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ɿʘʭʚʘʣʥʠʮʘ 

 

 

ɿʘʭʚʘˀʫʿʝʤ ʩʝ ʤʝʥʪʦʨʫ ʜʨ ʄʘʨʢʫ ɽʨʠ˂ʫ ʠ ʨʫʢʦʚʦʜʠʦʮʫ ʛʨʫʧʝ ʫ ʦʢʚʠʨʫ ʢʦʿʝ ʿʝ ʠʟʨʘʹʝʥʘ 

ʦʚʘ ʜʦʢʪʦʨʩʢʘ ʜʠʩʝʨʪʘʮʠʿʘ, ʜʨ ʉʨʹʘʥʫ ʇʝʪʨʦʚʠ˂ʫ, ʠʟ ʀʥʩʪʠʪʫʪʘ ʟʘ ʥʫʢʣʝʘʨʥʝ ʥʘʫʢʝ 

Ăɺʠʥʯʘñ ʋʥʠʚʝʨʟʠʪʝʪʘ ʫ ɹʝʦʛʨʘʜʫ, ʀʥʩʪʠʪʫʪʘ ʦʜ ʥʘʮʠʦʥʘʣʥʦʛ ʟʥʘʯʘʿʘ ʟʘ ʈʝʧʫʙʣʠʢʫ ʉʨʙʠʿʫ, 

ʥʘ ʩʘʨʘʜˁʠ ʠ ʫʢʘʟʘʥʦʤ ʧʦʚʝʨʝˁʫ. ɺʝʣʠʢʫ ʟʘʭʚʘʣʥʦʩʪ ʜʫʛʫʿʝʤ ʠ ʤʝʥʪʦʨʫ ʧʨʦʬʝʩʦʨʫ ʜʨ ʅʠʢʦʣʠ 

ʎʚʿʝʪʠ˂ʘʥʠʥʫ ʠ ʯʣʘʥʦʚʠʤʘ ʂʦʤʠʩʠʿʝ ʧʨʦʬʝʩʦʨʢʠ ʜʨ ɲʠˀʘʥʠ ɼʘʤʿʘʥʦʚʠ˂-ɺʘʩʠʣʠ˂ ʠ 

ʧʨʦʬʝʩʦʨʫ ʜʨ ʄʘʨʢʫ ɼʘʢʦʚʠ˂ʫ, ʩʘ ʌʘʢʫʣʪʝʪʘ ʟʘ ʬʠʟʠʯʢʫ ʭʝʤʠʿʫ ʋʥʠʚʝʨʟʠʪʝʪʘ ʫ ɹʝʦʛʨʘʜʫ, ʟʘ 

ʧʦʤʦ˂, ʧʦʜʨʰʢʫ ʠ ʩʘʚʝʪʝ ʧʨʠʣʠʢʦʤ ʠʟʨʘʜʝ ʦʚʝ ʜʦʢʪʦʨʩʢʝ ʜʠʩʝʨʪʘʮʠʿʝ. ʇʨʦʬʝʩʦʨʫ ʜʨ 

ʄʠʭʘʣʠʩʫ ʂʦʢʦʨʠʩʫ, ʧʨʦʬʝʩʦʨʫ ʜʨ ɽʬʪʠʤʠʦʩʫ ʃʠʘʨʦʢʘʧʠʩʫ ʠ ɸʠʢʘʪʘʨʠʥʠ ʌʣʝʩʠ ʠʟ 

ʅʘʮʠʦʥʘʣʥʦʛ ʪʝʭʥʠʯʢʦʛ ʫʥʠʚʝʨʟʠʪʝʪʘ ʫ ɸʪʠʥʠ, ɻʨʯʢʘ, ʩʝ ʟʘʭʚʘˀʫʿʝʤ ʥʘ ʩʘʨʘʜˁʠ ʠ ʧʨʠʣʠʮʠ ʟʘ 

ʠʟʨʘʜʫ ʜʝʣʘ ʝʢʩʧʝʨʠʤʝʥʘʪʘ ʫ ʦʢʚʠʨʫ ʦʚʝ ʜʦʢʪʦʨʩʢʝ ʜʠʩʝʨʪʘʮʠʿʝ ʪʦʢʦʤ ʙʦʨʘʚʢʘ ʫ ɸʪʠʥʠ. ɼʨ 

ʉʪʿʝʧʢʫ ʌʘʟʠʥʠ˂ʫ ʠ ʜʨ ʄʘʨʢʫ ʂʘʨʣʫʰʠ˂ʫ ʠʟ ʀʥʩʪʠʪʫʪʘ ʈʫʹʝʨ ɹʦʰʢʦʚʠ˂, ɿʘʛʨʝʙ, ʍʨʚʘʪʩʢʘ, 

ʟʘʭʚʘˀʫʿʝʤ ʩʝ ʥʘ ʧʨʠʣʠʮʠ ʟʘ ʠʟʨʘʜʫ ʝʢʩʧʝʨʠʤʝʥʘʪʘ ʢʦʿʠ ʩʫ ʧʦʤʦʛʣʠ ʦʩʪʚʘʨʠʚʘˁʫ ʮʠˀʝʚʘ ʦʚʝ 

ʜʦʢʪʦʨʩʢʝ ʜʠʩʝʨʪʘʮʠʿʝ. ʊʘʢʦʹʝ ʩʝ ʟʘʭʚʘˀʫʿʝʤ ʧʦʨʦʜʠʮʠ, ʧʨʠʿʘʪʝˀʠʤʘ ʠ ʜʝʚʦʿʮʠ ʥʘ ʫʢʘʟʘʥʦʤ 

ʩʪʨʧˀʝˁʫ ʠ ʧʦʜʨʰʮʠ. 

 

 

 

 

 

 

 

 

 



iii  

 

ʉɸɾɽʊɸʂ 

 

ɱʦʥʩʢʘ ʠʤʧʣʘʥʪʘʮʠʿʘ ʧʨʝʜʩʪʘʚˀʘ ʿʝʜʥʫ ʦʜ ʤʝʪʦʜʘ ʤʦʜʠʬʠʢʘʮʠʿʝ ʧʦʚʨʰʠʥʩʢʠʭ ʠ 

ʜʫʙʠʥʩʢʠʭ ʩʣʦʿʝʚʘ ʤʘʪʝʨʠʿʘʣʘ (ʜʦ ʥʝʢʦʣʠʢʦ ʤʠʢʨʦʤʝʪʘʨʘ), ʢʦʿʘ ʦʤʦʛʫ˂ʘʚʘ ʜʦʙʨʫ ʢʦʥʪʨʦʣʫ 

ʜʫʙʠʥʝ ʠ ʜʝʙˀʠʥʝ ʤʦʜʠʬʠʢʦʚʘʥʠʭ ʩʣʦʿʝʚʘ. ʊʦʢʦʤ ʧʨʦʮʝʩʘ ʿʦʥʩʢʝ ʠʤʧʣʘʥʪʘʮʠʿʝ ʜʦʣʘʟʠ ʜʦ 

ʧʨʦʤʝʥʝ ʢʨʠʩʪʘʣʥʝ ʩʪʨʫʢʪʫʨʝ ʤʘʪʝʨʠʿʘʣʘ ʢʦʿʠ ʩʝ ʤʦʜʠʬʠʢʫʿʝ. ʋ ʩʣʫʯʘʿʫ ʤʦʥʦʢʨʠʩʪʘʣʘ 

ʘʤʦʨʬʠʟʘʮʠʿʘ ʿʝ ʫʤʘˁʝʥʘ ʢʘʜʘ ʩʝ ʧʨʘʚʘʮ ʢʨʠʩʪʘʣʦʛʨʘʬʩʢʝ ʦʩʝ ʢʨʠʩʪʘʣʘ ʜʦʙʨʦ ʧʦʢʣʘʧʘ ʩʘ 

ʧʨʘʚʮʝʤ ʿʦʥʩʢʦʛ ʩʥʦʧʘ, ʠ ʪʘʜʘ ʩʝ ʿʘʚˀʘ ʝʬʝʢʘʪ ʢʘʥʘʣʠʩʘˁʘ ʿʦʥʘ, ʰʪʦ ʠʩʪʦʚʨʝʤʝʥʦ ʦʤʦʛʫ˂ʘʚʘ ʠ 

ʚʝʝ˂ ʜʫʙʠʥʝ ʧʨʦʜʠʨʘˁʘ ʿʦʥʘ. 

 ʉʠʣʠʮʠʿʫʤ ʢʘʨʙʠʜ (ɮiʉ) ʿʝ ʧʦʣʫʧʨʦʚʦʜʥʠʯʢʠ ʤʘʪʝʨʠʿʘʣ ʢʦʿʠ ʧʦʩʝʜʫʿʝ ʥʠʟ ʠʟʫʟʝʪʥʠʭ 

ʬʠʟʠʯʢʠʭ ʠ ʭʝʤʠʿʩʢʠʭ ʩʚʦʿʩʪʘʚʘ ʢʦʿʘ ʦʤʦʛʫ˂ʘʚʘʿʫ ʰʠʨʦʢ ʦʧʩʝʛ ˁʝʛʦʚʠʭ ʧʨʠʤʝʥʘ, ʦʜ 

ʧʨʦʠʟʚʦʜˁʝ ʚʠʩʦʢʦʥʘʧʦʥʩʢʠʭ ʧʦʣʫʧʨʦʚʦʜʥʠʯʢʠʭ ʢʦʤʧʦʥʝʥʪʠ ʚʝʣʠʢʠʭ ʩʥʘʛʘ, ʟʘ ʫʧʦʪʨʝʙʫ ʫ 

ʝʢʩʪʨʝʤʥʠʤ ʫʩʣʦʚʠʤʘ (ʥʧʨ. ʩʚʝʤʠʨ), ʧʘ ʩʚʝ ʜʦ ˁʝʛʦʚʝ ʫʧʦʪʨʝʙʝ ʢʘʦ ʟʘʰʪʠʪʥʦʛ ʤʘʪʝʨʠʿʘʣʘ ʢʦʜ 

ʥʫʢʣʝʘʨʥʠʭ ʨʝʘʢʪʦʨʘ. ʋ ʮʠˀʫ ʠʩʧʠʪʠʚʘˁʘ ʫʪʠʮʘʿʘ ʚʠʩʦʢʦʝʥʝʨʛʝʪʩʢʝ ʿʦʥʩʢʝ ʠʤʧʣʘʥʪʘʮʠʿʝ ʫ 

ʤʦʜʫ ʢʘʥʘʣʠʩʘˁʘ, ʫ ʤʦʥʦʢʨʠʩʪʘʣ 6ʅ-ɮiʉ ʠʤʧʣʘʥʪʠʨʘʥʠ ʩʫ ʿʦʥʠ ʫʛˀʝʥʠʢʘ (ʉ3+) ʠ ʩʠʣʠʮʠʿʫʤʘ 

(ɮi3+) ʝʥʝʨʛʠʿʝ 4 ʄʝV. ʀʤʧʣʘʥʪʠʨʘʥʠ ʬʣʫʝʥʩʠ ʩʫ ʙʠʣʠ ʫ ʨʘʩʧʦʥʫ ʦʜ 4,17×1014 ʿʦʥʘĿcmī2 ʜʦ 

2,02×1016 ʿʦʥʘĿcmī2. 

ɿʘ ʢʚʘʥʪʠʪʘʪʠʚʥʫ ʠ ʢʚʘʣʠʪʘʪʠʚʥʫ ʘʥʘʣʠʟʫ ʘʤʦʨʬʠʟʘʮʠʿʝ ʤʦʥʦʢʨʠʩʪʘʣʘ 6ʅ-ɮiʉ 

ʢʦʨʠʰ˂ʝʥʝ ʩʫ ʤʝʪʦʜʝ: ʩʧʝʢʪʨʦʤʝʪʨʠʿʘ ʝʣʘʩʪʠʯʥʦʛ ʧʦʚʨʘʪʥʦʛ ʨʘʩʝʿʘˁʘ ʫ ʤʦʜʫ ʢʘʥʘʣʠʩʘˁʘ 

(Eɺɮ/ʉ), ʤʠʢʨʦ-ʨʘʤʘʥʩʢʘ (µR) ʩʧʝʢʪʨʦʩʢʦʧʠʘʿ ʠ ʩʢʝʥʠʨʘʿʫ˂ʘ ʝʣʝʢʪʨʦʥʩʢʘ ʤʠʢʨʦʩʢʦʧʠʿʘ 

(SEM). ʂʦʨʠʰ˂ʝˁʝʤ ʢʚʘʥʪʠʪʘʪʠʚʥʝ ʘʥʘʣʠʟʝ ʤʝʪʦʜʦʤ Eɺɮ/ʉ, ʬʠʪʦʚʘˁʝʤ ʦʜʛʦʚʘʨʘʿʫ˂ʠʭ 

ʩʧʝʢʪʘʨʘ ʧʦʤʦ˂ʫ ʨʘʯʫʥʘʨʩʢʦʛ ʧʨʦʛʨʘʤʘ Channeling SIMulation (CSIM), ʢʦʿʠ ʿʝ ʨʘʟʚʠʿʝʥ ʫ 

ʃʘʙʦʨʪʦʨʠʿʠ ʟʘ ʬʠʟʠʢʫ ʀʥʩʪʠʪʫʪʘ ʟʘ ʥʫʢʣʝʘʨʥʝ ʥʘʫʢʝ Ăɺʠʥʯʘñ, ʜʦʙʠʿʝʥʠ ʩʫ ʧʨʦʬʠʣʠ 

ʘʤʦʨʬʠʟʘʮʠʿʝ 6ʅ-ɮiʉ ʢʨʠʩʪʘʣʘ ʧʦ ʜʫʙʠʥʠ. ɸʥʘʣʠʟʦʤ ÕR ʩʧʝʢʪʘʨʘ ʩʥʠʤˀʝʥʠʭ ʜʫʞ ʧʦʧʨʝʯʥʦʛ 

ʧʨʝʩʝʢʘ ʠʤʧʣʘʥʪʠʨʘʥʦʛ ʜʝʣʘ ʢʨʠʩʪʘʣʘ, ʫʪʚʨʹʝʥ ʿʝ ʪʠʧ ʠ ʜʫʙʠʥʩʢʘ ʨʘʩʧʦʜʝʣʘ ʘʤʦʨʬʠʟʘʮʠʿʝ 

ʢʨʠʩʪʘʣʥʝ ʩʪʨʫʢʪʫʨʝ 6ʅ-ɮiʉ. ʊʘʢʦʹʝ, ʦʚʠ ʨʝʟʫʣʪʘʪʠ ʩʫ ʧʨʦʚʝʨʝʥʠ ʧʦʤʦ˂ʫ SEM ʤʠʢʨʦʩʢʦʧʠʿʝ. 

ʇʨʦʬʠʣʠ ʘʤʦʨʬʠʟʘʮʠʿʝ ʧʦ ʜʫʙʠʥʘʤʘ ʜʦʙʠʿʝʥʠ ʨʘʟʣʠʯʠʪʠʤ ʤʝʪʦʜʘʤʘ ʧʦʢʘʟʫʿʫ ʚʝʦʤʘ ʜʦʙʨʦ 

ʤʝʹʫʩʦʙʥʦ ʩʣʘʛʘˁʝ. 
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ABSTRACT 

 

Ion implantation is a method for modification of surface and deeper layers of materials, (up 

to several micrometers), which enables a good control of depth and thickness of modified layers. 

During the ion implantation process, the crystal structure of a material is damaged. In the case of a 

monocrystal the damage is reduced for a good alignment of an ion beam and a crystallographic axis 

of the crystal, when the ion channeling effect occurs, which, at the same time, enables greater depths 

of ionôs penetration. 

Silicon carbide (SiC) is a semiconductor material with exceptional physical and chemical 

properties for a wide range of applications, from the production of high-voltage and high power 

semiconductor components, usage in extreme conditions (e.g. space), up to application as a shielding 

material in nuclear reactors. In order to investigate the influence of high-energy ion channeling 

implantation, carbon (C3+) and silicon (Si3+) ions of 4 MeV energy were implanted in the 6H-SiC 

single crystal. Implanted fluences were in the range from 4.17×1014 ions · cmī2 to 2.02×1016 ions · 

cmī2. 

Ion elastic backscattering channeling spectrometry (EBS/C), micro-Raman (µR) 

spectroscopy, and scanning electron microscopy (SEM) were used for quantitative and qualitative 

analysis of the damage of 6H-SiC single crystals. Quantified damage depth profiles of 6H-SiC 

crystals were obtained by fitting the EBS/C spectrum using the Channeling SIMulation program code 

(CSIM), developed in Laboratory of Physics, Vinļa Institute of Nuclear Sciencies. By monitoring the 

characteristic bands in the µR spectra recorded along the cross section of the implanted part of the 

crystal, the type and depth distribution of damage to the crystal structure 6H-SiC was determined. 

These results were also verified using SEM. Depth damage profiles obtained by different methods 

show very good agreement with each other. 
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1 

 

1. ʋɺʆɼ 

ʉʠʣʠʮʠʿʫʤ ʢʘʨʙʠʜ (SiC) ʿʝʜʘʥ ʿʝ ʦʜ ʥʘʿʩʪʘʨʠʿʠʭ ʠ ʥʘʿʧʦʟʥʘʪʠʿʠʭ ʧʦʣʫʧʨʦʚʦʜʥʠʯʢʠʭ 

ʤʘʪʝʨʠʿʘʣʘ. ʋʧʨʢʦʩ ʪʦʿ ʯʠˁʝʥʠʮʠ, ʠ ʜʘˀʝ ʧʨʝʜʩʪʘʚˀʘ ʘʪʨʘʢʪʠʚʘʥ ʤʘʪʝʨʠʿʘʣ ʠ ʧʨʝʜʤʝʪ ʿʝ 

ʨʘʟʣʠʯʠʪʠʭ ʠʩʪʨʘʞʠʚʘˁʘ ʟʘʭʚʘˀʫʿʫ˂ʠ ʩʚʦʿʠʤ ʿʝʜʠʥʩʪʚʝʥʠʤ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘʤʘ. SiC ʩʝ ʦʜʣʠʢʫʿʝ 

ʠʟʨʘʟʠʪʦʤ ʯʚʨʩʪʦ˂ʦʤ, ʚʠʩʦʢʦʤ ʪʘʯʢʦʤ ʪʦʧˀʝˁʘ, ʭʝʤʠʿʩʢʦʤ ʠʥʝʨʪʥʦʰ˂ʫ, ʥʠʩʢʠʤ 

ʢʦʝʬʠʮʠʿʝʥʪʦʤ ʪʝʨʤʘʣʥʦʛ ʰʠʨʝˁʘ ʠ ʚʠʩʦʢʦʤ ʪʦʧʣʦʪʥʦʤ ʧʨʦʚʦʜʥʦʰ˂ʫ. ʉʪʦʛʘ ʩʝ ʥʘʤʝ˂ʝ ʢʘʦ 

ʤʘʪʝʨʠʿʘʣ ʩʘ ʤʦʛʫ˂ʥʦʰ˂ʫ ʰʠʨʦʢʝ ʧʨʠʤʝʥʝ, ʦʜ ʧʨʦʠʟʚʦʜˁʝ ʚʠʩʦʢʦʬʨʝʢʚʝʥʪʥʠʭ, 

ʚʠʩʦʢʦʪʝʤʧʝʨʘʪʫʨʩʢʠʭ ʝʣʝʢʪʨʦʥʩʢʠʭ ʫʨʝʹʘʿʘ ʚʝʣʠʢʠʭ ʩʥʘʛʘ [1], ʜʦ ʧʨʠʤʝʥʘ ʫ ʦʢʨʫʞʝˁʠʤʘ ʩʘ 

ʝʢʩʪʨʝʤʥʠʤ ʫʩʣʦʚʠʤʘ ʧʦʧʫʪ ʦʥʠʭ ʫ ʥʫʢʣʝʘʨʥʠʤ ʨʝʘʢʪʦʨʠʤʘ [2, 3] ʠ ʩʚʝʤʠʨʫ [4]. 

ɽʣʝʢʪʨʦʥʩʢʝ ʢʦʤʧʦʥʝʥʪʝ ʥʘ ʙʘʟʠ ʩʠʣʠʮʠʿʫʤʘ ʧʨʝʦʚʣʘʹʫʿʫ ʫ ʜʘʥʘʰˁʦʿ 

ʧʦʣʫʧʨʦʚʦʜʥʠʯʢʦʿ ʠʥʜʫʩʪʨʠʿʠ. ʄʝʹʫʪʠʤ, ʟʘ ʨʘʜ ʫ ʨʝʞʠʤʫ ʚʠʩʦʢʠʭ ʩʥʘʛʘ, ʩʠʣʠʮʠʿʫʤ ʢʘʦ 

ʤʘʪʝʨʠʿʘʣ ʿʝ ʥʝʧʦʛʦʜʘʥ ʫʩʣʝʜ ʥʠʟʘ ʦʛʨʘʥʠʯʘʚʘʿʫ˂ʠʭ ʬʘʢʪʦʨʘ, ʢʘʦ ʰʪʦ ʩʫ ʥʠʩʢʠ ʨʘʜʥʠ ʥʘʧʦʥ ʠ 

ʪʝʤʧeʨʘʪʫʨʘ, ʨʝʣʘʪʠʚʥʦ ʫʟʘʥ ʝʥʝʨʛʝʪʩʢʠ ʧʨʦʮʝʧ (1,1 ʝV) ʠ ʥʠʩʢʘ ʜʦʟʚʦˀʝʥʘ ʢʦʥʮʝʥʪʨʘʮʠʿʘ 

ʜʦʧʘʥʘʪʘ [1, 5]. SiC ʩʝ ʧʦʢʘʟʘʦ ʢʘʦ ʧʦʛʦʜʘʥ ʘʣʪʝʨʥʘʪʠʚʥʠ ʤʘʪʝʨʠʿʘʣ [6]. ʇʦʩʝʜʫʿʝ ʟʥʘʪʥʦ ʰʠʨʠ 

ʝʥʝʨʛʝʪʩʢʠ ʧʨʦʮʝʧ ʫ ʦʜʥʦʩʫ ʥʘ ʩʠʣʠʮʠʿʫʤ, h ʪʦ ʛʘ ʯʠʥʠ ʧʦʛʦʜʥʠʤ ʤʘʪʝʨʠʿʘʣʦʤ ʟʘ ʫʣʪʨʘ ʚʠʩʦʢʝ 

ʥʘʧʦʥʝ [1], ʰʪʦ ʟʘ ʧʦʩʣʝʜʠʮʫ ʠʤʘ ʫʤʘˁʝˁe ʜʠʤʝʥʟʠʿʘ ʧʦʣʫʧʨʦʚʦʜʥʠʯʢʠʭ ʢʦʤʧʦʥʝʥʪʠ 

ʥʘʤʝˁʝʥʠʭ ʨʘʜʫ ʩʘ ʚʠʩʦʢʠʤ ʥʘʧʦʥʠʤʘ. ʊʘʢʦʹʝ, SiC ʧʦʜʨʞʘʚʘ ʚʝ˂ʫ ʢʦʥʮʝʥʪʨʘʮʠʿʫ ʜʦʧʘʥʘʪʘ 

ʥʝʛʦ ʩʠʣʠʮʠʿʫʤ, ʦʤʦʛʫ˂ʘʚʘʿʫ˂ʠ ʧʨʠ ʪʦʤ ʚʝ˂ʠ ʩʪʝʧʝʥ ʢʦʥʪʨʦʣʝ ʝʣʝʢʪʨʠʯʥʠʭ ʩʚʦʿʩʪʘʚʘ, ʧʘ ʩʘʤʠʤ 

ʪʠʤ ʠ ʚʝ˂ʠ ʩʪʝʧʝʥ ʩʣʦʙʦʜʝ ʧʨʠʣʠʢʦʤ ʧʨʦʿʝʢʪʦʚʘˁʘ ʠ ʠʟʨʘʜʝ ʧʦʣʫʧʨʦʚʦʜʥʠʯʢʠʭ ʢʦʤʧʦʥʝʥʪʠ. 

ʉʚʝ ʦʚʦ ʯʠʥʠ SiC ʠʥʪʝʨʝʩʘʥʪʥʠʤ ʤʘʪʝʨʠʿʘʣʦʤ ʠʟ ʧʝʨʩʧʝʢʪʠʚʝ ʧʦʣʫʧʨʦʚʦʜʥʠʯʢʝ ʠʥʜʫʩʪʨʠʿʝ, 

ʰʪʦ ʛʘ ʦʜʨʞʘʚʘ ʫ ʬʦʢʫʩʫ ʠʩʪʨʘʞʠʚʘˁʘ. 

 ʋ ʧʨʦʮʝʩʫ ʧʨʦʠʟʚʦʜˁʝ ʧʦʣʫʧʨʦʚʦʜʥʠʯʢʠʭ ʢʦʤʧʦʥʝʥʪʠ ʯʝʩʪʦ ʩʝ ʢʦʨʠʩʪʠ ʤʝʪʦʜʘ 

ʠʤʧʣʘʥʪʘʮʠʿʝ ʿʦʥʘ. ʋʩʣʝʜ ʧʦʩʪʦʿʘˁʘ ʪʨʝʥʜʘ ʤʠʥʠʿʘʪʫʨʠʟʘʮʠʿʝ ʢʦʤʧʦʥʝʥʪʠ, ʿʘʚˀʘ ʩʝ ʧʦʪʨʝʙʘ ʟʘ 

ʧʣʠʪʢʠʤ, ʪʘʥʢʠʤ ʧʦʣʫʧʨʦʚʦʜʥʠʯʢʠʤ ʩʣʦʿʝʚʠʤʘ ʥʘ ʧʨʝʮʠʟʥʦ ʜʝʬʠʥʠʩʘʥʠʤ ʜʫʙʠʥʘʤʘ 

(ʬʦʨʤʠʨʘˁʝ ʨ ʠ n ʨʝʛʠʦʥʘ). ʇʦʢʘʟʘʥʦ ʿʝ ʜʘ ʿʝ ʿʦʥʩʢʦʤ ʠʤʧʣʘʥʪʘʮʠʿʦʤ ʫʧʦʪʨʝʙʦʤ ʜʦʙʨʦ 

ʬʦʢʫʩʠʨʘʥʦʛ ʩʥʦʧʘ ʤʦʛʫ˂ʝ ʜʦʙʠʪʠ ʩʣʦʿʝʚʝ ʩʘ ʨʝʟʦʣʫʮʠʿʦʤ ʦʜ 5 nm [7]. ʊʘʢʦʹʝ, ʿʝʜʥʘ ʦʜ ʚʝʣʠʢʠʭ 

ʧʨʝʜʥʦʩʪʠ ʤʝʪʦʜʝ ʜʦʧʠʨʘˁʘ ʧʫʪʝʤ ʿʦʥʩʢʝ ʠʤʧʣʘʥʪʘʮʠʿʝ ʦʛʣʝʜʘ ʩʝ ʫ ʯʠˁʝʥʠʮʠ ʜʘ ʥʠʿʝ 

ʦʛʨʘʥʠʯʝʥʘ ʚʨʩʪʦʤ ʜʦʧʘʥʘʪʘ. ʄʝʹʫʪʠʤ, ʧʨʘʪʝ˂ʠ ʝʬʝʢʘʪ ʿʦʥʩʢʝ ʠʤʧʣʘʥʪʘʮʠʿʝ ʿʝ ʘʤʦʨʬʠʟʘʮʠʿʘ 

(ʥʘʨʫʰʘʚʘˁʝ) ʢʨʠʩʪʘʣʥʝ ʩʪʨʫʢʪʫʨʝ [8]. ɸʤʦʨʬʠʟʘʮʠʿʦʤ ʿʝ ʫ ʜʠʩʝʨʪʘʮʠʿʠ ʦʩʣʦʚˀʝʥʦ ʩʚʘʢʦ 

ʥʘʨʫʰʘʚʘˁʝ ʤʦʥʦʢʨʠʩʪʘʣʥʝ ʩʪʨʫʢʪʫʨʝ ʧʦʧʫʪ ʨʘʥʜʦʤʠʟʘʮʠʿʝ ʘʪʦʤʘ ʢʨʠʩʪʘʣʥʝ ʨʝʰʝʪʢʝ, 

ʛʝʥʝʨʠʩʘˁa h ʫʧˀʠʥʘ, ʩʪʚʘʨʘˁa ʧʦʣʠʢʨʠʩʪʘʣʥʠʭ ʜʦʤʝʥʘ, ʙʫʙʨʝˁʝ (ʝʥʛʣ. ʼwelling), ʠʪʜ. ʋ ʢʦʿʦʿ 

ʤʝʨʠ ˂ʝ ʩʪʨʫʢʪʫʨʘ ʙʠʪʠ ʘʤʦʨʬʠʟʦʚʘʥʘ ʟʘʚʠʩʠ ʦʜ ʚʠʰʝ ʬʘʢʪʦʨʘ, ʤʝʹʫ ʢʦʿʠʤʘ ʩʫ ʚʨʩʪʘ ʿʦʥʘ ʠ 

ʠʤʧʣʘʥʪʠʨʘʥʠ ʬʣʫʝʥʩ. ɸʤʦʨʬʠʟʘʮʠʿʘ ʧʦʣʫʧʨʦʚʦʜʥʠʢʘ ʫʪʠʯʝ ʥʘ ˁʠʭʦʚʘ ʝʣʝʢʪʨʠʯʥʘ ʩʚʦʿʩʪʚʘ, 

ʪʝ ʿʝ ʧʦʟʥʘʚʘˁʝ ʜʝʙˀʠʥʝ ʠ ʜʫʙʠʥʝ ʘʤʦʨʬʠʟʦʚʘʥʦʛ ʩʣʦʿʘ, ʢʘʦ ʠ ʩʪʝʧʝʥʘ ʠ ʪʠʧʘ ʘʤʦʨʬʠʟʘʮʠʿʝ, 

ʦʜ ʟʥʘʯʘʿʘ ʟʘ ʩʘʚʨʝʤʝʥʫ ʧʦʣʫʧʨʦʚʦʜʥʠʯʢʫ ʠʥʜʫʩʪʨʠʿʫ. 

ʀʩʧʠʪʠʚʘˁʝ ʘʤʦʨʬʠʟʘʮʠʿʝ SiC-ʘ ʢʘʦ ʧʦʩʣʝʜʠʮʝ ʠʟʣʦʞʝʥʦʩʪʠ ʝʢʩʪʨʝʤʥʠʤ ʫʩʣʦʚʠʤʘ ʿʝ 

ʙʠʪʘʥ ʩʝʛʤʝʥʪ ʧʨʠʤʝʥʝ SiC-ʘ ʢʘʦ ʥʫʢʣʝʘʨʥʦʛ ʤʘʪʝʨʠʿʘʣʘ, ʿʝʨ ʩʫ ʫ ʮʠˀʫ ʧʦʚʝ˂ʘˁʘ ʝʬʠʢʘʩʥʦʩʪʠ 

ʨʘʜʘ ʥʫʢʣʝʘʨʥʠʭ ʨʝʘʢʪʦʨʘ ʧʦʪʨʝʙʥʠ ʥʦʚʠ ʤʘʪʝʨʠʿʘʣʠ ʢʦʿʠ ˂ʝ ʦʤʦʛʫ˂ʠʪʠ ʨʘʜ ʥʘ ʚʠʰʠʤ 

ʪʝʤʧʝʨʘʪʫʨʘʤʘ ʠ ʧʨʠ ʪʦʤʝ ʧʦʩʝʜʦʚʘʪʠ ʚʠʩʦʢʫ ʨʘʜʠʿʘʮʠʦʥʫ ʦʪʧʦʨʥʦʩʪ. ɿʘʭʚʘˀʫʿʫ˂ʠ ʧʦʚʠʰʝʥʦʿ 

ʨʘʜʠʿʘʮʠʥʦʿ ʦʪʧʦʨʥʦʩʪʠ, ʦʜʣʠʯʥʦʿ ʪʦʧʣʦʪʥʦʿ ʧʨʦʚʦʜˀʠʚʦʩʪʠ ʠ ʥʠʩʢʦʤ ʝʬʠʢʘʩʥʦʤ ʧʨʝʩʝʢʫ ʟʘ 

ʟʘʭʚʘʪ ʥʝʫʪʨʦʥʘ, SiC ʠʤʘ ʤʦʛʫ˂ʥʦʩʪ ʰʠʨʦʢʝ ʧʨʠʤʝʥʝ ʫ ʩʘʚʨʝʤʝʥʦʿ ʥʫʢʣʝʘʨʥʦʿ ʠʥʜʫʩʪʨʠʿʠ. 

ʀʥʪʝʥʟʠʚʥʦ ʩʝ ʠʩʧʠʪʫʿʝ ʢʘʦ ʤʘʪʝʨʠʿʘʣ ʟʘ ʬʫʟʠʦʥʝ [9, 10] ʠ ʬʠʩʠʦʥe ʨʝʘʢʪʦʨe [11]. ʋʪʠʮʘʿ 

ʿʦʥʠʟʫʿʫ˂ʝʛ ʟʨʘʯʝˁʘ ʥʘ ʤʘʪʝʨʠʿʘʣʝ ʥʘʤʝˁʝʥʝ ʟʘ ʧʨʦʠʟʚʦʜˁʫ ʥʫʢʣʝʘʨʥʠʭ ʨʝʘʢʪʦʨʘ ʠʣʠ ʟʘ 

ʦʙʣʦʛʫ ʥʫʢʣʝʘʨʥʦʛ ʛʦʨʠʚʘ ʧʨʝʜʩʪʘʚˀʘ ʧʦʩʝʙʘʥ ʠʟʘʟʦʚ ʥʘ ʧʫʪʫ ʜʦ ˁʠʭʦʚʝ ʢʦʤʝʨʮʠʿʘʣʠʟʘʮʠʿʝ. 

ʋ ʨʘʥʠʿʠʤ ʩʪʫʜʠʿʘʤʘ, ʠʤʧʣʘʥʪʘʮʠʿʝ ʿʦʥʘ ʢʦʥʩʪʠʪʫʝʥʘʪʘ ʢʨʠʩʪʘʣʘ (ʝʥʛʣ. self-ions) ʢʦʨʠʰ˂ʝʥʝ ʩʫ 

ʟʘ ʩʠʤʫʣʠʨʘˁʝ ʘʤʦʨʬʠʟʘʮʠʿʝ ʤʘʪʝʨʠʿʘʣʘ ʢʦʿʫ ʙʠ ʠʟʘʟʚʘʣʦ ʠʟʣʘʛʘˁʝ ʥʝʫʪʨʦʥʩʢʦʤ ʟʨʘʯʝˁʫ [12]. 

ʋʟʝʚʰʠ ʫ ʦʙʟʠʨ ʯʠˁʝʥʠʮʫ ʜʘ ʩʫ ʝʢʩʧʝʨʠʤʝʥʪʠ ʠʤʧʣʘʥʪʘʮʠʿʝ ʿʦʥʘ ʤʘˁʝ ʟʘʭʪʝʚʥʠ ʦʜ 

ʦʟʨʘʯʠʚʘˁʘ ʥʝʫʪʨʦʥʠʤʘ ʠ ʜʘ ʩʝ ʝʢʚʠʚʘʣʝʥʪʘ ʜʦʟʘ ʘʤʦʨʬʠʟʘʮʠʿʝ ʧʦʩʪʠʞʝ ʟʘ ʥʝʫʧʦʨʝʜʠʚʦ ʢʨʘ˂ʝ 



2 

 

ʚʨʝʤʝ ʝʢʩʧʦʟʠʮʠʿʝ, ʿʘʚˀʘ ʩʝ ʧʦʪʨʝʙʘ ʟʘ ʦʧʩʝʞʥʠʿʠʤ ʠʩʪʨʘʞʠʚʘˁʠʤʘ ʩʪʨʫʢʪʫʨʥʠʭ ʜʝʬʝʢʘʪʘ ʫ 

SiC ʥʘʩʪʘʣʠʭ ʢʘʦ ʧʦʩʣʝʜʠʮʝ ʿʦʥʩʢʝ ʠʤʧʣʘʥʪʘʮʠʿʝ. 

ʋ ʦʚʦʿ ʜʦʢʪʦʨʩʢʦʿ ʜʠʩʝʨʪʘʮʠʿʠ ʛʣʘʚʥʠ ʮʠˀʝʚʠ ʠʩʪʨʘʞʠʚʘˁʘ ʩʫ ʫʩʤʝʨʝʥʠ ʥʘ ʠʩʧʠʪʠʚʘˁʝ 

ʫʪʠʮʘʿʘ ʠʤʧʣʘʥʪʘʮʠʿʝ ʿʦʥʘ ʩʠʣʠʮʠʿʫʤʘ ʠ ʫʛˀʝʥʠʢʘ ʝʥʝʨʛʠʿʝ 4 ʄʝV ʥʘ ʧʨʦʮʝʩ ʘʤʦʨʬʠʟʘʮʠʿʝ 

ʤʦʥʦʢʨʠʩʪʘʣʘ 6ʅ-ɮiʉ. ʆʨʠʿ ʝʥʪʘʮʠʿʘ ʿʦʥʩʢʦʛ ʩʥʦʧʘ ʪʦʢʦʤ ʠʤʧʣʘʥʪʘʮʠʿʝ ʧʦʢʣʘʧʘʣʘ ʩʝ ʩʘ 

ʧʨʘʚʮʝʤ [0001] ʘʢʩʠʿʘʣʥʝ ʦʩʝ ʢʘʥʘʣʘ 6ʅ-ɮiʉ ʢʨʠʩʪʘʣʘ, ʦʜʥʦʩʥʦ, ʠʤʧʣʘʥʪʘʮʠʿʘ ʿʝ ʙʠʣʘ 

ʠʟʚʨʰʝʥʘ ʫ ʤʦʜʫ ʢʘʥʘʣʠʩʘˁʘ. ɸʤʦʨʬʠʟʘʮʠʿʘ ʢʨʠʩʪʘʣʘ ʿʝ ʠʩʧʠʪʘʥʘ ʢʦʨʠʰ˂ʝˁʝʤ ʩʣʝʜʝ˂ʠʭ 

ʘʥʘʣʠʪʠʯʢʠʭ ʤʝʪʦʜʘ: ʩʧʝʢʪʨʦʤʝʪʨʠʿʝ ʝʣʘʩʪʠʯʥʦʛ ʧʦʚʨʘʪʥʦʛ ʨʘʩʝʿʘˁʘ ʫ ʤʦʜʫ ʢʘʥʘʣʠʩʘˁʘ 

(ɽBS/ʉ), ʤʠʢʨʦ-ʨʘʤʘʥʩʢʝ (ɛR) ʩʧʝʢʪʨʦʩʢʦʧʠʿʝ ʠ ʩʢʝʥʠʨʘʿʫ˂ʝ ʝʣʝʢʪʨʦʥʩʢʝ ʤʠʢʨʦʩʢʦʧʠʿʝ 

(SEM). ɼʦʜʘʪʥʦ, EBS/ʉ ʩʧʝʢʪʨʠ ʩʫ ʤʦʜʝʣʠʨʘʥʠ ʨʘʯʫʥʘʨʩʢʠʤ ʧʨʦʛʨʘʤʦʤ CSIM ʨʘʟʚʠʿʝʥʠʤ ʫ 

ʃʘʙʦʨʘʪʦʨʠʿʠ ʟʘ ʬʠʟʠʢʫ ʀʥʩʪʠʪʫʪʘ ʟʘ ʥʫʢʣʝʘʨʥʝ ʥʘʫʢʝ Ăɺʠʥʯʘñ ʋʥʠʚʝʨʟʠʪʝʪʘ ʫ ɹʝʦʛʨʘʜʫ, 

ʀʥʩʪʠʪʫʪʘ ʦʜ ʥʘʮʠʦʥʘʣʥʦʛ ʟʥʘʯʘʿʘ ʟʘ ʨʝʧʫʙʣʠʢʫ ʉʨʙʠʿʫ. 
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2. ʊɽʆʈʀɱʉʂʀ ɼɽʆ  

2.1. ʀʥʪʝʨʘʢʮʠʿʘ ʿʦʥʘ ʩʘ ʤʘʪʝʨʠʿʘʣʠʤʘ 

ʉʘʚʨʝʤʝʥʘ ʪʝʭʥʦʣʦʰʢʘ ʜʦʩʪʠʛʥʫ˂ʘ ʫ ʚʝʣʠʢʦʿ ʤʝʨʠ ʟʘʚʠʩʝ ʦʜ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ 

ʧʨʠʤʝˁʝʥʠʭ ʤʘʪʝʨʠʿʘʣʘ, ʪʝ ʩʝ ʩʪʦʛʘ ʿʘʚˀʘ ʧʦʪʨʝʙʘ ʟʘ ʧʨʝʮʠʟʥʦʤ ʤʦʜʠʬʠʢʘʮʠʿʦʤ ˁʠʭʦʚʠʭ 

ʬʠʟʠʯʢʠʭ ʠ ʭʝʤʠʿʩʢʠʭ ʩʚʦʿʩʪʘʚʘ. ʂʦʜ ʚʝʣʠʢʦʛ ʙʨʦʿʘ ʧʨʠʤʝʥʘ ʦʜ ʧʦʩʝʙʥʦʛ ʟʥʘʯʘʿʘ ʿʝ 

ʧʦʚʨʰʠʥʩʢʠ ʨʝʛʠʦʥ ʤʘʪʝʨʠʿʘʣʘ. ɱʝʜʥʘ ʦʜ ʯʝʩʪʦ ʧʨʠʤʝˁʠʚʘʥʠʭ ʤʝʪʦʜʘ ʤʦʜʠʬʠʢʘʮʠʿʝ ʦʚʦʛ 

ʨʝʛʠʦʥʘ ʿʝʩʪʝ ʧʦʤʦ˂ʫ ʿʦʥʩʢʠʭ ʩʥʦʧʦʚʘ. ʆʚʦʤ ʤʝʪʦʜʦʤ ʤʦʞʝ ʩʝ ʧʦʩʪʠ˂ʠ ʤʦʜʠʬʠʢʘʮʠʿʘ 

ʭʝʤʠʿʩʢʠʭ, ʤʝʭʘʥʠʯʢʠʭ, ʝʣʝʢʪʨʠʯʥʠʭ, ʦʧʪʠʯʢʠʭ, ʤʘʛʥʝʪʥʠʭ, ʩʫʧʝʨʧʨʦʚʦʜʥʠʭ ʠ ʪʨʠʙʦʣʦʰʢʠʭ 

ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ ʧʦʚʨʰʠʥʩʢʦʛ ʨʝʛʠʦʥʘ, ʙʝʟ ʫʪʠʮʘʿʘ ʥʘ ʮʝʣʦʢʫʧʥʫ ʟʘʧʨʝʤʠʥʫ ʤʘʪʝʨʠʿʘʣʘ (ʝʥʛʣ. 

bulk). 

ʀʥʪʝʨʘʢʮʠʿʘ ʿʦʥʘ ʩʘ ʤʘʪʝʨʠʿʘʣʠʤʘ ʦʜʚʠʿʘ ʩʝ ʧʦʤʦ˂ʫ ʘʢʮʝʣʝʨʘʪʦʨʘ ʫ ʢʦʿʠʤʘ ʩʝ ʿʦʥʠ 

(ʧʨʦʿʝʢʪʠʣʠ) ʫʙʨʟʘʚʘʿʫ ʧʨʠʤʝʥʦʤ ʝʣʝʢʪʨʠʯʥʦʛ ʧʦˀʘ ʠ ʬʦʢʫʩʠʨʘʿʫ ʩʠʩʪʝʤʦʤ ʝʣʝʢʪʨʦʤʘʛʥʝʪʥʠʭ 

ʩʦʯʠʚʘ. ʇʨʠʣʠʢʦʤ ʧʨʦʣʘʩʢʘ ʿʦʥʘ ʢʨʦʟ ʤʘʪʝʨʠʿʘʣ, ʫʩʣʝʜ ʝʣʝʢʪʨʦʤʘʛʥʝʪʥʝ ʠʥʪʝʨʘʢʮʠʿʝ ʩʘ 

ʘʪʦʤʠʤʘ ʠ ʝʣʝʢʪʨʦʥʠʤʘ ʤʝʪʝ, ʜʦʣʘʟʠ ʜʦ ʫʩʧʦʨʘʚʘˁʘ ʿ ʦʥʘ ʠ ʜʠʩʠʧʘʮʠʿe ʝʥʝʨʛʠʿʝ. ʊʦʢʦʤ ʧʨʦʮʝʩʘ 

ʟʘʫʩʪʘʚˀʘˁʘ ʿʦʥʠ ʦʩʣʦʙʘʹʘʿʫ ʚʝʣʠʢʫ ʢʦʣʠʯʠʥʫ ʝʥʝʨʛʠʿʝ ʫ ʢʨʘʪʢʦʤ ʚʨʝʤʝʥʩʢʦʤ ʠʥʪʝʨʚʘʣʫ 

(10ī17ï10ī15 s) ʣʦʢʘʣʠʟʦʚʘʥʫ ʫ ʤʘʣʦʿ ʟʘʧʨʝʤʠʥʠ (10ī17ï10ī16 ʩm3) [13]. ɼʠʩʠʧʘʮʠʿʘ ʝʥʝʨʛʠʿʝ ʿʦʥʘ 

ʫ ʤʘʪʝʨʠʿʘʣʫ ʦʜʚʠʿʘ ʩʝ ʢʨʦʟ ʥʝʢʦʣʠʢʦ ʚʠʜʦʚʘ ʠʥʪʝʨʘʢʮʠʿʝ: ʨʘʩʝʿʘˁʝ ʿʦʥʘ ʝʣʘʩʪʠʯʥʠʤ ʩʫʜʘʨʦʤ 

ʩʘ ʿʝʟʛʨʠʤʘ ʘʪʦʤʘ ʤʝʪʝ; ʠʟʤʝʰʪʘˁʝ ʘʪʦʤʘ ʤʝʪʝ ʠʟ ʩʚʦʿʠʭ ʧʦʟʠʮʠʿʘ ʫ ʦʢʚʠʨʫ ʢʨʠʩʪʘʣʥʝ ʨʝʰʝʪʢʝ 

ʫʟ ʬʦʨʤʠʨʘˁʝ ʜʝʬʝʢʘʪʘ; ʿʦʥʠʟʘʮʠʿʘ ʠ ʝʢʩʮʠʪʘʮʠʿʘ ʘʪʦʤʘ ʤʝʪʝ; ʥʫʢʣʝʘʨʥʝ ʨʝʘʢʮʠʿʝ ʧʨʠ ʢʦʿʠʤʘ 

ʥʘʩʪʘʿʫ ʢʘʨʘʢʪʝʨʠʩʪʠʯʥʠ ʝʤʠʩʠʦʥʠ ʧʨʦʜʫʢʪʠ [14]. ʇʨʦʮʝʩ ʤʦʜʠʬʠʢʘʮʠʿʝ ʿʦʥʩʢʠʤ ʩʥʦʧʦʚʠʤʘ 

ʥʠʿʝ ʦʛʨʘʥʠʯʝʥ ʪʝʨʤʦʜʠʥʘʤʠʯʢʠʤ ʩʚʦʿʩʪʚʠʤʘ ʤʘʪʝʨʠʿʘʣʘ, ʟʙʦʛ ʯʝʛʘ ʿʝ ʤʦʛʫ˂ʘ ʠʤʧʣʘʥʪʘʮʠʿʘ 

ʿʦʥʘ ʰʠʨʦʢʦʛ ʦʧʩʝʛʘ ʦʜ ʚʦʜʦʥʠʢʘ ʜʦ ʫʨʘʥʠʿʫʤʘ. ʇʦʨʝʜ ʪʦʛʘ, ʢʦʥʮʝʥʪʨaʮʠʿʘ ʠʤʧʣʘʥʪʠʨʘʥʠʭ 

ʿʦʥʘ ʤʦʞʝ ʙʠʪʠ ʟʥʘʯʘʿʥʦ ʚʝ˂ʘ ʥʝʛʦ ʧʨʠ ʜʦʧʠʨʘˁʫ ʢʦʥʚʝʥʮʠʦʥʘʣʥʠʤ ʤʝʪʦʜʘʤʘ, ʠ ʥʝ ʟʘʚʠʩʠ ʦʜ 

ʨʘʚʥʦʪʝʞʥʝ ʨʘʩʪʚʦʨˀʠʚʦʩʪʠ ʠʤʧʣʘʥʪʠʨʘʥʦʛ ʝʣʝʤʝʥʪʘ ʫ ʠʤʧʣʘʥʪʠʨʘʥʦʤ ʤʘʪʝʨʠʿʘʣʫ. ɽʥʝʨʛʠʿʘ 

ʠʤʧʣʘʥʪʠʨʘʥʠʭ ʿʦʥʘ ʩʝ ʢʨʝ˂ʝ ʫ ʦʧʩʝʛʫ ʦʜ ʥʝʢʦʣʠʢʦ kʝV ʜʦ ʥʝʢʦʣʠʢʦ ʩʪʦʪʠʥʘ ʄʝV 

(ʮʠʢʣʦʪʨʦʥʠ), ʰʪʦ ʨʝʟʫʣʪʫʿʝ ʜʫʙʠʥʘʤʘ ʧʨʦʜʠʨʘˁʘ ʿʦʥʘ ʫ ʨʘʩʧʦʥʫ ʦʜ ʥʝʢʦʣʠʢʦ ʜʝʩʝʪʠʥʘ 

ʥʘʥʦʤʝʪʘʨʘ ʜʦ ʥʝʢʦʣʠʢʦ ʜʝʩʝʪʠʥʘ ʤʠʢʨʦʤʝʪʘʨʘ [13, 15]. 

ɱʦʥʠ ʰʠʨʦʢʦʛ ʦʧʩʝʛʘ ʝʥʝʨʛʠʿʘ ʩʝ ʢʦʨʠʩʪʝ ʫ ʨʘʟʣʠʯʠʪʝ ʩʚʨʭʝ ʠʩʪʨʘʞʠʚʘˁʘ ʠ 

ʤʦʜʠʬʠʢʘʮʠʿʝ ʤʘʪʝʨʠʿʘʣʘ. ɿʘ ʜʝʧʦʟʠʮʠʿʫ ʪʘʥʢʠʭ ʬʠʣʤʦʚʘ ʥʘ ʧʦʚʨʰʠʥʩʢʦʤ ʩʣʦʿʫ ʤʘʪʝʨʠʿʘʣʘ 

ʢʦʨʠʩʪʝ ʩʝ ʿʦʥʠ ʝʥʝʨʛʠʿʘ oʜ ʥʝʢʦʣʠʢʦ ʜʝʩʝʪʠʥʘ ʝV ʜʦ ʦʢʦ 1 kʝV [16-18]. ʋ ʧʨʦʮʝʩʫ ʫʢʣʘˁʘˁʘ 

ʧʦʚʨʰʠʥʩʢʠʭ ʩʣʦʿʝʚʘ ʢʨʠʩʪʘʣʘ (ʩʧʘʪʝʨʠʥʛ, ʝʥʛʣ. sputtering) ʥʘʿʯʝʰ˂ʝ ʩʝ ʢʦʨʠʩʪʝ ʿʦʥʠ 

ʧʣʝʤʝʥʠʪʠʭ ʛʘʩʦʚʘ ʝʥʝʨʛʠʿʝ ʦʜ 1 kʝV ʜʦ ʥʝʢʦʣʠʢʦ ʜʝʩʝʪʠʥʘ kʝV [19-22]. ʄʦʜʠʬʠʢʘʮʠʿʘ 

ʙʣʠʩʢʦʧʦʚʨʰʠʥʩʢʦʛ ʜʝʣʘ ʤʘʪʝʨʠʿʘʣʘ ʥʘʿʯʝʰ˂ʝ ʩʝ ʠʟʚʨʰʘʚʘ ʧʨʠ ʝʥʝʨʛʠʿʠ ʿʦʥʘ ʦʜ ʥʝʢʦʣʠʢʦ 

ʜʝʩʝʪʠʥʘ ʜʦ ʥʝʢʦʣʠʢʦ ʩʪʦʪʠʥʘ kʝV [23-25]. ɱʦʥʠ ʦʚʠʭ ʝʥʝʨʛʠʿʘ ʜʘʥʘʩ ʩʝ ʯʝʩʪʦ ʧʨʠʤʝˁʫʿʫ ʫ 

ʧʦʣʫʧʨʦʚʦʜʥʠʯʢʦʿ ʠʥʜʫʩʪʨʠʿʠ ʧʨʠ ʧʨʦʠʟʚʦʜˁʠ ʝʣʝʢʪʨʦʥʩʢʠʭ ʠ ʦʧʪʠʯʢʠʭ ʢʦʤʧʦʥʝʥʪʠ [26, 27]. 

ʋ ʮʠˀʫ ʤʦʜʠʬʠʢʘʮʠʿʝ ʚʝ˂ʠʭ ʜʫʙʠʥʘ ʤʘʪʝʨʠʿʘʣʘ ʢʦʨʠʩʪʝ ʩʝ ʿʦʥʠ ʝʥʝʨʛʠʿʝ ʥʝʢʦʣʠʢʦ ʄʝV [28-

30]. ʇʦʨʝʜ ʤʦʜʠʬʠʢʘʮʠʿʝ, ʿʦʥʠ ʄʝV-ʩʢʠʭ ʝʥʝʨʛʠʿʘ ʢʦʨʠʩʪʝ ʩʝ ʟʘ ʢʚʘʥʪʠʬʠʢʦʚʘʥʫ 

ʢʘʨʘʢʪʝʨʠʟʘʮʠʿʫ ʤʘʪʝʨʠʿʘʣʘ (ʩʧʝʢʪʨʦʤʝʪʨʠʿʝ ʝʣʘʩʪʠʯʥʦʛ ʧʦʚʨʘʪʥʦʛ ʨʘʩʝʿʘˁʘ (ɽBS), ʘʥʘʣʠʟʘ 

ʥʫʢʣʝʘʨʥʠʭ ʨʝʘʢʮʠʿʘ (NRA), ʘʥʘʣʠʟʘ ʛʘʤʘ ʟʨʘʢʘ ʠʥʜʫʢʦʚʘʥʠʭ ʿʦʥʠʤʘ (PIGE), ʘʥʘʣʠʟʘ ʍ ʟʨʘʢʘ 

ʠʥʜʫʢʦʚʘʥʘ ʿʦʥʠʤʘ (PIʍE)), ʙʫʜʫ˂ʠ ʜʘ ʝʤʠʩʠʦʥʠ ʧʨʦʜʫʢʪʠ ʿʦʥ-ʘʪʦʤʩʢʠʭ ʠʥʪʝʨʘʢʮʠʿʘ ʥʦʩʝ 

ʠʥʬʦʨʤʘʮʠʿʝ ʦ ʤʘʩʠ, ʙʨʦʿʫ ʠ ʨʘʩʧʦʜʝʣʠ ʘʪʦʤʘ ʫʥʫʪʘʨ ʘʥʘʣʠʟʠʨʘʥʦʛ ʤʘʪʝʨʠʿʘʣʘ [31]. 

ɱʦʥʩʢʘ ʠʤʧʣʘʥʪʘʮʠʿʘ ʧʨʝʜʩʪʘʚˀʘ ʠʟʫʟʝʪʥʦ ʢʦʨʠʩʪʘʥ ʘʣʘʪ ʫ ʩʘʚʨʝʤʝʥʠʤ ʠʩʪʨʘʞʠʚʘˁʠʤʘ 

ʠ ʨʘʟʚʦʿʫ ʧʦʣʫʧʨʦʚʦʜʥʠʯʢʠʭ ʤʘʪʝʨʠʿʘʣʘ ʩʘ ʧʨʠʣʘʛʦʹʝʥʠʤ ʝʣʝʢʪʨʠʯʥʠʤ, ʤʘʛʥʝʪʥʠʤ ʠ ʦʧʪʠʯʢʠʤ 

ʩʚʦʿʩʪʚʠʤʘ [32-34]. ʊʘʢʦʹʝ, ʿʦʥʩʢʘ ʠʤʧʣʘʥʪʘʮʠʿʘ ʧʨʝʜʩʪʘʚˀʘ ʦʩʥʦʚʥʫ ʪʝʭʥʦʣʦʛʠʿʫ ʟʘ 
ʧʨʦʠʟʚʦʜˁʫ ʠʥʪʝʛʨʠʩʘʥʠʭ ʢʦʣʘ ʫ ʧʦʣʫʧʨʦʚʦʜʥʠʯʢʦʿ ʠʥʜʫʩʪʨʠʿʠ ʟʘʭʚʘˀʫʿʫ˂ʠ ʢʦʿʦʿ ʿʝ ʤʦʛʫ˂ʝ 

ʬʫʥʢʮʠʦʥʠʩʘˁʝ ʩʘʚʨʝʤʝʥʦʛ ʞʠʚʦʪʘ ʫ ʜʠʛʠʪʘʣʥʦʤ ʜʦʙʫ [35]. ɼʦʜʘʪʥʦ, ʪʨʝʥʜ ʤʠʥʠʿʘʪʫʨʠʟʘʮʠʿʝ 

ʧʦʣʫʧʨʦʚʦʜʥʠʯʢʠʭ ʢʦʤʧʦʥʝʥʪʠ ʟʘʭʪʝʚʘ ʧʦʩʪʠʟʘˁʝ ʧʣʠʪʢʠʭ, ʪʘʥʢʠʭ ʧʦʣʫʧʨʦʚʦʜʥʠʯʢʠʭ ʩʣʦʿʝʚʘ 

ʥʘ ʧʨʝʮʠʟʥʦ ʜʝʬʠʥʠʩʘʥʠʤ ʜʫʙʠʥʘʤʘ [15]. ɼʫʙʠʥʩʢʘ ʨʘʩʧʦʜʝʣʘ ʠʤʧʣʘʥʪʠʨʘʥʠʭ ʿʦʥʘ ʜʠʨʝʢʪʥʦ 
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ʿʝ ʧʦʚʝʟʘʥʘ ʩʘ ˁʠʭʦʚʦʤ ʝʥʝʨʛʠʿʦʤ, ʤʘʩʘʤʘ ʿʦʥʘ ʠ ʘʪʦʤʘ ʢʦʥʩʪʠʪʫʝʥʘʪʘ ʤʘʪʝʨʠʿʘʣʘ ʤʝʪʝ. 

ɺʘʨʠʿʘʮʠʿʦʤ ʝʥʝʨʛʠʿʝ ʿʦʥʘ ʠ ʜʦʟʝ ʤʦʞʝ ʩʝ ʢʦʥʪʨʦʣʠʩʘʪʠ ʧʨʦʬʠʣ ʢʦʥʮʝʥʪʨʘʮʠʿʝ ʜʦʧʘʥʘʪʘ. 

ɼʫʙʠʥʩʢʘ ʨʝʟʦʣʫʮʠʿʘ ʠʤʧʣʘʥʪʘʮʠʿʝ ʟʘʚʠʩʠ ʠ ʦʜ ʢʚʘʣʠʪʝʪʘ ʬʦʢʫʩʠʨʘˁʘ ʿʦʥʩʢʦʛ ʩʥʦʧʘ [7]. 

ʄʠʢʨʦ ʠ ʥʘʥʦ 2D ʣʦʢʘʣʠʟʘʮʠʿʘ ʠʤʧʣʘʥʪʠʨʘʥʠʭ ʿʦʥʘ ʧʦʩʪʠʞʝ ʩʝ ʢʦʨʠʰ˂ʝˁʝʤ ʤʠʢʨʦ- ʠ ʥʘʥʦ-

ʰʘʙʣʦʥʘ (ʤʘʩʢʠ) ʢʦʿʠ ʜʦʟʚʦˀʘʚʘʿʫ ʿʦʥʩʢʫ ʠʤʧʣʘʥʪʘʮʠʿʫ ʩʘʤʦ ʥʘ ʦʜʨʝʹʝʥʠʤ ʧʦʟʠʮʠʿʘʤʘ 

ʤʘʪʝʨʠʿʘʣʘ [36]. 

 ɱʦʥʩʢʘ ʠʤʧʣʘʥʪʘʮʠʿʘ ʢʦʨʠʩʪʠ ʩʝ ʠ ʟʘ ʩʠʤʫʣʠʨʘˁʝ ʦʰʪʝ˂ʝˁʘ ʤʘʪʝʨʠʿʘʣʘ ʢʦʿʠ ʩʝ 

ʫʧʦʪʨʝʙˀʘʚʘʿʫ ʫ ʥʫʢʣʝʘʨʥʦʿ ʠʥʜʫʩʪʨʠʿʠ (ʥʫʢʣʝʘʨʥʠ ʨʝʘʢʪʦʨʠ ʠ ʧʦʩʪʨʦʿʝˁʘ ʟʘ ʦʜʣʘʛʘˁʝ 

ʥʫʢʣʝʘʨʥʦʛ ʦʪʧʘʜʘ) ʠʟʘʟʚʘʥʠʭ ʝʥʝʨʛʝʪʩʢʠʤ ʯʝʩʪʠʮʘʤʘ [37, 38]. ʋ ʤʘʰʠʥʩʢʦʿ ʠʥʜʫʩʪʨʠʿʠ ʿ ʦʥʩʢʘ 

ʠʤʧʣʘʥʪʘʮʠʿʘ ʩʝ ʢʦʨʠʩʪʠʪʠ ʟʘ ʧʦʙʦˀʰʘˁʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ ʧʦʚʨʰʠʥʝ ʤʝʪʨʠʿʘʣʘ ʧʦʧʫʪ ʪʚʨʜʦ˂ʝ 

[39], ʢʦʨʦʟʠʚʥʠʭ [40] ʠ ʘʜʭʝʟʠʦʥʠʭ ʩʚʦʿʩʪʘʚʘ [41], ʦʪʧʦʨʥʦʩʪʠ ʥʘ ʭʘʙʘˁʝ [42] ʠ ʝʣʘʩʪʠʯʥʦʩʪʠ 

ʤʘʪʝʨʠʿʘʣʘ [43]. ɱʦʥʩʢʘ ʠʤʧʣʘʥʪʘʮʠʿʘ ʩʝ ʤʦʞʝ ʢʦʨʠʩʪʠʪʠ ʟʘ ʚʝʦʤʘ ʧʨʝʮʠʟʥʦ ʩʝʯʝˁʝ ʪʚʨʜʠʭ ʠ 

ʣʦʤˀʠʚʠʭ ʤʘʪʝʨʠʿʘʣʘ ʙʝʟ ʩʪʚʘʨʘˁʘ ʥʦʚʠʭ ʠʚʠʮʘ ʩʘ ʣʦʰʠʤ ʢʚʘʣʠʪʝʪʦʤ ʧʦʚʨʰʠʥʝ [44, 45]. ʋ 

ʤʝʜʠʮʠʥʠ, ʿʦʥʩʢʠ ʩʥʦʧʦʚʠ ʢʦʨʠʩʪʝ ʩʝ ʢʘʦ ʧʨʦʪʦʥʩʢʘ ʪʝʨʘʧʠʿʘ ʧʨʠ ʣʝʯʝˁʫ ʢʘʨʮʠʥʦʤʘ [46], ʟʘ 

ʧʦʙʦˀʰʘˁʝ ʙʠʦʢʦʤʧʘʪʠʙʠʣʥʦʩʪʠ ʤʝʜʠʮʠʥʩʢʠʭ ʤʘʪʝʨʠʿʘʣʘ (ʠʤʧʣʘʥʪʘ) [47] ʢʘʦ ʠ ʟʘ 

ʧʦʙʦˀʰʘˁʝ ʘʥʪʠʙʘʢʪʝʨʠʿʩʢʠʭ ʩʚʦʿʩʪʘʚʘ ʧʦʚʨʰʠʥʘ [48]. 

ʂʘʥʘʣʠʩʘˁʝ ʿʦʥʘ ʧʨʝʜʩʪʘʚˀʘ ʩʧʝʮʠʬʠʯʘʥ ʩʣʫʯʘʿ ʿʦʥʩʢʝ ʠʤʧʣʘʥʪʘʮʠʿʝ ʩʘ ʤʘʪʝʨʠʿʘʣʦʤ 

ʤʦʥʦʢʨʠʩʪʘʣʥʝ ʩʪʨʫʢʪʫʨʝ ʢʘʜʘ ʩʝ ʧʨʘʚʘʮ ʿʦʥʩʢʦʛ ʩʥʦʧʘ ʧʦʢʣʘʧʘ ʩʘ ʥʝʢʦʤ ʦʜ ʢʨʠʩʪʘʣʦʛʨʘʬʩʢʠʭ 

ʦʩʘ ʢʘʥʘʣʘ ʢʨʠʩʪʘʣʘ. ʋ ʦʚʦʤ ʩʧʝʮʠʬʠʯʥʦʤ ʩʣʫʯʘʿʫ, ʧʨʠ ʠʤʧʣʘʥʪʘʮʠʿʠ ʧʦʩʪʠʞʫ ʩʝ ʚʝ˂ʝ ʜʫʙʠʥʝ 

ʧʨʦʜʠʨʘˁʘ ʿʦʥʘ ʠ ʩʤʘˁʝˁʝ ʧʨʦʤʝʥʝ ʫʨʝʹʝʥʦʩʪʠ ʢʨʠʩʪʘʣʥʝ ʩʪʨʫʢʪʫʨʝ [49]. ɼʦʜʘʪʥʦ, ʣʘʪʝʨʘʣʥʘ 

ʨʘʩʧʦʜʝʣʘ ʿ ʦʥʘ ʠʤʧʣʘʥʪʠʨʘʥʠʭ ʧʨʠ ʩʣʫʯʘʿʥʦ ʿʦʨʠʿʝʥʪʘʮʠʿʠ ʢʨʠʩʪʘʣʘ ʫʚʝʢ ʿʝ ʰʠʨʘ ʦʜ ʨʘʩʧʦʜʝʣʝ 

ʿʦʥʘ ʠʤʧʣʘʥʪʠʨʘʥʠʭ ʫ ʤʦʜʫ ʢʘʥʘʣʠʩʘˁʘ ʧʨʠ ʠʩʪʦ ʿʝʥʝʨʛʠʿʠ [50]. ɽʬʝʢʘʪ ʢʘʥʘʣʠʩʘˁʘ ʿʦʥʘ 

ʢʦʨʠʩʪʠʪʠ ʩʝ ʠ ʟʘ ʠʩʧʠʪʠʚʘˁʝ ʢʚʘʣʠʪʝʪʘ ʢʨʠʩʪʘʣʥʝ ʨʝʰʝʪʢʝ, ʦʜʥʦʩʥʦ ʦʜʨʝʹʠʚʘˁʝ ʩʪʝʧʝʥʘ 

ʫʨʝʹʝˁʘ ʢʨʠʩʪʘʣʘ [51, 52]. 

2.1.1. ʀʥʪʝʨʘʢʮʠʦʥʠ ʧʦʪʝʥʮʠʿʘʣ 

 ɱʦʥ-ʘʪʦʤʩʢʠ ʧʦʪʝʥʮʠʿʘʣ ʠʥʪʝʨʘʢʮʠʿʝ ʿʝ ʩʣʦʞʝʥʘ ʬʫʥʢʮʠʿʘ ʚʝʣʠʢʦʛ ʙʨʦʿʘ ʧʘʨʘʤʝʪʘʨʘ. 

ɸʧʨʦʢʩʠʤʘʮʠʿʘ ʙʠʥʘʨʥʠʭ ʝʣʘʩʪʠʯʥʠʭ ʩʫʜʘʨʘ ʿʝ ʜʦʙʨʘ ʧʨʝʪʧʦʩʪʘʚʢʘ ʢʦʿʘ ʧʦʿʝʜʥʦʩʪʘʚˀʫʿʝ 

ʧʨʦʙʣʝʤ. ʋ ʪʦʤ ʩʣʫʯʘʿʫ, ʿʝʟʛʨʦ ʿʦʥʘ ʠʥʪʝʨʘʛʫʿʝ ʩʘ ʿʝʟʛʨʦʤ ʘʪʦʤʘ ʤʝʪʝ ʧʨʠ ʯʝʤʫ ʩʫ ʿʝʟʛʨʘ 

ʟʘʢʣʦˁʝʥʘ (ʝʢʨʘʥʠʨʘʥʘ) ʦʙʣʘʮʠʤʘ ʝʣʝʢʪʨʦʥʘ (ʩʣʠʢʘ 1). ʊʘʢʦʹʝ, ʫʪʠʮʘʿ ʨʝʣʘʪʠʚʥʝ ʙʨʟʠʥʝ ʿʦʥʘ ʠ 

ʘʪʦʤʘ ʤʝʪʝ ʥʘ ʠʥʪʝʨʘʢʮʠʦʥʠ ʧʦʪʝʥʮʠʿʘʣ ʩʝ ʟʘʥʝʤʘʨʫʿʝ. 

 
 

ʉʣʠʢʘ 1. ʀʥʪʝʨʘʢʮʠʿʘ ʠʤʧʣʘʥʪʠʨʘʥʦʛ ʿʦʥʘ ʤʘʩʝ ʄ1,ʘʪʦʤʩʢʦʛ ʙʨʦʿʘ Z1 ʠ ʝʥʝʨʛʠʿʝ ɽ0 ʩʘ 

ʘʪʦʤʦʤ ʤʝʪʝ ʤʘʩʝ ʄ2 ʠ ʘʪʦʤʩʢʦʛ ʙʨʦʿʘ Z2 ʧʨʠ ʫʜʘʨʥʦʤ ʧʘʨʘʤʝʪʫ ʩʫʜʘʨʘ b. ʅʘʢʦʥ 

ʠʥʪʝʨʘʢʮʠʿʝ ʿʦʥ ʧʦʩʝʜʫʿʝ ʝʥʝʨʛʠʿʫ ɽ1 ʜʦʢ ʘʪʦʤ ʤʝʪʝ ʠʟ ʤʠʨʦʚʘˁʘ ʜʦʙʠʿʘ ʝʥʝʨʛʠʿʫ ɽ2. 
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 ʅʘʯʠʥ ʥʘ ʢʦʿʠ ʩʝ ʧʦʪʝʥʮʠʿʘʣʥʘ ʝʥʝʨʛʠʿʘ ʧʨʠ ʩʫʜʘʨʫ ʙʠʥʘʨʥʠʭ ʩʠʩʪʝʤʘ ʘʪʦʤʘ ʤʝˁʘ ʩʘ 

ʨʘʩʪʦʿʘˁʝʤ ʙʠʪʘʥ ʿʝ ʟʘ ʦʜʨʝʹʠʚʘˁʝ ʙʨʟʠʥʝ ʢʦʿʦʤ ʿʦʥ ʛʫʙʠ ʝʥʝʨʛʠʿʫ ʧʨʦʣʘʟʝ˂ʠ ʢʨʦʟ ʤʘʪʝʨʠʿʘʣ, 

ʪʝ ʩʪʦʛʘ ʠ ʟʘ ʨʘʟʤʘʪʨʘˁʝ ʧʦʩʣʝʜʠʯʥʝ ʧʨʦʤʝʥʝ ʩʪʝʧʝʥʘ ʫʨʝʹʝʥʦʩʪʠ [53]. ʂʘʜʘ ʿʝ ʥʘʿʙʣʠʞʝ 

ʨʘʩʪʦʿʘˁʝ ʩʫʜʘʨʥʦʛ ʧʘʨʘ (r) ʚʝ˂ʝ ʦʜ ʨʘʚʥʦʪʝʞʥʦʛ ʨʘʩʪʦʿʘˁʘ ʘʪʦʤʘ ʢʨʠʩʪʘʣʥʝ ʨʝʰʝʪʢʝ (r0, 

ʪʠʧʠʯʥʦ ʦʢʦ 0,25 nm), ʧʨʠ ʤʘʣʠʤ ʙʨʟʠʥʘʤʘ ʿʦʥʘ, ʜʦʣʘʟʠ ʜʦ ʜʝʣʠʤʠʯʥʦʛ ʧʨʝʢʣʘʧʘˁʘ 

ʩʧʦˀʘʰˁʠʭ ʦʨʙʠʪʘʣʘ ʠ ʪʝʞˁʝ ʢʘ ʬʦʨʤʠʨʘˁʫ ʚʝʟʝ ʠʟʤʝʹʫ ʘʪʦʤʘ. Kʘʜʘ ʿʝ ʥʘʿʙʣʠʞʝ ʨʘʩʪʦʿʘˁʝ 

ʩʫʜʘʨʥʦʛ ʧʘʨʘ ʤʘˁʝ ʦʜ ʚʨʝʜʥʦʩʪʠ ɹʦʨʦʚʦʛ ʨʘʜʠʿʫʩʘ ʟʘ ʘʪʦʤ ʚʦʜʦʥʠʢʘ (a0 = 0,053 nm), ʧʨʠ 

ʚʝʣʠʢʠʤ ʙʨʟʠʥʘʤʘ ʿʦʥʘ, ʠʥʪʝʨʘʢʮʠʿʘ ʩʝ ʤʦʞʝ ʦʧʠʩʘʪʠ ʂʫʣʦʥʦʚʠʤ (C. A. de Coulomb) 

ʧʦʪʝʥʮʠʿʘʣʦʤ. ʄʝʹʫʪʠʤ, ʦʜ ʥʘʿʚʝ˂ʝʛ ʠʥʪʝʨʝʩʘ ʟʘ ʚʝ˂ʠʥʫ ʿʦʥ-ʤʘʪʝʨʠʿʘʣ ʠʥʪʝʨʘʢʮʠʿʘ ʿʝ ʨʝʞʠʤ 

ʩʨʝʜˁʠʭ ʙʨʟʠʥʘ ʿʦʥʘ ʢʘʜʘ ʿʝ ʥʘʿʙʣʠʞʝ ʨʘʩʪʦʿʘˁʝ ʩʫʜʘʨʥʦʛ ʧʘʨʘ a0 < r < r0. ɼʦʧʨʠʥʦʩ 

ʧʦʪʝʥʮʠʿʘʣʥʦʿ ʝʥʝʨʛʠʿʠ ʫ ʦʚʦʤ ʨʝʞʠʤʫ ʧʦʪʠʯʝ ʦʜ ʝʣʝʢʪʨʦʩʪʘʪʠʯʢʦʛ ʦʜʙʠʿʘˁʘ ʧʦʟʠʪʠʚʥʦ 

ʥʘʝʣʝʢʪʨʠʩʘʥʠʭ ʿʝʟʛʘʨʘ ʠ ʧʦʚʝ˂ʘˁʘ ʝʥʝʨʛʠʿʝ ʧʦʪʨʝʙʥʝ ʟʘ ʦʜʨʞʘˁʝ ʝʣʝʢʪʨʦʥʘ ʫ ʦʢʦʣʠʥʠ ʘʪʦʤʘ, 

ʫʩʣʝʜ ʧʨʝʢʣʘʧʘˁʘ ʘʪʦʤʩʢʠʭ ʦʨʙʠʪʘʣʘ, ʙʝʟ ʥʘʨʫʰʘʚʘˁʘ ʇʘʫʣʠʿʝʚʦʛ ʧʨʠʥʮʠʧʘ ʠʩʢˀʫʯʝˁʘ. 

