʝ ʩʝʥʩʠʙʠʣʠʟʘʪʦʨʘ, ʵʣʝʢʪʨʦʥ ʧʝʨʝʭʦʜʠʪ ʚ ʩʣʦʡ ʜʠʦʢʩʠʜʘ ʪʠʪʘʥʘ, ʜʳʨʢʘ 

ʤʦʞʝʪ ʩʥʠʤʘʪʴʩʷ ʣʠʙʦ ʟʘ ʩʯʝʪ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʡ ʨʝʘʢʮʠʠ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʵʣʝʢʪʨʦʣʠʪʘ, ʣʠʙʦ ʧʝʨʝʭʦʜʠʪʴ, ʥʘʧʨʠʤʝʨ ʚ ʜʳʨʦʯʥʦ-ʧʨʦʚʦʜʷʱʠʡ ʩʣʦʡ ʥʘ ʦʩʥʦʚʝ 

ʦʨʛʘʥʠʯʝʩʢʠʭ ʧʦʣʠʤʝʨʦʚ. ɺ ʢʘʯʝʩʪʚʝ ʬʦʪʦʩʝʥʩʠʙʠʣʠʟʘʪʦʨʘ ʤʦʞʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ 

ʢʚʘʥʪʦʚʳʝ ʪʦʯʢʠ. ʉʭʝʤʘ ʧʨʠʚʝʜʝʥʘ ʥʘ ʨʠʩʫʥʢʝ.  

 

 

ʄʘʢʝʝʚʘ ɽʢʘʪʝʨʠʥʘ ɸʥʘʪʦʣʴʝʚʥʘ 

1. ɺ ʦʧʠʩʘʥʥʦʡ ʚ ʫʩʣʦʚʠʠ ʟʘʜʘʯʠ ʩʦʣʥʝʯʥʦʡ ʙʘʪʘʨʝʝ ï ʙʘʪʘʨʝʝ ɻʨʘʪʮʝʣʷ ï çʛʣʘʚʥʫʶ 

ʨʦʣʴè ʠʛʨʘʝʪ ʢʦʥʪʘʢʪ ʥʘ ʛʨʘʥʠʮʝ ʜʚʫʭ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʭ ʤʘʪʝʨʠʘʣʦʚ ï 
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ʛʝʪʝʨʦʧʝʨʝʭʦʜ ʤʝʞʜʫ ʚʝʱʝʩʪʚʘʤʠ, ʰʠʨʠʥʳ ʟʘʧʨʝʱʝʥʥʳʭ ʟʦʥ ʢʦʪʦʨʳʭ 

ʩʦʧʦʩʪʘʚʠʤʳ, ʥʦ ʢʨʘʷ ʟʦʥ ʩʜʚʠʥʫʪʳ ʜʨʫʛ ʦʪʥʦʩʠʪʝʣʴʥʦ ʜʨʫʛʘ.  

 

ʇʦʜ ʜʝʡʩʪʚʠʝʤ ʢʚʘʥʪʘ ʩʚʝʪʘ, ʵʥʝʨʛʠʷ ʢʦʪʦʨʦʛʦ ʙʦʣʴʰʝ, ʯʝʤ ʰʠʨʠʥʘ ʟʘʧʨʝʱʝʥʥʦʡ 

ʟʦʥʳ CdTe, ʧʨʦʠʩʭʦʜʠʪ çʚʳʙʠʚʘʥʠʝè ʵʣʝʢʪʨʦʥʘ ʚ ʟʦʥʫ ʧʨʦʚʦʜʠʤʦʩʪʠ (ʚ ʚʘʣʝʥʪʥʦʡ 

ʟʦʥʝ ʦʩʪʘʝʪʩʷ ʜʳʨʢʘ), ʪʘʢʠʝ ʚʳʩʦʢʦʵʥʝʨʛʝʪʠʯʝʩʢʠʝ ʵʣʝʢʪʨʦʥʳ ʥʘʟʳʚʘʶʪʩʷ 

çʛʦʨʷʯʠʤʠè. ɼʘʣʴʰʝ ʫ ʵʣʝʢʪʨʦʥʘ ʝʩʪʴ ʪʨʠ ʧʫʪʠ ï ʣʠʙʦ çʦʩʪʳʚʘʪʴè, ʚʟʘʠʤʦʜʝʡʩʪʚʫʷ 

ʩ ʬʦʥʦʥʘʤʠ ʨʝʰʝʪʢʠ, ʣʠʙʦ ʠʟʣʫʯʘʪʝʣʴʥʘʷ ʨʝʢʦʤʙʠʥʘʮʠʷ, ʣʠʙʦ ʧʝʨʝʭʦʜ ʥʘ ʙʦʣʝʝ 

ʥʠʟʢʠʡ ʧʦ ʵʥʝʨʛʠʠ ʫʨʦʚʝʥʴ ʟʦʥʳ ʧʨʦʚʦʜʠʤʦʩʪʠ CdSe. ʇʨʠ ʵʪʦʤ ʜʳʨʢʠ ʦʩʪʘʶʪʩʷ ʚ 

CdTe ï ʠʭ ʧʝʨʝʭʦʜʫ ʧʨʝʧʷʪʩʪʚʫʝʪ ʵʥʝʨʛʝʪʠʯʝʩʢʠʡ ʙʘʨʴʝʨ ʥʘ ʛʨʘʥʠʮʝ ʜʚʫʭ 

ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʭ ʤʘʪʝʨʠʘʣʦʚ. ʆʜʥʦʚʨʝʤʝʥʥʦ ʚʦʟʤʦʞʥʦ ʬʦʪʦʚʦʟʙʫʞʜʝʥʠʝ ʠ ʚ 

CdSe, ʧʨʠ ʵʪʦʤ ʪʨʠ ʚʘʨʠʘʥʪʘ ʧʦʚʝʜʝʥʠʷ ʪʝʧʝʨʴ ʫʞʝ ʫ ʜʳʨʢʠ: ʨʘʩʩʝʠʚʘʥʠʝ, 

ʠʟʣʫʯʘʪʝʣʴʥʘʷ ʨʝʢʦʤʙʠʥʘʮʠʷ ʠʣʠ ʧʝʨʝʭʦʜ ʥʘ ʙʦʣʝʝ ʚʳʩʦʢʦ ʣʝʞʘʱʠʡ ʚʘʣʝʥʪʥʳʡ 

ʫʨʦʚʝʥʴ CdTe. 

ʇʨʠ ʚʢʣʶʯʝʥʠʠ ʪʘʢʦʡ ʩʠʩʪʝʤʳ ʚ ʮʝʧʴ ʵʣʝʢʪʨʦʥʳ ʠʟ ʟʦʥʳ ʧʨʦʚʦʜʠʤʦʩʪʠ ʩʝʣʝʥʠʜʘ 

ʢʘʜʤʠʷ, ʧʨʦʡʜʷ ʧʦ ʮʝʧʠ ʠ ʩʦʚʝʨʰʠʚ ʨʘʙʦʪʫ, ʨʝʢʦʤʙʠʥʠʨʫʶʪ ʩ ʜʳʨʢʘʤʠ ʠʟ 

ʚʘʣʝʥʪʥʦʡ ʟʦʥʳ ʪʝʣʣʫʨʠʜʘ ʢʘʜʤʠʷ, - ʥʘ ʢʦʥʪʘʢʪʘʭ ʚʦʟʥʠʢʘʝʪ ʨʘʟʥʦʩʪʴ ʧʦʪʝʥʮʠʘʣʦʚ 

ï ʬʦʪʦʕɼʉ, ʚʝʣʠʯʠʥʘ ʢʦʪʦʨʦʛʦ ʦʧʨʝʜʝʣʷʝʪʩʷ ʨʘʟʥʦʩʪʴʶ ʵʥʝʨʛʠʡ E
(CdSe)

c ï E
(CdTe)

v. 

ɿʘ ʪʨʘʥʩʧʦʨʪ ʵʣʝʢʪʨʦʥʦʚ ʦʪʚʝʯʘʝʪ CdSe, ʟʘ ʪʨʘʥʩʧʦʨʪ ʜʳʨʦʢ ï CdTe. 

ʇʨʠʥʮʠʧʠʘʣʴʥʘʷ ʦʩʦʙʝʥʥʦʩʪʴ ʪʘʢʦʛʦ ʩʦʣʥʝʯʥʳʭ ʙʘʪʘʨʝʡ ʪʘʢʦʛʦ ʪʠʧʘ ï ʦʯʝʥʴ 

ʥʠʟʢʘʷ ʢʦʥʮʝʥʪʨʘʮʠʷ ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ ʚ ʦʪʩʫʪʩʪʚʠʝ ʦʩʚʝʱʝʥʠʷ. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʦʩʥʦʚʥʦʝ ʪʨʝʙʦʚʘʥʠʝ ʢ ʤʘʪʝʨʠʘʣʘʤ, ʢʦʪʦʨʳʝ ʤʦʛʫʪ ʠʩʧʦʣʴʟʦʚʘʪʴʩʷ 

ʚ ʩʦʟʜʘʥʠʠ ʩʦʣʥʝʯʥʳʭ ʙʘʪʘʨʝʡ ʜʘʥʥʦʛʦ ʪʠʧʘ, ʵʪʦ ʙʣʠʟʢʠʝ ʰʠʨʠʥʳ ʟʘʧʨʝʱʝʥʥʳʭ 

ʟʦʥ, ʧʨʠ ʵʪʦʤ ʢʨʘʷ ʟʦʥ ʜʦʣʞʥʳ ʙʳʪʴ ʩʜʚʠʥʫʪʳ ʜʨʫʛ ʦʪʥʦʩʠʪʝʣʴʥʦ ʜʨʫʛʘ. 

ʅʘʧʨʠʤʝʨ, CdS/CdTe. 

2. ɻʣʘʚʥʦʝ ʧʨʝʠʤʫʱʝʩʪʚʦ ʥʘʥʦʨʘʟʤʝʨʥʳʭ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʭ ʢʨʠʩʪʘʣʣʦʚ ʧʦ 

ʩʨʘʚʥʝʥʠʶ ʩ ʦʙʲʝʤʥʳʤ ʤʘʪʝʨʠʘʣʦʤ ʩʦʩʪʦʠʪ ʚ ʪʦʤ, ʯʪʦ ʚ ʜʘʥʥʦʤ ʩʣʫʯʘʝ ʝʩʪʴ 

ʚʦʟʤʦʞʥʦʩʪʴ çʤʦʜʝʣʠʨʦʚʘʪʴè ʩʪʨʦʝʥʠʝ ʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʟʦʥ ʧʫʪʝʤ ʚʘʨʴʠʨʦʚʘʥʠʷ 

ʨʘʟʤʝʨʦʚ ʯʘʩʪʠʮ, ʧʦʜʙʠʨʘʷ ʪʝʤ ʩʘʤʳʤ ʦʧʪʠʤʘʣʴʥʦʝ ʩʦʦʪʥʦʰʝʥʠʝ ʵʥʝʨʛʝʪʠʯʝʩʢʠʭ 

ʫʨʦʚʥʝʡ ʢʦʤʧʦʥʝʥʪʦʚ. ʂʨʦʤʝ ʪʦʛʦ, ʚʘʨʴʠʨʫʷ Eg, ʤʦʞʥʦ çʥʘʩʪʨʦʠʪʴè ʤʘʪʝʨʠʘʣ ʥʘ 

CdTe CdSe 

e
- 

e- 

h+ 

h+ 

hn 
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ʜʣʠʥʫ ʚʦʣʥʳ, ʥʝʩʫʱʫʶ ʩ ʩʦʙʦʡ ʤʘʢʩʠʤʘʣʴʥʦʝ ʢʦʣʠʯʝʩʪʚʦ ʵʥʝʨʛʠʠ. ɼʨʫʛʦʝ 

ʧʨʝʠʤʫʱʝʩʪʚʦ ï ʚʦʟʤʦʞʥʦʩʪʴ ʥʘʥʝʩʝʥʠʷ ʥʘ ʪʦʢʦʩʲʝʤʥʳʡ ʵʣʝʢʪʨʦʜ ʧʨʘʢʪʠʯʝʩʢʠ ʩ 

ʣʶʙʦʡ ʛʝʦʤʝʪʨʠʝʡ (ʧʣʦʩʢʠʡ, ʮʠʣʠʥʜʨʠʯʝʩʢʠʡ, ʩʬʝʨʠʯʝʩʢʠʡ, ʛʠʙʢʠʡ). 

ʆʨʛʘʥʠʯʝʩʢʠʡ ʩʪʘʙʠʣʠʟʘʪʦʨ ʥʝʦʙʭʦʜʠʤ ʜʣʷ ʧʨʝʜʦʪʚʨʘʱʝʥʠʷ ʘʛʨʝʛʘʮʠʠ ʥʘʥʦʯʘʩʪʠʮ: 

ʢʦʤʧʝʥʩʠʨʫʷ ʥʝʥʘʩʳʱʝʥʥʳʝ ʩʚʷʟʠ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ, ʦʥ, ʪʝʤ ʩʘʤʳʤ, ʩʥʠʞʘʝʪ 

ʧʦʚʝʨʭʥʦʩʪʥʫʶ ʵʥʝʨʛʠʶ (ʢʦʪʦʨʘʷ ʩʣʫʞʠʪ ʦʩʥʦʚʥʦʡ ʜʚʠʞʫʱʝʡ ʩʠʣʦʡ, ʚʝʜʫʱʝʡ ʢ 

ʘʛʨʝʛʘʮʠʠ: ʫʢʨʫʧʥʝʥʠʝ ʚʝʜʝʪ ʢ ʩʥʠʞʝʥʠʶ ʧʣʦʱʘʜʠ ʧʦʚʝʨʭʥʦʩʪʠ, ʠ, ʩʣʝʜʦʚʘʪʝʣʴʥʦ, 

ʧʦʚʝʨʭʥʦʩʪʥʦʡ ʵʥʝʨʛʠʠ). ʇʦʩʢʦʣʴʢʫ çʛʣʘʚʥʳʡè ʧʘʨʘʤʝʪʨ ʩʠʩʪʝʤʳ ï ʰʠʨʠʥʘ 

ʟʘʧʨʝʱʝʥʥʦʡ ʟʦʥʳ ï ʦʧʨʝʜʝʣʷʝʪʩʷ ʨʘʟʤʝʨʦʤ ʯʘʩʪʠʮ, ʘʛʨʝʛʘʮʠʷ ʟʜʝʩʴ ʥʝ ʫʤʝʩʪʥʘ. 

ʂ ʩʪʘʙʠʣʠʟʘʪʦʨʫ ʢʚʘʥʪʦʚʳʭ ʪʦʯʝʢ ʜʣʷ ʩʦʟʜʘʥʠʷ ʩʦʣʥʝʯʥʦʡ ʙʘʪʘʨʝʠ ʧʨʝʜʲʷʚʣʷʝʪʩʷ 

ʨʷʜ ʪʨʝʙʦʚʘʥʠʡ: 

1) ʵʬʬʝʢʪʠʚʥʦ ʩʥʠʞʘʝʪ ʧʦʚʝʨʭʥʦʩʪʥʫʶ ʵʥʝʨʛʠʶ ʯʘʩʪʠʮ; 

2) ʛʘʩʠʪ ʣʶʤʠʥʝʩʮʝʥʮʠʶ (ʧʦʚʳʰʝʥʠʝ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʬʦʪʦʕɼʉ); 

3) ʩʧʦʩʦʙʩʪʚʫʝʪ ʧʝʨʝʜʘʯʝ ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ ʥʘ ʪʦʢʦʩʲʝʤʥʳʡ ʵʣʝʢʪʨʦʜ ï ʠʤʝʝʪ 

ʩʠʩʪʝʤʫ ʩʦʧʨʷʞʝʥʥʳʭ -́ʵʣʝʢʪʨʦʥʥʳʭ ʩʚʷʟʝʡ; 

4) ʠʤʝʝʪ ʬʫʥʢʮʠʦʥʘʣʴʥʳʝ ʛʨʫʧʧʳ ï ʧʦʪʝʥʮʠʘʣʴʥʫʶ ʚʦʟʤʦʞʥʦʩʪʴ çʩʚʷʟʘʪʴè 

ʢʚʘʥʪʦʚʳʝ ʪʦʯʢʠ ʤʝʞʜʫ ʩʦʙʦʡ ʠ ʩ ʧʦʚʝʨʭʥʦʩʪʴʶ ʪʦʢʦʩʲʝʤʥʦʛʦ ʵʣʝʢʪʨʦʜʘ. 

ɺʩʝʤ ʚʳʰʝ ʧʝʨʝʯʠʩʣʝʥʥʳʤ ʪʨʝʙʦʚʘʥʠʷʤ ʫʜʦʚʣʝʪʚʦʨʷʝʪ, ʥʘʧʨʠʤʝʨ, ʧʘʨʘ-

ʤʝʨʢʘʧʪʦʘʥʠʣʠʥ. 

3. ɿʘʚʠʩʠʤʦʩʪʴ Eg ʦʪ ʨʘʟʤʝʨʘ ʩʬʝʨʠʯʝʩʢʠʭ ʯʘʩʪʠʮ ʦʧʠʩʳʚʘʝʪʩʷ ʚ ʨʘʤʢʘʭ ʤʝʪʦʜʘ 

ʵʬʬʝʢʪʠʚʥʳʭ ʤʘʩʩ: 

2
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ʛʜʝ Eg0 ï ʰʠʨʠʥʘ ʟʘʧʨʝʱʝʥʥʦʡ ʟʦʥʳ ʦʙʲʝʤʥʦʛʦ ʧʦʣʫʧʨʦʚʦʜʥʠʢʘ,> = 1,0545*10
-34

 - 

ʧʦʩʪʦʷʥʥʘʷ ʇʣʘʥʢʘ ʩ ʯʝʨʪʦʡ, m - ʧʨʠʚʝʜʝʥʥʘʷ ʤʘʩʩʘ ʵʢʩʠʪʦʥʘ: ɛ = me*mp/(me + mp) 

ɛ(CdTe) = 0,13*0,45/(0,13+0,45)*mʦ = 0,101*mʦ 

ɛ(CdSe) = 0,14*0,35/(0,14+0,35)*mʦ = 0,1*mʦ 

mʦ = 9,1*10
-31

 ʢʛ 

ʋʯʠʪʳʚʘʷ ʧʦʣʫʯʝʥʥʳʝ ʟʥʘʯʝʥʠʷ ʠ ʧʦʜʩʪʘʚʣʷʷ ʩʧʨʘʚʦʯʥʳʝ ʚʝʣʠʯʠʥʳ, ʧʦʣʫʯʘʝʤ 

ʫʧʨʦʱʝʥʥʦʝ ʫʨʘʚʥʝʥʠʝ ʜʣʷ ʨʘʩʯʝʪʘ Eg. ʆʥʦ ʩʦʚʧʘʜʘʝʪ ʜʣʷ ʦʙʦʠʭ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚ, 

ʪʘʢ ʢʘʢ ʦʥʠ ʠʤʝʶʪ ʦʯʝʥʴ ʙʣʠʟʢʠʝ ʵʬʬʝʢʪʠʚʥʳʝ ʤʘʩʩʳ ʵʢʩʠʪʦʥʘ: 

Eg = Eg0 + 3,76/r(ʥʤ)
2
 

ʌʦʪʦʧʨʦʚʦʜʠʤʦʩʪʴ ʙʫʜʝʪ ʥʘʙʣʶʜʘʪʴʩʷ ʧʨʠ ʫʩʣʦʚʠʠ hɜ > Eg. 

ʈʘʩʩʤʦʪʨʠʤ ʉʦʣʥʮʝ ʢʘʢ ʘʙʩʦʣʶʪʥʦ ʯʝʨʥʦʝ ʪʝʣʦ, ʨʘʟʦʛʨʝʪʦʝ ʜʦ ʪʝʤʧʝʨʘʪʫʨʳ 

ʊ = 6000 ʂ. 
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ɽʛʦ ʵʥʝʨʛʝʪʠʯʝʩʢʠʡ ʩʧʝʢʪʨ ʦʧʠʩʳʚʘʝʪʩʷ ʫʨʘʚʥʝʥʠʝʤ . 

ɼʣʠʥʘ ʚʦʣʥʳ, ʧʨʠ ʢʦʪʦʨʦʡ ʵʥʝʨʛʠʷ ʠʟʣʫʯʝʥʠʷ ʘʙʩʦʣʶʪʥʦ ʯʸʨʥʦʛʦ ʪʝʣʘ 

ʤʘʢʩʠʤʘʣʴʥʘ, ʦʧʨʝʜʝʣʷʝʪʩʷ ʟʘʢʦʥʦʤ ʩʤʝʱʝʥʠʷ ɺʠʥʘ: , 

ʛʜʝ T ï ʪʝʤʧʝʨʘʪʫʨʘ ʚ ʢʝʣʴʚʠʥʘʭ, ʘ ɚmax ï ʜʣʠʥʘ ʚʦʣʥʳ ʩ ʤʘʢʩʠʤʘʣʴʥʦʡ 

ʠʥʪʝʥʩʠʚʥʦʩʪʴʶ ʚ ʤʝʪʨʘʭ. 

ɚmax = 4,83*10
-7

 ʤ = 483 ʥʤ 

Eg < hc/ɚmax = 2,57 ʵɺ 

r(CdTe) > 1,88 ʥʤ 

r(CdSe) > 2,22 ʥʤ 

ʇʦʩʢʦʣʴʢʫ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ Eg ʦʪ ʨʘʟʤʝʨʦʚ ʯʘʩʪʠʮ ʦʪʣʠʯʘʝʪʩʷ ʦʪ 

ʪʝʦʨʝʪʠʯʝʩʢʦʡ ʦʮʝʥʢʠ (Eg = Eg0 + 6,9/r(ʥʤ)
2
), ʧʨʦʚʝʜʝʤ ʨʘʩʯʝʪ ʪʘʢʞʝ ʠ ʜʣʷ ʵʪʦʛʦ 

ʩʣʫʯʘʷ: 

r(CdTe) > 2,53 ʥʤ 

r(CdSe) > 2,99 ʥʤ 

4. 1) ʇʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʡ ʧʦʣʠʤʝʨ ʠ CdSe. ʇʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʡ ʧʦʣʠʤʝʨ ʨ-ʪʠʧʘ ʩ 

ʚʳʩʦʢʦʡ ʧʦʜʚʠʞʥʦʩʪʴʶ ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ ʦʙʝʩʧʝʯʠʚʘʝʪ çʦʪʚʦʜè ʜʳʨʦʢ ʠʟ 

ʢʚʘʥʪʦʚʳʭ ʪʦʯʝʢ ʥʘ ʵʣʝʢʪʨʦʜ (ʧʦʪʦʣʦʢ ʚʘʣʝʥʪʥʦʡ ʟʦʥʳ ʜʣʷ ʧʦʣʠʤʝʨʘ ʚʳʰʝ, ʯʝʤ ʫ 

ʩʝʣʝʥʠʜʘ ʢʘʜʤʠʷ). 

2) ʊʦʞʝ ʩ ʜʠʦʢʩʠʜʦʤ ʦʣʦʚʘ (ʬʦʪʦʕɼʉ ʥʝʪ ï ʩʣʠʰʢʦʤ ʰʠʨʦʢʘʷ ʟʦʥʘ, ʧʦʛʣʦʱʘʪʴ 

ʤʦʞʝʪ ʪʦʣʴʢʦ ʫʣʴʪʨʘʬʠʦʣʝʪ, ʢʦʪʦʨʳʡ, ʚʧʨʦʯʝʤ, ʧʨʘʢʪʠʯʝʩʢʠ ʧʦʣʥʦʩʪʴʶ 

ʧʦʛʣʦʱʘʝʪʩʷ ʟʝʤʥʦʡ ʘʪʤʦʩʬʝʨʦʡ, ʥʦ ʩʧʦʩʦʙʝʥ ʵʬʬʝʢʪʠʚʥʦ çʩʦʙʠʨʘʪʴè ʵʣʝʢʪʨʦʥʳ). 

3) ʂʚʘʥʪʦʚʳʝ ʪʦʯʢʠ InP (ʠʣʠ CdS, PbS, Ge) (1), ʥʘʥʝʩʝʥʥʳʝ ʥʘ TiO2 (ʠʣʠ ZnO) (2), 

ʰʠʨʦʢʦʟʦʥʥʳʡ ʧʦʣʫʧʨʦʚʦʜʥʠʢ n-ʪʠʧʘ, ʦʙʣʘʜʘʶʱʠʡ ʬʦʪʦʧʨʦʚʦʜʠʤʦʩʪʴʶ. 

ʇʦʣʫʧʨʦʚʦʜʥʠʢ ʩ ʰʠʨʦʢʦʡ ʟʘʧʨʝʱʝʥʥʦʡ ʟʦʥʳ (2) ʠ ʧʦʣʫʧʨʦʚʦʜʥʠʢ ʩ ʜʦʩʪʘʪʦʯʥʦ 

ʫʟʢʦʡ ʟʘʧʨʝʱʝʥʥʦʡ ʟʦʥʦʡ (1) ʠ ʙʦʣʝʝ ʦʪʨʠʮʘʪʝʣʴʥʳʤ ʫʨʦʚʥʝʤ ʟʦʥʳ ʧʨʦʚʦʜʠʤʦʩʪʠ: 

ʵʣʝʢʪʨʦʥʳ ʠʟ ʵʪʦʡ ʟʦʥʳ ʤʦʛʫʪ "ʧʝʨʝʡʪʠ" ʩ ʧʦʣʫʧʨʦʚʦʜʥʠʢʘ 1 ʚ ʧʦʣʫʧʨʦʚʦʜʥʠʢ 2. 

ʕʪʦ ʧʨʠʚʦʜʠʪ ʢ ʧʦʚʳʰʝʥʠʶ ʧʣʦʪʥʦʩʪʠ ʬʦʪʦʪʦʢʘ ʚ ʥʝʩʢʦʣʴʢʦ ʨʘʟ. 

4) ʌʦʪʦʪʦʢ: çʛʦʨʷʯʠʡè ʵʣʝʢʪʨʦʥ ʚʳʟʳʚʘʝʪ ʚʦʟʙʫʞʜʝʥʠʝ ʝʱʝ ʥʝʩʢʦʣʴʢʠʭ ʧʘʨ 

ʵʣʝʢʪʨʦʥ-ʜʳʨʢʘ (ʚʪʦʨʠʯʥʘʷ, ʠʤʧʫʣʴʩʥʘʷ /impact/ ʠʦʥʠʟʘʮʠʷ ï ʦʙʨʘʪʥʳʡ ʆʞʝ-

ʵʬʬʝʢʪ). 

5) ʂʚʘʥʪʦʚʳʝ ʪʦʯʢʠ ʩʦ ʩʪʨʫʢʪʫʨʦʡ ʪʠʧʘ çʷʜʨʦ-ʦʙʦʣʦʯʢʘè. ɹʦʣʝʝ ʵʬʬʝʢʪʠʚʥʦʝ 

ʨʘʟʜʝʣʝʥʠʝ ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ. 
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ɽʚʪʫʰʝʥʢʦ ɽʚʛʝʥʠʡ ɻʝʥʥʘʜʠʝʚʠʯ 

1. ʇʨʠ ʧʦʛʣʦʱʝʥʠʠ ʢʚʘʥʪʘ ʩʚʝʪʘ ʣʠʙʦ ʦʜʥʦʡ, ʣʠʙʦ ʜʨʫʛʦʡ ʢʚʘʥʪʦʚʦʡ ʪʦʯʢʦʡ, ʵʣʝʢʪʨʦʥ 

ʠʟ ʚʘʣʝʥʪʥʦʡ ʟʦʥʳ ʚʦʟʙʫʞʜʘʝʪʩʷ ʚ ʟʦʥʫ ʧʨʦʚʦʜʠʤʦʩʪʠ (ʚʝʨʥʝʝ, ʨʝʯʴ ʠʜʝʪ ʦʙ 

ʦʙʲʝʜʠʥʝʥʥʳʭ ʵʣʝʢʪʨʦʥʥʳʭ ʟʦʥʘʭ ʜʚʫʤʝʨʥʦʛʦ ʤʘʩʩʠʚʘ ʢʚʘʥʪʦʚʳʭ ʪʦʯʝʢ, 

ʧʦʩʪʨʦʝʥʥʳʭ ʠʟ ʜʠʩʢʨʝʪʥʳʭ ʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʫʨʦʚʥʝʡ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚ ʤʘʣʳʭ 

ʨʘʟʤʝʨʦʚ). ɿʘ ʩʯʝʪ ʪʫʥʥʝʣʠʨʦʚʘʥʠʷ ʵʣʝʢʪʨʦʥʦʚ, ʦʥʠ ʦʢʘʟʳʚʘʶʪʩʷ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦ 

ʨʘʟʜʝʣʝʥʳ ʩ ʜʳʨʢʘʤʠ (ʩʤ.ʨʠʩ): ʵʣʝʢʪʨʦʥʳ çʩʦʙʠʨʘʶʪʩʷè ʚ ʟʦʥʝ ʧʨʦʚʦʜʠʤʦʩʪʠ 

CdSe, ʜʳʨʢʠ ï ʚ ʚʘʣʝʥʪʥʦʡ ʟʦʥʝ CdTe. ʇʦʣʫʯʝʥʥʳʝ ʨʘʟʜʝʣʝʥʥʳʝ ʥʦʩʠʪʝʣʠ ʟʘʨʷʜʘ 

çʩʥʠʤʘʶʪʩʷè ʵʣʝʢʪʨʦʜʘʤʠ. 

 

ɼʣʷ ʩʦʟʜʘʥʠʷ ʧʦʜʦʙʥʳʭ ʩʦʣʥʝʯʥʳʭ ʙʘʪʘʨʝʡ ʤʦʞʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʣʶʙʳʝ ʧʘʨʳ 

ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚ, ʠʩʧʦʣʴʟʫʝʤʳʭ ʜʣʷ ʧʦʣʫʯʝʥʠʷ core-shell type-II QD, çʧʦʜʩʪʨʦʠʚè 

ʰʠʨʠʥʫ ʟʘʧʨʝʱʝʥʥʦʡ ʟʦʥʳ ʧʫʪʝʤ ʚʘʨʴʠʨʦʚʘʥʠʷ ʨʘʟʤʝʨʘ ʯʘʩʪʠʮ, ʥʘʧʨʠʤʝʨ: ZnTe-

CdSe, ZnTe-ZnS, CdS-ZnSe ʠ ʪ.ʜ. 

2. ʇʦʣʝʟʥʳʤ ʦʢʘʟʳʚʘʝʪʩʷ ʪʦ, ʯʪʦ ʢʚʘʥʪʦʚʳʝ ʪʦʯʢʠ ï ʧʦʣʫʧʨʦʚʦʜʥʠʢʠ :). ʇʨʠ 

ʧʦʛʣʦʱʝʥʠʠ ʢʚʘʥʪʘ ʩʚʝʪʘ ʚ ʥʠʭ ʨʦʞʜʘʝʪʩʷ ʧʘʨʘ ʵʣʝʢʪʨʦʥ-ʜʳʨʢʘ (ʠʣʠ ʥʝʩʢʦʣʴʢʦ 

ʪʘʢʠʭ ʧʘʨ). ʇʫʪʝʤ ʚʘʨʴʠʨʦʚʘʥʠʷ ʨʘʟʤʝʨʘ ʯʘʩʪʠʮ ʤʦʞʥʦ çʧʦʜʩʪʨʦʠʪʴè ʧʦʣʦʞʝʥʠʝ 

ʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʫʨʦʚʥʝʡ ʪʘʢʦʡ ʥʘʥʦʯʘʩʪʠʮʳ, ʘ ʩʣʝʜʦʚʘʪʝʣʴʥʦ ʠ ʝʝ ʩʧʝʢʪʨ 

ʧʦʛʣʦʱʝʥʠʷ. ʀʥʦʛʜʘ ʧʦʣʝʟʥʳʤ ʦʢʘʟʳʚʘʝʪʩʷ ʪʦ, ʯʪʦ ʢʚʘʥʪʦʚʳʝ ʪʦʯʢʠ ʠʤʝʶʪ ʤʘʣʳʡ 

ʨʘʟʤʝʨ, ʪ.ʢ. ʥʘ ʠʭ ʦʩʥʦʚʝ ʤʦʞʥʦ ʩʦʟʜʘʚʘʪʴ ʛʠʙʢʠʝ ʠ ʣʝʛʢʠʝ ʩʦʣʥʝʯʥʳʝ ʙʘʪʘʨʝʠ 

(ʥʘʥʝʩʝʥʠʝ ʪʦʥʢʠʤ ʩʣʦʝʤ ʥʘ ʛʠʙʢʫʶ ʧʦʜʣʦʞʢʫ). ʊʘʢʞʝ ʧʦʣʝʟʥʦʡ ʷʚʣʷʝʪʩʷ 

ʧʦʪʝʥʮʠʘʣʴʥʦ ʥʠʟʢʘʷ ʩʪʦʠʤʦʩʪʴ ʩʦʣʥʝʯʥʳʭ ʙʘʪʘʨʝʡ ʥʘ ʢʚʘʥʪʦʚʳʭ ʪʦʯʢʘʭ (ʟʘ ʩʯʝʪ 

ʠʭ ʤʘʣʦʛʦ ʨʘʩʭʦʜʘ ʥʘ ʝʜʠʥʠʮʫ ʧʦʚʝʨʭʥʦʩʪʠ, ʯʪʦ ʦʧʷʪʴ ʞʝ ʷʚʣʷʝʪʩʷ ʩʣʝʜʩʪʚʠʝʤ ʠʭ 

ʤʘʣʦʛʦ ʨʘʟʤʝʨʘ). 

