
Physical-Chemical Kinetics in Gas Dynamics 2015 V16 (4)            http://chemphys.edu.ru/issues/2015-16-4/articles/566/ 

1 

Numerical Simulation of 2D Structure of the Glow 

Discharge in Molecular Hydrogen in View  

of Ionization and Dissociation Kinetics  

D.ɸ. Storozhev
1,2,3

, S.ɽ. Kuratov
2
, S.T. Surzhikov

1 

1
 Institute for Problem in Mechanics Russian Academy of Science (IPMech RAS), Moscow 119526,  
2
 Center for Basic and Applied Research, All-Russian Scientific Research Institute of Automatics, 

Moscow, 127055, Russia 
3
 Moscow Institute for Physics and Technology (MIPT), Moscow, Russia

 

dmitry.stor@gmail.com 

Abstract 

A two-dimensional computer model of glow discharge in axisymmetric geometry in molecular 

hydrogen is presented. The structure of a glow discharge is described within the diffusion-drift 

model. The model consists of continuity equations for electron and ion fluids, the Poisson 

equation for the self-consistent electric field, and equation for gas temperature, kinetic parame-

ters of the model are calculated by solving the electron Boltzmann equation. Kinetics of ioni-

zation and dissociation is described with the use of the system of state-to-state equations. 

Keywords: glow discharge, drift-diffusion model, kinetic of hydrogen ionization and dissocia-

tion. 
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ɸʥʥʦʪʘʮʠʷ 

ɺ ʨʘʙʦʪʝ ʧʨʝʜʩʪʘʚʣʝʥʘ ʜʚʫʭʤʝʨʥʘʷ ʢʦʤʧʴʶʪʝʨʥʘʷ ʤʦʜʝʣʴ ʪʣʝʶʱʝʛʦ ʨʘʟʨʷʜʘ ʚ ʤʦʣʝ-

ʢʫʣʷʨʥʦʤ ʚʦʜʦʨʦʜʝ ʚ ʦʩʝʩʠʤʤʝʪʨʠʯʥʦʡ ʛʝʦʤʝʪʨʠʠ. ʉʪʨʫʢʪʫʨʘ ʪʣʝʶʱʝʛʦ ʨʘʟʨʷʜʘ ʦʧʠ-

ʩʳʚʘʝʪʩʷ ʩ ʧʦʤʦʱʴʶ ʜʠʬʬʫʟʠʦʥʥʦ-ʜʨʝʡʬʦʚʦʡ ʤʦʜʝʣʠ. ʄʦʜʝʣʴ ʩʦʩʪʦʠʪ ʠʟ ʫʨʘʚʥʝʥʠʡ 

ʥʝʧʨʝʨʳʚʥʦʩʪʠ ʜʣʷ ʵʣʝʢʪʨʦʥʦʚ ʠ ʠʦʥʦʚ, ʫʨʘʚʥʝʥʠʷ ʧʫʘʩʩʦʥʘ ʜʣʷ ʩʘʤʦʩʦʛʣʘʩʦʚʘʥʥʦʛʦ 

ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ, ʠ ʫʨʘʚʥʝʥʠʷ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ ʜʣʷ ʥʝʡʪʨʘʣʴʥʦʛʦ ʛʘʟʘ. ʂʠʥʝʪʠ-

ʯʝʩʢʠʝ ʧʘʨʘʤʝʪʨʳ ʤʦʜʝʣʴ ʨʘʩʩʯʠʪʳʚʘʣʠʩʴ ʠʟ ʨʝʰʝʥʠʷ ʢʠʥʝʪʠʯʝʩʢʦʛʦ ʫʨʘʚʥʝʥʠʷ ɹʦʣʴʮ-

ʤʘʥʘ, ʘ ʢʠʥʝʪʠʢʘ ʠʦʥʠʟʘʮʠʠ ʠ ʜʠʩʩʦʮʠʘʮʠʠ ʚʦʜʦʨʦʜʘ ʦʧʠʩʳʚʘʣʘʩʴ ʩ ʧʦʤʦʱʴʶ ʢʠʥʝʪʠ-

ʯʝʩʢʠʭ ʧʦʫʨʦʚʥʝʚʳʭ ʫʨʘʚʥʝʥʠʡ.  

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʪʣʝʶʱʠʡ ʨʘʟʨʷʜ, ʜʠʬʬʫʟʠʦʥʥʦ-ʜʨʝʡʬʦʚʘʷ ʤʦʜʝʣʴ, ʢʠʥʝʪʠʢʘ ʠʦʥʠʟʘ-

ʮʠʠ ʠ ʜʠʩʩʦʮʠʘʮʠʠ ʚʦʜʦʨʦʜʘ. 

1. ɺʚʝʜʝʥʠʝ 

ʇʦʣʦʞʠʪʝʣʴʥʳʡ ʩʪʦʣʙ ʪʣʝʶʱʝʛʦ ʨʘʟʨʷʜʘ ʧʦʩʪʦʷʥʥʦʛʦ ʪʦʢʘ ʷʚʣʷʝʪʩʷ ʦʜʥʠʤ ʠʟ ʥʘʠ-

ʙʦʣʝʝ ʨʘʩʧʨʦʩʪʨʘʥʝʥʥʳʭ ʠ ʷʨʢʦ ʚʳʨʘʞʝʥʥʳʭ ʧʨʠʤʝʨʦʚ ʩʣʘʙʦʠʦʥʠʟʦʚʘʥʥʦʡ ʥʝʨʘʚʥʦʚʝʩʥʦʡ 

ʧʣʘʟʤʳ, ʧʦʜʜʝʨʞʠʚʘʝʤʦʡ ʵʣʝʢʪʨʠʯʝʩʢʠʤ ʧʦʣʝʤ. [1-5] ɼʣʷ ʪʣʝʶʱʝʛʦ ʨʘʟʨʷʜʘ ʭʘʨʘʢʪʝʨʥʳ 

ʜʘʚʣʝʥʠʷ ~1 10p · ʊʦʨʨ, ʥʘʧʨʷʞʝʥʠʷ ʥʘ ʵʣʝʢʪʨʦʜʘʭ 2 3~10 10V · ɺ, ʪʦʢʠ 3~10I -ɸ. ʊʣʝʶʱʠʝ 

ʨʘʟʨʷʜʳ ʰʠʨʦʢʦ ʠʩʧʦʣʴʟʫʶʪʩʷ ʚ ʢʘʯʝʩʪʚʝ ʘʢʪʠʚʥʦʡ ʩʨʝʜʳ ʣʘʟʝʨʘ, ʨʘʟʣʠʯʥʳʭ ʛʘʟʦʩʚʝʪʥʳʭ 

ʧʨʠʙʦʨʘʭ ʠ ʪ.ʜ. ɼʘʥʥʳʡ ʪʠʧ ʨʘʟʨʷʜʦʚ ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ ʙʦʣʴʰʠʤ ʤʥʦʛʦʦʙʨʘʟʠʝʤ ʬʠʟʠʢʦ-

ʭʠʤʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʦʚ ʧʨʦʪʝʢʘʶʱʠʭ ʚ ʥʝʨʘʚʥʦʚʝʩʥʦʡ ʧʣʘʟʤʝ, ʪʘʢʠʭ ʢʘʢ ʠʦʥʠʟʘʮʠʷ ʠ ʜʠʩ-

ʩʦʮʠʘʮʠʷ ʤʦʣʝʢʫʣʳ ʵʣʝʢʪʨʦʥʥʳʤ ʫʜʘʨʦʤ, ʚʦʟʙʫʞʜʝʥʠʝ ʠ ʨʝʣʘʢʩʘʮʠʷ ʚʥʫʪʨʝʥʥʠʭ ʩʪʝʧʝʥʝʡ 

ʩʚʦʙʦʜʳ ʤʦʣʝʢʫʣ, ʥʘʙʦʨ ʵʣʝʢʪʨʦʥʘʤʠ ʵʥʝʨʛʠʠ ʚ ʵʣʝʢʪʨʠʯʝʩʢʦʤ ʧʦʣʝ ʠ ʧʝʨʝʜʘʯʘ ʵʪʦʡ ʵʥʝʨ-

ʛʠʠ ʚ ʩʪʦʣʢʥʦʚʝʥʠʷʭ ʩ ʪʷʞʝʣʳʤʠ ʤʦʣʝʢʫʣʘʤʠ ʠ ʘʪʦʤʘʤʠ ʠ ʪ.ʜ. ɹʦʣʴʰʦʝ ʢʦʣʠʯʝʩʪʚʦ ʜʘʥʥʳʭ 

ʧʦ ʩʝʯʝʥʠʷʤ ʨʘʩʩʝʷʥʠʷ ʠ ʢʦʥʩʪʘʥʪʘʤ ʩʢʦʨʦʩʪʝʡ ʵʣʝʤʝʥʪʘʨʥʳʭ ʧʨʦʮʝʩʩʦʚ ʩ ʫʯʘʩʪʠʝʤ, ʘ ʪʘʢ-

ʞʝ ʚʦʟʨʘʩʪʘʶʱʘʷ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʴ ʢʦʤʧʴʶʪʝʨʦʚ ʧʦʟʚʦʣʷʶʪ ʩʦʟʜʘʚʘʪʴ ʢʦʤʧʴʶʪʝʨʥʳʝ 

ʤʦʜʝʣʠ ʪʣʝʶʱʝʛʦ ʨʘʟʨʷʜʘ, ʚʢʣʶʯʘʶʱʠʝ ʚʩʝ ʤʥʦʛʦʦʙʨʘʟʠʝ ʠ ʩʣʦʞʥʦʩʪʴ ʢʠʥʝʪʠʯʝʩʢʠʭ ʧʨʦ-

ʮʝʩʩʦʚ, ʧʨʦʪʝʢʘʶʱʠʭ ʚ ʨʘʟʨʷʜʝ. 