 ɱʦʥ-ʘʪʦʤ ʠʥʪʝʨʘʢʮʠʿʝ (ʧʦʪʝʥʮʠʿʘʣ) ʫ ʨʝʞʠʤʫ a0 < r < r0 ʤʦʛʫ ʩʝ ʠʟʨʘʟʠʪʠ ʧʨʝʢʦ ʊʦʤʘʩï

ʌʝʨʤʠʿʝʚʦʛ (L. Thomas, E. Fermi) ʩʪʘʪʠʩʪʠʯʢʦʛ ʤʦʜʝʣʘ ʘʪʦʤʘ ʢʘʦ [54]: 

 Ὗὶ  
ρ

τ“‐

ὤὤὩ

ὶ
•
ὶ

ὥ
 (2.1.) 

ʛʜʝ ʩʫ Z1 ʠ Z2 ʘʪʦʤʩʢʠ ʙʨʦʿʝʚʠ ʿʦʥʘ ʠ ʘʪʦʤʘ ʤʝʪʝ, ʨʝʩʧʝʢʪʠʚʥʦ, ʝ ʿ ʝ ʝʣʝʤʝʥʪʘʨʥʦ ʥʘʝʣʝʢʪʨʠʩʘˁʝ, 

r  ʿ ʝ ʨʘʩʪʦʿʘˁʝ ʠʟʤʝʹʫ ʿʝʟʛʘʨʘ ʠ Ů0 ʜʠʝʣʝʢʪʨʠʯʥʘ ʢʦʥʩʪʘʥʪʘ ʚʘʢʫʫʤʘ. ɺʝʣʠʯʠʥʘ ű(r/a) ʧʨʝʜʩʪʘʚˀʘ 

ʊʦʤʘʩïʌʝʨʤʠʿʝʚʫ ʬʫʥʢʮʠʿʫ ʝʢʨʘʥʠʨʘˁʘ ʛʜʝ a ʦʟʥʘʯʘʚʘ ʢʘʨʘʢʪʝʨʠʩʪʠʯʥʫ ʜʫʞʠʥʫ ʝʢʨʘʥʠʨʘˁʘ 

ʜʘʪʫ ʫ ʦʙʣʠʢʫ: 

 

ὥ  
ω“

ρςψὤ

̯

άὩ
πȟψψυσὥὤ  

(2.2.) 

ʛʜʝ ʿʝ ˂ = h/2 ,́ h ʿʝ ʫʥʠʚʝʨʟʘʣʥʘ ʇʣʘʥʢʦʚʘ ʢʦʥʩʪʘʥʪʘ ʘ me ʤʘʩʘ ʝʣʝʢʪʨʦʥʘ. ʂʘʢʦ ʜʘʪʘ ʬʫʥʢʮʠʿʘ 

ʝʢʨʘʥʠʨʘˁʘ ʫ ʩʝʙʠ ʩʘʜʨʞʠ ʧʦʜʘʪʢʝ ʚʝʟʘʥʝ ʩʘʤʦ ʟʘ ʘʪʦʤ ʤʝʪʝ ʨʝʜʥʦʛ ʙʨʦʿʘ Z2, ʧʨʠ ʠʥʪʝʨʘʢʮʠʿʠ 

ʠʟʤʝʹʫ ʿʦʥʘ ʠ ʘʪʦʤʘ ʧʦʛʦʜʥʠʿʝ ʿʝ ʢʦʨʠʩʪʠʪʠ ʜʫʞʠʥʫ ʝʢʨʘʥʠʨʘˁʘ ʧʨʝʜʣʦʞʝʥʫ ʦʜ ʩʪʨʘʥʝ 

ʃʠʥʜʭʘʨʜʘ (J. Lindhard) [55]: 

 
ὥ  πȟψψυσὥ ὤ ὤ  

(2.3.) 

ʊʦʤʘʩïʌʝʨʤʠʿʝʚʘ ʬʫʥʢʮʠʿʘ ʝʢʨʘʥʠʨʘˁʘ ʘʧʨʦʢʩʠʤʠʨʘ ʝʣʝʢʪʨʦʥʩʢʫ ʛʫʩʪʠʥʫ ʘʪʦʤʘ ʠ ʜʘʿʝ 

ʜʦʙʨʦ ʩʣʘʛʘˁʝ ʩʘ ʝʣʝʢʪʨʦʥʩʢʦʤ ʛʫʩʪʠʥʦʤ ʜʦʙʠʿʝʥʦʤ ʧʨʝʮʠʟʥʠʿʠʤ ʢʚʘʥʪʥʦ-ʤʝʭʘʥʠʯʢʠʤ 

ʍʘʨʪʨʠïʌʦʢʦʚʠʤ ʤʝʪʦʜʦʤ ʫ ʦʙʣʘʩʪʠʤʘ ʤʘʣʠʭ ʨʘʩʪʦʿʘˁʘ [55]. ɸʥʘʣʠʪʠʯʢʦ ʨʝʰʝˁʝ ʊʦʤʘʩï

ʌʝʨʤʠʿʝʚʝ ʬʫʥʢʮʠʿʝ ʝʢʨʘʥʠʨʘˁʘ ʥʝ ʧʦʩʪʦʿʠ, ʚʝ˂ ʩʝ ʜʦʙʠʿʘ ʥʫʤʝʨʠʯʢʠʤ ʨʝʰʝˁʝʤ ʊʦʤʘʩï

ʌʝʨʤʠʿʝʚʝ ʜʠʬʝʨʝʥʮʠʿʘʣʥʝ ʿʝʜʥʘʯʠʥʝ. ɸʥʘʣʠʪʠʯʢʫ ʘʧʨʦʢʩʠʤʘʮʠʿʫ ʬʫʥʢʮʠʿʝ ʝʢʨʘʥʠʨʘˁʘ ʢʦʿʘ 

ʩʝ ʚʨʣʦ ʜʦʙʨʦ ʧʦʢʣʘʧʘ ʩʘ ʨʝʟʫʣʪʘʪʠʤʘ ʜʦʙʠʿʝʥʠʤ ʍʘʨʪʨʠïʌʦʢʦʚʠʤ ʤʝʪʦʜʦʤ ʟʘ ʰʠʨʦʢ ʦʧʩʝʛ 

ʿʦʥ-ʘʪʦʤʩʢʠʭ ʨʘʩʪʦʿʘˁʘ ʜʘʦ ʿʝ ʄʦʣʠʿʝʨ (G. Moliere) [56]: 

 
•
ὶ

ὥ
πȟρὩ πȟσυὩ

ȟ

  πȟυυὩ
ȟ

 (2.4.) 

ʇʦʨʝʜ ʄʦʣʠʿʝʨʦʚʝ ʬʫʥʢʮʠʿʝ ʝʢʨʘʥʠʨʘˁʘ ʯʝʩʪʦ ʩʝ ʢʦʨʠʩʪʠ ʠ ʫʥʠʚʝʨʟʘʣʥʘ ʘʧʨʦʢʩʠʤʘʮʠʿʘ 

ʬʫʥʢʮʠʿʝ ʝʢʨʘʥʠʨʘˁʘ ʢʦʿʫ ʩʫ ʧʨʝʜʣʦʞʠʣʠ ɿʠʛʣʝʨ, ɹʠʨʰʘʢ ʠ ʃʠʪʤʘʨʢ (J. Ziegler, J. Biersack, U. 

Littmark) [57]: 

 

•
ὶ

ὥ
 ‎ÅØÐ

ὶ‏

ὥ
 (2.5.) 
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ʛʜʝ ʩʫ [ɔ1,; ɔ2; ɔ3; ɔ4] = [0,1818; 0,5099; 0,2082; 0,02817] ʠ [ŭ1; ŭ2; ŭ3; ŭ4] = [3,2; 0,9423; 0,4028; 

0,2016] ʜʦʢ ʿʝ ʜʫʞʠʥʘ ʝʢʨʘʥʠʨʘˁʘ ʧʨʝʜʩʪʘʚˀʝʥʘ ʢʘʦ: 

 

ὥ  ὥ
ω“

ρςψὤ
 ὤ ȟ ὤ ȟ  

(2.6.) 

2.1.2. ɽʥʝʨʛʠʿʩʢʠ ʛʫʙʠʮʠ ʠ ʟʘʫʩʪʘʚˀʘˁʝ ʠʤʧʣʘʥʪʠʨʘʥʠʭ ʿʦʥʘ 

 ʊʦʢʦʤ ʧʨʦʣʘʩʢʘ ʢʨʦʟ ʤʝʪʫ ʿʦʥʠ ʛʫʙʝ ʝʥʝʨʛʠʿʫ ʢʨʦʟ ʥʠʟ ʝʣʘʩʪʠʯʥʠʭ (ʩʘ ʘʪʦʤʩʢʠʤ 

ʿʝʟʛʨʠʤʘ) ʠ ʥʝʝʣʘʩʪʠʯʥʠʭ ʩʫʜʘʨʘ (ʩʘ ʝʣʝʢʪʨʦʥʠʤʘ). ʅʘʢʦʥ ʩʝʨʠʿʝ ʫʟʘʩʪʦʧʥʠʭ ʩʫʜʘʨʘ ʿʦʥʠ ʙʠʚʘʿʫ 

ʟʘʫʩʪʘʚˀʝʥʠ ʥʘ ʦʜʨʝʹʝʥʦʿ ʜʫʙʠʥʠ ï ʜʦʤʝʪ ʿʦʥʘ (R). ɼʦʤʝʪ ʿʝ ʦʜʨʝʹʝʥ ʙʨʟʠʥʦʤ ʛʫʙʠʪʢʘ ʝʥʝʨʛʠʿʝ 

ʿʦʥʘ (dE/dx, ʟʘʫʩʪʘʚʥʘ ʤʦ˂) ʠ ʜʘʪ ʿʝ ʬʦʨʤʫʣʦʤ [53]: 

 
Ὑ  

ρ

ὨὉ
Ὠὼ

ὨὉ (2.7.) 

ʛʜʝ ʿʝ ɽ0 ʧʦʯʝʪʥʘ ʝʥʝʨʛʠʿʘ ʿʦʥʘ. ɿʘʫʩʪʘʚʥʘ ʤʦ˂ ʿʝ ʛʫʙʠʪʘʢ ʝʥʝʨʛʠʿʝ ʧʦ ʿʝʜʠʥʠʮʠ ʜʫʞʠʥʝ ʫʩʣʝʜ 

ʠʥʪʝʨʘʢʮʠʿʘ ʿʦʥʘ ʩʘ ʘʪʦʤʠʤʘ ʩʨʝʜʠʥʝ, ʠ ʟʘʚʠʩʠ ʦʜ ʧʦʯʝʪʥʝ ʝʥʝʨʛʠʿʝ ʿʦʥʘ ʠ ʘʪʦʤʩʢʠʭ ʙʨʦʿʝʚʘ 

ʿʦʥʘ ʠ ʘʪʦʤʘ ʤʝʪʝ. 

 ɽʥʝʨʛʠʿʩʢʠ ʛʫʙʠʪʘʢ ʿʦʥʘ (ʟʘʫʩʪʘʚʥʘ ʤʦ˂) ʿʝ ʟʙʠʨ ʝʣʝʢʪʨʦʥʩʢʦʛ ((dE/dx)e) ʠ ʥʫʢʣʝʘʨʥʦʛ 

((dE/dx)n) ʝʥʝʨʛʠʿʩʢʦʛ ʛʫʙʠʪʢʘ: 

 ὨὉ

Ὠὼ

ὨὉ

Ὠὼ

ὨὉ

Ὠὼ
 (2.8.) 

ʇʨʦʮʝʩ ʥʫʢʣʝʘʨʥʦʛ ʟʘʫʩʪʘʚˀʘˁʘ ʿʦʥʘ ʨʝʟʫʣʪʫʿʝ ʧʨʝʥʦʩʦʤ ʝʥʝʨʛʠʿʝ ʥʘ ʘʪʦʤ ʤʝʪʝ, ʟʙʦʛ ʯʝʛʘ ʩʝ 

ʤʦʞʝ ʦʧʠʩʘʪʠ ʥʝʢʠʤ ʦʜ ʤʦʜʝʣʘ ʿʦʥ-ʘʪʦʤʩʢʦʛ ʧʦʪʝʥʮʠʿʘʣʘ ʠʥʪʝʨʘʢʮʠʿʝ. ʋ ʦʜʥʦʩʫ ʥʘ ʥʫʢʣʝʘʨʥʦ, 

ʝʣʝʢʪʨʦʥʩʢʦ ʟʘʫʩʪʘʚˀʘˁʝ ʿʦʥʘ ʟʥʘʪʥʦ ʿʝ ʩʣʦʞʝʥʠʿʠ ʧʨʦʮʝʩ. ʆʚʦ ʿʝ ʧʦʩʣʝʜʠʮʘ ʯʠˁʝʥʠʮʝ ʜʘ ʩʝ 

ʢʦʜ ʝʣʝʢʪʨʦʥʩʢʦʛ ʟʘʫʩʪʘʚˀʘˁʘ, ʧʦʨʝʜ ʩʫʜʘʨʘ ʩʘ ʩʣʦʙʦʜʥʠʤ (ʧʨʦʚʦʜʥʠʤ) ʝʣʝʢʪʨʦʥʠʤʘ, ʝʥʝʨʛʠʿʘ 

ʿʦʥʘ ʛʫʙʠ ʠ ʥʘ ʧʦʙʫʹʠʚʘˁʝ ʚʝʟʘʥʠʭ ʝʣʝʢʪʨʦʥʘ ʥʘ ʚʠʰʝ ʝʥʝʨʛʝʪʩʢʝ ʥʠʚʦʝ [58]. ʇʦʨʝʜ ʟʘʫʩʪʘʚʥʝ 

ʤʦ˂ʠ, ʟʘ ʦʧʠʩʠʚʘˁʝ ʝʥʝʨʛʠʿʩʢʠʭ ʛʫʙʠʪʘʢʘ ʢʦʨʠʩʪʠ ʩʝ ʠ ʟʘʫʩʪʘʚʥʠ ʧʦʧʨʝʯʥʠ ʧʨʝʩʝʢ (ɮ) ʢʦʿʠ ʩʝ 

ʜʝʬʠʥʠʰʝ ʢʘʦ ʟʘʫʩʪʘʚʥʘ ʤʦ˂ ʧʦ ʿʝʜʠʥʠʮʠ ʘʪʦʤʩʢʝ ʛʫʩʪʠʥʝ (N). 

ʇʨʠ ʥʠʩʢʠʤ ʝʥʝʨʛʠʿʘʤʘ ʜʦʤʠʥʠʨʘʿʫ ʥʫʢʣʝʘʨʥʠ ʛʫʙʠʮʠ, ʜʦʢ ʧʨʠ ʚʠʩʦʢʠʤ ʝʥʝʨʛʠʿʘʤʘ 

ʜʦʤʠʥʠʨʘʿʫ ʝʣʝʢʪʨʦʥʩʢʠ ʛʫʙʠʮʠ. ʅʘ ʩʣʠʮʠ 2 ʠʣʫʩʪʨʦʚʘʥ ʿʝ ʨʝʣʘʪʠʚʥʠ ʦʜʥʦʩ ʝʣʝʢʪʨʦʥʩʢʠʭ ʠ 

ʥʫʢʣʝʘʨʥʠʭ ʛʫʙʠʪʘʢʘ. ʆʟʥʘʢʘ Ů ʩʘ ʩʣʠʢʝ ʦʜʥʦʩʠ ʩʝ ʥʘ ʥʦʪʘʮʠʿʫ ʨʝʜʫʢʦʚʘʥʠʭ ʝʥʝʨʛʠʿʘ, ʧʨʠ ʯʝʤʫ 

ʿʝ ʚʨʝʜʥʦʩʪ ʨʝʜʫʢʦʚʘʥʝ ʝʥʝʨʛʠʿʝ ʜʘʪʘ ʢʘʦ [59]: 

 
‐  

ὓ

ὓ ὓ

ὥ

ὤὤὩ
Ὁ (2.9.) 

ʇʨʠ ʥʠʩʢʦʝʥʝʨʛʠʿʩʢʦʤ ʨʝʞʠʤʫ (Ů < 30) ʥʫʢʣʝʘʨʥʠ ʛʫʙʠʮʠ ʩʝ ʩʘ ʚʠʩʦʢʦʤ ʪʘʯʥʦʰ˂ʫ ʤʦʛʫ 

ʦʧʠʩʘʪʠ ʿʝʜʥʘʯʠʥʦʤ ʧʨʝʜʣʦʞʝʥʦʤ ʦʜ ʩʪʨʘʥʝ ɿʠʛʣʝʨʘ ʠ ʩʘʨʘʜʥʠʢʘ, ʪʟʚ. ZBL ʟʘʫʩʪʘʚʥʠ 

ʧʦʧʨʝʯʥʠ ʧʨʝʩʝʢ [31]: 

 
Ὓ ‐  

πȟυÌÎ ρ ρȟρσψσ‐

‐ πȟπρσςρ‐ȟ πȟρωυωσ‐ȟ
 (2.10.) 

ʜʦʢ ʩʝ ʧʨʠ ʚʠʩʦʢʠʤ ʝʥʝʨʛʠʿʘʤʘ (Ů > 30) ʤʦʞʝ ʦʧʠʩʘʪʠ ʢʘʦ: 

 
Ὓ ‐  

ÌÎ ‐

ς‐
 (2.11.) 
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ʉʣʠʢʘ 2. ʀʣʫʩʪʨʘʮʠʿʘ ʦʜʥʦʩʘ ʥʫʢʣʝʘʨʥʦʛ ʠ ʝʣʝʢʪʨʦʥʩʢʦʛ ʟʘʫʩʪʘʚʥʦʛ ʧʦʧʨʝʯʥʦʛ ʧʨʝʩʝʢʘ 

ʿʦʥʘ ʧʨʠ ʨʘʟʣʠʯʠʪʠʤ ʚʨʝʜʥʦʩʪʠʤʘ ʨʝʜʫʢʦʚʘʥʝ ʝʥʝʨʛʠʿʝ ʿʦʥʘ. 

ɽʣʝʢʪʨʦʥʩʢʠ ʛʫʙʠʮʠ ʜʦʤʠʥʠʨʘʿʫ ʠʟʥʘʜ ʢʨʠʪʠʯʥʝ ʝʥʝʨʛʠʿʝ ɽʩ (ʩʣʠʢʘ 2). ʋ ʦʚʦʤ 

ʝʥʝʨʛʠʿʩʢʦʤ ʦʧʩʝʛʫ ʝʣʝʢʪʨʦʥʩʢʠ ʟʘʫʩʪʘʚʥʠ ʧʦʧʨʝʯʥʠ ʧʨʝʩʝʢ ʜʦʩʪʠʞʝ ʤʘʢʩʠʤʫʤ, ʥʘʢʦʥ ʯʝʛʘ 

ʦʧʘʜʘ ʩʘ ʜʘˀʠʤ ʧʦʚʝ˂ʘˁʝʤ ʝʥʝʨʛʠʿʝ, ʪʟʚ. ɹʝʪʝïɹʣʦʭʦʚ ʨʝʛʠʦʥ (H. Bethe, F. Bloch). ʆʙʣʘʩʪ 

ʝʥʝʨʛʠʿʘ ʫ ʢʦʿʝʤ ʟʘʫʩʪʘʚʥʠ ʧʦʧʨʝʯʥʠ ʧʨʝʩʝʢ ʨʘʩʪʝ ʩʘ ʧʦʨʘʩʪʦʤ ʝʥʝʨʛʠʿʝ ʿʦʥʘ ʦʜʛʦʚʘʨʘ 

ʚʨʝʜʥʦʩʪʠʤʘ ʙʨʟʠʥʝ ʿʦʥʘ (v) ʢʦʿʝ ʩʫ ʤʘˁʝ ʦʜ ʙʨʟʠʥʝ ʢʨʝʪʘˁʘ ʝʣʝʢʪʨʦʥʘ ʢʦʜ ɹʦʨʦʚʦʛ (N. Bohr) 

ʤʦʜʝʣʘ ʘʪʦʤʘ (v0). ʋ ʦʚʦʤ ʩʣʫʯʘʿʫ ʿʝʟʛʨʦ ʿʦʥʘ ʥʠʿʝ ʫ ʧʦʪʧʫʥʦʩʪʠ ʦʛʦˀʝʥʦ ʠ ʪʝʞʠ ʜʘ ʩʝ 

ʥʝʫʪʨʘʣʠʰʝ ʧʨʦʮʝʩʦʤ ʟʘʭʚʘʪʘ ʝʣʝʢʪʨʦʥʘ ʠʟ ʩʨʝʜʠʥʝ ʢʨʦʟ ʢʦʿʫ ʧʨʦʣʘʟʠ. ʋ ʦʚʦʿ ʦʙʣʘʩʪʠ 

ʟʘʫʩʪʘʚʥʠ ʧʦʧʨʝʯʥʠ ʧʨʝʩʝʢ ʿʝ ʧʨʦʧʦʨʮʠʦʥʘʣʘʥ ʙʨʟʠʥʠ ʿʦʥʘ, ʠ ʧʨʝʤʘ ʃʠʥʭʘʨʜ ʠ ʐʘʨʬʦʚʦʿ (M. 

Scharff) ʪʝʦʨʠʿʠ [60] ʫ ʥʦʪʘʮʠʿʠ ʨʝʜʫʢʦʚʘʥʝ ʝʥʝʨʛʠʿʝ ʟʘ v < v0Z1
2/3 ʩʣʫʯʘʿ ʩʝ ʤʦʞʝ ʦʧʠʩʘʪʠ 

ʿʝʜʥʘʯʠʥʦʤ [31]: 

 

Ὓ̆ ‐  ύ‐Ⱦ
ὤ ὤ ρ

ὓ
ὓ

ρςȟφὤ ὤ ὓ

‐Ⱦ (2.12.) 

ʛʜʝ ʿʝ wi ʬʘʢʪʦʨ ʧʨʦʧʦʨʮʠʦʥʘʣʥʦʩʪʠ. ɿʘ ʨʘʟʣʠʢʫ ʦʜ ʥʫʢʣʝʘʨʥʦʛ ʟʘʫʩʪʘʚʥʦʛ ʧʦʧʨʝʯʥʦʛ ʧʨʝʩʝʢʘ, 

ʛʜʝ ʩʘ ʿʝʜʥʦʤ ʢʨʠʚʦʤ ʤʦʞʝʤʦ ʧʨʝʜʩʪʘʚʠʪʠ ʩʚʝ ʤʦʛʫ˂ʝ ʧʨʦʿʝʢʪʠʣ-ʘʪʦʤ ʤʝʪʘ ʢʦʤʙʠʥʘʮʠʿʝ, 

ʝʣʝʢʪʨʦʥʩʢʠ ʟʘʫʩʪʘʚʥʠ ʧʦʧʨʝʯʥʠ ʧʨʝʩʝʢ ʦʧʠʩʫʿʝ ʬʘʤʠʣʠʿʫ ʣʠʥʠʿʘ ʟʘ ʩʚʘʢʫ ʧʦʩʝʙʥʫ 

ʢʦʤʙʠʥʘʮʠʿʫ ʧʨʦʿʝʢʪʠʣʘ ʠ ʘʪʦʤʘ ʤʝʪʝ (ʨʘʟʣʠʯʠʪ ʬʘʢʪʦʨ wi ʠʟ ʿʝʜʥʘʯʠʥʝ 2.12, ʩʣʠʢʘ 2). ʆʚʦ 

ʚʘʞʠ ʩʘʤʦ ʫ ʩʣʫʯʘʿʫ ʢʦʨʠʰ˂ʝˁʘ ʥʦʪʘʮʠʿʝ ʨʝʜʫʢʦʚʘʥʝ ʝʥʝʨʛʠʿʝ. ʋ ʧʨʘʢʪʠʯʥʦʤ ʩʣʫʯʘʿʫ, ʢʨʠʚʝ ʠ 

ʢʦʜ ʥʫʢʣʝʘʨʥʠʭ ʛʫʙʠʪʘʢʝ ʟʘʚʠʩʝ ʦʜ ʠʟʙʦʨʘ ʧʨʦʿʝʢʪʠʣʘ ʠ ʤʝʪʝ. ʇʨʠ ʙʨʟʠʥʘʤʘ ʿʦʥʘ ʢʦʿʝ ʩʫ ʚʝ˂ʝ 

ʦʜ v0Z1
2/3 ʜʦʣʘʟʠ ʜʦ ʧʦʪʧʫʥʦʛ ʦʛʦˀʝˁʘ ʿʦʥʘ, ʪʝ ʿʝ ˁʝʛʦʚʘ ʠʥʪʝʨʘʢʮʠʿʘ ʩʘ ʩʨʝʜʠʥʦʤ ʯʠʩʪʦ 

ʢʫʣʦʥʦʚʩʢʘ ʠ ʤʦʞʝ ʩʝ ʦʧʠʩʘʪʠ ɹʝʪʝʦʚʦʤ ʬʦʨʤʫʣʦʤ [61]: 

 
Ὓ̆ ὺ  

τ“ὤὩὤ

άὺ
ÌÎ
ςά̆ὺ

Ὅ
 (2.13.) 

ʛʜʝ ʿʝ I ʧʨʦʩʝʯʥʘ ʝʢʩʮʠʪʘʮʠʦʥʘ ʝʥʝʨʛʠʿʘ ʝʣʝʢʪʨʦʥʘ ʤʝʪʝ ʠ ʛʨʫʙʦ ʩʝ ʘʧʨʦʢʩʠʤʠʨʘ ʚʨʝʜʥʦʰ˂ʫ 

10Z2 (ʫ ʿʝʜʠʥʠʮʘʤʘ eV) [31]. ʂʘʢʦ ʿʝ v2 = 2ɽ/ʄ1 ʩʣʝʜʠ ʜʘ ʩʫ ʫ ʦʚʦʤ ʨʝʛʠʦʥʫ ʝʣʝʢʪʨʦʥʩʢʠ ʛʫʙʠʮʠ 

ʧʨʦʧʦʨʮʠʦʥʘʣʥʠ ln(ɽ)/ɽ ʦʜʥʦʩʥʦ ln(Ů)/Ů (Ů ʿʝ ʚʝʣʠʢʠ ʙʨʦʿ, ʧʘ ʩʝ ln(Ů)/Ů ʤʦʞʝ ʘʧʨʦʢʩʠʤʠʨʘʪʠ ʩʘ 

1/Ů). 

 ʇʨʝʪʭʦʜʥʘ ʨʘʟʤʘʪʨʘˁʘ ʚʝʟʘʥʘ ʩʫ ʟʘ ʩʣʫʯʘʿ ʢʘʜʘ ʿʝ ʤʝʪʘ ʤʦʥʦʘʪʦʤʩʢʠ ʤʘʪʝʨʠʿʘʣ. 

ʋʢʦʣʠʢʦ ʩʝ ʤʝʪʘ ʩʘʩʪʦʿʠ ʦʜ ʚʠʰʝ, ʥʧʨ. ʜʚʘ ʘʪʦʤʘ X ʠ Y ʩʘ ʨʝʣʘʪʠʚʥʠʤ ʤʦʣʘʨʥʠʤ ʬʨʘʢʮʠʿʘʤʘ i 

ʠ j, ʨʝʩʧʝʢʪʠʚʥʦ, (ʦʙʣʠʢʘ XiY j) ʪʘʜʘ ʩʝ ʟʘ ʨʘʯʫʥʘˁʝ ʪʦʪʘʣʥʦʛ ʟʘʫʩʪʘʚʥʦʛ ʧʦʧʨʝʯʥʦʛ ʧʨʝʩʝʢʘ 

ʢʦʨʠʩʪʠ ʧʨʘʚʠʣʦ ʘʜʠʪʠʚʥʦʩʪʠ: 
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 Ὓ ὭὛ ὮὛ (2.14.) 

ʛʜʝ ʩʫ ɮX ʠ SY ʟʘʫʩʪʘʚʥʠ ʧʦʧʨʝʯʥʠ ʧʨʝʩʝʮʠ ʝʣʝʤʝʥʘʪʘ X ʠ Y, ʨʝʩʧʝʢʪʠʚʥʦ. ɱʝʜʥʘʯʠʥʘ 

ʧʨʝʜʩʪʘʚˀʘ ɹʨʘʛʦʚʦ ʧʨʘʚʠʣʦ (W. H. Bragg) ʢʦʿʝ ʿʝ ʙʘʟʠʨʘʥʦ ʥʘ ʧʨʝʪʧʦʩʪʘʚʮʠ ʜʘ ʿʝ ʠʥʪʝʨʘʢʮʠʿʘ 

ʠʟʤʝʹʫ ʿʦʥʘ ʠ ʦʜʨʝʹʝʥʦʛ ʘʪʦʤʘ ʤʝʪʝ ʥʝʟʘʚʠʩʥʘ ʦʜ ˁʝʛʦʚʝ ʦʢʦʣʠʥʝ [62]. ɽʢʩʧʝʨʠʤʝʥʪʘʣʥʦ ʿʝ 

ʧʦʪʚʨʹʝʥʦ ʙʣʘʛʦ ʦʜʩʪʫʧʘˁʝ ʦʜ ʦʚʦʛ ʧʨʘʚʠʣʘ ʫʩʣʝʜ ʯʝʛʘ ʿʝ ʨʘʟʚʠʿʝʥ CAB ʢʦʨʝʢʮʠʦʥʠ ʤʦʜʝʣ 

(ʝʥʛʣ. core and bonds model) [63]. 

ɻʫʙʠʪʘʢ ʝʥʝʨʛʠʿʝ ʧʨʠ ʫʟʘʩʪʦʧʥʠʤ ʩʫʜʘʨʠʤʘ ʿʦʥʘ ʩʘ ʘʪʦʤʠʤʘ ʠ ʝʣʝʢʪʨʦʥʠʤʘ ʧʦʜʣʦʞʘʥ 

ʿʝ ʩʪʘʪʠʩʪʠʯʢʠʤ ʬʣʫʢʪʫʘʮʠʿʘʤʘ. ʋʩʣʝʜ ʪʦʛʘ ʿʦʥʠ ʩʘ ʠʜʝʥʪʠʯʥʦʤ ʧʦʯʝʪʥʦʤ ʝʥʝʨʛʠʿʦʤ ʥʝ˂ʝ 

ʠʟʛʫʙʠʪʠ ʪʘʯʥʦ ʠʩʪʫ ʢʦʣʠʯʠʥʫ ʝʥʝʨʛʠʿʝ ȹɽ ʧʨʝʣʘʟʝ˂ʠ ʜʠʩʪʘʥʮʫ ȹʭ. ʆʚʘʿ ʝʬʝʢʘʪ ʥʘʟʠʚʘ ʩʝ 

ʨʘʟʤʘʟʠʚʘˁʝ ʝʥʝʨʛʠʿʝ [64]. ʇʦʩʣʝʜʠʮʘ ʝʬʝʢʪʘ ʨʘʟʤʘʟʠʚʘˁʘ ʝʥʝʨʛʠʿʝ ʿʝʩʪʝ ʨʘʟʤʘʟʠʚʘˁʝ ʜʦʤʝʪʘ 

ʿʦʥʘ, ʦʜʥʦʩʥʦ ʧʦʩʪʦʿʘˁʝ ʨʘʩʧʦʜʝʣʝ ʢʦʥʮʝʥʪʨʘʮʠʿʝ ʿʦʥʘ ʧʦ ʜʫʙʠʥʠ. ʉʪʦʛʘ, ʙʝʟ ʦʙʟʠʨʘ ʥʘ 

ʤʦʛʫ˂ʥʦʩʪʠ ʬʦʢʫʩʠʨʘˁʘ ʿʦʥʩʢʦʛ ʩʥʦʧʘ, ʨʘʟʤʘʟʠʚʘˁʝ ʧʨʝʜʩʪʘʚˀʘ ʬʠʟʠʯʢʫ ʫʥʫʪʨʘʰˁʫ ʛʨʘʥʠʮʫ 

ʧʨʦʩʪʦʨʥʝ ʨʝʟʦʣʫʮʠʿʝ ʢʦʿʘ ʤʦʞʝ ʙʠʪʠ ʧʦʩʪʠʛʥʫʪʘ. ɿʘ ʚʨʝʜʥʦʩʪ ʜʦʤʝʪʘ ʿʦʥʘ ʥʘʿʯʝʰ˂ʝ ʩʝ ʫʟʠʤʘ 

ʧʨʦʿʝʢʪʦʚʘʥʠ ʜʦʤʝʪ ʿʦʥʘ (Rp) ʢʦʿʠ ʧʨʝʜʩʪʘʚˀʘ ʩʨʝʜˁʠ ʜʦʤʝʪ ʿʦʥʘ ʧʘʨʘʣʝʣʘʥ ʧʨaʚʮʫ ˁʝʛʦʚʝ 

ʧʫʪʘˁʝ (ʩʣʠʢʘ 3). ʏʝʩʪʦ ʩʝ ʛʦʚʦʨʠ ʠ ʦ ʣʘʪʝʨʘʣʥʦʤ ʜʦʤʝʪʫ ʿʦʥʘ (RṶ) ʢʦʿʠ ʩʝ ʜʝʬʠʥʠʰʝ ʢʘʦ ʦʪʢʣʦʥ 

ʿʦʥʘ ʥʦʨʤʘʣʥʦ ʥʘ ˁʝʛʦʚ ʧʨʘʚʘʮ ʧʫʪʘˁʝ. 

 
 

ʉʣʠʢʘ 3. ʀʣʫʩʪʨʘʮʠʿʘ ʨʘʩʧʦʜʝʣʝ ʜʦʤʝʪʘ ʠ ʪʨʘʛʦʚʠ ʧʫʪʘˁʝ ʠʤʧʣʘʥʪʠʨʘʥʠʭ ʿʦʥʘ. ʉʣʠʢʘ ʿʝ 

ʢʨʝʠʨʘʥʘ ʢʦʨʠʩʪʝ˂ʠ ʨʝʟʫʣʪʘʪʝ ʩʠʤʫʣʘʮʠʿʘ ʿʦʥʩʢʝ ʠʤʧʣʘʥʪʘʮʠʿʝ ʧʦʤʦ˂ʫ ʧʨʦʛʨʘʤʩʢʦʛ ʧʘʢʝʪʘ 

SRIM (The Stopping and Range of Ions in Matter). 

2.2. ʂʘʥʘʣʠʩʘˁʝ ʿʦʥʘ 

 ʇʨʚʝ ʧʨʝʪʧʦʩʪʘʚʢʝ ʦ ʢʘʥʘʣʠʩʘˁʫ ʿʦʥʘ ʠʟʣʦʞʝʥʝ ʩʫ 1912. ʛʦʜʠʥʝ ʦʜ ʩʪʨʘʥʝ ʐʪʘʨʢʘ (ɱ. 

Stark). ʐʪʘʨʢʦʚʘ ʠʜʝʿʘ ʙʠʣʘ ʿʝ ʧʦʜʩʪʘʢʥʫʪʘ ɹʨʘʛʦʚʦʤ ʧʨʝʪʧʦʩʪʘʚʢʦʤ ʠʟ 1910. ʛʦʜʠʥʝ ʢʦʿʠ ʿʝ ʫ 

ʧʦʯʝʪʢʫ ʬʦʥ ʃʘʫʝʦʚʝ (ʄ. von Laue) ʜʠʬʨʘʢʪʦʛʨʘʤʝ ʠʥʪʝʨʧʨʝʪʠʨʘʦ ʢʘʦ ʢʘʥʘʣʠʩʘˁʝ (ʥʝʤ. 

canalizierung) ʯʝʩʪʠʮʘ ʍ ʟʨʘʢʘ ʢʨʦʟ ʢʘʥʘʣʝ ʢʨʠʩʪʘʣʥʝ ʨʝʰʝʪʢʝ [65]. ʐʪʘʨʢ ʿʝ ʧʨʝʪʧʦʩʪʘʚʠʦ ʜʘ 

ʩʝ ʥʝʰʪʦ ʩʣʠʯʥʦ ʤʦʞʝ ʜʝʩʠʪʠ ʠ ʧʨʠ ʠʥʪʝʨʘʢʮʠʿʠ ʧʨʦʪʦʥʘ ʩʘ ʢʨʠʩʪʘʣʦʤ. ʅʘ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʫ 

ʧʦʪʚʨʜʫ ʐʪʘʨʢʦʚʝ ʧʨʝʪʧʦʩʪʘʚʢʝ ʯʝʢʘʣʦ ʩʝ 50 ʛʦʜʠʥʘ. ʆʩʥʦʚʝ ʪʝʦʨʠʿʝ ʢʘʥʘʣʠʩʘˁʘ 

ʬʦʨʤʫʣʠʩʘʥʝ ʩʫ 1962. ʠ 1963. ʛʦʜʠʥʝ. ʈʦʙʠʥʩʦʥ (M. T. Robinson) ʠ ʆʝʥ (ʆ. ɮ. Oen) ʩʧʨʦʚʝʣʠ 

ʩʫ ʨʘʯʫʥʘʨʩʢʝ ʩʠʤʫʣʘʮʠʿʝ ʫʩʧʦʨʘʚʘˁʘ ʘʪʦʤʘ ʙʘʢʨʘ ʫ ʨʘʟʣʠʯʠʪʠʤ ʤʦʥʦʢʨʠʩʪʘʣʠʤʘ [66]. 

ɿʘʢˀʫʯʠʣʠ ʩʫ ʜʘ ʿʝ ʟʘʚʠʩʥʦʩʪ ʜʦʤʝʪʘ ʘʪʦʤʘ ʦʜ ʦʨʠʿʝʥʪʘʮʠʿʝ ʧʦʩʣʝʜʠʮʘ ʬʦʢʫʩʠʨʘˁʘ ʿʦʥʘ ʫ 

ʢʘʥʘʣʝ ʬʦʨʤʠʨʘʥʝ ʨʝʣʘʪʠʚʥʦ ʛʫʩʪʦ ʟʙʠʿʝʥʠʤ ʘʪʦʤʩʢʠʤ ʨʝʜʦʚʠʤʘ. ʆʚʘ ʩʘʟʥʘˁʘ ʧʨʝʜʩʪʘʚˀʘʣʘ 

ʩʫ ʪʝʤʝˀ ʥʘ ʦʩʥʦʚʫ ʢʦʛʘ ʿʝ ʫ ʥʘʨʝʜʥʦʤ ʧʝʨʠʦʜʫ ʜʘˀʝ ʨʘʟʚʠʿʘʥʘ ʪʝʦʨʠʿʘ ʢʘʥʘʣʠʩʘˁʘ. 
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2.2.1. ɽʬʝʢʘʪ ʢʘʥʘʣʠʩʘˁʘ ʿʦʥʘ 

 ʉʚʠ ʧʨʦʮʝʩʠ ʢʦʿʠ ʩʫ ʧʦʩʣʝʜʠʮʘ ʠʥʪʝʨʘʢʮʠʿʝ ʿʦʥʘ ʠ ʘʪʦʤʘ ʤʝʪʝ ʠʤʘʿʫ ʧʦʧʨʝʯʥʝ ʧʨʝʩʝʢʝ 

ʢʦʿʠ ʟʘʚʠʩʝ ʦʜ ʫʜʘʨʥʦʛ ʧʘʨʘʤʝʪʨʘ ʜʘʪʦʛ ʩʫʜʘʨʘ ï ʨʘʩʪʦʿʘˁʝ ʿʦʥʘ ʦʜ ʥʘʿʙʣʠʞʝʛ ʘʪʦʤʘ ʤʝʪʝ (b). 

ʋʢʦʣʠʢʦ ʿʝ ʤʝʪʘ ʭʦʤʦʛʝʥʠ ʠ ʠʟʦʪʨʦʧʥʠ ʤʘʪʝʨʠʿʘʣ, ʨʘʩʧʦʜʝʣʘ ʫʜʘʨʥʦʛ ʧʘʨʘʤʝʪʨʘ ʙʠ˂ʝ 

ʥʝʟʘʚʠʩʥʘ ʦʜ ʤʝʹʫʩʦʙʥʝ ʦʨʠʿʝʥʪʘʮʠʿʝ ʩʥʦʧʘ ʿʦʥʘ ʠ ʤʝʪʝ. ʄʝʹʫʪʠʤ, ʫʢʦʣʠʢʦ ʿʝ ʤʝʪʘ 

ʤʦʥʦʢʨʠʩʪʘʣ ʩʠʪʫʘʮʠʿʘ ʧʦʩʪʘʿʝ ʩʣʦʞʝʥʠʿʘ [59]. ʋ ʪʦʤ ʩʣʫʯʘʿʫ, ʨʘʩʧʦʜʝʣʘ ʫʜʘʨʥʠʭ ʧʘʨʘʤʝʪʘʨʘ, 

ʢʘʦ ʠ ʧʨʠʥʦʩʠ ʬʠʟʠʯʢʠʭ ʧʨʦʮʝʩʘ ʢʦʿʠ ʩʝ ʜʝʰʘʚʘʿʫ ʧʨʠ ʠʥʪʝʨʘʢʮʠʿʠ, ʧʦʢʘʟʫʿʫ ʠʟʨʘʟʠʪʫ 

ʟʘʚʠʩʥʦʩʪ ʦʜ ʨʝʣʘʪʠʚʥʝ ʦʨʠʿʝʥʪʘʮʠʿʝ ʫʧʘʜʥʦʛ ʩʥʦʧʘ ʠ ʤʝʪʝ (ʘʥʠʟʦʪʨʦʧʥʠʭ ʢʨʠʩʪʘʣʘ). ʂʘʜʘ ʩʝ 

ʧʨʘʚʘʮ ʧʫʪʘˁʝ ʿʦʥʩʢʦʛ ʩʥʦʧʘ ʧʦʢʣʘʧʘ ʩʘ ʧʨʘʚʮʝʤ ʥʝʢʝ ʦʜ ʦʩʘ ʢʘʥʘʣʘ ʢʨʠʩʪʘʣʘ, ʧʨʦʤʝʥʝ ʫ 

ʧʨʠʥʦʩʫ ʬʠʟʠʯʢʠʭ ʧʨʦʮʝʩʘ ʩʫ ʥʘʿʠʟʨʘʞʝʥʠʿʝ. ʆʚʘʿ ʝʬʝʢʘʪ ʥʘʟʠʚʘ ʩʝ ʢʘʥʘʣʠʩʘˁʝ ʿʦʥʘ. 

ʅʘ ʩʣʠʮʠ 4ʘ ʠ ʙ ʠʣʫʩʪʨʦʚʘʥʘ ʿʝ ʟʘʚʠʩʥʦʩʪ ʨʝʣʘʪʠʚʥʝ ʦʨʠʿʝʥʪʘʮʠʿʝ ʫʧʘʜʥʦʛ ʩʥʦʧʘ ʿʦʥʘ ʠ 

ʤʝʪʝ ʤʦʥʦʢʨʠʩʪʘʣʘ. ɸʢʦ ʩʝ ʧʨʘʚʘʮ ʿʦʥʩʢʦʛ ʩʥʦʧʘ ʧʦʢʣʘʧʘ ʠʣʠ ʿʝ ʚʝʦʤʘ ʙʣʠʟʘʢ ʧʨʘʚʮʫ ʦʩʝ 

ʢʘʥʘʣʘ ʢʨʠʩʪʘʣʘ, ʿʦʥʠ ˂ʝ ʩʝ ʩʘ ʫʤʘˁʝʥʦʤ ʚʝʨʦʚʘʪʥʦ˂ʦʤ ʧʦʚʨʘʪʥʦ ʨʘʩʝʿʘʪʠ ʩʘʤʦ ʧʨʠ ʤʘʣʦʤ ʫʛʣʫ 

ʧʨʦʣʘʟʝ˂ʠ ʢʨʦʟ ʧʨʚʠ ʘʪʦʤʩʢʠ ʩʣʦʿ ʢʨʠʩʪʘʣʘ. ʂʨʝ˂ʫ˂ʠ ʩʝ ʢʨʦʟ ʢʘʥʘʣ ʢʨʠʩʪʘʣʘ ʿʦʥʠ ʫ ʪʦʤ ʩʣʫʯʘʿʫ 

ʧʦʜʣʝʞʫ ʩʝʨʠʿʠ ʨʘʩʝʿʘˁʘ ʥʘ ʘʪʦʤʩʢʠʤ ʥʠʟʦʚʠʤʘ ʢʦʿʠ ʬʦʨʤʠʨʘʿʫ ʢʘʥʘʣ (ʩʣʠʢʘ 4ʛ), ʧʨʠ ʤʘʣʠʤ 

ʫʛʣʦʚʠʤʘ. ʋʩʣʝʜ ʪʦʛʘ ʜʦʣʘʟʠ ʜʦ ʫʩʤʝʨʘʚʘˁʘ ʿʦʥʘ ʜʫʞ ʦʩʝ ʢʘʥʘʣʘ. 

a) ʙ) ʚ) 

   
ʛ) 

 
 

ʉʣʠʢʘ 4. ɿʘʚʠʩʥʦʩʪ ʨʝʣʘʪʠʚʥʝ ʦʨʠʿʝʥʪʘʮʠʿʝ ʫʧʘʜʥʦʛ ʩʥʦʧʘ ʠ ʤʝʪʝ ʤʦʥʦʢʨʠʩʪʘʣʘ; ʘ) ʩʣʫʯʘʿ 

ʢʘʥʘʣʠʩʘˁʘ ʢʘʜʘ ʩʝ ʧʨʘʚʘʮ ʫʧʘʜʥʦʛ ʩʥʦʧʘ ʧʦʢʣʘʧʘ ʩʘ ʧʨʘʚʮʝʤ ʢʨʠʩʪʘʣʦʛʨʘʬʩʢʝ ʦʩʝ 

ʢʨʠʩʪʘʣʘ; ʙ) ʩʣʫʯʘʿʥʦ ʦʨʠʿʝʥʪʠʩʘʥʠ ʤʦʥʦʢʨʠʩʪʘʣ; ʚ) ʟʘʚʠʩʥʦʩʪ ʥʦʨʤʘʣʠʟʦʚʘʥʦʛ ʧʨʠʥʦʩʘ 

ʨʘʩʝʿʘˁʘ ʿʦʥʘ ʫ ʬʫʥʢʮʠʿʠ ʫʛʣʘ ʠʟʤʝʹʫ ʧʨʘʚʮʘ ʿʦʥʩʢʦʛ ʩʥʦʧʘ ʠ ʦʩʝ ʢʘʥʘʣʘ; ʛ) ʨʘʩʝʿʘˁʝ ʿʦʥʘ 

ʥʘ ʿʝʜʥʦʜʠʤʝʥʟʠʦʥʦʤ ʘʪʦʤʩʢʦʤ ʥʠʟʫ. 

 ʅʘ ʩʣʠʮʠ 4ʚ ʧʨʠʢʘʟʘʥʘ ʿʝ ʟʘʚʠʩʥʦʩʪ ʥʦʨʤʘʣʠʟʦʚʘʥʦʛ ʧʨʠʥʦʩʘ ɢ ʧʦʚʨʘʪʥʦ ʨʘʩʝʿʘʥʠʭ ʿʦʥʘ 

ʥʘ ʘʪʦʤʠʤʘ ʤʝʪʝ (ɢ = 1 ʟʘ ʩʣʫʯʘʿʥʦ ʦʨʠʿʝʥʪʠʩʘʥʠ ʢʨʠʩʪʘʣ) ʦʜ ʫʛʣʘ ɣ ʠʟʤʝʹʫ ʿʦʥʩʢʦʛ ʩʥʦʧʘ ʠ ʦʩʝ 

ʢʘʥʘʣʘ, ʢʦʜ ʘʢʩʠʿʘʣʥʦʛ ʠ ʧʣʘʥʘʨʥʦʛ ʢʘʥʘʣʠʩʘˁʘ. ɸʢʩʠʿʘʣʥʦ ʢʘʥʘʣʠʩʘˁʝ ʧʦʜʨʘʟʫʤʝʚʘ 

ʢʘʥʘʣʠʩʘˁʝ ʿʦʥʘ ʢʨʦʟ ʢʘʥʘʣʝ ʦʙʨʘʟʦʚʘʥʝ ʦʜ ʘʪʦʤʩʢʠʭ ʥʠʟʦʚʘ ʫ ʧʨʘʚʮʫ ʢʨʠʩʪʘʣʦʛʨʘʬʩʢʠʭ ʦʩʘ 

ʢʨʠʩʪʘʣʘ, ʜʦʢ ʩʝ ʧʣʘʥʘʨʥʦ ʢʘʥʘʣʠʩʘˁʝ ʦʜʥʦʩʠ ʥʘ ʢʘʥʘʣʠʩʘˁʝ ʿʦʥʘ ʫ ʧʨʦʩʪʦʨʫ ʠʟʤʝʹʫ 

ʢʨʠʩʪʘʣʥʠʭ ʨʘʚʥʠ. ʆʧʩʝʛ ʫʛʣʘ ɣ ʧʨʠʢʘʟʘʥ ʥʘ ʩʣʠʮʠ ʢʨʝ˂ʝ ʩʝ ʦʜ ʥʝʢʦʣʠʢʦ ʩʪʦʪʠʭ ʜʝʣʦʚʘ ʩʪʝʧʝʥʘ 

ʜʦ ʥʝʢʦʣʠʢʦ ʩʪʝʧʝʥʠ. ʂʘʜʘ ʩʝ ʧʨʘʚʘʮ ʩʥʦʧʘ ʿʦʥʘ ʧʦʢʣʦʧʠ ʩʘ ʧʨʘʚʮʝʤ ʢʨʠʩʪʘʣʦʛʨʘʬʩʢʝ ʦʩʝ 
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ʢʨʠʩʪʘʣʘ (ɣ = 0, ʩʣʫʯʘʿ ʩʘ ʩʣʠʢʝ 4ʘ) ʜʦʙʠʿʝʥʠ ʧʨʠʥʦʩ ʿʝ ʤʠʥʠʤʘʣʘʥ, ɢmin. ʊʠʧʠʯʥʘ ʚʨʝʜʥʦʩʪ ʟʘ 

ɢmin ʿʝ 0,1 ʢʦʜ ʧʣʘʥʘʨʥʦʛ ʢʘʥʘʣʠʩʘˁʘ ʠ 0,01 ʢʦʜ ʘʢʩʠʿʘʣʥʦʛ ʢʘʥʘʣʠʩʘˁʘ [54]. ʆʪʢʣʘˁʘˁʝʤ 

ʿʦʥʩʢʦʛ ʩʥʦʧʘ ʦʜ ʧʨʘʚʮʘ ʢʨʠʩʪʘʣʦʛʨʘʬʩʢʝ ʦʩʝ ʢʨʠʩʪʘʣʘ, ʚʨʝʜʥʦʩʪ ɢ ʨʘʩʪʝ ʠ ʜʦʩʪʠʞʝ 

ʤʘʢʩʠʤʘʣʥʫ ʚʨʝʜʥʦʩʪ ɢm ʢʦʿʘ ʫ ʥʝʢʠʤ ʩʣʫʯʘʿʝʚʠʤʘ ʤʦʞʝ ʙʠʪʠ ʚʝ˂ʘ ʦʜ ʿʝʜʘʥ. ɺʨʝʜʥʦʩʪ ɢm ʫ ʫʩʢʦʿ 

ʦʙʣʘʩʪʠ ʫʛʣʦʚʘ ʿʝ ʚʝ˂ʘ ʦʜ ʿʝʜʠʥʠʮʝ ʢʘʦ ʧʦʩʣʝʜʠʮʘ ʛʝʦʤʝʪʨʠʿʩʢʝ ʢʦʥʬʠʛʫʨʘʮʠʿʝ ʨʘʩʝʿʘˁʘ. 

ʅʘʠʤʝ, ʫʧʘʜʥʠ ʿʦʥʠ ʩʫ ʪʘʜʘ ʧʦʜʚʨʛʥʫʪʠ ʨʘʩʝʿʘˁʫ ʧʦʜ ʚʝʣʠʢʠʤ ʫʛʣʦʤ ʥʘ ʘʪʦʤʠʤʘ ʢʨʠʩʪʘʣʥʝ 

ʨʝʰʝʪʢʝ ʫ ʚʝ˂ʦʿ ʤʝʨʠ ʥʝʛʦ ʧʨʠ ʫʩʣʦʚʠʤʘ ʩʣʫʯʘʿʥʝ ʦʨʠʿ ʝʥʪʘʮʠʿʝ. ʇʨʠ ʿʦʰ ʚʝ˂ʠʤ ʧʦʤʝʨʘʿʠʤʘ ɢ 

ʩʝ ʠʟʿʝʜʥʘʯʘʚʘ ʩʘ ʿʝʜʠʥʠʮʦʤ ï ʩʣʫʯʘʿʥʘ ʦʨʠʿʝʥʪʘʮʠʿʘ (ʩʣʠʢʘ 4ʙ). ɺʨʝʜʥʦʩʪʠ ɣ1/2 ʠ ɢ1/2 ʦʟʥʘʯʘʚʘʿʫ 

ʧʦʣʫʰʠʨʠʥʫ ʠ ʧʦʣʫʚʠʩʠʥʫ ʧʨʦʬʠʣʘ ʟʘʚʠʩʥʦʩʪʠ, ʨʝʩʧʝʢʪʠʚʥʦ, ʜʦʢ ɣm ʦʟʥʘʯʘʚʘ ʫʛʘʦ ʧʨʠ ʢʦʤʝ 

ʿʝ ɢ = ɢm. ʇʨʝʤʘ ʃʠʥʭʘʨʜʦʚʦʿ ʪʝʦʨʠʿʠ, ʿʦʥ ˂ʝ ʙʠʪʠ ʢʘʥʘʣʠʩʘʥ ʩʘʤʦ ʫ ʩʣʫʯʘʿʫ ʢʘʜʘ ʿʝ ʫʛʘʦ ʢʦʿʠ 

ʟʘʢʣʘʧʘ ʩʘ ʩʠʤʝʪʨʠʿʩʢʦʤ ʦʩʦʤ ʢʘʥʘʣʘ ʤʘˁʠ ʦʜ ʢʨʠʪʠʯʥʦʛ ʫʛʣʘ, ɣʩ [59]: 

 

‪̒  
ςὤὤὩ

ὉὨ
 (2.15.) 

ʛʜʝ ʿʝ d ʨʘʩʪʦʿʘˁʝ ʠʟʤʝʹʫ ʘʪʦʤʘ ʫ ʘʪʦʤʩʢʦʤ ʥʠʟʫ, ʘ ɽ ʝʥʝʨʛʠʿʘ ʿʦʥʘ. ʂʘʜʘ ʿʝ ʫʛʘʦ ʚʝ˂ʠ ʦʜ ɣʩ, ʿ ʦʥ 

ʩʝ ʧʨʠʙʣʠʞʘʚʘ ʘʪʦʤʩʢʦʤ ʥʠʟʫ ʫ ʪʦʿ ʤʝʨʠ ʜʘ ʚʠʰʝ ʥʝ ʤʦʞʝ ʦʩʪʘʪʠ ʢʘʥʘʣʠʩʘʥ, ʫʩʣʝʜ ʯʝʛʘ ʛʘ 

ʥʘʧʫʰʪʘ. ɸʢʦ ʿʝ ʢʨʠʩʪʘʣ ʜʦʚʦˀʥʦ ʪʘʥʘʢ, ʿ ʦʥʠ ʤʦʛʫ ʙʠʪʠ ʪʨʘʥʩʤʠʪʦʚʘʥʠ ʢʨʦʟ ʨʝʰʝʪʢʫ ʠ ʫʤʝʩʪʦ 

ʤʝʨʝˁʘ ʧʨʠʥʦʩʘ ʧʦʚʨʘʪʥʦ ʨʘʩʝʿʘʥʠʭ ʿʦʥʘ ʤʝʨʠ ʩʝ ʨʘʩʧʦʜʝʣʘ ʪʨʘʥʩʤʠʪʦʚʘʥʦʛ ʩʥʦʧʘ. ʇʨʠ 

ʦʚʘʢʚʠʤ ʤʝʨʝˁʠʤʘ ʜʦʙʠʿʘʿʫ ʩʝ ʟʚʝʟʜʘʩʪʠ ʰʘʙʣʦʥʠ ʢʦʿʝ ʬʦʨʤʠʨʘʿʫ ʪʨʘʥʩʤʠʪʦʚʘʥʠ ʢʘʥʘʣʠʩʘʥʠ 

ʿʦʥʠ, ʘ ʯʠʿʠ ʦʙʣʠʢ ʟʘʚʠʩʠ ʦʜ ʪʠʧʘ ʢʨʠʩʪʘʣʥʝ ʨʝʰʝʪʢʝ ʠ ʢʨʠʩʪʘʣʦʛʨʘʬʩʢʝ ʦʨʠʿʝʥʪʘʮʠʿʝ [67]. 

 ʂʘʢʦ ʿʝ ʚʝ˂ ʦʙʿʘʰˁʝʥʦ, ʫʧʘʜʥʠ ʿʦʥ ˂ʝ ʙʠʪʠ ʢʘʥʘʣʠʩʘʥ ʘʢʦ ʫ ʢʨʠʩʪʘʣ ʫʣʘʟʠ ʧʦʜ ʜʦʚʦˀʥʦ 

ʤʘʣʠʤ ʫʛʣʦʤ ʫ ʦʜʥʦʩʫ ʥʘ ʘʪʦʤʩʢʝ ʥʠʟʦʚʝ ʢʦʿʠ ʬʦʨʤʠʨʘʿʫ ʢʘʥʘʣ. ʈʘʟʤʦʪʨʠʤʦ ʩʣʫʯʘʿ ʩʘ ʩʣʠʢʝ 5ʘ 

ʛʜʝ ʩʫ ʧʨʠʢʘʟʘʥʝ ʧʫʪʘˁʝ ʿʦʥʘ ʧʨʠ ʨʘʟʣʠʯʠʪʠʤ ʫʣʘʟʥʠʤ ʫʛʣʦʚʠʤʘ ʩʘ ʠʩʪʠʤ ʫʜʘʨʥʠʤ ʧʘʨʘʤʝʪʨʦʤ 

(ʦʩʘ ʢʘʥʘʣʘ). ʋ ʩʣʫʯʘʿʫ ʤʘʣʠʭ ʫʛʣʦʚʘ, ʢʘʥʘʣʠʩʘʥʠ ʿʦʥ ʩʝ ʨʝʹʝ ʥʘʣʘʟʠ ʫ ʙʣʠʟʠʥʠ ʘʪʦʤʩʢʠʭ 

ʥʠʟʦʚʘ, ʦʜ ʢʦʿʠʭ ʩʝ ʪʘʢʦʹʝ ʦʜʙʠʿʘ ʧʨʠ ʤʘʣʠʤ ʫʛʣʦʚʠʤʘ ʠ ʚʨʘ˂ʘ ʥʘʟʘʜ ʫ ʢʘʥʘʣ. ʉʘ ʧʦʨʘʩʪʦʤ 

ʫʧʘʜʥʦʛ ʫʛʣʘ, ʿʦʥ ʩʝ ʯʝʰ˂ʝ ʧʨʠʙʣʠʞʘʚʘ ʘʪʦʤʩʢʦʤ ʥʠʟʫ ʦʜ ʢʦʿʝʛ ʩʝ ʦʜʙʠʿʘ ʧʦʜ ʚʝ˂ʠʤ ʫʛʣʦʚʠʤʘ 

ʨʝʟʫʣʪʠʨʘʿʫ˂ʠ ʦʩʮʠʣʘʪʦʨʥʦʤ ʧʫʪʘˁʦʤ. ʋ ʩʣʫʯʘʿʫ ʢʘʜʘ ʿʝ ʫʧʘʜʥʠ ʫʛʘʦ ʚʝ˂ʠ ʦʜ ʢʨʠʪʠʯʥʦʛ 

(ʮʨʚʝʥʘ ʣʠʥʠʿʘ) ʜʦʣʘʟʠ ʜʦ ʧʨʦʮʝʩʘ ʜʝʢʘʥʘʣʠʩʘˁʘ ʿʦʥʘ ï ʥʘʧʫʰʪʘˁʝ ʢʘʥʘʣʘ. ʂʘʦ ʧʦʩʣʝʜʠʮʘ, 

ʿʦʥʠ ʩʘ ʤʘʣʠʤ ʫʧʘʜʥʠʤ ʫʛʣʦʚʠʤʘ ʧʨʝʣʘʟʝ ʜʫʞʠ ʧʫʪ ʫ ʢʘʥʘʣʫ ʧʨʝ ʥʝʛʦ ʰʪʦ ʙʫʜʫ ʜʝʢʘʥʘʣʠʩʘʥʠ. 

ʇʨʦʮʝʩ ʢʘʥʘʣʠʩʘˁʘ ʿʦʥʘ ʘʥʘʣʦʛʘʥ ʿʝ ʧʨʦʩʪʠʨʘˁʫ ʝʣʝʢʪʨʦʤʘʛʥʝʪʥʠʭ ʪʘʣʘʩʘ ʢʨʦʟ ʦʧʪʠʯʢʠ ʢʘʙʣ. 

a) ʙ) 

  
 

ʉʣʠʢʘ 5. ɿʘʚʠʩʥʦʩʪ ʧʫʪʘˁʝ ʿʦʥʘ ʫ ʢʘʥʘʣʫ ʢʨʠʩʪʘʣʘ ʦʜ ʘ) ʫʧʘʜʥʦʛ ʫʛʣʘ ʠ ʙ) ʫʜʘʨʥʦʛ 

ʧʘʨʘʤʝʪʨʘ ʿʦʥʘ. 

ʅʘ ʩʣʠʮʠ 5ʙ ʠʣʫʩʪʨʦʚʘʥʘ ʿʝ ʟʘʚʠʩʥʦʩʪ ʧʫʪʘˁʝ ʢʘʥʘʣʠʩʘʥʦʛ ʿʦʥʘ ʦʜ ˁʝʛʦʚʦʛ ʫʜʘʨʥʦʛ 

ʧʘʨʘʤʝʪʨʘ. ɿʘ ʤʘˁʝ ʫʜʘʨʥʝ ʧʘʨʘʤʝʪʨʝ ʿʦʥʘ (ʙʣʠʞʠ ʮʝʥʪʨʫ ʢʘʥʘʣʘ) ʧʫʪʘˁʘ ʿʝ ʤʘˁʝ ʦʩʮʠʣʘʪʦʨʥʘ. 

ʆʚʠ ʿʦʥʠ ʜʦʩʪʠʞʫ ʚʝ˂ʝ ʜʫʙʠʥʝ ʫ ʢʨʠʩʪʘʣʫ ʧʨʝ ʥʝʛʦ ʰʪʦ ʙʫʜʫ ʜʝʢʘʥʘʣʠʩʘʥʠ ʥʝʛʦ ʿʦʥʠ ʩʘ ʚʝ˂ʠʤ 

ʫʜʘʨʥʠʤ ʧʘʨʘʤʝʪʨʠʤʘ. ʈʘʟʣʦʛ ʟʘ ʦʚʦ ʣʝʞʠ ʫ ʯʠˁʝʥʠʮʠ ʜʘ ʩʝ ʦʚʠ ʿʦʥʠ ʨʝʹʝ ʧʨʠʙʣʠʞʘʚʘʿʫ 

ʘʪʦʤʩʢʠʤ ʥʠʟʦʚʠʤʘ, ʧʘ ʿʝ ʩʪʦʛʘ ʥʘʨʫʰʘʚʘˁʝ ˁʠʭʦʚʝ ʧʫʪʘˁʝ ʫʤʘˁʝʥʦ. ʆʙʨʥʫʪʦ ʚʘʞʠ ʟʘ ʿʦʥʝ ʩʘ 

ʚʝʣʠʢʠʤ ʫʜʘʨʥʠʤ ʧʘʨʘʤʝʪʨʦʤ. ʋ ʨʝʘʣʥʦʤ ʩʣʫʯʘʿʫ ʿʦʥʝ ʥʠʿʝ ʤʦʛʫ˂ʝ ʫʩʤʝʨʠʪʠ ʩʘʤʦ ʥʘ ʧʨʦʩʪʦʨ 

ʠʟʤʝʹʫ ʘʪʦʤʘ ʫ ʨʝʰʝʪʢʠ. ʉʪʦʛʘ ˂ʝ ʿʝʜʘʥ ʜʝʦ ʩʥʦʧʘ ʧʨʦ˂ʠ ʠʟʤʝʹʫ ʘʪʦʤʩʢʠʭ ʥʠʟʦʚʘ ʜʦʢ ˂ʝ ʜʨʫʛʠ 
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ʜʝʦ ʧʨʦ˂ʠ ʙʣʠʟʫ ʘʪʦʤʘ. ʄʦʞʝ ʩʝ ʟʘʢˀʫʯʠʪʠ ʜʘ Ăʜʦʙʨʦñ ʢʘʥʘʣʠʩʘʥʠ ʿʦʥʠ ʫ ʢʨʠʩʪʘʣ ʫʣʘʟʝ ʧʨʠ 

ʤʘʣʠʤ ʫʛʣʦʚʠʤʘ ʫ ʦʜʥʦʩʫ ʥʘ ʦʩʫ ʢʘʥʘʣʘ ʥʘ ʧʦʟʠʮʠʿʘʤʘ ʢʦʿʝ ʩʫ ʙʣʠʩʢʝ ʮʝʥʪʨʫ ʢʘʥʘʣʘ. ɿʘ Ăʣʦʰʝñ 

ʢʘʥʘʣʠʩʘʥʝ ʿʦʥʝ ʚʘʞʠ ʩʫʧʨʦʪʥʦ. 

2.2.2. ɽʥʝʨʛʠʿʩʢʠ ʛʫʙʠʮʠ ʠ ʟʘʫʩʪʘʚˀʘˁʝ ʢʘʥʘʣʠʩʘʥʠʭ ʿʦʥʘ 

ʂʦʜ ʢʘʥʘʣʠʩʘʥʠʭ ʿʦʥʘ ʟʘʫʩʪʘʚʥʘ ʤʦ˂ ʥʝ ʟʘʚʠʩʠ ʩʘʤʦ ʦʜ ʝʥʝʨʛʠʿʝ ʿʦʥʘ ʠ ʚʨʩʪʝ ʤʘʪʝʨʠʿʘʣʘ, 

ʚʝ˂ ʠ ʦʜ ʢʨʠʩʪʘʣʦʛʨʘʬʩʢʝ ʦʨʠʿʝʥʪʘʮʠʿʝ. ʅʘʠʤʝ, ʨʘʩʧʦʜʝʣʘ ʫʜʘʨʥʠʭ ʧʘʨʘʤʝʪʘʨʘ ʟʘʚʠʩʠ ʦʜ 

ʨʝʣʘʪʠʚʥʝ ʦʨʠʿʝʥʪʘʮʠʿʝ ʩʥʦʧʘ ʿʦʥʘ ʠ ʤʝʪʝ ï Ăʣʦʰʝñ ʢʘʥʘʣʠʩʘʥʠ ʿʦʥʠ ˂ʝ ʚʨʣʦ ʙʨʟʦ ʙʠʪʠ 

ʜʝʢʘʥʘʣʠʩʘʥʠ, ʧʘ ʟʙʦʛ ʪʦʛʘ ʠʤʘʪʠ ʠ ʤʘˁʠ ʫʪʠʮʘʿ ʥʘ ʝʬʝʢʘʪ ʢʘʥʘʣʠʩʘˁʘ. ʂʘʢʦ ʢʘʥʘʣʠʩʘʥʠ ʿʦʥʠ 

ʥʝ ʠʥʪʝʨʘʛʫʿʫ ʩʘ ʿʝʟʛʨʦʤ ʧʨʠ ʫʜʘʨʥʦʤ ʧʘʨʘʤʝʪʨʫ ʤʘˁʝʤ ʦʜ ʘʤʧʣʠʪʫʜʝ ʪʝʨʤʘʣʥʠʭ ʚʠʙʨʘʮʠʿʘ 

ʘʪʦʤʘ ʤʝʪʝ, ʥʫʢʣʝʘʨʥʠ ʛʫʙʠʮʠ ʢʘʥʘʣʠʩʘʥʠʭ ʿʦʥʘ ʩʫ ʫʤʘˁʝʥʠ. ʊʘʢʦʹʝ, ʢʘʥʘʣʠʩʘʥʠ ʿʦʥʠ Ăʚʠʜʝñ 

ʫʤʘˁʝʥʫ ʝʬʝʢʪʠʚʥʫ ʝʣʝʢʪʨʦʥʩʢʫ ʛʫʩʪʠʥʫ ʫʥʫʪʘʨ ʢʘʥʘʣʘ ʢʨʠʩʪʘʣʘ ʨʝʟʫʣʪʠʨʘʿʫ˂ʠ ʫʤʘˁʝʥʠʤ 

ʝʣʝʢʪʨʦʥʩʢʠʤ ʛʫʙʠʮʠʤʘ. ʇʦʩʣʝʜʠʮʘ ʨʝʜʫʢʮʠʿʝ ʫʢʫʧʥʝ ʟʘʫʩʪʘʚʥʝ ʤʦ˂ʠ ʧʨʠ ʧʨʦʮʝʩʫ ʢʘʥʘʣʠʩʘˁʘ 

ʿʝ ʧʦʿʘʚʘ ʫʚʝ˂ʘʥʠʭ ʜʦʤʝʪʘ ʿʦʥʘ ʫ ʦʜʥʦʩʫ ʥʘ ʩʣʫʯʘʿʥʦ ʦʨʠʿʝʥʪʠʩʘʥʠ ʢʨʠʩʪʘʣ. 

 ʆʜʥʦʩ ʟʘʫʩʪʘʚʥʝ ʤʦ˂ʠ ʧʨʠ ʢʘʥʘʣʠʩʘˁʫ ʠ ʩʣʫʯʘʿʥʦʿ ʦʨʠʿʝʥʪʘʮʠʿʠ ʧʨʠ ʠʩʪʦʿ ʝʥʝʨʛʠʿʠ ʿʦʥʘ 

ʟʘʚʠʩʠ ʦʜ ʪʨʘʥʩʚʝʨʟʘʣʥʝ ʢʦʤʧʦʥʝʥʪʝ ʝʥʝʨʛʠʿʝ ʢʘʥʘʣʠʩʘʥʦʛ ʿʦʥʘ (ɽṶ) ʠ ʜʘʪ ʿʝ ʬʘʢʪʦʨʦʤ [54]: 

 
‌Ὁ  

ὨὉ

Ὠὼ

ὨὉ

Ὠὼ
 (2.16.) 

ʛʜʝ ch ʦʟʥʘʯʘʚʘ ʢʘʥʘʣʠʩʘˁʝ, ʘ rand ʩʣʫʯʘʿʥʫ ʦʨʠʿʝʥʪʘʮʠʿʫ. ɿʘ ʢʘʥʘʣʠʩʘʥʝ ʿʦʥʝ Ŭ(ɽṶ) ʿʝ ʤʘˁʠ ʦʜ 

1, ʜʦʢ ʿʝ ʟʘ ʿʦʥʝ ʢʦʿʠ ʧʦʩʝʜʫʿʫ ʟʥʘʪʥʫ ʪʨʘʥʩʚʝʨʟʘʣʥʫ ʢʦʤʧʦʥʝʥʪʫ ʢʠʥʝʪʠʯʢʝ ʝʥʝʨʛʠʿʝ (ʢʘʜʘ ʿʝ 

ʫʛʘʦ ʚʝ˂ʠ ʦʜ ʢʨʠʪʠʯʥʦʛ) Ŭ(ɽṶ) ʿʝʜʥʘʢʦ 1 ï ʩʣʫʯʘʿʥʦ ʦʨʠʿʝʥʪʠʩʘʥʠ ʢʨʠʩʪʘʣ. 

