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ɸʥʥʦʪʘʮʠʷ 

ʇʨʝʜʩʪʘʚʣʝʥʘ ʜʚʫʭʤʝʨʥʘʷ ʜʠʬʬʫʟʠʦʥʥʦ-ʜʨʝʡʬʦʚʘʷ ʤʦʜʝʣʴ ʨʘʟʨʷʜʘ ʇʝʥʥʠʥʛʘ ʚ ʤʦʣʝʢʫ-

ʣʷʨʥʦʤ ʚʦʜʦʨʦʜʝ ʧʨʠ ʜʘʚʣʝʥʠʷʭ ʧʦʨʷʜʢʘ 1 ʊʦʨʨ. ɼʘʥ ʚʳʚʦʜ ʫʨʘʚʥʝʥʠʡ ʤʦʜʝʣʠ ʠʟ ʫʨʘʚʥʝ-

ʥʠʡ ʜʚʠʞʝʥʠʷ ʵʣʝʢʪʨʦʥʥʦʡ ʠ ʠʦʥʥʦʡ ʢʦʤʧʦʥʝʥʪʳ. ʈʘʩʩʤʦʪʨʝʥʘ ʜʚʫʭʤʝʨʥʘʷ ʦʩʝʩʠʤʤʝʪ-

ʨʠʯʥʘʷ ʛʝʦʤʝʪʨʠʷ ʨʘʟʨʷʜʘ ʩ ʮʠʣʠʥʜʨʠʯʝʩʢʠʤ ʘʥʦʜʦʤ ʠ ʧʣʦʩʢʠʤʠ ʢʘʪʦʜʘʤʠ, 

ʨʘʩʧʦʣʦʞʝʥʥʳʤʠ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦ ʦʩʠ ʩʠʤʤʝʪʨʠʠ. ɺʥʝʰʥʝʝ ʤʘʛʥʠʪʥʦʝ ʧʦʣʝ ʩ ʠʥʜʫʢʮʠ-

ʝʡ ʧʦʨʷʜʢʘ 0.1 ʊ ʧʨʠʣʦʞʝʥʦ ʚ ʦʩʝʚʦʤ ʥʘʧʨʘʚʣʝʥʠʠ. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʚ ʨʘʟʨʷʜʝ ʇʝʥʥʠʥʛʘ 

ʩʫʱʝʩʪʚʫʝʪ ʦʩʨʝʜʥʝʥʥʦʝ ʜʚʠʞʝʥʠʝ ʵʣʝʢʪʨʦʥʦʚ ʠ ʠʦʥʦʚ ʥʝ ʪʦʣʴʢʦ ʚ ʦʩʝʚʦʤ ʠ ʨʘʜʠʘʣʴʥʦʤ 

ʥʘʧʨʘʚʣʝʥʠʷʭ, ʥʦ ʠ ʚ ʘʟʠʤʫʪʘʣʴʥʦʤ ʥʘʧʨʘʚʣʝʥʠʠ. ʉ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʩʦʟʜʘʥʥʦʡ ʨʘʩʯʝʪʥʦ-

ʪʝʦʨʝʪʠʯʝʩʢʦʡ ʤʦʜʝʣʠ ʚʳʧʦʣʥʝʥʦ ʯʠʩʣʝʥʥʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʵʣʝʢʪʨʦʜʠʥʘʤʠʯʝʩʢʦʡ 

ʩʪʨʫʢʪʫʨʳ ʧʝʥʥʠʥʛʦʚʩʢʦʛʦ ʨʘʟʨʷʜʘ ʚ ʜʠʘʧʘʟʦʥʝ ʜʘʚʣʝʥʠʡ 0.1 õ 5 ʊʦʨʨ, ʧʨʠ ʵʜʩ ʠʩʪʦʯʥʠʢʘ 

ʪʦʢʘ 200 õ 500 ɺ. ʉ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʯʠʩʣʝʥʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʠʟʫʯʝʥʘ ʵʚʦʣʶʮʠʷ ʵʣʝʢ-

ʪʨʦʜʠʥʘʤʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ ʨʘʟʨʷʜʘ ʧʨʠ ʠʟʤʝʥʝʥʠʠ ʜʘʚʣʝʥʠʷ ʙʝʟ ʚʥʝʰʥʝʛʦ ʤʘʛʥʠʪʥʦʛʦ 

ʧʦʣʷ (ʨʝʞʠʤ ʢʣʘʩʩʠʯʝʩʢʦʛʦ ʪʣʝʶʱʝʛʦ ʨʘʟʨʷʜʘ) ʠ ʚ ʦʩʝʚʦʤ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ (ʇʝʥʥʠʥʛʦʚ-

ʩʢʠʡ ʨʘʟʨʷʜ). 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʜʚʫʭʤʝʨʥʘʷ ʜʠʬʬʫʟʠʦʥʥʦ-ʜʨʝʡʬʦʚʘʷ ʤʦʜʝʣʴ ʨʘʟʨʷʜʘ ʇʝʥʥʠʥʛʘ, ʤʦʣʝ-

ʢʫʣʷʨʥʳʡ ʚʦʜʦʨʦʜ, ʜʘʚʣʝʥʠʝ 1 ʊʦʨʨ 
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A two-dimensional drift-diffusion model of a Penning discharge in molecular hydrogen at a 

pressure of about 1 Torr is presented. Equations of the model which are based on the motion 

equations for electron and ion components are derived. A two-dimensional axisymmetric model 

of the Penning discharge with a cylindrical anode and a two flat cathodes located perpendicular 

to the axis of symmetry is formulated. An external magnetic field of 0.1 T is applied in the axial 

direction. It is shown that in the Penning discharges there are not only averaged motions of elec-

trons and ions in the axial and radial directions, but also in the azimuthal direction. Using estab-

lished computational model allows perform numerical simulation of the electrodynamic struc-

ture of the Penning discharge in the pressure range of 0.1 õ 5 Torr, while the emf of the current 

source is 200 õ 500 V. The evolution of an electrodynamic structure of discharges is studied 

without an external magnetic field (the classical mode of glow discharge) at variation of pres-

sure, as well as with axial magnetic field (Penning discharge). 
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. ɺʚʝʜʝʥʠʝ 

ɺ ʜʘʥʥʦʡ ʩʪʘʪʴʝ ʧʨʝʜʩʪʘʚʣʝʥʘ ʪʝʦʨʠʷ ʠ ʚʳʯʠʩʣʠʪʝʣʴʥʘʷ ʤʦʜʝʣʴ ʪʣʝʶʱʝʛʦ ʨʘʟʨʷʜʘ ʚ 

ʜʚʫʭʤʝʨʥʦʡ ʮʠʣʠʥʜʨʠʯʝʩʢʦʡ ʛʝʦʤʝʪʨʠʠ ʩ ʫʯʝʪʦʤ ʚʥʝʰʥʝʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ. ʇʨʝʜʧʦʣʘʛʘʝʪ-

ʩʷ, ʯʪʦ ʤʘʛʥʠʪʥʦʝ ʧʦʣʝ ʥʘʧʨʘʚʣʝʥʦ ʚʜʦʣʴ ʦʩʠ ʩʠʤʤʝʪʨʠʠ ʨʘʟʨʷʜʘ. 

ʈʘʩʩʤʘʪʨʠʚʘʝʤʘʷ ʟʘʜʘʯʘ ʧʨʝʜʩʪʘʚʣʷʝʪ ʟʥʘʯʠʪʝʣʴʥʳʡ ʠʥʪʝʨʝʩ ʜʣʷ ʬʫʥʜʘʤʝʥʪʘʣʴʥʦʡ ʬʠ-

ʟʠʢʠ ʛʘʟʦʚʦʛʦ ʨʘʟʨʷʜʘ, ʧʦʩʢʦʣʴʢʫ ʧʦʟʚʦʣʷʝʪ ʠʩʩʣʝʜʦʚʘʪʴ ʧʦʚʝʜʝʥʠʝ ʛʘʟʦʚʦʛʦ ʨʘʟʨʷʜʘ ʚʦ 

ʚʥʝʰʥʝʤ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ ʩ ʫʯʝʪʦʤ ʥʝ ʪʦʣʴʢʦ ʦʙʣʘʩʪʠ ʢʚʘʟʠʥʝʡʪʨʘʣʴʥʦʡ ʧʣʘʟʤʳ, ʥʦ ʠ ʧʨʠ-

ʵʣʝʢʪʨʦʜʥʳʭ ʩʣʦʝʚ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʛʦ ʟʘʨʷʜʘ. 