ʎʝʣʴʶ ʜʘʥʥʦʡ ʨʘʙʦʪʳ ʷʚʣʷʝʪʩʷ ʯʠʩʣʝʥʥʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʵʣʝʢʪʨʦʜʠʥʘʤʠʯʝʩʢʦʡ ʩʪʨʫʢ-

ʪʫʨʳ ʪʣʝʶʱʝʛʦ ʨʘʟʨʷʜʘ ʚ ʤʦʣʝʢʫʣʷʨʥʦʤ ʚʦʜʦʨʦʜʝ, ʦʧʠʩʳʚʘʝʤʦʡ ʩ ʧʦʤʦʱʴʶ ʜʠʬʬʫʟʠʦʥʥʦ-

ʜʨʝʡʬʦʚʦʡ ʤʦʜʝʣʠ ʩ ʢʠʥʝʪʠʯʝʩʢʠʤʠ ʧʘʨʘʤʝʪʨʘʤʠ, ʨʘʩʩʯʠʪʘʥʥʳʤʠ ʠʟ ʨʝʰʝʥʠʷ ʢʠʥʝʪʠʯʝʩʢʦʛʦ 

ʫʨʘʚʥʝʥʠʷ ɹʦʣʴʮʤʘʥʘ ʜʣʷ ʵʣʝʢʪʨʦʥʦʚ, ʘ ʪʘʢʞʝ ʨʘʩʯʝʪ ʟʘʩʝʣʝʥʥʦʩʪʝʡ ʢʦʣʝʙʘʪʝʣʴʥʳʭ ʩʦʩʪʦʷ-

ʥʠʡ, ʢʦʥʮʝʥʪʨʘʮʠʡ ʤʦʣʝʢʫʣʷʨʥʳʭ ʠ ʘʪʦʤʘʨʥʳʭ ʠʦʥʦʚ ʚ ʨʘʟʣʠʯʥʳʭ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʭ ʦʙʣʘʩ-

ʪʷʭ ʪʣʝʶʱʝʛʦ ʨʘʟʨʷʜʘ ʥʘ ʦʩʥʦʚʝ ʨʝʰʝʥʠʷ ʧʦʫʨʦʚʥʝʚʳʭ ʢʠʥʝʪʠʯʝʩʢʠʭ ʫʨʘʚʥʝʥʠʡ. 
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2. ʇʦʩʪʘʥʦʚʢʘ ʟʘʜʘʯʠ 

ʏʠʩʣʝʥʥʘʷ ʤʦʜʝʣʴ ʪʣʝʶʱʝʛʦ ʨʘʟʨʷʜʘ ʬʦʨʤʫʣʠʨʫʝʪʩʷ ʜʣʷ ʦʩʝʩʠʤʤʝʪʨʠʯʥʦʡ ʛʝʦʤʝʪʨʠʠ. 

ʇʨʝʜʧʦʣʘʛʘʝʪʩʷ, ʯʪʦ ʨʘʟʨʷʜ ʛʦʨʠʪ ʚ ʨʝʞʠʤʝ ʥʦʨʤʘʣʴʥʦʡ ʧʣʦʪʥʦʩʪʠ ʪʦʢʘ ʤʝʞʜʫ ʜʚʫʤʷ ʧʣʦ-

ʩʢʠʤʠ ʵʣʝʢʪʨʦʜʘʤʠ (ʨʠʩ. 1), ʪʘʢ ʯʪʦ ʛʨʘʥʠʯʥʳʝ ʵʬʬʝʢʪʳ ʚ ʨʘʜʠʘʣʴʥʦʤ ʥʘʧʨʘʚʣʝʥʠʠ ʥʝ ʦʢʘ-

ʟʳʚʘʶʪ ʚʣʠʷʥʠʷ ʥʘ ʩʪʨʫʢʪʫʨʫ ʨʘʟʨʷʜʘ.  

ʉʪʨʫʢʪʫʨʘ ʪʣʝʶʱʝʛʦ ʨʘʟʨʷʜʘ ʦʧʠʩʳʚʘʝʪʩʷ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʫʨʘʚʥʝʥʠʡ ʜʠʬʬʫʟʠʦʥʥʦ-

ʜʨʝʡʬʦʚʦʡ ʤʦʜʝʣʠ, ʩʬʦʨʤʫʣʠʨʦʚʘʥʥʦʡ ʜʣʷ ʵʣʝʢʪʨʦʥʥʦʡ ʠ ʠʦʥʥʦʡ ʢʦʤʧʦʥʝʥʪ. ʄʦʜʝʣʴ 

ʚʢʣʁʯʘʝʪ ʪʘʢʞʝ ʫʨʘʚʥʝʥʠʝ ʇʫʘʩʩʦʥʘ, ʦʧʨʝʜʝʣʷʶʱʝʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʪʝʥ-

ʮʠʘʣʘ ʚ ʛʘʟʦʨʘʟʨʷʜʥʦʡ ʢʘʤʝʨʝ, ʘ ʪʘʢʞʝ ʟʘʢʦʥ ʩʦʭʨʘʥʝʥʠʷ ʵʥʝʨʛʠʠ ʥʝʡʪʨʘʣʴʥʳʭ ʯʘʩʪʠʮ ʚ 

ʬʦʨʤʝ ʫʨʘʚʥʝʥʠʷ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ. 
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 ʝ grade e e eD n n m=- -ɻ E,   + gradD n n m+ + + +=- -ɻ E, 

ʛʜʝ ( ) ( )grad , , ʝQ ej h +=- = Ö = -ɽ j E j ɻ ɻ; ,x r  - ʘʢʩʠʘʣʴʥʘʷ ʠ ʨʘʜʠʘʣʴʥʘʷ ʢʦʦʨʜʠʥʘʪʳ; ,T p 

- ʪʝʤʧʝʨʘʪʫʨʘ ʠ ʜʘʚʣʝʥʠʝ ʛʘʟʘ; en  and +n  - ʢʦʥʮʝʥʪʨʘʮʠʠ ʵʣʝʢʪʨʦʥʦʚ ʠ ʠʦʥʦʚ; E  and j - 

ʚʝʢʪʦʨ ʥʘʧʨʷʞʝʥʥʦʩʪʠ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ ʠ ʝʛʦ ʧʦʪʝʥʮʠʘʣ; ʝɻ , +ɻ  - ʚʝʢʪʦʨʳ ʧʦʪʦʢʦʚ 

ʵʣʝʢʪʨʦʥʦʚ ʠ ʠʦʥʦʚ; eD , D+ - ʢʦʵʬʬʠʮʠʝʥʪʳ ʜʠʬʬʫʟʠʠ ʵʣʝʢʪʨʦʥʦʚ ʠ ʠʦʥʦʚ; em ,m+ - ʧʦʜ-

ʚʠʞʥʦʩʪʠ ʵʣʝʢʪʨʦʥʦʚ ʠ ʠʦʥʦʚ; Ŭ Ŭ= ( E p )  - ʢʦʵʬʬʠʮʠʝʥʪ ʫʜʘʨʥʦʡ ʠʦʥʠʟʘʮʠʠ ʤʦʣʝʢʫʣ 

ʵʣʝʢʪʨʦʥʘʤʠ (1-ʡ ʢʦʵʬʬʠʮʠʝʥʪ ʊʘʫʥʩʝʥʜʘ); b - ʢʦʵʬʬʠʮʠʝʥʪ ʠʦʥ-ʵʣʝʢʪʨʦʥʥʦʡ ʨʝʢʦʤʙʠʥʘ-

ʮʠʠ; h - ʢʦʵʬʬʠʮʠʝʥʪ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʧʝʨʝʜʘʯʠ ɼʞʦʫʣʝʚʘ ʪʝʧʣʘ ʥʘ ʥʘʛʨʝʚ ʛʘʟʘ. 

ʇʨʠ ʨʝʰʝʥʠʠ ʫʨʘʚʥʝʥʠʡ (1)ï(4) ʠʩʧʦʣʴʟʦʚʘʣʘʩʴ ʦʨʪʦʛʦʥʘʣʴʥʘʷ ʮʠʣʠʥʜʨʠʯʝʩʢʘʷ ʩʠʩ-

ʪʝʤʘ ʢʦʦʨʜʠʥʘʪ. ɻʨʘʥʠʯʥʳʝ ʫʩʣʦʚʠʷ ʜʣʷ ʫʨʘʚʥʝʥʠʡ (1)ï(3) ʠʤʝʶʪ ʩʣʝʜʫʶʱʠʡ ʚʠʜ: 
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ɿʜʝʩʴ g - ʢʦʬɻʬʠʮʠʝʥʪ ʚʪʦʨʠʯʥʦʡ ʵʣʝʢʪʨʦʥʥʦʡ ʵʤʠʩʩʠʠ ʩ ʧʦʚʝʨʭʥʦʩʪʠ ʢʘʪʦʜʘ; V  - ʧʘʜʝ-

ʥʠʝ ʧʦʪʝʥʮʠʘʣʘ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ ʥʘ ʛʘʟʦʨʘʟʨʷʜʥʦʤ ʧʨʦʤʝʞʫʪʢʝ; ,ɻe x, ,ɻ x+  - ʧʨʦʝʢʮʠʠ 

ʧʦʪʦʢʦʚ ʵʣʝʢʪʨʦʥʦʚ ʠ ʠʦʥʦʚ ʥʘ ʦʩʴ x. 
ɿʘʤʝʪʠʤ, ʯʪʦ ʛʨʘʥʠʯʥʳʝ ʫʩʣʦʚʠʷ ʜʣʷ ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʡ ʩʠʩʪʝʤʳ ʫʨʘʚʥʝʥʠʡ ʜʠʬʬʫʟʠ-

ʦʥʥʦ-ʜʨʝʡʬʦʚʦʡ ʤʦʜʝʣʠ (1)ï(3) ʷʚʣʷʶʪʩʷ ʧʨʠʙʣʠʞʝʥʥʳʤʠ. ʇʨʠʤʝʥʠʤʦʩʪʴ ʜʘʥʥʳʭ ʛʨʘʥʠʯ-

ʥʳʭ ʫʩʣʦʚʠʡ ʦʙʩʫʞʜʘʣʘʩʴ ʚ ʨʘʙʦʪʘʭ [3-4].  
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ɼʣʷ ʪʦʛʦ, ʯʪʦʙʳ ʨʘʩʩʯʠʪʘʪʴ ʧʘʜʝʥʠʝ ʧʦʪʝʥʮʠʘʣʘ ʥʘ ʨʘʟʨʷʜʥʦʤ ʧʨʦʤʝʞʫʪʢʝ ʥʝʦʙʭʦʜʠ-

ʤʦ ʫʯʠʪʳʚʘʪʴ ʚʣʠʷʥʠʡ ʚʥʝʰʥʝʡ ʮʝʧʠ. ɺ ʩʣʫʯʘʝ ʢʚʘʟʠʩʪʘʮʠʦʥʘʨʥʦʛʦ ʛʦʨʝʥʠʷ ʪʣʝʶʱʝʛʦ ʨʘʟ-

ʨʷʜʘ ʟʘʢʦʥ ʆʤʘ ʙʫʜʝʪ ʠʤʝʪʴ ʩʣʝʜʫʶʱʠʡ ʚʠʜ: 
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ʚr ʨʘʞʘʶʱʠʡ ʨʘʚʝʥʩʪʚʦ ʵʣʝʢʪʨʦʜʚʠʞʫʱʝʡ ʩʠʣʳ e ʩʫʤʤʝ ʧʘʜʝʥʠʡ ʧʦʪʝʥʮʠʘʣʘ ʥʘ ʨʝʟʠʩʪʦʨʝ 

0R  ʠ ʨʘʟʨʷʜʥʦʤ ʧʨʦʤʝʞʫʪʢʝ. 