2.2.3. ʇʨʦʮʝʩ ʜʝʢʘʥʘʣʠʩʘˁʘ ʿʦʥʘ 

 ʀʥʪʝʨʘʢʮʠʿʘ ʢʘʥʘʣʠʩʘʥʠʭ ʿʦʥʘ ʩʘ ʝʣʝʢʪʨʦʥʠʤʘ ʢʨʠʩʪʘʣʥʝ ʨʝʰʝʪʢʝ ʜʦʚʦʜʠ ʜʦ ʫʚʝ˂ʘˁʘ 

ˁʠʭʦʚʝ ʪʨʘʥʩʚʝʨʟʘʣʥʝ ʢʦʤʧʦʥʝʥʪʝ ʢʠʥʝʪʠʯʢʝ ʝʥʝʨʛʠʿʝ, ʠʘʢʦ ʫʢʫʧʥʘ ʝʥʝʨʛʠʿʘ ʿʦʥʘ ʦʧʘʜʘ. ʆʚʦ 

ʜʦʚʦʜʠ ʜʦ ʧʦʩʪʝʧʝʥʦʛ ʫʚʝ˂ʘˁʘ ʫʛʣʘ ʢʦʿʠ ʿʦʥ ʟʘʢʣʘʧʘ ʩʘ ʦʩʦʤ ʢʘʥʘʣʘ. ʂʘʜ ʦʚʘʿ ʫʛʘʦ ʧʦʩʪʘʥʝ ʚʝ˂ʠ 

ʦʜ ʢʨʠʪʠʯʥʦʛ ʫʛʣʘ ʟʘ ʢʘʥʘʣʠʩʘˁʝ ʿʦʥ ʩʝ ʩʤʘʪʨʘ ʜʝʢʘʥʘʣʠʩʘʥʠʤ, ʪʝ ʩʝ ʦʚʘʿ ʧʨʦʮʝʩ ʥʘʟʠʚʘ 

ʜʝʢʘʥʘʣʠʩʘˁʝ ʿʦʥʘ (ʩʣʠʢʘ 6ʘ). ɼʦʜʘʪʥʦ, ʥʘʧʫʰʪʘˁʝ ʢʘʥʘʣʘ ʫʩʣʝʜ ʠʥʪʝʨʘʢʮʠʿʝ ʩʘ ʥʝʯʠʩʪʦ˂ʘʤʘ 

ʠʣʠ ʿʝʟʛʨʠʤʘ ʘʪʦʤʘ ʢʨʠʩʪʘʣʘ ʫ ʜʘˀʝʤ ʪʝʢʩʪʫ ʙʠ˂ʝ ʪʨʝʪʠʨʘʥʦ ʢʘʦ ʨʘʩʝʿʘˁʝ. 

a) ʙ) 

  
 

ʉʣʠʢʘ 6. ʘ) ʀʣʫʩʪʨʘʮʠʿʘ ʧʨʦʮʝʩʘ ʢʘʥʘʣʠʩʘˁʘ ʠ ʧʫʪʘˁʘ ʢʘʥʘʣʠʩʘʥʦʛ ʿʦʥʘ. ʙ) ʈʘʩʧʦʜʝʣʘ 

ʙʨʦʿʘ ʜʝʢʘʥʘʣʠʩʘʥʠʭ ʿʦʥʘ Nd (ʮʨʚʝʥʘ ʢʨʠʚʘ) ʠ ʧʨʦʤʝʥʘ ʙʨʦʿʘ ʜʝʢʘʥʘʣʠʩʘʥʠʭ ʿʦʥʘ dNd/dx 

(ʧʣʘʚʘ ʢʨʠʚʘ) ʧʦ ʜʫʙʠʥʠ ʢʘʥʘʣʘ ʢʨʠʩʪʘʣʘ ʭ. ʇʦʟʠʮʠʿʘʤʘ ʫʣʘʩʢʘ ʿʦʥʘ 1, 2 ʠ 3 ʫ ʢʘʥʘʣ 

ʢʨʠʩʪʘʣʘ ʦʜʛʦʚʘʨʘʿʫ ʪʘʯʢʝ 1, 2 ʠ 3 ʫ ʨʘʩʧʦʜʝʣʠ ʙʨʦʿʘ ʜʝʢʘʥʘʣʠʩʘʥʠʭ ʿʦʥʘ ʧʦ ʜʫʙʠʥʠ. 

 ʊʝʦʨʠʿʩʢʘ ʨʘʟʤʘʪʨʘˁʘ ʤʝʭʘʥʠʟʤʘ ʜʝʢʘʥʘʣʠʩʘˁʘ ʙʘʟʠʨʘʥʘ ʥʘ ʘʥʘʣʠʪʠʯʢʦʤ ʦʧʠʩʫ 

ʢʘʥʘʣʠʩʘˁʘ ʿʦʥʘ ʫ ʢʨʠʩʪʘʣʠʤʘ ʧʨʝʜʣʦʞʝʥʘ ʩʫ ʦʜ ʩʪʨʘʥʝ ʃʠʥʭʘʨʜʘ [59]. ʋ ʩʚʦʤ ʧʨʠʩʪʫʧʫ 

ʃʠʥʭʘʨʜ ʩʝ ʢʦʨʠʩʪʠʦ ʬʦʨʤʘʣʠʟʤʦʤ ʩʪʘʪʠʩʪʠʯʢʝ ʤʝʭʘʥʠʢʝ ʫʢˀʫʯʫʿʫ˂ʠ ʘʧʨʦʢʩʠʤʘʮʠʿʫ 

ʢʦʥʪʠʥʫʘʣʥʦʛ ʠʥʪʝʨʘʢʮʠʦʥʦʛ ʧʦʪʝʥʮʠʿʘʣʘ. ʇʨʝʤʘ ʃʠʥʭʘʨʜʦʚʦʿ ʘʥʘʣʠʪʠʯʢʦʿ ʘʧʨʦʢʩʠʤʘʮʠʿʠ, 



12 

 

ʧʨʦʮʝʩ ʜʝʢʘʥʘʣʠʩʘˁʘ ʿʦʥʘ ʧʨʝʜʩʪʘʚˀʘ ʝʢʩʧʦʥʝʥʮʠʿʘʣʥʫ ʬʫʥʢʮʠʿʫ ʜʫʙʠʥʝ ʢʘʥʘʣʘ ʢʨʠʩʪʘʣʘ. 

ʀʩʪʨʘʞʠʚʘˁʘ ʢʦʿʘ ʩʫ ʫʩʣʝʜʠʣʘ ʧʦʢʘʟʘʣʘ ʩʫ ʦʜʩʪʫʧʘˁʘ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʠʭ ʧʦʜʘʪʘʢʘ ʦʜ 

ʃʠʥʭʘʨʜʦʚʦʛ ʧʨʠʩʪʫʧʘ [68, 69]. ʉʠʛʤʦʠʜʘʣʥʘ ʬʫʥʢʮʠʿʘ ʜʝʢʘʥʘʣʠʩʘˁʘ ɻʦʤʧʝʨʮ (ɺ. Gompertz) 

ʪʠʧʘ ʧʨʝʜʣʦʞʝʥʘ ʿʝ ʦʜ ʩʪʨʘʥʝ ʂʦʢʦʨʠʩʘ (ʄ. Kokkoris) ʠ ʩʘʨʘʜʥʠʢʘ [70]: 

 
ὔ ὔ

Ὡ  Ὡ  

ρ Ὡ  
 

(2.17.) 

ʛʜʝ ʿʝ Nd ʙʨʦʿ ʜʝʢʘʥʘʣʠʩʘʥʠʭ ʿʦʥʘ, N0 ʧʦʯʝʪʥʠ ʙʨʦʿ ʿʦʥʘ, ʭ ʜʫʙʠʥʘ ʢʨʠʩʪʘʣʘ, k ʙʨʟʠʥʘ 

ʜʝʢʘʥʘʣʠʩʘˁʘ ʠ ʭʩ ʜʦʤʝʪ ʜʝʢʘʥʘʣʠʩʘˁʘ. ʂʦʢʦʨʠʩ ʠ ʩʘʨʘʜʥʠʮʠ ʩʫ ʧʦʢʘʟʘʣʠ ʜʘ ʦʚʘ ʬʫʥʢʮʠʿʘ 

ʧʨʝʮʠʟʥʦ ʦʧʠʩʫʿʝ ʜʝʢʘʥʘʣʠʩʘˁʝ ʧʨʦʪʦʥʘ ʜʫʞ (110) ʦʩʝ ʢʨʠʩʪʘʣʘ ʩʠʣʠʮʠʿʫʤʘ. ʇʘʨʘʤʝʪʨʠ 

ʬʫʥʢʮʠʿʝ ʭʩ ʠ k, ʧʨʝʜʩʪʘʚˀʘʿʫ ʧʨʝʚʦʿʥʫ ʪʘʯʢʫ ʠ ʥʘʛʠʙ ʫ ʧʨʝʚʦʿʥʦʿ ʪʘʯʢʠ ʬʫʥʢʮʠʿʝ 

ʜʝʢʘʥʘʣʠʩʘˁʘ, ʨʝʩʧʝʢʪʠʚʥʦ. ʅʘ ʩʣʠʮʠ 6ʙ ʧʨʠʢʘʟʘʥʘ ʿʝ ʧʨʦʤʝʥʘ ʙʨʦʿʘ ʜʝʢʘʥʘʣʠʩʘʥʠʭ ʿʦʥʘ Nd ʧʦ 

ʜʫʙʠʥʠ ʢʘʥʘʣʘ ʢʨʠʩʪʘʣʘ ʫ ʬʫʥʢʮʠʿʠ ʦʜ ʜʫʙʠʥʝ ʢʘʥʘʣʘ ʢʨʠʩʪʘʣʘ. ʄʘʢʩʠʤʫʤ ʦʚʝ ʘʩʠʤʝʪʨʠʯʥʝ 

ʟʘʚʠʩʥʦʩʪʠ ʦʜʛʦʚʘʨʘ ʚʨʝʜʥʦʩʪʠ ʭʩ. ɹʨʟʠʥʘ ʜʝʢʘʥʘʣʠʩʘˁʘ ʧʦ ʿʝʜʠʥʠʮʠ ʜʫʙʠʥʝ ʢʘʥʘʣʘ ʢʨʠʩʪʘʣʘ 

ʤʦʞʝ ʩʝ ʠʟʨʘʟʠʪʠ ʢʘʦ: 

 ρ

ὔ̒

Ὠὔ̒

Ὠὼ

ὯὩ

Ὡ  ρ
 (2.18.) 

ʛʜʝ ʿʝ Nʩ = N0 ī Nd ʙʨʦʿ ʢʘʥʘʣʠʩʘʥʠʭ ʿʦʥʘ. ʆʚʘ ʬʫʥʢʮʠʿʘ ʿʝ ʧʦʟʠʪʠʚʥʦ ʨʘʩʪʫ˂ʘ ʩʘ ʭʦʨʠʟʦʥʪʘʣʥʦʤ 

ʘʩʠʤʧʪʦʪʦʤ ʢʦʿʘ ʿʝ ʿʝʜʥʘʢʘ ʧʘʨʘʤʝʪʨʫ k. ʇʘʨʘʤʝʪʘʨ k ʟʘʧʨʘʚʦ ʧʨʝʜʩʪʘʚˀʘ ʢʘʨʘʢʪʝʨʠʩʪʠʯʥʫ 

ʙʨʟʠʥʫ ʜʝʢʘʥʘʣʠʩʘˁʘ ʢʦʿʘ ʦʜʛʦʚʘʨʘ ʿʦʥʠʤʘ ʥʘ ʜʫʙʠʥʠ ʜʝʢʘʥʘʣʠʩʘˁʘ (ʭʩ) ʠ ʢʦʿʠ ʩʫ ʩʝ ʫ ʧʦʯʝʪʢʫ 

ʥʘʣʘʟʠʣʠ ʫ ʙʣʠʟʠʥʠ ʮʝʥʪʨʘ ʢʘʥʘʣʘ. ʈʘʩʧʦʜʝʣʘ ʙʨʦʿʘ ʜʝʢʘʥʘʣʠʩʘʥʠʭ ʿʦʥʘ ʢʘʦ ʠ ʚʝʨʦʚʘʪʥʦ˂ʘ 

ʜʝʢʘʥʘʣʠʩʘˁʘ ʧʦ ʿʝʜʠʥʠʮʠ ʜʫʙʠʥʝ ʢʨʠʩʪʘʣʘ ʤʦʛʫ ʩʝ ʦʙʿʘʩʥʠʪʠ ʧʦʤʦ˂ʫ ʫʜʘʨʥʠʭ ʧʘʨʘʤʝʪʘʨʘ. 

ɱʦʥʠ ʧʨʠ ʤʘʣʠʤ ʧʦʯʝʪʥʠʤ ʫʜʘʨʥʠʤ ʧʘʨʘʤʝʪʨʠʤʘ ʩʝ ʜʝʢʘʥʘʣʠʰʫ ʤʥʦʛʦ ʙʨʞʝ ʦʜ ʦʥʠʭ ʩʘ 

ʚʝʣʠʢʠʤ ʫʜʘʨʥʠʤ ʧʘʨʘʤʝʪʨʠʤʘ. ʉʪʦʛʘ, ʧʨʠ ʤʘʣʠʤ ʧʦʯʝʪʥʠʤ ʫʜʘʨʥʠʤ ʧʘʨʘʤʝʪʨʦʤ ʿʦʥʠ 

ʟʘʫʟʠʤʘʿʫ ʧʦʯʝʪʥʠ ʜʝʦ, ʜʦʢ ʿʦʥʠ ʢʦʿʠ ʩʫ ʩʝ ʥʘʣʘʟʠʣʠ ʙʣʠʟʫ ʦʩʝ ʢʘʥʘʣʘ ʟʘʫʟʠʤʘʿʫ ʢʨʘʿˁʝ ʜʝʣʦʚʝ 

ʨʘʩʧʦʜʝʣʝ ʜʝʢʘʥʘʣʠʩʘʥʠʭ ʿʦʥʘ (ʩʣʠʢʘ 6ʙ). ʉʣʠʯʥʦ ʨʘʟʤʘʪʨʘˁʝ ʚʘʞʠ ʠ ʟʘ ʟʘʚʠʩʥʦʩʪ ʦʜ ʫʧʘʜʥʦʛ 

ʫʣʛʘ. ʇʨʠ ʤʘʣʠʤ ʫʧʘʜʥʠʤ ʫʛʣʦʚʠʤʘ ʿʦʥʠ ˂ʝ ʟʘʫʟʠʤʘʪʠ ʢʨʘʿˁʠ ʜʝʦ ʨʘʩʧʦʜʝʣʝ, ʜʦʢ ˂ʝ ʿʦʥʠ ʩʘ 

ʚʝ˂ʠʤ ʫʧʘʜʥʠʤ ʫʛʣʦʚʠʤʘ ʜʦʧʨʠʥʦʩʠʪʠ ʧʦʯʝʪʥʦʤ ʜʝʣʫ ʨʘʩʧʦʜʝʣʝ. 

 ʇʝʪʨʦʚʠ˂ ʠ ʩʘʨʘʜʥʠʮʠ ʩʫ ʪʝʦʨʝʪʩʢʠ ʠʩʪʨʘʞʠʚʘʣʠ ʧʨʠʤʝʥˀʠʚʦʩʪ ʬʫʥʢʮʠʿʝ 

ʜʝʢʘʥʘʣʠʩʘˁʘ ɻʦʤʧʝʨʮ ʪʠʧʘ ʥʘ ʧʨʦʮʝʩʫ ʢʘʥʘʣʠʩʘˁʘ ʧʨʦʪʦʥʘ ʝʥʝʨʛʠʿʘ 1ï10 ʄʝV ʫ ʢʨʠʩʪʘʣʥʠʤ 

ʢʘʥʘʣʠʤʘ (100), (110) ʠ (111) ʩʠʣʠʮʠʿʫʤʘ [71]. ʇʦʨʝʜ ʧʦʪʚʨʜʝ ʦ ʧʨʠʤʝʥˀʠʚʦʩʪʠ ɻʦʤʧʝʨʮʦʚʝ 

ʬʫʥʢʮʠʿʝ ʜʝʢʘʥʘʣʠʩʘˁʘ, ʧʦʢʘʟʘʥʦ ʿʝ ʜʘ ʿʝ ʧʘʨʘʤʝʪʘʨ ʭʩ ʣʠʥʝʨʘʥʘ, ʘ k ʩʫʤʘ ʝʢʩʧʦʥʝʥʮʠʿʘʣʥʠʭ 

ʬʫʥʢʮʠʿʘ ʧʦʯʝʪʥʝ ʝʥʝʨʛʠʿʝ ʿʦʥʩʢʦʛ ʩʥʦʧʘ, ʠ ʤʦʛʫ ʩʝ ʧʨʠʢʘʟʘʪʠ ʫ ʦʙʣʠʢʫ: 

 ὼ Ὁ Ὥ Ὁ Ὦ (2.19.) 

 
ὯὉ ή ÅØÐ

Ὁ

ὴ
ή ÅØÐ

Ὁ

ὴ
 (2.20.) 

ʛʜʝ ʩʫ i, j, q1, q2, p1, p2 ʧʘʨʘʤʝʪʨʠ ʢʦʿʠ ʟʘʚʠʩʝ ʦʜ ʛʝʦʤʝʪʨʠʿʝ ʠʩʧʠʪʠʚʘʥʦʛ ʢʘʥʘʣʘ ʩʠʣʠʮʠʿʫʤʘ. 

2.3. ʉʠʣʠʮʠʿʫʤ ʢʘʨʙʠʜ 

 ʉʠʣʠʮʠʿʫʤ ʢʘʨʙʠʜ (SiC) ʧʨʝʜʩʪʘʚˀʘ ʧʦʣʫʧʨʦʚʦʜʥʠʯʢʠ ʤʘʪʝʨʠʿʘʣ ʢʦʿʠ ʩʧʘʜʘ ʫ 

ʢʘʪʝʛʦʨʠʿʫ ʥʝʦʢʩʠʜʥʠʭ ʢʝʨʘʤʠʯʢʠʭ ʤʘʪʝʨʠʿʘʣʘ. SiC ʿʝ ʦʪʢʨʠʦ ɹʝʨʮʝʣʠʿʫʩ (J. J. Berzelius) 1824. 

ʛʦʜʠʥʝ ʢʘʜʘ ʿʝ ʪʦʢʦʤ ʩʚʦʿʠʭ ʝʢʩʧʝʨʠʤʝʥʘʪʘ ʧʨʝʪʧʦʩʪʘʚʠʦ ʜʘ ʩʝ ʫ ʿʝʜʥʦʤ ʦʜ ʩʠʥʪʝʪʠʩʘʥʠʭ 

ʫʟʦʨʢʘ ʥʘʣʘʟʠ ʿʝʜʠˁʝˁʝ ʢʦʿʝ ʫ ʩʝʙʠ ʩʘʜʨʞʠ ʭʝʤʠʿʩʢʝ ʚʝʟʝ ʠʟʤʝʹʫ ʩʠʣʠʮʠʿʫʤʘ ʠ ʫʛˀʝʥʠʢʘ [72]. 

SiC ʿʝ ʧʨʚʠ ʧʫʪ ʧʨʦʥʘʹʝʥ ʫ ʧʨʠʨʦʜʠ 1905. ʛʦʜʠʥʝ ʦʜ ʩʪʨʘʥʝ ʄʦʠʩʘʥʘ (H. Moissan) [73] ʧʦ ʢʦʤʝ 

ʿʝ ʤʠʥʝʨʘʣ ʜʦʙʠʦ ʠʤʝ ï ʤʦʠʩʘʥʠʪ. SiC ʚʠʩʦʢʦʛ ʢʚʘʣʠʪʝʪʘ ʢʦʿʠ ʩʝ ʤʦʞʝ ʫʧʦʪʨʝʙʠʪʠ ʫ 

ʧʦʣʫʧʨʦʚʦʜʥʠʯʢʝ ʩʚʨʭʝ ʧʨʚʠ ʧʫʪ ʿʝ ʩʠʥʪʝʪʠʩʘʥ 1955. ʛʦʜʠʥʝ [74]. 
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ʆʩʥʦʚʥʠ ʧʝʨʠʦʜ ʢʨʠʩʪʘʣʥʝ ʨʝʰʝʪʢʝ Siʉ ʯʠʥʠ ʩʣʦʿ ʛʫʩʪʦ ʧʘʢʦʚʘʥʠʭ, ʼʨ3 ʧʦʚʝʟʘʥʠʭ ʘʪʦʤʘ 

ʩʠʣʠʮʠʿʫʤʘ ʠ ʫʛˀʝʥʠʢʘ. ɸʪʦʤʠ ʩʫ ʨʘʩʧʦʨʝʹʝʥʠ ʪʘʢʦ ʜʘ ʿʝ ʩʚʘʢʠ ʘʪʦʤ ʩʠʣʠʮʠʿʫʤʘ ʦʢʨʫʞʝʥ 

ʪʝʪʨʘʝʜʨʘʣʥʦ ʩʘ ʘʪʦʤʠʤʘ ʫʛˀʝʥʠʢʘ ʠ ʦʙʨʥʫʪʦ. ʋʩʣʝʜ ʤʦʛʫ˂ʥʦʩʪʠ ʨʘʟʣʠʯʠʪʦʛ ʥʘʯʠʥʘ ʧʘʢʦʚʘˁʘ 

SiC ʩʣʦʿʝʚʘ ʜʫʞ ʧʨʘʚʮʘ ʥʦʨʤʘʣʥʦʛ ʥʘ ʩʣʦʿ, ʿʘʚˀʘ ʩʝ ʩʧʝʮʠʿʘʣʥʠ ʿʝʜʥʦʜʠʤʝʥʟʠʦʥʘʣʥʠ 

ʧʦʣʠʤʦʨʬʠʟʘʤ ʢʦʿʠ ʩʝ ʥʘʿʯʝʰ˂ʝ ʥʘʟʠʚʘ ʧʦʣʠʪʠʧʠʟʘʤ. ɼʦ ʜʘʥʘʩ ʿʝ ʧʨʦʥʘʹʝʥʦ ʚʠʰʝ ʦʜ 200 

ʨʘʟʣʠʯʠʪʠʭ ʧʦʣʠʪʠʧʦʚʘ [75]. ʈʘʟʣʠʯʠʪʠ ʧʦʣʠʪʠʧʦʚʠ ʿʝʜʥʦʛ ʤʘʪʝʨʠʿʘʣʘ ʧʦʩʝʜʫʿʫ ʰʠʨʦʢ ʩʧʝʢʪʘʨ 

ʨʘʟʣʠʯʠʪʠʭ ʬʠʟʠʯʢʦʭʝʤʠʿʩʢʠʭ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ. ʊʦ ʿʝ ʿʝʜʘʥ ʦʜ ʨʘʟʣʦʛʘ ʟʘʰʪʦ ʿʝ Siʉ ʦʜ 

ʩʫʰʪʠʥʩʢʦʛ ʠʥʪʝʨʝʩʘ ʟʘ ʥʘʫʯʥʠʢʝ. ʇʦʣʠʪʠʧʦʚʠ ʩʝ ʤʦʛʫ ʧʦʜʝʣʠʪʠ ʥʘ ʢʫʙʠʯʥʝ (ʉ), ʨʦʤʙʠʯʥʝ (R) 

ʠ ʭʝʢʩʘʛʦʥʘʣʥʝ (ʅ). ʇʦʩʪʦʿʠ ʩʘʤʦ ʿʝʜʘʥ ʢʫʙʠʯʥʠ ʧʦʣʠʪʠʧ, ɓ-SiC ʠʣʠ 3ʉ-SiC, ʩʘ ʜʠʿʘʤʘʥʪʩʢʦʤ 

ʢʨʠʩʪʘʣʥʦʤ ʨʝʰʝʪʢʦʤ. ʆʟʥʘʢʘ 3ʉ ʫ ʥʘʟʠʚʫ ʧʦʣʠʪʠʧʘ ʛʦʚʦʨʠ ʜʘ ʿʝ ʿʝʜʠʥʠʯʥʘ ˂ʝʣʠʿʘ ʩʘʯʠˁʝʥʘ 

ʩʣʘʛʘˁʝʤ 3 ʩʣʦʿʘ Siʉ ʧʘʢʦʚʘʥʘ ʪʘʢʦ ʜʘ ʬʦʨʤʠʨʘʿʫ ʢʫʙʠʯʥʫ ʢʨʠʩʪʘʣʥʫ ʨʝʰʝʪʢʫ (ʉ). ʉʣʠʯʥʘ 

ʥʦʤʝʥʢʣʘʪʫʨʘ ʧʨʠʤʝˁʫʿʝ ʩʝ ʠ ʢʦʜ ʦʩʪʘʣʠʭ ʧʦʣʠʪʠʧʦʚʘ. ʉʚʠ ʥʝ-ʢʫʙʠʯʥʠ ʧʦʣʠʪʠʧʦʚʠ ʧʦʟʥʘʪʠ 

ʩʫ ʧʦʜ ʥʘʟʠʚʦʤ Ŭ-SiC. ʇʦʩʝʜʫʿʫ ʩʣʦʞʝʥʝ ʩʪʨʫʢʪʫʨʝ ʥʘʩʪʘʣʝ ʢʦʤʙʠʥʦʚʘˁʝʤ SiC ʩʣʦʿʝʚʘ ʢʦʿʠ ʩʝ 

ʤʝʹʫʩʦʙʥʦ ʥʘʣʘʟʝ ʫ ʢʫʙʠʯʥʠʤ (c) ʠ ʭʝʢʩʘʛʦʥʘʣʥʠʤ (h) ʢʦʥʬʠʛʫʨʘʮʠʿʘʤʘ. ɱʝʜʘʥ ʦʜ 

ʥʘʿʟʘʩʪʫʧˀʝʥʠʿʠʭ Ŭ-Siʉ ʧʦʣʠʪʠʧʦʚʘ ʿʝʩʪʝ 6ʅ-Siʉ ʯʠʿʘ ʿʝ ʩʪʨʫʢʪʫʨʘ ʧʨʠʢʘʟʘʥʘ ʥʘ ʩʣʠʮʠ 7. 

ʂʨʠʩʪʘʣ 6ʅ-Siʉ ʩʝ ʜʦʙʠʿʘ ʧʦʥʘʚˀʘˁʝʤ ʩʝʢʚʝʥʮʝ ɸŬɺɓʉɔɸŬʉɔɺɓ (ʿʝʜʠʥʠʯʥʘ ˂ʝʣʠʿʘ) ʜʫʞ 

[0001] ʧʨʘʚʮʘ ʢʨʠʩʪʘʣʘ, ʛʜʝ ʨʠʤʩʢʘ ʩʣʦʚʘ ʦʟʥʘʯʘʚʘʿʫ ʧʦʟʠʮʠʿʝ ʉ ʘʪʦʤʘ ʜʦʢ ʛʨʯʢʘ ʩʣʦʚʘ 

ʦʟʥʘʯʘʚʘʿʫ ʧʦʟʠʮʠʿʝ Si ʘʪʦʤʘ [76]. ʂʘʢʦ ʩʫ ʫ ʩʚʘʢʦʤ Siʉ ʩʣʦʿʫ ʧʦʟʠʮʠʿʝ ʘʪʦʤʘ ʉ ʬʠʢʩʠʨʘʥʝ ʫ 

ʦʜʥʦʩʫ ʥʘ ʧʦʟʠʮʠʿʝ Si, ʩʪʨʫʢʪʫʨʥʘ ʩʝʢʚʝʥʮʘ ʩʝ ʦʙʠʯʥʦ ʦʟʥʘʯʘʚʘ ʩʢʨʘ˂ʝʥʦ ʩʘ ɸɺʉɸʉɺ. 

ɼʦʜʘʪʥʦ, ʫ ʦʜʥʦʩʫ ʥʘ ʤʝʹʫʩʦʙʥʫ ʢʦʥʬʠʛʫʨʘʮʠʿʫ ʩʣʦʿʝʚʘ, ʧʦʥʘʚˀʘʿʫ˂ʘ ʩʝʢʚʝʥʮʘ 6ʅ-Siʉ ʩʝ ʤʦʞʝ 

ʦʟʥʘʯʘʚʘʪʠ ʠ ʢʘʦ hcchcc. 

a) ʙ) 

  
 

ʉʣʠʢʘ 7. ʉʪʨʫʢʪʫʨʘ 6ʅ-SiC: a) ʩʣʘʛʘˁʝ ʘʪʦʤʩʢʠʭ ʩʣʦʿʝʚʘ ʠ ʥʝʝʢʚʠʚʘʣʝʥʪʥʘ ʤʝʩʪʘ ʨʝʰʝʪʢʝ  

(h ï ʭʝʢʩʘʛʦʥʘʣʥʦ ʠ k ï ʢʫʙʠʯʥʦ ʤʝʩʪʦ ʫ ʨʝʰʝʪʢʠ) ʛʣʝʜʘʥʦ ʠʟ ʧʨʘʚʮʘ ρρςπ], ʙ) ʢʨʠʩʪʘʣʥʘ 
ʨʝʰʝʪʢʘ 6ʅ-SiC ʧʨʠʢʘʟʘʥʘ ʫ ʨʘʚʥʠ (0001). 

SiC ʿʝ ʚʝʦʤʘ ʨʝʜʘʢ ʫ ʧʨʠʨʦʜʠ ʘʣʠ ʩʝ ʫ ʤʘʣʠʤ ʢʦʣʠʯʠʥʘʤʘ ʤʦʞʝ ʧʨʦʥʘ˂ʠ ʫ ʦʙʣʠʢʫ ʨʫʜʝ 

ʤʦʠʩʘʥʠʪʘ ʠ ʦʩʪʘʮʠʤʘ ʦʜʨʝʹʝʥʠʭ ʪʠʧʦʚʘ ʤʝʪʝʦʨʘ, ʟʙʦʛ ʯʝʛʘ ʩʝ ʫʛʣʘʚʥʦʤ ʩʠʥʪʝʪʠʰʝ [77]. 

ʊʨʘʜʠʮʠʦʥʘʣʥʦ ʩʝ ʧʨʦʠʟʚʦʜʠ ʧʫʪʝʤ ɽʿʯʝʩʝʥʦʚʦʛ (E.G. Acheson) ʧʦʩʪʫʧʢʘ ʢʦʿʠ ʧʦʜʨʘʟʫʤʝʚʘ 

ʨʝʘʢʮʠʿʫ ʠʟʤʝʹʫ ʢʚʘʨʮʘ (ɮiʆ2) ʠ ʢʦʢʩʘ (ʉ) ʥʘ ʚʨʣʦ ʚʠʩʦʢʠʤ ʪʝʤʧʝʨʘʪʫʨʘʤʘ (ʚʠʰʠʤ ʦʜ 2500 Áʉ). 

ʇʦʣʠʢʨʠʩʪʘʣʥʠ SiC ʜʦʙʠʿʝʥ ɽʿʯʝʩʝʥʦʚʠʤ ʧʨʦʮʝʩʦʤ ʿʘʚˀʘ ʩʝ ʫ ʚʠʜʫ ʨʘʟʣʠʯʠʪʠʭ ʧʦʣʠʪʠʧʦʚʘ ʠ 

ʨʘʟʣʠʢʫʿʝ ʩʝ ʫ ʯʠʩʪʦ˂ʠ. ʈʘʩʪ ʚʝ˂ʠʭ ʤʦʥʦʢʨʠʩʪʘʣʘ ʚʠʩʦʢʝ ʯʠʩʪʦ˂ʝ ʦʜʨʝʹʝʥʦʛ ʧʦʣʠʪʠʧʘ ʢˀʫʯʘʥ 

ʿʝ ʟʘ ʫʧʦʪʨʝʙʫ ʫ ʧʦʣʫʧʨʦʚʦʜʥʠʯʢʦʿ ʠʥʜʫʩʪʨʠʿʠ. ʉʪʘʥʜʘʨʜʥʘ ʪʝʭʥʠʢʘ ʢʦʿʘ ʩʝ ʪʨʝʥʫʪʥʦ ʢʦʨʠʩʪʠ 

ʟʘ ʨʘʩʪ ʚʝʣʠʢʠʭ ʢʨʠʩʪʘʣʘ SiC ʿʝ ʩʫʙʣʠʤʘʮʠʿʘ [78]. 
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2.3.1. ʂʘʨʘʢʪʝʨʠʩʪʠʢʝ ʠ ʧʨʠʤʝʥʘ 6ʅ-Siʉ 

 ʉʠʣʠʮʠʿʫʤ ʢʘʨʙʠʜ ʿʝ ʿʝʜʘʥ ʦʜ ʥʘʿʩʪʘʨʠʿʠʭ ʠ ʥʘʿʧʦʟʥʘʪʠʿʠʭ ʧʦʣʫʧʨʦʚʦʜʥʠʯʢʠʭ 

ʤʘʪʝʨʠʿʘʣʘ. ʋʧʨʢʦʩ ʪʦʿ ʯʠˁʝʥʠʮʠ, ˁʝʛʦʚʝ ʿʝʜʠʥʩʪʚʝʥʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ ʯʠʥʝ ʛʘ ʠ ʜʘʥʘʩ 

ʘʪʨʘʢʪʠʚʥʠʤ ʟʘ ʠʩʪʨʘʞʠʚʘˁʝ. ʇʦʩʝʜʫʿʝ ʠʟʫʟʝʪʥʘ ʬʠʟʠʯʢʦʭʝʤʠʿʩʢʘ ʩʚʦʿʩʪʚʘ, ʤʝʹʫ ʢʦʿʠʤʘ ʩʫ 

ʚʠʩʦʢʘ ʯʚʨʩʪʦ˂ʘ, ʤʘʣʘ ʩʧʝʮʠʬʠʯʥʘ ʪʝʞʠʥʘ, ʚʠʩʦʢʘ ʪʘʯʢʘ ʪʦʧˀʝˁʘ, ʭʝʤʠʿʩʢʘ ʠʥʝʨʪʥʦʩʪ, ʥʠʟʘʢ 

ʢʦʝʬʠʮʠʿʝʥʪ ʪʝʨʤʘʣʥʦʛ ʰʠʨʝˁʘ ʠ ʚʠʩʦʢʘ ʪʦʧʣʦʪʥʘ ʧʨʦʚʦʜʥʦʩʪ. ʋ ʪʘʙʝʣʠ 1 ʜʘʪ ʿʝ ʧʨʝʛʣʝʜ ʥʝʢʠʭ 

ʬʠʟʠʯʢʦʭʝʤʠʿʩʢʠʭ ʩʚʦʿʩʪʘʚʘ 6H-SiC ʟʘʿʝʜʥʦ ʩʘ ʩʚʦʿʩʪʚʠʤʘ ʩʠʣʠʮʠʿʫʤʘ ʠ ʜʠʿʘʤʘʥʪʘ, ʨʘʜʠ 

ʧʦʨʝʹʝˁʘ (ʛʜʝ ʿʝ ʧʨʠʤʝˁʠʚʦ, ʚʨʝʜʥʦʩʪʠ ʩʫ ʧʨʠʢʘʟʘʥʝ ʥʘ ʩʦʙʥʦʿ ʪʝʤʧʝʨʘʪʫʨʠ). ɿʘʭʚʘˀʫʿʫ˂ʠ 

ʠʟʫʟʝʪʥʠʤ ʩʚʦʿʩʪʚʠʤʘ, 6H-SiC ʿʝ ʧʨʝʧʦʟʥʘʪ ʢʘʦ ʤʘʪʝʨʠʿʘʣ ʩʘ ʤʦʛʫ˂ʥʦʰ˂ʫ ʰʠʨʦʢʝ ʧʨʠʤʝʥʝ ʫ 

ʢʦʿʫ ʩʧʘʜʘ ʧʨʦʠʟʚʦʜˁʘ ʚʠʩʦʢʦʬʨʝʢʚʝʥʪʥʠʭ ʚʠʩʦʢʦʪʝʤʧʝʨʘʪʫʨʩʢʠʭ ʝʣʝʢʪʨʦʥʩʢʠʭ ʫʨʝʹʘʿʘ 

ʚʝʣʠʢʠʭ ʩʥʘʛʘ (ʝʥʛʣ. power devices ï PD) [1], ʧʨʦʠʟʚʦʜˁʘ ʘʙʨʘʟʠʚʘ [79], ʧʨʠʤʝʥʘ ʫ ʦʢʨʫʞʝˁʠʤʘ 

ʩʘ ʝʢʩʪʨʝʤʥʠʤ ʫʩʣʦʚʠʤʘ ʧʦʧʫʪ ʦʥʠʭ ʫ ʥʫʢʣʝʘʨʥʠʤ ʨʝʘʢʪʦʨʠʤʘ [38] ʠ ʫ ʩʚʝʤʠʨʫ [4]. 

ʊʘʙʝʣʘ 1. ʇʨʝʛʣʝʜ ʦʜʘʙʨʘʥʠʭ ʬʠʟʠʯʢʠʭ ʩʚʦʿʩʪʘʚʘ ʩʠʣʠʮʠʿʫʤʘ, ʩʠʣʠʮʠʿʫʤ ʢʘʨʙʠʜʘ ʠ ʜʠʿʘʤʘʥʪʘ. 

ʂʘʨʘʢʪʝʨʠʩʪʠʢʝ Si 6H-SiC 
C 

(ʜʠʿʘʤʘʥʪ) 
ʈʝʬʝʨʝʥʮʝ 

ʂʦʥʩʪʘʥʪʘ ʨʝʰʝʪʢʝ [Å] 5,43 
ʘ = 3,0805; 

ʩ = 15,1151 
3,56 [80, 81] 

ɻʫʩʪʠʥʘ [g·cmī1] 2,33 3,21 3,5 [80, 82] 

ɱʘʥʛʦʚ ʤʦʜʫʣ [GPa] 127 350ï650 1220 [80, 83, 84] 

ʊʘʯʢʘ ʪʦʧˀʝˁʘ [ʦʉ] 1410 2800 4500 [85-87] 

ʊʦʧʣʦʪʥʘ ʧʨʦʚʦʜʥʦʩʪ 

[W·cmī1·Kī1] 
1,5 4,9 22 [88] 

Kʦʝʬ. ʪʝʨʤʘʣʥʦʛ ʰʠʨʝˁʘ [Kī1] 2,6×10ī6 3,0×10ī6 1,1×10ī6 [83, 89, 90] 

ʐʠʨʠʥa ʟʘʙʨʘˁʝʥe ʟʦʥe [ʝV] 1,12 3,03 5,45 [88] 

ʈʝʣʘʪʠʚʥʘ ʜʠʝʣʝʢʪʨʠʯʥʘ ʢʦʥʩʪʘʥʪʘ 11,8 9,7 5,5 [88] 

ʅʘʧʦʥ ʧʨʦʙʦʿʘ [ʄV·cmī1] 0,3 2,5 10,0 [88] 

ʉʘʪʫʨʘʮʠʦʥʘ ʙʨʟʠʥʘ ʝʣʝʢʪʨʦʥʘ 

[cm·sī1] 
1×107 2×107 2,7×107 [88] 

ʄʘʢʩʠʤʘʣʥʘ ʨʘʜʥʘ ʪʝʤʧʝʨʘʪʫʨʘ [ʦʉ] 150 760 1100 [88] 

ʋ ʜʘʥʘʰˁʦʿ ʧʦʣʫʧʨʦʚʦʜʥʠʯʢʦʿ ʠʥʜʫʩʪʨʠʿʠ ʩʠʣʠʮʠʿʫʤ ʠʤʘ ʜʦʤʠʥʘʥʪʥʫ ʫʣʦʛʫ. ʄʝʹʫʪʠʤ, 

ʟʘ ʧʨʦʠʟʚʦʜˁʫ ʝʣʝʢʪʨʦʥʩʢʠʭ ʢʦʤʧʦʥʝʥʪʠ ʥʘʤʝˁʝʥʠʭ ʟʘ ʨʘʜʥʠ ʨʝʞʠʤ ʧʨʠ ʚʠʩʦʢʠʤ ʥʘʧʦʥʠʤʘ 

ʠʣʠ ʚʝʣʠʢʠʤ ʩʪʨʫʿʘʤʘ, ʩʠʣʠʮʠʿʫʤ ʥʠʿʝ ʧʦʛʦʜʘʥ ʫʩʣʝʜ ʥʠʟʘ ʦʛʨʘʥʠʯʘʚʘʿʫ˂ʠʭ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ. 

ʊʫ ʩʧʘʜʘʿʫ ʥʠʟʘʢ ʥʘʧʦʥ ʧʨʦʙʦʿʘ ʠ ʥʠʩʢʘ ʤʘʢʩʠʤʘʣʥʘ ʨʘʜʥʘ ʪʝʤʧʝʨʘʪʫʨʘ, ʨʝʣʘʪʠʚʥʦ ʤʘʣʘ 

ʰʠʨʠʥʘ ʟʘʙʨʘˁʝʥʝ ʟʦʥʝ ʠ ʥʠʩʢʝ ʜʦʟʚʦˀʝʥʝ ʢʦʥʮʝʥʪʨʘʮʠʿʝ ʜʦʧʘʥʘʪʘ ʫ ʨʝʞʠʤʫ ʨʘʜʘ ʚʠʩʦʢʠʭ 

ʩʥʘʛʘ (power devices - PD). ʉʚʝ ʦʚʦ ʠʤʘ ʟʘ ʧʦʩʣʝʜʠʮʫ ʜʘ ʩʠʣʠʮʠʿʫʤʩʢʝ ʝʣʝʢʪʨʦʥʩʢʝ ʢʦʤʧʦʥʝʥʪʝ 

ʫ ʨʝʞʠʤʫ ʨʘʜʘ ʚʠʩʦʢʠʭ ʩʥʘʛʘ ʧʦʩʝʜʫʿʫ ʥʝʟʘʥʝʤʘʨˀʠʚʫ ʩʪʨʫʿʫ ʮʫʨʝˁʘ (ʥʝʞʝˀʝʥʘ ʩʪʨʫʿʘ ʫ ʩʪʘˁʫ 

ʢʘʜʘ ʢʦʤʧʦʥʝʥʪʘ ʥʝ ʧʨʦʚʦʜʠ). ʋʩʣʝʜ ʪʦʛʘ ʜʦʣʘʟʠ ʜʦ ʟʥʘʯʘʿʥʠʭ ʝʥʝʨʛʝʪʩʢʠʭ ʛʫʙʠʪʘʢʘ ʢʦʿʠ ʩʝ 

ʤʘʥʠʬʝʩʪʫʿʫ ʢʨʦʟ ʜʠʩʠʧʘʮʠʿʫ ʪʦʧʣʦʪʝ. ʈʘʜʠ ʧʦʙʦˀʰʘˁʘ ʝʬʠʢʘʩʥʦʩʪʠ PD ʢʦʤʧʦʥʝʥʪʠ, 

ʧʨʝʜʣʦʞʝʥʦ ʿʝ ʥʝʢʦʣʠʢʦ ʘʣʪʝʨʥʘʪʠʚʥʠʭ ʤʘʪʝʨʠʿʘʣʘ ʧʦʧʫʪ ʜʠʿʘʤʘʥʪʘ, GaN ʠ SiC [6]. ʆʜ ʦʚʠʭ 

ʤʘʪʝʨʠʿʘʣʘ ɮiʉ ʩʝ ʧʦʢʘʟʘʦ ʢʘʦ ʥʘʿʧʦʛʦʜʥʠʿʠ ʿʝʨ ʿʝ ʟʥʘʪʥʦ ʿʝʬʪʠʥʠʿʠ ʦʜ ʜʠʿʘʤʘʥʪʘ, ʘ 

ʠʩʪʦʚʨʝʤʝʥʦ ʧʦʜʨʞʘʚʘ ʚʝ˂ʝ ʨʘʜʥʝ ʩʥʘʛʝ ʫ ʦʜʥʦʩʫ ʥʘ ʢʦʤʧʦʥʝʥʪʝ ʙʘʟʠʨʘʥʝ ʥʘ GʘN. SiC ʠʤʘ 

ʟʘʙʨʘˁʝʥʫ ʟʦʥʫ ʛʦʪʦʚʦ ʪʨʠ ʧʫʪʘ ʰʠʨʫ ʦʜ ʩʠʣʠʮʠʿʫʤʘ ʠ ʩʘʤʠʤ ʪʠʤ ʧʦʜʨʞʘʚʘ ʚʝʦʤʘ ʚʠʩʦʢʝ 

ʥʘʧʦʥʝ. ʆʚʦ ʟʘ ʧʦʩʣʝʜʠʮʫ ʠʤʘ ʤʦʛʫ˂ʥʦʩʪ ʩʤʘˁʝˁʘ ʜʠʤʝʥʟʠʿʘ ʢʦʤʧʦʥʝʥʘʪʘ ʠ ʜʦ ʜʝʩʝʪ ʧʫʪʘ. ɮiʉ 

ʧʦʜʨʞʘʚʘ ʟʘ ʜʚʘ ʨʝʜʘ ʚʝʣʠʯʠʥʝ ʚʝ˂ʫ ʢʦʥʮʝʥʪʨʘʮʠʿʫ ʜʦʧʘʥʘʪʘ ʫ ʦʜʥʦʩʫ ʥʘ ʩʠʣʠʮʠʿʫʤ. ʂʘʢʦ ʩʝ 

ʧʨʦʮʝʩʦʤ ʜʦʧʠʨʘˁʘ ʧʦʣʫʧʨʦʚʦʜʥʠʢʘ ʤʦʜʫʣʠʰʫ ˁʝʛʦʚʘ ʝʣʝʢʪʨʠʯʥʘ ʩʚʦʿʩʪʚʘ, ɮiʉ ʦʤʦʛʫ˂ʘʚʘ 

ʚʝ˂ʠ ʩʪʝʧʝʥ ʩʣʦʙʦʜʝ ʫ ʧʨʦʮʝʩʫ ʧʨʦʿʝʢʪʦʚʘˁʘ ʠ ʠʟʨʘʜʝ ʧʦʣʫʧʨʦʚʦʜʥʠʯʢʠʭ ʢʦʤʧʦʥʝʥʘʪʘ. ʅʘ 

ʩʦʙʥʦʿ ʪʝʤʧʝʨʘʪʫʨʠ, ʪʦʧʣʦʪʥʘ ʧʨʦʚʦʜˀʠʚʦʩʪ SiC-ʘ ʿʝ ʠʟʫʟʝʪʥʦ ʚʠʩʦʢʘ, ʚʝ˂ʘ ʯʘʢ ʠ ʦʜ ʙʘʢʨʘ [80]. 

ʊʘʢʦʹʝ, ʤʘʢʩʠʤʘʣʥʘ ʨʘʜʥʘ ʪʝʤʧʝʨʘʪʫʨʘ ɮiʉ ʢʦʤʧʦʥʝʥʪʠ ʿʝ ʟʥʘʪʥʦ ʚʝ˂ʘ ʫ ʦʜʥʦʩʫ ʥʘ 

ʩʠʣʠʮʠʿʫʤʩʢʝ ʢʦʤʧʦʥʝʥʪʝ. 
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 ʋ ʮʠˀʫ ʧʦʚʝ˂ʘˁʘ ʝʬʠʢʘʩʥʦʩʪʠ ʨʘʜʘ ʥʫʢʣʝʘʨʥʠʭ ʨʝʘʢʪʦʨʘ ʧʦʪʨʝʙʥʠ ʩʫ ʥʦʚʠ ʤʘʪʝʨʠʿʘʣʠ 

ʢʦʿʠ ˂ʝ ʦʤʦʛʫ˂ʠʪʠ ʨʘʜ ʥʘ ʚʠʰʠʤ ʪʝʤʧʝʨʘʪʫʨʘʤʘ ʠ ʧʨʠ ʪʦʤʝ ʧʦʩʝʜʦʚʘʪʠ ʚʠʩʦʢʫ ʨʘʜʠʿʘʮʠʦʥʫ 

ʦʪʧʦʨʥʦʩʪ. ʋʩʣʝʜ ʧʦʚʠʰʝʥʝ ʨʘʜʠʿʘʮʠʦʥʝ ʦʪʧʦʨʥʦʩʪʠ, ʦʜʣʠʯʥʝ ʪʦʧʣʦʪʥʝ ʧʨʦʚʦʜˀʠʚʦʩʪʠ ʠ 

ʥʠʩʢʦʛ ʝʬʠʢʘʩʥʦʛ ʧʨʝʩʝʢʘ ʟʘ ʟʘʭʚʘʪ ʥʝʫʪʨʦʥʘ ʦʪʚʘʨʘʿʫ ʩʝ ʤʦʛʫ˂ʥʦʩʪʠ ʰʠʨʦʢʝ ʧʨʠʤʝʥʝ SiC-ʘ ʫ 

ʩʘʚʨʝʤʝʥʦʿ ʥʫʢʣʝʘʨʥʦʿ ʠʥʜʫʩʪʨʠʿʠ. SiC ʩʝ ʠʥʪʝʥʟʠʚʥʦ ʠʩʧʠʪʫʿʝ ʢʘʦ ʤʘʪʝʨʠʿʘʣ ʢʘʢʦ ʟʘ ʬʫʟʠʦʥʝ 

ʪʘʢʦ ʠ ʟʘ ʬʠʩʠʦʥe ʥʫʢʣʝʘʨʥʝ ʨʝʘʢʪʦʨe [2]. ʉʣʠʯʥʦ, ʟʘ ʥʘʫʯʥʦ ʠʩʪʨʘʞʠʚʘˁʝ ʧʣʘʥʝʪʘʨʥʠʭ ʪʝʣʘ 

ʠ ʩʚʝʤʠʨʘ ʛʝʥʝʨʘʣʥʦ, ʟʘʭʪʝʚʠ ʩʫ ʩʣʠʯʥʠ ʢʘʦ ʠ ʟʘ ʤʘʪʝʨʠʿʘʣʝ ʢʦʿʠ ʫʣʘʟʝ ʫ ʩʘʩʪʘʚ ʥʫʢʣʝʘʨʥʠʭ 

ʨʝʘʢʪʦʨʘ. ʀʩʪʨʘʞʠʚʘˁʝ ʂʠʤʘ (H. K. Kim) ʠ ʩʘʨʘʜʥʠʢʘ ʧʦʢʘʟʫʿʝ ʜʘ ʙʠ ʥʘʥʦ-ʪʨʘʥʟʠʩʪʦʨʠ 

ʧʨʦʠʟʚʝʜʝʥʠ ʥʘ ʧʣʦʯʠʮʘʤʘ ʦʜ ʩʠʣʠʮʠʿʫʤ-ʢʘʨʙʠʜʘ ʤʦʛʣʠ ʜʘ ʦʙʝʟʙʝʜʝ ʝʣʝʢʪʨʦʥʠʢʫ ʦʪʧʦʨʥʫ ʥʘ 

ʟʨʘʯʝˁʝ ʟʘ ʧʨʠʤʝʥʫ ʫ ʙʫʜʫ˂ʠʤ ʩʚʝʤʠʨʩʢʠʤ ʣʝʪʝʣʠʮʘʤʘ [91]. ɼʦʜʘʪʥʠ ʟʘʭʪʝʚ ʤʦʞʝ ʙʠʪʠ ʪʝʞʠʥʘ 

ʤʘʪʝʨʠʿʘʣʘ. ʋʧʦʪʨʝʙʦʤ SiC ʠʥʩʪʨʫʤʝʥʘʪʘ ʤʦʛʫ˂ʝ ʿʝ ʨʝʜʫʢʦʚʘʪʠ ʮʝʥʫ, ʩʤʘˁʠʪʠ ʪʝʞʠʥʫ ʠ ʩʘʤʠʤ 

ʪʠʤ ʜʦʙʠʪʠ ʢʦʤʧʘʢʪʥʠʿʝ ʫʨʝʹʘʿʝ ʢʦʿʠ ʤʦʛʫ ʥʘ˂ʠ ʧʨʠʤʝʥʫ ʠ ʫ ʤʘˁʠʤ ʠʩʪʨʘʞʠʚʘʯʢʠʤ ʧʨʦʙʘʤʘ 

[4]. 

2.4. ɸʤʦʨʬʠʟʘʮʠʿʘ ʢʘʦ ʧʦʩʣʝʜʠʮʘ ʿʦʥʩʢʝ ʠʤʧʣʘʥʪʘʮʠʿʝ 

 ʊʦʢʦʤ ʧʨʦʮʝʩʘ ʿʦʥʩʢʝ ʠʤʧʣʘʥʪʘʮʠʿʝ, ʙʠʣʦ ʮʠˀʘʥʦ ʠʣʠ ʢʘʦ ʥʫʩʧʨʦʠʟʚʦʜ ʧʨʦʮʝʩʘ 

ʜʦʧʠʨʘˁʘ (ʫ ʩʣʫʯʘʿʫ ʧʦʣʫʧʨʦʚʦʜʥʠʢʘ) ʜʦʣʘʟʠ ʜʦ ʥʘʩʪʘʥʢʘ ʜʝʬʝʢʘʪʘ ʫʥʫʪʘʨ ʤʝʪʝ [8, 92, 93, 95, 

96]. ʅʘʠʤʝ, ʠʤʧʣʘʥʪʠʨʘʥʠ ʿʦʥʠ ʩʝ ʢʨʝ˂ʫ ʢʨʦʟ ʢʨʠʩʪʘʣʥʫ ʨʝʰʝʪʢʫ ʠ ʛʫʙʝ ʝʥʝʨʛʠʿʫ ʫ ʥʠʟʫ ʩʫʜʘʨʘ 

ʩʘ ʘʪʦʤʠʤʘ ʤʝʪʝ. ʊʨʘʥʩʬʝʨ ʢʠʥʝʪʠʯʢʝ ʝʥʝʨʛʠʿʝ ʩʘ ʿʦʥʘ ʥʘ ʿʝʟʛʨʘ ʤʝʪʝ ʦʜʚʠʿʘ ʩʝ ʧʫʪʝʤ 

ʝʣʘʩʪʠʯʥʠʭ ʩʫʜʘʨʘ ʜʦʚʦʜʝ˂ʠ ʜʦ ʩʝʨʠʿʝ ʘʪʦʤʩʢʠʭ ʧʦʤʝʨʘʿʘ ʠ ʥʘʩʪʘʥʢʘ ʨʘʟʣʠʯʠʪʠʭ ʜʝʬʝʢʘʪʘ. 

ʆʩʪʘʪʘʢ ʝʥʝʨʛʠʿʝ ʿʦʥʘ ʧʨʝʜʘʿʝ ʩʝ ʧʫʪʝʤ ʥʝʝʣʘʩʪʠʯʥʠʭ ʩʫʜʘʨʘ ʩʘ ʝʣʝʢʪʨʦʥʠʤʘ ʤʝʪʝ ʥʘʢʦʥ ʯʝʛʘ 

ʜʦʣʘʟʠ ʜʦ ʩʪʚʘʨʘˁʘ ʢʘʩʢʘʜʝ ʝʣʝʢʪʨʦʥ-ʝʣʝʢʪʨʦʥ ʪʨʘʥʩʬʝʨʘ ʝʥʝʨʛʠʿʝ. ʅʘʿʚʝ˂ʠ ʜʝʦ ʝʥʝʨʛʠʿʝ 

ʝʣʝʢʪʨʦʥʠ ʤʝʪʝ ʧʨʝʜʘʿʫ ʢʨʠʩʪʘʣʥʦʿ ʨʝʰʝʪʢʠ ʝʣʝʢʪʨʦʥ-ʬʦʥʦʥʩʢʠʤ ʢʫʧʣʦʚʘˁʝʤ [97]. 

 
 

ʉʣʠʢʘ 8. ʈʘʟʣʠʯʠʪʠ ʪʠʧʦʚʠ ʜʝʬʝʢʘʪʘ ʥʘʩʪʘʣʠ ʢʘʦ ʧʦʩʣʝʜʠʮʘ ʧʨʦʮʝʩʘ ʠʤʧʣʘʥʪʘʮʠʿʝ ʿʦʥʘ:  

ʘ) ʚʘʢʘʥʮʠʿʘ, ʙ) ʠʥʪʝʨʩʪʠʮʠʿʘ, ʚ) ʜʠʚʘʢʘʥʮʠʿʘ, ʛ) ʠʥʪʝʨʩʪʠʮʠʿʘ-ʥʝʯʠʩʪʦ˂ʘ, ʜ) ʩʫʧʩʪʠʪʫʮʠʿʘ-

ʥʝʯʠʩʪʦ˂ʘ, ʹ) ʠʥʪʝʨʩʪʠʮʠʿʘʣʥʦʩʪ, ʝ) ʥʝʯʠʩʪʦ˂ʘ-ʚʘʢʘʥʮʠʿʘ ʧʘʨ,  

ʞ) ʠʥʪʝʨʩʪʠʮʠʿʘʣʥʦʩʪ-ʥʝʯʠʩʪʦ˂ʘ. 

 ʅʘ ʩʣʠʮʠ 8 ʧʨʠʢʘʟʘʥ ʿʝ ʰʝʤʘʪʩʢʠ ʧʨʠʢʘʟ ʨʘʟʣʠʯʠʪʠʭ ʪʠʧʦʚʘ ʜʝʬʝʢʘʪʘ ʢʦʿʠ ʤʦʛʫ ʥʘʩʪʘʪʠ 

ʧʨʠʣʠʢʦʤ ʧʨʦʮʝʩʘ ʠʤʧʣʘʥʪʘʮʠʿʝ. ʈʘʟʤʦʪʨʠʤʦ ʩʣʫʯʘʿ ʠʤʧʣʘʥʪʘʮʠʿʝ ʿʦʥʘ ʘʪʦʤʩʢʦʛ ʙʨʦʿʘ Z1 ʠ 

ʝʥʝʨʛʠʿʝ ɽ ʫ ʤʦʥʦʘʪʦʤʩʢʫ ʤʝʪʫ ʠʟʛʨʘʹʝʥʫ ʦʜ ʘʪʦʤʘ ʘʪʦʤʩʢʦʛ ʙʨʦʿʘ Z2. ʅʘʩʪʘʿʘˁʝ ʨʘʟʣʠʯʠʪʠʭ 

ʜʝʬʝʢʘʪʘ ʤʦʞʝ ʩʝ ʦʙʿʘʩʥʠʪʠ ʂʠʥʯʠʥïʇʠʩʦʚʠʤ (Kinchin-Pease) ʤʦʜʝʣʦʤ [98]. ʇʨʠ ʩʫʜʘʨʫ ʿʦʥʘ 

ʩʘ ʘʪʦʤʦʤ ʤʝʪʝ ʤʦʛʫ˂ʝ ʿʝ ʥʝʢʦʣʠʢʦ ʠʩʭʦʜʘ ʰʪʦ ʟʘʚʠʩʠ ʦʜ ʢʦʣʠʯʠʥʝ ʝʥʝʨʛʠʿʝ ʿʦʥʘ ʧʨʝʜʘʪʝ 

ʩʫʜʘʨʥʦʤ ʧʘʨʫ. ʋʢʦʣʠʢʦ ʩʫ ʥʘʢʦʥ ʩʫʜʘʨʘ ʝʥʝʨʛʠʿʝ ʿʦʥʘ (ɽ1) ʠ ʘʪʦʤʘ (ɽ2) ʚʝ˂ʝ ʦʜ ʝʥʝʨʛʠʿʝ 

ʧʦʪʨʝʙʥʝ ʟʘ ʠʟʤʝʰʪʘˁʝ ʘʪʦʤʘ ʠʟ ʩʚʦʛ ʤʝʩʪʘ ʫ ʢʨʠʩʪʘʣʥʦʿ ʨʝʰʝʪʢʠ (ʝʥʛʣ. atomic displacement 
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energy, ɽdisp) ʜʦ˂ʠ ˂ʝ ʜʦ ʥʘʩʪʘʥʢʘ ʜʝʬʝʢʘʪʘ ʪʠʧʘ ʚʘʢʘʥʮʠʿʝ. ɽʥʝʨʛʠʿʘ ɽdisp ʿʝ ʚʝ˂ʘ ʦʜ ʚʝʟʠʚʥʝ 

ʝʥʝʨʛʠʿʝ ʨʝʰʝʪʢʝ (ʤʠʥʠʤʫʤ ʝʥʝʨʛʠʿʝ ʧʦʪʨʝʙʥʝ ʟʘ ʫʢʣʘˁʘˁʝ ʘʪʦʤʘ ʠʟ ʤʝʩʪʘ ʫ ʨʝʰʝʪʢʠ) ʿʝʨ 

ʧʦʜʨʘʟʫʤʝʚʘ ʧʦʤʝʨʘˁʝ ʠʟʤʝʰʪʝʥʦʛ ʘʪʦʤʘ ʜʦʚʦˀʥʦ ʜʘʣʝʢʦ ʦʜ ʚʘʢʘʥʮʠʿʝ ʢʘʢʦ ʥʝ ʙʠ ʜʦʰʣʦ ʜʦ 

ʨʝʚʝʨʟʥʦʛ ʧʨʦʮʝʩʘ. ɱʦʥ ʠ ʠʟʙʠʿʝʥʠ ʘʪʦʤ ʥʘʩʪʘʚʠ˂ʝ ʢʨʝʪʘˁʝ ʠ ʫ˂ʠ ˂ʝ ʫ ʠʥʪʝʨʘʢʮʠʿʫ ʩʘ ʥʦʚʠʤ 

ʘʪʦʤʠʤʘ ʤʝʪʝ. ʋʢʦʣʠʢʦ ʿʝ ʧʘʢ ɽ2 < ɽdisp, ʝʥʝʨʛʠʿʘ ɽ2 ʙʠ˂ʝ ʦʩʣʦʙʦʹʝʥʘ ʫ ʚʠʜʫ ʬʦʥʦʥʘ ʠ ʥʝ˂ʝ ʜʦ˂ʠ 

ʜʦ ʩʪʚʘʨʘˁʘ ʚʘʢʘʥʮʠʿʝ. ʄʝʹʫʪʠʤ, ʫʢʦʣʠʢʦ ʿʝ ɽ2 > ɽdisp ʠ ɽ1 < ɽdisp, ʿʦʥ ˂ʝ ʠʟʙʠʪʠ ʘʪʦʤ Z2 ʠ ʦʩʪʘʪʠ 

ʟʘʨʦʙˀʝʥ ʥʘ ˁʝʛʦʚʦʤ ʤʝʩʪʫ ʫ ʨʝʰʝʪʢʠ (ʩʫʧʩʪʠʪʫʮʠʿʘ). ɽʥʝʨʛʠʿʘ ʿʦʥʘ ɽ1 ʙʠ˂ʝ ʦʩʣʦʙʦʹʝʥʘ ʫ ʚʠʜʫ 

ʬʦʥʦʥʘ. ʋ ʩʧʝʮʠʿʘʣʥʦʤ ʩʣʫʯʘʿʫ ʢʘʜʘ ʿʝ Z1 = Z2, ʦʚʘʿ ʩʫʜʘʨ ʩʝ ʥʘʟʠʚʘ ʩʫʜʘʨ ʟʘʤʝʥʝ (ʝʥʛʣ. 

replacement collision). ʇʦʩʣʝʜˁʠ ʩʣʫʯʘʿ, ʢʘʜʘ ʿʝ ɽ2 < ɽdisp ʠ ɽ1 < ɽdisp, ʦʜʥʦʩʠ ʩʝ ʥʘ ʩʪʚʘʨʘˁʘ 

ʠʥʪʝʨʩʪʠʮʠʿʘʣʥʠʭ ʜʝʬʝʢʘʪʘ. ʏʝʩʪʦ ʩʝ ʫ ʧʨʦʮʝʩʫ ʠʤʧʣʘʥʪʘʮʠʿʝ ʢʦʨʠʩʪʝ ʿʦʥʠ ʢʦʿʠ ʩʝ ʨʘʟʣʠʢʫʿʫ 

ʦʜ ʢʦʥʩʪʠʪʫʝʥʘʪʘ ʢʨʠʩʪʘʣʘ, ʧʘ ʩʝ ʟʘ ʠʥʪʝʨʩʪʠʮʠʿʝ ʠ ʩʫʧʩʪʠʪʫʮʠʿʝ ʜʦʜʘʿʝ ʪʝʨʤʠʥ ʥʝʯʠʩʪʦ˂ʘ 

(ʝʥʛʣ. impurity). ʇʨʠ ʧʨʦʮʝʩʫ ʜʦʧʠʨʘˁʘ ʥʝʯʠʩʪʦ˂ʝ ʩʝ ʥʘʟʠʚʘʿʫ ʠ ʜʦʧʘʥʪʠ. 

 ʇʦʨʝʜ ʥʘʚʝʜʝʥʠʭ ʪʠʧʦʚʘ ʜʝʬʝʢʘʪʘ ʢʦʿʠ ʩʝ ʥʘʟʠʚʘʿʫ ʠ ʪʘʯʢʘʩʪʠ ʜʝʬʝʢʪʠ ʜʦʣʘʟʠ ʜʦ 

ʬʦʨʤʠʨʘˁʘ ʩʣʦʞʝʥʠʿʠʭ ʢʦʥʬʠʛʫʨʘʮʠʿʘ ʢʘʦ ʰʪʦ ʩʫ ʜʠʚʘʢʘʥʮʠʿʝ, ʥʝʯʠʩʪʦ˂ʘ-ʚʘʢʘʥʮʠʿʘ ʧʘʨ ʠ 

ʥʝʯʠʩʪʦ˂ʘ-ʠʥʪʝʨʩʪʠʮʠʿʘ ʧʘʨ (ʩʣʠʢʘ 8). ʋʢʦʣʠʢʦ ʩʝ ʜʚʘ ʘʪʦʤʘ ʥʘʹʫ ʫ ʥʝʩʫʧʩʪʫʪʫʮʠʦʥʠʤ 

ʤʝʩʪʠʤʘ ʢʦʥʬʠʛʫʨʠʰʫ˂ʠ ʦʢʦ ʘʪʦʤʩʢʝ ʧʦʟʠʮʠʿʝ ʫ ʨʝʰʝʪʢʠ, ʪʘʢʘʚ ʪʠʧ ʜʝʬʝʢʪʘ ʥʘʟʠʚʘ ʩʝ 

ʠʥʪʝʨʩʪʠʮʠʿʘʣʥʦʩʪ (ʝʥʛʣ. interstitialcy) [99]. 

ʇʨʦʮʝʩ ʪʨʘʥʩʬʦʨʤʘʮʠʿʝ ʢʨʠʩʪʘʣʥʝ ʨʝʰʝʪʢʝ ʠʟ ʩʪʘˁʘ ʚʝ˂ʝ ʫ ʩʪʘˁʝ ʤʘˁʝ ʫʨʝʹʝʥʦʩʪʠ 

ʥʘʟʠʚʘ ʩʝ ʘʤʦʨʬʠʟʘʮʠʿʘ. ʇʦʩʪʝʧʝʥʦʤ ʘʢʫʤʫʣʘʮʠʿʦʤ ʜʝʬʝʢʘʪʘ ʪʦʢʦʤ ʧʨʦʮʝʩʘ ʠʤʧʣʘʥʪʘʮʠʿʝ ʿʦʥʘ 

ʜʦʣʘʟʠ ʜʦ ʥʘʩʪʘʥʢʘ ʘʤʦʨʬʥʠʭ ʟʦʥʘ ʢʦʿʝ ʩʝ ʟʘʪʠʤ ʧʨʝʢʣʘʧʘʿʫ ʠ ʧʨʝʣʘʟʝ ʫ ʘʤʦʨʬʥʠ ʩʣʦʿ. 

ɸʤʦʨʬʥʝ ʩʪʨʫʢʪʫʨʝ ʩʝ ʨʘʟʣʠʢʫʿʫ ʦʜ ʢʨʠʩʪʘʣʥʭ ʧʦ ʪʦʤʝ ʰʪʦ ʥʝʤʘʿʫ ʫʨʝʹʝˁʝ ʜʫʛʦʛ ʜʦʤʝʪʘ ʥʠ 

ʧʝʨʠʦʜʠʯʥʦʩʪ (ʩʣʠʢʘ 9). ɸʤʦʨʬʥʠ ʩʣʦʿ ʩʝ ʤʦʞʝ ʦʧʠʩʘʪʠ ʢʘʦ ʢʦʥʪʠʥʫʘʣʥʘ ʤʨʝʞʘ ʥʘʩʫʤʠʯʥʦ 

ʨʘʩʧʦʨʝʹʝʥʠʭ ʘʪʦʤʘ. ʂʘʢʦ ʩʚʘʢʘ ʧʨʦʤʝʥʘ ʩʪʨʫʢʪʫʨʝ ʫʟʨʦʢʫʿʝ ʧʨʦʤʝʥʫ ʫ ʬʠʟʠʯʢʦʭʝʤʠʿʩʢʠʤ 

ʩʚʦʿʩʪʚʠʤʘ, ʚʘʞʥʦ ʿʝ ʨʘʟʫʤʝʪʠ ʦʜʟʠʚ ʤʘʪʝʨʠʿʘʣʘ ʥʘ ʧʨʦʮʝʩ ʠʥʪʝʨʘʢʮʠʿʝ ʩʘ ʿʦʥʠʤʘ. 

 
 

ʉʣʠʢʘ 9. ʀʣʫʩʪʨʘʮʠʿʘ ʩʪʨʫʢʪʫʨʝ ʘ) ʢʨʠʩʪʘʣʥʦʛ ʠ ʙ) ʘʤʦʨʬʥʦʛ ʩʣʦʿʘ 6ʅ-ɮiʉ. 

ʇʨʠʩʫʩʪʚʦ ʘʤʦʨʬʥʝ ʬʘʟʝ ʫ ʢʨʠʩʪʘʣʠʤʘ ʜʦʚʦʜʠ ʜʦ ʧʨʦʤʝʥʝ ˁʠʭʦʚʠʭ ʩʚʦʿʩʪʘʚʘ ʧʦʧʫʪ: 

ʪʦʧʣʦʪʥʝ ʧʨʦʚʦʜʥʦʩʪʠ [100], ʘʧʩʦʨʧʪʠʚʥʦʩʪʠ ʩʚʝʪʣʦʩʪʠ [101], ʯʚʨʩʪʦ˂ʝ [102], ʝʣʝʢʪʨʠʯʥʠʭ 

ʩʚʦʿʩʪʘʚʘ [32] ʠ ʠʥʜʝʢʩʘ ʧʨʝʣʘʤʘˁʘ ʩʚʝʪʣʦʩʪʠ [33]. Aʤʦʨʬʠʟʘʮʠʿʘ ʤʦʞʝ ʙʠʪʠ ʧʦʞʝˀʥʘ 

(ʥʘʤʝʨʥʦ ʠʥʜʫʢʦʚʘʥʘ) ʠʣʠ ʥʝʧʦʞʝˀʥʘ. ʋ ʧʦʣʫʧʨʦʚʦʜʥʠʯʢʦʿ ʠʥʜʫʩʪʨʠʿʠ, ʫʚʦʹʝˁʝʤ ʘʤʦʨʬʥʠʭ 

ʩʣʦʿʝʚʘ ʧʦʩʪʠʞʝ ʩʝ ʙʦˀʝ ʢʦʥʬʠʥʠʨʘˁʝ ʥʦʩʠʣʘʮʘ ʥʘʝʣʝʢʪʨʠʩʘˁʘ ʙʣʠʞʝ ʧʦʚʨʰʠʥʠ 

ʧʦʣʫʧʨʦʚʦʜʥʠʢʘ, ʰʪʦ ʦʤʦʛʫ˂ʘʚʘ ʫʚʝ˂ʘˁʝ ʙʨʟʠʥʝ ʠʥʪʝʛʨʠʩʘʥʠʭ ʢʦʣʘ, ʜʦʢ ʩʤʘˁʝˁʝ ʜʠʤʝʥʟʠʿʘ 

ʧʦʙʦˀʰʘʚʘ ˁʠʭʦʚʫ ʤʠʥʠʿʘʪʫʨʠʟʘʮʠʿʫ [32, 103, 104]. ʄʝʹʫʪʠʤ, ʫ ʚʝ˂ʝʤ ʙʨʦʿʫ ʩʣʫʯʘʿʝʚʘ 

ʧʦʞʝˀʥʦ ʿʝ ʠʟʙʝ˂ʠ ʘʤʦʨʬʠʟʘʮʠʿʫ ʧʦʣʫʧʨʦʚʦʜʥʠʢʘ, ʠ ʪʦ ʥʘʿʯʝʰ˂ʝ ʧʨʠ ʧʨʦʮʝʩʫ ˁʠʭʦʚʦʛ 

ʜʦʧʠʨʘˁʘ [8]. ɸʤʦʨʬʥʠ ʩʣʦʿʝʚʠ ʩʝ ʫ ʧʦʣʫʧʨʦʚʦʜʥʠʮʠʤʘ ʤʦʛʫ ʩʪʚʦʨʠʪʠ ʥʘ ʚʠʰʝ ʥʘʯʠʥʘ ʢʘʦ 

ʰʪʦ ʩʫ: ʤʝʪʦʜʘ ʧʨʠʪʠʩʢʦʤ ʠʥʜʫʢʦʚʘʥʝ ʘʤʦʨʬʠʟʘʮʠʿʝ [105], ʜʝʧʦʟʠʮʠʿa ʤʘʪʝʨʠʿʘʣa [106], 

ʤʝʪʦʜʘ ʙʨʟʦʛ ʭʣʘʹʝˁʘ (ʝʥʛʣ. quenching) [107], ʠʪʜ. 
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ɿʘ ʠʟʨʘʞʘʚʘˁʝ ʩʪʝʧʝʥʘ ʘʤʦʨʬʠʟʘʮʠʿʝ ʩʪʨʫʢʪʫʨʝ ʯʝʩʪʦ ʩʝ ʢʦʨʠʩʪʠ ʙʨʦʿ ʧʦʤʝʨʘʿʘ ʧʦ 

ʘʪʦʤʫ (ʝʥʛʣ. displacements per atom ï dpa), ʿʝʜʠʥʠʮʘ ʠʟʣʦʞʝʥʦʩʪʠ ʤʘʪʝʨʠʿʘʣʘ ʿʦʥʩʢʦʤ ʟʨʘʯʝˁʫ. 

ɺʨʝʜʥʦʩʪ dpa ʿ ʝ ʜʝʬʠʥʠʩʘʥʘ ʢʘʦ ʧʨʦʩʝʯʘʥ ʙʨʦʿ ʧʦʤʝʨʘʿʘ ʧʦ ʘʪʦʤʫ ʫ ʤʝʪʠ (ʩʨʝʜˁʠ ʙʨʦʿ ʧʦʤʝʨʘʿʘ 

ʘʪʦʤʘ ʩʘ ʩʚʦʛ ʤʝʩʪʘ ʫ ʨʝʰʝʪʢʠ) ʢʦʿʠ ʥʘʩʪʘʿʝ ʜʘʪʠʤ ʬʣʫʝʥʩʦʤ ʟʨʘʯʝˁʘ. ʀʟʨʘʯʫʥʘʚʘˁʝ dpa ʧʦ 

ʜʫʙʠʥʠ ʫʟʦʨʢʘ ʿʝ ʩʣʦʞʝʥ ʧʨʦʙʣʝʤ ʢʦʿʠ ʩʝ ʫʛʣʘʚʥʦʤ ʨʝʰʘʚʘ ʧʨʠʤʝʥʦʤ ʄʦʥʪʝ ʂʘʨʣʦ ʩʦʬʪʚʝʨʘ 

ʟʘ ʤʦʜʝʣʦʚʘˁʝ [108]. 

