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ʉʪʘʪʴʷ ʧʦʩʪʫʧʠʣʘ ʚ ʨʝʜʘʢʮʠʶ 5 ʦʢʪʷʙʨʷ 2018 ʛ. 

 

ɸʥʥʦʪʘʮʠʷ. ʉʪʨʦʛʠʡ ʚʝʢʪʦʨʥʳʡ ʨʘʩʯʝʪ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʛʦ ʧʦʣ̫ ʘʥʪʝʥʥ 

ʵʣʝʢʪʨʠʯʝʩʢʠ ʙʦʣʴʰʠʭ ʨʘʟʤʝʨʦʚ ï ʪʨʫʜʦʝʤʢʘʷ ʟʘʜʘʯʘ, ʪʨʝʙʫʶʱʘʷ ʟʥʘʯʠʪʝʣʴʥʳʭ 

ʚʳʯʠʩʣʠʪʝʣʴʥʳʭ ʨʝʩʫʨʩʦʚ. ʉʫʱʝʩʪʚʫʝʪ ʤʥʦʞʝʩʪʚʦ ʘʩʠʤʧʪʦʪʠʯʝʩʢʠʭ ʤʝʪʦʜʦʚ, 

ʫʧʨʦʱʘʶʱʠʭ ʟʘʜʘʯʫ, ʦʜʥʘʢʦ ʠʤʝʶʱʠʭ ʟʥʘʯʠʪʝʣʴʥʳʝ ʜʦʧʫʱʝʥʠʷ ʠ ʥʝʪʦʯʥʦʩʪʠ. 

ɺ ʩʪʘʪʴʝ ʠʟʣʦʞʝʥʳ ʪʝʦʨʝʪʠʯʝʩʢʠʝ ʦʩʥʦʚʳ ʠ ʨʝʰʝʥʠʝ ʥʝʢʦʪʦʨʳʭ ʧʨʘʢʪʠʯʝʩʢʠʭ 

ʟʘʜʘʯ ʩ ʧʨʠʤʝʥʝʥʠʝʤ ʥʝʩʪʘʥʜʘʨʪʥʳʭ ʚʝʢʪʦʨʦʚ ʵʣʝʢʪʨʦʤʘʛʥʝʪʠʟʤʘ ï ʚʝʢʪʦʨʦʚ 

ʈʠʤʘʥʘ-ɿʠʣʴʙʝʨʰʪʝʡʥʘ, ʷʚʣʷʶʱʠʤʠʩʷ ʣʠʥʝʡʥʦʡ ʢʦʤʙʠʥʘʮʠʝʡ ʚʝʢʪʦʨʦʚ 

ʥʘʧʨʷʞʝʥʥʦʩʪʠ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʠ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ. ɺ ʦʜʥʦʨʦʜʥʦʤ ʧʨʦʩʪʨʘʥʩʪʚʝ 

ʧʨʠʤʝʥʝʥʠʝ ʚʝʢʪʦʨʦʚ ʈʠʤʘʥʘ-ɿʠʣʴʙʝʨʰʪʝʡʥʘ ʩʚʦʜʠʪ ʩʠʩʪʝʤʫ ʫʨʘʚʥʝʥʠʡ 

ʄʘʢʩʚʝʣʣʘ ʢ ʜʚʫʤ ʥʝʟʘʚʠʩʠʤʳʤ ʫʨʘʚʥʝʥʠʷʤ, ʧʨʠ ʵʪʦʤ ʢʘʞʜʳʡ ʚʝʢʪʦʨ 

ʦʧʠʩʳʚʘʝʪ ʧʦʣʝ ʠʜʝʘʣʴʥʦʡ ʢʨʫʛʦʚʦʡ ʧʦʣʷʨʠʟʘʮʠʠ. ʆʜʠʥ ʠʟ ʥʘʠʙʦʣʝʝ 

ʵʬʬʝʢʪʠʚʥʳʭ ʤʝʪʦʜʦʚ ʩʪʨʦʛʦʛʦ ʯʠʩʣʝʥʥʦʛʦ ʠ ʘʥʘʣʠʪʠʯʝʩʢʦʛʦ ʨʝʰʝʥʠʷ 

ʫʨʘʚʥʝʥʠʡ ʄʘʢʩʚʝʣʣʘ ï ʨʘʟʣʦʞʝʥʠʝ ʧʦ ʵʣʝʤʝʥʪʘʨʥʳʤ ʤʫʣʴʪʠʧʦʣʷʤ. ɺ ʜʘʥʥʦʡ 

ʩʪʘʪʴʝ ʦʧʠʩʘʥ ʤʝʪʦʜ ʨʘʟʣʦʞʝʥʠʷ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ, ʧʨʝʜʩʪʘʚʣʝʥʥʦʛʦ ʚ 

ʪʝʨʤʠʥʘʭ ʚʝʢʪʦʨʦʚ ʈ-ɿ, ʚ ʨʷʜ ʧʦ ʚʝʢʪʦʨʥʳʤ ʩʬʝʨʠʯʝʩʢʠʤ ʛʘʨʤʦʥʠʢʘʤ ʚ 

ʩʧʠʨʘʣʴʥʦʤ ʙʘʟʠʩʝ. ʊʘʢʦʝ ʨʘʟʣʦʞʝʥʠʝ ʠʤʝʝʪ ʙʦʣʝʝ ʧʨʦʩʪʦʝ ʤʘʪʝʤʘʪʠʯʝʩʢʦʝ 

ʦʧʠʩʘʥʠʝ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʢʣʘʩʩʠʯʝʩʢʠʤ ʤʫʣʴʪʠʧʦʣʴʥʳʤ ʨʘʟʣʦʞʝʥʠʝʤ, 

ʨʘʟʣʦʞʝʥʠʝ ʩʠʤʤʝʪʨʠʯʥʦ, ʠʤʝʝʪ ʷʩʥʳʡ ʬʠʟʠʯʝʩʢʠʡ ʩʤʳʩʣ. ʄʝʪʦʜ ʧʨʠʤʝʥʷʝʪʩʷ 

ʜʣʷ ʨʝʰʝʥʠʷ ʟʘʜʘʯʠ ʜʠʬʨʘʢʮʠʠ ʧʦʣʷ ʚ ʟʝʨʢʘʣʴʥʳʭ ʘʥʪʝʥʥʘʭ. ʂʦʣʠʯʝʩʪʚʦ 

ʚʳʯʠʩʣʠʪʝʣʴʥʦʡ ʨʘʙʦʪʳ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʤʝʪʦʜʘʤʠ, ʦʧʝʨʠʨʫʶʱʠʤʠ 

ʢʣʘʩʩʠʯʝʩʢʠʤʠ ʚʝʢʪʦʨʘʤʠ ɽ ʠ ʅ, ʫʤʝʥʴʰʘʝʪʩʷ ʟʘ ʩʯʝʪ ʥʝʟʘʚʠʩʠʤʦʩʪʠ ʚʝʢʪʦʨʦʚ 

ʈʠʤʘʥʘ-ɿʠʣʴʙʝʨʰʪʝʡʥʘ. ʎʝʣʴ ʜʘʥʥʦʡ ʨʘʙʦʪʳ ï ʧʦʢʘʟʘʪʴ ʧʨʝʠʤʫʱʝʩʪʚʘ 
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ʧʨʠʤʝʥʝʥʠʷ ʚʝʢʪʦʨʦʚ ʈ-ɿ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʢʣʘʩʩʠʯʝʩʢʦʡ ʪʝʦʨʠʝʡ 

ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʠ ʠʟʣʦʞʠʪʴ ʵʬʬʝʢʪʠʚʥʳʡ ʘʧʧʘʨʘʪ ʨʘʩʯʝʪʘ 

ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʘʥʪʝʥʥʳ, ʘʧʝʨʪʫʨʥʳʝ ʘʥʪʝʥʥʳ, ʚʳʯʠʩʣʠʪʝʣʴʥʘʷ 

ʵʣʝʢʪʨʦʜʠʥʘʤʠʢʘ, ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʝ ʧʦʣʝ, ʠʟʣʫʯʝʥʠʝ ʚʦʣʥ, ʩʬʝʨʠʯʝʩʢʠʝ 

ʛʘʨʤʦʥʠʢʠ. 

Abstract. Exact vector solution of Maxwellôs equations describing an 

electromagnetic field in electrically large tasks as large antennas or beam-waveguides 

are always time-consuming, requiring substantial computational resources. There 

exist many asymptotic methods simplifying the problem but having significant 

assumptions and inaccuracies. In this paper, a theoretical foundation and solution of 

some practical problems utilizing unconventional electromagnetics vectors are 

presented. The vectors are the Riemann-Silberstein vectors (the RS vectors), which 

are a linear combination of the electric and magnetic field vectors. In homogeneous 

space, utilizing the RS vectors Maxwellôs Equations are converted into a system of 

two independent equations, with each vector describing the total electromagnetic ýeld 

of an ideal circular polarization. One of the most effective methods of rigorous 

numerical and analytical solution of Maxwell's equations is multipole series 

expansion. The method of electromagnetic field expansion into a series of vector 

spherical harmonics of the Riemann-Silberstein vectors in helical coordinates is 

presented in the paper. Such expansion has a simpler mathematical representation 

compared to the traditional multipole expansion, it is symmetric and has a clear 

physical meaning. Solution of field scattering and diffraction problems of aperture 

antennas is described. The amount of computational work compared to the traditional 

method of TE and TM multipole expansion is reduced due to the initial independence 

of the Riemann-Silberstein vectors and the direct vector spherical expansion. 

Key words: Antennas, aperture antennas, computational electromagnetics, 

electromagnetic fields, electromagnetic radiation, spherical harmonics, spherical 

wave expansion. 
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1. ɺʚʝʜʝʥʠʝ 

ʂʣʘʩʩʠʯʝʩʢʘʷ ʵʣʝʢʪʨʦʜʠʥʘʤʠʢʘ ʧʦʩʪʨʦʝʥʘ ʥʘ ʫʨʘʚʥʝʥʠʷʭ ʄʘʢʩʚʝʣʣʘ, 

ʦʧʠʩʳʚʘʶʱʠʭ ʩʚʷʟʴ ʤʝʞʜʫ ʚʝʢʪʦʨʘʤʠ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʠ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ. ɼʣʷ 

ʧʦʣʥʦʛʦ ʦʧʠʩʘʥʠʷ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʚ ʦʙʱʝʤ ʩʣʫʯʘʝ ʪʨʝʙʫʝʪʩʷ ʥʘʡʪʠ 

ʥʘʧʨʷʞʝʥʥʦʩʪʴ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ ɽ ʠ ʥʘʧʨʷʞʝʥʥʦʩʪʴ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʅ. 

ʇʨʠ ʵʪʦʤ ʠʟʚʝʩʪʥʦ ʠ ʰʠʨʦʢʦ ʧʨʠʤʝʥʷʝʪʩʷ ʩʚʦʡʩʪʚʦ ʫʨʘʚʥʝʥʠʡ ʄʘʢʩʚʝʣʣʘ ʚ 

ʩʪʘʪʠʯʝʩʢʦʤ ʩʣʫʯʘʝ ʨʘʩʧʘʜʘʪʴʩʷ ʥʘ ʜʚʘ ʥʝʟʘʚʠʩʠʤʳʭ ʫʨʘʚʥʝʥʠʷ ʜʣʷ 

ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʠ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʝʡ. ʕʪʦ ʩʚʦʡʩʪʚʦ ʠʩʧʦʣʴʟʫʝʪʩʷ ʧʨʠ 

ʧʦʩʪʨʦʝʥʠʠ ʢʚʘʟʠʩʪʘʪʠʯʝʩʢʦʛʦ ʥʠʟʢʦʯʘʩʪʦʪʥʦʛʦ ʘʩʠʤʧʪʦʪʠʯʝʩʢʦʛʦ ʨʝʰʝʥʠʷ. 

ɿʥʘʯʠʪʝʣʴʥʦ ʤʝʥʝʝ ʨʘʩʧʨʦʩʪʨʘʥʝʥʦ ʚ ɻ ʣʝʢʪʨʦʜʠʥʘʤʠʢʝ ʧʨʠʤʝʥʝʥʠʝ 

ʩʚʦʡʩʪʚʘ ʫʨʘʚʥʝʥʠʡ ʄʘʢʩʚʝʣʣʘ ʨʘʩʧʘʜʘʪʴʩʷ ʥʘ ʜʚʘ ʥʝʟʘʚʠʩʠʤʳʭ ʫʨʘʚʥʝʥʠʷ, 

ʩʧʨʘʚʝʜʣʠʚʦʝ ʥʘ ʚʩʝʭ ʯʘʩʪʦʪʘʭ, ʚʢʣʶʯʘʷ ʉɺʏ. ʕʪʦ ʩʚʦʡʩʪʚʦ ʦʩʥʦʚʘʥʦ ʥʘ 

ʠʥʚʘʨʠʘʥʪʥʦʩʪʠ ʫʨʘʚʥʝʥʠʡ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʣʠʥʝʡʥʦʡ ʢʦʤʙʠʥʘʮʠʠ ʚʝʢʪʦʨʦʚ 

ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʠ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ï ʚʝʢʪʦʨʦʚ ʈʠʤʘʥʘ-ɿʠʣʴʙʝʨʰʪʝʡʥʘ (ʚʝʢʪʦʨʳ 

ʈ-ɿ). ʇʦʜʦʙʥʦ ʩʪʘʪʠʯʝʩʢʦʤʫ ʘʩʠʤʧʪʦʪʠʯʝʩʢʦʤʫ ʨʝʰʝʥʠʶ, ʚʝʢʪʦʨʳ ʈ-ɿ 

ʫʧʨʦʱʘʶʪ ʧʨʝʜʩʪʘʚʣʝʥʠʝ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʠ ʩʚʦʜʷʪ ʩʠʩʪʝʤʫ ʫʨʘʚʥʝʥʠʡ 

ʄʘʢʩʚʝʣʣʘ ʚ ʦʜʥʦʨʦʜʥʦʤ ʧʨʦʩʪʨʘʥʩʪʚʝ ʢ ʜʚʫʤ ʥʝʟʘʚʠʩʠʤʳʤ ʫʨʘʚʥʝʥʠʷʤ, 

ʢʘʞʜʳʡ ʠʟ ʢʦʪʦʨʳʭ ʦʧʠʩʳʚʘʝʪ ʧʦʣʥʦʝ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʝ ʧʦʣʝ. ʇʦʤʠʤʦ 

ʧʨʝʠʤʫʱʝʩʪʚʘ ʥʝʟʘʚʠʩʠʤʦʩʪʠ ʚʝʢʪʦʨʦʚ, ʧʨʝʜʩʪʘʚʣʝʥʠʝ ʧʦʣʝʡ ʚ ʪʝʨʤʠʥʘʭ 

ʚʝʢʪʦʨʦʚ ʈʠʤʘʥʘ-ɿʠʣʴʙʝʨʰʪʝʡʥʘ ʧʦʟʚʦʣʷʝʪ ʧʦʩʪʨʦʠʪʴ ʫʜʦʙʥʳʡ ʠ ʵʬʬʝʢʪʠʚʥʳʡ 

ʘʧʧʘʨʘʪ ʨʘʟʣʦʞʝʥʠʷ ʧʦʣʝʡ ʚ ʨʷʜ ʧʦ ʚʝʢʪʦʨʥʳʤ ʩʬʝʨʠʯʝʩʢʠʤ ʛʘʨʤʦʥʠʢʘʤ ï 

ʤʫʣʴʪʠʧʦʣʷʤ.  

ʊʘʢʦʡ ʧʦʜʭʦʜ ʧʦʟʚʦʣʷʝʪ ʧʦʣʫʯʘʪʴ ʪʦʯʥʦʝ ʨʝʰʝʥʠʝ ʚ ʚʝʢʪʦʨʥʦʤ ʚʠʜʝ ʜʣʷ 

ʩʣʦʞʥʳʭ ʠʟʣʫʯʘʶʱʠʭ ʩʠʩʪʝʤ, ʯʪʦ ʘʢʪʫʘʣʴʥʦ ʚ ʩʚʷʟʠ ʩ ʨʘʟʚʠʪʠʝʤ ʘʥʪʝʥʥʦʡ ʠ 

ʉɺʏ-ʪʝʭʥʠʢʠ, ʧʝʨʝʭʦʜʫ ʢ ʙʦʣʝʝ ʚʳʩʦʢʠʤ ʯʘʩʪʦʪʘʤ, ʪʘʢ ʢʘʢ ʵʪʦ ʪʨʝʙʫʝʪ 

ʵʬʬʝʢʪʠʚʥʳʭ ʤʝʪʦʜʳ ʘʥʘʣʠʟʘ ʠ ʨʘʩʯʝʪʘ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʳʭ ʧʦʣʝʡ. ʊʦʯʥʳʝ ʠ 

ʙʳʩʪʨʳʝ ʤʝʪʦʜʳ ʦʩʦʙʝʥʥʦ ʥʝʦʙʭʦʜʠʤʳ ʜʣʷ ʟʘʜʘʯ ʘʥʘʣʠʟʘ ʧʦʣʝʡ ʵʣʝʢʪʨʠʯʝʩʢʠ 

ʙʦʣʴʰʠʭ ʘʥʪʝʥʥʳʭ ʩʠʩʪʝʤ, ʪʘʢʠʭ ʢʘʢ ʟʝʨʢʘʣʴʥʳʝ ʘʥʪʝʥʥʳ ʠ ʣʫʯʝʚʦʜʳ. 