3. ʂʠʥʝʪʠʯʝʩʢʠʝ ʧʘʨʘʤʝʪʨʳ ʤʦʜʝʣʠ 

ɿʥʘʯʝʥʠʷ ʢʦʵʬʬʠʮʠʝʥʪʘ ʠʦʥʠʟʘʮʠʠ (1ʛʦ ʢʦʵʬʬʠʮʠʝʥʪʘ ʊʘʫʥʩʝʥʜʘ), ʧʦʜʚʠʞʥʦʩʪʠ ʠ 

ʜʠʬʬʫʟʠʠ ʨʘʩʩʯʠʪʳʚʘʣʠʩʴ ʧʦ ʩʣʝʜʫʶʱʠʤ ʬʦʨʤʫʣʘʤ: 
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ʛʜʝ N  - ʢʦʥʮʝʥʪʨʘʮʠʷ ʥʝʡʪʨʘʣʴʥʳʭ ʤʦʣʝʢʫʣ ʛʘʟʘ; ms  - ʪʨʘʥʩʧʦʨʪʥʦʝ ʩʝʯʝʥʠʝ ʨʘʩʩʝʷʥʠʷ 

ʵʣʝʢʪʨʦʥʦʚ ʥʘ ʤʦʣʝʢʫʣʘʭ; ionizs  - ʩʝʯʝʥʠʝ ʠʦʥʠʟʘʮʠʠ; e - ʵʥʝʨʛʠʷ ʵʣʝʢʪʨʦʥʦʚ ʚ eV; 0f  - 

ʬʫʥʢʮʠʷ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʵʣʝʢʪʨʦʥʦʚ ʧʦ ʵʥʝʨʛʠʷʤ; ionizk  - ʢʦʥʩʪʘʥʪʘ ʩʢʦʨʦʩʪʠ ʠʦʥʠʟʘʮʠʠ 

ʵʣʝʢʪʨʦʥʥʳʤ ʫʜʘʨʦʤ; e ʠ em  - ʟʘʨʷʜ ʠ ʤʘʩʩʘ ʵʣʝʢʪʨʦʥʘ. 
ʌʫʥʢʮʠʷ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʵʣʝʢʪʨʦʥʦʚ ʧʦ ʵʥʝʨʛʠʷʤ ʨʘʩʩʯʠʪʳʚʘʝʪʩʷ ʠʟ ʨʝʰʝʥʠʷ ʢʠʥʝʪʠ-

ʯʝʩʢʦʛʦ ʫʨʘʚʥʝʥʠʷ ɹʦʣʴʮʤʘʥʘ, ʥʘ ʦʩʥʦʚʝ ʤʝʪʦʜʠʢʠ, ʠʟʣʦʞʝʥʥʦʡ ʥʠʞʝ. 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʫʯʠʪʳʚʘʣʦʩʴ ʠʟʤʝʥʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ ʥʝʡʪʨʘʣʴʥʦʛʦ ʛʘʟʘ. ɺ ʩʦʦʪ-

ʚʝʪʩʪʚʠʠ ʩ ʵʪʠʤ ʟʘʚʠʩʠʤʦʩʪʴ ʪʨʘʥʩʧʦʨʪʥʳʭ ʠ ʪʝʨʤʦʬʠʟʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ʟʘ-

ʜʘʚʠʣʠʩʴ ʩʣʝʜʫʶʱʠʤʠ ʬʦʨʤʫʣʘʤʠ: 
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ʛʜʝ p - ʥʘʯʘʣʴʥʦʝ ʜʘʚʣʝʥʠʝ. ʂʦʵʬʬʠʮʠʝʥʪ ʨʝʢʦʤʙʠʥʘʮʠʠ b ʙʳʣ ʧʦʣʦʞʝʥ ʨʘʚʥʳʤ
72 10b -= ³ ʩʤ

3
/ʩ. 

4. ʂʠʥʝʪʠʯʝʩʢʦʝ ʫʨʘʚʥʝʥʠʝ ɹʦʣʴʮʤʘʥʘ 

ʂʠʥʝʪʠʯʝʩʢʦʝ ʫʨʘʚʥʝʥʠʝ ɹʦʣʴʮʤʘʥʘ ʜʣʷ ʵʣʝʢʪʨʦʥʦʚ ʨʝʰʘʝʪʩʷ ʜʣʷ ʪʦʛʦ, ʯʪʦʙʳ ʫʯʝʩʪʴ 

ʚʣʠʷʥʠʝ ʥʝʨʘʚʥʦʚʝʩʥʦʡ ʌʈʕʕ ʥʘ ʢʠʥʝʪʠʯʝʩʢʠʝ ʧʘʨʘʤʝʪʨʳ ʧʣʘʟʤʳ ʪʣʝʶʱʝʛʦ ʨʘʟʨʷʜʘ. ɺ 
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ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʫʨʘʚʥʝʥʠʝ ɹʦʣʴʮʤʘʥʘ ʜʣʷ ʵʣʝʢʪʨʦʥʦʚ ʨʝʰʘʝʪʩʷ ʚ ʜʚʫ-ʯʣʝʥʥʦʤ ʧʨʠʙʣʠʞʝʥʠʠ 

(ʧʨʠʙʣʠʞʝʥʠʝ ʃʦʨʝʥʮʘ): 
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ʛʜʝ 2 2em ee= v ; , , ee mv  - ʩʢʦʨʦʩʪʴ, ʟʘʨʷʜ ʠ ʤʘʩʩʘ ʵʣʝʢʪʨʦʥʘ; , ,M N T  - ʤʘʩʩʘ, ʢʦʥʮʝʥʪʨʘ-

ʮʠʷ ʠ ʪʝʤʧʝʨʘʪʫʨʘ ʤʦʣʝʢʫʣ ʚʦʜʦʨʦʜʘ; elNu , vibNu  - ʟʘʩʝʣʝʥʥʦʩʪʠ ʵʣʝʢʪʨʦʥʥʦ- ʠ ʢʦʣʝʙʘʪʝʣʴʥʦ- 

ʚʦʟʙʫʞʜʝʥʥʳʭ ʩʦʩʪʦʷʥʠʡ; E  - ʥʘʧʨʷʞʝʥʥʦʩʪʴ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ; els  - ʪʨʘʥʩʧʦʨʪʥʦʝ 

ʩʝʯʝʥʠʝ ʨʘʩʩʝʷʥʠʷ; ,  vib el
w wu us s   - ʩʝʯʝʥʠʝ ʥʝʫʧʨʫʛʦʛʦ ʚʦʟʙʫʞʜʝʥʠʷ ʢʦʣʝʙʘʪʝʣʴʥʳʭ ʩʦʩʪʦʷ-

ʥʠʡ ʦʩʥʦʚʥʦʛʦ ʵʣʝʢʪʨʦʥʥʦʛʦ ʫʨʦʚʥʷ, ʘ ʪʘʢʞʝ ʨʘʟʣʠʯʥʳʭ ʵʣʝʢʪʨʦʥʥʳʭ ʩʦʩʪʦʷʥʠʡ ʤʦʣʝʢʫʣ 

ʚʦʜʦʨʦʜʘ; vib
wue , el

wue  - ʧʦʨʦʛʦʚʳʝ ʟʥʘʯʝʥʠʷ ʵʥʝʨʛʠʠ; vN*, eN* - ʩʫʤʤʘʨʥʦʝ ʢʦʣʠʯʝʩʪʚʦ ʥʝ-

ʫʧʨʫʛʠʭ ʧʨʦʮʝʩʩʦʚ ʢʦʣʝʙʘʪʝʣʴʥʦʛʦ ʠ ʵʣʝʢʪʨʦʥʥʦʛʦ ʚʦʟʙʫʞʜʝʥʠʷ ʤʦʣʝʢʫʣ. ʌʫʥʢʮʠʷ ʨʘʩ-

ʧʨʝʜʝʣʝʥʠʷ ʥʦʨʤʠʨʫʝʪʩʷ ʩʣʝʜʫʶʱʠʤ ʫʩʣʦʚʠʝʤ: 
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ʉʝʯʝʥʠʷ ʧʨʦʮʝʩʩʦʚ ʜʝʚʦʟʙʫʞʜʝʥʠʷ ʨʘʩʩʯʠʪʳʚʘʶʪʩʷ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʩʦʦʪʥʦʰʝʥʠʷ 

ʂʣʝʡʥʘ - ʈʦʩʩʝʣʘʥʜʘ, ʚʳʨʘʞʘʶʱʝʛʦ ʧʨʠʥʮʠʧ ʜʝʪʘʣʴʥʦʛʦ ʨʘʚʥʦʚʝʩʠʷ ʜʣʷ ʩʦʫʜʘʨʝʥʠʡ 1ʛʦ ʠ 
2ʛʦ ʨʦʜʘ 

 ( ) ( ) ( ) ()exp ,  ,  w w w w w w wu u u u u ue e s e e e es e e e u     - - = - ² > 

ʍʦʨʦʰʦ ʠʟʚʝʩʪʥʦ, ʯʪʦ ʟʥʘʯʠʪʝʣʴʥʘʷ ʯʘʩʪʴ ʵʥʝʨʛʠʠ ʵʣʝʢʪʨʦʥʦʚ ʪʨʘʪʠʪʩʷ ʥʘ ʚʦʟʙʫʞ-

ʜʝʥʠʝ ʢʦʣʝʙʘʪʝʣʴʥʳʭ ʩʪʝʧʝʥʝʡ ʩʚʦʙʦʜʳ ʤʦʣʝʢʫʣ. ɼʦʣʷ ʵʪʦʡ ʵʥʝʨʛʠʠ ʨʘʩʩʯʠʪʳʚʘʝʪʩʷ ʠʟ ʨʝ-

ʰʝʥʠʷ ʢʠʥʝʪʠʯʝʩʢʦʛʦ ʫʨʘʚʥʝʥʠʷ ɹʦʣʴʮʤʘʥʘ. ʆʯʝʚʠʜʥʦ ʪʘʢʞʝ, ʯʪʦ  ʜʦʣʷ ʵʥʝʨʛʠʠ, ʚʣʦʞʝʥʥʦʡ 