2.4.1. ɸʤʦʨʬʠʟʘʮʠʿʘ 6H-Siʉ 

 ɹʨʦʿʥʠ ʝʢʩʧʝʨʠʤʝʥʪʠ ʠ ʪʝʦʨʠʿʩʢʠ ʧʨʦʨʘʯʫʥʠ ʦʩʤʠʰˀʝʥʠ ʩʫ ʫ ʮʠˀʫ ʙʦˀʝʛ ʨʘʟʫʤʝʚʘˁʘ 

ʤʝʭʘʥʠʟʤʘ ʠʥʪʝʨʘʢʮʠʿʝ ʿʦʥʘ ʩʘ ʤʘʪʝʨʠʿʘʣʠʤʘ ʢʦʿʠ ʜʦʚʦʜʠ ʜʦ ʧʨʝʣʘʟʘ ʢʨʠʩʪʘʣʥʝ ʫ ʘʤʦʨʬʥʫ 

ʬʘʟʫ. ɷʝʥʪʠʣʩ (A. Gentils) ʠ ʩʘʨʘʜʥʠʮʠ ʠʩʧʠʪʠʚʘʣʠ ʩʫ ʫʪʠʮʘʿ ʝʥʝʨʛʠʿʝ ʿʦʥʘ ʥʘ ʘʤʦʨʬʠʟʘʮʠʿʫ 

ʠʟʘʟʚʘʥʫ ʠʤʧʣʘʥʪʘʮʠʿʦʤ ʿʦʥʘ ʟʣʘʪʘ ʝʥʝʨʛʠʿʘ 4 ʄʝV ʠ 20 ʄʝV ʫ 6ʅ-ɮiʉ [109]. ʅʘ ʦʩʥʦʚʫ 

ʨʘʟʫʣʪʘʪʘ ʟʘʢˀʫʯʝʥʦ ʿʝ ʜʘ ʿʦʥʠ ʚʠʰʠʭ ʝʥʝʨʛʠʿʘ ʧʨʦʠʟʚʦʜʝ ʤʘˁʫ ʢʦʣʠʯʠʥʫ ʜʝʬʝʢʘʪʘ ʫ 

ʧʦʚʨʰʠʥʩʢʦʤ ʨʝʛʠʦʥʫ (ʜʦ ʦʢʦ 1 ɛm) ʟʘ ʠʩʪʠ ʠʤʧʣʘʥʪʠʨʘʥʠ ʬʣʫʝʥʩ, ʰʪʦ ʿʝ ʧʦʩʣʝʜʠʮʘ 

ʨʘʟʣʠʯʠʪʠʭ ʥʫʢʣʝʘʨʥʠʭ ʠ ʝʣʝʢʪʨʦʥʩʢʠʭ ʜʦʧʨʠʥʦʩʘ ʝʥʝʨʛʠʿʩʢʦʤ ʛʫʙʠʪʢʫ ʿʦʥʘ. ʅʘʠʤʝ, 

ʥʫʢʣʝʘʨʥʠ ʝʥʝʨʛʠʿʩʢʠ ʛʫʙʠʮʠ ʜʦʤʠʥʠʨʘʿʫ ʧʨʠ ʥʠʩʢʠʤ ʝʥʝʨʛʠʿʘʤʘ ʿʦʥʘ (ʟʘʫʩʪʘʚʥʦʤ ʜʝʣʫ 

ʧʫʪʘˁʝ), ʜʦʢ ʝʣʝʢʪʨʦʥʩʢʠ ʛʫʙʠʮʠ ʜʦʤʠʥʠʨʘʿʫ ʧʨʠ ʚʠʰʠʤ ʝʥʝʨʛʠʿʘʤʘ. ʇʦʩʣʝʜʠʯʥʦ, 

ʘʤʦʨʬʠʟʘʮʠʿʘ ʢʨʠʩʪʘʣʘ ʧʨʦʫʟʨʦʢʦʚʘʥʘ ʧʨʦʮʝʩʦʤ ʠʤʧʣʘʥʪʘʮʠʿʝ ʿʦʥʘ ʿʝ ʥʘʿʠʟʨʘʞʝʥʠʿʘ ʫ 

ʟʘʫʩʪʘʚʥʦʤ ʜʝʣʫ ʧʫʪʘˁʝ ʿʦʥʘ, ʢʘʜʘ ʥʫʢʣʝʘʨʥʠ ʛʫʙʠʮʠ ʝʥʝʨʛʠʿʝ ʜʦʣʘʟʝ ʜʦ ʠʟʨʘʞʘʿʘ. ʉʭʦʜʥʦ 

ʪʦʤʝ, ʿʦʥʠ ʝʥʝʨʛʠʿʝ 4 ʄʝV ʧʨʦʜʠʨʫ ʧʣʠ˂ʝ (ʿʦʥʩʢʠ ʜʦʤʝʪ ʦʢʦ 0,5 ɛm) ʠ ʛʫʙʝ ʩʚʦʿʫ ʝʥʝʨʛʠʿʫ ʢʨʦʟ 

ʥʫʢʣʝʘʨʥʝ ʩʫʜʘʨʝ ʨʘʥʠʿʝ ʥʝʛʦ ʿʦʥʠ ʝʥʝʨʛʠʿʝ 20 ʄʝV (ʿʦʥʩʢʠ ʜʦʤʝʪ ʦʢʦ 3 ɛm). ʉʣʠʯʥʦ ʿʝ 

ʟʘʧʘʞʝʥʦ ʫ ʩʪʫʜʠʿʠ ʠʤʧʣʘʥʪʘʮʠʿʝ 6ʅ-ɮiʉ ʢʨʠʩʪʘʣʘ ʿʦʥʠʤʘ ʚʦʣʬʨʘʤʘ ʝʥʝʨʛʠʿʝ 36 ʄʝV ʠ ʿʦʥʠʤʘ 

ʿʦʜʘ ʝʥʝʨʛʠʿʝ 900 keV [110]. ʇʨʠ ʠʥʪʝʨʘʢʮʠʿʠ ʿʦʥʘ ʿʦʜʘ ʩʘ ɮiʉ ʢʨʠʩʪʘʣʦʤ ʜʦʣʘʟʠ ʜʦ 

ʘʤʦʨʬʠʟʘʮʠʿʝ ʧʦʚʨʰʠʥʩʢʦʛ ʩʣʦʿʘ, ʜʦʢ ʫ ʩʣʫʯʘʿʫ ʠʤʧʣʘʥʪʘʮʠʿʝ ʿʦʥʘ ʚʦʣʬʨʘʤʘ ʧʦʚʨʰʠʥʩʢʠ ʩʣʦʿ 

ʦʩʪʘʿʝ ʥʝʧʨʦʤʝˁʝʥ, ʜʦʢ ʩʝ ʘʤʦʨʬʠʟʘʮʠʿʘ ʿʘʚˀʘ ʥʘ ʢʨʠʩʪʘʣʥʠʤ ʜʫʙʠʥʘʤʘ ʢʦʿʝ ʦʜʛʦʚʘʨʘʿʫ 

ʜʦʤʝʪʫ ʿʦʥʘ (~4 ɛm), ʢʘʜʘ ʥʫʢʣʝʘʨʥʠ ʝʥʝʨʛʠʿʩʢʠ ʛʫʙʠʮʠ ʧʦʩʪʘʥʫ ʚʝ˂ʠ ʦʜ ʝʣʝʢʪʨʦʥʩʢʠʭ. 

ʂʦʣʠʯʠʥʘ ʘʤʦʨʬʠʟʘʮʠʿʝ ʠʥʜʫʢʦʚʘʥʘ ʠʤʧʣʘʥʪʘʮʠʿʦʤ ʿʦʥʘ ʟʘʚʠʩʠ ʦʜ ʜʦʟʝ ʦʜʥʦʩʥʦ 

ʬʣʫʝʥʩʘ ʠʤʧʣʘʥʪʠʨʘʥʠʭ ʿʦʥʘ. ʏʘʙʝʥ (N. Chaabane) ʠ ʩʘʨʘʜʥʠʮʠ ʩʫ ʠʤʧʣʘʥʪʠʨʘʣʠ ʿʦʥʝ 

ʫʛˀʝʥʠʢʘ ʝʥʝʨʛʠʿʝ 4 ʄʝV ʫ 6ʅ-ɮiʉ ʧʨʠ ʬʣʫʝʥʩʠʤʘ 1×1015 ʠ 1×1016 ʿʦʥʘĿʩmī2 ʧʨʠ ʩʣʫʯʘʿʥʦʿ 

ʦʨʠʿʝʥʪʘʮʠʿʠ ʢʨʠʩʪʘʣʘ [94]. ʅʘʢʦʥ ʠʤʧʣʘʥʪʘʮʠʿʝ ʥʠʞʠʤ ʬʣʫʝʥʩʦʤ, ʤʦʜʠʬʠʢʦʚʘʥʠ ʩʣʦʿ ʩʝ 

ʩʘʩʪʦʿʘʦ ʦʜ ʟʦʥʝ ʩʘ ʤʘˁʠʤ ʩʪʝʧʝʥʦʤ ʘʤʦʨʬʠʟʘʮʠʿʝ ʢʦʿʠ ʩʝ ʧʨʦʪʝʞʝ ʦʜ ʧʦʚʨʰʠʥʝ ʫʟʦʨʢʘ ʜʦ 

ʜʫʙʠʥʝ ʦʜ 1,5 ɛm, ʥʘʢʦʥ ʯʝʛʘ ʩʣʝʜʠ ʟʦʥʘ ʩʘ ʚʠʰʠʤ ʥʠʚʦʦʤ ʘʤʦʨʬʠʟʘʮʠʿʝ (ʜʦ 3 ɛm ʜʫʙʠʥʝ). 

ɸʤʦʨʬʠʟʘʮʠʿʘ ʢʨʠʩʪʘʣʥʝ ʨʝʰʝʪʢʝ ʧʨʠʧʠʩʘʥʘ ʿ ʝ ʢʣʘʩʪʝʨʠʤʘ ʜʝʬʝʢʘʪʘ ʤʘˁʠʭ ʜʠʤʝʥʟʠʿʘ, ʯʠʿʘ ʩʝ 

ʢʦʥʮʝʥʪʨʘʮʠʿʘ ʤʝˁʘ ʩʘ ʜʫʙʠʥʦʤ ʢʦʨʝʣʠʩʘʥʦ ʩʘ ʜʫʙʠʥʩʢʦʤ ʨʘʩʧʦʜʝʣʦʤ ʥʫʢʣʝʘʨʥʠʭ 

ʝʥʝʨʛʠʿʩʢʠʭ ʛʫʙʠʪʘʢʘ. ʇʨʠ ʚʝ˂ʝʤ ʬʣʫʝʥʩʫ ʦʜ 1×1016 ʿʦʥʘĿʩmī2 ʜʦʰʣʦ ʿʝ ʜʦ ʩʪʚʘʨʘˁʘ ʘʤʦʨʬʥʦʛ 

ʩʣʦʿʘ ʫ ʙʣʠʟʠʥʠ ʧʨʦʿʝʢʪʦʚʘʥʦʛ ʜʦʤʝʪʘ ʿʦʥʘ. ʅʘʠʤʝ, ʧʦʚʝ˂ʘˁʝʤ ʬʣʫʝʥʩʘ ʿʦʥʘ ʜʦʣʘʟʠ ʜʦ 

ʧʦʩʪʝʧʝʥʦʛ ʧʦʨʘʩʪʘ ʩʪʝʧʝʥʘ ʘʤʦʨʬʠʟʘʮʠʿʝ, ʨʝʟʫʣʪʠʨʘʿʫ˂ʠ ʧʦʪʧʫʥʦ ʘʤʦʨʬʠʟʦʚʘʥʠʤ 

ʤʘʪʝʨʠʿʘʣʦʤ. ʇʦʢʘʟʘʥʦ ʿʝ ʜʘ ʘʢʫʤʫʣʘʮʠʿʘ ʜʝʬʝʢʘʪʘ ʩʘ ʧʦʨʘʩʪʦʤ ʬʣʫʝʥʩʘ ʠʤʘ ʩʠʛʤʦʠʜʘʣʥʫ 

ʟʘʚʠʩʥʦʩʪ [109]. ʌʣʫʝʥʩ ʥʘʢʦʥ ʢʦʛʘ ʜʦʣʘʟʠ ʜʦ ʧʦʪʧʫʥʝ ʘʤʦʨʬʠʟʘʮʠʿʝ ʫʟʦʨʢʘ ʥʘʟʠʚʘ ʩʝ 

ʢʨʠʪʠʯʥʠʤ ʬʣʫʝʥʩʦʤ. ɼʦ ʩʣʠʯʥʠʭ ʟʘʢˀʫʯʘʢʘ ʜʦʰʣʠ ʩʫ ʃʠ (J. Li) ʠ ʩʘʨʘʜʥʠʮʠ ʠʩʧʠʪʫʿʫ˂ʠ 

ʧʨʦʮʝʩ ʘʤʦʨʬʠʟʘʮʠʿʝ ʠ ʪʝʩʪʠʨʘʿʫ˂ʠ ʪʚʨʜʦ˂ʫ 6ʅ-ɮiʉ ʢʨʠʩʪʘʣʘ ʠʤʧʣʘʥʪʠʨʘʥʦʛ ʿʦʥʠʤʘ ʢʩʝʥʦʥʘ 

ʝʥʝʨʛʠʿʝ 7 ʄʝV ʫ ʰʠʨʦʢʦʤ ʦʧʩʝʛʫ ʬʣʫʝʥʘʩʘ (7,4×1012 ʿʦʥʘĿʩmī2 ʜʦ 2.5×1015 ʿʦʥʘĿʩmī2) [111]. 

ʇʨʠ ʥʠʩʢʠʤ ʬʣʫʝʥʩʠʤʘ (ʜʦ 2,5×1013 ʿʦʥʘĿʩmī2) ʫ ʦʢʚʠʨʫ ʢʨʠʩʪʘʣʥʝ ʩʪʨʫʢʪʫʨʝ ʧʨʠʤʝ˂ʝʥʠ ʩʫ 

ʪʘʯʢʘʩʪʠ ʜʝʬʝʢʪʠ ʠ ˁʠʭʦʚʠ ʢʣʘʩʪʝʨʠ, ʜʦʢ ʘʤʦʨʬʥʘ ʬʘʟʘ ʥʠʿʝ ʟʘʧʘʞʝʥʘ. ʋ ʜʘʪʦʤ ʦʧʩʝʛʫ 

ʬʣʫʝʥʘʩʘ, ʩʘ ʧʦʚʝ˂ʘˁʝʤ ʬʣʫʝʥʩʘ ʜʦʣʘʟʠ ʜʦ ʧʦʨʘʩʪʘ ʪʚʨʜʦ˂ʝ ʤʘʪʝʨʠʿʘʣʘ ʫʩʣʝʜ ʧʨʠʩʫʩʪʚʘ ʤʘʣʝ 

ʢʦʣʠʯʠʥʝ ʪʘʯʢʘʩʪʠʭ ʜʝʬʝʢʘʪʘ (ʝʬʝʢʘʪ ʦʯʚʨʰ˂ʘʚʘˁʘ). ʋ ʥʘʨʝʜʥʦʤ ʦʧʩʝʛʫ ʬʣʫʝʥʘʩʘ, ʟʘʢˀʫʯʥʦ 

ʩʘ ʬʣʫʝʥʩʦʤ ʦʜ 7,4×1013 ʿ ʦʥʘĿʩmī2, ʥʘ ʩʣʠʢʘʤʘ ʪʨʘʥʩʤʠʩʠʦʥʝ ʝʣʝʢʪʨʦʥʩʢʝ ʤʠʢʨʦʩʢʦʧʠʿʝ (ʊɽʄ) 

ʟʘʧʘʞʝʥʘ ʿʝ ʧʦʿʘʚʘ ʘʤʦʨʬʥʠʭ ʦʩʪʨʚʘ. ʋ ʦʚʦʤ ʦʧʩʝʛʫ ʠʤʧʣʘʥʪʠʨʘʥʠʭ ʬʣʫʝʥʘʩʘ ʪʚʨʜʦ˂ʘ ʩʝ ʥʝ 

ʤʝˁʘ. ʊʚʨʜʦ˂ʘ ʿʝ ʢʦʥʩʪʘʥʪʥʘ ʿʝʨ ʩʝ ʫ ʦʚʦʤ ʪʨʝʥʫʪʢʫ ʧʦʩʪʠʞʝ ʨʘʚʥʦʪʝʞʘ ʠʟʤʝʹʫ ʝʬʝʢʪʘ 

ʦʯʚʨʰ˂ʘʚʘˁʘ ʠ ʨʘʩʢʠʜʘˁʘ ʢʦʚʘʣʝʥʪʥʠʭ ʚʝʟʘ. ʋ ʪʨʝ˂ʝʤ ʦʧʩʝʛʫ ʠʤʧʣʘʥʪʠʨʘʥʠʭ ʬʣʫʝʥʘʩʘ, ʩʘ 

ʜʘˀʠʤ ʧʦʚʝ˂ʘˁʝʤ ʬʣʫʝʥʩʘ ʜʦʣʘʟʠ ʜʦ ʨʘʩʪʘ ʘʤʦʨʬʥʠʭ ʦʩʪʨʚʘ, ʠ ʧʨʠ ʚʨʝʜʥʦʩʪʠ ʢʨʠʪʠʯʥʦʛ 
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ʬʣʫʝʥʩʘ ʦʜ 2,5×1015 ʿʦʥʘĿʩmī2, ʧʨʝʣʘʟʠ ʫ ʢʦʥʪʠʥʫʘʣʥʠ ʘʤʦʨʬʥʠ ʩʣʦʿ. ʋ ʦʚʦʿ ʦʙʣʘʩʪʠ ʩʘ 

ʧʦʨʘʩʪʦʤ ʬʣʫʝʥʩʘ ʪʚʨʜʦ˂ʘ ʤʘʪʝʨʠʿʘʣʘ ʩʝ ʩʤʘˁʫʿʝ ʫʩʣʝʜ ʜʦʤʠʥʘʥʪʥʦʛ ʨʘʟʘʨʘˁʘ ʭʝʤʠʿʩʢʠʭ ʚʝʟʘ. 

 ʀʟʙʦʨ ʿʦʥʘ ʢʘʦ ʠ ʩʪʝʧʝʥ ˁʝʛʦʚʦʛ ʥʘʝʣʝʢʪʨʠʩʘˁʘ ʪʘʢʦʹʝ ʤʦʛʫ ʫʪʠʮʘʪʠ ʥʘ ʧʨʦʮʝʩ 

ʘʤʦʨʬʠʟʘʮʠʿʝ. ʏʝʥ (X. Chen) ʠ ʩʘʨʘʜʥʠʮʠ ʩʫ ʩʠʤʫʣʠʨʘʣʠ ʫʪʠʮʘʿ ʥʝʫʪʨʦʥʩʢʦʛ ʟʨʘʯʝˁʘ ʥʘ 

ʩʪʨʫʢʪʫʨʫ 6ʅ-ɮiʉ ʠʤʧʣʘʥʪʠʨʘʿʫ˂ʠ ʿʦʥʝ ʫʛˀʝʥʠʢʘ ʠ ʩʠʣʠʮʠʿʫʤʘ ʝʥʝʨʛʠʿʝ 3 ʄʝV [38]. ʅʘ ʦʩʥʦʚʫ 

ʨʘʤʘʥʩʢʠʭ ʩʧʝʢʪʘʨʘ ʩʥʠʤˀʝʥʠʭ ʥʘ ʫʟʦʨʮʠʤʘ ʠʤʧʣʘʥʪʠʨʘʥʠʤ ʬʣʫʝʥʩʠʤʘ ʫ ʦʧʩʝʛʫ ʦʜ 1,5×1014 

ʿʦʥʘĿʩmī2 ʜʦ 8×1015 ʿʦʥʘĿcmī2, ʟʘʢˀʫʯʝʥʦ ʿʝ ʜʘ ʪʝʞʠ ʿʦʥʠ (ʩʠʣʠʮʠʿʫʤ) ʜʦʚʦʜʝ ʜʦ ʚʝ˂ʝʛ ʩʪʝʧʝʥʘ 

ʘʤʦʨʬʠʟʘʮʠʿʝ ʢʨʠʩʪʘʣʥʝ ʨʝʰʝʪʢʝ ʦʜ ʣʘʢʰʠʭ ʿʦʥʘ (ʫʛˀʝʥʠʢ). ʊʘʢʦʹʝ, ʣʘʢʰʠ ʿʦʥʠ ʠʩʪʠʭ 

ʝʥʝʨʛʠʿʘ ʠ ʧʨʠ ʠʩʪʠʤ ʚʨʝʜʥʦʩʪʠʤʘ dpa ʩʪʚʘʨʘʿʫ ʚʝ˂ʝ ʥʘʧʨʝʟʘˁʝ ʢʨʠʩʪʘʣʥʝ ʨʝʰʝʪʢʝ ʫ ʦʜʥʦʩʫ ʥʘ 

ʪʝʞʝ ʿʦʥʝ, ʰʪʦ ʿʝ ʧʦʩʣʝʜʠʮʘ ʚʝ˂ʠʭ ʜʫʙʠʥʘ ʧʨʦʜʠʨʘˁʘ ʠ ʨʘʟʣʠʯʠʪʦʛ ʪʠʧʘ ʠ ʢʦʣʠʯʠʥʝ ʫʥʝʪʠʭ 

ʜʝʬʝʢʘʪʘ. ʉʧʝʮʠʬʠʯʥʦ ʧʦʥʘʰʘˁʝ ʧʨʠʤʝ˂ʝʥʦ ʿʝ ʢʦʜ ʠʥʝʨʪʥʠʭ ʛʘʩʦʚʘ. ʀʥʝʨʪʥʠ ʛʘʩʦʚʠ ʣʘʢʦ 

ʜʠʬʫʥʜʫʿʫ ʫ ʩʫʩʝʜʥʝ ʚʘʢʘʥʮʠʿʝ ʠ ʬʦʨʤʠʨʘʿʫ ʤʝʭʫʨʦʚʝ ʛʘʩʘ [112]. ɾʘʥʛ (L. Zhang) ʠ ʩʘʨʘʜʥʠʮʠ 

ʠʩʧʠʪʠʚʘʣʠ ʩʫ ʫʪʠʮʘʿ ʩʪʝʧʝʥʘ ʥʘʝʣʝʢʪʨʠʩʘˁʘ ʿʦʥʘ ʠʤʧʣʘʥʪʠʨʘʿʫ˂ʠ ʿʦʥʝ ʢʩʝʥʦʥʘ ʍʝ18+ ʠ ʍʝ26+ 

ʝʥʝʨʛʠʿʝ 600 kʝV ʫ 6ʅ-ɮiʉ [113]. ʇʨʠʤʝʪʠʣʠ ʩʫ ʜʘ ʫ ʩʣʫʯʘʿʫ ʿʦʥʘ ʚʝ˂ʝʛ ʩʪʝʧʝʥʘ ʥʘʝʣʝʢʪʨʠʩʘˁʘ 

ʜʦʣʘʟʠ ʜʦ ʚʝ˂ʝʛ ʩʪʝʧʝʥʘ ʘʤʦʨʬʠʟʘʮʠʿʝ ʫʟʦʨʢʘ. ʆʚʘʿ ʝʬʝʢʘʪ ʩʝ ʦʙʿʘʰˁʘʚʘ ʚʠʰʦʤ ʟʘʫʩʪʘʚʥʦʤ 

ʤʦ˂ʠ ʢʦʿʫ ʿʦʥʠ ʚʝ˂ʝʛ ʩʪʝʧʝʥʘ ʥʘʝʣʝʢʪʨʠʩʘˁʘ ʧʦʩʝʜʫʿʫ, ʪʝ ʩʘʤʠʤ ʪʠʤ ʠ ʠʥʪʝʥʟʠʚʥʠʿʠʤ ʧʨʝʥʦʩʦʤ 

ʝʥʝʨʛʠʿʝ ʥʘ ʢʨʠʩʪʘʣʥʫ ʨʝʰʝʪʢʫ. 

 ʇʦʨʝʜ ʦʩʥʦʚʥʠʭ ʧʘʨʘʤʝʪʘʨʘ ʿʦʥʘ, ʫʩʣʦʚʠ ʧʨʠ ʢʦʿʠʤʘ ʩʝ ʠʟʚʦʜʠ ʠʤʧʣʘʥʪʘʮʠʿʘ, ʧʦʧʫʪ 

ʪʝʤʧʝʨʘʪʫʨʝ, ʫʪʠʯʫ ʥʘ ʩʪʨʫʢʪʫʨʫ ʤʘʪʝʨʠʿʘʣʘ. ʄʠʨʘʥʜʘ (P. Miranda) ʠ ʩʘʨʘʜʥʠʮʠ ʩʫ 

ʠʤʧʣʘʥʪʠʨʘʣʠ ʿʦʥʝ ʛʚʦʞʹʘ ʝʥʝʨʛʠʿʝ 150 kʝV ʫ 6ʅ-ɮiʉ ʩ ʮʠˀʝʤ ʜʦʙʠʿʘˁʘ ʤʘʛʥʝʪʥʦʛ 

ʧʦʣʫʧʨʦʚʦʜʥʠʢʘ [34]. ʋʪʚʨʹʝʥʦ ʿʝ ʜʘ ʿʝ ʤʦʛʫ˂ʝ ʠʟʙʝ˂ʠ ʘʤʦʨʬʠʟʘʮʠʿʫ 6ʅ-ɮiʉ ʠʤʧʣʘʥʪʘʮʠʿʦʤ 

ʠʟʥʘʜ ʢʨʠʪʠʯʥʝ ʪʝʤʧʝʨʘʪʫʨʝ ʢʦʿʘ ʠʟʥʦʩʠ 250 °ʉ, ʢʘʜʘ ʚʝʣʠʢʠ ʜʝʦ ʿʦʥʘ ʛʚʦʞʹʘ ʙʠʚʘ 

ʠʥʢʦʨʧʦʨʠʨʘʥ ʥʘ ʨʝʛʫʣʘʨʥʠʤ ʤʝʩʪʠʤʘ ʢʨʠʩʪʘʣʥʝ ʨʝʰʝʪʢʝ (ʩʘ ʚʝʦʤʘ ʤʘʣʠʤ ʦʜʩʪʫʧʘˁʝʤ). 

ʊʘʢʦʹʝ, ʠʟʣʘʛʘˁʝʤ ʘʤʦʨʬʠʟʦʚʘʥʠʭ ʫʟʦʨʘʢʘ ʧʦʚʠʰʝʥʠʤ ʪʝʤʧʝʨʘʪʫʨʘʤʘ ʤʦʛʫ˂ʝ ʿʝ ʧʦʩʪʠ˂ʠ 

ʨʝʢʨʠʩʪʘʣʠʟʘʮʠʿʫ ʢʦʿʘ ʠʟʘʟʠʚʘ ʨʝʜʠʩʪʨʠʙʫʮʠʿʫ ʿʦʥʘ ʛʚʦʞʹʘ. ʄʦʭʣʘʣʘ (T. M. Mohlala) ʠ 

ʩʘʨʘʜʥʠʮʠ ʠʩʧʠʪʠʚʘʣʠ ʩʫ ʧʨʦʮʝʩ ʠʤʧʣʘʥʪʘʮʠʿʝ ʿʦʥʘ ʝʫʨʦʧʠʿʫʤʘ ʝʥʝʨʛʠʿʝ 360 keV ʫ 6ʅ-ɮiʉ ʧʨʠ 

ʧʦʚʠʰʝʥʦʿ ʪʝʤʧʝʨʘʪʫʨʠ [114]. ʋʪʚʨʹʝʥʦ ʿʝ ʜʘ ʧʨʠ ʠʤʧʣʘʥʪʘʮʠʿʠ ʥʘ ʪʝʤʧʝʨʘʪʫʨʠ ʦʜ 600 Áʉ 

(ʠʟʥʘʜ ʢʨʠʪʠʯʥʝ) ʥʝ ʜʦʣʘʟʠ ʜʦ ʘʤʦʨʬʠʟʘʮʠʿʝ 6ʅ-ɮiʉ-ʘ, ʢʦʿʠ ʦʯʫʚʘʚʘ ʢʨʠʩʪʘʣʥʫ ʩʪʨʫʢʪʫʨʫ ʩʘ 

ʤʘʣʠʤ ʫʜʝʣʦʤ ʜʝʬʝʢʘʪʘ. 

 ɺʘʥʛ (X. Wang) ʠ ʩʘʨʘʜʥʠʮʠ ʩʫ ʠʩʧʠʪʠʚʘʣʠ ʫʪʠʮʘʿ ʜʫʘʣʥʝ ʠʤʧʣʘʥʪʘʮʠʿʝ 6ʅ-ɮiʉ ʿʦʥʠʤʘ 

ʩʠʣʠʮʠʿʫʤʘ ʝʥʝʨʛʠʿʝ 18 ʄʝV ʠ ʿʦʥʠʤʘ ʭʝʣʠʿʫʤʘ ʝʥʝʨʛʠʿʝ 2,2 ʄʝV [115]. ʀʩʧʠʪʘʥʠ ʩʫ ʩʣʫʯʘʿʝʚʠ 

ʨʝʜʥʝ ʠ ʫʧʦʨʝʜʥʝ ʜʫʘʣʥʝ ʠʤʧʣʘʥʪʘʮʠʿʝ. ʇʦʢʘʟʘʥʦ ʿʝ ʜʘ ʨʝʜʥʘ ʠʤʧʣʘʥʪʘʮʠʿʘ ʜʘʿʝ ʚʠʰʠ ʥʠʚʦ 

ʘʤʦʨʬʠʟʘʮʠʿʝ ʢʨʠʩʪʘʣʥʝ ʩʪʨʫʢʪʫʨʝ ʥʝʛʦ ʫʧʦʨʝʜʥʘ. ʇʨʝʜʣʦʞʝʥʦ ʿʝ ʤʦʛʫ˂ʝ ʦʙʿʘʰˁʝˁʝ ʜʘ 

ʧʨʠʣʠʢʦʤ ʫʧʦʨʝʜʥʝ ʠʤʧʣʘʥʪʘʮʠʿʝ ʿʦʥʠ ʭʝʣʠʿʫʤʘ ʧʦʧʫˁʘʚʘʿʫ ʥʦʚʦʥʘʩʪʘʣʝ ʚʘʢʘʥʮʠʿʝ ʢʨʠʩʪʘʣʥʝ 

ʨʝʰʝʪʢʝ ʠ ʩʧʨʝʯʘʚʘʿʫ ˁʠʭʦʚʫ ʧʦʢʨʝʪˀʠʚʦʩʪ (ʩʪʘʙʠʣʠʟʫʿʫ ʚʘʢʘʥʮʠʿʝ). ʉʪʦʛʘ, ʿʘʚˀʘ ʩʝ ʜʨʫʛʘʯʠʿʠ 

ʨʝʘʨʘʥʞʤʘʥ ʘʪʦʤʘ. ʄʝʹʫʪʠʤ, ʦʚʦ ʧʨʘʚʠʣʦ ʥʝ ʚʘʞʠ ʟʘ ʩʚʝ ʤʘʪʝʨʠʿʘʣʝ. ʊʦʤʝ (L. Thom®) ʠ 

ʩʘʨʘʜʥʠʮʠ ʩʫ ʩʧʨʦʚʦʜʝ˂ʠ ʨʝʜʥʫ ʠ ʫʧʦʨʝʜʥʫ ʜʫʘʣʥʫ ʠʤʧʣʘʥʪʘʮʠʿʫ ʨʘʟʣʠʯʠʪʠʭ ʤʘʪʝʨʠʿʘʣʘ 

ʿʦʥʠʤʘ ʿʦʜʘ ʝʥʝʨʛʠʿʝ 900 keV ʠ ʿʦʥʠʤʘ ʚʦʣʬʨʘʤʘ ʝʥʝʨʛʠʿʝ 36 ʄʝV, ʧʨʠʤʝʪʠʣʠ ʨʘʟʣʠʯʠʪʦ 

ʧʦʥʘʰʘˁʝ ʧʦʚʨʰʠʥʩʢʦʛ ʨʝʛʠʦʥʘ ʢʦʜ ʨʘʟʣʠʯʠʪʠʭ ʤʘʪʝʨʠʿʘʣʘ [116]. ʂʦʜ ʨʝʜʥʝ ʠʤʧʣʘʥʪʘʮʠʿʝ 

ʧʨʚʦ ʩʫ ʠʤʧʣʘʥʪʠʨʘʥʠ ʿʦʥʠ ʿʦʜʘ, ʘ ʥʘʢʦʥ ʪʦʛʘ ʿʦʥʠ ʚʦʣʬʨʘʤʘ. ʈʝʟʫʣʪʘʪʠ ʩʫ ʧʦʢʘʟʘʣʠ ʜʘ ʧʨʠ 

ʫʧʦʨʝʜʥʦʿ ʠʤʧʣʘʥʪʘʮʠʿʠ, 6ʅ-ɮiʉ ʧʦʢʘʟʫʿʝ ʟʥʘʪʥʦ ʥʠʞʠ ʩʪʝʧʝʥ ʘʤʦʨʬʠʟʘʮʠʿʝ ʥʝʛʦ ʧʨʠ ʨʝʜʥʦʿ. 

ʇʦʩʝʙʥʦ ʚʝʣʠʢʘ ʨʘʟʣʠʢʘ ʧʨʠʤʝ˂ʝʥʘ ʿʝ ʢʦʜ MgO. ʉʫʧʨʦʪʥʦ, Zrʆ2 ʥʠʿʝ ʧʦʢʘʟʘʦ ʟʥʘʯʘʿʥʫ ʨʘʟʣʠʢʫ. 

ʈʘʟʣʦʛ ʟʘ ʩʤʘˁʝˁʝ ʩʪʝʧʝʥʘ ʘʤʦʨʬʠʟʘʮʠʿʝ ʫ ʩʣʫʯʘʿʫ ʫʧʦʨʝʜʥʝ ʠʤʧʣʘʥʪʘʮʠʿʝ ʤʦʞʝ ʩʝ ʧʦʪʨʘʞʠʪʠ 

ʫ ʢʦʤʙʠʥʘʮʠʦʥʦʤ ʝʬʝʢʪʫ ʥʫʢʣʝʘʨʥʠʭ ʠ ʝʣʝʢʪʨʦʥʩʢʠʭ ʛʫʙʠʪʘʢʘ. ʋʩʣʝʜ ʚʝʣʠʢʝ ʨʘʟʣʠʢʝ ʝʥʝʨʛʠʿʘ 

ʿʦʥʘ, ʫ ʧʦʚʨʰʠʥʩʢʦʤ ʜʝʣʫ ʫʟʦʨʘʢʘ ʧʨʠ ʫʩʧʦʨʘʚʘˁʫ ʿʦʥʘ ʿʦʜʘ ʜʦʤʠʥʠʨʘ˂ʝ ʥʫʢʣʝʘʨʥʠ ʛʫʙʠʮʠ 

ʝʥʝʨʛʠʿʝ, ʜʦʢ ˂ʝ ʢʦʜ ʿʦʥʘ ʚʦʣʬʨʘʤʘ ʧʨʝʦʚʣʘʹʠʚʘʪʠ ʝʣʝʢʪʨʦʥʩʢʠ ʛʫʙʠʮʠ. ʉʪʦʛʘ, ʢʦʜ 6ʅ-ɮiʉ 

ʝʣʝʢʪʨʦʥʩʢʠ ʛʫʙʠʪʮʠ ʿʦʥʘ ʚʦʣʬʨʘʤʘ ʪʦʢʦʤ ʫʧʦʨʝʜʥʝ ʠʤʧʣʘʥʪʘʮʠʿʝ ʤʦʛʫ ʠʤʘʪʠ ʩʥʘʞʘʥ ʫʪʠʮʘʿ 

ʥʘ ʫʤʘˁʝˁʝ ʢʦʣʠʯʠʥʝ ʜʝʬʝʢʘʪʘ ʥʘʩʪʘʣʠʭ ʢʘʦ ʧʦʩʣʝʜʠʮʘ ʥʫʢʣʝʘʨʥʠʭ ʛʫʙʠʪʘʢʘ ʿʦʥʘ ʿʦʜʘ. 

ɽʣʝʢʪʨʦʥʩʢʠ ʛʫʙʠʮʠ ʧʨʝʢʦ ʝʣʝʢʪʨʦʥ-ʬʦʥʦʥ ʢʫʧʣʦʚʘˁʘ ʤʦʛʫ ʜʦʚʝʩʪʠ ʜʦ ʨʝʢʨʠʩʪʘʣʠʟʘʮʠʿʝ 
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ʧʫʪʝʤ ʨʝʢʦʤʙʠʥʘʮʠʿʝ ʣʦʢʘʣʥʠʭ ʜʝʬʝʢʘʪʘ, ʦʜʥʦʩʥʦ ʧʦʙʦˀʰʘʥʝ ʧʦʢʨʝʪˀʠʚʦʩʪʠ ʜʝʬʝʢʘʪʘ ʠ 

ʘʪʦʤʘ. 

ʆʨʠʿʝʥʪʘʮʠʿʘ ʿʦʥʩʢʦʛ ʩʥʦʧʘ ʫ ʦʜʥʦʩʫ ʥʘ ʢʨʠʩʪʘʣ ʪʘʢʦʹʝ ʫʪʠʯʝ ʥʘ ʩʪʝʧʝʥ ˁʝʛʦʚʝ 

ʘʤʦʨʬʠʟʘʮʠʿʝ. ʀʤʧʣʘʥʪʘʮʠʿʦʤ ʿʦʥʘ ʫ ʢʘʥʘʣʝ ʢʨʠʩʪʘʣʘ ʦʩʪʚʘʨʫʿʝ ʩʝ ʚʝ˂ʘ ʜʫʙʠʥʘ ʧʨʦʜʠʨʘˁʘ ʿʦʥʘ 

ʫʩʣʝʜ ʩʤʘˁʝˁʘ ʝʬʝʢʪʠʚʥʝ ʛʫʩʪʠʥʝ ʝʣʝʢʪʨʦʥʩʢʦʛ ʛʘʩʘ ʢʦʿʫ ʿʦʥ Ăʚʠʜʠñ, ʪʝ ʠ ʩʤʘˁʝˁʝ 

ʝʥʝʨʛʠʿʩʢʦʛ ʛʫʙʠʪʢʘ ʿʦʥʘ [49]. ʊʘʢʦʹʝ, ʫ ʩʣʫʯʘʿʫ ʢʘʥʘʣʠʩʘˁʘ ʿʦʥʘ ʫʤʘˁʫʿʫ ʩʝ ʩʪʝʧʝʥ ʧʨʦʤʝʥʝ 

ʫʨʝʹʝʥʦʩʪʠ ʢʨʠʩʪʘʣʥʝ ʨʝʰʝʪʢʝ ʫʩʣʝʜ ʫʩʤʝʨʝʥʠʭ ʿʦʥʩʢʠʭ ʧʫʪʘˁʘ. ʄʦʨʚʘʥ (E. Morvan) ʠ 

ʩʘʨʘʜʥʠʮʠ ʩʫ ʫʧʦʨʝʹʠʚʘʣʠ ʢʦʣʠʯʠʥʫ ʜʝʬʝʢʘʪʘ ʫʥʝʪʫ ʪʦʢʦʤ ʠʤʧʣʘʥʪʘʮʠʿʝ ʿʦʥʘ ʘʣʫʤʠʥʠʿʫʤʘ 

ʝʥʝʨʛʠʿʝ 1,5 ʄʝV ʫ ʢʨʠʩʪʘʣ 6ʅ-ɮiʉ [117]. ʇʨʠ ʬʣʫʝʥʩʫ ʿʦʥʘ ʦʜ 5×1014 ʿ ʦʥʘĿcmī2, ʠʤʧʣʘʥʪʘʮʠʿʘ 

ʿʦʥʘ ʫ ʤʦʜʫ ʢʘʥʘʣʠʩʘˁʘ ʜʘʣʘ ʿʝ ʤʘˁʝ ʘʤʦʨʬʠʟʦʚʘʥʝ ʢʨʠʩʪʘʣʥʝ ʩʪʨʫʢʪʫʨʝ ʦʜ ʠʤʧʣʘʥʪʘʮʠʿʝ ʧʨʠ 

ʩʣʫʯʘʿʥʦʿ ʦʨʠʿʝʥʪʘʮʠʿʠ ʢʨʠʩʪʘʣʘ ʟʘ ʬʘʢʪʦʨ 2,5 ʧʫʪʘ. ɼʦ ʩʣʠʯʥʠʭ ʟʘʢˀʫʯʘʢʘ ʜʦʰʣʠ ʩʫ ɾʫʢ (J. 

ŧuk) ʠ ʩʘʨʘʜʥʠʮʠ ʢʘʜʘ ʩʫ ʫ ʩʚʦʿʦʿ ʩʪʫʜʠʿʠ ʠʤʧʣʘʥʪʠʨʘʣʠ ʿʦʥʝ ʘʣʫʤʠʥʠʿʫʤʘ ʝʥʝʨʛʠʿʝ 450 keV 

ʧʨʠ ʩʣʫʯʘʿʥʦʿ ʦʨʠʿʝʥʪʘʮʠʿʠ ʢʨʠʩʪʘʣʘ 6ʅ-ɮiʉ ʠ ʫ ʤʦʜʫ ʢʘʥʘʣʠʩʘˁʘ [118]. ʅʘʢʦʥ ʠʤʧʣʘʥʪʘʮʠʿʝ 

ʠʩʧʠʪʘʥʝ ʩʫ ʩʪʨʫʢʪʫʨʥʝ ʧʨʦʤʝʥʝ ʠ ʠʟʚʨʰʝʥʦ ʿʝ ˁʠʭʦʚʦ ʧʦʨʝʹʝˁʝ. ʈʝʟʫʣʪʘʪʠ ʩʫ ʧʦʢʘʟʘʣʠ ʜʘ ʩʫ 

ʿʦʥʠ ʘʣʫʤʠʥʠʿʫʤʘ ʠʤʧʣʘʥʪʠʨʘʥʠ ʫ ʤʦʜʫ ʢʘʥʘʣʠʩʘˁʘ ʧʨʦʜʠʨʘʣʠ ʜʫʙˀʝ ʠ ʧʦʪʚʨʹʝʥʦ ʿʝ ʫʤʘˁʝˁʝ 

ʧʨʦʤʝʥʝ ʫʨʝʹʝʥʦʩʪʠ ʢʨʠʩʪʘʣʥʝ ʩʪʨʫʢʪʫʨʝ ʫ ʩʣʫʯʘʿʫ ʢʘʥʘʣʠʩʘˁʘ. 

 ɿʘ ʜʦʙʠʿʘˁʝ ʜʫʙʠʥʩʢʠʭ ʧʨʦʬʠʣʘ ʘʤʦʨʬʠʟʘʮʠʿʝ ʤʘʪʝʨʠʿʘʣʘ ʯʝʩʪʦ ʿʝ ʢʦʨʠʰ˂ʝʥʘ ʨʘʤʘʥʩʢʘ 

ʩʧʝʢʪʨʦʩʢʦʧʠʿʘ. ʄʠʢʨʦ-ʨʘʤʘʥʩʢʫ (ÕR) ʘʥʘʣʠʟʫ 6ʅ-ɮiʉ ʢʨʠʩʪʘʣʘ ʠʤʧʣʘʥʪʠʨʘʥʦʛ ʿʦʥʠʤʘ ʟʣʘʪʘ 

ʝʥʝʨʛʠʿʝ 20 ʄʝV ʩʧʨʦʚʝʣʠ ʩʫ ʃʠʥʝʟ (F. Linez) ʠ ʩʘʨʘʜʥʠʮʠ [119]. ʀʤʧʣʘʥʪʘʮʠʿʦʤ ʿʦʥʘ ʟʣʘʪʘ ʫ 

6ʅ-SiC ʩʠʤʫʣʠʨʘʥʘ ʩʫ ʨʘʜʠʿʘʮʠʦʥʘ ʦʰʪʝ˂ʝˁʘ ʤʘʪʝʨʠʿʘʣʘ ʫʩʣʝʜ ʫʪʠʮʘʿʘ ʬʠʩʠʦʥʠʭ ʧʨʦʜʫʢʘʪʘ ʫ 

ʮʠˀʫ ʥʫʢʣʝʘʨʥʠʭ ʧʨʠʤʝʥʘ 6ʅ-SiC-ʘ. ÕR ʤʘʧʠʨʘˁʝʤ ʧʦʧʨʝʯʥʦʛ ʧʨʝʩʝʢʘ ʢʨʠʩʪʘʣʘ ʩʘ ʚʝʦʤʘ 

ʤʘʣʠʤ ʢʦʨʘʢʦʤ ʦʜ 0,1 ɛm, ʪʝ ʧʨʘ˂ʝˁʝʤ ʝʚʦʣʫʮʠʿʝ ʠʥʪʝʥʟʠʪʝʪʘ ʩʧʝʢʪʨʘ ʥʘ ʪʘʣʘʩʥʦʤ ʙʨʦʿʫ 829 

cmī1 ʢʘʦ ʠ ʠʥʪʝʛʘʣʥʦʛ ʠʥʪʝʥʟʠʪʝʪʘ ʫ 190ï1900 cmī1 ʦʙʣʘʩʪʠ ʩʧʝʢʪʨʘ, ʧʨʠʤʝ˂ʝʥʦ ʿʝ ʧʦʩʪʦʿʘˁʝ 

ʥʝʢʦʣʠʢʦ ʨʘʟʣʠʯʠʪʠʭ ʟʦʥʘ ʩʘ ʨʘʟʣʠʯʠʪʠʤ ʩʪʝʧʝʥʦʤ ʘʤʦʨʬʠʟʘʮʠʠʿʝ ʫ ʠʤʧʣʘʥʪʠʨʘʥʦʿ ʦʙʣʘʩʪʠ. 

ʇʨʚʘ ʟʦʥʘ, ʧʦʩʤʘʪʨʘʥʦ ʦʜ ʧʦʚʨʰʠʥʝ ʫʟʦʨʢʘ, ʧʨʦʩʪʠʨʝ ʩʝ ʜʦ ʜʫʙʠʥʝ 1,4 Õm ʠ ʧʦʢʘʟʫʿʝ ʥʠʟʘʢ 

ʩʪʝʧʝʥ ʘʤʦʨʬʠʟʘʮʠʿʝ ʢʨʠʩʪʘʣʘ ʢʦʿʠ ʩʝ ʦʙʿʘʰˁʘʚʘ ʧʨʝʢʠʜʦʤ ʪʨʘʥʩʣʘʮʠʦʥʝ ʩʠʤʝʪʨʠʿʝ ʠ ʧʦʿʘʚʦʤ 

ʣʦʢʘʣʥʝ ʘʤʦʨʬʠʟʘʮʠʿʝ. ɼʨʫʛʘ ʟʦʥʘ ʩʝ ʧʨʦʩʪʠʨʝ ʜʦ 2,6 Õm ʠ ʧʨʝʜʩʪʘʚˀʘ ʦʙʣʘʩʪ ʥʘʛʣʘʰʝʥʦʛ 

ʧʦʨʘʩʪʘ ʘʤʦʨʬʥʝ ʢʦʤʧʦʥʝʥʪʝ 6ʅ-SiC-ʘ. ʊʨʝ˂ʘ ʟʦʥʘ ʦʜʣʠʢʫʿʝ ʩʝ ʥʘʿʚʝ˂ʠʤ ʥʘʨʫʰʘʚʘˁʝʤ 

ʢʨʠʩʪʘʣʥʝ ʨʝʰʝʪʢʝ ʩʘ ʤʘʢʩʠʤʫʤʦʤ ʥʘ ʜʫʙʠʥʠ ʦʜ 3,4 Õm, ʠ ʧʨʦʩʪʠʨʝ ʩʝ ʜʦ 5 Õm, ʥʘʢʦʥ ʯʝʛʘ ʿʝ 

ʫʟʦʨʘʢ ʥʝʧʨʦʤʝˁʝʥʠ ʤʦʥʦʢʨʠʩʪʘʣ. ʋʙʨʟʦ ʥʘʢʦʥ ʦʚʦʛ ʝʢʩʧʝʨʠʤʝʥʪʘ ɺʘʥʛ ʠ ʩʘʨʘʜʥʠʮʠ ʩʫ 

ʠʤʧʣʘʥʪʠʨʘʣʠ ʿʦʥʝ ʫʛˀʝʥʠʢʘ ʝʥʝʨʛʠʿʝ 20 ʄʝV ʫ ʢʨʠʩʪʘʣ 6ʅ-ɮiʉ ʠ ʩʧʨʦʚʝʣʠ ÕR 

ʩʧʝʢʪʨʦʩʢʦʧʩʢʦ ʤʘʧʠʨʘˁʝ ʧʦʧʨʝʯʥʦʛ ʧʨʝʩʝʢʘ ʢʨʠʩʪʘʣʘ ʩʘ ʢʦʨʘʢʦʤ ʦʜ 0,5 ɛm ʧʨʘʪʝ˂ʠ ʧʨʦʤʝʥʫ 

ʠʥʪʝʥʟʠʪʝʪʘ, ʧʦʣʫʰʠʨʠʥʝ ʠ ʧʦʟʠʮʠʿʝ ʪʨʘʢʝ ʥʘ 787 cmī1 [120]. ʂʘʦ ʠ ʫ ʧʨʝʪʭʦʜʥʦʤ 

ʝʢʩʧʝʨʠʤʝʥʪʫ ʃʠʥʝʟʘ ʠ ʩʘʨʘʜʥʠʢʘ, ʿʦʥʠ ʩʫ ʠʤʧʣʘʥʪʠʨʘʥʠ ʧʨʠ ʩʣʫʯʘʿʥʦʿ ʦʨʠʿʝʥʪʘʮʠʿʠ ʢʨʠʩʪʘʣʘ. 

ʄʝʹʫʪʠʤ, ʫ ʝʢʩʧʝʨʠʤʝʥʪʫ ɺʘʥʛʘ ʠ ʩʘʨʘʜʥʠʢʘ ʠʜʝʥʪʠʬʠʢʦʚʘʥʦ ʿʝ ʧʦʩʪʦʿʘˁʝ ʩʘʤʦ ʜʚʝ 

ʤʦʜʠʬʠʢʦʚʘʥʝ ʟʦʥʝ ʩʘ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘʤʘ ʩʣʠʯʥʠʤ ʜʨʫʛʦʿ ʠ ʪʨʝ˂ʦʿ ʟʦʥʠ ʢʦʿʝ ʩʫ ʧʨʠʤʝʪʠʣʠ 

ʃʠʥʝʟ ʠ ʩʘʨʘʜʥʠʮʠ. ʆʜʩʫʩʪʚʦ ʧʨʚʝ ʟʦʥʝ ʦʙʿʘʰˁʝʥʦ ʿʝ ʯʠˁʝʥʠʮʦʤ ʜʘ ʃʠʥʝʟ ʠ ʩʘʨʘʜʥʠʮʠ ʥʠʩʫ 

ʫʟʝʣʠ ʫ ʦʙʟʠʨ ʜʘ ʩʝ ʠʥʪʝʥʟʠʪʝʪ ʨʘʤʘʥʩʢʦʛ ʩʧʝʢʪʨʘ ʥʘ ʧʦʚʨʰʠʥʠ ʫʟʦʨʢʘ ʤʝˁʘ ʢʘʢʦ ʩʚʝ ʚʝ˂ʠ ʜʝʦ 

ʣʘʩʝʨʩʢʦʛ ʩʥʦʧʘ ʩʪʠʞʝ ʥʘ ʫʟʦʨʘʢ. ʋ ʥʘʚʝʜʝʥʠʤ ʩʣʫʯʘʿʝʚʠʤʘ ʟʘ ʜʦʙʠʿʘˁʝ ʧʨʦʬʠʣʘ ʘʤʦʨʬʠʟʘʮʠʿʝ 

ʢʦʨʠʰ˂ʝʥʘ ʿʝ ʜʠʨʝʢʪʥʘ ʝʚʦʣʫʮʠʿʘ ʠʥʪʝʥʟʠʪʝʪʘ ʠʣʠ ʧʦʣʫʰʠʨʠʥʘ ʨʘʤʘʥʩʢʠʭ ʪʨʘʢʘ ʨʘʜʠ 

ʜʦʙʠʿʘˁʘ ʧʨʦʬʠʣʘ ʘʤʦʨʬʠʟʘʮʠʿʝ, ʙʝʟ ʬʠʪʦʚʘˁʘ ʩʧʝʢʪʘʨʘ ʠ ʜʫʙˀʝ ʘʥʘʣʠʟʝ ʨʘʤʘʥʩʢʠʭ ʪʨʘʢʘ 

ʧʨʚʦʛ ʠ ʜʨʫʛʦʛ ʨʝʜʘ. 

ɸʥʘʣʠʟʦʤ ʫʟʦʨʢʘ 6H-ɮiʉ ʩʧʝʢʪʨʦʤʝʪʨʠʿʝ ʝʣʘʩʪʠʯʥʦʛ ʧʦʚʨʘʪʥʦʛ ʨʘʩʝʿʘˁʘ ʫ ʤʦʜʫ 

ʢʘʥʘʣʠʩʘˁʘ (ɽBS/ʉ) ʠʩʧʠʪʠʚʘʥʠ ʩʫ ʧʨʦʬʠʣʠ ʜʝʬʝʢʘʪʘ ʧʦ ʜʫʙʠʥʠ ʫ ʧʦʚʨʰʠʥʩʢʦʿ ʦʙʣʘʩʪʠ 

ʫʟʦʨʢʘ ʢʦʨʠʩʪʝ˂ʠ ʿʦʥʝ ʭʝʣʠʿʫʤʘ (ʜʦ ʜʫʙʠʥʝ ʦʜ ʦʢʦ 1,5 Õm, ʩʭʦʜʥʦ ʢʦʨʠʰ˂ʝʥʦʤ ʜʦʤʝʪʫ ʿʦʥʘ) 

[94, 109, 110]. ɼʫʙʠʥʩʢʠ ʧʨʦʬʠʣʠ ʜʝʬʝʢʘʪʘ ʜʦʙʠʿʝʥʠ ʩʫ ʬʠʪʦʚʘˁʝʤ ʠʩʢˀʫʯʠʚʦ 

ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʠʭ EBS/ʉ ʩʧʝʢʪʘʨʘ ʧʦʤʦ˂ʫ ʧʨʦʛʨʘʤʘ ʥʘ ʙʘʟʠ ʄʦʥʪʝ ʂʘʨʣʦ ʩʠʤʫʣʘʮʠʿʘ. 

ʈʝʟʫʣʪʘʪʠ ʩʫ ʧʦʢʘʟʘʣʠ ʨʝʣʘʪʠʚʥʦ ʜʦʙʨʘ ʩʣʘʛʘˁʘ ʩʘ ʜʨʫʛʠʤ ʪʝʭʥʠʢʘʤʘ ʢʘʨʘʢʪʝʨʠʟʘʮʠʿʝ. 

ʄʝʹʫʪʠʤ, ʜʘʪʝ ʘʥʘʣʠʟʝ ʦʙʫʭʚʘʪʘʿʫ ʩʘʤʦ ʙʣʠʩʢʦʧʦʚʨʰʠʥʩʢʠ ʨʝʛʠʦʥ ʤʘʪʝʨʠʿʘʣʘ. ʅʝʨʝʪʢʦ, 

ʧʦʚʨʰʠʥʩʢʠ ʨʝʛʠʦʥ ʤʘʪʝʨʠʿʘʣʘ ʩʝ ʘʥʘʣʠʟʠʨʘ ʢʦʨʠʩʪʝ˂ʠ ʠʪʝʨʘʪʠʚʥʠ ʧʦʩʪʫʧʘʢ ʘʥʘʣʠʟʝ EBS/ʉ 
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ʩʧʝʢʪʘʨʘ ʫ ʢʦʤʝ ʩʝ ʘʧʨʦʢʩʠʤʠʨʘ ʟʘʥʝʤʘʨʝʥʘ ʨʘʟʣʠʢʘ ʫ ʝʥʝʨʛʠʿʩʢʠʤ ʛʫʙʠʮʠʤʘ ʠʟʤʝʹʫ EBS/ʉ ʠ 

EBS [92]. ʂʦʜ ʠʪʝʨʘʪʠʚʥʦʛ ʧʦʩʪʫʧʢʘ, ʧʨʦʬʠʣ ʘʤʦʨʬʠʟʘʮʠʿʝ ʦʜʨʝʹʫʿʝ ʩʝ ʨʘʟʜʚʘʿʘˁʝʤ ʘʤʦʨʬʥʝ 

ʦʜ ʜʝʢʘʥʘʣʠʩʘʥʝ ʬʘʟʝ EBS/ʉ ʩʧʝʢʪʘʨʘ. 

ɻʣʘʚʥʠ ʥʝʜʦʩʪʘʪʘʢ ʫʧʦʪʨʝʙʝ EBS/ʉ ʩʧʝʢʪʘʨʘ ʟʘ ʜʦʙʠʿʘˁʝ ʜʫʙʠʥʩʢʠʭ ʧʨʦʬʠʣʘ 

ʘʢʫʤʫʣʠʨʘʥʠʭ ʜʝʬʝʢʘʪʘ ʿʝʩʪʝ ʥʝʧʦʩʪʦʿʘˁʝ ʧʦʫʟʜʘʥʦʛ ʨʘʯʫʥʘʨʩʢʦʛ ʧʨʦʛʨʘʤʘ ʟʘ ˁʠʭʦʚʦ 

ʬʠʪʦʚʘˁʝ. ʈʘʟʣʦʛ ʟʘ ʪʦ ʤʦʞʝ ʩʝ ʧʦʪʨʘʞʠʪʠ ʫ ʥʝʧʨʝʮʠʟʥʦʤ ʦʜʨʝʹʠʚʘˁʫ ʟʘʫʩʪʘʚʥʝ ʤʦ˂ʠ ʿʦʥʘ ʢʘʦ 

ʠ ʥʝʧʦʟʥʘʚʘˁʝ ʪʘʯʥʝ ʬʫʥʢʮʠʿʝ ʜʝʢʘʥʘʣʠʩʘˁʘ. ʅʦʚʠ ʨʘʯʫʥʘʨʩʢʠ ʧʨʦʛʨʘʤ ʟʘ ʬʠʪʦʚʘˁʝ EBS/ʉ 

ʩʧʝʢʪʘʨʘ, CSIM (Channeling SIMulation [121]), ʨʘʟʚʠʿʝʥ ʫ ʃʘʙʦʨʘʪʦʨʠʿʠ ʟʘ ʬʠʟʠʢʫ ʀʥʩʪʠʪʫʪʘ 

ʟʘ ʥʫʢʣʝʘʨʥʝ ʥʘʫʢʝ Ăɺʠʥʯʘñ ʋʥʠʚʝʨʟʠʪʝʪʘ ʫ ɹʝʦʛʨʘʜʫ, ʀʥʩʪʠʪʫʪʘ ʦʜ ʥʘʮʠʦʥʘʣʥʦʛ ʟʥʘʯʘʿʘ ʟʘ 

ʈʝʧʫʙʣʠʢʫ ʉʨʙʠʿʫ, ʫʩʧʝʰʥʦ ʩʝ ʧʦʢʘʟʘʦ ʫ ʩʠʤʫʣʘʮʠʿʠ ʧʦʚʨʘʪʥʦ ʨʘʩʝʿʘʥʠʭ ʩʧʝʢʪʘʨʘ 

ʢʘʥʘʣʠʩʘʥʠʭ ʧʨʦʪʦʥʘ ʫ ʢʨʠʩʪʘʣʫ ʜʠʿʘʤʘʥʪʘ [121], ʢʘʦ ʠ ʫ ʦʜʨʝʹʠʚʘˁʫ ʧʨʦʬʠʣʘ ʘʤʦʨʬʠʟʘʮʠʿʝ 

ʢʨʠʩʪʘʣʘ ʜʠʿʘʤʘʥʪʘ ʠʤʧʣʘʥʪʠʨʘʥʦʛ ʿʦʥʠʤʘ ʫʛˀʝʥʠʢʘ ʝʥʝʨʛʠʿʝ 4 ʄʝV [122]. 

 ɿʘʫʩʪʘʚˀʘˁʝ ʠʤʧʣʘʥʪʠʨʘʥʠʭ ʿʦʥʘ ʫ ʘʤʦʨʬʥʠʤ ʤʘʪʝʨʠʿʘʣʠʤʘ ʯʝʩʪʦ ʩʝ ʩʠʤʫʣʠʨʘ ʧʦʤʦ˂ʫ 

ʧʨʦʛʨʘʤʩʢʦʛ ʧʘʢʝʪʘ SRIM ʙʘʟʠʨʘʥʠʤ ʥʘ ʄʦʥʪʝ ʂʘʨʣʦ ʩʠʤʫʣʘʮʠʿʘʤʘ ʿʦʥ-ʘʪʦʤ ʙʠʥʘʨʥʠʭ ʩʫʜʘʨʘ 

[123]. ʄʝʹʫʪʠʤ, ʫ ʨʘʜʫ ɺʘʥʛʘ ʠ ʩʘʨʘʜʥʠʢʘ, ʢʦʜ ʠʤʧʣʘʥʪʘʮʠʿʝ ʿʦʥʘ ʫʛˀʝʥʠʢʘ ʝʥʝʨʛʠʿʝ 20 ʄʝV 

ʫ 6ʅ-ɮiʉ ʧʨʠʤʝ˂ʝʥʦ ʿʝ ʜʘ ʫ SRIM ʩʠʤʫʣʘʮʠʿʠ ʿʦʥʠ ʧʨʦʜʠʨʫ ʜʫʙˀʝ ʫ ʧʦʨʝʹʝˁʫ ʩʘ ʨʝʟʫʣʪʘʪʠʤʘ 

ÕR ʘʥʘʣʠʟʝ (ʨʘʟʣʠʢʘ ʦʢʦ 20%). ʇʦʪʚʨʜʘ ʚʝʨʦʜʦʩʪʦʿʥʦʩʪʠ ɺʘʥʛʦʚʠʭ ʨʝʟʫʣʪʘʪʘ ʦʛʣʝʜʘ ʩʝ ʫ 

ˁʠʭʦʚʦʤ ʚʝʦʤʘ ʜʦʙʨʦʤ ʩʣʘʛʘˁʫ ʩʘ ʨʝʟʫʣʪʘʪʠʤʘ SEM ʤʠʢʨʦʩʢʦʧʠʿʝ. ʅʝʰʪʦ ʩʣʠʯʥʦ ʧʨʠʤʝ˂ʝʥʦ 

ʿʝ ʠ ʫ ʩʣʫʯʘʿʫ ʠʤʧʣʘʥʪʘʮʠʿʝ ʿʦʥʘ ʘʟʦʪʘ ʝʥʝʨʛʠʿʝ 4 ʄʝV ʫ ʢʨʠʩʪʘʣ ʩʠʣʠʮʠʿʫʤʘ, ʢʘʜʘ ʿʝ ʫʟʦʨʘʢ 

ʘʥʘʣʠʟʠʨʘʥ ʤʝʪʦʜʦʤ ʥʫʢʣʝʘʨʥʠʭ ʨʝʘʢʮʠʿʘ (NRA) ʠ ʥʘʧʨʘʚˀʝʥʦ ʧʦʨʝʹʝˁʝ ʩʘ SRIM 

ʩʠʤʫʣʘʮʠʿʦʤ (ʦʜʩʪʫʧʘˁʝ ʦʜ 8%) [124]. ʆʜʩʪʫʧʘˁʘ ʩʝ ʤʦʛʫ ʦʙʿʘʩʥʠʪʠ ʥʝʧʨʝʮʠʟʥʠʤ ʟʘʫʩʪʘʚʥʠʤ 

ʤʦ˂ʠʤʘ ʢʦʥʩʪʠʪʫʝʥʘʪʘ ʢʨʠʩʪʘʣʘ ʢʦʨʠʰ˂ʝʥʠʤ ʫ ʩʠʤʫʣʘʮʠʿʠ. ʉʭʦʜʥʦ ʪʦʤʝ, ʿʘʩʥʦ ʿʝ ʜʘ ʠʟʙʦʨ 

ʢʦʨʠʰ˂ʝʥʠʭ ʚʨʝʜʥʦʩʪʠ ʟʘʫʩʪʘʚʥʝ ʤʦ˂ʠ ʤʦʞʝ ʠʤʘʪʠ ʚʝʣʠʢʠ ʫʪʠʮʘʿ ʥʘ ʪʫʤʘʯʝˁʝ ʩʧʝʢʪʘʨʘ 

ʧʦʚʨʘʪʥʦʛ ʨʘʩʝʿʘˁʘ. 

 ʇʨʝʮʠʟʥʠʿʝ ʠʩʧʠʪʠʚʘˁʝ ʫʪʠʮʘʿʘ ʿʦʥʩʢʝ ʠʤʧʣʘʥʪʘʮʠʿʝ ʥʘ ʧʨʦʮʝʩ ʘʤʦʨʬʠʟʘʮʠʿʝ 6ʅ-ɮiʉ 

ʢʨʠʩʪʘʣʘ ʦʩʪʚʘʨʫʿʝ ʩʝ ʠʤʧʣʘʥʪʠʨʘˁʝʤ ʢʦʥʩʪʠʪʫʪʠʚʥʠʭ ʝʣʝʤʝʥʘʪʘ ʢʨʠʩʪʘʣʘ, ʫʛˀʝʥʠʢʘ ʠʣʠ 

ʩʠʣʠʮʠʿʫʤʘ, ʯʠʤʝ ʩʝ ʠʟʙʝʛʘʚʘ ʫʪʠʮʘʿ ʥʝʯʠʩʪʦ˂ʘ ʠ ʭʝʤʠʿʩʢʠʭ ʚʝʟʘ ʬʦʨʤʠʨʘʥʠʭ ʠʟʤʝ˂ʫ ˁʠʭ ʠ 

ʘʪʦʤʘ ʢʨʠʩʪʘʣʥʝ ʨʝʰʝʪʢʝ. ʂʘʦ ʰʪʦ ʿʝ ʚʝ˂ ʥʘʚʝʜʝʥʦ ʨʘʥʠʿʝ ʫ ʪʝʢʩʪʫ, ʫ ʣʠʪʝʨʘʪʫʨʠ ʿʝ ʤʦʛʫ˂ʝ 

ʧʨʦʥʘ˂ʠ ʧʫʙʣʠʢʘʮʠʿʝ ʢʦʿʝ ʩʝ ʦʜʥʦʩʝ ʥʘ ʠʤʧʣʘʥʪʘʮʠʿʫ ʚʠʩʦʢʦʝʥʝʨʛʠʿʩʢʠʭ ʿʦʥʘ ʫʛˀʝʥʠʢʘ ʠ 

ʩʠʣʠʮʠʿʫʤʘ ʫ 6ʅ-SiC, ʘʣʠ ʧʨʝʤʘ ʜʦʩʘʜʘʰˁʠʤ ʩʘʟʥʘˁʠʤʘ ʘʫʪʦʨʘ, ʩʚʝ ʩʫ ʚʝʟʘʥʝ ʟʘ ʠʤʧʣʘʥʪʘʮʠʿʫ 

ʫ ʩʣʫʯʘʿʥʦʿ ʦʨʠʿʝʥʪʘʮʠʿʠ ʢʨʠʩʪʘʣʘ. 

2.5. ʄʝʪʦʜʝ ʢʘʨʘʢʪʝʨʠʟʘʮʠʿʝ 

 ʉʧʝʢʪʨʦʤʝʪʨʠʿʘ ʈʘʪʝʨʬʦʨʜʦʚʦʛ ʠ ʝʣʘʩʪʠʯʥʦʛ ʧʦʚʨʘʪʥʦʛ ʨʘʩʝʿʘˁʘ ʫ ʤʦʜʫ ʢʘʥʘʣʠʩʘˁʘ ʠ 

ʩʢʝʥʠʨʘʿʫ˂ʘ ʝʣʝʢʪʨʦʥʩʢʘ ʤʠʢʨʦʩʢʦʧʠʿʘ ʯʝʩʪʦ ʩʝ ʢʦʨʠʩʪʝ ʟʘ ʠʩʧʠʪʠʚʘˁʝ ʫʪʠʮʘʿʘ ʠʤʧʣʘʥʪʘʮʠʿʝ 

ʿʦʥʘ ʥʘ ʩʪʨʫʢʪʫʨʫ ʤʘʪʝʨʠʿʘʣʘ [34, 92, 111]. ʉʧʝʮʠʬʠʯʥʦʩʪ ʧʨʠʥʮʠʧʘ ʥʘ ʢʦʤʝ ʩʝ ʟʘʩʥʠʚʘ ʤʝʪʦʜʘ 

ʘʥʘʣʠʟʝ ʧʦʚʨʘʪʥʦʛ ʨʘʩʝʿʘˁʘ ʦʤʦʛʫ˂ʘʚʘ ʜʦʙʠʿʘˁʝ ʧʨʦʬʠʣʘ ʘʤʦʨʬʠʟʘʮʠʿʝ ʫ ʙʣʠʩʢʦʧʦʚʨʰʠʥʩʢʦʤ 

ʨʝʛʠʦʥʫ (ʥʝʢʦʣʠʢʦ ʤʠʢʨʦʤʝʪʘʨʘ) ʙʝʟ ʧʨʝʪʭʦʜʥʝ ʧʨʠʧʨʝʤʝ ʫʟʦʨʢʘ. ʂʘʢʦ ʩʝ ʟʘ ʘʥʘʣʠʟʫ ʢʦʨʠʩʪʝ 

ʣʘʢʠ ʿʦʥʠ ʚʝʦʤʘ ʥʠʩʢʠʭ ʬʣʫʝʥʘʩʘ, ʤʝʪʦʜʘ ʿʝ ʛʦʪʦʚʦ ʥʝʜʝʩʪʨʫʢʪʠʚʥʘ, ʠʤʘ ʜʦʙʨʫ ʨʝʟʦʣʫʮʠʿʫ, 

ʦʩʝʪˀʠʚʦʩʪ ʠ ʢʚʘʥʪʠʪʘʪʠʚʥʘ ʿʝ. ʄʠʢʨʦ-ʨʘʤʘʥʩʢʘ ʩʧʝʢʪʨʦʩʢʦʧʠʿʘ ʜʘʿʝ ʠʥʬʦʨʤʘʮʠʿʝ ʦ 

ʩʪʨʫʢʪʫʨʠ ʢʨʠʩʪʘʣʥʝ ʨʝʰʝʪʢʝ ʥʘ ʤʠʢʨʦʥʩʢʦʤ ʠ ʩʫʙʤʠʢʨʦʥʩʢʦʤ ʥʠʚʦʫ. ʋ ʩʣʫʯʘʿʫ ɮiʉ-ʘ, ÕR 

ʩʧʝʢʪʨʦʩʢʦʧʠʿʘ ʢʦʨʠʰ˂ʝʥʘ ʿʝ ʟʘ ʦʜʨʝʹʠʚʘˁʝ ʧʦʣʠʪʠʧʘ [75], ʘʤʦʨʬʠʟʘʮʠʿʝ ʢʨʠʩʪʘʣʥʝ ʨʝʰʝʪʢʝ 

[75, 111, 113, 119, 125] ʚʝʣʠʯʠʥʝ ʢʨʠʩʪʘʣʠʪʘ ʫ ʩʪʨʫʢʪʫʨʠ [126], ʜʦʧʠʨʘˁʘ ʢʨʠʩʪʘʣʘ [127], 

ʥʘʧʨʝʟʘˁʘ [120], ʢʘʦ ʠ ʝʣʝʢʪʨʦʥʩʢʠʭ ʩʚʦʿʩʪʘʚʘ ʢʨʠʩʪʘʣʘ [75]. µR ʘʥʘʣʠʟʘ ʦʙʠʯʥʦ ʥʝ ʟʘʭʪʝʚʘ 

ʧʨʠʧʨʝʤʫ ʫʟʦʨʢʘ ʠ ʚʝʦʤʘ ʿʝ ʙʨʟʘ. ʂʦʜ µR ʠ SEM ʤʝʪʦʜʘ ʟʘ ʘʥʘʣʠʟʫ ʜʫʙʠʥʩʢʦʛ ʧʨʦʬʠʣʘ 

ʘʤʦʨʬʠʟʘʮʠʿʝ ʥʝʦʧʭʦʜʥʦ ʿʝ ʧʨʝʣʦʤʠʪʠ ʢʨʠʩʪʘʣ, ʢʘʢʦ ʙʠ ʩʝ ʤʦʛʘʦ ʠʩʧʠʪʠʚʘʪʠ ˁʝʛʦʚ ʧʦʧʨʝʯʥʠ 

ʧʨʝʩʝʢ, ʪʝ ʩʝ ʩʪʦʛʘ ʦʙʝ ʤʝʪʦʜʝ ʩʤʘʪʨʘʿʫ ʜʝʩʪʨʫʢʪʠʚʥʠʤ ʟʘ ʜʫʙʠʥʩʢʫ ʘʥʘʣʠʟʫ ʧʨʦʬʠʣʘ 

ʘʤʦʨʬʠʟʘʮʠʿʝ. 
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2.5.1.ʉʧʝʢʪʨʦʤʝʪʨʠʿʘ ʝʣʩʪʠʯʥʦʛ ʧʦʚʨʘʪʥʦʛ ʨʘʩʝʿʘˁʘ ʿʦʥʘ 

 ɸʥʘʣʠʟʘ ʿʦʥʩʢʠʤ ʩʥʦʧʦʚʠʤʘ (ʝʥʛʣ. Ion Beam Analysis ï IBA) ʧʨʝʜʩʪʘʚˀʘ ʩʢʫʧ 

ʘʥʘʣʠʪʠʯʢʠʭ ʤʝʪʦʜʘ ʢʦʝʿ ʩʝ ʢʦʨʠʩʪʝ ʟʘ ʧʨʦʫʯʘʚʘˁʝ ʩʘʩʪʘʚʘ ʠ ʩʪʨʫʢʪʫʨʝ ʠʩʧʠʪʠʚʘʥʠʭ ʫʟʦʨʘʢʘ 

ʢʦʨʠʩʪʝ˂ʠ ʩʥʦʧ ʫʙʨʟʘʥʠʭ ʿ ʦʥʘ ʝʥʝʨʛʠʿʝ ʨʝʜʘ ʄʝV. ɸʥʘʣʠʟʘ ʩʝ ʟʘʩʥʠʚʘ ʥʘ ʠʥʪʝʨʘʢʮʠʿʠ ʫʙʨʟʘʥʠʭ 

ʥʘʝʣʝʢʪʨʠʩʘʥʠʭ ʯʝʩʪʠʮʘ ʧʨʦʿʝʢʪʠʣʘ ʠ ʠʩʧʠʪʠʚʘʥʦʛ ʤʘʪʝʨʠʿʘʣʘ ʤʝʪʝ, ʢʘʢʦ ʥʘ ʘʪʦʤʩʢʦʤ, ʪʘʢʦ ʠ 

ʥʘ ʥʫʢʣʝʘʨʥʦʤ ʥʠʚʦʫ. ʋʩʣʝʜ ʠʥʪʝʨʘʢʮʠʿʝ ʜʦʣʘʟʠ ʜʦ ʝʤʠʩʠʿʝ ʨʘʟʣʠʯʠʪʠʭ ʯʝʩʪʠʮʘ ʠʣʠ ʟʨʘʯʝˁʘ 

ʯʠʿʘ ʿʝ ʝʥʝʨʛʠʿʘ ʢʘʨʘʢʪʝʨʠʩʪʠʯʥʘ ʟʘ ʝʣʝʤʝʥʪʝ ʢʦʿʠ ʩʘʯʠˁʘʚʘʿʫ ʫʟʦʨʘʢ. IBA ʤʝʪʦʜʝ ʤʝʹʫʩʦʙʥʦ 

ʩʝ ʨʘʟʣʠʢʫʿʫ ʥʘ ʦʩʥʦʚʫ ʪʦʛʘ ʢʦʿʠ ʝʤʠʩʠʦʥʠ ʧʨʦʜʫʢʪʠ ʩʝ ʘʥʘʣʠʟʠʨʘʿʫ (ʨʘʩʝʿʘʥʠ ʿʦʥʠ, ʍ ʟʨʘʯʝˁʝ, 

ʛʘʤʘ ʟʨʘʯʝˁʝ). ʅʝʢʝ ʦʜ ʤʝʪʦʜʘ ʩʫ ʩʧʝʢʪʨʦʤʝʪʨʠʿʘ ʝʣʩʪʠʯʥʦʛ ʧʦʚʨʘʪʥʦʛ ʨʘʩʝʿʘˁʘ (EBS), ʘʥʘʣʠʟʘ 

ʥʫʢʣʝʘʨʥʠʭ ʨʝʘʢʮʠʿʘ (NRA), ʘʥʘʣʠʟʘ ʛʘʤʘ ʟʨʘʢʘ ʠʥʜʫʢʦʚʘʥʠʭ ʿ ʦʥʠʤʘ (PIGE) ʠ ʘʥʘʣʠʟʘ ʍ ʟʨʘʢʘ 

ʠʥʜʫʢʦʚʘʥʠʭ ʿʦʥʠʤʘ (PIʍE). ʅʘʚʝʜʝʥʝ ʤʝʪʦʜʝ ʩʫ ʚʝʦʤʘ ʦʩʝʪˀʠʚʝ, ʦʤʦʛʫ˂ʘʚʘʿʫ ʢʚʘʥʪʠʪʘʪʠʚʥʫ 

ʘʥʘʣʠʟʫ, ʨʝʣʘʪʠʚʥʦ ʩʫ ʥʝʜʝʩʪʨʫʢʪʠʚʥʝ ʠ ʙʨʟʝ [31]. ʇʨʝ ʘʥʘʣʠʟʝ ʥʘʿʯʝʰ˂ʝ ʥʠʿʝ ʧʦʪʨʝʙʥʘ 

ʧʨʠʧʨʝʤʘ ʫʟʦʨʘʢʘ. 