ʆʜʥʠʤ ʠʟ ʧʫʪʝʡ ʩʥʠʞʝʥʠʷ ʧʣʦʪʥʦʩʪʠ ʟʘʨʷʜʦʚ ʚ ʢʚʘʥʪʦʚʳʭ ʪʦʯʢʘʭ ʷʚʣʷʝʪʩʷ 

ʨʝʢʦʤʙʠʥʘʮʠʷ ʵʣʝʢʪʨʦʥʦʚ ʠ ʜʳʨʦʢ ʥʘ ʧʦʚʝʨʭʥʦʩʪʥʳʭ ʜʝʬʝʢʪʘʭ. ʇʦʵʪʦʤʫ 

ʞʝʣʘʪʝʣʴʥʦ, ʯʪʦʙʳ ʧʦʚʝʨʭʥʦʩʪʴ QD ʙʳʣʘ ʢʘʢ ʤʦʞʥʦ ʤʝʥʝʝ ʜʝʬʝʢʪʥʦʡ. ʃʫʯʰʝ ʚʩʝʛʦ 

ʜʣʷ ʵʪʦʛʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʪʦʥʢʠʝ (ʥʝʩʢʦʣʴʢʦ ʥʤ) ʧʦʢʨʳʪʠʷ ʠʟ ʙʦʣʝʝ ʰʠʨʦʢʦʟʦʥʥʦʛʦ 

ʧʦʣʫʧʨʦʚʦʜʥʠʢʘ (core-shell type-I QD). ʆʥ ʵʬʬʝʢʪʠʚʥʦ çʟʘʣʝʯʠʪè ʜʝʬʝʢʪʳ, ʥʦ ʧʨʠ 

ʵʪʦʤ ʥʠʢʘʢ ʥʝ ʩʢʘʞʝʪʩʷ ʥʘ ʨʘʩʧʨʝʜʝʣʝʥʠʠ ʟʘʨʷʜʦʚ. ɼʣʷ CdSe ʧʦʜʦʡʜʝʪ ʦʙʦʣʦʯʢʘ ʠʟ 
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ZnS ʠʣʠ CdS, ʜʣʷ CdTe ï CdS. ʉʣʠʰʢʦʤ ʪʦʣʩʪʳʝ ʦʙʦʣʦʯʢʠ ʠʩʧʦʣʴʟʦʚʘʪʴ ʥʝ ʩʪʦʠʪ, 

ʪʘʢ ʢʘʢ ʵʪʦ ʩʥʠʟʠʪ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʦʙʲʝʜʠʥʝʥʠʷ ʵʣʝʢʪʨʦʥʥʳʭ ʟʦʥ ʪʦʯʝʢ ʚ ʩʣʦʝ ʠ 

ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʪʫʥʥʝʣʠʨʦʚʘʥʠʷ ʵʣʝʢʪʨʦʥʦʚ ʤʝʞʜʫ ʪʦʯʢʘʤʠ ʨʘʟʣʠʯʥʳʭ ʩʣʦʝʚ. 

ʊʘʢʞʝ ʙʳʣʦ ʙʳ ʥʝʧʣʦʭʦ ʟʘʱʠʪʠʪʴ ʚʩʶ ʢʦʥʩʪʨʫʢʮʠʶ ʦʪ ʦʢʠʩʣʝʥʠʷ ʢʠʩʣʦʨʦʜʦʤ 

ʚʦʟʜʫʭʘ, ʥʘʧʨʠʤʝʨ, ʟʘʣʠʚ ʝʝ ʮʝʣʠʢʦʤ ʧʨʦʟʨʘʯʥʳʤ ʧʦʣʠʤʝʨʦʤ. 

ʉʪʦʠʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʝʩʣʠ ʢʚʘʥʪʦʚʳʝ ʪʦʯʢʠ ʧʦʣʫʯʘʪʴ ʚ ʨʘʩʪʚʦʨʝ, ʪʦ ʚ ʭʦʜʝ ʩʠʥʪʝʟʘ 

ʦʥʠ ʦʢʘʟʳʚʘʶʪʩʷ ʧʦʢʨʳʪʳ ʤʦʥʦʩʣʦʝʤ ʢʦʦʨʜʠʥʠʨʫʶʱʝʛʦ ʘʛʝʥʪʘ (TOP/TOPO). ɽʩʣʠ 

ʝʛʦ ʩʧʝʮʠʘʣʴʥʦ ʥʝ ʫʜʘʣʷʪʴ, ʪʦ ʵʪʘ ʦʨʛʘʥʠʯʝʩʢʘʷ çʰʫʙʘè ʙʫʜʝʪ ʜʦʧʦʣʥʠʪʝʣʴʥʦ 

ʧʨʝʜʦʭʨʘʥʷʪʴ ʥʘʥʦʯʘʩʪʠʮʳ. 

3. ʉʧʝʢʪʨ ʠʟʣʫʯʝʥʠʷ ʩʦʣʥʮʘ ʭʦʨʦʰʦ ʦʧʠʩʳʚʘʝʪʩʷ ʤʦʜʝʣʴʶ ʠʟʣʫʯʝʥʠʷ ʘʙʩʦʣʶʪʥʦ 

ʯʝʨʥʦʛʦ ʪʝʣʘ (ʟʘʢʦʥ ʇʣʘʥʢʘ): 
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ʤʘʢʩʠʤʫʤʘ ʵʪʦʡ ʢʨʠʚʦʡ (ʦʧʨʝʜʝʣʷʝʤʦʛʦ ʠʟ ʟʘʢʦʥʘ ʩʤʝʱʝʥʠʷ ɺʠʥʘ) ʨʘʚʥʘ ʰʠʨʠʥʝ 

ʟʘʧʨʝʱʝʥʥʦʡ ʟʦʥʳ. 
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ʆʪʩʶʜʘ 1.9CdTer ʥʤ=  ; 2.3CdSer ʥʤ=  . 

4. ʘ) ʇʦʤʝʩʪʠʪʴ ʢʚʘʥʪʦʚʳʝ ʪʦʯʢʠ ʤʝʞʜʫ ʧʨʦʚʦʜʥʠʢʦʤ ʩ ʜʳʨʦʯʥʦʡ ʧʨʦʚʦʜʠʤʦʩʪʴʶ ʠ 

ʧʨʦʚʦʜʥʠʢʦʤ ʩ ʵʣʝʢʪʨʦʥʥʦʡ ʧʨʦʚʦʜʠʤʦʩʪʴʶ (p-i-njunction). ʄʦʞʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ 

ʢʘʢ ʜʦʧʠʨʦʚʘʥʥʳʝ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʝ ʤʘʪʝʨʠʘʣʳ (ʩʦʟʜʘʥʥʳʝ ʧʦ ʵʧʠʪʘʢʩʠʘʣʴʥʦʡ 

ʪʝʭʥʦʣʦʛʠʠ), ʪʘʢ ʠ ʙʦʣʝʝ ʪʝʭʥʦʣʦʛʠʯʥʳʝ ʧʨʦʚʦʜʷʱʠʝ ʧʦʣʠʤʝʨʳ. 

ɺ ʢʘʯʝʩʪʚʝ ʧʨʠʤʝʨʘ ʧʨʠʚʝʜʝʤ ʬʦʪʦʵʣʝʢʪʨʠʯʝʩʢʠʝ ʫʩʪʨʦʡʩʪʚʘ, ʩʦʩʪʦʷʱʠʝ ʠʟ ʩʣʦʝʚ 

(ʠʣʠ ʪʨʝʭʤʝʨʥʳʭ ʩʪʨʫʢʪʫʨ) ʧʨʦʚʦʜʷʱʠʭ ʧʦʣʠʤʝʨʦʚ ʜʚʫʭ ʪʠʧʦʚ: ʩ ʵʣʝʢʪʨʦʥʥʦʡ ʠ 
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ʜʳʨʦʯʥʦʡ ʧʨʦʚʦʜʠʤʦʩʪʴʶ ʠ ʩʣʦʷ (ʩʣʦʝʚ) ʢʚʘʥʪʦʚʳʭ ʪʦʯʝʢ ʤʝʞʜʫ ʥʠʤʠ. ʇʦʩʣʝ 

ʬʦʪʦʛʝʥʝʨʘʮʠʠ ʵʢʩʠʪʦʥʘ ʚ ʢʚʘʥʪʦʚʦʡ ʪʦʯʢʝ ʵʣʝʢʪʨʦʥʳ çʩʪʝʢʘʶʪè ʚ ʦʜʠʥ ʧʦʣʠʤʝʨ, 

ʜʳʨʢʠ ï ʚ ʜʨʫʛʦʡ. 

 

ʙ) ɺʘʨʠʘʮʠʷ ʦʧʠʩʘʥʥʦʛʦ ʚ ʟʘʜʘʯʝ ʤʝʪʦʜʘ, ʩʦʩʪʦʷʱʘʷ ʚ ʩʝʥʩʠʙʠʣʠʟʘʮʠʠ 

ʥʘʥʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʦʛʦ ʦʢʩʠʜʘ ʪʠʪʘʥʘ, ʮʠʥʢʘ ʠʣʠ ʦʣʦʚʘ ʢʚʘʥʪʦʚʳʤʠ ʪʦʯʢʘʤʠ InP, 

CdSe, CdS, CdTe, PbS.  

 

ʀʩʪʦʨʠʯʝʩʢʠ ʚ ʵʪʦʤ ʪʠʧʝ ʩʦʣʥʝʯʥʳʭ ʙʘʪʘʨʝʡ ʠʟʥʘʯʘʣʴʥʦ ʠʩʧʦʣʴʟʦʚʘʣʠ 

ʦʨʛʘʥʠʯʝʩʢʠʝ ʢʨʘʩʠʪʝʣʠ ʜʣʷ ʩʝʥʩʠʙʠʣʠʟʘʮʠʠ TiO2. ɿʘʤʝʥʘ ʠʭ ʥʘ ʢʚʘʥʪʦʚʳʝ ʪʦʯʢʠ 

ʧʦʟʚʦʣʠʣʘ ʧʦʚʳʩʠʪʴ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʪʘʢʠʭ ʙʘʪʘʨʝʡ ʟʘ ʩʯʝʪ ʪʦʛʦ, ʯʪʦ ʚ ʢʚʘʥʪʦʚʳʭ 

ʪʦʯʢʘʭ ʚʦʟʤʦʞʥʳ ʧʨʦʮʝʩʩʳ ʫʜʘʨʥʦʡ ʠʦʥʠʟʘʮʠʠ/ʤʫʣʴʪʠʵʢʩʠʪʦʥʥʦʡ ʛʝʥʝʨʘʮʠʠ. 

ʇʦʩʣʝʜʥʠʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʚ ʵʪʦʡ ʦʙʣʘʩʪʠ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʧʫʪʝʤ ʚʘʨʴʠʨʦʚʘʥʠʷ ʪʠʧʘ 

ʥʘʥʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥʠʷ ʦʢʩʠʜʘ ʪʠʪʘʥʘ ʤʦʞʥʦ ʩʫʱʝʩʪʚʝʥʥʦ ʫʚʝʣʠʯʠʚʘʪʴ 

ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʪʨʘʥʩʧʦʨʪʘ ʵʣʝʢʪʨʦʥʦʚ (ʩʤ. ʨʠʩ.), ʘ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʩʤʝʩʠ 

ʢʚʘʥʪʦʚʳʭ ʪʦʯʝʢ ʨʘʟʥʦʛʦ ʨʘʟʤʝʨʘ ʜʦʩʪʠʯʴ ʫʪʠʣʠʟʘʮʠʠ ʧʨʘʢʪʠʯʝʩʢʠ ʚʩʝʛʦ ʚʠʜʠʤʦʛʦ 

ʩʧʝʢʪʨʘ.  
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ʊʘʢʞʝ ʜʣʷ ʫʚʝʣʠʯʝʥʠʷ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʪʨʘʥʩʧʦʨʪʘ ʵʣʝʢʪʨʦʥʦʚ ʤʦʞʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ 

ʫʛʣʝʨʦʜʥʳʝ ʥʘʥʦʪʨʫʙʢʠ ʩ ʠʤʤʦʙʠʣʠʟʦʚʘʥʥʳʤʠ ʥʘ ʥʠʭ ʯʘʩʪʠʮʘʤʠ ʦʢʩʠʜʘ ʪʠʪʘʥʘ, ʥʘ 

ʢʦʪʦʨʳʭ, ʚ ʩʚʦʶ ʦʯʝʨʝʜʴ, ʠʤʤʦʙʠʣʠʟʦʚʘʥʳ ʥʘʥʦʯʘʩʪʠʮʳ.  

 

ʍʘʨʣʘʤʦʚʘ ʄʘʨʠʘʥʥʘ ɺʷʯʝʩʣʘʚʦʚʥʘ 

1. ʇʨʠʥʮʠʧ ʨʘʙʦʪʳ: ʧʨʝʦʙʨʘʟʦʚʘʥʠʝ ʵʥʝʨʛʠʠ ʚ ʜʘʥʥʦʡ ʩʦʣʥʝʯʥʦʡ ʙʘʪʝʨʝʝ ʦʩʥʦʚʘʥʦ ʥʘ 

ʬʦʪʦʚʦʣʴʪʘʠʯʝʩʢʦʤ ʵʬʬʝʢʪʝ, ʢʦʪʦʨʳʡ ʚʦʟʥʠʢʘʝʪ ʚ ʥʝʦʜʥʦʨʦʜʥʳʭ 

ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʭ ʩʪʨʫʢʪʫʨʘʭ ʧʨʠ ʚʦʟʜʝʡʩʪʚʠʠ ʥʘ ʥʠʭ ʩʦʣʥʝʯʥʦʛʦ ʠʟʣʫʯʝʥʠʷ. 

ʅʝʦʜʥʦʨʦʜʥʦʩʪʴ ʩʪʨʫʢʪʫʨʳ ʧʦʣʫʯʝʥʘ ʧʫʪʸʤ ʩʦʝʜʠʥʝʥʠʷ ʨʘʟʣʠʯʥʳʭ 

ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚ ʩ ʥʝʦʜʠʥʘʢʦʚʦʡ ʰʠʨʠʥʦʡ ʟʘʧʨʝʱʸʥʥʦʡ ʟʦʥʳ - ʵʥʝʨʛʠʠ ʦʪʨʳʚʘ 

ʵʣʝʢʪʨʦʥʘ ʠʟ ʘʪʦʤʘ (ʩʦʟʜʘʥʠʝ ʛʝʪʝʨʦʧʝʨʝʭʦʜʦʚ). 

ʌʦʪʦʚʦʣʴʪʘʠʯʝʩʢʠʡ ʵʬʬʝʢʪ ï ʧʨʠ ʦʩʚʝʱʝʥʠʠ p-n-ʧʝʨʝʭʦʜʘ ʩʚʝʪʦʤ ʧʨʦʠʩʭʦʜʠʪ 

ʨʘʟʜʝʣʝʥʠʝ ʧʘʨ (ʩʭʝʤʘʪʠʯʝʩʢʠ ʧʨʝʜʩʪʘʚʣʝʥʦ ʥʘ ʨʠʩ.) 

 

ɺʦʟʙʫʞʜʝʥʠʝ ʩʚʝʪʦʚ ʵʣʝʢʪʨʦʥ-ʜʳʨʦʯʥʳʭ ʧʘʨ ʚ p-n ʧʝʨʝʭʦʜʝ 

ɺʢʣʘʜ ʚ ʪʦʢ ʜʘʶʪ ʢʘʢ ʥʦʩʠʪʝʣʠ, ʛʝʥʝʨʠʨʫʝʤʳʝ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʚ ʦʙʣʘʩʪʠ p-n-

ʧʝʨʝʭʦʜʘ, ʪʘʢ ʠ ʥʦʩʠʪʝʣʠ, ʚʦʟʙʫʞʜʘʝʤʳʝ ʚ ʧʨʠʵʣʝʢʪʨʦʜʥʳʭ ʦʙʣʘʩʪʷʭ ʠ 

ʜʦʩʪʠʛʘʶʱʠʝ ʦʙʣʘʩʪʠ ʩʠʣʴʥʦʛʦ ʧʦʣʷ ʧʫʪʝʤ ʜʠʬʬʫʟʠʠ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʨʘʟʜʝʣʝʥʠʷ ʧʘʨ 
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ʦʙʨʘʟʫʝʪʩʷ ʥʘʧʨʘʚʣʝʥʥʳʡ ʧʦʪʦʢ ʵʣʝʢʪʨʦʥʦʚ ʚ n ʦʙʣʘʩʪʴ ʠ ʜʳʨʦʢ ʚ p ʦʙʣʘʩʪʴ. ʇʨʠ 

ʨʘʟʦʤʢʥʫʪʦʡ ʮʝʧʠ ʩʦʟʜʘʝʪʩʷ ʕɼʉ ʚ ʧʨʷʤʦʤ ʥʘʧʨʘʚʣʝʥʠʠ p-n-ʧʝʨʝʭʦʜʘ 

ʢʦʤʧʝʥʩʠʨʫʶʱʘʷ ʵʪʦʪ ʪʦʢ.  

ɺ ʥʘʰʝʤ ʩʣʫʯʘʝ ʠʩʪʦʯʥʠʢʦʤ ʵʣʝʢʪʨʦʥʦʚ ʚʳʩʪʫʧʘʝʪ CdSe (ʩ ʰʠʨʠʥʦʡ ʟʘʧʨʝʱʝʥʥʦʡ 

ʟʦʥʳ 1.8 ʵɺ), ʚ ʢʘʯʝʩʪʚʝ ʠʩʪʦʯʥʠʢʘ ʜʳʨʦʢ CdTe (c ʰʠʨʠʥʦʡ ʟʘʧʨʝʱʝʥʥʦʡ ʟʦʥʳ 

1.5 ʵɺ). 

CdTe
CdSe

P+

Nï

 

ʂʨʦʤʝ ʵʪʦʡ ʧʘʨʳ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚ ʜʣʷ ʩʦʟʜʘʥʠʷ ʜʘʥʥʦʛʦ ʪʠʧʘ ʩʦʣʥʝʯʥʳʭ ʙʘʪʘʨʝʡ 

ʤʦʞʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʩʣʝʜʫʶʱʠʝ ʧʘʨʳ: 

ZnSe-ZnTe, CdS-CdSe, GaAs-GaN; 

2. ɼʣʷ ʩʦʟʜʘʥʠʷ ʩʦʣʥʝʯʥʳʭ ʙʘʪʘʨʝʡ ʧʦʣʝʟʥʳ ʩʣʝʜʫʶʱʠʝ ʩʚʦʡʩʪʚʘ: ʙʝʟʜʝʬʬʝʢʪʥʦʩʪʴ 

ʩʪʨʫʢʪʫʨʳ ʢʚʘʥʪʦʚʳʭ ʪʦʯʝʢ (ʥʝʪ ʨʝʢʦʤʙʠʥʘʮʠʠ ʥʘ ʜʝʬʝʢʪʘʭ), ʧʨʘʢʪʠʯʝʩʢʠ ʚʩʷ 

ʧʦʚʝʨʭʥʦʩʪʴ ʩʦʧʨʠʢʦʩʥʦʚʝʥʠʷ ʥʘʥʦʯʘʩʪʠʮ ʷʚʣʷʝʪʩʷ ʢʦʥʪʘʢʪʥʦʡ ʦʙʣʘʩʪʴʶ, ʘ, 

ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʚʩʝ ʬʦʪʦʠʥʜʫʮʠʨʦʚʘʥʥʳʝ ʟʘʨʷʜʳ ʙʫʜʫʪ ʫʯʘʩʪʚʦʚʘʪʴ ʚ ʩʦʟʜʘʥʠʠ 

ʕɼʉ ʩʦʣʥʝʯʥʦʡ ʙʘʪʘʨʝʠ. ʉʪʘʙʠʣʠʟʘʪʦʨ ʥʫʞʝʥ ʜʣʷ ʪʦʛʦ, ʯʪʦʙʳ ʥʝ ʧʨʦʠʩʭʦʜʠʣʘ 

ʘʛʨʝʛʘʮʠʷ ʥʘʥʦʯʘʩʪʠʮ, ʚ ʩʣʫʯʘʝ ʦʪʩʫʪʩʪʚʠʷ ʩʪʘʙʠʣʠʟʘʪʦʨʘ ʤʳ ʙʫʜʝʤ ʠʤʝʪʴ ʜʝʣʦ ʥʝ ʩ 

ʤʘʩʩʠʚʦʤ ʥʘʥʦʯʘʩʪʠʮ, ʘ ʩ ʢʨʫʧʥʳʤʠ ʘʛʨʝʛʘʪʘʤʠ, ʩʚʦʡʩʪʚʘ ʢʦʪʦʨʳʭ ʙʫʜʫʪ 

ʟʥʘʯʠʪʝʣʴʥʦ ʭʫʞʝ (ʙʦʣʴʰʘʷ ʜʝʬʝʢʪʥʦʩʪʴ, ʤʝʥʴʰʘʷ ʧʣʦʱʘʜʴ ʢʦʥʪʘʢʪʘ). ɺ ʢʘʯʝʩʪʚʝ 

ʩʪʘʙʠʣʠʟʘʪʦʨʘ ʯʘʱʝ ʚʩʝʛʦ ʚʳʩʪʫʧʘʝʪ ʘʤʬʠʬʠʣʴʥʦʝ ʧʦʚʝʨʭʥʦʩʪʥʦ-ʘʢʪʠʚʥʦʝ 

ʚʝʱʝʩʪʚʦ. ɼʣʷ ʩʦʟʜʘʥʠʷ ʜʘʥʥʦʛʦ ʪʠʧʘ ʩʦʣʥʝʯʥʳʭ ʙʘʪʘʨʝʡ ʤʦʞʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ 

ʦʣʝʠʥʦʚʫʶ ʢʠʩʣʦʪʫ ʉʅ3(ʉʅ2)7ʉʅ=ʉʅ(ʉʅ2)7ʉʆʆʅ ʩ ʦʜʥʦʡ ʩʪʦʨʦʥʳ ʦʥʘ ʟʘʱʠʪʠʪ 

ʯʘʩʪʠʮʳ ʦʪ ʘʛʨʝʛʘʮʠʠ, ʩ ʜʨʫʛʦʡ ʨʘʩʩʪʦʷʥʠʝ ʤʝʞʜʫ ʯʘʩʪʠʮʘ ʙʫʜʝʪ ʥʝ ʪʘʢʠʤ 

ʙʦʣʴʰʠʤ, ʘ ʩʣʝʜʦʚʘʪʝʣʴʥʦ ʚʦʟʤʦʞʥʳʤ ʩʪʘʥʦʚʠʪʩʷ ʧʝʨʝʜʘʯʘ ʟʘʨʷʜʦʚ ʤʝʞʜʫ 

ʯʘʩʪʠʮʘʤʠ.  

3. ʈʘʩʩʯʠʪʘʝʤ ʜʣʠʥʫ ʚʦʣʥʳ, ʢʦʪʦʨʘʷ ʠʤʝʝʪ ʤʘʢʩʠʤʘʣʴʥʫʶ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʚ ʩʧʝʢʪʨʝ 

ʩʦʣʥʝʯʥʦʛʦ ʩʚʝʪʘ, ʜʣʷ ʵʪʦʛʦ ʚʦʩʧʦʣʴʟʫʝʤʩʷ ʟʘʢʦʥʦʤ ʩʤʝʱʝʥʠʷ ɺʠʥʘ: 

TĿlmax = 0.28979 ʩʤĿʂ, lmax=0.28979 ʩʤĿʂ/6000 ʂ = 4,83*10
-5 
ʩʤ = 483 ʥʤ. 

ʇʝʨʝʩʯʠʪʘʝʤ ʵʪʦ ʚ ʵʥʝʨʛʠʶ ʚ ʵʣʝʢʪʨʦʥ-ʚʦʣʴʪʘʭ 

ʵɺɼʞʩʤʩɼʞhcE 57.21011.4ʤ10*483//10*3**1062.6/ 199834 =Ö=Ö== ---l  

ʗʩʥʦ, ʯʪʦ ʜʣʷ ʪʦʛʦ, ʯʪʦʙʳ ʩʠʩʪʝʤʘ ʵʬʬʝʢʪʠʚʥʦ ʨʘʙʦʪʘʣʘ ʥʝʦʙʭʦʜʠʤʦ, ʯʪʦʙʳ ʦʙʘ 

ʧʦʣʫʧʨʦʚʦʜʥʠʢʘ ʧʦʛʣʦʱʘʣʠ ʩʦʣʥʝʯʥʦʝ ʠʟʣʫʯʝʥʠʝ. ʇʦʩʪʨʦʠʤ ʟʘʚʠʩʠʤʦʩʪʴ ʰʠʨʠʥʳ 

ʟʘʧʨʝʱʝʥʥʦʡ ʟʦʥʳ ʦʪ ʨʘʟʤʝʨʘ ʯʘʩʪʠʮ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚ: 
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(ʧʨʠ ʨʘʩʯʝʪʝ ʚʝʣʠʯʠʥʳ ʟʘʧʨʝʱʝʥʥʦʡ ʟʦʥʳ ʧʨʝʥʝʙʨʝʛʘʝʤ ʵʣʝʢʪʨʦʩʪʘʪʠʯʝʩʢʠʤ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʝʤ ʤ/ʫ ʵʣʝʢʪʨʦʥʦʤ ʠ ʜʳʨʢʦʡ ʚ ʥʘʥʦʯʘʩʪʠʮʝ). 

ɼʣʷ CdTe ʤʠʥʠʤʘʣʴʥʳʡ ʨʘʟʤʝʨ ï 1.9 ʥʤ (ʨʘʜʠʫʩ ʯʘʩʪʠʮʳ) 

ʌʦʨʤʫʣʘ ʜʣʷ ʨʘʩʯʝʪʘ: 

2

22

a2m

p>
+= gEE , ʛʜʝ Eg ï ʰʠʨʠʥʘ ʟʘʧʨʝʱʝʥʥʦʡ ʟʦʥʳ ʦʙʲʝʤʥʦʛʦ ʤʘʪʝʨʠʘʣʘ ɛ ï 

ʧʨʠʚʝʜʝʥʥʘʷ ʤʘʩʩʘ ʵʣʝʢʪʨʦʥʘ ʠ ʜʳʨʢʠ, ʘ ï ʨʘʜʠʫʩ ʯʘʩʪʠʮʳ. 
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ɻʨʘʬʠʢ ʟʘʚʠʩʠʤʦʩʪʠ Eg ʦʪ ʨʘʜʠʫʩʘ ʯʘʩʪʠʮʳ: 
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a  

ɼʣʷ CdSe ʤʠʥʠʤʘʣʴʥʳʡ ʨʘʟʤʝʨ ï 2.2 ʥʤ (ʨʘʜʠʫʩ ʯʘʩʪʠʮʳ) 

ʌʦʨʤʫʣʘ ʜʣʷ ʨʘʩʯʝʪʘ: 
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ɻʨʘʬʠʢ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʨʘʜʠʫʩʘ ʯʘʩʪʠʮʳ: 
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4. ɺ ʢʘʯʝʩʪʚʝ ʩʦʣʥʝʯʥʦʡ ʙʘʪʘʨʝʠ ʤʦʞʥʦ ʧʨʝʜʣʦʞʠʪʴ ʩʣʝʜʫʶʱʫʶ ʢʦʥʩʪʨʫʢʪʮʠʶ, ʥʘ 

ʦʜʠʥ ʵʣʝʢʪʨʦʜ ʥʘʥʦʩʠʤ ʩʣʦʡ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʭ ʂʊ, ʥʘ ʥʠʭ ʥʘʥʦʩʠʤ ʩʣʦʡ 

ʤʝʪʘʣʣʠʯʝʩʢʠʭ ʂʊ. ʇʨʠ ʵʪʦʤ ʤʳ ʩʦʟʜʘʝʤ ʪʘʢ ʥʘʟʳʚʘʝʤʳʡ ʜʠʦʜ ʐʦʪʢʠ (ʧʨʠ ʵʪʦʤ 

ʨʘʙʦʪʘ ʚʳʭʦʜʘ ʵʣʝʢʪʨʦʥʦʚ ʠʟ ʤʝʪʘʣʣʘ ʠ ʧʦʣʫʧʨʦʚʦʜʥʠʢʘ ʜʦʣʞʥʳ ʙʳʪʴ ʨʘʟʣʠʯʥʳ). 

ɽʩʣʠ ʠʩʧʦʣʴʟʦʚʘʪʴ ʧ/ʧ ʩ n-ʪʠʧʦʤ ʧʨʦʚʦʜʠʤʦʩʪʠ, ʪʦ ʨʘʙʦʪʘ ʚʳʭʦʜʘ ʵʣʝʢʨʦʥʦʚ ʠʟ 

ʤʝʪʘʣʣʘ ʜʦʣʞʥʘ ʙʳʪʴ ʙʦʣʴʰʝ ʨʘʙʦʪʳ ʚʳʭʦʜʘ ʵʣʝʢʪʨʦʥʦʚ ʠʟ ʧ/ʧ, ʪʦʛʜʘ 

ʬʦʪʦʠʜʫʮʠʨʦʚʘʥʥʳʝ ʵʣʝʢʪʨʦʥʳ ʟʘʨʷʜʷʪ ʤʝʪʘʣʣ ʦʪʨʠʮʘʪʝʣʴʥʦ, ʘ ʧ/ʧ ʧʦʣʦʞʠʪʝʣʴʥʦ, 

ʩʣʝʜʦʚʘʪʝʣʴʥʦ ʚʦʟʥʠʢʥʝʪ ʕɼʉ. ɽʩʣʠ ʠʩʧʦʣʴʟʦʚʘʪʴ ʧ/ʧ ʩ p-ʪʠʧʦʤ ʧʨʦʚʦʜʠʤʦʩʪʠ, ʪʦ 

ʨʘʙʦʪʘ ʚʳʭʦʜʘ ʵʣʝʢʨʦʥʦʚ ʠʟ ʤʝʪʘʣʣʘ ʜʦʣʞʥʘ ʙʳʪʴ ʤʝʥʴʰʝ ʨʘʙʦʪʳ ʚʳʭʦʜʘ 

ʵʣʝʢʪʨʦʥʦʚ ʠʟ ʧ/ʧ, ʪʦʛʜʘ ʤʝʪʘʣʣ ʟʘʨʷʞʘʝʪʩʷ ʧʦʣʦʞʠʪʝʣʴʥʦ, ʘ ʧ/ʧ ʦʪʨʠʮʘʪʝʣʴʥʦ, 

ʩʣʝʜʦʚʘʪʝʣʴʥʦ ʦʧʷʪʴ ʞʝ ʚʦʟʥʠʢʥʝʪ ʕɼʉ. ɼʘʥʥʳʝ ʵʬʬʝʢʪʳ ʤʦʞʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʜʣʷ 

ʩʦʟʜʘʥʠʷ ʩʦʣʥʝʯʥʳʭ ʙʘʪʘʨʝʡ. 

ʂʨʦʤʝ ʪʦʛʦ, ʚ ʢʘʯʝʩʪʚʝ ʩʦʣʥʝʯʥʦʡ ʙʘʪʘʨʝʠ ʠʟ ʥʘʥʦʦʙʲʝʢʪʦʚ ʤʦʞʥʦ ʧʨʝʜʣʦʞʠʪʴ 

ʚʝʨʪʠʢʘʣʴʥʦ ʦʨʠʝʥʪʠʨʦʚʘʥʥʳʝ ʩʪʝʨʞʥʠ Si ʩ ʦʜʥʦʡ ʩʪʦʨʦʥʳ ʜʦʧʠʨʦʚʘʥʥʳʝ ʙʦʨʦʤ, ʩ 

ʜʨʫʛʦʡ ʩʪʦʨʦʥʳ ʜʦʧʠʨʦʚʘʥʥʳʝ ʬʦʩʬʦʨʦʤ, p-n ʧʝʨʝʭʦʜ ʙʫʜʝʪ ʥʘʭʦʜʠʪʴʩʷ ʚʥʫʪʨʠ 

ʥʘʥʦʩʪʝʨʞʥʷ, ʝʩʣʠ ʢ ʨʘʟʥʳʤ ʢʦʥʮʘʤ ʩʪʝʨʞʥʷ ʧʦʜʢʣʶʯʠʪʴ ʥʘʛʨʫʟʢʫ, ʪʦ ʧʦʜ 

ʜʝʡʩʪʚʠʝʤ ʩʚʝʪʘ ʧʦ ʮʝʧʠ ʧʦʡʜʝʪ ʪʦʢ, ʚʳʟʚʘʥʥʳʡ ʬʦʪʦʚʦʣʴʪʘʠʯʝʩʢʠʤ ʵʬʬʝʢʪʦʤ 

(ʦʧʠʩʘʥʥʳʤ ʚʳʰʝ). 

 

ʉʤʠʨʥʦʚ ɽʚʛʝʥʠʡ ɸʣʝʢʩʝʝʚʠʯ 

1. ʇʨʠ ʧʦʧʘʜʘʥʠʠ ʬʦʪʦʥʘ ʚ ʢʚʘʥʪʦʚʫʶ ʪʦʯʢʫ ʝʛʦ ʵʥʝʨʛʠʠ ʧʨʝʦʙʨʘʟʫʝʪʩʷ ʚ ʵʥʝʨʛʠʶ 

ʵʣʝʢʪʨʦʥ-ʜʳʨʦʯʥʦʡ ʧʘʨʳ, ʵʢʩʠʪʦʥʘ. ʊʘʢ ʢʘʢ ʜʚʝ ʢʚʘʥʪʦʚʳʝ ʪʦʯʢʠ ʩʚʷʟʘʥʳ ʤʝʞʜʫ 
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ʩʦʙʦʡ (ʠʭ ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʝ ʩʪʨʫʢʪʫʨʳ ʤʘʣʦ ʦʪʣʠʯʘʶʪʩʷ ʜʨʫʛ ʦʪ ʜʨʫʛʘ), ʪʦ 

ʚʦʟʤʦʞʥʦ, ʯʪʦ ʵʢʩʠʪʦʥ ʥʝ ʙʫʜʝʪ ʣʦʢʘʣʠʟʦʚʘʪʴʩʷ ʥʘ ʦʜʥʦʡ ʠʟ ʢʚʘʥʪʦʚʳʭ ʪʦʯʝʢ, ʘ 

ʙʫʜʝʪ çʨʘʟʤʘʟʘʥè ʤʝʞʜʫ ʥʠʤʠ. ɼʘʣʝʝ ʧʨʠʨʦʜʘ ʠʜʸʪ ʧʦ ʧʫʪʠ ʥʘʠʤʝʥʴʰʝʛʦ 

ʩʦʧʨʦʪʠʚʣʝʥʠʷ: ʚ ʦʜʥʦʤ ʠʟ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʭ ʤʘʪʝʨʠʘʣʦʚ (CdSe) ʵʬʬʝʢʪʠʚʥʘʷ 

ʤʘʩʩʘ ʥʦʩʠʪʝʣʝʡ ʧʦʣʦʞʠʪʝʣʴʥʦʛʦ ʟʘʨʷʜʘ, ʜʳʨʦʢ, ʤʝʥʴʰʝ, ʯʝʤ ʚ ʜʨʫʛʦʤ, ʘ, 

ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʥʘ ʵʪʦʡ ʢʚʘʥʪʦʚʦʡ ʪʦʯʢʝ ʙʫʜʝʪ ʣʦʢʘʣʠʟʦʚʘʪʴʩʷ ʜʳʨʢʘ, ʘ ʥʘ 

ʢʚʘʥʪʦʚʦʡ ʪʦʯʢʝ ʠʟ CdTe ʙʫʜʝʪ ʣʦʢʘʣʠʟʦʚʘʪʴʩʷ ʵʣʝʢʪʨʦʥ. ʏʪʦ ʠ ʙʫʜʝʪ 

ʩʦʦʪʚʝʪʩʪʚʦʚʘʪʴ ʤʠʥʠʤʫʤ ʵʥʝʨʛʠʠ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʩʣʦʡ ʩʝʣʝʥʠʜʘ ʢʘʜʤʠʷ ʙʫʜʝʪ 

ʧʨʦʚʦʜʥʠʢʦʚ ʜʳʨʦʢ, ʘ ʩʣʦʡ ʪʝʣʣʫʨʠʜʘ ʢʘʜʤʠʷ - ʵʣʝʢʪʨʦʥʦʚ (ʢ ʪʦʤʫ ʞʝ, ʫ CdTe ʯʫʪʴ 

ʤʝʥʴʰʝ ʵʬʬʝʢʪʠʚʥʘʷ ʤʘʩʩʘ ʵʣʝʢʪʨʦʥʘ). ɼʘʣʝʝ ʵʣʝʢʪʨʠʯʝʩʢʠʡ ʪʦʢ ʧʦʣʫʯʝʥʥʳʡ ʦʪ 

ʪʘʢʦʡ ʩʦʣʥʝʯʥʦʡ ʙʘʪʘʨʝʠ ʧʨʦʭʦʜʠʪ ʯʝʨʝʟ ʚʥʝʰʥʶʶ ʥʘʛʨʫʟʢʫ. 

