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ʄʝʪʦʜʘʤʠ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʬʘʟʦʚʦʛʦ ʠ ʧʦʣʫʢʦʣʠʯʝʩʪʚʝʥʥʦʛʦ ʘʥʘʣʠʟʦʚ ʠʩʩʣʝʜʦʚʘʥʳ ʪʦʥʢʠʝ (10 ʤʢʤ) ʤʝʜʥʳʝ 

ʬʦʣʴʛʠ ʩ ʙʝʨʠʣʣʠʝʚʳʤ ʧʦʢʨʳʪʠʝʤ (2 ʤʢʤ), ʧʦʣʫʯʝʥʥʳʝ ʤʝʪʦʜʦʤ ʤʘʛʥʝʪʨʦʥʥʦʛʦ ʦʩʘʞʜʝʥʠʷ ʠ ʧʦʜʚʝʨʛʥʫʪʳʝ 

ʠʟʦʭʨʦʥʥʳʤ (tʦʪʞ=2ʯ) ʪʝʨʤʠʯʝʩʢʠʤ ʦʪʞʠʛʘʤ ʚ ʠʥʪʝʨʚʘʣʝ ʪʝʤʧʝʨʘʪʫʨ 200Áï650ÁC. ʋʩʪʘʥʦʚʣʝʥʘ 

ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʴ ʬʘʟʦʚʳʭ ʧʨʝʦʙʨʘʟʦʚʘʥʠʡ. ɺʦʩʩʪʘʥʦʚʣʝʥʘ ʬʫʥʢʮʠʷ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʪʚʝʨʜʦʛʦ ʨʘʩʪʚʦʨʘ 

ʙʝʨʠʣʣʠʷ ʚ ʤʝʜʠ. ʇʦʣʫʯʝʥʦ ʦʪʥʦʩʠʪʝʣʴʥʦʝ ʩʦʜʝʨʞʘʥʠʝ ʬʘʟ, ʬʦʨʤʠʨʫʶʱʠʭʩʷ ʫ ʧʦʚʝʨʭʥʦʩʪʠ ʦʙʨʘʟʮʘ ʥʘ ʢʘʞʜʦʤ 

ʵʪʘʧʝ ʦʪʞʠʛʘ. ʆʩʫʱʝʩʪʚʣʝʥʦ ʢʦʤʧʴʶʪʝʨʥʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ ʬʘʟʦʚʳʭ ʧʨʝʚʨʘʱʝʥʠʡ. 

ɺɺɽɼɽʅʀɽ 

ɺ ʩʚʷʟʠ ʩ ʰʠʨʦʢʠʤ ʧʨʠʤʝʥʝʥʠʝʤ ʤʝʜʥʦ-

ʙʝʨʠʣʣʠʝʚʳʭ ʩʧʣʘʚʦʚ ʚ ʘʪʦʤʥʦʡ ʪʝʭʥʠʢʝ ʩʦʟʜʘʥʠʝ 

ʟʘʱʠʪʥʳʭ  ʠ ʪʝʨʤʠʯʝʩʢʠ ʩʪʦʡʢʠʭ ʤʘʪʝʨʠʘʣʦʚ ʥʘ ʦʩ-

ʥʦʚʝ ʙʝʨʠʣʣʠʝʚʳʭ ʧʦʢʨʳʪʠʡ ʥʘ ʤʝʜʥʦʡ ʧʦʜʣʦʞʢʝ 

ʷʚʣʷʝʪʩʷ ʘʢʪʫʘʣʴʥʦʡ ʟʘʜʘʯʝʡ ʩʦʚʨʝʤʝʥʥʦʛʦ ʤʘʪʝʨʠʘ-

ʣʦʚʝʜʝʥʠʷ. 

ʀʟʫʯʝʥʠʶ ʜʠʘʛʨʘʤʤʳ ʩʦʩʪʦʷʥʠʷ Cu-Be ʧʦʩʚʷʱʝ-

ʥʦ ʤʥʦʛʦʯʠʩʣʝʥʥʦʝ ʢʦʣʠʯʝʩʪʚʦ ʨʘʙʦʪ ʕʩʪʝʨʭʝʣʴʜʘ, 

ʍʘʥʩʝʥʘ, ʈʘʡʥʦʨʘ, ʌʦʛʝʣʴʩʦʥʘ ʠ ʜʨ. [1-6]. ʈʝʟʫʣʴʪʘ-

ʪʳ ʧʝʨʝʯʠʩʣʝʥʥʳʭ ʨʘʙʦʪ ʣʝʛʣʠ ʚ ʦʩʥʦʚʫ ʦʙʦʙʱʝʥ-

ʥʦʡ ʜʠʘʛʨʘʤʤʳ ʩʦʩʪʦʷʥʠʷ. ʇʨʠʚʦʜʷʪʩʷ ʜʘʥʥʳʝ ʧʦ 

ʤʘʢʩʠʤʘʣʴʥʦʡ ʨʘʩʪʚʦʨʠʤʦʩʪʠ  ʙʝʨʠʣʣʠʷ ʚ ʤʝʜʠ ʧʨʠ 

ʧʝʨʠʪʝʢʪʠʯʝʩʢʦʡ, ʵʚʪʝʢʪʦʠʜʥʦʡ ʪʝʤʧʝʨʘʪʫʨʘʭ, ʧʨʠ 

400 ʠ 250ęʉ. ʇʦ ʫʪʦʯʥʝʥʥʳʤ ʜʘʥʥʳʤ ʨʘʟʣʠʯʥʳʭ 

ʘʚʪʦʨʦʚ ʤʘʢʩʠʤʘʣʴʥʘʷ ʨʘʩʪʚʦʨʠʤʦʩʪʴ ʙʝʨʠʣʣʠʷ ʚ 

ʤʝʜʠ ʩʦʩʪʘʚʣʷʝʪ 2,75 % ʤʘʩʩ. ʧʨʠ ʧʝʨʠʪʝʢʪʠʯʝʩʢʦʡ  

ʪʝʤʧʝʨʘʪʫʨʝ (864Ü ʉ), ʩʥʠʞʘʷʩʴ ʜʦ 0,4-0,75 ʤʘʩʩʦʚʳʭ 

ʜʦʣʝʡ (%) ɺʝ ʧʨʠ 400Üʉ [4]. ʅʘ ʜʠʘʛʨʘʤʤʝ ʍʘʥʩʝʥʘ 

[5] ʚ ʦʙʣʘʩʪʠ ʩʦʩʪʘʚʦʚ ʦʪ 0 ʜʦ 35 % Be (ʤʘʩʩʦʚʘʷ 

ʜʦʣʷ) ʠʤʝʝʪʩʷ Ŭ ï ʪʚʝʨʜʳʡ ʨʘʩʪʚʦʨ ʙʝʨʠʣʣʠʷ ʚ ʤʝʜʠ, 

ʨʘʟʫʧʦʨʷʜʦʯʝʥʥʘʷ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʘʷ ɓ ï ʬʘʟʘ ʠ 

ʜʚʘ ʩʦʝʜʠʥʝʥʠʷ: ɔ ï (ɺʝʉu) ʠ ŭ ï (CuBe3) ʩ ʰʠʨʦʢʦʡ 

ʦʙʣʘʩʪʴʶ ʛʦʤʦʛʝʥʥʦʩʪʠ. ɺ ʠʟʫʯʘʝʤʦʤ ʥʘʤʠ ʠʥʪʝʨ-

ʚʘʣʝ ʩʦʩʪʘʚʦʚ ʩʠʩʪʝʤʳ Cu-Be (4,903 % ʤʘʩ. ʠʣʠ 

26,66 ʘʪ. % ʧʨʠ ʫʩʣʦʚʠʠ ʧʦʣʥʦʛʦ ʨʘʩʪʚʦʨʝʥʠʷ ʙʝ-

ʨʠʣʣʠʷ ʚ ʧʦʜʣʦʞʢʝ) ɓ ï ʬʘʟʘ ʦʙʨʘʟʫʝʪʩʷ ʧʨʠ ʪʝʤʧʝ-

ʨʘʪʫʨʝ 864Üʉ ʠ ʨʘʩʧʘʜʘʝʪʩʷ ʧʨʠ 576Üʉ. ɺ ʜʠʘʧʘʟʦʥʝ 

ʪʝʤʧʝʨʘʪʫʨ ʦʪ 864 ʜʦ 576Üʉ ʩʦʩʫʱʝʩʪʚʫʶʪ ʪʚʝʨʜʳʡ 

Ŭ ï ʨʘʩʪʚʦʨ ʠ ɓ ï ʬʘʟʘ. ʅʠʞʝ 576Üʉ ʧʦʩʣʝ ʨʘʩʧʘʜʘ ɓ ï

 ʬʘʟʳ ʩʦʩʫʱʝʩʪʚʫʶʪ Ŭ ï ʪʚʝʨʜʳʡ ʨʘʩʪʚʦʨ ʠ ɔ ï

 (ɺʝʉu). ʌʘʟʦʚʳʝ ʧʨʝʚʨʘʱʝʥʠʷ ʚ ʩʠʩʪʝʤʝ, ʩʦʜʝʨʞʘ-

ʱʝʡ ʦʢʦʣʦ 30 % ʘʪ. ɺʝ ʦʧʨʝʜʝʣʷʶʪʩʷ ʨʘʩʧʘʜʦʤ ʚʳ-

ʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʪʚʝʨʜʦʛʦ ʨʘʩʪʚʦʨʘ (ɓ ï ʬʘʟʳ), 

ʬʦʨʤʠʨʦʚʘʥʠʝʤ ɔ ï ʬʘʟʳ (CuBe), ʠʤʝʶʱʝʡ ʦʙʣʘʩʪʴ 

ʛʦʤʦʛʝʥʥʦʩʪʠ, ʩ ʦʙʝʜʥʝʥʠʝʤ ʠ ʦʙʦʛʘʱʝʥʠʝʤ ʙʝʨʠʣ-

ʣʠʝʤ, ʠ ʦʙʨʘʟʦʚʘʥʠʝʤ ʧʨʦʤʝʞʫʪʦʯʥʦʡ ʤʝʪʘʩʪʘʙʠʣʴ-

ʥʦʡ ɓ
ȭȭ
 ï ʬʘʟʳ (Cu2Be). ʉʪʨʫʢʪʫʨʘ ʵʪʦʡ ʬʘʟʳ ʤʦʞʝʪ 

ʙʳʪʴ ʦʧʠʩʘʥʘ ʯʝʨʝʜʦʚʘʥʠʝʤ ʦʙʦʛʘʱʝʥʥʳʭ ʤʝʜʴʶ ʠ 

ʙʝʨʠʣʣʠʝʤ ʧʣʦʩʢʦʩʪʝʡ ʚ ʦʧʨʝʜʝʣʝʥʥʦʡ ʧʦʩʣʝʜʦʚʘ-

ʪʝʣʴʥʦʩʪʠ. [7]. ʉʪʦʠʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ  ʙʦʣʴʰʠʥʩʪʚʦ 

ʧʝʨʝʯʠʩʣʝʥʥʳʭ ʨʘʙʦʪ ʧʨʦʚʦʜʠʣʠʩʴ ʥʘ ʦʙʨʘʟʮʘʭ, ʧʦ-

ʣʫʯʝʥʥʳʭ ʩʧʝʢʘʥʠʝʤ ʠ ʩʧʣʘʚʣʝʥʠʝʤ ʙʝʨʠʣʣʠʷ ʠ ʤʝ-

ʜʠ ʚ ʚʘʢʫʫʤʝ. 

ʎʝʣʴʶ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʳ ʷʚʣʷʣʠʩʴ ʩʠʩʪʝʤʘʪʠ-

ʯʝʩʢʠʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʬʘʟʦʚʦ-ʩʪʨʫʢʪʫʨʥʳʭ ʧʨʝʚʨʘ-

ʱʝʥʠʡ ʚ ʪʦʥʢʠʭ ʤʝʜʥʳʭ ʬʦʣʴʛʘʭ ʩ ʙʝʨʠʣʣʠʝʚʳʤ 

ʧʦʢʨʳʪʠʝʤ, ʧʦʜʚʝʨʛʥʫʪʳʭ ʠʟʦʭʨʦʥʥʦʤʫ ʪʝʨʤʠʯʝ-

ʩʢʦʤʫ ʦʪʞʠʛʫ.  

ʄɽʊʆɼʀʂɸ ʕʂʉʇɽʈʀʄɽʅʊɸʃʔʅʓʍ 

ʀʉʉʃɽɼʆɺɸʅʀʁ 

ʇʨʠʛʦʪʦʚʣʝʥʠʝ ʦʙʨʘʟʮʦʚ  

ʇʦʜʣʦʞʢʠ ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʡ ʙʳʣʠ ʧʨʠʛʦʪʦʚʣʝʥʳ 

ʠʟ ʤʝʜʥʦʛʦ ʙʨʫʩʢʘ ʧʨʦʢʘʪʢʦʡ ʥʘ ʚʘʣʴʮʘʭ ʜʦ ʪʦʣʱʠ-

ʥʳ 10 ʤʢʤ ʠ ʧʦʩʣʝʜʫʶʱʝʛʦ ʛʦʤʦʛʝʥʠʟʠʨʫʶʱʝʛʦ 

ʦʪʞʠʛʘ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 700C ʚ ʪʝʯʝʥʠʝ 2 ʯ ʩ ʮʝʣʴʶ 

ʩʥʷʪʠʷ ʥʘʧʨʷʞʝʥʠʡ ʠ ʜʝʬʝʢʪʦʚ, ʥʘʚʝʜʝʥʥʳʭ ʧʨʠ 

ʧʨʦʢʘʪʢʝ ʠ ʧʨʝʜʦʪʚʨʘʱʝʥʠʷ ʪʝʢʩʪʫʨʠʨʦʚʘʥʥʦʩʪʠ 

ʦʙʨʘʟʮʘ. ʉʣʝʜʫʶʱʠʤ ʵʪʘʧʦʤ ʧʦʜʛʦʪʦʚʢʠ ʦʙʨʘʟʮʦʚ 

ʷʚʣʷʣʦʩʴ ʦʩʘʞʜʝʥʠʝ ʙʝʨʠʣʣʠʷ ʥʘ ʧʦʚʝʨʭʥʦʩʪʴ ʤʝʜ-

ʥʳʭ ʧʦʜʣʦʞʝʢ.  

ɼʣʷ ʧʦʣʫʯʝʥʠʷ ʢʘʯʝʩʪʚʝʥʥʳʭ ʧʦʢʨʳʪʠʡ ʟʘʜʘʥʥʦʡ 

ʢʦʥʬʠʛʫʨʘʮʠʠ ʙʳʣ ʚʳʙʨʘʥ ʤʝʪʦʜ ʤʘʛʥʝʪʨʦʥʥʦʛʦ 

ʥʘʧʳʣʝʥʠʷ. ʅʘʥʝʩʝʥʠʝ ʙʝʨʠʣʣʠʷ ʥʘ ʤʝʜʥʳʝ ʬʦʣʴʛʠ 

ʧʨʦʚʦʜʠʣʦʩʴ ʥʘ ʫʩʪʘʥʦʚʢʝ çɸʨʛʘʤʘʢè ʀʗʌ ʅʗʎ ʈʂ. 

ʆʙʨʘʟʮʳ ʨʘʟʤʝʱʘʣʠʩʴ ʥʘ ʤʘʩʩʠʚʥʦʤ ʤʝʜʥʦʤ ʜʝʨʞʘ-

ʪʝʣʝ, ʪʝʤʧʝʨʘʪʫʨʘ ʢʦʪʦʨʦʛʦ ʚʤʝʩʪʝ ʩ ʧʦʜʣʦʞʢʦʡ ʚʦ 

ʚʨʝʤʷ ʥʘʧʳʣʝʥʠʷ ʥʝ ʧʨʝʚʳʰʘʣʘ 150C, ʯʪʦ ʦʙʝʩʧʝ-

ʯʠʚʘʣʦ ʦʪʩʫʪʩʪʚʠʝ ʟʘʤʝʪʥʦʡ ʜʠʬʬʫʟʠʠ ʚʦ ʚʨʝʤʷ ʥʘ-

ʧʳʣʝʥʠʷ. ɼʣʷ ʣʫʯʰʝʡ ʘʜʛʝʟʠʠ ʧʝʨʝʜ ʦʩʘʞʜʝʥʠʝʤ 

ʙʝʨʠʣʣʠʷ ʥʘ ʵʪʦʡ ʞʝ ʫʩʪʘʥʦʚʢʝ ʚ ʝʜʠʥʦʤ ʚʘʢʫʫʤʥʦʤ 

ʮʠʢʣʝ ʧʦʚʝʨʭʥʦʩʪʴ ʧʦʜʣʦʞʢʠ ʙʳʣʘ ʧʦʜʚʝʨʛʥʫʪʘ 

ʪʨʘʚʣʝʥʠʶ ʠʦʥʘʤʠ ʘʨʛʦʥʘ.  

ɼʣʷ ʧʨʦʚʝʜʝʥʠʷ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʳʭ ʠʟʦʭʨʦʥʥʳʭ 

ʦʪʞʠʛʦʚ ʙʳʣʠ ʧʨʠʛʦʪʦʚʣʝʥʳ ʜʚʫʭʩʣʦʡʥʳʝ ʩʠʩʪʝʤʳ 

Be (2.5 ʤʢʤ) ï Cu (10 ʤʢʤ). 

