
ʌʝʜʝʨʘʣʴʥʦʝ ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʝ ʙʶʜʞʝʪʥʦʝ ʫʯʨʝʞʜʝʥʠʝ ʥʘʫʢʠ 

ʌʀɿʀʂʆ-ʊɽʍʅʀʏɽʉʂʀʁ ʀʅʉʊʀʊʋʊ ʠʤ. ɸ.ʌ. ʀʆʌʌɽ 

ʈʦʩʩʠʡʩʢʦʡ ʘʢʘʜʝʤʠʠ ʥʘʫʢ 

 

 

 

 

 

 

 

ʐʝʧʝʣʝʚ ɸʨʪʝʤ ʉʝʨʛʝʝʚʠʯ 

ʊʨʘʥʩʧʦʨʪ ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ ʚ p-i-n-ʩʪʨʫʢʪʫʨʘʭ ʥʘ ʢʨʝʤʥʠʠ, ʩʦʜʝʨʞʘʱʝʤ 

ʛʣʫʙʦʢʠʝ ʫʨʦʚʥʠ ʨʘʜʠʘʮʠʦʥʥʳʭ ʜʝʬʝʢʪʦʚ, ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ ʞʠʜʢʦʛʦ ʛʝʣʠʷ 

 

ʉʧʝʮʠʘʣʴʥʦʩʪʴ: 

1.3.11 ʌʠʟʠʢʘ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚ 

 

 

 

 

 

ʅɸʋʏʅʓʁ ɼʆʂʃɸɼ 

 

 

 

 

 

 

ʉʘʥʢʪ-ʇʝʪʝʨʙʫʨʛ 

2022 



2 

 

ʆʛʣʘʚʣʝʥʠʝ 

ʆʙʱʘʷ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘ ʨʘʙʦʪʳ ..................................................................................................... 3 

ɻʣʘʚʘ 1. ʆʩʥʦʚʥʳʝ ʩʚʝʜʝʥʠʷ, ʠʩʧʦʣʴʟʫʝʤʳʝ ʚ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʦʡ ʨʘʙʦʪʝ .............................. 9 

1.1 ʉʪʘʪʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ p-n ʧʝʨʝʭʦʜʦʚ ............................................................... 9 

1.2 ʂʠʥʝʪʠʢʘ ʧʝʨʝʥʦʩʘ ʥʝʨʘʚʥʦʚʝʩʥʦʛʦ ʟʘʨʷʜʘ ............................................................... 10 

1.3 ɼʝʬʝʢʪʳ ʠ ʛʣʫʙʦʢʠʝ ʫʨʦʚʥʠ ........................................................................................ 11 

1.4 ʇʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʡ ʜʝʪʝʢʪʦʨ ʠʟʣʫʯʝʥʠʡ ................................................................. 12 

ɻʣʘʚʘ 2. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʤʝʪʦʜʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ................................................................ 12 

2.1 ʄʝʪʦʜ ʧʝʨʝʭʦʜʥʦʛʦ ʪʦʢʘ .............................................................................................. 13 

2.2 ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ ʫʩʪʘʥʦʚʢʘ TCT ........................................................................... 13 

2.3 in situ ʨʘʜʠʘʮʠʦʥʥʳʝ ʪʝʩʪʳ ......................................................................................... 14 

ɻʣʘʚʘ 3. ɸʣʛʦʨʠʪʤ ʦʙʨʘʙʦʪʢʠ ʜʘʥʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʦʚ TCT .................................................... 15 

3.1 ɺʦʩʩʪʘʥʦʚʣʝʥʠʝ ʬʠʟʠʯʝʩʢʦʡ ʬʦʨʤʳ ʠʤʧʫʣʴʩʘ ʪʦʢʘ ................................................. 15 

3.2 ɺʦʩʩʪʘʥʦʚʣʝʥʠʝ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ .............................................. 16 

ɻʣʘʚʘ 4. ʀʩʩʣʝʜʦʚʘʥʠʷ ʥʝʦʙʣʫʯʝʥʥʳʭ ʢʨʝʤʥʠʝʚʳʭ ʜʝʪʝʢʪʦʨʦʚ ʧʨʠ 6<T<100 ʂ .................. 18 

4.1 ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ................................................................................. 18 

4.2 ɸʥʘʣʠʟ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ ................................................................... 20 

ɻʣʘʚʘ 5. ʀʩʩʣʝʜʦʚʘʥʠʷ ʦʙʣʫʯʝʥʥʳʭ ʢʨʝʤʥʠʝʚʳʭ ʜʝʪʝʢʪʦʨʦʚ ʧʨʠ T=1.8 K ........................... 20 

5.1 ʕʢʩʧʝʨʠʤʝʥʪ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ....................................................... 21 

5.2 ʌʠʟʠʯʝʩʢʘʷ ʤʦʜʝʣʴ ʠ ʪʨʘʥʩʧʦʨʪʥʳʝ ʧʘʨʘʤʝʪʨʳ ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ......................... 21 

5.3 ʉʮʝʥʘʨʠʡ ʨʘʜʠʘʮʠʦʥʥʦʡ ʜʝʛʨʘʜʘʮʠʠ ......................................................................... 24 

ɻʣʘʚʘ 6. ʀʩʩʣʝʜʦʚʘʥʠʷ ʢʨʝʤʥʠʝʚʳʭ ʜʝʪʝʢʪʦʨʦʚ, ʦʙʣʫʯʝʥʥʳʭ ʠʦʥʘʤʠ ʘʨʛʦʥʘ, ʧʨʠ ʊ=200 ï 

300 ʂ ............................................................................................................................................. 25 

6.1 ʆʩʦʙʝʥʥʦʩʪʠ ʨʘʜʠʘʮʠʦʥʥʦʡ ʜʝʛʨʘʜʘʮʠʠ.................................................................... 26 

6.2 ʕʢʩʧʝʨʠʤʝʥʪ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ....................................................... 26 

6.3 ʄʦʜʝʣʠʨʦʚʘʥʠʝ ʪʝʤʧʝʨʘʪʫʨʥʳʭ ʚʦʟʜʝʡʩʪʚʠʡ ʥʘ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ 

ʧʦʣʷ ʚ ʜʝʪʝʢʪʦʨʝ ................................................................................................................. 29 

ɿʘʢʣʶʯʝʥʠʝ ................................................................................................................................... 31 

ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ ...................................................................................................................... 32 

 

 

 



3 

 

ʆʙʱʘʷ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘ ʨʘʙʦʪʳ 

ɸʢʪʫʘʣʴʥʦʩʪʴ ʨʘʙʦʪʳ ʦʙʫʩʣʦʚʣʝʥʘ ʚʦʟʤʦʞʥʳʤ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʢʨʝʤʥʠʝʚʳʭ ʜʝʪʝʢʪʦʨʦʚ ʠʟʣʫʯʝʥʠʷ ʚ ʢʨʠʦʛʝʥʥʦʡ ʩʨʝʜʝ ʥʘ ʢʨʫʧʥʝʡʰʠʡ 

ʫʩʢʦʨʠʪʝʣʴʥʳʭ ʫʩʪʘʥʦʚʢʘʭ, ʪʘʢʠʭ ʢʘʢ ɹʦʣʴʰʦʡ ɸʜʨʦʥʥʳʡ ʂʦʣʣʘʡʜʝʨ (ɹɸʂ) ʚ 

ɽʚʨʦʧʝʡʩʢʦʡ ʦʨʛʘʥʠʟʘʮʠʠ ʧʦ ʷʜʝʨʥʳʤ ʠʩʩʣʝʜʦʚʘʥʠʷʤ (ʎɽʈʅ, ɾʝʥʝʚʘ, 

ʐʚʝʡʮʘʨʠʷ), ʫʩʢʦʨʠʪʝʣʴʥʳʡ ʢʦʤʧʣʝʢʩ ʚ ʎʝʥʪʨʝ ʧʦ ʠʟʫʯʝʥʠʶ ʪʷʞʸʣʳʭ ʠʦʥʦʚ 

ʠʤʝʥʠ ɻʝʣʴʤʛʦʣʴʮʘ (GSI, ɼʘʨʤʰʪʘʜʪ, ɻʝʨʤʘʥʠʷ) ʠ ʫʩʢʦʨʠʪʝʣʴʥʳʡ ʢʦʤʧʣʝʢʩ 

NICA ʚ ʆʙʲʝʜʠʥʸʥʥʦʤ ʠʥʩʪʠʪʫʪʝ ʷʜʝʨʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ (ʆʀʗʀ, ɼʫʙʥʘ, 

ʈʦʩʩʠʷ). ʅʘʧʨʠʤʝʨ, ʚ ɹɸʂ ʪʨʘʝʢʪʦʨʠʠ ʫʩʢʦʨʷʶʱʠʭʩʷ ʯʘʩʪʠʮ ʬʦʨʤʠʨʫʶʪʩʷ 

ʧʨʠʣʦʞʝʥʠʝʤ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʚʝʣʠʯʠʥʦʡ ʧʦʨʷʜʢʘ 10 ʊʣ. ɼʣʷ ʜʦʩʪʠʞʝʥʠʷ 

ʪʘʢʦʡ ʚʝʣʠʯʠʥʳ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʯʝʨʝʟ ʦʙʤʦʪʢʠ ʵʣʝʢʪʨʦʤʘʛʥʠʪʦʚ 

ʧʨʦʧʫʩʢʘʝʪʩʷ ʵʣʝʢʪʨʠʯʝʩʢʠʡ ʪʦʢ ʧʦʨʷʜʢʘ 10 ʢɸ. ʂʦʥʩʪʨʫʢʮʠʷ ʤʘʛʥʠʪʦʚ, 

ʦʙʝʩʧʝʯʠʚʘʶʱʘʷ ʪʘʢʠʝ ʧʘʨʘʤʝʪʨʳ, ʤʦʞʝʪ ʙʳʪʴ ʨʝʘʣʠʟʦʚʘʥʘ ʪʦʣʴʢʦ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʩʚʝʨʭʧʨʦʚʦʜʷʱʠʭ ʤʘʪʝʨʠʘʣʦʚ, ʥʘʭʦʜʷʱʠʭʩʷ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 

ʩʚʝʨʭʪʝʢʫʯʝʛʦ ʛʝʣʠʷ 1.9 ʂ. ɺ ʪʘʢʦʡ ʩʠʩʪʝʤʝ ʚʦʟʥʠʢʘʝʪ ʥʝʦʙʭʦʜʠʤʦʩʪʴ 

ʢʦʥʪʨʦʣʠʨʦʚʘʪʴ ʨʘʜʠʘʮʠʦʥʥʦʝ ʧʦʣʝ ʚʙʣʠʟʠ ʩʚʝʨʭʧʨʦʚʦʜʷʱʠʭ ʵʣʝʤʝʥʪʦʚ 

ʫʩʪʘʥʦʚʢʠ, ʧʦʩʢʦʣʴʢʫ ʣʦʢʘʣʴʥʳʡ ʥʘʛʨʝʚ ʫʯʘʩʪʢʘ ʦʙʤʦʪʢʠ ʤʘʛʥʠʪʘ ʚʩʣʝʜʩʪʚʠʝ 

ʦʙʣʫʯʝʥʠʷ ʚʳʩʦʢʦʵʥʝʨʛʠʯʥʳʤʠ ʯʘʩʪʠʮʘʤʠ ʤʦʞʝʪ ʧʨʠʚʝʩʪʠ ʢ ʩʨʳʚʫ 

ʩʚʝʨʭʧʨʦʚʦʜʠʤʦʩʪʠ, ʚʳʭʦʜʫ ʠʟ ʩʪʨʦʷ ʠ ʜʦʨʦʛʦʩʪʦʷʱʝʤʫ ʜʣʠʪʝʣʴʥʦʤʫ ʨʝʤʦʥʪʫ 

ʫʩʢʦʨʠʪʝʣʷ [1, 2]. ɼʣʷ ʨʝʰʝʥʠʷ ʟʘʜʘʯʠ ʦʙʝʩʧʝʯʝʥʠʷ ʙʝʟʦʧʘʩʥʦʩʪʠ 

ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʪʘʢʠʭ ʤʘʛʥʠʪʦʚ ʮʝʣʝʩʦʦʙʨʘʟʥʦ ʨʘʟʤʝʱʘʪʴ ʩʠʩʪʝʤʫ ʢʦʥʪʨʦʣʷ 

ʨʘʜʠʘʮʠʦʥʥʦʛʦ ʧʦʣʷ ʤʘʢʩʠʤʘʣʴʥʦ ʙʣʠʟʢʦ ʢ ʩʚʝʨʭʧʨʦʚʦʜʷʱʠʤ ʵʣʝʤʝʥʪʘʤ, 

ʢʦʪʦʨʳʝ ʥʘʭʦʜʷʪʩʷ ʚʥʫʪʨʠ ʢʨʠʦʩʪʘʪʘ [3]. ʇʦʩʣʝ ʩʙʦʨʢʠ ʢʦʥʩʪʨʫʢʮʠʠ 

ʫʩʢʦʨʠʪʝʣʷ ʠ ʥʘʯʘʣʘ ʧʨʦʚʝʜʝʥʠʷ ʠʩʩʣʝʜʦʚʘʥʠʡ, ʚʥʫʪʨʝʥʥʠʡ ʦʙʲʝʤ ʢʨʠʦʩʪʘʪʘ 

ʩʪʘʥʦʚʠʪʩʷ ʥʝʜʦʩʪʫʧʝʥ ʚ ʪʝʯʝʥʠʝ ʥʝʩʢʦʣʴʢʠʭ ʣʝʪ. ʉʣʝʜʦʚʘʪʝʣʴʥʦ ʨʘʟʤʝʱʝʥʠʝ 

ʧʨʠʙʦʨʦʚ ʤʦʥʠʪʦʨʠʨʦʚʘʥʠʷ ʨʘʜʠʘʮʠʦʥʥʦʛʦ ʧʦʣʷ ʚʙʣʠʟʠ ʩʚʝʨʭʧʨʦʚʦʜʷʱʠʭ 

ʦʙʤʦʪʦʢ ʵʣʝʢʪʨʦʤʘʛʥʠʪʦʚ ʫʩʢʦʨʠʪʝʣʷ ʥʘʢʣʘʜʳʚʘʝʪ ʪʨʝʙʦʚʘʥʠʷ ʥʘ 

ʢʦʤʧʘʢʪʥʦʩʪʴ ʫʩʪʨʦʡʩʪʚ ʠ ʥʘ ʚʦʟʤʦʞʥʦʩʪʴ ʧʨʝʜʩʢʘʟʫʝʤʦʛʦ ʬʫʥʢʮʠʦʥʠʨʦʚʘʥʠʷ 

ʚ ʰʠʨʦʢʦʤ ʜʠʘʧʘʟʦʥʝ ʜʦʟ ʦʙʣʫʯʝʥʠʷ.  
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ɼʣʷ ʨʝʰʝʥʠʡ ʪʘʢʠʭ ʟʘʜʘʯ ʩ ʫʯʝʪʦʤ ʩʧʝʮʠʬʠʯʝʩʢʠʭ ʪʨʝʙʦʚʘʥʠʡ ʙʳʣʦ 

ʧʨʝʜʣʦʞʝʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʢʦʤʧʘʢʪʥʳʝ ʢʨʝʤʥʠʝʚʳʝ pin-ʜʝʪʝʢʪʦʨʳ ʠʟʣʫʯʝʥʠʡ, 

ʩʧʦʩʦʙʥʳʝ ʬʫʥʢʮʠʦʥʠʨʦʚʘʪʴ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 1.9 ʂ ʠ ʧʨʠ ʟʥʘʯʠʪʝʣʴʥʦʡ ʜʦʟʝ 

ʦʙʣʫʯʝʥʠʷ [4, 5, 6]. ʆʜʥʘʢʦ ʚ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʝ ʧʨʦʮʝʩʩʳ, 

ʚʣʠʷʶʱʠʝ ʥʘ ʬʦʨʤʠʨʦʚʘʥʠʝ ʩʠʛʥʘʣʘ ʚ ʜʝʪʝʢʪʦʨʝ, ʧʨʦʪʝʢʘʶʱʠʝ ʧʨʠ ʩʪʦʣʴ 

ʥʠʟʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʠʟʫʯʝʥʳ ʥʝʜʦʩʪʘʪʦʯʥʦ ʧʦʣʥʦ. ʉ ʦʜʥʦʡ ʩʪʦʨʦʥʳ, 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʤʝʪʦʜʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʩʚʦʡʩʪʚ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʭ 

ʩʝʥʩʦʨʦʚ, ʬʫʥʢʮʠʦʥʠʨʫʶʱʠʭ ʚ ʪʘʢʠʭ ʩʨʝʜʘʭ, ʥʝʜʦʩʪʘʪʦʯʥʦ ʨʘʟʨʘʙʦʪʘʥʳ ʚ 

ʚʠʜʫ ʩʣʦʞʥʦʩʪʠ ʠ ʙʦʣʴʰʦʡ ʩʪʦʠʤʦʩʪʠ ʧʨʦʚʝʜʝʥʠʷ ʵʢʩʧʝʨʠʤʝʥʪʦʚ, 

ʤʦʜʝʣʠʨʫʶʱʠʭ ʨʘʙʦʪʫ ʫʩʪʨʦʡʩʪʚ. ʉ ʜʨʫʛʦʡ ʩʪʦʨʦʥʳ, ʬʦʨʤʠʨʦʚʘʥʠʝ ʩʠʛʥʘʣʘ ʚ 

ʜʝʪʝʢʪʦʨʝ ʦʧʨʝʜʝʣʷʝʪʩʷ ʪʨʘʥʩʧʦʨʪʥʳʤʠ ʩʚʦʡʩʪʚʘʤʠ ʥʝʨʘʚʥʦʚʝʩʥʳʭ ʥʦʩʠʪʝʣʝʡ 

ʟʘʨʷʜʘ (ʚʨʝʤʷ ʞʠʟʥʠ, ʧʦʜʚʠʞʥʦʩʪʴ ʠ ʜʨ.), ʨʘʩʧʨʝʜʝʣʝʥʠʝʤ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ 

ʧʦʣʷ ʚ ʦʙʲʝʤʝ ʫʩʪʨʦʡʩʪʚʘ ʠ ʩʚʦʡʩʪʚʘʤʠ ʤʘʪʝʨʠʘʣʘ, ʢʦʪʦʨʳʝ ʥʝ ʧʨʝʜʩʢʘʟʫʝʤʦ 

ʟʘʚʠʩʷʪ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ʠ ʜʦʟʳ ʦʙʣʫʯʝʥʠʷ. ʇʦʵʪʦʤʫ ʩʮʝʥʘʨʠʠ 

ʨʘʙʦʪʦʩʧʦʩʦʙʥʦʩʪʠ ʩʝʥʩʦʨʦʚ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ ʩʚʝʨʭʪʝʢʫʯʝʛʦ ʛʝʣʠʷ ʥʝ ʤʦʛʫʪ 

ʙʳʪʴ ʧʦʣʫʯʝʥʳ ʧʨʦʩʪʦʡ ʵʢʩʪʨʘʧʦʣʷʮʠʝʡ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ ʚ ʨʘʤʢʘʭ 

ʤʦʜʝʣʝʡ ʬʫʥʢʮʠʦʥʠʨʦʚʘʥʠʷ ʜʝʪʝʢʪʦʨʦʚ ʧʨʠ ʙʦʣʝʝ ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʠ 

ʪʨʝʙʫʶʪ ʮʝʣʝʚʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ.  

