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ɸʅʆʊɸʎɯʗ  

ɼʆ ʄɸɻɯʉʊɽʈʉʔʂʆɰ ɼʀʉɽʈʊɸʎɯɰ 

ʉʊʋɼɽʅʊɸ ʌʄʌ, 2 ʂʋʈʉʋ ʄɸɻɯʉʊɽʈʉʔʂʆɻʆ ʈɯɺʅʗ ɻʈ. ʆʌ-71ʤʥ 

ʉʢʣʷʨʦʚʘ ɭʚʛʝʥʽʷ ʉʝʨʛʽʡʦʚʠʯʘ 

ʅʘ ʪʝʤʫ: çɿʘʢʦʥʦʤʽʨʥʦʩʪʽ ʩʧʽʢʘʥʥʷ ʤʝʪʘʣʝʚʠʭ ʥʘʥʦʯʘʩʪʠʥʦʢ  

ʚ ʪʨʴʦʭʚʠʤʽʨʥʽʡ ʄʦʥʪʝ-ʂʘʨʣʦ ʤʦʜʝʣʽè 

ʅʘʫʢʦʚʠʡ ʢʝʨʽʚʥʠʢ ʜ. ʬʽʟ. ʤʘʪ. ʥ., ʧʨʦʬ. ɻʦʨʰʢʦʚ ɺ. ʄ. 

 ʄʽʥʽʘʪʶʨʠʟʘʮʽʷ  ʝʣʝʢʪʨʦʥʥʠʭ ʧʨʠʩʪʨʦʾʚ ʧʦʪʨʝʙʫʻ ʚʠʨʽʰʝʥʥʷ ʙʘʛʘʪʴʦʭ 

ʪʝʭʥʦʣʦʛʽʯʥʠʭ ʧʨʦʙʣʝʤ. ʅʘʧʨʠʢʣʘʜ, ʦʭʦʣʦʜʞʝʥʥʷ ʥʘʥʦʧʨʠʩʪʨʦʾʚ, 

ʚʠʛʦʪʦʚʣʝʥʥʷ ʾʭ ʝʣʝʤʝʥʪʽʚ ʥʘ ʙʘʟʽ ʙʘʛʘʪʦʘʪʦʤʥʠʭ ʤʦʣʝʢʫʣ ʽ ʥʘʚʽʪʴ ʟôʻʜʥʘʥʥʷ 

ʮʠʭ ʝʣʝʤʝʥʪʽʚ ʫ ʮʽʣʽʩʥʫ ʝʣʝʢʪʨʦʥʥʫ ʩʠʩʪʝʤʫ ʥʘʥʦʨʦʟʤʽʨʥʠʭ ʤʘʩʰʪʘʙʽʚ 

ʧʦʪʨʝʙʫʶʪʴ ʥʝʩʪʘʥʜʘʨʪʥʠʭ ʧʽʜʭʦʜʽʚ ʥʘ ʦʩʥʦʚʽ ʛʣʠʙʦʢʠʭ ʬʫʥʜʘʤʝʥʪʘʣʴʥʠʭ 

ʜʦʩʣʽʜʞʝʥʴ. ʆʜʥʽʡ ʟ ʟʘʜʘʯ ʪʘʢʦʛʦ ʪʠʧʫ, ʘ ʩʘʤʝ ʧʨʦʙʣʝʤʽ ʩʧʽʢʘʥʥʷ ʥʘʥʦʯʘʩʪʠʥʦʢ 

ʙʣʘʛʦʨʦʜʥʠʭ ʤʝʪʘʣʽʚ,  ʧʨʠʩʚʷʯʝʥʘ ʮʷ ʤʘʛʽʩʪʝʨʩʴʢʘ ʜʠʩʝʨʪʘʮʽʷ. ʆʩʦʙʣʠʚʽʩʪʴ 

ʜʦʩʣʽʜʞʝʥʠʭ ʩʠʩʪʝʤ ʥʘʥʦʯʘʩʪʠʥʦʢ ʚ ʪʦʤʫ, ʱʦ ʚʦʥʠ ʥʝ ʟʥʘʭʦʜʷʪʴʩʷ ʚ ʧʨʷʤʦʤʫ 

ʢʦʥʪʘʢʪʽ ʤʽʞ ʩʦʙʦʶ. ʊʘʢʘ ʩʠʪʫʘʮʽʷ ʨʝʘʣʽʟʫʻʪʴʩʷ ʫ ʚʠʧʘʜʢʫ, ʢʦʣʠ ʚʦʥʠ 

ʟʘʧʦʚʥʶʶʪʴ ʧʦʣʽʤʝʨ, ʷʢʠʤ ʧʨʦʢʣʘʜʘʶʪʴʩʷ ʧʨʦʚʽʜʥʽ ʜʦʨʽʞʢʠ ʚ ʥʘʥʦʩʭʝʤʘʭ. 

ʇʦʜʘʣʴʰʝ ʧʨʦʛʨʽʚʘʥʥʷ ʮʠʭ ʜʦʨʽʞʦʢ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʚʠʧʘʨʦʚʫʚʘʥʥʷ ʧʦʣʽʤʝʨʫ ʽ 

ʚʩʪʘʥʦʚʣʝʥʥʷ ʢʦʥʪʘʢʪʽʚ ʤʽʞ ʥʘʥʦʢʣʘʩʪʝʨʘʤʠ. ʗʢʽʩʪʴ ʢʽʥʮʝʚʦʛʦ ʩʪʘʥʫ 

ʫʪʚʦʨʝʥʠʭ ʜʦʨʽʞʦʢ (ʧʨʦʚʽʜʥʽʩʪʴ ʪʘ ʤʝʭʘʥʽʯʥʘ ʩʪʽʡʢʽʩʪʴ) ʟʘʣʝʞʠʪʴ ʚʽʜ ʨʝʞʠʤʫ 

ʧʨʦʛʨʽʚʘʥʥʷ: ʯʘʩʫ ʧʨʦʛʨʽʚʘʥʥʷ ʪʘ ʦʭʦʣʦʜʞʝʥʥʷ, ʤʘʢʩʠʤʘʣʴʥʦʾ ʪʝʤʧʝʨʘʪʫʨʠ 

ʥʘʛʨʽʚʫ, ʨʦʟʧʦʜʽʣʫ ʥʘʥʦʢʣʘʩʪʝʨʽʚ ʟʘ ʨʦʟʤʽʨʦʤ ʚ ʧʦʯʘʪʢʦʚʦʤʫ ʩʪʘʥʽ.  

ɺ ʨʦʙʦʪʘʭ ʧʦʧʝʨʝʜʥʠʢʽʚ ʟʘʜʘʯʽ ʩʧʽʢʘʥʥʷ ʚ ʦʧʠʩʘʥʽʡ ʧʦʩʪʘʥʦʚʮʽ 

ʜʦʩʣʽʜʞʝʥʽ ʜʣʷ ʰʘʨʫ ʥʘʥʦʯʘʩʪʠʥʦʢ. ɺ ʪʘʢʠʭ ʜʚʦʚʠʤʽʨʥʠʭ ʤʦʜʝʣʷʭ ʥʝʤʦʞʣʠʚʦ 

ʜʦʩʣʽʜʠʪʠ ʪʘ ʦʧʪʠʤʽʟʫʚʘʪʠ ʝʚʦʣʶʮʽʶ ʤʦʨʬʦʣʦʛʽʾ ʨʝʘʣʴʥʦʾ ʪʨʠʚʠʤʽʨʥʦʾ 

ʩʠʩʪʝʤʠ ʥʘʥʦʢʣʘʩʪʝʨʽʚ, ʢʦʣʠ ʟʥʘʯʥʦ ʨʦʟʰʠʨʶʻʪʴʩʷ ʜʽʘʧʘʟʦʥ ʥʘʧʨʷʤʢʽʚ 

ʚʩʪʘʥʦʚʣʝʥʥʷ ʢʦʥʪʘʢʪʽʚ ʟ ʚʽʜʧʦʚʽʜʥʠʤʠ ʚʠʪʨʘʪʘʤʠ ʟʥʘʯʥʦʾ ʤʘʩʠ ʥʘ ʟʘʧʦʚʥʝʥʥʷ 

ʤʽʞʢʣʘʩʪʝʨʥʦʛʦ ʧʨʦʩʪʦʨʫ, ʽ ʧʦʩʪʘʻ ʧʨʦʙʣʝʤʘ ʟʘʧʦʙʽʛʘʥʥʷ ʟʥʘʯʥʠʭ ʢʘʚʝʨʥ ʚ 

ʧʨʦʚʽʜʥʽʡ ʜʦʨʽʞʮʽ, ʷʢʽ ʟʥʠʞʫʶʪʴ ʾʭ ʤʝʭʘʥʽʯʥʫ ʩʪʽʡʢʽʩʪʴ. ʊʦʤʫ ʩʘʤʝ 

ʜʦʩʣʽʜʞʝʥʥʶ ʩʧʽʢʘʥʥʷ ʚ ʪʨʠʚʠʤʽʨʥʠʭ ʧʦʣʽʤʝʨʥʠʭ ʩʝʨʝʜʦʚʠʱʘʭ ʟʘʧʦʚʥʝʥʠʭ 

ʤʝʪʘʣʝʚʠʤʠ ʥʘʥʦʯʘʩʪʠʥʢʘʤʠ ʧʨʠʩʚʷʯʝʥʘ ʧʨʝʜʩʪʘʚʣʝʥʘ ʤʘʛʽʩʪʝʨʩʴʢʘ 

ʜʠʩʝʨʪʘʮʽʷ. 



SUMMARY  

TO MASTER'S DISSERTATION  

STUDENT FMF, 2 COURCE MASTERY GR. OF-71mn 

Skliarov Yevhenii 

Theme: çPatterns of sintering of metal nanoparticles 

in the three-dimensional Monte-Carlo modelè 

Scientific supervisor: d. phys. math. sci., prof. Gorshkof V. M. 

In terms of the global tendency to electronic devices miniaturization various 

technological issues occur. For example, nanoparticles refrigeration, production of 

nanoparticles elements on the polyatomic molecules basis, and even the combination 

of these elements in a holistic nanoscale electronic system, require unconventional 

approaches based on fundamental research. This Master's Dissertation raises one of 

the key problems in this branch ï the sintering of noble metal nanoparticles. The 

absence of the direct contact between nanoparticles is a hallmark of the systems we 

researched. It occurs when nanoparticles fill the polymer, which the leading paths in 

the nanoscale are laid by. The following warming-up of these paths leads to the 

polymer evaporation so the contacts between nanoclusters appear. The quality of the 

final state of the paths (conductivity and mechanical resistance) depends on the 

heating mode: the heating and cooling time, the maximum heating temperature, the 

distribution of nanoclusters by their size in the initial state. 

In existing works of scholarship the sintering issues are investigated for 

nanoparticles layer. There is no possibility to investigate and optimize evolution of 

the real three-dimensional nanoclusters system morphology in this type of the 

surface models. In this case the range of directions for establishing contacts with the 

corresponding costs of a significant mass for filling the intercluster space is 

considerably expanded and the problem of preventing significant cavities in the 

conductive path that reduces their mechanical stability appears. That is the reason 

why this Master's Dissertation investigates a process of sintering in three-

dimensional polymeric environments filled with metal nanoparticles. 

  



ɿɸɺɼɸʅʅʗ 

ʥʘ ʤʘʛʽʩʪʝʨʩʴʢʫ ʨʦʙʦʪʫ ʩʪʫʜʝʥʪʘ 

ʉʢʣʷʨʦʚʘ ɭʚʛʝʥʽʷ ʉʝʨʛʽʡʦʚʠʯʘ 

1. ʊʝʤʘ ʨʦʙʦʪʠ: ɿʘʢʦʥʦʤʽʨʥʦʩʪʽ ʩʧʽʢʘʥʥʷ ʤʝʪʘʣʝʚʠʭ ʥʘʥʦʯʘʩʪʠʥʦʢ ʚ 

ʪʨʴʦʭʚʠʤʽʨʥʽʡ ʄʦʥʪʝ-ʂʘʨʣʦ ʤʦʜʝʣʽ 

ʂʝʨʽʚʥʠʢ ʨʦʙʦʪʠ: ʜ. ʬʽʟ. ʤʘʪ. ʥ., ʧʨʦʬ. ɻʦʨʰʢʦʚ ɺ. ʄ. 

ɿʘʪʚʝʨʜʞʝʥʦ ʥʘʢʘʟʦʤ ʧʦ ʫʥʽʚʝʨʩʠʪʝʪʫ ʚʽʜ ç25è ʙʝʨʝʟʥʷ 2019ʨ. ˉ958-ʩ 

2. ʉʪʨʦʢ ʧʦʜʘʥʥʷ ʩʪʫʜʝʥʪʦʤ ʨʦʙʦʪʠ _______________ 

3. ɺʠʭʽʜʥʽ ʜʘʥʽ ʜʦ ʨʦʙʦʪʠ: ʚʠʢʦʨʠʩʪʘʥʥʷ ʨʦʟʨʦʙʣʝʥʦʛʦ ʧʨʦʛʨʘʤʥʦʛʦ 

ʟʘʙʝʟʧʝʯʝʥʥʷ ʜʦʟʚʦʣʷʻ ʚʠʟʥʘʯʠʪʠ ʷʢʽʩʪʴ ʩʧʽʢʘʥʥʷ ʥʘʥʦʢʣʘʩʪʝʨʽʚ ʟ ʢʫʙʽʯʥʦʶ 

ʛʨʘʥʝʮʝʥʪʨʦʚʘʥʦʶ ʛʨʘʪʢʦʶ ʱʦ ʱʽʣʴʥʦʫʧʘʢʦʚʘʥʽ ʚ ʙʘʛʘʪʦʰʘʨʦʚʫ ʩʪʨʫʢʪʫʨʫ.  

4. ɿʤʽʩʪ ʨʦʟʨʘʭʫʥʢʦʚʦ-ʧʦʷʩʥʶʚʘʣʴʥʦʾ ʟʘʧʠʩʢʠ (ʧʝʨʝʣʽʢ ʟʘʚʜʘʥʴ, ʷʢʽ 

ʧʦʪʨʽʙʥʦ ʨʦʟʨʦʙʠʪʠ): 

¶ ʆʟʥʘʡʦʤʠʪʠʩʷ ʟ ʧʨʦʮʝʩʦʤ ʩʧʽʢʘʥʥʷ ʜʣʷ ʛʨʘʥʝʮʝʥʪʨʦʚʘʥʦʾ ʢʫʙʽʯʥʦʾ 

ʛʨʘʪʢʠ. 

¶ ʆʟʥʘʡʦʤʠʪʠʩʷ ʟ ʯʠʩʝʣʴʥʦʶ ʤʦʜʝʣʶ ʨʫʭʫ ʚʽʣʴʥʠʭ ʪʘ ʟʚ'ʷʟʘʥʠʭ ʘʪʦʤʽʚ. 

¶ ʈʦʟʨʦʙʠʪʠ ʢʦʤʧ'ʶʪʝʨʥʫ ʧʨʦʛʨʘʤʤʫ ʜʣʷ ʨʦʟʨʘʭʫʥʢʫ ʜʠʥʘʤʽʢʠ ʩʧʽʢʘʥʥʷ 

ʩʠʩʪʝʤʠ, ʱʦ ʩʢʣʘʜʘʻʪʴʩʷ ʟ ʥʘʥʦʢʣʘʩʪʝʨʽʚ. 

¶ ʇʦʨʘʭʫʚʘʪʠ ʪʝʩʪʦʚʫ ʟʘʜʘʯʫ ʚ ʚʠʛʣʷʜʽ ʢʦʥʬʽʛʫʨʘʮʽʾ ɺʫʣʴʬʘ, ʜʣʷ 

ʧʝʨʝʚʽʨʢʠ ʬʽʟʠʯʥʦʾ ʤʦʜʝʣʽ 

¶ ʇʦʨʘʭʫʚʘʪʠ ʟʘʜʘʯʫ ʩʧʽʢʘʥʥʷ ʪʨʠʚʠʤʽʨʥʦʾ ʱʽʣʴʥʦ ʫʧʘʢʦʚʘʥʦʾ 

ʩʪʨʫʢʪʫʨʠ ʟ ʥʘʥʦʢʣʘʩʪʝʨʽʚ ʩʬʝʨʠʯʥʦʾ ʬʦʨʤʠ, ʱʦ ʤʘʶʪʴ 

ʛʨʘʥʝʮʝʥʪʨʦʚʘʥʫ ʢʫʙʽʯʥʫ ʛʨʘʪʢʫ. 

¶ ʇʦʙʫʜʫʚʘʪʠ ʛʨʘʬʽʢʠ, ʷʢʽ ʦʧʠʩʫʶʪʴ ʧʨʦʮʝʩʠ ʩʧʽʢʘʥʥʷ ʟʘʣʝʞʥʥʦ ʚʽʜ 

ʦʙʨʘʥʦʛʦ ʩʮʝʥʘʨʽʶ ʩʧʽʢʘʥʥʷ. 

5. ʇʝʨʝʣʽʢ ʛʨʘʬʽʯʥʦʛʦ ʤʘʪʝʨʽʘʣʫ: 30 ʤʘʣʶʥʢʽʚ 

6. ɼʘʪʘ ʚʠʜʘʯʽ ʟʘʚʜʘʥʥʷ   26.03.2019ʨ. 
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ʈʝʬʝʨʘʪ 

ʆʙôʻʢʪ ʜʦʩʣʽʜʞʝʥʥʷ: ʩʧʽʢʘʥʥʷ ʥʘʥʦʢʣʘʩʪʝʨʽʚ ʟ ʛʨʘʥʝʮʝʥʪʨʦʚʘʥʦʶ 

ʢʫʙʽʯʥʦʶ ʛʨʘʪʢʦʶ, ʱʦ ʱʽʣʴʥʦ ʫʧʘʢʦʚʘʥʽ ʚ ʙʘʛʘʪʦʰʘʨʦʚʽʡ ʩʪʨʫʢʪʫʨʽ. 

ʄʝʪʘ ʨʦʙʦʪʠ: ʨʦʟʨʦʙʢʘ ʧʨʦʛʨʘʤʥʦʛʦ ʟʘʙʝʟʧʝʯʝʥʥʷ ʜʣʷ ʨʦʟʨʘʭʫʥʢʫ 

ʜʠʥʘʤʽʢʠ ʩʧʽʢʘʥʥʷ ʥʘʥʦʢʣʘʩʪʝʨʽʚ, ʦʪʨʠʤʘʥʥʷ ʨʝʟʫʣʴʪʘʪʽʚ ʨʦʟʨʘʭʫʥʢʫ. 

ʄʝʪʦʜʠ ʜʦʩʣʽʜʞʝʥʥʷ:  

ʪʝʦʨʝʪʠʯʥʽ: ʫʟʘʛʘʣʴʥʝʥʥʷ ʜʘʥʠʭ ʩʪʦʩʦʚʥʦ ʪʝʤʠ ʜʦʩʣʽʜʞʝʥʥʷ ʥʘ ʦʩʥʦʚʽ 

ʥʘʫʢʦʚʦ-ʤʝʪʦʜʠʯʥʦʾ ʣʽʪʝʨʘʪʫʨʠ ʪʘ ʦʬʽʮʽʡʥʠʭ ʦʩʚʽʪʥʴʦ-ʥʘʫʢʦʚʠʭ ʜʞʝʨʝʣ; 

ʧʨʘʢʪʠʯʥʽ: ʥʘʧʠʩʘʥʥʷ ʢʦʜʫ ʧʨʦʛʨʘʤʠ ʜʣʷ ʨʝʘʣʽʟʘʮʽʾ ʧʨʦʮʝʩʽʚ ʩʧʽʢʘʥʥʷ 

ʥʘʥʦʢʣʘʩʪʝʨʽʚ ʟ ʛʨʘʥʝʮʝʥʪʨʦʚʘʥʦʶ ʢʫʙʽʯʥʦʶ ʛʨʘʪʢʦʶ, ʱʦ ʱʽʣʴʥʦ ʫʧʘʢʦʚʘʥʽ ʚ 

ʙʘʛʘʪʦʰʘʨʦʚʽʡ ʩʪʨʫʢʪʫʨʽ. 

ɿʘʚʜʘʥʥʷ ʜʦʩʣʽʜʞʝʥʥʷ:  

¶ ʆʟʥʘʡʦʤʠʪʠʩʷ ʟ ʧʨʦʮʝʩʦʤ ʩʧʽʢʘʥʥʷ ʪʘ ʡʦʛʦ ʦʩʦʙʣʠʚʦʩʪʷʤʠ ʜʣʷ ɻʎʂ 

ʛʨʘʪʢʠ. 

¶ ʆʟʥʘʡʦʤʠʪʠʩʷ ʟ ʯʠʩʝʣʴʥʦʶ ʤʦʜʝʣʶ ʨʫʭʫ ʚʽʣʴʥʠʭ ʪʘ ʟʚ'ʷʟʘʥʠʭ ʘʪʦʤʽʚ. 

¶ ʈʦʟʨʦʙʠʪʠ ʢʦʤʧ'ʶʪʝʨʥʫ ʧʨʦʛʨʘʤʤʫ ʜʣʷ ʨʦʟʨʘʭʫʥʢʫ ʜʠʥʘʤʽʢʠ ʩʧʽʢʘʥʥʷ 

ʥʘʥʦʢʣʘʩʪʝʨʽʚ ʟ ɻʎʂ ʛʨʘʪʢʦʶ ʚ ʙʘʛʘʪʦʰʘʨʦʚʽʡ ʩʪʨʫʢʪʫʨʽ. 

¶ ʇʦʨʘʭʫʚʘʪʠ ʪʝʩʪʦʚʫ ʟʘʜʘʯʫ (ʥʘʙʫʪʪʷ ʩʬʝʨʠʯʥʦʛʦ ʢʣʘʩʪʝʨʫ 

ʢʦʥʬʽʛʫʨʘʮʽʽ ɺʫʣʴʬʘ), ʱʦʙ ʧʝʨʝʢʦʥʘʪʠʩʷ ʚ ʜʦʩʪʦʚʽʨʥʦʩʪʽ ʩʪʚʦʨʝʥʦʾ 

ʬʽʟʠʯʥʦʾ ʤʦʜʝʣʽ. 

¶ ʇʦʨʘʭʫʚʘʪʠ ʜʠʥʘʤʽʢʫ ʩʧʽʢʘʥʥʷ ʥʘʥʦʢʣʘʩʪʝʨʽʚ ʚ ʱʽʣʴʥʦʫʧʘʢʦʚʘʥʽʡ 

ʙʘʛʘʪʦʰʘʨʦʚʽʡ ʩʪʨʫʢʪʫʨʽ ʜʣʷ ʨʽʟʥʠʭ ʦʙʨʘʥʠʭ ʨʝʞʠʤʽʚ ʩʧʽʢʘʥʥʷ. 

¶ ʇʦʙʫʜʫʚʘʪʠ ʛʨʘʬʽʢʠ ʦʪʨʠʤʘʥʠʭ ʨʝʟʫʣʴʪʘʪʽʚ. 

ʈʝʟʫʣʴʪʘʪʠ ʪʘ ʾʭ ʥʦʚʠʟʥʘ  

ʈʦʟʨʦʙʣʝʥʘ ʢʦʤʧôʶʪʝʨʥʘ ʧʨʦʛʨʘʤʘ ʢʦʪʨʘ ʦʧʠʩʫʻ ʤʦʜʝʣʴ ʩʧʽʢʘʥʥʷ 

ʥʘʥʦʢʣʘʩʪʝʨʽʚ ʟ ɻʎʂ ʛʨʘʪʢʦʶ ʚ ʙʘʛʘʪʦʰʘʨʦʚʽʡ ʩʪʨʫʢʪʫʨʽ. ʆʪʨʠʤʘʥʘ ʟʘʣʝʞʥʽʩʪʴ 

ʷʢʦʩʪʽ ʫʪʚʦʨʝʥʦʛʦ ʤʘʪʝʨʽʘʣʫ ʧʽʩʣʷ ʩʧʽʢʘʥʥʷ ʟʘʣʝʞʥʦ ʚʽʜ ʦʙʨʘʥʦʛʦ ʩʮʝʥʘʨʽʶ 

ʧʨʦʛʨʽʚʫ. 

 ʉʪʫʧʽʥʴ ʚʧʨʦʚʘʜʞʝʥʥʷ: ʨʦʙʦʪʘ ʻ ʥʘʫʢʦʚʦʶ ʙʘʟʦʶ ʜʣʷ ʧʦʜʘʣʴʰʠʭ 

ʜʦʩʣʽʜʞʝʥʴ.  

ʈʝʢʦʤʝʥʜʘʮʽʾ ʱʦʜʦ ʚʠʢʦʨʠʩʪʘʥʥʷ ʨʝʟʫʣʴʪʘʪʽʚ ʨʦʙʦʪʠ ʪʘ ʦʙʣʘʩʪʴ ʾʭ 

ʟʘʩʪʦʩʫʚʘʥʥʷ: ʨʝʟʫʣʴʪʘʪʠ ʨʦʙʦʪʠ ʤʦʞʫʪʴ ʙʫʪʠ ʚʠʢʦʨʠʩʪʘʥʽ ʚ ʤʽʢʨʦ- ʪʘ 

ʥʘʥʦʝʣʝʢʪʨʦʥʽʮʽ, ʜʝ ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʩʧʽʢʘʥʥʷ ʥʘʥʦʯʘʩʪʠʥʦʢ ʙʣʘʛʦʨʦʜʥʠʭ 

ʤʝʪʘʣʽʚ. 

ɿʥʘʯʝʥʥʷ ʨʦʙʦʪʠ ʪʘ ʚʠʩʥʦʚʢʠ: ʨʦʟʨʦʙʣʝʥʘ ʢʦʤʧôʶʪʝʨʥʘ ʤʦʜʝʣʴ 

ʩʧʽʢʘʥʥʷ ʥʘʥʦʢʣʘʩʪʝʨʽʚ ʟ ɻʎʂ ʛʨʘʪʢʦʶ ʜʣʷ ʨʽʟʥʠʭ ʨʝʞʠʤʽʚ ʧʨʦʛʨʽʚʫ. 

ʂʣʶʯʦʚʽ ʩʣʦʚʘ: ʩʧʽʢʘʥʥʷ, ɻʎʂ ʛʨʘʪʢʘ, ʯʠʩʝʣʴʥʘ ʤʦʜʝʣʴ, ʥʘʥʦʢʣʘʩʪʝʨʠ. 

ɺ ʨʦʙʦʪʽ ʥʘʚʝʜʝʥʦ: ʚʠʢʦʨʠʩʪʘʥʦʾ ʣʽʪʝʨʘʪʫʨʠ - 43, ʩʪʦʨʽʥʦʢ: - 116, ʨʠʩʫʥʢʽʚ-58. 



Abstract 

Object of research: sintering of nanoclusters with face-centered cubic lattice, 

densely packed in a multilayered structure. 

Purpose: development of software for calculating the dynamics of sintering of 

nanoclusters, obtaining results of calculation. 

Research methods: 

theoretical: generalization of data on the topic of research on the basis of 

scientific and methodological literature and official educational-scientific sources; 

Practical: writing program code for the implementation of sintering processes 

of nanoclusters with face-centered cubic lattice, densely packed in a multilayer 

structure. 

Objectives of the study: 

Å Get acquainted with the sintering process and its features for the fcc lattice. 

Å Look at the numerical model of the motion of free and bound atoms. 

Å Develop a computer program for calculating the dynamics of sintering of 

nanoclusters with FCC lattice in a multilayer structure. 

Å Calculate the test task (obtaining a spherical cluster of Wolf configurator) to 

verify the authenticity of the created physical model. 

Å Calculate the dynamics of sintering of nanoclusters with FCC lattice in tightly 

packed multilayer structures for different selected sintering modes. 

Å Build graphs of the results. 

Results and their novelty 

 A computer program was developed that describes the model of sintering of 

nanoclusters with FCC lattice in a multilayered structure. The dependence of the 

quality of the formed material after sintering is obtained depending on the chosen 

heat recovery scenario. 

Degree of implementation: work is a scientific basis for further research. 

Recommendations on the use of the results of work and the scope of their 

application: the results of work can be used in micro- and nanoelectronics, where 

the sintering of noble metal nanoparticles is used. 

Value of work and conclusions: ʘ computer model of sintering of nanoclusters 

with a face-centered cubic lattice for different heating modes has been developed. 

Keywords: sintering, FCC lattice, numerical model, nanoclusters. 

The paper contains: used literature -43, pages: -116, drawings -58. 
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ɺʉʊʋʇ 

 ʄʽʥʽʘʪʶʨʠʟʘʮʽʷ  ʝʣʝʢʪʨʦʥʥʠʭ ʧʨʠʩʪʨʦʾʚ ʧʦʪʨʝʙʫʻ ʚʠʨʽʰʝʥʥʷ ʙʘʛʘʪʴʦʭ 

ʪʝʭʥʦʣʦʛʽʯʥʠʭ ʧʨʦʙʣʝʤ. ʅʘʧʨʠʢʣʘʜ, ʦʭʦʣʦʜʞʝʥʥʷ ʥʘʥʦʧʨʠʩʪʨʦʾʚ, 

ʚʠʛʦʪʦʚʣʝʥʥʷ ʾʭ ʝʣʝʤʝʥʪʽʚ  ʥʘ ʙʘʟʽ ʙʘʛʘʪʦʘʪʦʤʥʠʭ ʤʦʣʝʢʫʣ ʽ ʥʘʚʽʪʴ ʟôʻʜʥʘʥʥʷ 

ʮʠʭ ʝʣʝʤʝʥʪʽʚ ʫ ʮʽʣʽʩʥʫ ʝʣʝʢʪʨʦʥʥʫ ʩʠʩʪʝʤʫ ʥʘʥʦʨʦʤʽʨʥʠʭ ʤʘʩʰʪʘʙʽʚ  

ʧʦʪʨʝʙʫʶʪʴ ʥʝʩʪʘʥʜʘʨʪʥʠʭ ʧʽʜʭʦʜʽʚ ʥʘ ʦʩʥʦʚʽ ʛʣʠʙʦʢʠʭ ʬʫʥʜʘʤʝʥʪʘʣʴʥʠʭ 

ʜʦʩʣʽʜʞʝʥʴ. ʆʜʥʽʡ ʟ ʟʘʜʘʯ ʪʘʢʦʛʦ ʪʠʧʫ ï ʧʨʦʙʣʝʤʽ ʩʧʽʢʘʥʥʷ ʥʘʥʦʯʘʩʪʠʥʦʢ 

ʙʣʘʛʦʨʦʜʥʠʭ ʤʝʪʘʣʽʚ-  ʧʨʠʩʚʷʯʝʥʘ ʮʷ ʤʘʛʽʩʪʝʨʩʴʢʘ ʜʠʩʝʨʪʘʮʽʷ. ʆʩʦʙʣʠʚʽʩʪʴ 

ʜʦʩʣʽʜʞʝʥʠʭ ʩʠʩʪʝʤ ʥʘʥʦʯʘʩʪʠʥʦʢ ʚ ʪʦʤʫ, ʱʦ ʚʦʥʠ ʥʝ ʟʥʘʭʦʜʷʪʴʩʷ ʚ ʧʨʷʤʦʤʫ 

ʢʦʥʪʘʢʪʽ ʤʽʞ ʩʦʙʦʶ. ʊʘʢʘ ʩʠʪʫʘʮʽʷ ʨʝʘʣʽʟʫʻʪʴʩʷ ʫ ʚʠʧʘʜʢʫ, ʢʦʣʠ ʚʦʥʠ 

ʟʘʧʦʚʥʶʶʪʴ ʧʦʣʽʤʝʨ, ʷʢʠʤ ʧʨʦʢʣʘʜʘʶʪʴʩʷ ʧʨʦʚʽʜʥʽ ʜʦʨʽʞʢʠ ʚ ʥʘʥʦʩʭʝʤʘʭ. 

ʇʦʜʘʣʴʰʝ ʧʨʦʛʨʽʚʘʥʥʷ ʮʠʭ ʜʦʨʽʞʦʢ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʚʠʧʘʨʦʚʫʚʘʥʥʷ ʧʦʣʽʤʝʨʫ ʽ 

ʚʩʪʘʥʦʚʣʝʥʥʷ ʢʦʥʪʘʢʪʽʚ ʤʽʞ ʥʘʥʦʢʣʘʩʪʝʨʘʤʠ. ʗʢʽʩʪʴ ʢʽʥʮʝʚʦʛʦ ʩʪʘʥʫ 

ʫʪʚʦʨʝʥʠʭ ʜʦʨʽʞʦʢ (ʧʨʦʚʽʜʥʽʩʪʴ ʪʘ ʤʝʭʘʥʽʯʥʘ ʩʪʽʡʢʽʩʪʴ) ʟʘʣʝʞʠʪʴ ʚʽʜ ʨʝʞʠʤʫ 

ʧʨʦʛʨʽʚʘʥʥʷ: ʯʘʩʫ ʧʨʦʛʨʽʚʘʥʥʷ ʪʘ ʦʭʦʣʦʜʞʝʥʥʷ, ʤʘʢʩʠʤʘʣʴʥʦʾ ʪʝʤʧʝʨʘʪʫʨʠ 

ʥʘʛʨʽʚʫ, ʨʦʟʧʦʜʽʣʫ ʥʘʥʦʢʣʘʩʪʝʨʽʚ ʟʘ ʨʦʟʤʽʨʦʤ ʚ ʧʦʯʘʪʢʦʚʦʤʫ ʩʪʘʥʫ.  

ɹʘʛʘʪʦ ʪʝʦʨʝʪʠʯʥʠʭ ʜʦʩʣʽʜʞʝʥʴ ʧʨʦʮʝʩʫ ʩʧʽʢʘʥʥʷ ʧʨʠʩʚʷʯʝʥʦ ʚʠʧʘʜʢʘʤ, 

ʢʦʣʠ ʥʘʥʦʢʣʘʩʪʝʨʠ ʤʘʶʪʴ ʧʨʷʤʠʡ ʢʦʥʪʘʢʪ ʤʽʞ ʩʫʩʽʜʘʤʠ. ɸʣʝ ʧʨʠ ʚʠʢʦʨʠʩʪʘʥʥʽ 

ʟʦʣʦʪʦʾ ʧʦʣʽʤʝʨʥʦʾ çʬʘʨʙʠè ʧʨʦʤʽʞʢʠ ʤʽʞ ʥʘʥʦʯʘʩʪʠʥʢʘʤʠ ʥʝ ʚʜʘʻʪʴʩʷ 

ʟʤʝʥʰʠʪʠ ʚʫʞʯʝ 3-4 ʘʪʦʤʥʠʭ ʰʘʨʽʚ. ʇʨʠ ʮʴʦʤʫ ʚʽʜʥʦʩʥʘ ʦʨʽʻʥʪʘʮʽʷ 

ʥʘʥʦʢʣʘʩʪʝʨʽʚ ʚʠʟʥʘʯʘʻ ʚʽʨʦʛʽʜʥʽʩʪʴ ʚʩʪʘʥʦʚʣʝʥʥʷ ʢʦʥʪʘʢʪʽʚ ʤʽʞ ʩʫʩʽʜʘʤʠ, ʷʢʘ 

ʚʘʨʽʶʻʪʴʩʷ ʚ ʰʠʨʦʢʦʤʫ ʜʽʘʧʘʟʦʥʽ.  ɿʘʜʘʯʘ ʦʧʪʠʤʽʟʘʮʽʾ ʨʝʞʠʤʫ ʩʧʽʢʘʥʥʷ ʚ ʪʦʤʫ, 

ʱʦʙ ʟʘʙʝʟʧʝʯʠʪʠ ʨʝʘʣʽʟʘʮʽʶ ʚʩʽʭ ʤʦʞʣʠʚʠʭ ʤʽʞʯʘʩʪʠʥʢʦʚʠʭ ʢʦʥʪʘʢʪʽʚ ʙʝʟ 

ʧʦʜʘʣʴʰʦʛʦ ʾʭ ʨʫʡʥʫʚʘʥʥʷ. ʊʘʢʽ ʜʝʩʪʨʫʢʪʠʚʥʽ ʧʨʦʮʝʩʠ ʪʘʢʦʞ ʤʦʞʣʠʚʽ ʦʩʢʽʣʴʢʠ 

ʜʠʥʘʤʽʢʘ ʧʦʚʝʨʭʥʽ ʥʘʥʦʯʘʩʪʠʥʦʢ ʚʥʘʩʣʽʜʦʢ ʧʦʚʝʨʭʥʝʚʦʶ ʜʠʬʫʟʽʾ ʘʪʦʤʽʚ 

ʩʘʤʦʫʟʛʦʜʞʝʥʦ ʧʦʚôʷʟʘʥʘ ʟ ʧʨʦʩʪʦʨʦʚʠʤ ʨʦʟʧʦʜʽʣʦʤ ʤʽʞʯʘʩʪʠʥʢʦʚʦʾ ʧʘʨʠ ʟ 

ʚʽʣʴʥʠʭ ʘʪʦʤʽʚ ʙʘʛʘʪʴʤʘ ʬʽʟʠʯʥʠʤʠ ʤʝʭʘʥʽʟʤʘʤʠ.  

ɺ ʨʦʙʦʪʘʭ ʧʦʧʝʨʝʜʥʠʢʽʚ ʟʘʜʘʯʽ ʩʧʽʢʘʥʥʷ ʚ ʦʧʠʩʘʥʽʡ ʧʦʩʪʘʥʦʚʮʽ 

ʜʦʩʣʽʜʞʝʥʽ ʜʣʷ ʰʘʨʫ ʥʘʥʦʯʘʩʪʠʥʦʢ. ɺ ʪʘʢʠʭ ʜʚʦʚʠʤʽʨʥʠʭ ʤʦʜʝʣʷʭ ʥʝʤʦʞʣʠʚʦ 

ʜʦʩʣʽʜʠʪʠ ʪʘ ʦʧʪʠʤʽʟʫʚʘʪʠ ʝʚʦʣʶʮʽʶ ʤʦʨʬʦʣʦʛʽʾ ʨʝʘʣʴʥʦʾ ʪʨʠʚʠʤʽʨʥʦʾ 
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ʩʠʩʪʝʤʠ ʥʘʥʦʢʣʘʩʪʝʨʽʚ, ʢʦʣʠ ʟʥʘʯʥʦ ʨʦʟʰʠʨʶʻʪʴʩʷ ʜʽʘʧʘʟʦʥ ʥʘʧʨʷʤʢʽʚ 

ʚʩʪʘʥʦʚʣʝʥʥʷ ʢʦʥʪʘʢʪʽʚ ʟ ʚʽʜʧʦʚʽʜʥʠʤʠ ʚʠʪʨʘʪʘʤʠ  ʟʥʘʯʥʦʾ ʤʘʩʠ ʥʘ ʟʘʧʦʚʥʝʥʥʷ 

ʤʽʞʢʣʘʩʪʝʨʥʦʛʦ ʧʨʦʩʪʦʨʫ ʽ ʧʦʩʪʘʻ ʧʨʦʙʣʝʤʘ ʟʘʧʦʙʽʛʘʥʥʷ ʟʥʘʯʥʠʭ ʢʘʚʝʨʥ ʚ 

ʧʨʦʚʽʜʥʽʡ ʜʦʨʽʞʮʽ, ʷʢʽ ʟʥʠʞʫʶʪʴ ʾʭ ʤʝʭʘʥʽʯʥʫ ʩʪʽʡʢʽʩʪʴ.   ʊʦʤʫ ʷʢʨʘʟ 

ʜʦʩʣʽʜʞʝʥʥʶ ʩʧʽʢʘʥʥʷ ʚ ʪʨʠʚʠʤʽʨʥʠʭ ʧʦʣʽʤʝʨʥʠʭ ʩʝʨʝʜʦʚʠʱʘʭ ʟʘʧʦʚʥʝʥʠʭ 

ʤʝʪʘʣʝʚʠʤʠ ʥʘʥʦʯʘʩʪʠʥʢʘʤʠ ʧʨʠʩʚʷʯʝʥʘ ʧʨʝʜʩʪʘʚʣʝʥʘ ʤʘʛʽʩʪʝʨʩʴʢʘ 

ʜʠʩʝʨʪʘʮʽʷ. 
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ʈʆɿɼɯʃ I.  ʂʨʠʩʪʘʣʽʯʥʽ ʛʨʘʪʢʠ ʤʝʪʘʣʽʚ 

1.1. ɸʤʦʨʬʥʽ ʽ ʢʨʠʩʪʘʣʽʯʥʽ ʪʽʣʘ 

ʋ ʪʚʝʨʜʠʭ ʪʽʣʘʭ ʘʪʦʤʠ ʤʦʞʫʪʴ ʨʦʟʤʽʱʫʚʘʪʠʩʷ ʚ ʧʨʦʩʪʦʨʽ ʜʚʦʤʘ ʩʧʦʩʦʙʘʤʠ: 

ɹʝʟʣʘʜʥʝ ʨʦʟʪʘʰʫʚʘʥʥʷ ʘʪʦʤʽʚ, ʢʦʣʠ ʚʦʥʠ ʥʝ ʟʘʡʤʘʶʪʴ ʧʝʚʥʦʛʦ ʤʽʩʮʷ ʦʜʠʥ 

ʱʦʜʦ ʦʜʥʦʛʦ. ʊʘʢʽ ʪʽʣʘ ʥʘʟʠʚʘʶʪʴʩʷ ʘʤʦʨʬʥʠʤʠ. 

    ɸʤʦʨʬʥʽ ʨʝʯʦʚʠʥʠ ʤʘʶʪʴ ʬʦʨʤʘʣʴʥʠʤʠ ʦʟʥʘʢʘʤʠ ʪʚʝʨʜʠʭ ʪʽʣ, ʪʦʙʪʦ ʚʦʥʠ 

ʟʜʘʪʥʽ ʟʙʝʨʽʛʘʪʠ ʧʦʩʪʽʡʥʠʡ ʦʙʩʷʛ ʽ ʬʦʨʤʫ. ʆʜʥʘʢ ʚʦʥʠ ʥʝ ʤʘʶʪʴ ʧʝʚʥʦʾ 

ʪʝʤʧʝʨʘʪʫʨʠ ʧʣʘʚʣʝʥʥʷ ʘʙʦ ʢʨʠʩʪʘʣʽʟʘʮʽʾ. 

ɺʧʦʨʷʜʢʦʚʘʥʝ ʨʦʟʪʘʰʫʚʘʥʥʷ ʘʪʦʤʽʚ, ʢʦʣʠ ʘʪʦʤʠ ʟʘʡʤʘʶʪʴ ʚ ʧʨʦʩʪʦʨʽ ʮʽʣʢʦʤ 

ʧʝʚʥʽ ʤʽʩʮʷ, ʊʘʢʽ ʨʝʯʦʚʠʥʠ ʥʘʟʠʚʘʶʪʴʩʷ ʢʨʠʩʪʘʣʽʯʥʠʤʠ. 

    ɸʪʦʤʠ ʟʜʽʡʩʥʶʶʪʴ ʱʦʜʦ ʩʚʦʛʦ ʩʝʨʝʜʥʴʦʛʦ ʧʦʣʦʞʝʥʥʷ ʢʦʣʠʚʘʥʥʷ ʟ ʯʘʩʪʦʪʦʶ 

ʙʣʠʟʴʢʦ ρπ ɻʮ. ɸʤʧʣʽʪʫʜʘ ʮʠʭ ʢʦʣʠʚʘʥʴ ʧʨʦʧʦʨʮʽʡʥʘ ʪʝʤʧʝʨʘʪʫʨʽ. 

    ɿʘʚʜʷʢʠ ʚʧʦʨʷʜʢʦʚʘʥʦʛʦ ʨʦʟʪʘʰʫʚʘʥʥʷ ʘʪʦʤʽʚ ʚ ʧʨʦʩʪʦʨʽ, ʾʭ ʮʝʥʪʨʠ ʤʦʞʥʘ 

ʟ'ʻʜʥʘʪʠ ʫʷʚʥʠʤʠ ʧʨʷʤʠʤʠ ʣʽʥʽʷʤʠ. ʉʫʢʫʧʥʽʩʪʴ ʪʘʢʠʭ ʧʝʨʝʩʽʯʥʠʭ ʣʽʥʽʡ 

ʧʨʝʜʩʪʘʚʣʷʻ ʧʨʦʩʪʦʨʦʚʫ ʨʝʰʽʪʢʫ, ʷʢʫ ʥʘʟʠʚʘʶʪʴ ʢʨʠʩʪʘʣʽʯʥʦʶ ʨʝʰʽʪʢʦʶ. 

    ɿʦʚʥʽʰʥʽ ʝʣʝʢʪʨʦʥʥʽ ʦʨʙʽʪʠ ʘʪʦʤʽʚ ʩʪʠʢʘʶʪʴʩʷ, ʪʘʢ ʱʦ ʱʽʣʴʥʽʩʪʴ ʫʧʘʢʦʚʢʠ 

ʘʪʦʤʽʚ ʚ ʢʨʠʩʪʘʣʽʯʥʽʡ ʨʝʰʽʪʮʽ ʜʦʩʠʪʴ ʚʝʣʠʢʘ. 

    ʂʨʠʩʪʘʣʽʯʥʽ ʪʚʝʨʜʽ ʪʽʣʘ ʩʢʣʘʜʘʶʪʴʩʷ ʟ ʢʨʠʩʪʘʣʽʯʥʠʭ ʟʝʨʝʥ - ʢʨʠʩʪʘʣʣʠʪʦʚ. ʋ 

ʩʫʩʽʜʥʽʭ ʟʝʨʥʘʭ ʢʨʠʩʪʘʣʽʯʥʽ ʨʝʰʽʪʢʠ ʧʦʚʝʨʥʝʥʽ ʚʽʜʥʦʩʥʦ ʦʜʠʥ ʦʜʥʦʛʦ ʥʘ ʜʝʷʢʠʡ 

ʢʫʪ [6-8]. 

    ʋ ʢʨʠʩʪʘʣʽʪʘʭ ʜʦʪʨʠʤʫʶʪʴʩʷ ʙʣʠʞʥʽʡ ʽ ʜʘʣʴʥʽʡ ʧʦʨʷʜʢʠ. ʎʝ ʦʟʥʘʯʘʻ 

ʥʘʷʚʥʽʩʪʴ ʚʧʦʨʷʜʢʦʚʘʥʦʛʦ ʨʦʟʪʘʰʫʚʘʥʥʷ ʽ ʩʪʘʙʽʣʴʥʦʩʪʽ ʷʢ ʦʪʦʯʫʶʯʠʭ ʜʘʥʠʡ 

ʘʪʦʤ ʥʘʡʙʣʠʞʯʠʭ ʡʦʛʦ ʩʫʩʽʜʽʚ (ʙʣʠʞʥʽʡ ʧʦʨʷʜʦʢ), ʪʘʢ ʽ ʘʪʦʤʽʚ, ʱʦ ʟʥʘʭʦʜʷʪʴʩʷ 

ʚʽʜ ʥʴʦʛʦ ʥʘ ʟʥʘʯʥʠʭ ʚʽʜʩʪʘʥʷʭ ʘʞ ʜʦ ʢʦʨʜʦʥʽʚ ʟʝʨʝʥ (ʜʘʣʴʥʽʡ ʧʦʨʷʜʦʢ) [6]. 
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   ʘ)                                                                 ʙ)                                                                   

ʈʠʩ. 1.1 ʈʦʟʪʘʰʫʚʘʥʥʷ ʘʪʦʤʽʚ ʚ ʢʨʠʩʪʘʣʽʯʥʽʡ (ʘ) ʽ ʘʤʦʨʬʥʽʡ (ʙ) ʨʝʯʦʚʠʥʽ 

 

ɺʥʘʩʣʽʜʦʢ ʜʠʬʫʟʽʾ ʦʢʨʝʤʽ ʘʪʦʤʠ ʤʦʞʫʪʴ ʟʘʣʠʰʘʪʠ ʩʚʦʾ ʤʽʩʮʷ ʚ ʚʫʟʣʘʭ 

ʢʨʠʩʪʘʣʽʯʥʦʾ ʨʝʰʽʪʢʠ, ʦʜʥʘʢ ʧʨʠ ʮʴʦʤʫ ʚʧʦʨʷʜʢʦʚʘʥʽʩʪʴ ʢʨʠʩʪʘʣʽʯʥʦʾ ʙʫʜʦʚʠ 

ʚ ʮʽʣʦʤʫ ʥʝ ʧʦʨʫʰʫʻʪʴʩʷ. 
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1.2. ʆʩʥʦʚʥʽ ʪʠʧʠ ʢʨʠʩʪʘʣʽʯʥʠʭ ʨʝʰʽʪʦʢ 

ɺʩʽ ʤʝʪʘʣʠ ʻ ʢʨʠʩʪʘʣʽʯʥʠʤʠ ʪʽʣʘʤʠ, ʱʦ ʤʘʶʪʴ ʧʝʚʥʠʡ ʪʠʧ ʢʨʠʩʪʘʣʽʯʥʦʾ 

ʨʝʰʽʪʢʠ, ʱʦ ʩʢʣʘʜʘʻʪʴʩʷ ʟ ʤʘʣʦʨʫʭʦʤʠʭ ʧʦʟʠʪʠʚʥʦ ʟʘʨʷʜʞʝʥʠʭ ʽʦʥʽʚ, ʤʽʞ 

ʷʢʠʤʠ ʨʫʭʘʶʪʴʩʷ ʚʽʣʴʥʽ ʝʣʝʢʪʨʦʥʠ (ʪʘʢ ʟʚʘʥʠʡ ʝʣʝʢʪʨʦʥʥʠʡ ʛʘʟ). ʊʘʢʠʡ ʪʠʧ 

ʩʪʨʫʢʪʫʨʠ ʥʘʟʠʚʘʻʪʴʩʷ ʤʝʪʘʣʝʚʠʤ ʟʚ'ʷʟʢʦʤ [7]. 

     ʊʠʧ ʨʝʰʽʪʢʠ ʚʠʟʥʘʯʘʻʪʴʩʷ ʬʦʨʤʦʶ ʝʣʝʤʝʥʪʘʨʥʦʛʦ ʛʝʦʤʝʪʨʠʯʥʦʛʦ 

ʪʽʣʘ, ʙʘʛʘʪʦʨʘʟʦʚʝ ʧʦʚʪʦʨʝʥʥʷ ʷʢʦʛʦ ʧʦ ʪʨʴʦʭ ʧʨʦʩʪʦʨʦʚʠʭ ʚʽʩʷʭ ʫʪʚʦʨʶʻ 

ʨʝʰʽʪʢʫ ʜʘʥʦʛʦ ʢʨʠʩʪʘʣʽʯʥʦʛʦ ʪʽʣʘ. 

 

 

 

 

 

 

 

                                                         

a) 

ʂʫʙʽʯʥʘ (1 ʘʪʦʤ ʥʘ ʢʦʤʽʨʢʫ) 

 

 

 

 

 

 

 

 

ʙ) 

ʆʙ'ʻʤʦ-ʮʝʥʪʨʦʚʘʥʘ ʢʫʙʽʯʥʘ (ʆʎʂ) 

(2 ʘʪʦʤʘ ʥʘ ʢʦʤʽʨʢʫ) 
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ʚ) 

ɻʨʘʥʝʮʝʥʪʨʠʨʦʚʘʥʥʘ ʢʫʙʽʯʥʘ (ɻʎʂ) 

(4 ʘʪʦʤʘ ʥʘ ʢʦʤʽʨʢʫ) 

 

 

 

 

 

 

 

 

ʛ) 

ɻʝʢʩʘʛʦʥʘʣʴʥʘ ʱʽʣʴʥʦʫʧʘʢʦʚʘʥʘ (ɻʑ) 

(6 ʘʪʦʤʽʚ ʥʘ ʢʦʤʽʨʢʫ) 

ʈʠʩ. 1.2 ʆʩʥʦʚʥʽ ʪʠʧʠ ʢʨʠʩʪʘʣʽʯʥʠʭ ʛʨʘʪʦʢ ʤʝʪʘʣʽʚ 

 

ʄʝʪʘʣʠ ʤʘʶʪʴ ʚʽʜʥʦʩʥʦ ʩʢʣʘʜʥʽ ʪʠʧʠ ʢʫʙʽʯʥʠʭ ʛʨʘʪʦʢ - ʦʙ'ʻʤʥʦ 

ʮʝʥʪʨʦʚʘʥʘ (ʆʎʂ), ʛʨʘʥʝʮʝʥʪʨʠʨʦʚʘʥʥʘ (ɻʎʂ) ʢʫʙʽʯʥʽ ʨʝʰʽʪʢʠ. 