ʇʦʩʣʝʜʦʚʘʪʝʣʴʥʳʝ ʜʚʫʭʯʘʩʦʚʳʝ (ʚ ʠʥʪʝʨʚʘʣʝ 

200 650 C) ʠʟʦʭʨʦʥʥʳʝ ʦʪʞʠʛʠ ʜʚʫʭʩʣʦʡʥʦʡ ʩʠʩʪʝ-

ʤʳ Cu-Be ʦʩʫʱʝʩʪʚʣʷʣʠʩʴ ʩ ʰʘʛʦʤ 100C ʜʦ 500C 

ʠ ʩ ʰʘʛʦʤ 50C ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ ʦʪʞʠʛʘ ʚʳʰʝ 

500C. ʊʝʨʤʠʯʝʩʢʘʷ ʦʙʨʘʙʦʪʢʘ ʧʨʦʚʦʜʠʣʘʩʴ ʚ ʪʨʫʙ-

ʯʘʪʦʡ ʧʝʯʠ ʉʋʆʃ ʩ ʥʠʭʨʦʤʥʳʤ ʥʘʛʨʝʚʘʪʝʣʝʤ ʩ ʦʩ-

ʪʘʪʦʯʥʳʤ ʜʘʚʣʝʥʠʝʤ 610
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ʢʦʥʪʨʦʣʠʨʦʚʘʣʘʩʴ ʭʨʦʤʝʣʴ-ʘʣʶʤʝʣʝʚʦʡ ʪʝʨʤʦʧʘʨʦʡ 

ʩ ʪʦʯʥʦʩʪʴʶ 5 C. ʉʢʦʨʦʩʪʴ ʥʘʛʨʝʚʘ ʠ ʦʭʣʘʞʜʝʥʠʷ 

ʩʦʩʪʘʚʣʷʣʘ 10ÁC/ʤʠʥ. 

ɺ ʢʘʯʝʩʪʚʝ ʥʝʨʘʟʨʫʰʘʶʱʝʛʦ ʤʝʪʦʜʘ ʘʥʘʣʠʟʘ ʠʩ-

ʧʦʣʴʟʦʚʘʣʘʩʴ ʨʝʥʪʛʝʥʦʚʩʢʘʷ ʜʠʬʨʘʢʪʦʤʝʪʨʠʷ.  

ʈʝʥʪʛʝʥʦʚʩʢʠʡ ʬʘʟʦʚʳʡ ʘʥʘʣʠʟ 

ʈʝʥʪʛʝʥʦʬʘʟʦʚʳʡ ʘʥʘʣʠʟ ʦʙʨʘʟʮʦʚ ʚʳʧʦʣʥʝʥ ʥʘ 

ʜʠʬʨʘʢʪʦʤʝʪʨʝ D8 ADVANCE ʥʘ ʠʟʣʫʯʝʥʠʠ CuK . 

ʀʟʤʝʨʝʥʠʷ ʧʨʦʚʦʜʠʣʠʩʴ ʚ ʛʝʦʤʝʪʨʠʠ ɹʨʵʛʛʘ-

ɹʨʝʥʪʘʥʦ ʩ ʦʙʝʠʭ ʩʪʦʨʦʥ ʦʙʨʘʟʮʘ. 

ʀʜʝʥʪʠʬʠʢʘʮʠʷ ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʬʘʟ ʧʨʦʚʦʜʠ-

ʣʘʩʴ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʢʘʨʪʦʪʝʢʠ ʧʦʨʦʰʢʦʚʳʭ ʨʝʥʪ-

ʛʝʥʦʛʨʘʤʤ ASTM ʠ JCPDS. 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʧʦʤʠʤʦ ʢʘʯʝʩʪʚʝʥʥʦʛʦ ʦʧʨʝʜʝʣʝ-

ʥʠʷ ʬʘʟʦʚʦʛʦ ʩʦʩʪʘʚʘ ʦʙʨʘʟʮʘ ʙʳʣ ʠʩʧʦʣʴʟʦʚʘʥ ʤʝʪʦʜ 

ʧʦʣʫʢʦʣʠʯʝʩʪʚʝʥʥʦʛʦ ʈʌɸ (ʇʈʌɸ), ʦʩʥʦʚʘʥʥʳʡ ʥʘ 

ʟʘʚʠʩʠʤʦʩʪʠ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʜʠʬʨʘʢʮʠʦʥʥʦʡ ʣʠʥʠʠ ʦʪ 

ʢʦʥʮʝʥʪʨʘʮʠʠ ʦʧʨʝʜʝʣʷʝʤʦʡ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʬʘʟʳ. 

ɺ ʦʙʱʝʤ ʩʣʫʯʘʝ ʵʪʘ ʟʘʚʠʩʠʤʦʩʪʴ ʥʝ ʷʚʣʷʝʪʩʷ ʣʠʥʝʡ-

ʥʦʡ. ʅʘ ʚʝʣʠʯʠʥʫ ʤʘʢʩʠʤʫʤʘ ʚʣʠʷʶʪ ʢʦʵʬʬʠʮʠʝʥʪ 

ʧʦʛʣʦʱʝʥʠʷ ʜʠʬʨʘʛʠʨʦʚʘʥʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʦʙʨʘʟʮʦʤ, 

ʢʦʥʮʝʥʪʨʘʮʠʠ ʚʩʝʭ ʬʘʟ ʠ ʭʘʨʘʢʪʝʨ ʠʭ ʪʝʢʩʪʫʨʠʨʦʚʘʥ-

ʥʦʩʪʠ. ʇʈʌɸ ʚʦʟʤʦʞʝʥ ʩ ʫʯʝʪʦʤ ʨʝʘʣʴʥʳʭ ʚʦʟʤʦʞ-

ʥʦʩʪʝʡ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʜʠʬʨʘʢʪʦʤʝʪʨʠʠ, ʦʛʨʘʥʠʯʝʥʠʡ 

ʧʦ ʧʦʨʦʛʫ ʦʙʥʘʨʫʞʝʥʠʷ ʠ ʚʦʩʧʨʦʠʟʚʦʜʠʤʦʩʪʠ, ʚʣʠʷ-

ʥʠʷ ʩʪʨʫʢʪʫʨʥʦʡ ʠʥʜʠʚʠʜʫʘʣʴʥʦʩʪʠ ʨʝʘʣʴʥʳʭ ʢʨʠ-

ʩʪʘʣʣʠʯʝʩʢʠʭ ʦʙʨʘʟʦʚʘʥʠʡ. 

ʇʦʣʫʢʦʣʠʯʝʩʪʚʝʥʥʳʝ ʨʝʥʪʛʝʥʦʬʘʟʦʚʳʝ ʦʧʨʝʜʝ-

ʣʝʥʠʷ ʧʨʦʚʦʜʷʪʩʷ ʚ ʧʨʝʜʧʦʣʦʞʝʥʠʠ, ʯʪʦ ʚʩʝ ʬʘʟʳ 

ʦʢʨʠʩʪʘʣʣʠʟʦʚʘʥʳ ʠ ʚ ʩʫʤʤʝ ʩʦʩʪʘʚʣʷʶʪ 100 %. ɼʣʷ 

ʦʧʨʝʜʝʣʝʥʠʷ ʢʦʣʠʯʝʩʪʚʝʥʥʳʭ ʩʦʦʪʥʦʰʝʥʠʡ ʬʘʟ 

ʧʨʝʜʚʘʨʠʪʝʣʴʥʦ ʥʝʦʙʭʦʜʠʤʦ ʧʨʦʚʝʩʪʠ ʢʘʯʝʩʪʚʝʥʥʳʡ 

ʨʝʥʪʛʝʥʦʬʘʟʦʚʳʡ ʘʥʘʣʠʟ, ʚʳʙʨʘʪʴ ʘʥʘʣʠʪʠʯʝʩʢʠʝ 

ʨʝʬʣʝʢʩʳ, ʩʚʦʙʦʜʥʳʝ ʦʪ ʥʘʣʦʞʝʥʠʷ ʣʠʥʠʡ ʚʩʝʭ ʧʨʠ-

ʩʫʪʩʪʚʫʶʱʠʭ ʬʘʟ. ʇʨʠ ʧʨʦʚʝʜʝʥʠʠ ʢʘʯʝʩʪʚʝʥʥʦʛʦ 

ʈʌɸ ʥʝʦʙʭʦʜʠʤʦ ʟʥʘʪʴ ʵʣʝʤʝʥʪʥʳʡ ʩʦʩʪʘʚ ʧʨʦʙʳ. 

ʄʥʦʛʦʬʘʟʥʦʩʪʴ ʘʥʘʣʠʟʠʨʫʝʤʳʭ ʧʨʦʙ ʠ ʚʘʨʠʘʮʠʷ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʩʪʨʫʢʪʫʨ ʬʘʟ ʟʘʪʨʫʜʥʷʝʪ ʠ ʦʛʨʘʥʠʯʠ-

ʚʘʝʪ ʚʦʟʤʦʞʥʦʩʪʠ ʇʈʌɸ. ʆʧʨʝʜʝʣʝʥʠʝ ʢʦʣʠʯʝʩʪ-

ʚʝʥʥʦʛʦ ʩʦʜʝʨʞʘʥʠʷ ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʬʘʟ, ʚʭʦʜ̫-

ʱʠʭ ʚ ʩʦʩʪʘʚ ʠʩʩʣʝʜʫʝʤʦʛʦ ʦʙʨʘʟʮʘ, ʤʦʞʝʪ ʙʳʪʴ 

ʧʨʦʚʝʜʝʥʦ ʧʫʪʝʤ ʩʨʘʚʥʠʪʝʣʴʥʦʡ ʦʮʝʥʢʠ ʠʥʪʝʥʩʠʚ-

ʥʦʩʪʠ ʜʠʬʨʘʢʮʠʦʥʥʳʭ ʤʘʢʩʠʤʫʤʦʚ ʥʘ ʜʠʬʨʘʢʪʦ-

ʛʨʘʤʤʝ. ɺ ʦʩʥʦʚʝ ʤʝʪʦʜʘ ʢʦʣʠʯʝʩʪʚʝʥʥʦʛʦ ʬʘʟʦʚʦʛʦ 

ʘʥʘʣʠʟʘ ʣʝʞʠʪ ʬʫʥʜʘʤʝʥʪʘʣʴʥʦʝ ʫʨʘʚʥʝʥʠʝ [8]: 
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ʛʜʝ Ji ï ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʚʳʙʨʘʥʥʦʛʦ ʨʝʬʣʝʢʩʘ ʬʘʟʳ  i; 

Ki  - ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ ʧʦʩʪʦʷʥʥʘʷ, ʟʘʚʠʩʷʱʘʷ ʦʪ 

ʵʥʝʨʛʠʠ ʧʝʨʚʠʯʥʦʛʦ ʧʫʯʢʘ, ʩʪʨʫʢʪʫʨʳ ʘʥʘʣʠʟʠʨʫʝ-

ʤʦʡ ʬʘʟʳ, ʠʥʜʝʢʩʦʚ ( hkl ) ʠ ʫʩʣʦʚʠʡ ʩʲʝʤʢʠ; ɛi  - 

ʤʘʩʩʦʚʳʡ ʢʦʵʬʬʠʮʠʝʥʪ ʧʦʛʣʦʱʝʥʠʷ ʬʘʟʳ i; xi  -  

ʩʦʜʝʨʞʘʥʠʝ ʬʘʟʳ ʚ ʧʨʦʙʝ, %; ɟi -  ʧʣʦʪʥʦʩʪʴ ʬʘʟʳ  i; 

n -   ʯʠʩʣʦ ʬʘʟ. 

ʂʦʥʮʝʥʪʨʘʮʠʷ ʦʧʨʝʜʝʣʷʝʤʦʡ ʬʘʟʳ  xi (%) ʥʘ-

ʭʦʜʠʪʩʷ: 
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ʛʜʝ i ï ʦʧʨʝʜʝʣʷʝʤʘʷ ʬʘʟʘ. 

ʂʦʵʬʬʠʮʠʝʥʪʳ Ki  ʤʦʛʫʪ ʙʳʪʴ ʦʧʨʝʜʝʣʝʥʳ ʥʘ 

ʠʩʢʫʩʩʪʚʝʥʥʳʭ ʙʠʥʘʨʥʳʭ ʩʤʝʩʷʭ ʧʦ ʩʦʦʪʥʦʰʝʥʠʶ: 

 i is i s s iK K x J x J  (3) 

ʛʜʝ  s ï ʬʘʟʘ, ʚʳʙʨʘʥʥʘʷ ʚ ʢʘʯʝʩʪʚʝ ʩʪʘʥʜʘʨʪʥʦʛʦ 

ʦʙʨʘʟʮʘ. 

ʅʘ ʨʝʟʫʣʴʪʘʪʳ ʵʪʠʭ ʦʧʨʝʜʝʣʝʥʠʡ, ʢʨʦʤʝ ʪʦʛʦ, 

ʙʫʜʫʪ ʚʣʠʷʪʴ ʩʧʝʮʠʬʠʯʝʩʢʠʝ ʦʩʦʙʝʥʥʦʩʪʠ ʦʪʜʝʣʴ-

ʥʳʭ ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʬʘʟ: ʩʪʝʧʝʥʴ ʢʨʠʩʪʘʣʣʠʯʥʦʩʪʠ, 

ʩʧʦʩʦʙʥʦʩʪʴ ʢ ʦʨʠʝʥʪʘʮʠʠ (ʪʝʢʩʪʫʨʠʨʦʚʘʥʠʝ), ʦʙʨʘ-

ʟʦʚʘʥʠʝ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ, ʚʣʠʷʶʱʝʝ ʥʘ ʠʥʪʝʥʩʠʚ-

ʥʦʩʪʴ ʠ ʧʦʣʦʞʝʥʠʝ ʘʥʘʣʠʪʠʯʝʩʢʦʡ ʣʠʥʠʠ. ɺ ʩʣʫʯʘʝ 

ʨʝʥʪʛʝʥʦʩʪʨʫʢʪʫʨʥʦʛʦ ʘʥʘʣʠʟʘ ʪʦʥʢʦʩʣʦʡʥʳʭ ʧʦ-

ʢʨʳʪʠʡ ʥʝ ʚʳʧʦʣʥʷʝʪʩʷ ʪʨʝʙʦʚʘʥʠʝ ʦʜʥʦʨʦʜʥʦʩʪʠ 

ʩʦʩʪʘʚʘ ʧʦ ʛʣʫʙʠʥʝ ʦʙʨʘʟʮʘ ʠ ʙʝʩʢʦʥʝʯʥʦʡ ʪʦʣʱʠʥʳ, 

ʧʦʵʪʦʤʫ ʚʦʟʤʦʞʥʳ ʪʦʣʴʢʦ ʧʦʣʫʢʦʣʠʯʝʩʪʚʝʥʥʳʝ ʦʧ-

ʨʝʜʝʣʝʥʠʷ, ʧʦʢʘʟʳʚʘʶʱʠʝ ʦʩʥʦʚʥʳʝ ʪʝʥʜʝʥʮʠʠ ʠʟ-

ʤʝʥʝʥʠʷ ʩʦʩʪʘʚʘ ʘʥʘʣʠʟʠʨʫʝʤʦʛʦ ʦʙʲʝʤʘ ʚ ʧʨʦʮʝʩʩʝ 

ʪʝʨʤʠʯʝʩʢʠʭ ʦʪʞʠʛʦʚ. 

ʈʘʩʯʝʪʥʘʷ ʛʣʫʙʠʥʘ ʧʨʦʥʠʢʥʦʚʝʥʠʷ ʜʠʬʨʘʛʠʨʦ-

ʚʘʥʥʦʛʦ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʣʫʯʘ ʚ ʪʦʥʢʦʩʣʦʡʥʦʤ ʦʙʨʘʟ-

ʮʝ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʤʘʩʩʳ ʥʘʥʝʩʝʥʥʦʛʦ ʥʘ ʤʝʜʥʫʶ 

ʧʦʜʣʦʞʢʫ ʩʣʦʷ ʙʝʨʠʣʣʠʷ, ʫʛʣʘ ʜʠʬʨʘʢʮʠʠ ʠ ʩʪʝʧʝʥʠ 

ʦʩʣʘʙʣʝʥʠʷ ʠʟʤʝʥʷʝʪʩʷ ʦʪ 21 ʜʦ 41 ʤʢʤ. ʇʨʠ ʦʩʣʘʙ-

ʣʝʥʠʠ ʚ (ʝ) ï ʨʘʟ ʛʣʫʙʠʥʘ ʧʨʦʥʠʢʥʦʚʝʥʠʷ ʩʦʩʪʘʚʣʷʝʪ 

4 ï 7 ʤʢʤ, ʪ.ʝ. ʩʨʘʚʥʠʤʘ ʩ ʪʦʣʱʠʥʦʡ ʧʦʜʣʦʞʢʠ. ʇʦ-

ʵʪʦʤʫ ʧʨʠ ʟʘʧʠʩʠ ʜʠʬʨʘʢʪʦʛʨʘʤʤʳ ʩʦ ʩʪʦʨʦʥʳ ʧʦʜ-

ʣʦʞʢʠ ʤʦʛʫʪ ʨʝʛʠʩʪʨʠʨʦʚʘʪʴʩʷ ʦʩʣʘʙʣʝʥʥʳʝ ʜʠ-

ʬʨʘʢʮʠʦʥʥʳʝ ʤʘʢʩʠʤʫʤʳ ʬʘʟ, ʦʙʨʘʟʦʚʘʥʥʳʭ ʥʘ 

ʧʦʚʝʨʭʥʦʩʪʠ ʦʙʨʘʟʮʘ ʩ ʙʝʨʠʣʣʠʝʚʳʤ ʧʦʢʨʳʪʠʝʤ. 