ʈʘʙʦʪʘ ʧʦʩʚʷʱʝʥʘ ʨʝʰʝʥʠʶ ʫʢʘʟʘʥʥʳʭ ʚʦʧʨʦʩʦʚ ʠ ʟʘʢʣʶʯʘʝʪʩʷ ʚ 

ʨʘʟʨʘʙʦʪʢʝ ʤʝʪʦʜʦʚ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʭ ʜʝʪʝʢʪʦʨʦʚ ʩ ʮʝʣʴʶ 

ʦʙʝʩʧʝʯʝʥʠʷ ʧʨʦʚʝʜʝʥʠʷ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ ʥʠʞʝ 10 ʂ, 

ʨʘʟʨʘʙʦʪʢʝ ʘʣʛʦʨʠʪʤʘ ʦʙʨʘʙʦʪʢʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ, 

ʧʦʟʚʦʣʷʶʱʝʛʦ ʧʦʣʫʯʘʪʴ ʪʘʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʜʝʪʝʢʪʦʨʘ ʢʘʢ, ʵʬʬʝʢʪʠʚʥʦʩʪʴ 

ʩʦʙʠʨʘʥʠʷ ʟʘʨʷʜʘ, ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ ʠ ʪʨʘʥʩʧʦʨʪʥʳʝ 

ʩʚʦʡʩʪʚʘ ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ ʥʘʧʨʷʤʫʶ ʠʟ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ. 

ʊʘʢʞʝ ʚ ʨʘʙʦʪʝ ʠʩʩʣʝʜʫʝʪʩʷ ʠ ʘʥʘʣʠʟʠʨʫʝʪʩʷ ʜʘʥʥʳʝ ʵʢʩʧʝʨʠʤʝʥʪʦʚ (in situ 

ʨʘʜʠʘʮʠʦʥʥʳʝ ʪʝʩʪʳ), ʚ ʢʦʪʦʨʳʭ ʜʝʪʝʢʪʦʨʳ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 1.9 ʂ 

ʧʦʜʚʝʨʛʘʣʠʩʴ ʦʙʣʫʯʝʥʠʶ ʨʝʣʷʪʠʚʠʩʪʩʢʠʤʠ ʧʨʦʪʦʥʘʤʠ ʥʘ ʫʩʢʦʨʠʪʝʣʝ Proton 

Synchrotron ʚ ʎɽʈʅʝ ʩ ʮʝʣʴʶ ʠʟʫʯʝʥʠʷ ʬʦʨʤʠʨʦʚʘʥʠʷ ʩʠʛʥʘʣʘ ʚ ʫʩʪʨʦʡʩʪʚʘʭ, 

ʥʘʭʦʜʷʱʠʭʩʷ ʚ ʩʨʝʜʝ ʤʘʢʩʠʤʘʣʴʥʦ ʧʨʠʙʣʠʞʝʥʥʦʡ ʢ ʫʩʣʦʚʠʷʤ ʨʝʘʣʴʥʦʛʦ 
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ʧʨʘʢʪʠʯʝʩʢʦʛʦ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʩʝʥʩʦʨʦʚ ʜʣʷ ʤʦʥʠʪʦʨʠʥʛʘ ʨʘʜʠʘʮʠʦʥʥʦʛʦ ʧʦʣʷ 

ʚʙʣʠʟʠ ʩʚʝʨʭʧʨʦʚʦʜʷʱʠʭ ʦʙʤʦʪʦʢ ʵʣʝʢʪʨʦʤʘʛʥʠʪʦʚ [7].  

ʆʙʝ̡ʢʪʦʤ ʠʩʩʣʝʜʦʚʘʥʠʡ ʚ ʨʘʙʦʪʝ ʷʚʣʷʪʁʩʷ ʢʨʝʤʥʠʝʚʳʝ p+/n/n+ 

ʜʝʪʝʢʪʦʨ,r ʠʟʛʦʪʦʚʣʝʥʥʳʝ ʧʦ ʧʣʘʥʘʨʥʦʡ ʪʝʭʥʦʣʦʛʠʠ ʠʟ n-ʢʨʝʤʥʠʷ, 

ʣʝʛʠʨʦʚʘʥʥʦʛʦ ʬʦʩʬʦʨʦʤ, ʚʳʨʘʱʝʥʥʦʛʦ ʤʝʪʦʜʦʤ ʟʦʥʥʦʡ ʧʣʘʚʢʠ. ʊʦʣʱʠʥʘ 

ʜʝʪʝʢʪʦʨʘ 0.03 ʩʤ, ʧʣʦʱʘʜʴ ʯʫʚʩʪʚʠʪʝʣʴʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ 0.25 ʩʤ2. 

ʂʦʥʮʝʥʪʨʘʮʠʷ ʣʝʛʠʨʫʶʱʝʡ ʧʨʠʤʝʩʠ ʚ n-ʢʨʝʤʥʠʠ ʚʘʨʴʠʨʦʚʘʣʘʩʴ ʠ ʫʜʝʣʴʥʦʝ 

ʩʦʧʨʦʪʠʚʣʝʥʠʝ ʤʘʪʝʨʠʘʣʘ ʥʘʭʦʜʠʣʦʩʴ ʚ ʜʠʘʧʘʟʦʥʝ 1-10 ʢʆʤ*ʩʤ. ʂʦʥʪʘʢʪʥʳʝ 

ʦʙʣʘʩʪʠ p+ ʠ n+ ʙʳʣʠ ʣʝʛʠʨʦʚʘʥʳ ʙʦʨʦʤ ʠ ʬʦʩʬʦʨʦʤ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʜʦ 

ʚʳʨʦʞʜʝʥʠʷ (ʢʦʥʮʝʥʪʨʘʮʠʷ ʧʨʠʤʝʩʝʡ ʚ ʩʣʦʷʭ ʧʨʠʤʝʨʥʦ 1019 ʩʤ-3) ʩ ʮʝʣʴʶ 

ʩʦʟʜʘʥʠʷ ʢʦʥʪʘʢʪʦʚ, ʩʧʦʩʦʙʥʳʭ ʬʫʥʢʮʠʦʥʠʨʦʚʘʪʴ ʧʨʠ ʢʨʠʦʛʝʥʥʳʭ 

ʪʝʤʧʝʨʘʪʫʨʘʭ. 

ʎʝʣʴʶ ʨʘʙʦʪʳ ʷʚʣʷʝʪʩʷ ʧʦʣʫʯʝʥʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʭ 

pin-ʜʝʪʝʢʪʦʨʦʚ, ʬʫʥʢʮʠʦʥʠʨʫʶʱʠʭ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ ʞʠʜʢʦʛʦ ʛʝʣʠʷ ʠ 

ʥʘʭʦʜʷʱʠʭʩʷ ʧʦʜ ʚʦʟʜʝʡʩʪʚʠʝʤ ʦʙʣʫʯʝʥʠʷ ʚʳʩʦʢʦʵʥʝʨʛʠʯʥʳʤʠ ʯʘʩʪʠʮʘʤʠ.  

ɼʣʷ ʜʦʩʪʠʞʝʥʠʷ ʮʝʣʠ ʚ ʨʘʙʦʪʝ ʨʝʰʘʣʠʩʴ ʩʣʝʜʫʶʱʠʝ ʟʘʜʘʯʠ: 

1. ʈʘʟʨʘʙʦʪʢʘ ʠ ʨʝʘʣʠʟʘʮʠʷ ʵʢʩʧʝʨʠʤʝʥʪʘ ʧʦ ʥʘ ʦʩʥʦʚʝ ʤʝʪʦʜʘ ʧʝʨʝʭʦʜʥʦʛʦ 

ʪʦʢʘ ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʡ ʢʨʝʤʥʠʝʚʳʭ ʜʝʪʝʢʪʦʨʦʚ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ ʞʠʜʢʦʛʦ 

ʛʝʣʠʷ; 

2. ʈʘʟʨʘʙʦʪʢʘ ʘʣʛʦʨʠʪʤʘ ʦʙʨʘʙʦʪʢʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ, 

ʧʦʟʚʦʣʷʶʱʝʛʦ ʧʦʣʫʯʘʪʴ ʪʨʘʥʩʧʦʨʪʥʳʝ ʩʚʦʡʩʪʚʘ ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ ʠ 

ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ ʚ ʢʨʝʤʥʠʝʚʳʭ ʜʝʪʝʢʪʦʨʘʭ ʥʘʧʨʷʤʫʶ ʠʟ 

ʜʘʥʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʘ; 

3. ʀʩʩʣʝʜʦʚʘʥʠʷ ʥʝʦʙʣʫʯʝʥʥʳʭ ʢʨʝʤʥʠʝʚʳʭ ʜʝʪʝʢʪʦʨʦʚ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ 

ʞʠʜʢʦʛʦ ʛʝʣʠʷ, ʠʟʫʯʝʥʠʝ ʩʚʦʡʩʪʚ ʤʝʣʢʦʡ ʧʨʠʤʝʩʠ ʜʦʥʦʨʦʚ ʬʦʩʬʦʨʘ, 

ʦʧʨʝʜʝʣʝʥʠʝ ʪʨʘʥʩʧʦʨʪʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʥʝʨʘʚʥʦʚʝʩʥʳʭ ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ 

ʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʜʝʪʝʢʪʦʨʘ; 

4. ʀʩʩʣʝʜʦʚʘʥʠʷ ʦʙʣʫʯʝʥʥʳʭ ʢʨʝʤʥʠʝʚʳʭ ʜʝʪʝʢʪʦʨʦʚ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 

ʩʚʝʨʭʪʝʢʫʯʝʛʦ ʛʝʣʠʷ. ɸʥʘʣʠʟ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ in situ 

ʨʘʜʠʘʮʠʦʥʥʳʭ ʪʝʩʪʦʚ, ʚʳʧʦʣʥʝʥʥʳʭ ʥʘ ɹɸʂ, ʧʦʩʪʨʦʝʥʠʝ ʬʠʟʠʯʝʩʢʦʡ 
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ʤʦʜʝʣʠ, ʦʙʲʷʩʥʷʶʱʝʡ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʨʝʟʫʣʴʪʘʪʳ, ʧʦʣʫʯʝʥʠʝ ʚ ʨʘʤʢʘʭ 

ʵʪʦʡ ʤʦʜʝʣʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʜʝʪʝʢʪʦʨʘ ʠ ʪʨʘʥʩʧʦʨʪʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ 

ʥʝʨʘʚʥʦʚʝʩʥʳʭ ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ. 

ɺ ʢʘʯʝʩʪʚʝ ʜʦʧʦʣʥʝʥʠʷ ʚ ʨʘʙʦʪʝ ʨʝʰʘʝʪʩʷ ʧʝʨʩʧʝʢʪʠʚʥʘʷ ʧʨʠʢʣʘʜʥʘʷ ʟʘʜʘʯʘ: 

¶ ʀʩʩʣʝʜʦʚʘʥʠʝ ʜʝʪʝʢʪʦʨʦʚ, ʦʙʣʫʯʝʥʥʳʭ ʪʷʞʝʣʳʤʠ ʠʦʥʘʤʠ, ʧʦʣʫʯʝʥʠʝ 

ʧʨʦʬʠʣʝʡ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ ʚ ʠʭ ʯʫʚʩʪʚʠʪʝʣʴʥʦʡ ʦʙʣʘʩʪʠ 

ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʪʝʤʧʝʨʘʪʫʨʘʭ, ʠʟʫʯʝʥʠʝ ʩʚʦʡʩʪʚ ʛʣʫʙʦʢʠʭ ʫʨʦʚʥʝʡ, 

ʚʣʠʷʶʱʠʭ ʥʘ ʪʨʘʥʩʧʦʨʪ ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ ʚ ʫʩʪʨʦʡʩʪʚʝ; 

ʅʘʫʯʥʘʷ ʥʦʚʠʟʥʘ ʠ ʧʨʘʢʪʠʯʝʩʢʘʷ ʟʥʘʯʠʤʦʩʪʴ ʩʦʩʪʦʠʪ ʚ ʨʘʟʚʠʪʠʠ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʤʝʪʦʜʦʚ ʠʩʩʣʝʜʦʚʘʥʠʷ ʢʨʝʤʥʠʝʚʳʭ ʜʝʪʝʢʪʦʨʦʚ, 

ʧʦʟʚʦʣʷʶʱʠʭ ʧʦʣʫʯʘʪʴ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʫʩʪʨʦʡʩʪʚ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ ʞʠʜʢʦʛʦ 

ʛʝʣʠʷ. ɺ ʭʦʜʝ ʠʩʩʣʝʜʦʚʘʥʠʡ ʧʦʩʪʨʦʝʥ ʠ ʘʧʨʦʙʠʨʦʚʘʥ ʘʣʛʦʨʠʪʤ ʦʙʨʘʙʦʪʢʠ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ.  

¶ ʉ ʧʦʤʦʱʴʶ ʘʣʛʦʨʠʪʤʘ ʚʦʩʩʪʘʥʦʚʣʝʥʳ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ 

ʠ ʢʦʥʮʝʥʪʨʘʮʠʠ ʟʘʨʷʞʝʥʥʳʭ ʧʨʠʤʝʩʝʡ ʚ ʦʙʲʝʤʝ ʥʝʦʙʣʫʯʝʥʥʦʛʦ ʜʝʪʝʢʪʦʨʘ.  

¶ ʇʦʣʫʯʝʥʳ ʧʘʨʘʤʝʪʨʳ ʤʝʣʢʦʡ ʧʨʠʤʝʩʠ ʬʦʩʬʦʨʘ ʚ ʢʨʝʤʥʠʠ ʧʨʠ 

ʪʝʤʧʝʨʘʪʫʨʘʭ ʥʠʞʝ 10 ʂ.  

¶ ʀʩʩʣʝʜʦʚʘʥʳ ʦʙʣʫʯʝʥʥʳʝ ʧʨʦʪʦʥʘʤʠ ʜʝʪʝʢʪʦʨʳ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 

ʩʚʝʨʭʪʝʢʫʯʝʛʦ ʛʝʣʠʷ.  

¶ ʇʦʩʪʨʦʝʥʘ ʠ ʘʨʛʫʤʝʥʪʠʨʦʚʘʥʘ ʬʠʟʠʯʝʩʢʘʷ ʤʦʜʝʣʴ ʤʥʦʛʦʩʪʘʜʠʡʥʦʛʦ 

ʧʨʦʮʝʩʩʘ ʩʦʙʠʨʘʥʠʷ ʟʘʨʷʜʘ, ʚʢʣʶʯʘʶʱʝʛʦ ʚ ʩʝʙʷ ʣʘʚʠʥʥʦʝ ʫʤʥʦʞʝʥʠʝ 

ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ ʚ ʜʝʪʝʢʪʦʨʝ.  

¶ ɹʳʣʠ ʩʦʟʜʘʥʳ ʧʨʦʪʦʪʠʧʳ ʢʨʠʦʛʝʥʥʳʭ ʩʝʥʩʦʨʦʚ ʧʨʦʪʦʥʦʚ, ʢʦʪʦʨʳʝ ʚ 

ʵʢʩʧʝʨʠʤʝʥʪʘʭ ʥʘ ɹɸʂ ʧʦʢʘʟʘʣʠ ʚʦʟʤʦʞʥʦʩʪʴ ʫʚʝʣʠʯʝʥʠʷ ʜʠʘʧʘʟʦʥʘ 

ʨʘʙʦʯʠʭ ʜʦʟ ʜʝʪʝʢʪʦʨʘ. 

ɸʧʨʦʙʘʮʠʷ ʨʘʙʦʪʳ. ʆʩʥʦʚʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʨʘʙʦʪʳ ʙʳʣʠ ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ 

ʩʣʝʜʫʶʱʠʭ ʨʦʩʩʠʡʩʢʠʭ ʠ ʤʝʞʜʫʥʘʨʦʜʥʳʭ ʢʦʥʬʝʨʝʥʮʠʷʭ: 

1. A. Shepelev, V. Eremin, E. Verbitskaya. çNovel view on extraction of charge 

carrier transport parameters from classical TCTè. Oral presentation. 33rd RD50 
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Workshop on Radiation hard semiconductor devices for very high luminosity 

colliders (CERN) 26-28 november 2018. Geneve, Switzerland. 

2. ɸ. ʐʝʧʝʣʝʚ, çɻʠʧʦʪʝʟʘ ʚʥʫʪʨʝʥʥʝʛʦ ʫʤʥʦʞʝʥʠʷ ʥʝʨʘʚʥʦʚʝʩʥʦʛʦ ʟʘʨʷʜʘ ʚ 

ʦʙʣʫʯʝʥʥʳʭ ʢʨʝʤʥʠʝʚʳʭ ʜʝʪʝʢʪʦʨʘʭ ʷʜʝʨʥʳʭ ʠʟʣʫʯʝʥʠʡ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 

1.9 ʂè, PhysicA.SPB 2019, St Petersburg, 22-24 October 2019 

3. A. Shepelev, V. Eremin, E. Verbitskaya, çEvidence of charge multiplication in 

silicon detectors operated at a temperature of 1.9 Kè. Oral presentation. 35rd 

RD50 Workshop on Radiation hard semiconductor devices for very high 

luminosity colliders (CERN) 18-20 November 2019. Geneve, Switzerland. 

4. V. Eremin, E. Verbitskaya, A. Shepelev, çEnhanced influence of defect clusters 

on the electric field distribution in Si detectors: irradiation with 40Ar ions. 

Contributionè. 35rd RD50 Workshop on Radiation hard semiconductor devices 

for very high luminosity colliders (CERN) 18-20 November 2019. Geneve, 

Switzerland. 

5. ɸ. ʐʝʧʝʣʝʚ, çɸʥʦʤʘʣʴʥʦ ʥʠʟʢʘʷ ʵʥʝʨʛʠʷ ʵʤʠʩʩʠʠ ʵʣʝʢʪʨʦʥʦʚ ʩ 

ʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʫʨʦʚʥʝʡ ʬʦʩʬʦʨʘ ʚ ʵʣʝʢʪʨʠʯʝʩʢʦʤ ʧʦʣʝ ʢʨʝʤʥʠʝʚʳʭ p-n 

ʧʝʨʝʭʦʜʦʚ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 10-20 ʂè, PhysicA.SPB 2020, St Petersburg, 19-23 

October 2020. 

6. ɸ. ʐʝʧʝʣʝʚ, çʇʘʨʘʤʝʪʨʠʟʘʮʠʷ ʧʨʦʮʝʩʩʘ ʧʝʨʝʥʦʩʘ ʟʘʨʷʜʘ ʚ ʧʨʠʩʫʪʩʪʚʠʠ 

ʣʘʚʠʥʥʦʛʦ ʫʤʥʦʞʝʥʠʷ ʚ ʩʠʣʴʥʦʦʙʣʫʯʝʥʥʳʭ pin-ʩʪʨʫʢʪʫʨʘʭ ʧʨʠ T=1.9 Kè, 

PhysicA.SPB 2021, St Petersburg, 18-22 October 2021. 