    ʆʩʥʦʚʫ ʆʎʂ-ʨʝʰʽʪʢʠ ʩʪʘʥʦʚʠʪʴ ʝʣʝʤʝʥʪʘʨʥʘ ʢʫʙʽʯʥʘ ʦʩʝʨʝʜʦʢ (ʨʠʩ. 1.2, ʙ), 

ʚ ʷʢʽʡ ʧʦʟʠʪʠʚʥʦ ʟʘʨʷʜʞʝʥʽ ʽʦʥʠ ʤʝʪʘʣʫ ʟʥʘʭʦʜʷʪʴʩʷ ʚ ʚʝʨʰʠʥʘʭ ʢʫʙʘ, ʽ ʱʝ 

ʦʜʠʥ ʘʪʦʤ ʚ ʮʝʥʪʨʽ ʡʦʛʦ ʦʙʩʷʛʫ. ʅʘ ʧʝʨʝʪʠʥʽ ʡʦʛʦ ʜʽʘʛʦʥʘʣʝʡ. ʊʘʢʠʡ ʪʠʧ 

ʨʝʰʽʪʢʠ ʚ ʧʝʚʥʠʭ ʜʽʘʧʘʟʦʥʘʭ ʪʝʤʧʝʨʘʪʫʨ ʤʘʶʪʴ ʟʘʣʽʟʦ, ʭʨʦʤ, ʚʘʥʘʜʽʡ, 

ʚʦʣʴʬʨʘʤ, ʤʦʣʽʙʜʝʥ ʽ ʽʥʰʽ  ʤʝʪʘʣʠ [8]. 
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    ʋ ɻʎʂ-ʨʝʰʽʪʢʠ (ʨʠʩ. 1.2, ʚ) ʝʣʝʤʝʥʪʘʨʥʦʶ ʢʣʽʪʠʥʢʦʶ ʩʣʫʞʠʪʴ ʢʫʙ ʟ 

ʮʝʥʪʨʦʚʘʥʠʤʠ ʛʨʘʥʷʤʠ. ʇʦʜʽʙʥʫ ʛʨʘʪʠ ʤʘʶʪʴ ʟʘʣʽʟʦ, ʘʣʶʤʽʥʽʡ, ʤʽʜʴ, ʥʽʢʝʣʴ, 

ʩʚʠʥʝʮʴ ʽ ʽʥʰʽ ʤʝʪʘʣʠ 

    ʊʨʝʪʽʤ ʨʦʟʧʦʚʩʶʜʞʝʥʠʤ ʨʽʟʥʦʚʠʜʦʤ ʱʽʣʴʥʦʫʧʘʢʦʚʘʥʠʭ ʨʝʰʽʪʦʢ ʻ 

ʛʝʢʩʘʛʦʥʘʣʴʥʘ ʱʽʣʴʥʦʫʧʘʢʦʚʘʥʘ (ɻʑʋ, ʨʠʩ. 1.2, ʛ). ɻʑʋ-ʦʩʝʨʝʜʦʢ ʩʢʣʘʜʘʻʪʴʩʷ 

ʟ ʚʽʜʜʘʣʝʥʠʭ ʦʜʠʥ ʚʽʜ ʦʜʥʦʛʦ ʥʘ ʧʘʨʘʤʝʪʨ ʟ ʧʘʨʘʣʝʣʴʥʠʭ ʟʦʩʝʨʝʜʞʝʥʠʭ 

ʛʝʢʩʘʛʦʥʘʣʴʥʠʭ ʧʽʜʩʪʘʚ. ʊʨʠ ʽʦʥʘ (ʘʪʦʤʘ) ʟʥʘʭʦʜʷʪʴʩʷ ʥʘ ʩʝʨʝʜʥʽʡ ʧʣʦʱʠʥʽ ʤʽʞ 

ʧʽʜʩʪʘʚʘʤʠ [8]. 

    ʋ ʛʝʢʩʘʛʦʥʘʣʴʥʠʭ ʨʝʰʽʪʦʢ ʚʽʜʥʦʰʝʥʥʷ ʧʘʨʘʤʝʪʨʘ ʩ / ʘ ʟʘʚʞʜʠ ʙʽʣʴʰʝ 

ʦʜʠʥʠʮʽ. ʊʘʢʫ ʨʝʰʽʪʢʫ ʤʘʶʪʴ ʤʘʛʥʽʡ, ʮʠʥʢ, ʢʘʜʤʽʡ, ʙʝʨʠʣʠʡ, ʪʠʪʘʥ ʽ ʽʥ. 

    ʂʦʤʧʘʢʪʥʽʩʪʴ ʢʨʠʩʪʘʣʽʯʥʦʾ ʨʝʰʽʪʢʠ ʘʙʦ ʩʪʫʧʽʥʴ ʟʘʧʦʚʥʶʚʘʥʥʷ ʾʾ ʦʙʩʷʛʫ 

ʘʪʦʤʘʤʠ ʻ ʚʘʞʣʠʚʦʶ ʭʘʨʘʢʪʝʨʠʩʪʠʢʦʶ. ɺʦʥʘ ʚʠʟʥʘʯʘʻʪʴʩʷ ʪʘʢʠʤʠ 

ʧʦʢʘʟʥʠʢʘʤʠ ʷʢ ʧʘʨʘʤʝʪʨ ʨʝʰʽʪʢʠ, ʯʠʩʣʦ ʘʪʦʤʽʚ ʚ ʢʦʞʥʽʡ ʝʣʝʤʝʥʪʘʨʥʽʡ 

ʢʦʤʽʨʮʽ, ʢʦʦʨʜʠʥʘʮʽʡʥʝ ʯʠʩʣʦ ʽ ʱʽʣʴʥʽʩʪʴ ʫʧʘʢʦʚʢʠ. 

    ʇʘʨʘʤʝʪʨ ʨʝʰʽʪʢʠ - ʮʝ ʚʽʜʩʪʘʥʴ ʤʽʞ ʘʪʦʤʘʤʠ ʧʦ ʨʝʙʨʫ ʝʣʝʤʝʥʪʘʨʥʦʛʦ 

ʦʩʝʨʝʜʢʫ. ʇʘʨʘʤʝʪʨʠ ʨʝʰʽʪʢʠ ʚʠʤʽʨʶʻʪʴʩʷ ʚ ʥʘʥʦʤʝʪʨʽʚ (1 ʥʤ = ρπʤ = 10 ¡). 

ʇʘʨʘʤʝʪʨʠ ʢʫʙʽʯʥʠʭ ʛʨʘʪ ʭʘʨʘʢʪʝʨʠʟʫʶʪʴʩʷ ʜʦʚʞʠʥʦʶ ʨʝʙʨʘ ʢʫʙʘ ʽ 

ʧʦʟʥʘʯʘʶʪʴʩʷ ʣʽʪʝʨʦʶ ʘ. 

    ɼʣʷ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʛʝʢʩʘʛʦʥʘʣʴʥʦʾ ʨʝʰʽʪʢʠ ʧʨʠʡʤʘʶʪʴ ʜʚʘ ʧʘʨʘʤʝʪʨʘ - 

ʩʪʦʨʦʥʫ ʰʝʩʪʠʢʫʪʥʠʢʘ ʘ ʡ ʚʠʩʦʪʫ ʧʨʠʟʤʠ ʩ. ʂʦʣʠ ʚʽʜʥʦʰʝʥʥʷ ʩ / ʘ = 1,633, ʪʦ 

ʘʪʦʤʠ ʫʧʘʢʦʚʘʥʽ ʥʘʡʙʽʣʴʰ ʱʽʣʴʥʦ, ʽ ʨʝʰʽʪʢʘ ʥʘʟʠʚʘʻʪʴʩʷ ʛʝʢʩʘʛʦʥʘʣʴʥʘ 

ʱʽʣʴʥʦʫʧʘʢʦʚʘʥʘ (ʨʠʩ. 1.2 ʛ). ɼʝʷʢʽ ʤʝʪʘʣʠ ʤʘʶʪʴ ʛʝʢʩʘʛʦʥʘʣʴʥʫ ʨʝʰʽʪʢʫ ʟ 

ʤʝʥʰ ʱʽʣʴʥʦʶ ʫʧʘʢʦʚʢʦʶ ʘʪʦʤʽʚ (ʩ / ʘ> 1,633) [8]. ʅʘʧʨʠʢʣʘʜ, ʜʣʷ ʮʠʥʢʫ ʩ / ʘ 

= 1,86, ʜʣʷ ʢʘʜʤʽʶ ʩ / ʘ = 1,88. 

    ʇʘʨʘʤʝʪʨʠ ʘ ʢʫʙʽʯʥʠʭ ʛʨʘʪ ʤʝʪʘʣʽʚ ʟʥʘʭʦʜʷʪʴʩʷ ʚ ʤʝʞʘʭ ʚʽʜ 0,286 ʜʦ 0,607 

ʥʤ. ɼʣʷ ʤʝʪʘʣʽʚ ʟ ʛʝʢʩʘʛʦʥʘʣʴʥʦʾ ʛʨʘʪʘʤʠ ʘ ʣʝʞʠʪʴ ʚ ʤʝʞʘʭ 0,228-0,398 ʥʤ, ʘ ʟ 

ʚ ʤʝʞʘʭ 0,357- 0,652 ʥʤ. 

    ʇʘʨʘʤʝʪʨʠ ʢʨʠʩʪʘʣʽʯʥʠʭ ʨʝʰʽʪʦʢ ʤʝʪʘʣʽʚ ʤʦʞʫʪʴ ʙʫʪʠ ʚʠʤʽʨʷʥʽ ʟʘ 

ʜʦʧʦʤʦʛʦʶ ʨʝʥʪʛʝʥʦʩʪʨʫʢʪʫʨʥʦʛʦ ʘʥʘʣʽʟʫ. 
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    ʇʨʠ ʧʽʜʨʘʭʫʥʢʫ ʯʠʩʣʘ ʘʪʦʤʽʚ ʚ ʢʦʞʥʽʡ ʝʣʝʤʝʥʪʘʨʥʽʡ ʢʦʤʽʨʮʽ ʩʣʽʜ ʤʘʪʠ ʥʘ 

ʫʚʘʟʽ, ʱʦ ʢʦʞʝʥ ʘʪʦʤ ʚʭʦʜʠʪʴ ʦʜʥʦʯʘʩʥʦ ʚ ʜʝʢʽʣʴʢʘ ʦʩʝʨʝʜʢʽʚ. ʅʘʧʨʠʢʣʘʜ, ʜʣʷ 

ɻʎʂ-ʨʝʰʽʪʢʠ, ʢʦʞʝʥ ʘʪʦʤ, ʱʦ ʟʥʘʭʦʜʠʪʴʩʷ ʚ ʚʝʨʰʠʥʽ ʢʫʙʘ, ʥʘʣʝʞʠʪʴ 8 

ʦʩʝʨʝʜʢʽʚ, ʘ ʘʪʦʤ, ʱʦ ʮʝʥʪʨʫʻ ʛʨʘʥʴ, ʜʚʦʤ. ɯ ʣʠʰʝ ʘʪʦʤ, ʱʦ ʟʥʘʭʦʜʠʪʴʩʷ ʚ 

ʮʝʥʪʨʽ ʢʫʙʘ, ʧʦʚʥʽʩʪʶ ʥʘʣʝʞʠʪʴ ʮʽʡ ʢʦʤʽʨʮʽ. 

ʊʘʢʠʤ ʯʠʥʦʤ, ʆʎʂ- ʽ ɻʎʂ-ʦʩʝʨʝʜʢʠ ʤʽʩʪʷʪʴ ʚʽʜʧʦʚʽʜʥʦ 2 ʽ 4 ʘʪʦʤʘ. 

ʇʽʜ ʢʦʦʨʜʠʥʘʮʽʡʥʠʤ ʯʠʩʣʦʤ ʨʦʟʫʤʽʻʪʴʩʷ ʢʽʣʴʢʽʩʪʴ ʥʘʡʙʣʠʞʯʠʭ ʩʫʩʽʜʽʚ 

ʜʘʥʦʛʦ ʘʪʦʤʘ. 

 

 

 

 

 

ʈʠʩ. 1.3 ʂʦʦʨʜʠʥʘʮʽʡʥʝ ʯʠʩʣʦ ʚ ʨʽʟʥʠʭ ʢʨʠʩʪʘʣʽʯʥʠʭ ʨʝʰʽʪʢʘʭ ʜʣʷ ʘʪʦʤʘ ɸ: 

ʘ) - ʦʙ'ʻʤʥʦʮʝʥʪʨʦʚʘʥʘ ʢʫʙʽʯʥʘ (ʂ8); ʙ) ï ʛʨʘʥʝʮʝʥʪʨʦʚʘʥʘ ʢʫʙʽʯʥʘ (ʂ12); ʚ) - 

ʛʝʢʩʘʛʦʥʘʣʴʥʘ ʱʽʣʴʥʦʫʧʘʢʦʚʘʥʘ (ɻ12) 
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ɺ ʆʎʂ ʨʝʰʽʪʮʽ (ʨʠʩ. 1.3, ʘ) ʘʪʦʤ ɸ (ʚ ʮʝʥʪʨʽ) ʟʥʘʭʦʜʠʪʴʩʷ ʥʘ ʥʘʡʙʽʣʴʰ 

ʙʣʠʟʴʢʦʤʫ ʨʽʚʥʽʡ ʚʽʜʩʪʘʥʽ ʚʽʜ ʚʦʩʴʤʠ ʘʪʦʤʽʚ, ʨʦʟʪʘʰʦʚʘʥʠʭ ʫ ʚʝʨʰʠʥʘʭ ʢʫʙʘ, 

ʪʦʙʪʦ ʢʦʦʨʜʠʥʘʮʽʡʥʝ ʯʠʩʣʦ ʮʽʻʾ ʨʝʰʽʪʢʠ ʜʦʨʽʚʥʶʻ 8 (ʂ8). 

 ʋ ɻʎʂ ʨʝʰʽʪʮʽ (ʨʠʩ. 1.3, ʙ) ʘʪʦʤ ɸ (ʥʘ ʛʨʘʥʽ ʢʫʙʘ) ʟʥʘʭʦʜʠʪʴʩʷ ʥʘ 

ʥʘʡʙʽʣʴʰ ʙʣʠʟʴʢʦʤʫ ʨʽʚʥʽʡ ʚʽʜʩʪʘʥʽ ʚʽʜ ʯʦʪʠʨʴʦʭ ʘʪʦʤʽʚ 1, 2, 3, 4, 

ʨʦʟʪʘʰʦʚʘʥʠʭ ʫ ʚʝʨʰʠʥʘʭ ʢʫʙʘ, ʚʽʜ ʯʦʪʠʨʴʦʭ ʘʪʦʤʽʚ 5, 6, 7, 8, ʨʦʟʪʘʰʦʚʘʥʠʭ 

ʥʘ ʛʨʘʥʷʭ ʢʫʙʘ, ʽ, ʢʨʽʤ ʪʦʛʦ, ʚʽʜ ʯʦʪʠʨʴʦʭ ʘʪʦʤʽʚ 9, 10, 11, 12, ʱʦ ʥʘʣʝʞʘʪʴ 

ʨʦʟʪʘʰʦʚʘʥʦʾ ʧʦʨʫʯ ʢʨʠʩʪʘʣʽʯʥʦʾ ʦʩʝʨʝʜʢʫ. ɸʪʦʤʠ 9, 10, 11, 12 ʩʠʤʝʪʨʠʯʥʽ 

ʘʪʦʤʘʤ 5, 6, 7, 8. ʊʘʢʠʤ ʯʠʥʦʤ, ɻʎʂ ʨʝʰʽʪʢʠ ʢʦʦʨʜʠʥʘʮʽʡʥʝ ʯʠʩʣʦ ʜʦʨʽʚʥʶʻ 

12 (ʂ12) [9]. 

     ʋ ɻʇʋ ʨʝʰʽʪʮʽ ʧʨʠ ʩ / ʘ = 1,633 (ʨʠʩ. 1.3, ʚ) ʘʪʦʤ ɸ ʚ ʮʝʥʪʨʽ 

ʰʝʩʪʠʛʨʘʥʥʦʛʦ ʧʽʜʩʪʘʚʠ ʧʨʠʟʤʠ ʟʥʘʭʦʜʠʪʴʩʷ ʥʘ ʥʘʡʙʽʣʴʰ ʙʣʠʟʴʢʦʤʫ ʨʽʚʥʽʡ 

ʚʽʜʩʪʘʥʽ ʚʽʜ ʰʝʩʪʠ ʘʪʦʤʽʚ /, 2, 3, 4, 5, 6, ʨʦʟʤʽʱʝʥʠʭ ʫ ʚʝʨʰʠʥʘʭ ʰʝʩʪʠʢʫʪʥʠʢʘ, 

ʽ ʚʽʜ ʪʨʴʦʭ ʘʪʦʤʽʚ 7, 8, 9, ʨʦʟʪʘʰʦʚʘʥʠʭ ʫ ʩʝʨʝʜʥʽʡ ʧʣʦʱʠʥʽ ʧʨʠʟʤʠ. ʂʨʽʤ ʪʦʛʦ, 

ʘʪʦʤ ɸ ʚʠʷʚʣʷʻʪʴʩʷ ʥʘ ʪʘʢʽʡ ʞʝ ʚʽʜʩʪʘʥʽ ʱʝ ʚʽʜ ʪʨʴʦʭ ʘʪʦʤʽʚ 10, 11, 12, ʱʦ 

ʥʘʣʝʞʘʪʴ ʢʨʠʩʪʘʣʽʯʥʦʾ ʦʩʝʨʝʜʢʫ, ʱʦ ʣʝʞʠʪʴ ʥʠʞʯʝ ʦʩʥʦʚʠ. ɸʪʦʤʠ 10, 11, 12 

ʩʠʤʝʪʨʠʯʥʽ ʘʪʦʤʘʤ 7, 8, 9 [9]. 

ʆʪʞʝ, ʜʣʷ ɻʇʋ ʨʝʰʽʪʢʠ ʢʦʦʨʜʠʥʘʮʽʡʥʝ ʯʠʩʣʦ ʜʦʨʽʚʥʶʻ 12 (ɻ12). 

    ʑʽʣʴʥʽʩʪʴ ʫʧʘʢʦʚʢʠ ʷʚʣʷʻ ʩʦʙʦʶ ʚʽʜʥʦʰʝʥʥʷ ʩʫʤʘʨʥʦʛʦ ʦʙʩʷʛʫ, ʟʘʡʤʘʥʦʛʦ 

ʚʣʘʩʥʝ ʘʪʦʤʘʤʠ ʚ ʢʨʠʩʪʘʣʽʯʥʽʡ ʨʝʰʽʪʮʽ, ʜʦ ʾʾ ʧʦʚʥʦʛʦ ʦʙ'ʻʤʫ. ʈʽʟʥʽ ʪʠʧʠ 

ʢʨʠʩʪʘʣʽʯʥʠʭ ʨʝʰʽʪʦʢ ʤʘʶʪʴ ʨʽʟʥʫ ʱʽʣʴʥʽʩʪʴ ʫʧʘʢʦʚʢʠ ʘʪʦʤʽʚ. ʋ ɻʎʂ ʨʝʰʽʪʮʽ 

ʘʪʦʤʠ ʟʘʡʤʘʶʪʴ 74% ʚʩʴʦʛʦ ʦʙʩʷʛʫ ʢʨʠʩʪʘʣʽʯʥʦʾ ʨʝʰʽʪʢʠ, ʘ ʤʽʞʘʪʦʤʥʽ 

ʧʨʦʤʽʞʢʠ (çʧʦʨʠè) 26%. ɺ ʆʎʂ ʨʝʰʽʪʮʽ ʘʪʦʤʠ ʟʘʡʤʘʶʪʴ 68% ʚʩʴʦʛʦ ʦʙʩʷʛʫ, ʘ 

çʧʦʨʠè 32%. ʂʦʤʧʘʢʪʥʽʩʪʴ ʨʝʰʽʪʢʠ ʟʘʣʝʞʠʪʴ ʚʽʜ ʦʩʦʙʣʠʚʦʩʪʝʡ ʝʣʝʢʪʨʦʥʥʦʾ 

ʩʪʨʫʢʪʫʨʠ ʤʝʪʘʣʽʚ ʽ ʭʘʨʘʢʪʝʨʫ ʟʚ'ʷʟʢʫ ʤʽʞ ʾʭ ʘʪʦʤʘʤʠ [9]. 

ɺʽʜ ʪʠʧʫ ʢʨʠʩʪʘʣʽʯʥʦʾ ʨʝʰʽʪʢʠ ʩʠʣʴʥʦ ʟʘʣʝʞʘʪʴ ʚʣʘʩʪʠʚʦʩʪʽ ʤʝʪʘʣʫ. 
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1.3. ʂʨʠʩʪʘʣʦʛʨʘʬʽʯʥʽ ʥʘʧʨʷʤʢʠ ʽ ʧʣʦʱʠʥʠ 

 

ɺʧʦʨʷʜʢʦʚʘʥʽʩʪʴ ʢʨʠʩʪʘʣʽʯʥʦʾ ʙʫʜʦʚʠ ʚ ʧʨʦʩʪʦʨʦʚʦʾ ʨʝʰʽʪʮʽ ʜʦʟʚʦʣʷʻ 

ʚʠʜʽʣʠʪʠ ʦʢʨʝʤʽ ʢʨʠʩʪʘʣʦʛʨʘʬʽʯʥʽ ʥʘʧʨʷʤʢʠ ʽ ʧʣʦʱʠʥʠ. 

 

     ʂʨʠʩʪʘʣʦʛʨʘʬʽʯʥʽ ʥʘʧʨʷʤʢʠ - ʮʝ ʭʘʨʘʢʪʝʨʥʽ ʧʨʷʤʽ ʣʽʥʽʾ, ʱʦ ʚʠʭʦʜʷʪʴ ʟ ʪʦʯʢʠ 

ʚʽʜʣʽʢʫ, ʫʟʜʦʚʞ ʷʢʠʭ ʚ ʢʨʠʩʪʘʣʽʯʥʽʡ ʨʝʰʽʪʮʽ ʨʦʟʪʘʰʦʚʫʶʪʴʩʷ ʘʪʦʤʠ. ʊʦʯʢʘʤʠ 

ʚʽʜʣʽʢʫ, ʤʦʞʫʪʴ ʩʣʫʞʠʪʠ ʚʝʨʰʠʥʠ ʢʫʙʘ, ʘ ʢʨʠʩʪʘʣʦʛʨʘʬʽʯʥʠʤʠ ʥʘʧʨʷʤʢʘʤʠ - 

ʡʦʛʦ ʨʝʙʨʘ ʽ ʜʽʘʛʦʥʘʣʽ, ʘ ʪʘʢʦʞ ʜʽʘʛʦʥʘʣʽ ʛʨʘʥʝʡ (ʨʠʩ. 1.4, ʘ) [10]. 

 

 

ʈʠʩ. 1.4 ʂʨʠʩʪʘʣʦʛʨʘʬʽʯʥʽ ʥʘʧʨʷʤʢʠ ʽ ʧʣʦʱʠʥʠ ʚ ʢʨʠʩʪʘʣʽʯʥʽʡ ʨʝʰʽʪʮʽ: ʘ) - 

ʦʩʥʦʚʥʽ ʥʘʧʨʷʤʢʠ ʪʘ ʾʭ ʧʦʟʥʘʯʝʥʥʷ; ʙ), ʚ), ʛ) - ʦʩʥʦʚʥʽ ʧʣʦʱʠʥʠ ʽ ʾʭ 

ʧʦʟʥʘʯʝʥʥʷ 

 

ʂʨʠʩʪʘʣʦʛʨʘʬʽʯʥʠʤʠ ʧʣʦʱʠʥʘʤʠ ʻ, ʥʘʧʨʠʢʣʘʜ, ʧʣʦʱʠʥʠ ʛʨʘʥʝʡ ʢʫʙʽʚ 

(ʨʠʩ. 1.4, ʙ), ʘ ʪʘʢʦʞ ʾʭ ʨʽʟʥʽ ʜʽʘʛʦʥʘʣʴʥʽ ʧʣʦʱʠʥʽ ʨʘʟʦʤ ʟ ʨʦʟʪʘʰʦʚʘʥʠʤʠ ʥʘ 

ʥʠʭ ʘʪʦʤʘʤʠ (ʨʠʩ. 1.4, ʚ, ʛ). ɼʣʷ ɻʇʋ-ʨʝʰʽʪʦʢ ʢʨʠʩʪʘʣʦʛʨʘʬʽʯʥʠʤʠ ʧʣʦʱʠʥʘʤʠ 

ʤʦʞʫʪʴ ʙʫʪʠ ʧʣʦʱʠʥʽ ʧʽʜʩʪʘʚ (ʨʠʩ. 1.2, ʛ). 

 

    ɼʣʷ ʚʠʟʥʘʯʝʥʥʷ ʽʥʜʝʢʩʫ ʙʫʜʴ-ʷʢʦʛʦ ʥʘʧʨʷʤʢʫ ʥʝʦʙʭʽʜʥʦ ʟʥʘʡʪʠ ʽʥʜʝʢʩ 

ʥʘʡʙʣʠʞʯʦʛʦ ʜʦ ʮʽʻʾ ʪʦʯʢʠ ʚʽʜʣʽʢʫ ʘʪʦʤʘ, ʱʦ ʟʥʘʭʦʜʠʪʴʩʷ ʥʘ ʜʘʥʦʤʫ ʥʘʧʨʷʤʢʫ. 

ʅʘʧʨʠʢʣʘʜ, ʽʥʜʝʢʩ ʥʘʡʙʣʠʞʯʦʛʦ ʘʪʦʤʘ ʫʟʜʦʚʞ ʦʩʽ ʆʍ ʧʦʟʥʘʯʘʻʪʴʩʷ ʮʠʬʨʘʤʠ 

100 (ʨʠʩ. 1.4, ʘ). ʎʽ ʮʠʬʨʠ ʻ ʢʦʦʨʜʠʥʘʪʠ ʟʛʘʜʘʥʦʛʦ ʘʪʦʤʘ ʱʦʜʦ ʪʦʯʢʠ ʆ, 

ʚʠʨʘʞʝʥʽ ʯʝʨʝʟ ʢʽʣʴʢʽʩʪʴ ʧʘʨʘʤʝʪʨʽʚ ʫʟʜʦʚʞ ʦʩʝʡ OX, OY ʽ OZ ʚʽʜʧʦʚʽʜʥʦ [10]. 
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    ɯʥʜʝʢʩʠ ʥʘʧʨʷʤʢʠ ʆʍ ʽ ʧʘʨʘʣʝʣʴʥʠʭ ʡʦʤʫ ʥʘʧʨʷʤʢʽʚ ʧʦʟʥʘʯʘʶʪʴʩʷ [100]. 

ɺʽʜʧʦʚʽʜʥʦ ʥʘʧʨʷʤʢʠ OY ʽ OZ ʧʦʟʥʘʯʘʶʪʴʩʷ [010] ʽ [001]. ʂʨʠʩʪʘʣʦʛʨʘʬʽʯʥʽ 

ʥʘʧʨʷʤʢʽʚ ʚʟʜʦʚʞ ʜʽʘʛʦʥʘʣʝʡ ʛʨʘʥʝʡ XOZ, XOY ʽ YOZ ʧʦʟʥʘʯʘʶʪʴ [101], [110] 

ʽ [011]. ʂʦʨʠʩʪʫʶʯʠʩʴ ʟʘʟʥʘʯʝʥʦʾ ʤʝʪʦʜʠʢʦʶ, ʤʦʞʥʘ ʚʠʟʥʘʯʠʪʠ ʽʥʜʝʢʩ ʙʫʜʴ-

ʷʢʦʛʦ ʥʘʧʨʷʤʢʫ. ʅʘʧʨʠʢʣʘʜ, ʽʥʜʝʢʩ ʥʘʧʨʷʤʢʽʚ ʚʟʜʦʚʞ ʜʽʘʛʦʥʘʣʽ ʢʫʙʘ 

ʚʠʨʘʟʠʪʴʩʷ ʪʘʢ: [111]. 

 

    ɼʣʷ ʚʠʟʥʘʯʝʥʥʷ ʽʥʜʝʢʩʫ ʢʨʠʩʪʘʣʦʛʨʘʬʽʯʥʦʾ ʧʣʦʱʠʥʽ ʥʝʦʙʭʽʜʥʦ ʩʧʦʯʘʪʢʫ 

ʟʥʘʡʪʠ ʢʦʦʨʜʠʥʘʪʠ ʥʘʡʙʣʠʞʯʠʭ ʪʦʯʦʢ ʾʾ ʧʝʨʝʪʠʥʫ ʟ ʦʩʷʤʠ ʢʦʦʨʜʠʥʘʪ, 

ʧʨʦʚʝʜʝʥʠʤʠ ʟ ʪʦʯʢʠ ʚʽʜʣʽʢʫ ʆ. ʇʦʪʽʤ ʚʟʷʪʠ ʟʚʦʨʦʪʥʽ ʾʤ ʚʝʣʠʯʠʥʠ ʽ ʟʘʧʠʩʘʪʠ ʾʭ 

ʚ ʢʨʫʛʣʠʭ ʜʫʞʢʘʭ ʫ ʟʚʠʯʘʡʥʽʡ ʧʦʩʣʽʜʦʚʥʦʩʪʽ. ʅʘʧʨʠʢʣʘʜ, ʢʦʦʨʜʠʥʘʪʘʤʠ ʪʦʯʦʢ 

ʧʝʨʝʪʠʥʫ ʟ ʦʩʷʤʠ ʢʦʦʨʜʠʥʘʪ ʥʘʡʙʣʠʞʯʦʾ ʧʣʦʱʠʥʽ, ʧʘʨʘʣʝʣʴʥʽʡ ʧʣʦʱʠʥʽ XOY, 

ʚʠʨʘʞʝʥʠʤʠ ʯʝʨʝʟ ʧʘʨʘʤʝʪʨʠ ʨʝʰʽʪʦʢ, ʻ ʯʠʩʣʘ ˆ, ˆ, 1 (ʜʠʚ. ʈʠʩ. 1.4, ʙ). ʊʦʤʫ 

ʽʥʜʝʢʩ ʮʽʡ ʧʣʦʱʠʥʽ ʤʦʞʥʘ ʟʘʧʠʩʘʪʠ ʫ ʚʠʛʣʷʜʽ (001). 

 

    ɯʥʜʝʢʩʘʤʠ ʧʣʦʱʠʥ, ʧʘʨʘʣʝʣʴʥʠʭ ʧʣʦʱʠʥʘʭ XOZ ʽ YOZ, ʚʠʷʚʣʷʪʴʩʷ 

ʚʠʨʘʞʝʥʥʷ (010) ʽ (100) (ʨʠʩ. 1.4, ʙ). ɯʥʜʝʢʩ ʚʝʨʪʠʢʘʣʴʥʦʾ ʜʽʘʛʦʥʘʣʴʥʦʾ ʧʣʦʱʠʥʽ 

ʢʫʙʘ ʚʠʨʘʟʠʪʴʩʷ ʯʝʨʝʟ (110), (ʨʠʩ. 1.4, ʚ), ʘ ʽʥʜʝʢʩ ʧʦʭʠʣʽʡ ʧʣʦʱʠʥʽ, ʱʦ 

ʧʝʨʝʪʠʥʘʻ ʟ ʫʩʽʤʘ ʪʨʴʦʤʘ ʦʩʷʤʠ ʢʦʦʨʜʠʥʘʪ ʥʘ ʚʠʜʘʣʝʥʥʽ ʦʜʥʦʛʦ ʧʘʨʘʤʝʪʨʘ, 

ʥʘʙʫʜʝ ʚʠʛʣʷʜʫ (111) (ʜʠʚ. ʨʠʩ. 1.4, ʛ) [10]. 
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ʈʆɿɼɯʃ II. ʉʧʽʢʘʥʥʷ  

2.1. ʆʩʦʙʣʠʚʦʩʪʽ ɻʎʂ 

 

ʂʦʞʝʥ ʘʪʦʤ ʚ ʪʘʢʽʡ ʛʨʘʪʮʽ ʤʘʻ 12 

ʥʘʡʙʣʠʞʯʠʭ ʩʫʩʽʜʽʚ, ʨʦʟʪʘʰʦʚʘʥʠʭ ʥʘ 

ʩʬʝʨʽ ʨʘʜʽʫʩʦʤ / 2a  (a - ʩʪʘʣʘ ʛʨʘʪʢʠ). 

ɿʘ ʫʤʦʚʠ ʥʘʷʚʥʦʩʪʽ ʚʘʢʘʥʩʽʾ ʚ 

ʥʘʡʙʣʠʞʯʦʤʫ ʦʪʦʯʝʥʥʽ ʮʝʥʪʨʘʣʴʥʠʡ 

ʘʪʦʤ ʤʦʞʝ ʧʝʨʝʡʪʠ ʚ ʚʘʢʘʥʪʥʫ ʧʦʟʠʮʽʶ. 

ɯʩʥʫʻ ʪʨʠ ʚʠʜʠ ʧʣʦʱʠʥ ʟ ʤʽʥʽʤʘʣʴʥʦʶ 

ʧʦʚʝʨʭʥʝʚʦʶ ʝʥʝʨʛʽʻʶ: ʮʝ ʧʣʦʱʠʥʠ 

ʪʠʧʫ (100), (111) ʪʘ (110). ʇʨʦʪʝ 

ʢʦʥʬʽʛʫʨʘʮʽʷ ʥʘʥʦʯʘʩʪʠʥʢʠ, ʢʦʪʨʘ 

ʟʥʘʭʦʜʠʪʴʩʷ ʚ ʨʽʚʥʦʚʘʞʥʦʤʫ ʩʪʘʥʽ ʟ 

ʦʪʦʯʫʶʯʠʤ ʾʾ ʧʘʨʦʤ ʚʽʣʴʥʠʾ ʘʪʦʤʽʚ(ʨʠʩ. 

2.1), ʚʠʟʥʘʯʘʻʪʴʩʷ ʣʠʰʝ ʣʦʱʠʥʘʤʠ (111) 

ʪʘ (100). ʎʝʡ ʨʝʟʫʣʴʪʘʪ ʤʘʻ ʧʨʦʩʪʫ 

ʽʥʪʝʨʧʨʠʪʘʮʽʶ. ʇʨʠ ʝʥʝʨʛʽʾ ʧʘʨʥʦʾ 

ʚʟʘʻʤʦʜʽʾ ʘʪʦʤʽʚ ʘʪʦʤʽʚ ʚ ʢʨʠʩʪʘʣʽʯʥʽʡ 

ʛʨʘʪʮʽ e ʩʝʨʝʜʥʷ ʧʦʪʝʥʮʽʡʥʘ ʝʥʝʨʛʽʷ 

ʘʪʦʤʽʚ ʥʘ ʛʨʘʥʷʭ (111), (100) ʪʘ (110) 

ʨʽʚʥʘ6e- . ʇʨʦʪʝ, ʜʣʷ ʜʠʥʘʤʽʢʠ ʬʦʨʤʠ 

ʥʘʥʦʢʨʠʩʪʘʣʫ, ʱʦ ʨʦʩʪʝ ʚʘʞʣʠʚʘ ʱʝ 

ʝʥʝʨʛʽʷ ʟʚ'ʷʟʢʫ ʦʜʠʥʠʯʥʠʭ ʘʪʦʤʽʚ, ʢʦʪʨʽ ʦʩʽʜʘʶʪʴ ʥʘ ʮʽ ʧʣʦʱʠʥʠ. 

  

 

ʈʠʩ. 2.1. ʌʦʨʤʘ ʅʏ ʧʽʜ ʯʘʩ 

ʧʦʚʽʣʴʥʦʛʦ ʜʠʬʫʟʽʡʥʦʛʦ ʨʦʩʪʫ, 

ʦʪʨʠʤʘʥʘ ʚ ʯʠʩʣʝʥʥʠʭ 

ʝʢʩʧʝʨʠʤʝʥʪʘʭ [XX]. ʈʦʟʤʽʨ 

ʯʘʩʪʠʥʢʠ ʚʟʜʦʚʞ ʚʽʩʝʡ ʢʦʨʜʠʥʘʪ 

ʨʽʚʥʠʡ 63 ʧʦʩʪʽʡʥʠʤ ʛʨʘʪʢʠ, ʯʠʩʣʦ 

ʘʪʦʤʽʚ ~700 ʪʠʩʷʯ. ʅʘ ʚʩʪʘʚʮʽ 

ʢʦʥʬʠʛʫʨʘʮʽʷ, ʧʦʙʫʜʦʚʘʥʘ ʟ 

ʧʣʦʱʠʥ ʪʠʧʫ (100) ʪʘ (111) ʟʛʽʜʥʦ ʟ 

ʪʝʦʨʝʤʦʶ ɺʫʣʴʬʘ.  
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ɸʪʦʤ, ʢʦʪʨʠʡ ʦʩʽʜʘʻ ʥʘ ʧʣʦʱʠʥʫ(111) ʪʘ ʧʦʯʠʥʘʻ ʬʦʨʤʫʚʘʪʠ ʥʦʚʠʡ 

ʧʦʚʝʨʭʥʝʚʠʡ ʰʘʨ, ʤʘʻ ʝʥʝʨʛʽʶ ʟʚôʷʟʢʫ 3e: ʜʣʷ ʥʴʦʛʦ ʚʩʽ ʘʪʦʤʠ ʟʘʧʦʚʥʝʥʦʛʦ 

ʰʘʨʫ ʻ çʦʙ'ʻʤʥʠʤʠè, ʽ ʯʠʩʣʦ ʘʪʦʤʽʚ, ʟ ʷʢʠʤʠ ʚʽʥ ʚʟʘʻʤʦʜʽʻ, ʜʦʨʽʚʥʶʻ 3(ʨʠʩ. 

2.2ʘ). ɸʥʘʣʦʛʽʯʥʦ, ʜʣʷ ʧʣʦʱʠʥʠ (100) ʦʪʨʠʤʫʻʤʦ ʚʝʣʠʯʠʥʫ 4e (ʨʠʩ. 2.2b). 

ɽʥʝʨʛʽʷ ʘʜʩʦʨʙʮʽʾ ʘʪʦʤʘ ʥʘ ʛʨʘʥʴ (100) ʨʽʚʥʘ 5e. ɺ ʜʠʬʫʟʽʡʥʦʤʫ ʨʝʞʠʤʽ ʨʦʩʪʫ 

ʅʏ ʽʥʪʝʥʩʠʚʥʽʰʝ ʧʨʠʻʜʥʫʻʪʴʩʷ ʜʦ ʪʘʢʠʭ ʛʨʘʥʝʡ ʥʦʚʠʭ ʘʪʦʤʽʚ( ʟ ʤʘʣʦʶ 

ʘ) ʙ) 

 

 

ʈʠʩ. 2.2.  ɺʟʘʻʤʦʜʽʷ ʧʦʚʝʨʭʥʝʚʠʭ ʘʪʦʤʽʚ (ʯʝʨʚʦʥʽ ʩʪʨʽʣʦʯʢʠ) ʟ ʥʘʡʙʣʠʞʯʠʤʠ 

ʩʫʩʽʜʘʤʠ.  

a- ɿʘʧʦʚʥʝʥʘ ʛʨʘʥʴ (111): ʢʦʞʝʥ ʟ ʧʦʚʝʨʭʥʝʚʠʭ ʘʪʦʤʽʚ (ʯʝʨʚʦʥʠʭ) 

ʚʟʘʻʤʦʜʽʻ ʟ ʰʽʩʪʴʤʦʤʘ ʘʪʦʤʘʤʠ, ʢʦʪʨʽ ʨʦʟʪʘʰʦʚʘʥʽ ʥʘ ʮʽʡ ʛʨʘʥʽ(ʩʠʥʽ) 

ʪʘ ʟ ʪʨʴʪʦʤʘ ʘʪʦʤʘʤʠ, ʱʦ ʨʦʟʪʘʰʦʚʘʥʽ ʚ ʦʙ'ʻʤʽ ʢʨʠʩʪʘʣʫ.; ʩʝʨʝʜʥʷ 

ʧʦʪʝʥʮʽʡʥʘ ʝʥʝʨʛʽʷ ʟʚ'ʷʟʢʫ ʨʽʚʥʘ 6e- .  

b- ʛʨʘʥʴ (100): ʯʦʪʠʨʠ ʚʟʘʻʤʦʜʽʾ ʟ ʧʦʚʝʨʭʥʝʚʠʤʠ ʘʪʦʤʘʤʠ ʪʘ 4 ʟ ʪʠʤʠ ʱʦ 

ʚ ʦʙ'ʻʤʽ (ʩʝʨʝʜʥʷ ʧʦʪʝʥʮʽʡʥʘ ʝʥʝʨʛʽʷ ʟʚ'ʷʟʢʫ ʨʽʚʥʘ 6e- ). 

 ɺʽʜʧʦʚʽʜʥʦ, ʧʨʠ ʦʩʘʜʞʝʥʥʽ ʚʽʣʴʥʦʛʦ ʘʪʦʤʘ ʥʘ ʟʘʧʦʚʥʝʥʫ ʛʨʘʥʴ (111) ʝʥʝʨʛʽʷ 

ʘʜʩʦʨʙʮʽʾ ʨʽʚʥʘ 3e, ʜʣʷ ʛʨʘʥʽ (100) - 4e. 
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ʡʤʦʚʽʨʥʽʩʪʶ ʧʦʜʘʣʴʰʦʛʦ ʚʠʧʘʨʦʚʫʚʘʥʥʷ) ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʨʦʩʪʫ ʢʣʠʥʘ 

ʦʙʤʝʞʝʥʦʛʦ ʜʽʣʷʥʢʘʤʠ ʧʣʦʱʠʥ ʪʠʧʫ (111) ʪʘ (100). 

ɺ ʧʦʜʘʣʴʰʦʤʫ ʙʫʜʝʤʦ ʨʘʟʛʣʷʜʘʪʠ ʧʨʦʮʝʩʠ ʩʧʽʢʘʥʥʷ ʩʠʩʪʝʤ 

ʥʘʥʦʯʘʩʪʠʥʦʢ, ʱʦ ʤʘʶʪʴ ʧʦʯʘʪʢʦʚʫ ʬʦʨʤʫ ʟʦʙʨʘʞʝʥʫ ʥʘ ʨʠʩ.1. 

ɺ ʨʝʘʣʴʥʠʭ ʩʠʩʪʝʤʘʭ ʅʏ ʚʽʜʨʽʟʥʷʶʪʴʩʷ ʟʘ ʨʦʟʤʽʨʘʤʠ. ɼʣʷ ʧʦʰʫʢʫ 

ʦʧʪʠʩʘʣʴʥʠʭ ʨʝʞʠʤʽʚ ʩʧʽʢʘʥʥʷ ʚʘʨʪʦ ʚʩʪʘʥʦʚʠʪʠ ʤʝʭʘʥʽʟʤʠ ʽ ʭʘʨʘʢʪʝʨʥʠʡ ʯʘʩ 

ʫʪʚʦʨʝʥʥʷ ʧʝʨʝʤʠʯʦʢ ʤʽʞ ʩʫʩʽʜʥʽʤʠ ʯʘʩʪʠʥʢʘʤʠ, ʱʦ ʟʘʣʝʞʘʪʴ ʚʽʜ ʚʟʘʻʤʥʦʾ 

ʦʨʽʻʥʪʘʮʽʾ ʯʘʩʪʠʥʦʢ ʚ ʧʨʦʩʪʦʨʽ ʪʘ ʩʧʽʚʚʽʜʥʦʰʝʥʥʷ ʾʭ ʨʦʟʤʽʨʽʚ. ʆʢʨʽʤ ʮʴʦʛʦ, 

ʚʠʙʽʨ ʪʝʤʧʝʨʘʪʫʨʥʠʭ ʨʝʞʠʤʽʚ ʚʠʟʥʘʯʘʻ ʩʪʽʡʢʽʩʪʴ ʫʪʚʦʨʝʥʠʭ ʢʦʥʪʘʢʪʽʚ: ʤʝʥʴʰʘ 

ʟʘ ʨʦʟʤʽʨʦʤ ʯʘʩʪʠʥʢʘ, ʢʦʪʨʘ çʧʦʻʜʥʫʻè ʙʽʣʴʰʠʭ ʟʘ ʨʦʟʤʽʨʘʤʠ ʩʫʩʽʜʽʚ  ʚ ʻʜʠʥʠʡ 

ʢʣʘʩʪʝʨ, ʤʦʞʝ ʙʫʪʠ ʧʦʛʣʠʥʝʥʘ ʥʠʤʠ ʟ ʧʦʨʫʰʝʥʥʷʤ ʮʽʣʽʩʥʦʩʪʽ ʢʣʘʩʪʝʨʫ. 

 

 

 

 

  



2 
 

2.2. ɼʠʥʘʤʽʢʘ ʫʪʚʦʨʝʥʥʷ ʧʝʨʝʤʠʯʦʢ 

ʈʦʟʛʣʷʥʝʤʦ ʜʚʘ ʚʠʧʘʜʢʠ ʚʟʘʻʤʥʦʾ ʦʨʽʻʥʪʘʮʽʾ ʯʘʩʪʠʥʦʢ ʚ ʧʨʦʩʪʦʨʽ (ʨʠʩ. 

2.3) ʨʽʟʥʠʭ ʨʦʟʤʽʨʽʚ. 

ʘ) ʙ) 

 

 

ʈʠʩ. 2.3.  ɺʘʨʽʘʥʪʠ ʚʟʘʤ̒ʥʦʾ ʦʨʽʻʥʪʘʮʽʾ ʅʏ, ʜʦʩʣʽʜʞʫʚʘʥʠʭ ʚ ʨʦʙʦʪʽ. 

ɺʠʥʠʢʘʶʯʘ ʚ ʟʘʟʦʨʽ ʧʝʨʝʤʠʯʢʘ ʤʦʞʝ ʤʽʩʪʠʪʠ ʚʽʜ 6 ʜʦ 12 ʰʘʨʽʚ ʘʪʦʤʽʚ. 

 

ɼʣʷ ʚʽʜʦʙʨʘʞʝʥʥʷ ʨʦʟʛʣʷʥʫʪʠʭ ʢʦʥʬʽʛʫʨʘʮʽʡ ʷʢ ʯʘʩʪʠʥ ʚʝʣʠʢʦʾ ʩʠʩʪʝʤʠ 

ʯʘʩʪʠʥʦʢ, ʱʦ ʩʧʽʢʘʶʪʴʩʷ ʙʫʣʦ ʚʠʢʦʨʠʩʪʘʥʦ ʥʘʩʪʫʧʥʠʡ ʧʨʠʡʦʤ. ʂʦʞʥʘ ʦʢʨʝʤʘ 

ʯʘʩʪʠʥʢʘ ʟʘʢʣʶʯʝʥʘ ʚ ʢʫʙʽ, ʦʙʤʝʞʝʥʦʤʫ ʧʣʦʱʠʥʘʤʠ(100). ʎʽ ʧʣʦʱʠʥʠ 

ʚʽʜʜʘʣʝʥʽ ʚʽʜ ʛʨʘʥʝʡ(100) ʯʘʩʪʠʥʢʠ ʥʘ 5-7 ʩʪʘʣʠʭ ʛʨʘʪʢʠ(ʟʘʣʝʞʥʦ ʚʽʜ ʚʝʣʠʯʠʥʠ 

R). ɸʪʦʤʠ, ʱʦ ʚʠʧʘʨʫʚʘʣʠʩʴ ʟ ʧʦʚʝʨʭʥʽ ʯʘʩʪʠʥʢʠ, ʥʝ ʤʦʞʫʪʴ ʚʠʭʦʜʠʪʠ ʟʘ ʤʝʞʽ 

ʢʫʙ. ʊʦʙʪʦ, ʚʽʣʴʥʠʡ ʧʨʦʩʪʽʨ, ʱʦ ʦʪʦʯʫʻ ʦʢʨʝʤʫ ʅʏ ʥʘ ʨʠʩ.2.3, ʦʙʤʝʞʝʥʠʡ ʚ 

ʨʦʟʤʽʨʘʭ. ɺʽʣʴʥʠʡ ʧʨʦʩʪʽʨ ʚʩʽʻʾ ʛʨʫʧʠ ʯʘʩʪʠʥʦʢ ʷʚʣʷʻ ʩʦʙʦʶ ʦʙôʻʜʥʘʥʥʷʤ 

ʚʽʣʴʥʠʭ ʧʨʦʩʪʦʨʽʚ ʾʭ ʝʣʝʤʝʥʪʽʚ. 



2 
 

 ʇʨʦʚʝʜʝʤʦ ʧʦʨʽʚʥʷʥʥʷ ʚʣʘʩʪʠʚʦʩʪʝʡ ʛʨʘʥʝʡ (111) ʪʘ (100), ʱʦ 

ʟʥʘʜʦʙʠʪʴʩʷ ʥʘʤ ʧʨʠ ʽʥʪʝʨʧʨʝʪʘʮʽʾ ʨʝʟʫʣʴʪʘʪʽʚ ʯʠʩʝʣʴʥʠʭ ʝʢʩʧʝʨʠʤʝʥʪʽʚ. 

¶ ɺʠʭʽʜ ʦʢʨʝʤʦʛʦ ʘʪʦʤʫ ʟ ʟʘʧʦʚʥʝʥʦʾ ʛʨʘʥʽ (111) ʧʦʪʨʝʙʫʻ ʝʥʝʨʛʽʾ 9e, ʟ 

ʛʨʘʥʽ (100) - 8e. ʇʽʜ ʯʘʩ ʥʘʛʨʽʚʘʥʥʷ ʯʘʩʪʠʥʢʠ ʢʦʥʮʝʥʪʨʘʮʽʷ ʧʘʨʘ ʟ ʚʽʣʴʥʠʭ 

ʘʪʦʤʽʚ ʧʦʙʣʠʟʫ ʛʨʘʥʽ (100) ʚʠʱʘ, ʥʽʞ ʫ ʛʨʘʥʽ (111). 