ʕʪʦ ʥʝʦʙʭʦʜʠʤʦ ʫʯʠʪʳʚʘʪʴ ʧʨʠ ʠʟʫʯʝʥʠʠ ʧʨʦʮʝʩʩʦʚ 

ʜʠʬʬʫʟʠʠ ʠ ʬʘʟʦʦʙʨʘʟʦʚʘʥʠʷ  ʚ ʩʣʦʠʩʪʳʭ ʤʘʪʝʨʠʘ-

ʣʘʭ ʥʘ ʦʩʥʦʚʝ ʙʝʨʠʣʣʠʷ ʠ ʤʝʜʠ.  

ʂʦʤʧʴʶʪʝʨʥʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ 

ɼʣʷ ʦʧʠʩʘʥʠʷ ʪʝʨʤʠʯʝʩʢʠ ʠʥʜʫʮʠʨʦʚʘʥʥʳʭ ʧʨʦ-

ʮʝʩʩʦʚ ʜʠʬʬʫʟʠʠ, ʬʘʟʦʦʙʨʘʟʦʚʘʥʠʷ ʠ ʪʝʨʤʠʯʝʩʢʦʡ 

ʩʪʘʙʠʣʠʟʘʮʠʠ ʚ ʙʠʥʘʨʥʳʭ ʩʠʩʪʝʤʘʭ ʘʚʪʦʨʘʤʠ ʙʳʣʘ 

ʧʨʝʜʣʦʞʝʥʘ ʬʠʟʠʯʝʩʢʘʷ ʤʦʜʝʣʴ, ʦʩʥʦʚʥʳʝ ʧʦʣʦʞʝ-

ʥʠʷ ʢʦʪʦʨʦʡ ʩʬʦʨʤʫʣʠʨʦʚʘʥʳ ʚ [9-10]. ɺ ʥʘʩʪʦʷʱʝʡ 

ʨʘʙʦʪʝ ʧʨʝʜʣʘʛʘʶʪʩʷ ʨʝʟʫʣʴʪʘʪʳ ʢʦʤʧʴʶʪʝʨʥʦʛʦ 

ʤʦʜʝʣʠʨʦʚʘʥʠʷ, ʧʨʦʚʝʜʝʥʥʳʝ ʥʘ ʦʩʥʦʚʝ ʧʨʝʜʣʦʞʝʥ-

ʥʦʡ ʤʦʜʝʣʠ ʠ ʩʨʘʚʥʝʥʠʝ ʠʭ ʩ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ 

ʜʘʥʥʳʤʠ ʜʣʷ ʩʠʩʪʝʤʳ ʤʝʜʴ-ʙʝʨʠʣʣʠʡ. 

ɺʟʘʠʤʥʘʷ ʜʠʬʬʫʟʠʷ ʢʦʤʧʦʥʝʥʪʦʚ ɸ, ɺ ʙʠʥʘʨʥʳʭ 

ʩʧʣʘʚʦʚ, ʚ ʢʦʪʦʨʳʭ ʢʦʥʮʝʥʪʨʘʮʠʠ ʉ(x,t) ʠ ʢʦʵʬʬʠ-

ʮʠʝʥʪ ʚʟʘʠʤʥʦʡ ʜʠʬʬʫʟʠʠ D(x,t) ʟʘʚʠʩʷʪ ʪʦʣʴʢʦ ʦʪ 

ʛʣʫʙʠʥʳ x ʚ ʦʙʨʘʟʮʝ, ʦʧʠʩʳʚʘʝʪʩʷ ʫʨʘʚʥʝʥʠʝʤ [11]: 

 
( , ) ( , )

( , )
C x t C x t

D x t
t x x

, (4) 
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ɼʣʷ ʦʜʥʦʬʘʟʥʳʭ ʦʙʣʘʩʪʝʡ ( ï ʠʣʠ  ï ʬʘʟʳ) 

ʩʣʦʠʩʪʦʡ ʩʠʩʪʝʤʳ ʩʦʛʣʘʩʥʦ ʟʘʢʦʥʫ ɼʘʨʢʝʥʘ ʢʦʵʬ-

ʬʠʮʠʝʥʪ ʚʟʘʠʤʥʦʡ ʜʠʬʬʫʟʠʠ ʚ ʙʠʥʘʨʥʦʡ ʩʠʩʪʝʤʝ ʩ 

ʫʯʝʪʦʤ CA(x,t)+CB(x,t)=1 ʨʘʚʝʥ: 

D(CA(x,t)) = DACB(x,t) + DBCA(x,t) = 

= DACB(x,t) + DB(1ïCB(x,t)). 
(5) 

ɿʜʝʩʴ DA, B ï ʧʘʨʮʠʘʣʴʥʳʝ ʢʦʵʬʬʠʮʠʝʥʪʳ ʜʠʬ-

ʬʫʟʠʠ ʢʦʤʧʦʥʝʥʪʦʚ ɸ ʠ B ʜʨʫʛ ʚ ʜʨʫʛʝ, ʢʦʪʦʨʳʝ 

ʦʧʨʝʜʝʣʷʶʪʩʷ ʟʘʢʦʥʦʤ ɸʨʨʝʥʠʫʩʘ.  

ɼʣʷ ʜʚʫʭʬʘʟʥʦʡ ʦʙʣʘʩʪʠ (ʩʦʚʦʢʫʧʥʦʩʪʠ ï ʠ  ï

 ʬʘʟ) ʩʣʦʠʩʪʦʡ ʩʠʩʪʝʤʳ ʥʝʦʙʭʦʜʠʤʦ ʫʯʝʩʪʴ ʥʘʣʠʯʠʝ 

ʤʝʞʬʘʟʥʦʡ ʛʨʘʥʠʮʳ, ʥʘ ʢʦʪʦʨʦʡ ʜʘʞʝ ʚ ʩʣʫʯʘʝ ʪʝʨ-

ʤʦʜʠʥʘʤʠʯʝʩʢʦʛʦ ʨʘʚʥʦʚʝʩʠʷ ʧʨʦʠʩʭʦʜʠʪ ʩʢʘʯʦʢ 

ʢʦʥʮʝʥʪʨʘʮʠʠ ʢʦʤʧʦʥʝʥʪʦʚ ʦʪ ʧʨʝʜʝʣʴʥʦʡ ʢʦʥʮʝʥ-

ʪʨʘʮʠʠ ʚ ʦʜʥʦʡ ʬʘʟʝ (C ) ʜʦ ʧʨʝʜʝʣʴʥʦʡ ʢʦʥʮʝʥʪʨʘ-

ʮʠʠ ʚ ʜʨʫʛʦʡ (C ). ʕʬʬʝʢʪʠʚʥʳʡ ʢʦʵʬʬʠʮʠʝʥʪ ʚʟʘ-

ʠʤʥʦʡ ʜʠʬʬʫʟʠʠ ʚ ʜʚʫʭʬʘʟʥʦʡ ʦʙʣʘʩʪʠ ʥʘ ʛʣʫʙʠʥʝ 

xj ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʧʨʝʜʣʘʛʘʝʤʳʤ ʤʝʭʘʥʠʟʤʦʤ ʦʧʨʝ-

ʜʝʣʷʝʪʩʷ ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ:  

 ( ) ( ) ( )j j jD x D x D x  (6) 

ɿʜʝʩʴ ( )jD x  ʠ ( )jD x  ð ʢʦʵʬʬʠʮʠʝʥʪʳ ʚʟʘ-

ʠʤʥʦʡ ʜʠʬʬʫʟʠʠ ʢʦʤʧʦʥʝʥʪʦʚ ʧʦ ʢʘʥʘʣʘʤ, ʦʙʨʘʟʦ-

ʚʘʥʥʳʤ ʯʘʩʪʠʮʘʤʠ ï ʠ  ï ʬʘʟʳ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. 

ɼʣʷ ʦʧʠʩʘʥʠʷ ʧʨʦʮʝʩʩʦʚ ʜʠʬʬʫʟʠʠ ʠ ʬʘʟʦʦʙʨʘ-

ʟʦʚʘʥʠʷ ʚ ʙʠʥʘʨʥʦʡ ʩʠʩʪʝʤʝ ʥʝʦʙʭʦʜʠʤʦ ʨʝʰʠʪʴ 

ʣʠʥʝʡʥʦʝ ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʦʝ ʫʨʘʚʥʝʥʠʝ ʚ ʯʘʩʪʥʳʭ 

ʧʨʦʠʟʚʦʜʥʳʭ ʚʪʦʨʦʛʦ ʧʦʨʷʜʢʘ (4) ʩ ʫʯʝʪʦʤ ʚʳʨʘʞʝ-

ʥʠʡ (5) ʠ (6) ʜʣʷ ʢʦʵʬʬʠʮʠʝʥʪʘ ʚʟʘʠʤʥʦʡ ʜʠʬʬʫʟʠʠ 

ʚ ʨʘʟʣʠʯʥʳʭ ʬʘʟʦʚʳʭ ʦʙʣʘʩʪʷʭ. ʅʘʯʘʣʴʥʳʝ ʠ ʛʨʘ-

ʥʠʯʥʳʝ ʫʩʣʦʚʠʷ, ʥʝʦʙʭʦʜʠʤʳʝ ʜʣʷ ʨʝʰʝʥʠʷ ʫʨʘʚʥʝ-

ʥʠʷ, ʟʘʜʘʶʪʩʷ ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʫʩʣʦʚʠʷʤʠ ʧʨʦʚʝʜʝ-

ʥʠʷ ʵʢʩʧʝʨʠʤʝʥʪʘ. ʅʘʯʘʣʴʥʳʝ ʫʩʣʦʚʠʷ ʚʳʙʠʨʘʣʠʩʴ ʚ 

ʚʠʜʝ ʩʪʫʧʝʥʴʢʠ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʡ ʪʦʣʱʠʥʝ ʥʘʥʦʩʠ-

ʤʦʛʦ ʧʦʢʨʳʪʠʷ. ɻʨʘʥʠʯʥʳʝ ʫʩʣʦʚʠʷ ʦʧʨʝʜʝʣʷʶʪʩʷ 

ʦʪʩʫʪʩʪʚʠʝʤ ʧʦʪʦʢʦʚ ʢʦʤʧʦʥʝʥʪʦʚ ʥʘ ʛʨʘʥʠʮʘʭ 

ʩʣʦʠʩʪʦʡ ʩʠʩʪʝʤʳ.  

ʇʨʝʜʣʦʞʝʥʥʘʷ ʬʠʟʠʯʝʩʢʘʷ ʤʦʜʝʣʴ ʜʣʷ ʦʧʠʩʘʥʠʷ 

ʧʨʦʮʝʩʩʦʚ ʜʠʬʬʫʟʠʠ ʠ ʬʘʟʦʦʙʨʘʟʦʚʘʥʠʷ ʚ ʙʠʥʘʨʥʦʡ 

ʩʣʦʠʩʪʦʡ ʩʠʩʪʝʤʝ ʙʳʣʘ ʨʝʘʣʠʟʦʚʘʥʘ ʥʘʤʠ ʚ ʚʠʜʝ 

ʧʨʦʛʨʘʤʤʳ, ʥʘʧʠʩʘʥʥʦʡ ʚ ʩʨʝʜʝ MS Developer Studio 

ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʢʦʤʧʠʣʷʪʦʨʘ Compaq Visual For-

tran Professional Edition 6.5.0 ʠ ʩʪʘʥʜʘʨʪʥʦʡ ʧʨʦ-

ʛʨʘʤʤʳ IVPAG/DIVPAG ʜʣʷ ʨʝʰʝʥʠʷ ʩʠʩʪʝʤʳ 

ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʳʭ ʫʨʘʚʥʝʥʠʡ ʚ ʯʘʩʪʥʳʭ ʧʨʦʠʟʚʦʜ-

ʥʳʭ ʠʟ ʙʠʙʣʠʦʪʝʢʠ ʧʨʦʛʨʘʤʤ DIGITAL . 

ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʜʦʧʦʣʥʠʪʝʣʴʥʦ ʚ ʢʘʯʝʩʪʚʝ 

ʘʥʘʣʠʟʘ ʧʦʣʫʯʝʥʥʳʭ ʜʘʥʥʳʭ, ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʤʝʪʦʜ 

ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ ʬʫʥʢʮʠʠ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʧʘʨʘʤʝʪʨʦʚ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʛʦ ʩʧʝʢʪʨʘ [9].  

ʈɽɿʋʃʔʊɸʊʓ ʀ ʆɹʉʋɾɼɽʅʀɽ 

ʅʘ ʨʠʩʫʥʢʝ 1 ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʥʪʛʝʥʦʚʩʢʠʝ ʜʠ-

ʬʨʘʢʪʦʛʨʘʤʤʳ ʩʠʩʪʝʤʳ (2.5 ʤʢʤ) ï Cu (10 ʤʢʤ), 

ʧʦʣʫʯʝʥʥʳʝ ʧʦʩʣʝ ʠʟʦʭʨʦʥʥʳʭ ʪʝʨʤʠʯʝʩʢʠʭ ʦʪʞʠ-

ʛʦʚ ʩ ʦʙʝʠʭ ʩʪʦʨʦʥ ʦʙʨʘʟʮʘ. ʅʘ ʜʠʬʨʘʢʪʦʛʨʘʤʤʝ ʠʩ-

ʭʦʜʥʦʛʦ ʦʙʨʘʟʮʘ ʧʦʩʣʝ ʤʘʛʥʝʪʨʦʥʥʦʛʦ ʥʘʥʝʩʝʥʠʷ 

ʙʝʨʠʣʣʠʷ ʥʘ ʤʝʜʥʫʶ ʬʦʣʴʛʫ, ʨʝʛʠʩʪʨʠʨʫʶʪʩʷ ʪʦʣʴʢʦ 

ʜʠʬʨʘʢʮʠʦʥʥʳʝ ʦʪʨʘʞʝʥʠʷ ʤʝʜʠ, ʩʦʦʪʥʦʰʝʥʠʝ ʠʥ-

ʪʝʥʩʠʚʥʦʩʪʝʡ ʢʦʪʦʨʳʭ ʫʢʘʟʳʚʘʶʪ ʥʘ ʪʝʢʩʪʫʨʠʨʦ-

ʚʘʥʥʦʩʪʴ ʧʦ ʧʣʦʩʢʦʩʪʠ 220. ɹʝʨʠʣʣʠʡ ʚ ʪʦʥʢʦʩʣʦʡ-

ʥʦʤ ʧʦʢʨʳʪʠʠ ʥʘʭʦʜʠʪʩʷ ʚ ʨʝʥʪʛʝʥʦʘʤʦʨʬʥʦʤ 

ʩʦʩʪʦʷʥʠʠ. ʆʪʞʠʛ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 300ÜC ʧʨʠʚʦʜʠʪ 

ʢ ʥʘʯʘʣʫ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʙʝʨʠʣʣʠʜʘ CuBe ʥʘ ʤʝʜʥʦʡ 

ʧʦʜʣʦʞʢʝ ʩʦ ʩʪʦʨʦʥʳ ʙʝʨʠʣʣʠʝʚʦʛʦ ʩʣʦʷ. ʅʘ ʜʠ-

ʬʨʘʢʪʦʛʨʘʤʤʝ ʧʦʷʚʣʷʝʪʩʷ ʩʣʘʙʳʡ ʨʝʬʣʝʢʩ 100. ʆʙ-

ʨʘʟʦʚʘʥʠʝ ʙʝʨʠʣʣʠʜʘ CuBe ʧʨʦʠʩʭʦʜʠʪ ʚ ʪʦʥʢʦʤ 

ʩʣʦʝ ʥʘ ʛʨʘʥʠʮʝ ʨʘʟʜʝʣʘ ʙʝʨʠʣʣʠʷ ʠ ʤʝʜʥʦʡ ʬʦʣʴʛʠ. 

ʇʦʩʣʝ ʦʪʞʠʛʘ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 400ÜC ʜʠʬʬʫʟʠʷ ʙʝ-

ʨʠʣʣʠʷ ʚ ʤʝʜʥʫʶ ʧʦʜʣʦʞʢʫ ʧʨʠʚʦʜʠʪ ʢ ʥʝʙʦʣʴʰʦʤʫ 

ʧʦʚʳʰʝʥʠʶ ʝʛʦ ʢʦʥʮʝʥʪʨʘʮʠʠ ʚ ʪʚʝʨʜʦʤ ʨʘʩʪʚʦʨʝ ʠ 

ʨʦʩʪʫ ʩʦʜʝʨʞʘʥʠʷ ɔ ï ʬʘʟʳ. ʆʜʥʦʚʨʝʤʝʥʥʦ ʥʘʙʣʶ-

ʜʘʝʪʩʷ ʦʙʨʘʟʦʚʘʥʠʝ ʙʝʨʠʣʣʠʜʘ Be2Cu, ʭʘʨʘʢʪʝʨʠʟʫʝ-

ʤʦʝ ʨʝʬʣʝʢʩʦʤ 111. ʅʠʟʢʘʷ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʨʝʬʣʝʢ-

ʩʦʚ ɔ ï ʬʘʟʳ ʧʨʠ ʟʘʧʠʩʠ ʜʠʬʨʘʢʪʦʛʨʘʤʤʳ ʩʦ 

ʩʪʦʨʦʥʳ ʤʝʜʥʦʡ ʧʦʜʣʦʞʢʠ ʦʙʲʷʩʥʷʝʪʩʷ ʥʝʛʦʤʦʛʝʥ-

ʥʦʩʪʴʶ ʦʙʲʝʤʘ ʦʙʨʘʟʮʘ, ʩʚʷʟʘʥʥʦʡ ʩ ʛʨʘʜʠʝʥʪʦʤ 

ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʬʘʟ ʧʦ ʪʦʣʱʠʥʝ ʤʝʜʥʦʡ ʧʦʜʣʦʞʢʠ. 

ʆʪʞʠʛ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ ʊ = 500Üʉ ʧʨʠʚʦʜʠʪ ʢ 

ʠʥʪʝʥʩʠʚʥʦʡ ʜʠʬʬʫʟʠʠ ʙʝʨʠʣʣʠʷ ʚ ʤʝʜʥʫʶ ʧʦʜʣʦʞ-

ʢʫ, ʚ ʨʝʟʫʣʴʪʘʪʝ ʯʝʛʦ ʢʨʠʩʪʘʣʣʠʟʫʶʪʩʷ ʙʝʨʠʣʣʠʜʳ 

Be2Cu ʠ CuBe. 

ɼʠʬʨʘʢʮʠʦʥʥʳʝ ʨʝʬʣʝʢʩʳ ʙʝʨʠʣʣʠʜʘ Be2Cu ʠʩ-

ʯʝʟʘʶʪ ʧʦʩʣʝ ʦʪʞʠʛʘ ʧʨʠ 550ÜC. ɼʘʣʴʥʝʡʰʝʝ ʫʚʝʣʠ-

ʯʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ ʧʨʠʚʦʜʠʪ ʢ ʠʟʤʝʥʝʥʠʶ ʩʦʦʪʥʦ-

ʰʝʥʠʡ ʠʥʪʝʥʩʠʚʥʦʩʪʝʡ ʨʝʬʣʝʢʩʦʚ  ï ʬʘʟʳ ʠ 

ʪʚʝʨʜʦʛʦ ʨʘʩʪʚʦʨʘ ʙʝʨʠʣʣʠʷ ʚ ʤʝʜʠ. ʅʘ ʜʠʬʨʘʢʪʦ-

ʛʨʘʤʤʘʭ, ʟʘʧʠʩʘʥʥʳʭ ʩʦ ʩʪʦʨʦʥʳ ʤʝʜʥʦʡ ʧʦʜʣʦʞʢʠ, 

ʧʨʠʩʫʪʩʪʚʫʶʪ ʨʝʬʣʝʢʩʳ ʪʦʣʴʢʦ ʪʚʝʨʜʦʛʦ ʨʘʩʪʚʦʨʘ 

ʙʝʨʠʣʣʠʷ ʚ ʤʝʜʠ ʠ ɔ ï ʬʘʟʳ, ʧʨʠʯʝʤ ʦʪʯʝʪʣʠʚʦ ʧʨʦ-

ʷʚʣʷʝʪʩʷ ʥʝʦʜʥʦʨʦʜʥʦʩʪʴ ʚ ʦʢʨʫʞʝʥʠʠ ʘʪʦʤʦʚ Cu 

ʘʪʦʤʘʤʠ Be ʚ ʪʚʝʨʜʦʤ ʨʘʩʪʚʦʨʝ ʧʦ ʬʦʨʤʝ ʨʝʬʣʝʢʩʘ 

311 (ʨʠʩʫʥʦʢ 2). 

ʇʦʩʣʝ ʦʪʞʠʛʘ ʧʨʠ 500ÜC ʧʨʦʠʩʭʦʜʠʪ ʫʰʠʨʝʥʠʝ 

ʨʝʬʣʝʢʩʘ Cu (311) ʚ ʩʪʦʨʦʥʫ ʙʦʣʴʰʠʭ ʟʥʘʯʝʥʠʡ 

ʫʛʣʘ ʜʠʬʨʘʢʮʠʠ ʨʝʥʪʛʝʥʦʚʩʢʠʭ ʢʚʘʥʪʦʚ, ʩʚʷʟʘʥʥʦʝ 

ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ ʪʚʝʨʜʦʛʦ ʨʘʩʪʚʦʨʘ ʙʝʨʠʣʣʠʷ ʚ ʤʝʜʠ 

(  ï ʬʘʟʘ). ʉ ʫʚʝʣʠʯʝʥʠʝʤ ʪʝʤʧʝʨʘʪʫʨʳ ʦʪʞʠʛʘ 

ʚʢʣʘʜ ʦʪ  ï ʬʘʟʳ ʫʚʝʣʠʯʠʚʘʝʪʩʷ. ɼʠʬʨʘʢʪʦʛʨʘʤ-

ʤʳ, ʧʦʣʫʯʝʥʥʳʝ ʩ ʦʙʨʘʪʥʦʡ (ʤʝʜʥʦʡ) ʩʪʦʨʦʥʳ ʦʙ-

ʨʘʟʮʘ, ʪʦʞʝ ʫʢʘʟʳʚʘʶʪ ʥʘ ʦʙʨʘʟʦʚʘʥʠʝ ʪʚʝʨʜʦʛʦ 

ʨʘʩʪʚʦʨʘ. ʉʪʦʠʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʪʝʤ-

ʧʝʨʘʪʫʨʳ ʦʪʞʠʛʘ ʧʨʦʠʩʭʦʜʠʪ ʫʚʝʣʠʯʝʥʠʝ ʩʪʝʧʝʥʠ 

ʛʦʤʦʛʝʥʠʟʘʮʠʠ  ï ʬʘʟʳ. 
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ʈʠʩʫʥʦʢ 1. ʈʝʥʪʛʝʥʦʚʩʢʠʝ ʜʠʬʨʘʢʪʦʛʨʘʤʤʳ ʩʠʩʪʝʤʳ (2.5 ʤʢʤ) ï Cu (10 ʤʢʤ),  

ʧʦʣʫʯʝʥʥʳʝ ʧʦʩʣʝ ʠʟʦʭʨʦʥʥʳʭ (tʦʪʞ=2ʯ) ʦʪʞʠʛʦʚ  

  

ʈʠʩʫʥʦʢ 2. ʈʝʥʪʛʝʥʦʚʩʢʠʝ ʜʠʬʨʘʢʪʦʛʨʘʤʤʳ ʩʠʩʪʝʤʳ (2.5 ʤʢʤ) ï Cu (10 ʤʢʤ) ʩʥʷʪʳʝ  

ʚ ʦʢʨʝʩʪʥʦʩʪʠ ʨʝʬʣʝʢʩʘ Cu (311) ʧʦʩʣʝ ʠʟʦʭʨʦʥʥʳʭ (tʦʪʞ=2ʯ) ʦʪʞʠʛʦʚ  
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ɺ ʨʝʟʫʣʴʪʘʪʝ ʘʥʘʣʠʟʘ ʚʳʰʝʧʨʠʚʝʜʝʥʥʳʭ ʩʧʝʢʪʨʦʚ, 

ʙʳʣʠ ʚʦʩʩʪʘʥʦʚʣʝʥʳ ʬʫʥʢʮʠʠ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʩʜʚʠʛʘ 

ʨʝʬʣʝʢʩʘ Cu(311), ʢʦʪʦʨʳʡ ʨʘʩʩʤʘʪʨʠʚʘʣʩʷ ʢʘʢ ʩʫ-

ʧʝʨʧʦʟʠʮʠʷ ʜʚʫʭ ʣʠʥʠʡ ʩ ʬʠʢʩʠʨʦʚʘʥʥʳʤ ʨʘʩʩʪʦʷʥʠ-

ʝʤ ʤʝʞʜʫ ʥʠʤʠ. ʉʦʦʪʥʦʰʝʥʠʝ K 1 ʠ K 2 ʩʦʩʪʘʚʣʷʣʦ 

2:1. ʅʘ ʨʠʩʫʥʢʝ 3 ʧʨʝʜʩʪʘʚʣʝʥ ʬʨʘʛʤʝʥʪ ʨʝʥʪʛʝʥʦʚ-

ʩʢʦʡ ʜʠʬʨʘʢʪʦʛʨʘʤʤʳ ʠ ʨʝʟʫʣʴʪʘʪ ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ 

ʬʫʥʢʮʠʠ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʩʜʚʠʛʘ ʨʝʬʣʝʢʩʘ Cu(311). 

ʇʦʩʢʦʣʴʢʫ ʧʦʣʦʞʝʥʠʝ ʜʠʬʨʘʢʮʠʦʥʥʦʡ ʣʠʥʠʠ 

Cu(311) ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʝ ʥʝʢʦʪʦʨʦʤʫ ʨʘʩʪʚʦʨʫ ʟʘ-

ʚʠʩʠʪ ʦʪ ʧʘʨʘʤʝʪʨʘ ʢʫʙʠʯʝʩʢʦʡ ʨʝʰʝʪʢʠ: 

 2 2 22 2arcsin( / 2 )Cu h k l a  (8) 

ʛʜʝ a ï ʧʘʨʘʤʝʪʨ ʨʝʰʝʪʢʠ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʡ ʥʝʢʦʪʦ-

ʨʦʡ ʢʦʥʮʝʥʪʨʘʮʠʠ ʙʝʨʠʣʣʠʷ ʚ ʤʝʜʠ (ʧʦʣʫʯʝʥ ʧʦ ʣʠ-

ʪʝʨʘʪʫʨʥʳʤ ʜʘʥʥʳʤ [3]),  ï ʩʨʝʜʥʝʝ ʟʥʘʯʝʥʠʝ 

ʜʣʠʥʳ ʭʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʦʛʦ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʠʟʣʫʯʝ-

ʥʠʷ. 

ʊʦʛʜʘ, ʟʥʘʷ ʟʥʘʯʝʥʠʷ 2 Cu  ʜʣʷ ʧʦʣʦʞʝʥʠʷ ʨʝʬʣʝʢʩʘ 

ʧʨʠ CBe=0 % ʠ CBe=15 % ʘʪ., ʤʳ ʤʦʞʝʤ ʧʦʩʪʨʦʠʪʴ ʜʦ-

ʧʦʣʥʠʪʝʣʴʥʫʶ ʦʩʴ ʘʙʩʮʠʩʩ ʜʣʷ ʬʫʥʢʮʠʠ ʨʘʩʧʨʝʜʝʣʝ-

ʥʠʷ, ʧʦ ʢʦʪʦʨʦʡ ʙʫʜʝʪ ʦʪʢʣʘʜʳʚʘʪʴʩʷ ʟʥʘʯʝʥʠʝ ʢʦʥ-

ʮʝʥʪʨʘʮʠʠ ʙʝʨʠʣʣʠʷ ʚ ʤʝʜʥʦʡ ʧʦʜʣʦʞʢʝ (ʨʠʩʫʥʦʢ 3). 

ʆʙʨʘʙʦʪʢʝ ʚ ʪʘʢʦʡ ʤʦʜʝʣʠ ʙʳʣʠ ʧʦʜʚʝʨʛʥʫʪʳ 

ʜʠʬʨʘʢʪʦʛʨʘʤʤʳ ʩʠʩʪʝʤʳ (2.5 ʤʢʤ) ï Cu (10 ʤʢʤ) 

ʩʥʷʪʳʝ ʚ ʦʢʨʝʩʪʥʦʩʪʠ ʨʝʬʣʝʢʩʘ Cu (311) ʧʦʩʣʝ ʠʟʦ-

ʭʨʦʥʥʳʭ ʦʪʞʠʛʦʚ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʙʳʣʠ ʧʦʣʫʯʝʥʳ 

ʬʫʥʢʮʠʠ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʢʦʥʮʝʥʪʨʘʮʠʠ ʙʝʨʠʣʣʠʷ ʚ 

ʤʝʜʥʦʡ ʧʦʜʣʦʞʢʝ. ʂʘʢ ʚʠʜʥʦ ʥʘ ʨʠʩʫʥʢʝ 3, ʧʦʚʳʰʝ-

ʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ ʠʟʦʭʨʦʥʥʦʛʦ ʦʪʞʠʛʘ ʧʨʠʚʦʜʠʪ 

ʩʥʘʯʘʣʘ ʢ ʫʰʠʨʝʥʠʶ ʣʠʥʠʠ ʬʫʥʢʮʠʠ ʨʘʩʧʨʝʜʝʣʝʥʠʷ, 

ʘ ʧʦʩʣʝ ʦʪʞʠʛʘ ʧʨʠ 650ÜC ʬʫʥʢʮʠʷ ʨʘʩʧʨʝʜʝʣʝʥʠʷ 

ʧʨʠʦʙʨʝʪʘʝʪ ʜʚʫʭ ʤʦʜʘʣʴʥʳʡ ʚʠʜ ʩ ʤʘʢʩʠʤʫʤʘʤʠ 

ʧʨʠ CBe 0 % ʠ CBe 6 % ʘʪ. (ʰʪʨʠʭʦʚʳʝ ʣʠʥʠʠ).  

ɺ ʨʝʟʫʣʴʪʘʪʝ ʚʳʰʝʦʧʠʩʘʥʥʦʡ ʦʙʨʘʙʦʪʢʠ, ʙʳʣʠ ʧʦ-

ʩʪʨʦʝʥʳ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪʥʦʩʠʪʝʣʴʥʳʭ ʠʥʪʝʥʩʠʚʥʦʩʪʝʡ 

ʩʜʚʠʛʘ ʨʝʬʣʝʢʩʘ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ʦʪʞʠʛʘ (ʨʠʩʫʥʦʢ 4). 

  

ʈʠʩʫʥʦʢ 3. ʈʝʥʪʛʝʥʦʚʩʢʠʝ ʜʠʬʨʘʢʪʦʛʨʘʤʤʳ ʠ ʬʫʥʢʮʠʠ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʩʜʚʠʛʘ ʨʝʬʣʝʢʩʘ Cu(311) ʧʦʩʣʝ ʠʟʦʭʨʦʥʥʳʭ ʦʪʞʠʛʦʚ 
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ʈʠʩʫʥʦʢ 4.  ɿʘʚʠʩʠʤʦʩʪʠ ʦʪʥʦʩʠʪʝʣʴʥʳʭ ʠʥʪʝʥʩʠʚʥʦʩʪʝʡ 

ʩʜʚʠʛʘ ʨʝʬʣʝʢʩʘ 311 P(2 ) ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ʧʦʩʣʝʜʦʚʘ-

ʪʝʣʴʥʳʭ ʠʟʦʭʨʦʥʥʳʭ (tʦʪʞ=2ʯ) ʦʪʞʠʛʦʚ 

ʂʘʢ ʚʠʜʠʤ, ʪʝʨʤʠʯʝʩʢʠʡ ʦʪʞʠʛ ʪʦʥʢʦʡ ʤʝʜʥʦʡ 

ʬʦʣʴʛʠ dBe=2 ʤʢʤ ʧʨʠ 400ÁC ʚʳʟʳʚʘʝʪ ʦʙʨʘʟʦʚʘʥʠʝ 

ʪʚʝʨʜʦʛʦ ʨʘʩʪʚʦʨʘ ʙʝʨʠʣʣʠʷ ʚ ʤʝʜʠ. ɼʘʣʴʥʝʡʰʘʷ 

ʪʝʨʤʦʦʙʨʘʙʦʪʢʘ (500-650ÁC) ʧʨʠʚʦʜʠʪ ʢ ʫʚʝʣʠʯʝʥʠʶ 

ʚʢʣʘʜʘ ʦʪ  ï ʬʘʟʳ ʩ ʤʘʢʩʠʤʫʤʦʤ  82%. 

ʅʘ ʦʩʥʦʚʝ ʤʝʪʦʜʘ ʧʦʣʫʢʦʣʠʯʝʩʪʚʝʥʥʦʛʦ ʘʥʘʣʠʟʘ 

ʙʳʣʠ ʧʦʩʪʨʦʝʥʳ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʠ ʨʘʩʯʝʪʥʳʝ 

ʟʘʚʠʩʠʤʦʩʪʠ ʦʪʥʦʩʠʪʝʣʴʥʳʭ ʠʥʪʝʥʩʠʚʥʦʩʪʝʡ (ʧʣʦ-

ʱʘʜʝʡ) ʨʝʬʣʝʢʩʦʚ ʦʙʨʘʟʫʶʱʠʭʩʷ ʬʘʟ ʦʪ ʪʝʤʧʝʨʘʪʫ-

ʨʳ ʠʟʦʭʨʦʥʥʦʛʦ ʦʪʞʠʛʘ (ʨʠʩʫʥʦʢ 5). 

ʅʘ ʨʠʩʫʥʢʝ 5 ʰʪʨʠʭʦʚʳʤʠ ʣʠʥʠʷʤʠ ʧʨʠʚʝʜʝʥʳ 

ʨʘʩʯʝʪʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʠʥʪʝʥʩʠʚʥʦʩʪʝʡ ʨʝʬʣʝʢʩʦʚ 

ʦʙʨʘʟʫʶʱʠʭʩʷ ʬʘʟ, ʧʦʣʫʯʝʥʥʳʝ ʚ ʨʘʤʢʘʭ ʦʧʠʩʘʥʥʦʡ 

ʚ [9-10] ʬʠʟʠʯʝʩʢʦʡ ʤʦʜʝʣʠ. ʀʩʧʦʣʴʟʦʚʘʥʥʳʝ ʚ ʨʘʩ-

ʯʝʪʘʭ ʧʘʨʮʠʘʣʴʥʳʝ ʢʦʵʬʬʠʮʠʝʥʪʳ ʜʠʬʬʫʟʠʠ DBeCu 

ʨʘʚʥʷʣʠʩʴ ʣʠʪʝʨʘʪʫʨʥʳʤ ʢʦʵʬʬʠʮʠʝʥʪʘʤ, ʘ DCuBe 

ʦʪʣʠʯʘʣʠʩʴ ʦʪ ʣʠʪʝʨʘʪʫʨʥʳʭ ʜʘʥʥʳʭ ʠ ʚʳʙʠʨʘʣʠʩʴ 

DCuBe=1000DCuBe. 