 ʉʧʝʢʪʨʦʤʝʪʨʠʿʘ ʝʣʩʪʠʯʥʦʛ ʧʦʚʨʘʪʥʦʛ ʨʘʩʝʿʘˁʘ ʿʦʥʘ ʧʨʝʜʩʪʘʚˀʘ ʿʝʜʥʫ ʦʜ 

ʥʘʿʢʦʨʠʰ˂ʝʥʠʿʠʭ IBA ʤʝʪʦʜʘ. ɽʤʠʩʠʦʥʠ ʧʨʦʜʫʢʪʠ ʘʥʘʣʠʟʝ ʿʦʥʩʢʠʤ ʩʥʦʧʦʤ ʫ ʩʣʫʯʘʿʫ EBS-ʘ ʩʫ 

ʧʦʚʨʘʪʥʦ ʨʘʩʝʿʘʥʠ ʿʦʥʠ ʥʘ ʘʪʦʤʩʢʠʤ ʿʝʟʛʨʠʤʘ ʤʘʪʝʨʠʿʘʣʘ ʤʝʪʝ. ʈʘʩʝʿʘʥʠ ʿʦʥʠ ʪʨʧʝ ʚʝʣʠʢʝ 

ʧʨʦʤʝʥʝ ʫ ʝʥʝʨʛʠʿʠ ʠ ʧʨʘʚʮʫ. ɸʢʦ ʫʟʦʨʘʢ ʥʠʿʝ ʪʘʥʘʢ (ʰʪʦ ʿʝ ʫʛʣʘʚʥʦʤ ʩʣʫʯʘʿ) ʤʦʛʫ˂ʝ ʿʝ 

ʜʝʪʝʢʪʦʚʘʪʠ ʩʘʤʦ ʿʦʥʝ ʨʘʩʝʿʘʥʝ ʧʨʠ ʫʛʣʦʚʠʤʘ ʚʝ˂ʠʤ ʦʜ 90Á ʫ ʦʜʥʦʩʫ ʥʘ ʧʨʘʚʘʮ ʫʧʘʜʥʦʛ ʩʥʦʧʘ 

(ʧʦʚʨʘʪʥʦ ʨʘʩʝʿʘʥʠ ʿʦʥʠ). ɿʘ EBS ʘʥʘʣʠʟʫ ʦʙʠʯʥʦ ʩʝ ʢʦʨʠʩʪʠ ʩʥʦʧ ʜʦʙʨʦ ʢʦʣʠʤʠʩʘʥʠʭ 

ʤʦʥʦʝʥʝʨʛʠʩʿʢʠʭ ʣʘʢʠʭ ʿʦʥʘ (ʿʦʥʠ ʪʝʞʠ ʦʜ ʝʣʝʤʝʥʘʪʘ ʠʩʧʠʪʠʚʘʥʦʛ ʤʘʪʝʨʠʿʘʣʘ ʥʝ ʤʦʛʫ ʙʠʪʠ 

ʧʦʚʨʘʪʥʦ ʨʘʩʝʿʘʥʠ) ʝʥʝʨʛʠʿʝ ʦʜ ʥʝʢʦʣʠʢʦ ʩʪʦʪʠʥʘ keV ʜʦ ʥʝʢʦʣʠʢʦ ʄʝV [14]. ʂʘʦ ʧʨʦʿʝʢʪʠʣʠ 

ʦʙʠʯʥʦ ʩʝ ʢʦʨʠʩʪʝ 1ʅ ʠ 4ʅʝ ʿʦʥʠ, ʜʦʢ ʩʝ ʧʦʚʨʘʪʥʦ ʨʘʩʝʿʘʥʠ ʿʦʥʠ ʥʘʿʯʝʰ˂ʝ ʜʝʪʝʢʪʫʿʫ ʧʦʜ 

ʫʛʣʦʚʠʤʘ ʦʜ 150Á ʜʦ 170Á [128]. ʅʘ ʦʩʥʦʚʫ ʝʥʝʨʛʠʿʝ ʧʦʚʨʘʪʥʦ ʨʘʩʝʿʘʥʠʭ ʿʦʥʘ ʜʦʙʠʿʘʿʫ ʩʝ 

ʠʥʬʦʨʤʘʮʠʿʝ ʦ ʘʪʦʤʩʢʦʿ ʤʘʩʠ ʠ ʜʫʙʠʥʩʢʦʿ ʨʘʩʧʦʜʝʣʠ ʢʦʥʩʪʠʪʫʝʥʘʪʘ ʤʘʪʝʨʠʿʘʣʘ ʠ ʥʝʯʠʩʪʦ˂ʘ. 

 EBS ʦʤʦʛʫ˂ʘʚʘ ʢʚʘʥʪʠʪʘʪʠʚʥʫ ʘʥʘʣʠʟʫ ʩʘʩʪʘʚʘ ʤʘʪʝʨʠʿʘʣʘ ʙʝʟ ʫʧʦʪʨʝʙʝ ʨʝʬʝʨʝʥʪʥʠʭ 

ʩʪʘʥʜʘʨʜʘ ʩʘ ʨʝʟʦʣʫʮʠʿʦʤ ʜʦ ʥʝʢʦʣʠʢʦ nm [129]. ʄʝʪʦʜʘ ʿʝ ʧʦʩʝʙʥʦ ʦʩʝʪˀʠʚʘ ʟʘ ʜʝʪʝʢʮʠʿʫ 

ʪʝʰʢʠʭ ʝʣʝʤʝʥʘʪʘ ʩʘ ʛʨʘʥʠʮʦʤ ʜʝʪʝʢʮʠʿʝ ʨʝʜʘ ppm [130]. ʅʝʜʦʩʪʘʪʘʢ EBS-ʘ ʿʝ ʥʠʩʢʘ 

ʦʩʝʪˀʠʚʦʩʪ ʥʘ ʣʘʢʝ ʝʣʝʤʝʥʪʝ, ʰʪʦ ʯʝʩʪʦ ʟʘʭʪʝʚʘ ʫʧʦʪʨʝʙʫ ʠ ʜʨʫʛʠʭ IBA ʤʝʪʦʜʘ. 

2.5.1.1. ʆʩʥʦʚʥʠ ʧʨʠʥʮʠʧʠ ʩʧʝʢʪʨʦʤʝʪʨʠʿʝ ʝʣʩʪʠʯʥʦʛ ʧʦʚʨʘʪʥʦʛ ʨʘʩʝʿʘˁʘ 

2.5.1.1.1. ʂʠʥʝʤʘʪʠʢʘ ʨʘʩʝʿʘˁʘ ʿʦʥʘ 

ʂʘʜʘ ʩʝ ʿʦʥ ʧʦʚʨʘʪʥʦ ʨʘʩʝʿʝ ʥʘ ʘʪʦʤʫ ʤʝʪʝ ʧʦʜ ʫʛʣʦʤ ɗ, ʦʜʥʦʩ ʝʥʝʨʛʠʿʝ ʿʦʥʘ ʥʝʧʦʩʨʝʜʥʦ 

ʧʨʝ ʨʘʩʝʿʘˁʘ (ɽ0) ʠ ʥʝʧʦʩʨʝʜʥʦ ʥʘʢʦʥ ʨʘʩʝʿʘˁʘ (ɽ1) ʜʘʪ ʿʝ ʿʝʜʥʘʯʠʥʦʤ [129]: 

 
Ὁ

Ὁ
ὑ

ρ ὓ ὓϳ ÓÉÎ—
ϳ

ὓ ὓϳ ÃÏÓ—

ρ ὓ ὓϳ
 (2.21.) 

ʆʚʘʿ ʦʜʥʦʩ ʥʘʟʠʚʘ ʩʝ ʢʠʥʝʤʘʪʠʯʢʠ ʬʘʢʪʦʨ (K) ʠ ʧʦʢʘʟʫʿʝ ʜʘ ʝʥʝʨʛʠʿʘ ʿʦʥʘ ʥʘʢʦʥ ʨʘʩʝʿʘˁʘ ʟʘʚʠʩʠ 

ʩʘʤʦ ʦʜ ʤʘʩʝ ʧʨʦʿʝʢʪʠʣʘ (ʄp), ʤʘʩʝ ʘʪʦʤʘ ʤʝʪʝ (ʄm) ʠ ʫʛʣʘ ʨʘʩʝʿʘˁʘ. ʋ ʝʿʜʥʘʯʠʥʠ 2.21. ʟʥʘʢ 

ʧʣʫʩ ʩʝ ʢʦʨʠʩʪʠ ʟʘ ʩʣʫʯʘʿ ʢʘʜʘ ʿʝ ʄp Ò ʄm, ʜʦʢ ʫ ʩʫʧʨʦʪʥʦʤ (ʄp > ʄm) ʧʦʩʪʦʿʝ ʜʚʘ ʨʝʰʝˁʘ ʫʟ 

ʫʩʣʦʚ ʜʘ ʿʝ ʤʘʢʩʠʤʘʣʥʠ ʫʛʘʦ ʨʘʩʝʿʘˁʘ ɗmax [131]: 

 
— Ò́ÃÓÉÎ

˙

˙
 (2.22.) 

ɼʨʫʛʦ ʨʝʰʝˁʝ ʟʘ ʩʣʫʯʘʿ ʄp > ʄm ʩʝ ʜʦʙʠʿʘ ʠʟ ʨʘʟʣʦʛʘ ʰʪʦ ʨʘʟʣʠʯʠʪʠ ʫʜʘʨʥʠ ʧʘʨʘʤʝʪʨʠ b 

ʨʝʟʫʣʪʠʨʘʿʫ ʠʩʪʠʤ ʫʛʣʦʤ ʨʘʩʝʿʘˁʘ (ʥʧʨ. ɗ = 0 ʩʝ ʤʦʞʝ ʜʦʙʠʪʠ ʟʘ b = 0, ʯʝʦʥʠ ʩʫʜʘʨ [ʟʥʘʢ ī] ʠ 

b å Ð [ʟʥʘʢ +]). ʆʩʥʦʚʥʘ ʠʜʝʿʘ EBS ʩʧʝʢʪʨʦʩʢʦʧʠʿʝ ʧʦʯʠʚʘ ʥʘ ʿʝʜʥʘʯʠʥʠ ʟʘ ʢʠʥʝʤʘʪʠʯʢʠ ʬʘʢʪʦʨ 
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ʂ. ʅʘʠʤʝ, ʢʘʢʦ ʩʫ ʫ ʧʦʩʪʘʚʮʠ EBS ʘʥʘʣʠʟʝ ʧʘʨʘʤʝʪʨʠ ɽ0, ɗ ʠ ʄp ʜʝʬʠʥʠʩʘʥʠ, ʤʝʨʝˁʝʤ ʝʥʝʨʛʠʿʝ 

ʨʘʩʝʿʘʥʠʭ ʿʦʥʘ ʣʘʢʦ ʩʝ ʤʦʞʝ ʦʜʨʝʜʠʪʠ ʤʘʩʘ ʘʪʦʤʘ ʤʝʪʝ. 

ʂʘʜʘ ʩʝ ʨʘʩʝʿʘˁʝ ʿʦʥʘ ʜʝʰʘʚʘ ʥʘ ʚʝ˂ʠʤ ʜʫʙʠʥʘʤʘ, ʿʦʥʠ ʧʨʝ ʠ ʥʘʢʦʥ ʧʨʦʮʝʩʘ ʧʦʚʨʘʪʥʦʛ 

ʨʘʩʝʿʘˁʘ ʥʘ ʧʫʪʫ ʢʨʦʟ ʤʘʪʝʨʠʿʘʣ ʛʫʙʝ ʝʥʝʨʛʠʿʫ (ʟʘ ʚʨʝʜʥʦʩʪ ʝʥʝʨʛʠʿʝ Ů) ʫʩʣʝʜ ʠʥʪʝʨʘʢʮʠʿʝ ʩʘ 

ʝʣʝʢʪʨʦʥʠʤʘ (ʜʦʤʠʥʘʥʪʥʘ ʠʥʪʝʨʘʢʮʠʿʘ ʫ ʝʥʝʨʛʠʿʩʢʦʤ ʦʧʩʝʛʫ ʿʦʥʘ ʢʦʿʠ ʩʝ ʢʦʨʠʩʪʝ ʫ EBS 

ʩʧʝʢʪʨʦʤʝʪʨʠʿʠ) ʘʪʦʤʘ ʤʝʪʝ. ʈʘʯʫʥʘˁʝ ʝʥʝʨʛʠʿʩʢʠʭ ʛʫʙʠʪʘʢʘ ʿʦʥʘ ʧʨʠ ʧʨʦʣʘʩʢʫ ʢʨʦʟ ʤʘʪʝʨʠʿʘʣ 

ʜʝʪʘˀʥʦ ʿʝ ʦʧʠʩʘʥʦ ʫ ʧʦʛʣʘʚˀʫ 2.1.2. ʅʘ ʩʣʠʮʠ 10 ʠʣʫʩʪʨʦʚʘʥ ʿʝ ʧʨʦʮʝʩ ʜʦʙʠʿʘˁʘ EBS ʩʧʝʢʪʨʘ 

ʠʟ ʤʝʪʝ ʩʘʯʠˁʝʥʝ ʦʜ ʤʦʥʦʠʟʦʪʦʧʩʢʦʛ ʝʣʝʤʝʥʪʘ. ʉʘ ʩʣʠʢʝ ʩʝ ʿʘʩʥʦ ʤʦʞʝ ʚʠʜʝʪʠ ʟʘʚʠʩʥʦʩʪ 

ʝʥʝʨʛʠʿʝ ʨʘʩʝʿʘʥʠʭ ʿʦʥʘ ʠʟʤʝʨʝʥʝ ʥʘ ʜʝʪʝʢʪʦʨʫ ʦʜ ʜʫʙʠʥʝ ʤʝʪʝ ʥʘ ʢʦʿʦʿ ʩʝ ʜʦʛʦʜʠʣʦ ʨʘʩʝʿʘˁʝ. 

ʘ) ʙ) 

 
 

 

ʉʣʠʢʘ 10. ʘ) ʉʭʝʤʘʪʩʢʠ ʧʨʠʢʘʟ ʧʨʦʮʝʩʘ ʝʣʩʪʠʯʥʦʛ ʧʦʚʨʘʪʥʦʛ ʨʘʩʝʿʘˁʘ ʥʘ ʢʨʠʩʪʘʣʫ  

ʢʦʿʠ ʩʝ ʩʘʩʪʦʿʠ ʦʜ ʤʦʥʦʠʟʦʪʦʧʩʢʦʛ ʝʣʝʤʝʥʪʘ ʠ ʙ) ʨʝʟʫʣʪʫʿʫ˂ʠ ʩʧʝʢʪʘʨ ʧʦʚʨʘʪʥʦʛ  

ʝʣʘʩʪʠʯʥʦʛ ʨʘʩʝʿʘˁʘ. 

 ʋʢʦʣʠʢʦ ʿʝ ʫ ʤʝʪʠ ʧʨʠʩʫʪʥʦ ʚʠʰʝ ʨʘʟʣʠʯʠʪʠʭ ʝʣʝʤʝʥʘʪʘ, ʰʪʦ ʿʝ ʛʦʪʦʚʦ ʫʚʝʢ ʩʣʫʯʘʿ, ʢʘʦ 

ʧʦʩʣʝʜʠʮʘ ʨʘʟʣʠʯʠʪʠʭ ʚʨʝʜʥʦʩʪʠ K ʿʘʚʠ˂ʝ ʩʝ ʨʘʟʣʠʢʘ ʝʥʝʨʛʠʿʘ (ȹɽ) ʫ ʧʦʣʦʞʘʿʠʤʘ ˁʠʭʦʚʠʭ 

ʩʠʛʥʘʣʘ ʂiɽ0. ʆʚʘ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ EBS-ʘ ʜʘʿʝ ʦʚʦʿ ʤʝʪʦʜʠ ʩʚʦʿʩʪʚʘ ʘʪʦʤʩʢʝ ʤʘʩʝʥʝ 

ʩʧʝʢʪʨʦʤʝʪʨʠʿʝ. ʈʝʟʦʣʫʮʠʿʘ ʨʘʟʜʚʘʿʘˁʘ ʘʪʦʤʩʢʠʭ ʤʘʩʘ ʟʘʚʠʩʠ˂ʝ ʦʜ ʨʘʟʣʠʢʝ ʢʠʥʝʤʘʪʠʯʢʠʭ 

ʬʘʢʪʦʨʘ, ʦʜʥʦʩʥʦ ʦʜ ʤʘʩʝ ʢʦʨʠʰ˂ʝʥʦʛ ʘʥʘʣʠʟʠʨʘʿʫ˂ʝʛ ʿʦʥʘ. ʄʘʩʝʥʘ ʨʝʟʦʣʫʮʠʿʘ ʩʝ ʤʦʞʝ 

ʜʝʬʠʥʠʩʘʪʠ ʿʝʜʥʘʯʠʥʦʤ [132]: 
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 (2.23.) 

ʛʜʝ ʿʝ ŭɽ ʨʝʟʦʣʫʮʠʿʘ EBS ʩʠʩʪʝʤʘ. ʅʘ ʩʣʠʮʠ 11ʘ ʜʘʪʘ ʿʝ ʟʘʚʠʩʥʦʩʪ ʚʨʝʜʥʦʩʪʠ ʢʠʥʝʤʘʪʠʯʢʦʛ 

ʬʘʢʪʦʨʘ ʨʘʟʣʠʯʠʪʠʭ ʪʠʧʦʚʘ ʿʦʥʘ ʦʜ ʤʘʩʝ ʘʪʦʤʘ ʤʝʪʝ. ʅʘʿʙʦˀʘ ʨʝʟʦʣʫʮʠʿʘ ʤʘʩʘ ʩʝ ʧʦʩʪʠʞʝ ʢʘʜʘ 

ʿʝ ʥʘʛʠʙ ʬʫʢʮʠʿʝ ʟʘʚʠʩʥʦʩʪʠ ʢʠʥʝʤʘʪʠʯʢʦʛ ʬʘʢʪʦʨʘ ʦʜ ʤʘʩʝ ʘʪʦʤʘ ʤʝʪʝ ʥʘʿʚʝ˂ʠ. ʉʪʦʛʘ, ʥʘʿʚʝ˂ʫ 

ʤʘʩʝʥʫ ʨʝʟʦʣʫʮʠʿʫ ʧʨʠ ʜʝʪʝʢʮʠʿʠ ʣʘʢʠʭ ʝʣʝʤʝʥʘʪʘ ʫ ʤʝʪʠ ʠʤʘʿʫ ʘʥʘʣʠʟʠʨʘʿʫ˂ʠ ʿʦʥʠ ʣʘʢʠʭ 

ʝʣʝʤʝʥʪʘ, ʧʦʧʫʪ ʚʦʜʦʥʠʢʘ ʠ ʭʝʣʠʿʫʤʘ. ɿʘ ʙʦˀʫ ʤʘʩʝʥʫ ʨʝʟʦʣʫʮʠʿʫ ʧʨʠʣʠʢʦʤ ʜʝʪʝʢʮʠʿʝ ʪʝʞʠʭ 

ʝʣʝʤʝʥʘʪʘ ʧʦʪʨʝʙʥʦ ʿʝ ʠʟʘʙʨʘʪʠ ʧʨʦʿʝʢʪʠʣʝ ʚʝ˂ʝ ʤʘʩʝ, ʤʝʹʫʪʠʤ ʠʩʪʠ ʦʰʪʝ˂ʫʿʫ ʤʘʪʝʨʠʿʘʣ ʚʠʰʝ 

ʠ ʧʨʠ ʪʦʤʝ ʠʤʘʿʫ ʫʤʘˁʝʥʫ ʘʥʘʣʠʟʠʨʘʿʫ˂ʫ ʜʫʙʠʥʫ. ʇʦʚʝ˂ʘˁʝʤ ɽ0 ʠ ʧʨʠʙʣʠʞʘʚʘˁʝʤ ʧʦʣʦʞʘʿʘ 

ʜʝʪʝʢʪʦʨʘ ʚʨʝʜʥʦʩʪʠ ʫʛʣʘ ɗ ʦʜ 180Á ʜʦʜʘʪʥʦ ʩʝ ʧʦʙʦˀʰʘʚʘ ʤʘʩʝʥʘ ʨʝʟʦʣʫʮʠʿʘ. 

ʅʘ ʩʣʠʮʠ 11ʙ ʧʨʠʢʘʟʘʥʘ ʿʝ ʠʣʫʩʪʨʘʮʠʿʘ EBS ʩʧʝʢʪʨʘ ʫ ʩʣʫʯʘʿʫ ʢʘʜʘ ʿʝ ʥʘ ʩʫʧʩʪʨʘʪ ʤʘʩʝ 

ʄ ʥʘʥʝʪ ʤʦʥʦʩʣʦʿ ʩʘʯʠˁʝʥ ʦʜ ʪʨʠ ʝʣʝʤʝʥʪʘ ʿʝʜʥʘʢʠʭ ʢʦʥʮʝʥʪʨʘʮʠʿʘ. ʋ ʜʘʪʦʤ ʧʨʠʤʝʨʫ ʥʝ 

ʜʦʣʘʟʠ ʜʦ ʧʨʝʢʣʘʧʘˁʘ ʩʠʛʥʘʣʘ ʝʣʝʤʝʥʘʪʘ, ʰʪʦ ʧʨʝʜʩʪʘʚˀʘ ʠʜʝʘʣʘʥ ʩʣʫʯʘʿ. ʋʪʠʮʘʿ ʂ ʬʘʢʪʦʨʘ 

ʥʘ ʝʥʝʨʛʠʿʩʢʫ ʨʝʟʦʣʫʮʠʿʫ ʨʘʟʜʚʘʿʘˁʘ ʤʦʞʝ ʩʝ ʿʘʩʥʦ ʚʠʜʝʪʠ ʫ ʩʣʫʯʘʿʫ ʠʟʦʪʦʧʩʢʝ ʘʥʘʣʠʟʝ. ɹʦˀʘ 

ʠʟʦʪʦʧʩʢʘ ʨʝʟʦʣʫʮʠʿʘ ʧʦʩʪʠʞʝ ʩʝ ʟʘ ʝʣʝʤʝʥʘʪʝ ʤʘˁʠʭ ʤʘʩʘ, ʰʪʦ ʿʝ ʠʣʫʩʪʨʦʚʘʥʦ ʥʘ ʩʣʠʮʠ 11ʙ. 

ʂʘʜʘ ʩʝ ʩʠʛʥʘʣʠ ʨʘʟʣʠʯʠʪʠʭ ʝʣʝʤʝʥʘʪʘ ʧʨʝʢʣʘʧʘʿʫ, ʪʫʤʘʯʝˁʝ EBS ʩʧʝʢʪʘʨʘ ʥʠʿʝ ʿʝʜʥʦʩʪʘʚʥʦ. 

ʈʝʟʫʣʪʫʿʫ˂ʠ ʩʧʝʢʪʘʨ ʧʨʝʜʩʪʘʚˀʘ ʩʫʤʫ ʩʠʛʥʘʣʘ ʩʚʠʭ ʧʨʠʩʫʪʥʠʭ ʝʣʝʤʝʥʘʪʘ ʫ ʫʟʦʨʢʫ. ʋ ʪʦʤ 
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ʩʣʫʯʘʿʫ ʩʝ ʟʘ ʪʫʤʘʯʝˁʝ ʩʧʝʢʪʘʨʘ ʥʘʿʯʝʰ˂ʝ ʢʦʨʠʩʪʝ ʨʘʯʫʥʘʨʩʢʝ ʩʠʤʫʣʘʮʠʿʝ, ʤʝʹʫ ʢʦʿʠʤʘ ʿʝ ʿʝʜʘʥ 

ʦʜ ʥʘʿʧʦʧʫʣʘʨʥʠʿʠʭ ʨʘʯʫʥʘʨʩʢʠʭ ʧʨʦʛʨʘʤʘ SIMNRA [133]. 

a) ʙ) 

 
 

 

ʉʣʠʢʘ 11. ʘ) ɿʘʚʠʩʥʦʩʪ ʢʠʥʝʤʘʪʠʯʢʦʛ ʬʘʢʪʦʨʘ ʦʜ ʤʘʩʝ ʘʪʦʤʘ ʤʝʪʝ ʟʘ ʨʘʟʣʠʯʠʪʝ ʿʦʥʝ 

ʧʨʦʿʝʢʪʠʣʘ ʧʨʠ ʫʛʣʫ ʨʘʩʝʿʘˁʘ 160Á ʠ ʙ) ʠʣʫʩʪʨʘʮʠʿʘ EBS ʩʧʝʢʪʨʘ ʫʟʦʨʢʘ ʢʦʿʠ ʩʝ ʩʘʩʪʦʿʠ ʦʜ 

ʩʫʧʩʪʨʘʪʘ ʤʘʩʝ ʄ ʥʘ ʢʦʿʠ ʿʝ ʥʘʥʝʪ ʤʦʥʦʩʣʦʿ ʩʘʯʠˁʝʥ ʦʜ X, Y ʠ Z ʝʣʝʤʝʥʘʪʘ ʿʝʜʥʘʢʠʭ 

ʢʦʥʮʝʥʪʨʘʮʠʿʘ. ɱʦʥ ʧʨʦʿʝʢʪʠʣ ʠʤʘ ʤʘʩʫ ʟʥʘʯʘʿʥʦ ʤʘˁʫ ʦʜ ʤʘʩʝ ʄ. 

2.5.1.1.2. ʇʦʧʨʝʯʥʠ ʧʨʝʩʝʮʠ ʟʘ ʨʘʩʝʿʘˁʝ ʿʦʥʘ 

ʉʧʝʮʠʬʠʯʘʥ ʩʣʫʯʘʿ ʩʧʝʢʪʨʦʤʝʪʨʠʿʝ ʝʣʘʩʪʠʯʥʦʛ ʧʦʚʨʘʪʥʦʛ ʨʘʩʝʿʘˁʘ (ʫ ʟʘʚʠʩʥʦʩʪʠ ʦʜ 

ʥʘʯʠʥʘ ʘʧʨʦʩʢʠʤʘʮʠʿʝ ʧʦʧʨʝʯʥʦʛ ʧʨʝʩʝʢʘ ʨʘʩʝʿʘˁʘ) ʿʝʩʪʝ ʩʧʝʢʪʨʦʤʝʪʨʠʿʘ ʈʘʪʝʨʬʦʨʜʦʚʦ 

ʧʦʚʨʘʪʥʦʛ ʨʘʩʝʿʝˁʘ (ʝʥʛʣ. Rutherford Backscattering Spectrometry ï RBS). RBS ʧʨʘʪʠ 

ʈʘʪʝʨʬʦʨʜʦʚ ʪʨʝʪʤʘʥ ʧʨʠʤʝˁʝʥ ʫ ʝʢʩʧʝʨʠʤʝʥʪʠʤʘ ʨʘʩʝʿʘˁʘ ʘʣʬʘ ʯʝʩʪʠʮʘ ɻʘʿʛʝʨʘ ʠ ʄʘʨʩʜʝʥʘ 

(H. Geiger, E. Marsden). ʈʘʪʝʨʬʦʨʜ ʿʝ ʘʧʨʦʢʩʠʤʠʨʘʦ ʧʦʧʨʝʯʥʠ ʧʨʝʩʝʢ ʨʘʩʝʿʘˁʘ ʢʦʨʠʩʪʝ˂ʠ 

ʂʫʣʦʥʦʚʫ ʠʥʪʝʨʘʢʮʠʿʫ ʜʚʘ ʪʘʯʢʘʩʪʘ ʥʘʝʣʝʢʪʨʠʩʘˁʘ. ʆʚʘ ʘʧʨʦʢʩʠʤʘʮʠʿʘ ʥʝ ʚʘʞʠ ʫ ʩʣʫʯʘʿʫ ʢʘʜʘ 

ʩʫ ʿʝʟʛʨʘ ʥʘ ʚʝʦʤʘ ʙʣʠʩʢʦʿ ʫʜʘˀʝʥʦʩʪʠ. ʈʘʪʝʨʬʦʨʜʦʚ ʜʠʬʝʨʝʥʮʠʿʘʣʥʠ ʧʦʧʨʝʯʥʠ ʧʨʝʩʝʢ (dů/dɋ) 

ʜʝʬʠʥʠʰʝ ʩʝ ʢʘʦ [134, 135]: 

 

Ὠ„

Ὠ 

ὤὤὩ

ρφ“‐Ὁ

τ

ÓÉÎ—

ρ ὓ ὓϳ ÓÉÎ—
ϳ

ÃÏÓ—

ρ ὓ ὓϳ ÓÉÎ—
ϳ

 
(2.24.) 

ʅʘ ʦʩʥʦʚʫ ʜʘʪʝ ʿʝʜʥʘʯʠʥʝ ʚʠʜʠ ʩʝ ʜʘ ʿʝ ʈʘʪʝʨʬʦʨʜʦʚ ʜʠʬʝʨʝʥʮʠʿʘʣʥʠ ʧʦʧʨʝʯʥʠ ʧʨʝʩʝʢ 

ʜʠʨʝʢʪʥʦ ʧʨʦʧʦʨʮʠʦʥʘʣʘʥ ʢʚʘʜʨʘʪʠʤʘ ʥʘʝʣʝʢʪʨʠʩʘˁʘ ʿʝʟʛʘʨʘ ʧʨʦʿʝʢʪʠʣʘ ʠ ʤʝʪʝ, ʘ ʦʙʨʥʫʪʦ 

ʧʨʦʧʦʨʮʠʦʥʘʣʘʥ ʢʚʘʜʨʘʪʫ ʝʥʝʨʛʠʿʝ ʧʨʦʿʝʢʪʠʣʘ. ɿʘ ʄp ᾽᾽ ʄm ʿʝʜʥʘʯʠʥʘ ʩʝ ʤʦʞʝ ʨʘʟʚʠʪʠ ʫ 

ʩʪʝʧʝʥʠ ʨʝʜ ʠ ʘʧʨʦʢʩʠʤʠʨʘʪʠ ʩʘʤʦ ʧʨʚʠʤ ʯʣʘʥʦʤ ʨʘʟʚʦʿʘ: 

 Ὠ„

Ὠ 
ḙ
ὤὤὩ

ρφ“‐Ὁ
ÓÉÎ

—

ς
ς
ὓ

ὓ
Ễ  (2.25.) 

 ʂʦʜ EBS ʝʢʩʧʝʨʠʤʝʥʘʪʘ ʪʠʧʠʯʘʥ ʧʨʦʩʪʦʨʥʠ ʫʛʘʦ ʜʝʪʝʢʪʦʨʘ, ɋ, ʥʘʿʯʝʰ˂ʝ SSB ʜʝʪʝʢʪʦʨʘ 

(ʝʥʛʣ. Silicon Surface Barrier), ʚʝʦʤʘ ʿʝ ʤʘʣʠ ʠ ʠʟʥʦʩʠ ʦʢʦ 10ī2 srad, ʟʙʦʛ ʯʝʛʘ ʿʝ ʫʛʘʦ ʨʘʩʝʿʘˁʘ, 

ɗ, ʜʦʙʨʦ ʜʝʬʠʥʠʩʘʥ. ʉʪʦʛʘ ʿʝ ʧʦ ʢʦʥʚʝʥʮʠʿʠ ʫʚʝʜʝʥ ʩʨʝʜˁʠ ʜʠʬʝʨʝʥʮʠʿʘʣʥʠ ʧʦʧʨʝʯʥʠ ʧʨʝʩʝʢ 

ʨʘʩʝʿʘˁʘ ʢʦʿʠ ʩʝ ʫʦʙʠʯʘʿʝʥʦ ʢʦʨʠʩʪʠ ʫ EBS-ʫ: 

 
„
ρ
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Ὠ 
Ὠ 

 

 (2.26.) 
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ʇʨʠ ʥʠʩʢʠʤ ʝʥʝʨʛʠʿʘʤʘ ʩʪʚʘʨʥʠ ʧʦʧʨʝʯʥʠ ʧʨʝʩʝʮʠ ʦʜʩʪʫʧʘʿʫ ʦʜ ʈʘʪʝʨʬʦʨʜʦʚʦʛ ʟʘ ʩʚʝ 

ʧʘʨʦʚʝ ʧʨʦʿʝʢʪʠʣʘ ʠ ʤʝʪʝ. ʈʘʟʣʦʛ ʟʘ ʦʚʘʢʚʦ ʧʦʥʘʰʘˁʝ ʣʝʞʠ ʫ ʜʝʣʠʤʠʯʥʦʤ ʝʢʨʘʥʠʨʘˁʫ 

ʥʘʝʣʝʢʪʨʠʩʘˁʘ ʿʝʟʛʨʘ ʝʣʝʢʪʨʦʥʩʢʠʤ ʦʙʣʘʮʠʤʘ ʢʦʿʠ ʦʢʨʫʞʫʿʫ ʦʙʘ ʿʝʟʛʨʘ. ɽʢʨʘʥʠʨʘˁʝ ʩʝ ʤʦʞʝ 

ʫʟʝʪʠ ʫ ʦʙʟʠʨ ʥʝʢʠʤ ʦʜ ʢʦʨʝʢʮʠʦʥʠʭ ʬʘʢʪʦʨʘ ʧʦʧʫʪ ʃʝʢʫʿʝʦʚʦʛ (ɱ. LôEcuyer) ʢʦʨʝʢʮʠʦʥʦʛ 

ʬʘʢʪʦʨʘ [136]. 

ʉʘ ʧʦʨʘʩʪʦʤ ʝʥʝʨʛʠʿʝ ʿʦʥʘ ʢʚʘʥʪʥʦ-ʤʝʭʘʥʠʯʢʠ ʝʬʝʢʪʠ ʜʦʣʘʟʝ ʜʦ ʠʟʨʘʞʘʿʘ ʠ 

ʘʧʨʦʢʩʠʤʘʮʠʿʘ ʈʘʪʝʨʬʦʨʜʦʚʦʛ ʧʦʧʨʝʯʥʦʛ ʧʨʝʩʝʢʘ ʧʨʝʩʪʘʿʝ ʜʘ ʚʘʞʠ. ʋ ʪʦʤ ʩʣʫʯʘʿʫ ʨʘʩʪʦʿʘˁʝ 

ʥʘʿʙʣʠʞʝʛ ʧʨʠʣʘʟʘ ʠʟʤʝʹʫ ʿʦʥʘ ʠ ʮʠˀʘʥʠʭ ʿʝʟʛʘʨʘ ʩʝ ʩʚʦʜʠ ʥʘ ʜʠʤʝʥʟʠʿʝ ʨʝʜʘ ʚʝʣʠʯʠʥʝ ʩʘʤʦʛ 

ʿʝʟʛʨʘ. ʊʦ ʟʘ ʧʦʩʣʝʜʠʮʫ ʠʤʘ ʧʦʿʘʚʫ ʫʪʠʮʘʿʘ ʩʠʣʘ ʢʨʘʪʢʦʛ ʜʦʤʝʪʘ ʥʘ ʧʨʦʮʝʩ ʨʘʩʝʿʘˁʘ, ʟʙʦʛ ʯʝʛʘ 

ʩʝ ʿʘʚˀʘʿʫ ʟʥʘʪʥʘ ʦʜʩʪʫʧʘˁʘ ʦʜ ʈʘʪʝʨʬʦʨʜʦʚʦʛ ʧʦʧʨʝʯʥʦʛ ʧʨʝʩʝʢʘ. ɺʨʝʜʥʦʩʪ ʧʦʧʨʝʯʥʦʛ 

ʧʨʝʩʝʢʘ ʟʘ ʨʘʩʝʿʘˁʝ ʪʘʜʘ ʠʥʪʝʥʟʠʚʥʠʿʝ ʟʘʚʠʩʠ ʦʜ ʝʥʝʨʛʠʿʝ (ʧʦʿʘʚʘ ʨʝʟʦʥʘʥʪʥʠʭ ʧʠʢʦʚʘ ʥʘ ʪʘʯʥʦ 

ʜʝʬʠʥʠʩʘʥʠʤ ʝʥʝʨʛʠʿʘʤʘ), ʫʛʣʘ ʠ ʢʦʤʙʠʥʘʮʠʿʝ ʧʨʦʿʝʢʪʠʣ-ʤʝʪʘ. ʂʘʢʦ EBS ʨʘʟʤʘʪʨʘ ʩʘʤʦ 

ʨʘʩʝʿʘˁʝ ʢʘʦ ʧʦʩʣʝʜʠʮʫ ʝʣʘʩʪʠʯʥʦʛ ʩʫʜʘʨʘ, ʫ ʩʣʫʯʘʿʝʚʠʤʘ ʦʜʩʪʫʧʘˁʘ ʦʜ ʈʘʪʝʨʬʦʨʜʦʚʦʛ 

ʧʦʧʨʝʯʥʦʛ ʧʨʝʩʝʢʘ ʢʦʨʠʩʪʠ ʩʝ ʥʘʟʠʚ ʩʧʝʢʪʨʦʤʝʪʨʠʿʘ ʝʣʘʩʪʠʯʥʦʛ ʧʦʚʨʘʪʥʦʛ ʨʘʩʝʿʘˁʘ (ɽɺɮ) 

[137]. ʅʘ ʩʣʠʮʠ 12ʘ ʧʨʠʢʘʟʘʥʘ ʿʝ ʨʘʟʣʠʢʘ ʠʟʤʝʹʫ ʈʘʪʝʨʬʦʨʜʦʚʦʛ ʠ ʝʣʘʩʪʠʯʥʦʛ ʧʦʧʨʝʯʥʦʛ 

ʧʨʝʩʝʢʘ ʟʘ ʨʘʩʝʿʘˁʘ ʧʨʦʪʦʥʘ ʥʘ ʘʪʦʤʠʤʘ ʩʠʣʠʮʠʿʫʤʘ. 

a) ʙ) 

  
 

ʉʣʠʢʘ 12. ʘ) ʇʦʧʨʝʯʥʠ ʧʨʝʩʝʢ ʟʘ ʨʘʩʝʿʘˁʝ ʧʨʦʪʦʥʘ ʥʘ ʿʝʟʛʨʠʤʘ 28ɮi: ʮʨʚʝʥʘ ʣʠʥʠʿʘ ï ʥʝ-

ʈʘʪʝʨʬʦʨʜʦʚ (ʝʣʘʩʪʠʯʥʠ) ʠ ʮʨʥʘ ʣʠʥʠʿʘ ï ʈʘʪʝʨʬʦʨʜʦʚ ʧʦʧʨʝʯʥʠ ʧʨʝʩʝʢ (ʧʦʜʘʮʠ ʟʘ 

ʧʦʧʨʝʯʥʠ ʧʨʝʩʝʢ ʧʨʝʫʟʝʪʠ ʩʘ IBANDL ( Ion Beam Analysis Nuclear Data Library) ʙʘʟʝ 

 [138-140]); ʙ) ʨʝʣʘʪʠʚʥʠ ʧʨʠʥʦʩ ʨʘʩʝʿʘˁʘ ʿʦʥʘ ʅ+ ʝʥʝʨʛʠʿʝ 2 ʄʝV ʥʘ ʤʝʪʠ ʨʘʟʣʠʯʠʪʠʭ 

ʭʝʤʠʿʩʢʠʭ ʝʣʝʤʝʥʘʪʘ ʟʘ ɗ = 160Á ʫ ʦʜʥʦʩʫ ʥʘ ʤʝʪʫ ʩʘʯʠˁʝʥʫ ʦʜ ʝʣʝʤʝʥʪʘ ʫʛˀʝʥʠʢʘ. 

 ʅʘ ʧʨʠʤʝʨʫ ʩʘ ʩʣʠʢʝ 11ʙ ʤʦʛʫ ʩʝ ʟʘʧʘʟʠʪʠ ʨʘʟʣʠʢʝ ʫ ʧʨʠʥʦʩʠʤʘ ʟʘ ʨʘʟʣʠʯʠʪʝ ʝʣʝʤʝʥʪʝ 

ʠʩʪʠʭ ʢʦʥʮʝʥʪʨʘʮʠʿʘ (X, Y, Z). ʆʚʘ ʨʘʟʣʠʢʘ ʧʦʩʣʝʜʠʮʘ ʿʝ ʧʦʧʨʝʯʥʠʭ ʧʨʝʩʝʢʘ ʨʘʟʣʠʯʠʪʠʭ 

ʝʣʝʤʝʥʘʪʘ. ʅʘ ʩʣʠʮʠ 12ʙ ʧʨʠʢʘʟʘʥ ʿʝ ʨʝʣʘʪʠʚʥʠ ʧʨʠʥʦʩ ʨʘʟʣʠʯʠʪʠʭ ʝʣʝʤʝʥʘʪʘ ʜʦʙʠʿʝʥʠʭ ʫ 

ʠʥʪʝʨʘʢʮʠʿʠ ʩʘ ʿʦʥʠʤʘ ʅ+ ʝʥʝʨʛʠʿʝ 2 ʄʝV ʫ ʦʜʥʦʩʫ ʥʘ ʧʨʠʥʦʩ ʝʣʝʤʝʥʪʘ ʫʛˀʝʥʠʢʘ. ʈʝʣʘʪʠʚʥʠ 

ʧʨʠʥʦʩ ʿʝʟʛʘʨʘ ʩʘ ʚʠʩʦʢʠʤ ʠ ʥʠʩʢʠʤ ʚʨʝʜʥʦʩʪʠʤʘ Z2 ʩʝ ʨʘʟʣʠʢʫʿʝ ʟʘ ʩʢʦʨʦ ʜʚʘ ʨʝʜʘ ʚʝʣʠʯʠʥʝ, 

ʰʪʦ EBS ʯʠʥʠ ʠʜʝʘʣʥʦʤ ʤʝʪʦʜʦʤ ʟʘ ʜʝʪʝʢʮʠʿʫ ʧʨʠʩʫʩʪʚʘ ʪʝʰʢʠʭ ʝʣʝʤʝʥʘʪʘ ʫ ʤʘʪʨʠʮʘʤʘ ʣʘʢʠʭ 

ʝʣʝʤʝʥʘʪʘ. 

ʂʘʜʘ ʩʝ ʩʪʝʭʠʦʤʝʪʨʠʿʘ ʤʝˁʘ ʩʘ ʜʫʙʠʥʦʤ, ʚʘʨʠʿʘʮʠʿʘ ʩʘʩʪʘʚʘ ʤʦʞʝ ʩʝ ʦʜʨʝʜʠʪʠ ʠʟ EBS 

ʩʧʝʢʪʘʨʘ. ʉʫʰʪʠʥʘ ʜʫʙʠʥʩʢʦʛ ʧʨʦʬʠʣʠʩʘˁʘ ʧʦʤʦ˂ʫ EBS-ʘ ʿʝʩʪʝ ʧʦʚʝʟʠʚʘˁʝ ʦʜʟʠʚʘ ʩʠʛʥʘʣʘ 

EBS ʩʧʝʢʪʨʘ ʥʘ ʝʥʝʨʛʠʿʠ ɽ2, Y, ʢʦʿʠ ʧʦʪʠʯʝ ʦʜ ʩʣʦʿʘ ʜʝʙˀʠʥʝ Ű, ʩʘ ʙʨʦʿʝʤ ʘʪʦʤʘ ʧʦ ʿʝʜʠʥʠʮʠ 

ʧʦʚʨʰʠʥʝ NŰ, ʥʘ ʜʫʙʠʥʠ x ʢʘʦ [64]:  
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ὣὉ

„˒ ὗ.ʐ

ÃÏÓ—
 (2.27.) 

ʛʜʝ ʿʝ Q ʫʢʫʧʥʠ ʙʨʦʿ ʠʥʮʠʜʝʥʪʥʠʭ ʿʦʥʘ ʥʘ ʫʟʦʨʢʫ, N ʿʝ ʘʪʦʤʩʢʘ ʛʫʩʪʠʥʘ ʝʣʝʤʝʥʪʘ ʫ ʫʟʦʨʢʫ, ɗ1 

ʿʝ ʫʛʘʦ ʢʦʿʠ ʫʧʘʜʥʠ ʩʥʦʧ ʿʦʥʘ ʟʘʢʣʘʧʘ ʩʘ ʥʦʨʤʘʣʦʤ ʥʘ ʧʦʚʨʰʠʥʫ ʤʝʪʝ, ɽ2 ʿʝ ʝʥʝʨʛʠʿʘ ʯʝʩʪʠʮʝ 

ʢʦʿʘ ʿʝ ʩʪʠʛʣʘ ʜʦ ʜʝʪʝʢʪʦʨʘ (ʂɽ0 ī Ů) ʠ ɽ ʿʝ ʝʥʝʨʛʠʿʘ ʿʦʥʘ ʥʝʧʦʩʨʝʜʥʦ ʧʨʝ ʨʘʩʝʿʘˁʘ. ʐʠʨʠʥʘ 

ʝʥʝʨʛʠʿʩʢʦʛ ʠʥʪʝʨʚʘʣʘ ʿʦʥʘ ʥʝʧʦʩʨʝʜʥʦ ʥʘʢʦʥ ʧʦʚʨʘʪʥʦʛ ʨʘʩʝʿʘˁʘ ʥʘ ʩʣʦʿʫ ʫʟʦʨʢʘ ʜʝʙˀʠʥʝ Ű, 

ŭ', ʫʩʣʝʜ ʧʨʦʮʝʩʘ ʝʥʝʨʛʠʿʩʢʦʛ ʛʫʙʠʪʢʘ ʥʠʿʝ ʠʩʪʘ ʫ ʜʫʙʠʥʠ ʠ ʥʘ ʧʦʚʨʰʠʥʠ ʫʟʦʨʢʘ. ʂʘʢʦ ʿʝ 

ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʦ ʜʦʩʪʫʧʥʘ ʦʜʨʝʹʝʥʘ ʝʥʝʨʛʠʿʩʢʘ ʰʠʨʠʥʘ ʢʘʥʘʣʘ ʘʥʘʣʠʟʘʪʦʨʘ ŭ, ʧʨʝʪʭʦʜʥʘ 

ʿʝʜʥʘʯʠʥʘ ʩʝ ʤʦʞʝ ʧʨʠʣʘʛʦʜʠʪʠ ʫʟʠʤʘʿʫ˂ʠ ʫ ʦʙʟʠʨ ʨʝʣʘʮʠʿʫ ʢʦʿʘ ʧʦʚʝʟʫʿʝ ŭ ʠ ŭ' [64]: 

 
‏ Ὓ Ὁὔ† ‏

ὛὑὉ

ὛὉ
 (2.28.) 

ʛʜʝ ʿʝ Sf(ɽ) ʬʘʢʪʦʨ ʟʘʫʩʪʘʚʥʦʛ ʧʦʧʨʝʯʥʦʛ ʧʨʝʩʝʢʘ ʨʘʩʝʿʘˁʘ ʠ ʜʝʬʠʥʠʰʝ ʩʝ ʢʘʦ: 

 
 Ὓ Ὁ

ὑ

ÃÏÓ—
Ὓ Ὁ

ρ

ÃÏÓ—
Ὓ Ὁ (2.29.) 

Sin ʠ Sout ʧʨʝʜʩʪʘʚˀʘʿʫ ʟʘʫʩʪʘʚʥʝ ʧʦʧʨʝʯʥʝ ʧʨʝʩʝʢʝ ʿʦʥʘ ʧʨʝ ʠ ʥʘʢʦʥ ʨʘʩʝʿʘˁʘ, ʨʝʩʧʝʢʪʠʚʥʦ, ʘ 

ɗ2 ʿʝ ʫʛʘʦ ʢʦʿʠ ʿʦʥ ʥʘʢʦʥ ʨʘʩʝʿʘˁʘ ʟʘʢʣʘʧʘ ʩʘ ʥʦʨʤʘʣʦʤ ʥʘ ʧʦʚʨʰʠʥʫ ʢʨʠʩʪʘʣʘ. ʋʟʠʤʘʿʫ˂ʠ ʫ 

ʦʙʟʠʨ ʝʿʜʥʘʯʠʥʫ 2.28, ʿ ʝʜʥʘʯʠʥʘ 2.27. ʩʝ ʤʦʞʝ ʧʨʠʣʘʛʦʜʠʪʠ ʢʘʦ: 

 
ὣὉ „Ὁ ὗ

‏

Ὓ ὉÃÏÓ—

ὛὑὉ

ὛὉ
 (2.30.) 

ɽʥʝʨʛʠʿʘ ʜʝʪʝʢʪʦʚʘʥʠʭ ʿʦʥʘ ɽ2 ʿʝ ʧʦʚʝʟʘʥʘ ʩʘ ʜʫʙʠʥʦʤ ʥʘ ʢʦʿʦʿ ʿʝ ʜʦʰʣʦ ʜʦ ʨʘʩʝʿʘˁʘ, ʧʦʤʦ˂ʫ 

ʠʟʨʘʟʘ ʟʘ ʛʫʙʠʪʘʢ ʝʥʝʨʛʠʿʝ ʥʘ ʧʫʪʫ ʦʜ ʧʦʚʨʰʠʥʝ ʢʨʠʩʪʘʣʘ ʜʦ ʤʦʤʝʥʪʘ ʨʘʩʝʿʘˁʘ [64]: 

 ὼ

ÃÏÓ—

ὨὉ

ὨὉὨὼϳ
 (2.31.) 

ʠ ʦʜ ʤʦʤʝʥʪʘ ʥʝʧʦʩʨʝʜʥʦ ʥʘʢʦʥ ʨʘʩʝʿʘˁʘ ʜʦ ʠʟʣʘʩʢʘ ʿʦʥʘ ʠʟ ʢʨʠʩʪʘʣʘ ʢʘʦ [64]: 

 ὼ

ÃÏÓ—

ὨὉ

ὨὉὨὼϳ
 (2.32.) 

 ʌʘʢʪʦʨʠ ʢʦʿʠ ʥʘʿʚʠʰʝ ʫʪʠʯʫ ʥʘ ʜʫʙʠʥʩʢʫ ʨʝʟʦʣʫʮʠʿʫ EBS-ʘ ʩʫ ʜʦʙʨʦ ʜʝʬʠʥʠʩʘʥʘ 

ʝʥʝʨʛʠʿʘ ʩʥʦʧʘ (ʤʦʥʦʭʨʦʤʘʪʠʯʥʦʩʪ), ʨʝʟʦʣʫʮʠʿʘ ʜʝʪʝʢʪʦʨʘ ʢʘʦ ʠ ʚʨʝʜʥʦʩʪ ʬʘʢʪʦʨʘ Sf(ɽ). 

ʇʦʙʦˀʰʘˁʝ ʜʫʙʠʥʩʢʝ ʨʝʟʦʣʫʮʠʿʝ ʤʦʞʝ ʩʝ ʧʦʩʪʠ˂ʠ ʦʧʪʠʤʠʟʠʨʘʿʫ˂ʠ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʝ ʫʩʣʦʚʝ ʫ 

ʮʠˀʫ ʜʦʙʠʿʘˁʘ ʰʪʦ ʚʝ˂ʝ ʚʨʝʜʥʦʩʪʠ ʬʘʢʪʦʨʘ Sf(ɽ). ʊʦ ʩʝ ʦʩʪʚʘʨʫʿʝ ʢʦʨʠʰ˂ʝˁʝʤ ʿʦʥʘ ʥʠʞʠʭ 

ʝʥʝʨʛʠʿʘ, ʧʦʚʝ˂ʘˁʝʤ ʫʛʣʦʚʘ ɗ1 ʠ ɗ2, ʢʘʦ ʠ ʢʦʨʠʰ˂ʝˁʝʤ ʿʦʥʘ ʚʝ˂ʝ ʤʘʩʝ. ʄʝʹʫʪʠʤ, ʿʦʥʠ ʚʝ˂ʠʭ 

ʤʘʩʘ ʠʤʘʿʫ ʣʦʰʠʿʫ ʝʥʝʨʛʠʿʩʢʫ ʨʝʟʦʣʫʮʠʿʫ ʜʝʪʝʢʪʦʨʘ, ʦʩʠʤ ʫ ʩʣʫʯʘʿʝʚʠʤʘ ʢʘʜʘ ʩʫ ʜʝʪʝʢʪʦʨʠ 

ʝʣʝʢʪʨʦʩʪʘʪʠʯʢʠ ʠʣʠ ʤʘʛʥʝʪʥʠ ʘʥʘʣʠʟʘʪʦʨʠ, ʢʦʿʠ ʩʫ ʛʣʦʤʘʟʥʠʿʠ ʦʜ ʥʘʿʯʝʰ˂ʝ ʢʦʨʠʰ˂ʝʥʠʭ 

ʩʠʣʠʮʠʿʫʤʩʢʠʭ ʜʝʪʝʢʪʦʨʘ. ɽʥʝʨʛʠʿʩʢʘ ʨʝʟʦʣʫʮʠʿʘ ʩʠʣʠʮʠʿʫʤʩʢʠʭ ʜʝʪʝʢʪʦʨʘ ʠʟʥʦʩʠ 15ï25 keV, 

ʰʪʦ ʦʜʛʦʚʘʨʘ ʜʫʙʠʥʩʢʦʿ ʨʝʟʦʣʫʮʠʿʠ ʦʜ ʦʢʦ 10 nm [129]. ʂʦʨʠʰ˂ʝˁʝʤ ʤʘʩʝʥʦ-

ʩʧʝʢʪʨʦʤʝʪʨʠʿʩʢʦʛ ʜʝʪʝʢʮʠʦʥʦʛ ʩʠʩʪʝʤʘ ʤʦʞʝ ʩʝ ʧʦʩʪʠ˂ʠ ʝʥʝʨʛʠʿʩʢʘ ʨʝʟʦʣʫʮʠʿʘ ʦʜ ʥʝʢʦʣʠʢʦ 

keV-ʘ ʠ ʜʫʙʠʥʩʢʘ ʨʝʟʦʣʫʮʠʿʘ ʚʝʣʠʯʠʥʝ ʤʦʥʦʩʣʦʿʘ [141]. ɹʠʪʥʦ ʿʝ ʥʘʛʣʘʩʠʪʠ ʜʘ ʩʝ ʩʘ ʧʦʚʝ˂ʘˁʝʤ 

ʜʫʙʠʥʝ ʧʝʥʝʪʨʘʮʠʿʝ ʿʦʥʘ ʫ ʤʘʪʝʨʠʿʘʣʫ ʤʦʥʦʭʨʦʤʘʪʠʯʥʦʩʪ ʩʥʦʧʘ ʛʫʙʠ ʫʩʣʝʜ ʝʬʝʢʪʘ ʝʥʝʨʛʠʩʿʢʦʛ 

ʨʘʟʤʘʟʠʚʘˁʘ, ʟʙʦʛ ʯʝʛʘ ʩʝ ʜʝʛʨʘʜʠʨʘ ʜʫʙʠʥʩʢʘ ʨʝʟʦʣʫʮʠʿʘ. 
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2.5.1.2. ʉʧʝʢʪʨʦʤʝʪʨʠʿʘ ʝʣʩʪʠʯʥʦʛ ʧʦʚʨʘʪʥʦʛ ʨʘʩʝʿʘˁʘ ʫ ʤʦʜʫ ʢʘʥʘʣʠʩʘˁʘ ï EBS/ʉ 

 ʀʘʢʦ ʿʝ ʢʘʥʘʣʠʩʘˁʝ ʥʝʧʦʞʝˀʥʦ ʢʦʜ ʢʣʘʩʠʯʥʦʛ EBS-ʘ, ʤʦʞʝ ʧʦʩʣʫʞʠʪʠ ʢʘʦ ʿʝʜʠʥʩʪʚʝʥʘ 

ʤʝʪʦʜʘ ʟʘ ʧʨʦʫʯʘʚʘˁʝ ʩʪʨʫʢʪʫʨʝ ʢʨʠʩʪʘʣʥʝ ʨʝʰʝʪʢe [14]. ʂʘʜʘ ʿʝ ʿʦʥʩʢʠ ʩʥʦʧ ʧʘʨʘʣʝʣʘʥ ʩʘ 

ʿʝʜʥʦʤ ʦʜ ʛʣʘʚʥʠʭ ʢʨʠʩʪʘʣʦʛʨʘʬʩʢʠʭ ʦʩʘ ʤʦʥʦʢʨʠʩʪʘʣʘ, ʧʨʠʥʦʩ ʧʦʚʨʘʪʥʦʛ ʨʘʩʝʿʘˁʘ ʥʘ 

ʤʦʥʦʢʨʠʩʪʘʣʫ ʿʝ ʟʥʘʪʥʦ ʫʤʘˁʝʥ ʫ ʦʜʥʦʩʫ ʥʘ ʦʥʘʿ ʧʨʠ ʩʣʫʯʘʿʥʦʿ ʦʨʠʿʝʥʪʘʮʠʿʠ ʢʨʠʩʪʘʣʥʝ 

ʨʝʰʝʪʢʝ. ʆʚʘʿ ʝʬʝʢʘʪ ʧʨʫʞʘ ʤʦʛʫ˂ʥʦʩʪ ʦʜʨʝʹʠʚʘˁʘ ʩʪʝʧʝʥʘ ʩʘʚʨʰʝʥʦʩʪʠ ʢʨʠʩʪʘʣʥʝ ʨʝʰʝʪʢʝ. 

EBS/ʉ ʩʝ ʰʠʨʦʢʦ ʢʦʨʠʩʪʠ ʟʘ ʧʨʦʫʯʘʚʘˁʝ ʢʨʠʩʪʘʣʦʛʨʘʬʩʢʠʭ ʜʝʬʝʢʘʪʘ ʯʠʿʝ ʧʦʩʪʦʿʘˁʝ ʫʪʠʯʝ ʥʘ 

ʧʨʠʤʝʥʫ ʤʘʪʝʨʠʿʘʣʘ, ʢʘʦ ʰʪʦ ʿʝ ʪʦ ʩʣʫʯʘʿ ʢʦʜ ʥʫʢʣʝʘʨʥʠʭ ʨʝʘʢʪʦʨʘ [142] ʠ ʫ ʠʥʜʫʩʪʨʠʿʠ 

ʧʦʣʫʧʨʦʚʦʜʥʠʢʘ [95]. 

 ɸʢʦ ʩʫ ʘʪʦʤʠ ʢʨʠʩʪʘʣʥʝ ʨʝʰʝʪʢʝ ʠʟʤʝʰʪʝʥʠ ʫ ʠʥʪʝʨʩʪʠʮʠʿʘʣʥʠ ʧʨʦʩʪʦʨ (ʧʨʝʧʨʝʢʘ ʫ 

ʢʘʥʘʣʫ) ʜʦʣʘʟʠ ʜʦ ʩʥʘʞʥʝ ʠʥʪʝʨʘʢʮʠʿʝ ʩʘ ʢʘʥʘʣʠʩʘʥʠʤ ʿʦʥʠʤʘ, ʘ ʧʦʩʣʝʜʠʯʥʦ ʠ ʜʦ ʧʦʚʝ˂ʘˁʘ 

ʧʨʠʥʦʩʘ ʥʘ EBS/ʉ ʩʧʝʢʪʨʫ. ʆʚʦ ʧʦʚʝ˂ʘˁʝ ʧʨʠʥʦʩʘ ʜʘˀʝ ʩʝ ʢʦʨʠʩʪʠ ʫ ʢʚʘʥʪʠʬʠʢʘʮʠʿʠ ˁʠʭʦʚʦʛ 

ʫʜʝʣʘ. ʈʘʟʣʠʯʠʪʠ ʩʪʨʫʢʪʫʨʥʠ ʜʝʬʝʢʪʠ ʜʦʚʦʜʝ ʜʦ ʧʨʦʤʝʥʝ ʫ ʧʨʠʥʦʩʫ ʨʘʩʝʿʘˁʘ, ʘ ʫ ʢʦʿʦʿ ʤʝʨʠ 

ʟʘʚʠʩʠ˂ʝ ʦʜ ʪʠʧʘ ʜʝʬʝʢʪʘ. ʇʦʢʘʟʘʥʦ ʿʝ ʜʘ ʚʝʨʦʚʘʪʥʦ˂ʘ ʜʝʢʘʥʘʣʠʩʘˁʘ ʟʘʚʠʩʠ ʦʜ ʪʠʧʘ ʜʝʬʝʢʪʘ ʠ 

ʧʨʦʧʦʨʮʠʦʥʘʣʥʘ ʿʝ ɽ1/2 ʢʦʜ ʜʠʩʣʦʢʘʮʠʿʘ, E0 ʢʦʜ ʛʨʝʰʘʢʘ ʧʨʠ ʩʣʘʛʘˁʫ ʩʣʦʿʝʚʘ ʠ ɽī1 ʢʦʜ 

ʪʘʯʢʘʩʪʠʭ ʜʝʬʝʢʘʪʘ [143, 144]. ʉʪʦʛʘ ʩʝ ʢʘʥʘʣʠʩʘˁʝ ʿʦʥʘ ʤʦʞʝ ʢʦʨʠʩʪʠʪʠ ʟʘ ʩʪʨʫʢʪʫʨʥʫ 

ʢʘʨʘʢʪʝʨʠʟʘʮʠʿʫ, ʫʢˀʫʯʫʿʫ˂ʠ ʜʫʙʠʥʩʢʦ ʧʨʦʬʠʣʠʩʘˁʝ ʘʤʦʨʬʠʟʘʮʠʿʝ ʩʪʨʫʢʪʫʨʝ ʢʘʦ ʠ 

ʢʘʨʘʢʪʝʨʠʟʘʮʠʿʫ ʥʝʯʠʩʪʦ˂ʘ ʫ ʨʝʰʝʪʢʠ. ʊʘʢʦʹʝ, ʟʘ ʨʘʟʣʠʢʫ ʦʜ EBS ʤʝʪʦʜʝ, EBS/ʉ ʩʝ ʤʦʞʝ 

ʢʦʨʠʩʪʠʪʠ ʟʘ ʜʝʪʝʢʮʠʿʫ ʣʘʢʠʭ ʝʣʝʤʝʥʘʪʘ ʫ ʢʨʠʩʪʘʣʥʦʿ ʤʘʪʨʠʮʠ ʪʝʞʠʭ ʝʣʝʤʝʥʘʪʘ ʟʙʦʛ ʫʤʘˁʝʥʦʛ 

ʦʜʟʠʚʘ ʤʘʪʨʠʮʝ, ʠ ʩʭʦʜʥʦ ʪʦʤʝ, ʫʤʘˁʝʥʦʛ ʧʨʝʢʣʘʧʘˁʘ ʩʠʛʥʘʣʘ (ʩʣʠʢʘ 13). 

 
 

ʉʣʠʢʘ 13. ʉʧʝʢʪʨʦʤʝʪʨʠʿʘ ʝʣʩʪʠʯʥʦʛ ʧʦʚʨʘʪʥʦʛ ʨʘʩʝʿʘˁʘ ʫ ʤʦʜʫ ʢʘʥʘʣʠʩʘˁʘ ï ʠʣʫʩʪʨʘʮʠʿʘ 

ʝʢʩʧʝʨʠʤʝʥʪʘ ʠ EBS ʩʧʝʢʪʘʨʘ ʧʦʚʨʰʠʥʝ ʤʦʥʦʢʨʠʩʪʘʣʘ ʜʦʙʠʿʝʥʠʭ ʧʨʠ ʨʘʟʣʠʯʠʪʠʤ 

ʚʨʝʜʥʦʩʪʠʤʘ ʫʛʣʦʚʘ ʧʦʨʘʚʥʘˁʘ ʩʥʦʧʘ ʩʘ ʩʠʤʝʪʨʠʿʩʢʦʤ ʦʩʦʤ ʢʘʥʘʣʘ. 

ʆʩʝʪˀʠʚʦʩʪ ʢʘʥʘʣʠʩʘˁʘ ʿʦʥʘ ʤʝˁʘ ʩʝ ʩʘ ʧʨʦʤʝʥʦʤ ʫʛʣʘ ʩʥʦʧʘ ʫ ʦʜʥʦʩʫ ʥʘ ʢʘʥʘʣ 

ʢʨʠʩʪʘʣʘ, ʰʪʦ ʿʝ ʠʣʫʩʪʨʦʚʘʥʦ ʥʘ ʩʣʠʮʠ 13. ʉʪʦʛʘ ʿʝ ʧʦʩʪʫʧʘʢ ʧʦʨʘʚʥʘˁʘ ʩʥʦʧʘ ʿʦʥʘ ʩʘ ʦʩʦʤ 

ʢʘʥʘʣʘ ʧʨʚʠ ʢʦʨʘʢ ʫ ʝʢʩʧʝʨʠʤʝʥʪʫ. 

2.5.1.3. ʉʠʤʫʣʘʮʠʿʘ EBS/ʉ ʩʧʝʢʪʘʨʘ 

 ʇʦʨʝʹʝˁʝʤ EBS/ʉ ʩʧʝʢʪʘʨʘ ʤʦʛʫ˂ʝ ʿʝ ʜʦʙʠʪʠ ʧʨʦʮʝʥʫ ʦ ʨʝʣʘʪʠʚʥʦʤ ʢʚʘʣʠʪʝʪʫ 

ʢʨʠʩʪʘʣʥʝ ʩʪʨʫʢʪʫʨʝ ʫʟʦʨʘʢʘ. ʅʘʿʯʝʰ˂ʝ ʩʝ EBS ʩʧʝʢʪʨʦʤ ʫʟʦʨʢʘ ʘʧʨʦʢʩʠʤʠʨʘ ʧʦʪʧʫʥʦ 

ʘʤʦʨʬʠʟʦʚʘʥʘ ʩʪʨʫʢʪʫʨʘ, ʿʝʨ ʿʝ ʫ ʪʦʤ ʩʣʫʯʘʿʫ ʢʘʥʘʣʠʩʘˁʝ ʤʠʥʠʤʘʣʥʦ [145]. ʐʪʦ ʿʝ ʧʨʠʥʦʩ ʥʘ 

ʩʧʝʢʪʨʫ ʢʘʥʘʣʠʩʘˁʘ EBS/ʉ ʙʣʠʞʠ ʧʨʠʥʦʩʫ EBS ʩʧʝʢʪʨʘ, ʩʪʨʫʢʪʫʨʘ ʿʝ ʚʠʰʝ ʘʤʦʨʬʠʟʦʚʘʥʘ. 

ʇʦʨʝʜʝ˂ʠ ʚʠʩʠʥʝ ʩʠʛʥʘʣʘ EBS ʠ EBS/ʉ ʩʧʝʢʪʘʨʘ ʢʦʿʝ ʦʜʛʦʚʘʨʘʿʫ ʝʥʝʨʛʠʿʠ ʿʦʥʘ ʢʦʿʠ ʩʫ ʩʪʠʛʣʠ 

ʩʘ ʧʦʚʨʰʠʥʝ ʫʟʦʨʢʘ ʤʦʛʫ˂ʝ ʿʝ ʧʨʦʮʝʥʠʪʠ ʩʪʝʧʝʥ ʘʤʦʨʬʠʟʘʮʠʿʝ ʢʨʠʩʪʘʣʥʠʭ ʩʣʦʿʝʚʘ ʙʣʠʩʢʠʭ 

ʧʦʚʨʰʠʥʠ [146, 147]. 
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 ʇʦʜʘʮʠ ʦ ʜʫʙʠʥʩʢʦʤ ʧʨʦʬʠʣʫ ʘʤʦʨʬʠʟʘʮʠʿʝ ʠʟ EBS/ʉ ʩʧʝʢʪʘʨʘ ʜʦʙʠʿʘʿʫ ʩʝ ʠʥʜʠʨʝʢʪʥʦ 

ʢʦʨʠʩʪʝ˂ʠ ʜʚʘ ʨʘʟʣʠʯʠʪʘ ʧʨʠʩʪʫʧʘ. ʇʨʚʠ ʧʨʠʩʪʫʧ ʟʘʩʥʦʚʘʥ ʿʝ ʥʘ ʠʪʝʨʘʪʠʚʥʦʿ ʧʨʦʮʝʜʫʨʠ, ʢʦʿʘ 

ʨʘʟʜʚʘʿʘ ʧʨʠʥʦʩ ʢʦʿʠ ʧʦʪʠʯʝ ʦʜ ʨʘʩʝʿʘʥʠʭ ʿʦʥʘ ʢʦʿʠ ʩʫ ʧʨʝʪʭʦʜʥʦ ʜʝʢʘʥʘʣʠʩʘʥʠ, ʦʜ ʧʨʠʥʦʩʘ 

ʢʦʿʠ ʿʝ ʧʦʩʣʝʜʠʮʘ ʨʘʩʝʿʘˁʘ ʢʘʥʘʣʠʩʘʥʠʭ ʿʦʥʘ ʥʘ ʠʟʤʝʰʪʝʥʠʤ ʘʪʦʤʠʤʘ ʢʨʠʩʪʘʣʥʝ ʨʝʰʝʪʢʝ [92, 

148]. ʇʨʦʙʣʝʤ ʢʦʜ ʠʪʝʨʘʪʠʚʥʝ ʧʨʦʮʝʜʫʨʝ ʿʘʚˀʘ ʩʝ ʧʨʠ ʢʦʥʚʝʨʟʠʿʠ ʝʥʝʨʛʠʿʘ ʜʝʪʝʢʪʦʚʘʥʠʭ ʿʦʥʘ 

ʩʘ ʜʫʙʠʥʦʤ ʫʟʦʨʢʘ. ɹʝʟ ʦʙʟʠʨʘ ʥʘ ʦʚʦ ʦʛʨʘʥʠʯʝˁʝ, ʧʦʩʪʫʧʘʢ ʿʝ ʧʦʛʦʜʘʥ ʟʘ ʦʜʨʝʹʠʚʘˁʝ ʧʨʦʬʠʣʘ 

ʜʝʬʝʢʘʪʘ ʢʦʿʠ ʩʝ ʥʘʣʘʟʝ ʥʘ ʤʘʣʠʤ ʜʫʙʠʥʘʤʘ ʫʟʦʨʢʘ (1̓ ɛm), ʜʦʢ ʩʝ ʟʘ ʚʝ˂ʝ ʜʫʙʠʥʝ ʥʝ ʤʦʞʝ 

ʧʨʠʤʝˁʠʚʘʪʠ [148]. 