ɼʣʷ ʩʦʟʜʘʥʠʷ ʧʦʜʦʙʥʦʛʦ ʨʦʜʘ ʩʦʣʥʝʯʥʳʭ ʙʘʪʘʨʝʡ ʪʘʢ ʞʝ ʤʦʞʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ 

ʢʚʘʥʪʦʚʳʝ ʪʦʯʢʠ ʥʘ ʦʩʥʦʚʝ Ge ï Si, CdS ï CdSe, ZnSe ï ZnTe, GeSb ï GeAs. 

2. ɺ ʢʦʣʣʦʠʜʥʳʭ ʨʘʩʪʚʦʨʘʭ ʢʚʘʥʪʦʚʳʝ ʪʦʯʢʠ çʧʣʘʚʘʶʪè ʧʦ ʦʪʜʝʣʴʥʦʩʪʠ ʚ ʦʢʨʫʞʝʥʠʠ 

ʰʫʙʳ ʠʟ ʩʪʘʙʠʣʠʟʘʪʦʨʘ, ʯʪʦ ʧʨʝʜʦʪʚʨʘʱʘʝʪ ʠʭ ʘʛʨʝʛʘʮʠʶ. ʕʪʦ ʧʦʣʝʟʥʦ ʜʣʷ ʧʝʯʘʪʠ 

ʪʘʢʦʛʦ ʨʦʜʘ ʫʩʪʨʦʡʩʪʚ ʩ ʧʦʤʦʱʴʶ ʦʙʳʯʥʦʛʦ ʩʪʨʫʡʥʦʛʦ ʧʨʠʥʪʝʨʘ ʠʣʠ ʧʨʠ 

ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʤʝʪʦʜʘ çʢʨʫʪʷʱʝʛʦ ʧʦʢʨʳʪʠʷè (spin-coating). ʇʦʩʣʝ ʥʘʥʝʩʝʥʠʷ ʂʊ 

ʥʘ ʧʦʜʣʦʞʢʫ ʩʪʘʙʠʣʠʟʘʪʦʨ ʤʦʞʝʪ ʙʳʪʴ ʫʜʘʣʸʥ. ʏʪʦ ʧʦʟʚʦʣʷʝʪ ʫʤʝʥʴʰʠʪʴ 

ʩʪʦʠʤʦʩʪʴ ʫʩʪʨʦʡʩʪʚ ʚ ʨʘʟʳ. ʊʘʢ ʞʝ ʢʦʣʣʦʠʜʥʳʝ ʢʚʘʥʪʦʚʳʝ ʪʦʯʢʠ ʠʤʝʶʪ 

ʜʦʩʪʘʪʦʯʥʦ ʫʟʢʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʧʦ ʨʘʟʤʝʨʘʤ. ʅʝʦʙʭʦʜʠʤʦ ʠʩʧʦʣʴʟʦʚʘʪʴ 

ʩʪʘʙʠʣʠʟʘʪʦʨ, ʢʦʪʦʨʳʡ ʤʘʣʦ ʧʦʛʣʦʱʘʝʪ ʚ ʋʌ ʠ ʚʠʜʠʤʦʡ ʯʘʩʪʠ ʩʧʝʢʪʨʘ (ʨʘʟʣʠʯʥʳʝ 

ʘʥʪʠʦʢʩʠʜʘʥʪʳ). ʕʪʦ ʧʦʟʚʦʣʠʪ ʢʚʘʥʪʘʤ ʩʚʝʪʘ ʧʨʦʥʠʢʘʪʴ ʯʝʨʝʟ ʰʫʙʫ ʠ ʧʦʧʘʜʘʪʴ ʚ 

ʥʘʥʦʯʘʩʪʠʮʫ, ʚʳʟʳʚʘʷ ʚʦʟʙʫʞʜʝʥʠʠ ʵʢʩʠʪʦʥʘ. ʂʘʜʤʠʡ ʦʙʨʘʟʫʝʪ ʜʦʩʪʘʪʦʯʥʦ 

ʧʨʦʯʥʳʝ ʩʚʷʟʠ ʩ ʘʪʦʤʘʤʠ ʩʝʨʳ, ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʤʦʞʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ  

ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʫʶ ʣʠʤʦʥʥʫʶ ʢʠʩʣʦʪʫ ʠʣʠ ʩʦʝʜʠʥʝʥʠʷ ʥʘ ʝʸ ʦʩʥʦʚʝ, ʛʜʝ ʦʜʥʘ ʠʟ 

ʛʠʜʨʦʢʩʠʣʴʥʳʭ ʛʨʫʧʧ ʟʘʤʝʥʝʥʘ ʥʘ ʪʠʦʣʴʥʫʶ. 

3. ï 

4. ɼʨʫʛʘʷ ʘʨʭʠʪʝʢʪʫʨʘ ʩʦʣʥʝʯʥʳʭ ʙʘʪʘʨʝʡ ʥʘ ʢʚʘʥʪʦʚʳʭ ʪʦʯʢʘʭ ʤʦʞʝʪ ʙʳʪʴ ʧʦʩʪʨʦʝʥʘ 

ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ. ʄʝʞʜʫ ʜʚʫʤʷ ʵʣʝʢʪʨʦʜʘʤʠ ʨʘʟʤʝʱʘʶʪ ʂʊ, ʨʘʟʤʝʨʳ ʢʦʪʦʨʳʭ 

ʤʝʥʴʰʝ ʨʘʜʠʫʩʘ ʵʢʩʠʪʦʥʘ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʨʠ ʨʦʞʜʝʥʠʠ ʵʢʩʠʪʦʥʘ ʚ ʪʘʢʦʤ 

çʟʘʤʢʥʫʪʦʤè ʜʣʷ ʥʝʛʦ ʧʨʦʩʪʨʘʥʩʪʚʝ, ʦʥ ʩʪʨʝʤʠʪʩʷ ʠʟ ʥʝʛʦ ʚʳʡʪʠ ʠ ʧʦʧʘʜʘʝʪ ʥʘ 

ʵʣʝʢʪʨʦʜʳ, ʢʦʪʦʨʳʝ ʜʦʣʞʥʳ ʵʬʬʝʢʪʠʚʥʦ çʩʥʠʤʘʪʴè ʟʘʨʷʜ, ʧʨʝʧʷʪʩʪʚʫʷ 

ʨʝʢʦʤʙʠʥʘʮʠʠ ʵʢʩʠʪʦʥʘ. 
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ʈʦʤʘʰʢʘ ʄʠʭʘʠʣ ʖʨʴʝʚʠʯ 

1. ʌʦʪʦʥʳ, ʧʦʧʘʜʘʷ ʥʘ ʢʨʠʩʪʘʣʣʳ CdSe, ʚʳʙʠʚʘʶʪ ʵʣʝʢʪʨʦʥʳ, ʠ ʚ ʢʨʠʩʪʘʣʣʝ 

ʦʙʨʘʟʫʶʪʩʷ ʧʘʨʳ ʵʣʝʢʪʨʦʥʦʚ ʠ ʜʳʨʦʢ. ʏʪʦ ʧʨʦʠʩʭʦʜʠʪ, ʢʦʛʜʘ ʜʳʨʢʘ ʚ ʢʨʠʩʪʘʣʣʝ 

CdSe ʧʦʜʭʦʜʠʪ ʢ ʥʝʡʪʨʘʣʴʥʦʤʫ ʢʨʠʩʪʘʣʣʫ CdTe? ɺ ʘʪʦʤʘʭ ʪʝʣʣʫʨʘ ʚʘʣʝʥʪʥʳʤʠ 

ʷʚʣʷʶʪʩʷ 5p ʠ 6s-ʦʨʙʠʪʘʣʠ, ʘ ʚ ʘʪʦʤʘʭ ʩʝʣʝʥʘ ï 4p ʠ 5s-ʦʨʙʠʪʘʣʠ. ʉʣʝʜʦʚʘʪʝʣʴʥʦ, ʚ 

ʘʪʦʤʘʭ ʪʝʣʣʫʨʘ ʚʘʣʝʥʪʥʳʝ ʦʨʙʠʪʘʣʠ ʣʝʞʘʪ ʚʳʰʝ ʧʦ ʵʥʝʨʛʠʠ, ʯʝʤ ʚ ʘʪʦʤʘʭ ʩʝʣʝʥʘ. 

ʕʪʦ ʧʨʠʚʦʜʠʪ ʢ ʪʦʤʫ, ʯʪʦ ʢʦʛʜʘ ʜʳʨʢʘ ʚ ʢʨʠʩʪʘʣʣʝ CdSe ʧʦʜʭʦʜʠʪ ʢ ʢʨʠʩʪʘʣʣʫ 

CdTe, ʵʣʝʢʪʨʦʥ ʠʟ ʢʨʠʩʪʘʣʣʘ CdTe çʩʚʘʣʠʚʘʝʪʩʷè ʚ ʥʝʸ ʠ ʨʝʢʦʤʙʠʥʠʨʫʝʪ. ɺ 

ʢʨʠʩʪʘʣʣʝ CdTe ʦʙʨʘʟʫʝʪʩʷ ʜʳʨʢʘ (ʵʪʦʤʫ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʥʘ ʨʠʩʫʥʢʝ ʧʣʶʩʳ ʦʢʦʣʦ 

ʩʦʧʨʠʢʦʩʥʦʚʝʥʠʷ ʢʨʠʩʪʘʣʣʦʚ; ʤʠʥʫʩʳ ï ʵʪʦ ʩʚʘʣʠʚʰʠʝʩʷ ʵʣʝʢʪʨʦʥʳ), ʢʦʪʦʨʘʷ 

ʜʨʝʡʬʫʝʪ ʢ ʪʦʢʦʩʲʸʤʥʦʤʫ ʵʣʝʢʪʨʦʜʫ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʚ ʢʨʠʩʪʘʣʣʝ CdSe ʧʨʦʠʩʭʦʜʠʪ 

ʪʨʘʥʩʧʦʨʪ ʵʣʝʢʪʨʦʥʦʚ, ʘ ʚ CdTe ï ʪʨʘʥʩʧʦʨʪ ʜʳʨʦʢ. ʕʣʝʢʪʨʦʥʳ ʠ ʜʳʨʢʠ, ʜʨʝʡʬʫʷ, 

ʜʦʩʪʠʛʘʶʪ ʪʦʢʦʩʲʸʤʥʳʭ ʵʣʝʢʪʨʦʜʦʚ ʠ ʩʦʦʙʱʘʶʪ ʠʤ ʟʘʨʷʜ. ʊʘʢ ʚʦʟʥʠʢʘʝʪ ʨʘʟʥʦʩʪʴ 

ʧʦʪʝʥʮʠʘʣʦʚ ʤʝʞʜʫ ʵʣʝʢʪʨʦʜʘʤʠ, ʪʦ ʝʩʪʴ ʕɼʉ. 

ɺ ʧʦʜʦʙʥʳʭ ʩʦʣʥʝʯʥʳʭ ʙʘʪʘʨʝʷʭ ʤʦʞʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʠ ʜʨʫʛʠʝ ʧʦʜʦʙʥʳʝ 

ʢʨʠʩʪʘʣʣʳ, ʥʦ ʪʨʝʙʫʝʪʩʷ, ʯʪʦʙʳ ʦʥʠ ʦʙʣʘʜʘʣʠ ʜʦʩʪʘʪʦʯʥʦʡ ʧʨʦʟʨʘʯʥʦʩʪʴʶ (ʯʪʦʙʳ 

ʧʨʦʮʝʩʩ ʚʳʙʠʚʘʥʠʷ ʵʣʝʢʪʨʦʥʦʚ ʬʦʪʦʥʘʤʠ ʰʸʣ ʧʦ ʚʩʝʤʫ ʦʙʲʸʤʫ). ʅʘʧʨʠʤʝʨ, ʚʤʝʩʪʦ 

CdTe ʤʦʞʥʦ ʚʟʷʪʴ ZnSe, ʘ ʚʤʝʩʪʦ CdSe ʚʟʷʪʴ ZnS. 

2. ʂʚʘʥʪʦʚʳʝ ʪʦʯʢʠ ʦʙʣʘʜʘʶʪ ʟʘʤʝʯʘʪʝʣʴʥʳʤ ʩʚʦʡʩʪʚʦʤ: ʠʭ ʩʧʝʢʪʨ ʠʟʣʫʯʝʥʠʷ (ʘ 

ʩʣʝʜʦʚʘʪʝʣʴʥʦ ʠ ʧʦʛʣʦʱʝʥʠʷ) ʬʦʪʦʥʦʚ ʟʘʚʠʩʠʪ ʦʪ ʠʭ ʨʘʟʤʝʨʘ. ʈʝʛʫʣʠʨʫʷ ʨʘʟʤʝʨ, 

ʤʦʞʥʦ ʣʝʛʢʦ ʨʝʛʫʣʠʨʦʚʘʪʴ ʦʩʥʦʚʥʫʶ ʯʘʩʪʦʪʫ ʠʟʣʫʯʝʥʠʷ ʠʣʠ ʧʦʛʣʦʱʝʥʠʷ ʬʦʪʦʥʦʚ. 

ʈʘʩʩʪʦʷʥʠʝ ʤʝʞʜʫ ʩʦʩʝʜʥʠʤʠ ʫʨʦʚʥʷʤʠ ʵʥʝʨʛʠʠ ʵʣʝʢʪʨʦʥʘ ʚ ʢʚʘʥʪʦʚʦʡ ʪʦʯʢʝ 

ʤʦʞʥʦ ʦʮʝʥʠʪʴ ʠʟ ʧʨʠʥʮʠʧʘ ʥʝʦʧʨʝʜʝʣʸʥʥʦʩʪʝʡ ɻʝʡʟʝʥʙʝʨʛʘ. ʀʤʝʝʤ: 

>ºDD px , ʚʩʪʘʚʠʤ ʚ ʵʪʫ ʬʦʨʤʫʣʫ ʨʘʟʤʝʨ ʪʦʯʢʠ ʠ ʨʘʟʥʦʩʪʴ ʠʤʧʫʣʴʩʦʚ ʥʘ ʜʚʫʭ 

ʩʦʩʝʜʥʠʭ ʫʨʦʚʥʷʭ: 

>ºÖpd , 222 >ºÖpd , 
mm

p
d

22

22
2 >

ºÖ , 

ʦʪʢʫʜʘ ʨʘʟʥʦʩʪʴ ʵʥʝʨʛʠʠ ʩʦʩʝʜʥʠʭ ʫʨʦʚʥʝʡ ʨʘʚʥʘ 

2

2

2md
E

>
=D  (1) 

ʛʜʝ d ï ʭʘʨʘʢʪʝʨʥʳʡ ʨʘʟʤʝʨ ʪʦʯʢʠ, m ï ʵʬʬʝʢʪʠʚʥʘʷ ʤʘʩʩʘ ʵʣʝʢʪʨʦʥʘ. ʆʪʩʶʜʘ, 

ʫʯʠʪʳʚʘʷ, ʯʪʦ E = hɜ, ʠʤʝʝʤ ʚʳʨʘʞʝʥʠʝ ʜʣʷ ʯʘʩʪʦʪʳ ʠʟʣʫʯʝʥʠʷ (ʧʦʛʣʦʱʝʥʠʷ) 

ʪʦʯʢʠ: 
22md

h
=n . ʇʦʜʙʠʨʘʷ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʡ ʨʘʟʤʝʨ ʪʦʯʝʢ, ʤʦʞʥʦ ʥʘʩʪʨʦʠʪʴ ʠʭ 

ʥʘ ʤʘʢʩʠʤʘʣʴʥʦ ʵʬʬʝʢʪʠʚʥʦʝ ʧʦʛʣʦʱʝʥʠʝ ʩʦʣʥʝʯʥʦʛʦ ʩʚʝʪʘ. 
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ɿʘʯʝʤ ʥʫʞʝʥ ʩʪʘʙʠʣʠʟʘʪʦʨ? ʈʘʩʩʤʦʪʨʠʤ ʦʙʣʘʩʪʴ ʢʦʥʪʘʢʪʘ ʢʨʠʩʪʘʣʣʦʚ ʩ 

ʪʦʢʦʩʲʸʤʥʳʤʠ ʧʣʘʩʪʠʥʘʤʠ. ɽʩʣʠ ʧʝʨʝʭʦʜ ʵʣʝʢʪʨʦʥʘ ʠʟ ʢʨʠʩʪʘʣʣʘ ʚ ʧʣʘʩʪʠʥʫ 

ʟʘʪʨʫʜʥʸʥ (ʢʦʥʪʘʢʪ ʦʙʣʘʜʘʝʪ ʥʝʢʦʪʦʨʳʤ ʩʦʧʨʦʪʠʚʣʝʥʠʝʤ, ʪ.ʢ. ʵʣʝʢʪʨʦʥʫ 

ʧʨʠʭʦʜʠʪʩʷ ʪʫʥʥʝʣʠʨʦʚʘʪʴ ʯʝʨʝʟ ʟʘʟʦʨ, ʨʠʩ. ʩʣʝʚʘ), ʪʦ ʚ ʢʨʠʩʪʘʣʣʝ ʦʢʦʣʦ ʧʣʘʩʪʠʥʳ 

ʙʫʜʫʪ ʩʢʘʧʣʠʚʘʪʴʩʷ ʵʣʝʢʪʨʦʥʳ. ʉʚʦʠʤ ʧʦʣʝʤ ʦʥʠ ʙʫʜʫʪ ʦʪʪʘʣʢʠʚʘʪʴ ʜʨʫʛʠʝ 

ʵʣʝʢʪʨʦʥʳ, ʜʨʝʡʬʫʶʱʠʝ ʢ ʧʣʘʩʪʠʥʝ, ʠ ʪʦʢ ʦʩʣʘʙʥʝʪ. 

ʉʪʘʙʠʣʠʟʘʪʦʨ ʥʫʞʝʥ ʜʣʷ ʪʦʛʦ, ʯʪʦʙʳ ʵʪʦʛʦ ʥʝ ʧʨʦʠʩʭʦʜʠʣʦ. 

ʉʪʘʙʠʣʠʟʘʪʦʨ ʞʝʣʘʪʝʣʴʥʦ ʧʦʜʦʙʨʘʪʴ ʪʘʢʠʤ, ʯʪʦʙʳ ʪʫʥʥʝʣʠʨʦʚʘʥʠʝ ʵʣʝʢʪʨʦʥʦʚ ʠʟ 

ʢʨʠʩʪʘʣʣʘ ʚ ʥʝʛʦ ʠ ʠʟ ʥʝʛʦ ʚ ʤʝʪʘʣʣ ʙʳʣʦ ʨʝʟʦʥʘʥʩʥʳʤ, ʪ.ʝ. ʯʪʦʙʳ ʫʨʦʚʥʠ ʵʥʝʨʛʠʠ ʩ 

ʦʙʝʠʭ ʩʪʦʨʦʥ ʦʪ ʙʘʨʴʝʨʦʚ ʙʳʣʠ ʦʜʠʥʘʢʦʚʳʤʠ (ʨʠʩ. ʩʧʨʘʚʘ). 

 

ɺʦʟʤʦʞʥʦ, ʜʣʷ ʵʪʦʡ ʮʝʣʠ ʧʦʜʦʡʜʸʪ ʯʪʦ-ʪʦ ʠʟ ʭʣʦʨ- ʠʣʠ ʬʪʦʨʫʛʣʝʨʦʜʦʚ, ʥʦ ʩʢʦʨʝʝ 

ʚʩʝʛʦ ʠʩʧʦʣʴʟʫʶʪʩʷ ʙʦʣʝʝ ʩʣʦʞʥʳʝ ʩʦʝʜʠʥʝʥʠʷ. 

ʉʪʘʙʠʣʠʟʘʪʦʨʳ (ʩʫʨʬʘʢʘʥʪʳ) ʠʩʧʦʣʴʟʫʶʪʩʷ ʪʘʢʞʝ ʧʨʠ ʚʳʨʘʱʠʚʘʥʠʠ ʢʦʣʣʦʠʜʥʳʭ 

ʢʚʘʥʪʦʚʳʭ ʪʦʯʝʢ ʠ ʨʘʩʧʨʝʜʝʣʝʥʠʠ ʠʭ ʥʘ ʧʦʜʣʦʞʢʝ ʜʣʷ ʧʦʜʜʝʨʞʘʥʠʷ ʠʭ ʨʘʟʤʝʨʦʚ, 

ʦʧʨʝʜʝʣʷʶʱʠʭ ʩʧʝʢʪʨ ʧʦʛʣʦʱʝʥʠʷ. 

3. ɼʣʷ ʪʦʛʦ ʯʪʦʙʳ ʙʘʪʘʨʝʷ ʨʘʙʦʪʘʣʘ, ʜʦʣʞʥʳ ʦʜʥʦʚʨʝʤʝʥʥʦ ʚʳʧʦʣʥʷʪʴʩʷ ʜʚʘ ʫʩʣʦʚʠʷ: 

ʘ) ʏʘʩʪʦʪʘ ʧʦʛʣʦʱʘʝʤʦʛʦ ʩʦʣʥʝʯʥʦʛʦ ʩʚʝʪʘ ʜʦʣʞʥʘ ʙʳʪʴ ʨʘʚʥʘ ʯʘʩʪʦʪʝ ʧʝʨʝʭʦʜʘ 

ʵʣʝʢʪʨʦʥʘ ʤʝʞʜʫ ʩʦʩʝʜʥʠʤʠ ʵʥʝʨʛʝʪʠʯʝʩʢʠʤʠ ʫʨʦʚʥʷʤʠ. 

ʙ) ʈʘʟʥʦʩʪʴ ʵʥʝʨʛʠʡ ʜʚʫʭ ʩʦʩʝʜʥʠʭ ʫʨʦʚʥʝʡ ʜʦʣʞʥʘ ʙʳʪʴ ʙʦʣʴʰʝ ʰʠʨʠʥʳ 

ʟʘʧʨʝʱʸʥʥʦʡ ʟʦʥʳ. ʅʝʦʙʭʦʜʠʤʦʩʪʴ ʵʪʦʛʦ ʫʩʣʦʚʠʷ ʚʠʜʥʘ ʠʟ ʩʣʝʜʫʶʱʝʛʦ ʨʠʩʫʥʢʘ. 
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ɼʣʠʥʫ ʚʦʣʥʳ ʤʘʢʩʠʤʫʤʘ ʚ ʩʧʝʢʪʨʝ ʠʟʣʫʯʝʥʠʷ ʉʦʣʥʮʘ ʤʦʞʥʦ ʚʳʯʠʩʣʠʪʴ ʧʦ 

ʬʦʨʤʫʣʝ ɺʠʥʘ: 

constbTm ==l , ʦʪʢʫʜʘ ʜʣʷ ʉʦʣʥʮʘ ʠʤʝʝʤ: 
T

b
m=l = 4,8Ŀ10

-7
 ʤ. 

ʉʚʷʟʴ ʯʘʩʪʦʪʳ ʧʦʛʣʦʱʝʥʠʷ ʩ ʨʘʟʤʝʨʦʤ ʪʦʯʢʠ ʥʘʡʜʝʥʘ ʚ ʧʝʨʚʦʤ ʧʫʥʢʪʝ: 

22md

hc
==n

l
, ʦʪʢʫʜʘ 

h

cmd22
=l . ɺʳʨʘʞʘʷ ʦʪʩʶʜʘ ʨʘʟʤʝʨ ʪʦʯʢʠ, ʧʦʣʫʯʠʤ 

ʦʛʨʘʥʠʯʝʥʠʝ ʩʥʠʟʫ: 

mc

h
d m

2

l
²  (2) 

ɺʪʦʨʦʝ ʦʛʨʘʥʠʯʝʥʠʝ ʩʥʠʟʫ ʩʣʝʜʫʝʪ ʠʟ ʫʩʣʦʚʠʷ ʙ) ʠ ʠʤʝʝʪ ʚʠʜ 
zE

md
>

2

2

2

>
, ʦʪʢʫʜʘ 

zmE
d

2

>
>  (3) 

ʊʝʧʝʨʴ ʥʫʞʥʦ ʧʦʜʩʪʘʚʠʪʴ ʯʠʩʣʘ. ʋʩʣʦʚʠʝ (3) ʜʦʣʞʥʦ ʚʳʧʦʣʥʷʪʴʩʷ ʚ ʢʘʞʜʦʤ ʠʟ 

ʢʨʠʩʪʘʣʣʦʚ, ʢʘʢ ʜʣʷ ʵʣʝʢʪʨʦʥʦʚ, ʪʘʢ ʠ ʜʣʷ ʜʳʨʦʢ, ʘ ʫʩʣʦʚʠʝ (2) ï ʜʣʷ ʵʣʝʢʪʨʦʥʦʚ ʚ 

ʢʘʞʜʦʤ ʠʟ ʢʨʠʩʪʘʣʣʦʚ. ʀʟ ʩʦʦʪʥʦʰʝʥʠʡ ʵʬʬʝʢʪʠʚʥʳʭ ʤʘʩʩ ʵʣʝʢʪʨʦʥʦʚ ʠ ʜʳʨʦʢ 

ʚʠʜʥʦ, ʯʪʦ ʙʦʣʝʝ ʩʠʣʴʥʳʝ ʦʛʨʘʥʠʯʝʥʠʷ ʥʘʢʣʘʜʳʚʘʶʪ ʵʣʝʢʪʨʦʥʳ. 

ɺʳʯʠʩʣʝʥʠʷ ʧʦʢʘʟʳʚʘʶʪ, ʯʪʦ ʜʣʷ CdTe ʤʠʥʠʤʘʣʴʥʳʡ ʜʠʘʤʝʪʨ ʨʘʚʝʥ 2,1 ʥʤ, ʘ ʜʣʷ 

CdSe ʦʥ ʨʘʚʝʥ 2 ʥʤ. ɼʦʤʠʥʠʨʫʶʱʠʤ ʦʢʘʟʳʚʘʝʪʩʷ ʫʩʣʦʚʠʝ (2). ʋʩʣʦʚʠʝ (3) ʜʘʸʪ 

ʦʛʨʘʥʠʯʝʥʠʷ 0,4 ʠ 0,39 ʥʤ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. 

4. ʘ) ʉʭʝʤʘ ʥʘʧʨʘʚʣʝʥʥʦʛʦ ʜʨʝʡʬʘ. ɺ ʢʨʠʩʪʘʣʣʘʭ ʩʦʣʥʝʯʥʦʡ ʙʘʪʘʨʝʠ, ʧʨʝʜʣʦʞʝʥʥʦʡ ʚ 

ʟʘʜʘʯʝ, ʜʨʝʡʬ ʵʣʝʢʪʨʦʥʦʚ ʠ ʜʳʨʦʢ ʧʨʦʠʩʭʦʜʠʪ ʭʘʦʪʠʯʝʩʢʠ (ʚ ʢʘʞʜʦʤ ʠʟ ʢʨʠʩʪʘʣʣʦʚ 

ʚ ʦʪʜʝʣʴʥʦʩʪʠ). ɺʦʟʤʦʞʥʦ, ʂʇɼ ʪʘʢʦʡ ʙʘʪʘʨʝʠ ʤʦʞʥʦ ʫʚʝʣʠʯʠʪʴ, ʝʩʣʠ ʩʦʟʜʘʪʴ 

ʜʦʧʦʣʥʠʪʝʣʴʥʦʝ ʵʣʝʢʪʨʦʩʪʘʪʠʯʝʩʢʦʝ ʧʦʣʝ, ʢʦʪʦʨʦʝ ʙʫʜʝʪ ʥʘʧʨʘʚʣʷʪʴ ʜʨʝʡʬ. 

ʉʠʣʦʚʳʝ ʣʠʥʠʠ ʪʘʢʦʛʦ ʧʦʣʷ ʜʦʣʞʥʳ ʙʳʪʴ ʩʦʥʘʧʨʘʚʣʝʥʳ ʥʫʞʥʦʤʫ ʜʚʠʞʝʥʠʶ 

ʜʳʨʦʢ ʠ ʧʨʦʪʠʚʦʥʘʧʨʘʚʣʝʥʳ ʜʚʠʞʝʥʠʶ ʵʣʝʢʪʨʦʥʦʚ. ɼʣʷ ʩʦʟʜʘʥʠʷ ʪʘʢʦʛʦ ʧʦʣʷ 

ʤʦʞʥʦ ʧʦʜ ʙʘʪʘʨʝʝʡ ʧʦʤʝʩʪʠʪʴ ʟʘʨʷʞʝʥʥʫʶ ʧʣʘʩʪʠʥʫ (ʨʠʩ. ʩʣʝʚʘ). 

 

ʄʦʞʥʦ ʪʘʢʞʝ ʚʤʝʩʪʦ ʦʜʥʦʡ ʧʣʘʩʪʠʥʳ ʩʜʝʣʘʪʴ ʢʦʥʜʝʥʩʘʪʦʨ (ʨʠʩ. ʩʧʨʘʚʘ), ʫ 

ʢʦʪʦʨʦʛʦ ʦʜʥʘ ʧʣʘʩʪʠʥʘ ʧʨʦʟʨʘʯʥʘ ʜʣʷ ʩʚʝʪʘ (ʧʦ ʪʠʧʫ ʚʝʨʭʥʝʛʦ ʪʦʢʦʩʲʸʤʥʦʛʦ 

ʵʣʝʢʪʨʦʜʘ). ʊʦʛʜʘ ʧʦʣʝ ʙʫʜʝʪ ʧʨʘʢʪʠʯʝʩʢʠ ʣʦʢʘʣʠʟʦʚʘʥʦ ʚ ʢʦʥʜʝʥʩʘʪʦʨʝ. ʕʪʦ 
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ʧʦʟʚʦʣʠʪ ʟʘʱʠʪʠʪʴ ʙʘʪʘʨʝʶ ʦʪ ʧʳʣʠ, ʢʦʪʦʨʘʷ ʤʦʞʝʪ ʧʨʠʪʷʛʠʚʘʪʴʩʷ 

ʵʣʝʢʪʨʦʩʪʘʪʠʯʝʩʢʠʤ ʧʦʣʝʤ ʚ ʩʣʫʯʘʝ ʦʜʥʦʡ ʧʣʘʩʪʠʥʳ. 

ʙ) ʆʯʝʚʠʜʥʦ, ʯʪʦ ʵʬʬʝʢʪʠʚʥʦ ʩʦʝʜʠʥʷʪʴ ʤʥʦʛʦ ʬʦʪʦʵʣʝʤʝʥʪʦʚ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦ. ɺ 

ʵʪʦʤ ʩʣʫʯʘʝ, ʚʤʝʩʪʝ ʩ ʫʩʠʣʝʥʠʝʤ ʕɼʉ, ʤʳ ʧʦʣʫʯʠʤ ʫʚʝʣʠʯʝʥʠʝ ʪʦʢʘ. ʅʘ 

ʪʦʢʦʩʲʸʤʥʳʭ ʧʣʘʩʪʠʥʘʭ ʚ ʵʪʦʤ ʩʣʫʯʘʝ ʥʝ ʙʫʜʝʪ ʩʢʘʧʣʠʚʘʪʴʩʷ ʟʘʨʷʜ, ʧʦʣʝ ʢʦʪʦʨʦʛʦ 

ʧʨʝʧʷʪʩʪʚʫʝʪ ʜʨʝʡʬʫ ʵʣʝʢʪʨʦʥʦʚ ʠ ʜʳʨʦʢ ʚ ʥʫʞʥʦʤ ʥʘʧʨʘʚʣʝʥʠʠ, ʠ ʂʇɼ ʙʘʪʘʨʝʠ 

ʫʚʝʣʠʯʠʪʩʷ. 

ʚ) çʄʥʦʛʦʩʣʦʡʥʳʡ ʬʦʪʦʵʣʝʤʝʥʪè. ɺʦʟʤʦʞʥʦ, ʂʇɼ ʢʘʞʜʦʛʦ ʬʦʪʦʵʣʝʤʝʥʪʘ ʫʜʘʩʪʩʷ 

ʫʚʝʣʠʯʠʪʴ, ʝʩʣʠ ʦʥ ʙʫʜʝʪ ʩʦʩʪʦʷʪʴ ʥʝ ʠʟ ʦʜʥʦʛʦ, ʘ ʠʟ ʥʝʩʢʦʣʴʢʠʭ ʩʣʦʸʚ ʢʚʘʥʪʦʚʳʭ 

ʪʦʯʝʢ, ʧʦʛʣʦʱʘʶʱʠʭ ʩʚʝʪ. ʇʨʠ ʵʪʦʤ ʤʝʞʜʫ ʩʣʦʷʤʠ ʜʦʣʞʥʳ ʩʪʦʷʪʴ ʧʨʦʟʨʘʯʥʳʝ ʜʣʷ 

ʩʚʝʪʘ ʪʦʢʦʩʲʸʤʥʳʝ ʧʣʘʩʪʠʥʳ (ʩʤ. ʨʠʩ). 

 

ɽʩʣʠ ʪʦʢʦʩʲʸʤʥʳʝ ʧʣʘʩʪʠʥʳ ʚʩʸ-ʪʘʢʠ ʤʝʰʘʶʪ ʧʨʦʭʦʞʜʝʥʠʶ ʩʚʝʪʘ, ʪʦ, ʚʦʟʤʦʞʥʦ, 

ʠʤʝʝʪ ʩʤʳʩʣ ʨʘʩʧʦʣʦʞʠʪʴ ʠʭ ʚʝʨʪʠʢʘʣʴʥʦ (ʩʤ. ʩʣʝʜʫʶʱʠʡ ʨʠʩʫʥʦʢ). 