ʈʘʩʯʝʪʳ ʧʦʢʘʟʳʚʘʪʁ, ʯʪʦ ʠʥʪʝʨʤʝʪʘʣʣʠʜ CuBe 

ʧʦʷʚʣʷʝʪʩʷ ʧʨʠ 300ʉ, ʘ ʧʨʠ 550ʉ ʥʦʨʤʠʨʦʚʘʥʥʳʝ 

ʟʘʚʠʩʠʤʦʩʪʠ ʠʥʪʝʥʩʠʚʥʦʩʪʝʡ ʨʝʬʣʝʢʩʦʚ ʨʘʩʪʚʦʨʘ 

Cu(Be) ʠ ʬʘʟʳ CuBe ʧʝʨʝʩʝʢʘʶʪʩʷ. ɹʝʨʠʣʣʠʜ Be2Cu 

ʧʦʷʚʣʷʝʪʩʷ ʧʨʠ 500ʉ, ʘ ʫʞʝ ʧʦʩʣʝ ʦʪʞʠʛʘ ʧʨʠ 

550ʉ ʧʨʦʧʘʜʘʝʪ. ʋʤʝʥʴʰʝʥʠʝ ʚʢʣʘʜʘ ʦʪ  ï ʬʘʟʳ 

(CuBe) ʧʨʠ ʦʪʞʠʛʘʭ ʚʳʰʝ 550ʉ ʩʚʷʟʘʥʦ ʩ ʵʚʪʝʢʪʦ-

ʠʜʥʳʤ ʧʨʝʚʨʘʱʝʥʠʝʤ ʚ ʩʠʩʪʝʤʝ ʧʨʠ Tʦʪʞ=576ʉ (  ï

 ʨʘʩʪʚʦʨ +  ï ʬʘʟʘ   ï ʨʘʩʪʚʦʨ +  ï ʨʘʩʪʚʦʨ). 

ʇʦʩʢʦʣʴʢʫ ʦʭʣʘʞʜʝʥʠʝ ʦʙʨʘʟʮʘ ʧʨʦʠʩʭʦʜʠʪ ʩ ʢʦ-

ʥʝʯʥʦʡ ʩʢʦʨʦʩʪʴʶ, ʧʨʠ ʦʙʨʘʪʥʦʤ ʧʝʨʝʭʦʜʝ ʥʘʙʣʶ-

ʜʘʝʪʩʷ ʵʬʬʝʢʪ ʯʘʩʪʠʯʥʦʡ ʟʘʢʘʣʢʠ. 

ʉʨʘʚʥʝʥʠʝ ʨʝʟʫʣʴʪʘʪʦʚ ʢʦʤʧʴʶʪʝʨʥʳʭ ʨʘʩʯʝʪʦʚ 

ʩ ʜʘʥʥʳʤʠ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʜʠʬʨʘʢʪʦʤʝʪʨʠʠ, ʜʣʷ 

ʩʣʦʠʩʪʦʡ ʙʠʥʘʨʥʦʡ ʩʠʩʪʝʤʳ Cu-Be, ʧʦʢʘʟʘʣʦ ʫʜʦʚ-

ʣʝʪʚʦʨʠʪʝʣʴʥʦʝ ʩʦʦʪʚʝʪʩʪʚʠʝ ʪʝʦʨʝʪʠʯʝʩʢʠʭ ʠ ʵʢʩ-

ʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ. 

 

 

ʈʠʩʫʥʦʢ 5. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʠ ʨʘʩʯʝʪʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ 

ʦʪʥʦʩʠʪʝʣʴʥʳʭ ʠʥʪʝʥʩʠʚʥʦʩʪʝʡ (ʧʣʦʱʘʜʝʡ) IX-ray  

ʨʝʬʣʝʢʩʦʚ ʦʙʨʘʟʫʶʱʠʭʩʷ ʬʘʟ ʜʣʷ ʩʣʦʠʩʪʦʡ ʩʠʩʪʝʤʳ 

Cu(10 ʤʢʤ) ï Be(2,5 ʤʢʤ) ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ  

ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʛʦ ʠʟʦʭʨʦʥʥʦʛʦ ʦʪʞʠʛʘ  

(ǒ   ï ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʜʘʥʥʳʝ;  

ʰʪʨʠʭʦʚʳʝ ʣʠʥʠʠ ï ʨʘʩʯʝʪʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ) 

ɺʓɺʆɼʓ 

ɺ ʨʝʟʫʣʴʪʘʪʝ ʧʨʦʚʝʜʝʥʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ: 

1) ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʴ ʬʘʟʦʚʳʭ 

ʧʨʝʦʙʨʘʟʦʚʘʥʠʡ ʧʨʠ ʚʟʘʠʤʥʦʡ ʜʠʬʬʫʟʠʠ Cu ʠ Be 

ʧʦʜʯʠʥʷʝʪʩʷ ʩʣʝʜʫʶʱʝʡ ʩʭʝʤʝ:  

Cu+Be 300o C Cu+CuBe 400o C Cu+CuBe+Be2Cu

500o C Cu(Be)+Be2Cu+CuBe 650o C  

650o C Cu(Be)+CuBe. 

2) ʤʝʪʦʜʦʤ ʧʦʣʫʢʦʣʠʯʝʩʪʚʝʥʥʦʛʦ ʨʝʥʪʛʝʥʦʬʘʟʦ-

ʚʦʛʦ ʘʥʘʣʠʟʘ ʦʧʨʝʜʝʣʝʥʳ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʚʢʣʘʜʘ ʢʘ-

ʞʜʦʡ ʠʟ ʬʘʟ ʚ ʨʝʥʪʛʝʥʦʚʩʢʠʝ ʜʠʬʨʘʢʪʦʛʨʘʤʤʳ ʥʘ 

ʢʘʞʜʦʤ ʵʪʘʧʝ ʦʪʞʠʛʘ; 

3) ʦʮʝʥʝʥʘ ʟʘʚʠʩʠʤʦʩʪʴ ʦʪʥʦʩʠʪʝʣʴʥʦʛʦ ʩʦʜʝʨ-

ʞʘʥʠʷ  ï ʬʘʟʳ ʚ ʦʙʨʘʟʮʝ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ʠʟʦʭʨʦʥ-

ʥʦʛʦ ʦʪʞʠʛʘ; 

4) ʧʨʦʚʝʜʝʥʦ ʢʦʤʧʴʶʪʝʨʥʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʧʦ-

ʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ ʬʘʟʦʚʳʭ ʧʨʝʚʨʘʱʝʥʠʡ.  
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2 ʤʢʤ ץʘʣʳʥʜʳץ ʙʝʨʠʣʣʠʡʤʝʥ ץʘʙʘʪʪʘʣסʘʥ ʞץײʘ ʤʳʩ ʬʦʣʴʛʘʣʘʨʳ (10 ʤʢʤ) ʙʝʪʪʽʢʢʝ ʤʘʛʥʝʪʨʦʥʜʳץ 

ʪײʥʜʳʨʫʤʝʥ ʙʝʨʠʣʣʠʡʜʽ ץʦʥʜʳʨʳʣʳʫʜʘʥ ʞᴅʥʝ 200-650ÁC ʪʝʤʧʝʨʘʪʫʨʘ ʘʨʘʣʳסʳʥʜʘ ʠʟʦʭʨʦʥʜʳץ ʢװʡʜiʨʫ 

ᴇשʜʝʫʣʝʨʜʝʥ ʢʝʡʽʥ ʨʝʥʪʛʝʥʬʘʟʘʣʳץ ʪʘʣʜʘʫ ᴅʜʽʩʽʤʝʥ ʟʝʨʪʪʝʣʜʽ. ʌʘʟʘʣʳץ ʪװʨʣʝʥʫʣʝʨʜʽש ʞװʡʝʣʽʣʽʛʽ ʘʥʳץʪʘʣʜʳ. 

ɹʝʨʠʣʣʠʡʜiש ʤʳʩʪʘ ץʘʪʪʳ ʝʨiʪiʥʜiʩiʥiש ʪʘʨʘʣʫ ʬʫʥʢʮʠʷʩʳ ʪʘʙʳʣʜʳ. תʣʛʽʣʝʨʜʽש ʙʝʪʪʽʛʽʥʜʝ ʬʘʟʘʣʘʨʜʳש 

ʩʘʣʳʩʪʳʨʤʘ ʤᴇʣʰʝʨʽ ʘʥʳץʪʘʣʜʳ. ʌʘʟʘʣʳץ ʪװʨʣʝʥʫʣʝʨ ʞװʡʝʣʽʣʽʛʽʥʽש ʢʦʤʧʴʶʪʝʨʣiʢ ʤʦʜʝʣi ʞʘʩʘʣʜʳ. 

 

THE INFLUENCE OF ISO CHRONOUS ANNEALING  

ON PHASE TRANSFORMATIONS IN COPPER FOILS WITH BERILLIUM  COATING  

1)A.B. Argynov, 1)A.M. Zhankadamova, 1)Zh.Zh. Imanbekov, 2)V.S. Rusakov, 1)K.K.  Kadyrzhanov 

1)Institute of Nuclear Physics NNC RK, Almaty, Kazakhstan 
2)Moscow State University, Moscow, Russia  

The thin (10 m) copper foils with berillium coating (2 m), obtained by magnetron sputtering and subjected to 

consequent isochronous annealing at temperature interval 200Áï650ÁC, were investigated by the methods of X-ray 

Diffraction. The sequence of phase transformations was established. The distribution function of solid solution of 

beryllium in copper has been restored. The abundance of the phases formed on the surface of a sample, on each stages 

of annealing, was obtained. The computer simulation of the sequence of phase transformations has been realized. 
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ʇɸʈɸʄɽʊʈʓ ʆɹʈɸɿʆɺɸʅʀʗ ʄɸʈʊɽʅʉʀʊʅʆʁ Ŭ'  - ʌɸɿʓ  

ʇʈʀ ɼɽʌʆʈʄɸʎʀʀ ʅɽʈɾɸɺɽʖʑʀʍ ʉʊɸʃɽʁ, ʆɹʃʋʏɽʅʓʍ ɺ ʈɽɸʂʊʆʈɸʍ ɺɺʈ-ʂ ʀ ɹʅ-350 

ʄʘʢʩʠʤʢʠʥ ʆ.ʇ., ɻʫʩʝʚ ʄ.ʅ., ʆʩʠʧʦʚ ʀ.ʉ. 

ʀʥʩʪʠʪʫʪ ʷʜʝʨʥʦʡ ʬʠʟʠʢʠ ʅʗʎ ʈʂ, ɸʣʤʘʪʳ, ʂʘʟʘʭʩʪʘʥ 

ʈʘʙʦʪʘ ʧʦʩʚʷʱʝʥʘ ʠʩʩʣʝʜʦʚʘʥʠʶ ʟʘʢʦʥʦʤʝʨʥʦʩʪʝʡ ʠ ʦʩʦʙʝʥʥʦʩʪʝʡ ʤʘʨʪʝʥʩʠʪʥʦʛʦ ɔŸ  ʧʨʝʚʨʘʱʝʥʠʷ ʚ 

ʜʝʬʦʨʤʠʨʫʝʤʳʭ ʚʳʩʦʢʦʦʙʣʫʯʝʥʥʳʭ ʘʫʩʪʝʥʠʪʥʳʭ ʭʨʦʤʦʥʠʢʝʣʝʚʳʭ ʩʪʘʣʷʭ. ɼʣʷ ʥʝʦʙʣʫʯʝʥʥʳʭ ʠ ʦʙʣʫʯʝʥʥʳʭ 

ʧʨʦʤʳʰʣʝʥʥʳʭ ʩʧʣʘʚʦʚ 12ʍ18ʅ10ʊ, 08ʍ16ʅ11ʄ3 ʠʟʫʯʝʥ ʧʨʦʮʝʩʩ ʦʙʨʘʟʦʚʘʥʠʷ -ʬʘʟʳ ʚ ʧʨʦʮʝʩʩʝ ʜʝʬʦʨʤʘʮʠʠ, 

ʧʦʣʫʯʝʥʳ ʠ ʧʨʦʘʥʘʣʠʟʠʨʦʚʘʥʳ ʢʨʠʚʳʝ çʠʩʪʠʥʥʳʝ ʥʘʧʨʷʞʝʥʠʷ ï ʦʙʲʝʤʥʦʝ ʩʦʜʝʨʞʘʥʠʝ ʤʘʨʪʝʥʩʠʪʘè. ɼʣʷ 

ʠʟʤʝʨʝʥʠʡ ʨʝʘʣʴʥʦʛʦ ʦʙʲʝʤʥʦʛʦ ʩʦʜʝʨʞʘʥʠʷ ʤʘʨʪʝʥʩʠʪʘ ʚ  ʦʙʨʘʟʮʝ ʧʨʝʜʣʦʞʝʥ ʠ ʧʨʠʤʝʥʝʥ ʤʝʪʦʜʠʯʝʩʢʠʡ ʧʦʜʭʦʜ, 

ʧʦʟʚʦʣʷʶʱʠʡ ʫʯʠʪʳʚʘʪʴ ʛʝʦʤʝʪʨʠʶ ʠ ʥʝʦʜʥʦʨʦʜʥʦʩʪʴ ʤʠʥʠʘʪʶʨʥʦʡ ʚʳʩʦʢʦʦʙʣʫʯʝʥʥʦʡ ʧʨʦʙʳ. 

ɺɺɽɼɽʅʀɽ 

ɸʫʩʪʝʥʠʪʥʳʝ ʭʨʦʤʦʥʠʢʝʣʝʚʳʝ ʩʪʘʣʠ ʰʠʨʦʢʦ 

ʧʨʠʤʝʥʷʶʪʩʷ ʚ ʪʝʭʥʠʢʝ ʙʣʘʛʦʜʘʨʷ ʭʦʨʦʰʝʤʫ ʩʦʦʪ-

ʥʦʰʝʥʠʶ ʧʨʦʯʥʦʩʪʠ ʠ ʧʣʘʩʪʠʯʥʦʩʪʠ, ʚʳʩʦʢʦʡ ʢʦʨ-

ʨʦʟʠʦʥʥʦʡ, ʪʝʨʤʠʯʝʩʢʦʡ ʠ ʨʘʜʠʘʮʠʦʥʥʦʡ ʩʪʦʡʢʦʩʪʠ. 

ʏʘʩʪʴ ʜʘʥʥʦʛʦ ʢʣʘʩʩʘ ʩʪʘʣʝʡ ʷʚʣʷʝʪʩʷ ʤʝʪʘʩʪʘʙʠʣʴ-

ʥʦʡ ʠ ʧʨʠ ʧʣʘʩʪʠʯʝʩʢʦʡ ʜʝʬʦʨʤʘʮʠʠ ʚ ʥʝʡ ʧʨʦʪʝʢʘ-

ʝʪ ʤʘʨʪʝʥʩʠʪʥʦʝ ɔʧʨʝʚʨʘʱʝʥʠʝ [1]. ɼʘʥʥʳʡ 

ʬʘʢʪ ʰʠʨʦʢʦ ʧʨʠʤʝʥʷʶʪ ʧʨʠ ʦʙʨʘʙʦʪʢʝ, ʥʘʧʨʠʤʝʨ, 

ʧʨʦʢʘʪʢʦʡ, ʚʳʪʷʞʢʦʡ [2]. ʀʟʫʯʝʥʠʶ ʧʘʨʘʤʝʪʨʦʚ ɔ

 ʧʨʝʚʨʘʱʝʥʠʷ ʧʦʩʚʷʱʝʥʳ ʤʥʦʛʦʯʠʩʣʝʥʥʳʝ ʨʘʙʦ-

ʪʳ [1-7]. 

ʉʦʛʣʘʩʥʦ [3,4] ʥʘ ʤʘʨʪʝʥʩʠʪʥʦʝ ʧʨʝʚʨʘʱʝʥʠʝ 

ʦʢʘʟʳʚʘʶʪ ʩʫʱʝʩʪʚʝʥʥʦʝ ʚʣʠʷʥʠʝ ʭʠʤʠʯʝʩʢʠʡ ʩʦ-

ʩʪʘʚ ʩʪʘʣʠ,  ʪʝʤʧʝʨʘʪʫʨʘ ʜʝʬʦʨʤʘʮʠʠ, ʤʠʢʨʦʩʪʨʫʢ-

ʪʫʨʘ, ʚʝʣʠʯʠʥʘ ʤʝʭʘʥʠʯʝʩʢʦʛʦ ʥʘʧʨʷʞʝʥʠʷ. ʂʨʦʤʝ 

ʪʦʛʦ, ʩʘʤʦ ʤʘʨʪʝʥʩʠʪʥʦʝ ʧʨʝʚʨʘʱʝʥʠʝ, ʠ ʚʳʟʚʘʥʥʦʝ 

ʠʤ ʠʟʤʝʥʝʥʠʝ ʩʚʦʡʩʪʚ ʧʨʠ ʥʘʛʨʫʞʝʥʠʠ ʥʘʯʠʥʘʝʪ 

ʦʧʨʝʜʝʣʷʪʴ, ʧʦʜʯʘʩ ʚʝʩʴʤʘ ʩʫʱʝʩʪʚʝʥʥʦ, ʜʘʣʴʥʝʡ-

ʰʝʝ ʤʝʭʘʥʠʯʝʩʢʦʝ ʧʦʚʝʜʝʥʠʝ ʤʘʪʝʨʠʘʣʘ.  