ʌʠʟʠʢʘ ʪʣʝʶʱʝʛʦ ʨʘʟʨʷʜʘ ʧʦʜʨʦʙʥʦ ʨʘʩʩʤʦʪʨʝʥʘ ʚ ʨʘʙʦʪʘʭ [1-3]. ʆʜʥʘʢʦ ʨʘʙʦʪ ʧʦ ʜʝ-
ʪʘʣʴʥʦʤʫ ʯʠʩʣʝʥʥʦʤʫ ʤʦʜʝʣʠʨʦʚʘʥʠʶ ʪʣʝʶʱʠʭ ʨʘʟʨʷʜʦʚ ʧʨʠ ʥʠʟʢʠʭ ʜʘʚʣʝʥʠʷʭ ʜʦ ʥʘʩʪʦʷ-

ʱʝʛʦ ʚʨʝʤʝʥʠ ʷʚʥʦ ʥʝʜʦʩʪʘʪʦʯʥʦ. ʉʨʝʜʠ ʧʝʨʚʳʭ ʨʘʙʦʪ ʦʪʤʝʪʠʤ [4]. ʇʦʜʨʦʙʥʳʡ ʯʠʩʣʝʥʥʳʡ 

ʘʥʘʣʠʟ ʥʝʢʦʪʦʨʳʭ ʯʘʩʪʥʳʭ ʩʣʫʯʘʝʚ ʬʦʨʤʠʨʦʚʘʥʠʷ ʠ ʩʫʱʝʩʪʚʦʚʘʥʠʷ ʪʣʝʶʱʝʛʦ ʨʘʟʨʷʜʘ ʚ ʨʝ-

ʞʠʤʝ ʥʦʨʤʘʣʴʥʦʡ ʧʣʦʪʥʦʩʪʠ ʪʦʢʘ ʚʳʧʦʣʥʝʥ ʚ ʨʘʙʦʪʘʭ [5-7].  
ɿʥʘʯʠʪʝʣʴʥʦʝ ʧʦʚʳʰʝʥʠʝ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʠ ʢʦʤʧʴʶʪʝʨʦʚ ʟʘ ʧʦʩʣʝʜʥʝʝ ʜʝʩʷʪʠʣʝʪʠʝ 

ʧʦʟʚʦʣʠʣʦ ʚʳʧʦʣʥʠʪʴ ʨʷʜ ʥʦʚʳʭ ʯʠʩʣʝʥʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʙʦʣʝʝ ʜʝʪʘʣʴ-
ʥʳʭ ʯʠʩʣʝʥʥʳʭ ʤʦʜʝʣʝʡ [8]. ɹʳʣʦ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʜʠʬʬʫʟʠʦʥʥʦ-ʜʨʝʡʬʦʚʘʷ ʤʦʜʝʣʴ ʪʣʝʶ-
ʱʝʛʦ ʨʘʟʨʷʜʘ ʧʦʟʚʦʣʷʝʪ ʧʨʝʜʩʢʘʟʳʚʘʪʴ ʝʛʦ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʩ ʜʦʩʪʘʪʦʯʥʦʡ ʜʣʷ ʧʨʘʢʪʠʯʝʩʢʠʭ 
ʥʫʞʜ ʪʦʯʥʦʩʪʴʶ ʚ ʰʠʨʦʢʦʤ ʜʠʘʧʘʟʦʥʝ ʜʘʚʣʝʥʠʡ ~ 0.5 50p · ʊʦʨʨ ʠ ʥʘʧʨʷʞʝʥʠʡ ʥʘ ʵʣʝʢʪʨʦ-
ʨʘʟʨʷʜʥʦʤ ʧʨʦʤʝʞʫʪʢʝ ~ 0.3 10V · ʢɺʪ. ʋʯʠʪʳʚʘʷ, ʯʪʦ ʪʣʝʶʱʠʡ ʨʘʟʨʷʜ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ 
ʯʘʩʪʠʯʥʦ ʠʦʥʠʟʦʚʘʥʥʳʡ ʛʘʟ ʩ ʪʠʧʠʯʥʦʡ ʢʦʥʮʝʥʪʨʘʮʠʝʡ ʟʘʨʷʞʝʥʥʳʭ ʯʘʩʪʠʮ 11~10 ʩʤ

-3
 ʥʘ ʬʦ-

ʥʝ 17~10 ʩʤ
-3

 ʥʝʡʪʨʘʣʴʥʳʭ ʯʘʩʪʠʮ ʠ ʤʘʣʦʡ ʘʙʩʦʣʶʪʥʦʡ ʚʝʣʠʯʠʥʦʡ ʪʦʢʦʚ ʯʝʨʝʟ ʨʘʟʨʷʜ (ʜʝʩʷʪ-
ʢʠ ʤʠʣʣʠʘʤʧʝʨ), ʧʨʝʜʩʪʘʚʣʷʝʪʩʷ ʦʯʝʚʠʜʥʳʤ, ʯʪʦ ʚʥʝʰʥʝʝ ʤʘʛʥʠʪʥʦʝ ʧʦʣʝ ~ 0.01 1B ·ʊ ʤʦ-
ʞʝʪ ʦʢʘʟʘʪʴ ʩʠʣʴʥʦʝ ʚʣʠʷʥʠʝ ʥʘ ʩʪʨʫʢʪʫʨʫ ʪʣʝʶʱʝʛʦ ʨʘʟʨʷʜʘ. ʇʨʠ ʵʪʦʤ ʫʢʘʟʘʥʥʦʝ ʤʘʛʥʠʪʥʦʝ 
ʧʦʣʝ ʥʝ ʙʫʜʝʪ ʠʩʢʘʞʘʪʴʩʷ ʩʘʤʠʤ ʨʘʟʨʷʜʦʤ. ɼʘʥʥʦʝ ʜʦʧʫʱʝʥʠʝ ʧʦʣʦʞʝʥʦ ʚ ʦʩʥʦʚʫ ʯʠʩʣʝʥʥʦʡ 
ʤʦʜʝʣʠ ʪʣʝʶʱʝʛʦ ʨʘʟʨʷʜʘ ʚʦ ʚʥʝʰʥʝʤ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ. 

2. ʋʨʘʚʥʝʥʠʷ ʨʘʩʯʝʪʥʦʡ ʤʦʜʝʣʠ 

ʈʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʦʩʝʩʠʤʤʝʪʨʠʯʥʳʡ ʜʚʫʭʤʝʨʥʳʡ ʨʘʟʨʷʜ ʚ ʤʦʣʝʢʫʣʷʨʥʦʤ ʚʦʜʦʨʦʜʝ ʚ 

ʦʩʝʩʠʤʤʝʪʨʠʯʥʦʡ ʮʠʣʠʥʜʨʠʯʝʩʢʦʡ ʛʝʦʤʝʪʨʠʠ ʤʝʞʜʫ ʮʠʣʠʥʜʨʠʯʝʩʢʠʤ ʘʥʦʜʦʤ ʠ ʜʚʫʤʷ ʧʣʦ-

ʩʢʠʤʠ ʢʘʪʦʜʘʤʠ (ʨʠʩ.1). ʂʦʥʬʠʛʫʨʘʮʠʷ ʚʥʝʰʥʝʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʧʦʢʘʟʘʥʘ ʥʘ ʨʠʩ. 1. ʈʘʟʨʷʜ 

ʫʢʘʟʘʥʥʦʛʦ ʪʠʧʘ ʥʘʟʳʚʘʝʪʩʷ ʨʘʟʨʷʜʦʤ ʇʝʥʥʠʥʛʘ  

 

ʈʠʩ. 1. ʉʭʝʤʘ ʇʝʥʥʠʥʛʦʚʩʢʦʛʦ ʨʘʟʨʷʜʘ ʩ ʚʥʝʰʥʠʤ ʤʘʛʥʠʪʥʳʤ ʧʦʣʝʤ 

ʇʦʩʪʨʦʝʥʠʝ ʨʘʩʯʝʪʥʦ-ʪʝʦʨʝʪʠʯʝʩʢʦʡ ʤʦʜʝʣʠ ʙʫʜʝʪ ʧʨʦʠʟʚʦʜʠʪʴʩʷ ʚ ʪʨʠ ʵʪʘʧʘ. 
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ɺ ʧʝʨʚʦʡ ʯʘʩʪʠ ʙʫʜʫʪ ʧʦʣʫʯʝʥʳ ʫʨʘʚʥʝʥʠʷ ʢʣʘʩʩʠʯʝʩʢʦʡ ʜʠʬʬʫʟʠʦʥʥʦ-ʜʨʝʡʬʦʚʦʡ ʤʦ-