ʊʨʘʜʠʮʠʦʥʥʦ ʪʘʢʠʝ ʟʘʜʘʯʠ ʨʝʰʘʶʪʩʷ ʘʩʠʤʧʪʦʪʠʯʝʩʢʠʤʠ ʤʝʪʦʜʘʤʠ ï ʤʝʪʦʜʦʤ 

ʛʝʦʤʝʪʨʠʯʝʩʢʦʡ ʦʧʪʠʢʠ (ɻʆ), ʛʝʦʤʝʪʨʠʯʝʩʢʦʡ ʪʝʦʨʠʠ ʜʠʬʨʘʢʮʠʠ (ɻʊɼ), ʠʣʠ 
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ʤʝʪʦʜʦʤ ʬʠʟʠʯʝʩʢʦʡ ʦʧʪʠʢʠ (ʌʆ). ɼʣʷ ʨʘʩʯʝʪʘ ʧʦʣʝʡ ʣʫʯʝʚʦʜʦʚ ʧʨʠʤʝʥʷʝʪʩʷ 

ʤʝʪʦʜ ʧʘʨʘʙʦʣʠʯʝʩʢʦʛʦ ʫʨʘʚʥʝʥʠʷ (ʇʋ) ʠ ʝʛʦ ʨʝʰʝʥʠʝ ï ʛʘʫʩʩʦʚʳ ʧʫʯʢʠ. ɺʩʝ 

ʵʪʠ ʤʝʪʦʜʳ ʦʩʥʦʚʘʥʳ ʥʘ ʧʨʠʙʣʠʞʝʥʠʷʭ ʠ, ʢʘʢ ʧʨʘʚʠʣʦ, ʧʦʟʚʦʣʷʶʪ ʧʦʣʫʯʠʪʴ 

ʪʦʯʥʦʝ ʨʝʰʝʥʠʝ ʚ ʥʘʧʨʘʚʣʝʥʠʷʭ, ʙʣʠʟʢʠʭ ʢ ʤʘʢʩʠʤʫʤʫ ʠʟʣʫʯʝʥʠʷ. ʄʳ 

ʬʦʨʤʫʣʠʨʫʝʤ ʧʦʜʭʦʜ, ʦʩʥʦʚʘʥʥʳʡ ʥʘ ʬʫʥʜʘʤʝʥʪʘʣʴʥʦʤ ʩʚʦʡʩʪʚʝ 

ʥʝʟʘʚʠʩʠʤʦʩʪʠ ʚʝʢʪʦʨʦʚ ʧʦʣʷ ʠ ʧʨʦʩʪʦʤ ʤʫʣʴʪʠʧʦʣʴʥʦʤ ʨʘʟʣʦʞʝʥʠʠ, ʯʪʦ ʚ 

ʩʦʚʦʢʫʧʥʦʩʪʠ ʜʘʝʪ ʟʥʘʯʠʪʝʣʴʥʳʝ ʧʨʝʠʤʫʱʝʩʪʚʘ ʜʣʷ ʨʝʰʝʥʠʷ ʧʨʠʢʣʘʜʥʳʭ 

ʟʘʜʘʯ. 

ʋʨʘʚʥʝʥʠʷ ʄʘʢʩʚʝʣʣʘ ʜʣʷ ʢʦʤʧʣʝʢʩʥʳʭ ʘʤʧʣʠʪʫʜ ʛʘʨʤʦʥʠʯʝʩʢʠʭ ʧʦʣʝʡ ʚ 

ʣʠʥʝʡʥʦʡ ʠʟʦʪʨʦʧʥʦʡ ʩʨʝʜʝ: 

;

;

;

.

m

e

m

e

rot i

rot i

div

div

ë =-wm -
î

= we +î
ì

=rî
î

=rí

E H j

H E j

B

D

 (1)  

ɺʝʢʪʦʨʳ ʈ-ɿ ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʣʠʥʝʡʥʫʶ ʢʦʤʙʠʥʘʮʠʶ ʚʝʢʪʦʨʦʚ 

ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʠ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ 

( )0.5 1/ z z ,i°
-= +F E H  (2)  

ʛʜʝ z= m e ï ʚʦʣʥʦʚʦʝ ʩʦʧʨʦʪʠʚʣʝʥʠʝ. ʇʦʜʩʪʘʚʣʷʷ (2) ʚ (1) ʠʟ ʧʝʨʚʦʛʦ ʠ 

ʚʪʦʨʦʛʦ ʫʨʘʚʥʝʥʠʡ (1) ʧʦʣʫʯʘʝʤ ʩʠʩʪʝʤʫ ʫʨʘʚʥʝʥʠʡ ʄʘʢʩʚʝʣʣʘ ʜʣʷ ʚʝʢʪʦʨʦʚ 

ʈʠʤʘʥʘ-ɿʠʣʴʙʝʨʰʪʝʡʥʘ 

0.5[ (ln ), ] ,rot kn grad Z° ° °
- + =+F F F j  (3)  

ʛʜʝ 0 0 0 0,k n=w m e = me m e. ɺ ʚʳʨʘʞʝʥʠʠ (3) ʚ ʣʝʚʦʡ ʯʘʩʪʠ ʪʨʝʪʴʝ ʩʣʘʛʘʝʤʦʝ 

ʩ ʠʟʤʝʥʸʥʥʳʤ ʧʦʨʷʜʢʦʤ ʠʥʜʝʢʩʦʚ ʚʝʢʪʦʨʦʚ ʈ-ɿ ʦʧʨʝʜʝʣʷʝʪ ʚʟʘʠʤʥʫʶ ʩʚʷʟʴ 

ʤʝʞʜʫ ʚʝʢʪʦʨʘʤʠ F+ ʠ F-. ʀʟ (3) ʩʣʝʜʫʝʪ, ʯʪʦ ʚ ʩʨʝʜʝ ʩ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦ-

ʦʜʥʦʨʦʜʥʳʤ ʠʤʧʝʜʘʥʩʦʤ ( 0grad z¹ ) ʫʨʘʚʥʝʥʠʷ ʄʘʢʩʚʝʣʣʘ ʧʨʝʦʙʨʘʟʫʶʪʩʷ ʚ 

ʩʠʩʪʝʤʫ ʜʚʫʭ ʥʝʟʘʚʠʩʠʤʳʭ ʫʨʘʚʥʝʥʠʡ ʩ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʤʠ ʠʩʪʦʯʥʠʢʘʤʠ 

ʚʦʟʙʫʞʜʝʥʠʷ 
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,rot k° ° °
- =+F F j  (4)  

ɺ ʧʨʘʚʳʭ ʯʘʩʪʷʭ (3) ʠ (4) ʵʢʚʠʚʘʣʝʥʪʥʳʝ ʧʣʦʪʥʦʩʪʠ ʩʪʦʨʦʥʥʠʭ ʪʦʢʦʚ 

( )0.5 1/ .m ez i z°=- °j j j  (5)  

ʇʦʤʠʤʦ ʚʳʨʘʞʝʥʠʷ (4) ʠʟ ʪʨʝʪʴʝʛʦ ʠ ʯʝʪʚʝʨʪʦʛʦ ʫʨʘʚʥʝʥʠʡ ʩʠʩʪʝʤʳ (1), 

ʷʚʣʷʶʱʠʭʩʷ ʬʦʨʤʘʤʠ ʟʘʢʦʥʘ ɻʘʫʩʩʘ, ʤʦʞʥʦ ʪʘʢʞʝ ʧʦʣʫʯʠʪʴ ʫʨʘʚʥʝʥʠʷ 

ʄʘʢʩʚʝʣʣʘ ʜʣʷ ʚʝʢʪʦʨʦʚ ʈ-ɿ: 

,div ic° °=° rF  (6)  

ʛʜʝ ʵʢʚʠʚʘʣʝʥʪʥʳʝ ʧʣʦʪʥʦʩʪʠ ʟʘʨʷʜʦʚ 

1
0.5 .e mi z

z
°

å õ
r =- r ° ræ ö

ç ÷
 (7)  

ɺʳʨʘʞʝʥʠʝ (6) ʤʦʞʥʦ ʪʘʢʞʝ ʧʦʣʫʯʠʪʴ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʠʟ ʧʝʨʚʦʛʦ 

ʫʨʘʚʥʝʥʠʷ ʄʘʢʩʚʝʣʣʘ (4) ʜʣʷ ʚʝʢʪʦʨʦʚ ʈ-ɿ. ɺʳʨʘʞʝʥʠʝ (4) ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ 

ʜʚʘ ʥʝʟʘʚʠʩʠʤʳʭ ʫʨʘʚʥʝʥʠʷ ʄʘʢʩʚʝʣʣʘ ʜʣʷ ʢʦʤʧʣʝʢʩʥʳʭ ʘʤʧʣʠʪʫʜ ʚʝʢʪʦʨʦʚ 

ʈʠʤʘʥʘ-ɿʠʣʴʙʝʨʰʪʝʡʥʘ ʚ ʦʜʥʦʨʦʜʥʦʤ ʧʨʦʩʪʨʘʥʩʪʚʝ. ʂʘʞʜʳʡ ʚʝʢʪʦʨ F+ ʠ F- 

ʫʜʦʚʣʝʪʚʦʨʷʝʪ ʚʝʢʪʦʨʥʦʤʫ ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʦʤʫ ʫʨʘʚʥʝʥʠʶ ʧʝʨʚʦʛʦ ʧʦʨʷʜʢʘ. 

ɽʜʠʥʠʮʳ ʠʟʤʝʨʝʥʠʷ ʚʝʢʪʦʨʦʚ: 

    [] []
ɺ ɸ ɺ ɸ

, .
ʆʤ ʆʤ ʤ

Ö Ö
= =

Ö
F j  (8)  

ɺʝʢʪʦʨ ʇʦʡʥʪʠʥʛʘ ʟʘʧʠʩʳʚʘʝʪʩʷ ʜʣʷ ʚʝʢʪʦʨʦʚ ʈ-ɿ ʚ ʚʠʜʝ 

    ( ) ( )* * * * *1
, , , , , .

2 2 2

i i
+ + - - + - + -

è ø è ø è ø è ø è ø= Ö =- Ö - + Ö +
ê ú ê ú ê ú ê ú ê ú

P E H F F F F F F F F  (9)  

ʇʝʨʚʦʝ ʚʳʨʘʞʝʥʠʝ ʚ ʧʨʘʚʦʡ ʯʘʩʪʠ (9) ʚʩʝʛʜʘ ʨʝʘʣʴʥʦ, ʚʪʦʨʦʝ ï ʚʩʝʛʜʘ 

ʤʥʠʤʦʝ. ʄʥʠʤʘʷ ʯʘʩʪʴ ʚʦʟʥʠʢʘʝʪ ʣʠʰʴ ʪʦʛʜʘ, ʢʦʛʜʘ ʧʦʣʥʦʝ ʧʦʣʝ ʦʪʣʠʯʘʝʪʩʷ ʦʪ 

ʧʦʣʷ ʢʨʫʛʦʚʦʡ ʧʦʣʷʨʠʟʘʮʠʠ. ʈʝʘʣʴʥʘʷ (ʘʢʪʠʚʥʘʷ) ʯʘʩʪʴ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ 

ʩʫʤʤʫ ʚʝʢʪʦʨʦʚ ʇʦʡʥʪʠʥʛʘ ʜʣʷ ʚʝʢʪʦʨʦʚ ʈʠʤʘʥʘ-ɿʠʣʴʙʝʨʰʪʝʡʥʘ ʧʨʘʚʦʡ ʠ 

ʣʝʚʦʡ ʢʨʫʛʦʚʦʡ ʧʦʣʷʨʠʟʘʮʠʠ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʚʝʢʪʦʨʳ F+ ʠ F- ʨʘʩʧʨʦʩʪʨʘʥʷʶʪʩʷ 

ʚ ʧʨʦʩʪʨʘʥʩʪʚʝ ʥʝʟʘʚʠʩʠʤʦ ʜʨʫʛ ʦʪ ʜʨʫʛʘ, ʠ ʥʘʧʨʘʚʣʝʥʥʘʷ ʤʦʱʥʦʩʪʴ 

ʩʢʣʘʜʳʚʘʝʪʩʷ ʧʦ ʧʨʘʚʠʣʫ ʩʣʦʞʝʥʠʷ ʚʝʢʪʦʨʦʚ. ɺ ʦʜʥʦʨʦʜʥʦʤ ʧʨʦʩʪʨʘʥʩʪʚʝ 
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ʢʘʞʜʳʡ ʚʝʢʪʦʨ F+ ʠ F- ʦʧʠʩʳʚʘʝʪ ʧʦʣʥʦʝ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʝ ʧʦʣʝ ʠʜʝʘʣʴʥʦʡ 

ʢʨʫʛʦʚʦʡ ʧʦʣʷʨʠʟʘʮʠʠ. ɺʝʢʪʦʨʳ ʥʝ ʚʟʘʠʤʦʜʝʡʩʪʚʫʶʪ ʤʝʞʜʫ ʩʦʙʦʡ. ʀʩʪʦʯʥʠʢ j+ 

ʚʦʟʙʫʞʜʘʝʪ ʚ ʜʘʣʴʥʝʡ ʟʦʥʝ (ɼɿ) ʚʦʣʥʫ ʢʨʫʛʦʚʦʡ ʧʦʣʷʨʠʟʘʮʠʠ ʧʨʘʚʦʛʦ 

ʥʘʧʨʘʚʣʝʥʠʷ ʚʨʘʱʝʥʠʷ ʚʦ ʚʩʝʭ ʥʘʧʨʘʚʣʝʥʠʷʭ, ʠʩʪʦʯʥʠʢ j - ʚʦʟʙʫʞʜʘʝʪ 

ʣʝʚʦʧʦʣʷʨʠʟʦʚʘʥʥʫʶ ʚʦʣʥʫ.  

ɺ ʵʪʦʤ ʟʘʢʣʶʯʘʝʪʩʷ ʬʫʥʜʘʤʝʥʪʘʣʴʥʦʝ ʩʚʦʡʩʪʚʦ ʥʝʟʘʚʠʩʠʤʦʩʪʠ ʚʝʢʪʦʨʦʚ ʈ-

ɿ, ʧʦʟʚʦʣʷʶʱʝʝ ʫʧʨʦʱʘʪʴ ʧʨʦʮʝʜʫʨʫ ʨʝʰʝʥʠʷ ʟʘʜʘʯ ʵʣʝʢʪʨʦʜʠʥʘʤʠʢʠ. ʎʝʣʴ 

ʜʘʥʥʦʡ ʨʘʙʦʪʳ ï ʨʘʟʚʠʪʴ ʪʝʦʨʠʶ ʠ ʧʨʘʢʪʠʢʫ ʧʨʠʤʝʥʝʥʠʷ ʚʝʢʪʦʨʦʚ ʈʠʤʘʥʘ-

ɿʠʣʴʙʝʨʰʪʝʡʥʘ ʜʣʷ ʦʧʠʩʘʥʠʷ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʳʭ ʧʦʣʝʡ, ʧʦʢʘʟʘʪʴ ʧʨʝʠʤʫʱʝʩʪʚʘ 

ʪʘʢʦʛʦ ʧʦʜʭʦʜʘ, ʧʦʣʫʯʠʪʴ ʤʝʪʦʜʳ ʠ ʘʣʛʦʨʠʪʤʳ, ʧʨʠʤʝʥʠʤʳʝ ʢ ʰʠʨʦʢʦʤʫ 

ʩʧʝʢʪʨʫ ʟʘʜʘʯ ʘʥʪʝʥʥʦʡ ʪʝʭʥʠʢʠ. ɺ ʢʘʯʝʩʪʚʝ ʧʨʠʤʝʨʦʚ ʩ ʧʨʠʤʝʥʝʥʠʝʤ ʚʝʢʪʦʨʦʚ 

ʈ-ɿ ʨʝʰʘʝʪʩʷ ʟʘʜʘʯʘ ʨʘʩʯʝʪʘ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʘʧʝʨʪʫʨʥʳʭ ʘʥʪʝʥʥ. 

 

2. ʀʩʪʦʨʠʯʝʩʢʘʷ ʩʧʨʘʚʢʘ 

ʌʦʨʤʫʣʠʨʦʚʢʘ ʫʨʘʚʥʝʥʠʡ ʄʘʢʩʚʝʣʣʘ ʚ ʪʝʨʤʠʥʘʭ ʚʝʢʪʦʨʦʚ ʈʠʤʘʥʘ-

ɿʠʣʴʙʝʨʰʪʝʡʥʘ ʚʧʝʨʚʳʝ ʧʦʷʚʠʣʘʩʴ ʚ 1907 ʛʦʜʫ ʚ ʨʘʙʦʪʝ ɿʠʣʴʙʝʨʰʪʝʡʥʘ [1]. 

ʅʘʟʚʘʥʠʝ çʚʝʢʪʦʨʳ ʈʠʤʘʥʘ-ɿʠʣʴʙʝʨʰʪʝʡʥʘè ʚʚʝʜʝʥʦ ʧʦʣʴʩʢʠʤ ʬʠʟʠʢʦʤ 

ɹʷʣʳʥʠʮʢʠʤ-ɹʠʨʫʣʝʡ ʚ ʝʛʦ ʨʘʙʦʪʘʭ ʧʦ ʢʚʘʥʪʦʚʦʡ ʵʣʝʢʪʨʦʜʠʥʘʤʠʢʝ [2, 3]. 

ʉʦʛʣʘʩʥʦ ʝʤʫ, ɿʠʣʴʙʝʨʰʪʝʡʥ ʦʩʥʦʚʳʚʘʣ ʩʚʦʶ ʠʜʝʶ ʥʘ ʣʝʢʮʠʷʭ ʈʠʤʘʥʘ ʧʦ 

ʫʨʘʚʥʝʥʠʷʤ ʚ ʯʘʩʪʥʳʭ ʧʨʦʠʟʚʦʜʥʳʭ, ʦʪʨʝʜʘʢʪʠʨʦʚʘʥʥʳʭ ʠ ʦʧʫʙʣʠʢʦʚʘʥʥʳʭ ʚ 

1901 ʛʦʜʫ ɺʝʙʝʨʦʤ [4]. 

ʊʝʦʨʠʷ ʚʝʢʪʦʨʦʚ ʈʠʤʘʥʘ-ɿʠʣʴʙʝʨʰʪʝʡʥʘ ʩʭʦʞʘ ʩ ʠʟʚʝʩʪʥʳʤʠ ʚʝʢʪʦʨʥʳʤʠ 

ʧʦʣʷʤʠ ɹʝʣʴʪʨʘʤʠ. ʊʘʢʠʝ ʧʦʣʷ ʙʳʣʠ ʚʚʝʜʝʥʳ ʚ 1889 ʛ. ɹʝʣʴʪʨʘʤʠ ʚ [5] ʜʣʷ 

ʟʘʜʘʯ ʛʠʜʨʦʜʠʥʘʤʠʢʠ. ɺ ʩʚʦʝʡ ʨʘʙʦʪʝ ɹʝʣʴʪʨʘʤʠ ʠʩʩʣʝʜʦʚʘʣ ʧʦʣʷ, 

ʫʜʦʚʣʝʪʚʦʨʷʶʱʠʝ ʫʩʣʦʚʠʶ 0rot +l =F F , ʠ ʫʢʘʟʘʣ ʥʘ ʩʭʦʞʠʝ ʩʚʦʡʩʪʚʘ ʪʘʢʠʭ 

ʧʦʣʝʡ ʩ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʳʤʠ ʧʦʣʷʤʠ, ʦʧʠʩʳʚʘʝʤʳʤʠ ʫʨʘʚʥʝʥʠʷʤʠ ʄʘʢʩʚʝʣʣʘ. 

ʉʪʦʠʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʚʧʝʨʚʳʝ ʪʘʢʠʝ ʧʦʣʷ ʙʳʣʠ ʚʚʝʜʝʥʳ ʠ ʠʟʫʯʝʥʳ ʨʫʩʩʢʠʤ 

ʫʯʝʥʳʤ-ʤʝʭʘʥʠʢʦʤ ɻʨʦʤʝʢʦʡ ʚ ʩʚʦʝʡ ʜʦʢʪʦʨʩʢʦʡ ʜʠʩʩʝʨʪʘʮʠʠ ʟʘ 8 ʣʝʪ ʜʦ 

ʧʫʙʣʠʢʘʮʠʠ ʨʘʙʦʪʳ ɹʝʣʴʪʨʘʤʠ [6]. ɼʠʩʩʝʨʪʘʮʠʷ ʙʳʣʘ ʦʧʫʙʣʠʢʦʚʘʥʘ ʥʘ ʨʫʩʩʢʦʤ 

ʷʟʳʢʝ ʠ ʥʝʠʟʚʝʩʪʥʘ ʟʘ ʛʨʘʥʠʮʝʡ. 



ɾʋʈʅɸʃ ʈɸɼʀʆʕʃɽʂʊʈʆʅʀʂʀ, ISSN 1684-1719, N12, 2018 

7 

ʇʦʩʣʝ ʨʘʙʦʪʳ ɿʠʣʴʙʝʨʰʪʝʡʥʘ ʘʥʘʣʦʛʠʯʥʳʝ ʩʦʦʙʨʘʞʝʥʠʷ ʥʝʦʜʥʦʢʨʘʪʥʦ 

ʧʦʷʚʣʷʣʠʩʴ ʚ ʨʘʙʦʪʘʭ ʧʦ ʵʣʝʢʪʨʦʤʘʛʥʝʪʠʟʤʫ ʚ ʪʝʯʝʥʠʝ 20-ʛʦ ʚʝʢʘ. ʌʦʥ ʃʘʫʵ [7] 

ʠ ʄʠʥʢʦʚʩʢʠʡ [8] ʧʨʠʤʝʥʷʣʠ ʠʭ ʚ ʩʚʦʠʭ ʨʘʙʦʪʘʭ ʧʦ ʪʝʦʨʠʠ ʦʪʥʦʩʠʪʝʣʴʥʦʩʪʠ. 

ɸʥʛʣʠʡʩʢʠʡ ʤʘʪʝʤʘʪʠʢ ɹʝʡʪʤʝʥ ʚ ʢʥʠʛʝ [9] ʠʩʧʦʣʴʟʦʚʘʣ ʙʠʚʝʢʪʦʨʥʫʶ ʬʦʨʤʫ 

ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ( )0.5 1 Z i Z=M E H  ʚ ʩʦʯʝʪʘʥʠʠ ʩ 

ʛʠʧʝʨʢʦʤʧʣʝʢʩʥʳʤ ʠʩʯʠʩʣʝʥʠʝʤ, ʚ ʢʦʪʦʨʦʤ Ñ1 ʠʩʧʦʣʴʟʫʝʪʩʷ ʚ ʢʘʯʝʩʪʚʝ 

ʜʦʧʦʣʥʠʪʝʣʴʥʦʡ ʦʙʨʘʟʫʶʱʝʡ ʛʠʧʝʨʢʦʤʧʣʝʢʩʥʳʭ ʯʠʩʝʣ. ɸʥʘʣʦʛʠʯʥʳʡ ʧʦʜʭʦʜ 

(ʥʦ ʩ ʜʨʫʛʦʡ ʦʙʨʘʟʫʶʱʝʡ ʯʠʩʝʣ) ʙʳʣ ʧʨʠʤʝʥʝʥ ʃʝʚʠʥʦʤ ʚ ʝʛʦ ʨʘʙʦʪʝ ʧʦ 

ʚʦʣʥʦʚʦʜʘʤ [10]. ɺ [11] ʈʘʤʩʠ ʨʘʩʩʤʦʪʨʝʥʳ ʨʝʰʝʥʠʷ ʫʨʘʚʥʝʥʠʡ ʄʘʢʩʚʝʣʣʘ, 

ʫʜʦʚʣʝʪʚʦʨʷʶʱʠʝ ʫʩʣʦʚʠʶ i=° hE H, ʧʨʠ ʵʪʦʤ ʘʚʪʦʨ ʪʘʢʞʝ ʥʝ ʚʚʦʜʠʪ ʠʥʜʝʢʩ 

ʜʣʷ ʚʝʢʪʦʨʦʚ ʧʦʣʷ. ʕʪʦ ʨʝʰʝʥʠʝ ʙʳʣʦ ʧʨʠʤʝʥʝʥʦ ʢ ʯʘʩʪʦʪʥʦ-ʥʝʟʘʚʠʩʠʤʳʤ 

ʘʥʪʝʥʥʘʤ. ʈʘʟʚʠʪʠʝ ʪʝʦʨʠʠ ʧʦʣʝʡ, ʫʜʦʚʣʝʪʚʦʨʷʶʱʠʭ ʫʨʘʚʥʝʥʠʷʤ ʄʘʢʩʚʝʣʣʘ, 

ʢʘʢ ʢʦʤʧʣʝʢʩʥʳʭ ʧʦʣʝʡ ɹʝʣʴʪʨʘʤʠ ʙʳʣʦ ʧʨʦʜʦʣʞʝʥʦ ʠʥʜʠʡʩʢʠʤ ʫʯʝʥʳʤ 

ʃʘʭʪʘʢʠʝʡ ʚ [12]. ɺ ʵʪʦʡ ʠ ʥʝʩʢʦʣʴʢʠʭ ʜʨʫʛʠʭ ʨʘʙʦʪʘʭ ʘʚʪʦʨʘ ʙʳʣʠ ʚʚʝʜʝʥʳ 

ʚʝʢʪʦʨʳ ʧʦʣʷ ɹʝʣʴʪʨʘʤʠ ʠ ʦʧʠʩʘʥʘ ʪʝʦʨʠʷ ʵʪʠʭ ʧʦʣʝʡ ʧʨʠʤʝʥʠʪʝʣʴʥʦ ʢ 

ʢʠʨʘʣʴʥʳʤ ʩʨʝʜʘʤ. ɸʚʪʦʨ ʪʘʢʞʝ ʧʦʣʫʯʠʣ ʨʝʰʝʥʠʷ ʜʣʷ ʩʬʝʨʠʯʝʩʢʦʡ ʟʘʜʘʯʠ ʠ 

ʨʘʩʧʨʦʩʪʨʘʥʠʣ ʪʝʦʨʠʶ ʥʘ ʚʝʢʪʦʨʥʳʝ ʩʬʝʨʠʯʝʩʢʠʝ ʚʦʣʥʦʚʳʝ ʬʫʥʢʮʠʠ ʜʣʷ 

ʦʨʪʦʨʦʤʙʠʯʝʩʢʦʛʦ ʜʠʵʣʝʢʪʨʠʢʦ-ʤʘʛʥʠʪʥʦʛʦ ʤʘʪʝʨʠʘʣʘ ʩ ʛʠʨʦʪʨʦʧʥʳʤʠ 

ʤʘʛʥʠʪʦʵʣʝʢʪʨʠʯʝʩʢʠʤʠ ʩʚʦʡʩʪʚʘʤʠ [13]. 

ɺʝʢʪʦʨʳ ʈʠʤʘʥʘ-ɿʠʣʴʙʝʨʰʪʝʡʥʘ ʚ ʪʝʦʨʠʠ ʘʥʪʝʥʥ ʧʨʠʤʝʥʷʣʠʩʴ ʦʜʥʠʤ ʠʟ 

ʘʚʪʦʨʦʚ ʥʘʯʠʥʘʷ ʩ 1970-ʭ ʛʦʜʦʚ, ʠʟʥʘʯʘʣʴʥʦ ʜʣʷ ʟʘʜʘʯʠ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʚʦʣʥ 

ʢʨʫʛʦʚʦʡ ʧʦʣʷʨʠʟʘʮʠʠ ʚ ʛʦʬʨʠʨʦʚʘʥʥʳʭ ʚʦʣʥʦʚʦʜʘʭ ʠ ʨʫʧʦʨʘʭ. ʇʦʟʜʥʝʝ ʧʦʜʭʦʜ 

ʙʳʣ ʨʘʟʚʠʪ ʚ [14, 15, 16], ʛʜʝ ʧʦʜʨʦʙʥʦ ʠʩʩʣʝʜʦʚʘʥʳ ʠ ʦʧʠʩʘʥʳ ʠʩʪʦʯʥʠʢʠ 

ʚʦʟʥʠʢʥʦʚʝʥʠʷ ʢʨʦʩʩʧʦʣʷʨʠʟʦʚʘʥʥʦʛʦ ʧʦʣʷ. ɺ ʵʪʠʭ ʨʘʙʦʪʘʭ ʚʧʝʨʚʳʝ ʙʳʣʠ 

ʚʚʝʜʝʥʳ ʚʝʢʪʦʨʥʳʝ ʩʬʝʨʠʯʝʩʢʠʝ ʛʘʨʤʦʥʠʢʠ ʚʝʢʪʦʨʦʚ ʈʠʤʘʥʘ-ɿʠʣʴʙʝʨʰʪʝʡʥʘ ʚ 

ʩʧʠʨʘʣʴʥʦʡ ʩʠʩʪʝʤʝ ʢʦʦʨʜʠʥʘʪ. ʊʝʦʨʝʪʠʯʝʩʢʠʝ ʦʩʥʦʚʳ ʧʨʠʤʝʥʝʥʠʷ ʚʝʢʪʦʨʦʚ 

ʈʠʤʘʥʘ-ɿʠʣʴʙʝʨʰʪʝʡʥʘ ʚ ʚʳʯʠʩʣʠʪʝʣʴʥʦʡ ʵʣʝʢʪʨʦʜʠʥʘʤʠʢʝ ʙʳʣʠ ʦʧʠʩʘʥʳ ʚ 

[17, 18, 19]. ɺ [20] ʜʣʷ ʚʚʝʜʸʥʥʳʭ ʚʝʢʪʦʨʦʚ ʠʩʧʦʣʴʟʫʝʪʩ ̫ʥʘʟʚʘʥʠʝ çʚʝʢʪʦʨʳ 

ʌʘʨʘʜʝʷè, ʥʦ ʥʘʟʚʘʥʠʝ çʚʝʢʪʦʨʳ ʈʠʤʘʥʘ-ɿʠʣʴʙʝʨʰʪʝʡʥʘè ʠʩʪʦʨʠʯʝʩʢʠ ʙʦʣʝʝ 



ɾʋʈʅɸʃ ʈɸɼʀʆʕʃɽʂʊʈʆʅʀʂʀ, ISSN 1684-1719, N12, 2018 

8 

ʪʦʯʥʦʝ. ɺ [21, 22, 23] ʘʚʪʦʨʳ ʨʘʟʚʠʣʠ ʪʝʦʨʠʶ ʠ ʧʨʠʚʝʣʠ ʨʝʟʫʣʴʪʘʪʳ ʨʝʰʝʥʠʷ 

ʥʝʢʦʪʦʨʳʭ ʟʘʜʘʯ ʩ ʧʨʠʤʝʥʝʥʠʝʤ ʨʘʟʣʦʞʝʥʠʷ ʚ ʨʷʜ ʧʦ ʚʝʢʪʦʨʥʳʤ ʩʬʝʨʠʯʝʩʢʠʤ 

ʛʘʨʤʦʥʠʢʘʤ ʚʝʢʪʦʨʦʚ ʈ-ɿ. 

ʇʦʤʠʤʦ ʚʳʰʝʧʨʠʚʝʜʝʥʥʳʭ ʨʘʙʦʪ ʘʥʘʣʦʛʠʯʥʳʡ ʧʦʜʭʦʜ ʥʝʦʜʥʦʢʨʘʪʥʦ 

ʧʨʠʤʝʥʷʣʩʷ ʠ ʠʩʩʣʝʜʦʚʘʣʩʷ ʚ ʪʝʯʝʥʠʝ 20-ʛʦ ʚʝʢʘ. ʆʜʥʘʢʦ ʤʝʪʦʜ ʦʧʠʩʘʥʠʷ 

ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʳʭ ʧʦʣʝʡ ʚʝʢʪʦʨʘʤʠ ʈʠʤʘʥʘ-ɿʠʣʴʙʝʨʰʪʝʡʥʘ ʧʨʠʤʝʥʷʣʩʷ ʜʣʷ 

ʨʝʰʝʥʠʷ ʢʦʥʢʨʝʪʥʳʭ ʧʨʦʙʣʝʤ ʠ ʥʝ ʙʳʣ ʧʦʣʥʦʮʝʥʥʦ ʠʩʩʣʝʜʦʚʘʥ, ʥʝ ʨʘʟʨʘʙʦʪʘʥʳ 

ʤʘʪʝʤʘʪʠʯʝʩʢʠʡ ʘʧʧʘʨʘʪ ʠ ʪʝʦʨʝʪʠʯʝʩʢʘ ̫ ʙʘʟʘ. ʕʪʠʤ ʦʧʨʝʜʝʣʷʝʪʩʷ ʛʣʘʚʥʘʷ 

ʟʘʜʘʯʘ ʠ ʥʦʚʠʟʥʘ ʜʘʥʥʦʡ ʨʘʙʦʪʳ.  

ɺ ʩʪʘʪʴʝ ʧʨʠʚʦʜʷʪʩʷ ʦʩʥʦʚʥʳʝ ʩʦʦʪʥʦʰʝʥʠʷ ʜʣʷ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ, 

ʚʳʨʘʞʝʥʥʦʛʦ ʚʝʢʪʦʨʘʤʠ ʈʠʤʘʥʘ-ɿʠʣʴʙʝʨʰʪʝʡʥʘ. ɺʳʚʦʜʷʪʩʷ ʪʝʦʨʝʤʳ ʠ 

ʬʦʨʤʫʣʳ ʨʘʩʯʝʪʘ ʧʦʣʝʡ, ʦʩʥʦʚʘʥʥʳʭ ʥʘ ʩʦʦʙʨʘʞʝʥʠʷʭ ʬʠʟʠʯʝʩʢʦʡ ʦʧʪʠʢʠ. 

ʊʘʢʞʝ ʚʚʦʜʠʪʩʷ ʚʝʢʪʦʨʥʦʝ ʩʬʝʨʠʯʝʩʢʦʝ ʨʘʟʣʦʞʝʥʠʝ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʚ 

ʨʷʜ, ʢʦʪʦʨʦʝ ʧʦʟʚʦʣʷʝʪ ʫʧʨʦʩʪʠʪʴ ʠ ʫʩʢʦʨʠʪʴ ʨʘʩʯʝʪʳ ʜʣʷ ʠʥʞʝʥʝʨʥʳʭ ʟʘʜʘʯ. 

ʊʘʢʦʝ ʧʨʝʜʩʪʘʚʣʝʥʠʝ ʪʨʝʙʫʝʪ ʚʚʝʜʝʥʠʷ ʩʧʝʮʠʘʣʴʥʳʭ ʩʬʝʨʠʯʝʩʢʠʭ ʬʫʥʢʮʠʡ ʠ 

ʧʝʨʝʭʦʜ ʢ ʩʧʠʨʘʣʴʥʦʡ ʩʠʩʪʝʤʝ ʢʦʦʨʜʠʥʘʪ. ɺ ʦʧʨʝʜʝʣʝʥʥʳʭ ʩʣʫʯʘʷʭ ʪʦʣʴʢʦ ʦʜʠʥ 

ʠʟ ʜʚʫʭ ʥʝʟʘʚʠʩʠʤʳʭ ʚʝʢʪʦʨʦʚ ʷʚʣʷʝʪʩʷ ʥʝʦʙʭʦʜʠʤʳʤ ʜʣʷ ʦʧʠʩʘʥʠʷ ʧʦʣʥʦʛʦ 

ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ, ʪʘʢʠʤ ʦʙʨʘʟʦʤ ʩʦʢʨʘʱʘʝʪʩʷ ʢʦʣʠʯʝʩʪʚʦ 

ʚʳʯʠʩʣʠʪʝʣʴʥʦʡ ʨʘʙʦʪʳ. ɺ ʨʘʤʢʘʭ ʥʘʰʝʡ ʪʝʦʨʠʠ ʤʳ ʪʘʢʞʝ ʨʘʟʚʠʚʘʝʤ ʪʘʢ 

ʥʘʟʳʚʘʝʤʳʡ ʤʝʪʦʜ ʩʦʛʣʘʩʦʚʘʥʠʷ ʩ ʠʩʪʦʯʥʠʢʦʤ ï ʤʝʪʦʜ ʨʘʟʣʦʞʝʥʠʷ ʥʘ 

ʩʬʝʨʠʯʝʩʢʠʝ ʚʦʣʥʳ, ʚ ʢʦʪʦʨʦʤ ʢʦʵʬʬʠʮʠʝʥʪʳ ʨʘʟʣʦʞʝʥʠʷ ʦʧʨʝʜʝʣʷʶʪʩʷ 

ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʧʦ ʠʩʪʦʯʥʠʢʘʤ ʠʟʣʫʯʝʥʠʷ, ʟʘʜʘʥʥʳʭ ʥʘ ʧʨʦʠʟʚʦʣʴʥʦʡ 

ʧʦʚʝʨʭʥʦʩʪʠ. 

 

3. ʆʩʥʦʚʥʳʝ ʩʦʦʪʥʦʰʝʥʠʷ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ, ʧʨʝʜʩʪʘʚʣʝʥʥʦʛʦ 

ʚʝʢʪʦʨʘʤʠ ʈʠʤʘʥʘ-ɿʠʣʴʙʝʨʰʪʝʡʥʘ 

ɺ ʜʘʥʥʦʤ ʨʘʟʜʝʣʝ ʤʳ ʚʳʨʘʟʠʤ ʯʝʨʝʟ ʚʝʢʪʦʨʳ ʈʠʤʘʥʘ-ɿʠʣʴʙʝʨʰʪʝʡʥʘ 

ʦʩʥʦʚʥʳʝ ʩʦʦʪʥʦʰʝʥʠʷ ʠ ʪʦʞʜʝʩʪʚʘ, ʧʨʠʤʝʥʷʝʤʳʝ ʚ ʢʣʘʩʩʠʯʝʩʢʦʡ 

ʵʣʝʢʪʨʦʜʠʥʘʤʠʢʝ ʜʣʷ ʧʦʣʝʡ, ʚʳʨʘʞʝʥʥʳʭ ʚʝʢʪʦʨʘʤʠ ʥʘʧʨʷʞʝʥʥʦʩʪʠ 

ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʠ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ. 
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3.1. ʊʝʦʨʝʤʘ ʇʦʡʥʪʠʥʛʘ. 