 

ʛ) ʇʦʛʣʦʪʠʪʝʣʴ ʰʠʨʦʢʦʛʦ ʩʧʝʢʪʨʘ. ʇʦʣʴʟʫʷʩʴ ʟʘʢʦʥʦʤ ɺʠʥʘ, ʤʳ ʚʳʯʠʩʣʠʣʠ 

ʤʘʢʩʠʤʫʤ ʚ ʩʧʝʢʪʨʝ ʠʟʣʫʯʝʥʠʷ ʉʦʣʥʮʘ (ɚ = 4,8Ŀ10
-7

 ʤ). ʅʦ ʵʪʦ ʪʦʣʴʢʦ ʤʘʢʩʠʤʫʤ, ʘ 
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ʚʦʦʙʱʝ ʉʦʣʥʮʝ ʠʤʝʝʪ ʰʠʨʦʢʠʡ ʩʧʝʢʪʨ ʠʟʣʫʯʝʥʠʷ (ʩʧʝʢʪʨ ʘʙʩʦʣʶʪʥʦ ʯʸʨʥʦʛʦ ʪʝʣʘ). 

ʇʦʵʪʦʤʫ ʠʤʝʝʪ ʩʤʳʩʣ ʚ ʦʜʥʦʤ ʬʦʪʦʵʣʝʤʝʥʪʝ ʠʩʧʦʣʴʟʦʚʘʪʴ ʥʝʩʢʦʣʴʢʦ ʪʠʧʦʚ 

ʢʚʘʥʪʦʚʳʭ ʪʦʯʝʢ ʨʘʟʥʳʭ ʨʘʜʠʫʩʦʚ, ʢʦʪʦʨʳʝ ʙʫʜʫʪ ʧʦʛʣʦʱʘʪʴ ʚʦʣʥʳ ʨʘʟʥʦʡ ʜʣʠʥʳ. 

ʊʘʢ ʤʳ ʜʦʙʴʝʤʩʷ ʙʦʣʝʝ ʧʦʣʥʦʛʦ ʧʦʛʣʦʱʝʥʠʷ ʩʚʝʪʘ ʠ ʝʛʦ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʚ ʪʦʢ. ʕʪʦ 

ʫʩʣʦʚʥʦ ʧʦʢʘʟʘʥʦ ʥʘ ʩʣʝʜʫʶʱʝʤ ʨʠʩʫʥʢʝ, ʛʜʝ ʮʚʝʪ ʢʚʘʥʪʦʚʳʭ ʪʦʯʝʢ ʩʦʦʪʚʝʪʩʪʚʫʝʪ 

ʜʣʠʥʝ ʧʦʛʣʦʱʘʝʤʳʭ ʚʦʣʥ. 

 

ʉʣʝʜʫʶʱʠʡ ʚʘʨʠʘʥʪ ʤʦʞʥʦ ʨʝʘʣʠʟʦʚʘʪʴ ʧʨʠ ʥʝʙʦʣʴʰʦʤ ʢʦʣʠʯʝʩʪʚʝ ʩʣʦʸʚ (ʜʘʞʝ ʚ 

ʦʜʥʦʤ ʩʣʦʝ). 

 

ʜ) çʅʘʥʦʵʣʝʢʪʨʦʣʠʪè ʠ çʅʘʥʦʧʣʘʟʤʘè. ɺ ʀʥʪʝʨʥʝʪʝ ʤʦʞʥʦ ʫʚʠʜʝʪʴ ʢʘʨʪʠʥʢʠ, ʛʜʝ ʚ 

ʧʨʦʟʨʘʯʥʳʭ ʙʘʥʦʯʢʘʭ ʩʚʝʪʠʪʩʷ ʞʠʜʢʦʩʪʴ, ʩʦʜʝʨʞʘʱʘʷ ʢʚʘʥʪʦʚʳʝ ʪʦʯʢʠ. ɺ ʵʪʦʤ 

ʩʣʫʯʘʝ ʢʚʘʥʪʦʚʳʝ ʪʦʯʢʠ ʠʟʣʫʯʘʶʪ ʩʚʝʪ, ʠ ʵʣʝʢʪʨʦʥʳ ʚ ʥʠʭ çʧʘʜʘʶʪè ʥʘ ʚʩʸ ʙʦʣʝʝ 

ʥʠʟʢʠʝ ʵʥʝʨʛʝʪʠʯʝʩʢʠʝ ʫʨʦʚʥʠ. ʅʦ ʤʦʞʥʦ ʟʘʧʫʩʪʠʪʴ ʦʙʨʘʪʥʳʡ ʧʨʦʮʝʩʩ: ʢʚʘʥʪʦʚʳʝ 

ʪʦʯʢʠ ʧʦʛʣʦʱʘʶʪ ʩʚʝʪ, ʵʣʝʢʪʨʦʥʳ ʧʝʨʝʭʦʜʷʪ ʥʘ ʚʩʸ ʙʦʣʝʝ ʚʳʩʦʢʠʝ ʫʨʦʚʥʠ ʠ 

ʧʦʢʠʜʘʶʪ ʪʦʯʢʠ. ʇʦʣʫʯʘʝʪʩʷ ʥʝʯʪʦ ʧʦʜʦʙʥʦʝ ʵʣʝʢʪʨʦʣʠʪʠʯʝʩʢʦʡ ʜʠʩʩʦʮʠʘʮʠʠ: 

T Ÿ T
+
 + e

-
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ʛʜʝ ʙʫʢʚʦʡ T ʦʙʦʟʥʘʯʝʥʘ ʢʚʘʥʪʦʚʘʷ ʪʦʯʢʘ. ʇʦʤʝʱʘʷ ʚ ʪʘʢʦʡ ʨʘʩʪʚʦʨ ʧʘʨʳ 

ʪʦʢʦʩʲʸʤʥʳʭ ʵʣʝʢʪʨʦʜʦʚ (ʥʘʧʨʠʤʝʨ, ʤʝʜʥʳʡ ʠ ʮʠʥʢʦʚʳʡ, ʢʘʢ ʚ ʛʘʣʴʚʘʥʠʯʝʩʢʠʭ 

ʵʣʝʤʝʥʪʘʭ), ʤʳ ʧʦʣʫʯʠʤ ʠʩʪʦʯʥʠʢ ʪʦʢʘ. ɺʦʟʤʦʞʥʦ, ʥʘʥʦʵʣʝʢʪʨʦʣʠʪ ʠʤʝʝʪ 

ʩʣʝʜʫʶʱʝʝ ʧʨʝʠʤʫʱʝʩʪʚʦ ʧʝʨʝʜ ʦʙʳʯʥʳʤʠ ʵʣʝʢʪʨʦʣʠʪʘʤʠ. ɺ ʠʩʪʦʯʥʠʢʘʭ ʪʦʢʘ ʩ 

ʦʙʳʯʥʳʤʠ ʵʣʝʢʪʨʦʣʠʪʘʤʠ ʥʘ ʢʘʪʦʜʝ (ʪʦʢʦʩʲʸʤʥʦʤ ʵʣʝʢʪʨʦʜʝ ʠʟ ʤʝʜʠ ʚ ʥʘʰʝʤ 

ʧʨʠʤʝʨʝ; çʧʣʶʩè ʵʣʝʤʝʥʪʘ) ʧʨʦʠʩʭʦʜʠʪ ʚʦʩʩʪʘʥʦʚʣʝʥʠʝ ʤʝʪʘʣʣʘ: 

M
+
 + e

-
 Ÿ M 

ʠ ʧʨʠ ʵʪʦʤ ʤʝʪʘʣʣ ʦʩʝʜʘʝʪ ʥʘ ʢʘʪʦʜʝ. ʂʚʘʥʪʦʚʳʝ ʪʦʯʢʠ, ʚʦʟʤʦʞʥʦ, ʥʝ ʙʫʜʫʪ 

ʦʩʝʜʘʪʴ, ʘ ʧʦʩʣʝ ʥʝʡʪʨʘʣʠʟʘʮʠʠ ʙʫʜʫʪ çʦʪʧʣʳʚʘʪʴè ʦʪ ʢʘʪʦʜʘ. 

ʂʦʥʝʯʥʦ, ʂʇɼ ʪʘʢʦʡ ʵʣʝʢʪʨʦʣʠʪʠʯʝʩʢʦʡ ʩʦʣʥʝʯʥʦʡ ʙʘʪʘʨʝʠ ʙʫʜʝʪ ʥʠʞʝ, ʯʝʤ ʫ 

ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ, ʥʦ ʚʦʟʤʦʞʥʦ, ʯʪʦ ʠʟʛʦʪʦʚʠʪʴ ʝʸ ʜʝʰʝʚʣʝ. 

ʅʘʢʦʥʝʮ, ʤʦʞʥʦ ʩʦʟʜʘʪʴ ʛʘʟ ʠʟ ʢʚʘʥʪʦʚʳʭ ʪʦʯʝʢ ʚ ʩʦʩʫʜʝ, ʢʫʜʘ ʧʦʤʝʱʝʥʳ ʪʘʢʞʝ 

ʪʦʢʦʩʲʸʤʥʳʝ ʵʣʝʢʪʨʦʜʳ. ʇʦʜ ʜʝʡʩʪʚʠʝʤ ʩʦʣʥʝʯʥʦʛʦ ʩʚʝʪʘ ʛʘʟ ʙʫʜʝʪ 

ʠʦʥʠʟʠʨʦʚʘʪʴʩʷ, ʠ ʥʘ ʵʪʦʡ ʦʩʥʦʚʝ ʪʘʢʞʝ ʤʦʞʥʦ ʩʦʟʜʘʪʴ ʠʩʪʦʯʥʠʢ ʪʦʢʘ. 

ʝ) ʆʪʤʝʪʠʤ, ʯʪʦ ʩ ʧʦʤʦʱʴʶ ʙʘʪʘʨʝʡ ʥʘ ʢʚʘʥʪʦʚʳʭ ʪʦʯʢʘʭ ʤʦʞʥʦ ʧʦʛʣʦʱʘʪʴ ʠ 

ʧʨʝʚʨʘʱʘʪʴ ʚ ʪʦʢ ʥʝ ʪʦʣʴʢʦ ʩʦʣʥʝʯʥʳʡ ʩʚʝʪ. ʉ ʧʦʤʦʱʴʶ ʥʠʭ ʤʦʞʥʦ ʧʦʛʣʦʱʘʪʴ 

ʤʠʢʨʦʚʦʣʥʦʚʦʝ ʨʝʣʠʢʪʦʚʦʝ ʠʟʣʫʯʝʥʠʝ (ʬʦʥʦʚʦʝ ʠʟʣʫʯʝʥʠʝ ʚʩʝʣʝʥʥʦʡ), ʠʤʝʶʱʝʝ 

ʩʧʝʢʪʨ ʘʙʩʦʣʶʪʥʦ ʯʸʨʥʦʛʦ ʪʝʣʘ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ ʦʢʦʣʦ 3 ʂ. ʕʪʦ ʠʟʣʫʯʝʥʠʝ ʦʪʢʨʳʪʦ 

ɸ. ʇʝʥʟʠʘʩʦʤ ʠ ʈ. ɺʠʣʴʩʦʥʦʤ ʚ 1965 ʛ. ʠ ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ ʚʳʩʦʢʦʡ ʩʪʝʧʝʥʴʶ 

ʠʟʦʪʨʦʧʠʠ. ɺʦʟʥʠʢʘʝʪ ʤʳʩʣʴ ʠʩʧʦʣʴʟʦʚʘʪʴ ʵʪʦ ʠʟʣʫʯʝʥʠʝ ʢʘʢ ʠʩʪʦʯʥʠʢ ʵʥʝʨʛʠʠ. 

ʂʚʘʥʪʦʚʳʝ ʪʦʯʢʠ ï ʫʥʠʢʘʣʴʥʳʡ ʦʙʲʝʢʪ, ʢʦʪʦʨʳʡ, ʚʦʟʤʦʞʥʦ, ʧʦʟʚʦʣʠʪ ʵʪʦ ʩʜʝʣʘʪʴ. 

ɼʣʷ ʵʪʦʛʦ ʥʫʞʥʦ çʥʘʩʪʨʦʠʪʴè ʪʦʯʢʠ ʥʘ ʯʘʩʪʦʪʫ ʠʟʣʫʯʝʥʠʷ. ɼʣʷ ʵʪʦʛʦ ʜʠʘʤʝʪʨ 

ʢʚʘʥʪʦʚʦʡ ʪʦʯʢʠ ʠʟ CdTe ʠ CdSe ʜʦʣʞʝʥ ʙʳʪʴ ʧʨʠʤʝʨʥʦ ʨʘʚʝʥ d å 100 ʥʤ 

(çʨʝʣʠʢʪʦʚʳʡ ʜʠʘʤʝʪʨè). 

ɺ ʩʠʣʫ ʠʟʦʪʦʧʠʠ ʵʪʦʛʦ ʠʟʣʫʯʝʥʠʷ, ʨʝʣʠʢʪʦʚʳʝ çʬʦʪʦʵʣʝʤʝʥʪʳè, ʚʦʟʤʦʞʥʦ, ʩʣʝʜʫʝʪ 

ʜʝʣʘʪʴ ʥʝ ʧʣʦʩʢʠʤʠ, ʘ ʮʠʣʠʥʜʨʠʯʝʩʢʠʤʠ ʠʣʠ ʩʬʝʨʠʯʝʩʢʠʤʠ. 

ɽʩʣʠ ʧʦʢʘ ʥʝʚʦʟʤʦʞʥʦ ʩʦʟʜʘʪʴ ʢʚʘʥʪʦʚʳʝ ʪʦʯʢʠ ʪʘʢʦʛʦ ʨʘʟʤʝʨʘ, ʪʦ, ʤʦʞʝʪ ʙʳʪʴ, 

ʵʪʦ ʫʜʘʩʪʩʷ ʩʜʝʣʘʪʴ ʩ ʧʦʤʦʱʴʶ ʢʚʘʥʪʦʚʳʭ ʥʠʪʝʡ ʠʣʠ ʜʨʫʛʠʭ ʧʦʜʦʙʥʳʭ ʩʪʨʫʢʪʫʨ. 

ʆʙ ʵʪʦʤ ʩʪʦʠʪ ʚʩʝʨʴʸʟ ʟʘʜʫʤʘʪʴʩʷ. ɺʦʟʤʦʞʥʦ, ʩ ʧʦʤʦʱʴʶ ʪʘʢʠʭ ʙʘʪʘʨʝʡ ʥʝ 

ʧʦʣʫʯʠʪʩʷ ʚʳʨʘʙʘʪʳʚʘʪʴ ʵʣʝʢʪʨʦʵʥʝʨʛʠʶ ʚ ʧʨʦʤʳʰʣʝʥʥʳʡ ʤʘʩʰʪʘʙʘʭ, ʥʦ ʦʥʠ 

ʙʳʣʠ ʙʳ ʚʝʩʴʤʘ ʧʦʣʝʟʥʳ ʚ ʢʘʯʝʩʪʚʝ ʫʩʪʨʦʡʩʪʚʘ ʧʦʜʟʘʨʷʜʢʠ ʠʣʠ ʜʘʞʝ ʧʨʷʤʦʛʦ 

ʠʩʪʦʯʥʠʢʘ ʧʠʪʘʥʠʷ ʥʦʫʪʙʫʢʦʚ, ʤʦʙʠʣʴʥʳʭ ʪʝʣʝʬʦʥʦʚ ʠ ʜʨʫʛʠʭ ʫʩʪʨʦʡʩʪʚ 

ʥʝʙʦʣʴʰʦʡ ʤʦʱʥʦʩʪʠ, ʘ ʪʘʢʞʝ ʢʦʩʤʠʯʝʩʢʠʭ ʘʧʧʘʨʘʪʦʚ. ʇʨʝʠʤʫʱʝʩʪʚʦ ʪʘʢʦʡ 

ʙʘʪʘʨʝʠ ʚ ʪʦʤ, ʯʪʦ ʝʸ ʥʝ ʥʫʞʥʦ ʦʨʠʝʥʪʠʨʦʚʘʪʴ ʥʘ ʉʦʣʥʮʝ. 

ɼʦʙʘʚʣʷʶ ʥʝʢʦʪʦʨʫʶ ʦʮʝʥʢʫ: 
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ʇʣʦʪʥʦʩʪʴ ʵʥʝʨʛʠʠ ʨʝʣʠʢʪʦʚʦʛʦ ʠʟʣʫʯʝʥʠʷ ɟ = 9Ŀ10
-13

 ɼʞ/ʤ
3
. 

ʀʥʪʝʥʩʠʚʥʦʩʪʴ çʚ ʦʜʥʦʤ ʥʘʧʨʘʚʣʝʥʠʠè ʧʨʠʤʝʨʥʦ ʨʘʚʥʘ rcI º = 2,7Ŀ10
-4

 ɺʪ/ʤ
2
. 

 

ʊʦ ʝʩʪʴ, ʦʜʥʦʩʣʦʡʥʘʷ çʨʝʣʠʢʪʦʚʘʷè ʙʘʪʘʨʝʷ ʧʣʦʱʘʜʴʶ 1 ʤ
2
 ʩ ʂʇɼ 50 % ʙʫʜʝʪ 

ʠʤʝʪʴ ʤʦʱʥʦʩʪʴ 2,7Ŀ10
-4
 ɺʪ (ʪ.ʢ. ʦʥʘ ʧʦʛʣʦʱʘʝʪ ʠʟʣʫʯʝʥʠʝ ʠʭ çʜʚʫʭ ʥʘʧʨʘʚʣʝʥʠʡè). 

ʅʝ ʛʫʩʪʦ, ʢʦʥʝʯʥʦ, ʥʦ ʠʜʝʷ ʠʥʪʝʨʝʩʥʘʷ. ɺʦʟʤʦʞʥʦ, ʧʨʠʛʦʜʠʪʩʷ ʚ ʢʦʩʤʠʯʝʩʢʠʭ 

ʘʧʧʘʨʘʪʘʭ. 
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ʂʚʘʥʪʦʚʳʡ ʩʚʝʪʦʬʦʨ (2008, ʬʠʟʠʢʘ) 

ɸʚʪʦʨʩʢʦʝ ʨʝʰʝʥʠʝ 

1. ɻʠʧʦʪʝʪʠʯʝʩʢʠ, ʢʨʝʤʥʠʝʚʳʝ ʢʚʘʥʪʦʚʳʝ ʪʦʯʢʠ ʤʦʞʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʜʣʷ ʩʦʟʜʘʥʠʷ 

ʠʩʪʦʯʥʠʢʦʚ ʢʨʘʩʥʦʛʦ, ʞʝʣʪʦʛʦ ʠ ʟʝʣʝʥʦʛʦ ʮʚʝʪʘ. ʇʨʠ ʠʟʤʝʥʝʥʠʠ ʨʘʟʤʝʨʦʚ ʯʘʩʪʠʮ ʚ 

ʜʠʘʧʘʟʦʥʝ ʦʪ 2 ʜʦ 3 ʥʤ ʮʝʥʪʨʘʣʴʥʘʷ ʜʣʠʥʘ ʚʦʣʥʳ ʩʧʝʢʪʨʘ ʬʦʪʦ- (ʠʣʠ ʵʣʝʢʪʨʦ-

)ʣʶʤʠʥʝʩʮʝʥʮʠʠ ʢʨʝʤʥʠʝʚʳʭ ʢʚʘʥʪʦʚʳʭ ʪʦʯʝʢ ʠʟʤʝʥʷʝʪʩʷ ʦʪ ʟʝʣʝʥʦʛʦ (ʧʦʨʷʜʢʘ 

530 ʥʤ) ʜʦ ʢʨʘʩʥʦʛʦ (ʧʦʨʷʜʢʘ 650 ʥʤ) ʮʚʝʪʘ.  

ʇʝʨʚʳʡ ʫʨʦʚʝʥʴ ʩʣʦʞʥʦʩʪʠ. ʇʨʠ ʦʪʚʝʪʝ ʥʝʦʙʭʦʜʠʤʦ ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʪʴ 

ʧʨʝʜʩʪʘʚʣʝʥʠʝ ʦ ʟʥʘʯʝʥʠʷʭ ʜʣʠʥ ʚʦʣʥ ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʛʦ ʮʚʝʪʘ, ʧʨʘʚʠʣʴʥʦ ʦʮʝʥʠʪʴ 

ʧʦʨʷʜʦʢ ʨʘʟʤʝʨʦʚ ʢʚʘʥʪʦʚʳʭ ʪʦʯʝʢ ʜʣʷ ʢʘʞʜʦʛʦ ʠʟ ʮʚʝʪʦʚ. 

ɺʪʦʨʦʡ ʫʨʦʚʝʥʴ. ʇʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥʦ ʟʥʘʥʠʝ ʦʩʥʦʚ ʢʚʘʥʪʦʚʦʡ ʪʝʦʨʠʠ, ʤʦʜʝʣʠ 

ʧʦʪʝʥʮʠʘʣʴʥʦʛʦ ʷʱʠʢʘ, ʧʨʠ ʦʧʠʩʘʥʠʠ ʩʧʦʩʦʙʘ ʚʦʟʙʫʞʜʝʥʠʷ ʧʦʢʘʟʘʥʦ ʟʥʘʥʠʝ 

ʤʝʪʦʜʠʢ ʬʦʪʦ- ʠ ʵʣʝʢʪʨʦʣʶʤʠʥʝʩʮʝʥʮʠʠ, ʜʘʥʦ ʧʦʥʷʪʠʝ ʦ ʥʝʦʙʭʦʜʠʤʦʡ ʜʠʩʧʝʨʩʠʠ 

ʨʘʟʤʝʨʦʚ ʢʚʘʥʪʦʚʳʭ ʪʦʯʝʢ. 

ʊʨʝʪʠʡ ʫʨʦʚʝʥʴ ʩʣʦʞʥʦʩʪʠ. ʀʩʧʦʣʴʟʦʚʘʥ ʤʝʪʦʜ ʵʬʬʝʢʪʠʚʥʦʡ ʤʘʩʩʳ ʜʣʷ 

ʩʬʝʨʠʯʝʩʢʠʭ ʥʘʥʦʯʘʩʪʠʮ, ʜʘʥʘ ʦʮʝʥʢʘ ʨʦʣʠ ʵʣʝʢʪʨʦʥ-ʬʦʥʦʥʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʚ 

ʰʠʨʠʥʝ ʩʧʝʢʪʨʘ ʣʶʤʠʥʝʩʮʝʥʮʠʠ ʢʨʝʤʥʠʝʚʳʭ ʢʚʘʥʪʦʚʳʭ ʪʦʯʝʢ. 

2. ʕʥʝʨʛʠʠ ʬʦʪʦʥʦʚ ʣʶʤʠʥʝʩʮʝʥʮʠʷ ʢʨʝʤʥʠʝʚʦʡ ʦʡ ʢʚ.ʪʦʯʢʠ ʤʦʛʫʪ ʙʳʪʴ 

ʦʧʨʝʜʝʣʝʥʳ ʚ ʧʨʠʙʣʠʞʝʥʠʠ ʵʬʬʝʢʪʠʚʥʦʡ ʤʘʩʩʳ. ɼʣʷ ʙʝʩʢʦʥʝʯʥʦ ʙʦʣʴʰʠʭ 

ʧʦʪʝʥʮʠʘʣʴʥʳʭ ʙʘʨʴʝʨʦʚ ʚ ʧʨʝʥʝʙʨʝʞʝʥʠʠ ʵʢʩʠʪʦʥʥʳʤʠ ʵʬʬʝʢʪʘʤʠ ʠ ʵʣʝʢʪʨʦʥ-

ʬʦʥʦʥʥʳʤ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝʤ ʠʤʝʝʤ ʜʣʷ ʰʠʨʠʥʳ ʟʘʧʨʝʱʝʥʥʦʡ ʟʦʥʳ ʢʚ.ʪʦʯʢʠ:  

, 

ʛʜʝ d ï ʜʠʘʤʝʪʨ , Eg0 = 1.12 ʵɺ, mr = 0.3mʦ. 

ʊʦʛʜʘ ʜʣʠʥʳ ʚʦʣʥ ʩʚʝʯʝʥʠʷ ʪʦʯʝʢ d1 = 2.05 ʥʤ , d2 = 2.3 ʥʤ, d3 = 2.55 ʥʤ 

ʩʦʦʪʚʝʪʩʪʚʫʶʪ  

,ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. 

ʉ ʫʯʝʪʦʤ ʢʦʥʝʯʥʦʩʪʠ ʧʦʪʝʥʮʠʘʣʴʥʦʛʦ ʙʘʨʴʝʨʘ  

, 

ʂʫʣʦʥʦʚʩʢʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʤʝʞʜʫ ʵʣʝʢʪʨʦʥʦʤ ʠ ʜʳʨʢʦʡ (ʵʢʩʠʪʦʥʥʳʝ ʵʬʬʝʢʪʳ 

ʫʤʝʥʴʰʘʶʪ ʵʥʝʨʛʠʶ ʬʦʪʦʥʦʚ ʣʶʤʠʥʝʩʮʝʥʮʠʠ ʥʘ 100-200 ʤʵɺ), ʘ ʪʘʢʞʝ ʧʨʦʮʝʩʩʦʚ 

ʧʦʛʣʦʱʝʥʠʷ-ʠʩʧʫʩʢʘʥʠʷ ʬʦʥʦʥʦʚ (ʵʣʝʢʪʨʦʥ-ʬʦʥʦʥʥʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʫʤʝʥʴʰʘʝʪ 
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ʵʥʝʨʛʠʶ ʬʦʪʦʥʦʚ ʥʘ ʵʥʝʨʛʠʶ ʬʦʥʦʥʦʚ 50-100 ʤʵɺ) ʪʨʝʙʫʝʤʳʝ ʨʘʟʤʝʨʳ 

ʫʤʝʥʴʰʘʶʪʩʷ ʜʦ d1 >> 1 ʥʤ , d2 >> 1.5 ʥʤ, d3 >> 2 ʥʤ. 

ʊʘʢʠʝ ʢʚ.ʪʦʯʢʠ ʧʨʦʱʝ ʚʩʝʛʦ ʚʦʟʙʫʞʜʘʪʴ ʩʚʝʪʦʚ (ʬʦʪʦʣʶʤʠʥʝʩʮʝʥʮʠʷ), ʥʦ ʤʦʞʥʦ ʠ 

ʵʣʝʢʪʨʠʯʝʩʢʠʤ ʪʦʢʦʤ (ʵʣʝʢʪʨʦʣʶʤʠʥʝʩʮʝʥʮʠʷ).  

 

ʄʘʢʝʝʚʘ ɽʢʘʪʝʨʠʥʘ ɸʥʘʪʦʣʴʝʚʥʘ 

1. ʂ ʧʦʪʝʥʮʠʘʣʴʥʦʤʫ ʤʘʪʝʨʠʘʣʫ ʜʣʷ ʩʦʟʜʘʥʠʷ ʜʦʨʦʞʥʦʛʦ ʩʚʝʪʦʬʦʨʘ ʤʦʞʝʪ ʙʳʪʴ 

ʧʨʝʜʲʷʚʣʝʥ ʨʷʜ ʪʨʝʙʦʚʘʥʠʡ. 

1) ɺʦʟʤʦʞʥʦʩʪʴ ʧʦʣʫʯʘʪʴ ʤʘʪʝʨʠʘʣ ʩ ʯʝʪʢʦ ʜʠʬʬʝʨʝʥʮʠʨʦʚʘʥʥʳʤʠ ʠ ʟʘʨʘʥʝʝ 

ʟʘʜʘʥʥʳʤʠ ʩʚʦʡʩʪʚʘʤʠ. ɺ ʩʣʫʯʘʝ ʢʚʘʥʪʦʚʳʭ ʪʦʯʝʢ ʜʣʠʥʘ ʚʦʣʥʳ 

ʠʟʣʫʯʘʪʝʣʴʥʦʡ ʨʝʢʦʤʙʠʥʘʮʠʠ ʦʧʨʝʜʝʣʷʝʪʩʷ ʰʠʨʠʥʦʡ ʟʘʧʨʝʱʝʥʥʦʡ ʟʦʥʳ 

ʤʘʪʝʨʠʘʣʘ, ʢʦʪʦʨʘʷ, ʚ ʩʚʦʶ ʦʯʝʨʝʜʴ, ʟʘʚʠʩʠʪ ʦʪ ʠʭ ʨʘʟʤʝʨʘ, ʯʝʤ ʤʦʞʥʦ 

ʫʧʨʘʚʣʷʪʴ ʚ ʭʦʜʝ ʩʠʥʪʝʟʘ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʯʪʦʙʳ ʦʪʚʝʪʠʪʴ ʥʘ ʚʦʧʨʦʩ ʦ 

ʚʦʟʤʦʞʥʦʩʪʠ ʩʦʟʜʘʥʠʷ ʩʚʝʪʦʬʦʨʘ, ʥʝʦʙʭʦʜʠʤʦ ʦʮʝʥʠʪʴ, ʢʘʢʠʤ ʨʘʟʤʝʨʘʤ 

ʢʚʘʥʪʦʚʳʭ ʪʦʯʝʢ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʪʨʝʙʫʝʤʳʝ ʜʣʠʥʳ ʚʦʣʥ. ʇʦʜʨʦʙʥʳʡ ʨʘʩʯʝʪ 

ʙʫʜʝʪ ʧʨʦʚʝʜʝʥ ʜʘʣʝʝ. 

2) ʄʘʪʝʨʠʘʣ ʜʦʣʞʝʥ ʠʤʝʪʴ, ʧʦ ʚʦʟʤʦʞʥʦʩʪʠ, ʚʳʩʦʢʫʶ ʵʬʬʝʢʪʠʚʥʦʩʪʴ 

ʣʶʤʠʥʝʩʮʝʥʮʠʠ, ʪʦ ʝʩʪʴ ʜʦʣʶ ʧʘʨ ʵʣʝʢʪʨʦʥ-ʜʳʨʢʘ, ʫʯʘʩʪʚʫʶʱʠʭ ʚ 

ʠʟʣʫʯʘʪʝʣʴʥʦʡ ʨʝʢʦʤʙʠʥʘʮʠʠ, ʦʪ ʚʩʝʭ ʧʘʨ, ʦʙʨʘʟʦʚʘʚʰʠʭʩʷ ʧʨʠ 

ʬʦʪʦʚʦʟʙʫʞʜʝʥʠʠ. ɼʘʥʥʳʡ ʚʦʧʨʦʩ ʜʣʷ ʢʨʝʤʥʠʷ ʥʝʦʜʥʦʟʥʘʯʝʥ, ʚ ʪʦʞʝ ʚʨʝʤʷ 

ʩʫʱʝʩʪʚʫʶʪ ʤʝʪʦʜʳ, ʩʧʦʙʩʪʚʫʶʱʠʝ ʫʣʫʯʰʝʥʠʶ ʜʘʥʥʦʛʦ ʧʘʨʘʤʝʪʨʘ. 

ɼʣʠʥʘ ʚʦʣʥʳ ʠʩʧʫʩʢʘʝʤʦʛʦ ʢʚʘʥʪʘ ʦʧʨʝʜʝʣʷʝʪʩʷ ʰʠʨʠʥʦʡ ʟʘʧʨʝʱʝʥʥʦʡ ʟʦʥʳ ʚ 

ʤʘʪʝʨʠʘʣʝ: 
l

=
hc

Eg ; ( )
( )ʵɺEE

hc
ʥʤ

gg

1240
==l . 

ɿʘʚʠʩʠʤʦʩʪʴ Eg ʦʪ ʨʘʟʤʝʨʘ ʩʬʝʨʠʯʝʩʢʠʭ ʯʘʩʪʠʮ ʦʧʠʩʳʚʘʝʪʩʷ ʚ ʨʘʤʢʘʭ ʤʝʪʦʜʘ 

ʵʬʬʝʢʪʠʚʥʳʭ ʤʘʩʩ:  

2

22

0
2 r

EE gg
ÖmÖ

Öp
+=

>
, 

ʛʜʝ Eg0 ï ʰʠʨʠʥʘ ʟʘʧʨʝʱʝʥʥʦʡ ʟʦʥʳ ʦʙʲʝʤʥʦʛʦ ʧʦʣʫʧʨʦʚʦʜʥʠʢʘ, r ï ʨʘʜʠʫʩ 

ʩʬʝʨʠʯʝʩʢʦʡ ʯʘʩʪʠʮʳ, > = 1,0545*10
-34

 ï ʧʦʩʪʦʷʥʥʘʷ ʇʣʘʥʢʘ ʩ ʯʝʨʪʦʡ, m ï 

ʧʨʠʚʝʜʝʥʥʘʷ ʤʘʩʩʘ ʵʢʩʠʪʦʥʘ: ɛ = me*mp/(me + mp) (= 0,3 me ʜʣʷ ʢʨʝʤʥʠʷ), 

mʝ = 9,1*10
-31

 ʢʛ, Eg0 = 1,12 ʵɺ. 

ʇʦʜʩʪʘʚʣʷʷ ʠʟʚʝʩʪʥʳʝ ʚʝʣʠʯʠʥʳ, ʫʧʨʦʩʪʠʤ ʚʳʨʘʞʝʥʠʝ ʜʣʷ ʥʘʭʦʞʜʝʥʠʷ ʰʠʨʠʥʳ 

ʟʘʧʨʝʱʝʥʥʦʡ ʟʦʥʳ: 
( )2

26,1
12,1

ʥʤr
Eg += . 
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ʏʪʦʙʳ ʦʮʝʥʠʪʴ ʨʘʟʤʝʨʳ ʯʘʩʪʠʮ, ʨʘʩʩʤʦʪʨʠʤ ʩʣʝʜʫʶʱʠʝ çʨʘʙʦʯʠʝè ʜʣʠʥʳ ʚʦʣʥ 

ʙʫʜʫʱʝʛʦ ʩʚʝʪʦʬʦʨʘ: 

ʂʨʘʩʥʳʡ ï 690 ʥʤ  r = 1,36 ʥʤ, d = 2,72 ʥʤ. 

ɾʝʣʪʳʡ ï 590 ʥʤ  r = 1,13 ʥʤ, d = 2,26 ʥʤ. 

ɿʝʣʝʥʳʡ ï 530 ʥʤ  r = 1,02 ʥʤ, d = 2,02 ʥʤ. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʪʝʦʨʝʪʠʯʝʩʢʠ, ʩʦʟʜʘʥʠʝ ʧʦʜʦʙʥʦʛʦ ʩʚʝʪʦʬʦʨʘ ʚʦʟʤʦʞʥʦ. 

ɽʩʣʠ ʨʘʩʩʤʘʪʨʠʚʘʪʴ ʚ ʢʘʯʝʩʪʚʝ ʤʘʪʝʨʠʘʣʘ ʥʝ ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʡ ʢʨʝʤʥʠʡ, ʘ 

ʘʤʦʨʬʥʳʡ (ʢʚʘʥʪʦʚʳʝ ʪʦʯʢʠ Si ʚ ʦʙʲʝʤʝ Si3N4), ʧʦʣʫʯʠʤ: 

( )2
26,1

56,1
ʥʤr

Eg +=  

ʂʨʘʩʥʳʡ ï 690 ʥʤ  r = 2,31 ʥʤ, d = 4,62 ʥʤ. 