7. A. Shepelev, V. Eremin, E. Verbitskaya, çEvidence of multistage charge 

collection in Si irradiated detectors operated as the monitors of intensive 

fragmented proton beamsè. Oral presentation. 39th RD50 Workshop on Radiation 

hard semiconductor devices for very high luminosity colliders (CERN) 17-19 

October 2021. Valencia, Spain. 

ʇʦ ʪʝʤʝ ʜʠʩʩʝʨʪʘʮʠʠ ʙʳʣʠ ʦʧʫʙʣʠʢʦʚʘʥʳ ʩʣʝʜʫʶʱʠʝ ʩʪʘʪʴʠ ʚ 

ʨʝʮʝʥʟʠʨʫʝʤʳʭ ʞʫʨʥʘʣʘʭ: 
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1. E Verbitskaya, V Eremin, A Zabrodskii, A Bogdanov, A Shepelev, et al, 

çDevelopment of silicon detectors for Beam Loss Monitoring at HL-LHCè, 2017 

JINST 12 C03036; 

2. V Eremin, D Mitina, A Fomichev, O Kiselev, N Egorov, I Eremin, A Shepelev, 

E Verbitskaya, çA comparative study of silicon detector degradation under 

irradiation by heavy ions and relativistic protonsè, 2018 JINST 13 P01019; 

3. V Eremin, A Shepelev, E Verbitskaya, C Zamantzas, A Galkin, çThe paradox of 

characteristics of silicon detectors operated at temperature close to liquid heliumè, 

2018 Journal of Applied Physics 123 204501; 

4. A Shepelev, V Eremin, E Verbitskaya, çObservation of internal multiplication of 

nonequilibrium charge in irradiated silicon detectors at a temperature of 1.9 Kè, 

2019 J. Phys.: Conf. Ser. 1400 044015; 

5. E Verbitskaya, V Eremin, A Shepelev, çElectric field distribution in Si detectors 

irradiated with 40Ar ions: experimental study and simulationè, 2020 JINST 15 

P02017; 

6. A Shepelev, V Eremin, E Verbitskaya, çAnomalously low ionization energy of 

phosphorus atoms in the electric field of silicon p-n junctions in the temperature 

range 10-20 Kè, 2020 J. Phys.: Conf. Ser. 1697 012067; 

7. AS Shepelev, VK Eremin, EM Verbitskaya, çParameterization of charge 

transport process with avalanche multiplication in irradiated Si p-i-n structures at 

T = 1.9 Kè, 2021 J. Phys.: Conf. Ser. 2103 012063. 
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ɻʣʘʚʘ 1. ʆʩʥʦʚʥʳʝ ʩʚʝʜʝʥʠʷ, ʠʩʧʦʣʴʟʫʝʤʳʝ ʚ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʦʡ ʨʘʙʦʪʝ 

ʇʝʨʚʘʷ ʛʣʘʚʘ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʦʡ ʨʘʙʦʪʳ ʧʦʩʚʷʱʝʥʘ ʘʥʘʣʠʟʫ ʠ 

ʩʠʩʪʝʤʘʪʠʟʘʮʠʠ ʣʠʪʝʨʘʪʫʨʥʳʭ ʜʘʥʥʳʭ, ʠʩʧʦʣʴʟʦʚʘʥʥʳʭ ʚ ʭʦʜʝ ʧʨʦʚʝʜʝʥʠʷ 

ʥʘʫʯʥʦʡ ʨʘʙʦʪʳ.  

1.1 ʉʪʘʪʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ p-n ʧʝʨʝʭʦʜʦʚ 

p-n ʧʝʨʝʭʦʜ ʷʚʣʷʝʪʩʷ ʙʘʟʦʚʦʡ ʩʪʨʫʢʪʫʨʦʡ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʭ 

ʜʝʪʝʢʪʦʨʦʚ ʠʟʣʫʯʝʥʠʡ, ʝʛʦ ʩʪʘʪʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʭʦʨʦʰʦ ʠʟʫʯʝʥʳ, 

ʧʦʵʪʦʤʫ ʚ ʜʘʥʥʦʤ ʧʘʨʘʛʨʘʬʝ ʧʨʠʚʦʜʷʪʩʷ ʦʩʥʦʚʥʳʝ ʥʝʦʙʭʦʜʠʤʳʝ ʩʚʝʜʝʥʠʷ ʜʣʷ 

ʦʙʨʘʙʦʪʢʠ ʠ ʠʥʪʝʨʧʨʝʪʘʮʠʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ.  

ʈʘʩʧʨʝʜʝʣʝʥʠʝ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ ʚ ʆʇɿ ʥʝʩʠʤʤʝʪʨʠʯʥʦʛʦ p-n 

ʧʝʨʝʭʦʜʘ ʦʧʠʩʳʚʘʝʪʩʷ ʫʨʘʚʥʝʥʠʝʤ ʇʫʘʩʩʦʥʘ ʠ ʠʤʝʝʪ ʚʠʜ [8] ʧʨʠ V > Vfd >> Vbi 

(ʛʜʝ Vbi ï ʢʦʥʪʘʢʪʥʘʷ ʨʘʟʥʦʩʪʴ ʧʦʪʝʥʮʠʘʣʦʚ): 

Ὁὼ Ὁ ρ
ὼ

Ὠ
ὉȟὉ

Ὡὔ

‐
Ὠȟ Ὁ

ȿὠ ὠ ȿ

Ὠ
ȟ (1.1) 

ʛʜʝ ‐  ʜʠʵʣʝʢʪʨʠʯʝʩʢʘʷ ʧʨʦʥʠʮʘʝʤʦʩʪʴ ʢʨʝʤʥʠʷ, Vfd ʪʘʢ ʥʘʟʳʚʘʝʤʦʝ 

ʥʘʧʨʷʞʝʥʠʝ ʧʦʣʥʦʛʦ ʦʙʝʜʥʝʥʠʷ, ʧʨʠ ʢʦʪʦʨʦʤ w = d: 

ὠ
Ὡὔ

ς‐
Ὠ 

(1.2) 

ɺʦʣʴʪ-ʬʘʨʘʜʥʘʷ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘ p-n ʧʝʨʝʭʦʜʘ ʧʨʠ ʦʙʨʘʪʥʦʤ ʩʤʝʱʝʥʠʠ 

ʦʧʠʩʳʚʘʝʪʩʷ ʟʘʚʠʩʠʤʦʩʪʴʶ ʠʟʤʝʥʝʥʠ ̫ʦʙʲʝʤʥʦʛʦ ʟʘʨʷʜʘ dQ ʧʦʜ ʚʦʟʜʝʡʩʪʚʠʝʤ 

ʧʨʦʙʥʦʛʦ ʩʠʛʥʘʣʘ dV (ʙʘʨʴʝʨʥʘʷ ʝʤʢʦʩʪʴ CB) [9]: 

ὅ
Ὠὗ

Ὠὠ

Ὠὗ

Ὠύ

Ὠύ

Ὠὠ
Ὓ
Ὡ‐ὔ

ςὠ
ȟύ Ὠ (1.3) 

ʛʜʝ S ï ʧʣʦʱʘʜʴ p-n ʧʝʨʝʭʦʜʘ. ʇʨʠ V > Vfd ʙʘʨʴʝʨʥʘʷ ʝʤʢʦʩʪʴ ʥʝ ʤʝʥʷʝʪʩʷ ʠ 

ʜʝʪʝʢʪʦʨ ʘʥʘʣʦʛʠʯʝʥ ʜʠʵʣʝʢʪʨʠʢʫ ʪʦʣʱʠʥʦʡ d ʠ ʧʣʦʱʘʜʴʶ S.  

ʀʟʤʝʨʝʥʠʷ ɺʌʍ ʧʦʟʚʦʣʷʶʪ ʦʧʨʝʜʝʣʠʪʴ ʥʘʧʨʷʞʝʥʠʝ ʧʦʣʥʦʛʦ ʦʙʝʜʥʝʥʠʷ ʠ 

ʢʦʥʮʝʥʪʨʘʮʠʶ ʣʝʛʠʨʫʶʱʝʡ ʧʨʠʤʝʩʠ ʚ ʯʫʚʩʪʚʠʪʝʣʴʥʦʤ ʦʙʲʝʤʝ ʩʝʥʩʦʨʘ.  

ɺʦʣʴʪ-ʘʤʧʝʨʥʘʷ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘ p+-n ʧʝʨʝʭʦʜʘ ʤʦʞʝʪ ʙʳʪʴ ʧʦʣʫʯʝʥʘ 

ʧʫʪʝʤ ʨʝʰʝʥʠʷ ʫʨʘʚʥʝʥʠʷ ʥʝʧʨʝʨʳʚʥʦʩʪʠ ʜʣʷ ʪʦʢʘ. ɺ ʩʣʫʯʘʝ ʧʨʠʣʦʞʝʥʠʷ 

ʦʙʨʘʪʥʦʛʦ ʩʤʝʱʝʥʠʷ ʚ ʆʇɿ ʧʨʝʦʙʣʘʜʘʶʪ ʛʝʥʝʨʘʮʠʦʥʥʳʡ ʪʦʢ, ʚʦʟʥʠʢʘʶʱʠʡ ʚ 
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ʨʝʟʫʣʴʪʘʪʝ ʪʝʨʤʠʯʝʩʢʦʛʦ ʧʝʨʝʭʦʜʘ ʵʣʝʢʪʨʦʥʘ ʠʟ ʚʘʣʝʥʪʥʦʡ ʟʦʥʳ ʥʘ 

ʵʥʝʨʛʝʪʠʯʝʩʢʦʝ ʩʦʩʪʦʷʥʠʝ ʚ ʟʘʧʨʝʱʝʥʥʦʡ ʟʦʥʝ (ʛʣʫʙʦʢʠʡ ʫʨʦʚʝʥʴ) ʠ 

ʜʘʣʴʥʝʡʰʝʛʦ ʚʦʟʥʠʢʥʦʚʝʥʠʷ ʵʣʝʢʪʨʦʥʥʦ-ʜʳʨʦʯʥʦʡ ʧʘʨ.r ʇʦʣʥʳʡ ʪʦʢ ʝʩʪʴ 

ʩʫʤʤʘ ʜʠʬʬʫʟʠʦʥʥʦʛʦ ʪʦʢʘ ʜʳʨʦʢ ʚ ʥʝʡʪʨʘʣʴʥʦʡ ʦʙʣʘʩʪʠ ʥʘ ʛʨʘʥʠʮʝ ʆʇɿ ʠ 

ʛʝʥʝʨʘʮʠʦʥʥʦʛʦ ʪʦʢʘ ʚ ʆʇɿ [10]: 

Ὦ̏̂̑ Ὡ
Ὀ

†

ὲ

ὔ
ύ
ὲ

†
Ȣ (1.4) 

ʛʜʝ †- ʜʠʬʬʫʟʠʦʥʥʦʝ ʚʨʝʤʷ ʞʠʟʥʠ ʜʳʨʦʢ, Ὀ  ï ʢʦʵʬʬʠʮʠʝʥʪ ʜʠʬʬʫʟʠʠ 

ʜʳʨʦʢ, ὲ ï ʩʦʙʩʪʚʝʥʥʘʷ ʢʦʥʮʝʥʪʨʘʮʠʷ ʵʣʝʢʪʨʦʥʦʚ ʚ n-ʩʣʦʝ, †- ʚʨʝʤʷ ʞʠʟʥʠ 

ʵʣʝʢʪʨʦʥʦʚ. ʊʝʤʧʝʨʘʪʫʨʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʚ ʚʳʨʘʞʝʥʠʠ 1.4 ʦʧʨʝʜʝʣʷʝʪʩʷ 

ʪʝʤʧʝʨʘʪʫʨʥʦʡ ʟʘʚʠʩʠʤʦʩʪʴʶ ʩʦʙʩʪʚʝʥʥʦʡ ʢʦʥʮʝʥʪʨʘʮʠʠ ʵʣʝʢʪʨʦʥʦʚ ni ʠ 

ʠʟʤʝʥʝʥʠʝʤ ʩʢʦʨʦʩʪʠ ʪʝʨʤʠʯʝʩʢʦʡ ʛʝʥʝʨʘʮʠʠ ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ. ʇʨʠ ʵʪʦʤ 

ʪʝʤʧ ʛʝʥʝʨʘʮʠʠ ʦʙʣʘʩʪʠ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʛʦ ʟʘʨʷʜʘ ʤʦʞʝʪ ʙʳʪʴ ʧʦʣʫʯʝʥ 

(ʩʪʘʪʠʩʪʠʢʘ ʐʦʢʣʠ-ʈʠʜʘ-ʍʦʣʣʘ) ʚ ʩʣʝʜʫʶʱʝʤ ʚʠʜʝ [11]:  

Ὃ Ὡὲ Ὡὴ ὔὲ
„„

„ÅØÐ
Ὁ Ὁ
ὯὝ

„ÅØÐ
Ὁ Ὁ
ὯὝ

ȟ (1.5) 

ʛʜʝ „ȟ„ ï ʩʝʯʝʥʠʷ ʚʳʙʨʦʩʘ ʵʣʝʢʪʨʦʥʘ ʠ ʜʳʨʢʠ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ὔ ï 

ʢʦʥʮʝʥʪʨʘʮʠʷ ʣʦʚʫʰʝʢ, Ὁ ï ʵʥʝʨʛʝʪʠʯʝʩʢʠʡ ʫʨʦʚʝʥʴ ʣʦʚʫʰʝʢ, Ὁ ï 

ʩʦʙʩʪʚʝʥʥʳʡ ʫʨʦʚʝʥʴ ʌʝʨʤʠ ʠ kb ï ʧʦʩʪʦʷʥʥʘʷ ɹʦʣʴʮʤʘʥʘ. 

1.2 ʂʠʥʝʪʠʢʘ ʧʝʨʝʥʦʩʘ ʥʝʨʘʚʥʦʚʝʩʥʦʛʦ ʟʘʨʷʜʘ 

ɺ ʆʇɿ p-n ʧʝʨʝʭʦʜʘ ʧʨʠʩʫʪʩʪʚʫʝʪ ʵʣʝʢʪʨʠʯʝʩʢʦʝ ʧʦʣʝ, ʥʦʩʠʪʝʣʠ ʟʘʨʷʜʘ 

ʚ ʵʪʦʤ ʵʣʝʢʪʨʠʯʝʩʢʦʤ ʧʦʣʝ ʧʨʠʦʙʨʝʪʘʶʪ ʢʦʤʧʦʥʝʥʪʫ ʩʢʦʨʦʩʪʠ, ʥʘʟʳʚʘʝʤʫʶ 

ʜʨʝʡʬʦʚʦʡ ʩʢʦʨʦʩʪʴʶ. ɺ ʠʩʩʣʝʜʦʚʘʥʠʷʭ ʠʩʧʦʣʴʟʫʶʪʩʷ ʘʧʧʨʦʢʩʠʤʘʮʠʠ 

ʠʟʤʝʨʝʥʠʡ ʟʘʚʠʩʠʤʦʩʪʠ ʜʨʝʡʬʦʚʦʡ ʩʢʦʨʦʩʪʠ ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ ʦʪ ʚʝʣʠʯʠʥʳ 

ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ [12]: 

ὺ Ὁ
‘Ὁ

ρ
‘Ὁ
ὺ

ȟ 
(1.6) 
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ʛʜʝ ‘, ὺ ʠ  ï ʵʤʧʠʨʠʯʝʩʢʠʝ ʬʫʥʢʮʠʠ ʪʝʤʧʝʨʘʪʫʨʳ, ʧʨʠʚʝʜʝʥʥʳʝ ʜʣʷ 

ʵʣʝʢʪʨʦʥʦʚ ʠ ʜʳʨʦʢ ʚ [12]. 

ʇʦʩʢʦʣʴʢʫ ʜʨʝʡʬʦʚʘʷ ʩʢʦʨʦʩʪʴ ʥʝʣʠʥʝʡʥʦ ʟʘʚʠʩʠʪ ʦʪ ʚʝʣʠʯʠʥʳ 

ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ, ʪʦ ʧʦʜʚʠʞʥʦʩʪ ɹʤʦʞʝʪ ʦʧʨʝʜʝʣʷʪʩɹʷ ʢʘʢ ʧʨʦʠʟʚʦʜʥʘʷ 

ʟʘʚʠʩʠʤʦʩʪʠ (1.5). ʊʦ ʝʩʪʴ ʚ ʜʘʥʥʦʤ ʩʣʫʯʘʝ ʚʚʦʜʠʪʩʷ ʪʝʨʤʠʥ 

ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʘʷ ʧʦʜʚʠʞʥʦʩʪʴ. 

ɼʨʝʡʬʫʶʱʠʡ ʟʘʨʷʜ Q ʚ ʵʣʝʢʪʨʠʯʝʩʢʦʤ ʧʦʣʝ ʠʟʤʝʥʷʝʪ ʧʦʪʦʢ ʚʝʢʪʦʨʘ 

ʥʘʧʨʷʞʝʥʥʦʩʪʠ ʵʪʦʛʦ ʧʦʣʷ ʫ ʵʣʝʢʪʨʦʜʦʚ ʩʠʩʪʝʤʳ, ʪʝʤ ʩʘʤʳʤ ʠʥʜʫʮʠʨʫʷ ʪʦʢ 

ʥʘ ʥʠʭ. ʉʦʛʣʘʩʥʦ ʪʝʦʨʝʤʝ ʚʟʘʠʤʥʦʩʪʠ ʤʦʞʝʪ ʙʳʪʴ ʧʦʣʫʯʝʥ ʩʣʝʜʫʶʱʠʡ 

ʨʝʟʫʣʴʪʘʪ ʜʣʷ ʠʥʜʫʮʠʨʦʚʘʥʥʦʛʦ ʪʦʢʘ [13]: 

ᴆὸ ὗ╔ᴆ◌ὺ ὼὸȟ (1.7) 

ʛʜʝ ╔ᴆ◌ ʪʘʢ ʥʘʟʳʚʘʝʤʦʝ ʚʝʩʦʚʦʝ ʧʦʣʝ, ʚʠʜ ʢʦʪʦʨʦʛʦ ʦʧʨʝʜʝʣʷʝʪʩʷ ʛʝʦʤʝʪʨʠʝʡ 

ʵʣʝʢʪʨʦʜʘ. ɺ ʩʣʫʯʘʝ ʧʣʦʩʢʦʧʘʨʘʣʣʝʣʴʥʳʭ ʢʦʥʪʘʢʪʦʚ Ew = 1/d. 