ɼʣʷ ʥʘʯʘʣʘ ʧʦʣʫʯʠʤ ʪʝʦʨʝʤʫ ʇʦʡʥʪʠʥʛʘ, ʷʚʣʷʶʱʫʶʩʷ ʟʘʢʦʥʦʤ ʩʦʭʨʘʥʝʥʠʷ 

ʵʥʝʨʛʠʠ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ. ʊʘʢ ʢʘʢ ʚʝʢʪʦʨʳ ʥʝʟʘʚʠʩʠʤʳ, ʟʘʢʦʥ 

ʩʦʭʨʘʥʝʥʠʷ ʵʥʝʨʛʠʠ ʚʳʧʦʣʥʷʝʪʩʷ ʦʪʜʝʣʴʥʦ ʜʣʷ ʢʘʞʜʦʛʦ ʚʝʢʪʦʨʘ. ɼʣʷ ʚʝʢʪʦʨʘ F+ 

ʠ F+
*
 ʫʤʥʦʞʠʤ ʩʢʘʣʷʨʥʦ ʫʨʘʚʥʝʥʠʷ ʄʘʢʩʚʝʣʣʘ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ ʥʘ F+

*
ʠ F+: 

    

* * * *

* * ** * *

( )

( )

rot k rot k

rot krot k

+ + + + + + + + + +

+ + + + + ++ + + +

ë =- + Ö ë =- +î î
Ýì ì

=- +î=- + Öî íí

F F j F F F F F F j

F F F F F jF F j F
 (10)  

ʈʘʟʥʦʩʪʴ ʧʝʨʚʦʛʦ ʠ ʚʪʦʨʦʛʦ ʫʨʘʚʥʝʥʠʡ 

    ( ) ( )
*

* * * *, , ,rot rot+ + + + + + + +- = -F F F F F j F j  (11)  

* *, 2 Im( , ).div i+ + + +
è ø=-
ê ú

F F F j  (12)  

ʇʨʦʠʥʪʝʛʨʠʨʫʝʤ ʧʦʣʫʯʠʚʰʝʝʩ ̫ʫʨʘʚʥʝʥʠʝ ʧʦ ʦʙʲʝʤʫ V, ʦʢʨʫʞʝʥʥʦʤʫ 

ʟʘʤʢʥʫʪʦʡ ʧʦʚʝʨʭʥʦʩʪʴʶ S, ʩʦʜʝʨʞʘʱʝʤʫ ʚʩʝ ʠʩʪʦʯʥʠʢʠ, ʠ ʧʨʠʤʝʥʠʤ ʪʝʦʨʝʤʫ 

ɻʘʫʩʩʘ 

    ( ) ( )* *, , Im , .
2

S V

i
da dv+ + + +

è ø =
ê úññ ñññF F n j F  (13)  

ʄ  rʧʦʣʫʯʠʣʠ ʚʳʨʘʞʝʥʠʝ ʪʝʦʨʝʤʳ ʇʦʡʥʪʠʥʛʘ ʜʣʷ ʢʦʤʧʣʝʢʩʥʳʭ ʘʤʧʣʠʪʫʜ 

ʚʝʢʪʦʨʦʚ ʈʠʤʘʥʘ-ɿʠʣʴʙʝʨʰʪʝʡʥʘ. ʇʦʚʝʨʭʥʦʩʪʥʳʡ ʠʥʪʝʛʨʘʣ ʚ ʣʝʚʦʡ ʯʘʩʪʠ 

ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʧʦʪʦʢ ʵʥʝʨʛʠʠ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ, ʧʨʦʭʦʜʷʱʝʡ ʯʝʨʝʟ 

ʧʦʚʝʨʭʥʦʩʪʴ S. ɺ ʧʨʘʚʦʡ ʯʘʩʪʠ ʵʥʝʨʛʠʷ ʚ ʦʙʲʝʤʝ V, ʠʟʣʫʯʘʝʤʘʷ ʩʪʦʨʦʥʥʠʤʠ 

ʪʦʢʘʤʠ. ɸʥʘʣʦʛʠʯʥʦʝ ʩʦʦʪʥʦʰʝʥʠʝ ʤʦʞʝʪ ʙʳʪʴ ʧʦʣʫʯʝʥʦ ʜʣʷ ʚʝʢʪʦʨʘ ʣʝʚʦʡ 

ʢʨʫʛʦʚʦʡ ʧʦʣʷʨʠʟʘʮʠʠ F-, ʪ.ʝ. ʟʘʢʦʥ ʩʦʭʨʘʥʝʥʠʷ ʵʥʝʨʛʠʠ ʚʳʧʦʣʥʷʝʪʩʷ ʜʣʷ 

ʢʘʞʜʦʛʦ ʚʝʢʪʦʨʘ ʥʝʟʘʚʠʩʠʤʦ ʦʪ ʜʨʫʛʦʛʦ: 

    ( ) ( )* *, , Im , .
2

S V

i
da dv- - - -

è ø =
ê úññ ñññF F n j F  (14)  

3.2. ɻʨʘʥʠʯʥʳʝ ʫʩʣʦʚʠʷ. 

ʀʟ ʧʝʨʚʦʛʦ ʫʨʘʚʥʝʥʠʷ ʄʘʢʩʚʝʣʣʘ ʚ ʠʥʪʝʛʨʘʣʴʥʦʡ ʬʦʨʤʝ ʧʦʣʫʯʠʤ 

ʚr ʨʘʞʝʥʠʝ, ʩʚʷʟʳʚʘʶʱʝʝ ʪʘʥʛʝʥʮʠʘʣʴʥʳʝ ʩʦʩʪʘʚʣʷʶʱʠʝ ʧʦʣʷ ʧʦ ʧʦʚʝʨʭʥʦʩʪʠ 

ʩ ʢʨʘʝʤ ʠ ʧʦ ʝʸ ʢʨʘʶ,  



ɾʋʈʅɸʃ ʈɸɼʀʆʕʃɽʂʊʈʆʅʀʂʀ, ISSN 1684-1719, N12, 2018 

10 

    ( ) .

C S

dr k ds° ° °= ° +ñ ññF F j  (15)  

ɺ ʢʘʯʝʩʪʚʝ ʧʫʪʠ ʠʥʪʝʛʨʠʨʦʚʘʥʠʷ ʧʨʠʤʝʤ ʧʨʷʤʦʫʛʦʣʴʥʳʡ ʧʫʪʴ, 

ʧʝʨʝʩʝʢʘʶʱʠʡ ʛʨʘʥʠʮʫ ʨʘʟʜʝʣʘ. ʋʤʝʥʴʰʘʷ ʨʘʟʤʝʨʳ ʩʪʦʨʦʥ ʧʨʷʤʦʫʛʦʣʴʥʠʢʘ ʠ 

ʧʝʨʝʭʦʜʷ ʢ ʧʨʝʜʝʣʫ ʧʝʨʚʦʝ ʩʣʘʛʘʝʤʦʝ ʧʨʘʚʦʡ ʯʘʩʪʠ (15) ʩʪʨʝʤʠʪʩʷ ʢ ʥʫʣʶ. ɽʩʣʠ 

ʧʨʦʚʦʜʠʤʦʩʪʠ ʩʨʝʜ ʢʦʥʝʯʥʳ, ʪʦ ʧʦʚʝʨʭʥʦʩʪʥʳʝ ʪʦʢʠ ʦʪʩʫʪʩʪʚʫʶʪ, ʠ ʧʣʦʪʥʦʩʪʴ 

ʩʪʦʨʦʥʥʝʛʦ ʪʦʢʘ ʚ (15) ʪʘʢʞʝ ʩʪʨʝʤʠʪʩʷ ʢ ʥʫʣʶ 

    [ ]2 1,( ) 0.° °- =n F F  (16)  

ɽʩʣʠ ʧʨʦʚʦʜʠʤʦʩʪʴ ʩʪʨʝʤʠʪʩʷ ʢ ʙʝʩʢʦʥʝʯʥʦʩʪʠ, ʪʦ ʚʚʦʜʠʪʩʷ ʧʣʦʪʥʦʩʪʴ 

ʧʦʚʝʨʭʥʦʩʪʥʳʭ ʪʦʢʦʚ JÑ ʢʘʢ ʧʨʝʜʝʣ l°Dj  ʧʨʠ 0lD   ʠ °¤j  

    [ ]2 1,( ) .° ° °- =n F F J  (17)  

ʀʟ ʚʪʦʨʦʛʦ ʫʨʘʚʥʝʥʠʷ ʄʘʢʩʚʝʣʣʘ ʪʘʢʞʝ ʤʦʞʥʦ ʧʦʣʫʯʠʪʴ ʛʨʘʥʠʯʥʦʝ 

ʫʩʣʦʚʠʝ ʜʣʷ ʥʦʨʤʘʣʴʥʳʭ ʢʦʤʧʦʥʝʥʪ ʧʦʣʷ, ʦʜʥʘʢʦ ʤʳ ʝʛʦ ʥʝ ʧʨʠʤʝʥʷʝʤ ʠ 

ʧʦʵʪʦʤʫ ʥʝ ʧʨʠʚʦʜʠʤ. 

3.3. ɺʝʢʪʦʨʥʳʡ ʧʦʪʝʥʮʠʘʣ ʠ ʧʦʣʝ ʜʠʧʦʣʷ ɻʝʨʮʘ ʢʨʫʛʦʚʦʡ ʧʦʣʷʨʠʟʘʮʠʠ. 

ʄʦʞʥʦ ʧʦʢʘʟʘʪʴ, ʯʪʦ ʚ ʩʚʦʙʦʜʥʦʤ ʧʨʦʩʪʨʘʥʩʪʚʝ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʝ ʧʦʣʝ, 

ʫʜʦʚʣʝʪʚʦʨʷʶʱʝʝ ʫʨʘʚʥʝʥʠʶ ʄʘʢʩʚʝʣʣʘ (4), ʧʦ ʘʥʘʣʦʛʠʠ ʩ ʢʣʘʩʩʠʯʝʩʢʦʡ 

ʪʝʦʨʠʝʡ ʚʳʨʘʞʘʝʪʩ ̫ʯʝʨʝʟ ʚʝʢʪʦʨʥʳʡ ʧʦʪʝʥʮʠʘʣ ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʡ ʢʨʫʛʦʚʦʡ 

ʧʦʣʷʨʠʟʘʮʠʠ 

    
1

.k rot grad div
k

°=° + °± ± ±F A A A  (18)  

ʇʦʜʩʪʘʚʣʷʷ ʚʳʨʘʞʝʥʠʝ (18) ʚ (4) ʧʦʣʫʯʘʝʤ, ʯʪʦ ʚʝʢʪʦʨʥʳʝ ʧʦʪʝʥʮʠʘʣʳ AÑ 

ʫʜʦʚʣʝʪʚʦʨʷʶʪ ʫʨʘʚʥʝʥʠʶ ɻʝʣʴʤʛʦʣʴʮʘ 

    
2 2 .kÐ + =-

±± ±A A j  (19)  

ʈʝʰʝʥʠʝ ʥʝʦʜʥʦʨʦʜʥʦʛʦ ʫʨʘʚʥʝʥʠʷ ɻʝʣʴʤʛʦʣʴʮʘ ï ʩʚʝʨʪʢʘ 

    ( ) ,± pq q

V

(p) G q dv°= ÖñññA j  (20)  
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ʛʜʝ q ï ʪʦʯʢʘ ʠʩʪʦʯʥʠʢʘ, p ï ʪʦʯʢʘ ʥʘʙʣʶʜʝʥʠʷ. ʀʥʪʝʛʨʠʨʦʚʘʥʠʝ ʚ (20) ʚʝʜʝʪʩʷ 

ʧʦ ʚʩʝʤʫ ʦʙʲʝʤʫ, ʚ ʢʦʪʦʨʦʤ ʥʘʭʦʜʷʪʩʷ ʪʦʢʠ. pqG  - ʩʢʘʣʷʨʥʘʷ ʬʫʥʢʮʠʷ ɻʨʠʥʘ 

ʩʚʦʙʦʜʥʦʛʦ ʧʨʦʩʪʨʘʥʩʪʚʘ 

    
( )exp

.
4

pq

pq
pq

ikr
G

r

-
=

p
 (21)  

 ʇʦʣʝ ʵʣʝʤʝʥʪʘʨʥʦʛʦ ʜʠʧʦʣ ̫ ɻʝʨʮʘ, ʨʘʩʧʦʣʦʞʝʥʥʦʛʦ ʚ ʪʦʯʢʝ q ʠ 

ʥʘʧʨʘʚʣʝʥʥʦʛʦ ʚʜʦʣʴ ʚʝʢʪʦʨʘ a, ʧʦʣʫʯʘʝʪʩʷ ʧʫʪʝʤ ʧʦʜʩʪʘʥʦʚʢʠ ʚʳʨʘʞʝʥʠʷ ʜʣʷ 

ʚʝʢʪʦʨʥʦʛʦ ʧʦʪʝʥʮʠʘʣʘ ʚ (18) ʠ ʧʨʠʤʝʥʝʥʠʝʤ ʪʦʞʜʝʩʪʚ ʚʝʢʪʦʨʥʦʛʦ ʘʥʘʣʠʟʘ 

    

2
0 0 0

2

2
2

2 2

1 1 2
, , ;

1 2 2
; ;

pq pq pq pq

pq pq
pq pq

pq pq pq

G G G G

r k r r r rr

G G ik
G ik G k

r r rr r

°

ë ûå õµ µ µ µî îè øè ø è ø= ° - -æ öì üê ú ê úê úæ öµ µ µµî îç ÷í ý

å õå õµ µ
= - - = - + +æ öæ ö

æ ö æ öµ µç ÷ ç ÷

F r a r r a a

 (22)  

ʛʜʝ 0r  - ʝʜʠʥʠʯʥʳʡ ʚʝʢʪʦʨ, ʥʘʧʨʘʚʣʝʥʥʳʡ ʦʪ ʪʦʯʢʠ ʠʩʪʦʢʘ q ʢ ʪʦʯʢʝ 

ʥʘʙʣʶʜʝʥʠʷ p. ʀʣʠ ʚ ʜʨʫʛʦʤ ʚʠʜʝ 

( )
( )

( )
0 0 0

2 2

3 3 1
1 , 1 , 1 .pq

i i i
k i G

kr kr krkr kr
°

ë ûë ûå õ å õî î îîå õè øæ ö æ ö=- - ° - - - - -ì ì üüæ öê úæ ö æ öç ÷î î îîç ÷ ç ÷í ýí ý

F r a r a r a  (23)  

ʇʦʣʥʳʡ ʚʳʚʦʜ ʧʦʣʫʯʝʥʥʦʛʦ ʚʳʨʘʞʝʥʠʷ ʩʦʜʝʨʞʠʪʩʷ ʚ ʇʨʠʣʦʞʝʥʠʠ 1. 

ʅʘʧʨʠʤʝʨ, ʧʦʣʝ ʜʠʧʦʣʷ, ʥʘʧʨʘʚʣʝʥʥʦʛʦ ʚʜʦʣʴ ʦʩʠ Z: 

    
( )

2

2 1 1 1
cos 1 sin sin .r

i
kG i i

kr kr kr krkr
° J j

ë ûå õî îå õ å õ
æ ö= ° + J - - J + + Jì üæ ö æ öæ öç ÷ ç ÷î îç ÷í ý

F e e e  (24)  

ɺ ʜʘʣʴʥʝʡ ʟʦʥʝ (ʧʨʠ 0 , 1r kr=r e ) ʚ ʚʳʨʘʞʝʥʠʷʭ (22-24) ʦʩʪʘʶʪʩʷ 

ʪʦʣʴʢʦ ʧʦʧʝʨʝʯʥʳʝ ʩʦʩʪʘʚʣʷʶʱʠʝ ʧʦʣʷ. 

3.4. ʃʝʤʤʘ ʃʦʨʝʥʮʘ. 

ʆʜʥʦ ʠʟ ʚʘʞʥʳʭ ʠ ʧʦʣʝʟʥʳʭ ʩʦʦʪʥʦʰʝʥʠʡ ʜʣʷ ʛʨʘʥʠʯʥʳʭ ʟʘʜʘʯ 

ʵʣʝʢʪʨʦʜʠʥʘʤʠʢʠ ï ʣʝʤʤʘ ʃʦʨʝʥʮʘ, ʫʩʪʘʥʘʚʣʠʚʘʶʱʘʷ ʩʚʷʟʴ ʤʝʞʜʫ ʜʚʫʤʷ 

ʠʩʪʦʯʥʠʢʘʤʠ ʚ ʦʙʲʝʤʝ V ʠ ʩʦʟʜʘʚʘʝʤʳʤʠ ʠʤʠ ʧʦʣʷʤʠ. ʇʫʩʪʴ F1 ʠ F2 ð 

ʦʜʥʦʠʤʸʥʥʳʝ ʚʝʢʪʦʨʳ ʈ-ɿ, ʣʠʙʦ ʦʙʘ ʚʝʢʪʦʨʘ ʧʨʘʚʦʡ ʧʦʣʷʨʠʟʘʮʠʠ, ʣʠʙʦ ʦʙʘ 
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ʣʝʚʦʡ. ʉʣʫʯʘʡ ʩ ʜʚʫʤʷ ʨʘʟʥʦʠʤʸʥʥʳʤʠ ʚʝʢʪʦʨʘʤʠ ʈ-ɿ ʨʘʩʩʤʘʪʨʠʚʘʪʴ ʥʝ ʠʤʝʝʪ 

ʩʤʳʩʣʘ, ʪʘʢ ʢʘʢ ʦʥʠ ʫʜʦʚʣʝʪʚʦʨʷʶʪ ʨʘʟʥʳʤ ʫʨʘʚʥʝʥʠʷʤ ʠ ʥʝ ʚʟʘʠʤʦʜʝʡʩʪʚʫʶʪ 

ʤʝʞʜʫ ʩʦʙʦʡ. ɺʝʢʪʦʨʳ ʦʧʨʝʜʝʣʝʥʳ ʚ ʦʙʣʘʩʪʠ ʩ ʛʨʘʥʠʮʝʡ S ʠ ʫʜʦʚʣʝʪʚʦʨʷʶʪ ʚ 

ʵʪʦʡ ʦʙʣʘʩʪʠ ʫʨʘʚʥʝʥʠʶ ʄʘʢʩʚʝʣʣʘ ʩ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʤʠ ʠʩʪʦʯʥʠʢʘʤʠ. 