 ɼʨʫʛʠ ʧʨʠʩʪʫʧ ʟʘʩʥʦʚʘʥ ʿʝ ʥʘ ʨʘʯʫʥʘʨʩʢʠʤ ʩʠʤʫʣʘʮʠʿʘʤʘ ʥʘʤʝˁʝʥʠʤ ʬʠʪʦʚʘˁʫ EBS/ʉ 

ʩʧʝʢʪʘʨʘ (ʥʘʿʯʝʰ˂ʝ RBS/ʉ), ʠʟ ʢʦʿʠʭ ʩʝ ʧʦʪʦʤ ʜʦʙʠʿʘʿʫ ʠʥʬʦʨʤʘʮʠʿʝ ʦ ʜʫʙʠʥʩʢʦʤ ʧʨʦʬʠʣʫ 

ʘʤʦʨʬʠʟʘʮʠʿʝ ʢʨʠʩʪʘʣʥʝ ʨʝʰʝʪʢʝ. ʅʘʿʯʝʰ˂ʝ ʩʝ ʢʦʨʠʩʪʝ ʨʘʯʫʥʘʨʩʢʠ ʧʨʦʛʨʘʤʠ ʙʘʟʠʨʘʥʠ ʥʘ 

ʄʦʥʪʝ ʂʘʨʣʦ ʩʠʤʫʣʘʮʠʿʘʤʘ ʧʦʧʫʪ: McChassy [149], FLUX [150], CASSIS [151], IMSIL [152] ʠ 

BISIC [153]. ʄʦʥʪʝ ʂʘʨʣʦ ʩʠʤʫʣʘʮʠʦʥʠ ʧʨʦʛʨʘʤʠ ʩʝ ʟʘʩʥʠʚʘʿʫ ʥʘ ʤʦʜʝʣʦʚʘˁʫ ʠʥʜʠʚʠʜʫʘʣʥʠʭ 

ʠʥʪʝʨʘʢʮʠʿʘ ʠʟʤʝʹʫ ʯʝʩʪʠʮʘ ʠ ʜʘʿʫ ʨʝʟʫʣʪʘʪʝ ʩʠʤʫʣʘʮʠʿʘ ʢʦʿʠ ʩʫ ʫʛʣʘʚʥʦʤ ʩʫʧʝʨʠʦʨʥʠ ʫ 

ʦʜʥʦʩʫ ʥʘ ʜʨʫʛʝ ʩʠʤʫʣʘʮʠʦʥʝ ʧʨʦʛʨʘʤʝ. ɻʣʘʚʥʠ ʥʝʜʦʩʪʘʪʘʢ ʦʚʠʭ ʨʘʯʫʥʘʨʩʢʠʭ ʧʨʦʛʨʘʤʘ ʿʝ 

ʚʝʣʠʢʦ ʨʘʯʫʥʘʨʩʢʦ ʚʨʝʤʝ ʧʨʦʨʘʯʫʥʘ ʿʝʜʥʦʛ EBS/ʉ ʩʧʝʢʪʨʘ, ʢʦʿʝ ʤʦʞʝ ʠʟʥʦʩʠʪʠ ʠ ʜʦ ʥʝʢʦʣʠʢʦ 

ʩʘʪʠ [148]. ʊʘʢʦʹʝ, ʧʦʩʪʦʿʝ ʠ ʨʘʯʫʥʘʨʩʢʠ ʧʨʦʛʨʘʤʠ ʟʘʩʥʦʚʘʥʠ ʥʘ ʘʥʘʣʠʪʠʯʢʦʤ ʧʨʠʩʪʫʧʫ, ʧʦʧʫʪ 

DICADA-ʝ [154]. DICADA ʧʨʦʛʨʘʤ ʜʘʿʝ ʢʦʨʠʩʥʠʢʫ ʤʦʛʫ˂ʥʦʩʪ ʜʦʙʠʿʘˁʘ ʜʫʙʠʥʩʢʝ ʨʘʩʧʦʜʝʣʝ 

ʦʜʨʝʹʝʥʠʭ ʪʠʧʦʚʘ ʜʝʬʝʢʘʪʘ, ʢʘʦ ʰʪʦ ʩʫ ʪʘʯʢʘʩʪʠ ʜʝʬʝʢʪʠ, ʜʠʩʣʦʢʘʮʠʿʝ ʠʣʠ ʧʨʠʩʫʩʪʚʦ ʘʤʦʨʬʥʝ 

ʬʘʟʝ [155]. ʉʠʤʫʣʘʮʠʿʝ ʟʘʩʥʦʚʘʥʝ ʥʘ ʘʥʘʣʠʪʠʯʢʦʤ ʧʨʠʩʪʫʧʫ ʧʨʘʪʝ ʧʨʦʮʝʜʫʨʫ ʜʝʬʠʥʠʩʘʥʫ 

ʘʧʨʠʦʨʠ. ʋ ʦʚʦʤ ʩʣʫʯʘʿʫ ʥʝ ʤʦʜʝʣʫʿʫ ʩʝ ʠʥʪʝʨʘʢʮʠʿʝ ʠʥʜʠʚʠʜʫʘʣʥʠʭ ʯʝʩʪʠʮʘ. ʄʝʪʘ ʿʝ 

ʧʦʜʝˀʝʥʘ ʥʘ ʩʣʦʿʝʚʝ ʠ ʩʠʤʫʣʘʮʠʿʘ ʩʝ ʟʘʩʥʠʚʘ ʥʘ ʠʟʨʘʯʫʥʘʚʘˁʫ ʢʦʥʮʝʥʪʨʘʮʠʿʘ ʝʣʝʤʝʥʘʪʘ ʟʘ 

ʩʚʘʢʠ ʩʣʦʿ ʧʦʩʝʙʥʦ. 

 ʋ ʩʚʨʭʫ ʠʟʜʚʘʿʘˁʘ ʧʨʦʬʠʣʘ ʘʤʦʨʬʠʟʘʮʠʿʝ ʢʨʠʩʪʘʣʘ ʠʟ EBS/ʉ ʩʧʝʢʪʘʨʘ ʨʘʟʚʠʿʝʥ ʿʝ ʉɮIM 

ʨʘʯʫʥʘʨʩʢʠ ʧʨʦʛʨʘʤ ʟʘʩʥʦʚʘʥ ʥʘ ʬʝʥʦʤʝʥʦʣʦʰʢʦʤ ʧʨʠʩʪʫʧʫ. ʇʨʝʤʘ ʩʘʟʥʘˁʫ ʘʫʪʦʨʘ ʦʚʦ ʿʝ 

ʧʨʚʠ ʨʘʯʫʥʘʨʩʢʠ ʧʨʦʛʨʘʤ ʦʧʰʪʝ ʥʘʤʝʥʝ ʟʘ ʩʠʤʫʣʘʮʠʿʫ ʘʤʦʨʬʥʝ ʬʘʟʝ (ʥʝ ʨʘʟʤʘʪʨʘ ʪʠʧ ʜʝʬʝʢʪʘ, 

ʚʝ˂ ʢʚʘʥʪʠʬʠʢʫʿʝ ʩʪʝʧʝʥ ʘʤʦʨʬʠʟʘʮʠʿʝ). ʌʝʥʦʤʝʥʦʣʦʰʢʠ ʨʘʯʫʥʘʨʩʢʠ ʧʨʦʛʨʘʤʠ ʩʫ ʟʥʘʪʥʦ 

ʙʨʞʠ ʦʜ ʄʦʥʪʝ ʂʘʨʣʦ ʧʨʦʛʨʘʤʘ. 

2.5.2. ʈʘʤʘʥʩʢʘ ʩʧʝʢʪʨʦʩʢʦʧʠʿʘ ʢʨʠʩʪʘʣʘ 

 ʈʘʤʘʥʩʢʘ ʩʧʝʢʪʨʦʩʢʦʧʠʿʘ ʧʨʝʜʩʪʘʚˀʘ ʥʝʜʝʩʪʨʫʢʪʠʚʥʫ ʩʧʝʢʪʨʦʩʢʦʧʩʢʫ ʪʝʭʥʠʢʫ ʘʥʘʣʠʟʝ 

ʤʘʪʝʨʠʿʘʣʘ [156]. ɿʘʩʥʠʚʘ ʩʝ ʥʘ ʨʘʩʝʿʘˁʫ ʝʣʝʢʪʨʦʤʘʛʥʝʪʥʦʛ ʟʨʘʯʝˁʘ, ʥʘʿʯʝʰ˂ʝ ʠʟ ʚʠʜˀʠʚʦʛ 

ʜʝʣʘ ʩʧʝʢʪʨʘ, ʥʘ ʠʩʧʠʪʠʚʘʥʦʤ ʤʘʪʝʨʠʿʘʣʫ. ʂʘʦ ʨʝʟʫʣʪʘʪ ʘʥʘʣʠʟʝ ʜʦʙʠʿʘ ʩʝ ʩʧʝʢʪʘʨ ʢʦʿʠ ʿʝ 

ʢʘʨʘʢʪʝʨʠʩʪʠʯʘʥ ʟʘ ʠʩʧʠʪʠʚʘʥʦ ʿʝʜʠˁʝˁʝ (ʤʘʪʝʨʠʿʘʣ) ʠ ʤʦʞʝ ʩʝ ʢʦʨʠʩʪʠʪʠ ʟʘ ʠʜʝʥʪʠʬʠʢʘʮʠʿʫ 

ʠʩʪʦʛ. ʊʘʢʦʹʝ, ʨʘʤʘʥʩʢʠ ʩʧʝʢʪʨʠ ʥʦʩʝ ʠʥʬʦʨʤʘʮʠʿʝ ʚʝʟʘʥʝ ʟʘ ʢʨʠʩʪʘʣʥʫ ʩʪʨʫʢʪʫʨʫ ʫʟʦʨʢʘ. ʋ 

ʚʝ˂ʠʥʠ ʩʣʫʯʘʿʝʚʘ ʨʘʤʘʥʩʢʘ ʘʥʘʣʠʟʘ ʥʝ ʟʘʭʪʝʚʘ ʧʨʠʧʨʝʤʫ ʫʟʦʨʘʢʘ, ʰʪʦ ʿʝ ʿʝʜʘʥ ʦʜ ʚʘʞʥʠʿʠʭ 

ʟʘʭʪʝʚʘ ʧʨʠ ʠʟʙʦʨʫ ʪʝʭʥʠʢʝ ʟʘ ʢʘʨʘʢʪʝʨʠʟʘʮʠʿʫ ʤʘʪʝʨʠʿʘʣʘ. ʊʘʢʦʹʝ, ʘʥʘʣʠʟʘ ʿʝ ʨʝʣʘʪʠʚʥʦ ʙʨʟʘ 

ʠ ʧʦʛʦʜʥʘ ʿʝ ʟʘ ʠʩʧʠʪʠʚʘˁʝ ʫʟʦʨʘʢʘ ʫ ʯʚʨʩʪʦʤ, ʪʝʯʥʦʤ ʠ ʛʘʩʦʚʠʪʦʤ ʩʪʘˁʫ. 

 ʄʦʥʦʭʨʦʤʘʪʩʢʘ ʩʚʝʪʣʦʩʪ ʫʛʘʦʥʝ ʬʨʝʢʚʝʥʮʠʿʝ ɤi ʠ ʪʘʣʘʩʥʦʛ ʚʝʢʪʦʨʘ qi ʥʝʝʣʘʩʪʠʯʥʦ ʩʝ 

ʨʘʩʝʿʘʚʘ ʥʘ ʢʨʠʩʪʘʣʫ, ʩʪʚʘʨʘʿʫ˂ʠ ʠʣʠ ʫʥʠʰʪʘʚʘʿʫ˂ʠ ʧʨʠ ʪʦʤʝ ʬʦʥʦʥʝ ʫʛʘʦʥʝ ʬʨʝʢʚʝʥʮʠʿʝ ɤ ʠ 

ʪʘʣʘʩʥʦʛ ʚʝʢʪʦʨʘ q. ʋ ʩʣʫʯʘʿʫ ʠʜʝʘʣʥʦʛ ʤʦʥʦʢʨʠʩʪʘʣʘ, ʦʚʠʤ ʬʦʥʦʥʠʤʘ ʩʝ ʤʦʛʫ ʧʨʠʧʠʩʘʪʠ 

ʩʚʦʿʩʪʚʘ ʪʘʣʘʩʘ. ʅʘʢʦʥ ʥʝʝʣʘʩʪʠʯʥʦʛ ʨʘʩʝʿʘˁʘ ʤʦʥʦʭʨʦʤʘʪʩʢʘ ʩʚʝʪʣʦʩʪ ˂ʝ ʠʤʘʪʠ ʫʛʘʦʥʫ 

ʬʨʝʢʚʝʥʮʠʿʫ ɤ̓ ʠ ʪʘʣʘʩʥʠ ʚʝʢʪʦʨ q  ̓[157]. ʇʨʠʣʠʢʦʤ ʨʘʤʘʥʩʢʦʛ ʨʘʩʝʿʘˁʘ ʫʧʘʜʥʝ ʩʚʝʣʦʩʪʠ ʚʘʞʝ 

ʟʘʢʦʥʠ ʦ ʦʜʨʞʘˁʫ ʝʥʝʨʛʠʿʝ ʠ ʦʜʨʞʘˁʫ ʫʛʘʦʥʦʛ ʤʦʤʝʥʪʘ (ʧʦʩʣʝʜʠʯʥʦ ʠ ʦʜʨʞʘˁʫ ʪʘʣʘʩʥʦʛ 

ʚʝʢʪʦʨʘ q, ʿʝʨ ʿʝ |q| = ɤɖʩī1, ʛʜʝ ʿʝ ɖ ʠʥʜʝʢʩ ʧʨʝʣʘʤʘˁʘ ʩʨʝʜʠʥʝ, ʘ ʩ ʙʨʟʠʥʘ ʩʚʝʪʣʦʩʪʠ). ʆʯʫʚʘˁʝ 

ʝʥʝʨʛʠʿʝ ʫʩʣʝʜ ʩʪʚʘʨʘˁʘ ʠʣʠ ʘʥʠʭʠʣʘʮʠʿʝ ʬʦʥʦʥʘ ʢʨʠʩʪʘʣʥʝ ʨʝʰʝʪʢʝ ʜʦʚʦʜʠ ʜʦ ʧʦʚʝ˂ʘˁʘ ʠʣʠ 

ʩʤʘˁʝˁʘ ʬʨʝʢʚʝʥʮʠʿʝ ʨʘʩʝʿʘʥʝ ʩʚʝʪʣʦʩʪʠ. ʊʘʢʦʹʝ ʫ ʧʨʦʮʝʩʫ ʥʝʝʣʘʩʪʠʯʥʦʛ ʨʘʩʝʿʘˁʘ ʪʘʣʘʩʥʠ 

ʚʝʢʪʦʨ ʤʦʨʘ ʙʠʪʠ ʦʯʫʚʘʥ, ʪʝ ʨʘʟʣʠʢʘ ʢʦʿʘ ʩʝ ʿʘʚˀʘ ʠʟʤʝʹʫ ʫʧʘʜʥʦʛ (qi) ʠ ʨʘʩʝʿʘʥʦʛ (qs) ʬʦʪʦʥʘ 

ʦʜʛʦʚʘʨʘ ʬʦʥʦʥʫ ʢʦʿʠ ʫʯʝʩʪʚʫʿʝ ʫ ʧʨʦʮʝʩʫ [158]: 
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 ήᴆ  ήᴆ ήᴆ (2.33.) 

ʆʚʘ ʪʚʨʜˁʘ ʦʜʥʦʩʠ ʩʝ ʥʘ ʧʨʦʮʝʩʝ ʨʘʩʝʿʘˁʘ ʧʨʚʦʛ ʨʝʜʘ ʢʦʿʠ ʧʨʝʜʩʪʘʚˀʘʿʫ ʜʦʤʠʥʘʥʪʘʥ ʦʙʣʠʢ 

ʨʘʤʘʥʩʢʦʛ ʨʘʩʝʿʘˁʘ ʠ ʫʢˀʫʯʫʿʝ ʩʘʤʦ ʿʝʜʘʥ ʢʚʘʥʪ ʝʢʩʮʠʪʘʮʠʿʝ. ɼʠʿʘʛʨʘʤ ʦʯʫʚʘˁʘ ʪʘʣʘʩʥʦʛ 

ʚʝʢʪʦʨʘ ʧʨʦʮʝʩʘ ʨʘʩʝʿʘˁʘ ʧʨʚʦʛ ʨʝʜʘ ʧʨʠʢʘʟʘʥ ʿʝ ʥʘ ʩʣʠʮʠ 14. ʅʝʨʝʪʢʦ ʤʘʪʝʨʠʿʘʣʠ ʧʦʢʘʟʫʿʫ ʠ 

ʨʘʩʝʿʘˁʝ ʚʠʰʝʛ ʨʝʜʘ, ʢʦʿʝ ʜʦʚʦʜʠ ʜʦ ʩʪʚʘʨʘˁʘ ʠʣʠ ʘʥʠʭʠʣʘʮʠʿʝ ʜʚʘ ʠʣʠ ʚʠʰʝ ʢʚʘʥʪʘ [159]. ʋ 

ʩʣʫʯʘʿʫ ʧʨʦʮʝʩʘ ʨʘʩʝʿʘˁʘ ʚʠʰʝʛ ʨʝʜʘ ʨʘʟʣʠʢʘ ʬʨʝʢʚʝʥʮʠʿʘ ʫʧʘʜʥʝ ʠ ʨʘʩʝʿʘʥʝ ʩʚʝʪʣʦʩʪʠ ˂ʝ 

ʦʜʛʦʚʘʨʘʪʠ ʩʫʤʠ ʬʨʝʢʚʝʥʮʠʿʘ ʬʦʥʦʥʘ ʢʦʿʠ ʫʯʝʩʪʚʫʿʫ ʫ ʧʨʦʮʝʩʫ. ʋʢʫʧʥʠ ʪʘʣʘʩʥʠ ʚʝʢʪʦʨ 

ʧʨʦʧʦʨʮʠʦʥʘʣʘʥ ʿʝ ʨʝʟʫʣʪʫʿʫ˂ʦʿ ʩʫʤʠ ʪʘʣʘʩʥʠʭ ʚʝʢʪʦʨʘ ʬʦʥʦʥʘ. 

ʘ) ʙ) 

 

 

 

ʉʣʠʢʘ 14. ʀʣʫʩʪʨʘʮʠʿʘ ʜʠʿʘʛʨʘʤʘ ʪʘʣʘʩʥʠʭ ʚʝʢʪʦʨʘ ʧʨʦʮʝʩʘ ʥʝʝʣʘʩʪʠʯʥʦʛ ʨʘʩʝʿʘˁʘ ʟʘ  

ʘ) ʫʛʘʦ ʤʘˁʠ ʦʜ 90Á ʠ ʙ) ~180Á; ʪʘʣʘʩʥʠ ʚʝʢʪʦʨ ʫʧʘʜʥʦʛ qi, ʨʘʩʝʿʘʥʦʛ qs ʠ ʨʝʟʫʣʪʫʿʫ˂ʝʛ  

q ʬʦʪʦʥʘ. 

 ɺʨʝʜʥʦʩʪ ʠʥʪʝʥʟʠʪʝʪʘ ʪʘʣʘʩʥʦʛ ʚʝʢʪʦʨʘ q ʦʜʨʝʹʝʥ ʿʝ ʛʝʦʤʝʪʨʠʿʦʤ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʝ 

ʧʦʩʪʘʚʢʝ. ʊʠʧʠʯʥʠ ʝʢʩʧʝʨʠʤʝʥʪʠ ʨʘʤʘʥʩʢʦʛ ʨʘʩʝʿʘˁʘ ʩʧʨʦʚʦʜʝ ʩʝ ʫ ʛʝʦʤʝʪʨʠʿʠ ʧʦʚʨʘʪʥʦʛ 

ʨʘʩʝʿʘˁʘ (ʫʛʘʦ ʨʘʩʝʿʘˁʘ ɗ ʠʟʥʦʩʠ 180ʦ). ʋ ʪʦʤ ʩʣʫʯʘʿʫ ʠʥʪʝʥʟʠʪʝʪ ʪʘʣʘʩʥʦʛ ʚʝʢʪʦʨʘ ʿʝ 

ʤʘʢʩʠʤʘʣʘʥ ʠ ʠʟʨʘʯʫʥʘʚʘ ʩʝ ʢʘʦ [159]: 

 
ȿή ȿ̏  – ‫ – ̥̥‫

ρ

ὧ
 (2.34.) 

 ʊʘʣʘʩʥʠ ʚʝʢʪʦʨ ʬʦʥʦʥʘ ʤʦʞʝ ʠʤʘʪʠ ʙʠʣʦ ʢʦʿʫ ʚʨʝʜʥʦʩʪ ʢʦʿʘ ʣʝʞʠ ʫ ɹʨʠʣʫʝʥʦʚʦʿ ʟʦʥʠ. 

ʄʘʢʩʠʤʘʣʥʘ ʚʨʝʜʥʦʩʪ ʪʘʣʘʩʥʦʛ ʚʝʢʪʦʨʘ ʬʦʥʦʥʘ ʢʦʿʠ ʩʝ ʧʨʫʞʘ ʜʦ ʛʨʘʥʠʮʝ ɹʨʠʣʫʝʥʦʚʝ ʟʦʥʝ ʿʝ 

/́dr (dr ʿʝ ʢʦʥʩʪʘʥʪʘ ʨʝʰʝʪʢʝ) ʠ ʪʠʧʠʯʥʦ ʿʝ ʨʝʜʘ ʚʝʣʠʯʠʥʝ 108 ʩmī1 [158]. ʋ ʩʣʫʯʘʿʫ ʫʧʘʜʥʝ 

ʩʚʝʪʣʦʩʪʠ ʪʘʣʘʩʥʝ ʜʫʞʠʥʝ ʦʜ 500 nm, ʪʘʣʘʩʥʠ ʚʝʢʪʦʨ ʩʚʝʪʣʦʩʪʠ ʙʠ˂ʝ ʨʝʜʘ 105 ʩmī1, ʟʘ ʪʨʠ ʨʝʜʘ 

ʚʝʣʠʯʠʥʝ ʤʘˁʠ ʦʜ ʚʨʝʜʥʦʩʪʠ ʪʘʣʘʩʥʦʛ ʚʝʢʪʦʨʘ ʢʦʿʠ ʙʠ ʩʝ ʧʨʫʞʘʦ ʜʦ ʛʨʘʥʠʮʝ ɹʨʠʣʫʝʥʦʚʝ ʟʦʥʝ. 

ʉʪʦʛʘ ʩʝ ʩʘʤʦ ʬʦʥʦʥʠ ʢʦʿʠ ʩʝ ʥʘʣʘʟʝ ʫ ʮʝʥʪʨʫ ɹʨʠʣʫʝʥʦʚʝ ʟʦʥʝ ʿʘʚˀʘʿʫ ʫ ʨʘʤʘʥʩʢʦʤ ʨʘʩʝʿʘˁʫ 

ʧʨʚʦʛ ʨʝʜʘ, ʰʪʦ ʧʨʝʜʩʪʘʚˀʘ ʨʘʤʘʥʩʢʦ ʠʟʙʦʨʥʦ ʧʨʘʚʠʣʦ (q å 0). ʇʦʩʣʝʜʠʯʥʦ, ʩʘʤʦ ʩʝ ʬʦʥʦʥʠ 

ʠʟ ʦʧʪʠʯʢʝ ʛʨʘʥʝ ʜʠʩʧʝʨʟʠʦʥʝ ʨʝʣʘʮʠʿʝ ʫʦʯʘʚʘʿʫ ʨʘʤʘʥʩʢʦʤ ʩʧʝʢʪʨʦʩʢʦʧʠʿʦʤ. ʂʘʨʘʢʪʝʨʠʩʪʠʢʝ 

ʧʨʚʦʛ ʨʝʜʘ ʫ ʨʘʤʘʥʩʢʦʤ ʩʧʝʢʪʨʫ ʩʝ ʧʦʿʘʚˀʫʿʫ ʢʘʦ ʜʠʩʢʨʝʪʘʥ ʩʝʪ ʫʩʢʠʭ ʪʨʘʢʘ. ɿʘ ʧʨʦʮʝʩʝ ʚʠʰʝʛ 

ʨʝʜʘ ʫʢʫʧʥʠ ʪʘʣʘʩʥʠ ʚʝʢʪʦʨ ʿʝʜʥʘʢ ʿʝ ʩʫʤʠ ʪʘʣʘʩʥʠʭ ʚʝʢʪʦʨʘ ʬʦʥʦʥʘ ʢʦʿʠ ʫʯʝʩʪʚʫʿʫ ʫ ʧʨʦʮʝʩʫ 

ʨʘʩʝʿʘˁʘ. ʉʪʦʛʘ ʨʝʟʫʣʪʫʿʫ˂ʠ ʪʘʣʘʩʥʠ ʚʝʢʪʦʨ ʠʤʘ ʰʠʨʦʢ ʦʧʩʝʛ ʜʦʟʚʦˀʝʥʠʭ ʚʨʝʜʥʦʩʪʠ ʫ 

ɹʨʠʣʫʝʥʦʚʦʿ ʟʦʥʠ. ʋʩʣʝʜ ʪʦʛʘ ʬʦʥʦʥʠ ʠʟ ʮʝʣʝ ɹʨʠʣʫʝʥʦʚʝ ʟʦʥʝ ʤʦʛʫ ʫʯʝʩʪʚʦʚʘʪʠ ʫ ʧʨʦʮʝʩʠʤʘ 

ʨʘʩʝʿʘˁʘ ʚʠʰʝʛ ʨʝʜʘ. ʉʧʝʢʪʨʘʣʥʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ ʚʠʰʝʛ ʨʝʜʘ ʩʝ ʿʘʚˀʘʿʫ ʫ ʚʠʜʫ ʰʠʨʦʢʠʭ ʪʨʘʢʘ. 

 ʅʘʨʫʰʘʚʘˁʝʤ ʪʨʘʥʩʣʘʮʠʦʥʝ ʩʠʤʝʪʨʠʿʝ ʢʨʠʩʪʘʣʘ, ʢʘʦ ʰʪʦ ʿʝ ʪʦ ʩʣʫʯʘʿ ʢʦʜ ʘʤʦʨʬʥʠʭ 

ʤʘʪʝʨʠʿʘʣʘ, ʜʦʣʘʟʠ ʜʦ ʧʨʝʩʪʘʥʢʘ ʚʘʞʝˁʘ ʠʟʙʦʨʥʦʛ ʧʨʘʚʠʣʘ q å 0 [160]. ʋʩʣʝʜ ʪʦʛʘ ʩʚʠ ʬʦʥʦʥʠ 

ʜʦ ʠʚʠʮʘ ɹʨʠʣʫʝʥʦʚʝ ʟʦʥʝ ʧʦʩʪʘʿʫ ʨʘʤʘʥʩʢʠ ʘʢʪʠʚʥʠ. ɻʫʙʠʪʢʦʤ ʪʨʘʥʩʣʘʮʠʦʥʝ ʩʠʤʝʪʨʠʿʝ 

ʬʦʥʦʥʝ ʚʠʰʝ ʥʝ ʤʦʞʝʤʦ ʩʤʘʪʨʘʪʠ ʪʘʣʘʩʠʤʘ. ʄʝʹʫʪʠʤ, ʪʝʨʤʠʥ ʬʦʥʦʥ ʿʝ ʟʘʜʨʞʘʥ ʠ ʦʟʥʘʯʘʚʘ 
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ʣʦʢʘʣʥʝ ʚʠʙʨʘʮʠʦʥʝ ʤʦʜʦʚʝ ʘʤʦʨʬʥʠʭ ʤʘʪʝʨʠʿʘʣʘ. ʋʩʣʝʜ ʘʤʦʨʬʠʟʘʮʠʿʝ ʤʘʪʝʨʠʿʘʣʘ ʜʦʣʘʟʠ ʜʦ 

ʰʠʨʝˁʘ ʨʘʤʘʥʩʢʠʭ ʪʨʘʢʘ ʠ ʨʝʟʫʣʪʫʿʫ˂ʠ ʩʧʝʢʪʘʨ ʧʦʜʩʝ˂ʘ ʥʘ ʛʫʩʪʠʥʫ ʬʦʥʦʥʩʢʠʭ ʩʪʘˁʘ 

ʜʠʩʧʝʨʟʠʦʥʝ ʨʝʣʘʮʠʿʝ ʦʜʛʦʚʘʨʘʿʫ˂ʝʛ ʢʨʠʩʪʘʣʘ. 

 ʆʩʥʦʚʥʠ ʧʘʨʘʤʝʪʨʠ ʫ ʩʧʝʢʪʨʫ ʩʫ ʧʦʟʠʮʠʿʘ, ʠʥʪʝʥʟʠʪʝʪ ʠ ʧʦʣʫʰʠʨʠʥʘ ʩʧʝʢʪʨʘʣʥʠʭ 

ʪʨʘʢʘ. ʇʦʟʠʮʠʿʘ ʨʘʤʘʥʩʢʝ ʪʨʘʢʝ ʫ ʩʧʝʢʪʨʫ (ʬʨʝʢʚʝʥʮʠʿʘ) ʟʘʚʠʩʠ ʦʜ ʤʘʩa ʠ ʧʦʟʠʮʠʿa ʘʪʦʤʘ, 

ʢʦʥʩʪʘʥʪʝ ʩʠʣʝ ʠ ʜʫʞʠʥʝ ʭʝʤʠʿʩʢʝ ʚʝʟʝ, ʧʘ ˂ʝ ʧʨʦʤʝʥʘ ʦʚʠʭ ʧʘʨʘʤʝʪʘʨʘ ʫʪʠʮʘʪʠ ʥʘ ʧʨʦʤʝʥʫ 

ʧʦʟʠʮʠʿʝ ʨʘʤʘʥʩʢʠʭ ʪʨʘʢʘ [161]. ʅʘʧʨʝʟʘˁʝ ʩʪʨʫʢʪʫʨʝ ʤʦʞʝ ʜʦʚʝʩʪʠ ʜʦ ʧʦʤʝʨʘˁʘ ʨʘʤʘʥʩʢʠʭ 

ʪʨʘʢʘ ʢʘ ʚʠʰʠʤ ʠʣʠ ʢʘ ʥʠʞʠʤ ʬʨʝʢʚʝʥʮʠʿʘʤʘ, ʫ ʟʘʚʠʩʥʦʩʪʠ ʦʜ ʪʦʛʘ ʜʘ ʣʠ ʩʝ ʨʘʜʠ ʦ ʠʩʪʝʞʫ˂ʝʤ 

ʠʣʠ ʩʘʙʠʿʘʿʫ˂ʝʤ ʥʘʧʨʝʟʘˁʫ. ʅʘʨʫʰʘʚʘˁʝ ʢʨʠʩʪʘʣʥʝ ʩʪʨʫʢʪʫʨʝ ʪʘʢʦʹʝ ʜʦʚʦʜʠ ʜʦ ʧʨʦʤʝʥʝ 

ʬʨʝʢʚʝʥʮʠʿʝ ʨʘʤʘʥʩʢʝ ʪʨʘʢʝ, ʦʙʠʯʥʦ ʢʘ ʥʠʞʠʤ ʪʘʣʘʩʥʠʤ ʙʨʦʿʝʚʠʤʘ, ʫʩʣʝʜ ʧʨʝʢʠʜʘ 

ʪʨʘʥʩʣʘʮʠʦʥʝ ʩʠʤʝʪʨʠʿʝ ʢʨʠʩʪʘʣʘ. ʇʨʠʩʫʩʪʚʦ ʭʝʤʠʿʩʢʠʭ ʥʝʯʠʩʪʦ˂ʘ ʫ ʯʚʦʨʦʚʠʤʘ ʢʨʠʩʪʘʣʥʝ 

ʨʝʰʝʪʢʝ ʪʘʢʦʹʝ ʨʝʟʫʣʪʫʿʝ ʧʨʦʤʝʥʦʤ ʬʨʝʢʚʝʥʮʠʿʝ ʨʘʤʘʥʩʢʝ ʪʨʘʢʝ. 

ʈʘʤʘʥʩʢʫ ʧʦʣʫʰʠʨʠʥʫ ʪʨʘʢʝ ʦʜʨʝʹʫʿʝ ʥʝʢʦʣʠʢʦ ʧʘʨʘʤʝʪʘʨʘ [162]. ʇʨʠʨʦʜʥʦ ʰʠʨʝˁʝ 

ʨʘʤʘʥʩʢʠʭ ʪʨʘʢʘ ʧʦʩʣʝʜʠʮʘ ʿʝ ʍʘʿʟʝʥʙʝʨʛʦʚʦʛ ʧʨʠʥʮʠʧʘ ʥʝʦʜʨʝʹʝʥʦʩʪʠ (ʦʢʦ 10ī8 ʩmī1). ʊʘʢʦʹʝ, 

ʧʦʩʪʦʿʘˁʝ ʨʘʟʣʠʯʠʪʠʭ ʠʟʦʪʦʧʘ ʿʝʜʥʦʛ ʝʣʝʤʝʥʪʘ ʜʦʚʝʰ˂ʝ ʜʦ ʬʦʨʤʠʨʘˁʘ ʚʠʰʝ ʪʨʘʢʘ ʥʘ ʙʣʠʩʢʠʤ 

ʧʦʟʠʮʠʿʘʤʘ ʫ ʩʧʝʢʪʨʫ, ʠ ʫ ʩʣʫʯʘʿʫ ʥʝʜʦʚʦˀʥʝ ʩʧʝʢʪʨʘʣʥʝ ʨʝʟʦʣʫʮʠʿʝ ʠʥʩʪʨʫʤʝʥʪʘ ʿʘʚˀʘ ʩʝ 

ʧʨʝʢʣʘʧʘˁʝ ʪʨʘʢʘ, ʰʪʦ ʩʝ ʤʘʥʠʬʝʩʪʫʿʝ ʫ ʚʠʜʫ ʿʝʜʥʝ ʰʠʨʝ ʪʨʘʢʝ. ʇʦʨʝʜ ʪʝʦʨʠʿʩʢʦʛ ʘʩʧʝʢʪʘ, ʠ 

ʠʥʩʪʨʫʤʝʥʪʘʣʥʠ ʧʘʨʘʤʝʪʨʠ ʧʦʧʫʪ ʩʧʝʢʪʨʘʣʥʝ ʨʝʟʦʣʫʮʠʿʝ ʠʤʘʿʫ ʫʪʠʮʘʿ ʥʘ ʧʦʣʫʰʠʨʠʥʫ 

ʨʘʤʘʥʩʢʝ ʪʨʘʢʝ. ʂʦʜ ʜʠʩʧʝʨʟʠʚʥʠʭ ʩʠʩʪʝʤʘ ʩʧʝʢʪʨʘʣʥʘ ʨʝʟʦʣʫʮʠʿʘ ʿʝ ʦʜʨʝʹʝʥʘ ʛʫʩʪʠʥʦʤ ʣʠʥʠʿʘ 

ʜʠʬʨʘʢʮʠʦʥʝ ʨʝʰʝʪʢʝ, ʚʝʣʠʯʠʥʦʤ ʫʣʘʟʥʦʛ ʧʨʦʨʝʟʘ, ʙʨʦʿʝʤ ʧʠʢʩʝʣʘ CCD (ʝʥʛʣ. Charge-Coupled 

Device) ʜʝʪʝʢʪʦʨʘ ʠ ʨʘʩʪʦʿʘˁʝʤ ʠʟʤʝʹʫ ʨʝʰʝʪʢʝ ʠ ʜʝʪʝʢʪʦʨʘ. ʄʝʹʫʪʠʤ, ʟʘ ʚʝ˂ʠʥʫ ʤʘʪʝʨʠʿʘʣʘ 

ʛʣʘʚʥʠ ʬʘʢʪʦʨ ʰʠʨʝˁʘ ʨʘʤʘʥʩʢʠʭ ʪʨʘʢʘ ʿʝʩʫ ʥʝʠʜʝʘʣʥʘ ʠʣʠ ʘʤʦʨʬʠʟʦʚʘʥʘ ʢʨʠʩʪʘʣʥʘ ʨʝʰʝʪʢʘ. 

ʇʘʨʘʤʝʪʨʠ ʢʦʿʠ ʫʪʠʯʫ ʥʘ ʠʥʪʝʥʟʠʪʝʪ ʨʘʤʘʥʩʢʠʭ ʪʨʘʢʘ ʤʦʛʫ ʩʝ ʧʦʜʝʣʠʪʠ ʫ ʜʚʝ ʛʨʫʧʝ 

[162]. ʇʨʚʫ ʛʨʫʧʫ ʯʠʥʝ ʧʘʨʘʤʝʪʨʠ ʢʦʿʠ ʥʠʩʫ ʧʦʚʝʟʘʥʠ ʩʘ ʫʟʦʨʢʦʤ, ʧʦʧʫʪ ʠʥʪʝʥʟʠʪʝʪʘ ʠ ʪʘʣʘʩʥʝ 

ʜʫʞʠʥʝ ʢʦʨʠʰ˂ʝʥʦʛ ʘʥʘʣʠʟʠʨʘʿʫ˂ʝʛ ʣʘʩʝʨʘ, ʘʥʘʣʠʟʠʨʘʥʝ ʟʘʧʨʝʤʠʥʝ, ʝʬʠʢʘʩʥʦʩʪʠ ʜʝʪʝʢʪʦʨʘ ʠ 

ʛʝʦʤʝʪʨʠʿʝ ʧʨʠ ʢʦʿʦʿ ʩʝ ʤʝʨʠ ʨʘʤʘʥʩʢʠ ʝʬʝʢʘʪ. ɼʨʫʛʫ ʛʨʫʧʫ ʯʠʥʝ ʧʘʨʘʤʝʪʨʠ ʧʦʚʝʟʘʥʠ ʩʘ ʩʘʤʠʤ 

ʫʟʦʨʢʦʤ, ʦʜʥʦʩʥʦ ʩʘ ʝʬʠʢʘʩʥʦʰ˂ʫ ʨʘʤʘʥʩʢʦʛ ʨʘʩʝʿʘˁʘ. ʈʘʤʘʥʩʢʠ ʠʥʪʝʥʟʠʪʝʪ ʿʝ 

ʧʨʦʧʦʨʮʠʦʥʘʣʘʥ ʢʚʘʜʨʘʪʫ ʘʤʧʣʠʪʫʜʝ ʨʘʤʘʥʩʢʦʛ ʪʝʥʟʦʨʘ ʧʦʣʘʨʠʟʘʙʠʣʥʦʩʪʠ ʠ ʚʝʦʤʘ ʿʝ ʦʩʝʪˀʠʚ 

ʥʘ ʫʨʝʹʝˁʝ ʢʨʠʩʪʘʣʥʝ ʨʝʰʝʪʢʝ. ʅʘʨʫʰʘʚʘˁʝʤ ʫʨʝʹʝʥʦʩʪʠ ʢʨʠʩʪʘʣʥʝ ʨʝʰʝʪʢʝ ʠʥʪʝʥʟʠʪʝʪ 

ʨʘʤʘʥʩʢʠʭ ʪʨʘʢʘ ʧʨʚʦʛ ʨʝʜʘ ʩʝ ʩʤʘˁʫʿʝ. ʊʦ ʩʝ ʜʝʰʘʚʘ ʟʙʦʛ ʧʨʦʤʝʥʝ ʪʝʥʟʦʨʘ ʧʦʣʘʨʠʟʘʙʠʣʥʦʩʪʠ 

ʢʘʦ ʧʦʩʣʝʜʠʮʝ ʨʘʩʢʠʜʘˁʘ ʭʝʤʠʿʩʢʠʭ ʚʝʟʘ ʠ ʧʨʦʤʝʥʝ ʚʨʝʜʥʦʩʪʠ ʢʦʥʩʪʘʥʪʝ ʩʠʣʝ. 

2.5.2.1. ʈʘʤʘʥʩʢʘ ʩʧʝʢʪʨʦʩʢʦʧʠʿʘ 6ʅ-ɮiʉ 

 ʇʝʨʠʦʜʠʯʥʘ ʩʪʨʫʢʪʫʨʘ ʩʘʯʠˁʝʥʘ ʦʜ ʩʣʦʿʝʚʘ ʜʚʘ ʠʣʠ ʚʠʰʝ ʨʘʟʣʠʯʠʪʘ ʤʘʪʝʨʠʿʘʣʘ ʥʘʟʠʚʘ 

ʩʝ ʩʫʧʝʨ-ʨʝʰʝʪʢʘ. ɼʝʙˀʠʥʘ ʩʣʦʿʝʚʘ ʟʘʚʠʩʠ ʦʜ ʧʨʠʤʝˁʝʥʝ ʤʝʪʦʜʝ ʩʠʥʪʝʟʝ ʜʘʪʦʛ ʤʘʪʝʨʠʿʘʣʘ ʠ 

ʪʠʧʠʯʥʦ ʿʝ ʟʘ ʨʝʜ ʚʝʣʠʯʠʥʝ ʚʝ˂ʘ ʦʜ ʢʦʥʩʪʘʥʪʝ ʢʨʠʩʪʘʣʥʝ ʨʝʰʝʪʢʝ. ʄʝʹʫʪʠʤ, ʧʦʩʪʦʿʝ ʠ 

ʿʝʜʠˁʝˁʘ ʯʠʿʘ ʿʝ ʢʨʠʩʪʘʣʥʘ ʨʝʰʝʪʢʘ ʩʘʤʦʦʨʛʘʥʠʟʦʚʘʥʘ ʫ ʚʠʜʫ ʩʫʧʝʨ-ʨʝʰʝʪʢʝ. ʊʦ ʿʝ ʩʣʫʯʘʿ ʢʦʜ 

6ʅ-ɮiʉ ʢʦʿʠ ʧʦʩʝʜʫʿʝ ʘʢʩʠʿʘʣʥʫ ʩʫʧʝʨ-ʧʝʨʠʦʜʠʯʥʦʩʪ. ʊʠʧʠʯʥʦ ʩʚʦʿʩʪʚʦ ʩʪʨʫʢʪʫʨʘ ʩʘ ʩʫʧʝʨ-

ʨʝʰʝʪʢʘʤʘ ʿʝʩʪʝ ʝʬʝʢʪ ʩʘʚʠʿʘˁʘ ɹʨʠʣʫʝʥʦʚʝ ʟʦʥʝ (ʝʥʛʣ. folding ï F). ʌʦʥʦʥʠ ʠʟ ʧʨʦʰʠʨʝʥʝ 

ɹʨʠʣʫʝʥʦʚʝ ʟʦʥʝ ʪʘʣʘʩʥʦʛ ʚʝʢʪʦʨʘ q (q = 2ˊ/dr) ʩʘʜʘ ʩʝ ʤʘʧʠʨʘʿʫ ʫ ʦʢʚʠʨʫ ʩʘʚʠʿʝʥʝ ɹʨʠʣʫʝʥʦʚʝ 

ʟʦʥʝ ʩʘ ʥʦʚʠʤ ʪʘʣaʩʥʠʤ ʚʝʢʪʦʨʦʤ [163]. ʋʟʤʠʤʦ ʟʘ ʧʨʠʤʝʨ ʩʫʧʝʨ-ʨʝʰʝʪʢʫ ʢʦʿʘ ʩʝ ʩʘʩʪʦʿʠ ʦʜ 

ʜʚʘ ʤʘʪʝʨʠʿʘʣʘ ʩʘ ʢʦʥʩʪʘʥʪʘʤʘ ʨʝʰʝʪʢʝ d1 ʠ d2 ʠ ʧʝʨʠʦʜʦʤ ʩʫʧʝʨ-ʨʝʰʝʪʢʝ dr = d1 + d2 [164]. 

ɱʝʜʠʥʠʯʥʝ ˂ʝʣʠʿʝ ʩʘ ʚʝ˂ʦʤ ʢʦʥʩʪʘʥʪʦʤ ʨʝʰʝʪʢʝ ʠʤʘʿʫ ʤʘˁʝ ɹʨʠʣʫʝʥʦʚʝ ʟʦʥʝ. ʉʪʦʛʘ ˂ʝ ʪʘʣʘʩʥʠ 

ʚʝʢʪʦʨ ʠʚʠʮʘ ʧʨʚʝ ɹʨʠʣʫʝʥʦʚʝ ʟʦʥʝ ʩʫʧʝʨ-ʨʝʰʝʪʢʝ, ʫ ʥʘʰʝʤ ʩʣʫʯʘʿʫ 6ʅ-ɮiʉ, ʙʠʪʠ ʟʥʘʪʥʦ ʤʘˁʠ 

ʫ ʦʜʥʦʩʫ ʥʘ ʪʘʣʘʩʥʠ ʚʝʢʪʦʨ ʚʝʣʠʢʝ ɹʨʠʣʫʝʥʦʚʝ ʟʦʥʝ ʙʘʟʠʯʥʦʛ 3ʉ ʧʦʣʠʪʠʧʘ ɮiʉ. ʇʦʩʣʝʜʠʯʥʦ, 

ʿʘʚˀʘ ʩʝ ʩʘʚʠʿʘˁʝ ɹʨʠʣʫʝʥʦʚʝ ʟʦʥʝ. ʋʩʣʝʜ ʩʘʚʠʿʘˁʘ ʜʦʣʘʟʠ ʜʦ ʬʦʨʤʠʨʘˁʘ ʦʜʨʝʹʝʥʦʛ ʙʨʦʿʘ 

ʤʠʥʠ-ʛʨʘʥʘ ʫ ʜʠʿʘʛʨʘʤʫ ʜʠʩʧʝʨʟʠʦʥʝ ʨʝʣʘʮʠʿʝ (ʩʣʠʢʘ 15). 
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ʉʣʠʢʘ 15. ʉʘʚʠʿʘˁʝ ʦʧʪʠʯʢʠʭ ʛʨʘʥʘ ʜʠʩʧʝʨʟʠʦʥʝ ʨʝʣʘʮʠʿʝ (ʊʆ ï ʪʨʘʥʩʚʝʨʟʘʣʥʘ ʦʧʪʠʯʢʘ 

ʛʨʘʥʘ ʠ Lʆ ï ʣʦʥʛʠʪʫʜʠʥʘʣʥʘ ʦʧʪʠʯʢʘ ʛʨʘʥʘ) ʧʨʚʝ ɹʨʠʣʫʝʥʦʚʝ ʟʦʥʝ 3ʉ-ɮiʉ (ʦʜ ɢ = 0 ʜʦ  

ɢ = 1) ʠ ʜʦʙʠʿʘˁʝ ʥʦʚʠʭ ʛʨʘʥʘ (Fʊʆ ʠ FLʆ) ʧʦʣʠʪʠʧʘ 6ʅ-ɮiʉ (ʦʜ ɢ = 0 ʜʦ ɢ = 0,167). 

 ʇʨʦʰʠʨʝʥʘ ɹʨʠʣʫʝʥʦʚʘ ʟʦʥʘ 6H-ɮiʉ (ɹʨʠʣʫʝʥʦʚʝ ʟʦʥʝ 3ʉ-ɮiʉ) ʩʝ ʧʨʦʪʝʞʝ ʜʦ ʚʨʝʜʥʦʩʪʠ 

ʪʘʣʘʩʥʦʛ ʚʝʢʪʦʨʘ 6/́dr. ʂʘʢʦ ʿʝ ʚʨʝʜʥʦʩʪ ʤʘʢʩʠʤʘʣʥʦʛ ʪʘʣʘʩʥʦʛ ʚʝʢʪʦʨʘ ʫ ʩʘʚʠʿʝʥʦʿ 

ɹʨʠʣʫʝʥʦʚʦʿ ʟʦʥʠ /́dr, ʩʘʚʠʿʝʥʘ ɹʨʠʣʫʝʥʦʚʘ ʟʦʥʘ ʜʦʙʠʿʝʥʘ ʿʝ ʠʟ ʧʨʦʰʠʨʝʥʝ ʟʦʥʝ ˁʝʥʠʤ 

ʧʝʪʦʩʪʨʫʢʠʤ ʩʘʚʠʿʘˁʝʤ. ʉʘʚʠʿʘˁʝ ɹʨʠʣʫʝʥʦʚʝ ʟʦʥʝ ʜʦʥʦʩʠ ʥʦʚʝ ʤʦʜʦʚʝ ʫ ʮʝʥʪʘʨ ʟʦʥʝ (q = 0). 

ʂʘʦ ʧʦʩʣʝʜʠʮʘ ʪʦʛʘ ʿʘʚˀʘʿʫ ʩʝ ʥʦʚʝ ʣʠʥʠʿʝ ʫ ʨʘʤʘʥʩʢʦʤ ʩʧʝʢʪʨʫ. ɼʝʬʠʥʠʰʫ˂ʠ ʨʝʜʫʢʦʚʘʥʠ 

ʪʘʣʘʩʥʠ ʚʝʢʪʦʨ ʢʘʦ ɢ = q/qmʘʭ ʟʘ ʧʨʦʰʠʨʝʥʫ ʟʦʥʫ, ʧʦʢʘʟʘʥʦ ʿʝ ʜʘ ʩʫ ɢ = 0; 0,33; 0,67 ʠ 1,0 ʪʘʯʢʝ 

ʩʘ q = 0 ʪʘʣʘʩʥʠʤ ʚʝʢʪʦʨʠʤʘ ʫ ʩʘʚʠʿʝʥʦʿ ɹʨʠʣʫʝʥʦʚʦʿ ʟʦʥʠ. 6H-ɮiʉ ʧʦʣʠʪʠʧ ʧʨʠʧʘʜʘ ʉ6ɡ
4 

ʧʨʦʩʪʦʨʥʦʿ ʛʨʫʧʠ ʠ ʠʤʘ 12 ʘʪʦʤʘ ʧʦ ʿʝʜʠʥʠʯʥʦʿ ˂ʝʣʠʿʠ (Ni). ʋʢʫʧʘʥ ʙʨʦʿ ʬʦʥʦʥʩʢʠʭ ʤʦʜʦʚʘ 

ʠʟʥʦʩʠ 3Ni, ʦʜ ʯʝʛʘ 3Ni ī 3 ʦʧʪʠʯʢʠʭ ʠ 3 ʘʢʫʩʪʠʯʥʠʭ. ʇʨʝʤʘ ʪʝʦʨʠʿʠ ʛʨʫʧʘ, ʟʘ 6ʅ-ɮiʉ ʤʦʛʫ˂ʠ 

ʤʦʜʦʚʠ ʩʫ 5A1 + 6B1 + 5E1 + 6E2 [165]. ʀʧʘʢ, ʩʘʤʦ ʥʝʢʠ ʦʜ ˁʠʭ ʩʝ ʟʘʧʘʞʘʿʫ ʫ ʨʘʤʘʥʩʢʠʤ 

ʩʧʝʢʪʨʠʤʘ. ʈʘʤʘʥ-ʘʢʪʠʚʥʠ ʤʦʜʦʚʠ ʠʤʘʿʫ ɸ1, ɽ1 ʠ ɽ2 ʩʠʤʝʪʨʠʿʫ ʜʦʢ ʿʝ ɺ1 ʤʦʜ ʥʝʘʢʪʠʚʘʥ ʟʘ ʦʚʫ 

ʧʨʦʩʪʦʨʥʫ ʛʨʫʧʫ. 

ʂʘʨʘʢʪʝʨʠʩʪʠʯʥʝ ʪʨʘʢʝ ʢʦʿʝ ʩʫ ʟʘʧʘʞʝʥʝ ʫ ʩʧʝʢʪʨʫ 6H-ɮiʉ ʥʘʚʝʜʝʥʝ ʩʫ ʫ ʪʘʙʝʣʠ 2. ʋ 

ʜʘˀʝʤ ʪʝʢʩʪʫ ʢʦʨʠʰ˂ʝʥʘ ʥʦʤʝʥʢʣʘʪʫʨʘ ʪʨʘʢʘ ʜʘʪʘ ʿʝ ʫ ʦʙʣʠʢʫ: ʩʠʤʝʪʨʠʿʩʢʠ ʪʠʧ-F-ʛʨʘʥʘ-

ʨʝʜʫʢʦʚʘʥʠ ʚʝʢʪʦʨ (ʥʘ ʧʨʠʤʝʨ ɽ2-FTO(2/6)) ʠʣʠ ʢʦʨʠʰ˂ʝˁʝʤ ʧʦʟʠʮʠʿʝ ʪʨʘʢʝ ʫ ʩʧʝʢʪʨʫ. ʅʘ 

ʧʨʠʤʝʨ, ɽ2-FTO(2/6) ʰʪʦ ʧʨʝʜʩʪʘʚˀʘ ʥʘʿʠʥʪʝʥʟʠʚʥʠʿʫ ʪʨʘʢʫ ʫ ʩʧʝʢʪʨʫ ʥʘ 789 ʩmī1. ʆʟʥʘʢʘ F 

ʛʦʚʦʨʠ ʜʘ ʩʫ ʫ ʧʠʪʘˁʫ ʤʦʜʦʚʠ ʥʘʩʪʘʣʠ ʩʘʚʠʿʘˁʝʤ ɹʨʠʣʫʝʥʦʚʝ ʟʦʥʝ. 

ʇʦʩʪʦʿʘˁʝ ʚʝʣʠʢʦʛ ʙʨʦʿʘ ʧʦʣʠʪʠʧʦʚʘ ʤʦʞʝ ʧʨʝʜʩʪʘʚˀʘʪʠ ʧʨʦʙʣʝʤ ʧʨʠʣʠʢʦʤ ʨʘʜʘ ʠ 

ʩʪʦʛʘ ʿʝ ʙʠʪʥʦ ʿʘʩʥʦ ʠʭ ʨʘʟʣʠʢʦʚʘʪʠ. ʂʘʢʦ ʠʥʪʝʥʟʠʪʝʪ ʧʨʦʬʠʣʘ ʨʘʤʘʥʩʢʠʭ ʪʨʘʢʘ ʟʘʚʠʩʠ ʫ 

ʚʝʣʠʢʦʿ ʤʝʨʠ ʦʜ ʥʘʯʠʥʘ ʧʘʢʦʚʘˁʘ ʩʪʨʫʢʪʫʨʥʠʭ ʩʣʦʿʝʚʘ, ʤʦʞʝ ʩʝ ʧʨʠʤʝʥʠʪʠ ʟʘ ʦʜʨʝʹʠʚʘˁʝ 

ʧʦʣʠʪʠʧʘ ʠʩʧʠʪʠʚʘʥʦʛ ɮiʉ-ʘ. ʇʦʢʘʟʘʥʦ ʿʝ ʜʘ ʨʘʤʘʥʩʢʠ ʠʥʪʝʥʟʠʪʝʪ ʟʘ ʨʘʟʣʠʯʠʪʝ ʧʦʣʠʪʠʧʦʚʝ 

ʠʤʘ ʤʘʢʩʠʤʘʣʥʫ ʚʨʝʜʥʦʩʪ FTA ʠ FTO ʤʦʜʦʚʘ ʧʨʠ ʨʘʟʣʠʯʠʪʠʤ ʚʨʝʜʥʦʩʪʠʤʘ ʨʝʜʫʢʦʚʘʥʦʛ 

ʪʘʣʘʩʥʦʛ ʚʝʢʪʦʨʘ, ʥʘ ʦʩʥʦʚʫ ʯʝʛʘ ʿʝ ʤʦʛʫ˂ʝ ʦʜʨʝʜʠʪʠ ʢʦʿʠ ʧʦʣʠʪʠʧ ʿʝ ʫ ʧʠʪʘˁʫ [166]. ʂʦʜ 6ʅ-

ɮiʉ, FTA ʠ FTO ʤʦʜʦʚʠ ʧʨʠ ʚʨʝʜʥʦʩʪʠ ʨʝʜʫʢʦʚʘʥʦʛ ʪʘʣʘʩʥʦʛ ʚʝʢʪʦʨʘ 0,33 (2/6) ʧʦʢʘʟʫʿʫ 

ʤʘʢʩʠʤʘʣʥʠ ʠʥʪʝʥʟʠʪʝʪ. ʊʘʢʦʹʝ, ʧʦʿʘʚʘ ʜʫʙʣʝʪʘ ʤʦʞʝ ʧʦʤʦ˂ʠ ʫ ʦʜʨʝʹʠʚʘˁʫ ʧʦʣʠʪʠʧʘ ɮiʉ-ʘ 

ʿʝʨ ʜʫʙʣʝʪʠ ʧʨʝʜʩʪʘʚˀʘʿʫ ʤʝʨʫ ʠʥʪʝʨʧʣʘʥʘʨʥʠʭ ʠʥʪʝʨʘʢʮʠʿʘ, ʪʝ ʩʝ ʩʪʦʛʘ ʿʘʚˀʘʿʫ ʤʘʣʝ 

ʝʥʝʨʛʠʩʿʢʝ ʨʘʟʣʠʢʝ ʠʟʤʝʹʫ ʧʦʣʠʪʠʧʦʚʘ [167]. 
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ʊʘʙʝʣʘ 2. q = 0 ʬʦʥʦʥʩʢʠ ʤʦʜʦʚʠ ʟʘ 6ʅ-ɮiʉ (ʨʘʤʘʥʩʢʝ ʪʨʘʢʝ ʧʨʚʦʛ ʨʝʜʘ). ɹ.ɿ. ʿʝ ʩʢʨʘ˂ʝʥʠʮʘ 

ʟʘ ɹʨʠʣʫʝʥʦʚʫ ʟʦʥʫ. 

ɜ [cmī1] 

ʇʦʨʝʢʣʦ 

ʉʠʤʝʪʨʠʿʩʢʠ 

ʤʦʜ 
ɻʨʘʥʘ ɹ.ɿ. ɢ 

145 [75, 168], 146 [125] ɽ2 TA 2/6 

149 [168], 150 [75, 125] ɽ2 TA 2/6 

235 [125], 236 [75, 168] ɽ1 TA 4/6 

240 [125], 241 [75, 168] ɽ1 TA 4/6 

262 [168], 266 [75, 125] ɽ2 TA 6/6 

504 [75, 168], 505 [125] A1 LA 4/6 

508 [168], 513 [125], 514 [75] A1 LA 4/6 

767 [75, 125], 769 [168] ɽ2 TO 6/6 

788 [168], 789 [75, 125] ɽ2 TO 2/6 

797 [75, 125, 168] ɽ1 TO 0 

888 [125], 889 [75, 168] A1 LO 4/6 

964 [168], 965 [75], 967 [125] A1 LO 0 

ʈʘʤʘʥʩʢʠ ʩʧʝʢʪʘʨ 6ʅ-ɮiʉ ʥʘ ʚʠʰʠʤ ʚʨʝʜʥʦʩʪʠʤʘ ʪʘʣʘʩʥʠʭ ʙʨʦʿʝʚʘ, ʨʝʛʠʦʥ ʦʜ 1400 cmī1 

ʜʦ 1800 cmī1, ʧʦʩʝʜʫʿʝ ʢʦʤʙʠʥʘʮʠʦʥʝ ʪʨʘʢʝ ʠ ʦʚʝʨʪʦʥʦʚʝ. ʋ ʣʠʪʝʨʘʪʫʨʠ ʩʝ ʤʦʛʫ ʧʨʦʥʘ˂ʠ 

ʘʩʠʛʥʘʮʠʿʝ ʪʨʘʢʘ ʫ ʩʘʩʪʘʚʫ ʢʦʥʪʠʥʫʫʤʘ ʢʘʦ ʠ ʦʙʿʘʰˁʝˁʝ ʟʘ ˁʠʭʦʚʦ ʧʦʨʝʢʣʦ, ʰʪʦ ʿʝ ʜʘʪʦ ʫ 

ʪʘʙʝʣʠ 3. 

ʊʘʙʝʣʘ 3. ʊʨʘʢʝ ʦʚʝʨʪʦʥʦʚʘ ʠ ʢʦʤʙʠʥʘʮʠʦʥʝ ʪʨʘʢʝ ʨʘʤʘʥʩʢʦʛ ʩʧʝʢʪʨʘ 6ʅ-ɮiʉ. ɹ.ɿ. ʿʝ 

ʩʢʨʘ˂ʝʥʠʮʘ ʟʘ ɹʨʠʣʫʝʥʦʚʫ ʟʦʥʫ. 

ɜ [cmī1] ʇʦʨʝʢʣʦ 

1476 [169], 1472 [127], 1477 [170] ʆʚʝʨʪʦʥ ʠʟ ʂ ʪʘʯʢʝ ɹ.ɿ. 

1516 [169], 1513 [127], 1514 [170] ʆʚʝʨʪʦʥ ʠʟ L ʪʘʯʢʝ ɹ.ɿ. 

1532 [169], 1526 [127], 1530 [170] ʆʚʝʨʪʦʥ ʠʟ U ʪʘʯʢʝ ɹ.ɿ. 

1542 [169], 1537 [127], 1543 [170] ʆʚʝʨʪʦʥ ʠʟ M ʪʘʯʢʝ ɹ.ɿ. 

1582 [127], 1580 [170] ʂʦʤʙʠʥʘʮʠʦʥʘ ʪʨʘʢʘ 

1614 [169], 1617 [127], 1618 [170] ʂʦʤʙʠʥʘʮʠʦʥʘ ʪʨʘʢʘ 

1626 [169], ʂʦʤʙʠʥʘʮʠʦʥʘ ʪʨʘʢʘ 

1651 [169], 1655 [127], 1651 [170] ʂʦʤʙʠʥʘʮʠʦʥʘ ʪʨʘʢʘ 

1686 [169], 1688 [127], 1683 [170] ʆʚʝʨʪʦʥ ʠʟ ʄ ʪʘʯʢʝ ɹ.ɿ. 

1714 [169], 1712 [127], 1712 [170] ʆʚʝʨʪʦʥ ʠʟ ʄ ʪʘʯʢʝ ɹ.ɿ. 

1930 [169], 1931 [127], 1928 [170] ʆʚʝʨʪʦʥ ʠʟ ɻ ʪʘʯʢʝ ɹ.ɿ. 

 

2.5.3. ʉʢʝʥʠʨʘʿʫ˂ʘ ʝʣʝʢʪʨʦʥʩʢʘ ʤʠʢʨʦʩʢʦʧʠʿʘ 

 ʉʢʝʥʠʨʘʿʫ˂ʠ ʝʣʝʢʪʨʦʥʩʢʠ ʤʠʢʨʦʩʢʦʧ ʿʝʜʘʥ ʿʝ ʦʜ ʥʘʿʧʨʠʤʝˁʠʚʘʥʠʿʠʭ ʠʥʩʪʨʫʤʝʥʘʪʘ ʢʦʿʠ 

ʩʝ ʢʦʨʠʩʪʝ ʟʘ ʘʥʘʣʠʟʫ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ ʤʦʨʬʦʣʦʛʠʿʝ ʤʠʢʨʦʩʪʨʫʢʪʫʨʘ. ʌʦʨʤʠʨʘˁʝ SEM ʩʣʠʢʝ 

ʟʘʩʥʠʚʘ ʩʝ ʥʘ ʧʨʠʢʫʧˀʘˁʫ ʝʤʠʩʠʦʥʠʭ ʧʨʦʜʫʢʘʪʘ ʧʨʦʠʟʚʝʜʝʥʠʭ ʧʨʠʣʠʢʦʤ ʠʥʪʝʨʘʢʮʠʿʝ 

ʝʣʝʢʪʨʦʥʩʢʦʛ ʩʥʦʧʘ ʠ ʫʟʦʨʢʘ [171]. ʋ ʠʥʪʝʨʘʢʮʠʿʠ ʝʣʝʢʪʨʦʥʩʢʦʛ ʩʥʦʧʘ ʩʘ ʘʪʦʤʠʤʘ ʫʟʦʨʢʘ 

ʜʦʣʘʟʠ ʜʦ ʝʤʠʩʠʿʝ ʩʝʢʫʥʜʘʨʥʠʭ ʠ ʆʞʝʦʚʠʭ (ʝʥʛʣ. P. V. Auger) ʝʣʝʢʪʨʦʥʘ, ʢʘʨʘʢʪʝʨʠʩʪʠʯʥʦʛ ʠ 

ʢʦʥʪʠʥʫʘʣʥʦʛ ʍ ʟʨʘʯʝˁʘ ʢʘʦ ʠ ʧʦʚʨʘʪʥʦ ʨʘʩʝʿʘʥʠʭ ʝʣʝʢʪʨʦʥʘ. ʉʚʘʢʠ ʦʜ ʝʤʠʩʠʦʥʠʭ ʧʨʦʜʫʢʘʪʘ 

ʠʥʪʝʨʘʢʮʠʿʝ ʥʦʩʠ ʦʜʨʝʹʝʥʝ ʠʥʬʦʨʤʘʮʠʿʝ ʦ ʫʟʦʨʢʫ. ʉʠʛʥʘʣ ʢʦʿʠ ʩʝ ʥʘʿʯʝʰ˂ʝ ʢʦʨʠʩʪʠ ʟʘ 

ʜʦʙʠʿʘˁʝ SEM ʩʣʠʢʘ ʿʝʩʪʝ ʩʠʛʥʘʣ ʩʝʢʫʥʜʘʨʥʝ ʝʤʠʩʠʿʝ ʝʣʝʢʪʨʦʥʘ. ʂʘʢʦ ʩʫ ʩʝʢʫʥʜʘʨʥʠ 
ʝʣʝʢʪʨʦʥʠ ʥʠʩʢʦʝʥʝʨʛʝʪʩʢʠ (ʥʝʢʦʣʠʢʦ ʝV), ʠʟ ʤʘʪʝʨʠʿʘʣʘ ʤʦʛʫ ʠʟʘ˂ʠ ʩʘʤʦ ʠʟ ʧʦʜʨʫʯʿʘ ʫʥʫʪʘʨ 

ʥʝʢʦʣʠʢʦ ʥʘʥʦʤʝʪʘʨʘ ʦʜ ʧʦʚʨʰʠʥʝ ʤʘʪʝʨʠʿʘʣʘ. ʉʪʦʛʘ, ʩʝʢʫʥʜʘʨʥʠ ʝʣʝʢʪʨʦʥʠ ʜʘʿʫ ʪʦʧʦʛʨʘʬʩʢʝ 

ʠʥʬʦʨʤʘʮʠʿʝ ʩʘ ʜʦʙʨʦʤ ʨʝʟʦʣʫʮʠʿʦʤ (ʚʠʟʫʘʣʠʟʘʮʠʿʘ ʧʦʚʨʰʠʥʩʢʝ ʪʝʢʩʪʫʨʝ ʠ ʭʨʘʧʘʚʦʩʪʠ). ɿʙʦʛ 
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ˁʠʭʦʚʝ ʥʠʩʢʝ ʝʥʝʨʛʠʿʝ ʜʦ ʜʝʪʝʢʪʦʨʘ ʩʪʠʞʫ ʧʨʠʤʝʥʦʤ ʧʨʝʜʥʘʧʦʥʘ. ʊʦʧʦʛʨʘʬʩʢʘ ʩʣʠʢʘ ʟʘʚʠʩʠ 

ʦʜ ʙʨʦʿʘ ʩʝʢʫʥʜʘʨʥʠʭ ʝʣʝʢʪʨʦʥʘ ʢʦʿʠ ʩʪʠʞʫ ʜʦ ʜʝʪʝʢʪʦʨʘ. ʉʝʢʫʥʜʘʨʥʠ ʝʣʝʢʪʨʦʥʠ ʢʦʿʠ ʥʘ ʩʚʦʤ 

ʧʫʪʫ ʢʘ ʜʝʪʝʢʪʦʨʫ ʠʤʘʿʫ ʧʨʝʧʨʝʢʫ ʛʝʥʝʨʠʰʫ ʩʝʥʢʫ ʠʣʠ ʪʘʤʥʠʿʠ ʜʝʦ ʩʣʠʢʝ. ʉʫʧʨʦʪʥʦ, ʧʦʜʨʫʯʿʘ 

ʢʦʿʘ ʠʤʘʿʫ ʥʝʩʤʝʪʘʥ ʧʫʪ ʝʣʝʢʪʨʦʥʘ ʢʘ ʜʝʪʝʢʪʦʨʫ ʬʦʨʤʠʨʘʿʫ ʩʚʝʪʣʠʿʠ ʜʝʦ ʩʣʠʢʝ. 

ɼʘ ʙʠ ʩʝ ʜʦʙʠʣʝ SEM ʩʣʠʢʝ, ʫʟʦʨʘʢ ʤʦʨʘ ʙʠʪʠ ʝʣʝʢʪʨʠʯʥʦ ʧʨʦʚʦʜˀʠʚ ʥʘ ʧʦʚʨʰʠʥʠ, ʢʘʦ 

ʠ ʝʣʝʢʪʨʠʯʥʦ ʫʟʝʤˀʝʥ ʢʘʢʦ ʥʝ ʙʠ ʜʦʣʘʟʠʣʦ ʜʦ ʘʢʫʤʫʣʘʮʠʿʘ ʥʘʝʣʝʢʪʨʠʩʘˁʘ. ʅʘ ʥʝʧʨʦʚʦʜʥʝ 

ʤʘʪʝʨʠʿʘʣʝ ʦʙʠʯʥʦ ʩʝ ʩʝ ʥʘʥʦʩʠ ʫʣʪʨʘʪʘʥʢʠ ʩʣʦʿ ʝʣʝʢʪʨʦʧʨʦʚʦʜʥʦʛ ʤʘʪʝʨʠʿʘʣʘ ʧʦʧʫʪ ʟʣʘʪʘ, 

ʧʣʘʪʠʥʝ, ʭʨʦʤʘ ʠʣʠ ʛʨʘʬʠʪʘ. ʈʝʟʦʣʫʮʠʿʘ SEM ʤʠʢʨʦʩʢʦʧʘ ʠʤʘ ʚʨʝʜʥʦʩʪ ʦʢʦ 10 nm [172] ʘ 

ʫʚʝ˂ʘˁʘ ʤʦʛʫ ʙʠʪʠ ʠ ʜʦ100000× [173].  
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3. ʎʀɲɽɺʀ ʈɸɼɸ 

 ʆʩʥʦʚʥʠ ʮʠˀ ʠʩʪʨʘʞʠʚʘˁʘ ʢʦʿʝ ʩʝ ʩʧʨʦʚʦʜʠ ʫ ʦʢʚʠʨʫ ʦʚʝ ʜʦʢʪʦʨʩʢʝ ʜʠʩʝʨʪʘʮʠʿʝ ʦʛʣʝʜʘ 

ʩʝ ʫ ʠʩʧʠʪʠʚʘˁʫ ʫʪʠʮʘʿʘ ʠʤʧʣʘʥʪʘʮʠʿʝ ʿʦʥʘ ʝʥʝʨʛʠʿʝ 4 MeV ʫ ʤʦʜʫ ʢʘʥʘʣʠʩʘˁʘ ʥʘ ʩʪʨʫʢʪʫʨʥʝ 

ʧʨʦʤʝʥʝ ʠ ʩʪʝʧʝʥ ʫʨʝʹʝʥʦʩʪʠ 6H-SiC ʤʦʥʦʢʨʠʩʪʘʣʘ. ʋ ʪʫ ʩʚʨʭʫ ʜʝʬʠʥʠʩʘʥʠ ʩʫ ʩʣʝʜʝ˂ʠ ʮʠˀʝʚʠ 

ʢʦʿʝ ʿʝ ʧʦʪʨʝʙʥʦ ʠʩʧʫʥʠʪʠ: 

1. ʀʤʧʣʘʥʪʘʮʠʿʘ ʿʦʥʘ ʫʛˀʝʥʠʢʘ ʠ ʩʠʣʠʮʠʿʫʤʘ ʝʥʝʨʛʠʿʝ 4 MeV ʫ ʤʦʜʫ ʢʘʥʘʣʠʩʘˁʘ ʫ 

ʤʦʥʦʢʨʠʩʪʘʣ 6H-SiC ʧʨʠ [0001]  ʘʢʩʠʿʘʣʥʦʤ ʧʨʘʚʮʫ. ʀʤʧʣʘʥʪʘʮʠʿʫ ʿʦʥʘ ʧʦʪʨʝʙʥʦ ʿʝ 

ʠʟʚʨʰʠʪʠ ʧʨʠ ʥʝʢʦʣʠʢʦ ʨʘʟʣʠʯʠʪʠʭ ʬʣʫʝʥʘʩʘ ʢʘʢʦ ʙʠ ʩʝ ʧʦʨʝʜ ʫʪʠʮʘʿʘ ʿʦʥʘ ʠʩʧʠʪʘʦ ʠ 

ʫʪʠʮʘʿ ʬʣʫʝʥʩʘ ʠʤʧʣʘʥʪʠʨʘʥʠʭ ʿʦʥʘ. ɼʦʜʘʪʥʦ, ʧʦʪʨʝʙʥʦ ʿʝ ʫʨʘʜʠʪʠ ʠʤʧʣʘʥʪʘʮʠʿʫ ʿʦʥʘ 

ʠ ʟʘ ʩʣʫʯʘʿʥʫ ʦʨʠʿ ʝʥʪʘʮʠʿʫ ʢʨʠʩʪʘʣʘ ʧʨʠ ʠʩʪʠʤ ʫʩʣʦʚʠʤʘ. ʅʘ ʦʚʘʿ ʥʘʯʠʥ ˂ʝ ʩʝ ʧʨʦʮʝʥʠʪʠ 

ʨʘʟʣʠʢʘ ʫ ʜʫʙʠʥʠ ʠ ʨʘʩʧʦʜʝʣʠ ʘʤʦʨʬʠʟʘʮʠʿʝ ʫ ʦʜʥʦʩʫ ʥʘ ʩʣʫʯʘʿ ʦʨʠʿʝʥʪʘʮʠʿʝ ʢʨʠʩʪʘʣʘ 

ʢʘʜʘ ʩʝ ʩʧʨʦʚʦʜʠ ʢʘʥʘʣʠʩʘˁʝ. 