ʚʦ ʚʥʫʪʨʝʥʥʠʝ ʩʪʝʧʝʥʠ ʩʚʦʙʦʜʳ, ʧʦ ʦʪʥʦʰʝʥʠʶ ʢ ɼʞʦʫʣʝʚʫ ʥʘʛʨʝʚʫ ʛʘʟʘ ʙʫʜʝʪ ʨʘʟʣʠʯʥʦʡ ʚ 

ʨʘʟʥʳʭ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʭ ʦʙʣʘʩʪʷʭ ʪʣʝʶʱʝʛʦ ʨʘʟʨʷʜʘ. 
ʈʘʩʯʝʪ ʜʦʣʠ ʵʥʝʨʛʠʠ, ʟʘʪʨʘʯʝʥʥʦʡ ʥʘ ʚʦʟʙʫʞʜʝʥʠʝ ʚʥʫʪʨʝʥʥʠʭ ʩʪʝʧʝʥʝʡ ʩʚʦʙʦʜʳ, ʚʳ-

ʧʦʣʥʷʣʩʷ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʩʣʝʜʫʶʱʝʡ ʤʝʪʦʜʠʢʠ: ʩʥʘʯʘʣʘ ʨʘʩʩʯʠʪʳʚʘʣʠʩʴ ʢʦʥʩʪʘʥʪʳ ʩʢʦ-

ʨʦʩʪʠ ʥʝʫʧʨʫʛʠʭ ʩʪʦʣʢʥʦʚʝʥʠʡ ʵʣʝʢʪʨʦʥʦʚ ʩ ʤʦʣʝʢʫʣʘʤʠ, ʟʘʪʝʤ ʨʘʩʩʯʠʪʳʚʘʣʦʩʴ ʦʪʥʦʰʝʥʠʝ 

ʩʫʤʤʘʨʥʳʭ ʟʘʪʨʘʪ ʵʥʝʨʛʠʠ ʚʦ ʚʩʝ ʨʘʩʩʤʘʪʨʠʚʘʝʤʳʝ ʢʦʣʝʙʘʪʝʣʴʥʳʝ ʠʣʠ ʵʣʝʢʪʨʦʥʥʳʝ ʩʦʩʪʦʷ-

ʥʠʷ ʢ ɼʞʦʫʣʝʚʫ ʪʝʧʣʫ: 

ʘ)   ʂʦʣʝʙʘʪʝʣʴʥʦʝ ʚʦʟʙʫʞʜʝʥʠʝ: 

 () ()0

0

dvib vib
w wk fu ug es e e e

¤

 
¡= ñ , (6) 
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1 1

0 1 1 1

v vN N N N
vib vib vib vib

exit e w w e w w

w w

E N n k N n k
u u

u u u u u u
u u u u

e e

* * * *- -

   

= = + = = -

= -ä ä ä ä , 

 
vib

vib exitE
h =

Öj E
 

ʙ)   ʕʣʝʢʪʨʦʥʥʦʝ ʚʦʟʙʫʞʜʝʥʠʝ: 

 () ()0

0

del el
w wk fu ug es e e e

¤

 
¡= ñ ,  (7) 

 0 0 0 0

1 1

e vN N
el el el el

exit e w w e

w

E N n k N n ku u u u
u

e e

* *

   

= =

= -ä ä , 

 
el

el exitE
h =

Öj E
 

5. ʇʦʫʨʦʚʥʝʚʘʷ ʢʦʣʝʙʘʪʝʣʴʥʘʷ ʢʠʥʝʪʠʢʘ 

ʂʦʣʝʙʘʪʝʣʴʥʘʷ ʢʠʥʝʪʠʢʘ ʤʦʣʝʢʫʣʷʨʥʦʛʦ ʚʦʜʦʨʦʜʘ ʚ ʦʩʥʦʚʥʦʤ ʵʣʝʢʪʨʦʥʥʦʤ 

( )1
,2H ɆgX u+  (ʜʘʣʝʝ ʠʩʧʦʣʴʟʫʝʪʩʷ ʦʙʦʟʥʘʯʝʥʠʝ ( ),2H Xu) ʦʧʠʩʳʚʘʝʪʩʷ ʤʦʜʝʣʴʶ ʧʦʫʨʦʚʥʝ-

ʚʦʡ ʢʠʥʝʪʠʢʠ ʘʥʛʘʨʤʦʥʠʯʝʩʢʠʭ ʦʩʮʠʣʣʷʪʦʨʦʚ, ʢʦʪʦʨʘʷ ʚʢʣʶʯʘʝʪ ʧʨʦʮʝʩʩʳ ʚʦʟʙʫʞʜʝʥʠʷ ʢʦ-

ʣʝʙʘʪʝʣʴʥʳʭ ʩʦʩʪʦʷʥʠʡ ʵʣʝʢʪʨʦʥʥʳʤ ʫʜʘʨʦʤ, (eV) and ʢʦʣʝʙʘʪʝʣʴʥʦ-ʢʦʣʝʙʘʪʝʣʴʥʳʡ (VV) ʠ 

ʢʦʣʝʙʘʪʝʣʴʥʦ-ʧʦʩʪʫʧʘʪʝʣʴʥʳʡ (VT) ʵʥʝʨʛʦʦʙʤʝʥ ʚ ʧʨʠʙʣʠʞʝʥʠʠ ʦʜʥʦʢʚʘʥʪʦʚʳʭ ʧʝʨʝʭʦ-

ʜʦʚ[1]: 

 

( )
( ) ( )

( ) ( ) ( )

( ) ( ) ( ) ( )

( ) ( ) ( )[ ]

,2
, ,2 2

1,
, , ,2 2 2 1,

0

, 1 , 1
, , , ,2 2 1, 2 2 , 1

1,
, , ,2 2 , 1 2 2

dH
H H

d

H H 1 H

H 1 H H H

H H 1 H 1 H

vib vib
e w e w

w w

vib vib w w
e w w n

w w w

w w w w

w w

w w

m

X
n X w n X w

t

n X k X X w

X X w X X w

X X w X

k k

k K

K K

K

u u
u u

u u u
u u

u u uu

uu

u

u u

u u

u u

 

< >

+
  -

< > >

+ +
+ -

-
+

= + -

å õ
- + + - +æ ö

ç ÷

+ + - -

- + + -

ä ä

ä ä ä

ä ä

ä

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

1,

, , ,2 2 1, 2 2 , 1 2 2 , 1H 1 H H H H H ,X X X

P

P P P

u u

u u uu uuu u u

-

+ - +

+

+ + - -

 

ʛʜʝu ʠ w  - ʢʦʣʝʙʘʪʝʣʴʥʳʝ ʢʚʘʥʪʦʚʳʝ ʯʠʩʣʘ, [ ]2H  ʢʦʥʮʝʥʪʨʘʮʠʷ ʤʦʣʝʢʫʣ ʚʦʜʦʨʦʜʘ. ʈʘʟ-

ʣʠʯʥʳʝ ʢʘʥʘʣʳ ʵʥʝʨʛʦʦʙʤʝʥʘ ʦʧʠʩʳʚʘʶʪʩʷ ʩʣʝʜʫʶʱʠʤʠ ʩʠʤʚʦʣʠʯʝʩʢʠʤʠ ʫʨʘʚʥʝʥʠʷʤʠ: 

( ) ( ), ,2 2e-V:     H He X e X wu+ ª +  

( ) ( ) ( ) ( ), , , ,2 2 2 2V-V:     H H H 1 H 1X X w X X wu u+ ª - + + 

( ) ( ), ,2 2 2 2V-T:     H H H 1 HX Xu u+ ª - + 

ɼʣʷ ʦʧʠʩʘʥʠʷ ʧʨʦʮʝʩʩʦʚ ʚʦʟʙʫʞʜʝʥʠʷ ʠ ʜʝʚʦʟʙʫʞʜʝʥʠʷ ʢʦʣʝʙʘʪʝʣʴʥʳʭ ʩʦʩʪʦʷʥʠʡ ʤʦ-

ʣʝʢʫʣʷʨʥʦʛʦ ʚʦʜʦʨʦʜʘ ʨʘʩʩʤʘʪʨʠʚʘʣʠʩʴ 14 ʢʦʣʝʙʘʪʝʣʴʥʳʭ ʩʦʩʪʦʷʥʠʡ ʤʦʣʝʢʫʣʳ. ʂʦʥʩʪʘʥʪʳ 

ʩʢʦʨʦʩʪʠ ʧʨʦʮʝʩʩʦʚ ʚʦʟʙʫʞʜʝʥʠʷ ʢʦʣʝʙʘʪʝʣʴʥʳʭ ʩʦʩʪʦʷʥʠʡ ʵʣʝʢʪʨʦʥʥʳʤ ʫʜʘʨʦʤ ʨʘʩʩʯʠʪʳ-

ʚʘʣʠʩʴ ʢʘʢ ʩʚʝʨʪʢʘ ʨʘʩʩʯʠʪʘʘʥʥʦʡ ʠʟ ʫʨʘʚʥʝʥʠʷ ɹʦʣʴʮʤʘʥʘ ʌʈʕʕ ʩ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʤ ʩʝʯʝ-

ʥʠʝʤ ʨʘʩʩʝʷʥʠʷ (6). 



ɼ.ɸ. ʉʪʦʨʦʞʝʚ, ʉ.ɽ. ʂʫʨʘʪʦʚ, ʉ.ʊ. ʉʫʨʞʠʢʦʚ   ʏʠʩʣʝʥʥʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ 2D ʩʪʨʫʢʪʫʨʳ ʪʣʝʶʱʝʛʦ ʨʘʟʨʷʜʘ... 
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ɼʣʷ VT ʧʨʦʮʝʩʩʦʚ: 
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e e
VT

e e e e e

e e e

hc
T

kT

hc hc
T T

kT kT

hc
T T

kT

P P

P P

P P

u u

uu u u

u w c
u ud

w w c u w c

w w c

+

+ +

å õ
= + -æ ö

ç ÷

è ø- å õ
= - -é ù æ ö

ç ÷ê ú

è ø-
= -é ù

ê ú

 

 0.87VTd = ,   16
1,0 4.61 10P -= ³  ʩʤ

3
/ʩ 

ɼʣʷ VV ʧʨʦʮʝʩʩʦʚ: 

 ( )( ) ( ) ( ), 1 0,1
1, 1,0

3 1
1 1 exp exp exp

2 2

w w e e
VV VV

hc
w w w w

kT
K Ku u

w c
u d u d u u+

+

å õè ø
= + + - - - - - -æ öé ù

ê ú ç ÷
, 

 
( )1, , 1

, 1 1,

2
exp ,

e ew w w w w hc

kT
K Kuu u u

u w c+ +
+ +

-å õ
= æ ö

ç ÷
 

 1.06,VVd =   
0,1 13
1,0 3.9 10K -º ³  ʩʤ

3
/ʩ. 

6. ʂʠʥʝʪʠʢʘ ʧʣʘʟʤʦʭʠʤʠʯʝʩʢʠʭ ʨʝʘʢʮʠʡ 

ʏʠʩʣʝʥʥʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʪʣʝʶʱʝʛʦ ʨʘʟʨʷʜʘ ʚ ʤʦʣʝʢʫʣʷʨʥʦʤ ʚʦʜʦʨʦʜʝ ʧʨʦʚʦʜʠʣʦʩʴ ʚ 

ʛʝʦʤʝʪʨʠʠ, ʧʦʢʘʟʘʥʥʦʡ ʥʘ ʨʠʩ. 1 ʜʣʷ ʩʣʝʜʫʶʱʠʭ ʠʩʭʦʜʥʳʭ ʜʘʥʥʳʭ: 1000 Ve= , 0.1g= , 

0 300 kɋR = , 11600KeT = , 2H= ʩʤ. ʉʪʨʫʢʪʫʨʘ ʪʣʝʶʱʝʛʦ ʨʘʟʨʷʜʘ ʨʘʩʩʯʠʪʳʚʘʣʘʩʴ ʩ ʫʯʝʪʦʤ 

ʨʝʰʝʥʠʷ ʢʠʥʝʪʠʯʝʩʢʦʛʦ ʫʨʘʚʥʝʥʠʷ ʠ ʩʠʩʪʝʤʳ ʢʠʥʝʪʠʯʝʩʢʠʭ ʧʦʫʨʦʚʥʝʚʳʭ ʫʨʘʚʥʝʥʠʡ ʜʣʷ 

ʟʘʩʝʣʝʥʥʦʩʪʝʡ. 

 

ʈʠʩ. 1. ʉʭʝʤʘ ʪʣʝʶʱʝʛʦ ʨʘʟʨʷʜʘ 

ʍʦʨʦʰʦ ʠʟʚʝʩʪʥʦ, ʯʪʦ ʚ ʦʙʣʘʩʪʠ ʛʦʨʝʥʠʷ ʪʣʝʶʱʝʛʦ ʨʘʟʨʷʜʘ ʧʨʦʪʝʢʘʝʪ ʙʦʣʴʰʦʝ ʢʦʣʠ-

ʯʝʩʪʚʦ ʧʣʘʟʤʦʭʠʤʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʦʚ [9-13]. ɺ ʧʝʨʚʫʶ ʦʯʝʨʝʜʴ - ʧʨʦʮʝʩʩ rʧʨʷʤʦʛʦ ʚʦʟʙʫʞ-

ʜʝʥʠʷ ʢʦʣʝʙʘʪʝʣʴʥʳʭ ʩʦʩʪʦʷʥʠʡ ʵʣʝʢʪʨʦʥʥʳʤ ʫʜʘʨʦʤ, ʩʪʫʧʝʥʯʘʪʦʛʦ ʤʝʭʘʥʠʟʤʘ ʚʦʟʙʫʞʜʝ-

ʥʠʷ ʢʦʣʝʙʘʪʝʣʴʥʳʭ ʩʦʩʪʦʷʥʠʡ, ʧʨʦʪʝʢʘʶʱʝʛʦ ʯʝʨʝʟ ʚʦʟʙʫʞʜʝʥʠʝ ʵʣʝʢʪʨʦʥʥʳʭ ʩʦʩʪʦʷʥʠʡ
1ɆuB +, 1

uʉÔ , ʠʦʥʠʟʘʮʠʠ ʯʘʩʪʠʮ ʵʣʝʢʪʨʦʥʥʳʤ ʫʜʘʨʦʤ, ʧʨʦʮʝʩʩʦʚ ʜʠʩʩʦʮʠʘʪʠʚʥʦʡ ʠʦʥʠʟʘ-

ʮʠʠ, ʩʪʫʧʝʥʯʘʪʦʡ ʜʠʩʩʦʮʠʘʮʠʠ ʤʦʣʝʢʫʣ, ʧʨʦʪʝʢʘʶʱʠʭ ʯʝʨʝʟ ʵʣʝʢʪʨʦʥʥʦ-ʚʦʟʙʫʞʜʝʥʥʳʝ ʩʦ-

ʩʪʦʷʥʠʷ 1ɆuB +, 1
uʉÔ , 1ɆuB +¡ , 1ɄuD , 1ɆuB +¡¡, 1ɄuD¡ , 3Ɇub +, ʭʠʤʠʯʝʩʢʠʭ ʨʝʘʢʮʠʡ ʩ ʫʯʘʩʪʠʝʤ 

ʪʷʞʝʣʳʭ ʤʦʣʝʢʫʣ ʠ ʘʪʦʤʦʚ. ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʫʯʠʪʳʚʘʣʠʩʴ ʩʣʝʜʫʶʱʠʝ ʢʠʥʝʪʠʯʝʩʢʠʝ ʨʝʘʢ-

ʮʠʠ: 
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1. ( ) ( )2 2H X, H X, e v e v¡+  +  

2. ( ) ( ) ( )1 1 1 1
2 2 2H Ɇ , H Ɇ , , H Ɇ ,g i u u g fX v e B ʉ v e X v e hv+ + +¡+  Ô +  + + 

3. ( ) ( )1 + 2
2 2H Ɇ , H Ɇg i gX v e X e+ ++  + 

4. ( ) ( ) ()1 + 2
2 2H Ɇ , H Ɇ 2 H 1s H 2g i gX v e X e e+ + ++  +  + + 

5. ( ) ( ) ()1 + 2
2 2H Ɇ , H Ɇ 2 H 1s H 2g i uX v e e e+ + ++  +  + + 

6. ( ) ( ) () ()1 1
2 2H Ɇ , H Ɇ H 1s H 2lg i uX v e B e e+ ++  +  + + 

7. ( ) ( ) () ()1 1
2 2H Ɇ , H Ɇ H 1s H 2lg i uX v e C e e+ ++  +  + + 

8. ( ) ( )1 1
2 2H Ɇ , H Ɇ 2Hg i uX v e B e e+ +¡+  +  + 

9. ( ) ( )1 1
2 2H Ɇ , H Ʉ 2Hg i uX v e D e e+ +  +  + 

10. ( ) ( )1 1
2 2H Ɇ , H Ɇ 2Hg i uX v e B e e+ +¡¡+  +  + 

11. ( ) ( )1 1
2 2H Ɇ , H Ʉ 2Hg i uX v e D e e+ ¡+  +  + 

12. ( ) ( ) () ()1 3
2 2H Ɇ , H Ɇ H 1s H 1sg i uX v e b e e+ ++  +  + + 

13. H He e e++  + + 

14. ( ) ( ) ( ) ( ), , , ,2 2 2 2H H H 1 H 1X w X X w Xu u+ ª - + + 

15. ( ) ( ), ,2 2 2 2H H H 1 HX w X w+ ª - + 

16. +
2 2H H H H++  +  

ʇʝʨʚʘʷ ʨʝʘʢʮʠʷ ʦʧʠʩʳʚʘʝʪ ʧʨʷʤʦʝ ʢʦʣʝʙʘʪʝʣʴʥʦʝ ʚʦʟʙʫʞʜʝʥʠʝ ʤʦʣʝʢʫʣʳ ʚʦʜʦʨʦʜʘ 

ʵʣʝʢʪʨʦʥʥʳʤ ʫʜʘʨʦʤ. ʅʘʙʦʨ ʩʝʯʝʥʠʡ ʜʣʷ ʵʪʦʡ ʨʝʘʢʮʠʠ, ʪʘʢʞʝ ʢʘʢ ʠ ʜʣʷ ʨʝʘʢʮʠʡ ʠʦʥʠʟʘʮʠʠ 

ʵʣʝʢʪʨʦʥʥʳʤ ʫʜʘʨʦʤ ʙʳʣ ʚʟʷʪ ʠʟ ʨʘʙʦʪʳ A.V. Phelps. ʈʝʘʢʮʠʷ ˉ 2 ʦʧʠʩʳʚʘʝʪ ʢʦʣʝʙʘʪʝʣʴʥʦʝ 

ʚʦʟʙʫʞʜʝʥʠʝ ʤʦʣʝʢʫʣʳ ʯʝʨʝʟ ʚʦʟʙʫʞʜʝʥʠʝ ʩʠʥʛʣʝʪʥʳʭ ʵʣʝʢʪʨʦʥʥʳʭ ʫʨʦʚʥʝʡ 1ɆuB +, 1
uʉÔ , 

ʨʝʘʢʮʠʷ ˉ 3 ʦʧʠʩʳʚʘʝʪ ʠʦʥʠʟʘʮʠʶ ʤʦʣʝʢʫʣʳ ʵʣʝʢʪʨʦʥʥʳʤ ʫʜʘʨʦʤ ʠʟ ʨʘʟʣʠʯʥʳʭ ʢʦʣʝʙʘ-

ʪʝʣʴʥʦ-ʚʦʟʙʫʞʜʝʥʥʳʭ ʩʦʩʪʦʷʥʠʡ ʦʩʥʦʚʥʦʛʦ ʵʣʝʢʪʨʦʥʥʦʛʦ ʩʦʩʪʦʷʥʠʷ, ʤʝʭʘʥʠʟʤʳ ˉ 4-5 

ʦʧʠʩʳʚʘʶʪ ʧʨʦʮʝʩʩʳ ʜʠʩʩʦʮʠʘʪʠʚʥʦʡ ʠʦʥʠʟʘʮʠʠ, ʧʨʦʪʝʢʘʶʱʠʭ ʯʝʨʝʟ ʩʦʩʪʦʷʥʠʷ ( )+ 2
2H ɆgX +  

ʠ ( )+ 2
2H Ɇu

+, ʨʝʘʢʮʠʠ ˉ 6-12 ʦʧʠʩʳʚʘʶʪ ʩʪʫʧʝʥʯʘʪʳʡ ʤʝʭʘʥʠʟʤ ʜʠʩʩʦʮʠʘʮʠʠ ʤʦʣʝʢʫʣʳ 

ʵʣʝʢʪʨʦʥʥʳʤ ʫʜʘʨʦʤ ʯʝʨʝʟ ʚʦʟʙʫʞʜʝʥʥʳʝ ʩʠʥʛʣʝʪʥʳʝ (1ɆuB +, 1
uʉÔ , 1ɆuB +¡ , 1ɄuD , 1ɆuB +¡¡, 

1ɄuD¡ ) ʠ ʪʨʠʧʣʝʪʥʳʝ ʩʦʩʪʦʷʥʠʷ (3Ɇub +). ʉʝʯʝʥʠʷ ʨʘʩʩʝʷʥʠʷ ʧʨʦʮʝʩʩʦʚ ˉ 3-12 ʙʳʣʠ ʚʟʷʪʳ 

ʠʟ ʨʘʙʦʪ [6-8].  