ɿʘʧʠʰʝʤ ʫʨʘʚʥʝʥʠʷ ʄʘʢʩʚʝʣʣʘ ʜʣʷ ʢʘʞʜʦʛʦ ʠʟ ʚʝʢʪʦʨʦʚ ʠ ʫʤʥʦʞʠʤ ʩʢʘʣʷʨʥʦ 

ʧʝʨʚʦʝ ʫʨʘʚʥʝʥʠʝ ʥʘ F2, ʘ ʚʪʦʨʦʝ ʥʘ F1 ʠ ʚʳʯʪʝʤ ʠʟ ʧʝʨʚʦʡ ʩʪʨʦʢʠ ʚʪʦʨʫʶ 

1 1 1 2

2 2 2 1

rot k

rot k

-ë = Ö+î
ì

- = Ö+îí

F F j F

F F j F
 (25)  

( )( )2 1 1 2 1 2 2 1, , ,rot rot- = -F F F F j F j F  (26)  

 ʠʣʠ 

    [ ]( )( )1 2 1 2 2 1, , , .div = -F F j F j F  (27)  

ʇʦ ʪʝʦʨʝʤʝ ʆʩʪʨʦʛʨʘʜʩʢʦʛʦ-ɻʘʫʩʩʘ ʜʣʷ ʧʨʦʠʟʚʦʣʴʥʦʡ ʦʙʣʘʩʪʠ ʠ 

ʦʛʨʘʥʠʯʠʚʘʶʱʝʡ ʝʛʦ ʧʦʚʝʨʭʥʦʩʪʠ S ʧʦʣʫʯʘʝʤ ʚʳʨʘʞʝʥʠʝ ʣʝʤʤʳ ʃʦʨʝʥʮʘ: 

    [ ]( ) ( )( ){ }1 2 1 2 2 1, , , ,

S V

ds dv= -ññ ñññF F n j F j F  (28)  

ɿʜʝʩʴ V ï ʟʘʤʢʥʫʪʳʡ ʦʙʲʸʤ ʩ ʛʨʘʥʠʮʝʡ S, n ï ʥʦʨʤʘʣʴ ʢ ʧʦʚʝʨʭʥʦʩʪʠ. 

ʃʝʤʤʘ ʃʦʨʝʥʮʘ ʧʨʠʤʝʥʷʝʪʩʷ, ʥʘʧʨʠʤʝʨ, ʧʨʠ ʩʦʩʪʘʚʣʝʥʠʠ ʠʥʪʝʛʨʘʣʴʥʳʭ 

ʫʨʘʚʥʝʥʠʡ. ʅʠʞʝ ʤʳ ʩ ʧʦʤʦʱʴʶ ʣʝʤʤʳ ʃʦʨʝʥʮʘ ʚʳʚʝʜʝʤ ʪʝʦʨʝʤʫ 

ʵʢʚʠʚʘʣʝʥʪʥʦʩʪʠ ʜʣʷ ʚʝʢʪʦʨʦʚ ʈ-ɿ. 

3.5. ʇʨʠʥʮʠʧʳ ʬʠʟʠʯʝʩʢʦʡ ʦʧʪʠʢʠ ï ʪʝʦʨʝʤʘ ʵʢʚʠʚʘʣʝʥʪʥʦʩʪʠ ʠ 

ʬʦʨʤʫʣʘ ʉʪʨʵʪʪʦʥʘ-ʏʫ. 

ʌʠʟʠʯʝʩʢʘʷ ʦʧʪʠʢʘ (ʌʆ) ï ʘʥʘʣʠʪʠʯʝʩʢʠʡ ʤʝʪʦʜ, ʧʦʟʚʦʣʷʶʱʠʡ ʨʝʰʘʪʴ 

ʟʘʜʘʯʠ ʨʘʩʩʝʷʥʠʷ ʠ ʜʠʬʨʘʢʮʠʠ ʥʘ ʵʣʝʢʪʨʠʯʝʩʢʠ ʙʦʣʴʰʠʭ ʦʙʲʝʢʪʘʭ. ʄʝʪʦʜ ʌʆ 

ʙʘʟʠʨʫʝʪʩʷ ʥʘ ʧʨʠʥʮʠʧʝ ɻʶʡʛʝʥʩʘ-ʌʨʝʥʝʣʷ, ʚʧʝʨʚʳʝ ʦʪʢʨʳʪʦʤ ɻʶʡʛʝʥʩʦʤ ʚ 

1690ʛ. ʜʣʷ ʧʦʩʪʨʦʝʥʠʷ ʦʛʠʙʘʶʱʝʡ ʚʦʣʥʦʚʦʛʦ ʬʨʦʥʪʘ ʠ ʩʬʦʨʤʫʣʠʨʦʚʘʥʥʦʤ 

ʌʨʝʥʝʣʝʤ [24] ʩ ʫʯʝʪʦʤ ʠʥʪʝʨʬʝʨʝʥʮʠʠ ʧʦʣʝʡ ʵʣʝʤʝʥʪʘʨʥʳʭ ʠʩʪʦʯʥʠʢʦʚ 

ʚʦʣʥʦʚʦʛʦ ʬʨʦʥʪʘ. ʂʠʨʭʛʦʬ ʧʨʠʤʝʥʠʣ ʩʬʦʨʤʫʣʠʨʦʚʘʥʥʫʶ ɻʝʣʴʤʛʦʣʴʮʝʤ 

ʠʥʪʝʛʨʘʣʴʥʫʶ ʬʦʨʤʫʣʠʨʦʚʢʫ ʤʝʪʦʜʘ ʜʣʷ ʟʘʜʘʯ ʜʠʬʨʘʢʮʠʠ [25]. ɺ ʤʝʪʦʜʝ 
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ʂʠʨʭʛʦʬʘ ʧʦʚʝʨʭʥʦʩʪʴ S ʩʪʷʛʠʚʘʝʪʩʷ ʚʦʢʨʫʛ ʜʠʬʨʘʛʠʨʫʶʱʝʛʦ ʪʝʣʘ, ʧʨʠ ʵʪʦʤ 

ʧʦʣʝ ʥʘ ʪʝʥʝʚʦʡ (ʥʝʦʩʚʝʱʝʥʥʦʡ) ʩʪʦʨʦʥʝ ʩʯʠʪʘʝʪʩʷ ʨʘʚʥʳʤ ʥʫʣʶ, ʪʦ ʝʩʪʴ 

ʠʤʝʝʪʩʷ ʨʘʟʨʳʚ ʧʦʣʷ ʧʨʠ ʧʝʨʝʭʦʜʝ ʯʝʨʝʟ ʛʨʘʥʠʮʫ ʩʚʝʪ-ʪʝʥʴ.  

ʌʦʨʤʫʣʠʨʦʚʢʠ ʤʝʪʦʜʘ ʂʠʨʭʛʦʬʘ, ʧʨʠʤʝʥʷʝʤʳʝ ʚ ʠʥʞʝʥʝʨʥʦʡ ʧʨʘʢʪʠʢʝ, 

ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʚ ʧʝʨʚʦʡ ʧʦʣʦʚʠʥʝ XX ʚʝʢʘ ʚ ʨʘʙʦʪʘʭ ʈʫʙʠʥʦʚʠʯʘ [26], 

ʂʦʪʪʣʝʨʘ [27], ʃʘʨʤʦʨʘ [28], ʃʘʚʘ [29], ʀʛʥʘʪʦʚʩʢʦʛʦ [30], ʄʘʢʜʦʥʘʣʴʜʘ [31].  

ʑʝʣʢʫʥʦʚ ʩʬʦʨʤʫʣʠʨʦʚʘʣ ʥʝʩʢʦʣʴʢʦ ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʭ ʪʝʦʨʝʤ 

ʵʣʝʢʪʨʦʜʠʥʘʤʠʢʠ [32, 33]. ɺ ʯʘʩʪʥʦʩʪʠ, ʦʥ ʩʬʦʨʤʫʣʠʨʦʚʘʣ ʫʧʦʤʷʥʫʪʫʶ ʚʳʰʝ 

ʪʝʦʨʝʤʫ ʠ ʥʘʟʚʘʣ ʝʝ çʧʨʠʥʮʠʧ ʵʢʚʠʚʘʣʝʥʪʥʦʩʪʠè, ʧʨʠ ʵʪʦʤ ʘʚʪʦʨ ʚʳʨʘʞʘʝʪ ʧʦʣʷ 

ʯʝʨʝʟ ʚʝʢʪʦʨʥʳʝ ʧʦʪʝʥʮʠʘʣ,r ʢʦʪʦʨʳʝ ʚ ʩʚʦʶ ʦʯʝʨʝʜʴ ʚʳʨʘʞʘʶʪʩʷ ʯʝʨʝʟ ʪʦʢʠ 

ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ. ʌʦʨʤʫʣʠʨʦʚʢʘ ʧʨʠʥʮʠʧʘ ʵʢʚʠʚʘʣʝʥʪʥʦʩʪʠ: ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ S 

ʤʦʞʝʪ ʙʳʪʴ ʥʘʡʜʝʥʦ ʪʘʢʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʵʣʝʢʪʨʠʯʝʩʢʠʭ ʠ ʤʘʛʥʠʪʥʳʭ ʪʦʢʦʚ, 

ʢʦʪʦʨʳʝ ʟʘ ʧʨʝʜʝʣʘʤʠ ʧʦʚʝʨʭʥʦʩʪʠ ʚʦʟʙʫʞʜʘʶʪ ʪʘʢʦʝ ʞʝ ʧʦʣʝ, ʢʘʢ ʠ ʧʦʣʝ ʦʪ 

ʨʝʘʣʴʥʳʭ ʟʘʜʘʥʥʳʭ ʠʩʪʦʯʥʠʢʦʚ ʚʥʫʪʨʠ S; ʘ ʪʘʢʞʝ ʢʦʪʦʨʳʝ ʚʥʫʪʨʠ S ʩʦʟʜʘʶʪ 

ʪʘʢʦʝ ʞʝ ʧʦʣʝ, ʢʘʢ ʠ ʩʦʟʜʘʚʘʝʤʦʝ ʨʝʘʣʴʥʳʤʠ ʠʩʪʦʯʥʠʢʘʤʠ ʚʥʝ S. 

ɺ ʠʟʚʝʩʪʥʦʡ ʩʪʘʪʴʝ ʉʪʨʵʪʪʦʥʘ ʠ ʏʫ [34] ʘʚʪʦʨʳ ʦʙʦʙʱʠʣʠ ʚʳʚʦʜʳ 

ʂʦʪʪʣʝʨʘ ʠ ʧʨʠʩʧʦʩʦʙʠʣʠ ʠʭ ʜʣʷ ʠʥʞʝʥʝʨʥʳʭ ʚʳʯʠʩʣʝʥʠʡ, ʪʘʢʠʤ ʦʙʨʘʟʦʤ 

ʩʦʟʜʘʚ ʫʜʦʙʥʳʡ ʘʧʧʘʨʘʪ ʨʘʩʯʝʪʘ ʧʦʣʝʡ ʚ ʧʨʠʙʣʠʞʝʥʠʠ ʌʆ. ʌʦʨʤʫʣʘ 

ʉʪʨʵʪʪʦʥʘ-ʏʫ ʷʚʣʷʝʪʩʷ ʰʠʨʦʢʦ ʨʘʩʧʨʦʩʪʨʘʥʝʥʥʳʤ ʚʳʨʘʞʝʥʠʝʤ ʜʣʷ ʨʘʩʯʝʪʘ 

ʧʦʣʝʡ ʧʦ ʟʘʜʘʥʥʳʤ ʠʩʪʦʯʥʠʢʘʤ ʚ ʟʘʜʘʯʘʭ ʜʠʬʨʘʢʮʠʠ. 

ɼʣʷ ʚʳʚʦʜʘ ʚʳʨʘʞʝʥʠʷ ʧʦʣʷ ʚʥʫʪʨʠ ʟʘʤʢʥʫʪʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʯʝʨʝʟ 

ʩʦʩʪʘʚʣʷʶʱʠʝ ʵʪʦʛʦ ʧʦʣʷ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʤʳ ʧʨʠʤʝʥʷʝʤ ʣʝʤʤʫ ʃʦʨʝʥʮʘ. ɺ (28) 

ʧʦʣʦʞʠʤ F1=F ï ʧʦʣʝ ʩ ʠʩʪʦʯʥʠʢʘʤʠ ʚ ʦʙʲʸʤʝ V, ʫʜʦʚʣʝʪʚʦʨʷʶʱʝʝ ʚʥʫʪʨʠ 

ʧʦʚʝʨʭʥʦʩʪʠ S ʫʨʘʚʥʝʥʠʶ ʄʘʢʩʚʝʣʣʘ (4) ʠ ʫʩʣʦʚʠʶ ʠʟʣʫʯʝʥʠʷ ʥʘ 

ʙʝʩʢʦʥʝʯʥʦʩʪʠ, F2= FD ï ʧʦʣʝ ʵʣʝʤʝʥʪʘʨʥʦʛʦ ʜʠʧʦʣʷ, ʩʦʩʨʝʜʦʪʦʯʝʥʥʦʛʦ ʚ ʪʦʯʢʝ 

r 0, ʢʦʪʦʨʘʷ ʤʦʞʝʪ ʙʳʪʴ ʣʠʙʦ ʩʪʨʦʛʦ ʚʥʫʪʨʝʥʥʝʡ, ʣʠʙʦ ʩʪʨʦʛʦ ʥʘʨʫʞʥʦʡ 

ʦʪʥʦʩʠʪʝʣʴʥʦ ʛʨʘʥʠʮʳ S, (ʪʦ ʝʩʪʴ, ʨʘʩʩʪʦʷʥʠʝ ʦʪ ʵʪʦʡ ʪʦʯʢʠ ʜʦ ʛʨʘʥʠʮʳ S 

ʩʪʨʦʛʦ ʙʦʣʴʰʝ ʥʝʢʦʪʦʨʦʛʦ ʧʦʣʦʞʠʪʝʣʴʥʦʛʦ ʯʠʩʣʘ Ů), a ï ʝʜʠʥʠʯʥʳʡ ʚʝʢʪʦʨ 

ʚʜʦʣʴ ʜʠʧʦʣʷ. ʋʨʘʚʥʝʥʠʝ ʧʦʣʷ ʜʠʧʦʣʷ:  
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    ( )2 2 0 .rot k- = d -+F F a r r  (29)  

ʈʝʰʝʥʠʝ ʫʨʘʚʥʝʥʠʷ ʩ ʪʘʢʦʡ ʧʨʘʚʦʡ ʯʘʩʪʴʶ ʥʘʟʳʚʘʶʪ ʬʫʥʢʮʠʝʡ ɻʨʠʥʘ. 

ɿʜʝʩʴ ʠ ʚʝʟʜʝ ʜʘʣʝʝ ʤʳ ʙʫʜʝʤ ʨʘʩʩʤʘʪʨʠʚʘʪʴ ʚʥʝʰʥʶʶ ʟʘʜʘʯʫ ï ʥʘʭʦʞʜʝʥʠʝ 

ʧʦʣʷ ʚʥʝ ʦʙʣʘʩʪʠ, ʩʦʜʝʨʞʘʱʝʡ ʠʩʪʦʯʥʠʢʠ, ʭʦʪʷ ʚʩʝ ʚʳʨʘʞʝʥʠʷ ʩʧʨʘʚʝʜʣʠʚʳ ʠ 

ʜʣʷ ʚʥʫʪʨʝʥʥʝʡ ʟʘʜʘʯʠ. ʇʦʣʥʳʡ ʚʳʚʦʜ ʚʳʨʘʞʝʥʠʡ ʜʣʷ ʚʩʝʭ ʩʣʫʯʘʝʚ ʧʨʠʚʝʜʝʥ ʚ 

ʇʨʠʣʦʞʝʥʠʠ 1. ʇʨʠʤʝʥʠʤ ʣʝʤʤʫ ʃʦʨʝʥʮʘ ʠ ʧʦʜʩʪʘʚʠʤ ʚ ʥʝʝ ʚʳʨʘʞʝʥʠʷ ʜʣʷ 

ʧʦʣʝʡ ʜʠʧʦʣʷ 

    [ ]( ) ( )( ){ }, , , , ,D D D

S V

ds dv= -ññ ñññF F n j F j F  (30)  

[ ]( )D D, , ( , ) ( ( ), ) .

S V V

ds dv p - q dv- = - dññ ñññ ñññF F n j F a F  (31)  

ʠʣʠ 

( )D D( , ( )) , ( , ) .

S V

p ds dv= +ññ ññña F F J j F  (32)  

ʛʜʝ [ ],=J F n  - ʚʝʢʪʦʨ, ʩʦʜʝʨʞʘʱʠʡ ʪʘʥʛʝʥʮʠʘʣʴʥʳʝ ʩʦʩʪʘʚʣʷʶʱʠʝ ʧʦʣʷ, 

ʥʘʟʳʚʘʝʤʳʡ ʵʢʚʠʚʘʣʝʥʪʥʦʡ ʧʣʦʪʥʦʩʪʴʶ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʪʦʢʘ. ʇʦʜʩʪʘʚʣʷʷ (23) 

ʚ (32) ʠ ʧʨʦʚʦʜʷ ʚʝʢʪʦʨʥʳʝ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʧʦʣʫʯʘʝʤ 

( ) ( )
()

( )
( )( )

0 0 0 0

0 0 0 0

0

0 0 0 0
, , , ,

0

0 0 0 0
, , , ,2

0 0
0 ,

,
( , , ) ( , , ) ;

0,

3 3 2
( , , ) 1 , , 1 ;

;

S V

ʜʣʷ S
ik ik G ds G dv

ʜʣʷ S

i i i
i

k k k kk

ë ûë Îî î
- - r + r =ì ü ì

Ííî îí ý

å õå õ å õ
è øæ ör = - ° + - - -æ ö æ öê úæ ör r r rrç ÷ ç ÷ç ÷

-
r= - =

ññ ñññr r r r r r r r r r

r r r r r r r r

r r

F r r
b r J b r j

r

b r J J r J J r r J

r r
r r r

0,
0

; .
4

ike
G

- r

=
- pr

r r
r r

 (33)  

ʇʦʣʘʛʘʷ ʧʨʠ ʚʳʚʦʜʝ ʥʘʣʠʯʠʝ ʨʘʟʨʳʚʘ ʧʦʣʷ ʥʘ ʯʘʩʪʠ ʧʦʚʝʨʭʥʦʩʪʠ, ʤʦʞʥʦ 

ʧʦʣʫʯʠʪʴ ʘʥʘʣʦʛ ʬʦʨʤʫʣʳ ʉʪʨʵʪʪʦʥʘ-ʏʫ [34] ʜʣʷ ʥʝʟʘʤʢʥʫʪʳʭ ʧʦʚʝʨʭʥʦʩʪʝʡ: 

()( ) [ ]( ) [ ]( )

( ){ }( ) ( )( )

, , , , , ,

1 1
, , , ,

S S

S S

p k ds grad ds

rot grad ds grad rot ds
k k

è ø= y - yê ú

y ° y

ññ ññ

ññ ññ

F a F a n F a n

n a F a n F

 (34)  
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ʀʣʠ, ʧʨʠʤʝʥʷʷ ʢ ʦʙʣʘʩʪʠ ʨʘʟʨʳʚʘ ʪʝʦʨʝʤʫ ʉʪʦʢʩʘ, ʧʦʣʫʯʘʝʤ ʬʦʨʤʫʣʫ 

ʉʪʨʵʪʪʦʥʘ-ʏʫ ʩ ʢʦʥʪʫʨʥʳʤ ʠʥʪʝʛʨʘʣʦʤ, ʚʧʝʨʚʳʝ ʚʚʝʜʝʥʥʳʤ ʂʦʪʪʣʝʨʦʤ [27] ʜʣʷ 

ʥʝʟʘʤʢʥʫʪʳʭ ʧʦʚʝʨʭʥʦʩʪʝʡ 

() [ ] [ ] ( )( )

( )

0 0 0

0 0

0 0
0 , , ,

0
, ,

, 1 , , ,

1 , ;

S

L

i
k i G ds

k

i
i G d

k

ë ûå õ
è ø= + - - °ì üæ öê úrç ÷í ý

å õ
° -æ ö

rç ÷

ññ

ñ

r r r r r r r

r r r r r

F r n F n F r n F r

r F l

 (35)  

ɺ ʬʦʨʤʫʣʝ (35) ʥʦʨʤʘʣʴ ʚʥʫʪʨʝʥʥʷʷ, ʥʘʧʨʘʚʣʝʥʠʝ ʦʙʭʦʜʘ ʢʦʥʪʫʨʘ ʜʦʣʞʥʦ 

ʙʳʪʴ ʩʦʛʣʘʩʦʚʘʥʦ ʩ ʦʨʠʝʥʪʘʮʠʝʡ ʧʦʚʝʨʭʥʦʩʪʠ: ʦʙʭʦʜ ʚ ʠʥʪʝʛʨʘʣʝ ʧʦ ʢʦʥʪʫʨʫ 

ʧʨʦʠʩʭʦʜʠʪ ʪʘʢ, ʯʪʦ ʝʩʣʠ ʩʤʦʪʨʝʪʴ ʩ ʢʦʥʮʘ ʚʝʢʪʦʨʘ ʥʦʨʤʘʣʠ, ʪʦ ʧʨʠ ʦʙʭʦʜʝ 

ʢʦʥʪʫʨʘ ʧʦʚʝʨʭʥʦʩʪʴ ʜʦʣʞʥʘ ʦʩʪʘʚʘʪʴʩʷ ʩʣʝʚʘ ʦʪ ʢʨʘʷ. 

ɺ ʬʦʨʤʫʣʝ ʉʪʨʵʪʪʦʥʘ-ʏʫ ʠʩʢʦʤʦʝ ʧʦʣʝ ʚʳʨʘʞʘʝʪʩʷ ʯʝʨʝʟ ʢʘʩʘʪʝʣʴʥʳʝ ʠ 

ʥʦʨʤʘʣʴʥʳʝ ʩʦʩʪʘʚʣʷʶʱʠʝ ʧʦʣʷ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ, ʘ ʪʘʢʞʝ ʯʝʨʝʟ ʠʥʪʝʛʨʘʣ ʧʦ 

ʢʦʥʪʫʨʫ ʧʦʚʝʨʭʥʦʩʪʠ. ʈʝʟʫʣʴʪʘʪ ʪʘʢʠʤ ʦʙʨʘʟʦʤ ʧʦʣʫʯʘʝʪʩʷ ʙʦʣʝʝ ʪʦʯʥʳʡ ʜʣʷ 

ʪʦʯʝʢ ʥʘʙʣʶʜʝʥʠʷ, ʨʘʩʧʦʣʦʞʝʥʥʳʭ ʚʙʣʠʟʠ ʥʝʟʘʤʢʥʫʪʳʭ ʧʦʚʝʨʭʥʦʩʪʝʡ, 

ʩʦʜʝʨʞʘʱʠʭ ʠʩʪʦʯʥʠʢʠ ʠʟʣʫʯʝʥʠʷ, ʪʘʢʠʭ ʢʘʢ ʘʧʝʨʪʫʨʘ, ʧʦʚʝʨʭʥʦʩʪʴ ʨʝʬʣʝʢʪʦʨʘ 

ʠ ʪ.ʜ. 

 

4. ʄʝʪʦʜ ʨʘʟʣʦʞʝʥʠʷ ʥʘ ʩʬʝʨʠʯʝʩʢʠʝ ʚʦʣʥʳ 

ʄʝʪʦʜ ʨʘʟʣʦʞʝʥʠʷ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʛʦ ʧʦʣ̫ ʚ ʨʷʜ ʧʦ ʩʬʝʨʠʯʝʩʢʠʤ 

ʛʘʨʤʦʥʠʢʘʤ ï ʦʜʠʥ ʠʟ ʰʠʨʦʢʦ ʧʨʠʤʝʥʷʝʤʳʭ ʠ ʵʬʬʝʢʪʠʚʥʳʭ ʤʝʪʦʜʦʚ ʜʣʷ 

ʨʝʰʝʥʠʷ ʤʥʦʛʦʯʠʩʣʝʥʥʳʭ ʟʘʜʘʯ ʘʥʪʝʥʥʦʡ ʠ ʉɺʏ ʪʝʭʥʠʢʠ. ʉʬʝʨʠʯʝʩʢʠʝ ʚʦʣʥʳ 

ï ʤʫʣʴʪʠʧʦʣʠ ï ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʵʣʝʤʝʥʪʘʨʥʳʝ ʨʝʰʝʥʠʷ ʫʨʘʚʥʝʥʠʡ 

ʄʘʢʩʚʝʣʣʘ ʜʣʷ ʩʚʦʙʦʜʥʦʛʦ ʧʨʦʩʪʨʘʥʩʪʚʘ, ʧʦʣʫʯʘʝʤʳʝ ʨʘʟʜʝʣʝʥʠʝʤ ʧʝʨʝʤʝʥʥʳʭ 

ʚ ʩʬʝʨʠʯʝʩʢʦʡ ʩʠʩʪʝʤʝ ʢʦʦʨʜʠʥʘʪ. ʄʝʪʦʜ ʨʘʟʣʦʞʝʥʠʷ ʥʘ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʳʝ 

ʤʫʣʴʪʠʧʦʣʠ ʦʩʥʦʚʘʥ ʥʘ ʪʦʤ, ʯʪʦ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʝ ʧʦʣʝ ʤʦʞʝʪ ʙʳʪʴ ʚʳʨʘʞʝʥʦ 

ʚ ʚʠʜʝ ʣʠʥʝʡʥʦʡ ʢʦʤʙʠʥʘʮʠʠ ʤʥʦʞʝʩʪʚʘ ʦʨʪʦʛʦʥʘʣʴʥʳʭ ʨʝʰʝʥʠʡ ʚ 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʡ ʩʠʩʪʝʤʝ ʢʦʦʨʜʠʥʘʪ ï ʚ ʚʠʜʝ ʨʷʜʘ ʌʫʨʴʝ. ʇʨʝʠʤʫʱʝʩʪʚʦ 

ʤʝʪʦʜʘ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʪʦʤ, ʯʪʦ, ʦʜʥʘʞʜʳ ʦʧʨʝʜʝʣʠʚ ʢʦʵʬʬʠʮʠʝʥʪʳ ʨʘʟʣʦʞʝʥʠʷ 

ʧʦ ʠʩʪʦʯʥʠʢʘʤ ʧʦʣʷ, ʟʘʜʘʥʥʳʤ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ, ʤʦʞʥʦ ʦʧʨʝʜʝʣʠʪʴ ʧʦʣʝ ʚ 
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ʧʨʘʢʪʠʯʝʩʢʠ ʣʶʙʦʡ ʪʦʯʢʝ ʧʨʦʩʪʨʘʥʩʪʚʘ. ʀʩʢʣʶʯʝʥʠʝ ʩʦʩʪʘʚʣʷʶʪ ʣʠʰʴ 

ʥʝʢʦʪʦʨʳʝ ʦʩʦʙʳʝ ʩʣʫʯʘʠ, ʧʨʦ ʢʦʪʦʨʳʝ ʙʫʜʝʪ ʩʢʘʟʘʥʦ ʜʘʣʝʝ.  

ʄʝʪʦʜ ʰʠʨʦʢʦ ʠʩʧʦʣʴʟʫʝʪʩʷ ʜʣʷ ʨʘʩʯʝʪʘ ʧʦʣʝʡ ʘʥʪʝʥʥ, ʧʝʨʝʩʯʝʪʘ 

ʙʣʠʞʥʝʛʦ ʧʦʣʷ ʚ ʧʦʣʝ ʚ ʜʘʣʴʥʝʡ ʟʦʥʝ ʠ ʨʘʩʯʝʪʘ ʜʠʘʛʨʘʤʤʳ ʥʘʧʨʘʚʣʝʥʥʦʩʪʠ 

ʠʟʣʫʯʝʥʠʷ, ʨʘʩʯʝʪʦʚ ʚʟʘʠʤʥʦʛʦ ʠʤʧʝʜʘʥʩʘ, ʘ ʪʘʢʞʝ ʚ ʜʨʫʛʠʭ ʟʘʜʘʯʘʭ ʘʥʪʝʥʥʦʡ 

ʪʝʭʥʠʢʠ. ʊʨʘʜʠʮʠʦʥʥʘ ̫ ʪʝʦʨʠʷ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʳʭ ʤʫʣʴʪʠʧʦʣʝʡ, 

ʩʬʦʨʤʫʣʠʨʦʚʘʥʥʘ ̫ʄʠ ʠ ɼʝʙʘʝʤ ʚ ʥʘʯʘʣʝ 20 ʚʝʢʘ, ʦʧʠʩʳʚʘʝʪ ʧʦʣʝ, ʚʳʨʘʞʝʥʥʦʝ 

ʚʝʢʪʦʨʘʤʠ E ʠ H, ʯʝʨʝʟ ʩʬʝʨʠʯʝʩʢʠʝ TE (ʤʘʛʥʠʪʥʳʝ) ʠ TM (ʵʣʝʢʪʨʠʯʝʩʢʠʝ) 

ʚʦʣʥʳ [35, 36, 37]: 

[ ]

[ ]

,

,

( , ) ( ) ( , ) ( , ) , ( ) ( , )

( , ) , ( ) ( , ) ( , ) ( ) ( , )

lm E l lm M l lm

l m

lm E l lm M l lm

l m

i
a l m f kr a l m g kr

k

i
a l m f kr a l m g kr

k

ë û
= q j - Ð q jì ü
í ý

ë û
= Ð q j + q jì ü
í ý

ä

ä

E X X

B X X

 (36)  

ʛʜʝ aE, aM ï ʢʦʵʬʬʠʮʠʝʥʪʳ ʨʘʟʣʦʞʝʥʠʷ ʧʦ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʤ ʚʦʣʥʘʤ, fl, gl ï 

ʨʘʜʠʘʣʴʥʳʝ ʬʫʥʢʮʠʠ, X lm ï ʫʛʣʦʚʳʝ ʚʝʢʪʦʨʥʳʝ ʩʬʝʨʠʯʝʩʢʠʝ ʛʘʨʤʦʥʠʢʠ, 

ʩʚʷʟʘʥʥʳʝ ʩʦ ʩʢʘʣʷʨʥʳʤʠ ʫʛʣʦʚʳʤʠ ʛʘʨʤʦʥʠʢʘʤʠ Ylm ʩʦʦʪʥʦʰʝʥʠʝʤ  

1
( , ) ( , ),
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+
X L  (37)  

ʛʜʝ ʩʢʘʣʷʨʥʳʝ ʩʬʝʨʠʯʝʩʢʠʝ ʛʘʨʤʦʥʠʢʠ 

( )
2 1 ( )!

( , ) cos .
4 ( )!

m im
lm l

l l m
Y P e

l m

j+ -
q j = J

p +
 (38)  

L - ʦʧʝʨʘʪʦʨ ʦʨʙʠʪʘʣʴʥʳʡ ʫʛʣʦʚʦʛʦ ʤʦʤʝʥʪʘ ʚ ʢʚʘʥʪʦʚʦʡ ʤʝʭʘʥʠʢʝ 

[ ]
1

, .
i
= ÐL r  (39)  

ʂʦʵʬʬʠʮʠʝʥʪʳ ʨʘʟʣʦʞʝʥʠʷ ʧʦ ʩʬʝʨʠʯʝʩʢʠʤ ʚʦʣʥʘʤ ʚ (36) ʪʨʘʜʠʮʠʦʥʥʦ 

ʦʧʨʝʜʝʣʷʶʪʩʷ ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʪʝʦʨʝʤʦʡ ʵʢʚʠʚʘʣʝʥʪʥʦʩʪʠ ï ʧʦ ʢʘʩʘʪʝʣʴʥʳʤ 

ʩʦʩʪʘʚʣʷʶʱʠʤ ʧʦʣʷ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʩʬʝʨʳ ʤʠʥʠʤʘʣʴʥʦʛʦ ʨʘʜʠʫʩʘ, ʩʦʜʝʨʞʘʱʝʡ 

ʚʩʝ ʠʩʪʦʯʥʠʢʠ ʠʟʣʫʯʝʥʠʷ. ɺʫʜʦʤ [38, 39] ʙʳʣ ʨʘʟʨʘʙʦʪʘʥ ʜʨʫʛʦʡ ʧʦʜʭʦʜ, 

ʦʩʥʦʚʘʥʥʳʡ ʥʘ ʩʦʛʣʘʩʦʚʘʥʠʠ ʨʘʟʣʦʞʝʥʠʷ ʩ ʧʦʣʝʤ ʠʩʪʦʯʥʠʢʘ ʠʟʣʫʯʝʥʠʷ. ɺ ʵʪʦʤ 

ʧʦʜʭʦʜʝ ʢʦʵʬʬʠʮʠʝʥʪʳ ʨʘʟʣʦʞʝʥʠʷ ʦʧʨʝʜʝʣʷʶʪʩʷ ʥʘʧʨʷʤʫʶ ʧʦ ʧʦʣʶ ʠʣʠ 

ʪʦʢʘʤ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʠʟʣʫʯʝʥʠʷ, ʧʨʠ ʵʪʦʤ ʚ ʦʙʱʝʤ ʩʣʫʯʘʝ ʥʝʦʙʭʦʜʠʤʦ ʟʥʘʥʠʝ 
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ʢʘʢ ʢʘʩʘʪʝʣʴʥʳʭ, ʪʘʢ ʠ ʥʦʨʤʘʣʴʥʳʭ ʩʦʩʪʘʚʣʷʶʱʠʭ ʧʦʣʷ. ʄʝʪʦʜ ʩʦʛʣʘʩʦʚʘʥʠʷ ʩ 

ʠʩʪʦʯʥʠʢʦʤ ʫʜʦʙʝʥ ʚ ʨʷʜʝ ʠʥʞʝʥʝʨʥʳʭ ʟʘʜʘʯ, ʪʘʢ ʢʘʢ ʦʪʩʫʪʩʪʚʫʝʪ 

ʥʝʦʙʭʦʜʠʤʦʩʪʴ ʦʧʨʝʜʝʣʝʥʠʷ ʧʦʣʷ ʥʘ ʩʬʝʨʝ. ʄʝʪʦʜ ʦʧʨʝʜʝʣʝʥʠʷ ʢʦʵʬʬʠʮʠʝʥʪʦʚ 

ʨʘʟʣʦʞʝʥʠʷ ʧʦ ʢʘʩʘʪʝʣʴʥʳʤ ʩʦʩʪʘʚʣʷʶʱʠʤ ʧʦʣʷ ʥʘ ʩʬʝʨʝ ʫʜʦʙʝʥ, ʥʘʧʨʠʤʝʨ, 

ʧʨʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʠʟʤʝʨʝʥʠʷʭ ʚ ʙʝʟʵʭʦʚʦʡ ʢʘʤʝʨʝ ʚ ʙʣʠʞʥʝʡ ʟʦʥʝ ʩ 

ʜʘʣʴʥʝʡʰʠʤ ʧʝʨʝʩʯʝʪʦʤ ʧʦʣʷ ʚ ʜʘʣʴʥʶʶ ʟʦʥʫ. 

ɹʦʣʝʝ ʦʙʱʠʡ ʠ ʵʬʬʝʢʪʠʚʥʳʡ ʘʧʧʘʨʘʪ ʩʬʝʨʠʯʝʩʢʠʭ ʬʫʥʢʮʠʡ ʙʳʣ ʩʦʟʜʘʥ ʚ 

ʪʝʦʨʠʠ ʧʨʝʜʩʪʘʚʣʝʥʠʡ ʛʨʫʧʧ [40, 41, 42]. ʉʬʝʨʠʯʝʩʢʠʝ ʛʘʨʤʦʥʠʢʠ ʚʝʢʪʦʨʦʚ 

ʈʠʤʘʥʘ-ɿʠʣʴʙʝʨʰʪʝʡʥʘ ʚ ʩʧʠʨʘʣʴʥʳʭ ʢʦʦʨʜʠʥʘʪʘʭ ʧʨʦʩʪʦ ʚʳʨʘʞʘʝʪʩʷ ʯʝʨʝʟ D-

ʬʫʥʢʮʠʠ ɺʠʛʥʝʨʘ, ʢʦʪʦʨʳʝ ʙʳʣʠ ʚʚʝʜʝʥʳ ʚ ʢʚʘʥʪʦʚʦʡ ʤʝʭʘʥʠʢʝ ʚ 1930-ʭ ʛʦʜʘʭ 

ʜʣʷ ʬʦʨʤʘʣʠʟʘʮʠʠ ʚʳʯʠʩʣʝʥʠʡ ʩ ʚʝʢʪʦʨʥʳʤʠ ʠ ʪʝʥʟʦʨʥʳʤʠ ʤʥʦʛʦʤʝʨʥʳʤʠ 

ʬʠʟʠʯʝʩʢʠʤʠ ʦʙʲʝʢʪʘʤʠ. ʕʪʠ ʬʫʥʢʮʠʠ ʠʤʝʶʪ ʭʦʨʦʰʦ ʨʘʟʨʘʙʦʪʘʥʥʦʝ 

ʤʘʪʝʤʘʪʠʯʝʩʢʦʝ ʦʧʠʩʘʥʠʝ, ʢʘʢ ʧʦʢʘʟʘʥʦ ʚ ʢʥʠʛʘʭ [41, 42, 43]. 

ɺʳʨʘʞʝʥʠʷ ʜʣʷ ʨʘʟʣʦʞʝʥʠʷ ʧʦʣʷ ʚ ʨʷʜ ʧʦ ʵʣʝʢʪʨʠʯʝʩʢʠʤ ʠ ʤʘʛʥʠʪʥʳʤ 

ʤʫʣʴʪʠʧʦʣʷʤ (36) ʚʢʣʶʯʘʶʪ ʨʘʜʠʘʣʴʥʳʝ ʠ ʚʝʢʪʦʨʥʳʝ ʩʬʝʨʠʯʝʩʢʠʝ ʬʫʥʢʮʠʠ, ʘ 

ʪʘʢʞʝ ʧʨʦʠʟʚʦʜʥʳʝ ʵʪʠʭ ʬʫʥʢʮʠʡ ʩ ʥʝʢʦʪʦʨʳʤʠ ʢʦʵʬʬʠʮʠʝʥʪʘʤʠ. ʂʘʢ ʙʫʜʝʪ 

ʧʦʢʘʟʘʥʦ ʜʘʣʝʝ, ʨʘʟʣʦʞʝʥʠʝ ʧʦʣʷ ʚ ʨʷʜ ʧʦ ʚʝʢʪʦʨʥʳʤ ʩʬʝʨʠʯʝʩʢʠʤ ʛʘʨʤʦʥʠʢʘʤ 

ʧʨʦʱʝ ʠ ʫʜʦʙʥʝʝ, ʚʢʣʶʯʘʝʪ ʚ ʩʝʙʷ ʪʦʣʴʢʦ ʜʠʬʬʝʨʝʥʮʠʨʦʚʘʥʠʝ ʩʬʝʨʠʯʝʩʢʠʭ 

ʬʫʥʢʮʠʡ ɹʝʩʩʝʣʷ. 