ʉʫʱʝʩʪʚʝʥʥʫʶ ʨʦʣʴ ʥʘ ʧʘʨʘʤʝʪʨʳ ʦʙʨʘʟʦʚʘʥʠʷ 

ʤʘʨʪʝʥʩʠʪʘ ʜʝʬʦʨʤʘʮʠʠ ʦʢʘʟʳʚʘʝʪ ʦʙʣʫʯʝʥʠʝ ʚʳʩʦ-

ʢʦʵʥʝʨʛʝʪʠʯʝʩʢʠʤʠ ʯʘʩʪʠʮʘʤʠ (ʥʝʡʪʨʦʥʘʤʠ, Ŭ-

ʯʘʩʪʠʮʘʤʠ) [7]. ʇʦʢʘʟʘʥʦ [6,7], ʯʪʦ ʚ ʨʝʟʫʣʴʪʘʪʝ ʦʙʣʫ-

ʯʝʥʠʷ ʥʝʡʪʨʦʥʘʤʠ ʤʘʨʪʝʥʩʠʪʥʦʝ ʧʨʝʚʨʘʱʝʥʠʝ ʥʘʯʠ-

ʥʘʝʪʩʷ ʨʘʥʴʰʝ (ʧʦ ʰʢʘʣʝ ʜʝʬʦʨʤʘʮʠʠ) ʠ ʧʨʦʪʝʢʘʝʪ 

ʙʦʣʝʝ ʠʥʪʝʥʩʠʚʥʦ. ʇʨʝʜʧʦʣʘʛʘʝʪʩʷ, ʯʪʦ ʤʦʞʝʪ ʩʫʱʝ-

ʩʪʚʦʚʘʪʴ ʪʘʢʦʡ ʢʨʠʪʠʯʝʩʢʠʡ ʬʣʶʝʥʩ ʥʝʡʪʨʦʥʦʚ 

(~10
21

 ʥ/ʩʤ
2
 ʩʦʛʣʘʩʥʦ [7]) ʧʦ ʜʦʩʪʠʞʝʥʠʠ ʢʦʪʦʨʦʛʦ 

ʤʘʨʪʝʥʩʠʪ ʙʫʜʝʪ ʬʦʨʤʠʨʦʚʘʪʴʩʷ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ 

ʧʦʩʣʝ ʧʨʝʜʝʣʘ ʪʝʢʫʯʝʩʪʠ. ʀʣʠ ʠʥʳʤʠ ʩʣʦʚʘʤʠ ï ʧʨʠ 

ʤʘʣʳʭ (~1%) ʜʝʬʦʨʤʘʮʠʷʭ, ʚʦʟʤʦʞʥʳʭ ʧʨʠ ʰʪʘʪʥʦʡ 

ʨʘʙʦʪʝ ʠʟʜʝʣʠʷ. ʕʪʦ ʦʙʩʪʦʷʪʝʣʴʩʪʚʦ ʚʘʞʥʦ, ʥʘʧʨʠʤʝʨ, 

ʜʣʷ ʩʦʟʜʘʚʘʝʤʦʛʦ ʪʝʨʤʦʷʜʝʨʥʦʛʦ ʨʝʘʢʪʦʨʘ, ʛʜʝ ʙʦʣʴ-

ʰʦʝ ʟʥʘʯʝʥʠʝ ʠʤʝʶʪ ʤʘʛʥʠʪʥʳʝ ʩʚʦʡʩʪʚʘ ʤʘʪʝʨʠʘʣʦʚ. 

ɺ ʪʦʞʝ ʚʨʝʤʷ ʠʟʫʯʝʥʠʝ ɔ ʧʨʝʚʨʘʱʝʥʠʷ ʚ 

ʚʳʩʦʢʦʦʙʣʫʯʝʥʥʳʭ ʤʘʪʝʨʠʘʣʘʭ ʷʚʣʷʝʪʩʷ ʜʦʩʪʘʪʦʯʥʦ 

ʩʣʦʞʥʳʤ ʩ ʤʝʪʦʜʠʯʝʩʢʦʡ ʪʦʯʢʠ ʟʨʝʥʠʷ (ʤʠʥʠʘʪʨʁ-

ʥʳʝ ʦʙʨʘʟʮʳ, ʨʘʟʥʦʨʦʜʥʘʷ ʛʝʦʤʝʪʨʠʷ, ʩʢʣʦʥʥʦʩʪʴ ʢ 

ʣʦʢʘʣʠʟʘʮʠʠ ʜʝʬʦʨʤʘʮʠʠ). 

ʀʟʚʝʩʪʝʥ  ʨʷʜ ʧʦʧʳʪʦʢ (ʩʤ., ʥʘʧʨʠʤʝʨ, [8,9]) ʠʟʫ-

ʯʠʪʴ ʝʛʦ ʥʘ ʩʪʘʣʷʭ, ʦʙʣʫʯʝʥʥʳʭ ʜʦ 55 ʩʥʘ. ɺ ʫʢʘʟʘʥ-

ʥʳʭ ʨʘʙʦʪʘʭ ʩʫʱʝʩʪʚʝʥʥʳʤ ʥʝʜʦʩʪʘʪʢʦʤ ʤʝʪʦʜʠʯʝ-

ʩʢʦʛʦ ʭʘʨʘʢʪʝʨʘ ʷʚʣʷʝʪʩʷ ʪʦ, ʯʪʦ ʩʦʜʝʨʞʘʥʠʝ -

ʬʘʟʳ ʦʧʨʝʜʝʣʷʝʪʩʷ ʚ çʫʩʣʦʚʥʳʭ ʧʨʦʮʝʥʪʘʭè ʠ ʙʝʟ 

ʫʯʝʪʘ ʛʝʦʤʝʪʨʠʠ ʧʨʦʙʳ, ʚ ʨʝʟʫʣʴʪʘʪʝ ʯʝʛʦ ʜʘʥʥʳʝ ʥʝ 

ʤʦʛʫʪ ʙʳʪʴ ʩʦʧʦʩʪʘʚʣʝʥʳ ʩ ʨʝʟʫʣʴʪʘʪʘʤʠ ʜʨʫʛʠʭ 

ʘʚʪʦʨʦʚ. 

ʉ ʫʯʝʪʦʤ ʫʢʘʟʘʥʥʳʭ ʦʙʩʪʦʷʪʝʣʴʩʪʚ ʮʝʣʴʶ ʜʘʥʥʦ-

ʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ ʙʳʣʦ ʠʟʫʯʝʥʠʝ ʧʘʨʘʤʝʪʨʦʚ ʤʘʨʪʝʥ-

ʩʠʪʥʦʛʦ ɔ ʧʨʝʚʨʘʱʝʥʠʷ, ʩʦʧʨʦʚʦʞʜʘʶʱʝʛʦ 

ʧʣʘʩʪʠʯʝʩʢʦʝ ʪʝʯʝʥʠʝ ʚ ʚʳʩʦʢʦʦʙʣʫʯʝʥʥʳʭ ʘʫʩʪʝ-

ʥʠʪʥʳʭ ʩʪʘʣʷʭ. ɼʣʷ ʜʦʩʪʠʞʝʥʠʷ ʧʦʩʪʘʚʣʝʥʥʦʡ ʟʘʜʘ-

ʯʠ ʙʳʣ ʨʘʟʨʘʙʦʪʘʥ ʥʦʚʳʡ ʤʝʪʦʜʠʯʝʩʢʠʡ ʧʦʜʭʦʜ, 

ʧʦʟʚʦʣʷʶʱʠʡ ʦʧʨʝʜʝʣʠʪʴ ʨʝʘʣʴʥʦʝ ʦʙʲʝʤʥʦʝ ʩʦ-

ʜʝʨʞʘʥʠʝ ʤʘʨʪʝʥʩʠʪʘ ʚ ʦʙʨʘʟʮʘʭ ʚʳʩʦʢʦʦʙʣʫʯʝʥʥʳʭ 

ʤʝʪʘʩʪʘʙʠʣʴʥʳʭ ʩʪʘʣʝʡ. 

ʀʉʉʃɽɼʋɽʄʓɽ ʄɸʊɽʈʀɸʃʓ ʀ ʄɽʊʆɼʀʂʀ 

ʀʉʉʃɽɼʆɺɸʅʀʗ 

ʀʩʩʣʝʜʦʚʘʣʠ ʘʫʩʪʝʥʠʪʥʳʝ ʭʨʦʤʦʥʠʢʝʣʝʚʳʝ ʩʪʘʣʠ 

12ʍ18ʅ10ʊ ʠ 08ʍ16ʅ11ʄ3, ʦʙʣʫʯʝʥʥʳʝ ʚ ʨʝʘʢʪʦ-

ʨʘʭ ɺɺʈ-ʂ ʠ ɹʅ-350.  

ɺ ʵʢʩʧʝʨʠʤʝʥʪʘʭ ʠʩʧʦʣʴʟʦʚʘʣʠ ʦʙʨʘʟʮʳ ʜʚʫʭ ʦʩ-

ʥʦʚʥʳʭ ʪʠʧʦʨʘʟʤʝʨʦʚ (ʨʠʩʫʥʦʢ 1): ʘ) ï ʧʣʦʩʢʠʝ ʚ 

ʬʦʨʤʝ ʜʚʦʡʥʦʡ ʣʦʧʘʪʢʠ (ʨʘʟʤʝʨʳ ʨʘʙʦʯʝʡ ʯʘʩʪʠ 

10Ĭ3,5Ĭ0,3 ʤʤ), ʙ) ï ʧʣʦʩʢʠʝ çʥʝʩʪʘʥʜʘʨʪʥʳʝè ʦʙ-

ʨʘʟʮʳ (ʧʣʘʩʪʠʥʳ ʨʘʟʤʝʨʦʤ 202 0,3 ʤʤ, ʠʤʝʶʱʠʝ 

ʨʘʙʦʯʫʶ ʯʘʩʪʴ ʨʘʟʤʝʨʦʤ 102 0,3 ʤʤ). 

ʆʙʨʘʟʮʳ ʧʝʨʚʦʛʦ ʪʠʧʘ ʧʦʜʚʝʨʛʘʣʠ ʪʝʨʤʦʦʙʨʘ-

ʙʦʪʢʝ, ʘ ʟʘʪʝʤ ʦʙʣʫʯʘʣʠ ʚ ʘʢʪʠʚʥʦʡ ʟʦʥʝ ʨʝʘʢʪʦʨʘ 

ɺɺʈ-ʂ (ʛ. ɸʣʤʘʪʳ) ʜʦ ʤʘʢʩʠʤʘʣʴʥʦʛʦ ʬʣʶʝʥʩʘ 

1,3Ā10
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 (ɽ > 0,1 ʄʵɺ) (ʪʘʙʣʠʮʘ 1).ʆʙʨʘʟʮʳ 

ʪʠʧʘ ʙ ʚʳʨʝʟʘʣʠ ʠʟ ʛʨʘʥʝʡ ʯʝʭʣʦʚ ʦʪʨʘʙʦʪʘʚʰʠʭ 

ʪʝʧʣʦʚʳʜʝʣʷʶʱʠʭ ʩʙʦʨʦʢ (ʊɺʉ) ï ʅ-214(II), ɺ-300, 

ɺ-337 ʠ ʉʉ-19 ï ʨʝʘʢʪʦʨʘ ʥʘ ʙʳʩʪʨʳʭ ʥʝʡʪʨʦʥʘʭ 

ɹʅ-350 (ʛ.ɸʢʪʘʫ). ʆʪʤʝʪʠʤ, ʯʪʦ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʤʠ-

ʥʠʘʪʶʨʥʳʭ ʦʙʨʘʟʮʦʚ ʜʠʢʪʦʚʘʣʦʩʴ ʫʩʣʦʚʠʷʤʠ ʙʝʟʦ-

ʧʘʩʥʦʩʪʠ ʧʨʦʚʝʜʝʥʠʷ ʨʘʜʠʘʮʠʦʥʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʦʚ. 

 



ʈɹʉɹʅɾʋʉʔ ʇɺʉɹʀʇɻɹʆʁʘ ʅɹʉʋɾʆʊʁʋʆʇʂ -ʍɹʀʔ  
ʈʉʁ ɽɾʍʇʉʅɹʏʁʁ ʆɾʉɿɹɻɾʗʒʁʎ ʊʋɹʄɾʂ, ʇɺʄʌʐɾʆʔʎ ɻ ʉɾɹʃʋʇʉɹʎ ɻɻʉ-ʃ ʁ ɺʆ-350 
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ʈʠʩʫʥʦʢ 1. ʌʦʨʤʘ ʠ ʨʘʟʤʝʨʳ ʠʩʩʣʝʜʦʚʘʥʥʳʭ ʦʙʨʘʟʮʦʚ 

ʀʩʧʪrʘʥʠʷ ʥʘ ʦʜʥʦʦʩʥʦʝ ʨʘʩʪʞ̫ʝʥʠʝ ʥʝʦʙʣʫʯʝʥ-

ʥʳʭ ʠ ʦʙʣʫʯʝʥʥʳʭ ʦʙʨʘʟʮʦʚ ʧʨʦʚʦʜʠʣʠ ʥʘ ʫʩʪʘʥʦʚʢʝ 

çʀʥʩʪʨʦʥ-1195è ʧʨʠ 293ʂ ʠ ʩʢʦʨʦʩʪʠ ʜʝʬʦʨʤʠʨʦʚʘ-

ʥʠʷ 8.410
-4
ʩ

-1
. 

ɼʣʷ ʠʟʤʝʨʝʥʠʷ ʩʦʜʝʨʞʘʥʠʷ -ʬʘʟʳ ʚ ʜʘʥʥʦʡ 

ʨʘʙʦʪʝ ʠʩʧʦʣʴʟʦʚʘʣʠ ʬʝʨʨʦʟʦʥʜ ʤʘʨʢʠ Fischer-

MP30E (ʦʪʤʝʪʠʤ, ʯʪʦ ʚ ʥʘʰʝʤ ʩʣʫʯʘʝ ʤʘʨʪʝʥʩʠʪ ʜʝ-

ʬʦʨʤʘʮʠʠ ʠ ʬʝʨʨʦʤʘʛʥʠʪʥʘʷ ʬʘʟʘ ʩʯʠʪʘʣʠʩʴ ʪʦʞʜʝ-

ʩʪʚʝʥʥʤrʠ ʧʦʥʪ̫ʠʤ̫ʠ). 

ɼʘʥʥʳʡ ʢʣʘʩʩ ʧʨʠʙʦʨʦʚ, ʧʦʜʨʦʙʥʦ ʦʧʠʩʘʥʥʳʡ ʚ 

[10], ʧʦʟʚʦʣʝ̫ʪ ʠʟʤʝʨʷʪʴ ʣʦʢʘʣʴʥʦʝ ʩʦʜʝʨʞʘʥʠʝ ʤʘʨ-

ʪʝʥʩʠʪʘ. ʇʨʝʠʤʫɦʝʩʪʚʦʤ ʜʘʥʥʦʛʦ ʫʩʪʨʦʡʩʪʚʘ ʷʚʣ-̫

ʝʪʩʷ ʣʦʢʘʣʴʥʦʩʪʴ ʠʟʤʝʨʝʥʠʷ (çʠʥʪʝʛʨʠʨʫʝʪʩʷè ʢʦʣʠ-

ʯʝʩʪʚʦ -ʬʘʟʳ ʚ ʧʦʣʫʩʬʝʨʝ ʜʠʘʤʝʪʨʦʤ ~1,2õ1,4 ʤʤ 

ʦʪ ʪʦʯʢʠ ʢʦʥʪʘʢʪʘ). ɻʣʘʚʥʳʡ ʥʝʜʦʩʪʘʪʦʢ ï ʩʠʣʴʥʘʷ 

ʥʝʣʠʥʝʡʥʦʩʪʴ ʧʨʠʙʦʨʘ, ʘ ʪʘʢʞʝ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴ ʢ 

ʛʝʦʤʝʪʨʠʠ ʧʨʦʙʳ. 

ʊʘʢ, ʘʚʪʦʨʘʤʠ [11] ʧʨʠ ʧʨʠʤʝʥʝʥʠʠ ʤʘʛʥʠʪʥʦʛʦ 

ʤʝʪʦʜʘ ʦʧʨʝʜʝʣʝʥʠʷ ʦʙʲʝʤʥʦʡ ʜʦʣʠ -ʬʘʟʳ ʧʦʢʘ-

ʟʘʥʦ, ʯʪʦ ʧʨʦʙʘ ʜʦʣʞʥʘ ʠʤʝʪʴ ʪʦʣʱʠʥʫ, ʩʦʦʪʚʝʪʩʪ-

ʚʫʶɦʫʶ ʜʠʘʤʝʪʨʫ ʩʝʨʜʝʯʥʠʢʘ ʬʝʨʨʦʟʦʥʜʘ, ʣʠʙʦ ï 

ʥʝʩʢʦʣʴʢʦ ʙ·ʣʴʰʫʶ. ɼʣʷ ʪʦʥʢʠʭ ʧʨʦʙ ʥʝʦʙʭʦʜʠʤʦ 

ʚʚʦʜʠʪʴ ʩʦʦʪʚʝʪʩʪʚʫʶɦʠʝ ʧʦʧʨʘʚʢʠ, ʠʥʳʤʠ ʩʣʦʚʘʤʠ 

ï ʫʯʠʪʚrʘʪʴ ʤʘʩʰʪʘʙʥʳʡ ʬʘʢʪʦʨ. 

ɼʣʷ ʫʯʝʪʘ ʤʘʩʰʪʘʙʥʦʛʦ ʬʘʢʪʦʨʘ ʠ ʠʟʫʯʝʥʠʷ ʚʣʠʷ-

ʥʠʷ ʨʘʟʤʝʨʦʚ ʠ ʬʦʨʤʳ ʦʙʨʘʟʮʦʚ ʥʘ ʧʦʢʘʟʘʥʠʷ ʠʩʧʦʣʴ-

ʟʦʚʘʥʥʦʛʦ ʬʝʨʨʦʟʦʥʜʘ ʙʳʣʘ ʚʳʧʦʣʥʝʥʦ ʩʣʝʜʫʶɦʝʝ. 