ʜʝʣʠ ʦʩʝʩʠʤʤʝʪʨʠʯʥʦʛʦ ʨʘʟʨʷʜʘ ʚ ʧʨʦʜʦʣʴʥʦʤ (ʦʩʝʚʦʤ) ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ. ʊʝʨʤʠʥ çʢʣʘʩʩʠʯʝ-

ʩʢʘʷè ʤʦʜʝʣʴ ʟʜʝʩʴ ʠʩʧʦʣʴʟʫʝʪʩʷ ʜʣʷ ʪʦʛʦ, ʯʪʦʙʳ ʧʦʜʯʝʨʢʥʫʪʴ, ʯʪʦ ʠʩʧʦʣʴʟʫʝʪʩʷ ʜʠʬʬʫʟʠʦʥ-

ʥʦ-ʜʨʝʡʬʦʚʘʷ ʤʦʜʝʣʴ ʪʣʝʶʱʝʛʦ ʨʘʟʨʷʜʘ ʧʦʜʨʦʙʥʦ ʨʘʩʩʤʦʪʨʝʥʥʘʷ ʚ ʧʨʝʜʰʝʩʪʚʫʶʱʠʭ 

ʧʫʙʣʠʢʘʮʠʷʭ [1, 2, 8-10]. ʕʣʝʤʝʥʪʦʤ ʥʦʚʠʟʥʳ ʧʦʣʫʯʘʝʤʳʭ ʫʨʘʚʥʝʥʠʡ ʷʚʣʷʝʪʩʷ ʚʢʣʶʯʝʥʠʝ ʚ 
ʜʚʫʭʤʝʨʥʫʶ ʤʦʜʝʣʴ ʨʘʟʨʷʜʘ ʧʨʦʜʦʣʴʥʦʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ. 

ʋʨʘʚʥʝʥʠʷ ʢʣʘʩʩʠʯʝʩʢʦʡ ʜʠʬʬʫʟʠʦʥʥʦ-ʜʨʝʡʬʦʚʦʡ ʤʦʜʝʣʠ ʬʦʨʤʫʣʠʨʫʶʪʩʷ ʥʘ ʦʩʥʦʚʝ 
ʫʨʘʚʥʝʥʠʡ ʥʝʨʘʟʨʳʚʥʦʩʪʠ ʜʣʷ ʢʦʥʮʝʥʪʨʘʮʠʡ ʵʣʝʢʪʨʦʥʦʚ en  ʠ ʧʦʣʦʞʠʪʝʣʴʥʳʭ ʠʦʥʦʚ in, ʘ ʪʘʢ 
ʞʝ ʜʣʷ ʧʦʪʝʥʮʠʘʣʘ ʵʥʝʨʛʝʪʠʯʝʩʢʦʛʦ ʧʦʣʷ j, ʢʦʪʦʨʳʡ ʦʧʨʝʜʝʣʷʝʪ ʚʝʢʪʦʨ ʥʘʧʨʷʞʝʥʥʦʩʪʠ ʵʣʝʢ-
ʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ gradj=-E  

 (), ,1e x e re
e i e

rn
E n n

t x r r
a b

µG µ Gµ
+ + = -

µ µ µ
ũ , (1) 

 (), ,1i x i ri
e i e

rn
E n n

t x r r
a b

µG µ Gµ
+ + = -

µ µ µ
ũ , (2) 

 
2

2

1
4 ( )e ir e n n

r r rx

j j
p

µ µ µ
+ = -
µ µµ

, (3) 

ʛʜʝ grade e e e eD n nm=- -ũ E,  gradi i i i iD n nm=- +ũ E,  ( )i ee= -j ũ ũ ;  ()Ea  ʠ b - ʢʦʵʬʬʠʮʠʝʥ-
ʪʳ ʠʦʥʠʟʘʮʠʠ ʠ ʨʝʢʦʤʙʠʥʘʮʠʠ; ,e iũ ũ - ʧʣʦʪʥʦʩʪʠ ʧʦʪʦʢʦʚ ʵʣʝʢʪʨʦʥʦʚ ʠ ʧʦʣʦʞʠʪʝʣʴʥʳʭ 
ʠʦʥʦʚ; ,e im m - ʧʦʜʚʠʞʥʦʩʪʠ ʵʣʝʢʪʨʦʥʦʚ ʠ ʠʦʥʦʚ; ,e iD D  - ʢʦʵʬʬʠʮʠʝʥʪʳ ʜʠʬʬʫʟʠʠ ʵʣʝʢ-
ʪʨʦʥʦʚ ʠ ʠʦʥʦʚ. 

ɼʣʷ ʪʦʛʦ ʯʪʦʙʳ ʚʚʝʩʪʠ ʤʘʛʥʠʪʥʦʝ ʧʦʣʝ ʚ ʨʘʩʯʝʪʥʫʶ ʤʦʜʝʣʴ ʙʫʜʫʪ ʠʩʧʦʣʴʟʦʚʘʥʳ ʩʣʝ-

ʜʫʶʱʠʝ ʫʨʘʚʥʝʥʠʷ, ʚʳʨʘʞʘʶʱʠʝ ʟʘʢʦʥ ʩʦʭʨʘʥʝʥʠʷ ʠʤʧʫʣʴʩʘ ʜʣʷ ʵʣʝʢʪʨʦʥʥʦʡ ʠ ʠʦʥʥʦʡ 

ʞʠʜʢʦʩʪʝʡ [11-13]: 

 ( ) [ ]
1e

e e e e e e e ep en
t c

r r
µ å õ
+ ÖÐ =-Ð - - + -æ ö

µ ç ÷

u
u u E u Bt  

 ( ) ( )e en e e n e ei e e im n m nn n- - - -u u u u , (4) 

 ( ) [ ]
1i

i i i i i i i ip en
t c

r r
µ å õ
+ ÖÐ =-Ð - + + -æ ö

µ ç ÷

u
u u E u Bt  

 ( ) ( )i ie i i e i in i i nm n m nn n- - - -u u u u , (5) 

ʛʜʝ ,e iu u  - ʩʢʦʨʦʩʪʠ ʵʣʝʢʪʨʦʥʥʦʡ ʠ ʠʦʥʥʦʡ ʞʠʜʢʦʩʪʝʡ; ,e ir r - ʧʣʦʪʥʦʩʪʴ ʵʣʝʢʪʨʦʥʥʦʡ ʠ 
ʠʦʥʥʦʡ ʞʠʜʢʦʩʪʠ; ,e e e i i im n m nr r= = ; ,e im m  - ʤʘʩʩʘ ʵʣʝʢʪʨʦʥʘ ʠ ʠʦʥʘ; nu  - ʩʨʝʜʥʷʷ ʩʢʦ-
ʨʦʩʪʴ ʥʝʡʪʨʘʣʴʥʳʭ ʯʘʩʪʠʮ (ʚ ʜʘʥʥʦʤ ʩʣʫʯʘʝ ʧʦʣʘʛʘʝʪʩʷ ʨʘʚʥʦʡ ʥʫʣʶ, ʦʜʥʘʢʦ ʜʣʷ ʦʙʱʥʦʩʪʠ 
ʙʫʜʝʪ ʦʩʪʘʚʘʪʴʩʷ ʚ ʫʨʘʚʥʝʥʠʷʭ); ,e ip p  - ʜʘʚʣʝʥʠʝ ʵʣʝʢʪʨʦʥʦʚ ʠ ʠʦʥʦʚ; ,e it t - ʪʝʥʟʦʨʳ ʚʷʟ-
ʢʠʭ ʥʘʧʨʷʞʝʥʠʡ ʵʣʝʢʪʨʦʥʥʦʡ ʠ ʠʦʥʥʦʡ ʞʠʜʢʦʩʪʝʡ; , ,en ei inn n n - ʯʘʩʪʦʪʳ ʩʪʦʣʢʥʦʚʝʥʠʡ ʵʣʝʢ-
ʪʨʦʥʦʚ ʩ ʥʝʡʪʨʘʣʴʥʳʤʠ ʯʘʩʪʠʮʘʤʠ, ʩ ʠʦʥʘʤʠ, ʘ ʪʘʢʞʝ ʠʦʥʦʚ ʩ ʥʝʡʪʨʘʣʘʤʠ; B - ʚʝʢʪʦʨ ʠʥʜʫʢ-
ʮʠʠ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ; c  - ʩʢʦʨʦʩʪʴ ʩʚʝʪʘ. 