4.1. ʄʘʪʝʤʘʪʠʯʝʩʢʠʝ ʦʩʥʦʚʳ ï ʩʧʠʨʘʣʴʥʳʡ ʙʘʟʠʩ ʠ ʦʙʦʙʱʝʥʥʳʝ 

ʚʝʢʪʦʨʥʳʝ ʩʬʝʨʠʯʝʩʢʠʝ ʛʘʨʤʦʥʠʢʠ. 

ɺ ʪʝʦʨʠʠ ʚʝʢʪʦʨʦʚ ʈʠʤʘʥʘ-ɿʠʣɹʙʝʨʰʪʝʡʥʘ ʫʜʦʙʥʦ ʦʧʝʨʠʨʦʚʘʪʴ 

ʩʠʩʪʝʤʘʤʠ ʢʦʦʨʜʠʥʘʪ, ʦʧʠʩʳʚʘʶʱʠʤʠ ʚʨʘʱʝʥʠʷ ʚʝʢʪʦʨʦʚ. ɼʣʷ ʦʧʠʩʘʥʠʷ ʧʦʣʝʡ 

ʧʨʠʤʝʥʷʶʪʩʷ ʢʘʢ ʩʪʘʥʜʘʨʪʥʳʝ ï ʜʝʢʘʨʪʦʚʳ, ʩʬʝʨʠʯʝʩʢʠʝ, ʮʠʣʠʥʜʨʠʯʝʩʢʠʝ 

ʩʠʩʪʝʤʳ ʢʦʦʨʜʠʥʘʪ, ʪʘʢ ʠ ʩʧʝʮʠʬʠʯʝʩʢʠʝ ï ʮʠʢʣʠʯʝʩʢʠʝ (ʚʤʝʩʪʦ 

ʮʠʣʠʥʜʨʠʯʝʩʢʠʭ) ʠ ʩʧʠʨʘʣʴʥʳʝ (ʚʤʝʩʪʦ ʩʬʝʨʠʯʝʩʢʠʭ) ʢʦʦʨʜʠʥʘʪʳ. ʅʠʞʝ ʙʫʜʫʪ 

ʫʢʘʟʘʥʳ ʦʩʥʦʚʥʳʝ ʬʦʨʤʫʣʳ, ʭʘʨʘʢʪʝʨʠʟʫʶʱʠʝ ʩʠʩʪʝʤʳ ʢʦʦʨʜʠʥʘʪ. ʇʨʠ ʵʪʦʤ 

ʜʣʷ ʮʠʢʣʠʯʝʩʢʠʭ ʠ ʩʧʠʨʘʣʴʥʳʭ ʩʠʩʪʝʤ ʢʦʦʨʜʠʥʘʪ ʠʟ-ʟʘ ʠʭ ʢʦʤʧʣʝʢʩʥʦʩʪʠ 

ʥʝʦʙʭʦʜʠʤʦ ʦʪʣʠʯʘʪʴ ʢʦʚʘʨʠʘʥʪʥʳʝ ʠ ʢʦʥʪʨʘʚʘʨʠʘʥʪʥʳʝ ʦʨʪʳ ʠ ʚʝʢʪʦʨʳ. 
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ɼʣʷ ʦʧʠʩʘʥʠʷ ʠ ʚʳʚʦʜʘ ʬʦʨʤʫʣ ʜʣʷ ʩʬʝʨʠʯʝʩʢʠʭ ʛʘʨʤʦʥʠʢ ʚʝʢʪʦʨʦʚ ʈ-ɿ 

ʥʘʤ ʥʝʦʙʭʦʜʠʤʦ ʙʫʜʝʪ ʚʚʝʩʪʠ ʚʳʰʝʫʢʘʟʘʥʥʳʝ ʩʠʩʪʝʤʳ ʢʦʦʨʜʠʥʘʪ, ʦʧʨʝʜʝʣʠʪʴ 

ʩʢʘʣʷʨʥʦʝ ʠ ʚʝʢʪʦʨʥʦʝ ʧʨʦʠʟʚʝʜʝʥʠʝ, ʘ ʪʘʢʞʝ ʚʚʝʩʪʠ ʦʙʦʙʱʝʥʥʳʝ ʩʬʝʨʠʯʝʩʢʠʝ 

ʛʘʨʤʦʥʠʢʠ. 

ʎʠʢʣʠʯʝʩʢʠʝ ʦʨʪʳ ʙʫʜʫʪ ʧʨʠʤʝʥʷʪʴʩʷ ʚ ʟʘʜʘʯʘʭ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʚʦʣʥ, 

ʛʜʝ ʪʨʘʜʠʮʠʦʥʥʦ ʧʨʠʤʝʥʷʶʪʩʷ ʮʠʣʠʥʜʨʠʯʝʩʢʠʝ ʢʦʦʨʜʠʥʘʪʳ. ʎʠʢʣʠʯʝʩʢʠʝ 

ʢʦʚʘʨʠʘʥʪʥʳʝ ʦʨʪʳ [43] 

1
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 (40)  

ʎʠʢʣʠʯʝʩʢʠʝ ʢʦʥʪʨʘʚʘʨʠʘʥʪʥʳʝ ʦʨʪʳ 
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 (41)  

ʉʧʠʨʘʣʴʥʳʝ ʦʨʪʳ ʙʫʜʫʪ ʧʨʠʤʝʥʷʪʴʩʷ ʚ ʜʘʣʴʥʝʡʰʝʤ ʚʤʝʩʪʦ ʩʬʝʨʠʯʝʩʢʠʭ. 

ʉʧʠʨʘʣʴʥʳʝ ʢʦʚʘʨʠʘʥʪʥʳʝ ʦʨʪʳ 
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 (42)  

ʉʧʠʨʘʣʴʥʳʝ ʢʦʥʪʨʘʚʘʨʠʘʥʪʥʳʝ ʦʨʪʳ 
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ʇʨʦʠʟʚʦʣʴʥʳʡ ʚʝʢʪʦʨ ʤʦʞʝʪ ʙʳʪʴ ʧʨʝʜʩʪʘʚʣʝʥ ʚ ʮʠʢʣʠʯʝʩʢʠʭ ʠ 

ʩʧʠʨʘʣʴʥʳʭ ʢʦʦʨʜʠʥʘʪʘʭ ʚ ʚʠʜʝ 

( 1) ( 1)A A A Am m m m -m m
m m -m m

m m m m

= = = - = -ä ä ä äA e e e e  (44)  

ʉʚʷʟʴ ʤʝʞʜʫ ʢʦʤʧʦʥʝʥʪʘʤʠ ʚʝʢʪʦʨʦʚ (ʢʦʚʘʨʠʘʥʪʥʳʤʠ ʠ 

ʢʦʥʪʨʚʘʨʠʘʥʪʥʳʤʠ) ʚ ʨʘʟʣʠʯʥʳʭ ʩʠʩʪʝʤʘʭ ʢʦʦʨʜʠʥʘʪ ʪʘʢʘʷ ʞʝ, ʢʘʢ ʠ ʩʚʷʟʴ 

ʤʝʞʜʫ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʤʠ ʦʨʪʘʤʠ. ɼʦʧʫʩʪʠʤ, ʠʤʝʝʪʩʷ ʚʝʢʪʦʨ F, ʟʘʜʘʥʥʳʡ ʚ 

ʮʠʢʣʠʯʝʩʢʠʭ ʠʣʠ ʩʧʠʨʘʣʴʥʳʭ ʢʦʦʨʜʠʥʘʪʘʭ. ʀʩʧʦʣʴʟʫʝʤ ʢʦʚʘʨʠʘʥʪʥʳʝ 

ʢʦʤʧʦʥʝʥʪʳ ʚ ʢʦʥʪʨʘʚʘʨʠʘʥʪʥʦʤ ʙʘʟʠʩʝ, ʪʦ ʝʩʪʴ 

1 0 1
1 0 1F F F+ -
+ -= + +F e e e  (45)  

ʉʦʧʨʷʞʸʥʥʳʡ ʚʝʢʪʦʨ ʠʤʝʝʪ ʩʣʝʜʫʶʱʝʝ ʚʳʨʘʞʝʥʠʝ ʚ ʩʧʠʨʘʣʴʥʦʤ ʙʘʟʠʩʝ: 

( ) ( ) ( )1 0 1 1 0 1
1 0 1 1 0 1F F F F F F

* * *
* * + * * - * + * * -

+ - - += + + =- + -F e e e e e e  (46)  

ʉʢʘʣʷʨʥʦʝ ʠ ʚʝʢʪʦʨʥʦʝ ʧʨʦʠʟʚʝʜʝʥʠʝ ʚ ʮʠʢʣʠʯʝʩʢʠʭ ʠ ʩʧʠʨʘʣʴʥʳʭ 

ʢʦʦʨʜʠʥʘʪʘʭ 
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+ -
+ + - + + - - -

* * *
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= = = - = -

= + +

= =-
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è ø=- +
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A B

e e ee e e

A B

A B e e e

A B ( ) ( )1 0 1
1 1 1 1 1 0 0 1i A B A B i A B A B+ * * * * -
- - + + - +- - + +e e e

 
(47)  

ɺʨʘʱʝʥʠʝ ʦʙʲʝʢʪʦʚ ʚ ʪʨʝʭʤʝʨʥʦʤ ʧʨʦʩʪʨʘʥʩʪʚʝ ʦʧʨʝʜʝʣʷʝʪʩʷ ʪʨʝʤʷ 

ʫʛʣʘʤʠ ʕʡʣʝʨʘ ű, ɗ, ɣ, ʛʜʝ ʫʛʣʳ ű, ɗ ʦʧʨʝʜʝʣʷʶʪ ʩʬʝʨʠʯʝʩʢʠʝ ʢʦʦʨʜʠʥʘʪʳ 

ʧʦʣʦʞʝʥʠʷ ʥʦʚʦʡ ʩʠʩʪʝʤʳ ʢʦʦʨʜʠʥʘʪ, ʫʛʦʣ ɣ ï ʵʪʦ ʫʛʦʣ ʧʦʚʦʨʦʪʘ ʦʙʲʝʢʪʦʚ 

ʦʪʥʦʩʠʪʝʣʴʥʦ ʥʦʚʦʡ ʦʩʠ (ʨʠʩ.1). ɼʣʷ ʠʥʚʘʨʠʘʥʪʥʦʛʦ ʚʳʨʘʞʝʥʠʷ ʬʠʟʠʯʝʩʢʠʭ 

ʚʝʣʠʯʠʥ ʠʩʧʦʣʴʟʫʶʪʩʷ ʪʘʢ ʥʘʟʳʚʘʝʤʳʝ çʤʘʪʨʠʯʥʳʝ ʵʣʝʤʝʥʪʳ ʥʝʧʨʠʚʦʜʠʤʳʭ 

ʧʨʝʜʩʪʘʚʣʝʥʠʡ ʛʨʫʧʧʳ ʚʨʘʱʝʥʠʷè. ʆʥʠ ʚʳʨʘʞʘʶʪʩʷ ʯʝʨʝʟ ʫʛʣʳ ʕʡʣʝʨʘ [43] ʠ 

ʚʢʣʶʯʘʶʪ ʩʧʝʮʠʘʣʴʥʳʝ ʩʬʝʨʠʯʝʩʢʦʝ ʬʫʥʢʮʠʠ ( ), cosn
m lP J  
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( )( )
, (cos ) , max , .n i m l

m lP e n m l- j+ yJ ²  (48)  

 

ʈʠʩ. 1.  ʋʛʣʳ ʕʡʣʝʨʘ ʧʦʚʦʨʦʪʘ ʩʠʩʪʝʤʳ ʢʦʦʨʜʠʥʘʪ. 

ɺ ʩʧʝʢʪʨʘʣʴʥʦʤ ʯʘʩʪʦʪʥʦʤ ʧʨʝʜʩʪʘʚʣʝʥʠʠ ʫʛʦʣ ɣ ʥʝ ʠʩʧʦʣʴʟʫʝʪʩʷ, ʦʥ 

ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʚʨʘʱʝʥʠʶ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʚʨʝʤʝʥʠ ɣ=ɤt, ʘ ʠʥʜʝʢʩ l  

ʦʧʨʝʜʝʣʷʝʪ ʚʝʢʪʦʨʥʫʶ ʩʦʩʪʘʚʣʷʶʱʫʶ, ʢʦʪʦʨʘʷ ʚʨʘʱʘʝʪʩʷ ʩʦʛʣʘʩʦʚʘʥʥʦ ʠʣʠ 

ʧʨʦʪʠʚʦʧʦʣʦʞʥʦ ʧʦʧʝʨʝʯʥʦʡ ʩʦʩʪʘʚʣʷʶʱʝʡ ʚ ʜʘʣʴʥʝʡ ʟʦʥʝ, ʣʠʙʦ ʥʝ ʚʨʘʱʘʝʪʩʷ, 

ʧʦʜʦʙʥʦ ʨʘʜʠʘʣʴʥʦʡ ʩʦʩʪʘʚʣʷʶʱʝʡ.  ʌʫʥʢʮʠʠ  ( ){ }, cosn i m
m lP e- jJ  ʤʳ ʥʘʟʳʚʘʝʤ 

ʦʙʦʙʱʝʥʥʳʤʠ ʩʬʝʨʠʯʝʩʢʠʤʠ ʛʘʨʤʦʥʠʢʘʤʠ. ʉʦʚʦʢʫʧʥʦʩʪʴ ʛʘʨʤʦʥʠʢ ʩ 

ʠʥʜʝʢʩʘʤʠ l=0,Ñ1 ʬʦʨʤʠʨʫʶʪ ʦʜʥʫ ʚʝʢʪʦʨʥʫʶ ʩʬʝʨʠʯʝʩʢʫʶ ʛʘʨʤʦʥʠʢʫ. 

ʌʫʥʢʮʠʠ ( ){ }, cosn im
m lP e- jJ  ʬʦʨʤʠʨʫʶʪ ʧʦʣʥʳʡ ʦʨʪʦʛʦʥʘʣʴʥʳʡ ʙʘʟʠʩ ʬʫʥʢʮʠʡ 

ʜʣʷ ʢʦʤʧʦʥʝʥʪ ʧʨʦʠʟʚʦʣʴʥʦʡ ʢʚʘʜʨʘʪʠʯʥʦ-ʠʥʪʝʛʨʠʨʫʝʤʦʡ ʚʝʢʪʦʨʥʦʡ ʬʫʥʢʮʠʠ                                          

1 0 1
1 0 1F F F+ -
+ -= + +F e e e , ʦʧʨʝʜʝʣʝʥʥʦʡ ʥʘ ʩʬʝʨʝ. ʋʩʣʦʚʠʝ ʦʨʪʦʛʦʥʘʣʴʥʦʩʪʠ 

( ) ( )1 2 1 2

1 2

2
*

1, 2
1 1, 2, ,

0 0

(cos ) (cos ) sin 4 / (2 1) .
i m m n n n n

m mm l m l
e P P d d n

pp
- j

J J J J j= p + dññ  (49)  

ʌʫʥʢʮʠʠ ( ){ }, cosn im
m lP e- jJ  ʩʚʷʟʘʥʳ ʩ D-ʬʫʥʢʮʠʷʤʠ ɺʠʛʥʝʨʘ [43]: 

, ,

, ,

(cos ) ( ) ( , )

(cos ) ( ) ( )

n im m l n
m l m l

n m l n
m l m l

P e i D

P i d

- j -

-

q = - Ö j q

q = - Ö q
 (50)  

D-ʬʫʥʢʮʠʠ ɺʠʛʥʝʨʘ, ʠʣʠ ʬʫʥʢʮʠʠ ( ){ }, cosn im
m lP e- jJ  ï ʵʪʦ ʧʦʣʥʳʡ ʥʘʙʦʨ 

ʤʘʪʨʠʯʥʳʭ ʵʣʝʤʝʥʪʦʚ ʥʝʧʨʠʚʦʜʠʤʳʭ ʧʨʝʜʩʪʘʚʣʝʥʠʡ ʛʨʫʧʧʳ ʚʨʘʱʝʥʠʡ 
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ʝʚʢʣʠʜʦʚʦʛʦ ʧʨʦʩʪʨʘʥʩʪʚʘ ʣʶʙʦʡ ʨʘʟʤʝʨʥʦʩʪʠ, ʧʨʠʤʝʥʷʝʤʳʝ ʜʣʷ ʥʘʭʦʞʜʝʥʠʷ 

ʩʦʙʩʪʚʝʥʥʳʭ ʬʫʥʢʮʠʡ ʣʠʥʝʡʥʳʭ ʟʘʜʘʯ ʣʶʙʳʭ ʪʝʥʟʦʨʥʳʭ ʦʙʲʝʢʪʦʚ ʜʣʷ 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʟʥʘʯʝʥʠʡ ʠʥʜʝʢʩʘ l). ɺ ʥʘʰʝʤ ʩʣʫʯʘʝ ʤʳ ʧʨʠʤʝʥʷʝʤ ʠʭ ʜʣʷ 

ʩʘʤʦʛʦ ʧʨʦʩʪʦʛʦ ʩʣʫʯʘʷ ï ʚʝʢʪʦʨʦʚ ʚ ʪʨʝʭʤʝʨʥʦʤ ʧʨʦʩʪʨʘʥʩʪʚʝ.   

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʚ ʧʨʝʜʩʪʘʚʣʝʥʠʠ ʧʦʣʷ ʨʷʜʦʤ ʩʬʝʨʠʯʝʩʢʠʭ ʛʘʨʤʦʥʠʢ 

ʚʝʢʪʦʨʦʚ ʈ-ɿ ʚ ʩʧʠʨʘʣʴʥʦʤ ʙʘʟʠʩʝ ʜʣʷ ʫʛʣʦʚʳʭ ʟʘʚʠʩʠʤʦʩʪʝʡ ʧʦ ɗ ʧʨʠʤʝʥʷʶʪʩʷ 

ʦʨʪʦʛʦʥʘʣʴʥʳʝ ʩʬʝʨʠʯʝʩʢʠʝ ʬʫʥʢʮʠʠ ( ), cosn
m lP J . ɺ ʩʢʘʣʷʨʥʦʤ ʩʣʫʯʘʝ (l=0) ʦʥʠ 

ʩ ʪʦʯʥʦʩʪʴʶ ʜʦ ʧʦʩʪʦʷʥʥʦʛʦ ʤʥʦʞʠʪʝʣʷ ʩʦʚʧʘʜʘʶʪ ʩ ʧʨʠʩʦʝʜʠʥʝʥʥʳʤʠ 

ʬʫʥʢʮʠʷʤʠ ʃʝʞʘʥʜʨʘ 

,0

( )!
( ) ( ).