 

2. ʂʘʨʘʢʪʝʨʠʟʘʮʠʿʘ ʠʤʧʣʘʥʪʠʨʘʥʠʭ ʫʟʦʨʘʢʘ ʤʝʪʦʜʦʤ ɽɺɮ/ʉ. ɽɺɮ/ʉ ʤʝʪʦʜʦʤ ʧʦʪʨʝʙʥʦ ʿʝ 

ʠʩʧʠʪʘʪʠ ʜʫʙʠʥʩʢʫ ʨʘʩʧʦʜʝʣʫ ʘʤʦʨʬʠʟʘʮʠʿʝ (ʧʨʦʬʠʣ ʘʤʦʨʬʠʟʘʮʠʿʝ) ʤʦʥʦʢʨʠʩʪʘʣʘ 6H-

SiC. ɸʥʘʣʠʟʫ ɽɺɮ/ʉ ʩʧʝʢʪʘʨʘ ʧʦʪʦʤ ʪʨʝʙʘ ʠʟʚʨʰʠʪʠ ʢʦʨʠʰ˂ʝˁʝʤ ʫʥʘʧʨʝʹʝʥʝ ʚʝʨʟʠʿʝ 

CSIM ʨʘʯʫʥʘʨʩʢʦʛ ʧʨʦʛʨʘʤʘ. ʋ ʮʠˀʫ ʩʘʛʣʝʜʘʚʘˁʘ ʧʦʛʦʜʥʦʩʪʠ ʧʨʠʤʝʥʝ CSIM ʧʨʦʛʨʘʤʘ 

ʪʝʩʪʠʨʘ˂ʝ ʩʝ ʧʨʠʤʝʥʘ ʯʝʩʪʦ ʢʦʨʠʰ˂ʝʥʦʛ ʠʪʝʨʘʪʠʚʥʦʛ ʧʦʩʪʫʧʢʘ ʟʘ ʘʥʘʣʠʟʫ ʩʥʠʤˀʝʥʠʭ 

ɽɺɮ/ʉ ʩʧʝʢʪʘʨʘ. 

 

3. ʂʘʨʘʢʪʝʨʠʟʘʮʠʿʘ ʠʤʧʣʘʥʪʠʨʘʥʠʭ ʫʟʦʨʘʢʘ ʤʝʪʦʜʘʤʘ SEM ʠ ɛR. ʅʘ ʧʦʧʨʝʯʥʦʤ ʧʨʝʩʝʢʫ 

ʠʤʧʣʘʥʪʠʨʘʥʝ ʟʦʥʝ ʢʨʠʩʪʘʣʘ ʧʦʪʨʝʙʥʦ ʿʝ ʥʘʧʨʘʚʠʪʠ SEM ʬʦʪʦʛʨʘʬʠʿʫ ʠ ʫʨʘʜʠʪʠ ɛR 

ʘʥʘʣʠʟʫ. ɛR ʘʥʘʣʠʟʫ ʿʝ ʧʦʪʨʝʙʥʦ ʠʟʚʨʰʠʪʠ ʤʘʧʠʨʘˁʝʤ ʠʤʧʣʘʥʪʠʨʘʥʝ ʟʦʥʝ ʫ ʨʘʚʥʠ 

ʥʦʨʤʘʣʥʦʿ ʥʘ (0001) ʨʘʚʘʥ ʢʨʠʩʪʘʣʘ ʫ ʮʠˀʫ ʜʦʙʠʿʘˁʘ ʧʨʦʬʠʣʘ ʝʚʦʣʫʮʠʿʝ 

ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ ʩʧʝʢʪʘʨʘ ʧʦ ʜʫʙʠʥʠ. ʇʦʨʝʜʝ˂ʠ ʩʘ SEM ʨʝʟʫʣʪʘʪʠʤʘ, ʧʨʦʚʝʨʠʪʠ ʢʦʿe 

ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ ʨʘʤʘʥʩʢʦʛ ʩʧʝʢʪʨʘ ʥʘʿʙʦˀʝ ʦʧʠʩʫʿʫ ʜʫʙʠʥʩʢʝ ʧʨʦʬʠʣʝ ʘʤʦʨʬʠʟʘʮʠʿʝ 

ʢʨʠʩʪʘʣʘ. ʊʘʢʦʹʝ, ʪʫʤʘʯʝ˂ʠ ʧʨʦʤʝʥʝ ʫ ʨʘʤʘʥʩʢʠʤ ʩʧʝʢʪʨʠʤʘ, ʜʦ˂ʠ ʜʦ ʟʘʢˀʫʯʢʘ ʦ 

ʤʝʭʘʥʠʟʤʫ ʧʦ ʢʦʤʝ ʩʝ ʦʜʚʠʿʘ ʩʤʘˁʝˁʝ ʫʨʝʹʝʥʦʩʪʠ ʢʨʠʩʪʘʣʥʝ ʨʝʰʝʪʢʝ ʪʦʢʦʤ ʧʨʦʮʝʩʘ 

ʿʦʥʩʢʝ ʠʤʧʣʘʥʪʘʮʠʿʝ. 

  

4. ʀʟʚʨʰʠʪʠ ʫʢʨʰʪʘˁʝ ʨʝʟʫʣʪʘʪʘ ʧʨʦʬʠʣʘ ʘʤʦʨʬʠʟʘʮʠʿʝ ʜʦʙʠʿʝʥʠʭ ʧʦʤʦ˂ʫ ɽɺɮ/ʉ, SEM 

ʠ ɛR ʠ ʧʨʦʚʝʨʠʪʠ ˁʠʭʦʚʦ ʩʣʘʛʘˁʝ. ʆʚʦ ʿʝ ʢʨʘʿˁʠ ʠ ʥʘʿʚʘʞʥʠʿʠ ʨʝʟʫʣʪʘʪ ʦʚʝ ʜʦʢʪʦʨʩʢʝ 

ʜʠʩʝʨʪʘʮʠʿʝ. ɼʦʙʠʿʝʥʠ ʨʝʟʫʣʪʘʪʠ ˂ʝ ʫʿʝʜʥʦ ʧʦʪʚʨʜʠʪʠ ʚʘʣʠʜʥʦʩʪ ʫʧʦʪʨʝʙʝ ʫʥʘʧʨʝʹʝʥʝ 

ʚʝʨʟʠʿʝ CSIM ʨʘʯʫʥʘʨʩʢʦʛ ʧʨʦʛʨʘʤʘ ʟʘ ʘʥʘʣʠʟʫ ɽɺɮ/ʉ ʩʧʝʢʪʘʨʘ. 
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4. ɽʂʉʇɽʈʀʄɽʅʊɸʃʅɸ ʇʆʉʊɸɺʂɸ 

 ɽʢʩʧʝʨʠʤʝʥʪʠ ʢʦʿʠ ʩʫ ʜʦʚʝʣʠ ʜʦ ʨʝʟʫʣʪʘʪʘ ʧʨʝʜʩʪʘʚˀʝʥʠʭ ʫ ʦʢʚʠʨʫ ʦʚʝ ʜʦʢʪʦʨʩʢʝ 

ʜʠʩʝʨʪʘʮʠʿʝ ʩʧʨʦʚʝʜʝʥʠ ʩʫ ʫ ʪʨʠ ʬʘʟʝ: 

1. ʀʤʧʣʘʥʪʘʮʠʿʘ ʿʦʥʘ ʫʛˀʝʥʠʢʘ ʠ ʩʠʣʠʮʠʿʫʤʘ ʫ ʤʦʜʫ ʢʘʥʘʣʠʩʘˁʘ ʫ ʤʦʥʦʢʨʠʩʪʘʣ 6ʅ-ɮiʉ 

(ʢʦʤʝʨʮʠʿʘʣʥʠ, Cree, Inc.); 

2. ɸʥʘʣʠʟʘ ʠʤʧʣʘʥʪʠʨʘʥʠʭ ʫʟʦʨʘʢʘ ʧʦʤʦ˂ʫ ʿʦʥʩʢʠʭ ʩʥʦʧʦʚʘ ʤʝʪʦʜʦʤ ʝʣʘʩʪʠʯʥʦʛ 

ʧʦʚʨʘʪʥʦʛ ʨʘʩʝʿʘˁʘ ʫ ʤʦʜʫ ʢʘʥʘʣʠʩʘˁʘ; 

3. ɸʥʘʣʠʟʘ ʠʤʧʣʘʥʪʠʨʘʥʠʭ ʫʟʦʨʘʢʘ ʤʝʪʦʜʦʤ ʤʠʢʨʦ-ʨʘʤʘʥʩʢʝ ʩʧʝʢʪʨʦʩʢʦʧʠʿʝ ʠ 

ʩʢʝʥʠʨʘʿʫ˂ʝ ʝʣʝʢʪʨʦʥʩʢʝ ʤʠʢʨʦʩʢʦʧʠʿʝ. 

 

 ʀʤʧʣʘʥʪʘʮʠʿʘ ʿʦʥʘ ʫ ʤʦʜʫ ʘʢʩʠʿʘʣʥʦʛ ʢʘʥʘʣʠʩʘˁʘ ʫ ʤʦʥʦʢʨʠʩʪʘʣ ɮiʉ (ʢʨʠʩʪʘʣʥʠ ʧʨʘʚʘʮ 

[0001]) ʠʟʚʨʰʝʥʘ ʿʝ ʥʘ ʘʢʮʝʣʝʨʘʪʦʨʩʢʦʿ ʠʥʩʪʘʣʘʮʠʿʠ ʀʥʩʪʠʪʫʪʘ ʈʫʹʝʨ ɹʦʰʢʦʚʠ˂, ɿʘʛʨʝʙ, 

ʍʨʚʘʪʩʢʘ. ʉʠʩʪʝʤ ʟʘ ʫʙʨʟʘʚʘˁʝ, ʫʩʤʝʨʘʚʘˁʝ ʠ ʚʦʹʝˁʝ ʿʦʥʩʢʦʛ ʩʥʦʧʘ ʦʜ ʠʟʚʦʨʘ ʿʦʥʘ ʜʦ 

ʠʤʧʣʘʥʪʘʮʠʦʥʝ ʢʦʤʦʨʝ ʧʨʠʢʘʟʘʥ ʿʝ ʥʘ ʩʣʠʮʠ 16. ʂʘʦ ʠʟʚʦʨ ʿʦʥʘ ʢʦʨʠʰ˂ʝʥ ʿʝ ʤʦʥʦʢʘʪʦʜʥʠ 

SNICS (ʝʥʛʣ. Source of Negative Ions by Cesium Sputtering) ʧʦʤʦ˂ʫ ʢʦʛʘ ʩʝ ʜʦʙʠʿʘʿʫ ʥʝʛʘʪʠʚʥʠ 

ʿʦʥʠ ʢʦʿʠ ʩʝ ʫʩʤʝʨʘʚʘʿʫ ʢʘ ʘʢʮʝʣʝʨʘʪʦʨʫ (ʩʣʠʢʘ 16 ï ɮ2). ɼʦʙʠʿʝʥʠ ʿʦʥʠ ʩʝ ʫʙʨʟʘʚʘʿʫ 

ʢʦʨʠʰ˂ʝˁʝʤ 1 ʄʝV HVɽɽ Tandetron ʘʢʮʝʣʝʨʘʪʦʨʘ (ʪʘʥʜʝʤ ʣʠʥʝʘʨʥʠ ʘʢʮʝʣʝʨʘʪʦʨ, ʩʣʠʢʘ 16 ï 

ɸ) ʯʠʿʠ ʨʘʜ ʩʝ ʟʘʩʥʠʚʘ ʥʘ ʂʦʢʨʦʬʪïɺʦʣʪʦʥʦʚʦʤ (J. D. Cockcroft, E. T. S. Walton) 

ʚʠʩʦʢʦʥʘʧʦʥʩʢʦʤ ʠʟʚʦʨʫ. ʂʦʨʠʰ˂ʝʥʠ ʢʦʣʠʤʘʮʠʦʥʠ ʩʠʩʪʝʤ ʩʝ ʩʘʩʪʦʿʘʦ ʦʜ ʜʚʝ ʘʧʝʨʪʫʨʝ 

ʜʠʿʘʤʝʪʨʘ 1 mm ʥʘ ʫʜʘˀʝʥʦʩʪʠ ʦʜ 25 ʩm. ʋ ʢʦʤʦʨʠ ʟʘ ʠʤʧʣʘʥʪʘʮʠʿʫ ʿʦʥʘ (ʩʣʠʢʘ 16 ï ʨʘʜʥʘ 

ʩʪʘʥʠʮʘ ɽ) ʫʟʦʨʘʢ ʩʝ ʧʦʩʪʘʚˀʘ ʥʘ ʥʦʩʘʯ ʛʦʥʠʦʤʝʪʨʘ ʢʦʿʠ ʧʦʩʝʜʫʿʝ 5 ʩʪʝʧʝʥʠ ʩʣʦʙʦʜʝ ʠ ʫʛʘʦʥʫ 

ʪʘʯʥʦʩʪ ʦʜ 0.01Á. 

 
 

ʉʣʠʢʘ 16. ɽʢʩʧʝʨʠʤʝʥʪʘʣʥʘ ʣʠʥʠʿʘ ʥʘ ʀʥʩʪʠʪʫʪʫ ʈʫʹʝʨ ɹʦʰʢʦʚʠ˂, ɿʘʛʨʝʙ, ʍʨʚʘʪʩʢʘ. 

 ʇʨʝ ʧʨʦʮʝʩʘ ʠʤʧʣʘʥʪʘʮʠʿʝ ʠʟʚʨʰʝʥʦ ʿʝ ʪʨʘʞʝˁʝ ʢʘʥʘʣʘ ʢʨʠʩʪʘʣʘ, ʦʜʥʦʩʥʦ ʧʦʨʘʚʥʘʚʘˁʝ 

ʿʦʥʩʢʦʛ ʩʥʦʧʘ ʧʘʨʘʣʝʣʥʦ ʢʨʠʩʪʘʣʦʛʨʘʬʩʢʦʿ ʦʩʠ ʢʨʠʩʪʘʣʘ ʢʦʨʠʩʪʝ˂ʠ ʧʨʦʪʦʥʝ ʝʥʝʨʛʠʿʝ 1 ʄʝV. 

ʇʦʟʠʮʠʿʘ ʢʨʠʩʪʘʣʥʠʭ ʢʘʥʘʣʘ ʦʜʨʝʹʝʥʘ ʿʝ ʤʘʧʠʨʘˁʝʤ ʧʦʚʨʘʪʥʦʛ ʨʘʩʝʿʘˁʘ ʧʨʦʪʦʥʘ ʧʨʠ ʧʨʦʤʝʥʠ 

ʜʚʘ ʩʪʝʧʝʥʘ ʩʣʦʙʦʜʝ ʥʦʩʘʯʘ ʛʦʥʠʦʤʝʪʨʘ, ʘʟʠʤʫʪʘʣʥʦʛ ʫʛʣʘ (ʨʦʪʘʮʠʿʘ) ʠ ʫʛʣʘ ʥʘʛʠʙʘ (ʪʠʣʪ) 

ʢʨʠʩʪʘʣʘ. ɿʘʚʠʩʥʦʩʪ ʫʛʣʘ ʥʘʛʠʙʘ ʦʜ ʘʟʠʤʫʪʘʣʥʦʛ ʫʛʣʘ ʧʨʠʢʘʟʫʿʝ ʩʝ ʢʘʦ ʜʚʦʜʠʤʝʥʟʠʦʥʘʣʥʘ 

ʙʣʦʢʠʨʘʿʫ˂ʘ ʰʝʤʘ ʥʘ ʢʦʿʦʿ ʤʠʥʠʤʫʤ ʧʨʠʥʦʩʘ ʨʘʩʝʿʘˁʘ ʧʨʦʪʦʥʘ ʦʟʥʘʯʘʚʘ ʮʝʥʪʘʨ ʢʘʥʘʣʘ. ʋ 

ʜʘʪʦʤ ʩʣʫʯʘʿʫ, ʥʘʢʦʥ ʦʨʠʿ ʝʥʪʘʮʠʦʥʦʛ ʤʘʧʠʨʘˁʘ, ʠʟʚʨʰʝʥʦ ʿʝ ʧʨʝʮʠʟʥʠʿʝ ʤʘʧʠʨʘˁʝ ʨʝʛʠʿʝ ʦʢʦ 

ʢʘʥʘʣʘ ʫ ʦʧʩʝʛʫ ʦʜ 3Á × 3Á, ʠ ʜʦʙʠʿʝʥʘ ʿʝ ʙʣʦʢʠʨʘʿʫ˂ʘ ʰʝʤʘ ʨʝʟʦʣʫʮʠʿʝ 32ʨʭ Ĭ 32ʨʭ. 

 ʋ ʫʟʦʨʘʢ 6ʅ-ɮiʉ ʦʨʠʿ ʝʥʪʘʮʠʿʝ (0001) ʠ ʜʝʙˀʠʥʝ 330 ɛm ʠʤʧʣʘʥʪʠʨʘʥʠ ʩʫ ʿʦʥʠ ʫʛˀʝʥʠʢʘ 

(ʉ3+) ʠ ʩʠʣʠʮʠʿʫʤʘ (ɮi3+) ʝʥʝʨʛʠʿʝ 4 ʄʝV ʫ ʤʦʜʫ ʘʢʩʠʿʘʣʥʦʛ ʢʘʥʘʣʠʩʘˁʘ ʜʫʞ [0001] ʧʨʘʚʮʘ. 

ʇʦʚʨʰʠʥʘ ʠʤʧʣʘʥʪʠʨʘʥʦʛ ʜʝʣʘ ʢʨʠʩʪʘʣʘ SiC ʠʟʥʦʩʠʣʘ ʿʝ 1 × 1 mm2. ʉʪʨʫʿʘ ʩʥʦʧʘ ʥʘ ʫʟʦʨʢʫ 

ʥʠʿʝ ʧʨʝʣʘʟʠʣʘ 9 nA ʢʘʢʦ ʙʠ ʩʝ ʠʟʙʝʛʣʦ ʧʨʝʛʨʝʚʘˁʝ ʤʝʪʝ. ʀʤʧʣʘʥʪʘʮʠʿʘ ʿʝ ʠʟʚʨʰʝʥʘ ʫʧʦʪʨʝʙʦʤ 

ʥʝʢʦʣʠʢʦ ʨʘʟʣʠʯʠʪʠʭ ʬʣʫʝʥʘʩʘ ʯʠʿʝ ʩʫ ʚʨʝʜʥʦʩʪʠ ʧʨʠʢʘʟʘʥʝ ʫ ʪʘʙʝʣʠ 4. 
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ʊʘʙʝʣʘ 4. ʂʘʨʘʢʪʝʨʠʩʪʠʢʝ ʠʤʧʣʘʥʪʘʮʠʿʝ ʫʟʦʨʘʢʘ. 

ʆʟʥʘʢʘ ʤʝʪʝ ɺʨʩʪʘ ʿʦʥʘ 
ɽʥʝʨʛʠʿʘ ʿʦʥʘ 

[MeV] 
ʄʦʜ ʠʤʧʣʘʥʪʘʮʠʿʝ 

ʌʣʫʝʥʩ 

[×1015 ʯʝʩʪʠʮʘĿʩmī2] 

ʄ-N / / ʅʝʠʤʧʣʘʥʪʠʨʘʥ / 

ʄ(ʉ-m)2 C3+ 4 ʂʘʥʘʣʠʩʘˁʝ 6,74 

ʄ(ʉ-h)3 C3+ 4 ʂʘʥʘʣʠʩʘˁʝ 20,2 

ʄ(ʉ-l)4 C3+ 4 ʂʘʥʘʣʠʩʘˁʝ 1,35 

ʄ(ɮi-h)5 Si3+ 4 ʂʘʥʘʣʠʩʘˁʝ 9,17 

ʄ(ɮi-m)6 Si3+ 4 ʂʘʥʘʣʠʩʘˁʝ 4,17 

ʄ(ɮi-m)7 Si3+ 4 ʉʣʫʯʘʿʥʘ ʦʨʠʿʝʥʪ. 4,17 

ʄ(ɮi-ll )8 Si3+ 4 ʂʘʥʘʣʠʩʘˁʝ 0,833 

ʄ(ɮi-l)9 Si3+ 4 ʂʘʥʘʣʠʩʘˁʝ 0,417 

*ʆʟʥʘʢʘ M(ɸ-d)b: ɸ ï ʠʤʧʣʘʥʪʠʨʘʥʠ ʿʦʥ; d ï ʦʟʥʘʢʘ ʟʘ ʜʦʟʫ, l ï ʥʘʿʥʠʞʠ (ʝʥʛʣ. lowest), ll  ï 

ʥʠʟʘʢ (ʝʥʛʣ. low), m ï ʩʨʝʜˁʠ (ʝʥʛʣ. medium), h ï ʥʘʿʚʠʰʠ (ʝʥʛʣ. highest); b ï ʨʝʜʥʠ ʙʨʦʿ ʫʟʦʨʢʘ. 

 

 ʅʘʢʦʥ ʠʤʧʣʘʥʪʘʮʠʿʝ 6ʅ-ɮiʉ ʠʟʚʨʰʝʥʘ ʿʝ ɽBS/ʉ ʘʥʘʣʠʟʘ ʫʟʦʨʢʘ ʢʦʨʠʰ˂ʝˁʝʤ ʧʨʦʪʦʥʘ 

ʝʥʝʨʛʠʿʝ 1,000 ʄʝV, 1,725 ʄʝV ʠ 1,860 ʄʝV. ɸʥʘʣʠʟʘ ʿʝ ʩʧʨʦʚʝʜʝʥʘ ʫ ʠʩʪʦʿ ʢʦʤʦʨʠ ʢʘʦ ʠ 

ʠʤʧʣʘʥʪʘʮʠʿʘ. ʉʪʨʫʿʘ ʥʘ ʫʟʦʨʢʫ ʥʠʿʝ ʧʨʝʣʘʟʠʣʘ 8 nA. ɽBS/ʉ ʩʧʝʢʪʨʠ ʩʥʠʤˀʝʥʠ ʩʫ ʢʦʨʠʰ˂ʝˁʝʤ 

SSB ʜʝʪʝʢʪʦʨʘ (ʝʥʛʣ. Surface Barier Detector) ʢʦʿʠ ʿʝ ʧʦʩʪʘʚˀʝʥ ʧʦʜ ʫʛʣʦʤ ʦʜ 160Á ʫ ʦʜʥʦʩʫ ʥʘ 

ʧʨʘʚʘʮ ʫʧʘʜʥʦʛ ʿʦʥʩʢʦʛ ʩʥʦʧʘ. ɼʦʙʠʿʝʥʠ ʩʧʝʢʪʘʨ ʧʨʝʜʩʪʘʚˀʘ ʟʘʚʠʩʥʦʩʪ ʙʨʦʿʘ ʧʦʚʨʘʪʥʦ 

ʨʘʩʝʿʘʥʠʭ ʿʦʥʘ ʦʜ ʝʥʝʨʛʠʿʝ ʜʝʪʝʢʪʦʚʘʥʠʭ ʿʦʥʘ. ʉʚʠ ʩʧʝʢʪʨʠ ʥʦʨʤʠʨʘʥʠ ʩʫ ʫ ʦʜʥʦʩʫ ʥʘ ʫʢʫʧʘʥ 

ʙʨʦʿ ʜʝʪʝʢʪʦʚʘʥʠʭ ʧʦʚʨʘʪʥʦ ʨʘʩʝʿʘʥʠʭ ʿʦʥʘ. 

 
 

ʉʣʠʢʘ 17. ʀʣʫʩʪʨʘʮʠʿʘ ʤʘʧʠʨʘˁʘ ʠʤʧʣʘʥʪʠʨʘʥʝ ʨʝʛʠʿʝ 6ʅ-ɮiʉ ʢʨʠʩʪʘʣʘ  

ɛR ʩʧʝʢʪʨʦʩʢʦʧʠʿʦʤ. 

 ɼʘˀʘ ʢʘʨʘʢʪʝʨʠʟʘʮʠʿʘ ʫʟʦʨʘʢʘ ʚʨʰʝʥʘ ʿʝ ʤʝʪʦʜʘʤʘ ɛR ʩʧʝʢʪʨʦʩʢʦʧʠʿʝ ʠ SEM 

ʤʠʢʨʦʩʢʦʧʠʿʝ ʫ ʅʘʮʠʦʥʘʣʥʦʤ ʪʝʭʥʠʯʢʦʤ ʠʥʩʪʠʪʫʪʫ ʫ ɸʪʠʥʠ (NTUA). ʉʧʝʢʪʨʠ ʨʘʤʘʥʩʢʦʛ 

ʨʘʩʝʿʘˁʘ ʩʥʠʤˀʝʥʠ ʩʫ ʢʦʨʠʰ˂ʝˁʝʤ Jobin-Yvon T64000 ʪʨʦʩʪʨʫʢʦʛ ʩʧʝʢʪʨʦʤʝʪʨʘ ʦʧʨʝʤˀʝʥʠʤ 

CCD ʢʘʤʝʨʦʤ ʭʣʘʹʝʥʦʤ ʪʝʯʥʠʤ ʘʟʦʪʦʤ. ɿʘ ʧʦʙʫʹʠʚʘˁʝ ʩʧʝʢʪʘʨʘ ʢʦʨʠʰ˂ʝʥ ʿʝ ɸr+ ʛʘʩʥʠ ʣʘʩʝʨ 

ʪʘʣʘʩʥʝ ʜʫʞʠʥʝ 514,5 nm ʯʠʿʘ ʩʥʘʛʘ ʥʠʿʝ ʧʨʝʣʘʟʠʣʘ 0,6 mW ʢʘʢʦ ʙʠ ʩʝ ʠʟʙʝʛʣʦ ʦʰʪʝ˂ʝˁʝ ʫʟʦʨʢʘ 

ʢʦʿʝ ʟʨʘʯʝˁʝ ʜʘʪʝ ʪʘʣʘʩʥʝ ʜʫʞʠʥʝ ʤʦʞʝ ʫʟʨʦʢʦʚʘʪʠ. ʋʧʘʜʥʠ ʣʘʩʝʨʩʢʠ ʩʥʦʧ ʬʦʢʫʩʠʨʘʥ ʿʝ ʥʘ 

ʫʟʦʨʘʢ ʫʧʦʪʨʝʙʦʤ ʦʙʿʝʢʪʠʚʘ ʩʘ ʫʚʝ˂ʘˁʝʤ 100Ĭ. ɿʘ ʧʦʩʤʘʪʨʘˁʝ ʫʟʦʨʢʘ ʠ ʬʦʢʫʩʠʨʘˁʝ ʩʥʦʧʘ 

ʢʦʨʠʰ˂ʝʥ ʿʝ ʨʝʬʣʝʢʩʠʦʥʠ ʦʧʪʠʯʢʠ ʤʠʢʨʦʩʢʦʧ ʩʘ ʚʝʨʪʠʢʘʣʥʠʤ ʠʣʫʤʠʥʘʪʦʨʦʤ (Olympus BHU-

UMA). ʋʟʦʨʘʢ ʿʝ ʧʦʩʤʘʪʨʘʥ ʧʨʠ ʤʠʢʨʦʩʢʦʧʩʢʦʿ ʢʦʥʬʠʛʫʨʘʮʠʿʠ ʪʘʤʥʦʛ ʧʦˀʘ. ʅʘʢʦʥ 

ʬʦʢʫʩʠʨʘˁʘ ʣʘʩʝʨʩʢʠ ʩʥʦʧ ʿʝ ʠʤʘʦ ʧʨʝʯʥʠʢ ʦʢʦ 1 ɛm. ʇʨʠʢʫʧˀʘˁʝ ʩʧʝʢʪʘʨʘ ʚʨʰʠʣʦ ʩʝ ʥʘ 

ʧʦʧʨʝʯʥʦʤ ʧʨʝʩʝʢʫ ʢʨʠʩʪʘʣʘ ʢʦʿʠ ʿʝ ʧʨʝʩʝʯʝʥ ʜʫʞ ʛʝʦʤʝʪʨʠʿʩʢʦʛ ʮʝʥʪʨʘ ʦʟʨʘʯʝʥʦʛ ʜʝʣʘ ʫʟʦʨʢʘ 

(ʩʣʠʢʘ 17). ʄʘʧʠʨʘˁʝ ʫʟʦʨʘʢʘ ʩʧʨʦʚʝʜʝʥʦ ʿʝ ʧʦ ʜʫʙʠʥʠ ʜʫʞ ʣʠʥʠʿʝ ʥʦʨʤʘʣʥʦ ʥʘ ʧʦʚʨʰʠʥʫ 

ʫʟʦʨʢʘ ʩʘ ʢʦʨʘʢʦʤ ʦʜ 0,2 ɛm. ʇʨʝ ʝʢʩʧʝʨʠʤʝʥʪʘ ʤʘʧʠʨʘˁʘ ʫʟʦʨʘʢʘ ʠʥʩʪʨʫʤʝʥʪ ʿʝ ʢʘʣʠʙʨʠʩʘʥ 
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ʢʦʨʠʰ˂ʝˁʝʤ ʢʨʠʩʪʘʣʘ ʩʠʣʠʮʠʿʫʤʘ ʢʘʦ ʩʪʘʥʜʘʨʜʘ ʠ ʪʨʘʢʝ ʥʘ 520,7 nm. ʅʘ ʢʨʘʿʫ, ʜʝʦ ʫʟʦʨʘʢʘ ʿʝ 

ʢʘʨʘʢʪʝʨʠʟʦʚʘʥ ʧʦʤʦ˂ʫ SEM ʤʠʢʨʦʩʢʦʧʠʿʝ ʢʦʨʠʩʪʝ˂ʠ ʠʥʩʪʨʫʤʝʥʪ NanoSEM 230. 

 ʈʝʟʫʣʪʘʪʠ ʩʫ ʦʙʨʘʹʝʥʠ ʢʦʨʠʰ˂ʝˁʝʤ ʥʝʢʦʣʠʢʦ ʩʦʬʪʚʝʨʩʢʠʭ ʧʘʢʝʪʘ: ɽɺɮ/ʉ ʩʧʝʢʪʨʠ 

ʦʙʨʘʹʠʚʘʥʠ ʩʫ ʢʦʨʠʰ˂ʝˁʝʤ OriginLab ʧʨʠ ʤʘʥʠʧʫʣʘʮʠʿʠ ʧʦʜʘʪʘʢʘ ʠ ʢʨʝʠʨʘˁʝ ʩʣʠʢʘ ʠ CSIM 

ʧʨʦʛʨʘʤʩʢʦʛ ʧʘʢʝʪʘ ʢʦʿʠʤ ʩʫ ʩʠʨʦʚʠ ʧʦʜʘʮʠ ʬʠʪʦʚʘʥʠ ʠ ʜʦʙʠʿʘʥʠ ʧʨʦʬʠʣʠ ʘʤʦʨʬʠʟʘʮʠʿʝ; ʟʘ 

ʘʥʘʣʠʟʫ ʨʘʤʘʥʩʢʠʭ ʩʧʝʢʪʘʨʘ ʢʦʨʠʰ˂ʝʥʠ ʩʫ OriginLab ʟʘ ʤʘʥʠʧʫʣʘʮʠʿʫ ʧʦʜʘʪʘʢʘ ʠ ʢʨʝʠʨʘˁʝ 

ʩʣʠʢʘ ʢʘʦ ʠ ʧʨʦʛʨʘʤʩʢʠ ʧʘʢʝʪ ʉrystal ʧʦʤʦ˂ʫ ʢʦʛʘ ʩʫ ʬʠʪʦʚʘʥʠ ʩʧʝʢʪʨʠ; ʟʘ ʜʦʙʠʿʘˁʝ ʜʫʙʠʥʩʢʦʛ 

ʧʨʦʬʠʣʘ SEM ʩʣʠʢʘ ʢʦʨʠʰ˂ʝʥ ʿʝ MatLab ʧʨʦʛʨʘʤʩʢʠ ʧʘʢʝʪ; ʠʣʫʩʪʨʘʪʠʚʥʝ ʩʣʠʢʝ ʢʨʝʠʨʘʥʝ ʩʫ 

ʢʦʨʠʰ˂ʝˁʝʤ ʧʨʦʛʨʘʤʩʢʠʭ ʧʘʢʝʪʘ PhotoShop ʠ Microsoft Power ʈoint. ʇʨʦʬʠʣʠ ʘʤʦʨʬʠʟʘʮʠʿʝ 

ʩʪʨʫʢʪʫʨʝ ʢʦʿʠ ʩʝ ʜʦʙʠʿʘʿʫ ʠʤʧʣʘʥʪʘʮʠʿʦʤ ʧʨʠ ʩʣʫʯʘʿʥʦʿ ʦʨʠʿ ʝʥʪʘʮʠʿʠ ʢʨʠʩʪʘʣʘ ʩʠʤʫʣʠʨʘʥʠ ʩʫ 

ʢʦʨʠʰ˂ʝˁʝʤ ʧʨʦʛʨʘʤʩʢʦʛ ʧʘʢʝʪʘ SRIM ʙʠʨʘˁʝʤ TRIM (The Transport of Ions in Matter) ʦʧʮʠʿʝ 

ʢʘʣʢʫʣʘʮʠʿʘ ʧʨʠ Detailed Calculation with full Damage Cascades ʨʘʯʫʥʘˁʫ ʘʤʦʨʬʠʟʘʮʠʿʝ 

ʩʪʨʫʢʪʫʨʝ. 
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5. ʈɽɿʋʃʊɸʊʀ ʀ ɼʀʉʂʋʉʀɱɸ 

ʅʘ ʩʘʤʦʤ ʧʦʯʝʪʢʫ ʧʦʛʣʘʚˀʘ ʧʨʠʢʘʟʘʥʠ ʩʫ ʨʝʟʫʣʪʘʪʠ ʩʠʤʫʣʘʮʠʿʝ ʧʨʦʮʝʩʘ ʠʤʧʣʘʥʪʘʮʠʿʝ 

ʿʦʥʘ ʫʛˀʝʥʠʢʘ ʠ ʩʠʣʠʮʠʿʫʤʘ ʫ SiC ʧʨʠ ʩʣʫʯʘʿʥʦʿ ʦʨʠʿ ʝʥʪʘʮʠʿʠ ʢʨʠʩʪʘʣʘ. ʆʚʠ ʨʝʟʫʣʪʘʪʠ ʩʫ 

ʙʠʪʥʠ ʟʘ ʙʦˀʝ ʨʘʟʫʤʝʚʘˁʝ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʦ ʜʦʙʠʿʝʥʠʭ ʨʝʟʫʣʪʘʪʘ ʠ ˁʠʭʦʚʦ ʧʦʨʝʹʝˁʝ. ʅʘʢʦʥ 

ʪʦʛʘ ʩʣʝʜʠ ʜʠʩʢʫʩʠʿʘ ʦ ʧʨʦʮʝʩʫ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʦʛ ʜʦʙʠʿʘˁʘ ʞʝˀʝʥʝ ʦʨʠʿ ʝʥʪʘʮʠʿʝ ʢʨʠʩʪʘʣʘ 

ʢʦʿʘ ʿʝ ʢʦʨʠʰ˂ʝʥʘ ʟʘ ʠʤʧʣʘʥʪʘʮʠʿʫ ʿʦʥʘ. ʋʪʠʮʘʿ ʠʤʧʣʘʥʪʠʨʘʥʠʭ ʿʦʥʘ ʫʛˀʝʥʠʢʘ ʠ ʩʠʣʠʮʠʿʫʤʘ ʫ 

ʤʦʜʫ ʢʘʥʘʣʠʩʘˁʘ ʥʘ ʩʪʨʫʢʪʫʨʫ 6ʅ-ɮiʉ ʠʩʧʠʪʘʥ ʿʝ ʢʦʨʠʰ˂ʝˁʝʤ ʥʝʢʦʣʠʢʦ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʠʭ 

ʤʝʪʦʜʘ: ɽBS/C, SEM ʠ ɛR. ʈʝʟʫʣʪʘʪʠ ʠʩʪʨʘʞʠʚʘˁʘ ʜʦʙʠʿʝʥʠ ʧʦʤʦ˂ʫ ʜʘʪʠʭ ʤʝʪʦʜʘ ʠ ʜʠʩʢʫʩʠʿʘ 

ʦ ʜʦʙʠʿʝʥʠʤ ʨʝʟʫʣʪʘʪʠʤʘ ʩʫ ʧʨʠʢʘʟʘʥʠ ʫ ʦʚʦʤ ʧʦʛʣʘʚˀʫ. 

5.1. SRIM ʩʠʤʫʣʘʮʠʿʘ ʠʤʧʣʘʥʪʘʮʠʿʝ ʿʦʥʘ 

ʉʠʤʫʣʘʮʠʿʘ ʧʨʦʮʝʩʘ ʠʤʧʣʘʥʪʘʮʠʿʝ ʿʦʥʘ ʧʨʠ ʩʣʫʯʘʿʥʦʿ ʦʨʠʿ ʝʥʪʘʮʠʿʠ ʢʨʠʩʪʘʣʘ ʠʟʚʨʰʝʥʘ 

ʿʝ ʢʦʨʠʰ˂ʝˁʝʤ SRIM ʨʘʯʫʥʘʨʩʢʦʛ ʧʨʦʛʨʘʤʘ. ʂʦʨʠʰ˂ʝʥʘ ʛʫʩʪʠʥʘ ʢʨʠʩʪʘʣʘ ʤʝʪʝ SiC ʧʨʠʢʘʟʘʥʘ 

ʿʝ ʫ ʪʘʙʝʣʠ 1, ʜʦʢ ʩʫ ʦʩʪʘʣʠ ʧʘʨʘʤʝʪʨʠ ʧʦʪʨʝʙʥʠ ʟʘ ʨʘʯʫʥʘˁʝ (ʝʥʝʨʛʠʿʘ ʠ ʚʨʩʪʘ ʿʦʥʘ) ʠʩʪʠ ʢʘʦ 

ʫ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʦʤ ʜʝʣʫ. ʅʘ ʩʣʠʮʠ 18 ʧʨʠʢʘʟʘʥʘ ʿʝ ʟʘʚʠʩʥʦʩʪ ʚʨʝʜʥʦʩʪʠ ʝʣʝʢʪʨʦʥʩʢʠʭ ʠ 

ʥʫʢʣʝʘʨʥʠʭ ʝʥʝʨʛʠʿʩʢʠʭ ʛʫʙʠʪʘʢʘ (ɽel ʠ Enk) ʿʦʥʘ ʫʛˀʝʥʠʢʘ (ʩʣʠʢʘ 18ʘ) ʠ ʩʠʣʠʮʠʿʫʤʘ (ʩʣʠʢʘ 

18ʙ) ʝʥʝʨʛʠʿʝ 4 MeV ʠʤʧʣʘʥʪʠʨʘʥʠʭ ʫ ʢʨʠʩʪʘʣ Siʉ ʦʜ ʜʫʙʠʥʝ ʫʟʦʨʢʘ. ɼʦʜʘʪʥʦ, ʧʨʠʢʘʟʘʥʘ ʿʝ ʠ 

ʧʨʦʤʝʥʘ ˁʠʭʦʚʦʛ ʦʜʥʦʩʘ (ɽel/Enk). ʋʩʣʝʜ ʚʝ˂ʝ ʤʘʩʝ ʿʦʥʘ ʩʠʣʠʮʠʿʫʤʘ, ʝʥʝʨʛʠʿʘ ʩʝ ʙʨʞʝ ʧʨʝʜʘʿʝ 

ʢʨʠʩʪʘʣʥʦʿ ʨʝʰʝʪʢʠ, ʰʪʦ ʟʘ ʧʦʩʣʝʜʠʮʫ ʠʤʘ ʟʘʫʩʪʘʚˀʘˁʝ ʿʦʥʘ ʥʘ ʤʘˁʠʤ ʜʫʙʠʥʘʤʘ. ɸʢʦ 

ʫʧʦʨʝʜʠʤʦ ʚʨʝʜʥʦʩʪʠ ɽel ʥʘ ʧʦʯʝʪʢʫ ʧʫʪʘˁʝ ʿʦʥʘ ʚʠʜʝ˂ʝʤʦ ʜʘ ʩʫ ʢʦʜ ʩʠʣʠʮʠʿʫʤʘ (3,6 keV·nmī1) 

ʜʚʘ ʧʫʪʘ ʚʝ˂ʝ ʫ ʦʜʥʦʩʫ ʥʘ ʫʛˀʝʥʠʢ (1,8 keV·nmī1). ʉʣʠʯʥʦ ʚʘʞʠ ʠ ʟʘ Enk ʩ ʪʠʤ ʰʪʦ ʿʝ ʨʘʟʣʠʢʘ 

ʚʝ˂ʘ, ʜʝʩʝʪ ʧʫʪʘ (0,005 keV·nmī1 ʢʦʜ ʫʛˀʝʥʠʢʘ ʠ 0,050 keV·nmī1 ʢʦʜ ʩʠʣʠʮʠʿʫʤʘ). ʋ ʦʙʘ 

ʩʣʫʯʘʿʘ, ʘ ʧʦʩʝʙʥʦ ʧʨʠ ʧʨʦʮʝʩʫ ʠʤʧʣʘʥʪʘʮʠʿʝ ʿʦʥʘ ʫʛˀʝʥʠʢʘ, ʝʣʝʢʪʨʦʥʩʢʠ ʝʥʝʨʛʠʿʩʢʠ ʛʫʙʠʮʠ 

ʯʠʥʝ ʜʦʤʠʥʘʥʪʘʥ ʤʝʭʘʥʠʟʘʤ ʫʩʧʦʨʘʚʘˁʘ ʿʦʥʘ ʜʫʞ ʚʝ˂ʝʛ ʜʝʣʘ ˁʠʭʦʚʝ ʧʫʪʘˁʝ. ɿʘ ʿʦʥʝ ʫʛˀʝʥʠʢʘ 

ʦʜʥʦʩ ɽel/Enk ʿʝ ʚʝ˂ʠ ʦʜ 100 ʩʚʝ ʜʦ ʜʫʙʠʥʝ ʦʜ 1,75 ɛm (ʫ ʧʦʚʨʰʠʥʩʢʦʤ ʜʝʣʫ ʫʟʦʨʢʘ ʦʜʥʦʩ ʿʝ 

ʚʝ˂ʠ ʦʜ 400). ʂʦʜ ʩʠʣʠʮʠʿʫʤʘ ʦʚʘʿ ʦʜʥʦʩ ʿʝ ʟʥʘʪʥʦ ʥʠʞʠ ʠ ʫʚʝʢ ʤʘˁʠ ʦʜ 100, ʟʙʦʛ ʟʥʘʪʥʦ 

ʠʟʨʘʞʝʥʠʿʠʭ ʥʫʢʣʝʘʨʥʠʭ ʛʫʙʠʪʘʢʘ. 

ʘ) ʙ) 

  
 

ʉʣʠʢʘ 18. ʇʨʦʤʝʥʘ ʚʨʝʜʥʦʩʪʠ ʝʣʝʢʪʨʦʥʩʢʠʭ (ɽel) ʠ ʥʫʢʣʝʘʨʥʠʭ (Enk) ʝʥʝʨʛʠʩʿʢʠʭ ʛʫʙʠʪʘʢʘ 

ʿʦʥʘ ʢʘʦ ʠ ˁʠʭʦʚ ʦʜʥʦʩ (ɽel/Enk) ʩʘ ʜʫʙʠʥʦʤ Siʉ ʟʘ ʩʣʫʯʘʿ ʠʤʧʣʘʥʪʘʮʠʿʝ ʿʦʥʠʤʘ ʘ) ʫʛˀʝʥʠʢʘ 

ʠ ʙ) ʩʠʣʠʮʠʿʫʤʘ ʝʥʝʨʛʠʿʝ 4 MeV. 

ʇʨʝʥʦʩʦʤ ʜʦʚʦˀʥʝ ʢʦʣʠʯʠʥʝ ʢʠʥʝʪʠʯʢʝ ʝʥʝʨʛʠʿʝ ʪʦʢʦʤ ʧʨʦʮʝʩʘ ʨʘʩʝʿʘˁʘ ʥʘ ʿʝʟʛʨʠʤʘ 

ʤʝʪʝ (ʝʥʝʨʛʠʿʘ ʧʦʤʝʨʘʿʘ, ʝʥʛʣ. displacement energy ï ɽdisp), ʜʦʣʘʟʠ ʜʦ ʠʟʤʝʰʪʘˁʘ ʘʪʦʤʘ ʠʟ 

ˁʠʭʦʚʠʭ ʧʦʟʠʮʠʿʘ ʫ ʢʨʠʩʪʘʣʥʦʿ ʨʝʰʝʪʢʠ ʠ ʧʦʩʣʝʜʠʯʥʦ ʜʦ ˁʝʥʝ ʘʤʦʨʬʠʟʘʮʠʿʝ. ʉʫʧʨʦʪʥʦ, ʫʩʣʝʜ 

ʠʟʨʘʟʠʪʦʛ ʧʨʦʮʝʩʘ ʝʣʝʢʪʨʦʥ-ʬʦʥʦʥʩʢʦʛ ʢʫʧʣʦʚʘˁʘ ʢʦʜ ʢʝʨʘʤʠʯʢʠʭ ʤʘʪʝʨʠʿʘʣʘ (Siʉ), ʧʨʝʥʦʩ 
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ʝʥʝʨʛʠʿʝ ʩʘ ʿʦʥʘ ʥʘ ʝʣʝʢʪʨʦʥʝ ʤʝʪʝ ʤʦʞʝ ʜʦʚʝʩʪʠ ʜʦ ʧʨʦʮʝʩʘ ʜʠʥʘʤʠʯʢʝ ʨʝʢʨʠʩʪʘʣʠʟʘʮʠʿʝ 

[174]. ʅʘ ʦʩʥʦʚʠ ʟʘʢˀʫʯʘʢʘ ʠʟ ʠʩʪʨʘʞʠʚʘˁʘ ʅʘʢʦʣʩʘ (L. Nuckols) ʠ ʩʘʨʘʜʥʠʢʘ, ʨʝʟʫʣʪʘʪʠ ʩʘ 

ʩʣʠʢʝ 18 ʧʦʢʘʟʫʿʫ ʜʘ ʝʣʝʢʪʨʦʥʩʢʠ ʛʫʙʠʮʠ ʥʠ ʫ ʿʝʜʥʦʤ ʩʝʛʤʝʥʪʫ ʧʫʪʘˁʝ ʥʠʩʫ ʜʦʚʦˀʥʠ ʟʘ 

ʩʫʧʨʝʩʠʿʫ ʘʤʦʨʬʠʟʘʮʠʿʝ ʥʘʩʪʘʣʝ ʢʘʦ ʧʦʩʣʝʜʠʮʘ ʥʫʢʣʝʘʨʥʠʭ ʛʫʙʠʪʢʘ [97]. ʅʘʠʤʝ, ʧʨʝʤʘ 

ʅʘʢʦʣʘʩʫ, ʟʘ ʨʝʢʨʠʩʪʘʣʠʟʘʮʠʿʫ ʢʨʠʩʪʘʣʥʝ ʨʝʰʝʪʢʝ Siʉ ʤʠʥʠʤʘʣʥʘ ʛʨʘʥʠʯʥʘ ʚʨʝʜʥʦʩʪ 

ʝʣʝʢʪʨʦʥʩʢʠʭ ʛʫʙʠʪʘʢʘ ʠʟʥʦʩʠ 1,86 keV·nmī1 ʟʘ ʿʦʥʝ ʫʛˀʝʥʠʢʘ (ʛʨʘʥʠʯʥʠ ɽel/Enk ʠʟʥʦʩʠ 404) 

ʦʜʥʦʩʥʦ 5,02 keV·nmī1 ʟʘ ʿʦʥʝ ʩʠʣʠʮʠʿʫʤʘ (ʛʨʘʥʠʯʥʠ ɽel/Enk ʠʟʥʦʩʠ 403). ʄʝʹʫʪʠʤ, ʚʨʝʜʥʦʩʪʠ 

ʩʘ ʩʣʠʢʝ 18ʘ ʟʘ ʿʦʥʝ ʫʛˀʝʥʠʢʘ ʩʫ ʿʘʢʦ ʙʣʠʩʢʝ ʛʨʘʥʠʯʥʠʤ ʟʘ ʫʟʘʢ ʧʦʚʨʰʠʥʩʢʠ ʨʝʛʠʦʥ (ʜʦ ʦʢʦ 

250 nm). 

 ʅʘ ʩʣʠʮʠ 19 ʧʨʠʢʘʟʘʥʠ ʩʫ ʛʨʘʬʠʮʠ ʨʘʩʧʦʜʝʣʝ ʠʤʧʣʘʥʪʠʨʘʥʠʭ ʿʦʥʘ ʢʘʦ ʠ ʧʨʦʬʠʣ 

Ăʘʤʦʨʬʠʟʘʮʠʿʝñ ʢʨʠʩʪʘʣʥʝ ʨʝʰʝʪʢʝ Siʉ-ʘ ʧʨʦʫʟʨʦʢʦʚʘʥʝ ʧʨʦʮʝʩʦʤ ʠʤʧʣʘʥʪʘʮʠʿʝ ʿʦʥʘ 

ʫʛˀʝʥʠʢʘ (ʩʣʠʢʘ 19ʘ) ʠ ʩʠʣʠʮʠʿʫʤʘ (ʩʣʠʢʘ 19ʙ), ʩʠʤʫʣʠʨʘʥʠ SRIM ʧʨʦʛʨʘʤʦʤ. ʇʦʜ SRIM 

ʧʨʦʬʠʣʦʤ ʘʤʦʨʬʠʟʘʮʠʿʝ ʧʦʜʨʘʟʫʤʝʚʘ ʩʝ ʫʢʫʧʥʠ ʙʨʦʿ ʧʦʤʝʨʘʿʘ ʘʪʦʤʘ ʤʝʪʝ ʠʟʘʟʚʘʥ ʧʨʦʮʝʩʦʤ 

ʠʤʧʣʘʥʪʘʮʠʿʝ ʿʦʥʘ. ʋʟʠʤʘˁʝʤ ʫ ʦʙʟʠʨ ʠ ʬʣʫʝʥʩʘ, ʤʦʞʝ ʩʝ ʠʟʨʘʯʫʥʘʪʠ ʙʨʦʿ ʧʦʤʝʨʘʿʘ ʘʪʦʤʘ ʤʝʪʝ 

ʧʦ ʠʤʧʣʘʥʪʠʨʘʥʦʤ ʿʦʥʫ (dpa) [175]. ʉʘ ʛʨʘʬʠʢʘ ʩʝ ʤʦʞʝ ʫʦʯʠʪʠ ʜʘ ʩʝ ʤʘʢʩʠʤʫʤ ʧʨʦʬʠʣʘ 

ʨʘʩʧʦʜʝʣʝ ʿʦʥʘ ʥʘʣʘʟʠ ʥʘ 2,74 ɛm ʟʘ ʿʦʥʝ ʫʛˀʝʥʠʢʘ ʦʜʥʦʩʥʦ ʥʘ 1,77 ɛm ʟʘ ʿʦʥʝ ʩʠʣʠʮʠʿʫʤʘ. 

ʇʦʣʫʰʠʨʠʥʘ ʧʨʦʬʠʣʘ ʨʘʩʧʦʜʝʣʝ ʫʛˀʝʥʠʢʘ ʠʟʥʦʩʠ 150 nm, ʜʦʢ ʪʘ ʚʨʝʜʥʦʩʪ ʢʦʜ ʩʠʣʠʮʠʿʫʤʘ 

ʠʟʥʦʩʠ 200 nm. ʇʨʦʬʠʣʠ ʘʤʦʨʬʠʟʘʮʠʿʝ ʫ ʦʜʥʦʩʫ ʥʘ ʧʨʦʬʠʣʝ ʨʘʩʧʦʜʝʣʝ ʿʦʥʘ ʧʦʢʘʟʫʿʫ ʚʝ˂ʫ 

ʘʩʠʤʝʪʨʠʯʥʦʩʪ ʠ ʰʠʨʠʥʫ. ʊʘʢʦʹʝ, ʤʘʢʩʠʤʫʤʠ ʧʨʦʬʠʣʘ ʘʤʦʨʬʠʟʘʮʠʿʝ ʩʫ ʥʝʟʥʘʪʥʦ ʧʦʤʝʨʝʥʠ ʢʘ 

ʤʘˁʠʤ ʜʫʙʠʥʘʤʘ, 2,69 ɛm ʟʘ ʩʣʫʯʘʿ ʠʤʧʣʘʥʪʘʮʠʿʝ ʫʛˀʝʥʠʢʘ ʠ 1,67 ɛm ʟʘ ʩʣʫʯʘʿ ʠʤʧʣʘʥʪʘʮʠʿʝ 

ʩʠʣʠʮʠʿʫʤʘ. ʇʦʨʝʜ ʪʦʛʘ ʰʪʦ ʿʦʥʠ ʩʠʣʠʮʠʿʫʤʘ ʠʤʘʿʫ ʤʘˁʠ ʜʦʤʝʪ, ʦʥʠ ʧʦʢʘʟʫʿʫ ʠ ʚʝ˂ʠ ʩʪʝʧʝʥ 

ʘʤʦʨʬʠʟʘʮʠʿʝ Siʉ-ʘ ʥʘ ʤʘˁʠʤ ʜʫʙʠʥʘʤʘ, ʙʣʠʞʝ ʧʦʚʨʰʠʥʠ ʢʨʠʩʪʘʣʘ. ʆʚʦ ʿʝ ʧʦʩʣʝʜʠʮʘ 

ʠʟʨʘʞʝʥʠʿʠʭ ʥʫʢʣʝʘʨʥʠʭ ʛʫʙʠʪʘʢʘ ʪʦʢʦʤ ʠʤʧʣʘʥʪʘʮʠʿʝ ʿʦʥʘ ʩʠʣʠʮʠʿʫʤʘ, ʰʪʦ ʟʘ ʧʦʩʣʝʜʠʮʫ ʠʤʘ 

ʧʦʨʘʩʪ ʫʯʝʩʪʘʥʦʩʪʠ ʜʠʨʝʢʪʥʠʭ ʩʫʜʘʨʘ ʿʦʥʘ ʩʘ ʘʪʦʤʠʤʘ ʤʝʪʝ. 

ʘ) ʙ) 

  
 

ʉʣʠʢʘ 19. ɼʫʙʠʥʩʢʘ ʨʘʩʧʦʜʝʣʘ ʠʤʧʣʘʥʪʠʨʘʥʠʭ ʿʦʥʘ ʠ ʙʨʦʿʘ ʧʦʤʝʨʘʿʘ ʘʪʦʤʘ ʢʨʠʩʪʘʣʥʝ 

ʨʝʰʝʪʢʝ ʫ ʩʣʫʯʘʿʫ ʠʤʧʣʘʥʪʘʮʠʿʝ ʿʦʥʠʤʘ ʘ) ʫʛˀʝʥʠʢʘ ʠ ʙ) ʩʠʣʠʮʠʿʫʤʘ ʝʥʝʨʛʠʿʝ 4 MeV. 

 ɸʤʦʨʬʠʟʘʮʠʿʘ ʩʠʤʫʣʠʨʘʥʘ ʢʦʨʠʰ˂ʝˁʝʤ SRIM ʧʨʦʛʨʘʤʘ ʧʦʜʨʘʟʫʤʝʚʘ ʟʙʠʨ ʜʚʘ 

ʜʦʧʨʠʥʦʩʘ, ʚʘʢʘʥʮʠʿʝ ʿʦʥʘ ʫʛˀʝʥʠʢʘ ʠ ʩʠʣʠʮʠʿʫʤʘ ʢʘʦ ʠ ʩʫʜʘʨʘ ʟʘʤʝʥʝ. ʉʫʜʘʨʠ ʟʘʤʝʥʝ 

ʧʦʜʨʘʟʫʤʝʚʘʿʫ ʧʨʦʮʝʩ ʢʘʜʘ ʩʝ ʧʦʢʨʝʪʥʠ ʿʦʥ ʩʫʜʘʨʘ ʩʘ ʠʜʝʥʪʠʯʥʠʤ ʘʪʦʤʦʤ ʨʝʰʝʪʢʝ, ʧʨʝʥʦʩʠ 

ʢʦʣʠʯʠʥʫ ʝʥʝʨʛʠʿʝ ʚʝ˂ʫ ʦʜ ʝʥʝʨʛʠʿʝ ʧʦʪʨʝʙʥʝ ʟʘ ʠʟʙʠʿʘˁʝ ʪʦʛ ʘʪʦʤʘ ʠʟ ˁʝʛʦʚʝ ʧʦʟʠʮʠʿʝ ʫ 

ʨʝʰʝʪʢʠ, ʘʣʠ ʥʝʤʘ ʜʦʚʦˀʥʦ ʝʥʝʨʛʠʿʝ ʜʘ ʠ ʩʘʤ ʥʘʧʫʩʪʠ ʪʦ ʤʝʩʪʦ. ʊʘʢʦʹʝ, ʩʠʤʫʣʠʨʘʥʘ 

ʘʤʦʨʬʠʟʘʮʠʿʘ ʤʦʞʝ ʩʝ ʧʨʠʧʠʩʘʪʠ ʟʙʠʨʫ ʠʥʪʝʨʩʪʠʮʠʿʘʣʥʠʭ ʜʝʬʝʢʘʪʘ ʠ ʙʨʦʿʘ ʘʪʦʤʘ ʢʦʿʠ ʩʫ 

ʥʘʧʫʩʪʠʣʠ ʟʘʧʨʝʤʠʥʫ ʢʨʠʩʪʘʣʥʝ ʨʝʰʝʪʢʝ ʫʩʣʝʜ ʧʨʦʮʝʩʘ ʝʨʦʟʠʿʝ ʧʦʚʨʰʠʥʝ (ʝʥʛʣ. sputtering). 

ɹʠʪʥʦ ʿʝ ʥʘʛʣʘʩʠʪʠ ʜʘ ʫ ʩʠʤʫʣʘʮʠʿʫ ʥʠʩʫ ʫʟʝʪʠ ʫ ʦʙʟʠʨ ʝʬʝʢʪʠ ʨʝʢʦʤʙʠʥʘʮʠʿʝ ʜʝʬʝʢʘʪʘ. 

ɼʦʧʨʠʥʦʩʠ ʩʚʘʢʦʛ ʧʨʦʮʝʩʘ ʟʘ ʩʣʫʯʘʿ ʠʤʧʣʘʥʪʘʮʠʿʝ ʿʦʥʘ ʫʛˀʝʥʠʢʘ ʠ ʩʠʣʠʮʠʿʫʤʘ ʝʥʝʨʛʠʿʝ 4 MeV 
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ʫ ʩʪʨʫʢʪʫʨʠ Siʉ-ʘ ʧʨʠʢʘʟʘʥʠ ʩʫ ʥʘ ʩʣʠʮʠ 20. ʉʘ ʩʣʠʢʝ ʩʝ ʤʦʞʝ ʫʦʯʠʪʠ ʜʘ ʫ ʦʙʘ ʩʣʫʯʘʿʘ 

ʠʤʧʣʘʥʪʘʮʠʿʝ ʥʘʩʪʘʿʝ ʚʝ˂ʠ ʙʨʦʿ ʚʘʢʘʥʮʠʿʘ ʫʛˀʝʥʠʢʘ. ʈʘʟʣʦʛ ʟʘ ʦʚʘʢʚʦ ʧʦʥʘʰʘˁʝ ʤʦʞʝ ʩʝ 

ʧʦʪʨʘʞʠʪʠ ʫ ʚʨʝʜʥʦʩʪʠʤʘ ʝʥʝʨʛʠʿʝ ʧʦʤʝʨʘʿʘ ʘʪʦʤʘ ʢʦʿʘ ʧʨʝʤʘ ʣʠʪʝʨʘʪʫʨʥʠʤ ʧʦʜʘʮʠʤʘ ʟʘ 

ʫʛˀʝʥʠʢ ʠʟʥʦʩʠ 20 eV, ʜʦʢ ʟʘ ʘʪʦʤʝ ʩʠʣʠʮʠʿʫʤʘ ʠʟʥʦʩʠ 35 eV ʫ ʢʨʠʩʪʘʣʫ Siʉ [97]. 

ʘ) ʙ) 

  
 

ʉʣʠʢʘ 20. ʈʘʟʣʠʯʠʪʠ ʜʦʧʨʠʥʦʩʠ SRIM ʧʨʦʬʠʣʫ ʘʤʦʨʬʠʟʘʮʠʿʝ Siʉ-ʘ ʫ ʩʣʫʯʘʿʫ 

ʠʤʧʣʘʥʪʘʮʠʿʝ ʿʦʥʠʤʘ ʘ) ʫʛˀʝʥʠʢʘ ʠ ʙ) ʩʠʣʠʮʠʿʫʤʘ ʝʥʝʨʛʠʿʝ 4 MeV. 

5.2. ʀʤʧʣʘʥʪʘʮʠʿʘ ʿʦʥʘ ʫ ʤʦʜʫ ʢʘʥʘʣʠʩʘˁʘ 

 ʇʨʝ ʧʨʦʮʝʩʘ ʠʤʧʣʘʥʪʘʮʠʿʝ ʿʦʥʘ ʫʛˀʝʥʠʢʘ ʠ ʩʠʣʠʮʠʿʫʤʘ ʠ ʩʥʠʤʘˁʘ ʩʧʝʢʪʘʨʘ ʧʦʚʨʘʪʥʦ 

ʨʘʩʝʿʘʥʠʭ ʧʨʦʪʦʥʘ ʫ ʤʦʜʫ ʢʘʥʘʣʠʩʘˁʘ, ʙʠʣʦ ʿʝ ʧʦʪʨʝʙʥʦ ʧʨʦʥʘ˂ʠ ʦʜʛʦʚʘʨʘʿʫ˂ʠ ʢʨʠʩʪʘʣʥʠ 

ʢʘʥʘʣ ʧʨʠ ʢʦʿʝʤ ˂ʝ ʿʦʥʩʢʘ ʠʤʧʣʘʥʪʘʮʠʿʘ ʠ ɽɺɮ/ʉ ʘʥʘʣʠʟʘ ʙʠʪʠ ʠʟʚʨʰʝʥʝ ([0001] ʧʨʘʚʘʮ ʫ 

ʥʘʰʝʤ ʩʣʫʯʘʿʫ). ʊʨʘʞʝˁʝ ʢʘʥʘʣʘ ʢʨʠʩʪʘʣʘ ʠʟʚʨʰʝʥʦ ʿʝ ʩʥʠʤʘˁʝʤ ʙʣʦʢʠʨʘʿʫ˂ʝ ʤʘʧʝ ʢʦʿʘ 

ʧʨʝʜʩʪʘʚˀʘ 2D ʨʘʩʧʦʜʝʣʫ ʧʨʠʥʦʩʘ ʧʦʚʨʘʪʥʦʛ ʨʘʩʝʿʘˁʘ ʿʦʥʘ ʧʨʠ ʨʘʟʣʠʯʠʪʠʤ ʤʝʹʫʩʦʙʥʠʤ 

ʦʨʠʿ ʝʥʪʘʮʠʿʘʤʘ ʿʦʥʩʢʦʛ ʩʥʦʧʘ ʠ ʢʨʠʩʪʘʣʘ. ɹʣʦʢʠʨʘʿʫ˂ʘ ʤʘʧʘ ʦʤʦʛʫ˂ʘʚʘ ʫʚʠʜ ʫ ʧʦʟʠʮʠʿʝ 

ʧʣʘʥʘʨʥʠʭ ʠ ʘʢʩʠʿʘʣʥʠʭ ʢʘʥʘʣʘ ʢʨʠʩʪʘʣʘ. ʅʘ ʩʣʠʮʠ 21ʘ ʧʨʠʢʘʟʘʥʘ ʿʝ ʙʣʦʢʠʨʘʿʫ˂ʘ ʤʘʧʘ ʢʨʠʩʪʘʣʘ 

6ʅ-ɮiʉ ʜʦʙʠʿʝʥʘ ʜʝʪʝʢʮʠʿʦʤ ʧʦʚʨʘʪʥʦ ʨʘʩʝʿʘʥʠʭ ʧʨʦʪʦʥʘ ʝʥʝʨʛʠʿʝ 1 ʄʝV ʧʨʠ ʧʨʦʤʝʥʠ 

ʘʟʠʤʫʪʘʣʥʦʛ ʫʛʣʘ ʫ ʟʘʚʠʩʥʦʩʪʠ ʦʜ ʥʘʛʠʙʘ (ʪʠʣʪʘ) ʢʨʠʩʪʘʣʘ (ʩʣʠʢʘ 21ʚ). 

ɼʦʙʠʿʝʥʘ ʙʣʦʢʠʨʘʿʫ˂ʘ ʤʘʧʘ ʚʝʣʠʯʠʥʝ 3Á × 3Á ʠʤʘ ʨʝʟʦʣʫʮʠʿʫ ʦʜ 32ʨʭ Ĭ 32ʨʭ. ʉʚʘʢʠ 

ʧʠʢʩʝʣ ʧʨʝʜʩʪʘʚˀʘ ʧʨʠʥʦʩ ʧʦʚʨʘʪʥʦ ʨʘʩʝʿʘʥʠʭ ʧʨʦʪʦʥʘ ʟʘ ʠʩʪʦ ʫʢʫʧʥʦ ʥʘʝʣʝʢʪʨʠʩʘˁʝ ʢʦʿʝ 

ʧʘʜʥʝ ʥʘ ʢʨʠʩʪʘʣ, ʠʟʤʝʨʝʥ ʟʘ ʦʜʨʝʹʝʥʫ ʦʨʠʿʝʥʪʘʮʠʿʫ ʤʝʪʝ (ʘʟʠʤʫʪʘʣʥʠ ʫʛʘʦ ʠ ʥʘʛʠʙ) ʫ ʦʜʥʦʩʫ 

ʥʘ ʿʦʥʩʢʠ (ʧʨʦʪʦʥʩʢʠ) ʩʥʦʧ. ʀʥʪʝʥʟʠʪʝʪ ʧʦʚʨʘʪʥʦ ʨʘʩʝʿʘʥʠʭ ʧʨʦʪʦʥʘ ʜʘʪ ʿʝ ʨʘʟʣʠʯʠʪʠʤ ʙʦʿʘʤʘ. 

ʇʣʘʚʘ ʙʦʿʘ ʦʟʥʘʯʘʚʘ ʧʨʘʚʮʝ ʧʨʠ ʢʦʿʠʤʘ ʿʝ ʧʨʠʥʦʩ ʧʦʚʨʘʪʥʦ ʨʘʩʝʿʘʥʠʭ ʿʦʥʘ ʥʠʟʘʢ, ʜʦʢ ʞʫʪʘ 

ʦʟʥʘʯʘʚʘ ʧʨʘʚʮʝ ʧʨʠ ʢʦʿʠʤʘ ʿʝ ʧʨʠʥʦʩ ʧʦʚʨʘʪʥʦ ʨʘʩʝʿʘʥʠʭ ʧʨʦʪʦʥʘ ʚʠʩʦʢ (ʩʢʘʣʘ ʧʨʦʤʝʥʝ ʙʦʿʝ 

ʫ ʟʘʚʠʩʥʦʩʪʠ ʦʜ ʧʨʠʥʦʩʘ ʜʘʪʘ ʿʝ ʥʘ ʩʣʠʮʠ 21ʘ). ʅʘ ʩʣʠʮʠ 21ʙ ʧʨʠʢʘʟʘʥ ʿʝ ʤʦʜʝʣ ʢʨʠʩʪʘʣʥʝ 

ʨʝʰʝʪʢʝ 6ʅ-ɮiʉ ʫ ʨʘʚʥʠ (0001). ʉʘ ʩʣʠʢʝ 21ʙ ʤʦʞʝ ʩʝ ʟʘʧʘʟʠʪʠ ʜʘ ʩʫ ʘʢʩʠʿʘʣʥʠ ʢʨʠʩʪʘʣʥʠ 

ʢʘʥʘʣʠ ʫ ʜʘʪʦʤ ʩʠʤʝʪʨʠʿʩʢʦʤ ʧʨʘʚʮʫ ʪʨʦʫʛʘʦʥʦʛ ʦʙʣʠʢʘ (ʥʘʛʣʘʰʝʥʦ ʥʘ ʩʣʠʮʠ). ʅʘ ʩʣʠʮʠ 21ʙ 

ʠʩʪʘʢʥʫʪʠ ʩʫ ʧʨʘʚʮʠ ʧʨʠ ʢʦʿʠʤʘ ˂ʝ ʧʨʠʥʦʩ ʧʦʚʨʘʪʥʦʛ ʨʘʩʝʿʘˁʘ ʙʠʪʠ ʨʝʜʫʢʦʚʘʥ, ʧʣʘʚʝ ʩʪʨʝʣʠʮʝ 

1, 2 ʠ 3, ʢʦʿʝ ʜʝʬʠʥʠʰʫ ʢʨʠʩʪʘʣʦʛʨʘʬʩʢʝ ʨʘʚʥʠ 6ʅ-ɮiʉ. ɹʣʦʢʠʨʘʿʫ˂ʘ ʤʘʧʘ ʩʘ ʩʣʠʢʝ 21ʘ ʠʤʘ 

ʟʚʝʟʜʘʩʪ ʦʙʣʠʢ ʩʘʯʠˁʝʥ ʦʜ ʪʨʠ ʧʣʘʚʝ ʣʠʥʠʿʝ ʢʦʿʝ ʫʢʘʟʫʿʫ ʥʘ ʢʨʠʩʪʘʣʦʛʨʘʬʩʢʝ ʨʘʚʥʠ ʢʨʠʩʪʘʣʘ. 

ʋ ˁʠʭʦʚʦʤ ʤʝʹʫʩʦʙʥʦʤ ʧʨʝʩʝʢʫ ʥʘʣʘʟʠ ʩʝ ʤʠʥʠʤʫʤ ʧʨʠʥʦʩʘ ʨʘʩʝʿʘˁʘ, ʦʜʥʦʩʥʦ [0001] ʢʘʥʘʣ 

ʢʨʠʩʪʘʣʘ 6ʅ-ɮiʉ-ʘ. ʉʪʦʛʘ, ʩʝʪ ʧʘʨʘʤʝʪʘʨʘ ʘʟʠʤʫʪʘʣʥʦʛ ʫʛʣʘ ʠ ʥʘʛʠʙʘ ʠʟ ʮʝʥʪʨʘ ʧʣʘʚʝ ʦʙʣʘʩʪʠ 

ʙʣʦʢʠʨʘʿʫ˂ʝ ʤʘʧʝ (ʦʟʥʘʯʝʥʠ ʧʠʢʩʝʣ ʩʘ ʩʣʠʢʝ 21ʘ) ʠʟʘʙʨʘʥ ʿʝ ʟʘ ʧʨʘʚʘʮ [0001] ʢʘʥʘʣʘ ʧʨʠ ʢʦʿʝʤ 

ʿʝ ʠʟʚʨʰʝʥʘ ʿʦʥʩʢʘ ʠʤʧʣʘʥʪʘʮʠʿʘ ʠ ɽɺɮ/ʉ. ʉʣʠʯʥʘ ʙʣʦʢʠʨʘʿʫ˂ʘ ʤʘʧʘ ʟʘ (0001) ʨʘʚʘʥ 6ʅ-ɮiʉ 

ʢʨʠʩʪʘʣʘ ʜʦʙʠʿʝʥʘ ʿʝ ʤʝʨʝˁʝʤ ɓī ʟʨʘʯʝˁʘ (ʝʤʠʩʠʦʥʦ ʢʘʥʘʣʠʩʘˁʝ) ʠʤʧʣʘʥʪʠʨʘʥʠʭ 

ʨʘʜʠʦʘʢʪʠʚʥʠʭ ʠʟʦʪʦʧʘ ʧʨʝʣʘʟʥʠʭ ʤʝʪʘʣʘ [176]. 
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ɿʘʚʠʩʥʦʩʪʠ ʧʨʠʥʦʩʘ ʧʦʚʨʘʪʥʦ ʨʘʩʝʿʘʥʠʭ ʿʦʥʘ, ɢ, ʫ ʦʜʥʦʩʫ ʥʘ ʦʨʠʿ ʝʥʪʘʮʠʿʫ ʢʨʠʩʪʘʣʘ, ɣ, 

ʟʘ ʜʚʘ ʘʨʙʠʪʨʘʨʥʦ ʠʟʘʙʨʘʥʘ ʧʨʘʚʮʘ ʩʘ ʙʣʦʢʠʨʘʿʫ˂ʝ ʰʝʤʝ (ʧʨʘʚʘʮ 1 ʠ ʧʨʘʚʘʮ 2, ʩʣʠʢʘ 22ʘ) 

ʧʨʠʢʘʟʘʥʝ ʩʫ ʥʘ ʩʣʠʮʠ 22ʙ. ʇʨʘʚʘʮ 1 ʧʦʜʨʘʟʫʤʝʚʘ ʧʨʘʚʘʮ ʢʦʿʠ ʦʜʩʪʫʧʘ ʦʜ ʩʠʤʝʪʨʠʿʩʢʠʭ ʣʠʥʠʿʘ 

ʙʣʦʢʠʨʘʿʫ˂ʝ ʤʘʧʝ ʜʦʢ ʩʝ ʧʨʘʚʘʮ 2 ʧʦʢʣʘʧʘ ʩʘ ʿʝʜʥʦʤ ʦʜ ʩʠʤʝʪʨʠʿʩʢʠʭ ʣʠʥʠʿʘ ʙʣʦʢʠʨʘʿʫ˂ʝ ʤʘʧʝ. 