ɹʦʣʝʝ ʧʦʜʨʦʙʥʦʝ ʦʧʠʩʘʥʠʝ ʢʠʥʝʪʠʯʝʩʢʦʡ ʩʭʝʤʳ, ʠʩʧʦʣʴʟʫʝʤʦʡ ʚ ʨʘʙʦʪʝ, ʜʘʥʦ ʚ ʊʘʙ-

ʣʠʮʝ 13. 

ʉʝʯʝʥʠʷ ʨʘʩʩʝʷʥʠʷ ʜʣʷ ʧʨʦʮʝʩʩʦʚ 1-13 ʜʘʥʳ ʥʘ ʨʠʩ. 2-14. ʂʦʥʩʪʘʥʪʳ ʩʢʦʨʦʩʪʠ ʧʨʦ-
ʮʝʩʩʦʚ ʨʝʢʦʤʙʠʥʘʮʠʠ ʨʘʩʩʯʠʪʳʚʘʣʠʩʴ ʥʘ ʦʩʥʦʚʝ ʧʨʠʥʮʠʧʘ ʜʝʪʘʣʴʥʦʛʦ ʨʘʚʥʦʚʝʩʠʷ. ʂʦʥʩʪʘʥ-

ʪʳ ʩʢʦʨʦʩʪʠ ʨʝʘʢʮʠʡ ˉ 15 ʠ ˉ 16 (VV ʠ VT-ʧʝʨʝʭʦʜʳ) ʨʘʩʩʯʠʪʳʚʘʣʠʩʴ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʤʝʪʦʜʠʢʠ, ʦʧʠʩʘʥʥʦʡ ʚ ʨʘʟʜʝʣʝ VI. ʂʦʥʩʪʘʥʪʘ ʩʢʦʨʦʩʪʠ ʨʝʘʢʮʠʠ  ̄17 ʚʟʷʪʘ ʠʟ ʨʘʙʦʪʳ [9] 

 16
17 9 10k -= ³  ʤ

3
/ʩ 

ʂʦʥʩʪʘʥʪʳ ʩʢʦʨʦʩʪʠ ʧʨʦʮʝʩʩʦʚ 1-13 ʨʘʩʩʯʠʪʳʚʘʣʠʩʴ ʢʘʢ ʩʚʝʨʪʢʘ ʬʫʥʢʮʠʠ ʨʘʩʧʨʝʜʝ-
ʣʝʥʠʷ ʵʣʝʢʪʨʦʥʦʚ ʧʦ ʵʥʝʨʛʠʷʤ ʩ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʤ ʩʝʯʝʥʠʝʤ ʨʘʩʩʝʷʥʠʷ.  



ɼ.ɸ. ʉʪʦʨʦʞʝʚ, ʉ.ɽ. ʂʫʨʘʪʦʚ, ʉ.ʊ. ʉʫʨʞʠʢʦʚ   ʏʠʩʣʝʥʥʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ 2D ʩʪʨʫʢʪʫʨʳ ʪʣʝʶʱʝʛʦ ʨʘʟʨʷʜʘ... 

  9 

 

ʈʠʩ. 2. ʉʝʯʝʥʠʷ ʨʘʩʩʝʷʥʠʷ ʧʨʷʤʦʛʦ ʢʦʣʝʙʘʪʝʣʴʥʦʛʦ ʚʦʟʙʫʞʜʝʥʠʷ ʤʦʣʝʢʫʣʳ ʚʦʜʦʨʦʜʘ 

ʵʣʝʢʪʨʦʥʥʳʤ ʫʜʘʨʦʤ ( ) ( )2 2H X, 0 H X, fe e v+  +  

 

ʈʠʩ. 3 ʉʝʯʝʥʠʷ ʨʘʩʩʝʷʥʠʷ ʩʪʫʧʝʥʯʘʪʦʛʦ ʤʝʭʘʥʠʟʤʘ ʢʦʣʝʙʘʪʝʣʴʥʦʛʦ ʚʦʟʙʫʞʜʝʥʠʷ ʤʦʣʝ-

ʢʫʣʳ ( ) ( ) ( )1 1 1 1
2 2 2H Ɇ , 0 H Ɇ , , H Ɇ ,g i u u g fX v e B ʉ v e X v e hv+ + +¡= +  Ô +  + + 
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ʈʠʩ. 4. ʉʝʯʝʥʠʷ ʨʘʩʩʝʷʥʠʷ ʢʘʢ ʬʫʥʢʮʠʷ ʵʥʝʨʛʠʠ ʵʣʝʢʪʨʦʥʘ ʠ ʥʘʯʘʣʴʥʦʛʦ ʢʦʣʝʙʘʪʝʣʴʥʦʛʦ 

ʢʚʘʥʪʦʚʦʛʦ ʯʠʩʣʘ ʜʣʷ ʨʝʘʢʮʠʠ 

( ) ( ) ( )1 1 1 1
2 2 2H Ɇ , 10 H Ɇ , , H Ɇ ,g i u u g fX v e B ʉ v e X v e hv+ + +¡= +  Ô +  + + 

 

ʈʠʩ. 5. ʉʝʯʝʥʠʷ ʨʘʩʩʝʷʥʠʷ ʢʘʢ ʬʫʥʢʮʠʷ ʵʥʝʨʛʠʠ ʵʣʝʢʪʨʦʥʘ ʠ ʥʘʯʘʣʴʥʦʛʦ ʢʦʣʝʙʘʪʝʣʴʥʦʛʦ 

ʢʚʘʥʪʦʚʦʛʦ ʯʠʩʣʘ ʜʣʷ ʨʝʘʢʮʠʠ ( ) ( )1 + 2
2 2H Ɇ , H Ɇg i gX v e X e+ ++  + 
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ʢʚʘʥʪʦʚʦʛʦ ʯʠʩʣʘ ʜʣʷ ʨʝʘʢʮʠʠ ( ) ( ) ()1 + 2
2 2H Ɇ , H Ɇ 2 H 1s H 2g i gX v e X e e+ + ++  +  + + 
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ʈʠʩ. 8.  ʉʝʯʝʥʠʷ ʨʘʩʩʝʷʥʠʷ ʢʘʢ ʬʫʥʢʮʠʷ ʵʥʝʨʛʠʠ ʵʣʝʢʪʨʦʥʘ ʠ ʥʘʯʘʣʴʥʦʛʦ ʢʦʣʝʙʘʪʝʣʴʥʦʛʦ 

ʢʚʘʥʪʦʚʦʛʦ ʯʠʩʣʘ ʜʣʷ ʨʝʘʢʮʠʠ ( ) ( ) () ()1 1
2 2H Ɇ , H Ɇ H 1s H 2lg i uX v e B e e+ ++  +  + + 
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ʢʚʘʥʪʦʚʦʛʦ ʯʠʩʣʘ ʜʣʷ ʨʝʘʢʮʠʠ ( ) ( ) () ()1 1
2 2H Ɇ , H Ʉ H 1s H 2lg i uX v e C e e+ ++  +  + + 
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2 2H Ɇ , H Ɇ 2Hg i uX v e B e e+ +¡+  +  + 
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ʈʠʩ. 16. ɿʘʚʠʩʠʤʦʩʪʴ ʢʦʥʩʪʘʥʪʳ ʩʢʦʨʦʩʪʠ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ʵʣʝʢʪʨʦʥʦʚ (ʜʣʷ ʤʘʢʩʚʝʣʣʦʚʩʢʦʡ ʌʈʕ) ʠ 
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ʩʪʦʷʥʠʷ ʤʦʣʝʢʫʣʳ ʚʦʜʦʨʦʜʘ ʚ ʨʝʘʢʮʠʠ( ) ( ) ()1 + 2
2 2H Ɇ , H Ɇ 2 H 1s H 2g i gX v e X e e+ + ++  +  + + 

  

ʈʠʩ. 17. ɿʘʚʠʩʠʤʦʩʪʴ ʢʦʥʩʪʘʥʪʳ ʩʢʦʨʦʩʪʠ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ʵʣʝʢʪʨʦʥʦʚ (ʜʣʷ ʤʘʢʩʚʝʣʣʦʚʩʢʦʡ ʌʈʕ) ʠ 

ʚʝʣʠʯʠʥʳ ʧʨʠʚʝʜʝʥʥʦʛʦ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ (ʜʣʷ ʌʈʕ, ʨʘʩʩʯʠʪʘʥʥʦʡ ʠʟ ʨʝʰʝʥʠʷ ʢʠʥʝʪʠʯʝʩʢʦʛʦ 

ʫʨʘʚʥʝʥʠʷ ɹʦʣʴʮʤʘʥʘ) ʜʣʷ ʨʘʟʣʠʯʥʳʭ ʢʦʣʝʙʘʪʝʣʴʥʳʭ ʢʚʘʥʪʦʚʳʭ ʯʠʩʝʣ ʦʩʥʦʚʥʦʛʦ ʵʣʝʢʪʨʦʥʥʦʛʦ ʩʦ-

ʩʪʦʷʥʠʷ ʤʦʣʝʢʫʣʳ ʚʦʜʦʨʦʜʘ ʚ ʨʝʘʢʮʠʠ ( ) ( ) ()1 + 2
2 2H Ɇ , H Ɇ 2 H 1s H 2g i uX v e X e e+ + ++  +  + + 

  

ʈʠʩ. 18. ɿʘʚʠʩʠʤʦʩʪʴ ʢʦʥʩʪʘʥʪʳ ʩʢʦʨʦʩʪʠ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ʵʣʝʢʪʨʦʥʦʚ (ʜʣʷ ʤʘʢʩʚʝʣʣʦʚʩʢʦʡ ʌʈʕ) ʠ 

ʚʝʣʠʯʠʥʳ ʧʨʠʚʝʜʝʥʥʦʛʦ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ (ʜʣʷ ʌʈʕ, ʨʘʩʩʯʠʪʘʥʥʦʡ ʠʟ ʨʝʰʝʥʠʷ ʢʠʥʝʪʠʯʝʩʢʦʛʦ 