¶ ɽʥʝʨʛʽʾ ʘʜʩʦʨʙʮʽʾ ʘʪʦʤʘ ʥʘ ʟʘʧʦʚʥʝʥʫ ʛʨʘʥʴ ʨʽʚʥʽ 3e ʜʣʷ (111) ʪʘ 4e ʜʣʷ 

(100). ɺʽʜʧʦʚʽʜʥʦ, ʢʦʝʬʽʮʽʻʥʪ ʧʦʚʝʨʭʥʝʚʦʾ ʜʠʬʫʟʽʾ ʘʪʦʤʽʚ, ʘʜʩʦʨʙʦʚʘʥʠʭ 

       

                         0                                       3                                                 6 

 

                  

 

                                 9                                               10                     

˾͙ͫΦ нΦпΦ  ˾ͫͭ͜ ͔͔͙ͨͪͣ;ͦ͟ ͨͦͣ͗͜ ͍͒ͦͣ͊ ;͙͙͊ͫͭͤ͊ͣ͟ Σ ͔͔͙͙ͦ͋ͪͤͤͣ ͦ͒ͤ͊ ͒ͦ ͦ͒ͤͦ͝ ͎ͪ͊ͤΎ͙ͣόмммύ  ς ͪ ͙ͫΦ нΦоŀΦ 

˭͊ͦͪ͘ ͣ͗͜ ͎ͪ͊ͤΎ͙ͣ ~ 6aD Σ Ύ͟ ͔ͪͯ͘͡Έͭ͊ͭ ͣ͗͜ ͙͙ͤͣ ͔ͣͦ͗ ͙͋ͯͭ ͫͺ͍ͦͪͣͦ͊ͤͦ ф ͍͙ͤͦͻ ΄͍͊ͪ͜Φ ˾͊͒ͯͫ͜ ͍͔͙͙͟͡ͻ 

;͙͊ͫͭͤͦ͟ 50R a= Σ ͣ͊ͦ͡͝ 0 30r a= . 0.8a= Φ ˤ ͨͦ;͍͙͚͊ͭͦ͟ ͔ͣͦͣͤͭ ͍͔͒ͦ͋ͪ͊͗ͤͦ͜ ͎ͪ͊ͤ͜ όмммύ ͤ͊ ͚ͣ͊͜͡ ͭ͊  

͍͔͙͚͟͜͡ ;͙͊ͫͭͤͼ͜Σ ͣ͗͜ Ύ͙͙ͣ͟ ͔͋ͯ͒ ͍͔ͯͭͦͪͤͦ ͦͤͭ͊ͭ͟͟Φ ̉͊ͫ 0,t= 5(3 6 9 10) 10- - - ³Φ ˴͔ͦ͗ͤ ͍͔͙͚ͯͭͦͪͤ 

ͨͪͦ΄͊ͪͦ͟ ͨͦͤ͊͘;͔͙͚ͤ ͍͙͊ͫͤͣ͡ ͦ͟͡Έͦͪͦͣ ͍͊ͭͦͣ͜Φ  
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ʥʘ (111) ʚʠʱʝ, ʥʽʞ ʫ ʘʪʦʤʽʚ, ʘʜʩʦʨʙʦʚʘʥʠʭ ʥʘ (100) (ʯʠʤ ʤʝʥʰʘ ʝʥʝʨʛʽʷ 

ʟʚ'ʷʟʢʫ ʟ ʧʽʜʣʦʞʢʦʶ, ʪʠʤ ʤʝʥʴʰʠʡ ʩʝʨʝʜʥʽʡ ʯʘʩ ʚʠʧʘʜʢʦʚʦʛʦ ʩʪʨʠʙʢʫ  

ʘʜʩʦʨʙʦʚʘʥʦʛʦ ʘʪʦʤʫ ʚ ʩʫʩʽʜʥʶ ʧʦʚʝʨʭʥʝʚʫ ʚʘʢʘʥʩʽʶ). 

¶ ʆʜʥʦʰʘʨʦʚʠʡ ʢʣʘʩʪʝʨ ʟ ʘʜʩʦʨʙʦʚʘʥʠʭ ʘʪʦʤʽʚ, ʫʪʚʦʨʝʥʠʭ ʥʘ ʛʨʘʥʽ(111), 

ʙʽʣʴʰ ʩʪʽʡʢʠʡ ʜʦ ʨʦʟʧʘʜʫ, ʥʽʞ ʪʘʢʠʡ ʩʘʤʠʡ ʢʣʘʩʪʝʨ ʥʘ ʛʨʘʥʽ (100): ʚʽʜʨʠʚ 

ʦʜʥʦʛʦ ʘʪʦʤʫ ʟ ʢʣʘʩʪʝʨʫ (ʧʨʠ ʩʪʨʠʙʢʫ ʚ ʩʫʩʽʜʥʶ ʚʘʢʘʥʩʽʶ) ʧʦʪʨʝʙʫʻ 

ʝʥʝʨʛʽʾ ʚʽʜ e ʜʦ 5e ʥʘ ʛʨʘʥʽ (111) ʪʘ ʚʽʜ e ʜʦ 3e ʥʘ ʛʨʘʥʽ (100)-ʜʠʚ. ʨʠʩ. 

2.2.  

¶ ɺʽʜʩʪʘʥʴ ʤʽʞ ʰʘʨʘʤʠ (111) ʨʽʚʥʘ / 3a , ʤʽʞ ʩʣʦʷʤʠ (100) - / 2a . 

ɺʽʜʧʦʚʽʜʥʦ, ʥʘ ʦʜʠʥ ʘʪʦʤ ʚ ʧʣʦʱʠʥʽ (111) ʜʦʚʦʜʠʪʴʩʷ ʧʣʦʱʘʜʢʘ ʚ 2 3 / 4a  

ʪʘ 2 / 2a  ʚ ʧʣʦʱʠʥʽ (100). 

ʂʚʘʟʽʨʽʚʥʦʚʘʞʥʽ ʛʨʘʥʦʚʘʥʽ ʬʦʨʤʠ ʅʏ ʫʪʚʦʨʶʶʪʴʩʷ ʧʨʠ ʚʽʜʥʦʩʥʦ 

ʥʠʟʴʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ (ʧʘʨʘʤʝʪʨ 1a=  ʧʨʠ ʦʪʨʠʤʘʥʥʽ ʢʦʥʬʽʛʫʨʘʮʽʾ ʨʠʩ. 2.2.1 

[1]). ʋʪʚʦʨʝʥʥʷ ʧʝʨʝʤʠʯʦʢ ʤʽʞ ʅʏ ʻ ʽʩʪʦʪʥʦ ʥʝʨʽʚʥʦʚʘʞʥʠʤ ʧʨʦʮʝʩʦʤ ʪʘ 

ʚʽʜʙʫʚʘʻʪʴʩʷ ʧʨʠ ʙʽʣʴʰ ʚʠʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ, ʢʦʣʠ ʱʽʣʴʥʽʩʪʴ ʧʘʨʫ ʟ 

ʚʽʣʴʥʠʭ ʘʪʦʤʽʚ ʚ ʤʽʞʯʘʩʪʠʥʢʦʚʦʤʫ ʧʨʦʩʪʦʨʽ ʜʦʩʠʪʴ ʚʠʩʦʢʘ: 0.7 0.8a= - .  

ʉʘʤʝ ʯʝʨʝʟ ʮʝ ʤʝʭʘʥʽʟʤʠ ʪʘ ʯʘʩ ʫʪʚʦʨʝʥʥʷ ʧʝʨʝʤʠʯʦʢ ʤʽʞ ʧʘʨʘʤʠ ʅʏ 

ʽʩʪʦʪʥʦ ʟʘʣʝʞʘʪʴ ʚʽʜ ʾʭ ʚʟʘʻʤʥʦʾ ʦʨʽʻʥʪʘʮʽʾ, ʱʦ ʧʦʚ'ʷʟʘʥʦ ʟ ʚʽʜʤʽʥʥʦʩʪʷʤʠ ʚ 

ʬʽʟʠʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʷʭ ʛʨʘʥʝʡ (111) ʪʘ (100), ʚʢʘʟʘʥʠʭ ʚʠʱʝ.  

ɼʚʘ ʚʠʧʘʜʢʠ ʚʟʘʻʤʥʦʾ ʦʨʽʻʥʪʘʮʽʾ ʯʘʩʪʠʥʦʢ, ʦʙʨʘʥʠʭ ʜʣʷ ʯʠʩʝʣʴʥʠʭ 

ʝʢʩʧʝʨʠʤʝʥʪʽʚ (ʨʠʩ. 2.3), ʜʝʤʦʥʩʪʨʫʶʪʴ ʨʽʟʥʦʤʘʥʽʪʥʽʩʪʴ ʬʽʟʠʯʥʠʭ ʩʮʝʥʘʨʽʾʚ 

ʬʦʨʤʫʚʘʥʥʷ ʢʦʥʪʘʢʪʽʚ. 
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ɸ. ʋʪʚʦʨʝʥʥʷ ʧʝʨʝʤʠʯʢʠ ʤʽʞ ʅʏ, ʦʙʝʨʥʝʥʠʤʠ ʦʜʥʝ ʜʦ ʦʜʥʦʛʦ ʛʨʘʥʷʤʠ 

(111) (ʨʠʩ. 2.4) ʦʙʫʤʦʚʣʝʥʦ ʧʨʦʰʘʨʢʦʚʠʤ ʤʝʭʘʥʽʟʤʦʤ, ʜʝʪʘʣʴʥʦ ʨʦʟʛʣʷʥʫʪʠʤ 

ʜʣʷ ʚʠʧʘʜʢʫ ʧʨʦʩʪʦʾ ʢʫʙʽʯʥʦʾ ʛʨʘʪʢʠ ʚ [1]. ɺʽʥ ʭʘʨʘʢʪʝʨʥʠʡ ʪʠʤ, ʱʦ ʚ ʟʘʟʦʨʽ 

ʤʽʞ ʯʘʩʪʠʥʢʘʤʠ ʧʦʩʣʽʜʦʚʥʦ ʫʪʚʦʨʶʶʪʴʩʷ ʱʽʣʴʥʽ ʜʦʜʘʪʢʦʚʽ ʰʘʨʠ ʘʪʦʤʽʚ (ʨʠʩ. 

2.4), ʟʚʫʞʫʶʯʠ ʟʘʟʦʨ ʜʦ ~2-3 ʥʝʟʘʧʦʚʥʝʥʠʭ ʰʘʨʽʚ. ɸʜʩʦʨʙʮʽʷ ʚʽʣʴʥʠʭ ʘʪʦʤʽʚ 

ʥʘ ʧʨʦʪʠʣʝʞʥʽ ʟʘʧʦʚʥʝʥʽ ʰʘʨʠ ʪʘ ʾʭ ʧʦʜʘʣʴʰʽ ʭʘʦʪʠʯʥʽ ʟʩʫʚʠ ʚʟʜʦʚʞ ʰʘʨʽʚ 

ʧʨʠʟʚʦʜʷʪʴ ʷʢ ʨʝʟʫʣʴʪʘʪ ʜʦ ʫʪʚʦʨʝʥʥʷ ʚʠʧʘʜʢʦʚʦʛʦ ʩʪʘʙʽʣʴʥʦʛʦ ʢʣʘʩʪʝʨʘ-

ʧʝʨʝʤʠʯʢʠ, ʢʦʪʨʠʡ ʰʚʠʜʢʦ ʦʙʨʦʩʪʘʻ ʥʦʚʠʤʠ ʘʪʦʤʘʤʠ. ɺʽʜʤʽʪʠʤʦ, ʱʦ ʧʨʠ 

ʧʦʤʽʪʥʽʡ ʨʽʟʥʠʮʽ ʚ ʨʦʟʤʽʨʘʭ ʥʘʥʦʯʘʩʪʠʥʦʢ ʥʦʽ ʰʘʨʠ ʫʪʚʦʨʶʶʪʴʩʷ ʧʝʨʝʚʘʞʥʦ 

ʥʘ ʤʝʥʰʽʡ ʯʘʩʪʠʥʮʽ. ʆʙʨʘʚʰʠ ʦʜʥʫ ʟ ʚʠʧʘʜʢʦʚʠʭ ʨʝʘʣʽʟʘʮʽʡ ʧʨʦʮʝʩʫ, ʢʦʪʨʘ 

ʥʘʡʙʽʣʴʰ ʷʩʢʨʘʚʦ ʚʽʜʦʙʨʘʞʘʻʘʩʠʤʝʪʨʽʶ ʚ ʨʦʩʪʽ ʧʝʨʝʤʠʯʢʠ. ʇʨʦʪʝ ʚ ʨʝʰʪʽ 

ʚʘʨʽʘʥʪʽʚ ʝʢʩʧʝʨʠʤʝʥʪʽʚ ʟ ʦʙʨʘʥʠʤʠ ʧʘʨʘʤʝʪʨʘʤʠ (ʨʠʩ. 2.4) ʚʢʘʟʘʥʘ ʘʩʠʤʝʪʨʽʷ 

ʩʪʽʡʢʦ ʧʨʦʷʚʣʷʻʪʴʩʷ, ʭʦʯ ʽ ʚ ʨʽʟʥʽʡ ʤʽʨʽ, ʚ 8 ʟ 10 ʚʠʧʘʜʢʽʚ. ʏʘʩ ʚʩʪʘʥʦʚʣʝʥʥʷ 

ʢʦʥʪʘʢʪʫ cT   ʮʝ ʚʠʧʘʜʢʦʚʘ ʚʝʣʠʯʠʥʘ, ʘʣʝ ʚʦʥʘ ʟʤʽʥʶʻʪʴʩʷ ʚ ʜʦʩʠʪʴ ʚʫʟʴʢʦʤʫ 

ʧʨʦʤʽʞʢʫ: 6~ (0.9 1.2) 10cT - ³ . 

 

˾͙ͫΦ нΦрΦ ˾͜΄͔ͤͤΎ ͔͔͙ͭͪͦͫͭ͊ͭ͟͡;ͤͦ͝ ͊͒͊͘;͜ ͒͡Ύ ͚͙ͭͪ͜͟ ˹̉Φ 50R a= , 0 30r a= Σ ΄͙͙ͪͤ͊ ͊ͦͪͯ͘͘ 6a . 

˭͔͔͙͚ͤ͡ ς ͜͡Όͫͭͪ͊ͼ͜Ύ ͎͔͔ͦͣͭͪ͜͝ ͙͔͙ͫͫͭͣΦ ͔͍̉ͪͦͤ͊ ͤ͜͜͡Ύ ς ΅͜͡Έͤͫͭ͜Έ ͊ͪ͘Ύ͒ͯ όͨͦͭͦͯ͟ ( )s xF  ͍ ͍͒ͦ͜͡Έ͙ͤͻ 

͙͙ͦ͒ͤͼΎͻΦ ˽͍ͪ͊͊ ;͙͊ͫͭͤ͊ ͙ͪͫͯͤͯ͟ ͔͒ͭ͊͡Έͤͦ ͍͒ͦ͋ͪ͊͗͊͜Ί ͔͊͗ͤͫͭ͘͜͡Έ ΅͜͡Έͤͦͫͭ͜ ͨͦͭͦͯ͟ sF  ͙ͨͦ͋ͯ͘͡ ͨͦ͡Ό͍ͫ͜ 

;͙͊ͫͭͤͦ͟ a  ͭ ͊ b  ͍  ͔͊͗ͤͦͫͭ͘͜͡ ͍͒͜ ͪ͊͒ͯͫͯ͜ ͫͺ͔͙ͪ;͎ͤͦͦ ͔͎͔ͫͣͤͭͯ r . 
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ɸʩʠʤʝʪʨʽʷ ʚ ʫʪʚʦʨʝʥʥʽ ʧʝʨʝʤʠʯʦʢ ʙʝʟʧʦʩʝʨʝʜʥʴʦ ʧʦʚ'ʷʟʘʥʘ ʟ ʤʝʭʘʥʽʟʤʦʤ ʾʭ 

ʫʪʚʦʨʝʥʥʷ. ɻʨʘʥʽ (111) ʦʙʤʽʥʶʶʪʴʩʷ ʤʽʞ ʩʦʙʦʶ ʘʪʦʤʘʤʠ, ʱʦ ʚʠʧʘʨʦʚʫʶʪʴʩʷ ʟ 

ʥʠʭ ʪʘ ʭʘʦʪʠʯʥʦ ʨʫʭʘʶʪʴʩʷ ʚ ʟʘʟʦʨʽ. ʇʨʦʪʝ ʟʘ ʨʘʭʫʥʦʢ ʪʘʢʦʛʦ ʧʨʦʮʝʩʫ 

ʥʝʤʦʞʣʠʚʦ ʚʠʙʫʜʫʚʘʪʠ 4-5 ʜʦʜʘʪʢʦʚʠʭ ʰʘʨʽʚ (ʨʠʩ. 2.4d). ɺ ʦʙʨʘʥʽʡ ʤʦʜʝʣʽ 

ʩʠʩʪʝʤʘ ʯʘʩʪʠʥʦʢ ʦʪʦʯʝʥʘ ʜʦʩʠʪʴ ʚʫʟʴʢʠʤ ʰʘʨʦʤ ʚʽʣʴʥʦʛʦ ʧʨʦʩʪʦʨʫ. ʇʨʠ 

ʥʘʛʨʽʚʘʥʥʽ ʅʏ ʚʠʧʘʨʦʚʫʚʘʥʥʷ ʘʪʦʤʽʚ (ʦʩʦʙʣʠʚʦ ʟ ʨʝʙʝʨ ʨʽʚʥʦʚʘʞʥʦʾ ʬʦʨʤʠ -

ʨʠʩ. 2.1) ʥʝ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʟʥʘʯʥʦʾ ʚʪʨʘʪʠ ʤʘʩ. ʇʝʨʝʥʝʩʝʥʥʷ ʤʘʩ ʯʝʨʝʟ ʚʽʣʴʥʠʡ 

ʧʨʦʩʪʽʨ ʪʘ ʟʙʽʣʴʰʝʥʘ ʟ ʪʝʤʧʝʨʘʪʫʨʦʶ ʧʦʚʝʨʭʥʝʚʘ ʜʠʬʫʟʽʷ ʧʦʚ'ʷʟʘʥʠʭ ʘʪʦʤʽʚ 

ʟʘʦʢʨʫʛʣʶʶʪʴ ʯʘʩʪʠʥʢʠ ʪʘ ʤʦʞʫʪʴ ʧʨʠʟʚʦʜʠʪʠ ʜʦ ʫʪʚʦʨʝʥʥʷ ʥʦʚʠʭ ʱʘʨʽʚ ʥʘ 

ʛʨʘʥʷʭ. ɼʽʡʩʥʦ, ʪʘʢʽ ʰʘʨʠ ʫʪʚʦʨʶʶʪʴʩʷ. ɸʣʝ ʥʘ ʛʨʘʥʷʭ, ʥʝ ʦʙʝʨʥʝʥʠʭ ʜʦ 

ʟʘʟʦʨʫ, ʙʫʣʦ ʟʘʨʝʛʽʩʪʨʦʚʘʥʦ ʥʝ ʙʽʣʴʰʝ ʜʚʦʭ ʪʘʢʠʭ ʰʘʨʽʚ.  

 ɯʩʥʫʻ ʜʦʜʘʪʢʦʚʠʡ ʧʦʪʽʢ ʘʪʦʤʽʚ ʚ ʟʘʟʦʨ ʟ ʚʽʣʴʥʦʛʦ ʧʨʦʩʪʦʨʫ, ʩʧʨʠʯʠʥʝʥʠʡ 

ʙʽʣʴʰ ʽʥʪʝʥʩʠʚʥʠʤ ʾʭ ʚʠʧʘʨʦʚʫʚʘʥʥʷʤ ʟ ʩʫʤʽʞʥʠʭ ʛʨʘʥʝʡ (100), ʜʝ ʝʥʝʨʛʽʷ 

ʚʠʭʦʜʫ ʟ ʧʦʚʝʨʭʥʽ ʥʽʞʯʝ. ʑʽʣʴʥʽʩʪʴ ʜʦʜʘʪʢʦʚʦʛʦ ʜʠʬʫʟʽʡʥʦʛʦ ʧʦʪʦʢʫ ʘʪʦʤʽʚ ʪʘ 

ʧʨʠʣʷʛʘʶʯʽ ʜʦ ʟʘʟʦʨʫ ʜʽʣʷʥʢʠ ʧʦʚʝʨʭʥʽ ʥʘʥʦʯʘʩʪʠʥʦʢ ʥʝʦʜʥʦʨʽʜʥʘ. ʗʢʽʩʥʦ 

ʧʨʦʽʣʶʩʪʨʫʻʤʦ ʮʝ ʥʘ ʧʨʦʩʪʦʤʫ ʧʨʠʢʣʘʜʽ (ʨʠʩ.2.6). 
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ɺʽʜʦʤʦ, ʱʦ ʟʘʜʘʯʘ ʚʠʟʥʘʯʝʥʥʷ ʱʽʣʴʥʦʩʪʽ ʜʠʬʫʟʽʡʥʦʛʦ ʧʦʪʦʢʫ ( , , )s x y zF ʥʘ 

ʧʦʚʝʨʭʥʶ ʯʘʩʪʠʥʢʠ ʜʦʚʽʣʴʥʦʾ ʢʦʥʬʽʛʫʨʘʮʽʾ ʤʘʪʝʤʘʪʠʯʥʦ ʨʽʚʥʦʮʽʥʥʘ 

ʝʣʝʢʪʨʦʩʪʘʪʠʯʥʽʡ ʟʘʜʘʯʽ. ɺʝʣʠʯʠʥʘ sF  ʧʨʷʤʦʧʨʦʧʦʨʮʽʡʥʘ ʱʽʣʴʥʦʩʪʽ 

ʧʦʚʝʨʭʥʝʚʦʛʦ ʟʘʨʷʜʫ ʟʘʨʷʜʘ, ʨʦʟʨʘʭʦʚʘʥʦʛʦ ʚ ʧʨʠʧʫʱʝʥʥʽ, ʱʦ ʧʦʚʝʨʭʥʷ 

ʯʘʩʪʠʥʢʠ ʝʢʚʽʪʦʧʝʥʮʽʡʥʘ. ʅʘ ʨʠʩ. 2.5 ʚʠʜʥʦ, ʯʪʦ ʚ ʟʦʥʽ çʧʦʣʶʩʽʚè a  ʪʘ b  (ʟʦʥʽ 

ʫʪʚʦʨʝʥʥʷ ʧʝʨʝʤʠʯʢʠ) 
, ,( ) ( )s b s ar rF >F .  

ʇʝʨʰʽ ʜʦʜʘʪʢʦʚʽ ʰʘʨʠ ʤʘʶʪʴ ʬʦʨʤʫʚʘʪʠʩʷ ʧʝʨʝʚʘʞʥʦ ʥʘ ʤʝʥʴʰʽʡ ʯʘʩʪʠʥʮʽ 

ʽ ʫʪʚʦʨʶʚʘʪʠ ʥʘ ʾʾ ʧʦʚʝʨʭʥʽ ʥʘʥʦʚʠʩʪʫʧʠ. ɰʭ ʧʦʷʚʘ ʚʠʢʣʠʯʝ ʧʝʨʝʨʦʟʧʦʜʽʣ 

ʜʠʬʫʟʽʡʥʦʠʭ ʧʦʪʦʢʽʚ, ʩʧʨʠʷʶʯʠ ʨʦʟʰʠʨʝʥʥʶ ʚʞʝ ʚʠʥʠʢʰʠʭ ʰʘʨʽʚ ʽ 

ʫʪʚʦʨʝʥʥʶ ʥʦʚʠʭ ʥʘ ʚʝʨʰʠʥʽ ʚʠʩʪʫʧʫ. 

             

ʈʠʩ. 2.6. ʉʪʨʫʢʪʫʨʘ ʜʦʜʘʪʢʦʚʠʭ ʰʘʨʽʚ, ʢʦʪʨʽ ʚʠʨʦʩʪʘʶʪʴ ʚ ʟʘʟʦʨʽ ʤʽʞ ʅʏ ʧʦʙʣʠʟʫ 

ʤʝʥʴʰʦʾ ʯʘʩʪʠʥʢʠ (ʢʦʥʬʽʛʫʨʘʮʽʷ ʨʠʩ. 2.3ʘ). ɿʘʟʦʨ ʤʽʞ ʛʨʘʥʷʤʠ ~ 6aD , ʨʘʜʽʫʩ 

ʚʝʣʠʢʠʭ ʯʘʩʪʠʥʦʢ 50R a= , ʤʘʣʦʾ 0 30r a= . 0.8a= . ʂʦʞʝʥ ʰʘʨ ʧʨʝʜʩʪʘʚʣʝʥʠʡ 

ʚʣʘʩʥʠʤ ʢʦʣʴʦʨʦʤ. ʏʠʩʣʘ ʥʘʜ ʛʣʠʙʦʢʠʤ ʙʣʘʢʠʪʥʠʤ ʪʘ ʧʦʙʣʠʟʫ ʞʦʚʪʦʛʦ, 

ʦʣʠʚʢʦʚʦʛʦ ʪʘ ʩʚʽʪʣʦ ʙʣʘʢʠʪʥʦʛʦ ʚʢʘʟʫʶʪʴ ʚʽʜʩʦʪʥʦʚʠʡ ʩʢʣʘʜ ʚ ʫʪʚʦʨʝʥʠʭ 

ʯʦʪʠʨʴʦʭ ʜʦʜʘʪʢʦʚʠʭ ʰʘʨʘʭ ʘʪʦʤʽʚ, ʢʦʪʨʽ ʚ ʧʦʯʘʪʢʦʚʠʡ ʤʦʤʝʥʪ ʚʭʦʜʠʣʠ ʚ ʩʢʣʘʜ  

ʤʝʥʴʰʦʾ ʯʘʩʪʠʥʢʠ. ʏʘʩ ʚʢʘʟʘʥʦ ʚ ʦʜʠʥʠʮʷʭ 510 . ɼʦ ʤʦʤʝʥʪʫ 58 10t= ³  ʧʦʙʣʠʟʫ 

ʙʽʣʴʰʦʾ ʯʘʩʪʠʥʢʠ ʫʪʚʦʨʝʥʦ ʣʠʰʝ ʦʜʠʥ ʜʦʜʘʪʢʦʚʠʡ ʰʘʨ ʟ 60% ʚʤʽʩʪʦʤ çʚʣʘʩʥʠʭè 

ʘʪʦʤʽʚ ï ʧʨʘʚʘ ʯʘʩʪʠʥʘ ʨʠʩʫʥʢʫ ï (ʚʽʜʦʙʨʘʞʝʥʥʷ ʚ ʢʦʣʴʦʨʽ) 
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ʈʠʩ. 2.6 ʚʽʜʦʙʨʘʞʘʻ ʨʝʟʫʣʴʪʘʪʠ ʱʝ ʦʜʥʽʻʾ ʚʠʧʘʜʢʦʚʦʾ ʨʝʘʣʽʟʘʮʽʾ ʫʪʚʦʨʝʥʥʷ 

ʧʝʨʝʤʠʯʢʠ ʚ ʛʝʦʤʝʪʨʽʾ ʨʠʩ. 3a (ʧʦʯʘʪʢʦʚʽ ʧʘʨʘʤʝʪʨʠ ʪʘʢʽ ʞ, ʷʢ ʽ ʥʘ ʨʠʩ. 2.4) ʽ 

ʚʽʜʦʙʨʘʞʘʶʪʴ ʜʚʽ ʚʘʞʣʠʚʽ ʜʝʪʘʣʽ ʚ ʜʠʥʘʤʽʮʽ ʤʝʥʴʰʦʾ ʥʘʥʦʯʘʩʪʠʥʢʠ. 

 

¶ ɿʥʘʯʥʠʡ ʚʤʽʩʪ ʚ ʟʥʦʚ ʫʪʚʦʨʝʥʠʭ ʰʘʨʘʭ çʯʫʞʝʨʽʜʥʠʭè ʘʪʦʤʽʚ, 

ʧʨʠʙʫʚʰʠʭ ʟ ʚʝʣʠʢʦʾ ʩʫʩʽʜʥʴʦʾ ʯʘʩʪʠʥʢʠ, ʩʚʽʜʯʠʪʴ ʧʨʦ ʽʥʪʝʥʩʠʚʥʠʡ 

ʦʙʤʽʥ ʘʪʦʤʘʤʠ ʯʝʨʝʟ ʚʽʣʴʥʠʡ ʧʨʦʩʪʽʨ. 

 

¶ ʅʘ ʨʠʩ. 2.6 (ʽ 4) ʧʦʤʽʪʥʘ ʚʠʨʘʞʝʥʘ ʥʝʩʪʽʡʢʽʩʪʴ ʚ ʨʦʩʪʽ ʧʝʨʝʤʠʯʦʢ. 

ʅʘʚʝʣʠʢʘ ʧʦʯʘʪʢʦʚʘ ʨʽʟʥʠʮʷ ʚ ʱʽʣʴʥʦʩʪʷʭ ʧʦʪʦʢʫ ʚʽʣʴʥʠʭ ʘʪʦʤʽʚ ʥʘ 

ʧʦʚʝʨʭʥʶ ʥʘʥʦʯʘʩʪʠʥʦʢ ʚ ʦʙʣʘʩʪʽ ʾʭ ʧʦʣʶʩʽʚ a  ʪʘ b (ʨʠʩ. 2.5) 

ʥʘʨʦʩʪʘʻ ʚ ʯʘʩʽ ʚ ʥʘʩʣʽʜʦʢ ʨʦʟʚʠʪʢʫ ʥʘʥʦʚʠʩʪʫʧʫ ʥʘ ʤʝʥʴʰʽʡ 

ʯʘʩʪʠʥʮʽ. ɺ ʝʣʝʢʪʨʦʩʪʘʪʠʯʥʽʡ ʟʘʜʘʯʽ(ʜʣʷ ʟʤʽʥʠʚʰʦʾʩʷ ʛʝʦʤʝʪʨʽʾ 

ʩʠʩʪʝʤʠ) ʥʘ ʚʠʩʪʫʧʽ ʬʦʨʤʫʻʪʴʩʷ ʙʽʣʴʰ ʱʽʣʴʥʠʡ ʧʦʚʝʨʭʥʝʚʠʡ 

ʝʣʝʢʪʨʠʯʥʠʡ ʟʘʨʷʜ, ʱʦ ʚ ʥʘʰʦʤʫ ʚʠʧʘʜʢʫ ʚʽʜʧʦʚʽʜʘʻ ʟʙʽʣʴʰʝʥʥʶ 

ʱʽʣʴʥʦʩʪʽ ʧʦʪʦʢʫ ʚʽʣʴʥʠʭ ʘʪʦʤʽʚ ( )s rF  ʥʘ ʧʦʚʝʨʭʥʶ ʚʠʩʪʫʧʫ. 

ʇʝʨʝʨʦʟʧʦʜʽʣ ʜʠʬʫʟʽʡʥʠʭ ʧʦʪʦʢʽʚ ʚ ʟʘʟʦʨʽ ʥʘ ʢʦʨʠʩʪʴ ʤʝʥʴʰʦʾ ʅʏ 

ʙʣʦʢʫʻ ʫʪʚʦʨʝʥʥʷ ʥʦʚʠʭ ʰʘʨʽʚ ʥʘ ʚʝʣʠʢʽʡ ʯʘʩʪʠʥʮʽ(ʜʠʚ. ʨʠʩ.4,6). 

ɺʩʝ ʚʠʱʝʚʢʘʟʘʥʝ ʚʽʜʥʦʩʠʪʴʩʷ ʣʠʰʝ ʜʦ ʚʘʨʽʘʥʪʫ ʦʨʽʻʥʪʘʮʽʾ ʯʘʩʪʠʥʦʢ ʨʠʩ. 3ʘ 
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ɿʽ ʟʙʽʣʴʰʝʥʥʷʤ ʪʝʤʧʝʨʘʪʫʨʠ (

0.7a=  ʟʘʤʽʩʪʴ ʧʦʧʝʨʝʜʥʽʭ 0.8) ʯʘʩ 

ʫʪʚʦʨʝʥʥʷ ʧʝʨʝʤʠʯʢʠ ʟʥʠʞʫʻʪʴʩʷ ʜʦ 

5~ (4 5) 10cT - ³ .  ɺʝʣʠʯʠʥʘ cT  

ʟʤʝʥʴʰʫʻʪʴʩʷ ʪʘʢʦʞ ʧʨʠ ʟʚʫʞʝʥʥʽ 

ʟʘʟʦʨʫ. 

ʅʘʧʨʠʢʣʘʜ, ʜʣʷ ʨʦʟʤʽʨʽʚ 

ʯʘʩʪʠʥʦʢ 35R= , 0 21r = , 0.8a=  ʪʘ D 

ʚʽʜʧʦʚʽʜʥʠʤ 6 ʥʝʟʘʧʦʚʥʝʥʠʤ ʰʘʨʘʤ 

(111) (ʪʦʙʪʦ ʚʩʽ ʨʦʟʤʽʨʠ ʟʤʝʥʴʰʝʥʽ ʚ 

ʧʽʚʪʦʨʘ ʨʘʟʠ ʚʽʜʥʦʩʥʦ ʧʘʨʘʤʝʪʨʽʚ ʨʠʩ. 

2.4, 6) 5~ (1.8 3.2) 10cT - ³ .  ɺʘʨʪʦ ʟʚʝʨʥʫʪʠ 

ʫʚʘʛʫ ʥʘ ʪʝ, ʱʦ ʧʨʠ ʟʤʝʥʰʝʥʥʽ ʟʘʟʦʨʫ 

ʟʨʦʩʪʘʻ ʚʽʜʥʦʩʥʝ ʩʝʨʝʜʥʴʦʢʚʘʜʨʘʪʠʯʥʝ 

ʚʽʜʭʠʣʝʥʥʷ 
2 22

c c cT T Ts =è - øê ú . ʊʘʢʠʡ 

ʨʝʟʫʣʴʪʘʪ ʤʘʻ ʧʨʦʩʪʫ ʽʥʪʝʨʧʨʠʪʘʮʽʶ. 

ʆʩʥʦʚʥʠʡ ʯʘʩ ʜʣʷ ʬʦʨʤʫʚʘʥʥʷ 

ʧʝʨʝʤʠʯʢʠ ʚʠʪʨʘʯʘʻʪʴʩʷ ʥʘ ʧʦʙʫʜʦʚʫ 

ʧʨʦʪʷʞʥʠʭ ʚ ʧʨʦʩʪʦʨʽ ʜʦʜʘʪʢʦʚʠʭ ʰʘʨʽʚ (ʨʠʩ. 2.4) ʜʦ ʤʦʤʝʥʪʫ, ʢʦʣʠ ʩʫʩʽʜʥʽ 

ʯʘʩʪʠʥʢʠ ʨʦʟʜʽʣʷʻ ~3 ʥʝ ʟʘʧʦʚʥʝʥʠʭ ʰʘʨʠ. ʎʝʡ ʽʥʪʝʨʚʘʣ ʯʘʩʫ, 1cT , ʭʦʯ ʽ ʻ 

ʚʠʧʘʜʢʦʚʦʶ ʚʝʣʠʯʠʥʦʶ, ʧʨʦʪʝ ʜʠʩʠʪʴ ʩʪʘʙʽʣʴʥʠʡ ʧʦ ʪʨʠʚʘʣʦʩʪʽ ʚ ʨʽʟʥʠʭ 

ʨʝʘʣʽʟʘʮʽʷʭ ʧʨʦʮʝʩʫ. ʅʘ ʟʘʢʣʶʯʥʽʡ ʩʪʘʜʽʾ ʚ ʛʨʫ ʚʩʪʫʧʘʶʪʴ ʢʣʘʩʪʝʨʠ ʤʘʣʠʭ 

ʨʦʟʤʽʨʽʚ, ʢʦʪʨʽ ʜʨʝʡʬʫʶʪʴ ʧʦ ʧʨʦʪʠʣʝʞʥʠʤ ʛʨʘʥʷʤ. ɺ ʷʢʠʡʩʴ ʤʦʤʝʥʪ ʚʦʥʠ 

ʤʘʶʪʴ ʦʧʠʥʠʪʠʩʴ ʧʨʠʙʣʠʟʥʦ ʥʘʚʧʨʦʪʠ ʦʜʠʥ-ʦʜʥʦʛʦ, ʱʦʙ ʘʪʦʤʠ ʟ ʚʽʣʴʥʦʛʦ 

ʧʨʦʩʪʦʨʫ ʚʩʪʠʛʣʠ ʟʘʚʝʨʰʠʪʠ ʬʦʨʤʫʚʘʥʥʷ ʩʪʽʡʢʦʛʦ ʢʦʥʪʘʢʪʫ. ʉʘʤʝʮ ʮʷ ʩʪʘʜʽʷ, 

2cT , ʟʥʘʯʥʦ ʚʘʨʽʶʻʪʴʩʷ ʧʦ ʪʨʠʚʘʣʦʩʪʽ ʡ ʚʠʟʥʘʯʘʻ ʚʝʣʠʯʠʥʢ 2s  (ʧʨʠ ʟʚʫʞʝʥʥʷ 

ʟʘʟʦʨʫ ʩʢʦʨʦʯʫʻʪʴʩʷ ʯʘʩ 1cT  ʙʝʟ ʽʩʪʦʪʥʠʭ ʟʤʽʥ ʩʪʘʪʠʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ 2cT ). 

 

ʈʠʩ. 2.7. ɺʩʪʘʥʦʚʣʝʥʥʷ ʢʦʥʪʘʢʪʫ 

ʤʘʣʠʤʠ ʢʣʘʩʪʝʨʘʤʠ(ʩʪʨʽʣʢʠ) ʥʘ 

ʩʪʘʜʽʾ ʟʘʚʝʨʰʝʥʥʷ. 610t= . ʂʨʘʡʥʽ 

ʥʠʞʥʽʡ ʪʘ ʚʝʨʭʥʽʡ ʩʣʦʾ ï ʧʦʯʘʪʢʦʚʽ 

ʛʨʘʥʽ ʅʏ. ʎʝ ʨʝʟʫʣʴʪʘʪ ʱʝ ʦʜʥʽʻʾ 

ʨʝʘʣʽʟʘʮʽʾ ʜʠʥʘʤʽʢʠ ʩʠʩʪʝʤʠ ʟ 

ʧʘʨʘʤʝʪʨʘʤʠ ʨʠʩ. 2.4. 
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B. ʆʙʝʨʥʝʤʦ ʯʘʩʪʠʥʢʠ 

ʦʜʥʘ ʜʦ ʦʜʥʦʾ ʛʨʘʥʷʤʠ (111)-

ʨʠʩ. 3b-ʟ ʪʘʢʦʶ ʞ ʰʠʨʠʥʦʶ 

ʟʘʟʦʨʫ, ʷʢ ʽ ʥʘ ʨʠʩ. 2.4,2.6,2.7: 

6aD= . ʊʝʧʝʨ ʟʘʤʽʩʪʴ 9 ʰʘʨʽʚ 

(111) ʚ ʟʘʟʦʨ ʤʦʞʝ ʚʚʽʡʪʠ 11 

ʰʘʨʽʚ(100). ʑʽʣʴʥʽʩʪʴ 

ʚʘʢʘʥʩʽʡ ʚ ʟʘʟʦʨʽ ʥʝ 

ʟʤʽʥʠʣʘʩʴ.  ʍʦʯʘ ʛʨʘʥʽ (111) 

ʙʽʣʴʰʝ ʚʽʜʜʘʣʝʥʽ ʦʜʥʘ ʚʽʜ 

ʦʜʥʦʾ, ʧʨʦʪʝ ʱʽʣʴʥʽʰʝ 

ʟʘʧʦʚʥʝʥʽ, ʥʽʞ ʛʨʘʥʽ (100). 

ʍʘʨʘʢʪʝʨʥʠʡ ʨʝʟʫʣʴʪʘʪ 

ʯʠʩʝʣʴʥʠʭ ʝʢʩʧʝʨʠʤʝʥʪʽʚ 

ʟʦʙʨʘʞʝʥʠʡ ʥʘ ʨʠʩ. 2.8: 

ʧʝʨʝʤʠʯʢʘ ʤʽʞ ʯʘʩʪʠʥʢʘʤʠ 

ʥʝ ʫʪʚʦʨʶʻʪʴʩʷ, ʘ ʤʝʥʴʰʘ 

ʯʘʩʪʠʥʢʘ ʧʦʛʣʠʥʘʻʪʴʩʷ 

ʙʽʣʴʰʦʶ. ʇʨʦʚʽʚʰʠ ʷʢʽʩʥʠʡ 

ʘʥʘʣʽʟ ʜʠʥʘʤʽʢʠ ʩʠʩʪʝʤʠ ʚ 

ʨʦʟʛʣʷʥʫʪʦʤʫ ʚʘʨʽʘʥʪʽ.  

ʅʘʥʦʯʘʩʪʠʥʢʠ ʦʙʝʨʥʝʥʽ 

ʦʜʥʘ ʜʦ ʦʜʥʦʾ ʧʦʚʝʨʭʥʷʤʠ ʟ ʤʝʥʰʦʶ ʝʥʝʨʛʽʻʶ ʚʠʧʘʨʦʚʫʚʘʥʥʷ (8e). 

ɼʦʜʘʪʢʦʚʦʛʦ ʧʨʠʪʦʢʫ ʚʽʣʴʥʠʭ ʘʪʦʤʽʚ ʚ ʟʘʟʦʨ ʚʽʜ ʩʫʤʽʞʥʠʭ ʛʨʘʥʝʡ, ʷʢ ʮʝ ʙʫʣʦ ʚ 

ʚʠʧʘʜʢʫ ʨʠʩ. 3ʘ, ʥʝʤʘʻ, ʘʜʞʝ ʫ ʛʨʘʥʝʡ (111) ʝʥʝʨʛʽʷ ʚʠʭʦʜʫ ʚʠʱʘ ʟʘ(9e).  

ɺ ʧʦʯʘʪʢʦʚʽ ʤʦʤʝʥʪʠ ʯʘʩʫ ʧʨʦʷʚʣʷʻʪʴʩʷ ʤʝʭʘʥʽʟʤ ʩʘʤʦʢʣʘʩʪʝʨʠʟʘʮʽʾ 

ʬʦʨʤʫʚʘʥʥʷ ʜʦʜʘʪʢʦʚʠʭ ʰʘʨʽʚ, ʨʦʟʛʣʷʥʫʪʠʡ ʚ [23] ʜʣʷ ʚʠʧʘʜʢʫ ʧʨʦʩʪʦʾ 

ʢʫʙʽʯʥʦʾ ʛʨʘʪʢʠ. ʈʽʟʥʠʮʷ ʤʽʞ ʝʥʝʨʛʽʻʶ ʚʠʧʘʨʦʚʫʚʘʥʥʷ ʪʘ ʘʜʩʦʨʙʮʽʾ ʜʣʷ ʛʨʘʥʽ 

 

 

 

ʈʠʩ. 2.8. ɼʠʥʘʤʽʢʘ ʧʨʦʤʽʞʢʫ ʤʽʞ ʯʘʩʪʠʥʢʘʤʠ 

ʚ ʢʦʥʬʠʛʫʨʘʮʽʾ ʨʠʩ. 3b. 50R a= , 0 30r a= . 

0.7a= . ʐʠʨʠʥʘ ʟʘʟʦʨʫ ~ 6aD ,ʪʘʢʘ ʞ, ʷʢ ʽ ʚ 

ʚʘʨʽʘʥʪʘʭ ʨʠʩ. 2.4,2.6,2.7. ɿ ʫʨʘʭʫʚʘʥʥʷʤ 

ʤʝʥʴʰʦʾ ʚʽʜʩʪʘʥʽ ʤʽʞ ʰʘʨʘʤʠ(100) ʟʘʟʦʨ 

ʚʽʜʧʦʚʽʜʘʻ 11 ʥʝʟʘʧʦʚʥʝʥʠʤ ʩʣʦʷʤ. 510t= , 

55 10³ , 61.5 10³ . ʉʽʨʠʤ ʟʦʙʨʘʞʝʥʽ ʰʘʨʠ ʅʏ, 

ʟʘʧʦʚʥʝʥʽ ʚ ʧʦʯʘʪʢʦʚʠʡ ʤʦʤʝʥʪ, 0t= . 
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(100) ʨʽʚʥʘ 4e (6e ʜʣʷ (111)). ɿ ʮʽʻʾ ʧʨʠʯʠʥʠ ʥʘ ʛʨʘʥʷʭ (100) ʙʽʣʴʰʘ ʡʤʦʚʽʨʥʽʩʪʴ 

ʧʨʦʮʝʩʽʚ, ʟʘ ʷʢʠʭ ʘʪʦʤ ʟ ʟʘʧʦʚʥʝʥʦʛʦ ʰʘʨʫ ʧʝʨʝʤʽʱʫʻʪʴʩʷ ʚ ʚʘʢʘʥʩʽʶ 

ʩʫʩʽʜʥʴʦʛʦ ʰʘʨʫ ʙʝʟ ʚʪʨʘʪʠ ʟʚ'ʷʟʢʫ ʟ ʧʦʯʘʪʢʦʚʠʤ ʰʘʨʦʤ. ʊʘʢʽ ʙʘʛʘʪʦʩʪʫʧʽʥʯʘʪʽ 

ʧʝʨʝʭʦʜʠ ʧʨʠʟʚʦʜʷʪʴ ʜʦ ʫʪʚʦʨʝʥʥʷ/ʧʦʻʜʥʘʥʥʷ ʢʣʘʩʪʝʨʥʦʾ ʩʪʨʫʢʪʫʨʠ, 

ʚʧʨʦʚʘʜʞʝʥʽʡ ʚ 2-3 ʩʣʦʶ ʟʘʟʦʨʫ. (ʢʣʘʩʪʝʨʥʠʡ ʤʝʭʘʥʽʟʤ ʻ ʚʽʜʥʦʩʥʦ ʰʚʠʜʢʠʤ 

ʦʩʢʽʣʴʢʠ ʧʦʚ'ʷʟʘʥʠʡ ʟ ʩʪʨʠʙʢʘʤʠ ʘʪʦʤʽʚ ʥʘ ʤʘʣʽ ʜʠʩʪʘʥʮʽʾ). ɼʝʷʢʠʡ ʜʦʜʘʪʢʦʚʠʡ 

ʧʦʪʽʢ ʘʪʦʤʽʚ ʚ ʟʦʥʫ ʟʘʟʦʨʫ ʧʦʚ'ʷʟʘʥʠʡ ʟ ʧʝʨʝʥʝʩʝʥʥʷʤ ʤʘʩʠ ʯʝʨʝʟ ʚʽʣʴʥʠʡ 

ʧʨʦʩʪʽʨ ʽ ʧʦʚʝʨʭʥʝʚʦʾ ʜʠʬʫʟʽʾ ʚʽʜ ʨʝʙʝʨ ʢʨʠʩʪʘʣʫ(ʟʦʥ ʟ ʤʘʣʦʶ ʧʦʚʝʨʭʥʝʚʦʶ 

ʝʥʝʨʛʽʻʶ). 

 

a 

 

b 

 

c 
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  ʅʘ ʮʴʦʤʫ ʤʦʞʣʠʚʦʩʪʽ 

ʟʘʧʦʚʥʝʥʥʷ ʟʘʟʦʨʫ ʚʠʯʝʨʧʘʥʽ. 

ʃʠʰʠʚʰʠʩʴ ʽʟʦʣʴʦʚʘʥʦʶ ʤʘʣʘ 

ʢʘʧʣʷ(ʟ ʤʝʥʴʰʦʶ ʚ ʩʝʨʝʜʥʴʦʤʫ 

ʝʥʝʨʛʽʻʶ ʚʠʧʘʨʦʚʫʚʘʥʥʷ ʘʪʦʤʽʚ) 

ʧʦʛʣʠʥʘʻʪʴʩʷ ʙʽʣʴʰʦʶ.  

ʅʘ ʦʩʥʦʚʽ ʚʠʱʝʩʢʘʟʘʥʦʛʦ 

ʤʦʞʥʘ ʦʯʽʢʫʚʘʪʠ, ʱʦ ʧʝʨʝʤʠʯʢʘ 

ʫʪʚʦʨʶʻʪʴʩʷ ʧʨʠ ʟʘʟʦʨʽ ʚ 7 

ʥʝʟʘʧʦʚʥʝʥʠʭ ʰʘʨʽʚ. ʇʦ 2 ʩʣʦʷ ʟ 

ʢʦʞʥʦʛʦ ʙʦʢʫ ʟʘʙʝʟʧʝʯʠʪʴ 

ʰʚʠʜʢʠʡ ʤʝʭʘʥʽʟʤ ʩʘʤʦʢʣʘʩʪʝʨʠʟʘʮʽʾ. ʊʨʠ ʰʘʨʠ, ʱʦ ʣʠʰʠʣʠʩʷ ʚ ʷʢʠʡʩʴ 

ʤʦʤʝʥʪ ʫʪʚʦʨʷʪʴ ʢʦʥʪʘʢʪ ʟʘ ʜʦʧʦʤʦʛʦʶ ʚʠʧʘʜʢʦʚʦʾ çʛʦʣʢʦʚʦʾè (ʨʠʩ. 2.7) 

ʩʪʨʫʢʪʫʨʠ ʟ ʧʦʜʘʣʴʰʠʤ ʨʦʟʚʠʪʢʦʤ ʚ ʯʘʩʽ.  

ʉʘʤʝ ʪʘʢʠʡ ʩʮʝʥʘʨʽʡ ʨʝʘʣʽʟʦʚʘʥʦ ʥʘ ʨʠʩ. 2.9. ɼʣʷ ʩʠʩʪʝʤʠ ʯʘʩʪʠʥʦʢ ʟ 

ʪʘʢʠʤʠ ʞ ʛʝʦʤʝʪʨʠʯʥʠʤʠ ʧʘʨʘʤʝʪʨʘʤʠ, ʘʣʝ ʚ ʦʨʽʻʥʪʘʮʽʾ ʨʠʩ. 3ʘ (ʚ ʟʘʟʦʨ D 

ʚʭʦʜʠʪʴ 6 ʥʝʟʘʧʦʚʥʝʥʠʭ ʰʘʨʽʚ (111))  ʯʘʩ ʬʦʨʤʫʚʘʥʥʷ ʧʝʨʝʤʠʯʢʠ cT  ʧʨʠʙʣʠʟʥʦ 

ʚ ʪʨʠ ʨʘʟʠ ʙʽʣʴʰʠʡ ʚ ʥʘʩʣʽʜʦʢ ʧʦʚʽʣʴʥʦʛʦ ʬʦʨʤʫʚʘʥʥʷ ʜʦʜʘʪʢʦʚʠʭ 

ʱʽʣʴʥʦʟʘʧʦʚʥʝʥʠʭ ʰʘʨʽʚ. 

ɿʚʫʞʝʥʥʷ ʟʘʟʦʨʫ, ʷʢ ʽ ʚ ʚʘʨʽʘʥʪʽ ʨʠʩ.3ʘ, ʩʫʧʨʦʚʦʜʞʫʻʪʴʩʷ ʟʤʝʥʴʰʝʥʥʷʤ 

ʯʘʩʫ cT  ʪʘ ʨʦʩʪʦʤ ʡʦʛʦ ʚʽʜʥʦʩʥʦʛʦ ʩʝʨʝʜʥʴʦʢʚʘʜʨʘʪʠʯʥʦʛʦ ʚʽʜʭʠʣʝʥʥʷ. ʗʢʱʦ ʚ 

ʚʘʨʽʘʥʪʽ ʨʠʩ. 2.9 ʯʠʩʣʦ ʥʝ ʟʘʧʦʚʥʝʥʠʭ ʰʘʨʽʚ ʚ ʟʘʟʦʨʽ ʟʤʝʥʰʠʪʠ ʜʦ 6, ʪʦ 

44 10cT º ³  ʽ 0.4sº . 

 

 

  

 

d 

ʈʠʩ. 2.9. ɼʠʥʘʤʽʢʘ ʩʠʩʪʝʤʠ ʚ 

ʢʦʥʬʽʛʫʨʘʮʽʾ ʨʠʩ. 3b. 35R= , 0 21r = , 0.8a=  

ʽ 4aD=  ʚʽʜʧʦʚʽʜʥʠʤ 7 ʥʝʟʘʧʦʚʥʝʥʠʤ 

ʰʘʨʘʤ (100). 3(30,60,97,120) 10t= ³ . 