ɺ ʣʠʪʝʨʘʪʫʨʝ ʧʦ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʤ ʜʝʪʝʢʪʦʨʘʤ ʠʟʣʫʯʝʥʠʡ 

ʟʘʢʦʥʦʤʝʨʥʦʩʪʴ (1.7) ʯʘʩʪʦ ʥʘʟʳʚʘʶʪ ʪʝʦʨʝʤʦʡ ʐʦʢʣʠ ï ʈʘʤʦ. ɺʘʞʥʦ, ʯʪʦ 

ʠʥʜʫʮʠʨʦʚʘʥʥʳʡ ʪʦʢ ʧʨʦʧʦʨʮʠʦʥʘʣʝʥ ʧʦʣʥʦʤʫ ʟʘʨʷʜʫ ʠ ʝʛʦ ʜʨʝʡʬʦʚʦʡ 

ʩʢʦʨʦʩʪʠ.  

1.3 ɼʝʬʝʢʪʳ ʠ ʛʣʫʙʦʢʠʝ ʫʨʦʚʥʠ 

ʈʘʜʠʘʮʠʦʥʥʦʝ ʜʝʬʝʢʪʦʦʙʨʘʟʦʚʘʥʠʝ ʚ ʢʨʝʤʥʠʠ ʟʘʚʠʩʠʪ ʢʘʢ ʦʪ ʪʠʧʘ 

ʦʙʣʫʯʘʶʱʠʭ ʯʘʩʪʠʮ, ʠʭ ʵʥʝʨʛʠʠ ʠ ʜʦʟʳ, ʪʘʢ ʠ ʦʪ ʤʘʪʝʨʠʘʣʘ, ʪʝʤʧʝʨʘʪʫʨʳ, ʧʨʠ 

ʢʦʪʦʨʦʡ ʧʨʦʠʩʭʦʜʠʪ ʦʙʣʫʯʝʥʠʝ, ʠ ʦʪ ʦʪʞʠʛʘ ʧʦ ʦʢʦʥʯʘʥʠʠ ʚʦʟʜʝʡʩʪʚʠʷ [14]. 

ɼʝʬʝʢʪʥʘʷ ʩʪʨʫʢʪʫʨʘ ʚ ʤʘʪʝʨʠʘʣʝ ʚʳʟʳʚʘʝʪ ʧʦʷʚʣʝʥʠʝ ʜʠʩʢʨʝʪʥʳʭ 

ʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʩʦʩʪʦʷʥʠʡ ʚ ʟʘʧʨʝʱʝʥʥʦʡ ʟʦʥʝ ʧʦʣʫʧʨʦʚʦʜʥʠʢʘ, ʢʦʪʦʨʳʝ 

ʤʦʛʫʪ ʟʘʭʚʘʪʳʚʘʪʴ ʠ ʛʝʥʝʨʠʨʦʚʘʪʴ ʥʦʩʠʪʝʣʠ ʟʘʨʷʜʘ. ʆʜʥʘʢʦ, ʠʩʩʣʝʜʦʚʘʥʠʷ ʚ 

ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʧʨʦʚʦʜʷʪʩʷ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ ʥʠʞʝ 10 ʂ, ʢʦʛʜʘ ʪʝʧʣʦʚʘʷ 

ʵʥʝʨʛʠʷ ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ ʥʘʩʪʦʣʴʢʦ ʤʘʣʘ, ʯʪʦ ʚʝʨʦʷʪʥʦʩʪʴ ʠʭ ʵʤʠʩʩʠʠ ʩ 

ʣʶʙʦʛʦ ʫʨʦʚʥʷ ʚ ʟʘʧʨʝʱʝʥʥʦʡ ʟʦʥʝ ʥʝʩʫʱʝʩʪʚʝʥʥʘ. ʉʣʝʜʦʚʘʪʝʣʴʥʦ, ʧʦʜ 

ʛʣʫʙʦʢʠʤʠ ʨʘʜʠʘʮʠʦʥʥʳʤʠ ʫʨʦʚʥʷʤʠ ʚ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʧʦʥʠʤʘʶʪʩʷ ʣʶʙʳʝ 

ʩʦʩʪʦʷʥʠʷ ʚ ʟʘʧʨʝʱʝʥʥʦʡ ʟʦʥʝ, ʦʙʨʘʟʦʚʘʥʥʳʝ ʨʘʜʠʘʮʠʦʥʥʳʤʠ ʜʝʬʝʢʪʘʤʠ. ʕʪʠ 
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ʩʦʩʪʦʷʥʠʷ ʷʚʣʷʶʪʩʷ ʵʬʬʝʢʪʠʚʥʳʤʠ ʮʝʥʪʨʘʤʠ ʟʘʭʚʘʪʘ ʵʣʝʢʪʨʦʥʦʚ ʠ ʜʳʨʦʢ ʠ 

ʦʢʘʟʳʚʘʶʪ ʩʫʱʝʩʪʚʝʥʥʦʝ ʚʣʠʷʥʠʝ ʥʘ ʧʝʨʝʥʦʩ ʟʘʨʷʜʘ ʚ ʜʝʪʝʢʪʦʨʝ. 

ʀʟʤʝʥʝʥʠʝ ʢʦʥʮʝʥʪʨʘʮʠʠ ʥʝʨʘʚʥʦʚʝʩʥʳʭ ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ ʟʘ ʩʯʝʪ 

ʟʘʭʚʘʪʘ ʥʘ ʛʣʫʙʦʢʠʡ ʫʨʦʚʝʥʴ ʦʧʠʩʳʚʘʝʪʩʷ ʫʙʳʚʘʶʱʝʡ ʵʢʩʧʦʥʝʥʮʠʘʣʴʥʦʡ 

ʬʫʥʢʮʠʝʡ ʩ ʧʦʩʪʦʷʥʥʦʡ, ʥʘʟʳʚʘʝʤʦʡ ʚʨʝʤʝʥʝʤ ʟʘʭʚʘʪʘ: 

†ȟ
ρ

„ȟὺȟὔ
ȟ 

(1.8) 

ʛʜʝ ὺȟ
ȟ

 - ʪʝʧʣʦʚʘʷ ʩʢʦʨʦʩʪʴ ʵʣʝʢʪʨʦʥʘ ʠʣʠ ʜʳʨʢʠ (ά ȟ - ɻ ʬʬʝʢʪʠʚʥʘʷ 

ʤʘʩʩʘ ʥʦʩʠʪʝʣʷ ʟʘʨʷʜʘ ʚ ʢʨʠʩʪʘʣʣʝ), „ȟ - ʩʝʯʝʥʠʝ ʟʘʭʚʘʪʘ ʵʣʝʢʪʨʦʥʘ ʠʣʠ 

ʜʳʨʢʠ, Nt ï ʢʦʥʮʝʥʪʨʘʮʠʷ ʣʦʚʫʰʝʢ.  

1.4 ʇʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʡ ʜʝʪʝʢʪʦʨ ʠʟʣʫʯʝʥʠʡ 

ʇʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʡ ʜʝʪʝʢʪʦʨ, ʨʘʩʩʤʘʪʨʠʚʘʝʤʳʡ ʚ ʨʘʙʦʪʝ, ʩʦʩʪʦʠʪ ʠʟ 

ʯʫʚʩʪʚʠʪʝʣʴʥʦʛʦ ʦʙʲʝʤʘ, ʪʦʣʱʠʥʦʡ ʦʪ ʥʝʩʢʦʣʴʢʠʭ ʝʜʠʥʠʮ ʜʦ ʥʝʩʢʦʣʴʢʠʭ 

ʩʦʪʝʥ ʤʠʢʨʦʥ, n ʠʣʠ p ʪʠʧʘ ʠ ʢʦʥʪʘʢʪʦʚ ʩ ʦʙʝʠʭ ʩʪʦʨʦʥ ʧʣʘʩʪʠʥʳ. ʅʘʧʨʠʤʝʨ, 

p+/n/n+ ʜʝʪʝʢʪʦʨ, ʠʤʝʝʪ ʯʫʚʩʪʚʠʪʝʣʴʥʳʡ ʦʙʲʝʤ n ʪʠʧʘ ʧʨʦʚʦʜʠʤʦʩʪʠ, ʥʘ 

ʧʦʚʝʨʭʥʦʩʪʠ ʢʦʪʦʨʦʛʦ ʩʬʦʨʤʠʨʦʚʘʥ p+-n ʧʝʨʝʭʦʜ. ɺʳʩʦʢʦʣʝʛʠʨʦʚʘʥʥʘʷ n+ 

ʦʙʣʘʩʪʴ ʚʳʧʦʣʥʷʝʪ ʚ ʜʘʥʥʦʤ ʫʩʪʨʦʡʩʪʚʝ ʨʦʣʴ ʪʳʣʦʚʦʛʦ ʦʤʠʯʝʩʢʦʛʦ ʢʦʥʪʘʢʪʘ. 

ɿʘʯʘʩʪʫʶ ʫ ʪʘʢʠʭ ʜʝʪʝʢʪʦʨʦʚ ʥʘ ʧʝʨʠʬʝʨʠʠ p+-n ʧʝʨʝʭʦʜʘ ʧʨʠʩʫʪʩʪʚʫʝʪ 

ʩʠʩʪʝʤʘ ʟʘʱʠʪʥʳʭ ʧʣʘʚʘʶʱʠʭ ʢʦʣʝʮ, ʢʦʥʪʨʦʣʠʨʫʶʱʘʷ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʝ 

ʧʦʪʝʥʮʠʘʣʘ ʚʦʢʨʫʛ p-n ʧʝʨʝʭʦʜʘ (VTS ï voltage termination structure).  ʇʨʠʥʮʠʧ 

ʨʝʛʠʩʪʨʘʮʠʠ ʯʘʩʪʠʮ ʪʘʢʠʤ ʜʝʪʝʢʪʦʨʦʤ ʩʦʩʪʦʠʪ ʚ ʪʦʤ, ʯʪʦ ʯʘʩʪʠʮʘ, ʧʦʧʘʜʘʷ ʚ 

ʯʫʚʩʪʚʠʪʝʣʴʥʳʡ ʦʙʲʝʤ ʩʝʥʩʦʨʘ, ʛʝʥʝʨʠʨʫʝʪ ʵʣʝʢʪʨʦʥʥʦ-ʜʳʨʦʯʥʳʝ ʧʘʨʳ. ʇʦʜ 

ʜʝʡʩʪʚʠʝʤ ʧʦʣʷ, ʥʝʨʘʚʥʦʚʝʩʥʳʝ ʵʣʝʢʪʨʦʥʳ ʜʨʝʡʬʫʶʪ ʚ ʩʪʦʨʦʥʫ n+ ʢʦʥʪʘʢʪʘ, ʘ 

ʜʳʨʢʠ ʩʪʦʨʦʥʫ p+ ʢʦʥʪʘʢʪʘ. ʊʘʢʦʡ ʜʨʝʡʬ ʬʦʨʤʠʨʫʝʪ ʩʠʛʥʘʣ ʚʦ ʚʥʝʰʥʝʡ ʮʝʧʠ. 

ɻʣʘʚʘ 2. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʤʝʪʦʜʳ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ɺʪʦʨʘʷ ʛʣʘʚʘ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʦʡ ʨʘʙʦʪʳ ʧʦʩʚʷʱʝʥʘ ʦʧʠʩʘʥʠʶ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʤʝʪʦʜʠʢ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʫʩʪʘʥʦʚʦʢ, ʠʩʧʦʣʴʟʫʝʤʳʭ 

ʜʣʷ ʠʟʫʯʝʥʠʷ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʭ ʜʝʪʝʢʪʦʨʦʚ. 
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2.1 ʄʝʪʦʜ ʧʝʨʝʭʦʜʥʦʛʦ ʪʦʢʘ 

ʆʩʥʦʚʥʳʤ ʤʝʪʦʜʦʤ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʭ ʜʝʪʝʢʪʦʨʦʚ, ʠʭ 

ʩʚʦʡʩʪʚ ʠ ʧʘʨʘʤʝʪʨʦʚ ʚ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʷʚʣʷʝʪʩʷ ʄʝʪʦʜ ʇʝʨʝʭʦʜʥʦʛʦ ʊʦʢʘ (TCT 

ʦʪ ʘʥʛʣ. Transient Current Technique). ʉʫʪʴ ʤʝʪʦʜʘ ʩʦʩʪʦʠʪ ʚ ʨʝʛʠʩʪʨʘʮʠʠ 

ʪʦʢʦʚʦʛʦ ʦʪʢʣʠʢʘ ʜʝʪʝʢʪʦʨʘ ʥʘ ʠʤʧʫʣʴʩʥʫʶ ʛʝʥʝʨʘʮʠʶ ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ 

ʚʙʣʠʟʠ ʦʜʥʦʛʦ ʠʟ ʢʦʥʪʘʢʪʦʚ. ʊʘʢʠʝ ʥʝʨʘʚʥʦʚʝʩʥʳʝ ʥʦʩʠʪʝʣʠ ʟʘʨʷʜʘ ʜʨʝʡʬʫʶʪ 

ʢʘʢ ʝʜʠʥʦʝ ʦʙʣʘʢʦ ʚ ʵʣʝʢʪʨʠʯʝʩʢʦʤ ʧʦʣʝ ʆʇɿ, ʬʦʨʤʠʨʫʷ ʪʦʢʦʚʳʡ ʠʤʧʫʣʴʩ ʚʦ 

ʚʥʝʰʥʝʡ ʮʝʧʠ. ʌʦʨʤʘ ʦʪʢʣʠʢʘ (ʫʨ. 1.7) ʦʜʥʦʟʥʘʯʥʦ ʩʚʷʟʘʥʘ ʩ ʟʘʨʷʜʦʤ ʠ 

ʜʨʝʡʬʦʚʦʡ ʩʢʦʨʦʩʪʴʶ ʥʦʩʠʪʝʣʝʡ, ʢʦʪʦʨʘ ̫ʦʧʨʝʜʝʣʷʝʪʩʷ ʵʣʝʢʪʨʠʯʝʩʢʠʤ ʧʦʣʝʤ 

(ʫʨ. 1.6). ɼʣʷ ʛʝʥʝʨʘʮʠʠ ʥʝʨʘʚʥʦʚʝʩʥʦʛʦ ʟʘʨʷʜʘ, ʢʘʢ ʧʨʘʚʠʣʦ, ʠʩʧʦʣʴʟʫʝʪʩʷ 

ʣʘʟʝʨʥʦʝ ʠʟʣʫʯʝʥʠʝ ʚ ʜʠʘʧʘʟʦʥʝ ʜʣʠʥ ʚʦʣʥ 600-700 ʥʤ. ɽʩʣʠ ʵʣʝʢʪʨʦʥʥʦ-

ʜʳʨʦʯʥʳʝ ʧʘʨʳ ʛʝʥʝʨʠʨʫʶʪʩʷ ʚ ʵʣʝʢʪʨʠʯʝʩʢʦʤ ʧʦʣʝ p-n ʧʝʨʝʭʦʜʘ ʚʙʣʠʟʠ p+ 

ʢʦʥʪʘʢʪʘ, ʪʦ ʧʦʣʝ ʟʘʜʘʝʪ ʵʣʝʢʪʨʦʥʘʤ ʠ ʜʳʨʢʘʤ ʧʨʦʪʠʚʦʧʦʣʦʞʥʦ ʥʘʧʨʘʚʣʝʥʥʳʝ 

ʚʝʢʪʦʨʘ ʜʨʝʡʬʦʚʳʭ ʩʢʦʨʦʩʪʝʡ. ʕʣʝʢʪʨʦʥʳ ʜʨʝʡʬʫʶʪ ʚ ʩʪʦʨʦʥʫ n+ ʢʦʥʪʘʢʪʘ, ʘ 

ʜʳʨʢʠ, ʥʘʭʦʜʷʱʠʝʩʷ ʚʙʣʠʟʠ p+ ʢʦʥʪʘʢʪʘ, ʤʦʤʝʥʪʘʣʴʥʦ ʧʦʢʠʜʘʶʪ ʦʙʲʝʤ 

ʜʝʪʝʢʪʦʨʘ ʠ ʚʢʣʘʜ ʚ ʪʦʢ ʥʝ ʜʘʶʪ. ʕʪʦʪ ʧʨʦʮʝʩʩ ʧʦʢʘʟʘʥ ʥʘ ʨʠʩʫʥʢʝ 1.  

 

ʈʠʩʫʥʦʢ 1. ʄʦʜʝʣʴ ʤʝʪʦʜʘ ʧʝʨʝʭʦʜʥʦʛʦ ʪʦʢʘ ʧʨʠ ʛʝʥʝʨʘʮʠʠ ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ ʚʙʣʠʟʠ p+ 

ʢʦʥʪʘʢʪʘ. 

ɸʥʘʣʠʟ ʪʦʢʦʚʳʭ ʦʪʢʣʠʢʦʚ ʜʝʪʝʢʪʦʨʘ ʧʦʟʚʦʣʷʝʪ ʧʦʣʫʯʠʪʴ ʠʥʬʦʨʤʘʮʠʶ ʦ 

ʨʘʩʧʨʝʜʝʣʝʥʠʠ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ ʚ ʦʙʲʝʤʝ ʤʘʪʝʨʠʘʣʘ, ʦ ʧʦʜʚʠʞʥʦʩʪʷʭ 

ʥʝʨʘʚʥʦʚʝʩʥʳʭ ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ ʠ ʦ ʨʘʩʧʨʝʜʝʣʝʥʠʠ ʢʦʥʮʝʥʪʨʘʮʠʠ 

ʟʘʨʷʞʝʥʥʳʭ ʧʨʠʤʝʩʝʡ ʚ ʦʙʲʝʤʝ ʩʪʨʫʢʪʫʨʳ. 

2.2 ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ ʫʩʪʘʥʦʚʢʘ TCT 

ɺ ʨʘʙʦʪʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʤʝʪʦʜʦʤ ʧʝʨʝʭʦʜʥʦʛʦ ʪʦʢʘ ʧʨʦʚʦʜʠʣʠʩʴ ʚ 

ʜʠʘʧʘʟʦʥʝ ʪʝʤʧʝʨʘʪʫʨ 6 < T < 300 ʂ. ɼʣʷ ʠʟʤʝʥʝʥʠʷ ʪʝʤʧʝʨʘʪʫʨʳ ʦʙʨʘʟʮʘ 



14 

 

ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʢʨʠʦʩʪʘʪ ʟʘʤʢʥʫʪʦʛʦ ʮʠʢʣʘ ʧʨʦʠʟʚʦʜʩʪʚʘ ARS. ʋʧʨʘʚʣʝʥʠʝ 

ʪʝʤʧʝʨʘʪʫʨʦʡ ʧʨʦʠʟʚʦʜʠʣʦʩʴ ʩ ʧʦʤʦʱʴʶ ʪʝʤʧʝʨʘʪʫʨʥʦʛʦ PID ʢʦʥʪʨʦʣʣʝʨʘ 

Lake Shore 335. ɼʣʷ ʧʦʜʘʯʠ ʥʘʧʨʷʞʝʥʠʷ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʠʩʪʦʯʥʠʢ ʥʘʧʨʷʞʝʥʠʷ 

ʚʳʩʦʢʦʡ ʩʪʘʙʠʣʴʥʦʩʪʠ Keithley 2420. ɼʣʷ ʛʝʥʝʨʘʮʠʠ ʥʝʨʘʚʥʦʚʝʩʥʦʛʦ ʟʘʨʷʜʘ 

ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʠʤʧʫʣʴʩʥʳʡ ʠʩʪʦʯʥʠʢ ʣʘʟʝʨʥʦʛʦ ʠʟʣʫʯʝʥʠʷ, ʩ ʜʣʠʪʝʣʴʥʦʩʪʴʶ 

ʠʤʧʫʣʴʩʘ 47 ʧʩ ʠ ʢʦʥʪʨʦʣʠʨʫʝʤʦʡ ʯʘʩʪʦʪʦʡ ʧʦʚʪʦʨʝʥʠʷ (100 ɻʮ ï 40 ʄɻʮ). 

ɼʣʠʥʘ ʚʦʣʥʳ ʣʘʟʝʨʥʦʛʦ ʠʟʣʫʯʝʥʠʷ 660 ʥʤ. ɼʣʷ ʨʝʛʠʩʪʨʘʮʠʠ ʠʤʧʫʣʴʩʦʚ ʪʦʢʘ ʚʦ 

ʚʥʝʰʥʝʡ ʮʝʧʠ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʦʩʮʠʣʣʦʛʨʘʬ LeCroy WavePro 7300ɸ ʩ 

ʘʥʘʣʦʛʦʚʦʡ ʧʦʣʦʩʦʡ ʧʨʦʧʫʩʢʘʥʠʷ 3 ɻɻʮ, ʯʘʩʪʦʪʦʡ ʜʠʩʢʨʝʪʠʟʘʮʠʠ 20 ɻɻʮ ʠ 

ʚʭʦʜʥʳʤ ʩʦʧʨʦʪʠʚʣʝʥʠʝʤ 50 ʆʤ. ʉ ʧʦʤʦʱʴʶ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʩʦʚʨʝʤʝʥʥʳʭ 

ʧʨʠʙʦʨʦʚ ʫʜʘʣʦʩʴ ʜʦʩʪʠʯʴ ʭʦʨʦʰʝʡ ʩʦʛʣʘʩʦʚʘʥʥʦʩʪʠ ʚʩʝʡ ʣʠʥʠʠ ʧʝʨʝʜʘʯʠ 

ʩʠʛʥʘʣʘ ʦʪ ʦʙʨʘʟʮʘ ʢ ʦʩʮʠʣʣʦʛʨʘʬʫ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ ʫʜʘʣʦʩʴ ʠʟʙʝʞʘʪʴ 

ʧʘʨʘʟʠʪʥʳʭ ʦʪʨʘʞʝʥʠʡ ʩʠʛʥʘʣʘ, ʠʩʢʘʞʘʶʱʠʭ ʨʝʟʫʣʴʪʘʪʳ ʵʢʩʧʝʨʠʤʝʥʪʘ. ɹʣʦʢ-

ʩʭʝʤʘ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʫʩʪʘʥʦʚʢʠ ʧʨʠʚʝʜʝʥʘ ʥʘ ʨʠʩʫʥʢʝ 2a.  

2.3 in situ ʨʘʜʠʘʮʠʦʥʥʳʝ ʪʝʩʪʳ 

ʉʫʪʴ in situ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʩʦʩʪʦʷʣʘ ʚ ʤʦʜʝʣʠʨʦʚʘʥʠʠ 

ʬʫʥʢʮʠʦʥʠʨʦʚʘʥʠʷ ʩʝʥʩʦʨʦʚ, ʧʫʪʝʤ ʠʭ ʦʙʣʫʯʝʥʠʷ ʠʥʪʝʥʩʠʚʥʳʤʠ ʧʫʯʢʘʤʠ 

ʧʨʦʪʦʥʦʚ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ ʩʚʝʨʭʪʝʢʫʯʝʛʦ ʛʝʣʠʷ T = 1.8 K. ʅʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʚ 

ʧʨʦʮʝʩʩʝ ʦʙʣʫʯʝʥʠʷ ʧʨʦʚʦʜʠʣʠʩʴ ʠʟʤʝʨʝʥʠʷ ʪʦʢʦʚʳʭ ʦʪʢʣʠʢʦʚ ʜʝʪʝʢʪʦʨʘ. 

ɼʠʘʤʝʪʨ ʧʫʯʢʘ ʧʨʦʪʦʥʦʚ ʚ ʦʙʣʘʩʪʠ ʵʢʩʧʝʨʠʤʝʥʪʘ ʩʦʩʪʘʚʣʷʣ 1 ʩʤ ʩ 

ʠʥʪʝʥʩʠʚʥʦʩʪʴʶ 1.3ʭ1011 ʨ/ʩʤ2. ʇʫʯʦʢ ʙʳʣ ʩʝʛʤʝʥʪʠʨʦʚʘʥ ʚʦ ʚʨʝʤʝʥʠ ʥʘ 

ʩʛʫʩʪʢʠ ʜʣʠʪʝʣʴʥʦʩʪʴʶ 400 ʤʩ. ɼʝʪʝʢʪʦʨʳ ʨʘʩʧʦʣʘʛʘʣʠʩʴ ʚ ʩʨʝʜʝ 

ʩʚʝʨʭʪʝʢʫʯʝʛʦ ʛʝʣʠʷ ʧʨʠ ʬʠʢʩʠʨʦʚʘʥʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ 1.9 ʂ, ʯʪʦ ʛʘʨʘʥʪʠʨʦʚʘʣʦ 

ʥʝʠʟʤʝʥʥʦʩʪʴ ʪʝʤʧʝʨʘʪʫʨʳ ʚ ʭʦʜʝ ʚʩʝʛʦ ʵʢʩʧʝʨʠʤʝʥʪʘ. ɼʣʷ ʛʝʥʝʨʘʮʠʠ 

ʥʝʨʘʚʥʦʚʝʩʥʳʭ ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ ʚ ʤʝʪʦʜʝ ʧʝʨʝʭʦʜʥʦʛʦ ʪʦʢʘ ʠʩʧʦʣʴʟʦʚʘʣʩʷ 

ʣʘʟʝʨ ʩ ʜʣʠʥʦʡ ʚʦʣʥʳ 630 ʥʤ ʠ ʜʣʠʪʝʣʴʥʦʩʪʴʶ ʠʤʧʫʣʴʩʘ 45 ʧʩ. ɼʣʷ 

ʨʝʛʠʩʪʨʘʮʠʠ ʠʤʧʫʣʴʩʦʚ ʪʦʢʘ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʦʩʮʠʣʣʦʛʨʘʬ LeCroy WavePro 

5410. ɹʣʦʢ-ʩʭʝʤʘ ʵʢʩʧʝʨʠʤʝʥʪʘ ʧʨʝʜʩʪʘʚʣʝʥʘ ʥʘ ʨʠʩʫʥʢʝ 2b.  
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(a) (b) 

ʈʠʩʫʥʦʢ 2. ɹʣʦʢ-ʩʭʝʤʳ ʵʢʩʧʝʨʠʤʝʥʪʦʚ. (a) ï TCT, (b) ï in situ ʨʘʜʠʘʮʠʦʥʥʳʝ ʪʝʩʪʳ. 

ɻʣʘʚʘ 3. ɸʣʛʦʨʠʪʤ ʦʙʨʘʙʦʪʢʠ ʜʘʥʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʦʚ TCT 

ɺ ʪʨʝʪʴʝʡ ʛʣʘʚʝ ʨʘʙʦʪʳ ʨʘʟʨʘʙʘʪʳʚʘʝʪʩʷ ʘʣʛʦʨʠʪʤ ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ 

ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ ʠ ʢʦʥʮʝʥʪʨʘʮʠʠ ʟʘʨʷʞʝʥʥʳʭ ʧʨʠʤʝʩʝʡ ʚ 

ʦʙʲʝʤʝ ʢʨʝʤʥʠʝʚʦʛʦ ʜʝʪʝʢʪʦʨʘ ʠʟʣʫʯʝʥʠʡ ʥʘʧʨʷʤʫʶ ʠʟ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ 

ʨʝʟʫʣʴʪʘʪʦʚ, ʧʦʣʫʯʝʥʥʳʭ ʤʝʪʦʜʦʤ ʧʝʨʝʭʦʜʥʦʛʦ ʪʦʢʘ. ɸʣʛʦʨʠʪʤ ʦʙʨʘʙʦʪʢʠ 

ʜʘʥʥʳʭ ʙʳʣ ʧʦʩʪʨʦʝʥ ʠ ʧʨʦʚʝʨʝʥ ʥʘ ʧʨʠʤʝʨʝ ʥʝʦʙʣʫʯʝʥʥʦʛʦ ʦʜʥʦʨʦʜʥʦ 

ʣʝʛʠʨʦʚʘʥʥʦʛʦ p+/n/n+ pad ʜʝʪʝʢʪʦʨʘ ʩ ʧʣʦʩʢʠʤ ʥʝʩʝʛʤʝʥʪʠʨʦʚʘʥʥʳʤ ʨʝʟʢʠʤ 

ʥʝʩʠʤʤʝʪʨʠʯʥʳʤ p+-n ʧʝʨʝʭʦʜʦʤ.  

3.1 ɺʦʩʩʪʘʥʦʚʣʝʥʠʝ ʬʠʟʠʯʝʩʢʦʡ ʬʦʨʤʳ ʠʤʧʫʣʴʩʘ ʪʦʢʘ 

ʅʘ ʨʠʩʫʥʢʝ 3a ʧʨʝʜʩʪʘʚʣʝʥ ʪʠʧʠʯʥʳʡ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʡ ʪʦʢʦʚʳʡ 

ʦʪʢʣʠʢ ʫʢʘʟʘʥʥʦʛʦ ʜʝʪʝʢʪʦʨʘ, ʧʦʣʫʯʝʥʥʳʡ ʤʝʪʦʜʦʤ TCT ʧʨʠ ʛʝʥʝʨʘʮʠʠ 

ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ ʣʘʟʝʨʦʤ ʚʙʣʠʟʠ p+ ʢʦʥʪʘʢʪʘ. 
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(a) (b) 

ʈʠʩʫʥʦʢ 3. ʊʠʧʠʯʥʳʡ TCT ʪʦʢʦʚʳʡ ʦʪʢʣʠʢ ʜʝʪʝʢʪʦʨʘ. (a) ï ʵʢʩʧʝʨʠʤʝʥʪ, (b) ï ʫʯʝʪ 

ʠʩʢʘʞʝʥʠʡ. 

ʀʤʧʫʣʴʩ ʠʤʝʝʪ ʫʯʘʩʪʦʢ ʥʘʨʘʩʪʘʥʠʷ ʩʠʛʥʘʣʘ ʜʣʠʪʝʣʴʥʦʩʪʴʶ 600 ʧʩ, 

ʩʚʷʟʘʥʥʳʡ ʩ ʦʪʢʣʠʢʦʤ ʚʥʝʰʥʝʡ ʵʣʝʢʪʨʦʥʠʢʠ. ɿʘʪʝʤ ʥʘʙʣʶʜʘʝʪʩʷ ʧʣʘʚʥʳʡ 

ʫʯʘʩʪʦʢ, ʦʧʨʝʜʝʣʷʝʤʳʡ ʢʠʥʝʪʠʢʦʡ ʜʨʝʡʬʘ ʥʦʩʠʪʝʣʝʡ. ɼʘʣʝʝ ʚʠʜʝʥ ʩʧʘʜ 

ʠʤʧʫʣʴʩʘ, ʜʣʠʪʝʣʴʥʦʩʪʴʶ ʙʦʣʝʝ 2000 ʧʩ. ʌʦʨʤʘ ʩʧʘʜʘ ʩʚʷʟʘʥʘ ʩ ʩʦʚʦʢʫʧʥʳʤ 

ʚʣʠʷʥʠʝʤ ʥʝʩʢʦʣʴʢʠʭ ʬʘʢʪʦʨʦʚ: ʢʦʥʝʯʥʦʩʪʴ ʛʣʫʙʠʥʳ ʛʝʥʝʨʘʮʠʠ 

ʥʝʨʘʚʥʦʚʝʩʥʳʭ ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ ʣʘʟʝʨʦʤ, ʜʠʬʬʫʟʠʦʥʥʦʝ ʨʘʩʰʠʨʝʥʠʝ ʦʙʣʘʢʘ 

ʵʣʝʢʪʨʦʥʦʚ ʟʘ ʚʨʝʤʷ ʝʛʦ ʜʨʝʡʬʘ ʚ ʦʙʲʝʤʝ ʠ ʦʪʢʣʠʢ ʚʥʝʰʥʝʡ ʵʣʝʢʪʨʦʥʠʢʠ. ɺ 

ʨʘʙʦʪʝ ʦʧʠʩʳʚʘʶʪʩʷ ʤʝʪʦʜʳ ʫʯʝʪʘ ʵʪʠʭ ʬʘʢʪʦʨʦʚ ʠ ʘʣʛʦʨʠʪʤ ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ 

ʬʠʟʠʯʝʩʢʦʡ ʬʦʨʤʳ ʠʤʧʫʣʴʩʘ ʜʣʷ ʜʘʣʴʥʝʡʰʝʛʦ ʘʥʘʣʠʟʘ ʠ ʧʦʣʫʯʝʥʠʷ ʠʩʢʦʤʳʭ 

ʨʝʟʫʣʴʪʘʪʦʚ. ʅʘ ʨʠʩʫʥʢʝ 3b ʢʨʘʩʥʦʡ ʣʠʥʠʝʡ ʧʦʢʘʟʘʥ ʚʦʩʩʪʘʥʦʚʣʝʥʥʳʡ 

ʬʠʟʠʯʝʩʢʠʡ ʪʦʢʦʚʳʡ ʦʪʢʣʠʢ ʜʝʪʝʢʪʦʨʘ, ʣʠʰʝʥʥʳʡ ʠʩʢʘʞʝʥʠʡ. ʂʨʠʪʝʨʠʝʤ 

ʢʦʨʨʝʢʪʥʦʩʪʠ ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ ʬʠʟʠʯʝʩʢʦʡ ʬʦʨʤʳ ʪʦʢʦʚʦʛʦ ʦʪʢʣʠʢʘ ʩʝʥʩʦʨʘ 

ʷʚʣʷʝʪʩʷ ʩʦʚʧʘʜʝʥʠʝ ʧʣʦʱʘʜʝʡ ʤʦʜʝʣʴʥʦʛʦ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʛʦ ʠʤʧʫʣʴʩʦʚ, 

ʪ.ʝ. ʨʘʚʝʥʩʪʚʦ ʧʝʨʝʥʝʩʝʥʥʦʛʦ ʟʘʨʷʜʘ.  

3.2 ɺʦʩʩʪʘʥʦʚʣʝʥʠʝ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ 

ɺʦʩʩʪʘʥʦʚʣʝʥʠʝ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ ʧʨʦʠʟʚʦʜʠʪʩʷ ʩ 

ʧʦʤʦʱʴʶ ʧʦʰʘʛʦʚʦʛʦ ʠʥʪʝʛʨʠʨʦʚʘʥʠʷ. ɺ ʧʝʨʚʦʡ ʪʦʯʢʝ ʚʦʩʩʪʘʥʦʚʣʝʥʥʦʛʦ 

ʬʠʟʠʯʝʩʢʦʛʦ ʠʤʧʫʣʴʩʘ ʚʳʯʠʩʣʷʝʪʩʷ ʚʝʣʠʯʠʥʘ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ ʩ ʧʦʤʦʱʴʶ 

ʫʨʘʚʥʝʥʠʡ (1.5) ʠ (1.7) ʠ ʟʘʪʝʤ ʧʨʦʠʟʚʦʜʠʪʩʷ ʧʦʰʘʛʦʚʦʝ ʚʳʯʠʩʣʝʥʠʝ 

ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ ʚ ʩʦʩʝʜʥʠʭ ʪʦʯʢʘʭ ʥʘ ʦʩʥʦʚʘʥʠʠ ʧʨʝʜʧʦʣʦʞʝʥʠʷ, ʯʪʦ 

ʧʦʜʚʠʞʥʦʩʪʴ ʚ ʵʪʠʭ ʪʦʯʢʘʭ ʦʜʠʥʘʢʦʚʘʷ:  

Ὁ
Ὠ

ὗ
Ὥὸ Ὥὸ ‘Ὁ Ὁȟ Ὥ πȢȢὔ ρȟ          ὸ ὸȢ (3.1) 

ɿʘʪʝʤ ʧʨʦʠʟʚʦʜʠʪʩʷ ʧʝʨʝʭʦʜ ʦʪ ʰʢʘʣʳ ʚʨʝʤʝʥʠ ʢ ʰʢʘʣʝ ʢʦʦʨʜʠʥʘʪʳ 

ʧʫʪʝʤ ʧʨʦʩʪʦʛʦ ʠʥʪʝʛʨʠʨʦʚʘʥʠʷ. ʄʝʪʦʜ ʧʦʰʘʛʦʚʦʛʦ ʠʥʪʝʛʨʠʨʦʚʘʥʠʷ (3.1) 

ʩʭʝʤʘʪʠʯʥʦ ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥ ʥʘ ʨʠʩʫʥʢʝ 4. 
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ʈʠʩʫʥʦʢ 4. ʇʦʰʘʛʦʚʦʝ ʠʥʪʝʛʨʠʨʦʚʘʥʠʝ ʮʠʬʨʦʚʦʛʦ ʩʠʛʥʘʣʘ ʩ ʮʝʣʴʶ ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ 

ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ. 

ʈʝʟʫʣʴʪʘʪ ʧʨʠʤʝʥʝʥʠʷ ʘʣʛʦʨʠʪʤʘ ʦʙʨʘʙʦʪʢʠ ʜʘʥʥʳʭ ʢ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʤʫ 

ʠʤʧʫʣʴʩʫ ʧʦʢʘʟʘʥ ʥʘ ʨʠʩʫʥʢʝ 5. 

(a) (b) 

  

  

(c) (d) 

ʈʠʩʫʥʦʢ 5. ʈʝʟʫʣʴʪʘʪ ʧʦʰʘʛʦʚʦʛʦ ʧʨʠʤʝʥʝʥʠʷ ʤʝʪʦʜʘ ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ ʨʘʩʧʨʝʜʝʣʝʥʠʷ 

ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ. 

ʈʠʩʫʥʦʢ 5a ï ʠʩʭʦʜʥʳʡ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʡ ʠʤʧʫʣʴʩ, ʨʠʩʫʥʦʢ 5b ï 

ʚʦʩʩʪʘʥʦʚʣʝʥʥʘʷ ʬʠʟʠʯʝʩʢʘʷ ʬʦʨʤʘ ʠʤʧʫʣʴʩʘ, ʨʠʩʫʥʦʢ 5c ï ʟʘʚʠʩʠʤʦʩʪʴ 

ʚʝʣʠʯʠʥʳ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ ʚ ʪʦʯʢʝ, ʛʜʝ ʜʚʠʞʝʪʩʷ ʟʘʨʷʜ, ʦʪ ʚʨʝʤʝʥʠ ʜʨʝʡʬʘ 

ʟʘʨʷʜʘ, ʨʠʩʫʥʦʢ 5d ï ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ ʧʦ ʢʦʦʨʜʠʥʘʪʝ. 

ʕʣʝʢʪʨʠʯʝʩʢʦʝ ʧʦʣʝ ʥʘ ʨʠʩʫʥʢʝ 5d ʨʘʩʧʨʝʜʝʣʝʥʦ ʣʠʥʝʡʥʦ, ʛʨʘʜʠʝʥʪ ʝʛʦ 
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ʠʟʤʝʥʝʥʠʷ ʦʧʨʝʜʝʣʷʝʪʩʷ ʢʦʥʮʝʥʪʨʘʮʠʝʡ ʜʦʥʦʨʦʚ ND ʚ ʯʫʚʩʪʚʠʪʝʣʴʥʦʤ ʦʙʲʝʤʝ 

ʩʝʥʩʦʨʘ. ʇʦʩʢʦʣʴʢʫ ʵʪʦ ʙʳʣ ʪʝʩʪʦʚʳʡ ʵʢʩʧʝʨʠʤʝʥʪ, ND ʙʳʣʦ ʠʟʚʝʩʪʥʦ ʟʘʨʘʥʝʝ 

ʠʟ ʠʟʤʝʨʝʥʠʷ ɺʌʍ ʠ ʨʘʚʥʷʣʦʩʴ (4.1Ñ0.3)Ĭ1011 ʩʤ-3, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʨʝʟʫʣʴʪʘʪ 

ʠʟʤʝʨʝʥʠʡ ʧʦʩʪʨʦʝʥʥʳʤ ʘʣʛʦʨʠʪʤʦʤ (4.3Ñ0.2)Ĭ1011 ʩʤ-3. ʏʪʦ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ 

ʦ ʧʦʛʨʝʰʥʦʩʪʠ ʤʝʥʝʝ 2.5%.  

ɻʣʘʚʘ 4. ʀʩʩʣʝʜʦʚʘʥʠʷ ʥʝʦʙʣʫʯʝʥʥʳʭ ʢʨʝʤʥʠʝʚʳʭ ʜʝʪʝʢʪʦʨʦʚ ʧʨʠ 

6<T<100 ʂ 

ʌʦʩʬʦʨ ʚ ʢʨʝʤʥʠʠ ʷʚʣʷʝʪʩʷ ʵʣʝʢʪʨʠʯʝʩʢʠ ʘʢʪʠʚʥʳʤ ʜʦʥʦʨʦʤ, ʠ ʝʛʦ 

ʵʥʝʨʛʠʷ ʘʢʪʠʚʘʮʠʠ ʩʦʩʪʘʚʣʷʝʪ 45 ʤʵɺ [9], ʯʪʦ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʪʦʤ, ʯʪʦ ʚʩʝ 

ʘʪʦʤʳ ʬʦʩʬʦʨʘ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ ʚʳʰʝ 77 ʂ ʠʦʥʠʟʦʚʘʥʳ. ʆʜʥʘʢʦ, ʜʣʷ 

ʧʨʦʛʥʦʟʠʨʦʚʘʥʠʷ ʨʘʙʦʪʦʩʧʦʩʦʙʥʦʩʪʠ ʜʝʪʝʢʪʦʨʦʚ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ ʞʠʜʢʦʛʦ 

ʛʝʣʠʷ ʙʳʣʠ ʧʨʦʚʝʜʝʥʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʠ ʧʦʣʫʯʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʩ ʧʦʤʦʱʴʶ 

ʘʣʛʦʨʠʪʤʘ, ʦʧʠʩʘʥʥʦʛʦ ʚ ʛʣʘʚʝ 3, ʢʦʪʦʨʳʝ ʧʦʟʚʦʣʠʣʠ ʧʦʣʫʯʠʪʴ ʚʝʣʠʯʠʥʫ 

ʵʥʝʨʛʠʠ ʘʢʪʠʚʘʮʠʠ ʬʦʩʬʦʨʘ ʚ ʵʣʝʢʪʨʠʯʝʩʢʦʤ ʧʦʣʝ ʠ ʚ ʥʝʡʪʨʘʣʴʥʦʤ ʤʘʪʝʨʠʘʣʝ 

ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ ʥʠʞʝ 10 ʂ. 

4.1 ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʨʝʟʫʣʴʪʘʪʳ 

ʇʨʠʤʝʥʝʥʠʝ ʘʣʛʦʨʠʪʤʘ ʦʙʨʘʙʦʪʢʠ ʜʘʥʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ 

ʨʝʟʫʣʴʪʘʪʦʚ (ʨʠʩʫʥʦʢ 6ʘ), ʧʦʣʫʯʝʥʥʳʭ ʤʝʪʦʜʦʤ TCT ʚ ʰʠʨʦʢʦʤ 

ʪʝʤʧʝʨʘʪʫʨʥʦʤ ʜʠʘʧʘʟʦʥʝ ʚʧʣʦʪʴ ʜʦ 7.6 ʂ, ʧʦʟʚʦʣʠʣʦ ʧʦʣʫʯʠʪʴ ʟʘʚʠʩʠʤʦʩʪʴ 

ʢʦʥʮʝʥʪʨʘʮʠʠ ʟʘʨʷʞʝʥʥʳʭ ʧʨʠʤʝʩʝʡ ʚ ʦʙʲʝʤʝ ʜʝʪʝʢʪʦʨʘ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ, 

ʢʦʪʦʨʘʷ ʧʦʢʘʟʘʥʘ ʥʘ ʨʠʩʫʥʢʝ 6b. ɺ ʨʝʟʫʣʴʪʘʪʝ ʚʳʯʠʩʣʝʥʠʡ ʙʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ 

ʵʣʝʢʪʨʠʯʝʩʢʦʝ ʧʦʣʝ ʚ ʦʙʲʝʤʝ ʜʝʪʝʢʪʦʨʘ ʨʘʩʧʨʝʜʝʣʝʥʦ ʣʠʥʝʡʥʦ ʧʨʠ ʣʶʙʦʡ 

ʪʝʤʧʝʨʘʪʫʨʝ, ʘ ʢʦʥʮʝʥʪʨʘʮʠʷ ʟʘʨʷʞʝʥʥʳʭ ʧʨʠʤʝʩʝʡ ʧʦʩʪʦʷʥʥʘ. 
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(a) (b) 

ʈʠʩʫʥʦʢ 6. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ TCT ʠʤʧʫʣʴʩʳ (a) ʠ ʨʝʟʫʣʴʪʘʪ ʚʳʯʠʩʣʝʥʠʷ 

ʢʦʥʮʝʥʪʨʘʮʠʠ ʟʘʨʷʞʝʥʥʳʭ ʧʨʠʤʝʩʝʡ (b). 

ʀʩʭʦʜʷ ʠʟ ʧʦʣʫʯʝʥʥʳʭ ʜʘʥʥʳʭ, ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 7.6 ʂ ʚʩʝ ʤʝʣʢʠʝ 

ʧʨʠʤʝʩʠ ʬʦʩʬʦʨʘ ʠʦʥʠʟʦʚʘʥʳ, ʩʣʝʜʦʚʘʪʝʣʴʥʦ ʤʦʞʥʦ ʜʘʪʴ ʦʮʝʥʢʫ ʩʚʝʨʭʫ ʜʣʷ 

ʚʝʣʠʯʠʥʳ ʵʥʝʨʛʠʠ ʘʢʪʠʚʘʮʠʠ. ʆʥʘ ʥʝ ʧʨʝʚʦʩʭʦʜʠʪ 5 ʤʵɺ.  

ʀʟʫʯʝʥʠʝ ʠʤʧʫʣʴʩʦʚ ʪʦʢʘ, ʧʦʣʫʯʝʥʥʳʭ ʥʘ ʥʝʧʦʣʥʦʩʪʴʶ ʦʙʝʜʥʝʥʥʳʭ 

ʜʝʪʝʢʪʦʨʘʭ (ʨʠʩʫʥʦʢ 7ʘ), ʧʦʟʚʦʣʠʣʦ ʚʳʯʠʩʣʠʪʴ ʵʥʝʨʛʠʶ ʘʢʪʠʚʘʮʠʠ ʬʦʩʬʦʨʘ ʚ 

ʥʝʡʪʨʘʣʴʥʦʤ ʦʙʲʝʤʝ ʧʦʣʫʧʨʦʚʦʜʥʠʢʘ. ʇʨʠ ʥʝʧʦʣʥʦʤ ʦʙʝʜʥʝʥʠʠ p-n ʧʝʨʝʭʦʜʘ 

ʯʘʩʪʴ ʦʙʲʝʤʘ ʜʝʪʝʢʪʦʨʘ ʥʝʡʪʨʘʣʴʥʘ, ʧʦʵʪʦʤʫ ʪʦʢʦʚʳʡ ʦʪʢʣʠʢ ʜʝʪʝʢʪʦʨʘ ʚ 

ʤʝʪʦʜʝ TCT ʩʦʩʪʦʠʪ ʠʟ ʜʚʫʭ ʢʦʤʧʦʥʝʥʪ. ʇʝʨʚʘʷ ʩʚʷʟʘʥʘ ʩ ʜʨʝʡʬʦʤ ʥʦʩʠʪʝʣʝʡ 

ʟʘʨʷʜʘ ʚ ʆʇɿ, ʚʪʦʨʘʷ ʩʚʷʟʘʥʘ ʩ ʪʦʢʦʤ ʥʝʦʩʥʦʚʥʳʭ ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ ʚ 

ʥʝʡʪʨʘʣʴʥʦʤ ʦʙʲʝʤʝ. ʊʝʤʧʝʨʘʪʫʨʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʚʪʦʨʦʡ ʢʦʤʧʦʥʝʥʪʳ ʪʦʢʘ 

ʦʧʨʝʜʝʣʷʝʪʩʷ ʚʝʣʠʯʠʥʦʡ ʵʥʝʨʛʠʠ ʘʢʪʠʚʘʮʠʠ ʧʨʠʤʝʩʠ [15]. ʅʘ ʨʠʩʫʥʢʝ 7ʘ 

ʟʘʤʝʪʥʘ ʪʨʘʥʩʬʦʨʤʘʮʠʷ ʩʠʛʥʘʣʘ ʚ ʨʘʡʦʥʝ ʪʝʤʧʝʨʘʪʫʨ 30 ʂ, ʩʚʷʟʘʥʥʘʷ ʩ 

ʠʟʤʝʥʝʥʠʝʤ ʟʘʧʦʣʥʝʥʠʷ ʘʪʦʤʦʚ ʬʦʩʬʦʨʘ ʚ ʥʝʡʪʨʘʣʴʥʦʡ ʯʘʩʪʠ ʦʙʲʝʤʘ. ʅʘ 

ʨʠʩʫʥʢʝ 7b ʧʦʢʘʟʘʥʘ ʟʘʚʠʩʠʤʦʩʪʴ ʧʦʩʪʦʷʥʥʦʡ ʚʨʝʤʝʥʠ ʵʤʠʩʩʠʠ ʵʣʝʢʪʨʦʥʦʚ ʦʪ 

ʦʙʨʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʳ, ʦʧʨʝʜʝʣʝʥʥʘʷ ʠʟ ʨʠʩʫʥʢʘ 7ʘ.   
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(a) (b) 

ʈʠʩʫʥʦʢ 7. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ TCT ʠʤʧʫʣʴʩʳ ʜʣʷ ʥʝʧʦʣʥʦʩʪʴʶ ʦʙʝʜʥʝʥʥʦʛʦ ʦʙʨʘʟʮʘ 

(a) ʠ ʨʝʟʫʣʴʪʘʪ ʚʳʯʠʩʣʝʥʠʷ ʧʦʩʪʦʷʥʥʦʡ ʚʨʝʤʝʥʠ ʟʘʭʚʘʪʘ (b). 

4.2 ɸʥʘʣʠʟ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ 

ɿʘʚʠʩʠʤʦʩʪʴ, ʧʦʢʘʟʘʥʥʘʷ ʥʘ ʨʠʩʫʥʢʝ 7b ʧʦʟʚʦʣʷʝʪ ʚʳʯʠʩʣʠʪʴ ʵʥʝʨʛʠʶ 

ʘʢʪʠʚʘʮʠʠ ʬʦʩʬʦʨʘ ʚ ʥʝʡʪʨʘʣʴʥʦʤ ʦʙʲʝʤʝ. ʆʥʘ ʩʦʚʧʘʣʘ ʩ ʪʦʯʥʦʩʪʴʶ 97% ʩ 

ʣʠʪʝʨʘʪʫʨʥʳʤʠ ʜʘʥʥʳʤʠ [9] ʠ ʩʦʩʪʘʚʠʣʘ 46 ʤʵɺ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʵʥʝʨʛʠʷ 

ʘʢʪʠʚʘʮʠʠ ʬʦʩʬʦʨʘ ʚ ʵʣʝʢʪʨʠʯʝʩʢʦʤ ʧʦʣʝ ʦʪʣʠʯʘʝʪʩʷ ʚ 9 ʨʘʟ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ 

ʚʝʣʠʯʠʥʦʡ ʵʥʝʨʛʠʠ ʘʢʪʠʚʘʮʠʠ ʬʦʩʬʦʨʘ ʚ ʥʝʡʪʨʘʣʴʥʦʤ ʤʘʪʝʨʠʘʣʝ. ɼʘʥʥʳʡ 

ʬʘʢʪ ʚ ʨʘʙʦʪʝ ʦʙʲʷʩʥʷʝʪʩʷ ʵʬʬʝʢʪʦʤ ʇʫʣʘ-ʌʨʝʥʢʝʣʷ, ʪʦ ʝʩʪʴ, ʠʩʢʘʞʝʥʠʝʤ 

ʧʦʪʝʥʮʠʘʣʴʥʦʛʦ ʙʘʨʴʝʨʘ ʜʦʥʦʨʘ ʜʣʷ ʵʣʝʢʪʨʦʥʘ, ʜʦʧʦʣʥʝʥʥʦʛʦ ʧʨʦʮʝʩʩʦʤ 

ʪʫʥʥʝʣʠʨʦʚʘʥʠʷ ʵʣʝʢʪʨʦʥʘ ʧʦʜ ʵʪʠʤ ʙʘʨʴʝʨʦʤ.  

ɻʣʘʚʘ 5. ʀʩʩʣʝʜʦʚʘʥʠʷ ʦʙʣʫʯʝʥʥʳʭ ʢʨʝʤʥʠʝʚʳʭ ʜʝʪʝʢʪʦʨʦʚ ʧʨʠ T=1.8 K 

ɺ ʧʷʪʦʡ ʛʣʘʚʝ ʨʘʙʦʪʳ ʧʨʠʚʦʜʷʪʩʷ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʨʝʟʫʣʴʪʘʪʳ, 

ʧʦʣʫʯʝʥʥʳʝ ʤʝʪʦʜʦʤ ʊʉʊ ʚ ʭʦʜʝ ʧʨʦʚʝʜʝʥʠʷ in situ ʨʘʜʠʘʮʠʦʥʥʳʭ ʪʝʩʪʦʚ ʥʘ 

ʫʩʢʦʨʠʪʝʣʝ ʧʨʦʪʦʥʦʚ (PS) ʚ ʎɽʈʅʝ, ʩʪʨʦʠʪʩʷ ʬʠʟʠʯʝʩʢʘʷ ʤʦʜʝʣʴ 

ʬʦʨʤʠʨʦʚʘʥʠʷ ʩʠʛʥʘʣʘ ʚ ʜʝʪʝʢʪʦʨʝ, ʚʢʣʶʯʘʶʱʘʷ ʚ ʩʝʙʝ ʧʝʨʝʥʦʩ 

ʥʝʨʘʚʥʦʚʝʩʥʦʛʦ ʟʘʨʷʜʘ ʚ ʥʝʩʢʦʣʴʢʦ ʩʪʘʜʠʡ ʩ ʣʘʚʠʥʥʳʤ ʫʤʥʦʞʝʥʠʝʤ ʥʦʩʠʪʝʣʝʡ 

ʟʘʨʷʜʘ, ʠ ʚʳʯʠʩʣʷʶʪʩʷ ʪʨʘʥʩʧʦʨʪʥʳʝ ʧʘʨʘʤʝʪʨʳ ʵʣʝʢʪʨʦʥʦʚ ʠ ʜʳʨʦʢ ʚ ʨʘʤʢʘʭ 

ʧʦʩʪʨʦʝʥʥʦʡ ʤʦʜʝʣʠ.  
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5.1 ʕʢʩʧʝʨʠʤʝʥʪ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʨʝʟʫʣʴʪʘʪʳ 

ʇʦʚʝʜʝʥʠʝ in situ ʨʘʜʠʘʮʠʦʥʥʳʭ ʪʝʩʪʦʚ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 1.9 ʂ ʧʦ ʤʝʪʦʜʫ, 

ʦʧʠʩʘʥʥʦʤʫ ʚ ʧ. 2.3, ʜʘʣʦ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʨʝʟʫʣʴʪʘʪ,r ʧʨʠʤʝʨ ʢʦʪʦʨʳʭ 

ʧʦʢʘʟʘʥ ʥʘ ʨʠʩʫʥʢʝ 8. ʇʦʩʢʦʣʴʢʫ ʣʘʟʝʨ ʛʝʥʝʨʠʨʦʚʘʣ ʥʦʩʠʪʝʣʠ ʟʘʨʷʜʘ ʫ n+ 

ʢʦʥʪʘʢʪʘ, ʦʞʠʜʘʣʦʩʴ ʥʘʙʣʶʜʝʥʠʝ ʜʨʝʡʬʘ ʜʳʨʦʢ ʚ ʩʪʦʨʦʥʫ p+ ʢʦʥʪʘʢʪʘ. ʇʨʠ 

ʪʝʤʧʝʨʘʪʫʨʝ 1.9 ʂ ʥʘʩʳʱʝʥʥʘʷ ʜʨʝʡʬʦʚʘʷ ʩʢʦʨʦʩʪʴ ʜʳʨʦʢ ʙʣʠʟʢʘ ʢ 1ʭ107 ʩʤ/ʩ 

ʠ ʧʨʠ ʪʦʣʱʠʥʝ ʦʙʨʘʟʮʘ 0.03 ʩʤ ʚʨʝʤʷ ʜʨʝʡʬʘ ʜʦʣʞʥʦ ʩʦʩʪʘʚʣʷʪʴ ʧʨʠʤʝʨʥʦ 3 

ʥʩ. ɺ ʪʦ ʚʨʝʤʷ ʢʘʢ ʧʨʠ ʜʦʟʝ ʦʙʣʫʯʝʥʠʷ ʜʝʪʝʢʪʦʨʘ 5ʭ1013 ʨ/ʩʤ2 ʜʣʠʪʝʣʴʥʦʩʪʴ 

ʠʤʧʫʣʴʩʘ ʧʨʝʚʳʰʘʝʪ 10 ʥʩ ʠ ʪʦʢ ʨʝʟʢʦ ʚʦʟʨʘʩʪʘʝʪ ʩʧʫʩʪʷ 3-4 ʥʩ ʧʦʩʣʝ ʣʘʟʝʨʥʦʡ 

ʛʝʥʝʨʘʮʠʠ. ʉʣʝʜʦʚʘʪʝʣʴʥʦ, ʪʦʢʦʚʳʡ ʠʤʧʫʣʴʩ, ʧʦʣʫʯʝʥʥʳʡ ʩ ʜʝʪʝʢʪʦʨʘ, ʥʝ 

ʤʦʞʝʪ ʙʳʪʴ ʦʪʢʣʠʢʦʤ ʪʦʣʴʢʦ ʥʘ ʤʦʥʦʧʦʣʷʨʥʳʡ ʜʨʝʡʬ ʜʳʨʦʢ ʚ ʦʙʲʝʤʝ. 

  

(a) (b) 

ʈʠʩʫʥʦʢ 8. TCT ʩʠʛʥʘʣʳ, ʟʘʧʠʩʘʥʥʳʝ ʚ ʤʦʤʝʥʪ ʦʙʣʫʯʝʥʠʷ ʧʨʦʪʦʥʘʤʠ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 

1.9 ʂ ʠ ʜʦʟʝ ʦʙʣʫʯʝʥʠʷ 5ʭ1013 ʨ/ʩʤ2 (a) ʠ 2.7ʭ1014 ʨ/ʩʤ2 (b). 

5.2 ʌʠʟʠʯʝʩʢʘʷ ʤʦʜʝʣʴ ʠ ʪʨʘʥʩʧʦʨʪʥʳʝ ʧʘʨʘʤʝʪʨʳ ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ 

ʏʪʦʙʳ ʦʙʲʷʩʥʠʪʴ ʧʦʣʫʯʝʥʥʳʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʙʳʣʘ 

ʧʦʩʪʨʦʝʥʘ ʩʣʝʜʫʶʱʘʷ ʤʦʜʝʣʴ ʬʦʨʤʠʨʦʚʘʥʠʷ ʩʠʛʥʘʣʘ. 

ʇʦʩʣʝ ʣʘʟʝʨʥʦʡ ʛʝʥʝʨʘʮʠʠ ʫ n+ ʢʦʥʪʘʢʪʘ ʚ ʪʝʯʝʥʠʝ 3-4 ʥʩ ʦʙʣʘʢʦ ʜʳʨʦʢ 

ʜʨʝʡʬʫʝʪ ʢ p+ ʢʦʥʪʘʢʪʫ ʠʥʜʫʮʠʨʫʷ ʧʝʨʚʫʶ ʧʣʘʚʥʦ ʩʧʘʜʘʶʱʫʶ ʯʘʩʪʴ ʪʦʢʦʚʦʛʦ 

ʦʪʢʣʠʢʘ. ɿʘʪʝʤ ʚ ʦʙʣʘʩʪʠ p+ ʢʦʥʪʘʢʪʘ ʜʳʨʢʠ ʦʢʘʟʳʚʘʶʪʩʷ ʚ ʦʙʣʘʩʪʠ ʚʳʩʦʢʦʛʦ 

ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ ʠ ʠʥʠʮʠʠʨʫʶʪ ʫʜʘʨʥʫʶ ʠʦʥʠʟʘʮʠʶ ʚ ʤʘʪʝʨʠʘʣʝ. ɺ 

ʪʦʥʢʦʤ ʩʣʦʝ ʛʝʥʝʨʠʨʫʶʪʩʷ ʧʘʨʳ ʜʳʨʦʢ ʠ ʵʣʝʢʪʨʦʥʦʚ, ʧʨʝʚʦʩʭʦʜʷʱʠʝ ʧʦ ʯʠʩʣʫ 
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ʧʝʨʚʠʯʥʳʝ ʜʳʨʢʠ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʨʝʟʢʦʤʫ ʫʚʝʣʠʯʝʥʠʝ ʪʦʢʘ. ɿʘʪʝʤ 

ʧʦʷʚʠʚʰʠʝʩʷ ʵʣʝʢʪʨʦʥʳ ʜʨʝʡʬʫʶʪ ʦʙʨʘʪʥʦ ʚ ʩʪʦʨʦʥʫ n+ ʢʦʥʪʘʢʪʘ ʠʥʜʫʮʠʨʫʷ 

ʚʪʦʨʫʶ ʯʘʩʪʴ ʪʦʢʦʚʦʛʦ ʦʪʢʣʠʢʘ. ʇʨʠ ʵʪʦʤ ʚ ʦʙʣʘʩʪʠ n+ ʢʦʥʪʘʢʪʘ ʠ ʜʦʟʝ 

ʦʙʣʫʯʝʥʠʷ ʜʝʪʝʢʪʦʨʘ 5ʭ1013 ʨ/ʩʤ2 ʚʝʣʠʯʠʥʘ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ ʥʝʜʦʩʪʘʪʦʯʥʘ 

ʜʣʷ ʧʦʚʪʦʨʥʦʛʦ ʫʤʥʦʞʝʥʠʷ ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ, ʠʥʠʮʠʠʨʦʚʘʥʥʦʛʦ ʵʣʝʢʪʨʦʥʘʤʠ.  

ʇʨʠ ʫʚʝʣʠʯʝʥʠʠ ʜʦʟʳ ʦʙʣʫʯʝʥʠʷ ʜʝʪʝʢʪʦʨʘ ʜʦ ʚʝʣʠʯʠʥʳ 2.7ʭ1014 ʨ/ʩʤ2 

(ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʧʦʢʘʟʘʥʳ ʥʘ ʨʠʩʫʥʢʝ 8ʙ) ʚ ʧʝʨʚʦʡ ʩʪʘʜʠʠ 

ʧʝʨʝʥʦʩʘ ʟʘʨʷʜʘ ʚʨʝʤʷ ʞʠʟʥʠ ʜʳʨʦʢ ʩʪʘʥʦʚʠʪʩʷ ʩʫʱʝʩʪʚʝʥʥʦ ʤʝʥʴʰʝ ʚʨʝʤʝʥʠ 

ʠʭ ʜʨʝʡʬʘ, ʧʦʵʪʦʤ ʥʘʙʣʶʜʘʝʪʩʷ ʨʝʟʢʠʡ ʵʢʩʧʦʥʝʥʮʠʘʣʴʥʳʡ ʩʧʘʜ. ʆʜʥʘʢʦ 

ʜʣʠʪʝʣʴʥʦʩʪʴ ʠʤʧʫʣʴʩʘ ʚ ʜʘʥʥʦʤ ʩʣʫʯʘʝ ʩʦʩʪʘʚʣʷʝʪ ʙʦʣʴʰʝ 15 ʥʩ, ʘ ʟʥʘʯʝʥʠʝ 

ʪʦʢʘ ʚ ʤʦʤʝʥʪ ʣʘʟʝʨʥʦʡ ʛʝʥʝʨʘʮʠʠ ʩʫʱʝʩʪʚʝʥʥʦ ʟʘʚʠʩʠʪ ʦʪ ʚʝʣʠʯʠʥʳ 

ʧʨʠʣʦʞʝʥʥʦʛʦ ʩʤʝʱʝʥʠʷ. ɼʘʥʥʳʡ ʬʘʢʪ ʤʦʞʝʪ ʙʳʪʴ ʦʙʲʷʩʥʝʥ ʪʝʤ, ʯʪʦ ʧʨʠ ʜʦʟʝ 

ʦʙʣʫʯʝʥʠʷ 2.7ʭ1014 ʨ/ʩʤ2 ʚʝʣʠʯʠʥʘ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ ʚʙʣʠʟʠ n+ ʢʦʥʪʘʢʪʘ 

ʩʪʘʥʦʚʠʪʩʷ ʜʦʩʪʘʪʦʯʥʦʡ ʜʣʷ ʚʦʟʥʠʢʥʦʚʝʥʠʷ ʫʜʘʨʥʦʡ ʠʦʥʠʟʘʮʠʠ. ʊʦ ʝʩʪʴ ʧʨʠ 

ʪʘʢʦʡ ʜʦʟʝ ʦʙʣʫʯʝʥʠʷ ʥʘʙʣʶʜʘʝʪʩʷ ʪʨʝʪʴʷ ʩʪʘʜʠʷ ʧʝʨʝʥʦʩʘ ʟʘʨʷʜʘ, ʩʦʩʪʦʷʱʘʷ 

ʚ ʜʨʝʡʬʝ ʚʪʦʨʠʯʥʦ ʛʝʥʝʨʠʨʦʚʘʥʥʳʭ ʫʜʘʨʥʦʡ ʠʦʥʠʟʘʮʠʠ ʜʳʨʦʢ ʢ p+ ʢʦʥʪʘʢʪʫ 

ʜʝʪʝʢʪʦʨʘ 

ʅʘ ʨʠʩʫʥʢʝ 9 ʧʦʢʘʟʘʥ ʚʘʨʠʘʥʪ ʘʧʧʨʦʢʩʠʤʘʮʠʠ ʪʦʢʦʚʦʛʦ ʦʪʢʣʠʢʘ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʩʫʤʤʳ ɻʘʫʩʩʠʘʥʦʚ, ʢʦʪʦʨʘʷ ʧʦʟʚʦʣʷʝʪ ʚʳʯʠʩʣʠʪʴ ʧʘʨʘʤʝʪʨʳ 

ʜʨʝʡʬʘ ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ ʚʦ ʚʪʦʨʦʡ ʠ ʪʨʝʪʴʝʡ ʩʪʘʜʠʷʭ.  

 

ʈʠʩʫʥʦʢ 9. ɸʧʧʨʦʢʩʠʤʘʮʠʷ ʪʦʢʦʚʦʛʦ ʦʪʢʣʠʢʘ ʜʝʪʝʢʪʦʨʘ, ʦʙʣʫʯʝʥʥʦʛʦ ʧʨʦʪʦʥʘʤʠ ʜʦ ʜʦʟʳ 

2.7ʭ1014 ʨ/ʩʤ2. 

ʆʩʥʦʚʳʚʘʷʩʴ ʥʘ ʧʦʩʪʨʦʝʥʥʦʡ ʤʦʜʝʣʠ, ʙʳʣʘ ʧʨʦʚʝʜʝʥʘ ʦʙʨʘʙʦʪʢʘ 

ʪʦʢʦʚʳʭ ʦʪʢʣʠʢʦʚ ʜʝʪʝʢʪʦʨʘ ʠ ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʩʣʝʜʫʶʱʠʝ ʨʝʟʫʣʴʪʘʪʳ ʜʣʷ 
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ʪʨʘʥʩʧʦʨʪʥʳʭ ʧʘʨʘʤʝʪʨʦʚ (ʚʨʝʤʷ ʜʨʝʡʬʘ, ʪʦʢ ʚ ʥʫʣʝʚʦʡ ʤʦʤʝʥʪ ʚʨʝʤʝʥʠ, 

ʩʦʙʨʘʥʥʳʡ ʟʘʨʷʜ ʠ ʧʦʩʪʦʷʥʥʘʷ ʚʨʝʤʝʥʠ ʟʘʭʚʘʪʘ) ʵʣʝʢʪʨʦʥʦʚ ʠ ʜʳʨʦʢ, 

ʧʦʢʘʟʘʥʥʳʝ ʥʘ ʨʠʩʫʥʢʝ 10. 

  

(a) (b) 

  

(c) (d) 

ʈʠʩʫʥʦʢ 10. ɿʘʚʠʩʠʤʦʩʪʠ ʪʨʘʥʩʧʦʨʪʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ ʦʪ ʚʝʣʠʯʠʥʳ 

ʩʨʝʜʥʝʛʦ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ ʚ ʜʝʪʝʢʪʦʨʝ (a) ʚʨʝʤʷ ʜʨʝʡʬʘ ʜʳʨʦʢ, (b) ʧʦʩʪʦʷʥʥʘʷ 

ʚʨʝʤʝʥʠ ʟʘʭʚʘʪʘ, (c) ʪʦʢ ʚ ʥʫʣʝʚʦʡ ʤʦʤʝʥʪ ʚʨʝʤʝʥʠ (d) ʩʦʙʨʘʥʥʳʡ ʟʘʨʷʜ. 

ʃʠʥʝʡʥʳʝ ʵʢʩʪʨʘʧʦʣʷʮʠʠ ʥʘ ʨʠʩʫʥʢʘʭ 10ʩ ʠ 10d ʧʦʜʪʚʝʨʞʜʘʶʪ ʛʠʧʦʪʝʟʫ 

ʦ ʚʦʟʥʠʢʥʦʚʝʥʠʠ ʚʪʦʨʦʡ ʢʦʤʧʦʥʝʥʪʳ ʠʤʧʫʣʴʩʘ ʪʦʢʘ ʚʩʣʝʜʩʪʚʠʝ ʣʘʚʠʥʥʦʛʦ 

ʫʤʥʦʞʝʥʠʷ. ɼʝʡʩʪʚʠʪʝʣʴʥʦ, ʟʘʚʠʩʠʤʦʩʪʴ ʩʦʙʨʘʥʥʦʛʦ ʟʘʨʷʜʘ ʵʣʝʢʪʨʦʥʦʚ ʦʪ 

ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ ʥʝ ʧʝʨʝʩʝʢʘʝʪ ʥʘʯʘʣʦ ʢʦʦʨʜʠʥʘʪ ʠ ʠʤʝʝʪ ʧʦʨʦʛʦʚʳʡ 

ʭʘʨʘʢʪʝʨ.  

ʆʙʨʘʙʦʪʢʘ ʜʘʥʥʳʭ, ʧʨʝʜʩʪʘʚʣʝʥʥʳʭ ʥʘ ʨʠʩʫʥʢʘʭ 10b ʠ 10d, ʧʦʟʚʦʣʷʝʪ 

ʧʦʩʪʨʦʠʪʴ ʟʘʚʠʩʠʤʦʩʪʠ ʧʦʩʪʦʷʥʥʦʡ ʚʨʝʤʝʥʠ ʟʘʭʚʘʪʘ ʜʳʨʦʢ ʦʪ ʚʝʣʠʯʠʥʳ ʜʦʟʳ 

ʦʙʣʫʯʝʥʠʷ ʠ ʚʥʫʪʨʝʥʥʝʛʦ ʢʦʵʬʬʠʮʠʝʥʪʘ ʫʤʥʦʞʝʥʠʷ ʟʘʨʷʜʘ ʜʣʷ ʜʦʟʳ 

5ʭ1013 ʨ/ʩʤ2, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʈʝʟʫʣʴʪʘʪʳ ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʨʠʩʫʥʢʝ 11.  
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(ʘ) (b) 

ʈʠʩʫʥʦʢ 11. ɿʘʚʠʩʠʤʦʩʪʠ ʧʦʩʪʦʷʥʥʦʡ ʚʨʝʤʝʥʠ ʟʘʭʚʘʪʘ ʜʳʨʦʢ ʦʪ ʜʦʟʳ ʦʙʣʫʯʝʥʠʷ (ʘ) ʠ 

ʚʥʫʪʨʝʥʥʝʛʦ ʢʦʵʬʬʠʮʠʝʥʪʘ ʫʤʥʦʞʝʥʠʷ ʟʘʨʷʜʘ ʦʪ ʧʨʠʣʦʞʝʥʥʦʛʦ ʩʤʝʱʝʥʠʷ (b). 

ʂʦʵʬʬʠʮʠʝʥʪ ʥʘʢʣʦʥʘ ʧʨʷʤʦʡ ʥʘ ʨʠʩʫʥʢʝ 11ʘ ʦʢʘʟʘʣʩʷ ʚ 5 ʨʘʟ ʙʦʣʴʰʝ, 

ʯʝʤ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ -10 Áʉ, ʩʣʝʜʦʚʘʪʝʣʴʥʦ ʩʢʦʨʦʩʪʴ ʫʤʝʥʴʰʝʥʠʷ ʚʨʝʤʝʥʠ 

ʞʠʟʥʠ ʜʳʨʦʢ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 1.9 ʂ ʚ 5 ʨʘʟ ʚʳʰʝ, ʯʝʤ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ -10 Áʉ, 

ʯʪʦ ʦʙʲʷʩʥʷʝʪʩʷ ʦʩʦʙʝʥʥʦʩʪʷʤʠ ʜʝʬʝʢʪʦʦʙʨʘʟʦʚʘʥʠʷ ʧʨʠ ʢʨʠʦʛʝʥʥʳʭ 

ʪʝʤʧʝʨʘʪʫʨʘʭ.  

5.3 ʉʮʝʥʘʨʠʡ ʨʘʜʠʘʮʠʦʥʥʦʡ ʜʝʛʨʘʜʘʮʠʠ 

ɺ ʨʘʙʦʪʝ [16] ʠʩʩʣʝʜʦʚʘʣʠʩʴ ʟʘʚʠʩʠʤʦʩʪʠ ʩʦʙʨʘʥʥʦʛʦ ʜʝʪʝʢʪʦʨʘʤʠ ʩ 

ʨʘʟʣʠʯʥʦʡ ʪʦʣʱʠʥʦʡ ʟʘʨʷʜʘ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 1.9 ʂ ʦʪ ʜʦʟʳ ʦʙʣʫʯʝʥʠʷ 

ʧʨʦʪʦʥʘʤʠ. ʈʝʟʫʣʴʪʘʪʳ ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʨʠʩʫʥʢʝ 12. ʆʞʠʜʘʣʦʩʴ ʥʘʙʣʶʜʝʥʠʝ 

ʨʝʟʢʦʛʦ ʧʘʜʝʥʠʷ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʩʦʙʠʨʘʥʠʷ ʟʘʨʷʜʘ ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ ʜʦʟʳ 

ʦʙʣʫʯʝʥʠʷ ʚ ʩʚʷʟʠ ʩ ʫʤʝʥʴʰʝʥʠʝʤ ʚʨʝʤʝʥʠ ʞʠʟʥʠ ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ. ʆʜʥʘʢʦ 

ʚʦ ʚʩʝʭ ʩʣʫʯʘʷʭ ʧʨʠ ʜʦʩʪʠʞʝʥʠʠ ʜʦʟʳ ʦʙʣʫʯʝʥʠʷ ʚ ʜʠʘʧʘʟʦʥʝ 1013-1014 p/ʩʤ2 

ʥʘʙʣʶʜʘʝʪʩʷ ʫʚʝʣʠʯʝʥʠʝ ʩʦʙʨʘʥʥʦʛʦ ʟʘʨʷʜʘ. ʊʘʢʦʝ ʧʦʚʝʜʝʥʠʝ ʟʘʚʠʩʠʤʦʩʪʝʡ ʥʘ 

ʨʠʩʫʥʢʝ 12 ʤʦʞʝʪ ʙʳʪʴ ʦʙʲʷʩʥʝʥʦ ʚʣʠʷʥʠʝʤ ʦʙʥʘʨʫʞʝʥʥʦʛʦ ʚ ʜʝʪʝʢʪʦʨʘʭ 

ʵʬʬʝʢʪʘ ʣʘʚʠʥʥʦʛʦ ʫʤʥʦʞʝʥʠʷ. ʊʘʢ ʢʘʢ ʠʩʩʣʝʜʦʚʘʣʩʷ ʩʦʙʨʘʥʥʳʡ ʟʘʨʷʜ, ʪʦ ʝʩʪʴ 

ʠʥʪʝʛʨʘʣ ʦʪ ʪʦʢʘ, ʪʦ ʥʘʣʠʯʠʝ ʥʝʩʢʦʣʴʢʠʭ ʩʪʘʜʠʡ ʧʝʨʝʥʦʩʘ ʟʘʨʷʜʘ ʵʬʬʝʢʪʠʚʥʦ 

ʫʚʝʣʠʯʠʚʘʝʪ ʠʟʥʘʯʘʣʴʥʦ ʛʝʥʝʨʠʨʦʚʘʥʥʳʡ ʟʘʨʷʜ ʠ ʢʦʤʧʝʥʩʠʨʫʝʪ ʝʛʦ ʩʥʠʞʝʥʠʝ 

ʟʘ ʩʯʝʪ ʫʤʝʥʴʰʝʥʠʷ ʚʨʝʤʝʥʠ ʞʠʟʥʠ. ɿʘʪʝʤ ʧʨʠ ʜʦʩʪʠʞʝʥʠʠ ʜʦʟʳ ʧʨʠʤʝʨʥʦ 

1015 ʨ/ʩʤ2 ʚʢʣʘʜ ʣʘʚʠʥʥʦʛʦ ʫʤʥʦʞʝʥʠʷ ʩʪʘʥʦʚʠʪʩʷ ʥʝʜʦʩʪʘʪʦʯʥʳʤ, ʪʘʢ ʢʘʢ 
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ʧʨʝʥʝʙʨʝʞʠʤʦ ʤʘʣʘʷ ʯʘʩʪʴ ʠʟʥʘʯʘʣʴʥʦ ʛʝʥʝʨʠʨʦʚʘʥʥʦʛʦ ʟʘʨʷʜʘ ʤʦʞʝʪ ʧʦʧʘʩʪʴ 

ʚ ʦʙʣʘʩʪʴ ʚʳʩʦʢʦʛʦ ʧʦʣʷ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʧʘʜʝʥʠʶ ʩʠʛʥʘʣʘ. 

 

ʈʠʩʫʥʦʢ 12. ɿʘʚʠʩʠʤʦʩʪʴ ʩʦʙʨʘʥʥʦʛʦ ʜʝʪʝʢʪʦʨʦʤ ʟʘʨʷʜʘ ʦʪ ʜʦʟʳ ʦʙʣʫʯʝʥʠʷ. (ʘ) ʫʜʝʣʴʥʦʝ 

ʩʦʧʨʦʪʠʚʣʝʥʠʝ 15 ʢʆʤ*ʩʤ, ʪʦʣʱʠʥʘ 0.03 ʩʤ, (b) ʫʜʝʣʴʥʦʝ ʩʦʧʨʦʪʠʚʣʝʥʠʝ 500 ʆʤ*ʩʤ, 

ʪʦʣʱʠʥʘ 0.03 ʩʤ, (c) ʫʜʝʣʴʥʦʝ ʩʦʧʨʦʪʠʚʣʝʥʠʝ 15 ʢʆʤ*ʩʤ, ʪʦʣʱʠʥʘ 0.01 ʩʤ, (d) ʫʜʝʣʴʥʦʝ 

ʩʦʧʨʦʪʠʚʣʝʥʠʝ 15 ʢʆʤ*ʩʤ, ʪʦʣʱʠʥʘ 0.01 ʩʤ. 

ʆʧʠʩʘʥʥʳʡ ʵʬʬʝʢʪ ʩʫʱʝʩʪʚʝʥʥʦ ʧʨʦʜʣʝʚʘʝʪ ʩʨʦʢ ʵʢʩʧʣʫʘʪʘʮʠʠ 

ʢʨʝʤʥʠʝʚʳʭ ʜʝʪʝʢʪʦʨʦʚ, ʪʘʢ ʢʘʢ ʵʬʬʝʢʪʠʚʥʦ ʟʘʤʝʜʣʷʝʪ ʜʝʛʨʘʜʘʮʠʶ 

ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʩʦʙʠʨʘʥʠʷ ʟʘʨʷʜʘ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʜʦʟʳ ʦʙʣʫʯʝʥʠʷ. ʇʨʠ ʵʪʦʤ 

ʧʨʦʷʚʣʝʥʠʝ ʤʥʦʛʦʩʪʘʜʠʡʥʦʛʦ ʧʨʦʮʝʩʩʘ ʧʝʨʝʥʦʩʘ ʟʘʨʷʜʘ ʚ ʦʙʣʫʯʝʥʥʳʭ pad-

ʜʝʪʝʢʪʦʨʘʭ ʙʳʣʦ ʟʘʬʠʢʩʠʨʦʚʘʥʦ ʪʦʣʴʢʦ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 1.9 ʂ ʚ in situ ʪʝʩʪʘʭ, 

ʯʪʦ ʤʦʞʝʪ ʙʳʪʴ ʦʙʲʷʩʥʝʥʦ ʦʩʦʙʝʥʥʦʩʪʷʤʠ ʜʝʬʝʢʪʦʦʙʨʘʟʦʚʘʥʠʷ ʚ ʪʘʢʠʭ 

ʫʩʣʦʚʠʷʭ. 

ɻʣʘʚʘ 6. ʀʩʩʣʝʜʦʚʘʥʠʷ ʢʨʝʤʥʠʝʚʳʭ ʜʝʪʝʢʪʦʨʦʚ, ʦʙʣʫʯʝʥʥʳʭ ʠʦʥʘʤʠ 

ʘʨʛʦʥʘ, ʧʨʠ ʊ=200 ï 300 ʂ 

ʐʝʩʪʘʷ ʛʣʘʚʘ ʨʘʙʦʪʳ ʧʦʩʚʷʱʝʥʘ ʨʝʰʝʥʠʶ ʧʝʨʩʧʝʢʪʠʚʥʦʡ ʧʨʠʢʣʘʜʥʦʡ 

ʟʘʜʘʯʠ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʢʨʝʤʥʠʝʚʳʭ ʜʝʪʝʢʪʦʨʦʚ ʜʣʷ ʨʝʛʠʩʪʨʘʮʠʠ ʪʷʞʝʣʳʭ 

ʠʦʥʦʚ. ʇʨʠʚʦʜʷʪʩʷ ʨʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠ ̫ʧʝʨʝʩʪʨʦʡʢʠ ʧʦʣʷ ʚ ʢʨʝʤʥʠʝʚʦʤ 
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ʜʝʪʝʢʪʦʨʝ ʧʦʜ ʚʦʟʜʝʡʩʪʚʠʝʤ ʠʦʥʦʚ 40Ar+7 ʩ ʵʥʝʨʛʠʷʤʠ 1.62 ɻʵɺ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʨʘʟʨʘʙʦʪʘʥʥʦʡ ʪʝʭʥʠʢʠ ʠ ʘʣʛʦʨʠʪʤʦʚ.    

6.1 ʆʩʦʙʝʥʥʦʩʪʠ ʨʘʜʠʘʮʠʦʥʥʦʡ ʜʝʛʨʘʜʘʮʠʠ 

ʂʨʝʤʥʠʝʚʳʝ ʜʝʪʝʢʪʦʨʳ ʚ ʫʩʢʦʨʠʪʝʣʴʥʳʭ ʫʩʪʘʥʦʚʢʘʭ ʧʦʜʚʝʨʛʘʶʪʩʷ 

ʚʦʟʜʝʡʩʪʚʠʶ ʤʥʦʞʝʩʪʚʘ ʯʘʩʪʠʮ ï ʟʘʨʷʞʝʥʥʳʭ ʘʜʨʦʥʦʚ, ʥʝʡʪʨʦʥʦʚ, ʛʘʤʤʘ-

ʢʚʘʥʪʦʚ ʠ ʜʨʫʛʠʭ. ʂʦʤʙʠʥʘʮʠʷ ʦʙʣʫʯʘʶʱʠʭ ʯʘʩʪʠʮ ʚ ʟʥʘʯʠʪʝʣʴʥʦʡ ʩʪʝʧʝʥʠ 

ʚʣʠʷʝʪ ʥʘ ʜʝʬʝʢʪʦʦʙʨʘʟʦʚʘʥʠʝ ʚ ʤʘʪʝʨʠʘʣʝ ʠ ʬʫʥʢʮʠʦʥʠʨʦʚʘʥʠʝ ʧʨʠʙʦʨʘ. ʇʦʜ 

ʚʦʟʜʝʡʩʪʚʠʝʤ ʦʙʣʫʯʝʥʠʷ ʚ ʢʨʝʤʥʠʠ ʩʦʟʜʘʝʪʩʷ ʩʧʝʢʪʨ ʵʣʝʢʪʨʠʯʝʩʢʠ ʘʢʪʠʚʥʳʭ 

ʫʨʦʚʥʝʡ ʚ ʟʘʧʨʝʱʝʥʥʦʡ ʟʦʥʝ ʧʦʣʫʧʨʦʚʦʜʥʠʢʘ, ʢʘʢ ʤʝʣʢʠʭ, ʪʘʢ ʠ ʛʣʫʙʦʢʠʭ. 

ʉʦʦʪʥʦʰʝʥʠʝ ʠʭ ʢʦʥʮʝʥʪʨʘʮʠʡ ʟʘʚʠʩʠʪ ʦʪ ʪʠʧʘ ʤʘʪʝʨʠʘʣʘ, ʠʟ ʢʦʪʦʨʦʛʦ 

ʠʟʛʦʪʦʚʣʝʥ ʜʝʪʝʢʪʦʨ, ʠ ʦʪ ʪʠʧʘ ʦʙʣʫʯʘʶʱʠʭ ʯʘʩʪʠʮ, ʢʦʪʦʨʳʝ ʩʦʟʜʘʶʪ 

ʧʝʨʚʠʯʥʳʝ ʚʘʢʘʥʩʠʠ ʠ ʤʝʞʜʦʫʟʣʠʷ ʩ ʨʘʟʣʠʯʥʦʡ ʧʣʦʪʥʦʩʪʴʶ. ʉ ʫʚʝʣʠʯʝʥʠʝʤ 

ʘʪʦʤʥʦʡ ʤʘʩʩʳ ʯʘʩʪʠʮ ʠ ʜʦʟʳ ʦʙʣʫʯʝʥʠʷ ʩʚʷʟʢʠ ʚʘʢʘʥʩʠʡ ʠ ʢʣʘʩʪʝʨʳ, 

ʩʚʷʟʘʥʥʳʝ ʩ ʚʘʢʘʥʩʠʷʤʠ, ʜʦʤʠʥʠʨʫʶʪ ʧʨʠ ʜʝʬʝʢʪʦʦʙʨʘʟʦʚʘʥʠʠ ʠ ʚʥʦʩʷʪ 

ʦʧʨʝʜʝʣʷʶʱʠʡ ʚʢʣʘʜ ʚ ʵʣʝʢʪʨʦʬʠʟʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʜʝʪʝʢʪʦʨʘ [17]. ɺʘʞʥʳʤ 

ʷʚʣ̫ʝʪʩʷ ʩʦʦʪʥʦʰʝʥʠʝ ʪʦʯʝʯʥʳʭ ʠ ʢʣʘʩʪʝʨʥʳʭ ʜʝʬʝʢʪʦʚ, ʪʘʢ ʢʘʢ ʦʥʦ ʟʘʚʠʩʠʪ 

ʦʪ ʧʦʣʦʞʝʥʠʷ ʜʝʪʝʢʪʦʨʦʚ ʚʥʫʪʨʠ ʫʩʢʦʨʠʪʝʣʴʥʳʭ ʫʩʪʘʥʦʚʦʢ ʠ ʠʭ ʙʣʠʟʦʩʪʠ ʢ 

ʪʦʯʢʘʤ ʩʪʦʣʢʥʦʚʝʥʠʷ ʫʩʢʦʨʷʶʱʠʭʩʷ ʯʘʩʪʠʮ. ʇʦʵʪʦʤʫ ʠʩʩʣʝʜʦʚʘʥʠʷ, 

ʥʘʧʨʘʚʣʝʥʥʳʝ ʥʘ ʠʟʫʯʝʥʠʝ ʟʘʚʠʩʠʤʦʩʪʠ ʩʦʦʪʥʦʰʝʥʠʷ ʪʦʯʝʯʥʳʭ ʠ ʢʣʘʩʪʝʨʥʳʭ 

ʜʝʬʝʢʪʦʚ ʦʪ ʪʠʧʘ ʦʙʣʫʯʝʥʠʷ ʠ ʜʦʟʳ ʧʦʟʚʦʣʷʶʪ ʧʦʩʪʨʦʠʪʴ ʩʮʝʥʘʨʠʡ 

ʨʘʜʠʘʮʠʦʥʥʦʡ ʜʝʛʨʘʜʘʮʠʠ ʤʘʪʝʨʠʘʣʘ ʠ ʩʧʨʦʛʥʦʟʠʨʦʚʘʪʴ ʨʘʙʦʪʦʩʧʦʩʦʙʥʦʩʪʴ 

ʫʩʪʨʦʡʩʪʚ ʚ ʵʢʩʧʝʨʠʤʝʥʪʘʭ ʧʦ ʷʜʝʨʥʦʡ ʬʠʟʠʢʝ. 

6.2 ʕʢʩʧʝʨʠʤʝʥʪ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʨʝʟʫʣʴʪʘʪʳ 

ʕʢʩʧʝʨʠʤʝʥʪ ʧʦ ʠʟʫʯʝʥʠʶ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ ʚ 

ʜʝʪʝʢʪʦʨʘʭ, ʦʙʣʫʯʝʥʥʳʭ ʠʦʥʘʤʠ, ʙʳʣ ʧʨʦʚʝʜʝʥ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ p+/n/n+ 

ʜʝʪʝʢʪʦʨʦʚ ʪʦʣʱʠʥʦʡ 0.03 ʩʤ, ʧʣʦʱʘʜʴʶ p-n ʧʝʨʝʭʦʜʘ 0.25 ʩʤ2 ʠ ʫʜʝʣʴʥʳʤ 

ʩʦʧʨʦʪʠʚʣʝʥʠʝʤ 10 ʢʆʤ*ʩʤ (ʢʦʥʮʝʥʪʨʘʮʠʷ ʣʝʛʠʨʫʶʱʝʡ ʧʨʠʤʝʩʠ ʬʦʩʬʦʨʘ 

4ʭ1011 ʩʤ-3) ʩ ʥʘʧʨʷʞʝʥʠʝʤ ʧʦʣʥʦʛʦ ʦʙʝʜʥʝʥʠʷ Vfd = 30 ɺ. ʆʙʣʫʯʝʥʠʝ 

ʜʝʪʝʢʪʦʨʦʚ ʧʨʦʚʦʜʠʣʦʩʴ ʥʘ ʫʩʪʘʥʦʚʢʝ ACCULINNA ʥʘ ʫʩʢʦʨʠʪʝʣʝ U-400M ʚ 

ʆʀʗʀ, ɼʫʙʥʘ, ʈʦʩʩʠʷ ʠʦʥʘʤʠ ʘʨʛʦʥʘ 40Ar+7 ʩ ʵʥʝʨʛʠʷʤʠ 1.62 ɻʵɺ ʠ 
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ʠʥʪʝʥʩʠʚʥʦʩʪʴʶ ʧʫʯʢʘ 108 - 1010 ʠʦʥ/ʩʤ2. ɼʦʟʘ ʦʙʣʫʯʝʥʠʷ ʜʝʪʝʢʪʦʨʦʚ, 

ʠʩʩʣʝʜʫʝʤʳʭ ʚ ʨʘʙʦʪʝ ʩʦʩʪʘʚʠʣʘ 1ʭ1012 - 2.31ʭ1013 ʠʦʥ/ʩʤ2. ʕʢʩʧʝʨʠʤʝʥʪ ʙʳʣ 

ʧʨʦʚʝʜʝʥ ʧʦ ʤʝʪʦʜʫ ʧʝʨʝʭʦʜʥʦʛʦ ʪʦʢʘ ʥʘ ʫʩʪʘʥʦʚʢʝ, ʦʧʠʩʘʥʥʦʡ ʚ ʧ. 2.2. 

ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʧʦʢʘʟʘʥʳ ʥʘ ʨʠʩʫʥʢʝ 13. ɼʝʪʝʢʪʦʨʳ 

ʠʩʩʣʝʜʦʚʘʣʠʩʴ ʚ ʪʝʤʧʝʨʘʪʫʨʥʦʤ ʜʠʘʧʘʟʦʥʝ 200 < T < 292 K, ʪʘʢ ʢʘʢ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʢʨʝʤʥʠʝʚʳʭ ʩʝʥʩʦʨʦʚ ʥʘ ʫʩʢʦʨʠʪʝʣʷʭ ʪʷʞʝʣʳʭ ʠʦʥʦʚ 

ʧʨʝʜʧʦʣʘʛʘʝʪ ʠʭ ʦʭʣʘʞʜʝʥʠʝ ʜʦ ʪʝʤʧʝʨʘʪʫʨ -50 Áʉ ʩ ʮʝʣʴʶ ʤʠʥʠʤʠʟʘʮʠʠ 

ʪʝʤʥʦʚʦʛʦ ʪʦʢʘ. 

 

ʈʠʩʫʥʦʢ 13. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʨʝʟʫʣʴʪʘʪʳ TCT, ʧʦʣʫʯʝʥʥʳʝ ʜʣʷ ʜʝʪʝʢʪʦʨʘ, ʦʙʣʫʯʝʥʥʦʛʦ 

ʠʦʥʘʤʠ ʘʨʛʦʥʘ (ʛʝʥʝʨʘʮʠʷ ʫ p+ ʢʦʥʪʘʢʪʘ). (ʘ) T=293 K, ʨʘʟʣʠʯʥʳʝ ʥʘʧʨʷʞʝʥʠʷ ʩʤʝʱʝʥʠʷ, 

(b) Vb=55 ɺ, ʨʘʟʣʠʯʥʳʝ ʪʝʤʧʝʨʘʪʫʨʳ. 

ʇʣʦʱʘʜʠ ʪʦʢʦʚʳʭ ʠʤʧʫʣʴʩʦʚ, ʪʦ ʝʩʪʴ, ʩʦʙʨʘʥʥʳʡ ʜʝʪʝʢʪʦʨʦʤ ʟʘʨʷʜ, 

ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʨʠʩʫʥʢʝ 14. ʇʦʩʪʦʷʥʩʪʚʦ ʩʦʙʨʘʥʥʦʛʦ ʟʘʨʷʜʘ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ 

ʦ ʥʝʩʫʱʝʩʪʚʝʥʥʦʩʪʠ ʧʨʦʮʝʩʩʦʚ ʟʘʭʚʘʪʘ ʵʣʝʢʪʨʦʥʦʚ, ʯʪʦ ʦʙʲʷʩʥʷʝʪʩʷ 

ʟʥʘʯʠʪʝʣʴʥʳʤ ʧʨʝʚʳʰʝʥʠʝʤ ʧʦʩʪʦʷʥʥʦʡ ʚʨʝʤʝʥʠ ʟʘʭʚʘʪʘ ʥʘʜ ʚʨʝʤʝʥʝʤ 

ʜʨʝʡʬʘ.  