ʫʨʘʚʥʝʥʠʷ ɹʦʣʴʮʤʘʥʘ) ʜʣʷ ʨʘʟʣʠʯʥʳʭ ʢʦʣʝʙʘʪʝʣʴʥʳʭ ʢʚʘʥʪʦʚʳʭ ʯʠʩʝʣ ʦʩʥʦʚʥʦʛʦ ʵʣʝʢʪʨʦʥʥʦʛʦ ʩʦ-

ʩʪʦʷʥʠʷ ʤʦʣʝʢʫʣʳ ʚʦʜʦʨʦʜʘ ʚ ʨʝʘʢʮʠʠ ( ) ( ) () ()1 1
2 2H Ɇ , H Ɇ H 1s H 2lg i uX v e B e e+ ++  +  + + 
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ʈʠʩ. 19. ɿʘʚʠʩʠʤʦʩʪʴ ʢʦʥʩʪʘʥʪʳ ʩʢʦʨʦʩʪʠ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ʵʣʝʢʪʨʦʥʦʚ (ʜʣʷ ʤʘʢʩʚʝʣʣʦʚʩʢʦʡ ʌʈʕ) ʠ 

ʚʝʣʠʯʠʥʳ ʧʨʠʚʝʜʝʥʥʦʛʦ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ (ʜʣʷ ʌʈʕ, ʨʘʩʩʯʠʪʘʥʥʦʡ ʠʟ ʨʝʰʝʥʠʷ ʢʠʥʝʪʠʯʝʩʢʦʛʦ 

ʫʨʘʚʥʝʥʠʷ ɹʦʣʴʮʤʘʥʘ) ʜʣʷ ʨʘʟʣʠʯʥʳʭ ʢʦʣʝʙʘʪʝʣʴʥʳʭ ʢʚʘʥʪʦʚʳʭ ʯʠʩʝʣ ʦʩʥʦʚʥʦʛʦ ʵʣʝʢʪʨʦʥʥʦʛʦ ʩʦ-

ʩʪʦʷʥʠʷ ʤʦʣʝʢʫʣʳ ʚʦʜʦʨʦʜʘ ʚ ʨʝʘʢʮʠʠ ( ) ( ) () ()1 1
2 2H Ɇ , H Ʉ H 1s H 2lg i uX v e C e e+ ++  +  + + 

  

ʈʠʩ. 20. ɿʘʚʠʩʠʤʦʩʪʴ ʢʦʥʩʪʘʥʪʳ ʩʢʦʨʦʩʪʠ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ʵʣʝʢʪʨʦʥʦʚ (ʜʣʷ ʤʘʢʩʚʝʣʣʦʚʩʢʦʡ ʌʈʕ) ʠ 

ʚʝʣʠʯʠʥʳ ʧʨʠʚʝʜʝʥʥʦʛʦ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ (ʜʣʷ ʌʈʕ, ʨʘʩʩʯʠʪʘʥʥʦʡ ʠʟ ʨʝʰʝʥʠʷ ʢʠʥʝʪʠʯʝʩʢʦʛʦ 

ʫʨʘʚʥʝʥʠʷ ɹʦʣʴʮʤʘʥʘ) ʜʣʷ ʨʘʟʣʠʯʥʳʭ ʢʦʣʝʙʘʪʝʣʴʥʳʭ ʢʚʘʥʪʦʚʳʭ ʯʠʩʝʣ ʦʩʥʦʚʥʦʛʦ ʵʣʝʢʪʨʦʥʥʦʛʦ ʩʦ-

ʩʪʦʷʥʠʷ ʤʦʣʝʢʫʣʳ ʚʦʜʦʨʦʜʘ ʚ ʨʝʘʢʮʠʠ( ) ( )1 1
2 2H Ɇ , H Ɇ 2Hg i uX v e B e e+ +¡+  +  + 

  

ʈʠʩ. 21. ɿʘʚʠʩʠʤʦʩʪʴ ʢʦʥʩʪʘʥʪʳ ʩʢʦʨʦʩʪʠ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ʵʣʝʢʪʨʦʥʦʚ (ʜʣʷ ʤʘʢʩʚʝʣʣʦʚʩʢʦʡ ʌʈʕ) ʠ 

ʚʝʣʠʯʠʥʳ ʧʨʠʚʝʜʝʥʥʦʛʦ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ (ʜʣʷ ʌʈʕ, ʨʘʩʩʯʠʪʘʥʥʦʡ ʠʟ ʨʝʰʝʥʠʷ ʢʠʥʝʪʠʯʝʩʢʦʛʦ 

ʫʨʘʚʥʝʥʠʷ ɹʦʣʴʮʤʘʥʘ) ʜʣʷ ʨʘʟʣʠʯʥʳʭ ʢʦʣʝʙʘʪʝʣʴʥʳʭ ʢʚʘʥʪʦʚʳʭ ʯʠʩʝʣ ʦʩʥʦʚʥʦʛʦ ʵʣʝʢʪʨʦʥʥʦʛʦ ʩʦ-

ʩʪʦʷʥʠʷ ʤʦʣʝʢʫʣʳ ʚʦʜʦʨʦʜʘ ʚ ʨʝʘʢʮʠʠ ( ) ( )1 1
2 2H Ɇ , H Ʉ 2Hg i uX v e D e e+ +  +  + 
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ʈʠʩ. 22. ɿʘʚʠʩʠʤʦʩʪʴ ʢʦʥʩʪʘʥʪʳ ʩʢʦʨʦʩʪʠ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ʵʣʝʢʪʨʦʥʦʚ (ʜʣʷ ʤʘʢʩʚʝʣʣʦʚʩʢʦʡ ʌʈʕ) ʠ 

ʚʝʣʠʯʠʥʳ ʧʨʠʚʝʜʝʥʥʦʛʦ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ (ʜʣʷ ʌʈʕ, ʨʘʩʩʯʠʪʘʥʥʦʡ ʠʟ ʨʝʰʝʥʠʷ ʢʠʥʝʪʠʯʝʩʢʦʛʦ 

ʫʨʘʚʥʝʥʠʷ ɹʦʣʴʮʤʘʥʘ) ʜʣʷ ʨʘʟʣʠʯʥʳʭ ʢʦʣʝʙʘʪʝʣʴʥʳʭ ʢʚʘʥʪʦʚʳʭ ʯʠʩʝʣ ʦʩʥʦʚʥʦʛʦ ʵʣʝʢʪʨʦʥʥʦʛʦ ʩʦ-

ʩʪʦʷʥʠʷ ʤʦʣʝʢʫʣʳ ʚʦʜʦʨʦʜʘ ʚ ʨʝʘʢʮʠʠ ( ) ( )1 1
2 2H Ɇ , H Ɇ 2Hg i uX v e B e e+ +¡¡+  +  + 

  

ʈʠʩ. 23. ɿʘʚʠʩʠʤʦʩʪʴ ʢʦʥʩʪʘʥʪʳ ʩʢʦʨʦʩʪʠ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ʵʣʝʢʪʨʦʥʦʚ (ʜʣʷ ʤʘʢʩʚʝʣʣʦʚʩʢʦʡ ʌʈʕ) ʠ 

ʚʝʣʠʯʠʥʳ ʧʨʠʚʝʜʝʥʥʦʛʦ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ (ʜʣʷ ʌʈʕ, ʨʘʩʩʯʠʪʘʥʥʦʡ ʠʟ ʨʝʰʝʥʠʷ ʢʠʥʝʪʠʯʝʩʢʦʛʦ 

ʫʨʘʚʥʝʥʠʷ ɹʦʣʴʮʤʘʥʘ) ʜʣʷ ʨʘʟʣʠʯʥʳʭ ʢʦʣʝʙʘʪʝʣʴʥʳʭ ʢʚʘʥʪʦʚʳʭ ʯʠʩʝʣ ʦʩʥʦʚʥʦʛʦ ʵʣʝʢʪʨʦʥʥʦʛʦ ʩʦ-

ʩʪʦʷʥʠʷ ʤʦʣʝʢʫʣʳ ʚʦʜʦʨʦʜʘ ʚ ʨʝʘʢʮʠʠ ( ) ( )1 1
2 2H Ɇ , H Ʉ 2Hg i uX v e D e e+ ¡+  +  + 

  

ʈʠʩ. 24. ɿʘʚʠʩʠʤʦʩʪʴ ʢʦʥʩʪʘʥʪʳ ʩʢʦʨʦʩʪʠ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ʵʣʝʢʪʨʦʥʦʚ (ʜʣʷ ʤʘʢʩʚʝʣʣʦʚʩʢʦʡ ʌʈʕ) ʠ 

ʚʝʣʠʯʠʥʳ ʧʨʠʚʝʜʝʥʥʦʛʦ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ (ʜʣʷ ʌʈʕ, ʨʘʩʩʯʠʪʘʥʥʦʡ ʠʟ ʨʝʰʝʥʠʷ ʢʠʥʝʪʠʯʝʩʢʦʛʦ 

ʫʨʘʚʥʝʥʠʷ ɹʦʣʴʮʤʘʥʘ) ʜʣʷ ʨʘʟʣʠʯʥʳʭ ʢʦʣʝʙʘʪʝʣʴʥʳʭ ʢʚʘʥʪʦʚʳʭ ʯʠʩʝʣ ʦʩʥʦʚʥʦʛʦ ʵʣʝʢʪʨʦʥʥʦʛʦ ʩʦ-

ʩʪʦʷʥʠʷ ʤʦʣʝʢʫʣʳ ʚʦʜʦʨʦʜʘ ʚ ʨʝʘʢʮʠʠ ( ) ( ) () ()1 3
2 2H Ɇ , H Ɇ H 1s H 1sg i uX v e b e e+ ++  +  + + 
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7. ʈʝʟʫʣʴʪʘʪʳ ʯʠʩʣʝʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ 

ʈʝʟʫʣʴʪʘʪʳ ʯʠʩʣʝʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʜʚʫʭʤʝʨʥʦʡ ʩʪʨʫʢʪʫʨʳ ʪʣʝʶʱʝʛʦ ʨʘʟʨʷʜʘ ʧʨʠ 

ʜʘʚʣʝʥʠʷʭ 3p=  ʠ 10p= Torr ʧʨʠʚʝʜʝʥʳ ʥʘ ʨʠʩ. 25-28 ʠ 29-32. ʇʨʠ ʫʚʝʣʠʯʝʥʠʠ ʜʘʚʣʝʥʠʷ 

ʨʘʜʠʘʣʴʥʳʝ ʨʘʟʤʝʨʳ ʧʦʣʦʞʠʪʝʣʴʥʦʛʦ ʩʪʦʣʙʘ ʪʣʝʶʱʝʛʦ ʨʘʟʨʷʜʘ ʩʠʣʴʥʦ ʫʚʝʣʠʯʠʚʘʶʪʩʷ. 