ɽʩʣʠ ʫʯʝʩʪʴ, ʯʪʦ 

 e im m (6) 

ʠ ʠʩʧʦʣʴʟʦʚʘʪʴ ʫʩʣʦʚʠʝ ʤʘʣʦʩʪʠ ʠʥʝʨʮʠʦʥʥʦʛʦ ʜʚʠʞʝʥʠʷ ʵʣʝʢʪʨʦʥʥʦʡ ʞʠʜʢʦʩʪʠ 

 ( ) ( )e e e i i ir rÖÐ ÖÐu u u u , (7) 

ʪʦ ʫʨʘʚʥʝʥʠʝ (4) ʤʦʞʥʦ ʩʫʱʝʩʪʚʝʥʥʦ ʫʧʨʦʩʪʠʪʴ: 
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 [ ] ( ) ( )
1

0e e e e en e e n e ei e e ip en m n m n
c

n n
å õ

-Ð - + - - - - =æ ö
ç ÷
E u B u u u u . (8) 

ɼʘʞʝ ʜʣʷ ʛʠʧʝʨʟʚʫʢʦʚʳʭ ʩʢʦʨʦʩʪʝʡ ʛʘʟʦʚʳʭ ʧʦʪʦʢʦʚ ʩʧʨʘʚʝʜʣʠʚʦ ʥʝʨʘʚʝʥʩʪʚʦ 

 ,e n iu u u . (9) 

ʇʦʵʪʦʤʫ ʫʨʘʚʥʝʥʠʝ (8) ʜʦʧʫʩʢʘʝʪ ʜʘʣʴʥʝʡʰʝʝ ʫʧʨʦʱʝʥʠʝ: 

 [ ]( ) 0e
e e e e e e e e

en
kT n en m n

c
nÐ + + + =E u B u , (10) 

ʛʜʝ ʧʦʣʦʞʝʥʦ e e ep n kT= . 

ʇʦʜʝʣʠʚ (10) ʥʘ ʧʨʦʠʟʚʝʜʝʥʠʝ ʚ ʢʨʫʛʣʳʭ ʩʢʦʙʢʘʭ, ʧʦʣʫʯʘʝʤ 

 [ ]e e
e e e e e e e

n
n D n n

c

m
m=- Ð - -u E u B ,  (11) 

ʛʜʝ e e ee mm n=  - ʧʦʜʚʠʞʥʦʩʪʴ ʵʣʝʢʪʨʦʥʦʚ,   (12) 

 ( )e e eD kT e m=  - ʢʦʵʬʬʠʮʠʝʥʪ ʵʣʝʢʪʨʦʥʥʦʡ ʜʠʬʬʫʟʠʠ,  (13) 

 e en ein n n= + . (14) 

ɺʳʧʦʣʥʷʷ ʧʦʢʦʤʧʦʥʝʥʪʥʫʶ ʟʘʧʠʩʴ ʫʨʘʚʥʝʥʠʷ (11) ʥʘʭʦʜʠʤ, ʯʪʦ ʚ ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʤ 

ʩʣʫʯʘʝ ʚʝʢʪʦʨ ʩʢʦʨʦʩʪʠ ʵʣʝʢʪʨʦʥʥʦʡ ʞʠʜʢʦʩʪʠ ʠʤʝʝʪ ʪʨʠ ʢʦʤʧʦʥʝʥʪʳ { }, , ,, ,e e x e r eu u u j=u :  

 ,
e

e x e e e x

n
D n E

x
m

µ
G =- -

µ
,  (15) 

 , 22 2
N ( , )

1 1

e e e
e r e r

m ne e

D n
n E X m

rb b

m

<

µ
G =- -

µ+ +
ä ,  (16) 

 , ,e e e rbjG =- G,  (17) 

ʛʜʝ e x
e

B
b

c

m
= ,  (18) 

,x rE E  - ʢʦʤʧʦʥʝʥʪʳ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ. ʆʙʨʘʪʠʤ ʚʥʠʤʘʥʠʝ, ʯʪʦ ʧʝʨʝʢʨʝʩʪʥʳʝ ʧʨʦʠʟʚʦʜ-

ʥʳʝ ʚ ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʡ ʧʦʩʪʘʥʦʚʢʝ ʩʦʢʨʘʱʘʶʪʩʷ. 

ʇʦ ʘʥʘʣʦʛʠʠ, ʫʯʠʪʳʚʘʷ, ʯʪʦ ʚ ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʤ ʜʠʘʧʘʟʦʥʝ ʩʢʦʨʦʩʪʝʡ ʤʦʞʥʦ ʦʧʫʩʪʠʪʴ 

ʣʝʚʫʶ ʯʘʩʪʴ ʫʨʘʚʥʝʥʠʷ (5), ʧʦʣʫʯʘʝʤ 

 [ ] ( ) ( )
1

0i i i i ie i i e i in i i np en m n m n
c

n n
å õ

-Ð + + - - - - =æ ö
ç ÷
E u B u u u u  (19) 

ʋʯʠʪʳʚʘʷ, ʯʪʦ ( ) ( )i ie i i e e ei e e im n m nn n- =- -u u u u , (20) 

ʘ ʪʘʢʞʝ ʪʦ, ʯʪʦ ʚ ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʤ ʩʣʫʯʘʝ  0n=u , (21) 

ʠ e e i inm mn n, (22) 

ʤʦʞʥʦ ʧʦʣʫʯʠʪʴ 

 [ ]i i
i i i i i i i

n
n D n n

c

m
m=- Ð + +u E u B , (23) 
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ʛʜʝ i i ine mm n=  - ʧʦʜʚʠʞʥʦʩʪʴ ʠʦʥʦʚ; ( )i i iD kT e m=  - ʢʦʵʬʬʠʮʠʝʥʪ ʜʠʬʬʫʟʠʠ ʠʦʥʦʚ. 
ʊʘʢʞʝ ʢʘʢ ʠ ʜʣʷ ʵʣʝʢʪʨʦʥʥʦʡ ʞʠʜʢʦʩʪʠ, ʩʨʝʜʥʷʷ ʩʢʦʨʦʩʪʴ ʠʦʥʦʚ ʠʤʝʝʪ ʪʨʠ ʥʝʥʫʣʝʚʳʝ 

ʢʦʤʧʦʥʝʥʪʳ { }, , ,, ,i i x i r iu u uj=u , ʘ ʠʥʜʫʢʮʠʷ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʠʤʝʝʪ ʪʦʣʴʢʦ ʦʜʥʫ ʢʦʤʧʦʥʝʥʪʫ 

xB , ʧʦʵʪʦʤʫ 

 ,
i

i x i i i x

n
D n E

x
m

µ
G =- +

µ
,  (24) 

 , 2 21 1

i i e
i r i r
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D n
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,  (25) 

 , ,i i i rbjG =- G, (26) 

ʛʜʝ i x
i

B
b

c

m
= . (27) 

ʇʦʜʚʝʜʝʤ ʠʪʦʛʠ ʧʝʨʚʦʛʦ ʵʪʘʧʘ ʧʦʩʪʨʦʝʥʠʷ ʨʘʩʯʝʪʥʦ-ʪʝʦʨʝʪʠʯʝʩʢʦʡ ʤʦʜʝʣʠ. ʇʨʠ ʠʩ-

ʧʦʣʴʟʦʚʘʥʠʠ ʨʷʜʘ ʫʢʘʟʘʥʥʳʭ ʚʳʰʝ ʜʦʧʫʱʝʥʠʡ (ʜʦʧʫʩʪʠʤʦʩʪʴ ʢʦʪʦʨʳʭ ʜʣʷ ʨʝʰʘʝʤʦʡ ʟʘʜʘʯʝ 