ʀʟ ʣʠʩʪʘ ʧʨʦʢʘʪʘʥʥʦʡ ʘʫʩʪʝʥʠʪʥʦʡ ʩʪʘʣʠ 12ʍ18ʅ10ʊ  

ʙʣrʠ ʠʟʛʦʪʦʚʣʝʥʳ ʧʨʦʙʳ ʧʨʷʤʦʫʛʦʣʴʥʦʡ ʬʦʨʤʳ ʩ 

ʜʣʠʥʦʡ ʨʝʙʨʘ 10 ʤʤ. ʆʙʨʘʟʮʳ ʫʪʦʥʣ̫ʠ ʩ ʧʦʤʦɦʴʶ 

ʵʣʝʢʪʨʦʧʦʣʠʨʦʚʢʠ. ʊʦʣʱʠʥʘ ʧʨʦʙ ʚʘʨʴʠʨʦʚʘʣʦʩʴ ʚ 

ʠʥʪʝʨʚʘʣʝ 100..1000 ʤʢʤ ʩ ʰʘʛʦʤ 25 ʤʢʤ.  

ʅʘ ʨʠʩʫʥʢʝ 2 ʧʦʢʘʟʘʥʦ ʢʘʢ ʠʟʤʝʥʷʁʪʩʷ ʧʦʢʘʟʘ-

ʥʠʷ ʬʝʨʨʦʟʦʥʜʘ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʪʦʣʱʠʥʳ ʧʨʦʙ, 

ʠʤʝʶɦʠʭ ʦʜʠʥʘʢʦʚʦʝ ʦʙʲʝʤʥʦʝ ʩʦʜʝʨʞʘʥʠʝ ʤʘʨʪʝʥ-

ʩʠʪʘ. ɸʥʘʣʠʟ ʧʦʣʫʯʝʥʥʳʭ ʜʘʥʥʳʭ ʧʦʟʚʦʣʠʣ ʧʨʝʜʣʦ-

ʞʠʪʴ ʜʣʷ ʚʥʝʩʝʥʠʷ çʤʘʩʰʪʘʙʥʦʡè ʧʦʧʨʘʚʢʠ D ʬʫʥʢ-

ʮʠʶ ʚʠʜʘ: 

 
1

1 exp( )
D

b x
, (1) 

ʛʜʝ D ï  ʧʦʧʨʘʚʢʘ ʥʘ ʪʦʣʱʠʥʫ ʦʙʨʘʟʮʘ, b  ï ʢʦʥʩʪʘʥ-

ʪʘ, x  ï ʪʦʣɦʠʥʘ ʦʙʨʘʟʮʘ. 

ʆʪʤʝʪʠʤ, ʯʪʦ ʧʦʢʘʟʘʥʠʷ ʬʝʨʨʦʟʦʥʜʘ ʩʪʘʙʠʣʴʥʳ 

ʧʨʠ ʠʟʤʝʨʝʥʠ̫ʭ ʥʘ ʧʣʦʱʘʜʠ ʨʘʟʤʝʨʦʤ 22 ʤʤ ʠ ʙʦ-

ʣʝʝ, ʪ.ʝ. ʬʝʨʨʦʟʦʥʜ ʤʘʣʦ ʯʫʚʩʪʚʠʪʝʣʝʥ ʢ ʧʣʦʱʘʜʠ ʨʘ-

ʙʦʯʝʡ ʧʦʚʝʨʭʥʦʩʪʠ. ʕʪʦ ʫʩʣʦʚʠʝ ʩʦʙʣʜʁʘʝʪʩʷ ʜʣʷ 

ʙʦʣʴʰʠʥʩʪʚʘ ʠʩʩʣʝʜʫʝʤʳʭ ʥʘʤʠ ʚʳʩʦʢʦʦʙʣʫʯʝʥʥʳʭ 

ʤʠʥʠʘʪʶʨʥʳʭ ʦʙʨʘʟʮʦʚ ʠ ʚʚʦʜʠʪʴ ʜʦʧʦʣʥʠʪʝʣʴʥʳʝ 

ʧʦʧʨʘʚʢʠ (ʥʘʧʨʠʤʝʨ, ʥʘ ʧʣʦʱʘʜʴ ʠʣʠ ʜʠʤʝʪʨ ʧʨʦʙʳ) 

ʥʝʪ ʥʝʦʙʭʦʜʠʤʦʩʪʠ. 

 

ʈʠʩʫʥʦʢ 2. ɿʘʚʠʩʠʤʦʩʪʴ ʧʦʢʘʟʘʥʠʡ ʬʝʨʨʦʟʦʥʜʘ ʦʪ ʪʦʣ-

ʱʠʥʳ ʠʩʧʳʪʳʚʘʝʤʦʡ ʧʨʦʙʳ  

(Mf  ï ʩʦʜʝʨʞʘʥʠʝ -ʤʘʨʪʝʥʩʠʪʘ ʚ ʫʩʣ. %) 

ʊʘʙʣʠʮʘ 1. ʊʝʨʤʦʦʙʨʘʙʦʪʢʘ ʠ ʧʘʨʘʤʝʪʨʳ ʦʙʣʫʯʝʥʠʷ ʠʩʩʣʝʜʦʚʘʥʥʳʭ ʩʪʘʣʝʡ 

ʄʘʪʝʨʠʘʣ ʊʝʨʤʦʦʙʨʘʙʦʪʢʘ 
ʊʝʤʧʝʨʘʪʫʨʘ ʦʙʣʫʯʝʥʠʷ, ʂ. 

ʈʝʘʢʪʦʨ. 
ʉʙʦʨʢʘ 

ʌʣʶʝʥʩ, 
ʧʦʚʨʝʞʜʘʶʱʘʷ ʜʦʟʘ 

ʉʪʘʣʴ 
12ʍ18ʅ10ʊ 

ʉʦʩʪʦʷʥʠʝ ʧʦʩʪʘʚʢʠ ïï ïï ïï 

ʉʪʘʣʴ 
12ʍ18ʅ10ʊ 

ʆʪʞʠʛ 1050 ʉ, 30 ʤʠʥ. <353ʂ, ɺɺʈ-ʂ ïï 1,3 10
20

 ʥ/ʩʤ
2 

ʉʪʘʣʴ 
12ʍ18ʅ10ʊ 

ʆʪʞʠʛ 1050 ʉ, 30 ʤʠʥ. + 

+ ʍʇɼ 20 % + ʦʪʞʠʛ 800 ʉ, 60 ʤʠʥ. 
570ʂ, ɹʅ-350 ʉʉ-19 55 ʩʥʘ 

ʉʪʘʣʴ 
08ʍ16ʅ11ʄ3 

ʍʦʣʦʜʥʘʷ ʜʝʬʦʨʤʘʮʠʷ  
15-20 % + ʦʪʞʠʛ 800 Áʉ 1 ʯ. 

553-600ʂ, ɹʅ-350 ɺ-337 11,9 ʩʥʘ 
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ʂʘʢ ʫʢʘʟʳʚʘʣʦʩʴ ʚʳʰʝ ʠ ʦʪʤʝʯʘʣʦʩʴ ʚ [10], ʬʝʨ-

ʨʦʟʦʥʜʳ ʤʦʛʫʪ ʙʳʪʴ ʩʫʱʝʩʪʚʝʥʥʦ ʥʝʣʠʥʝʡʥʳ, ʠ ʪʦ-

ʛʜʘ ʨʝʯʴ ʫʞʝ ʩʣʝʜʫʝʪ ʚʝʩʪʠ ʥʝ ʦ ʚʝʣʠʯʠʥʝ ʧʦʛʨʝʰʥʦ-

ʩʪʠ, ʘ ʦ ʚʦʟʤʦʞʥʦʩʪʠ ʥʝʢʦʥʪʨʦʣʠʨʫʝʤʦʛʦ ʠʩʢʘʞʝʥʠʷ 

ʨʝʟʫʣʴʪʘʪʦʚ. ɼʣʷ ʨʝʰʝʥʠʷ ʜʘʥʥʦʛʦ ʚʦʧʨʦʩʘ ʙʳʣʘ 

ʚʳʧʦʣʥʝʥʘ ʢʘʣʠʙʨʦʚʢʘ ʧʨʠʙʦʨʘ ʩ ʧʦʤʦʱʴʶ ʩʧʝʮʠ-

ʘʣʴʥʦ ʠʟʛʦʪʦʚʣʝʥʥʳʭ ʧʨʦʙ (ʨʠʩʫʥʦʢ 3) ʩ ʦʙʲʝʤʥʳʤ 

ʩʦʜʝʨʞʘʥʠʝʤ ʬʝʨʨʦʤʘʛʥʠʪʥʦʛʦ ʧʦʨʦʰʢʘ ʦʪ 0,5 ʜʦ 

30 %. ʀʩʧʦʣʴʟʦʚʘʣʠ ʧʦʨʦʰʦʢ ʪʝʭʥʠʯʝʩʢʠ ʯʠʩʪʦʛʦ  

(~ 99,9 %) ʞʝʣʝʟʘ, ʧʨʠʥʠʤʘʷ, ʯʪʦ ʧʦ ʦʩʥʦʚʥʳʤ ʤʘʛ-

ʥʠʪʥʳʤ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤ (ʥʘʧʨʠʤʝʨ, ʤʘʛʥʠʪʥʦʡ 

ʧʨʦʥʠʮʘʝʤʦʩʪʠ) ʵʪʦʪ ʤʘʪʝʨʠʘʣ ʙʣʠʟʦʢ ʢ ʤʘʨʪʝʥʩʠʪʫ, 

ʩʦʜʝʨʞʘʱʝʤʫʩʷ ʚ ʭʨʦʤʦʥʠʢʝʣʝʚʳʭ ʩʪʘʣʷʭ. ɺ ʢʘʯʝʩʪ-

ʚʝ ʥʘʧʦʣʥʠʪʝʣʷ ʠʩʧʦʣʴʟʦʚʘʣʘʩʴ ʥʝʤʘʛʥʠʪʥʘʷ ʩʘʤʦ-

ʪʚʝʨʜʝʶʱʘʷ ʧʣʘʩʪʤʘʩʩʘ. 

 

ʈʠʩʫʥʦʢ 3. ʇʨʠʛʦʪʦʚʣʝʥʠʝ ʠ ʩʢʘʥʠʨʦʚʘʥʠʝ ʧʨʦʙ  

ʩ ʨʘʟʣʠʯʥʳʤ ʦʙʲʝʤʥʳʤ ʩʦʜʝʨʞʘʥʠʝʤ ʤʘʛʥʠʪʥʦʡ ʬʘʟʳ 

ʀʟʛʦʪʦʚʣʝʥʠʝ ʵʪʘʣʦʥʥʳʭ ʧʨʦʙ, ʩʦʜʝʨʞʘʱʠʭ ʟʘ-

ʜʘʥʥʫʶ ʦʙʲʝʤʥʫʶ ʜʦʣʶ ʤʘʛʥʠʪʥʦʡ ʢʦʤʧʦʥʝʥʪʳ, 

ʥʝʦʜʥʦʢʨʘʪʥʦ ʚʳʧʦʣʥʷʣʦʩʴ ʜʨʫʛʠʤʠ ʘʚʪʦʨʘʤʠ, ʠʩ-

ʧʦʣʴʟʫʶʱʠʤʠ ʬʝʨʨʦʤʘʛʥʠʪʥʳʝ ʱʫʧʳ. ʊʘʢ, ʚ [12] ʚ 

ʢʘʯʝʩʪʚʝ ʪʘʨʠʨʦʚʦʯʥʳʭ ʵʪʘʣʦʥʦʚ ʧʨʠʤʝʥʷʣʠ ʜʠʩʢʠ 

ʠʟ ʭʨʦʤʦʥʠʢʝʣʝʚʦʡ ʤʝʪʘʩʪʘʙʠʣʴʥʦʡ ʩʪʘʣʠ, ʧʨʠ ʵʪʦʤ 

ʢʦʣʠʯʝʩʪʚʦ ʤʘʛʥʠʪʥʦʡ ʬʘʟʳ (ʤʘʨʪʝʥʩʠʪʘ) ʦʧʨʝʜʝʣʷ-

ʣʦʩʴ ʤʝʪʘʣʣʦʛʨʘʬʠʯʝʩʢʠ.  

 

ʈʠʩʫʥʦʢ 4. ʂʦʨʨʝʣʷʮʠʦʥʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʤʝʞʜʫ  

ʠʩʪʠʥʥʳʤ ʦʙʲʝʤʥʳʤ ʩʦʜʝʨʞʘʥʠʝʤ ʬʝʨʨʦʤʘʛʥʠʪʥʦʡ  

ʬʘʟʳ V  ʠ ʧʦʢʘʟʘʥʠʷʤʠ ʬʝʨʨʦʟʦʥʜʘ fM  

ʅʘ ʨʠʩʫʥʢʝ 4 ʧʦʢʘʟʘʥʘ ʚʟʘʠʤʦʩʚʷʟʴ ʤʝʞʜʫ ʨʝʘʣʴ-

ʥʳʤ ʦʙʲʝʤʥʳʤ ʩʦʜʝʨʞʘʥʠʝʤ ʤʘʛʥʠʪʥʦʡ ʬʘʟʳ ʠ ʧʦ-

ʢʘʟʘʥʠʷʤʠ ʬʝʨʨʦʟʦʥʜʘ. ɺʠʜʥʦ, ʯʪʦ ʟʘʚʠʩʠʤʦʩʪʴ ʷʚ-

ʣʷʝʪʩʷ ʥʝʣʠʥʝʡʥʦʡ, ʯʪʦ ʦʩʦʙʝʥʥʦ ʷʚʥʦ ʧʨʦʷʚʣʷʝʪʩʷ 

ʧʨʠ ʤʘʣʳʭ ʟʥʘʯʝʥʠʷʭ V . ʇʦʩʢʦʣʴʢʫ ʬʠʟʠʯʝʩʢʠʝ 

ʧʨʠʯʠʥʳ ʥʝʣʠʥʝʡʥʦʩʪʠ ʧʨʠʙʦʨʘ ʥʝʷʩʥʳ, ʢʦʨʨʝʣʷʮʠ-

ʦʥʥʫʶ ʬʫʥʢʮʠʶ ʤʦʞʥʦ ʚʳʙʠʨʘʪʴ ʧʨʦʠʟʚʦʣʴʥʦ, ʠʩ-

ʭʦʜʷ ʠʟ ʦʩʦʙʝʥʥʦʩʪʝʡ ʘʥʘʣʠʟʠʨʫʝʤʳʭ ʚʝʣʠʯʠʥ. 

ʅʘʤʠ ʜʣʷ ʧʝʨʝʭʦʜʘ ʦʪ çʬʝʨʨʠʪʥʳʭ ʯʠʩʝʣè ʢ ʦʙʲ-

ʝʤʥʦʤʫ ʩʦʜʝʨʞʘʥʠʶ ʤʘʨʪʝʥʩʠʪʘ ʙʳʣʦ ʠʩʧʦʣʴʟʦʚʘʥʦ 

ʩʦʦʪʥʦʰʝʥʠʝ: 

 
1 exp( )

b

f

f

k
V a M q

c d M
, (2) 

ʛʜʝ: V  ï ʦʙʲʝʤʥʦʝ ʩʦʜʝʨʞʘʥʠʝ ʤʘʨʪʝʥʩʠʪʘ, fM  ï 

ʧʦʢʘʟʘʥʠʷ ʱʫʧʘ ʚ ʬʝʨʨʠʪʥʳʭ ʯʠʩʣʘʭ, qkdcba ,,,,,  

ï ʢʦʵʬʬʠʮʠʝʥʪʳ. 

ʕʂʉʇɽʈʀʄɽʅʊɸʃʔʅʓɽ ʈɽɿʋʃʔʊɸʊʓ  

ʀ ʀʍ ʆɹʉʋɾɼɽʅʀɽ 

1. ʉʪʘʣʴ 12ʍ18ʅ10ʊ,  ʥʝʦʙʣʫʯʝʥʥʘʷ  

ʠ ʦʙʣʫʯʝʥʥʘʷ ʚ ʨʝʘʢʪʦʨʝ ɺɺʈ-ʂ 

ɹʳʣʠ ʧʨʦʚʝʜʝʥʳ ʠʩʧʳʪʘʥʠʷ ʧʣʦʩʢʠʭ ʦʙʨʘʟʮʦʚ 

(100 20 1 ʤʤ) ʘʫʩʪʝʥʠʪʥʦʡ ʥʝʨʞʘʚʝʶʱʝʡ ʩʪʘʣʠ 

12ʍ18ʅ10ʊ ʚ ʩʦʩʪʦʷʥʠʠ ʧʦʩʪʘʚʢʠ.  

ʅʘ ʨʠʩʫʥʢʝ 5 ʧʨʝʜʩʪʘʚʣʝʥʳ ʢʨʠʚʳʝ 
ʫ
, 

yV  ( ,
ʫ
 ï  ʫʩʣʦʚʥʳʝ ʥʘʧʨʷʞʝʥʠʝ ʠ ʜʝʬʦʨ-

ʤʘʮʠʷ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ), ʘ ʪʘʢʞʝ ʢʨʠʚʳʝ ʠʩʪ ʠʩʪ 

(ʨʘʩʩʯʠʪʘʥʥʘʷ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʝʪʦʜʠʢʠ, ʦʧʠ-

ʩʘʥʥʦʡ ʚ [13,14]) ʠ ʠʩʪV . ʂʘʢ ʚʠʜʥʦ ʠʟ ʨʠʩʫʥ-

ʢʘ, ʢʨʠʚʘʷ ʦʙʨʘʟʦʚʘʥʠʷ ʤʘʨʪʝʥʩʠʪʘ ʜʝʬʦʨʤʘʮʠʠ ʚ 

ʠʩʪʠʥʥʳʭ ʢʦʦʨʜʠʥʘʪʘʭ ʩʫʱʝʩʪʚʝʥʥʦ ʦʪʣʠʯʘʝʪʩʷ ʦʪ 

ʠʥʞʝʥʝʨʥʦʡ. ʊʘʢ, ʦʪʩʫʪʩʪʚʫʝʪ ʧʝʨʝʛʠʙ ʚʚʝʨʭ, ʩʚʷ-

ʟʘʥʥʳʡ ʩ ʨʘʟʚʠʪʠʝʤ ʣʦʢʘʣʠʟʘʮʠʠ ʜʝʬʦʨʤʘʮʠʠ. 