97000t=  - ʤʦʤʝʥʪ ʚʠʥʠʢʥʝʥʥʷ 

çʛʦʣʢʦʚʦʛʦè ʢʦʥʪʘʢʪʫ ʤʽʞ ʯʘʩʪʠʥʢʘʤʠ. 
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2.3. ɼʠʥʘʤʽʢʘ ʩʧʽʢʘʥʥʷ ʚ ʰʘʨʽ ʥʘʥʦʯʘʩʪʠʥʦʢ  

ʈʦʟʛʣʷʥʫʚʰʠ ʤʝʭʘʥʽʟʤʠ ʫʪʚʦʨʝʥʥʷ ʧʝʨʝʤʠʯʦʢ ʤʽʞ ʧʘʨʘʤʠ ʅʏ. ʎʝʡ ʧʨʦʮʝʩ 

ʻ ʧʦʧʝʨʝʜʥʴʦʶ ʩʪʘʜʽʻʶ ʩʧʽʢʘʥʥʷ ʚ 

ʩʠʩʪʝʤʽ ʥʘʥʦʯʘʩʪʠʥʦʢ. ʇʨʠ ʚʠʙʦʨʽ 

ʦʧʪʠʤʘʣʴʥʦʛʦ ʪʝʤʧʝʨʘʪʫʨʥʦʛʦ 

ʨʝʞʠʤʫ ʩʣʽʜ ʚʨʘʭʦʚʫʚʘʪʠ, ʱʦ 

ʯʘʩʪʢʠ ʨʦʟʧʦʜʽʣʝʥʽ ʟʘ ʨʦʟʤʽʨʘʤʠ, ʟʘ 

ʚʝʣʠʯʠʥʦʶ ʟʘʟʦʨʫ ʤʽʞ ʩʫʩʽʜʘʤʠ ʽ ʧʦ 

ʚʟʘʻʤʥʽʡ ʦʨʽʻʥʪʘʮʽʾ. ɺʩʽ 

ʧʝʨʝʨʘʭʦʚʘʥʽ ʬʘʢʪʦʨʠ ʚʧʣʠʚʘʶʪʴ ʥʘ 

ʯʘʩ ʫʪʚʦʨʝʥʥʷ ʧʝʨʝʤʠʯʦʢ Ὕ. ʎʝʡ 

ʚʘʞʣʠʚʠʡ ʧʘʨʘʤʝʪʨ ʟʤʽʥʶʻʪʴʩʷ ʚ 

ʰʠʨʦʢʠʭ ʤʝʞʘʭ, ʦʩʢʽʣʴʢʠ ʻ 

ʚʠʧʘʜʢʦʚʦʶ ʚʝʣʠʯʠʥʦʶ ʜʣʷ ʢʦʞʥʦʾ 

ʧʘʨʠ ʥʘʥʦʯʘʩʪʠʥʦʢ ʥʘʚʽʪʴ ʧʨʠ ʚʩʽʭ 

ʬʽʢʩʦʚʘʥʠʭ ʧʦʯʘʪʢʦʚʠʭ ʫʤʦʚʘʭ. ʂʨʽʤ ʪʦʛʦ, ʩʪʘʪʠʩʪʠʯʥʽ ʧʘʨʘʤʝʪʨʠ  Ὕ ʟʘʣʝʞʘʪʴ 

ʚʽʜ ʤʦʨʬʦʣʦʛʽʾ ʛʨʫʧʠ ʅʏ, ʱʦ ʦʪʦʯʫʶʪʴ ʚʠʜʽʣʝʥʫ ʧʘʨʫ. ʗʢʱʦ ʨʦʟʛʣʷʜʘʪʠ ʰʘʨ 

ʥʘʥʦʯʘʩʪʦʢ, ʪʦ ʚ ʽʜʝʘʣʴʥʦʤʫ ʚʘʨʽʘʥʪʽ ʩʧʽʢʘʥʥʷ ʢʦʞʥʘ ʟ ʥʘʥʦʯʘʩʪʠʥʦʢ 

ʚʩʪʘʥʦʚʣʶʻ ʢʦʥʪʘʢʪʠ ʟ ʥʘʡʙʣʠʞʯʠʤʠ ʩʫʩʽʜʘʤʠ, ʟʘ ʷʢʠʤʠ ʚ ʨʝʟʫʣʴʪʘʪʽ 

ʧʦʚʝʨʭʥʝʚʦʾ ʜʠʬʫʟʽʾ ʚʽʜʙʫʚʘʻʪʴʩʷ ʪʨʘʥʩʧʦʨʪ ʧʦʚ'ʷʟʘʥʠʭ ʘʪʦʤʽʚ, ʚʠʨʽʚʥʶʶʯʠ 

ʨʦʟʧʦʜʽʣ ʤʘʩʠ ʧʦ ʰʘʨʫ. ɺʽʜʟʥʘʯʠʤʦ, ʱʦ ʚ ʫʪʚʦʨʝʥʥʽ ʧʝʨʝʤʠʯʢʠ ʽʩʪʦʪʥʫ ʨʦʣʴ 

ʛʨʘʻ ʪʨʘʥʩʧʦʨʪ ʘʪʦʤʽʚ, ʢʦʪʨʽ ʚʠʧʘʨʫʚʘʣʠʩʷ ʯʝʨʝʟ ʚʽʣʴʥʠʡ ʧʨʦʩʪʽʨ. ɸʣʝ ʧʽʩʣʷ 

ʚʩʪʘʥʦʚʣʝʥʥʷ ʧʝʨʰʦʛʦ ʩʪʽʡʢʦʛʦ ʢʦʥʪʘʢʪʫ ʜʠʥʘʤʽʢʘ ʩʠʩʪʝʤʠ ʟʥʘʯʥʦʶ ʤʽʨʦʶ 

ʚʠʟʥʘʯʘʻʪʴʩʷ ʧʦʚʝʨʭʥʝʚʦʶ ʜʠʬʫʟʽʻʶ ʘʪʦʤʽʚ (ʜʠʚ. ʈʠʩ. 4e, ʈʠʩ. 9d -ʯʠʩʣʦ ʘʪʦʤʽʚ 

ʚ ʟʦʥʽ ʢʦʥʪʘʢʪʫ ʨʽʟʢʦ ʟʙʽʣʴʰʫʻʪʴʩʷ ʟʘ ʢʦʨʦʪʢʠʡ ʯʘʩ). 

ɿʥʘʯʥʠʡ ʨʦʟʢʠʜ ʫʪʚʦʨʝʥʥʷ ʤʦʞʣʠʚʠʭ ʧʝʨʝʤʠʯʦʢ ʧʦ ʯʘʩʫ Ὕ ʤʦʞʝ 

ʧʨʠʟʚʦʜʠʪʠ ʜʦ ʪʦʛʦ, ʱʦ ʯʘʩʪʢʘ, ʷʢʘ ʚʩʪʘʥʦʚʠʣʘ ʢʦʥʪʘʢʪ ʟ ʦʜʥʽʻʶ ʟ ʯʘʩʪʠʥʦʢ 

ʥʘʡʙʣʠʞʯʦʛʦ ʦʪʦʯʝʥʥʷ, ʙʫʜʝ ʟ ʯʘʩʦʤ ʥʘʩʪʽʣʴʢʠ ʪʨʘʥʩʬʦʨʤʦʚʘʥʘ ʟʘ ʬʦʨʤʦʶ, 

ʱʦ ʢʦʥʪʘʢʪʠ ʟ ʽʥʰʠʤʠ ʥʘʡʙʣʠʞʯʠʤʠ ʩʫʩʽʜʘʤʠ ʩʪʘʥʫʪʴ ʥʝʤʦʞʣʠʚʠʤʠ. 

   

 

ʈʠʩ. 2.10. ɼʚʘ ʪʠʧʠ ʚʠʧʘʜʢʦʚʦʛʦ ʟʘʧʦʚʥʝʥʥʷ 

ʨʦʟʨʘʭʫʥʢʦʚʦʾ ʦʙʣʘʩʪʽ ʨʦʟʤʽʨʦʤ ρυπὥ ρυπὥ. a 

ï ʪʠʧ I, b ï II . ɺ ʦʙʦʭ ʚʠʧʘʜʢʘʭ ʮʝʥʪʨʠ ʥʘʥʦʯʘʩʪʠʥʦʢ 

ʤʘʶʪʴ ʦʜʥʽ ʡ ʪʽ ʞ ʢʦʨʜʠʥʘʪʠ, ʧʨʦʪʝ ʜʣʷ II  ʪʠʧʫ 

ʟʘʛʘʣʴʥʝ ʯʠʩʣʦ ʘʪʦʤʽʚ ʧʨʠʙʣʠʟʥʦ ʥʘ 15% ʚʠ ʝɦ, ʥʽʞ ʜʣʷ 

ʪʠʧʫ I. ʄʽʥʽʤʘʣʴʥʘ ʚʽʜʩʪʘʥʴ ʤʞ̔ ʥʘʥʦʯʘʩʪʠʥʢʘʤʠ ʨʽʚʥʦ 

ςὥ (ʪʠʧ I)  ̔ὥ (ʪʠʧ II). ɼʠʥʘʤʽʢʘ ʜʚʦʭ ʚʽʜʤʽʯʝʥʠʭ 

ʞʦʚʪʠʭ ʥʘʥʦʯʘʩʪʠʥʦʢ, ʜʠʚ. ʨʠʩ. 2.10a, ʜʣʷ ʨʽʟʥʠʭ 

ʪʝʤʧʝʨʘʪʫʨʥʠʭ ʨʝʞʠʤʽʚ ʟʦʙʨʘʞʝʥʦ ʥʠʞʯʝ. 
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ʇʨʠʩʫʪʥʽʩʪʴ ʚ ʩʠʩʪʝʤʽ ʯʘʩʪʠʥʦʢ ʤʝʥʰʠʭ ʨʦʟʤʽʨʽʚ ʩʪʘʚʠʪʴ ʟʘʚʜʘʥʥʷ ʾʭ 

çʚʠʞʠʚʘʥʥʷè ʚ ʧʨʦʮʝʩʽ ʩʧʽʢʘʥʥʷ. ʂʦʥʪʘʢʪʠ, ʚʩʪʘʥʦʚʣʝʥʽ ʤʽʞ ʤʝʥʰʦʶ 

ʯʘʩʪʢʦʶ ʽ ʙʽʣʴʰʠʤʠ ʩʫʩʽʜʘʤʠ, ʤʦʞʫʪʴ ʙʫʪʠ ʢʘʥʘʣʘʤʠ ʪʨʘʥʩʧʦʨʪʫ ʘʪʦʤʽʚ ʷʢ ʜʦ 

ʮʽʻʾ ʯʘʩʪʠʥʢʠ, ʪʘʢ ʽ ʚʽʜ ʥʝʾ. ɺʩʝ ʟʘʣʝʞʠʪʴ ʚʽʜ ʩʧʽʚʚʽʜʥʦʰʝʥʥʷ ʨʦʟʤʽʨʽʚ 

ʥʘʥʦʯʘʩʪʠʥʦʢ ʽ ʪʝʤʧʝʨʘʪʫʨʠ [24]. ʅʝʦʙʭʽʜʥʠʡ ʚʠʙʽʨ ʪʘʢʦʾ ʟʤʽʥʠ ʪʝʤʧʝʨʘʪʫʨʠ 

ʟʘ ʯʘʩʦʤ, Ὕὸ, ɦ ʦʙ ʥʝ ʜʦʧʫʩʪʠʪʠ ʤʘʩʦʚʦʛʦ ʧʦʛʣʠʥʘʥʥʷ ʤʘʣʦʨʦʟʤʽʨʥʠʭ 

ʥʘʥʦʯʘʩʪʠʥʦʢ. 

ʌʽʟʠʯʥʽ ʧʨʠʥʮʠʧʠ ʬʦʨʤʫʚʘʥʥʷ ʦʧʪʠʤʘʣʴʥʦʛʦ ʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʨʝʞʠʤʫ, 

ʪʦʙʪʦ ʟʘʣʝʞʥʦʩʪʽ Ὕὸ, ʜʦʩʣʽʜʞʫ ʁ ʥʘ ʧʨʠʢʣʘʜʽ ʤʦʥʦʰʘʨʫ, ʷʢʠʡ ʤʽʩʪʠʪʴ 

ʙʣʠʟʴʢʦ 200 ʥʘʥʦʯʘʩʪʠʥʦʢ. ʄʦʞʣʠʚʦʩʪʽ ʯʠʩʣʝʥʥʠʭ ʝʢʩʧʝʨʠʤʝʥʪʽʚ ʦʙʤʝʞʝʥʽ 

ʟʘʛʘʣʴʥʠʤ ʯʠʩʣʦʤ ʘʪʦʤʽʚ ʚ ʩʠʩʪʝʤʽ. ʉʘʤʝ ʪʦʤʫ ʚ ʤʦʜʝʣʽ ʩʝʨʝʜʥʽʡ ʜʽʘʤʝʪʨ ʅʏ 

ʨʽʚʥʠʡ Ὀ ρπὥ. ʑʽʣʴʥʽʩʪʴ ʬʫʥʢʮʽʾ ʨʦʟʧʦʜʽʣʫ ʯʘʩʪʠʥʦʢ ʟʘ ʨʦʟʤʽʨʘʤʠ 

ὴὈ Ὡͯὼὴ , „ ςὥ, ʪʦʙʪʦ ộЎὈỚȾộὈỚ πȢπτ. ʎʝʥʪʨʠ ʯʘʩʪʠʥʦʢ 

ʣʝʞʘʪʴ ʚ ʦʜʥʽʡ ʧʣʦʱʠʥʽ (ᾀ π). ɺʽʣʴʥʠʡ ʧʨʦʩʪʽʨ ʜʣʷ ʜʨʝʡʬʫ ʚʠʧʘʨʫʚʘʚʰʠʭʩʷ 

ʚ ʧʨʦʮʝʩʽ ʩʧʽʢʘʥʥʷ ʘʪʦʤʽʚ ʦʙʤʝʞʝʥʦ ʦʙʦʣʦʥʢʦʶ ᾀ ᾀὼȟώ, ʚʽʜʜʘʣʝʥʦʶ ʚʽʜ 

ʧʦʚʝʨʭʥʽ ʯʘʩʪʠʥʦʢ ʥʘ φὥ. 

  

ʈʠʩ. 2.11. ʊʝʤʧʝʨʘʪʫʨʥʽ ʨʝʞʠʤʠ ʱʦ ʚʠʢʦʨʠʩʪʦʚʫʚʘʣʠʩʷ ʚ ʯʠʩʣʝʥʥʠʭ 

ʝʢʩʧʝʨʠʤʝʥʪʘʭ.  A- ʢʦʨʦʪʢʠʡ ʪʝʧʣʦʚʦʡ ʽʤʧʫʣʴʩ, ɺ ï ʪʨʠʚʘʣʠʡ ʚ ʯʘʩʽ. ɺ 

ʧʦʜʘʣʴʰʦʤʫ ʚʘʨʽʘʥʪ ʨʦʟʨʘʭʫʥʢʫ ʢʦʨʦʪʢʦʛʦ ʽʤʧʫʣʴʩʫ ʟ ‌ πȢχ ʙʝʜʝʤʦ 

ʧʦʟʥʘʯʘʪʠ ɸ07 ʡ ʘʥʘʣʦʛʽʯʥʦ ʚ ʽʥʰʠʭ ʚʠʧʘʜʢʘʭ. 
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ʈʦʟʛʣʷʥʫʪʦ ʜʚʘ ʪʠʧʠ ʟʘʧʦʚʥʝʥʥʷ ʨʦʟʨʘʭʫʥʢʦʚʦʾ ʦʙʣʘʩʪʽ ʚ ʤʦʤʝʥʪ ὸ π 

(ʈʠʩ. 2.10). ʊʠʧ I - ʟʘʟʦʨʠ ʤʽʞ ʯʘʩʪʠʥʢʘʤʠ Ў ςὥ, ʽ ʪʠʧ II - Ў ὥ. ɼʣʷ ʢʦʞʥʦʛʦ 

ʦʙʨʘʥʦʛʦ ʪʝʧʣʦʚʦʛʦ ʨʝʞʠʤʫ Ὕὸ  ʙʫʣʦ ʧʨʦʚʝʜʝʥʦ ʧʦ 10 ʯʠʩʝʣʴʥʠʭ 

ʝʢʩʧʝʨʠʤʝʥʪʽʚ ʟ ʥʝʟʘʣʝʞʥʠʤʠ ʚʠʧʘʜʢʦʚʠʤʠ ʨʝʘʣʽʟʘʮʽʷʤʠ ʨʦʟʧʦʜʽʣʽʚ ʯʘʩʪʠʥʦʢ 

ʟʘ ʨʦʟʤʽʨʘʤʠ ʽ ʟʘ ʢʦʦʨʜʠʥʘʪʘʤʠ ʾʭ ʮʝʥʪʨʽʚ. 

ʇʨʦʚʽʚʰʠ ʯʠʩʝʣʴʥʽ ʝʢʩʧʝʨʠʤʝʥʪʠ ʜʣʷ ʙʝʟʣʽʯʽ ʪʝʤʧʝʨʘʪʫʨʥʠʭ ʨʝʞʠʤʽʚ. 

ɯʣʶʩʪʨʘʮʽʶ ʦʩʥʦʚʥʠʭ ʟʘʢʦʥʦʤʽʨʥʦʩʪʝʡ ʩʧʽʢʘʥʥʷ ʩʠʩʪʝʤʠ ʥʘʥʦʯʘʩʪʠʥʦʢ 

ʧʨʝʜʩʪʘʚʠʤʦ ʜʣʷ ʟʘʣʝʞʥʦʩʪʝʡ Ὕὸ, ʱʦ ʩʢʣʘʜʘʶʪʴʩʷ ʟ ʜʚʦʭ ʣʽʥʽʡʥʠʭ ʜʽʣʷʥʦʢ 

(ʜʠʚ. ʈʠʩ. 2.11-ʚ ʥʘʰʽʡ ʤʦʜʝʣʽ ʧʘʨʘʤʝʪʨ ‌ͯ ρȾὝ). ʅʘʛʨʽʚʘʥʥʷ ʩʠʩʪʝʤʠ ʜʦ 

ʤʘʢʩʠʤʘʣʴʥʦʾ ʪʝʤʧʝʨʘʪʫʨʠ ʩʫʧʨʦʚʦʜʞʫʻʪʴʩʷ ʙʽʣʴʰ ʪʨʠʚʘʣʠʤ ʦʭʦʣʦʜʞʝʥʥʷʤ. 

ʇʦʯʘʪʢʦʚʽ ʽ ʢʽʥʮʝʚʽ ʩʪʘʥʠ, ʢʦʣʠ ‌ͯ ρȢυ ς, ʚʽʜʧʦʚʽʜʘʶʪʴ ʜʫʞʝ ʧʦʚʽʣʴʥʠʤ 

ʧʦʚʝʨʭʥʝʚʠʤ ʷʚʠʱʘʤ, ʷʢʽ ʧʨʘʢʪʠʯʥʦ ʥʝ ʟʤʽʥʶʶʪʴ ʤʦʨʬʦʣʦʛʽʶ ʩʠʩʪʝʤʠ ʧʽʩʣʷ ʚ 

ʨʽʟʥʽʡ ʤʽʨʽ ʨʝʟʫʣʴʪʘʪʠʚʥʦʛʦ ʩʧʽʢʘʥʥʷ. 

ʆʧʪʠʤʘʣʴʥʠʡ ʨʝʞʠʤ ʩʧʽʢʘʥʥʷ, ʚʽʜʧʦʚʽʜʘʻ ʪʝʧʣʦʚʦʤʫ ʨʝʞʠʤʫ, ʢʦʣʠ ʙʫʜʴ-

ʷʢʘ ʯʘʩʪʢʘ ʩʠʩʪʝʤʠ ʚʩʪʘʥʦʚʣʶʻ ʢʦʥʪʘʢʪʠ ʟ ʫʩʽʤʘ ʥʘʡʙʣʠʞʯʽʡ ʩʫʩʽʜʘʤʠ. ʊʘʢʽ 

ʢʦʥʪʘʢʪʠ ʥʝ ʤʦʞʫʪʴ ʙʫʪʠ ʚʩʪʘʥʦʚʣʝʥʽ ʦʜʥʦʯʘʩʥʦ, ʘʣʝ ʙʘʞʘʥʦ ʩʢʦʨʦʪʠʪʠ 

 

a                                           b 

 

c                                          d 

ʈʠʩ. 2.12. ɼʠʥʘʤʠʢʘ ʢʦʥʪʘʢʪʦʚ ʧʘʨʳ ʥʘʥʦʯʘʩʪʠʮ, ʚʳʜʝʣʝʥʥʳʭ 

yellow ʚ ʥʘ ʯʘʣʴʥʦʤ ʩʦʩʪʦʷʥʠʠ ʥʘ ʨʠʩ. 2.10ʘ. ʊʝʧʣʦʚʦʡ ʨʝʞʠʤ  ɸ07, 

ὸ φȠφȢυȠχȠχȢυ ρπ. ʋʩʪʘʥʦʚʣʝʥʥʳʝ ʥʘ ʨʠʩ. 2.12d  ʢʦʥʪʘʢʪʳ 

ʩʦʭʨʘʥʷʶʪʩʷ ʜʦ ʟʘʚʝʨʰʝʥʠʷ ʧʨʦʮʝʩʩʘ ʩʧʝʢʘʥʠʷ. 
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ʯʘʩʦʚʠʡ ʧʨʦʤʽʞʦʢ ʾʭ ʬʦʨʤʫʚʘʥʥʷ. ɺ ʽʥʰʦʤʫ ʚʠʧʘʜʢʫ ʧʝʨʝʥʝʩʝʥʥʷ ʤʘʩ ʧʽʩʣʷ 

ʚʩʪʘʥʦʚʣʝʥʥʷ ʧʝʨʰʠʭ ʢʦʥʪʘʢʪʽʚ ʤʦʞʝ ʧʦʚʥʽʩʪʶ ʚʠʢʣʶʯʠʪʠ ʫʪʚʦʨʝʥʥʷ 

ʟʘʧʽʟʥʽʣʠʭ ʚ ʯʘʩʽ, ʘʣʝ ʩʧʦʯʘʪʢʫ ʤʦʞʣʠʚʠʭ ʢʦʥʪʘʢʪʽʚ. ʇʦʩʪʘʚʣʝʥʫ ʟʘʜʘʯʫ 

ʚʠʨʽʰʫʻ ʽʥʪʝʥʩʠʚʥʠʡ ʢʦʨʦʪʢʠʡ ʧʨʦʛʨʽʚ (ʜʠʚ. ʈʠʩ. 2.12 ʪʝʧʣʦʚʠʡ ʨʝʞʠʤ ɸ07). 

ʅʘ ʥʴʦʤʫ ʧʦʢʘʟʘʥʦ ʝʚʦʣʶʮʽʶ ʜʚʦʭ ʥʘʥʦʯʘʩʪʠʥʦʢ, ʟʘʟʥʘʯʝʥʠʭ ʞʦʚʪʠʤ ʥʘ 

ʧʦʯʘʪʢʦʚʦʤʫ ʨʦʟʧʦʜʽʣʽ ʨʠʩ. 2.10ʘ. ɺʠʜʽʣʝʥʽ ʯʘʩʪʢʠ ʚʩʪʘʥʦʚʣʶʶʪʴ ʢʦʥʪʘʢʪʠ ʟ 

ʯʦʪʠʨʤʘ ʥʘʡʙʣʠʞʯʠʤʠ ʩʫʩʽʜʘʤʠ ʜʦ ʤʦʤʝʥʪʫ ʜʦʩʷʛʥʝʥʥʷ ʥʘʡʙʽʣʴʰʦʾ 

ʪʝʤʧʝʨʘʪʫʨʠ. 

ʊʝʤʧʝʨʘʪʫʨʥʠʡ ʨʝʞʠʤ ɸ09 (ʚʽʜʨʽʟʥʷʻʪʴʩʷ ʚʽʜ ɸ07 ʪʽʣʴʢʠ ʟʥʘʯʝʥʥʷʤ 

ʤʘʢʩʠʤʘʣʴʥʦʾ ʪʝʤʧʝʨʘʪʫʨʠ) ʥʝʜʦʩʪʘʪʥʴʦ ʧʨʦʛʨʽʚʘʻ ʩʠʩʪʝʤʫ ʯʘʩʪʠʥʦʢ; 

ʚʩʪʘʥʦʚʣʝʥʽ ʪʽʣʴʢʠ ʜʚʘ ʢʦʥʪʘʢʪʠ ʣʽʚʦʶ ʯʘʩʪʠʥʢʦʶ ʽ ʪʨʠ ï ʧʨʘʚʦʶ (ʨʠʩ. 2.13ʘ). 

ʇʨʠ ʟʙʽʣʴʰʝʥʥʽ ʪʨʠʚʘʣʦʩʪʽ ʥʘʛʨʽʚʘʥʥʷ (ʟʥʠʞʝʥʥʷ ʰʚʠʜʢʦʩʪʽ ʧʽʜʚʠʱʝʥʥʷ 

ʪʝʤʧʝʨʘʪʫʨʠ: ʨʝʞʠʤ ɺ09- ʨʠʩ.13b ʽ ɺ07- ʨʠʩ. 2.13ʩ) ʟʙʽʣʴʰʫʶʪʴʩʷ ʪʠʤʯʘʩʦʚʽ 

ʽʥʪʝʨʚʘʣʠ ʤʽʞ ʤʦʤʝʥʪʘʤʠ ʫʪʚʦʨʝʥʥʷ ʤʦʞʣʠʚʠʭ ʢʦʥʪʘʢʪʽʚ. ɿʘʪʷʞʥʝ ʟʘ ʯʘʩʦʤ 

ʧʦʚʝʨʭʥʝʚʝ ʧʝʨʝʥʝʩʝʥʥʷ ʤʘʩ ʜʦ ʚʞʝ ʚʠʥʠʢʰʠʭ ʢʦʥʪʘʢʪʽʚ (ʜʦ ʧʦʷʚʠ ʥʦʚʠʭ) 

ʟʤʽʥʶʻ ʤʦʨʬʦʣʦʛʽʶ ʩʠʩʪʝʤʠ ʽ ʫʩʢʣʘʜʥʶʻ ʫʪʚʦʨʝʥʥʷ ʮʠʭ ʥʦʚʠʭ ʢʦʥʪʘʢʪʽʚ. 

ʊʘʢʠʡ ʝʬʝʢʪ ʦʩʦʙʣʠʚʦ ʚʠʨʘʞʝʥʠʡ ʧʨʠ ʙʽʣʴʰʽʡ ʤʘʢʩʠʤʘʣʴʥʽʡ ʪʝʤʧʝʨʘʪʫʨʽ 

(ʧʦʚʝʨʭʥʝʚʦʾ ʨʫʭʣʠʚʦʩʪʽ ʘʪʦʤʽʚ): ʧʦʨʽʚʥʷʡʪʝ ʨʠʩ. 2.13ʩ ʟ ʨʠʩ.12d. 

   

                  a                                                b                              c  

ʈʠʩ. 2.13. ʂʦʥʪʘʢʪʠ, ʫʪʚʦʨʝʥʽ ʥʘʥʦʯʘʩʪʠʥʢʘʤʠ, ʚʠʜʽʣʠʥʠʤʠ ʞʦʚʪʠʤ ʢʦʣʴʦʨʦʤ ʥʘ ʨʠʩ. 2.10ʘ ʚ 

ʨʽʟʥʦʤʘʥʽʪʥʠʭ ʪʝʧʣʦʚʠʭ ʨʝʞʠʤʘʭ.  a,  b,  c- ʪʝʤʧʝʨʘʪʫʨʥʠʡ ʪʝʞʠʤ  ɸ09   (ὸ ρςπππȟ  ɺ09 (ὸ

υππππ) ,  ɺ07 (ὸ σππππ).  ɺʩʪʘʥʦʚʣʝʥʳ ʢʦʥʪʘʢʪʠ ʥʝ ʨʫʡʥʫʶʪʴʩʷ ʟ ʧʣʠʥʦʤ ʯʘʩʫ, ʥʦʚʠʭ ʢʦʥʪʘʢʪʳʚ 

ʚʢʘʟʘʥʳ ʯʘʩʪʠʥʢʠ ʥʝ ʫʪʚʦʨʶʶʪʴ  
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ʄʘʣ. 2.14 ʜʝʤʦʥʩʪʨʫʻ ʧʨʦʷʚ ʝʬʝʢʪʫ 

ʧʦʛʣʠʥʘʥʥʷ ʤʝʥʰʦʾ ʅʏ ʙʽʣʴʰʠʤʠ 

ʩʫʩʽʜʘʤʠ (ʥʝʙʘʞʘʥʦʛʦ ʜʣʷ ʩʧʽʢʘʥʥʷ). 

ɿʥʠʢʥʝʥʥʷ ʪʘʢʦʾ ʅʏ ʩʚʽʜʦʤʦ ʬʦʨʤʫʻ 

ʜʝʬʝʢʪ (ʧʦʨʦʞʥʝʯʫ) ʚ ʰʘʨʽ ʩʧʽʢʘʥʥʷ 

(ʨʠʩ. 2.14ʝ). ʄʝʞʽ ʦʪʚʦʨʫ ʻ ʟʦʥʘʤʠ 

ʚʝʣʠʢʦʾ ʢʨʠʚʠʟʥʠ ʟ ʤʘʣʦʶ ʝʥʝʨʛʽʻʶ 

ʟʚ'ʷʟʢʫ ʘʪʦʤʽʚ. ɺ ʨʝʟʫʣʴʪʘʪʽ 

ʧʦʚʝʨʭʥʝʚʦʾ ʜʠʬʫʟʽʾ ʽ ʚʽʜʪʦʢʫ ʘʪʦʤʽʚ 

ʚʽʜ ʢʦʨʜʦʥʽʚ ʪʘʢʦʾ ʦʙʣʘʩʪʽ ʦʪʚʽʨ ʙʫʜʝ 

ʨʦʟʰʠʨʶʚʘʪʠʩʷ, ʷʢʱʦ ʩʚʦʻʯʘʩʥʦ ʥʝ 

ʟʤʝʥʰʠʪʠ ʪʝʤʧʝʨʘʪʫʨʫ ʜʣʷ 

ʚʩʪʘʥʦʚʣʝʥʥʷ ʟʘʤʦʨʦʞʝʥʦʛʦ ʩʪʘʥʫ 

ʩʠʩʪʝʤʠ. 

ʄʦʞʥʘ ʦʮʽʥʠʪʠ ʤʘʢʩʠʤʘʣʴʥʠʡ ʨʦʟʢʠʜ ʥʘʥʦʯʘʩʪʠʥʦʢ ʧʦ ʨʦʟʤʽʨʘʭ ʜʣʷ ʪʦʛʦ, ʱʦʙ 

ʚʠʢʣʶʯʠʪʠ ʝʬʝʢʪ ʧʦʛʣʠʥʘʥʥʷ ʤʝʥʰʠʭ ʟʘ ʨʦʟʤʽʨʘʤʠ ʥʘʥʦʯʘʩʪʠʥʦʢ. 

ʋʷʚʽʤʦ, ʱʦ ʚ ʧʦʯʘʪʢʦʚʦʤʫ ʩʪʘʥʽ ʤʠ ʤʘʻʤʦ ʜʚʽ ʚʝʣʠʢʠʭ ʅʏ ʟ ʨʘʜʽʫʩʦʤ R ʽ ʤʝʥʰʫ 

ʤʽʞ ʥʠʤʠ ʟ ʨʘʜʽʫʩʦʤ r. ʇʨʠ ʧʽʜʚʠʱʝʥʥʽ ʪʝʤʧʝʨʘʪʫʨʠ ʤʘʣʘ ʅʏ ʫʪʚʦʨʠʣʘ 

ʮʠʣʽʥʜʨʠʯʥʠʡ ʢʦʥʪʘʢʪ (ʜʠʚ. ʈʠʩ. 2.14d) c ʨʘʜʽʫʩʦʤ r_c. ʗʢʱʦ ʟʥʝʭʪʫʚʘʪʠ 

ʧʦʯʘʪʢʦʚʠʤʠ ʟʘʟʦʨʘʤʠ ʤʽʞ ʥʘʥʦʯʘʩʪʠʥʢʘʤʠ, ʪʦ ʜʦʚʞʠʥʘ ʢʦʥʪʘʢʪʫ ὰͯςὶ. ɿʽ 

ʩʧʽʚʚʽʜʥʦʰʝʥʥʷ  ὶ ςὶ “ὶ ʦʪʨʠʤʫʻʤʦ, ʱʦ ὶ ὶ. ɼʣʷ ʟʙʝʨʝʞʝʥʥʷ 

ʤʝʥʰʦʶ ʅʏ ʥʝʦʙʭʽʜʥʦ, ʱʦʙ ʪʨʘʥʩʧʦʨʪ ʘʪʦʤʽʚ ʜʦ ʟʦʥʠ ʧʨʠʤʠʢʘʥʥʷ ʮʠʣʽʥʜʨʘ 

 

            a                        b                               c                         d                             e 

ʈʠʩ. 2.14. ɼʠʥʘʤʢ̔ʘ ʬʨʘʛʤʝʥʪʫ ʩʠʩʪʝʤʠ ʧʨʠ ʦʜʥʦʤʫ ʟ ʚʠʧʘʜʢʦʚʠʭ ʨʝʘʣʽʟʘʮʽʡ ʾʾ ʟʘʧʦʚʥʝʥʥʷ ʟʘ ʪʠʧʦʤ I. 

ʊeʤʧʝʨʘʪʫʨʥʳʡ ʨʝʞʠʤ  ɸ07;  ὸ π, υχππȟψπππ, ρτπππ, ρυπππ. 

 

 

 

ʈʠʩ. 2.15. ʍʘʨʘʢʪʝʨʥʽ ʩʪʨʫʢʪʫʨʠ ʟ ʩʧʽʢʰʠʭʩʷ 

ʥʘʥʦʯʘʩʪʠʥʦʢ, ʦʪʨʠʤʘʥʽ ʚ ʨʽʟʥʠʭ ʪʝʤʧʝʨʘʪʫʨʥʠʭ 

ʨʝʞʠʤʘʭ ʜʣʷ ʪʠʧʫ I ʧʦʯʘʪʢʦʚʦʛʦ ʩʪʘʥʫ ʰʘʨʫ.   

a,b,c,d ï ʪʝʤʧʝʨʘʪʫʨʥʽ ʨʝʞʠʤʠ ɸ07, A09, B07 ,B09 
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ʜʦ ʩʬʝʨʠ (ʦʙʣʘʩʪʽ, ʱʦ ʤʘʻ ʥʝʛʘʪʠʚʥʫ ʢʨʠʚʠʟʥʫ) ʟʘʙʝʟʧʝʯʫʚʘʣʠ ʚʝʣʠʢʽ ʯʘʩʪʢʠ. 

ɯʤʦʚʽʨʥʽʩʪʴ ʩʪʨʠʙʢʘ ʧʦʚ'ʷʟʘʥʦʛʦ ʘʪʦʤʘ ʫʟʜʦʚʞ ʧʦʚʝʨʭʥʽ (ʢʦʝʬʽʮʽʻʥʪ 

ʧʦʚʝʨʭʥʝʚʦʾ ʜʠʬʫʟʽʾ Ὀ), ʟʘʣʝʞʠʪʴ ʚʽʜ ʩʝʨʝʜʥʴʦʛʦ ʯʠʩʣʘ ʩʫʩʽʜʽʚ (ʢʨʠʚʠʟʥʠ 

ʧʦʚʝʨʭʥʽ). ʆʮʽʥʢʦʶ ʢʨʠʪʝʨʽʶ çʚʠʞʠʚʘʥʥʷè ʤʘʣʦʾ ʯʘʩʪʢʠ ʤʦʞʝ ʙʫʪʠ ʥʝʨʽʚʥʽʩʪʴ 

Ὀȟ Ὀȟ   ʱʦ ʧʨʠʚʦʜʠʪʴ ʜʦ ʩʧʽʚʚʽʜʥʦʰʝʥʥʷ ʜʣʷ ʢʨʠʚʠʟʥʠ 

ʧʦʚʝʨʭʦʥʴ  ρȾὶ<2/R ʘʙʦ ὶṃπȢφὙ. ʎʷ ʛʨʫʙʘ ʦʮʽʥʢʘ ʟʘʜʦʚʽʣʴʥʦ ʫʟʛʦʜʞʫʻʪʴʩʷ ʟ 

ʨʝʟʫʣʴʪʘʪʘʤʠ ʯʠʩʝʣʴʥʠʭ ʝʢʩʧʝʨʠʤʝʥʪʽʚ, ʚʠʢʦʥʘʥʠʭ ʜʣʷ ʧʨʷʤʦʛʦ ʣʘʥʮʶʞʢʘ ʟ 

ʪʨʴʦʭ ʯʘʩʪʠʥʦʢ. ɿ ʥʝʾ ʚʠʧʣʠʚʘʻ ʨʝʢʦʤʝʥʜʘʮʽʷ ʧʨʦ ʛʨʘʥʠʯʥʫ ʤʽʨʫ ʧʦʨʫʰʝʥʥʷ 

ʤʦʥʦʜʠʩʧʝʨʩʥʦʩʪʽ ʥʘʥʦʯʘʩʪʠʥʦʢ ʚ ʰʘʨʽ, ‏ ộЎὙỚȾộὙỚ, ʜʣʷ ʟʘʧʦʙʽʛʘʥʥʷ 

ʽʥʪʝʥʩʠʚʥʦʛʦ ʧʦʛʣʠʥʘʥʥʷ ʤʘʣʦʨʘʟʤʽʨʥʦʾ ʬʨʘʢʮʽʾ ʰʘʨʫ: ‏ ṂπȢπτ, ʜʝ R - ʨʘʜʽʫʩ 

ʯʘʩʪʠʥʦʢ. ʈʦʟʧʦʜʽʣʫ ʯʘʩʪʦʢ ʟʘ ʨʦʟʤʽʨʘʤʠ ʚ ʥʘʰʠʭ ʯʠʩʣʝʥʥʠʭ ʝʢʩʧʝʨʠʤʝʥʪʘʭ ʷʢ 

ʨʘʟ ʚʽʜʧʦʚʽʜʘʶʪʴ ʛʨʘʥʠʯʥʦʤʫ ʧʦʢʘʟʥʠʢʫ ʧʦʣʽʜʠʩʧʝʨʩʥʦʩʪʽ, ‏ πȢπτ. 

ʇʽʩʣʷ ʩʢʘʟʘʥʦʛʦ ʚʠʱʝ ʱʦʜʦ ʚʣʘʩʪʠʚʦʩʪʝʡ ʣʦʢʘʣʴʥʠʭ ʘʢʪʽʚ ʩʧʽʢʘʥʥʷ ʧʨʠʨʦʜʥʦ 

ʚʠʥʠʢʘʶʪʴ ʧʠʪʘʥʥʷ. 

1. ʏʠ ʩʣʽʜ ʧʨʘʛʥʫʪʠ ʜʦ ʛʨʘʥʠʯʥʦ ʚʠʩʦʢʦʾ ʤʦʥʦʜʠʩʧʝʨʩʥʽ ʜʣʷ ʜʦʩʷʛʥʝʥʥʷ 

ʚʠʩʦʢʦʾ ʷʢʦʩʪʽ ʩʧʽʢʘʥʥʷ ʤʦʥʦʰʘʨʫ ʥʘʥʦʯʘʩʪʠʥʦʢ ʚ ʮʽʣʦʤʫ? 

2. ʏʠ ʤʦʞʥʘ ʧʦʣʽʧʰʠʪʠ ʷʢʽʩʪʴ ʩʧʽʢʘʥʥʷ ʜʦʙʘʚʢʦʶ ʚ ʩʠʩʪʝʤʫ ʥʘʥʦʯʘʩʪʠʥʦʢ 

ʽʟ ʩʝʨʝʜʥʽʤ ʨʦʟʤʽʨʦʤ  ộὈỚ  ʟʦʚʩʽʤ ʤʘʣʠʭ ʯʘʩʪʠʥʦʢ, ʨʦʟʤʽʨ ʷʢʠʭ 

Ὠͯ ộὈỚ? 
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ʅʘ ʥʠʭ ʚʽʜʧʦʚʽʤ ʥʠʞʯʝ. ʇʦʨʽʚʥʶʶʯʠ ʨʝʟʫʣʴʪʘʪʠ ʩʧʽʢʘʥʥʷ ʚ ʮʽʣʦʤʫ ʚ 

ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ ʪʝʤʧʝʨʘʪʫʨʥʠʭ ʨʝʞʠʤʽʚ (ʜʠʚ. ʈʠʩ. 2.15-ʧʦʢʘʟʘʥʽ ʢʽʥʮʝʚʽ 

ʢʦʥʬʽʛʫʨʘʮʽʾ ʩʠʩʪʝʤʠ ʧʽʩʣʷ ʩʧʽʢʘʥʥʷ, ʧʦʯʘʪʢʦʚʠʡ ʨʦʟʧʦʜʽʣ ʥʘʥʦʯʘʩʪʠʥʦʢ ʫ ʚʩʽʭ 

ʚʠʧʘʜʢʘʭ ʦʜʠʥ ʽ ʪʦʡ ʞʝ). 

ɺʧʘʜʘʻ ʚ ʦʯʽ ʥʠʟʴʢʘ ʷʢʽʩʪʴ ʩʧʽʢʘʥʥʷ ʧʨʠ ʪʨʠʚʘʣʦʤʫ ʧʨʦʛʨʽʚʘʥʥʽ ʰʘʨʫ 

(ʨʠʩ. 2.15c, d-ʨʝʞʠʤʠ ʥʘʛʨʽʚʘʥʥʷ ɺ07, ɺ09). ɺ ʩʠʣʫ ʬʽʟʠʯʥʠʭ ʧʨʠʯʠʥ, ʷʢʽ ʤʠ 

ʦʙʛʦʚʦʨʠʣʠ ʚʠʱʝ, ʮʝʡ ʨʝʟʫʣʴʪʘʪ ʙʫʚ ʦʯʽʢʫʚʘʥʠʡ. ʇʦʚʽʣʴʥʝ ʧʽʜʚʠʱʝʥʥʷ 

ʪʝʤʧʝʨʘʪʫʨʠ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʪʦʛʦ, ʱʦ ʟʥʘʯʥʘ ʯʘʩʪʠʥʘ ʤʦʞʣʠʚʠʭ ʢʦʥʪʘʢʪʽʚ ʥʝ 

ʚʩʪʠʛʘʻ ʚʩʪʘʥʦʚʠʪʠʩʷ (ʭʦʯʘ ʚʩʷ ʩʠʩʪʝʤʘ ʚʠʭʽʜʥʠʭ ʅʏ ʩʧʽʢʘʻʪʴʩʷ ʚ ʦʜʥʦʟʚ'ʷʟʥʫ 

ʦʙʣʘʩʪʴ (ʻʜʠʥʠʡ ʢʣʘʩʪʝʨ)). ʇʦʚʝʨʭʥʝʚʘ ʜʠʬʫʟʽʷ ʘʪʦʤʽʚ ʚʽʜ ʢʨʘʾʚ ʫʪʚʦʨʝʥʠʭ 

ʦʪʚʦʨʽʚ ʚ ʧʣʽʚʮʽ ʩʧʽʢʘʥʥʷ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʾʭ ʟʥʘʯʥʦʛʦ ʨʦʟʰʠʨʝʥʥʶ ʥʘ ʩʪʘʜʽʾ 

ʦʭʦʣʦʜʞʝʥʥʷ. 

ʅʘʡʙʽʣʴʰ ʝʬʝʢʪʠʚʥʠʡ ʢʦʨʦʪʢʠʡ ʪʝʧʣʦʚʦʾ ʽʤʧʫʣʴʩ ɸ07. ʅʝʜʦʩʪʘʪʥʽʡ 

ʧʨʦʛʨʽʚ ʚ ʚʘʨʽʘʥʪʽ ɸ09 ʧʨʠʟʚʽʚ ʜʦ ʪʦʛʦ, ʱʦ ʩʠʩʪʝʤʘ ʩʧʽʢʰʠʭʩʷ ʯʘʩʪʠʥʦʢ ʷʚʣʷʻ 

ʩʦʙʦʶ ʪʨʠ ʦʜʥʦʟʚ'ʷʟʥʠʭ ʢʣʘʩʪʝʨʘ. ʎʝ ʨʝʟʫʣʴʪʘʪ ʚʠʧʘʜʢʦʚʦʩʪʽ ʧʨʦʮʝʩʫ 

ʩʧʽʢʘʥʥʷ, ʷʢʠʡ ʧʨʦʷʚʠʚʩʷ ʚ ʦʜʥʽʡ ʟ ʨʝʘʣʽʟʘʮʽʡ[2]. ɹʽʣʴʰ ʧʦʢʘʟʦʚʠʤʠ ʫʩʝʨʝʜʥʝʥʽ 

ʧʦ ʨʝʘʣʽʟʘʮʽʷʤ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʨʝʞʠʤʽʚ ɸ07 ʽ ɸ09 (ʨʠʩ. 2.16). ɼʣʷ ʮʴʦʛʦ ʚ 

ʧʣʦʱʠʥʽ z = 0 ʩʠʩʪʝʤʠ ʚʠʟʥʘʯʝʥʠʡ ʨʦʟʧʦʜʽʣ ʧʦ ʜʦʚʞʠʥʘʭ ʣʘʥʮʶʞʢʽʚ ʟ ʚʘʢʘʥʩʽʡ 

 

ʈʠʩ. 2.16. ʇʦʨʽʚʥʷʥʥʷ ʩʪʘʪʠʩʪʠʯʥʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʷʢʦʩʪʽ ʩʧʽʢʘʥʥʷ ʪʝʧʣʦʚʠʭ ʨʝʞʠʤʽʚ ɸ07, ɸ09. ʘ ï 

ʨʦʟʧʦʜʽʣ ʧʦ ʜʦʚʞʠʥʘʤ ʣʘʥʮʶʞʢʽʚ ʚʘʢʘʥʩʽʡ ʚ ʧʣʦʱʠʥʽ ᾀ π, b ï ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʧʦ ʜʣʠʥʘʤ ʮʝʧʦʯʝʢ ʠʟ 

ʩʚʷʟʘʥʥʳʭ ʘʪʦʤʦʚ ʚ ʵʪʦʡ ʞʝ ʧʣʦʩʢʦʩʪʠ. ɹʣʘʢʠʥʪʠʡ ï ɸ09, ʦʣʠʚʢʦʚʠʡ ï ɸ07. ɺʝʨʪʠʢʘʣʴʥʘ ʧʫʥʢʪʠʨʥʘ ʣʽʥʽʷ 

ʚʠʜʽʣʷʻ ʦʙʣʘʩʪʴ, ʚ ʷʢʽʡ ʜʦʚʛʠʭ ʟʘʧʦʚʥʝʥʠʭ ʣʘʥʮʶʞʢʽʚ ʚ ʚʘʨʽʘʥʪʽ ɸ07 ʙʽʣʴʰʝ, ʥʽʞ ʚ ɸ09. 
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( çʧʦʨʦʞʥʽʭè ʣʘʥʮʶʞʢʽʚ), ὔὒ , ʽ ʣʘʥʮʶʞʢʽʚ ʟ ʧʦʚ'ʷʟʘʥʠʭ ʘʪʦʤʽʚ, 

ὔὒ ȟ ̫ʢʽ ʦʨʽʻʥʪʦʚʘʥʽ ʚʟʜʦʚʞ ʦʩʝʡ ʍ ʽ Y. ɺʘʨʽʘʥʪ ɸ07 ʤʘʻ ʢʨʘʱʽ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʱʦʜʦ ʚʘʨʽʘʥʪʫ ɸ09 ʷʢ ʟʘ ʢʽʣʴʢʽʩʪʶ ʜʦʚʛʠʭ ʧʦʨʦʞʥʽʭ 

ʣʘʥʮʶʞʢʽʚ (ʤʝʥʰʝ), ʪʘʢ ʽ ʟʘ ʢʽʣʴʢʽʩʪʶ ʜʦʚʛʠʭ ʟʘʧʦʚʥʝʥʠʭ ʣʘʥʮʶʞʢʽʚ (ʙʽʣʴʰʝ). 

ʈʦʟʛʣʷʥʝʤʦ ʨʝʟʫʣʴʪʘʪʠ ʝʢʩʧʝʨʠʤʝʥʪʽʚ (ʨʠʩ. 2.17) ʜʣʷ ʧʦʯʘʪʢʦʚʦʛʦ 

ʟʘʧʦʚʥʝʥʥʷ ʪʠʧʫ II (ʜʠʚ. ʈʠʩ. 2.10b). 

ɿʘʟʦʨʠ ʤʽʞ ʯʘʩʪʠʥʢʘʤʠ ʟʚʝʜʝʥʽ ʜʦ 

ʤʽʥʽʤʫʤʫ. ɿʜʘʚʘʣʦʩʷ ʙ, ʱʦ ʧʨʦʙʣʝʤʠ 

ʚʩʪʘʥʦʚʣʝʥʥʷ ʩʪʽʡʢʠʭ ʢʦʥʪʘʢʪʽʚ ʥʝʤʘʻ 

ʧʨʠ ʨʽʟʥʠʭ ʪʝʤʧʝʨʘʪʫʨʥʠʭ ʨʝʞʠʤʘʭ. 

ʆʜʥʘʢ ʥʘʚʽʪʴ ʚʽʟʫʘʣʴʥʦ ʚʠʜʥʦ, ʱʦ 

ʪʨʠʚʘʣʠʡ ʧʨʦʛʨʽʚ / ʦʭʦʣʦʜʞʝʥʥʷ 

ʧʦʛʽʨʰʫʻ ʷʢʽʩʪʴ ʩʧʽʢʘʥʥʷ (ʨʠʩ. 2.17ʩ, d). 

ʈʦʟʧʦʜʽʣ ʤʦʤʝʥʪʽʚ ʚʩʪʘʥʦʚʣʝʥʥʷ 

ʢʦʥʪʘʢʪʽʚ ʚ ʰʠʨʦʢʦʤʫ ʽʥʪʝʨʚʘʣʽ ʧʦ ʯʘʩʫ 

ʽ ʪʫʪ ʩʫʧʨʦʚʦʜʞʫʻʪʴʩʷ ʥʝʛʘʪʠʚʥʠʤ 

ʝʬʝʢʪʦʤ ʫʪʚʦʨʝʥʥʷ ʚʝʣʠʢʠʭ ʜʽʨʦʢ. 

ɿʚʝʨʪʘʻʤʦ ʫʚʘʛʫ ʥʘ ʪʝ, ʱʦ ʨʷʜ ʤʘʣʠʭ 

ʦʪʚʦʨʽʚ, ʚʠʜʠʤʠʭ ʥʘ ʨʠʩ. 2.17ʩ, ʟ ʯʘʩʦʤ 

ʟʥʠʢʘʻ- ʨʠʩ. 2.17d, ʘ ʙʽʣʴʰʽ ʦʪʚʦʨʠ 

ʨʦʟʪʷʛʫʶʪʴʩʷ. ʉʪʽʥʢʠ ʦʪʚʦʨʽʚ 

(ʧʨʦʪʷʞʥʽ ʫʟʜʦʚʞ ʦʩʽ Z) ʤʘʶʪʴ ʜʚʽ ʢʨʠʚʠʟʥʠ. ʆʜʥʘ (ʟʘʚʞʜʠ ʧʦʟʠʪʠʚʥʘ) - ʚ 

ʧʣʦʱʠʥʽ, ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʽʡ ʧʣʦʱʠʥʽ z = 0. ɼʨʫʛʘ - ʚ ʩʘʤʽʡ ʧʣʦʱʠʥʽ z = 0. ʎʷ 

ʢʨʠʚʠʟʥʘ ʷʢ ʧʨʘʚʠʣʦ ʥʝʛʘʪʠʚʥʘ. ɼʣʷ ʜʽʨʦʢ ʤʘʣʠʭ ʨʦʟʤʽʨʽʚ ʜʦʤʽʥʫʻ ʩʘʤʝ ʮʝʡ 

ʬʘʢʪʦʨ, ʚʠʢʣʠʢʘʶʯʠ ʪʨʘʥʩʧʦʨʪ ʧʦʚ'ʷʟʘʥʠʭ ʘʪʦʤʽʚ ʜʦ ʟʦʥ ʥʝʛʘʪʠʚʥʦʾ ʢʨʠʚʠʟʥʠ, 

ʱʦ ʩʫʧʨʦʚʦʜʞʫʻʪʴʩʷ ʟʚʫʞʝʥʥʷʤ ʦʪʚʦʨʽʚ (ʘʙʦ, ʧʨʠʥʘʡʤʥʽ, ʩʪʘʙʽʣʽʟʘʮʽʻʶ ʚ ʯʘʩʽ 

ʾʭ ʨʦʟʤʽʨʽʚ). 