ʦ ʇʝʥʥʠʥʛʦʚʩʢʦʤ ʨʘʟʨʷʜʝ ʧʨʠ ʜʘʚʣʝʥʠʠ p ~ 1 ʤʊʦʨʨ ʝʱʝ ʪʨʝʙʫʝʪ ʘʢʢʫʨʘʪʥʦʛʦ ʘʥʘʣʠʟʘ) ʠʟ 

ʫʨʘʚʥʝʥʠʡ ʚʳʨʘʞʘʶʱʠʭ ʟʘʢʦʥ ʩʦʭʨʘʥʝʥʠʷ ʠʤʧʫʣʴʩʘ ʵʣʝʢʪʨʦʥʥʦʡ ʠ ʠʦʥʥʦʡ ʞʠʜʢʦʩʪʝʡ, ʧʦ-

ʣʫʯʘʶʪʩʷ ʚʳʨʘʞʝʥʠʷ ʜʣʷ ʧʦʪʦʢʦʚ ʯʘʩʪʠʮ (15) - (17) ʠ (24) - (26). ʀʩʧʦʣʴʟʫʷ ʵʪʠ ʩʦʦʪʥʦʰʝʥʠʷ 
ʚ ʫʨʘʚʥʝʥʠʷʭ ʥʝʨʘʟʨʳʚʥʦʩʪʠ ʵʣʝʢʪʨʦʥʥʦʡ ʠ ʠʦʥʥʦʡ ʞʠʜʢʦʩʪʠ ʧʦʣʫʯʘʝʤ ʨʘʩʯʝʪʥʳʝ ʩʦʦʪʥʦ-

ʰʝʥʠʷ ʜʠʬʬʫʟʠʦʥʥʦ-ʜʨʝʡʬʦʚʦʡ ʤʦʜʝʣʠ ʨʘʟʨʷʜʘ ʚ ʦʩʝʩʠʤʤʝʪʨʠʯʥʦʡ ʜʚʫʭʤʝʨʥʦʡ ʧʦʩʪʘʥʦʚʢʝ  
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ʇʦʜʩʪʘʚʣʷʷ ʟʥʘʯʝʥʠʷ ʧʣʦʪʥʦʩʪʝʡ ʧʦʪʦʢʦʚ ʵʣʝʢʪʨʦʥʦʚ ʠ ʠʦʥʦʚ ʚ ʫʨʘʚʥʝʥʠʷ ʥʝʧʨʝʨʳʚʥʦ-

ʩʪʠ ʵʣʝʢʪʨʦʥʥʦʡ ʠ ʠʦʥʥʦʡ ʞʠʜʢʦʩʪʝʡ (1) ʠ (2), ʧʦʣʫʯʠʤ 
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, (40) 

ʛʜʝ 2 2 2
, , ,e e x e r ejG = G +G +G.   (41) 

ɽʱʝ ʨʘʟ ʧʦʜʯʝʨʢʥʝʤ, ʯʪʦ ʚʚʝʜʝʥʥʳʝ ʢʦʵʬʬʠʮʠʝʥʪʳ eb  ʠ ib, ʢʦʪʦʨʳʝ ʚ ʤʦʜʝʣʠ (34) 

ʠ (38) ʫʯʠʪʳʚʘʶʪ ʚʣʠʷʥʠʝ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ 
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e
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= = ,    i z i
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= = , (42) 

ʭʦʨʦʰʦ ʠʟʚʝʩʪʥʳ ʚ ʬʠʟʠʢʝ ʧʣʘʟʤʳ ʠ ʥʘʟʳʚʘʶʪʩʷ ʧʘʨʘʤʝʪʨʘʤʠ ʍʦʣʣʘ ʵʣʝʢʪʨʦʥʥʦʡ ʠ ʠʦʥʥʦʡ 

ʞʠʜʢʦʩʪʝʡ.  

ʂʦʵʬʬʠʮʠʝʥʪʳ e z eeB m cw=  ʠ i z ieB m cw=  ʚ (42) ʷʚʣʷʶʪʩʷ ʣʘʨʤʦʨʦʚʩʢʠʤʠ ʯʘʩʪʦʪʘ-

ʤʠ ʚʨʘʱʝʥʠʷ ʵʣʝʢʪʨʦʥʦʚ ʠ ʠʦʥʦʚ ʚ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ. 

ɻʨʘʥʠʯʥʳʝ ʫʩʣʦʚʠʷ ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʢʦʥʮʝʥʪʨʘʮʠʡ ʠʦʥʦʚ ʠ ʵʣʝʢʪʨʦʥʦʚ, ʘ ʪʘʢʞʝ ʵʣʝʢ-

ʪʨʠʯʝʩʢʦʛʦ ʧʦʪʝʥʮʠʘʣʘ ʬʦʨʤʫʣʠʨʫʶʪʩʷ ʚ ʩʣʝʜʫʶʱʝʤ ʚʠʜʝ: 
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.  (48) 

ɺ ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʡ ʧʦʩʪʘʥʦʚʢʝ ʟʘʜʘʯʠ ʥʝʢʦʪʦʨʳʝ ʛʨʘʥʠʯʥʳʝ ʫʩʣʦʚʠʷ ʜʦʣʞʥʳ ʢʦʨʨʝʢ-

ʪʠʨʦʚʘʪʴʩʷ ʜʣʷ ʫʯʝʪʘ ʙʦʣʝʝ ʩʣʦʞʥʦʡ ʛʝʦʤʝʪʨʠʠ ʨʝʘʣʴʥʦʡ ʨʘʟʨʷʜʥʦʡ ʢʘʤʝʨʳ.  

ɺ ʧʝʨʚʫʶ ʦʯʝʨʝʜʴ ʵʪʦ ʦʪʥʦʩʠʪʩʷ ʢ ʫʩʣʦʚʠʷʤ (34), ʚ ʦʙʣʘʩʪʠ ʪ.ʥ. çʤʝʥʠʩʢʘè ʛʘʟʦʨʘʟʨʷʜ-

ʥʦʡ ʢʘʤʝʨʳ. ʊʨʝʙʫʶʪ ʩʚʦʝʛʦ ʫʪʦʯʥʝʥʠʷ ʫʩʣʦʚʠʷ (47) ʠ (49). 

ɿʘʜʘʥʠʝ ʥʘʯʘʣʴʥʳʭ ʫʩʣʦʚʠʡ ʜʣʷ ʨʝʰʝʥʠʷ ʟʘʜʘʯʠ ʥʝʦʙʭʦʜʠʤʦ ʦʙʩʫʞʜʘʪʴ ʦʩʦʙʦ. ɻʨʫʙʳʝ 

ʥʘʯʘʣʴʥʳʝ ʫʩʣʦʚʠʷ ʤʦʛʫʪ ʧʨʠʚʝʩʪʠ ʥʝ ʪʦʣʴʢʦ ʢ ʩʫʱʝʩʪʚʝʥʥʦʤʫ ʟʘʤʝʜʣʝʥʠʶ ʯʠʩʣʝʥʥʦʡ ʧʨʦ-

ʮʝʜʫʨʳ ʦʪʳʩʢʘʥʠʷ ʨʝʰʝʥʠʷ, ʥʦ ʪʘʢʞʝ ʢ ʝʛʦ ʨʘʩʭʦʜʠʤʦʩʪʠ. ʇʦʵʪʦʤʫ ʜʘʞʝ ʧʨʠ ʘʥʘʣʠʪʠʯʝʩʢʦʤ 

ʟʘʜʘʥʠʠ ʥʘʯʘʣʴʥʳʭ ʧʨʠʙʣʠʞʝʥʠʡ ʞʝʣʘʪʝʣʴʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʨʘʟʫʤʥʳʝ ʟʥʘʯʝʥʠʷ ʢʦʥʮʝʥʪʨʘ-

ʮʠʡ ʟʘʨʷʞʝʥʥʳʭ ʯʘʩʪʠʮ ʠ ʧʨʘʚʠʣʴʥʫʶ ʢʦʥʬʠʛʫʨʘʮʠʶ ʚʩʝʛʦ ʨʘʟʨʷʜʘ. ʆʯʝʚʠʜʥʦ, ʯʪʦ ʨʝʰʝʥʠʝ 