ɾʝʣʪʳʡ ï 590 ʥʤ  r = 1,53 ʥʤ, d = 3,06 ʥʤ. 

ɿʝʣʝʥʳʡ ï 530 ʥʤ  r = 1,27 ʥʤ, d = 2,54 ʥʤ. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʚʟʷʚ ʤʘʪʝʨʠʘʣ c ʙʦʣʴʰʝʡ ʰʠʨʠʥʦʡ ʟʘʧʨʝʱʝʥʥʦʡ ʟʦʥʳ, ʤʦʞʥʦ ʩ 

ʙʦʣʴʰʝʡ ʪʦʯʥʦʩʪʴʶ ʤʦʜʝʣʠʨʦʚʘʪʴ ʩʚʦʡʩʪʚʘ ʤʘʪʝʨʠʘʣʘ. 

2. ʇʨʠ ʥʦʨʤʘʣʴʥʳʭ ʫʩʣʦʚʠʷʭ ʚ ʰʠʨʠʥʫ ʩʧʝʢʪʨʘ ʦʩʥʦʚʥʦʡ ʚʢʣʘʜ ʚʥʦʩʠʪ ʜʠʩʧʝʨʩʠʷ ʧʦ 

ʨʘʟʤʝʨʘʤ. 

ʋʰʠʨʝʥʠʝ ʟʘ ʩʯʝʪ ʵʢʩʠʪʦʥ-ʬʦʥʦʥʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʦʙʫʩʣʦʚʣʝʥʦ ʨʘʩʩʝʷʥʠʝʤ 

ʵʢʩʠʪʦʥʦʚ ʥʘ ʬʦʥʦʥʘʭ ʠ ʘʥʘʣʦʛʠʯʥʦ ʫʰʠʨʝʥʠʶ ʘʪʦʤʥʳʭ ʣʠʥʠʡ ʛʘʟʘ ʟʘ ʩʯʝʪ 

ʩʪʦʣʢʥʦʚʝʥʠʡ. ɺʢʣʘʜ, ʚʥʦʩʠʤʳʡ ʜʘʥʥʳʤ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝʤ, ʟʘʚʠʩʠʪ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ 

ʧʨʠʤʝʨʥʦ ʪʘʢʞʝ, ʢʘʢ ʰʠʨʠʥʘ ʤʘʢʩʚʝʣʣʦʚʩʢʦʛʦ ʨʘʩʧʨʝʜʝʣʝʥʠʷ 1,9 kT. 

ʕʥʝʨʛʠʷ ʧʦʛʣʦʱʝʥʥʦʛʦ ʬʦʪʦʥʘ, ʩʧʦʩʦʙʥʦʛʦ ʚʳʟʚʘʪʴ ʦʙʨʘʟʦʚʘʥʠʝ ʵʣʝʢʪʨʦʥ-

ʜʳʨʦʯʥʦʡ ʧʘʨʳ, ʜʦʣʞʥʘ ʙʳʪʴ ʙʦʣʴʰʝ ʰʠʨʠʥʳ ʟʘʧʨʝʱʝʥʥʦʡ ʟʦʥʳ hɜ > Eg ʠʣʠ 

lʚʦʟʙ < lʣʶʤ. 

ʃʘʟʝʨʳ: He-Cd (325 ʥʤ), Ar (488 ʥʤ), ʪʠʪʘʥ-ʩʘʧʬʠʨʦʚʳʡ ʣʘʟʝʨ (390 ʥʤ) ï ʷʚʣʷʶʪʩʷ 

ʵʬʬʝʢʪʠʚʥʳʤʠ ʠʩʪʦʯʥʠʢʘʤʠ ʬʦʪʦʥʦʚ ʜʣʷ ʚʦʟʙʫʞʜʝʥʠʷ ʣʶʤʠʥʝʩʮʝʥʮʠʠ ʚ 

ʢʨʝʤʥʠʝʚʳʭ ʢʚʘʥʪʦʚʳʭ ʪʦʯʢʘʭ, ʥʦ ʧʨʠʤʝʥʠʤʳ ʪʦʣʴʢʦ ʚ ʣʘʙʦʨʘʪʦʨʠʠ. ʇʦʩʢʦʣʴʢʫ 

ʪʝʭʥʠʯʝʩʢʦʝ ʨʝʰʝʥʠʝ (ʩʚʝʪʦʬʦʨ) ʜʦʣʞʥʦ ʙʳʪʴ ʤʘʢʩʠʤʘʣʴʥʦ ʫʜʦʙʥʳʤ ʠ 

ʢʦʤʧʘʢʪʥʳʤ, ʠʩʪʦʯʥʠʢ ʚʦʟʙʫʞʜʝʥʠʷ ʜʦʣʞʝʥ ʪʘʢʞʝ ʫʜʦʚʣʝʪʚʦʨʷʪʴ ʜʘʥʥʳʤ 

ʪʨʝʙʦʚʘʥʠʷʤ. 

ʅʘʠʙʦʣʝʝ ʫʜʦʙʥʳʤ ʤʦʛʣʦ ʙʳ ʩʪʘʪʴ ʵʣʝʢʪʨʦʚʦʟʙʫʞʜʝʥʠʝ ʣʶʤʠʥʝʩʮʝʥʮʠʠ, ʥʦ 

ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʜʘʥʥʦʡ ʣʶʤʠʥʝʩʮʝʥʮʠʠ ʜʣʷ ʢʨʝʤʥʠʷ ʦʯʝʥʴ ʤʘʣʘ. 

 

ɽʚʪʫʰʝʥʢʦ ɽʚʛʝʥʠʡ ɻʝʥʥʘʜʠʝʚʠʯ 
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1. ʉʚʝʪʦʜʠʦʜʳ (LED) ʥʘ ʢʚʘʥʪʦʚʳʭ ʪʦʯʢʘʭ ʷʚʣʷʶʪʩʷ ʚ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʙʫʨʥʦ 

ʨʘʟʚʠʚʘʶʱʠʤʩʷ ʥʘʧʨʘʚʣʝʥʠʝʤ. ʇʨʠ ʢʦʥʩʪʨʫʠʨʦʚʘʥʠʠ ʪʘʢʦʛʦ ʫʩʪʨʦʡʩʪʚʘ ʥʫʞʥʦ 

ʧʦʜʚʝʩʪʠ ʵʣʝʢʪʨʦʜʳ ʢ ʩʣʦʶ, ʩʦʜʝʨʞʘʱʝʤʫ ʢʚʘʥʪʦʚʳʝ ʪʦʯʢʠ, ʦʙʝʩʧʝʯʠʪʴ 

ʵʬʬʝʢʪʠʚʥʦʝ ʠʥʞʝʢʪʠʨʦʚʘʥʠʝ ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ (ʦʙʝʠʭ ʮʝʣʝʡ ʤʦʞʥʦ ʜʦʩʪʠʯʴ, 

ʜʠʩʧʝʨʛʠʨʦʚʘʚ ʢʚʘʥʪʦʚʳʝ ʪʦʯʢʠ ʚ ʪʦʥʢʦʤ ʩʣʦʝ ʙʦʣʝʝ ʰʠʨʦʢʦʟʦʥʥʦʛʦ ʤʘʩʩʠʚʥʦʛʦ 

ʧʦʣʫʧʨʦʚʦʜʥʠʢʘ) ʠ ʫʩʣʦʚʠʷ ʜʣʷ ʠʭ ʠʟʣʫʯʘʪʝʣʴʥʦʡ ʨʝʢʦʤʙʠʥʘʮʠʠ ʚ ʥʘʥʦʯʘʩʪʠʮʘʭ.  

 

ʕʣʝʢʪʨʦʥʥʘʷ ʩʪʨʫʢʪʫʨʘ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ Si 

ɺ ʤʘʩʩʠʚʥʦʤ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʤ ʢʨʝʤʥʠʠ ʧʨʷʤʳʝ ʵʣʝʢʪʨʦʥʥʳʝ ʧʝʨʝʭʦʜʳ ʤʝʞʜʫ 

ʟʦʥʘʤʠ ʦʪʩʫʪʩʪʚʫʶʪ, ʚʩʣʝʜʩʪʚʠʝ ʯʝʛʦ ʠʟʣʫʯʘʪʝʣʴʥʘʷ ʨʝʢʦʤʙʠʥʘʮʠʷ ʵʢʩʠʪʦʥʦʚ 

ʠʤʝʝʪ ʥʝʚʳʩʦʢʫʶ ʚʝʨʦʷʪʥʦʩʪʴ. ʊʝʤ ʥʝ ʤʝʥʝʝ, ʢʨʝʤʥʠʝʚʳʝ ʥʘʥʦʯʘʩʪʠʮʳ ʟʘ ʩʯʝʪ 

ʵʬʬʝʢʪʦʚ ʢʚʘʥʪʦʚʦʛʦ ʦʛʨʘʥʠʯʝʥʠʷ (quantumconfinement) ʧʦʟʚʦʣʷʶʪ ʧʨʝʦʜʦʣʝʪʴ 

ʵʪʦʪ ʥʝʜʦʩʪʘʪʦʢ, ʠ ʟʘ ʧʦʩʣʝʜʥʠʝ 10 ʣʝʪ ʧʦʷʚʠʣʦʩʴ ʜʦʩʪʘʪʦʯʥʦ ʤʥʦʛʦ ʨʘʙʦʪ ʧʦ ʵʪʦʡ 

ʪʝʤʘʪʠʢʝ. 

ɼʣʷ ʩʦʟʜʘʥʠʷ ʜʦʨʦʞʥʦʛʦ ʩʚʝʪʦʬʦʨʘ ʥʘ ʦʩʥʦʚʝ QD-LED ʥʘʤ ʧʦʥʘʜʦʙʷʪʩʷ ʢʚʘʥʪʦʚʳʝ 

ʪʦʯʢʠ ʩ ʰʠʨʠʥʦʡ ʟʘʧʨʝʱʝʥʥʦʡ ʟʦʥʳ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʡ 670 ʥʤ (ʢʨʘʩʥʳʡ), 590 ʥʤ 

(ʞʝʣʪʳʡ) ʠ 550 ʥʤ (ʟʝʣʝʥʳʡ). ʄʦʞʥʦ, ʢʦʥʝʯʥʦ, çʩʭʠʪʨʠʪʴè: ʬʦʨʤʠʨʦʚʘʪʴ ʞʝʣʪʳʡ 

ʮʚʝʪ ʢʘʢ ʩʤʝʩʴ ʟʝʣʝʥʦʛʦ ʠ ʢʨʘʩʥʦʛʦ, ʥʦ ʧʦʢʘ ʧʦʧʨʦʙʫʝʤ ʧʨʦʡʪʠ ʚʝʩʴ ʧʫʪʴ ʯʝʩʪʥʦ J. 

ʇʨʠʚʝʜʝʥʥʳʤ ʜʣʠʥʘʤ ʚʦʣʥ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʰʠʨʠʥʘ ʟʘʧʨʝʱʝʥʥʦʡ ʟʦʥʳ 1.85 ʵɺ 

(ʢʨʘʩʥʳʡ), 2.10 ʵɺ (ʞʝʣʪʳʡ), 2.25 ʵɺ (ʟʝʣʝʥʳʡ). 

ʈʘʩʩʯʠʪʘʝʤ ʥʘ ʦʩʥʦʚʘʥʠʠ ʤʝʪʦʜʘ ʵʬʬʝʢʪʠʚʥʦʡ ʤʘʩʩʳ ʜʣʷ ʩʬʝʨʠʯʝʩʢʦʡ 

ʧʦʪʝʥʮʠʘʣʴʥʦʡ ʷʤʳ ʨʘʟʤʝʨʳ ʥʘʥʦʯʘʩʪʠʮ ʢʨʝʤʥʠʷ. ɼʣʷ ʤʘʩʩʠʚʥʦʛʦ ʦʙʨʘʟʮʘ 

ʢʨʝʤʥʠʷ ʧʨʠʤʝʤ 1.12gE ʵɺ=  ; *

00.26em m=  ; *

00.36hm m=  . 
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ʅʘʭʦʜʠʤ: 1.8ʢʨr ʥʤ=  ; 1.6ʞr ʥʤ=  ; 1.5ʟr ʥʤ=  . 

ɽʩʣʠ ʞʝ ʫʯʝʩʪʴ ʚ ʤʝʪʦʜʝ ʵʬʬʝʢʪʠʚʥʦʡ ʤʘʩʩʳ ʧʦʥʠʞʝʥʠʝ ʵʥʝʨʛʠʠ ʟʘ ʩʯʝʪ 

ʢʫʣʦʥʦʚʩʢʦʛʦ ʧʨʠʪʷʞʝʥʠʷ ʵʣʝʢʪʨʦʥ-ʜʳʨʢʘ (ʧʨʠʥʷʚ, ʯʪʦ 11.7Sie = ): 

2 18 10

2 2

0 0

1 1 1.8 2.49 10 2.22 10
1.12 1.12

8 0.26 0.36 4
Si

Si Si Si

h e
E

em r r r rpee

- - Ö Öå õ
= + + - = + -æ ö

 ç ÷
, 

ʧʦʣʫʯʠʤ ʝʱʝ ʤʝʥʴʰʠʝ ʨʘʟʤʝʨʳ ʥʘʥʦʯʘʩʪʠʮ:1.7ʢʨr ʥʤ=  ; 1.5ʞr ʥʤ=  ; 1.4ʟr ʥʤ=  . 

ʈʘʟʣʠʯʠʝ ʤʝʞʜʫ ʥʘʥʦʯʘʩʪʠʮʘʤʠ ʚʩʝʛʦ ʚ ʥʝʩʢʦʣʴʢʦ ʘʪʦʤʘʨʥʳʭ ʩʣʦʝʚ. ʇʦʞʘʣʫʡ, 

ʪʨʫʜʥʦ ʨʝʘʣʠʟʫʝʤʘʷ ʟʘʜʘʯʘ. ɺʦʟʤʦʞʥʦ, ʩʪʦʠʪ ʠʩʧʦʣʴʟʦʚʘʪʴ ʥʘʥʦʯʘʩʪʠʮʳ ʘʤʦʨʬʥʦʛʦ 

ʢʨʝʤʥʠʷ (1.5 1.6bulk

gE ʵɺ= -  )? ʅʘʡʪʠ ʚ ʣʠʪʝʨʘʪʫʨʝ ʵʬʬʝʢʪʠʚʥʳʝ ʤʘʩʩʳ ʜʳʨʦʢ ʠ 

ʵʣʝʢʪʨʦʥʦʚ ʜʣʷ ʘʤʦʨʬʥʦʛʦ ʢʨʝʤʥʠʷ ʥʝ ʫʜʘʣʦʩʴ, ʟʘʪʦ ʥʘʰʣʘʩʴ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ 

ʵʤʧʠʨʠʯʝʩʢʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʜʣʷ ʰʠʨʠʥʳ ʟʘʧʨʝʱʝʥʥʦʡ ʟʦʥʳ ʥʘʥʦʯʘʩʪʠʮ ʘʤʦʨʬʥʦʛʦ 

ʢʨʝʤʥʠʷ ʚ ʤʘʪʨʠʮʝ ʥʠʪʨʠʜʘ ʢʨʝʤʥʠʷ (ʚ ʨʘʙʦʪʝ ʢʘʢ ʨʘʟ ʢʦʥʩʪʨʫʠʨʦʚʘʣʠ ʩʚʝʪʦʜʠʦʜ) ʚ 

ʥʫʞʥʦʤ ʜʠʘʧʘʟʦʥʝ E
*
 (ʦʪ 2 ʜʦ 2.8): 

*

2

0.6
1.56E

r
= +  

ʆʪʩʶʜʘ :1.4ʢʨr ʥʤ=  ; 1.1ʞr ʥʤ=  ; 0.9ʟr ʥʤ=  . ʅʝʤʥʦʛʠʤ ʣʫʯʰʝ, ʚʝʨʦʷʪʥʦ, ʠʟ-ʟʘ 

ʙʦʣʴʰʝʡ ʵʬʬʝʢʪʠʚʥʦʡ ʤʘʩʩʳ ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ. ʃʘʜʥʦ, ʧʝʨʝʡʜʝʤ ʢ ʩʣʝʜʫʶʱʝʡ 

ʯʘʩʪʠ ʟʘʜʘʯʠ. 

2. ʆʩʥʦʚʥʦʡ ʚʢʣʘʜ ʚ ʫʰʠʨʝʥʠʝ ʣʠʥʠʡ ʚ ʩʧʝʢʪʨʝ ʠʩʧʫʩʢʘʥʠʷ ʘʥʩʘʤʙʣʝʡ ʢʚʘʥʪʦʚʳʭ 

ʪʦʯʝʢ ʚʥʦʩʠʪ ʠʭ ʥʝʛʦʤʦʛʝʥʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʧʦ ʨʘʟʤʝʨʘʤ, ʘ ʜʣʷ ʦʪʥʦʩʠʪʝʣʴʥʦ 

ʛʦʤʦʛʝʥʥʳʭ ʩʠʩʪʝʤ ʧʦ ʨʘʟʤʝʨʫ ʠ ʬʦʨʤʝ ʥʘʥʦʯʘʩʪʠʮ ʨʘʟʤʝʨʦʤ ʤʝʥʝʝ 4 ʥʤ ï 

ʧʨʦʷʚʣʝʥʠʝ ʵʬʬʝʢʪʘ ʢʚʘʥʪʦʚʦ-ʤʝʟʦʩʢʦʧʠʯʝʩʢʠʭ ʬʣʫʢʪʫʘʮʠʡ, ʢʦʛʜʘ ʥʘʣʠʯʠʝ ʜʘʞʝ 

ʦʜʥʦʛʦ ʪʦʯʝʯʥʦʛʦ ʜʝʬʝʢʪʘ ʠʣʠ ʠʥʦʨʦʜʥʦʛʦ ʘʪʦʤʘ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʢʚʘʥʪʦʚʦʡ ʪʦʯʢʠ 

ʠʣʠ ʚ ʝʝ ʙʣʠʟʢʦʤ ʦʢʨʫʞʝʥʠʠ ʩʠʣʴʥʦ ʩʢʘʟʳʚʘʝʪʩʷ ʥʘ ʵʥʝʨʛʠʠ ʵʢʩʠʪʦʥʥʦʛʦ ʧʝʨʝʭʦʜʘ. 

ɽʩʣʠ ʨʘʩʩʤʦʪʨʝʪʴ ʝʜʠʥʠʯʥʫʶ ʥʘʥʦʯʘʩʪʠʮʫ, ʦʩʥʦʚʳʚʘʷʩʴ ʥʘ ʘʥʘʣʦʛʠʠ ʢʚʘʥʪʦʚʘʷ 

ʪʦʯʢʘ-çʠʩʢʫʩʩʪʚʝʥʥʳʡ ʘʪʦʤè ʤʦʞʥʦ ʧʨʝʜʧʦʣʦʞʠʪʴ ʣʠʥʝʡʯʘʪʦʩʪʴ ʝʝ ʩʧʝʢʪʨʘ 

(çʧʦʯʪʠ ʣʠʥʝʡʯʘʪʦʩʪʴè, E tD ÖD º ʥʠʢʪʦ ʥʝ ʦʪʤʝʥʷʣ J), ʪʘʢ ʢʘʢ ʝʝ ʵʥʝʨʛʝʪʠʯʝʩʢʠʝ 

ʫʨʦʚʥʠ ʜʠʩʢʨʝʪʥʳ ʠ ʦʪʩʫʪʩʪʚʫʶʪ ʢʦʣʝʙʘʪʝʣʴʥʦ-ʚʨʘʱʘʪʝʣʴʥʳʡ ʚʢʣʘʜ (ʥʘʠʚʥʦʝ 

ʧʨʝʜʩʪʘʚʣʝʥʠʝ, ʧʦʟʞʝ ʨʘʩʩʤʦʪʨʠʤ, ʧʦʯʝʤʫ ʞʝ ʵʪʦ ʥʝ ʪʘʢ). 

ɺ ʧʦʩʣʝʜʥʠʝ ʛʦʜʳ ʧʦʷʚʠʣʦʩʴ ʙʦʣʴʰʦʝ ʢʦʣʠʯʝʩʪʚʦ ʨʘʙʦʪ ʧʦ ʠʟʫʯʝʥʠʶ ʦʧʪʠʯʝʩʢʠʭ 

ʩʚʦʡʩʪʚ ʝʜʠʥʠʯʥʳʭ ʢʚʘʥʪʦʚʳʭ ʪʦʯʝʢ. ʕʪʦʪ ʧʦʜʭʦʜ ʧʦʟʚʦʣʷʝʪ ʫʩʪʨʘʥʠʪʴ ʧʨʦʙʣʝʤʳ 

ʫʩʨʝʜʥʝʥʠʷ ʧʦ ʘʥʩʘʤʙʣʶ ʠ ʠʟʫʯʠʪʴ ʢʚʘʥʪʦʚʳʝ ʧʨʠʯʠʥʳ ʫʰʠʨʝʥʠʷ ʣʠʥʠʡ ʚ 

ʩʧʝʢʪʨʘʭ ʠʩʧʫʩʢʘʥʠʷ. 
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ɺʣʠʷʥʠʝ ʚʨʝʤʝʥʠ ʞʠʟʥʠ ʚʦʟʙʫʞʜʝʥʥʳʭ ʩʦʩʪʦʷʥʠʡ ʥʘ ʛʦʤʦʛʝʥʥʦʡ ʫʰʠʨʝʥʠʝ 

ʩʧʝʢʪʨʘ ʠʩʧʫʩʢʘʥʠʷ ʢʚʘʥʪʦʚʳʭ ʪʦʯʝʢ ʭʦʪʴ ʠ ʩʣʦʞʥʦ ʧʦʜʜʘʝʪʩʷ ʦʮʝʥʢʝ, ʥʦ ʢ 

ʩʯʘʩʪʴʶ, ʷʚʣʷʝʪʩʷ ʦʯʝʥʴ ʤʘʣʦʡ ʚʝʣʠʯʠʥʦʡ. ʍʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʦʝ ʚʨʝʤʷ ʞʠʟʥʠ 

ʵʢʩʠʪʦʥʘ ʚ ʢʨʝʤʥʠʝʚʳʭ ʢʚʘʥʪʦʚʳʭ ʪʦʯʢʘʭ ʨʘʟʤʝʨʦʤ ʤʝʥʝʝ 4 ʥʤ ʷʚʣʷʝʪʩʷ 

ʥʝʤʦʥʦʪʦʥʥʦʡ ʬʫʥʢʮʠʝʡ ʨʘʟʤʝʨʘ (ʩʤ. ʨʠʩ). 

 

ɼʘʥʥrʡ ʛʨʘʬʠʢ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʪʝʦʨʝʪʠʯʝʩʢʠʡ ʨʘʩʯʝʪ *t ʜʣʷ ʢʨʝʤʥʠʝʚʳʭ 

ʢʚʘʥʪʦʚʳʭ ʪʦʯʝʢ ʚ ʤʘʪʨʠʮʝ SiO2 ʚ ʧʨʝʜʧʦʣʦʞʝʥʠʠ ʩʫʱʝʩʪʚʦʚʘʥʠʷ ʜʚʫʭ ʦʩʥʦʚʥʳʭ 

ʢʘʥʘʣʦʚ ʠʟʣʫʯʘʪʝʣʴʥʦʡ ʨʝʢʦʤʙʠʥʘʮʠʠ ʚ ʢʨʝʤʥʠʝʚʦʡ QD: 1) ʦʙʳʯʥʦʛʦ ʢʘʥʘʣʘ 

ʠʟʣʫʯʘʪʝʣʴʥʦʡ ʨʝʢʦʤʙʠʥʘʮʠʠ ʵʢʩʠʪʦʥʦʚ ʩ ʫʯʘʩʪʠʝʤ ʬʦʥʦʥʦʚ ʩ ʭʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʠʤ 

ʚʨʝʤʝʥʝʤ * 410i ct -º  ʠ 2) ʥʫʣʴ-ʬʦʥʦʥʦʛʦ (ʧʩʝʚʜʦʧʨʷʤʦʛʦ) ʢʘʥʘʣʘ ʠʟʣʫʯʘʪʝʣʴʥʦʡ 

ʨʝʢʦʤʙʠʥʘʮʠʠ ʩ ʭʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʠʤ ʚʨʝʤʝʥʝʤ *

01/d Wt= , ʛʜʝ Wʦ ï ʧʦʣʥʘʷ 

ʚʝʨʦʷʪʥʦʩʪʴ ʩʧʦʥʪʘʥʥʦʡ ʠʟʣʫʯʘʪʝʣʴʥʦʡ ʨʝʢʦʤʙʠʥʘʮʠʠ ʵʢʩʠʪʦʥʦʚ. * *1 1 1rx i dt t t= + . 

ʉʪʦʠʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʧʦʣʫʯʝʥʥʳʝ ʪʘʢʠʤ ʦʙʨʘʟʦʤ ʭʘʨʘʢʪʝʨʥʳʝ ʚʨʝʤʝʥʘ ʞʠʟʥʠ 

ʵʢʩʠʪʦʥʦʚ ʷʚʣʷʶʪʩʷ ʟʘʚʳʰʝʥʥʳʤʠ ʜʣʷ ʨʝʘʣʴʥʳʭ ʯʘʩʪʠʮ, ʪʘʢ ʢʘʢ ʩʫʱʝʩʪʚʫʝʪ ʝʱʝ 

ʢʘʥʘʣ ʙʝʟʳʟʣʫʯʘʪʝʣʴʥʦʡ ʨʝʣʘʢʩʘʮʠʠ ʥʘ ʧʨʠʤʝʩʥʳʭ ʮʝʥʪʨʘʭ ʠ ʜʝʬʝʢʪʘʭ 

ʧʦʚʝʨʭʥʦʩʪʠ. ɹʦʣʝʝ ʢʦʨʨʝʢʪʥʳʝ ʦʮʝʥʢʠ ʜʘʶʪ ʤʠʥʠʤʘʣʴʥʦʝ ʚʨʝʤʷ ʞʠʟʥʠ ʧʦʨʷʜʢʘ 

ʥʘʥʦʩʝʢʫʥʜ. 

ʆʮʝʥʦʯʥʳʝ ʚʝʣʠʯʠʥʳ ʝʩʪʝʩʪʚʝʥʥʦʡ ʰʠʨʠʥʳ ʣʠʥʠʠ ʜʘʶʪ ʤʘʢʩʠʤʘʣʴʥʳʝ ʚʝʣʠʯʠʥʳ 

ʧʦʨʷʜʢʘ 25

9

2
2 10 (1 )

10
ɼʞ ʤʢʵɺ-

-
G= º Ö   . ɼʝʡʩʪʚʠʪʝʣʴʥʦ ʤʘʣʦ. ɽʩʪʝʩʪʚʝʥʥʫʶ 

ʰʠʨʠʥʫ ʣʠʥʠʠ ʠʤʝʶʪ ʩʧʝʢʪʨʳ ʠʩʧʫʩʢʘʥʠʷ ʢʚʘʥʪʦʚʳʭ ʪʦʯʝʢ ʧʨʠ ʦʯʝʥʴ ʥʠʟʢʠʭ 

ʪʝʤʧʝʨʘʪʫʨʘʭ, ʢʦʛʜʘ ʚʣʠʷʥʠʝʤ ʬʦʥʦʥʦʚ ʤʦʞʥʦ ʧʨʝʥʝʙʨʝʯʴ. ʅʦ ʵʪʦ ʥʝ ʥʘʰ ʩʣʫʯʘʡ, 

ʪʝʤ ʥʝ ʤʝʥʝʝ, ʵʪʦʪ ʚʢʣʘʜ ʚ ʫʰʠʨʝʥʠʝ ʣʠʥʠʡ ʚʩʝʛʜʘ ʧʨʠʩʫʪʩʪʚʫʝʪ. 

ɺ ʧʨʦʮʝʩʩʝ ʧʦʛʣʦʱʝʥʠʷ ʬʦʪʦʥʘ (ʬʦʪʦʣʶʤʠʥʝʩʮʝʥʮʠʷ) ʠʣʠ ʠʥʞʝʢʮʠʠ ʥʦʩʠʪʝʣʝʡ 

(ʵʣʝʢʪʨʦʣʶʤʠʥʝʩʮʝʥʮʠʷ) ʵʣʝʢʪʨʦʥʳ ʠ ʜʳʨʢʠ ʦʢʘʟʳʚʘʶʪʩʷ ʚ ʚʦʟʙʫʞʜʝʥʥʦʤ 

ʩʦʩʪʦʷʥʠʠ. ʉʫʱʝʩʪʚʫʝʪ ʪʝʦʨʝʪʠʯʝʩʢʠʝ ʧʨʝʜʧʦʩʳʣʢʠ ʫʪʚʝʨʞʜʘʪʴ, ʯʪʦ ʧʨʦʮʝʩʩ 

ʙʝʟʳʟʣʫʯʘʪʝʣʴʥʦʡ ʨʝʣʘʢʩʘʮʠʠ ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ ʟʘʪʨʫʜʥʝʥ, ʪʘʢ ʢʘʢ ʨʘʟʥʠʮʘ ʤʝʞʜʫ 
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ʧʦʜʫʨʦʚʥʷʤʠ ʚʥʫʪʨʠ çʚʘʣʝʥʪʥʦʡ ʟʦʥʳè ʠ çʟʦʥʳ ʧʨʦʚʦʜʠʤʦʩʪʠè ʩʦʩʪʘʚʣʷʝʪ ʧʦʨʷʜʢʘ 

ʩʦʪʝʥ ʤʵɺ, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʵʥʝʨʛʠʷ LO-ʬʦʥʦʥʦʚ ʚ ʢʚʘʥʪʦʚʦʡ ʪʦʯʢʝ ʩʦʩʪʘʚʣʷʝʪ 

ʧʦʨʷʜʢʘ ʝʜʠʥʠʮ-ʜʝʩʷʪʢʦʚ ʤʵɺ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʨʝʣʘʢʩʘʮʠʷ çʛʦʨʷʯʠʭè ʵʣʝʢʪʨʦʥʦʚ ʩ 

ʫʯʘʩʪʠʝʤ ʬʦʥʦʥʦʚ ʜʦʣʞʥʘ ʧʨʠʚʦʜʠʪʴ ʢ ʦʜʥʦʚʨʝʤʝʥʥʦʤʫ ʠʩʧʫʩʢʘʥʠʶ ʥʝʩʢʦʣʴʢʠʭ 

ʬʦʥʦʥʦʚ. ʊʘʢʦʡ ʧʨʦʮʝʩʩ ʠʤʝʝʪ ʦʯʝʥʴ ʤʘʣʫʶ ʚʝʨʦʷʪʥʦʩʪʴ. ʅʝʵʬʬʝʢʪʠʚʥʦʡ ʷʚʣʷʝʪʩʷ 

ʠ ʨʝʣʘʢʩʘʮʠʷ ʵʣʝʢʪʨʦʥʦʚ ʩ ʫʯʘʩʪʠʝʤ ʘʢʫʩʪʠʯʝʩʢʠʭ ʬʦʥʦʥʦʚ ʥʠʟʢʦʡ ʵʥʝʨʛʠʠ. 

ʕʬʬʝʢʪ ʧʦʣʫʯʠʣ ʥʘʟʚʘʥʠʝ çphonon-bottleneckè, ʩʦʛʣʘʩʥʦ ʵʪʦʤʫ ʨʘʩʩʤʦʪʨʝʥʠʶ 

ʚʨʝʤʷ ʞʠʟʥʠ ʚʦʟʙʫʞʜʝʥʥʳʭ ʩʦʩʪʦʷʥʠʡ ʵʢʩʠʪʦʥʘ ʚ ʢʚʘʥʪʦʚʦʡ ʪʦʯʢʝ ʜʦʣʞʥʦ ʙʳʪʴ 

ʜʦʩʪʘʪʦʯʥʦ ʚʝʣʠʢʦ, ʦʮʝʥʦʯʥʦ ʥʘ ʫʨʦʚʥʝ ʥʘʥʦʩʝʢʫʥʜ, ʯʪʦ ʩʨʘʚʥʠʤʦ ʩ ʠʟʣʫʯʘʪʝʣʴʥʳʤ 

ʚʨʝʤʝʥʝʤ ʞʠʟʥʠ ʪʘʢʠʭ ʩʦʩʪʦʷʥʠʡ. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʞʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʚ ʜʘʥʥʦʡ 

ʦʙʣʘʩʪʠ (ʦʩʦʙʝʥʥʦ ʜʣʷ ʤʘʣʳʭ ʯʘʩʪʠʮ) ʧʦʢʘʟʘʣʠ, ʯʪʦ ʫ ʩʠʩʪʝʤʳ ʝʩʪʴ çʧʦʪʘʡʥʳʝ 

ʭʦʜʳè ʵʬʬʝʢʪʠʚʥʦʡ ʙʳʩʪʨʦʡ ʨʝʣʘʢʩʘʮʠʠ ʵʣʝʢʪʨʦʥʦʚ ʜʦ ʢʨʘʷ çʟʦʥʳ ʧʨʦʚʦʜʠʤʦʩʪʠè 

ʩ ʭʘʨʘʢʪʝʨʥʳʤʠ ʚʨʝʤʝʥʘʤʠ ʧʦʨʷʜʢʘ ʧʠʢʦʩʝʢʫʥʜ. ʆʩʥʦʚʥʳʤʠ ʢʘʥʜʠʜʘʪʘʤʠ ʥʘ 

ʦʙʲʷʩʥʝʥʠʝ ʪʘʢʦʡ ʙʳʩʪʨʦʡ ʩʢʦʨʦʩʪʠ ʨʝʣʘʢʩʘʮʠʠ ʩʯʠʪʘʶʪ ʆʞʝ-ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ 

ʤʝʞʜʫ ʵʣʝʢʪʨʦʥʦʤ ʠ ʜʳʨʢʦʡ, ʚ ʨʝʟʫʣʴʪʘʪʝ ʢʦʪʦʨʦʛʦ ʧʨʦʠʩʭʦʜʠʪ ʧʝʨʝʨʘʩʧʨʝʜʝʣʝʥʠʝ 

ʵʥʝʨʛʠʠ ʤʝʞʜʫ ʥʠʤʠ, ʠʣʠ ʵʣʝʢʨʦʥ-ʬʦʥʦʥʥʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʨʠ 

ʨʘʩʩʤʦʪʨʝʥʠʠ ʣʶʤʠʥʝʩʮʝʥʪʥʳʭ ʩʚʦʡʩʪʚ ʢʚʘʥʪʦʚʳʭ ʪʦʯʝʢ ʤʦʞʥʦ ʩʯʠʪʘʪʴ, ʯʪʦ ʚʩʝ 

ʵʢʩʠʪʦʥʳ ʥʘʭʦʜʷʪʩʷ ʚ ʦʩʥʦʚʥʦʤ ʩʦʩʪʦʷʥʠʠ. 