ɺʩʶ ʢʨʠʚʫʶ ( )V  ʤʦʞʥʦ ʦʧʠʩʘʪʴ ʫʨʘʚʥʝʥʠʝʤ ʩ 

ʦʜʥʠʤ ʥʘʙʦʨʦʤ ʢʦʵʬʬʠʮʠʝʥʪʦʚ. ɺʝʣʠʯʠʥʘ ʦʙʲʝʤ-

ʥʦʛʦ ʩʦʜʝʨʞʘʥʠʷ ʜʦʩʪʠʛʘʝʪ ʚ ʥʝʩʢʦʣʴʢʦ ʨʘʟ ʙʦʣʴ-

ʰʝʛʦ ʟʥʘʯʝʥʠʷ, ʯʝʤ  ʚ ʪʘʢ ʥʘʟʳʚʘʝʤʳʭ çʫʩʣʦʚʥʳʭè 

ʧʨʦʮʝʥʪʘʭ.  

 

ʈʠʩʫʥʦʢ 5. ʂʨʠʚʳʝ ʜʝʬʦʨʤʘʮʠʦʥʥʦʛʦ ʫʧʨʦʯʥʝʥʠʷ ʚ ʠʥʞʝ-

ʥʝʨʥʳʭ (1) ʠ  ʠʩʪʠʥʥʳʭ (2) ʢʦʦʨʜʠʥʘʪʘʭ ʜʣʷ ʘʫʩʪʝʥʠʪʥʦʡ 

ʩʪʘʣʠ 12ʍ18ʅ10ʊ, ʘ ʪʘʢʞʝ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʠʤ ʢʨʠʚʳʝ 

ʥʘʢʦʧʣʝʥʠʷ ʤʘʨʪʝʥʩʠʪʘ (1ô ʠ 2ô, ʜʣʷ ʫʜʦʙʩʪʚʘ ʢʨʠʚʘʷ 1ô 

ʨʘʩʪʷʥʫʪʘ ʧʦ ʦʩʠ ʋ ʚ 2,5 ʨʘʟʘ)  



ʈɹʉɹʅɾʋʉʔ ʇɺʉɹʀʇɻɹʆʁʘ ʅɹʉʋɾʆʊʁʋʆʇʂ -ʍɹʀʔ  
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ʈʠʩʫʥʦʢ 6. ʂʠʥʝʪʠʢʘ ʦʙʨʘʟʦʚʘʥʠʷ -ʬʘʟʳ ʚ ʧʨʦʮʝʩʩʝ 

ʜʝʬʦʨʤʘʮʠʠ: 1 ï ʧʦ ʜʘʥʥʳʤ [15] (ʧʦ ʦʩʠ y ʜʘʥʥʳʝ ʩʞʘʪʳ 

ʚ 4 ʨʘʟʘ), 2 ï ɼʣʷ ʥʝʦʙʣʫʯʝʥʥʦʛʦ ʦʙʨʘʟʮʘ ʩʪʘʣʠ 

12ʍ18ʅ10ʊ 

ʉʨʘʚʥʠʚʘʷ ʧʨʝʜʩʪʘʚʣʝʥʥʳʝ ʚʳʰʝ ʜʘʥʥʳʝ (ʨʠʩʫ-

ʥʦʢ 5) ʩ ʨʝʟʫʣʴʪʘʪʘʤʠ, ʧʦʣʫʯʝʥʥʳʤʠ ʚ [15] ʤʦʞʥʦ 

ʚʠʜʝʪʴ (ʨʠʩʫʥʦʢ 6), ʯʪʦ ʢʠʥʝʪʠʯʝʩʢʠʝ ʢʨʠʚʳʝ ʦʙʨʘ-

ʟʦʚʘʥʠʷ ʤʘʨʪʝʥʩʠʪʘ ʨʘʟʣʠʯʘʶʪʩʷ ʥʝʟʥʘʯʠʪʝʣʴʥʦ. 

ʉʪʘʣʴ, ʠʩʩʣʝʜʦʚʘʥʥʘʷ ʚ [15], ʠʤʝʝʪ ʤʝʥʴʰʝʝ ʩʦʜʝʨ-

ʞʘʥʠʝ ʥʠʢʝʣʷ ʠ ʚ ʥʝʡ ʬʦʨʤʠʨʫʝʪʩʷ ʙʦʣʴʰʝ ʤʘʨʪʝʥ-

ʩʠʪʘ. ʉʫʱʝʩʪʚʝʥʥʦʝ ʨʘʟʣʠʯʠʝ ʥʘ ʧʨʠʚʝʜʝʥʥʳʭ ʢʨʠ-

ʚʳʭ ʜʦʩʪʠʛʘʝʪʩʷ ʪʦʣʴʢʦ ʧʦʩʣʝ ʥʘʯʘʣʘ ʣʦʢʘʣʠʟʘʮʠʠ 

ʜʝʬʦʨʤʘʮʠʠ, ʪʘʢ ʢʘʢ ʥʘ ʧʦʣʫʯʝʥʥʦʡ ʥʘʤʠ ʢʨʠʚʦʡ 

ʦʪʣʦʞʝʥʘ ʠʩʪʠʥʥʘʷ ʜʝʬʦʨʤʘʮʠʷ, ʪʦʛʜʘ ʢʘʢ ʥʘ ʟʘʚʠ-

ʩʠʤʦʩʪʠ, ʧʨʝʜʩʪʘʚʣʝʥʥʦʡ ʚ ʨʘʙʦʪʝ [15] ʠ ʧʦʣʫʯʝʥ-

ʥʦʡ ʙʝʟ ʧʨʠʤʝʥʝʥʠʷ ʵʢʩʪʝʥʟʦʤʝʪʨʠʠ, ʚʝʣʠʯʠʥʘ ʜʝ-

ʬʦʨʤʘʮʠʠ ʠʥʞʝʥʝʨʥʘʷ. 

ʉʪʦʠʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʠʩʧʦʣʴʟʫʝʤʳʡ ʥʘʤʠ ʧʨʠʙʦʨ 

ʥʝ ʧʦʟʚʦʣʷʝʪ ʩ ʜʦʩʪʘʪʦʯʥʦʡ ʪʦʯʥʦʩʪʴʶ ʦʧʨʝʜʝʣʷʪʴ 

ʩʦʜʝʨʞʘʥʠʝ -ʬʘʟʳ ʚ ʜʠʘʧʘʟʦʥʝ 0é0,5 %, ʧʦʵʪʦʤʫ 

ʢ ʧʦʣʫʯʝʥʥʳʤ ʜʘʥʥʳʤ ʚ ʵʪʦʤ ʠʥʪʝʨʚʘʣʝ ʥʫʞʥʦ ʦʪ-

ʥʦʩʠʪʩʷ ʩ ʦʩʪʦʨʦʞʥʦʩʪʴʶ. 

ɸʥʘʣʠʟ ʧʦʣʫʯʝʥʥʳʭ ʜʘʥʥʳʭ (ʨʠʩʫʥʢʠ 6, 7) ʧʦʢʘ-

ʟʘʣ, ʯʪʦ ʟʘʚʠʩʠʤʦʩʪʠ ʦʙʨʘʟʫʶʱʝʛʦʩʷ ʤʘʨʪʝʥʩʠʪʘ ʦʪ 

ʜʝʡʩʪʚʫʶʱʠʭ ʣʦʢʘʣʴʥʳʭ ʟʥʘʯʝʥʠʡ ʜʝʬʦʨʤʘʮʠʡ ʠ 

ʥʘʧʨʷʞʝʥʠʡ ʤʦʛʫʪ ʙʳʪʴ ʦʧʠʩʘʥʳ ʫʨʘʚʥʝʥʠʷʤʠ ʚʠʜʘ: 

 ( )n

a i MV k , (3)   

 ( )n

a i MV k , (4) 

ʛʜʝ V  ï ʦʙʲʝʤʥʦʝ ʩʦʜʝʨʞʘʥʠʝ ʤʘʨʪʝʥʩʠʪʘ, ,i i  ï 

ʪʝʢʫʱʠʝ ʜʝʡʩʪʚʫʶʱʠʝ ʟʥʘʯʝʥʠʷ ʜʝʬʦʨʤʘʮʠʡ ʠ ʥʘ-

ʧʨʷʞʝʥʠʡ, ,M M  ï ʟʥʘʯʝʥʠʷ ʜʝʬʦʨʤʘʮʠʠ ʠ ʥʘʧʨʷ-

ʞʝʥʠʷ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʥʘʯʘʣʫ ʤʘʨʪʝʥʩʠʪʥʦʛʦ ʧʨʝ-

ʚʨʘʱʝʥʠʷ. 

 

ʈʠʩʫʥʦʢ 7. ɿʘʚʠʩʠʤʦʩʪʴ ʦʙʲʝʤʥʦʛʦ ʩʦʜʝʨʞʘʥʠʷ -ʬʘʟʳ V  ʦʪ ʚʝʣʠʯʠʥʳ ʜʝʡʩʪʚʫʶʱʠʭ ʣʦʢʘʣʴʥʳʭ ʥʘʧʨʷʞʝʥʠʡ  

ʜʣʷ ʥʝʦʙʣʫʯʝʥʥʦʛʦ (ʩʣʝʚʘ) ʠ ʦʙʣʫʯʝʥʥʦʛʦ ʜʦ ʬʣʶʝʥʩʘ 1,3Ā1020 ʥ/ʩʤ2 (ʩʧʨʘʚʘ) ʦʙʨʘʟʮʦʚ ʩʪʘʣʠ  12ʍ18ʅ10ʊ 

2. ʉʪʘʣʠ 12ʍ18ʅ10ʊ ʠ 08ʍ16ʅ11ʄ3, 

ʦʙʣʫʯʝʥʥʳʝ ʚ ʨʝʘʢʪʦʨʝ ɹʅ-350 

ʅʘ ʨʠʩʫʥʢʝ 8 ʧʨʝʜʩʪʘʚʣʝʥʳ ʟʘʚʠʩʠʤʦʩʪʠ ʦʙʲʝʤ-

ʥʦʛʦ ʩʦʜʝʨʞʘʥʠʷ -ʬʘʟʳ ʦʪ ʩʪʝʧʝʥʠ ʜʝʬʦʨʤʘʮʠʠ 

ʜʣʷ ʩʪʘʣʝʡ 12ʍ18ʅ10ʊ ʠ 08ʍ16ʅ11ʄ3, ʦʙʣʫʯʝʥʥʳʭ 

ʚ ʨʝʘʢʪʦʨʘʭ ɹʅ-350. ɺʠʜʥʦ, ʯʪʦ ʚ ʦʙʨʘʟʮʝ ʩʪʘʣʠ 

12ʍ18ʅ10ʊ, ʦʙʣʫʯʝʥʥʦʛʦ ʜʦ 55 ʩʥʘ, ʤʘʨʪʝʥʩʠʪ ʥʘ-

ʯʠʥʘʝʪ ʦʙʨʘʟʦʚʳʚʘʪʴʩʷ ʫʞʝ ʥʘ ʥʘʯʘʣʴʥʳʭ ʩʪʘʜʠʷʭ 

ʜʝʬʦʨʤʘʮʠʠ (Ò1..3%), ʪʦʛʜʘ ʢʘʢ ʚ ʥʝʦʙʣʫʯʝʥʥʦʤ 

(ʨʠʩʫʥʢʠ 5, 6) ʚʝʣʠʯʠʥʘ ʜʝʬʦʨʤʘʮʠʠ, ʪʨʝʙʫʝʤʦʡ ʜʣʷ 

ʥʘʯʘʣʘ ɔŸ ʧʨʝʚʨʘʱʝʥʠʷ ʨʘʚʥʘ 17é20 %. ɼʘʥʥʳʡ 

ʬʘʢʪ ʩʦʛʣʘʩʫʝʪʩʷ ʩ [7], ʛʜʝ ʧʨʝʜʧʦʣʘʛʘʝʪʩʷ, ʯʪʦ ʧʨʠ 

ʬʣʶʝʥʩʝ ~ 5Ĭ10
21

..10
22

 ʥ/ʩʤ
2
 (~ 5..10 ʩʥʘ) ʤʘʨʪʝʥʩʠʪ 

ʙʫʜʝʪ ʦʙʨʘʟʦʚʳʚʘʪʴʩʷ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʧʦʩʣʝ ʧʨʝ-

ʜʝʣʘ ʪʝʢʫʯʝʩʪʠ.  

ʅʘ ʨʠʩʫʥʢʝ 9 ʧʦʢʘʟʘʥʦ, ʢʘʢ ʚʣʠʷʝʪ ʦʪʞʠʛ ʥʘ ʢʦ-

ʣʠʯʝʩʪʚʦ ʤʘʨʪʝʥʩʠʪʘ. ɺʠʜʥʦ, ʯʪʦ ʚ ʨʝʟʫʣʴʪʘʪʝ ʦʪʞʠ-

ʛʘ ʧʨʦʯʥʦʩʪʴ ʤʘʪʝʨʠʘʣʘ ʩʥʠʞʘʝʪʩʷ, ʫʤʝʥʴʰʘʶʪʩʷ 

ʥʘʧʨʷʞʝʥʠʷ 
ʨ
, ʧʨʠ ʢʦʪʦʨʳʭ ʧʨʦʠʩʭʦʜʠʪ ʨʘʟʨʫʰʝ-

ʥʠʝ ʧʨʦʙʳ, ʧʣʘʩʪʠʯʝʩʢʘʷ ʜʝʬʦʨʤʘʮʠʷ ʦʪʦʞʞʝʥʥʦʛʦ 

ʦʙʨʘʟʮʘ (ʦʪ 
0,2

 ʜʦ 
ʨ
) ʧʨʦʪʝʢʘʝʪ ʧʨʠ ʤʝʥʴʰʠʭ ʥʘ-

ʧʨʷʞʝʥʠʷʭ. ʉʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʚ ʤʘʪʝʨʠʘʣʝ ʥʘʢʘʧʣʠʚʘ-

ʝʪʩʷ ʤʝʥʴʰʝ -ʤʘʨʪʝʥʩʠʪʘ. 
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ʈʠʩʫʥʦʢ 8. ɿʘʚʠʩʠʤʦʩʪʴ ʢʦʣʠʯʝʩʪʚʘ -ʤʘʨʪʝʥʩʠʪʘ V  

ʦʪ ʜʦʩʪʠʛʥʫʪʳʭ ʣʦʢʘʣʴʥʳʭ ʜʝʬʦʨʤʘʮʠʡ 

 

ʈʠʩʫʥʦʢ 9. ɿʘʚʠʩʠʤʦʩʪʴ ʢʦʣʠʯʝʩʪʚʘ ʤʘʨʪʝʥʩʠʪʘ ʜʝʬʦʨ-

ʤʘʮʠʠ ʦʪ ʚʝʣʠʯʠʥʳ ʜʝʡʩʪʚʫʶʱʠʭ ʣʦʢʘʣʴʥʳʭ ʥʘʧʨʷʞʝʥʠʡ 

ʜʣʷ ʚʳʩʦʢʦʦʙʣʫʯʝʥʥʳʭ ʦʙʨʘʟʮʦʚ ʩʪʘʣʠ 12ʍ18ʅ10ʊ 

ɿɸʂʃʖʏɽʅʀɽ 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʚʧʝʨʚʳʝ ʠʟʫʯʝʥʳ ʧʘʨʘʤʝʪʨʳ ʠ  

ʢʠʥʝʪʠʢʘ ʦʙʨʘʟʦʚʘʥʠʷ ʠ ʥʘʢʦʧʣʝʥʠʷ ʤʘʨʪʝʥʩʠʪʘ ʜʝ-

ʬʦʨʤʘʮʠʠ ʚ ʚʳʩʦʢʦʦʙʣʫʯʝʥʥʳʭ ʩʪʘʣʷʭ 12ʍ18ʅ10ʊ 

ʠ 08ʍ16ʅ11ʄ3. 

ɼʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʨʝʘʣʴʥʦʛʦ ʩʦʜʝʨʞʘʥʠʷ -ʬʘʟʳ 

ʧʨʝʜʣʦʞʝʥ ʠ ʠʩʧʦʣʴʟʦʚʘʥ ʥʦʚʳʡ ʤʝʪʦʜ, ʧʦʟʚʦʣʷʶ-

ʱʠʡ ʫʯʠʪʳʚʘʪʴ ʛʝʦʤʝʪʨʠʶ ʧʨʦʙʳ. 

ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʚ ʚʳʩʦʢʦʦʙʣʫʯʝʥʥʳʭ ʦʙʨʘʟʮʘʭ 

ʩʪʘʣʠ 12ʍ18ʅ10ʊ ʦʙʨʘʟʦʚʘʥʠʝ ʤʘʨʪʝʥʩʠʪʘ ʥʘʯʠʥʘ-

ʝʪʩʷ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʧʦʩʣʝ ʧʨʝʜʝʣʘ ʪʝʢʫʯʝʩʪʠ, ʘ 

ʢʦʣʠʯʝʩʪʚʦ ʤʘʨʪʝʥʩʠʪʘ ʟʥʘʯʠʪʝʣʴʥʦ ʙʦʣʴʰʝ ʯʝʤ ʚ 

ʥʝʦʙʣʫʯʝʥʥʦʤ ʤʘʪʝʨʠʘʣʝ. 
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