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ʩʪʨʦʥʮʠʷ. ʇʨʝʜʣʦʞʝʥʘ ʤʘʪʝʤʘʪʠʯʝʩʢʘʷ ʤʦʜʝʣʴ, ʦʧʠʩʳʚʘʶʱʘʷ ʚʳʭʦʜ ʤʦʣʝʢʫʣʷʨʥʦʛʦ ʢʠʩʣʦʨʦʜʘ ʠʟ 

ʜʦʧʠʨʦʚʘʥʥʦʛʦ ʮʝʨʘʪʘ ʙʘʨʠʷ, ʦʧʨʝʜʝʣʝʥʘ ʵʥʝʨʛʠʷ ʘʢʪʠʚʘʮʠʠ ʜʝʩʦʨʙʮʠʠ. ɺʳʧʦʣʥʝʥʳ ʨʘʩʯʝʪʳ ʵʥʝʨʛʠʠ ʘʢʪʠʚʘʮʠʠ 

ʩʦʨʙʮʠʠ ʢʠʩʣʦʨʦʜʘ ʜʣʷ ʜʦʧʠʨʦʚʘʥʥʦʛʦ ʮʝʨʘʪʘ ʙʘʨʠʷ ʠ ʚʝʣʠʯʠʥʳ ɽ = Ed - Q ʜʣʷ ʜʦʧʠʨʦʚʘʥʥʦʛʦ ʮʝʨʘʪʘ 

ʩʪʨʦʥʮʠʷ. ʇʦʢʘʟʘʥʦ, ʯʪʦ SrCe0,95Y0,05O3-  ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ ʙʦʣʝʝ ʚʳʩʦʢʦʡ ʵʥʝʨʛʠʝʡ ʘʢʪʠʚʘʮʠʠ ʜʝʩʦʨʙʮʠʠ 

ʢʠʩʣʦʨʦʜʘ, ʯʝʤ ʮʝʨʘʪ ʙʘʨʠʷ ɺʘʉʝ0,9Nd0,1ʆ3- , ʯʪʦ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʙʦʣʝʝ ʧʨʦʯʥʦʡ ʩʚʷʟʠ ʢʠʩʣʦʨʦʜʘ ʚ ʩʣʫʯʘʝ 

ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʝʪʢʠ ʦʨʪʦʨʦʤʙʠʯʝʩʢʦʛʦ ʪʠʧʘ. ʇʨʝʜʣʦʞʝʥʘ ʤʘʪʝʤʘʪʠʯʝʩʢʘʷ ʤʦʜʝʣʴ, ʦʧʠʩʳʚʘʶʱʘʷ ʚʳʭʦʜ 

ʚʦʜr ʠʟ ʜʦʧʠʨʦʚʘʥʥʳʭ ʮʝʨʘʪʦʚ ʢʠʥʝʪʠʯʝʩʢʠʤ ʫʨʘʚʥʝʥʠʝʤ ʧʝʨʚʦʛʦ ʧʦʨʷʜʢʘ ʚ ʧʨʝʜʧʦʣʦʞʝʥʠʠ, ʯʪʦ ʵʥʝʨʛʠʷ 

ʜʝʩʦʨʙʮʠʠ ʷʚʣʷʝʪʩʷ ʢʚʘʜʨʘʪʠʯʥʦʡ ʬʫʥʢʮʠʝʡ ʢʦʥʮʝʥʪʨʘʮʠʠ ʚʦʜʳ Edes = f(n). ʇʦʣʫʯʝʥʳ ʟʘʚʠʩʠʤʦʩʪʠ ʵʥʝʨʛʠʠ 

ʘʢʪʠʚʘʮʠʠ ʜʝʩʦʨʙʮʠʠ ʚʦʜʳ ʦʪ ʢʦʥʮʝʥʪʨʘʮʠʠ ʛʘʟʘ ʚ ʤʘʪʝʨʠʘʣʝ. 

ɺɺɽɼɽʅʀɽ 

ʉʣʦʞʥʳʝ ʦʢʩʠʜʳ ʩʦ ʩʪʨʫʢʪʫʨʦʡ ʧʝʨʦʚʩʢʠʪʘ 

ɸɺʆ3 ʧʨʝʜʩʪʘʚʣʷʶʪ ʠʥʪʝʨʝʩ, ʢʘʢ ʩ ʥʘʫʯʥʦʡ, ʪʘʢ ʠ ʩ 

ʧʨʘʢʪʠʯʝʩʢʦʡ ʪʦʯʢʠ ʟʨʝʥʠʷ, ʙʣʘʛʦʜʘʨʷ ʩʚʦʠʤ ʫʥʠ-

ʢʘʣʴʥʳʤ ʩʚʦʡʩʪʚʘʤ ʠ ʚ ʯʘʩʪʥʦʩʪʠ, ʧʨʦʪʦʥʥʦʡ ʧʨʦ-

ʚʦʜʠʤʦʩʪʠ [1]. ɼʘʥʥʳʝ ʤʘʪʝʨʠʘʣʳ ʷʚʣʷʶʪʩʷ ʧʝʨ-

ʩʧʝʢʪʠʚʥʳʤʠ ʢʘʥʜʠʜʘʪʘʤʠ ʜʣʷ ʧʨʘʢʪʠʯʝʩʢʦʛʦ 

ʧʨʠʤʝʥʝʥʠʷ ʠʭ ʚ ʢʘʯʝʩʪʚʝ ʤʝʤʙʨʘʥ ʪʦʧʣʠʚʥʳʭ ʵʣʝ-

ʤʝʥʪʦʚ, ʚʦʜʦʨʦʜʥʳʭ ʜʘʪʯʠʢʦʚ ʠ ʚʦʜʦʨʦʜʥʳʭ ʥʘʩʦʩʦʚ 

[2]. ʊʠʧʠʯʥʳʤʠ ʧʨʝʜʩʪʘʚʠʪʝʣʷʤʠ ʦʢʩʠʜʥʳʭ ʧʨʦʪʦʥ-

ʥʳʭ ʧʨʦʚʦʜʥʠʢʦʚ ʷʚʣʷʶʪʩʷ ʮʝʨʘʪʳ ʙʘʨʠʷ ʠ ʩʪʨʦʥ-

ʮʠʷ, ʢʦʪʦʨʳʝ ʭʘʨʘʢʪʝʨʠʟʫʶʪʩʷ ʥʘʠʙʦʣʝʝ ʚʳʩʦʢʦʡ 

ʧʨʦʪʦʥʥʦʡ ʧʨʦʚʦʜʠʤʦʩʪʴʶ ʩʨʝʜʠ ʰʠʨʦʢʦʛʦ ʢʨʫʛʘ 

ʧʦʜʦʙʥʳʭ ʤʘʪʝʨʠʘʣʦʚ. ɹʦʣʝʝ ʪʦʛʦ, ʧʨʦʚʦʜʠʤʦʩʪʴ 

ʜʘʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʤʦʞʝʪ ʙʳʪʴ ʫʚʝʣʠʯʝʥʘ ʧʫʪʝʤ 

ʜʦʧʠʨʦʚʘʥʠʷ ʦʢʩʠʜʦʚ ʥʠʟʢʦʚʘʣʝʥʪʥʳʤ ʢʘʪʠʦʥʦʤ 

(Nd
3+

, Y
3+
), ʢʦʪʦʨʳʡ ʯʘʩʪʠʯʥʦ ʟʘʤʝʱʘʝʪ ʠʦʥ ʉʝ

4+
 ʚ 

ʧʦʟʠʮʠʠ çɺè. ɺ ʨʝʟʫʣʴʪʘʪʝ ʪʘʢʦʛʦ ʟʘʤʝʱʝʥʠʷ ʚ ʨʝ-

ʰʝʪʢʝ AB1-xLnxO3-Ŭ ʩʦʟʜʘʶʪʩʷ ʢʠʩʣʦʨʦʜʥʳʝ ʚʘʢʘʥ-

ʩʠʠ ʩ ʵʬʬʝʢʪʠʚʥʳʤ ʟʘʨʷʜʦʤ +2, ʢʦʥʮʝʥʪʨʘʮʠʷ ʢʦʪʦ-

ʨʳʭ =x/2 ʦʧʨʝʜʝʣʷʝʪʩʷ ʫʨʦʚʥʝʤ ʜʦʧʠʨʦʚʘʥʠʷ ʭ. 

ʕʬʬʝʢʪʠʚʥʦʩʪʴ ʧʨʦʪʦʥʥʳʭ ʧʨʦʚʦʜʥʠʢʦʚ ʚʦ ʤʥʦ-

ʛʦʤ ʟʘʚʠʩʠʪ ʦʪ ʢʦʥʮʝʥʪʨʘʮʠʠ ʚʥʝʜʨʝʥʥʳʭ ʧʨʦʪʦʥʦʚ 

ʠ ʠʭ ʧʦʜʚʠʞʥʦʩʪʠ; ʧʦʜʚʠʞʥʦʩʪʴ ʧʨʦʪʦʥʦʚ ʚ ʩʚʦʶ 

ʦʯʝʨʝʜʴ ʩʫʱʝʩʪʚʝʥʥʦ ʟʘʚʠʩʠʪ ʦʪ ʪʦʛʦ, ʥʘʩʢʦʣʴʢʦ 

ʧʨʦʯʥʦ ʦʥʠ ʩʚʷʟʘʥʳ ʩ ʢʠʩʣʦʨʦʜʦʤ. ʉʦʛʣʘʩʥʦ ʰʠʨʦʢʦ 

ʨʘʩʧʨʦʩʪʨʘʥʝʥʥʦʡ ʢʦʥʮʝʧʮʠʠ ʧʝʨʝʥʦʩʘ ʧʨʦʪʦʥʘ ʚ 

ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʳʭ ʧʨʦʪʦʥʥʳʭ ʧʨʦʚʦʜʥʠʢʘʭ ʢʠ-

ʩʣʦʨʦʜ ʠʛʨʘʝʪ ʦʜʥʦʚʨʝʤʝʥʥʦ ʨʦʣʴ ʣʦʚʫʰʢʠ ʠ ʚʦʟ-

ʤʦʞʥʦʛʦ ʧʫʪʠ ʤʠʛʨʘʮʠʠ ʧʨʦʪʦʥʘ. ɺʦʪ ʧʦʯʝʤʫ ʦʯʝʥʴ 

ʚʘʞʥʦ ʟʥʘʪʴ ʥʝ ʪʦʣʴʢʦ ʩʦʩʪʦʷʥʠʝ ʧʨʦʪʦʥʘ ʚ ʨʝʰʝʪʢʝ, 

ʥʦ ʠ ʩʦʩʪʦʷʥʠʝ ʢʠʩʣʦʨʦʜʘ, ʠ ʝʛʦ ʧʦʜʚʠʞʥʦʩʪʴ. ʊʘʢʘʷ 

ʠʥʬʦʨʤʘʮʠʷ, ʢʘʢ ʧʨʘʚʠʣʦ, ʤʦʞʝʪ ʙʳʪʴ ʧʦʣʫʯʝʥʘ 

ʨʘʟʣʠʯʥʳʤʠ ʧʫʪʷʤʠ: 

 ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠʤʠ ʠʣʠ ʨʘʚʥʦʚʝʩʥʳʤʠ ʤʝʪʦ-

ʜʘʤʠ ʠʩʩʣʝʜʦʚʘʥʠʷ ʩʦʩʪʦʷʥʠʷ ʛʘʟʘ ʚ ʦʢʩʠʜʝ; 

 ʢʠʥʝʪʠʯʝʩʢʠʤʠ ʠʣʠ ʥʝʨʘʚʥʦʚʝʩʥʳʤʠ ʤʝʪʦʜʘʤʠ, 
ʪʘʢʠʤʠ ʢʘʢ, ʥʘʧʨʠʤʝʨ, ʪʝʨʤʦʜʝʩʦʨʙʮʠʦʥʥʘʷ 

ʩʧʝʢʪʨʦʩʢʦʧʠʷ. 

ɸʥʘʣʠʟ ʠ ʩʨʘʚʥʝʥʠʝ ʨʝʟʫʣʴʪʘʪʦʚ, ʧʦʣʫʯʝʥʥʳʭ 

ʨʘʟʣʠʯʥʳʤʠ ʤʝʪʦʜʘʤʠ, ʜʘʶʪ ʥʦʚʫʶ, ʠʥʪʝʨʝʩʥʫʶ 

ʠʥʬʦʨʤʘʮʠʶ ʦ ʧʨʦʮʝʩʩʘʭ ʦʙʤʝʥʘ ʛʘʟ-ʪʚʝʨʜʦʝ ʪʝʣʦ. 

ʎʝʣʴʶ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʳ ʷʚʣʷʝʪʩʷ ʠʟʫʯʝʥʠʝ 

ʧʨʦʮʝʩʩʦʚ ʩʦʨʙʮʠʠ-ʜʝʩʦʨʙʮʠʠ ʛʘʟʦʚ ʠʟ ʮʝʨʘʪʦʚ ʙʘ-

ʨʠʷ ʠ ʩʪʨʦʥʮʠʷ. 

ʄɽʊʆɼʀʂɸ ʇʈʆɺɽɼɽʅʀʗ ʕʂʉʇɽʈʀʄɽʅʊɸ 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʠʩ-

ʩʣʝʜʦʚʘʥʠʷ ʧʨʦʮʝʩʩʦʚ ʪʝʨʤʦʜʝʩʦʨʙʮʠʠ ʢʠʩʣʦʨʦʜʘ ʠ 

ʚʦʜʳ ʠʟ ʤʦʥʦʢʨʠʩʪʘʣʠʯʝʩʢʠʭ ʠ ʢʝʨʘʤʠʯʝʩʢʠʭ ʙʘ-

ʨʠʝʚʳʭ ʠ ʩʪʨʦʥʮʠʝʚʳʭ ʮʝʨʘʪʦʚ, ʜʦʧʠʨʦʚʘʥʥʳʭ Nd
3+

 

ʠ Y
3+
, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʆʙʨʘʟʮʳ ɺʘʉʝ0,9Nd0,1ʆ3-  ʠ 

SrCe0,95Y0,05O3-  ʙʳʣʠ ʩʠʥʪʝʟʠʨʦʚʘʥʳ ʤʝʪʦʜʦʤ ʠʥ-

ʜʫʢʮʠʦʥʥʦʛʦ ʧʣʘʚʣʝʥʠʷ, ʘ ʪʘʢʞʝ ʤʝʪʦʜʦʤ ʪʚʝʨʜʦ-

ʬʘʟʥʳʭ ʨʝʘʢʮʠʡ. 

ʀʟʫʯʝʥʠʝ ʧʨʦʮʝʩʩʦʚ ʪʝʨʤʦʜʝʩʦʨʙʮʠʠ ʛʘʟʦʚ ʧʨʦ-

ʚʦʜʠʣʠ ʩ ʧʦʤʦʱʴʶ ʫʥʠʚʝʨʩʘʣʴʥʦʡ ʫʩʪʘʥʦʚʢʠ ʛʘʟʦ-

ʚʳʜʝʣʝʥʠʷ [3], ʢʦʪʦʨʘʷ ʩʦʩʪʦʠʪ ʠʟ ʩʣʝʜʫʶʱʠʭ ʦʩ-

ʥʦʚʥʳʭ ʫʟʣʦʚ: ʚʳʩʦʢʦʚʘʢʫʫʤʥʘʷ ʢʘʤʝʨʘ, ʧʝʯʴ-

ʩʦʧʨʦʪʠʚʣʝʥʠʷ, ʨʘʜʠʦʯʘʩʪʦʪʥʳʡ ʤʘʩʩ-ʩʧʝʢʪʨʦʤʝʪʨ. 

ʊʝʤʧʝʨʘʪʫʨʘ ʚ ʭʦʜʝ ʵʢʩʧʝʨʠʤʝʥʪʘ ʠʟʤʝʨʷʣʘʩʴ W-Re 

ʪʝʨʤʦʧʘʨʦʡ, ʢʦʪʦʨʘʷ ʧʨʠʚʘʨʝʥʘ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʢ 

ʯʘʰʝʯʢʝ, ʚ ʢʦʪʦʨʫʶ ʩʙʨʘʩʳʚʘʶʪʩʷ ʦʙʨʘʟʮʳ. ʊʝʨʤʦ-

ʜʝʩʦʨʙʮʠʦʥʥʳʝ ʵʢʩʧʝʨʠʤʝʥʪʳ ʧʦʣʥʦʩʪʴʶ ʘʚʪʦʤʘʪʠ-

ʟʠʨʦʚʘʥʳ: ʥʘʛʨʝʚ ʦʙʨʘʟʮʦʚ, ʚʳʙʦʨ ʥʝʦʙʭʦʜʠʤʳʭ 

ʤʘʩʩ, ʠʟʤʝʨʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ ʠ ʨʝʛʠʩʪʨʘʮʠʷ ʩʧʝʢ-

ʪʨʦʚ ʦʩʫʱʝʩʪʚʣʷʣʠ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʩʧʝʮʠʘʣʴʥʦʛʦ 

ʤʦʜʫʣʷ Advantech PCI-1710HG, ʚʩʪʨʦʝʥʥʦʛʦ ʚ ʈʉ. 

ʉʢʦʨʦʩʪʴ ʥʘʛʨʝʚʘ ʦʙʨʘʟʮʦʚ ʩʦʩʪʘʚʣʷʣʘ 42 ʉ/ʤʠʥ ʚ 

ʠʥʪʝʨʚʘʣʝ 20-1200ʉ, ʘ ʜʘʚʣʝʥʠʝ ʚ ʨʘʙʦʯʝʡ ʢʘʤʝʨʝ ʚ 
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 Pa.  

ʇʨʘʢʪʠʯʝʩʢʦʝ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʪʚʝʨʜʦʦʢʩʠʜʥʳʭ 

ʧʨʦʪʦʥʥʳʭ ʧʨʦʚʦʜʥʠʢʦʚ ʧʨʝʜʧʦʣʘʛʘʝʪ ʧʦʩʪʦʷʥʥʳʡ 

ʢʦʥʪʘʢʪ ʤʘʪʝʨʠʘʣʘ ʩ ʛʘʟʦʚʦʡ ʩʨʝʜʦʡ, ʩʦʜʝʨʞʘʱʝʡ ʩ 

ʦʜʥʦʡ ʩʪʦʨʦʥʳ ʚʦʜʦʨʦʜ ʠʣʠ ʧʘʨʳ ʚʦʜʳ, ʘ ʩ ʜʨʫʛʦʡ ï 

ʢʠʩʣʦʨʦʜ. ɼʣʷ ʧʨʦʛʥʦʟʠʨʦʚʘʥʠʷ ʧʦʚʝʜʝʥʠʷ ʦʢʩʠʜʦʚ ʚ 

ʧʨʦʮʝʩʩʝ ʨʘʙʦʪʳ ʪʦʧʣʠʚʥʳʭ ʵʣʝʤʝʥʪʦʚ ʠʣʠ ʜʘʪʯʠʢʦʚ 

ʠ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʧʨʦʛʥʦʟʠʨʦʚʘʥʠʷ ʜʣʠʪʝʣʴʥʦʩʪʠ 
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ʨʘʙʦʪʳ ʪʘʢʦʛʦ ʫʩʪʨʦʡʩʪʚʘ ʚ ʮʝʣʦʤ, ʥʝʦʙʭʦʜʠʤʦ ʠʤʝʪʴ 

ʧʦʣʥʫʶ ʠʥʬʦʨʤʘʮʠʶ ʦ ʭʘʨʘʢʪʝʨʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ 

ʦʢʩʠʜʦʚ ʩ ʛʘʟʦʚʦʡ ʩʨʝʜʦʡ, ʚʢʣʶʯʘʷ ʢʠʥʝʪʠʯʝʩʢʠʝ ʠ 

ʵʥʝʨʛʝʪʠʯʝʩʢʠʝ ʧʘʨʘʤʝʪʨʳ. ʄʝʪʦʜ ʪʝʨʤʦʜʝʩʦʨʙʮʠʦʥ-

ʥʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʤʦʞʝʪ ʙʳʪʴ ʚʝʩʴʤʘ ʧʦʣʝʟʝʥ ʧʨʠ 

ʧʨʦʚʝʜʝʥʠʠ ʧʦʜʦʙʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ. ɺ ʩʦʚʦʢʫʧʥʦʩʪʠ 

ʩ ʤʘʩʩ-ʩʧʝʢʪʨʦʤʝʪʨʠʯʝʩʢʠʤ ʘʥʘʣʠʟʦʤ ʜʘʥʥʳʡ ʤʝʪʦʜ 

ʧʦʟʚʦʣʷʝʪ ʥʝ ʪʦʣʴʢʦ ʦʧʨʝʜʝʣʠʪʴ ʭʠʤʠʯʝʩʢʠʡ ʩʦʩʪʘʚ 

ʛʘʟʦʚ, ʷʚʣʷʶʱʠʭʩʷ ʧʨʦʜʫʢʪʘʤʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʚʦ-

ʜʦʨʦʜʘ ʠ ʢʠʩʣʦʨʦʜʘ ʩ ʦʢʩʠʜʦʤ, ʥʦ ʠ ʦʧʨʝʜʝʣʠʪʴ ʧʘ-

ʨʘʤʝʪʨʳ ʧʨʦʮʝʩʩʦʚ ʩʦʨʙʮʠʠ-ʜʝʩʦʨʙʮʠʠ. 

ɺ ʦʙʱʝʤ ʩʣʫʯʘʝ ʩʢʦʨʦʩʪʴ ʧʨʦʮʝʩʩʘ ʜʝʩʦʨʙʮʠʠ ʛʘ-

ʟʘ ʠʟ ʤʘʪʝʨʠʘʣʘ ʤʦʞʝʪ ʙʳʪʴ ʦʧʠʩʘʥʘ ʩʣʝʜʫʶʱʠʤ 

ʫʨʘʚʥʝʥʠʝʤ: 

 exp( )
( )

Edn desn
dt T t

 (1) 

ʛʜʝ n(t) - ʢʦʣʠʯʝʩʪʚʦ ʛʘʟʘ ʚ ʦʙʨʘʟʮʝ ʠʣʠ ʩʪʝʧʝʥʴ ʧʦ-

ʢʨʳʪʠʷ, ɽdes - ʵʥʝʨʛʠʷ ʘʢʪʠʚʘʮʠʠ ʜʝʩʦʨʙʮʠʠ, ʊ - ʘʙ-

ʩʦʣʶʪʥʘʷ ʪʝʤʧʝʨʘʪʫʨʘ, ʊ=ʊ0 + t,  - ʩʢʦʨʦʩʪʴ ʥʘ-

ʛʨʝʚʘ,  - ʯʘʩʪʦʪʥʳʡ ʬʘʢʪʦʨ,  - ʧʦʨʷʜʦʢ ʨʝʘʢʮʠʠ. 

ɿʥʘʯʝʥʠʝ  ʤʦʞʝʪ ʙʳʪʴ ʨʘʚʥʦ 0, 1 ʠʣʠ 2 ʠ ʚ ʟʘʚʠʩʠ-

ʤʦʩʪʠ ʦʪ  ʪʝʨʤʦʜʝʩʦʨʙʮʠʦʥʥʳʡ ʩʧʝʢʪʨ ʚʝʜʝʪ ʩʝʙʷ 

ʧʦ-ʨʘʟʥʦʤʫ. 

ʈʘʩʩʤʦʪʨʠʤ ʦʩʥʦʚʥʳʝ ʚʠʜʳ ʪʝʨʤʦʜʝʩʦʨʙ-

ʮʠʦʥʥʳʭ ʩʧʝʢʪʨʦʚ ʜʣʷ ʨʘʟʥʳʭ ʟʥʘʯʝʥʠʡ ʧʦʨʷʜʢʘ 

ʨʝʘʢʮʠʠ . 

ɺ ʩʣʫʯʘʝ, ʝʩʣʠ =0, ʠʤʝʝʪ ʤʝʩʪʦ ʥʫʣʝʚʦʡ ʧʦʨʷʜʦʢ 

ʨʝʘʢʮʠʠ. ʋʨʘʚʥʝʥʠʝ (1) ʧʨʠʥʠʤʘʝʪ ʚʠʜ:  

 exp( )
( )

Edn des

dt T t
 (2) 

ʆʪʩʶʜʘ ʩʣʝʜʫʝʪ ʯʪʦ ʩʢʦʨʦʩʪʴ ʜʝʩʦʨʙʮʠʠ ʥʝ ʟʘʚʠʩʠʪ 

ʦʪ ʢʦʥʮʝʥʪʨʘʮʠʠ ʛʘʟʘ ʚ ʦʙʨʘʟʮʝ ʠʣʠ ʩʪʝʧʝʥʠ ʧʦʢʨʳʪʠʷ, 

ʠ ʩʢʦʨʦʩʪʴ ʜʝʩʦʨʙʮʠʠ ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʵʢʩʧʦʥʝʥʮʠʘʣʴʥʦ 

ʩ ʨʦʩʪʦʤ ʪʝʤʧʝʨʘʪʫʨʳ ʊ. ʊʠʧʠʯʥʳʡ ʚʠʜ ʪʝʨʤʦʜʝʩʦʨʙ-

ʮʠʦʥʥʦʛʦ ʩʧʝʢʪʨʘ ʜʣʷ  = 0 ʧʨʝʜʩʪʘʚʣʝʥ ʥʘ ʨʠʩʫʥʢʝ 1 ʘ. 

ʍʘʨʘʢʪʝʨʥʦʡ ʦʩʦʙʝʥʥʦʩʪʴʶ ʩʧʝʢʪʨʦʚ ʜʝʩʦʨʙʮʠʠ ʚ ʜʘʥ-

ʥʦʤ ʩʣʫʯʘʝ ʷʚʣʷʝʪʩʷ ʪʦ, ʯʪʦ ʚʩʝ ʦʥʠ ʠʤʝʶʪ ʦʙʱʠʡ ʧʝ-

ʨʝʜʥʠʡ ʬʨʦʥʪ ʠ ʨʝʟʢʠʡ ʩʧʘʜ, ʢʦʛʜʘ ʚʩʝ ʤʦʣʝʢʫʣʳ ʜʝ-

ʩʦʨʙʠʨʦʚʘʥʳ. ʊʝʤʧʝʨʘʪʫʨʘ ʤʘʢʩʠʤʫʤʘ ʩʢʦʨʦʩʪʠ 

ʜʝʩʦʨʙʮʠʠ ʊmax ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʩ ʨʦʩʪʦʤ nmax. ʅʫʣʝʚʦʡ 

ʧʦʨʷʜʦʢ ʨʝʘʢʮʠʠ, ʢʘʢ ʧʨʘʚʠʣʦ, ʦʧʠʩʳʚʘʝʪ ʧʨʦʮʝʩʩʳ 

ʜʝʩʦʨʙʮʠʠ ʛʘʟʦʚ ʠʟ ʤʘʩʩʠʚʥʳʭ ʦʙʨʘʟʮʦʚ. 

ɺ ʩʣʫʯʘʝ  = 1, ʧʨʦʮʝʩʩʳ ʜʝʩʦʨʙʮʠʠ ʦʧʠʩʳʚʘʶʪʩʷ 

ʢʠʥʝʪʠʯʝʩʢʠʤʠ ʫʨʘʚʥʝʥʠʷʤʠ ʧʝʨʚʦʛʦ ʧʦʨʷʜʢʘ  

 exp( )
( )

Edn desn
dt T t

 (3) 

ɺ ʵʪʦʤ ʩʣʫʯʘʝ: ʊmax ʥʝ ʤʝʥʷʝʪʩʷ ʩ ʫʚʝʣʠʯʝʥʠʝʤ 

nmax, ʧʠʢ ʠʤʝʝʪ ʘʩʠʤʤʝʪʨʠʯʥʫʶ ʬʦʨʤʫ, ʘ ʊmax ʫʚʝʣʠ-

ʯʠʚʘʝʪʩʷ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ɽdes. ʊʠʧʠʯʥʳʡ ʚʠʜ ʪʝʨʤʦʜʝ-

ʩʦʨʙʮʠʦʥʥʦʛʦ ʩʧʝʢʪʨʘ ʜʣʷ  = 1 ʧʨʝʜʩʪʘʚʣʝʥ ʥʘ ʨʠ-

ʩʫʥʢʝ 1b. ʆʙʳʯʥʦ ʧʝʨʚʳʤ ʧʦʨʷʜʢʦʤ ʦʧʠʩʳʚʘʶʪʩʷ 

ʧʨʦʮʝʩʩʳ ʜʝʩʦʨʙʮʠʠ ʛʘʟʦʚ ʠʟ ʪʦʥʢʠʭ ʧʣʝʥʦʢ ʠʣʠ ʚ ʪʝʭ 

ʩʣʫʯʘʷʭ, ʢʦʛʜʘ ʧʨʦʮʝʩʩʘʤʠ ʜʠʬʬʫʟʠʠ ʛʘʟʦʚ ʚ ʤʘʪʝ-

ʨʠʘʣʘʭ ʤʦʞʥʦ ʧʨʝʥʝʙʨʝʯʴ. ɺ ʧʦʩʣʝʜʥʝʤ ʩʣʫʯʘʝ, ʜʦʩ-

ʪʘʪʦʯʥʦ ʦʜʥʦʛʦ ʵʣʝʤʝʥʪʘʨʥʦʛʦ ʘʢʪʘ ʨʝʘʢʮʠʠ ʜʣʷ ʪʦʛʦ 

ʯʪʦ ʙʳ ʤʦʣʝʢʫʣʘ ʛʘʟʘ ʜʝʩʦʨʙʠʨʦʚʘʣʘ ʠʟ ʦʙʨʘʟʮʘ. 

ʀ, ʥʘʢʦʥʝʮ, ʚ ʩʣʫʯʘʝ ʢʠʥʝʪʠʢʠ ʚʪʦʨʦʛʦ ʧʦʨʷʜʢʘ, 

ʢʦʛʜʘ =2, ʫʨʘʚʥʝʥʠʝ (1) ʧʨʠʦʙʨʝʪʘʝʪ ʚʠʜ: 

 2 exp( )
( )

Edn desn
dt T t

 (4) 

 
ʘ ï ʥʫʣʝʚʦʡ ʧʦʨʷʜʦʢ; b ï ʧʝʨʚʳʡ ʧʦʨʷʜʦʢ; ʩ ï ʚʪʦʨʦʡ ʧʦʨʷʜʦʢ 

ʈʠʩʫʥʦʢ 1. ʀʣʣʶʩʪʨʘʮʠʷ ʟʘʚʠʩʠʤʦʩʪʝʡ ʬʦʨʤʳ ʩʧʝʢʪʨʦʚ 

ʪʝʨʤʦʜʝʩʦʨʙʮʠʠ ʛʘʟʦʚ ʦʪ ʧʦʨʷʜʢʘ ʨʝʘʢʮʠʠ ʜʣʷ ʨʘʟʣʠʯʥʳʭ 

ʥʘʯʘʣʴʥʳʭ ʢʦʥʮʝʥʪʨʘʮʠʡ ʛʘʟʘ ʚ ʦʙʨʘʟʮʘʭ 

ʍʘʨʘʢʪʝʨʥʦʡ ʦʩʦʙʝʥʥʦʩʪʴʶ ʜʘʥʥʦʛʦ ʧʨʦʮʝʩʩʘ 

ʷʚʣʷʝʪʩʷ ʪʦ, ʯʪʦ ʩʢʦʨʦʩʪʴ ʜʝʩʦʨʙʮʠʠ ʧʨʦʧʦʨʮʠʦ-

ʥʘʣʴʥʘ ʢʚʘʜʨʘʪʫ ʚʝʣʠʯʠʥʳ ʩʪʝʧʝʥʠ ʧʦʢʨʳʪʠʷ ʠʣʠ 

ʢʦʥʮʝʥʪʨʘʮʠʠ ʛʘʟʘ ʚ ʦʙʨʘʟʮʝ. ɺʪʦʨʳʤ ʧʦʨʷʜʢʦʤ ʨʝ-

ʘʢʮʠʠ, ʢʘʢ ʧʨʘʚʠʣʦ, ʦʧʠʩʳʚʘʶʪʩʷ ʧʨʦʮʝʩʩʳ ʜʝʩʦʨʙ-

ʮʠʠ ʜʚʫʭʘʪʦʤʥʳʭ ʛʘʟʦʚ ʧʦ ʩʣʝʜʫʶʱʝʡ ʩʭʝʤʝ: 

 ads ads ads gasA B AB AB  

ɺ ʵʪʦʤ ʩʣʫʯʘʝ ʊmax ʩʤʝʱʘʝʪʩʷ ʚ ʩʪʦʨʦʥʫ ʙʦʣʝʝ 

ʥʠʟʢʠʭ ʪʝʤʧʝʨʘʪʫʨ ʩ ʨʦʩʪʦʤ n0Ӟ; ʧʨʠ ʵʪʦʤ ʩʧʝʢʪʨʳ 

ʠʤʝʶʪ ʦʙʱʠʡ çʭʚʦʩʪè ʠ ʩʠʤʤʝʪʨʠʯʥʫʶ ʬʦʨʤʫ ʨʠ-

ʩʫʥʦʢ 1ʩ. 

ʈɽɿʋʃʔʊɸʊʓ ʀ ʆɹʉʋɾɼɽʅʀʗ 

ʆʙʨʘʟʮʳ ʮʝʨʘʪʦʚ ʙʘʨʠʷ ʠ ʩʪʨʦʥʮʠʷ ʚ ʚʠʜʝ ʧʣʦ-

ʩʢʠʭ ʧʣʘʩʪʠʥʦʢ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦ ʦʪʞʠʛʘʣʠ ʧʨʠ ʪʝʤ-

ʧʝʨʘʪʫʨʘʭ 650-750ʉ ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʧʘʨʮʠʘʣʴʥʳʭ 

ʜʘʚʣʝʥʠʷʭ ʧʘʨʦʚ ʚʦʜʳ ʠ ʢʠʩʣʦʨʦʜʘ. ʇʨʠ ʵʪʦʤ ʧʨʝʜ-

ʧʦʣʘʛʘʣʦʩʴ, ʯʪʦ ʠʤʝʝʪ ʤʝʩʪʦ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʝ 

ʚʥʝʜʨʝʥʠʝ ʧʘʨʦʚ ʚʦʜʳ ʠ ʢʠʩʣʦʨʦʜʘ ʚ ʨʝʰʝʪʢʫ ʦʢʩʠ-

ʜʦʚ ʩʦʛʣʘʩʥʦ ʩʣʝʜʫʶʱʠʤ ʫʨʘʚʥʝʥʠʷʤ: 



 
ʁʀʌʐɾʆʁɾ ʈʉʇʏɾʊʊʇɻ ʊʇʉɺʏʁʁ-ɽɾʊʇʉɺʏʁʁ ɼɹʀʇɻ ʁʀ ʏɾʉɹʋʇɻ ɺɹʉʁʘ ʁ ʊʋʉʇʆʏʁʘ 
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 ʅ2ʆ + VO  + O
x
O 2ʆʅʆ

 

 1\2ʆ2 + VO + 2e  O
x
O 

ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʦʙʥʘʨʫʞʝʥʦ ʚʳʜʝʣʝʥʠʝ ʚʦʜʳ 

ʠ ʤʦʣʝʢʫʣʷʨʥʦʛʦ ʢʠʩʣʦʨʦʜʘ ʠʟ ʦʙʨʘʟʮʦʚ ʜʦʧʠʨʦʚʘʥ-

ʥʦʛʦ ʮʝʨʘʪʘ ʙʘʨʠʷ ʧʦʩʣʝ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦʛʦ ʦʪʞʠʛʘ 

ʥʘ ʚʦʟʜʫʭʝ ʣʠʙʦ ʚʦ ʚʣʘʞʥʦʤ ʘʟʦʪʝ. ʅʘ ʨʠʩʫʥʢʝ 2 

ʧʨʝʜʩʪʘʚʣʝʥʘ ʟʘʚʠʩʠʤʦʩʪʴ ʢʦʣʠʯʝʩʪʚʘ ʜʝʩʦʨʙʠʨʦ-

ʚʘʥʥʦʛʦ ʢʠʩʣʦʨʦʜʘ ʠ ʪʝʤʧʝʨʘʪʫʨʳ ʤʘʢʩʠʤʫʤʘ ʩʢʦ-

ʨʦʩʪʠ ʝʛʦ ʚʳʜʝʣʝʥʠʷ ʦʪ ʧʘʨʮʠʘʣʴʥʦʛʦ ʜʘʚʣʝʥʠʷ ʛʘʟʘ 

ʥʘʜ ʦʙʨʘʟʮʦʤ ʚ ʧʨʦʮʝʩʩʝ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦʛʦ ʦʪʞʠʛʘ.  
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BaCeNdO, ʦʪʞʠʛ ʥʘ ʚʦʟʜʫʭʝ

 BaCeNdO, ʦʪʞʠʛ ʚ ʧʘʨʘʭ ʅ
2
ʆ

 BaCeNdO, ʦʪʞʠʛ ʩ ʛʠʜʨʦʟʘʪʚʦʨʦʤ

 
 

ʈʠʩʫʥʦʢ 2. ʉʧʝʢʪʨʳ ʚʳʭʦʜʘ ʢʠʩʣʦʨʦʜʘ ʠʟ ʦʙʨʘʟʮʦʚ 

ɺʘʉʝ0,9Nd0,1ʆ3-  ʧʦʩʣʝ ʦʪʞʠʛʘ ʧʨʠ ʨʘʟʥʳʭ ʧʘʨʮʠʘʣʴʥʳʭ 

ʜʘʚʣʝʥʠʷʭ ʢʠʩʣʦʨʦʜʘ (ʊʦʪʞ = 650 ʉ) 

ʅʘ ʦʙʨʘʟʮʘʭ ʜʦʧʠʨʦʚʘʥʥʦʛʦ ʮʝʨʘʪʘ ʩʪʨʦʥʮʠʷ, 

ʦʪʦʞʞʝʥʥʳʭ ʚ ʘʥʘʣʦʛʠʯʥʳʭ ʫʩʣʦʚʠʷʭ, ʦʙʥʘʨʫʞʝʥʦ 

ʚʳʜʝʣʝʥʠʝ ʚʦʜʳ ʠ ʤʦʣʝʢʫʣʷʨʥʦʛʦ ʚʦʜʦʨʦʜʘ, ʚʳʭʦʜʘ 

ʢʠʩʣʦʨʦʜʘ ʚ ʵʪʦʤ ʩʣʫʯʘʝ ʥʝ ʥʘʙʣʶʜʘʣʦʩʴ.  

ʀʟʣʦʞʝʥʥʳʡ ʚʳʰʝ ʘʥʘʣʠʟ ʪʝʨʤʦʜʝʩʦʨʙʮʠʦʥʥʳʭ 

ʩʧʝʢʪʨʦʚ ʙʳʣ ʧʨʠʤʝʥʝʥ ʜʣʷ ʦʙʨʘʙʦʪʢʠ ʧʦʣʫʯʝʥʥʳʭ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ. ʇʨʝʞʜʝ ʚʩʝʛʦ, 

ʬʦʨʤʘ ʧʠʢʘ ʚʳʜʝʣʝʥʠʷ ʢʠʩʣʦʨʦʜʘ ʠʟ ʜʦʧʠʨʦʚʘʥʥʦʛʦ 

ʮʝʨʘʪʘ ʙʘʨʠʷ ʠ ʟʘʚʠʩʠʤʦʩʪʴ ʪʝʤʧʝʨʘʪʫʨʳ ʤʘʢʩʠʤʫʤʘ 

ʩʢʦʨʦʩʪʠ ʝʛʦ ʜʝʩʦʨʙʮʠʠ ʦʪ ʢʦʥʮʝʥʪʨʘʮʠʠ ʢʠʩʣʦʨʦʜʘ 

ʚ ʨʝʰʝʪʢʝ ʧʦʟʚʦʣʠʣʠ ʩʜʝʣʘʪʴ ʚʳʚʦʜ, ʯʪʦ ʧʨʦʮʝʩʩ 

ʜʝʩʦʨʙʮʠʠ ʤʦʣʝʢʫʣʷʨʥʦʛʦ ʢʠʩʣʦʨʦʜʘ ʚ ʜʘʥʥʦʤ ʩʣʫ-

ʯʘʝ ʢʦʥʪʨʦʣʠʨʫʝʪʩʷ ʢʠʥʝʪʠʢʦʡ ʚʪʦʨʦʛʦ ʧʦʨʷʜʢʘ: 

 
2 exp( ),

( )

Edn dn
dt T t

 

ʛʜʝ n(t) ï ʢʦʥʮʝʥʪʨʘʮʠʷ ʢʠʩʣʦʨʦʜʘ, Ed ï ʵʥʝʨʛʠʷ ʘʢ-

ʪʠʚʘʮʠʠ ʜʝʩʦʨʙʮʠʠ, T ï ʪʝʤʧʝʨʘʪʫʨʘ,  - ʯʘʩʪʦʪʥʳʡ 

ʬʘʢʪʦʨ.  

ʕʥʝʨʛʠʷ ʘʢʪʠʚʘʮʠʠ ʜʝʩʦʨʙʮʠʠ ʢʠʩʣʦʨʦʜʘ ʙʳʣʘ ʦʧ-

ʨʝʜʝʣʝʥʘ ʧʫʪʝʤ ʧʦʜʛʦʥʢʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʠ ʨʘʩ-

ʯʝʪʥʳʭ ʢʨʠʚʳʭ ʠ ʩʦʩʪʘʚʠʣʘ 2.99 ʝV. ʅʘ ʨʠʩʫʥʢʝ 3 

ʧʨʝʜʩʪʘʚʣʝʥʳ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʠ ʨʘʩʯʝʪʥʳʝ ʢʨʠʚʳʝ 

ʚʳʭʦʜʘ ʢʠʩʣʦʨʦʜʘ ʠʟ ʜʦʧʠʨʦʚʘʥʥʦʛʦ ʮʝʨʘʪʘ ʙʘʨʠʷ. 
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ʈʠʩʫʥʦʢ 3. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʡ ʠ ʨʘʩʯʝʪʥʳʡ ʩʧʝʢʪʨʳ 

ʚʳʜʝʣʝʥʠʷ ʤʦʣʝʢʫʣʷʨʥʦʛʦ ʢʠʩʣʦʨʦʜʘ ʠʟ ʛʠʜʨʘʪʠʨʦʚʘʥʥʦʛʦ 

ʦʙʨʘʟʮʘ ɺʘʉʝ0,9Nd0,1O3-  

ʆʜʥʘʢʦ, ʩʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʠʥʪʝʨʝʩ ʧʨʝʜʩʪʘʚ-

ʣʷʶʪ ʥʝ ʪʦʣʴʢʦ ʜʝʩʦʨʙʮʠʦʥʥʳʝ ʧʘʨʘʤʝʪʨʳ, ʚʘʞʥʦ 

ʪʘʢʞʝ ʟʥʘʪʴ ʠ ʧʘʨʘʤʝʪʨʳ, ʭʘʨʘʢʪʝʨʠʟʫʶʱʠʝ ʧʨʦʮʝʩ-

ʩʳ ʚʥʝʜʨʝʥʠʷ ʢʠʩʣʦʨʦʜʘ ʚ ʨʝʰʝʪʢʫ.  

ʈʘʥʝʝ ʚ ʨʘʙʦʪʝ [4] ʙʳʣʠ ʠʩʩʣʝʜʦʚʘʥʳ ʟʘʚʠʩʠʤʦ-

ʩʪʠ ʟʥʘʯʝʥʠʷ ʢʠʩʣʦʨʦʜʥʦʛʦ ʠʥʜʝʢʩʘ ʦʪ ʧʘʨʮʠʘʣʴʥʦʛʦ 

ʜʘʚʣʝʥʠʷ ʢʠʩʣʦʨʦʜʘ ʜʣʷ ʨʘʟʣʠʯʥʳʭ ʪʝʤʧʝʨʘʪʫʨ ʥʘ 

ʦʙʨʘʟʮʘʭ ʜʦʧʠʨʦʚʘʥʥʳʭ ʮʝʨʘʪʦʚ ʙʘʨʠʷ ɺʘ-

ʉʝ0,9Nd0,1ʆ3-  ʠ ʩʪʨʦʥʮʠʷ SrCe0,95Y0,05O3- . ʕʪʠ ʨʝ-

ʟʫʣʴʪʘʪʳ ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʚ ʫʩʣʦʚʠʷʭ ʪʝʨʤʦʜʠʥʘʤʠ-

ʯʝʩʢʦʛʦ ʨʘʚʥʦʚʝʩʠʷ ʠ ʢʘʯʝʩʪʚʝʥʥʦ ʥʘʭʦʜʷʪʩʷ ʚ 

ʭʦʨʦʰʝʤ ʩʦʛʣʘʩʠʠ ʩ ʪʝʨʤʦʜʝʩʦʨʙʮʠʦʥʥʳʤʠ ʨʝʟʫʣʴ-

ʪʘʪʘʤʠ, ʧʦʩʢʦʣʴʢʫ ʧʦʜʪʚʝʨʞʜʘʶʪ ʚʦʟʤʦʞʥʦʩʪʴ ʥʘ-

ʣʠʯʠʷ ʩʚʝʨʭ ʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʦʛʦ ʢʠʩʣʦʨʦʜʘ ʚ ʨʝ-

ʰʝʪʢʝ ʜʦʧʠʨʦʚʘʥʥʦʛʦ ʮʝʨʘʪʘ ʙʘʨʠʷ ʠ ʦʪʩʫʪʩʪʚʠʝ 

ʪʘʢʦʚʦʛʦ ʚ ʮʝʨʘʪʝ ʩʪʨʦʥʮʠʷ. 

ɹʳʣʘ ʚʳʧʦʣʥʝʥʘ ʤʘʪʝʤʘʪʠʯʝʩʢʘʷ ʦʙʨʘʙʦʪʢʘ ʵʢʩ-

ʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ, ʧʦʣʫʯʝʥʥʳʭ ʚ ʨʘʙʦʪʝ 

[4], ʩ ʫʯʝʪʦʤ ʧʘʨʘʤʝʪʨʦʚ, ʧʦʣʫʯʝʥʥʳʭ ʥʘʤʠ ʤʝʪʦʜʦʤ 

ʪʝʨʤʦʜʝʩʦʨʙʮʠʦʥʥʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ. ɼʣʷ ʵʪʦʛʦ ʨʝ-

ʟʫʣʴʪʘʪʳ ʨʘʙʦʪʳ [4] ʙʳʣʠ ʦʮʠʬʨʦʚʘʥʳ ʠ ʙʳʣʘ ʧʨʝʜ-

ʣʦʞʝʥʘ ʩʣʝʜʫʶʱʘʷ ʩʠʩʪʝʤʘ ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʳʭ 

ʫʨʘʚʥʝʥʠʡ ʜʣʷ ʦʧʠʩʘʥʠʷ ʧʦʚʝʜʝʥʠʷ ʢʨʠʚʳʭ ʥʘʩʳʱʝ-

ʥʠʷ ʢʠʩʣʦʨʦʜʦʤ ʮʝʨʘʪʦʚ ʙʘʨʠʷ:  

 
2

2/ S O ddn dt k m P k n 

 
2

2/ S O ddm dt k m P k n 

 m n a 

 3 n b 

ʛʜʝ a ï ʤʘʢʩʠʤʘʣʴʥʦʝ ʯʠʩʣʦ ʧʦʪʝʥʮʠʘʣʴʥʳʭ ʮʝʥʪʨʦʚ 

ʩʦʨʙʮʠʠ ʚ ʦʙʨʘʟʮʝ, m(t) ï ʯʠʩʣʦ ʮʝʥʪʨʦʚ ʩʦʨʙʮʠʠ ʚ 

ʜʘʥʥʳʡ ʤʦʤʝʥʪ ʚʨʝʤʝʥʠ, n(t) ï ʯʠʩʣʦ ʮʝʥʪʨʦʚ, ʟʘʥʷ-

ʪʳʭ ʢʠʩʣʦʨʦʜʦʤ, ks=ks0Āexp(-Q/kT) - ʢʦʥʩʪʘʥʪʘ ʩʢʦʨʦ-

ʩʪʠ ʩʦʨʙʮʠʠ, kd=kd0Āexp(-Ed /kT)- ʢʦʥʩʪʘʥʪʘ ʩʢʦʨʦʩʪʠ 

ʜʝʩʦʨʙʮʠʠ, 
20P ï ʧʘʨʮʠʘʣʴʥʦʝ ʜʘʚʣʝʥʠʝ ʢʠʩʣʦʨʦʜʘ,  

b ï ʧʘʨʘʤʝʪʨ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʡ ʨʘʚʥʦʚʝʩʥʦʤʫ ʢʠʩʣʦ-

ʨʦʜʥʦʤʫ ʠʥʜʝʢʩʫ ʚ ʚʘʢʫʫʤʝ ʧʨʠ ʜʘʥʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ. 
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ɼʘʥʥʘʷ ʤʦʜʝʣʴ ʧʨʝʜʧʦʣʘʛʘʝʪ, ʯʪʦ ʧʨʦʮʝʩʩ ʥʘʩʳ-

ʱʝʥʠʷ ʦʢʩʠʜʦʚ ʢʠʩʣʦʨʦʜʦʤ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʢʦʥ-

ʢʫʨʝʥʮʠʶ ʧʨʦʮʝʩʩʦʚ ʩʦʨʙʮʠʠ ʠ ʜʝʩʦʨʙʮʠʠ ʩ ʩʦʦʪ-

ʚʝʪʩʪʚʫʶʱʠʤʠ ʢʦʥʩʪʘʥʪʘʤʠ ʨʝʘʢʮʠʡ. ʊʦʪ ʬʘʢʪ, ʯʪʦ 

ʜʝʩʦʨʙʮʠʷ ʤʦʣʝʢʫʣʷʨʥʦʛʦ ʢʠʩʣʦʨʦʜʘ ʢʦʥʪʨʦʣʠʨʫʝʪ-

ʩʷ ʨʝʘʢʮʠʝʡ ʚʪʦʨʦʛʦ ʧʦʨʷʜʢʘ, ʦʟʥʘʯʘʝʪ, ʯʪʦ ʩʢʦʨʦʩʪʴ 

ʦʙʲʝʤʥʦʡ ʜʠʬʬʫʟʠʠ ʢʠʩʣʦʨʦʜʘ ʚ ʨʝʰʝʪʢʝ ʚʝʣʠʢʘ ʧʦ 

ʩʨʘʚʥʝʥʠʶ ʩʦ ʩʢʦʨʦʩʪʴʶ ʪʝʨʤʦʜʝʩʦʨʙʮʠʠ, ʠ ʚʳʭʦʜ 

ʢʠʩʣʦʨʦʜʘ ʠʟ ʦʙʨʘʟʮʘ ʧʨʠ ʥʘʛʨʝʚʝ ʚ ʚʘʢʫʫʤʝ ʣʠʤʠ-

ʪʠʨʫʝʪʩʷ ʧʨʦʮʝʩʩʦʤ ʜʝʩʦʨʙʮʠʠ (ʘ ʥʝ ʦʙʲʝʤʥʦʡ ʜʠʬ-

ʬʫʟʠʝʡ ʢʠʩʣʦʨʦʜʘ). ɺʦʪ ʧʦʯʝʤʫ ʤʦʞʥʦ ʩʯʠʪʘʪʴ, ʯʪʦ 

ʪʘʢʠʝ ʧʘʨʘʤʝʪʨʳ ʢʘʢ m, n ʠ a ʦʪʥʦʩʷʪʩʷ ʢ ʦʙʲʝʤʫ 

ʦʙʨʘʟʮʘ. ʈʝʰʝʥʠʝ ʫʨʘʚʥʝʥʠʡ ʚ ʫʩʣʦʚʠʷʭ ʨʘʚʥʦʚʝʩʠʷ 

ʚʳʛʣʷʜʠʪ ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ: 
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ʇʘʨʘʤʝʪʨʳ ʫʨʘʚʥʝʥʠʷ ʙʳʣʠ ʦʧʨʝʜʝʣʝʥʳ ʧʫʪʝʤ 

ʧʦʜʛʦʥʢʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʠ ʨʘʩʯʝʪʥʳʭ ʜʘʥʥʳʭ. 

ɼʣʷ ʵʪʦʛʦ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʟʥʘʯʝʥʠʷ kd, ʧʦʣʫʯʝʥʥʳʝ ʠʟ 

ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʧʦ ʪʝʨʤʦʜʝʩʦʨʙʮʠʠ, ʜʣʷ ʨʘʟʥʳʭ ʪʝʤ-

ʧʝʨʘʪʫʨ ʚ ʧʨʝʜʧʦʣʦʞʝʥʠʠ, ʯʪʦ 
0dk =10
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ks ï ʢʦʥʩʪʘʥʪʳ ʩʢʦʨʦʩʪʠ ʩʦʨʙʮʠʠ ʪʘʢʞʝ ʙʳʣʠ ʦʧʨʝʜʝ-

ʣʝʥʳ ʜʣʷ ʢʘʞʜʦʡ ʪʝʤʧʝʨʘʪʫʨʳ. ʇʦʩʣʝʜʫʶʱʘʷ ʦʙʨʘ-

ʙʦʪʢʘ ʤʝʪʦʜʦʤ ɸʨʨʝʥʠʫʩʘ ʧʦʟʚʦʣʠʣʘ ʦʧʨʝʜʝʣʠʪʴ ʧʨʝ-

ʜʵʢʩʧʦʥʝʥʮʠʘʣʴʥʳʡ ʬʘʢʪʦʨ 
0s

k  ʠ ʵʥʝʨʛʠʶ ʘʢʪʠʚʘʮʠʠ 

ʩʦʨʙʮʠʠ ʢʠʩʣʦʨʦʜʘ ï Q, ʢʦʪʦʨʳʝ ʩʦʩʪʘʚʠʣʠ 
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 ʠ 2,77 eV, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. 

ʅʘ ʨʠʩʫʥʢʝ 4 ʧʨʝʜʩʪʘʚʣʝʥʳ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ 

ʠ ʨʘʩʯʝʪʥʳʝ ʢʨʠʚʳʝ ʩʦʨʙʮʠʠ ʢʠʩʣʦʨʦʜʘ, ʢʦʪʦʨʳʝ 

ʧʦʢʘʟʳʚʘʶʪ ʦʯʝʥʴ ʭʦʨʦʰʫʶ ʢʦʨʨʝʣʷʮʠʶ [5]. 

 

ʈʠʩʫʥʦʢ 4. ɿʘʚʠʩʠʤʦʩʪʴ ʟʥʘʯʝʥʠʷ ʢʠʩʣʦʨʦʜʥʦʛʦ ʠʥʜʝʢʩʘ 

ʦʪ ʧʘʨʮʠʘʣʴʥʦʛʦ ʜʘʚʣʝʥʠʷ ʢʠʩʣʦʨʦʜʘ ʜʣʷ ɺʘʉʝ0,9Nd0,1ʆ3-  

(ʩʧʣʦʰʥʳʝ ʣʠʥʠʠ - ʨʘʩʯʝʪʥʳʝ ʢʨʠʚʳʝ) 

ɺ ʩʣʫʯʘʝ ʜʦʧʠʨʦʚʘʥʥʦʛʦ ʮʝʨʘʪʘ ʩʪʨʦʥʮʠʷ, ʢʘʢ 

ʦʪʤʝʯʘʣʦʩʴ ʚʳʰʝ, ʚʳʭʦʜʘ ʢʠʩʣʦʨʦʜʘ ʚ ʠʩʩʣʝʜʦʚʘʥ-

ʥʦʤ ʜʠʘʧʘʟʦʥʝ ʪʝʤʧʝʨʘʪʫʨ ʦʙʥʘʨʫʞʝʥʦ ʥʝ ʙʳʣʦ. 

ʇʦʵʪʦʤʫ ʥʝ ʠʤʝʣʦʩʴ ʚʦʟʤʦʞʥʦʩʪʠ ʦʧʨʝʜʝʣʠʪʴ ʘʙʩʦ-

ʣʶʪʥʳʝ ʟʥʘʯʝʥʠʷ ʵʥʝʨʛʠʠ ʘʢʪʠʚʘʮʠʠ ʜʝʩʦʨʙʮʠʠ ʠ 

ʩʦʨʙʮʠʠ ʢʠʩʣʦʨʦʜʘ. ʊʝʤ ʥʝ ʤʝʥʝʝ, ʙʳʣʘ ʧʨʝʜʧʨʠʥʷ-

ʪʘ ʧʦʧʳʪʢʘ ʦʧʨʝʜʝʣʠʪʴ ʦʪʥʦʩʠʪʝʣʴʥʫʶ ʚʝʣʠʯʠʥʫ 

ɽ = Ed ï Q. ʀʩʭʦʜʷ ʠʟ ʟʘʢʦʥʦʤʝʨʥʦʩʪʝʡ ʧʨʦʮʝʩʩʦʚ 

ʥʘʩʳʱʝʥʠʷ ʦʙʨʘʟʮʦʚ ʢʠʩʣʦʨʦʜʦʤ [4] ʙʳʣʦ ʧʨʝʜʣʦ-

ʞʝʥʦ ʩʣʝʜʫʶʱʝʝ ʫʨʘʚʥʝʥʠʝ ʜʣʷ ʦʧʠʩʘʥʠʷ ʵʢʩʧʝʨʠ-

ʤʝʥʪʘʣʴʥʳʭ ʟʘʚʠʩʠʤʦʩʪʝʡ ʟʥʘʯʝʥʠʡ ʢʠʩʣʦʨʦʜʥʦʛʦ 

ʠʥʜʝʢʩʘ ʦʪ ʧʘʨʮʠʘʣʴʥʦʛʦ ʜʘʚʣʝʥʠʷ ʢʠʩʣʦʨʦʜʘ ʜʣʷ 

ʜʦʧʠʨʦʚʘʥʥʦʛʦ ʮʝʨʘʪʘ ʩʪʨʦʥʮʠʷ: 

 ( )S d

dn
k p n k n

dt
 

ʛʜʝ n(t) ï ʯʠʩʣʦ ʮʝʥʪʨʦʚ, ʟʘʥʷʪʳʭ ʢʠʩʣʦʨʦʜʦʤ, - 

ʧʦʨʷʜʦʢ ʨʝʘʢʮʠʠ, ks=ks0Āexp(-Q/kT) - ʢʦʥʩʪʘʥʪʘ ʩʢʦ-

ʨʦʩʪʠ ʩʦʨʙʮʠʠ, kd=kd0Āexp(-Ed /kT) - ʢʦʥʩʪʘʥʪʘ ʩʢʦʨʦ-

ʩʪʠ ʜʝʩʦʨʙʮʠʠ, p ï ʧʘʨʮʠʘʣʴʥʦʝ ʜʘʚʣʝʥʠʝ ʢʠʩʣʦʨʦʜʘ, 

- ʧʦʢʘʟʘʪʝʣʴ ʩʪʝʧʝʥʠ,  =(3- )- ʟʥʘʯʝʥʠʝ ʢʠʩʣʦʨʦʜ-

ʥʦʛʦ ʠʥʜʝʢʩʘ. 

ʇʨʠ ʵʪʦʤ ʧʨʠʥʠʤʘʣʩʷ ʚʦ ʚʥʠʤʘʥʠʝ ʪʦʪ ʬʘʢʪ, ʯʪʦ 

ʢʠʩʣʦʨʦʜʥʳʡ ʠʥʜʝʢʩ ʚʳʭʦʜʠʪ ʥʘ ʥʘʩʳʱʝʥʠʝ ʩ ʨʦʩ-

ʪʦʤ ʧʘʨʮʠʘʣʴʥʦʛʦ ʜʘʚʣʝʥʠʷ ʢʠʩʣʦʨʦʜʘ ʠ ʥʝ ʧʨʝʚʳ-

ʰʘʝʪ ʚʝʣʠʯʠʥʫ ʭ/2. ʇʦʩʣʝʜʥʝʝ ʫʢʘʟʳʚʘʝʪ ʥʘ ʪʦ, ʯʪʦ 

ʧʨʠ ʜʘʥʥʳʭ ʫʩʣʦʚʠʷʭ ʥʝʚʦʟʤʦʞʥʦ ʚʥʝʜʨʠʪʴ ʢʠʩʣʦ-

ʨʦʜ ʜʦ ʢʦʥʮʝʥʪʨʘʮʠʡ ʚʳʰʝ ʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʠʭ. 

ʆʢʘʟʘʣʦʩʴ, ʯʪʦ ʟʥʘʯʝʥʠʝ =1/2 ʜʘʝʪ ʥʘʠʣʫʯʰʝʝ ʩʦ-

ʛʣʘʩʠʝ ʤʝʞʜʫ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ ʠ ʨʘʩʯʝʪʥʳʤʠ 

ʢʨʠʚʳʤʠ. ʈʘʩʯʝʪʳ ʙʳʣʠ ʚʳʧʦʣʥʝʥʳ ʜʣʷ =1 ʠ =2. 

ʆʪʩʫʪʩʪʚʠʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ ʧʦ ʪʝʨʤʦʜʝ-

ʩʦʨʙʮʠʠ ʢʠʩʣʦʨʦʜʘ ʠʟ ʮʝʨʘʪʘ ʩʪʨʦʥʮʠʷ ʧʨʠʚʦʜʠʪ ʢ 

ʥʝʦʧʨʝʜʝʣʝʥʥʦʩʪʠ ʚ ʦʧʨʝʜʝʣʝʥʠʠ ʧʦʨʷʜʢʘ ʨʝʘʢʮʠʠ, 

ʧʦʩʢʦʣʴʢʫ ʥʘʙʣʶʜʘʝʪʩʷ ʭʦʨʦʰʝʝ ʩʦʛʣʘʩʠʝ ʵʢʩʧʝʨʠ-

ʤʝʥʪʘʣʴʥʳʭ ʠ ʨʘʩʯʝʪʥʳʭ ʜʘʥʥʳʭ, ʢʘʢ ʜʣʷ ʧʝʨʚʦʛʦ, 

ʪʘʢ ʠ ʜʣʷ ʚʪʦʨʦʛʦ ʧʦʨʷʜʢʘ, ʧʨʠʪʦʤ, ʯʪʦ ʟʥʘʯʝʥʠʷ 

E  ʧʨʘʢʪʠʯʝʩʢʠ ʦʜʠʥʘʢʦʚʳ (4,1 ʠ 4,01 ʵɺ). ʇʦʵʪʦ-

ʤʫ, ʧʦ ʘʥʘʣʦʛʠʠ ʩ ʙʘʨʠʝʚʳʤʠ ʮʝʨʘʪʘʤʠ ʤʳ ʦʩʪʘʥʦ-

ʚʠʣʠʩʴ ʥʘ ʨʝʘʢʮʠʠ ʚʪʦʨʦʛʦ ʧʦʨʷʜʢʘ. ʈʘʩʯʝʪʥʳʝ ʠ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʜʘʥʥʳʝ ʧʨʠʚʝʜʝʥʳ ʥʘ ʨʠʩʫʥ-

ʢʝ 5, ʠʟ ʢʦʪʦʨʦʛʦ ʚʠʜʥʦ ʭʦʨʦʰʝʝ ʩʦʦʪʚʝʪʩʪʚʠʝ ʵʢʩ-

ʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʠ ʨʘʩʯʝʪʥʳʭ ʢʨʠʚʳʭ. ʇʦʣʫʯʝʥʥʳʝ 

ʟʥʘʯʝʥʠʷ E  ʫʢʘʟʳʚʘʶʪ ʥʘ ʚʳʩʦʢʦʝ ʟʥʘʯʝʥʠʝ ʵʥʝʨ-

ʛʠʠ ʘʢʪʠʚʘʮʠʠ ʜʝʩʦʨʙʮʠʠ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʵʥʝʨʛʠʝʡ 

ʘʢʪʠʚʘʮʠʠ ʩʦʨʙʮʠʠ ʠ ʙʦʣʝʝ ʥʠʟʢʫʶ ʧʦʜʚʠʞʥʦʩʪʴ 

ʢʠʩʣʦʨʦʜʘ ʚ ʜʦʧʠʨʦʚʘʥʥʦʤ ʮʝʨʘʪʝ ʩʪʨʦʥʮʠʷ ʧʦ 

ʩʨʘʚʥʝʥʠʶ ʩ ʮʝʨʘʪʦʤ ʙʘʨʠʷ. ʆʯʝʚʠʜʥʦ, ʧʦ ʵʪʦʡ ʧʨʠ-

ʯʠʥʝ ʤʳ ʥʝ ʥʘʙʣʶʜʘʝʤ ʚʳʭʦʜʘ ʢʠʩʣʦʨʦʜʘ ʠʟ ʜʦʧʠ-

ʨʦʚʘʥʥʦʛʦ ʮʝʨʘʪʘ ʩʪʨʦʥʮʠʷ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ 

1100ʉ, ʭʦʪʷ ʩʦʨʙʮʠʷ ʢʠʩʣʦʨʦʜʘ ʚ ʜʘʥʥʦʤ ʪʝʤʧʝʨʘ-

ʪʫʨʥʦʤ ʠʥʪʝʨʚʘʣʝ ʩʦʛʣʘʩʥʦ ʨʘʙʦʪʝ [4] ʠʤʝʝʪ ʤʝʩʪʦ 

ʜʘʞʝ ʧʨʠ ʵʢʩʪʨʝʤʘʣʴʥʦ ʥʠʟʢʠʭ ʜʘʚʣʝʥʠʷʭ ʢʠʩʣʦʨʦʜʘ 

ʥʘʜ ʦʙʨʘʟʮʦʤ. ɺʦʟʤʦʞʥʦ ʪʘʢʞʝ, ʯʪʦ ʨʘʟʣʠʯʠʝ ʚ ʧʦʜ-

ʚʠʞʥʦʩʪʠ ʢʠʩʣʦʨʦʜʘ ʧʨʠʚʦʜʠʪ ʢ ʪʦʤʫ, ʯʪʦ ʩʪʨʦʥ-

ʮʠʝʚʳʝ ʮʝʨʘʪʳ ʧʨʦʷʚʣʷʶʪ ʯʠʩʪʦ ʧʨʦʪʦʥʥʫʶ ʧʨʦʚʦ-

ʜʠʤʦʩʪʴ, ʧʦʩʢʦʣʴʢʫ ʚ ʥʠʭ ʧʦʜʚʠʞʥʳʤʠ ʷʚʣʷʶʪʩʷ 

ʪʦʣʴʢʦ ʧʨʦʪʦʥʳ. ɺ ʜʦʧʠʨʦʚʘʥʥʦʤ ʮʝʨʘʪʝ ʙʘʨʠʷ ʧʨʠ 

ʩʨʝʜʥʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ (ʜʦ 600ʉ) ʦʩʥʦʚʥʳʤʠ ʥʦʩʠ-

ʪʝʣʷʤʠ ʷʚʣʷʶʪʩʷ ʧʨʦʪʦʥʳ, ʦʜʥʘʢʦ ʧʨʠ ʙʦʣʝʝ ʚʳʩʦ-

ʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ~800ʉ ʢʠʩʣʦʨʦʜ ʪʘʢʞʝ ʩʪʘʥʦʚʠʪ-

ʩʷ ʧʦʜʚʠʞʥʳʤ, ʠ ʧʨʦʷʚʣʷʝʪʩʷ ʩʤʝʰʘʥʥʘʷ ʧʨʦʪʦʥ-

ʢʠʩʣʦʨʦʜʥʘʷ ʧʨʦʚʦʜʠʤʦʩʪʴ. 
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ʈʠʩʫʥʦʢ 5. ɿʘʚʠʩʠʤʦʩʪʴ ʟʥʘʯʝʥʠʷ ʢʠʩʣʦʨʦʜʥʦʛʦ ʠʥʜʝʢʩʘ ʦʪ 

ʧʘʨʮʠʘʣʴʥʦʛʦ ʜʘʚʣʝʥʠʷ ʢʠʩʣʦʨʦʜʘ ʜʣʷ SrCe0,95Y0,05O3- . 
(ʩʧʣʦʰʥʳʝ ʣʠʥʠʠ ï ʨʘʩʯʝʪʥʳʝ ʢʨʠʚʳʝ) 

ʉʧʝʢʪʨʳ ʚʳʜʝʣʝʥʠʷ ʚʦʜʳ ʠʟ ʜʦʧʠʨʦʚʘʥʥʳʭ ʦʙ-

ʨʘʟʮʦʚ ʮʝʨʘʪʘ ʙʘʨʠʷ ʠ ʮʝʨʘʪʘ ʩʪʨʦʥʮʠʷ ʟʥʘʯʠʪʝʣʴʥʦ 

ʦʪʣʠʯʘʶʪʩʷ ʦʪ ʩʧʝʢʪʨʦʚ ʚʳʜʝʣʝʥʠʷ ʢʠʩʣʦʨʦʜʘ. ɸʥʘ-

ʣʠʟ ʬʦʨʤʳ ʣʠʥʠʠ ʠ ʧʦʚʝʜʝʥʠʷ ʤʘʢʩʠʤʫʤʘ ʩʢʦʨʦʩʪʠ 

ʚʳʜʝʣʝʥʠʷ ʚʦʜʳ ʧʦʟʚʦʣʠʣʠ ʟʘʢʣʶʯʠʪʴ, ʯʪʦ ʧʨʦʮʝʩʩ 

ʚʳʭʦʜʘ ʚʦʜʳ ʤʦʞʝʪ ʙʳʪʴ ʦʧʠʩʘʥ ʢʠʥʝʪʠʯʝʩʢʠʤ 

ʫʨʘʚʥʝʥʠʝʤ ʧʝʨʚʦʛʦ ʧʦʨʷʜʢʘ ʚ ʧʨʝʜʧʦʣʦʞʝʥʠʠ, ʯʪʦ 

ʵʥʝʨʛʠʷ ʜʝʩʦʨʙʮʠʠ ʷʚʣʷʝʪʩʷ ʢʚʘʜʨʘʪʠʯʥʦʡ ʬʫʥʢʮʠʝʡ 

ʢʦʥʮʝʥʪʨʘʮʠʠ ʚʦʜʳ Edes = f(n). 

 exp( )
( )

Edn desn
dt T t

  

ʛʜʝ  2

1 2 3( ) ( )desE p n t p n t p. 
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ʈʠʩʫʥʦʢ 6. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʡ ʠ ʨʘʩʯʝʪʥʳʡ  

ʩʧʝʢʪʨʳ ʚʳʜʝʣʝʥʠʷ ʤʦʣʝʢʫʣ ʚʦʜʳ ʠʟ ʦʙʨʘʟʮʘ 

ɺʘʉʝ0,9Nd0,1O3-  , ʦʪʦʞʞʝʥʥʦʛʦ ʥʘ ʚʦʟʜʫʭʝ 

ʈʘʟʨʘʙʦʪʘʥʥʘʷ ʥʘʤʠ ʧʨʦʛʨʘʤʤʘ ʜʣʷ ʨʝʰʝʥʠʷ ʦʙ-

ʨʘʪʥʳʭ ʟʘʜʘʯ ʜʣʷ ʩʠʩʪʝʤ ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʳʭ ʫʨʘʚʥʝ-

ʥʠʡ ʧʦʟʚʦʣʠʣʘ ʥʘʤ ʦʧʠʩʘʪʴ ʬʦʨʤʫ ʩʧʝʢʪʨʦʚ ʪʝʨʤʦʜʝ-

ʩʦʨʙʮʠʠ ʤʦʣʝʢʫʣ ʚʦʜʳ, ʢʦʪʦʨʘʷ ʧʨʝʜʩʪʘʚʣʝʥʘ ʥʘ 

ʨʠʩʫʥʢʝ 6 ʠ ʧʦʣʫʯʠʪʴ ʟʘʚʠʩʠʤʦʩʪʴ ʵʥʝʨʛʠʠ ʘʢʪʠʚʘʮʠʠ 

ʜʝʩʦʨʙʮʠʠ ʦʪ ʢʦʥʮʝʥʪʨʘʮʠʠ ʛʘʟʘ ʚ ʜʘʥʥʦʤ ʤʘʪʝʨʠʘʣʝ, 

ʢʦʪʦʨʘʷ ʠʤʝʝʪ ʩʣʝʜʫʶʱʠʡ ʚʠʜ, ʩʤʦʪʨʠ ʨʠʩʫʥʦʢ 7. 
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ʈʠʩʫʥʦʢ 7. ɿʘʚʠʩʠʤʦʩʪʴ ʵʥʝʨʛʠʠ ʘʢʪʠʚʘʮʠʠ ʜʝʩʦʨʙʮʠʠ 

ʚʦʜʳ ʦʪ ʢʦʥʮʝʥʪʨʘʮʠʠ ʜʣʷ ʜʦʧʠʨʦʚʘʥʥʦʛʦ ʮʝʨʘʪʘ ʙʘʨʠ. 

ɺʓɺʆɼʓ 

 ɺʧʝʨʚʳʝ ʠʟʫʯʝʥʳ ʧʨʦʮʝʩʩʳ ʜʝʩʦʨʙʮʠʠ ʛʘʟʦʚ ʠʟ 
ʙʘʨʠʝʚʳʭ ʠ ʩʪʨʦʥʮʠʝʚʳʭ ʮʝʨʘʪʦʚ. 

 ʇʨʝʜʣʦʞʝʥ ʨʷʜ ʤʘʪʝʤʘʪʠʯʝʩʢʠʭ ʤʦʜʝʣʝʡ ʜʣʷ 

ʦʧʠʩʘʥʠʷ ʵʪʠʭ ʧʨʦʮʝʩʩʦʚ. 

 ɺ ʨʘʤʢʘʭ ʧʨʝʜʣʦʞʝʥʥʳʭ ʤʦʜʝʣʝʡ ʦʧʨʝʜʝʣʝʥʳ 
ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʵʥʝʨʛʝʪʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠ-

ʢʠ: ʵʥʝʨʛʠʠ ʘʢʪʠʚʘʮʠʠ ʜʝʩʦʨʙʮʠʠ Ed ʠ ʩʦʨʙʮʠʠ Q 

ʢʠʩʣʦʨʦʜʘ ʚ BaCe0,9Nd 0,1O3 ʠ ʚʝʣʠʯʠʥʘ E = Ed- 

Q ʜʣʷ SrCe0,9Y0,1O3. 

 ɺ ʨʘʤʢʘʭ ʥʦʚʦʡ ʤʘʪʝʤʘʪʠʯʝʩʢʦʡ ʤʦʜʝʣʠ ʧʦʣʫʯʝ-

ʥʳ ʨʘʩʯʝʪʥʳʝ ʩʧʝʢʪʨʳ ʚʳʜʝʣʝʥʠʷ ʚʦʜʳ ʠʟ ʮʝʨʘ-

ʪʦʚ ʙʘʨʠʷ ʠ ʩʪʨʦʥʮʠʷ ʠ ʧʦʣʫʯʝʥʳ ʟʘʚʠʩʠʤʦʩʪʠ 

ʵʥʝʨʛʠʠ ʘʢʪʠʚʘʮʠʠ ʜʝʩʦʨʙʮʠʠ ʚʦʜʳ ʦʪ ʢʦʥʮʝʥ-

ʪʨʘʮʠʠ ʜʣʷ ʜʘʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ. 
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ɹɸʈʀʁ ɾᴄʅɽ ʉʊʈʆʅʎʀʁ ʎɽʈɸʊʊɸʈʓʅɼɸנʓ  

ɻɸɿɼɸʈɼʓר ʉʆʈɹʎʀʗ ïɼɽʉʆʈɹʎʀʗ ʇʈʆʎɽʉʊɽʈɯʅ ɿɽʈʊʊɽʋ 

1)ʄʫʥʘʩʙʘʝʚʘ ʂ.ʂ., 1)ʍʨʦʤʫʰʠʥ ʀ.ɺ., 1)ɸʢʩʝʥʦʚʘ ʊ.ʀ., 2)ɾʦʪʘʙʘʝʚ ɾ.ʈ., 1)ɹʫʢʝʥʦʚ ʂ.ɼ.  

1)ϧʈ ϯʗʆ ʗʜʨʦʣʳϨ ʬʠʟʠʢʘ ʠʥʩʪʠʪʫʪʳ, ɸʣʤʘʪʳ, ϧʘʟʘϨʩʪʘʥ 
2)ϧʘʟʘϨʩʪʘʥ ʈʝʩʧʫʙʣʠʢʘʩʳʥʳϬ ϯʣʪʪʳϨ ʗʜʨʦʣʳϨ ʆʨʪʘʣʳϤʳ, ɸʣʤʘʪʳ 

ɹʘʨʠʡ ʞᴅʥʝ ʩʪʨʦʥʮʠʡ ʮʝʨʘʪʪʘʨʳʥʘʥ ʦʪʪʝʛʽ ʤʝʥ ʩʫʜʳש ʰʳסʫ ʧʨʦʮʝʩʪʝʨʽ ʪᴅʞʽʨʠʙʝ ʞʦʣʳʤʝʥ ʟʝʨʪʪʝʣʛʝʥ. 

ɼʦʧʠʨʣʝʥʛʝʥ ʙʘʨʠʡ ʮʝʨʘʪʳʥʘʥ ʤʦʣʝʢʫʣʘʣʳץ ʦʪʪʝʛʽʥʽש ʰʳסʫʳʥ ʩʠʧʘʪʪʘʡʪʳʥ ʤʘʪʝʤʘʪʠʢʘʣʳץ ʤʦʜʝʣʴ ײʩʳʥʳʣסʘʥ 

ʞᴅʥʝ ʦʥʳש ʜʝʩʦʨʙʮʠʷʩʳʥʳש ʘʢʪʠʚʪʝʥʜʽʨʫ ʵʥʝʨʛʠʷʩʳ ʘʥʳץʪʘʣסʘʥ. ɼʦʧʠʨʣʝʥʛʝʥ ʙʘʨʠʡ ʮʝʨʘʪʳ װʰʽʥ ʦʪʪʝʛʽ 

ʩʦʨʙʮʠʷʩʳʥʳש ʘʢʪʠʚʪʝʥʜʽʨʫ ʵʥʝʨʛʠʷʩʳʥʘ ʞᴅʥʝ ʜʦʧʠʨʣʝʥʛʝʥ ʩʪʨʦʥʮʠʡ ʮʝʨʘʪʳ װʰʽʥ ɽ= Ed - Q ʰʘʤʘʩʳʥʘ 

ʝʩʝʧʪʝʤʝʣʝʨ ʞװʨʛʽʟʽʣʛʝʥ. ɹʘʨʠʡ ʮʝʨʘʪʳʥʘ ɺʘʉʝ0,9Nd0,1ʆ3- -ʳ SrCe0,95Y0,05O3סʘʥʜʘ ʩʪʨʦʥʮʠʡ ʮʝʨʘʪʳʥʜʘסʘʨʘץ ,  ʦʪʪʝʛʽ 

ʜʝʩʦʨʙʮʠʷʩʳʥʳש ʘʢʪʠʚʪʝʥʜʽʨʫ ʵʥʝʨʛʠʷʩʳ ʞʦסʘʨʳʨʘץ ʝʢʝʥʜʽʛʽ ʢᴇʨʩʝʪʽʣʛʝʥ, ʙײʣ ʦʨʪʦʨʦʤʙʘʣʳ ʪװʨʜʝʛʽ ʢʨʠʩʪʘʣʜʳץ 

ʪʦʨʜʘסʳ ʦʪʪʝʛʽ ʙʘʡʣʘʥʳʩʳʥʳש ʙʝʨʽʢʪʽʛʽ ʘʨʪʳסʳʨʘץ ʝʢʝʥʜʽʛʽʥ ʨʘʩʪʘʡʜʳ. ɼʝʩʦʨʙʮʠʷʥʳש ʘʢʪʠʚʪʝʥʜʽʨʫ ʵʥʝʨʛʠʷʩʳ 

ʩʫʜʳש ʢʦʥʮʝʥʪʨʘʮʠʷʩʳʥʳש Edes = f(n) ʪװʨʽʥʜʝʡ ʢʚʘʜʨʘʪʪʳץ ʬʫʥʢʮʠʷ ʜʝʧ ʩʘʥʘʡ ʦʪʳʨʳʧ, ʜʦʧʠʨʣʝʥʛʝʥ ʮʝʨʘʪʪʘʥ 

ʰʳסʘʪʳʥ ʩʫʜʳ ʙʽʨʽʥʰʽ ʨʝʪʪʽ ʢʠʥʝʪʠʢʘʣʳץ ʪʝשʜʝʫʤʝʥ ʩʠʧʘʪʪʘʡʪʳʥ ʤʘʪʝʤʘʪʠʢʘʣʳץ ʤʦʜʝʣʴ ײʩʳʥʳʣסʘʥ. 

 

STUDY OF SORPTION-DESORPTION PROCESSES FROM BARIUM AND STRONTIUM  CERATES  

1)ʂ.ʂ. Munasbayeva, 1)I.V. Khromushin, 1)T.I. Aksenova, 2)Zh.R. Zhotabaev, 1)K.D. Bukenov  

1)Institute of Nuclear Physics NNC RK, Almaty, Kazakhstan 
2)National Nuclear Centre of the Republic of Kazakstan, Kurchatov 

Processes of oxygen molecules release from doped barium and strontium cerates have been studied experimentally. 

Mathematical model describing oxygen molecules release from doped barium cerate has been suggested and activation 

energy of desorption was determined. Calculations of activation energy of oxygen molecules sorption for doped barium 

cerate and quantity of ɽ= Ed - Q for doped strontium cerate have been done. It was found that SrCe0,95Y0,05O3-  is 

characterized by higher activation energy of oxygen desorption that barium cerate ɺʘʉʝ0,9Nd0,1ʆ3-  which justifies 

tighter connection of oxygen in the case of crystalline cell of orthorhombic type.. Mathematical model, describing water 

molecules release from doped cerates was suggested and dependences of activation energy of water desorption on gas 

concentration in the materials were calculated. 
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ʈɽɿʆʅɸʅʉʅɸʗ ɼʀʌʌʋɿʀʗ ʉʆʉʊɸɺʅʓʍ ʏɸʉʊʀʎ 

ʂʨʘʩʦʚʠʮʢʠʡ ʇ.ʄ., ʇʝʥʴʢʦʚ ʌ.ʄ. 

ʀʥʩʪʠʪʫʪ ʷʜʝʨʥʦʡ ʬʠʟʠʢʠ ʅʗʎ ʈʂ, ɸʣʤʘʪʳ, ʂʘʟʘʭʩʪʘʥ 

ʈʘʩʩʤʦʪʨʝʥʳ ʤʦʜʝʣʠ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʧʨʦʮʝʩʩʫ ʜʠʬʬʫʟʠʠ ʜʚʫʭʘʪʦʤʥʳʭ ʤʦʣʝʢʫʣ. ʏʠʩʣʝʥʥʦʝ ʨʝʰʝʥʠʝ 
ʜʚʫʤʝʨʥʦʡ ʟʘʜʘʯʠ ʨʘʩʩʝʷʥʠʷ ʜʝʤʦʥʩʪʨʠʨʫʝʪ ʷʨʢʦ ʚʳʨʘʞʝʥʥʳʡ ʨʝʟʦʥʘʥʩʥʳʡ ʭʘʨʘʢʪʝʨ ʧʨʦʭʦʞʜʝʥʠʷ ʙʘʨʴʝʨʘ 
ʩʚʷʟʘʥʥʦʡ ʧʘʨʦʡ. ʂʚʘʥʪʦʚʘʷ ʨʝʟʦʥʘʥʩʥʘʷ ʜʠʬʬʫʟʠʷ ʤʦʣʝʢʫʣ ʙʝʨʠʣʣʠʷ ʯʝʨʝʟ ʧʦʪʝʥʮʠʘʣʴʥʳʡ ʙʘʨʴʝʨ ʚʳʩʦʪʦʡ 
4000 K ʠ ʰʠʨʠʥʦʡ 1.6 ¡ ʧʨʝʚʳʰʘʝʪ ʢʚʘʥʪʦʚʫʶ ʦʜʥʦʯʘʩʪʠʯʥʫʶ ʜʠʬʬʫʟʠʶ. 

ɺ 1994 ʛ N. Saito ʠ Y. Kayanuma, ʨʘʩʩʤʘʪʨʠʚʘʷ 
ʟʘʜʘʯʫ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʧʨʷʤʦʫʛʦʣʴʥʦʛʦ ʧʦʪʝʥʮʠʘʣʴ-
ʥʦʛʦ ʙʘʨʴʝʨʘ ʜʣʷ ʧʘʨʳ ʯʘʩʪʠʮ, ʩʚʷʟʘʥʥʳʭ ʙʝʩʢʦʥʝʯ-
ʥʳʤ ʧʨʷʤʦʫʛʦʣʴʥʳʤ ʧʦʪʝʥʮʠʘʣʦʤ, ʟʘʤʝʪʠʣʠ ʨʦʩʪ 
ʚʝʨʦʷʪʥʦʩʪʠ ʧʨʦʭʦʞʜʝʥʠʷ ʧʨʠ ʥʝʢʦʪʦʨʳʭ ʵʥʝʨʛʠʷʭ 
[1]. ʇʦʟʞʝ, ʚ 2000 ʛ, ʧʦʜʦʙʥʳʡ ʵʬʬʝʢʪ ʧʨʦʟʨʘʯʥʦʩʪʠ 
ʙʳʣ ʧʨʝʜʩʢʘʟʘʥ ʜʣʷ ʧʨʦʭʦʞʜʝʥʠʷ ʙʘʨʴʝʨʘ ʧʘʨʦʡ 
ʯʘʩʪʠʮ, ʩʚʷʟʘʥʥʦʡ ʦʩʮʠʣʣʷʪʦʨʥʳʤ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝʤ 
ʜʣʷ ʙʘʨʴʝʨʦʚ ʛʘʫʩʩʦʚʦʛʦ ʠ ʢʫʣʦʥʦʚʩʢʦʛʦ ʚʠʜʘ [2]. 
ʉʨʘʚʥʝʥʠʝ ʨʝʟʫʣʴʪʘʪʦʚ ʜʚʫʭ ʨʘʩʯʝʪʦʚ ʧʦʢʘʟʘʣʦ, ʯʪʦ 
ʨʝʯʴ ʠʜʝʪ ʦʙ ʦʜʥʦʤ ʠ ʪʦʤ ʞʝ ʤʝʭʘʥʠʟʤʝ ʨʝʟʦʥʘʥʩ-
ʥʦʡ ʧʨʦʟʨʘʯʥʦʩʪʠ ʙʘʨʴʝʨʦʚ ʜʣʷ ʩʚʷʟʘʥʥʦʡ ʧʘʨʳ ʯʘʩ-
ʪʠʮ (F.M.Penôkov, 2000). ɺ 2005 ʛ G. L. Goodvin ʠ 
M.R.A. Shegelski ʧʦʢʘʟʘʣʠ [3], ʯʪʦ ʧʘʨʘ ʯʘʩʪʠʮ, ʩʚʷ-
ʟʘʥʥʳʭ ʧʦʪʝʥʮʠʘʣʦʤ ʤʦʣʝʢʫʣʷʨʥʦʛʦ ʪʠʧʘ, ʤʦʞʝʪ 
ʧʨʦʭʦʜʠʪʴ ŭ-ʦʙʨʘʟʥʳʡ ʧʦʪʝʥʮʠʘʣ ʨʝʟʦʥʘʥʩʥʳʤ ʦʙ-
ʨʘʟʦʤ. ʆʥʠ ʫʢʘʟʘʣʠ, ʯʪʦ ʥʝʢʦʪʦʨʳʝ ʫʛʣʦʚʳʝ ʘʥʦʤʘ-
ʣʠʠ ʚ ʨʘʩʩʝʷʥʠʠ ʤʦʣʝʢʫʣʷʨʥʳʭ ʧʫʯʢʦʚ ʦʪ ʧʦʚʝʨʭʥʦ-
ʩʪʝʡ ʤʦʛʣʠ ʙʳ ʙʳʪʴ ʧʨʦʷʚʣʝʥʠʝʤ ʫʢʘʟʘʥʥʦʛʦ 
ʤʝʭʘʥʠʟʤʘ ʧʨʦʟʨʘʯʥʦʩʪʠ. 
ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʨʘʩʩʤʦʪʨʝʥʳ ʧʨʠʤʝʨʳ ʟʥʘʯʠ-

ʪʝʣʴʥʦʛʦ ʧʨʝʚʳʰʝʥʠʷ ʚʝʨʦʷʪʥʦʩʪʠ ʧʨʦʭʦʞʜʝʥʠʷ 
ʙʘʨʴʝʨʦʚ ʜʣʷ ʤʦʣʝʢʫʣʷʨʥʳʭ ʩʠʩʪʝʤ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ 
ʦʜʥʦʘʪʦʤʥʳʤ ʧʨʦʭʦʞʜʝʥʠʝʤ. ʕʪʦ ʧʦʟʚʦʣʷʝʪ ʫʢʘʟʘʪʴ 
ʚʦʟʤʦʞʥʦʩʪʴ ʤʝʭʘʥʠʟʤʘ ʢʚʘʥʪʦʚʦʡ ʜʠʬʬʫʟʠʠ ʜʚʫʭ-
ʘʪʦʤʥʳʭ ʤʦʣʝʢʫʣ ʚ ʪʚʝʨʜʦʤ ʪʝʣʝ ʢʦʛʜʘ ʧʨʦʮʝʩʩʳ 
ʦʜʥʦʘʪʦʤʥʦʡ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʦʡ ʜʠʬʬʫʟʠʠ ʟʥʘʯʠ-
ʪʝʣʴʥʦ ʧʦʜʘʚʣʝʥʳ. 

ʋʈɸɺʅɽʅʀʗ 
ɿʘʜʘʯʘ ʧʨʦʭʦʞʜʝʥʠʷ ʙʘʨʴʝʨʘ ʜʣʷ ʧʘʨʳ ʪʦʞʜʝʩʪʚʝʥ-

ʥʳʭ ʯʘʩʪʠʮ, ʩʚʷʟʘʥʥʦʡ ʦʩʮʠʣʣʷʪʦʨʥʳʤ ʚʟʘʠʤʦʜʝʡʩʪ-
ʚʠʝʤ, ʦʧʠʩʳʚʘʝʪʩʷ ʜʚʫʤʝʨʥʳʤ ʛʘʤʠʣʴʪʦʥʠʘʥʦʤ: 

 
1 2

2
2

1 2 0 1 0 2

1 1Ĕ
2 2

,
4

x xH
m m

m
x x V x V x

 

ʛʜʝ x1 ʠ x2 - ʢʦʦʨʜʠʥʘʪʳ ʜʚʫʭ ʯʘʩʪʠʮ, V0(xi) - ʧʦʪʝʥ-
ʮʠʘʣ ʙʘʨʴʝʨʘ ʜʣʷ ʯʘʩʪʠʮʳ i, m ʠ ɤ - ʤʘʩʩʘ ʯʘʩʪʠʮʳ ʠ 
ʯʘʩʪʦʪʘ ʦʩʮʠʣʣʷʪʦʨʘ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʋʨʘʚʥʝʥʠʝ 
ʐʨʝʜʠʥʛʝʨʘ ʫʜʦʙʥʦ ʟʘʧʠʩʘʪʴ ʚ ʧʝʨʝʤʝʥʥʳʭ ʦʪʥʦʩʠ-
ʪʝʣʴʥʦʛʦ ʜʚʠʞʝʥʠʷ ʚ ʧʘʨʝ x ʠ ʧʝʨʝʤʝʥʥʦʡ y ʜʣʷ 
ʜʚʠʞʝʥʠʷ ʮʝʥʪʨʘ ʠʥʝʨʮʠʠ:  
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ʛʜʝ ʵʥʝʨʛʠʷ E ʟʘʧʠʩʳʚʘʝʪʩʷ ʚ ʝʜʠʥʠʮʘʭ ɤ/2, ʘ ʧʦ-
ʪʝʥʮʠʘʣʴʥʳʡ ʙʘʨʴʝʨ ʚ ʥʦʚʳʭ ʧʝʨʝʤʝʥʥʳʭ ʠʤʝʝʪ ʚʠʜ:  

 0

2
2 .V x y V x y m   

ʇʫʩʪʴ ʧʨʦʮʝʩʩ ʨʘʩʩʝʷʥʠʷ ʠʜʝʪ ʩʣʝʚʘ ʥʘʧʨʘʚʦ, ʠ 
ʥʘʯʘʣʴʥʦʝ ʩʦʩʪʦʷʥʠʝ ʦʩʮʠʣʣʷʪʦʨʘ ʦʪʚʝʯʘʝʪ ʩʦʩʪʦʷ-
ʥʠʶ n. ʊʦʛʜʘ ʛʨʘʥʠʯʥʳʝ ʫʩʣʦʚʠʷ ʜʣʷ ʬʝʨʤʠʦʥʥʦʡ 
ʧʘʨʳ ʯʘʩʪʠʮ ʟʘʧʠʩʳʚʘʶʪʩʷ ʚ ʦʯʝʚʠʜʥʦʤ ʚʠʜʝ: 
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ɺʦʣʥʦʚʳʝ ʬʫʥʢʮʠʠ ʦʩʮʠʣʣʷʪʦʨʘ űj(x) ʦʪʚʝʯʘʶʪ 
ʫʨʘʚʥʝʥʠʶ ʐʨʝʜʠʥʛʝʨʘ 
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 ʩ ʵʥʝʨʛʠʝʡ Ůj=4j+3 , 

ʠʤʧʫʣʴʩʳ j jk E , ʘ N ï ʥʦʤʝʨ ʧʦʩʣʝʜʥʝʛʦ 

ʦʪʢʨʳʪʦʛʦ ʢʘʥʘʣʘ (E-ŮN+1<0). ɺʝʨʦʷʪʥʦʩʪʠ ʧʨʦʭʦʞ-
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ʫʜʦʚʣʝʪʚʦʨʷʶʪ ʦʯʝʚʠʜʥʦʤʫ ʫʩʣʦʚʠʶ 
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ʄɽʍɸʅʀɿʄ ʇʈʆɿʈɸʏʅʆʉʊʀ 
ʗʚʣʝʥʠʝ ʨʝʟʦʥʘʥʩʥʦʡ ʧʨʦʟʨʘʯʥʦʩʪʠ ʩʚʷʟʘʥʦ ʩ ʦʙ-

ʨʘʟʦʚʘʥʠʝʤ ʤʝʪʘʩʪʘʙʠʣʴʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʩʚʷʟʘʥʥʦʡ 
ʧʘʨʳ ʥʘ ʦʪʪʘʣʢʠʚʘʶʱʝʤ ʙʘʨʴʝʨʝ [2]. ʅʘ ʨʠʩʫʥʢʝ 1 
ʧʨʠʚʝʜʝʥʘ ʧʦʚʝʨʭʥʦʩʪʴ ʧʦʣʥʦʡ ʧʦʪʝʥʮʠʘʣʴʥʦʡ ʵʥʝʨ-
ʛʠʠ U(x,y)=x

2
+V(x+y)+V(x-y) ʩ ʷʨʢʦ ʚʳʨʘʞʝʥʥʳʤʠ 

ʤʠʥʠʤʫʤʘʤʠ (ʩʤ. ʩʪʨʝʣʢʠ), ʛʣʫʙʠʥʘ ʢʦʪʦʨʳʭ ʜʦʩʪʘ-
ʪʦʯʥʘ ʜʣʷ ʦʙʨʘʟʦʚʘʥʠʷ ʤʝʪʘʩʪʘʙʠʣʴʥʳʭ ʩʦʩʪʦʷʥʠʡ 
ʜʣʷ ʧʘʨʳ ʯʘʩʪʠʮ. ʇʦʵʪʦʤʫ ʧʨʠ ʦʧʨʝʜʝʣʝʥʥʳʭ ʟʥʘʯʝ-
ʥʠʷʭ ʵʥʝʨʛʠʠ ʥʘʙʣʶʜʘʝʪʩʷ ʟʥʘʯʠʪʝʣʴʥʦʝ ʫʚʝʣʠʯʝʥʠʝ 
ʚʝʨʦʷʪʥʦʩʪʠ ʧʨʦʭʦʞʜʝʥʠʷ ʙʘʨʴʝʨʘ ʜʣʷ ʧʘʨʳ ʧʦ ʩʨʘʚ-
ʥʝʥʠʶ ʩ ʚʝʨʦʷʪʥʦʩʪʴʶ ʧʨʦʭʦʞʜʝʥʠʷ ʦʜʥʦʡ ʯʘʩʪʠʮʳ.  
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ʈʠʩʫʥʦʢ 1. ʉʫʤʤʘʨʥʳʡ ʧʦʪʝʥʮʠʘʣ, ʦʧʠʩʳʚʘʝʤʳʡ ʧʦʣʥʦʡ 

ʧʦʪʝʥʮʠʘʣʴʥʦʡ ʵʥʝʨʛʠʝʡ U(x,y)=x2+V(x+y)+V(x-y)  

ʅʘ ʨʠʩʫʥʢʝ 2 ʧʨʠʚʝʜʝʥʳ ʧʦʣʥʳʝ ʚʝʨʦʷʪʥʦʩʪʠ Wtot 

(ʩʧʣʦʰʥʘʷ ʢʨʠʚʘʷ) ʧʨʦʭʦʞʜʝʥʠʷ ʧʘʨʳ ʯʝʨʝʟ ʙʘʨʴʝʨʳ 

ʛʘʫʩʩʦʚʦʛʦ ʚʠʜʘ ʨʘʟʣʠʯʥʦʡ ʰʠʨʠʥʳ r0 ʠ ʚʳʩʦʪʳ 

Emax. ʄʘʩʩʘ ʯʘʩʪʠʮ ʠ ʯʘʩʪʦʪʘ ɤ ʦʪʚʝʯʘʝʪ ʤʦʣʝʢʫʣʝ 

ʙʝʨʠʣʣʠʷ. ɼʣʷ ʩʨʘʚʥʝʥʠʷ ʜʘʥʳ ʚʝʨʦʷʪʥʦʩʪʠ ʧʨʦʭʦʞ-

ʜʝʥʠʷ ʦʜʥʦʡ ʯʘʩʪʠʮʳ ʩ ʤʘʩʩʦʡ ʘʪʦʤʘ ʙʝʨʠʣʣʠʷ 

(ʧʫʥʢʪʠʨʥʘʷ ʢʨʠʚʘʷ) ʠ ʦʜʥʦʡ ʯʘʩʪʠʮʳ ʩ ʤʘʩʩʦʡ ʜʚʫʭ 

ʘʪʦʤʦʚ (ʪʦʯʝʯʥʘʷ ʢʨʠʚʘʷ). ɼʣʷ ʤʘʣʦʧʨʦʟʨʘʯʥʳʭ 

ʙʘʨʴʝʨʦʚ ʚʝʨʦʷʪʥʦʩʪʴ ʧʨʦʭʦʞʜʝʥʠʷ ʩʪʨʫʢʪʫʨʥʦʡ 

ʯʘʩʪʠʮʳ ʥʘ ʚʦʩʝʤʴ ʧʦʨʷʜʢʦʚ ʧʨʝʚʳʰʘʝʪ ʚʝʨʦʷʪʥʦʩʪʴ 

ʧʨʦʭʦʞʜʝʥʠʷ ʯʘʩʪʠʮʳ ʜʚʦʡʥʦʡ ʤʘʩʩʳ ʠ ʥʘ ʯʝʪʳʨʝ 

ʧʦʨʷʜʢʘ ï ʚʝʨʦʷʪʥʦʩʪʴ ʧʨʦʭʦʞʜʝʥʠʷ ʦʜʥʦʡ ʯʘʩʪʠʮʳ. 

 

   
a ï Emax =1600 K, r0=0.24¡ 

 

  
b ï Emax= 4000 K, r0=0.45¡ 

ʈʠʩʫʥʦʢ 2. ɼʝʤʦʥʩʪʨʘʮʠʷ ʵʬʬʝʢʪʘ ʧʨʦʟʨʘʯʥʦʩʪʠ ʛʘʫʩʩʦʚʳʭ ʙʘʨʴʝʨʦʚ ʨʘʟʣʠʯʥʦʡ ʚʳʩʦʪʳ ʠ ʰʠʨʠʥʳ.  

ʇʦʷʩʥʝʥʠʷ ʜʣʷ ʢʨʠʚʳʭ ʜʘʥʳ ʚ ʪʝʢʩʪʝ 
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ʄʦʞʥʦ ʚʠʜʝʪʴ, ʯʪʦ ʩ ʨʦʩʪʦʤ ʚʳʩʦʪʳ ʙʘʨʴʝʨʘ ʥʘ-

ʙʣʶʜʘʝʪʩʷ ʫʤʝʥʴʰʝʥʠʝ ʰʠʨʠʥʳ ʨʝʟʦʥʘʥʩʥʳʭ ʣʠʥʠʡ. 

ɺʤʝʩʪʝ ʩ ʪʝʤ ʨʘʩʪʝʪ ʦʪʥʦʰʝʥʠʝ ʚʝʨʦʷʪʥʦʩʪʠ ʧʨʦʭʦʞ-

ʜʝʥʠʷ ʚ ʨʝʟʦʥʘʥʩʝ ʢ ʚʝʨʦʷʪʥʦʩʪʠ ʧʨʦʭʦʞʜʝʥʠʷ ʦʜʥʦʡ 

ʯʘʩʪʠʮʳ ʦʜʠʥʘʨʥʦʡ ʠ, ʪʝʤ ʙʦʣʝʝ, ʜʚʦʡʥʦʡ ʤʘʩʩʳ. 

ɼʀʌʌʋɿʀʗ ɺ ʊɺɽʈɼʆʄ ʊɽʃɽ 

ʄʦʜʝʣʠ ʜʠʬʬʫʟʠʠ ʚ ʪʚʝʨʜʦʤ ʪʝʣʝ ʧʨʝʜʧʦʣʘʛʘʶʪ 

ʘʙʩʦʣʶʪʥʫʶ ʥʝʧʨʦʟʨʘʯʥʦʩʪʴ ʚʥʫʪʨʠʢʨʠʩʪʘʣʣʠʯʝ-

ʩʢʠʭ ʙʘʨʴʝʨʦʚ ʧʨʠ ʵʥʝʨʛʠʠ ʯʘʩʪʠʮʳ E, ʤʝʥʴʰʝʡ ʚʳ-

ʩʦʪʳ ʙʘʨʴʝʨʘ Emax. ʊʦ ʝʩʪʴ ʚʝʨʦʷʪʥʦʩʪʴ ʧʨʦʭʦʞʜʝʥʠʷ 

ʙʘʨʴʝʨʘ P ʜʣʷ ʦʜʥʦʡ ʯʘʩʪʠʮʳ ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʘ ʝʜʠ-

ʥʠʯʥʦʡ ʬʫʥʢʮʠʠ: 

 
max

max

0 :

1: .

E E
P E

E E
 

ʇʨʠ ʵʪʦʤ ʜʠʬʬʫʟʠʶ ʢʘʢ ʬʫʥʢʮʠʶ ʵʥʝʨʛʠʠ ʤʦʞ-

ʥʦ ʟʘʧʠʩʘʪʴ ʚ ʚʠʜʝ: D=D0P(E), ʛʜʝ D0 ʠʤʝʝʪ ʤʘʩʰʪʘʙ 

ʛʘʟʦʚʦʡ ʜʠʬʬʫʟʠʠ [4]. ʇʦʩʣʝ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʦʛʦ 

ʫʩʨʝʜʥʝʥʠʷ ʧʦʣʫʯʘʝʤ ʠʟʚʝʩʪʥʫʶ ʬʦʨʤʫʣʫ ʵʤʧʠʨʠ-

ʯʝʩʢʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ʜʠʬʬʫʟʠʠ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ: 

 
max

class 0 0

0

EE
T T

dE
D D P E D

T
e e . (1) 

ɺ ʢʚʘʥʪʦʚʦʤ ʩʣʫʯʘʝ ʚʝʨʦʷʪʥʦʩʪʴ P(E) ʥʫʞʥʦ ʟʘ-

ʤʝʥʠʪʴ ʥʘ ʧʦʣʥʫʶ ʚʝʨʦʷʪʥʦʩʪʴ ʧʨʦʭʦʞʜʝʥʠʷ ʯʝʨʝʟ 

ʙʘʨʴʝʨ:  

 
tot jn

j N

W W .  

ʉʦʦʪʚʝʪʩʪʚʝʥʥʦ: 

 quan 0 tot 0

0

E
T

dE
D D W D F T

T
e .  (2) 

ʅʘʤʠ ʙʳʣ ʨʘʩʩʤʦʪʨʝʥ ʩʣʫʯʘʡ ʜʠʬʬʫʟʠʠ ʜʣʷ ʧʘʨʳ 

ʯʘʩʪʠʮ, ʩʚʷʟʘʥʥʦʡ ʤʦʣʝʢʫʣʷʨʥʳʤ ʧʦʪʝʥʮʠʘʣʦʤ. ɼʣʷ 

ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʩʚʦʡʩʪʚ ʜʚʫʭʘʪʦʤʥʦʡ ʤʦʣʝʢʫʣʳ ʙʳʣ 

ʚʳʙʨʘʥ ʧʦʪʝʥʮʠʘʣ ʚ ʚʠʜʝ ʧʦʣʠʥʦʤʘ ʯʝʪʚʝʨʪʦʡ ʩʪʝ-

ʧʝʥʠ ʩ ʦʪʪʘʣʢʠʚʘʥʠʝʤ ʥʘ ʤʘʣʳʭ ʨʘʩʩʪʦʷʥʠʷʭ. ʕʪʦʪ 

ʧʦʪʝʥʮʠʘʣ ʚʦʩʧʨʦʠʟʚʦʜʠʪ ʦʩʥʦʚʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ 

ʤʦʣʝʢʫʣʳ: ʩʨʝʜʥʠʝ ʨʘʩʩʪʦʷʥʠʷ ʤʝʞʜʫ ʘʪʦʤʘʤʠ ʚ 

ʤʦʣʝʢʫʣʝ ʠ ʝʝ ʚʠʙʨʘʮʠʦʥʥʳʝ ʯʠʩʣʘ. ʇʘʨʘʤʝʪʨʳ ʧʦ-

ʪʝʥʮʠʘʣʘ ʙʳʣʠ ʚʳʙʨʘʥʳ ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʯʪʦʙʳ ʚʦʩ-

ʧʨʦʠʟʚʦʜʠʪʴ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʤʦʣʝʢʫʣʳ ʙʝʨʠʣʣʠʷ. 

ʈʘʩʯʝʪ ʧʦʣʥʦʡ ʚʝʨʦʷʪʥʦʩʪʠ ʧʨʦʭʦʞʜʝʥʠʷ ʙʘʨʴʝʨʘ 

(Emax= 4000 K, r0=1.61 ¡) ʜʚʫʭʘʪʦʤʥʦʡ ʤʦʣʝʢʫʣʦʡ, 

ʩʚʷʟʘʥʥʦʡ ʪʘʢʠʤ ʧʦʪʝʥʮʠʘʣʦʤ, ʧʨʠʚʝʜʝʥ ʥʘ ʨʠʩʫʥ-

ʢʝ 3. ɼʣʷ ʩʨʘʚʥʝʥʠʷ ʥʘ ʨʠʩʫʥʢʝ ʜʘʥʳ ʪʘʢʞʝ ʚʝʨʦʷʪ-

ʥʦʩʪʴ ʧʨʦʭʦʞʜʝʥʠʷ ʦʜʥʦʛʦ ʘʪʦʤʘ ʙʝʨʠʣʣʠʷ ʠ ʯʘʩʪʠ-

ʮʳ ʩ ʤʘʩʩʦʡ ʤʦʣʝʢʫʣʳ ʙʝʨʠʣʣʠʷ, ʥʦ ʙʝʟ ʚʥʫʪʨʝʥʥʝʡ 

ʩʚʷʟʠ ʯʝʨʝʟ ʪʘʢʦʡ ʞʝ ʧʦʪʝʥʮʠʘʣʴʥʳʡ ʙʘʨʴʝʨ.  

ɸʥʘʣʠʟ ʨʘʩʯʝʪʦʚ ʧʦʢʘʟʳʚʘʝʪ, ʯʪʦ ʚʝʨʦʷʪʥʦʩʪʴ ʨʝ-

ʟʦʥʘʥʩʥʦʛʦ ʧʨʦʭʦʞʜʝʥʠʷ ʤʦʣʝʢʫʣʳ ʟʥʘʯʠʪʝʣʴʥʦ 

ʚʳʰʝ ʚʝʨʦʷʪʥʦʩʪʠ ʦʜʥʦʯʘʩʪʠʯʥʦʛʦ ʧʨʦʭʦʞʜʝʥʠʷ. 

ɼʣʷ ʥʘʠʙʦʣʝʝ ʥʝʧʨʦʟʨʘʯʥʦʛʦ ʙʘʨʴʝʨʘ ʚʝʨʦʷʪʥʦʩʪʴ 

ʧʨʦʭʦʞʜʝʥʠʷ ʤʦʣʝʢʫʣʳ ʚ ʨʝʟʦʥʘʥʩʥʳʭ ʦʙʣʘʩʪʷʭ ʥʘ 

18 ʧʦʨʷʜʢʦʚ ʧʨʝʚʳʰʘʝʪ ʦʜʥʦʘʪʦʤʥʦʝ ʧʨʦʭʦʞʜʝʥʠʝ. 

ʐʠʨʠʥʘ ʨʝʟʦʥʘʥʩʦʚ ʤʦʣʝʢʫʣʷʨʥʦʛʦ ʧʨʦʭʦʞʜʝʥʠʷ 

ʦʧʨʝʜʝʣʷʝʪʩʷ ʚʝʨʦʷʪʥʦʩʪʴʶ ʧʨʦʭʦʞʜʝʥʠʷ ʦʜʥʦʡ 

ʯʘʩʪʠʮʳ ʯʝʨʝʟ ʙʘʨʴʝʨ.  

ʋʯʝʪ ʵʬʬʝʢʪʘ ʨʝʟʦʥʘʥʩʥʦʡ ʧʨʦʟʨʘʯʥʦʩʪʠ ʧʨʠʚʦʜʠʪ 

ʢ ʪʦʤʫ, ʯʪʦ ʜʠʬʬʫʟʠʷ ʤʦʣʝʢʫʣʳ ʩʢʚʦʟʴ ʙʘʨʴʝʨ ʚ ʦʧʨʝ-

ʜʝʣʝʥʥʳʭ ʦʙʣʘʩʪʷʭ ʪʝʤʧʝʨʘʪʫʨ ʙʫʜʝʪ ʚʳʰʝ ʦʜʥʦʘʪʦʤ-

ʥʦʡ ʜʠʬʬʫʟʠʠ ʠ ʪʝʤ ʙʦʣʝʝ ʜʠʬʬʫʟʠʠ ʯʘʩʪʠʮ ʩ ʤʘʩʩʦʡ 

ʤʦʣʝʢʫʣʳ. ʆʯʝʚʠʜʥʦ, ʯʪʦ ʵʪʦʛʦ ʩʣʝʜʫʝʪ ʦʞʠʜʘʪʴ ʧʨʝ-

ʞʜʝ ʚʩʝʛʦ ʧʨʠ ʥʠʟʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ, ʛʜʝ ʚʝʨʦʷʪʥʦʩʪʴ 

ʧʨʦʭʦʞʜʝʥʠʷ ʤʦʣʝʢʫʣʳ ʚ ʨʝʟʦʥʘʥʩʘʭ ʟʥʘʯʠʪʝʣʴʥʦ ʚʳ-

ʰʝ ʚʝʨʦʷʪʥʦʩʪʠ ʦʜʥʦʘʪʦʤʥʦʛʦ ʧʨʦʭʦʞʜʝʥʠʷ. 
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ʈʠʩʫʥʦʢ 3. ʉʨʘʚʥʝʥʠʝ ʚʝʨʦʷʪʥʦʩʪʠ ʧʨʦʭʦʞʜʝʥʠʷ  

ʯʝʨʝʟ ʙʘʨʴʝʨ ( Emax= 4000 K, r0=1.61 ¡ ) ʜʚʫʭʘʪʦʤʥʦʡ  

ʤʦʣʝʢʫʣʳ (ʩʧʣʦʰʥʘʷ ʢʨʠʚʘʷ), ʘʪʦʤʘ (ʧʫʥʢʪʠʨʥʘʷ ʢʨʠʚʘʷ) 

ʠ ʯʘʩʪʠʮʳ ʜʚʦʡʥʦʡ ʤʘʩʩʳ ʙʝʨʠʣʣʠʷ (ʪʦʯʝʯʥʘʷ ʢʨʠʚʘʷ), 

ʝʜʠʥʠʮʘ ʵʥʝʨʛʠʠ ʨʘʚʥʘ 200 ʂ 
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ʈʠʩʫʥʦʢ 4. ʈʘʩʯʝʪ ʦʪʥʦʰʝʥʠʷ ʢʚʘʥʪʦʚʦʡ ʜʠʬʬʫʟʠʠ ʢ ʢʣʘʩ-

ʩʠʯʝʩʢʦʡ ʧʨʠ ʥʠʟʢʠʭ ʵʥʝʨʛʠʷʭ.ʉʧʣʦʰʥʘʷ ʣʠʥʠʷ ï ʢʚʘʥʪʦʚʘʷ 

ʜʠʬʬʫʟʠʷ ʤʦʣʝʢʫʣʳ ʙʝʨʠʣʣʠʷ, ʧʫʥʢʪʠʨʥʘʷ ï ʦʜʥʦʛʦ ʘʪʦʤʘ 

ʅʘ ʨʠʩʫʥʢʝ 4 ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʘʩʩʯʠʪʘʥʥʳʝ ʩ ʧʦ-

ʤʦʱʴʶ ʬʦʨʤʫʣʳ (2) ʟʘʚʠʩʠʤʦʩʪʠ ʜʠʬʬʫʟʠʠ ʦʪ ʪʝʤ-

ʧʝʨʘʪʫʨʳ ʜʣʷ ʤʦʣʝʢʫʣʳ (ʩʧʣʦʰʥʘʷ ʢʨʠʚʘʷ) ʠ ʦʜʥʦʛʦ 

ʘʪʦʤʘ ʙʝʨʠʣʣʠʷ (ʧʫʥʢʪʠʨʥʘʷ ʢʨʠʚʘʷ). ɸʙʩʦʣʶʪʥʳʝ 

ʚʝʣʠʯʠʥʳ ʧʨʠ ʵʪʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʜʦʩʪʘʪʦʯʥʦ ʤʘʣʳ, 

ʧʦʵʪʦʤʫ ʜʘʥʦ ʦʪʥʦʰʝʥʠʝ ʚʝʣʠʯʠʥ ʢ ʢʣʘʩʩʠʯʝʩʢʦʡ 

ʜʠʬʬʫʟʠʠ ʦʜʥʦʛʦ ʘʪʦʤʘ (1). ʅʘ ʨʠʩʫʥʢʝ ʥʝ ʧʨʠʚʦ-

ʜʠʪʩʷ ʜʠʬʬʫʟʠʷ ʯʘʩʪʠʮʳ ʜʚʦʡʥʦʡ ʤʘʩʩʳ. ʂʘʢ ʠ ʩʣʝ-

ʜʦʚʘʣʦ ʦʞʠʜʘʪʴ ʠʟ ʨʠʩʫʥʢʘ 3, ʦʥʘ ʣʝʞʠʪ ʛʦʨʘʟʜʦ 

ʥʠʞʝ ʦʙʝʠʭ ʢʨʠʚʳʭ. 

ɺʠʜʥʦ, ʯʪʦ ʧʨʠ ʥʠʟʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ, ʜʣʷ ʢʦʪʦ-

ʨʳʭ ʢʚʘʥʪʦʚʘʷ ʜʠʬʬʫʟʠʷ ʦʜʥʦʛʦ ʘʪʦʤʘ ʟʥʘʯʠʪʝʣʴʥʦ 

ʦʪʣʠʯʘʝʪʩʷ ʦʪ ʢʣʘʩʩʠʯʝʩʢʦʡ (ʦʙʣʘʩʪʴ ʢʚʘʥʪʦʚʦʡ 

ʜʠʬʬʫʟʠʠ), ʥʘʙʣʶʜʘʝʪʩʷ ʟʥʘʯʠʪʝʣʴʥʦʝ ʧʨʝʚʳʰʝʥʠʝ 
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ʤʦʣʝʢʫʣʷʨʥʦʡ ʜʠʬʬʫʟʠʠ ʥʘʜ ʦʜʥʦʘʪʦʤʥʦʡ. ʈʝʟʫʣʴ-

ʪʘʪʳ ʨʘʩʯʝʪʦʚ ʜʘʶʪ ʚʦʟʤʦʞʥʦʩʪʴ ʦʧʨʝʜʝʣʠʪʴ ʥʦʚʳʡ 

ʵʬʬʝʢʪ: ʤʦʣʝʢʫʣʷʨʥʫʶ ʨʝʟʦʥʘʥʩʥʫʶ ʜʠʬʬʫʟʠʶ ʚ 

ʪʚʝʨʜʳʭ ʪʝʣʘʭ ʩʦ ʩʣʝʜʫʶʱʠʤʠ ʩʚʦʡʩʪʚʘʤʠ: 

 ʆʙʣʘʩʪʴ ʪʝʤʧʝʨʘʪʫʨ (ʵʥʝʨʛʠʠ): ʥʠʞʝ 80 ʂ; 

 ʇʨʝʚʳʰʝʥʠʝ ʥʘʜ ʜʠʬʬʫʟʠʝʡ ʦʜʥʦʛʦ ʘʪʦʤʘ: 

10
3

10
5
; 

 ʆʙʲʝʢʪʳ ʜʠʬʬʫʟʠʠ: ʜʚʫʭʘʪʦʤʥʳʝ ʤʦʣʝʢʫʣʳ ʩ 
ʦʜʠʥʘʢʦʚʳʤʠ ʘʪʦʤʘʤʠ. 

ɿɸʂʃʖʏɽʅʀɽ 

ʇʦ ʨʝʟʫʣʴʪʘʪʘʤ ʧʨʦʚʝʜʝʥʥʦʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ ʨʝʟʦ-

ʥʘʥʩʥʦʡ ʜʠʬʬʫʟʠʠ ʤʦʞʥʦ ʩʜʝʣʘʪʴ ʩʣʝʜʫʶʱʠʝ ʚʳʚʦʜʳ: 

 ʏʠʩʣʝʥʥʦʝ ʨʝʰʝʥʠʝ ʜʚʫʤʝʨʥʦʡ ʟʘʜʘʯʠ ʨʘʩʩʝʷ-

ʥʠʷ ʜʝʤʦʥʩʪʨʠʨʫʝʪ ʷʨʢʦ ʚʳʨʘʞʝʥʥʳʡ ʨʝʟʦ-

ʥʘʥʩʥʳʡ ʭʘʨʘʢʪʝʨ ʧʨʦʭʦʞʜʝʥʠʷ ʙʘʨʴʝʨʘ ʩʚʷ-

ʟʘʥʥʦʡ ʧʘʨʦʡ.  

 ʈʝʟʦʥʘʥʩʥʘʷ ʧʨʦʟʨʘʯʥʦʩʪʴ ʙʘʨʴʝʨʘ ʜʣʷ ʧʘʨʳ 
ʯʘʩʪʠʮ ʟʥʘʯʠʪʝʣʴʥʦ ʧʨʝʚʳʰʘʝʪ ʦʜʥʦʯʘʩʪʠʯʥʫʶ 

ʧʨʦʟʨʘʯʥʦʩʪʴ. 

 ʉ ʫʤʝʥʴʰʝʥʠʝʤ ʦʜʥʦʯʘʩʪʠʯʥʦʡ ʧʨʦʟʨʘʯʥʦʩʪʠ 
ʚʢʣʘʜ ʨʝʟʦʥʘʥʩʥʦʡ ʧʨʦʟʨʘʯʥʦʩʪʠ ʨʘʩʪʝʪ. 

 ʈʝʟʦʥʘʥʩʥʦʝ ʧʨʦʭʦʞʜʝʥʠʝ ʤʦʣʝʢʫʣʳ ʙʝʨʠʣʣʠʷ 
ʯʝʨʝʟ ʧʦʪʝʥʮʠʘʣʴʥʳʡ ʙʘʨʴʝʨ ʚʳʩʦʪʦʡ 4000 K ʠ 

ʰʠʨʠʥʦʡ 1.6 ¡ ʥʘ ʚʦʩʝʤʥʘʜʮʘʪʴ ʧʦʨʷʜʢʦʚ ʧʨʝ-

ʚʳʰʘʝʪ ʦʜʥʦʯʘʩʪʠʯʥʦʝ ʧʨʦʭʦʞʜʝʥʠʝ;  

 ʤʦʣʝʢʫʣʷʨʥʘʷ ʨʝʟʦʥʘʥʩʥʘʷ ʜʠʬʬʫʟʠʷ ʚ ʦʙʣʘʩʪʠ 
ʢʚʘʥʪʦʚʦʛʦ ʧʨʦʭʦʞʜʝʥʠʷ ʙʘʨʴʝʨʘ ʟʥʘʯʠʪʝʣʴʥʦ 

ʚʳʰʝ ʦʜʥʦʯʘʩʪʠʯʥʦʡ. 

 

ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʩʦʚʨʝʤʝʥʥʳʡ ʫʨʦʚʝʥʴ ʠʩ-

ʩʣʝʜʦʚʘʥʠʡ ʜʠʬʬʫʟʠʠ ʚ ʪʚʝʨʜʦʤ ʪʝʣʝ ʧʦʟʚʦʣʷʝʪ ʥʘ-

ʙʣʶʜʘʪʴ ʵʪʠ ʧʨʦʮʝʩʩʳ ʢʘʢ ʨʘʟ ʚ ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʡ 

ʦʙʣʘʩʪʠ ʥʠʟʢʠʭ ʪʝʤʧʝʨʘʪʫʨ [5]. ʋʯʝʪ ʵʬʬʝʢʪʦʚ ʨʝʟʦ-

ʥʘʥʩʥʦʡ ʧʨʦʟʨʘʯʥʦʩʪʠ ʧʦʟʚʦʣʠʪ ʙʦʣʝʝ ʪʦʯʥʦ ʦʧʠʩʘʪʴ 

ʧʨʦʮʝʩʩʳ ʜʠʬʬʫʟʠʠ ʚ ʦʙʣʘʩʪʠ ʥʠʟʢʠʭ ʪʝʤʧʝʨʘʪʫʨ. 
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ϧʈ ϯʗʆ ʗʜʨʦʣʳϨ ʬʠʟʠʢʘ ʠʥʩʪʠʪʫʪʪʳ, ɸʣʤʘʪʳ, ϧʘʟʘϨʩʪʘʥ  

ʂʨʠʩʪʘʣ ʽʰʽʥʜʝʛʽ ʙʘʨʠʝʨ ʤʦʜʝʣʽʥʝ ʘʨʥʘʣסʘʥ ʝʢʽ ʘʪʦʤʜʳ ʤʘʣʝʢʫʣʘʣʘʨʳʥʳש ʜʠʬʫʟʠʷʣʳץ ʧʨʦʮʝʩʳ ץʘʨʘʣʜʳ. 

ʐʘʰʳʨʘʪʳʧ ʪʘʨʘʪʫʜʘסʳ ʝʢʽ ʞʘץʪʳ ʤʘץʩʘʪʳʥʳש ʩʘʥʜʳ ʰʝʰʽʤʽ ʙʽʨʽʛʽʧ ʙʘʡʣʘʥʳʩץʘʥ ʙʘʨʠʝʨʜʝʥ ᴇʪʫʽʥʜʝʛʽ ʘʰʳץ 

ʢᴇʨʩʝʪʽʣʛʝʥ ʪʝʨʙʝʪʽʣʽʩ ʩʠʧʘʪʳʥʳש ʜʝʤʦʥʩʪʨʘʮʠʷʩʳʥ ʞʘʩʘʡʜʳ. ʂʚʘʥʪʳ ʪʝʨʙʝʪʽʣʽʩ ʜʠʬʬʫʟʠʷʩʳʥʳש ʙʝʨʠʣʠ 

ʤʘʣʝʢʫʣʘʩʳʥʜʘסʳ ʧʦʪʝʥʮʠʷʣ ʙʠʽʢʪʽʛʽ 4000 ʂ ʞᴅʥʝ ʝʥʽ 1,6 ɸ ʙʦʣʘʪʳʥ ʙʘʨʝʨ ʙʽʨ ʘʪʦʤʜʳ ʢʚʘʥʪʳ ʜʠʬʬʫʟʠʷʜʘʥ ʞʦסʘʨʳ. 

 

THE RESOUNANCE DIFFUSION FOR BOUNDED PARTICLES  

P.M. Krassovitskiy, F.M. Penôkov 

Institute of Nuclear Physics NNC RK, Almaty, Kazakhstan 

The processes of two-atomic molecular diffusion have been investigated for the model intracrystalline barriers. The 

numerical solution of two-dimension scattering problem demonstrates the evident resonance character of the barrier 

penetrating for a bounded pair. It was shown that the quantum resonance diffusion of the beryllium molecule through 

the potential barrier, which attitude is 4000 K and width is 1.6 A, is much more than the quantum one-atom diffusion. 
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ʋɼʂ 539.21:539.12.04 

ʊɽʈʄʀʏɽʉʂʀ ʀʅɼʋʎʀʈʆɺɸʅʅʓɽ ʌɸɿʆɺʓɽ ʇʈɽɺʈɸʑɽʅʀʗ ɺ ʉʃʆʀʉʊʓʍ ʉʀʉʊɽʄɸʍ Fe-Zr 

ɸʨʛʳʥʦʚ ɸ.ɹ., ɾʫʙʘʝʚ ɸ.ʂ., ʈʫʩʘʢʦʚ ɺ.ʉ., ʂʘʜʳʨʞʘʥʦʚ ʂ.ʂ. 

ʀʥʩʪʠʪʫʪ ʷʜʝʨʥʦʡ ʬʠʟʠʢʠ ʅʗʎ ʈʂ, ɸʣʤʘʪʳ, ʂʘʟʘʭʩʪʘʥ 

ʄʝʪʦʜʘʤʠ ʤʝʩʩʙʘʫʵʨʦʚʩʢʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʠ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʜʠʬʨʘʢʪʦʤʝʪʨʠʠ ʠʩʩʣʝʜʦʚʘʥʳ ʩʣʦʠʩʪʳʝ 

ʩʠʩʪʝʤʳ Fe(10 ʤʢʤ)-Zr(2 ʤʢʤ) ʠ Fe(5 ʤʢʤ)-Zr(2 ʤʢʤ), ʧʦʣʫʯʝʥʥʳʝ ʤʝʪʦʜʦʤ ʤʘʛʥʝʪʨʦʥʥʦʛʦ ʦʩʘʞʜʝʥʠʷ ʠ 

ʧʦʜʚʝʨʛʥʫʪʳʝ ʠʟʦʪʝʨʤʠʯʝʩʢʦʤʫ ʦʪʞʠʛʫ ʧʨʠ 900ÁC ʜʣʠʪʝʣʴʥʦʩʪʴʶ ʜʦ 35 ʯʘʩʦʚ. ʋʩʪʘʥʦʚʣʝʥʘ 

ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʴ ʬʘʟʦʚʳʭ ʧʨʝʦʙʨʘʟʦʚʘʥʠʡ. ʇʦʣʫʯʝʥʦ ʦʪʥʦʩʠʪʝʣʴʥʦʝ ʩʦʜʝʨʞʘʥʠʝ ʬʘʟ, ʬʦʨʤʠʨʫʶʱʠʭʩʷ ʚ 

ʦʙʲʝʤʝ ʦʙʨʘʟʮʦʚ ʥʘ ʢʘʞʜʦʤ ʠʟ ʵʪʘʧʦʚ ʦʪʞʠʛʘ. ʇʦʢʘʟʘʥʘ ʚʦʟʤʦʞʥʦʩʪʴ ʧʦʣʫʯʝʥʠʷ ʪʝʨʤʠʯʝʩʢʠ ʩʪʘʙʠʣʴʥʦʡ 

ʜʚʫʭʬʘʟʥʦʡ ʩʠʩʪʝʤʳ Fe3Zrï-Fe(Zr). 

ɺɺɽɼɽʅʀɽ 

ɼʣʷ ʥʘʧʨʘʚʣʝʥʥʦʡ ʤʦʜʠʬʠʢʘʮʠʠ ʧʨʠʧʦʚʝʨʭʥʦʩʪ-

ʥʳʭ ʩʣʦʝʚ ʤʝʪʘʣʣʠʯʝʩʢʠʭ ʤʘʪʝʨʠʘʣʦʚ ʩ ʮʝʣʴʶ 

ʫʣʫʯʰʝʥʠʷ ʠʭ ʧʦʚʝʨʭʥʦʩʪʥʳʭ ʩʚʦʡʩʪʚ ʰʠʨʦʢʦ ʧʨʠ-

ʤʝʥʷʶʪʩʷ ʤʝʪʦʜʳ ʠʦʥʥʦ-ʧʣʘʟʤʝʥʥʦʛʦ ʥʘʥʝʩʝʥʠʷ 

ʧʦʢʨʳʪʠʡ. ʀʩʭʦʜʥʦʝ ʥʝʨʘʚʥʦʚʝʩʥʦʝ ʧʨʦʩʪʨʘʥʩʪʚʝʥ-

ʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʘʪʦʤʥʳʭ ʢʦʤʧʦʥʝʥʪʦʚ ʠ ʧʦʩʣʝ-

ʜʫʶʱʠʡ ʪʝʨʤʠʯʝʩʢʠʡ ʦʪʞʠʛ ʧʨʠʚʦʜʷʪ ʢ ʧʨʦʩʪʨʘʥʩʪ-

ʚʝʥʥʦʡ ʥʘʧʨʘʚʣʝʥʥʦʩʪʠ ʧʨʦʮʝʩʩʘ ʬʘʟʦʦʙʨʘʟʦʚʘʥʠʷ ʠ 

ʩʦʟʜʘʥʠʶ ʩʣʦʠʩʪʦʡ ʩʠʩʪʝʤʳ. ɼʣʷ ʧʨʘʢʪʠʯʝʩʢʦʛʦ 

ʧʨʠʤʝʥʝʥʠʷ ʪʘʢʠʭ ʩʠʩʪʝʤ ʥʝʦʙʭʦʜʠʤʦ ʩʦʟʜʘʪʴ ʪʝʨ-

ʤʠʯʝʩʢʠ ʩʪʘʙʠʣʴʥʦʝ ʥʝʦʜʥʦʨʦʜʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ 

ʬʘʟ ʧʦ ʛʣʫʙʠʥʝ ʦʙʨʘʟʮʘ. ʈʘʟʨʘʙʦʪʢʘ ʤʝʪʦʜʦʚ ʧʦʣʫ-

ʯʝʥʠʷ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦ ʥʝʦʜʥʦʨʦʜʥʦʛʦ ʨʘʩʧʨʝʜʝʣʝ-

ʥʠʷ ʬʘʟ, ʩʪʘʙʠʣʴʥʦʛʦ ʢ ʚʦʟʜʝʡʩʪʚʠʶ ʪʝʤʧʝʨʘʪʫʨʳ, 

ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʚʘʞʥʫʶ ʟʘʜʘʯʫ. ɺ ʩʚʷʟʠ ʩ ʵʪʠʤ 

ʥʝʦʙʭʦʜʠʤʦ ʠʤʝʪʴ ʧʨʘʚʠʣʴʥʦʝ ʧʨʝʜʩʪʘʚʣʝʥʠʝ ʦʙ 

ʦʩʦʙʝʥʥʦʩʪʷʭ ʪʝʨʤʠʯʝʩʢʠ ʠʥʜʫʮʠʨʦʚʘʥʥʳʭ ʧʨʦʮʝʩ-

ʩʦʚ, ʧʨʦʠʩʭʦʜʷʱʠʭ ʚ ʩʣʦʠʩʪʦʡ ʩʠʩʪʝʤʝ. 

ɼʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʨʦʮʝʩʩʦʚ ʜʠʬʬʫʟʠʠ ʠ ʬʘʟʦʦʙ-

ʨʘʟʦʚʘʥʠʷ ʚ ʩʣʦʠʩʪʳʭ ʩʠʩʪʝʤʘʭ, ʧʦʣʫʯʝʥʥʳʭ ʤʝʪʦʜʦʤ 

ʤʘʛʥʝʪʨʦʥʥʦʛʦ ʦʩʘʞʜʝʥʠʷ, ʧʨʝʜʩʪʘʚʣʷʝʪ ʠʥʪʝʨʝʩ ʙʠ-

ʥʘʨʥʘʷ ʩʠʩʪʝʤʘ ʞʝʣʝʟʦ-ʮʠʨʢʦʥʠʡ. ɾʝʣʝʟʦ ʷʚʣʷʝʪʩʷ 

ʦʩʥʦʚʥʳʤ ʢʦʤʧʦʥʝʥʪʦʤ ʢʦʥʩʪʨʫʢʮʠʦʥʥʳʭ ʤʘʪʝʨʠʘ-

ʣʦʚ. ʎʠʨʢʦʥʠʡ ʚ ʩʚʦʶ ʦʯʝʨʝʜʴ ʷʚʣʷʝʪʩʷ ʚʘʞʥʳʤ ʢʦʥ-

ʩʪʨʫʢʮʠʦʥʥʳʤ ʤʝʪʘʣʣʦʤ, ʧʨʠʤʝʥʷʝʤʳʡ ʚ ʘʪʦʤʥʦʡ 

ʪʝʭʥʠʢʝ. ɺʳʩʦʢʘʷ ʢʦʨʨʦʟʠʦʥʥʘʷ ʫʩʪʦʡʯʠʚʦʩʪʴ ʚ ʩʦʯʝ-

ʪʘʥʠʠ ʩ ʤʝʭʘʥʠʯʝʩʢʦʡ ʧʨʦʯʥʦʩʪʴʶ, ʚʳʩʦʢʦʡ ʪʝʤʧʝʨʘ-

ʪʫʨʦʡ ʧʣʘʚʣʝʥʠʷ ʠ ʤʘʣʳʤ ʵʬʬʝʢʪʠʚʥʳʤ ʧʦʧʝʨʝʯʥʳʤ 

ʩʝʯʝʥʠʝʤ ʧʦʛʣʦʱʝʥʠʷ ʪʝʧʣʦʚʳʭ ʥʝʡʪʨʦʥʦʚ ʧʦʟʚʦʣʠ-

ʣʠ ʚ ʧʦʩʣʝʜʥʝʝ ʚʨʝʤʷ ʰʠʨʦʢʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʮʠʨʢʦ-

ʥʠʝʚʳʝ ʩʧʣʘʚʳ ʚ ʨʝʘʢʪʦʨʦʩʪʨʦʝʥʠʠ.  

ʂ ʩʝʨʝʜʠʥʝ 90-ʳʭ ʛ.ʛ. ʚ ʀʗʌ ʅʗʎ ʈʂ ʙʳʣʠ ʧʨʦ-

ʚʝʜʝʥʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʠʦʥʥʦ-ʧʣʘʟʤʝʥʥʳʭ ʧʨʦʮʝʩʩʦʚ 

ʬʦʨʤʠʨʦʚʘʥʠʷ ʧʦʢʨʳʪʠʡ, ʯʪʦ ʷʚʠʣʦʩʴ ʦʩʥʦʚʦʡ ʩʦʟ-

ʜʘʥʠʷ ʤʥʦʛʦʩʣʦʡʥʳʭ ʧʣʝʥʦʯʥʳʭ ʩʠʩʪʝʤ. ʀʩʧʦʣʴʟʦ-

ʚʘʥʠʝ ʠʦʥʥʦ-ʧʣʘʟʤʝʥʥʦʛʦ ʤʝʪʦʜʘ ʦʩʘʞʜʝʥʠʷ ʧʣʝʥʦʢ 

[1] ʜʘʣʦ ʚʦʟʤʦʞʥʦʩʪʴ ʧʦʣʫʯʝʥʠʷ ʚʳʩʦʢʦʢʘʯʝʩʪʚʝʥ-

ʥʳʭ ʧʦʢʨʳʪʠʡ ʩ ʟʘʜʘʥʥʳʤ ʭʠʤʠʯʝʩʢʠʤ ʩʦʩʪʘʚʦʤ ʠ 

ʬʘʟʦʚʳʤ ʩʦʩʪʦʷʥʠʝʤ. 

ʂ ʦʜʥʦʡ ʠʟ ʦʩʦʙʝʥʥʦʩʪʝʡ ʙʠʥʘʨʥʦʡ ʩʠʩʪʝʤʳ Fe-

Zr ʤʦʞʥʦ ʦʪʥʝʩʪʠ ʤʘʣʫʶ ʚʟʘʠʤʥʫʶ ʨʘʩʪʚʦʨʠʤʦʩʪʴ 

ʢʦʤʧʦʥʝʥʪʦʚ, ʯʪʦ ʚʳʟʳʚʘʝʪ ʠʥʪʝʨʝʩ ʩ ʧʦʟʠʮʠʠ ʚʦʟ-

ʤʦʞʥʦʩʪʠ ʪʝʨʤʠʯʝʩʢʦʡ ʩʪʘʙʠʣʴʥʦʩʪʠ ʩ ʫʯʝʪʦʤ ʦʩʦ-

ʙʝʥʥʦʩʪʝʡ ʜʠʘʛʨʘʤʤʳ ʩʦʩʪʦʷʥʠʷ Fe-Zr. 

ʉʪʦʠʪ ʦʪʤʝʪʠʪʴ ʦʜʠʥ ʥʝʤʘʣʦʚʘʞʥʳʡ ʬʘʢʪ. ɼʦʩ-

ʪʦʚʝʨʥʦ ʠʟʚʝʩʪʥʦ ʩʫʱʝʩʪʚʦʚʘʥʠʝ ʪʨʝʭ ʠʥʪʝʨʤʝʪʘʣ-

ʣʠʜʥʳʭ ʬʘʟ ʚ ʩʠʩʪʝʤʝ Fe-Zr: FeZr3 (ʧʘʨʘʤʘʛʥʝʪʠʢ ʩ 

ʦʨʪʦʨʦʤʙʠʯʝʩʢʦʡ ʨʝʰʝʪʢʦʡ ʪʠʧʘ Re3B), FeZr2 (ʧʘ-

ʨʘʤʘʛʥʝʪʠʢ ʩ ʨʝʰʝʪʢʦʡ ʪʠʧʘ NiTi2) ʠ Fe2Zr (ʬʝʨʨʦ-

ʤʘʛʥʝʪʠʢ, ʬʘʟʘ ʃʘʚʝʩʘ ʩ ʢʫʙʠʯʝʩʢʦʡ ʨʝʰʝʪʢʦʡ ʪʠʧʘ 

MgCu2). ɺʩʝ ʵʪʠ ʩʦʝʜʠʥʝʥʠʷ ʙʳʣʠ ʥʘʤʠ ʧʦʣʫʯʝʥʳ ʚ 

ʧʨʦʮʝʩʩʝ ʠʟʦʭʨʦʥʥʳʭ ʦʪʞʠʛʦʚ ʩʠʩʪʝʤʳ Fe (10ʤʢʤ)-

Zr (2ʤʢʤ) [2], ʘ ʪʘʢ ʞʝ ʦʙʥʘʨʫʞʝʥ ʠʥʪʝʨʤʝʪʘʣʣʠʜ 

Fe3Zr (ʧʣʦʪʥʦʫʧʘʢʦʚʘʥʥʘʷ ʛʮʢ ʩʪʨʫʢʪʫʨʘ), ʫʧʦʤʠ-

ʥʘʝʤʳʡ ʚ ʨʘʙʦʪʝ [3]. ʍʦʪʷ ʙʦʣʝʝ ʧʦʟʜʥʠʝ ʠʩʩʣʝʜʦʚʘ-

ʥʠʷ (ʥʘʧʨʠʤʝʨ, [4]) ʥʝ ʧʦʜʪʚʝʨʜʠʣʠ ʦʙʨʘʟʦʚʘʥʠʝ 

ʜʘʥʥʦʡ ʬʘʟʳ ʠ ʮʠʨʢʦʥʠʜ Fe3Zr ʥʝ ʙʳʣ ʚʥʝʩʝʥ ʚ ʜʠʘ-

ʛʨʘʤʤʫ ʩʦʩʪʦʷʥʠʷ ʙʠʥʘʨʥʦʡ ʩʠʩʪʝʤʳ Fe-Zr [5], ʚ 

ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʦʥ ʠʛʨʘʝʪ ʦʩʥʦʚʥʫʶ ʨʦʣʴ. 

ʎʝʣʴʶ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʳ ʷʚʣʷʣʠʩʴ ʩʠʩʪʝʤʘʪʠʯʝ-

ʩʢʠʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʬʘʟʦʚʦ-ʩʪʨʫʢʪʫʨʥʳʭ ʧʨʝʚʨʘʱʝ-

ʥʠʡ ʚ -ʞʝʣʝʟʝ ʩ ʮʠʨʢʦʥʠʝʚʳʤ ʧʦʢʨʳʪʠʝʤ ʧʨʠ ʪʝʨ-

ʤʠʯʝʩʢʦʤ ʚʦʟʜʝʡʩʪʚʠʠ.  

ʄɽʊʆɼʀʂɸ ʕʂʉʇɽʈʀʄɽʅʊɸʃʔʅʓʍ 

ʀʉʉʃɽɼʆɺɸʅʀʁ 

ɼʣʷ ʨʝʰʝʥʠʷ ʧʦʩʪʘʚʣʝʥʥʳʭ ʟʘʜʘʯ ʢ ʤʝʪʦʜʠʢʝ 

ʧʨʦʚʝʜʝʥʠʷ ʵʢʩʧʝʨʠʤʝʥʪʘ ʧʨʝʜʲʷʚʣʷʣʠʩʴ ʦʧʨʝʜʝ-

ʣʝʥʥʳʝ ʪʨʝʙʦʚʘʥʠʷ. 

ʅʘ ʵʪʘʧʝ ʧʣʘʥʠʨʦʚʘʥʠʷ ʵʢʩʧʝʨʠʤʝʥʪʘ ʚʘʞʥʳʤ 

ʷʚʣʷʝʪʩʷ ʚʳʙʦʨ ʢʦʥʬʠʛʫʨʘʮʠʠ ʠʩʩʣʝʜʫʝʤʦʛʦ ʦʙʨʘʟ-

ʮʘ (ʨʘʟʤʝʨʳ ʧʦʜʣʦʞʢʠ ʠ ʪʦʣʱʠʥʳ ʩʣʦʷ ʮʠʨʢʦʥʠʷ). 

ʕʪʦʪ ʚʳʙʦʨ ʦʧʨʝʜʝʣʷʝʪʩʷ, ʚʦ-ʧʝʨʚʳʭ, ʥʝʦʙʭʦʜʠʤʦ-

ʩʪʴʶ ʦʙʝʩʧʝʯʝʥʠʷ ʟʘʜʘʥʥʳʭ ʩʨʝʜʥʠʭ ʧʦ ʦʙʨʘʟʮʫ 

ʢʦʥʮʝʥʪʨʘʮʠʡ ʮʠʨʢʦʥʠʷ ʠ, ʚʦ-ʚʪʦʨʳʭ, ʩʧʝʮʠʬʠʯʝ-

ʩʢʠʤʠ ʦʩʦʙʝʥʥʦʩʪʷʤʠ ʠʩʧʦʣʴʟʫʝʤʳʭ ʤʝʪʦʜʦʚ ʘʥʘʣʠ-

ʟʘ. ʇʦʜʣʦʞʢʠ ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʡ ʙʳʣʠ ʧʨʠʛʦʪʦʚʣʝʥʳ 

ʠʟ ʙʨʫʩʢʘ ʘʨʤʢʦ-ʞʝʣʝʟʘ (99,8 % Fe) ʧʨʦʢʘʪʢʦʡ ʥʘ 

ʚʘʣʴʮʘʭ ʜʦ ʪʦʣʱʠʥʳ 10 ʤʢʤ ʠ 5 ʤʢʤ ʠ ʧʦʩʣʝ-

ʜʫʶʱʝʛʦ ʛʦʤʦʛʝʥʠʟʠʨʫʶʱʝʛʦ ʦʪʞʠʛʘ ʧʨʠ ʪʝʤʧʝʨʘ-

ʪʫʨʝ 850C ʚ ʪʝʯʝʥʠʝ 2 ʯ. ɺ ʪʘʙʣʠʮʝ 1 ʧʦʢʘʟʘʥʦ ʩʦ-

ʜʝʨʞʘʥʠʝ ʨʘʟʣʠʯʥʳʭ ʧʨʠʤʝʩʝʡ ʚ ʧʦʜʣʦʞʢʝ -Fe. 
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ʊʘʙʣʠʮʘ 1. ʉʦʜʝʨʞʘʥʠʝ ʧʨʠʤʝʩʝʡ ʚ ʧʦʜʣʦʞʢʝ ʠʟ -Fe. 

 ʉ ʆ Si Cu Mn Ni Co Cr 

ʉʦʜʝʨʞʘʥʠʝ (%) 0,036 16 3 26 29 22 11 33 

 

ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʪʦʥʢʠʭ ʬʦʣʴʛ ʚ ʢʘʯʝʩʪʚʝ ʦʙʨʘʟʮʦʚ 

ʧʨʠ ʠʩʩʣʝʜʦʚʘʥʠʠ ʪʝʨʤʠʯʝʩʢʠ ʠʥʜʫʮʠʨʦʚʘʥʥʳʭ ʧʨʦ-

ʮʝʩʩʦʚ ʜʠʬʬʫʟʠʠ ʠ ʬʘʟʦʦʙʨʘʟʦʚʘʥʠʷ ʠʤʝʝʪ ʧʦ ʩʨʘʚ-

ʥʝʥʠʶ ʩ ʤʘʩʩʠʚʥʳʤʠ ʦʙʨʘʟʮʘʤʠ ʨʷʜ ʧʨʝʠʤʫɦ ʝʩʪʚ:  

1) ʥʘ ʧʦʨʷʜʢʠ ʚʝʣʠʯʠʥ ʤʝʥʴʰʠʝ ʚʨʝʤʝʥʘ ʨʝʣʘʢ-

ʩʘʮʠʠ ʥʝʨʘʚʥʦʚʝʩʥʳʭ ʧʨʦʮʝʩʩʦʚ;  

2) ʚʦʟʤʦʞʥʦʩʪʴ ʢʦʤʧʣʝʢʩʥʦʛʦ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʥʝ-

ʨʘʟʨʫʰʘʶʱʠʭ ʤʝʪʦʜʦʚ ʠʩʩʣʝʜʦʚʘʥʠʷ ï ʤʸʩʩʙʘʫʵʨʦʚ-

ʩʢʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ, ʨʝʥʪʛʝʥʦʬʘʟʦʚʦʛʦ ʘʥʘʣʠʟʘ ʠ ʨʝ-

ʟʝʨʬʦʨʜʦʚʩʢʦʛʦ ʦʙʨʘʪʥʦʛʦ ʨʘʩʩʝʷʥʠʷ ʥʝʡʪʨʦʥʦʚ ʠ ʜʨ.;  

3) ʚʦʟʤʦʞʥʦʩʪʴ ʦʧʨʝʜʝʣʝʥʠʷ ʢʦʥʮʝʥʪʨʘʮʠʠ ʧʨʠ-

ʤʝʩʠ ʠ ʦʪʥʦʩʠʪʝʣʴʥʦʛʦ ʩʦʜʝʨʞʘʥʠʷ ʦʙʨʘʟʫʶʱʠʭʩʷ 

ʬʘʟ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʠ ʚ ʦʙʲʝʤʝ ʦʙʨʘʟʮʘ.  

ʉ ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʡ ʪʦʯʢʠ ʟʨʝʥʠʷ ʠʩʧʦʣʴʟʦʚʘʥʠʝ 

ʤʘʛʥʝʪʨʦʥʥʦʛʦ ʦʩʘʞʜʝʥʠʷ ʧʦʟʚʦʣʷʝʪ ʩʦʟʜʘʚʘʪʴ ʢʦʥ-

ʪʨʦʣʠʨʫʝʤʳʝ ʧʦ ʪʦʣʱʠʥʝ ʧʦʢʨʳʪʠʷ. 

ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʚ ʢʘʯʝʩʪʚʝ ʧʦʜʣʦʞʢʠ ʞʝʣʝʟʘ ʧʦʟʚʦ-

ʣʷʝʪ ʚ ʧʦʣʥʦʡ ʤʝʨʝ ʧʨʠʤʝʥʷʪʴ ʫʥʠʢʘʣʴʥʳʝ ʤʝʪʦʜʠʯʝ-

ʩʢʠʝ ʚʦʟʤʦʞʥʦʩʪʠ ʤʝʪʦʜʦʚ ʤʝʩʩʙʘʫʵʨʦʚʩʢʦʡ ʩʧʝʢʪʨʦ-

ʩʢʦʧʠʠ. ʂʦʤʙʠʥʠʨʫʷ ʜʚʘ ʤʝʪʦʜʘ - ʤʝʩʩʙʘʫʵʨʦʚʩʢʫʶ 

ʩʧʝʢʪʨʦʩʢʦʧʠʶ ʚ ʛʝʦʤʝʪʨʠʠ çʥʘ ʧʨʦʭʦʞʜʝʥʠʝè ʠ ʨʝʥʪ-

ʛʝʥʦʚʩʢʫʶ ʜʠʬʨʘʢʪʦʤʝʪʨʠʶ, ʤʦʞʥʦ ʧʦʣʫʯʠʪʴ ʢʘʯʝʩʪ-

ʚʝʥʥʫʶ ʠ ʢʦʣʠʯʝʩʪʚʝʥʥʫʶ ʠʥʬʦʨʤʘʮʠʶ ʦ ʧʨʦʠʩʭʦʜʷ-

ʱʠʭ ʬʘʟʦʚʳʭ ʠ ʩʪʨʫʢʪʫʨʥʳʭ ʧʨʝʚʨʘʱʝʥʠʷʭ ʚ 

ʧʨʠʧʦʚʝʨʭʥʦʩʪʥʳʭ ʩʣʦʷʭ ʠ ʦʙʲʝʤʝ ʦʙʨʘʟʮʘ. 

ʅʘʥʝʩʝʥʠʝ ʮʠʨʢʦʥʠʷ ʥʘ ʧʦʜʣʦʞʢʠ ʠʟ ʞʝʣʝʟʥʦʡ 

ʬʦʣʴʛʠ ʧʨʦʚʦʜʠʣʦʩʴ ʥʘ ʫʩʪʘʥʦʚʢʝ çɸʨʛʘʤʘʢè [6]. 

ʇʦʜʣʦʞʢʘ ʨʘʟʤʝʱʘʣʠʩʴ ʥʘ ʤʘʩʩʠʚʥʦʤ ʤʝʜʥʦʤ ʜʝʨ-

ʞʘʪʝʣʝ, ʪʝʤʧʝʨʘʪʫʨʘ ʢʦʪʦʨʦʛʦ ʚʤʝʩʪʝ ʩ ʧʦʜʣʦʞʢʦʡ 

ʚʦ ʚʨʝʤʷ ʥʘʧʳʣʝʥʠʷ ʥʝ ʧʨʝʚʳʰʘʣʘ 150ʉ. ɼʣʷ ʣʫʯ-

ʰʝʡ ʘʜʛʝʟʠʠ ʧʝʨʝʜ ʦʩʘʞʜʝʥʠʝʤ ʮʠʨʢʦʥʠʷ ʥʘ ʵʪʦʡ ʞʝ 

ʫʩʪʘʥʦʚʢʝ ʧʦʜʣʦʞʢʘ ʧʦʜʚʝʨʛʘʣʠʩʴ ʪʨʘʚʣʝʥʠʶ ʠʦʥʘ-

ʤʠ ʘʨʛʦʥʘ ʚ ʝʜʠʥʦʤ ʚʘʢʫʫʤʥʦʤ ʮʠʢʣʝ. ʊʦʣʱʠʥʘ 

ʦʩʘʞʜʝʥʥʳʭ ʩʣʦʝʚ ʦʧʨʝʜʝʣʷʣʘʩʴ ʧʦ ʪʦʢʫ ʠ ʚʨʝʤʝʥʠ 

ʦʩʘʞʜʝʥʠʷ. ʂʦʥʪʨʦʣʴ ʪʦʣʱʠʥʳ ʦʩʘʞʜʝʥʥʳʭ ʩʣʦʝʚ 

ʦʩʫʱʝʩʪʚʣʷʣʩʷ ʢʘʢ ʚʝʩʦʚʳʤ ʤʝʪʦʜʦʤ, ʪʘʢ ʠ ʩ ʧʦʤʦ-

ʱʴʶ ʨʝʟʝʨʬʦʨʜʦʚʩʢʦʛʦ ʦʙʨʘʪʥʦʛʦ ʨʘʩʩʝʷʥʠʷ [7] 

ʥʝʡʪʨʦʥʦʚ ʥʘ ʫʩʢʦʨʠʪʝʣʴʥʦʤ ʧʝʨʝʟʘʨʷʜʥʦʤ ʢʦʤ-

ʧʣʝʢʩʝ ʋʂʇ-2-1 ʀʗʌ ʅʗʎ ʈʂ [8]. 

ɼʣʷ ʧʨʦʚʝʜʝʥʠʷ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʛʦ ʠʟʦʪʝʨʤʠʯʝ-

ʩʢʦʛʦ ʦʪʞʠʛʘ ʙʳʣʠ ʧʨʠʛʦʪʦʚʣʝʥʳ ʜʚʫʭʩʣʦʡʥʳʝ ʩʠʩ-

ʪʝʤʳ Zr (2 ʤʢʤ) - Fe (10 ʤʢʤ) ʠ Zr (2 ʤʢʤ) -

 Fe (5 ʤʢʤ), ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʩʨʝʜʥʝʡ ʢʦʥʮʝʥʪʨʘ-

ʮʠʠ ʮʠʨʢʦʥʠʷ ʚ ʦʙʲʝʤʝ ʦʙʨʘʟʮʘ 9,2% ʘʪ. ʠ 16,9% ʘʪ. 

ʧʨʠ ʫʩʣʦʚʠʠ ʝʛʦ ʧʦʣʥʦʛʦ ʨʘʩʪʚʦʨʝʥʠʷ. 

ʇʦʩʣʝʜʦʚʘʪʝʣʴʥʳʡ ʠʟʦʪʝʨʤʠʯʝʩʢʠʡ ʦʪʞʠʛ ʜʚʫʭ-

ʩʣʦʡʥʳʭ ʩʠʩʪʝʤ Fe-Zr ʦʩʫʱʝʩʪʚʣʷʣʩʷ ʧʨʠ ʪʝʤʧʝʨʘ-

ʪʫʨʝ 900C ʧʨʦʜʦʣʞʠʪʝʣʴʥʦʩʪʴʶ ʜʦ 35 ʯʘʩʦʚ. ʊʝʨ-

ʤʠʯʝʩʢʘʷ ʦʙʨʘʙʦʪʢʘ ʧʨʦʚʦʜʠʣʘʩʴ ʚ ʚʘʢʫʫʤʥʦʡ ʧʝʯʠ 

ʩ ʪʘʥʪʘʣʦʚʳʤ ʥʘʛʨʝʚʘʪʝʣʝʤ ʩ ʦʩʪʘʪʦʯʥʳʤ ʜʘʚʣʝʥʠʝʤ 
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 ʤʤ ʨʪ. cʪ. ʊʝʤʧʝʨʘʪʫʨʘ ʢʦʥʪʨʦʣʠʨʦʚʘʣʘʩʴ 

ʭʨʦʤʝʣʴ-ʘʣʶʤʝʣʝʚʦʡ ʪʝʨʤʦʧʘʨʦʡ ʩ ʪʦʯʥʦʩʪʴʶ 5 C. 

ʉʢʦʨʦʩʪʴ ʥʘʛʨʝʚʘ ʠ ʦʭʣʘʞʜʝʥʠʷ ʩʦʩʪʘʚʣʷʣʘ 

10ÁC/ʤʠʥ. 

ɺ ʢʘʯʝʩʪʚʝ ʥʝʨʘʟʨʫʰʘʶʱʠʭ ʤʝʪʦʜʦʚ ʘʥʘʣʠʟʘ ʠʩ-

ʧʦʣʴʟʦʚʘʣʠʩʴ ʤʝʩʩʙʘʫʵʨʦʚʩʢʘʷ ʩʧʝʢʪʨʦʩʢʦʧʠʷ ʠ 

ʨʝʥʪʛʝʥʦʚʩʢʘʷ ʜʠʬʨʘʢʪʦʤʝʪʨʠʷ.  

ʕʬʬʝʢʪ ʄʝʩʩʙʘʫʵʨʘ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʷʜʝʨʥʳʡ 

ʤʝʪʦʜ, ʰʠʨʦʢʦ ʠʩʧʦʣʴʟʫʝʤʳʡ ʚ ʠʩʩʣʝʜʦʚʘʥʠʠ ʪʚʝʨ-

ʜʳʭ ʪʝʣ. ɺ ʵʪʦʤ ʤʝʪʦʜʝ ʷʜʨʘ, ʥʘ ʢʦʪʦʨʳʭ ʥʘʙʣʶʜʘ-

ʝʪʩʷ ʨʝʟʦʥʘʥʩʥʦʝ ʧʦʛʣʦʱʝʥʠʝ ʠʣʠ ʨʘʩʩʝʷʥʠʝ -

ʢʚʘʥʪʦʚ, ʷʚʣʷʝʪʩʷ ʩʚʦʝʦʙʨʘʟʥʳʤʠ ʟʦʥʜʘʤʠ, ʧʦʟʚʦ-

ʣʷʶʱʠʤʠ ʧʦʣʫʯʘʪʴ ʣʦʢʘʣʴʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʚʝ-

ʱʝʩʪʚʘ. ʀʩʩʣʝʜʫʷ ʠʟʤʝʥʝʥʠʝ ʵʪʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʚ 

ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʚʥʝʰʥʠʭ ʚʦʟʜʝʡʩʪʚʠʡ ʥʘ ʠʩʩʣʝʜʫʝ-

ʤʳʡ ʦʙʲʝʢʪ (ʪʝʨʤʠʯʝʩʢʠʡ ʦʪʞʠʛ, ʜʝʬʦʨʤʘʮʠʷ, ʦʙʣʫ-

ʯʝʥʠʝ ʠ ʧʨ.), ʤʦʞʥʦ ʧʦʣʫʯʠʪʴ ʢʘʯʝʩʪʚʝʥʥʫʶ ʠ ʢʦʣʠ-

ʯʝʩʪʚʝʥʥʫʶ ʠʥʬʦʨʤʘʮʠʶ ʦ ʧʨʦʠʩʭʦʜʷʱʠʭ ʬʘʟʦʚʳʭ 

ʠ ʩʪʨʫʢʪʫʨʥʳʭ ʧʨʝʚʨʘʱʝʥʠʷʭ.  

ʇʝʨʝʯʠʩʣʠʤ ʦʩʥʦʚʥʳʝ ʧʘʨʘʤʝʪʨʳ ʤʝʩʩʙʘʫʵʨʦʚ-

ʩʢʦʛʦ ʩʧʝʢʪʨʘ ʠ ʪʫ ʠʥʬʦʨʤʘʮʠʶ, ʢʦʪʦʨʫʶ ʤʦʞʝʪ 

ñʥʝʩʪʠò ʚ ʩʝʙʝ ʢʘʞʜʳʡ ʠʟ ʧʘʨʘʤʝʪʨʦʚ. 

ʀʥʪʝʥʩʠʚʥʦʩʪʴ (ʧʣʦʱʘʜʴ) ʤʝʩʩʙʘʫʵʨʦʚʩʢʦʛʦ 

ʩʧʝʢʪʨʘ I. ɺ ʩʣʫʯʘʝ ñʪʦʥʢʦʛʦ ʦʙʨʘʟʮʘò, ʢʦʛʜʘ ʩʧʨʘ-

ʚʝʜʣʠʚ ʧʨʠʥʮʠʧ ʩʫʧʝʨʧʦʟʠʮʠʠ, ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʤʝʩ-

ʩʙʘʫʵʨʦʚʩʢʦʛʦ ʩʧʝʢʪʨʘ I ʤʦʞʝʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥʘ 

ʜʣʷ ʧʨʦʚʝʜʝʥʠʷ ʢʘʯʝʩʪʚʝʥʥʦʛʦ ʠ ʢʦʣʠʯʝʩʪʚʝʥʥʦʛʦ 

ʬʘʟʦʚʦʛʦ ʘʥʘʣʠʟʘ ʚʝʱʝʩʪʚʘ, ʘ ʪʘʢʞʝ ʜʣʷ ʧʦʣʫʯʝʥʠʷ 

ʜʘʥʥʳʭ ʦʙ ʘʪʦʤʥʦʤ ʨʘʩʧʨʝʜʝʣʝʥʠʠ ʧʦ ʥʝʵʢʚʠʚʘ-

ʣʝʥʪʥʳʤ ʧʦʟʠʮʠʷʤ ʚ ʚʝʱʝʩʪʚʝ.  

ʉʜʚʠʛ ʤʝʩʩʙʘʫʵʨʦʚʩʢʦʡ ʣʠʥʠʠ  ʧʦʟʚʦʣʷʝʪ ʠʜʝʥ-

ʪʠʬʠʮʠʨʦʚʘʪʴ ʚʘʣʝʥʪʥʦʝ ʩʦʩʪʦʷʥʠʝ ʘʪʦʤʦʚ, ʧʦʣʫ-

ʯʘʪʴ ʠʥʬʦʨʤʘʮʠʶ, ʩ ʦʜʥʦʡ ʩʪʦʨʦʥʳ, ʦ ʬʘʟʦʚʦʤ ʩʦ-

ʩʪʘʚʝ ʠʩʩʣʝʜʫʝʤʦʛʦ ʚʝʱʝʩʪʚʘ, ʘ ʩ ʜʨʫʛʦʡ, ʦʙ 

ʦʩʦʙʝʥʥʦʩʪʷʭ ʵʣʝʢʪʨʦʥʥʦʡ ʠ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ 

ʩʪʨʫʢʪʫʨ ʠʩʩʣʝʜʫʝʤʦʛʦ ʩʦʝʜʠʥʝʥʠʷ.  

ʂʚʘʜʨʫʧʦʣʴʥʦʝ ʩʤʝʱʝʥʠʝ ʢʦʤʧʦʥʝʥʪ ʩʧʝʢʪʨʘ  

ʤʦʞʝʪ ʜʘʪʴ ʧʦʣʝʟʥʫʶ ʠʥʬʦʨʤʘʮʠʶ ʢʘʢ ʦ ʩʠʤʤʝʪʨʠʠ 

ʙʣʠʞʘʡʰʝʛʦ ʦʢʨʫʞʝʥʠʷ ʤʝʩʩʙʘʫʵʨʦʚʩʢʠʭ ʷʜʝʨ ʠ ʦ 

ʯʠʩʣʝ ʥʝʵʢʚʠʚʘʣʝʥʪʥʳʭ ʧʦʟʠʮʠʡ, ʪʘʢ ʠ ʦʙ ʵʣʝʢʪʨʦʥ-

ʥʦʡ ʢʦʥʬʠʛʫʨʘʮʠʠ ʠ ʚʘʣʝʥʪʥʦʩʪʠ ʘʪʦʤʦʚ.  

ʉʚʝʨʭʪʦʥʢʦʝ ʤʘʛʥʠʪʥʦʝ ʧʦʣʝ Hn ʟʘʯʘʩʪʫʶ ʷʚʣʷ-

ʝʪʩʷ ʩʘʤʳʤ ʯʫʚʩʪʚʠʪʝʣʴʥʳʤ ʧʘʨʘʤʝʪʨʦʤ ʢ ʜʝʬʝʢʪʘʤ 

ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ, ʧʨʠʤʝʩʥʳʤ ʘʪʦʤʘʤ, 

ʣʦʢʘʣʴʥʦʡ ʥʝʦʜʥʦʨʦʜʥʦʩʪʠ. ɺʝʣʠʯʠʥʘ ʠ ʥʘʧʨʘʚʣʝ-

ʥʠʝ ʩʚʝʨʭʪʦʥʢʦʛʦ ʧʦʣʷ Hn ʥʝʩʫʪ ʚ ʩʝʙʝ ʠʥʬʦʨʤʘʮʠʶ 

ʦʙ ʦʩʦʙʝʥʥʦʩʪʷʭ ʵʣʝʢʪʨʦʥʥʦʡ ʠ ʤʘʛʥʠʪʥʦʡ ʩʪʨʫʢʪʫʨ 

ʠʩʩʣʝʜʫʝʤʦʛʦ ʦʙʲʝʢʪʘ ʠ ʤʦʛʫʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥʳ, ʚ 

ʯʘʩʪʥʦʩʪʠ, ʜʣʷ ʠʜʝʥʪʠʬʠʢʘʮʠʠ ʧʘʨʮʠʘʣʴʥʳʭ ʩʧʝʢ-

ʪʨʦʚ ʠ ʦʧʨʝʜʝʣʝʥʠʷ ʯʠʩʣʘ ʤʘʛʥʠʪʥʳʭ ʧʦʜʨʝʰʝʪʦʢ.  

ʐʠʨʠʥʘ ʢʦʤʧʦʥʝʥʪ ʩʧʝʢʪʨʘ  ʤʦʞʝʪ ʩʦʜʝʨʞʘʪʴ 

ʚ ʩʝʙʝ ʠʥʬʦʨʤʘʮʠʶ ʦ ʪʘʢʠʭ ʬʘʢʪʦʨʘʭ, ʢʘʢ ʥʝʦʜʥʦ-

ʨʦʜʥʦʩʪʴ ʩʦʩʪʘʚʘ, ʦʪʢʣʦʥʝʥʠʝ ʦʪ ʩʪʝʭʠʦʤʝʪʨʠʠ, ʥʘ-

ʨʫʰʝʥʠʷ ʩʪʨʫʢʪʫʨʥʦʛʦ ʠ ʤʘʛʥʠʪʥʦʛʦ ʫʧʦʨʷʜʦʯʝʥʠʷ.  
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ʉʚʝʨʭʪʦʥʢʠʝ ʤʝʩʩʙʘʫʵʨʦʚʩʢʠʝ ʧʘʨʘʤʝʪʨʳ Hn, , 

, ʠ  ʯʨʝʟʚʳʯʘʡʥʦ ʯʫʚʩʪʚʠʪʝʣʴʥʳ ʢ ʤʘʣʝʡʰʠʤ ʠʟ-

ʤʝʥʝʥʠʷʤ ʚ ʦʢʨʫʞʝʥʠʠ ʘʪʦʤʘ 
57
Fe: ʧʨʠʤʝʩʥʳʝ ʘʪʦ-

ʤʳ ʟʘʤʝʱʝʥʠʷ ʠʣʠ ʚʥʝʜʨʝʥʠʷ; ʫʤʝʥʴʰʝʥʠʝ ʠʣʠ ʫʚʝ-

ʣʠʯʝʥʠʝ ʧʣʦʪʥʦʩʪʠ ʵʣʝʢʪʨʦʥʦʚ ʚ ʦʢʨʫʞʝʥʠʠ ʷʜʨʘ ʠ 

ʪ. ʜ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ ʤʦʞʥʦ ʦʜʥʦʟʥʘʯʥʦ ʦʧʨʝʜʝʣʠʪʴ 

ʬʘʟʦʚʳʡ ʩʦʩʪʘʚ ʠʩʩʣʝʜʫʝʤʦʛʦ ʦʙʨʘʟʮʘ. ʄʝʪʦʜ ʦʙʨʘ-

ʙʦʪʢʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʩʧʝʢʪʨʦʚ ʙʦʣʝʝ ʧʦʜʨʦʙʥʦ 

ʨʘʩʩʤʦʪʨʝʥ ʚ ʨʘʙʦʪʝ [9]. 

ɼʣʷ ʢʘʞʜʦʛʦ ʠʟ ʠʩʩʣʝʜʦʚʘʥʥʳʭ ʦʙʨʘʟʮʦʚ ʩʥʠʤʘ-

ʣʠʩʴ ʤʝʩʩʙʘʫʵʨʦʚʩʢʠʝ ʩʧʝʢʪʨʳ ʤʝʪʦʜʦʤ ʨʝʛʠʩʪʨʘʮʠʠ 

-ʢʚʘʥʪʦʚ ʩ ʵʥʝʨʛʠʝʡ 14,4 ʂʵɺ ʚ ʛʝʦʤʝʪʨʠʠ ñʥʘ ʧʦ-

ʛʣʦʱʝʥʠʝò (ʄʉ). ɺ ʜʘʥʥʦʤ ʩʣʫʯʘʝ ʤʝʩʩʙʘʫʵʨʦʚʩʢʘʷ 

ʩʧʝʢʪʨʦʩʢʦʧʠʷ ʜʘʝʪ ʠʥʬʦʨʤʘʮʠʶ ʦ ʬʘʟʦʚʦʤ ʩʦʩʪʦʷ-

ʥʠʠ, ʫʩʨʝʜʥʝʥʥʫʶ ʧʦ ʚʩʝʡ ʪʦʣʱʠʥʝ ʦʙʨʘʟʮʘ. ɺ ʠʩ-

ʩʣʝʜʦʚʘʥʠʷʭ ʠʩʧʦʣʴʟʦʚʘʥ ʠʩʪʦʯʥʠʢ 
57
ʉʦ ʚ ʤʘʪʨʠʮʝ 

Cr ʘʢʪʠʚʥʦʩʪʴʶ 10 ʤʂʠ.  

ʀʩʭʦʜʷ ʠʟ ʟʘʜʘʯʠ ʵʢʩʧʝʨʠʤʝʥʪʘ, ʙʳʣ ʠʩʧʦʣʴʟʦ-

ʚʘʥ ʤʝʩʩʙʘʫʵʨʦʚʩʢʠʡ ʩʧʝʢʪʨʦʤʝʪʨ MS1104E, ʢʦʪʦ-

ʨʳʡ ʧʨʝʜʥʘʟʥʘʯʝʥ ʜʣʷ ʘʚʪʦʤʘʪʠʯʝʩʢʦʡ ʨʝʛʠʩʪʨʘʮʠʠ 

ʷʜʝʨʥʳʭ ʛʘʤʤʘ-ʨʝʟʦʥʘʥʩʥʳʭ ʩʧʝʢʪʨʦʚ ʵʤʠʩʩʠʠ, 

ʧʨʦʧʫʩʢʘʥʠʷ ʠ ʨʘʩʩʝʷʥʠʷ ʧʨʠ ʧʨʦʚʝʜʝʥʠʠ ʰʠʨʦʢʦʛʦ 

ʢʨʫʛʘ ʬʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʠʭ ʠʩʩʣʝʜʦʚʘʥʠʡ.  

ʄʝʪʦʜ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʜʠʬʨʘʢʪʦʤʝʪʨʠʠ ʠʩʧʦʣʴʟʦ-

ʚʘʣʩʷ ʚ ʵʢʩʧʝʨʠʤʝʥʪʘʭ ʚ ʢʘʯʝʩʪʚʝ ʜʦʧʦʣʥʠʪʝʣʴʥʦʛʦ 

ʤʝʪʦʜʘ. ʈʝʥʪʛʝʥʦʬʘʟʦʚʳʡ ʘʥʘʣʠʟ ʦʙʨʘʟʮʦʚ ʚʳʧʦʣʥʝʥ 

ʥʘ ʜʠʬʨʘʢʪʦʤʝʪʨʝ D8 ADVANCE ʥʘ ʠʟʣʫʯʝʥʠʠ CuK . 

ʀʟʤʝʨʝʥʠʷ ʧʨʦʚʦʜʠʣʠʩʴ ʚ ʛʝʦʤʝʪʨʠʠ ɹʨʵʛʛʘ-ɹʨʝʥʪʘʥʦ 

ʩ ʦʙʝʠʭ ʩʪʦʨʦʥ ʦʙʨʘʟʮʘ. ʀʜʝʥʪʠʬʠʢʘʮʠʷ ʢʨʠʩʪʘʣʣʠʯʝ-

ʩʢʠʭ ʬʘʟ ʧʨʦʚʦʜʠʣʘʩʴ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʢʘʨʪʦʪʝʢʠ 

ʧʦʨʦʰʢʦʚʳʭ ʨʝʥʪʛʝʥʦʛʨʘʤʤ ASTM ʠ JCPDS. 

ʈɽɿʋʃʔʊɸʊʓ ʀ ʆɹʉʋɾɼɽʅʀɽ 

ʅʘ ʨʠʩʫʥʢʝ 1ʘ ʧʨʝʜʩʪʘʚʣʝʥʳ ʭʘʨʘʢʪʝʨʥʳʝ ʤʝʩ-

ʩʙʘʫʵʨʦʚʩʢʠʝ ʩʧʝʢʪʨʳ ʩʣʦʠʩʪʦʡ ʩʠʩʪʝʤʳ Zr(2 ʤʢʤ)- 

- Fe(10 ʤʢʤ) ʧʦʜʚʝʨʛʥʫʪʦʡ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʤʫ ʠʟʦ-

ʪʝʨʤʠʯʝʩʢʦʤʫ ʦʪʞʠʛʫ. ʇʦʩʣʝ ʦʪʞʠʛʘ ʧʨʠ 900ÁC ʜʣʠ-

ʪʝʣʴʥʦʩʪʴʶ 2 ʯʘʩʘ ʚ ʄʉ-ʩʧʝʢʪʨʝ ʥʘ ʬʦʥʝ ʣʠʥʠʡ ʦʪ 

-Fe ʥʘʙʣʶʜʘʝʪʩʷ ʧʦʷʚʣʝʥʠʝ ʩʦʚʦʢʫʧʥʦʩʪʠ ʜʦʧʦʣ-

ʥʠʪʝʣʴʥʳʭ ʩʝʢʩʪʝʪʦʚ ʬʝʨʨʦʤʘʛʥʠʪʥʦʡ ʬʘʟʳ ʩ ʩʫʱʝ-

ʩʪʚʝʥʥʦ ʤʝʥʴʰʠʤʠ (nH   206 ʢʕ) ʩʚʝʨʭʪʦʥʢʠʤʠ 

ʧʦʣʷʤʠ. ɹʳʣʠ ʚʦʩʩʪʘʥʦʚʣʝʥʳ ʬʫʥʢʮʠʠ ʨʘʩʧʨʝʜʝʣʝ-

ʥʠʷ ʩʚʝʨʭʪʦʥʢʦʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʥʘ ʷʜʨʘʭ 
57
Fe ʜʣʷ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʩʧʝʢʪʨʦʚ (ʨʠʩʫʥʦʢ 1ʙ, ʚ). ɺʠʜ-

ʥʦ, ʯʪʦ ʚʦʩʩʪʘʥʦʚʣʝʥʥʘʷ ʬʫʥʢʮʠʷ ʨʘʩʧʨʝʜʝʣʝʥʠʷ 

ʠʤʝʝʪ ʥʝʩʢʦʣʴʢʦ ʧʣʦʭʦ ʨʘʟʨʝʰʝʥʥʳʭ ʤʘʢʩʠʤʫʤʦʚ, 

ʟʥʘʯʝʥʠʷ ʧʦʣʝʡ ʢʦʪʦʨʳʭ ʤʦʛʫʪ ʙʳʪʴ ʦʪʥʝʩʝʥʳ ʢ ʠʥ-

ʪʝʨʤʝʪʘʣʣʠʜʘʤ Fe2Zr ʠ Fe3Zr. ʇʦ ʤʝʨʝ ʫʚʝʣʠʯʝʥʠʷ 

ʚʨʝʤʝʥʠ ʦʪʞʠʛʘ ʧʨʦʠʩʭʦʜʠʪ ʧʦʩʪʝʧʝʥʥʦʝ ʨʘʟʜʝʣʝ-

ʥʠʝ ʤʘʢʩʠʤʫʤʦʚ ʚ ʨʘʩʧʨʝʜʝʣʝʥʠʠ, ʢʦʪʦʨʦʝ ʧʦʩʣʝ 

ʪʨʠʜʮʘʪʠʯʘʩʦʚʦʛʦ ʦʪʞʠʛʘ ʠʤʝʝʪ ʯʝʪʳʨʝʭʤʦʜʘʣʴʥʳʡ 

ʚʠʜ. ʇʦʭʦʞʘʷ ʢʘʨʪʠʥʘ ʥʘʙʣʶʜʘʝʪʩʷ ʠ ʜʣʷ ʩʠʩʪʝʤʳ 

Zr(2 ʤʢʤ) - Fe(5 ʤʢʤ) (ʨʠʩʫʥʦʢ 2). ʆʜʥʘʢʦ ʚʝʣʠʯʠʥʘ 

ʚʢʣʘʜʘ ʧʘʨʮʠʘʣʴʥʳʭ ʩʧʝʢʪʨʦʚ ʦʪ ʠʥʪʝʨʤʝʪʘʣʣʠʜʥʳʭ 

ʬʘʟ ʟʥʘʯʠʪʝʣʴʥʦ ʚʳʰʝ (ʨʠʩʫʥʦʢ 2ʙ), ʢ ʪʦʤʫ ʞʝ ʤʘʢ-

ʩʠʤʫʤʳ ʚ ʨʘʩʧʨʝʜʝʣʝʥʠʠ ʭʦʨʦʰʦ ʨʘʟʨʝʰʝʥʳ. ɺʦ 

ʚʩʝʭ ʩʧʝʢʪʨʘʭ ʦʩʥʦʚʥʦʡ ʩʦʩʪʘʚʣʷʶʱʝʡ ʷʚʣʷʝʪʩʷ 

ʟʝʝʤʘʥʦʚʩʢʠʡ ʩʝʢʩʪʝʪ (ʨʠʩʫʥʢʠ1ʘ, 2ʘ), ʦʪʥʦʩʷʱʠʡʩʷ 

ʢ ʷʜʨʘʤ 
57
Fe ʚ ʧʦʜʣʦʞʢʝ ʘʨʤʢʦ-ʞʝʣʝʟʘ ʠ ʠʤʝʶʱʠʡ 

ʟʥʘʯʝʥʠʝ ʩʚʝʨʭʪʦʥʢʦʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ 

nH   330,8 ʢʕ (ʨʠʩʫʥʦʢ 1ʚ, 2ʚ). 

 

ʈʠʩʫʥʦʢ 1. ʍʘʨʘʢʪʝʨʥʳʝ ʄʉ-ʩʧʝʢʪʨʳ ʠ ʬʫʥʢʮʠʠ  

ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʩʚʝʨʭʪʦʥʢʦʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ  

ʥʘ ʷʜʨʘʭ 57Fe ʩʣʦʠʩʪʦʡ ʩʠʩʪʝʤʳ Zr(2 ʤʢʤ) - - Fe 

(10 ʤʢʤ), ʧʦʣʫʯʝʥʥʳʝ ʧʨʠ ʠʟʦʪʝʨʤʠʯʝʩʢʦʤ ʦʪʞʠʛʝ 

 

ʈʠʩʫʥʦʢ 2. ʍʘʨʘʢʪʝʨʥʳʝ ʄʉ-ʩʧʝʢʪʨʳ ʠ ʬʫʥʢʮʠʠ  

ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʩʚʝʨʭʪʦʥʢʦʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ  

ʥʘ ʷʜʨʘʭ 57Fe ʩʣʦʠʩʪʦʡ ʩʠʩʪʝʤʳ Zr(2 ʤʢʤ) - -Fe(5 ʤʢʤ), 

ʧʦʣʫʯʝʥʥʳʝ ʧʨʠ ʠʟʦʪʝʨʤʠʯʝʩʢʦʤ ʦʪʞʠʛʝ 

ʀʟʚʝʩʪʥʦ [10], ʯʪʦ ʘʪʦʤʳ ʞʝʣʝʟʘ ʚ ʩʦʝʜʠʥʝʥʠʠ 

Fe2Zr ʟʘʥʠʤʘʶʪ ʜʚʝ ʥʝʵʢʚʠʚʘʣʝʥʪʥʳʝ ʧʦʟʠʮʠʠ ʩ ʨʘʟ-

ʥʳʤ ʟʥʘʯʝʥʠʝʤ ʫʛʣʘ  (0Á ʠ 72Á32') ʤʝʞʜʫ ʥʘʧʨʘʚʣʝ-

ʥʠʝʤ ʛʨʘʜʠʝʥʪʘ ʘʢʩʠʘʣʴʥʦ-ʩʠʤʤʝʪʨʠʯʥʦʛʦ ʵʣʝʢʪʨʠ-

ʯʝʩʢʦʛʦ ʧʦʣʷ ʠ ʤʘʛʥʠʪʥʳʤ ʧʦʣʝʤ ʥʘ ʷʜʨʝ. 

ɺʩʣʝʜʩʪʚʠʝ ʵʪʦʛʦ, ʤʝʩʩʙʘʫʵʨʦʚʩʢʠʡ ʩʧʝʢʪʨ ʜʘʥʥʦʛʦ 

ʠʥʪʝʨʤʝʪʘʣʣʠʜʘ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʩʫʧʝʨʧʦʟʠʮʠʶ 

ʜʚʫʭ ʩʝʢʩʪʝʪʦʚ ʩ ʵʬʬʝʢʪʠʚʥʳʤʠ ʤʘʛʥʠʪʥʳʤʠ ʧʦʣʷ-

ʤʠ ʥʘ ʷʜʨʘʭ 
57

Fe Hn=190Ñ5 ʢʕ ʠ Hn=200Ñ5 ʢʕ ʩ ʦʪ-

ʥʦʰʝʥʠʝʤ ʠʥʪʝʥʩʠʚʥʦʩʪʝʡ 1:3. ʀʩʩʣʝʜʦʚʘʥʠʝ [3] 

ʧʦʢʘʟʘʣʦ, ʯʪʦ ʤʝʩʩʙʘʫʵʨʦʚʩʢʠʡ ʩʧʝʢʪʨ Fe3Zr ʪʘʢʞʝ 

ʠʤʝʝʪ ʩʣʦʞʥʳʡ ʚʠʜ ʠ ʷʚʣʷʝʪʩʷ ʩʫʧʝʨʧʦʟʠʮʠʝʡ ʪʨʝʭ 