ʈʘʩʩʤʦʪʨʠʤ ʪʦʥʢʦʝ ʨʘʩʱʝʧʣʝʥʠʝ ʦʩʥʦʚʥʦʛʦ ʵʢʩʠʪʦʥʥʦʛʦ ʩʦʩʪʦʷʥʠʷ. ɻʘʤʠʣʴʪʦʥʠʘʥ 

ʦʙʤʝʥʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʵʣʝʢʪʨʦʥʘ ʠ ʜʳʨʢʠ ʟʘʚʠʩʠʪ ʦʪ ʩʠʤʤʝʪʨʠʠ 

ʧʦʪʝʥʮʠʘʣʴʥʦʡ ʷʤʳ. ɺ ʩʣʫʯʘʝ ʩʠʤʤʝʪʨʠʯʥʦʛʦ ʧʦʪʝʥʮʠʘʣʘ ʦʩʥʦʚʥʦʝ ʵʢʩʠʪʦʥʥʦʝ 

ʩʦʩʪʦʷʥʠʝ (ʦʧʪʠʯʝʩʢʠ ʘʢʪʠʚʥʦʝ, ñbrightò) ʜʚʘʞʜʳ ʚʳʨʦʞʜʝʥʦ ʧʦ ʩʧʠʥʫ. ʅʦ ʧʨʠ 

ʥʘʨʫʰʝʥʠʠ ʵʪʦʡ ʩʠʤʤʝʪʨʠʠ ʚʩʣʝʜʩʪʚʠʝ, ʥʘʧʨʠʤʝʨ, ʥʝʩʠʤʤʝʪʨʠʯʥʦʡ ʬʦʨʤʳ ʯʘʩʪʠʮ 

ʚʳʨʦʞʜʝʥʠʝ ʧʦ ʩʧʠʥʫ ʩʥʠʤʘʝʪʩʷ, ʧʨʠʚʦʜʷ ʢ ʨʘʩʱʝʧʣʝʥʠʶ ʥʘ ʜʚʘ ʧʦʜʫʨʦʚʥʷ. ɹʦʣʝʝ 

ʪʦʛʦ, ʢʦʥʢʨʝʪʥʦ ʜʣʷ ʢʨʝʤʥʠʝʚʳʭ ʥʘʥʦʯʘʩʪʠʮ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʦʧʪʠʯʝʩʢʠ ʥʝʘʢʪʠʚʥʳʝ 

(ñdarkò) ʵʢʩʠʪʦʥʥʳʝ ʩʦʩʪʦʷʥʠʷ ʪʘʢʞʝ ʤʦʛʫʪ ʚʥʦʩʠʪʴ ʚʢʣʘʜ ʚ ʬʦʨʤʠʨʦʚʘʥʠʝ ʩʧʝʢʪʨʘ 

ʠʩʧʫʩʢʘʥʠʷ. ʆʮʝʥʠʪʴ ʚʢʣʘʜ ʪʦʥʢʦʛʦ ʨʘʩʱʝʧʣʝʥʠʷ ʚ ʫʰʠʨʝʥʠʝ ʣʠʥʠʡ ʠʩʧʫʩʢʘʥʠʷ 

ʢʚʘʥʪʦʚʳʭ ʪʦʯʝʢ ʥʝ ʧʨʝʜʩʪʘʚʣʷʝʪʩʷ ʚʦʟʤʦʞʥʳʤ, ʪʘʢ ʢʘʢ ʵʪʦ ʧʦʪʨʝʙʫʝʪ ʢʦʥʢʨʝʪʥʳʭ 

ʢʚʘʥʪʦʚʦ-ʤʝʭʘʥʠʯʝʩʢʠʭ ʨʘʩʯʝʪʦʚ. 

ʀ, ʥʘʢʦʥʝʮ, ʩʘʤʳʡ ʚʘʞʥʳʡ ʢʦʤʧʦʥʝʥʪ ʫʰʠʨʝʥʠʷ ʣʠʥʠʡ ʝʜʠʥʠʯʥʳʭ ʢʚʘʥʪʦʚʳʭ 

ʪʦʯʝʢ: ʵʢʩʠʪʦʥ-ʬʦʥʦʥʥʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ. ɺʟʘʠʤʦʜʝʡʩʪʚʠʝ ʵʢʩʠʪʦʥʘ ʩ LO-

ʬʦʥʦʥʘʤʠ ʧʨʠʚʦʜʠʪ ʢ ʧʦʷʚʣʝʥʠʶ ʣʠʥʝʡʯʘʪʦʛʦ ʩʧʝʢʪʨʘ (ʚ ʦʙʱʝʤ ʩʣʫʯʘʝ ʜʦʚʦʣʴʥʦ 

ʩʣʦʞʥʦʛʦ), ʩ LA-ʬʦʥʦʥʘʤʠ ï ʢ ʫʰʠʨʝʥʠʶ ʠʤʝʶʱʠʭʩʷ ʣʠʥʠʡ ʩʧʝʢʪʨʘ. ʆʮʝʥʢʘ 

ʫʰʠʨʝʥʠʷ ʩʧʝʢʪʨʘ ʠʩʧʫʩʢʘʥʠʷ ʢʚʘʥʪʦʚʦʡ ʪʦʯʢʠ ʟʘ ʩʯʝʪ ʵʢʩʠʪʦʥ-ʬʦʥʦʥʥʦʛʦ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʜʘʝʪ ʚʝʣʠʯʠʥʳ ʧʦʨʷʜʢʘ ʜʝʩʷʪʢʦʚ ʤʵɺ. 
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ʀʪʦʛʦ, ʧʦʣʫʯʘʝʤ, ʯʪʦ ʰʠʨʠʥʘ ʩʧʝʢʪʨʘ ʦʪʜʝʣʴʥʦʡ ʢʚʘʥʪʦʚʦʡ ʪʦʯʢʠ ʩʦʩʪʘʚʣʷʝʪ 

ʧʦʨʷʜʢʘ ʜʝʩʷʪʢʦʚ ʤʵɺ. ʅʦ ʜʣʷ ʦʮʝʥʢʠ ʩʨʝʜʥʝʛʦ ʧʦ ʘʥʩʘʤʙʣʶ ʠ ʤʘʢʩʠʤʘʣʴʥʦ 

ʚʦʟʤʦʞʥʦʡ ʜʠʩʧʝʨʩʠʠ ʪʦʯʝʢ ʧʦ ʨʘʟʤʝʨʫ ʤʳ ʧʨʠʤʝʤ, ʯʪʦ ʩʧʝʢʪʨ ʝʜʠʥʠʯʥʦʡ ʪʦʯʢʠ 

ʣʠʥʝʡʯʘʪʳʡ (ʪʘʢ ʢʘʢ ʜʝʡʩʪʚʠʪʝʣʴʥʦ, ʚʢʣʘʜ ʥʝʦʜʥʦʨʦʜʥʦʩʪʠ ʨʘʟʤʝʨʘ ʪʦʯʝʢ ʤʦʞʝʪ ʥʘ 

ʧʦʨ̫ʜʢʠ ʧʨʝʚʳʰʘʪʴ ʚʢʣʘʜ ʚʩʝʭ ʜʨʫʛʠʭ ʚʦʟʤʦʞʥʳʭ ʤʝʭʘʥʠʟʤʦʚ ʫʰʠʨʝʥʠʷ). 

ʊʘʢʞʝ ʧʨʠʤʝʤ, ʯʪʦ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʧʦ ʨʘʟʤʝʨʘʤ ʧʦʜʯʠʥʷʝʪʩʷ ʛʘʫʩʩʦʚʦʤʫ ʟʘʢʦʥʫ. çʗ 

ʥʝ ʟʥʘʶ, ʯʪʦ ʟʥʘʯʠʪ çʩʳʨè, ʥʦ ʥʘ ɿʝʤʣʝ ʤʳʰʠ ʩʪʘʚʠʣʠ ʥʘ ʚʘʩ ʦʧʳʪʳè. J ɺ ʩʤʳʩʣʝ, 

ʷ ʥʝ ʟʥʘʶ, ʢʘʢ ʨʘʙʦʪʘʝʪ ʯʝʣʦʚʝʯʝʩʢʠʡ ʵʥʝʨʛʦʜʠʩʧʝʨʩʠʦʥʥʳʡ ʜʝʪʝʢʪʦʨ, ʥʦ ʙʫʜʝʤ 

ʩʯʠʪʘʪʴ ʧʠʢʠ ʨʘʟʨʝʰʝʥʥʳʤʠ ʚ ʪʦʤ ʩʣʫʯʘʝ, ʝʩʣʠ ʠʭ ʢʨʳʣʴʷ ʧʝʨʝʩʝʢʘʶʪʩʷ ʥʘ 

ʧʦʣʫʚʳʩʦʪʝ. ɼʦʧʦʣʥʠʪʝʣʴʥʦ ʚʳʯʪʝʤ ʠʟ ʨʘʩʩʪʦʷʥʠʷ ʤʝʞʜʫ ʧʠʢʘʤʠ ʚʝʣʠʯʠʥʫ ʚ 20 

ʤʵɺ ʜʣʷ ʛʨʫʙʦʛʦ ʫʯʝʪʘ ʫʰʠʨʝʥʠʷ ʟʘ ʩʯʝʪ ʵʣʝʢʪʨʦʥ-ʬʦʥʦʥʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ. 

ʀʩʧʦʣʴʟʫʷ ʫʞʝ ʠʩʧʦʣʴʟʦʚʘʥʥʦʝ ʥʘʤʠ ʚʳʨʘʞʝʥʠʝ 
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, ʧʦʣʫʯʠʤ, ʯʪʦ ʰʠʨʠʥʘ ʥʘ ʧʦʣʫʚʳʩʦʪʝ 

ʧʠʢʘ ʢʨʘʩʥʳʭ ʪʦʯʝʢ ʩʦʩʪʘʚʣʷʝʪ 0.26 ʥʤ, ʞʝʣʪʳʭ ï 0.09 ʥʤ, ʟʝʣʝʥʳʭ ï 0.07 ʥʤ. ɺ 

ʩʣʫʯʘʝ ʢʨʘʩʥʳʭ ʪʦʯʝʢ ʨʘʟʙʨʦʩ ʩʦʩʪʘʚʣʷʝʪ 1 ʘʪʦʤʘʨʥʳʡ ʩʣʦʡ, ʘ ʚʦʪ ʣʠʙʦ ʞʝʣʪʳʝ, 

ʣʠʙʦ ʟʝʣʝʥʳʝ ʪʦʯʢʠ ʜʦʣʞʥʳ ʙʳʪʴ ʧʦʯʪʠ ʠʜʝʘʣʴʥʦ ʛʦʤʦʛʝʥʥʳʤʠ ʧʦ ʨʘʟʤʝʨʫ. ʀʣʠ 

ʤʦʞʥʦ ʚʟʷʪʴ ʠ ʢʨʘʩʥʳʝ, ʠ ʟʝʣʝʥʳʝ ʪʦʯʢʠ ʩ ʨʘʟʙʨʦʩʦʤ ʚ ʦʜʠʥ ʘʪʦʤʘʨʥʳʡ ʩʣʦʡ, ʘ 

ʞʝʣʪʳʡ ʩʜʝʣʘʪʴ ʠʟ ʠʭ ʩʤʝʩʠ, ʢʘʢ ʠ ʧʨʝʜʣʘʛʘʣʦʩʴ ʚ ʥʘʯʘʣʝ ʟʘʜʘʯʠ. 

ɺʦʧʨʦʩ ʦ ʚʦʟʙʫʞʜʝʥʠʠ ʣʶʤʠʥʝʩʮʝʥʮʠʠ. ʅʘʩʢʦʣʴʢʦ ʷ ʧʦʥʠʤʘʶ, ʩʪʘʚʠʪʴ ʚ ʩʚʝʪʦʬʦʨ 

ʋʌ-ʣʘʤʧʫ ʜʣʷ ʬʦʪʦ-ʚʦʟʙʫʞʜʝʥʠʷ ʣʶʤʠʥʝʩʮʝʥʮʠʠ ʢʚʘʥʪʦʚʳʭ ʪʦʯʝʢ ʥʠʢʪʦ ʥʝ ʙʫʜʝʪ, 

ʢʘʢ ʠ ʕʃʊ ʠʣʠ ʧʦʣʝʚʦʡ ʵʤʠʪʪʝʨ ʜʣʷ ʢʘʪʦʜʦʣʶʤʠʥʩʮʝʥʮʠʠ. ʆʩʪʘʝʪʩʷ ʦʜʠʥ, ʩʘʤʳʡ 

ʦʯʝʚʠʜʥʳʡ ʚʘʨʠʘʥʪ ï ʵʣʝʢʪʨʦʣʶʤʠʥʩʮʝʥʮʠʷ (ʚ ʢʦʥʝʯʥʦʤ ʠʪʦʛʝ, ʩʚʝʪʦʬʦʨ ʨʘʙʦʪʘʝʪ 

ʥʘ ʵʣʝʢʪʨʠʯʝʩʪʚʝ ʚʩʝ-ʪʘʢʠ). ʂʘʢ ʫʞʝ ʙʳʣʦ ʩʢʘʟʘʥʦ, ʥʝʦʙʭʦʜʠʤʦ ʜʠʩʧʝʨʛʠʨʦʚʪʴ 

ʥʘʰʠ ʢʚʘʥʪʦʚʳʝ ʪʦʯʢʠ ʚ ʪʦʥʢʦʤ ʩʣʦʝ ʙʦʣʝʝ ʰʠʨʦʢʦʟʦʥʥʦʛʦ ʧʦʣʫʧʨʦʚʦʜʥʠʢʝ 

(ʥʘʧʨʠʤʝʨ, ʥʠʪʨʠʜʘ ʢʨʝʤʥʠʷ) ʠ ʧʦʜʚʝʩʪʠ ʢ ʪʘʢʦʤʫ ʢʦʤʧʦʟʠʪʫ ʢʦʥʪʘʢʪʳ. 

 

ʍʘʨʣʘʤʦʚʘ ʄʘʨʠʘʥʥʘ ɺʷʯʝʩʣʘʚʦʚʥʘ 

1. ɼʘ ʤʦʞʥʦ, ʜʣʷ ʵʪʦʛʦ ʥʘʜʦ ʩʠʥʪʝʟʠʨʦʚʘʪʴ ʢʚʘʥʪʦʚʳʝ ʪʦʯʢʠ ʩ ʪʘʢʠʤʠ ʨʘʟʤʝʨʘʤʠ, 

ʯʪʦʙʳ ʰʠʨʠʥʘ ʟʘʧʨʝʱʝʥʥʦʡ ʟʦʥʳ ʩʦʦʪʚʝʪʩʪʚʦʚʘʣʘ ʵʥʝʨʛʠʠ ʟʝʣʝʥʦʛʦ ʩʚʝʪʘ  

l = 560 ʥʤ, ʵɺ
ʤ

ʩʤhc
E 21.2ɼʞ1054.3

106.5

/103ʩɼʞ1062.6 19

7

834

=Ö=
Ö

ÖÖÖÖ
== -

-

-

l
 

ɾʝʣʪʦʛʦ ʮʚʝʪʘ  

l = 600 ʥʤ, ʵɺ
ʤ

ʩʤhc
E 06.2ɼʞ103.3

106

/103ʩɼʞ1062.6 19

7

834

=Ö=
Ö

ÖÖÖÖ
== -

-

-

l
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ʀ ʢʨʘʩʥʦʛʦ ʮʚʝʪʦʚ  

l = 650 ʥʤ, ʵɺ
ʤ

ʩʤhc
E 91.1ɼʞ100.3

105,6

/103ʩɼʞ1062.6 19

7

834

=Ö=
Ö

ÖÖÖÖ
== -

-

-

l
 

ʊʝʧʝʨʴ ʨʘʩʩʯʠʪʘʝʤ ʨʘʟʤʝʨ ʯʘʩʪʠʮ, ʜʣʷ ʵʪʦʛʦ ʚʦʩʧʦʣʴʟʫʝʤʩʷ ʟʘʚʠʩʠʤʦʩʪʴʶ Eg ʦʪ 

ʨʘʜʠʫʩʘ ʯʘʩʪʠʮʳ: 

ʌʦʨʤʫʣʘ ʜʣʷ ʨʘʩʯʝʪʘ ʰʠʨʠʥʳ ʟʘʧʨʝʱʝʥʥʦʡ ʟʦʥʳ: 

ka

e
EE g

2

2

22

8,1
a2
-+=

m

p>
, ʛʜʝ Eg ï ʰʠʨʠʥʘ ʟʘʧʨʝʱʝʥʥʦʡ ʟʦʥʳ ʦʙʲʝʤʥʦʛʦ ʤʘʪʝʨʠʘʣʘ, ɛ 

ï ʧʨʠʚʝʜʝʥʥʘʷ ʤʘʩʩʘ ʵʣʝʢʪʨʦʥʘ ʠ ʜʳʨʢʠ, k ï ʜʠʵʣʝʢʪʨʠʯʝʩʢʘʷ ʧʨʦʥʠʮʘʝʤʦʩʪʴ Si, a ï 

ʨʘʜʠʫʩ ʥʘʥʦʯʘʩʪʠʮ. 

Eg =  1.12 ɻ ɺ 

k = 11.7 

ɛ =1/((1/0.3me)+(1/0.3me)) = 0.3me/2 

ɼʣʷ ʨʘʩʯʝʪʘ ʙʳʣʦ ʠʩʧʦʣʴʟʦʚʘʥʦ ʩʣʝʜʫʶʱʝʝ ʧʨʠʙʣʠʞʝʥʠʝ: 

ʈʘʟʤʝʨ ʥʘʥʦʢʨʠʩʪʘʣʣʘ ʤʥʦʛʦ ʤʝʥʴʰʝ ʵʬʬʝʢʪʠʚʥʦʛʦ ɹʦʨʦʚʩʢʦʛʦ ʨʘʜʠʫʩʘ (a << aB). 

ɺ ʵʪʦʤ ʩʣʫʯʘʝ ʜʚʠʞʝʥʠʝ ʵʣʝʢʪʨʦʥʘ ʠ ʜʳʨʢʠ ʢʚʘʥʪʦʚʘʥʦ, ʘ ʠʭ ʧʦʚʝʜʝʥʠʝ ʤʦʞʝʪ ʙʳʪʴ 

ʦʧʠʩʘʥʦ ʢʘʢ ʧʦʚʝʜʝʥʠʝ ʥʝʚʟʘʠʤʦʜʝʡʩʪʚʫʶʱʠʭ ʯʘʩʪʠʮ ʚ ʧʦʪʝʥʮʠʘʣʴʥʦʡ ʷʤʝ. 

E a( ) 1.12 1.8( )
1.60210

19-
Ö( )

2

11.7aÖ1.602Ö 10
19-

Ö

Ö-

6.6260710
34-

Ö

2pÖ

å
æ
ç

õ
ö
÷

2è
é
é
ê

ø
ù
ù
ú
p

2
Ö

2
1

1

0.39.109Ö 10
31-

Ö

1

0.39.109Ö 10
31-

Ö

+
å
æ
ç

õ
ö
÷

Ö a( )
2

1.602Ö 10
19-

Ö

+:=

 

ɿʘʚʠʩʠʤʦʩʪʴ ʰʠʨʠʥʳ ʟʘʧʨʝʱʝʥʥʦʡ ʟʦʥʳ ʦʪ ʨʘʟʤʝʨʘ ʯʘʩʪʠʮ 

ɼʣʷ ɿʝʣʝʥʦʛʦ ʉʠʛʥʘʣʘ ʪʨʝʙʫʶʪʩʷ ʯʘʩʪʠʮʳ 1.5 ʥʤ 

ɼʣʷ ɾʝʣʪʦʛʦ ʉʠʛʥʘʣʘ ï 1.6 ʥʤ 

ɼʣʷ ʂʨʘʩʥʦʛʦ ʩʠʛʥʘʣʘ ï 1.8 ʥʤ 

ʊʘʢʠʝ ʯʘʩʪʠʮʳ ʩʠʥʪʝʟʠʨʦʚʘʪʴ ʤʦʞʥʦ, ʦʜʥʘʢʦ ʜʣʷ ʠʭ ʨʘʟʜʝʣʝʥʠʷ ʥʝʦʙʭʦʜʠʤʦ 

ʧʨʦʚʦʜʠʪʴ ʨʘʟʤʝʨʥʦ-ʩʝʣʝʢʪʠʚʥʦʝ ʦʩʘʞʜʝʥʠʝ (ʪ. ʢ. ʥʫʞʥʳ ʧʨʘʢʪʠʯʝʩʢʠ 

ʤʦʥʦʜʠʩʧʝʨʩʥʳʝ ʯʘʩʪʠʮʳ).  
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1.10
9

1.5.10
9

2.10
9

2.5.10
9

3.10
9

3.5.10
9

4.10
9

4.5.10
9

1

1.5

2

2.5

3

3.5

4

E a( )

a  

2. ʆʮʝʥʠʤ ʰʠʨʠʥʫ ʩʧʝʢʪʨʘ ʩʚʝʯʝʥʠʷ (ʚ ʧʨʠʙʣʠʞʝʥʠʠ, ʯʪʦ ʥʘʰʠ ʯʘʩʪʠʮʳ ʷʚʣʷʶʪʩʷ 

ʤʦʥʦʜʠʩʧʝʨʩʥʳʤʠ), ʪʦʛʜʘ ʰʠʨʠʥʘ ʣʠʥʠ ʩʚʝʯʝʥʠʷ ʦʧʨʝʜʝʣʷʝʪʩʷ ʣʠʰʴ ʧʨʠʥʮʠʧʦʤ 

ʥʝʦʧʨʝʜʝʣʝʥʥʦʩʪʠ. ʇʫʩʪʴ ʚ ʚʦʟʙʫʞʜʝʥʥʦʤ ʩʦʩʪʦʷʥʠʠ ʯʘʩʪʠʮʘ ʞʠʚʝʪ ʚ ʪʝʯʝʥʠʝ 1 ʥʩ, 

ʪʦʛʜʘ ʫʰʠʨʝʥʠʷ ʩʚʷʟʘʥʥʦʝ ʩ ʧʨʠʥʮʠʧʦʤ ʥʝʦʧʨʝʜʝʣʝʥʥʦʩʪʠ ʙʫʜʝʪ ʨʘʚʥʦ: 

ʵɺ
ʩʝʢ

h
E 625

9

34

ʚʦʟʙ.

101.4ɼʞ1062.6
10

ʩɼʞ1062.6 --

-

-

Ö=Ö=
ÖÖ

==D
t

 

ʊʝʧʝʨʴ ʨʘʩʩʤʦʪʨʠʤ ʩʣʫʯʘʡ, ʢʦʛʜʘ ʦʪʢʣʦʥʝʥʠʝ ʦʪ ʩʨʝʜʥʝʛʦ ʟʥʘʯʝʥʠʷ ʨʘʚʥʦ 

ʧʘʨʘʤʝʪʨʫ ʨʝʰʝʪʢʠ (ɼʣʷ ʢʨʝʤʥʠʷ 0.54 ʥʤ). 

ʇʦʩʪʨʦʠʤ ʛʨʘʬʠʢ ʟʘʚʠʩʠʤʦʩʪʠ ʜʣʠʥʳ ʚʦʣʥʳ ʣʶʤʠʥʝʩʮʝʥʮʠʠ (ʧʨʦʠʩʭʦʜʠʪ ʧʨʠ 

ʨʝʢʦʤʙʠʥʘʮʠʠ e ʚ ʚʘʣʝʥʪʥʫʶ ʟʦʥʫ) ʦʪ ʨʘʟʤʝʨʘ ʯʘʩʪʠʮʳ: 

1.10
9

1.5.10
9

2.10
9

2.5.10
9

3.10
9

3.5.10
9

4.10
9

4.5.10
9

2.10
7

4.10
7

6.10
7

8.10
7

1.10
6

lambdaa( )

a
 

ɻʨʘʬʠʢ ʟʘʚʠʩʠʤʦʩʪʠ ʜʣʠʥʳ ʚʦʣʥʳ ʣʶʤʠʥʝʩʮʝʥʮʠʠ (lambda(a) ʚ ʤ) ʦʪ ʨʘʟʤʝʨʘ 

ʯʘʩʪʠʮ (ʤ) 
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ɼʣʷ ʟʝʣʝʥʦʛʦ ʩʚʝʪʘ ʧʨʠ ʨʘʟʤʝʨʝ ʯʘʩʪʠʮ 1.5Ñ0.5 ʥʤ ʧʦʣʦʩʘ ʩʚʝʯʝʥʠʷ ʙʫʜʝʪ 340-730 

ʥʤ 

ɼʣʷ ʞʝʣʪʦʛʦ ʩʚʝʪʘ ʧʨʠ ʨʘʟʤʝʨʝ 1.6Ñ0.5 ʥʤ ï 390-740 ʥʤ 

ɼʣʷ ʢʨʘʩʥʦʛʦ ʩʚʝʪʘ ʧʨʠ ʨʘʟʤʝʨʝ 1.8Ñ0.5 ʥʤ ï 480-780 ʥʤ 

ʊʦ ʝʩʪʴ ʚ ʪʘʢʠʭ ʫʩʣʦʚʠʷʭ ʮʚʝʪʘ ʩʚʝʪʦʬʦʨʘ ʩʪʘʥʫʪ ʥʝʨʘʟʨʝʰʠʤʳ ʜʣʷ ʛʣʘʟʘ. ʊʘʢʠʤ 

ʦʙʨʘʟʦʤ, ʜʣʷ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʚ ʩʚʝʪʦʬʦʨʝ ʜʠʩʧʝʨʩʠʷ ʜʦʣʞʥʘ ʙʳʪʴ ʤʝʥʴʰʝ, ʯʝʤ 1 

ʧʘʨʘʤʝʪʨ ʷʯʝʡʢʠ ʠ ʨʘʚʥʷʪʴʩʷ ~ 0.1 ʥʤ (ʨʘʩʩʯʠʪʘʥʘ ʜʣʷ ʪʦʛʦ, ʯʪʦʙʳ ʙʳʣʦ ʚʦʟʤʦʞʥʦ 

ʨʘʟʨʝʰʠʪʴ ʞʝʣʪʫʶ ʠ ʟʝʣʝʥʫʶ ʣʠʥʠʠ).  

ɺ ʨʝʟʫʣʴʪʘʪʝ ʨʝʢʦʤʙʠʥʘʮʠʠ ʵʢʩʠʪʦʥʘ ʚ ʩʧʝʢʪʨʝ ʩʚʝʯʝʥʠʷ ʥʘʥʦʯʘʩʪʠʮ ʤʦʞʝʪ 

ʧʦʷʚʠʪʴʩʷ ʜʦʧʦʣʥʠʪʝʣʴʥʳʡ ʧʠʢ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʡ ʠʟʣʫʯʘʪʝʣʴʥʦʡ  ʨʝʢʦʤʙʠʥʘʮʠʠ 

ʵʢʩʠʪʦʥʘ (ʵʪʦʪ ʧʠʢ ʙʫʜʝʪ ʩʤʝʱʝʥ ʚ ʩʪʦʨʦʥʫ ʙʦʣʴʰʠʭ ʜʣʠʥ ʚʦʣʥ, ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ 

ʧʠʢʦʤ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʤ ʨʝʢʦʤʙʠʥʘʮʠʠ ʯʝʨʝʟ ʟʘʧʨʝʱʝʥʥʫʶ ʟʦʥʫ). ɺ ʨʝʟʫʣʴʪʘʪʝ 

ʰʠʨʠʥʘ ʣʠʥʠʠ ʚ ʩʧʝʢʪʨʝ ʙʫʜʝʪ ʫʚʝʣʠʯʠʚʘʪʴʩʷ. 

ʅʘʣʠʯʠʝ ʵʣʝʢʪʨʦʥ ʬʦʥʦʥʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʥʘʦʙʦʨʦʪ, ʩʫʞʘʝʪ ʩʧʝʢʪʨ, ʪ.ʢ. ʧʨʝʞʜʝ 

ʯʝʤ ʨʝʢʦʤʙʠʥʠʨʦʚʘʪʴ ʵʣʝʢʪʨʦʥ ʨʘʩʩʝʚʘʝʪʩʷ ʥʘ ʬʦʥʦʥʘʭ, ʠ ʧʦʥʠʞʘʝʪ ʩʚʦʶ ʵʥʝʨʛʠʶ 

ʜʦ ʫʨʦʚʥʷ ʧʦʪʦʣʢʘ ʟʦʥʳ ʧʨʦʚʦʜʠʤʦʩʪʠ, ʘ ʟʘʪʝʤ ʨʝʢʦʤʙʠʥʠʨʫʝʪ. 

ʉʧʦʩʦʙʳ ʚʦʟʙʫʞʜʝʥʠʷ ʥʘʥʦʯʘʩʪʠʮ Si: 

- ʬʦʪʦʣʶʤʠʥʝʩʮʝʥʮʠʷ (ʚʦʟʙʫʞʜʝʥʠʝ ʩʚʝʪʦʤ ʩ ʵʥʝʨʛʠʝʡ ʢʚʘʥʪʦʚ ʙʦʣʴʰʝ, ʯʝʤ 

ʰʠʨʠʥʘ ʟʘʧʨʝʱʝʥʥʦʡ ʟʦʥʳ) 

- ʢʘʪʦʜʦʣʶʤʠʥʝʩʮʝʥʮʠʷ (ʚʦʟʙʫʞʜʝʥʠʝ ʧʫʯʢʦʤ ʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʵʣʝʢʪʨʦʥʦʚ) 

 

ʈʦʤʘʰʢʘ ʄʠʭʘʠʣ ʖʨʴʝʚʠʯ 

1. ʂʨʝʤʥʠʝʚʳʝ ʢʚʘʥʪʦʚʳʝ ʪʦʯʢʠ, ʢʦʥʝʯʥʦ, ʤʦʞʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʜʣʷ ʩʦʟʜʘʥʠʷ 

ʜʦʨʦʞʥʦʛʦ ʩʚʝʪʦʬʦʨʘ. ʅʦ, ʧʨʝʜʫʧʨʝʞʜʘʶ ʩʨʘʟʫ ï ʩʪʦʠʪʴ ʪʘʢʦʡ ʩʚʝʪʦʬʦʨ ʙʫʜʝʪ 

ʥʝʜʸʰʝʚʦ. J 

ɼʣʷ ʩʦʟʜʘʥʠʷ ʪʘʢʦʛʦ ʩʚʝʪʦʬʦʨʘ ʥʫʞʥʦ ʨʝʰʠʪʴ ʥʝʩʢʦʣʴʢʦ ʪʝʭʥʠʯʝʩʢʠʭ ʟʘʜʘʯ: 

ʘ) ʜʣʷ ʩʪʘʙʠʣʴʥʦʡ ʨʘʙʦʪʳ ʥʫʞʥʦ ʧʦʜʚʦʜʠʪʴ ʵʥʝʨʛʠʶ ʢ ʢʚʘʥʪʦʚʳʤ ʪʦʯʢʘʤ; 

ʙ) ʥʫʞʥʦ ʧʝʨʝʢʣʶʯʘʪʴ ʮʚʝʪʘ ʩʚʝʪʦʬʦʨʘ (ʚʦʚʨʝʤʷ ʛʘʩʠʪʴ ʩʚʝʯʝʥʠʝ ʦʜʥʠʭ ʪʦʯʝʢ ʠ 

ʚʦʟʙʫʞʜʘʪʴ ʩʚʝʯʝʥʠʝ ʜʨʫʛʠʭ); 
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ʚ) ʥʫʞʥʦ ʩʦʟʜʘʪʴ ʜʦʩʪʘʪʦʯʥʫʶ ʠʥʪʝʥʩʠʚʥʦʩʪʴ (ʤʦʱʥʦʩʪʴ) ʠʟʣʫʯʝʥʠʷ; 

ʛ) ʠʟʣʫʯʝʥʠʝ ʢʘʞʜʦʛʦ ʮʚʝʪʘ ʜʦʣʞʥʦ ʠʤʝʪʴ ʜʦʩʪʘʪʦʯʥʦ ʫʟʢʠʡ ʩʧʝʢʪʨ (ʝʩʣʠ, ʢʦʥʝʯʥʦ, 

ʥʝ ʠʩʧʦʣʴʟʦʚʘʪʴ ʮʚʝʪʦʚʳʝ ʬʠʣʴʪʨʳ). 

ʅʘʯʥʸʤ ʩ ʧʦʜʙʦʨʘ ʨʘʟʤʝʨʦʚ ʢʚʘʥʪʦʚʳʭ ʪʦʯʝʢ. ɿʘʤʝʯʘʪʝʣʴʥʳʤ ʩʚʦʡʩʪʚʦʤ ʵʪʠʭ ʪʦʯʝʢ 

ʷʚʣʷʝʪʩʷ ʪʦ, ʯʪʦ ʠʭ ʩʧʝʢʪʨ ʠʟʣʫʯʝʥʠʷ ʟʘʚʠʩʠʪ ʦʪ ʠʭ ʨʘʟʤʝʨʘ. ʈʝʛʫʣʠʨʫʷ ʨʘʟʤʝʨ, 

ʤʦʞʥʦ ʣʝʛʢʦ ʨʝʛʫʣʠʨʦʚʘʪʴ ʦʩʥʦʚʥʫʶ ʯʘʩʪʦʪʫ ʠʟʣʫʯʝʥʠʷ ʬʦʪʦʥʦʚ. 