ʟʘʜʘʯʠ ʩʫʱʝʩʪʚʝʥʥʦ ʫʩʢʦʨʷʝʪʩʷ, ʝʩʣʠ ʜʣʷ ʨʘʩʯʝʪʘ ʥʦʚʳʭ ʚʘʨʠʘʥʪʦʚ ʠʩʧʦʣʴʟʦʚʘʪʴ ʧʨʝʜʚʘʨʠ-

ʪʝʣʴʥʦ ʧʦʣʫʯʝʥʥʳʝ ʨʝʰʝʥʠʷ. 
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ɺ ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʡ ʧʦʩʪʘʥʦʚʢʝ ʥʘʛʨʝʚ ʛʘʟʘ ʥʝ ʫʯʠʪʳʚʘʝʪʩʷ, ʧʦʵʪʦʤʫ ʜʦʧʫʩʪʠʤʦ ʠʩʧʦʣʴ-

ʟʦʚʘʥʠʝ ʪʨʘʜʠʮʠʦʥʥʳʭ ʟʘʤʳʢʘʶʱʠʭ ʩʦʦʪʥʦʰʝʥʠʡ:  

 ()
54.5 10

e p
p

m
³

= , ʩʤ
2
/(ɺĿʩ)  (49) 

 ()
6552.2

i p
p

m = , ʩʤ
2
/(ɺĿʩ)   (50) 

 ()e e eD p Tm= ,  ʩʤ
2
/ʩ   (51) 

 ()i iD p Tm= , ʩʤ
2
/ʩ   (52) 

ʛʜʝ p  - ʜʘʚʣʝʥʠʝ ʚ ʪʣʝʶʱʝʤ ʨʘʟʨʷʜʝ.  

ʂʦʵʬʬʠʮʠʝʥʪ ʠʦʥ-ʵʣʝʢʪʨʦʥʥʦʡ ʨʝʢʦʤʙʠʥʘʮʠʠ ʠ ʪʝʤʧʝʨʘʪʫʨʘ ʵʣʝʢʪʨʦʥʦʚ ʧʨʠʥʷʪʳ ʧʦ-

ʩʪʦʷʥʥʳʤʠ: 

 72 10b -= ³ ʩʤ
3
/ʩ, 11610eT = K.  (53) 

ʂʦʵʬʬʠʮʠʝʥʪ ʠʦʥʠʟʘʮʠʠ (1-ʡ ʢʦʵʬʬʠʮʠʝʥʪ ʊʘʫʥʩʝʥʜʘ) ʟʘʜʘʝʪʩʷ ʚ ʚʠʜʝ 

 ()
( )

exp
B

E pA
p

a
è ø

= -é ù
ê úE

, ʩʤ
-1

,  (54) 

ʛʜʝ ʜʣʷ ʤʦʣʝʢʫʣʷʨʥʦʛʦ ʚʦʜʦʨʦʜʘ 
1 ɺ

5 , 130
ʩʤ ʊʦʨʨ ʩʤ ʊʦʨʨ

A B= =
Ö Ö

.  (55) 

ɸʧʧʨʦʢʩʠʤʘʮʠʦʥʥʳʝ ʢʦʵʬʬʠʮʠʝʥʪʳ ʚ ʧʝʨʚʦʡ ʬʦʨʤʫʣʝ ʊʘʫʥʩʝʥʜʘ ʩʧʨʘʚʝʜʣʠʚʳ ʚ ʜʠʘ-

ʧʘʟʦʥʝ ʧʨʠʚʝʜʝʥʥʳʭ ʧʦʣʝʡ E pÍ[150,600] ɺ/(ʩʤĿʊʦʨʨ) ʜʣʷ ʤʦʣʝʢʫʣʷʨʥʦʛʦ ʚʦʜʦʨʦʜʘ. 

ʋʨʘʚʥʝʥʠʷ ʨʝʰʘʶʪʩʷ ʩʦʚʤʝʩʪʥʦ ʩ ʫʨʘʚʥʝʥʠʝʤ ʚʥʝʰʥʝʡ ʵʣʝʢʪʨʠʯʝʩʢʦʡ ʮʝʧʠ, ʢʦʪʦʨʦʝ 

ʜʣʷ ʧʦʩʪʦʷʥʥʦʛʦ ʪʦʢʘ ʠʤʝʝʪ ʚʠʜ 

 0V IRE= + ,  (56) 

ʛʜʝ V  - ʧʘʜʝʥʠʝ ʥʘʧʨʷʞʝʥʠʷ ʥʘ ʵʣʝʢʪʨʦʜʘʭ; I  - ʧʦʣʥʳʡ ʪʦʢ ʯʝʨʝʟ ʨʘʟʨʷʜʥʳʡ ʧʨʦʤʝʞʫʪʦʢ;   
E - ʕɼʉ ʠʩʪʦʯʥʠʢʘ ʧʠʪʘʥʠʷ; 0R  - ʩʦʧʨʦʪʠʚʣʝʥʠʝ ʚʥʝʰʥʝʡ ʮʝʧʠ. 

3. ʈʝʟʫʣʴʪʘʪʳ ʯʠʩʣʝʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ 

ʈʘʩʯʝʪʳ ʧʨʦʚʦʜʠʣʠʩʴ ʜʣʷ ʩʣʝʜʫʶʱʠʭ ʠʩʭʦʜʥʳʭ ʜʘʥʥʳʭ:  

ʛʘʟ - ʅ2; ʜʘʚʣʝʥʠʝ p = 0.1 õ 5.0 ʊʦʨʨ; E  = 200 õ 500 ɺ; 0 3R =  ʢʆʤ; 0.33g= ; 0.1xB = ʊ, 

eC ACR R= = 0.55 ʩʤ, 
iACR = 0.4 ʩʤ,  1AX = 0.3 ʩʤ, 2AX = 0.8 ʩʤ, ʉX = 1.1 ʩʤ, L = ʉX =1.1 ʩʤ 

(ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʡ ʤʘʩʰʪʘʙ ʟʘʜʘʯʠ).  

ɺʳʧʦʣʥʝʥʥʦʝ ʯʠʩʣʝʥʥʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ ʧʨʝʩʣʝʜʦʚʘʣʦ ʥʝʩʢʦʣʴʢʦ ʮʝʣʝʡ: 

1) ʀʟʫʯʝʥʠʝ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ ʩʪʨʫʢʪʫʨʳ ʧʝʥʥʠʥʛʦʚʩʢʦʛʦ ʨʘʟʨʷʜʘ ʧʨʠ ʜʘʚʣʝʥʠʷʭ ʧʦʨʷʜʢʘ 

1 ʊʦʨʨ, 

2) ʀʩʩʣʝʜʦʚʘʥʠʝ ʵʚʦʣʶʮʠʠ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʛʦ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʢʦʥʮʝʥʪʨʘʮʠʡ ʟʘʨʷʞʝʥʥʳʭ 

ʯʘʩʪʠʮ ʚ ʧʝʥʥʠʥʛʦʚʩʢʦʤ ʨʘʟʨʷʜʝ ʧʨʠ ʠʟʤʝʥʝʥʠʠ ʜʘʚʣʝʥʠʷ ʚ ʜʠʘʧʘʟʦʥʝ 0.1 õ 5 ʊʦʨʨ, 

3) ʀʟʫʯʝʥʠʝ ʚʣʠʷʥʠʷ ʦʩʝʚʦʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʥʘ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʨʘʟʨʷʜʘ. 

ɼʣʷ ʜʦʩʪʠʞʝʥʠʷ ʫʢʘʟʘʥʥʳʭ ʮʝʣʝʡ ʘʥʘʣʠʟ ʚʳʧʦʣʥʝʥʥʳʭ ʨʘʩʯʝʪʦʚ ʚʳʧʦʣʥʠʤ ʚ ʥʝʩʢʦʣʴʢʦ 

ʵʪʘʧʦʚ. ʉʥʘʯʘʣʘ ʙʫʜʝʪ ʠʟʫʯʝʥʘ ʩʪʨʫʢʪʫʨʘ ʪʣʝʶʱʝʛʦ ʨʘʟʨʷʜʘ ʚ ʪʠʧʠʯʥʦʡ ʨʘʟʨʷʜʥʦʡ ʢʘʤʝʨʝ 

ʛʘʟʦʥʘʧʦʣʥʝʥʥʦʡ ʥʝʡʪʨʦʥʥʦʡ ʪʨʫʙʢʠ (ɻʅʊ) ʧʨʠ ʚʘʨʠʘʮʠʠ ʜʘʚʣʝʥʠʷ ʚ ʜʠʘʧʘʟʦʥʝ ʨ = 1 õ 5 ʊʦʨʨ 

ʙʝʟ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ (ʨʠʩ. 2-4). ɿʘʪʝʤ ʜʣʷ ʵʪʠʭ ʞʝ ʨʘʩʯʝʪʥʳʭ ʚʘʨʠʘʥʪʦʚ ʙʫʜʝʪ ʜʘʥ ʘʥʘʣʠʟ 

ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ ʩʪʨʫʢʪʫʨʳ ʧʝʥʥʠʥʛʦʚʩʢʦʛʦ ʨʘʟʨʷʜʘ ʧʨʠ ʠʥʜʫʢʮʠʠ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ 

0.1xB = ʊ (ʨʠʩ. 5-7).  