( )!

m m n
n m

n m
P z i P z

n m

+
=

-
 (51)  

ʌʫʥʢʮʠʠ ( ), cosn
m lP J  ʦʧʨʝʜʝʣʷʶʪʩʷ ʚ ʷʚʥʦʤ ʚʠʜʝ, ʜʣʷ ʥʠʭ ʦʧʨʝʜʝʣʝʥʳ 

ʩʦʦʪʥʦʰʝʥʠʷ ʩʠʤʤʝʪʨʠʠ, ʨʝʢʫʨʨʝʥʪʥʳʝ ʩʦʦʪʥʦʰʝʥʠʷ ʠ ʩʦʦʪʥʦʰʝʥʠʝ 

ʦʨʪʦʛʦʥʘʣʴʥʦʩʪʠ 

, ,( ) ( ),n n
m l m lP z P z- -=  (52)  

,2
, , 1

2

( )
1 ( ) ( )( 1) ( ),

1

n
m l n n

m l m l

dP z lz m
z P z i n l n l P z

dz z
°

-
- ° =- ° +

-
 (53)  

ɼʣʷ ʧʦʣʥʦʛʦ ʧʨʝʜʩʪʘʚʣʝʥʠʷ ʧʨʦʠʟʚʦʣʴʥʦʡ ʚʝʢʪʦʨʥʦʡ ʬʫʥʢʮʠʠ 

ʧʨʠʤʝʥʷʶʪʩʷ ʩʬʝʨʠʯʝʩʢʠʝ ʬʫʥʢʮʠʠ ʩ ʠʥʜʝʢʩʘʤʠ l= -1, 0, +1. ʌʫʥʢʮʠʠ ʩ 

ʠʥʜʝʢʩʦʤ l=+1 ʩʦʦʪʚʝʪʩʪʚʫʪʁ ʩʦʩʪʘʚʣʷʶʱʝʡ 1'+e  ʚ ʩʧʠʨʘʣʴʥʦʤ ʙʘʟʠʩʝ, ʠ, ʢʘʢ 

ʙʫʜʝʪ ʧʦʢʘʟʘʥʦ ʜʘʣʝʝ, ʚʦʣʥʝ ʧʨʘʚʦʡ ʢʨʫʛʦʚʦʡ ʧʦʣʷʨʠʟʘʮʠʠ, 

ʨʘʩʧʨʦʩʪʨʘʥʷʶʱʝʡʩʷ ʚ ʥʘʧʨʘʚʣʝʥʠʠ r. ʀʥʜʝʢʩ l=-1 ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʚʦʣʥʝ ʪʦʡ ʞʝ 

ʢʨʫʛʦʚʦʡ ʧʦʣʷʨʠʟʘʮʠʠ ʚ ʥʘʧʨʘʚʣʝʥʠʠ -r . 

ɺ ʩʚʷʟʠ ʩ ʪʝʤ, ʯʪʦ ʬʫʥʢʮʠʠ ( ), cosn
m lP J  ʥʝ ʦʧʨʝʜʝʣʝʥʳ ʚ 

ʩʧʝʮʠʘʣʠʟʠʨʦʚʘʥʥʳʭ ʤʘʪʝʤʘʪʠʯʝʩʢʠʭ ʧʘʢʝʪʘʭ ʪʠʧʘ MATLAB , ʘ ʷʚʥʦʝ 

ʚʳʨʘʞʝʥʠʝ ʪʨʝʙʫʝʪ ʟʥʘʯʠʪʝʣʴʥʳʭ ʚʳʯʠʩʣʠʪʝʣʴʥʳʭ ʨʝʩʫʨʩʦʚ, ʪʨʝʙʫʝʪʩʷ 

ʧʦʩʪʨʦʝʥʠʝ ʵʬʬʝʢʪʠʚʥʦʛʦ ʘʣʛʦʨʠʪʤʘ ʚʳʯʠʩʣʝʥʠʷ ʬʫʥʢʮʠʡ. ʄʳ ʠʩʧʦʣʴʟʫʝʤ 
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ʘʣʛʦʨʠʪʤ, ʦʩʥʦʚʘʥʥʳʡ ʥʘ ʚʳʯʠʩʣʝʥʠʠ ʜʠʘʛʦʥʘʣʴʥʳʭ ʬʫʥʢʮʠʡ ʠ ʧʨʠʤʝʥʝʥʠʷ 

ʨʝʢʫʨʨʝʥʪʥʳʭ ʬʦʨʤʫʣ ʚ ʥʝʩʢʦʣʴʢʦ ʰʘʛʦʚ (ʨʠʩ. 2): 

1) ʆʧʨʝʜʝʣʝʥʠʝ ʛʘʨʤʦʥʠʢ ʩ ʠʥʜʝʢʩʘʤʠ l=+1 ʠ ʚʩʝʭ n, m ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʷʚʥʳʭ ʚʳʨʘʞʝʥʠʡ ʜʠʘʛʦʥʘʣʴʥʳʭ ʬʫʥʢʮʠʡ ʠ ʨʝʢʫʨʨʝʥʪʥʳʭ ʩʦʦʪʥʦʰʝʥʠʡ; 

2) ɺʳʯʠʩʣʝʥʠʝ ʬʫʥʢʮʠʡ ʜʣʷ l=-1 ʠ ʚʩʝʭ n, m ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʬʦʨʤʫʣʳ 

ʩʠʤʤʝʪʨʠʠ; 

3) ʈʘʩʯʝʪ ʬʫʥʢʮʠʡ ʜʣʷ l=0 ʠ ʚʩʝʭ n, m ʧʦ ʨʝʢʫʨʨʝʥʪʥʦʡ ʬʦʨʤʫʣʝ. 

 

ʈʠʩ. 2.  ɸʣʛʦʨʠʪʤ ʚʳʯʠʩʣʝʥʠʷ ʬʫʥʢʮʠʡ ( ){ }, cosn im
m lP e- jJ . 

ʇʨʦʩʪʨʘʥʩʪʚʝʥʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʧʦʣʥʦʛʦ ʥʘʙʦʨʘ ʚʝʢʪʦʨʥʳʭ ʩʬʝʨʠʯʝʩʢʠʭ 

ʛʘʨʤʦʥʠʢ ( ){ }, cosn im
m lP e- jJ  ʜʣʷ ʧʝʨʚʳʭ ʪʨʝʭ n, ʨʘʩʩʯʠʪʘʥʥʳʭ ʧʦ ʜʘʥʥʦʤʫ 

ʘʣʛʦʨʠʪʤʫ, ʥʘʛʣʷʜʥʦ ʧʨʝʜʩʪʘʚʣʝʥʘ ʥʘ ʨʠʩ. 4. 

ɼʣʷ ʠʣʣʶʩʪʨʘʮʠʠ ʬʠʟʠʯʝʩʢʦʛʦ ʩʤʳʩʣʘ ʩʦʩʪʘʚʣʷʶʱʠʭ ʚʝʢʪʦʨʦʚ ʈ-ɿ, 

ʚʳʨʘʞʝʥʥʳʭ ʚ ʩʧʠʨʘʣʴʥʦʤ ʙʘʟʠʩʝ, ʨʘʩʩʤʦʪʨʠʤ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʝ ʩʬʝʨʠʯʝʩʢʦʡ 

ʚʦʣʥʳ, ʠʤʝʶʱʝʡ ʪʦʣʴʢʦ ʧʦʧʝʨʝʯʥʳʝ ʢʦʤʧʦʥʝʥʪʳ, ʜʣʷ ʦʧʨʝʜʝʣʝʥʥʦʩʪʠ ʧʨʘʚʦʡ 

ʢʨʫʛʦʚʦʡ ʧʦʣʷʨʠʟʘʮʠʠ. ɹʫʜʝʤ ʠʩʢʘʪʴ ʨʝʰʝʥʠʝ ʦʜʥʦʨʦʜʥʳʭ ʫʨʘʚʥʝʥʠʡ 

ʄʘʢʩʚʝʣʣʘ ʚ ʜʘʣʴʥʝʡ ʟʦʥʝ ʚ ʚʠʜʝ 

( ) .
ikr ikre e

F F
r r

- -
+

+ J J j j= = +F f e e  (54)  

ʇʦʜʩʪʘʚʣʷʷ ʵʪʦ ʧʦʣʝ ʚ ʫʨʘʚʥʝʥʠʝ ʄʘʢʩʚʝʣʣʘ, ʧʦʣʫʯʘʝʤ  
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 (55)  

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʚ ʩʣʫʯʘʝ ʨʘʚʝʥʩʪʚʘ ʢʦʤʧʣʝʢʩʥʳʭ ʘʤʧʣʠʪʫʜ (ʜʣʷ ʠʜʝʘʣʴʥʦ 

ʧʦʣʷʨʠʟʦʚʘʥʥʦʡ ʚʦʣʥʳ) F FJ j=  ʨʝʰʝʥʠʝ ʩ ʪʦʯʥʦʩʪʴʶ ʜʦ ʧʦʩʪʦʷʥʥʦʛʦ 

ʤʥʦʞʠʪʝʣʷ ʧʨʝʜʩʪʘʚʣʷʝʪʩʷ ʚ ʚʠʜʝ 

( )1 1' '
ikre

i
kr

-

+ + -= +F e e  (56)  

  ʊʝʧʝʨʴ ʤʦʞʥʦ ʠʥʪʝʨʧʨʝʪʠʨʦʚʘʪʴ ʬʠʟʠʯʝʩʢʫʶ ʩʫʱʥʦʩʪʴ ʩʧʠʨʘʣʴʥʳʭ 

ʢʦʤʧʦʥʝʥʪ ʚʝʢʪʦʨʦʚ ʈʠʤʘʥʘ-ɿʠʣʴʙʝʨʰʪʝʡʥʘ. ɼʣʷ ʵʪʦʛʦ ʨʘʩʩʤʦʪʨʠʤ ʩʝʯʝʥʠʝ 

ʩʬʝʨʠʯʝʩʢʦʛʦ ʚʦʣʥʦʚʦʜʘ, ʠʟʦʙʨʘʞʝʥʥʦʝ ʥʘ ʨʠʩ. 3. ɼʣʷ ʚʝʢʪʦʨʘ ʧʨʘʚʦʡ ʢʨʫʛʦʚʦʡ 

ʧʦʣʷʨʠʟʘʮʠʠ F+ ʩʦʩʪʘʚʣʷʶʱʘʷ F+1 ʷʚʣʷʝʪʩʷ çʧʨʷʤʦʡè ʚʦʣʥʦʡ, 

ʨʘʩʧʨʦʩʪʨʘʥʷʶʱʝʡʩʷ ʚʜʦʣʴ ʫʚʝʣʠʯʝʥʠʷ ʢʦʦʨʜʠʥʘʪʳ r ʚ ʩʬʝʨʠʯʝʩʢʦʤ 

ʚʦʣʥʦʚʦʜʝ. ʉʦʩʪʘʚʣʷʶʱʘʷ F-1 ʠʤʝʝʪ ʩʤʳʩʣ çʦʪʨʘʞʝʥʥʦʡè ʚʦʣʥʳ, 

ʨʘʩʧʨʦʩʪʨʘʥʷʶʱʝʡʩʷ ʚʜʦʣʴ ʫʙʳʚʘʥʠʷ ʢʦʦʨʜʠʥʘʪʳ r ʚ ʩʬʝʨʠʯʝʩʢʦʤ ʚʦʣʥʦʚʦʜʝ. 

ʉʦʩʪʘʚʣʷʶʱʘʷ F0 ï ʧʨʦʜʦʣʴʥʘʷ ʩʦʩʪʘʚʣʷʶʱʘʷ, çʙʝʛʫʱʘʷè ʚʦʣʥʘ ʧʦ 

ʧʦʚʝʨʭʥʦʩʪʠ ʩʬʝʨʳ ï ʩʝʯʝʥʠʷ ʚʦʣʥʦʚʦʜʘ. 

 
ʈʠʩ. 3. ʀʣʣʶʩʪʨʘʮʠʷ ʬʠʟʠʯʝʩʢʦʛʦ ʩʤʳʩʣʘ ʨʘʩʧʨʦʩʪʨʘʥʷʶʱʠʭʩʷ ʚ ʩʬʝʨʠʯʝʩʢʦʤ ʚʦʣʥʦʚʦʜʝ 

ʩʧʠʨʘʣʴʥʳʭ ʩʦʩʪʘʚʣʷʶʱʠʭ ʚʝʢʪʦʨʦʚ ʈʠʤʘʥʘ-ɿʠʣʴʙʝʨʰʪʝʡʥʘ. 
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ʈʠʩ. 4.  ɺʝʢʪʦʨʥʳʝ ʩʬʝʨʠʯʝʩʢʠʝ ʛʘʨʤʦʥʠʢʠ ( ){ }, cosn im
m lP e- jJ . 
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ʉʬʝʨʠʯʝʩʢʠʡ ʚʦʣʥʦʚʦʜ ʥʝʦʜʥʦʨʦʜʥʳʡ ʜʣʷ ʨʘʩʧʨʦʩʪʨʘʥʷʶʱʠʭʩʷ ʚ ʥʝʤ 

ʚʦʣʥ, ʚ ʚʦʣʥʦʚʦʜʝ ʚʦʟʥʠʢʘʶʪ ʦʪʨʘʞʸʥʥʳʝ ʚʦʣʥʳ. ʆʥʠ ʪʝʤ ʠʥʪʝʥʩʠʚʥʝʝ, ʯʝʤ 

ʤʝʥʴʰʝ ʪʝʢʫʱʠʡ ʨʘʜʠʫʩ (ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʜʣʠʥʦʡ ʚʦʣʥʳ). ʋ ʚʝʢʪʦʨʥʦʡ ʬʫʥʢʮʠʠ 

ʩʦʩʪʘʚʣʷʶʱʘʷ F-1 ï ʵʪʦ ʦʪʨʘʞʸʥʥʘʷ ʚʦʣʥʘ ʨʘʩʭʦʜʷʱʝʡʩʷ ʚʦʣʥʳ ʧʨʘʚʦʡ ʢʨʫʛʦʚʦʡ 

ʧʦʣʷʨʠʟʘʮʠʠ. ʆʥʘ ʙʳʩʪʨʦ ʫʙʳʚʘʝʪ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʨʘʜʠʫʩʘ. ʂʦʛʜʘ ʨʘʜʠʫʩ ʤʘʣ ʧʦ 

ʩʨʘʚʥʝʥʠʶ ʩ ʜʣʠʥʦʡ ʚʦʣʥʳ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʘʷ ʚʦʣʥʘ ʠʤʝʝʪ ʧʨʦʜʦʣʴʥʫʶ 

ʩʦʩʪʘʚʣʷʶʱʫʶ (ʦʥʘ ʟʘʤʳʢʘʝʪʩʷ ʥʘ ʩʬʝʨʝ). 

ʆʪʜʝʣʴʥʦ ʦʪʤʝʪʠʤ ʚʳʨʘʞʝʥʠʷ ʤʫʣʴʪʠʧʦʣʝʡ ʜʣʷ n=1. ʇʝʨʚʳʝ ʬʫʢʥʮʠʠ 
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(57)  

ʇʨʠ n=1, m=+1 ʚʳʨʘʞʝʥʠʷ ʜʣʷ ʩʬʝʨʠʯʝʩʢʠʭ ʤʫʣʴʪʠʧʦʣʝʡ: 

¶ m = 1 ï ʵʣʝʤʝʥʪ ɻʶʡʛʝʥʩʘ, ʠʟʣʫʯʘʶʱʠʡ ʚ ʥʘʧʨʘʚʣʝʥʠʠ ʦʩʠ Z; 

¶ m = -1 ï ʵʣʝʤʝʥʪ ɻʶʡʛʝʥʩʘ, ʠʟʣʫʯʘʶʱʠʡ ʚ ʥʘʧʨʘʚʣʝʥʠʠ ʦʩʠ -Z; 

¶ m = 0 ï ʵʣʝʤʝʥʪʘʨʥʳʡ ʜʠʧʦʣʴ.  

4.2. ʈʝʰʝʥʠʝ ʫʨʘʚʥʝʥʠʡ ʄʘʢʩʚʝʣʣʘ ʚ ʩʧʠʨʘʣʴʥʦʤ ʙʘʟʠʩʝ 

ʊʝʧʝʨʴ, ʧʦʣʫʯʠʚ ʥʝʦʙʭʦʜʠʤʳʡ ʤʘʪʝʤʘʪʠʯʝʩʢʠʡ ʘʧʧʘʨʘʪ ʦʧʠʩʘʥʠʷ 

ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʳʭ ʧʦʣʝʡ ʚ ʩʧʠʨʘʣʴʥʦʤ ʙʘʟʠʩʝ ʠ ʚʚʝʜʷ ʩʬʝʨʠʯʝʩʢʠʝ ʬʫʥʢʮʠʠ, 

ʧʝʨʝʡʜʝʤ ʢ ʨʝʰʝʥʠʶ ʫʨʘʚʥʝʥʠʡ ʄʘʢʩʚʝʣʣʘ ʚ ʩʚʦʙʦʜʥʦʤ ʧʨʦʩʪʨʘʥʩʪʚʝ ʚ 

ʩʧʠʨʘʣʴʥʳʭ ʢʦʦʨʜʠʥʘʪʘʭ. ʈʝʰʝʥʠʝ ʤʝʪʦʜʦʤ ʨʘʟʜʝʣʝʥʠʷ ʧʝʨʝʤʝʥʥʳʭ [19, 20] 
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F  (58)  

ʇʦʜʩʪʘʥʦʚʢʘ ʚʳʨʘʞʝʥʠʷ (58) ʚ ʫʨʘʚʥʝʥʠʷ ʄʘʢʩʚʝʣʣʘ (4) ʠ ʠʩʧʦʣʴʟʦʚʘʥʠʝ 

ʩʚʦʡʩʪʚ ʩʬʝʨʠʯʝʩʢʠʭ ʬʫʥʢʮʠʡ ʧʨʠʚʦʜʠʪ ʢ ʩʬʝʨʠʯʝʩʢʦʤʫ ʫʨʘʚʥʝʥʠʶ ɹʝʩʩʝʣʷ 