ʈʘʩʩʪʦʷʥʠʝ ʤʝʞʜʫ ʩʦʩʝʜʥʠʤʠ ʫʨʦʚʥʷʤʠ ʵʥʝʨʛʠʠ ʵʣʝʢʪʨʦʥʘ ʚ ʢʚʘʥʪʦʚʦʡ ʪʦʯʢʝ 

ʤʦʞʥʦ ʦʮʝʥʠʪʴ ʠʟ ʧʨʠʥʮʠʧʘ ʥʝʦʧʨʝʜʝʣʸʥʥʦʩʪʝʡ ɻʝʡʟʝʥʙʝʨʛʘ. ʀʤʝʝʤ: 

>ºDD px , ʚʩʪʘʚʠʤ ʚ ʵʪʫ ʬʦʨʤʫʣʫ ʨʘʟʤʝʨ ʪʦʯʢʠ ʠ ʨʘʟʥʦʩʪʴ ʠʤʧʫʣʴʩʦʚ ʥʘ ʜʚʫʭ 

ʩʦʩʝʜʥʠʭ ʫʨʦʚʥʷʭ: 

>ºÖpd , 222 >ºÖpd , 
mm

p
d

22

22
2 >

ºÖ , 

ʦʪʢʫʜʘ ʨʘʟʥʦʩʪʴ ʵʥʝʨʛʠʠ ʩʦʩʝʜʥʠʭ ʫʨʦʚʥʝʡ ʨʘʚʥʘ 

2

2

2md
E

>
=D  (1) 

ʛʜʝ d ï ʭʘʨʘʢʪʝʨʥʳʡ ʨʘʟʤʝʨ ʪʦʯʢʠ, m ï ʵʬʬʝʢʪʠʚʥʘʷ ʤʘʩʩʘ ʵʣʝʢʪʨʦʥʘ. ʆʪʩʶʜʘ, 

ʫʯʠʪʳʚʘʷ, ʯʪʦ E = hɜ = hc/ɚ, ʠʤʝʝʤ ʚʳʨʘʞʝʥʠʝ ʜʣʷ ʜʣʠʥʳ ʚʦʣʥʳ ʠʟʣʫʯʝʥʠʷ ʪʦʯʢʠ:  

h

mcd22
=l  (2) 

ɺʳʨʘʞʘʷ ʦʪʩʶʜʘ d, ʧʦʣʫʯʠʤ ʬʦʨʤʫʣʫ ʜʣʷ ʚʳʯʠʩʣʝʥʠʷ ʨʘʟʤʝʨʦʚ (ʜʠʘʤʝʪʨʦʚ) ʪʦʯʝʢ: 

mc

h
d

2

l
=  (3) 

ʇʦʜʩʪʘʚʣʷʷ ʚ ʥʝʸ ʵʬʬʝʢʪʠʚʥʫʶ ʤʘʩʩʫ ʵʣʝʢʪʨʦʥʘ ʜʣʷ ʢʨʝʤʥʠʝʚʳʭ ʪʦʯʝʢ m = 0,3me ʠ 

ʜʣʠʥʳ ʚʦʣʥ ʟʝʣʸʥʦʛʦ ʩʚʝʪʘ ɚʟ = 540 ʥʤ, ʞʸʣʪʦʛʦ ɚʞ = 590 ʥʤ ʠ ʢʨʘʩʥʦʛʦ ɚʢ = 650 ʥʤ, 

ʧʦʣʫʯʠʤ: 

dʢ = 1,62 ʥʤ (ʜʣʷ ʢʨʘʩʥʦʛʦ), 

dʞ = 1,54 ʥʤ (ʜʣʷ ʞʸʣʪʦʛʦ), 

dʟ = 1,47 ʥʤ (ʜʣʷ ʟʝʣʸʥʦʛʦ). 

2. ʆʮʝʥʠʤ ʰʠʨʠʥʫ ʩʧʝʢʪʨʘ ʩʚʝʯʝʥʠʷ ʢʚʘʥʪʦʚʳʭ ʪʦʯʝʢ. ɿʘʧʠʰʝʤ ʩʦʦʪʥʦʰʝʥʠʝ 

ʥʝʦʧʨʝʜʝʣʸʥʥʦʩʪʝʡ ʚ ʚʠʜʝ >ºDD tE , >> ºDD tw , ʦʪʢʫʜʘ 

t
n

1
ºD , 

ʛʜʝ Ű ï ʩʨʝʜʥʝʝ ʚʨʝʤʷ ʞʠʟʥʠ ʵʣʝʢʪʨʦʥʘ ʥʘ ʦʜʥʦʤ ʠʟ ʚʦʟʙʫʞʜʸʥʥʳʭ (ʥʝʦʩʥʦʚʥʳʭ) 

ʫʨʦʚʥʝʡ. ʆʮʝʥʠʤ Ű ʢʘʢ ʥʝʢʦʪʦʨʦʝ ʵʬʬʝʢʪʠʚʥʦʝ çʚʨʝʤʷ ʩʚʦʙʦʜʥʦʛʦ ʧʨʦʙʝʛʘè ʘʪʦʤʘ 

Si ʚ ʢʚʘʥʪʦʚʦʡ ʪʦʯʢʝ. ʊʦʛʜʘ Ű å aʦ/ɡ, ʛʜʝ aʦ ï ʙʦʨʦʚʩʢʠʡ ʨʘʜʠʫʩ, ɡ ï ʩʨʝʜʥʷʷ 
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ʩʢʦʨʦʩʪʴ. ɽʩʣʠ ʙʳ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʘʪʦʤʦʚ ʧʦ ʩʢʦʨʦʩʪʷʤ ʙʳʣʦ ʤʘʢʩʚʝʣʣʦʚʩʢʠʤ, ʪʦ 

ʙʳʣʦ ʙʳ 
M

kT

p
u

8
= , ʛʜʝ M ï ʤʘʩʩʘ ʘʪʦʤʘ, k ï ʧʦʩʪʦʷʥʥʘʷ ɹʦʣʴʮʤʘʥʘ, T ï 

ʪʝʤʧʝʨʘʪʫʨʘ ʚ ʢʝʣʴʚʠʥʘʭ. ʉ ʜʨʫʛʦʡ ʩʪʦʨʦʥʳ, ʩʨʝʜʥʷʷ ʢʚʘʜʨʘʪʠʯʥʘʷ ʩʢʦʨʦʩʪʴ 

ʘʪʦʤʦʚ ʨʘʚʥʘ 
M

kT3
ʩʢʚ=u . ɺʦʟʴʤʸʤ ʜʣʷ ʦʮʝʥʢʠ 

M

kT2
=u . ʀʤʝʝʤ: 

M

kT

a

21

0

=Dn ,  

M

kT

a

ccc 21

0

2

21

=
D

º-
l

l

ll
, ʦʪʢʫʜʘ ʧʦʣʫʯʘʝʤ ʬʦʨʤʫʣʫ ʜʣʷ ʨʘʩʯʸʪʘ ʰʠʨʠʥʳ ʣʠʥʠʠ (ʚ 

ʰʢʘʣʝ ʜʣʠʥ ʚʦʣʥ): 

M

kT

ca

2

0

2l
l=D  (4) 

ɺʳʯʠʩʣʝʥʠʷ ʜʘʶʪ: 

ɼʣʷ ʢʨʘʩʥʦʛʦ ȹɚʢ å 12 ʥʤ, ʜʣʷ ʞʸʣʪʦʛʦ ȹɚʞ å 10 ʥʤ, ʜʣʷ ʟʝʣʸʥʦʛʦ ȹɚʟ å 10 ʥʤ. 

ʊʝʧʝʨʴ ʚʳʯʠʩʣʠʤ ʤʘʢʩʠʤʘʣʴʥʦ ʜʦʧʫʩʪʠʤʫʶ ʜʠʩʧʝʨʩʠʶ ʨʘʟʤʝʨʦʚ ʢʚʘʥʪʦʚʳʭ ʪʦʯʝʢ, 

ʧʨʠ ʢʦʪʦʨʦʡ ʮʚʝʪʘ ʩʚʝʪʦʬʦʨʘ ʨʘʟʨʝʰʘʶʪʩʷ. ʀʟ ʩʦʦʪʥʦʰʝʥʠʡ ʜʣʠʥ ʚʦʣʥ ʮʚʝʪʦʚ 

ʩʚʝʪʦʬʦʨʘ ʠ ʰʠʨʠʥʳ ʩʧʝʢʪʨʦʚ ʚʠʜʥʦ, ʯʪʦ ʜʦʧʫʩʪʠʤʘʷ ʜʠʩʧʝʨʩʠʷ ʜʣʠʥʳ ʚʦʣʥʳ ʜʣʷ 

ʞʸʣʪʦʛʦ ʠ ʟʝʣʸʥʦʛʦ ʨʘʚʥʘ Dɚʞ å Dɚʟ  å 20 ʥʤ, ʜʣʷ ʢʨʘʩʥʦʛʦ Dɚʢ  å 30 ʥʤ. ʋʩʪʘʥʦʚʠʤ 

ʩʦʦʪʚʝʪʩʪʚʠʝ ʤʝʞʜʫ ʜʠʩʧʝʨʩʠʝʡ ʜʣʠʥʳ ʚʦʣʥʳ ʠ ʜʠʩʧʝʨʩʠʝʡ ʨʘʟʤʝʨʘ ʪʦʯʢʠ ʯʝʨʝʟ 

ʬʦʨʤʫʣʫ (2): Dd
h

mcd

h

ddmcd

h

ddmc
D

4)(4)(2 12

2

1

2

2
12 =

-
º

-
=-= lll , ʦʪʢʫʜʘ 

lD
mcd

h
Dd

4
=  (5) 

ɺʳʯʠʩʣʝʥʠʷ ʜʘʶʪ:  

ɼʣʷ ʢʨʘʩʥʦʛʦ Ddʢ å 0,04 ʥʤ, ʜʣʷ ʞʸʣʪʦʛʦ Ddʞ å 0,03 ʥʤ, ʜʣʷ ʟʝʣʸʥʦʛʦ Ddʟ å 0,03 ʥʤ. 

ɺʦʟʙʫʞʜʝʥʠʝ ʩʚʝʯʝʥʠʷ ʠ ʠʥʪʝʥʩʠʚʥʦʩʪʴ. ʉʘʤʳʤ ʝʩʪʝʩʪʚʝʥʥʳʤ ʩʧʦʩʦʙʦʤ 

ʚʦʟʙʫʞʜʝʥʠʷ ʩʚʝʯʝʥʠʷ ʢʚʘʥʪʦʚʳʭ ʪʦʯʝʢ ʧʨʝʜʩʪʘʚʣʷʝʪʩʷ ʣʠʙʦ ʧʦʜʚʦʜ ʢ ʥʠʤ ʪʦʢʘ, 

ʣʠʙʦ ʦʩʚʝʱʝʥʠʝ ʠʭ ʩʚʝʪʦʤ ʩ ʜʣʠʥʦʡ ʚʦʣʥʳ, ʢʨʘʪʥʦʡ ʜʣʠʥʝ ʚʦʣʥʳ ʠʭ ʠʟʣʫʯʝʥʠʷ. 

ʂʨʝʤʥʠʡ ʩʘʤ ʧʦ ʩʝʙʝ ʷʚʣʷʝʪʩʷ ʠʟʦʣʷʪʦʨʦʤ, ʥʦ ʝʩʣʠ ʚ ʥʝʛʦ ʚʚʝʩʪʠ ʧʨʠʤʝʩʴ 

(ʥʘʧʨʠʤʝʨ, In ʠʣʠ As), ʦʥ ʩʪʘʥʝʪ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʤ. ʊʦʛʜʘ, ʧʦʜʘʚ ʥʘ ʢʨʝʤʥʠʝʚʳʝ 

ʪʦʯʢʠ ʥʘʧʨʷʞʝʥʠʝ, ʤʦʞʥʦ ʙʫʜʝʪ ʩʦʦʙʱʠʪʴ ʠʤ ʵʥʝʨʛʠʶ ʠ ʚʦʟʙʫʜʠʪʴ ʩʚʝʯʝʥʠʝ. 

ʇʦʜʘʪʴ ʥʘʧʨʷʞʝʥʠʝ ʤʦʞʥʦ ʥʝʩʢʦʣʴʢʠʤʠ ʩʧʦʩʦʙʘʤʠ, ʧʦʢʘʟʘʥʥʳʤʠ ʥʘ ʨʠʩʫʥʢʘʭ. 
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ɺ ʵʪʠʭ ʢʦʥʩʪʨʫʢʮʠʷʭ ʠʩʧʦʣʴʟʫʶʪʩʷ ʧʨʦʟʨʘʯʥʳʝ ʜʣʷ ʩʚʝʪʘ ʪʦʥʢʠʝ ʵʣʝʢʪʨʦʜʳ; ʚ 

ʢʦʥʩʪʨʫʢʮʠʠ ʩ ʵʣʝʢʪʨʦʣʠʪʦʤ ʵʪʦ ʥʝ ʦʙʷʟʘʪʝʣʴʥʦ (ʵʣʝʢʪʨʦʜʳ ʤʦʞʥʦ ʫʩʪʘʥʦʚʠʪʴ ʧʦ 

ʙʦʢʘʤ ʦʪ çʬʦʥʘʨʷè ʩʚʝʪʦʬʦʨʘ). 

ʅʘ ʩʨʝʜʥʝʤ ʨʠʩʫʥʢʝ ʠʩʧʦʣʴʟʦʚʘʥʦ ʥʝʩʢʦʣʴʢʦ ʧʣʦʪʥʦʫʧʘʢʦʚʘʥʥʳʭ ʩʣʦʸʚ ʢʚʘʥʪʦʚʳʭ 

ʪʦʯʝʢ ʜʣʷ ʩʦʟʜʘʥʠʷ ʙʦʣʴʰʝʡ ʠʥʪʝʥʩʠʚʥʦʩʪʠ. 

ɼʣʷ ʚʦʟʙʫʞʜʝʥʠʷ ʩʚʝʯʝʥʠʷ ʤʦʞʥʦ ʪʘʢʞʝ ʧʨʦʩʪʦ ʨʘʩʧʦʣʦʞʠʪʴ ʟʘ ʩʣʦʝʤ ʢʚʘʥʪʦʚʳʭ 

ʪʦʯʝʢ ʜʦʩʪʘʪʦʯʥʦ ʤʦʥʦʭʨʦʤʘʪʠʯʝʩʢʠʡ ʠʩʪʦʯʥʠʢ ʩʚʝʪʘ ʩ ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʡ ʜʣʠʥʦʡ 

ʚʦʣʥʳ ʠʣʠ ʬʦʪʦʚʩʧʳʰʢʫ ʩʦ ʩʧʣʦʰʥʳʤ ʩʧʝʢʪʨʦʤ, ʠʣʠ ʙʦʣʝʝ ʚʳʩʦʢʦʵʥʝʨʛʠʯʥʳʝ 

ʢʚʘʥʪʳ (ʥʘʧʨʠʤʝʨ, ʫʣʴʪʨʘʬʠʦʣʝʪ), ʢʦʪʦʨʳʝ ʙʫʜʫʪ çʟʘʙʨʘʩʳʚʘʪʴè ʵʣʝʢʪʨʦʥʳ ʩʨʘʟʫ 

ʥʘ ʤʥʦʛʦ ʫʨʦʚʥʝʡ ʚʚʝʨʭ. 

ʆʪʤʝʪʠʤ ʪʘʢʞʝ, ʯʪʦ, ʧʦʤʠʤʦ ʢʨʝʤʥʠʝʚʳʭ ʪʦʯʝʢ, ʤʦʞʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʜʨʫʛʠʝ ʪʦʯʢʠ 

ʠʟ ʙʦʣʝʝ ʧʨʦʟʨʘʯʥʳʭ ʤʘʪʝʨʠʘʣʦʚ (ʥʘʧʨʠʤʝʨ, CdTe, CdSe, ZnSe, ZnS). 

ʂʘʢ ʧʝʨʝʢʣʶʯʘʪʴ ʮʚʝʪʘ ʩʚʝʪʦʬʦʨʘ? ʄʦʞʥʦ ʧʦʜʘʚʘʪʴ ʥʘ ʵʣʝʢʪʨʦʜʳ ʢʦʨʦʪʢʠʝ 

ʵʣʝʢʪʨʠʯʝʩʢʠʝ ʠʤʧʫʣʴʩʳ, ʯʪʦʙʳ ʪʦʯʢʠ ʩʚʝʪʠʣʠʩʴ ʥʫʞʥʦʝ ʚʨʝʤʷ, ʘ ʧʦʪʦʤ ʛʘʩʣʠ 

ʩʘʤʠ, ʠ ʟʘʞʠʛʘʣʩʷ ʜʨʫʛʦʡ ʩʚʝʪ. ʄʦʞʥʦ ʩʜʝʣʘʪʴ ʩʚʝʯʝʥʠʝ ʧʦʩʪʦʷʥʥʳʤ, ʥʦ ʧʨʠ ʵʪʦʤ 

ʩʜʝʣʘʪʴ ʵʢʨʘʥʳ ʩ ʫʧʨʘʚʣʷʝʤʦʡ ʩʚʝʪʦʧʨʦʧʫʩʢʥʦʡ ʩʧʦʩʦʙʥʦʩʪʴʶ 

(ʞʠʜʢʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʝ; ʛʫʣʷʪʴ ï ʪʘʢ ʛʫʣʷʪʴ J). ɸ ʤʦʞʥʦ ʝʱʸ ʠʩʧʦʣʴʟʦʚʘʪʴ 

ʷʚʣʝʥʠʝ ʢʫʣʦʥʦʚʩʢʦʡ ʙʣʦʢʘʜʳ. ɼʣʷ ʵʪʦʛʦ ʥʫʞʥʦ ʨʘʩʧʦʣʦʞʠʪʴ ʟʘʪʚʦʨʥʳʝ 

ʵʣʝʢʪʨʦʜʳ, ʥʘʧʨʠʤʝʨ, ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦ ʧʣʦʩʢʦʩʪʠ ʨʠʩʫʥʢʘ (ʩʤ. ʩʣʝʜʫʶʱʠʡ 

ʨʠʩʫʥʦʢ). 
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ʇʨʠ ʦʧʨʝʜʝʣʸʥʥʦʤ ʧʦʪʝʥʮʠʘʣʝ ʟʘʪʚʦʨʥʳʭ ʵʣʝʢʪʨʦʜʦʚ ʧʨʦʚʦʜʠʤʦʩʪʴ ʪʦʯʝʢ ʨʝʟʢʦ 

ʧʘʜʘʝʪ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ ʤʦʞʥʦ ʜʦʙʠʪʴʩʷ ʙʳʩʪʨʦʛʦ ʛʘʰʝʥʠʷ ʪʦʯʝʢ. 

ʈʦʣʴ ʵʢʩʠʪʦʥʥʳʭ ʵʬʬʝʢʪʦʚ. ʕʢʩʠʪʦʥ ʩʦʩʪʦʠʪ ʠʟ ʵʣʝʢʪʨʦʥʘ ʠ ʜʳʨʢʠ. ʇʘʨʫ 

çʵʣʝʢʪʨʦʥ-ʜʳʨʢʘè ʤʦʞʥʦ ʩʯʠʪʘʪʴ ʩʚʷʟʘʥʥʦʡ ʚ ʵʢʩʠʪʦʥ ʚ ʩʣʫʯʘʝ, ʢʦʛʜʘ ʵʥʝʨʛʠʷ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʵʣʝʢʪʨʦʥʘ ʠ ʜʳʨʢʠ ʠʤʝʝʪ ʪʦʪ ʞʝ ʧʦʨʷʜʦʢ, ʯʪʦ ʠ ʵʥʝʨʛʠʷ ʠʭ 

ʜʚʠʞʝʥʠʷ, ʘ ʵʥʝʨʛʠʷ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʜʚʫʭ ʵʢʩʠʪʦʥʦʚ ʤʘʣʘ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʵʥʝʨʛʠʝʡ 

ʢʘʞʜʦʛʦ ʠʟ ʥʠʭ. ʆʮʝʥʠʤ ʨʘʜʠʫʩ ʵʢʩʠʪʦʥʘ R (ʨʘʩʩʪʦʷʥʠʝ ʤʝʞʜʫ ʵʣʝʢʪʨʦʥʦʤ ʠ 

ʜʳʨʢʦʡ), ʧʨʠ ʢʦʪʦʨʦʤ ʵʪʦ ʠʤʝʝʪ ʤʝʩʪʦ. 

kinE
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 (k ï ʵʣʝʢʪʨʠʯʝʩʢʘʷ ʧʦʩʪʦʷʥʥʘʷ, e ï ʟʘʨʷʜ ʵʣʝʢʪʨʦʥʘ), 

ʦʪʢʫʜʘ 

2

222

>

kemd
R= å 30 ʥʤ. 

ʊʦ ʝʩʪʴ, ʜʣʷ ʩʫʱʝʩʪʚʦʚʘʥʠʷ ʵʢʩʠʪʦʥʘ ʥʝʦʙʭʦʜʠʤʦ ʪʫʥʥʝʣʠʨʦʚʘʥʠʝ ʵʣʝʢʪʨʦʥʘ 

ʤʝʞʜʫ 20-ʶ ʢʚʘʥʪʦʚʳʤʠ ʪʦʯʢʘʤʠ (ʯʝʨʝʟ 20 ʧʨʦʤʝʞʫʪʢʦʚ ʤʝʞʜʫ ʥʠʤʠ). 

ɺʝʨʦʷʪʥʦʩʪʴ ʪʘʢʦʛʦ ʩʦʙʳʪʠʷ ʥʠʯʪʦʞʥʦ ʤʘʣʘ, ʧʦʵʪʦʤʫ ʵʢʩʠʪʦʥʥʳʤʠ ʵʬʬʝʢʪʘʤʠ 

ʤʦʞʥʦ ʧʨʝʥʝʙʨʝʯʴ. 

ʈʦʣʴ ʵʣʝʢʪʨʦʥ-ʬʦʥʦʥʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ. ʌʦʥʦʥʳ ï ʢʚʘʥʪʳ ʢʦʣʝʙʘʥʠʡ 

ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʸʪʢʠ. ʆʮʝʥʠʤ ʵʥʝʨʛʠʶ ʬʦʥʦʥʘ ʚ ʢʚʘʥʪʦʚʦʡ ʪʦʯʢʝ. ʈʘʩʩʤʦʪʨʠʤ 

ʦʜʠʥ ʚʳʜʝʣʝʥʥʳʡ ʵʣʝʢʪʨʦʥ (ʤʘʩʩʘ m) ʠ ʦʜʥʫ ʚʳʜʝʣʝʥʥʫʶ ʧʘʨʫ ʘʪʦʤʦʚ ʢʨʝʤʥʠʷ 

(ʦʙʱʘʷ ʤʘʩʩʘ M). ʇʫʩʪʴ ʚ ʥʝʢʦʪʦʨʳʡ ʤʦʤʝʥʪ ʵʪʠ ʜʚʘ ʦʙʲʝʢʪʘ ʚʟʘʠʤʦʜʝʡʩʪʚʫʶʪ, ʘ 

ʜʝʡʩʪʚʠʝ ʜʨʫʛʠʭ ʦʙʲʝʢʪʦʚ ʥʘ ʥʠʭ ʩʢʦʤʧʝʥʩʠʨʦʚʘʥʦ. ɺ ʩʠʩʪʝʤʝ ʮʝʥʪʨʘ ʤʘʩʩ 

(ʢʦʪʦʨʫʶ ʤʦʞʥʦ ʩʯʠʪʘʪʴ ʩʚʷʟʘʥʥʦʡ ʩ ʘʪʦʤʘʤʠ ʚ ʩʠʣʫ ʠʭ ʙʦʣʴʰʦʛʦ ʧʨʝʚʦʩʭʦʜʩʪʚʘ ʚ 

ʤʘʩʩʝ) ʠʤʧʫʣʴʩʳ ʦʙʲʝʢʪʦʚ ʨʘʚʥʳ: p1 = p2. ʂʠʥʝʪʠʯʝʩʢʘʷ ʵʥʝʨʛʠʷ ʚʳʨʘʞʘʝʪʩʷ ʯʝʨʝʟ 

http://ru.wikipedia.org/wiki/%D0%AD%D0%BD%D0%B5%D1%80%D0%B3%D0%B8%D1%8F
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ʠʤʧʫʣʴʩ: 
m

p
E

2

2

= . ʆʪʩʶʜʘ ʩʣʝʜʫʝʪ: phMEmE 22 º . ʆʪʩʶʜʘ ʵʥʝʨʛʠʷ ʬʦʥʦʥʘ Eph 

ʦʮʝʥʦʯʥʦ ʨʘʚʥʘ 

2

2

2

2

22 MdmdM

m
E

M

m
Eph

>>
===  (6) 

ʇʝʨʝʚʦʜʷ ʵʥʝʨʛʠʶ ʬʦʥʦʥʘ ʚ ʠʟʤʝʥʝʥʠʝ ʜʣʠʥʳ ʚʦʣʥʳ ʠʟʣʫʯʝʥʥʦʛʦ ʪʦʯʢʦʡ ʬʦʪʦʥʘ, 

ʠʤʝʝʤ: 

2

2

2Mcd

hl
lºD å 0,002 ʥʤ, 

ʪ.ʝ. ʵʪʦʪ ʵʬʬʝʢʪ ʪʦʞʝ ʥʠʯʪʦʞʥʦ ʤʘʣ. 
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ʊʫʥʥʝʣʴʥʳʡ ʵʬʬʝʢʪ (2008, ʬʠʟʠʢʘ) 

ɸʚʪʦʨʩʢʦʝ ʨʝʰʝʥʠʝ (ʘʩʧ. ʀ.ʆ.ɻʣʝʙʦʚ) 

1. ʈʘʩʩʯʠʪʘʝʤ ʚʝʨʦʷʪʥʦʩʪʴ ʧʝʨʝʥʦʩʘ (1 ʵɺ = 1.6Ĭ10ï19 ɼʞ, m(e) = 9.1Ĭ10ï31 ʢʛ).  

 

ʈʘʩʩʯʠʪʘʝʤ ʨʘʟʥʦʩʪʴ ʵʥʝʨʛʠʡ, ʜʣʷ ʢʦʪʦʨʦʡ ʚʝʨʦʷʪʥʦʩʪʴ ʪʫʥʥʝʣʠʨʦʚʘʥʠʷ ʨʘʚʥʘ 1 %  

 

ɺʳʨʘʟʠʤ ʵʪʫ ʵʥʝʨʛʠʶ ʠʟ ʨʘʩʯʝʪʘ ʥʘ 1 ʤʦʣʴ  

 

ʆʪʚʝʪ: 36%; 0.2 ʵɺ = 19.3 ʢɼʞ/ʤʦʣʴ. 

2. ɽʩʣʠ ʧʨʦʘʥʘʣʠʟʠʨʦʚʘʪʴ ʜʘʥʥʳʝ ʧʨʠʚʝʜʝʥʥʳʝ ʚ ʪʘʙʣʠʮʝ, ʪʦ ʤʦʞʥʦ ʟʘʤʝʪʠʪʴ, ʯʪʦ 

ʧʨʠ ʧʝʨʝʭʦʜʝ ʦʪ 273 ʂ ʢ 200 ʂ ʩʢʦʨʦʩʪʴ ʨʝʘʢʮʠʠ ʧʘʜʘʝʪ ʧʦʯʪʠ ʥʘ 3 ʧʦʨʷʜʢʘ, ʘ ʧʨʠ 

ʧʝʨʝʭʦʜʝ ʦʪ 200 ʂ ʢ 78 ʂ ʚʩʝʛʦ ʥʘ ʦʜʥʫ ʯʝʪʚʝʨʪʴ. ʀʟ ʵʪʦʛʦ ʤʦʞʥʦ ʩʜʝʣʘʪʴ ʚʳʚʦʜ, 

ʯʪʦ ʘʢʪʠʚʘʮʠʦʥʥʘʷ ʯʘʩʪʴ ʟʘʪʫʭʘʝʪ ʙʳʩʪʨʦ, ʠ ʧʨʠ 78 ʂ ʧʨʘʢʪʠʯʝʩʢʠ ʨʘʚʥʘ 0:  

 

ɿʥʘʷ ʚʝʣʠʯʠʥʫ ʪʫʥʥʝʣʴʥʦʡ ʩʦʩʪʘʚʣʷʶʱʝʡ ʚ ʩʢʦʨʦʩʪʠ ʨʝʘʢʮʠʠ, ʤʦʞʝʤ ʥʘʡʪʠ 

ʘʢʪʠʚʘʮʠʦʥʥʫʶ:  

 

ʊʦʛʜʘ ʵʥʝʨʛʠʷ ʘʢʪʠʚʘʮʠʠ ʙʫʜʝʪ ʨʘʚʥʘ:  

, 

EA=46.1ʢɼʞ/ʤʦʣʴ 

ʅʘʡʜʝʤ ʚʝʨʦʷʪʥʦʩʪʴ ʪʫʥʥʝʣʠʨʦʚʘʥʠʷ:  

 

ʆʪʚʝʪ: 1.0Ĭ10
ï12

. 
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3. ɼʣʷ ʨʝʟʦʥʘʥʩʥʦʛʦ ʩʣʫʯʘʷ ʚʝʨʦʷʪʥʦʩʪʴ ʧʝʨʝʥʦʩʘ ʙʫʜʝʪ ʨʘʚʥʘ ʧʨʦʠʟʚʝʜʝʥʠʶ 

ʚʝʨʦʷʪʥʦʩʪʝʡ ʧʝʨʝʥʦʩʘ ʯʝʨʝʟ ʜʚʘ ʦʪʜʝʣʴʥʳʭ ʙʘʨʴʝʨʘ, ʪʦ ʝʩʪʴ ʤʦʞʥʦ ʛʦʚʦʨʠʪʴ, ʯʪʦ 

ʧʨʦʠʩʭʦʜʠʪ ʪʫʥʥʝʣʠʨʦʚʘʥʠʝ ʯʝʨʝʟ ʙʘʨʴʝʨ, ʰʠʨʠʥʘ ʢʦʪʦʨʦʛʦ ʨʘʚʥʘ ʩʫʤʤʘʨʥʦʡ 

ʰʠʨʠʥʝ ʜʚʫʭ ʙʘʨʴʝʨʦʚ: l1 + l3 = 1 ʥʤ.  

 

ɼʣʷ ʩʣʫʯʘʷ ʥʝʨʝʟʦʥʘʥʩʥʦʛʦ ʪʫʥʥʝʣʠʨʦʚʘʥʠʷ ʪʦʣʱʠʥʘ ʦʙʱʝʛʦ ʙʘʨʴʝʨʘ ʙʫʜʝʪ ʙʦʣʴʰʝ 

ʚ ʪʨʠ ʨʘʟʘ: l = l1 + l2 + l3 = 3 ʥʤ, ʧʦʵʪʦʤʫ ʧʨʝʜʳʜʫʱʘʷ ʚʝʨʦʷʪʥʦʩʪʴ ʚʦʟʚʦʜʠʪʩʷ ʚ ʢʫʙ:  

. 

ɺʝʨʦʷʪʥʦʩʪʴ ʥʝʨʝʟʦʥʘʥʩʥʦʛʦ ʪʫʥʥʝʣʠʨʦʚʘʥʠʷ ʧʨʘʢʪʠʯʝʩʢʠ ʨʘʚʥʘ 0. 

ʆʪʚʝʪ: 0.07%; 3.4Ĭ10
ï10

 

 

ʄʘʢʝʝʚʘ ɽʢʘʪʝʨʠʥʘ ɸʥʘʪʦʣʴʝʚʥʘ 

1.  

l = 0,1 ʥʤ = 10
-10

 ʤ, 

U ï E = 1 ʵɺ = q ɼʞ = 1,602*10
-19

 ɼʞ (ʥʘ ʦʜʠʥ ʵʣʝʢʪʨʦʥ) 

ɺʦʩʧʦʣʴʟʫʝʤʩʷ ʩʧʨʘʚʦʯʥʳʤʠ ʜʘʥʥʳʤʠ: 

me = 9,1*10
-31

 ʢʛ 

> = 1,0545*10
-34

 ɼʞ*ʩ 

ʇʦʜʩʪʘʚʣʷʷ ʜʘʥʥʳʝ ʚ ʬʦʨʤʫʣʫ, ʧʦʣʫʯʘʝʤ: ʨ = 0,235 =23,5 % 

p = 1% = 0,01, l = 1 ʥʤ = 10
-9
ʤ, 

U ï E = (ï>*lnp/2l)
2
/2m 

U ï E = 3,2*10
-20
ɼʞ = 0,2 ɻ ɺ = 19,5 ʢɼʞ/ʤʦʣʴ 

2.  

ɼʣʷ ʨʝʰʝʥʠʷ ʧʦʩʪʘʚʣʝʥʥʦʡ ʟʘʜʘʯʠ ʚʦʩʧʦʣʴʟʫʝʤʩʷ ʯʠʩʣʝʥʥʳʤʠ ʤʝʪʦʜʘʤʠ. 

ɺʳʨʘʞʘʝʤ ʤʥʦʞʠʪʝʣʴ ɸ ʠʟ ʫʨʘʚʥʝʥʠʡ ʜʣʷ ʧʝʨʚʳʭ ʜʚʫʭ ʪʝʤʧʝʨʘʪʫʨ: 

)exp()exp(

)()(

21

21

TR

E

TR

E

TkTk
A

aa

Ö
--

Ö
-

-
=  
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ʇʦʜʩʪʘʚʣʷʝʤ ʧʦʣʫʯʝʥʥʦʝ ʚʳʨʘʞʝʥʠʝ ʚ ʫʨʘʚʥʝʥʠʝ ʜʣʷ T3 = 273ʂ (ʩʣʘʛʘʝʤʳʤ Ap ʚ 

ʜʘʥʥʦʤ ʩʣʫʯʘʝ ʤʦʞʥʦ ʧʨʝʥʝʙʨʝʯʴ, ʧʦʩʢʦʣʴʢʫ ʧʨʠ 273 K ʦʥʦ ʤʥʦʛʦ ʤʝʥʴʰʝ, ʯʝʤ 

ʵʢʩʧʦʥʝʥʪʘ) 

)exp(

)exp()exp(

)()(
)(

3

21

21
3

TR

E

TR

E

TR

E

TkTk
Tk a

aa Ö
-Ö

Ö
--

Ö
-

-
=  

ɼʘʥʥʦʝ ʫʨʘʚʥʝʥʠʝ ʤʦʞʝʪ ʙʳʪʴ ʨʝʰʝʥʦ ʪʦʣʴʢʦ ʯʠʩʣʝʥʥʦ. ʉʪʨʦʠʤ ʛʨʘʬʠʢ ʚ 

ʧʨʦʛʨʘʤʤʝ Excel ʚ ʢʦʦʨʜʠʥʘʪʘʭ k(T3) ʦʪ ʵʥʝʨʛʠʠ ʘʢʪʠʚʘʮʠʠ ɽʘ: 

 

ʌʨʘʛʤʝʥʪ ʯʠʩʣʝʥʥʳʭ ʜʘʥʥʳʭ ʤʦʜʝʣʠʨʦʚʘʥʠʷ: 

ɽʘ  k(273) 

46105  2,498138 

46110  2,500149 

46115  2,502161 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, Ea = 46,11 ʢɼʞ/ʤʦʣʴ (ʬʫʥʢʮʠʷ ʤʦʥʦʪʦʥʥʘ, ʧʦʵʪʦʤʫ ʠʤʝʝʪ ʪʦʣʴʢʦ 

ʦʜʥʦ ʨʝʰʝʥʠʝ). 

ʇʦʜʩʪʘʚʣʷʷ ʧʦʣʫʯʝʥʥʦʝ ʟʥʘʯʝʥʠʝ ʚ ʫʨʘʚʥʝʥʠʝ ʜʣʷ ɸ ʠ ʚ ʠʩʭʦʜʥʦʝ ʫʨʘʚʥʝʥʠʝ, 

ʥʘʭʦʜʠʤ: 

ɸ = 1,679*10
9
 

ʨ = 2,68*10
-12

 

 

2,45

2,46

2,47

2,48

2,49

2,5

2,51

2,52

45950 46000 46050 46100 46150
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ʆʜʥʘʢʦ ʜʘʥʥʳʡ ʤʝʪʦʜ ʜʘʝʪ ʣʠʰʴ ʧʨʠʙʣʠʞʝʥʥʳʝ ʟʥʘʯʝʥʠʷ, ʧʦʪʦʤʫ ʯʪʦ, ʩʪʨʦʛʦ 

ʛʦʚʦʨʷ, ʵʥʝʨʛʠʷ ʘʢʪʠʚʘʮʠʠ ʧʨʦʮʝʩʩʘ, ʚʢʣʶʯʘʶʱʝʛʦ ʪʫʥʥʝʣʴʥʳʡ ʧʝʨʝʭʦʜ, ʩʪʨʦʛʦ 

ʛʦʚʦʨʷ, ʟʘʚʠʩʠʪ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ. ʍʘʨʘʢʪʝʨ ʪʘʢʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ʧʦʢʘʟʘʥ ʥʘ ʨʠʩʫʥʢʝ. 

ɺʝʣʠʯʠʥʘ Tc ʥʘʟʳʚʘʝʪʩʷ ʢʨʠʪʠʯʝʩʢʦʡ ʪʝʤʧʝʨʘʪʫʨʦʡ ʪʫʥʥʝʣʠʨʦʚʘʥʠʷ. ʆʥʘ 

ʧʨʠʙʣʠʟʠʪʝʣʴʥʦ ʫʢʘʟʳʚʘʝʪ ʪʝʤʧʝʨʘʪʫʨʫ, ʚʳʰʝ ʢʦʪʦʨʦʡ ʨʝʘʢʮʠʷ ʧʨʦʪʝʢʘʝʪ ʧʦ 

ʢʣʘʩʩʠʯʝʩʢʦʤʫ ʥʘʜʙʘʨʴʝʨʥʦʤʫ ʤʝʭʘʥʠʟʤʫ, ʘ ʥʠʞʝ ʢʦʪʦʨʦʡ ï ʪʫʥʥʝʣʴʥʦ. ʇʨʠ 

ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʯʠʩʣʦ ʯʘʩʪʠʮ ʩ ʵʥʝʨʛʠʝʡ ɽ, ʧʨʝʚʳʰʘʶʱʝʡ ʚʳʩʦʪʫ ʙʘʨʴʝʨʘ, 

ʚʝʣʠʢʦ, ʚʝʨʦʷʪʥʦʩʪʴ ʧʨʝʦʜʦʣʝʪʴ ʙʘʨʴʝʨ ʜʣʷ ʥʠʭ ʪʘʢʞʝ ʚʝʣʠʢʘ, ʠ, ʪʘʢʠʤ ʦʙʨʘʟʦʤ, 

ʦʥʠ ʚʥʦʩʷʪ ʦʩʥʦʚʥʦʡ ʚʢʣʘʜ ʚ ʩʢʦʨʦʩʪʴ ʨʝʘʢʮʠʠ. ʕʪʦ ʩʣʫʯʘʡ ʢʣʘʩʩʠʯʝʩʢʦʛʦ 

ʥʘʜʙʘʨʴʝʨʥʦʛʦ ʧʨʦʪʝʢʘʥʠʷ ʨʝʘʢʮʠʠ. ʇʨʠ T Ÿ 0 ʚʩʝ ʯʘʩʪʠʮʳ ʠʤʝʶʪ ʵʥʝʨʛʠʶ 

ʥʫʣʝʚʳʭ ʢʦʣʝʙʘʥʠʡ, ʪ.ʝ. ʥʘʭʦʜʷʪʩʷ ʚʙʣʠʟʠ ʜʥʘ ʧʦʪʝʥʮʠʘʣʴʥʦʡ ʷʤʳ. ʈʝʘʢʮʠʷ ʚ ʵʪʦʤ 

ʩʣʫʯʘʝ ʧʨʦʪʝʢʘʝʪ ʪʦʣʴʢʦ ʪʫʥʥʝʣʴʥʳʤ ʦʙʨʘʟʦʤ, ʧʨʝʦʜʦʣʝʚʘʷ ʙʘʨʴʝʨ ʚ ʝʛʦ ʩʘʤʦʡ 

ʰʠʨʦʢʦʡ ʯʘʩʪʠ. ʇʨʠ ʧʨʦʤʝʞʫʪʦʯʥʳʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʚ ʢʦʥʩʪʘʥʪʫ ʩʢʦʨʦʩʪʠ ʨʝʘʢʮʠʠ 

ʙʫʜʝʪ ʚʥʦʩʠʪʴ ʦʩʥʦʚʥʦʡ ʚʢʣʘʜ ʛʨʫʧʧʘ ʯʘʩʪʠʮ ʩ ʵʥʝʨʛʠʝʡ E, ʜʣʷ ʢʦʪʦʨʳʭ 

ʧʨʦʠʟʚʝʜʝʥʠʝ ʨʘʚʥʦʚʝʩʥʦʡ ʟʘʩʝʣʝʥʥʦʩʪʠ ʥʘ ʚʝʨʦʷʪʥʦʩʪʴ ʧʝʨʝʭʦʜʘ ʤʘʢʩʠʤʘʣʴʥʦ. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʨʠʤʝʥʝʥʥʳʡ ʚʳʰʝ ʧʦʜʭʦʜ ʚʝʨʝʥ ʪʦʣʴʢʦ ʜʣʷ ʪʝʤʧʝʨʘʪʫʨ ʚʙʣʠʟʠ ʊʩ. 

ɺ ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʤ ʩʣʫʯʘʝ ʵʪʦ ʤʦʞʝʪ ʧʦʢʘʟʘʪʴʩʷ ʩʧʦʨʥʳʤ. ʇʨʦʚʝʨʠʤ ʧʦʣʫʯʝʥʥʳʡ 

ʨʝʟʫʣʴʪʘʪ, ʧʨʠʥʷʚ, ʯʪʦ ʧʨʠ ʊ1 ʠʤʝʝʪ ʤʝʩʪʦ ʪʦʣʴʢʦ ʪʫʥʥʝʣʠʨʦʚʘʥʠʝ, ʧʨʠ ʊ3 ï ʪʦʣʴʢʦ 

ʢʣʘʩʩʠʯʝʩʢʦʝ ʥʘʜ ʙʘʨʴʝʨʥʦʝ ʧʨʦʪʝʢʘʥʠʝ ʨʝʘʢʮʠʠ, ʘ ʧʨʠ ʊ2 ʥʘʙʣʶʜʘʶʪʩʷ ʦʙʘ 

ʧʨʦʮʝʩʩʘ. 

ʊʦʛʜʘ 

() ()
()

( )
ö
ö
÷

õ
æ
æ
ç

å

ÖÖ

-Ö
-=

ö
ö

÷

õ

æ
æ

ç

å

ö
ö
÷

õ
æ
æ
ç

å
--=

-

32

23

323

12 expexp
TTR

TTE

RT

E

RT

E

Tk

TkTk aaa  

() ()
()

73

273200
5,2

105,1
ln314,8ln

3

32

32

3

12 ÖÖöö
÷

õ
ææ
ç

å Ö
Ö

=
-

ÖÖö
ö
÷

õ
æ
æ
ç

å -
Ö

=

-

TT

TT
Tk

TkTk
R

Ea  = 46,13 ʢɼʞ/ʤʦʣʴ 

)exp(

)(

3

3

TR

E

Tk
A

a

Ö
-

=  = 1,57*10
9
, ʨ = k(T1)/A = 2,86 *10

-12 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʜʚʫʤʷ ʤʝʪʦʜʘʤʠ ʧʦʣʫʯʝʥ ʦʜʠʥʘʢʦʚʳʡ ʨʝʟʫʣʴʪʘʪ. ʈʘʩʩʯʠʪʘʥʥʘʷ 

ʵʥʝʨʛʠʷ ʘʢʪʠʚʘʮʠʠ ʦʪʚʝʯʘʝʪ ʫʯʘʩʪʢʫ ʚʙʣʠʟʠ ʢʨʠʪʠʯʝʩʢʦʡ ʪʝʤʧʝʨʘʪʫʨʳ 

ʪʫʥʥʝʣʠʨʦʚʘʥʠʷ. 

3. ʈʝʟʦʥʘʥʩʥʦʝ ʪʫʥʥʝʣʠʨʦʚʘʥʠʝ: ʧʨʦʭʦʞʜʝʥʠʝ ʯʝʨʝʟ ʜʚʘ ʪʦʥʢʠʭ ʙʘʨʴʝʨʘ, ʚʝʨʦʷʪʥʦʩʪʴ 

ʚʩʝʛʦ ʧʨʦʮʝʩʩʘ - ʧʨʦʠʟʚʝʜʝʥʠʝ ʚʝʨʦʷʪʥʦʩʪʝʡ ʢʘʞʜʦʛʦ ʠʟ ʵʪʘʧʦʚ. 

pr = ʨ1*ʨ2, l1 = l2 = 0,5 ʥʤ = 0,5*10
-9

 ʤ, U ï E = 0,5 ʵɺ = 0,5*q ɼʞ = 0,5*1,602*10
-19 
ɼʞ 
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ʨ1 = ʨ2 = 0,02676, 

pr = ʨ1
2
 = 7,16*10

-4
 

ʅʝʨʝʟʦʥʘʥʩʥʦʝ ʪʫʥʥʝʣʠʨʦʚʘʥʠʝ: ʚʝʨʦʷʪʥʦʩʪʴ ʧʨʦʭʦʞʜʝʥʠʷ ʩʢʚʦʟʴ ʙʘʨʴʝʨ, ʊʦʣʠʥʘ 

ʢʦʪʦʨʦʛʦ ʩʢʣʘʜʳʚʘʝʪʩʷ ʠʟ ʪʦʣʱʠʥ ʢʘʞʜʦʛʦ ʠʟ ʙʘʨʴʝʨʦʚ ʠ ʰʠʨʠʥʳ ʧʦʪʝʥʮʠʘʣʴʥʦʡ 

ʷʤʳ. 

l = l1 + l2 + l3 

l1 = l2 = 0,5 ʥʤ = 0,5*10
-9

 ʤ, l3 = 2 ʥʤ = 2*10
-9

 ʤ, U ï E = 0,5 ʵɺ = 0,5*q ɼʞ = 

0,5*1,602*10
-19

 ɼʞ 

l =  l1 + l2 + l3 = (0,5 + 0,5 + 2)*10
-9 

= 3*10
-9

 ʥʤ 

pnr= 3,67*10
-10

 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʚʝʨʦʷʪʥʦʩʪʴ ʥʝʨʝʟʦʥʘʥʩʥʦʛʦ ʪʫʥʥʝʣʠʨʦʚʘʥʠʷ ʤʝʥʴʰʝ ʨʝʟʦʥʘʥʩʥʦʛʦ 

ʥʘ 6 ʧʦʨʷʜʢʦʚ. 

ɼʘʥʥʳʡ ʧʨʠʥʮʠʧ ï ʪʫʥʥʝʣʠʨʦʚʘʥʠʝ ʣʝʛʢʠʭ ʯʘʩʪʠʮ (ʚ ʜʘʥʥʦʤ ʢʦʥʪʝʢʩʪʝ ï 

ʵʣʝʢʪʨʦʥʦʚ) ʯʝʨʝʟ ʧʦʪʝʥʮʠʘʣʴʥʳʡ ʙʘʨʴʝʨ ï ʠʩʧʦʣʴʟʫʝʪʩʷ ʥʘ ʧʨʘʢʪʠʢʝ ʚ ʨʷʜʝ 

ʫʩʪʨʦʡʩʪʚ, ʪʘʢʠʭ ʢʘʢ 

- ʩʢʘʥʠʨʫʶʱʠʡ ʪʫʥʥʝʣʴʥʳʡ ʤʠʢʨʦʩʢʦʧ; 

- ʧʦʣʝʚʳʝ ʪʨʘʥʟʠʩʪʦʨʳ (ʪʫʥʥʝʣʠʨʦʚʘʥʠʝ ʯʝʨʝʟ p-nïʧʝʨʝʭʦʜ, ʥʘʧʨʠʤʝʨ, ʩʪʨʫʢʪʫʨʳ 

ʪʠʧʘ ʤʝʪʘʣʣ-ʦʢʩʠʜ-ʧʦʣʫʧʨʦʚʦʜʥʠʢ ï flash-ʧʘʤʷʪʴ); 

- ʪʦʥʥʝʣʴʥʳʝ ʜʠʦʜʳ (ʛʝʥʝʨʘʪʦʨʳ ʠ ʚʳʩʦʢʦʯʘʩʪʦʪʥʳʝ ʧʝʨʝʢʣʶʯʘʪʝʣʠ ï ʚʧʣʦʪʴ ʜʦ 

ʦʙʣʘʩʪʠ ʉɺʏ); 

- ʩʪʘʙʠʣʠʪʨʦʥ ï ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʡ ʜʠʦʜ, ʧʨʝʜʥʘʟʥʘʯʝʥʥʳʡ ʜʣʷ ʩʪʘʙʠʣʠʟʘʮʠʠ 

ʥʘʧʨʷʞʝʥʠʷ ʚ ʠʩʪʦʯʥʠʢʘʭ ʧʠʪʘʥʠʷ; 

- ʘʚʪʦʵʣʝʢʪʨʦʥʥʘʷ ʵʤʠʩʩʠʷ ʵʣʝʢʪʨʦʥʦʚ ʠʟ ʤʝʪʘʣʣʦʚ (ʭʦʣʦʜʥʳʝ ʤʝʪʘʣʣʠʯʝʩʢʠʝ 

ʢʘʪʦʜʳ ʠʩʧʦʣʴʟʫʶʪʩʷ: ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʨʝʥʪʛʝʥʦʚʩʢʠʭ ʚʩʧʳʰʝʢ ʠʣʠ ʵʣʝʢʪʨʦʥʥʳʭ 

ʧʫʯʢʦʚ, ʚʳʚʦʜʠʤʳʭ ʥʘʨʫʞʫ ʩʢʚʦʟʴ ʪʦʥʢʫʶ ʬʦʣʴʛʫ; ʜʣʷ ʥʘʢʘʯʢʠ ʚ ʢʚʘʥʪʦʚʳʭ 

ʛʝʥʝʨʘʪʦʨʘʭ; ʜʣʷ ʬʦʨʤʠʨʦʚʘʥʠʷ ʵʣʝʢʪʨʦʥʥʳʭ ʩʛʫʩʪʢʦʚ ʧʨʠ ʢʦʣʣʝʢʪʠʚʥʦʤ 

ʫʩʢʦʨʝʥʠʠ ʪʷʞʝʣʳʭ ʠʦʥʦʚ). 

 

ɽʚʪʫʰʝʥʢʦ ɽʚʛʝʥʠʡ ɻʝʥʥʘʜʠʝʚʠʯ 

1. ɺʦʩʧʦʣʴʟʫʝʤʩʷ ʬʦʨʤʫʣʦʡ ʜʣʷ ʚʝʨʦʷʪʥʦʩʪʠ ʧʨʦʥʠʢʥʦʚʝʥʠʷ ʵʣʝʢʪʨʦʥʘ ʩʢʚʦʟʴ 

ʧʦʪʝʥʮʠʘʣʴʥʳʡ ʙʘʨʴʝʨ, ʣʶʙʝʟʥʦ ʧʨʠʚʝʜʝʥʥʦʡ ʘʚʪʦʨʦʤ ʟʘʜʘʯʠ. 

( )
2

exp 2 0.36 (36%)
l

p m U E
å õ

= - - =   æ ö
ç ÷

 

ʇʝʨʝʧʠʰʝʤ ʬʦʨʤʫʣʫ ʚ ʚʠʜʝ:
2 2

2

(ln )
19.5 (0.2 )

8

p
U E ʢɼʞ ʤʦʣʴ ʵɺ

ml
- = =   
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2. ʀʩʧʦʣʴʟʫʝʤ ʫʨʘʚʥʝʥʠʝ ɸʨʨʝʥʠʫʩʘ ʩ ʫʯʝʪʦʤ ʚʦʟʤʦʞʥʦʩʪʠ ʪʫʥʥʝʣʠʨʦʚʘʥʠʷ ʷʜʝʨ: 

( ) exp AE
k T A p

RT

è øå õ
º - +æ öé ù

ç ÷ê ú
 

ɼʣʷ ʨʝʰʝʥʠʷ ʠʩʧʦʣʴʟʫʝʤ ʩʣʝʜʫʶʱʠʡ ʧʨʠʝʤ: ʧʨʠʤʝʤ, ʯʪʦ ʧʨʠ ʚʳʩʦʢʠʭ 

ʪʝʤʧʝʨʘʪʫʨʘʭ (2 ʠ 3 ʪʦʯʢʠ) exp AE
p

RT

å õ
-æ ö
ç ÷

, ʧʦʩʪʨʦʠʤ ʟʘʚʠʩʠʤʦʩʪʴ lnk ï 1/T, 

ʦʮʝʥʠʚ ʪʘʢʠʤ ʦʙʨʘʟʦʤ A ʠ EA. ɼʘʣʝʝ, ʠʩʧʦʣʴʟʫʷ ʪʦʯʢʫ 1, ʦʮʝʥʠʤ ʚʝʣʠʯʠʥʫ p. 

ʌʠʥʘʣʴʥʳʤ ʰʘʛʦʤ ʟʘʧʠʰʝʤ ʩʠʩʪʝʤʫ ʠʟ ʪʨʝʭ ʫʨʘʚʥʝʥʠʡ ʩ ʪʨʝʤʷ ʥʝʠʟʚʝʩʪʥʳʤʠ, 

ʯʠʩʣʝʥʥʦ ʨʝʰʠʤ ʝʝ ʚ ʧʘʢʝʪʝ Mathematica, ʠʩʧʦʣʴʟʫʷ ʚ ʢʘʯʝʩʪʚʝ ʩʪʘʨʪʦʚʳʭ ʟʥʘʯʝʥʠʡ 

A, EA ʠ p ʥʘʰʠ ʦʮʝʥʦʯʥʳʝ ʚʝʣʠʯʠʥʳ. 

ʇʦʣʫʯʘʝʤ: 7 11.7 10A ʩ-= Ö  ; 46AE ʢɼʞ ʤʦʣʴ= ; 
122.7 10p -= Ö . 

3. ɺʳʯʠʩʣʠʤ ʚʝʨʦʷʪʥʦʩʪʴ ʧʨʦʥʠʢʥʦʚʝʥʠʷ ʜʣʷ ʩʣʫʯʘʷ ʨʝʟʦʥʘʥʩʥʦʛʦ ʪʫʥʥʝʣʠʨʦʚʘʥʠʷ 

(ʧʝʨʝʤʥʦʞʠʚ ʚʝʨʦʷʪʥʦʩʪʠ ʪʫʥʥʝʣʠʨʦʚʘʥʠʷ ʯʝʨʝʟ ʢʘʞʜʳʡ ʠʟ ʙʘʨʴʝʨʦʚ): 

( )
9

44 0.5 10
exp 2 7.2 10p m U E

-
-å õÖ Ö

= - - = Öæ ö
ç ÷

 

ɼʣʷ ʥʝʨʝʟʦʥʘʥʩʥʦʛʦ ʪʫʥʥʝʣʠʨʦʚʘʥʠʷ ʧʦʣʫʯʘʝʤ: 

( )
9

102 3 10
exp 2 3.7 10p m U E

-
-å õÖ Ö

= - - = Öæ ö
ç ÷

 

ʇʨʠʥʮʠʧ ʪʫʥʥʝʣʠʨʦʚʘʥʠʷ ʠʩʧʦʣʴʟʫʝʪʩʷ ʚ ʩʢʘʥʠʨʫʶʱʝʤ ʪʫʥʥʝʣʴʥʦʤ ʤʠʢʨʦʩʢʦʧʝ J. 

ɸ ʝʱʝ ʚ ʪʫʥʥʝʣʴʥʳʭ ʜʠʦʜʘʭ (ʜʠʦʜʘʭ ʕʩʘʢʠ), ʧʦʣʝʚʦʤ ʵʤʠʩʩʠʦʥʥʦʤ ʤʠʢʨʦʩʢʦʧʝ (ʠ 

ʣʶʙʳʭ ʫʩʪʨʦʡʩʪʚʘʭ, ʦʩʥʦʚʘʥʥʳʭ ʥʘ ʘʚʪʦʵʣʝʢʪʨʦʥʥʦʡ ʵʤʠʩʩʠʠ: ʭʦʣʦʜʥʳʝ 

ʤʝʪʘʣʣʠʯʝʩʢʠʝ ʢʘʪʦʜʳ ʜʣʷ ʥʘʢʘʯʢʠ ʚ ʢʚʘʥʪʦʚʳʭ ʛʝʥʝʨʘʪʦʨʘʭ, ʨʘʩʪʨʦʚʳʭ 

ʵʣʝʢʪʨʦʥʥʳʭ ʤʠʢʨʦʩʢʦʧʘʭ), SQUID-ʤʘʛʥʝʪʦʤʝʪʨʘʭ (ʠ ʚʦʦʙʱʝ ʣʶʙʳʭ ʫʩʪʨʦʡʩʪʚʘʭ, 

ʦʩʥʦʚʘʥʥʳʭ ʥʘ ʵʬʬʝʢʪʝ ɼʞʦʟʝʬʩʦʥʘ). 

 

ʍʘʨʣʘʤʦʚʘ ʄʘʨʠʘʥʥʘ ɺʷʯʝʩʣʘʚʦʚʥʘ 

1. ʆʧʨʝʜʝʣʠʤ ʚʝʨʦʷʪʥʦʩʪʴ ʪʦʛʦ, ʯʪʦ ʵʣʝʢʪʨʦʥ ʪʫʥʥʝʣʠʨʫʝʪ ʥʘ ʨʘʩʩʪʦʷʥʠʝ 1 ʥʤ ʧʨʠ 

ʨʘʟʥʠʮʝ ʵʥʝʨʛʠʡ ʚ 1 ʵɺ. ʄʘʩʩʘ ʵʣʝʢʪʨʦʥʘ 9.1*10
-31 
ʢʛ. 

%3636,0)02,1exp()106,1101,92
10054.1

ʤ102
exp( 1931

34

10

==-=ÖÖÖÖ
ÖÖ

Ö
-= --

-

-

ɼʞʢʛ
ʩɼʞ

p  

ʊʝʧʝʨʴ ʨʘʩʩʯʠʪʘʝʤ ʨʘʟʥʦʩʪʴ ʵʥʝʨʛʠʡ: 

ɼʞ
ʩɼʞ

ʢʛl

hp

m
E 202

9

34

31

2

_

1024.3)
ʤ102

10054.101.0ln
(

101,92

1
)

2

ln
(

2

1 -

-

-

-
Ö=

Ö

ÖÖÖ

ÖÖ
=

Ö
=  

ɺ ʢɼʞ/ʤʦʣʴ ʠ ʵɺ ʨʘʚʥʦ: 
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ʵɺ202.0
/10602.1

1024.3
19

20

=
Ö

Ö
=

-

-

ʵɺɼʞ

ɼʞ
E  

ʤʦʣʴʂʜʞʤʦʣʴɼʞʤʦʣʴʵʣʝʢʪʨʦʥʦʚɼʞE /5.19/19500/1002,61024.3 2320 ==ÖÖÖ= -
 

2. ʇʨʝʜʧʦʣʦʞʠʤ, ʯʪʦ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 78 ʂ ʩʢʦʨʦʩʪʴ ʨʝʘʢʮʠʠ ʦʧʨʝʜʝʣʷʝʪʩʷ ʪʦʣʴʢʦ 

ʪʫʥʥʝʣʠʨʦʚʘʥʠʝʤ, ʘ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 273 ʂ ʪʫʥʥʝʣʠʨʦʚʘʥʠʝ ʚ ʥʝ ʚʥʦʩʠʪ 

ʩʫʱʝʩʪʚʝʥʥʦʛʦ ʚʢʣʘʜʘ ʚ ʢʦʥʩʪʘʥʪʫ ʩʢʦʨʦʩʪʠ, ʪʦʛʜʘ ʤʦʞʥʦ ʩʦʩʪʘʚʠʪʴ ʩʣʝʜʫʶʱʫʶ 

ʩʠʩʪʝʤʫ ʫʨʘʚʥʝʥʠʡ:  

ʂʜʞ

E
A

E
A

E
A

E
A

ʂʂɼʞ

E
A

A

Ap
ʂʂɼʞ

E
A

ʂɼʞ

E
A

Ap

a

a

a

a

a

a

a

1.46ɼʞ
10609.1

42.7

200*31.8

1

273*31.8

1

5.2ln105.1ln
E

:ʧʦʣʫʯʠʤ (5) ʠ (4) ʉʫʤʤʠʨʫʷ

)5(
273*31.8

ln5.2ln

)4(
200*31.8

ln105.1ln

)
273*31.8

exp(5.2

)
200*31.8
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3. ʈʘʩʩʯʠʪʘʝʤ ʚʝʨʦʷʪʥʦʩʪʴ ʨʝʟʦʥʘʥʩʥʦʛʦ ʪʫʥʥʝʣʠʨʦʚʘʥʠʷ. ʆʥʘ ʙʫʜʝʪ ʦʧʨʝʜʝʣʷʪʩʷ ʢʘʢ 

ʢʚʘʜʨʘʪ ʚʝʨʦʷʪʥʦʩʪʠ ʧʨʦʭʦʞʜʝʥʠʷ ʯʝʨʝʟ ʪʦʥʢʠʡ ʙʘʨʴʝʨ: 
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ɺ ʩʣʫʯʘʝ ʥʝʨʝʟʦʥʘʥʩʥʦʛʦ ʪʫʥʥʝʣʠʨʦʚʘʥʠʷ ʚʝʨʦʷʪʥʦʩʪʴ ʨʘʚʥʘ: 

ʍʦʨʦʰʦ ʚʠʜʥʦ, ʯʪʦ ʚʝʨʦʷʪʥʦʩʪʴ ʨʝʟʦʥʘʥʩʥʦʛʦ ʪʫʥʥʝʣʠʨʦʚʘʥʠʷ ʤʥʦʛʦ ʙʦʣʴʰʝ 

ʚʝʨʦʷʪʥʦʩʪʠ ʥʝʨʝʟʦʥʘʥʩʥʦʛʦ ʪʫʥʥʝʣʠʨʦʚʘʥʠʷ. 

ʇʨʠʥʮʠʧ ʪʫʥʥʝʣʠʨʦʚʘʥʠʷ ʠʩʧʦʣʴʟʫʝʪʩʷ, ʥʘʧʨʠʤʝʨ, ʚ ʪʫʥʥʝʣʴʥʳʭ ʜʠʦʜʘʭ. ɺ 

ʪʫʥʥʝʣʴʥʦʤ ʜʠʦʜʝ ʩʪʝʧʝʥʴ ʣʝʛʠʨʦʚʘʥʠʷ p ʠ n ʦʙʣʘʩʪʝʡ ʫʚʝʣʠʯʝʥʘ ʜʦ ʪʘʢʦʡ ʩʪʝʧʝʥʠ, 

ʯʪʦ ʥʘʧʨʷʞʝʥʠʝ ʧʨʦʙʦʷ ʩʪʘʥʦʚʠʪʩʷ ʨʘʚʥʳʤ ʥʫʣʶ, ʠ ʜʠʦʜ ʧʨʦʚʦʜʠʪ ʪʦʢ ʚ ʦʙʨʘʪʥʦʤ 

ʥʘʧʨʘʚʣʝʥʠʠ. ʇʨʠ ʵʪʦʤ, ʚʦ ʚʨʝʤʷ ʧʨʷʤʦʛʦ ʚʢʣʶʯʝʥʠʷ ʠʤʝʝʪ ʤʝʩʪʦ ʪ. ʥ. çʢʚʘʥʪʦʚʦ-

ʤʝʭʘʥʠʯʝʩʢʦʝ ʪʫʥʥʝʣʠʨʦʚʘʥʠʝè. ʕʪʦʪ ʵʬʬʝʢʪ ʩʦʟʜʘʸʪ ʥʘ ʧʨʷʤʦʤ ʫʯʘʩʪʢʝ ʚʦʣʴʪ-

ʘʤʧʝʨʥʦʡ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʫʯʘʩʪʦʢ, ʛʜʝ ʫʚʝʣʠʯʝʥʠʝ ʧʨʷʤʦʛʦ ʥʘʧʨʷʞʝʥʠʷ 

ʩʦʧʨʦʚʦʞʜʘʝʪʩʷ ʫʤʝʥʴʰʝʥʠʝʤ ʩʠʣʳ ʪʦʢʘ. ʕʪʘ ʦʙʣʘʩʪʴ çʦʪʨʠʮʘʪʝʣʴʥʦʛʦ 

ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʦʛʦ ʩʦʧʨʦʪʠʚʣʝʥʠʷè ʠʩʧʦʣʴʟʫʝʪʩʷ ʚ ʪʚʝʨʜʦʪʝʣʴʥʦʡ ʚʝʨʩʠʠ 

ʜʠʥʘʪʨʦʥʥʦʛʦ ʛʝʥʝʨʘʪʦʨʘ, ʛʜʝ ʦʙʳʯʥʦ ʧʨʠʤʝʥʷʝʪʩʷ ʵʣʝʢʪʨʦʚʘʢʫʫʤʥʳʡ ʪʝʪʨʦʜ. 

ʊʫʥʥʝʣʴʥʳʝ ʜʠʦʜʳ ʥʘʭʦʜʷʪ ʰʠʨʦʢʦʝ ʧʨʠʤʝʥʝʥʠʝ ʚ ʢʘʯʝʩʪʚʝ ʛʝʥʝʨʘʪʦʨʦʚ ʠ 

ʚʳʩʦʢʦʯʘʩʪʦʪʥʳʭ ʧʝʨʝʢʣʶʯʘʪʝʣʝʡ, ʨʘʙʦʪʘʶʪ ʥʘ ʯʘʩʪʦʪʘʭ ʚʦ ʤʥʦʛʦ ʨʘʟ 

ʧʨʝʚʳʰʘʶʱʠʭ ʯʘʩʪʦʪʳ ʨʘʙʦʪʳ ʪʝʪʨʦʜʦʚ ï ʬʘʢʪʠʯʝʩʢʠ, ʚʧʣʦʪʴ ʜʦ ʦʙʣʘʩʪʠ ʉɺʏ. 

ʂʨʦʤʝ ʪʦʛʦ, ʥʘ ʪʫʥʥʝʣʴʥʦʤ ʵʬʬʝʢʪʝ ʦʩʥʦʚʘʥ ʵʬʬʝʢʪ ɼʞʦʟʝʬʩʦʥʘ. ʈʘʟʣʠʯʘʶʪ 

ʩʪʘʮʠʦʥʘʨʥʳʡ ʠ ʥʝʩʪʘʮʠʦʥʘʨʥʳʡ ʵʬʬʝʢʪʳ: 

ʉʪʘʮʠʦʥʘʨʥʳʡ ʵʬʬʝʢʪ 

ʇʨʠ ʧʨʦʧʫʩʢʘʥʠʠ ʯʝʨʝʟ ʢʦʥʪʘʢʪ ʪʦʢʘ, ʚʝʣʠʯʠʥʘ ʢʦʪʦʨʦʛʦ ʥʝ ʧʨʝʚʳʰʘʝʪ 

ʢʨʠʪʠʯʝʩʢʫʶ, ʧʘʜʝʥʠʝ ʥʘʧʨʷʞʝʥʠʷ ʥʘ ʢʦʥʪʘʢʪʝ ʦʪʩʫʪʩʪʚʫʝʪ (ʥʝʩʤʦʪʨʷ ʥʘ ʥʘʣʠʯʠʝ 

ʩʣʦʷ ʜʠʵʣʝʢʪʨʠʢʘ). ʕʬʬʝʢʪ ʵʪʦʪ ʚʳʟʚʘʥ ʪʝʤ, ʯʪʦ ʵʣʝʢʪʨʦʥʳ ʧʨʦʚʦʜʠʤʦʩʪʠ ʧʨʦʭʦʜʷʪ 

ʯʝʨʝʟ ʜʠʵʣʝʢʪʨʠʢ ʙʝʟ ʩʦʧʨʦʪʠʚʣʝʥʠʷ ʟʘ ʩʯʸʪ ʪʫʥʥʝʣʴʥʦʛʦ ʵʬʬʝʢʪʘ. 

ʅʝʩʪʘʮʠʦʥʘʨʥʳʡ ʵʬʬʝʢʪ 

ʇʨʠ ʧʨʦʧʫʩʢʘʥʠʠ ʯʝʨʝʟ ʢʦʥʪʘʢʪ ʪʦʢʘ, ʚʝʣʠʯʠʥʘ ʢʦʪʦʨʦʛʦ ʧʨʝʚʳʰʘʝʪ ʢʨʠʪʠʯʝʩʢʫʶ, 

ʥʘ ʢʦʥʪʘʢʪʝ ʚʦʟʥʠʢʘʝʪ ʧʘʜʝʥʠʝ ʥʘʧʨʷʞʝʥʠʷ U, ʠ ʢʦʥʪʘʢʪ ʧʨʠ ʵʪʦʤ ʥʘʯʠʥʘʝʪ 

ʠʟʣʫʯʘʪʴ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʳʝ ʚʦʣʥʳ. ʇʨʠ ʵʪʦʤ ʯʘʩʪʦʪʘ ʪʘʢʦʛʦ ʠʟʣʫʯʝʥʠʷ 

ʦʧʨʝʜʝʣʷʝʪʩʷ ʢʘʢ , ʛʜʝ e ï ʟʘʨʷʜ ʵʣʝʢʪʨʦʥʘ, h ï ʧʦʩʪʦʷʥʥʘʷ ʇʣʘʥʢʘ. 

ɺʦʟʥʠʢʥʦʚʝʥʠʝ ʠʟʣʫʯʝʥʠʷ ʩʚʷʟʘʥʦ ʩ ʪʝʤ, ʯʪʦ ʦʙʲʝʜʠʥʸʥʥʳʝ ʚ ʧʘʨʳ ʵʣʝʢʪʨʦʥʳ, 

ʩʦʟʜʘʶʱʠʝ ʩʚʝʨʭʧʨʦʚʦʜʷʱʠʡ ʪʦʢ, ʧʨʠ ʧʝʨʝʭʦʜʝ ʯʝʨʝʟ ʢʦʥʪʘʢʪ ʧʨʠʦʙʨʝʪʘʶʪ 

ʠʟʙʳʪʦʯʥʫʶ ʧʦ ʦʪʥʦʰʝʥʠʶ ʢ ʦʩʥʦʚʥʦʤʫ ʩʦʩʪʦʷʥʠʶ ʩʚʝʨʭʧʨʦʚʦʜʥʠʢʘ ʵʥʝʨʛʠʶ 2eU. 










































































































































































































































































































































