ʇʘʨʘʤʝʪʨʠ ʧʨʦʬʠʣʘ ʩʘ ʩʣʠʢʝ 22 ʧʨʠʢʘʟʘʥʠ ʩʫ ʫ ʪʘʙʝʣʠ 5. ʋ ʦʙʘ ʩʣʫʯʘʿʘ, ʦʧʩʝʛ ʫʛʣʦʚʘ ʟʘ ʢʦʿʠ ʿʝ 

ʧʨʠʥʦʩ ʠʩʧʦʜ ʚʨʝʜʥʦʩʪʠ ɢ1/2 ʿʝ ʤʘˁʠ ʦʜ 0,28Á. ʄʠʥʠʤʫʤʠ ʧʨʠʥʦʩʘ ʠʤʘʿʫ ʚʨʝʜʥʦʩʪʠ ʤʘˁʫ ʦʜ 

7,8% ʤʘʢʩʠʤʘʣʥʝ. ɼʦʜʘʪʥʦ, ʧʨʦʬʠʣ ʧʨʘʚʘʮʘ 1 ʧʦʢʘʟʫʿʝ ʟʥʘʪʥʫ ʨʝʜʫʢʮʠʿʫ ʧʨʠʥʦʩʘ ʫ ʦʜʥʦʩʫ ʥʘ 

ʧʨʘʚʘʮ 2 ʟʘ 42%. 

ʘ) ʙ) 

 

 
ʚ) 

 
 

ʉʣʠʢʘ 21. ʘ) ɹʣʦʢʠʨʘʿʫ˂ʘ ʤʘʧʘ ʢʨʠʩʪʘʣʘ 6ʅ-ɮiʉ ʫ ʙʣʠʟʠʥʠ [0001] ʢʘʥʘʣʘ; ʙ) ʢʨʠʩʪʘʣ  

6ʅ-ɮiʉ ʫ ʨʘʚʥʠ (0001) ʫʟ ʦʟʥʘʯʝʥʠ ʦʙʣʠʢ ʢʘʥʘʣʘ ʠ ʩʠʤʝʪʨʠʿʩʢʝ ʧʨʘʚʮʝ ʟʥʘʯʘʿʥʝ ʟʘ  

ʜʦʙʠʿʘˁʝ ʙʣʦʢʠʨʘʿʫ˂ʝ ʤʘʧʝ; ʚ) ʥʘʯʠʥ ʨʦʪʘʮʠʿʝ ʢʨʠʩʪʘʣʘ. 

a) ʙ) 

  
 

ʉʣʠʢʘ 22. ʘ) ɹʣʦʢʠʨʘʿʫ˂ʘ ʤʘʧʘ ʢʨʠʩʪʘʣʘ 6ʅ-ɮiʉ ʟʘ ʦʨʠʿʝʥʪʘʮʠʿʝ ʢʨʠʩʪʘʣʘ ʙʣʠʩʢʝ [0001] 

ʩʠʤʝʪʨʠʿʩʢʦʤ ʧʨʘʚʮʫ ʫ ʢʦʥʪʫʨʥʦʤ ʦʙʣʠʢʫ ʩʘ ʧʨʠʢʘʟʘʥʠʤ ʨʘʟʤʘʪʨʘʥʠʤ ʧʨʘʚʮʠʤʘ (1 ʠ 2) ʠ  

ʙ) ʟʘʚʠʩʥʦʩʪʠ ʧʨʠʥʦʩʘ ʧʦʚʨʘʪʥʦ ʨʘʩʝʿʘʥʠʭ ʿʦʥʘ ʟʘ ʧʨʘʚʮʝ 1 ʠ 2. 
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ʊʘʙʝʣʘ 5. ʇʘʨʘʤʝʪʨʠ ʧʨʦʬʠʣʘ ʩʘ ʩʣʠʢʝ 22ʙ, ʩʧʝʮʠʬʠʯʥʘ ʰʠʨʠʥʘ ʧʨʦʬʠʣʘ (Ɋm), ʧʦʣʫʰʠʨʠʥʘ 

ʧʨʦʬʠʣʘ (Ɋ1/2) ʠ ʤʠʥʠʤʘʣʥʠ ʧʨʠʥʦʩ ʧʨʦʬʠʣʘ (ɢmin). 

ʇʨʘʚʘʮ Ɋm [°] Ɋ1/2 [°] ɢmin 

1 0,70 0,28 0,066 

2 0,48 0,20 0,078 

5.3. ʉʧʝʢʪʨʦʤʝʪʨʠʿʘ ʝʣʘʩʪʠʯʥʦʛ ʧʦʚʨʘʪʥʦʛ ʨʘʩʝʿʘˁʘ ʫ ʤʦʜʫ 

ʢʘʥʘʣʠʩʘˁʘ 

 ʅʘ ʩʣʠʮʠ 23ʘḯ  ʧʨʠʢʘʟʘʥʠ ʩʫ ɽɺɮ/ʉ ʩʧʝʢʪʨʠ ʠʤʧʣʘʥʪʠʨʘʥʠʭ ʫʟʦʨʘʢʘ 6ʅ-ɮiʉ 

ʩʥʠʤˀʝʥʠʭ ʧʨʦʪʦʥʠʤʘ ʨʘʟʣʠʯʠʪʠʭ ʝʥʝʨʛʠʿʘ ʢʦʨʠʰ˂ʝʥʠʭ ʫ ʘʥʘʣʠʟʠ. ɼʦʜʘʪʥʦ, ʥʘ ʩʣʠʢʘʤʘ ʩʝ 

ʥʘʣʘʟʝ ʠ ɽɺɮ ʠ ɽɺɮ/ʉ ʩʧʝʢʪʨʠ ʥʝʠʤʧʣʘʥʪʠʨʘʥʦʛ ʫʟʦʨʢʘ. ʉʧʝʢʪʨʠ ʩʫ ʧʨʠʢʘʟʘʥʠ ʫ ʠʟʚʦʨʥʦʤ 

ʦʙʣʠʢʫ ʫ ʢʦʿʝʤ ʩʝ ʜʦʙʠʿʘʿʫ ʥʘʢʦʥ ʘʢʚʠʟʠʮʠʿʝ ʧʦʜʘʪʘʢʘ ʩʘ ʜʝʪʝʢʪʦʨʘ, ʩʭʦʜʥʦ ʪʦʤʝ ʘʧʩʮʠʩʘ ʿʝ 

ʠʟʨʘʞʝʥʘ ʢʘʥʘʣʠʤʘ ʜʝʪʝʢʪʦʨʘ. ʋ ʩʚʘʢʦʤ ʦʜ ʢʘʥʘʣʘ ʜʝʪʝʢʪʦʨʘ ʩʘʢʫʧˀʘʿʫ ʩʝ ʧʦʚʨʘʪʥʦ ʨʘʩʝʿʘʥʠ 

ʿʦʥʠ ʦʜʨʝʹʝʥʦʛ ʦʧʩʝʛʘ ʝʥʝʨʛʠʿʝ. ʉʪʦʛʘ, ʿʝʜʘʥ ʦʜ ʧʨʚʠʭ ʢʦʨʘʢʘ ʫ ʦʙʨʘʜʠ ɽɺɮ ʠ ɽɺɮ/ʉ ʩʧʝʢʪʘʨʘ 

ʿʝʩʪʝ ʝʥʝʨʛʠʿʩʢʘ ʢʘʣʠʙʨʘʮʠʿʘ ˁʠʭʦʚʠʭ ʘʧʩʮʠʩʘ, ʦʜʥʦʩʥʦ ʧʦʚʝʟʠʚʘˁʝ ʢʘʥʘʣʘ ʜʝʪʝʢʪʦʨʘ ʩʘ 

ʝʥʝʨʛʠʿʘʤʘ ʜʝʪʝʢʪʦʚʘʥʠʭ ʧʦʚʨʘʪʥʦ ʨʘʩʝʿʘʥʠʭ ʿʦʥʘ. 

 ʅʘ ʩʣʠʮʠ 23ʘ ʧʨʠʢʘʟʘʥʠ ʩʫ ʩʧʝʢʪʨʠ ʫʟʦʨʘʢʘ ʠʤʧʣʘʥʪʠʨʘʥʠʭ ʿʦʥʠʤʘ ʫʛˀʝʥʠʢʘ (ʄ(C-m)2 

ï 6,74×1015 ʿ ʦʥʘĿcmī2, ʄ(C-h)3 ï 20,2×1015 ʿ ʦʥʘĿcmī2, ʄ(C-l)4 ï 1,35×1015 ʿ ʦʥʘĿcmī2), ʘ ʥʘ ʩʣʠʮʠ 

23ʙ ʩʧʝʢʪʨʠ ʫʟʦʨʘʢʘ ʠʤʧʣʘʥʪʠʨʘʥʠʭ ʿʦʥʠʤʘ ʩʠʣʠʮʠʿʫʤʘ (ʄ(Si-h)5 ï 9,17×1015 ʿ ʦʥʘĿcmī2, ʄ(Si-

m)6 ï 4,17×1015 ʿʦʥʘĿcmī2, ʄ(Si-ll)8 ï 8,33×1014 ʿʦʥʘĿcmī2, ʄ(Si-l)9 ï 4,17×1014 ʿʦʥʘĿcmī2) 

ʜʦʙʠʿʝʥʠ ʧʦʤʦ˂ʫ ʧʨʦʪʦʥʘ ʝʥʝʨʛʠʿʝ 1 ʄʝV. ʋ ʦʙʘ ʩʣʫʯʘʿʘ ʤʦʞʝ ʩʝ ʟʘʧʘʟʠʪʠ ʿʘʩʘʥ ʪʨʝʥʜ 

ʧʦʚʝ˂ʘˁʘ ʧʨʠʥʦʩʘ ʧʨʦʮʝʩʘ ʧʦʚʨʘʪʥʦʛ ʨʘʩʝʿʘˁʘ ʩʘ ʧʦʨʘʩʪʦʤ ʠʤʧʣʘʥʪʠʨʘʥʦʛ ʬʣʫʝʥʩʘ ʿʦʥʘ. 

ɼʦʜʘʪʥʦ, ʩʘ ʧʦʚʝ˂ʘˁʝʤ ʬʣʫʝʥʩʘ ʧʨʠʥʦʩʠ ʩʧʝʢʪʘʨʘ ʩʘ ʧʨʠʙʣʠʞʘʚʘʿʫ ʚʨʝʜʥʦʩʪʠ ʢʦʿʘ ʩʝ ʟʘʧʘʞʘ 

ʢʦʜ ɽɺɮ ʩʧʝʢʪʨʘ ʥʝʠʤʧʣʘʥʪʠʨʘʥʦʛ ʫʟʦʨʢʘ (M-N rand). ʇʦʣʘʟʝ˂ʠ ʦʜ ɽɺɮ/ʉ ʩʧʝʢʪʨʘ 

ʥʝʠʤʧʣʘʥʪʠʨʘʥʦʛ ʫʟʦʨʢʘ (M-N ch) ʢʦʿʠ ʧʦʩʝʜʫʿʝ ʥʠʟʘʢ ʧʨʠʥʦʩ ʧʨʦʮʝʩʘ ʧʦʚʨʘʪʥʦʛ ʨʘʩʝʿʘˁʘ, 

ʤʦʞʝ ʩʝ ʟʘʢˀʫʯʠʪʠ ʜʘ ʿʝ ʢʦʨʠʰ˂ʝʥʠ ʤʦʥʦʢʨʠʩʪʘʣ ʚʠʩʦʢʦʛ ʢʚʘʣʠʪʝʪʘ ʠ ʜʘ ʿʝ ʢʘʥʘʣ [0001] 

ʦʨʠʿʝʥʪʘʮʠʿʝ ʫʩʧʝʰʥʦ ʧʨʦʥʘʹʝʥ. ʇʦʚʝ˂ʘˁʝʤ ʬʣʫʝʥʩʘ ʠʤʧʣʘʥʪʠʨʘʥʠʭ ʿʦʥʘ ʜʦʣʘʟʠ ʜʦ ʫʚʝ˂ʘˁʘ 

ʙʨʦʿʘ ʜʝʬʝʢʘʪʘ ʫ ʢʨʠʩʪʘʣʥʦʿ ʨʝʰʝʪʢʠ, ʦʜʥʦʩʥʦ ʜʦ ʧʦʨʘʩʪʘ ʩʪʝʧʝʥʘ ˁʝʥʝ ʘʤʦʨʬʠʟʘʮʠʿʝ, ʰʪʦ ʟʘ 

ʧʦʩʣʝʜʠʮʫ ʠʤʘ ʫʤʘˁʝˁʝ ʫʜʝʣʘ ʢʘʥʘʣʠʩʘʥʠʭ ʿʦʥʘ. ʇʦʩʣʝʜʠʯʥʦ, ʧʦʨʘʩʪ ʙʨʦʿʘ ʜʝʢʘʥʘʣʠʩʘʥʠʭ 

ʿʦʥʘ ʜʦʚʦʜʠ ʜʦ ʚʝ˂ʝʛ ʨʘʩʝʿʘˁʘ ʥʘ ʘʪʦʤʠʤʘ ʢʨʠʩʪʘʣʥʝ ʨʝʰʝʪʢʝ ʠ ʚʝ˂ʝʛ ʦʜʟʠʚʘ ʫ ʩʧʝʢʪʨʫ. 

ʋʢʦʣʠʢʦ ʿʝ ʢʨʠʩʪʘʣʥʘ ʨʝʰʝʪʢʘ ʧʦʪʧʫʥʦ ʘʤʦʨʬʠʟʦʚʘʥʘ, ɽɺɮ/ʉ ʩʧʝʢʪʘʨ ʩʝ ʠʟʿʝʜʥʘʯʘʚʘ ʩʘ ɽɺɮ 

ʩʧʝʢʪʨʦʤ ʥʝʠʤʧʣʘʥʪʠʨʘʥʦʛ ʫʟʦʨʢʘ. ʉʪʦʛʘ, ʧʨʠ ʘʥʘʣʠʟʠ ʘʤʦʨʬʠʟʘʮʠʿʝ, ɽɺɮ ʩʧʝʢʪʨʦʤ 

ʥʝʠʤʧʣʘʥʪʠʨʘʥʦʛ ʫʟʦʨʢʘ (M-N rand) ʩʠʤʫʣʠʨʘ ʩʝ ʧʦʪʧʫʥʦ ʘʤʦʨʬʠʟʦʚʘʥʘ ʩʪʨʫʢʪʫʨʘ. 

ʅʘ ʦʩʥʦʚʫ ʧʨʝʪʭʦʜʥʠʭ ʨʘʟʤʘʪʨʘˁʘ, ʫʧʦʨʝʹʠʚʘˁʝʤ ʨʝʟʫʣʪʘʪʘ ʩʘ ʩʣʠʢʝ 23ʘ ʠ ʙ 

ʢʚʘʣʠʪʘʪʠʚʥʦ ʩʝ ʤʦʞʝ ʟʘʢˀʫʯʠʪʠ ʜʘ ʿʦʥʠ ʫʛˀʝʥʠʢʘ ʯʘʢ ʠ ʧʨʠ ʚʠʰʠʤ ʬʣʫʝʥʩʠʤʘ ʜʦʚʦʜʝ ʜʦ 

ʥʠʞʝʛ ʩʪʝʧʝʥʘ ʘʤʦʨʬʠʟʘʮʠʿʝ ʢʨʠʩʪʘʣʥʝ ʨʝʰʝʪʢʝ ʫ ʦʜʥʦʩʫ ʥʘ ʿʦʥʝ ʩʠʣʠʮʠʿʫʤʘ. ɸʢʦ ʫʧʦʨʝʜʠʤʦ 

ʫʟʦʨʢʝ 6ʅ-ɮiʉ ʠʤʧʣʘʥʪʠʨʘʥʝ ʿʦʥʠʤʘ ʫʛˀʝʥʠʢʘ ʬʣʫʝʥʩʘ 1,35×1015 ʿʦʥʘĿʩmī2 (ʄ(C-m)2) ʠ 

ʿʦʥʠʤʘ ʩʠʣʠʮʠʿʫʤʘ ʬʣʫʝʥʩʘ 4,17×1014 ʿʦʥʘĿʩmī2 (ʄ(Si-ll)8), ʤʦʞʝ ʩʝ ʚʠʜʝʪʠ ʜʘ ʧʨʠ ʪʨʠ ʧʫʪʘ 

ʥʠʞʝʤ ʬʣʫʝʥʩʫ ʿʦʥʠ ʩʠʣʠʮʠʿʫʤʘ ʜʦʚʦʜʝ ʜʦ ʟʥʘʪʥʦ ʚʝ˂ʝ ʘʤʦʨʬʠʟʘʮʠʿʝ ʢʨʠʩʪʘʣʘ. ʈʘʟʣʦʛ ʟʘ 

ʦʚʘʢʚʦ ʧʦʥʘʰʘˁʝ ʤʦʞʝ ʩʝ ʧʦʪʨʘʞʠʪʠ ʫ ʯʠˁʝʥʠʮʠ ʜʘ ʿʝ ʿʦʥ ʩʠʣʠʮʠʿʫʤʘ ʚʠʰʝ ʦʜ ʜʚʘ ʧʫʪʘ ʚʝ˂ʝ 

ʤʘʩʝ ʦʜ ʿʦʥʘ ʫʛˀʝʥʠʢʘ, ʦʜʥʦʩʥʦ ʫ ʠʟʨʘʞʝʥʠʿʠʤ ʥʫʢʣʝʘʨʥʠʤ ʝʥʝʨʛʠʿʩʢʠʤ ʛʫʙʠʮʠʤʘ. ʉʣʠʯʥʘ 

ʢʚʘʣʠʪʘʪʠʚʥʘ ʨʘʟʤʘʪʨʘˁʘ ʚʝʟʘʥʘ ʟʘ ʩʪʝʧʝʥ ʘʤʦʨʬʠʟʘʮʠʿʝ ʘʥʘʣʦʛʥʦ ʩʝ ʤʦʛʫ ʧʨʠʤʝʥʠʪʠ ʠ ʥʘ 

ʩʧʝʢʪʨʝ ʩʘ ʩʣʠʢʝ 23ʚḯ. 
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 ɱʝʜʘʥ ʦʜ ʥʘʿʯʝʰ˂ʝ ʢʦʨʠʰ˂ʝʥʠʭ ʧʨʦʛʨʘʤʩʢʠʭ ʧʘʢʝʪʘ ʟʘ ʝʢʩʪʨʘʢʮʠʿʫ ʠʥʬʦʨʤʘʮʠʿʘ 

ʩʘʜʨʞʘʥʠʭ ʫ RBS ʠ ɽɺɮ ʩʧʝʢʪʨʠʤʘ, ʢʘʦ ʠ ʟʘ ʩʠʤʫʣʘʮʠʿʫ ʠʩʪʠʭ, ʿʝʩʪʝ SIMNRA. ɼʘ ʙʠʩʤʦ 

ʠʟʚʨʰʠʣʠ ʘʩʠʛʥʘʮʠʿʫ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ ʜʦʙʠʿʝʥʠʭ ɽɺɮ ʠ ɽɺɮ/ʉ ʩʧʝʢʪʘʨʘ, ʧʦʤʦ˂ʫ ʧʨʦʛʨʘʤʩʢʦʛ 

ʧʘʢʝʪʘ SIMNRA ʩʠʤʫʣʠʨʘʥʦ ʿʝ ʜʦʙʠʿʘˁʝ ɽɺɮ ʩʧʝʢʪʘʨʘ ɮiʉ ʢʦʨʠʰ˂ʝˁʝʤ ʩʥʦʧʘ ʧʨʦʪʦʥʘ 

ʝʥʝʨʛʠʿʝ 1,000 ʄʝV, 1,725 ʄʝV ʠ 1,860 ʄʝV ʧʨʠ ʫʛʣʫ ʦʜ 160Á ʠ ʨʝʟʦʣʫʮʠʿʠ ʜʝʪʝʢʪʦʨʘ ʦʜ 15 

keV (ʧʘʨʘʤʝʪʨʠ ʢʦʿʠ ʩʫ ʢʦʨʠʰ˂ʝʥʠ ʫ ʝʢʩʧʝʨʠʤʝʥʪʠʤʘ). ɿʘ ʝʥʝʨʛʠʿʩʢʫ ʢʘʣʠʙʨʘʮʠʿʫ ʫʟʝʪʦ ʿʝ 1 

keV ʧʦ ʢʘʥʘʣʫ ʜʝʪʝʢʪʦʨʘ. ʈʝʟʫʣʪʘʪʠ ʩʫ ʧʨʠʢʘʟʘʥʠ ʥʘ ʩʣʠʮʠ 24ʘïʚ. ʅʘ ʩʣʠʮʠ 24ʘ ʧʨʠʢʘʟʘʥ ʿʝ 

ʘ) ʙ) 

  
ʚ) ʛ) 

  
ʜ) ʹ) 

  
 

ʉʣʠʢʘ 23. ɽɺɮ ʠ ɽɺɮ/ʉ ʩʧʝʢʪʨʠ ʠʤʧʣʘʥʪʠʨʘʥʠʭ ʠ ʥʝʠʤʧʣʘʥʪʠʨʘʥʠʭ ʫʟʦʨʘʢʘ 6ʅ-ɮiʉ. 
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ɽɺɮ ʩʧʝʢʪʘʨ ɮiʉ ʢʘʦ ʟʙʠʨ ʧʦʿʝʜʠʥʘʯʥʠʭ ʜʦʧʨʠʥʦʩʘ ʩʧʝʢʪʘʨʘ ʫʛˀʝʥʠʢʘ ʠ ʩʠʣʠʮʠʿʫʤʘ. ʅʘ 

ʦʩʥʦʚʫ ʚʨʝʜʥʦʩʪʠ ʢʠʥʝʤʘʪʠʯʢʦʛ ʬʘʢʪʦʨʘ ʟʘ ʜʘʪʝ ʝʣʝʤʝʥʪʝ, ʧʦʯʝʪʘʢ ʩʧʝʢʪʨʘ (ʰʪʦ ʦʜʛʦʚʘʨʘ 

ʧʦʚʨʰʠʥʠ ʫʟʦʨʢʘ) ʩʠʣʠʮʠʿʫʤʘ ʥʘʣʘʟʠ ʥʘ ʚʠʰʠʤ ʝʥʝʨʛʠʿʘʤʘ ʫ ʩʧʝʢʪʨʫ, ʦʜʥʦʩʥʦ ʧʨʦʪʦʥʠ 

ʧʦʚʨʘʪʥʦ ʨʘʩʝʿʘʥʠ ʥʘ ʘʪʦʤʠʤʘ ʩʠʣʠʮʠʿʫʤʘ ʠʤʘʿʫ ʚʠʰʝ ʝʥʝʨʛʠʿʝ ʦʜ ʧʨʦʪʦʥʘ ʨʘʩʝʿʘʥʠʭ ʥʘ 

ʘʪʦʤʠʤʘ ʫʛˀʝʥʠʢʘ. ʇʦʨʝʜ ʪʦʛʘ, ʩʘ ʩʣʠʢʝ 24ʘ ʤʦʞʝ ʩʝ ʫʦʯʠʪʠ ʜʘ ʩʧʝʢʪʘʨ ʫʛˀʝʥʠʢʘ ʠʤʘ ʤʘˁʠ 

ʧʨʠʥʦʩ, ʰʪʦ ʿʝ ʧʦʩʣʝʜʠʮʘ ʨʘʟʣʠʢʝ ʫ ʚʨʝʜʥʦʩʪʠʤʘ ʧʦʧʨʝʯʥʦʛ ʧʨʝʩʝʢʘ ʨʘʩʝʿʘˁʘ ʿʦʥʘ. 

ʘ) ʙ) 

  
ʚ) ʛ) 

  
 

ʉʣʠʢʘ 24. ʉʠʤʫʣʠʨʘʥʠ ɽɺɮ ʩʧʝʢʪʨʠ ɮiʉ ʜʦʙʠʿʝʥʠ ʢʦʨʠʰ˂ʝˁʝʤ SIMNRA ʧʨʦʛʨʘʤʩʢʦʛ 

ʧʘʢʝʪʘ. ʅʝʠʤʧʣʘʥʪʠʨʘʥʠ ʩʧʝʢʪʨʠ ɮiʉ ʩʥʠʤˀʝʥʠ ʧʦʤʦ˂ʫ ʧʨʦʪʦʥʘ ʝʥʝʨʛʠʿʝ ʘ) 1,000 ʄʝV,  

ʙ) 1,725ʄʝV ʠ ʚ) 1,860 ʄʝV; ʛ) ɽɺɮ ʩʧʝʢʪʘʨ ɮiʉ ʩʘ ʩʪʝʭʠʦʤʝʪʨʠʿʦʤ ɮi0,475ʉ0,525 ʥʘ  

ʜʫʙʠʥʠ 2,4 ɛm ʜʦ 2,8 ɛm. 

ʅʘ ʩʠʤʫʣʠʨʘʥʠʤ ʩʧʝʢʪʨʠʤʘ ʩʘ ʩʣʠʢʝ 24ʙ ʠ ʚ ʜʦʙʠʿʝʥʠʤ ʟʘ ʚʠʰʝ ʝʥʝʨʛʠʿʝ ʘʥʘʣʠʟʠʨʘʿʫ˂ʝʛ 

ʧʨʦʪʦʥʩʢʦʛ ʩʥʦʧʘ ʟʘʧʘʞʘʿʫ ʩʝ ʧʠʢʦʚʠ ʢʦʿʠ ʩʫ ʧʦʩʣʝʜʠʮʘ ʥʫʢʣʝʘʨʥʠʭ ʨʝʘʢʮʠʿʘ ʥʘ ʨʝʟʦʥʘʥʪʥʠʤ 

ʝʥʝʨʛʠʿʘʤʘ. ʅʘ ʩʣʠʮʠ 25 ʧʨʠʢʘʟʘʥʘ ʿʝ ʟʘʚʠʩʥʦʩʪ ʈʘʪʝʨʬʦʨʜʦʚʦʛ ʠ ʥʝ-ʈʘʪʝʨʬʦʨʜʦʚʦʛ ʧʦʧʨʝʯʥʦʛ 

ʧʨʝʩʝʢʘ ʟʘ ʨʘʩʝʿʘˁʝ ʧʨʦʪʦʥʘ ʥʘ ʘʪʦʤʠʤʘ ʫʛˀʝʥʠʢʘ ʠ ʩʠʣʠʮʠʿʫʤʘ. ʉʘ ʩʣʠʢʝ 25 ʩʝ ʤʦʞʝ ʚʠʜʝʪʠ 

ʜʘ ʧʨʠ ʝʥʝʨʛʠʿʘʤʘ ʦʜ 0,500 ʄʝV ʠ 1,667 ʄʝV ʥʫʢʣʝʘʨʥʘ ʨʝʘʢʮʠʿʘ ʠʟʤʝʹʫ ʧʨʦʪʦʥʘ ʠ ʿʝʟʛʨʘ 

ʫʛˀʝʥʠʢʘ, 12C(p,p0)12C, ʠʤʘ ʨʝʟʦʥʘʥʮʫ, ʜʦʢ ʿʝ ʫ ʩʣʫʯʘʿʫ ʥʫʢʣʝʘʨʥʝ ʨʝʘʢʮʠʿʝ ʠʟʤʝʹʫ ʧʨʦʪʦʥʘ ʠ 

ʿʝʟʛʨʘ ʩʠʣʠʮʠʿʫʤʘ, 28Si(p,p0)28Si, ʨʝʟʦʥʘʥʪʥʦ ʨʘʩʝʿʘˁʝ ʧʨʠ ʝʥʝʨʛʠʿʠ ʧʨʦʪʦʥʘ ʦʜ 1,731 ʄʝV. ʅʘ 

ʩʠʤʫʣʠʨʘʥʠʤ ʩʧʝʢʪʨʠʤʘ ʩʘ ʩʣʠʢʝ 24ʙ ʠ ʚ ʿʘʩʥʦ ʩʝ ʠʟʜʚʘʿʘ ʧʠʢ ʢʦʿʠ ʜʦʤʠʥʠʨʘ ʠ ʧʨʠʧʠʩʫʿʝ ʩʝ 
12C(p,p0)12C ʨʝʟʦʥʘʥʮʠ ʥʘ ʝʥʝʨʛʠʿʠ ʦʜ 1,667 ʄʝV. ʈʝʟʦʥʘʥʪʥʠ ʧʠʢ ʢʦʿʠ ʧʦʪʠʯʝ ʦʜ 28Si(p,p0)28Si 

ʥʫʢʣʝʘʨʥʝ ʨʝʘʢʮʠʿʝ ʥʘ 1,731 ʄʝV ʩʝ ʤʦʞʝ ʫʦʯʠʪʠ, ʘʣʠ ʿʝ ʟʥʘʪʥʦ ʥʠʞʝʛ ʠʥʪʝʥʟʠʪʝʪʘ, ʜʦʢ ʩʝ 
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ʨʝʟʦʥʘʥʪʥʠ ʧʠʢ 12C(p,p0)12C ʥʫʢʣʝʘʨʥʝ ʨʝʘʢʮʠʿʝ ʥʘ 0,500 ʄʝV ʥʝ ʟʘʧʘʞʘ ʫ ʩʧʝʢʪʨʫ ʫ ʦʙʣʠʢʫ 

ʿʘʩʥʦ ʫʦʯˀʠʚʦʛ ʧʠʢʘ. 

ʘ) ʙ) 

  
 

ʉʣʠʢʘ 25. ɿʘʚʠʩʥʦʩʪ ʈʘʪʝʨʬʦʨʜʦʚʦʛ ʠ ʥʝ-ʈʘʪʝʨʬʦʨʜʦʚʦʛ ʧʦʧʨʝʯʥʦʛ ʧʨʝʩʝʢʘ ʟʘ ʨʘʩʝʿʘˁʝ 

ʧʨʦʪʦʥʘ ʥʘ ʘʪʦʤʠʤʘ ʫʛˀʝʥʠʢʘ ʠ ʩʠʣʠʮʠʿʫʤʘ ʦʜ ʝʥʝʨʛʠʿʝ ʧʨʦʪʦʥʘ. 

 ɼʫʙʠʥʘ ʢʨʠʩʪʘʣʘ ʧʦʚʝʟʘʥʘ ʿʝ ʩʘ ʝʥʝʨʛʠʿʦʤ, ʦʜʥʦʩʥʦ ʙʨʦʿʝʤ ʢʘʥʘʣʘ ʜʝʪʝʢʪʦʨʘ ʧʦʚʨʘʪʥʦ 

ʨʘʩʝʿʘʥʠʭ ʿʦʥʘ. ʇʦʯʝʮʠ ʩʧʝʢʪʘʨʘ (ʚʠʰʝ ʝʥʝʨʛʠʿʝ ʫ ʩʧʝʢʪʨʫ) ʩʚʘʢʦʛ ʦʜ ʝʣʝʤʝʥʘʪʘ ʚʝʟʘʥʠ ʩʫ ʟʘ 

ʩʪʘˁʝ ʥʘ ʧʦʚʨʰʠʥʠ ʠʩʧʠʪʠʚʘʥʦʛ ʤʘʪʝʨʠʿʘʣʘ, ʜʦʢ ʩʝ ʠʜʫ˂ʠ ʢʘ ʥʠʞʠʤ ʙʨʦʿʝʚʠʤʘ ʢʘʥʘʣʘ 

ʜʝʪʝʢʪʦʨʘ (ʥʠʞʝ ʝʥʝʨʛʠʿʝ) ʜʫʙʠʥʘ ʧʦʚʝ˂ʘʚʘ. ʅʘ ʦʩʥʦʚʫ ʜʘʪʦʛ ʨʘʟʤʘʪʨʘˁʘ ʠ ʩʧʝʢʪʘʨʘ ʩʘ ʩʣʠʢʝ 

23 ʤʦʞʝ ʩʝ ʟʘʢˀʫʯʠʪʠ ʜʘ ʧʦʚʨʰʠʥʩʢʠ ʨʝʛʠʦʥ ʢʨʠʩʪʘʣʘ ʧʦʢʘʟʫʿʝ ʟʥʘʪʥʦ ʤʘˁʠ ʧʦʨʘʩʪ ʧʨʠʥʦʩʘ 

ʧʦʚʨʘʪʥʦʛ ʨʘʩʝʿʘˁʘ ʫ ʦʜʥʦʩʫ ʥʘ ʚʝ˂ʝ ʜʫʙʠʥʝ. ʆʚʦ ʿʝ ʧʦʩʝʙʥʦ ʠʟʨʘʞʝʥʦ ʫ ʩʣʫʯʘʿʫ ʠʤʧʣʘʥʪʘʮʠʿʝ 

ʿʦʥʠʤʘ ʫʛˀʝʥʠʢʘ ʥʘ ʩʣʠʮʠ 23ʘ. ʊʦ ʫʢʘʟʫʿʝ ʜʘ ʿʝ ʢʨʠʩʪʘʣ ʟʥʘʪʥʦ ʤʘˁʝ ʘʤʦʨʬʠʟʦʚʘʥ ʫ 

ʧʦʚʨʰʠʥʩʢʦʤ ʨʝʛʠʦʥʫ. ʋ ʩʣʫʯʘʿʫ ʥʘʿʥʠʞʝʛ ʬʣʫʝʥʩʘ ʫʛˀʝʥʠʢʘ, ʩʧʝʢʪʘʨ ʫʢʘʟʫʿʝ ʜʘ ʿʝ ʢʨʠʩʪʘʣ ʫ 

ʧʦʚʨʰʠʥʩʢʦʤ ʨʝʛʠʦʥʫ ʧʨʘʢʪʠʯʥʦ ʥʝʧʨʦʤʝˁʝʥ, ʥʘ ʰʪʘ ʧʦʢʣʘʧʘˁʝ ʩʘ ʩʧʝʢʪʨʦʤ 

ʥʝʠʤʧʣʘʥʪʠʨʘʥʦʛ ʢʨʠʩʪʘʣʘ (ʮʨʚʝʥʘ ʣʠʥʠʿʘ) ʫʢʘʟʫʿʝ. ʉʘ ʧʦʨʘʩʪʦʤ ʬʣʫʝʥʩʘ ʩʪʝʧʝʥ ʘʤʦʨʬʠʟʘʮʠʿʝ 

ʢʨʠʩʪʘʣʥʝ ʨʝʰʝʪʢʝ ʥʘ ʤʘˁʠʤ ʜʫʙʠʥʘʤʘ ʨʘʩʪʝ, ʰʪʦ ʿʝ ʥʘʿʫʦʯˀʠʚʠʿʝ ʥʘ ʩʣʠʮʠ 23ʙ. 

 ʂʘʦ ʰʪʦ ʿʝ ʚʝ˂ ʦʙʿʘʰˁʝʥʦ, ʟʘ ʩʠʤʫʣʠʨʘˁʝ ʨʘʜʠʿʘʮʠʦʥʦʛ ʦʰʪʝ˂ʝˁʘ ʢʨʠʩʪʘʣʘ ʥʘʿʯʝʰ˂ʝ 

ʩʝ ʢʦʨʠʩʪʝ ʿʦʥʠ ʘʪʦʤʘ ʢʦʥʩʪʠʪʫʝʥʘʪʘ ʢʨʠʩʪʘʣʘ. ʉʪʦʛʘ, ʦʯʝʢʠʚʘʣʦ ʙʠ ʩʝ ʜʘ ˂ʝ ʜʦʜʘʪʥʠ ʧʨʠʥʦʩ ʫ 

ɽɺɮ/ʉ ʩʧʝʢʪʨʠʤʘ ʢʘʦ ʧʦʩʣʝʜʠʮʘ ʠʤʧʣʘʥʪʘʮʠʿʝ ʿʦʥʘ, ʙʠʪʠ ʟʙʠʨ ʠʥʪʝʨʩʪʠʮʠʿʘ ʥʘʩʪʘʣʠʭ 

ʧʦʤʝʨʘˁʝʤ ʘʪʦʤʘ ʢʨʠʩʪʘʣʥʝ ʨʝʰʝʪʢʝ ʠ ʠʥʪʝʨʩʪʠʮʠʿʘ ʩʘʤʠʭ ʠʤʧʣʘʥʪʠʨʘʥʠʭ ʿʦʥʘ. ʋʪʠʮʘʿ ʫʥʦʩʘ 

ʿʦʥʘ ʧʨʦʮʝʩʦʤ ʠʤʧʣʘʥʪʘʮʠʿʝ ʥʘ ɽɺɮ ʩʧʝʢʪʘʨ ʩʠʤʫʣʠʨʘʥ ʿʝ ʧʦʤʦ˂ʫ ɮIMNRA ʧʨʦʛʨʘʤʘ ʠ 

ʧʨʠʢʘʟʘʥ ʥʘ ʩʣʠʮʠ 24ʛ. ʋ ʨʝʛʠʦʥʫ ʠʟʤʝʹʫ 2,4 ɛm ʠ 2,8 ɛm ʜʦʜʘʪʦ ʿʝ 5% ʚʠʰʝ ʘʪʦʤʘ ʫʛˀʝʥʠʢʘ 

ʫ ʦʜʥʦʩʫ ʥʘ ʘʪʦʤʝ ʩʠʣʠʮʠʿʫʤʘ (ɮi0,475C0,525). ʉʘ ʩʣʠʢʝ ʩʝ ʚʠʜʠ ʜʘ ʩʝ ʧʨʠ ʜʘʪʦʤ ʧʨʦʮʝʥʪʫʘʣʥʦʤ 

ʫʚʝ˂ʘˁʫ ʘʪʦʤʘ ʫʛˀʝʥʠʢʘ ʫ ɽɺɮ ʩʧʝʢʪʨʫ ʥʝ ʫʚʠʹʘʿʫ ʜʨʘʩʪʠʯʥʝ ʧʨʦʤʝʥʝ. ɹʫʜʫ˂ʠ ʜʘ ʥʘʿʚʝ˂ʠ 

ʠʤʧʣʘʥʪʠʨʘʥʠ ʬʣʫʝʥʩ ʫ ʥʘʰʝʤ ʩʣʫʯʘʿʫ (ʪʘʙʝʣʘ 4) ʨʝʟʫʣʪʠʨʘ ʢʦʥʮʝʥʪʨʘʮʠʿʦʤ ʠʤʧʣʘʥʪʠʨʘʥʠʭ 

ʿʦʥʘ ʢʦʿʘ ʿʝ ʤʘˁʘ ʦʜ 0,5% ʘʪʦʤʩʢʝ ʢʦʥʮʝʥʪʨʘʮʠʿʝ ʢʨʠʩʪʘʣʘ ɮiʉ ʫ ʠʤʧʣʘʥʪʠʨʘʥʦʿ ʦʙʣʘʩʪʠ (ʜʝʩʝʪ 

ʧʫʪʘ ʤʘˁʝ ʥʝʛʦ ʫ ʩʠʤʫʣʠʨʘʥʦʤ ʩʣʫʯʘʿʫ), ʜʦʜʘʪʥʠ ʧʨʠʥʦʩ ʨʘʩʝʿʘˁʘ ʧʨʦʪʦʥʘ ʪʦʢʦʤ ɽɺɮ ʢʦʿʠ 

ʧʦʪʠʯʝ ʦʜ ʠʤʧʣʘʥʪʠʨʘʥʠʭ ʿʦʥʘ ʫʛˀʝʥʠʢʘ ʠ ʩʠʣʠʮʠʿʫʤʘ ʩʝ ʤʦʞʝ ʟʘʥʝʤʘʨʠʪʠ. ʂʘʦ ʧʦʩʣʝʜʠʮʘ 

ʪʦʛʘ, ʜʦʜʘʪʥʠ ʧʨʠʥʦʩ ʨʘʩʝʿʘˁʘ ʟʘʙʝʣʝʞʝʥ ʫ ɽɺɮ/ʉ ʩʧʝʢʪʨʠʤʘ ʤʦʞʝ ʩʝ ʫ ʧʦʪʧʫʥʦʩʪʠ ʧʨʠʧʠʩʘʪʠ 

ʨʘʩʝʿʘˁʫ ʩʘʤʦ ʥʘ ʧʦʤʝʨʝʥʠʤ ʘʪʦʤʠʤʘ ʢʨʠʩʪʘʣʥʝ ʨʝʰʝʪʢʝ (ʠʥʪʝʨʩʪʠʮʠʿʘʤʘ). 

 ɿʘ ʜʚʘ ʫʟʦʨʢʘ ʠʤʧʣʘʥʪʠʨʘʥʘ ʿ ʦʥʠʤʘ ʩʠʣʠʮʠʿʫʤʘ (M(Si-ll)8 ʠ M(Si-l)9) ʩʥʠʤˀʝʥʠ ʩʫ ɽɺɮ 

ʩʧʝʢʪʨʠ. ʉʧʝʢʪʘʨ ʟʘ ʫʟʦʨʘʢ M(Si-ll)8 ʩʥʠʤˀʝʥ ʿʝ ʢʦʨʠʰ˂ʝˁʝʤ ʧʨʦʪʦʥʘ 1,725 MeV ʜʦʢ ʩʫ ʟʘ 

ʫʟʦʨʘʢ M(Si-l)9 ʢʦʨʠʰ˂ʝʥʠ ʧʨʦʪʦʥʠ ʝʥʝʨʛʠʿʝ 1,860 MeV. ʋʧʦʨʝʜʥʠ ʧʨʠʢʘʟ ʜʘʪʠʭ ʩʧʝʢʪʘʨʘ ʩʘ 

ɽɺɮ ʩʧʝʢʪʨʠʤʘ ʥʝʠʤʧʣʘʥʪʠʨʘʥʠʭ ʫʟʦʨʘʢʘ ʧʨʠʢʘʟʘʥ ʿʝ ʥʘ ʩʣʠʮʠ 26. ʇʨʦʮʝʩ ʠʤʧʣʘʥʪʘʮʠʿʝ ʧʨʠ 

ʬʣʫʝʥʩʠʤʘ 8,33Ĭ1014 ʿʦʥʘĿʩmī2 (ʫʟʦʨʘʢ M(Si-ll)8) ʠ 4,17Ĭ1014 ʿʦʥʘĿʩmī2 (ʫʟʦʨʘʢ M(Si-l)9) ʥʝ 
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ʜʦʚʦʜʠ ʜʘ ʚʠʜˀʠʚʠʭ ʧʨʦʤʝʥʘ ʫ ʩʧʝʢʪʨʠʤʘ. ʉʫʧʨʦʪʥʦ, ɽɺɮ/ʉ ʩʧʝʢʪʨʠ ʟʘ ʠʩʪʝ ʫʟʦʨʢʝ (ʩʣʠʢʘ 23ʛ 

ʠ ʹ) ʧʦʢʘʟʫʿʫ ʜʨʘʩʪʠʯʥʫ ʧʨʦʤʝʥʫ ʫ ʦʜʥʦʩʫ ʥʘ ɽɺɮ/ʉ ʩʧʝʢʪʘʨ ʥʝʠʤʧʣʘʥʪʠʨʘʥʦʛ ʫʟʦʨʢʘ. ʊʦ 

ʫʢʘʟʫʿʝ ʥʘ ʦʩʝʪˀʠʚʦʩʪ ʠ ʧʦʛʦʜʥʦʩʪ ʤʝʪʦʜʝ ʟʘ ʠʩʧʠʪʠʚʘˁʝ ʘʤʦʨʬʠʟʘʮʠʿʝ ʩʪʨʫʢʪʫʨʝ. 

ʘ) ʙ) 

  
 

ʉʣʠʢʘ 26. ʇʦʨʝʹʝˁʝ ɽɺɮ ʩʧʝʢʪʘʨʘ ʟʘ ʫʟʦʨʢe a) M(Si-ll)8 ʠ ʙ) M(Si-l)9 ʩʘ ɽɺɮ ʩʧʝʢʪʨʠʤʘ 

ʥʝʠʤʧʣʘʥʪʠʨʘʥʠʭ ʫʟʦʨʘʢʘ ʧʨʠ ʨʘʟʣʠʯʠʪʠʤ ʝʥʝʨʛʠʿʘʤʘ ʧʨʦʪʦʥʘ. 

ʅʘ ʩʣʠʮʠ 27ʘïʚ ʧʨʠʢʘʟʘʥʠ ʩʫ ɽɺɮ/ʉ ʩʧʝʢʪʨʠ ʠʤʧʣʘʥʪʠʨʘʥʠʭ ʫʟʦʨʘʢʘ ʠʩʪʠʤ ʬʣʫʝʥʩʦʤ 

4,17×1014 ʿʦʥʘĿʩmī2, ʘʣʠ ʧʨʠ ʨʘʟʣʠʯʠʪʠʤ ʦʨʠʿ ʝʥʪʘʮʠʿʘʤʘ ʢʨʠʩʪʘʣʘ, ʧʨʠ ʩʣʫʯʘʿʥʦʿ ʦʨʠʿ ʝʥʪʘʮʠʿʠ 

(ʄ(Si-m)7) ʠ ʫ ʤʦʜʫ ʢʘʥʘʣʠʩʘˁʘ (ʄ(Si-m)6). ʋ ʩʣʫʯʘʿʫ ʿʦʥʩʢʝ ʠʤʧʣʘʥʪʘʮʠʿʝ ʫ ʤʦʜʫ 

ʢʘʥʘʣʠʩʘˁʘ, ʦʯʝʢʫʿʝ ʩʝ ʨʘʟʣʠʯʠʪʘ ʜʫʙʠʥʩʢʘ ʨʘʩʧʦʜʝʣʘ ʘʤʦʨʬʠʟʘʮʠʿʝ ʫ ʦʜʥʦʩʫ ʥʘ ʠʤʧʣʘʥʪʘʮʠʿʫ 

ʧʨʠ ʩʣʫʯʘʿʥʦʿ ʦʨʠʿ ʝʥʪʘʮʠʿʠ ʢʨʠʩʪʘʣʘ. ɸʥʘʣʠʟʠʨʘʿʫ˂ʠ ʿʦʥ ʩʘ ʨʘʟʣʠʯʠʪʠʤ ʚʨʝʜʥʦʩʪʠʤʘ ʝʥʝʨʛʠʿʝ 

ʩʪʠʞʝ ʜʦ ʘʤʦʨʬʠʟʦʚʘʥʠʭ ʜʝʣʦʚʘ ʨʝʰʝʪʢʝ ʟʘ ʦʚʘ ʜʚʘ ʩʣʫʯʘʿʘ ʿʦʥʩʢʝ ʠʤʧʣʘʥʪʘʮʠʿʝ, ʰʪʦ ʟʘ 

ʧʦʩʣʝʜʠʮʫ ʠʤʘ ʨʘʟʣʠʯʠʪʝ ʚʨʝʜʥʦʩʪʠ ʧʦʧʨʝʯʥʠʭ ʧʨʝʩʝʢʘ ʟʘ ʨʘʩʝʿʘˁʝ. ʂʘʦ ʧʦʩʣʝʜʠʮʘ ʪʦʛʘ, 

ʥʝʦʙʨʘʹʝʥʠ ɽɺɮ/ʉ ʩʧʝʢʪʨʠ ʠʤʧʣʘʥʪʠʨʘʥʠʭ ʫʟʦʨʘʢʘ ʧʨʠ ʨʘʟʣʠʯʠʪʦʿ ʦʨʠʿ ʝʥʪʘʮʠʿʠ ʢʨʠʩʪʘʣʘ 

ʙʠʚʘʿʫ ʥʝʘʜʝʢʚʘʪʥʠ ʟʘ ʢʚʘʣʠʪʘʪʠʚʥʫ ʘʥʘʣʠʟʫ ʨʘʟʣʠʢʘ ʫ ʜʘʪʠʤ ʧʨʦʮʝʩʠʤʘ ʠʤʧʣʘʥʪʘʮʠʿʝ. ʀʧʘʢ, 

ʫ ʙʣʠʩʢʦʧʦʚʨʰʠʥʩʢʦʤ ʩʣʦʿʫ ʨʘʟʣʠʢʘ ʝʥʝʨʛʠʿʩʢʠʭ ʛʫʙʠʪʘʢʘ ʩʝ ʤʦʞʝ ʟʘʥʝʤʘʨʠʪʠ. ʇʦʨʝʜʝ˂ʠ 

ʨʘʟʣʠʢʝ ʥʘ ʩʧʝʢʪʨʠʤʘ ʫʟʦʨʘʢʘ ʄ(Si-m)6 ʠ ʄ(Si-m)7 ʩʘ ʩʣʠʢʝ 27ʘïʚ ʫʦʯʘʚʘ ʩʝ ʜʘ ʫʟʦʨʘʢ ʄ(Si-

m)7 ʠʤʧʣʘʥʪʠʨʘʥ ʧʨʠ ʩʣʫʯʘʿʥʦʿ ʦʨʠʿʝʥʪʘʮʠʿʠ ʢʨʠʩʪʘʣʘ ʫ ʧʦʚʨʰʠʥʩʢʦʤ ʨʝʛʠʦʥʫ ʧʦʩʝʜʫʿʝ 

ʟʥʘʪʥʦ ʚʝ˂ʠ ʧʨʠʥʦʩ. ʉ ʪʠʤ ʫ ʚʝʟʠ, ʤʦʞʝʤʦ ʪʚʨʜʠʪʠ ʜʘ ʧʦʚʨʰʠʥʩʢʠ ʨʝʛʠʦʥ ʢʨʠʩʪʘʣʘ 6ʅ-ɮiʉ 

ʥʘʢʦʥ ʠʤʧʣʘʥʪʘʮʠʿʝ ʧʨʠ ʩʣʫʯʘʿʥʦʿ ʦʨʠʿ ʝʥʪʘʮʠʿʠ ʢʨʠʩʪʘʣʘ ʧʦʩʝʜʫʿʝ ʚʝ˂ʠ ʩʪʝʧʝʥ ʘʤʦʨʬʠʟʘʮʠʿʝ 

ʫ ʦʜʥʦʩʫ ʥʘ ʠʤʧʣʘʥʪʘʮʠʿʫ ʫ ʤʦʜʫ ʢʘʥʘʣʠʩʘˁʘ. 

ʄʝʹʫʩʦʙʥʠʤ ʧʦʨʝʹʝˁʝʤ ɽɺɮ/ʉ ʩʧʝʢʪʘʨʘ ʠʤʧʣʘʥʪʠʨʘʥʠʭ ʫʟʦʨʘʢʘ ʩʘ ɽɺɮ/ʉ ʠ ɽɺɮ 

ʩʧʝʢʪʨʠʤʘ ʥʝʠʤʧʣʘʥʪʠʨʘʥʠʭ ʫʟʦʨʘʢʘ ʤʦʛʫ˂ʝ ʿʝ ʥʘʧʨʘʚʠʪʠ ʢʚʘʣʠʪʘʪʠʚʥʫ ʧʨʦʮʝʥʫ ʢʦʿʠ ʦʜ 

ʫʟʦʨʘʢʘ ʠʤʘ ʚʝ˂ʠ ʩʪʝʧʝʥ ʘʤʦʨʬʠʟʘʮʠʿʝ. ʊʘʢʦʹʝ, ʟʘ ʙʣʠʩʢʦʧʦʚʨʰʠʥʩʢʠ ʨʝʛʠʦʥ (ʥʝʢʦʣʠʢʦ 

ʩʪʦʪʠʥʘ nm) ʤʦʛʫ˂ʝ ʿʝ ʧʨʦʮʝʥʠʪʠ ʠ ʢʚʘʥʪʠʪʘʪʠʚʥʦ ʦ ʢʦʿʦʿ ʤʝʨʠ ʘʤʦʨʬʠʟʘʮʠʿʝ ʿʝ ʨʝʯ. ʄʝʹʫʪʠʤ, 

ʟʘ ʜʦʙʠʿʘˁʝ ʧʨʦʬʠʣʘ ʘʤʦʨʬʠʟʘʮʠʿʝ ʜʫʞ ʮʝʣʝ ʠʤʧʣʘʥʪʠʨʘʥʝ ʜʫʙʠʥʝ (ʫ ʦʚʦʤ ʩʣʫʯʘʿʫ ʥʝʢʦʣʠʢʦ 

ɛm) ʧʦʪʨʝʙʥʦ ʿʝ ʩʦʬʪʚʝʨʩʢʠ ʦʙʨʘʜʠʪʠ ʩʧʝʢʪʨʝ. ʋ ʪʫ ʩʚʨʭʫ ʢʦʨʠʰ˂ʝʥ ʿʝ ʉɮIM ʨʘʯʫʥʘʨʩʢʠ 

ʧʨʦʛʨʘʤ ʢʦʿʠ ʩʝ ʢʦʨʠʩʪʠ ʟʘ ʩʠʤʫʣʘʮʠʿʫ ʘʤʦʨʬʥʝ ʬʘʟʝ ʥʘ ʦʩʥʦʚʫ ɽɺɮ/ʉ ʩʧʝʢʪʘʨʘ. 
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ʘ) ʙ) 

  
ʚ) 

 
 

ʉʣʠʢʘ 27. ɽɺɮ/ʉ ʩʧʝʢʪʨʠ ʫʟʦʨʘʢʘ (ʄ(Si-m)6) ʠ (ʄ(Si-m)7) ʢʦʿʠ ʩʫ ʠʤʧʣʘʥʪʠʨʘʥʠ ʠʩʪʠʤ 

ʬʣʫʝʥʩʦʤ 4,17×1014 ʿʦʥʘĿʩmī2 ʘʣʠ ʧʨʠ ʨʘʟʣʠʯʠʪʠʤ ʦʨʠʿ ʝʥʪʘʮʠʿʘʤʘ ʢʨʠʩʪʘʣʘ, ʩʥʠʤˀʝʥʠ 

ʧʨʦʪʦʥʠʤʘ ʝʥʝʨʛʠʿʝ ʘ) 1,000 ʄʝV, ʙ) 1,725 ʄʝV ʠ ʚ) 1,860 ʄʝV. 

5.4. ʉɮIʄ ʨʘʯʫʥʘʨʩʢʠ ʧʨʦʛʨʘʤ 

 ɽɺɮ/ʉ ʩʧʝʢʪʨʠ ʠʤʧʣʘʥʪʠʨʘʥʠʭ ʫʟʦʨʘʢʘ 6ʅ-ɮiʉ ʬʠʪʦʚʘʥʠ ʩʫ ʢʦʨʠʰ˂ʝˁʝʤ ʉɮIʄ 

ʨʘʯʫʥʘʨʩʢʦʛ ʧʨʦʛʨʘʤʘ ʟʘʩʥʦʚʘʥʦʛ ʥʘ ʬʝʥʦʤʝʥʦʣʦʰʢʦʤ ʧʨʠʩʪʫʧʫ ʢʦʿʠ ʿʝ ʨʘʟʚʠʿʝʥ ʫ 

ʃʘʙʦʨʘʪʦʨʠʿʠ ʟʘ ʬʠʟʠʢʫ ʀʥʩʪʠʪʫʪʘ ʟʘ ʥʫʢʣʝʘʨʥʝ ʥʘʫʢʝ Ăɺʠʥʯʘñ ʋʥʠʚʝʨʟʠʪʝʪʘ ʫ ɹʝʦʛʨʘʜʫ, 

ʀʥʩʪʠʪʫʪʘ ʦʜ ʥʘʮʠʦʥʘʣʥʦʛ ʟʥʘʯʘʿʘ ʟʘ ʈʝʧʫʙʣʠʢʫ ʉʨʙʠʿʫ [121]. ʇʦʨʝʜ ɽɺɮ/ʉ ʩʧʝʢʪʘʨʘ, ʉɮIʄ 

ʠʤʘ ʤʦʛʫ˂ʥʦʩʪ ʩʠʤʫʣʠʨʘˁʘ ʠ RBS/ɽɺɮ ʩʧʝʢʪʘʨʘ. ʈʘʯʫʥʘʨʩʢʠ ʧʨʦʛʨʘʤ ʿʝ ʥʘʧʠʩʘʥ ʫʧʦʪʨʝʙʦʤ 

ʉ++ ʦʙʿʝʢʪʥʦ ʦʨʠʿ ʝʥʪʠʩʘʥʦʛ ʧʨʦʛʨʘʤʩʢʦʛ ʿʝʟʠʢʘ. ʋ ʦʢʚʠʨʫ ʠʟʨʘʜʝ ʦʚʝ ʜʦʢʪʦʨʩʢʝ ʜʠʩʝʨʪʘʮʠʿʝ 

ʫʚʝʜʝʥʘ ʩʫ ʟʥʘʯʘʿʥʘ ʧʦʙʦˀʰʘˁʘ ʨʘʯʫʥʘʨʩʢʦʛ ʧʨʦʛʨʘʤʘ. ʂʘʦ ʨʝʟʫʣʪʘʪ ʪʦʛʘ ʫʩʧʝʰʥʦ ʩʫ 

ʬʠʪʦʚʘʥʠ ɽɺɮ/ʉ ʩʧʝʢʪʨʠ ʤʦʥʦʢʨʠʩʪʘʣʘ 6ʅ-ɮiʉ ʠʤʧʣʘʥʪʠʨʘʥʠ ʿʦʥʠʤʘ ʫʛˀʝʥʠʢʘ ʠ ʩʠʣʠʮʠʿʫʤʘ. 

 ʉɮIʄ ʨʘʯʫʥʘʨʩʢʠ ʧʨʦʛʨʘʤ ʜʝʣʠ ʤʝʪʫ-ʢʨʠʩʪʘʣ ʥʘ ʨʘʯʫʥʘʿʫ˂ʝ ʩʣʦʿʝʚʝ ʯʠʿʘ ʩʝ ʜʝʙˀʠʥʘ 

ʤʦʞʝ ʧʦʜʝʰʘʚʘʪʠ. ɼʝʙˀʠʥʘ ʢʦʤʧʫʿʪʘʮʠʦʥʦʛ ʩʣʦʿʘ ʫʪʠʯʝ ʥʘ ʪʘʯʥʦʩʪ ʜʦʙʠʿʝʥʠʭ ʨʝʟʫʣʪʘʪʘ ʠ ʥʘ 

ʨʘʯʫʥʘʨʩʢʦ ʚʨʝʤʝ. ʉʤʘˁʝˁʝʤ ʜʝʙˀʠʥʝ ʩʣʦʿʘ ʧʦʚʝ˂ʘʚʘ ʩʝ ʪʘʯʥʦʩʪ, ʘʣʠ ʩʝ ʧʨʦʜʫʞʘʚʘ 

ʨʘʯʫʥʘʨʩʢʦ ʚʨʝʤʝ, ʠ ʦʙʨʥʫʪʦ. ʂʘʦ ʫʣʘʟʥʝ ʧʘʨʘʤʝʪʨʝ ʤʝʪʝ ʧʨʦʛʨʘʤ ʫʟʠʤʘ ʠʥʬʦʨʤʘʮʠʿʝ ʦ ʙʨʦʿʫ, 

ʚʨʩʪʠ ʠ ʩʪʝʭʠʦʤʝʪʨʠʿʠ ʘʪʦʤʘ ʧʨʠʩʫʪʥʠʭ ʫʟ ʤʘʥʫʝʣʥʦ ʧʦʜʝʰʘʚʘˁe ʚʨʝʜʥʦʩʪʠ ʛʫʩʪʠʥʝ ʤʝʪʝ. ʋ 

ʦʚʦʤ ʩʣʫʯʘʿʫ ʢʦʨʠʰ˂ʝʥʘ ʿʝ ʚʨʝʜʥʦʩʪ ʛʫʩʪʠʥʝ ʦʜ 3,21 g·cmī1. ɱʦʥʩʢʠ ʩʥʦʧ ʜʝʬʠʥʠʩʘʥʝ ʝʥʝʨʛʠʿʝ 
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ʫʣʘʟʠ ʫ ʤʝʪʫ ʧʨʠ ʩʣʫʯʘʿʥʦʿ ʦʨʠʿ ʝʥʪʘʮʠʿʠ ʠʣʠ ʧʨʠ ʤʦʜʫ ʢʘʥʘʣʠʩʘˁʘ (ʦʧʮʠʦʥʦ) ʠ ʧʨʘʪʝ ʩʝ 

ʧʦʚʨʘʪʥʦ ʨʘʩʝʿʘʥʠ ʿʦʥʠ ʥʘ ʜʝʪʝʢʪʦʨʫ ʢʦʿʠ ʿʝ ʧʦʩʪʘʚˀʝʥ ʧʦʜ ʪʘʯʥʦ ʜʝʬʠʥʠʩʘʥʠʤ ʫʛʣʦʤ (ʠʟʘʙʨʘʥ 

ʿʝ ʫʛʘʦ ʦʜ 160Á). 

 ʇʨʠ ʩʠʤʫʣʘʮʠʿʠ ɽBS ʠ RBS ʩʧʝʢʪʘʨʘ ʿʦʥʩʢʠ ʩʥʦʧ ʫʣʘʟʠ ʫ ʫʦʯʝʥ ʩʣʦʿ ʤʝʪʝ ʠ ʨʘʯʫʥʘ ʩʝ 

ʚʝʨʦʚʘʪʥʦ˂ʘ ʧʦʚʨʘʪʥʦʛ ʨʘʩʝʿʘˁʘ ʣʠʥʝʘʨʥʦʤ ʠʥʪʝʨʧʦʣʘʮʠʿʦʤ ʧʦʧʨʝʯʥʦʛ ʧʨʝʩʝʢʘ ʨʘʩʝʿʘˁʘ. 

ʇʦʧʨʝʯʥʠ ʧʨʝʩʝʢ ʨʘʩʝʿʘˁʘ ʧʨʝʫʟʠʤʘ ʩʝ ʠʟ ʙʘʟʝ ʧʦʜʘʪʘʢʘ IBANDL  (ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʠ ʧʦʜʘʮʠ 

ʢʘʦ ʠ ʦʥʠ ʧʨʦʮʝˁʝʥʠ ʧʦʤʦ˂ʫ SigmaCalc 2.0 ʧʦʧʨʝʯʥʠʭ ʧʨʝʩʝʢʘ ʨʘʩʝʿʘˁʘ) ʟʘ ʦʜʨʝʹʝʥʠ ʫʛʘʦ 

ʧʦʚʨʘʪʥʦʛ ʨʘʩʝʿʘˁʘ ʫ ʠʟʘʙʨʘʥʦʤ ʦʧʩʝʛʫ ʝʥʝʨʛʠʿʘ. ɸʣʪʝʨʥʘʪʠʚʥʦ, ʫʢʦʣʠʢʦ ʧʦʜʘʮʠ ʫ ʙʘʟʠ ʥʠʩʫ 

ʜʦʩʪʫʧʥʠ, ʢʦʨʠʩʪʠ ʩʝ ʈʘʪʝʨʬʦʨʜʦʚʘ ʬʦʨʤʫʣʘ ʟʘ ʧʦʧʨʝʯʥʠ ʧʨʝʩʝʢ (ʝʿʜʥʘʯʠʥʘ 2.26.). ʇʨʦʣʘʟʝ˂ʠ 

ʢʨʦʟ ʨʘʟʤʘʪʨʘʥʠ ʢʦʤʧʿʫʪʘʮʠʦʥʠ ʩʣʦʿ, ʿʦʥʩʢʠ ʩʥʦʧ ʛʫʙʠ ʜʝʦ ʝʥʝʨʛʠʿʝ ʢʦʿʠ ʩʝ ʠʟʨʘʯʫʥʘʚʘ ʧʦʤʦ˂ʫ 

ʝʤʧʠʨʠʿʩʢʠʭ ʧʦʜʘʪʘʢʘ ʦ ʟʘʫʩʪʘʚʥʦʿ ʤʦ˂ʠ ɿʠʛʣʝʨʘ ʠ ɹʠʨʰʘʢʘ [58]. ʈʘʟʤʘʟʠʚʘˁʝ ʝʥʝʨʛʠʿʝ 

ʿʦʥʩʢʦʛ ʩʥʦʧʘ ʫʟʠʤʘ ʩʝ ʫ ʦʙʟʠʨ ʢʘʦ ʟʙʠʨ ʥʝʩʪʘʪʠʯʢʦʛ ʰʠʨʝˁʘ ʝʥʝʨʛʠʿʝ ʩʥʦʧʘ ʠʟʘʟʚʘʥʦʛ 

ʛʫʙʠʪʢʦʤ ʝʥʝʨʛʠʿʝ ʫ ʢʦʤʧʿʫʪʘʮʠʦʥʦʤ ʩʣʦʿʫ ʠ ʩʪʘʪʠʩʪʠʯʢʦʛ, ʢʦʿʠ ʩʝ ʠʟʨʘʯʫʥʘʚʘ ʧʦʤʦ˂ʫ ɱʘʥʛʦʚʝ 

(Q. Yang) ʬʦʨʤʫʣʝ, ʠ ʧʦʩʣʝʜʠʮʘ ʿʝ ʨʘʟʣʠʯʠʪʠʭ ʝʥʝʨʛʠʿʘ ʿʦʥʘ ʫ ʩʥʦʧʫ [177]. ʋ ʥʘʨʝʜʥʠ ʩʣʦʿ ʤʝʪʝ 

ʧʨʦʣʘʟʠ ʜʝʦ ʩʥʦʧʘ ʢʦʿʠ ʥʠʿʝ ʧʦʚʨʘʪʥʦ ʨʘʩʝʿʘʥ ʠ ʮʝʦ ʧʦʩʪʫʧʘʢ ʩʝ ʥʘ ʪʘʿ ʥʘʯʠʥ ʠʪʝʨʘʪʠʚʥʦ 

ʧʦʥʘʚˀʘ. ʇʦʚʨʘʪʥʦ ʨʘʩʝʿʘʥʠ ʜʝʦ ʩʥʦʧʘ ʠʟ ʜʘʪʦʛ ʩʣʦʿʘ ʩʝ ʚʨʘ˂ʘ ʥʘʟʘʜ ʧʨʦʣʘʟʝ˂ʠ ʢʨʦʟ ʧʨʝʪʭʦʜʥʦ 

ʧʨʝʹʝʥʝ ʩʣʦʿʝʚʝ ʠ ʥʘ ʠʩʪʠ ʥʘʯʠʥ ʩʝ ʧʨʘʪʠ ʥʘ ʧʫʪʫ ʢʘ ʜʝʪʝʢʪʦʨʫ, ʜʦʙʠʿʘʿʫ˂ʠ ʢʦʥʘʯʥʝ ʚʨʝʜʥʦʩʪʠ 

ʟʘ ʝʥʝʨʛʠʩʿʢʝ ʛʫʙʠʪʢʝ ʠ ʨʘʟʤʘʟʠʚʘˁʝ ʝʥʝʨʛʠʿʝ ʥʘ ʠʟʣʘʟʫ ʠʟ ʧʦʩʣʝʜˁʝʛ ʩʣʦʿʘ ʤʝʪʝ. ʂʦʥʘʯʥʦʤ 

ʨʘʟʤʘʟʠʚʘˁʫ ʝʥʝʨʛʠʿʝ ʿʦʥʘ ʜʦʜʘʿʝ ʩʝ ʢʦʨʝʢʮʠʿʘ ʠ ʟʘ ʨʝʟʦʣʫʮʠʿʫ ʜʝʪʝʢʪʦʨʘ. ʇʦʩʪʫʧʘʢ ʩʝ ʧʦʥʘʚˀʘ 

ʩʚʝ ʜʦʢ ʝʥʝʨʛʠʿʘ ʿʦʥʘ ʥʝ ʧʘʜʥʝ ʠʩʧʦʜ ʛʨʘʥʠʯʥʝ ʚʨʝʜʥʦʩʪʠ ʠʣʠ ʫʢʦʣʠʢʦ ʨʘʩʝʿʘʥʠ ʜʝʦ ʩʥʦʧʘ ʥʝʤʘ 

ʜʦʚʦˀʥʦ ʝʥʝʨʛʠʿʝ ʜʘ ʥʘʧʫʩʪʠ ʤʝʪʫ. ʇʦʚʨʘʪʥʦ ʨʘʩʝʿʘʥʠ ʜʝʦ ʿʦʥʩʢʦʛ ʩʥʦʧʘ ʠʟ ʩʚʘʢʦʛ 

ʢʦʤʧʿʫʪʘʮʠʦʥʦʛ ʩʣʦʿʘ ʧʨʝʜʩʪʘʚˀʘ ʩʝ ʫ ɻʘʫʩʦʚʦʤ ʦʙʣʠʢʫ, ʛʜʝ ʿʝ ʩʨʝʜˁʘ ʚʨʝʜʥʦʩʪ ɻʘʫʩʦʚʝ 

ʬʫʥʢʮʠʿʝ ʝʥʝʨʛʠʿʘ ʧʦʚʨʘʪʥʦ ʨʘʩʝʿʘʥʦʛ ʜʝʣʘ ʿʦʥʩʢʦʛ ʩʥʦʧʘ, ʜʦʢ ʿʝ ʩʪʘʥʜʘʨʜʥʘ ʜʝʚʠʿʘʮʠʿʘ 

ʝʥʝʨʛʠʿʩʢʦ ʰʠʨʝˁʝ ʩʥʦʧʘ ʫʩʣʝʜ ʧʨʦʧʘʛʘʮʠʿʝ ʢʨʦʟ ʤʘʪʝʨʠʿʘʣ. ʈʝʟʫʣʪʫʿʫ˂ʠ ʩʧʝʢʪʘʨ ʧʨʝʜʩʪʘʚˀʘ 

ʩʫʤʫ ʧʦʚʨʘʪʥʦ ʨʘʩʝʿʘʥʦʛ ʿʦʥʩʢʦʛ ʩʥʦʧʘ ʠʟ ʩʚʠʭ ʢʦʤʧʿʫʪʘʮʠʦʥʠʭ ʩʣʦʿʝʚʘ ʤʝʪʝ. 

 ʋ ʩʣʫʯʘʿʫ ɽBS/ʉ ʠ RBS/ʉ ʧʦʩʪʫʧʘʢ ʩʠʤʫʣʠʨʘˁʘ ʩʧʝʢʪʘʨʘ ʿʝ ʘʥʘʣʦʛʘʥ ʫʟ ʦʜʨʝʹʝʥʝ 

ʢʦʨʝʢʮʠʿe ʢʦʿʝ ʿʝ ʥʝʦʧʭʦʜʥʦ ʫʥʝʪʠ. CSIM ʨʘʯʫʥʘʨʩʢʠ ʧʨʦʛʨʘʤ ʧʦʯʠʚʘ ʥʘ ʜʚʝ ʛʣʘʚʥʝ ʬʠʟʠʯʢʠ 

ʚʝʨʦʚʘʪʥʝ ʧʨʝʪʧʦʩʪʘʚʢʝ. ʇʨʚʘ ʿʝ ʤʦʛʫ˂ʥʦʩʪ ʟʘʩʝʙʥʦʛ ʧʨʘ˂ʝˁʘ ʢʘʥʘʣʠʩʘʥʦʛ ʠ ʜʝʢʘʥʘʣʠʩʘʥʦʛ 

ʜʝʣʘ ʿʦʥʩʢʦʛ ʩʥʦʧʘ ʢʦʿʠ ʧʨʦʣʘʟʝ ʢʨʦʟ ʢʨʠʩʪʘʣ, ʘ ʜʨʫʛʘ ʿʝ ʩʠʛʤʦʠʜʘʣʥʘ ʧʨʠʨʦʜʘ ʧʨʦʮʝʩʘ 

ʜʝʢʘʥʘʣʠʩʘˁʘ. ʇʨʠʣʠʢʦʤ ʫʣʘʩʢʘ ʢʘʥʘʣʠʩʘʥʦʛ ʩʥʦʧʘ ʫ ʢʦʤʧʿʫʪʘʮʠʦʥʠ ʩʣʦʿ, ʩʣʠʯʥʦ ʢʘʦ ʠ ʧʨʠ 

ʩʣʫʯʘʿʥʦʿ ʦʨʠʿ ʝʥʪʘʮʠʿʠ, ʨʘʯʫʥʘʿʫ ʩʝ ʝʥʝʨʛʠʿʩʢʠ ʛʫʙʠʮʠ ʠ ʨʘʟʤʘʟʠʚʘˁʝ ʝʥʝʨʛʠʿʝ ʩʘ ʨʘʟʣʠʢʦʤ ʜʘ 

ʩʫ ˁʠʭʦʚʝ ʚʨʝʜʥʦʩʪʠ ʧʦʤʥʦʞʝʥʝ ʢʦʨʝʢʮʠʦʥʠʤ ʢʦʝʬʠʮʠʿʝʥʪʦʤ Ŭ0 (ʨʘʥʠʿʝ ʜʝʬʠʥʠʩʘʥ ʢʘʦ ʦʜʥʦʩ 

ʟʘʫʩʪʘʚʥʠʭ ʤʦ˂ʠ ʧʨʠ ʢʘʥʘʣʠʩʘˁʫ ʠ ʩʣʫʯʘʿʥʦʿ ʦʨʠʿ ʝʥʪʘʮʠʿʠ ʩʥʦʧʘ). ʇʦʚʨʘʪʥʦ ʨʘʩʝʿʘˁʝ ʿʦʥʘ, 

ʧʦʨʝʢʣʦʤ ʦʜ ʥʝʯʠʩʪʦ˂ʘ ʠ ʘʤʦʨʬʠʟʘʮʠʿʝ ