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 ʀ ʅɸʅʆʕʃɽʂʊʈʆʅʀʂɸ 
 

ʉʂɸʅʀʈʋʖʑɸʗ ɿʆʅɼʆɺɸʗ ʄʀʂʈʆʉʂʆʇʀʗ ʉɽɻʆɼʅʗ ï 

ʆʊ ʄʀʂʈʆ- ʀ ʅɸʅʆʕʃɽʂʊʈʆʅʀʂʀ ɼʆ ʄʆʃɽʂʋʃʗʈʅʆʁ 

ɹʀʆʃʆɻʀʀ ʀ ʄɽɼʀʎʀʅʓ 
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ʆʆʆ çʂʉʀʃʃɽʂʊè, ʆʆʆ çʊɽʍʅʆʉʊɽʂ ʍʆʃɼʀʅɻè,  

ʛ. ʄʦʩʢʚʘ, ʈʦʩʩʠʷ 
 

ɸʥʥʦʪʘʮʠʷ. ʉʢʘʥʠʨʫʶʱʘʷ ʟʦʥʜʦʚʘʷ ʤʠʢʨʦʩʢʦʧʠʷ ʟʘ ʧʦʯʪʠ 50 ʣʝʪ ʧʦʩʣʝ 
ʨʦʞʜʝʥʠʷ ʩʪʘʣʘ ʤʦʱʥʳʤ ʤʝʪʦʜʦʤ ʠʩʩʣʝʜʦʚʘʥʠʷ, ʧʨʠʤʝʥʷʶʱʠʤʩʷ ʢʘʢ ʚ ʙʦʣʴʰʠʥ-
ʩʪʚʝ ʝʩʪʝʩʪʚʝʥʥʦ-ʥʘʫʯʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ, ʪʘʢ ʠ ʧʨʦʠʟʚʦʜʩʪʚʘʭ. ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ 
ʠʟʣʦʞʝʥʘ ʢʘʢ ʠʩʪʦʨʠʷ, ʪʘʢ ʠ ʧʦʩʣʝʜʥʠʝ ʜʦʩʪʠʞʝʥʠʷ ʈʦʩʩʠʡʩʢʠʭ ʨʘʟʨʘʙʦʪʯʠʢʦʚ ʚ 
ʵʪʦʡ ʦʙʣʘʩʪʠ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʩʢʘʥʠʨʫʶʱʠʡ ʟʦʥʜʦʚʳʡ ʤʠʢʨʦʩʢʦʧ, ʉɿʄ, ʉʊʄ, ɸʉʄ, 
ʢʦʤʙʠʥʘʮʠʦʥʥʦʝ ʨʘʩʩʝʷʥʠʝ, ʈʘʤʘʥʦʚʩʢʘʷ ʩʧʝʢʪʨʦʩʢʦʧʠʷ, ʈʘʤʘʥʦʚʩʢʘʷ ʤʠʢʨʦʩʢʦ-
ʧʠʷ ʩʚʝʨʭʚʳʩʦʢʦʛʦ ʨʘʟʨʝʰʝʥʠʷ, ʙʣʠʞʥʝʧʦʣʴʥʘʷ ʦʧʪʠʯʝʩʢʘʷ ʤʠʢʨʦʩʢʦʧʠʷ (ɹʆʄ), 
ʙʝʟʘʧʝʨʪʫʨʥʘʷ ʩʢʘʥʠʨʫʶʱʘʷ ʟʦʥʜʦʚʘʷ ʤʠʢʨʦʩʢʦʧʠʷ ʙʣʠʞʥʝʛʦ ʧʦʣʷ, ʢʘʥʪʠʣʝʚʝʨ, 
ʥʘʥʦʪʝʭʥʦʣʦʛʠʷ, ʤʝʪʨʦʣʦʛʠʷ, ʥʘʥʦʤʝʪʨʦʣʦʛʠʷ, ʥʘʥʦʵʣʝʢʪʨʦʥʠʢʘ, ʤʝʜʠʮʠʥʘ, ʜʠʘ-
ʛʥʦʩʪʠʢʘ, ʦʥʢʦʣʦʛʠʷ, ʚʠʨʫʩʳ, ʩʢʘʥʠʨʫʶʱʘʷ ʢʘʧʠʣʣʷʨʥʘʷ ʤʠʢʨʦʩʢʦʧʠʷ. 

 

ɺʚʝʜʝʥʠʝ 
ʉɿʄ ʟʘʨʦʜʠʣʘʩʴ ʚ 1966 ʛʦʜʫ ʩ ʨʘʙʦʪʳ ʈʘʩʩʝʣʘ ʗʥʛʘ [1], ʘ ʚ 1971 

ʛʦʜʫ ʝʛʦ ʛʨʫʧʧʦʡ ʙʳʣ ʠʟʛʦʪʦʚʣʝʥ ʧʝʨʚʳʡ ʉʊʄ ï ʊʆʇʆɻʈɸʌʀʅɽʈ 
[2]. ʈʘʟʚʠʪʠʝ ʤʝʪʦʜʦʚ ʥʘʯʘʣʦʩʴ ʩ 80-ʭ ʛʦʜʦʚ ʩ ʨʘʙʦʪ ʐʚʝʡʮʘʨʩʢʦʡ 
ʛʨʫʧʧʳ ʢʦʤʧʘʥʠʠ IBM ï ɻʝʥʨʠʭʘ ʈʦʨʝʨʘ, ɻʝʨʜʘ ɹʠʥʥʠʛʘ (ʚ 1980 ʛʦʜʫ 
ʙʳʣ ʩʜʝʣʘʥ ʧʝʨʚʳʡ ʩʚʝʨʭʚʳʩʦʢʦʚʘʢʫʫʤʥʳʡ ʉʊʄ ʠ ʧʦʣʫʯʝʥʦ ʘʪʦʤʘʨ-
ʥʦʝ ʨʘʟʨʝʰʝʥʠʝ ʥʘ ʢʨʝʤʥʠʠ Si (111). ʅʦʙʝʣʝʚʩʢʘʷ ʧʨʝʤʠʷ ʧʦ ʬʠʟʠʢʝ 
1986 ʛʦʜʘ) ʠ ʍʨʠʩʪʦʚʘ ɻʝʨʙʝʨʘ (ɸʉʄ ʚ 1986 ʛ., Kavli Prize, 2016). ɺ 
1988 ʛʦʜʫ ʧʦʷʚʠʣʘʩʴ ʧʝʨʚʘʷ ʨʘʙʦʪʘ ʩ ʩʦʚʨʝʤʝʥʥʦʡ, ʦʧʪʠʢʦ-
ʧʦʟʠʮʠʦʥʥʦʡ ʩʭʝʤʦʡ ɸʉʄ ï çʃʘʟʝʨ-ʢʘʥʪʠʣʝʚʝʨ-ʬʦʪʦʜʠʦʜè [3]. ɺ 1986 
ʛʦʜʫ ʧʦʷʚʠʣʠʩʴ ʧʝʨʚʳʝ ʨʘʙʦʪʳ ʧʦ ʙʣʠʞʥʝʧʦʣʴʥʦʡ ʦʧʪʠʯʝʩʢʦʡ ʤʠʢʨʦ-
ʩʢʦʧʠʠ [4]. 

ʇʝʨʚʳʝ ʨʘʙʦʪʳ ʧʦ ʨʝʟʦʥʘʥʩʥʦʡ ʠʣʠ çʪʝʧʧʠʥʛ ʤʦʜʝè, ʜʘʚʰʝʡ 
ʥʘʯʘʣʦ ʰʠʨʦʢʦʤʫ ʨʘʟʚʠʪʠʶ ɸʉʄ ʜʣʷ ʘʥʘʣʠʟʘ ʤʘʪʝʨʠʘʣʦʚ, ʧʦʷʚʠʣʠʩʴ 
ʚ 1990 ʛʦʜʫ [5], ʯʪʦ ʠ ʧʨʠʚʝʣʦ ʢ ʰʠʨʦʢʦʤʫ ʨʘʟʚʠʪʠʶ ʠ ʩʪʘʥʦʚʣʝʥʠʶ 
ɸʉʄ [6], ʤʦʱʥʦʤʫ ʨʘʟʚʠʪʠʶ ʧʝʨʚʦʡ ʢʦʤʧʘʥʠʠ- ʧʨʦʠʟʚʦʜʠʪʝʣʶ ʩʦ-
ʚʨʝʤʝʥʥʳʭ ʘʪʦʤʥʦ-ʩʠʣʦʚʳʭ ʤʠʢʨʦʩʢʦʧʦʚ ï ñDigital Instrumentsò (Santa 
Barbara, CA, USA, ʦʩʥʦʚʘʪʝʣʴ ʠ ʧʨʝʟʠʜʝʥʪ ï ɺʝʨʜʞʠʣ ʕʣʣʠʥʛʩ, ʚʧʦ-
ʩʣʝʜʩʪʚʠʠ ʵʪʦ Veeco, ʘ ʚ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ï Bruker).  

ʇʨʘʢʪʠʯʝʩʢʠ ʚ ʪʦ ʞʝ ʩʘʤʦʝ ʚʨʝʤʷ ʧʦʷʚʠʣʘʩʴ ʠ ʥʘʯʘʣʘ ʨʘʟʚʠʚʘʪʴ-
ʩʷ ʙʣʠʞʥʝʧʦʣʴʥʘʷ ʦʧʪʠʯʝʩʢʘʷ ʤʠʢʨʦʩʢʦʧʠʷ [7], ʘ ʩ 2000ï2003 ʛʦʜʦʚ 
ʫʩʠʣʠʷʤʠ ʢʦʤʧʘʥʠʡ ɿɸʆ çʅʊ-ʄɼʊè (ɿʝʣʝʥʦʛʨʘʜ), Tokyo Instruments 



10 

ʠ ʉʆʃɸʈ (ʄʠʥʩʢ) ʟʘʨʦʜʠʣʠʩʴ ʠ ʥʘʯʘʣʠ ʨʘʟʚʠʚʘʪʴʩʷ ʢʦʤʙʠʥʠʨʦʚʘʥ-
ʥʳʝ ʤʝʪʦʜʳ ɸʉʄ ʠ ʈʘʤʘʥʦʚʩʢʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ [8]. 

ʉʢʘʥʠʨʫʶʱʘʷ ʤʠʢʨʦʩʢʦʧʠʷ ʠʦʥʥʦʡ ʧʨʦʚʦʜʠʤʦʩʪʠ (ʉʄʀʇ) ʙʳ-
ʣʘ ʧʨʝʜʣʦʞʝʥʘ ʧʨʦʬʝʩʩʦʨʦʤ ʇʘʫʣʝʤ ʍʘʥʩʤʘ (Paul Hansma) ʚ 1989ʛ., ʘ 
ʝʝ ʨʘʟʚʠʪʠʝ ʥʘʯʘʣʦʩʴ ʩ ʨʘʙʦʪ ʖʨʠʷ ʂʦʨʯʝʚʘ (Imperial College London) 
ʩ 1996 ʛʦʜʘ. 

ʇʦʜʨʦʙʥʳʡ ʦʙʟʦʨ ʨʘʙʦʪ ʧʦ ʚʦʟʥʠʢʥʦʚʝʥʠʶ ʠ ʨʘʟʚʠʪʠʶ ʉɿʄ 
ʤʦʞʥʦ ʥʘʡʪʠ ʚ ʜʦʢʪʦʨʩʢʦʡ ʜʠʩʩʝʨʪʘʮʠʠ ɹʳʢʦʚʘ ɺ. ɸ. çʇʨʠʙʦʨʳ ʠ ʤʝ-
ʪʦʜʳ ʩʢʘʥʠʨʫʶʱʝʡ ʟʦʥʜʦʚʦʡ ʤʠʢʨʦʩʢʦʧʠʠ ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʠ ʤʦʜʠ-
ʬʠʢʘʮʠʠ ʧʦʚʝʨʭʥʦʩʪʝʡè (ʄʦʩʢʚʘ, 2000 ʛ.), ʘ ʢʘʧʠʣʣʷʨʥʦʡ ʤʠʢʨʦʩʢʦ-
ʧʠʠ ʠʦʥʥʦʡ ʧʨʦʚʦʜʠʤʦʩʪʠ ï ʚ ʜʦʢʪʦʨʩʢʦʡ ʜʠʩʩʝʨʪʘʮʠʠ ɽʨʦʬʝʝʚʘ ɸ. ʉ. 
çʅʘʥʦʢʘʧʠʣʣʷʨʥʳʝ ʩʝʥʩʦʨʳ ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʙʠʦʬʠʟʠʯʝʩʢʠʭ ʧʘʨʘ-
ʤʝʪʨʦʚ ʝʜʠʥʠʯʥʳʭ ʢʣʝʪʦʢ ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʚʥʝʰʥʠʭ ʬʘʢʪʦʨʦʚè (ʄʀ-
ʉʠʉ, 2025 ʛ.), ʘ ʪʘʞʝ ʚ ʜʦʢʪʦʨʩʢʠʭ ʜʠʩʩʝʨʪʘʮʠʷʭ ʉʦʩʥʦʚʘ ɽ.ɸ. ʉʘʥʢʪ-
ʇʝʪʝʨʙʫʨʛʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʡ ʠʥʩʪʠʪʫʪ, ɸʣʝʢʩʝʝ-
ʚʘ ʇ.ɸ., ʌʊʀ ʠʤ. ɸ.ʌ. ʀʦʬʬʝ. 

ʈʝʟʫʣʴʪʘʪʳ ʠ ʦʙʩʫʞʜʝʥʠʝ 
ʂ ʥʘʩʪʦʷʱʝʤʫ ʚʨʝʤʝʥʠ ʨʘʟʚʠʪʠʝ ʉɿʄ ʧʦʟʚʦʣʷʝʪ ʘʢʪʠʚʥʦ ʠ ʨʝ-

ʟʫʣʴʪʘʪʠʚʥʦ ʧʨʦʚʦʜʠʪʴ ʠʩʩʣʝʜʦʚʘʥʠʷ ʚʦ ʤʥʦʛʠʭ ʦʪʨʘʩʣʷʭ ʥʘʫʢʠ ʠ 
ʧʨʦʤʳʰʣʝʥʥʦʩʪʠ ï ʦʪ ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʭ ʠ ʧʨʠʢʣʘʜʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ 
ʤʘʪʝʨʠʘʣʦʚ ʠ ʧʨʦʮʝʩʩʦʚ ʜʦ ʧʨʘʢʪʠʯʝʩʢʦʡ ʤʝʜʠʮʠʥʳ.  

ʇʨʠʙʦʨʳ ʧʦʟʚʦʣʷʶʪ ʨʝʛʠʩʪʨʠʨʦʚʘʪʴ: 
Á ʇʨʦʬʠʣʴ ʧʦʚʝʨʭʥʦʩʪʥʳʭ ʩʪʨʫʢʪʫʨ ʠ ʝʛʦ ʟʘʚʠʩʠʤʦʩʪʴ ʦʪ ʜʘʚʣʝ-
ʥʠʷ ʧʨʠʞʠʤʘ; 

Á ʅʝʦʜʥʦʨʦʜʥʦʩʪʴ ʩʠʣʳ ʪʨʝʥʠʷ ʚ ʩʠʩʪʝʤʝ ʟʦʥʜ ï ʧʦʚʝʨʭʥʦʩʪʴ; 
Á ʅʝʦʜʥʦʨʦʜʥʦʩʪʴ ʘʜʛʝʟʠʦʥʥʳʭ ʩʠʣ; 
Á ʈʘʩʧʨʝʜʝʣʝʥʠʝ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʧʦʪʝʥʮʠʘʣʘ (ʂʝʣʴʚʠʥ-ʤʦʜʘ); 
Á ʈʘʩʧʨʝʜʝʣʝʥʠʝ ʵʣʝʢʪʨʠʯʝʩʢʦʡ ʝʤʢʦʩʪʠ ʚ ʩʠʩʪʝʤʝ ʢʘʥʪʠʣʝʚʝʨ ï 
ʧʦʚʝʨʭʥʦʩʪʴ; 

Á ʈʘʩʧʨʝʜʝʣʝʥʠʝ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ; 
Á ʈʘʩʧʨʝʜʝʣʝʥʠʝ ʤʦʜʫʣʷ ʖʥʛʘ; 
Á ɼʠʘʛʥʦʩʪʠʢʘ ʧʨʝʜʝʣʦʚ ʫʧʨʫʛʦʡ ʜʝʬʦʨʤʘʮʠʠ; 
Á ʈʘʩʧʨʝʜʝʣʝʥʠʝ ʤʘʛʥʠʪʥʳʭ ʩʠʣ; 
Á ʈʘʩʧʨʝʜʝʣʝʥʠʝ ʧʴʝʟʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʧʦʚʝʨʭʥʦʩʪ-
ʥʳʭ ʩʪʨʫʢʪʫʨ; 

Á ɺʦʟʤʦʞʥʦʩʪʴ ʤʦʜʠʬʠʢʘʮʠʠ ʧʦʚʝʨʭʥʦʩʪʠ ʩ ʩʦʟʜʘʥʠʝʤ ʠ ʠʩʩʣʝ-
ʜʦʚʘʥʠʝʤ ʩʚʦʡʩʪʚ ʧʦʣʫʯʝʥʥʳʭ ʥʘʥʦʩʪʨʫʢʪʫʨ. 
ɸ ʢʦʤʙʠʥʘʮʠʠ ʩ ʚʠʜʠʤʦʡ ʠ ʀʂ ʩʧʝʢʪʨʦʩʢʦʧʠʝʡ, ʩʧʝʢʪʨʦʩʢʦʧʠʝʡ 

ʢʦʤʙʠʥʘʮʠʦʥʥʦʛʦ ʨʘʩʩʝʷʥʠʷ ʚʦʟʤʦʞʥʦ ʠʩʩʣʝʜʦʚʘʪʴ ʦʧʪʠʯʝʩʢʠʝ ʩʚʦʡ-
ʩʪʚʘ ʧʦʚʝʨʭʥʦʩʪʝʡ ʩ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʤ ʨʘʟʨʝʰʝʥʠʝʤ ʜʦ 10 ʥʤ, ʘ ʩ ʠʩ-
ʧʦʣʴʟʦʚʘʥʠʝʤ ʧʝʨʝʩʪʨʘʠʚʘʝʤʳʭ ʣʘʟʝʨʦʚ ʚ ʀʂ ʜʠʘʧʘʟʦʥʝ ʚʦʟʤʦʞʥʦ ʧʦ-
ʣʫʯʘʪʴ ʠʥʬʦʨʤʘʮʠʶ ʦ ʨʘʩʧʨʝʜʝʣʝʥʠʠ ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʛʨʫʧʧ ʧʦ ʧʦ-
ʚʝʨʭʥʦʩʪʠ. 

ʂ ʥʘʩʪʦʷʱʝʤʫ ʚʨʝʤʝʥʠ ʥʘʰʝʡ ʛʨʫʧʧʦʡ ʢʦʤʧʘʥʠʡ ʩʦʟʜʘʥʳ ʘʪʦʤ-
ʥʦ-ʩʠʣʦʚʳʝ ʤʠʢʨʦʩʢʦʧʳ ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʣʘʩʪʠʥ ʜʠʘʤʝʪʨʦʤ ʜʦ 200 
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ʤʤ [9, 10] ʩ ʨʘʟʨʝʰʝʥʠʝʤ ʚʧʣʦʪʴ ʜʦ ʘʪʦʤʘʨʥʦʛʦ, ʯʪʦ ʚ ʦʩʦʙʝʥʥʦʩʪʠ 
ʠʥʪʝʨʝʩʥʦ ʜʣʷ ʧʨʠʢʣʘʜʥʳʭ ʠ ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʚ ʦʙʣʘ-
ʩʪʠ ʥʘʥʦʵʣʝʢʪʨʦʥʠʢʠ. ʅʘ ʨʠʩ. 1 ʧʨʠʚʝʜʝʥʘ ʬʦʪʦʛʨʘʬʠʷ ʧʨʠʙʦʨʘ N-
LEKTA. ʇʨʠʙʦʨʳ ʫʩʪʘʥʦʚʣʝʥʳ ʠ ʨʘʙʦʪʘʶʪ ʚ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʚ ɿʝʣʝ-
ʥʦʛʨʘʜʩʢʦʤ ʥʘʥʦʪʝʭʥʦʣʦʛʠʯʝʩʢʦʤ ʮʝʥʪʨʝ, ʟʘʚʦʜʝ ʕɿɸʅ ʚ ʏʝʨʥʦʛʦʣʦʚ-
ʢʝ ʠ ʚ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʦʤ ʮʝʥʪʨʝ ʋʥʠʚʝʨʩʠʪʝʪʘ ɼʝʣʠ ʥʘ ʬʘʢʫʣʴʪʝʪʝ 
ʬʠʟʠʢʠ ʠ ʘʩʪʨʦʬʠʟʠʢʠ (ʀʥʜʠʷ). 

  
ʈʠʩ.1. ɸʉʄ N-LEKTA LR200 ʨʘʟʨʘʙʦʪʢʠ ʠ ʧʨʦʠʟʚʦʜʩʪʚʘ ʆʆʆ çʂʉʀʃʃɽʂʊè ɻʂ 
ʊɽʍʅʆʉʊɽʂ, ʵʢʩʧʣʫʘʪʠʨʫʶʱʠʡʩʷ ʩ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʚ ɿʅʊʎ, ɿʝʣʝʥʦʛʨʘʜʝ, ʟʘ-
ʚʦʜʝ ʕɿɸʅ ʚ ʏʝʨʥʦʛʦʣʦʚʢʝ ʠ ʚ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʮʝʥʪʨ ʚ ɼʝʣʠ (ʀʥʜʠʷ) 

 

ʉ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ɸʉʄ N-LEKTA LR200 ʚʦʟʤʦʞʥʦ ʢʦʤʧʣʝʢʩ-
ʥʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ ʦʙʨʘʟʮʦʚ ʨʘʟʤʝʨʦʤ ʜʦ 200Ĭ200Ĭ20 ʤʤ ʩ ʚʦʟʤʦʞʥʦ-
ʩʪʴʶ ʧʦʣʫʯʝʥʠʷ ʘʪʦʤʘʨʥʦʛʦ ʨʘʟʨʝʰʝʥʠʷ ʚ ʫʩʣʦʚʠʷʭ ʦʙʳʯʥʦʡ ʣʘʙʦʨʘ-
ʪʦʨʠʠ. ʇʨʠʙʦʨ ʩʥʘʙʞʝʥ ʚʥʫʪʨʝʥʥʝʡ ʩʠʩʪʝʤʦʡ ʪʝʨʤʦʩʪʘʙʠʣʠʟʘʮʠʠ. ʈʘ-
ʙʦʯʘʷ ʪʝʤʧʝʨʘʪʫʨʘ ʚʥʫʪʨʠ ʧʨʠʙʦʨʘ ʫʩʪʘʥʘʚʣʠʚʘʝʪʩʷ ʥʘ 5ï7 ʛʨʘʜʫʩʦʚ 
ʚʳʰʝ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʳ. ʇʨʠʙʦʨ ʦʩʥʘʱʝʥ ʤʦʱʥʦʡ ʩʠʩʪʝʤʦʡ ʘʢ-
ʪʠʚʥʦʡ ʚʠʙʨʦʟʘʱʠʪʳ, ʦʙʝʩʧʝʯʠʚʘʶʱʝʡ ʚʦʟʤʦʞʥʦʩʪʴ ʜʦʩʪʠʞʝʥʠʷ ʘʪʦ-
ʤʘʨʥʦʛʦ ʨʘʟʨʝʰʝʥʠʷ ʧʨʠ ʨʘʙʦʪʝ ʚ ʫʩʣʦʚʠʷʭ ʣʘʙʦʨʘʪʦʨʠʠ ʙʝʟ ʜʦʧʦʣʥʠ-
ʪʝʣʴʥʳʭ ʩʠʩʪʝʤ ʚʠʙʨʦ- ʠ ʘʢʫʩʪʦʟʘʱʠʪʳ. 

ʇʨʠʙʦʨ ʦʩʥʘʱʝʥ ʪʨʫʙʯʘʪʳʤ ʧʴʝʟʦʩʢʘʥʝʨʦʤ c 3-ʢʦʦʨʜʠʥʘʪʥʳʤʠ 
ʝʤʢʦʩʪʥʳʤʠ ʜʘʪʯʠʢʘʤʠ, ʦʙʝʩʧʝʯʠʚʘʶʱʠʤ ʨʘʟʤʝʨ ʩʢʘʥʘ ʜʦ 
100Ĭ100Ĭ10 ʤʢʤ

3
 ï 2Ĭ2Ĭ0,2 ʤʢʤ ʚ ʨʝʞʠʤʝ ʚʳʩʦʢʦʛʦ ʨʘʟʨʝʰʝʥʠʷ ʧʨʠ 

ʫʨʦʚʥʝ ʰʫʤʘ ʥʝ ʙʦʣʝʝ 300 ʧʤ ʧʦ X, Y ʠ 30 ʧʤ ʧʦ Z. ʐʫʤ ʫʧʨʘʚʣʷʶ-
ʱʝʡ ʵʣʝʢʪʨʦʥʠʢʠ ʥʝ ʙʦʣʝʝ 5 ʤʢɺ/ɻʮ

1/2
. ʇʨʠʙʦʨ ʧʦʟʚʦʣʷʝʪ ʠʟʫʯʘʪʴ ʠ 

ʢʦʥʪʨʦʣʠʨʦʚʘʪʴ ʤʥʦʛʠʝ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʝ ʧʨʦʮʝʩʩʳ ʢʘʢ ʩʦʚʨʝʤʝʥʥʦʡ 
ʥʘʥʦʵʣʝʢʪʨʦʥʠʢʠ, ʪʘʢ ʠ ʨʘʙʦʪʘʪʴ ʚ ʙʦʣʴʰʠʥʩʪʚʝ ʜʨʫʛʠʭ ʧʨʠʣʦʞʝʥʠʡ, 
ʚʢʣʶʯʘʷ ʪʦʢʦʚʳʝ ʨʝʞʠʤʳ, ʨʝʞʠʤʳ ʤʘʛʥʠʪʥʦ-ʩʠʣʦʚʦʡ ʤʠʢʨʦʩʢʦʧʠʠ, 
ʘʪʦʤʥʦ-ʩʠʣʦʚʦʡ ʤʠʢʨʦʩʢʦʧʠʠ ʩ ʘʚʪʦʤʘʪʠʯʝʩʢʠʤ ʦʧʨʝʜʝʣʝʥʠʝʤ ʧʘʨʘ-
ʤʝʪʨʦʚ ʩʢʘʥʠʨʦʚʘʥʠʷ. 

ɸʪʦʤʥʦ-ʩʠʣʦʚʘʷ ʤʠʢʨʦʩʢʦʧʠʷ ʧʦʟʚʦʣʷʝʪ ʦʧʨʝʜʝʣʷʪʴ ʠ ʞʝʩʪʢʦʩʪʴ 
ʠʟʫʯʘʝʤʳʭ ʦʙʲʝʢʪʦʚ, ʚ ʪʦʤ ʯʠʩʣʝ ʞʠʚʳʭ ʢʣʝʪʦʢ ʦʨʛʘʥʠʟʤʘ, ʯʪʦ ʠʥʪʝ-
ʨʝʩʥʦ ʢʘʢ ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʡ, ʪʘʢ ʠ ʚ ʧʨʠʣʦʞʝʥʠʷʭ ʢ ʧʨʘʢʪʠʯʝʩʢʦʡ ʤʝ-
ʜʠʮʠʥʝ. ʕʪʦ ʧʦʟʚʦʣʷʝʪ ʨʝʛʠʩʪʨʠʨʦʚʘʪʴ ʠ ʨʘʟʣʠʯʘʪʴ ʥʦʨʤʘʣʴʥʳʝ ʠ ʨʘ-
ʢʦʚʳʝ ʢʣʝʪʢʠ [11], ʠʥʪʝʨʝʩʥʦ ʠ ʚʘʞʥʦ ʢʘʢ ʚ ʠʩʩʣʝʜʦʚʘʥʠʷʭ, ʪʘʢ ʠ ʚ 
ʧʨʘʢʪʠʯʝʩʢʦʡ ʤʝʜʠʮʠʥʩʢʦʡ ʜʠʘʛʥʦʩʪʠʢʝ. 
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ʈʠʩ.2. ʄʦʜʫʣʠ ʖʥʛʘ ʢʣʝʪʦʢ ʯʝʪʳʨʸʭ ʢʣʝʪʦʯʥʳʭ ʩʠʩʪʝʤ. ɼʣʷ ʧʝʨʚʦʡ ʩʠʩʪʝʤʳ 
(ʢʣʝʪʢʠ ʣʠʥʠʠ Vero ʠ ʪʨʠ ʣʠʥʠʠ ʨʘʢʘ ʧʨʦʩʪʘʪʳ) ʠʟʤʝʨʝʥʠʷ ʧʨʦʚʦʜʠʣʠʩʴ ʚ PBS 
ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ, ʜʣʷ ʦʩʪʘʣʴʥʳʭ ʪʨʸʭ ʩʠʩʪʝʤ ï ʚ ʩʨʝʜʝ DMEM/HAM ʩ 
ʜʦʙʘʚʣʝʥʠʝʤ HEPES ʧʨʠ 37 Áʉ. ʉʢʦʨʦʩʪʴ ʩʥʷʪʠʷ ʩʠʣʦʚʳʭ ʢʨʠʚʳʭ ï 1 ʤʢʤ/ʩ [11] 

 

ʈʷʜ ʠʥʪʝʨʝʩʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ ʧʦ ʠʩʩʣʝʜʦʚʘʥʠʶ ʚ ʥʘʧʨʘʚʣʝʥʠʠ 
ʩʦʚʨʝʤʝʥʥʦʡ ʤʠʢʨʦ- ʠ ʥʘʥʦʵʣʝʢʪʨʦʥʠʢʠ ʠʟʣʦʞʝʥʳ ʚ ʜʦʢʪʦʨʩʢʠʭ ʜʠʩ-
ʩʝʨʪʘʮʠʷʭ ʉʦʩʥʦʚʘ ɽ.ɸ. (ʉʘʥʢʪ-ʇʝʪʝʨʙʫʨʛʩʢʠʡ ɻʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʪʝʭ-
ʥʦʣʦʛʠʯʝʩʢʠʡ ʠʥʩʪʠʪʫʪ), ʚ ʢʦʪʦʨʦʡ ʦʜʥʦʚʨʝʤʝʥʥʦ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ 
ʤʝʪʦʜʠʢʘ ʵʣʝʢʪʨʦʥʥʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʜʠʬʬʫʟʥʦʛʦ ʦʪʨʘʞʝʥʠʷ (ʕʉɼʆ) 
ʠ ʘʪʦʤʥʦ-ʩʠʣʦʚʘʷ ʤʠʢʨʦʩʢʦʧʠʷ (16), ʠ ʜʦʢʪʦʨʩʢʦʡ ʜʠʩʩʝʨʪʘʮʠʠ ʥʘ 
ʧʨʠʩʚʦʝʥʠʝ ʫʯʝʥʦʡ ʩʪʝʧʝʥʠ ʜʦʢʪʦʨʘ ʬʠʟʠʢʦ- ʤʘʪʝʤʘʪʠʯʝʩʢʠʭ ʥʘʫʢ, 
ɸʣʝʢʩʝʝʚʘ ʇ.ɸ. çʉʢʘʥʠʨʫʶʱʠʝ ʟʦʥʜʦʚʳʝ ʤʝʪʦʜʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʵʣʝʢ-
ʪʨʦʥʥʳʭ ʠ ʦʧʪʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʩʦʚʨʝʤʝʥʥʳʭ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʭ ʤʘ-
ʪʝʨʠʘʣʦʚè, ʌʊʀ ʠʤ. ɸ.ʌ. ʀʦʬʬʝ, ʉʪ. ʇʝʪʝʨʙʫʨʛ (17). 

ɼʣʷ ʪʝʩʪʠʨʦʚʘʥʠʷ ʠ ʠʩʩʣʝʜʦʚʘʥʠʷ ʙʠʦʣʦʛʠʯʝʩʢʠʭ ʦʙʲʝʢʪʦʚ, ʚ 
ʦʩʦʙʝʥʥʦʩʪʠ ʙʠʦʣʦʛʠʯʝʩʢʠʭ ʢʣʝʪʦʢ, ʚʝʩʴʤʘ ʠʥʪʝʨʝʩʥʘ ʠ ʧʨʦʜʫʢʪʠʚʥʘ 
ʪ. ʥ. ʢʘʧʠʣʣʷʨʥʘʷ ʤʠʢʨʦʩʢʦʧʠʷ. ʉʘʤʘ ʤʝʪʦʜʠʢʘ ʙʳʣʘ ʧʨʝʜʣʦʞʝʥʘ ʚ 
ʢʦʥʮʝ 80-ʭ ʛʦʜʦʚ ʧʨʦʰʣʦʛʦ ʚʝʢʘ ʇʘʫʣʝʤ ʍʘʥʩʤʘ [12], ʘ ʨʘʟʚʠʪʘ ʠ ʧʨʝ-
ʚʨʘʪʠʣʘʩʴ ʚ ʠʥʬʦʨʤʘʪʠʚʥʫʶ ʙʣʘʛʦʜʘʨʷ ʨʘʙʦʪʘʤ ʖʨʠʷ ʂʦʨʯʝʚʘ ʠ ʝʛʦ 
ʛʨʫʧʧʳ [13, 14]. 

 
ʈʠʩ.3. ʇʨʠʥʮʠʧ ʨʘʙʦʪʳ ʢʘʧʠʣʣʷʨʥʦʛʦ ʤʠʢʨʦʩʢʦʧʘ 
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ʀʟʤʝʨʝʥʠʷ ʧʨʦʚʦʜʷʪʩʷ ʥʘ ʪʚʝʨʜʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʚ ʚʦʜʥʦʤ ʨʘʩ-
ʪʚʦʨʝ ʵʣʝʢʪʨʦʣʠʪʘ. ɺ ʢʘʯʝʩʪʚʝ ʟʦʥʜʘ ʚ ʩʠʩʪʝʤʝ ʠʩʧʦʣʴʟʫʝʪʩʷ ʩʪʝʢʣʷʥ-
ʥʳʡ ʢʘʧʠʣʣʷʨ ʩ ʚʳʭʦʜʥʳʤ ʦʪʚʝʨʩʪʠʝʤ ʦʪ 100 ʜʦ 20 ʥʤ, ʚʥʫʪʨʴ ʢʦʪʦʨʦ-
ʛʦ ʚʚʦʜʠʪʩʷ ʤʝʪʘʣʣʠʯʝʩʢʠʡ, ʯʘʱʝ ʚʩʝʛʦ ʭʣʦʨʩʝʨʝʙʨʷʥʳʡ ʵʣʝʢʪʨʦʜ. 
ɺʪʦʨʦʡ ʵʣʝʢʪʨʦʜ ʧʦʤʝʱʘʶʪ ʚ ʨʘʩʪʚʦʨ ʵʣʝʢʪʨʦʣʠʪʘ. ʀʩʩʣʝʜʦʚʘʥʠʷ 
ʧʨʦʚʦʜʷʪ ʚ ʪ. ʥ. ʭʦʧʧʠʥʛ-ʤʦʜʝ (ʩʢʘʯʫʱʝʡ) (ʧʨʝʜʣʦʞʝʥʦ ʂʦʨʯʝʚʳʤ). 

 

ʈʠʩ.4. ɾʠʚʳʝ ʢʣʝʪʢʠ [15] 
 

ɼʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʦʧʪʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʧʦʚʝʨʭʥʦʩʪʠ ʚ ʚʠʜʠʤʦʡ 
(ʩʧʝʢʪʨʦʩʢʦʧʠʷ ʢʦʤʙʠʥʘʮʠʦʥʥʦʛʦ ʨʘʩʩʝʷʥʠʷ ʩ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʤ ʨʘʟ-
ʨʝʰʝʥʠʝʤ ʜʦ 10 ʥʤ) ʠ ʀʂ ʦʙʣʘʩʪʠ ʩʧʝʢʪʨʘ ʩ ʨʘʟʨʝʰʝʥʠʝʤ ʟʥʘʯʠʪʝʣʴʥʦ 
ʧʨʝʚʳʰʘʶʱʠʤ ʜʠʬʨʘʢʮʠʦʥʥʳʝ ʦʛʨʘʥʠʯʝʥʠʷ (ʙʣʠʞʥʝʧʦʣʴʥʘʷ ʙʝʟ-
ʘʧʝʨʪʫʨʥʘʷ ʦʧʪʠʯʝʩʢʘʷ ʤʠʢʨʦʩʢʦʧʠʷ) ʩʦʚʤʝʩʪʥʳʤʠ ʫʩʠʣʠʷʤʠ ʈʦʩʩʠʡ-
ʩʢʠʭ ʠ ɹʝʣʦʨʫʩʩʢʠʭ ʩʧʝʮʠʘʣʠʩʪʦʚ ʨʘʟʨʘʙʘʪʳʚʘʶʪʩʷ ʠ ʚ ʥʘʩʪʦʷʱʝʝ 
ʚʨʝʤʷ ʠʩʧʦʣʴʟʫʶʪʩʷ ʚ ʮʝʣʦʤ ʨʷʜʝ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʭ ʦʨʛʘʥʠʟʘʮʠʡ 
ʩʧʝʮʠʘʣʠʟʠʨʦʚʘʥʥʳʝ ʧʨʠʙʦʨʳ [8] ʜʘʣʴʥʝʡʰʝʝ ʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥʠʝ ʢʦ-
ʪʦʨʳʭ ʧʦʟʚʦʣʠʪ ʩʜʚʠʥʫʪʴ ʠʭ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʠ ʚ ʧʨʦʤʳʰʣʝʥʥʦʩʪʴ. 
ɺʦʟʤʦʞʥʘ ʠ ʨʘʟʨʘʙʦʪʢʘ ʙʝʟʘʧʝʨʪʫʨʥʳʭ ʠʥʬʨʘʢʨʘʩʥʳʭ ʠ ʪʝʨʘʛʝʨʮʦʚʳʭ 
ʩʧʝʢʪʨʦʩʢʦʧʦʚ ʩ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʤ ʨʘʟʨʝʰʝʥʠʝʤ ʜʦ 10 ʥʤ ʜʣʷ ʢʘʯʝ-
ʩʪʚʝʥʥʳʡ ʘʥʘʣʠʟ ʧʦʚʝʨʭʥʦʩʪʠ, ʜʣʷ ʯʝʛʦ ʥʝʦʙʭʦʜʠʤʳ ʧʝʨʝʩʪʨʘʠʚʘʝʤʳʝ 
ʠʥʬʨʘʢʨʘʩʥʳʝ ʣʘʟʝʨʳ. 

 
ʉʧʠʩʦʢ ʠʩʧʦʣʴʟʦʚʘʥʥʳʭ ʠʩʪʦʯʥʠʢʦʚ 
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ɸʥʥʦʪʘʮʠʷ. ɺ ʨʘʙʦʪʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʪʝʦʨʝʪʠʯʝʩʢʠʭ ʠʩʩʣʝʜʦʚʘ-
ʥʠʡ ʧʨʦʮʝʩʩʘ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʬʫʥʢʮʠʦʥʘʣʠʟʠʨʦʚʘʥʥʳʭ ʘʪʦʤʦʤ ʩʝʨʝʙʨʘ ʫʛʣʝʨʦʜ-
ʥʳʭ ʥʘʥʦʪʨʫʙʦʢ ʪʠʧʘ (6,0) ʠ (6,6) ʩ ʤʦʣʝʢʫʣʘʤʠ ʫʛʘʨʥʦʛʦ ʛʘʟʘ ʠ ʤʝʪʘʥʘ. ɼʦʢʘʟʘʥʘ 
ʚʦʟʤʦʞʥʦʩʪʴ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʧʦʣʫʯʝʥʥʳʭ ʢʦʤʧʣʝʢʩʦʚ, ʥʘ ʦʩʥʦʚʝ ʥʘʥʦʪʨʫʙʢʠ ʪʠʧʘ 
(6,0), ʜʣʷ ʜʝʪʝʢʪʠʨʦʚʘʥʠʷ ʠʩʩʣʝʜʫʝʤʳʭ ʤʦʣʝʢʫʣ ʠ ʚʦʟʤʦʞʥʦʩʪʠ ʠʭ ʧʨʠʤʝʥʝʥʠʷ ʚ 
ʩʝʥʩʦʨʥʳʭ ʫʩʪʨʦʡʩʪʚʘʭ. ɺʳʧʦʣʥʝʥʦ ʩʨʘʚʥʠʪʝʣʴʥʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ ʵʬʬʝʢʪʠʚʥʦʩʪʠ 
ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʬʫʥʢʮʠʦʥʘʣʠʟʠʨʦʚʘʥʥʳʭ ʠ çʯʠʩʪʳʭè ʫʛʣʝʨʦʜʥʳʭ ʥʘʥʦʪʨʫʙʦʢ ʩ 
ʤʦʣʝʢʫʣʘʤʠ ʫʛʘʨʥʦʛʦ ʛʘʟʘ ʠ ʤʝʪʘʥʘ. ʊʝʦʨʝʪʠʯʝʩʢʠʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʨʦʚʝʜʝʥʳ ʩ ʠʩ-
ʧʦʣʴʟʦʚʘʥʠʝʤ ʢʚʘʥʪʦʚʦ-ʭʠʤʠʯʝʩʢʦʛʦ ʨʘʩʯʝʪʥʦʛʦ ʤʝʪʦʜʘ DFT. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʬʫʥʢʮʠʦʥʘʣʠʟʘʮʠʷ ʩʝʨʝʙʨʦʤ, ʰʠʨʠʥʘ ʟʘʧʨʝʱʝʥʥʦʡ ʟʦ-
ʥʳ, ʩʦʨʙʮʠʦʥʥʳʝ ʩʚʦʡʩʪʚʘ, ʤʝʪʘʥ, ʫʛʘʨʥʳʡ ʛʘʟ. 

 
ɺ ʧʦʩʣʝʜʥʝʝ ʚʨʝʤʷ ʥʘʙʣʶʜʘʝʪʩʷ ʚʩʝ ʙʦʣʴʰʠʡ ʨʦʩʪ ʚʥʠʤʘʥʠʷ ʢ 

ʥʝʢʦʪʦʨʳʤ ʚʟʘʠʤʦʩʚʷʟʘʥʥʳʤ ʪʝʤʘʤ, ʘ ʠʤʝʥʥʦ ʢ ʧʨʦʙʣʝʤʘʤ ʩ ʟʘʛʨʷʟ-
ʥʝʥʠʝʤ ʚʦʟʜʫʭʘ, ʨʦʩʪʫ ʧʦʪʨʝʙʥʦʩʪʝʡ ʧʨʦʤʳʰʣʝʥʥʦʩʪʠ ʠ ʧʦʚʳʰʝʥʥʳʤ 
ʘʢʮʝʥʪʦʤ ʥʘ ʙʝʟʦʧʘʩʥʦʩʪʠ ʩʦʪʨʫʜʥʠʢʦʚ ʨʘʟʣʠʯʥʳʭ ʧʨʝʜʧʨʠʷʪʠʡ [1, 2]. 
ɺʩʝ ʚʳʰʝʧʝʨʝʯʠʩʣʝʥʥʦʝ ʧʨʠʚʦʜʠʪ ʢ ʧʦʚʳʰʝʥʠʶ ʩʧʨʦʩʘ ʥʘ ʛʘʟʦʚʳʝ 
ʜʘʪʯʠʢʠ, ʧʨʠ ʵʪʦʤ ʠʭ ʩʦʚʨʝʤʝʥʥʳʤ ʘʥʘʣʦʛʘʤ ʧʨʠʩʫʱʠ ʚʝʩʴʤʘ ʩʫʱʝ-
ʩʪʚʝʥʥʳʝ ʥʝʜʦʩʪʘʪʢʠ [3]. 

ʋʛʣʝʨʦʜʥʳʝ ʥʘʥʦʪʨʫʙʢʠ ʚʳʩʪʫʧʘʶʪ ʧʨʝʢʨʘʩʥʳʤ ʚʘʨʠʘʥʪʦʤ ʜʣʷ 
ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʚ ʩʝʥʩʦʨʥʳʭ ʫʩʪʨʦʡʩʪʚʘʭ, ʧʦʩʢʦʣʴʢʫ ʦʥʠ ʦʙʣʘʜʘʶʪ 
ʚʩʝʤʠ ʪʨʝʙʫʝʤʳʤʠ ʦʪ ʜʘʪʯʠʢʦʚ ʩʚʦʡʩʪʚʘʤʠ [2, 3]. 

ʆʜʥʘʢʦ ʜʘʞʝ ʜʣʷ ʪʘʢʦʛʦ ʧʝʨʩʧʝʢʪʠʚʥʦʛʦ ʤʘʪʝʨʠʘʣʘ ʪʨʝʙʫʶʪʩʷ 
ʦʧʨʝʜʝʣʝʥʥʳʝ ʜʦʨʘʙʦʪʢʠ, ʦʩʥʦʚʥʳʝ ʥʘʧʨʘʚʣʝʥʠʷ ʢʦʪʦʨʳʭ ʚʢʣʶʯʘʶʪ ʚ 
ʩʝʙʷ ʫʣʫʯʰʝʥʠʝ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʠ, ʩʝʣʝʢʪʠʚʥʦʩʪʠ ʠ ʩʪʘʙʠʣʴʥʦʩʪʠ. 
ɼʦʩʪʠʯʴ ʵʪʠʭ ʧʦʢʘʟʘʪʝʣʝʡ ʩʪʘʥʦʚʠʪʩʷ ʚʦʟʤʦʞʥʳʤ, ʥʘʧʨʠʤʝʨ, ʙʣʘʛʦʜʘ-
ʨ ̫ʤʦʜʠʬʠʢʘʮʠʠ ʧʦʚʝʨʭʥʦʩʪʠ ʥʘʥʦʪʨʫʙʦʢ ʘʪʦʤʘʤʠ ʙʣʘʛʦʨʦʜʥʳʭ ʤʝ-
ʪʘʣʣʦʚ [4-6]. 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʬʫʥʢʮʠʦʥʘʣʠʟʠʨʦʚʘʥʥʳʭ ʘʪʦʤʦʤ 
ʩʝʨʝʙʨʘ ʫʛʣʝʨʦʜʥʳʭ ʥʘʥʦʪʨʫʙʦʢ (ʋʅʊ) ʪʠʧʘ (6,0) ʠ (6,6) ʩ ʤʦʣʝʢʫʣʘʤʠ 
ʫʛʘʨʥʦʛʦ ʛʘʟʘ ʠ ʤʝʪʘʥʘ ʧʨʦʠʩʭʦʜʠʣʦ ʥʘ ʩʘʤʳʭ ʩʪʘʙʠʣʴʥʳʭ ʠʟ ʩʤʦʜʝ-
ʣʠʨʦʚʘʥʥʳʭ ʥʘ ʧʨʝʜʳʜʫʱʝʤ ʵʪʘʧʝ ʩʠʩʪʝʤʘʭ. ɺ ʩʣʫʯʘʝ ʋʅʊ (6,0) ʨʘʩ-
ʩʪʦʷʥʠʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʘʪʦʤʘ ʩʝʨʝʙʨʘ, ʩ ʚʳʙʨʘʥʥʳʤ ʘʜʩʦʨʙʮʠʦʥʥʳʤ 
ʮʝʥʪʨʦʤ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʥʘʥʦʪʨʫʙʢʠ, ʩʦʦʪʚʝʪʩʪʚʦʚʘʣʦ 0,26 ʥʤ, ʘ ʚ 
ʩʣʫʯʘʝ ʋʅʊ (6,6) 0,37 ʥʤ. ʂʣʘʩʪʝʨ ʋʅʊ (6,0) ʩʦʩʪʦʷʣ ʠʟ 8 ʩʣʦʝʚ ʛʝʢʩʘ-
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ʛʦʥʦʚ ʚʜʦʣʴ ʧʨʦʜʦʣʴʥʦʡ ʦʩʠ ʥʘʥʦʪʨʫʙʢʠ, ʘ ʫ ʋʅʊ (6,6) ʠʟ 9 ʩʣʦʝʚ ʛʝʢ-
ʩʘʛʦʥʦʚ. 

ɺʝʣʠʯʠʥʘ ʟʘʧʨʝʱʝʥʥʦʡ ʟʦʥʳ ȹEg (ʐɿɿ) ʜʝʤʦʥʩʪʨʠʨʫʝʪ ʧʨʦʚʦ-
ʜʷʱʠʝ ʩʚʦʡʩʪʚʘ ʠʟʫʯʘʝʤʳʭ ʩʠʩʪʝʤ, ʨʘʩʯʝʪ ʵʪʦʛʦ ʧʘʨʘʤʝʪʨʘ ʧʨʦʚʦʜʠʪʩʷ 
ʩ ʧʦʤʦʱʴʶ ʦʧʨʝʜʝʣʝʥʠʷ ʨʘʟʥʦʩʪʠ ʵʥʝʨʛʠʡ ʚʝʨʭʥʝʡ ʟʘʧʦʣʥʝʥʥʦʡ ʠ 
ʥʠʞʥʝʡ ʚʘʢʘʥʪʥʦʡ ʦʨʙʠʪʘʣʝʡ. ʐɿɿ ʫ ʬʫʥʢʮʠʦʥʘʣʠʟʠʨʦʚʘʥʥʦʡ ʘʪʦʤʦʤ 
ʩʝʨʝʙʨʘ ʋʅʊ ʪʠʧʘ (6,0) ʩʦʩʪʘʚʣʷʝʪ 0,66 ʵɺ, ʘ ʫ ʋʅʊ ʪʠʧʘ (6,6) ï                   
0,92 ʵɺ (ʨʠʩ. 1). 
 
ʘ) 

 

ʙ) 

 

ʈʠʩ. 1. ʇʣʦʪʥʦʩʪʠ ʩʦʩʪʦʷʥʠʡ ʩʠʩʪʝʤ "ʋʅʊ + ʘʪʦʤ ʩʝʨʝʙʨʘ": a) ʩʠʩʪʝʤʘ ʋʅʊ (6,0) 
+Ag ʧʨʠ ʨʘʩʧʦʣʦʞʝʥʠʠ ʤʝʪʘʣʣʘ ʥʘʜ ʘʪʦʤʦʤ ʫʛʣʝʨʦʜʘ; ʙ) ʩʠʩʪʝʤʘ ʋʅʊ (6,6) +Ag 

ʧʨʠ ʨʘʩʧʦʣʦʞʝʥʠʠ ʤʝʪʘʣʣʘ ʥʘʜ ʮʝʥʪʨʦʤ ʫʛʣʝʨʦʜʥʦʡ ʩʚʷʟʠ. 
 

 ʀʩʩʣʝʜʦʚʘʥʠʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʩʠʩʪʝʤ ʋʅʊ+Ag ʩ ʤʦʣʝʢʫʣʦʡ 

CO. 
ʇʦʣʫʯʝʥʥʳʝ ʧʦʩʣʝ ʧʨʦʚʝʜʝʥʠʷ ʠʩʩʣʝʜʦʚʘʥʠʷ, ʧʦʩʨʝʜʩʪʚʦʤ ʢʚʘʥ-

ʪʦʚʦ-ʭʠʤʠʯʝʩʢʠʭ ʨʘʩʯʝʪʦʚ, ʜʘʥʥʳʝ ʧʦʟʚʦʣʠʣʠ ʩʦʟʜʘʪʴ ʛʨʘʬʠʢʠ ʩ ʵʥʝʨ-
ʛʝʪʠʯʝʩʢʠʤʠ ʢʨʠʚʳʤʠ, ʩ ʧʦʤʦʱʴʶ ʢʦʪʦʨʳʭ ʩʪʘʣʦ ʚʦʟʤʦʞʥʦ ʫʩʪʘʥʦ-
ʚʠʪʴ ʵʥʝʨʛʝʪʠʯʝʩʢʠʝ ʤʠʥʠʤʫʤʳ ʩʤʦʜʝʣʠʨʦʚʘʥʥʳʭ ʩʠʩʪʝʤ ʜʣʷ ʦʧʨʝʜʝ-
ʣʝʥʠʷ ʠʭ ʫʩʪʦʡʯʠʚʦʩʪʠ. ʆʪʪʘʣʢʠʚʘʷʩʴ ʦʪ ʧʦʣʫʯʝʥʥʳʭ ʤʠʥʠʤʫʤʦʚ 
ʤʦʞʥʦ ʩʜʝʣʘʪʴ ʚʳʚʦʜ ʦ ʪʦʤ, ʯʪʦ ʩʤʦʜʝʣʠʨʦʚʘʥʥʳʝ ʢʦʤʧʣʝʢʩʳ ʩʪʘ-
ʙʠʣʴʥʳ. ʄʦʣʝʢʫʣʳ ʫʛʘʨʥʦʛʦ ʛʘʟʘ ʙʳʣʠ ʨʘʩʧʦʣʦʞʝʥʳ ʧʝʨʧʝʥʜʠʢʫʣʷʨ-
ʥʦ, ʦʪʥʦʩʠʪʝʣʴʥʦ ʚʳʙʨʘʥʥʦʛʦ ʘʜʩʦʨʙʮʠʦʥʥʦʛʦ ʮʝʥʪʨʘ ʥʘ ʧʦʚʝʨʭʥʦʩʪʷʭ 
ʋʅʊ, ʧʨʠʙʣʠʞʘʷʩʴ ʢ ʘʪʦʤʫ ʩʝʨʝʙʨʘ ʘʪʦʤʦʤ ʫʛʣʝʨʦʜʘ (ʨʠʩ. 2). 

 
ʘ) 

 

ʙ) 

 
ʈʠʩ. 2. ʅʘʥʦʩʠʩʪʝʤʘ ʋʅʊ+Ag ʩ ʧʨʠʩʦʝʜʠʥʝʥʥʦʡ ʤʦʣʝʢʫʣʦʡ ʫʛʘʨʥʦʛʦ ʛʘʟʘ: ʘ) ʪʠʧʘ 

(6,0); ʙ) ʪʠʧʘ (6,6). 
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 ʉʤʦʜʝʣʠʨʦʚʘʥʥʳʝ ʩʠʩʪʝʤʳ ʜʝʤʦʥʩʪʨʠʨʫʶʪ ʬʦʨʤʠʨʦʚʘʥʠʝ 
ʫʩʪʦʡʯʠʚʳʭ ʢʦʤʧʣʝʢʩʦʚ ʜʣʷ ʦʙʦʠʭ ʪʠʧʦʚ ʋʅʊ. ʇʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘ-
ʪʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʩʚʠʜʝʪʝʣʴʩʪʚʫʶʪ ʦ ʪʦʤ, ʯʪʦ ʬʫʥʢʮʠʦʥʘʣʠʟʘʮʠʷ ʋʅʊ 
ʪʠʧʘ (6,0) ʠ (6,6) ʘʪʦʤʦʤ ʩʝʨʝʙʨʘ ʫʣʫʯʰʘʝʪ ʩʦʨʙʮʠʦʥʥʳʝ ʩʚʦʡʩʪʚʘ 
ʥʘʥʦʪʨʫʙʦʢ ʢʘʩʘʪʝʣʴʥʦ ʤʦʣʝʢʫʣʳ ʉʆ, ʩʦʟʜʘʚʘʷ ʜʦʧʦʣʥʠʪʝʣʴʥʳʝ ʟʦʥʳ 
ʜʣʷ ʧʨʦʮʝʩʩʘ ʘʜʩʦʨʙʮʠʠ. ɻʨʘʬʠʢ ʧʨʦʬʠʣʝʡ ʵʥʝʨʛʠʠ (ʨʠʩ. 3) ʩʚʠʜʝ-
ʪʝʣʴʩʪʚʫʝʪ ʦʙ ʩʪʘʙʠʣʴʥʦʩʪʠ ʧʦʣʫʯʝʥʥʳʭ ʢʦʤʧʣʝʢʩʦʚ, ʘ ʵʪʦ, ʚ ʩʚʦʶ 
ʦʯʝʨʝʜʴ, ʫʢʘʟʳʚʘʝʪ ʥʘ ʥʘʣʠʯʠʝ ʚʦʟʤʦʞʥʦʩʪʠ ʧʦ ʠʩʧʦʣʴʟʦʚʘʥʠʶ ʩʤʦ-
ʜʝʣʠʨʦʚʘʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ.  
 

 
ʈʠʩ. 3. ʇʨʦʬʠʣʠ ʧʦʚʝʨʭʥʦʩʪʠ ʧʦʪʝʥʮʠʘʣʴʥʦʡ ʵʥʝʨʛʠʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʤʦʣʝʢʫʣʳ 

ʫʛʘʨʥʦʛʦ ʛʘʟʘ ʩ ʩʠʩʪʝʤʦʡ ʋʅʊ+Ag. ʉʠʥʷʷ ʣʠʥʠʷ ï ʋʅʊ ʪʠʧʘ (6,0),  
ʦʨʘʥʞʝʚʘʷ ʣʠʥʠʷ ï ʋʅʊ ʪʠʧʘ (6,6). 

 

 ʀʟʤʝʥʝʥʠʷ ʐɿɿ ʩʠʩʪʝʤʳ ʋʅʊ ʪʠʧʘ (6,0) +Ag ʧʨʠ ʧʨʠʩʦʝʜʠʥʝ-
ʥʠʠ ʤʦʣʝʢʫʣʳ CO ʫʢʘʟʳʚʘʶʪ ʥʘ ʫʤʝʥʴʰʝʥʠʝ ʜʘʥʥʦʛʦ ʧʘʨʘʤʝʪʨʘ ʜʦ 
0,43 eV. ʐɿɿ ʫ ʋʅʊ ʪʠʧʘ (6,6) +Ag ʩ ʫʯʝʪʦʤ ʧʨʠʩʦʝʜʠʥʝʥʠʷ ʤʦʣʝʢʫʣʳ 
ʉʆ ʦʩʪʘʝʪʩʷ ʥʝʠʟʤʝʥʥʦʡ (ʪʘʙʣ. 1). 
 
 ʊʘʙʣʠʮʘ 1. ʆʩʥʦʚʥʳʝ ʵʥʝʨʛʝʪʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʋʅʊ ʪʠʧʘ (6,0) ʠ 
(6,0) ʧʨʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʠ ʩ ʤʦʣʝʢʫʣʦʡ ʫʛʘʨʥʦʛʦ ʛʘʟʘ. 

 ʋʅʊ ʪʠʧʘ (6,0) ʋʅʊ ʪʠʧʘ (6,6) 

Eʘʜ, ʵɺ -0,33 -0,02 

Rʘʜ, ¡ 2,1 3,3 

ȹEg, ʵɺ ʩʠʩʪʝʤʳ çʋʅʊ+Agè 0,66 0,92 

ȹEg, ʵɺ ʩʠʩʪʝʤʳ çʋʅʊ+Ag + 

COè 
0,43 0,92 

 

 ʀʩʩʣʝʜʦʚʘʥʠʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʩʠʩʪʝʤʳ ʋʅʊ+Ag ʩ ʤʦʣʝʢʫʣʦʡ 

CH4. 
 ʀʩʩʣʝʜʦʚʘʥʠʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʩʠʩʪʝʤ ʋʅʊ + ʩʝʨʝʙʨʦ ʩ ʤʦʣʝʢʫ-
ʣʦʡ ʤʝʪʘʥʘ ʧʨʦʠʩʭʦʜʠʣʦ ʩ ʫʯʝʪʦʤ ʧʨʠʙʣʠʞʝʥʠʷ ʜʘʥʥʦʡ ʤʦʣʝʢʫʣʳ ʢ 
ʘʪʦʤʫ ʩʝʨʝʙʨʘ ʘʪʦʤʦʤ ʚʦʜʦʨʦʜʘ (ʨʠʩ. 4). 
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ʘ) 

 

ʙ) 

 
ʈʠʩ. 4. ʅʘʥʦʩʠʩʪʝʤʘ ʋʅʊ+Ag ʩ ʧʨʠʩʦʝʜʠʥʝʥʥʦʡ ʤʦʣʝʢʫʣʦʡ ʤʝʪʘʥʘ: ʘ) ʪʠʧʘ (6,0); 

ʙ) ʪʠʧʘ (6,6). 
 

 ʉʤʦʜʝʣʠʨʦʚʘʥʥʳʝ ʩʠʩʪʝʤʳ ʜʝʤʦʥʩʪʨʠʨʫʶʪ ʬʦʨʤʠʨʦʚʘʥʠʝ 
ʫʩʪʦʡʯʠʚʳʭ ʢʦʤʧʣʝʢʩʦʚ ʜʣʷ ʦʙʦʠʭ ʪʠʧʦʚ ʋʅʊ. ʇʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘ-
ʪʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʩʚʠʜʝʪʝʣʴʩʪʚʫʶʪ ʦ ʪʦʤ, ʯʪʦ ʬʫʥʢʮʠʦʥʘʣʠʟʘʮʠʷ ʋʅʊ 
ʪʠʧʘ (6,0) ʠ (6,6) ʘʪʦʤʦʤ ʩʝʨʝʙʨʘ ʫʣʫʯʰʘʝʪ ʩʦʨʙʮʠʦʥʥʳʝ ʩʚʦʡʩʪʚʘ 
ʥʘʥʦʪʨʫʙʦʢ ʢʘʩʘʪʝʣʴʥʦ ʤʦʣʝʢʫʣʳ ʉH4. ɻʨʘʬʠʢ ʧʨʦʬʠʣʝʡ ʵʥʝʨʛʠʠ 
(ʨʠʩ. 5) ʫʢʘʟʳʚʘʝʪ ʥʘ ʩʪʘʙʠʣʴʥʦʩʪʴ ʧʦʣʫʯʝʥʥʳʭ ʢʦʤʧʣʝʢʩʦʚ, ʯʪʦ ʛʦʚʦ-
ʨʠʪ ʦʙ ʧʨʠʩʫʪʩʪʚʠʠ ʚʦʟʤʦʞʥʦʩʪʠ ʧʦ ʠʩʧʦʣʴʟʦʚʘʥʠʶ ʵʪʠʭ ʤʘʪʝʨʠʘʣʦʚ. 
 

 
ʈʠʩ. 5. ʇʨʦʬʠʣʠ ʧʦʚʝʨʭʥʦʩʪʠ ʧʦʪʝʥʮʠʘʣʴʥʦʡ ʵʥʝʨʛʠʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʤʦʣʝʢʫʣʳ 

ʫʛʘʨʥʦʛʦ ʛʘʟʘ ʩ ʩʠʩʪʝʤʦʡ ʋʅʊ+Ag. ʉʠʥʷʷ ʣʠʥʠʷ ï ʋʅʊ ʪʠʧʘ (6,0),  
ʦʨʘʥʞʝʚʘʷ ʣʠʥʠʷ ï ʋʅʊ ʪʠʧʘ (6,6). 

 

 ʀʟʤʝʥʝʥʠʷ ʐɿɿ ʩʠʩʪʝʤʳ ʋʅʊ ʪʠʧʘ (6,0) +Ag ʧʨʠ ʧʨʠʩʦʝʜʠʥʝʥʠʠ 
ʤʦʣʝʢʫʣʳ ʤʝʪʘʥʘ ʫʢʘʟʳʚʘʶʪ ʥʘ ʫʚʝʣʠʯʝʥʠʝ ʜʘʥʥʦʛʦ ʧʘʨʘʤʝʪʨʘ ʜʦ 0,69 
eV. ʐɿɿ ʋʅʊ ʪʠʧʘ (6,6) +Ag ʩ ʫʯʝʪʦʤ ʧʨʠʩʦʝʜʠʥʝʥʠʷ ʤʦʣʝʢʫʣʳ ʉH4 
ʦʩʪʘʝʪʩʷ ʥʝʠʟʤʝʥʥʦʡ (ʪʘʙʣ. 2). 
 
 ʊʘʙʣʠʮʘ 2. ʆʩʥʦʚʥʳʝ ʵʥʝʨʛʝʪʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʋʅʊ ʪʠʧʘ (6,0) ʠ (6,0) 
ʧʨʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʠ ʩ ʤʦʣʝʢʫʣʦʡ ʤʝʪʘʥʘ. 

 ʋʅʊ ʪʠʧʘ (6,0) ʋʅʊ ʪʠʧʘ (6,6) 

Eʘʜ, ʵɺ -0,07 -0,07 

Rʘʜ, ¡ 3,2 3,5 

ȹEg, ʵɺ ʩʠʩʪʝʤʳ çʋʅʊ+Agè 0,66 0,92 

ȹEg, ʵɺ ʩʠʩʪʝʤʳ çʋʅʊ+Ag+ CH4è 0,69 0,92 
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ʋʅʊ (6,6) 
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ɿʘʢʣʶʯʝʥʠʝ 
 ʀʩʩʣʝʜʦʚʘʥʠʷ ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ ʋʅʊ ʪʠʧʘ (6,0) ʠ (6,6) + Ag ʩ ʤʦʣʝ-
ʢʫʣʘʤʠ ʫʛʘʨʥʦʛʦ ʛʘʟʘ ʠ ʤʝʪʘʥʘ ʫʢʘʟʳʚʘʶʪ ʥʘ ʥʘʣʠʯʠʝ ʩʦʨʙʮʠʦʥʥʦʛʦ ʚʟʘʠ-
ʤʦʜʝʡʩʪʚʠʷ ʠ ʦʙʨʘʟʦʚʘʥʠʝ ʩʪʘʙʠʣʴʥʳʭ ʢʦʤʧʣʝʢʩʦʚ. ɿʥʘʯʝʥʠʷ ʵʥʝʨʛʠʠ ʩʦ-
ʦʪʚʝʪʩʪʚʫʶʪ ʩʣʘʙʦʤʫ ɺʘʥ-ʜʝʨ-ɺʘʘʣʴʩʦʚʦʤʫ ʚʟʘʠʤʦʜʝʡʩʪʚʠʶ, ʯʪʦ ʤʦʞʝʪ 
ʜʘʪʴ ʚʦʟʤʦʞʥʦʩʪʴ ʜʣʷ ʤʥʦʛʦʢʨʘʪʥʦʛʦ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʩʝʥʩʦʨʘ. 

ɺʟʘʠʤʦʜʝʡʩʪʚʠʝ ʢʦʤʧʣʝʢʩʘ ʋʅʊ ʪʠʧʘ (6,0) + Ag ʩ ʤʦʣʝʢʫʣʘʤʠ 
ʫʛʘʨʥʦʛʦ ʛʘʟʘ ʠ ʤʝʪʘʥʘ ʩʦʧʨʦʚʦʞʜʘʝʪʩʷ ʠʟʤʝʥʝʥʠʝʤ ʰʠʨʠʥʳ ʟʘʧʨʝʱʝʥʥʦʡ 
ʟʦʥʳ, ʯʪʦ ʷʚʣʷʝʪʩʷ ʥʝʦʙʭʦʜʠʤʳʤ ʫʩʣʦʚʠʝʤ ʜʣʷ ʨʘʙʦʪʳ ʩʝʥʩʦʨʥʳʭ 
ʫʩʪʨʦʡʩʪʚ, ʦʩʥʦʚʘʥʥʳʭ ʥʘ ʬʠʢʩʘʮʠʠ ʠʟʤʝʥʝʥʠʡ ʧʨʦʚʦʜʷʱʠʭ ʩʚʦʡʩʪʚ ʩʠ-
ʩʪʝʤʳ. ɺ ʜʘʥʥʳʭ ʘʥʘʣʠʟʠʨʫʝʤʳʭ ʩʣʫʯʘʷʭ, ʟʥʘʯʝʥʠʷ ʰʠʨʠʥʳ ʟʘʧʨʝʱʝʥʥʦʡ 
ʟʦʥʳ ʫ ʋʅʊ ʪʠʧʘ (6,0) + Ag ʦʪʣʠʯʘʶʪʩʷ ʧʨʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʠ ʩ ʢʘʞʜʳʤ 
ʚʳʙʨʘʥʥʳʤ ʛʘʟʦʤ, ʯʪʦ ʛʦʚʦʨʠʪ ʦʙ ʩʝʣʝʢʪʠʚʥʦʩʪʠ ʠ ʚʳʩʦʢʦʡ ʯʫʚʩʪʚʠʪʝʣʴ-
ʥʦʩʪʠ ʩʝʥʩʦʨʘ, ʢʦʪʦʨʳʡ ʤʦʞʝʪ ʙʳʪʴ ʩʦʟʜʘʥ ʥʘ ʦʩʥʦʚʝ ʜʘʥʥʳʭ ʩʠʩʪʝʤ. 

ʉʪʦʠʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʥʝʩʤʦʪʨʷ ʥʘ ʦʙʨʘʟʦʚʘʥʠʝ ʫʩʪʦʡʯʠʚʳʭ ʢʦʤʧʣʝʢ-
ʩʦʚ ʠ ʫʣʫʯʰʝʥʠʝ ʩʦʨʙʮʠʦʥʥʳʭ ʩʚʦʡʩʪʚ ʦʪʥʦʩʠʪʝʣʴʥʦ ʠʩʩʣʝʜʫʝʤʳʭ ʛʘ-
ʟʦʚ, ʬʫʥʢʮʠʦʥʘʣʠʟʠʨʦʚʘʥʥʘʷ ʘʪʦʤʦʤ ʩʝʨʝʙʨʘ ʩʠʩʪʝʤʘ ʥʘ ʦʩʥʦʚʝ ʋʅʊ (6,6) 
ʥʝ ʜʝʤʦʥʩʪʨʠʨʫʝʪ ʜʦʩʪʘʪʦʯʥʦʡ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʠ ʜʣʷ ʩʝʥʩʦʨʥʦʛʦ ʫʩʪʨʦʡ-
ʩʪʚʘ. 

 ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʚ ʨʘʤʢʘʭ ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʛʦ ʟʘʜʘʥʠʷ ʄʠʥʠ-
ʩʪʝʨʩʪʚʘ ʥʘʫʢʠ ʠ ʚʳʩʰʝʛʦ ʦʙʨʘʟʦʚʘʥʠʷ ʈʌ (ʪʝʤʘ "FZUU-2023-0001"). 
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ɸʥʥʦʪʘʮʠʷ. ʈʘʟʨʘʙʦʪʘʥʘ ʪʝʭʥʦʣʦʛʠʷ ʠ ʠʩʩʣʝʜʦʚʘʥʦ ʚʣʠʷʥʠʝ ʨʘʟʤʝʨʥʦʛʦ 

ʢʚʘʥʪʦʚʘʥʠʷ ʥʘ ʵʥʝʨʛʠʶ ʘʢʪʠʚʘʮʠʠ ʧʨʦʚʦʜʠʤʦʩʪʝʡ, ʤʦʨʬʦʣʦʛʠʶ ʠ ʧʦʣʝʚʫʶ ʵʤʠʩ-
ʩʠʶ ʵʣʝʢʪʨʦʥʦʚ 2D ʛʝʪʝʨʦʩʪʨʫʢʪʫʨ ʛʠʙʨʠʜʥʳʭ ʘʣʤʘʟʦʛʨʘʬʠʪʦʚʳʭ ʧʣʝʥʦʯʥʳʭ 
ʩʪʨʫʢʪʫʨ ʩ ʨʘʟʣʠʯʥʳʤ ʙʝʩʧʨʠʤʝʩʥʳʤ ʦʙʦʛʘʱʝʥʠʝʤ ʩʣʦʝʚ. ʋʩʪʘʥʦʚʣʝʥʳ ʟʘʢʦʥʦ-
ʤʝʨʥʦʩʪʠ ʠ ʤʝʭʘʥʠʟʤʳ ʚʣʠʷʥʠʷ ʪʦʣʱʠʥʳ ʦʙʝʜʥʝʥʥʳʭ ʧʣʝʥʦʯʥʳʭ ʩʪʨʫʢʪʫʨ ʥʘ 
ʦʙʦʛʘʱʝʥʥʦʤ ʦʩʥʦʚʘʥʠʠ ʥʘ ʵʥʝʨʛʠʶ ʘʢʪʠʚʘʮʠʠ ʧʨʦʚʦʜʠʤʦʩʪʝʡ ʠ ʤʘʢʩʠʤʘʣʴʥʳʝ 
ʧʦʣʝʚʳʝ ʪʦʢʠ.  

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʘʣʤʘʟʦʛʨʘʬʠʪʦʚʳʝ ʧʣʝʥʦʯʥʳʝ ʩʪʨʫʢʪʫʨʳ, ʵʥʝʨʛʠʷ ʘʢʪʠ-
ʚʘʮʠʠ ʧʨʦʚʦʜʠʤʦʩʪʠ, ʤʦʨʬʦʣʦʛʠʷ, ʧʦʣʝʚʘʷ ʵʤʠʩʩʠʷ ʵʣʝʢʪʨʦʥʦʚ. 

 
ʇʨʠʙʦʨʳ ʉɺʏ ʠ ʩʫʙʪʝʨʘʛʝʨʮʦʚʦʛʦ ʜʠʘʧʘʟʦʥʦʚ ʩʨʝʜʥʝʡ ʠ ʙʦʣʴ-

ʰʦʡ ʤʦʱʥʦʩʪʠ ʠʤʝʶʪ ʰʠʨʦʢʦʝ ʧʨʠʤʝʥʝʥʠʝ, ʢʘʢ ʚ ʥʘʟʝʤʥʳʭ, ʪʘʢ ʠ ʚ 
ʚʦʟʜʫʰʥʦ-ʢʦʩʤʠʯʝʩʢʠʭ ʨʘʜʠʦʪʝʭʥʠʯʝʩʢʠʭ ʫʩʪʨʦʡʩʪʚʘʭ. ɺʩʝ ʙʦʣʝʝ ʚʳ-
ʩʦʢʠʝ ʪʨʝʙʦʚʘʥʠʷ ʧʦ ʥʘʜʝʞʥʦʩʪʠ ʠ ʜʦʣʛʦʚʝʯʥʦʩʪʠ ʧʨʝʜʲʷʚʣʷʶʪʩʷ, ʚ 
ʯʘʩʪʥʦʩʪʠ, ʢ ʵʣʝʤʝʥʪʥʦʡ ʙʘʟʝ ʨʘʜʠʦʘʧʧʘʨʘʪʫʨʳ ʜʣʷ ʩʠʩʪʝʤ ʥʘʚʠʛʘʮʠʠ 
ʠ ʢʦʩʤʠʯʝʩʢʦʡ ʩʚʷʟʠ.   

 ʆʩʥʦʚʥʘʷ ʧʨʦʙʣʝʤʘ ʧʨʠ ʩʦʟʜʘʥʠʠ ʤʦʱʥʳʭ ʠʩʪʦʯʥʠʢʦʚ ʢʦʛʝ-
ʨʝʥʪʥʦʛʦ ʩʫʙʪʝʨʘʛʝʨʮʦʚʦʛʦ ʠʟʣʫʯʝʥʠʷ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʧʦʣʫʯʝʥʠʠ ʠʩ-
ʪʦʯʥʠʢʦʚ ʵʣʝʢʪʨʦʥʦʚ ʩ ʚʳʩʦʢʠʤʠ ʧʣʦʪʥʦʩʪʷʤʠ ʪʦʢʘ, ʯʪʦ ʚ ʥʝʤʘʣʦʡ 
ʩʪʝʧʝʥʠ, ʢʨʦʤʝ ʫʚʝʣʠʯʝʥʠʷ ʤʦʱʥʦʩʪʠ, ʦʙʫʩʣʦʚʣʝʥʦ ʫʤʝʥʴʰʝʥʠʝʤ 
ʨʘʟʤʝʨʦʚ ʧʨʠʙʦʨʦʚ. ʇʝʨʩʧʝʢʪʠʚʥʳʤ ʥʘʧʨʘʚʣʝʥʠʝʤ ʨʘʟʨʘʙʦʪʢʠ ʷʚʣʷʝʪ-
ʩʷ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʧʦʣʝʚʳʭ ʢʘʪʦʜʦʚ ʥʘ ʦʩʥʦʚʝ ʘʣʤʘʟʦʛʨʘʬʠʪʦʚʳʭ ʧʣʝ-
ʥʦʯʥʳʭ ʩʪʨʫʢʪʫʨ [1,2]. 

ʎʝʣʴ ʨʘʙʦʪʳ ï ʠʩʩʣʝʜʦʚʘʥʠʝ ʟʘʢʦʥʦʤʝʨʥʦʩʪʝʡ ʠ ʨʘʟʨʘʙʦʪʢʘ ʤʝ-
ʭʘʥʠʟʤʦʚ ʪʨʘʥʩʧʦʨʪʘ ʠ ʧʦʣʝʚʦʡ ʵʤʠʩʩʠʠ ʵʣʝʢʪʨʦʥʦʚ ʛʠʙʨʠʜʥʳʭ ʘʣʤʘ-
ʟʦʛʨʘʬʠʪʦʚʳʭ 2D ʛʝʪʝʨʦʩʪʨʫʢʪʫʨ. 

ʆʩʘʞʜʝʥʠʝʤ ʚ ʤʠʢʨʦʚʦʣʥʦʚʦʡ ʧʣʘʟʤʝ ʧʘʨʦʚ ʵʪʘʥʦʣʘ ʘʣʤʘʟʦʛʨʘ-
ʬʠʪʦʚʳʭ ʧʣʝʥʦʯʥʳʭ ʩʪʨʫʢʪʫʨ ʩ ʨʘʟʣʠʯʥʳʤ ʵʣʝʢʪʨʦʥʥʳʤ ʦʙʦʛʘʱʝʥʠʝʤ 
ʠʟʛʦʪʦʚʣʝʥʳ ʚ ʦʜʥʦʤ ʚʘʢʫʫʤʥʦʤ ʮʠʢʣʝ 2D ʛʝʪʝʨʦʩʪʨʫʢʪʫʨʳ, ʚ ʥʠʞʥʝʤ 
ʩʣʦʝ ʢʦʪʦʨʳʭ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʦʙʦʛʘʱʝʥʥʳʝ ʩʪʨʫʢʪʫʨʳ ʩ ʫʜʝʣʴʥʳʤ 
ʧʦʚʝʨʭʥʦʩʪʥʳʤ ʩʦʧʨʦʪʠʚʣʝʥʠʝʤ 160 ʢʆʤ/Ǐ. ɺʝʨʭʥʠʝ ʩʣʦʠ ʦʙʝʜʥʝʥ-
ʥʳʭ ʘʣʤʘʟʦʛʨʘʬʠʪʦʚʳʭ ʩʪʨʫʢʪʫʨ, ʦʙʣʘʜʘʶʱʠʭ ʤʝʥʴʰʝʡ ʨʘʙʦʪʦʡ ʚʳ-
ʭʦʜʘ ʵʣʝʢʪʨʦʥʦʚ, ʠʤʝʣʠ ʪʦʣʱʠʥʳ ʚ ʠʥʪʝʨʚʘʣʝ ʦʪ 5 ʜʦ 100 ʥʤ. ʇʦʜ-
ʢʣʶʯʝʥʠʝ ʢ ʠʩʪʦʯʥʠʢʫ ʧʠʪʘʥʠʷ ʧʨʠ ʠʟʤʝʨʝʥʠʷʭ ʧʨʦʜʦʣʴʥʳʭ ɺɸʍ ʚ 
ʩʪʘʮʠʦʥʘʨʥʳʭ ʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʦʣʷʭ ʦʩʫʱʝʩʪʚʣʷʣʦʩʴ ʯʝʨʝʟ ʦʩʘʞʜʝʥ-



21 

ʥʳʝ ʪʝʨʤʠʯʝʩʢʠʤ ʠʩʧʘʨʝʥʠʝʤ ʚ ʚʘʢʫʫʤʝ ʥʠʢʝʣʝʚʳʝ ʢʦʥʪʘʢʪʥʳʝ ʧʣʦ-
ʱʘʜʢʠ ʥʘ ʦʙʦʛʘʱʝʥʥʦʝ ʦʩʥʦʚʘʥʠʝ ʛʝʪʝʨʦʩʪʨʫʢʪʫʨʳ (ʨʠʩ. 1).  

 
ʈʠʩ. 1. ʂʦʥʩʪʨʫʢʮʠʷ ʛʝʪʝʨʦʩʪʨʫʢʪʫʨʳ: 1-ʧʦʜʣʦʞʢʘ; ʦʙʦʛʘʱʝʥʥʳʡ (2)  
ʠ ʦʙʝʜʥʝʥʥʳʡ (3) ʘʣʤʘʟʦʛʨʘʬʠʪʦʚʳʝ ʩʣʦʠ; 4- ʥʠʢʝʣʝʚʳʝ ʢʦʥʪʘʢʪʳ. 

 
ɸʚʪʦʵʤʠʩʩʠʦʥʥʳʝ ʩʚʦʡʩʪʚʘ ʠʩʩʣʝʜʦʚʘʣʠʩʴ ʚ ʫʩʣʦʚʠʷʭ ʚʳʩʦʢʦʛʦ 

ʚʘʢʫʫʤʘ (10
ī6

 Pa) ʚ ʜʠʦʜʥʦʡ ʢʦʥʩʪʨʫʢʮʠʠ  ʩ ʪʦʯʥʦʩʪʴʶ ʬʠʢʩʠʨʦʚʘʥʠʷ  
ʨʘʩʩʪʦʷʥʠʷ ʤʝʞʜʫ ʘʥʦʜʦʤ ʠ ʧʣʝʥʦʯʥʦʡ ʩʪʨʫʢʪʫʨʦʡ 1 ɛm. ɼʠʘʤʝʪʨ ʨʘ-
ʙʦʯʝʡ ʧʦʚʝʨʭʥʦʩʪʠ ʘʥʦʜʘ ʩʦʩʪʘʚʣʷʣ 3 mm,  ʚʝʣʠʯʠʥʘ ʟʘʟʦʨʘ ʩ ʠʩʩʣʝʜʫ-
ʝʤʦʡ ʧʣʝʥʦʯʥʦʡ ʩʪʨʫʢʪʫʨʦʡ  20 ɛm. ʀʟʤʝʨʝʥʠʷ ɺɸʍ ʧʨʦʚʦʜʠʣʠʩʴ ʚ 
ʠʤʧʫʣʴʩʥʦʤ ʨʝʞʠʤʝ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʭʘʨʘʢʪʝʨʠʦʛʨʘʬʘ çʕʨʙʠʡ -
7176è ʧʨʠ ʜʣʠʪʝʣʴʥʦʩʪʷʭ ʠʤʧʫʣʴʩʦʚ ʧʨʷʤʦʫʛʦʣʴʥʦʡ ʬʦʨʤʳ 10 ɛs. ʇʦ-
ʨʦʛʠ ʧʦʣʝʚʦʡ ʵʤʠʩʩʠʠ ʬʠʢʩʠʨʦʚʘʣʠʩʴ ʧʦ ʥʘʧʨʷʞʝʥʥʦʩʪʠ ʵʣʝʢʪʨʠʯʝ-
ʩʢʦʛʦ ʧʦʣʷ, ʧʨʠ ʢʦʪʦʨʦʡ ʧʦʣʝʚʦʡ ʪʦʢ ʩʦʩʪʘʚʣʷʣ 5 ɛɸ. ʄʘʢʩʠʤʘʣʴʥʳʝ 
ʧʦʣʝʚʳʝ ʪʦʢʠ ʦʧʨʝʜʝʣʷʣʠ ʧʦ ʚʝʣʠʯʠʥʝ, ʧʨʝʜʰʝʩʪʚʫʶʱʝʡ ʚʦʟʥʠʢʥʦʚʝ-
ʥʠʶ  ʚʟʨʳʚʥʦʡ ʵʤʠʩʩʠʠ ʵʣʝʢʪʨʦʥʦʚ.  

ʍʘʨʘʢʪʝʨʠʟʘʮʠʷ ʤʦʨʬʦʣʦʛʠʠ ʧʨʦʚʦʜʠʣʘʩʴ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 
ʬʫʥʢʮʠʠ Threshold ʧʨʦʛʨʘʤʤʥʦʛʦ ʦʙʝʩʧʝʯʝʥʠʷ Image Analysis ɸʉʄ 
NT-MDT ʢʦʥʪʘʢʪʥʦʛʦ ʪʠʧʘ. ʀʟ ɸʉʄ ʠʟʦʙʨʘʞʝʥʠʡ ʘʣʤʘʟʦʛʨʘʬʠʪʦʚʳʭ 
ʛʝʪʝʨʦʩʪʨʫʢʪʫʨ ʩ ʨʘʟʣʠʯʥʦʡ ʪʦʣʱʠʥʦʡ ʦʙʝʜʥʝʥʥʳʭ ʩʣʦʝʚ ʫʩʪʘʥʦʚʣʝʥʦ, 
ʯʪʦ ʥʘʠʙʦʣʝʝ ʩʠʣʴʥʳʝ ʠʟʤʝʥʝʥʠʷ ʧʘʨʘʤʝʪʨʦʚ ʤʦʨʬʦʣʦʛʠʠ ʥʘʙʣʶʜʘ-
ʶʪʩʷ ʧʨʠ ʢʦʨʦʪʢʠʭ ʜʣʠʪʝʣʴʥʦʩʪʷʭ ʦʩʘʞʜʝʥʠʷ, ʧʨʠ ʪʦʣʱʠʥʘʭ ʩʣʦʝʚ 
5é10 ʥʤ (ʨʠʩ. 2). ɺ ʵʪʦʤ ʠʥʪʝʨʚʘʣʝ ʪʦʣʱʠʥ ʚʳʩʦʪʳ ʤʠʢʨʦʚʳʩʪʫʧʦʚ 
ʩʦʩʪʘʚʣʷʶʪ ʦʢʦʣʦ 6 ʥʤ, ʜʠʘʤʝʪʨʳ ʠʭ ʦʩʥʦʚʘʥʠʡ 16 ʥʤ, ʘʩʧʝʢʪʥʳʝ ʦʪ-
ʥʦʰʝʥʠʷ ʦʢʦʣʦ 0,7.  

 
ʈʠʩ. 2. ɿʘʚʠʩʠʤʦʩʪʠ ʚʳʩʦʪ h (1) ʠ ʨʘʜʠʫcʦʚ ʦʩʥʦʚʘʥʠʡ ʤʠʢʨʦʚʳʩʪʫʧʦʚ 

r (2) (ʘ), ʘ ʪʘʢʞʝ ʘʩʧʝʢʪʥʳʭ ʦʪʥʦʰʝʥʠʡ (1) ʠ ʧʦʚʝʨʭʥʦʩʪʥʦʡ ʧʣʦʪʥʦʩʪʠ (2)  
ʤʠʢʨʦʚʳʩʪʫʧʦʚ (ʙ) ʦʪ ʪʦʣʱʠʥʳ ʦʙʝʜʥʸʥʥʦʛʦ ʘʣʤʘʟʦʛʨʘʬʠʪʦʚʦʛʦ ʩʣʦʷ  

 
ʀʟ ʨʠʩ. 3, ʤʦʞʥʦ ʚʠʜʝʪʴ, ʯʪʦ ʫʚʝʣʠʯʝʥʠʝ ʧʨʦʜʦʣʴʥʦʛʦ  ʪʦʢʘ ʧʨʠ 

ʬʠʢʩʠʨʦʚʘʥʥʦʡ ʨʘʟʥʦʩʪʠ ʧʦʪʝʥʮʠʘʣʦʚ ʤʝʞʜʫ ʢʦʥʪʘʢʪʘʤʠ 30 V ʦʩʫ-
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ʱʝʩʪʚʣʷʝʪʩʷ ʚ ʪʦʤ ʞʝ  ʠʥʪʝʨʚʘʣʝ ʪʦʣʱʠʥ ʦʙʝʜʥʝʥʥʳʭ ʩʣʦʝʚ, ʚ ʢʦʪʦ-
ʨʦʤ  ʵʥʝʨʛʠʠ ʘʢʪʠʚʘʮʠʠ ʧʨʦʚʦʜʠʤʦʩʪʝʡ ʠʤʝʶʪ ʥʘʠʤʝʥʴʰʠʝ ʟʥʘʯʝʥʠʷ, 
ʦʩʪʘʝʪʩʷ ʧʨʘʢʪʠʯʝʩʢʠ ʥʝʠʟʤʝʥʥʳʤʠ ʠ ʩʦʩʪʘʚʣʷʶʪ ʦʢʦʣʦ 0,05 eV.  

 

 
ʈʠʩ. 3.  ɿʘʚʠʩʠʤʦʩʪʠ ʧʨʦʜʦʣʴʥʦʛʦ ʪʦʢʘ (1) ʧʨʠ ʨʘʟʥʦʩʪʠ ʧʦʪʝʥʮʠʘʣʦʚ ʀ-ʉ 30 V ʠ 

ʵʥʝʨʛʠʠ ʘʢʪʠʚʘʮʠʠ ʧʨʦʚʦʜʠʤʦʩʪʠ (2) ʦʪ ʪʦʣʱʠʥʳ ʦʙʝʜʥʸʥʥʦʛʦ ʩʣʦʷ 2D 
 ʛʝʪʝʨʦʩʪʨʫʢʪʫʨ 

 
ʌʠʟʠʢʘ ʪʘʢʦʡ ʢʦʨʨʝʣʷʮʠʠ ʦʧʨʝʜʝʣʷʝʪʩʷ ʧʨʦʮʝʩʩʘʤʠ ʵʣʝʢʪʨʦʥ-

ʠʦʥʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ, ʢʦʪʦʨʳʝ ʨʝʘʣʠʟʫʶʪʩʷ ʧʦ ʤʝʭʘʥʠʟʤʫ ʦʙʨʘʟʦ-
ʚʘʥʠʷ ʟʘʨʦʜʳʰʝʡ ʠ ʬʦʨʤʠʨʦʚʘʥʠʷ ʪʦʥʢʠʭ ʘʣʤʘʟʦʛʨʘʬʠʪʦʚʳʭ ʩʪʨʫʢʪʫʨ 
ʧʨʠ ʩʠʥʪʝʟʝ ʚ ʤʠʢʨʦʚʦʣʥʦʚʦʡ ʧʣʘʟʤʝ [3,4]. ɺ ʧʨʦʮʝʩʩʝ ʩʠʥʪʝʟʘ ʦʙʦʛʘ-
ʱʝʥʥʳʭ ʦʩʥʦʚʘʥʠʡ ʛʝʪʝʨʦʩʪʨʫʢʪʫʨ, ʢʦʪʦʨʳʡ ʧʨʦʚʦʜʠʪʩʷ ʧʨʠ ʧʦʣʦʞʠ-
ʪʝʣʴʥʦʤ ʩʤʝʱʝʥʠʠ ʥʘ ʧʦʜʣʦʞʢʦʜʝʨʞʘʪʝʣʝ, ʚʩʣʝʜʩʪʚʠʝ ʠʥʪʝʥʩʠʚʥʦʡ 
ʵʣʝʢʪʨʦʥʥʦʡ ʙʦʤʙʘʨʜʠʨʦʚʢʠ ʩʨʝʜʥʝʝ ʚʨʝʤʷ ʞʠʟʥʠ ʘʜʩʦʨʙʠʨʦʚʘʥʥʳʭ 
ʥʘ ʧʦʜʣʦʞʢʝ ʘʪʦʤʦʚ ʠ ʧʣʦʱʘʜʴ ʟʦʥ ʟʘʭʚʘʪʘ ʚʦʢʨʫʛ ʢʘʞʜʦʛʦ ʟʘʨʦʜʳʰʘ 
ʫʤʝʥʴʰʘʶʪʩʷ. ɿʘʨʦʜʳʰʠ ʨʘʩʪʫʪ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʟʘ ʩʯʝʪ ʧʨʷʤʦʛʦ 
ʧʦʩʪʫʧʣʝʥʠʷ ʘʪʦʤʦʚ ʠʟ ʛʘʟʦʚʦʡ ʬʘʟʳ. ʀʭ ʚʳʩʦʪʳ, ʭʘʨʘʢʪʝʨʠʟʫʶʱʠʝ 
ʩʥʠʞʝʥʠʝ ʧʦʚʝʨʭʥʦʩʪʥʦʡ ʵʥʝʨʛʠʠ, ʠ ʫʜʘʣʝʥʥʦʩʪʴ ʜʨʫʛ ʦʪ ʜʨʫʛʘ ʩ ʫʚʝ-
ʣʠʯʝʥʠʝʤ ɟ ʫʚʝʣʠʯʠʚʘʶʪʩʷ. ɼʣʷ ʦʙʝʜʥʝʥʥʳʭ ʧʣʝʥʦʯʥʳʭ ʩʪʨʫʢʪʫʨ, ʧʦ-
ʣʫʯʝʥʥʳʭ ʧʨʠ ʦʪʨʠʮʘʪʝʣʴʥʳʭ ʩʤʝʱʝʥʠʷʭ ʚ ʫʩʣʦʚʠʷʭ ʠʥʪʝʥʩʠʚʥʦʡ 
ʙʦʤʙʘʨʜʠʨʦʚʢʠ ʫʛʣʝʨʦʜʦʩʦʜʝʨʞʘʱʠʤʠ ʠʦʥʘʤʠ, ʬʦʨʤʘ ʠ ʨʘʟʤʝʨʳ ʟʘ-
ʨʦʜʳʰʝʡ ʩʫʱʝʩʪʚʝʥʥʦ ʠʟʤʝʥʷʶʪʩʷ. ʋʚʝʣʠʯʝʥʠʝ ʟʦʥʳ ʟʘʭʚʘʪʘ ʫʚʝʣʠ-
ʯʠʚʘʝʪ ʧʦʧʝʨʝʯʥʳʝ ʨʘʟʤʝʨʳ ʟʘʨʦʜʳʰʝʡ, ʩ ʫʚʝʣʠʯʝʥʠʝʤ ɟ ʚʳʩʦʪʳ 
ʫʤʝʥʴʰʘʶʪʩʷ. ɺʩʣʝʜʩʪʚʠʝ ʵʪʦʛʦ ʚ ʦʪʩʫʪʩʪʚʠʠ ʦʙʝʜʥʝʥʥʦʛʦ ʩʣʦʷ ʚʳʩʦ-
ʪʳ ʚʳʩʪʫʧʦʚ ʥʘ ʦʙʦʛʘʱʝʥʥʦʤ ʦʩʥʦʚʘʥʠʠ ʙʦʣʴʰʝ, ʯʝʤ ʚ ʛʝʪʝʨʦʩʪʨʫʢ-
ʪʫʨʘʭ ʩ ʪʦʣʱʠʥʘʤʠ ʦʙʝʜʥʝʥʥʦʛʦ ʩʣʦʷ 5 ʠ 10 ʥʤ. 

ɺ ʩʦʦʪʚʝʪʩʪʚʠʝ ʩ ʢʚʘʥʪʦʚʦʤʝʭʘʥʠʯʝʩʢʠʤʠ ʧʨʝʜʩʪʘʚʣʝʥʠʷʤʠ ʩʦʙ-
ʩʪʚʝʥʥʘʷ ʵʥʝʨʛʠʷ ʵʣʝʢʪʨʦʥʦʚ ʚ ʥʘʥʦʨʘʟʤʝʨʥʳʭ ʯʘʩʪʠʮʘʭ-ʟʘʨʦʜʳʰʘʭ 
ʦʧʨʝʜʝʣʷʝʪʩʷ ʠʭ ʛʝʦʤʝʪʨʠʯʝʩʢʠʤ ʨʘʟʤʝʨʦʤ: ɽn = ˊ
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ʨʘʟʤʝʨ ʥʘʥʦʯʘʩʪʠʮʳ [5]. ʆʮʝʥʢʠ ʧʦʢʘʟʳʚʘʶʪ, ʯʪʦ ʚ ʠʥʪʝʨʚʘʣʝ ʪʦʣʱʠʥ 
ʦʙʝʜʥʝʥʥʳʭ ʩʣʦʝʚ 5é10 ʥʤ, ʛʜʝ ʚʳʩʦʪʳ ʤʠʢʨʦʚʳʩʪʫʧʦʚ ʩʦʩʪʘʚʣʷʶʪ 
ʦʢʦʣʦ 6 ʥʤ, ʩʦʙʩʪʚʝʥʥʘʷ ʵʥʝʨʛʠʷ ʵʣʝʢʪʨʦʥʦʚ ʩʦʩʪʘʚʣʷʝʪ ʦʢʦʣʦ 0,2 ʵɺ ʠ 
ʧʨʘʢʪʠʯʝʩʢʠ ʥʘ ʧʦʨʷʜʦʢ ʧʨʝʚʳʰʘʝʪ ʢʠʥʝʪʠʯʝʩʢʫʶ ʵʥʝʨʛʠʶ ʵʣʝʢʪʨʦ-
ʥʦʚ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ. ʇʦʚʳʰʝʥʥʘʷ ʵʥʝʨʛʠʷ ʵʣʝʢʪʨʦʥʦʚ ʚ 
ʢʚʘʥʪʦʚʦʨʘʟʤʝʨʥʳʭ ʦʩʪʨʦʚʢʘʭ-ʟʘʨʦʜʳʰʘʭ ʫʚʝʣʠʯʠʚʘʝʪ ʠʭ ʪʝʨʤʦʵʤʠʩ-
ʩʠʦʥʥʫʶ ʩʧʦʩʦʙʥʦʩʪʴ.  ʇʨʠ ʢʦʨʦʪʢʠʭ ʜʣʠʪʝʣʴʥʦʩʪʷʭ ʦʩʘʞʜʝʥʠʷ ʵʪʦ 
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ʦʧʨʝʜʝʣʷʝʪ ʢʠʥʝʪʠʢʫ ʟʘʨʦʞʜʝʥʠʷ ʠ ʨʦʩʪʘ ʧʣʝʥʦʯʥʳʭ ʩʪʨʫʢʪʫʨ, ʠʭ 
ʤʦʨʬʦʣʦʛʠʶ, ʘ ʪʘʢʞʝ ʪʨʘʥʩʧʦʨʪʥʳʝ ʩʚʦʡʩʪʚʘ ʵʣʝʢʪʨʦʥʦʚ [4,6]. ɺʩʣʝʜ-
ʩʪʚʠʝ ʚʦʟʥʠʢʥʦʚʝʥʠʷ ʪʝʨʤʦʵʤʠʩʩʠʦʥʥʦʡ ʩʦʩʪʘʚʣʷʶʱʝʡ, ʚ ʠʥʪʝʨʚʘʣʝ 
ʪʦʣʱʠʥ ʦʙʝʜʥʝʥʥʳʭ ʩʣʦʝʚ 5é15 ʥʤ, ʵʥʝʨʛʠʠ ʘʢʪʠʚʘʮʠʠ ʧʨʦʚʦʜʠʤʦ-
ʩʪʝʡ ʥʝ ʫʚʝʣʠʯʠʚʘʶʪʩʷ, ʧʨʦʜʦʣʴʥʳʝ ʪʦʢʠ ʪʝʤ ʙʦʣʴʰʝ, ʯʝʤ ʤʝʥʴʰʝ ʚʳ-
ʩʦʪʳ ʤʠʢʨʦʚʳʩʪʫʧʦʚ.  

ʀʟʤʝʨʝʥʠʷ ʘʚʪʦʵʤʠʩʩʠʦʥʥʳʭ ɺɸʍ ʘʣʤʘʟʦʛʨʘʬʠʪʦʚʳʭ 2D ʛʝʪʝ-
ʨʦʩʪʨʫʢʪʫʨ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʚ ʠʥʪʝʨʚʘʣʝ ʪʦʣʱʠʥ ʦʙʝʜʥʝʥʥʳʭ ʩʣʦʝʚ ʦʪ 5 
ʜʦ 15 ʥʤ, ʛʜʝ ʢʨʫʪʠʟʥʘ ʧʦʣʝʚʳʭ ɺɸʍ ʠ ʧʨʦʜʦʣʴʥʳʝ ʪʦʢʠ ʚ ʛʝʪʝʨʦ-
ʩʪʨʫʢʪʫʨʘʭ ʧʨʠ ʠʟʤʝʨʝʥʠʷʭ ʚ ʩʪʘʮʠʦʥʘʨʥʳʭ ʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʦʣʷʭ ʫʚʝ-
ʣʠʯʠʚʘʣʠʩʴ, ʧʦʨʦʛʠ ʵʤʠʩʩʠʠ, ʠʥʪʝʨʚʘʣʳ ʜʦʧʫʩʪʠʤʳʭ ʥʘʧʨʷʞʝʥʥʦʩʪʝʡ 
ʘʥʦʜʥʳʭ ʧʦʣʝʡ ʠ ʤʘʢʩʠʤʘʣʴʥʳʝ ʧʦʣʝʚʳʝ ʪʦʢʠ, ʥʘʧʨʦʪʠʚ,  ʫʤʝʥʴʰʘ-
ʣʠʩʴ (ʨʠʩ.4).  ʉʥʠʞʝʥʠʝ ʧʦʨʦʛʦʚʦʡ ʥʘʧʨʷʞʝʥʥʦʩʪʠ ʧʦʣʷ ʧʦʣʝʚʦʡ 
ʵʤʠʩʩʠʠ, ʪʘʢʞʝ ʢʘʢ ʫʚʝʣʠʯʝʥʠʝ ʧʨʦʜʦʣʴʥʳʭ ʪʦʢʦʚ   ʚ ʩʪʘʪʠʯʝʩʢʠʭ 
ʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʦʣʷʭ, ʦʙʫʩʣʦʚʣʝʥʦ ʩʥʠʞʝʥʠʝʤ ʵʥʝʨʛʠʠ ʘʢʪʠʚʘʮʠʠ 
ʧʨʦʚʦʜʠʤʦʩʪʠ 2D ʛʝʪʝʨʦʩʪʨʫʢʪʫʨ ʚʩʣʝʜʩʪʚʠʝ ʫʚʝʣʠʯʝʥʠʷ ʩʦʙʩʪʚʝʥʥʦʡ 
ʵʥʝʨʛʠʠ ʵʣʝʢʪʨʦʥʦʚ ʚ ʢʚʘʥʪʦʚʦʨʘʟʤʝʨʥʳʭ ʦʙʲʝʢʪʘʭ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʠ 
ʚʦʟʥʠʢʥʦʚʝʥʠʷ ʪʝʨʤʦʵʤʠʩʩʠʦʥʥʦʡ ʩʦʩʪʘʚʣʷʶʱʝʡ ʪʨʘʥʩʧʦʨʪʘ ʥʦʩʠʪʝ-
ʣʝʡ ʟʘʨʷʜʘ [3,6]. 

 
ʘ)                                                                     ʙ) 

ʈʠʩ. 4. ɿʘʚʠʩʠʤʦʩʪʠ ʢʨʫʪʠʟʥʳ k (1) ʠ ʤʘʢʩʠʤʘʣʴʥʳʭ ʧʦʣʝʚʳʭ ʪʦʢʦʚ (2) (ʘ), 
ʧʦʨʦʛʦʚʳʭ ʥʘʧʨʷʞʝʥʥʦʩʪʝʡ E (1) ʠ ʠʥʪʝʨʚʘʣʦʚ ʜʦʧʫʩʪʠʤʳʭ ʥʘʧʨʷʞʸʥʥʦʩʪʝʡ  

ʠʤʧʫʣʴʩʥʳʭ ʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʦʣʝʡ (2) (ʙ) ʦʪ ʪʦʣʱʠʥʳ ʦʙʝʜʥʸʥʥʦʛʦ ʩʣʦʷ  

 
ʄʝʭʘʥʠʟʤʦʤ, ʦʛʨʘʥʠʯʠʚʘʶʱʠʤ ʤʘʢʩʠʤʘʣʴʥʳʝ ʪʦʢʠ ʧʦʣʝʚʦʡ ʵʤʠʩ-

ʩʠʠ ʵʣʝʢʪʨʦʥʦʚ, ʷʚʣʷʝʪʩʷ ʚʟʨʳʚʥʘʷ ʵʤʠʩʩʠʠ, ʚʦʟʥʠʢʘʶʱʘʷ ʚʩʣʝʜʩʪʚʠʝ 
ʚʘʢʫʫʤʥʦʛʦ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʨʦʙʦʷ ʠ ʨʘʟʚʠʪʠʷ ʩʢʦʣʴʟʷʱʝʛʦ ʧʦʚʝʨʭ-
ʥʦʩʪʥʦʛʦ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʨʘʟʨʷʜʘ, ʢʦʪʦʨʳʡ ʨʘʟʨʫʰʘʝʪ ʵʤʠʪʪʝʨ [7,8]. ɺ 
ʩʣʫʯʘʝ ʥʝʤʝʪʘʣʣʠʯʝʩʢʠʭ ʵʤʠʪʪʝʨʦʚ ʨʘʟʨʷʜ ʚʦʟʥʠʢʘʝʪ ʧʦʩʣʝ ʦʙʨʘʟʦʚʘ-
ʥʠʷ ʜʚʦʡʥʦʛʦ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʩʣʦʷ ʤʝʞʜʫ ʘʥʦʜʦʤ ʠ ʧʨʠʧʦʚʝʨʭʥʦʩʪʥʦʡ 
ʦʙʣʘʩʪʴʶ ʵʤʠʩʩʠʦʥʥʳʭ ʩʪʨʫʢʪʫʨ ʧʨʠ ʥʘʧʨʷʞʝʥʥʦʩʪʷʭ, ʧʨʝʚʳʰʘʶʱʠʭ 
ʠʭ ʵʣʝʢʪʨʠʯʝʩʢʫʶ ʧʨʦʯʥʦʩʪʴ. ʆʙʨʘʟʦʚʘʥʠʝ ʜʚʦʡʥʦʛʦ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ 
ʩʣʦʷ ʧʨʦʠʩʭʦʜʠʪ ʚ ʨʝʟʫʣʴʪʘʪʝ ʘʢʢʫʤʫʣʠʨʦʚʘʥʠʷ ʧʝʨʝʜ ʇɹ ʥʘ ʛʨʘʥʠʮʝ 
ʪʚʝʨʜʦʝ ʪʝʣʦ - ʚʘʢʫʫʤ ʵʣʝʢʪʨʦʥʦʚ, ʢʦʪʦʨʳʝ ʥʝ ʧʨʦʪʫʥʥʝʣʠʨʦʚʘʣʠ ʠʟ-ʟʘ 
ʥʠʟʢʦʛʦ ʢʦʵʬʬʠʮʠʝʥʪʘ ʧʨʦʟʨʘʯʥʦʩʪʠ. 
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ʅʘʠʤʝʥʴʰʠʡ ʧʦʣʝʚʦʡ ʪʦʢ ʜʦʩʪʠʛʘʝʪʩʷ   ʧʨʠ ʩʥʠʞʝʥʠʠ ʧʦʨʦʛʦʚ 
ʵʤʠʩʩʠʠ ʠ ʠʥʪʝʨʚʘʣʦʚ ʜʦʧʫʩʪʠʤʳʭ ʠʟʤʝʥʝʥʠʡ ʥʘʧʨʷʞʝʥʥʦʩʪʝʡ ʚʥʝʰ-
ʥʠʭ ʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʦʣʝʡ, ʤʠʥʠʤʘʣʴʥʦʡ ʵʥʝʨʛʠʠ ʘʢʪʠʚʘʮʠʠ ʧʨʦʚʦʜʠ-
ʤʦʩʪʠ ʠ ʤʘʢʩʠʤʘʣʴʥʦʤ ʧʨʦʜʦʣʴʥʦʤ ʪʦʢʝ. ʕʢʩʪʨʝʤʫʤ ʧʦʣʝʚʦʛʦ ʪʦʢʘ 
ʨʝʘʣʠʟʫʝʪʩʷ ʧʨʠ ʪʦʣʱʠʥʝ ʦʙʝʜʥʝʥʥʦʛʦ ʩʣʦʷ ʦʢʦʣʦ 5 ʥʤ ʠ ʧʦʚʳʰʝʥʥʦʡ 
ʪʝʨʤʦʵʤʠʩʩʠʠ, ʢʦʪʦʨʘʷ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʚʩʣʝʜʩʪʚʠʝ ʫʚʝʣʠʯʝʥʠʷ   ʩʦʙ-
ʩʪʚʝʥʥʦʡ ʵʥʝʨʛʠʷ ʵʣʝʢʪʨʦʥʦʚ ʟʘ ʩʯʝʪ ʨʘʟʤʝʨʥʦʛʦ ʢʚʘʥʪʦʚʘʥʠʷ.  ʕʪʦ 
ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʪʦʤ, ʯʪʦ ʵʥʝʨʛʠʷ ʪʝʨʤʦʵʣʝʢʪʨʦʥʦʚ ʚ 2D ʛʝʪʝʨʦ-
ʩʪʨʫʢʪʫʨʘʭ ʥʝʜʦʩʪʘʪʦʯʥʘ ʜʣʷ ʪʫʥʥʝʣʠʨʦʚʘʥʠʷ ʩʢʚʦʟʴ ʇɹ ʧʨʠ ʧʦʣʝʚʦʡ 
ʵʤʠʩʩʠʠ [9]. ʋʚʝʣʠʯʝʥʠʝ ʢʦʥʮʝʥʪʨʘʮʠʷ ʵʣʝʢʪʨʦʥʦʚ, ʢʦʪʦʨʳʝ ʠʟ-ʟʘ ʥʝ-
ʜʦʩʪʘʪʦʯʥʦʛʦ ʢʦʵʬʬʠʮʠʝʥʪʘ ʧʨʦʟʨʘʯʥʦʩʪʠ ʘʢʢʫʤʫʣʠʨʫʶʪʩʷ ʧʝʨʝʜ ʇɹ, 
ʫʩʢʦʨʷʝʪ ʬʦʨʤʠʨʦʚʘʥʠʝ ʜʚʦʡʥʦʛʦ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʩʣʦʷ ʩ ʥʘʧʨʷʞʝʥʥʦ-
ʩʪʴʶ, ʧʨʝʚʳʰʘʶʱʝʡ ʵʣʝʢʪʨʠʯʝʩʢʫʶ ʧʨʦʯʥʦʩʪʴ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʩʣʦʷ 
ʵʤʠʩʩʠʦʥʥʦʡ ʩʪʨʫʢʪʫʨʳ. ʈʘʟʨʫʰʝʥʠʝ ʧʨʦʠʩʭʦʜʠʪ ʧʨʠ ʤʝʥʴʰʠʭ 
ʥʘʧʨʷʞʝʥʥʦʩʪʷʭ ʠʤʧʫʣʴʩʥʳʭ ʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʦʣʝʡ ʠ ʪʦʢʘʭ, ʢʦʪʦʨʳʝ 
ʙʦʣʝʝ, ʯʝʤ ʚ 1,5 ʨʘʟʘ, ʤʝʥʴʰʝ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʤʘʢʩʠʤʘʣʴʥʳʤʠ ʪʦʢʘʤʠ 
ʵʤʠʩʩʠʦʥʥʳʭ ʩʪʨʫʢʪʫʨ ʙʝʟ ʦʙʝʜʥʝʥʥʳʭ ʩʣʦʝʚ ʠ ʙʣʠʟʢʠ ʢ ʪʦʢʘʤ ʚ ʛʝʪʝ-
ʨʦʩʪʨʫʢʪʫʨʘʭ ʩ ʪʦʣʩʪʳʤʠ ʩʣʦʷʤʠ, ʚ ʢʦʪʦʨʳʭ ʨʘʟʤʝʨʥʦʝ ʢʚʘʥʪʦʚʘʥʠʝ 
ʦʪʩʫʪʩʪʚʫʝʪ. 
ʇʨʠ ʪʦʣʱʠʥʝ ʦʙʝʜʥʝʥʥʦʛʦ ʩʣʦʷ ʦʢʦʣʦ 15 ʥʤ ʩʥʠʞʘʝʪʩʷ ʩʦʙʩʪʚʝʥ-

ʥʘʷ ʵʥʝʨʛʠʷ ʵʣʝʢʪʨʦʥʦʚ ʟʘ ʩʯʝʪ ʨʘʟʤʝʨʥʦʛʦ ʢʚʘʥʪʦʚʘʥʠʷ.  ʉʥʠʞʝʥʠʝ 
ʪʝʨʤʦʵʤʠʩʩʠʦʥʥʦʡ ʩʦʩʪʘʚʣʷʶʱʝʡ ʪʨʘʥʩʧʦʨʪʘ ʵʣʝʢʪʨʦʥʦʚ ʫʚʝʣʠʯʠʚʘʝʪ 
ʧʦʨʦʛʦʚʫʶ ʥʘʧʨʷʞʝʥʥʦʩʪʴ ʧʦʣʷ ʠ ʠʥʪʝʨʚʘʣ ʜʦʧʫʩʪʠʤʳʭ ʥʘʧʨʷʞʝʥʥʦ-
ʩʪʝʡ, ʢʦʪʦʨʳʝ ʩʥʠʞʘʶʪ ʚʝʣʠʯʠʥʫ ʠ ʰʠʨʠʥʫ ʇɹ ʠ ʫʚʝʣʠʯʠʚʘʶʪ ʝʛʦ ʢʦ-
ʵʬʬʠʮʠʝʥʪ ʧʨʦʟʨʘʯʥʦʩʪʠ. ɿʘʤʝʜʣʝʥʠʝ ʬʦʨʤʠʨʦʚʘʥʠʷ ʜʚʦʡʥʦʛʦ ʵʣʝʢ-
ʪʨʠʯʝʩʢʦʛʦ ʩʣʦʷ ʚʳʨʘʞʘʝʪʩʷ ʚ ʧʨʘʢʪʠʯʝʩʢʠ ʜʚʫʢʨʘʪʥʦʤ ʫʚʝʣʠʯʝʥʠʠ 
ʤʘʢʩʠʤʘʣʴʥʦʛʦ ʧʦʣʝʚʦʛʦ ʪʦʢʘ 2D ʛʝʪʝʨʦʩʪʨʫʢʪʫʨ.  
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ʄɸɻʅʀʊʆʉʊɸʊʀʏɽʉʂɸʗ ʉɺʗɿʔ ʀ ʉɽʃɽʂʊʀɺʅʓʁ ʆɹʄɽʅ 
ʕʅɽʈɻʀɽʁ ɺ ʉʀʉʊɽʄɽ ʉɺʗɿɸʅʅʓʍ ʄʀʂʈʆɺʆʃʅʆɺʆɼʆɺ 
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ʉʘʨʘʪʦʚʩʢʠʡ ʥʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ  
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ɸʥʥʦʪʘʮʠʷ. ɺ ʨʘʙʦʪʝ ʠʩʩʣʝʜʫʝʪʩʷ ʩʠʩʪʝʤʘ ʠʟ ʯʝʪʳʨʸʭ ʣʘʪʝʨʘʣʴʥʦ ʠ ʚʝʨʪʠʢʘʣʴ-
ʥʦ ʩʚʷʟʘʥʥʳʭ ʤʠʢʨʦʚʦʣʥʦʚʦʜʦʚ ʥʘ ʦʩʥʦʚʝ ʜʚʫʭʩʣʦʡʥʳʭ ʧʣʸʥʦʢ ʞʝʣʝʟʦʠʪʪʨʠʝʚʦʛʦ ʛʨʘ-
ʥʘʪʘ (ɾʀɻ) ʩ ʨʘʟʣʠʯʥʳʤʠ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʷʤʠ ʥʘʩʳʱʝʥʠʷ, ʜʝʤʦʥʩʪʨʠʨʫʶʱʘʷ ʯʘʩʪʦʪ-
ʥʦ-ʩʝʣʝʢʪʠʚʥʫʶ ʧʝʨʝʢʘʯʢʫ ʩʧʠʥʦʚʦʣʥʦʚʦʡ ʵʥʝʨʛʠʠ ʟʘ ʩʯʸʪ ʤʘʛʥʠʪʦʩʪʘʪʠʯʝʩʢʦʛʦ ʚʟʘʠ-
ʤʦʜʝʡʩʪʚʠʷ. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʚ ʥʠʟʢʦʯʘʩʪʦʪʥʦʤ ʜʠʘʧʘʟʦʥʝ ʩʠʛʥʘʣ ʣʦʢʘʣʠʟʦʚʘʥ ʚ ʘʢʪʠʚʥʦʤ 
ʢʘʥʘʣʝ, ʪʦʛʜʘ ʢʘʢ ʚ ʚʳʩʦʢʦʯʘʩʪʦʪʥʦʡ ʦʙʣʘʩʪʠ ʧʨʦʠʩʭʦʜʠʪ ʵʬʬʝʢʪʠʚʥʘʷ ʧʝʨʝʜʘʯʘ ʵʥʝʨ-
ʛʠʠ ʚ ʧʘʩʩʠʚʥʳʝ ʚʦʣʥʦʚʦʜʳ, ʯʪʦ ʧʦʜʪʚʝʨʞʜʘʝʪʩʷ ʠʟʤʝʥʝʥʠʝʤ ʜʦʙʨʦʪʥʦʩʪʠ ʠ ʬʦʨʤʳ 
ʘʤʧʣʠʪʫʜʥʦ-ʯʘʩʪʦʪʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ. ɼʠʩʧʝʨʩʠʦʥʥʳʡ ʘʥʘʣʠʟ ʚʳʷʚʠʣ ʤʦʜʘʣʴʥʦʝ ʨʘʩ-
ʱʝʧʣʝʥʠʝ ʠ ʚʳʨʘʞʝʥʥʫʶ ʥʝʚʟʘʠʤʥʦʩʪʴ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʚʦʣʥ, ʦʙʫʩʣʦʚʣʝʥʥʫʶ ʘʩʠʤ-
ʤʝʪʨʠʯʥʦʡ ʣʦʢʘʣʠʟʘʮʠʝʡ ʤʦʜ. ʇʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʦʪʢʨʳʚʘʶʪ ʧʫʪʴ ʢ ʩʦʟʜʘʥʠʶ ʯʘ-
ʩʪʦʪʥʦ-ʩʝʣʝʢʪʠʚʥʳʭ ʤʘʛʥʦʥʥʳʭ ʢʦʤʤʫʪʘʪʦʨʦʚ ʠ ʥʘʧʨʘʚʣʝʥʥʳʭ ʦʪʚʝʪʚʠʪʝʣʝʡ ʜʣʷ ʵʥʝʨ-
ʛʦʵʬʬʝʢʪʠʚʥʳʭ ʣʦʛʠʯʝʩʢʠʭ ʩʭʝʤ ʙʝʟ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʩʠʛʥʘʣʘ ʚ ʵʣʝʢʪʨʠʯʝʩʢʫʶ ʬʦʨʤʫ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʤʘʛʥʦʥʠʢʘ, ʞʝʣʝʟʦʠʪʪʨʠʝʚʳʡ ʛʨʘʥʘʪ, ʧʦʚʝʨʭʥʦʩʪʥʳʝ ʤʘʛʥʠ-
ʪʦʩʪʘʪʠʯʝʩʢʠʝ ʚʦʣʥʳ, ʤʘʛʥʠʪʦʩʪʘʪʠʯʝʩʢʘʷ ʩʚʷʟʴ, ʥʝʚʟʘʠʤʥʦʩʪʴ. 

 
ʈʘʟʚʠʪʠʝ ʤʘʛʥʦʥʥʳʭ ʪʝʭʥʦʣʦʛʠʡ ʦʙʨʘʙʦʪʢʠ ʩʠʛʥʘʣʦʚ ʪʨʝʙʫʝʪ ʧʦʠʩ-

ʢʘ ʩʪʨʫʢʪʫʨ, ʩʧʦʩʦʙʥʳʭ ʦʙʝʩʧʝʯʠʚʘʪʴ ʫʧʨʘʚʣʷʝʤʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʩʧʠʥʦ-
ʚʦʣʥʦʚʦʡ ʵʥʝʨʛʠʠ ʩ ʤʠʥʠʤʘʣʴʥʳʤʠ ʧʦʪʝʨʷʤʠ ʠ ʚʦʟʤʦʞʥʦʩʪʴʶ ʥʝʣʠʥʝʡ-
ʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ. ɼʚʫʭʩʣʦʡʥʳʝ ʧʣʸʥʢʠ ʞʝʣʝʟʦʠʪʪʨʠʝʚʦʛʦ ʛʨʘʥʘʪʘ 
(ɾʀɻ) ʩ ʢʦʥʪʨʘʩʪʥʳʤʠ ʧʘʨʘʤʝʪʨʘʤʠ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦ-
ʙʦʡ ʫʜʦʙʥʫʶ ʧʣʘʪʬʦʨʤʫ ʜʣʷ ʨʝʘʣʠʟʘʮʠʠ ʥʝʚʟʘʠʤʥʦʛʦ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ 
ʧʦʚʝʨʭʥʦʩʪʥʳʭ ʤʘʛʥʠʪʦʩʪʘʪʠʯʝʩʢʠʭ ʚʦʣʥ (ʇʄʉɺ) ʠ ʬʦʨʤʠʨʦʚʘʥʠʷ ʯʘ-
ʩʪʦʪʥʦ-ʩʝʣʝʢʪʠʚʥʳʭ ʢʘʥʘʣʦʚ ʩʚʷʟʠ [1, 4]. ɺ ʦʪʣʠʯʠʝ ʦʪ ʪʨʘʜʠʮʠʦʥʥʳʭ 
ʩʭʝʤ ʩ ʤʝʪʘʣʣʠʯʝʩʢʠʤʠ ʵʢʨʘʥʘʤʠ, ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʝ ʛʝʪʝʨʦʩʪʨʫʢʪʫʨʳ 
ɾʀɻ/ɾʀɻ ʩʦʭʨʘʥʷʶʪ ʚʳʩʦʢʫʶ ʜʦʙʨʦʪʥʦʩʪʴ ʨʝʟʦʥʘʥʩʦʚ ʠ ʧʦʟʚʦʣʷʶʪ ʠʩ-
ʧʦʣʴʟʦʚʘʪʴ ʵʬʬʝʢʪʳ ʤʘʛʥʠʪʦʩʪʘʪʠʯʝʩʢʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʜʣʷ ʧʝʨʝʥʘ-
ʧʨʘʚʣʝʥʠʷ ʩʠʛʥʘʣʦʚ ʤʝʞʜʫ ʣʘʪʝʨʘʣʴʥʦ ʠ ʚʝʨʪʠʢʘʣʴʥʦ ʩʚʷʟʘʥʥʳʤʠ ʢʘʥʘ-
ʣʘʤʠ. 

 
ʈʠʩ. 1. ʉʭʝʤʘʪʠʯʝʩʢʦʝ ʠʟʦʙʨʘʞʝʥʠʝ ʠʩʩʣʝʜʫʝʤʦʡ ʩʪʨʫʢʪʫʨʳ ʠʟ ʯʝʪʳʨʸʭ ʣʘʪʝʨʘʣʴ-
ʥʦ ʠ ʚʝʨʪʠʢʘʣʴʥʦ ʩʚʷʟʘʥʥʳʭ ʤʠʢʨʦʚʦʣʥʦʚʦʜʦʚ ʥʘ ʦʩʥʦʚʝ ʜʚʫʭʩʣʦʡʥʳʭ ʧʣʸʥʦʢ 
ɾʀɻ. ʇʦʢʘʟʘʥʦ ʨʘʩʧʦʣʦʞʝʥʠʝ ʘʢʪʠʚʥʦʡ ʠ ʧʘʩʩʠʚʥʳʭ ʘʥʪʝʥʥ, ʚʳʭʦʜʥʳʝ ʧʦʨʪʳ 

Pout1,2,3 ʠ ʦʨʠʝʥʪʘʮʠʷ ʚʥʝʰʥʝʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ H0. 
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ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʠʩʩʣʝʜʫʝʪʩʷ ʩʠʩʪʝʤʘ ʠʟ ʯʝʪʳʨʸʭ ʤʠʢʨʦʚʦʣʥʦ-
ʚʦʜʦʚ, ʠʥʪʝʛʨʠʨʦʚʘʥʥʳʭ ʚ ʝʜʠʥʫʶ ʧʣʸʥʦʯʥʫʶ ʩʪʨʫʢʪʫʨʫ ʥʘ ʦʩʥʦʚʝ 
ɾʀɻ. ʂʘʞʜʳʡ ʚʦʣʥʦʚʦʜ ʦʙʨʘʟʦʚʘʥ ʜʚʫʤʷ ʚʝʨʪʠʢʘʣʴʥʦ ʩʦʧʨʷʞʸʥʥʳʤʠ 
ʩʣʦʷʤʠ ʩ ʨʘʟʣʠʯʥʳʤʠ ʤʘʛʥʠʪʥʳʤʠ ʧʘʨʘʤʝʪʨʘʤʠ: ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʴ 
ʥʘʩʳʱʝʥʠʷ ʩʦʩʪʘʚʣʷʝʪ M1 = 904 ɻʩ ʠ M2 = 1738 ɻʩ, ʪʦʣʱʠʥʳ ʩʣʦʸʚ 
ʨʘʚʥʳ d1 = 6,8 ʤʢʤ ʠ d2 = 8,9 ʤʢʤ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʂʦʥʬʠʛʫʨʘʮʠʷ 
ʚʢʣʶʯʘʝʪ ʘʢʪʠʚʥʳʡ ʚʦʣʥʦʚʦʜ, ʚ ʢʦʪʦʨʦʤ ʩʧʠʥʦʚʳʝ ʚʦʣʥʳ ʚʦʟʙʫʞʜʘʶʪ-
ʩʷ ʤʠʢʨʦʧʦʣʦʩʢʦʚʦʡ ʘʥʪʝʥʥʦʡ, ʠ ʪʨʠ ʧʘʩʩʠʚʥʳʭ ʚʦʣʥʦʚʦʜʘ, ʩʠʛʥʘʣ ʚ 
ʢʦʪʦʨʳʭ ʬʦʨʤʠʨʫʝʪʩʷ ʠʩʢʣʶʯʠʪʝʣʴʥʦ ʟʘ ʩʯʸʪ ʜʘʣʴʥʦʜʝʡʩʪʚʫʶʱʝʛʦ 
ʤʘʛʥʠʪʦʩʪʘʪʠʯʝʩʢʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ. ɼʣʷ ʜʝʪʝʢʪʠʨʦʚʘʥʠʷ ʦʪʢʣʠʢʘ 
ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʪʨʠ ʚʳʭʦʜʥʳʭ ʧʦʨʪʘ Pout1,2,3, ʨʘʩʧʦʣʦʞʝʥʥʳʭ ʥʘ ʢʦʥʮʘʭ 
ʧʘʩʩʠʚʥʳʭ ʢʘʥʘʣʦʚ.  

ʆʩʥʦʚʥʦʡ ʤʝʭʘʥʠʟʤ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʚ ʜʘʥʥʦʡ ʛʝʪʝʨʦʩʪʨʫʢʪʫʨʝ 
ʦʧʨʝʜʝʣʷʝʪʩʷ ʣʦʢʘʣʠʟʘʮʠʝʡ ʤʦʜ ʥʘ ʛʨʘʥʠʮʘʭ ʨʘʟʜʝʣʘ ɾʀɻ/ɾʀɻ ʠ 
ɾʀɻ/ʚʦʟʜʫʭ. ʈʘʟʣʠʯʠʝ ʚ ʤʘʛʥʠʪʥʳʭ ʠ ʛʝʦʤʝʪʨʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʘʭ 
ʩʣʦʸʚ ʧʨʠʚʦʜʠʪ ʢ ʨʘʩʱʝʧʣʝʥʠʶ ʩʧʝʢʪʨʘ ʥʘ ʜʚʘ ʥʝʟʘʚʠʩʠʤʳʭ ʯʘʩʪʦʪ-
ʥʳʭ ʜʠʘʧʘʟʦʥʘ, ʚ ʢʘʞʜʦʤ ʠʟ ʢʦʪʦʨʳʭ ʜʠʩʧʝʨʩʠʦʥʥʳʝ ʢʨʠʚʳʝ ʜʝʤʦʥ-
ʩʪʨʠʨʫʶʪ ʚʳʨʘʞʝʥʥʫʶ ʥʝʚʟʘʠʤʥʦʩʪʴ ʦʪʥʦʩʠʪʝʣʴʥʦ ʥʘʧʨʘʚʣʝʥʠʷ ʚʦʣ-
ʥʦʚʦʛʦ ʚʝʢʪʦʨʘ k. ʏʠʩʣʝʥʥʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʧʨʦʚʦʜʠʣʦʩʴ ʩ ʠʩʧʦʣʴʟʦ-
ʚʘʥʠʝʤ ʧʦʣʥʦ-ʚʦʣʥʦʚʦʛʦ ʧʦʜʭʦʜʘ ʥʘ ʙʘʟʝ ʤʝʪʦʜʘ ʢʦʥʝʯʥʳʭ ʵʣʝʤʝʥʪʦʚ 
(HFSS, COMSOL Multiphysics), ʯʪʦ ʧʦʟʚʦʣʠʣʦ ʢʦʨʨʝʢʪʥʦ ʫʯʝʩʪʴ ʪʝʥ-
ʟʦʨ ʤʘʛʥʠʪʥʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʇʦʡʝʨʘ ʠ ʪʨʸʭʤʝʨʥʳʡ ʭʘʨʘʢʪʝʨ ʤʘʛʥʠ-
ʪʦʩʪʘʪʠʯʝʩʢʦʛʦ ʧʦʣʷ [4, 6]. 

 
ʈʠʩ. 2. ɸʤʧʣʠʪʫʜʥʦ-ʯʘʩʪʦʪʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ, ʩʥʷʪʳʝ ʩ ʚʳʭʦʜʥʳʭ ʘʥʪʝʥʥ ʚ ʠʩ-
ʩʣʝʜʫʝʤʦʡ ʩʪʨʫʢʪʫʨʝ. ɺ ʥʠʟʢʦʯʘʩʪʦʪʥʦʤ ʜʠʘʧʘʟʦʥʝ ʦʪʢʣʠʢ ʥʘ ʚʩʝʭ ʧʦʨʪʘʭ ʩʦʚʧʘʜʘ-
ʝʪ, ʚ ʚʳʩʦʢʦʯʘʩʪʦʪʥʦʡ ʦʙʣʘʩʪʠ ʥʘʙʣʶʜʘʝʪʩʷ ʩʥʠʞʝʥʠʝ ʜʦʙʨʦʪʥʦʩʪʠ ʠ ʩʫʞʝʥʠʝ 
ʩʧʝʢʪʨʘ ʥʘ ʧʦʨʪʘʭ 2 ʠ 3, ʯʪʦ ʫʢʘʟʳʚʘʝʪ ʥʘ ʧʝʨʝʢʘʯʢʫ ʵʥʝʨʛʠʠ ʚ ʧʘʩʩʠʚʥʳʝ ʢʘʥʘʣʳ. 

 

ɸʤʧʣʠʪʫʜʥʦ-ʯʘʩʪʦʪʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ, ʩʥʷʪʳʝ ʩ ʧʦʨʪʘ Pout1, 
ʧʦʜʪʚʝʨʞʜʘʶʪ ʥʘʣʠʯʠʝ ʜʚʫʭ ʟʦʥ ʧʨʦʭʦʞʜʝʥʠʷ ʩʧʠʥʦʚʦʣʥʦʚʦʛʦ ʩʠʛʥʘ-
ʣʘ. ɺ ʥʠʟʢʦʯʘʩʪʦʪʥʦʡ ʦʙʣʘʩʪʠ ʥʘʙʣʶʜʘʝʪʩʷ ʧʨʘʢʪʠʯʝʩʢʠ ʧʦʣʥʦʝ ʩʦʚʧʘ-
ʜʝʥʠʝ ʧʨʦʬʠʣʝʡ ʦʪʢʣʠʢʘ ʥʘ ʚʩʝʭ ʚʳʭʦʜʥʳʭ ʘʥʪʝʥʥʘʭ, ʯʪʦ ʩʚʠʜʝʪʝʣʴ-
ʩʪʚʫʝʪ ʦ ʩʣʘʙʦʡ ʤʝʞʢʘʥʘʣʴʥʦʡ ʩʚʷʟʠ ʠ ʜʦʤʠʥʠʨʦʚʘʥʠʠ ʣʦʢʘʣʠʟʦʚʘʥ-
ʥʦʡ ʤʦʜʳ ʚ ʘʢʪʠʚʥʦʤ ʚʦʣʥʦʚʦʜʝ. ɺ ʚʳʩʦʢʦʯʘʩʪʦʪʥʦʤ ʜʠʘʧʘʟʦʥʝ ʢʘʨʪʠ-
ʥʘ ʩʫʱʝʩʪʚʝʥʥʦ ʤʝʥʷʝʪʩʷ: ʥʘ ʧʦʨʪʘʭ Pout2 ʠ Pout3 ʬʠʢʩʠʨʫʝʪʩʷ ʟʘʤʝʪʥʦʝ 
ʩʥʠʞʝʥʠʝ ʜʦʙʨʦʪʥʦʩʪʠ ʨʝʟʦʥʘʥʩʦʚ ʠ ʩʫʞʝʥʠʝ ʩʧʝʢʪʨʘʣʴʥʳʭ ʧʠʢʦʚ. 
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ɼʘʥʥʳʡ ʵʬʬʝʢʪ ʥʘʧʨʷʤʫʶ ʩʚʷʟʘʥ ʩ ʧʝʨʝʢʘʯʢʦʡ ʵʥʝʨʛʠʠ ʠʟ ʘʢʪʠʚʥʦʛʦ 
ʢʘʥʘʣʘ ʚ ʧʘʩʩʠʚʥʳʝ ʚʦʣʥʦʚʦʜʳ. ʇʝʨʝʢʨʳʪʠʝ ʜʠʩʧʝʨʩʠʦʥʥʳʭ ʚʝʪʚʝʡ 
ʩʚʷʟʘʥʥʳʭ ʚʦʣʥʦʚʦʜʦʚ ʚ ʚʳʩʦʢʦʯʘʩʪʦʪʥʦʤ ʦʢʥʝ ʩʦʟʜʘʸʪ ʫʩʣʦʚʠʷ ʜʣʷ 
ʵʬʬʝʢʪʠʚʥʦʛʦ ʦʙʤʝʥʘ ʵʥʝʨʛʠʝʡ, ʯʪʦ ʦʪʨʘʞʘʝʪʩʷ ʥʘ ʬʦʨʤʝ ɸʏʍ ʠ ʬʘʟʦ-
ʚʳʭ ʩʦʦʪʥʦʰʝʥʠʷʭ ʚ ʩʠʩʪʝʤʝ. 

 
ʈʠʩ. 3. ɼʠʩʧʝʨʩʠʦʥʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʜʣʷ ʧʨʷʤʦʡ ʠ ʦʙʨʘʪʥʦʡ ʩʧʠʥʦʚʳʭ ʚʦʣʥ ʚ 
ʚʳʩʦʢʦʯʘʩʪʦʪʥʦʡ ʦʙʣʘʩʪʠ ʠʩʩʣʝʜʫʝʤʦʡ ʩʪʨʫʢʪʫʨʳ. ɿʝʣʸʥʳʝ ʣʠʥʠʠ ï ʧʝʨʚʘʷ ʤʦʜʘ, 
ʩʠʥʠʝ ï ʚʪʦʨʘʷ, ʞʸʣʪʳʝ ï ʪʨʝʪʴʷ, ʯʸʨʥʳʝ ï ʯʝʪʚʸʨʪʘʷ. ʇʫʥʢʪʠʨʥʳʝ ʣʠʥʠʠ ʦʧʠʩʳ-
ʚʘʶʪ ʜʠʩʧʝʨʩʠʶ ʚʝʨʪʠʢʘʣʴʥʳʭ ʤʦʜ, ʩʧʣʦʰʥʳʝ ï ʣʘʪʝʨʘʣʴʥʳʭ ʤʦʜ, ʚʦʟʥʠʢʘʶʱʠʭ 
ʟʘ ʩʯʸʪ ʤʘʛʥʠʪʦʩʪʘʪʠʯʝʩʢʦʡ ʩʚʷʟʠ. ɺʩʪʘʚʢʠ 1ï3 ʧʦʢʘʟʳʚʘʶʪ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʥʘʤʘʛ-

ʥʠʯʝʥʥʦʩʪʠ ʧʨʠ k < 0, ʚʩʪʘʚʢʠ 4ï6 ï ʧʨʠ k > 0. 

 
ʈʘʩʯʸʪʥʳʝ ʜʠʩʧʝʨʩʠʦʥʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ, ʧʦʣʫʯʝʥʥʳʝ ʜʣʷ ʧʨʷʤʦʡ 

ʠ ʦʙʨʘʪʥʦʡ ʩʧʠʥʦʚʳʭ ʚʦʣʥ ʚ ʚʳʩʦʢʦʯʘʩʪʦʪʥʦʡ ʦʙʣʘʩʪʠ, ʥʘʛʣʷʜʥʦ ʜʝ-
ʤʦʥʩʪʨʠʨʫʶʪ ʤʦʜʘʣʴʥʦʝ ʨʘʩʱʝʧʣʝʥʠʝ, ʦʙʫʩʣʦʚʣʝʥʥʦʝ ʢʘʢ ʚʝʨʪʠʢʘʣʴ-
ʥʦʡ, ʪʘʢ ʠ ʣʘʪʝʨʘʣʴʥʦʡ ʩʚʷʟʴʶ ʢʘʥʘʣʦʚ. ʅʘ ʜʠʩʧʝʨʩʠʦʥʥʳʭ ʜʠʘʛʨʘʤ-
ʤʘʭ ʚʳʜʝʣʝʥʳ ʯʝʪʳʨʝ ʦʩʥʦʚʥʳʝ ʤʦʜʳ: ʧʝʨʚʳʝ ʪʨʠ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʣʘ-
ʪʝʨʘʣʴʥʳʤ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷʤ ʤʝʞʜʫ ʩʦʩʝʜʥʠʤʠ ʚʦʣʥʦʚʦʜʘʤʠ, ʪʦʛʜʘ ʢʘʢ 
ʯʝʪʚʸʨʪʘʷ ʤʦʜʘ ʩʚʷʟʘʥʘ ʩ ʚʝʨʪʠʢʘʣʴʥʳʤ ʩʦʧʨʷʞʝʥʠʝʤ ʩʣʦʸʚ ʚʥʫʪʨʠ 
ʢʘʞʜʦʛʦ ʢʘʥʘʣʘ. ʇʫʥʢʪʠʨʥʳʝ ʣʠʥʠʠ ʥʘ ʛʨʘʬʠʢʘʭ ʦʧʠʩʳʚʘʶʪ ʜʠʩʧʝʨ-
ʩʠʶ ʚʝʨʪʠʢʘʣʴʥʳʭ ʤʦʜ, ʩʧʣʦʰʥʳʝ ï ʣʘʪʝʨʘʣʴʥʳʭ. ʈʘʩʧʨʝʜʝʣʝʥʠʝ ʘʤ-
ʧʣʠʪʫʜʳ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʧʨʠ k < 0 ʠ k > 0 ʧʦʢʘʟʳʚʘʝʪ ʘʩʠʤʤʝʪʨʠʯ-
ʥʫʶ ʣʦʢʘʣʠʟʘʮʠʶ ʧʦʣʷ, ʯʪʦ ʦʙʲʷʩʥʷʝʪ ʥʘʙʣʶʜʘʝʤʫʶ ʥʝʚʟʘʠʤʥʦʩʪʴ ʠ 
ʨʘʟʥʫʶ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʩʚʷʟʠ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʥʘʧʨʘʚʣʝʥʠʷ ʨʘʩʧʨʦ-
ʩʪʨʘʥʝʥʠʷ.  

ʇʦʣʫʯʝʥʥʳʝ ʜʘʥʥʳʝ ʫʢʘʟʳʚʘʶʪ ʥʘ ʚʦʟʤʦʞʥʦʩʪʴ ʩʦʟʜʘʥʠʷ ʯʘ-
ʩʪʦʪʥʦ-ʩʝʣʝʢʪʠʚʥʳʭ ʤʘʛʥʦʥʥʳʭ ʢʦʤʤʫʪʘʪʦʨʦʚ ʠ ʥʘʧʨʘʚʣʝʥʥʳʭ ʦʪʚʝʪ-
ʚʠʪʝʣʝʡ, ʨʘʙʦʪʘʶʱʠʭ ʚ ʫʩʣʦʚʠʷʭ ʨʝʟʦʥʘʥʩʥʦʛʦ ʤʘʛʥʠʪʦʩʪʘʪʠʯʝʩʢʦʛʦ 
ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ. ʈʘʟʜʝʣʝʥʠʝ ʩʧʝʢʪʨʘ ʥʘ ʜʚʘ ʥʝʟʘʚʠʩʠʤʳʭ ʜʠʘʧʘʟʦʥʘ, 
ʫʧʨʘʚʣʷʝʤʘʷ ʧʝʨʝʢʘʯʢʘ ʵʥʝʨʛʠʠ ʚ ʧʘʩʩʠʚʥʳʝ ʢʘʥʘʣʳ ʠ ʚʳʨʘʞʝʥʥʘʷ 
ʥʝʚʟʘʠʤʥʦʩʪʴ ʜʠʩʧʝʨʩʠʠ ʧʦʟʚʦʣʷʶʪ ʨʘʩʩʤʘʪʨʠʚʘʪʴ ʧʨʝʜʣʦʞʝʥʥʫʶ 
ʩʪʨʫʢʪʫʨʫ ʢʘʢ ʙʘʟʦʚʳʡ ʵʣʝʤʝʥʪ ʜʣʷ ʧʦʩʪʨʦʝʥʠʷ ʵʥʝʨʛʦʵʬʬʝʢʪʠʚʥʳʭ 
ʣʦʛʠʯʝʩʢʠʭ ʩʭʝʤ ʠ ʤʝʞʩʦʝʜʠʥʝʥʠʡ ʚ ʤʘʛʥʦʥʥʳʭ ʩʝʪʷʭ. ɼʘʣʴʥʝʡʰʝʝ 
ʠʩʩʣʝʜʦʚʘʥʠʝ ʥʝʣʠʥʝʡʥʳʭ ʧʨʦʮʝʩʩʦʚ ʚ ʪʘʢʠʭ ʩʠʩʪʝʤʘʭ, ʚʢʣʶʯʘʷ ʧʘʨʘ-
ʤʝʪʨʠʯʝʩʢʦʝ ʫʩʠʣʝʥʠʝ ʠ ʬʦʨʤʠʨʦʚʘʥʠʝ ʩʦʣʠʪʦʥʦʚ, ʦʪʢʨʦʝʪ ʜʦʧʦʣʥʠ-
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ʪʝʣʴʥʳʝ ʚʦʟʤʦʞʥʦʩʪʠ ʜʣʷ ʨʝʘʣʠʟʘʮʠʠ ʘʥʘʣʦʛʦʚʦʡ ʦʙʨʘʙʦʪʢʠ ʤʠʢʨʦ-
ʚʦʣʥʦʚʳʭ ʩʠʛʥʘʣʦʚ ʙʝʟ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʚ ʵʣʝʢʪʨʠʯʝʩʢʫʶ ʬʦʨʤʫ. 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʧʦʜʜʝʨʞʢʝ ʛʨʘʥʪʘ ʈʅʌ ˉ 23-79-30027. 
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ɸʥʥʦʪʘʮʠʷ. ʈʘʙʦʪʘ ʧʦʩʚʷʱʝʥʘ ʯʠʩʣʝʥʥʦʤʫ ʤʦʜʝʣʠʨʦʚʘʥʠʶ ʩʪʘʪʠʯʝʩʢʠʭ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʛʨʘʬʝʥʦʚʳʭ ʧʦʣʝʚʳʭ ʪʨʘʥʟʠʩʪʦʨʦʚ (ɻʇʊ), ʧʨʝʜʥʘʟʥʘʯʝʥʥʳʭ ʜʣʷ 
ʨʘʙʦʪʳ ʚ ʩʫʙʤʠʣʣʠʤʝʪʨʦʚʦʤ ʜʠʘʧʘʟʦʥʝ ʜʣʠʥ ʚʦʣʥ. ʉ ʧʦʤʦʱʴʶ ʤʝʪʦʜʘ ʄʦʥʪʝ-
ʂʘʨʣʦ ʠ ʨʝʰʝʥʠʷ ʫʨʘʚʥʝʥʠʷ ʇʫʘʩʩʦʥʘ ʧʨʦʚʝʜʝʥ ʩʨʘʚʥʠʪʝʣʴʥʳʡ ʘʥʘʣʠʟ ʜʚʫʭ ʪʦʧʦ-
ʣʦʛʠʯʝʩʢʠʭ ʢʦʥʬʠʛʫʨʘʮʠʡ ʧʨʠʙʦʨʦʚ ʥʘ ʧʦʜʣʦʞʢʘʭ ʠʟ ʢʘʨʙʠʜʘ ʢʨʝʤʥʠʷ ʠ ʚʳʷʚʣʝ-
ʥʳ ʠʭ ʜʦʩʪʦʠʥʩʪʚʘ ʠ ʦʙʣʘʩʪʠ ʧʨʠʤʝʥʝʥʠʷ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʛʨʘʬʝʥʦʚʳʡ ʧʦʣʝʚʦʡ ʪʨʘʥʟʠʩʪʦʨ (ɻʇʊ), ʛʨʘʬʝʥ, ʤʝʪʦʜ 
ʄʦʥʪʝ-ʂʘʨʣʦ, ʪʦʯʢʘ ɼʠʨʘʢʘ, ʢʘʨʙʠʜ ʢʨʝʤʥʠʷ, ʚʳʭʦʜʥʳʝ ʠ ʧʝʨʝʜʘʪʦʯʥʳʝ ɺɸʍ, 
ʧʨʦʚʦʜʠʤʦʩʪʴ, ʜʠʩʧʝʨʩʠʷ. 

 
 ɺ ʘʨʭʠʪʝʢʪʫʨʝ ɻʇʊ ʚʳʜʝʣʷʶʪ ʪʨʠ ʦʩʥʦʚʥʳʝ ʢʦʥʬʠʛʫʨʘʮʠʠ ʨʘʩ-

ʧʦʣʦʞʝʥʠʷ ʟʘʪʚʦʨʦʚ: ʚʝʨʭʥʠʡ ʟʘʪʚʦʨ, ʥʠʞʥʠʡ (ʦʙʨʘʪʥʳʡ) ʟʘʪʚʦʨ ʠʣʠ 
ʜʚʦʡʥʦʡ (ʚʝʨʭʥʠʡ ʠ ʥʠʞʥʠʡ) (ʨʠʩ. 1) [1].  

 
              ʘ                                    ʙ                                    ʚ                     
ʈʠʩ. 1. ʂʦʥʬʠʛʫʨʘʮʠʠ ʟʘʪʚʦʨʦʚ ʚ ɻʇʊ: ʘ- ʩ ʚʝʨʭʥʠʤ ʟʘʪʚʦʨʦʤ;  

ʙ- ʩ ʥʠʞʥʠʤ ʟʘʪʚʦʨʦʤ; ʚ - ʩ ʜʚʫʤʷ ʟʘʪʚʦʨʘʤʠ 

 
 ʇʦʩʢʦʣʴʢʫ ʪʦʣʱʠʥʘ ʛʨʘʬʝʥʦʚʦʛʦ ʩʣʦʷ (ʧʨʦʚʦʜʷʱʠʡ ʢʘʥʘʣ ʪʨʘʥ-

ʟʠʩʪʦʨʘ) ʩʦʩʪʘʚʣʷʝʪ ʦʜʠʥ ʘʪʦʤ, ʪʦ ʚʳʭʦʜʥʦʡ ʪʦʢ ʧʦʜ ʟʘʪʚʦʨʦʤ ʧʨʦʪʝ-
ʢʘʝʪ ʚ ʵʪʦʤ ʤʝʞʘʪʦʤʥʦʤ ʧʨʦʩʪʨʘʥʩʪʚʝ, ʯʪʦ ʦʧʨʝʜʝʣʷʝʪ ʚʳʩʦʢʫʶ ʯʫʚ-
ʩʪʚʠʪʝʣʴʥʦʩʪʴ ʧʨʦʚʦʜʠʤʦʩʪʠ ʢʘʥʘʣʘ ʢ ʚʭʦʜʥʦʤʫ ʥʘʧʨʷʞʝʥʠʶ [1].  

ɺ ʦʪʣʠʯʠʠ ʦʪ ʢʣʘʩʩʠʯʝʩʢʠʭ Si ʇʊ, ɻʇʊ ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ ʘʤʙʠ-
ʧʦʣʷʨʥʳʤ ʪʨʘʥʩʧʦʨʪʦʤ, ʦʙʝʩʧʝʯʠʚʘʷ ʵʬʬʝʢʪʠʚʥʳʡ ʧʝʨʝʥʦʩ ʢʘʢ ʵʣʝʢ-
ʪʨʦʥʦʚ, ʪʘʢ ʠ ʜʳʨʦʢ. ʇʨʠ ʦʪʨʠʮʘʪʝʣʴʥʦʤ ʩʤʝʱʝʥʠʠ ʥʘ ʟʘʪʚʦʨʝ ʚ ʢʘʥʘ-
ʣʝ ʚʦʟʥʠʢʘʝʪ ʜʳʨʦʯʥʘʷ ʧʨʦʚʦʜʠʤʦʩʪʴ, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʧʦʣʦʞʠʪʝʣʴʥʦʝ 
ʩʤʝʱʝʥʠʝ ʧʨʠʚʦʜʠʪ ʢ ʵʣʝʢʪʨʦʥʥʦʡ ʧʨʦʚʦʜʠʤʦʩʪʠ [1-2].  

ɼʚʝ ʢʨʠʚʳʝ ʧʨʦʚʦʜʠʤʦʩʪʝʡ ʫʢʘʟʘʥʥʳʭ ʪʠʧʦʚ ʧʝʨʝʩʝʢʘʶʪʩʷ ʚ 
ʪʦʯʢʝ ɼʠʨʘʢʘ (ʥʝʡʪʨʘʣʴʥʦʩʪʠ ʟʘʨʷʜʘ), ʢʦʪʦʨʘʷ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʥʫʣʝʚʦʤʫ 
ʟʘʪʚʦʨʥʦʤʫ ʥʘʧʨʷʞʝʥʠʶ (ʨʠʩ.2). ʆʜʥʘʢʦ ʥʘ ʧʨʘʢʪʠʢʝ ʵʪʘ ʪʦʯʢʘ ɼʠʨʘʢʘ 
ʤʦʞʝʪ ʩʤʝʱʘʪʴʩʷ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʣʝʛʠʨʦʚʘʥʠʷ, ʫʨʦʚʥʷ ʧʨʠʤʝʩʝʡ ʥʘ 
ʛʨʘʥʠʮʝ ʩ  ʛʨʘʬʝʥʦʤ, ʧʘʨʘʤʝʪʨʦʚ ʩʨʝʜʳ  ʠ ʜʨʫʛʠʭ ʫʩʣʦʚʠʡ [1].  
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ʈʠʩ. 2. ʇʝʨʝʜʘʪʦʯʥʳʝ ɺɸʍ ʠ ʪʦʯʢʘ ɼʠʨʘʢʘ ʜʣʷ ɻʇʊ ʧʨʠ ʥʘʧʨʷʞʝʥʠʠ  

ʩʤʝʱʝʥʠʷ ʥʘ ʟʘʪʚʦʨʝ [1] 
 

ʍʦʪʷ ɻʇʊ ʩ ʥʠʞʥʠʤ ʟʘʪʚʦʨʦʤ ʷʚʣʷʝʪʩʷ ʥʘʠʙʦʣʝʝ ʨʘʩʧʨʦʩʪʨʘ-
ʥʝʥʥʳʤ, ʜʣʷ ʥʝʢʦʪʦʨʳʭ ʧʨʠʤʝʥʝʥʠʡ ʧʦʜʭʦʜʠʪ çʯʝʪʳʨʝʭʧʦʣʶʩʥʠʢè 
ɻʇʊ, ʚ ʢʦʪʦʨʦʤ ʠʩʧʦʣʴʟʫʶʪʩʷ ʢʘʢ ʚʝʨʭʥʠʡ, ʪʘʢ ʠ ʥʠʞʥʠʡ ʟʘʪʚʦʨ, ʯʪʦ 
ʧʦʟʚʦʣʷʝʪ ʧʦʜʘʚʘʪʴ ʥʘ ʢʘʥʘʣ ʜʚʘ ʨʘʟʥʳʭ ʥʘʧʨʷʞʝʥʠʷ [1-3].  ʈʘʙʦʪʘ ʪʘ-
ʢʠʭ ɻʇʊ ʦʩʥʦʚʘʥʘ ʥʘ ʤʝʭʘʥʠʟʤʝ ʢʚʘʥʪʦʚʦʛʦ ʪʫʥʥʝʣʠʨʦʚʘʥʠʷ ʥʦʩʠʪʝ-
ʣʝʡ ʟʘʨʷʜʘ ʦʪ ʛʨʘʬʝʥʦʚʦʛʦ ʵʣʝʢʪʨʦʜʘ ʯʝʨʝʟ ʦʯʝʥʴ ʪʦʥʢʠʡ ʜʠʵʣʝʢʪʨʠʯʝ-
ʩʢʠʡ ʙʘʨʴʝʨ (ʛʝʢʩʘʛʦʥʘʣʴʥʳʡ ʥʠʪʨʠʜ ʙʦʨʘ (h-BN) ʪʦʣʱʠʥʦʡ ʧʦʨʷʜʢʘ 1 
ʥʤ). ʇʨʠ ʵʪʦʤ ʥʝʦʙʭʦʜʠʤʦ ʦʙʝʩʧʝʯʠʪʴ ʚʦʟʤʦʞʥʦʩʪʴ ʥʘʩʪʨʦʡʢʠ ʪʫʥ-
ʥʝʣʴʥʦʡ ʧʣʦʪʥʦʩʪʠ ʩʦʩʪʦʷʥʠʡ (DOS) ʚ ʛʨʘʬʝʥʝ ʠ ʠʟʤʝʥʝʥʠʷ ʚʳʩʦʪʳ D 
ʪʫʥʥʝʣʴʥʦʛʦ ʙʘʨʴʝʨʘ, ʧʨʠʣʝʛʘʶʱʝʛʦ ʢ ʛʨʘʬʝʥʦʚʦʤʫ ʵʣʝʢʪʨʦʜʫ. 

ʇʨʦʚʝʜʸʤ ʩʨʘʚʥʠʪʝʣʴʥʳʡ ʘʥʘʣʠʟ ʜʚʫʭ ʤʦʜʝʣʝʡ (ʨʠʩ.1, ʘ). ʈʘʩ-
ʩʤʦʪʨʠʤ ʘʨʭʠʪʝʢʪʫʨʫ ɻʇʊ ʥʘ ʦʩʥʦʚʝ ʤʦʥʦʩʣʦʷ ʛʨʘʬʝʥʘ, ʩʬʦʨʤʠʨʦ-
ʚʘʥʥʦʛʦ ʥʘ ʧʦʜʣʦʞʢʝ ʠʟ ʢʘʨʙʠʜʘ ʢʨʝʤʥʠʷ ʤʘʨʢʠ 6H-SiC. ʆʜʠʥ ʠʟ ʚʦʟ-
ʤʦʞʥʳʭ ʚʘʨʠʘʥʪʦʚ ʢʦʥʩʪʨʫʢʮʠʠ ʪʘʢʦʡ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʦʡ ʩʪʨʫʢʪʫʨʳ 
ʧʨʝʜʩʪʘʚʣʝʥ ʥʘ ʨʠʩ. 3. ɼʣʷ ʚʩʝʭ ʨʝʟʫʣʴʪʘʪʦʚ ʤʦʜʝʣʠʨʦʚʘʥʠʷ, ʢʨʦʤʝ 
ʫʢʘʟʘʥʥʳʭ ʦʪʜʝʣʴʥʦ, ʧʨʠʥʷʪʳ ʩʣʝʜʫʶʱʠʝ ʛʝʦʤʝʪʨʠʯʝʩʢʠʝ ʧʘʨʘʤʝʪʨʳ 
ʩʪʨʫʢʪʫʨʳ: ʜʣʠʥʘ (ʧʘʨʘʤʝʪʨ DX) ï 1 ʤʢʤ, ʚʳʩʦʪʘ ï 3.4 ʥʤ (ʧʘʨʘʤʝʪʨ 
DS), ʰʠʨʠʥʘ (ʚʜʦʣʴ ʦʩʠ Z) ï 8 ʤʢʤ (ʨʠʩ. 3). ɺ ʨʘʩʯʸʪʥʦʡ ʤʦʜʝʣʠ ʜʣʠ-
ʥʳ ʩʪʦʢʘ DA, ʠʩʪʦʢʘ (DB) ʠ ʟʘʪʚʦʨʘ (DZ) ʧʨʠʥʷʪʳ ʨʘʚʥʳʤʠ 0,2 ʤʢʤ 
[3]. ʊʦʣʱʠʥʘ ʛʨʘʬʝʥʦʚʦʛʦ ʩʣʦʷ ʩʦʩʪʘʚʣʷʝʪ DY = 0,34 ʥʤ. ʄʦʜʝʣʠʨʦ-
ʚʘʥʠʝ ʧʨʦʚʦʜʠʣʦʩʴ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ T = 300 ʂ. 

 
ʈʠʩ. 3. ɸʨʭʠʪʝʢʪʦʨʘ ʧʝʨʚʦʡ ʤʦʜʝʣʠ ɻʇʊ: 1 ï ʤʦʥʦʩʣʦʡ ʛʨʘʬʝʥʘ; 2 ï ʧʦʜʣʦʞʢʘ                   

6H-SiC; 3 ï ʠʩʪʦʢ; 4 ï ʜʠʵʣʝʢʪʨʠʯʝʩʢʘʷ ʠʟʦʣʷʮʠʷ (SiO2); 5 ï ʟʘʪʚʦʨ; 6 ï ʩʪʦʢ [3, 5] 
 



31 

ʕʣʝʢʪʨʦʬʠʟʠʯʝʩʢʠʝ ʧʘʨʘʤʝʪʨʳ ʤʘʪʝʨʠʘʣʘ 6H-SiC ʚʳʙʨʘʥʳ ʚ ʩʦ-
ʦʪʚʝʪʩʪʚʠʠ ʩ ʜʘʥʥʳʤʠ [2, 3], ʜʣʷ ʢʦʥʮʝʥʪʨʘʮʠʠ ʵʣʝʢʪʨʦʥʦʚ 1Ā10

17
 ʩʤ

ï3
.  

ʈʘʩʯʸʪ ʚʳʭʦʜʥʦʛʦ ʪʦʢʘ ʩʪʦʢʘ ɻʇʊ ʦʩʫʱʝʩʪʚʣʷʣʩʷ ʥʘ ʦʩʥʦʚʝ ʯʠʩʣʝʥʥʦ-
ʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʤʝʪʦʜʦʤ ʄʦʥʪʝ-ʂʘʨʣʦ [3]. 

ʂʦʥʩʪʨʫʢʮʠʷ ʪʨʘʥʟʠʩʪʦʨʘ, ʧʨʝʜʩʪʘʚʣʝʥʥʦʛʦ ʥʘ ʨʠʩ. 4, ʘʥʘʣʦʛʠʯ-
ʥʘ ʪʦʡ, ʯʪʦ ʧʨʝʜʩʪʘʚʣʝʥʘ ʥʘ ʨʠʩ.3, ʥʦ ʩ ʫʢʦʨʦʯʝʥʥʦʡ ʜʣʠʥʦʡ ʛʨʘʬʝʥʦ-
ʚʦʛʦ ʩʣʦʷ ( ʧʘʨʘʤʝʪʨʳ DK ʠ DM ʨʘʚʥʳ 2Ā10

-8
 ʤ [2-3]). ɺ ʵʪʦʡ ʚʪʦʨʦʡ 

ʢʦʥʬʠʛʫʨʘʮʠʠ  ʤʦʜʝʣʠ ɻʇʊ ʩʣʦʡ ʜʨʝʡʬʘ ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ, ʯʘʩʪʠʯʥʦ 
ʧʝʨʝʢʨʳʚʘʝʪ ʧʦʜʣʦʞʢʫ ʠʟ ʢʘʨʙʠʜʘ ʢʨʝʤʥʠʷ (ʨʠʩ.4) [3-4]. 

ʆʧʠʩʘʥʠʝ ʧʨʦʮʝʩʩʦʚ ʧʝʨʝʥʦʩʘ ʵʣʝʢʪʨʦʥʦʚ ʚ ʧʦʜʣʦʞʢʝ ʠʟ ʢʘʨʙʠ-
ʜʘ ʢʨʝʤʥʠʷ ʪʠʧʘ 6H-SiC ʦʩʥʦʚʳʚʘʣʦʩʴ ʥʘ ʪʨʝʭʜʦʣʠʥʥʦʡ ʩʪʨʫʢʪʫʨʝ ʟʦ-
ʥʳ ʧʨʦʚʦʜʠʤʦʩʪʠ (M1-L-M2), ʠʤʝʶʱʝʡ ʥʘʠʤʝʥʴʰʫʶ ʵʥʝʨʛʠʶ. ʇʨʝʜ-
ʧʦʣʘʛʘʣʦʩʴ, ʯʪʦ ʚʝʣʠʯʠʥʘ ʟʘʟʦʨʘ ʤʝʞʜʫ ʤʠʥʠʤʫʤʘʤʠ ʜʦʣʠʥ M1 ʠ M2 
ʩʦʩʪʘʚʣʷʝʪ 0,18 ʵɺ [2-3]. ɼʣʷ ʦʙʣʘʩʪʠ ʢʘʥʘʣʘ, ʩʦʜʝʨʞʘʱʝʡ ʛʨʘʬʝʥ, 
ʫʯʠʪʳʚʘʣʠʩʴ ʢʣʶʯʝʚʳʝ ʤʝʭʘʥʠʟʤʳ ʨʝʣʘʢʩʘʮʠʠ ʠʤʧʫʣʴʩʘ: ʨʘʩʩʝʷʥʠʝ 
ʵʣʝʢʪʨʦʥʦʚ ʥʘ ʦʧʪʠʯʝʩʢʠʭ ʠ ʘʢʫʩʪʠʯʝʩʢʠʭ ʬʦʥʦʥʘʭ, ʥʘ ʠʟʦʣʠʨʦʚʘʥʥʳʭ 
ʧʨʠʤʝʩʷʭ ʠ ʵʣʝʢʪʨʦʥ-ʵʣʝʢʪʨʦʥʥʦʝ ʨʘʩʩʝʷʥʠʝ. ɺ ʨʘʩʯʸʪʥʦʤ ʘʣʛʦʨʠʪʤʝ 
ʤʝʪʦʜʘ ʄʦʥʪʝ-ʂʘʨʣʦ ʜʣʷ ʤʘʪʝʨʠʘʣʘ 6H-SiC, ʜʦʧʦʣʥʠʪʝʣʴʥʦ ʫʯʠʪʳʚʘ-
ʣʦʩʴ ʤʝʞʜʦʣʠʥʥʦʝ ʨʘʩʩʪʦʷʥʠʝ ʤʝʞʜʫ ʥʝʵʢʚʠʚʘʣʝʥʪʥʳʤʠ ʜʦʣʠʥʘʤʠ 
[3]. ʇʨʠ ʤʦʜʝʣʠʨʦʚʘʥʠʠ ʵʣʝʢʪʨʦʥʥʦʛʦ ʧʝʨʝʥʦʩʘ ʚ ʛʨʘʬʝʥʝ ʠʩʧʦʣʴʟʦ-
ʚʘʣʩʷ ʣʠʥʝʡʥʳʡ ʟʘʢʦʥ ʜʠʩʧʝʨʩʠʠ (ʣʠʥʝʡʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʵʥʝʨʛʠʠ E ʦʪ 
ʚʦʣʥʦʚʦʛʦ ʚʝʢʪʦʨʘ k ʚ ʦʢʨʝʩʪʥʦʩʪʠ ʪʦʯʝʢ ɼʠʨʘʢʘ). 

 
ʈʠʩ. 4. ʉʭʝʤʘʪʠʯʥʦʝ ʠʟʦʙʨʘʞʝʥʠʝ ʚʪʦʨʦʡ ʢʦʥʬʠʛʫʨʘʮʠʠ ɻʇʊ: 1 ï ʤʦʥʦʩʣʦʡ ʛʨʘ-
ʬʝʥʘ; 2 ï ʧʦʜʣʦʞʢʘ 6H-SiC; 3 ï ʠʩʪʦʢ; 4 ï ʩʣʦʡ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʤʘʪʝʨʠʘʣʘ 

(SiO2); 5 ï ʟʘʪʚʦʨ; 6 ï ʩʪʦʢ [3, 5]. 
 

ʅʘ ʨʠʩ. 5 ʧʨʝʜʩʪʘʚʣʝʥʳ ʩʪʘʪʠʯʝʩʢʠʝ ʚʦʣʴʪ-ʘʤʧʝʨʥʳʝ ʭʘʨʘʢʪʝʨʠ-
ʩʪʠʢʠ (ɺɸʍ) (ʟʘʚʠʩʠʤʦʩʪʠ ʚʳʭʦʜʥʦʛʦ ʪʦʢʘ ʩʪʦʢʘ Iʩ ʦʪ ʚʝʣʠʯʠʥʳ ʧʦ-
ʩʪʦʷʥʥʦʛʦ ʥʘʧʨʷʞʝʥʠʷ ʥʘ ʟʘʪʚʦʨʝ Uʟ) ʵʪʠʭ ɻʇʊ, ʧʦʣʫʯʝʥʥʳʝ ʧʫʪʸʤ 
ʨʝʰʝʥʠʷ ʫʨʘʚʥʝʥʠʷ ʇʫʘʩʩʦʥʘ ʠ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʤʝʪʦʜʦʤ ʄʦʥʪʝ-ʂʘʨʣʦ 
[3]. ʅʘ ʨʠʩ. 6 ʧʨʝʜʩʪʘʚʣʝʥʳ ʟʘʚʠʩʠʤʦʩʪʠ ʚʳʭʦʜʥʦʛʦ ʪʦʢʘ ʩʪʦʢʘ Iʩ ʠ 
ʧʨʦʚʦʜʠʤʦʩʪʠ ʚʳʭʦʜʥʦʡ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ gm ʦʪ ʟʥʘʯʝʥʠʷ ʧʦʩʪʦʷʥʥʦʛʦ 
ʥʘʧʨʷʞʝʥʠʷ ʥʘ ʟʘʪʚʦʨʝ Uʟ ʜʣʷ ʩʪʨʫʢʪʫʨʳ ʙʝʟ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʩʣʦʷ ʛʨʘ-
ʬʝʥʘ, ʧʨʠ ʩʦʙʣʶʜʝʥʠʠ ʚʩʝʭ ʦʩʪʘʣʴʥʳʭ ʧʘʨʘʤʝʪʨʦʚ, ʢʘʢ ʚ ʩʪʨʫʢʪʫʨʝ, 
ʧʦʢʘʟʘʥʥʦʡ ʥʘ ʈʠʩ.3. ʇʨʠ ʵʪʦʤ ʩʣʦʡ ʛʨʘʬʝʥʘ, ʧʦʢʘʟʘʥʥʳʡ ʥʘ ʨʠʩ. 1 ʘ, 
ʙʳʣ ʟʘʤʝʥʸʥ ʩʣʦʝʤ ʢʘʨʙʠʜʘ ʢʨʝʤʥʠʷ,  ʯʪʦ ʦʙʝʩʧʝʯʠʣʦ ʦʙʨʘʟʦʚʘʥʠʝ ʦʜ-
ʥʦʨʦʜʥʦʛʦ ʩʣʦʷ [2, 3]. 
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ʈʠʩ. 5. ʉʪʘʪʠʯʝʩʢʠʝ ʟʘʚʠʩʠʤʦʩʪʠ ʚʳʭʦʜʥʦʛʦ ʪʦʢʘ ʩʪʦʢʘ ʦʪ ʟʥʘʯʝʥʠʷ ʧʦʩʪʦ-

ʷʥʥʦʛʦ ʥʘʧʨʷʞʝʥʠʷ ʥʘ ʟʘʪʚʦʨʝ (ʧʨʠ Uc = 1,5 B): 1 ï ʜʣʷ ʩʪʨʫʢʪʫʨʳ, ʧʦʢʘʟʘʥʥʦʡ ʥʘ 
ʨʠʩ. 3; 2 ï ʜʣʷ ʩʪʨʫʢʪʫʨʳ, ʧʦʢʘʟʘʥʥʦʡ ʥʘ ʨʠʩ. 4 [3]. 

 

 
ʈʠʩ. 6. ɿʘʚʠʩʠʤʦʩʪʠ ʚʳʭʦʜʥʦʛʦ ʪʦʢʘ ʩʪʦʢʘ Iʩ ʦʪ ʥʘʧʨʷʞʝʥʠʷ ʥʘ ʟʘʪʚʦʨʝ Uʟ ī1; ʟʘ-
ʚʠʩʠʤʦʩʪʴ ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʠ ʚʳʭʦʜʥʦʡ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ gm ʜʣʷ ʩʪʨʫʢʪʫʨʳ ʙʝʟ 
ʛʨʘʬʝʥʦʚʦʛʦ ʩʣʦʷ ʦʪ ʟʥʘʯʝʥʠʷ ʧʦʩʪʦʷʥʥʦʛʦ ʥʘʧʨʷʞʝʥʠʷ ʥʘ ʟʘʪʚʦʨʝ Uʟī 2 [4, 5]. 

 

ɻʨʘʬʠʢʠ ʟʘʚʠʩʠʤʦʩʪʝʡ gm(Uʟ), ʨʘʩʩʯʠʪʘʥʥʳʝ ʥʘ ʦʩʥʦʚʝ ʭʘʨʘʢʪʝ-
ʨʠʩʪʠʢ ʚʳʭʦʜʥʦʛʦ ʪʦʢʘ (ʨʠʩ. 5), ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʨʠʩ. 7 [3, 5].  ɸʥʘʣʠʟ 
ʧʦʣʫʯʝʥʥʳʭ ʟʘʚʠʩʠʤʦʩʪʝʡ ʧʦʢʘʟʳʚʘʝʪ, ʯʪʦ ʤʘʢʩʠʤʘʣʴʥʦʝ ʟʥʘʯʝʥʠʝ 
ʧʨʦʚʦʜʠʤʦʩʪʠ ʚʳʭʦʜʥʦʡ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ gm ʜʦʩʪʠʛʘʝʪ ʧʦʨʷʜʢʘ 0,075 
ʤʉʤ ʧʨʠ ʥʘʧʨʷʞʝʥʠʠ Uʟ å 0 ɺ ʜʣʷ 1-ʡ ʩʪʨʫʢʪʫʨʳ (ʨʠʩ. 3).                  

 
ʈʠʩ. 7. ɿʘʚʠʩʠʤʦʩʪʠ ʧʨʦʚʦʜʠʤʦʩʪʠ ʚʳʭʦʜʥʦʡ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ gm ʦʪ ʟʥʘʯʝʥʠʷ ʧʦ-
ʩʪʦʷʥʥʦʛʦ ʥʘʧʨʷʞʝʥʠʷ ʥʘ ʟʘʪʚʦʨʝ Uʟ: 1 ïʜʣʷ ʧʝʨʚʦʡ ʩʪʨʫʢʪʫʨʳ (ʨʠʩ.3); 2 ï ʜʣʷ 

ʚʪʦʨʦʡ ʩʪʨʫʢʪʫʨʳ (ʨʠʩ. 4) [3]. 
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ɼʣʷ ʤʦʜʝʣʠ 2 ʩʪʨʫʢʪʫʨʳ ɻʇʊ (ʨʠʩ.4), ʧʨʦʚʦʜʠʤʦʩʪʴ ʚʳʭʦʜʥʦʡ 
ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ gm ʠʤʝʝʪ ʙʦʣʝʝ ʥʠʟʢʠʝ ʟʥʘʯʝʥʠʷ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩʦ 1-ʡ 
ʩʪʨʫʢʪʫʨʦʡ (ʨʠʩ.3), ʜʦʩʪʠʛʘʷ ʤʘʢʩʠʤʘʣʴʥʦʛʦ ʟʥʘʯʝʥʠʷ ʧʨʠʙʣʠʟʠʪʝʣʴʥʦ 
0,031 ʤʉʤ ʧʨʠ ʥʘʧʨʷʞʝʥʠʠ Uʟ = 0 ɺ [3, 4].  

ʅʘ ʨʠʩ. 8 ʧʨʝʜʩʪʘʚʣʝʥʳ ʩʪʘʪʠʯʝʩʢʠʝ ʚʳʭʦʜʥʳʝ ʚʦʣʴʪ-ʘʤʧʝʨʥʳʝ 
ʭʘʨʢʪʝʨʠʩʪʠʢʠ ʪʦʢʘ Iʩ ʦʪ ʟʥʘʯʝʥʠʷ ʥʘʧʨʷʞʝʥʠʷ Uʩ (ʧʨʠ ʬʠʢʩʠʨʦʚʘʥʥʦʤ 
ʟʥʘʯʝʥʠʠ Uʟ = - 0,15 ɺ). ʂʨʠʚʘʷ 1 ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʧʝʨʚʦʡ ʩʪʨʫʢʪʫʨʝ ɻʇʊ 
(ʨʠʩ.3), ʢʨʠʚʘʷ 2 ī ʚʪʦʨʦʡ ʩʪʨʫʢʪʫʨʝ (ʨʠʩ. 4), ʢʨʠʚʘʷ 3 ʧʨʠʚʝʜʝʥʘ ʜʣʷ 
ʙʘʟʦʚʦʡ ʩʪʨʫʢʪʫʨʳ ʙʝʟ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʛʨʘʬʝʥʘ. 

 
ʈʠʩ. 8. ɿʘʚʠʩʠʤʦʩʪʠ ʚʳʭʦʜʥʦʛʦ ʪʦʢʘ ʩʪʦʢʘ ʦʪ ʧʦʩʪʦʷʥʥʦʛʦ ʟʥʘʯʝʥʠʷ ʥʘʧʨʷʞʝʥʠʷ 
ʩʪʦʢʘ: 1 ï ʜʣʷ ʩʪʨʫʢʪʫʨʳ, ʧʦʢʘʟʘʥʥʦʡ ʥʘ ʨʠʩ. 3; 2 ï ʜʣʷ ʩʪʨʫʢʪʫʨʳ, ʧʦʢʘʟʘʥʥʦʡ ʥʘ 

ʨʠʩ. 4; 3 ï ʜʣʷ ʩʪʨʫʢʪʫʨʳ ʙʝʟ ʩʣʦʷ ʛʨʘʬʝʥʘ [3] 

 
ɸʥʘʣʠʟ ʢʨʠʚʳʭ 1 ʠ 2 ʧʦʢʘʟʳʚʘʝʪ ʩʧʝʮʠʬʠʯʝʩʢʫʶ ʦʩʦʙʝʥʥʦʩʪʴ 

ʚʳʭʦʜʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ɻʇʊ, ʥʝʭʘʨʘʢʪʝʨʥʫʶ ʜʣʷ ʪʨʘʜʠʮʠʦʥʥʳʭ ʧʦ-
ʣʫʧʨʦʚʦʜʥʠʢʦʚʳʭ ʪʨʘʥʟʠʩʪʦʨʦʚ ʙʝʟ ʛʨʘʬʝʥʦʚʦʛʦ ʩʣʦʷ. ɼʘʥʥʘʷ ʦʩʦʙʝʥ-
ʥʦʩʪʴ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʥʘʣʠʯʠʠ ʦʩʪʘʪʦʯʥʦʛʦ ʪʦʢʘ ʧʨʠ ʥʫʣʝʚʦʤ ʥʘʧʨʷʞʝ-
ʥʠʠ ʥʘ ʩʪʦʢʝ (Uc = 0), ʪ.ʝ. ʚʳʭʦʜʥʳʝ ɺɸʍ ʥʘʯʠʥʘʶʪʩʷ ʚ ʦʪʨʠʮʘʪʝʣʴʥʦʡ 
ʦʙʣʘʩʪʠ ʩʪʦʢʦʚʳʭ ʥʘʧʨʷʞʝʥʠʡ.  

ʅʘʩʳʱʝʥʥʦʝ ʩʦʩʪʦʷʥʠʝ ʪʨʘʥʟʠʩʪʦʨʘ, ʢʦʥʩʪʨʫʢʮʠʷ ʢʦʪʦʨʦʛʦ ʧʦ-
ʢʘʟʘʥʘ ʥʘ ʨʠʩ.3, ʥʘʙʣʶʜʘʝʪʩʷ ʧʨʠ ʥʘʧʨʷʞʝʥʠʠ ʥʘ ʩʪʦʢʝ, ʧʨʠʙʣʠʟʠ-
ʪʝʣʴʥʦ ʨʘʚʥʦʤ     -0,29 ɺ, ʘ ʪʨʘʥʟʠʩʪʦʨʘ, ʧʦʢʘʟʘʥʥʦʛʦ ʥʘ ʨʠʩ. 4, ʧʨʠ 
ʥʘʧʨʷʞʝʥʠʠ ʥʘ ʩʪʦʢʝ ʧʨʠʙʣʠʟʠʪʝʣʴʥʦ - 0,015 ɺ [5].  

ʀʟ ʘʥʘʣʠʟʘ ʟʘʚʠʩʠʤʦʩʪʝʡ 1 ʠ 2 (ʨʠʩ.6 ʠ ʨʠʩ.7), ʩʣʝʜʫʝʪ ʯʪʦ ʧʨʠ-
ʤʝʥʝʥʠʝ ʩʣʦʷ ʛʨʘʬʝʥʘ  ʚ ʧʦʜʟʘʪʚʦʨʥʦʡ ʦʙʣʘʩʪʠ ʤʝʞʜʫ ʩʪʦʢʦʤ ʠ ʠʩʪʦ-
ʢʦʤ ʧʦʟʚʦʣʷʝʪ ʚ ʥʝʩʢʦʣʴʢʦ ʨʘʟ ʫʚʝʣʠʯʠʪʴ ʢʘʢ ʧʨʦʚʦʜʠʤʦʩʪʴ ʚʳʭʦʜʥʦʡ 
ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ɻʇʊ, ʪʘʢ ʠ ʝʛʦ ʧʘʨʘʤʝʪʨʳ ʫʩʠʣʝʥʠʷ [5]. 
 

ɹʠʙʣʠʦʛʨʘʬʠʯʝʩʢʠʡ ʩʧʠʩʦʢ 
15. ɻʇʊ-ɻʨʘʬʝʥʦʚʳʝ ʧʦʣʝʚʳʝ ʪʨʘʥʟʠʩʪʦʨʳ. ʈʝʞʠʤ ʜʦʩʪʫʧʘ: 
https://www.graphenea.com/pages/what-are-graphene-field-effect-transistors (ʜʘʪʘ ʦʙ-
ʨʘʱʝʥʠʷ: 03.02.2026) 
16.  Schwierz, F. Graphene transistors. 2010, vol.10, no.89, pp. 487ï496. 
https://doi.org/ 10.1038/nnano.2010.89 

https://www.graphenea.com/pages/what-are-graphene-field-effect-transistors
https://doi.org/%2010.1038/nnano.2010.89
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17. S.Nanda, P.S. Puttaswamy Modeling and simulation of graphene field effect transis-
tor // International Journal of Electrical and Computer Engineering (IJECE), 2019, 
vol.9, no.4826, pp.4826-4835. DOI:10.11591/ijece.v9i6 
4. ʄʘʣʳʰʝʚ ʀ.ɺ., ʇʘʨʰʠʥʘ ʅ.ɺ., ɼʫʙʯʝʥʢʦ ʅ.ʀ. ɸʣʛʦʨʠʪʤ ʨʘʩʯʸʪʘ ʠ ʧʨʦʝʢʪʠʨʦʚʘ-
ʥʠʷ ʘʚʪʦʛʝʥʝʨʘʪʦʨʘ ʪʝʨʘʛʝʨʮʦʚʦʛʦ (ʊɻʮ) ʜʠʘʧʘʟʦʥʘ ʥʘ ʛʨʘʬʝʥʦʚʦʤ ʧʦʣʝʚʦʤ ʪʨʘʥ-
ʟʠʩʪʦʨʝ (ɻʇʊ) // ɺʟʘʠʤʦʜʝʡʩʪʚʠʝ ʩʚʝʨʭʚʳʩʦʢʦʯʘʩʪʦʪʥʦʛʦ, ʪʝʨʘʛʝʨʮʦʚʦʛʦ ʠ ʦʧʪʠ-
ʯʝʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ ʩ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʤʠ ʤʠʢʨʦ- ʠ ʥʘʥʦʩʪʨʫʢʪʫʨʘʤʠ, ʤʝʪʘʤʘʪʝ-
ʨʠʘʣʘʤʠ ʠ ʙʠʦʦʙʲʝʢʪʘʤʠ: ʉʙʦʨʥʠʢ ʩʪʘʪʝʡ ʜʚʝʥʘʜʮʘʪʦʡ ɺʩʝʨʦʩʩʠʡʩʢʦʡ ʥʘʫʯʥʦʡ 
ʰʢʦʣʳ-ʩʝʤʠʥʘʨʘ / ʧʦʜ ʨʝʜ. ɸ.ɺ. ʉʢʨʠʧʘʣʷ ï ʉʘʨʘʪʦʚ: ʀʟʜ-ʚʦ çʉʘʨʘʪʦʚʩʢʠʡ ʠʩʪʦʯ-
ʥʠʢè, 2025. ʉ.378-383. 
5. ɼʘʚʠʜʦʚʠʯ ʄ.ɺ. ʊʝʨʘʛʝʨʮʝʚʳʡ ʪʨʘʥʟʠʩʪʦʨ ʥʘ ʦʩʥʦʚʝ ʛʨʘʬʝʥʘ / ʄ. ɺ. ɼʘʚʠʜʦʚʠʯ, 
ʆ. ɽ. ɻʣʫʭʦʚʘ, ʄ. ʄ. ʉʣʝʧʯʝʥʢʦʚ // ʀʟʚ. ʉʘʨʘʪ. ʫʥ-ʪʘ. ʅʦʚ. ʩʝʨ. ʌʠʟʠʢʘ. 2017.                     
ʊ. 17, ʚʳʧ. 1, c.11-15 
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ʃ.ʄ. ɹʘʙʢʦʚ, ʀ.ɺ. ʀʚʣʠʝʚʘ (ʇʝʨʝʪʦʢʠʥʘ), ɸ.ɸ. ʄʝʱʝʨʷʢʦʚʘ, 
ɺ.ɺ. ʉʦʨʦʢʠʥ 

ʉʘʨʘʪʦʚʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʠʤ. ʅ.ɻ. ʏʝʨʥʳʰʝʚʩʢʦʛʦ  
e-mail: lmbabkov@gmail.com 

 
ɸʥʥʦʪʘʮʠʷ. ʆʩʫʱʝʩʪʚʣʝʥ ʩʠʥʪʝʟ ʭʨʦʤʝʥʦʧʠʨʠʜʠʥʦʚ ʚ ʩʦʩʪʘʚʝ ʜʚʫʭʢʦʤʧʦ-

ʥʝʥʪʥʳʭ ʩʤʝʩʝʡ. ɺ ʜʠʘʧʘʟʦʥʝ 400 - 4000 ʩʤ-1 ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʠʟʤʝʨʝ-
ʥʳ ʠʭ ʀʂ ʩʧʝʢʪʨʳ. ʄʝʪʦʜʦʤ ʬʫʥʢʮʠʦʥʘʣʘ ʧʣʦʪʥʦʩʪʠ B3LYP/6-31G(d) ʧʦʩʪʨʦʝʥʳ 
ʩʪʨʫʢʪʫʨʥʦ-ʜʠʥʘʤʠʯʝʩʢʠʝ ʤʦʜʝʣʠ ʤʦʣʝʢʫʣ, ʚʭʦʜʷʱʠʭ ʚ ʩʦʩʪʘʚ ʩʤʝʩʝʡ, ʩ ʮʝʣʴʶ 
ʠʜʝʥʪʠʬʠʢʘʮʠʠ ʠʭ ʢʦʤʧʦʥʝʥʪ. ʄʠʥʠʤʠʟʠʨʦʚʘʥʳ ʵʥʝʨʛʠʠ, ʦʧʪʠʤʠʟʠʨʦʚʘʥʳ ʠʭ 
ʛʝʦʤʝʪʨʠʠ, ʚʳʯʠʩʣʝʥʳ ʤʝʭʘʥʠʯʝʩʢʠʝ ʠ ʵʣʝʢʪʨʦʦʧʪʠʯʝʩʢʠʝ ʧʘʨʘʤʝʪʨʳ, ʚ ʛʘʨʤʦʥʠ-
ʯʝʩʢʦʤ ʧʨʠʙʣʠʞʝʥʠʠ ʨʘʩʩʯʠʪʘʥʳ ʯʘʩʪʦʪʳ, ʬʦʨʤʳ ʠ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʥʦʨʤʘʣʴʥʳʭ 
ʢʦʣʝʙʘʥʠʡ ʚ ʀʂ ʩʧʝʢʪʨʘʭ. ɺʳʷʚʣʝʥʳ ʩʧʝʢʪʨʘʣʴʥʦ-ʩʪʨʫʢʪʫʨʥʳʝ ʧʨʠʟʥʘʢʠ ʢʦʤʧʦ-
ʥʝʥʪ ʩʤʝʩʝʡ. ʇʨʦʚʝʜʝʥʘ ʠʭ ʠʜʝʥʪʠʬʠʢʘʮʠʷ. ɼʘʥʘ ʠʥʪʝʨʧʨʝʪʘʮʠʷ ʠʟʤʝʨʝʥʥʳʭ ʀʂ 
ʩʧʝʢʪʨʦʚ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʜʚʫʭʢʦʤʧʦʥʝʥʪʥʘʷ ʩʠʩʪʝʤʘ, ʀʂ ʩʧʝʢʪʨ, ʤʦʣʝʢʫʣʷʨʥʦʝ 
ʤʦʜʝʣʠʨʦʚʘʥʠʝ, ʩʪʨʫʢʪʫʨʘ, ʥʦʨʤʘʣʴʥʦʝ ʢʦʣʝʙʘʥʠʝ, ʯʘʩʪʦʪʘ, ʬʦʨʤʘ ʢʦʣʝʙʘʥʠʷ, ʠʥ-
ʪʝʥʩʠʚʥʦʩʪʴ, ʩʧʝʢʪʨʘʣʴʥʦ-ʩʪʨʫʢʪʫʨʥʳʝ ʧʨʠʟʥʘʢʠ 
 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʧʨʦʠʟʚʦʜʥʳʭ ʭʨʦʤʝʥʦʧʠʨʠʜʠʥʘ ʚ ʧʦʩʣʝʜʥʝʝ ʚʨʝ-
ʤʷ ʩʪʘʣʦ ʘʢʪʫʘʣʴʥʳʤ, ʕʪʠ ʩʦʝʜʠʥʝʥʠʷ ʦʙʣʘʜʘʶʪ ʰʠʨʦʢʠʤ ʩʧʝʢʪʨʦʤ 
ʙʠʦʣʦʛʠʯʝʩʢʦʡ ʘʢʪʠʚʥʦʩʪʠ [1-5], ʷʚʣʷʶʪʩʷ ʘʜʝʥʦʟʠʥʦʚʳʤʠ ʨʝʮʝʧʪʦ-
ʨʘʤʠ [6]. ɻʠʙʨʠʜʥʳʝ ʢʦʥʜʝʥʩʠʨʦʚʘʥʥʳʝ ʧʨʦʠʟʚʦʜʥʳʝ ʭʨʦʤʝʥʘ ʧʨʝʜ-
ʩʪʘʚʣʷʶʪ ʙʦʣʴʰʦʡ ʠʥʪʝʨʝʩ ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʭ ʠʩʩʣʝʜʦ-
ʚʘʥʠʡ ʚ ʦʨʛʘʥʠʯʝʩʢʦʡ ʭʠʤʠʠ, ʅʘ ʠʭ ʦʩʥʦʚʝ ʦʩʫʱʝʩʪʚʣʷʶʪ ʩʠʥʪʝʟ ʨʘʟ-
ʣʠʯʥʳʭ ʢʦʥʜʝʥʩʠʨʦʚʘʥʥʳʭ ʧʦʣʠʛʝʪʝʨʦʮʠʢʣʠʯʝʩʢʠʭ ʩʠʩʪʝʤ [2, 3, 6]. 
ʄʝʪʦʜʘʤʠ ʛʣʫʙʦʢʦʛʦ ʠʟʫʯʝʥʠʝ ʚʥʦʚʴ ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ ʩʠʩʪʝʤ ʭʨʦʤʝ-
ʥʦʚʦʛʦ ʨʷʜʘ ʩʪʘʣʠ ʤʝʪʦʜʳ ʢʚʘʥʪʦʚʦʡ ʭʠʤʠʠ ʠ ʩʧʝʢʪʨʦʩʢʦʧʠʠ.   

ɼʣʷ ʩʠʥʪʝʟʘ ʠʩʩʣʝʜʫʝʤʳʭ ʩʠʩʪʝʤ  ʥʘʤʠ ʙʳʣʠ ʧʨʦʚʝʜʝʥʳ ʨʝʘʢʮʠʠ 
2-(2-ʘʤʠʥʦ-6-R-3-ʮʠʘʥʦ-4ʅ-ʭʨʦʤʝʥ-4-ʠʣ)ʤʘʣʦʥʦʥʠʪʨʠʣʘ ʠ ʘʤʠʜʘ ʮʠʘʥʦ-
ʫʢʩʫʩʥʦʡ ʢʠʩʣʦʪʳ ʠ ʧʦʣʫʯʝʥʳ ʭʨʦʤʝʥʦʧʠʨʠʜʠʥʳ: ʪʘʫʪʦʤʝʨʥʘʷ ʩʤʝʩʴ 2-
(4-ʘʤʠʥʦ-1-ʮʠʘʥʦ-5-ʠʤʠʥʦ-1,3,5,10b-ʪʝʪʨʘʛʠʜʨʦ-2H-ʭʨʦʤʝʥʦ[3,4-
c]ʧʠʨʠʜʠʥ-2-ʠʣʠʜʝʥ)-2-ʮʠʘʥʦʘʮʝʪʘ-ʤʠʜʘ (1a) ʠ 2-ʮʠʘʥʦ-2-(4,5-ʜʠʘʤʠʥʦ-
1-ʮʠʘʥʦ-1,10b-ʜʠʛʠʜʨʦ-2H-ʭʨʦʤʝʥ[3,4-c]ʧʠʨʠʜʠʥ-2-ʠʣʠʜʝʥ)ʘʮʝʪʘʤʠʜʘ 
(1b) ʠ ʪʘʫʪʦʤʝʨʥʘʷ ʩʤʝʩʴ 2-ʮʠʘʥʦ-2-(4,5-ʜʠʘʤʠʥʦ-9-ʙʨʦʤ-1-ʮʠʘʥʦ-1,10b-
ʜʠʛʠʜʨʦ-2ʅ-ʭʨʦʤʝʥʦ[3,4-ʩ]ʧʠʨʠʜʠʥ-2-ʠʣʠʜʝʥ)ʘʮʝʪʘʤʠʜʘ (2a) ʠ 2-(5-
ʘʤʠʥʦ-9-ʙʨʦʤ-1-ʮʠʘʥʦ-4-ʠʤʠʥʦ-1,3,4,10b-ʪʝʪʨʘʛʠʜʨʦ-2ʅ-ʭʨʦʤʝʥʦ[3,4-
ʩ]ʧʠʨʠʜʠʥ-2-ʠʣʠʜʝʥ)-2-ʮʠʘʥʘʮʝʪʘʤʠʜʘ (2b).  

ʅʘ ʌʫʨʴʝ-ʩʧʝʢʪʨʦʤʝʪʨʝ ʌʉʄ 1201 (ʈʦʩʩʠʷ) ʟʘʧʠʩʘʥʳ ʀʂ ʩʧʝʢ-
ʪʨʳ ʩʤʝʩʝʡ ʧʦʣʫʯʝʥʥʳʭ ʩʦʝʜʠʥʝʥʠʡ, ʟʘʧʨʝʩʩʦʚʘʥʥʳʭ ʚ ʪʘʙʣʝʪʢʘʭ Kɺr.  

ʎʝʣʴʶ ʜʘʥʥʦʡ ʨʘʙʦʪʳ ʙʳʣʦ ʧʦʩʪʨʦʝʥʠʝ ʩʪʨʫʢʪʫʨʥʦ-
ʜʠʥʘʤʠʯʝʩʢʠʭ ʤʦʜʝʣʝʡ, 1a ʠ 1b, 2a ʠ 2b, ʥʘ ʦʩʥʦʚʝ ʢʦʪʦʨʦʛʦ ʩʣʝʜʦʚʘʣʦ 
ʠʥʪʝʨʧʨʝʪʠʨʦʚʘʪʴ ʠʟʤʝʨʝʥʥʳʝ ʀʂ ʩʧʝʢʪʨʳ ʠ ʜʘʪʴ ʠʜʝʥʪʠʬʠʢʘʮʠʶ 
ʢʦʤʧʦʥʝʥʪ ʧʦʣʫʯʝʥʥʳʭ ʩʤʝʩʝʡ. 
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ʄʝʪʦʜʦʤ ʪʝʦʨʠʠ ʬʫʥʢʮʠʦʥʘʣʘ ʧʣʦʪʥʦʩʪʠ ɺ3LYP/6-31g(d) [7,8], 
ʨʝʘʣʠʟʦʚʘʥʥʳʤ ʚ ʧʨʦʛʨʘʤʤʥʦʤ ʧʘʢʝʪʝ GAUSSIANô03 [9], ʧʦʩʪʨʦʝʥʳ 
ʩʪʨʫʢʪʫʨʥʦ-ʜʠʥʘʤʠʯʝʩʢʠʭ ʤʦʜʝʣʝʡ, 1a ʠ 1b, 2a ʠ 2b. ɿʥʘʯʝʥʠʷ ʥʝʢʦʪʦ-
ʨʳʭ ʜʣʠʥ ʩʚʷʟʝʡ ʠ ʛʝʦʤʝʪʨʠʯʝʩʢʦʝ ʩʪʨʦʝʥʠʝ ʩʦʝʜʠʥʝʥʠʡ ʧʨʠʚʝʜʝʥʳ ʥʘ 
ʨʠʩʫʥʢʝ 1 ʠ ʚ ʪʘʙʣʠʮʝ 1. 

 
ʊʘʙʣʠʮʘ 1. ɺʳʯʠʩʣʝʥʥʳʝ ʛʝʦʤʝʪʨʠʯʝʩʢʠʝ ʧʘʨʘʤʝʪʨʳ ʤʦʣʝʢʫʣ 1a, 1b, 2a, 2b 

 

1ʘ 1b 2a 2b 

ʉʚʷʟʴ ɼʣʠʥʘ, 
¡ 

ʉʚʷʟʴ ɼʣʠʥʘ, 
¡ 

ʉʚʷʟʴ ɼʣʠʥʘ, 
¡ 

ʉʚʷʟʴ ɼʣʠʥʘ, 
¡ 

C18-N19 1,372 C18-N19 1,375 C18-N19 1,371 C18-N19 1,374 

C9-N22 1,382 C9=N22 1,286 C9-N22 1,382 C9=N22 1,286 

C10-N17 1,367 C10-N17 1,368 C10-N17 1,367 C10-N17 1,368 

C26-N28 1,363 C25-N27 1,363 C26-N28 1,363 C25-N27 1,362 

C9=N17 1,310 C9-N17 1,413 C9=N17 1,310 C9-N17 1,412 

C35ſN36 1,161 C33ſN34 1,161 C35ſN36 1,161 C33ſN34 1,161 

C31ſN32 1,166 C30ſN31 1,166 C31ſN32 1,166 C30ſN31 1,167 

C3-O16 1,391 C3-O16 1,389 C3-O16 1,388 C3-O16 1,387 

C18-O16 1,353 C18-O16 1,355 C18-O16 1,355 C18-O16 1,357 

C26=O27 1,231 C25=O26 1,229 C26=O27 1,231 C25=O26 1,229 

 
 

 
1a                                            1b 

 
2a                                            2b 

 
ʈʠʩ. 1. ɻʝʦʤʝʪʨʠʯʝʩʢʦʝ ʩʪʨʦʝʥʠʝ ʤʦʣʝʢʫʣ 1a, 1b, 2a, 2b 

 
ʀʂ ʩʧʝʢʪʨʳ ʩʤʝʩʠ ʩʦʝʜʠʥʝʥʠʡ 1a ʠ 1b, 2a ʠ 2b ʨʘʩʩʯʠʪʘʥʳ ʚ 

ʛʘʨʤʦʥʠʯʝʩʢʦʤ ʧʨʠʙʣʠʞʝʥʠʠ, ʤʘʩʰʪʘʙʠʨʦʚʘʥʠʝ ʯʘʩʪʦʪ ʥʝ ʧʨʦʚʦʜʠ-
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ʣʦʩʴ. ʀʟʤʝʨʝʥʥʳʝ ʩʧʝʢʪʨʳ ʩʤʝʩʝʡ ʠ ʨʘʩʩʯʠʪʘʥʥʳʝ ʩʧʝʢʪʨʳ ʩʦʝʜʠʥʝ-
ʥʠʡ 1a ʠ 1b, 2a ʠ 2b ʧʨʠʚʝʜʝʥʳ ʥʘ ʨʠʩʫʥʢʘʭ 2 ʠ 3.  

 

 
ʈʠʩ.2. ʀʂ ʩʧʝʢʪʨʳ ʩʤʝʩʠ ʩʦʝʜʠʥʝʥʠʡ 1ʘ ʠ 1b (ʵʢʩʧʝʨʠʤʝʥʪ -1, ʪʝʦʨʠʷ -1ʘ, 2; 1b, 3) 

 

 
ʈʠʩ.3. ʀʂ ʩʧʝʢʪʨʳ ʩʤʝʩʠ ʩʦʝʜʠʥʝʥʠʡ 2a ʠ 2b (ʵʢʩʧʝʨʠʤʝʥʪ -1, ʪʝʦʨʠʷ -2ʘ, 2; 2b, 3) 

 

ʀʟ ʘʥʘʣʠʟʘ ʨʘʩʯʝʪʦʚ ʀʂ ʩʧʝʢʪʨʦʚ ʩʣʝʜʫʝʪ, ʯʪʦ ʢʦʣʝʙʘʥʠʷ ʠʩʩʣʝ-
ʜʫʝʤʳʭ ʤʦʣʝʢʫʣ ʩʠʣʴʥʦ ʜʝʣʦʢʘʣʠʟʦʚʘʥʳ. ʊʝʤ ʥʝ ʤʝʥʝʝ ʥʝʢʦʪʦʨʳʝ ʭʘ-
ʨʘʢʪʝʨʠʩʪʠʯʝʩʢʠʝ ʢʦʣʝʙʘʥʠʷ ʫʜʘʣʦʩʴ ʚʳʜʝʣʠʪʴ ʠ ʠʜʝʥʪʠʬʠʮʠʨʦʚʘʪʴ. 
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ɺ ʯʘʩʪʥʦʩʪʠ, ʚ ʩʦʝʜʠʥʝʥʠʠ 1ʘ ʚʘʣʝʥʪʥʳʤ ʢʦʣʝʙʘʥʠʷʤ ʉſN, ɜ89, 
ɜ90, ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʯʘʩʪʦʪʳ 2319 ʠ 2358 cm

-1
 ʠ ʠʥʪʝʥʩʠʚʥʦʩʪʠ 66,9 ʠ 10 

km/mol ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ɺ ʩʦʝʜʠʥʝʥʠʷ 1b ʵʪʠʤ ʞʝ ʢʦʣʝʙʘʥʠʷʤ ʩʦʦʪ-
ʚʝʪʩʪʚʫʶʪ ʯʘʩʪʦʪʳ 2310 ʠ 2360 cm

-1
 ʠ ʠʥʪʝʥʩʠʚʥʦʩʪʠ 68,2 ʠ 6 km/mol.  

ɺ ʩʦʝʜʠʥʝʥʠʠ 2ʘ ʚʘʣʝʥʪʥʳʤ ʢʦʣʝʙʘʥʠʷʤ ʉſN, ɜ90, ɜ91 , ʩʦʦʪʚʝʪ-
ʩʪʚʫʶʪ ʯʘʩʪʦʪʳ 2320 ʠ 2359 cm

-1
 ʠ ʠʥʪʝʥʩʠʚʥʦʩʪʠ 64,7 ʠ 8,7 km/mol, ʘ 

ʚ ʩʦʝʜʠʥʝʥʠʠ 2b ʯʘʩʪʦʪʳ 2311 ʠ 2361 cm
-1
 ʠ ʠʥʪʝʥʩʠʚʥʦʩʪʠ 67,2 ʠ 5,1  

km/mol ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ.  
ɺʘʣʝʥʪʥʳʤ ʢʦʣʝʙʘʥʠʷʤ C=N, ɜ87, ɜ88, ʚ ʩʦʝʜʠʥʝʥʠʠ 1ʘ ʩʦʦʪʚʝʪ-

ʩʪʚʫʶʪ ʯʘʩʪʦʪʳ 1710 ʠ 1760 cm
-1
 ʠ ʠʥʪʝʥʩʠʚʥʦʩʪʠ 515,6 ʠ 360 km/mol, 

ʘ ʚ ʩʦʝʜʠʥʝʥʠʠ 1b - ʯʘʩʪʦʪʳ 1732 ʠ 1769 cm
-1
 ʠ ʠʥʪʝʥʩʠʚʥʦʩʪʠ 461,4 ʠ 

387,7 km/mol.  
ɺ ʩʦʝʜʠʥʝʥʠʠ 2a ʵʪʠʤ ʢʦʣʝʙʘʥʠʷʤ, ɜ88, ɜ89, ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʯʘʩʪʦ-

ʪʳ 1712 ʠ 1761 cm
-1
 ʠ ʠʥʪʝʥʩʠʚʥʦʩʪʷʤʠ 507,5 ʠ 364,5 km/mol, ʘ ʚ ʩʦ-

ʝʜʠʥʝʥʠʠ 2b ʯʘʩʪʦʪʳ 1734 ʠ 1770  cm
-1
 ʠ ʠʥʪʝʥʩʠʚʥʦʩʪʠ 448,6 ʠ 393,7 

km/mol. 
ɺʘʣʝʥʪʥʦʤʫ ʢʦʣʝʙʘʥʠʶ ʉ-Br, ɜ61, ʩʦʝʜʠʥʝʥʠʷ 2ʘ ʩʦʦʪʚʝʪʩʪʚʫʝʪ 

ʯʘʩʪʦʪʘ 1111 cm
-1
 ʠ ʠʥʪʝʥʩʠʚʥʦʩʪʴ 24,3 km/mol, ʘ ʚ ʩʦʝʜʠʥʝʥʠʷ 2b -  

ʯʘʩʪʦʪʘ 1115 cm
-1
 ʠ ʠʥʪʝʥʩʠʚʥʦʩʪʴ 23,7 km/mol.   

ʊʘʢʠʤ ʦʙʨʘʟʦʤ ʥʘ ʦʩʥʦʚʝ ʘʥʘʣʠʟʘ ʠʟʤʝʨʝʥʥʳʭ ʀʂ ʩʧʝʢʪʨʦʚ ʩʤʝ-
ʩʝʡ ʩʦʝʜʠʥʝʥʠʡ 1ʘ ʠ 1b, 2a ʠ 2b ʠ ʨʝʟʫʣʴʪʘʪʦʚ ʤʦʣʝʢʫʣʷʨʥʦʛʦ ʤʦʜʝʣʠ-
ʨʦʚʘʥʠʷ ʫʩʪʘʥʦʚʣʝʥʘ ʩʪʨʫʢʪʫʨʘ ʩʦʝʜʠʥʝʥʠʡ 1a, 1b, 2a ʠ 2b, ʚʳʷʚʣʝʥʳ 
ʩʧʝʢʪʨʘʣʴʥʦ-ʩʪʨʫʢʪʫʨʥʳʝ ʧʨʠʟʥʘʢʠ ʢʦʤʧʦʥʝʥʪ ʩʤʝʩʝʡ, ʧʨʦʚʝʜʝʥʘ ʠʭ 
ʠʜʝʥʪʠʬʠʢʘʮʠʷ. ɼʘʥʘ ʠʥʪʝʨʧʨʝʪʘʮʠʷ ʠʟʤʝʨʝʥʥʳʭ ʀʂ ʩʧʝʢʪʨʦʚ.  
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ʊʈʆʀʏʅɸʗ ʄʀʅʀïʕɺʄ ʀ ʈɽʐɽʅʀɽ ɿɸɼɸʏ 

ʀʉʂʋʉʉʊɺɽʅʅʆɻʆ ʀʅʊɽʃʃɽʂʊɸ 

 

ɸ.ɸ.ʉʝʤʸʥʦʚ 
ʉʘʨʘʪʦʚʩʢʠʡ ʥʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ 

ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʠʤ. ʅ.ɻ. ʏʝʨʥʳʰʝʚʩʢʦʛʦ 
E-mail: semenovaa@info.sgu.ru 

 
ɸʥʥʦʪʘʮʠʷ. ʀʩʩʣʝʜʦʚʘʥʘ ʚʦʟʤʦʞʥʦʩʪʴ ʧʨʠʤʝʥʝʥʠʷ ʤʦʜʝʣʠ ʪʨʦʠʯʥʦʡ ʤʠ-

ʥʠïʕɺʄ, ʨʘʟʨʘʙʦʪʘʥʥʦʡ ʥʘ ʦʩʥʦʚʝ ʧʨʝʜʣʦʞʝʥʥʳʭ ʨʘʥʝʝ ʙʘʟʦʚʳʭ ʵʣʝʤʝʥʪʦʚ ʪʨʦ-

ʠʯʥʦʡ ʣʦʛʠʢʠ, ʜʣʷ ʨʝʰʝʥʠʷ ʣʦʛʠʯʝʩʢʠʭ ʟʘʜʘʯ ʚ ʠʥʪʝʨʘʢʪʠʚʥʦʤ ʨʝʞʠʤʝ, ʧʦʩʨʝʜ-

ʩʪʚʦʤ ʠʤʧʣʝʤʝʥʪʘʮʠʠ ʷʟʳʢʘ ʚʳʩʦʢʦʛʦ ʫʨʦʚʥʷ, ʨʘʙʦʪʘʶʱʝʛʦ ʚ ʨʝʞʠʤʝ ʠʥʪʝʨʧʨʝ-

ʪʘʮʠʠ. ʇʦʢʘʟʘʥʘ ʚʦʟʤʦʞʥʦʩʪʴ ʘʧʧʘʨʘʪʥʦʛʦ ʩʦʛʣʘʩʦʚʘʥʠʷ ʤʠʥʠïʕɺʄ ʪʨʦʠʯʥʦʡ 

ʣʦʛʠʢʠ ʩ ʧʦʧʫʣʷʨʥʳʤʠ ʜʚʦʠʯʥʳʤʠ ɹʀʉ ʘʩʠʥʭʨʦʥʥʦʛʦ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʛʦ ʠʥʪʝʨ-

ʬʝʡʩʘ. ɺʳʷʚʣʝʥʳ ʦʛʨʘʥʠʯʝʥʠʷ ʘʨʭʠʪʝʢʪʫʨʳ ʤʠʥʠïʕɺʄ ʥʘ ʧʫʪʠ ʨʝʰʝʥʠʷ ʫʢʘʟʘʥ-

ʥʳʭ ʟʘʜʘʯ. ʋʢʘʟʘʥʳ ʧʫʪʠ ʧʨʝʦʜʦʣʝʥʠʷ ʚʳʷʚʣʝʥʥʳʭ ʦʛʨʘʥʠʯʝʥʠʡ. ʇʨʦʜʝʤʦʥʩʪʨʠ-

ʨʦʚʘʥʘ ʚʦʟʤʦʞʥʦʩʪʴ ʤʦʜʝʣʠ ʪʨʦʠʯʥʦʡ ʤʠʥʠïʕɺʄ ʫʩʧʝʰʥʦ ʨʝʰʘʪʴ ʩʣʦʞʥʳʝ ʣʦ-

ʛʠʯʝʩʢʠʝ ʟʘʜʘʯʠ ʘʥʘʣʦʛʠʯʥʦ ʧʨʦʛʨʘʤʤʘʤ ʠʩʢʫʩʩʪʚʝʥʥʦʛʦ ʠʥʪʝʣʣʝʢʪʘ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʪʨʦʠʯʥʘʷ ʣʦʛʠʢʘ, ʪʨʦʠʯʥʳʝ ʣʦʛʠʯʝʩʢʠʝ ʵʣʝʤʝʥʪʳ, ʪʨʦ-

ʠʯʥʳʡ ʧʨʦʮʝʩʩʦʨ, ʪʨʦʠʯʥʘʷ ʤʠʥʠïʕɺʄ, ʧʦʚʳʰʝʥʠʝ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʠ ʤʠʢʨʦ-

ʧʨʦʮʝʩʩʦʨʦʚ, ʣʦʛʠʯʝʩʢʠʝ ʟʘʜʘʯʠ ʠʩʢʫʩʩʪʚʝʥʥʦʛʦ ʠʥʪʝʣʣʝʢʪʘ. 

 

ɺ ʭʦʜʝ ʮʠʢʣʘ ʥʘʫʯʥʳʭ ʨʘʙʦʪ, ʧʨʦʚʦʜʠʤʳʭ ʥʘ ʢʘʬʝʜʨʝ ʌʠʟʠʢʠ 

ʪʚʝʨʜʦʛʦ ʪʝʣʘ ʉɻʋ, ʙʳʣ ʨʘʟʨʘʙʦʪʘʥ ʨʷʜ ʤʦʜʝʣʝʡ ʙʘʟʦʚʳʭ ʵʣʝʤʝʥʪʦʚ 

ʪʨʦʠʯʥʦʡ ʣʦʛʠʢʠ ʥʘ ʦʩʥʦʚʝ ʂʄʆʇ ʩʪʨʫʢʪʫʨ, ʘ ʪʘʢʞʝ ʙʠʧʦʣʷʨʥʦʡ 

ʪʨʘʥʟʠʩʪʦʨʥʦ-ʪʨʘʥʟʠʩʪʦʨʥʦʡ ʪʝʭʥʦʣʦʛʠʠ [1-5]. ʕʪʠ ʤʦʜʝʣʠ ʧʦʟʚʦʣʠʣʠ 

ʩʢʦʥʩʪʨʫʠʨʦʚʘʪʴ ʠ ʠʩʩʣʝʜʦʚʘʪʴ ʨʘʙʦʪʫ ʦʩʥʦʚʥʳʭ ʫʟʣʦʚ ʪʨʦʠʯʥʦʛʦ 

ʧʨʦʮʝʩʩʦʨʘ [6,7]. 

ʎʝʣʴʶ ʩʦʟʜʘʥʠʷ ʤʦʜʝʣʠ ʪʨʦʠʯʥʦʛʦ ʧʨʦʮʝʩʩʦʨʘ ʙʳʣʦ ʠʩʩʣʝʜʦʚʘ-

ʥʠʝ ʚʦʟʤʦʞʥʦʩʪʠ ʨʝʘʣʠʟʘʮʠʠ ʮʠʬʨʦʚʦʛʦ ʧʨʦʮʝʩʩʦʨʥʦʛʦ ʫʩʪʨʦʡʩʪʚʘ ʥʘ 

ʦʩʥʦʚʝ ʨʘʟʨʘʙʦʪʘʥʥʳʭ ʨʘʥʝʝ ʙʘʟʦʚʳʭ ʵʣʝʤʝʥʪʦʚ ʪʨʦʠʯʥʦʡ ʣʦʛʠʢʠ, 

ʧʦʜʭʦʜʷʱʝʛʦ ʜʣʷ ʠʟʛʦʪʦʚʣʝʥʠʷ ʩ ʧʨʠʤʝʥʝʥʠʝʤ ʜʠʩʢʨʝʪʥʳʭ ʵʣʝʢʪʨʦʥ-

ʥʳʭ ʢʦʤʧʦʥʝʥʪʦʚ, ʘ ʪʘʢʞʝ ʠʟʫʯʝʥʠʝ ʚʦʟʤʦʞʥʦʩʪʠ ʨʘʟʨʘʙʦʪʢʠ ʵʬʬʝʢ-

ʪʠʚʥʦʡ ʩʠʩʪʝʤʳ ʢʦʤʘʥʜ ʫʩʪʨʦʡʩʪʚʘ ʧʨʠ ʝʛʦ ʦʛʨʘʥʠʯʝʥʥʳʭ ʘʧʧʘʨʘʪʥʳʭ 

ʨʝʩʫʨʩʘʭ. 

ʇʨʦʚʝʜʝʥʥʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ ʧʦʢʘʟʘʣʦ, ʯʪʦ ʧʨʠ ʧʨʦʯʠʭ ʨʘʚʥʳʭ 

ʧʘʨʘʤʝʪʨʘʭ ʠ ʫʩʣʦʚʠʷʭ ð ʪʘʢʪʦʚʦʡ ʯʘʩʪʦʪʝ, ʨʘʟʨʷʜʥʦʩʪʠ ʰʠʥ ʘʜʨʝʩʘ ʠ 

ʜʘʥʥʳʭ ð ʤʠʥʠïʕɺʄ ʥʘ ʦʩʥʦʚʝ ʧʨʦʮʝʩʩʦʨʘ ʩ ʪʨʦʠʯʥʦʡ ʣʦʛʠʢʦʡ ʩʧʦ-

ʩʦʙʥʘ ʘʜʨʝʩʦʚʘʪʴ ʙʦʣʴʰʠʡ ʦʙʲʸʤ ʧʘʤʷʪʠ, ʠʤʝʝʪ ʙʦʣʝʝ ʨʘʟʚʠʪʫʶ ʠ ʵʬ-

ʬʝʢʪʠʚʥʫʶ ʩʠʩʪʝʤʫ ʢʦʤʘʥʜ, ʜʝʤʦʥʩʪʨʠʨʫʝʪ, ʧʦ ʤʝʥʴʰʝʡ ʤʝʨʝ, ʚʜʚʦʝ 

ʙʦʣʴʰʫʶ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʴ ʟʘ ʩʯʸʪ ʙʦʣʴʰʝʡ ʸʤʢʦʩʪʠ ʠʥʬʦʨʤʘʮʠ-

ʦʥʥʦʛʦ ʩʣʦʚʘ ʠ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʢʦʤʘʥʜ ʫʩʣʦʚʥʳʭ ʧʝʨʝʭʦʜʦʚ [8,9]. 

ɽʱʸ ʥʘ ʵʪʘʧʝ ʧʨʦʝʢʪʠʨʦʚʘʥʠʷ ʦʙʩʫʞʜʘʝʤʦʡ ʤʠʥʠïʕɺʄ ʚʳʟʳʚʘʣ 

ʠʥʪʝʨʝʩ ʚʦʧʨʦʩ, ʥʘʩʢʦʣʴʢʦ ʵʬʬʝʢʪʠʚʥʦ ʪʨʦʠʯʥʘʷ ʣʦʛʠʢʘ ʩʧʦʩʦʙʥʘ 

ʩʧʨʘʚʣʷʪʴʩʷ ʩ ʯʠʩʪʦ ʣʦʛʠʯʝʩʢʠʤʠ ʟʘʜʘʯʘʤʠ, ʧʦʜʦʙʥʳʤʠ ʪʝʤ, ʢʦʪʦʨʳʝ 

ʨʘʥʝʝ ʜʦʚʦʣʴʥʦ ʯʘʩʪʦ ʧʫʙʣʠʢʦʚʘʣʠʩʴ ʚ ʨʘʟʣʠʯʥʦʡ ʧʦʧʫʣʷʨʥʦʡ ʥʘʫʯʥʦ-
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ʪʝʭʥʠʯʝʩʢʦʡ ʧʝʨʠʦʜʠʢʝ. ʅʠʞʝ ʧʨʠʚʝʜʸʥ ʪʠʧʠʯʥʳʡ ʧʨʠʤʝʨ ʧʦʜʦʙʥʦʡ 

ʟʘʜʘʯʠ. 

ʊʨʦʝ ʩʚʠʜʝʪʝʣʝʡ ʜʦʨʦʞʥʦʛʦ ʧʨʦʠʩʰʝʩʪʚʠʷ ʪʘʢ ʨʘʩʩʢʘʟʘʣʠ ʦ 

ʤʘʰʠʥʝ, ʢʦʪʦʨʫʶ ʚʠʜʝʣʠ ʚʦ ʚʨʝʤʷ ʠʥʮʠʜʝʥʪʘ: 

1) ʕʪʦ ʙʳʣʘ çʍʦʥʜʘè ʯʝʨʥʦʛʦ ʮʚʝʪʘ. 

2) ʕʪʦ ʙʳʣ çʌʦʨʜè ʩʠʥʝʛʦ ʮʚʝʪʘ. 

3) ʕʪʦ çʄʝʨʩʝʜʝʩè, ʥʦ ʪʦʯʥʦ ʥʝ ʩʠʥʠʡ. 

ʂʘʢ ʚʳʷʩʥʠʣʦʩʴ ʧʦʟʞʝ, ʢʘʞʜʳʡ ʠʟ ʩʚʠʜʝʪʝʣʝʡ ʙʳʣ ʧʨʘʚ ʪʦʣʴʢʦ 

ʚ ʦʜʥʦʤ ʠʟ ʜʚʫʭ ʩʚʦʠʭ ʫʪʚʝʨʞʜʝʥʠʡ. ʆʧʨʝʜʝʣʠʪʝ ʤʘʨʢʫ ʠ ʮʚʝʪ ʤʘʰʠ-

ʥʳ. 

ʇʦʩʢʦʣʴʢʫ ʷʟʳʢ ʘʩʩʝʤʙʣʝʨʘ, ʥʝʩʤʦʪʨʷ ʥʘ ʩʚʦʶ ʵʬʬʝʢʪʠʚʥʦʩʪʴ, 

ʥʝ ʦʙʣʘʜʘʝʪ ʩʚʦʡʩʪʚʦʤ ʠʥʪʝʨʘʢʪʠʚʥʦʩʪʠ, ʠ ʘʩʩʝʤʙʣʝʨʥʘʷ ʧʨʦʛʨʘʤʤʘ 

ʜʣʷ ʪʨʦʠʯʥʦʡ ʤʠʥʠïʕɺʄ ʢʦʤʧʠʣʠʨʫʝʪʩʷ ʧʦʩʨʝʜʩʪʚʦʤ ʢʨʦʩʩ-ʩʨʝʜʩʪʚʘ 

ð ʚʥʝʰʥʝʛʦ ʠʥʩʪʨʫʤʝʥʪʘʣʴʥʦʛʦ ʢʦʤʧʴʶʪʝʨʘ, ʙʳʣ ʧʨʦʚʝʜʸʥ ʘʥʘʣʠʟ 

ʚʦʟʤʦʞʥʦʩʪʠ ʠʤʧʣʝʤʝʥʪʘʮʠʠ ʚ ʤʠʥʠïʕɺʄ ʠʥʪʝʨʘʢʪʠʚʥʦʛʦ ʷʟʳʢʘï

ʠʥʪʝʨʧʨʝʪʘʪʦʨʘ ʚʳʩʦʢʦʛʦ ʫʨʦʚʥʷ, ʧʦʟʚʦʣʷʶʱʝʛʦ ʧʦʣʴʟʦʚʘʪʝʣʶ ʚʟʘʠ-

ʤʦʜʝʡʩʪʚʦʚʘʪʴ ʩ ʪʨʦʠʯʥʦʡ ʤʠʥʠïʕɺʄ ʚ ʠʥʪʝʨʘʢʪʠʚʥʦʤ ʨʝʞʠʤʝ 

ʇʦʜʭʦʜʷʱʠʤ ʢʘʥʜʠʜʘʪʦʤ ʥʘ ʪʘʢʫʶ ʨʦʣʴ ʧʨʝʜʩʪʘʚʣʷʣʩʷ ʷʟʳʢ Ti-

ny BASIC [10], ʨʘʟʨʘʙʦʪʘʥʥʳʡ ʜʣʷ ʤʠʢʨʦïʕɺʄ ʩ ʦʛʨʘʥʠʯʝʥʥʳʤʠ ʨʝ-

ʩʫʨʩʘʤʠ ʥʘ ʤʦʤʝʥʪ ʧʦʷʚʣʝʥʠʷ ʤʠʢʨʦʧʨʦʮʝʩʩʦʨʘ i8080, ʢʦʪʦʨʳʡ ʢʘʢ 

ʨʘʟ ʚ ʪʦ ʚʨʝʤʷ ʠ ʥʘʯʘʣ ʰʠʨʦʢʦ ʠʩʧʦʣʴʟʦʚʘʪʴʩʷ ʚ ʩʭʝʤʦʪʝʭʥʠʢʝ ʧʝʨʩʦ-

ʥʘʣʴʥʳʭ ʤʠʢʨʦʢʦʤʧʴʶʪʝʨʦʚ. ʉʦʚʨʝʤʝʥʥʳʡ ʯʠʪʘʪʝʣʴ ʚʨʷʜ ʣʠ ʟʥʘʢʦʤ ʩ 

ʵʪʠʤ ʷʟʳʢʦʤ, ʧʦʵʪʦʤʫ ʚ ʦʙʟʦʨʥʳʭ ʮʝʣʷʭ ʤʦʞʥʦ ʧʦʨʝʢʦʤʝʥʜʦʚʘʪʴ ʩʣʝ-

ʜʫʶʱʠʡ ʠʩʪʦʯʥʠʢ [11]. ʇʨʠ ʚʝʩʴʤʘ ʦʛʨʘʥʠʯʝʥʥʦʤ ʦʙʴʸʤʝ ʧʘʤʷʪʠ ʧʝʨ-

ʚʳʭ ʤʠʢʨʦïʕɺʄ (ʚ ʭʦʨʦʰʝʤ ʩʣʫʯʘʝ, ʜʦ 4096 ʙʘʡʪ) ʷʟʳʢ ʟʘʥʠʤʘʣ ʦʪ 

1,77 ʜʦ 2 ʂʙʘʡʪ, ʯʪʦ ʚʧʦʣʥʝ ʧʦʟʚʦʣʷʣʦ ʫʩʧʝʰʥʦ ʝʛʦ ʠʩʧʦʣʴʟʦʚʘʪʴ. ʇʦ-

ʩʢʦʣʴʢʫ ʪʨʦʠʯʥʘʷ ʤʠʥʠïʕɺʄ ʘʜʨʝʩʫʝʪ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ 6561 ʪʨʦʠʯ-

ʥʦʝ ʩʣʦʚʦ, ʪʦ ʚʦʟʤʦʞʥʦʩʪʴ ʠʤʧʣʝʤʝʥʪʠʨʦʚʘʪʴ ʚ ʥʝʸ Tiny BASIC ʧʨʝʜ-

ʩʪʘʚʣʷʣʘʩʴ ʚʝʩʴʤʘ ʨʝʘʣʴʥʦʡ. 

ɸʥʘʣʠʟ ʩʪʨʫʢʪʫʨʳ ʤʠʢʨʦïʕɺʄ, ʠʩʧʦʣʴʟʫʶʱʠʭ ʷʟʳʢ Tiny 

BASIC, ʧʦʢʘʟʘʣ, ʯʪʦ ʜʣʷ ʫʚʝʣʠʯʝʥʠʷ ʦʙʲʸʤʘ ʧʘʤʷʪʠ, ʜʦʩʪʫʧʥʦʡ ʧʦʣʴ-

ʟʦʚʘʪʝʣʶ, ʠ ʩʥʠʞʝʥʠʷ ʘʧʧʘʨʘʪʥʳʭ ʟʘʪʨʘʪ, ʚ ʠʭ ʢʦʥʩʪʨʫʢʮʠʠ ʰʠʨʦʢʦ 

ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʩʧʝʮʠʘʣʠʟʠʨʦʚʘʥʥʳʝ ɹʀʉ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʛʦ ʠʥʪʝʨ-

ʬʝʡʩʘ, ʘ ʚ ʢʘʯʝʩʪʚʝ ʫʩʪʨʦʡʩʪʚʘ ʚʚʦʜʘïʚʳʚʦʜʘ ʧʨʠʤʝʥʷʣʩʷ ʚʥʝʰʥʠʡ 

ʪʝʨʤʠʥʘʣ [12,13]. 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʚʦʟʤʦʞʥʦʩʪʠ ʧʨʠʤʝʥʝʥʠʷ ʩʧʝʮʠʘʣʠʟʠʨʦʚʘʥʥʳʭ 

ʜʚʦʠʯʥʳʭ ɹʀʉ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʛʦ ʠʥʪʝʨʬʝʡʩʘ ʚ ʩʦʩʪʘʚʝ ʪʨʦʠʯʥʦʡ 

ʤʠʥʠïʕɺʄ (ʨʠʩ. 1) ʧʦʢʘʟʘʣʦ ʠʭ ʧʦʣʥʫʶ ʧʨʦʛʨʘʤʤʥʫʶ ʠ ʘʧʧʘʨʘʪʥʫʶ 

ʩʦʚʤʝʩʪʠʤʦʩʪʴ [14]. 
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ʈʠʩ. 1. ɹʀʉ ʩʠʥʭʨʦʥʥʦ-ʘʩʠʥʭʨʦʥʥʦʛʦ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʛʦ ʠʥʪʝʨʬʝʡʩʘ 
ʂ580ɺɺ51 (ʦʪʝʯʝʩʪʚʝʥʥʳʡ ʘʥʘʣʦʛ i8251) ʚ ʩʦʩʪʘʚʝ ʪʨʦʠʯʥʦʡ ʤʠʥʠ-ʕɺʄ. 

 

ʅʦ ʢʘʤʥʝʤ ʧʨʝʪʢʥʦʚʝʥʠʷ ʦʢʘʟʘʣʘʩʴ ʥʝʩʧʦʩʦʙʥʦʩʪʴ ʘʧʧʘʨʘʪʥʳʭ 
ʩʨʝʜʩʪʚ ʪʨʦʠʯʥʦʡ ʤʠʥʠïʕɺʄ ʘʜʨʝʩʦʚʘʪʴ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʤʘʩʩʠʚʳ 
ʧʘʤʷʪʠ ʙʦʣʝʝ ʦʜʥʦʛʦ ʩʝʛʤʝʥʪʘ ʚ 81 ʪʨʦʠʯʥʦʝ ʩʣʦʚʦ [8,9]. ʕʪʦʪ ʘʧʧʘ-
ʨʘʪʥʳʡ ʥʝʜʦʩʪʘʪʦʢ ʚʧʦʣʥʝ ʦʙʭʦʜʠʪʩʷ ʧʨʦʛʨʘʤʤʥʳʤ ʧʫʪʸʤ, ʥʦ ʫʤʝʥʴ-
ʰʘʝʪ ʦʙʱʠʡ ʦʙʲʸʤ ʤʘʩʩʠʚʘ ʠ ʫʩʣʦʞʥʷʝʪ ʘʜʘʧʪʘʮʠʶ ʠʥʪʝʨʧʨʝʪʘʪʦʨʘ 
Tiny BASIC. 

ɸʧʧʘʨʘʪʥʦʝ ʨʝʰʝʥʠʝ ʵʪʦʡ ʧʨʦʙʣʝʤʳ ʥʝʩʣʦʞʥʦ, ʥʦ ʪʨʝʙʫʝʪ 
ʚʥʝʜʨʝʥʠʷ ʚ ʩʫʱʝʩʪʚʫʶʱʫʶ ʩʭʝʤʫ ʪʨʦʠʯʥʦʡ ʤʠʥʠïʕɺʄ ʜʦʧʦʣʥʠ-
ʪʝʣʴʥʳʭ ʵʣʝʤʝʥʪʦʚ ʪʨʦʠʯʥʦʡ ʣʦʛʠʢʠ, ʯʪʦ ʚ ʩʫʱʝʩʪʚʫʶʱʝʡ ʵʢʦʥʦʤʠ-
ʯʝʩʢʦʡ ʨʝʘʣʴʥʦʩʪʠ ʩʘʤʦ ʧʦ ʩʝʙʝ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʝʨʴʸʟʥʫʶ ʧʨʦʙʣʝʤʫ ʚ 
ʚʠʜʫ ʦʪʩʫʪʩʪʚʠʷ ʮʝʣʝʚʦʛʦ ʬʠʥʘʥʩʠʨʦʚʘʥʠʷ ʜʘʥʥʦʡ ʨʘʟʨʘʙʦʪʢʠ. 

ʆʙʟʦʨ ʣʦʛʠʯʝʩʢʠʭ ʟʘʜʘʯ, ʢʦʪʦʨʳʝ ʨʘʟʨʘʙʦʪʘʥʥʘʷ ʤʦʜʝʣʴ ʪʨʦʠʯ-
ʥʦʡ ʤʠʥʠïʕɺʄ ʤʦʛʣʘ ʙʳ ʨʝʰʠʪʴ ʙʝʟ ʘʧʧʘʨʘʪʥʳʭ ʫʩʣʦʞʥʝʥʠʡ, ʧʨʠʚʸʣ 
ʢ ʚʝʩʴʤʘ ʥʝʦʞʠʜʘʥʥʦʡ ʥʘʭʦʜʢʝ! ɺ ʦʪʢʨʳʪʦʡ ʧʝʯʘʪʠ ʰʠʨʦʢʦ ʦʙʩʫʞʜʘ-
ʣʘʩʴ ʩʣʝʜʫʶʱʘʷ ʥʦʚʦʩʪʴ: çʂʦʤʧʴʶʪʝʨ ʥʘʫʯʠʣʩʷ ʠʛʨʘʪʴ ʚ ʛʦ ʣʫʯʰʝ 

ʣʶʜʝʡè [15], çʂʘʢ ʢʦʤʧʴʶʪʝʨ ʥʘʫʯʠʣʩʷ ʦʙʳʛʨʳʚʘʪʴ ʯʝʣʦʚʝʢʘ ʚ ʛʦ ʠ 

StarCraftè [16]. ʇʨʠʯʝʤ ʚ ʩʪʘʪʴʝ çʂʘʢ ʢʦʤʧʴʶʪʝʨ ʠʛʨʘʝʪ ʚ ʠʛʨʫ ʛʦ?è 
[17] ʚʝʩʴʤʘ ʧʨʦʩʪʦ, ʭʦʪʷ ʠ ʜʦʚʦʣʴʥʦ ʢʨʘʪʢʦ, ʙʳʣ ʦʙʲʷʩʥʸʥ ʨʝʘʣʠʟʦ-
ʚʘʥʥʳʡ ʚ ʧʨʦʛʨʘʤʤʝ ʧʨʠʥʮʠʧ: "ʇʨʦʨʳʚ ʩʣʫʯʠʣʩʷ ʩ ʚʳʭʦʜʦʤ ʧʨʦʛʨʘʤ-
ʤʳ, ʢʦʪʦʨʘʷ ʥʝ ʧʳʪʘʣʘʩʴ ʩʯʠʪʘʪʴ ʚʘʨʠʘʥʪʳ, ʘ ʩʦʙʠʨʘʣʘ ʩʪʘʪʠʩʪʠ-
ʢʫ ʦ ʢʘʞʜʦʤ ʭʦʜʝ, ʜʦʠʛʨʳʚʘʷ ʝʛʦ ʩʘʤʘ ʩ ʩʦʙʦʡ ʩʣʫʯʘʡʥʳʤʠ ʭʦʜʘʤʠ. é 
ʅʠʢʘʢʦʛʦ ʠʩʢʫʩʩʪʚʝʥʥʦʛʦ ʠʥʪʝʣʣʝʢʪʘ ʥʝ ʩʦʟʜʘʥʦ, ʘ ʧʨʘʚʠʣʴʥʦ ʥʘʟʳ-
ʚʘʪʴ ʵʪʦ ʩʘʤʦʦʙʫʯʘʶʱʝʶʩʷ ʥʝʡʨʦʥʥʦʡ ʩʝʪʴʶ. é ɽʩʣʠ ʢʦʨʦʪʢʦ, ʪʦ 
ʧʨʦʛʨʘʤʤʘ ʠʛʨʘʝʪ ʩʘʤʘ ʩ ʩʦʙʦʡ ʠ çʜʝʣʘʝʪ ʚʳʚʦʜʳè ʠʟ ʩʳʛʨʘʥʥʦʡ 
ʧʘʨʪʠʡ, ʪ.ʝ. ʫʯʠʪ ʩʘʤʘ ʩʝʙʷ." 
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ɽʩʣʠ ʦʙʲʷʩʥʷʪʴ ʩʦʚʩʝʤ ʫʞ ʥʘ ʧʘʣʴʮʘʭ, ʚ ʤʘʰʠʥʫ ʚʚʝʣʠ ʧʨʘʚʠʣʘ 
ʠʛʨʳ ʠ ʜʘʣʠ ʚʦʟʤʦʞʥʦʩʪʴ ʥʘʢʦʧʠʪʴ ʩʦʙʩʪʚʝʥʥʳʡ çʦʧʳʪè ʠʣʠ ʞʝ ʩʪʘ-
ʪʠʩʪʠʢʫ: ʯʪʦ ʧʨʦʠʩʭʦʜʠʪ ʚ ʪʦʤ ʠʣʠ ʠʥʦʤ ʩʣʫʯʘʝ, ʘ ʪʘʢʞʝ ʠʩʧʦʣʴʟʦʚʘʪʴ 
ʥʘʡʜʝʥʥʳʝ ʚʘʨʠʘʥʪʳ ʚ ʢʘʯʝʩʪʚʝ ʩʦʙʩʪʚʝʥʥʦʡ ʩʪʨʘʪʝʛʠʠ. 

ɺʦʟʥʠʢ ʝʩʪʝʩʪʚʝʥʥʳʡ ʩʦʙʣʘʟʥ ʧʦʧʨʦʙʦʚʘʪʴ ʨʝʘʣʠʟʦʚʘʪʴ ʩʪʦʣʴ 
"ʥʝʟʘʪʝʡʣʠʚʳʡ" ʘʣʛʦʨʠʪʤ ʩ ʧʦʤʦʱʴʶ ʦʛʨʘʥʠʯʝʥʥʳʭ ʨʝʩʫʨʩʦʚ ʪʨʦʠʯ-
ʥʦʡ ʤʠʥʠïʕɺʄ, ʥʦ ʠʛʨʫ ʚʳʙʨʘʪʴ ʟʥʘʯʠʪʝʣʴʥʦ ʧʨʦʱʝ, ʥʝʞʝʣʠ ʛʦ. ɺr-
ʙʦʨ ʧʘʣ ʥʘ ʠʟʚʝʩʪʥʫʶ ʛʦʣʦʚʦʣʦʤʢʫ çʍʘʥʦʡʩʢʘʷ ʙʘʰʥʷè [18,19]. ɹʳʣ 
ʧʨʦʚʝʜʸʥ ʘʥʘʣʠʟ ʧʨʝʜʧʦʣʘʛʘʝʤʦʛʦ ʦʙʲʸʤʘ ʢʦʜʘ ʩʘʤʦʡ ʠʛʨʳ ʠ ʘʣʛʦʨʠʪ-
ʤʦʚ ʘʚʪʦʤʘʪʠʯʝʩʢʦʛʦ ʨʝʰʝʥʠʷ ʟʘʜʘʯʠ ʥʘ ʢʦʤʧʴʶʪʝʨʝ ʩ ʤʠʢʨʦʧʨʦʮʝʩ-
ʩʦʨʦʤ MOS 6502 [20], ʢʦʪʦʨʳʡ ʧʦ ʩʠʩʪʝʤʝ ʢʦʤʤʘʥʜ ʠ ʘʨʭʠʪʝʢʪʫʨʝ ʜʦ-
ʚʦʣʴʥʦ ʙʣʠʟʦʢ ʢ ʨʘʟʨʘʙʦʪʘʥʥʦʤʫ ʪʨʦʠʯʥʦʤʫ ʧʨʦʮʝʩʩʦʨʫ. ɹʳʣʦ ʦʧʨʝ-
ʜʝʣʝʥʦ ʪʘʢʞʝ ʤʠʥʠʤʘʣʴʥʦʝ ʯʠʩʣʦ ʰʘʛʦʚ ʜʣʷ ʩʙʦʨʢʠ ʢʦʥʢʨʝʪʥʦʛʦ ʚʘ-
ʨʠʘʥʪʘ ʛʦʣʦʚʦʣʦʤʢʠ (ʨʠʩ. 2), ʯʪʦʙʳ ʠʤʝʪʴ ʚʦʟʤʦʞʥʦʩʪʴ ʩʨʘʚʥʠʪʴ ʩ ʨʝ-
ʟʫʣʴʪʘʪʦʤ, ʢʦʪʦʨʳʡ ʧʦʣʫʯʠʪʩʷ ʫ ʪʨʦʠʯʥʦʡ ʤʠʥʠïʕɺʄ. ɸʥʘʣʠʟ ʨʝ-
ʟʫʣʴʪʘʪʘ ʧʦʢʘʟʘʣ, ʯʪʦ ʨʝʩʫʨʩʦʚ ʜʣʷ ʨʝʰʝʥʠʷ ʜʘʥʥʦʡ ʟʘʜʘʯʠ ʚʧʦʣʥʝ ʜʦ-
ʩʪʘʪʦʯʥʦ. 

 
ʈʠʩ. 2. ʈʝʰʝʥʠʝ  ʛʦʣʦʚʦʣʦʤʢʠ  çʍʘʥʦʡʩʢʘʷ ʙʘʰʥʷè  ʥʘ  ʢʦʤʧʴʶʪʝʨʝ ʩ 

ʤʠʢʨʦʧʨʦʮʝʩʩʦʨʦʤ MOS 6502, ʠ ʦʧʨʝʜʝʣʝʥʠʝ ʤʠʥʠʤʘʣʴʥʦ  
ʥʝʦʙʭʦʜʠʤʦʛʦ ʯʠʩʣʘ ʰʘʛʦʚ. 

 

ɼʘʣʝʝ ʚ ʢʦʜʘʭ ʪʨʦʠʯʥʦʡ ʤʠʥʠïʕɺʄ ʧʨʦʛʨʘʤʤʝ ʙʳʣʠ çʦʙʲʷʩʥʝ-
ʥʳ ʧʨʘʚʠʣʘè, ʪʦ ʝʩʪʴ, ʥʘʧʠʩʘʥ ʢʦʜ ʠʛʨʳ ʩ ʚʦʟʤʦʞʥʦʩʪʴʶ ʚʳʙʠʨʘʪʴ ʭʦʜ 
ʢʘʢ ʚʨʫʯʥʫʶ, ʪʘʢ ʠ ʘʚʪʦʤʘʪʠʯʝʩʢʠ. ʇʨʠʯʝʤ ʚ ʘʚʪʦʤʘʪʠʯʝʩʢʦʤ ʚʘʨʠʘʥ-
ʪʝ ʢʦʜ ʠʛʨʳ ʚʦʟʚʨʘʱʘʣ ʟʥʘʯʝʥʠʝ, ʩʠʛʥʘʣʠʟʠʨʫʶʱʝʝ ʧʨʦʛʨʘʤʤʝ ʦ ʪʦʤ, 
ʫʩʧʝʰʝʥ ʭʦʜ ʠʣʠ ʥʝ ʫʩʧʝʰʝʥ, ʚʦʟʤʦʞʝʥ ʭʦʜ ʠʣʠ ʥʝ ʚʦʟʤʦʞʝʥ. ʉʣʝʜʫʝʪ 
ʪʘʢʞʝ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʠʟ-ʟʘ ʦʛʨʘʥʠʯʝʥʥʦʩʪʠ ʨʝʩʫʨʩʦʚ ʧʨʦʛʨʘʤʤʝ ʥʝ ʩʦ-
ʦʙʱʘʣʦʩʴ ʢʦʣʠʯʝʩʪʚʦ ʜʠʩʢʦʚ ʥʘ ʠʩʭʦʜʥʦʤ ʩʪʝʨʞʥʝ (ʪʦ ʝʩʪʴ, ʤʠʥʠï
ʕɺʄ ʠʛʨʘʣʘ ʬʘʢʪʠʯʝʩʢʠ "ʚʩʣʝʧʫʶ"), ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʘʣʛʦʨʠʪʤʳ ʘʚʪʦ-
ʤʘʪʠʯʝʩʢʦʛʦ ʨʝʰʝʥʠʷ ʛʦʣʦʚʦʣʦʤʢʠ ʵʪʦ ʟʥʘʯʝʥʠʝ ʠʩʧʦʣʴʟʫʶʪ. ʊʘʢʞʝ, 
ʯʪʦʙʳ ʧʨʦʛʨʘʤʤʘ ʥʝ ʟʘʮʠʢʣʠʚʘʣʘʩʴ, ʚ ʥʝʡ ʙʳʣʦ ʧʨʦʧʠʩʘʥʦ ʧʨʘʚʠʣʦ: 
ʧʦʩʣʝ ʪʦʛʦ, ʢʘʢ ʚʩʝ ʚʦʟʤʦʞʥʳʝ ʚʘʨʠʘʥʪʳ ʭʦʜʦʚ ʜʣʷ ʢʦʥʢʨʝʪʥʦʛʦ 
ʩʪʝʨʞʥʷ ʦʧʨʦʙʠʨʦʚʘʥʳ, ʧʝʨʝʭʦʜʠʪʴ ʢ ʩʣʝʜʫʶʱʝʤʫ ʩʪʝʨʞʥʶ, ʠ ʪʘʢ ʜʦ 
ʜʦʩʪʠʞʝʥʠʷ ʠʪʦʛʦʚʦʛʦ ʨʝʟʫʣʴʪʘʪʘ. ɺʳʠʛʨʳʰʥʳʡ ʘʣʛʦʨʠʪʤ ʪʨʦʠʯʥʘʷ 
ʤʠʥʠïʕɺʄ ʧʨʠ ʵʪʦʤ ʬʠʢʩʠʨʦʚʘʣʘ ʚ ʦʧʝʨʘʪʠʚʥʦʡ ʧʘʤʷʪʠ. 
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ʄʘʰʠʥʝ ʙʳʣʦ ʧʨʝʜʣʦʞʝʥʦ ʨʝʰʠʪʴ ʛʦʣʦʚʦʣʦʤʢʫ ʚ ʟʘʜʘʥʥʳʭ 
ʫʩʣʦʚʠʷʭ ʪʘʢ, ʢʘʢ ʦʥʘ ʩʫʤʝʝʪ (ʨʠʩ. 3 ʘ) 

 

  
ʘ) ʄʠʥʠ-ʕɺʄ, ʨʘʙʦʪʘʷ ʚ ʦʙʫʯʘʶʱʝʤ 
ʨʝʞʠʤʝ, ʩʦʙʨʘʣʘ ʛʦʣʦʚʦʣʦʤʢʫ  

ʟʘ 18 ʰʘʛʦʚ 
(ʠʥʜʠʢʘʮʠʷ ʜʝʚʷʪʝʨʠʯʥʘʷ). 

ʙ) ʄʠʥʠ-ʕɺʄ, ʨʘʙʦʪʘʷ ʧʦ ʥʘʡʜʝʥʥʦʤʫ 
    ʘʣʛʦʨʠʪʤʫ,  ʩʦʙʨʘʣʘ ʛʦʣʦʚʦʣʦʤʢʫ ʟʘ 
    15 ʰʘʛʦʚ (ʠʥʜʠʢʘʮʠʷ ʜʝʚʷʪʝʨʠʯʥʘʷ). 

 
ʈʠʩ. 3. ʈʝʟʫʣʴʪʘʪʳ ʨʘʙʦʪʳ ʪʨʦʠʯʥʦʡ ʤʠʥʠ-ʕɺʄ ʚ ʨʝʞʠʤʝ ʧʦʠʩʢʘ ʘʣʛʦ-
ʨʠʪʤʘ ʘ) ʠ ʚ ʨʝʞʠʤʝ ʨʘʙʦʪʳ ʧʦ ʥʘʡʜʝʥʥʦʤʫ ʨʘʥʝʝ ʘʣʛʦʨʠʪʤʫ ʙ). ʈʝʛʠʩʪʨ 

REG_B ʦʪʦʙʨʘʞʘʝʪ ʢʦʣʠʯʝʩʪʚʦ ʩʜʝʣʘʥʥʳʭ ʤʠʥʠ-ʕɺʄ ʘhʛʦʚ. 
 

ʇʦʩʣʝ ʵʪʦʛʦ ʧʨʦʛʨʘʤʤʘ ʟʘʧʫʩʢʘʣʘʩʴ ʟʘʥʦʚʦ ʙʝʟ ʦʯʠʩʪʢʠ ʦʧʝʨʘ-
ʪʠʚʥʦʡ ʧʘʤʷʪʠ (ʧʝʨʝʢʣʶʯʘʪʝʣʴ COLD/WARM  START ʥʘ ʨʠʩʫʥʢʝ 3), 
ʠ ʤʠʥʠïʕɺʄ ʩʥʦʚʘ ʧʨʝʜʣʘʛʘʣʦʩʴ ʟʘʥʦʚʦ ʨʝʰʠʪʴ ʛʦʣʦʚʦʣʦʤʢʫ. ʆʥʘ 
ʦʧʨʝʜʝʣʷʣʘ, ʯʪʦ ʫ ʥʝʸ ʝʩʪʴ ʥʘʡʜʝʥʥʳʡ ʘʣʛʦʨʠʪʤ, ʠ ʧʝʨʝʭʦʜʠʣʘ ʢ ʝʛʦ 
ʧʨʘʢʪʠʯʝʩʢʦʡ ʨʝʘʣʠʟʘʮʠʠ. ʋʜʠʚʠʪʝʣʴʥʦ, ʥʦ ʚʩʷʢʠʡ ʨʘʟ ʥʘʡʜʝʥʥʳʡ ʤʠ-
ʥʠïʕɺʄ ʘʣʛʦʨʠʪʤ ʙʳʣ ʠʤʝʥʥʦ ʦʧʪʠʤʘʣʴʥʳʤ ʠ ʤʠʥʠʤʘʣʴʥʳʤ ʧʦ ʢʦ-
ʣʠʯʝʩʪʚʫ ʰʘʛʦʚ, ʧʦʩʢʦʣʴʢʫ ʵʪʦ ʯʠʩʣʦ ʙʳʣʦ ʠʟʚʝʩʪʥʦ ʠ ʦʧʨʝʜʝʣʝʥʦ ʟʘ-
ʨʘʥʝʝ (ʨʠʩ. 3 ʙ)! ʉʦʙʩʪʚʝʥʥʦ, ʩʦʤʥʝʥʠʡ ʚ ʪʦʤ, ʯʪʦ ʤʠʥʠïʕɺʄ ʚ ʣʶʙʦʤ 
ʩʣʫʯʘʝ ʥʘʡʜʸʪ ʨʝʰʝʥʠʝ ʛʦʣʦʚʦʣʦʤʢʠ, ʠʟʥʘʯʘʣʴʥʦ ʥʝ ʙʳʣʦ. ʅʦ ʪʦ, ʯʪʦ 
ʢʘʞʜʳʡ ʨʘʟ ʦʥʘ ʥʘʭʦʜʠʪ ʦʜʠʥ ʠ ʪʦʪ ʞʝ ʦʧʪʠʤʘʣʴʥʳʡ ʘʣʛʦʨʠʪʤ ʩ ʤʠ-
ʥʠʤʘʣʴʥʳʤ ʢʦʣʠʯʝʩʪʚʦʤ ʰʘʛʦʚ, ʜʝʡʩʪʚʠʪʝʣʴʥʦ ʫʜʠʚʠʣʦ. 

ɽʩʪʝʩʪʚʝʥʥʦ, ʙʳʣʦ ʙʳ ʢʦʨʨʝʢʪʥʳʤ ʠʩʩʣʝʜʦʚʘʪʴ ʧʦʚʝʜʝʥʠʝ ʪʨʦ-
ʠʯʥʦʡ ʤʠʥʠïʕɺʄ ʧʨʠ ʨʘʟʥʦʤ ʢʦʣʠʯʝʩʪʚʝ ʜʠʩʢʦʚ ʥʘ ʩʪʝʨʞʥʝ, ʥʦ ʚʥʦʚʴ 
ʧʦʤʝʰʘʣʦ ʘʧʧʘʨʘʪʥʦʝ ʦʛʨʘʥʠʯʝʥʠʝ ʥʘ ʦʙʲʸʤ ʧʘʤʷʪʠ ʜʣʷ ʤʘʩʩʠʚʘ ʜʘʥ-
ʥʳʭ. ʉʝʛʤʝʥʪ ʧʘʤʷʪʠ ʨʘʟʤʝʨʦʤ ʚ 81 ʪʨʦʠʯʥʦʝ ʩʣʦʚʦ [8,9] ʜʦʣʞʝʥ ʪʘʢ-
ʞʝ ʩʦʜʝʨʞʘʪʴ ʠ ʯʘʩʪʴ ʧʨʦʛʨʘʤʤʳ ʦʙʨʘʱʝʥʠʷ ʢ ʩʦʜʝʨʞʘʱʠʤʩʷ ʚ ʩʝʛ-
ʤʝʥʪʝ ʜʘʥʥʳʤ, ʢʘʢ ʥʘ ʟʘʧʠʩʴ, ʪʘʢ ʠ ʥʘ ʯʪʝʥʠʝ. 
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ʇʦʜʳʪʦʞʠʪʴ ʧʨʦʚʝʜʝʥʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʤʦʞʥʦ ʩʣʝʜʫʶʱʠʤ ʦʙ-
ʨʘʟʦʤ: ʨʘʟʨʘʙʦʪʘʥʥʘʷ ʥʘ ʦʩʥʦʚʝ ʧʨʝʜʣʦʞʝʥʥʳʭ ʨʘʥʝʝ ʵʣʝʤʝʥʪʦʚ ʪʨʦ-
ʠʯʥʦʡ ʣʦʛʠʢʠ ʤʦʜʝʣʴ ʪʨʦʠʯʥʦʡ ʤʠʥʠïʕɺʄ ʚ ʧʨʠʥʮʠʧʝ ʤʦʞʝʪ ʨʝʰʘʪʴ 
ʩʣʦʞʥʳʝ ʣʦʛʠʯʝʩʢʠʝ ʟʘʜʘʯʠ ʘʥʘʣʦʛʠʯʥʦ ʧʨʦʛʨʘʤʤʘʤ ʠʩʢʫʩʩʪʚʝʥʥʦʛʦ 
ʠʥʪʝʣʣʝʢʪʘ, ʥʦ ʜʣʷ ʜʘʣʴʥʝʡʰʝʛʦ ʨʘʟʚʠʪʠʷ ʩʣʝʜʫʝʪ ʚʚʝʩʪʠ ʘʧʧʘʨʘʪʥʳʝ 
ʩʨʝʜʩʪʚʘ ʨʘʙʦʪʳ ʩ ʙʦʣʴʰʠʤ ʤʘʩʩʠʚʦʤ ʜʘʥʥʳʭ. ʇʦ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦʡ 
ʦʮʝʥʢʝ ʘʧʧʘʨʘʪʥʦ ʵʪʦ ʥʝ ʜʦʣʞʥʦ ʚʳʣʠʪʴʩʷ ʚ ʩʣʠʰʢʦʤ ʩʣʦʞʥʫʶ ʜʦʨʘ-
ʙʦʪʢʫ. ʅʘ ʜʘʥʥʳʡ ʤʦʤʝʥʪ ʨʘʟʨʘʙʦʪʘʥʥʘʷ ʤʦʜʝʣʴ ʪʨʦʠʯʥʦʡ ʤʠʥʠïʕɺʄ 
ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʬʘʢʪʠʯʝʩʢʠ ʤʠʢʨʦʢʦʥʪʨʦʣʣʝʨ, ʩʧʦʩʦʙʥʳʡ ʢ ʨʝʰʝ-
ʥʠʶ ʦʪʜʝʣʴʥʦʡ ʟʘʜʘʯʠ ʩʢʦʨʝʝ ʫʧʨʘʚʣʷʶʱʝʛʦ ʭʘʨʘʢʪʝʨʘ. ʇʨʝʜʧʦʣʘʛʘʝ-
ʤʘʷ ʘʧʧʘʨʘʪʥʘʷ ʜʦʨʘʙʦʪʢʘ ʤʦʞʝʪ ʧʦʜʥʷʪʴ ʫʨʦʚʝʥʴ ʨʘʟʨʘʙʦʪʘʥʥʦʡ ʤʦ-
ʜʝʣʠ ʜʦ ʤʠʥʠïʕɺʄ ʦʙʱʝʛʦ ʥʘʟʥʘʯʝʥʠʷ ʩ ʠʥʪʝʨʘʢʪʠʚʥʳʤʠ ʚʦʟʤʦʞʥʦ-
ʩʪʷʤʠ. 

ʇʦʣʫʯʝʥʥʳʡ ʠ ʥʝʦʜʥʦʢʨʘʪʥʦ ʧʨʦʚʝʨʝʥʥʳʡ ʨʝʟʫʣʴʪʘʪ ʚʩʸ ʞʝ ʚʳ-
ʟʳʚʘʣ ʥʝʢʠʡ ʚʥʫʪʨʝʥʥʠʡ ʜʠʩʢʦʤʬʦʨʪ ð ʪʨʦʠʯʥʘʷ ʤʠʥʠïʕɺʄ, ʥʝ-
ʩʤʦʪʨʷ ʥʘ ʝʸ ʪʨʦʠʯʥʦʩʪʴ, ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʚʳʯʠʩʣʠʪʝʣʴʥʫʶ ʩʠʩʪʝ-
ʤʫ ʩ ʚʝʩʴʤʘ ʦʛʨʘʥʠʯʝʥʥʳʤʠ ʨʝʩʫʨʩʘʤʠé ʉʦʤʥʝʥʠʷ ʨʘʟʚʝʷʣʠ ʨʷʜ ʩʪʘ-
ʪʝʡ ʦʙ ʠʩʩʣʝʜʦʚʘʥʠʠ ʠʥʪʝʣʣʝʢʪʘ ʧʯʸʣ, ʯʝʡ ʤʦʟʛ ʩʪʦʣʴ ʤʘʣ, ʯʪʦ ʜʦ ʥʝ-
ʜʘʚʥʝʛʦ ʚʨʝʤʝʥʠ ʧʯʝʣʫ ʩʯʠʪʘʣʠ ʙʠʦʣʦʛʠʯʝʩʢʠʤ ʘʚʪʦʤʘʪʦʤ, ʜʝʡʩʪʚʫ-
ʶʱʠʤ ʣʠʰʴ ʥʘ ʦʩʥʦʚʝ ʨʝʬʣʝʢʩʦʚ. ʉʦʚʨʝʤʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʵʪʦ ʚʝʩʴ-
ʤʘ ʫʙʝʜʠʪʝʣʴʥʦ ʚ ʢʦʨʥʝ ʦʧʨʦʚʝʨʛʣʠ [21,22]. 

çʉʝʛʦʜʥʷʰʥʠʡ ʠʩʢʫʩʩʪʚʝʥʥʳʡ ʠʥʪʝʣʣʝʢʪ ʠ ʨʦʙʦʪʦʪʝʭʥʠʢʘ ʯʘʩʪʦ 
ʦʧʠʨʘʶʪʩʷ ʥʘ ʛʠʛʘʥʪʩʢʠʝ ʚʳʯʠʩʣʠʪʝʣʴʥʳʝ ʩʝʪʠ, ʢʦʪʦʨʳʝ ʪʨʝʙʫʶʪ ʢʦ-
ʣʦʩʩʘʣʴʥʳʭ ʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʟʘʪʨʘʪ. é ʠʩʩʣʝʜʦʚʘʥʠʷ ʠʥʪʝʣʣʝʢʪʘ ʧʯʸʣ 
ʧʦʢʘʟʳʚʘʶʪ, ʯʪʦ ʜʣʷ ʢʦʛʥʠʪʠʚʥʳʭ ʩʧʦʩʦʙʥʦʩʪʝʡ ʚʘʞʥʝʝ ʥʝ ʨʘʟʤʝʨ 
ʤʦʟʛʘ, ʘ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʥʝʡʨʦʥʥʳʭ ʩʚʷʟʝʡ ʠ ʩʧʦʩʦʙʥʦʩʪʴ ʢ ʦʙʫʯʝʥʠʶ 
ʠ ʨʝʰʝʥʠʶ ʟʘʜʘʯ. ʕʪʦ ʦʪʢʨʳʪʠʝ ʠʤʝʝʪ ʟʥʘʯʝʥʠʝ ʥʝ ʪʦʣʴʢʦ ʜʣʷ ʧʦʥʠ-
ʤʘʥʠʷ ʵʚʦʣʶʮʠʠ ʠʥʪʝʣʣʝʢʪʘ, ʥʦ ʠ ʜʣʷ ʨʘʟʨʘʙʦʪʢʠ ʘʣʛʦʨʠʪʤʦʚ ʠʩʢʫʩ-
ʩʪʚʝʥʥʦʛʦ ʠʥʪʝʣʣʝʢʪʘ ʠ ʘʚʪʦʥʦʤʥʳʭ ʨʦʙʦʪʦʚ.è 

 
ɹʠʙʣʠʦʛʨʘʬʠʯʝʩʢʠʡ ʩʧʠʩʦʢ 

1. ɼʨʦʥʢʠʥ ɸ.ʉ., ʉʝʤʸʥʦʚ ɸ.ɸ. ʄʦʜʝʣʠ ʪʨʦʠʯʥʳʭ ʣʦʛʠʯʝʩʢʠʭ ʵʣʝʤʝʥʪʦʚ ʠ ʠʭ 
ʧʨʠʤʝʥʝʥʠʝ ʚ ʩʭʝʤʦʪʝʭʥʠʢʝ ʧʨʦʮʝʩʩʦʨʦʚ.  ɺʟʘʠʤʦʜʝʡʩʪʚʠʝ ʩʚʝʨʭʚʳʩʦʢʦʯʘʩʪʦʪ-
ʥʦʛʦ, ʪʝʨʘʛʝʨʮʦʚʦʛʦ ʠ ʦʧʪʠʯʝʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ ʩ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʤʠ ʤʠʢʨʦ- ʠ 
ʥʘʥʦʩʪʨʫʢʪʫʨʘʤʠ, ʤʝʪʘʤʘʪʝʨʠʘʣʘʤʠ ʠ ʙʠʦʦʙʲʝʢʪʘʤʠ: ʉʙʦʨʥʠʢ ʩʪʘʪʝʡ ʚʦʩʴʤʦʡ 
ɺʩʝʨʦʩʩʠʡʩʢʦʡ ʥʘʫʯʥʦʡ ʰʢʦʣʳ-ʩʝʤʠʥʘʨʘ / ʧʦʜ ʨʝʜ. ʧʨʦʬ. ɸʣ.ɺ. ʉʢʨʠʧʘʣʷ. ʉʘʨʘ-
ʪʦʚ: ʀʟʜ-ʚʦ çʉʘʨʘʪʦʚʩʢʠʡ ʠʩʪʦʯʥʠʢè, 2021. ʉ. 31-36. 
2. ʉʝʤʸʥʦʚ ɸ.ɸ., ɼʨʦʥʢʠʥ ɸ.ʉ. ɹʘʟʦʚʳʝ ʵʣʝʤʝʥʪʳ ʪʨʦʠʯʥʦʡ ʪʨʘʥʟʠʩʪʦʨʥʦ-
ʪʨʘʥʟʠʩʪʦʨʥʦʡ ʣʦʛʠʢʠ // ɺʟʘʠʤʦʜʝʡʩʪʚʠʝ ʩʚʝʨʭʚʳʩʦʢʦʯʘʩʪʦʪʥʦʛʦ, ʪʝʨʘʛʝʨʮʦʚʦʛʦ ʠ 
ʦʧʪʠʯʝʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ ʩ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʤʠ ʤʠʢʨʦ- ʠ ʥʘʥʦʩʪʨʫʢʪʫʨʘʤʠ, ʤʝʪʘ-
ʤʘʪʝʨʠʘʣʘʤʠ ʠ ʙʠʦʦʙʲʝʢʪʘʤʠ: ʉʙʦʨʥʠʢ ʩʪʘʪʝʡ ʜʝʚʷʪʦʡ ɺʩʝʨʦʩʩʠʡʩʢʦʡ ʥʘʫʯʥʦʡ 
ʰʢʦʣʳ-ʩʝʤʠʥʘʨʘ / ʧʦʜ ʨʝʜ. ʧʨʦʬ. ɸʣ.ɺ. ʉʢʨʠʧʘʣʷ ï ʉʘʨʘʪʦʚ: ʀʟʜ-ʚʦ çʉʘʨʘʪʦʚʩʢʠʡ 
ʠʩʪʦʯʥʠʢè, 2022. ʉ. 52-56. 
3. ʇʘʪʝʥʪ ˉ 2782474 ʈʦʩʩʠʡʩʢʘʷ ʌʝʜʝʨʘʮʠʷ, ʄʇʂ ʅ 03 ʂ 19/088 (2006.01). ʃʦ-
ʛʠʯʝʩʢʠʡ ʵʣʝʤʝʥʪ ʪʨʦʠʯʥʦʡ ʪʨʘʥʟʠʩʪʦʨʥʦ-ʪʨʘʥʟʠʩʪʦʨʥʦʡ ʣʦʛʠʢʠ / ʉʝʤʸʥʦʚ ɸ.ɸ., 
ɼʨʦʥʢʠʥ ɸ.ʉ.; ʟʘʷʚʠʪʝʣʴ ʠ ʧʘʪʝʥʪʦʦʙʣʘʜʘʪʝʣʴ ʌʝʜʝʨʘʣʴʥʦʝ ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʝ ʙʶʜ-
ʞʝʪʥʦʝ ʦʙʨʘʟʦʚʘʪʝʣʴʥʦʝ ʫʯʨʝʞʜʝʥʠʝ ʚʳʩʰʝʛʦ ʦʙʨʘʟʦʚʘʥʠʷ "ʉʘʨʘʪʦʚʩʢʠʡ ʥʘʮʠʦ-



45 

ʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʠʤʝʥʠ ʅ.ɻ. ʏʝʨʥʳʰʝʚ-
ʩʢʦʛʦ". ï  ̄2022114332; ʟʘʷʚʣ. 27.05.2022; ʦʧʫʙʣ. 28.10.2022, ɹʶʣ. ˉ 31. ï 22 ʩ. 
4. ʇʘʪʝʥʪ ˉ 2835664 ʈʦʩʩʠʡʩʢʘʷ ʌʝʜʝʨʘʮʠʷ, ʄʇʂ H03K19/088 (2006.01). ʃʦʛʠ-
ʯʝʩʢʠʡ ʵʣʝʤʝʥʪ ʮʠʢʣʠʯʝʩʢʦʡ ʠʥʚʝʨʩʠʠ ʪʨʦʠʯʥʦʡ ʪʨʘʥʟʠʩʪʦʨʥʦ-ʪʨʘʥʟʠʩʪʦʨʥʦʡ ʣʦ-
ʛʠʢʠ (ʚʘʨʠʘʥʪʳ) / ʉʝʤʸʥʦʚ ɸ.ɸ., ɼʨʦʥʢʠʥ ɸ.ʉ.; ʟʘʷʚʠʪʝʣʴ ʠ ʧʘʪʝʥʪʦʦʙʣʘʜʘʪʝʣʴ ʌʝ-
ʜʝʨʘʣʴʥʦʝ ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʝ ʙʶʜʞʝʪʥʦʝ ʦʙʨʘʟʦʚʘʪʝʣʴʥʦʝ ʫʯʨʝʞʜʝʥʠʝ ʚʳʩʰʝʛʦ 
ʦʙʨʘʟʦʚʘʥʠʷ "ʉʘʨʘʪʦʚʩʢʠʡ ʥʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ 
ʫʥʠʚʝʨʩʠʪʝʪ ʠʤʝʥʠ ʅ.ɻ. ʏʝʨʥʳʰʝʚʩʢʦʛʦ". ï ˉ 2024129586; ʟʘʷʚʣ. 03.10.2024; 
ʦʧʫʙʣ. 03.03.2025, ɹʶʣ. ˉ 7. ï 20 ʩ. 
5. ʉʝʤʸʥʦʚ ɸ. ɸ., ɺʝʥʠʛ ʉ. ɹ., ɼʨʦʥʢʠʥ ɸ. ʉ. ɸʥʘʣʦʛʦʚʳʝ ʤʦʜʝʣʠ ʙʘʟʦʚʳʭ ʪʨʦʠʯ-
ʥʳʭ ʣʦʛʠʯʝʩʢʠʭ ʵʣʝʤʝʥʪʦʚ ʢʦʤʙʠʥʘʮʠʦʥʥʦʡ ʣʦʛʠʢʠ // ʀʟʚʝʩʪʠʷ ʉʘʨʘʪʦʚʩʢʦʛʦ 
ʫʥʠʚʝʨʩʠʪʝʪʘ. ʅʦʚʘʷ ʩʝʨʠʷ. ʉʝʨʠʷ: ʌʠʟʠʢʘ. 2024. ʊ.24, ʚʳʧ.4. ʉ.418ï428. EDN: 
NHEYLN. 
6. ʉʝʤʸʥʦʚ ɸ.ɸ., ɼʨʦʥʢʠʥ ɸ.ʉ. ʉʯʝʪʥʳʝ ʪʨʠʛʛʝʨʳ ʠ ʩʯʝʪʯʠʢʠ ʥʘ ʵʣʝʤʝʥʪʘʭ ʪʨʦ-
ʠʯʥʦʡ ʣʦʛʠʢʠ, ɺʟʘʠʤʦʜʝʡʩʪʚʠʝ ʩʚʝʨʭʚʳʩʦʢʦʯʘʩʪʦʪʥʦʛʦ, ʪʝʨʘʛʝʨʮʦʚʦʛʦ ʠ ʦʧʪʠʯʝ-
ʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ ʩ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʤʠ ʤʠʢʨʦ- ʠ ʥʘʥʦʩʪʨʫʢʪʫʨʘʤʠ, ʤʝʪʘʤʘʪʝʨʠ-
ʘʣʘʤʠ ʠ ʙʠʦʦʙʲʝʢʪʘʤʠ: ʉʙʦʨʥʠʢ ʩʪʘʪʝʡ ʦʜʠʥʥʘʜʮʘʪʦʡ ɺʩʝʨʦʩʩʠʡʩʢʦʡ ʥʘʫʯʥʦʡ 
ʰʢʦʣʳ-ʩʝʤʠʥʘʨʘ / ʧʦʜ ʨʝʜ. ʧʨʦʬ. ɸʣ.ɺ. ʉʢʨʠʧʘʣʷ ï ʉʘʨʘʪʦʚ: ʀʟʜ-ʚʦ çʉʘʨʘʪʦʚʩʢʠʡ 
ʠʩʪʦʯʥʠʢè, 2024. ʉ. 82-88. 
7. ʉʝʤʸʥʦʚ ɸ. ɸ., ɺʝʥʠʛ ʉ. ɹ., ɼʨʦʥʢʠʥ ɸ. ʉ. ʋʟʣʳ ʪʨʦʠʯʥʦʛʦ ʧʨʦʮʝʩʩʦʨʘ, ʨʘʟʨʘ-
ʙʦʪʘʥʥʳʝ ʥʘ ʦʩʥʦʚʝ ʘʥʘʣʦʛʦʚʳʭ ʤʦʜʝʣʝʡ ʪʨʦʠʯʥʳʭ ʣʦʛʠʯʝʩʢʠʭ ʵʣʝʤʝʥʪʦʚ // ʀʟʚʝ-
ʩʪʠʷ ʉʘʨʘʪʦʚʩʢʦʛʦ ʫʥʠʚʝʨʩʠʪʝʪʘ. ʅʦʚʘʷ ʩʝʨʠʷ. ʉʝʨʠʷ: ʌʠʟʠʢʘ. 2025. ʊ. 25, ʚʳʧ. 2. 
ʉ. 211ï221. https://doi.org/10.18500/1817-3020-2025-25-2-211-221, EDN: JUWRSW. 
8. ʉʝʤʸʥʦʚ ɸ.ɸ. ɸʨʭʠʪʝʢʪʫʨʘ ʪʨʦʠʯʥʦʛʦ 4-ʪʨʠʪʥʦʛʦ ʧʨʦʮʝʩʩʦʨʘ, ɺʟʘʠʤʦʜʝʡʩʪʚʠʝ 
ʩʚʝʨʭʚʳʩʦʢʦʯʘʩʪʦʪʥʦʛʦ, ʪʝʨʘʛʝʨʮʦʚʦʛʦ ʠ ʦʧʪʠʯʝʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ ʩ ʧʦʣʫʧʨʦʚʦʜʥʠ-
ʢʦʚʳʤʠ ʤʠʢʨʦ- ʠ ʥʘʥʦʩʪʨʫʢʪʫʨʘʤʠ, ʤʝʪʘʤʘʪʝʨʠʘʣʘʤʠ ʠ ʙʠʦʦʙʲʝʢʪʘʤʠ: ʉʙʦʨʥʠʢ 
ʩʪʘʪʝʡ ʜʚʝʥʘʜʮʘʪʦʡ ɺʩʝʨʦʩʩʠʡʩʢʦʡ ʥʘʫʯʥʦʡ ʰʢʦʣʳ-ʩʝʤʠʥʘʨʘ / ʧʦʜ ʨʝʜ. ʧʨʦʬ. 
ɸʣ.ɺ. ʉʢʨʠʧʘʣʷ ï ʉʘʨʘʪʦʚ: ʀʟʜ-ʚʦ çʉʘʨʘʪʦʚʩʢʠʡ ʠʩʪʦʯʥʠʢè, 2025. ʉ. 73-80. 
9. ʉʝʤʸʥʦʚ ɸ.ɸ. ʉʠʩʪʝʤʘ ʢʦʤʘʥʜ ʤʦʜʝʣʠ ʪʨʦʠʯʥʦʛʦ ʧʨʦʮʝʩʩʦʨʘ, ɺʟʘʠʤʦʜʝʡʩʪʚʠʝ 
ʩʚʝʨʭʚʳʩʦʢʦʯʘʩʪʦʪʥʦʛʦ, ʪʝʨʘʛʝʨʮʦʚʦʛʦ ʠ ʦʧʪʠʯʝʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ ʩ ʧʦʣʫʧʨʦʚʦʜʥʠ-
ʢʦʚʳʤʠ ʤʠʢʨʦ- ʠ ʥʘʥʦʩʪʨʫʢʪʫʨʘʤʠ, ʤʝʪʘʤʘʪʝʨʠʘʣʘʤʠ ʠ ʙʠʦʦʙʲʝʢʪʘʤʠ: ʉʙʦʨʥʠʢ 
ʩʪʘʪʝʡ ʜʚʝʥʘʜʮʘʪʦʡ ɺʩʝʨʦʩʩʠʡʩʢʦʡ ʥʘʫʯʥʦʡ ʰʢʦʣʳ-ʩʝʤʠʥʘʨʘ / ʧʦʜ ʨʝʜ. ʧʨʦʬ. 
ɸʣ.ɺ. ʉʢʨʠʧʘʣʷ ï ʉʘʨʘʪʦʚ: ʀʟʜ-ʚʦ çʉʘʨʘʪʦʚʩʢʠʡ ʠʩʪʦʯʥʠʢè, 2025. ʉ. 81-89. 
10. https://archive.org/details/dr_dobbs_journal_vol_01/page/n130/mode/1up. Wang, 
Li-Chen. "Palo Alto Tiny BASIC". Dr. Dobb's Journal of Computer Calisthenics & Or-
thodontia. 1 (5): 12ï25 (May 1976). ʆʙʨʘʱʝʥʠʝ ʢ ʨʝʩʫʨʩʫ 18.04.2026. 
11. https://en.wikipedia.org/wiki/Tiny_BASIC. Tiny BASIC. ʆʙʨʘʱʝʥʠʝ ʢ ʨʝʩʫʨʩʫ 
18.04.2026. 
12. http://dunfield.classiccmp.org/altair/altair6.htm. Daves Old Computers - ALTAIR 
8800 - Documentation. ʆʙʨʘʱʝʥʠʝ ʢ ʨʝʩʫʨʩʫ 18.04.2026. 
13. https://www.retrotechnology.com/herbs_stuff/d_imsai.html. IMSAI-based comput-
ers and docs list. ʆʙʨʘʱʝʥʠʝ ʢ ʨʝʩʫʨʩʫ 18.04.2026. 
14. http://www.nedopc.org/forum/viewtopic.php?p=175034#p175034. 4-trit Processor. 
UART. ʆʙʨʘʱʝʥʠʝ ʢ ʨʝʩʫʨʩʫ 18.04.2026. 
15. https://www.vedomosti.ru/technology/articles/2016/01/28/625911-kompyuter-go. 
ʂʦʤʧʴʶʪʝʨ ʥʘʫʯʠʣʩʷ ʠʛʨʘʪʴ ʚ ʛʦ ʣʫʯʰʝ ʣʶʜʝʡ. ʆʙʨʘʱʝʥʠʝ ʢ ʨʝʩʫʨʩʫ 18.04.2026. 
16. https://thecode.media/go-starcraft/. ʂʘʢ ʢʦʤʧʴʶʪʝʨ ʥʘʫʯʠʣʩʷ ʦʙʳʛʨʳʚʘʪʴ ʯʝʣʦ-
ʚʝʢʘ ʚ ʛʦ ʠ StarCraft. ʆʙʨʘʱʝʥʠʝ ʢ ʨʝʩʫʨʩʫ 18.04.2026. 
17. https://dzen.ru/a/Yb4CC-Unj3h5Url5. ʂʘʢ ʢʦʤʧʴʶʪʝʨ ʠʛʨʘʝʪ ʚ ʠʛʨʫ ʛʦ? ʆʙʨʘ-
ʱʝʥʠʝ ʢ ʨʝʩʫʨʩʫ 18.04.2026. 
18. https://www.nkj.ru/archive/articles/50411/. ɿʣʘʪʦʧʦʣʴʩʢʠʡ ɼ. ɿʘʛʘʜʢʘ ʦʜʥʦʡ 
ʙʘʰʥʠ. / çʅɸʋʂɸ ʀ ɾʀɿʅʔè ˉ01 ʷʥʚʘʨʴ 2025. ʆʙʨʘʱʝʥʠʝ ʢ ʨʝʩʫʨʩʫ 18.04.2026. 



46 

19. https://elementy.ru/problems/441/Khanoyskaya_bashnya. ʂʦʥʩʪʘʥʪʠʥ ʂʥʦʧ. ʍʘ-
ʥʦʡʩʢʘʷ ʙʘʰʥʷ. ʅʘʫʯʥʦ-ʧʦʧʫʣʷʨʥʳʝ ʟʘʜʘʯʠ ʥʘ çʕʣʝʤʝʥʪʘʭè. ʄʘʪʝʤʘʪʠʢʘ. ʆʙʨʘ-
ʱʝʥʠʝ ʢ ʨʝʩʫʨʩʫ 18.04.2026. 
20. http://www.nedopc.org/forum/viewtopic.php?p=165498#p165498. ʍʘʥʦʡʩʢʠʝ 
ʙʘʰʥʠ ð Page 2. ʆʙʨʘʱʝʥʠʝ ʢ ʨʝʩʫʨʩʫ 18.04.2026. 
21. https://hi-tech.mail.ru/news/132623-kroshechnyj-mozg-pchely-stanet-osnovoj-dlya-
sozdaniya-nejrosetej-budushego/. ʂʨʦʰʝʯʥʳʡ ʤʦʟʛ ʧʯʝʣʳ ʩʪʘʥʝʪ ʦʩʥʦʚʦʡ ʜʣʷ ʩʦ-
ʟʜʘʥʠʷ ʥʝʡʨʦʩʝʪʝʡ ʙʫʜʫʱʝʛʦ. ʆʙʨʘʱʝʥʠʝ ʢ ʨʝʩʫʨʩʫ 18.04.2026. 
22. https://naked-science.ru/article/biology/pchely-mogut-schitat-obek. ʇʯʝʣʳ ʤʦʛʫʪ 
ʩʯʠʪʘʪʴ ʦʙʲʝʢʪʳ, ʠʤʝʷ ʪʦʣʴʢʦ ʯʝʪʳʨʝ ʥʝʨʚʥʳʝ ʢʣʝʪʢʠ ʚ ʤʦʟʛʝ. ʆʙʨʘʱʝʥʠʝ ʢ ʨʝ-
ʩʫʨʩʫ 18.04.2026. 
  



47 

ʀʉʇʆʃʔɿʆɺɸʅʀɽ ʊʆʅʂʀʍ ɸɼɻɽɿʀʆʅʅʓʍ ʉʃʆɽɺ 

ʄɽʊɸʃʃʆɺ ɼʃʗ ʋʃʋʏʐɽʅʀʗ ɸɼɻɽɿʀʀ ʆʂʉʀɼɸ 

ʂʈɽʄʅʀʗ ʂ ʇʆɺɽʈʍʅʆʉʊʀ ɿʆʃʆʊɸ 

 

ʅ.ʇ. ʈʳʙʢʠʥʘ
1,2
, ɸ.ɸ. ʂʦʟʳʨʝʚ

1,2,3
, ɸ.ɸ. ɻʫʣʷʝʚ

2
, ɺ.ɸ. ʇʘʥʘʨʠʥ

2
,  

ʀ.ɺ. ɻʘʣʫʰʢʘ
2
 

1
ʉʘʨʘʪʦʚʩʢʠʡ ʥʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ 

ʫʥʠʚʝʨʩʠʪʝʪ, 410012 ʉʘʨʘʪʦʚ, ʈʦʩʩʠʷ 
2
ʆʆʆ çʅʇʇ çʀʥʞʝʢʪè, 410033 ʉʘʨʘʪʦʚ, ʈʦʩʩʠʷ 

3
ʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʷʜʝʨʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ çʄʀʌʀè, 

115409 ʄʦʩʢʚʘ, ʈʦʩʩʠʷ 
e-mail: vip.n.ry@mail.ru 

 

ɸʥʥʦʪʘʮʠʷ. ɺ ʨʘʙʦʪʝ ʧʨʝʜʩʪʘʚʣʝʥʦ ʠʩʩʣʝʜʦʚʘʥʠʝ ʚʣʠʷʥʠʷ ʪʦʥʢʠʭ ʘʜʛʝʟʠ-
ʦʥʥʳʭ ʩʣʦʸʚ Ti, Cr, Al ʥʘ ʘʜʛʝʟʠʶ ʧʣʝʥʢʠ ʦʢʩʠʜʘ ʢʨʝʤʥʠʷ ʢ ʧʦʚʝʨʭʥʦʩʪʠ ʟʦʣʦʪʘ. ɺ 
ʭʦʜʝ ʧʨʦʚʝʜʝʥʠʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʙʳʣʘ ʧʦʢʘʟʘʥʘ ʚʦʟʤʦʞʥʦʩʪʴ ʧʨʠʤʝʥʝʥʠʷ ʪʦʥʢʦʛʦ 
ʘʜʛʝʟʠʦʥʥʦʛʦ ʩʣʦʷ Ti ʪʦʣʱʠʥʦʡ 1 ʥʤ ʢʘʢ ʚ ʧʣʘʥʘʨʥʦʤ ʮʠʢʣʝ ʧʨʦʠʟʚʦʜʩʪʚʘ ʣʠʥʝʝʢ 
ʣʘʟʝʨʥʳʭ ʜʠʦʜʦʚ (ʃʃɼ), ʪʘʢ ʠ ʚ ʧʨʦʠʟʚʦʜʩʪʚʝ ʟʘʱʠʪʥʳʭ ʧʦʢʨʳʪʠʡ ʜʣʷ ʟʝʨʢʘʣ ʥʘ 
ʦʩʥʦʚʝ ʟʦʣʦʪʘ.  

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʘʜʛʝʟʠʷ, ʟʦʣʦʪʦ, ʦʢʩʠʜ ʢʨʝʤʥʠʷ, ʘʜʛʝʟʠʦʥʥʳʡ ʧʦʜʩʣʦʡ, 
ʟʝʨʢʘʣʴʥʦʝ ʧʦʢʨʳʪʠʝ.  

 
ɿʦʣʦʪʦ ʰʠʨʦʢʦ ʧʨʠʤʝʥʷʝʪʩʷ ʚ ʣʘʟʝʨʥʦʡ ʪʝʭʥʠʢʝ: ʢʘʢ ʚ ʦʧʪʠʯʝ-

ʩʢʠʭ ʩʠʩʪʝʤʘʭ ð ʧʨʠ ʠʟʛʦʪʦʚʣʝʥʠʠ ʟʝʨʢʘʣ ʜʣʷ ʠʥʬʨʘʢʨʘʩʥʦʛʦ ʜʠʘʧʘ-
ʟʦʥʘ (800 ʥʤ ï 20 ʤʢʤ) [1], ʪʘʢ ʠ ʚ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʘʭ ʧʨʦʠʟ-
ʚʦʜʩʪʚʘ ʣʘʟʝʨʥʳʭ ʜʠʦʜʦʚ. ɺʳʩʦʢʘʷ ʦʪʨʘʞʘʪʝʣʴʥʘʷ ʩʧʦʩʦʙʥʦʩʪʴ ʚ ʰʠ-
ʨʦʢʦʤ ʩʧʝʢʪʨʘʣʴʥʦʤ ʜʠʘʧʘʟʦʥʝ ʠ ʥʝʟʘʚʠʩʠʤʦʩʪʴ ʢʦʵʬʬʠʮʠʝʥʪʘ ʦʪʨʘ-
ʞʝʥʠʷ ʦʪ ʫʛʣʘ ʧʘʜʝʥʠʷ ʠʟʣʫʯʝʥʠʷ ʦʙʫʩʣʘʚʣʠʚʘʶʪ ʰʠʨʦʢʦʝ ʠʩʧʦʣʴʟʦ-
ʚʘʥʠʝ ʟʦʣʦʪʳʭ ʟʝʨʢʘʣ ʚ ʣʘʟʝʨʥʦʡ ʦʧʪʠʢʝ, ʦʩʦʙʝʥʥʦ ʜʣʷ CO-ʣʘʟʝʨʦʚ. 
ɺʤʝʩʪʝ ʩ ʪʝʤ, ʠʟ-ʟʘ ʥʠʟʢʦʡ ʤʝʭʘʥʠʯʝʩʢʦʡ ʧʨʦʯʥʦʩʪʠ ʟʦʣʦʪʘ ʪʘʢʠʝ ʟʝʨ-
ʢʘʣʘ ʪʨʝʙʫʶʪ ʥʘʥʝʩʝʥʠʷ ʟʘʱʠʪʥʳʭ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʦʢʨʳʪʠʡ. 

ʇʨʦʙʣʝʤʘ ʘʜʛʝʟʠʠ ʟʦʣʦʪʘ ʢ ʧʦʜʣʦʞʢʘʤ ʭʦʨʦʰʦ ʠʟʚʝʩʪʥʘ. ʅʘʠʙʦ-
ʣʝʝ ʨʘʩʧʨʦʩʪʨʘʥʸʥʥʳʡ ʩʧʦʩʦʙ ʝʸ ʫʣʫʯʰʝʥʠʷ ð ʥʘʥʝʩʝʥʠʝ ʘʜʛʝʟʠʦʥʥʦ-
ʛʦ ʧʦʜʩʣʦʷ ʠʟ ʭʠʤʠʯʝʩʢʠ ʘʢʪʠʚʥʳʭ ʤʝʪʘʣʣʦʚ, ʥʘʧʨʠʤʝʨ ʪʠʪʘʥʘ ʠʣʠ 
ʭʨʦʤʘ [2], [3], [4]. ʉʣʘʙʘʷ ʘʜʛʝʟʠʷ ʤʝʞʜʫ ʟʦʣʦʪʦʤ ʠ ʜʠʵʣʝʢʪʨʠʢʦʤ ʷʚ-
ʣʷʝʪʩʷ ʩʠʤʤʝʪʨʠʯʥʳʤ ʩʚʦʡʩʪʚʦʤ: ʦʥʘ ʦʜʠʥʘʢʦʚʦ ʥʠʟʢʘ ʢʘʢ ʧʨʠ ʥʘʥʝ-
ʩʝʥʠʠ ʟʦʣʦʪʘ ʥʘ ʜʠʵʣʝʢʪʨʠʯʝʩʢʫʶ ʧʦʜʣʦʞʢʫ, ʪʘʢ ʠ ʧʨʠ ʥʘʧʳʣʝʥʠʠ ʜʠ-
ʵʣʝʢʪʨʠʢʘ ʥʘ ʟʦʣʦʪʦ.  

ɼʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʚʣʠʷʥʠʷ ʪʦʣʱʠʥʳ ʘʜʛʝʟʠʦʥʥʦʛʦ ʩʣʦʷ ʠ ʝʛʦ ʩʦ-
ʩʪʘʚʘ ʥʘ ʘʜʛʝʟʠʶ ʦʢʩʠʜʘ ʢʨʝʤʥʠʷ ʢ ʧʦʚʝʨʭʥʦʩʪʠ ʟʦʣʦʪʘ ʙʳʣʠ ʧʦʜʛʦ-
ʪʦʚʣʝʥʳ ʦʙʨʘʟʮʳ ʠʟ ʩʪʝʢʣʘ ʂ8 ʜʠʘʤʝʪʨʦʤ 32 ʤʤ ʩ ʥʘʥʝʩʝʥʥʦʡ ʤʝʪʘʣ-
ʣʠʟʘʮʠʝʡ Ti/Au ʤʝʪʦʜʦʤ ʨʝʟʠʩʪʠʚʥʦʛʦ ʠʩʧʘʨʝʥʠʷ ʚ ʚʘʢʫʫʤʝ. ɼʘʣʝʝ ʥʘ 
ʢʘʞʜʳʡ ʦʙʨʘʟʝʮ ʥʘʥʦʩʠʣʩʷ ʜʠʵʣʝʢʪʨʠʢ ʤʝʪʦʜʦʤ ʵʣʝʢʪʨʦʥʥʦ-ʣʫʯʝʚʦʛʦ 
ʠʩʧʘʨʝʥʠʷ (ʕʃʀ) ʩ ʠʦʥʥʳʤ ʘʩʩʠʩʪʠʨʦʚʘʥʠʝʤ ʠʦʥʘʤʠ ʢʠʩʣʦʨʦʜʘ, ʩʦ-
ʛʣʘʩʥʦ ʪʘʙʣʠʮʝ 1. ɸʜʛʝʟʠʦʥʥʳʡ ʩʣʦʡ ʪʘʢʞʝ ʥʘʥʦʩʠʣʩʷ ʩ ʧʦʤʦʱʴʶ 
ʕʃʀ, ʥʦ ʙʝʟ ʠʦʥʥʦʛʦ ʘʩʩʠʩʪʠʨʦʚʘʥʠʷ. 
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ʊʘʙʣ. 1 ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʜʘʥʥʳʝ, ʛʜʝ ç+è ï ʚʳʜʝʨʞʘʣ ʠʩʧʳʪʘʥʠʝ, 

ç-è ï ʥʝ ʚʳʜʝʨʞʘʣ 

ˉ ʦʙʨʘʟʮʘ 
ɸʜʛʝʟʠʦʥʥʳʡ 
ʩʣʦʡ 

d ʧʦʜʩʣʦʷ, 
ʥʤ 

ʂʠʧʷʯʝʥʠʝ ʎʘʨʘʧʘʥʠʝ 
ʊʝʩʪ ʥʘ ʦʪʨʳʚ 
ʢʣʝʡʢʦʡ ʣʝʥʪʳ 

1 - - - - - 

2 Ti 1 + + + 

3 Ti 5 + + + 

4 Al 1 - + - 

5 Al 5 - + + 

6 Cr 1 - + - 

7 Cr 5 + + + 

ɼʣʷ ʦʮʝʥʢʠ ʘʜʛʝʟʠʠ ʦʩʘʞʜʝʥʥʦʛʦ ʜʠʵʣʝʢʪʨʠʢʘ ʢ ʧʦʚʝʨʭʥʦʩʪʠ ʟʦ-
ʣʦʪʦʡ ʧʣʸʥʢʠ ʠʩʧʦʣʴʟʦʚʘʣʦʩʴ ʪʨʠ ʤʝʪʦʜʘ. ʇʝʨʚʳʡ ï ʢʠʧʷʯʝʥʠʝ: ʧʦʜ-
ʣʦʞʢʠ ʧʦʜʚʝʨʛʘʣʠʩʴ ʢʠʧʷʯʝʥʠʶ ʚ ʜʝʠʦʥʠʟʦʚʘʥʥʦʡ ʚʦʜʝ ʚ ʪʝʯʝʥʠʝ 1 
ʯʘʩʘ, ʧʦʩʣʝ ʯʝʛʦ ʦʮʝʥʠʚʘʣʦʩʴ ʥʘʣʠʯʠʝ ʠ ʢʘʯʝʩʪʚʦ ʧʦʢʨʳʪʠʷ ʩ ʧʦʤʦ-
ʱʴʶ ʦʧʪʠʯʝʩʢʦʡ ʤʠʢʨʦʩʢʦʧʠʠ (ʨʠʩ. 1 a). ɺʪʦʨʦʡ ï ʩʢʨʘʡʙʠʨʦʚʘʥʠʝ: 
ʦʙʨʘʟʝʮ ʮʘʨʘʧʘʣʩʷ ʥʘ ʩʢʨʘʡʙʝʨʝ ʩ ʧʦʤʦʱʴʶ ʘʣʤʘʟʥʦʛʦ ʨʝʟʮʘ ʩ ʫʩʠʣʠ-
ʝʤ 1 ʛʨʘʤʤ ʠ ʫʛʣʦʤ ʥʘʢʣʦʥʘ ʢ ʧʦʚʝʨʭʥʦʩʪʠ 34Ü, ʧʦʩʣʝ ʯʝʛʦ ʢʘʯʝʩʪʚʦ 
ʥʘʩʝʯʢʠ ʦʮʝʥʠʚʘʣʦʩʴ ʚʠʟʫʘʣʴʥʦ ʩ ʧʦʤʦʱʴʶ ʦʧʪʠʯʝʩʢʦʡ ʤʠʢʨʦʩʢʦʧʠʠ 
ʚ ʪʝʤʥʦʧʦʣʴʥʦʤ ʨʝʞʠʤʝ (ʨʠʩ. 1b). ʊʨʝʪʠʡ ï ʦʪʨʳʚ ʢʣʝʡʢʦʡ ʣʝʥʪʳ ʩ 
ʧʨʠʤʝʥʝʥʠʝʤ ʘʜʛʝʟʠʤʝʪʨʘ ɸʄʎ2-50: ʥʘ ʧʦʚʝʨʭʥʦʩʪʴ ʦʙʨʘʟʮʘ ʥʘʢʣʝʠ-
ʚʘʣʘʩʴ ʢʣʝʡʢʘʷ ʣʝʥʪʘ, ʦʩʪʘʚʣʷʷ ʩʚʦʙʦʜʥʳʡ ʢʨʘʡ ʜʣʷ ʬʠʢʩʘʮʠʠ ʚ ʘʜʛʝ-
ʟʠʤʝʪʨʝ. ɼʘʣʝʝ ʧʨʦʚʦʜʠʣʦʩʴ ʠʟʤʝʨʝʥʠʝ ʘʜʛʝʟʠʠ, ʧʦʩʣʝ ʯʝʛʦ ʙʳʣ ʧʨʦ-
ʚʝʜʝʥ ʚʠʟʫʘʣʴʥʳʡ ʢʦʥʪʨʦʣʴ ʧʦʚʝʨʭʥʦʩʪʠ ʦʙʨʘʟʮʦʚ ʧʨʠ ʧʦʤʦʱʠ ʦʧʪʠ-
ʯʝʩʢʦʡ ʤʠʢʨʦʩʢʦʧʠʠ.  

  
ʘ) b) 

ʈʠʩ.1. ʆʮʝʥʢʘ ʘʜʛʝʟʠʠ ʦʩʘʞʜʝʥʥʦʛʦ ʜʠʵʣʝʢʪʨʠʢʘ ʢ ʧʦʚʝʨʭʥʦʩʪʠ ʟʦʣʦʪʦʡ 
ʧʣʝʥʢʠ: ʘ ï ʤʝʪʦʜ ʢʠʧʷʯʝʥʠʷ, b ï ʤʝʪʦʜ ʩʢʨʘʡʙʠʨʦʚʘʥʠʷ 
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ʀʩʧʳʪʘʥʠʷ, ʚʢʣʶʯʘʶʱʝʝ ʢʠʧʷʯʝʥʠʝ ʦʙʨʘʟʮʦʚ ʚ ʜʝʠʦʥʠʟʦʚʘʥʥʦʡ 

ʚʦʜʝ ʚ ʪʝʯʝʥʠʝ 1 ʯʘʩʘ, ʧʦʢʘʟʘʣʠ, ʯʪʦ ʧʨʠ ʦʪʩʫʪʩʪʚʠʠ ʘʜʛʝʟʠʦʥʥʦʛʦ ʧʦʜ-

ʩʣʦʷ ʧʣʝʥʢʘ ʦʢʩʠʜʘ ʢʨʝʤʥʠʷ ʧʦʣʥʦʩʪʴʶ ʫʜʘʣʷʝʪʩʷ ʩ ʧʦʚʝʨʭʥʦʩʪʠ ʟʦʣʦ-

ʪʘ. ʇʨʠ ʪʦʣʱʠʥʝ ʧʦʜʩʣʦʷ 1 ʥʤ ʪʠʪʘʥ ʦʙʝʩʧʝʯʠʚʘʝʪ ʮʝʣʦʩʪʥʦʩʪʴ ʧʣʝʥʢʠ 

SiO2 ʧʦʩʣʝ ʢʠʧʷʯʝʥʠʷ, ʪʦʛʜʘ ʢʘʢ ʜʣʷ ʘʣʶʤʠʥʠʷ ʠ ʭʨʦʤʘ ʥʘʙʣʶʜʘʝʪʩʷ 

ʯʘʩʪʠʯʥʦʝ ʣʠʙʦ ʧʦʣʥʦʝ ʝʝ ʦʪʩʣʘʠʚʘʥʠʝ. ʋʚʝʣʠʯʝʥʠʝ ʪʦʣʱʠʥʳ ʘʣʶʤʠ-

ʥʠʝʚʦʛʦ ʧʦʜʩʣʦʷ ʜʦ 5 ʥʤ ʥʝ ʧʨʠʚʦʜʠʪ ʢ ʟʘʤʝʪʥʦʤʫ ʫʣʫʯʰʝʥʠʶ ʘʜʛʝ-

ʟʠʠ, ʪʦʛʜʘ ʢʘʢ ʧʦʚʳʰʝʥʠʝ ʪʦʣʱʠʥʳ ʭʨʦʤʦʚʦʛʦ ʩʣʦʷ ʜʦ 5 ʥʤ ʩʫʱʝ-

ʩʪʚʝʥʥʦ ʫʣʫʯʰʘʝʪ ʨʝʟʫʣʴʪʘʪ ð ʧʣʸʥʢʘ ʚʳʜʝʨʞʠʚʘʝʪ ʢʠʧʷʯʝʥʠʝ ʙʝʟ ʦʪ-

ʩʣʦʝʥʠʷ. 

ʊʝʩʪʠʨʦʚʘʥʠʝ ʧʦʢʨʳʪʠʷ ʩ ʧʦʤʦʱʴʶ ʘʜʛʝʟʠʤʝʪʨʘ ʧʦʢʘʟʘʣʦ, ʯʪʦ 

ʩʣʦʡ ʦʢʩʠʜʘ ʢʨʝʤʥʠʷ ʧʦʣʥʦʩʪʴʶ ʦʪʩʣʘʠʚʘʝʪʩʷ ʧʦʩʣʝ ʦʪʨʳʚʘ ʢʣʝʡʢʦʡ 

ʣʝʥʪʳ (ʨʠʩ. 2ʘ). ʅʘ ʨʠʩ 2b ï ʧʨʠʚʝʜʝʥʦ ʠʟʦʙʨʘʞʝʥʠʝ ʧʦʚʝʨʭʥʦʩʪʠ ʧʦ-

ʩʣʝ ʫʜʘʣʝʥʠʷ ʘʜʛʝʟʠʦʥʥʦʡ ʣʝʥʪʳ ʜʣʷ ʦʙʨʘʟʮʘ ʩ ʘʜʛʝʟʠʦʥʥʳʤ ʧʦʜʩʣʦʝʤ 

Ti ʪʦʣʱʠʥʦʡ 1 ʥʤ, ʥʘ ʢʦʪʦʨʦʤ ʚʠʜʥʦ, ʯʪʦ ʦʪʩʣʦʝʥʠʷ ʦʢʩʠʜʘ ʢʨʝʤʥʠʷ ʥʝ 

ʧʨʦʠʟʦʰʣʦ. 

 

  
a) b) 

ʈʠʩ.2. ʇʦʚʝʨʭʥʦʩʪʴ ʦʙʨʘʟʮʦʚ ʧʦʩʣʝ ʫʜʘʣʝʥʠʷ ʣʝʥʪʳ ʜʣʷ ʦʮʝʥʢʠ ʘʜʛʝʟʠʠ: ʘ ï ʙʝʟ 

ʥʘʥʝʩʝʥʥʦʛʦ ʧʦʜʩʣʦʷ, b ïʩ ʘʜʛʝʟʠʦʥʥʳʤ ʧʦʜʩʣʦʝʤ Ti ʪʦʣʱʠʥʦʡ 1 ʥʤ 

 

ʄʝʪʦʜ ʩʢʨʘʡʙʠʨʦʚʘʥʠʷ ʧʦʢʘʟʘʣ, ʯʪʦ ʥʘ ʦʙʨʘʟʮʝ ʙʝʟ ʧʦʜʩʣʦʷ 

ʧʣʸʥʢʘ ʦʢʩʠʜʘ ʢʨʝʤʥʠʷ ʚʦʢʨʫʛ ʨʝʟʘ ʥʘʯʠʥʘʝʪ ʦʪʩʣʘʠʚʘʪʴʩʷ ʦʪ ʟʦʣʦʪʘ 

(ʨʠʩ. 1b). ʇʨʠ ʵʪʦʤ ʥʘ ʦʙʨʘʟʮʘʭ ʩ ʘʜʛʝʟʠʦʥʥʳʤ ʧʦʜʩʣʦʝʤ ʥʘʙʣʶʜʘʝʪʩʷ 

ʨʦʚʥʘʷ ʣʠʥʠʷ ʨʝʟʘ ʙʝʟ ʦʪʩʣʦʝʥʠʡ ʧʦʢʨʳʪʠʷ ʧʦ ʝʸ ʢʨʘʷʤ.  

ʉʦʛʣʘʩʥʦ ʜʘʥʥʳʤ ʪʘʙʣ. 1, ʫʚʝʣʠʯʝʥʠʝ ʪʦʣʱʠʥʳ ʘʜʛʝʟʠʦʥʥʦʛʦ 

ʩʣʦʷ ʤʝʪʘʣʣʘ ʜʦ 5 ʥʤ ʦʙʝʩʧʝʯʠʚʘʝʪ ʜʦʩʪʘʪʦʯʥʳʡ ʫʨʦʚʝʥʴ ʘʜʛʝʟʠʠ: ʚʩʝ 

ʦʙʨʘʟʮʳ ʩ ʪʦʣʩʪʳʤ ʘʜʛʝʟʠʦʥʥʳʤ ʧʦʜʩʣʦʝʤ ʚʳʜʝʨʞʠʚʘʶʪ ʢʠʧʷʯʝʥʠʝ, 

ʮʘʨʘʧʘʥʠʝ ʠ ʪʝʩʪʠʨʦʚʘʥʠʝ ʧʦʢʨʳʪʠʷ ʩ ʧʦʤʦʱʴʶ ʘʜʛʝʟʠʤʝʪʨʘ. ʆʜʥʘʢʦ, 

ʪʦʣʩʪʳʡ ʧʦʜʩʣʦʡ ʤʝʪʘʣʣʘ ʤʦʞʝʪ ʰʫʥʪʠʨʦʚʘʪʴ p-n-ʧʝʨʝʭʦʜ ʚ ʩʣʫʯʘʝ 

ʧʨʠʤʝʥʝʥʠʷ ʵʪʦʛʦ ʩʧʦʩʦʙʘ ʚ ʧʣʘʥʘʨʥʦʤ ʮʠʢʣʝ ʧʨʦʠʟʚʦʜʩʪʚʘ ʃʃɼ, ʘ 

ʪʘʢʞʝ, ʝʩʣʠ ʟʦʣʦʪʦ ʠʩʧʦʣʴʟʫʝʪʩʷ ʚ ʢʘʯʝʩʪʚʝ ʟʝʨʢʘʣʘ, ʘ ʦʢʩʠʜ ʢʨʝʤʥʠʷ ʚ 

ʢʘʯʝʩʪʚʝ ʟʘʱʠʪʥʦʛʦ ʧʦʢʨʳʪʠʷ ʦʪ ʤʝʭʘʥʠʯʝʩʢʠʭ ʧʦʚʨʝʞʜʝʥʠʡ, ʪʦ ʫʚʝ-
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ʣʠʯʝʥʠʝ ʪʦʣʱʠʥʳ ʘʜʛʝʟʠʦʥʥʦʛʦ ʧʦʜʩʣʦʷ ʧʨʠʚʦʜʠʪ ʢ ʩʥʠʞʝʥʠʶ ʢʦʵʬ-

ʬʠʮʠʝʥʪʘ ʦʪʨʘʞʝʥʠʷ. 

ʄʝʟʘʧʦʣʦʩʢʦʚʘʷ ʩʪʨʫʢʪʫʨʘ ʙʳʣʘ ʚʦʩʧʨʦʠʟʚʝʜʝʥʘ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴ-

ʥʦ ʩ ʘʜʛʝʟʠʦʥʥʳʤ ʧʦʜʩʣʦʝʤ ʪʠʪʘʥʘ ʪʦʣʱʠʥʦʡ 1 ʥʤ ʠ ʦʧʨʦʙʦʚʘʥʘ ʥʘ ʣʠ-

ʥʝʡʢʘʭ ʣʘʟʝʨʥʳʭ ʜʠʦʜʦʚ. ʀʟʦʙʨʘʞʝʥʠʝ ʧʦʣʫʯʝʥʥʦʡ ʩʪʨʫʢʪʫʨʳ ʧʨʠʚʝʜʝ-

ʥʦ ʥʘ ʨʠʩ. 3a. ɸʥʘʣʠʟ ʧʨʝʜʩʪʘʚʣʝʥʥʦʛʦ ʠʟʦʙʨʘʞʝʥʠʷ ʧʦʢʘʟʳʚʘʝʪ, ʯʪʦ ʘʜ-

ʛʝʟʠʷ ʦʢʩʠʜʘ ʢʨʝʤʥʠʷ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʘʜʛʝʟʠʦʥʥʦʛʦ ʧʦʜʩʣʦʷ ʪʠʪʘʥʘ 

ʪʦʣʱʠʥʦʡ ʢ ʘʨʩʝʥʠʜʫ ʛʘʣʣʠʷ ʷʚʣʷʝʪʩʷ ʜʦʩʪʘʪʦʯʥʦʡ, ʧʦʩʢʦʣʴʢʫ ʧʣʸʥʢʘ 

ʚʳʛʣʷʜʠʪ ʦʜʥʦʨʦʜʥʦʡ ʧʦ ʮʚʝʪʫ ʠ ʥʝ ʩʦʜʝʨʞʠʪ ʢʘʢʠʭ-ʣʠʙʦ ʜʝʬʝʢʪʦʚ. 

ʂʨʦʤʝ ʵʪʦʛʦ, ʥʘ ʨʠʩ. 3b ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥʦ ʧʨʠʤʝʥʝʥʠʝ ʘʜʛʝʟʠʦʥʥʦʛʦ 

ʧʦʜʩʣʦʷ Ti ʜʣʷ ʧʨʦʠʟʚʦʜʩʪʚʘ ʟʝʨʢʘʣ ʠʥʬʨʘʢʨʘʩʥʦʛʦ ʜʠʘʧʘʟʦʥʘ.  

 

  

a) b) 
ʈʠʩ.3. ʇʨʠʤʝʥʝʥʠʷ ʪʦʥʢʦʛʦ ʘʜʛʝʟʠʦʥʥʦʛʦ ʩʣʦʷ Ti ʪʦʣʱʠʥʦʡ 1 ʥʤ: a ï ʚ ʧʣʘʥʘʨʥʦʤ 

ʮʠʢʣʝ ʧʨʦʠʟʚʦʜʩʪʚʘ (ʃʃɼ), b ï ʚ ʧʨʦʠʟʚʦʜʩʪʚʝ ʟʘʱʠʪʥʳʭ ʧʦʢʨʳʪʠʡ ʜʣʷ ʟʝʨʢʘʣ ʥʘ 

ʦʩʥʦʚʝ ʟʦʣʦʪʘ 

 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʙʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʭʠʤʠʯʝʩʢʠ 

ʘʢʪʠʚʥʳʭ ʤʝʪʘʣʣʦʚ, ʪʘʢʠʭ ʢʘʢ Ti, Cr, Al, ʪʦʣʱʠʥʦʡ 5 ʥʤ ʧʦʟʚʦʣʷʝʪ 

ʟʥʘʯʠʪʝʣʴʥʦ ʫʣʫʯʰʠʪʴ ʘʜʛʝʟʠʶ ʦʢʩʠʜʘ ʢʨʝʤʥʠʷ ʢ ʟʦʣʦʪʫ, ʦʜʥʘʢʦ ʧʨʠ 

ʪʘʢʦʡ ʪʦʣʱʠʥʝ ʪʘʢʠʝ ʩʣʦʠ ʥʝ ʤʦʛʫʪ ʧʨʠʤʝʥʷʪʴʩʷ. ʇʨʠ ʵʪʦʤ ʫʤʝʥʴʝh-

ʥʠʝ ʪʦʣʱʠʥʳ ʘʜʛʝʟʠʦʥʥʦʛʦ ʩʣʦʷ ʪʠʪʘʥʘ ʜʦ 1 ʥʤ ʪʘʢʞʝ ʦʙʝʩʧʝʯʠʚʘʝʪ 

ʥʝʦʙʭʦʜʠʤʳʡ ʫʨʦʚʝʥʴ ʘʜʛʝʟʠʠ, ʧʦʟʚʦʣʷʶʱʠʡ ʦʙʨʘʟʮʫ ʩ ʧʣʸʥʢʦʡ ʟʦʣʦ-

ʪʘ, ʧʦʢʨʳʪʦʡ ʦʢʩʠʜʦʤ ʢʨʝʤʥʠʷ, ʚʳʜʝʨʞʠʚʘʪʴ ʢʠʧʷʯʝʥʠʝ ʚ ʪʝʯʝʥʠʝ 1 

ʯʘʩʘ ʚ ʜʝʠʦʥʠʟʦʚʘʥʥʦʡ ʚʦʜʝ ʠ ʮʘʨʘʧʘʥʠʝ ʘʣʤʘʟʥʳʤ ʨʝʟʮʦʤ ʙʝʟ ʦʪʩʣʦʝ-

ʥʠʷ ʟʘʱʠʪʥʦʛʦ ʧʦʢʨʳʪʠʷ ʧʦ ʧʝʨʠʤʝʪʨʫ ʮʘʨʘʧʠʥʳ. ɺ ʪʦ ʞʝ ʚʨʝʤʷ, ʘʜʛʝ-

ʟʠʦʥʥʳʝ ʧʦʜʩʣʦʠ Al ʠ Cr ʪʦʣʱʠʥʦʡ 1 ʥʤ ʦʢʘʟʳʚʘʶʪʩʷ ʥʝʜʦʩʪʘʪʦʯʥʦ 

ʵʬʬʝʢʪʠʚʥʳʤʠ, ʪ.ʢ. ʥʘʙʣʶʜʘʝʪʩʷ ʯʘʩʪʠʯʥʦʝ ʠʣʠ ʧʦʣʥʦʝ ʦʪʩʣʘʠʚʘʥʠʠ 

ʧʦʢʨʳʪʠʷ ʧʦʩʣʝ ʢʠʧʷʯʝʥʠʷ ʠ ʤʝʪʦʜʘ ʮʘʨʘʧʘʥʠʷ ʠʣʠ ʩʢʨʘʡʙʠʨʦʚʘʥʠʷ. 

ʊʘʢʞʝ ʙʳʣʘ ʧʦʢʘʟʘʥʘ ʚʦʟʤʦʞʥʦʩʪʴ ʧʨʠʤʝʥʝʥʠʷ ʪʦʥʢʦʛʦ ʘʜʛʝʟʠʦʥʥʦʛʦ 

ʩʣʦʷ Ti ʪʦʣʱʠʥʦʡ 1 ʥʤ ʢʘʢ ʚ ʧʣʘʥʘʨʥʦʤ ʮʠʢʣʝ ʧʨʦʠʟʚʦʜʩʪʚʘ ʃʃɼ, ʪʘʢ 

ʠ ʚ ʬʦʨʤʠʨʦʚʘʥʠʠ ʟʘʱʠʪʥʳʭ ʧʦʢʨʳʪʠʡ ʜʣʷ ʟʝʨʢʘʣ ʥʘ ʦʩʥʦʚʝ ʟʦʣʦʪʘ. 
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ɸʥʥʦʪʘʮʠʷ: ɺ ʨʘʙʦʪʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʛʦ ʠʩʩʣʝʜʦ-

ʚʘʥʠʷ ʟʘʚʠʩʠʤʦʩʪʠ ʚʘʨʠʘʮʠʠ ʪʦʣʱʠʥʳ ʪʦʥʢʠʭ ʧʣʸʥʦʢ ʦʪ ʜʣʠʪʝʣʴʥʦʩʪʠ ʥʘʧʳʣʝʥʠʷ. 
ʌʦʨʤʠʨʦʚʘʥʠʝ ʠʩʩʣʝʜʫʝʤʳʭ ʦʙʨʘʟʮʦʚ ʧʨʦʚʦʜʠʣʦʩʴ ʩ ʧʨʠʤʝʥʝʥʠʝʤ ʤʝʪʦʜʘ ʚʘʢʫʫʤʥʦ-
ʛʦ ʤʘʛʥʝʪʨʦʥʥʦʛʦ ʨʘʩʧʳʣʝʥʠʷ ʥʘ ʩʠʪʘʣʣʦʚʳʝ ʧʦʜʣʦʞʢʠ ʉʊ32-1. ʊʦʣʱʠʥʘ ʩʬʦʨʤʠʨʦ-
ʚʘʥʥʦʛʦ ʧʦʢʨʳʪʠʷ ʦʧʨʝʜʝʣʷʣʘʩʴ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʘʪʦʤʥʦ-ʩʠʣʦʚʦʡ ʤʠʢʨʦʩʢʦʧʠʠ 
(ɸʉʄ) ʧʫʪʸʤ ʠʟʤʝʨʝʥʠʷ ʧʝʨʝʧʘʜʘ ʚʳʩʦʪ ʥʘ ʛʨʘʥʠ ʧʨʦʚʦʜʷʱʘʷ ʧʣʝʥʢʘ/ʧʦʜʣʦʞʢʘ. ɺ 
ʨʘʙʦʪʝ ʠʩʩʣʝʜʫʶʪʩʷ ʦʙʨʘʟʮʳ ʩ ʚʨʝʤʝʥʝʤ ʥʘʧʳʣʝʥʠʷ 4, 6, 8 ʠ 10 ʤʠʥʫʪ. ʇʨʝʜʩʪʘʚʣʝʥʘ 
ʚʨʝʤʝʥʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʠʟʤʝʥʝʥʠʷ ʪʦʣʱʠʥʳ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʪʦʥʢʠʝ ʧʣʸʥʢʠ, ʭʨʦʤ, ʘʪʦʤʥʦ-ʩʠʣʦʚʘʷ ʤʠʢʨʦʩʢʦʧʠʷ, ʚʘʢʫ-
ʫʤʥʦʝ ʨʘʩʧʳʣʝʥʠʝ, ʪʦʥʢʦʧʣʝʥʦʯʥʘʷ ʤʠʢʨʦʵʣʝʢʪʨʦʥʠʢʘ. 

 
ʉ ʦʯʝʨʝʜʥʳʤ ʚʠʪʢʦʤ ʨʘʟʚʠʪʠʷ ʪʦʥʢʦʧʣʝʥʦʯʥʦʡ ʤʠʢʨʦʵʣʝʢʪʨʦʥʠʢʠ 

ʚʦʟʨʦʩʣʘ ʚʦʩʪʨʝʙʦʚʘʥʥʦʩʪʴ ʪʦʯʥʳʭ ʤʝʪʦʜʦʚ ʥʘʥʝʩʝʥʠʷ ʠ ʢʦʥʪʨʦʣʷ ʪʦʥ-
ʢʠʭ ʤʝʪʘʣʣʠʯʝʩʢʠʭ ʧʣʸʥʦʢ. ʊʨʘʜʠʮʠʦʥʥʳʝ ʩʧʦʩʦʙʳ ʠʟʤʝʨʝʥʠʷ ʪʦʣʱʠ-
ʥʳ, ʪʘʢʠʝ ʢʘʢ ʠʥʪʝʨʬʝʨʝʥʮʠʷ, ʵʣʝʢʪʨʠʯʝʩʢʠʝ, ʤʝʭʘʥʠʯʝʩʢʠʝ ʠ ʦʧʪʠʯʝ-
ʩʢʠʝ ʤʝʪʦʜʳ ʠʤʝʶʪ ʦʛʨʘʥʠʯʝʥʠʷ ʚ ʨʘʟʨʝʰʝʥʠʠ ʥʘ ʤʠʢʨʦ- ʠ ʥʘʥʦʫʨʦʚʥʝ. 
ɺ ʩʚʦʶ ʦʯʝʨʝʜʴ ʘʪʦʤʥʦ-ʩʠʣʦʚʘʷ ʤʠʢʨʦʩʢʦʧʠʷ (ɸʉʄ) ʧʦʟʚʦʣʷʝʪ ʥʝʧʦ-
ʩʨʝʜʩʪʚʝʥʥʦ ʚʠʟʫʘʣʠʟʠʨʦʚʘʪʴ ʧʦʚʝʨʭʥʦʩʪʴ ʠ ʠʟʤʝʨʷʪʴ ʧʨʦʬʠʣʴ ʩ ʪʦʯʥʦ-
ʩʪʴʶ ʜʦ 0,1 ʥʤ, ʯʪʦ ʠʜʝʘʣʴʥʦ ʜʣʷ ʢʦʥʪʨʦʣʷ ʪʦʣʱʠʥ ʪʦʥʢʠʭ ʧʣʝʥʦʢ [1].  

ʇʨʦʮʝʩʩ ʬʦʨʤʠʨʦʚʘʥʠʷ ʪʦʥʢʠʭ ʭʨʦʤʦʚʳʭ ʧʣʸʥʦʢ ʤʝʪʦʜʦʤ ʤʘʛʥʝ-
ʪʨʦʥʥʦʛʦ ʚʘʢʫʫʤʥʦʛʦ ʨʘʩʧʳʣʝʥʠʷ ʚ ʫʩʪʘʥʦʚʢʝ ʩ ʦʩʪʘʪʦʯʥʳʤ ʜʘʚʣʝʥʠʝʤ 
9Ā10
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ʇʘ ʧʦʜʨʦʙʥʦ ʦʧʠʩʳʚʘʣʦʩʴ ʚ ʨʘʙʦʪʘʭ [2,3], ʚʨʝʤʷ ʥʘʧʳʣʝʥʠʷ ʚʘʨʴʠ-

ʨʦʚʘʣʦʩʴ ʦʪ 4 ʜʦ 10 ʤʠʥ ʩ ʰʘʛʦʤ ʚ 2 ʤʠʥʫʪʳ (ʦʙʨʘʟʮʳ 1ï4). ɺ ʢʘʯʝʩʪʚʝ 
ʧʦʜʣʦʞʝʢ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʩʠʪʘʣʣ ʉʊ32-1 ʨʘʟʤʝʨʦʤ 60Ĭ48Ĭ1 ʤʤ ʧʨʝʜʚʘʨʠ-
ʪʝʣʴʥʦ ʦʯʠʱʝʥʥʳʝ ʧʦ 6 ʩʪʫʧʝʥʯʘʪʦʤʫ ʤʝʪʦʜʫ ʦʯʠʩʪʢʠ ʧʦʜʨʦʙʥʦ ʦʧʠʩʘʥ-
ʥʦʤʫ ʚ [2,4], ʘʢʪʠʚʥʦ ʧʨʠʤʝʥʷʶʱʠʡʩʷ ʚ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʜʣʷ ʠʟʛʦʪʦʚʣʝ-
ʥʠʷ ʛʠʙʨʠʜʥʳʭ ʩʭʝʤ ʥʘ ʤʥʦʛʠʭ ʧʨʝʜʧʨʠʷʪʠʷʭ ʨʘʜʠʦʵʣʝʢʪʨʦʥʥʦʡ ʧʨʦ-
ʤʳʰʣʝʥʥʦʩʪʠ.  

ʊʝʭʥʦʣʦʛʠʯʝʩʢʠʡ ʢʦʥʪʨʦʣʴ ʪʦʣʱʠʥʳ ʧʦʢʨʳʪʠʡ ʥʘʧʨʷʤʫʶ ʚʣʠʷʝʪ 
ʥʘ ʵʣʝʢʪʨʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʣʠʥʠʡ ʧʝʨʝʜʘʯ, ʦʩʦʙʝʥʥʦ ʚ ʉɺʏ ʜʠʘʧʘ-
ʟʦʥʝ. ʊʘʢʞʝ ʜʘʥʥʳʡ ʧʘʨʘʤʝʪʨ ʚʣʠʷʝʪ ʥʘ ʜʨʫʛʠʝ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʝ ʵʪʘʧʳ, 
ʪʘʢʠʝ ʢʘʢ ʜʣʠʪʝʣʴʥʦʩʪʴ ʪʨʘʚʣʝʥʠʷ, ʠʩʭʦʜʥʳʡ ʥʦʤʠʥʘʣ ʪʦʥʢʦʧʣʝʥʦʯʥʳʭ 
ʨʝʟʠʩʪʦʨʦʚ ʠ ʜʨ.  

ɺ ʨʘʙʦʪʝ [5] ʦʧʠʩʘʥʦ ʠʟʤʝʨʝʥʠʝ ʧʦʜʦʙʥʳʭ ʧʣʝʥʦʢ ʤʝʪʦʜʦʤ 
ʫʜʝʣʴʥʦʛʦ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʩʦʧʨʦʪʠʚʣʝʥʠʷ, ʦʜʥʘʢʦ ʜʣʷ ʩʪʦʣʴ ʪʦʥʢʠʭ ʧʣʝ-
ʥʦʢ (ʜʝʩʷʪʢʠ ïʩʦʪʥʠ ʥʤ), ʧʦʜʦʙʥʳʡ ʩʧʦʩʦʙ ʢʦʥʪʨʦʣʷ ʪʦʣʱʠʥʳ ʜʘʝʪ ʩʫ-
ʱʝʩʪʚʝʥʥʫʶ ʧʦʛʨʝʰʥʦʩʪʴ. ʕʪʦ ʦʙʫʩʣʦʚʣʝʥʦ ʭʘʦʪʠʯʥʳʤ ʨʘʩʧʦʣʦʞʝʥʠʝʤ 
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ʘʪʦʤʦʚ ʭʨʦʤʘ, ʩʣʫʯʘʡʥʳʤ ʦʙʨʘʟʦʤ ʦʩʝʜʘʶʱʠʭ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʧʦʜʣʦʞ-
ʢʠ, ʯʪʦ ʚ ʩʚʦʶ ʦʯʝʨʝʜʴ ʚʣʠʷʝʪ ʥʘ ʟʥʘʯʝʥʠʝ ʧʨʦʚʦʜʠʤʦʩʪʠ. 

ɼʣʷ ʤʠʥʠʤʠʟʘʮʠʠ ʦʰʠʙʢʠ ʠ ʫʪʦʯʥʝʥʠʷ ʪʦʣʱʠʥʳ ʧʦʣʫʯʘʝʤʦʡ 
ʧʣʝʥʢʠ ʙʳʣʦ ʨʝʰʝʥʦ ʧʨʠʙʝʛʥʫʪʴ ʢ ʠʟʤʝʨʝʥʠʷʤ ʧʨʠ ʧʦʤʦʱʠ ɸʉʄ Bruker 
Innova. ʉʥʠʤʢʠ, ʧʨʝʜʩʪʘʚʣʝʥʥʳʝ ʥʘ ʨʠʩ. 1 ʧʦʢʘʟʳʚʘʶʪ ʯʸʪʢʠʡ ʧʝʨʝʧʘʜ 
ʚʳʩʦʪ ʥʘ ʢʨʘʶ ʩʬʦʨʤʠʨʦʚʘʥʥʦʡ ʩʪʫʧʝʥʠ.  

 

 
ʘ 

 
ʙ 

 
ʚ 

 
ʛ 

ʈʠʩ 1. ɸʉʄ-ʧʨʦʬʠʣʴ ʪʦʣʱʠʥʳ ʧʣʸʥʢʠ: ʘ ï 4 ʤʠʥ; ʙ ï 6 ʤʠʥ; ʚ ï 8 ʤʠʥ; ʛ ï 10 ʤʠʥ 
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ʇʦ ʨʝʟʫʣʴʪʘʪʘʤ ʠʟʤʝʨʝʥʠʡ, ʧʨʠʚʝʜʝʥʥʳʭ ʥʘ ʨʠʩ. 1, ʙʳʣʠ ʜʦʙʘʚ-
ʣʝʥʳ ʢʘʩʘʪʝʣʴʥʳʝ ʠ ʧʝʨʧʝʥʜʠʢʫʣʷʨʳ ʜʣʷ ʠʥʪʝʨʧʨʝʪʘʮʠʠ ʧʦʣʫʯʝʥʥʳʭ 
ʟʘʚʠʩʠʤʦʩʪʝʡ, ʜʣʷ ʢʘʞʜʦʛʦ ʠʟ ʧʨʠʚʝʜʝʥʥʳʭ ʠʟʤʝʨʝʥʠʡ. ɼʣʷ ʣʫʯʰʝʡ 
ʥʘʛʣʷʜʥʦʩʪʠ, ʨʝʟʫʣʴʪʘʪʳ ʩʚʝʜʝʥʳ ʚ ʦʙʱʫʶ ʪʘʙʣʠʮʫ (ʊʘʙʣʠʮʘ 1). 

 
ʊʘʙʣʠʮʘ 1 ï ʊʦʣʱʠʥʘ ʧʣʝʥʢʠ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʚʨʝʤʝʥʠ ʥʘʧʳʣʝʥʠʷ 

 ̄ ɺʨʝʤʷ ʥʘʧʳʣʝʥʠʷ 
ʊʦʣʱʠʥʘ ʧʣʝʥʢʠ, ʥʤ ʋʩʨʝʜʥʝʥʥʦʝ ʟʥʘʯʝʥʠʝ 

ʪʦʣʱʠʥʳ ʧʣʝʥʢʠ, ʥʤ 1 2 3 

1 4 220 210 230 220 

2 6 290 250 290 276,6 

3 8 360 320 380 353,3 

4 10 440 430 490 453,3 

 
ʉʦʛʣʘʩʥʦ ʜʘʥʥʳʤ, ʦʪʨʘʞʝʥʥʳʤ ʚ ʪʘʙʣʠʮʝ 1 ʚʠʜʥʦ, ʯʪʦ ʩʨʝʜʥʷʷ 

ʪʦʣʱʠʥʘ ʧʣʝʥʢʠ ʟʘ 4 ʤʠʥʫʪʳ ʥʘʧʳʣʝʥʠʷ ʩʦʩʪʘʚʣʷʝʪ 220 ʥʤ, ʟʘ 6 ʤʠʥʫʪ 
ï 276,6 ʥʤ, ʟʘ 8 ʤʠʥʫʪ ï 353,3 ʥʤ, ʟʘ 10 ʤʠʥʫʪ ï 453,3 ʥʤ  

ʇʦʣʫʯʝʥʥʳʝ ʜʘʥʥʳʝ ʧʦʟʚʦʣʷʶʪ ʧʦʩʪʨʦʠʪʴ ʟʘʚʠʩʠʤʦʩʪʴ ʠ ʧʨʦʚʝ-
ʩʪʠ ʘʧʧʨʦʢʩʠʤʠʨʫʶʱʫʶ ʣʠʥʠʶ, ʙʣʘʛʦʜʘʨʷ ʢʦʪʦʨʦʡ ʚ ʧʦʩʣʝʜʩʪʚʠʠ ʧʦ-
ʷʚʠʪʩʷ ʚʦʟʤʦʞʥʦʩʪʴ ʧʨʦʛʥʦʟʠʨʦʚʘʥʠʷ ʪʦʣʱʠʥʳ ʥʘʧʳʣʝʥʠʷ. 

 

 
ʈʠʩ. 2. ɻʨʘʬʠʢ ʟʘʚʠʩʠʤʦʩʪʠ ʪʦʣʱʠʥʳ ʦʪ ʚʨʝʤʝʥʠ ʥʘʧʳʣʝʥʠʷ 

 
ʇʦ ʛʨʘʬʠʢʫ ʥʘ ʨʠʩʫʥʢʝ 2 ʤʦʞʥʦ ʩʜʝʣʘʪʴ ʚʳʚʦʜ ʯʪʦ ʠʟʤʝʥʝʥʠʝ 

ʪʦʣʱʠʥʳ ʥʘʧʳʣʷʝʤʦʡ ʧʣʝʥʢʠ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʚʨʝʤʝʥʠ ʧʨʦʮʝʩʩʘ 
ʠʤʝʝʪ ʣʠʥʝʡʥʳʡ ʭʘʨʘʢʪʝʨ, ʩʢʦʨʦʩʪʴ ʨʦʩʪʘ ʪʦʣʱʠʥʳ ʩʦʩʪʘʚʣʷʝʪ 38,8 
ʥʤ/ʤʠʥ, ʯʪʦ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʚʳʩʦʢʦʡ ʩʪʘʙʠʣʴʥʦʩʪʠ ʤʘʛʥʝʪʨʦʥʥʦʛʦ 
ʥʘʧʳʣʝʥʠʷ ʥʘ ʥʘʯʘʣʴʥʳʭ ʵʪʘʧʘʭ. ɺʩʝ ʠʟʤʝʨʝʥʠʷ ʧʨʦʚʦʜʠʣʠʩʴ ʩ ʧʦʤʦ-
ʱʴʶ ɸʉʄ ʥʘ ʛʨʘʥʠʮʝ ʧʝʨʝʧʘʜʘ ʚʳʩʦʪ, ʪʝʤ ʥʝ ʤʝʥʝʝ, ʥʘ ʦʪʤʝʪʢʝ 8 ʤʠ-
ʥʫʪʝ ʬʠʢʩʠʨʫʝʪʩʷ ʢʨʠʪʠʯʝʩʢʘʷ ʦʰʠʙʢʘ, ʚʳʟʚʘʥʥʘʷ ʤʝʭʘʥʠʯʝʩʢʠʤ ʧʦ-
ʚʨʝʞʜʝʥʠʝʤ ï ʦʪʩʣʦʝʥʠʝʤ ʠ ʣʦʢʘʣʴʥʳʤ ʧʨʠʧʦʜʥʷʪʠʝʤ ʧʣʝʥʢʠ ʚ ʤʝʩʪʝ 
ʩʨʝʟʘ, ʚ ʩʚʷʟʠ ʩ ʵʪʠʤ ʜʘʥʥʳʝ ʙʳʣʠ ʨʘʩʩʯʠʪʘʥʳ ʥʝ ʚ ʤʝʩʪʝ ʧʝʨʝʭʦʜʘ 
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ʩʣʦʝʚ, ʘ ʯʫʪʴ ʜʘʣʴʰʝ, ʚ ʪʦʯʢʝ ʥʦʨʤʘʣʠʟʘʮʠʠ ʧʘʨʘʤʝʪʨʦʚ. ɼʦʧʦʣʥʠ-
ʪʝʣʴʥʳʤʠ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʤʠ ʦʛʨʘʥʠʯʝʥʠʷʤʠ ʷʚʣʷʝʪʩʷ ʤʘʢʩʠʤʘʣʴʥʘʷ 
ʜʣʠʪʝʣʴʥʦʩʪʴ ʥʝʧʨʝʨʳʚʥʦʛʦ ʥʘʧʳʣʝʥʠʷ, ʥʝ ʧʨʝʚʳʰʘʶʱʘʷ 15ï20 ʤʠ-
ʥʫʪ, ʧʦʩʣʝ ʢʦʪʦʨʳʭ ʤʠʰʝʥʠ ʧʝʨʝʛʨʝʚʘʶʪʩʷ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʜʝʛʨʘʜʘʮʠʠ 
ʥʘʧʳʣʝʥʥʦʛʦ ʩʣʦʷ. 

 
ɹʠʙʣʠʦʛʨʘʬʠʯʝʩʢʠʡ ʩʧʠʩʦʢ 

1. ʂʫʟʥʝʮʦʚʘ ʊ.ɸ. ʇʨʠʤʝʥʝʥʠʝ ʘʪʦʤʥʦ-ʩʠʣʦʚʦʡ ʤʠʢʨʦʩʢʦʧʠʠ ʧʨʠ ʦʧʨʝʜʝʣʝʥʠʠ 
ʤʠʢʨʦʪʚʝʨʜʦʩʪʠ ʪʦʥʢʠʭ ʧʦʢʨʳʪʠʡ ʤʝʪʦʜʦʤ ʩʢʣʝʨʦʤʝʪʨʠʠ / ʊ.ɸ. ʂʫʟʥʝʮʦʚʘ, ʄ.ɸ. 
ɸʥʜʨʝʝʚ, ʃ.ɺ. ʄʘʨʢʦʚʘ, ʉ.ɸ. ʏʠʞʠʢ // ʊʨʝʥʠʝ ʠ ʠʟʥʦʩ. ï 2007. ï ʊ. 28, ˉ 3. ï ʉ. 
276-281.  
2. ʗʛʫʜʠʥʘ, ʕ.ʈ. ʄʝʪʦʜʠʢʘ ʧʦʜʛʦʪʦʚʢʠ ʢʝʨʘʤʠʯʝʩʢʠʭ ʧʦʜʣʦʞʝʢ ʠ ʤʘʛʥʝʪʨʦʥʥʦʛʦ 
ʦʩʘʞʜʝʥʠʷ ʤʝʪʘʣʣʠʯʝʩʢʠʭ ʧʦʢʨʳʪʠʡ ʩ ʢʦʥʪʨʦʣʠʨʫʝʤʳʤʠ ʩʚʦʡʩʪʚʘʤʠ / ʕ. ʈ. ʗʛʫ-
ʜʠʥʘ, ʄ. ʉ. ɻʦʣʦʚʘʥʦʚ // ʇʨʠʢʣʘʜʥʘʷ ʵʣʝʢʪʨʦʜʠʥʘʤʠʢʘ, ʬʦʪʦʥʠʢʘ ʠ ʞʠʚʳʝ ʩʠʩʪʝ-
ʤʳ - 2025 : ʉʙʦʨʥʠʢ ʪʝʟʠʩʦʚ ʜʦʢʣʘʜʦʚ XII ʄʝʞʜʫʥʘʨʦʜʥʦʡ ʤʦʣʦʜʝʞʥʦʡ ʥʘʫʯʥʦ-
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12 ʘʧʨʝʣʷ 2025 ʛʦʜʘ. ï ʂʘʟʘʥʴ: ʀʇ ʉʘʛʠʝʚ ɸ.ʈ., 2025. ï ʉ. 502-504. 
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ʢʝʨʘʤʠʯʝʩʢʠʭ ʧʦʜʣʦʞʝʢ ʉʊ32-1 ʠ ʬʦʨʤʠʨʦʚʘʥʠʷ ʪʦʥʢʠʭ ʧʣʝʥʦʢ ʚ ʤʦʜʝʨʥʠʟʠʨʦ-
ʚʘʥʥʦʡ ʚʘʢʫʫʤʥʦʡ ʫʩʪʘʥʦʚʢʝ ʤʘʛʥʝʪʨʦʥʥʦʛʦ ʨʘʩʧʳʣʝʥʠʷ ʋʈʄ3.279.011-ʄ4 // 
XXVII ʊʫʧʦʣʝʚʩʢʠʝ ʯʪʝʥʠʷ (ʰʢʦʣʘ ʤʦʣʦʜʳʭ ʫʯʝʥʳʭ) : ʉʙʦʨʥʠʢ ʜʦʢʣʘʜʦʚ ʄʝʞʜʫ-
ʥʘʨʦʜʥʦʡ ʤʦʣʦʜʝʞʥʦʡ ʥʘʫʯʥʦʡ ʢʦʥʬʝʨʝʥʮʠʠ, ʧʦʩʚʷʱʝʥʥʦʡ 80-ʣʝʪʠʶ ʇʦʙʝʜʳ ʚ 
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ʪʦʚʣʝʥʠʷ ʪʦʥʢʦʧʣʝʥʦʯʥʳʭ ʨʝʟʠʩʪʦʨʦʚ: ˉ 2007115968/09 : ʟʘʷʚʣ. 16.04.2007: 
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ʥʘ, ʄ. ʉ. ɻʦʣʦʚʘʥʦʚ, ʊ. ʄ. ʀʰʢʘʝʚ // ʗʜʝʨʥʳʝ ʪʝʭʥʦʣʦʛʠʠ: ʦʪ ʠʩʩʣʝʜʦʚʘʥʠʡ ʢ 
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ʅɸ ʌʆʊʆʏʋɺʉʊɺʀʊɽʃʔʅʆʉʊʔ ʉʃʆɪɺ ʆʂʉʀɼɸ ʎʀʅʂɸ 

 

ʅ.ɸ. ʂʣʳʯʢʦʚ, ɺ.ɺ. ʉʠʤʘʢʦʚ, ʀ.ɺ. ʉʠʥʸʚ 
ʉʘʨʘʪʦʚʩʢʠʡ ʥʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ 

ʫʥʠʚʝʨʩʠʪʝʪ ʠʤʝʥʠ ʅ.ɻ. ʏʝʨʥʳʰʝʚʩʢʦʛʦ 
E-mail : nklychkov@mail.ru 

 
ɸʥʥʦʪʘʮʠʷ. ʉ ʧʦʤʦʱʴʶ ʟʦʣʴ-ʛʝʣʴ ʤʝʪʦʜʘ ʩʠʥʪʝʟʠʨʦʚʘʥʳ ʩʣʦʠ ʦʢʩʠʜʘ 

ʮʠʥʢʘ (ZnO). ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʤʦʨʬʦʣʦʛʠʷ ʩʣʦʸʚ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʤʘʩʩʠʚ 
ʛʝʢʩʘʛʦʥʘʣʴʥʳʭ ʩʪʝʨʞʥʝʡ. ʀʩʩʣʝʜʦʚʘʥʦ ʚʣʠʷʥʠʝ ʋʌ-ʦʩʚʝʱʝʥʠʷ ʠ ʜʘʚʣʝʥʠʷ ʢʠʩ-
ʣʦʨʦʜʘ ʥʘ ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʴ ʧʦʣʫʯʝʥʥʳʭ ʩʪʨʫʢʪʫʨ. ʈʘʟʨʘʙʦʪʘʥʘ ʤʘʪʝʤʘʪʠʯʝ-
ʩʢʘʷ ʤʦʜʝʣʴ ʬʦʪʦʧʨʦʚʦʜʠʤʦʩʪʠ, ʫʯʠʪʳʚʘʶʱʘʷ ʨʝʢʦʤʙʠʥʘʮʠʶ ʥʦʩʠʪʝʣʝʡ ʯʝʨʝʟ 
ʧʦʚʝʨʭʥʦʩʪʥʳʝ ʘʢʮʝʧʪʦʨʥʳʝ ʫʨʦʚʥʠ ʘʜʩʦʨʙʠʨʦʚʘʥʥʦʛʦ ʢʠʩʣʦʨʦʜʘ. ʄʦʜʝʣʴ ʢʦʣʠ-
ʯʝʩʪʚʝʥʥʦ ʦʧʠʩʳʚʘʝʪ ʟʘʚʠʩʠʤʦʩʪʴ ʬʦʪʦʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʠ ʦʪ ʜʘʚʣʝʥʠʷ ʢʠʩʣʦʨʦʜʘ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʦʢʩʠʜ ʮʠʥʢʘ, ʟʦʣʴ-ʛʝʣʴ ʩʠʥʪʝʟ, ʬʦʪʦʧʨʦʚʦʜʠʤʦʩʪʴ, ʘʜ-
ʩʦʨʙʮʠʷ ʢʠʩʣʦʨʦʜʘ, ʤʘʪʝʤʘʪʠʯʝʩʢʘʷ ʤʦʜʝʣʴ. 

 
ʆʜʥʠʤ ʠʟ ʘʢʪʫʘʣʴʥʳʭ ʥʘʧʨʘʚʣʝʥʠʡ ʚ ʪʚʝʨʜʦʪʝʣʴʥʦʡ ʵʣʝʢʪʨʦʥʠ-

ʢʝ ʷʚʣʷʝʪʩʷ ʨʘʟʨʘʙʦʪʢʘ ʘʢʪʠʚʥʳʭ ʩʣʦʸʚ ʜʘʪʯʠʢʦʚ ʥʘ ʦʩʥʦʚʝ ʰʠʨʦ-
ʢʦʟʦʥʥʳʭ ʦʢʩʠʜʥʳʭ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚ, ʦʙʣʘʜʘʶʱʠʭ ʬʦʪʦ- ʠ ʛʘʟʦʯʫʚ-
ʩʪʚʠʪʝʣʴʥʦʩʪʴʶ. ʉʨʝʜʠ ʪʘʢʠʭ ʤʘʪʝʨʠʘʣʦʚ ʥʘʠʙʦʣʴʰʠʡ ʠʥʪʝʨʝʩ ʧʨʝʜ-
ʩʪʘʚʣʷʝʪ ʧʦʨʠʩʪʳʡ ʦʢʩʠʜ ʮʠʥʢʘ, ʙʣʘʛʦʜʘʨʷ ʨʘʟʚʠʪʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʠ 
ʚʳʩʦʢʦʡ ʬʦʪʦʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʠ ʚ ʋʌ-ʜʠʘʧʘʟʦʥʝ [0, 0]. 

ɺ ʧʦʩʣʝʜʥʠʝ ʛʦʜʳ ʘʢʪʠʚʥʦ ʨʘʟʚʠʚʘʝʪʩʷ ʥʘʧʨʘʚʣʝʥʠʝ ʬʦʪʦʘʢʪʠ-
ʚʠʨʫʝʤʳʭ ʛʘʟʦʚʳʭ ʩʝʥʩʦʨʦʚ ʥʘ ʦʩʥʦʚʝ ʦʢʩʠʜʦʚ ʤʝʪʘʣʣʦʚ. ʆʜʥʘʢʦ, ʢʘʢ 
ʦʪʤʝʯʘʶʪ ʘʚʪʦʨʳ [0], ʪʝʦʨʝʪʠʯʝʩʢʦʝ ʦʧʠʩʘʥʠʝ ʵʣʝʢʪʨʦʥʥʳʭ ʧʨʦʮʝʩʩʦʚ 
ʚ ʬʦʪʦ- ʠ ʛʘʟʦʯʫʚʩʪʚʠʪʝʣʴʥʳʭ ʤʘʪʝʨʠʘʣʘʭ, ʥʝʜʦʩʪʘʪʦʯʥʦ ʧʨʦʨʘʙʦʪʘʥʦ. 
ɺ ʯʘʩʪʥʦʩʪʠ, ʥʝ ʫʩʪʘʥʦʚʣʝʥʘ ʨʦʣʴ ʘʜʩʦʨʙʠʨʦʚʘʥʥʦʛʦ ʢʠʩʣʦʨʦʜʘ ʠ ʧʦ-
ʚʝʨʭʥʦʩʪʥʳʭ ʩʦʩʪʦʷʥʠʡ ʚ ʤʦʜʫʣʷʮʠʠ ʬʦʪʦʧʨʦʚʦʜʠʤʦʩʪʠ ʧʨʠ ʠʟʤʝʥʝ-
ʥʠʠ ʩʦʩʪʘʚʘ ʛʘʟʦʚʦʡ ʩʨʝʜʳ. ɺʤʝʩʪʝ ʩ ʪʝʤ, ʚ ʨʷʜʝ ʨʘʙʦʪ ʧʨʠʚʝʜʝʥʳ ʢʘ-
ʯʝʩʪʚʝʥʥʳʝ ʤʦʜʝʣʠ [0, 0]. ʊʘʢ, ʥʘʧʨʠʤʝʨ, ʚ ʨʘʙʦʪʝ [0] ʵʢʩʧʝʨʠʤʝʥ-
ʪʘʣʴʥʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʚ ʫʩʣʦʚʠʷʭ ʚʣʘʞʥʦʡ ʘʪʤʦʩʬʝʨʳ ʬʦʪʦʧʨʦʚʦʜʠ-
ʤʦʩʪʴ ZnO ʧʦʜʘʚʣʷʝʪʩʷ, ʘ ʚʨʝʤʷ ʦʪʢʣʠʢʘ ʩʦʢʨʘʱʘʝʪʩʷ ʥʘ ʧʦʨʷʜʢʠ ʚʝ-
ʣʠʯʠʥʳ. ʂʦʥʢʫʨʝʥʮʠʷ ʤʝʞʜʫ ʘʜʩʦʨʙʮʠʝʡ ʢʠʩʣʦʨʦʜʘ ʠ ʚʦʜʳ ʦʧʨʝʜʝʣʷ-
ʝʪ ʟʥʘʢ ʠ ʚʝʣʠʯʠʥʫ ʬʦʪʦʦʪʢʣʠʢʘ. ʕʪʠ ʨʝʟʫʣʴʪʘʪʳ ʫʢʘʟʳʚʘʶʪ ʥʘ ʥʝʦʙ-
ʭʦʜʠʤʦʩʪʴ ʫʯʸʪʘ ʧʦʚʝʨʭʥʦʩʪʥʳʭ ʧʨʦʮʝʩʩʦʚ ʧʨʠ ʦʧʠʩʘʥʠʠ ʬʦʪʦʧʨʦʚʦ-
ʜʠʤʦʩʪʠ ZnO. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʘʢʪʫʘʣʴʥʦʡ ʟʘʜʘʯʝʡ ʷʚʣʷʝʪʩʷ ʨʘʟʨʘʙʦʪʢʘ ʢʦʣʠʯʝ-
ʩʪʚʝʥʥʦʡ ʤʘʪʝʤʘʪʠʯʝʩʢʦʡ ʤʦʜʝʣʠ, ʦʧʠʩʳʚʘʶʱʝʡ ʚʣʠʷʥʠʝ ʘʜʩʦʨʙʮʠʠ 
ʛʘʟʦʚ (ʚ ʯʘʩʪʥʦʩʪʠ, ʢʠʩʣʦʨʦʜʘ) ʥʘ ʬʦʪʦʧʨʦʚʦʜʠʤʦʩʪʴ ʧʦʨʠʩʪʳʭ ʩʣʦʸʚ 
ZnO, ʯʪʦ ʷʚʣʷʝʪʩʷ ʮʝʣʴʶ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʳ. 

ʌʦʪʦ- ʠ ʛʘʟʦʯʫʚʩʪʚʠʪʝʣʴʥʳʝ ʩʣʦʠ ZnO ʬʦʨʤʠʨʦʚʘʣʠ ʥʘ ʧʦʣʠʢʦ-
ʨʦʚʳʭ ʧʦʜʣʦʞʢʘʭ ʟʦʣʴ-ʛʝʣʴ ʤʝʪʦʜʦʤ [0, 0]. ɸʮʝʪʘʪ ʮʠʥʢʘ (ʜʠʛʠʜʨʘʪ) 
ʤʘʩʩʦʡ 1,1 ʛ ʨʘʩʪʚʦʨʷʣʠ ʚ 50 ʤʣ ʠʟʦʧʨʦʧʘʥʦʣʘ. ʆʩʘʞʜʝʥʠʝ ʛʠʜʨʦʢʩʠʜʘ 
ʮʠʥʢʘ ʧʨʦʚʦʜʠʣʠ ʜʦʙʘʚʣʝʥʠʝʤ 1ʄ ʨʘʩʪʚʦʨʘ ʛʠʜʨʦʢʩʠʜʘ ʘʤʤʦʥʠʷ ʧʦ 
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ʢʘʧʣʷʤ ʚ ʣʝʜʷʥʦʡ ʙʘʥʝ ʜʣʷ ʢʦʥʪʨʦʣʷ ʨʘʟʤʝʨʘ ʯʘʩʪʠʮ. ʊʝʨʤʦʦʙʨʘʙʦʪʢʫ 
ʦʙʨʘʟʮʦʚ ZnO ʚʳʧʦʣʥʷʣʠ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 400 ÁC ʚ ʢʠʩʣʦʨʦʜʩʦʜʝʨ-
ʞʘʱʝʡ ʘʪʤʦʩʬʝʨʝ ʚ ʪʝʯʝʥʠʝ 5 ʯʘʩʦʚ. ʊʦʣʱʠʥʘ ʩʬʦʨʤʠʨʦʚʘʥʥʳʭ ʩʣʦʸʚ 
ʩʦʩʪʘʚʣʷʣʘ 2 ʤʢʤ. 

ʅʘ ʨʠʩ. 1 ʧʨʝʜʩʪʘʚʣʝʥʦ ʉʕʄ-ʠʟʦʙʨʘʞʝʥʠʝ ʧʦʚʝʨʭʥʦʩʪʠ ʦʢʩʠʜʘ 
ʮʠʥʢʘ. ʆʙʨʘʟʝʮ ʠʤʝʝʪ ʨʘʟʚʠʪʫʶ ʤʦʨʬʦʣʦʛʠʶ, ʩʦʩʪʦʷʱʫʶ ʠʟ ʥʝʨʝʛʫ-
ʣʷʨʥʦʡ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ ʩʝʪʢʠ ʛʝʢʩʘʛʦʥʘʣʴʥʳʭ ʩʪʝʨʞʥʝʡ.  

 

 
 

ʈʠʩ. 1. ʉʕʄ-ʠʟʦʙʨʘʞʝʥʠʝ ʧʦʚʝʨʭʥʦʩʪʠ ʦʙʨʘʟʮʘ   

 
ɼʣʷ ʦʧʠʩʘʥʠʷ ʬʦʪʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʦʙʨʘʟʮʦʚ ʧʨʝʜʣʦʞʝʥʘ 

ʤʘʪʝʤʘʪʠʯʝʩʢʘʷ ʤʦʜʝʣʴ, ʫʯʠʪʳʚʘʶʱʘʷ ʬʦʨʤʠʨʦʚʘʥʠʝ ʧʦʚʝʨʭʥʦʩʪʥʳʭ 
ʫʨʦʚʥʝʡ ʨʝʢʦʤʙʠʥʘʮʠʠ ʧʨʠ ʘʜʩʦʨʙʮʠʠ ʢʠʩʣʦʨʦʜʘ. ʆʙʨʘʟʝʮ ʨʘʩʩʤʘʪʨʠ-
ʚʘʝʪʩʷ ʢʘʢ ʩʠʩʪʝʤʘ ʢʦʥʪʘʢʪʠʨʫʶʱʠʭ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʟʸʨʝʥ, 
ʠʤʝʶʱʠʭ ʚʳʩʦʢʦʝ ʘʩʧʝʢʪʥʦʝ ʩʦʦʪʥʦʰʝʥʠʝ, ʜʣʷ ʢʦʪʦʨʳʭ ʚ ʨʘʤʢʘʭ ʦʜ-
ʥʦʤʝʨʥʦʡ ʟʘʜʘʯʠ ʨʝʰʘʶʪʩʷ ʫʨʘʚʥʝʥʠʷ ʇʫʘʩʩʦʥʘ ʠ ʥʝʧʨʝʨʳʚʥʦʩʪʠ ʩ 
ʫʯʸʪʦʤ ʬʦʪʦʛʝʥʝʨʘʮʠʠ ʥʦʩʠʪʝʣʝʡ: 

2
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dx

j r

ee
=- , (1) 
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photo

dJ1 dJ 1

d d

x

V
U F e

q x q x

a-
=- = - Ö, (2) 

 ɻʨʘʥʠʯʥʳʝ ʫʩʣʦʚʠʷ ʚʢʣʶʯʘʶʪ ʵʣʝʢʪʨʦʥʝʡʪʨʘʣʴʥʦʩʪʴ ʦʙʨʘʟʮʘ ʠ 
ʩʪʘʮʠʦʥʘʨʥʦʩʪʴ ʛʝʥʝʨʘʮʠʠ ʠ ʨʝʢʦʤʙʠʥʘʮʠʠ ʚ ʨʘʤʢʘʭ ʤʦʜʝʣʠ ʐʦʢʣʠï
ʈʠʜʘïʍʦʣʣʘ: 

0

dx

L

S
Qr =ñ , (3) 

0

( ) 0

L

V S
U U-F + =ñ , (4) 

ʛʜʝ S ï ʧʣʦʱʘʜʴ ʧʦʧʝʨʝʯʥʦʛʦ ʩʝʯʝʥʠʷ ʟʝʨʥʘ, 
V

U  ʠ 
S

U ï ʪʝʤʧ ʨʝʢʦʤ-

ʙʠʥʘʮʠʠ ʚ ʦʙʲʸʤʝ ʠ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʟʝʨʥʘ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ: 
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,            (5) 
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( ) ( )
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S

ps a s ns s a
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n
t ʠ 

p
t  ï ʚʨʝʤʝʥʘ ʞʠʟʥʠ ʵʣʝʢʪʨʦʥʦʚ ʠ ʜʳʨʦʢ ʥʘ ʦʙʲʝʤʥʦʤ ʘʢʮʝʧʪʦʨ-

ʥʦʤ ʫʨʦʚʥʝ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ; 
ns
t  ʠ 

ps
t  ï ʚʨʝʤʝʥʘ ʞʠʟʥʠ ʵʣʝʢʪʨʦʥʦʚ ʠ 

ʜʳʨʦʢ ʥʘ ʧʦʚʝʨʭʥʦʩʪʥʦʤ ʘʢʮʝʧʪʦʨʥʦʤ ʫʨʦʚʥʝ ʢʠʩʣʦʨʦʜʘ, ʩʦʦʪʚʝʪ-

ʩʪʚʝʥʥʦ; 
photo

F  ï ʩʢʦʨʦʩʪʴ ʬʦʪʦʛʝʥʝʨʘʮʠʠ ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ ʥʘ ʧʦʚʝʨʭ-

ʥʦʩʪʠ ʟʝʨʥʘ; a ï ʢʦʵʬʬʠʮʠʝʥʪ ʧʦʛʣʦʱʝʥʠʷ; (1 )ox oxP Pq k k= +  ï ʧʘʨʘ-

ʤʝʪʨ, ʭʘʨʘʢʪʝʨʠʟʫʶʱʠʡ ʩʪʝʧʝʥʴ ʟʘʧʦʣʥʝʥʠʷ ʧʦʚʝʨʭʥʦʩʪʠ ʟʝʨʥʘ ʘʜʩʦʨ-
ʙʠʨʦʚʘʥʥʳʤ ʢʠʩʣʦʨʦʜʦʤ; k ï ʢʠʥʝʪʠʯʝʩʢʠʡ ʢʦʵʬʬʠʮʠʝʥʪ ʠʟʦʪʝʨʤʳ 
ʃʝʥʛʤʶʨʘ; L  ï ʭʘʨʘʢʪʝʨʥʳʡ ʨʘʟʤʝʨ ʟʝʨʥʘ; sn  ʠ sp  ï ʢʦʥʮʝʥʪʨʘʮʠʷ 

ʩʚʦʙʦʜʥʳʭ ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ; An  ʠ Ap  ï ʢʦʥʮʝʥʪʨʘʮʠʠ 

ʵʣʝʢʪʨʦʥʦʚ ʚ ʟʦʥʝ ʧʨʦʚʦʜʠʤʦʩʪʠ ʠ ʜʳʨʦʢ ʚ ʚʘʣʝʥʪʥʦʡ ʟʦʥʝ, ʢʦʛʜʘ ʫʨʦ-

ʚʝʥʴ ʌʝʨʤʠ ʩʦʚʧʘʜʘʝʪ ʩ ʘʢʮʝʧʪʦʨʥʳʤ ʫʨʦʚʥʝʤ ʚ ʦʙʲʸʤʝ; an  ʠ ap  ï 

ʢʦʥʮʝʥʪʨʘʮʠʠ ʵʣʝʢʪʨʦʥʦʚ ʚ ʟʦʥʝ ʧʨʦʚʦʜʠʤʦʩʪʠ ʠ ʜʳʨʦʢ ʚ ʚʘʣʝʥʪʥʦʡ 
ʟʦʥʝ, ʢʦʛʜʘ ʫʨʦʚʝʥʴ ʌʝʨʤʠ ʩʦʚʧʘʜʘʝʪ ʩ ʘʢʮʝʧʪʦʨʥʳʤ ʫʨʦʚʥʝʤ ʥʘ ʧʦ-

ʚʝʨʭʥʦʩʪʠ; 
S

Q  ï ʟʘʨʷʜ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʟʝʨʥʘ: 

( ) ( )
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ʛʜʝ 
S

N  ï ʦʙʱʘʷ ʢʦʥʮʝʥʪʨʘʮʠʷ ʮʝʥʪʨʦʚ ʘʜʩʦʨʙʮʠʠ. 

ʅʘ ʨʠʩ. 2ʘ ʧʨʝʜʩʪʘʚʣʝʥʘ ʟʘʚʠʩʠʤʦʩʪʴ ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʠ ʩʣʦʸʚ 
ZnO ʦʪ ʜʘʚʣʝʥʠʷ. ʕʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʴ ʤʦʥʦʪʦʥʥʦ ʚʦʟʨʘʩʪʘʝʪ ʩ 
ʫʤʝʥʴʰʝʥʠʝʤ ʜʘʚʣʝʥʠʷ ʠ ʠʤʝʝʪ ʪʝʥʜʝʥʮʠʶ ʢ ʥʘʩʳʱʝʥʠʶ ʚ ʦʙʣʘʩʪʠ 
10  ʤʙʘʨ. ʀʟʤʝʥʝʥʠʝ ʚʝʣʠʯʠʥʳ ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʠ ʜʦʩʪʠʛʘʝʪ ʯʝʪʳ-
ʨʸʭ ʧʦʨʷʜʢʦʚ ʚʝʣʠʯʠʥʳ. ʋʚʝʣʠʯʝʥʠʝ ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʠ ʦʙʨʘʟʮʦʚ 
ʧʨʠ ʧʦʥʠʞʝʥʠʠ ʜʘʚʣʝʥʠʷ ʢʠʩʣʦʨʦʜʘ ʩʚʷʟʘʥʦ ʩ ʫʤʝʥʴʰʝʥʠʝʤ ʨʘʟʤʝʨʘ 
ʦʙʝʜʥʸʥʥʦʡ ʦʙʣʘʩʪʠ ʚ ʦʙʲʝʤʝ ʟʝʨʝʥ (ʨʠʩ. 2ʙ). 

 
(ʘ) 

 
(ʙ) 

ʈʠʩ. 2. ɿʘʚʠʩʠʤʦʩʪʴ ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʠ ʦʙʨʘʟʮʘ ʦʪ ʜʘʚʣʝʥʠʷ ʢʠʩʣʦʨʦʜʘ (ʘ) ʠ ʨʘʩ-
ʯʸʪʥʳʝ ʧʨʦʬʠʣʠ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʵʣʝʢʪʨʦʩʪʘʪʠʯʝʩʢʦʛʦ ʧʦʪʝʥʮʠʘʣʘ (ʙ) 
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ʆʩʚʝʱʝʥʠʝ ʦʙʨʘʟʮʦʚ ʋʌ-ʩʚʝʪʦʜʠʦʜʦʤ (ɚ = 365 ʥʤ) ʧʨʠʚʦʜʠʪ ʢ 
ʦʙʨʘʪʠʤʦʤʫ ʫʚʝʣʠʯʝʥʠʶ ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʠ (ʨʠʩ. 3). ɺ ʜʠʘʧʘʟʦʥʝ 
ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʦʩʚʝʱʝʥʠʷ ʦʪ 0,5 ʤɺʪ/ʩʤĮ ʜʦ 50 ʤɺʪ/ʩʤĮ ʚʨʝʤʷ ʦʪʢʣʠʢʘ 
ʩʥʠʞʘʣʦʩʴ ʩ 8 c ʜʦ 0,5 ʩ. ɺʨʝʤʷ ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ ʩʣʘʙʦ ʟʘʚʠʩʝʣʦ ʦʪ ʠʥ-
ʪʝʥʩʠʚʥʦʩʪʠ ʠ ʩʦʩʪʘʚʣʷʣʦ ʦʢʦʣʦ 30 ʩ. ʇʨʠ ʜʘʚʣʝʥʠʠ 10  ʤʙʘʨ ʚʨʝʤʷ 
ʦʪʢʣʠʢʘ ʫʤʝʥʴʰʘʣʦʩʴ ʩ 2 ʤʠʥ ʜʦ 1,5 ʤʠʥ ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ ʠʥʪʝʥʩʠʚʥʦ-
ʩʪʠ, ʘ ʚʨʝʤʷ ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ ʚʦʟʨʘʩʪʘʣʦ ʜʦ 15 ʤʠʥ. ʕʪʠ ʜʘʥʥʳʝ ʤʦʞʥʦ 
ʦʙʲʷʩʥʠʪʴ, ʨʘʩʩʤʘʪʨʠʚʘʷ ʢʠʩʣʦʨʦʜ, ʢʘʢ ʵʬʬʝʢʪʠʚʥʳʡ ʮʝʥʪʨ ʨʝʢʦʤʙʠ-
ʥʘʮʠʠ. 

 
(ʘ) 

 
(ʙ) 

ʈʠʩ. 3. ɼʠʥʘʤʠʢʘ ʠʟʤʝʥʝʥʠʷ ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʠ ʦʙʨʘʟʮʘ ZnO ʧʨʠ ʦʩʚʝʱʝʥʠʠ 
ʩʚʝʪʦʜʠʦʜʦʤ ʩ ʜʣʠʥʦʡ ʚʦʣʥʳ 365 ʥʤ ʧʨʠ ʨʘʟʣʠʯʥʦʤ ʜʘʚʣʝʥʠʠ ʚ ʚʘʢʫʫʤʥʦʡ ʢʘʤʝʨʝ 

 
ʌʦʪʦʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴ ʦʙʨʘʟʮʦʚ ZnO ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʜʘʚʣʝʥʠʷʭ 

ʢʠʩʣʦʨʦʜʘ (ʨʠʩ. 4) ʦʮʝʥʠʚʘʣʠ ʧʦ ʚʝʣʠʯʠʥʝ ʦʪʢʣʠʢʘ, ʦʧʨʝʜʝʣʷʝʤʦʛʦ ʢʘʢ 
ʦʪʥʦʩʠʪʝʣʴʥʦʝ ʠʟʤʝʥʝʥʠʝ ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʠ ʧʨʠ ʦʩʚʝʱʝʥʠʠ: 

photo dark

photo

dark

G G
S

G

-
= , (8) 

ʛʜʝ 
dark

G ʠ 
photo

G ï ʩʪʘʮʠʦʥʘʨʥʘʷ ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʴ ʦʙʨʘʟʮʘ ʚ ʪʝʤʥʦʪʝ 

ʠ ʧʨʠ ʦʩʚʝʱʝʥʠʠ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. 
 

 
ʈʠʩ. 4. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ (ʤʘʨʢʝʨʳ) ʠ ʨʘʩʯʸʪʥʳʝ (ʣʠʥʠʠ) ʟʘʚʠʩʠʤʦʩʪʠ 

ʬʦʪʦʦʪʢʣʠʢʘ ʦʙʨʘʟʮʘ ZnO ʦʪ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʦʩʚʝʱʝʥʠʷ ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʜʘʚʣʝʥʠʷʭ 
ʢʠʩʣʦʨʦʜʘ 
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ʉʥʠʞʝʥʠʝ ʜʘʚʣʝʥʠʷ ʢʠʩʣʦʨʦʜʘ ʧʨʠʚʦʜʠʪ ʢ ʫʤʝʥʴʰʝʥʠʶ ʬʦʪʦʦʪ-
ʢʣʠʢʘ ʠʟ-ʟʘ ʫʚʝʣʠʯʝʥʠʷ ʪʝʤʥʦʚʦʡ ʧʨʦʚʦʜʠʤʦʩʪʠ ʦʙʨʘʟʮʘ ʚ ʚʘʢʫʫʤʝ. 
ʇʨʝʜʣʦʞʝʥʥʘʷ ʤʦʜʝʣʴ ʢʦʣʠʯʝʩʪʚʝʥʥʦ ʦʧʠʩʳʚʘʝʪ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ 
ʨʝʟʫʣʴʪʘʪʳ ʠ ʤʦʞʝʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥʘ ʜʣʷ ʧʨʦʛʥʦʟʠʨʦʚʘʥʠʷ ʬʦʪʦ-
ʯʫʚʩʪʚʠʪʝʣʴʥʳʭ ʩʚʦʡʩʪʚ ZnO ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʜʘʚʣʝʥʠʷʭ ʢʠʩʣʦʨʦʜʘ. 
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ɸʥʥʦʪʘʮʠʷ. ʈʘʙʦʪʘ ʧʦʩʚʷʱʝʥʘ ʠʩʩʣʝʜʦʚʘʥʠʶ ʚʣʠʷʥʠʷ ʛʝʦʤʝʪʨʠʯʝʩʢʠʭ ʧʘ-

ʨʘʤʝʪʨʦʚ ʧʝʨʬʦʨʠʨʦʚʘʥʥʦʛʦ ʛʨʘʬʝʥʘ (ʇɻ) ʥʘ ʝʛʦ ʦʧʪʠʯʝʩʢʠʝ ʠ ʵʣʝʢʪʨʦʥʥʳʝ ʩʚʦʡ-
ʩʪʚʘ. ʅʘ ʦʩʥʦʚʝ ʤʝʪʦʜʘ ʬʫʥʢʮʠʦʥʘʣʘ ʧʣʦʪʥʦʩʪʠ ʚ ʧʨʠʙʣʠʞʝʥʠʠ ʩʠʣʴʥʦʡ ʩʚʷʟʠ ʩ 
ʩʘʤʦʩʦʛʣʘʩʦʚʘʥʥʳʤ ʚʳʯʠʩʣʝʥʠʝʤ ʟʘʨʷʜʦʚ (SCC DFTB) ʠ ʬʦʨʤʫʣʳ ʂʫʙʦ-
ɻʨʠʥʚʫʜʘ ʧʨʦʚʝʜʝʥʳ ʨʘʩʯʸʪʳ ʰʠʨʠʥʳ ʵʥʝʨʛʝʪʠʯʝʩʢʦʡ ʱʝʣʠ ʠ ʦʧʪʠʯʝʩʢʦʡ ʧʨʦʚʦ-
ʜʠʤʦʩʪʠ ʧʣʸʥʦʢ ʇɻ ʩ ʜʠʘʤʝʪʨʦʤ ʥʘʥʦʦʪʚʝʨʩʪʠʡ 1.5 ʥʤ ʧʨʠ ʚʘʨʴʠʨʦʚʘʥʠʠ ʰʠʨʠʥʳ 
ʰʝʝʢ ʚ ʥʘʧʨʘʚʣʝʥʠʷʭ çʟʠʛʟʘʛè (Wx = 0.74ï2.23 ʥʤ) ʠ çʢʨʝʩʣʦè (Wy = 0.99ï2.30 ʥʤ). 
ʋʧʨʘʚʣʝʥʠʝ ʰʠʨʠʥʦʡ ʵʥʝʨʛʝʪʠʯʝʩʢʦʡ ʱʝʣʠ (ʜʦ 0.38 ʵɺ) ʚʦʟʤʦʞʥʦ ʟʘ ʩʯʸʪ ʠʟʤʝʥʝ-
ʥʠʷ Wx, ʪʦʛʜʘ ʢʘʢ ʫʚʝʣʠʯʝʥʠʝ Wy ʧʨʠʚʦʜʠʪ ʢ ʤʝʪʘʣʣʠʯʝʩʢʦʤʫ ʪʠʧʫ ʧʨʦʚʦʜʠʤʦʩʪʠ. 
ʄʘʢʩʠʤʫʤ ʦʧʪʠʯʝʩʢʦʡ ʧʨʦʚʦʜʠʤʦʩʪʠ ʜʦʩʪʠʛʘʝʪʩʷ ʧʨʠ Wx = 1.24 ʥʤ ʠ Wy = 1.01 
ʥʤ, ʯʪʦ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʤʘʢʩʠʤʘʣʴʥʦʡ ʱʝʣʠ.  

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʧʝʨʬʦʨʠʨʦʚʘʥʥʳʡ ʛʨʘʬʝʥ, ʵʥʝʨʛʝʪʠʯʝʩʢʘʷ ʱʝʣʴ, ʫʨʦ-
ʚʝʥʴ ʌʝʨʤʠ, ʦʧʪʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ, ʦʧʪʠʯʝʩʢʘʷ ʧʨʦʚʦʜʠʤʦʩʪʴ. 

 
ʆʪʢʨʳʪʠʝ ʛʨʘʬʝʥʘ ʠ ʝʛʦ ʫʥʠʢʘʣʴʥʳʭ ʩʚʦʡʩʪʚ ʩʪʠʤʫʣʠʨʦʚʘʣʠ 

ʧʦʠʩʢ ʦʙʣʘʩʪʝʡ ʝʛʦ ʧʨʘʢʪʠʯʝʩʢʦʛʦ ʧʨʠʤʝʥʝʥʠʷ. ʆʩʥʦʚʥʳʤ ʧʨʝʧʷʪ-
ʩʪʚʠʝʤ ʥʘ ʧʫʪʠ ʰʠʨʦʢʦʛʦ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʛʨʘʬʝʥʘ ʚ ʥʘʥʦ- ʠ ʦʧʪʦʵʣʝʢ-
ʪʨʦʥʠʢʝ ʷʚʣʷʝʪʩʷ ʦʪʩʫʪʩʪʚʠʝ ʫ ʥʝʛʦ ʟʘʧʨʝʱʸʥʥʦʡ ʟʦʥʳ. ʇʝʨʩʧʝʢʪʠʚ-
ʥʳʤ ʧʦʜʭʦʜʦʤ ʷʚʣʷʝʪʩʷ ʩʦʟʜʘʥʠʝ ʇɻ ʩ ʨʝʛʫʣʷʨʥʦʡ ʨʝʰʸʪʢʦʡ ʥʘʥʦʦʪ-
ʚʝʨʩʪʠʡ [1], ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʤʦʜʠʬʠʮʠʨʦʚʘʪʴ ʵʣʝʢʪʨʦʥʥʫʶ ʩʪʨʫʢʪʫʨʫ 
ʤʘʪʝʨʠʘʣʘ ʟʘ ʩʯʸʪ ʢʚʘʥʪʦʚʦ-ʨʘʟʤʝʨʥʳʭ ʵʬʬʝʢʪʦʚ. ɺ ʨʘʙʦʪʝ [2] ʧʦʢʘʟʘ-
ʥʦ, ʯʪʦ ʦʙʨʘʟʦʚʘʥʠʝ ʥʘʥʦʦʪʚʝʨʩʪʠʡ ʧʨʠʚʦʜʠʪ ʢ ʧʦʷʚʣʝʥʠʶ ʥʦʚʳʭ ʧʠ-
ʢʦʚ ʧʦʛʣʦʱʝʥʠʷ, ʟʘʚʠʩʷʱʠʭ ʦʪ ʨʘʟʤʝʨʘ ʧʦʨ ʠ ʪʠʧʘ ʧʘʩʩʠʚʘʮʠʠ. ɺ ʨʘ-
ʙʦʪʝ [3] ʦʧʨʝʜʝʣʝʥʳ ʢʨʠʪʝʨʠʠ ʦʪʢʨʳʪʠʷ ʟʘʧʨʝʱʸʥʥʦʡ ʟʦʥʳ ʚ ʟʘʚʠʩʠ-
ʤʦʩʪʠ ʦʪ ʰʠʨʠʥʳ ʰʝʡʢʠ ʠ ʨʘʟʤʝʨʘ ʥʘʥʦʦʪʚʝʨʩʪʠʡ. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴ-
ʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʦʜʪʚʝʨʜʠʣʠ, ʯʪʦ ʦʧʪʠʯʝʩʢʠʡ ʩʧʝʢʪʨ ʇɻ ʩʠʣʴʥʦ ʟʘ-
ʚʠʩʠʪ ʦʪ ʨʘʩʩʪʦʷʥʠʷ ʤʝʞʜʫ ʦʪʚʝʨʩʪʠʷʤʠ [4]. 

ʅʘʩʪʦʷʱʘʷ ʨʘʙʦʪʘ ʧʦʩʚʷʱʝʥʘ ʠʩʩʣʝʜʦʚʘʥʠʶ ʚʣʠʷʥʠʷ ʰʠʨʠʥʳ 
ʰʝʡʢʠ ʇɻ ʥʘ ʦʧʪʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ. ʆʙʲʝʢʪʦʤ ʠʩʩʣʝʜʦʚʘʥʠʷ ʷʚʣʷʶʪʩʷ 
ʪʦʥʢʠʝ ʧʣʸʥʢʠ ʇɻ ʩ ʠʟʤʝʥʷʶʱʝʡʩʷ ʰʠʨʠʥʦʡ ʰʝʡʢʠ (ʨʠʩ. 1): 1) ʚ 
ʥʘʧʨʘʚʣʝʥʠʠ çʟʠʛʟʘʛè Wx = 0.74 ï 2.2 ʥʤ ʩ ʰʘʛʦʤ ȹWx = 0.24 ʥʤ ʠ ʧʨʠ 
ʬʠʢʩʠʨʦʚʘʥʥʦʡ Wy = 1.01 ʥʤ; 2) ʚ ʥʘʧʨʘʚʣʝʥʠʠ çʢʨʝʩʣʦè Wy = 1.01 ï 
2.23 ʥʤ ʩ ʰʘʛʦʤ ȹWy = 0.42 ʥʤ ʠ ʧʨʠ ʬʠʢʩʠʨʦʚʘʥʥʦʡ Wx = 0.74 ʥʤ. 
ɼʣʷ ʠʩʩʣʝʜʫʝʤʳʭ ʩʪʨʫʢʪʫʨ ʧʨʦʚʦʜʠʣʠʩʴ ʨʘʩʯʸʪʳ ʦʧʪʠʯʝʩʢʦʡ ʧʨʦʚʦ-
ʜʠʤʦʩʪʠ ʚ ʜʠʘʧʘʟʦʥʝ 0.2-2 ʤʢʤ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʝʪʦʜʘ SCC DFTB 
[5] ʚ ʧʨʦʛʨʘʤʤʥʦʤ ʧʘʢʝʪʝ ʦʪʢʨʳʪʦʛʦ ʜʦʩʪʫʧʘ DFTB+ [6]. ɼʣʷ ʨʘʩʯʸʪʘ 
ʵʣʝʤʝʥʪʦʚ ʪʝʥʟʦʨʘ ʢʦʤʧʣʝʢʩʥʦʡ ʦʧʪʠʯʝʩʢʦʡ ʧʨʦʚʦʜʠʤʦʩʪʠ ʧʨʠʤʝʥʷ-
ʣʘʩʴ ʬʦʨʤʫʣʘ ʂʫʙʦ-ɻʨʠʥʚʫʜʘ [7]. 

 

mailto:..................@info.sgu.ru


62 

 
ʈʠʩ 1. ʀʩʭʦʜʥʘʷ ʩʫʧʝʨʲʷʯʝʡʢʘ ʧʝʨʬʦʨʠʨʦʚʘʥʥʦʛʦ ʛʨʘʬʝʥʘ ʩ ʤʠʥʠʤʘʣʴʥʦ-

ʚʦʟʤʦʞʥʳʤ ʰʘʛʦʤ ʫʚʝʣʠʯʝʥʠʷ ʰʠʨʠʥʳ ʰʝʡʢʠ ʚ ʥʘʧʨʘʚʣʝʥʠʷʭ çʟʠʛʟʘʛè ȹWx 

(ʢʨʘʩʥʳʤ ʮʚʝʪʦʤ) ʠ çʢʨʝʩʣʦè ȹWy (ʟʝʣʝʥʳʤ ʮʚʝʪʦʤ). 
 

ɼʣʷ ʇɻ ʩ ʜʠʘʤʝʪʨʦʤ ʦʪʚʝʨʩʪʠʡ d=1.5 ʥʤ ʧʨʦʚʝʜʸʥ ʘʥʘʣʠʟ ʚʣʠʷ-
ʥʠʷ ʰʠʨʠʥʳ ʰʝʝʢ Wx ʠ Wy ʥʘ ʵʥʝʨʛʝʪʠʯʝʩʢʫʶ ʱʝʣʴ Egap. ʋʩʪʘʥʦʚʣʝʥʦ, 
ʯʪʦ ʟʘʚʠʩʠʤʦʩʪʴ Egap ʦʪ Wx ʥʦʩʠʪ ʥʝʤʦʥʦʪʦʥʥʳʡ ʭʘʨʘʢʪʝʨ. ʇʨʠ ʫʚʝʣʠ-
ʯʝʥʠʠ Wx ʦʪ 0.74 ʜʦ 2.23 ʥʤ ʥʘʙʣʶʜʘʶʪʩʷ ʜʚʘ ʣʦʢʘʣʴʥʳʭ ʤʘʢʩʠʤʫʤʘ 
Egap: Egap = 0.38 ʵɺ ʩʦʦʪʚʝʪʩʪʚʫʝʪ Wx = 1.24 ʥʤ ʠ Egap = 0.31 ʵɺ ð Wx = 
1.98 ʥʤ. ʇʨʠ ʟʥʘʯʝʥʠʷʭ Wx = 0.99 ʥʤ Egap = 0.13 ʵɺ, ʪʦʛʜʘ ʢʘʢ ʧʨʠ Wx = 
1.49 ʠ 1.73 ʥʤ Egap ʥʝ ʧʨʝʚʳʰʘʝʪ 0.09 ʵɺ, ʘ ʧʨʠ Wx = 0.74 ʠ 2.23 ʥʤ ʧʘ-
ʜʘʝʪ ʜʦ 0.03 ʠ 0.02 ʵɺ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʦʧʪʠʤʘʣʴʥʳʤʠ 
ʟʥʘʯʝʥʠʷʤʠ ʰʠʨʠʥʳ ʰʝʡʢʠ ʜʣʷ ʬʦʨʤʠʨʦʚʘʥʠʷ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʭ 
ʩʚʦʡʩʪʚ ʫ ʇɻ ʷʚʣʷʶʪʩʷ Wx = 1.24 ʥʤ ʠ Wx = 1.98 ʥʤ. ʇʦ ʩʨʘʚʥʝʥʠʶ ʩ 
Wx ʚʘʨʴʠʨʦʚʘʥʠʝ ʰʠʨʠʥʳ ʰʝʡʢʠ Wy ʧʨʠʚʦʜʠʪ ʢ ʙʦʣʝʝ ʚʳʨʘʞʝʥʥʳʤ 
ʠʟʤʝʥʝʥʠʷʤ ʵʣʝʢʪʨʦʥʥʳʭ ʩʚʦʡʩʪʚ. ʇʨʠ Wy = 1.01 ʥʤ Egap ʩʦʩʪʘʚʣʷʝʪ 
0.03 ʵɺ, ʯʪʦ ʫʢʘʟʳʚʘʝʪ ʥʘ ʧʨʘʢʪʠʯʝʩʢʠ ʤʝʪʘʣʣʠʯʝʩʢʠʡ ʪʠʧ ʧʨʦʚʦʜʠʤʦ-
ʩʪʠ. ʇʨʠ ʫʚʝʣʠʯʝʥʠʠ Wy ʜʦ 1.44 ʥʤ, 1.87 ʥʤ ʠ 2.30 ʥʤ ʱʝʣʴ ʧʦʣʥʦʩʪʴʶ 
ʠʩʯʝʟʘʝʪ. ʉʣʝʜʦʚʘʪʝʣʴʥʦ, ʜʘʞʝ ʥʝʟʥʘʯʠʪʝʣʴʥʦʝ ʫʚʝʣʠʯʝʥʠʝ ʰʠʨʠʥʳ 
ʰʝʡʢʠ Wy ʧʨʠʚʦʜʠʪ ʢ ʟʘʢʨʳʪʠʶ ʵʥʝʨʛʝʪʠʯʝʩʢʦʡ ʱʝʣʠ.  

ɸʥʘʣʠʟ ʦʧʪʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʧʣʸʥʦʢ ʇɻ ʩ ʨʘʟʣʠʯʥʦʡ ʰʠʨʠʥʦʡ 
ʰʝʡʢʠ ʧʨʦʚʦʜʠʣʩʷ ʧʦ ʨʘʩʩʯʠʪʘʥʥʳʤ ʩʧʝʢʪʨʘʤ ʜʝʡʩʪʚʠʪʝʣʴʥʦʡ ʯʘʩʪʠ 
ʦʧʪʠʯʝʩʢʦʡ ʧʨʦʚʦʜʠʤʦʩʪʠ ʚ ʜʠʘʧʘʟʦʥʝ ʜʣʠʥ ʚʦʣʥ 0.2ï2 ʤʢʤ (ʋʌ-, ʚʠ-
ʜʠʤʘʷ, ʙʣʠʞʥʷʷ ʠ ʢʦʨʦʪʢʦʚʦʣʥʦʚʘʷ ʀʂ-ʦʙʣʘʩʪʠ). ʈʘʩʯʸʪʳ ʚʳʧʦʣʥʝʥʳ 
ʜʣʷ ʜʚʫʭ ʥʘʧʨʘʚʣʝʥʠʡ ʧʦʣʷʨʠʟʘʮʠʠ ʩʚʝʪʘ (ʚʜʦʣʴ ʦʩʝʡ X ʠ Y). ʉʧʝʢʪʨʳ 
ʜʝʡʩʪʚʠʪʝʣʴʥʦʡ ʯʘʩʪʠ ʦʧʪʠʯʝʩʢʦʡ ʧʨʦʚʦʜʠʤʦʩʪʠ Reůxx ʠ Reůyy ʧʨʠ 
ʠʟʤʝʥʝʥʠʠ Wx ʠ ʬʠʢʩʠʨʦʚʘʥʥʦʤ ʟʥʘʯʝʥʠʠ Wy ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʨʠʩ. 2. 
ɺ ʦʙʦʠʭ ʩʣʫʯʘʷʭ ʧʦʣʷʨʠʟʘʮʠʠ ʩʚʝʪʘ ʧʠʢ ʦʧʪʠʯʝʩʢʦʡ ʧʨʦʚʦʜʠʤʦʩʪʠ 
ʥʘʠʙʦʣʴʰʝʡ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʧʨʠʭʦʜʠʪʩʷ ʥʘ ʦʙʣʘʩʪʠ ʩʨʝʜʥʝʛʦ ʋʌ ʠ ʚʠ-
ʜʠʤʦʛʦ ʜʠʘʧʘʟʦʥʘ. ʊʘʢʞʝ ʩʪʦʠʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʜʣʷ ʦʙʦʠʭ ʥʘʧʨʘʚʣʝʥʠʡ 
ʧʦʣʷʨʠʟʘʮʠʠ ʩʚʝʪʘ ʤʘʢʩʠʤʘʣʴʥʳʝ ʟʥʘʯʝʥʠʷ ʧʠʢʦʚ ʥʘʙʣʶʜʘʶʪʩʷ ʧʨʠ 
ʟʥʘʯʝʥʠʠ Wx = 1.24 ʥʤ, ʯʪʦ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʤʘʢʩʠʤʘʣʴʥʦʤʫ ʟʥʘʯʝʥʠʶ 
Egap. ʅʘ ʨʠʩ. 3 ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʘʩʩʯʠʪʘʥʥʳʝ ʩʧʝʢʪʨʳ Reůxx ʠ Reůyy ʜʣʷ 
ʠʟʤʝʥʷʶʱʝʡʩʷ ʰʠʨʠʥʳ ʰʝʡʢʠ Wy ʧʨʠ ʧʦʩʪʦʷʥʥʦʤ ʟʥʘʯʝʥʠʠ Wx = 
0.74 ʥʤ. ʋʚʝʣʠʯʝʥʠʝ ʰʠʨʠʥʳ ʰʝʡʢʠ Wy ʧʨʠʚʦʜʠʪ ʢ ʨʦʩʪʫ ʧʠʢʘ ʧʨʦʚʦ-
ʜʠʤʦʩʪʠ ʚ ʦʙʣʘʩʪʠ ʩʨʝʜʥʝʛʦ ʋʌ-ʜʠʘʧʘʟʦʥʘ, ʤʘʢʩʠʤʫʤ ʢʦʪʦʨʦʛʦ 
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ʥʘʙʣʶʜʘʝʪʩʷ ʧʨʠ ʟʥʘʯʝʥʠʠ Wy = 1.44 ʥʤ ʜʣʷ ʧʦʣʷʨʠʟʘʮʠʠ ʩʚʝʪʘ ʚʜʦʣʴ 
ʦʩʠ X. ɼʣʷ ʧʦʣʷʨʠʟʘʮʠʠ ʩʚʝʪʘ ʚʜʦʣʴ ʦʩʠ Y ʧʠʢʠ ʥʘʙʣʶʜʘʶʪʩʷ ʧʨʠ 
ʟʥʘʯʝʥʠʠ Wy = 1.44 ʚ ʦʙʣʘʩʪʠ ʙʣʠʞʥʝʛʦ ʋʌ-ʜʠʘʧʘʟʦʥʘ ʠ ʥʘ ʛʨʘʥʠʮʝ 
ʚʠʜʠʤʦʛʦ ʠ ʙʣʠʞʥʝʛʦ ʀʂ-ʜʠʘʧʘʟʦʥʦʚ. ɺʘʞʥʦ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʧʨʠ ʧʦʣʷ-
ʨʠʟʘʮʠʠ ʩʚʝʪʘ ʚʜʦʣʴ ʦʩʠ X ʧʠʢ ʧʨʦʚʦʜʠʤʦʩʪʠ ʩʤʝʱʘʝʪʩʷ ʧʦ ʜʣʠʥʘʤ 
ʚʦʣʥ ʠʟ ʦʙʣʘʩʪʠ ʚʠʜʠʤʦʛʦ ʠʟʣʫʯʝʥʠʷ (0.7 ʤʢʤ) ʚ ʦʙʣʘʩʪʴ ʙʣʠʞʥʝʛʦ 
ʀʂ-ʠʟʣʫʯʝʥʠʷ (0.9 ʤʢʤ) ʩ ʩʦʭʨʘʥʝʥʠʝʤ ʩʚʦʝʡ ʚʳʩʦʪʳ. ɺ ʩʣʫʯʘʝ ʧʦʣʷ-
ʨʠʟʘʮʠʠ ʩʚʝʪʘ ʚʜʦʣʴ ʦʩʠ Y ʧʠʢ ʧʨʦʚʦʜʠʤʦʩʪʠ ʪʘʢʞʝ ʩʤʝʱʘʝʪʩʷ ʠʟ ʦʙ-
ʣʘʩʪʠ ʙʣʠʞʥʝʛʦ ʀʂ-ʠʟʣʫʯʝʥʠʷ (1.3 ʤʢʤ) ʚ ʦʙʣʘʩʪʴ ʢʦʨʦʪʢʦʚʦʣʥʦʚʦʛʦ 
ʀʂ-ʠʟʣʫʯʝʥʠʷ (1.9 ʤʢʤ), ʥʦ ʧʨʠ ʵʪʦʤ ʥʘʙʣʶʜʘʝʪʩʷ ʫʤʝʥʴʰʝʥʠʝ ʚʳʩʦ-
ʪʳ ʧʠʢʘ ʩ 1.6 ʜʦ 1.4 ˊe

2
/2h. 

 
ʘ) 

 
ʙ) 

ʈʠʩ. 2. ɼʝʡʩʪʚʠʪʝʣʴʥʘʷ ʯʘʩʪʴ ʦʧʪʠʯʝʩʢʦʡ ʧʨʦʚʦʜʠʤʦʩʪʠ ʧʣʝʥʦʢ ʧʝʨʬʦʨʠʨʦʚʘʥʥʦ-
ʛʦ ʛʨʘʬʝʥʘ ʩ ʫʚʝʣʠʯʠʚʘʶʱʝʡ ʰʠʨʠʥʦʡ ʰʝʡʢʠ Wx (ʦʪ 0.74 ʥʤ ʜʦ 2.22 ʥʤ) ʠ ʧʦʩʪʦ-
ʷʥʥʦʡ ʰʠʨʠʥʦʡ ʰʝʡʢʠ Wy (1.01 ʥʤ) ʧʨʠ ʧʦʣʷʨʠʟʘʮʠʠ ʩʚʝʪʘ ʚʜʦʣʴ ʦʩʝʡ X (ʘ) ʠ Y 

(ʙ). 

 

 
ʘ) 

 
ʙ) 

ʈʠʩ. 3. ɼʝʡʩʪʚʠʪʝʣʴʥʘʷ ʯʘʩʪʴ ʦʧʪʠʯʝʩʢʦʡ ʧʨʦʚʦʜʠʤʦʩʪʠ ʧʣʝʥʦʢ ʧʝʨʬʦʨʠʨʦʚʘʥʥʦʛʦ 
ʛʨʘʬʝʥʘ ʩ ʫʚʝʣʠʯʠʚʘʶʱʝʡ ʰʠʨʠʥʦʡ ʰʝʡʢʠ Wy (ʦʪ 1.01 ʥʤ ʜʦ 2.29 ʥʤ) ʠ ʧʦʩʪʦʷʥʥʦʡ 
ʰʠʨʠʥʦʡ ʰʝʡʢʠ Wʭ (0.74 ʥʤ) ʧʨʠ ʧʦʣʷʨʠʟʘʮʠʠ ʩʚʝʪʘ ʚʜʦʣʴ ʦʩʝʡ X (ʘ) ʠ Y (ʙ). 
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ʇʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʩʚʠʜʝʪʝʣʴʩʪʚʫʶʪ ʦ ʚʳʩʦʢʦʡ ʘʥʠʟʦʪʨʦ-
ʧʠʠ ʵʣʝʢʪʨʦʥʥʳʭ ʠ ʦʧʪʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʧʝʨʬʦʨʠʨʦʚʘʥʥʦʛʦ ʛʨʘʬʝʥʘ ʩ 
ʜʠʘʤʝʪʨʦʤ ʦʪʚʝʨʩʪʠʡ 1.5 ʥʤ. ʋʧʨʘʚʣʝʥʠʝ ʚʝʣʠʯʠʥʦʡ Egap ʚʦʟʤʦʞʥʦ ʟʘ 
ʩʯʸʪ ʚʘʨʴʠʨʦʚʘʥʠʷ Wx. ʅʘʠʙʦʣʴʰʘʷ ʵʥʝʨʛʝʪʠʯʝʩʢʘʷ ʱʝʣʴ ʠ ʚʝʣʠʯʠʥʘ 
ʦʧʪʠʯʝʩʢʦʡ ʧʨʦʚʦʜʠʤʦʩʪʠ ʜʦʩʪʠʛʘʝʪʩʷ ʧʨʠ ʰʠʨʠʥʝ ʰʝʡʢʠ Wx = 1.24 
ʥʤ ʠ Wy = 1.01 ʥʤ. 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʚʳʧʦʣʥʝʥʦ ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ ʧʦʜʜʝʨʞʢʝ ʈʦʩʩʠʡʩʢʦ-
ʛʦ ʥʘʫʯʥʦʛʦ ʬʦʥʜʘ (ʧʨʦʝʢʪ ˉ 25-72-00202, https://rscf.ru/project/25-72-
00202/). 
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ʬʣʫʦʨʝʩʮʝʥʮʠʠ ʧʨʠ ʝʝ ʜʠʬʬʫʟʥʦʤ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʠ ʚ ʤʥʦʛʦʢʨʘʪʥʦ ʨʘʩʩʝʠʚʘʶʱʠʭ 
ʬʣʫʦʨʝʩʮʠʨʫʶʱʠʭ ʩʨʝʜʘʭ. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʜʘʥʥʳʝ, ʧʦʣʫʯʝʥʥʳʝ ʚ ʨʝʟʫʣʴʪʘʪʝ 
ʘʥʘʣʠʟʘ ʩʧʝʢʪʨʘʣʴʥʦʛʦ ʩʫʞʝʥʠʷ ʬʣʫʦʨʝʩʮʝʥʪʥʦʛʦ ʦʪʢʣʠʢʘ ʥʘʩʳʱʝʥʥʳʭ ʨʦʜʘʤʠ-
ʥʦʤ 6ɾ ʠ DCM ʩʣʦʝʚ ʧʣʦʪʥʦ ʫʧʘʢʦʚʘʥʥʳʭ ʯʘʩʪʠʮ ʜʠʦʢʩʠʜʘ ʪʠʪʘʥʘ ʧʨʠ ʫʚʝʣʠʯʝ-
ʥʠʠ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʥʘʢʘʯʢʠ, ʠʥʪʝʨʧʨʝʪʠʨʦʚʘʥʳ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʨʝʟʫʣʴʪʘʪʦʚ 
ʄʦʥʪʝ-ʂʘʨʣʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʧʝʨʝʥʦʩʘ ʬʣʫʦʨʝʩʮʝʥʮʠʠ ʚ ʩʣʦʷʭ. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ 
ʵʬʬʝʢʪ ʦʛʨʘʥʠʯʝʥʠʷ ʩʧʦʥʪʘʥʥʦʛʦ ʫʩʠʣʝʥʠʷ ʦʙʫʩʣʦʚʣʝʥ ʫʚʝʣʠʯʝʥʠʝʤ ʚʢʣʘʜʦʚ ʧʘʨ-
ʮʠʘʣʴʥʳʭ ʩʦʩʪʘʚʣʷʶʱʠʭ ʬʣʫʦʨʝʩʮʝʥʪʥʦʛʦ ʧʦʣʷ, ʨʘʩʧʨʦʩʪʨʘʥʷʶʱʠʭʩʷ ʧʦ ʫʯʘʩʪ-
ʢʘʤ ʩʣʦʷ ʩ ʥʫʣʝʚʦʡ ʥʘʩʝʣʝʥʥʦʩʪʴʶ ʚʦʟʙʫʞʜʝʥʥʦʛʦ ʩʦʩʪʦʷʥʠʷ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʬʣʫʦʨʝʩʮʝʥʮʠʷ, ʤʥʦʛʦʢʨʘʪʥʦ ʨʘʩʩʝʠʚʘʶʱʠʝ ʩʨʝʜʳ, 
ʬʘʢʪʦʨ ʩʧʝʢʪʨʘʣʴʥʦʛʦ ʢʘʯʝʩʪʚʘ. 

. 
ʉʧʦʥʪʘʥʥʦʝ ʫʩʠʣʝʥʠʝ ʬʣʫʦʨʝʩʮʝʥʮʠʠ ʚ ʩʣʫʯʘʡʥʦ-ʥʝʦʜʥʦʨʦʜʥʳʭ 

ʩʨʝʜʘʭ ʧʨʠ ʚʳʩʦʢʠʭ ʠʥʪʝʥʩʠʚʥʦʩʪʷʭ ʚʥʝʰʥʝʡ ʣʘʟʝʨʥʦʡ ʥʘʢʘʯʢʠ ï 
ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʡ ʵʬʬʝʢʪ, ʯʘʩʪʦ ʠʥʪʝʨʧʨʝʪʠʨʫʝʤʳʡ ʢʘʢ ʧʨʦʷʚʣʝʥʠʝ 
ʧʝʨʝʭʦʜʘ ʦʪ ʩʧʦʥʪʘʥʥʦʡ ʬʣʫʦʨʝʩʮʝʥʮʠʠ ʢ ʩʪʦʭʘʩʪʠʯʝʩʢʦʡ ʣʘʟʝʨʥʦʡ 
ʛʝʥʝʨʘʮʠʠ. ɺ ʥʝʢʦʪʦʨʳʭ ʧʨʠʣʦʞʝʥʠʷʭ (ʥʘʧʨʠʤʝʨ, ʚ ʠʤʧʫʣʴʩʥʦʡ ʬʣʫʦ-
ʨʝʩʮʝʥʪʥʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʙʠʦʪʢʘʥʝʡ) ʵʪʦ ʷʚʣʝʥʠʝ ʤʦʞʝʪ ʠʛʨʘʪʴ ʥʝʛʘ-
ʪʠʚʥʫʶ ʨʦʣʴ. ʇʨʠ ʚʦʟʜʝʡʩʪʚʠʠ ʢʦʨʦʪʢʠʤʠ ʤʦʱʥʳʤʠ ʣʘʟʝʨʥʳʤʠ ʠʤ-
ʧʫʣʴʩʘʤʠ ʥʘ ʬʣʫʦʨʝʩʮʠʨʫʶʱʠʝ ʙʠʦʪʢʘʥʠ ʚʩʣʝʜʩʪʚʠʝ ʚʳʩʦʢʦʡ ʧʣʦʪʥʦ-
ʩʪʠ ʤʦʱʥʦʩʪʠ ʥʘʢʘʯʢʠ ʤʦʞʝʪ ʧʦʷʚʣʷʪʴʩʷ ʠʥʜʫʮʠʨʦʚʘʥʥʘʷ ʩʦʩʪʘʚʣʷ-
ʶʱʘʷ, ʠʩʢʘʞʘʶʱʘʷ ʨʝʛʠʩʪʨʠʨʫʝʤʳʡ ʩʧʝʢʪʨ ʬʣʫʦʨʝʩʮʝʥʮʠʠ ʠ ʧʨʠʚʦ-
ʜʷʱʘʷ ʢ ʧʦʛʨʝʰʥʦʩʪʷʤ ʠʟʤʝʨʝʥʠʡ [1]. ɺ ʩʚʷʟʠ ʩ ʵʪʠʤ ʠʩʩʣʝʜʦʚʘʥʠʝ 
ʚʣʠʷʥʠʷ ʫʩʣʦʚʠʡ ʚʦʟʙʫʞʜʝʥʠʷ ʥʘ ʩʧʦʥʪʘʥʥʦʝ ʫʩʠʣʝʥʠʝ ʬʣʫʦʨʝʩʮʝʥ-
ʮʠʠ ʧʨʝʜʩʪʘʚʣʷʝʪʩʷ ʜʦʩʪʘʪʦʯʥʦ ʘʢʪʫʘʣʴʥʦʡ ʟʘʜʘʯʝʡ. ʕʪʘ ʪʝʤʘ ʜʦʩʪʘ-
ʪʦʯʥʦ ʧʦʧʫʣʷʨʥʘ ʥʘ ʧʨʦʪʷʞʝʥʠʠ ʪʨʝʭ ʧʦʩʣʝʜʥʠʭ ʜʝʩʷʪʠʣʝʪʠʡ. ʊʝʦʨʝ-
ʪʠʯʝʩʢʠ ʵʬʬʝʢʪ ʩʧʦʥʪʘʥʥʦʛʦ ʫʩʠʣʝʥʠʷ ʠʥʜʫʮʠʨʦʚʘʥʥʦʡ ʩʦʩʪʘʚʣʷʶ-
ʱʝʡ ʧʨʠ ʣʘʟʝʨʥʦʡ ʥʘʢʘʯʢʝ ʩʣʫʯʘʡʥʦ-ʥʝʦʜʥʦʨʦʜʥʳʭ ʩʨʝʜ ʙʳʣ ʧʨʝʜʩʢʘ-
ʟʘʥ ɺ. ʉ. ʃʝʪʦʭʦʚʳʤ ʚ 1967 ʛʦʜʫ [2].ɸʢʪʠʚʥʳʡ ʠʥʪʝʨʝʩ ʢ ʧʨʦʙʣʝʤʝ ʧʦ-
ʩʣʝ ʜʣʠʪʝʣʴʥʦʛʦ ʧʝʨʝʨʳʚʘ ʚʦʟʨʦʜʠʣʩʷ ʚ ʢʦʥʮʝ 1980-ʭ ʛʦʜʦʚ XX ʚʝʢʘ ʠ 
ʧʨʦʜʦʣʞʘʝʪʩʷ ʚʧʣʦʪʴ ʜʦ ʥʘʩʪʦʷʱʝʛʦ ʚʨʝʤʝʥʠ [3-5]. ɺʤʝʩʪʝ ʩ ʪʝʤ, ʥʝ-
ʢʦʪʦʨʳʝ ʚʦʧʨʦʩʳ, ʩʚʷʟʘʥʥʳʝ ʩ ʦʩʦʙʝʥʥʦʩʪʷʤʠ ʬʦʨʤʠʨʦʚʘʥʠʷ ʬʣʫʦ-
ʨʝʩʮʝʥʪʥʦʛʦ ʦʪʢʣʠʢʘ ʧʨʠ ʣʘʟʝʨʥʦʡ ʥʘʢʘʯʢʝ ʩʣʫʯʘʡʥʦ-ʥʝʦʜʥʦʨʦʜʥʳʭ 
ʩʨʝʜ, ʠʩʩʣʝʜʦʚʘʥʳ ʥʝ ʚ ʧʦʣʥʦʡ ʤʝʨʝ. ʂ ʧʦʜʦʙʥʳʤ ʚʦʧʨʦʩʘʤ ʦʪʥʦʩʠʪʩʷ, 
ʥʘʧʨʠʤʝʨ, ʬʠʟʠʯʝʩʢʘʷ ʠʥʪʝʨʧʨʝʪʘʮʠʷ ʵʬʬʝʢʪʘ ʙʳʩʪʨʦʛʦ ʩʫʞʝʥʠʷ 
ʩʧʝʢʪʨʘ ʬʣʫʦʨʝʩʮʝʥʪʥʦʛʦ ʦʪʢʣʠʢʘ ʚ ʦʙʣʘʩʪʠ ʫʩʣʦʚʥʦʛʦ ʧʝʨʝʭʦʜʘ ʦʪ 
ʩʧʦʥʪʘʥʥʦʡ ʬʣʫʦʨʝʩʮʝʥʮʠʠ ʢ ʩʪʦʭʘʩʪʠʯʝʩʢʦʡ ʣʘʟʝʨʥʦʡ ʛʝʥʝʨʘʮʠʠ ʠ 
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ʧʨʘʢʪʠʯʝʩʢʦʝ ʦʪʩʫʪʩʪʚʠʝ ʜʘʣʴʥʝʡʰʝʛʦ ʩʫʞʝʥʠʷ ʧʨʠ ʚʦʟʨʘʩʪʘʥʠʠ ʠʥ-
ʪʝʥʩʠʚʥʦʩʪʠ ʥʘʢʘʯʢʠ ʚʧʣʦʪʴ ʜʦ ʧʨʝʜʝʣʘ ʣʫʯʝʚʦʡ ʧʨʦʯʥʦʩʪʠ ʤʘʪʝʨʠʘʣʘ. 
ʉʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʮʝʣʴʶ ʨʘʙʦʪʳ ʷʚʠʣʘʩʴ ʠʥʪʝʨʧʨʝʪʘʮʠʷ ʵʪʦʡ ʦʩʦʙʝʥʥʦ-
ʩʪʠ ʥʘ ʦʩʥʦʚʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ ʠ ʜʘʥʥʳʭ ʩʪʘʪʠʩʪʠʯʝ-
ʩʢʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʦ ʧʝʨʝʥʦʩʝ ʬʣʫʦʨʝʩʮʝʥʪʥʦʛʦ ʦʪʢʣʠʢʘ ʚ ʩʣʫʯʘʡ-
ʥʦ-ʥʝʦʜʥʦʨʦʜʥʳʭ ʩʨʝʜʘʭ. 

ʇʨʦʮʝʩʩ ʫʩʠʣʝʥʠʷ ʚ ʙʝʟʨʝʟʦʥʘʪʦʨʥʳʭ ʣʘʟʝʨʥʳʭ ʩʠʩʪʝʤʘʭ ʩ ʥʠʟ-
ʢʦʡ ʦʧʪʠʯʝʩʢʦʡ ʜʦʙʨʦʪʥʦʩʪʴʶ ʠ ʧʨʠ ʦʪʩʫʪʩʪʚʠʠ ʦʙʨʘʪʥʦʡ ʩʚʷʟʠ ʥʦʩʠʪ 
ʩʫʛʫʙʦ ʩʪʦʭʘʩʪʠʯʝʩʢʠʡ ʭʘʨʘʢʪʝʨ. ʋʯʠʪʳʚʘʷ ʜʠʬʬʫʟʠʦʥʥʳʡ ʭʘʨʘʢʪʝʨ 
ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʠʟʣʫʯʝʥʠʷ ʚ ʪʘʢʦʡ ʩʨʝʜʝ, ʧʨʝʜʩʪʘʚʣʷʝʪ ʠʥʪʝʨʝʩ ʠʩ-
ʩʣʝʜʦʚʘʥʠʝ ʩʪʘʪʠʩʪʠʢʠ ʚʢʣʘʜʦʚ ʦʪʜʝʣʴʥʳʭ ʧʘʨʮʠʘʣʴʥʳʭ ʩʦʩʪʘʚʣʷʶ-
ʱʠʭ. 

ɹʳʣ ʧʨʦʚʝʜʝʥ ʵʢʩʧʝʨʠʤʝʥʪ, ʠʣʣʶʩʪʨʠʨʫʶʱʠʡ ʵʬʬʝʢʪ ʥʘʩʳʱʝ-

ʥʠʷ ὗ  ʩ ʨʦʩʪʦʤ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʣʘʟʝʨʥʦʡ ʥʘʢʘʯʢʠ [6]. ɿʜʝʩʴ ὗ  - 

ʬʘʢʪʦʨ ʫʣʫʯʰʝʥʠʷ ʩʧʝʢʪʨʘʣʴʥʦʛʦ ʢʘʯʝʩʪʚʘ ʬʣʫʦʨʝʩʮʝʥʪʥʦʛʦ ʦʪʢʣʠʢʘ, 
ʦʧʨʝʜʝʣʷʝʤʳʡ ʢʘʢ ʦʪʥʦʰʝʥʠʝ ʧʦʣʫʰʠʨʠʥʳ ʩʧʝʢʪʨʘ ʬʣʫʦʨʝʩʮʝʥʮʠʠ ʚ 
ʩʧʦʥʪʘʥʥʦʤ ʨʝʞʠʤʝ ʢ ʧʦʣʫʰʠʨʠʥʝ ʧʨʠ ʟʘʜʘʥʥʦʡ ʠʥʪʝʥʩʠʚʥʦʩʪʠ 
ʥʘʢʘʯʢʠ.  ɺ ʢʘʯʝʩʪʚʝ ʠʩʩʣʝʜʫʝʤʳʭ ʩʨʝʜ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʩʣʦʠ ʧʣʦʪʥʦ-
ʫʧʘʢʦʚʘʥʥʳʭ ʯʘʩʪʠʮ ʜʠʦʢʩʠʜʘ ʪʠʪʘʥʘ, ʥʘʩʳʱʝʥʥʳʝ ʨʘʩʪʚʦʨʘʤʠ ʢʨʘʩʠ-
ʪʝʣʝʡ ʨʦʜʘʤʠʥʘ 6ɾ ʠ DCM ʚ ʵʪʠʣʝʥʛʣʠʢʦʣʝ. ʅʘʢʘʯʢʘ ʦʩʫʱʝʩʪʚʣʷʣʘʩʴ 
ʠʤʧʫʣʴʩʥʳʤ ʣʘʟʝʨʦʤ (532 ʥʤ, 10 ʥʩ, 10 ɻʮ). 

ʀʩʧʦʣʴʟʫʝʤʳʝ ʣʘʟʝʨʥʳʝ ʢʨʘʩʠʪʝʣʠ ʨʘʟʣʠʯʘʶʪʩʷ ʧʦ ʩʚʦʠʤ ʭʘʨʘʢ-
ʪʝʨʠʩʪʠʢʘʤ; ʩʝʯʝʥʠʝ ʧʦʛʣʦʱʝʥʠʷ ʤʦʣʝʢʫʣ ʨʦʜʘʤʠʥʘ 6ɾ ʥʘ ʜʣʠʥʝ ʚʦʣʥʳ 

532 ʥʤ ʩʦʩʪʘʚʣʷʝʪ º 9,3Ĭ10
-17

 ʩʤ
2
, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʜʣʷ DCM ʵʪʘ ʚʝʣʠʯʠʥʘ 

ʦʢʦʣʦ 6,0Ĭ10
-18

 ʩʤ
2
 (ʦʮʝʥʢʠ ʩʜʝʣʘʥʳ ʥʘ ʦʩʥʦʚʝ ʩʧʝʢʪʨʦʚ ʧʦʛʣʦʱʝʥʠʷ, 

ʧʨʝʜʩʪʘʚʣʝʥʥʳʭ ʚ [7]). ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʜʣʷ ʨʘʩʩʝʠʚʘʶʱʠʭ ʩʣʦʝʚ, 

ʥʘʩʳʱʝʥʥʳʭ ʨʦʜʘʤʠʥʦʤ 6ɾ, ʧʨʝʜʝʣʴʥʦʝ ʟʥʘʯʝʥʠʝ ὗ  ʩʪʨʝʤʠʪʩʷ ʢ 4, ʚ 
ʪʦ ʚʨʝʤʷ ʢʘʢ ʜʣʷ DCM ʩʠʩʪʝʤ ʵʪʦ ʟʥʘʯʝʥʠʝ ʙʣʠʟʢʦ ʢ 8. 

ɺ ʨʘʤʢʘʭ ʩʪʘʪʠʩʪʠʯʝʩʢʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʙʳʣʦ ʨʘʩʩʤʦʪʨʝʥʦ 
ʬʦʨʤʠʨʦʚʘʥʠʝ ʬʣʫʦʨʝʩʮʝʥʪʥʦʛʦ ʦʪʢʣʠʢʘ ʥʘʢʘʯʠʚʘʝʤʦʡ ʤʥʦʛʦʢʨʘʪʥʦ 
ʨʘʩʩʝʠʚʘʶʱʝʡ ʩʨʝʜʳ, ʢʦʪʦʨʦʝ ʩʚʦʜʠʪʩʷ ʢ ʩʣʝʜʫʶʱʠʤ ʩʪʘʜʠʷʤ: 

Å ʚʦʟʙʫʞʜʝʥʥʳʝ ʤʦʣʝʢʫʣʳ ʬʣʫʦʨʦʬʦʨʘ ʩʧʦʥʪʘʥʥʦ ʠʟʣʫʯʘʶʪ 
ʢʚʘʥʪʳ ʬʣʫʦʨʝʩʮʝʥʮʠʠ (ʧʘʨʮʠʘʣʴʥʳʝ ʩʦʩʪʘʚʣʷʶʱʠʝ ʧʦʣʷ ʬʣʫʦʨʝʩ-
ʮʝʥʮʠʠ); 

Å ʵʪʠ ʢʚʘʥʪʳ ʩʣʫʯʘʡʥʳʤ ʦʙʨʘʟʦʤ ʨʘʩʩʝʠʚʘʶʪʩʷ ʚ ʩʨʝʜʝ, ʘ ʧʨʠ ʠʭ 
ʚʟʘʠʤʦʜʝʡʩʪʚʠʠ ʩ ʚʦʟʙʫʞʜʝʥʥʳʤʠ ʤʦʣʝʢʫʣʘʤʠ ʯʠʩʣʦ ʢʚʘʥʪʦʚ ʚ ʧʘʢʝ-
ʪʝ, ʘʩʩʦʮʠʠʨʫʝʤʦʤ ʩ ʧʘʨʮʠʘʣʴʥʦʡ ʩʦʩʪʘʚʣʷʶʱʝʡ, ʚʦʟʨʘʩʪʘʝʪ; 

Å ʧʦʩʣʝ ʚʳʭʦʜʘ ʠʟ ʩʨʝʜʳ ʧʘʢʝʪʳ ʢʚʘʥʪʦʚ ʥʝʢʦʛʝʨʝʥʪʥʦ ʩʫʤʤʠ-
ʨʫʶʪʩʷ ʥʘ ʜʝʪʝʢʪʦʨʝ, ʬʦʨʤʠʨʫʷ ʠʪʦʛʦʚʳʡ ʬʣʫʦʨʝʩʮʝʥʪʥʳʡ ʦʪʢʣʠʢ; 

Å ʚ ʩʪʘʮʠʦʥʘʨʥʦʤ ʨʝʞʠʤʝ ʩʧʝʢʪʨʘʣʴʥʘʷ ʧʣʦʪʥʦʩʪʴ ʵʪʦʛʦ ʩʠʛʥʘʣʘ 
ʟʘʚʠʩʠʪ ʦʪ ʚʝʨʦʷʪʥʦʩʪʝʡ ʩʧʦʥʪʘʥʥʦʡ ʠ ʠʥʜʫʮʠʨʦʚʘʥʥʦʡ ʵʤʠʩʩʠʠ, ʘ 

ʪʘʢʞʝ ʦʪ ʩʨʝʜʥʝʛʦ ʯʠʩʣʘ ʘʢʪʦʚ ʠʥʜʫʮʠʨʦʚʘʥʥʦʛʦ ʠʟʣʫʯʝʥʠʷ 

ὲ Ὅ    ʚ ʥʘʢʘʯʠʚʘʝʤʦʤ ʦʙʲʝʤʝ (ʟʜʝʩʴ Ὅ ï ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʥʘʢʘʯʢʠ). 
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ɸʥʘʣʠʟ ʚʣʠʷʥʠʷ ʜʠʬʬʫʟʠʦʥʥʦʛʦ ʭʘʨʘʢʪʝʨʘ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ 

ʬʣʫʦʨʝʩʮʝʥʮʠʠ ʚ ʥʘʢʘʯʠʚʘʝʤʦʡ ʩʨʝʜʝ ʥʘ ʦʛʨʘʥʠʯʝʥʠʝ ὲ Ὅ   

ʧʨʦʠʟʚʦʜʠʣʩʷ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʄʦʥʪʝ-ʂʘʨʣʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʧʝʨʝʥʦ-
ʩʘ ʠʟʣʫʯʝʥʠʷ ʚ ʩʣʫʯʘʡʥʦ-ʥʝʦʜʥʦʨʦʜʥʦʤ ʩʣʦʝ. ʇʨʠ ʤʦʜʝʣʠʨʦʚʘʥʠʠ ʚ 
ʨʝʛʠʩʪʨʠʨʫʝʤʦʤ ʬʣʫʦʨʝʩʮʝʥʪʥʦʤ ʦʪʣʠʢʝ ʫʯʠʪʳʚʘʣʠʩʴ ʪʦʣʴʢʦ ʩʦʩʪʘʚ-
ʣʷʶʱʠʝ, ʧʦʢʠʜʘʶʱʠʝ ʩʣʦʡ ʯʝʨʝʟ ʚʝʨʭʥʶʶ ʛʨʘʥʠʮʫ ʩʣʦʷ, ʯʝʨʝʟ ʢʦʪʦ-
ʨʫʶ ʦʩʫʱʝʩʪʚʣʷʣʠʩʴ ʠ ʥʘʢʘʯʢʘ, ʠ ʨʝʛʠʩʪʨʘʮʠʷ ʬʣʫʦʨʝʩʮʝʥʪʥʦʛʦ ʦʪ-
ʢʣʠʢʘ. ɺ ʢʘʯʝʩʪʚʝ ʧʘʨʘʤʝʪʨʘ ʨʘʩʩʤʘʪʨʠʚʘʣʩʷ ʧʦʧʝʨʝʯʥʳʡ ʨʘʟʤʝʨ ʟʦ-

ʥʳ ʥʘʢʘʯʢʠ Ὠ, ʫʤʝʥʴʰʝʥʠʝ ʢʦʪʦʨʦʛʦ ʥʠʞʝ ʢʨʠʪʠʯʝʩʢʦʛʦ ʟʥʘʯʝʥʠʷ 
ʜʦʣʞʥʦ ʧʨʠʚʦʜʠʪʴ ʢ ʧʦʜʘʚʣʝʥʠʶ ʵʬʬʝʢʪʘ ʩʧʦʥʪʘʥʥʦʛʦ ʫʩʠʣʝʥʠʷ. 

ʇʨʝʜʧʦʣʦʞʠʪʝʣʴʥʦ, ʩʫʞʝʥʠʝ ʩʧʝʢʪʨʘ ʬʣʫʦʨʝʩʮʝʥʪʥʦʛʦ ʦʪʢʣʠ-

ʢʘ ʩ ʨʦʩʪʦʤ Ὅ ʦʛʨʘʥʠʯʠʚʘʝʪʩʷ ʧʨʝʜʝʣʴʥʳʤ ʟʥʘʯʝʥʠʝʤ ʧʘʨʘʤʝʪʨʘ                

ộ ὲ  Ớ. ɺ ʤʦʜʝʣʠ ʜʠʩʢʨʝʪʥʦʛʦ ʨʘʩʩʝʷʥʠʷ ʩʨʝʜʥʝʝ ʢʦʣʠʯʝʩʪʚʦ ʘʢʪʦʚ 
ʠʥʜʫʮʠʨʦʚʘʥʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʚʳʯʠʩʣʷʝʪʩʷ ʢʘʢ ʦʪʥʦʰʝʥʠʝ ʩʨʝʜʥʝʛʦ 

ʧʫʪʠ  ộ s Ớ  ʧʘʨʮʠʘʣʴʥʳʭ ʩʦʩʪʘʚʣʷʶʱʠʭ ʬʣʫʦʨʝʩʮʝʥʮʠʠ ʢ ʪʨʘʥʩ-
ʧʦʨʪʥʦʡ ʜʣʠʥʝ ʧʨʦʙʝʛʘ ʬʦʪʦʥʘ ʤʝʞʜʫ ʘʢʪʘʤʠ ʠʥʜʫʮʠʨʦʚʘʥʥʦʛʦ ʠʟ-

ʣʫʯʝʥʠʷ:ὲ Ὅ Ȣ 

ʇʨʠ ʤʦʜʝʣʠʨʦʚʘʥʠʠ ʪʘʢʞʝ ʫʯʠʪʳʚʘʣʦʩʴ ʚʣʠʷʥʠʝ ʩʘʤʦʧʦʛʣʦʱʝ-
ʥʠʷ ʬʣʫʦʨʝʩʮʝʥʮʠʠ ʧʫʪʝʤ ʚʚʝʜʝʥʠʷ ʚʝʩʦʚʳʭ ʤʥʦʞʠʪʝʣʝʡ, ʦʧʨʝʜʝʣʷʝ-

ʤʳʭ ʙʫʛʝʨʦʚʩʢʠʤ ʬʘʢʪʦʨʦʤ Ὡὼὴ ‘ȟ ί, ʛʜʝ ‘ȟ ï ʢʦʵʬʬʠʮʠʝʥʪ ʧʦ-

ʛʣʦʱʝʥʠʷ ʬʣʫʦʨʝʩʮʝʥʮʠʠ ʚ ʩʣʦʝ. ʇʦʩʣʝ ʥʘʢʦʧʣʝʥʠʷ ʜʦʩʪʘʪʦʯʥʦʛʦ 
ʯʠʩʣʘ ʨʝʛʠʩʪʨʠʨʫʝʤʳʭ ʧʘʨʮʠʘʣʴʥʳʭ ʩʦʩʪʘʚʣʷʶʱʠʭ (2Ĭ10

4
), ʚʳʯʠʩʣʷ-

ʣʦʩʴ ʩʨʝʜʥʝʝ ʟʥʘʯʝʥʠʝ ộ–Ớ ʧʘʨʘʤʝʪʨʘ – ίộὪỚ (ʨʠʩ.1) (ʟʜʝʩʴ ί ï 

ʜʣʠʥʘ ʧʫʪʠ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ Ὥ ʩʦʩʪʘʚʣʷʶʱʝʡ ʬʣʫʦʨʝʩʮʝʥʮʠʠ ʚ ʩʣʦʝ, 
ộὪỚ ï ʩʨʝʜʥʷʷ ʥʘʩʝʣʝʥʥʦʩʪʴ ʚʦʟʙʫʞʜʝʥʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʤʦʣʝʢʫʣ ʬʣʫʦ-
ʨʦʬʦʨʘ ʚʜʦʣʴ ʪʨʘʩʩʳ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʩʦʩʪʘʚʣʷʶʱʝʡ). 

ʘ)  ʙ)  

 ʈʠʩ. 1.  ʄʦʜʝʣʴʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʧʘʨʘʤʝʪʨʘ <ɖ> ʦʪ ) ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʧʦʧʝʨʝʯʥʳʭ 

ʨʘʟʤʝʨʘʭ ʟʦʥʳ ʥʘʢʘʯʢʠ Ä ʜʣʷ (ʘ) ʈ6ɾ-ʥʘʩʳʱʝʥʥʳʭ ʩʣʦʝʚ ʠ (ʙ) DCM-ʥʘʩʳʱʝʥʥʳʭ 

ʩʣʦʝʚ; ʟʥʘʯʝʥʠʷ ʵʬʬʝʢʪʠʚʥʦʛʦ ʢʦʵʬʬʠʮʠʝʥʪʘ ʟʘʪʫʭʘʥʠʷ: Ä  1000 ʤʤ (1), 1,05 ʤʤ 
(2), 0,2 ʤʤ (3), 0,1 ʤʤ (4), 0,05 ʤʤ (5), 0,02 ʤʤ (6), 0,01 ʤʤ (7). 

 

ɺ ʨʝʟʫʣʴʪʘʪʝ ʩʪʘʪʠʩʪʠʯʝʩʢʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʧʝʨʝʥʦʩʘ ʬʣʫʦ-
ʨʝʩʮʝʥʮʠʠ ʚ ʩʣʫʯʘʡʥʦ-ʥʝʦʜʥʦʨʦʜʥʳʭ ʩʨʝʜʘʭ ʩ ʫʯʝʪʦʤ ʩʧʦʥʪʘʥʥʦʛʦ 
ʫʩʠʣʝʥʠʷ ʠʥʜʫʮʠʨʦʚʘʥʥʦʡ ʩʦʩʪʘʚʣʷʶʱʝʡ ʠ ʩʦʧʦʩʪʘʚʣʝʥʠʷ ʤʦʜʝʣʴʥʳʭ 
ʜʘʥʥʳʭ ʩ ʨʝʟʫʣʴʪʘʪʘʤʠ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʩ ʈ6ɾ- ʠ DCM-ʥʘʩʳʱʝʥʥʳʤʠ 
ʩʣʦʷʤʠ ʧʣʦʪʥʦʫʧʘʢʦʚʘʥʥʳʭ TiO2 ʯʘʩʪʠʮ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʥʘʩʳʱʝʥʠʝ 
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ʩʧʝʢʪʨʘʣʴʥʦʛʦ ʢʘʯʝʩʪʚʘ ʬʣʫʦʨʝʩʮʝʥʮʠʠ ʤʦʞʝʪ ʙʳʪʴ ʠʥʪʝʨʧʨʝʪʠʨʦʚʘ-

ʥʦ ʢʘʢ ʨʝʟʫʣʴʪʘʪ ʜʦʩʪʠʞʝʥʠʷ ʧʨʝʜʝʣʴʥʦʛʦ ʟʥʘʯʝʥʠʷ ʧʘʨʘʤʝʪʨʘ ộ–Ớ ʧʨʠ 
ʟʘʜʘʥʥʦʤ ʜʠʘʤʝʪʨʝ ʟʦʥʳ ʥʘʢʘʯʢʠ ʠ ʦʧʪʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʭ ʦʙ-

ʨʘʟʮʘ (ʨʠʩ. 1). ʄʦʜʝʣʴʥʳʡ ʧʘʨʘʤʝʪʨ  ộ–Ớ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʩʨʝʜʥʝʝ 
ʧʦ ʘʥʩʘʤʙʣʶ ʧʘʨʮʠʘʣʴʥʳʭ ʩʦʩʪʘʚʣʷʶʱʠʭ ʟʥʘʯʝʥʠʝ ʧʨʦʠʟʚʝʜʝʥʠʡ ʧʫ-
ʪʝʡ ʠʭ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʚ ʩʨʝʜʝ ʥʘ ʩʨʝʜʥʠʝ ʧʦ ʧʫʪʷʤ ʥʘʩʝʣʝʥʥʦʩʪʠ 
ʚʦʟʙʫʞʜʝʥʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʮʝʥʪʨʦʚ ʬʣʫʦʨʝʩʮʝʥʮʠʠ. ɼʣʷ ʢʦʥʢʨʝʪʥʳʭ 
ʟʥʘʯʝʥʠʡ ʢʦʥʮʝʥʪʨʘʮʠʠ ʠ ʩʝʯʝʥʠʷ ʠʥʜʫʮʠʨʦʚʘʥʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʮʝʥ-

ʪʨʦʚ ʬʣʫʦʨʝʩʮʝʥʮʠʠ ʚʝʣʠʯʠʥʘ ộ–Ớ ʦʧʨʝʜʝʣʷʝʪ ʩʨʝʜʥʝʝ ʯʠʩʣʦ ʘʢʪʦʚ ʠʥ-
ʜʫʮʠʨʦʚʘʥʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʚ ʩʠʩʪʝʤʝ ʧʨʠ ʟʘʜʘʥʥʳʭ ʫʩʣʦʚʠʷʭ ʥʘʢʘʯʢʠ. 

ʋʙʳʚʘʥʠʝ ộ–Ớ ʧʨʠ ʫʤʝʥʴʰʝʥʠʠ ʜʠʘʤʝʪʨʘ ʟʦʥʳ ʥʘʢʘʯʢʠ ʦʙʫʩʣʦʚʣʝʥʦ 
ʨʦʩʪʦʤ ʚʢʣʘʜʦʚ ʧʘʨʮʠʘʣʴʥʳʭ ʩʦʩʪʘʚʣʷʶʱʠʭ, ʨʘʩʧʨʦʩʪʨʘʥʷʶʱʠʭʩʷ ʚ 
ʩʨʝʜʝ ʚʥʝ ʟʦʥʳ ʥʘʢʘʯʢʠ, ʛʜʝ ʥʘʩʝʣʝʥʥʦʩʪʴ ʚʦʟʙʫʞʜʝʥʥʳʭ ʩʦʩʪʦʷʥʠʡ 
ʮʝʥʪʨʦʚ ʬʣʫʦʨʝʩʮʝʥʮʠʠ ʨʘʚʥʘ 0, ʥʘ ʟʥʘʯʠʪʝʣʴʥʳʝ ʨʘʩʩʪʦʷʥʠʷ. ʉʦʦʪ-
ʚʝʪʩʪʚʝʥʥʦ, ʩʫʱʝʩʪʚʫʝʪ ʢʨʠʪʠʯʝʩʢʦʝ ʟʥʘʯʝʥʠʝ ʜʠʘʤʝʪʨʘ ʟʦʥʳ ʥʘʢʘʯʢʠ, 
ʥʠʞʝ ʢʦʪʦʨʦʛʦ ʩʫʞʝʥʠʝ ʩʧʝʢʪʨʘ ʬʣʫʦʨʝʩʮʝʥʮʠʠ ʩ ʨʦʩʪʦʤ ʠʥʪʝʥʩʠʚʥʦ-
ʩʪʠ ʥʘʢʘʯʢʠ ʧʨʘʢʪʠʯʝʩʢʠ ʦʪʩʫʪʩʪʚʫʝʪ. ʕʬʬʝʢʪ ʩʘʤʦʧʦʛʣʦʱʝʥʠʷ ʬʣʫʦ-
ʨʝʩʮʝʥʮʠʠ ʪʘʢʞʝ ʦʢʘʟʳʚʘʝʪ ʢʣʶʯʝʚʦʝ ʚʣʠʷʥʠʝ ʥʘ ʩʧʦʥʪʘʥʥʦʝ ʫʩʠʣʝ-

ʥʠʝ ʬʣʫʦʨʝʩʮʝʥʮʠʠ, ʧʨʠʚʦʜʷ ʢ ʫʤʝʥʴʰʝʥʠʶ ộ–Ớ. 
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ʇɽʏɸʊʅʓɽ ʇʃɸʊʓ ʉʆ ɺʉʊʈʆɽʅʅʓʄʀ ʕʃɽʂʊʈʆʅʅʓʄʀ 

ʂʆʄʇʆʅɽʅʊɸʄʀ ʅɸ ʇʆɼʃʆɾʂɽ ʀɿ ʉʇʃɸɺɸ ʂʆɺɸʈ ɼʃʗ 

ʆʎɽʅʂʀ ʊɽʇʃʆʆʊɺʆɼɸ 
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ɸʥʥʦʪʘʮʠʷ. ɺ ʨʘʙʦʪʝ ʦʧʠʩʳʚʘʝʪʩʷ ʧʨʦʮʝʩʩ ʨʘʟʨʘʙʦʪʢʠ ʧʝʯʘʪʥʦʡ ʧʣʘʪʳ ʩʦ 

ʚʩʪʨʦʝʥʥʳʤʠ ʢʦʤʧʦʥʝʥʪʘʤʠ ʥʘ ʧʨʠʤʝʨʝ SMD-ʨʝʟʠʩʪʦʨʦʚ, ʫʩʪʘʥʦʚʣʝʥʥʳʤʠ ʥʘ ʦʩ-
ʥʦʚʘʥʠʝ ʠʟ ʩʧʣʘʚʘ çʂʦʚʘʨè, ʜʣʷ ʦʮʝʥʢʠ ʚʦʟʤʦʞʥʦʩʪʝʡ ʪʝʧʣʦʦʪʚʦʜʘ ʧʨʠ ʠʩʧʦʣʴʟʦ-
ʚʘʥʠʠ ʜʘʥʥʦʛʦ ʤʘʪʝʨʠʘʣʘ. ʉʤʦʜʝʣʠʨʦʚʘʥʳ ʢʦʥʩʪʨʫʢʪʠʚʥʳʝ ʚʘʨʠʘʥʪʳ ʤʦʥʪʘʞʘ 
ʨʝʟʠʩʪʦʨʦʚ, ʚʢʣʶʯʘʷ ʢʦʥʮʝʥʪʨʠʨʦʚʘʥʥʦʝ ʠ ʨʘʚʥʦʤʝʨʥʦʝ ʨʘʟʤʝʱʝʥʠʝ. ʈʝʟʫʣʴʪʘʪʳ 
ʬʦʨʤʠʨʫʶʪ ʦʩʥʦʚʫ ʜʣʷ ʜʘʣʴʥʝʡʰʠʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʠʥʪʝʛʨʘʮʠʠ ʧʘʩʩʠʚʥʳʭ ʠ ʘʢ-
ʪʠʚʥʳʭ ʢʦʤʧʦʥʝʥʪʦʚ ʚ ʤʥʦʛʦʩʣʦʡʥʳʝ ʧʣʘʪʳ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʧʝʯʘʪʥʘʷ ʧʣʘʪʘ, ʚʩʪʨʦʝʥʥʳʝ ʨʝʟʠʩʪʦʨʳ, ʂʦʚʘʨ, ʪʝʧʣʦʦʪ-
ʚʦʜ, ʧʘʩʩʠʚʥʳʝ ʢʦʤʧʦʥʝʥʪʳ, ʠʥʪʝʛʨʘʮʠʷ ʢʦʤʧʦʥʝʥʪʦʚ. 

 

ʉʦʚʨʝʤʝʥʥʘʷ ʵʣʝʢʪʨʦʥʠʢʘ ʨʘʟʚʠʚʘʝʪʩʷ ʚ ʥʘʧʨʘʚʣʝʥʠʠ ʚʳʩʦʢʦʡ 
ʧʣʦʪʥʦʩʪʠ ʤʦʥʪʘʞʘ ʠ ʤʠʥʠʘʪʶʨʠʟʘʮʠʠ ʫʩʪʨʦʡʩʪʚ, ʯʪʦ ʫʚʝʣʠʯʠʚʘʝʪ 
ʪʝʧʣʦʚʳʝ ʥʘʛʨʫʟʢʠ ʥʘ ʵʣʝʤʝʥʪʳ ʧʝʯʘʪʥʳʭ ʧʣʘʪ ʠ ʫʩʣʦʞʥʷʝʪ ʠʭ ʢʦʥ-
ʩʪʨʫʢʮʠʶ [1]. ɺʩʪʨʘʠʚʘʥʠʝ ʢʦʤʧʦʥʝʥʪʦʚ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʚʦ ʚʥʫʪʨʝʥ-
ʥʠʝ ʩʣʦʠ ʧʝʯʘʪʥʳʭ ʧʣʘʪ ʧʦʟʚʦʣʷʝʪ ʩʦʢʨʘʱʘʪʴ ʜʣʠʥʫ ʤʝʞʩʦʝʜʠʥʝʥʠʡ, 
ʩʥʠʞʘʪʴ ʧʘʨʘʟʠʪʥʳʝ ʵʣʝʢʪʨʠʯʝʩʢʠʝ ʧʘʨʘʤʝʪʨʳ ʠ ʧʦʚʳʰʘʪʴ ʢʦʤʧʘʢʪ-
ʥʦʩʪʴ ʫʩʪʨʦʡʩʪʚ [2]. 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʚʦʟʤʦʞʥʦʩʪʴ ʠʥʪʝʛʨʘʮʠʠ ʧʘʩ-
ʩʠʚʥʳʭ SMD-ʨʝʟʠʩʪʦʨʦʚ ʈ-160-0,125-2 ʚ ʩʪʨʫʢʪʫʨʫ ʧʣʘʪʳ ʥʘ ʦʩʥʦʚʘ-
ʥʠʝ ʠʟ ʩʧʣʘʚʘ çʂʦʚʘʨè ʩ ʮʝʣʴʶ ʦʮʝʥʢʠ ʧʦʪʝʥʮʠʘʣʘ ʪʝʧʣʦʦʪʚʦʜʘ ʠ ʪʝʭ-
ʥʦʣʦʛʠʯʝʩʢʦʡ ʩʦʚʤʝʩʪʠʤʦʩʪʠ. ʆʩʥʦʚʥʘʷ ʮʝʣʴ ʠʩʩʣʝʜʦʚʘʥʠʷ ð ʠʟʫʯʝ-
ʥʠʝ ʢʦʥʩʪʨʫʢʪʠʚʥʳʭ ʦʩʦʙʝʥʥʦʩʪʝʡ ʤʦʥʪʘʞʘ ʨʝʟʠʩʪʦʨʦʚ ʠ ʦʧʨʝʜʝʣʝʥʠʝ 
ʥʘʧʨʘʚʣʝʥʠʡ ʜʣʷ ʜʘʣʴʥʝʡʰʠʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʚʩʪʨʦʝʥʥʳʭ ʩʠʩʪʝʤ, 
ʚʢʣʶʯʘʷ ʘʢʪʠʚʥʳʝ ʢʦʤʧʦʥʝʥʪʳ ʠ ʚʩʪʨʘʠʚʘʥʠʝ ʢʦʤʧʦʥʝʥʪʦʚ ʚ ʩʪʨʫʢʪʫ-
ʨʫ ʤʥʦʛʦʩʣʦʡʥʳʭ ʧʝʯʘʪʥʳʭ ʧʣʘʪ. 

ɺ ʢʘʯʝʩʪʚʝ ʪʝʧʣʦʦʪʚʦʜʷʱʝʡ ʧʦʜʣʦʞʢʠ ʠʩʧʦʣʴʟʫʝʪʩʷ ʧʣʘʩʪʠʥʘ ʠʟ 
ʩʧʣʘʚʘ çʂʦʚʘʨè ʩ ʜʚʫʩʪʦʨʦʥʥʠʤ ʤʝʜʥʳʤ ʧʦʢʨʳʪʠʝʤ ʪʦʣʱʠʥʦʡ 6ï8 
ʤʢʤ. ʄʝʪʘʣʣʠʯʝʩʢʦʝ ʦʩʥʦʚʘʥʠʝ ʩʦʝʜʠʥʷʝʪʩʷ ʩ ʧʣʘʪʦʡ ʧʨʠʤʝʥʝʥʠʝʤ 
ʪʝʧʣʦʧʨʦʚʦʜʷʱʝʛʦ ʢʣʝʷ. ʊʘʢʦʝ ʨʝʰʝʥʠʝ ʩʥʠʞʘʝʪ ʪʝʨʤʦʤʝʭʘʥʠʯʝʩʢʠʝ 
ʥʘʧʨʷʞʝʥʠʷ ʟʘ ʩʯʸʪ ʙʣʠʟʦʩʪʠ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʪʝʧʣʦʚʦʛʦ ʨʘʩʰʠʨʝʥʠʷ 
çʂʦʚʘʨʘè ʠ ʤʘʪʝʨʠʘʣʦʚ ʢʦʤʧʦʥʝʥʪʦʚ [3]. 

ʈʝʟʠʩʪʦʨʳ ʫʩʪʘʥʘʚʣʠʚʘʶʪʩʷ ʚ ʩʧʝʮʠʘʣʴʥʦ ʩʬʦʨʤʠʨʦʚʘʥʥʳʝ ʦʢʥʘ 
ʚ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʤ ʩʣʦʝ ʧʣʘʪʳ ʪʦʣʱʠʥʦʡ 0,4 ʤʤ, ʧʨʠ ʵʪʦʤ ʪʦʣʱʠʥʘ 
ʨʝʟʠʩʪʦʨʦʚ ʩʦʩʪʘʚʣʷʝʪ 0,38 ʤʤ. ʂʦʥʪʘʢʪʥʳʝ ʧʣʦʱʘʜʢʠ ʨʝʟʠʩʪʦʨʦʚ ʩʦ-
ʝʜʠʥʷʶʪʩʷ ʩ ʢʦʥʪʘʢʪʥʳʤʠ ʧʣʦʱʘʜʢʘʤʠ ʧʣʘʪʳ ʧʘʡʢʦʡ ʩ ʧʨʠʤʝʥʝʥʠʝʤ 
ʧʣʦʩʢʠʭ ʧʝʨʝʤʳʯʝʢ. 
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ɼʣʷ ʦʮʝʥʢʠ ʚʣʠʷʥʠʷ ʢʦʤʧʦʥʦʚʦʯʥʳʭ ʨʝʰʝʥʠʡ ʥʘ ʪʝʧʣʦʚʳʝ ʨʝ-
ʞʠʤʳ ʠ ʥʘʜʸʞʥʦʩʪʴ ʢʦʥʩʪʨʫʢʮʠʠ ʨʘʟʨʘʙʦʪʘʥʳ ʜʚʘ ʚʘʨʠʘʥʪʘ ʵʢʩʧʝʨʠ-
ʤʝʥʪʘʣʴʥʳʭ ʦʙʨʘʟʮʦʚ: ʩ ʢʦʥʮʝʥʪʨʠʨʦʚʘʥʥʳʤ ʨʘʟʤʝʱʝʥʠʝʤ ʨʝʟʠʩʪʦʨʦʚ 
ʚ ʦʛʨʘʥʠʯʝʥʥʦʡ ʦʙʣʘʩʪʠ ʧʣʘʪʳ ʠ ʩ ʨʘʚʥʦʤʝʨʥʳʤ ʨʘʩʧʨʝʜʝʣʝʥʠʝʤ ʢʦʤ-
ʧʦʥʝʥʪʦʚ ʧʦ ʝʸ ʧʣʦʱʘʜʠ ʩ ʦʜʠʥʘʢʦʚʦʡ ʤʦʱʥʦʩʪʴʶ ʨʘʩʩʝʠʚʘʥʠʷ (ʨʠʩʫ-
ʥʦʢ 1). 

 

 
ʈʠʩ. 1. ʊʦʧʦʣʦʛʠʷ ʧʣʘʪʳ (ʘ ï ʚʘʨʠʘʥʪ ʩ ʢʦʥʮʝʥʪʨʠʨʦʚʘʥʥʳʤʠ ʢʦʤ-
ʧʦʥʝʥʪʘʤʠ, ʙ ï ʚʘʨʠʘʥʪ ʩ ʨʘʩʧʨʝʜʝʣʝʥʥʳʤʠ ʢʦʤʧʦʥʝʥʪʘʤʠ) 

 
ʀʪʦʛʦʚʘʷ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ ʩʙʦʨʢʘ (ʨʠʩʫʥʦʢ 2) ʧʨʝʜʩʪʘʚʣʷʝʪ 

ʩʦʙʦʡ ʤʥʦʛʦʩʣʦʡʥʳʡ çʩʵʥʜʚʠʯè, ʚ ʢʦʪʦʨʦʤ ʮʝʥʪʨʘʣʴʥʦʝ ʧʦʣʦʞʝʥʠʝ 
ʟʘʥʠʤʘʝʪ ʦʩʥʦʚʘʥʠʝ ʠʟ ʩʧʣʘʚʘ çʂʦʚʘʨè ʅʂ29 ʩ ʜʚʫʩʪʦʨʦʥʥʠʤ ʤʝʜʥʳʤ 
ʧʦʢʨʳʪʠʝʤ, ʚʳʧʦʣʥʷʶʱʘʷ ʬʫʥʢʮʠʶ ʠʥʪʝʛʨʠʨʦʚʘʥʥʦʛʦ ʪʝʧʣʦʦʪʚʦʜʷ-
ʱʝʛʦ ʨʘʜʠʘʪʦʨʘ. ʉ ʦʙʝʠʭ ʩʪʦʨʦʥ ʧʦʜʣʦʞʢʠ ʨʘʩʧʦʣʦʞʝʥʳ ʧʣʘʪʳ ʩ 
ʥʘʥʝʩʸʥʥʳʤ ʧʨʦʚʦʜʥʠʢʦʚʳʤ ʨʠʩʫʥʢʦʤ ʠ ʚʩʪʨʦʝʥʥʳʤʠ SMD-
ʨʝʟʠʩʪʦʨʘʤʠ. ʈʝʟʠʩʪʦʨʳ ʬʠʢʩʠʨʫʶʪʩʷ ʚ ʩʧʝʮʠʘʣʴʥʦ ʩʬʦʨʤʠʨʦʚʘʥʥʳʭ 
ʦʢʥʘʭ ʷʜʨʘ ʧʣʘʪʳ ʥʘ ʢʣʝʡ çɸʥʘʪʝʨʤ-105è, ʢ ʢʦʥʪʘʢʪʥʳʤ ʧʣʦʱʘʜʢʘʤʠ 
ʧʨʠʧʘʠʚʘʶʪʩʷ ʩ ʧʦʤʦʱʴʶ ʬʦʣʴʛʠ. 

ʊʘʢʦʝ ʢʦʥʩʪʨʫʢʪʠʚʥʦʝ ʨʝʰʝʥʠʝ ʦʙʝʩʧʝʯʠʚʘʝʪ ʧʨʷʤʦʡ ʪʝʧʣʦʚʦʡ 
ʢʦʥʪʘʢʪ ʤʝʞʜʫ ʨʝʟʠʩʪʦʨʘʤʠ ʠ ʤʝʪʘʣʣʠʯʝʩʢʠʤ ʦʩʥʦʚʘʥʠʝʤ, ʧʦʟʚʦʣʷʷ 
ʵʬʬʝʢʪʠʚʥʦ ʨʘʩʩʝʠʚʘʪʴ ʪʝʧʣʦʚʫʶ ʤʦʱʥʦʩʪʴ ʢʦʤʧʦʥʝʥʪʦʚ ʙʝʟ ʧʨʠʤʝ-
ʥʝʥʠʷ ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ ʨʘʜʠʘʪʦʨʦʚ ʠʣʠ ʠʟʦʣʷʮʠʦʥʥʳʭ ʩʣʦʸʚ. ʂʦʥ-
ʪʘʢʪʥʳʝ ʧʣʦʱʘʜʢʠ ʧʣʘʪʳ ʦʬʦʨʤʣʝʥʳ ʪʘʢ, ʯʪʦʙʳ ʦʙʝʩʧʝʯʠʚʘʪʴ ʥʘʜʸʞ-
ʥʦʝ ʩʦʝʜʠʥʝʥʠʝ ʩ ʚʥʝʰʥʠʤ ʠʩʪʦʯʥʠʢʦʤ ʥʘʧʨʷʞʝʥʠʷ, ʘ ʩʘʤʦ ʦʩʥʦʚʘʥʠʝ 
ʚʳʩʪʫʧʘʝʪ ʟʘ ʧʨʝʜʝʣʳ ʘʢʪʠʚʥʦʡ ʟʦʥʳ ʜʣʷ ʦʩʫʱʝʩʪʚʣʝʥʠʷ ʦʧʪʠʤʘʣʴʥʦ-
ʛʦ ʪʝʧʣʦʦʪʚʦʜʘ. 

 

 
ʈʠʩ. 2. ʇʝʨʚʠʯʥʘʷ ʩʙʦʨʢʘ 

 



71 

ɼʣʷ ʦʮʝʥʢʠ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʪʝʧʣʦʦʪʚʦʜʘ ʧʣʘʥʠʨʫʝʪʩʷ ʧʨʦʚʝʜʝ-
ʥʠʝ ʠʩʩʣʝʜʦʚʘʥʠʡ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʪʝʧʣʦʚʠʟʠʦʥʥʦʡ ʩʲʸʤʢʠ, ʢʦʪʦʨʘʷ 
ʧʦʟʚʦʣʠʪ ʚʠʟʫʘʣʠʟʠʨʦʚʘʪʴ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ ʥʘ ʧʦʚʝʨʭʥʦ-
ʩʪʠ ʧʣʘʪ ʠ ʤʝʪʘʣʣʠʯʝʩʢʦʤ ʦʩʥʦʚʘʥʠʠ ʧʨʠ ʧʨʦʪʝʢʘʥʠʠ ʪʦʢʘ ʯʝʨʝʟ ʨʝʟʠ-
ʩʪʦʨʳ. ɼʦʧʦʣʥʠʪʝʣʴʥʦ ʙʫʜʫʪ ʚʳʧʦʣʥʷʪʴʩʷ ʠʟʤʝʨʝʥʠʷ ʣʦʢʘʣʴʥʦʛʦ ʪʝʧ-
ʣʦʚʦʛʦ ʩʦʧʨʦʪʠʚʣʝʥʠʷ ʠ ʧʨʦʚʝʨʢʘ ʩʪʘʙʠʣʴʥʦʩʪʠ ʵʣʝʢʪʨʠʯʝʩʢʠʭ ʩʦʝʜʠ-
ʥʝʥʠʡ ʧʨʠ ʧʦʚʪʦʨʥʳʭ ʮʠʢʣʘʭ ʥʘʛʨʝʚʘ ʠ ʦʭʣʘʞʜʝʥʠʷ [4]. 

ɺ ʜʘʣʴʥʝʡʰʝʤ ʥʘ ʦʩʥʦʚʝ ʦʪʨʘʙʦʪʘʥʥʳʭ ʢʦʥʩʪʨʫʢʪʠʚʥʳʭ ʨʝʰʝ-
ʥʠʡ ʧʨʝʜʧʦʣʘʛʘʝʪʩʷ ʠʥʪʝʛʨʘʮʠʷ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʭ ʢʨʠʩʪʘʣʣʦʚ ʥʘ 
ʦʩʥʦʚʘʥʠʝ ʠʟ ʩʧʣʘʚʘ ʅʂ29, ʯʪʦ ʧʦʟʚʦʣʠʪ ʨʘʩʰʠʨʠʪʴ ʠʩʩʣʝʜʦʚʘʥʠʝ ʜʦ 
ʢʦʤʧʣʝʢʩʥʳʭ ʚʩʪʨʦʝʥʥʳʭ ʤʦʜʫʣʝʡ ʩ ʚʳʩʦʢʦʡ ʧʣʦʪʥʦʩʪʴʶ ʢʦʤʧʦʥʦʚʢʠ 
ʠ ʦʧʪʠʤʠʟʠʨʦʚʘʥʥʳʤ ʪʝʧʣʦʚʳʤ ʨʝʞʠʤʦʤ. 

 
ɹʠʙʣʠʦʛʨʘʬʠʯʝʩʢʠʡ ʩʧʠʩʦʢ 
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ʟʘʜʘʯ ʪʨʝʙʫʝʪ ʩʪʨʦʛʦʛʦ ʢʦʥʪʨʦʣʷ ʢʘʯʝʩʪʚʘ ʝʛʦ ʩʪʨʫʢʪʫʨʳ, ʩʨʝʜʠ ʢʦʪʦʨʳʭ ʦʜʥʠʤ ʠʟ 
ʥʘʠʙʦʣʝʝ ʨʝʟʫʣʴʪʘʪʠʚʥʳʭ ʷʚʣʷʝʪʩʷ ʤʝʪʦʜ SERS, ʧʦʟʚʦʣʷʶʱʠʡ ʫʩʠʣʠʚʘʪʴ ʠʥʪʝʥ-
ʩʠʚʥʦʩʪʴ ʣʠʥʠʡ ʂʈ ʠ ʪʦʯʥʝʝ ʚʳʧʦʣʥʠʪʴ ʠʭ ʠʥʪʝʨʧʨʝʪʘʮʠʶ. 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʚʳʧʦʣʥʝʥ ʨʘʩʯʸʪ ʢʦʣʝʙʘʪʝʣʴʥʳʭ ʩʧʝʢʪʨʦʚ ʂʈ ʬʨʘʛʤʝʥʪʦʚ 
ʛʨʘʬʝʥʘ ʨʘʟʣʠʯʥʦʡ ʛʝʦʤʝʪʨʠʯʝʩʢʦʡ ʬʦʨʤʳ ʙʝʟ ʠ ʩ ʫʯʝʪʦʤ ʘʪʦʤʦʚ ʅ. ʇʨʦʚʝʜʝʥ 
ʘʥʘʣʠʟ ʚʣʠʷʥʠʷ ʘʪʦʤʦʚ ʚʦʜʦʨʦʜʘ ʥʘ ʣʠʥʠʶ D, ʭʘʨʘʢʪʝʨʠʟʫʶʱʫʶ ʜʝʬʝʢʪʳ ʛʨʘʬʝ-
ʥʦʚʳʭ ʣʠʩʪʦʚ. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʫʩʠʣʝʥʠʝ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʣʠʥʠʡ ʂʈ ʧʨʠ ʚʟʘʠʤʦʜʝʡ-
ʩʪʚʠʠ ʛʨʘʬʝʥʦʚʳʭ ʬʨʘʛʤʝʥʪʦʚ ʩ ʥʘʥʦʢʣʘʩʪʨʦʤ ʟʦʣʦʪʘ ʥʘʙʣʶʜʘʝʪʩʷ ʧʨʠ ʨʘʩʩʪʦʷ-
ʥʠʠ ʤʝʞʜʫ ʥʠʤʠ 3,5 ¡.  

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʬʨʘʛʤʝʥʪʳ ʛʨʘʬʝʥʘ, ʩʧʝʢʪʨʳ ʂʈ,  ʥʘʥʦʢʣʘʩʪʝʨʳ ʟʦʣʦʪʘ, 
ʤʝʪʦʜ SERS 

 
ʂʦʣʝʙʘʪʝʣʴʥʳʝ ʩʧʝʢʪʨʳ ʛʨʘʬʝʥʘ ʦʯʝʥʴ ʯʫʚʩʪʚʠʪʝʣʴʥʳ ʢ ʨʘʟʣʠʯ-

ʥʦʛʦ ʨʦʜʘ ʜʝʬʝʢʪʘʤ, ʦʩʦʙʝʥʥʦ ʪʦʧʦʣʦʛʠʯʝʩʢʠʤ, ʥʘʧʨʠʤʝʨ, ʢʨʘʝʚʳʤ. ɺ 
ʯʘʩʪʥʦʩʪʠ, ʨʘʥʝʝ ʙʳʣ ʠʟʫʯʝʥ  ʦʜʠʥ ʠʟ ʩʘʤʳʭ ʨʘʩʧʨʦʩʪʨʘʥʸʥʥʳʭ ʜʝ-
ʬʝʢʪʦʚ ʛʨʘʬʝʥʘ ï ʨʘʟʨʳʚ ʩʚʷʟʝʡ ʉʉ ʥʘ ʝʛʦ ʢʨʘʶ [1].  ʂʘʢ ʠʟʚʝʩʪʥʦ, ʢʦ-
ʣʝʙʘʪʝʣʴʥʳʝ ʩʧʝʢʪʨʳ ʂʈ ʛʨʘʬʝʥʘ ʚ ʦʙʣʘʩʪʠ ʚʳʰʝ 1000 ʩʤ

-1
 ʠʤʝʶʪ ʥʝ-

ʩʢʦʣʴʢʦ ʭʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʠʭ ʣʠʥʠʡ, ʢʦʪʦʨʳʝ ʧʨʠʥʷʪʦ ʦʙʦʟʥʘʯʘʪʴ ʢʘʢ 

ʣʠʥʠʠ D, G, D¡ ʠ 2D. ʅʘʣʠʯʠʝ D ʣʠʥʠʠ ʫʢʘʟʳʚʘʝʪ ʥʘ ʧʨʠʩʫʪʩʪʚʠʝ 
ʦʧʨʝʜʝʣʝʥʥʳʭ ʜʝʬʝʢʪʦʚ, ʢʦʪʦʨʳʝ ʤʦʛʫʪ ʙʳʪʴ ʚʳʟʚʘʥʳ ʢʘʢ ʥʝʩʦʚʝʨ-
ʰʝʥʩʪʚʦʤ ʨʝʰʝʪʢʠ, ʪʘʢ ʠ ʥʘʣʠʯʠʝʤ ʧʨʠʤʝʩʝʡ. ʆʙʳʯʥʦ ʜʣʷ ʢʦʥʪʨʦʣʷ 
ʢʘʯʝʩʪʚʘ ʦʧʨʝʜʝʣʷʶʪ ʩʦʦʪʥʦʰʝʥʠʝ ʠʥʪʝʥʩʠʚʥʦʩʪʝʡ G ʠ D ʣʠʥʠʡ. ɼʣʷ 
ʭʦʨʦʰʠʭ ʦʙʨʘʟʮʦʚ D ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʣʠʥʠʠ ʥʘ ʥʝʩʢʦʣʴʢʦ ʧʦʨʷʜʢʦʚ 
ʤʝʥʴʰʝ ʠʥʪʝʥʩʠʚʥʦʩʪʠ G ʣʠʥʠʠ. ɽʩʣʠ ʞʝ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʵʪʠʭ ʣʠʥʠʡ 
ʩʦʨʘʟʤʝʨʥʳ, ʵʪʦ ʛʦʚʦʨʠʪ ʦ ʜʦʚʦʣʴʥʦ ʙʦʣʴʰʦʤ ʢʦʣʠʯʝʩʪʚʝ ʜʝʬʝʢʪʦʚ ʚ 
ʦʙʨʘʟʮʘʭ.  

ʅʝʩʤʦʪʨʷ ʥʘ ʜʦʩʪʘʪʦʯʥʦ ʙʦʣʴʰʦʝ ʯʠʩʣʦ ʨʘʙʦʪ, ʠʩʩʣʝʜʫʶʱʠʭ 
ʚʣʠʷʥʠʝ ʜʝʬʝʢʪʦʚ ʥʘ ʩʧʝʢʪʨ ʛʨʘʬʝʥʘ, ʨʘʥʝʝ ʧʦʜʨʦʙʥʳʡ ʘʥʘʣʠʟ ʚʣʠʷ-
ʥʠʷ ʘʪʦʤʦʚ ʅ ʥʘ ʩʪʨʫʢʪʫʨʫ ʣʠʥʠʠ D ʥʝ ʧʨʦʚʦʜʠʣʩʷ. 

ʆʜʥʠʤ ʠʟ ʥʘʠʙʦʣʝʝ ʨʝʟʫʣʴʪʘʪʠʚʥʳʭ ʤʝʪʦʜʦʚ, ʧʦʟʚʦʣʷʶʱʠʭ ʧʨʦ-
ʚʦʜʠʪʴ ʘʥʘʣʠʟ ʪʦʥʢʦʡ ʩʪʨʫʢʪʫʨʳ ʣʠʥʠʠ D, ʷʚʣʷʝʪʩʷ ʤʝʪʦʜ SERS, ʧʦʟ-
ʚʦʣʷʶʱʠʡ ʟʥʘʯʠʪʝʣʴʥʦ ʫʩʠʣʠʚʘʪʴ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʣʠʥʠʡ ʂʈ ʠ ʪʦʯʥʝʝ 
ʚʳʧʦʣʥʠʪʴ ʠʭ ʠʥʪʝʨʧʨʝʪʘʮʠʶ. 

ʎʝʣʴ ʜʘʥʥʦʡ ʨʘʙʦʪʳ ï ʠʩʧʦʣʴʟʦʚʘʪʴ ʤʝʪʦʜ SERS ʜʣʷ ʦʧʨʝʜʝʣʝ-
ʥʠʷ ʚʣʠʷʥʠʷ ʘʪʦʤʦʚ ʅ ʥʘ ʩʪʨʫʢʪʫʨʫ ʢʦʣʝʙʘʪʝʣʴʥʳʭ ʩʧʝʢʪʨʦʚ ʛʨʘʬʝʥʘ. 

ɼʣʷ ʜʦʩʪʠʞʝʥʠʷ ʧʦʩʪʘʚʣʝʥʥʦʡ ʮʝʣʠ ʚʳʧʦʣʥʝʥʳ ʨʘʩʯʸʪʳ ʜʚʫʭ 
ʬʨʘʛʤʝʥʪʦʚ ʛʨʘʬʝʥʘ ï ʙʝʟ (ʨʠʩ. 1 ʘ, ʚ) ʠ ʩ ʘʪʦʤʘʤʠ ʚʦʜʦʨʦʜʘ (ʨʠʩ. 1 ʙ, ʛ), 
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ʧʨʠʯʝʤ ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʠʭ ʚʣʠʷʥʠʷ ʥʘ ʢʦʣʝʙʘʪʝʣʴʥʳʡ ʩʧʝʢʪʨ ʂʈ ʙʳ-
ʣʠ ʚʳʧʦʣʥʝʥʳ ʪʘʢʞʝ ʨʘʩʯʸʪʳ ʥʘ ʧʦʜʣʦʞʢʝ ʟʦʣʦʪʘ Au10.  

 

             

 
           (ʘ)                           (ʙ)                   (ʚ)                    (ʛ) 

 
(ʜ) 

ʈʠʩ. 1. ʌʨʘʛʤʝʥʪʳ ʛʨʘʬʝʥʘ (ʘ - gr7), (ʙ - gr7H), (ʚ ï gr9), (ʛ ï gr9H)  ʠ ʠʭ 
ʚʟʘʠʤʥʦʝ ʨʘʩʧʦʣʦʞʝʥʠʝ ʩ ʢʣʘʩʪʝʨʦʤ ʟʦʣʦʪʘ Au10 

 
ʈʘʩʯʸʪ ʢʦʣʝʙʘʪʝʣʴʥʳʭ ʩʧʝʢʪʨʦʚ ʙʳʣ ʚʳʧʦʣʥʝʥ ʤʝʪʦʜʦʤ DFT ʥʘ 

ʫʨʦʚʥʝ B3LYP/6-31g(d,p) ʧʦ ʧʨʦʛʨʘʤʤʝ Gaussian-09 [2]. 
ʈʝʟʫʣʴʪʘʪʳ ʨʘʩʯʝʪʘ ʩʧʝʢʪʨʦʚ ʧʨʠʚʝʜʝʥʳ ʥʠʞʝ ʥʘ ʨʠʩ. 2, 3. ʇʦ 

ʦʩʠ ʘʙʩʮʠʩʩ ʦʪʣʦʞʝʥʳ ʚʦʣʥʦʚʳʝ ʯʠʩʣʘ (ʩʤ
-1
), ʧʦ ʦʩʠ ʦʨʜʠʥʘʪ ï ʟʥʘʯʝ-

ʥʠʷ ʘʙʩʦʣʶʪʥʦʡ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʣʠʥʠʡ ʂʈ (¡
4
/ʘ.ʝ.ʤ.). 

ʉʨʘʚʥʝʥʠʝ ʩʧʝʢʪʨʦʚ ʂʈ ʜʣʷ ʬʨʘʛʤʝʥʪʦʚ ʛʨʘʬʝʥʘ (ʨʠʩ.2 ʘ, ʚ), ʥʝ 

ʩʦʜʝʨʞʘʱʠʭ ʘʪʦʤʦʚ ʅ, ʧʦʢʘʟʳʚʘʝʪ, ʯʪʦ ʚ ʦʙʣʘʩʪʠ ~2000 ʩʤ-1, ʧʨʦʷʚ-
ʣʷʶʪʩʷ ʣʠʥʠʠ, ʭʘʨʘʢʪʝʨʠʟʫʶʱʠʝ  ʢʦʣʝʙʘʥʠʷ ʩʚʷʟʝʡ ʉ=ʉ;  ʚ ʦʙʣʘʩʪʠ 

~1300 ʩʤ
-1
 ï ʣʠʥʠʠ, ʭʘʨʘʢʪʝʨʠʟʫʶʱʠʝ  ʢʦʣʝʙʘʥʠʷ ʦʜʠʥʘʨʥʦʡ ʉʉ ʩʚʷ-

ʟʠ.  
ʂʨʦʤʝ ʪʦʛʦ, ʩʧʝʢʪʨʳ ʂʈ ʟʘʚʠʩʷʪ ʦʪ ʬʦʨʤʳ ʛʨʘʬʝʥʦʚʦʛʦ ʣʠʩʪʘ ï 

ʚ ʩʣʫʯʘʝ ʧʘʨʘʣʣʝʣʦʛʨʘʤʤʘ ʚ ʦʙʣʘʩʪʠ ʚʳʰʝ 1600 ʩʤ
-1 
ʧʨʦʷʚʣʷʝʪʩʷ ʭʘ-

ʨʘʢʪʝʨʥʘʷ ʧʦʣʦʩʘ D¡. 
ɺ ʩʧʝʢʪʨʘʭ ʬʨʘʛʤʝʥʪʦʚ ʛʨʘʬʝʥʘ, ʩʦʜʝʨʞʘʱʠʭ ʘʪʦʤʳ ʅ (ʨʠʩ.2 ʙ, ʛ),  

ʚ ʦʙʣʘʩʪʠ ~ 3000 ʩʤ
-1
, ʦʯʝʚʠʜʥʦ, ʧʨʦʷʚʣʷʶʪʩʷ ʢʦʣʝʙʘʥʠʷ ʩʚʷʟʝʡ ʉʅ, ʘ 

ʚ ʦʙʣʘʩʪʠ ʢʦʣʝʙʘʥʠʡ ~1350 ʩʤ
-1 
ï ʜʝʬʦʨʤʘʮʠʦʥʥʳʝ ʢʦʣʝʙʘʥʠʷ ʉʉʅ. 

ʂʨʦʤʝ ʪʦʛʦ, ʥʘʜʦ ʦʪʤʝʪʠʪʴ ʧʦʚʳʰʝʥʠʝ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʚ 2-3 ʨʘʟʘ 
ʣʠʥʠʡ ʂʈ ʜʣʷ ʬʨʘʛʤʝʥʪʦʚ ʛʨʘʬʝʥʘ, ʩʦʜʝʨʞʘʱʠʭ ʘʪʦʤʳ ʅ. 
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                          (ʘ)                                             (ʙ) 

 
                                           (ʚ)                                           (ʛ) 

ʈʠʩ. 2. ʂʈ ʩʧʝʢʪʨʳ ʜʣʷ gr7(ʘ), gr9(ʚ), gr7H(ʙ), gr9H(ʛ) 

 
ʅʘ ʨʠʩ.3 ʧʨʠʚʝʜʝʥʳ ʩʧʝʢʪʨʳ SERS, ʧʦʣʫʯʝʥʥʳʝ ʚ ʨʝʟʫʣʴʪʘʪʝ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʬʨʘʛʤʝʥʪʦʚ ʛʨʘʬʝʥʘ ʩ ʟʦʣʦʪʳʤʠ ʧʣʘʩʪʠʥʢʘʤʠ. ʇʦ-
ʩʢʦʣʴʢʫ ʢʦʵʬʬʠʮʠʝʥʪ ʫʩʠʣʝʥʠʷ ʚ ʤʝʪʦʜʝ SERS ʤʦʞʝʪ ʜʦʩʪʠʛʘʪʴ ʥʝ-
ʩʢʦʣʴʢʠʭ ʧʦʨʷʜʢʦʚ, ʪʦ ʝʛʦ ʤʦʞʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʜʣʷ ʫʪʦʯʥʝʥʠʷ ʠʥʪʝʨ-
ʧʨʝʪʘʮʠʠ ʩʧʝʢʪʨʘ ʂʈ, ʧʦʩʢʦʣʴʢʫ ʚ ʩʧʝʢʪʨʝ SERS ʧʦʷʚʣʷʶʪʩʷ ʜʦʧʦʣʥʠ-
ʪʝʣʴʥʳʝ ʢʦʣʝʙʘʥʠʷ, ʢʦʪʦʨʳʝ ʥʝ ʥʘʙʣʶʜʘʶʪʩʷ ʚ ʪʨʘʜʠʮʠʦʥʥʦʤ ʩʧʝʢʪʨʝ 
ʢʦʤʙʠʥʘʮʠʦʥʥʦʛʦ ʨʘʩʩʝʷʥʠʷ ʩʚʝʪʘ ʩ ʦʙʲʸʤʥʦʡ ʬʘʟʦʡ, ʘ ʥʝʢʦʪʦʨʳʝ ʤʦ-
ʜʳ ʤʦʛʫʪ ʠʩʯʝʟʘʪʴ. 

ʉʨʘʚʥʝʥʠʝ ʢʦʣʝʙʘʪʝʣʴʥʳʭ ʩʧʝʢʪʨʦʚ ʂʈ (ʨʠʩ. 2 ʘ, ʙ) ʩʦ ʩʧʝʢʪʨʘʤʠ 
SERS, ʚʳʯʠʩʣʝʥʥʳʭ ʜʣʷ ʪʝʭ ʞʝ ʬʨʘʛʤʝʥʪʦʚ ʛʨʘʬʝʥʘ, ʚʦ-ʧʝʨʚʳʭ, ʧʦʢʘ-

ʟʳʚʘʝʪ ʫʚʝʣʠʯʝʥʠʝ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʣʠʥʠʡ ʚ ~ 10 ʨʘʟ, ʠ, ʚʦ-ʚʪʦʨʳʭ, ʧʦ-
ʷʚʣʝʥʠʝ ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ ʩʧʝʢʪʨʘʣʴʥʳʭ ʣʠʥʠʡ, ʭʘʨʘʢʪʝʨʠʟʫʶʱʠʭ 
ʧʨʠʩʫʪʩʪʚʠʝ ʠʣʠ, ʥʘʧʨʦʪʠʚ, ʦʪʩʫʪʩʪʚʠʝ ʘʪʦʤʦʚ ʚʦʜʦʨʦʜʘ, ʪ.ʝ. ʢʨʘʝʚʳʝ 
ʵʬʬʝʢʪʳ.  
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                      (ʘ)                                           (ʙ) 

 
                       (ʚ)                                              (ʛ) 

ʈʠʩ. 3. ʉʧʝʢʪʨʳ SERS ʜʣʷ gr7(ʘ), gr9(ʚ), gr7H(ʙ), gr9H(ʛ) 

ɺʘʞʥʫʶ ʨʦʣʴ ʠʛʨʘʝʪ ʧʨʠ ʠʟʫʯʝʥʠʠ ʚʣʠʷʥʠʷ ʥʘʥʦʢʣʘʩʪʝʨʦʚ ʟʦʣʦʪʘ 

ʥʘ ʩʧʝʢʪʨʳ ʂʈ ʬʨʘʛʤʝʥʪʦʚ ʛʨʘʬʝʥʘ ʠʛʨʘʝʪ ʨʘʩʩʪʦʷʥʠʝ ʤʝʞʜʫ ʥʠʤʠ. ɽʩʣʠ 

ʚ ʧʝʨʚʦʤ ʩʣʫʯʘʝ (ʨʠʩ. 3 ʘ, ʙ) ʨʘʩʩʪʦʷʥʠʝ ʙʳʣʦ ʨʘʚʥʦ 3,5 ¡, ʠ ʠʥʪʝʥʩʠʚ-

ʥʦʩʪʴ ʣʠʥʠʡ ʜʣʷ ʬʨʘʛʤʝʥʪʦʚ gr9 ʠ gr9H (ʨʠʩ. 3 ʚ, ʛ) ʚʦʟʨʘʩʪʘʣʘ ʚ 10 ʨʘʟ, ʪʦ 

ʧʨʠ ʨʘʩʩʪʦʷʥʠʠ ʙʳʣʦ 2 ʠʣʠ 5 ¡ ʥʘʙʣʶʜʘʣʦʩʴ ʫʤʝʥʴʰʝʥʠʝ ʠʥʪʝʥʩʠʚʥʦʩʪʠ 

ʣʠʥʠʡ ʩʧʝʢʪʨʘ ʂʈ ʠ ʥʦʚʳʭ ʣʠʥʠʡ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʢʣʘʩʩʠʯʝʩʢʠʤ ʂʈ ʥʝ 

ʥʘʙʣʶʜʘʝʪʩʷ. 
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ʀʉʉʃɽɼʆɺɸʅʀɽ ʇʆʃʀʄʆʈʌʅʓʍ ʇʈɽɺʈɸʑɽʅʀʁ ʀ 
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ɸʥʥʦʪʘʮʠʷ. ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʠʩʩʣʝʜʦʚʘʥʳ ʩʪʨʫʢʪʫʨʥʳʝ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ 

ʧʠʢʦʣʠʥʘʪʘ ʭʨʦʤʘ (III), ʚʦʟʥʠʢʘʶʱʠʝ ʚ ʧʨʦʮʝʩʩʝ ʢʨʠʦʭʠʤʠʯʝʩʢʦʡ ʧʝʨʝʢʨʠʩʪʘʣʣʠ-
ʟʘʮʠʠ. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʀʂ-ʩʧʝʢʪʨʳ, ʧʦʣʫʯʝʥʥʳʝ ʤʝʪʦʜʦʤ ʌʫʨʴʝ-ʀʂ-
ʩʧʝʢʪʨʦʩʢʦʧʠʠ, ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʣʠ ʩʫʱʝʩʪʚʝʥʥʳʝ ʠʟʤʝʥʝʥʠʷ ʚ ʦʙʣʘʩʪʠ ʚʘʣʝʥʪ-
ʥʳʭ ʢʦʣʝʙʘʥʠʡ OïH, ʩʚʠʜʝʪʝʣʴʩʪʚʫʶʱʠʝ ʦ ʨʘʟʚʠʪʠʠ ʩʠʩʪʝʤʳ ʚʦʜʦʨʦʜʥʳʭ ʩʚʷʟʝʡ 
ʠ ʦʙʨʘʟʦʚʘʥʠʠ ʛʠʜʨʘʪʥʳʭ ʬʘʟ. ɼʣʷ ʠʥʪʝʨʧʨʝʪʘʮʠʠ ʩʧʝʢʪʨʘʣʴʥʳʭ ʜʘʥʥʳʭ ʧʨʦʚʝʜʝ-
ʥʦ ʢʚʘʥʪʦʚʦ-ʭʠʤʠʯʝʩʢʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʚ ʨʘʤʢʘʭ ʪʝʦʨʠʠ ʬʫʥʢʮʠʦʥʘʣʘ ʧʣʦʪʥʦʩʪʠ 
(DFT) ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʩʦʚʨʝʤʝʥʥʦʛʦ ʛʠʙʨʠʜʥʦʛʦ ʬʫʥʢʮʠʦʥʘʣʘ wB97X-D3BJ ʠ 
ʨʘʩʰʠʨʝʥʥʦʛʦ ʙʘʟʠʩʥʦʛʦ ʥʘʙʦʨʘ def2-TZVPD. ʉʦʧʦʩʪʘʚʣʝʥʠʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ 
ʠ ʪʝʦʨʝʪʠʯʝʩʢʠʭ ʩʧʝʢʪʨʦʚ ʧʦʢʘʟʘʣʦ, ʯʪʦ ʥʘʙʣʶʜʘʝʤʳʝ ʠʟʤʝʥʝʥʠʷ ʦʙʫʩʣʦʚʣʝʥʳ 
ʬʦʨʤʠʨʦʚʘʥʠʝʤ ʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʭ ʛʠʜʨʘʪʥʳʭ ʢʣʘʩʪʝʨʦʚ ʚʦʢʨʫʛ ʢʘʪʠʦʥʦʚ ʤʘʛ-
ʥʠʷ. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʚ ʧʨʠʩʫʪʩʪʚʠʠ MgCl ʧʨʦʠʩʭʦʜʠʪ ʦʙʨʘʟʦʚʘʥʠʝ ʩʣʦʞʥʳʭ 
ʤʥʦʛʦʢʦʤʧʦʥʝʥʪʥʳʭ ʛʠʜʨʘʪʦʚ, ʦʧʨʝʜʝʣʷʶʱʠʭ ʩʧʝʢʪʨʘʣʴʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʩʠ-
ʩʪʝʤʳ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʤʦʣʝʢʫʣʷʨʥʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ, ʧʠʢʦʣʠʥʘʪ ʭʨʦʤʘ, ʧʦʣʷʨ-
ʥʳʝ ʨʘʩʪʚʦʨʠʪʝʣʠ, ʀʂ ʩʧʝʢʪʨ, ʪʝʦʨʠʷ ʬʫʥʢʮʠʦʥʘʣʘ ʧʣʦʪʥʦʩʪʠ, ʚʦʜʦʨʦʜʥʳʝ ʩʚʷʟʠ. 

 
ʂʦʦʨʜʠʥʘʮʠʦʥʥʳʝ ʩʦʝʜʠʥʝʥʠʷ ʧʝʨʝʭʦʜʥʳʭ ʤʝʪʘʣʣʦʚ ʩ ʦʨʛʘʥʠ-

ʯʝʩʢʠʤʠ ʣʠʛʘʥʜʘʤʠ ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʤʝʞʜʠʩʮʠʧʣʠʥʘʨʥʫʶ ʦʙʣʘʩʪʴ 
ʠʥʪʝʨʝʩʦʚ, ʦʙʲʝʜʠʥʷʶʱʫʶ ʙʠʦʦʨʛʘʥʠʯʝʩʢʫʶ ʭʠʤʠʶ, ʬʘʨʤʘʢʦʣʦʛʠʶ ʠ 
ʤʘʪʝʨʠʘʣʦʚʝʜʝʥʠʝ. ʉʨʝʜʠ ʧʦʜʦʙʥʳʭ ʩʠʩʪʝʤ ʦʩʦʙʦʝ ʤʝʩʪʦ ʟʘʥʠʤʘʝʪ ʧʠ-
ʢʦʣʠʥʘʪ ʭʨʦʤʘ (III). ʍʨʦʤ ʚ ʩʪʝʧʝʥʠ ʦʢʠʩʣʝʥʠʷ +3 ʧʨʠʟʥʘʥ ʵʩʩʝʥʮʠ-
ʘʣʴʥʳʤ ʤʠʢʨʦʵʣʝʤʝʥʪʦʤ, ʠʛʨʘʶʱʠʤ ʬʫʥʜʘʤʝʥʪʘʣʴʥʫʶ ʨʦʣʴ ʚ ʤʦʜʫ-
ʣʷʮʠʠ ʤʝʪʘʙʦʣʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʦʚ. 

ʆʩʥʦʚʥʦʝ ʙʠʦʣʦʛʠʯʝʩʢʦʝ ʜʝʡʩʪʚʠʝ ʩʦʝʜʠʥʝʥʠʡ ʭʨʦʤʘ ʩʚʷʟʘʥʦ ʩ 
ʨʝʛʫʣʷʮʠʝʡ ʫʛʣʝʚʦʜʥʦʛʦ ʦʙʤʝʥʘ. ʊʨʝʭʚʘʣʝʥʪʥʳʡ ʭʨʦʤ ʷʚʣʷʝʪʩʷ ʢʦʬʘʢ-
ʪʦʨʦʤ ʦʣʠʛʦʧʝʧʪʠʜʘ ʭʨʦʤʦʜʫʣʠʥʘ (LMWCr), ʢʦʪʦʨʳʡ ʘʢʪʠʚʠʨʫʝʪ ʪʠ-
ʨʦʟʠʥʢʠʥʘʟʥʫʶ ʘʢʪʠʚʥʦʩʪʴ ʨʝʮʝʧʪʦʨʘ ʠʥʩʫʣʠʥʘ [1]. ʇʦʚʳʰʝʥʠʝ ʯʫʚ-
ʩʪʚʠʪʝʣʴʥʦʩʪʠ ʧʝʨʠʬʝʨʠʯʝʩʢʠʭ ʪʢʘʥʝʡ ʢ ʠʥʩʫʣʠʥʫ ʜʝʣʘʝʪ ʧʠʢʦʣʠʥʘʪ 
ʭʨʦʤʘ ʚʦʩʪʨʝʙʦʚʘʥʥʳʤ ʢʦʤʧʦʥʝʥʪʦʤ ʚ ʪʝʨʘʧʠʠ ʤʝʪʘʙʦʣʠʯʝʩʢʦʛʦ ʩʠʥ-
ʜʨʦʤʘ, ʩʘʭʘʨʥʦʛʦ ʜʠʘʙʝʪʘ II ʪʠʧʘ ʠ ʘʣʠʤʝʥʪʘʨʥʦʛʦ ʦʞʠʨʝʥʠʷ. 

ʉʨʝʜʠ ʨʘʟʣʠʯʥʳʭ ʣʠʛʘʥʜʥʳʭ ʩʠʩʪʝʤ ʧʠʢʦʣʠʥʦʚʘʷ ʢʠʩʣʦʪʘ (ʧʠ-
ʨʠʜʠʥ-2-ʢʘʨʙʦʥʦʚʘʷ ʢʠʩʣʦʪʘ) ʟʘʥʠʤʘʝʪ ʦʩʦʙʦʝ ʧʦʣʦʞʝʥʠʝ ʙʣʘʛʦʜʘʨʷ 
ʩʧʦʩʦʙʥʦʩʪʠ ʦʙʨʘʟʦʚʳʚʘʪʴ ʫʩʪʦʡʯʠʚʳʝ ʭʝʣʘʪʥʳʝ ʢʦʤʧʣʝʢʩʳ ʩ ʠʦʥʘʤʠ 
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ʤʝʪʘʣʣʦʚ. ʂʦʤʧʣʝʢʩʦʦʙʨʘʟʦʚʘʥʠʝ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʟʘ ʩʯʸʪ ʢʦʦʨʜʠʥʘʮʠʠ 
ʯʝʨʝʟ ʘʪʦʤ ʘʟʦʪʘ ʧʠʨʠʜʠʥʦʚʦʛʦ ʢʦʣʴʮʘ ʠ ʘʪʦʤ ʢʠʩʣʦʨʦʜʘ ʢʘʨʙʦʢʩʠʣʴ-
ʥʦʡ ʛʨʫʧʧʳ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʬʦʨʤʠʨʦʚʘʥʠʶ ʦʢʪʘʵʜʨʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ 
ʢʦʤʧʣʝʢʩʘ [3]. 

 
ʈʠʩ. 1. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʩʧʝʢʪʨʳ ʧʠʢʦʣʠʥʘʪʘ ʭʨʦʤʘ: ʩʠʥʠʡ ï ʧʠʢʦʣʠʥʘʪ ʭʨʦʤʘ, 
ʦʨʘʥʞʝʚʳʡ ï ʧʠʢʦʣʠʥʘʪ ʭʨʦʤʘ ʧʦʩʣʝ ʧʨʦʮʝʜʫʨʳ ʧʝʨʝʢʨʠʩʪʘʣʣʠʟʘʮʠʠ (ʨʘʩʪʚʦʨʝ-
ʥʠʝ ʧʨʦʠʩʭʦʜʠʣʦ ʚ ʩʤʝʩʠ ɼʄʉʆ-ʚʦʜʘ), ʟʝʣʝʥʳʡ ï ʧʠʢʦʣʠʥʘʪ ʭʨʦʤʘ ʧʦʩʣʝ ʧʨʦʮʝ-
ʜʫʨʳ ʧʝʨʝʢʨʠʩʪʘʣʣʠʟʘʮʠʠ (ʧʦʣʫʯʝʥ ʩʤʝʰʠʚʘʥʠʝʤ ʨʘʩʪʚʦʨʘ ʧʠʢʦʣʠʥʘʪʘ ʭʨʦʤʘ ʚ 
ɼʄʉʆ ʠ ʚʦʜʥʦʛʦ ʨʘʩʪʚʦʨʘ ʭʣʦʨʠʜʘ ʢʘʣʠʷ 1:1 ʧʦ ʤʦʣʷʤ), ʢʨʘʩʥʳʡ ï ʧʠʢʦʣʠʥʘʪ 
ʭʨʦʤʘ ʧʦʩʣʝ ʧʨʦʮʝʜʫʨʳ ʧʝʨʝʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʩ MgCl2 (ʧʦʣʫʯʝʥ ʩʤʝʰʠʚʘʥʠʝʤ ʨʘʩ-
ʪʚʦʨʘ ʧʠʢʦʣʠʥʘʪʘ ʭʨʦʤʘ ʚ ɼʄʉʆ ʠ ʚʦʜʥʦʛʦ ʨʘʩʪʚʦʨʘ ʭʣʦʨʠʜʘ ʤʘʛʥʠʷ 1:1 ʧʦ ʤʦ-
ʣʷʤ). 
 

ʇʦʠʩʢ ʥʦʚʳʭ ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʤʦʜʠʬʠʢʘʮʠʡ ï ɻ ʪʦ ʮʝʣʝʥʘʧʨʘʚ-
ʣʝʥʥʦʝ ʤʘʥʠʧʫʣʠʨʦʚʘʥʠʝ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠʤʠ ʩʚʦʡʩʪʚʘʤʠ ʪʚʝʨʜʦʡ 
ʬʘʟʳ ʚʝʱʝʩʪʚ ʜʣʷ ʫʣʫʯʰʝʥʠʷ ʝʛʦ ʙʠʦʬʘʨʤʘʮʝʚʪʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ, ʧʦ-
ʚʳʰʝʥʠʶ ʨʘʩʪʚʦʨʠʤʦʩʪʠ, ʙʠʦʜʦʩʪʫʧʥʦʩʪʠ ʜʣʷ ʜʦʩʪʠʞʝʥʠʷ ʤʘʢʩʠ-
ʤʘʣʴʥʦ ʚʦʟʤʦʞʥʦʡ ʢʦʥʮʝʥʪʨʘʮʠʠ ʚʝʱʝʩʪʚʘ ʚ ʩʠʩʪʝʤʥʦʤ ʦʨʛʘʥʠʟʤʝ ʙʝʟ 
ʠʟʤʝʥʝʥʠʷ ʝʛʦ ʭʠʤʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ. ɺ ʩʣʫʯʘʝ ʧʠʢʦʣʠʥʘʪʘ ʭʨʦʤʘ(III) 
ʵʪʦ ʢʨʠʪʠʯʝʩʢʠ ʚʘʞʥʦ ʜʣʷ ʦʙʝʩʧʝʯʝʥʠʷ ʝʛʦ ʫʯʘʩʪʠʷ ʚ ʤʝʪʘʙʦʣʠʯʝʩʢʠʭ 
ʧʨʦʮʝʩʩʘʭ ʠ ʨʝʘʣʠʟʘʮʠʠ ʠʥʩʫʣʠʥʦʤʠʤʝʪʠʯʝʩʢʦʛʦ ʵʬʬʝʢʪʘ. ɼʣʷ ʧʦʠʩʢʘ 
ʠ ʬʠʢʩʘʮʠʠ ʥʦʚʳʭ ʬʘʟʦʚʳʭ ʩʦʩʪʦʷʥʠʡ ʚ ʆʆʆ çʅʘʫʯʥʳʡ ʮʝʥʪʨ ʈʊɸè 
ʨʘʟʨʘʙʦʪʘʣʠ ʤʝʪʦʜʠʢʫ, ʦʩʥʦʚʘʥʥʫʶ ʥʘ ʫʧʨʘʚʣʝʥʠʠ ʢʦʥʬʦʨʤʘʮʠʦʥʥʦʡ 
ʜʠʥʘʤʠʢʦʡ ʚ ʨʘʩʪʚʦʨʝ. ʇʨʦʮʝʩʩ ʚʢʣʶʯʘʣ ʥʝʩʢʦʣʴʢʦ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʳʭ 
ʵʪʘʧʦʚ. ʉʥʘʯʘʣʘ ʰʣʘ ʩʦʣʴʚʘʪʘʮʠʷ: ʧʦʣʥʦʝ ʨʘʩʪʚʦʨʝʥʠʝ ʧʠʢʦʣʠʥʘʪʘ. ɿʘ-
ʪʝʤ ʧʨʠʤʝʥʷʣʘʩʴ ʪʝʨʤʠʯʝʩʢʘʷ ʘʢʪʠʚʘʮʠʷ ʜʣʷ ʧʨʝʦʜʦʣʝʥʠʷ ʵʥʝʨʛʝʪʠʯʝ-
ʩʢʠʭ ʙʘʨʴʝʨʦʚ ʤʝʞʜʫ ʨʘʟʣʠʯʥʳʤʠ ʢʦʥʬʦʨʤʝʨʘʤʠ ʠ ʨʘʟʨʫʰʝʥʠʷ ʠʩ-
ʭʦʜʥʳʭ ʘʩʩʦʮʠʘʪʦʚ. ʇʨʦʮʝʩʩ ʟʘʚʝʨʰʘʣʩʷ ʙʳʩʪʨʦʡ ʟʘʤʦʨʦʟʢʦʡ ʚ ʞʠʜ-
ʢʦʤ ʘʟʦʪʝ ʩ ʧʦʩʣʝʜʫʶʱʝʡ ʣʠʦʬʠʣʠʟʘʮʠʝʡ ʜʣʷ ʠʟʙʝʛʘʥʠʷ ʧʦʚʪʦʨʥʦʛʦ 
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ʧʝʨʝʭʦʜʘ ʚ ʞʠʜʢʫʶ ʬʘʟʫ. ʈʝʟʢʦʝ ʦʭʣʘʞʜʝʥʠʝ ʩʠʩʪʝʤʳ ʩ ʧʦʩʣʝʜʫʶʱʠʤ 
ʫʜʘʣʝʥʠʝʤ ʨʘʩʪʚʦʨʠʪʝʣʷ ʤʝʪʦʜʦʤ ʩʫʙʣʠʤʘʮʠʠ ʚ ʚʘʢʫʫʤʝ ʧʦʟʚʦʣʷʝʪ ʩʦ-
ʭʨʘʥʠʪʴ ʤʝʪʘʩʪʘʙʠʣʴʥʳʝ ʩʦʩʪʦʷʥʠʷ ʚʟʘʠʤʦʜʝʡʩʪʚʫʶʱʠʭ ʤʦʣʝʢʫʣ. 

ʀʂ-ʩʧʝʢʪʨʳ ʨʝʛʠʩʪʨʠʨʦʚʘʣʠʩʴ ʥʘ ʌʫʨʴʝ-ʩʧʝʢʪʨʦʤʝʪʨʝ Perkin 
Elmer Spectrum Two ʚ ʜʠʘʧʘʟʦʥʝ 4000ï600 cm

-1
, ʠʩʧʦʣʴʟʫʷ ʧʨʠʩʪʘʚʢʫ 

ʅʇɺʆ ʩ ʢʨʠʩʪʘʣʣʦʤ ZnSe. ʉʧʝʢʪʨʘʣʴʥʦʝ ʨʘʟʨʝʰʝʥʠʝ ʩʦʩʪʘʚʣʷʣʦ 2 ʩʤ
-

1
, ʯʪʦ ʚ ʠʪʦʛʝ ʦʙʝʩʧʝʯʠʣʦ ʚʳʩʦʢʦʝ ʦʪʥʦʰʝʥʠʝ ʩʠʛʥʘʣ/ʰʫʤ. 

ʂʚʘʥʪʦʚʦ-ʭʠʤʠʯʝʩʢʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʚʳʧʦʣʥʷʣʦʩʴ ʩ ʠʩʧʦʣʴʟʦ-
ʚʘʥʠʝʤ ʧʨʦʛʨʘʤʤʥʦʛʦ ʧʘʢʝʪʘ ORCA. ʏʪʦʙʳ ʘʜʝʢʚʘʪʥʦ ʦʧʠʩʘʪʴ ʩʠʩʪʝ-
ʤʳ ʩ ʧʝʨʝʭʦʜʥʳʤʠ ʤʝʪʘʣʣʘʤʠ ʠ ʩ ʙʦʣʴʰʠʤ ʢʦʣʠʯʝʩʪʚʦʤ ʚʦʜʦʨʦʜʥʳʭ 
ʩʚʷʟʝʡ, ʙʳʣ ʚʳʙʨʘʥ ʛʠʙʨʠʜʥʳʡ ʬʫʥʢʮʠʦʥʘʣ ɤB97X-D3BJ [3-4], ʢʦʪʦ-
ʨʳʡ ʚʢʣʶʯʘʝʪ ʚ ʩʝʙʷ ʢʦʨʨʝʢʮʠʶ ʥʘ ʜʠʩʧʝʨʩʠʦʥʥʳʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ 
(D3BJ). ɺ ʢʘʯʝʩʪʚʝ ʙʘʟʠʩʥʦʛʦ ʥʘʙʦʨʘ ʧʨʠʤʝʥʷʣʠ def2-TZVPD [5] 
(ʪʨʝʭʵʢʩʧʦʥʝʥʮʠʘʣʴʥʳʡ ʙʘʟʠʩ ʩ ʜʠʬʬʫʟʥʳʤʠ ʬʫʥʢʮʠʷʤʠ). ɼʣʷ ʫʩʢʦ-
ʨʝʥʠʷ ʨʘʩʯʝʪʦʚ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʘʣʛʦʨʠʪʤ RIJCOSX, ʘ ʚʣʠʷʥʠʝ ʨʘʩʪʚʦ-
ʨʠʪʝʣʷ ʫʯʠʪʳʚʘʣʦʩʴ ʯʝʨʝʟ ʤʦʜʝʣʴ CPCM (Water). 
 

 
ʈʠʩ. 2. ʆʧʪʠʤʠʟʠʨʦʚʘʥʥʳʝ ʩʪʨʫʢʪʫʨʳ Cr(pic)3ĿMg

2+
ĿH2O (ʘ), Mg

2+
Ŀ32H2O (ʙ) ʠ 

Cr
3+
Ŀ32H2O (ʚ). 

 

ʉʦʧʦʩʪʘʚʣʝʥʠʝ ʨʘʩʯʝʪʥʳʭ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʩʧʝʢʪʨʦʚ ʧʦʢʘ-
ʟʘʣʦ, ʯʪʦ ʥʘʠʙʦʣʝʝ ʟʥʘʯʠʤʳʝ ʠʟʤʝʥʝʥʠʷ ʩʚʷʟʘʥʳ ʥʝ ʩʪʦʣʴʢʦ ʩ ʩʘʤʠʤ 
ʢʦʦʨʜʠʥʘʮʠʦʥʥʳʤ ʢʘʨʢʘʩʦʤ ʧʠʢʦʣʠʥʘʪʘ ʭʨʦʤʘ, ʩʢʦʣʴʢʦ ʩ ʬʦʨʤʠʨʦʚʘ-
ʥʠʝʤ ʚʦʢʨʫʛ ʥʝʛʦ ʨʘʟʚʠʪʦʡ ʛʠʜʨʘʪʥʦʡ ʩʨʝʜʳ, ʢʦʪʦʨʘʷ ʧʨʦʷʚʣʷʝʪʩʷ ʚ 
ʚʳʩʦʢʦʯʘʩʪʦʪʥʦʡ ʦʙʣʘʩʪʠ 3000ï3600 ʩʤĭ. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʡ ʩʧʝʢʪʨ 
ʦʙʨʘʟʮʘ, ʧʦʣʫʯʝʥʥʦʛʦ ʧʦʩʣʝ ʧʝʨʝʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʠʟ ʨʘʩʪʚʦʨʘ ʭʣʦʨʠʜʘ 
ʤʘʛʥʠʷ, ʭʦʨʦʰʦ ʚʦʩʧʨʦʠʟʚʦʜʠʪʩʷ ʨʘʩʯʝʪʥʦʡ ʤʦʜʝʣʴʶ ʢʣʘʩʪʝʨʘ 
Mg

2+
32(H2O). ʅʘʙʣʶʜʘʝʤʦʝ ʩʦʛʣʘʩʠʝ ʧʦ ʧʦʣʦʞʝʥʠʶ, ʬʦʨʤʝ ʠ ʭʘʨʘʢʪʝʨʫ 
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ʧʦʣʦʩ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʪʦʤ, ʯʪʦ ʠʤʝʥʥʦ ʩʠʣʴʥʦ ʛʠʜʨʘʪʠʨʦʚʘʥʥʳʡ 
ʤʘʛʥʠʝʚʳʡ ʘʩʩʦʮʠʘʪ ʦʧʨʝʜʝʣʷʝʪ ʩʧʝʢʪʨʘʣʴʥʳʡ ʧʨʦʬʠʣʴ ʩʠʩʪʝʤʳ. 

ɺ ʪʦ ʞʝ ʚʨʝʤʷ ʤʦʜʝʣʴ ʠʟʦʣʠʨʦʚʘʥʥʦʛʦ ʘʩʩʦʮʠʘʪʘ ʛʠʜʨʦʪʠʨʦʚʘʥ-
ʥʦʛʦ ʧʠʢʦʣʠʥʘʪʘ ʭʨʦʤʘ ʭʦʨʦʰʦ ʦʧʠʩʳʚʘʝʪ ʣʠʰʴ ʩʢʝʣʝʪʥʳʝ ʢʦʣʝʙʘʥʠʷ 
ʣʠʛʘʥʜʦʚ, ʥʦ ʥʝ ʦʙʲʷʩʥʷʝʪ ʘʥʦʤʘʣʴʥʦ ʚʳʩʦʢʫʶ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʚ ʦʙʣʘ-
ʩʪʠ O-H ʢʦʣʝʙʘʥʠʡ. ʕʪʦ ʛʦʚʦʨʠʪ ʦ ʪʦʤ, ʯʪʦ ʚ ʫʩʣʦʚʠʷʭ ʧʝʨʝʢʨʠʩʪʘʣʣʠ-
ʟʘʮʠʠ ʚ ʧʨʠʩʫʪʩʪʚʠʠ MgCl2 ʬʦʨʤʠʨʫʝʪʩʷ ʥʝ ʧʨʦʩʪʦ ʣʦʢʘʣʴʥʦ ʛʠʜʨʘʪʠ-
ʨʦʚʘʥʥʘʷ ʬʦʨʤʘ, ʘ ʙʦʣʝʝ ʩʣʦʞʥʘʷ ʤʥʦʛʦʢʦʤʧʦʥʝʥʪʥʘʷ ʩʠʩʪʝʤʘ, ʚ ʢʦʪʦ-
ʨʦʡ ʢʘʪʠʦʥ ʤʘʛʥʠʷ ʠʛʨʘʝʪ ʩʪʨʫʢʪʫʨʦʦʙʨʘʟʫʶʱʫʶ ʨʦʣʴ. 

 
ʈʠʩ. 3. ʈʘʩʩʯʠʪʘʥʥʳʝ ʩʧʝʢʪʨʳ: ʟʝʣʝʥʳʡ ï ʩʧʝʢʪʨ ʘʩʩʦʮʠʘʪʘ ʧʠʢʦʣʠʥʘʪʘ ʭʨʦʤʘ c 
ʜʚʫʤʷ ʤʦʣʝʢʫʣ ʚʦʜʳ; ʦʨʘʥʞʝʚʳʡ ï ʩʧʝʢʪʨ ʤʘʛʥʠʷ ʚ ʦʢʨʫʞʝʥʠʠ 32 ʤʦʣʝʢʫʣ ʚʦʜʳ; 
ʩʧʝʢʪʨ ʤʘʛʥʠʷ ʚ ʦʢʨʫʞʝʥʠʠ 32 ʤʦʣʝʢʫʣ ʚʦʜʳ; ʢʨʘʩʥʳʡ ï ɻ ʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʡ 
ʩʧʝʢʪʨ ʧʠʢʦʣʠʥʘʪ ʭʨʦʤʘ ʧʦʩʣʝ ʧʨʦʮʝʜʫʨʳ ʧʝʨʝʢʨʠʩʪʘʣʣʠʟʘʮʠʠ. 

 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʩʦʚʦʢʫʧʥʦʩʪʴ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʠ ʨʘʩʯʝʪʥʳʭ 
ʜʘʥʥʳʭ ʧʦʜʪʚʝʨʞʜʘʝʪ, ʯʪʦ ʩʧʝʢʪʨʘʣʴʥʳʝ ʠʟʤʝʥʝʥʠʷ ʚ ʧʠʢʦʣʠʥʘʪʝ ʭʨʦ-
ʤʘ (III) ʦʙʫʩʣʦʚʣʝʥʳ ʦʙʨʘʟʦʚʘʥʠʝʤ ʨʘʟʚʠʪʳʭ ʚʦʜʦʨʦʜʥʦ-ʩʚʷʟʘʥʥʳʭ 
ʩʪʨʫʢʪʫʨ, ʩʪʘʙʠʣʠʟʠʨʦʚʘʥʥʳʭ ʛʠʜʨʘʪʠʨʦʚʘʥʥʳʤʠ ʢʘʪʠʦʥʘʤʠ ʤʝʪʘʣ-
ʣʦʚ. ʅʘʠʙʦʣʝʝ ʚʝʨʦʷʪʥʳʤ ʦʙʲʷʩʥʝʥʠʝʤ ʥʘʙʣʶʜʘʝʤʦʛʦ ʵʬʬʝʢʪʘ ʷʚʣʷʝʪ-
ʩʷ ʬʦʨʤʠʨʦʚʘʥʠʝ ʩʣʦʞʥʦʛʦ ʤʥʦʛʦʢʦʤʧʦʥʝʥʪʥʦʛʦ ʛʠʜʨʘʪʘ, ʢʦʪʦʨʳʡ 
ʩʣʝʜʫʝʪ ʨʘʩʩʤʘʪʨʠʚʘʪʴ ʢʘʢ ʥʦʚʫʶ ʤʦʜʠʬʠʢʘʮʠʶ ʠʩʩʣʝʜʫʝʤʦʛʦ ʩʦʝʜʠ-
ʥʝʥʠʷ. 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʚʳʧʦʣʥʝʥʦ ʟʘ ʩʯʝʪ ʛʨʘʥʪʘ ʈʦʩʩʠʡʩʢʦʛʦ ʥʘʫʯʥʦʛʦ 
ʬʦʥʜʘ (ʈʅʌ) ˉ 25-22-00258, https://rscf.ru/project/25-22-00258/ 
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ɸʥʥʦʪʘʮʠʷ. ʄʝʪʦʜʦʤ ʤʠʢʨʦʤʘʛʥʠʪʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʠʩʩʣʝʜʦʚʘʥʦ ʨʘʩ-
ʧʨʦʩʪʨʘʥʝʥʠʝ ʩʧʠʥʦʚʳʭ ʚʦʣʥ ʚ ʜʚʫʭ ʪʦʧʦʣʦʛʠʷʭ ʥʘ ʦʩʥʦʚʝ ʧʣʸʥʢʠ ʞʝʣʝʟʦ-
ʠʪʪʨʠʝʚʦʛʦ ʛʨʘʥʘʪʘ: ʢʦʣʴʮʝʚʦʤ ʨʝʟʦʥʘʪʦʨʝ, ʠʥʪʝʛʨʠʨʦʚʘʥʥʦʤ ʩ ʚʦʣʥʦʚʦʜʘʤʠ, ʠ 
ʠʟʦʣʠʨʦʚʘʥʥʦʤ ʢʦʣʴʮʝʚʦʤ ʵʣʝʤʝʥʪʝ. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʠʟʤʝʥʝʥʠʝ ʦʨʠʝʥʪʘʮʠʠ ʚʥʝʰ-
ʥʝʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʬʦʨʤʠʨʫʝʪ ʥʝʦʜʥʦʨʦʜʥʳʡ ʧʨʦʬʠʣʴ ʵʬʬʝʢʪʠʚʥʦʛʦ ʧʦʣʷ, 
ʦʙʫʩʣʦʚʣʝʥʥʳʡ ʛʝʦʤʝʪʨʠʯʝʩʢʦʡ ʘʥʠʟʦʪʨʦʧʠʝʡ ʢʚʘʜʨʘʪʥʦʛʦ ʢʦʥʪʫʨʘ. ɼʘʥʥʳʡ ʵʬ-
ʬʝʢʪ ʦʙʝʩʧʝʯʠʚʘʝʪ ʧʝʨʝʩʪʨʦʡʢʫ ʨʝʟʦʥʘʥʩʥʦʡ ʯʘʩʪʦʪʳ ʠ ʧʝʨʝʨʘʩʧʨʝʜʝʣʝʥʠʝ ʵʥʝʨ-
ʛʠʠ ʤʝʞʜʫ ʚʭʦʜʥʳʤ ʠ ʚʳʭʦʜʥʳʤ ʢʘʥʘʣʘʤʠ ʧʨʠ ʩʦʭʨʘʥʝʥʠʠ ʚʳʩʦʢʦʡ ʯʘʩʪʦʪʥʦʡ 
ʠʟʙʠʨʘʪʝʣʴʥʦʩʪʠ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʩʧʠʥʦʚʳʝ ʚʦʣʥʳ, ʞʝʣʝʟʦ-ʠʪʪʨʠʝʚʳʡ ʛʨʘʥʘʪ, ʤʘʛʥʦʥʠʢʘ, 
ʨʝʟʦʥʘʪʦʨ ʢʦʣʴʮʝʚʦʛʦ ʪʠʧʘ, ʯʘʩʪʦʪʥʘʷ ʩʝʣʝʢʮʠʷ, ʤʠʢʨʦʤʘʛʥʠʪʥʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ. 

 

1. ɺʚʝʜʝʥʠʝ 
ɾʝʣʝʟʦ-ʠʪʪʨʠʝʚʳʡ ʛʨʘʥʘʪ (Y3Fe5O12, ɾʀɻ) ʧʨʠʟʥʘʥ ʵʪʘʣʦʥʥʳʤ 

ʤʘʪʝʨʠʘʣʦʤ ʚ ʤʘʛʥʦʥʠʢʝ ʙʣʘʛʦʜʘʨʷ ʨʝʢʦʨʜʥʦ ʥʠʟʢʠʤ ʟʥʘʯʝʥʠʷʤ ʤʘʛ-
ʥʠʪʥʦʡ ʜʠʩʩʠʧʘʮʠʠ (ʧʘʨʘʤʝʪʨ ʟʘʪʫʭʘʥʠʷ ɻʠʣʙʝʨʪʘ Ŭ ʧʦʨʷʜʢʘ 10

-4
) [1, 

2]. ʅʝʟʥʘʯʠʪʝʣʴʥʳʝ ʧʦʪʝʨʠ ʧʨʠ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʠ ʤʘʛʥʦʥʦʚ ʩʦʟʜʘʶʪ 
ʫʩʣʦʚʠʷ ʜʣʷ ʥʘʙʣʶʜʝʥʠʷ ʨʝʟʦʥʘʥʩʥʳʭ ʷʚʣʝʥʠʡ ʜʘʞʝ ʚ ʩʪʨʫʢʪʫʨʘʭ 
ʤʘʢʨʦʩʢʦʧʠʯʝʩʢʠʭ ʨʘʟʤʝʨʦʚ, ʯʪʦ ʧʦʟʠʮʠʦʥʠʨʫʝʪ ɾʀɻ [3-5] ʢʘʢ ʦʧʪʠ-
ʤʘʣʴʥʫʶ ʩʨʝʜʫ ʜʣʷ ʨʝʘʣʠʟʘʮʠʠ ʫʩʪʨʦʡʩʪʚ ʩʧʠʥ-ʚʦʣʥʦʚʦʡ ʵʣʝʢʪʨʦʥʠʢʠ. 

ɿʥʘʯʠʪʝʣʴʥʳʡ ʠʥʪʝʨʝʩ ʠʩʩʣʝʜʦʚʘʪʝʣʝʡ ʧʨʠʢʦʚʘʥ ʢ ʢʦʣʴʮʝʚʳʤ 
ʤʠʢʨʦʨʝʟʦʥʘʪʦʨʘʤ ʥʘ ʙʘʟʝ ɾʀɻ. ʇʦʜʦʙʥʳʝ ʵʣʝʤʝʥʪʳ ʚʳʧʦʣʥʷʶʪ 
ʬʫʥʢʮʠʠ ʢʘʢ ʧʝʨʝʜʘʯʠ, ʪʘʢ ʠ ʬʠʣʴʪʨʘʮʠʠ ʤʘʛʥʦʥʥʳʭ ʩʠʛʥʘʣʦʚ ʚ ʧʨʝ-
ʜʝʣʘʭ ʝʜʠʥʦʡ ʢʦʤʧʘʢʪʥʦʡ ʘʨʭʠʪʝʢʪʫʨʳ, ʯʪʦ ʠʤʝʝʪ ʧʨʠʥʮʠʧʠʘʣʴʥʦʝ 
ʟʥʘʯʝʥʠʝ ʜʣʷ ʤʠʥʠʘʪʶʨʠʟʘʮʠʠ ʤʘʛʥʦʥʥʳʭ ʠʥʪʝʛʨʘʣʴʥʳʭ ʩʭʝʤ. ʊʝʤ ʥʝ 
ʤʝʥʝʝ, ʘʢʪʫʘʣʴʥʦʡ ʧʨʦʙʣʝʤʦʡ ʦʩʪʘʝʪʩʷ ʩʦʟʜʘʥʠʝ ʫʧʨʘʚʣʷʝʤʳʭ ʨʝʟʦ-
ʥʘʥʩʥʳʭ ʢʦʤʧʦʥʝʥʪʦʚ, ʯʴʠ ʯʘʩʪʦʪʥʳʝ ʩʚʦʡʩʪʚʘ ʤʦʞʥʦ ʢʦʨʨʝʢʪʠʨʦʚʘʪʴ 
ʙʝʟ ʚʤʝʰʘʪʝʣʴʩʪʚʘ ʚ ʛʝʦʤʝʪʨʠʶ ʪʦʧʦʣʦʛʠʠ. 

ɺ ʧʨʝʜʩʪʘʚʣʝʥʥʦʡ ʨʘʙʦʪʝ ʜʝʤʦʥʩʪʨʠʨʫʝʪʩʷ, ʯʪʦ ʠʟʤʝʥʝʥʠʝ ʫʛʣʘ 
ʦʨʠʝʥʪʘʮʠʠ ʚʥʝʰʥʝʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʩʧʦʩʦʙʩʪʚʫʝʪ ʦʙʨʘʟʦʚʘʥʠʶ ʥʝ-
ʨʘʚʥʦʤʝʨʥʦʛʦ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʠʥʜʫʮʠʨʦʚʘʥʥʦʛʦ ʚʥʫʪʨʝʥʥʝʛʦ ʧʦʣʷ. 
ɼʘʥʥʦʝ ʦʙʩʪʦʷʪʝʣʴʩʪʚʦ ʜʘʝʪ ʚʦʟʤʦʞʥʦʩʪʴ ʛʠʙʢʦ ʠʟʤʝʥʷʪʴ ʨʝʟʦʥʘʥʩʥʳʝ 
ʯʘʩʪʦʪʳ ʠ ʢʦʥʪʨʦʣʠʨʦʚʘʪʴ ʧʨʦʭʦʞʜʝʥʠʝ ʩʠʛʥʘʣʘ. ʊʘʢʦʡ ʤʝʭʘʥʠʟʤ ʨʝ-
ʛʫʣʠʨʦʚʢʠ ʨʝʟʦʥʘʥʩʦʚ ʩʦʟʜʘʝʪ ʧʨʝʜʧʦʩʳʣʢʠ ʜʣʷ ʨʘʟʨʘʙʦʪʢʠ ʥʘʩʪʨʘʠ-
ʚʘʝʤʳʭ ʬʠʣʴʪʨʦʚ ʥʘ ʤʘʛʥʦʥʘʭ ʠ ʤʦʞʝʪ ʩʪʘʪʴ ʙʘʟʦʡ ʜʣʷ ʤʘʩʰʪʘʙʠʨʦ-
ʚʘʥʠʷ ʪʝʭʥʦʣʦʛʠʠ ʥʘ ʪʨʝʭʤʝʨʥʳʝ ʠʥʪʝʛʨʘʣʴʥʳʝ ʩʭʝʤʳ [6, 7]. 
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2. ʄʦʜʝʣʴ ʩʪʨʫʢʪʫʨʳ ʠ ʨʝʟʫʣʴʪʘʪʳ ʤʦʜʝʣʠʨʦʚʘʥʠʷ 
ʇʝʨʚʘʷ ʠʩʩʣʝʜʫʝʤʘʷ ʪʦʧʦʣʦʛʠʷ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʠʥʪʝʛʨʘʣʴ-

ʥʫʶ ʩʭʝʤʫ, ʚ ʢʦʪʦʨʦʡ ʢʦʣʴʮʝʚʦʡ ʤʠʢʨʦʨʝʟʦʥʘʪʦʨ ʞʝʩʪʢʦ ʩʦʧʨʷʞʝʥ ʩ 
ʧʦʜʚʦʜʷʱʠʤʠ ʠ ʦʪʚʦʜʷʱʠʤʠ ʤʠʢʨʦʚʦʣʥʦʚʦʜʘʤʠ (ʈʠʩ. 1a) [6, 8]. ɻʝʥʝ-
ʨʘʮʠʷ ʩʧʠʥʦʚʳʭ ʚʦʣʥ ʧʨʦʠʟʚʦʜʠʪʩʷ ʉɺʏ-ʘʥʪʝʥʥʦʡ P0, ʨʘʟʤʝʱʝʥʥʦʡ ʥʘ 
ʚʭʦʜʥʦʤ ʚʦʣʥʦʚʦʜʝ, ʘ ʜʝʪʝʢʪʠʨʦʚʘʥʠʝ ʦʪʢʣʠʢʘ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʧʨʠʝʤ-
ʥʦʡ ʘʥʪʝʥʥʦʡ P1 ʥʘ ʚʳʭʦʜʝ. ʇʦʜʦʙʥʘʷ ʛʝʦʤʝʪʨʠʷ ʨʝʘʣʠʟʫʝʪ ʬʫʥʢʮʠʶ 
ʯʘʩʪʦʪʥʦʛʦ ʬʠʣʴʪʨʘ, ʙʘʟʠʨʫʶʱʝʛʦʩʷ ʥʘ ʠʥʪʝʨʬʝʨʝʥʮʠʠ ʨʘʩʧʨʦʩʪʨʘ-
ʥʷʶʱʠʭʩʷ ʤʦʜ, ʠ ʦʙʲʝʜʠʥʷʝʪ ʟʘʜʘʯʫ ʧʝʨʝʜʘʯʠ ʜʘʥʥʳʭ ʩ ʨʝʟʦʥʘʥʩʥʳʤ 
ʫʩʠʣʝʥʠʝʤ, ʯʪʦ ʷʚʣʷʝʪʩʷ ʢʣʶʯʝʚʳʤ ʬʘʢʪʦʨʦʤ ʜʣʷ ʩʦʟʜʘʥʠʷ ʤʘʛʥʦʥʥʳʭ 
ʣʦʛʠʯʝʩʢʠʭ ʩʭʝʤ [1, 2]. ɺʪʦʨʘʷ ʢʦʥʬʠʛʫʨʘʮʠʷ ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ ʥʘʣʠʯʠ-
ʝʤ ʟʘʟʦʨʘ (~30 ʤʢʤ) ʤʝʞʜʫ ʢʦʣʴʮʝʚʳʤ ʨʝʟʦʥʘʪʦʨʦʤ ʠ ʣʠʥʝʡʥʳʤ ʚʦʣ-
ʥʦʚʦʜʦʤ (ʈʠʩ. 1b). ʅʝʩʤʦʪʨʷ ʥʘ ʦʪʩʫʪʩʪʚʠʝ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦʛʦ ʢʦʥ-
ʪʘʢʪʘ, ʦʙʤʝʥ ʵʥʝʨʛʠʝʡ ʧʨʦʠʩʭʦʜʠʪ ʟʘ ʩʯʝʪ ʜʠʧʦʣʴ-ʜʠʧʦʣʴʥʦʛʦ ʚʟʘʠʤʦ-
ʜʝʡʩʪʚʠʷ. ɼʘʥʥʳʡ ʚʘʨʠʘʥʪ ʠʤʠʪʠʨʫʝʪ ʨʝʞʠʤ ʩʣʘʙʦʡ ʩʚʷʟʠ, ʯʘʩʪʦ 
ʚʩʪʨʝʯʘʶʱʠʡʩʷ ʚ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʦʙʨʘʟʮʘʭ, ʛʜʝ ʠʟʦʣʷʮʠʷ ʢʦʤʧʦ-
ʥʝʥʪʦʚ ʥʝʦʙʭʦʜʠʤʘ ʜʣʷ ʦʙʝʩʧʝʯʝʥʠʷ ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʡ ʛʠʙʢʦʩʪʠ ʠʣʠ 
ʩʦʧʨʷʞʝʥʠʷ ʩ ʛʠʙʨʠʜʥʳʤʠ ʩʠʩʪʝʤʘʤʠ [6, 7]. 

 
ʈʠʩ. 1. ʉʭʝʤʘʪʠʯʥʦʝ ʧʨʝʜʩʪʘʚʣʝʥʠʝ ʠʩʩʣʝʜʫʝʤʳʭ ʪʦʧʦʣʦʛʠʡ ʥʘ ʧʣʝʥʢʝ 

ɾʀɻ: (a) ʚʦʣʥʦʚʦʜ ʩ ʢʦʥʪʘʢʪʥʦ ʩʦʝʜʠʥʝʥʥʳʤ ʢʦʣʴʮʝʚʳʤ ʨʝʟʦʥʘʪʦʨʦʤ; (b) ʚʦʣʥʦ-
ʚʦʜ ʩ ʢʦʣʴʮʝʚʳʤ ʨʝʟʦʥʘʪʦʨʦʤ, ʦʪʜʝʣʝʥʥʳʤ ʟʘʟʦʨʦʤ. 

 

ʈʘʩʯʝʪʳ ʜʣʷ ʦʙʝʠʭ ʢʦʥʬʠʛʫʨʘʮʠʡ ʦʩʫʱʝʩʪʚʣʷʣʠʩʴ ʚ ʩʨʝʜʝ 
MuMax3, ʠʩʧʦʣʴʟʫʶʱʝʡ ʯʠʩʣʝʥʥʦʝ ʨʝʰʝʥʠʝ ʫʨʘʚʥʝʥʠʷ ʃʘʥʜʘʫ-
ʃʠʬʰʠʮʘïɻʠʣʙʝʨʪʘ [9]. ɺʝʢʪʦʨ ʚʥʝʰʥʝʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ H0 = 1.2 ʢʕ 
ʦʨʠʝʥʪʠʨʦʚʘʣʩʷ ʚ ʧʣʦʩʢʦʩʪʠ ʧʣʝʥʢʠ ʧʦʜ ʚʘʨʠʘʪʠʚʥʳʤʠ ʫʛʣʘʤʠ 
(ī15Áé105Á) ʧʦ ʦʪʥʦʰʝʥʠʶ ʢ ʦʩʠ X, ʩʦʥʘʧʨʘʚʣʝʥʥʦʡ ʩ ʚʦʣʥʦʚʦʜʦʤ. 
ɼʘʥʥʳʡ ʚʳʙʦʨ ʧʨʦʜʠʢʪʦʚʘʥ ʥʝʦʙʭʦʜʠʤʦʩʪʴʶ ʘʥʘʣʠʟʘ ʚʣʠʷʥʠʷ ʤʘʣʳʭ 
ʦʪʢʣʦʥʝʥʠʡ ʦʪ ʩʪʨʦʛʦ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦʛʦ ʥʘʤʘʛʥʠʯʠʚʘʥʠʷ (90Á ʢ ʦʩʠ 
X), ʢʦʪʦʨʦʝ ʦʙʝʩʧʝʯʠʚʘʝʪ ʩʠʤʤʝʪʨʠʶ ʩʠʩʪʝʤʳ ʠ ʚʦʟʙʫʞʜʝʥʠʝ ʧʨʝ-
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ʠʤʫʱʝʩʪʚʝʥʥʦ ʘʟʠʤʫʪʘʣʴʥʳʭ ʤʦʜ. ʆʪʢʣʦʥʝʥʠʷ ʚ Ñ15Á ʦʪ ʦʩʠ X ʥʝ 
ʥʘʨʫʰʘʶʪ ʦʜʥʦʨʦʜʥʦʩʪʠ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʤʘʢʨʦʩʢʦʧʠʯʝʩʢʠ, ʦʜʥʘʢʦ 
ʜʦʩʪʘʪʦʯʥʳ ʜʣʷ ʚʦʟʥʠʢʥʦʚʝʥʠʷ ʦʱʫʪʠʤʦʡ ʥʝʦʜʥʦʨʦʜʥʦʩʪʠ ʵʬʬʝʢʪʠʚ-
ʥʦʛʦ ʧʦʣʷ ʠʟ-ʟʘ ʚʣʠʷʥʠʷ ʨʘʟʤʘʛʥʠʯʠʚʘʶʱʠʭ ʬʘʢʪʦʨʦʚ ʬʦʨʤʳ. ʉʫʱʝ-
ʩʪʚʝʥʥʦ, ʯʪʦ ʠʤʝʥʥʦ ʢʦʤʙʠʥʘʮʠʷ ʦʨʠʝʥʪʘʮʠʠ ʚʥʝʰʥʝʛʦ ʧʦʣʷ ʠ ʛʝʦ-
ʤʝʪʨʠʯʝʩʢʠʭ ʦʛʨʘʥʠʯʝʥʠʡ (ʚʦʣʥʦʚʦʜʘ ʠ ʢʦʣʴʮʘ) ʬʦʨʤʠʨʫʝʪ ʢʘʨʪʠʥʫ 
ʨʘʟʤʘʛʥʠʯʠʚʘʶʱʠʭ ʧʦʣʝʡ ʠ, ʢʘʢ ʩʣʝʜʩʪʚʠʝ, ʣʦʢʘʣʴʥʳʝ ʜʠʩʧʝʨʩʠʦʥʥʳʝ 
ʫʩʣʦʚʠʷ. 

ɺ ʭʦʜʝ ʘʥʘʣʠʟʘ ʠʩʩʣʝʜʦʚʘʣʠʩʴ ʬʘʟʦʚʘʷ ʢʘʨʪʠʥʘ ʜʠʥʘʤʠʯʝʩʢʦʡ 
ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ, ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʵʬʬʝʢʪʠʚʥʦʛʦ ʚʥʫʪʨʝʥʥʝʛʦ ʧʦʣʷ ʠ 
ʘʤʧʣʠʪʫʜʥʦ-ʯʘʩʪʦʪʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʧʝʨʝʜʘʯʠ. ɼʣʷ ʢʘʞʜʦʛʦ ʫʛʣʘ 
ʚʳʧʦʣʥʷʣʦʩʴ ʯʘʩʪʦʪʥʦʝ ʩʢʘʥʠʨʦʚʘʥʠʝ ʚ ʧʨʝʜʝʣʘʭ 3.8ï5.8 ɻɻʮ (ʈʠʩ. 2a, 
b) ʩ ʮʝʣʴʶ ʪʦʯʥʦʡ ʣʦʢʘʣʠʟʘʮʠʠ ʨʝʟʦʥʘʥʩʥʳʭ ʧʠʢʦʚ ʠ ʦʮʝʥʢʠ ʠʭ ʰʠ-
ʨʠʥʳ [10]. 

ʈʝʟʫʣʴʪʘʪʳ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʩʚʠʜʝʪʝʣʴʩʪʚʫʶʪ, ʯʪʦ ʧʨʠ ʫʛʣʘʭ 0Á ʠ 
90Á ʵʬʬʝʢʪʠʚʥʦʝ ʚʥʫʪʨʝʥʥʝʝ ʧʦʣʝ Heff ʚ ʢʦʣʴʮʝ ʨʘʩʧʨʝʜʝʣʝʥʦ ʢʚʘʟʠʦʜ-
ʥʦʨʦʜʥʦ ʜʣʷ ʦʙʝʠʭ ʪʦʧʦʣʦʛʠʡ, ʯʪʦ ʠʥʜʫʮʠʨʫʝʪ ʛʝʥʝʨʘʮʠʶ ʩʠʤʤʝʪʨʠʯ-
ʥʳʭ ʘʟʠʤʫʪʘʣʴʥʳʭ ʤʦʜ. ɺ ʠʥʪʝʛʨʠʨʦʚʘʥʥʦʡ ʩʠʩʪʝʤʝ ʵʪʦ ʚʳʨʘʞʘʝʪʩʷ ʚ 
ʧʦʷʚʣʝʥʠʠ ʚʳʨʘʞʝʥʥʦʛʦ ʨʝʟʦʥʘʥʩʥʦʛʦ ʧʠʢʘ ʩ ʚʳʩʦʢʦʡ ʜʦʙʨʦʪʥʦʩʪʴʶ, 
ʬʦʨʤʠʨʫʶʱʝʛʦʩʷ ʚʩʣʝʜʩʪʚʠʝ ʠʥʪʝʨʬʝʨʝʥʮʠʠ ʚʩʪʨʝʯʥʳʭ ʚʦʣʥ ʚ ʢʦʣʴʮʝ 
[3-5]. ɺ ʩʣʘʙʦʩʚʷʟʘʥʥʦʡ ʩʠʩʪʝʤʝ ʨʝʟʦʥʘʥʩ ʪʘʢʞʝ ʬʠʢʩʠʨʫʝʪʩʷ, ʥʦ ʘʤ-
ʧʣʠʪʫʜʘ ʧʨʦʰʝʜʰʝʛʦ ʩʠʛʥʘʣʘ ʥʠʞʝ ʠʟ-ʟʘ ʙʦʣʝʝ ʩʣʘʙʦʡ ʩʚʷʟʠ, ʧʨʠ ʵʪʦʤ 
ʰʠʨʠʥʘ ʨʝʟʦʥʘʥʩʥʦʡ ʢʨʠʚʦʡ ʦʩʪʘʝʪʩʷ ʥʝʟʥʘʯʠʪʝʣʴʥʦʡ, ʧʦʜʪʚʝʨʞʜʘʷ 
ʩʦʭʨʘʥʝʥʠʝ ʠʟʙʠʨʘʪʝʣʴʥʳʭ ʩʚʦʡʩʪʚ. 

ʇʨʠ ʘʣʴʪʝʨʥʘʪʠʚʥʳʭ ʫʛʣʘʭ ʧʨʠʣʦʞʝʥʠʷ ʧʦʣʷ ʬʠʢʩʠʨʫʝʪʩʷ ʩʫʱʝ-
ʩʪʚʝʥʥʘʷ ʥʝʦʜʥʦʨʦʜʥʦʩʪʴ Heff ʧʦ ʧʝʨʠʤʝʪʨʫ ʢʦʣʴʮʘ, ʷʚʣʷʶʱʘʷʩʷ ʨʝ-
ʟʫʣʴʪʘʪʦʤ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʚʥʝʰʥʝʛʦ ʧʦʣʷ ʩ ʣʦʢʘʣʴʥʳʤʠ ʨʘʟʤʘʛʥʠʯʠ-
ʚʘʶʱʠʤʠ ʧʦʣʷʤʠ. ʇʦʜʦʙʥʘʷ ʥʝʦʜʥʦʨʦʜʥʦʩʪʴ ʚʝʜʝʪ ʢ ʧʨʦʩʪʨʘʥʩʪʚʝʥ-
ʥʦʤʫ ʦʛʨʘʥʠʯʝʥʠʶ ʩʧʠʥʦʚʳʭ ʤʦʜ ʠ ʤʦʜʠʬʠʢʘʮʠʠ ʠʭ ʜʠʩʧʝʨʩʠʦʥʥʳʭ 
ʧʘʨʘʤʝʪʨʦʚ. ɺ ʢʦʥʪʘʢʪʥʦʡ ʩʪʨʫʢʪʫʨʝ ʵʪʦ ʩʦʧʨʦʚʦʞʜʘʝʪʩʷ ʩʤʝʱʝʥʠʝʤ 
ʨʝʟʦʥʘʥʩʥʦʡ ʯʘʩʪʦʪʳ ʧʨʠ ʥʝʠʟʤʝʥʥʦʡ ʚʳʩʦʢʦʡ ʜʦʙʨʦʪʥʦʩʪʠ. ɺ ʢʦʥʬʠ-
ʛʫʨʘʮʠʠ ʩ ʟʘʟʦʨʦʤ ʥʘʙʣʶʜʘʝʪʩʷ ʘʥʘʣʦʛʠʯʥʳʡ ʯʘʩʪʦʪʥʳʡ ʩʜʚʠʛ, ʯʪʦ 
ʫʢʘʟʳʚʘʝʪ ʥʘ ʫʥʠʚʝʨʩʘʣʴʥʳʡ ʭʘʨʘʢʪʝʨ ʤʝʭʘʥʠʟʤʘ ʧʝʨʝʩʪʨʦʡʢʠ, ʠʥʚʘ-
ʨʠʘʥʪʥʦʛʦ ʢ ʪʠʧʫ ʩʚʷʟʠ. 

ɸʥʘʣʠʟ ʬʘʟʦʚʳʭ ʨʘʩʧʨʝʜʝʣʝʥʠʡ ʜʠʥʘʤʠʯʝʩʢʦʡ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ 
ʧʦʢʘʟʳʚʘʝʪ, ʯʪʦ ʧʨʠ ʦʨʠʝʥʪʘʮʠʠ ʧʦʣʷ ʚ 0Á ʬʘʟʦʚʳʡ ʬʨʦʥʪ ʩʠʤʤʝʪʨʠ-
ʯʝʥ, ʯʪʦ ʩʚʦʡʩʪʚʝʥʥʦ ʯʠʩʪʳʤ ʙʝʛʫʱʠʤ ʚʦʣʥʘʤ. ʇʨʠ ʦʪʢʣʦʥʝʥʠʷʭ ʥʘ 
ī15Á ʠ +15Á ʬʘʟʘ ʫʪʨʘʯʠʚʘʝʪ ʩʠʤʤʝʪʨʠʶ, ʩʚʠʜʝʪʝʣʴʩʪʚʫʷ ʦ ʚʦʟʙʫʞʜʝ-
ʥʠʠ ʩʫʧʝʨʧʦʟʠʮʠʦʥʥʳʭ ʤʦʜ, ʩʦʯʝʪʘʶʱʠʭ ʧʨʷʤʳʝ ʠ ʦʙʨʘʪʥʳʝ ʚʦʣʥʳ ʩ 
ʨʘʟʣʠʯʥʦʡ ʘʤʧʣʠʪʫʜʦʡ [6, 7]. ʕʪʦ ʠʟʤʝʥʷʝʪ ʠʥʪʝʨʬʝʨʝʥʮʠʦʥʥʫʶ ʢʘʨ-
ʪʠʥʫ ʠ ʧʦʟʚʦʣʷʝʪ ʫʧʨʘʚʣʷʪʴ ʧʝʨʝʨʘʩʧʨʝʜʝʣʝʥʠʝʤ ʵʥʝʨʛʠʠ ʚ ʚʳʭʦʜʥʦʤ 
ʢʘʥʘʣʝ. ɺʘʞʥʦ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʜʘʥʥʳʡ ʵʬʬʝʢʪ ʧʨʠʩʫʱ ʠ ʩʣʘʙʦʩʚʷʟʘʥʥʦʡ 
ʩʠʩʪʝʤʝ, ʥʝʩʤʦʪʨʷ ʥʘ ʦʪʩʫʪʩʪʚʠʝ ʧʨʷʤʦʛʦ ʢʦʥʪʘʢʪʘ, ʯʪʦ ʧʦʜʪʚʝʨʞʜʘʝʪ 
ʦʧʨʝʜʝʣʷʶʱʫʶ ʨʦʣʠ ʫʛʣʘ ʥʘʤʘʛʥʠʯʠʚʘʥʠʷ ʢʘʢ ʬʘʢʪʦʨʘ ʫʧʨʘʚʣʝʥʠʷ. 
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ʈʠʩ. 2. (a) ɸʏʍ ʜʣʷ ʧʝʨʚʦʡ ʪʦʧʦʣʦʛʠʠ ʧʨʠ ʫʛʣʘʭ ʦʪʢʣʦʥʝʥʠʷ ʧʦʣʷ 

ī15Á...+15Á; (b) ɸʏʍ ʜʣʷ ʚʪʦʨʦʡ ʪʦʧʦʣʦʛʠʠ ʧʨʠ ʘʥʘʣʦʛʠʯʥʳʭ ʫʛʣʘʭ; (c) ʌʘʟʦ-
ʚʳʝ ʢʘʨʪʳ ʜʣʷ ʧʝʨʚʦʡ ʩʪʨʫʢʪʫʨʳ ʥʘ ʯʘʩʪʦʪʝ 5.2 ɻɻʮ ʧʨʠ ʚʘʨʠʘʮʠʠ ʫʛʣʦʚ 
ī15Á...+15Á; (d) ʌʘʟʦʚʳʝ ʢʘʨʪʳ ʜʣʷ ʚʪʦʨʦʡ ʩʪʨʫʢʪʫʨʳ ʥʘ ʯʘʩʪʦʪʝ 5.2 ɻɻʮ. 

 
ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʩʨʘʚʥʠʪʝʣʴʥʳʡ ʘʥʘʣʠʟ ʜʚʫʭ ʢʦʥʬʠʛʫʨʘʮʠʡ ʜʝ-

ʤʦʥʩʪʨʠʨʫʝʪ, ʯʪʦ ʠʥʪʝʛʨʠʨʦʚʘʥʥʘʷ ʪʦʧʦʣʦʛʠʷ ʧʨʝʚʦʩʭʦʜʠʪ ʘʣʴʪʝʨʥʘ-
ʪʠʚʥʫʶ ʧʦ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʧʝʨʝʜʘʯʠ, ʦʜʥʘʢʦ ʩʣʘʙʦʩʚʷʟʘʥʥʘʷ ʩʠʩʪʝʤʘ 
ʥʝ ʫʩʪʫʧʘʝʪ ʝʡ ʚ ʬʫʥʢʮʠʦʥʘʣʴʥʦʡ ʛʠʙʢʦʩʪʠ. ɺ ʦʙʦʠʭ ʩʣʫʯʘʷʭ ʤʦʜʫʣʷ-
ʮʠʷ ʫʛʣʘ ʚʥʝʰʥʝʛʦ ʧʦʣʷ ʚ ʧʨʝʜʝʣʘʭ Ñ15Á ʧʦʟʚʦʣʷʝʪ ʦʩʫʱʝʩʪʚʣʷʪʴ ʧʝ-
ʨʝʥʘʩʪʨʦʡʢʫ ʨʝʟʦʥʘʥʩʥʦʡ ʯʘʩʪʦʪʳ ʙʝʟ ʜʝʛʨʘʜʘʮʠʠ ʩʧʝʢʪʨʘʣʴʥʳʭ ʭʘ-
ʨʘʢʪʝʨʠʩʪʠʢ, ʯʪʦ ʧʝʨʩʧʝʢʪʠʚʥʦ ʜʣʷ ʩʦʟʜʘʥʠʷ ʤʘʛʥʦʥʥʳʭ ʫʩʪʨʦʡʩʪʚ ʩ 
ʧʝʨʝʩʪʨʘʠʚʘʝʤʳʤʠ ʩʚʦʡʩʪʚʘʤʠ ʠ ʩʦʭʨʘʥʝʥʠʝʤ ʚʳʩʦʢʦʡ ʠʟʙʠʨʘʪʝʣʴʥʦ-
ʩʪʠ [3, 4]. 

3. ɿʘʢʣʶʯʝʥʠʝ 
ʇʨʦʚʝʜʝʥʥʦʝ ʩʦʧʦʩʪʘʚʠʪʝʣʴʥʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ ʠʥʪʝʛʨʠʨʦʚʘʥʥʦʡ 

ʠ ʩʣʘʙʦʩʚʷʟʘʥʥʦʡ ʢʦʥʬʠʛʫʨʘʮʠʡ ʥʘ ʙʘʟʝ ɾʀɻ ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʣʦ, 
ʯʪʦ ʚʘʨʠʘʮʠʷ ʦʨʠʝʥʪʘʮʠʠ ʚʝʢʪʦʨʘ ʚʥʝʰʥʝʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʚʳʩʪʫ-
ʧʘʝʪ ʵʬʬʝʢʪʠʚʥʳʤ ʠʥʩʪʨʫʤʝʥʪʦʤ ʫʧʨʘʚʣʝʥʠʷ ʨʝʟʦʥʘʥʩʥʳʤ ʦʪʢʣʠʢʦʤ 
ʩʠʩʪʝʤʳ. ɼʘʥʥʦʝ ʫʧʨʘʚʣʝʥʠʝ ʨʝʘʣʠʟʫʝʪʩʷ ʟʘ ʩʯʝʪ ʬʦʨʤʠʨʦʚʘʥʠʷ ʥʘʚʝ-
ʜʝʥʥʦʡ ʥʝʦʜʥʦʨʦʜʥʦʩʪʠ ʚʥʫʪʨʝʥʥʝʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ. ɺʳʙʦʨ ʠʩʩʣʝ-
ʜʫʝʤʳʭ ʫʛʣʦʚ ʤʦʪʠʚʠʨʦʚʘʥ ʥʝʦʙʭʦʜʠʤʦʩʪʴʶ ʩʦʭʨʘʥʝʥʠʷ ʦʜʥʦʜʦʤʝʥ-
ʥʦʡ ʩʪʨʫʢʪʫʨʳ ʧʨʠ ʥʘʨʫʰʝʥʠʠ ʟʝʨʢʘʣʴʥʦʡ ʩʠʤʤʝʪʨʠʠ: ʫʛʣʳ 0Á ʠ 90Á 
ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʩʠʤʤʝʪʨʠʯʥʦʡ ʢʦʥʬʠʛʫʨʘʮʠʠ, ʘ ʦʪʢʣʦʥʝʥʠʷ ʥʘ Ñ15Á 
ʚʥʦʩʷʪ ʜʦʟʠʨʦʚʘʥʥʫʶ ʘʩʠʤʤʝʪʨʠʶ, ʜʦʩʪʘʪʦʯʥʫʶ ʜʣʷ ʯʘʩʪʦʪʥʦʡ ʧʝʨʝ-
ʩʪʨʦʡʢʠ ʙʝʟ ʚʚʝʜʝʥʠʷ ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ ʧʦʪʝʨʴ. ʅʝʩʤʦʪʨʷ ʥʘ ʬʫʥʜʘ-
ʤʝʥʪʘʣʴʥʳʝ ʨʘʟʣʠʯʠʷ ʚ ʤʝʭʘʥʠʟʤʘʭ ʩʚʷʟʠ ï ʛʘʣʴʚʘʥʠʯʝʩʢʠʡ ʢʦʥʪʘʢʪ ʠ 
ʜʠʧʦʣʴʥʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ï ʚ ʦʙʝʠʭ ʪʦʧʦʣʦʛʠʷʭ ʟʘʬʠʢʩʠʨʦʚʘʥ ʩʦʧʦ-
ʩʪʘʚʠʤʳʡ ʩʜʚʠʛ ʨʝʟʦʥʘʥʩʥʦʡ ʯʘʩʪʦʪʳ ʩ ʩʦʭʨʘʥʝʥʠʝʤ ʚʳʩʦʢʦʡ ʜʦʙʨʦʪ-



85 

ʥʦʩʪʠ. ʆʩʦʙʫʶ ʟʥʘʯʠʤʦʩʪʴ ʧʨʝʜʩʪʘʚʣʷʝʪ ʪʦʪ ʬʘʢʪ, ʯʪʦ ʜʘʞʝ ʧʨʠ ʬʠʟʠ-
ʯʝʩʢʦʤ ʨʘʟʜʝʣʝʥʠʠ ʢʦʤʧʦʥʝʥʪʦʚ, ʠʩʢʣʶʯʘʶʱʝʤ ʧʨʷʤʦʡ ʦʙʤʝʥ, 
ʫʧʨʘʚʣʷʶʱʝʝ ʚʦʟʜʝʡʩʪʚʠʝ ʦʨʠʝʥʪʘʮʠʠ ʧʦʣʷ ʩʦʭʨʘʥʷʝʪ ʩʚʦʶ ʵʬʬʝʢ-
ʪʠʚʥʦʩʪʴ. ʕʪʦ ʦʪʢʨʳʚʘʝʪ ʚʦʟʤʦʞʥʦʩʪʠ ʜʣʷ ʧʨʦʝʢʪʠʨʦʚʘʥʠʷ ʛʠʙʨʠʜʥʳʭ 
ʤʘʛʥʦʥʥʳʭ ʩʭʝʤ, ʛʜʝ ʦʪʜʝʣʴʥʳʝ ʨʝʟʦʥʘʪʦʨʳ ʤʦʛʫʪ ʥʘʩʪʨʘʠʚʘʪʴʩʷ 
ʥʝʟʘʚʠʩʠʤʦ ʙʝʟ ʠʟʤʝʥʝʥʠʷ ʛʝʦʤʝʪʨʠʠ ʠʣʠ ʵʣʝʢʪʨʠʯʝʩʢʠʭ ʩʦʝʜʠʥʝʥʠʡ 
[6, 7]. ɼʘʥʥʳʡ ʧʦʜʭʦʜ ʷʚʣʷʝʪʩʷ ʧʨʠʚʣʝʢʘʪʝʣʴʥʳʤ ʜʣʷ ʠʥʪʝʛʨʘʮʠʠ ʤʘʛ-
ʥʦʥʥʳʭ ʢʦʤʧʦʥʝʥʪʦʚ ʩ ʠʥʳʤʠ ʧʣʘʪʬʦʨʤʘʤʠ ï ʥʘʧʨʠʤʝʨ, ʬʦʪʦʥʥʳʤʠ 
ʢʨʠʩʪʘʣʣʘʤʠ, ʩʚʝʨʭʧʨʦʚʦʜʥʠʢʦʚʳʤʠ ʮʝʧʷʤʠ ʠʣʠ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳ-
ʤʠ ʥʘʥʦʩʪʨʫʢʪʫʨʘʤʠ, ʛʜʝ ʢʨʠʪʠʯʝʩʢʠ ʚʘʞʥʳ ʤʠʥʠʤʘʣʴʥʘʷ ʠʥʪʨʫʟʠʚ-
ʥʦʩʪʴ ʠ ʥʘʣʠʯʠʝ ʚʥʝʰʥʝʛʦ ʧʘʨʘʤʝʪʨʘ ʨʝʛʫʣʠʨʦʚʢʠ [1, 2]. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʦʢʘʟʘʥʦ, ʯʪʦ ʥʘʧʨʘʚʣʝʥʠʝ ʚʥʝʰʥʝʛʦ ʤʘʛʥʠʪʥʦ-
ʛʦ ʧʦʣʷ ʤʦʞʝʪ ʩʣʫʞʠʪʴ ʫʥʠʚʝʨʩʘʣʴʥʳʤ, ʙʝʩʢʦʥʪʘʢʪʥʳʤ ʠ ʨʝʚʝʨʩʠʚ-
ʥʳʤ ʧʘʨʘʤʝʪʨʦʤ ʥʘʩʪʨʦʡʢʠ ʩʧʠʥ-ʚʦʣʥʦʚʳʭ ʫʩʪʨʦʡʩʪʚ. ʇʦʣʫʯʝʥʥʳʝ 
ʨʝʟʫʣʴʪʘʪʳ ʥʝ ʪʦʣʴʢʦ ʨʘʩʰʠʨʷʶʪ ʧʨʝʜʩʪʘʚʣʝʥʠʷ ʦ ʨʦʣʠ ʥʝʦʜʥʦʨʦʜʥʳʭ 
ʧʦʣʝʡ ʚ ʬʦʨʤʠʨʦʚʘʥʠʠ ʠʥʪʝʨʬʝʨʝʥʮʠʦʥʥʳʭ ʵʬʬʝʢʪʦʚ, ʥʦ ʠ ʩʦʟʜʘʶʪ 
ʧʨʘʢʪʠʯʝʩʢʫʶ ʙʘʟʫ ʜʣʷ ʨʝʘʣʠʟʘʮʠʠ ʧʝʨʝʩʪʨʘʠʚʘʝʤʳʭ ʤʘʛʥʦʥʥʳʭ 
ʬʠʣʴʪʨʦʚ, ʤʦʜʫʣʷʪʦʨʦʚ ʠ ʣʦʛʠʯʝʩʢʠʭ ʵʣʝʤʝʥʪʦʚ, ʧʝʨʩʧʝʢʪʠʚʥʳʭ ʜʣʷ 
ʧʨʠʤʝʥʝʥʠʷ ʚ ʵʥʝʨʛʦʵʬʬʝʢʪʠʚʥʳʭ ʠʥʬʦʨʤʘʮʠʦʥʥʳʭ ʪʝʭʥʦʣʦʛʠʷʭ ʥʦ-
ʚʦʛʦ ʧʦʢʦʣʝʥʠʷ [1, 2]. 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʚʳʧʦʣʥʝʥʦ ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ ʧʦʜʜʝʨʞʢʝ ʈʦʩʩʠʡ-
ʩʢʦʛʦ ʥʘʫʯʥʦʛʦ ʬʦʥʜʘ (ʛʨʘʥʪ ˉ 23-79-30027). 
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ɸʥʥʦʪʘʮʠʷ. ɺ ʨʘʙʦʪʝ ʧʨʦʚʦʜʠʪʩʷ ʠʩʩʣʝʜʦʚʘʥʠʝ ʵʣʝʢʪʨʦʬʠʟʠʯʝʩʢʠʭ ʭʘʨʘʢ-

ʪʝʨʠʩʪʠʢ ʬʫʥʢʮʠʦʥʘʣʠʟʠʨʦʚʘʥʥʳʭ ʥʘʥʦʯʘʩʪʠʮʘʤʠ ʦʢʩʠʜʦʚ ʤʝʪʘʣʣʦʚ ʛʠʙʨʠʜʥʳʭ 
ʧʣʝʥʦʢ, ʦʙʨʘʟʦʚʘʥʥʳʭ ʢʦʚʘʣʝʥʪʥʦ ʩʚʷʟʘʥʥʳʤʠ ʣʠʩʪʦʤ ʛʨʘʬʝʥʘ ʠ ʚʝʨʪʠʢʘʣʴʥʦ 
ʦʨʠʝʥʪʠʨʦʚʘʥʥʳʤʠ ʦʜʥʦʩʪʝʥʥʳʤʠ ʫʛʣʝʨʦʜʥʳʤʠ ʥʘʥʦʪʨʫʙʢʘʤʠ ʪʠʧʘ çʟʠʛʟʘʛè. ɺ 
ʢʘʯʝʩʪʚʝ ʦʢʩʠʜʦʚ ʤʝʪʘʣʣʘ ʨʘʩʩʤʘʪʨʠʚʘʶʪʩʷ ʦʢʩʠʜʳ ʪʠʪʘʥʘ TiO2 ʠ ʛʘʬʥʠʷ HfO2. 
ʀʩʧʦʣʴʟʫʷ ʤʝʪʦʜ ʬʫʥʢʮʠʦʥʘʣʘ ʧʣʦʪʥʦʩʪʠ ʚ ʧʨʠʙʣʠʞʝʥʠʠ ʩʠʣʴʥʦʡ ʩʚʷʟʠ ʩ ʩʘʤʦʩʦ-
ʛʣʘʩʦʚʘʥʥʳʤ ʚʳʯʠʩʣʝʥʠʝʤ ʟʘʨʷʜʘ, ʨʘʩʩʯʠʪʘʥʳ ʵʣʝʢʪʨʦʥʥʦ-ʵʥʝʨʛʝʪʠʯʝʩʢʠʝ ʧʘʨʘ-
ʤʝʪʨʳ ʠʩʩʣʝʜʫʝʤʳʭ ʛʠʙʨʠʜʥʳʭ ʧʣʝʥʦʢ ʩ ʨʘʟʣʠʯʥʦʡ ʢʦʥʮʝʥʪʨʘʮʠʝʡ ʥʘʥʦʯʘʩʪʠʮ 
ʦʢʩʠʜʦʚ ʤʝʪʘʣʣʦʚ. ɺ ʨʘʤʢʘʭ ʬʦʨʤʘʣʠʟʤʘ ʃʘʥʜʘʫʵʨʘ-ɹʫʪʪʠʢʝʨʘ ʜʘʝʪʩʷ ʯʠʩʣʝʥʥʘʷ 
ʦʮʝʥʢʘ ʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʚʦʜʠʤʦʩʪʠ ʬʫʥʢʮʠʦʥʘʣʠʟʠʨʦʚʘʥʥʳʭ ʦʢʩʠʜʘʤʠ ʤʝʪʘʣʣʦʚ 
ʛʠʙʨʠʜʥʳʭ ʫʛʣʝʨʦʜʥʳʭ ʧʣʝʥʦʢ.  

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʫʛʣʝʨʦʜʥʳʝ ʛʠʙʨʠʜʥʳʝ ʧʣʝʥʢʠ, ʦʢʩʠʜʳ ʤʝʪʘʣʣʦʚ, ʵʣʝʢ-
ʪʨʠʯʝʩʢʘʷ ʧʨʦʚʦʜʠʤʦʩʪʴ, ʬʫʥʢʮʠʷ ʧʨʦʧʫʩʢʘʥʠʷ, ʪʨʘʥʩʬʝʨ ʟʘʨʷʜʘ. 

 
ɹʣʘʛʦʜʘʨʷ ʩʚʦʠʤ ʤʥʦʛʦʦʙʝʱʘʶʱʠʤ ʩʪʨʫʢʪʫʨʥʳʤ ʠ ʬʠʟʠʯʝʩʢʠʤ 

ʩʚʦʡʩʪʚʘʤ ʫʛʣʝʨʦʜʥʳʝ ʥʘʥʦʪʨʫʙʢʠ (ʋʅʊ) ʠ ʛʨʘʬʝʥ ʷʚʣʷʶʪʩʷ ʦʙʲʝʢʪʦʤ 
ʤʥʦʛʠʭ ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʭ ʠ ʧʨʠʢʣʘʜʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʥʘ ʧʨʦʪʷʞʝʥʠʠ 
ʜʝʩʷʪʢʦʚ ʣʝʪ [1]. ʋʩʧʝʰʥʳʝ ʧʦʧʳʪʢʠ ʩʠʥʪʝʟʘ ʛʠʙʨʠʜʥʦʛʦ ʫʛʣʝʨʦʜʥʦʛʦ 
ʥʘʥʦʤʘʪʝʨʠʘʣʘ ʥʘ ʦʩʥʦʚʝ ʋʅʊ ʠ ʛʨʘʬʝʥʘ ʩʪʠʤʫʣʠʨʦʚʘʣʠ ʨʘʟʚʠʪʠʝ ʠʩ-
ʩʣʝʜʦʚʘʥʠʡ, ʥʘʧʨʘʚʣʝʥʥʳʭ ʥʘ ʚʳʷʚʣʝʥʠʝ ʩʚʦʡʩʪʚ ʠ ʧʦʠʩʢ ʧʦʪʝʥʮʠʘʣʴ-
ʥʦʛʦ ʧʨʠʤʝʥʝʥʠʷ ʛʨʘʬʝʥ-ʥʘʥʦʪʨʫʙʥʳʭ ʛʠʙʨʠʜʦʚ [2]. ɺ ʩʠʥʪʝʟʠʨʫʝʤʳʭ 
ʛʠʙʨʠʜʥʳʭ ʫʛʣʝʨʦʜʥʳʭ ʥʘʥʦʤʘʪʝʨʠʘʣʘʭ ʛʨʘʬʝʥ ʦʙʝʩʧʝʯʠʚʘʝʪ ʧʣʘʪ-
ʬʦʨʤʫ ʩ ʙʦʣʴʰʦʡ ʧʣʦʱʘʜʴʶ ʧʦʚʝʨʭʥʦʩʪʠ ʜʣʷ ʨʘʚʥʦʤʝʨʥʦʛʦ ʨʘʩʧʨʝʜʝ-
ʣʝʥʠʷ ʥʘʥʦʪʨʫʙʦʢ, ʢʦʪʦʨʳʝ, ʚ ʩʚʦʶ ʦʯʝʨʝʜʴ, ʩʣʫʞʘʪ ʨʘʟʜʝʣʠʪʝʣʷʤʠ 
ʛʨʘʬʝʥʦʚʳʭ ʣʠʩʪʦʚ, ʧʨʝʧʷʪʩʪʚʫʷ ʠʭ ʘʛʨʝʛʘʮʠʠ. ʂʨʦʤʝ ʪʦʛʦ, ʛʨʘʬʝʥ 
ʦʙʝʩʧʝʯʠʚʘʝʪ ʧʨʦʚʦʜʠʤʦʩʪʴ ʧʦʣʥʦʩʪʴʶ ʫʛʣʝʨʦʜʥʦʛʦ ʛʠʙʨʠʜʘ ʚ ʧʣʦʩ-
ʢʦʩʪʠ, ʪʦʛʜʘ ʢʘʢ ʥʘʥʦʪʨʫʙʢʠ ï ʧʨʦʚʦʜʠʤʦʩʪʴ ʚ ʘʢʩʠʘʣʴʥʦʤ ʥʘʧʨʘʚʣʝ-
ʥʠʠ. ʈʘʟʣʠʯʘʶʪ ʪʨʠ ʦʙʱʠʭ ʪʠʧʘ ʘʨʭʠʪʝʢʪʫʨʳ ʛʠʙʨʠʜʥʳʭ ʫʛʣʝʨʦʜʥʳʭ 
ʥʘʥʦʤʘʪʝʨʠʘʣʦʚ ʛʨʘʬʝʥ/ʋʅʊ: ʚ ʘʨʭʠʪʝʢʪʫʨʝ ʧʝʨʚʦʛʦ ʪʠʧʘ ʋʅʊ ʦʨʠʝʥ-
ʪʠʨʦʚʘʥʳ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦ ʧʣʦʩʢʦʩʪʠ ʛʨʘʬʝʥʘ, ʚ ʘʨʭʠʪʝʢʪʫʨʝ ʚʪʦʨʦʛʦ 
ʪʠʧʘ - ʧʘʨʘʣʣʝʣʴʥʦ ʧʣʦʩʢʦʩʪʠ ʛʨʘʬʝʥʘ ʠ ʚ ʘʨʭʠʪʝʢʪʫʨʝ ʪʨʝʪʴʝʛʦ ʪʠʧʘ ï 
ʋʅʊ ʦʙʝʨʥʫʪʳ ʛʨʘʬʝʥʦʤ [3]. ɺ ʨʘʤʢʘʭ ʜʘʥʥʦʡ ʨʘʙʦʪʳ ʨʘʩʩʤʘʪʨʠʚʘ-
ʶʪʩʷ ʛʠʙʨʠʜʥʳʝ ʥʘʥʦʩʪʨʫʢʪʫʨʳ ʛʨʘʬʝʥ/ʋʅʊ ʩ ʧʝʨʚʳʤ ʪʠʧʦʤ ʘʨʭʠ-
ʪʝʢʪʫʨʳ. ʂʘʢ ʙʳʣʦ ʧʦʢʘʟʘʥʦ ʨʘʥʝʝ, ʪʘʢʠʝ ʩʪʨʫʢʪʫʨʳ ʦʙʣʘʜʘʶʪ ʥʠʟʢʦʡ 
ʚʝʣʠʯʠʥʦʡ ʢʦʥʪʘʢʪʥʦʛʦ ʩʦʧʨʦʪʠʚʣʝʥʠʷ ʠ ʚʳʩʦʢʠʤʠ ʧʦʢʘʟʘʪʝʣʷʤʠ 
ʧʨʦʜʦʣʴʥʦʡ ʠ ʧʦʧʝʨʝʯʥʦʡ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ [4]. 

ʀʩʧʦʣʴʟʫʷ ʤʝʪʦʜʳ ʘʪʦʤʠʩʪʠʯʝʩʢʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ, ʚ ʜʘʥʥʦʡ 
ʨʘʙʦʪʝ ʧʨʦʚʦʜʠʪʩʷ ʧʨʦʛʥʦʩʪʠʯʝʩʢʠʡ ʘʥʘʣʠʟ ʚʣʠʷʥʠʷ ʦʢʩʠʜʦʚ ʤʝʪʘʣʣʦʚ 
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ʥʘ ʵʣʝʢʪʨʦʥʥʦ-ʵʥʝʨʛʝʪʠʯʝʩʢʠʝ ʠ ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ 
ʛʠʙʨʠʜʥʳʭ ʫʛʣʝʨʦʜʥʳʭ ʧʣʝʥʦʢ, ʦʙʨʘʟʦʚʘʥʥʳʭ ʣʠʩʪʦʤ ʛʨʘʬʝʥʘ ʠ ʙʝʩ-
ʰʦʚʥʦ ʩʦʝʜʠʥʝʥʥʳʤʠ ʩ ʥʠʤ ʦʜʥʦʩʪʝʥʥʳʤʠ ʋʅʊ (ʆʋʅʊ) ʪʠʧʘ çʟʠʛ-
ʟʘʛè ʩ ʠʥʜʝʢʩʘʤʠ ʭʠʨʘʣʴʥʦʩʪʠ (16,0). ɺ ʢʘʯʝʩʪʚʝ ʦʢʩʠʜʦʚ ʤʝʪʘʣʣʦʚ 
ʨʘʩʩʤʘʪʨʠʚʘʶʪʩʷ ʥʘʥʦʯʘʩʪʠʮʳ ʦʢʩʠʜʘ ʪʠʪʘʥʘ TiO2 ʠ ʦʢʩʠʜʘ ʛʘʬʥʠʷ 
HfO2.  