 

ʈʠʩ. 2.17. ʈʝʟʫʣʴʪʘʪʠ ʜʣʷ ʧʦʯʘʪʢʦʚʦʛʦ 

ʨʦʟʧʦʜʽʣʫ ʪʠʧʫ II. ɺʝʨʭʥʷ ʯʘʩʪʠʥʘ ï ʭʘʨʘʢʪʝʨʥʘ 

ʩʪʨʫʢʪʫʨʘ ʢʣʘʩʪʝʨʘ ʚ ʤʦʤʝʥʪʠ ʯʘʩʫ t=8000 

(ʤʘʢʩʠʤʫʤ ʪʝʤʧʝʨʘʪʫʨʳ) ʪʘ t=20000 

(ʟʘʚʝʨʰʝʥʥʷ ʧʨʦʮʝʩʫ)  ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʥʦʤʫ 

ʨʝʞʠʤʫ ʩʧʽʢʘʥʠʷ ɸ08; ʥʠʞʥʷ ʯʘʩʪʠʥʘ ï  ʨʝʞʠʤ 

ɺ08, ὸ υππππ ʪʘ 150000. 
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ɺʩʪʘʥʦʚʣʝʥʥʷ ʚʩʽʭ ʤʦʞʣʠʚʠʭ ʢʦʥʪʘʢʪʽʚ ʟʘ ʢʦʨʦʪʢʠʡ ʧʨʦʤʽʞʦʢ ʯʘʩʫ (ʨʝʞʠʤ 

ʢʦʨʦʪʢʦʛʦ ʧʨʦʛʨʽʚʫ) ʜʨʦʙʠʪʴ ʚʝʩʴ ʚʽʣʴʥʠʡ ʧʨʦʩʪʽʨ ʥʘ ʜʨʽʙʥʽ ʦʩʝʨʝʜʢʠ, ʷʢʽ ʥʝ 

ʟʜʘʪʥʽ ʨʦʟʰʠʨʶʚʘʪʠʩʴ ʧʨʠ ʧʦʜʘʣʴʰʦʤʫ ʦʭʣʘʞʜʝʥʽʽ- ʧʦʨʽʚʥʷʡʪʝ ʨʠʩ. 2.17ʘ ʽ 

ʨʠʩ. 2.17b. 

ʄʘʣ. 18 ʷʚʣʷʻ ʢʽʣʴʢʽʩʥʝ ʧʦʨʽʚʥʷʥʥʷ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʷʢʦʩʪʽ ʩʧʽʢʘʥʥʷ ʚ ʨʽʟʥʠʭ 

ʪʝʤʧʝʨʘʪʫʨʥʠʭ ʨʝʞʠʤʘʭ. 

ɺʽʜʤʽʥʥʦʩʪʽ ʨʝʟʫʣʴʪʘʪʽʚ ʜʣʷ ʨʝʞʠʤʽʚ ɸ07, ɸ08, ɸ09 ʪʽʣʴʢʠ ʚ ʥʝʩʫʪʪʻʚʦʶ 

ʚʘʨʽʘʮʽʾ ʯʠʩʣʘ ʢʦʨʦʪʢʠʭ ʧʦʨʦʞʥʽʭ ʣʘʥʮʶʞʢʽʚ (ʨʠʩ. 2.18ʘ). ʏʝʨʚʦʥʘ ʣʽʥʽʷ ʚ 

ʦʙʣʘʩʪʽ  ὒ φ ʧʦʢʘʟʫʻ ʚʘʜʠ ʬʦʨʤʫʚʘʥʥʷ ʰʘʨʫ ʜʦ ʤʦʤʝʥʪʫ ʜʦʩʷʛʥʝʥʥʷ 

ʤʘʢʩʠʤʫʤʫ ʪʝʤʧʝʨʘʪʫʨʠ ʧʨʠ ʨʦʟʪʷʛʥʫʪʦʤʫ ʚ ʯʘʩʽ ʪʝʧʣʦʚʦʤʫ ʽʤʧʫʣʴʩʽ ɺ07. 

ɺʽʜʩʫʪʥʽʩʪʴ ʜʦʩʪʘʪʥʴʦʛʦ ʜʨʦʙʣʝʥʥʷ ʚʽʣʴʥʦʛʦ ʧʨʦʩʪʦʨʫ ʥʘ ʜʨʽʙʥʽ ʦʩʝʨʝʜʢʠ 

ʧʨʠʟʚʦʜʠʪʴ ʥʘ ʩʪʘʜʽʾ ʦʭʦʣʦʜʞʝʥʥʷ ʜʦ ʨʦʟʰʠʨʝʥʥʷ ʜʽʨʦʢ ʚ ʰʘʨʽ ʩʧʽʢʘʥʥʷ 

(ʙʣʘʢʠʪʥʘ ʣʽʥʽʷ - ʨʠʩ.2.18a). 

ʎʝʡ ʥʝʙʘʞʘʥʠʡ ʝʬʝʢʪ ʧʨʠʛʥʽʯʝʥʠʡ ʚ ʨʝʞʠʤʽ ɸ07- ʜʠʚ. ʨʠʩ. 2.18b. ɺʝʣʠʢʠʭ 

ʜʝʬʝʢʪʽʚ ʟʥʘʯʥʦ ʤʝʥʰʝ ʚ ʤʦʤʝʥʪ ʜʦʩʷʛʥʝʥʥʷ ʤʘʢʩʠʤʘʣʴʥʦʾ ʪʝʤʧʝʨʘʪʫʨʠ ʽ ʚʦʥʠ 

ʩʪʘʙʽʣʴʥʽ ʚ ʯʘʩʽ, ʪʦʤʫ ʱʦ ʧʦʚʝʨʭʥʝʚʘ ʜʠʬʫʟʽʷ ʥʝ ʚʩʪʠʛʘʻ ʨʦʟʪʷʛʥʫʪʠ ʚʝʣʠʢʽ 

ʦʪʚʦʨʠ ʟʘ ʢʦʨʦʪʢʠʡ ʯʘʩ ʦʭʦʣʦʜʞʝʥʥʷ. ɸʣʝ ʡʦʛʦ ʚʠʷʚʣʷʻʪʴʩʷ ʜʦʩʠʪʴ ʜʣʷ 

 

ʈʠʩ. 2.18. ʇʦʨʽʚʥʷʥʥʷ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʷʢʦʩʪʽ ʩʧʽʢʘʥʥʷ ʰʘʨʫ ʯʘʩʪʠʥʦʢ ʜʣʷ ʧʦʯʘʪʢʦʚʦʛʦ 

ʨʦʟʧʦʜʽʣʫ ʯʘʩʪʠʥʦʢ ʪʠʧʫ II. a ï ʈʦʟʧʦʜʽʣ ʟʘ ʜʦʚʞʠʥʦʶ ʧʫʩʪʠʭ ʣʘʥʮʶʞʢʽʚ ʚ ʢʽʥʮʽ 

ʧʨʦʮʝʩʫ ʩʧʽʢʘʥʥʷ: ʦʣʠʚʢʦʚʠʡ ïA07, ʞʦʚʪʠʡ ï A08, ʙʣʘʢʠʪʥʠʡï A09. ʏʝʨʚʦʥʠʡ ï 

ʨʦʟʧʦʜʽʣ ʚ ʤʦʤʝʥʪ ʜʦʩʷʛʥʝʥʥʷ ʤʘʢʩʠʤʫʤʫ ʪʝʤʧʝʨʘʪʫʨʠ ʚ ʨʝʞʠʤʽʥʘʛʨʽʚʘʥʥʷ ɺ07 (ὸ

υ ρπ), ʩʠʥʽʡ ï ʚ ʤʦʤʝʥʪ ʟʘʢʽʥʯʝʥʥʷ ʧʨʦʮʝʩʫ- ὸ ς ρπ. b ï ʈʦʟʧʦʜʽʣ ʟʘ ʜʦʚʞʠʥʦʶ 

ʧʫʯʪʠʭ ʣʘʥʮʶʞʢʽʚ ʧʨʠ ʤʘʢʩʠʤʘʣʴʥʽʡ ʪʝʤʧʝʨʘʪʫʨʽ ʥʘʛʨʽʚʘʥʥʷ (ʯʝʨʚʦʥʘ ʣʽʥʽʷ) ʚ ʨʝʞʠʤʽ 

A07 ʪʘ ʚ ʢʽʥʮʽ ʧʨʦʮʝʩʫ ï ʦʣʠʚʢʦʚʽ ʩʪʦʚʧʯʠʢʠ.  
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ʫʩʫʥʝʥʥʷ ʜʨʽʙʥʠʭ ʜʝʬʝʢʪʽʚ (ʧʦʨʽʚʥʷʡʪʝ ʦʣʠʚʢʦʚʽ ʩʪʦʚʧʯʠʢʠ ʪʘ ʯʝʨʚʦʥʫ ʣʽʥʽʶ ʚ 

ʬʽʛʫʨʽ 2.17b). 

ɼʘʤʦ ʢʦʨʦʪʢʫ ʚʽʜʧʦʚʽʜʴ ʥʘ ʜʚʘ ʧʦʩʪʘʚʣʝʥʠʭ ʚʠʱʝ ʧʠʪʘʥʥʷ. ʏʠ ʩʣʽʜ ʧʨʘʛʥʫʪʠ 

ʜʦ ʽʜʝʘʣʴʥʦʾ ʤʦʥʦʜʠʩʧʝʨʩʥʽ ʯʘʩʪʠʥʦʢ?  

ʈʠʩ.2.19 ʧʦʢʘʟʫʻ ʜʠʥʘʤʽʢʫ ʩʧʽʢʘʥʥʷ ʜʣʷ ʪʘʢʦʛʦ ʚʠʧʘʜʢʫ. ʈʘʜʽʫʩ ʚʩʽʭ ʯʘʩʪʠʥʦʢ 

ʚ ʧʦʯʘʪʢʦʚʦʤʫ ʩʪʘʥʽ R = 5a, ʟʘʟʦʨ ʤʽʞ ʩʫʩʽʜʥʽʤʠ ʯʘʩʪʠʥʢʘʤʠ Ўͯ ὥ ρȢυὥ. ʊʘʢʠʡ 

ʨʦʟʧʦʜʽʣ ʙʣʠʟʴʢʠʡ ʜʦ ʪʠʧʫ II ʟʘʧʦʚʥʝʥʥʷ ʰʘʨʫ. 

ʇʦʨʽʚʥʷʻʤʦ ʢʽʥʮʝʚʽ ʩʪʘʥʠ ʧʦʣʽ- ʽ ʤʦʥʦʜʠʩʧʝʨʩʥʦʾ ʩʠʩʪʝʤ ʜʣʷ ʪʝʤʧʝʨʘʪʫʨʥʦʛʦ 

ʨʝʞʠʤʫ ɸ08 (ʧʦʨʽʚʥʷʡʪʝ ʨʠʩ. 2.17b ʽ 2.19ʩ). ʈʝʟʫʣʴʪʘʪ ʩʧʽʢʘʥʥʷ 

ʤʦʥʦʜʠʩʧʝʨʩʥʦʾ ʩʠʩʪʝʤʠ (ʨʠʩ. 2.19ʩ) 

ʭʘʨʘʢʪʝʨʥʠʡ ʚʝʣʠʢʦʶ ʢʽʣʴʢʽʩʪʶ ʧʨʦʪʷʞʥʠʭ 

ʟʤʽʻʧʦʜʽʙʥʠʭ çʨʦʟʨʽʟʽʚè. ɼʝʷʢʽ ʟ ʥʠʭ 

ʪʷʛʥʫʪʴʩʷ ʚʽʜ ʢʦʨʜʦʥʫ ʨʦʟʨʘʭʫʥʢʦʚʦʾ 

ʦʙʣʘʩʪʽ ʜʦ ʾʾ ʩʝʨʝʜʠʥʠ. ʈʽʟʥʠʮʷ ʚ 

ʩʪʘʪʠʩʪʠʯʥʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʭ ʧʦʨʦʞʥʽʭ 

ʣʘʥʮʶʞʢʽʚ (ʨʠʩ. 2.20) ʜʘʻ ʢʽʣʴʢʽʩʥʝ 

ʫʷʚʣʝʥʥʷ ʧʨʦ ʨʽʟʥʠʮʶ ʚ ʯʠʩʣʽ ʧʨʦʪʷʞʥʠʭ 

çʨʦʟʨʽʟʽʚè ʰʘʨʫ. ʉʣʽʜ ʚʨʘʭʫʚʘʪʠ, ʱʦ 

ʨʦʟʧʦʜʽʣʫ ʨʠʩ. 2.20 ʦʪʨʠʤʘʥʽ ʜʣʷ 

  

ʈʠʩ. 2.19.  ɼʠʥʘʤʽʢʘ ʤʦʥʦʜʠʩʧʝʨʩʥʦʾ ʩʠʩʪʝʤʠ ʥʘʥʦʯʘʩʪʠʥʦʢ ʚ ʪʝʤʧʝʨʘʪʫʨʥʦʤʫ ʨʝʞʠʤʽ 

ɸ08. a,b,c ï ʨʦʟʧʦʜʽʣ ʥʘʥʦʯʘʩʪʠʥʦʢ ʧʨʠ ὸ π, ʚ ʤʦʤʝʥʪ ʜʦʩʷʛʥʝʥʥʷ ʤʘʢʩʠʤʫʤʫ 

ʪʝʤʧʝʨʘʪʫʨʠ ʚ ʢʽʥʮʝʚʦʤʫ ʩʪʘʥʽ. 

 

 

 

ʈʠʩ. 2.20.  ʈʦʟʧʦʜʽʣ ʧʫʩʪʠʭ 

ʣʘʥʮʶʞʢʽʚ ʜʣʷ ʧʦʣʽ(ʞʦʚʪʠʥʡ) ʪʘ 

ʤʦʥʦʜʠʩʧʝʨʩʥʦʾ(ʯʝʨʚʦʥʠʡ) ʩʠʩʪʝʤ 

ʥʘʥʦʯʘʩʪʠʥʦʢ ʚ ʢʽʥʮʽ ʧʨʦʮʝʩʫ 

ʩʧʽʢʘʥʥʷ ʚ ʪʝʤʧʝʨʘʪʫʨʥʦʤʫ 

ʨʝʞʠʤʽ ɸ08.  
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ʧʨʷʤʦʣʽʥʽʡʥʠʭ ʧʦʨʦʞʥʽʭ ʣʘʥʮʶʞʢʽʚ (ʦʨʽʻʥʪʦʚʘʥʠʭ ʚʝʨʪʠʢʘʣʴʥʦ ʘʙʦ 

ʛʦʨʠʟʦʥʪʘʣʴʥʦ). 

ɿ ʫʨʘʭʫʚʘʥʥʷʤ ʟʤʽʻʧʦʜʽʙʥʦʾ ʬʦʨʤʠ ʨʦʟʨʽʟʽʚ ʰʘʨʫ ʨʝʘʣʴʥʘ ʩʝʨʝʜʥʷ ʜʦʚʞʠʥʘ 

ʧʦʨʦʞʥʽʭ ʣʘʥʮʶʞʢʽʚ ʥʘ ʨʠʩ. 2.19ʩ ʙʫʜʝ ʧʦʤʽʪʥʦ ʚʠʱʝ ʚʝʣʠʯʠʥʠ, ʷʢʘ ʤʦʞʝ ʙʫʪʠ 

ʦʪʨʠʤʘʥʘ ʟ ʜʘʥʠʭ ʨʠʩ. 2.20. ɿʘʟʥʘʯʝʥʘ ʨʽʟʥʠʮʷ ʚ ʤʦʨʬʦʣʦʛʽʾ ʢʽʥʮʝʚʠʭ ʩʪʘʥʽʚ 

ʧʦʣʽ- ʽ ʤʦʥʦʜʠʩʧʝʨʩʥʦʾ ʩʠʩʪʝʤ ʤʦʞʝ ʧʨʦʷʚʠʪʠʩʷ ʥʘ ʾʭ ʝʣʝʢʪʨʠʯʥʽ ʚʣʘʩʪʠʚʦʩʪʽ: 

ʧʨʦʚʽʜʥʽʩʪʴ ʩʧʦʯʘʪʢʫ ʤʦʥʦʜʠʩʧʝʨʩʥʦʾ ʩʠʩʪʝʤʠ ʚʠʷʚʠʪʴʩʷ ʥʠʞʯʝ ʚʽʜʧʦʚʽʜʥʦʛʦ 

ʟʥʘʯʝʥʥʷ ʜʣʷ ʧʦʣʽʜʠʩʧʝʨʩʥʦʾ ʩʠʩʪʝʤʠ. 

ʗʢʽʩʥʠʡ ʘʥʘʣʽʟ ʜʘʥʠʭ, ʥʘʚʝʜʝʥʠʭ ʥʘ 

ʨʠʩ. 2.17-2.20 ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʪʘʢʦʛʦ 

ʚʠʩʥʦʚʢʫ. ʏʘʩ ʚʩʪʘʥʦʚʣʝʥʥʷ ʢʦʥʪʘʢʪʽʚ 

ộὝỚ ʚ ʤʦʥʦʜʠʩʧʝʨʩʥʦʾ ʩʠʩʪʝʤʽ (ʨʠʩ. 

2.19ʘ), ʩʪʚʦʨʝʥʦʾ ʟ ʚʽʜʥʦʩʥʦ ʚʝʣʠʢʠʭ 

ʯʘʩʪʦʢ ʚʠʱʝ, ʥʽʞ ʚ ʧʦʣʽʜʠʩʧʝʨʩʥʦʾ 

(ʨʠʩ.10), ʱʦ ʚʢʣʶʯʘʻ ʚ ʩʝʙʝ ʬʨʘʢʮʽʶ 

ʤʘʣʦʨʦʟʤʽʨʥʠʭ ʯʘʩʪʠʥʦʢ. ɿʨʦʩʪʘʥʥʷ ộὝỚ 

ʩʫʧʨʦʚʦʜʞʫʻʪʴʩʷ ʟʙʽʣʴʰʝʥʥʷʤ 

ʩʝʨʝʜʥʴʦʢʚʘʜʨʘʪʠʯʥʦʛʦ ʚʽʜʭʠʣʝʥʥʷ  „

ộὝ ộὝỚỚ (ʭʦʯʘ ʚʽʜʥʦʩʥʝ ʟʥʘʯʝʥʥʷ „

ộ Ớ
  ʤʦʞʝ ʟʤʝʥʰʫʚʘʪʠʩʷ-ʜʠʚ. ʧʽʜʨʦʟʜʽʣ 

2,1). ʋ ʮʠʭ ʫʤʦʚʘʭ ʚʘʞʯʝ ʟʘʙʝʟʧʝʯʫʚʘʪʠ 

ʦʜʥʦʯʘʩʥʽʩʪʴ ʚʩʪʘʥʦʚʣʝʥʥʷ ʚʩʽʭ 

ʤʦʞʣʠʚʠʭ ʢʦʥʪʘʢʪʽʚ. ʇʨʠ ʮʴʦʤʫ 

ʢʦʥʪʘʢʪʠ, ʚʩʪʘʥʦʚʣʝʥʽ ʚ ʧʦʯʘʪʢʦʚʽʡ ʩʪʘʜʽʾ 

ʩʧʽʢʘʥʥʷ, ʩʧʦʪʚʦʨʶʶʪʴ ʨʝʛʫʣʷʨʥʽʩʪʴ 

ʤʘʩʦʧʝʨʝʥʦʩʫ ʚ ʩʠʤʝʪʨʠʯʥʽʡ ʩʧʦʯʘʪʢʫ 

ʩʠʩʪʝʤʽ (ʨʠʩ. 2.19ʘ) ʜʦ ʪʘʢʦʾ ʤʽʨʠ, ʱʦ 

 

c d 

ʈʠʩ. 2.21. ɺʠʧʘʜʢʦʚʽ ʨʝʘʣʽʟʘʮʽʾ 

ʜʠʥʘʤʽʢʠ ʩʠʩʪʝʤʠ 

ʤʦʥʦʜʠʩʧʝʨʩʥʠʭ ʥʘʥʦʯʘʩʪʠʥʦʢ ʟ 

ʧʦʯʘʪʢʦʚʠʤ ʨʦʟʧʦʜʽʣʦʤ ʨʠʩ.19ʘ. 

ɺʝʨʭʥʷ ʯʘʩʪʠʥʘ (a,b)ï ʨʝʞʠʤ ɺ07, 

ʥʠʞʥʷ (c,d) ï ɺ09. ʉʪʨʫʢʪʫʨʠ 

ʰʘʨʽʚ ʚʽʜʦʙʨʘʞʝʥʽ ʚ ʤʦʤʝʥʪ 

ʜʦʩʷʛʥʝʥʥʷ ʤʘʢʩʠʤʘʣʴʥʦʾ 

ʪʝʤʧʝʨʘʪʫʨʠ (a,c) ʽ ʚ ʢʽʥʮʽ 

ʧʨʦʮʝʩʫ (b,d). 



2 
 

ʜʝʬʝʢʪʠ ʩʧʽʢʘʥʥʷ ʥʝ ʟʥʠʢʘʶʪʴ ʟ ʯʘʩʦʤ (ʧʦʨʽʚʥʷʡʪʝ ʨʠʩ.19b ʽ ʨʠʩ. 2.19ʩ). 

 ɹʽʣʴʰ ʪʨʠʚʘʣʽ ʨʝʞʠʤʠ ʧʨʦʛʨʽʚʫ ʩʠʩʪʝʤʠ (ʨʠʩ. 2.21) ʥʝ ʧʦʢʨʘʱʫʶʪʴ ʷʢʦʩʪʽ 

ʩʧʽʢʘʥʥʷ ʱʦʜʦ ʨʝʟʫʣʴʪʘʪʫ ʜʣʷ ʧʦʣʽʜʠʩʧʝʨʩʥʦʾ ʩʠʩʪʝʤʠ (ʨʠʩ. 17). ʄʝʭʘʥʽʟʤʠ 

ʨʦʟʰʠʨʝʥʥʷ ʜʝʬʝʢʪʽʚ ʩʧʽʢʘʥʥʷ ʥʘ ʩʪʘʜʽʾ ʦʭʦʣʦʜʞʝʥʥʷ (ʦʩʦʙʣʠʚʦ ʮʝ ʧʦʤʽʪʥʦ ʥʘ 

ʨʠʩ. 2.21 a, b) ʤʠ ʦʙʛʦʚʦʨʶʚʘʣʠ ʚʠʱʝ. 

ʊʘʢʠʤ ʯʠʥʦʤ, ʤʦʞʥʘ ʩʪʚʝʨʜʞʫʚʘʪʠ, ʱʦ ʜʣʷ ʚʠʩʦʢʦʾ ʷʢʦʩʪʽ ʩʧʽʢʘʥʥʷ ʩʣʽʜ 

ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠ ʧʦʣʽʜʠʩʧʝʨʩʥʽ ʩʢʣʘʜʠ ʥʘʥʦʯʘʩʪʠʥʦʢ, ʘʣʝ ʧʨʠ ʚʠʢʦʥʘʥʥʽ 

ʢʨʠʪʝʨʽʶ ộЎὙỚȾộὙỚ πȢπτ. ʏʘʩʪʠʥʢʠ ʤʝʥʰʦʛʦ ʨʦʟʤʽʨʫ ʤʦʞʫʪʴ ʟʽʛʨʘʪʠ 

ʥʝʦʜʥʦʟʥʘʯʥʫ ʨʦʣʴ. ʗʢʱʦ ʪʘʢʘ ʯʘʩʪʢʘ ʧʦʪʨʘʧʠʪʴ ʚ ʪʝʪʨʘʝʜʨʠʯʥʫ 

(ʛʝʢʩʘʝʜʨʠʯʥʫ) ʧʦʨʦʞʥʝʯʫ ʤʽʞ ʚʝʣʠʢʠʤʠ ʯʘʩʪʢʘʤʠ ʚ ʪʨʠʚʠʤʽʨʥʦʤʫ ʚʠʧʘʜʢʫ 

ʘʙʦ ʚ ʪʨʠʛʦʥʘʣʴʥʫ ʧʦʨʦʞʥʝʯʫ ʚ ʰʘʨʽ ʥʘʥʦʯʘʩʪʠʥʦʢ, ʪʦ ʙʝʟʩʫʤʥʽʚʥʘ ʾʾ 

ʧʦʟʠʪʠʚʥʘ ʨʦʣʴ. ɸʣʝ ʽʩʥʫʻ ʡʤʦʚʽʨʥʽʩʪʴ, ʱʦ ʚʦʥʘ ʚʠʷʚʠʪʴʩʷ ʚ ʧʨʦʤʽʞʢʫ ʤʽʞ 

ʚʝʣʠʢʠʤʠ ʯʘʩʪʢʘʤʠ, ʨʦʟʩʫʚʘʶʯʠ ʮʽ ʯʘʩʪʠʥʢʠ ʥʘ ʚʽʜʩʪʘʥʴ, ʷʢʘ ʥʝ ʜʦʧʫʩʢʘʻ 

ʧʨʷʤʦʛʦ ʚʩʪʘʥʦʚʣʝʥʥʷ ʢʦʥʪʘʢʪʫ ʤʽʞ ʚʝʣʠʢʠʤʠ ʯʘʩʪʢʘʤʠ. ʊʦʜʽ ʤʦʞʝ 

ʨʝʘʣʽʟʫʚʘʪʠʩʷ ʩʮʝʥʘʨʽʡ ʨʠʩ. 2.14 ʟ ʧʦʛʣʠʥʘʥʥʷ ʤʘʣʦʾ ʯʘʩʪʢʠ ʽ ʫʪʚʦʨʝʥʥʷʤ 

ʜʝʬʝʢʪʫ ʩʧʽʢʘʥʥʷ. 

   

                a                                                    b                                           c  

ʈʠʩ. 22.  ɼʠʥʘʤʽʢʘ ʤʘʣʦʾ ʯʘʩʪʠʥʢʠ ʟ ʨʘʜʽʫʩʦʤ ὶ υὥ, ʱʦ ʨʦʟʜʽʣʷʻ ʚʝʣʠʢʽ ʯʘʩʪʠʥʢʠ ʟ Ὑ υπὥ. 

ɿʘʟʦʨʠ ʤʽʞ ʤʘʣʦʶ ʪʘ ʚʝʣʠʢʠʤʠ ʯʘʩʪʠʥʢʘʤʠ ͯρ ρȢυὥ. ʇʘʨʘʤʝʪʨ ‌ πȢχ. a ï ʧʦʯʘʪʢʦʚʠʡ 

ʩʪʘʥ, ὸ π. ʇʨʷʤʘ, ʱʦ ʧʦʻʜʥʫʻ ʮʝʥʪʨʠ ʯʘʩʪʠʥʦʢ, ʦʨʽʻʥʪʦʚʘʥʘ ʚ ʥʘʧʨʷʤʢʫ (111). ɺʩʪʘʚʢʘ ʟ 

ʚʝʨʭʫï ʜʝʪʘʣʴʥʝ ʚʽʜʦʙʨʘʞʝʥʥʷ ʯʘʩʪʠʥʦʢ ʟ ʚʝʨʭʫ ʚ ʰʘʨʘʭ: ʩʽʨʠʡ ï ʩʣʦʾ ʥʘʥʦʯʘʩʪʠʥʦʢ ʱʦ, 

ʙʝʟʧʦʩʝʨʝʜʥʴʦ ʧʨʠʣʷʛʘʶʪʴ ʜʦ ʟʘʟʦʨʫ, ʟʝʣʝʥʠʡï ʩʣʦʾ ʤʘʣʦʾ ʯʘʩʪʠʥʢʠ. b - ὸ ς ρπ. c ï 

ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ ʯʘʩʫ ʯʠʩʣʘ ʯʘʩʪʠʥʦʢ ʚ ʰʘʨʘʭ, ʱʦ ʨʦʟʜʽʣʷʶʪʴ ʧʨʦʤʽʞʦʢ ʤʽʞ ʜʚʦʤʘ ʚʝʣʠʢʠʤʠ 

ʯʘʩʪʠʥʢʘʤʠ ʥʘ 4 ʨʽʚʥʽ ʯʘʩʪʠʥʠ.  ʏʝʨʚʦʥʠʡ ï ʮʝʥʪʨʘʣʴʥʠʡ ʰʘʨ, ʙʣʘʢʠʪʥʠʡ ï ʙʦʢʦʚʽ ʰʘʨʠ. 
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ʆʜʥʘʢ ʦʩʦʙʣʠʚʫ ʨʦʣʴ ʤʦʞʝ ʚʠʢʦʥʘʪʠ ʬʨʘʢʮʽʷ ʟ ʛʨʘʥʠʯʥʦ ʤʘʣʠʤ ʨʘʜʽʫʩʦʤ 

ὶͯộὙỚȾρπ. ʗʢ ʧʦʢʘʟʘʣʠ ʥʘʰʽ ʝʢʩʧʝʨʠʤʝʥʪʠ, ʪʘʢʽ ʯʘʩʪʠʥʢʠ, ʥʘʚʽʪʴ ʚʠʧʘʜʢʦʚʦ 

ʚʧʨʦʚʘʜʞʝʥʽ ʤʽʞ ʜʚʦʭ ʚʝʣʠʢʠʭ (ʮʝʥʪʨʠ ʯʘʩʪʠʥʦʢ ʥʘ ʦʜʥʽʡ ʧʨʷʤʽʡ), ʯʠ ʥʝ 

ʧʦʛʣʠʥʘʶʪʴʩʷ ʩʫʩʽʜʢʘʤʠ, ʘ ʬʦʨʤʫʶʪʴ ʩʪʽʡʢʠʡ ʢʦʥʪʘʢʪ, ʱʦ ʟʥʘʭʦʜʠʪʴ ʧʨʦʩʪʝ 

ʬʽʟʠʯʥʝ ʧʦʷʩʥʝʥʥʷ. 

ʇʦʪʽʢ ʧʦʚʝʨʭʥʝʚʦʾ ʜʠʬʫʟʽʾ ʘʪʦʤʽʚ ʟ ʙʦʢʫ ʚʝʣʠʢʠʭ ʯʘʩʪʦʢ ʚʩʪʠʛʘʻ 

ʩʬʦʨʤʫʚʘʪʠ ʚ ʧʨʦʤʽʞʢʫ ʤʽʞ ʥʠʤʠ ʟʦʥʫ ʟ ʚʝʣʠʢʦʶ ʥʝʛʘʪʠʚʥʦʶ ʢʨʠʚʠʟʥʦʶ 

ʧʦʚʝʨʭʥʽ (ʚʝʣʠʢʠʡ ʝʥʝʨʛʽʾ ʟʚ'ʷʟʢʫ-ʨʠʩ. 2.22b). ʎʝ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʟʤʝʥʰʝʥʥʷ 

ʢʦʝʬʽʮʽʻʥʪʘ ʧʦʚʝʨʭʥʝʚʦʾ ʜʠʬʫʟʽʾ ʚ ʮʝʥʪʨʘʣʴʥʽʡ ʯʘʩʪʠʥʽ ʩʠʩʪʝʤʠ ʽ ʟʘʧʦʙʽʛʘʥʥʷ 

ʨʦʟʨʠʚʫ ʧʝʨʝʰʠʡʢʘ ʚʥʘʩʣʽʜʦʢ ʜʦʤʽʥʫʶʯʦʛʦ ʥʘ ʧʦʯʘʪʢʦʚʽʡ ʩʪʘʜʽʾ ʚʽʜʪʦʢʫ ʘʪʦʤʽʚ 

ʚʽʜ ʡʦʛʦ ʮʝʥʪʨʘʣʴʥʦʾ ʟʦʥʠ. ʇʽʩʣʷ ʜʦʩʠʪʴ ʪʨʠʚʘʣʦʛʦ ʧʝʨʽʦʜʫ ʩʪʘʙʽʣʴʥʦʩʪʽ (υ

ρπṂὸṂρπ, ʨʠʩ. 2.22ʩ ï ʯʝʨʚʦʥʘ ʣʽʥʽʷ) ʧʦʯʠʥʘʻʪʴʩʷ ʧʝʨʽʦʜ ʨʦʟʰʠʨʝʥʥʷ 

ʧʝʨʝʰʠʡʢʘ. 

ɿʚʝʨʥʝʤʦ ʫʚʘʛʫ ʥʘ ʪʝ, ʱʦ ʨʦʟʰʠʨʝʥʥʷ ʧʝʨʝʰʠʡʢʘ ʚʽʜʙʫʚʘʻʪʴʩʷ ʥʘʙʘʛʘʪʦ 

ʧʦʚʽʣʴʥʽʰʝ, ʥʽʞ ʡʦʛʦ ʟʚʫʞʝʥʥʷ ʥʘ ʧʦʯʘʪʢʦʚʽʡ ʩʪʘʜʽʾ. ʉʧʨʘʚʘ ʚ ʪʦʤʫ, ʱʦ ʚ 

ʧʦʯʘʪʢʦʚʽ ʤʦʤʝʥʪʠ ʦʙʠʜʚʘ ʛʦʣʦʚʥʠʭ ʨʘʜʽʫʩʫ ʢʨʠʚʠʟʥʠ ʧʦʚʝʨʭʥʽ ʚ ʮʝʥʪʨʘʣʴʥʽʡ 

ʟʦʥʽ ʧʝʨʝʰʠʡʢʘ ʙʫʣʠ ʧʦʟʠʪʠʚʥʠʤʠ. ʄʘʣʠʤ ʝʥʝʨʛʽʷʤ ʟʚ'ʷʟʢʫ ʧʦʚʝʨʭʥʝʚʠʭ 

ʘʪʦʤʽʚ ʚʽʜʧʦʚʽʜʘʻ ʚʠʩʦʢʠʡ ʢʦʝʬʽʮʽʻʥʪ ʜʠʬʫʟʽʾ ʽ ʽʥʪʝʥʩʠʚʥʠʡ ʧʦʪʽʢ ʘʪʦʤʽʚ ʚʽʜ 

ʮʝʥʪʨʫ ʩʠʩʪʝʤʠ ʜʦ ʟʦʥ ʧʨʠʤʠʢʘʥʥʷ ʤʘʣʦʾ ʯʘʩʪʢʠ ʜʦ ʚʝʣʠʢʠʭ (ʜʝ ʚ ʧʣʦʱʠʥʽ, ʱʦ 

ʧʨʦʭʦʜʠʪʴ ʯʝʨʝʟ ʚʽʩʴ ʩʠʩʪʝʤʠ ʨʘʜʽʫʩ ʢʨʠʚʠʟʥʠ ʥʝʛʘʪʠʚʥʠʡ). ʌʦʨʤʫʚʘʥʥʷ 

ʥʝʛʘʪʠʚʥʦʾ ʢʨʠʚʠʟʥʠ ʥʘ ʚʩʽʡ ʧʦʚʝʨʭʥʽ ʧʝʨʝʰʠʡʢʘ (ὸṃρπ) ʟ ʦʜʥʦʛʦ ʙʦʢʫ 

ʟʘʧʦʙʽʛʘʻ ʡʦʛʦ ʨʫʡʥʫʚʘʥʥʷ, ʘ ʟ ʽʥʰʦʛʦ - ʦʙʤʝʞʫʻ ʧʨʠʧʣʠʚ ʘʪʦʤʽʚ ʟ ʙʦʢʫ 

ʚʝʣʠʢʠʭ ʯʘʩʪʠʥʦʢ ʚʥʘʩʣʽʜʦʢ ʤʘʣʦʾ ʨʫʭʣʠʚʦʩʪʽ ʘʪʦʤʽʚ ʥʘ ʡʦʛʦ ʧʦʚʝʨʭʥʽ. 

ʉʪʘʙʽʣʽʟʘʮʽʷ ʧʝʨʝʰʠʡʢʘ ʚʥʘʩʣʽʜʦʢ ʚʠʥʠʢʥʝʥʥʷ ʥʝʛʘʪʠʚʥʦʾ ʢʨʠʚʠʟʥʠ ʚʝʣʴʤʠ 

ʯʫʪʣʠʚʘ ʜʦ ʨʦʟʤʽʨʫ ʤʽʥʽʤʘʣʴʥʦʾ ʯʘʩʪʢʠ. ʅʽ ʚ ʦʜʥʦʤʫ ʟ 10 ʚʠʧʘʜʢʦʚʠʭ ʨʝʘʣʽʟʘʮʽʡ 

ʯʠʩʝʣʴʥʠʭ ʝʢʩʧʝʨʠʤʝʥʪʽʚ ʧʝʨʝʰʠʡʦʢ ʥʝ ʙʫʚ ʟʨʫʡʥʦʚʘʥʠʡ ʧʨʠ r = 5a, ʘʣʝ ʜʣʷ r 

= 6a ʡʦʛʦ ʨʦʟʨʠʚ ʚʽʜʙʫʚʘʚʩʷ ʟʘʚʞʜʠ. ʉʝʨʝʜʥʽʡ ʯʘʩ ʨʦʟʨʠʚʫ υͯυρπ. 
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ʈʆɿɼɯʃ III .  ʄʦʜʝʣʶʚʘʥʥʷ  

3.1. ʄʝʪʦʜ ʄʦʥʪʝ-ʂʘʨʣʦ 

ʄʦʜʝʣʽ ʥʘ ʦʩʥʦʚʽ ʤʝʪʦʜʫ ʄʦʥʪʝ-ʂʘʨʣʦ ʻ ʜʦʩʪʘʪʥʴʦ ʧʦʰʠʨʝʥʠʤ ʽʥʩʪʨʫʤʝʥʪʦʤ 

ʜʣʷ ʧʦʙʫʜʦʚʠ ʤʦʜʝʣʝʡ ʚ ʙʘʛʘʪʴʦʭ ʛʘʣʫʟʷʭ ʬʽʟʠʢʠ. ʆʩʥʦʚʥʘ ʽʜʝʷ ʧʦʣʷʛʘʻ ʫ ʪʦʤʫ, 

ʱʦʙ ʩʪʚʦʨʠʪʠ ʩʝʨʽʶ ʩʪʘʥʽʚ ʩʠʩʪʝʤʠ ʟ ʝʣʝʤʝʥʪʦʤ ʚʠʧʘʜʢʦʚʦʩʪʽ, ʘ ʥʝ ʩʣʽʜʫʚʘʪʠ 

ʧʦ ʧʨʷʤʽʡ ʯʘʩʫ ʝʚʦʣʶʮʽʾ, ʱʦ ʪʽʣʴʢʠ ʟʙʽʣʴʰʠʪʴ ʬʘʟʦʚʠʡ ʧʨʦʩʪʽʨ ʩʠʩʪʝʤʠ. 

ʇʦʩʣʽʜʦʚʥʽʩʪʴ ʢʦʥʬʽʛʫʨʘʮʽʡ ʤʘʻ ʙʫʪʠ ʧʦʙʫʜʦʚʘʥʘ ʚ ʪʘʢʠʡ ʩʧʦʩʽʙ, ʱʦʙ ʢʦʞʥʘ 

ʢʦʥʬʽʛʫʨʘʮʽʷ ʤʘʣʘ ʩʚʦʶ ʩʪʘʪʠʩʪʠʯʥʫ ʚʘʛʫ. ʅʘ ʧʨʘʢʪʠʮʽ, ʪʘʢʽ ʤʦʜʝʣʽ ʙʫʜʫʶʪʴʩʷ 

ʟʘ ʜʦʧʦʤʦʛʦʶ ʟʘʜʘʥʥʷ ʡʤʦʚʽʨʥʦʩʪʝʡ ʧʝʨʝʭʦʜʽʚ ʤʽʞ ʢʦʥʬʽʛʫʨʘʮʽʷʤʠ ʽ 

ʧʦʩʣʽʜʫʶʯʠʤ ʦʥʦʚʣʝʥʥʷʤ ʢʦʥʬʽʛʫʨʘʮʽʾ. 

 ʃʝʛʢʦ ʙʘʯʠʪʠ, ʱʦ ʨʦʟʧʦʜʽʣ ɹʦʣʴʮʤʘʥʘ ʽʟ ʧʦʧʝʨʝʜʥʴʦʛʦ ʨʦʟʜʽʣʫ ʤʦʞʝ 

ʙʫʪʠ ʫʪʚʦʨʝʥʠʡ ʧʨʘʚʠʣʴʥʠʤ ʚʠʙʦʨʦʤ ʧʝʨʝʭʦʜʽʚ, ʷʢʽ ʟʘʜʦʚʦʣʴʥʷʶʪʴ ʫʤʦʚʽ 

ʨʽʚʥʦʚʘʛʠ ʩʠʩʪʝʤʠ. ʇʽʩʣʷ ʢʦʞʥʦʛʦ ʧʝʨʝʭʦʜʫ ʯʘʩ ʩʠʩʪʝʤʠ ʽʥʢʨʝʤʝʥʪʫʻʪʴʩʷ ʥʘ †, 

ʱʦ ʻ ʭʘʨʘʢʪʝʨʥʠʤ ʯʘʩʦʤ ʩʠʩʪʝʤʠ.  

 ɺʘʞʣʠʚʠʤ ʘʩʧʝʢʪʦʤ ʫ ʚʠʟʥʘʯʝʥʥʽ ʡʤʦʚʽʨʥʦʩʪʝʡ ʧʝʨʝʪʚʦʨʝʥʴ ʻ 

ʚʠʟʥʘʯʝʥʥʷ ʥʘʡʰʚʠʜʰʦʛʦ ʧʨʦʮʝʩʫ ʚ ʩʠʩʪʝʤʽ. ʊʘʢ, ʷʢ ʤʝʪʦʜ ʄʦʥʪʝ-ʂʘʨʣʦ 

ʙʫʜʫʻʪʴʩʷ ʥʘʚʢʦʣʦ ʛʦʣʦʚʥʦʛʦ ʮʠʢʣʫ, ʷʢʠʡ ʚʠʢʦʥʫʻʪʴʩʷ ʜʦ ʜʦʩʷʛʥʝʥʥʷ 

ʭʘʨʘʢʪʝʨʥʦʛʦ ʨʝʟʫʣʴʪʘʪʫ (ʥʘʧʨʠʢʣʘʜ, ʫʪʚʦʨʝʥʥʷ ʢʣʘʩʪʝʨʫ ʧʝʚʥʦʾ ʬʦʨʤʠ, 

ʧʨʦʭʦʜʞʝʥʥʷ ʜʦʩʪʘʪʥʴʦʾ ʢʽʣʴʢʦʩʪʽ ʯʘʩʫ). ʂʦʞʝʥ ʢʨʦʢ ʮʠʢʣʫ ʟʚʝʪʴʩʷ ʪʽʢʦʤ. 

ʅʘʡʰʚʠʜʰʠʡ ʧʨʦʮʝʩ ʤʘʻ ʡʤʦʚʽʨʥʽʩʪʴ ʧʝʨʝʪʚʦʨʝʥʥʷ 1. ʁʤʦʚʽʨʥʽʩʪʴ ʚʩʽʭ ʽʥʰʠʭ 

ʧʝʨʝʪʚʦʨʝʥʴ ʚʠʤʽʨʶʻʪʴʩʷ ʚʽʜʥʦʩʥʦ ʥʘʡʰʚʠʜʰʦʛʦ ʽ  ʦʙʦʚôʷʟʢʦʚʦ ʥʝ ʧʝʨʝʚʠʱʫʻ 

1. ɺ ʧʨʦʪʠʚʥʦʤʫ ʚʠʧʘʜʢʫ ʮʝ ʩʚʽʜʯʠʪʴ ʧʨʦ ʪʝ, ʱʦ ʥʘʡʰʚʠʜʰʠʡ ʧʨʦʮʝʩ ʙʫʣʦ 

ʦʙʨʘʥʦ ʥʝ ʚʽʨʥʦ. 

 ʆʩʥʦʚʥʠʡ ʮʠʢʣ ʪʘʢʦʾ ʤʦʜʝʣʽ ʟʘʟʚʠʯʘʡ ʩʢʣʘʜʘʻʪʴʩʷ ʽʟ ʥʘʩʪʫʧʥʠʭ ʢʨʦʢʽʚ: 

1) ɺʠʧʘʜʢʦʚʠʤ ʯʠʥʦʤ ʦʙʠʨʘʻʪʴʩʷ ʧʝʨʝʪʚʦʨʝʥʥʷ ʽ ʦʙʨʘʭʦʚʫʻʪʴʩʷ ʡʦʛʦ 

ʡʤʦʚʽʨʥʽʩʪʴ ʚʽʜʥʦʩʥʦ ʥʘʡʰʚʠʜʰʦʛʦ ʧʨʦʮʝʩʫ ʚ ʩʠʩʪʝʤʽ. 

2) ɻʝʥʝʨʫʻʪʴʩʷ ʚʠʧʘʜʢʦʚʝ ʯʠʩʣʦ ὔᶰπȠρ ʽ ʧʦʨʽʚʥʶʻʪʴʩʷ ʽʟ ʡʤʦʚʽʨʥʽʩʪʶ 

ʧʝʨʝʪʚʦʨʝʥʥʷ. ʗʢʱʦ ὔ ὖ, ʜʝ  ὖ ʮʝ ʡʤʦʚʽʨʥʽʩʪʴ ʧʝʨʝʪʚʦʨʝʥʥʷ, 
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ʧʝʨʝʪʚʦʨʝʥʥʷ ʚʠʢʦʥʫʻʪʴʩʷ ʽ ʟʤʽʥʠ ʟʙʝʨʽʛʘʶʪʴʩʷ ʚ ʤʦʜʝʣʽ. ɺ ʧʨʦʪʠʚʥʦʤʫ 

ʚʠʧʘʜʢʫ ʥʝ ʚʽʜʙʫʚʘʻʪʴʩʷ ʥʽʯʦʛʦ. 

3) ʇʦʯʘʪʦʢ ʥʦʚʦʾ ʽʪʝʨʘʮʽʾ. 

ʎʝʡ ʤʝʪʦʜ ʦʨʛʘʥʽʟʘʮʽʾ ʦʙʯʠʩʣʝʥʴ ʻ ʜʦʩʪʘʪʥʴʦ ʝʬʝʢʪʠʚʥʠʤ ʟ ʪʦʯʢʠ ʟʦʨʫ 

ʧʨʦʛʨʘʤʫʚʘʥʥʷ, ʦʩʢʽʣʴʢʠ ʦʮʽʥʢʘ ʜʦʮʽʣʴʥʦʩʪʽ ʢʨʦʢʫ ʚʽʜʙʫʚʘʻʪʴʩʷ ʜʦ ʡʦʛʦ 

ʚʠʢʦʥʘʥʥʷ, ʘ ʩʠʩʪʝʤʘ ʡʤʦʚʽʨʥʦʩʪʝʡ ʚʽʨʥʦ ʙʘʣʘʥʩʫʻ ʫ ʰʚʠʜʢʦʩʪʽ ʨʽʟʥʽ ʧʨʦʮʝʩʠ. 

ɺʘʨʪʦ ʟʘʟʥʘʯʠʪʠ ʱʦ ʢʽʣʴʢʽʩʪʴ ʚʽʜʢʠʥʫʪʠʭ ʢʨʦʢʽʚ ʟʘʟʚʠʯʘʡ ʩʠʣʴʥʦ ʧʝʨʝʚʠʱʫʻ 

ʢʽʣʴʢʽʩʪʴ ʚʠʢʦʥʘʥʠʭ, ʪʦʤʫ ʰʚʠʜʢʦʜʽʾ ʦʮʽʥʢʠ ʜʦʮʽʣʴʥʦʩʪʽ (ʦʙʨʘʭʫʚʘʥʥʶ 

ʡʤʦʚʽʨʥʦʩʪʽ ʪʘ ʦʪʨʠʤʘʥʥʶ ʚʠʧʘʜʢʦʚʦʛʦ ʯʠʩʣʘ) ʚʘʨʪʦ ʧʨʠʜʽʣʠʪʠ ʦʩʦʙʣʠʚʫ 

ʫʚʘʛʫ. 

ɺʠʧʘʜʢʫ ʚʘʨʽʘʪʠʚʥʦʩʪʽ ʧʨʦʮʝʩʫ ʧʝʨʝʪʚʦʨʝʥʥʷ, ʜʣʷ ʥʴʦʛʦ ʤʦʞʥʘ ʧʦʙʫʜʫʚʘʪʠ 

ʛʨʘʬ ʡʤʦʚʽʨʥʦʩʪʝʡ, ʜʝ ʢʦʨʽʥʴ ʤʘʻ ʡʤʦʚʽʨʥʽʩʪʴ ʩʘʤʦʛʦ ʧʝʨʝʪʚʦʨʝʥʥʷ, ʘ ʢʦʞʝʥ 

ʥʘʩʪʫʧʥʠʡ ʥʘʙʽʨ ʜʦʯʽʨʥʽʭ ʥʦʜ ʟʙʝʨʽʛʘʻ ʽʥʬʦʨʤʘʮʽʶ ʪʽʣʴʢʠ ʧʨʦ ʩʧʽʚʚʽʜʥʦʰʝʥʥʷ 

ʤʽʞ ʡʤʦʚʽʨʥʦʩʪʷʤʠ ʧʝʨʝʪʚʦʨʝʥʴ ʥʘ ʮʴʦʤʫ ʨʽʚʥʽ  ʜʝʨʝʚʘ. ʊʘʢʠʤ ʯʠʥʦʤ ʜʣʷ 

ʢʦʞʥʦʛʦ ʩʢʣʘʜʥʦʛʦ ʧʝʨʝʪʚʦʨʝʥʥʷ ʫʪʚʦʨʶʻʪʴʩʷ ʧʨʦʩʪʠʡ ʽ ʝʬʝʢʪʠʚʥʠʡ ʘʣʛʦʨʠʪʤ 

ʚʠʟʥʘʯʝʥʥʷ, ʱʦ ʥʝ ʧʦʪʨʝʙʫʻ ʟʥʘʯʥʠʭ ʨʝʩʫʨʩʽʚ ʽ ʜʦʜʘʪʢʦʚʦʛʦ ʘʥʘʣʽʟʫ. ʆʩʦʙʣʠʚʦ 

ʝʬʝʢʪʠʚʥʠʤ ʚ ʪʘʢʦʤʫ ʚʠʧʘʜʢʫ ʻ ʙʽʥʘʨʥʝ ʜʝʨʝʚʦ, ʦʩʢʽʣʴʢʠ ʚʠʙʽʨ ʛʽʣʢʠ 

ʧʝʨʝʪʚʦʨʝʥʥʷ ʚʽʜʙʫʚʘʻʪʴʩʷ ʟʘ ʯʘʩ ʆ(1) ʘ ʥʝ ʆ(2n), ʜʝ n ï ʢʽʣʴʢʽʩʪʴ ʚʘʨʽʘʥʪʽʚ 

ʧʝʨʝʪʚʦʨʝʥʥʷ ʥʘ ʨʽʚʥʽ, ʘʣʝ ʪʨʝʙʘ ʧʘʤôʷʪʘʪʠ, ʱʦ ʚʠʜ ʜʝʨʝʚʘ ʚʠʟʥʘʯʘʻʪʴʩʷ 

ʘʣʛʦʨʠʪʤʦʤ ʧʝʨʝʪʚʦʨʝʥʥʷ. 
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3.2. ɸʣʛʦʨʠʪʤ ʍʦʰʝʥʘ-ʂʦʧʝʣʴʤʘʥʘ 

ɸʣʛʦʨʠʪʤ ʍʦʰʝʥʘ-ʂʦʧʝʣʴʤʘʥʘ ʜʣʷ ʚʠʟʥʘʯʝʥʥʷ ʮʽʣʽʩʥʦʩʪʽ ʤʦʣʝʢʫʣʷʨʥʦʾ 

ʩʪʨʫʢʪʫʨʠ ʻ ʜʦʚʦʣʽ ʧʨʦʩʪʠʤ ʜʣʷ ʨʦʟʫʤʽʥʥʷ ʘʣʝ ʥʝ ʟʘʚʞʜʠ ʪʨʠʚʽʘʣʴʥʠʤ ʚ 

ʨʝʘʣʽʟʘʮʽʾ. 