ʉʫʨʞʠʢʦʚ ʉ.ʊ., ʂʫʨʘʪʦʚ ʉ.ɽ.  ɼʠʬʬʫʟʠʦʥʥʦ-ʜʨʝʡʬʦʚʘʷ ʤʦʜʝʣʴ ʇʝʥʥʠʥʛʦʚʩʢʦʛʦ ʨʘʟʨʷʜʘ ʧʨʠ ʜʘʚʣʝʥʠʷʭ 1 ʊʦʨʨ 
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ɺ ʨʘʩʯʝʪʘʭ ʙʳʣʦ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʧʨʠ ʜʘʚʣʝʥʠʷʭ ʨ < 1 ʊʦʨʨ ʠ ʧʨʠ ʟʘʜʘʥʥʳʭ ʚʝʣʠʯʠʥʘʭ 
E  =200 õ 500 ɺ; 0 3R =  ʢʆʤ; 0.33g=  ʩʪʘʮʠʦʥʘʨʥʳʡ ʪʣʝʶʱʠʡ ʨʘʟʨʷʜ ʙʝʟ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ 
ʧʦʣʫʯʠʪʴ ʥʝ ʫʜʘʣʦʩʴ, ʧʦʵʪʦʤʫ ʧʨʠ ʜʘʚʣʝʥʠʷʭ ʨ = 0.5 ʊʦʨʨ, 0.3 ʊʦʨʨ ʠ 0.1 ʊʦʨʨ ʩʪʘʮʠʦʥʘʨʥʳʡ 
ʨʘʟʨʷʜ ʙʳʣ ʧʦʣʫʯʝʥ ʪʦʣʴʢʦ ʚ ʧʨʠʩʫʪʩʪʚʠʠ ʦʩʝʚʦʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ, ʪʦ ʝʩʪʴ ʧʨʠ ʛʦʨʝʥʠʠ ʚ 
ʨʝʞʠʤʝ ʧʝʥʥʠʥʛʦʚʩʢʦʛʦ ʨʘʟʨʷʜʘ (ʨʠʩ. 8-10). 

ʅʘ ʨʠʩ. 11-18 ʧʨʠʚʝʜʝʥʳ ʢʦʣʠʯʝʩʪʚʝʥʥʳʝ ʜʘʥʥʳʝ, ʢʦʪʦʨʳʝ ʧʦʟʚʦʣʷʶʪ ʙʦʣʝʝ ʧʦʣʥʦ ʧʦ-
ʥʷʪʴ ʦʩʥʦʚʥʳʝ ʟʘʢʦʥʦʤʝʨʥʦʩʪʠ ʪʣʝʶʱʝʛʦ ʠ ʧʝʥʥʠʥʛʦʚʩʢʦʛʦ ʨʘʟʨʷʜʦʚ ʧʨʠ ʠʩʩʣʝʜʦʚʘʥʥʳʭ ʧʘ-

ʨʘʤʝʪʨʘʭ ʚ ʨʘʟʨʷʜʥʦʡ ʢʘʤʝʨʝ ɻʅʊ. 

3.1. ʊʣʝʶʱʠʡ ʨʘʟʨʷʜ ʚ ʦʪʩʫʪʩʪʚʠʠ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʧʨʠ ʨʘʟʥʳʭ ʜʘʚʣʝʥʠʷʭ 

ʈʘʩʧʨʝʜʝʣʝʥʠʷ ʢʦʥʮʝʥʪʨʘʮʠʡ ʠʦʥʦʚ ʠ ʵʣʝʢʪʨʦʥʦʚ ʚ ʨʘʟʨʷʜʥʦʡ ʢʘʤʝʨʝ ʧʨʠ ʜʘʚʣʝʥʠʷʭ 

ʨ = 5 ʊʦʨʨ, 2.5 ʊʦʨʨ ʠ 1 ʊʦʨʨ ʧʦʢʘʟʘʥʳ ʥʘ ʨʠʩ. 2-4 

  
ʘ b 

    
c 

ʈʠʩ. 2. ʂʦʥʮʝʥʪʨʘʮʠʷ ʵʣʝʢʪʨʦʥʦʚ (ʘ) ʠ ʠʦʥʦʚ (b) (ʚ 1010
 ʩʤ

-3
), ʘ ʪʘʢʞʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʵʣʝʢʪʨʠʯʝ-

ʩʢʦʛʦ ʧʦʪʝʥʮʠʘʣʘ ʚ ʛʘʟʦʨʘʟʨʷʜʥʦʤ ʧʨʦʤʝʞʫʪʢʝ EiF j= ;(c). ʅʘ ʧʨʘʚʦʡ ʯʘʩʪʠ ʨʠʩʫʥʢʦʚ ʧʦʢʘʟʘ-

ʥʳ ʩʠʣʦʚʳʝ ʣʠʥʠʠ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ; ʥʘ ʣʝʚʦʡ ʯʘʩʪʠ ʨʠʩʫʥʢʦʚ ʧʨʠʚʝʜʝʥʳ ʯʠʩʣʦʚʳʝ ʟʥʘʯʝ-

ʥʠʷ ʠʟʦʣʠʥʠʡ. ʀʩʭʦʜʥʳʝ ʜʘʥʥʳʝ: ʨ = 5 ʊʦʨʨ, 0R = 3000 ʆʤ, E = 500 ɺ, xB = 0 



ʌʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʘʷ ʢʠʥʝʪʠʢʘ ʚ ʛʘʟʦʚʦʡ ʜʠʥʘʤʠʢʝ, 2014                    www.chemphys.edu.ru/pdf/2014-11-29-007.pdf 
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ʉ ʫʤʝʥʴʰʝʥʠʝʤ ʜʘʚʣʝʥʠʷ ʦʪʤʝʪʠʤ ʩʣʝʜʫʶʱʠʝ ʠʟʤʝʥʝʥʠʷ ʚ ʩʪʨʫʢʪʫʨʝ ʨʘʟʨʷʜʘ: 

- ʦʙʣʘʩʪʴ ʧʦʚʳʰʝʥʥʦʡ ʢʦʥʮʝʥʪʨʘʮʠʠ ʩʤʝʱʘʝʪʩʷ ʦʪ ʛʨʘʥʠʮʳ ʘʥʦʜʘ, ʛʜʝ ʠʤʝʝʪʩʷ ʢʦʥʮʝʥ-
ʪʨʘʮʠʷ ʥʘʧʨʷʞʝʥʠʷ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ ʢ ʮʝʥʪʨʘʣʴʥʦʡ ʦʙʣʘʩʪʠ ʘʥʦʜʘ ʧʨʠ ʩʤʝʱʝʥʠʠ ʢ 

ʧʨʠʦʩʝʚʳʤ ʦʙʣʘʩʪʷʤ.  
- ʩ ʫʤʝʥʴʰʝʥʠʝʤ ʜʘʚʣʝʥʠʷ ʵʣʝʢʪʨʠʯʝʩʢʠʡ ʧʦʪʝʥʮʠʘʣ ʚ ʨʘʟʨʷʜʥʦʤ ʧʨʦʤʝʞʫʪʢʝ ʚʦʟʨʘʩʪʘʝʪ 