ʊʘʢʞʝ ʨʘʩʪʝʪ ʧʣʦʪʥʦʩʪʴ ʪʦʢʘ ʠ ʢʦʥʮʝʥʪʨʘʮʠʷ ʟʘʨʷʞʝʥʥʳʭ ʯʘʩʪʠʮ ʥʘ ʦʩʠ ʩʠʤʤʝʪʨʠʠ ʪʣʝʶ-

ʱʝʛʦ ʨʘʟʨʷʜʘ.  

 

ʈʠʩ. 25. ʇʨʦʩʪʨʘʥʩʪʚʝʥʥʳʝ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʢʦʥʮʝʥʪʨʘʮʠʠ ʠʦʥʦʚ 10ʊʦʨʨ, 1ʢɺ, 0.33, 2ʩʤp E Hg= = = =  

 

ʈʠʩ. 26. ʇʨʦʩʪʨʘʥʩʪʚʝʥʥʳʝ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʢʦʥʮʝʥʪʨʘʮʠʠ ʵʣʝʢʪʨʦʥʦʚ 10ʊʦʨʨ, 1ʢɺ, 0.33p E g= = = , 

H = 2 ʩʤ. 

 

ʈʠʩ. 27. ʇʨʦʩʪʨʘʥʩʪʚʝʥʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʪʝʥʮʠʘʣʘ 10ʊʦʨʨ, 1ʢɺ, 0.33p E g= = = , 

H = 2 ʩʤ 
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ʈʠʩ. 28. ʇʨʦʩʪʨʘʥʩʪʚʝʥʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʢʦʵʬʬʠʮʠʝʥʪʘ ʠʦʥʠʟʘʮʠʠ 10ʊʦʨʨ, 1ʢɺ, 0.33p E g= = = , 

H = 2 ʩʤ 

 

ʈʠʩ. 29. ʇʨʦʩʪʨʘʥʩʪʚʝʥʥʳʝ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʢʦʥʮʝʥʪʨʘʮʠʠ ʠʦʥʦʚ 3ʊʦʨʨ, 1ʢɺ, 0.33p E g= = = , H = 2 ʩʤ 

 

ʈʠʩ. 30. ʇʨʦʩʪʨʘʥʩʪʚʝʥʥʳʝ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʢʦʥʮʝʥʪʨʘʮʠʠ ʵʣʝʢʪʨʦʥʦʚ 3ʊʦʨʨ, 1ʢɺ, 0.33p E g= = = , 

H = 2 ʩʤ 
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ʈʠʩ. 31. ʇʨʦʩʪʨʘʥʩʪʚʝʥʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʪʝʥʮʠʘʣʘ 3ʊʦʨʨ, 1ʢɺ, 0.33p E g= = = , 

H = 2 ʩʤ 

 

ʈʠʩ. 32. ʇʨʦʩʪʨʘʥʩʪʚʝʥʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʢʦʵʬʬʠʮʠʝʥʪʘ ʠʦʥʠʟʘʮʠʠ 3ʊʦʨʨ, 1ʢɺ, 0.33p E g= = = , 

H = 2 ʩʤ 

ʅʘ ʨʠʩ. 33-35 ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʨʘʩʯʝʪʘ 1ʛʦ ʢʦʵʬʬʠʮʠʝʥʪʘ ʊʘʫʥʩʝʥʜʘ (ʢʦʵʬ-

ʬʠʮʠʝʥʪ ʠʦʥʠʟʘʮʠʠ), ʢʦʵʬʬʠʮʠʝʥʪʘ ʜʠʬʬʫʟʠʠ ʨʘʩʩʯʠʪʘʥʥʳʭ ʥʘ ʦʩʥʦʚʝ ʨʝʰʝʥʠʷ ʢʠʥʝʪʠʯʝʩ-

ʢʦʛʦ ʫʨʘʚʥʝʥʠʷ ɹʦʣʴʮʤʘʥʘ, ʘ ʪʘʢʞʝ ʜʘʥʦ ʢʦʣʝʙʘʪʝʣʴʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʤʦʣʝʢʫʣ ʚʦʜʦʨʦʜʘ ʚ 

ʧʦʣʦʞʠʪʝʣʴʥʦʤ ʩʪʦʣʙʝ ʪʣʝʶʱʝʛʦ ʨʘʟʨʷʜʘ. 

 

ʈʠʩ. 33. ɿʘʚʠʩʠʤʦʩʪʴ ʚʝʣʠʯʠʥʳ 1ʛʦ ʢʦʵʬʬʠʮʠʝʥʪʘ ʪʘʫʥʩʝʥʜʘ ʦʪ ʧʨʠʚʝʜʝʥʥʦʛʦ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ 
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ʈʠʩ. 34. ɿʘʚʠʩʠʤʦʩʪʴ ʢʦʵʬʬʠʮʠʝʥʪʘ ʜʠʬʬʫʟʠʠ ʦʪ ʧʨʠʚʝʜʝʥʥʦʛʦ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ 

 

ʈʠʩ. 35. ʂʦʣʝʙʘʪʝʣʴʥʘʷ ʬʫʥʢʮʠʷ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʦʩʥʦʚʥʦʛʦ ʵʣʝʢʪʨʦʥʥʦʛʦ 1ɆgX + ʩʦʩʪʦʷ-

ʥʠʷ ʤʦʣʝʢʫʣʳ 2H  ʚ ʤʦʤʝʥʪʳ ʚʨʝʤʝʥʠ 2E 05 ʩt= - ʠ 1E 02 ʩt= -  

ʅʘ ʨʠʩʫʥʢʘʭ ʚʠʜʥʦ, ʯʪʦ ʢʦʵʬʬʠʮʠʝʥʪ ʠʦʥʠʟʘʮʠʠ ʥʘ ʥʝʩʢʦʣʴʢʦ ʧʦʨʷʜʢʦʚ ʚʳʰʝ ʚ ʦʙ-

ʣʘʩʪʠ ʢʘʪʦʜʥʦʛʦ ʩʣʦʷ, ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʧʦʣʦʞʠʪʝʣʴʥʳʤ ʩʪʦʣʙʦʤ ʪʣʝʶʱʝʛʦ ʨʘʟʨʷʜʘ. ʌʫʥʢʮʠʷ 

ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʵʣʝʢʪʨʦʥʦʚ ʧʦ ʵʥʝʨʛʠʷʤ ʷʚʣʷʝʪʩʷ ʥʝʤʘʢʩʚʝʣʣʦʚʩʢʦʡ, ʘ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʤʦʣʝ-

ʢʫʣ ʧʦ ʢʦʣʝʙʘʪʝʣʴʥʳʤ ʩʦʩʪʦʷʥʠʷʤ ʥʝ ʙʦʣʴʮʤʘʥʦʚʩʢʦʝ. ʇʨʦʩʪʨʘʥʩʪʚʝʥʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ 

ʢʠʥʝʪʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ ʧʣʘʟʤʳ, ʨʘʩʩʯʠʪʘʥʥʳʭ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʨʝʰʝʥʠʷ ʢʠʥʝʪʠʯʝʩʢʦʛʦ 

ʫʨʘʚʥʝʥʠʷ ɹʦʣʴʮʤʘʥʘ, ʘ ʪʘʢʞʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʭʠʤʠʯʝʩʢʠʭ ʢʦʤʧʦʥʝʥʪ ʧʣʘʟʤʳ ʜʘʥʳ ʥʘ 

ʨʠʩ. 36-44.  

ʆʩʝʚʳʝ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʵʪʠʭ ʚʝʣʠʯʠʥ ʜʘʥʳ ʥʘ ʨʠʩ. 45-48. ʅʘ ʜʘʥʥʳʭ ʨʠʩʫʥʢʘʭ ʧʦʢʘʟʘ-

ʥʦ, ʯʪʦ ʩʪʝʧʝʥʴ ʜʠʩʩʦʮʠʘʮʠʠ ʨʘʚʥʘ 7 610 10ionizd - -= ·  ʚ ʧʦʣʦʞʠʪʝʣʴʥʦʤ ʩʪʦʣʙʝ ʪʣʝʶʱʝʛʦ 

ʨʘʟʨʷʜʘ ʠ 410ionizd -=  ʢʘʪʦʜʥʦʤ ʩʣʦʝ. ʆʩʥʦʚʥʳʤ ʠʦʥʦʤ ʚ ʧʣʘʟʤʝ ʷʚʣʷʝʪʩʷ +
2H . ʉʪʝʧʝʥʴ ʜʠʩ-

ʩʦʮʠʘʮʠʠ ʨʘʚʥʘ 310dissocd -º . ʂʦʥʮʝʥʪʨʘʮʠʷ ʢʦʣʝʙʘʪʝʣʴʥʦ ʚʦʟʙʫʞʜʝʥʥʳʭ ʤʦʣʝʢʫʣ ʩ ʢʦʣʝʙʘ-

ʪʝʣʴʥʳʤ ʢʚʘʥʪʦʚʳʤ ʯʠʩʣʦʤ ( 5v² ) ʥʘ ʧʦʨʷʜʦʢ ʚʳʰʝ, ʯʝʤ ʢʦʥʮʝʥʪʨʘʮʠʷ ʚ ʧʦʣʦʞʠʪʝʣʴʥʦʤ 

ʩʪʦʣʙʝ (ʨʠʩ. 46).  
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ʈʠʩ. 36.  ʇʨʦʩʪʨʘʥʩʪʚʝʥʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ 1ʛʦ ʢʦʵʬʬʠʮʠʝʥʪʘ ʊʘʫʥʩʝʜʘ (Na ) ʚ ʤ
2
 

 

ʈʠʩ. 37.  ʇʨʦʩʪʨʘʥʩʪʚʝʥʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʢʦʵʬʬʠʮʠʝʥʪʘ ʜʠʬʬʫʟʠʠ ( ,  1ʤ ʩD N³ ³) 

 

ʈʠʩ. 38.  ʇʨʦʩʪʨʘʥʩʪʚʝʥʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʩʨʝʜʥʝʡ ʵʥʝʨʛʠʠ ʵʣʝʢʪʨʦʥʦʚ (eV) 
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