ʉʫʪʴ ʘʣʛʦʨʠʪʤʫ ʟʚʦʜʠʪʴʩʷ ʜʦ ʨʝʢʫʨʩʠʚʥʦʛʦ ʧʝʨʝʙʦʨʫ ʫʩʽʭ ʩʫʩʽʜʽʚ ʫʩʽʭ 

ʯʘʩʪʠʥʦʢ. ʋʟʷʚʰʠ ʜʦʚʽʣʴʥʫ ʯʘʩʪʠʥʢʫ ʩʠʩʪʝʤʠ, ʧʦʪʨʽʙʥʦ ʨʦʟʛʣʷʥʫʪʠ ʫʩʽ ʩʫʩʽʜʥʽ 

ʜʦ ʥʝʾ ʯʘʩʪʠʥʢʠ, ʧʦʪʽʤ ʫʩʽ, ʩʫʩʽʜʥʽ ʜʦ ʾʾ ʩʫʩʽʜʽʚ ʽ ʪʘʢ ʜʘʣʽ. ʊʦʜʽ, ʢʦʣʠ ʫʩʽʭ ʩʫʩʽʜʽʚ 

ʙʫʜʝ ʧʝʨʝʙʨʘʥʦ, ʦʙʠʨʘʻʪʴʩʷ ʥʘʩʪʫʧʥʘ ʯʘʩʪʠʥʢʘ ʽʟ ʪʠʭ, ʱʦ ʽʱʝ ʥʝ ʙʫʣʠ 

ʧʝʨʝʙʨʘʥʽ. ʎʝʡ ʤʝʪʦʜ ʤʘʻ ʜʚʽ ʧʨʦʙʣʝʤʠ: ʟʘʮʠʢʣʝʥʥʷ ʽ ʤʘʩʰʪʘʙʦʚʘʥʽʩʪʴ. 

ɺʠʧʨʘʚʠʪʠ ʧʨʦʙʣʝʤʫ ʽʟ ʥʝʤʦʞʣʠʚʽʩʪʶ ʚʠʡʪʠ ʽʟ ʨʝʢʫʨʩʽʾ ʜʦʚʦʣʽ ʧʨʦʩʪʦ: 

ʥʝʦʙʭʽʜʥʦ ʷʢʠʤʦʩʴ ʯʠʥʦʤ ʧʦʤʽʯʘʪʠ ʚʨʘʭʦʚʘʥʽ ʯʘʩʪʠʥʢʠ ʽ ʙʽʣʴʰʝ ʥʝ ʟʘʧʫʩʢʘʪʠ 

ʘʥʘʣʽʟ ʜʣʷ ʥʠʭ. ʇʨʦʙʣʝʤʘ ʞ ʤʘʩʰʪʘʙʦʚʘʥʦʩʪʽ ʧʦʪʨʝʙʫʻ ʛʣʠʙʰʦʛʦ ʘʥʘʣʽʟʫ. 

ʈʦʟʛʣʷʥʝʤʦ ʩʠʩʪʝʤʫ N  ʯʘʩʪʠʥʦʢ. ʗʢʱʦ ʨʦʟʤʽʨ ʢʦʞʥʦʛʦ ʢʣʘʩʪʝʨʘ ʻ ʚʽʜʥʦʩʥʦ 

ʤʘʣʠʤ, ʪʦ ʥʘʚʘʥʪʘʞʝʥʥʷ ʥʘ ʦʧʝʨʘʪʠʚʥʫ ʧʘʤôʷʪʴ ʢʦʤʧôʶʪʝʨʘ ʙʫʜʝ ʥʝʟʥʘʯʥʠʤ, 

ʘʣʝ ʷʢʱʦ ʚʦʥʠ ʷʚʣʷʶʪʴ ʩʦʙʦʶ ʦʜʠʥ ʢʣʘʩʪʝʨ, ʪʦ ʛʣʠʙʠʥʘ ʨʝʢʫʨʩʽʾ ʤʦʞʝ 

ʩʪʘʥʦʚʠʪʠ ʘʞ ʜʦ ʩʘʤʦʛʦ N ʥʘʡʛʽʨʰʦʤʫ ʚʠʧʘʜʢʫ. ʗʢʱʦ ʦʮʽʥʠʪʠ N ʚ ʨʝʘʣʽʷʭ 

ʥʝʦʙʭʽʜʥʠʭ ʝʢʩʧʝʨʠʤʝʥʪʽʚ, ʪʦ: ὔ υπππππ, ʱʦ ʜʘʩʪʴ ʧʨʠʙʣʠʟʥʦ ʪʘʢʫ ʩʘʤʫ, ʚ 

ʥʘʡʛʽʨʰʦʤʫ ʚʠʧʘʜʢʫ, ʛʣʠʙʠʥʫ ʨʝʢʫʨʩʽʾ, ʱʦ ʬʘʪʘʣʴʥʦ ʩʢʘʞʝʪʴʩʷ ʥʘ ʧʨʦʛʨʘʤʽ, ʘ 

ʩʘʤʝ ʧʨʠʚʝʜʝ ʜʦ ʧʝʨʝʧʦʚʥʝʥʥʷ ʩʪʝʢʫ ʚʠʢʦʥʘʥʥʷ.  

ɼʣʷ ʪʦʛʦ, ʱʦʙ ʫʥʠʢʥʫʪʠ ʚʠʱʝʚʢʘʟʘʥʠʭ ʧʨʦʙʣʝʤ ʚ ʢʦʥʢʨʝʪʥʽʡ ʨʝʘʣʽʟʘʮʽʾ 

ʙʫʣʦ ʟʘʩʪʦʩʦʚʘʥʦ ʩʠʩʪʝʤʫ ʤʘʨʢʝʨʽʚ ʜʣʷ ʯʘʩʪʠʥʦʢ ʘ ʪʘʢʦʞ ʩʠʩʪʝʤʘ ʯʝʨʛ ʜʣʷ 

ʨʝʘʣʽʟʘʮʽʾ ʨʝʢʫʨʩʠʚʥʦʛʦ ʦʙʭʦʜʫ ʚ ʰʠʨʠʥʫ, ʪʘʢ ʷʢ ʚʽʥ ʪʝʭʥʽʯʥʦ ʥʝ ʧʦʪʨʝʙʫʻ 

ʪʘʢʦʛʦ ʚʝʣʠʢʦʛʦ ʦʙôʻʤʫ ʧʨʦʛʨʘʤʥʦʛʦ ʩʪʝʢʫ ʽ ʧʦʢʘʟʘʚ ʩʝʙʝ ʟʥʘʯʥʦ ʰʚʠʜʰʠʤ ʟʘ 

ʪʨʘʜʠʮʽʡʥʠʡ ʩʧʦʩʽʙ ʨʦʟʚôʷʟʢʫ ʨʝʢʫʨʩʠʚʥʠʭ ʟʘʜʘʯ ʜʣʷ ʚʝʣʠʢʦʾ ʢʽʣʴʢʦʩʪʽ 

ʯʘʩʪʠʥʦʢ. 
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3.3. ʂʦʥʬʽʛʫʨʘʮʽʷ ɺʫʣʴʬʘ 

ʅʘʥʦʢʫʙʠ ʤʦʞʫʪʴ ʤʘʪʠ ʭʘʨʘʢʪʝʨʥʽ ʧʣʘʟʤʦʥʽʯʥʽ ʚʣʘʩʪʠʚʦʩʪʽ, ʩʧʨʠʯʠʥʝʥʽ 

ʾʭʥʴʦʶ ʬʦʨʤʦʶ, ʪʘ ʭʘʨʘʢʪʝʨʥʽ ʢʘʪʘʣʽʪʠʯʥʽ ʚʣʘʩʪʠʚʦʩʪʽ, ʩʧʨʠʯʠʥʝʥʽ ʪʠʤ, ʱʦ 

ʚʧʣʠʚ {100} ʧʦʚʝʨʭʦʥʴ ʤʘʢʩʠʤʘʣʴʥʠʡ. ʆʪʞʝ, ʘʢʪʫʘʣʴʥʠʤ ʻ ʧʠʪʘʥʥʷ ʧʨʦʪʠʜʽʾ 

ʪʨʘʥʩʬʦʨʤʘʮʽʾ ʬʦʨʤʠ ʥʘʥʦʢʫʙʽʚ, ʷʢʝ ʨʦʟʛʣʷʜʘʻʪʴʩʷ ʚ ʦʩʪʘʥʥʽʭ ʜʦʩʣʽʜʞʝʥʥʷʭ ʫ 

ʩʬʝʨʽ ʝʣʝʢʪʨʦʥʥʦʾ ʤʽʢʨʦʩʢʦʧʽʾ ʪʘ ʘʩʦʮʽʡʦʚʘʥʦʛʦ ʘʥʘʣʽʟʫ. ɹʫʣʦ ʚʽʜʤʽʯʝʥʦ, ʱʦ 

ʙʘʨôʻʨ ʜʦ ʧʝʨʝʤʽʱʝʥʥʷ ʘʪʦʤʘ ʟ ʨʝʙʨʘ ʥʘʥʦʢʫʙʘ ʜʦ ʧʣʦʱʠʥʠ ʙʫʚ ʢʣʶʯʦʚʠʤ ʫ 

ʧʠʪʘʥʥʽ ʢʦʥʪʨʦʣʶ ʥʘʜ ʪʨʘʥʩʬʦʨʤʘʮʽʻʶ ʬʦʨʤʠ ʥʘʥʦʢʫʙʘ. ɹ̔ ʣʴʰ ʢʦʤʧʣʝʢʩʥʠʡ 

ʥʫʢʣʝʘʮʽʡʥʠʡ ʧʨʦʮʝʩ ʢʦʥʪʨʦʣʶʻ ʧʝʨʝʪʽʢʘʥʥʷ ʬʦʨʤʠ ʚ ʮʽʣʦʤʫ. ɿʘʚʝʨʰʝʥʽ 

ʥʘʥʦʢʫʙʠ ʟʽ {100} ʧʦʚʝʨʭʥʷʤʠ ʤʘʶʪʴ ʥʝʩʪʽʡʢʽ ʧʦʛʘʥʦ ʩʢʦʦʨʜʠʥʦʚʘʥʽ ʨʝʙʨʘ, 

ʢʫʪʠ ʽ ʘʪʦʤʠ ʥʘ ʛʨʘʥʷʭ. ʆʪʞʝ, ʱʦʙ ʟʽʤʽʪʫʚʘʪʠ ʩʠʥʪʝʟʦʚʘʥʽ, ʙʣʠʟʴʢʽ ʜʦ ʽʜʝʘʣʴʥʠʭ 

ʥʘʥʦʢʫʙʠ [3,36], ʤʠ ʧʦʯʠʥʘʻʤʦ ʟ ʦʙʨʽʟʘʥʠʭ ʩʨʽʙʥʠʭ ʥʘʥʦʢʫʙʽʚ, ʜʝ ʚʩʽ ʘʪʦʤʠ 

ʤʘʶʪʴ ʥʝʡʪʨʦʥʥʝ ʯʠʩʣʦ ʥʝ ʤʝʥʰʝ 6. ʎʝ ʟʦʙʨʘʞʝʥʦ ʥʘ ʨʠʩ. 3.1 (ʘ) ʜʣʷ ʯʘʩʦʚʦʛʦ 

ʧʨʦʤʽʞʢʫ t=0. 

ʅʠʞʯʝ ʟʦʙʨʘʞʝʥʘ ʟʘʣʝʞʥʽʩʪʴ ʪʝʤʧʝʨʘʪʫʨʠ ʪʘ ʨʦʟʤʽʨʫ ʧʝʨʝʪʽʢʘʥʥʷ ʫ 

ʬʦʨʤʫ ɺʫʣʴʬʘ. ʅʘ ʨʠʩ. 3.1 (b) ʪʘ 3.1 (c), ʤʠ ʚʽʜʦʙʨʘʟʠʣʠ çʰʠʨʠʥʫè  h100 (h111) 

ʤʽʞ ʥʘʡʙʽʣʴʰ ʚʽʜʜʘʣʝʥʠʤʠ ʚʽʜ ʮʝʥʪʨʫ {100} ʧʦʚʝʨʭʥʷʤʠ ({111} ʧʦʚʝʨʭʥʽ) ʥʘ 

ʧʨʦʪʠʣʝʞʥʠʭ ʩʪʦʨʦʥʘʭ (ʢʫʪʘʭ) ʥʘʥʦʢʫʙʘ. ɺʦʥʠ ʧʨʠʨʦʜʥʽʤ ʯʠʥʦʤ 

ʧʝʨʝʤʘʩʰʪʘʙʦʚʘʥʽ ʤʽʞʰʘʨʦʚʠʤ ʧʨʦʩʪʦʨʦʤ [a/ ã2 ʜʣʷ {100} ʧʦʚʝʨʭʦʥʴ ʪʘ ʰʘʨʽʚ 

ʽ a/ ã(3/2) ʜʣʷ {111} ʧʦʚʝʨʭʦʥʴ ʪʘ ʰʘʨʽʚ] ʱʦʙ ʚʽʜʦʙʨʘʟʠʪʠ ʟʤʽʥʫ ʚ ʢʽʣʴʢʦʩʪʽ 

{100} ʪʘ {111} ʰʘʨʽʚ. ʎʝ ʚʠʟʥʘʯʝʥʥʷ ʽʜʝʥʪʠʬʽʢʫʻ ʢʦʞʥʫ ʛʨʘʥʴ ʟ ʧʨʠʥʘʡʤʥʽ 

ʦʜʥʠʤ ʘʪʦʤʦʤ ʚ ʷʢʦʩʪʽ ʰʘʨʫ. ɽʚʦʣʶʮʽʷ ʟ ʦʙʨʽʟʘʥʦʛʦ ʥʘʥʦʢʫʙʘ ʜʦ ʬʦʨʤʠ 

ɺʫʣʴʬʘ ʚʢʣʶʯʘʻ ʬʦʨʤʫʚʘʥʥʷ ʥʦʚʠʭ {100} ʰʘʨʽʚ ʥʘ ʩʪʦʨʦʥʽ ʧʦʯʘʪʢʦʚʦʛʦ 

ʥʘʥʦʢʫʙʘ ʪʘ ʝʨʦʟʽʶ ʘʙʦ ʚʽʜʜʽʣʝʥʥʷ {111} ʧʦʚʝʨʭʦʥʴ ʥʘ ʢʫʪʘʭ. ʈʝʟʫʣʴʪʘʪ ʜʣʷ 

ʙʽʣʴʰʦʛʦ ʨʦʟʤʽʨʫ N = 1584 ʘʪʦʤʽʚ ʧʦʢʘʟʫʻ ʯʽʪʢʽ ʩʪʘʜʽʾ ʮʠʭ ʧʨʦʮʝʩʽʚ 

ʬʦʨʤʫʚʘʥʥʷ ʪʘ ʚʽʜʜʽʣʝʥʥʷ. ʂʨʽʤ ʬʽʥʘʣʴʥʦʾ ʨʽʚʥʦʚʘʞʥʦʾ ʧʣʦʱʠʥʠ, ʽʩʥʫʻ ʩʣʘʙʢʘ 

ʧʣʦʱʠʥʘ ʜʣʷ h100 ʪʘ h111, ʱʦ ʟʤʽʥʶʻʪʴʩʷ ʜʚʦʤʘ ʰʘʨʘʤʠ. ʎʝ ʫʟʛʦʜʞʫʻʪʴʩʷ ʟ 

ʫʪʚʦʨʝʥʥʷʤ ʦʜʥʦʛʦ ʰʘʨʫ ʥʘ ʢʦʞʥʫ {100} ʧʦʚʝʨʭʥʶ, ʪʘ ʧʦʚʥʝ ʚʽʜʜʽʣʝʥʥʷ ʽ 

ʧʝʨʝʤʽʱʝʥʥʷ {111} ʧʦʚʝʨʭʥʽ ʟ ʢʦʞʥʦʛʦ ʢʫʪʘ. ɺʘʨʪʦ ʚʽʜʟʥʘʯʠʪʠ, ʱʦ 
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ʬʦʨʤʫʚʘʥʥʷ ʰʘʨʫ ʣʠʰʝ ʥʘ ʦʜʥʽʡ ʩʪʦʨʦʥʽ, ʘʙʦ ʧʝʨʝʤʽʱʝʥʥʷ ʰʘʨʫ ʣʠʰʝ ʟ ʦʜʥʦʛʦ 

ʢʫʪʘ, ʘʣʝ ʥʝ ʟ ʽʥʰʦʛʦ, ʚʦʯʝʚʠʜʴ ʨʽʜʢʽʩʥʠʡ ʪʠʤʯʘʩʦʚʠʡ ʩʪʘʥ. 

ʑʦʙ ʦʮʽʥʠʪʠ ʟʘʣʝʞʥʽʩʪʴ ʊ ʝʚʦʣʶʮʽʾ, ʤʠ ʧʨʝʜʩʪʘʚʣʷʻʤʦ ʭʘʨʘʢʪʝʨʥʽ ʯʘʩʦʚʽ 

ʧʨʦʤʽʞʢʠ Űrelax = Ű100 and Ű111, ʚʽʜʦʙʨʘʞʘʶʯʠ ʽʩʪʦʪʥʫ ʝʚʦʣʶʮʽʶ h100 ʪʘ h111, 

ʚʽʜʧʦʚʽʜʥʦ, ʚʽʜ ʾʭʥʽʭ ʧʦʯʘʪʢʦʚʠʭ ʟʥʘʯʝʥʴ [ʥʘʧʨʠʢʣʘʜ, ʟʤʽʥʘ ʜʚʦʤʘ ʰʘʨʘʤʠ, ʷʢ 

ʧʦʢʘʟʘʥʦ ʥʘ ʨʠʩ.3.1(b) ʪʘ 3.1(c)]. ɺʽʜ ʮʠʭ ʭʘʨʘʢʪʝʨʥʠʭ ʯʘʩʦʚʠʭ ʧʨʦʤʽʞʢʽʚ, ʤʠ 

ʦʮʽʥʶʻʤʦ ʝʬʝʢʪʠʚʥʽ ʝʥʝʨʛʽʾ ɸʨʨʝʥʽʫʩʘ, Eeff. ForŰrelax = Ű111, ʱʦ 

ʭʘʨʘʢʪʝʨʠʟʫʶʪʴ ʚʽʜʜʽʣʝʥʥʷ ʢʫʪʦʚʦʾ ʧʦʚʝʨʭʥʽ {111} ʪʘ ʧʝʨʝʤʽʱʝʥʥʷ ʾʾ ʘʪʦʤʽʚ ʜʦ 

{100} ʧʦʚʝʨʭʥʽ, ʘʥʘʣʽʟ ɸʨʨʝʥʽʫʩʘ ʨʝʟʫʣʴʪʘʪʽʚ KMC ʜʣʷ Ű111 Eeff å0.7eV. 

ɺʚʘʞʘʶʯʠ, ʱʦ ʥʘʥʦʢʣʘʩʪʝʨ ʧʦʯʠʥʘʻ ʷʢ ʽʜʝʘʣʴʥʠʡ ʦʙʨʽʟʘʥʠʡ ʥʘʥʦʢʫʙ, ʢʫʪʦʚʠʡ 

ʘʪʦʤ ʫ {111} ʧʦʚʝʨʭʥʽ ʧʝʨʝʤʽʱʫʻʪʴʩʷ ʜʦ {100} ʧʦʚʝʨʭʥʽ, ʯʝʨʝʟ ʱʦ ʤʦʞʝ 

ʚʚʘʞʘʪʠʩʷ ʧʝʨʝʢʨʫʯʝʥʦʶ ʜʽʣʷʥʢʦʶ ʥʘ ʱʽʣʴʥʦʤʫ ʢʨʦʮʽ ʨʝʙʨʘ ʜʣʷ {100} 

ʧʦʚʝʨʭʥʽ. ɹʘʨôʻʨ ʜʣʷ ʧʝʨʰʦʛʦ ʢʨʦʢʫ Eact =0.525eV ʚʽʜʥʦʩʥʦ ʥʠʟʴʢʠʡ. ʆʜʥʘʢ, 

ʥʘ ʜʨʫʛʦʤʫ ʢʨʦʮʽ ʱʦʙ ʜʦʩʷʛʥʫʪʠ ʦʩʪʘʪʦʯʥʦʾ ʜʽʣʷʥʢʠ ʧʦʛʣʠʥʘʥʥʷ ʥʘ {100} 

ʧʦʚʝʨʭʥʽ, ʱʦ ʻ E =+ 2ű ʚʠʱʝ ʧʦʯʘʪʢʦʚʦʾ ʝʥʝʨʛʽʾ ʜʽʣʷʥʢʠ, ʘʪʦʤ ʤʫʩʠʪʴ 

ʧʝʨʝʙʦʨʦʪʠ ʝʥʝʨʛʝʪʠʯʥʠʡ ʙʘʨôʻʨ cTD100 ʧʦʥʘʜ ʝʥʝʨʛʽʻʶ ʟʘʢʣʶʯʥʦʛʦ ʩʪʘʥʫ. 

ʊʘʢʠʤ ʯʠʥʦʤ, ʟʘʛʘʣʴʥʠʡ ʙʘʨôʻʨ ʧʝʨʝʤʽʱʝʥʥʷ ʘʪʦʤʽʚ ʻ Eeff =c100TD +E 

=0.875e, ʧʦʨʽʚʥʶʚʘʥʠʡ ʟ ʨʝʟʫʣʴʪʘʪʘʤʠ ʩʠʤʫʣʷʮʽʾ. ɿʘʫʚʘʞʠʤʦ ʱʦ ʜʣʷ ʚʠʱʦ ʾʊ, 

ʬʘʢʪʦʨ ʝʥʪʨʦʧʽʾ, ʧʦʚôʷʟʘʥʠʡ ʟ ʪʝʨʤʽʯʥʠʤ ʟʙʫʜʞʝʥʥʷʤ ʻ ʟʥʘʯʫʱʠʤ, ʽ ʥʝ 

ʚʢʣʶʯʝʥʠʡ ʫ ʘʥʘʣʽʟ. [5] 
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ʈʠʩ 3.1 ʇʝʨʝʬʦʨʤʫʚʘʥʥʷ ʘʥʦʢʫʙʫ Ag: (ʘ) ʢʦʥʬʽʛʫʨʘʮʽʡʥʠʡ ʟʥʽʤʦʢ(N = 1584, 

T = 1100K). T ï ʟʘʣʝʞʥʽʩʪʴ ʯʘʩʫ ʝʚʦʣʶʮʽʾ ʤʘʩʰʪʘʙʫʚʘʥʥʷ Ὤ ὸ ʚ (b), 

ʟʙʽʣʴʰʝʥʥʷ Ὤ ὸ ʥʘ ʬʽʛʫʨʽ (ʩ) ʽ ʤʘʩʰʪʘʙʫʚʘʥʥʷ ʩʫʤʘʨʥʦʾ ʝʥʝʨʛʽʾ ʥʘ ʬʽʛʫʨʽ 

(ʝ) ʪʘ (d) ʜʣʷ N=586,1584 ʚ ʩʝʨʝʜʥʴʦʤʫ ʟʘ 400 ʚʠʧʨʦʙʫʚʘʥʴ. 

ɸʪʦʤʠ ʟʚʽʣʴʥʝʥʽ ʟ {111}  ʧʦʚʝʨʭʦʥʴ ʨʦʟʧʠʣʶʶʪʴʩʷ ʥʘ ʧʦʚʝʨʭʥʽ {100}  ʽ 

ʫʪʚʦʨʶʶʪʴ ʥʦʚʽ {100}  ʰʘʨʠ, ʮʝʡ ʧʨʦʮʝʩ ʭʘʨʘʢʪʝʨʠʟʫʻʪʴʩʷ Űrelax = Ű100, ʜʣʷ 

ʷʢʦʛʦ ʘʥʘʣʽʟ KMC ʨʝʟʫʣʴʪʘʪʽʚ ɸʨʨʝʥʽʫʩʘ ʜʘʻ ʯʽʪʢʠʡ ʪʘ ʚʠʩʦʢʠʡ Eeff å1.1eV. 

ʊʫʪ ʧʨʠʨʦʜʥʴʦ ʘʥʘʣʽʟʫʻʪʴʩʷ ʬʦʨʤʫʚʘʥʥʷ ʧʦʨʽʚʥʷʥʦ ʩʪʘʙʽʣʴʥʦʛʦ ʧʨʷʤʦʢʫʪʥʦʛʦ 

ʪʝʪʨʘʤʝʨʘ ʟ ʘʪʦʤʽʚ ʫ {100}  ʯʘʩʪʠʥʢʘʭ. ɺʨʘʭʫʻʤʦ ʧʦ-ʧʝʨʰʝ ʧʝʨʝʤʽʱʝʥʥʷ ʪʨʴʦʭ 

ʟ 12 ʘʪʦʤʽʚ ʚ ʧʦʯʘʪʢʦʚʫ ʟʘʚʝʨʰʝʥʫ  {111}  ʢʫʪʦʚʫ ʧʦʚʝʨʭʥʶ ʜʦ ʦʢʨʝʤʦʾ  {100}  

ʧʦʚʝʭʥʽ, ʱʦʙ ʩʬʦʨʤʫʚʘʪʠ ʪʨʠʤʝʨ. ʎʝ ʚʢʣʶʯʘʻ ʨʫʡʥʫʚʘʥʥʷ ʚʩʽʭ ʚʦʩʴʤʠ ʙʦʢʦʚʠʭ 

ʨʝʙʝʨ ʥʘ {111} ʧʦʚʝʨʭʥʽ, ʘʣʝ ʧʨʠ ʮʴʦʤʫ ʬʦʨʤʫʚʘʥʥʷ ʜʚʦʭ ʙʦʢʦʚʠʭ ʨʝʙʝʨ ʫ 
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ʪʨʠʤʝʨʽ, ʽ ʧʽʜʚʠʱʝʥʥʷ ʢʦʦʨʜʠʥʘʮʽʾ ʜʣʷ ʧʽʜʪʨʠʤʢʠ ʘʪʦʤʽʚ ʥʘ {100} ʧʦʚʝʨʭʥʽ ʜʣʷ 

ʟʘʛʘʣʴʥʦʾ ʟʤʽʥʠ ʝʥʝʨʛʽʾ E123 =+ 3ű. ɼʦʟʚʦʣʠʤʦ ɽ4 ʧʦʟʥʘʯʠʪʠ ʙʘʨôʻʨ ʜʣʷ 

ʧʝʨʝʤʽʱʝʥʥʷ ʯʝʪʚʝʨʪʦʛʦ ʘʪʦʤʘ ʟʽ {111} ʧʦʚʝʨʭʥʽ ʜʦ {100} ʧʦʚʝʨʭʥʽ, ʱʦʙ 

ʩʪʘʙʽʣʽʟʫʚʘʪʠ ʪʨʠʤʝʨ. ʎʝʡ ʧʨʦʮʝʩ ʢʦʥʪʨʦʣʶʻʪʴʩʷ ʦʩʪʘʥʥʽʤ ʢʨʦʢʦʤ ʜʣʷ 

ʜʦʩʷʛʥʝʥʥʷ {100} ʧʦʛʣʠʥʘʥʥʷ ʜʽʣʷʥʢʠ, ʜʘʶʯʠ ʙʘʨôʻʨ E4 =0.75eV. ʎʝ ʦʟʥʘʯʘʻ 

ʝʬʝʢʪʠʚʥʠʡ ʥʫʢʣʝʘʮʽʡʥʠʡ ʙʘʨôʻʨ Eeff =E4 + E123 =1.42eV. [5] ʆʜʥʘʢ, ʷʢʱʦ 

ʪʨʠʤʝʨ ʥʘ ʨʝʙʨʽ {100} ʧʦʚʝʨʭʥʽ, ʦʪʞʝ ʘʪʦʤ ʟʽ {111} ʧʦʚʝʨʭʥʽ ʤʦʞʝ 

ʧʝʨʝʩʪʨʠʙʥʫʪʠ ʥʘʧʨʷʤʫ ʚʩʝʨʝʜʠʥʫ ʜʽʣʷʥʢʠ ʟ ʜʚʦʤʘ ʙʦʢʦʚʠʤʠ ʨʝʙʨʘʤʠ, ʱʦ 

ʬʦʨʤʫʶʪʴ ʢʚʘʜʨʘʪʥʠʡ ʪʝʪʨʘʤʝʨ, ʪʦʜʽ ɽ4 ʩʢʦʨʦʯʫʻʪʴʩʷ ʜʦ 0.525eV ʽ Eeff 

=1.20eV, ʮʽʣʢʦʤ ʚʽʜʧʦʚʽʜʥʦ ʜʦ ʨʝʟʫʣʴʪʘʪʽʚ ʩʠʤʫʣʷʮʽʾ. 

ʊʘʢʦʞ ʚʽʜʩʣʽʜʢʦʚʫʻʤʦ ʟʘʛʘʣʴʥʫ ʝʥʝʨʛʽʶ ʥʘʥʦʢʫʙʘ, ɽ [ʈʠʩ. 2 (d) ʪʘ 2(ʝ)], ʽ 

ʚʠʟʥʘʯʘʻʤʦ ʟʤʽʥʠ ʯʘʩʫ Űrelax = ŰEMax ʚʽʜʧʦʚʽʜʥʦ ʜʦ ʧʽʢʦʚʦʾ ʝʥʝʨʛʽʾ. ɯ ʧʽʢʦʚʘ, ʽ 

ʧʽʟʥʷ ʩʪʘʜʽʾ ɽ ʙʽʣʴʰʽ ʜʣʷ ʚʠʱʦʛʦ ʊ ʯʝʨʝʟ ʝʬʝʢʪ ʝʥʪʨʦʧʽʾ. ɸʥʘʣʽʟ ɸʨʨʝʥʽʫʩʘ ʜʣʷ 

ŰEMax: Eeff å0.72eV, ʱʦ ʟʙʽʛʘʻʪʴʩʷ ʟʽ ʟʥʘʯʝʥʥʷʤ ʜʣʷ Ű111. ʆʪʦʞ, ʝʥʝʨʛʝʪʠʯʥʠʡ 

ʤʘʢʩʠʤʫʤ ʚʽʜʧʦʚʽʜʘʻ ʨʘʥʥʽʡ ʩʪʘʜʽʾ ʨʫʡʥʫʚʘʥʥʷ {111} ʧʦʚʝʨʭʦʥʴ, ɽ ʟʥʠʞʫʻʪʴʩʷ 

ʣʠʰʝ ʧʽʩʣʷ ʪʦʛʦ ʷʢ ʥʦʚʽ {100} ʰʘʨʠ ʫʪʚʦʨʶʶʪʴʩʷ ʽ ʨʦʩʪʫʪʴ. 

ɺʠʱʝʥʘʚʝʜʝʥʽ ʨʝʟʫʣʴʪʘʪʠ ʜʣʷ ʝʚʦʣʶʮʽʾ h111, h100, ʪʘ E ʦʪʨʠʤʘʥʽ ʟ 

ʰʠʨʦʢʦʾ ʩʠʤʫʣʷʮʽʾ ʂʄʉ, ʫʩʝʨʝʜʥʝʥʦʾ ʟ ʢʽʣʴʢʦʭ ʩʦʪʝʥʴ ʩʧʨʦʙ. ʅʝʦʙʭʽʜʥʦ 

ʤʽʥʽʤʽʟʫʚʘʪʠ ʝʬʝʢʪ ʟʥʘʯʥʠʭ ʢʦʣʠʚʘʥʴ ʥʘ ʥʘʥʦʨʽʚʥʽ, ʽ ʪʘʢʠʤ ʯʠʥʦʤ ʦʪʨʠʤʘʪʠ 

ʪʦʯʥʽ ʨʝʟʫʣʴʪʘʪʠ ʜʣʷ ʭʘʨʘʢʪʝʨʥʠʭ ʯʘʩʽʚ ʪʘ ʝʥʝʨʛʽʡ ɸʨʨʝʥʽʫʩʘ. ɿʘʫʚʘʞʠʤʦ 

ʪʘʢʦʞ, ʱʦ ʤʘʡʞʝ ʙʝʟʜʦʛʘʥʥʘ ʧʦʚʝʜʽʥʢʘ ɸʨʨʝʥʽʫʩʘ ʜʣʷ ʭʘʨʘʢʪʝʨʥʠʭ ʯʘʩʽʚ 

ʧʦʤʽʯʝʥʘ ʧʦʥʘʜ ʚʠʧʨʦʙʫʚʘʥʠʭ ʪʝʤʧʝʨʘʪʫʨ (ʜʠʚ. ɼʦʜʘʪʢʦʚʠʡ ʤʘʪʝʨʽʘʣ [27]). 

ɯʜʝʥʪʠʬʽʢʦʚʘʥʘ ʧʦʚʝʜʽʥʢʘ ɸʨʨʝʥʽʫʩʘ ʜʦʟʚʦʣʷʻ ʧʝʨʝʜʙʘʯʝʥʥʷ ʯʘʩʦʚʠʭ 

ʧʨʦʤʽʞʢʽʚ ʧʝʨʝʪʽʢʘʥʥʷ ʜʣʷ ʥʠʞʯʠʭ ʊ. ʅʫʢʣʝʘʮʽʡʥʠʡ ʧʨʦʮʝʩ ʟ ʚʠʱʠʤ Eeff 

å1.1eV ʙʫʜʝ ʟ ʨʝʛʫʣʴʦʚʘʥʦʶ ʰʚʠʜʢʽʩʪʶ, ʧʨʠʧʫʩʢʘʶʯʠ ʱʦ, ʥʘʧʨʠʢʣʘʜ, Űrelax = 

Ű100 å10ī3.6, 10 ī0.8, ʽ 103.8 ʧʨʠ 500, 400, ʽ 300 K, ʚʽʜʧʦʚʽʜʥʦ, ʜʣʷ N =1584, 

ʦʙʠʨʘʶʯʠ ɜ =1012.5 sī1. ʎʽ ʦʮʽʥʢʠ ʻ ʥʠʞʥʽʤʠ ʤʝʞʘʤʠ, ʦʩʢʽʣʴʢʠ Eeff ʤʘʻ 

ʷʢʠʤʦʩʴ ʯʠʥʦʤ ʧʽʜʚʠʱʫʚʘʪʠʩʷ  ʜʣʷ ʥʠʞʯʦʛʦ ʊ. [5] 
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ʇʨʠʙʣʠʟʥʦ ʦʮʽʥʶʶʯʠ ʨʦʟʤʽʨ ʤʘʩʰʪʘʙʽʚ Űrelax, ʛʨʫʥʪʫʶʯʠʩʴ ʣʠʰʝ ʥʘ 

ʜʚʦʭ ʨʦʟʤʽʨʘʭ ʥʘʥʦʢʫʙʘ: N =586 ʪʘ 1584. ɸʥʘʣʽʟ Űrelax ḐNɓ ʚʽʜʧʦʚʽʜʥʦ ʜʦ 

ʧʽʟʥʽʭ ʩʪʘʜʽʡ ʧʨʦʮʝʩʫ ʧʦʢʘʟʫʻ ʧʽʜʚʠʱʝʥʥʷ ɓ ʜʣʷ ʟʥʠʞʝʥʥʷ ʊ ʚʽʜ ɓ å1.3 ʟʘ 1000 

K ʜʦ ɓ å1.7 ʟʘ 800 K. ɺʽʜʭʠʣʝʥʥʷ ʜʣʷ ʥʠʞʯʠʭ ʊ ʻ ʢʣʘʩʠʯʥʠʤ ʟʥʘʯʝʥʥʷʤ 

ʢʦʥʪʠʥʫʫʤʫ ɓ =4/3 ʽ ʩʚʽʜʯʠʪʴ ʧʨʦ ʧʨʠʩʫʪʥʽʩʪʴ ʦʧʦʩʝʨʝʜʢʦʚʘʥʦʛʦ 

ʥʫʢʣʝʘʮʽʡʥʦʛʦ ʧʨʦʮʝʩʫ ʟʽ ʩʢʽʥʯʝʥʥʠʤ ʝʬʝʢʪʠʚʥʠʤ ʙʘʨôʻʨʦʤ [ 19,21]. ʎʝ 

ʩʧʦʩʪʝʨʝʞʝʥʥʷ ʚʽʜʧʦʚʽʜʘʻ ʪʦʤʫ, ʱʦ ʝʚʦʣʶʮʽʷ h100, ʽ ʦʩʦʙʣʠʚʦ ʱʦ ʝʥʝʨʛʽʷ 

ɸʨʨʝʥʽʫʩʘ, ʚʠʜʽʣʝʥʘ ʟ Ű100, ʢʦʥʪʨʦʣʶʻʪʴʩʷ ʫʪʚʦʨʝʥʥʷʤ ʥʦʚʠʭ {100} ʰʘʨʽʚ. 
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3.4. ɽʢʩʧʝʨʠʤʝʥʪ ˉ1: ʚʽʜʪʚʦʨʝʥʥʷ ʢʦʥʬʽʛʫʨʘʮʽʾ ɺʫʣʴʬʘ 

ʆʜʥʠʤ ʟ ʢʣʶʯʦʚʠʭ ʢʨʠʪʝʨʽʾʚ ʧʨʘʮʝʟʜʘʪʥʦʩʪʽ ʩʪʚʦʨʝʥʦʾ ʤʦʜʝʣʽ - ʟʜʘʪʥʽʩʪʴ 

ʚʽʜʪʚʦʨʠʪʠ ʧʦʚʝʜʽʥʢʫ ʨʝʯʦʚʠʥʠ ʙʝʟ ʟʦʚʥʽʰʥʴʦʛʦ ʚʧʣʠʚʫ. ʗʢʱʦ ʨʝʟʫʣʴʪʘʪ 

ʤʦʜʝʣʶʚʘʥʥʷ ʥʝ ʧʦʚʪʦʨʠʪʴ ʧʦʚʝʜʽʥʢʫ ʨʝʘʣʴʥʦʾ ʩʠʩʪʝʤʠ, ʪʦ ʤʦʜʝʣʴ ʧʦʙʫʜʦʚʘʥʘ 

ʥʝʚʽʨʥʦ. ɼʣʷ ʜʘʥʦʛʦ ʚʠʧʘʜʢʫ ʙʫʣʦ ʦʙʨʘʥʦ ʦʙôʻʤ ʢʫʙʽʯʥʦʾ ʬʦʨʤʠ ʽʟ ʨʝʙʨʦʤ ʫ 

100 ʩʪʘʣʠʭ ʢʨʠʩʪʘʣʽʯʥʦʾ ʛʨʘʪʢʠ. ɺ ʩʝʨʝʜʠʥʽ ʦʙôʻʤʫ ʨʦʟʪʘʰʦʚʘʥʦ ʢʣʘʩʪʝʨ 

ʢʫʣʝʧʦʜʽʙʥʦʾ ʬʦʨʤʠ. ʇʨʠ ʟʥʘʯʝʥʥʽ ʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʢʦʝʬʽʮʽʻʥʪʫ Ŭ=2.2ʧʨʦʮʝʩ 

ʧʦʯʠʥʘʻʪʴʩʷ. 

 

 

 

ʈʠʩ. 3.2. ʇʦʯʘʪʢʦʚʘ ʢʦʥʬʽʛʫʨʘʮʽʷ. 
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 ɿ ʧʣʠʥʦʤ ʢʨʦʢʽʚ 

ʝʢʩʧʝʨʠʤʝʥʪʫ ʩʠʩʪʝʤʘ 

ʥʘʙʫʣʘ ʩʪʘʣʦʾ ʢʦʥʬʽʛʫʨʘʮʽʾ 

(ʨʠʩ.3.3). ʗʢ ʤʦʞʝʤʦ 

ʩʧʦʩʪʝʨʽʛʘʪʠ ʚʦʥʘ ʩʧʽʚʧʘʜʘʻ ʟ 

ʬʦʨʤʫʶ ʱʦ ʥʘʙʫʚʘʻ ʢʣʘʩʪʝʨ 

ʚ ʨʽʚʥʦʚʘʞʥʽʡ ʢʦʥʬʽʛʫʨʘʮʽʾ 

ʷʢ ʚʞʝ ʙʫʣʦ ʟʘʟʥʘʯʝʥʦ ʚ 

ʧʽʜʨʦʟʜʽʣʽ 3.3. ɿ ʮʴʦʛʦ 

ʤʦʞʝʤʦ ʩʫʜʠʪʠ ʧʨʦ ʪʝ, ʱʦ 

ʤʦʜʝʣʴ ʙʫʣʘ ʩʪʚʦʨʝʥʘ ʚʜʘʣʦ. 

  

͊ύ 

 

͋ύ 

 

ʈʠʩ. 3.3. ʂʦʥʬʽʛʫʨʘʮʽʷ ʥʘ ʬʽʥʘʣʴʥʦʤʫ ʝʪʘʧʽ 

ʝʢʩʧʝʨʠʤʝʥʪʫ 
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3.5. ɽʢʩʧʝʨʠʤʝʥʪ ˉ2: ʩʧʽʢʘʥʥʷ ʤʝʪʘʣʝʚʠʭ ʥʘʥʦʯʘʩʪʠʥʦʢ 

 ʅʘʩʪʫʧʥʠʤ ʢʨʦʢʦʤ ʙʫʣʦ ʚʽʜʪʚʦʨʝʥʥʷ ʩʧʽʢʘʥʥʷ ʩʪʠʪʩʝʤʠ ʚ 

ʪʨʴʦʭʚʠʤʽʨʥʦʤʫ ʚʠʧʘʜʢʫ. ʇʝʨʰ ʟʘ ʚʩʝ ʧʦʩʪʘʣʦ ʧʠʪʘʥʥʷ ʩʪʚʦʨʝʥʥʷ ʧʦʯʘʪʢʦʚʦʾ 

ʢʦʥʬʽʛʫʨʘʮʽʾ ʜʣʷ ʜʦʩʣʽʜʞʝʥʥʷ ʩʧʽʢʘʥʥʷ ʩʠʩʪʝʤʠ ʚ ʨʽʟʯʠʭ ʯʘʩʦʚʠʭ ʪʘ 

ʪʝʤʧʝʨʘʪʫʨʥʠʭ ʧʨʦʤʽʞʢʘʭ. ɺ ʦʩʥʦʚʽ ʩʪʚʦʨʝʥʦʾ ʤʦʜʝʣʽ ʙʫʣʦ ʚʠʢʦʨʠʩʪʘʥʦ ʤʝʪʦʜ 

ʄʦʥʪʝ-ʂʘʨʣʦ.   

 ɿʘ ʧʦʯʘʪʢʦʚʫ ʢʦʥʬʽʛʫʨʘʮʽʶ ʙʫʣʦ ʦʙʨʘʥʦ ʩʬʝʨʠʯʥʽ ʢʣʘʩʪʝʨʠ ʟ 

ʛʨʘʥʝʮʝʥʪʨʦʚʘʥʦʶ ʢʫʙʽʯʥʦʶ ʛʨʘʪʢʦʶ. ʂʦʪʨʽ ʙʫʣʠ ʨʦʟʤʽʱʝʥʽ ʚ ʬʦʨʤʽ ʪʘʢ ʟʚʘʥʦʾ 

çʱʽʣʴʥʦʾ ʫʧʘʢʦʚʢʠè(ʛʝʢʩʘʛʦʥʘʣʴʥʦʾ ʛʨʘʪʢʠ). 

 ʇʦʯʘʪʢʦʚʘ ʢʦʥʬʽʛʫʨʘʮʽʷ ʩʠʩʪʝʤʠ ʥʘʣʽʯʫʻ 1531062 ʘʪʦʤʠ. ɿ ʷʢʠʭ 

ʫʪʚʦʨʝʥʦ 1458 ʥʘʥʦʢʣʘʩʪʝʨʠ. ʅʘʥʦʢʣʘʩʪʝʨʠ ʚ ʤʦʜʝʣʽ ʤʘʶʪʴ ʨʦʟʤʽʨ ʧʦʨʷʜʢʫ 3,2 

ʥʤ. ɹʫʜʫ ʚʚʘʞʘʪʠ ʱʦ ʜʝʬʝʢʪʽʚ ʚ ʛʨʘʪʮʽ ʥʝʤʘʻ. ʅʝʱʦʜʘʚʥʽ ʜʦʩʣʽʜʞʝʥʥʷ 

ʩʧʽʢʘʥʥʷ ʜʚʦʭ ʥʘʥʦʢʣʘʩʪʝʨʽʚ, ʱʦ ʙʫʣʠ ʧʨʝʜʩʪʘʚʣʝʥʽ[25], ʚʽʜʦʙʨʘʞʘʶʪʴ 

ʩʧʽʢʘʥʥʷ ʜʚʦʭ ʥʘʥʦʢʣʩʪʝʨʽʚ ʟ ʨʦʟʤʽʨʘʤʠ ʧʦʨʷʜʢʫ 4 ʥʤ. ɼʦ ʪʦʛʦ ʞ ʟ ʢʦʥʪʘʢʪʦʤ 

ʤʽʞ ʥʠʤʠ. ɺ ʩʪʚʦʨʝʥʽʡ ʤʥʦʶ ʤʦʜʝʣʽ ʥʘʥʦʢʨʠʩʪʘʣʠ ʥʝ ʤʘʶʪʴ ʢʦʥʪʘʢʪʫ ʦʜʠʥ ʟ 

ʦʜʥʠʤ ʥʘ ʧʦʯʘʪʢʦʚʽʡ ʩʪʘʜʽʾ. ɺʽʜʩʪʘʥʴ ʤʽʞ ʢʣʘʩʪʝʨʘʤʠ ʧʦʨʷʜʢʫ ʨʘʜʽʫʩʫ 

ʢʣʘʩʪʝʨʫ. ʅʘ ʧʦʯʘʪʢʦʚʽʡ ʩʪʘʜʽʾ ʢʣʘʩʪʝʨʠ ï ʩʬʝʨʠ ʟ ʨʘʜʽʫʩʦʤ ʚ 1,6 ʥʤ, ʱʦ 

ʥʘʧʦʚʥʝʥʽ ʘʪʦʤʘʤʠ, ʢʦʪʨʽ ʚʧʦʨʷʜʢʦʚʘʥʽ ʟʛʽʜʥʦ ʛʨʘʥʝʮʝʥʪʨʦʚʘʥʦʾ ʢʨʠʩʪʘʣʽʯʥʦʾ 

ʛʨʘʪʢʠ.  

 ʉʫʪʴ ʧʨʦʚʝʜʝʥʠʭ ʝʢʩʧʝʨʠʤʝʥʪʽʚ ʧʦʣʷʛʘʻ ʚ ʪʦʤʫ ʱʦʙ ʟʥʘʡʪʠ ʨʝʞʠʤ 

ʩʧʽʢʘʥʥʷ, ʧʽʜ ʯʘʩ ʷʢʦʛʦ ʫʪʚʦʨʷʪʴʩʷ ʪʘʢ ʟʚʘʥʽ ʧʝʨʝʰʠʡʢʠ ʟ ʦʜʥʦʛʦ ʢʣʘʩʪʝʨʫ ʜʦ 

ʜʝʢʽʣʴʢʦʭ ʦʜʥʦʯʘʩʥʦ. ʗʢʱʦ ʫʪʚʦʨʠʪʴʩʷ ʣʠʰʝ ʦʜʠʥ ʧʝʨʝʰʠʡʦʢ ʪʦ ʟ ʯʘʩʦʤ ʦʜʠʥ 

ʟ ʥʘʥʦʢʣʘʩʪʝʨʽʚ ʧʨʦʩʪʦ ʧʦʛʣʠʥʝ ʽʥʰʠʡ.  
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ʅʘʩʪʫʧʥʠʤ ʢʨʦʢʦʤ ʙʫʣʦ ʚʽʜʪʚʦʨʝʥʥʷ ʝʢʩʧʝʨʠʤʝʥʪʽʚ ʟʽ ʩʧʽʢʘʥʥʷʤ, 

ʪʝʤʧʝʨʘʪʫʨʥʽ ʨʝʞʠʤʠ ʷʢʠʭ ɸ07, A09, B07 ,B09(ʧʽʜʨʦʟʜʽʣʽ 2.3). ɼʣʷ 

ʚʽʜʦʙʨʘʞʝʥʥʷ ʧʨʦʮʝʩʫ ʫʪʚʦʨʝʥʥʷ ʧʝʨʢʦʣʷʮʽʡʥʦʛʦ ʢʣʘʩʪʝʨʫ ʙʫʣʦ ʚʠʢʦʨʠʩʪʘʥʦ 

ʘʣʛʦʨʠʪʤ ʍʦʰʝ-ʂʘʧʝʣʴʤʘʥʘ. 

  

  

 

ʈʠʩ. 3.4. ʇʦʯʘʪʢʦʚʘ ʢʦʥʬʽʛʫʨʘʮʽʷ 

ʩʠʩʪʝʤʠ ʜʣʷ ʧʨʦʚʝʜʝʥʥʷ ʜʦʩʣʽʜʽʚ. 

ʂʣʘʩʪʝʨʠ ʟ ʢʫʙʽʯʥʦʶ 

ʛʨʘʥʝʮʝʥʪʨʦʚʘʥʦʶ ʢʨʠʩʪʘʣʽʯʥʦʶ 

ʛʨʘʪʢʦ. ʈʦʟʤʽʱʝʥʽ ʚ ʛʝʢʩʘʛʦʥʘʣʴʥʽʡ 

ʛʨʘʪʮʽ. 
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ʈʝʞʠʤ ɸ07. 

 

ʈʠʩ. 3.5.1 ʈʝʟʫʣʴʪʘʪ ʩʧʽʢʘʥʥʷ ʧʦʯʘʪʢʦʚʦʾ ʢʦʥʬʽʛʫʨʘʮʽʾ ʚ ʨʝʞʠʤʽ ɸ07. 
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ʈʠʩ. 3.5.2 ɺʽʜʦʙʨʘʞʝʥʥʷ ʧʨʦʛʨʝʩʫ ʫʪʚʦʨʝʥʥʷ ʧʝʨʢʦʣʷʮʽʡʥʦʛʦ ʢʣʘʩʪʝʨʫ ʚ 

ʩʠʩʪʝʤʽ. 

ʅʘ ʨʠʩ 3.5.2 ʟʦʙʨʘʞʝʥʘ ʜʠʥʘʤʽʢʘ ʫʪʚʦʨʝʥʥʷ ʧʝʨʢʦʣʷʮʽʡʥʦʛʦ ʢʣʘʩʪʝʨʫ. ʅʘ 

ʧʦʯʘʪʢʫ ʤʘʻʤʦ ʙʘʛʘʪʦ ʢʣʘʩʪʝʨʽʚ ʦʜʥʦʤʘʥʽʪʥʦʾ ʬʦʨʤʠ, ʧʨʦʪʝ ʟ ʯʘʩʦʤ ʾʭ ʩʪʘʻ 

ʤʝʥʴʰʝ ʽ ʚʦʥʠ ʩʪʘʶʪʴ ʯʘʩʪʠʥʦʶ ʤʘʡʙʫʪʥʴʦʛʦ ʧʝʨʢʦʣʷʮʽʡʥʦʛʦ ʢʣʘʩʪʝʨʫ. 

ɼʠʥʘʤʽʢʫ ʡʦʛʦ ʫʪʚʦʨʝʥʥʷ ʤʦʞʥʘ ʧʦʙʘʯʠʪʠ ʚʟʜʦʚʞ ʦʩʽ cluster size. 
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ʈʠʩ. 3.5.3 ɿʘʣʝʞʥʽʩʪʴ ʢʦʝʬʽʮʽʻʥʪʫ Ŭ, ʱʦ ʧʨʦʧʦʨʮʽʡʥʠʡ 1/ʊ ʚʽʜ ʢʨʦʢʽʚ ʚ 

ʝʢʩʧʝʨʠʤʝʥʪʽ 
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ʈʠʩ. 3.5.4 ɼʠʥʘʤʽʢʘ ʩʝʨʝʜʥʴʦʛʦ ʯʠʩʣʦ ʟʚôʷʟʢʽʚ ʘʪʦʤʽʚ ʚ ʩʠʩʪʝʤʽ. 

 

 ʗʢ ʤʠ ʤʦʞʝʤʦ ʩʧʦʩʪʝʨʽʛʘʪʠ ʚ ʨʝʞʠʤʽ ɸ07 ʧʝʨʢʦʣʷʮʽʡʥʠʡ ʢʣʘʩʪʝʨ ʚʞʝ 

ʧʦʚʥʽʩʪʶ ʩʬʦʨʤʦʚʘʥʠʡ ʥʘ 5000 ʢʨʦʮʽ. ʎʝ ʤʦʞʥʘ ʧʦʙʘʯʠʪʠ ʥʘ ʛʨʘʬʽʢʫ 3.5.2. 

ɻʨʘʬʽʢ 3.5.3 ʚʢʘʟʫʻ ʥʘ ʪʝ ʱʦ ʮʝ ʨʝʞʠʤ ʚʠʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʧʨʦʛʨʽʚʫ. ɿ 

ʛʨʘʬʽʢʫ, ʚʽʜʦʙʨʘʞʝʥʦʛʦ ʥʘ ʨʠʩ 3.5.4, ʤʦʞʥʘ ʧʦʙʘʯʠʪʠ ʧʦʯʘʪʢʦʚʠʡ ʩʧʘʜ 

ʩʝʨʝʜʥʴʦʾ ʢʽʣʴʢʦʩʪʽ ʟʚôʷʟʢʽʚ ʘʪʦʤʽʚ ʚ ʩʠʩʪʝʤʽ. ʎʝ ʦʙʫʤʦʚʣʝʥʦ Thermal Surface 

Roughening ʪʘ ʫʪʚʦʨʝʥʥʷʤ ʤʽʩʪʦʯʢʽʚ ʤʽʞ ʢʣʘʩʪʝʨʘʤʠ. ʅʘʜʘʣʽ ʚ ʩʠʣʫ ʚʩʪʫʧʘʻ 

ʧʨʦʮʝʩ ʩʧʽʢʘʥʥʷ. ɿ ʪʦʯʢʠ, ʷʢʦʾ ʜʦʩʷʛ ʛʨʘʬʽʢ (ʩʝʨʝʜʥʷ ʢʽʣʴʢʽʩʪʴ ʟʚôʷʟʢʽʚ ~ 11,65) 

ʤʦʞʝʤʦ ʧʨʦʛʥʦʟʫʚʘʪʠ ʚʠʩʦʢʫ ʤʝʭʘʥʽʯʥʫ ʤʮ̔ʥʽʩʪʴ ʫʪʚʦʨʝʥʦʾ ʢʦʥʬʽʛʫʨʘʮʽʾ, 

ʦʩʢʽʣʴʢʠ ʩʪʫʢʪʫʨʘ ʙʫʜʝ ʤʘʪʠ ʙʘʛʘʪʦ ʪʦʥʢʠʭ ʧʝʨʝʤʠʯʦʢ.  
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ʈʝʞʠʤ A09. 

 

ʈʠʩ. 3.6.1 ʈʝʟʫʣʴʪʘʪ ʩʧʽʢʘʥʥʷ ʧʦʯʘʪʢʦʚʦʾ ʢʦʥʬʽʛʫʨʘʮʽʾ ʚ ʨʝʞʠʤʽ ɸ09. 
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ʈʠʩ. 3.6.2 ɺʽʜʦʙʨʘʞʝʥʥʷ ʧʨʦʛʨʝʩʫ ʫʪʚʦʨʝʥʥʷ ʧʝʨʢʦʣʷʮʽʡʥʦʛʦ ʢʣʘʩʪʝʨʫ ʚ 

ʩʠʩʪʝʤʽ. 

ʅʘ ʨʠʩ 3.6.2 ʟʦʙʨʘʞʝʥʘ ʜʠʥʘʤʽʢʘ ʫʪʚʦʨʝʥʥʷ ʧʝʨʢʦʣʷʮʽʡʥʦʛʦ ʢʣʘʩʪʝʨʫ. ʅʘ 

ʧʦʯʘʪʢʫ ʤʘʻʤʦ ʙʘʛʘʪʦ ʢʣʘʩʪʝʨʽʚ ʦʜʥʦʤʘʥʽʪʥʦʾ ʬʦʨʤʠ, ʧʨʦʪʝ ʟ ʯʘʩʦʤ ʾʭ ʩʪʘʻ 

ʤʝʥʴʰʝ ʽ ʚʦʥʠ ʩʪʘʶʪʴ ʯʘʩʪʠʥʦʶ ʤʘʡʙʫʪʥʴʦʛʦ ʧʝʨʢʦʣʷʮʽʡʥʦʛʦ ʢʣʘʩʪʝʨʫ. 

ɼʠʥʘʤʽʢʫ ʡʦʛʦ ʫʪʚʦʨʝʥʥʷ ʤʦʞʥʘ ʧʦʙʘʯʠʪʠ ʚʟʜʦʚʞ ʦʩʽ cluster size. 
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ʈʠʩ. 3.6.3 ɼʠʥʘʤʽʢʘ ʩʝʨʝʜʥʴʦʛʦ ʯʠʩʣʦ ʟʚôʷʟʢʽʚ ʘʪʦʤʽʚ ʚ ʩʠʩʪʝʤʽ. 
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ʈʠʩ. 3.6.4 ɿʘʣʝʞʥʽʩʪʴ ʢʦʝʬʽʮʽʻʥʪʫ Ŭ, ʱʦ ʧʨʦʧʦʨʮʽʡʥʠʡ 1/ʊ ʚʽʜ ʢʨʦʢʽʚ ʚ 

ʝʢʩʧʝʨʠʤʝʥʪʽ 

 

ʗʢ ʤʠ ʤʦʞʝʤʦ ʩʧʦʩʪʝʨʽʛʘʪʠ ʚ ʨʝʞʠʤʽ ɸ09 ʧʝʨʢʦʣʷʮʽʡʥʠʡ ʢʣʘʩʪʝʨ ʚʞʝ 

ʧʦʚʥʽʩʪʶ ʩʬʦʨʤʦʚʘʥʠʡ ʥʘ 7500 ʢʨʦʮʽ. ʎʝ ʤʦʞʥʘ ʧʦʙʘʯʠʪʠ ʥʘ ʛʨʘʬʽʢʫ 3.6.2. 

ɻʨʘʬʽʢ 3.6.3 ʚʢʘʟʫʻ ʥʘ ʪʝ ʱʦ ʮʝ ʨʝʞʠʤ ʪʘʢ ʟʚʘʥʦʛʦ ʭʦʣʦʜʥʦʛʦ ʧʨʦʛʨʽʚʫ. ɿ 

ʛʨʘʬʽʢʫ, ʚʽʜʦʙʨʘʞʝʥʦʛʦ ʥʘ ʨʠʩ 3.6.4, ʤʦʞʥʘ ʧʦʙʘʯʠʪʠ ʧʦʯʘʪʢʦʚʠʡ ʩʧʘʜ 

ʩʝʨʝʜʥʴʦʾ ʢʽʣʴʢʦʩʪʽ ʟʚôʷʟʢʽʚ ʘʪʦʤʽʚ ʚ ʩʠʩʪʝʤʽ. ʎʝ ʦʙʫʤʦʚʣʝʥʦ Thermal Surface 

Roughening ʪʘ ʫʪʚʦʨʝʥʥʷʤ ʤʽʩʪʦʯʢʽʚ ʤʽʞ ʢʣʘʩʪʝʨʘʤʠ. ʅʘʜʘʣʽ ʚ ʩʠʣʫ ʚʩʪʫʧʘʻ 

ʧʨʦʮʝʩ ʩʧʽʢʘʥʥʷ. ɿ ʪʦʯʢʠ, ʷʢʦʾ ʜʦʩʷʛ ʛʨʘʬʽʢ (ʩʝʨʝʜʥʷ ʢʽʣʴʢʽʩʪʴ ʟʚôʷʟʢʽʚ ~ 

11,56) ʤʦʞʝʤʦ ʧʨʦʛʥʦʟʫʚʘʪʠ ʚʠʱʫ ʤʝʭʘʥʽʯʥʫ ʤʮ̔ʥʽʩʪʴ ʫʪʚʦʨʝʥʦʾ ʢʦʥʬʽʛʫʨʘʮʽʾ 

ʚ ʧʦʨʽʚʥʷʥʥʽ ʟ ʨʝʞʠʤʦʤ ɸ07, ʦʩʢʽʣʴʢʠ ʩʪʫʢʪʫʨʘ ʙʫʜʝ ʤʘʪʠ ʙʽʣʴʰ ʪʦʥʰʽ 

ʧʝʨʝʤʠʯʢʠ.  
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ʈʝʞʠʤ B07 

 

 

ʈʠʩ. 3.7.1 ʈʝʟʫʣʴʪʘʪ ʩʧʽʢʘʥʥʷ ʧʦʯʘʪʢʦʚʦʾ ʢʦʥʬʽʛʫʨʘʮʽʾ ʚ ʨʝʞʠʤʽ B07. 
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ʈʠʩ. 3.7.2 ɺʽʜʦʙʨʘʞʝʥʥʷ ʧʨʦʛʨʝʩʫ ʫʪʚʦʨʝʥʥʷ ʧʝʨʢʦʣʷʮʽʡʥʦʛʦ ʢʣʘʩʪʝʨʫ ʚ 

ʩʠʩʪʝʤʽ. 

ʅʘ ʨʠʩ 3.7.2 ʟʦʙʨʘʞʝʥʘ ʜʠʥʘʤʽʢʘ ʫʪʚʦʨʝʥʥʷ ʧʝʨʢʦʣʷʮʽʡʥʦʛʦ ʢʣʘʩʪʝʨʫ. ʅʘ 

ʧʦʯʘʪʢʫ ʤʘʻʤʦ ʙʘʛʘʪʦ ʢʣʘʩʪʝʨʽʚ ʦʜʥʦʤʘʥʽʪʥʦʾ ʬʦʨʤʠ, ʧʨʦʪʝ ʟ ʯʘʩʦʤ ʾʭ ʩʪʘʻ 

ʤʝʥʴʰʝ ʽ ʚʦʥʠ ʩʪʘʶʪʴ ʯʘʩʪʠʥʦʶ ʤʘʡʙʫʪʥʴʦʛʦ ʧʝʨʢʦʣʷʮʽʡʥʦʛʦ ʢʣʘʩʪʝʨʫ. 

ɼʠʥʘʤʽʢʫ ʡʦʛʦ ʫʪʚʦʨʝʥʥʷ ʤʦʞʥʘ ʧʦʙʘʯʠʪʠ ʚʟʜʦʚʞ ʦʩʽ cluster size. 
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ʈʠʩ. 3.7.3 ɼʠʥʘʤʽʢʘ ʩʝʨʝʜʥʴʦʛʦ ʯʠʩʣʦ ʟʚôʷʟʢʽʚ ʘʪʦʤʽʚ ʚ ʩʠʩʪʝʤʽ. 

 



2 
 

 

ʈʠʩ. 3.7.4 ɿʘʣʝʞʥʽʩʪʴ ʢʦʝʬʽʮʽʻʥʪʫ Ŭ, ʱʦ ʧʨʦʧʦʨʮʽʡʥʠʡ 1/ʊ ʚʽʜ ʢʨʦʢʽʚ ʚ 

ʝʢʩʧʝʨʠʤʝʥʪʽ 

ʗʢ ʤʠ ʤʦʞʝʤʦ ʩʧʦʩʪʝʨʽʛʘʪʠ ʚ ʨʝʞʠʤʽ ɺ07 ʧʝʨʢʦʣʷʮʽʡʥʠʡ ʢʣʘʩʪʝʨ ʚʞʝ 

ʧʦʚʥʽʩʪʶ ʩʬʦʨʤʦʚʘʥʠʡ ʥʘ 22000 ʢʨʦʮʽ. ʎʝ ʤʦʞʥʘ ʧʦʙʘʯʠʪʠ ʥʘ ʛʨʘʬʽʢʫ 3.7.2. 

ɻʨʘʬʽʢ 3.7.3 ʚʢʘʟʫʻ ʥʘ ʪʝ ʱʦ ʮʝ ʨʝʞʠʤ ʚʠʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʧʨʦʛʨʽʚʫ. ɿ 

ʛʨʘʬʽʢʫ, ʚʽʜʦʙʨʘʞʝʥʦʛʦ ʥʘ ʨʠʩ 3.7.4, ʤʦʞʥʘ ʧʦʙʘʯʠʪʠ ʧʦʯʘʪʢʦʚʠʡ ʩʧʘʜ 

ʩʝʨʝʜʥʴʦʾ ʢʽʣʴʢʦʩʪʽ ʟʚôʷʟʢʽʚ ʘʪʦʤʽʚ ʚ ʩʠʩʪʝʤʽ. ʎʝ ʦʙʫʤʦʚʣʝʥʦ Thermal Surface 

Roughening ʪʘ ʫʪʚʦʨʝʥʥʷʤ ʤʽʩʪʦʯʢʽʚ ʤʽʞ ʢʣʘʩʪʝʨʘʤʠ. ʅʘʜʘʣʽ ʚ ʩʠʣʫ ʚʩʪʫʧʘʻ 

ʧʨʦʮʝʩ ʩʧʽʢʘʥʥʷ. ɿ ʪʦʯʢʠ, ʷʢʦʾ ʜʦʩʷʛ ʛʨʘʬʽʢ (ʩʝʨʝʜʥʷ ʢʽʣʴʢʽʩʪʴ ʟʚôʷʟʢʽʚ ~ 11,96) 

ʤʦʞʝʤʦ ʧʨʦʛʥʦʟʫʚʘʪʠ ʥʝ ʪʘʢʫ ʚʠʩʦʢʫ ʤʝʭʘʥʽʯʥʫ ʤʮ̔ʥʽʩʪʴ ʫʪʚʦʨʝʥʦʾ 

ʢʦʥʬʽʛʫʨʘʮʽʾ ʚ ʧʦʨʽʚʥʷʥʥʽ ʟ ʨʝʞʠʤʘʤʠ ʪʠʧʫ ɸ, ʦʩʢʽʣʴʢʠ ʩʪʫʢʪʫʨʘ ʙʫʜʝ ʤʘʪʠ 

ʙʽʣʴʰ ʪʦʚʱʽ ʧʝʨʝʤʠʯʢʠ. 

  



2 
 

ʈʝʞʠʤ B09 

 

ʈʠʩ. 3.8.1 ʈʝʟʫʣʴʪʘʪ ʩʧʽʢʘʥʥʷ ʧʦʯʘʪʢʦʚʦʾ ʢʦʥʬʽʛʫʨʘʮʽʾ ʚ ʨʝʞʠʤʽ B09. 
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ʈʠʩ. 3.8.2 ɺʽʜʦʙʨʘʞʝʥʥʷ ʧʨʦʛʨʝʩʫ ʫʪʚʦʨʝʥʥʷ ʧʝʨʢʦʣʷʮʽʡʥʦʛʦ ʢʣʘʩʪʝʨʫ ʚ 

ʩʠʩʪʝʤʽ. 

 

ʅʘ ʨʠʩ 3.8.2 ʟʦʙʨʘʞʝʥʘ ʜʠʥʘʤʽʢʘ ʫʪʚʦʨʝʥʥʷ ʧʝʨʢʦʣʷʮʽʡʥʦʛʦ ʢʣʘʩʪʝʨʫ. ʅʘ 

ʧʦʯʘʪʢʫ ʤʘʻʤʦ ʙʘʛʘʪʦ ʢʣʘʩʪʝʨʽʚ ʦʜʥʦʤʘʥʽʪʥʦʾ ʬʦʨʤʠ, ʧʨʦʪʝ ʟ ʯʘʩʦʤ ʾʭ ʩʪʘʻ 

ʤʝʥʴʰʝ ʽ ʚʦʥʠ ʩʪʘʶʪʴ ʯʘʩʪʠʥʦʶ ʤʘʡʙʫʪʥʴʦʛʦ ʧʝʨʢʦʣʷʮʽʡʥʦʛʦ ʢʣʘʩʪʝʨʫ. 

ɼʠʥʘʤʽʢʫ ʡʦʛʦ ʫʪʚʦʨʝʥʥʷ ʤʦʞʥʘ ʧʦʙʘʯʠʪʠ ʚʟʜʦʚʞ ʦʩʽ cluster size. 

 

ʈʠʩ. 3.8.3 ɼʠʥʘʤʽʢʘ ʩʝʨʝʜʥʴʦʛʦ ʯʠʩʣʦ ʟʚôʷʟʢʽʚ ʘʪʦʤʽʚ ʚ ʩʠʩʪʝʤʽ.  
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ʈʠʩ. 3.8.4 ɿʘʣʝʞʥʽʩʪʴ ʢʦʝʬʽʮʽʻʥʪʫ Ŭ, ʱʦ ʧʨʦʧʦʨʮʽʡʥʠʡ 1/ʊ ʚʽʜ ʢʨʦʢʽʚ ʚ 

ʝʢʩʧʝʨʠʤʝʥʪʽ 

ʗʢ ʤʠ ʤʦʞʝʤʦ ʩʧʦʩʪʝʨʽʛʘʪʠ ʚ ʨʝʞʠʤʽ ɺ09 ʧʝʨʢʦʣʷʮʽʡʥʠʡ ʢʣʘʩʪʝʨ ʚʞʝ 

ʧʦʚʥʽʩʪʶ ʩʬʦʨʤʦʚʘʥʠʡ ʥʘ 30000 ʢʨʦʮʽ. ʎʝ ʤʦʞʥʘ ʧʦʙʘʯʠʪʠ ʥʘ ʛʨʘʬʽʢʫ 3.8.2. 

ɻʨʘʬʽʢ 3.8.3 ʚʢʘʟʫʻ ʥʘ ʪʝ ʱʦ ʮʝ ʨʝʞʠʤ ʪʘʢ ʟʚʘʥʦʛʦ ʭʦʣʦʜʥʦʛʦ ʧʨʦʛʨʽʚʫ. ɿ 

ʛʨʘʬʽʢʫ, ʚʽʜʦʙʨʘʞʝʥʦʛʦ ʥʘ ʨʠʩ 3.8.4, ʤʦʞʥʘ ʧʦʙʘʯʠʪʠ ʧʦʯʘʪʢʦʚʠʡ ʩʧʘʜ 

ʩʝʨʝʜʥʴʦʾ ʢʽʣʴʢʦʩʪʽ ʟʚôʷʟʢʽʚ ʘʪʦʤʽʚ ʚ ʩʠʩʪʝʤʽ. ʎʝ ʦʙʫʤʦʚʣʝʥʦ Thermal Surface 

Roughening ʪʘ ʫʪʚʦʨʝʥʥʷʤ ʤʽʩʪʦʯʢʽʚ ʤʽʞ ʢʣʘʩʪʝʨʘʤʠ. ʅʘʜʘʣʽ ʚ ʩʠʣʫ ʚʩʪʫʧʘʻ 

ʧʨʦʮʝʩ ʩʧʽʢʘʥʥʷ. ɿ ʪʦʯʢʠ, ʷʢʦʾ ʜʦʩʷʛ ʛʨʘʬʽʢ (ʩʝʨʝʜʥʷ ʢʽʣʴʢʽʩʪʴ ʟʚôʷʟʢʽʚ ~ 11,88) 

ʤʦʞʝʤʦ ʧʨʦʛʥʦʟʫʚʘʪʠ ʥʝ ʪʘʢʫ ʚʠʩʦʢʫ ʤʝʭʘʥʽʯʥʫ ʤʮ̔ʥʽʩʪʴ ʫʪʚʦʨʝʥʦʾ 

ʢʦʥʬʽʛʫʨʘʮʽʾ ʚ ʧʦʨʽʚʥʷʥʥʽ ʟ ʨʝʞʠʤʘʤʠ ʪʠʧʫ ɸ, ʦʩʢʽʣʴʢʠ ʩʪʫʢʪʫʨʘ ʙʫʜʝ ʤʘʪʠ 

ʙʽʣʴʰ ʪʦʚʱʽ ʧʝʨʝʤʠʯʢʠ. 

ɿ ʨʝʰʪʦʶ ʧʦʩʪʘʚʣʝʥʠʭ ʝʢʩʧʝʨʠʤʝʥʪʽʚ ʤʦʞʥʘ ʦʟʥʘʡʦʤʠʪʠʩʴ ʚ ʜʦʜʘʪʢʫ ɹ.  
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ɺʀʉʅʆɺʂʀ 

ʇʨʠ ʟʘʩʪʦʩʫʚʘʥʥʽ ʜʦ ʜʚʦʚʠʤʽʨʥʠʭ ʰʘʨʽʚ ʢʽʥʝʪʠʯʥʘ ʤʦʜʝʣʴ ʩʧʽʢʘʥʥʷ 

ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʜʝʢʽʣʴʢʦʭ ʮʽʢʘʚʠʭ ʩʧʦʩʪʝʨʝʞʝʥʴ. ʉʧʦʩʪʝʨʽʛʘʣʦʩ,̫ ʱʦ 

ʢʦʨʦʪʢʦʽʤʧʫʣʴʩʥʠʡ ʧʨʦʪʦʢʦʣ ʥʘʛʨʽʚʫ ʜʦ ʜʦʩʠʪʴ ʚʠʩʦʢʦʾ ʧʽʢʦʚʦʾ ʪʝʤʧʝʨʘʪʫʨʠ ʻ 

ʦʧʪʠʤʘʣʴʥʠʤ ʜʣʷ ʫʥʠʢʥʝʥʥʷ ʚʝʣʠʢʠʭ ʨʦʟʨʠʚʽʚ ʫ ʦʪʨʠʤʘʥʽʡ ʩʪʨʫʢʪʫʨʽ. 

ʈʦʟʛʣʷʥʫʪʽ ʧʦʯʘʪʢʦʚʽ ʨʦʟʧʦʜʽʣʠ ʨʦʟʤʽʨʽʚ ʯʘʩʪʠʥʦʢ, ʷʢʽ ʙʫʣʠ ʦʙʨʘʥʽ ʥʝ ʥʘʜʪʦ 

ʧʦʣʽʜʠʩʧʝʨʩʥʠʤʠ, ʜʦʟʚʦʣʷʣʠ ʧʨʦʚʦʜʠʪʠ ʱʽʣʴʥʝ ʧʦʯʘʪʢʦʚʝ ʫʧʘʢʫʚʘʥʥʷ. ʆʜʥʘʢ 

ʥʝ ʙʫʣʦ ʦʯʝʚʠʜʥʠʭ ʧʝʨʝʚʘʛ ʫ ʧʦʰʫʢʫ ʧʦ-ʩʧʨʘʚʞʥʴʦʤʫ ʤʦʥʦʜʠʩʧʝʨʩʥʦʛʦ 

(ʨʽʚʥʦʤʽʨʥʦʛʦ) ʨʦʟʧʦʜʽʣʫ ʯʘʩʪʠʥʦʢ ʟʘ ʨʦʟʤʽʨʘʤʠ, ʦʩʢʽʣʴʢʠ ʷʢʽʩʪʴ ʩʧʽʢʘʥʥʷ ʱʝ 

ʥʝ ʧʦʢʨʘʱʠʣʘʩʷ. ʊʘʢʦʞ ʩʧʦʩʪʝʛʨʽʛʘʣʦʩʷ, ʱʦ ʩʧʝʯʝʥʽ ʢʦʥʬʽʛʫʨʘʮʽʾ ʤʘʶʪʴ ʧʝʚʥʽ 

ʦʩʦʙʣʠʚʦʩʪʽ ʩʚʦʻʾ ʤʦʨʬʦʣʦʛʽʾ, ʷʢʽ, ʦʯʝʚʠʜʥʦ, ʥʝ ʟʦʚʩʽʤ ʣʦʢʘʣʴʥʽ, ʘʣʝ ʤʘʶʪʴ 

ʤʝʟʦʩʢʦʧʽʯʥʽ ʨʦʟʤʽʨʠ, ʟʥʘʯʥʦ ʙʽʣʴʰʽ, ʥʽʞ ʤʘʣʦʘʪʦʤʥʽ, ʽ ʟʘʣʝʞʘʪʴ ʚʽʜ ʜʠʥʘʤʽʢʠ 

ʩʠʩʪʝʤʠ ʚ ʮʽʣʦʤʫ, ʘ ʪʘʢʦʞ ʚʽʜ ʧʦʯʘʪʢʦʚʦʾ ʢʦʥʬʽʛʫʨʘʮʽʾ.  

ɼʦʩʣʽʜʞʝʥʥʷ ʚ ʨʘʤʢʘʭ ʮʽʻʾ ʤʝʟʦʩʢʦʧʽʯʥʦʾ ʢʽʥʝʪʠʯʥʦʾ ʤʦʜʝʣʽ ʄʂ 

ʚʢʣʶʯʘʶʪʴ ʪʨʠʚʠʤʽʨʥʽ ʤʝʭʘʥʽʟʤʠ ʯʘʩʪʠʥʦʢ, ʦʙʤʝʞʝʥʽ ʣʠʰʝ ʢʽʣʴʢʦʤʘ ʰʘʨʘʤʠ 

ʯʘʩʪʠʥʦʢ ʯʝʨʝʟ ʥʝʦʙʭʽʜʥʽ ʦʙʯʠʩʣʶʚʘʣʴʥʽ ʨʝʩʫʨʩʠ.  

ʋ ʨʦʙʦʪʽ ʧʨʝʜʩʪʘʚʣʝʥʘ ʢʦʤʧôʶʪʝʨʥʘ ʤʦʜʝʣʴ ʩʧʽʢʘʥʥʷ ʢʣʘʩʪʝʨʽʚ ʟ 

ʢʫʙʽʯʥʦʶ ʛʨʘʥʝʮʝʥʪʨʦʚʘʥʦʶ ʛʨʘʪʢʦʶ. ɺʨʘʭʦʚʘʥʘ ʜʠʥʘʤʽʢʘ ʧʦʚʝʨʭʥʝʚʠʭ 

ʯʘʩʪʠʥʦʢ ʢʣʘʩʪʝʨʘ, ʷʢʽ ʟ ʨʽʟʥʠʤ ʩʪʫʧʝʥʝʤ ʡʤʦʚʽʨʥʦʩʪʽ ʤʦʞʫʪʴ ʟʤʽʥʶʚʘʪʠ ʩʚʦʻ 

ʧʦʣʦʞʝʥʥʷ ʧʨʠ ʧʝʨʝʭʦʜʽ ʚ ʩʫʩʽʜʥʽ ʚʘʢʘʥʩʽʾ ʨʝʰʽʪʢʠ ʘʙʦ ʚʽʜʨʠʚʘʪʠʩʷ ʚʽʜ 

ʧʦʚʝʨʭʥʽ. ʇʨʦʚʝʜʝʥʽ ʜʦʩʣʽʜʠ ʧʽʜʪʚʝʨʜʠʣʠ ʧʦʧʝʨʝʜʥʴʦ ʦʪʨʠʤʘʥʽ ʨʝʟʫʣʴʪʘʪʠ ʚ 

ʮʽʡ ʛʘʣʫʟʽ ʡ ʩʪʘʣʠ ʛʨʫʪʦʚʥʠʤʠ ʜʣʷ ʧʦʜʘʣʴʰʦʛʦ ʜʦʩʣʽʜʞʝʥʥʷ ʷʢʦʩʪʽ ʩʪʨʫʢʪʫʨ, 

ʫʪʚʦʨʝʥʠʭ ʟʘ ʜʦʧʦʤʦʛʦʶ ʤʝʭʘʥʽʟʤʫ ʩʧʽʢʘʥʥʷ. 

  



2 
 

ʉʇʀʉʆʂ ɺʀʂʆʈʀʉʊɸʅʀʍ ɼɾɽʈɽʃ 

 

1. Vyacheslav Gorshkov, Vasily Kuzmenko, Vladimir Privman J. Coupled Syst. 

Multiscale Dyn. August 2014 doi:10.1166/jcsmd.2014.1043 

2. Vyacheslav Gorshkov, Vasily Kuzmenko, Vladimir Privman; Cryst. Eng. 

Comm doi:10.1039/c4ce01477d.  

3. Y. Xia, Y. Xiong, B. Lim, and S. E. Skrabalak, Angew. Chem. 48, 60 (2009).   

4. V. Privman, V. Gorshkov and O. Zavalov, Heat Mass Transfer, 2014, 50, 383. 

5. F. Parhami and R. M. McMeeking, Mech. Mater., 1998, 27, 111. 

6. ɿʘʛʘʣʴʩʢʘʷ ʖ.ɻ., ʃʠʪʚʠʥʩʢʘʷ ɻ.ʇ., ɽʛʦʨʦʚ-ʊʠʩʤʝʥʢʦ 

ʖ.ʂ. ɻʝʦʤʝʪʨʠʯʝʩʢʘʷ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʷ. ð ʄ: ʀʟʜʘʪʝʣʴʩʪʚʦ 

ʄʦʩʢʦʚʩʢʦʛʦ ʫʥʠʚʝʨʩʠʪʝʪʘ, 1986. ð 168 ʩ. 

7. ʌʸʜʦʨʦʚ ɽ. ʉ., ʂʫʨʩ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʠ. ʀʟʜ. 3-ʝ, 1901  c. 51 

8. ɺʘʡʥʰʪʝʡʥ ɹ.ʂ. ʉʦʚʨʝʤʝʥʥʘʷ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʷ. ʊʦʤ 1. ʉʠʤʤʝʪʨʠʷ 

ʢʨʠʩʪʘʣʣʦʚ, ʤʝʪʦʜʳ ʩʪʨʫʢʪʫʨʥʦʡ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʠ. ʅʘʫʢʘ, ʄʦʩʢʚʘ, 

1979.  

9. ʉʠʨʦʪʠʥ ʖ.ʀ., ʐʘʩʢʦʣʴʩʢʘʷ ʄ.ʇ. ʆʩʥʦʚʳ ʢʨʠʩʪʘʣʣʦʬʠʟʠʢʠ. ʅʘʫʢʘ, 

ʄʦʩʢʚʘ, 1979. 

10.  ʌʣʠʥʪ ɽ.ɽ. ʇʨʘʢʪʠʯʝʩʢʦʝ ʨʫʢʦʚʦʜʩʪʚʦ ʧʦ ʛʝʦʤʝʪʨʠʯʝʩʢʦʡ 

ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʠ. ʀʟʜ-ʝ 3-ʝ, ʧʝʨʘʨʘʙ. ʠ ʜʦʧ., ɻʦʩʛʝʦʣʪʝʭʠʟʜʘʪ, ʄʦʩʢʚʘ, 

1956. 

11. Y. Cao, M. S. Denny, Jr., J. V. Caspar, W. E. Farneth, Q. Guo, A. S. Ionkin, 

L. K. Johnson, M. Lu, I. Malajovich, D. Radu, H. D. Rosenfeld, K. R. 

Choudhury, and W. Wu; J. Am. Chem. Soc. 134, 15644 (2012).  

12. R. M. German; Liquid State Sintering, Plenum, New York (1985). 

13. S. B. Rane, T. Seth, G. J. Phatak, D. P. Amalnerkar, and B. K. Das; Mater. 

Lett. 57, 3096 (2003).  

14.  H. Lippmann and R. Iankov; Int. J. Mech. Sci. 39, 585 (1997).  

15.  P. Bross and H. E. Exner; Acta Metal. 27, 1013 (1979).  



2 
 

16.  V. Gorshkov and V. Privman; Physica E 43, 1 (2010). 43. I. Sevonkaev, V. 

Privman, and D. Goia; J. Solid State Electrochem. 17, 279 (2013).  S Karim, 

M E Toimil-Molares, A G Balogh, W Ensinger, T WCornelius, E UKhan and 

R Neumann, Morphological evolution of Au nanowires controlled by 

Rayleigh instability, Nanotechnology 17 (2006) 5954ï5959, 

doi:10.1088/0957-4484/17/24/009. 

17.  N. Combe, P. Jensen, and A. Pimpinelli, Phys. Rev. Lett.85, 110 (2000). 

18.  F. Wakai and F. Aldinger; Acta Materia. 51, 4013 (2003).  

19. D. N. McCarthy and S. A. Brown, Phys. Rev. B 80, 064107 (2009). 

20.  R. Bjßrk, H. L. Frandsen, N. Pryds, and V. Tikare; Scrip. Materia. 67, 81 

(2012). V 

21. . Gorshkov, V. Kuzmenko, and V. Privman; Cryst. Eng. Comm. 15, 7177 

(2013). 

22.  V. Gorshkov, V. Kuzmenko and V. Privman, CrystEngComm, 2013, 15, 

7177. 

23.  F. Wakai; J. Am. Ceram. Soc. 89, 1471 (2006).   

24. V. N. Gorshkov and M. G. Chaban, Nonlinear electrohydrodynamic 

phenomena and droplet generation in charged jets of conducting liquid, 

Technical Physics, v. 44, Number 11 November 1999, pp. 1259-1266, 

doi:10.1134/1.1259506. 

25.  King C. Lai and James W. Evans PhysRevMaterials.3.026001  February 

2019 

26.  Solids Far from Equilibrium, ed. C. Godr¯che, Cambridge University Press, 

Cambridge, 1991. 

27. Dynamics of Fractal Surfaces, ed. F. Family and T. Vicsek, World Scientific, 

Singapore, 1991. 

28.  J.-G. Oh, H.-S. Oh, W. H. Lee and H. Kim,J. Mater. Chem., 2012, 22, 15215.  

29.  R. M. German, Liquid State Sintering, Plenum, New York, 1985.  

30.  R. M. German, P. Suri and S. J. Park, J. Mater. Sci., 2009, 44, 1.  

31.  R. M. German, Int. J. Powder Metall., 2002, 38, 48.  

https://journals.aps.org/search/field/author/King%20C%20Lai
https://journals.aps.org/search/field/author/James%20W%20Evans


2 
 

32.  V. Gorshkov, A. Zavalov and V. Privman, Langmuir, 2009, 25, 7940.  

33. Matijevic, E. Colloid J. 2007, 69, 29. 

34. A. Ruditskiy and Y. Xia, J. Am Chem. Soc. 138, 3161 (2016).  

35.  Nair, P. S.; Fritz, K. P.; Scholes, G. D. Small 2007, 3, 481.  

36.  Embden, van J.; Jasieniak, J.; Gomez, D. E.; Mulvaney, P.; Giersig, M. Aust. 

J. Chem. 2007, 60, 457.  

37.  Yin, Y. D.; Erdonmez, C.; Aloni, S.; Alivisatos, A. P. J. Am. Chem. Soc. 

2006, 128, 12671.  

38.  Zeng, H. B.; Liu, P. S.; Cai, W. P.; Cao, X. L.; Yang, S. K. Cryst. Growth 

Des. 2007, 7, 1092. 

39. B. P. Farrell, I. V. Sevonkaev and D. V. Goia, Platinum Met. Rev., 2013, 57, 

161 

40. A. P. Savitskii, Sci. Sintering, 2005, 37, 3. 

41. M. Braginsky, V. Tikare and E. Olevsky, Int. J. Solids Struct., 2005, 42, 621.  

42. Y. Cao, M. S. Denny Jr., J. V. Caspar, W. E. Farneth, Q. Guo, A. S. Ionkin, 

L. K. Johnson, M. Lu, I. Malajovich, D. Radu, H. D. Rosenfeld, K. R. 

Choudhury and W. Wu, J. Am. Chem. Soc., 2012, 134, 15644. 

43. M. Vara, L. T. Roling, X. Wang, A. O. Elnabawy, Z. D. Hood, 

M.Chi,M.Mavrikakis,andY.Xia,ACSNano11,4571(2017). 

   

 

 

 

 

 

 

 

 

 



2 
 

 

 

ɼʆɼɸʊʆʂ ɸ 

ʆʩʥʦʚʥʠʡ ʢʦʜ ʧʨʦʛʨʘʤʠ. 

public static void main (String[] args) {  

   //Logger.INSTANCE.startLog();  

   Grid grid = new Grid( 301 , 301 , 301 ) ;    

   GridHelper helper = new GridHelper() ;  

   helper. grid = grid ;  

   helper. maxCoef = 1/ 1.5 ;  

   helper. minCoef = 1/ 2.0 ;  

   helper. steps = 5000 ;  

          

 

   InitialConditionProvider conditionProvider = new 

InitialConditionProvider( 50, 100 ) ;  

   conditionProvider.setupEnvironment(grid) ;  

    

    

   MainWindow win = new MainWindow() ;  

   win.setHelper(helper) ;  

   win.setVisible( true ) ;  

 

}  

package application ;  

 

import java.io.BufferedWriter ;  

import java.io.File ;  

import java.io.FileWriter ;  

import java.io.IOException ;  

import java.nio.file.Files ;  

import java.nio.file.Path ;  

import java.nio.file.Paths ;  

import java.text.SimpleDateFormat ;  

import java.util.ArrayList ;  

import java.util.Calendar ;  

import java.util.Date ;  

 

import engine.ClusterData ;  

import engine.IntegrityDataCollector.LayerDataHandler ;  

 

public clas s Logger  

{  

    public final static Logger log = new Logger() ;  

     

    private static final String ROOT_FOLDER = "Logs" ;  

    private final String ExperimentDataContainer = 

String. format ( "Instance_[%s]" , getTimestamp ()) ;  

    private final String snapshotFol derName = "Snapshots" ;  

    private final String snapshotInvariantNamePart = "Snapshot_" ;  
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    private final String voidsFolderName = "VoidsData" ;  

    private final String voidsInvariantNamePart = "VoidSnapshot_" ;  

     

    private final String integrity LogFileName = "Integrity.txt" ;  

    private final String strengthLogFileName = "Strength.txt" ;  

    private final String tempereratureLogFileName = "Temperature.txt" ;  

    private final String energyLogFileName = "Energy.txt" ;  

    private final String LogFileName = "Log.txt" ;  

     

    private BufferedWriter integrityLogWriter ;  

    private BufferedWriter strengthLogWriter ;  

    private BufferedWriter temperatureLogWriter ;  

    private BufferedWriter energyLogWriter ;  

    private BufferedWriter logWriter ;  

     

 

    protected Logger ()  

    {  

       try {  

         initializeLoggingSession() ;  

      } catch (IOException e) {  

         e.printStackTrace() ;  

      }  

    }  

 

    private void initializeLoggingSession () throws IOException {  

       File snapshotsFolder = new File(String. format ( "%s\ \ %s\ \ %s\ \ " , 

ROOT_FOLDER, ExperimentDataContainer , snapshotFolderName )) ;  

       snapshotsFolder.mkdirs() ;   

        

       File voidsFolder = new File(String. format ( "%s\ \ %s\ \ %s\ \ " , ROOT_FOLDER, 

ExperimentDataContainer , voidsFolderName )) ;  

       voidsFolder.mkdirs() ;  

        

       strengthLogWriter  = new BufferedWriter( new FileWriter( new 

File(String. format ( "%s\ \ %s\ \ %s", ROOT_FOLDER, ExperimentDataContainer , 

strengthLogFileName )) , true )) ;  

       integrityLogWriter = new BufferedWriter( new FileWriter( new 

File(String. format ( "%s\ \ %s\ \ %s", ROOT_FOLDER, ExperimentDataContainer , 

integrityLogFileName )) , true )) ;  

       temperatureLogWriter = new BufferedWriter( new FileWriter( new 

File(String. format ( "%s\ \ %s\ \ %s", ROOT_FOLDER, ExperimentDataContainer , 

tempereratureLogFileName )) , true )) ;  

       energyLogWriter = new BufferedWriter( new FileWriter( new 

File(String. format ( "%s\ \ %s\ \ %s", ROOT_FOLDER, ExperimentDataContainer , 

energyLogFileName )) , true )) ;  

       logWriter = new BufferedW riter( new FileWriter( new 

File(String. format ( "%s\ \ %s\ \ %s", ROOT_FOLDER, ExperimentDataContainer , 

LogFileName )) , true )) ;  

    }  

     

     

    public void println (String s) {  

       String message = String. format ( "Time: %s <nanos: %s>|  %s" , 

getTimestamp () , System. nanoTime () ,  s) ;  
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       System. out .println(message) ;  

       try {  

         logWriter .write(message) ;  

         logWriter .newLine() ;  

         logWriter .flush() ;  

      } catch (Exception e) {  

         System. err .println(String. format ( "Failed to append stream: 

<logWriter> \ r \ n    %s", (Object)e.getStackTrace() )) ;  

      }  

    }  

     

    public static String getTimestamp () {  

       SimpleDateFormat sdfDate = new SimpleDateFormat( "yyyy MM dd 

(HH_mm_ss)" ) ;  

       Date now = new Date() ;  

       return sdfDate.format(now) ;         

    }  

     

    public void logSnapshot (Writable loggedOject) {  

       Logger. log .println( "Logging snapshot..." ) ;  

       try {  

          BufferedWriter writer = new BufferedWriter( new FileWriter( new 

File(String. forma t ( "%s\ \ %s\ \ %s\ \ %s%s",  

                ROOT_FOLDER,  

                ExperimentDataContainer ,  

                snapshotFolderName ,  

                snapshotInvariantNamePart ,  

                loggedOject.getName())) , true )) ;  

           

          loggedOject.write(writer) ;  

          writer.flush() ;  

          writer.close() ;  

       }  

       catch (Exception e) {  

          System. err .println(e.getMessage()) ;  

       }  

       Logger. log .println( "Logging snapshot finished" ) ;  

    }  

     

    public void lo gIntegritySnapshot (Writable loggedOject) {  

       Logger. log .println( "Logging integrity snapshot..." ) ;  

       try {  

          BufferedWriter writer = new BufferedWriter( new FileWriter( new 

File(String. format ( "%s\ \ %s\ \ %s\ \ %s%s.txt" ,  

                ROOT_FOLDER,  

                ExperimentDataContainer ,  

                voidsFolderName ,  

                voidsInvariantNamePart ,  

                loggedOject.getName())) , true )) ;  

           

          loggedOject.write(writer) ;  

          writer.flush() ;  

          writer.close() ;  

       }  

       catch (Exception e) {  
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          System. err .println(e.getMessage()) ;  

       }  

       Logger. log .println( "Logging integrity snapshot finished" ) ;  

    }  

 

    public void logStrength ( int step , double temp , ArrayList<ClusterData> 

strengthData) {  

       StringBuilder builder = new StringBuilder() ;  

        

       for (ClusterData data : strengthData){  

          builder.append(String. format ( "%s;" , data.size())) ;  

       }  

        

       try {  

          strengthLogWriter .write(String. fo rmat ( "{% - 8d|%- 20f| (%s)} \ r \ n" , 

step , temp , builder.toString())) ;  

          strengthLogWriter .flush() ;  

      } catch (IOException e) {  

         e.printStackTrace() ;  

      }  

        

       Logger. log .println( "StrengthData data writing finished" ) ;  

    }  

     

    public void logIntegrity ( int step , double temp , ArrayList<ClusterData> 

integrityData) {  

       StringBuilder builder = new StringBuilder() ;  

        

       for (ClusterData data : integrityData){  

          builder.append(String. format ( "%s;" , data.size()) ) ;  

       }  

        

       try {  

         integrityLogWriter .write(String. format ( "{% - 8d|%- 20f| (%s)} \ r \ n" , 

step , temp , builder.toString())) ;  

         integrityLogWriter .flush() ;  

      } catch (IOException e) {  

         e.printStackTrace() ;  

      }  

        

       Logger. log .println( "Integrity data writing finished" ) ;  

    }  

     

    public void logTemperature ( int step , double value) {        

       try {  

          temperatureLogWriter .write(String. format ( "%s | %s \ r \ n" , step , 

value)) ;  

          temperatureLog Writer .flush() ;  

      } catch (IOException e) {  

         e.printStackTrace() ;  

      }  

       finally {  

          Logger. log .println(String. format ( "Step: %s; Temperature: %s" , step , 

value)) ;  

       }  
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    }  

     

    public void logEnergy ( int step , int [] distribution)  {      

        

       StringBuilder b = new StringBuilder() ;  

       for ( int i: distribution) {  

          b.append(i + " | " ) ;  

       }  

        

       try {  

          energyLogWriter .write(String. format ( "%s | %s \ r \ n" , step , 

b.toString())) ;  

          energyLogWriter .flush() ;  

      } catch (IOException e) {  

         e.printStackTrace() ;  

      }  

       finally {  

          Logger. log .println(String. format ( "Step: %s; Energy: %s" , step , 

b.toString())) ;  

       }  

    }  

     

    public void logDebug Snapshot (Writable loggedOject) {  

       Logger. log .println( "Logging debug snapshot..." ) ;  

       try {  

          BufferedWriter writer = new BufferedWriter( new FileWriter( new 

File(loggedOject.getName()) , true )) ;  

           

          loggedOject.write(writer ) ;  

           

         writer.flush() ;  

          writer.close() ;  

       } catch (Exception e) {  

         e.printStackTrace() ;  

      }  

       finally {  

          Logger. log .println( "Debug snapshot is logged" ) ;  

       }  

    }  

     

    @Override  

    public void finalize () {  

        

       try {  

          strengthLogWriter .flush() ;  

          strengthLogWriter .close() ;  

       }  

       catch (Exception e) {  

           

       }  

        

       try {  

          integrityLogWriter .flush() ;  

          integrityL ogWriter .close() ;  

       }  
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       catch (Exception e) {  

           

       }  

        

      try {  

         temperatureLogWriter .flush() ;  

         temperatureLogWriter .close() ;  

       }  

       catch (Exception e) {  

           

       }  

 

      try {  

         logWriter .flush() ;  

         logWriter .close() ;  

      }  

      catch (Exception e) {  

          

      }  

       

    }  

     

}  

package application ;  

 

import java.util.ArrayList ;  

 

import Helpers.DPoint ;  

import Helpers.Point ;  

import engine.Grid ;  

 

public class InitialCon ditionProvider {  

 

   private boolean [][][] validationPattern ;  

   int sphereRadius = 15, sphereDsitance = 10;  

    

    

    

   public InitialConditionProvider () {  

       

      validationPattern = new boolean [ 5][ 5][ 5] ;  

       

      for ( int i = 0; i < validationPattern . length ; i++) {  

         for ( int j = 0; j < validationPattern [ 0]. length ; j++) {  

            for ( int k = 0; k < validationPattern [ 0][ 0]. length ; k++) {               

               validationPattern [i][j][k] = false;  

            }  

         }  

      }  

      //hex grid interpretation  

      /*  

      validationPattern[0][0][0] = true;  

      validationPattern[0][0][4] = true;  

      validationPattern[0][4][0] = true;  
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      validationPattern[4][0][0] = true;  

      validationPattern[0][4][4] = true;  

      validationPattern[4][0][4] = true;  

      validationPattern[4][4][0] = true;  

      validationPattern[4][4][4] = true;  

       

      validationPattern[2][2][0] = true;  

       

      validationPattern[1][1][1] = true;  

      validationPattern[3][3][1] = tru e;  

       

      validationPattern[2][0][2] = true;  

      validationPattern[0][2][2] = true;  

      validationPattern[4][2][2] = true;  

      validationPattern[2][4][2] = true;  

 

      validationPattern[1][3][3] = true;  

      validationPattern[3][1][3] = true;  

       

      validationPattern[2][2][4] = true;  

      */  

       

       

      //square grid interpretation  

      /*  

      validationPattern[0][0][0] = true;  

       

      validationPattern[2][0][0] = true;  

      validationPattern[0][2][0] = true;  

      vali dationPattern[0][0][2] = true;  

       

      validationPattern[2][2][2] = true;  

       

      validationPattern[0][2][2] = true;  

      validationPattern[2][0][2] = true;  

      validationPattern[2][2][0] = true;  

       

      validationPattern[4][0][0] = true;  

      validationPattern[0][4][0] = true;  

      validationPattern[0][0][4] = true;  

       

      validationPattern[0][4][4] = true;  

      validationPattern[4][0][4] = true;  

      validationPattern[4][4][0] = true;  

       

      validationPattern[4][2][0] = t rue;  

      validationPattern[4][0][2] = true;  

       

      validationPattern[2][4][0] = true;  

      validationPattern[2][0][4] = true;  

       

      validationPattern[0][2][4] = true;  

      validationPattern[0][4][2] = true;  

       

      validationPattern[4 ][2][2] = true;  
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      validationPattern[4][4][2] = true;  

      validationPattern[4][2][4] = true;  

      validationPattern[2][4][4] = true;  

       

      validationPattern[4][4][4] = true;  

       

       

      validationPattern[1][1][1] = true;  

       

      validationPattern[3][3][3] = true;  

       

      validationPattern[3][1][1] = true;  

      validationPattern[1][3][1] = true;  

      validationPattern[1][1][3] = true;  

       

      validationPattern[3][3][1] = true;  

      validationPattern[3][1][3] = tr ue;  

      validationPattern[1][3][3] = true;  

      */  

       

      /////////  

      validationPattern [ 0][ 0][ 0] = true;  

      validationPattern [ 2][ 0][ 0] = true;  

      validationPattern [ 4][ 0][ 0] = true;  

       

      validationPattern [ 1][ 2][ 0] = true;  

      validationPattern [ 3][ 2][ 0] = true;  

       

      validationPattern [ 4][ 0][ 0] = true;  

      validationPattern [ 4][ 2][ 0] = true;  

      validationPattern [ 4][ 4][ 0] = true;  

       

      /////////  

      validationPattern [ 1][ 1][ 1] = true;  

      validationPattern [ 3][ 1][ 1] = true;  

      validationPattern [ 0][ 3][ 1] = true;  

      validationPattern [ 2][ 3][ 1] = true;  

      validationPattern [ 4][ 3][ 1] = true;  

       

      /////////  

      validationPattern [ 0][ 0][ 2] = true;  

      validationPattern [ 2][ 0][ 2] = true;  

      validationPattern [ 4][ 0][ 2] = true;  

       

      validationPattern [ 1][ 2][ 2] = true;  

      validationPattern [ 3][ 2][ 2] = true;  

       

      validationPattern [ 4][ 0][ 2] = true;  

      validationPattern [ 4][ 2][ 2] = true;  

      validationPattern [ 4][ 4][ 2] = true;  

       

      /////////  

      validationPattern [ 1][ 1][ 3] = true;  

      validationPattern [ 3][ 1][ 3] = true;  
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      validationPattern [ 0][ 3][ 3] = true;  

      validationPattern [ 2][ 3][ 3] = true;  

      validationPattern [ 4][ 3][ 3] = true;  

       

       

      //////// /  

      validationPattern [ 0][ 0][ 4] = true;  

      validationPattern [ 2][ 0][ 4] = true;  

      validationPattern [ 4][ 0][ 4] = true;  

       

      validationPattern [ 1][ 2][ 4] = true;  

      validationPattern [ 3][ 2][ 4] = true;  

    

      validationPattern [ 4][ 0][ 4] = true;  

      validationPattern [ 4][ 2][ 4] = true;  

      validationPattern [ 4][ 4][ 4] = true;  

    

    

    

   }  

    

   public InitialConditionProvider ( int radius , int distance) {  

      this () ;  

       

      sphereRadius = radius ;  

      sphereDsitance = distance ;  

   }  

    

   public void setupEnvironment (Grid grid) {  

 

      DPoint center ;  

      double dx , dy , dz ;  

      dx = grid. dimX -  2 * sphereRadius -  sphereDsitance ;  

      dy = grid. dimY -  2 * sphereRadius -  sphereDsitance ;  

      dz = grid. dimZ -  2 * sphereRadius -  sphereDsitance ;  

       

      ArrayList<DPoint> centers = new ArrayList<DPoint>() ;  

       

      for ( int i = 0; i < grid. dimX / sphereDsitance ; i++) {  

         for ( int j = 0; j < grid. dimY / sphereDsitance ; j++) {  

            for ( int k = 0; k < grid. dimZ / sphereDsitance ; k++) {  

                

               if ( validationPattern [i % 4][j % 4][k % 4]  

                  && i* sphereDsitance > 0 && i* sphereDsitance < dx  

                  && j* sphereDsitance > 0 && j* sphereDsitance < dy  

                  && k* sph ereDsitance > 0 && k* sphereDsitance < dz  

               )  

               {  

                  if (k % 2 ==0 ) {  

                     centers.add( new DPoint(  

                           (i + 0.5 )* sphereDsitance ,  

                           (j + 0.5 )* sphereDsitance * 0.866 ,  

                           (k + 0.5 )* sphereDsitance )) ;  

                  }  

                  else {  
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                     centers.add( new DPoint(  

                           (i + 0.5 )* sphereDsitance ,  

                           ((j + 0.5 )* sphereDsitance -  sphereRadius / 2) * 

0.866 ,  

                           (k + 0.5 )* sphereDsitance )) ;  

                  }  

               }  

 

            }  

         }  

      }  

       

//    System.out.println(centers.size());  

       

      for ( int n = 0; n < c enters.size() ; n++) {  

       

         for ( int i = ( int )(centers.get(n). x -  sphereRadius ) ; i < 

( int )(centers.get(n). x + sphereRadius ) ; i++) {  

            for ( int j = ( int )(centers.get(n). y -  sphereRadius ) ; j < 

( int )(centers.get(n). y + sphereRadius ) ; j++) {  

               for ( int k = ( int )(centers.get(n). z -  sphereRadius ) ; k < 

( int )(centers.get(n). z + sphereRadius ) ; k++) {  

                   

                  //sector = new Point(((i -  

sphereDsitance/2)/sphereDsitance), ((j -  sphereDsitance/2)/sphereDsitance) , 

((k -  sphereDsitance / 2)/sphereDsitance));  

                   

                  center = centers.get(n) ;  

                   

                  if (grid.isValid(i , j , k)  

                        && (center. x -  i)*(center. x -  i) + (center. y -  

j)*(center. y -  j) + (center. z -  k)*(center. z -  k) < sphereRadius * sphereRadius  

                        ) {  

                     grid.setPoint(i , j , k) ;  

                  }  

                   

               }  

            }  

         }  

          

      }  

       

       

       

   }   

}  

package application ;  

 

import java.awt.Graphics2D ;  

import java.awt.event.ActionEvent ;  

import java.awt.event.ActionListener ;  

import java.awt.event.KeyEvent ;  

import java.awt.event.KeyListener ;  

 

import javax.swing.* ;  
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import engine.GridHelper ;  

 

public  class MainWindow extends JFrame{  

   private JMenuBar menu;  

   private JMenu mBegin , mFile ;  

   private JMenuItem miStartOne , miStartMany , miStop , miStartUpdates , 

miStopUpdates , miCalculateAtoms ,  

                  miExportTxt , miExportVMD , miBeginExport , miEndExport , 

miSave ;  

   private JLabel stepInfo , layerInfo ;  

   private Panel panel ;  

    

   public GridHelper helper ;  

   public boolean isUpdating ;  

// public ArrayList<IPaintable> paintedChildren;  

    

    

   //Action section  

   private ActionListener alSta rtOne = new ActionListener() {  

      @Override  

      public void actionPerformed (ActionEvent arg0) {  

         helper .startCalculation() ;  

      }  

   } ;  

    

   private ActionListener alStartMany = new ActionListener() {  

      @Override  

      public void acti onPerformed (ActionEvent arg0) {  

//       helper.startCalculation();  

      }  

   } ;  

    

   private ActionListener alStop = new ActionListener() {  

      @Override  

      public void actionPerformed (ActionEvent arg0) {  

         helper .stopCalculation() ;  

      }  

   } ;  

    

   private ActionListener alStartUpdates = new ActionListener() {  

      @Override  

      public void actionPerformed (ActionEvent arg0) {  

         startUpdates() ;  

      }  

   } ;  

    

   private ActionListener alStopUpdates = new ActionListener() {  

      @Override  

      public void actionPerformed (ActionEvent arg0) {  

         stopUpdates() ;  

      }  

   } ;  

    

   private  ActionListener alCalculateAtoms = new ActionListener() {  
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      @Override  

      public void actionPerformed (ActionEvent arg0) {  

 

      }  

   } ;  

    

   private ActionListener alExportTxt = new ActionListener() {  

      @Override  

      public void actionPerformed (ActionEvent arg0) {  

         try {  

 

         } catch (Exception e) {  

            e.printStackTrace() ;  

         }  

//       helper. saveForUser("");  

      }  

   } ;  

    

   private ActionListener alExportVMD = new ActionListener() {  

      @Override  

      public void actionPerformed (ActionEvent arg0) {  

         try {  

            helper .exportForVMD() ;  

         } catch (Exception e) {  

            e.printStackTrace() ;  

         }  

//       helper.saveForUser("");  

      }  

   } ;  

    

   public MainWindow () {  

       

      super () ;  

      initialize() ;  

       

      this .addKeyListener( new KeyListener() {  

 

         @Override  

         public void keyPr essed (KeyEvent e) {  

            //JOptionPane.showMessageDialog(null, e.getKeyCode());  

             

            switch (e.getKeyCode()) {  

               case ( 38):{  

                  if ( helper . currentlyPaintedPlane < helper . grid . dimZ -  1) {  

                     helper . currentlyPaintedPlane ++;  

                  }  

                  break;  

               }  

               case ( 40):{  

                  if ( helper . currentlyPaintedPlane > 0) {  

                     helper . currentlyPaintedPlane -- ;  

                  }  

                  break;  

               }  

               case ( 107 ):{  
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                  helper .setTemperature( helper .getTemperature() + 0.1 ) ;  

                  break;  

               }  

               case ( 109 ):{  

                  helper .setTem perature( helper .getTemperature() -  0.1 ) ;  

                  break;  

               }  

            }  

            setTitle( Integer. toString ( helper . currentlyPaintedPlane )  + "   

" + helper .getTemperature()) ;  

         }  

 

         @Override  

         public void keyReleased (KeyEvent arg0) {  

            // TODO Auto - generated method stub  

             

         }  

 

         @Override  

         public void keyTyped (KeyEvent e) {  

             

         }  

          

      }) ;  

      isUpdating = false;  

   }  

    

   public void setHelper (GridHelper Helper) {  

      helper = Helper ;  

      panel .addPainter(Helper) ;  

   }  

    

   public void initialize () {  

      setDefaultCloseOperation( EXIT_ON_CLOSE) ;  

      setSize( 700 , 500 ) ;  

      setLocationRelativeTo( null ) ;  

      setE xtendedState( MAXIMIZED_BOTH) ;  

      setVisible( true ) ;  

      setLayout( null ) ;  

       

      panel = new Panel() ;  

      panel .setBounds( 0, 25, this .getBounds(). width , this .getBounds(). height 

-  25) ;  

      add( panel ) ;  

       

      menu = new JMenuBar() ;  

      menu.setVisible( true ) ;  

      menu.setBounds( 0, 0, this .getBounds(). width , 25) ;  

      //menu.setLayout(new FlowLayout());  

       

       

      //mBegin section  

      mBegin = new JMenu( "Actions" ) ;  

      //mBegin.setBounds(0, 0, 50, 20);  

      menu.add( mBegin ) ;  
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      miStartOne = new JMenuItem( "Start one" ) ;  

      miStartOne .addActionListener( alStartOne ) ;  

      mBegin .add( miStartOne ) ;  

       

      miStartMany = new JMenuItem( "Start many" ) ;  

      miStartMany .addActionListener( alStartMany ) ;  

      mBegin .ad d( miStartMany ) ;  

       

      miStop = new JMenuItem( "Stop" ) ;  

      miStop .addActionListener( alStop ) ;  

      mBegin .add( miStop ) ;  

 

      miStartUpdates = new JMenuItem( "Start updates" ) ;  

      miStartUpdates .addActionListener( alStartUpdates ) ;  

      mBegin .add( miStartUpdates ) ;  

 

      miStopUpdates = new JMenuItem( "Stop updates" ) ;  

      miStopUpdates .addActionListener( alStopUpdates ) ;  

      mBegin .add( miStopUpdates ) ;  

       

      miCalculateAtoms = new JMenuItem( "Calculate atoms" ) ;  

      miCalculateAtoms .addAction Listener( alCalculateAtoms ) ;  

      mBegin .add( miCalculateAtoms ) ;  

       

      //end of mBegin section  

       

       

      //mFile section  

       

      mFile = new JMenu( "File" ) ;  

      //mBegin.setBounds(0, 0, 50, 20);  

      menu.add( mFile ) ;  

       

      miExportTxt = new JMenuItem( "Export to .txt file" ) ;  

      miExportTxt .addActionListener( alExportTxt ) ;  

      mFile .add( miExportTxt ) ;  

 

      miExportVMD = new JMenuItem( "Export for VMD" ) ;  

      miExportVMD .addActionListener( alExportVMD ) ;  

      mFile .add( miExportVMD ) ;  

       

      miBeginExport =  new JMenuItem( "Start Exporting" ) ;  

//    miBeginExport.addActionListener(alStartVMDAutosaves);  

      mFile .add( miBeginExport ) ;  

       

      miEndExport =  new JMenuItem( "Stop Exporting" ) ;  

//    miEndExport.addActi onListener(alStopVMDAutosaves);  

      mFile .add( miEndExport ) ;  

       

      miSave = new JMenuItem( "Save as backup" ) ;  

//    miSave.addActionListener(alSaveGrid);  

      mFile .add( miSave ) ;  

       

      menu.add( mFile ) ;  
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      add( menu) ;  

      menu.updateUI() ;  

   }  

    

   public void startUpdates () {  

      isUpdating = true;  

      Thread t = new Thread() {  

         public void run () {  

            while ( isUpdating ) {                 

               panel .repaint() ;  

               try {  

                  Thread. currentThread ().join( 1) ;  

               } catch (InterruptedException e) {  

                  // TODO Auto - generated catch block  

                  e.printStackTrace() ;  

               }  

            }  

         }  

      } ;  

      t.start () ;  

   }  

    

   public void stopUpdates () {  

      isUpdating = false;  

   }  

    

    

}  

package application ;  

 

import java.awt.Color ;  

import java.awt.Graphics ;  

import java.awt.Graphics2D ;  

import java.util.ArrayList ;  

 

import javax.swing.JPanel ;  

 

import engine.I Paintable ;  

 

public class Panel extends JPanel{  

    

   ArrayList<IPaintable> painters ;  

 

   public Panel () {  

      setBackground(Color. WHITE) ;  

      painters = new ArrayList<IPaintable>() ;  

   }  

    

   public void addPainter (IPaintable p) {  

      painters .add(p) ;  

   }  
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   public void paint (Graphics g2) {  

      Graphics2D g = (Graphics2D) g2 ;  

 

      g.setColor(Color. WHITE) ;  

      g.fillRect( 0, 0, 3000 , 3000 ) ;  

       

      g.setColor(Color. BLUE) ;  

 

      for ( int i = 0; i < painters .size() ; i++) {  

         painters .get(i).paint(g) ;  

      }  

   }  

    

}  

package application ;  

 

import java.io.BufferedWriter ;  

 

public interface Writable {  

    

   public void write (BufferedWriter writer) throws Exception ;  

   public String getName () ;  

   public void setName (String name) ;  

}  

package engine ;  

 

import java.util.ArrayList ;  

import java.util.HashMap ;  

import java.util.List ;  

 

import Helpers.Point ;  

 

public class ClusterData {  

   private ArrayList<Point> incapsulatedMoleculas ;  

    

   public ClusterData ()  

   {  

      incapsulatedMoleculas = new ArrayList<Point>() ;  

   }  

    

   public ClusterData (ArrayList<Point> particles)  

   {  

      incapsulatedMoleculas = particles ;  

   }  

    

   public int size () {  

      return incapsulatedMoleculas .size() ;  

   }  

    

}  

package engine ;  

 

import java.util.ArrayList ;  

import java.util.HashMap ;  

import java.util.LinkedList ;  
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import java.util.Random ;  

 

import Helpers.Point ;  

import application.Logger ;  

 

public class Grid {  

    

   public byte [][][] grid ;  

   public ArrayList<Point> queue ;  

   public Random random ;  

   public int dimX, dimY, dimZ ;  

   public IntegrityDataCollector collector ;  

   //#region environment parameters  

    

    

   public double alpha = 2;  

   public double p0 = 0.685 ;  

    

   //#endregion  

    

    

   private boolean [][][] validation Pattern ;  

    

   public Grid () {  

      this ( 100 , 100 , 100 ) ;  

   }  

    

   public Grid ( int DimX, int DimY, int DimZ) {  

      dimX = DimX ;  

      dimY = DimY ;  

      dimZ = DimZ ;  

       

      validationPattern = new boolean [ 3][ 3][ 3] ;  

       

      for ( int i = 0; i < validationPattern . length ; i++) {  

         for ( int j = 0; j < validationPattern [ 0]. length ; j++) {  

            for ( int k = 0; k < validationPattern [ 0][ 0]. length ; k++) {               

               validationPattern [i][j][k] = false;  

            }  

         }  

      }  

 

      collector = new IntegrityDataCollector( this ) ;  

       

//    validationPattern[0][0][0] = true;  

//    validationPattern[0][0][2] = true;  

//    validationPattern[0][2][0] = true;  

//    validationPattern[2][0][0] = true;  

//    validat ionPattern[0][2][2] = true;  

//    validationPattern[2][0][2] = true;  

//    validationPattern[2][2][0] = true;  

//    validationPattern[2][2][2] = true;  

//     

//    validationPattern[1][1][1] = true;  
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      validationPattern [ 0][ 0][ 0] = tru e;  

      validationPattern [ 0][ 0][ 2] = true;  

      validationPattern [ 0][ 2][ 0] = true;  

      validationPattern [ 2][ 0][ 0] = true;  

      validationPattern [ 0][ 2][ 2] = true;  

      validationPattern [ 2][ 0][ 2] = true;  

      validationPattern [ 2][ 2][ 0] = true;  

      validationPattern [ 2][ 2][ 2] = true;  

       

      validationPattern [ 0][ 1][ 1] = true;  

      validationPattern [ 1][ 0][ 1] = true;  

      validationPattern [ 1][ 1][ 0] = true;  

       

      validationPattern [ 2][ 1][ 1] = true;  

      validationPattern [ 1][ 2][ 1] = true;  

      validationPattern [ 1][ 1][ 2] = true;  

       

       

      grid = new byte [ dimX][ dimY][ dimZ ] ;  

      queue = new ArrayList<Point>() ;  

      random = new Random() ;  

   }  

    

   public void setAlpha ( double value) {  

      alpha = value ;  

      double ep0 = Math. pow(Math. E, alpha ) ;  

      p0 = Math. pow( 0.685 , alpha ) ; // 0.685  

 

      //Logger.INSTANCE.write(String .format("alpha: %s; p0: %s", alpha, 

p0));  

       

   }  

    

   public double getAlpha () {  

      return alpha ;  

   }  

    

   //region  

    

   //marks dimensions and grid specifics  

   public boolean isValid ( int x, int y, int z) {  

      return (  

            (x >= 0 && y >= 0 && z >= 0 && x < dimX && y < dimY && z < dimZ )  

            && validationPattern [x % 2][y % 2][z % 2]  

         ) ;  

   }  

    

   public void setPoint ( int i , int j , int k) {  

      if (isValid(i , j , k)  

         && grid [i][j][k] == 0)  

      {  

         grid [i][j][k] = 10;  

         queue .add( new Point(i , j , k)) ;  

      }  

   }  
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   public void setPointUnchecked ( int i , int j , int k) {  

      if (isValid(i , j , k)) {  

         grid [i][j][k] = 127 ;  

         //queue.add(new Point(i, j, k));  

      }  

   }  

    

   public int getNeirbourghsCount ( int x, int y , int z) {  

      int count = 0;  

       

      for ( int i = - 1; i <= 1; i++ ) {  

         for ( int j = - 1; j <= 1; j++ ) {  

            for ( int  k = - 1; k <= 1; k++) {  

               if (isValid(x + i , y + j , z + k)  

                     && !(i == 0 && j == 0 && k == 0)  

                     && grid [x + i][y + j][z + k] > 9) {  

                  count++ ;  

               }  

            }  

         }  

      }      

      return count ;  

   }  

    

   public boolean hasBoundedNeirbourghs ( int x, int y, int z) {  

      //boolean has = false;  

       

      for ( int i = - 1; i <= 1; i++ ) {  

         for ( int j = - 1; j <= 1; j++ ) {  

            for ( int  k = - 1; k <= 1; k++) {  

               if (isValid(x + i , y + j , z + k)  

                     && !(i == 0 && j == 0 && k == 0)  

                     && grid [x + i][y + j][z + k] > 9) {  

                  return true;  

                  /*has = true;  

                  break;*/  

               }  

            }  

         }  

      }  

      return false;  

   }  

    

   /*public int getPositionWeight(int x, int y, int z) {  

       

      int count = 0;  

       

      for(int i = - 1; i <= 1; i++ ) {  

         for(int j = - 1; j <= 1; j++ ) {  

            for(int  k = - 1; k <= 1; k++) {  

               if(isValid(x + i, y + j, z + k)  

                     && (i != 0 && j != 0 && k != 0)  

                     && grid[x + i][y + j][z + k] > 9  

                     && getNeirbourghsCount(x + i, y + j, z + k) > 0) {  
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                  count++;  

               }  

            }  

         }  

      }  

      return count;  

   }*/  

    

   public ArrayList<PositionData> getBoundedPositionData ( int x, int y, int 

z){  

      ArrayLis t<PositionData> data = new ArrayList<PositionData>() ;  

       

      for ( int i = - 1; i <= 1; i++ ) {  

         for ( int j = - 1; j <= 1; j++ ) {  

            for ( int  k = - 1; k <= 1; k++) {  

                

               if (isValid(x + i , y + j , z + k)  

                     && !(i == 0 && j == 0 && k == 0)  

                     && grid [x + i][y + j][z + k] == 0  

                     ) {  

                  data.add( new PositionData(x + i , y + j , z + k ,  

                        Math. exp ( alpha * (getNeirbourghsCount(x  + i , y + j , 

z + k)))  

                        )) ;  

               }  

            }  

         }  

      }  

       

      data.add( new PositionData(x , y, z, Math. exp ( alpha * 

(getNeirbourghsCount(x , y, z))))) ;  

       

      return data ;  

   }  

    

   public ArrayList< PositionData> getFreePositionData ( int x, int y, int z){  

      ArrayList<PositionData> data = new ArrayList<PositionData>() ;  

       

      for ( int i = - 1; i <= 1; i++ ) {  

         for ( int j = - 1; j <= 1; j++ ) {  

            for ( int  k = - 1; k <= 1; k++) {  

 

               if (isValid(x + i , y + j , z + k)  

                     && grid [x + i][y + j][z + k] == 0 

                     ) {  

                   

                  data.add( new PositionData(x + i , y + j , z + k ,  

                        1 

                        )) ;  

 

               }  

            }  

         }  

      }  
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      data.add( new PositionData(x , y, z, 1)) ;  

 

      return data ;  

   }  

    

   public PositionData getNextPosition ( int x, int y, int z) {  

      ArrayList<PositionData> dat a;  

//    if( grid[x][y][z] < 10) {  

//       data = getFreePositionData(x, y, z);  

//    }  

//    else {  

         data = getBoundedPositionData(x , y, z) ;  

//    }  

       

      double amplitude = 0;  

       

      for ( int i = 0; i < data.size() ; i++) {  

         amplitude += data.get(i). weight ;  

      }  

       

      double point = amplitude * random .nextDouble() ;  

      double sum = 0;  

       

      for ( int i = 0; i < data.size() ; i++) {  

         sum += data.get(i). weight ;  

         if (sum >= point) {  

            return data.get(i) ;  

         }  

      }  

       

      return data.get(data.size() -  1) ;  

   }  

 

   //from, where  

   public void move(Point p , int i , int j , int k) {  

      grid [p. x][p. y][p. z] = 0;  

      /*boolean globalHandle = hasBoundedNeirbourghs(i, j, k);  

      if(!globalHandle || isTopRegion(i, j, k)) {  

         grid[i][j][k] = 1;  

      }else {  

         grid[i][j][k] = 10;  

      }*/  

      grid [i][j][k] = ( byte ) ((!hasBoundedNeirbourghs(i , j , k) || 

isTopRegion(i , j , k))? 1: 10) ;  

       

      p. x = i ;  

      p. y = j ;  

      p. z = k ;  

   }  

    

   public void jump (Point p) {  

      int count = getNeirbourghsCount(p. x, p. y, p. z) ;  

      if ( count < 8 && random .nextDouble() < Math. pow( p0, count) /*Math.exp( - 1 

* p0 * count) */ ) {  

         PositionData data = getNextPosition(p. x, p. y, p. z) ;  
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         if ( grid [data. x][data. y][data. z] == 0) {  

            move(p , data. x, data. y, data. z) ;    

         }  

      }  

   }  

    

   public void rearrange () {  

       

      int x, y;  

      Point temp ;  

      for ( int i = 0; i < queue .size() / 2 ; i++) {  

         x = random .nextInt( queue .size()) ;  

         y = random .nextInt( queue .size()) ;  

          

         temp = queue .get(x) ;  

         queue .set(x , queue .get(y)) ;  

         queue .set(y , temp) ;  

          

         //temp = null;  

      }  

   }  

    

   //endregion  

     

   public boolean isTopRegion ( int i , int j , int k) {  

       

      return k > dimZ ;  

   }  

    

   public void refillTopRegion ( double probability) {  

      for ( int i = 0; i < dimX; i++) {  

         for ( int j = 0; j < dimY; j++) {  

            for ( int k = 0; k < dimZ ; k++) {  

               if (isValid(i , j , k) && isTopRegion(i , j , k) && grid [i][j][k] 

== 0 && random .nextDouble() < probability) {  

                  setPoint(i , j , k) ;  

               }  

            }  

         }  

      }  

   }  

    

   public double probab () {  

      double count = 0;  

      double volume = 0; //(int) (dimX * dimY * dimZ * 0.2);  

       

    

      for ( int i = 0; i < dimX; i++) {  

         for ( int j = 0; j < dimY; j++) {  

            for ( int k = 0; k < dimZ ; k++) {  

               if (isTopRegion(i , j , k)) {  

                  if ( grid [i][j][k] != 0) {  

                     count++ ;  

                  }  

                  if (isValid(i , j , k)) {  
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                     volume++ ;  

                  }  

               }  

            }  

         }  

      }  

 

      //System.out.println(count + " / " + volume + " count/volume");  

      //0.015508  

      return 0.001077 * 1.5 -  count / volume ;  

//;//0.00128 * 4.0 -  count / volume;//0.00017657 -  count / 

volume;//0.00 009625 -  count / volume;  

   }  

    

   public ArrayList<ClusterData> CollectClusterData () {  

      ArrayList<ClusterData> data = new ArrayList<ClusterData>() ;  

       

      synchronized ( grid )  

      {  

          

         LinkedList<Point> particles = new LinkedL ist<Point>( this . queue ) ;  

         //byte[][][] volume = this.grid.clone();  

         byte [][][] volume = new byte [ dimX][ dimY][ dimZ ] ;  

          

         for ( int i = 0; i < dimX; i++) {  

            for ( int j = 0; j < dimY; j++) {  

               for ( int k = 0; k < dimZ ; k++) {  

                  volume[i][j][k] = grid [i][j][k] ;  

               }  

            }  

         }  

          

         //normalizing the array  

         for (Point p : particles)  

         {  

            volume[p. x][p. y][p. z] = 1;  

         }  

    

         Point p ;  

          

         while ( true )  

         {  

            //collect data for 1 cluster  

            LinkedList<Point> q = new LinkedList<Point>() ;  

             

            for (Point pp : particles) {  

               if (volume[pp. x][pp. y][pp. z] == 1) {  

                   

                  q.add(pp) ;  

                  volume[pp. x][pp. y][pp. z] = 10;  

                   

                  break;  

               }  

            }  
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            if (q.size() == 0) break;  

             

            for ( int n = 0; n < q.size() ; n++)  

            {  

               p = q.get(n) ;  

                

               if (isValid(p. x, p. y, p. z))  

               {  

                  for ( int i = - 1; i <= 1; i++ ) {  

                     for ( int j = - 1; j <= 1; j++ ) {  

                        for ( int  k = - 1; k <= 1; k++) {  

                           if (isValid(p. x + i , p. y + j , p. z + k)  

                                 && volume[p. x + i][p. y + j][p. z + k] == 1)  

                           {  

                              Point p1 = new Point(p. x + i , p. y + j , p. z + 

k) ;  

                               

                              q.add(p1) ;  

                               

                              volume[p1. x][p1. y][p1. z] = 10;  

                           }  

                        }  

                     }  

                  }      

               }   

            }  

            data.add( new ClusterData( new ArrayList<Point>(q))) ;  

         }  

 

      }  

       

      return data ;  

   }  

    

   public ArrayList<ClusterDat a> CollectinvertedClusterData () {  

      ArrayList<ClusterData> data = new ArrayList<ClusterData>() ;  

       

      synchronized ( grid )  

      {  

          

         LinkedList<Point> particles = new LinkedList<Point>( this . queue ) ;  

         byte [][][] volume = new byte [ dimX][ dimY][ dimZ ] ;  

          

         for ( int i = 0; i < dimX; i++) {  

            for ( int j = 0; j < dimY; j++) {  

               for ( int k = 0; k < dimZ ; k++) {  

                  if (isValid(i , j , k)) {  

                     volume[i][j][k] = 1;  

                  }  

               }  

            }  

         }  

 

         //normalizing the array  

         for (Point p : particles)  
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         {  

            volume[p. x][p. y][p. z] = 0;  

         }  

 

         particles = new LinkedList<Point>() ;  

         for ( int i = 0; i < dimX; i++) {  

            for ( int j = 0; j < dimY; j++) {  

               for ( int k = 0; k < dimZ ; k++) {  

                  if (volume[i][j][k] == 1) {  

                     particles.add( new Point(i , j , k)) ;  

                  }  

               }  

            }  

         }  

 

         Point p ;  

          

         while ( true )  

         {  

            //collect data for 1 cluster  

            LinkedList<Point> q = new LinkedList<Point>() ;  

             

            for (Point pp : particles) {  

               if (volume[pp. x][pp. y][pp. z] == 1) {  

                   

                  q.add(pp) ;  

                  volume[pp. x][pp. y][pp. z] = 10;  

                   

                  break;  

               }  

            }  

          

            if (q.size() == 0) break;  

             

            for ( int n = 0; n < q.size() ; n++)  

            {  

               p = q.get(n) ;  

                

               if (isValid(p. x, p. y, p. z))  

               {  

                  for ( int i = - 1; i <= 1; i++ ) {  

                     for ( int j  = - 1; j <= 1; j++ ) {  

                        for ( int  k = - 1; k <= 1; k++) {  

                           if (isValid(p. x + i , p. y + j , p. z + k)  

                                 && volume[p. x + i][p. y + j][p. z + k] == 1)  

                           {  

                              Point p1 = new Point(p. x + i , p. y + j , p. z + 

k) ;  

                               

                              q.add(p1) ;  

                               

                              volume[p1. x][p1. y][p1. z] = 10;  

                           }  

                        }  

                     }  
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                  }      

               }   

            }  

            data.add( new ClusterData( new ArrayList<Point>(q))) ;  

         }  

      }  

       

      return data ;  

   }  

 

   public double getAverageLinksCount () {  

      int neirbourghs = 0;  

      int particlesCount = 0;  

       

      int tempNC = 0;  

       

      for (Point p : queue ) {  

         tempNC = getNeirbourghsCount(p. x, p. y, p. z) ;  

         if (tempNC < 8) {  

            neirbourghs = nei rbourghs + tempNC ;  

            particlesCount++ ;  

         }  

      }  

       

      return neirbourghs/particlesCount ;  

   }  

    

   public int [] getEnergyData () {  

      int [] data = new int [ 14] ;  

      int tempNC = 0;  

       

      for (Point p : queue ) {  

         tempNC = getNeirbourghsCount(p. x, p. y, p. z) ;  

         data[tempNC]++ ;  

      }  

       

      data[ 13] = queue .size() ;  

       

      return data ;  

   }  

    

}  

package engine ;  

 

import java.awt.Color ;  

import java.awt.Graphics2D ;  

import java.io.BufferedWri ter ;  

import java.io.File ;  

import java.io.FileWriter ;  

import java.io.IOException ;  

import java.util.ArrayList ;  

import java.util.Date ;  

 

import Helpers.Point ;  

import application.Logger ;  
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import application.Writable ;  

import engine.IntegrityDataCollector.Direction ;  

import engine.IntegrityDataCollector.LayerDataHandler ;  

 

public class GridHelper implements IPaintable{  

 

   public Grid grid ;  

   public boolean calculationRunning ;   

    

   //#region paint settings  

    

   public int currentlyPaintedPlane , halfSize = 2;  

   public double minCoef = 0.4 , maxCoef = 1; // minimum value of alpha in 

temperature changing process  

   public int steps = 5000 ;  

   //#endregion  

    

    

   public GridHelper () {  

      calculationRunning = false;  

      currentlyPaintedPlane = 0;  

   }  

    

    

   public void exportForVMD () throws IOException {  

      Logger. log .logDebugSnapshot( new Writable() {  

          

         private String name;  

          

         @Override  

         public void write (BufferedWriter wr iter) throws IOException {  

            exportForVMD(writer) ;  

         }  

          

         @Override  

         public String getName () {  

            return "Debug.pdb" ;  

         }  

 

         @Override  

         public void setName (String name) {  

            this . name = name ;  

         }  

      }) ;  

   }  

    

   public void exportForVMD (BufferedWriter writer) throws IOException {  

      synchronized ( grid . grid ) {  

                   

         for (Point p : grid . queue ) {  

            {  

               writer.write( "ATOM    100  N   VAL A  25     " + 

(form( 10*p. x)) + " " + (form( 10*p. y)) + " " + (form( 10*p. z)) + "  1.00 12.00      

A1   C   " + System. lineSeparator ()) ;  

            }  
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         }  

      }  

   }  

    

   public String form ( int number) {  

      String s  = Double. toString (number / 10.0 ) ;  

 

      while (s.indexOf( "." ) < 3) {  

         s = "0" + s ;  

      }  

 

      while (s.length() < 7) {  

         s += "0" ;  

      }  

 

      return s;  

   }  

 

   public void startCalculation () {  

      calculationRunning = true;  

      Thread t = new Thread() {  

         public void run () {  

            grid .rearrange() ;  

             

            double size = grid . queue .size() ;  

            Integer step = 0;  

             

            Writable snapshot = new Writable() {  

                

               private String name;  

                

               @Override  

               public void write (BufferedWriter writer) throws Exception {  

                  exportForVMD(writer) ;  

               }  

                

               @Override  

               public String getName () {  

                  return name;  

               }  

                

               @Override  

               public void setName (String name) {  

                  this . name =  name ;  

               }  

            } ;  

             

            Writable voidDataX = new Writable() {  

                

               private String name;  

                

               @Override  

               public void write (BufferedWriter writer) throws Exception {  
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                  IntegrityDataCollector collector = new 

IntegrityDataCollector( grid ) ;  

                  ArrayList<LayerDataHandler> data = 

collector.CollectPerLayerInvertedData(Direction. X) ;  

                  for ( int i = 0; i < data.size() ; i++) {  

    

                     StringBuilder builder = new StringBuilder() ;  

                      

                     for ( int j = 0; j < data.get(i). data .size() ; j++) {  

                         

                        builder.append(String. format ( "%s, 

" , data.get(i). data .get(j).size())) ;  

                     }  

                      

                     writer.write(builder.substring( 0,  builder.length() -  2) 

+ " \ r \ n" ) ;  

                  }  

                                     

               }  

                

               @Override  

               public String getName () {  

                  return name;  

               }  

                

               @Override  

               public void setName (String name) {  

                  this . name =  name ;  

               }  

            } ;  

 

            Writable voidDataY = new Writable() {  

                

               private String name;  

                

               @Override  

               public void write (BufferedWriter writer) throws Exception {  

                   

                  IntegrityDataCollector collector = new 

IntegrityDataCollector( grid ) ;  

                  ArrayList<LayerDataHandler> data = 

collector.CollectPerLayerInvertedData(Direction. Y) ;  

                  for ( int i = 0; i < data.size() ; i++) {  

    

                     StringBuilder builder = new StringBuilder() ;  

                      

                     for ( int j = 0; j < data.get(i). data .size() ; j++) {  

                         

                        builder.append(String. format ( "%s, 

" , data.get(i). data . get(j).size())) ;  

                     }  

                      

                     writer.write(builder.substring( 0,  builder.length() -  2) 

+ " \ r \ n" ) ;  

                  }  
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               }  

                

               @Override  

               public String getName () {  

                  return name;  

               }  

                

               @Override  

               public void setName (String name) {  

                  this . name =  name ;  

               }  

            } ;  

 

            Writable voidDataZ = new Writable() {  

                

               private String name;  

                

               @Override  

               public void write (BufferedWriter writer) throws Exception {  

                   

                  IntegrityDataCollector collector = new 

IntegrityDataCollector( grid ) ;  

                  ArrayList<LayerDataHandler> data = 

collector.CollectPerLayerInvertedData(Direction. Z) ;  

                  for ( int i = 0; i < data.size() ; i++) {  

    

                     StringBuilder builder = new StringBuilder() ;  

                      

                     for ( int j = 0; j < data.get(i). data .size() ; j++) {  

                         

                        builder.append(String. format ( "%s, 

" , data.get(i). data .get(j).size())) ;  

                     }  

                      

                     writer.write(builder.substring( 0,  builder.length() -  2) 

+ " \ r \ n" ) ;  

                  }  

                                     

               }  

                

               @Override  

               public String getName () {  

                  return name;  

               }  

                

               @Override  

               public void setName (String name) {  

                  this . name =  name ;  

               }  

            } ;  

 

             

            while ( calculationRunning ) {  
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                  if (size < grid . queue .size()) {  

                     size = grid . queue .size() ;  

                     Logger. log .println(String. format ( "Particles were added! 

Step: %s;  CurrentCount: %s" , step , grid . queue .size())) ;  

                  }  

                   

//                Logger.log.println(String.format("AverageLinksCount: %s", 

grid.getAverageLinksCount()));  

                   

//                grid.setAlpha(getTemperatu re(step));  

//                Logger.log.logTemperature(step, grid.alpha);  

                   

//                ArrayList<ClusterData> data = grid.CollectClusterData();  

//                Logger.log.logIntegrity(step, grid.alpha, data);  

                                     

                  snapshot.setName(String. format ( "%s.pdb" , 

Integer. toString (step))) ;  

                  Logger. log .logSnapshot(snapshot) ;  

                   

                  Logger. log .logEnergy(step , grid .getEnergyData()) ;  

                   

//                voidDataX.setName("X_" + step);  

//                Logger.log.logIntegritySnapshot(voidDataX);  

//                 

//                voidDataY.setName("Y_" + step);  

//                Logger.log.logIntegritySnapshot(voidDa taY);  

//                 

//                voidDataZ.setName("Z_" + step);  

//                Logger.log.logIntegritySnapshot(voidDataZ);  

                   

                   

                  for ( int j = 0; j < 100 ; j++) {  

                     for ( int i =  0; i < grid . queue .size() ; i++) {  

                        synchronized ( grid . grid ) {   

                           

grid .jump( grid . queue .get(( grid . random .nextInt( grid . queue .size())))) ;  

                        }  

                     }  

                  }  

                   

                  step += 100 ;  

                   

                  //ʩʪʦʧʦʨ ʧʨʦʮʝʩʫ ʜʣʷ ʇʆʊʆʏʅʆɻʆ ʛʨʘʬʽʢʫ ʪʤʧʝʨʘʪʫʨʠ 

//                if(1/grid.alpha < minCoef) calculationRunning = false;  

            }  

         }  

      } ;  

      t.start() ;  

   }  

    

   public void stopCalculation (){  

      calculationRunning = false;  

   }  

    

   public void rearrangeGridQueue () {  
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      if ( grid != null ) {  

         int x, y; //future coordinates of elements  

         Point temp ;  

          

         for ( int i = 0; i < grid . queue .size() ; i++) {  

            x = grid . random .nextInt( grid . queue .size()) ;  

            y = grid . random .nextInt( grid . queue .size()) ;  

             

            temp = grid . queue .get(x) ;  

            grid . queue .set(x , grid . queue .get(y)) ;  

            grid . queue .set(x , temp) ;  

         }  

      }  

   }  

    

   public double getTemperature () {  

      return grid . alpha ;  

   }  

    

   public void setTemperature ( double d) {  

      grid .setAlpha(d) ;  

   }  

 

   private double getTemperature ( int step) {  

      double value ;  

       

      if (step < steps )  

      {  

         value = 1 / (( maxCoef -  minCoef )/ steps * step + minCoef ) ;  

      }  

      else {  

         value = 1 / ( - 0.5 * ( maxCoef -  minCoef )/ steps * step + ( 3 * maxCoef 

-  minCoef )/ 2) ;  

      }  

 

      return value ;  

   }  

 

   @Override  

   public void paint (Graphics2D g) {  

      g.setColor(Color. WHITE) ;  

      g.fillRect( 0, 0, 10000 , 10000 ) ;  

       

       

       

      g.setColor(Color. BLUE) ;  

 

      for ( int i = 0; i < grid . dimX; i++) {  

         for ( int j = 0; j < grid . dimY; j++) {  

             

            if ( grid . grid [i][j][ currentlyPaintedPlane ] != 0) {  

//             g.setColor(Color.BLUE);  

               g.fillRect( ( i) * halfSize , (  j) * halfSize , 1 * halfSize , 1 

* halfSize ) ;  

//             g.fillOval( ( i) * halfSize , (  j) * halfSize, 1 * halfSize, 1 
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* halfSize);  

            }  

            else {  

//             g.setColor(Color.GRAY);  

//             g.fillRect( ( 2 *i) * halfSize + 1, ( 2* j) * halfSize + 1, 2 

* halfSize -  2, 2 * halfSize -  2);  

            }  

             

         }  

      }  

       

       

   }  

    

}  

package engine ;  

 

import java.util.ArrayList ;  

import java.util.LinkedList ;  

 

import Helpers.Point ;  

 

public class IntegrityDataCollector {  

 

   private byte [][][] sample ;  

   private Grid grid ;  

    

   public IntegrityDataCollector (Grid grid) {  

      this . grid = grid ;  

   }  

    

   public ArrayList<LayerDataHandler> CollectPerLayerData (Direction normal) {  

       

      ArrayList<LayerDataHandler> data = new ArrayList<LayerDataHandler>() ;  

      sample = copyGrid( gr id . grid ) ;  

       

      int  limit = 0;  

      switch (normal) {  

         case X:{  

            limit = grid . dimX;  

            break;  

         }  

       

         case Y:{  

            limit = grid . dimY;  

            break;  

         }  

          

         case Z:{  

            limit = grid . dimZ ;  

            break;  

         }  

      }  

       

      for ( int i = 0; i < limit ; i++) {  
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         data.add(GetLayerData(i , normal)) ;  

      }  

       

      return data ;  

   }  

    

   public ArrayList<LayerDataHandler> CollectPerLayerIn vertedData (Direction 

normal) {  

       

      ArrayList<LayerDataHandler> data = new ArrayList<LayerDataHandler>() ;  

      sample = copyInvertedGrid( grid . grid ) ;  

       

      int  limit = 0;  

      switch (normal) {  

         case X:{  

            limit = grid . dimX;  

            break;  

         }  

       

         case Y:{  

            limit = grid . dimY;  

            break;  

         }  

          

         case Z:{  

            limit = grid . dimZ ;  

            break;  

         }  

      }  

       

      for ( int i = 0; i < limit ; i++) {  

         data.add(GetLayerData(i , normal)) ;  

      }  

       

      return data ;  

   }   

    

   public LayerDataHandler GetLayerData ( int layer , Direction normalDirection) 

{  

      LayerDataHandler layerData = new LayerDataHandler() ;  

      layerData. la yer = layer ;  

      layerData. normalDirection = normalDirection ;  

       

      ArrayList<Point> data ;  

      LinkedList<Point> queue ;  

      Point p ;  

       

      for ( int i = normalDirection == Direction. X ? layer : 0; normalDirection 

== Direction. X ? i == layer : i < grid . dimX; i = normalDirection == 

Direction. X ? grid . dimX : i + 1) {  

         for ( int j = normalDirection == Direction. Y ? layer : 0; 

normalDirection == Direction. Y ? j == layer : j < grid . dimY; j = 

normalDirection == Direction. Y ? grid . dimY : j + 1) {  

            for ( int k = normalDirection == Direction. Z ? layer : 0; 

normalDirection == Direction. Z ? k == layer : k < grid . dimZ ; k = 
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normalDirection == Direction. Z ? grid . dimZ : k + 1) {  

               if (isValid(i , j , k) && sample [i][j][k]  != 0)  

               {            

                  data = new ArrayList<Point>() ;  

                  queue = new LinkedList<Point>() ;  

                  queue.add( new Point(i , j , k)) ;  

                  sample [i][j][k] = 0;  

                   

                  while (queue.size() > 0) {  

                     p = queue.removeFirst() ;  

                      

                     queue.addAll(GetLayerNeirbourghs(p. x, p. y, p. z, 

normalDirection)) ;  

                      

                     data.add(p) ;  

                  }  

                   

                  layerData. data .add( new ClusterData(data)) ;  

               }  

            }  

         }  

      }  

       

      return layerData ;  

   }  

    

   public LinkedList<Point> GetLayerNeirbourghs ( int i , int j , int k, 

Direction normalDirection) {  

      LinkedList<Point> points = new LinkedList<Point>() ;  

       

      for ( int x = normalDirection == Direction. X ? 0 : - 1; normalDirection == 

Direction. X ? x == 0 : x <= 1; x++) {  

         for ( int y = normalDirection == Di rection. Y ? 0 : - 1; normalDirection 

== Direction. Y ? y == 0 : y <= 1; y++) {  

            for ( int z = normalDirection == Direction. Z ? 0 : - 1; 

normalDirection == Direction. Z ? z == 0 : z <= 1; z++) {  

                

               if ( !(x== 0 && y == 0 && z == 0)  

                  && isValid(i + x , j + y , z + k)  

                  && sample [i + x][j + y][z + k] != 0)  

               {  

                  points.add( new Point(i + x , j + y , z + k)) ;  

                  sample [i + x][j + y][z + k] = 0;  

               }  

            }  

         }  

      }  

       

      return points ;  

   }  

    

   public boolean isValid ( int i , int j , int k) {  

      return grid .isValid(i , j , k) ;  

   }  
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   public ArrayList<ClusterData> CollectInvertedClusterData () {  

      ArrayList<Clu sterData> data = new ArrayList<ClusterData>() ;  

      /*  

      synchronized(grid)  

      {  

          

         LinkedList<Point> particles = new LinkedList<Point>(this.queue);  

         byte[][][] volume = new byte[dimX][dimY][dimZ];  

          

         for(int i = 0; i < dimX; i++) {  

            for(int j = 0; j < dimY; j++) {  

               for(int k = 0; k < dimZ; k++) {  

                  if(isValid(i, j, k)) {  

                     volume[i][j][k] = 1;  

                  }  

               }  

            }  

         }  

 

         //normalizing the array  

         for(Point p : particles)  

         {  

            volume[p.x][p.y][p.z] = 0;  

         }  

 

         particles = new LinkedList<Point>();  

         for(int i = 0; i < dimX; i++) {  

            for(i nt j = 0; j < dimY; j++) {  

               for(int k = 0; k < dimZ; k++) {  

                  if(volume[i][j][k] == 1) {  

                     particles.add(new Point(i, j, k));  

                  }  

               }  

            }  

         }  

 

         Point p;  

          

         while(true)  

         {  

            //collect data for 1 cluster  

            LinkedList<Point> q = new LinkedList<Point>();  

             

            for(Point pp : particles) {  

               if(volume[pp.x][pp.y][pp.z] == 1) {  

                   

                  q.add(pp);  

                  volume[pp.x][pp.y][pp.z] = 10;  

                   

                  break;  

               }  

            }  

          

            if(q.size() == 0) break;  
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            for(int n = 0; n < q.s ize(); n++)  

            {  

               p = q.get(n);  

                

               if(isValid(p.x, p.y, p.z))  

               {  

                  for(int i = - 1; i <= 1; i++ ) {  

                     for(int j = - 1; j <= 1; j++ ) {  

                        for(int  k = - 1; k <= 1; k++) {  

                           if(isValid(p.x + i, p.y + j, p.z + k)  

                                 && volume[p.x + i][p.y + j][p.z + k] == 1)  

                           {  

                              Point p1 = new Point (p.x + i, p.y + j, p.z + 

k);  

                               

                              q.add(p1);  

                               

                              volume[p1.x][p1.y][p1.z] = 10;  

                           }  

                        }  

                     }  

                  }      

               }   

            }  

            data.add(new ClusterData(new ArrayList<Point>(q)));  

         }  

      }  

      */  

      return data ;  

   }  

 

   public byte [][][] copyGrid ( byte [][][] g)  

   {  

      byte [][][] res = new byte [ grid . dimX][ grid . dimY][ grid . dimZ ] ;  

       

      for ( int i = 0; i < grid . dimX; i++) {  

         for ( int j = 0; j < grid . dimY; j++) {  

            for ( int k = 0; k < grid . dimZ ; k++) {  

               if (g[i][j][k] != 0) {  

                  res[i][ j][k] = 1;  

               }  

            }  

         }  

      }  

       

      return res ;  

   }  

    

   public byte [][][] copyInvertedGrid ( byte [][][] g)  

   {  

      byte [][][] res = new byte [ grid . dimX][ grid . dimY][ grid . dimZ ] ;  

       

      for ( int i = 0; i < grid . dimX; i++) {  

         for ( int j = 0; j < grid . dimY; j++) {  

            for ( int k = 0; k < grid . dimZ ; k++) {  
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               if (g[i][j][k] == 0) {  

                  res[i][j][k] = 1;  

               }  

               else {  

                  res[i][j][k] = 0;  

               }  

            }  

         }  

      }  

       

      return res ;  

   }  

    

    

   public enum Direction{  

      X,  

      Y,  

      Z;  

   }  

    

   public class LayerDataHandler{  

      public int layer ;  

      public Direction normalDirection ;  

      public ArrayList<ClusterData> data ;  

       

      public LayerDataHandler () {  

         layer = 0;  

         normalDirection = Direction. X;  

         data = new ArrayList<ClusterData>() ;  

      }  

   }  

 

}  

 

  



2 
 

ɼʆɼɸʊʆʂ ɹ 

ʊʘʢʦʞ ʙʫʣʦ ʧʦʩʪʘʚʣʝʥʦ ʜʦʜʘʪʢʦʚʽ ʝʢʩʧʝʨʠʤʝʥʪʠ ʟʽ ʩʧʽʢʘʥʥʷʤ.  

ʏʘʩʪʠʥʘ ʧʝʨʰʘ: ʝʢʩʧʝʨʠʤʝʥʪʠ ʟʽ ʩʧʫʢʘʥʥʷ ʟ ʧʦʯʘʪʢʦʚʦʶ ʢʦʥʬʽʛʫʨʘʮʽʻʶ, 

ʷʢʘ ʙʫʣʘ ʟʘʟʥʘʯʝʥʘ ʚ ʧʽʜʨʦʟʜʽʣʽ 3.5. ɽʢʩʧʝʨʠʤʝʥʪʠ ʪʨʠʚʘʣʠ 150000 ʢʨʦʢʽʚ. 

ʇʨʠʯʦʤʫ Ŭ  ʣʽʥʽʡʥʦ ʟʤʽʥʶʚʘʚʩʷ ʚʽʜ 2,5 ʜʦ Ŭ min ʟʘ ʧʝʨʰʽ 50000 ʢʨʦʢʽʚ, ʽ 

ʧʦʚʝʨʪʘʚʩʷ ʚ ʧʦʯʘʪʢʦʚʠʡ ʩʪʘʥ ʟʘ 100000 ʢʦʨʢʽʚ. ɼʘʣʽ ʙʫʜʝ ʧʨʝʜʩʪʘʚʣʝʥʦ 

ʨʝʟʫʣʴʪʘʪʠ ʩʧʫʢʘʥʥʷ ʧʨʠ ʨʽʟʥʠʭ Ŭ min. 

Ŭ min = 1,0 

 

ʈʠʩ. 1. ʈʝʟʫʣʴʪʘʪ ʩʧʽʢʘʥʥʷ ʥʘʥʦʢʣʘʩʪʝʨʽʚ ʤʝʪʘʣʫ ʟʘ ʜʠʥʘʤʽʢʠ Ŭ 2,5->(50000 

ʢʨʦʢʽʚ)->1,0->(100000 ʢʨʦʢʽʚ)->2,5 

Ŭ min = 1,25 
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ʈʠʩ. 2. ʈʝʟʫʣʴʪʘʪ ʩʧʽʢʘʥʥʷ ʥʘʥʦʢʣʘʩʪʝʨʽʚ ʤʝʪʘʣʫ ʟʘ ʜʠʥʘʤʽʢʠ Ŭ 2,5->(50000 

ʢʨʦʢʽʚ)->1,25->(100000 ʢʨʦʢʽʚ)->2,5 

Ŭ min = 1,4 

 

ʈʠʩ. 3. ʈʝʟʫʣʴʪʘʪ ʩʧʽʢʘʥʥʷ ʥʘʥʦʢʣʘʩʪʝʨʽʚ ʤʝʪʘʣʫ ʟʘ ʜʠʥʘʤʽʢʠ Ŭ 2,5->(50000 

ʢʨʦʢʽʚ)->1,4->(100000 ʢʨʦʢʽʚ)->2,5 

Ŭ min = 1,5 
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ʈʠʩ. 4. ʈʝʟʫʣʴʪʘʪ ʩʧʽʢʘʥʥʷ ʥʘʥʦʢʣʘʩʪʝʨʽʚ ʤʝʪʘʣʫ ʟʘ ʜʠʥʘʤʽʢʠ Ŭ 2,5->(50000 

ʢʨʦʢʽʚ)->1,5->(100000 ʢʨʦʢʽʚ)->2,5 

Ŭ min = 1,6 

 

ʈʠʩ. 5. ʈʝʟʫʣʴʪʘʪ ʩʧʽʢʘʥʥʷ ʥʘʥʦʢʣʘʩʪʝʨʽʚ ʤʝʪʘʣʫ ʟʘ ʜʠʥʘʤʽʢʠ Ŭ 2,5->(50000 

ʢʨʦʢʽʚ)->1,6->(100000 ʢʨʦʢʽʚ)->2,5 
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ʏʘʩʪʠʥʘ ʜʨʫʛʘ: ʝʢʩʧʝʨʠʤʝʥʪʠ ʟʽ ʩʧʫʢʘʥʥʷ ʟ ʧʦʯʘʪʢʦʚʦʶ ʢʦʥʬʽʛʫʨʘʮʽʻʶ, 

ʷʢʘ ʙʫʣʘ ʟʘʟʥʘʯʝʥʘ ʚ ʧʽʜʨʦʟʜʽʣʽ 3.5. ɽʢʩʧʝʨʠʤʝʥʪʠ ʪʨʠʚʘʣʠ 150000 ʢʨʦʢʽʚ. 

ʇʨʠʯʦʤʫ Ŭ  ʣʽʥʽʡʥʦ ʟʤʽʥʶʚʘʚʩʷ ʚʽʜ 2 ʜʦ Ŭ min ʟʘ ʧʝʨʰʽ 7000 ʢʨʦʢʽʚ, ʽ 

ʧʦʚʝʨʪʘʚʩʷ ʚ ʧʦʯʘʪʢʦʚʠʡ ʩʪʘʥ ʟʘ 14000 ʢʦʨʢʽʚ. ɼʘʣʽ ʙʫʜʝ ʧʨʝʜʩʪʘʚʣʝʥʦ 

ʨʝʟʫʣʴʪʘʪʠ ʩʧʫʢʘʥʥʷ ʧʨʠ ʨʽʟʥʠʭ Ŭ min. 

Ŭ min = 0,6 

 

ʈʠʩ. 6. ʈʝʟʫʣʴʪʘʪ ʩʧʽʢʘʥʥʷ ʥʘʥʦʢʣʘʩʪʝʨʽʚ ʤʝʪʘʣʫ ʟʘ ʜʠʥʘʤʽʢʠ Ŭ 2,0->(7000 

ʢʨʦʢʽʚ)->0,6->(14000 ʢʨʦʢʽʚ)->2,0 

Ŭ min = 0,7 
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ʈʠʩ. 7. ʈʝʟʫʣʴʪʘʪ ʩʧʽʢʘʥʥʷ ʥʘʥʦʢʣʘʩʪʝʨʽʚ ʤʝʪʘʣʫ ʟʘ ʜʠʥʘʤʽʢʠ Ŭ 2,0->(7000 

ʢʨʦʢʽʚ)->0,7->(14000 ʢʨʦʢʽʚ)->2,0 

Ŭ min = 0,8 

 

ʈʠʩ. 8. ʈʝʟʫʣʴʪʘʪ ʩʧʽʢʘʥʥʷ ʥʘʥʦʢʣʘʩʪʝʨʽʚ ʤʝʪʘʣʫ ʟʘ ʜʠʥʘʤʽʢʠ Ŭ 2,0->(7000 

ʢʨʦʢʽʚ)->0,8->(14000 ʢʨʦʢʽʚ)->2,0 

Ŭ min = 0,9 