ʚʝʩʴʤʘ ʟʘʤʝʪʥʦ: ʧʨʠ ʨ = 5.0 ʊʦʨʨ ʥʘʠʙʦʣʴʰʝʝ ʟʥʘʯʝʥʠʝ ʵʣʝʢʪʠʯʝʩʢʦʛʦ ʧʦʪʝʥʮʠʘʣʘ maxj  
ʜʦʩʪʠʛʘʝʪ ʚʝʣʠʯʠʥʳ 0.31, ʧʨʠ ʨ = 2.5 ʊʦʨʨ ī maxj = 0.545, ʧʨʠ ʨ = 1.0 ʊʦʨʨ ī maxj = 0.817. 
ʇʨʠ ʵʪʦʤ ʟʥʘʯʝʥʠʝ ʧʦʪʝʥʮʠʘʣʘ ʚʙʣʠʟʠ ʦʩʠ ʩʠʤʤʝʪʨʠʠ ʩʪʘʥʦʚʠʪʩʷ ʚʩʝ ʙʦʣʝʝ ʟʘʤʝʪʥʳʤ. ʅʘ 
ʨʠʩ. 2-4 ʧʦʢʘʟʘʥʳ ʩʠʣʦʚʳʝ ʣʠʥʠʠ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ. ʉ ʫʤʝʥʴʰʝʥʠʝʤ ʜʘʚʣʝʥʠʷ ʦʯʝ-
ʚʠʜʥʦ ʩʛʫʱʝʥʠʝ ʩʠʣʦʚʳʭ ʣʠʥʠʡ ʢ ʮʝʥʪʨʫ ʘʥʦʜʘ (ʧʦ ʦʩʝʚʦʡ ʢʦʦʨʜʠʥʘʪʝ) ʠ ʢ ʦʩʠ ʩʠʤʤʝʪʨʠʠ. 

 

  

ʘ b 

 

c 

ʈʠʩ. 3. ʂʦʥʮʝʥʪʨʘʮʠʷ ʵʣʝʢʪʨʦʥʦʚ (ʘ) ʠ ʠʦʥʦʚ (b) (ʚ 10
10

 ʩʤ
-3
), ʘ ʪʘʢʞʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʵʣʝʢʪʨʠʯʝ-

ʩʢʦʛʦ ʧʦʪʝʥʮʠʘʣʘ ʚ ʛʘʟʦʨʘʟʨʷʜʥʦʤ ʧʨʦʤʝʞʫʪʢʝ (EiF j= ; c). ʅʘ ʧʨʘʚʦʡ ʯʘʩʪʠ ʨʠʩʫʥʢʦʚ ʧʦʢʘʟʘ-

ʥʳ ʩʠʣʦʚʳʝ ʣʠʥʠʠ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ; ʥʘ ʣʝʚʦʡ ʯʘʩʪʠ ʨʠʩʫʥʢʦʚ ʧʨʠʚʝʜʝʥʳ ʯʠʩʣʦʚʳʝ ʟʥʘʯʝʥʠʷ 

ʠʟʦʣʠʥʠʡ. ʀʩʭʦʜʥʳʝ ʜʘʥʥʳʝ: ʨ = 2.5 ʊʦʨʨ, 0R = 3000 ʆʤ, E = 500 ɺ, xB = 0 



ʉʫʨʞʠʢʦʚ ʉ.ʊ., ʂʫʨʘʪʦʚ ʉ.ɽ.  ɼʠʬʬʫʟʠʦʥʥʦ-ʜʨʝʡʬʦʚʘʷ ʤʦʜʝʣʴ ʇʝʥʥʠʥʛʦʚʩʢʦʛʦ ʨʘʟʨʷʜʘ ʧʨʠ ʜʘʚʣʝʥʠʷʭ 1 ʊʦʨʨ 
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ʘ b 

 

c 

ʈʠʩ. 4. ʂʦʥʮʝʥʪʨʘʮʠʷ ʵʣʝʢʪʨʦʥʦʚ (ʘ) ʠ ʠʦʥʦʚ (b) (ʚ 1010
 ʩʤ

-3
), ʘ ʪʘʢʞʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ 

ʧʦʪʝʥʮʠʘʣʘ ʚ ʛʘʟʦʨʘʟʨʷʜʥʦʤ ʧʨʦʤʝʞʫʪʢʝ (EiF j= ; c). ʅʘ ʧʨʘʚʦʡ ʯʘʩʪʠ ʨʠʩʫʥʢʦʚ ʧʦʢʘʟʘʥʳ ʩʠʣʦʚʳʝ 

ʣʠʥʠʠ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ; ʥʘ ʣʝʚʦʡ ʯʘʩʪʠ ʨʠʩʫʥʢʦʚ ʧʨʠʚʝʜʝʥʳ ʯʠʩʣʦʚʳʝ ʟʥʘʯʝʥʠʷ ʠʟʦʣʠʥʠʡ. 

ʀʩʭʦʜʥʳʝ ʜʘʥʥʳʝ: ʨ = 2.5 ʊʦʨʨ, 0R = 3000 ʆʤ, E = 500 ɺ, xB = 0 

ʀʟ ʨʠʩ. 11 ʚʠʜʥʦ, ʯʪʦ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʢʦʥʮʝʥʪʨʘʮʠʡ ʵʣʝʢʪʨʦʥʦʚ ʠ ʠʦʥʦʚ ʚʜʦʣʴ ʦʙʨʘʟʫʶ-

ʱʝʡ ʛʨʘʥʠʯʥʦʡ ʮʠʣʠʥʜʨʠʯʝʩʢʦʡ ʧʦʚʝʨʭʥʦʩʪʠ, ʚʢʣʶʯʘʶʱʝʡ ʘʥʦʜ ʠ ʩʚʦʙʦʜʥʦʝ ʧʨʦʩʪʨʘʥʩʪʚʦ 

ʤʝʞʜʫ ʘʥʦʜʦʤ ʠ ʢʘʪʦʜʦʤ ʚʦ ʤʥʦʛʦʤ ʧʦʜʦʙʥʦ ʨʘʩʧʨʝʜʝʣʝʥʠʶ ʟʘʨʷʞʝʥʥʳʭ ʯʘʩʪʠʮ ʚ ʥʦʨʤʘʣʴ-

ʥʦʤ ʪʣʝʶʱʝʤ ʨʘʟʨʷʜʝ [8, 14]. ɸ ʠʤʝʥʥʦ, ʚʙʣʠʟʠ ʢʘʪʦʜʘ ʥʘʙʣʶʜʘʝʪʩʷ ʦʙʣʘʩʪʴ ʧʦʣʦʞʠʪʝʣʴʥʦʛʦ 

ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʛʦ ʟʘʨʷʜʘ ʩ ʧʦʚʳʰʝʥʥʦʡ ʢʦʥʮʝʥʪʨʘʮʠʝʡ ʠʦʥʦʚ, ʢʦʪʦʨʳʝ ʫʩʢʦʨʷʷʩʴ ʜʚʠʞʫʪʩʷ 

ʢ ʢʘʪʦʜʫ, ʚʳʟʳʚʘʷ ʩ ʥʝʛʦ ʵʤʠʩʩʠʶ ʵʣʝʢʪʨʦʥʦʚ ʧʦʩʨʝʜʩʪʚʦʤ ʤʝʭʘʥʠʟʤʘ ʚʪʦʨʠʯʥʦʡ ʵʣʝʢʪʨʦʥ-

ʥʦʡ ʵʤʠʩʩʠʠ.  

ʈʘʜʠʘʣʴʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʧʣʦʪʥʦʩʪʠ ʪʦʢʘ ʥʘ ʢʘʪʦʜʘ ʧʨʠ ʨʘʟʥʳʭ ʜʘʚʣʝʥʠʷʭ ʧʦʢʘʟʘʥʳ ʥʘ 

ʨʠʩ. 12 ʘ. ʇʨʠ ʜʘʚʣʝʥʠʠ ʨ = 5 ʊʦʨʨ ʥʘʠʙʦʣʴʰʘʷ ʧʣʦʪʥʦʩʪʴ ʪʦʢʘ ʥʘʙʣʶʜʘʝʪʩʷ ʥʘ ʧʝʨʠʬʝʨʠʡʥʦʡ 

ʧʦʚʝʨʭʥʦʩʪʠ ʢʘʪʦʜʘ, ʨʘʩʧʦʣʦʞʝʥʥʦʡ ʙʣʠʞʝ ʢ ʘʥʦʜʫ. ʇʦ ʤʝʨʝ ʫʤʝʥʴʰʝʥʠʷ ʜʘʚʣʝʥʠʷ ʣʦʢʘʣʴ-