ɼʣʷ ʧʦʣʫʯʝʥʠʷ ʘʪʦʤʠʩʪʠʯʝʩʢʠʭ ʤʦʜʝʣʝʡ ʛʠʙʨʠʜʥʳʭ ʫʛʣʝʨʦʜʥʳʭ 
ʢʚʘʟʠ-2D ʧʣʝʥʦʢ ʛʨʘʬʝʥ-ʆʋʅʊ (16,0) ʩ ʙʝʩʰʦʚʥʳʤ ʩʦʝʜʠʥʝʥʠʝʤ ʛʨʘ-
ʬʝʥʘ ʠ ʆʋʅʊ ʧʨʠʤʝʥʷʣʩʷ ʦʨʠʛʠʥʘʣʴʥʳʡ ʤʝʪʦʜ ʘʚʪʦʤʘʪʠʟʠʨʦʚʘʥʥʦʛʦ 
ʧʦʩʪʨʦʝʥʠʷ ʘʪʦʤʥʳʭ ʩʝʪʦʢ ʙʝʩʰʦʚʥʳʭ ʩʦʝʜʠʥʝʥʠʡ ʧʨʦʠʟʚʦʣʴʥʦʡ 
ʬʦʨʤʳ ʠʟ ʫʛʣʝʨʦʜʥʳʭ ʥʘʥʦʩʪʨʫʢʪʫʨ [5]. ʋʪʦʯʥʝʥʠʝ ʛʝʦʤʝʪʨʠʯʝʩʢʠʭ 
ʧʘʨʘʤʝʪʨʦʚ ʩʫʧʝʨ-ʷʯʝʡʢʠ ʧʨʦʚʦʜʠʣʦʩʴ ʧʫʪʝʤ ʨʝʦʧʪʠʤʠʟʘʮʠʠ ʘʪʦʤʥʦʡ 
ʩʪʨʫʢʪʫʨʳ ʩʫʧʝʨ-ʷʯʝʡʢʠ ʩ ʧʦʤʦʱʴʶ ʢʚʘʥʪʦʚʦʛʦ ʤʝʪʦʜʘ ʬʫʥʢʮʠʦʥʘʣʘ 
ʧʣʦʪʥʦʩʪʠ ʚ ʧʨʠʙʣʠʞʝʥʠʠ ʩʠʣʴʥʦʡ ʩʚʷʟʠ ʩ ʩʘʤʦʩʦʛʣʘʩʦʚʘʥʥʳʤ ʚʳ-
ʯʠʩʣʝʥʠʝʤ ʟʘʨʷʜʘ SCC DFTB [6]. ʕʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʴ ʠʩʩʣʝʜʫʝʤʳʭ 
ʩʪʨʫʢʪʫʨ ʨʘʩʩʯʠʪʳʚʘʣʘʩʴ ʚ ʨʘʤʢʘʭ ʬʦʨʤʘʣʠʟʤʘ ʃʘʥʜʘʫʵʨʘïɹʫʪʪʠʢʝʨʘ 
[7]  

Ὃ ςὩ Ὤϳ ὝὉὊ Ὁ Ὁ ὨὉȟ                                          ρ 

ʛʜʝ e
2
/h ð ʢʚʘʥʪ ʧʨʦʚʦʜʠʤʦʩʪʠ, T(E) ð ʫʩʨʝʜʥʝʥʥʘʷ ʬʫʥʢʮʠʷ ʧʨʦʧʫʩ-

ʢʘʥʠʷ ʵʣʝʢʪʨʦʥʦʚ, EF ð ʫʨʦʚʝʥʴ ʌʝʨʤʠ ʵʣʝʢʪʨʦʜʦʚ, FT ð ʬʫʥʢʮʠʷ 
ʪʝʧʣʦʚʦʛʦ ʫʰʠʨʝʥʠʷ ʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʫʨʦʚʥʝʡ. ʈʘʩʯʝʪʳ ʚʳʧʦʣʥʷʣʠʩʴ 
ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 300 ʂ.  

ɸʪʦʤʥʘʷ ʩʪʨʫʢʪʫʨʘ ʩʫʧʝʨ-ʷʯʝʡʢʠ ʢʚʘʟʠ-2D ʫʛʣʝʨʦʜʥʦʡ ʧʣʝʥʢʠ ʩ 
ʙʝʩʰʦʚʥʳʤ ʩʦʝʜʠʥʝʥʠʝʤ ʛʨʘʬʝʥʘ ʠ ʆʋʅʊ (16,0) ʧʨʝʜʩʪʘʚʣʝʥʘ ʥʘ ʨʠʩ. 
1.  ɼʣʷ ʨʘʩʯʝʪʦʚ ʙʳʣʠ ʚʳʙʨʘʥʳ ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʝ ʷʯʝʡʢʠ TiO2 ʪʝʪʨʘʛʦ-
ʥʘʣʴʥʦʡ ʩʠʥʛʦʥʠʠ ʩ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ ʛʨʫʧʧʦʡ I4 /amd ʠ HfO2 ʤʦʥʦ-
ʢʣʠʥʥʦʡ ʩʠʥʛʦʥʠʠ ʩ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ ʛʨʫʧʧʦʡ P2 /c. ʂʨʠʩʪʘʣʣʠʯʝ-
ʩʢʠʝ ʷʯʝʡʢʠ ʦʢʩʠʜʦʚ ʤʝʪʘʣʣʦʚ ʙʳʣʠ ʚʟʷʪʳ ʠʟ ʤʝʞʜʫʥʘʨʦʜʥʦʡ ʙʘʟʳ 
ʜʘʥʥʳʭ Materials Project (https://next-gen.materialsproject.org/). ɼʣʷ 
ʢʘʞʜʦʡ ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʡ ʥʘʥʦʯʘʩʪʠʮʳ ʦʢʩʠʜʦʚ ʤʝʪʘʣʣʦʚ ʙʳʣ ʧʦʣʫʯʝʥ 
ʢʣʘʩʪʝʨ ʩ ʤʠʥʠʤʘʣʴʥʦ ʚʦʟʤʦʞʥʳʤ ʯʠʩʣʦʤ ʘʪʦʤʦʚ, ʭʘʨʘʢʪʝʨʠʟʫʶʱʠʡ-
ʩʷ ʵʥʝʨʛʝʪʠʯʝʩʢʦʡ ʫʩʪʦʡʯʠʚʦʩʪʴʶ.  

 
ʈʠʩ 1. Cʫʧʝʨ-ʷʯʝʡʢʘ ʢʚʘʟʠ-2D ʛʠʙʨʠʜʥʦʡ ʫʛʣʝʨʦʜʥʦʡ ʧʣʝʥʢʠ ʛʨʘʬʝʥ/ʆʋʅʊ (16,0). 

 
ʄʦʜʝʣʠʨʦʚʘʣʩʷ ʧʨʦʮʝʩʩ ʧʦʵʪʘʧʥʦʡ ʘʜʩʦʨʙʮʠʠ ʢʣʘʩʪʝʨʦʚ ʥʘʥʦ-

ʯʘʩʪʠʮ ʦʢʩʠʜʦʚ ʤʝʪʘʣʣʦʚ ʚ ʦʙʣʘʩʪʠ ʙʝʩʰʦʚʥʦʛʦ ʩʦʝʜʠʥʝʥʠʷ ʛʨʘʬʝʥ-
ʆʋʅʊ (16,0) ʧʦ ʦʜʥʦʤʫ ʢʣʘʩʪʝʨʫ ʟʘ ʵʪʘʧ. ʅʘ ʨʠʩ. 2 ʧʦʢʘʟʘʥʳ ʩʫʧʝʨ-
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ʷʯʝʡʢʠ ʧʣʝʥʢʠ ʛʨʘʬʝʥ/ʆʋʅʊ (16,0) ʩ ʯʝʪʳʨʴʤʷ ʢʣʘʩʪʝʨʘʤʠ TiO2 ʠ ʩ 
ʯʝʪʳʨʴʤʷ ʢʣʘʩʪʝʨʘʤʠ HfO2 (ʤʘʢʩʠʤʘʣʴʥʦʝ ʚʦʟʤʦʞʥʦʝ ʯʠʩʣʦ ʜʣʷ ʨʘʩ-
ʩʤʘʪʨʠʚʘʝʤʦʡ ʩʫʧʝʨ-ʷʯʝʡʢʠ). ʇʨʦʮʝʩʩ ʘʜʩʦʨʙʮʠʠ ʷʚʣʷʣʩʷ ʵʥʝʨʛʝʪʠʯʝ-
ʩʢʠ ʚʳʛʦʜʥʳʤ ʥʘ ʢʘʞʜʦʤ ʠʟ ʵʪʘʧʦʚ, ʦ ʯʝʤ ʩʚʠʜʝʪʝʣʴʩʪʚʫʶʪ ʦʪʨʠʮʘ-
ʪʝʣʴʥʳʝ ʟʥʘʯʝʥʠʷ ʵʥʝʨʛʠʠ ʬʦʨʤʠʨʦʚʘʥʠʷ Eform ʛʠʙʨʠʜʥʦʡ ʩʪʨʫʢʪʫʨʳ 
ʛʨʘʬʝʥ/ʆʋʅʊ(16,0)/ʦʢʩʠʜ ʤʝʪʘʣʣʘ, ʧʨʝʜʩʪʘʚʣʝʥʥʳʝ ʚ ʪʘʙʣʠʮʝ 1 ʜʣʷ 
TiO2 ʠ ʚ ʪʘʙʣʠʮʝ 2 ʜʣʷ HfO2. ʕʥʝʨʛʠʷ Eform ʦʧʨʝʜʝʣʷʣʘʩʴ ʢʘʢ ʨʘʟʥʦʩʪʴ 
ʧʦʣʥʦʡ ʵʥʝʨʛʠʠ ʩʠʩʪʝʤʳ çʛʨʘʬʝʥ-ʥʘʥʦʪʨʫʙʥʘʷ ʧʣʝʥʢʘ+ʦʢʩʠʜ ʤʝʪʘʣ-
ʣʘè ʠ ʩʫʤʤʘʨʥʦʡ ʧʦʣʥʦʡ ʵʥʝʨʛʠʠ ʝʝ ʩʦʩʪʘʚʥʳʭ ʯʘʩʪʝʡ (ʧʣʝʥʢʠ ʛʨʘʬʝʥ-
ʆʋʅʊ ʠ ʥʘʥʦʯʘʩʪʠʮ ʦʢʩʠʜʘ ʤʝʪʘʣʣʘ). ʊʘʢʞʝ ʚ ʪʘʙʣʠʮʘʭ 1 ʠ 2 ʧʨʠʚʝ-
ʜʝʥʳ ʟʥʘʯʝʥʠʷ ʫʨʦʚʥʷ ʌʝʨʤʠ EF ʠ ʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʚʦʜʠʤʦʩʪʠ G, 
ʨʘʩʩʯʠʪʘʥʥʳʝ ʥʘ ʢʘʞʜʦʤ ʠʟ ʵʪʘʧʦʚ ʘʜʩʦʨʙʮʠʠ ʢʣʘʩʪʝʨʦʚ ʦʢʩʠʜʦʚ ʤʝ-
ʪʘʣʣʦʚ.  

                   
ʘ)                                                  ʙ) 

ʈʠʩ 2. ʉʫʧʝʨ-ʷʯʝʡʢʠ ʧʣʝʥʢʠ ʛʨʘʬʝʥ/ʆʋʅʊ (16,0) ʩ ʯʝʪʳʨʴʤʷ ʢʣʘʩʪʝʨʘʤʠ 
TiO2 (ʘ) ʠ ʩ ʯʝʪʳʨʴʤʷ ʢʣʘʩʪʝʨʘʤʠ HfO2 (ʙ). 

 
ʊʘʙʣʠʮʘ 1. ʕʣʝʢʪʨʦʬʠʟʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʢʦʤʧʦʟʠʪʥʳʭ ʧʣʝʥʦʢ ʛʨʘʬʝʥ-
ʆʋʅʊ (16,0) ʩ ʢʣʘʩʪʝʨʘʤʠ ʥʘʥʦʯʘʩʪʠʮʳ TiO2 

ʂʦʣʠʯʝʩʪʚʦ 
ʢʣʘʩʪʝʨʦʚ TiO2 

ʕʥʝʨʛʠʷ ʩʚʷʟʠ Eb, 
ʵɺ 

ʋʨʦʚʝʥʴ ʌʝʨʤʠ EF, 
ʵɺ 

ʕʣʝʢʪʨʠʯʝʩʢʘʷ ʧʨʦ-
ʚʦʜʠʤʦʩʪʴ G, ʤʉʤ 

1 -5.76   -4.84 0.02 

2 -4.90  -4.69 0.04 

3 -5.95  -4.60 0.04 

4 -3.74  -4.52 0.05 

 
ʊʘʙʣʠʮʘ 2. ʕʣʝʢʪʨʦʬʠʟʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʢʦʤʧʦʟʠʪʥʳʭ ʧʣʝʥʦʢ ʛʨʘʬʝʥ-
ʆʋʅʊ (16,0) ʩ ʢʣʘʩʪʝʨʘʤʠ ʥʘʥʦʯʘʩʪʠʮʳ HfO2 

ʂʦʣʠʯʝʩʪʚʦ 
ʢʣʘʩʪʝʨʦʚ HfO2 

ʕʥʝʨʛʠʷ ʩʚʷʟʠ Eb, 
ʵɺ 

ʋʨʦʚʝʥʴ ʌʝʨʤʠ EF, 
ʵɺ 

ʕʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʴ 
G, ʤʉʤ 

1 -9.39 -4.86 0.04 

2 -13.31 -4.58 0.04 

3 -9.27 -4.29 0.06 

4 -14.34 -4.11 0.12 
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ʀʟ ʜʘʥʥʳʭ ʪʘʙʣʠʮʳ 1 ʩʣʝʜʫʝʪ, ʯʪʦ ʩ ʨʦʩʪʦʤ ʯʠʩʣʘ ʢʣʘʩʪʝʨʦʚ 
TiO2 ʧʨʦʚʦʜʠʤʦʩʪʴ ʨʘʩʪʝʪ, ʜʦʩʪʠʛʘʷ ʚʝʣʠʯʠʥʳ 0.05 ʤʉʤ, ʯʪʦ ʚ 1.4 ʨʘʟʘ 
ʤʝʥʴʰʝ, ʯʝʤ ʚ ʦʪʩʫʪʩʪʚʠʝ TiO2. ʆʙʲʷʩʥʝʥʠʝʤ ʜʘʥʥʦʛʦ ʵʬʬʝʢʪʘ ʩʣʫʞʠʪ 
ʨʘʟʥʠʮʘ ʚ ʟʥʘʯʝʥʠʷʭ ʬʫʥʢʮʠʠ ʧʨʦʧʫʩʢʘʥʠʷ ʵʣʝʢʪʨʦʥʦʚ T(E) ʥʘ ʫʨʦʚʥʝ 
ʌʝʨʤʠ: ʜʣʷ ʧʣʝʥʢʠ ʩ 4 ʢʣʘʩʪʝʨʘʤʠ TiO2 T(E)å0.8, ʜʣʷ ʥʝʬʫʥʢʮʠʦʥʘ-
ʣʠʟʠʨʦʚʘʥʥʦʡ ʧʣʝʥʢʠ T(E)å1.1. ɼʘʥʥʳʝ ʪʘʙʣʠʮʳ 2 ʩʚʠʜʝʪʝʣʴʩʪʚʫʶʪ ʦ 
ʪʦʤ, ʯʪʦ ʩ ʨʦʩʪʦʤ ʯʠʩʣʘ ʢʣʘʩʪʝʨʦʚ HfO2 ʧʨʦʚʦʜʠʤʦʩʪʴ ʚʦʟʨʘʩʪʘʝʪ ʜʦ 
ʚʝʣʠʯʠʥʳ 0.12 ʤʉʤ, ʯʪʦ ʚ 1.7 ʨʘʟʘ ʙʦʣʴʰʝ, ʯʝʤ ʚ ʦʪʩʫʪʩʪʚʠʝ HfO2. 
ʌʫʥʢʮʠʷ T(E)å1.9 ʜʣʷ ʧʣʝʥʢʠ ʩ 4 ʢʣʘʩʪʝʨʘʤʠ HfO2. ʇʨʠ ʬʫʥʢʮʠʦʥʘʣʠ-
ʟʘʮʠʠ ʧʦʚʝʨʭʥʦʩʪʠ ʛʨʘʬʝʥ-ʥʘʥʦʪʨʫʙʥʦʡ ʧʣʝʥʢʠ ʢʣʘʩʪʝʨʘʤʠ ʥʘʥʦʯʘ-
ʩʪʠʮ HfO2 ʜʦʩʪʠʛʥʫʪʘʷ ʤʘʢʩʠʤʘʣʴʥʘʷ ʚʝʣʠʯʠʥʘ ʧʨʦʚʦʜʠʤʦʩʪʠ ʚ 2 ʨʘʟʘ 
ʚʳʰʝ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʤʘʢʩʠʤʘʣʴʥʦʡ ʚʝʣʠʯʠʥʦʡ ʧʨʦʚʦʜʠʤʦʩʪʠ, ʜʦ-
ʩʪʠʛʥʫʪʦʡ ʧʨʠ ʬʫʥʢʮʠʦʥʘʣʠʟʘʮʠʠ ʢʣʘʩʪʝʨʘʤʠ ʥʘʥʦʯʘʩʪʠʮ TiO2, ʯʪʦ 
ʦʙʲʷʩʥʷʝʪʩʷ ʨʘʟʥʠʮʝʡ ʚ ʟʥʘʯʝʥʠʷʭ ʬʫʥʢʮʠʠ T(E) ʛʨʘʬʝʥ-ʥʘʥʦʪʨʫʙʥʳʭ 
ʧʣʝʥʦʢ, ʬʫʥʢʮʠʦʥʘʣʠʟʠʨʦʚʘʥʥʳʭ HfO2 ʠ TiO2 (2.4), ʢʦʪʦʨʘʷ ʭʦʨʦʰʦ 
ʢʦʨʨʝʣʠʨʫʝʪ ʩ ʨʘʟʥʠʮʝʡ ʚ ʟʥʘʯʝʥʠʷʭ ʧʨʦʚʦʜʠʤʦʩʪʠ ʤʝʞʜʫ ʥʠʤʠ (2.2). 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʵʣʝʢʪʨʦʬʠʟʠʯʝʩʢʠʤʠ ʩʚʦʡʩʪʚʘʤʠ ʛʠʙʨʠʜʥʦʡ ʫʛ-
ʣʝʨʦʜʥʦʡ ʧʣʝʥʢʠ ʤʦʞʥʦ ʫʧʨʘʚʣʷʪʴ ʟʘ ʩʯʝʪ ʘʜʩʦʨʙʮʠʠ ʥʘʥʦʯʘʩʪʠʮ ʦʢ-
ʩʠʜʦʚ ʤʝʪʘʣʣʦʚ ʥʘ ʝʝ ʧʦʚʝʨʭʥʦʩʪʠ, ʚʘʨʴʠʨʫʷ ʪʠʧʦʤ ʠ ʢʦʣʠʯʝʩʪʚʦʤ ʥʘ-
ʥʦʯʘʩʪʠʮ. 

 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʚʳʧʦʣʥʝʥʦ ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ ʧʦʜʜʝʨʞʢʝ ʈʦʩʩʠʡʩʢʦ-
ʛʦ ʥʘʫʯʥʦʛʦ ʬʦʥʜʘ (ʧʨʦʝʢʪ ˉ 24-79-10316, https://rscf.ru/project/24-79-
10316/). 
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ɸʥʥʦʪʘʮʠʷ. ɺ ʨʘʙʦʪʝ ʨʘʩʩʤʦʪʨʝʥʳ ʚʦʧʨʦʩʳ ʩʭʝʤʦʪʝʭʥʠʯʝʩʢʦʛʦ ʤʦʜʝʣʠʨʦ-
ʚʘʥʠʷ ʧʝʨʩʧʝʢʪʠʚʥʦʛʦ ʵʣʝʤʝʥʪʘ ʥʘʥʦʵʣʝʢʪʨʦʥʠʢʠ - ʥʘʥʦʧʨʦʚʦʜʥʦʛʦ ʪʨʘʥʟʠʩʪʦʨʘ. 
ʇʦʩʪʨʦʝʥʘ ʧʨʦʩʪʘʷ ʤʦʜʝʣʴ ʥʘʥʦʧʨʦʚʦʜʥʦʛʦ ʪʨʘʥʟʠʩʪʦʨʘ, ʜʦʧʫʩʢʘʶʱʘʷ ʧʨʠʤʝʥʝ-
ʥʠʝ ʚ ʩʭʝʤʦʪʝʭʥʠʯʝʩʢʠʭ ʩʠʤʫʣʷʪʦʨʘʭ ʩʝʤʝʡʩʪʚʘ SPICE, ʠ ʦʙʣʘʜʘʶʱʘʷ ʜʦʩʪʘʪʦʯ-
ʥʦʡ ʪʦʯʥʦʩʪʴʶ ʜʣʷ ʧʨʘʢʪʠʯʝʩʢʠʭ ʟʘʜʘʯ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʧʦʚʝʜʝʥʠʷ ʵʣʝʢʪʨʦʥʥʳʭ 
ʩʭʝʤ.  

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʥʘʥʦʧʨʦʚʦʜʥʦʡ ʪʨʘʥʟʠʩʪʦʨ, ʩʝʥʩʦʨ ʟʘʨʷʜʘ, ʩʠʤʫʣʷʪʦʨ 
SPICE, ʵʢʩʪʨʘʢʮʠʷ ʧʘʨʘʤʝʪʨʦʚ, ʘʧʧʨʦʢʩʠʤʘʮʠʷ ʚʦʣʴʪ-ʘʤʧʝʨʥʦʡ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ, 
ʩʭʝʤʦʪʝʭʥʠʯʝʩʢʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ 

 
ʅʘʥʦʧʨʦʚʦʜʥʦʡ ʧʦʣʝʚʦʡ ʪʨʘʥʟʠʩʪʦʨ (NanoFET, NanoWireFET, 

NWFET[1]), ʷʚʣʷʷʩʴ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠ ʜʦʩʪʫʧʥʳʤ, ʚ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ 
ʨʝʘʣʠʟʫʝʪ ʵʬʬʝʢʪʠʚʥʫʶ ʜʝʪʝʢʮʠʶ ʩʚʝʨʭʤʘʣʳʭ ʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʦʣʝʡ ʚ 
ʰʠʨʦʢʦʤ ʜʠʘʧʘʟʦʥʝ ʨʘʙʦʯʠʭ ʪʝʤʧʝʨʘʪʫʨ ï ʦʪ ʢʨʠʦʛʝʥʥʳʭ ʜʦ ʢʦʤʥʘʪ-
ʥʳʭ [2], ʯʪʦ ʫʞʝ ʙʦʣʝʝ 30 ʣʝʪ ʦʙʝʩʧʝʯʠʚʘʝʪ ʚʦʟʤʦʞʥʦʩʪʴ ʧʦʩʪʨʦʝʥʠʷ 
ʥʘ ʝʛʦ ʦʩʥʦʚʝ ʨʘʟʣʠʯʥʦʛʦ ʨʦʜʘ ʩʝʥʩʦʨʦʚ, ʚ ʪʦʤ ʯʠʩʣʝ ʚ ʙʠʦʣʦʛʠʯʝʩʢʠʭ 
ʠ ʤʝʜʠʮʠʥʩʢʠʭ ʧʨʠʣʦʞʝʥʠʷʭ [3-6]. ʅʘʥʦʨʘʟʤʝʨʥʳʝ FET-ʩʝʥʩʦʨʳ, 
ʧʨʦʜʦʣʞʘʷ ʦʙʱʫʶ ʠʜʝʦʣʦʛʠʶ ʧʨʠʤʝʥʝʥʠʷ ʤʠʢʨʦʨʘʟʤʝʨʥʳʭ FET ʜʣʷ 
ʨʝʛʠʩʪʨʘʮʠʠ ʢʦʣʣʝʢʪʠʚʥʦʛʦ ʟʘʨʷʜʘ ʙʠʦʭʠʤʠʯʝʩʢʦʡ ʨʝʘʢʮʠʠ [6], ʤʦʛʫʪ 
ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥʳ ʜʣʷ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦʛʦ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʦʙʥʘʨʫʞʝ-
ʥʠʷ ʠ ʨʝʛʠʩʪʨʘʮʠʠ ʢʠʥʝʪʠʢʠ ʩʙʦʨʢʠ ʫʞʝ ʝʜʠʥʠʯʥʳʭ ʤʦʣʝʢʫʣ 
ɼʅʂ/ʈʅʂ, ʯʪʦ ʜʝʣʘʝʪ ʠʭ ʧʝʨʩʧʝʢʪʠʚʥʳʤʠ ʜʣʷ ʩʦʟʜʘʥʠʷ ʥʦʚʳʭ ʪʝʭʥʦ-
ʣʦʛʠʡ ʧʦʣʥʦʛʝʥʦʤʥʦʛʦ ʩʝʢʚʝʥʠʨʦʚʘʥʠʷ [7]. 

ʈʘʟʨʘʙʦʪʢʘ ʥʦʚʳʭ ʫʩʪʨʦʡʩʪʚ ʥʘ ʙʘʟʝ NanoFET ʥʝʚʦʟʤʦʞʥʘ ʙʝʟ 
ʠʭ ʯʠʩʣʝʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ. ʀʟʚʝʩʪʝʥ ʨʷʜ ʨʘʙʦʪ, ʚ ʢʦʪʦʨʳʭ ʧʨʝʜ-
ʣʦʞʝʥʳ ʤʦʜʝʣʠ NanoFET-ʩʝʥʩʦʨʦʚ, ʦʙʝʩʧʝʯʠʚʘʶʱʠʝ ʬʠʟʠʢʦ-
ʪʝʭʥʠʯʝʩʢʠʡ ʫʨʦʚʝʥʴ ʦʧʠʩʘʥʠʷ, ʦʜʥʘʢʦ, ʠʟ-ʟʘ ʛʨʦʤʦʟʜʢʦʛʦ ʤʘʪʝʤʘʪʠ-
ʯʝʩʢʦʛʦ ʘʧʧʘʨʘʪʘ ʦʥʠ ʥʝ ʚʧʦʣʥʝ ʫʜʦʙʥʳ ʜʣʷ ʨʝʰʝʥʠʷ ʟʘʜʘʯ ʦʧʝʨʘʪʠʚ-
ʥʦʛʦ ʩʭʝʤʦʪʝʭʥʠʯʝʩʢʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ [8-11], ʣʠʙʦ ʦʨʠʝʥʪʠʨʦʚʘʥʳ 
ʥʘ ʩʧʝʮʠʬʠʢʫ ʧʨʠʤʝʥʝʥʠʷ NanoFET (ʥʘʧʨʠʤʝʨ, ʥʘʣʠʯʠʝ ʵʣʝʢʪʨʦʣʠʪʘ 
ʚ ʢʦʥʪʘʢʪʝ ʩ ʥʘʥʦʧʨʦʚʦʜʦʤ [12]). ɺ ʵʪʦʡ ʩʚʷʟʠ ʚ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ 
ʧʨʝʜʣʦʞʝʥʘ ʤʦʜʝʣʴ ʥʘʥʦʧʨʦʚʦʜʥʦʛʦ ʪʨʘʥʟʠʩʪʦʨʘ, ʧʨʝʜʥʘʟʥʘʯʝʥʥʘʷ 
ʜʣʷ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʚ SPICE-ʩʠʤʫʣʷʪʦʨʘʭ, ʠ ʜʦʧʫʩʢʘʶʱʘʷ ʣʝʛʢʫʶ 
ʘʜʘʧʪʘʮʠʶ ʧʨʠ ʜʘʣʴʥʝʡʰʝʤ ʠʟʤʝʥʝʥʠʠ ʪʦʧʦʣʦʛʠʠ ʩʝʥʩʦʨʘ ʠʣʠ ʧʨʠ 
ʤʦʜʠʬʠʢʘʮʠʠ ʝʛʦ ʵʣʝʢʪʨʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ.  ʕʢʩʧʝʨʠʤʝʥʪʘʣʴ-
ʥʳʝ ʜʘʥʥʳʝ (ʨʝʟʫʣʴʪʘʪʳ ʠʟʤʝʨʝʥʠʷ ʚʭʦʜʥʳʭ ʠ ʚʳʭʦʜʥʳʭ ʭʘʨʘʢʪʝʨʠ-
ʩʪʠʢ), ʠʩʧʦʣʴʟʦʚʘʥʥʳʝ ʚ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ, ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʧʨʠ ʠʟʤʝ-
ʨʝʥʠʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʠʟʛʦʪʦʚʣʝʥʥʳʭ ʥʘʥʦʧʨʦʚʦʜʥʳʭ FET-
ʪʨʘʥʟʠʩʪʦʨʦʚ ʥʘ ʬʠʟʠʯʝʩʢʦʤ ʬʘʢʫʣʴʪʝʪʝ ʄɻʋ [13-15] ʚ ʨʘʤʢʘʭ ʚʳ-
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ʧʦʣʥʝʥʠʷ ʨʘʙʦʪ ʧʦ ʩʦʟʜʘʥʠʶ ʦʪʝʯʝʩʪʚʝʥʥʦʛʦ ʦʜʥʦʤʦʣʝʢʫʣʷʨʥʦʛʦ ʩʝ-
ʢʚʝʥʘʪʦʨʘ ɼʅʂ [7]. 

ʇʨʝʜʣʘʛʘʝʤʘʷ ʤʦʜʝʣʴ NanoFET ʜʣʷ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʚ SPICE-
ʩʠʤʫʣʷʮʠʠ ʧʨʝʜʩʪʘʚʣʝʥʘ ʚ ʚʠʜʝ ʧʦʜʩʭʝʤʳ (.subcircuit) ʚ ʥʦʪʘʮʠʷʭ ʷʟʳ-
ʢʘ SPICE ʠ ʠʤʝʝʪ ʩʣʝʜʫʶʱʝʝ ʚʥʫʪʨʝʥʥʝʝ ʫʩʪʨʦʡʩʪʚʦ (ʨʠʩ. 1). 

 
 

ʈʠʩ.1. SPICE-ʤʦʜʝʣʴ ʥʘʥʦʧʨʦʚʦʜʥʦʛʦ ʪʨʘʥʟʠʩʪʦʨʘ 
 

ʅʘ ʨʠʩ. 1 ʦʙʦʟʥʘʯʝʥʳ ʢʘʢ E1 ʠʩʪʦʯʥʠʢ ʥʘʧʨʷʞʝʥʠʷ, ʫʧʨʘʚʣʷʝ-
ʤʳʡ ʥʘʧʨʷʞʝʥʠʝʤ, ʩ ʢʦʵʬʬʠʮʠʝʥʪʦʤ ʧʝʨʝʜʘʯʠ G=1 (ʧʦʚʪʦʨʠʪʝʣʴ 
ʥʘʧʨʷʞʝʥʠʷ, ʚʚʝʜʝʥ ʜʣʷ ʠʩʢʣʶʯʝʥʠʷ ʚʣʠʷʥʠʷ ʚʦʟʤʦʞʥʳʭ ʚʚʦʜʠʤʳʭ ʚ 
ʜʘʣʴʥʝʡʰʝʤ ʵʣʝʤʝʥʪʦʚ ʩʭʝʤʳ ʥʘ ʚʭʦʜʥʦʡ ʠʤʧʝʜʘʥʩ ʟʘʪʚʦʨʘ gate). 
ʌʦʨʤʠʨʦʚʘʥʠʝ ʚʦʣʴʪ-ʘʤʧʝʨʥʦʡ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ (ɺɸʍ) ʚ ʢʦʦʨʜʠʥʘʪʘʭ 
çVg-Idè ʧʨʦʠʟʚʦʜʠʪʩʷ ʧʨʠ ʧʦʤʦʱʠ ʫʧʨʘʚʣʷʝʤʦʛʦ ʠʩʪʦʯʥʠʢʘ ʪʦʢʘ B1. 
ʂʦʵʬʬʠʮʠʝʥʪ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʫʧʨʘʚʣʷʶʱʝʛʦ ʥʘʧʨʷʞʝʥʠʷ ʚ ʪʦʢ ʟʘʜʘ-
ʝʪʩʷ ʚʳʨʘʞʝʥʠʝʤ ʚʠʜʘ I=F(Vg,Vds), ʪ.ʝ., ʬʫʥʢʮʠʝʡ ʜʚʫʭ ʧʝʨʝʤʝʥʥʳʭ - 
ʥʘʧʨʷʞʝʥʠʷ ʥʘ ʟʘʪʚʦʨʝ (gate) ʠ ʨʘʟʥʠʮʳ ʧʦʪʝʥʮʠʘʣʦʚ çʩʪʦʢ (drain) - 
ʠʩʪʦʢ (source)è. ɼʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʜʠʥʘʤʠʢʠ ʟʘʨʷʜʘ ʚʚʝʜʝʥʳ ʧʘʨʘ-
ʟʠʪʥʳʝ ʝʤʢʦʩʪʠ C1 - C3. 
 ɺʳʨʘʞʝʥʠʝ Id=F(Vg,Vds) ʚ ʨʝʘʣʠʟʘʮʠʠ ʧʦʜʩʭʝʤʳ ʦʧʨʝʜʝʣʷʝʪ ʪʦʢ 
ʯʝʨʝʟ ʥʘʥʦʧʨʦʚʦʜʥʦʡ ʪʨʘʥʟʠʩʪʦʨ (ʪʦʢ ʩʪʦʢʘ), ʠ ʧʨʝʜʩʪʘʚʣʝʥʦ ʬʫʥʢʮʠ-
ʝʡ I=Currnt(V(Vg),V(source)-V(drain)). ɼʣʷ ʘʧʧʨʦʢʩʠʤʘʮʠʠ ʜʘʥʥʦʡ ʟʘ-
ʚʠʩʠʤʦʩʪʠ ʙʳʣʦ ʠʩʧʦʣʴʟʦʚʘʥʦ ʚʳʨʘʞʝʥʠʝ ʜʣʷ ʦʧʠʩʘʥʠʷ ʪʦʢʦʧʝʨʝʥʦʩʘ 
ʧʦ ʤʝʭʘʥʠʟʤʫ ʌʘʫʣʝʨʘ-ʅʦʨʜʛʝʡʤʘ: 

I=ŬU
2
exp(-ɓ/U) 

ʛʜʝ ʥʘʧʨʷʞʝʥʠʝ U ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʥʘʧʨʷʞʝʥʠʶ çʟʘʪʚʦʨ-ʠʩʪʦʢè, ʘ ʢʦʵʬ-
ʬʠʮʠʝʥʪʳ Ŭ ʠ ɓ - ʧʘʨʘʤʝʪʨʳ, ʚ ʦʙʱʝʤ ʩʣʫʯʘʝ ʟʘʚʠʩʷʱʠʝ ʦʪ ʬʦʨʤʳ ʧʦ-
ʪʝʥʮʠʘʣʴʥʦʛʦ ʙʘʨʴʝʨʘ ʠ ʢʦʥʩʪʨʫʢʮʠʠ ʥʘʥʦʧʨʦʚʦʜʘ. ɹʳʣʦ ʧʨʝʜʧʦʣʦʞʝ-
ʥʦ, ʯʪʦ ʫʢʘʟʘʥʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʥʘʠʙʦʣʝʝ ʪʦʯʥʦ ʘʧʧʨʦʢʩʠʤʠʨʫʝʪ ɺɸʍ 
ʥʘʥʦʧʨʦʚʦʜʥʦʛʦ ʪʨʘʥʟʠʩʪʦʨʘ, ʧʦʣʫʯʝʥʥʳʝ ʚ ʥʘʪʫʨʥʦʤ ʵʢʩʧʝʨʠʤʝʥʪʝ 
[15].  
 ɼʣʷ ʧʨʦʚʝʨʢʠ ʜʘʥʥʦʛʦ ʧʨʝʜʧʦʣʦʞʝʥʠʷ ʩʨʝʜʩʪʚʘʤʠ gnuplot ʙʳʣʘ 
ʧʨʦʚʝʜʝʥʘ ʘʧʧʨʦʢʩʠʤʘʮʠʷ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʧʦʣʫʯʝʥʥʳʭ ʥʘʙʦʨʦʚ ʦʪ-
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ʩʯʝʪʦʚ ɺɸʍ çVg-Idè. ɼʣʷ ʢʘʞʜʦʛʦ ʥʘʙʦʨʘ ʦʪʩʯʝʪʦʚ çVg-Idè ʥʘʧʨʷʞʝʥʠʝ 
Vds ʨʘʩʩʤʘʪʨʠʚʘʣʦʩʴ ʢʘʢ ʧʘʨʘʤʝʪʨ-ʢʦʥʩʪʘʥʪʘ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʨʠ ʫʢʘ-
ʟʘʥʥʦʡ ʘʧʧʨʦʢʩʠʤʘʮʠʠ ʜʣʷ ʧʦʣʥʦʛʦ ʥʘʙʦʨʘ N ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʟʘ-
ʚʠʩʠʤʦʩʪʝʡ çVg-Idè (ʚ ʥʘʰʝʤ ʩʣʫʯʘʝ N=10) ʙʳʣʠ ʧʦʣʫʯʝʥʳ 10 ʧʘʨ ʟʥʘ-
ʯʝʥʠʡ Ŭ ʠ ɓ. ʅʘʧʨʷʞʝʥʠʝ Vds ʠʟʤʝʥʷʣʦʩʴ ʦʪ 2 ʜʦ 12 ʤɺ ʩ ʰʘʛʦʤ 1 ʤɺ ʚ 
ʭʦʜʝ ʘʚʪʦʤʘʪʠʟʠʨʦʚʘʥʥʦʛʦ ʠʟʤʝʨʝʥʠʷ ɺɸʍ [15]. ʇʨʠʤʝʨ ʨʝʢʦʥʩʪʨʫʢ-
ʮʠʠ ʘʧʧʨʦʢʩʠʤʠʨʫʶʱʝʡ ɺɸʍ ʢʨʠʚʦʡ ʧʨʠʚʝʜʝʥ ʥʘ ʨʠʩ. 2. 

 
ʈʠʩ.2. ʇʨʠʤʝʨ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʧʦʣʫʯʝʥʥʦʡ ɺɸʍ ʥʘʥʦʧʨʦʚʦʜʥʦʛʦ ʪʨʘʥ-
ʟʠʩʪʦʨʘ ʚ ʢʦʦʨʜʠʥʘʪʘʭ çVg-Idè ʠ ʝʸ ʘʧʧʨʦʢʩʠʤʘʮʠʷ ʜʣʷ Vds=12ʤɺ 

 

ʇʨʝʜʣʦʞʝʥʥʘʷ ʘʧʧʨʦʢʩʠʤʘʮʠʷ ʦʙʝʩʧʝʯʠʚʘʝʪ ʫʜʦʚʣʝʪʚʦʨʠʪʝʣʴ-
ʥʫʶ ʪʦʯʥʦʩʪʴ ʧʨʝʜʩʪʘʚʣʝʥʠʷ ɺɸʍ. ɺ ʯʘʩʪʥʦʩʪʠ, ʚʧʦʣʥʝ ʢʦʨʨʝʢʪʥʦ 
ʦʪʦʙʨʘʞʘʝʪʩʷ ʫʯʘʩʪʦʢ ʢʫʣʦʥʦʚʩʢʦʡ ʙʣʦʢʘʜʳ ʚ ʜʠʘʧʘʟʦʥʝ Ug=0 - 0.4 ɺ.  
 ʇʨʠ ʠʟʤʝʥʝʥʠʠ ʧʘʨʘʤʝʪʨʘ Vds ʢʦʥʩʪʘʥʪʘ ɓ ʦʩʪʘʝʪʩʷ ʧʨʘʢʪʠʯʝʩʢʠ 
ʥʝʠʟʤʝʥʥʦʡ, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ Ŭ ʤʝʥʷʝʪʩʷ ʣʠʥʝʡʥʦ (ʨʠʩ. 3). 

 
ʈʠʩ.3. ɸʧʧʨʦʢʩʠʤʘʮʠʷ ʟʘʚʠʩʠʤʦʩʪʠ Ŭ = Ŭ(Vds) 

 
ʋʢʘʟʘʥʥʳʝ ʟʘʢʦʥʦʤʝʨʥʦʩʪʠ ʧʦʟʚʦʣʠʣʠ ʧʨʝʜʩʪʘʚʠʪʴ ʤʦʜʝʣʴ ɺɸʍ 

ʥʘʥʦʧʨʦʚʦʜʥʦʛʦ ʪʨʘʥʟʠʩʪʦʨʘ ʚ ʚʠʜʝ ʟʘʚʠʩʠʤʦʩʪʠ 
I=(Ŭ0 + Ŭ1Uds)Ug

2
exp(-(ɓ0 + ɓ1Uds)/Ug) 

 ʇʨʠ ʥʘʣʠʯʠʠ ʫʧʨʘʚʣʷʶʱʝʛʦ (çʩʠʛʥʘʣʴʥʦʛʦè) ʵʣʝʢʪʨʦʜʘ ʵʢʚʠʚʘ-
ʣʝʥʪʥʘʷ SPICE-ʩʭʝʤʘ ʩʦʜʝʨʞʠʪ ʢʦʥʪʘʢʪ ʜʣʷ ʚʚʦʜʘ ʩʠʛʥʘʣʘ çsignalè ʠ 
ʧʦʚʪʦʨʠʪʝʣʴ ʜʣʷ ʥʘʧʨʷʞʝʥʠʷ ʩʠʛʥʘʣʘ Vs, ʘ ʪʘʢʞʝ ʚʦ ʚʚʝʜʝʥʠʠ ʚ ʟʘʚʠ-
ʩʠʤʦʩʪʴ ʜʣʷ ʪʦʢʘ ʩʪʦʢʘ ʚʪʦʨʦʡ ʧʝʨʝʤʝʥʥʦʡ Vds, ʩʫʤʤʳ Vs+Vg ʠ ʬʫʥʢ-
ʮʠʡ sgn ʠ abs. ʇʦʩʣʝʜʥʠʝ ʥʝʦʙʭʦʜʠʤʳ ʜʣʷ ʦʙʝʩʧʝʯʝʥʠʷ ʥʝʯʸʪʥʦʩʪʠ 
ɺɸʍ ʧʨʠ ʩʤʝʥʝ ʧʦʣʷʨʥʦʩʪʠ Vds. 
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 ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʚ ʨʘʙʦʪʝ ʧʦʩʪʨʦʝʥʘ ʬʝʥʦʤʝʥʦʣʦʛʠʯʝʩʢʘʷ SPICE-
ʤʦʜʝʣʴ NanoWireFET, ʦʙʝʩʧʝʯʠʚʘʶʱʘʷ ʜʦʩʪʘʪʦʯʥʫʶ ʜʣʷ ʧʨʘʢʪʠʯʝ-
ʩʢʠʭ ʮʝʣʝʡ ʩʭʝʤʦʪʝʭʥʠʯʝʩʢʦʡ ʩʠʤʫʣʷʮʠʠ ʪʦʯʥʦʩʪʴ ʧʨʝʜʩʪʘʚʣʝʥʠʷ ʝʛʦ 
ʩʪʘʪʠʯʝʩʢʠʭ ʚʦʣʴʪ-ʘʤʧʝʨʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ. 
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ɸʥʥʦʪʘʮʠʷ. ʅʘ ʦʩʥʦʚʝ ʦʙʦʙʱʝʥʥʦʡ ʤʝʤʨʠʩʪʦʨʥʦʡ ʤʦʜʝʣʠ ʚʳʷʚʣʝʥʳ ʦʩʦ-

ʙʝʥʥʦʩʪʠ ʵʣʝʢʪʨʦʬʠʟʠʯʝʩʢʦʛʦ ʧʦʚʝʜʝʥʠʷ ʥʘʥʦʩʪʨʫʢʪʫʨ ʤʝʪʘʣʣ-ʦʢʩʠʜ-ʤʝʪʘʣʣ 
(ʄʆʄ) ʚ ʩʠʣʴʥʳʭ ʜʦ 50 ʄɺ/ʤ ʠ ʧʝʨʝʤʝʥʥʳʭ ʥʘ ʯʘʩʪʦʪʝ 1 ʢɻʮ ʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʦ-
ʣʷʭ. ʇʦʢʘʟʘʥʳ ʚʨʝʤʝʥʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʩ ʟʘʧʘʟʜʳʚʘʥʠʝʤ ʦʪʥʦʩʠʪʝʣʴʥʦ ʚʥʝʰʥʝ-
ʛʦ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ ʠʟʤʝʥʝʥʠʷ ʟʘʨʷʜʘ ʚ ʄʆʄ- ʥʘʥʦʩʪʨʫʢʪʫʨʝ ʩ ʪʦʣʱʠʥʦʡ ʦʢ-
ʩʠʜʥʦʛʦ ʩʣʦʷ 20 ʥʤ. ʇʦʩʪʨʦʝʥʳ ʙʠʧʦʣʷʨʥʳʝ ʚʦʣʴʪ-ʘʤʧʝʨʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʩ 
ʛʠʩʪʝʨʝʟʠʩʥʳʤ ʧʦʚʝʜʝʥʠʝʤ, ʢʦʪʦʨʳʝ ʧʦʢʘʟʘʣʠ ʥʘʣʠʯʠʝ ʦʪʨʠʮʘʪʝʣʴʥʦʛʦ ʜʠʥʘʤʠʯʝ-
ʩʢʦʛʦ ʩʦʧʨʦʪʠʚʣʝʥʠʷ, ʨʝʛʫʣʠʨʫʝʤʦʛʦ ʦʪʥʦʰʝʥʠʝʤ ʩʦʧʨʦʪʠʚʣʝʥʠʡ ʣʝʛʠʨʫʝʤʦʛʦ ʠ 
ʥʝʣʝʛʠʨʫʝʤʦʛʦ ʫʯʘʩʪʢʦʚ ʦʢʩʠʜʥʦʛʦ ʩʣʦʷ. ɺʳʙʨʘʥʥʳʝ ʫʩʣʦʚʠʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʧʦ-
ʢʘʟʘʣʠ ʚʦʟʤʦʞʥʦʩʪʴ ʧʨʘʢʪʠʯʝʩʢʦʡ ʨʝʘʣʠʟʘʮʠʠ ʤʝʤʨʠʩʪʦʨʥʦʛʦ ʫʩʪʨʦʡʩʪʚʘ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʤʝʤʨʠʩʪʦʨʥʘʷ ʤʦʜʝʣʴ, ʥʘʥʦʩʪʨʫʢʪʫʨʘ ʤʝʪʘʣʣ-ʦʢʩʠʜ-
ʤʝʪʘʣʣ, ʢʠʩʣʦʨʦʜʥʘʷ ʚʘʢʘʥʩʠʷ, ɺɸʍ ʩ ʛʠʩʪʝʨʝʟʠʩʦʤ. 

 
ʈʝʟʠʩʪʠʚʥʘʷ ʧʘʤʷʪʴ ʩ ʧʨʦʠʟʚʦʣʴʥʳʤ ʜʦʩʪʫʧʦʤ (RRAM) ʢʘʢ ʘʣʴ-

ʪʝʨʥʘʪʠʚʘ ʩʦʚʨʝʤʝʥʥʦʡ ʦʩʥʦʚʥʦʡ ʧʘʤʷʪʠ ʠʟ-ʟʘ ʝʝ ʧʨʝʠʤʫʱʝʩʪʚ ʚ ʚʳ-
ʩʦʢʦʩʢʦʨʦʩʪʥʦʤ ʧʝʨʝʢʣʶʯʝʥʠʠ, ʤʠʥʠʘʪʶʨʠʟʘʮʠʠ ʠ ʙʦʣʝʝ ʥʠʟʢʦʤ 
ʵʥʝʨʛʦʧʦʪʨʝʙʣʝʥʠʠ ʦʩʥʦʚʘʥʘ ʥʘ ʵʥʝʨʛʦʥʝʟʘʚʠʩʠʤʦʡ ʨʝʟʠʩʪʠʚʥʦʡ ʢʦʤ-
ʤʫʪʘʮʠʠ, ʢʦʪʦʨʘʷ ʠʥʪʝʥʩʠʚʥʦ ʠʩʩʣʝʜʦʚʘʣʘʩʴ ʚ ʦʢʩʠʜʥʳʭ ʪʦʥʢʠʭ ʧʣʝʥ-
ʢʘʭ ʥʘʥʦʩʪʨʫʢʪʫʨ ʤʝʪʘʣʣ-ʦʢʩʠʜ-ʤʝʪʘʣʣ (ʄʆʄ) [1]. ɺ ʪʦʥʢʠʭ ʧʣʝʥʢʘʭ 
ʦʢʩʠʜʘ ʙʳʣʦ ʜʦʢʘʟʘʥʦ, ʯʪʦ ʧʝʨʝʨʘʩʧʨʝʜʝʣʝʥʠʝ ʢʠʩʣʦʨʦʜʥʳʭ ʚʘʢʘʥʩʠʡ 
(OVs) ʩʦʟʜʘʝʪ ʣʠʙʦ ʣʦʢʘʣʠʟʦʚʘʥʥʳʝ ʧʨʦʚʦʜʷʱʠʝ ʥʠʪʠ (ʬʠʣʘʤʝʥʪʳ), 
ʣʠʙʦ ʤʦʜʫʣʠʨʫʝʪ ʚʳʩʦʪʫ ʙʘʨʴʝʨʘ ʛʨʘʥʠʮʳ ʨʘʟʜʝʣʘ ʠ, ʩʣʝʜʦʚʘʪʝʣʴʥʦ, 
ʚʳʟʳʚʘʝʪ ʦʙʨʘʪʠʤʳʝ ʠʟʤʝʥʝʥʠʷ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʩʦʧʨʦʪʠʚʣʝʥʠʷ. 

ʂʣʶʯʝʚʫʶ ʨʦʣʴ ʚ ʧʦʩʪʨʦʝʥʠʠ RRAM ʠ ʥʝʡʨʦʥʥʳʭ ʚʳʯʠʩʣʠ-
ʪʝʣʴʥʳʭ ʩʠʩʪʝʤ ʠʛʨʘʶʪ ʄʆʄ ʥʘʥʦʩʪʨʫʢʪʫʨʳ ʚ ʚʠʜʝ ʨʝʟʠʩʪʠʚʥʳʭ 
ʵʣʝʤʝʥʪʦʚ (ʤʝʤʨʠʩʪʦʨʦʚ), ʢʦʪʦʨʳʝ ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʧʨʠʣʦʞʝʥʥʦʛʦ 
ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ ʤʦʛʫʪ ʢʚʘʟʠʥʝʧʨʝʨʳʚʥʦ ʠʟʤʝʥʷʪʴ ʵʣʝʢʪʨʠʯʝʩʢʦʝ 
ʩʦʧʨʦʪʠʚʣʝʥʠʝ ʚ ʥʝʢʦʪʦʨʦʤ ʦʢʥʝ (Ron, Roff) ʠ ʩʦʭʨʘʥʷʪʴ ʝʛʦ ʧʦʩʣʝ 
ʩʥʷʪʠʷ ʠʤʧʫʣʴʩʘ ʥʘʧʨʷʞʝʥʠʷ. ʕʪʦ ʩʚʦʡʩʪʚʦ ʧʦʟʚʦʣʷʝʪ ʚʩʝʛʦ ʣʠʰʴ ʦʜ-
ʥʠʤ ʤʝʤʨʠʩʪʦʨʥʳʤ ʵʣʝʤʝʥʪʦʤ ʤʦʜʝʣʠʨʦʚʘʪʴ ʜʝʡʩʪʚʠʝ ʧʣʘʩʪʠʯʥʦʛʦ 
ʩʠʥʘʧʩʘ (ʩʦʝʜʠʥʝʥʠʷ) ʚ ʙʠʦʣʦʛʠʯʝʩʢʠʭ ʥʝʡʨʦʥʥʳʭ ʩʝʪʷʭ, ʙʝʟ ʢʦʪʦʨʳʭ 
ʠʭ ʬʫʥʢʮʠʦʥʠʨʦʚʘʥʠʝ ʥʝʚʦʟʤʦʞʥʦ [2].  

ʄʝʤʨʠʩʪʦʨ ʩ ʤʝʤʨʠʩʪʦʨʥʳʤ ʩʦʧʨʦʪʠʚʣʝʥʠʝʤ Mðʦʙʝʩʧʝʯʠʚʘʝʪ 
ʬʫʥʢʮʠʦʥʘʣʴʥʫʶ ʩʚʷʟʴ ʤʝʞʜʫ ʟʘʨʷʜʦʤ ʠ ʤʘʛʥʠʪʥʳʤ ʧʦʪʦʢʦʤ 

Mdqd =j . ɺʦʣʴʪ-ʘʤʧʝʨʥʘʷ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘ (ɺɸʍ) ʪʘʢʦʡ ʥʝʣʠʥʝʡʥʦʡ 
ʩʚʷʟʠ ʤʝʞʜʫ q ʠ j ʜʣʷ ʩʠʥʫʩʦʠʜʘʣʴʥʦʛʦ ʚʭʦʜʥʦʛʦ ʩʠʛʥʘʣʘ ʦʙʳʯʥʦ 
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ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʯʘʩʪʦʪʥʦ-ʟʘʚʠʩʠʤʫʶ ʬʠʛʫʨʫ ʃʠʩʩʘʞʫ [3]. ʇʨʠ 
ʵʪʦʤ ʥʠʢʘʢʘʷ ʢʦʤʙʠʥʘʮʠʷ ʥʝʣʠʥʝʡʥʳʭ ʨʝʟʠʩʪʠʚʥʳʭ, ʝʤʢʦʩʪʥʳʭ ʠ ʠʥ-
ʜʫʢʪʠʚʥʳʭ ʢʦʤʧʦʥʝʥʪʦʚ ʥʝ ʤʦʞʝʪ ʚʦʩʧʨʦʠʟʚʝʩʪʠ ʩʚʦʡʩʪʚʘ ʩʭʝʤʳ ʥʝ-
ʣʠʥʝʡʥʦʛʦ ʤʝʤʨʠʩʪʦʨʘ (ʪʦʣʴʢʦ ʚʢʣʶʯʝʥʠʝ ʘʢʪʠʚʥʳʭ ʵʣʝʤʝʥʪʦʚ ʩʭʝʤʳ, 
ʪʘʢʠʭ ʢʘʢ ʫʩʠʣʠʪʝʣʠ, ʤʦʞʝʪ ʵʪʦ ʩʜʝʣʘʪʴ) [3]. 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʧʨʦʚʝʜʸʥ ʘʥʘʣʠʟ ʥʝʢʦʪʦʨʳʭ ʦʩʦʙʝʥʥʦʩʪʝʡ ʧʦ-
ʚʝʜʝʥʠʷ ʤʝʤʨʠʩʪʦʨʥʳʭ ʥʘʥʦʩʪʨʫʢʪʫʨ ʚ ʧʝʨʝʤʝʥʥʳʭ ʩʠʣʴʥʳʭ ʵʣʝʢʪʨʠ-
ʯʝʩʢʠʭ ʧʦʣʷʭ ʥʘ ʦʩʥʦʚʝ ʦʙʦʙʱʝʥʥʦʡ ʤʦʜʝʣʠ, ʢʦʪʦʨʘʷ ʚʧʝʨʚʳʝ ʙʳʣʘ 
ʨʘʩʩʤʦʪʨʝʥʘ ʚ ʨʘʙʦʪʝ [4].  

ʄʠʢʨʦʩʢʦʧʠʯʝʩʢʘʷ ʧʨʠʨʦʜʘ ʧʝʨʝʢʣʶʯʝʥʠʷ ʩʦʧʨʦʪʠʚʣʝʥʠʷ ʠ ʧʝ-
ʨʝʥʦʩʘ ʟʘʨʷʜʘ ʚ ʪʘʢʠʭ ʫʩʪʨʦʡʩʪʚʘʭ ʚʩʝ ʝʱʝ ʦʙʩʫʞʜʘʝʪʩʷ, ʥʦ ʦʜʥʦ ʠʟ 
ʧʨʝʜʧʦʣʦʞʝʥʠʡ ʩʦʩʪʦʠʪ ʚ ʪʦʤ, ʯʪʦ ʛʠʩʪʝʨʝʟʠʩ ʪʨʝʙʫʝʪ ʥʝʢʦʪʦʨʦʡ 
ʘʪʦʤʥʦʡ ʧʝʨʝʩʪʨʦʡʢʠ, ʢʦʪʦʨʘʷ ʤʦʜʫʣʠʨʫʝʪ ʵʣʝʢʪʨʦʥʥʳʡ ʪʦʢ. ʅʘ ʦʩʥʦ-
ʚʝ ʵʪʦʛʦ ʧʨʝʜʧʦʣʦʞʝʥʠʷ ʨʘʩʩʤʦʪʨʠʤ ʪʦʥʢʫʶ ʦʢʩʠʜʥʫʶ ʧʣʝʥʢʫ ʪʦʣ-
ʱʠʥʦʡ D, ʨʘʩʧʦʣʦʞʝʥʥʫʶ ʤʝʞʜʫ ʜʚʫʤʷ ʤʝʪʘʣʣʠʯʝʩʢʠʤʠ ʢʦʥʪʘʢʪʘʤʠ, 
ʢʘʢ ʧʦʢʘʟʘʥʦ ʥʘ ʨʠʩ. 1ʘ. ʆʙʱʝʝ ʩʦʧʨʦʪʠʚʣʝʥʠʝ ʫʩʪʨʦʡʩʪʚʘ ʦʧʨʝʜʝʣʷʝʪ-
ʩʷ ʜʚʫʤʷ ʧʝʨʝʤʝʥʥʳʤʠ ʨʝʟʠʩʪʦʨʘʤʠ (ʨʠʩ. 1b), ʩʦʝʜʠʥʝʥʥʳʤʠ ʧʦʩʣʝ-
ʜʦʚʘʪʝʣʴʥʦ (ʨʠʩ. 1ʩ), ʛʜʝ ʩʦʧʨʦʪʠʚʣʝʥʠʷ ʫʢʘʟʘʥʳ ʜʣʷ ʚʩʝʡ ʜʣʠʥʳ D 
ʫʩʪʨʦʡʩʪʚʘ. ɺ ʯʘʩʪʥʦʩʪʠ, ʦʢʩʠʜʥʘʷ ʧʣʝʥʢʘ ʠʤʝʝʪ ʦʙʣʘʩʪʴ ʩ ʨʘʟʤʝʨʦʤ w 
ʠ ʚʳʩʦʢʦʡ ʢʦʥʮʝʥʪʨʘʮʠʝʡ ʣʝʛʠʨʫʶʱʠʭ ʧʨʠʤʝʩʝʡ (ʧʦʣʦʞʠʪʝʣʴʥʳʝ ʠʦ-
ʥʳ, ʢʠʩʣʦʨʦʜʥʳʝ ʚʘʢʘʥʩʠʠ), ʠʤʝʶʱʫʶ ʥʠʟʢʦʝ ʩʦʧʨʦʪʠʚʣʝʥʠʝ RON 
(ʧʨʦʚʦʜʷʱʠʡ ʢʘʥʘʣ ʠʣʠ ʬʠʣʘʤʝʥʪ), ʘ ʦʩʪʘʣʴʥʘʷ ʯʘʩʪʴ (D-w) ʠʤʝʝʪ 
ʥʠʟʢʫʶ (ʧʨʘʢʪʠʯʝʩʢʠ ʥʫʣʝʚʫʶ) ʢʦʥʮʝʥʪʨʘʮʠʶ ʣʝʛʠʨʫʶʱʠʭ ʧʨʠʤʝʩʝʡ 
ʠ ʛʦʨʘʟʜʦ ʙʦʣʝʝ ʚʳʩʦʢʦʝ ʩʦʧʨʦʪʠʚʣʝʥʠʝ ROFF.  

  
 

 

 

 
 

ʈʠʩ.1. ɼʠʘʛʨʘʤʤʘ ʄʆʄ ʥʘʥʦʩʪʨʫʢʪʫʨʳ (ʨʠʩ.1ʘ) ʩ ʫʧʨʦʱʝʥʥʦʡ ʵʢʚʠʚʘʣʝʥʪʥʦʡ 
ʩʭʝʤʦʡ (ʨʠʩ.1b,c). ɺʚʝʜʝʥʳ ʦʙʦʟʥʘʯʝʥʠʷ: w- ʜʣʠʥʘ ʧʨʦʚʦʜʷʱʝʛʦ ʢʘʥʘʣʘ; D- ʪʦʣ-
ʱʠʥʘ ʦʢʩʠʜʥʦʛʦ ʩʣʦʷ; RON-ʩʦʧʨʦʪʠʚʣʝʥʠʝ ʵʣʝʢʪʨʦʧʨʦʚʦʜʷʱʝʡ ʬʘʟʳ; ROFF -
ʩʦʧʨʦʪʠʚʣʝʥʠʝ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʬʘʟʳ. (ʘʜʘʧʪʠʨʦʚʘʥʦ ʩ ʨʠʩ. 2ʘ [4]) 
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ʇʨʠʣʦʞʝʥʠʝ ʚʥʝʰʥʝʛʦ ʥʘʧʨʷʞʝʥʠʷ V(t) ʢ ʫʩʪʨʦʡʩʪʚʫ ʧʨʠʚʦʜʠʪ ʢ 
ʧʝʨʝʤʝʱʝʥʠʶ ʛʨʘʥʠʮʳ ʤʝʞʜʫ ʜʚʫʤʷ ʦʙʣʘʩʪʷʤʠ, ʚʳʟʳʚʘʷ ʜʨʝʡʬ ʟʘʨʷ-
ʞʝʥʥʳʭ ʣʝʛʠʨʫʶʱʠʭ ʧʨʠʤʝʩʝʡ. ɺ ʧʨʦʩʪʝʡʰʝʤ ʩʣʫʯʘʝ ʦʤʠʯʝʩʢʦʡ 
ʵʣʝʢʪʨʦʥʥʦʡ ʧʨʦʚʦʜʠʤʦʩʪʠ ʠ ʣʠʥʝʡʥʦʛʦ ʜʨʝʡʬʘ ʢʠʩʣʦʨʦʜʥʳʭ ʚʘʢʘʥ-

ʩʠʡ ʚ ʦʜʥʦʨʦʜʥʦʤ ʧʦʣʝ ʩʦ ʩʨʝʜʥʝʡ ʧʦʜʚʠʞʥʦʩʪʴʶ ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ v
m  
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ʛʜʝ -V
m ʧʦʜʚʠʞʥʦʩʪʴ ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ.  

ʇʨʠ ʧʦʜʩʪʘʥʦʚʢʝ (5) ʚ (3) ʠ ʧʨʝʜʧʦʣʦʞʝʥʠʠ, ʯʪʦ ROFF >> RON  ʧʦ-
ʣʫʯʠʤ ʚʳʨʘʞʝʥʠʝ ʜʣʷ ʥʝʣʠʥʝʡʥʦʛʦ ʩʦʧʨʦʪʠʚʣʝʥʠʷ ʤʝʤʨʠʩʪʦʨʘ M : 
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ʅʝʣʠʥʝʡʥʦʝ ʩʦʧʨʦʪʠʚʣʝʥʠʝ ʤʝʤʨʠʩʪʦʨʘ M ʷʚʣʷʝʪʩʷ ʚʘʞʥʳʤ ʧʘ-
ʨʘʤʝʪʨʦʤ ʫʩʪʨʦʡʩʪʚʘ ʠ ʭʘʨʘʢʪʝʨʠʟʫʝʪ ʝʛʦ ʤʝʤʨʠʩʪʦʨʥʳʝ ʩʚʦʡʩʪʚʘ. 
ɼʣʷ ʨʘʟʥʳʭ ʚʝʣʠʯʠʥ ʦʪʥʦʰʝʥʠʷ ROFF /RON  ʟʘʚʠʩʠʤʦʩʪʴ M(t) ʠʤʝʝʪ 
ʬʦʨʤʫ ʬʠʛʫʨ ʃʠʩʩʘʞʫ (ʥʘ ʨʠʩ. ʥʝ ʧʦʢʘʟʘʥʳ).  

ʅʠʞʝ ʧʨʠʚʝʜʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʨʘʟʥʳʭ ʭʘʨʘʢʪʝʨʠ-
ʩʪʠʢ ʄʆʄ ʥʘʥʦʩʪʨʫʢʪʫʨʳ ʚ ʩʠʣʴʥʳʭ ʧʝʨʝʤʝʥʥʳʭ ʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʦ-
ʣʷʭ ʩ ʥʘʧʨʷʞʝʥʥʦʩʪʴʶ ʜʦ 5 10

7
 ɺ/ʤ. 

ʅʘ ʨʠʩ.2. ʧʦʢʘʟʘʥʳ ʚʨʝʤʝʥʥʳʝ ʜʠʘʛʨʘʤʤʳ ʦʪʥʦʩʠʪʝʣʴʥʦʡ ʜʣʠʥʳ 
ʧʨʦʚʦʜʷʱʝʛʦ ʢʘʥʘʣʘ (ʬʠʣʘʤʝʥʪʘ) ʠ ʧʝʨʝʤʝʥʥʦʛʦ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʟʘʨʷ-
ʜʘ ʧʨʦʚʦʜʷʱʝʡ ʬʘʟʳ ʦʢʩʠʜʘ ʩ ʚʨʝʤʝʥʥʦʡ ʟʘʜʝʨʞʢʦʡ 300 ʤʢʩʝʢ. ʋʨʘʚ-
ʥʝʥʠʝ (5) ʩʧʨʘʚʝʜʣʠʚʦ ʪʦʣʴʢʦ ʜʣʷ ʟʥʘʯʝʥʠʡ w ʚ ʠʥʪʝʨʚʘʣʝ [0, D]. ʈʘʟ-
ʣʠʯʥʳʝ ʩʣʫʯʘʠ ʞʝʩʪʢʦʛʦ ʧʝʨʝʢʣʶʯʝʥʠʷ ʦʧʨʝʜʝʣʷʶʪʩʷ ʧʫʪʝʤ ʥʘʣʦʞʝ-
ʥʠʷ ʨʘʟʣʠʯʥʳʭ ʛʨʘʥʠʯʥʳʭ ʫʩʣʦʚʠʡ, ʥʘʧʨʠʤʝʨ, ʧʨʝʜʧʦʣʦʞʝʥʠʝʤ, ʯʪʦ 
ʢʘʢ ʪʦʣʴʢʦ ʟʥʘʯʝʥʠʝ w ʜʦʩʪʠʛʘʝʪ ʦʜʥʦʡ ʠʟ ʛʨʘʥʠʮ, ʦʥʦ ʦʩʪʘʝʪʩʷ ʧʦʩʪʦ-
ʷʥʥʳʤ ʜʦ ʪʝʭ ʧʦʨ, ʧʦʢʘ ʥʘʧʨʷʞʝʥʠʝ ʥʝ ʠʟʤʝʥʠʪ ʧʦʣʷʨʥʦʩʪʴ. ɺ ʪʘʢʦʤ 
ʩʣʫʯʘʝ ʫʩʪʨʦʡʩʪʚʦ ʫʜʦʚʣʝʪʚʦʨʷʝʪ ʦʙʳʯʥʳʤ ʫʨʘʚʥʝʥʠʷʤ ʜʣʷ ʤʝʤʨʠ-
ʩʪʦʨʥʦʡ ʩʠʩʪʝʤʳ ʩ ʫʧʨʘʚʣʝʥʠʝʤ ʪʦʢʦʤ (1) ʠ (2). ɼʚʠʞʝʥʠʝ ʟʘʨʷʜʘ ʚ 
ʧʨʦʚʦʜʷʱʝʤ ʢʘʥʘʣʝ ʟʘʧʘʟʜʳʚʘʝʪ ʦʪʥʦʩʠʪʝʣʴʥʦ ʚʥʝʰʥʝʛʦ ʥʘʧʨʷʞʝʥʠʷ 

( );sin)(
00
tVtV w=  ʥʘ ʚʨʝʤʷ ;/

00 on
RVi ¹

    0

2

00
//2 VDt

v
mwp ==  (ʨʠʩ. 2b). 

ʅʘ ʨʠʩ. 3 ʧʨʠʚʝʜʝʥʳ ɺɸʍ ʄʆʄ ʥʘʥʦʩʪʨʫʢʪʫʨʳ ʩ ʧʘʨʘʤʝʪʨʘʤʠ 
ROFF/RON=130 (ʨʠʩ. 3a) ʠ ROFF/RON =133 (ʨʠʩ.3b). ʇʦʣʫʯʝʥʥʳʝ ʭʘʨʘʢʪʝ-
ʨʠʩʪʠʢʠ ʤʝʤʨʠʩʪʦʨʘ ʧʦʣʫʯʝʥʳ ʜʣʷ ʄʆʄ ʥʘʥʦʩʪʨʫʢʪʫʨʳ Al-Al 2O3-Al 
c ʪʦʣʱʠʥʦʡ ʦʢʩʠʜʥʦʡ ʧʣʸʥʢʠ D=20 ʥʤ, ʚʥʝʰʥʠʤ ʧʝʨʝʤʝʥʥʳʤ ʥʘʧʨʷ-
ʞʝʥʠʝʤ ʥʘ ʢʦʥʪʘʢʪʘʭ ʘʤʧʣʠʪʫʜʦʡ 1 ɺ ʠ ʯʘʩʪʦʪʦʡ 1 ʢɻʮ. ʉʦʧʨʦʪʠʚʣʝ-
ʥʠʝ ʧʨʦʚʦʜʷʱʝʛʦ ʢʘʥʘʣʘ (ʬʠʣʘʤʝʥʪʘ) RON =1900 ʆʤ; ʧʣʦʱʘʜʴ ʢʦʥʪʘʢ-
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ʪʘ- 100 ʤʤ
2
; ʧʦʜʚʠʞʥʦʩʪʴ ʟʘʨʷʜʘ- 

13
107.2
-

Ö=
V
m ʤ

2
/ɺ ʩʝʢ; ʦʪʥʦʩʠʪʝʣʴʥʘʷ 

ʜʠʵʣʝʢʪʨʠʯʝʩʢʘʷ ʧʨʦʥʠʮʘʝʤʦʩʪʴ 9=e
. 

 

 
a) 

 

 
b)  
ʈʠʩ.2. ɺʨʝʤʝʥʥʳʝ ʜʠʘʛʨʘʤʤʳ ʦʪʥʦʩʠʪʝʣʴʥʦʡ ʜʣʠʥʳ ʧʨʦʚʦʜʷʱʝʛʦ ʢʘʥʘʣʘ (ʬʠʣʘ-
ʤʝʥʪʘ) (ʨʠʩ.2,ʘ) ʠ ʧʝʨʝʤʝʥʥʦʛʦ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʟʘʨʷʜʘ ʧʨʦʚʦʜʷʱʝʡ ʬʘʟʳ ʦʢʩʠʜʘ 

(ʰʪʨʠʭʦʚʘʷ ʢʨʠʚʘʷ ʨʠʩ.2,b) ʩ ʚʨʝʤʝʥʥʦʡ ʟʘʜʝʨʞʢʦʡ 300 ʤʢʩ. 
 

ʅʘ ʨʠʩʫʥʢʝ 3a,b ʧʦʢʘʟʘʥʳ ʜʚʝ ʢʘʯʝʩʪʚʝʥʥʦ ʨʘʟʥʳʝ ʚʦʣʴʪ-
ʘʤʧʝʨʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ, ʚʦʟʤʦʞʥʳʝ ʜʣʷ ʪʘʢʦʛʦ ʤʝʤʨʠʩʪʦʨʥʦʛʦ 
ʫʩʪʨʦʡʩʪʚʘ. ɺʝʨʭʥʷʷ ʛʨʘʥʠʮʘ (ʪ. d, ʫʯʘʩʪʦʢ dc) ʥʘ ʨʠʩ. 3a ʜʦʩʪʠʛʘʝʪʩʷ, 
ʢʦʛʜʘ ʧʨʦʠʟʚʦʜʥʘʷ ʥʘʧʨʷʞʝʥʠʷ ʦʪʨʠʮʘʪʝʣʴʥʘ, ʯʪʦ ʩʦʟʜʘʝʪ ʢʘʞʫʱʝʝʩʷ 
ʠʣʠ çʜʠʥʘʤʠʯʝʩʢʦʝè ʦʪʨʠʮʘʪʝʣʴʥʦʝ ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʦʝ ʩʦʧʨʦʪʠʚʣʝ-
ʥʠʝ. ɺ ʦʪʣʠʯʠʝ ʦʪ ʠʩʪʠʥʥʦʛʦ çʩʪʘʪʠʯʝʩʢʦʛʦè ʦʪʨʠʮʘʪʝʣʴʥʦʛʦ ʜʠʬʬʝ-
ʨʝʥʮʠʘʣʴʥʦʛʦ ʩʦʧʨʦʪʠʚʣʝʥʠʷ, ʢʦʪʦʨʦʝ ʙʳʣʦ ʙʳ ʥʝʯʫʚʩʪʚʠʪʝʣʴʥʦ ʢʦ 
ʚʨʝʤʝʥʠ ʠ ʠʩʪʦʨʠʠ ʫʩʪʨʦʡʩʪʚʘ, ʪʘʢʦʡ ʜʠʥʘʤʠʯʝʩʢʠʡ ʵʬʬʝʢʪ ʷʚʣʷʝʪʩʷ 
ʧʨʦʩʪʦ ʨʝʟʫʣʴʪʘʪʦʤ ʟʘʚʠʩʷʱʝʛʦ ʦʪ ʟʘʨʷʜʘ ʠʟʤʝʥʝʥʠʷ ʩʦʧʨʦʪʠʚʣʝʥʠʷ 
ʫʩʪʨʦʡʩʪʚʘ ʠ ʤʦʞʝʪ ʙʳʪʴ ʠʜʝʥʪʠʬʠʮʠʨʦʚʘʥ ʧʦ ʩʠʣʴʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ 
ʦʪ ʯʘʩʪʦʪʳ ʩʠʥʫʩʦʠʜʘʣʴʥʦʛʦ ʫʧʨʘʚʣʷʶʱʝʛʦ ʥʘʧʨʷʞʝʥʠʷ. ʋʚʝʣʠʯʝʥʠʝ 
ʩʦʧʨʦʪʠʚʣʝʥʠʷ ROFF (ʨʠʩ. 3b) ʩʥʠʞʘʝʪ ʦʪʨʠʮʘʪʝʣʴʥʦʝ ʜʠʬʬʝʨʝʥʮʠʘʣʴ-
ʥʦʝ ʩʦʧʨʦʪʠʚʣʝʥʠʝ, ʥʦ ʫʚʝʣʠʯʠʚʘʝʪ ʚʝʣʠʯʠʥʫ ʪʦʢʘ ʚ ʤʝʤʨʠʩʪʦʨʝ, ʯʪʦ 
ʩʚʷʟʘʥʦ ʨʦʩʪʦʤ ʢʦʥʮʝʥʪʨʘʮʠʠ ʢʠʩʣʦʨʦʜʥʳʭ ʚʘʢʘʥʩʠʡ ʠ ʵʤʠʩʩʠʝʡ 
ʵʣʝʢʪʨʦʥʦʚ ʩ ʢʦʥʪʘʢʪʘ ʧʨʠ ʩʥʠʞʝʥʠʠ ʚʳʩʦʪʳ ʙʘʨʴʝʨʘ. 

ʇʦʢʘʟʘʥʥʳʝ ʥʘ ʨʠʩʫʥʢʝ 3a,b ʙʠʧʦʣʷʨʥʳʝ ʚʦʣʴʪ-ʘʤʧʝʨʥʳʝ ʭʘʨʘʢ-
ʪʝʨʠʩʪʠʢʠ ʫʩʪʨʦʡʩʪʚʘ, ʚ ʢʦʪʦʨʦʤ ʢʨʠʪʠʯʝʩʢʘʷ ʦʢʩʠʜʥʘʷ ʧʣʝʥʢʘ ʪʦʣ-
ʱʠʥʦʡ 20 ʥʤ ʩʦʜʝʨʞʘʣʘ ʦʜʠʥ ʩʣʦʡ ʠʟʦʣʠʨʫʶʱʝʛʦ Al 2O3 ʠ ʦʜʠʥ ʩʣʦʡ 
ʦʙʝʜʥʝʥʥʦʛʦ ʢʠʩʣʦʨʦʜʦʤ Al 2O3-x. ɺ ʵʪʦʡ ʩʠʩʪʝʤʝ ʢʠʩʣʦʨʦʜʥʳʝ ʚʘʢʘʥ-
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ʩʠʠ ʜʝʡʩʪʚʫʶʪ ʢʘʢ ʧʦʜʚʠʞʥʳʝ +2-ʟʘʨʷʞʝʥʥʳʝ ʣʝʛʠʨʫʶʱʠʝ ʧʨʠʤʝʩʠ, 
ʢʦʪʦʨʳʝ ʜʨʝʡʬʫʶʪ ʚ ʧʨʠʣʦʞʝʥʥʦʤ ʵʣʝʢʪʨʠʯʝʩʢʦʤ ʧʦʣʝ, ʩʤʝʱʘʷ ʨʘʟ-
ʜʝʣʠʪʝʣʴʥʫʶ ʣʠʥʠʶ ʤʝʞʜʫ ʩʣʦʷʤʠ Al 2O3 ʠ Al 2O3-x. ʍʘʨʘʢʪʝʨʠʩʪʠʢʠ 
ʧʝʨʝʢʣʶʯʝʥʠʷ, ʥʘʙʣʶʜʘʝʤʳʝ ʜʣʷ ʢʦʥʢʨʝʪʥʦʡ ʤʝʤʨʠʩʪʦʨʥʦʡ ʩʠʩʪʝʤʳ, 
ʧʦʤʦʛʘʶʪ ʢʣʘʩʩʠʬʠʮʠʨʦʚʘʪʴ ʭʘʨʘʢʪʝʨ ʛʨʘʥʠʯʥʳʭ ʫʩʣʦʚʠʡ ʜʣʷ ʧʝʨʝ-
ʤʝʥʥʦʡ ʩʦʩʪʦʷʥʠʷ ʫʩʪʨʦʡʩʪʚʘ. 

 
a) 

 
b) 

 
ʈʠʩ.3. ɺɸʍ ʄʆʄ ʥʘʥʦʩʪʨʫʢʪʫʨʳ ʩ ʧʘʨʘʤʝʪʨʘʤʠ ROFF/RON=130 (ʨʠʩ.3a) ʠ 

ROFF/RON=133 (ʨʠʩ.3b). 
 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʧʦʜʜʝʨʞʢʝ ʄʠʥʦʙʨʥʘʫʢʠ ʈʌ ʚ ʨʘʤʢʘʭ 
ɻʦʩʫʜʘʨʩʪʚʝʥʥʦʛʦ ʟʘʜʘʥʠʷ ʀʈʕ ʠʤ.ɺ.ɸ.ʂʦʪʝʣʴʥʠʢʦʚʘ ʈɸʅ (FFWZ-
2025-0001). 
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ʆʉʆɹɽʅʅʆʉʊʀ ʇʈʆʗɺʃɽʅʀʗ ɻɸʅʅʆɺʉʂʆʁ ʀ 

ʈɽʂʆʄɹʀʅɸʎʀʆʅʅʆʁ ʅɽʋʉʊʆʁʏʀɺʆʉʊɽʁ ʊʆʂɸ ɺ 

ɺʓʉʆʂʆʆʄʅʆʄ ɸʈʉɽʅʀɼɽ ɻɸʃʃʀʗ ʇʈʀ ʋʏɽʊɽ 

ɿɸɺʀʉʀʄʆʉʊʀ ɺʈɽʄɽʅʀ ɾʀɿʅʀ ʅʆʉʀʊɽʃɽʁ ɿɸʈʗɼɸ ʆʊ 

ʀʍ ʀɿɹʓʊʆʏʅʆʁ ʂʆʅʎɽʅʊʈɸʎʀʀ 

 
ɸ.ɺ. ʄʠʪʠʥ, ɸ.ʀ. ʄʠʭʘʡʣʦʚ 

ʉʘʨʘʪʦʚʩʢʠʡ ʥʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ 
ʫʥʠʚʝʨʩʠʪʝʪ ʠʤʝʥʠ ʅ.ɻ. ʏʝʨʥʳʰʝʚʩʢʦʛʦ 

E-mail: mikhailovai13@mail.ru, mitin_av@mail.ru 

 
ɸʥʥʦʪʘʮʠʷ. ɺ ʨʘʙʦʪʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʦʩʦʙʝʥʥʦ-

ʩʪʝʡ ʢʦʣʝʙʘʪʝʣʴʥʳʭ ʠ ʚʦʣʥʦʚʳʭ ʧʨʦʮʝʩʩʦʚ, ʧʨʦʪʝʢʘʶʱʠʭ ʚ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʦʡ 
ʩʪʨʫʢʪʫʨʝ ʥʘ ʦʩʥʦʚʝ ʧʦʣʫʠʟʦʣʠʨʫʶʱʝʛʦ ʘʨʩʝʥʠʜʘ ʛʘʣʣʠʷ, ʚ ʫʩʣʦʚʠʷʭ ʣʦʢʘʣʠʟʦ-
ʚʘʥʥʦʛʦ ʦʧʪʠʯʝʩʢʦʛʦ ʚʦʟʜʝʡʩʪʚʠʷ ʠ ʩ ʫʯʝʪʦʤ ʟʘʚʠʩʠʤʦʩʪʠ ʚʨʝʤʝʥʠ ʞʠʟʥʠ ʥʦʩʠʪʝ-
ʣʝʡ ʟʘʨʷʜʘ ʦʪ ʠʭ ʠʟʙʳʪʦʯʥʦʡ ʢʦʥʮʝʥʪʨʘʮʠʠ. ɸʥʘʣʠʟʠʨʫʶʪʩʷ ʜʚʘ ʚʠʜʘ ʥʝʫʩʪʦʡʯʠ-
ʚʦʩʪʠ ʪʦʢʘ - ʛʘʥʥʦʚʩʢʘʷ ʠ ʨʝʢʦʤʙʠʥʘʮʠʦʥʥʘʷ. ʀʩʩʣʝʜʦʚʘʥʠʷ ʧʨʦʚʝʜʝʥʳ ʥʘ ʦʩʥʦʚʝ 
ʯʠʩʣʝʥʥʦʛʦ ʨʝʰʝʥʠʷ ʩʠʩʪʝʤʳ ʫʨʘʚʥʝʥʠʡ ʨʘʟʨʘʙʦʪʘʥʥʦʛʦ ʚʘʨʠʘʥʪʘ ʣʦʢʘʣʴʥʦ-
ʧʦʣʝʚʦʡ ʤʘʪʝʤʘʪʠʯʝʩʢʦʡ ʤʦʜʝʣʠ, ʧʦʟʚʦʣʷʶʱʝʡ ʘʜʝʢʚʘʪʥʦ ʦʧʠʩʳʚʘʪʴ ʧʨʦʪʝʢʘʶ-
ʱʠʝ ʚ ʠʟʫʯʘʝʤʦʡ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʦʡ ʩʪʨʫʢʪʫʨʝ ʵʣʝʢʪʨʦʥʥʳʝ ʧʨʦʮʝʩʩʳ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʜʨʝʡʬʦʚʘʷ ʥʝʣʠʥʝʡʥʦʩʪʴ, ʢʦʥʮʝʥʪʨʘʮʠʦʥʥʘʷ ʥʝʣʠʥʝʡ-
ʥʦʩʪʴ, ʣʦʢʘʣʴʥʦ-ʧʦʣʝʚʘʷ ʤʦʜʝʣʴ, ʚʳʩʦʢʦʦʤʥʳʡ ʘʨʩʝʥʠʜ ʛʘʣʣʠʷ. 

 
ɻʘʥʥʦʚʩʢʘʷ ʠ ʨʝʢʦʤʙʠʥʘʮʠʦʥʥʘʷ ʥʝʫʩʪʦʡʯʠʚʦʩʪʠ ï ʜʚʘ ʚʠʜʘ ʥʝ-

ʫʩʪʦʡʯʠʚʦʩʪʠ ʪʦʢʘ, ʢʦʪʦʨʳʝ ʤʦʛʫʪ ʥʘʙʣʶʜʘʪʴʩʷ ʚ ʚʳʩʦʢʦʦʤʥʦʤ (ʧʦ-
ʣʫʠʟʦʣʠʨʫʶʱʝʤ) ʘʨʩʝʥʠʜʝ ʛʘʣʣʠʷ, ʧʨʝʜʩʪʘʚʣʷʶʪ ʙʦʣʴʰʦʡ ʥʘʫʯʥʳʡ ʠ 
ʧʨʘʢʪʠʯʝʩʢʠʡ ʠʥʪʝʨʝʩ, ʧʦʩʢʦʣʴʢʫ ʤʦʛʫʪ ʚʳʩʪʫʧʘʪʴ ʬʠʟʠʯʝʩʢʦʡ ʦʩʥʦ-
ʚʦʡ ʜʣʷ ʩʦʟʜʘʥʠʷ ʘʢʪʠʚʥʳʭ ʧʨʠʙʦʨʦʚ ʠ ʫʩʪʨʦʡʩʪʚ ʬʫʥʢʮʠʦʥʘʣʴʥʦʡ 
ʵʣʝʢʪʨʦʥʠʢʠ ʠ ʤʠʢʨʦʵʣʝʢʪʨʦʥʠʢʠ [1-18]. 

ʀ ʪʝʦʨʝʪʠʯʝʩʢʠʝ, ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʥʝʫʩʪʦʡ-
ʯʠʚʦʩʪʝʡ ʪʦʢʘ ʚ ʩʪʨʫʢʪʫʨʘʭ ʘʨʩʝʥʠʜʘ ʛʘʣʣʠʷ ʷʚʣʷʶʪʩʷ ʦʯʝʥʴ ʥʝʧʨʦ-
ʩʪʳʤʠ ʥʘʫʯʥʳʤʠ ʟʘʜʘʯʘʤʠ ʚʩʣʝʜʩʪʚʠʝ ʙʦʣʴʰʦʡ ʩʣʦʞʥʦʩʪʠ ʧʨʦʮʝʩʩʦʚ, 
ʧʨʦʠʩʭʦʜʷʱʠʭ ʚ ʠʩʩʣʝʜʫʝʤʳʭ ʩʪʨʫʢʪʫʨʘʭ. ʕʪʦ, ʧʨʝʞʜʝ ʚʩʝʛʦ, ʦʙʫ-
ʩʣʦʚʣʝʥʦ ʙʦʣʴʰʦʡ ʩʣʦʞʥʦʩʪʴʶ ʩʘʤʦʛʦ ʷʚʣʝʥʠʷ ʥʝʫʩʪʦʡʯʠʚʦʩʪʠ, ʘ 
ʪʘʢʞʝ ʥʝʦʜʥʦʨʦʜʥʦʩʪʴʶ ʠ ʩʫʱʝʩʪʚʝʥʥʦʡ ʥʝʣʠʥʝʡʥʦʩʪʴʶ ʘʥʘʣʠʟʠʨʫʝ-
ʤʳʭ ʬʠʟʠʯʝʩʢʠʭ ʩʠʩʪʝʤ (ʩʪʨʫʢʪʫʨ, ʦʙʨʘʟʮʦʚ), ʘ ʪʘʢʞʝ ʩʣʦʞʥʦʡ ʟʘʚʠ-
ʩʠʤʦʩʪʴʶ ʚʦʟʥʠʢʘʶʱʠʭ ʚ ʥʠʭ ʢʦʣʝʙʘʪʝʣʴʥʳʭ ʠ ʚʦʣʥʦʚʳʭ ʧʨʦʮʝʩʩʦʚ 
ʦʪ ʤʥʦʞʝʩʪʚʘ ʨʘʟʣʠʯʥʳʭ ʚʥʫʪʨʝʥʥʠʭ ʠ ʚʥʝʰʥʠʭ ʬʘʢʪʦʨʦʚ. ɺʩʝʩʪʦ-
ʨʦʥʥʠʡ ʠ ʜʝʪʘʣʴʥʳʡ ʪʝʦʨʝʪʠʯʝʩʢʠʡ ʘʥʘʣʠʟ ʪʘʢʠʭ ʩʠʩʪʝʤ ʠ ʧʨʦʠʩʭʦ-
ʜʷʱʠʭ ʚ ʥʠʭ ʵʣʝʢʪʨʦʥʥʳʭ ʧʨʦʮʝʩʩʦʚ ʚʦʟʤʦʞʝʥ ʪʦʣʴʢʦ ʥʘ ʦʩʥʦʚʝ ʯʠʩ-
ʣʝʥʥʦʛʦ ʨʝʰʝʥʠʷ ʤʦʜʝʣʴʥʦʡ ʩʠʩʪʝʤʳ ʫʨʘʚʥʝʥʠʡ. ɺʦʟʥʠʢʘʶʱʠʝ ʠ 
ʥʘʙʣʶʜʘʝʤʳʝ, ʚ ʪʦʤ ʯʠʩʣʝ, ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ, ʢʦʣʝʙʘʪʝʣʴʥʳʝ ʧʨʦ-
ʮʝʩʩʳ ʚ ʪʘʢʠʭ ʩʠʩʪʝʤʘʭ ʤʦʛʫʪ ʧʨʦʠʩʭʦʜʠʪʴ ʩ ʯʘʩʪʦʪʘʤʠ ʚ ʰʠʨʦʢʦʤ 
ʜʠʘʧʘʟʦʥʝ ʦʪ ʜʝʩʷʪʢʦʚ kHz ʜʦ ʜʝʩʷʪʢʦʚ GHz, ʯʪʦ ʦʙʝʩʧʝʯʠʚʘʝʪ ʰʠʨʦ-
ʢʠʡ ʢʨʫʛ ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʚʦʟʤʦʞʥʦʩʪʝʡ, ʧʝʨʩʧʝʢʪʠʚʥʳʭ ʜʣʷ ʧʨʠʤʝ-
ʥʝʥʠʷ ʚ ʵʣʝʢʪʨʦʥʠʢʝ ʠ ʤʠʢʨʦʵʣʝʢʪʨʦʥʠʢʝ. 
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ɼʣʷ ʪʝʦʨʝʪʠʯʝʩʢʦʛʦ ʘʥʘʣʠʟʘ ʜʠʥʘʤʠʢʠ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʛʦ ʟʘʨʷ-
ʜʘ, ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ ʠ ʪʦʢʘ ʚ ʩʪʨʫʢʪʫʨʘʭ ʘʨʩʝʥʠʜʘ ʛʘʣʣʠʷ ʚ ʫʩʣʦ-
ʚʠʷʭ ʧʨʦʷʚʣʝʥʠʷ ʛʘʥʥʦʚʩʢʦʡ ʠ ʨʝʢʦʤʙʠʥʘʮʠʦʥʥʦʡ ʥʝʫʩʪʦʡʯʠʚʦʩʪʝʡ 
ʤʦʞʝʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥʘ ʠʟʚʝʩʪʥʘʷ ʣʦʢʘʣʴʥʦ-ʧʦʣʝʚʘʷ ʤʦʜʝʣʴ (ʃʇʄ) 
[1, 11-13, 19-22], ʢʦʪʦʨʘʷ, ʥʝʩʤʦʪʨʷ ʥʘ ʩʚʦʶ ʦʪʥʦʩʠʪʝʣʴʥʫʶ ʧʨʦʩʪʦʪʫ, 
ʧʦʟʚʦʣʷʝʪ ʘʜʝʢʚʘʪʥʦ ʦʧʠʩʳʚʘʪʴ ʠ ʠʩʩʣʝʜʦʚʘʪʴ ʜʦʩʪʘʪʦʯʥʦ ʩʣʦʞʥʳʝ 
ʷʚʣʝʥʠʷ ʠ ʧʨʦʮʝʩʩʳ ʚ ʧʦʣʫʧʨʦʚʦʜʥʠʢʘʭ ʥʘ ʯʘʩʪʦʪʘʭ ʚʧʣʦʪʴ ʜʦ ʜʝʩʷʪ-
ʢʦʚ GHz. 

ɺ ʦʩʥʦʚʫ ʪʝʦʨʝʪʠʯʝʩʢʦʡ ʤʦʜʝʣʠ, ʠʩʧʦʣʴʟʫʝʤʦʡ ʚ ʜʘʥʥʦʡ ʨʘʙʦʪʝ, 
ʧʦʣʦʞʝʥ ʚʘʨʠʘʥʪ ʃʇʄ, ʥʝʦʜʥʦʢʨʘʪʥʦ ʠ ʧʦʜʨʦʙʥʦ ʦʧʠʩʘʥʥʳʡ ʚ ʥʘʰʠʭ 
ʧʨʝʜʳʜʫʱʠʭ ʨʘʙʦʪʘʭ [11-13, 22], ʚ ʢʦʪʦʨʦʤ ʠʩʧʦʣʴʟʦʚʘʥʘ ʘʚʪʦʨʩʢʘʷ 
ʘʧʧʨʦʢʩʠʤʘʮʠʷ ʟʘʚʠʩʠʤʦʩʪʠ ʚʨʝʤʝʥʠ ʞʠʟʥʠ ʜʳʨʦʢ ʦʪ ʠʭ ʠʟʙʳʪʦʯʥʦʡ 

ʢʦʥʮʝʥʪʨʘʮʠʠ †ῳὴ, ʣʦʢʘʣʠʟʦʚʘʥʥʦ ʛʝʥʝʨʠʨʫʝʤʳʭ ʩʚʝʪʦʤ ʚ ʨʘʟʣʠʯ-
ʥʳʭ ʯʘʩʪʷʭ ʘʢʪʠʚʥʦʡ ʦʙʣʘʩʪʠ ʠʩʩʣʝʜʫʝʤʦʡ ʩʪʨʫʢʪʫʨʳ ʥʘ ʦʩʥʦʚʝ ʚʳʩʦ-
ʢʦʦʤʥʦʛʦ (ʧʦʣʫʠʟʦʣʠʨʫʶʱʝʛʦ) ʘʨʩʝʥʠʜʘ ʛʘʣʣʠʷ. 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʧʨʠʚʦʜʠʪʩʷ ʜʝʪʘʣʴʥʳʡ ʘʥʘʣʠʟ ʥʘʠʙʦʣʝʝ ʚʘʞ-
ʥʳʭ ʠ ʠʥʪʝʨʝʩʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ ʪʝʦʨʝʪʠʯʝʩʢʦʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ ʜʠʥʘʤʠ-
ʢʠ ʵʣʝʢʪʨʦʥʥʳʭ ʧʨʦʮʝʩʩʦʚ ʚ ʩʪʨʫʢʪʫʨʝ ʥʘ ʦʩʥʦʚʝ ʚʳʩʦʢʦʦʤʥʦʛʦ (ʧʦ-
ʣʫʠʟʦʣʠʨʫʶʱʝʛʦ) ʘʨʩʝʥʠʜʘ ʛʘʣʣʠʷ ʧʨʠ ʚʦʟʜʝʡʩʪʚʠʠ ʣʦʢʘʣʠʟʦʚʘʥʥʦʛʦ 
ʦʩʚʝʱʝʥʠʷ ʠ ʧʨʠ ʫʯʝʪʝ ʟʘʚʠʩʠʤʦʩʪʠ ʚʨʝʤʝʥʠ ʞʠʟʥʠ ʥʝʨʘʚʥʦʚʝʩʥʳʭ 
ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ ʦʪ ʠʭ ʠʟʙʳʪʦʯʥʦʡ ʢʦʥʮʝʥʪʨʘʮʠʠ. 

ɺ ʨʝʟʫʣʴʪʘʪʝ ʧʨʦʚʝʜʝʥʠʷ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʯʠʩʣʝʥʥʳʭ ʵʢʩʧʝʨʠ-
ʤʝʥʪʦʚ ʤʦʞʥʦ ʩʜʝʣʘʪʴ ʩʣʝʜʫʶʱʠʝ ʥʘʠʙʦʣʝʝ ʚʘʞʥʳʝ ʚʳʚʦʜʳ. 
1) ʀʩʩʣʝʜʦʚʘʥʦ ʚʣʠʷʥʠʝ ʣʦʢʘʣʠʟʘʮʠʠ ʦʩʚʝʱʘʝʤʦʛʦ ʫʯʘʩʪʢʘ ʚ ʨʘʟʣʠʯ-
ʥʳʭ ʯʘʩʪʷʭ ʘʢʪʠʚʥʦʡ ʦʙʣʘʩʪʠ ʩʪʨʫʢʪʫʨʳ ʥʘ ʧʨʦʪʝʢʘʶʱʠʝ ʵʣʝʢ-
ʪʨʦʥʥʳʝ ʧʨʦʮʝʩʩʳ. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʥʘʠʙʦʣʴʰʝʝ ʚʣʠʷʥʠʝ ʦʩʚʝ-
ʱʝʥʠʷ ʥʘ ʧʨʦʠʩʭʦʜʷʱʠʝ ʚ ʩʪʨʫʢʪʫʨʝ ʵʣʝʢʪʨʦʥʥʳʝ ʧʨʦʮʝʩʩʳ 
ʥʘʙʣʶʜʘʝʪʩʷ ʧʨʠ ʣʦʢʘʣʠʟʘʮʠʠ ʦʩʚʝʱʘʝʤʦʛʦ ʫʯʘʩʪʢʘ ʚ ʮʝʥʪʨʝ ʘʢ-
ʪʠʚʥʦʡ ʦʙʣʘʩʪʠ ʩʪʨʫʢʪʫʨʳ, ʘ ʪʘʢʞʝ ʚ ʧʨʠʘʥʦʜʥʦʡ ʦʙʣʘʩʪʠ, ʘ 
ʥʘʠʤʝʥʴʰʝʝ ï ʧʨʠ ʝʛʦ ʣʦʢʘʣʠʟʘʮʠʠ ʚʙʣʠʟʠ ʢʘʪʦʜʘ. ʀʟʤʝʥʝʥʠʝ ʣʦ-
ʢʘʣʠʟʘʮʠʠ ʦʩʚʝʱʘʝʤʦʡ ʦʙʣʘʩʪʠ ʤʦʞʝʪ ʠʩʧʦʣʴʟʦʚʘʪʴʩʷ ʜʣʷ ʦʧʝʨʘ-
ʪʠʚʥʦʛʦ ʫʧʨʘʚʣʝʥʠʷ ʯʘʩʪʦʪʦʡ ʠ ʘʤʧʣʠʪʫʜʦʡ ʚʦʟʥʠʢʘʶʱʠʭ ʢʦʣʝʙʘ-
ʪʝʣʴʥʳʭ ʧʨʦʮʝʩʩʦʚ. 

2) ʂʦʣʝʙʘʪʝʣʴʥʳʝ ʧʨʦʮʝʩʩʳ, ʚʦʟʥʠʢʘʶʱʠʝ ʚ ʠʩʩʣʝʜʫʝʤʳʭ ʩʪʨʫʢʪʫʨʘʭ 
ʢʘʢ ʚ ʩʣʫʯʘʝ ʛʘʥʥʦʚʩʢʦʡ, ʪʘʢ ʠ ʨʝʢʦʤʙʠʥʘʮʠʦʥʥʦʡ ʥʝʫʩʪʦʡʯʠʚʦ-
ʩʪʝʡ ʚ ʦʧʨʝʜʝʣʝʥʥʳʭ ʩʠʪʫʘʮʠʷʭ, ʤʦʛʫʪ ʭʘʨʘʢʪʝʨʠʟʦʚʘʪʴʩʷ ʦʙʱʠʤ 
ʧʝʨʠʦʜʦʤ, ʩʦʜʝʨʞʘʱʠʤ ʜʚʘ ʠ ʙʦʣʝʝ ʮʠʢʣʦʚ, ʢʦʥʢʨʝʪʥʳʝ ʩʚʦʡʩʪʚʘ ʠ 
ʯʠʩʣʦ ʢʦʪʦʨʳʭ ʟʘʚʠʩʷʪ ʦʪ ʨʝʘʣʠʟʫʝʤʦʛʦ ʜʠʥʘʤʠʯʝʩʢʦʛʦ ʩʦʩʪʦʷʥʠʷ, 
ʢʦʪʦʨʦʝ, ʚ ʩʚʦʶ ʦʯʝʨʝʜʴ, ʦʧʨʝʜʝʣʷʝʪʩʷ ʚʝʣʠʯʠʥʘʤʠ ʚʨʝʤʝʥʠ ʞʠʟ-
ʥʠ, ʧʨʠʣʦʞʝʥʥʦʛʦ ʥʘʧʨʷʞʝʥʠʷ, ʧʦʟʠʮʠʦʥʠʨʦʚʘʥʠʝʤ ʠ ʠʥʪʝʥʩʠʚʥʦ-
ʩʪʴʶ ʣʦʢʘʣʠʟʦʚʘʥʥʦʛʦ ʦʩʚʝʱʝʥʠʷ. 

3) ʏʠʩʣʝʥʥʳʝ ʵʢʩʧʝʨʠʤʝʥʪʳ, ʧʨʦʚʝʜʝʥʥʳʝ ʜʣʷ ʩʣʫʯʘʷ ʛʘʥʥʦʚʩʢʦʡ ʥʝ-
ʫʩʪʦʡʯʠʚʦʩʪʠ ʪʦʢʘ ʠ ʣʦʢʘʣʠʟʦʚʘʥʥʦʛʦ ʦʩʚʝʱʝʥʠʷ ʚ ʮʝʥʪʨʝ, ʧʦʟʚʦ-
ʣʠʣʠ ʦʙʥʘʨʫʞʠʪʴ ʩʫʱʝʩʪʚʦʚʘʥʠʝ ʚ ʠʩʩʣʝʜʫʝʤʦʡ ʩʪʨʫʢʪʫʨʝ ʜʚʫʭ 
ʫʩʪʦʡʯʠʚʳʭ ʢʦʣʝʙʘʪʝʣʴʥʳʭ ʨʝʞʠʤʦʚ, ʜʣʷ ʢʦʪʦʨʳʭ ʧʝʨʝʭʦʜ ʦʪ ʦʜ-
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ʥʦʛʦ ʢ ʜʨʫʛʦʤʫ ʧʨʦʠʩʭʦʜʠʪ ʧʨʠ ʥʝʢʦʪʦʨʦʤ ʟʥʘʯʝʥʠʠ ʥʘʧʨʷʞʝʥʠʷ 

Ὗ , ʢʦʪʦʨʦʝ, ʚ ʩʚʦʶ ʦʯʝʨʝʜʴ, ʟʘʚʠʩʠʪ ʦʪ ʚʳʙʠʨʘʝʤʳʭ ʟʥʘʯʝʥʠʡ 
ʤʦʜʝʣʴʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢ. ɼʘʥʥʳʡ ʧʝʨʝʭʦʜ ʩʦʧʨʦ-
ʚʦʞʜʘʝʪʩʷ ʩʫʱʝʩʪʚʝʥʥʳʤʠ ʠʟʤʝʥʝʥʠʷʤʠ ʥʘ ʟʘʚʠʩʠʤʦʩʪʷʭ ʦʩʥʦʚ-

ʥʦʡ ʯʘʩʪʦʪʳ ʛʝʥʝʨʘʮʠʠ ὪὟ , ʠ ʚʝʣʠʯʠʥʳ ʧʦʩʪʦʷʥʥʦʡ ʠ ʘʤʧʣʠʪʫʜ 
ʧʝʨʝʤʝʥʥʳʭ ʩʦʩʪʘʚʣʷʶʱʠʭ (ʧʝʨʚʦʡ ʠ ʚʪʦʨʦʡ ʛʘʨʤʦʥʠʢ) ʩʧʝʢʪʨʘ 

ʧʣʦʪʥʦʩʪʠ ʪʦʢʘ ὮὟ , ὮὟ , ὮὟ  ʠ ʜʨʫʛʠʭ ʦʪ ʥʘʧʨʷʞʝʥʠʷ Ὗ . 
ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʩʣʦʞʥʳʡ ʭʘʨʘʢʪʝʨ ʟʘʚʠʩʠʤʦʩʪʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢ 
ʚʦʟʥʠʢʘʶʱʠʭ ʢʦʣʝʙʘʪʝʣʴʥʳʭ ʧʨʦʮʝʩʩʦʚ ʦʪ ʚʝʣʠʯʠʥʳ ʚʨʝʤʝʥʠ 

ʞʠʟʥʠ † , ʚʢʣʶʯʘʷ ʝʝ ʥʝʤʦʥʦʪʦʥʥʦʩʪʴ, ʩʚʷʟʘʥ ʩ ʧʨʝʠʤʫʱʝʩʪʚʝʥ-
ʥʳʤ ʚʣʠʷʥʠʝʤ ʨʝʢʦʤʙʠʥʘʮʠʦʥʥʳʭ ʧʨʦʮʝʩʩʦʚ ʥʘ ʜʠʥʘʤʠʢʫ ʧʨʦ-
ʩʪʨʘʥʩʪʚʝʥʥʦʛʦ ʟʘʨʷʜʘ ʧʨʠ ʩʦʧʦʩʪʘʚʠʤʦʩʪʠ ʚʨʝʤʝʥʠ ʞʠʟʥʠ ʥʝʨʘʚ-
ʥʦʚʝʩʥʳʭ ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ ʠ ʚʨʝʤʝʥʠ ʧʨʦʣʝʪʘ ʜʠʧʦʣʴʥʦʛʦ ʛʘʥʥʦʚ-
ʩʢʦʛʦ ʜʦʤʝʥʘ ʯʝʨʝʟ ʦʩʚʝʱʘʝʤʫʶ ʦʙʣʘʩʪʴ ʠ ʧʨʠʣʝʛʘʶʱʠʝ ʢ ʥʝʡ ʦʙ-
ʣʘʩʪʠ ʩ ʧʦʚʳʰʝʥʥʦʡ ʢʦʥʮʝʥʪʨʘʮʠʝʡ ʥʝʨʘʚʥʦʚʝʩʥʳʭ ʥʦʩʠʪʝʣʝʡ ʟʘ-

ʨʷʜʘ, ʘ ʧʨʠ ʙʣ̏ʴʰʠʭ ʟʥʘʯʝʥʠʷʭ ʚʨʝʤʝʥʠ ʞʠʟʥʠ ï ʩ ʠʟʤʝʥʝʥʠʝʤ 
ʜʨʝʡʬʦʚʦʛʦ ʠ ʜʠʬʬʫʟʠʦʥʥʦʛʦ ʩʤʝʱʝʥʠʷ ʥʝʨʘʚʥʦʚʝʩʥʳʭ ʥʦʩʠʪʝʣʝʡ 
ʟʘʨʷʜʘ ʟʘ ʧʨʝʜʝʣʳ ʦʩʚʝʱʘʝʤʦʡ ʦʙʣʘʩʪʠ (ʪʦ ʝʩʪʴ - ʩ ʠʟʤʝʥʝʥʠʝʤ ʝʝ 
ʵʬʬʝʢʪʠʚʥʦʡ ʰʠʨʠʥʳ), ʧʨʠʚʦʜʷʱʠʤ ʢ ʧʝʨʝʨʘʩʧʨʝʜʝʣʝʥʠʶ ʵʣʝʢ-
ʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ ʤʝʞʜʫ ʵʪʦʡ ʦʙʣʘʩʪʴʶ ʠ ʦʩʪʘʣʴʥʳʤʠ ʯʘʩʪʷʤʠ 

ʩʪʨʫʢʪʫʨʳ. ʇʨʠ ʫʯʝʪʝ ʟʘʚʠʩʠʤʦʩʪʠ †ῳὴ, ʚʚʝʜʝʥʥʦʡ ʚ ʤʦʜʝʣʴ ʚ 
ʚʠʜʝ ʘʚʪʦʨʩʢʦʡ ʘʧʧʨʦʢʩʠʤʠʨʫʶʱʝʡ ʬʦʨʤʫʣʳ, ʭʘʨʘʢʪʝʨ ʧʨʦʠʩʭʦ-
ʜʷʱʠʭ ʵʣʝʢʪʨʦʥʥʳʭ ʧʨʦʮʝʩʩʦʚ ʦʙʫʩʣʦʚʣʝʥ ʟʘʤʝʪʥʳʤ ʠʟʤʝʥʝʥʠʝʤ 
ʩʦʦʪʥʦʰʝʥʠʷ ʩʢʦʨʦʩʪʝʡ ʥʘʨʘʩʪʘʥʠʷ ʥʘʧʨʷʞʝʥʥʦʩʪʠ ʵʣʝʢʪʨʠʯʝʩʢʦ-
ʛʦ ʧʦʣʷ ʚ ʜʚʫʭ ʜʠʥʘʤʠʯʝʩʢʠʭ ʥʝʦʜʥʦʨʦʜʥʦʩʪʷʭ, ʦʜʥʦʚʨʝʤʝʥʥʦ 
ʬʦʨʤʠʨʫʶʱʠʭʩʷ ʚ ʨʘʟʣʠʯʥʳʭ ʯʘʩʪʷʭ ʘʢʪʠʚʥʦʡ ʦʙʣʘʩʪʠ ʩʪʨʫʢʪʫʨʳ. 

4) ʏʠʩʣʝʥʥʳʝ ʵʢʩʧʝʨʠʤʝʥʪʳ, ʧʨʦʚʝʜʝʥʥʳʝ ʜʣʷ ʩʣʫʯʘʷ ʨʝʢʦʤʙʠʥʘʮʠ-
ʦʥʥʦʡ ʥʝʫʩʪʦʡʯʠʚʦʩʪʠ, ʧʦʢʘʟʘʣʠ, ʯʪʦ ʧʨʠ ʧʦʟʠʮʠʦʥʠʨʦʚʘʥʠʠ 
ʦʩʚʝʱʘʝʤʦʛʦ ʫʯʘʩʪʢʘ ʚ ʮʝʥʪʨʝ ʘʢʪʠʚʥʦʡ ʦʙʣʘʩʪʠ ʩʪʨʫʢʪʫʨʳ ʥʘʠʙʦ-
ʣʝʝ ʚʳʨʘʞʝʥʥʳʝ ʠʟʤʝʥʝʥʠʷ ʚ ʩʧʝʢʪʨʝ ʥʘʙʣʶʜʘʶʪʩʷ ʧʨʠ ʜʦʩʪʠʞʝ-
ʥʠʠ ʥʝʢʦʪʦʨʦʛʦ ʦʧʨʝʜʝʣʝʥʥʦʛʦ ʥʘʧʨʷʞʝʥʠʷ. ʇʨʠ ʜʦʩʪʠʞʝʥʠʠ ʵʪʦ-

ʛʦ ʥʘʧʨʷʞʝʥʠʷ ʠ ʧʨʠ ʫʯʸʪʝ ʟʘʚʠʩʠʤʦʩʪʠ †ῳὴ ʧʨʦʠʩʭʦʜʠʪ ʠʟʤʝ-
ʥʝʥʠʝ ʭʘʨʘʢʪʝʨʘ ʜʠʥʘʤʠʢʠ ʵʣʝʢʪʨʦʥʥʳʭ ʧʨʦʮʝʩʩʦʚ ʚ ʘʢʪʠʚʥʦʡ ʦʙ-
ʣʘʩʪʠ ʩʪʨʫʢʪʫʨʳ, ʟʘʢʣʶʯʘʶʱʝʝʩʷ ʚ ʪʦʤ, ʯʪʦ ʧʨʦʮʝʩʩʫ ʫʭʦʜʘ ʚ ʘʥʦʜ 
çʦʩʥʦʚʥʦʛʦè ʨʝʢʦʤʙʠʥʘʮʠʦʥʥʦʛʦ ʜʦʤʝʥʘ, ʩʬʦʨʤʠʨʦʚʘʚʰʝʛʦʩʷ 
ʚʙʣʠʟʠ ʢʘʪʦʜʘ ʠ ʜʦʩʪʠʛʰʝʛʦ ʧʨʠʘʥʦʜʥʦʡ ʦʙʣʘʩʪʠ, ʧʨʝʜʰʝʩʪʚʫʝʪ 
ʚʦʟʥʠʢʥʦʚʝʥʠʝ ʚ ʦʙʣʘʩʪʠ ʤʝʞʜʫ ʢʘʪʦʜʦʤ ʠ ʦʩʚʝʱʘʝʤʳʤ ʫʯʘʩʪʢʦʤ 
çʥʦʚʦʛʦè ʜʦʤʝʥʘ, ʢʦʪʦʨʳʡ ʧʨʘʢʪʠʯʝʩʢʠ ʩʨʘʟʫ ʨʘʩʩʘʩʳʚʘʝʪʩʷ ʥʝ ʜʦ-
ʭʦʜʷ ʜʦ ʦʩʚʝʱʘʝʤʦʡ ʦʙʣʘʩʪʠ, ʥʝ ʫʩʧʝʚ ʩʬʦʨʤʠʨʦʚʘʪʴʩʷ. ɺʩʣʝʜ ʟʘ 
ʵʪʠʤ ʧʨʦʠʩʭʦʜʠʪ ʨʘʩʩʘʩʳʚʘʥʠʝ çʦʩʥʦʚʥʦʛʦè ʜʦʤʝʥʘ ʥʘ ʘʥʦʜʝ, ʧʦ-
ʩʣʝ ʯʝʛʦ ʧʨʦʮʝʩʩ ʧʝʨʠʦʜʠʯʝʩʢʠ ʧʦʚʪʦʨʷʝʪʩʷ. 

5) ʈʝʟʫʣʴʪʘʪʳ ʧʨʦʚʝʜʝʥʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʦʜʥʦʟʥʘʯʥʦ ʧʦʜʪʚʝʨʞʜʘʶʪ 
ʙʦʣʴʰʦʝ ʤʥʦʛʦʦʙʨʘʟʠʝ, ʩʣʦʞʥʦʩʪʴ ʠ ʫʧʨʘʚʣʷʝʤʦʩʪʴ ʧʨʦʠʩʭʦʜʷʱʠʭ 
ʬʠʟʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʦʚ ʚ ʠʩʩʣʝʜʦʚʘʥʥʳʭ ʩʪʨʫʢʪʫʨʘʭ, ʘ ʪʘʢʞʝ ʠ 
ʙʦʣʴʰʠʝ ʧʝʨʩʧʝʢʪʠʚʳ ʠʭ ʧʨʘʢʪʠʯʝʩʢʦʛʦ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʜʣʷ ʩʦʟʜʘ-
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ʥʠʷ ʧʨʠʙʦʨʦʚ ʠ ʫʩʪʨʦʡʩʪʚ ʬʫʥʢʮʠʦʥʘʣʴʥʦʡ ʵʣʝʢʪʨʦʥʠʢʠ ʠ ʤʠʢʨʦ-
ʵʣʝʢʪʨʦʥʠʢʠ. 
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2. ʌʆʊʆʅʅʓɽ ʂʈʀʉʊɸʃʃʓ 

 ʀ ʄɽʊɸʄɸʊɽʈʀɸʃʓ 
 

ɼɸɺʃɽʅʀɽ ʂɸɿʀʄʀʈɸ ʅɸ ʃʀʉʊʓ ɻʈɸʌɽʅɸ ʅɸ 

ʇʆɼʃʆɾʂɽ  

 

ʄ.ɺ. ɼʘʚʠʜʦʚʠʯ
1
 

1
ʉʘʨʘʪʦʚʩʢʠʡ ʥʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ 

ʫʥʠʚʝʨʩʠʪʝʪ ʠʤʝʥʠ ʅ.ɻ. ʏʝʨʥʳʰʝʚʩʢʦʛʦ 
E-mail: Davidovichmv@info.sgu.ru 

 
ɸʥʥʦʪʘʮʠʷ: ɼʠʩʧʝʨʩʠʦʥʥʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʜʚʫʭ ʙʝʩʢʦʥʝʯʥʳʭ ʣʠʩʪʦʚ 

ʛʨʘʬʝʥʘ, ʨʘʩʧʦʣʦʞʝʥʥʳʭ ʥʘ ʧʦʜʣʦʞʢʝ, ʨʘʩʩʤʦʪʨʝʥʦ ʥʘ ʦʩʥʦʚʝ ʤʝʪʦʜʘ ɺʘʥ ʂʘʤʧʝ-
ʥʘ ï ʐʨʘʤʘ ʩʫʤʤʠʨʦʚʘʥʠʷ ʯʘʩʪʦʪ ʨʝʟʦʥʘʪʦʨʘ ʌʘʙʨʠ-ʇʝʨʨʦ ʩ ʤʥʦʛʦʩʣʦʡʥʳʤ ʵʢʨʘ-
ʥʦʤ. ɼʚʘ ʣʠʩʪʘ ʧʨʠʪʷʛʠʚʘʶʪʩʷ, ʪ.ʝ. ʠʤʝʝʪ ʤʝʩʪʦ ʚʥʝʰʥʝʝ ʜʘʚʣʝʥʠʝ ʂʘʟʠʤʠʨʘ. ʇʨʠ 
ʙʦʣʴʰʦʡ ʪʦʣʱʠʥʝ ʤʝʪʘʣʣʠʯʝʩʢʦʡ ʧʦʜʣʦʞʢʠ d ʜʘʚʣʝʥʠʝ ʂʘʟʠʤʠʨʘ ʥʘ ʜʚʘ ʣʠʩʪʘ 

ʛʨʘʬʝʥʘ ʥʘ ʥʝʡ ʫʙʳʚʘʝʪ ʧʦ ʟʘʢʦʥʫ 5
/1 d , ʪ.ʝ. ʙʳʩʪʨʝʝ, ʯʝʤ ʦʙʳʯʥʦʝ ʜʘʚʣʝʥʠʝ ʂʘ-

ʟʠʤʠʨʘ. 
ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʩʠʣʘ ʂʘʟʠʤʠʨʘ, ʛʨʘʬʝʥ, ʧʨʦʚʦʜʠʤʦʩʪʴ 

 
ɼʘʚʣʝʥʠʝ ʂʘʟʠʤʠʨʘ (ɼʂ) P ʥʘ ʜʚʝ ʤʘʪʝʨʠʘʣʴʥʳʝ ʧʣʘʩʪʠʥʳ ʚʦʟ-

ʥʠʢʘʝʪ ʟʘ ʩʯʝʪ ʠʟʙʳʪʦʯʥʦʡ ʬʣʫʢʪʫʘʮʠʦʥʥʦʡ ʧʣʦʪʥʦʩʪʠ ʵʥʝʨʛʠʠ ʢʚʘʥ-
ʪʦʚʦʛʦ ʚʘʢʫʫʤʘ ʚʥʝ ʧʣʘʩʪʠʥ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʧʣʦʪʥʦʩʪʴʶ ʵʥʝʨʛʠʠ 
ʚʥʫʪʨʠ ʟʘʟʦʨʘ (ʤʝʞʜʫ ʧʣʘʩʪʠʥʘʤʠ) [1,2]. ʕʪʦ ʧʨʠʚʦʜʠʪ ʢ ʩʠʣʝ ʧʨʠʪʷ-
ʞʝʥʠʷ ʂʘʟʠʤʠʨʘ, ʪ.ʝ. ʢ ʦʪʨʠʮʘʪʝʣʴʥʦʤʫ ʜʘʚʣʝʥʠʶ ʤʝʞʜʫ ʧʣʘʩʪʠʥʘʤʠ. 
ʉʠʣʘ ʂʘʟʠʤʠʨʘ ʦʙʫʩʣʦʚʣʝʥʘ ʚ ʦʩʥʦʚʥʦʤ ʚʘʢʫʫʤʥʳʤʠ ʬʣʫʢʪʫʘʮʠʷʤʠ, 
ʩʚʷʟʘʥʥʳʤʠ ʩ ʠʟʤʝʥʝʥʠʝʤ ʛʨʘʥʠʯʥʳʭ ʫʩʣʦʚʠʡ [1], ʪʦʛʜʘ ʢʘʢ ʪʝʧʣʦʚʳʝ 
ʬʣʫʢʪʫʘʮʠʠ ʚʥʦʩʷʪ ʚ ʥʝʝ ʦʙʳʯʥʦ ʩʫʱʝʩʪʚʝʥʥʦ ʤʝʥʴʰʠʡ ʚʢʣʘʜ [2]. ɺ 
ʨʘʙʦʪʝ [3] ʃʠʬʰʠʮ ʧʨʝʜʣʦʞʠʣ ʬʦʨʤʫʣʫ ʜʣʷ ʜʘʚʣʝʥʠʷ (ʧʣʦʪʥʦʩʪʠ ʩʠ-
ʣʳ) ʂʘʟʠʤʠʨʘ ʥʘ ʙʝʩʢʦʥʝʯʥʦ ʪʦʣʩʪʳʝ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʝ ʧʣʘʩʪʠʥʳ [2,3] 
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ʆʥʘ ʵʢʚʠʚʘʣʝʥʪʥʘ (1). ɺ ʥʝʡ ciikk /
0
w== , ( ) ()22

, kkkK ekk += , 

( )dkf
he

,,
,
k   ʜʠʩʧʝʨʩʠʦʥʥʳʝ ʫʨʘʚʥʝʥʠʷ (ɼʋ) ʜʣʷ E- ʠ H- ʚʦʣʥ ʚ ʤʥʦʛʦ-

ʩʣʦʡʥʦʡ, ʚʦʦʙʱʝ ʛʦʚʦʨʷ, ʩʪʨʫʢʪʫʨʝ. ɿʜʝʩʴ ʦʩʫʱʝʩʪʚʣʝʥ ʧʝʨʝʭʦʜ ʢ 
ʤʥʠʤʦʡ ʯʘʩʪʦʪʝ. ʎʝʣʴ ʜʘʥʥʦʡ ʨʘʙʦʪʳ ï ʩʪʨʦʛʦʝ ʯʠʩʣʝʥʥʦʝ ʚʳʯʠʩʣʝ-
ʥʠʝ ʠʥʪʝʛʨʘʣʘ (2) ʜʣʷ ʣʠʩʪʦʚ ʛʨʘʬʝʥʘ ʥʘ ʧʦʜʣʦʞʢʝ. ɻʨʘʬʝʥ ʦʧʠʩʳʚʘʝʤ 
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co  ʧʨʦʚʦʜʠʤʦʩʪʴ ʠʥʜʫʢʪʠʚʥʘʷ () ( )wpmws 22

/ Z
ʩ

ie-=  ʠ ʫʤʝʥʴʰʘʝʪʩʷ 

ʩ ʯʘʩʪʦʪʦʡ. ʇʦʵʪʦʤʫ ʚʢʣʘʜ ʚ ʜʠʩʧʝʨʩʠʦʥʥʫʶ ʩʠʣʫ ʜʘʶʪ ʚ ʦʩʥʦʚʥʦʤ 
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ʫʤʝ) ʩʦʦʪʚʝʪʩʪʚʫʝʪ ɼʂ [7] () ( )42
240/ dcdP pZ-= . ɼʝʣʘʷ ʟʘʤʝʥʫ 

()( )1222
-= pkk ek , ʧʦʣʫʯʘʝʤ ()kpkK e= . ʊʦʛʜʘ ()pdpkkd ekk

2
=  ʠ ʧʦʣʫʯʘ-

ʝʤ () () ()dPdPdP
he

+= , 
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¤ ¤

-
-

-=

1 0

2

,

2/33

2

2,
12exp2

dk
dkpkr

kk
dpp

ʩ
dP

he

he
e

e

p

Z
.                               (3) 

ɼʣʷ ʚʳʯʠʩʣʝʥʠʷ ʜʝʣʘʝʤ ʟʘʤʝʥʫ ()dkpky e2= . ɼʇ ʤʝʪʘʣʣʠʯʝʩʢʦʡ ʧʦʜ-

ʣʦʞʢʠ () ( )
cpL

kkkkk ++=
22

/ee . ʆʪʤʝʪʠʤ, ʯʪʦ ʧʦʣʘʛʘʷ 0
2
=

p
k , ʧʦʣʫʯʘʝʤ 

ʬʦʨʤʫʣʫ ʜʣʷ ʜʠʵʣʝʢʪʨʠʢʘ ʙʝʟ ʜʠʩʧʝʨʩʠʠ ʩ ɼʈ L
e. ɺ ʵʪʦʤ ʩʣʫʯʘʝ ʜʣʷ 

(3) ʠʤʝʝʤ 
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d
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,                         (4) 

ʛʜʝ ʦʙʦʟʥʘʯʝʥʳ ʠʥʪʝʛʨʘʣʳ 

( )
() ( ) ( )ñ

¤

-=
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,

33

,
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n

hehen
.                                (5) 
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ɺ ʧʨʠʙʣʠʞʝʥʠʠ 1
2

,
=

he
r  ʵʪʠ ʠʥʪʝʛʨʘʣʳ ʣʝʛʢʦ ʚʳʯʠʩʣʷʶʪʩʷ ( )

() 43

,
/6 nI

hen
= . 

ʇʦʩʣʝ ʠʥʪʝʛʨʠʨʦʚʘʥʠʷ ʧʦ p ʠ ʩʫʤʤʠʨʦʚʘʥʠʷ ʧʦʣʫʯʘʝʤ 

() ( )42/12

,
480/ dʩdP

Lhe
epZ-= . ʕʪʦʪ ʨʝʟʫʣʴʪʘʪ ʚ 2/1

L
e  ʨʘʟ ʤʝʥʴʰʝ, ʯʝʤ ʨʝʟʫʣʴ-

ʪʘʪ ʂʘʟʠʤʠʨʘ. ʂʦʵʬʬʠʮʠʝʥʪʳ ʦʪʨʘʞʝʥʠʷ ʧʦʣʫʯʘʝʤ ʚ ʚʠʜʝ 
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ʇʦʩʢʦʣʴʢʫ ʦʩʥʦʚʥʦʡ ʚʢʣʘʜ ʚ (2) ʜʘʶʪ ʥʠʟʢʠʝ ʯʘʩʪʦʪʳ, ʪʦ ʚ ʧʨʠʙʣʠʞʝ-

ʥʠʠ () ( )
cp

kkkk /
2
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cp

kkdpky /2=  ʠ 1
2
=

e
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cp

kdkdpkydy /2
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=  ʠ ʨʝʟʫʣʴʪʘʪ  
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.                     (8) 

ʈʘʩʩʤʦʪʨʠʤ ʩʣʫʯʘʡ 0=
c

k  (ʥʫʣʴ ʪʝʤʧʝʨʘʪʫʨʳ). ɹʝʨʝʤ ʧʨʠʙʣʠʞʝ-

ʥʠʝ ʧʣʘʟʤʳ ʙʝʟ ʩʪʦʣʢʥʦʚʝʥʠʡ () 22
/1 kkk

p
+=e . ʇʨʠ ʙʦʣʴʰʠʭ ʯʘʩʪʦʪʘʭ 

ʜʣʷ ʥʝʛʦ 1=e , ʠ ʢʦʵʬʬʠʮʠʝʥʪʳ ʦʪʨʘʞʝʥʠʷ (6) ʠ (7) ʦʙʨʘʱʘʶʪʩʷ ʚ 
ʥʫʣʴ. ʕʪʦ ʝʩʪʴ ʫʩʣʦʚʠʷ ʩʭʦʜʠʤʦʩʪʠ ʠʥʪʝʛʨʘʣʘ ʧʦ k ʚ (3) ʥʘ ʚʳʩʦʢʠʭ 
ʯʘʩʪʦʪʘʭ. ɼʣʷ ʥʝʛʦ ʠʤʝʝʤ 

() ( ) ( )äñ ñ
¤

=

¤ ¤

--=
1 1 0

2

,

2

2

3

,
2exp,

2 n

p

n

he

p

he
dkdnpkpkrdpp

ʩk
dP

p

Z
. 

ɺ ʥʝʤ ʧʝʨʝʤʝʥʠʤ ʧʦʨʷʜʦʢ ʠʥʪʝʛʨʠʨʦʚʘʥʠʷ ʠ ʙʫʜʝʤ ʚʳʯʠʩʣʷʪʴ ʠʥʪʝ-
ʛʨʘʣ ʧʦ ʯʘʩʪʷʤ: 
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 .             (9) 

ɺ ʨʝʟʫʣʴʪʘʪʝ ʧʦʣʫʯʘʝʪʩʷ ʵʢʩʧʦʥʝʥʮʠʘʣʴʥʦ-ʩʪʝʧʝʥʥʦʝ ʫʙʳʚʘʥʠʝ ʩʠʣʳ. 
 ʈʘʩʩʤʦʪʨʠʤ ʩʣʫʯʘʡ ʂʘʟʠʤʠʨʘ ʜʣʷ ʜʚʫʭ ʪʦʣʩʪʳʭ ʤʝʪʘʣʣʠʯʝʩʢʠʭ 
ʧʣʘʩʪʠʥ. ʀʩʧʦʣʴʟʫʷ ʠʟʣʦʞʝʥʥʳʡ ʧʦʜʭʦʜ, ʧʦʣʫʯʠʤ ʧʦʧʨʘʚʢʫ ʢ ʩʠʣʝ 
ʂʘʟʠʤʠʨʘ ʚ ʚʠʜʝ  
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ddd
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                  (10) 

ʩ ʤʘʣʳʤʠ ʢʦʵʬʬʠʮʠʝʥʪʘʤʠ  

( )( )2/122/13
160

19
2/1

++G= Va , 

( )( )2/132/14
336

5
2/3

++G= Va .                                 (11) 

ɿʜʝʩʴ ʜʟʝʪʘ-ʬʫʥʢʮʠʠ ʈʠʤʘʥʘ ʧʦʨʷʜʢʘ ʝʜʠʥʠʮʳ. 
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 ʅʘ ʨʠʩ. 1 ʧʨʠʚʝʜʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʚʳʯʠʩʣʝʥʠʡ ʧʦ ʬʦʨʤʫʣʝ (2) ʜʣʷ 
ʜʚʫʭ ʣʠʩʪʦʚ ʛʨʘʬʝʥʘ, ʜʚʫʭ ʣʠʩʪʦʚ ʛʨʘʬʝʥʘ ʥʘ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʦʜ-
ʣʦʞʢʝ, ʜʚʫʭ ʣʠʩʪʦʚ ʛʨʘʬʝʥʘ ʥʘ ʤʝʪʘʣʣʠʯʝʩʢʦʡ ʧʦʜʣʦʞʢʝ, ʜʘʚʣʝʥʠʷ ʜʣʷ 
ʪʦʣʩʪʳʭ ʤʝʪʘʣʣʠʯʝʩʢʠʭ ʩʣʦʝʚ ʠ ʪʦʣʩʪʳʭ ʤʝʪʘʣʣʠʯʝʩʢʠʭ ʩʣʦʝʚ ʩ ʛʨʘ-
ʬʝʥʦʚʳʤʠ ʣʠʩʪʘʤʠ. ʂʨʠʚʳʝ 1, 2, 5, 6 ʠʤʝʶʪ ʘʩʠʤʧʪʦʪʠʢʫ d

-4
, ʧʨʠʯʝʤ 

ʢʨʠʚʳʝ 5, 6 ʩʪʨʝʤʷʪʩʷ ʢ ɼʂ, ʢʘʢ ʵʪʦ ʩʣʝʜʫʝʪ ʠʟ ʧʨʠʙʣʠʞʝʥʥʦʛʦ ʘʥʘʣʠ-
ʟʘ, ʠ ʥʘʯʠʥʘʶʪ ʦʪʣʠʯʘʪʴʩʷ ʦʪ ʥʝʛʦ ʧʨʠ d<120 nm. ʈʘʟʣʠʯʠʝ ʜʣʷ ʩʣʦʷ 

ʧʣʘʟʤʳ  ʠ ʤʝʪʘʣʣʘ ʧʨʠ 0=
ʩ
w  ʥʘʯʠʥʘʝʪ ʙʳʪʴ ʩʫʱʝʩʪʚʝʥʥʳʤ ʧʨʠ d<20 

nm (ʢʨʠʚʳʝ 3, 4), ʘ ʧʨʠ ʙʦʣʴʰʠʭ ʨʘʟʤʝʨʘʭ ʨʝʟʫʣʴʪʘʪʳ ʧʨʘʢʪʠʯʝʩʢʠ 
ʩʦʚʧʘʜʘʶʪ. ʇʨʠ ʵʪʦʤ ʘʩʠʤʧʪʦʪʠʢʘ ʵʪʠʭ ʢʨʠʚʳʭ ʷʚʣʷʝʪʩʷ ʫʙʳʚʘʶʱʝʡ 

ʧʦ ʵʢʩʧʦʥʝʮʥʠʘʣʴʥʦ-ʩʪʝʧʝʥʥʦʤʫ ʟʘʢʦʥʫ( )ddnk
p

/2exp- . ʏʠʩʣʝʥʥʳʝ ʨʝ-

ʟʫʣʴʪʘʪʳ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʙʣʠʞʥʝʡ ʠ ʜʘʣʴʥʝʡ ʟʦʥʘʤ. ɺ ʜʘʣʴʥʝʡ ʟʦʥʝ ʝʛʦ 
ʤʦʞʥʦ ʦʧʠʩʘʪʴ ʧʨʠʚʝʜʝʥʥʳʤʠ ʚʳʰʝ ʬʦʨʤʫʣʘʤʠ. ɼʘʚʣʝʥʠʝ ʥʘ ʣʠʩʪʳ 
ʛʨʘʬʝʥʘ ʥʘ ʧʦʜʣʦʞʢʝ ʪʦʣʱʠʥʳ d ʤʦʞʝʪ ʙʳʪʴ ʙʦʣʴʰʝ, ʯʝʤ ʥʘ ʣʠʩʪʳ ʩ 

ʚʘʢʫʫʤʥʳʤ ʟʘʟʦʨʦʤ ʧʨʠ ʜʝʡʩʪʚʠʪʝʣʴʥʦʡ ʠ ʙʦʣʴʰʦʡ ɼʇ e>>1 (ʢʨʠʚʳʝ 
1 ʠ 2 ʚ ʦʙʣʘʩʪʠ ʤʘʣʳʭ d).  
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ʈʠʩ. 1. ɺʥʝʰʥʝʝ ɼʂ P (N/m

2
) ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʪʦʣʱʠʥʳ d (nm) ʜʣʷ: ʣʠʩʪʦʚ ʛʨʘʬʝ-

ʥʘ ʚ ʚʘʢʫʫʤʝ (ʢʨʠʚʘʷ 1); ʣʠʩʪʦʚ ʛʨʘʬʝʥʘ ʥʘ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʦʜʣʦʞʢʝ e=10 (2); 

ʣʠʩʪʦʚ ʛʨʘʬʝʥʘ ʤʝʞʜʫ ʧʣʘʟʤʝʥʥʳʤ ʩʣʦʝʤ eL=1, wp=1.6Ā10
16

 Hz (3), wc=0; ʣʠʩʪʦʚ 

ʛʨʘʬʝʥʘ ʥʘ ʤʝʪʘʣʣʠʯʝʩʢʦʡ ʧʦʜʣʦʞʢʝ eL=10, wp=1.6Ā10
16

 Hz, wc=0 (4); ʪʦʣʩʪʳʭ ʤʝ-
ʪʘʣʣʠʯʝʩʢʠʭ ʧʣʘʩʪʠʥ, ʨʘʟʜʝʣʝʥʥʳʝ ʚʘʢʫʫʤʥʳʤ ʟʘʟʦʨʦʤ d (5); ʪʦʣʩʪʳʭ ʤʝʪʘʣʣʠʯʝ-
ʩʢʠʭ ʧʣʘʩʪʠʥ ʩ ʛʨʘʬʝʥʦʚʳʤʠ ʣʠʩʪʘʤʠ, ʨʘʟʜʝʣʝʥʥʳʝ ʚʘʢʫʫʤʥʳʤ ʟʘʟʦʨʦʤ d (6). ɼʣʷ 

ʢʨʠʚʳʭ 5 ʠ 6 wc=3.2Ā10
13

 Hz. ʈʝʟʫʣʴʪʘʪ ʂʘʟʠʤʠʨʘ ʧʦʢʘʟʘʥ ʣʠʥʠʝʡ 7 

 

ɼʣʷ ʧʣʘʟʤʳ ʥʘ ʥʠʟʢʠʭ ʯʘʩʪʦʪʘʭ () ( )
cp

i wwwwe /
2

-= , ʪ.ʝ. ʚʝʣʠʯʠʥʘ 

()ke  ʙʦʣʴʰʘʷ ʧʦ ʤʦʜʫʣʶ. ɼʣʷ ʧʦʣʫʯʝʥʠʷ ʜʘʚʣʝʥʠʷ ʥʘ ʜʚʘ ʣʠʩʪʘ ʚ ʚʘ-

ʢʫʫʤʝ ʜʦʩʪʘʪʦʯʥʦ ʧʦʣʦʞʠʪʴ wp=0, eL=1 (ʨʠʩ. 1, ʢʨʠʚʘʷ 1). ɺ ʜʘʣʴʥʝʡ 

ʟʦʥʝ ʧʨʠ ʵʪʦʤ ʜʘʚʣʝʥʠʝ ʪʘʢʞʝ ʠʟʤʝʥʷʝʪʩʷ ʧʦ ʟʘʢʦʥʫ 4
/1 d . ʂʨʠʚʳʝ 1, 2, 

5, 6 ʠʤʝʶʪ ʘʩʠʤʧʪʦʪʠʢʫ 4
/1 d . ʂʨʠʚʳʝ 3, 4 ʟʘʪʫʭʘʶʪ ʩʠʣʴʥʝʝ, ʧʦʩʢʦʣʴ-
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ʢʫ ʠʤʝʶʪ ʵʢʩʧʦʥʝʥʮʠʘʣʴʥʦ-ʩʪʝʧʝʥʥʦʝ ʫʙʳʚʘʥʠʝ. ʂʨʠʚʳʝ (5) ʠ (6) 
ʧʨʘʢʪʠʯʝʩʢʠ ʩʦʚʧʘʜʘʶʪ.ʥʘʨʫʰʝʥʠʷ. 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʧʦʜʜʝʨʞʢʝ ʄʠʥʦʙʨʥʘʫʢʠ ʈʦʩʩʠʠ ((ʛʦʩʫ-
ʜʘʨʩʪʚʝʥʥʦʝ ʟʘʜʘʥʠʝ ˉ FSRR-2026-0006)). 
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ɸʥʥʦʪʘʮʠʷ. ʇʨʠʚʝʜʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʨʘʩʯʝʪʘ ʵʬʬʝʢʪʠʚʥʳʭ ʵʣʝʢʪʨʦʜʠʥʘʤʠ-
ʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ ʤʝʪʘʤʘʪʝʨʠʘʣʘ ʩʦʜʝʨʞʘʱʝʛʦ ʢʠʨʘʣʴʥʳʝ ʯʘʩʪʠʮʳ ʚ ʚʠʜʝ ʪʦʥʢʠʭ 
ʧʨʦʚʦʜʥʠʢʦʚ ʨʘʟʣʠʯʥʦʡ ʛʝʦʤʝʪʨʠʠ. ʅʘ ʦʩʥʦʚʝ ʧʦʣʫʯʝʥʥʳʭ ʜʘʥʥʳʭ ʠʟʫʯʝʥʦ ʚʣʠʷ-
ʥʠʝ ʛʝʦʤʝʪʨʠʠ ʯʘʩʪʠʮ ʥʘ ʟʥʘʯʝʥʠʝ ʵʬʬʝʢʪʠʚʥʳʭ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʠ ʤʘʛʥʠʪʥʦʡ 
ʧʨʦʥʠʮʘʝʤʦʩʪʝʡ ʠ ʧʘʨʘʤʝʪʨʘ ʢʠʨʘʣʴʥʦʩʪʠ. ɸʥʘʣʠʟ ʧʨʦʚʦʜʠʣʩʷ ʜʣʷ ʉɺʏ ʜʠʘʧʘʟʦ-
ʥʘ ʧʨʠ ʫʩʣʦʚʠʠ, ʯʪʦ ʜʣʠʥʘ ʧʨʦʚʦʜʥʠʢʘ ʚʢʣʶʯʝʥʠʷ ʙʣʠʟʢʘ ʢ ʧʦʣʦʚʠʥʝ ʜʣʠʥʳ ʚʦʣ-
ʥʳ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʢʠʨʘʣʴʥʳʝ ʯʘʩʪʠʮʳ, ʤʝʪʘʤʘʪʝʨʠʘʣ, ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʘʷ 

ʚʦʣʥʘ, ʵʬʬʝʢʪʠʚʥʳʝ ʵʣʝʢʪʨʦʜʠʥʘʤʠʯʝʩʢʠʝ ʧʘʨʘʤʝʪʨʳ. 
 

ʇʨʠʤʝʥʝʥʠʝ ʢʠʨʘʣʴʥʳʭ ʤʝʪʘʤʘʪʝʨʠʘʣʦʚ ʧʨʠ ʢʦʥʩʪʨʫʠʨʦʚʘʥʠʠ 
ʨʘʟʣʠʯʥʳʭ ʉɺʏ-ʫʩʪʨʦʡʩʪʚ ʠ ʨʘʜʠʦʧʦʛʣʦʱʘʶʱʠʭ ʤʘʪʝʨʠʘʣʦʚ ï ʦʜʥʦ 
ʠʟ ʘʢʪʫʘʣʴʥʳʭ ʥʘʧʨʘʚʣʝʥʠʡ ʩʦʚʨʝʤʝʥʥʳʭ ʥʘʫʯʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ. ɺ 
ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʘʢʪʠʚʥʦ ʠʟʫʯʘʶʪʩʷ ʚʦʟʤʦʞʥʦʩʪʠ ʠʭ ʠʩʧʦʣʴʟʦʚʘʥʠʷ 
ʧʨʠ ʢʦʥʩʪʨʫʠʨʦʚʘʥʠʠ ʯʘʩʪʦʪʥʦ- ʠ ʧʦʣʷʨʠʟʘʮʠʦʥʥʦ-ʩʝʣʝʢʪʠʚʥʳʭ 
ʬʠʣʴʪʨʦʚ, ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʝʡ ʧʦʣʷʨʠʟʘʮʠʠ, ʨʘʜʠʦʧʦʛʣʦʱʘʶʱʠʭ 
ʤʘʪʝʨʠʘʣʦʚ (ʈʇʄ) ʠ ʧʦʢʨʳʪʠʡ, ʨʝʟʦʥʘʪʦʨʦʚ, ʬʘʟʦʚʨʘʱʘʪʝʣʝʡ [1-3].   

ʕʣʝʢʪʨʦʜʠʥʘʤʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʧʦʜʦʙʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʚ ʚʠʜʝ 
ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʤʘʪʨʠʮʳ, ʩʦʜʝʨʞʘʱʝʡ ʨʘʟʣʠʯʥʳʝ ʧʨʦʚʦʜʷʱʠʝ 
ʚʢʣʶʯʝʥʠʷ, ʦʧʨʝʜʝʣʷʶʪʩʷ ʩʚʦʡʩʪʚʘʤʠ ʦʜʠʥʦʯʥʳʭ ʯʘʩʪʠʮ. ɺ ʢʘʯʝʩʪʚʝ 
ʚʢʣʶʯʝʥʠʡ ʤʦʛʫʪ ʠʩʧʦʣʴʟʦʚʘʪʴʩʷ ʤʘʣʦʚʠʪʢʦʚʳʝ ʩʧʠʨʘʣʠ, S- ʵʣʝʤʝʥ-
ʪʳ, ʨʘʟʦʤʢʥʫʪʳʝ ʢʦʣʴʮʘ, ʦʤʝʛʘ ʵʣʝʤʝʥʪʳ, ʢʦʣʴʮʘ ʩ ʧʨʠʩʦʝʜʠʥʝʥʥʳʤʠ 
ʜʠʧʦʣʷʤʠ [3-7]. ʆʜʥʦ ʠʟ ʥʘʧʨʘʚʣʝʥʠʡ ʠʩʩʣʝʜʦʚʘʥʠʡ ï ʵʪʦ ʚʳʙʦʨ ʦʧ-
ʪʠʤʘʣʴʥʦʡ ʛʝʦʤʝʪʨʠʠ ʪʘʢʠʭ ʚʢʣʶʯʝʥʠʡ, ʯʪʦ ʚʘʞʥʦ ʧʨʠ ʧʨʦʝʢʪʠʨʦʚʘ-
ʥʠʠ ʨʘʜʠʦʧʦʛʣʦʱʘʶʱʠʭ ʤʘʪʝʨʠʘʣʦʚ, ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʝʡ ʧʦʣʷʨʠʟʘʮʠʠ ʠ 
ʜʨʫʛʠʭ ʉɺʏ ʫʩʪʨʦʡʩʪʚ [6-7]. 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʥʘ ʦʩʥʦʚʝ ʨʘʩʯʝʪʘ ʵʬʬʝʢʪʠʚʥʳʭ ʟʥʘʯʝʥʠʡ ʦʪʥʦ-
ʩʠʪʝʣʴʥʳʭ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ (Ůʵʬʬ) ʠ ʤʘʛʥʠʪʥʦʡ (Õʵʬʬ) ʧʨʦʥʠʮʘʝʤʦʩʪʝʡ 

ʠ ʧʘʨʘʤʝʪʨʘ ʢʠʨʘʣʴʥʦʩʪʠ ʵʬʬk   ʢʦʤʧʦʟʠʪʘ, ʩʦʜʝʨʞʘʱʝʛʦ ʢʦʣʴʮʘ ʩ 

ʧʨʠʩʦʝʜʠʥʝʥʥʳʤʠ ʧʨʷʤʦʣʠʥʝʡʥʳʤʠ ʜʠʧʦʣʷʤʠ ʠʣʠ ʤʘʣʦʚʠʪʢʦʚʳʝ ʤʝ-
ʪʘʣʣʠʯʝʩʢʠʝ ʩʧʠʨʘʣʠ, ʨʠʩ.1, ʧʦʢʘʟʘʥʦ ʚʣʠʷʥʠʝ ʠʟʤʝʥʝʥʠʡ ʛʝʦʤʝʪʨʠʠ 
ʯʘʩʪʠʮ ʥʘ ʫʢʘʟʘʥʥʳʝ ʵʬʬʝʢʪʠʚʥʳʝ ʵʣʝʢʪʨʦʜʠʥʘʤʠʯʝʩʢʠʝ ʧʘʨʘʤʝʪʨʳ 
(ʕʕʇ)  ʢʦʤʧʦʟʠʪʘ. ɺ [8-9] ʠʟʣʦʞʝʥʘ ʙʘʟʠʨʫʶʱʘʷʩʷ ʥʘ ʤʝʪʦʜʝ ʄʘʢʩ-
ʚʝʣʣʘ-ɻʘʨʥʝʪʪʘ ʤʝʪʦʜʠʢʘ ʨʘʩʯʸʪʘ ʕʕʇ ʢʦʤʧʦʟʠʪʦʚ ʥʘ ʦʩʥʦʚʝ ʧʦʜʦʙ-
ʥʳʭ ʤʝʪʘʣʣʠʯʝʩʢʠʭ ʯʘʩʪʠʮ ʙʝʟ ʦʛʨʘʥʠʯʝʥʠʡ ʥʘ ʠʭ ʛʝʦʤʝʪʨʠʶ. ʂʦʥ-
ʮʝʥʪʨʘʮʠʷ ʯʘʩʪʠʮ N ʚ ʢʦʤʧʦʟʠʪʝ ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʤʝʪʦʜʦʤ ʄʘʢʩʚʝʣʣʘ-
ɻʘʨʥʝʪʪʘ ʚʳʙʠʨʘʣʘʩʴ ʪʘʢ ʯʪʦʙʳ ʦʙʲʸʤʥʳʡ ʢʦʵʬʬʠʮʠʝʥʪ ʟʘʧʦʣʥʝʥʠʷ

f NV=  (V ï ʦʙʲʸʤ ʯʘʩʪʠʮʳ) ʙʳʣ ʟʘʤʝʪʥʦ ʤʝʥʴʰʝ ʝʜʠʥʠʮʳ.  
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ʈʠʩ. 1 ɻʝʦʤʝʪʨʠʷ ʠʩʩʣʝʜʫʝʤʳʭ ʯʘʩʪʠʮ 
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ʚ ʝ 

ʈʠʩ. 2. ʏʘʩʪʦʪʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʕʕʇ ʧʨʠ ʨʘʟʣʠʯʥʦʡ ʛʝʦʤʝʪʨʠʠ ʚʢʣʶʯʝʥʠʡ ʚ ʚʠʜʝ ʢʦʣʝʮ 
ʩ ʧʨʠʩʦʝʜʠʥʸʥʥʳʤʠ ʜʠʧʦʣʷʤʠ. 

  (1 ï l =3 ʤʤ; 2 ï l=  6 ʤʤ; 3 ï l=  9 ʤʤ); N=1,5Ö10
5
 ʤ

 -3
; L=const.  
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ɺʚʠʜʫ ʨʝʟʦʥʘʥʩʥʦʛʦ ʭʘʨʘʢʪʝʨʘ ʯʘʩʪʦʪʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ʕʕʇ ʦʪ 
ʦʙʱʝʡ ʜʣʠʥʳ ʧʨʦʚʦʜʥʠʢʘ ʯʘʩʪʠʮʳ L, ʛʝʦʤʝʪʨʠʯʝʩʢʠʝ ʨʘʟʤʝʨʳ ʯʘʩʪʠʮ 
ʚʳʙʠʨʘʣʠʩʴ ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʯʪʦʙʳ ʜʣʠʥʘ ʧʨʦʚʦʜʥʠʢʘ ʯʘʩʪʠʮʳ ʦʩʪʘʚʘ-
ʣʘʩʴ ʧʦʩʪʦʷʥʥʦʡ. ʈʘʩʯʝʪʳ ʧʨʦʚʦʜʠʣʠʩʴ ʚ ʯʘʩʪʦʪʥʦʤ ʜʠʘʧʘʟʦʥʝ ʚʙʣʠʟʠ 
ʧʝʨʚʦʛʦ ʘʥʪʝʥʥʦʛʦ ʨʝʟʦʥʘʥʩʘ, ʢʦʛʜʘ L ʨʘʚʥʘ ʧʦʣʦʚʠʥʝ ʜʣʠʥʳ ʚʦʣʥʳ 
ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ. ʊʠʧʠʯʥʳʡ ʚʠʜ ʟʘʚʠʩʠʤʦʩʪʠ ʕʕʇ ʢʦʤʧʦʟʠʪʘ 
ʩʦʜʝʨʞʘʱʝʛʦ ʚʢʣʶʯʝʥʠʷ ʚ ʚʠʜʝ ʢʦʣʝʮ ʩ ʧʨʠʩʦʝʜʠʥʝʥʥʳʤʠ ʜʠʧʦʣʷʤʠ 
ʦʪ ʯʘʩʪʦʪʳ ʧʨʠ ʠʟʤʝʥʝʥʠʠ ʜʣʠʥʳ ʜʠʧʦʣʝʡ ʧʦʢʘʟʘʥ ʥʘ ʨʠʩ. 2.  

ʇʦ ʨʝʟʫʣʴʪʘʪʘʤ ʨʘʩʯʝʪʦʚ ʧʨʦʚʝʜʝʥʘ ʦʮʝʥʢʘ ʠʟʤʝʥʝʥʠʷ ʕʕʇ 
ʢʦʤʧʦʟʠʪʘ ʧʨʠ ʚʘʨʴʠʨʦʚʘʥʠʠ ʫʛʣʘ ʥʘʤʦʪʢʠ ʩʧʠʨʘʣʠ, ʝʸ ʨʘʜʠʫʩʘ ʠ ʜʣʠ-
ʥʳ ʧʨʠʩʦʝʜʠʥʸʥʥʳʭ ʜʠʧʦʣʝʡ. ʇʨʠ ʵʪʦʤ ʨʘʩʩʤʘʪʨʠʚʘʣʠʩʴ ʜʚʘ ʚʘʨʠʘʥʪʘ 
ʚʘʨʠʘʮʠʠ ʛʝʦʤʝʪʨʠʠ ʯʘʩʪʠʮ.  

ɺ ʧʝʨʚʦʤ ʩʣʫʯʘʝ ʜʣʠʥʘ ʜʠʧʦʣʝʡ ʠ ʨʘʜʠʫʩ ʚʠʪʢʘ ʧʨʦʚʦʣʦʯʥʦʛʦ 
ʚʢʣʶʯʝʥʠʷ ʤʝʥʷʶʪʩʷ ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʯʪʦʙʳ ʦʙʱʘʷ ʜʣʠʥʘ ʧʨʦʚʦʜʥʠʢʘ 
L ʦʩʪʘʚʘʣʘʩʴ ʧʦʩʪʦʷʥʥʦʡ. ʋʛʦʣ ʥʘʤʦʪʢʠ ʥʝ ʠʟʤʝʥʷʝʪʩʷ ʠ ʧʦʣʘʛʘʝʪʩʷ 

ʨʘʚʥʳʤ a=5
0
, ʢʦʥʮʝʥʪʨʘʮʠʷ ʯʘʩʪʠʮ N=2,5Ö10

5
 ʤ

 ï3
, ʨʘʟʤʝʨʳ ʯʘʩʪʠʮʳ: 

L 42 ʤʤ, r0=0,1 ʤʤ, ʧʘʨʘʤʝʪʨʳ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʤʘʪʨʠʮʳ: er=1, mr=1. 
ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʤʘʢʩʠʤʘʣʴʥʦʝ ʟʥʘʯʝʥʠʝ ʚʝʱʝʩʪʚʝʥʥʦʡ ʯʘʩʪʠ ʤʘʛ-
ʥʠʪʥʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʠ ʧʘʨʘʤʝʪʨʘ ʢʠʨʘʣʴʥʦʩʪʠ ʠʩʩʣʝʜʫʝʤʦʛʦ ʢʦʤʧʦ-
ʟʠʪʘ ʥʘʙʣʶʜʘʝʪʩʷ ʧʨʠ ʫʩʣʦʚʠʠ, ʯʪʦ ʜʣʠʥʘ ʜʠʧʦʣʝʡ ʧʨʠʙʣʠʟʠʪʝʣʴʥʦ 

ʨʘʚʥʘ ʨʘʜʠʫʩʫ ʚʠʪʢʘ: lºa. ʆʙʣʘʩʪʴ ʯʘʩʪʦʪʥʦʛʦ ʨʝʟʦʥʘʥʩʘ ʕʕʇ ʩ 
ʫʤʝʥʴʰʝʥʠʝʤ ʜʣʠʥʳ ʜʠʧʦʣʝʡ ʩʤʝʱʘʝʪʩʷ ʚ ʩʪʦʨʦʥʫ ʙʦʣʝʝ ʥʠʟʢʠʭ ʯʘ-
ʩʪʦʪ. 

ɺʦ ʚʪʦʨʦʤ ʩʣʫʯʘʝ ʤʝʥʷʣʩʷ ʫʛʦʣ a ʥʘʤʦʪʢʠ ʩʧʠʨʘʣʠ. ɼʣʠʥʳ ʜʠ-
ʧʦʣʝʡ ʧʨʠ ʵʪʦʤ ʥʝ ʤʝʥʷʶʪʩʷ ʠ ʨʘʚʥʳ l=3,6 ʤʤ. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʯʝʤ 

ʤʝʥʴʰʝ a, ʪʝʤ ʟʥʘʯʠʪʝʣʴʥʝʡ ʧʨʦʷʚʣʷʶʪʩʷ ʤʘʛʥʠʪʥʳʝ ʩʚʦʡʩʪʚʘ ʤʘʪʝ-
ʨʠʘʣʘ. ʆʜʥʘʢʦ ʫʤʝʥʴʰʝʥʠʝ ʫʛʣʘ ʥʘʤʦʪʢʠ  ʧʨʠʚʦʜʠʪ ʪʘʢʞʝ ʢ ʟʥʘʯʠ-
ʪʝʣʴʥʦʤʫ ʫʤʝʥʴʰʝʥʠʶ ʰʠʨʠʥʳ ʦʙʣʘʩʪʠ ʨʝʟʦʥʘʥʩʘ ʠ ʝʸ ʜʦʧʦʣʥʠʪʝʣʴ-
ʥʦʤʫ ʩʤʝʱʝʥʠʶ ʚ ʦʙʣʘʩʪʴ ʥʠʟʢʠʭ ʯʘʩʪʦʪ. 

ɸʥʘʣʦʛʠʯʥʳʡ ʨʘʩʯʝʪ ʤʘʪʝʨʠʘʣʴʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʧʨʦʚʦʜʠʣʩʷ ʠ 
ʜʣʷ ʢʠʨʘʣʴʥʦʛʦ ʢʦʤʧʦʟʠʪʘ, ʧʨʝʜʩʪʘʚʣʷʶʱʝʛʦ ʩʦʙʦʡ ʜʠʵʣʝʢʪʨʠʢ, ʟʘ-
ʧʦʣʥʝʥʥʳʡ ʤʘʣʦʚʠʪʢʦʚʳʤʠ ʩʧʠʨʘʣʴʥʳʤʠ ʯʘʩʪʠʮʘʤʠ, ʨʠʩ. 1ʙ.  

ɺ ʨʘʤʢʘʭ ʯʠʩʣʝʥʥʦʛʦ ʵʢʩʧʝʨʠʤʝʥʪʘ ʦʙʱʘʷ ʜʣʠʥʘ ʧʨʦʚʦʜʥʠʢʘ ʠ 
ʚʳʩʦʪʘ ʩʧʠʨʘʣʴʥʦʡ ʯʘʩʪʠʮʳ ʦʩʪʘʚʘʣʠʩʴ ʧʦʩʪʦʷʥʥʳʤʠ, ʢʦʥʮʝʥʪʨʘʮʠʷ 

ʯʘʩʪʠʮ N=3Ö10
5
 ʤ

 -3
, er=1, mr=1. ʄʝʥʷʣʠʩʴ ʨʘʜʠʫʩ ʩʧʠʨʘʣʠ ʠ ʯʠʩʣʦ 

ʚʠʪʢʦʚ. ʇʨʠ ʵʪʦʤ ʥʝʟʥʘʯʠʪʝʣʴʥʦ ʤʝʥʷʣʩʷ ʫʛʦʣ ʥʘʤʦʪʢʠ ʩʧʠʨʘʣʠ. 
ʅʘ ʨʠʩ. 3 ʧʨʠʚʝʜʝʥʳ ʯʘʩʪʦʪʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ, 

ʤʘʛʥʠʪʥʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʝʡ ʠ ʧʘʨʘʤʝʪʨʘ ʢʠʨʘʣʴʥʦʩʪʠ ʢʦʤʧʦʟʠʮʠʦʥʥʦ-
ʛʦ ʤʘʪʝʨʠʘʣʘ. ɻʨʘʬʠʢʠ ʧʦʜ ʥʦʤʝʨʦʤ 1 ï ʜʣʷ ʢʦʤʧʦʟʠʪʘ ʩʦ ʩʧʠʨʘʣʴʥʳ-
ʤʠ ʯʘʩʪʠʮʘʤʠ ʨʘʜʠʫʩʘ a=6.4 ʤʤ, 1 ʚʠʪʦʢ; ʛʨʘʬʠʢʠ ʧʦʜ ʥʦʤʝʨʦʤ 2 ï ʜʣʷ 
ʢʦʤʧʦʟʠʪʘ ʩʦ ʩʧʠʨʘʣʴʥʳʤʠ ʯʘʩʪʠʮʘʤʠ ʨʘʜʠʫʩʘ a =3.2 ʤʤ, 2 ʚʠʪʢʘ; 
ʛʨʘʬʠʢʠ ʧʦʜ ʥʦʤʝʨʦʤ 3 ï ʜʣʷ ʢʦʤʧʦʟʠʪʘ ʩʦ ʩʧʠʨʘʣʴʥʳʤʠ ʯʘʩʪʠʮʘʤʠ 
ʨʘʜʠʫʩʘ a =2.13 ʤʤ, 3 ʚʠʪʢʘ. 
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ʈʠʩ. 3. ʏʘʩʪʦʪʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʕʕʇ ʧʨʠ ʨʘʟʣʠʯʥʦʡ ʛʝʦʤʝʪʨʠʠ ʩʧʠʨʘʣʴʥʳʭ ʯʘʩʪʠʮ. 

 

ʈʝʟʫʣʴʪʘʪʳ ʨʘʩʯʝʪʦʚ ʧʦʢʘʟʳʚʘʶʪ, ʯʪʦ ʧʨʠ ʩʦʭʨʘʥʝʥʠʠ ʦʙʱʝʡ 
ʜʣʠʥʳ ʧʨʦʚʦʜʥʠʢʘ ʠʤʝʝʪ ʤʝʩʪʦ ʫʚʝʣʠʯʝʥʠʝ ʯʘʩʪʦʪʳ ʨʝʟʦʥʘʥʩʘ ʧʨʠ 
ʫʚʝʣʠʯʝʥʠʠ ʯʠʩʣʘ ʚʠʪʢʦʚ ʠ ʫʤʝʥʴʰʝʥʠʝ ʵʬʬʝʢʪʠʚʥʳʭ ʜʠʵʣʝʢʪʨʠʯʝ-
ʩʢʦʡ ʠ ʤʘʛʥʠʪʥʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʝʡ ʠ ʧʘʨʘʤʝʪʨʘ ʢʠʨʘʣʴʥʦʩʪʠ. 
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ɺ ʨʘʩʩʤʦʪʨʝʥʥʳʭ ʤʦʜʝʣʷʭ ʚʢʣʶʯʝʥʠʷ ʧʦʣʘʛʘʣʠʩʴ ʥʝʧʦʛʣʦʱʘʶ-
ʱʠʤʠ. ʄʥʠʤʳʝ ʯʘʩʪʠ ʤʘʪʝʨʠʘʣʴʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʦʧʠʩʳʚʘʶʪ ʟʘʪʫʭʘʥʠʝ 
ʢʦʛʝʨʝʥʪʥʦʛʦ ʧʦʣʷ, ʦʙʫʩʣʦʚʣʝʥʥʦʝ ʪʦʣʴʢʦ ʧʨʦʮʝʩʩʘʤʠ ʨʘʩʩʝʷʥʠʷ [10]. 

ʇʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʧʦʟʚʦʣʷʶʪ ʦʮʝʥʠʪʴ ʚʣʠʷʥʠʝ ʛʝʦʤʝʪʨʠʠ 
ʚʢʣʶʯʝʥʠʡ ʥʘ ʕʕʇ ʢʠʨʘʣʴʥʳʭ ʢʦʤʧʦʟʠʮʠʦʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʠ ʤʦʛʫʪ 
ʙʳʪʴ ʧʦʣʝʟʥʳ ʧʨʠ ʨʝʰʝʥʠʠ ʟʘʜʘʯ ʧʨʦʝʢʪʠʨʦʚʘʥʠʷ ʧʦʜʦʙʥʳʭ ʢʦʤʧʦʟʠ-
ʪʦʚ.  
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ʀʉʇʆʃʔɿʆɺɸʅʀɽ ʇɽʈʀʆɼʀʏɽʉʂʆʁ ʄʆɼʋʃʗʎʀʀ 

ɼʀʉʇɽʈʉʀʀ ʉɺɽʊʆɺʆɼɸ ɼʃʗ ʇɸʈɸʄɽʊʈʀʏɽʉʂʆɻʆ 

ʋʉʀʃɽʅʀʗ ʆʇʊʀʏɽʉʂʀʍ ʀʄʇʋʃʔʉʆɺ 
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ɸʥʥʦʪʘʮʠʷ: ɺʳʧʦʣʥʝʥ ʨʘʩʯʸʪ ʢʦʵʬʬʠʮʠʝʥʪʘ ʫʩʠʣʝʥʠʷ ʩʠʛʥʘʣʴʥʦʡ ʚʦʣʥʳ 

ʧʨʠ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʠ ʚ ʦʧʪʠʯʝʩʢʦʤ ʚʦʣʥʦʚʦʜʝ ʩ ʩʠʥʫʩʦʠʜʘʣʴʥʦʡ ʤʦʜʫʣʷʮʠʝʡ ʜʠʩ-
ʧʝʨʩʠʠ ʚʜʦʣʴ ʜʣʠʥʳ ʚʦʣʦʢʥʘ. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʧʨʠ ʚʳʨʦʞʜʝʥʥʦʤ ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʤ 
ʫʩʠʣʝʥʠʠ ʬʦʨʤʠʨʫʝʪʩʷ ʧʦʣʦʩʘ ʫʩʠʣʝʥʠʷ ʧʦʨʷʜʢʘ 20 ɻɻʮ ʧʨʠ ʪʝʨʘʛʝʨʮʦʚʦʡ ʦʪ-
ʩʪʨʦʡʢʝ ʩʠʛʥʘʣʘ ʦʪ ʯʘʩʪʦʪʳ ʥʘʢʘʯʢʠ. ʀʟʤʝʥʝʥʠʝ ʬʘʟʳ ʤʦʜʫʣʷʮʠʠ ʜʠʩʧʝʨʩʠʠ ʠ 
ʨʘʟʥʦʩʪʠ ʬʘʟ ʤʝʞʜʫ ʚʦʣʥʦʡ ʥʘʢʘʯʢʠ ʠ ʩʠʛʥʘʣʴʥʦʡ ʚʦʣʥʦʡ ʧʦʟʚʦʣʷʝʪ ʫʧʨʘʚʣʷʪʴ 
ʫʩʠʣʝʥʠʝʤ/ʦʩʣʘʙʣʝʥʠʝʤ ʩʠʛʥʘʣʘ ʚ ʚʳʙʨʘʥʥʦʡ ʨʝʟʦʥʘʥʩʥʦʡ ʧʦʣʦʩʝ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʦʧʪʠʯʝʩʢʦʝ ʚʦʣʦʢʥʦ, ʧʝʨʠʦʜʠʯʝʩʢʘʷ ʤʦʜʫʣʷʮʠʷ ʜʠʩʧʝʨ-
ʩʠʠ, ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʝ ʫʩʠʣʝʥʠʝ, ʬʘʟʦʯʫʚʩʪʚʠʪʝʣʴʥʦʝ ʫʩʠʣʝʥʠʝ. 

 
ɺ ʧʘʨʘʤʝʪʨʠʯʝʩʢʠʭ ʚʦʣʦʢʦʥʥʳʭ ʫʩʠʣʠʪʝʣʷʭ ʫʩʠʣʝʥʠʝ ʩʠʛʥʘʣʘ 

ʦʙʝʩʧʝʯʠʚʘʝʪʩʷ ʟʘ ʩʯʝʪ ʥʝʣʠʥʝʡʥʳʭ ʵʬʬʝʢʪʦʚ, ʘ ʠʤʝʥʥʦ ʟʘ ʩʯʝʪ ʯʝʪʳ-
ʨʝʭʚʦʣʥʦʚʳʭ ʧʨʦʮʝʩʩʦʚ ʧʨʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʠ ʩʠʛʥʘʣʴʥʦʡ, ʭʦʣʦʩʪʦʡ 
ʚʦʣʥʳ ʠ ʚʦʣʥʳ ʥʘʢʘʯʢʠ ʚ ʧʨʦʮʝʩʩʝ ʠʭ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʚ ʩʚʝʪʦʚʦʜʝ 
[1]. ɺ ʦʙʳʯʥʦʤ ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʤ ʚʦʣʦʢʦʥʥʦʤ ʫʩʠʣʠʪʝʣʝ ʥʘ ʦʩʥʦʚʝ 
ʢʦʤʤʝʨʯʝʩʢʠʭ ʚʳʩʦʢʦʥʝʣʠʥʝʡʥʳʭ ʚʦʣʦʢʦʥ ʧʦʣʦʩʘ ʫʩʠʣʝʥʠʷ ʥʝʦʜʥʦ-
ʨʦʜʥʘ ʟʘ ʩʯʸʪ ʬʣʫʢʪʫʘʮʠʡ ʜʠʘʤʝʪʨʘ ʚʦʣʢʥʘ ʠ ʧʦʢʘʟʘʪʝʣʷ ʧʨʝʣʦʤʣʝʥʠʷ. 
ɺ ʩʚʝʪʦʚʦʜʝ ʩ ʧʝʨʠʦʜʠʯʝʩʢʠʤ ʠʟʤʝʥʝʥʠʝʤ ʜʠʩʧʝʨʩʠʠ ʨʝʟʦʥʘʥʩʥʳʝ ʯʘ-
ʩʪʦʪʳ ʜʣʷ ʫʩʠʣʝʥʠʷ ʩʠʛʥʘʣʴʥʦʡ ʚʦʣʥʳ ʟʘʜʘʥʳ ʧʝʨʠʦʜʦʤ ʤʦʜʫʣʷʮʠʠ 
ʜʠʩʧʝʨʩʠʠ [2]. ʇʨʠ ʧʝʨʠʦʜʝ ʤʦʜʫʣʷʮʠʠ ʜʠʩʧʝʨʩʠʠ ʚ ʥʝʩʢʦʣʴʢʦ ʜʝʩʷʪ-
ʢʦʚ ʤʝʪʨʦʚ ʫʜʘʸʪʩʷ ʧʦʣʫʯʠʪʴ ʨʝʟʦʥʘʥʩʥʦʝ ʫʩʠʣʝʥʠʝ ʥʘ ʯʘʩʪʦʪʘʭ, ʦʪ-
ʩʪʨʦʝʥʥʳʭ ʦʪ ʯʘʩʪʦʪʳ ʥʘʢʘʯʢʠ ʥʘ ʥʝʩʢʦʣʴʢʦ ʪʝʨʘʛʝʨʮ [3]. 

ɺ ʧʨʝʜʩʪʘʚʣʝʥʥʦʡ ʨʘʙʦʪʝ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʫʩʠʣʝʥʠʝ ʩʠʛʥʘʣʴʥʦʡ 
ʚʦʣʥʳ ʧʨʠ ʠʤʧʫʣʴʩʥʦʡ ʥʘʢʘʯʢʝ. ʄʦʜʝʣʠʨʦʚʘʥʠʝ ʧʨʦʚʦʜʠʣʦʩʴ ʥʘ ʦʩ-
ʥʦʚʝ ʥʝʣʠʥʝʡʥʦʛʦ ʫʨʘʚʥʝʥʠʷ ʐʨʝʜʠʥʛʝʨʘ [4]:  

‬ὃ

‬ᾀ

‌

ς
Ὥ
‍ ᾀ

ς

‬ὃ

‬ὸ

‍ ᾀ

φ

‬ὃ

‬ὸ
Ὥ
‍ ᾀ

ςτ

‬ὃ

‬ὸ
Ὥ‎ᾀȿὃȿὃᾀȟὸȟ   ρ 

ʛʜʝ ὃᾀȟὸ ï ʢʦʤʧʣʝʢʩʥʘʷ ʘʤʧʣʠʪʫʜʘ ʧʦʣʷ, ᾀ ï ʜʠʩʪʘʥʮʠʷ ʨʘʩʧʨʦʩʪʨʘ-

ʥʝʥʠʷ, ὸ ï ʚʨʝʤʷ, ‌ ï ʢʦʵʬʬʠʮʠʝʥʪ ʧʦʛʣʦʱʝʥʠʷ, ‍, ‍, ‍ ï ʢʦʵʬʬʠ-
ʮʠʝʥʪʳ ʜʠʩʧʝʨʩʠʠ ʚʪʦʨʦʛʦ, ʪʨʝʪʴʝʛʦ ʠ ʯʝʪʚʸʨʪʦʛʦ ʧʦʨʷʜʢʦʚ, ʩʦʦʪʚʝʪ-
ʩʪʚʝʥʥʦ,  

‎ ï ʵʬʬʝʢʪʠʚʥʳʡ ʢʦʵʬʬʠʮʠʝʥʪ ʢʝʨʨʦʚʩʢʦʡ ʥʝʣʠʥʝʡʥʦʩʪʠ.  
ʄʦʜʫʣʷʮʠʷ ʜʠʘʤʝʪʨʘ ʚʦʣʦʢʥʘ ʧʨʠʚʦʜʠʪ ʢ ʤʦʜʫʣʷʮʠʠ, ʢʘʢ ʥʝʣʠ-

ʥʝʡʥʦʩʪʠ, ʪʘʢ ʠ ʜʠʩʧʝʨʩʠʠ ʛʨʫʧʧʦʚʦʡ ʩʢʦʨʦʩʪʠ. ʂʦʵʬʬʠʮʠʝʥʪʳ ʜʠʩ-
ʧʝʨʩʠʠ ʠ ʥʝʣʠʥʝʡʥʦʩʪʠ ʙʳʣʠ ʨʘʩʩʯʠʪʘʥʳ ʜʣʷ ʦʜʥʦʤʦʜʦʚʦʛʦ ʦʧʪʠʯʝ-
ʩʢʦʛʦ ʚʦʣʦʢʥʘ ʩ W-ʧʨʦʬʠʣʝʤ ʧʦʢʘʟʘʪʝʣʷ ʧʨʝʣʦʤʣʝʥʠʷ [3]: 
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‍ ᾀ ộ‍Ớρ ρȢσψ ÓÉÎ ς“ ᾀȾᾀ • , (2) 
‍ ᾀ ộ‍Ớρ πȢτς ÓÉÎ ς“ ᾀȾᾀ •  (3) 
‍ ᾀ ộ‍Ớρ ςςυ ÓÉÎ ς“ ᾀȾᾀ •  (4) 
ɾᾀ ộɾỚρ πȢπρχÓÉÎ ς“ ᾀȾᾀ • , (5) 

 

ʛʜʝ ᾀ  ï ʧʝʨʠʦʜ ʤʦʜʫʣʷʮʠʠ, •  - ʬʘʟʘ ʤʦʜʫʣʷʮʠʠ, ʩʨʝʜʥʝʝ ʟʥʘʯʝʥʠʝ 
ộ‍Ớ ςȢρφ ̐ ̒̋ ̍ , ʩʨʝʜʥʝʝ ʟʥʘʯʝʥʠʝ ʢʦʵʬʬʠʮʠʝʥʪʘ ʜʠʩʧʝʨʩʠʠ ʪʨʝ-

ʪʴʝʛʦ ʧʦʨʷʜʢʘ ộ‍Ớ πȢπτχ ̐ ̒̋ ̍ , ʩʨʝʜʥʝʝ ʟʥʘʯʝʥʠʝ ʢʦʵʬʬʠʮʠʝʥʪʘ 

ʜʠʩʧʝʨʩʠʠ ʯʝʪʚʝʨʪʦʛʦ ʧʦʨʷʜʢʘ ộ‍Ớ σȢχχρπ ̐ ̒̋ ̍ , ʩʨʝʜʥʝʝ 
ʟʥʘʯʝʥʠʝ ʵʬʬʝʢʪʠʚʥʦʛʦ ʢʦʵʬʬʠʮʠʝʥʪʘ ʥʝʣʠʥʝʡʥʦʩʪʠ ʚʦʣʦʢʥʘ ộ‎Ớ= 

9.44 ɺʪ ̋̍ .  

ʈʝʟʦʥʘʥʩʥʘʷ ʯʘʩʪʦʪʘ ’ ʜʣʷ ʩʠʛʥʘʣʴʥʦʡ ʚʦʣʥʳ ʟʘʜʘʝʪʩʷ ʫʩʣʦʚʠʝʤ ʬʘ-

ʟʦʚʦʛʦ ʢʚʘʟʠʩʠʥʭʨʦʥʠʟʤʘ  [2]: 

 ɱ  =
ộ Ớ
 ή  ộ‎Ớ ςὖ

Ⱦ
, 

(6) 

ʛʜʝ ɱ  ï ʢʨʫʛʦʚʘʷ ʯʘʩʪʦʪʘ, ή πȟρȟςȟȣ . 
ʈʘʩʩʤʦʪʨʠʤ ʧʝʨʝʜʘʪʦʯʥʫʶ ʭʘʨʘʢʪʝʨʠʩʪʠʢʫ ʚʦʣʦʢʥʘ, ʦʧʠʩʳʚʘʶ-

ʱʫʶ ʨʝʘʢʮʠʶ ʩʠʩʪʝʤʳ ʧʨʠ ʫʩʠʣʝʥʠʠ ʩʠʛʥʘʣʴʥʦʡ ʚʦʣʥʳ, ʟʘʜʘʥʥʦʡ ʚ 

ʚʠʜʝ  ʠʜʝʘʣʴʥʦʛʦ ʠʤʧʫʣʴʩʥʦʛʦ ʚʦʟʜʝʡʩʪʚʠʷ ŭ(t), ʛʜʝ ‏ὸ  ʜʝʣʴʪʘ-
ʬʫʥʢʮʠʷ ɼʠʨʘʢʘ. ɺ ʩʧʝʢʪʨʘʣʴʥʦʤ ʧʨʝʜʩʪʘʚʣʝʥʠʠ ʪʘʢʦʝ ʚʦʟʜʝʡʩʪʚʠʝ 
ʙʫʜʝʪ ʠʤʝʪʴ ʚʠʜ ʩʧʝʢʪʨʘʣʴʥʦ-ʦʛʨʘʥʠʯʝʥʥʦʛʦ ʧʦʣʷ ʩ ʧʴʝʜʝʩʪʘʣʦʤ: 

Ὂᾀ πȟɱ  ὸ ὖ ÅØÐ
ὸ

ς
ɱ Ὡ  Ѝ‏ὖȟ                    χ 

ʛʜʝ Ὂᾀ πȟɱ  - ʌʫʨʴʝ-ʦʙʨʘʟ ʘʤʧʣʠʪʫʜʳ ʥʘʯʘʣʴʥʦʛʦ ʧʦʣʷ ὃπȟὸ, ὖ 

-  ʧʠʢʦʚʘʷ ʤʦʱʥʦʩʪʴ ʥʘʯʘʣʴʥʦʛʦ ʠʤʧʫʣʴʩʘ ʚʦʣʥʳ ʥʘʢʘʯʢʠ, ʚʝʣʠʯʠʥʘ  

ὖ‏ ρπ  ʟʘʜʘʸʪ ʩʧʝʢʪʨʘʣʴʥʫʶ ʧʣʦʪʥʦʩʪʴ ʤʦʱʥʦʩʪʠ ʩʠʛʥʘʣʴʥʦʡ ʠ 

ʭʦʣʦʩʪʦʡ ʚʦʣʥ, ὸ ρυπʧʩ - ʜʣʠʪʝʣʴʥʦʩʪʴ ʠʤʧʫʣʴʩʘ ʥʘʢʘʯʢʠ, — - 
ʥʘʯʘʣʴʥʘʷ ʬʘʟʘ ʚʦʣʥʳ ʥʘʢʘʯʢʠ. 

ʅʘ ʨʠʩʫʥʢʝ 1 ʧʦʢʘʟʘʥ ʨʘʩʯʸʪʥʳʡ ʩʧʝʢʪʨ ʠʟʣʫʯʝʥʠʷ ʥʘ ʚʳʭʦʜʝ 

ʚʦʣʦʢʥʘ ʜʣʠʥʦʡ L=1.4 ʢʤ ʩ ʧʝʨʠʦʜʦʤ ʤʦʜʫʣʷʮʠʠ ʜʠʩʧʝʨʩʠʠ ᾀ τπ 
ʤ. ʇʨʠ ʪʘʢʠʭ ʧʘʨʘʤʝʪʨʘʭ ʚʦʣʦʢʥʘ ʨʝʟʦʥʘʥʩʥʳʝ ʯʘʩʪʦʪʳ (6) ʩʦʦʪʚʝʪ-
ʩʪʚʫʶʪ ʪʝʨʘʛʝʨʮʦʚʦʤʫ ʜʠʘʧʘʟʦʥʫ ʦʪʩʪʨʦʝʢ ʤʝʞʜʫ ʯʘʩʪʦʪʦʡ ʚʦʣʥʳ 

ʥʘʢʘʯʢʠ ʠ ʩʠʛʥʘʣʴʥʦʡ ʚʦʣʥʦʡ ɱ ‫ ‫ . ʋʨʦʚʝʥʴ ʦʪʥʦ-

ʩʠʪʝʣʴʥʦʡ ʠʥʪʝʥʩʠʚʥʦʩʪʠ  ʨʘʚʥʳʡ ‏ὖ ρπ  (ʨʠʩ. 1) ʩʦʦʪʚʝʪʩʪʚʫʝʪ 
ʦʪʩʫʪʩʪʚʠʶ ʫʩʠʣʝʥʠʷ. ʉʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʫʨʦʚʝʥʴ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʤʝʥʴ-

ʰʝ/ʙʦʣʴʰʝ ρπ  ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʤʫ ʦʩʣʘʙʣʝ-
ʥʠʶ/ʫʩʠʣʝʥʠʶ ʩʠʛʥʘʣʘ. 

ʇʦʣʦʩʳ ʫʩʠʣʝʥʠʷ, ʧʦʢʘʟʘʥʥʳʝ ʥʘ ʨʠʩ. 1(ʘ) ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʮʝʣʳʤ 

ʯʠʩʣʘʤ ή πȟρȟςȟȣ ʚ ʬʦʨʤʫʣʝ (6). ʉʧʝʢʪʨ ʧʨʦʤʦʜʫʣʠʨʦʚʘʥ ʬʫʥʢ-
ʮʠʝʡ ɹʝʩʩʝʣʷ [2]. ʐʠʨʠʥʘ ʧʦʣʦʩ ʫʩʠʣʝʥʠʷ (ʥʘ ʫʨʦʚʥʝ 3 ʜɹ) ʜʦʩʪʠʛʘʝʪ 
ʚʝʣʠʯʠʥʳ 20 ɻɻʮ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʫʩʠʣʠʚʘʪʴ ʠʤʧʫʣʴʩʳ ʥʝ ʢʦʨʦʯʝ 100 
ʧʩ.  

ɺ ʬʘʟʦʯʫʚʩʪʚʠʪʝʣʴʥʦʤ ʨʝʞʠʤʝ ʢʦʵʬʬʠʮʠʝʥʪ ʫʩʠʣʝʥʠʷ ʟʘʚʠʩʠʪ 

ʦʪ ʬʘʟʳ ʚʦʣʥʳ ʥʘʢʘʯʢʠ — ʠ ʦʪ ʬʘʟʳ ʤʦʜʫʣʷʮʠʠ ʜʠʩʧʝʨʩʠʠ • . ɺ ʫʚʝ-



116 

ʣʠʯʝʥʥʦʤ ʤʘʩʰʪʘʙʝ (pʠʩ. 1(ʙ)) ʭʦʨʦʰʦ ʟʘʤʝʪʥʦ ʠʟʤʝʥʝʥʠʝ ʬʦʨʤʳ 

ʩʧʝʢʪʨʘ ʧʨʠ ʩʤʝʥʝ ʚʝʣʠʯʠʥʳ • . ɼʚʝ ʧʦʣʦʩʳ ʫʩʠʣʝʥʠʷ, ʧʦʢʘʟʘʥʥʳʝ ʥʘ 
ʜʘʥʥʦʤ ʨʠʩʫʥʢʝ, ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʯʠʩʣʘʤ ή ρ ʠ ή ς ʚ ʘʥʘʣʠʪʠʯʝ-
ʩʢʦʤ ʚʳʨʘʞʝʥʠʠ ʜʣʷ ʨʝʟʦʥʘʥʩʥʦʡ ʯʘʩʪʦʪʳ (6). ʀʟ ʨʠʩʫʥʢʘ 1(ʙ) ʚʠʜʥʦ, 
ʯʪʦ ʧʨʠ ʩʤʝʥʝ ʬʘʟʳ ʤʦʜʫʣʷʮʠʠ ʜʠʩʧʝʨʩʠʠ ʩ ʥʫʣʝʚʦʛʦ ʟʥʘʯʝʥʠʷ 

• π  ʥʘ • ρȢς ʧʝʨʚʘʷ ʧʦʣʦʩʘ ʫʩʠʣʝʥʠʷ ʦʩʪʘʝʪʩʷ ʧʨʘʢʪʠʯʝʩʢʠ 
ʥʝʠʟʤʝʥʥʦʡ. ʊʦʛʜʘ ʢʘʢ ʚʪʦʨʘʷ ʧʦʣʦʩʘ ʫʩʠʣʝʥʠʷ ʧʨʠʦʙʨʝʪʘʝʪ ʭʘʨʘʢʪʝʨ-
ʥʳʡ ʧʨʦʚʘʣ ʚ ʩʧʝʢʪʨʝ ʫʩʠʣʝʥʠʷ. ʇʨʠ ʵʪʦʤ ʦʙʱʠʡ ʫʨʦʚʝʥʴ ʫʩʠʣʝʥʠʷ 
ʫʤʝʥʴʰʘʝʪʩʷ ʙʦʣʝʝ ʯʝʤ ʚ ʜʝʩʷʪʴ ʨʘʟ.  

 

 
ʘ) ʙ) 

ʈʠʩ.1 ʉʧʝʢʪʨ ʩʠʛʥʘʣʘ ʧʦʩʣʝ ʝʛʦ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʚ ʚʦʣʦʢʥʝ ʩ ʧʝʨʠʦʜʠʯʝ-

ʩʢʠʤ ʠʟʤʝʥʝʥʠʝʤ ʜʠʩʧʝʨʩʠʠ. a) ʉʧʝʢʪʨ, ʨʘʩʩʯʠʪʘʥʥʳʡ ʧʨʠ ʥʫʣʝʚʳʭ ʬʘʟʘʭ —
• π. ʙ) ʋʯʘʩʪʦʢ ʩʧʝʢʪʨʘ, ʨʘʩʩʯʠʪʘʥʥʳʡ ʧʨʠ ʜʚʫʭ ʨʘʟʣʠʯʥʳʭ ʟʥʘʯʝʥʠʷʭ ʬʘʟʳ 
ʤʦʜʫʣʷʮʠʠ ʜʠʩʧʝʨʩʠʠ • . ʀʥʪʝʥʩʠʚʥʦʩʪʴ ʥʦʨʤʠʨʦʚʘʥʘ ʥʘ ʤʘʢʩʠʤʘʣʴʥʦʝ ʟʥʘʯʝʥʠʝ 
ʧʨʠ ɱ Ⱦς“ π. ɼʣʠʥʘ ʚʦʣʥʳ ʥʘʢʘʯʢʠ 1550 ʥʤ, ʤʦʱʥʦʩʪʴ ʚʦʣʥʳ ʥʘʢʘʯʢʠ 

ὖ πȢψ ˏ ,̓ ‌ πȢρφ ̋̍. 

 
ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʦʢʘʟʘʥʦ, ʯʪʦ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʦʧʪʠʯʝʩʢʠʭ 

ʚʦʣʦʢʦʥ ʩ ʧʝʨʠʦʜʠʯʝʩʢʠʤ ʠʟʤʝʥʝʥʠʝʤ ʜʠʩʧʝʨʩʠʠ ʚʦʟʤʦʞʥʘ ʨʝʘʣʠʟʘ-
ʮʠʷ ʢʦʥʪʨʦʣʠʨʫʝʤʦʛʦ ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʛʦ ʫʩʠʣʝʥʠʷ ʚ ʦʪʜʝʣʴʥʳʭ ʨʝʟʦ-
ʥʘʥʩʥʳʭ ʧʦʣʦʩʘʭ. 
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ɸʥʥʦʪʘʮʠʷ: ɺ ʨʘʙʦʪʝ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʫʧʨʦʱʸʥʥʘʷ ʤʦʜʝʣʴ ʵʢʚʠʜʠʩʪʘʥʪ-
ʥʳʭ ʧʣʘʩʪʠʥ, ʧʦʟʚʦʣʷʶʱʘʷ ʟʘʤʝʥʠʪʴ ʚʦʣʦʢʥʠʩʪʳʡ ʢʦʤʧʦʟʠʪʥʳʡ ʤʘʪʝʨʠʘʣ ʦʜʥʠʤ 
ʩʣʦʝʤ ʩ ʧʝʨʠʦʜʠʯʝʩʢʠ ʨʘʩʧʦʣʦʞʝʥʥʳʤʠ ʪʦʥʢʠʤʠ ʧʣʘʩʪʠʥʘʤʠ. ʇʨʠʚʦʜʷʪʩʷ ʛʝʦ-
ʤʝʪʨʠʯʝʩʢʠʝ ʧʘʨʘʤʝʪʨʳ ʤʦʜʝʣʠ, ʚʳʚʦʜ ʵʬʬʝʢʪʠʚʥʦʡ ʧʦʩʪʦʷʥʥʦʡ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ 
ʯʝʨʝʟ ʫʨʘʚʥʝʥʠʝ ʪʝʦʨʠʠ ʚʦʟʤʫʱʝʥʠʡ ʠ ʠʪʦʛʦʚʦʝ ʚʳʨʘʞʝʥʠʝ ʜʣʷ ʢʦʵʬʬʠʮʠʝʥʪʘ ʦʪ-
ʨʘʞʝʥʠʷ ʉɺʏ ʠʟʣʫʯʝʥʠʷ. ʄʦʜʝʣʴ ʦʨʠʝʥʪʠʨʦʚʘʥʘ ʥʘ ʧʨʠʤʝʥʝʥʠʝ ʚ ʟʘʜʘʯʘʭ ʵʣʝʢ-
ʪʨʦʜʠʥʘʤʠʢʠ ʚʦʣʥʦʚʦʜʥʳʭ ʢʦʤʧʦʟʠʪʦʚ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʵʢʚʠʜʠʩʪʘʥʪʥʘʷ ʧʣʘʩʪʠʥʯʘʪʘʷ ʤʦʜʝʣʴ,  ʤʥʦʛʦʩʣʦʡʥʳʝ 
ʚʦʣʥʦʚʦʜʥʳʝ ʩʪʨʫʢʪʫʨʳ, ʢʦʵʬʬʠʮʠʝʥʪ ʦʪʨʘʞʝʥʠʷ, ʧʦʩʪʦʷʥʥʘʷ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ, 
ʤʝʪʦʜ ʤʘʪʨʠʮ ʧʝʨʝʜʘʯʠ, ʪʝʦʨʠʷ ʚʦʟʤʫʱʝʥʠʡ, ʢʦʤʧʦʟʠʪʥʳʝ ʤʘʪʝʨʠʘʣʳ. 

 

ʇʨʠ ʤʦʜʝʣʠʨʦʚʘʥʠʠ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʳʭ ʚʦʣʥ ʚ 
ʚʦʣʥʦʚʦʜʥʳʭ ʩʪʨʫʢʪʫʨʘʭ, ʩʦʜʝʨʞʘʱʠʭ ʢʦʤʧʦʟʠʪʥʳʝ ʤʘʪʝʨʠʘʣʳ, ʯʘʩʪʦ 
ʚʦʟʥʠʢʘʝʪ ʚʳʯʠʩʣʠʪʝʣʴʥʘʷ ʩʣʦʞʥʦʩʪʴ, ʩʚʷʟʘʥʥʘʷ ʩ ʥʘʣʠʯʠʝʤ ʤʝʣʢʦ-
ʤʘʩʰʪʘʙʥʳʭ ʥʝʦʜʥʦʨʦʜʥʦʩʪʝʡ [1, 2]. ʇʨʷʤʦʝ ʯʠʩʣʝʥʥʦʝ ʨʝʰʝʥʠʝ ʪʨʝ-
ʙʫʝʪ ʜʝʪʘʣʴʥʦʛʦ ʨʘʟʙʠʝʥʠʷ ʦʙʣʘʩʪʠ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʚʳʩʦʢʠʤ ʚʳʯʠʩ-
ʣʠʪʝʣʴʥʳʤ ʟʘʪʨʘʪʘʤ. ɺ ʩʚʷʟʠ ʩ ʵʪʠʤ ʘʢʪʫʘʣʴʥʳʤ ʷʚʣʷʝʪʩʷ ʧʦʩʪʨʦʝʥʠʝ 
ʫʧʨʦʱʸʥʥʳʭ ʘʥʘʣʠʪʠʯʝʩʢʠʭ ʠ ʧʦʣʫʘʥʘʣʠʪʠʯʝʩʢʠʭ ʤʦʜʝʣʝʡ, ʧʦʟʚʦʣʷ-
ʶʱʠʭ ʟʘʤʝʥʠʪʴ ʨʝʘʣʴʥʫʶ ʥʝʦʜʥʦʨʦʜʥʫʶ ʩʪʨʫʢʪʫʨʫ ʵʬʬʝʢʪʠʚʥʦʡ ʦʜ-
ʥʦʨʦʜʥʦʡ ʠʣʠ ʩʣʦʠʩʪʦʡ ʩʨʝʜʦʡ [3]. 

ʇʨʝʜʩʪʘʚʣʷʝʪ ʠʥʪʝʨʝʩ ʧʦʜʭʦʜ ʟʘʤʝʥʳ ʤʥʦʛʦʩʣʦʡʥʦʛʦ ʢʦʤʧʦʟʠʪ-
ʥʦʛʦ ʚʢʣʶʯʝʥʠʷ ʩʠʩʪʝʤʦʡ ʦʜʠʥʘʢʦʚʳʭ ʪʦʥʢʠʭ ʧʣʘʩʪʠʥ, ʨʘʩʧʦʣʦʞʝʥ-
ʥʳʭ ʥʘ ʨʘʚʥʳʭ ʨʘʩʩʪʦʷʥʠʷʭ ʜʨʫʛ ʦʪ ʜʨʫʛʘ.  

 
ʈʠʩ. 1 ʄʦʜʝʣʴ ʠʟ ʧʷʪʠ ʧʣʘʩʪʠʥ, ʨʘʩʧʦʣʦʞʝʥʥʳʭ ʥʘ ʨʘʚʥʳʭ ʨʘʩʩʪʦʷʥʠʷʭ. 

 
ʅʘʟʦʚʝʤ ʪʘʢʫʶ ʤʦʜʝʣʴ Equidistant Plates Model (EPM). ɺ ʨʘʤʢʘʭ 

EPM ʫʯʘʩʪʦʢ ʚʦʣʥʦʚʦʜʘ ʩ ʚʦʣʦʢʥʠʩʪʳʤ ʢʦʤʧʦʟʠʪʦʤ ʧʨʝʜʩʪʘʚʣʷʝʪʩʷ 
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ʦʜʥʠʤ ʩʣʦʝʤ ʩ ʧʝʨʠʦʜʠʯʝʩʢʠ ʨʘʩʧʦʣʦʞʝʥʥʳʤʠ ʧʣʘʩʪʠʥʘʤʠ, ʯʪʦ ʧʦʟ-
ʚʦʣʷʝʪ ʧʨʠʤʝʥʠʪʴ ʘʥʘʣʠʪʠʯʝʩʢʠʝ ʤʝʪʦʜʳ ʨʘʩʯʸʪʘ ʢʦʵʬʬʠʮʠʝʥʪʘ ʦʪʨʘ-
ʞʝʥʠʷ ʠ ʧʨʦʭʦʞʜʝʥʠʷ [4, 5]. 

ɼʣʷ ʫʚʝʣʠʯʝʥʠʷ ʪʦʯʥʦʩʪʠ [6] ʙʫʜʝʤ ʨʘʩʧʦʣʘʛʘʪʴ ʚʦʣʦʢʥʠʩʪʳʡ 
ʢʦʤʧʦʟʠʪʥʳʡ ʤʘʪʝʨʠʘʣ ʚ ʮʝʥʪʨʘʣʴʥʦʤ ʩʣʦʝ ʩʪʨʫʢʪʫʨʳ, ʩʦʩʪʦʷʱʝʡ ʠʟ 
ʧʝʨʠʦʜʠʯʝʩʢʠ ʧʦʚʪʦʨʷʶʱʠʭʩʷ ʩʣʦʝʚ ʧʦʣʠʢʦʨʘ ʠ ʬʪʦʨʦʧʣʘʩʪʘ ʩ ʪʦʣ-
ʱʠʥʘʤʠ 1 ʤʤ ʠ 9,8 ʤʤ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ (ʚʩʝʛʦ 11 ʩʣʦʝʚ).  ɼʣʷ ʘʥʘʣʠʟʘ 
ʪʘʢʦʛʦ ʨʦʜʘ ʤʥʦʛʦʩʣʦʡʥʳʭ ʩʪʨʫʢʪʫʨ ʰʠʨʦʢʦ ʠʩʧʦʣʴʟʫʝʪʩʷ ʤʝʪʦʜ ʤʘʪ-
ʨʠʮ ʧʝʨʝʜʘʯʠ (Transfer Matrix Method, TMM), ʢʦʪʦʨʳʡ ʧʦʟʚʦʣʷʝʪ ʩʚʷ-
ʟʘʪʴ ʧʦʣʷ ʥʘ ʚʭʦʜʝ ʠ ʚʳʭʦʜʝ ʩʣʦʠʩʪʦʡ ʩʠʩʪʝʤʳ [4, 7].  

ʂʦʵʬʬʠʮʠʝʥʪ ʦʪʨʘʞʝʥʠʷ R ʚʳʨʘʞʘʝʪʩʷ ʯʝʨʝʟ ʵʣʝʤʝʥʪʳ ʨʝʟʫʣʴ-
ʪʠʨʫʶʱʝʡ ʤʘʪʨʠʮʳ TN : 

Ὑ
Ὕ ςȟρ

Ὕ ςȟς
  

(1) 

 
ɼʘʥʥʦʝ ʩʦʦʪʥʦʰʝʥʠʝ ʠʩʧʦʣʴʟʫʝʪʩʷ ʚ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʜʣʷ ʨʘʩ-

ʯʸʪʘ ʯʘʩʪʦʪʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ʢʦʵʬʬʠʮʠʝʥʪʘ ʦʪʨʘʞʝʥʠʷ ʦʪ ʤʥʦʛʦʩʣʦʡ-

ʥʦʡ ʧʝʨʠʦʜʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ 2 ʖȢ 
ɺ ʤʦʜʝʣʠ EPM ʢʦʤʧʦʟʠʪʥʳʡ ʩʣʦʡ ʟʘʤʝʥʷʝʪʩʷ ʥʘʙʦʨʦʤ ʧʘʨʘʣ-

ʣʝʣʴʥʳʭ ʧʣʘʩʪʠʥ ʦʜʠʥʘʢʦʚʦʡ ʪʦʣʱʠʥʳ, ʨʘʩʧʦʣʦʞʝʥʥʳʭ ʵʢʚʠʜʠʩʪʘʥʪ-
ʥʦ ʚʜʦʣʴ ʦʩʠ X. ɻʝʦʤʝʪʨʠʯʝʩʢʠʝ ʧʘʨʘʤʝʪʨʳ ʦʧʨʝʜʝʣʷʶʪʩʷ ʥʘ ʦʩʥʦʚʝ 

ʰʠʨʠʥʳ ʚʦʣʥʦʚʦʜʘ ὥ , ʦʙʲʸʤʥʦʡ ʜʦʣʠ ʚʢʣʶʯʝʥʠʡ ’ ʠ ʢʦʣʠʯʝʩʪʚʘ 

ʧʣʘʩʪʠʥ ὔ : 

ʨʘʩʩʪʦʷʥʠʝ ʤʝʞʜʫ ʧʣʘʩʪʠʥʘʤʠ: 

ὒ
ὥ

ὔ ρ
 

(2) 

ʪʦʣʱʠʥʘ ʧʣʘʩʪʠʥʳ: 

Ὠ
’Ͻὥ

ὔ
 

(3) 

ɿʜʝʩʴ ’ ʭʘʨʘʢʪʝʨʠʟʫʝʪ ʜʦʣʶ ʦʙʲʸʤʘ, ʟʘʥʠʤʘʝʤʦʛʦ ʚʢʣʶʯʝʥʠʷʤʠ 
(ʧʨʦʚʦʜʷʱʠʤʠ ʠʣʠ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʤʠ) ʚ ʢʦʤʧʦʟʠʪʝ. 

ʈʘʩʯʝʪ ʧʦʩʪʦʷʥʥʦʡ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ɾ  ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʯʠʩ-
ʣʝʥʥʳʤʠ ʤʝʪʦʜʘʤʠ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʪʝʦʨʠʠ ʚʦʟʤʫʱʝʥʠʡ (4), ʧʦʟʚʦ-
ʣʷʶʱʝʡ ʫʯʝʩʪʴ ʚʣʠʷʥʠʝ ʤʘʣʳʭ ʥʝʦʜʥʦʨʦʜʥʦʩʪʝʡ ʥʘ ʧʦʩʪʦʷʥʥʫʶ ʨʘʩ-
ʧʨʦʩʪʨʘʥʝʥʠʷ ʚʦʣʥʦʚʦʜʥʦʡ ʤʦʜʳ [1, 6]: 

Ὓ ‫ȟ‎ȟ‎ πȟ (4) 

ʛʜʝ 
Ὓ ‫ȟ‎ȟ‎ ‎ Ὥ‎ ‎

‫
В Ў‐ϽὉ ὼ ϽὉ ὼ ϽὨ Ͻὦ

В  Ὁ ὼ
‎ Ὥ‎ 
‎

ϽὌ ὼ   Ὁ ὼ Ὄ ὼ ϽὨί

 

‎ Ὥ‎  ð ʠʩʢʦʤʘʷ ʢʦʤʧʣʝʢʩʥʘʷ ʧʦʩʪʦʷʥʥʘʷ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ, 

‎  ð ʧʦʩʪʦʷʥʥʘʷ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʥʝʚʦʟʤʫʱʸʥʥʦʡ ʩʪʨʫʢʪʫʨʳ, 

Ў‐ ð ʚʦʟʤʫʱʝʥʠʝ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ, 

 ὉȟὌ  ð ʧʦʣʷ ʥʝʚʦʟʤʫʱʸʥʥʦʡ ʤʦʜʳ, 
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Ὠ  ð ʵʬʬʝʢʪʠʚʥʘʷ ʪʦʣʱʠʥʘ k-ʛʦ ʚʦʟʤʫʱʘʶʱʝʛʦ ʵʣʝʤʝʥʪʘ, 

ὦ  ð ʰʠʨʠʥʘ ʚʦʣʥʦʚʦʜʘ, 

ʰʪʨʠʭ ï ʦʧʝʨʘʮʠʷ ʢʦʤʧʣʝʢʩʥʦʛʦ ʩʦʧʨʷʞʝʥʠʷ. 

ʏʘʩʪʦʪʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʢʦʵʬʬʠʮʠʝʥʪʘ ʦʪʨʘʞʝʥʠʷ 2 ʖ  ʚr -
ʯʠʩʣʷʝʪʩʷ ʧʦ ʬʦʨʤʫʣʝ (1) ʩ ʫʯʝʪʦʤ ʤʘʪʨʠʮʳ: 

 ἢ ἢ ᾀ ȟɾ ȟɾ  

Ͻἢ ᾀ Ὠȟɾȟɾ Ͻἢ ᾀ Ὠȟɾȟɾ

Ͻἢ ᾀ Ὠȟɾȟɾ Ͻἢ ᾀ Ὠȟɾȟɾ

Ͻἢ ᾀ Ὠȟɾȟ ɾ  

Ͻἢ ᾀ Ὠ ȟ ɾ ȟɾ  

Ͻἢ ᾀ Ὠȟɾȟɾ Ͻἢ ᾀ Ὠȟɾȟɾ Ͻἢ ᾀ Ὠȟɾȟɾ

Ͻἢ ᾀ Ὠȟɾȟɾ  

Ͻἢ ᾀ Ὠȟɾȟɾ  

 

 
 
 

(5) 

ʇʨʝʜʩʪʘʚʣʝʥʥʘʷ ʤʦʜʝʣʴ EPM ʧʦʟʚʦʣʷʝʪ ʩʚʝʩʪʠ ʚʦʣʦʢʥʠʩʪʳʡ 
ʢʦʤʧʦʟʠʪ ʢ ʦʜʥʦʤʫ ʩʣʦʶ ʩ ʵʬʬʝʢʪʠʚʥʳʤʠ ʵʣʝʢʪʨʦʜʠʥʘʤʠʯʝʩʢʠʤʠ ʧʘ-
ʨʘʤʝʪʨʘʤʠ, ʩʦʜʝʨʞʘʱʝʤʫ ʵʢʚʠʜʠʩʪʘʥʪʥʳʝ ʧʣʘʩʪʠʥʳ. 

 
ʈʠʩ. 2. ɿʘʚʠʩʠʤʦʩʪʴ ʯʘʩʪʦʪʳ (a) ʠ ʚʝʣʠʯʠʥʳ (b) ʤʠʥʠʤʫʤʘ ʢʦʵʬʬʠʮʠʝʥʪʘ ʦʪʨʘʞʝ-

ʥʠʷ ʦʪ ʬʦʪʦʥʥʦʡ ʩʪʨʫʢʪʫʨʳ ʩ ʥʘʨʫʰʝʥʥʳʤ ʩʣʦʝʤ ʚ ʚʠʜʝ ʦʙʨʘʟʮʘ ʠʩʩʣʝʜʫʝʤʦʛʦ 

ʢʦʤʧʦʟʠʪʘ (’ = 0,5 %, ‐ = 50, „ = 5 ɱī1mī1) ʦʪ ʢʦʣʠʯʝʩʪʚʘ ʚʢʣʶʯʝʥʠʡ Nc , ʨʘʩʯʝ-

ʪʳ ʧʨʦʠʟʚʦʜʠʣʠʩʴ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ: 1 ð ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʚ HFSS,  
2 ð ʪʝʦʨʠʠ ʚʦʟʤʫʱʝʥʠʡ ʜʣʷ ʧʣʘʩʪʠʥʯʘʪʦʡ ʤʦʜʝʣʠ EPM[6]. 

 

ɿʥʘʯʝʥʠʝ ʯʘʩʪʦʪʳ fmin (ʨʠʩ. 2, a, ʢʨʠʚʘʷ 1) ʠ ʚʝʣʠʯʠʥʳ Rmin (ʨʠʩ. 
2, b, ʢʨʠʚʘʷ 1) ʤʠʥʠʤʫʤʘ ʢʦʵʬʬʠʮʠʝʥʪʘ ʦʪʨʘʞʝʥʠʷ, ʧʦʣʫʯʝʥʥʳʝ ʚ ʨʝ-
ʟʫʣʴʪʘʪʝ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʚ ʧʨʦʛʨʘʤʤʝ HFSS, ʩʪʨʝʤʷʪʩʷ ʢ ʟʥʘʯʝʥʠʶ, 
ʨʘʩʩʯʠʪʘʥʥʦʤʫ ʧʦ ʧʣʘʩʪʠʥʯʘʪʦʡ ʤʦʜʝʣʠ EPM ʧʨʠ ʢʦʣʠʯʝʩʪʚʝ ʥʠʪʝʡ ʙʦ-

ʣʝʝ ʜʚʫʭ ʩʦʪʝʥ (ὔ > 2 pcs/mm2
 ). ɿʘʚʠʩʠʤʦʩʪʠ ʯʘʩʪʦʪʳ ʠ ʚʝʣʠʯʠʥʳ ʤʠ-

ʥʠʤʫʤʘ ʢʦʵʬʬʠʮʠʝʥʪʘ ʦʪʨʘʞʝʥʠʷ, ʨʘʩʩʯʠʪʘʥʥʳʝ ʧʦ ʧʣʘʩʪʠʥʯʘʪʦʡ ʤʦ-
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ʜʝʣʠ EPM (ʨʠʩ. 2, ʢʨʠʚʳʝ 2), ʚʳʭʦʜʷʪ ʥʘ ʥʘʩʳʱʝʥʠʝ ʧʨʠ ʢʦʣʠʯʝʩʪʚʝ 
ʧʣʘʩʪʠʥ, ʧʨʝʚʳʰʘʶʱʝʤ ʥʝʩʢʦʣʴʢʦ ʜʝʩʷʪʢʦʚ. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʨʝʜʣʦʞʝʥʥʘʷ ʤʦʜʝʣʴ ʧʦʟʚʦʣʷʝʪ ʫʧʨʦʩʪʠʪʴ ʨʘʩ-
ʯʝʪʳ ʧʨʠ ʨʝʰʝʥʠʠ ʧʨʷʤʦʡ ʠ ʦʙʨʘʪʥʦʡ ʟʘʜʘʯ. ʊʘʢʦʛʦ ʨʦʜʘ ʧʦʜʭʦʜ ʵʬ-
ʬʝʢʪʠʚʝʥ ʜʣʷ ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʛʦ ʘʥʘʣʠʟʘ ʚʦʣʥʦʚʦʜʥʳʭ ʢʦʤʧʦʟʠʪʥʳʭ 
ʩʪʨʫʢʪʫʨ ʠ ʤʦʞʝʪ ʙʳʪʴ ʨʘʩʰʠʨʝʥ ʥʘ ʩʣʫʯʘʡ ʘʥʠʟʦʪʨʦʧʥʳʭ ʠʣʠ ʤʘʛʥʠ-
ʪʦʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʚʢʣʶʯʝʥʠʡ. 

 

ɹʠʙʣʠʦʛʨʘʬʠʯʝʩʢʠʡ ʩʧʠʩʦʢ 
1. ɹʦʨʥ ʄ. ʆʩʥʦʚʳ ʦʧʪʠʢʠ / ʄ. ɹʦʨʥ, ʕ. ɺʦʣʴʬ; ʧʝʨ. ʩ ʘʥʛʣ. ʧʦʜ ʨʝʜ. ɻ. ʇ. ʄʦʪʫ-
ʣʝʚʠʯ. ð 7-ʝ ʠʟʜ. ð ʄ.: ʅʘʫʢʘ, 2021. ʉ. 896. 
2. ʂʦʣʣʠʥ ʈ. ʕ. ʊʝʦʨʠʷ ʧʦʣʷ ʥʘʧʨʘʚʣʷʝʤʳʭ ʚʦʣʥ / ʈ. ʕ. ʂʦʣʣʠʥ; ʧʝʨ. ʩ ʘʥʛʣ. ʧʦʜ 
ʨʝʜ. ɺ. ʀ. ʄʦʨʛʫʥʦʚʘ. ð ʄ.: ʊʝʭʥʦʩʬʝʨʘ, 2020. ʉ. 672. 
3. ʉʠʭʚʦʣʘ ɸ. ʕʣʝʢʪʨʦʤʘʛʥʠʪʥʳʝ ʩʤʝʩʠ: ʬʦʨʤʫʣʳ ʠ ʧʨʠʣʦʞʝʥʠʷ / ɸ. ʉʠʭʚʦʣʘ ; 
ʧʝʨ. ʩ ʘʥʛʣ. ʧʦʜ ʨʝʜ. ʖ. ʅ. ɹʘʨʘʥʦʚʘ. ð ʄ.: ʈʘʜʠʦʪʝʭʥʠʢʘ, 2021. ʉ. 320. 
4. ʇʦʟʘʨ ɼ. ʄ. ʉɺʏ-ʪʝʭʥʠʢʘ ʠ ʵʣʝʢʪʨʦʥʠʢʘ: ʚ 2 ʪ. / ɼ. ʄ. ʇʦʟʘʨ ; ʧʝʨ. ʩ ʘʥʛʣ. ʧʦʜ 
ʨʝʜ. ɺ. ʀ. ʄʦʨʛʫʥʦʚʘ. ð ʄ.: ʊʝʭʥʦʩʬʝʨʘ, 2020. ʊ. 1: ʃʠʥʠʠ ʧʝʨʝʜʘʯʠ ʠ ʧʘʩʩʠʚʥʳʝ 
ʫʩʪʨʦʡʩʪʚʘ. ʉ. 671. 
5. ʗʨʠʚ ɸ. ʌʦʪʦʥʠʢʘ: ʦʧʪʠʯʝʩʢʘʷ ʵʣʝʢʪʨʦʥʠʢʘ ʚ ʩʦʚʨʝʤʝʥʥʳʭ ʢʦʤʤʫʥʠʢʘʮʠʷʭ /                                 
ɸ. ʗʨʠʚ, ʇ. ʁʝʭ ; ʧʝʨ. ʩ ʘʥʛʣ. ʧʦʜ ʨʝʜ. ʉ. ɸ. ʅʠʢʠʪʦʚʘ. ð ʄ.: ʌʠʟʤʘʪʣʠʪ, 2011.                     
ʉ. 672. 
6. ʇʦʩʪʝʣʴʛʘ ɸ.ʕ., ʀʛʦʥʠʥ ʉ.ɺ. ʈʘʩʯʝʪ ʵʬʬʝʢʪʠʚʥʦʡ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝ-
ʤʦʩʪʠ ʠ ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʠ ʢʦʤʧʦʟʠʪʦʚ, ʩʦʜʝʨʞʘʱʠʭ ʧʨʦʚʦʜʷʱʠʝ ʦʨʠʝʥʪʠʨʦ-
ʚʘʥʥʳʝ ʥʠʪʠ // ɾʫʨʥʘʣ ʪʝʭʥʠʯʝʩʢʦʡ ʬʠʟʠʢʠ 2026. ʊ. 96, ʚʳʧ. 1. ʉ. 71 ï 91. DOI: 
10.61011/JTF.2026.01.62039.62-25 
7. ʏʫ ʋ. ʂ. ɺʦʣʥʳ ʠ ʧʦʣʷ ʚ ʥʝʦʜʥʦʨʦʜʥʳʭ ʩʨʝʜʘʭ / ʋ. ʂ. ʏʫ; ʧʝʨ. ʩ ʘʥʛʣ. ʧʦʜ ʨʝʜ. 
ɸ. ʅ. ɹʦʛʦʣʶʙʦʚʘ. ð ʄ.: ʄʠʨ, 2021. ʉ. 608. 
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ʊɽʈʄʆʂʆʄʇɽʅʉʀʈʆɺɸʅʅʓʁ ʀɿʄɽʈʀʊɽʃʔ ʋʈʆɺʅʗ 

ɾʀɼʂʆʉʊʀ ʅɸ ʆʉʅʆɺɽ ʂʆʄʇʃɽʂʉɸ ʂʆɸʂʉʀɸʃʔʅʓʍ 

ʂɸɹɽʃʔʅʓʍ ʀʅʊɽʈʌɽʈʆʄɽʊʈʆɺ ʌɸɹʈʀ-ʇɽʈʆ 

 
ʆ.ɻ. ʄʦʨʦʟʦʚ, ʆ.ɺ. ʅʠʢʠʰʠʥʘ, ɹ.ʈ. ɺʘʣʝʝʚ 

ʂʘʟʘʥʩʢʠʡ ʥʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʪʝʭʥʠʯʝʩʢʠʡ  
ʫʥʠʚʝʨʩʠʪʝʪ ʠʤ. ɸ.ʅ. ʊʫʧʦʣʝʚʘ-ʂɸʀ  

E-mail: ogmorozov@kai.ru  
 

ɸʥʥʦʪʘʮʠʷ. ʎʝʣʴ ʨʘʙʦʪʳ ï ʢʦʤʧʝʥʩʘʮʠʷ ʧʦʛʨʝʰʥʦʩʪʠ ʠʟʤʝʨʝʥʠʡ, ʚʳʟʚʘʥ-
ʥʦʡ ʧʝʨʝʢʨʝʩʪʥʦʡ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴʶ ʢ ʠʟʤʝʥʝʥʠʷʤ ʪʝʤʧʝʨʘʪʫʨʳ, ʚ ʠʟʤʝʨʠʪʝʣʝ 
ʫʨʦʚʥʷ ʞʠʜʢʦʩʪʝʡ ʥʘ ʙʘʟʝ ʧʦʣʦʛʦ ʚʦʟʜʫʰʥʦʛʦ ʢʦʘʢʩʠʘʣʴʥʦʛʦ ʢʘʙʝʣʴʥʦʛʦ ʠʥʪʝʨʬʝ-
ʨʦʤʝʪʨʘ ʌʘʙʨʠ-ʇʝʨʦ. ɼʣʷ ʜʦʩʪʠʞʝʥʠʷ ʮʝʣʠ ʧʨʝʜʣʦʞʝʥʦ ʧʨʠʤʝʥʝʥʠʝ ʚ ʝʛʦ ʩʪʨʫʢ-
ʪʫʨʝ ʜʚʫʭ ʤʝʪʘʣʣʦʢʝʨʘʤʠʯʝʩʢʠʭ ʢʦʘʢʩʠʘʣʴʥʳʭ ʢʘʙʝʣʴʥʳʭ ʠʥʪʝʨʬʝʨʦʤʝʪʨʦʚ ʌʘʙ-
ʨʠ-ʇʝʨʦ, ʨʝʘʣʠʟʫʶʱʠʭ ʪʝʨʤʦʢʦʤʧʝʥʩʠʨʫʶʱʠʡ ʧʦʜʭʦʜ ʥʘ ʦʩʥʦʚʝ ʤʝʪʦʜʘ ʜʚʫʭ ʢʦ-
ʘʢʩʠʘʣʴʥʳʭ ʢʘʙʝʣʝʡ, ʢʘʢ ʘʥʘʣʦʛʘ ʤʝʪʦʜʘ ʜʚʫʭ ʚʦʣʦʢʦʥ ʚ ʦʧʪʠʯʝʩʢʦʤ ʜʠʘʧʘʟʦʥʝ. 
ʕʬʬʝʢʪʠʚʥʦʩʪʴ ʢʦʤʧʝʥʩʘʮʠʠ ʧʦʜʪʚʝʨʞʜʝʥʘ ʨʝʟʫʣʴʪʘʪʘʤʠ ʚʳʯʠʩʣʠʪʝʣʴʥʦʛʦ ʵʢʩ-
ʧʝʨʠʤʝʥʪʘ.  

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʧʦʣʳʡ ʚʦʟʜʫʰʥʳʡ ʢʦʘʢʩʠʘʣʴʥʳʡ ʢʘʙʝʣʴʥʳʡ ʠʥʪʝʨʬʝ-
ʨʦʤʝʪʨ ʌʘʙʨʠ-ʇʝʨʦ, ʤʝʪʘʣʣʦʢʝʨʘʤʠʯʝʩʢʠʭ ʢʦʘʢʩʠʘʣʴʥʳʭ ʢʘʙʝʣʴʥʳʭ ʠʥʪʝʨʬʝʨʦ-
ʤʝʪʨʦʚ ʌʘʙʨʠ-ʇʝʨʦ, ʤʝʪʦʜ ʜʚʫʭ ʚʦʣʦʢʦʥ, ʤʝʪʦʜ ʜʚʫʭ ʢʦʘʢʩʠʘʣʴʥʳʭ ʢʘʙʝʣʝʡ, ʪʝʨ-
ʤʦʢʦʤʧʝʥʩʘʮʠʷ  

 
ʉʪʨʫʢʪʫʨʥʘʷ ʩʭʝʤʘ ʪʝʨʤʦʢʦʤʧʝʥʩʠʨʦʚʘʥʥʦʛʦ ʠʟʤʝʨʠʪʝʣʷ ʫʨʦʚʥʷ 

ʞʠʜʢʦʩʪʠ ʥʘ ʦʩʥʦʚʝ ʢʦʤʧʣʝʢʩʘ ʢʦʘʢʩʠʘʣʴʥʳʭ ʢʘʙʝʣʴʥʳʭ ʠʥʪʝʨʬʝʨʦ-
ʤʝʪʨʦʚ ʌʘʙʨʠ-ʇʝʨʦ (ʂʂ-ʀʌʇ) ʧʦʢʘʟʘʥʘ ʥʘ ʨʠʩ. 1. 

 

 
ʈʠʩ. 1. ʀʟʤʝʨʠʪʝʣʴ ʫʨʦʚʥʷ ʞʠʜʢʦʩʪʠ ʥʘ ʂʂ-ʀʌʇ ʩ ʪʝʨʤʦʢʦʤʧʝʥʩʘʮʠʝʡ: 

1 ï ʩʧʣʠʪʪʝʨ; 2 - ʧʦʣʳʡ ʚʦʟʜʫʰʥʳʡ ʂʂ-ʀʌʇ; 3, 4 ï ʜʚʘ ʤʝʪʘʣʣʦʢʝʨʘʤʠʯʝʩʢʠʭ 
 ʂʂ-ʀʌʇ ʩ ʨʘʟʣʠʯʥʳʤʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ 

 
ʕʣʝʢʪʨʦʤʘʛʥʠʪʥʘʷ ʚʦʣʥʘ ʦʪ ʧʦʨʪʘ ʚʝʢʪʦʨʥʦʛʦ ʘʥʘʣʠʟʘʪʦʨʘ ʮʝʧʝʡ 

(ɺɸʎ FSH8, ʜʠʘʧʘʟʦʥ ʩʢʘʥʠʨʦʚʘʥʠʷ ʜʦ 8 ɻɻʮ) ʧʦʜʘʝʪʩʷ ʥʘ ʩʧʣʠʪʪʝʨ 1 
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ʧʦ ʩʪʘʥʜʘʨʪʥʦʤʫ ʢʦʘʢʩʠʘʣʴʥʦʤʫ ʢʘʙʝʣʶ (ʪʠʧʘ RG-58). ʉʧʣʠʪʪʝʨ 1 
ʩʣʫʞʠʪ ʜʣʷ ʜʝʣʝʥʠʷ ʩʢʘʥʠʨʫʶʱʝʛʦ ʤʠʢʨʦʚʦʣʥʦʚʦʛʦ ʩʠʛʥʘʣʘ ʤʝʞʜʫ 
ʧʦʣʳʤ ʚʦʟʜʫʰʥʳʤ ʠʟʤʝʨʠʪʝʣʴʥʳʤ 2 [1] ʠ ʜʚʫʤʷ ʤʝʪʘʣʣʦʢʝʨʘʤʠʯʝ-
ʩʢʠʤʠ ʪʝʨʤʦʢʦʤʧʝʥʩʠʨʫʶʱʠʤʠ ʂʂ-ʀʌʇ 3, 4 [2]. ʂʦʤʧʣʝʢʪ ʂʂ-ʀʌʇ 
2-4 ʩʚʝʨʭʫ ʯʝʨʝʟ ʧʝʨʝʭʦʜʥʳʝ ʩʦʝʜʠʥʠʪʝʣʠ ʧʦʜʢʣʶʯʝʥ ʢ ʩʧʣʠʪʪʝʨʫ 1. 
ʈʝʟʦʥʘʪʦʨʥʫʶ ʧʦʣʦʩʪʴ ʢʦʤʧʣʝʢʪʘ ʂʂ-ʀʌʇ 2-4 ʧʦʤʝʱʘʶʪ ʚ ʤʝʨʥʳʡ 
ʮʠʣʠʥʜʨ ʩ ʚʦʜʦʡ, ʧʦʜʘʚʘʝʤʦʡ ʩ ʧʦʤʦʱʴʶ ʧʦʛʨʫʞʥʦʛʦ ʥʘʩʦʩʘ. ʉʙʦʨ, 
ʟʘʧʠʩʴ ʠ ʦʙʨʘʙʦʪʢʘ ʜʘʥʥʳʭ ʦʩʫʱʝʩʪʚʣʷʣʠʩʴ ʧʝʨʩʦʥʘʣʴʥʳʤ ʢʦʤʧʴʶʪʝ-
ʨʦʤ, ʧʦʜʢʣʶʯʝʥʥʳʤ ʢ ɺɸʎ. ɺɸʎ ʙʳʣ ʥʘʩʪʨʦʝʥ ʥʘ ʠʟʤʝʨʝʥʠʝ ʘʤʧʣʠ-
ʪʫʜʥʦʛʦ ʩʧʝʢʪʨʘ ʦʪʨʘʞʝʥʠʷ S11. ʇʨʦʛʨʘʤʤʥʦʝ ʦʙʝʩʧʝʯʝʥʠʝ ʙʳʣʦ 
ʰʪʘʪʥʳʤ ʜʣʷ ɺɸʎ FSH8. ʊʝʧʣʦʚʦʝ ʨʘʩʰʠʨʝʥʠʝ ʜʣʠʥʳ ʨʝʟʦʥʘʪʦʨʥʦʡ 
ʧʦʣʦʩʪʠ ʠ ʚʳʟʚʘʥʥʦʝ ʪʝʤʧʝʨʘʪʫʨʦʡ ʠʟʤʝʥʝʥʠʝ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʦ-
ʩʪʦʷʥʥʦʡ ʚʦʟʜʫʭʘ ʤʝʞʜʫ ʥʠʤʠ ʩʧʦʩʦʙʩʪʚʫʶʪ ʩʜʚʠʛʫ ʜʣʠʥʳ ʚʦʣʥʳ 
ʩʧʝʢʪʨʘ ʦʪʨʘʞʝʥʠʷ, ʢʦʪʦʨʳʡ ʤʦʞʝʪ ʚʳʟʚʘʪʴ ʪʝʤʧʝʨʘʪʫʨʥʳʝ ʧʝʨʝ-
ʢʨʝʩʪʥʳʝ ʧʦʤʝʭʠ ʧʨʠ ʠʟʤʝʨʝʥʠʠ ʫʨʦʚʥʷ. 

ʊʝʨʤʦʢʦʤʧʝʥʩʠʨʫʶʱʠʝ ʂʂ-ʀʌʇ ʠʟʤʝʨʷʶʪ ʪʝʤʧʝʨʘʪʫʨʫ, ʦʪ-
ʩʣʝʞʠʚʘʷ ʩʜʚʠʛ ʠʥʪʝʨʬʝʨʦʛʨʘʤʤ ʦʪʥʦʩʠʪʝʣʴʥʦ ʙʘʟʦʚʦʡ ʣʠʥʠʠ, ʢʦʪʦ-
ʨʘʷ ʤʦʞʝʪ ʙʳʪʴ ʦʧʨʝʜʝʣʝʥʘ ʧʨʠ ʧʨʦʠʟʚʦʣʴʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ T0, ʥʘʧʨʠ-
ʤʝʨ, ʪʝʤʧʝʨʘʪʫʨʝ ʣʘʙʦʨʘʪʦʨʥʦʛʦ ʧʦʤʝʱʝʥʠʷ. ɼʣʷ ʢʦʥʢʨʝʪʥʦʛʦ ʜʘʪʯʠʢʘ 
ʠʥʪʝʨʬʝʨʝʥʮʠʦʥʥʳʡ ʩʠʛʥʘʣ U ʟʘʚʠʩʠʪ ʪʦʣʴʢʦ ʦʪ ʧʨʦʠʟʚʝʜʝʥʠʷ ʨʘʩ-
ʩʪʦʷʥʠʷ d ʠ ʢʚʘʜʨʘʪʥʦʛʦ ʢʦʨʥʷ ʠʟ ʦʪʥʦʩʠʪʝʣʴʥʦʡ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ 
ʧʨʦʥʠʮʘʝʤʦʩʪʠ Ůr. ʈʘʩʩʪʦʷʥʠʝ dT ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ T ʚʳʨʘʞʘʝʪʩʷ ʢʘʢ 

 

( )
0 0 0

,
T T T T

d d d T T= + b -                                          (1) 

 

ʛʜʝ ɓT - ʢʦʵʬʬʠʮʠʝʥʪ ʪʝʧʣʦʚʦʛʦ ʨʘʩʰʠʨʝʥʠʷ ʜʣʷ ʪʨʫʙʢʠ ʠʟ ʦʢʩʠʜʘ 
ʘʣʶʤʠʥʠʷ ʜʣʷ ʧʝʨʚʦʛʦ ʂʂ-ʀʌʇ ʩ ʜʚʫʤʷ ʧʦʣʫʢʨʫʛʦʚʳʤʠ ʦʪʨʘʞʘʪʝʣʷ-
ʤʠ ʠ ʧʨʦʚʦʣʦʢʠ ʠʟ ʥʝʨʞʘʚʝʶʱʝʡ ʩʪʘʣʠ ʜʣʷ ʚʪʦʨʦʛʦ ʂʂ-ʀʌʇ ʩ ʜʚʫʤʷ 
ʢʨʫʛʦʚʳʤʠ ʦʪʨʘʞʘʪʝʣʷʤʠ. ɺʳʙʦʨ ʪʨʫʙʢʠ ʠ ʧʨʦʚʦʣʦʢʠ ʜʣʷ ʨʝʰʝʥʠʷ (1) 
ʦʧʨʝʜʝʣʷʝʪʩʷ ʨʘʟʣʠʯʥʳʤ ʢʦʥʩʪʨʫʢʪʠʚʦʤ ʜʚʫʭ ʪʝʨʤʦʢʦʤʧʝʥʩʠʨʫʶʱʠʭ 
ʂʂ-ʀʌʇ, ʢʘʢ ʵʣʝʤʝʥʪʦʚ ʠʟʤʝʥʷʶʱʠʭ ʩʚʦʶ ʜʣʠʥʫ ʧʨʠ ʠʟʤʝʥʝʥʠʠ 
ʪʝʤʧʝʨʘʪʫʨʳ. ʊʝʤʧʝʨʘʪʫʨʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ Ůr ʯʘʩʪʦ ʟʘʜʘʝʪʩʷ ʢʘʢ ʧʦʣʠ-
ʥʦʤʠʘʣʴʥʘʷ ʬʫʥʢʮʠʷ T [3-4]: 
 

( ),
, ,

r T i i
Te = aä                                               (2) 

 

ʛʜʝ ai ʠ a0 = Ůr(T0) - ʧʦʩʪʦʷʥʥʳʝ ʢʦʵʬʬʠʮʠʝʥʪʳ.  
ʉʜʚʠʛ ʯʘʩʪʦʪʳ ȹäres ʦʪʨʘʞʝʥʥʦʛʦ ʩʠʛʥʘʣʘ ʨʝʘʛʠʨʫʝʪ ʥʘ ʪʝʤʧʝʨʘ-

ʪʫʨʫ ʪʦʣʴʢʦ ʪʦʛʜʘ, ʢʦʛʜʘ ʚ ʤʘʪʝʨʠʘʣʘʭ ʢʘʙʝʣʷ ʥʝ ʧʨʦʠʩʭʦʜʠʪ ʥʠʢʘʢʠʭ 
ʭʠʤʠʯʝʩʢʠʭ ʠʣʠ ʩʪʨʫʢʪʫʨʥʳʭ ʠʟʤʝʥʝʥʠʡ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʠʟʤʝʥʝʥʠʝ 
ʪʝʤʧʝʨʘʪʫʨʳ ʤʦʞʥʦ ʠʟʤʝʨʷʪʴ, ʦʪʩʣʝʞʠʚʘʷ ȹäres. ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, 
ʯʪʦ ʨʘʟʥʠʮʘ ʚ ʢʦʥʩʪʨʫʢʮʠʷʭ ʜʚʫʭ ʪʝʨʤʦʢʦʤʧʝʥʩʠʨʫʶʱʠʭ ʂʂ-ʀʌʇ 
ʧʦʟʚʦʣʷʝʪ ʧʨʝʜʧʦʣʦʞʠʪʴ ʩʫʱʝʩʪʚʝʥʥʦʝ ʨʘʟʣʠʯʠʷ ʚ ʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʭ 
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ʠ ʧʦʣʫʯʝʥʥʳʭ ʟʥʘʯʝʥʠʷʭ ȹäres ʧʨʠ ʦʜʠʥʘʢʦʚʦʡ ʠʟʤʝʨʝʥʥʦʡ ʪʝʤʧʝʨʘʪʫ-
ʨʝ.  

ʉ ʫʯʸʪʦʤ ʘʥʘʣʠʟʘ ʥʘʫʯʥʦ-ʪʝʭʥʠʯʝʩʢʦʡ ʠʥʬʦʨʤʘʮʠʠ ʧʦʢʘʟʘʥʦ, 
ʯʪʦ ʥʘʠʙʦʣʝʝ ʧʨʦʩʪʳʤ ʠ ʪʝʭʥʦʣʦʛʠʯʥʳʤ ʦʧʪʠʯʝʩʢʠʤ ʤʝʪʦʜʦʤ ʢʦʤʧʝʥ-
ʩʘʮʠʠ ʪʝʤʧʝʨʘʪʫʨʳ ʩʨʝʜʳ ʥʘ ʦʩʥʦʚʝ ʚʦʣʦʢʦʥʥʳʭ ʙʨʵʛʛʦʚʩʢʠʭ ʨʝʰʝʪʦʢ 
(ɺɹʈ) ʚ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʷʚʣʷʝʪʩʷ ʤʝʪʦʜ ʜʚʫʭ ʚʦʣʦʢʦʥ [5]. ʄʝʪʦʜ ʟʘ-
ʢʣʶʯʘʝʪʩʷ ʚ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʜʚʫʭ ʚʦʣʦʢʦʥ ʩ ʟʘʧʠʩʘʥʥʳʤʠ ʚ ʥʠʭ ɺɹʈ 
ʢʦʤʧʝʥʩʘʮʠʠ ʪʝʤʧʝʨʘʪʫʨʳ, ʦʙʣʘʜʘʶʱʠʭ ʩʫʱʝʩʪʚʝʥʥʦ ʨʘʟʣʠʯʥʦʡ ʯʫʚ-
ʩʪʚʠʪʝʣʴʥʦʩʪʴʶ ʢ ʪʝʤʧʝʨʘʪʫʨʝ ʠ ʠʟʤʝʨʷʝʤʦʤʫ ʧʘʨʘʤʝʪʨʫ ʠʣʠ ʢ ʦʜʥʦ-
ʤʫ ʠʟ ʥʠʭ ʟʘ ʩʯʸʪ ʨʘʟʣʠʯʥʳʭ ʣʝʛʠʨʫʶʱʠʭ ʜʦʙʘʚʦʢ, ʜʦʙʘʚʣʝʥʥʳʭ ʚ ʚʦ-
ʣʦʢʥʘ ʠʣʠ ʨʘʟʣʠʯʥʳʭ ʤʝʪʦʜʦʚ ʟʘʧʠʩʠ ɺɹʈ.  

ɺ ʥʘʰʝʤ ʩʣʫʯʘʝ ʩʣʝʜʫʝʪ ʠʩʩʣʝʜʦʚʘʪʴ ʩʜʚʠʛ ʨʝʟʦʥʘʥʩʥʦʡ ʯʘʩʪʦʪʳ 

ȹäres, ʦʮʝʥʠʚʘʷ ʝʛʦ ʧʦ ʟʘʚʠʩʠʤʦʩʪʷʤ ʠʟʤʝʥʝʥʠʷ er ʦʪ ʠʟʤʝʥʝʥʠʷ ʪʝʤʧʝ-
ʨʘʪʫʨʳ T ʠ ʜʣʠʥʳ ʨʝʟʦʥʘʪʦʨʘ d. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʜʣʷ ʨʝʘʣʠʟʘʮʠʠ ʧʨʝʜ-
ʣʘʛʘʝʤʦʛʦ ʤʝʪʦʜʘ ʢʦʥʪʨʦʣʷ ȹäres ʥʝʦʙʭʦʜʠʤʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʧʝʨʚʳʡ 3 ʠ 
ʚʪʦʨʦʡ 4 ʪʝʨʤʦʢʦʤʧʝʥʩʠʨʫʶʱʠʝ ʤʝʪʘʣʣʦʢʝʨʘʤʠʯʝʩʢʠʝ ʂʂʀʌʇ, ʠʤʝ-
ʶʱʠʝ ʩʫʱʝʩʪʚʝʥʥʦ ʦʪʣʠʯʥʳʝ ʜʝʬʦʨʤʘʮʠʦʥʥʳʝ d ʠ/ʠʣʠ ʪʝʤʧʝʨʘʪʫʨ-

ʥʳʝ T ʢʦʵʬʬʠʮʠʝʥʪʳ Kd1,2,T1,2 ʧʦ er. ʊʦʛʜʘ 
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2 2 2 2
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                         (3) 

 
ʇʨʠ ʧʦʩʪʦʷʥʥʳʭ ʢʦʵʬʬʠʮʠʝʥʪʘʭ K (ʣʠʥʝʡʥʘʷ ʤʦʜʝʣʴ ʦʧʪʠʯʝ-

ʩʢʦʛʦ ʢʦʥʪʨʦʣʷ) ʠ ( )det 0K ¸  (8) ʤʦʞʝʪ ʙʳʪʴ ʨʝʰʝʥʦ ʘʥʘʣʠʪʠʯʝʩʢʠ: 
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ʆʙʨʘʪʥʘʷ ʤʘʪʨʠʮʘ ʚ ʜʘʥʥʦʤ ʩʣʫʯʘʝ ʚʳʨʘʞʘʝʪʩʷ ʫʨʘʚʥʝʥʠʝʤ: 
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                                        (5) 

 
ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʜʣʷ ʜʘʣʴʥʝʡʰʠʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʥʝʦʙʭʦʜʠʤʦ ʧʨʦ-

ʚʝʩʪʠ ʚʳʯʠʩʣʠʪʝʣʴʥʳʡ ʵʢʩʧʝʨʠʤʝʥʪ, ʩʧʦʩʦʙʥʳʡ ʧʦʜʪʚʝʨʜʠʪʴ ʵʬʬʝʢ-
ʪʠʚʥʦʩʪʴ ʧʨʠʤʝʥʝʥʠʷ ʜʚʫʭ ʪʝʨʤʦʢʦʤʧʝʥʩʠʨʫʶʱʠʭ ʤʝʪʘʣʣʦʢʝʨʘʤʠʯʝ-
ʩʢʠʭ ʂʂ-ʀʌʇ ʧʨʠ ʠʟʤʝʨʝʥʠʠ ʫʨʦʚʥʷ ʞʠʜʢʦʩʪʠ ʠʟʤʝʨʠʪʝʣʴʥʳʤ ʧʦ-
ʣʳʤ ʚʦʟʜʫʰʥʳʤ ʂʂ-ʀʌʇ ʧʦ ʤʝʪʦʜʠʢʝ, ʦʪʨʘʞʝʥʥʦʡ ʚ (2)-(5), ʩ ʫʯʝʪʦʤ 
ʜʘʥʥʳʭ [1, 2]. 

ʏʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴ ʠʟʤʝʨʝʥʠʷ ʫʨʦʚʥʷ ʚʦʜʳ ʩʦʩʪʘʚʣʷʝʪ -500 
ʤʢʤ/ʤʤ (ʩʜʚʠʛ ʨʝʟʦʥʘʥʩʥʦʡ ʜʣʠʥʳ ʚʦʣʥʳ/ʠʟʤʝʥʝʥʠʝ ʫʨʦʚʥʷ ʞʠʜʢʦ-
ʩʪʠ) ʚ ʜʠʘʧʘʟʦʥʝ 200 ʤʤ (ʨʠʩ. 2) ʧʨʠ ʨʘʟʨʝʰʘʶʱʝʡ ʩʧʦʩʦʙʥʦʩʪʠ ʠʟʤʝ-
ʨʝʥʠʷ ʫʨʦʚʥʷ ʞʠʜʢʦʩʪʠ 5 ʤʢʤ. ʅʘ ʧʨʘʢʪʠʢʝ ʯʘʩʪʦʪʥʘʷ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘ 
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ʠʤʝʝʪ ʦʙʨʘʪʥʳʡ ʥʘʢʣʦʥ, ʥʦ ʥʝʣʠʥʝʡʥʘ. ʊʝʤʧʝʨʘʪʫʨʥʘʷ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘ 
ʠʟʤʝʨʠʪʝʣʴʥʦʛʦ ʂʂʀʌʇ ʙʳʣʘ ʦʧʨʝʜʝʣʝʥʘ, ʢʘʢ ʠ ʚ ʧʨʦʪʦʪʠʧʝ [1], ʩ ʠʩ-
ʧʦʣʴʟʦʚʘʥʠʝʤ ʪʝʨʤʦʢʘʤʝʨʳ. ʄʦʜʝʣʴ ʜʘʪʯʠʢʘ ʜʣʠʥʦʡ 40 ʩʤ ʙʳʣʘ ʧʦ-
ʤʝʱʝʥʘ ʚ ʪʝʨʤʦʢʘʤʝʨʫ ʩ ʨʘʟʨʝʰʝʥʠʝʤ ʠʟʤʝʨʝʥʠʷ ʪʝʤʧʝʨʘʪʫʨʳ 0,5 ÁC. 
ʈʝʟʫʣʴʪʘʪ ʠʟʤʝʨʝʥʠʡ ʧʦʟʚʦʣʠʣ ʦʧʨʝʜʝʣʠʪʴ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴ ʠʟʤʝʨʠ-

ʪʝʣʴʥʦʛʦ ʂʂʀ-ʌʇ ʢ ʪʝʤʧʝʨʘʪʫʨʝ ʢʘʢ 1 ʤʢʤ/ʉ̄ ʠ ʧʝʨʝʢʨʝʩʪʥʫʶ ʯʫʚ-
ʩʪʚʠʪʝʣʴʥʦʩʪʴ ʪʝʤʧʝʨʘʪʫʨʳ ʠ ʫʨʦʚʥʷ ʞʠʜʢʦʩʪʠ ʨʘʚʥʦʡ 2 ʤʢʤ/ÁC 
(ʩʜʚʠʛ ʨʝʟʦʥʘʥʩʥʦʡ ʜʣʠʥʳ ʚʦʣʥʳ/ʪʝʤʧʝʨʘʪʫʨʘ), ʯʪʦ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ 
ʥʝʦʙʭʦʜʠʤʦʩʪʠ ʧʨʠʤʝʥʝʥʠʷ ʪʝʨʤʦʢʦʤʧʝʥʩʘʮʠʠ. 

 

 
ʈʠʩ. 2 ʉʜʚʠʛ ʨʝʟʦʥʘʥʩʥʦʡ ʜʣʠʥʳ ʚʦʣʥʳ ʢʘʢ ʬʫʥʢʮʠʷ ʫʨʦʚʥʷ 

 
ʇʨʠ ʧʨʠʤʝʥʝʥʠʠ ʪʝʨʤʦʢʦʤʧʝʥʩʘʮʠʠ ʤʦʞʥʦ ʠʩʢʣʶʯʠʪʴ ʚʣʠʷʥʠʝ 

ʪʝʤʧʝʨʘʪʫʨʳ ʟʘ ʩʯʝʪ ʧʨʝʜʣʦʞʝʥʥʦʛʦ ʤʝʪʦʜʘ ʜʚʫʭ ʢʦʘʢʩʠʘʣʴʥʳʭ ʢʘʙʝ-
ʣʝʡ.  

ɺ ʪʝʨʤʦʢʦʤʧʝʥʩʘʮʠʠ ʥʘ ʦʩʥʦʚʝ ʢʦʨʨʝʣʷʮʠʠ ʤʝʞʜʫ ȹä ʠ ʪʝʤʧʝ-
ʨʘʪʫʨʦʡ, ʧʦʢʘʟʘʥʥʳʭ ʥʘ ʨʠʩ. 3, ʪʝʤʧʝʨʘʪʫʨʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ȹä ʚ ʪʝʨ-
ʤʠʥʘʭ çʩʜʚʠʛʘ ʨʝʟʦʥʘʥʩʥʳʡ ʯʘʩʪʦʪʳ ʥʘ ʛʨʘʜʫʩè, ʦʧʨʝʜʝʣʷʣʘʩʴ ʢʘʢ ʚ 

ʧʨʦʪʦʪʠʧʝ [2], ʠ ʩʦʩʪʘʚʠʣʘ -2 ʄɻʮ/ÁC ʜʣʷ ʂʂ-ʀʌʇ ʩ ʜʚʫʤʷ ʧʦʣʫʢʨʫ-

ʛʦʚʳʤʠ ʦʪʨʘʞʘʪʝʣʷʤʠ ʠ -1 ʄɻʮ/ÁC ʜʣʷ ʂʂ-ʀʌʇ ʩ ʜʚʫʤʷ ʢʨʫʛʦʚʳʤʠ 
ʦʪʨʘʞʘʪʝʣʷʤʠ.  

 
ʈʠʩ. 3 ɿʘʚʠʩʠʤʦʩʪʴ ʩʜʚʠʛʘ ʨʝʟʦʥʘʥʩʥʦʡ ʯʘʩʪʦʪʳ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ  

ʚ ʪʝʨʤʦʢʦʤʧʝʥʩʠʨʫʶʱʠʭ ʂʂʀʌʇ: 
ʨʷʜ 1 ï ʩ ʜʚʫʤʷ ʧʦʣʫʢʨʫʛʦʚʳʤʠ; ʨʷʜ 2 ï ʩ ʜʚʫʤʷ ʢʨʫʛʦʚʳʤʠ ʦʪʨʘʞʘʪʝʣʷʤʠ 
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ʇʦʩʢʦʣʴʢʫ ʚ ʦʙʦʠʭ ʂʂ-ʀʌʇ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʦʜʠʥ ʠ ʪʦʪ ʞʝ ʠʟʦ-
ʣʷʮʠʦʥʥʳʡ ʤʘʪʝʨʠʘʣ ʠ ʦʜʠʥʘʢʦʚʳʡ ʤʘʪʝʨʠʘʣ ʦʪʨʘʞʘʪʝʣʝʡ, ʥʦ ʨʘʟʥʳʝ 
ʜʣʠʥʳ ʨʝʟʦʥʘʪʦʨʦʚ, ʘ, ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʨʝʟʦʥʘʥʩʥʳʝ ʯʘʩʪʦʪʳ, ʦʪʣʠʯʘ-
ʶʱʠʝʩʷ ʧʨʠʤʝʨʥʦ ʚ 2 ʨʘʟʘ, ʤʦʞʥʦ ʩʢʘʟʘʪʴ, ʯʪʦ ʩʨʘʚʥʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨ-
ʥʦʡ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʠ ʤʝʞʜʫ ʜʚʫʤʷ ʩʫʱʝʩʪʚʫʶʱʠʤʠ ʜʘʪʯʠʢʘʤʠ ʦʧʨʝ-
ʜʝʣʷʝʪʩʷ ʩʢʦʨʝʝ ʨʘʟʥʠʮʝʡ ʚ ʨʝʟʦʥʘʥʩʥʦʡ ʯʘʩʪʦʪʝ, ʯʝʤ ʤʘʪʝʨʠʘʣʘʤʠ ʠ 
ʢʦʥʩʪʨʫʢʪʠʚʥʳʤʠ ʧʘʨʘʤʝʪʨʘʤʠ. ʆʙʘ ʂʂ-ʀʌʇ ʚ ʧʨʠʥʮʠʧʝ ʩʧʦʩʦʙʥʳ 
ʦʪʩʣʝʞʠʚʘʪʴ ʠʟʤʝʥʝʥʠʷ ʪʝʤʧʝʨʘʪʫʨʳ ʚ ʧʨʝʜʝʣʘʭ ʜʦʣʝʡ ÁC ʧʨʠ ʧʨʝ-
ʜʝʣʴʥʦʤ ʨʘʟʨʝʰʝʥʠʠ ɺɸʎ ʚ 1 ɻʮ. ʀʟʤʝʨʝʥʥʳʝ ʩʠʛʥʘʣʳ ʩ ʚʳʭʦʜʘ ʦʙʦ-
ʠʭ ʂʂ-ʀʌʇ ʧʝʨʝʜʘʶʪʩʷ ʚ ʤʠʢʨʦʧʨʦʮʝʩʩʦʨ ʜʣʷ ʩʨʘʚʥʝʥʠʷ ʩʦ ʟʥʘʯʝʥʠ-
ʷʤʠ, ʩʦʭʨʘʥʝʥʥʳʤʠ ʚ ʧʘʤʷʪʠ, ʩ ʮʝʣʴʶ ʧʦʣʫʯʝʥʠʷ ʜʚʫʭ ʨʝʟʦʥʘʥʩʥʳʭ 
ʯʘʩʪʦʪ ʠ ʪʝʤʧʝʨʘʪʫʨʳ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʡ ʦʙʦʠʤ ʟʥʘʯʝʥʠʷʤ.  

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʪʝʨʤʦʢʦʤʧʝʥʩʘʮʠʷ ʧʦʟʚʦʣʷʝʪ ʠʟʤʝʨʷʪʴ ʪʝʤʧʝʨʘ-
ʪʫʨʫ ʙʝʟ ʚʣʠʷʥʠʷ ʜʨʝʡʬʘ ʩʢʘʥʠʨʫʶʱʝʡ ʯʘʩʪʦʪʳ ʠ ʠʩʢʣʶʯʠʪʴ ʠʟ ʧʦ-
ʛʨʝʰʥʦʩʪʠ ʠʟʤʝʨʝʥʠʡ ʫʨʦʚʥʷ ʚʦʜʳ ʩʦʩʪʘʚʣʷʶʱʫʶ ʧʝʨʝʢʨʝʩʪʥʦʡ ʯʫʚ-
ʩʪʚʠʪʝʣʴʥʦʩʪʠ ʪʝʤʧʝʨʘʪʫʨʳ ʠ ʫʨʦʚʥʷ ʞʠʜʢʦʩʪʠ ʠʟʤʝʨʠʪʝʣʴʥʦʛʦ ʢʘʥʘ-
ʣʘ.  

ɸʣʴʪʝʨʥʘʪʠʚʥʳʤ ʨʝʰʝʥʠʝʤ ʤʦʞʝʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʜʣʷ ʢʦʤ-
ʧʝʥʩʘʮʠʠ ʛʠʙʨʠʜʥʳʭ ʢʦʤʧʣʝʢʪʦʚ: ʠʟʤʝʨʠʪʝʣʴʥʳʡ ʂʂ-ʀʌʇ ʩ ʢʦʤʧʝʥ-
ʩʠʨʫʶʱʠʤʠ ʚʦʣʦʢʦʥʥʦ-ʦʧʪʠʯʝʩʢʠʤʠ ʵʣʝʤʝʥʪʘʤʠ [6-9]. 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʟʘ ʩʯʝʪ ʧʨʝʜʦʩʪʘʚʣʝʥʥʦʛʦ ʚ 2025 ʛʦʜʫ ʌʦʥ-
ʜʦʤ ʥʘʫʢʠ ʠ ʪʝʭʥʦʣʦʛʠʡ ʈʝʩʧʫʙʣʠʢʠ ʊʘʪʘʨʩʪʘʥ ʛʨʘʥʪʘ ʥʘ ʦʩʫʱʝʩʪʚ-
ʣʝʥʠʝ ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʭ ʠ ʧʦʠʩʢʦʚʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʚ ʥʘʫʯʥʳʭ ʠ ʦʙʨʘ-
ʟʦʚʘʪʝʣʴʥʳʭ ʦʨʛʘʥʠʟʘʮʠʷʭ, ʧʨʝʜʧʨʠʷʪʠʷʭ ʠ ʦʨʛʘʥʠʟʘʮʠʷʭ ʨʝʘʣʴʥʦʛʦ 
ʩʝʢʪʦʨʘ ʵʢʦʥʦʤʠʢʠ ʈʝʩʧʫʙʣʠʢʠ ʊʘʪʘʨʩʪʘʥ. 
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ɸʥʥʦʪʘʮʠʷ. ʇʦ ʘʥʘʣʦʛʠʠ ʩ ʚʦʣʦʢʦʥʥʦ-ʦʧʪʠʯʝʩʢʠʤ ʠʥʪʝʨʬʝʨʦʤʝʪʨʦʤ ʌʘʙ-

ʨʠ-ʇʝʨʦ (ʀʌʇ) ʥʘ ʜʚʫʭ ʚʦʣʦʢʦʥʥʳʭ ʙʨʵʛʛʦʚʩʢʠʭ ʨʝʰʝʪʢʘʭ (ɺɹʈ) ʩʪʨʫʢʪʫʨʘ ʩ ʫʟ-
ʢʠʤ ʨʝʟʦʥʘʥʩʦʤ ʤʦʞʝʪ ʙʳʪʴ ʨʝʘʣʠʟʦʚʘʥʘ ʚ ʢʦʘʢʩʠʘʣʴʥʦʤ ʢʘʙʝʣʝ ʧʨʠ ʬʦʨʤʠʨʦʚʘ-
ʥʠʠ ʚ ʥʝʤ ʜʚʫʭ ʙʨʵʛʛʦʚʩʢʠʭ ʨʝʰʝʪʦʢ (ʂʂɹʈ), ʨʘʟʥʝʩʝʥʥʳʭ ʥʘ ʦʧʨʝʜʝʣʝʥʥʦʝ ʨʘʩ-
ʩʪʦʷʥʠʝ. ʊʘʢʘʷ ʩʪʨʫʢʪʫʨʘ ʧʦʣʫʯʠʣʘ ʥʘʟʚʘʥʠʝ ʢʦʘʢʩʠʘʣʴʥʳʡ ʢʘʙʝʣʴʥʳʡ ʀʌʇ (ʂʂ-
ʀʌʇ). ɼʣʷ ʫʤʝʥʴʰʝʥʠʷ ʬʠʟʠʯʝʩʢʦʡ ʜʣʠʥʳ ʂʂ-ʀʌʇ ʂʂɹʈ ʤʦʛʫʪ ʙʳʪʴ ʟʘʤʝʥʝʥʳ 
ʥʘ ʜʚʝ ʦʪʜʝʣʴʥʳʝ ʥʝʦʜʥʦʨʦʜʥʦʩʪʠ (ʦʪʨʘʞʘʪʝʣʠ). ɺ ʨʘʙʦʪʝ ʧʨʦʘʥʘʣʠʟʠʨʦʚʘʥʳ ʚʦʟ-
ʤʦʞʥʦʩʪʠ ʂʂ-ʀʌʇ ʚ ʟʘʜʘʯʝ ʧʦʚʳʰʝʥʠʷ ʪʦʯʥʦʩʪʠ ʠʟʤʝʨʝʥʠʷ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ 
ʧʘʨʘʤʝʪʨʦʚ ʞʠʜʢʦʩʪʝʡ ʧʨʠ ʢʦʥʪʘʢʪʝ ʩ ʧʦʩʣʝʜʥʠʤʠ.  

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʢʦʘʢʩʠʘʣʴʥʘʷ ʢʘʙʝʣʴʥʘʷ ʙʨʵʛʛʦʚʩʢʘʷ ʨʝʰʝʪʢʘ, ʢʦʘʢʩʠ-
ʘʣʴʥʳʡ ʢʘʙʝʣʴʥʳʡ ʠʥʪʝʨʬʝʨʦʤʝʪʨ ʌʘʙʨʠ-ʇʝʨʦ, ʢʦʥʪʘʢʪʥʳʝ ʠʟʤʝʨʝʥʠʷ ʜʠʵʣʝʢ-
ʪʨʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ ʞʠʜʢʦʩʪʝʡ, ʧʦʚʳʰʝʥʠʝ ʪʦʯʥʦʩʪʠ  

 
ʅʘ ʨʠʩ. 1 ʠ ʨʠʩ. 2 ʧʨʝʜʩʪʘʚʣʝʥʳ ʚʘʨʠʘʥʪʳ ʚʥʫʪʨʝʥʥʝʛʦ [1] ʠ 

ʢʦʥʮʝʚʦʛʦ [2] ʢʦʥʪʘʢʪʥʳʭ ʂʂ-ʀʌʇ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ ʩ ʟʘʧʦʣʥʝʥʥʳʤ ʨʝ-
ʟʦʥʘʪʦʨʦʤ.  

 
ʈʠʩ. 1 ʀʣʣʶʩʪʨʘʪʠʚʥʦʝ ʠʟʦʙʨʘʞʝʥʠʝ ʚʥʫʪʨʝʥʥʝʛʦ ʢʦʥʪʘʢʪʥʦʛʦ ʂʂ-ʀʌʇ 

 

 
ʈʠʩ. 2 ʀʣʣʶʩʪʨʘʪʠʚʥʦʝ ʠʟʦʙʨʘʞʝʥʠʝ ʢʦʥʮʝʚʦʛʦ ʢʦʥʪʘʢʪʥʦʛʦ ʂʂ-ʀʌʇ 
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ɺʦ ʚʥʫʪʨʝʥʥʝʤ ʢʦʥʪʘʢʪʥʦʤ ʂʂ-ʀʌʇ ʠʩʧʦʣʴʟʦʚʘʥ ʤʝʪʘʣʣʦʢʝʨʘʤʠ-
ʯʝʩʢʠʡ ʢʦʘʢʩʠʘʣʴʥʳʡ ʢʘʙʝʣʴ ʩ ʟʘʧʦʣʥʝʥʠʝʤ ʦʢʩʠʜʦʤ ʘʣʶʤʠʥʠʷ ʠ ʪʝʬʣʦ-
ʥʦʚʳʤʠ ʦʪʨʘʞʘʪʝʣʷʤʠ. ɽʛʦ ʨʝʟʦʥʘʥʩʥʘʷ ʯʘʩʪʦʪʘ, ʦʧʨʝʜʝʣʷʶʱʘʷ ʜʠʵʣʝʢ-

ʪʨʠʯʝʩʢʫʶ ʧʨʦʥʠʮʘʝʤʦʩʪʴ ʞʠʜʢʦʩʪʠ er, ʧʨʠ ʩʢʘʥʠʨʦʚʘʥʠʠ ʦʧʨʝʜʝʣʷʣʘʩʴ ʚ 
ʜʠʘʧʘʟʦʥʝ ʦʪ 0,1 ʜʦ 6 ɻɻʮ, ʘ ʘʤʧʣʠʪʫʜʘ ʦʪʢʣʠʢʘ ʢʘʣʠʙʨʦʚʘʣʘʩʴ ʧʦ ʜʠɻ ʣʝʢ-
ʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʩʫʭʦʛʦ ʚʦʟʜʫʭʘ. ʇʦʩʢʦʣʴʢʫ ʧʨʠ ʠʟʤʝʥʝʥʠʠ 
ʪʝʤʧʝʨʘʪʫʨʳ ʜʠʵʣʝʢʪʨʠʯʝʩʢʘʷ ʧʨʦʥʠʮʘʝʤʦʩʪʴ ʩʫʭʦʛʦ ʚʦʟʜʫʭʘ ʠʟʤʝʥʷʝʪʩʷ 

ʥʝʟʥʘʯʠʪʝʣʴʥʦ (10
-4
), ʪʦ ʧʦʛʨʝʰʥʦʩʪʴ ʝʝ ʠʟʤʝʨʝʥʠʷ ʚ ʜʠʘʧʘʟʦʥʝ ʪʝʤʧʝʨʘ-

ʪʫʨ 20-50 ̄ ʉ ʩʦʩʪʘʚʣʷʝʪ 10
-2

 ʠ ʦʧʨʝʜʝʣʷʝʪʩʷ ʨʘʩʩʪʦʷʥʠʝʤ d, ʘ ʪʘʢʞʝ ʧʨʠ-
ʙʦʨʥʦʡ ʧʦʛʨʝʰʥʦʩʪʴʶ ʚʝʢʪʦʨʥʦʛʦ ʘʥʘʣʠʟʘʪʦʨʘ ʮʝʧʝʡ [1]. 

ɺ ʢʦʥʮʝʚʦʤ ʢʦʥʪʘʢʪʥʦʤ ʂʂ-ʀʌʇ [2] ʠʩʧʦʣʴʟʦʚʘʥ ʢʦʘʢʩʠʘʣʴʥʳʡ 
ʢʘʙʝʣʴ ʩ ʚʦʟʜʫʰʥʳʤ ʟʘʧʦʣʥʝʥʠʝʤ ʠ ʜʚʫʤʷ ʦʪʨʘʞʘʪʝʣʷʤʠ, ʧʝʨʚʳʡ ʠʟ ʢʦ-
ʪʦʨʳʭ ʩʬʦʨʤʠʨʦʚʘʥ ʧʝʨʝʭʦʜʦʤ çʚʦʟʜʫʭ-ʞʠʜʢʦʩʪʴè, ʘ ʚʪʦʨʦʡ ʟʘʢʦʨʘʯʠʚʘ-
ʶʱʠʤ ʤʝʪʘʣʣʠʯʝʩʢʠʤ ʜʠʩʢʦʤ. ʈʝʟʦʥʘʥʩʥʘʷ ʯʘʩʪʦʪʘ ɺʂʂ-ʀʌʇ ʧʨʠ ʩʢʘ-
ʥʠʨʦʚʘʥʠʠ ʦʧʨʝʜʝʣʷʣʘʩʴ ʚ ʜʠʘʧʘʟʦʥʝ ʦʪ 0,01 ʜʦ 1,2 ɻɻʮ, ʘ ʘʤʧʣʠʪʫʜʘ ʦʪ-
ʢʣʠʢʘ ʪʘʢʞʝ ʢʘʣʠʙʨʦʚʘʣʘʩʴ ʧʦ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʩʫʭʦʛʦ 

ʚʦʟʜʫʭʘ. ʇʦʛʨʝʰʥʦʩʪʴ ʝʝ ʠʟʤʝʨʝʥʠʷ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 20°1 ʉ̄ ʩʦʩʪʘʚʠʣʘ 

10
-4
, ʧʨʠ ʵʪʦʤ ʪʝʤʧʝʨʘʪʫʨʥʳʡ ʨʝʞʠʤ ʚʳʜʝʨʞʠʚʘʣʩʷ ʩ ʧʦʛʨʝʰʥʦʩʪʴʶ ʚ 

0,01 ̄ʉ [2] ʠ ʝʛʦ ʚʣʠʷʥʠʝ ʥʘ ʧʦʛʨʝʰʥʦʩʪʴ ʠʟʤʝʨʝʥʠʷ ʥʝ ʫʯʠʪʳʚʘʣʘʩʴ. 
ʇʨʠ ʫʩʣʦʚʠʠ ʟʘʧʦʣʥʝʥʠʷ ʪʝʩʪʠʨʫʝʤʦʡ ʞʠʜʢʦʩʪʴʶ ʚʩʝʛʦ ʨʝʟʦʥʘʪʦʨʘ 

ʬʘʟʦʚʘʷ ʟʘʜʝʨʞʢʘ ŭ ʤʝʞʜʫ ʜʚʫʤʷ ʦʪʨʘʞʝʥʥʳʤʠ ʚʦʣʥʘʤʠ ʦʧʨʝʜʝʣʷʝʪʩʷ 
ʬʦʨʤʫʣʦʡ [3]: 

 

4 .
r

fd cd= p e                                              (1) 

 

ʂʦʛʜʘ ʬʘʟʦʚʘʷ ʟʘʜʝʨʞʢʘ ŭ ʨʘʚʥʘ 2ḿ  (m - ʮʝʣʦʝ ʯʠʩʣʦ, ʪ.ʝ. 1, 2, 3, 
...), ʚ ʩʧʝʢʪʨʘʣʴʥʦʡ ʦʙʣʘʩʪʠ ʤʦʞʥʦ ʧʦʣʫʯʠʪʴ ʨʝʟʦʥʘʥʩʥʫʶ ʢʘʨʪʠʥʫ. ʈʝʟʦ-
ʥʘʥʩʥʘʷ ʯʘʩʪʦʪʘ fres ʚ ʩʧʝʢʪʨʝ ʦʪʨʘʞʝʥʠʷ ʤʦʞʝʪ ʙʳʪʴ ʟʘʧʠʩʘʥʘ ʢʘʢ ʨʘʩʩʪʦ-
ʷʥʠʝ ʤʝʞʜʫ ʜʚʫʤʷ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʳʤʠ ʤʠʥʠʤʫʤʘʤʠ ʩʧʝʢʪʨʘ, ʦʧʨʝʜʝʣʷʝ-
ʤʦʝ ʢʘʢ ʩʚʦʙʦʜʥʳʡ ʩʧʝʢʪʨʘʣʴʥʳʡ ʜʠʘʧʘʟʦʥ FSR, ʢʦʪʦʨʳʡ ʚʳʨʘʞʘʝʪʩʷ ʢʘʢ 

 

2 .
r

FSR c d= e                                            (2) 

 
ʂʦʛʜʘ ʩʧʝʢʪʨ ʩʤʝʱʘʝʪʩʷ ʠʟ-ʟʘ ʠʟʤʝʥʝʥʠʷ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʦʩʪʦ-

ʷʥʥʦʡ ʞʠʜʢʦʡ ʩʨʝʜʳ, ʟʘʧʦʣʥʠʚʰʝʡ ʦʪʚʝʨʩʪʠʷ ʦʪʨʘʞʘʪʝʣʝʡ, ʩʜʚʠʛ ʨʝʟʦ-
ʥʘʥʩʥʦʡ ʯʘʩʪʦʪʳ ʤʦʞʝʪ ʙʳʪʴ ʨʘʩʩʯʠʪʘʥ ʧʦ ʬʦʨʤʫʣʝ: 

 
3/2

2 4 .
res res r r r r

f f mc dD =- De e =- De e                   (3) 

 
ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʠʟʤʝʥʝʥʠʝ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʦʩʪʦʷʥʥʦʡ ʞʠʜʢʦʡ 

ʩʨʝʜʳ ʚ ʦʪʚʝʨʩʪʠʠ ʦʪʨʘʞʘʪʝʣʷ ʤʦʞʝʪ ʙʳʪʴ ʦʧʨʝʜʝʣʝʥʦ ʧʫʪʝʤ ʤʦʥʠʪʦʨʠʥ-
ʛʘ ʩʜʚʠʛʘ ʨʝʟʦʥʘʥʩʥʦʡ ʯʘʩʪʦʪʳ ʧʨʠ ʬʠʢʩʠʨʦʚʘʥʥʦʡ ʜʣʠʥʝ ʨʝʟʦʥʘʪʦʨʘ d.  

ʀʟ (3) ʚʠʜʥʦ, ʯʪʦ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴ ʠʟʤʝʨʝʥʠʷ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʦ-

ʩʪʦʷʥʥʦʡ ʞʠʜʢʦʩʪʠ æf/æŮr ʜʣʷ ʂʂ-ʀʌʇ ʩʦʩʪʘʚʣʷʝʪ , ʯʪʦ 
3/2

4
r r

mc d- De e
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ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʦ ʯʠʩʣʫ m (ʥʦʤʝʨ ʛʘʨʤʦʥʠʢʠ) ʠ ʦʙʨʘʪʥʦ ʧʨʦʧʦʨʮʠʦʥʘʣʴ-
ʥʦ ʬʠʟʠʯʝʩʢʦʡ ʜʣʠʥʝ ʤʝʞʜʫ ʦʪʨʘʞʘʪʝʣʷʤʠ d ʠ ʘʙʩʦʣʶʪʥʦʡ ʜʠʵʣʝʢʪʨʠʯʝ-
ʩʢʦʡ ʧʦʩʪʦʷʥʥʦʡ ʘʥʘʣʠʟʠʨʫʝʤʦʛʦ ʞʠʜʢʦʛʦ ʚʝʱʝʩʪʚʘ Ůr. ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, 
ʯʪʦ (3) ʠʩʧʦʣʴʟʫʝʪʩʷ ʜʣʷ ʠʟʤʝʨʝʥʠʷ ʠʟʤʝʥʝʥʠʷ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʦʩʪʦʷʥ-
ʥʦʡ æŮr, ʘ ʥʝ ʝʝ ʘʙʩʦʣʶʪʥʦʛʦ ʟʥʘʯʝʥʠʷ Ůr. ʏʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴ ʠʟʤʝʨʝʥʠʷ 
ʠʟʤʝʥʝʥʠʷ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʦʩʪʦʷʥʥʦʡ ʤʦʞʥʦ ʩʯʠʪʘʪʴ ʣʠʥʝʡʥʦʡ, ʝʩʣʠ 
ʠʟʤʝʥʝʥʠʝ ʤʘʣʦ. 

ɼʣʷ ʠʟʤʝʨʝʥʠʷ ʘʙʩʦʣʶʪʥʦʛʦ ʟʥʘʯʝʥʠʷ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʦʩʪʦʷʥʥʦʡ 
ʞʠʜʢʦʩʪʠ ʠʩʧʦʣʴʟʫʝʪʩʷ (2) ʧʫʪʝʤ ʧʦʣʫʯʝʥʠʷ FSR ʠʟ ʟʘʧʠʩʘʥʥʦʛʦ ʩʧʝʢʪʨʘ 
ʦʪʨʘʞʝʥʠʷ, ʛʜʝ ʬʠʟʠʯʝʩʢʘʷ ʜʣʠʥʘ ʤʝʞʜʫ ʦʪʨʘʞʘʪʝʣʷʤʠ d ʠ ʩʢʦʨʦʩʪʴ ʩʚʝʪʘ 
ʚ ʚʘʢʫʫʤʝ c ̫ ʚʣʷʶʪʩʷ ʤʘʪʝʤʘʪʠʯʝʩʢʠʤʠ ʢʦʥʩʪʘʥʪʘʤʠ.  

ʂʦʛʜʘ ʪʝʤʧʝʨʘʪʫʨʘ ʦʢʨʫʞʘʶʱʝʡ ʩʨʝʜʳ ʚʦʢʨʫʛ ʢʘʙʝʣʷ ʫʚʝʣʠʯʠʚʘʝʪ-
ʩʷ ʥʘ ȹT, ʢʘʢ ʜʠʵʣʝʢʪʨʠʯʝʩʢʘʷ ʧʦʩʪʦʷʥʥʘʷ Ůr, ʪʘʢ ʠ ʜʣʠʥʘ d ʠʟʤʝʥʷʶʪʩʷ ʥʘ 

DŮr ʠ Dd ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ 
 

;  ,
CTE r r TCK

d d T TD =a D De e =a D                       (4) 

 

ʛʜʝ aCTE ʠ aTCK - ʪʝʤʧʝʨʘʪʫʨʥʳʝ ʢʦʵʬʬʠʮʠʝʥʪʳ ʪʝʧʣʦʚʦʛʦ ʨʘʩʰʠʨʝʥʠʷ ʠ 
ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʦʩʪʦʷʥʥʦʡ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʆʙʲʝʜʠʥʠʚ ʵʪʠ ʜʚʘ ʬʘʢʪʦ-
ʨʘ, ʦʪʥʦʩʠʪʝʣʴʥʳʡ ʩʜʚʠʛ ʨʝʟʦʥʘʥʩʥʦʡ ʯʘʩʪʦʪʳ ʤʦʞʥʦ ʧʝʨʝʧʠʩʘʪʴ ʩʣʝʜʫ-
ʶʱʠʤ ʦʙʨʘʟʦʤ: 
 

( )/ 2 .
res res CTE TCK

f f TD = a +a D                                  (5) 

 
ʇʨʠʚʝʜʝʥʥʦʝ ʚʳʰʝ ʫʨʘʚʥʝʥʠʝ ʧʦʢʘʟʳʚʘʝʪ, ʯʪʦ ʢʘʢ ʪʝʧʣʦʚʦʝ ʨʘʩʰʠ-

ʨʝʥʠʝ, ʪʘʢ ʠ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʡ ʪʝʧʣʦʚʦʡ ʵʬʬʝʢʪ ʤʦʛʫʪ ʚʥʦʩʠʪʴ ʚʢʣʘʜ ʚ ʦʪ-
ʥʦʩʠʪʝʣʴʥʳʡ ʩʜʚʠʛ ʨʝʟʦʥʘʥʩʥʦʡ ʯʘʩʪʦʪʳ.  

ʕʪʘ ʦʰʠʙʢʘ ʤʦʞʝʪ ʧʨʠʚʝʩʪʠ ʢ ʪʝʤʧʝʨʘʪʫʨʥʳʤ ʧʝʨʝʢʨʝʩʪʥʳʤ ʧʦʤʝ-
ʭʘʤ ʚ ʂʂ-ʀʌʇ ʠ ʧʦʚʣʠʷʪʴ ʥʘ ʪʦʯʥʦʩʪʴ ʝʛʦ ʠʟʤʝʨʝʥʠʷ. ʇʨʠ ʵʪʦʤ, ʝʩʣʠ Peff 

ʨʘʚʝʥ ʥʫʣʶ, ʘ aCTE ʠ aTCK ʨʘʚʥʳ 120³10
-6 
ÁC
-1

 ʠ 100³10
-6 
ÁC
-1

 ʩʦʦʪʚʝʪ-
ʩʪʚʝʥʥʦ, ʠʟʤʝʥʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ ʥʘ 0,1 ÁC ʤʦʞʝʪ ʧʨʠʚʝʩʪʠ ʢ ʵʢʚʠʚʘʣʝʥʪ-

ʥʦʤʫ ʠʟʤʝʥʝʥʠʶ ʜʝʬʦʨʤʘʮʠʠ ʥʘ 170 me. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʜʘʞʝ ʧʦʩʣʝ ʢʘ-
ʣʠʙʨʦʚʢʠ ʧʨʘʢʪʠʯʝʩʢʠʭ ʂʂ-ʀʌʇ, ʥʝʠʟʙʝʞʥʦ ʙʫʜʝʪ ʧʨʠʩʫʪʩʪʚʦʚʘʪʴ ʩʣʫ-
ʯʘʡʥʘʷ ʦʰʠʙʢʘ ʦʧʨʝʜʝʣʝʥʠʷ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʠʣʠ ʦʛʨʘ-
ʥʠʯʝʥʠʝ ʧʦ ʢʦʥʝʯʥʦʡ ʪʦʯʥʦʩʪʠ. ɺ ʵʪʦʤ ʩʣʫʯʘʝ ʩʦʙʩʪʚʝʥʥʘʷ ʪʦʯʥʦʩʪʴ ʂʂ-
ʀʌʇ ʧʦʜʘʚʣʷʝʪʩʷ ʪʝʤʧʝʨʘʪʫʨʥʳʤʠ ʧʦʤʝʭʘʤʠ. ʇʦʵʪʦʤʫ ʜʣʷ ʫʤʝʥʴʰʝʥʠʷ 
ʠ ʫʩʪʨʘʥʝʥʠʷ ʪʝʤʧʝʨʘʪʫʨʥʳʭ ʧʦʤʝʭ ʵʬʬʝʢʪʠʚʥʳʡ ʢʦʵʬʬʠʮʠʝʥʪ ʪʝʧʣʦʚʦ-

ʛʦ ʨʘʩʰʠʨʝʥʠʷ, ʚʢʣʶʯʘʶʱʠʡ ʠ aCTE, ʠ aTCK ʜʦʣʞʝʥ ʙʳʪʴ ʜʦʩʪʘʪʦʯʥʦ ʥʠʟ-
ʢʠʤ.  

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʨʠ ʧʨʦʝʢʪʠʨʦʚʘʥʠʠ ʂʂ-ʀʌʇ ʥʝʦʙʭʦʜʠʤʦ ʠʩʢʣʶ-
ʯʠʪʴ ʚʣʠʷʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ ʟʘ ʩʯʝʪ ʧʨʠʤʝʥʝʥʠʷ ʩʧʝʮʠʘʣʴʥʳʭ ʥʘʧʦʣʥʠʪʝ-
ʣʝʡ ʚ ʢʦʘʢʩʠʘʣʴʥʳʭ ʢʘʙʝʣʷʭ ʠʣʠ ʤʝʪʦʜʦʚ, ʧʨʠʤʝʥʷʝʤʳʭ ʚ ʚʦʣʦʢʦʥʥʳʭ 
ʪʝʭʥʦʣʦʛʠʷʭ. 
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ʇʦ ʘʥʘʣʦʛʠʠ ʩ ʚʦʣʦʢʦʥʥʳʤʠ ʪʝʭʥʦʣʦʛʠʷʤʠ [4-6] ʜʣʷ ʧʦʚʳʰʝʥʠʷ 
ʪʦʯʥʦʩʪʠ ʠʟʤʝʨʝʥʠʡ ʤʦʞʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ: 

- ʵʪʘʣʦʥʥʳʡ ʂʂ-ʀʌʇ ʥʘʨʷʜʫ ʩ ʂʂ-ʀʌʇ, ʢʦʥʪʨʦʣʠʨʫʶʱʠʤ ʜʝʬʦʨ-
ʤʘʮʠʶ, ʠʣʠ ʂʂɹʉ ʜʣʷ ʢʦʤʧʝʥʩʘʮʠʠ ʪʝʤʧʝʨʘʪʫʨʳ;  

- ʤʝʪʦʜ ʜʚʫʭ ʚʦʣʦʢʦʥ, ʧʦʟʚʦʣʷʶʱʠʡ ʦʜʥʦʚʨʝʤʝʥʥʦ ʢʦʥʪʨʦʣʠʨʦʚʘʪʴ 
ʢʘʢ ʜʝʬʦʨʤʘʮʠʶ, ʪʘʢ ʠ ʪʝʤʧʝʨʘʪʫʨʫ, ʣʠʙʦ ʦʜʠʥ ʠʟ ʬʘʢʪʦʨʦʚ ʜʣʷ ʢʦʤʧʝʥ-
ʩʘʮʠʠ ʚʥʦʩʠʤʳʭ ʠʤʠ ʧʦʛʨʝʰʥʦʩʪʝʡ ʠʟʤʝʨʝʥʠʡ;  

- ʂʂ-ʀʌʇ ʢʦʤʙʠʥʠʨʦʚʘʥʥʳʡ ʩ ʚʦʣʦʢʦʥʥʳʤʠ ʀʌʇ, ɺɹʈ ʠʣʠ ʘʜ-
ʨʝʩʥʳʤʠ ʚʦʣʦʢʦʥʥʳʤʠ ʙʨʵʛʛʦʚʩʢʠʤʠ ʩʪʨʫʢʪʫʨʘʤʠ ʩ ʨʘʜʠʦʬʦʪʦʥʥʳʤ 
ʦʧʨʦʩʦʤ [7-9] ʜʣʷ ʨʝʰʝʥʠʷ ʟʘʜʘʯ ʢʦʤʧʝʥʩʘʮʠʠ. 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʟʘ ʩʯʝʪ ʧʨʝʜʦʩʪʘʚʣʝʥʥʦʛʦ ʚ 2025 ʛʦʜʫ ʌʦʥʜʦʤ 
ʥʘʫʢʠ ʠ ʪʝʭʥʦʣʦʛʠʡ ʈʝʩʧʫʙʣʠʢʠ ʊʘʪʘʨʩʪʘʥ ʛʨʘʥʪʘ ʥʘ ʦʩʫʱʝʩʪʚʣʝʥʠʝ 
ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʭ ʠ ʧʦʠʩʢʦʚʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʚ ʥʘʫʯʥʳʭ ʠ ʦʙʨʘʟʦʚʘʪʝʣʴ-
ʥʳʭ ʦʨʛʘʥʠʟʘʮʠʷʭ, ʧʨʝʜʧʨʠʷʪʠʷʭ ʠ ʦʨʛʘʥʠʟʘʮʠʷʭ ʨʝʘʣʴʥʦʛʦ ʩʝʢʪʦʨʘ ʵʢʦ-
ʥʦʤʠʢʠ ʈʝʩʧʫʙʣʠʢʠ ʊʘʪʘʨʩʪʘʥ. 
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ɸʥʥʦʪʘʮʠʷ:ʇʨʦʚʝʜʝʥʳ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʠ ʪʝʦʨʝʪʠʯʝʩʢʠʝ ʠʩʩʣʝʜʦʚʘʥʠʷ 
ʦʧʪʠʯʝʩʢʠʭ ʪʨʘʥʩʧʦʨʪʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʢʦʤʧʦʟʠʪʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʥʘ ʦʩʥʦʚʝ 
ʧʣʦʪʥʦʫʧʘʢʦʚʘʥʥʳʭ ʧʦʣʠʜʠʩʧʝʨʩʥʳʭ ʯʘʩʪʠʮ ʧʨʠʨʦʜʥʦʛʦ ʛʠʜʨʦʢʩʠʘʧʘʪʠʪʘ. ʇʦʢʘ-
ʟʘʥʦ, ʯʪʦ ʚʳʩʦʢʠʝ ʟʥʘʯʝʥʠʷ ʢʦʵʬʬʠʮʠʝʥʪʘ ʜʠʬʬʫʟʥʦʛʦ ʦʪʨʘʞʝʥʠʷ ʠʩʩʣʝʜʫʝʤʳʭ 
ʢʦʤʧʦʟʠʪʦʚ ʚ ʩʧʝʢʪʨʘʣʴʥʦʤ ʠʥʪʝʨʚʘʣʝ 300-1100 ʥʤ ʦʙʫʩʣʦʚʣʝʥʳ ʤʘʣʳʤʠ ʚʝʣʠʯʠ-
ʥʘʤʠ ʦʪʥʦʰʝʥʠʷ ʪʨʘʥʩʧʦʨʪʥʦʡ ʜʣʠʥʳ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʠʟʣʫʯʝʥʠʷ ʚ ʤʘʪʝʨʠʘʣʝ ʢ 
ʪʦʣʱʠʥʝ ʩʣʦʝʚ ʢʦʤʧʦʟʠʪʦʚ ʚ ʦʪʩʫʪʩʪʚʠʝ ʧʦʛʣʦʱʝʥʠʷ. ʊʝʦʨʝʪʠʯʝʩʢʘʷ ʠʥʪʝʨʧʨʝʪʘ-
ʮʠʷ ʧʦʣʫʯʝʥʥʳʭ ʜʘʥʥʳʭ ʦʩʫʱʝʩʪʚʣʝʥʘ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʦʜʝʣʠ ʵʬʬʝʢʪʠʚʥʦʡ 
ʩʨʝʜʳ ʚ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʦʤ ʧʨʠʙʣʠʞʝʥʠʠ ʢʦʛʝʨʝʥʪʥʦʛʦ ʧʦʪʝʥʮʠʘʣʘ.  

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʛʠʜʨʦʢʩʠʘʧʘʪʠʪ, ʯʘʩʪʠʮʳ, ʧʝʨʝʥʦʩ ʠʟʣʫʯʝʥʠʷ, ʜʠʬʬʫʟ-
ʥʦʝ ʦʪʨʘʞʝʥʠʝ, ʪʝʦʨʠʷ ʵʬʬʝʢʪʠʚʥʦʡ ʩʨʝʜʳ.  

 
ʇʨʠʨʦʜʥʳʡ ʛʠʜʨʦʢʩʠʘʧʘʪʠʪ (ɻɸ, Ca (PO ) (OH) ) ï ʙʠʦʩʦʚʤʝ-

ʩʪʠʤʳʡ, ʥʝʪʦʢʩʠʯʥʳʡ ʠ ʚʦʜʦʥʝʨʘʩʪʚʦʨʠʤʳʡ ʤʘʪʝʨʠʘʣ, ʧʨʝʜʩʪʘʚʣʷʶ-
ʱʠʡ ʠʥʪʝʨʝʩ ʜʣʷ ʨʷʜʘ ʧʨʠʣʦʞʝʥʠʡ. ɺ ʤʝʜʠʮʠʥʝ ʝʛʦ ʠʩʧʦʣʴʟʫʶʪ ʚ ʩʪʦ-
ʤʘʪʦʣʦʛʠʠ ʠ ʠʤʧʣʘʥʪʦʣʦʛʠʠ. ʅʘʥʦʯʘʩʪʠʮʳ ɻɸ ʨʘʩʩʤʘʪʨʠʚʘʶʪʩʷ ʢʘʢ 
ʧʝʨʩʧʝʢʪʠʚʥʘʷ ʧʣʘʪʬʦʨʤʘ ʜʣʷ ʘʜʨʝʩʥʦʡ ʜʦʩʪʘʚʢʠ ʣʝʢʘʨʩʪʚ, ʤʘʛʥʠʪʥʦ-
ʨʝʟʦʥʘʥʩʥʳʭ ʧʨʠʣʦʞʝʥʠʡ, ʠ ʛʠʧʝʨʪʝʨʤʠʯʝʩʢʦʡ ʪʝʨʘʧʠʠ ʦʧʫʭʦʣʝʡ. 
ɹʣʘʛʦʜʘʨʷ ʩʪʨʫʢʪʫʨʝ ɻɸ, ʜʦʧʫʩʢʘʶʱʝʡ ʠʟʦʤʦʨʬʥʦʝ ʟʘʤʝʱʝʥʠʝ, ʤʘʪʝ-
ʨʠʘʣʫ ʤʦʞʥʦ ʧʨʠʜʘʚʘʪʴ ʨʘʟʥʦʦʙʨʘʟʥʳʝ ʬʫʥʢʮʠʦʥʘʣʴʥʳʝ ʩʚʦʡʩʪʚʘ ʜʣʷ 
ʨʝʰʝʥʠʷ ʟʘʜʘʯ ʙʠʦʚʠʟʫʘʣʠʟʘʮʠʠ, ʵʥʝʨʛʝʪʠʢʠ ʠʣʠ ʢʘʪʘʣʠʪʠʯʝʩʢʠʭ ʧʨʠ-
ʤʝʥʝʥʠʡ. ʌʫʥʢʮʠʦʥʘʣʴʥʳʡ ʧʦʪʝʥʮʠʘʣ ɻɸ ʦʧʨʝʜʝʣʷʝʪʩʷ ʥʝ ʪʦʣʴʢʦ 
ʚʦʟʤʦʞʥʦʩʪʴʶ ʝʛʦ ʭʠʤʠʯʝʩʢʦʡ ʤʦʜʠʬʠʢʘʮʠʠ, ʥʦ ʠ ʩʦʙʩʪʚʝʥʥʳʤʠ ʬʠ-
ʟʠʯʝʩʢʠʤʠ ʩʚʦʡʩʪʚʘʤʠ, ʚ ʯʘʩʪʥʦʩʪʠ, ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʡ ɻɸ ʧʨʦʷʚ-
ʣʷʝʪ ʧʴʝʟʦ-, ʧʠʨʦ- ʠ ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ. 

ɺ ʢʦʥʪʝʢʩʪʝ ʦʧʪʠʯʝʩʢʠʭ ʧʨʠʤʝʥʝʥʠʡ ʧʨʝʜʩʪʘʚʣʷʝʪ ʠʥʪʝʨʝʩ ʦʪ-
ʥʦʩʠʪʝʣʴʥʦ ʥʠʟʢʠʡ ʧʦʢʘʟʘʪʝʣʴ ʧʨʝʣʦʤʣʝʥʠʷ ɻɸ (~1,64) ʧʨʠ ʦʪʩʫʪ-
ʩʪʚʠʠ ʧʦʛʣʦʱʝʥʠʷ ʚ ʙʣʠʞʥʝʡ ʀʂ, ʚʠʜʠʤʦʡ ʠ ʙʣʠʞʥʝʡ ʋʌ ʦʙʣʘʩʪʷʭ 

(ʚʧʣʦʪʴ ʜʦ º 250 ʥʤ) [1,2]. ʈʘʩʩʝʠʚʘʶʱʠʝ ʩʚʦʡʩʪʚʘ ʢʦʤʧʦʟʠʪʦʚ ʥʘ ʦʩ-
ʥʦʚʝ ɻɸ ʩʠʣʴʥʦ ʟʘʚʠʩʷʪ ʦʪ ʧʦʢʘʟʘʪʝʣʷ ʧʨʝʣʦʤʣʝʥʠʷ ʤʘʪʨʠʯʥʦʡ ʩʨʝʜʳ, 
ʯʪʦ ʦʪʢʨʳʚʘʝʪ ʧʝʨʩʧʝʢʪʠʚʳ ʜʣʷ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʚ ʫʧʨʘʚʣʷʝʤʳʭ ʬʦʪʦʥ-
ʥʳʭ ʩʠʩʪʝʤʘʭ.  
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ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ 
ʠʟʤʝʨʝʥʠʡ ʜʠʬʬʫʟʥʦʛʦ ʦʪʨʘʞʝʥʠʷ ʠ ʪʝʦʨʝʪʠʯʝʩʢʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ 
ʦʧʪʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʢʦʤʧʦʟʠʪʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʥʘ ʦʩʥʦʚʝ ʩʣʦʝʚ ʧʣʦʪʥʦ-
ʫʧʘʢʦʚʘʥʥʳʭ ʯʘʩʪʠʮ ʧʨʠʨʦʜʥʦʛʦ ɻɸ. 

ʆʙʨʘʟʮʳ ʜʠʩʧʝʨʩʥʦʛʦ ʙʠʦʛʝʥʥʦʛʦ ʛʠʜʨʦʢʩʠʘʧʘʪʠʪʘ ʧʦʣʫʯʘʣʠ ʠʟ 
ʢʦʩʪʥʦʛʦ ʤʘʪʝʨʠʘʣʘ (ʢʦʩʪʠ ʢʨʫʧʥʦʛʦ ʨʦʛʘʪʦʛʦ ʩʢʦʪʘ) ʤʝʪʦʜʦʤ ʙʳʩʪʨʦ-
ʛʦ ʧʠʨʦʣʠʟʘ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ (850 Ñ 30) ÁC ʚ ʪʝʯʝʥʠʝ 30 ʤʠʥ. ʇʦʣʫ-
ʯʝʥʥʳʡ ʤʘʪʝʨʠʘʣ ʠʟʤʝʣʴʯʘʣʠ ʥʘ ʨʦʪʦʨʥʦ-ʚʠʭʨʝʚʦʤ ʜʝʟʠʥʪʝʛʨʘʪʦʨʝ ʠ 
ʧʨʦʩʝʠʚʘʣʠ ʯʝʨʝʟ ʩʠʪʦ ʩ ʨʘʟʤʝʨʦʤ ʷʯʝʡʢʠ 40 ʤʢʤ. ʉʦʛʣʘʩʥʦ ʜʘʥʥʳʤ, 
ʧʦʣʫʯʝʥʥʳʤ ʩ ʧʦʤʦʱʴʶ ʣʘʟʝʨʥʦʡ ʜʠʬʨʘʢʪʦʤʝʪʨʠʠ, ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʘʛ-
ʨʝʛʘʪʦʚ ʧʦ ʨʘʟʤʝʨʘʤ ʦʧʠʩʳʚʘʝʪʩʷ ʣʦʛʥʦʨʤʘʣʴʥʦʡ ʬʫʥʢʮʠʝʡ ʩ ʤʦʜʘʣʴ-

ʥʳʤ ʟʥʘʯʝʥʠʝʤ dmod å 0,46 ʤʢʤ ʠ ʩʨʝʜʥʠʤ ἂdἃ å 0,67 ʤʢʤ. ʇʦʨʦʰʢʠ 
ʧʨʝʩʩʦʚʘʣʠ ʚ ʪʘʙʣʝʪʢʠ ʜʠʘʤʝʪʨʦʤ 13 ʤʤ ʠ ʪʦʣʱʠʥʦʡ (3 Ñ 0,2) ʤʤ ʧʨʠ 
ʜʘʚʣʝʥʠʠ 6,0 Ĭ 10  ʇʘ. ʆʙʲʸʤʥʘʷ ʜʦʣʷ ɻɸ ʚ ʧʨʝʩʩʦʚʘʥʥʳʭ ʪʘʙʣʝʪʢʘʭ 
ʩʦʩʪʘʚʠʣʘ ʦʢʦʣʦ 0,64. 

ʉʧʝʢʪʨʳ ʜʠʬʬʫʟʥʦʛʦ ʦʪʨʘʞʝʥʠʷ Rd(ɚ ) ʨʝʛʠʩʪʨʠʨʦʚʘʣʠ ʚ ʜʠʘʧʘ-
ʟʦʥʝ 300ï1100 ʥʤ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʠʩʪʦʯʥʠʢʘ ʠʟʣʫʯʝʥʠʷ (DH-2000-
BAL, Ocean Optics), ʠʥʪʝʛʨʠʨʫʶʱʝʡ ʩʬʝʨʳ (IS236A-4, Thorlabs) ʠ 
ʩʧʝʢʪʨʦʤʝʪʨʘ (QE65000, Ocean Optics). ʂʘʣʠʙʨʦʚʢʫ ʩʠʩʪʝʤʳ ʧʨʦʚʦʜʠ-
ʣʠ ʧʦ ʵʪʘʣʦʥʫ ʜʠʬʬʫʟʥʦʛʦ ʦʪʨʘʞʝʥʠʷ WS-1-SL (Ocean Optics). ɼʣʷ 
ʢʘʞʜʦʛʦ ʠʟ ʧʷʪʠ ʦʙʨʘʟʮʦʚ ʚʳʧʦʣʥʷʣʠ ʧʦ ʧʷʪʴ ʠʟʤʝʨʝʥʠʡ. ʇʦʣʫʯʝʥʥʳʝ 
ʜʘʥʥʳʝ ʦʙʨʘʙʘʪʳʚʘʣʠ ʤʝʪʦʜʦʤ ʩʢʦʣʴʟʷʱʝʛʦ ʩʨʝʜʥʝʛʦ ʩ ʰʠʨʠʥʦʡ ʦʢʥʘ 
ʚ 21 ʦʪʩʯʝʪ ʩ ʧʦʩʣʝʜʫʶʱʠʤ ʫʩʨʝʜʥʝʥʠʝʤ ʧʦ ʚʩʝʤ ʨʝʘʣʠʟʘʮʠʷʤ. ʀʟʤʝ-
ʨʝʥʥʳʡ ʢʦʵʬʬʠʮʠʝʥʪ ʜʠʬʬʫʟʥʦʛʦ ʦʪʨʘʞʝʥʠʷ ʦʙʨʘʟʮʦʚ ʚ ʜʠʘʧʘʟʦʥʝ 

300ï1100 ʥʤ ʩʦʩʪʘʚʠʣ ʚ ʩʨʝʜʥʝʤ Ὑ πȟωψυ, ʯʪʦ ʩʦʧʦʩʪʘʚʠʤʦ ʩ ʦʪʨʘ-
ʞʘʪʝʣʴʥʦʡ ʩʧʦʩʦʙʥʦʩʪʴʶ ʵʪʘʣʦʥʦʚ ʜʠʬʬʫʟʥʦʛʦ ʦʪʨʘʞʝʥʠʷ ʥʘ ʦʩʥʦʚʝ 
SpectralonÈ (ʈʠʩ. 1.).  

 
ʈʠʩ. 1. ʉʧʝʢʪʨ ʜʠʬʬʫʟʥʦʛʦ ʦʪʨʘʞʝʥʠʷ ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʥʳʭ ʦʙʨʘʟʮʦʚ. ʇʫʥʢʪʠʨʥʘʷ 

ʣʠʥʠʷ ʧʦʢʘʟʳʚʘʝʪ ʩʨʝʜʥʝʝ ʟʥʘʯʝʥʠʝ Rd. 
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ɼʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʧʝʨʝʥʦʩʘ ʠʟʣʫʯʝʥʠʷ ʚ ʧʣʦʪʥʦʫʧʘʢʦʚʘʥʥʳʭ 
ʩʣʦʷʭ ɻɸ ʧʨʠʤʝʥʷʣʘʩʴ ʤʦʜʝʣʴ ʵʬʬʝʢʪʠʚʥʦʡ ʩʨʝʜʳ ʚ ʤʦʜʠʬʠʮʠʨʦʚʘʥ-
ʥʦʤ ʧʨʠʙʣʠʞʝʥʠʠ ʢʦʛʝʨʝʥʪʥʦʛʦ ʧʦʪʝʥʮʠʘʣʘ [3ï5]. ɺ ʨʘʤʢʘʭ ʜʘʥʥʦʛʦ 
ʧʦʜʭʦʜʘ ʦʧʨʝʜʝʣʷʶʪʩʷ ʟʥʘʯʝʥʠʷ ʜʝʡʩʪʚʠʪʝʣʴʥʦʡ ʠ ʤʥʠʤʦʡ ʯʘʩʪʝʡ 
ʢʦʤʧʣʝʢʩʥʦʛʦ ʧʦʢʘʟʘʪʝʣʷ ʧʨʝʣʦʤʣʝʥʠʷ ʤʦʜʝʣʴʥʦʡ ʵʬʬʝʢʪʠʚʥʦʡ ʩʨʝʜʳ 
nef,min ʠ kef,min (ʨʠʩ. 2). ʕʪʠ ʟʥʘʯʝʥʠʷ ʤʠʥʠʤʠʟʠʨʫʶʪ ʩʨʝʜʥʶʶ ʘʤʧʣʠʪʫ-
ʜʫ ʨʘʩʩʝʷʥʠʷ ʚʧʝʨʝʜ |f(0,0)| ʜʣʷ ʜʚʫʭ ʪʠʧʦʚ ʧʨʦʙʥʳʭ ʨʘʩʩʝʠʚʘʪʝʣʝʡ 
(ɻɸ ʨʘʩʩʝʠʚʘʶʱʘʷ ʯʘʩʪʠʮʘ ʚ ʚʦʟʜʫʰʥʦʡ ʦʙʦʣʦʯʢʝ ʠ ʨʘʩʩʝʠʚʘʪʝʣʴ, ʟʘ-
ʧʦʣʥʝʥʥʳʡ ʚʦʟʜʫʭʦʤ), ʧʦʛʨʫʞʘʝʤʳʭ ʚ ʤʦʜʝʣʴʥʫʶ ʩʨʝʜʫ. ʇʦ ʥʘʡʜʝʥ-
ʥʳʤ ʟʥʘʯʝʥʠʷʤ nef,min ʠ kef,min ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ [3ï5] ʦʧʨʝʜʝʣʷʶʪʩʷ ʟʥʘ-
ʯʝʥʠʷ ʜʣʠʥʳ ʨʘʩʩʝʷʥʠʷ ʠʟʣʫʯʝʥʠʷ, ʪʨʘʥʩʧʦʨʪʥʦʡ ʜʣʠʥʳ ʨʘʩʧʨʦʩʪʨʘ-
ʥʝʥʠʷ ʠʟʣʫʯʝʥʠʷ l* ʠ ʵʬʬʝʢʪʠʚʥʦʛʦ ʧʦʢʘʟʘʪʝʣʷ ʧʨʝʣʦʤʣʝʥʠʷ ʨʝʘʣʴʥʦʡ 
ʩʨʝʜʳ ʜʣʷ ʟʘʜʘʥʥʦʡ ʜʣʠʥʳ ʚʦʣʥʳ ʟʦʥʜʠʨʫʶʱʝʛʦ ʠʟʣʫʯʝʥʠʷ. ʀʩʧʦʣʴ-
ʟʦʚʘʥʥʘʷ ʚ ʨʘʩʯʸʪʘʭ ʜʠʩʧʝʨʩʠʦʥʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʧʦʢʘʟʘʪʝʣʷ ʧʨʝʣʦʤ-
ʣʝʥʠʷ ɻɸ n(ɚ ) ʙʳʣʘ ʚʦʩʩʪʘʥʦʚʣʝʥʘ ʠʟ ʪʝʦʨʝʪʠʯʝʩʢʠʭ ʜʘʥʥʳʭ [1] ʧʦ 
ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʬʫʥʢʮʠʠ ɻɸ ʚ ʦʧʪʠʯʝʩʢʦʤ ʜʠʘʧʘʟʦʥʝ. 
 

ʈʠʩ. 2. ʉʭʝʤʘ, ʠʣʣʶʩʪʨʠʨʫʶʱʘʷ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʵʬʬʝʢʪʠʚʥʦʡ ʩʨʝʜʳ ʩ ʠʩʧʦʣʴʟʦ-
ʚʘʥʠʝʤ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʦʛʦ ʧʨʠʙʣʠʞʝʥʠʷ ʢʦʛʝʨʝʥʪʥʦʛʦ ʧʦʪʝʥʮʠʘʣʘ. (a) ʨʝʘʣʴʥʘʷ 
ʩʣʫʯʘʡʥʦ-ʥʝʦʜʥʦʨʦʜʥʘʷ ʩʨʝʜʘ, ʩʦʩʪʦʷʱʘʷ ʠʟ ʥʝʧʦʛʣʦʱʘʶʱʠʭ ʯʘʩʪʠʮ ʚ ʥʝʧʦʛʣʦ-
ʱʘʶʱʝʡ ʤʘʪʨʠʮʝ; (ʙ) ʤʦʜʝʣʴ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦ-ʦʜʥʦʨʦʜʥʦʡ ʵʬʬʝʢʪʠʚʥʦʡ ʩʨʝʜʳ, ʩ 
ʥʝʥʫʣʝʚʳʤ ʧʦʛʣʦʱʝʥʠʝʤ ʠ ʥʝʠʟʚʝʩʪʥʳʤʠ ʟʥʘʯʝʥʠʷʤʠ nef, kef, ʠʤʠʪʠʨʫʶʱʝʡ ʟʘʪʫ-
ʭʘʥʠʝ ʨʘʩʧʨʦʩʪʨʘʥʷʶʱʝʛʦʩʷ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʛʦ ʠʟʣʫʯʝʥʠʷ, ʨʘʚʥʦʝ ʟʘʪʫʭʘʶ ʜʣʷ 
ʨʝʘʣʴʥʦʡ ʩʨʝʜʳ; (c) ʪʠʧʳ ʧʨʦʙʥʳʭ ʨʘʩʩʝʠʚʘʪʝʣʝʡ. 

 
ʇʨʠ ʜʠʬʬʫʟʥʦʤ ʦʩʚʝʱʝʥʠʠ ʩʣʦʷ ʥʝʧʦʛʣʦʱʘʶʱʝʡ ʩʨʝʜʳ ʪʦʣʱʠ-

ʥʦʡ L ʢʦʵʬʬʠʮʠʝʥʪ ʜʠʬʬʫʟʥʦʛʦ ʦʪʨʘʞʝʥʠʷ Rd ʦʧʨʝʜʝʣʷʝʪʩʷ ʩʦʦʪʥʦ-
ʰʝʥʠʝʤ Rd + Td = 1, ʛʜʝ Td ð ʢʦʵʬʬʠʮʠʝʥʪ ʜʠʬʬʫʟʥʦʛʦ ʧʨʦʧʫʩʢʘʥʠʷ. 
ɺ ʨʘʤʢʘʭ ʜʠʬʬʫʟʠʦʥʥʦʛʦ ʧʨʠʙʣʠʞʝʥʠʷ [6]: 

Ὕ
ρ ὤὰᶻ

ὒ ςὤὰz
ȟΠρ  
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ʛʜʝ ὤ ςρ 2 Ⱦσρ 2 , Rb ï ʢʦʵʬʬʠʮʠʝʥʪ ʦʪʨʘʞʝʥʠʷ ʛʨʘʥʠʮ 

ʩʣʦʷ. ʆʪʩʶʜʘ ʩʣʝʜʫʝʪ, ʯʪʦ Rd Ÿ 1 ʧʨʠ ʫʩʣʦʚʠʠ l*  Ḻ L. ɺʝʨʭʥʷʷ ʦʮʝʥʢʘ 
ʟʥʘʯʝʥʠʷ l* ʜʣʷ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʦʙʨʘʟʮʦʚ ʩʦʩʪʘʚʠʣʘ ʧʨʠʙʣʠʟʠ-
ʪʝʣʴʥʦ 13 ʤʢʤ. 

ʄʦʜʝʣʠʨʦʚʘʥʠʝ ʧʦʢʘʟʘʣʦ, ʯʪʦ ʩʧʝʢʪʨʘʣʴʥʦ-ʦʜʥʦʨʦʜʥʳʝ ʚʳʩʦʢʦʝ 
ʟʥʘʯʝʥʠʝ Rd ʜʦʩʪʠʛʘʝʪʩʷ ʧʨʠ ʩʨʝʜʥʝʤ ʨʘʜʠʫʩʝ ʨʘʩʩʝʠʚʘʶʱʠʭ ʯʘʩʪʠʮ 

Rc Ó 300 ʥʤ: ʧʨʠ ʦʙʲʝʤʥʦʡ ʜʦʣʝ ʯʘʩʪʠʮ ʚ ʩʣʦʝ  fp º 0,65 ʪʨʘʥʩʧʦʨʪʥʘʷ 
ʜʣʠʥʘ ʩʣʘʙʦ ʟʘʚʠʩʠʪ ʦʪ ʜʣʠʥʳ ʚʦʣʥʳ ʠ ʥʘʭʦʜʠʪʩʷ ʚ ʜʠʘʧʘʟʦʥʝ ʦʪ 1 ʜʦ 
10 ʤʢʤ (ʈʠʩ. 3). ɺ ʪʦ ʞʝ ʚʨʝʤʷ, ʤʦʜʝʣʴʥʘʷ ʩʠʩʪʝʤʘ ʩ Rc = 50 ʥʤ ʜʝʤʦʥ-
ʩʪʨʠʨʫʝʪ ʚʳʨʘʞʝʥʥʳʡ ʨʦʩʪ l*  ʚ ʙʣʠʞʥʝʡ ʀʂ ʦʙʣʘʩʪʠ, ʯʪʦ ʜʦʣʞʥʦ ʙʳ-
ʣʦ ʙʳ ʧʨʠʚʦʜʠʪʴ ʢ ʧʨʦʚʘʣʫ ʜʠʬʬʫʟʥʦʛʦ ʦʪʨʘʞʝʥʠʷ ʚ ʜʣʠʥʥʦʚʦʣʥʦʚʦʡ 
ʦʙʣʘʩʪʠ. ʇʦʣʫʯʝʥʥʳʡ ʤʦʜʝʣʴʥʳʡ ʧʦʨʦʛ ʨʘʟʤʝʨʘ ʨʘʩʩʝʠʚʘʪʝʣʝʡ ʜʣʷ 
ʫʩʪʘʥʦʚʣʝʥʥʦʛʦ ʚ ʵʢʩʧʝʨʠʤʝʥʪʝ ʜʠʬʬʫʟʥʦʛʦ ʦʪʨʘʞʝʥʠʷ ʦʙʨʘʟʮʦʚ ʩʦ-
ʛʣʘʩʫʝʪʩʷ ʩ ʧʦʣʫʯʝʥʥʳʤ ʚ ʨʝʟʫʣʴʪʘʪʝ ʜʠʬʨʘʢʪʦʤʝʪʨʠʠ ʩʨʝʜʥʠʤ ʨʘʟʤʝ-

ʨʦʤ ɻɸ ʯʘʩʪʠʮ ἂdἃ å 0,67 ʤʢʤ, ʘ ʨʘʩʯʸʪʥʳʝ ʟʥʘʯʝʥʠʷ l*  ʥʝ ʧʨʦʪʠʚʦʨʝ-

ʯʘʪ ʥʝʟʘʚʠʩʠʤʦʡ ʚʝʨʭʥʝʡ ʦʮʝʥʢʝ l*  Ṃ 13 ʤʢʤ, ʩʣʝʜʫʶʱʝʡ ʠʟ ʜʠʬʬʫʟʠ-
ʦʥʥʦʛʦ ʧʨʠʙʣʠʞʝʥʠʷ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʠʩʧʦʣʴʟʫʝʤʦʝ ʜʣʷ ʦʮʝʥʢʠ ʦʧʪʠ-
ʯʝʩʢʠʭ ʪʨʘʥʩʧʦʨʪʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ɻɸ ʦʙʨʘʟʮʦʚ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʦʝ 
ʧʨʠʙʣʠʞʝʥʠʝ ʢʦʛʝʨʝʥʪʥʦʛʦ ʧʦʪʝʥʮʠʘʣʘ ʚ ʜʦʩʪʘʪʦʯʥʦʡ ʩʪʝʧʝʥʠ ʘʜʝʢ-
ʚʘʪʥʦ. 

 

ʈʠʩ. 3. ʄʦʜʝʣʴʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ l* ʜʣʷ ʜʠʩʧʝʨʩʥʳʭ ʩʨʝʜ, ʠʤʠʪʠʨʫʶʱʠʭ ɻɸ ʩʣʦʠ, 
ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʟʥʘʯʝʥʠʷʭ ʨʘʜʠʫʩʘ ʨʘʩʩʝʠʚʘʪʝʣʝʡ Rc, fp=0,65, nm (ʧʦʢʘʟʘʪʝʣʴ ʧʨʝ-
ʣʦʤʣʝʥʠʷ ʤʘʪʨʠʯʥʦʡ ʩʨʝʜʳ) = 1,0: 1 ð Rc = 50 ʥʤ, 2 ð Rc = 200 ʥʤ; 3 ð Rc = 400 
ʥʤ; 4 ð Rc = 800 ʥʤ. ʇʫʥʢʪʠʨʥʘʷ ʣʠʥʠʷ ï ʧʦʨʦʛʦʚʦʝ ʟʥʘʯʝʥʠʝ l*, ʩʦʦʪʚʝʪʩʪʚʫʶ-
ʱʝʝ Rd Ó 0,98. 
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ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʚʳʩʦʢʦʝ ʠ ʩʣʘʙʦ ʟʘʚʠʩʷʱʝʝ ʦʪ ʜʣʠʥʳ ʚʦʣʥʳ 
ʜʠʬʬʫʟʥʦʝ ʦʪʨʘʞʝʥʠʝ ʩʣʦʸʚ ʧʣʦʪʥʦʫʧʘʢʦʚʘʥʥʳʭ ɻɸ ʯʘʩʪʠʮ ʚ ʜʠʘʧʘ-
ʟʦʥʝ 300ï1100 ʥʤ ʦʙʲʷʩʥʷʝʪʩʷ ʤʘʣʳʤ ʟʥʘʯʝʥʠʝʤ ʪʨʘʥʩʧʦʨʪʥʦʡ ʜʣʠʥʳ 

ʩʣʦʝʚ (l* Ḻ L) ʥʘ ʚʩʸʤ ʠʩʩʣʝʜʦʚʘʥʥʦʤ ʠʥʪʝʨʚʘʣʝ ʜʣʠʥ ʚʦʣʥ. 
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ʏʀʉʃɽʅʅʆɽ ʄʆɼɽʃʀʈʆɺɸʅʀɽ ɼɺʋʄɽʈʅʆɻʆ ʌʆʊʆʅʅʆ-

ʂʈʀʉʊɸʃʃʀʏɽʉʂʆɻʆ ʈɽɿʆʅɸʊʆʈɸ ʉɺʏ ɼʀɸʇɸɿʆʅɸ 

 

ʀ.ʉ. ʆʞʦʛʠʥ
1
, ɸ.ɻ. ʈʦʞʥʸʚ

2
, ʅ.ʄ. ʈʳʩʢʠʥ

2
 

1
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ɸʥʥʦʪʘʮʠʷ: ɺʳʧʦʣʥʝʥʦ ʪʝʦʨʝʪʠʯʝʩʢʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ ʬʦʪʦʥʥʳʭ ʢʨʠʩʪʘʣʣʦʚ, 

ʚʢʣʶʯʘʷ ʘʥʘʣʠʟ ʤʝʭʘʥʠʟʤʦʚ ʬʦʨʤʠʨʦʚʘʥʠʷ ʟʘʧʨʝʱʸʥʥʳʭ ʟʦʥ ʠ ʜʝʬʝʢʪʥʳʭ ʤʦʜ, ʫʩʣʦ-
ʚʠʡ ʣʦʢʘʣʠʟʘʮʠʠ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʠ ʚʳʙʦʨʘ ʧʦʣʷʨʠʟʘʮʠʡ. ʇʨʦʚʝʜʝʥʦ ʯʠʩʣʝʥ-
ʥʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʜʚʫʤʝʨʥʳʭ ʩʪʨʫʢʪʫʨ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʘʢʝʪʦʚ MPB ʠ COMSOL ʩ 
ʧʝʨʩʧʝʢʪʠʚʦʡ ʧʝʨʝʭʦʜʘ ʢ ʪʨʸʭʤʝʨʥʳʤ ʤʦʜʝʣʷʤ. ʆʙʩʫʞʜʘʝʪʩʷ ʚʦʟʤʦʞʥʦʩʪʴ ʙʫʜʫʱʝʡ 
ʨʝʘʣʠʟʘʮʠʠ ʨʝʟʦʥʘʪʦʨʘ ʉɺʏ ʜʠʘʧʘʟʦʥʘ ʠ ʝʛʦ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʚʝʨʠʬʠʢʘʮʠʠ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʬʦʪʦʥʥʳʡ ʢʨʠʩʪʘʣʣ, ʜʝʬʝʢʪʥʳʝ ʩʪʨʫʢʪʫʨʳ, ʤʠʣʣʠʤʝʪʨʦʚʳʝ 
ʚʦʣʥʳ, ʟʘʧʨʝʱʸʥʥʘʷ ʟʦʥʘ, ʬʦʪʦʥʥʦ-ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʡ ʨʝʟʦʥʘʪʦʨ, ʣʦʢʘʣʠʟʘʮʠʷ ʵʣʝʢʪʨʦ-
ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ. 

 
ɸʢʪʫʘʣʴʥʦʩʪʴ ʨʘʙʦʪʳ ʦʧʨʝʜʝʣʷʝʪʩʷ ʥʝʦʙʭʦʜʠʤʦʩʪʴʶ ʨʘʟʨʘʙʦʪʢʠ 

ʤʝʪʦʜʦʚ ʠʟʤʝʨʝʥʠʷ ʵʣʝʢʪʨʦʜʠʥʘʤʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ ʤʘʪʝʨʠʘʣʦʚ, ʚ ʯʘʩʪ-
ʥʦʩʪʠ, ʢʦʤʧʣʝʢʩʥʦʡ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ, ʚ ʉɺʏ ʠ ʤʠʣʣʠ-
ʤʝʪʨʦʚʦʤ ʜʠʘʧʘʟʦʥʘʭ. ʂʣʘʩʩʠʯʝʩʢʠʝ ʤʝʪʦʜʳ, ʦʩʥʦʚʘʥʥʳʝ ʥʘ ʨʝʟʦʥʘʥʩʥʳʭ 
ʷʚʣʝʥʠʷʭ ʚ ʦʙʲʸʤʥʳʭ ʠ ʚʦʣʥʦʚʦʜʥʳʭ ʩʪʨʫʢʪʫʨʘʭ, ʠʤʝʶʪ ʨʷʜ ʦʛʨʘʥʠʯʝ-
ʥʠʡ, ʩʚʷʟʘʥʥʳʭ ʩ ʬʠʢʩʠʨʦʚʘʥʥʦʡ ʛʝʦʤʝʪʨʠʝʡ, ʥʝʜʦʩʪʘʪʦʯʥʦʡ ʣʦʢʘʣʠʟʘʮʠ-
ʝʡ ʧʦʣʷ ʠ ʩʣʦʞʥʦʩʪʴʶ ʤʘʩʰʪʘʙʠʨʦʚʘʥʠʷ ʧʦʜ ʪʨʝʙʫʝʤʳʡ ʯʘʩʪʦʪʥʳʡ ʜʠʘ-
ʧʘʟʦʥ ʠ ʠʩʩʣʝʜʫʝʤʳʡ ʦʙʨʘʟʝʮ. ʇʦʵʪʦʤʫ ʚ ʧʦʩʣʝʜʥʝʝ ʚʨʝʤʷ ʧʦʷʚʠʣʩʷ ʠʥʪʝ-
ʨʝʩ ʢ ʠʩʧʦʣʴʟʦʚʘʥʠʶ ʜʣʷ ʵʪʦʡ ʮʝʣʠ ʧʝʨʠʦʜʠʯʝʩʢʠʭ ʩʪʨʫʢʪʫʨ ʪʠʧʘ ʤʠʢʨʦ-
ʚʦʣʥʦʚʳʭ ʬʦʪʦʥʥʳʭ ʢʨʠʩʪʘʣʣʦʚ [1,2]. ʌʦʪʦʥʥʳʝ ʢʨʠʩʪʘʣʣʳ ʠʤʝʶʪ ʧʨʝ-
ʠʤʫʱʝʩʪʚʦ ʟʘ ʩʯʸʪ ʥʘʣʠʯʠʷ ʟʘʧʨʝʱʸʥʥʳʭ ʟʦʥ ʠ ʚʦʟʤʦʞʥʦʩʪʠ ʬʦʨʤʠʨʦʚʘ-
ʥʠʷ ʚʳʩʦʢʦʣʦʢʘʣʠʟʦʚʘʥʥʳʭ ʜʝʬʝʢʪʥʳʭ ʤʦʜ. ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʬʦʪʦʥʥʦ-
ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʨʝʟʦʥʘʪʦʨʦʚ ʧʦʟʚʦʣʷʝʪ ʨʝʘʣʠʟʦʚʘʪʴ ʚʳʩʦʢʫʶ ʧʨʦʩʪʨʘʥ-
ʩʪʚʝʥʥʫʶ ʣʦʢʘʣʠʟʘʮʠʶ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʠ, ʢʘʢ ʩʣʝʜʩʪʚʠʝ, ʧʦʚʳ-
ʩʠʪʴ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴ ʢ ʧʘʨʘʤʝʪʨʘʤ ʠʩʩʣʝʜʫʝʤʦʛʦ ʤʘʪʝʨʠʘʣʘ. 

ɺ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʠʩʩʣʝʜʫʶʪʩʷ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʜʚʫʤʝʨʥʦʛʦ ʬʦ-
ʪʦʥʥʦ-ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʨʝʟʦʥʘʪʦʨʘ ʩ ʜʝʬʝʢʪʦʤ. ʇʦʜ ʬʦʪʦʥʥʳʤ ʢʨʠʩʪʘʣ-
ʣʦʤ ʧʦʥʠʤʘʝʪʩʷ ʠʩʢʫʩʩʪʚʝʥʥʘʷ ʩʪʨʫʢʪʫʨʘ, ʚ ʢʦʪʦʨʦʡ ʟʘ ʩʯʸʪ ʧʝʨʠʦʜʠʯʝ-
ʩʢʦʛʦ ʨʘʩʧʦʣʦʞʝʥʠʷ ʵʣʝʤʝʥʪʦʚ ʬʦʨʤʠʨʫʶʪʩʷ ʨʘʟʨʝʰʸʥʥʳʝ ʠ ʟʘʧʨʝʱʥy-
ʥʳʝ ʧʦ ʯʘʩʪʦʪʝ ʟʦʥʳ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʳʭ ʚʦʣʥ. ʈʘʩʩʤʘʪ-
ʨʠʚʘʝʤʘʷ ʩʪʨʫʢʪʫʨʘ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʤʘʩʩʠʚ ʩʪʝʨʞʥʝʡ, ʨʘʩʧʦʣʦʞʝʥ-
ʥʳʭ ʚ ʚʦʟʜʫʰʥʦʡ ʩʨʝʜʝ ʩ ʧʝʨʠʦʜʦʤ a, ʧʨʠ ʵʪʦʤ ʧʦʧʝʨʝʯʥʳʡ ʨʘʟʤʝʨ 
ʩʪʝʨʞʥʝʡ ʩʦʩʪʘʚʣʷʝʪ 0.3a. ʅʘʨʫʰʝʥʠʝ ʧʝʨʠʦʜʠʯʥʦʩʪʠ ʪʘʢʦʡ ʩʪʨʫʢʪʫʨʳ 
ʧʨʠʚʦʜʠʪ ʢ ʣʦʢʘʣʠʟʘʮʠʠ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʠ ʦʙʨʘʟʦʚʘʥʠʶ ʨʝʟʦ-
ʥʘʥʩʥʳʭ ʩʦʩʪʦʷʥʠʡ. ʆʪʤʝʪʠʤ, ʯʪʦ ʨʘʥʝʝ ʚ ʨʘʙʦʪʘʭ [3,4] ʧʦʜʦʙʥʳʡ ʨʝʟʦʥʘ-
ʪʦʨ ʨʘʩʩʤʘʪʨʠʚʘʣʩʷ ʚ ʢʘʯʝʩʪʚʝ ʢʦʣʝʙʘʪʝʣʴʥʦʡ ʩʠʩʪʝʤʳ ʜʣʷ ʉɺʏ ʛʝʥʝʨʘʪʦ-
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ʨʘ ʪʠʧʘ ʤʦʥʦʪʨʦʥʘ ʩ ʘʚʪʦʵʤʠʩʩʠʦʥʥʳʤ ʢʘʪʦʜʦʤ. ʇʨʘʢʪʠʯʝʩʢʫʶ ʨʝʘʣʠʟʘ-
ʮʠʶ ʧʦʜʦʙʥʳʭ ʩʪʨʫʢʪʫʨ ʤʦʞʥʦ ʦʩʫʱʝʩʪʚʠʪʴ ʩ ʧʦʤʦʱʴʶ ʩʦʚʨʝʤʝʥʥʳʭ 
ʪʝʭʥʦʣʦʛʠʡ, ʪʘʢʠʭ ʢʘʢ ʩʪʝʨʝʦʣʠʪʦʛʨʘʬʠʯʝʩʢʘʷ 3D-ʧʝʯʘʪʴ ʩ ʧʦʩʣʝʜʫʶʱʝʡ 
ʤʝʪʘʣʣʠʟʘʮʠʝʡ ʤʝʪʦʜʦʤ ʤʘʛʥʝʪʨʦʥʥʦʛʦ ʥʘʧʳʣʝʥʠʷ. ʅʘʧʨʠʤʝʨ, ʚ ʨʘʙʦʪʘʭ 
[5,6] ʩ ʧʦʤʦʱʴʶ ʪʘʢʦʡ ʪʝʭʥʦʣʦʛʠʠ ʙʳʣʠ ʩ ʚʳʩʦʢʦʡ ʩʪʝʧʝʥʴʶ ʪʦʯʥʦʩʪʠ ʠʟ-
ʛʦʪʦʚʣʝʥʳ ʧʝʨʠʦʜʠʯʝʩʢʠʝ ʩʪʨʫʢʪʫʨʳ ʩʦ ʩʣʦʞʥʦʡ ʛʝʦʤʝʪʨʠʝʡ ʪʠʧʘ ʟʘʤʝʜ-
ʣʷʶʱʠʭ ʩʠʩʪʝʤ ʤʠʣʣʠʤʝʪʨʦʚʦʛʦ ʜʠʘʧʘʟʦʥʘ.  

ʅʘ ʧʝʨʚʦʤ ʵʪʘʧʝ ʙʳʣʦ ʧʨʦʚʝʜʝʥʦ ʠʩʩʣʝʜʦʚʘʥʠʝ ʜʚʫʤʝʨʥʦʛʦ ʬʦʪʦʥ-
ʥʦʛʦ ʢʨʠʩʪʘʣʣʘ ʚ ʧʘʢʝʪʝ MPB [7,8] ʩ ʮʝʣʴʶ ʦʧʨʝʜʝʣʝʥʠʷ ʛʝʦʤʝʪʨʠʯʝʩʢʠʭ 
ʧʘʨʘʤʝʪʨʦʚ ʩʪʨʫʢʪʫʨʳ. ʈʘʩʩʤʘʪʨʠʚʘʣʘʩʴ ʧʝʨʠʦʜʠʯʝʩʢʘʷ ʨʝʰʸʪʢʘ ʢʚʘʜʨʘʪ-
ʥʳʭ ʩʪʝʨʞʥʝʡ ʩ ʦʪʥʦʩʠʪʝʣʴʥʦʡ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʴʶ 

9.85e= , ʯʪʦ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʘʣʶʤʦʦʢʩʠʜʥʦʡ ʢʝʨʘʤʠʢʝ (ʩʤ. ʨʠʩ. 1ʘ). ɸʥʘ-
ʣʠʟ ʟʦʥʥʦʡ ʩʪʨʫʢʪʫʨʳ ʧʨʦʚʦʜʠʣʩʷ ʚʜʦʣʴ ʢʦʥʪʫʨʘ ũïXïMïũ ʚ ʧʝʨʚʦʡ ʟʦʥʝ 
ɹʨʠʣʣʶʵʥʘ (ʨʠʩ. 1ʙ), ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʛʦ ʦʩʥʦʚʥʳʤ ʥʘʧʨʘʚʣʝʥʠʷʤ ʨʘʩʧʨʦ-
ʩʪʨʘʥʝʥʠʷ ʚʦʣʥ ʚ ʩʪʨʫʢʪʫʨʝ.  

 

 
ʘ)                          ʙ) 

ʈʠʩ.1. ʘ) ɻʝʦʤʝʪʨʠʷ ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ ʜʚʫʤʝʨʥʦʛʦ ʬʦʪʦʥʥʦʛʦ ʢʨʠʩʪʘʣʣʘ ʩ ʫʢʘ-

ʟʘʥʠʝʤ ʧʘʨʘʤʝʪʨʦʚ a ʠ a (ʪʝʤʥʘʷ ʦʙʣʘʩʪʴ 9.85e = , ʙʝʣʘʷ Ů 1= ); ʙ) ʧʝʨʚʘʷ ʟʦʥʘ 
ɹʨʠʣʣʶʵʥʘ ʢʚʘʜʨʘʪʥʦʡ ʨʝʰʸʪʢʠ. ɹʫʢʚʘʤʠ ũ, X, M ʦʪʤʝʯʝʥʳ ʭʘʨʘʢʪʝʨʥʳʝ ʪʦʯʢʠ 
ʩʠʤʤʝʪʨʠʠ, ʩʝʨʳʤ ʮʚʝʪʦʤ ʚʳʜʝʣʝʥʘ ʥʝʧʨʠʚʦʜʠʤʘʷ ʦʙʣʘʩʪʴ. 

 

  
 

ʈʠʩ.2. ɼʠʩʧʝʨʩʠʦʥʥʘʷ ʜʠʘʛʨʘʤʤʘ ʬʦʪʦʥʥʦʛʦ ʢʨʠʩʪʘʣʣʘ ʚʜʦʣʴ ʥʘʧʨʘʚʣʝʥʠʷ ũïXï
Mïũ ʚ ʙʝʟʨʘʟʤʝʨʥʳʭ ʢʦʦʨʜʠʥʘʪʘʭ ɤa/2ˊc ʧʨʠ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ 

ʚʢʣʶʯʝʥʠʡ 9.85e= . ʉʧʣʦʰʥʳʝ ʣʠʥʠʠ ï ʨʝʟʫʣʴʪʘʪʳ ʨʘʩʯʸʪʘ ʚ MPB, ʪʦʯʢʠ ï ʨʝ-

ʟʫʣʴʪʘʪʳ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʚ COMSOL. 
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ɺ ʨʝʟʫʣʴʪʘʪʝ ʨʘʩʯʸʪʦʚ ʙʳʣʠ ʦʧʨʝʜʝʣʝʥʳ ʦʧʪʠʤʘʣʴʥʳʝ ʩʦʦʪʥʦ-
ʰʝʥʠʷ ʛʝʦʤʝʪʨʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ: ʥʦʨʤʠʨʦʚʘʥʥʳʡ ʧʝʨʠʦʜ ʩʪʨʫʢʪʫ-

ʨʳ 1a=  ʠ ʦʪʥʦʩʠʪʝʣʴʥʳʡ ʨʘʟʤʝʨ ʚʢʣʶʯʝʥʠʷ 
0

0.3a aº . ɼʣʷ ʚʝʨʠʬʠ-

ʢʘʮʠʠ ʨʝʟʫʣʴʪʘʪʦʚ ʪʘʢʞʝ ʙʳʣʦ ʚʳʧʦʣʥʝʥʦ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʚ ʧʘʢʝʪʝ 
COMSOL Multiphysics [9]. ʉʨʘʚʥʝʥʠʝ ʜʠʩʧʝʨʩʠʦʥʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ 
ʧʦʢʘʟʘʣʦ ʭʦʨʦʰʝʝ ʩʦʚʧʘʜʝʥʠʝ (ʩʤ. ʨʠʩ. 2, ʛʜʝ ʨʝʟʫʣʴʪʘʪʳ, ʧʦʣʫʯʝʥʥʳʝ, 
ʚ ʧʘʢʝʪʝ COMSOL, ʧʦʢʘʟʘʥʳ ʪʦʯʢʘʤʠ, ʘ ʚ MPB ï ʩʧʣʦʥhʳʤʠ ʣʠʥʠʷ-
ʤʠ). 

ʆʜʥʘʢʦ ʩʣʝʜʫʝʪ ʧʨʠʥʷʪʴ ʚʦ ʚʥʠʤʘʥʠʝ, ʯʪʦ ʠʟʛʦʪʦʚʣʝʥʠʝ ʬʦʪʦʥ-
ʥʦ-ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ ʧʣʘʥʠʨʫʝʪʩʷ ʚʳʧʦʣʥʠʪʴ ʩ ʧʦʤʦʱʴʶ 
3D-ʧʝʯʘʪʠ ʬʦʪʦʧʦʣʠʤʝʨʥʳʤʠ ʩʤʦʣʘʤʠ, ʢʦʪʦʨʳʝ ʠʤʝʶʪ ʟʥʘʯʠʪʝʣʴʥʦ 
ʤʝʥʴʰʫʶ ʜʠʵʣʝʢʪʨʠʯʝʩʢʫʶ ʧʨʦʥʠʮʘʝʤʦʩʪʴ (). ɸʥʘʣʠʟ ʟʦʥʥʦʡ 
ʩʪʨʫʢʪʫʨʳ ʧʦʢʘʟʘʣ, ʯʪʦ ʧʨʠ ʪʘʢʦʤ ʟʥʘʯʝʥʠʠ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠ-
ʮʘʝʤʦʩʪʠ ʰʠʨʠʥʘ ʟʘʧʨʝʱʸʥʥʦʡ ʟʦʥʳ ʦʢʘʟʳʚʘʝʪʩʷ ʥʝʜʦʩʪʘʪʦʯʥʦʡ ʜʣʷ 
ʵʬʬʝʢʪʠʚʥʦʛʦ ʬʦʨʤʠʨʦʚʘʥʠʷ ʨʝʟʦʥʘʥʩʥʳʭ ʩʚʦʡʩʪʚ ʚ ʟʘʜʘʥʥʦʤ ʯʘ-
ʩʪʦʪʥʦʤ ʜʠʘʧʘʟʦʥʝ. ɺ ʩʚʷʟʠ ʩ ʵʪʠʤ ʙʳʣʦ ʧʨʠʥʷʪʦ ʨʝʰʝʥʠʝ ʧʝʨʝʡʪʠ ʢ 
ʬʦʪʦʥʥʦʤʫ ʢʨʠʩʪʘʣʣʫ ʚ ʚʠʜʝ ʧʝʨʠʦʜʠʯʝʩʢʦʡ ʨʝʰʝʪʢʠ ʩ ʤʝʪʘʣʣʠʟʠʨʦ-
ʚʘʥʥʦʡ ʧʦʚʝʨʭʥʦʩʪʴʶ. ʋʯʠʪʳʚʘʷ ʥʘʣʠʯʠʝ ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʡ ʙʘʟʳ, 
ʚʢʣʶʯʘʶʱʝʡ 3D-ʧʝʯʘʪʴ ʠ ʧʦʩʣʝʜʫʶʱʝʝ ʥʘʥʝʩʝʥʠʝ ʤʝʪʘʣʣʠʯʝʩʢʦʛʦ 
ʧʦʢʨʳʪʠʷ ʤʝʪʦʜʦʤ ʤʘʛʥʝʪʨʦʥʥʦʛʦ ʨʘʩʧʳʣʝʥʠʷ [5,6], ʨʝʘʣʠʟʘʮʠʷ ʧʦ-
ʜʦʙʥʳʭ ʩʪʨʫʢʪʫʨ ʥʝ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʫʱʝʩʪʚʝʥʥʳʭ ʪʨʫʜʥʦʩʪʝʡ. 

ʈʝʟʫʣʴʪʘʪʳ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʜʣʷ ʩʪʨʫʢʪʫʨʳ ʩ ʧʝʨʠʦʜʦʤ 10 ʤʤ 
ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʨʠʩ. 3. ɸʥʘʣʠʟ ʜʠʩʧʝʨʩʠʦʥʥʳʭ ʜʠʘʛʨʘʤʤ ʜʣʷ ʚʦʣʥ 
ʊʄ-ʧʦʣʷʨʠʟʘʮʠʠ ʚʜʦʣʴ ʥʘʧʨʘʚʣʝʥʠʷ ũïXïMïũ ʧʦʢʘʟʘʣ ʥʘʣʠʯʠʝ ʟʘ-
ʧʨʝʱʸʥʥʦʡ ʟʦʥʳ ʨʘʩʧʦʣʘʛʘʝʪʩʷ ʚ ʜʠʘʧʘʟʦʥʝ ʯʘʩʪʦʪ 8.7-13.5 ɻɻʮ. 

 

 
 

ʈʠʩ. 3. ɼʠʩʧʝʨʩʠʦʥʥʘʷ ʜʠʘʛʨʘʤʤʘ ʬʦʪʦʥʥʦʛʦ ʢʨʠʩʪʘʣʣʘ ʚ ʯʘʩʪʦʪʥʦʤ ʧʨʝʜʩʪʘʚʣʝ-
ʥʠʠ ʧʨʠ ʟʘʜʘʥʥʳʭ ʛʝʦʤʝʪʨʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʘʭ ʜʝʤʦʥʩʪʨʠʨʫʝʪ ʥʘʣʠʯʠʝ ʟʘʧʨʝʱʸʥ-
ʥʦʡ ʟʦʥʳ ʚ ʜʠʘʧʘʟʦʥʝ 8.7-13.5 ɻɻʮ. 

 
ɼʘʣʝʝ, ʥʘ ʦʩʥʦʚʝ ʥʘʡʜʝʥʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ 

ʙʳʣʘ ʧʦʩʪʨʦʝʥʘ ʩʫʧʝʨʷʯʝʡʢʘ ʨʘʟʤʝʨʦʤ 7Ĭ7 ʧʝʨʠʦʜʦʚ. ɼʣʷ ʩʦʟʜʘʥʠʷ 
ʣʦʢʘʣʠʟʦʚʘʥʥʦʡ ʜʝʬʝʢʪʥʦʡ ʤʦʜʳ ʚ ʮʝʥʪʨʝ ʩʪʨʫʢʪʫʨʳ ʙʳʣʦ ʚʚʝʜʝʥʦ 
ʥʘʨʫʰʝʥʠʝ ʧʝʨʠʦʜʠʯʥʦʩʪʠ ʧʫʪʸʤ ʫʜʘʣʝʥʠʷ ʦʜʥʦʛʦ ʵʣʝʤʝʥʪʘ ʨʝʰʸʪʢʠ. 
















































































































































































































































































































































































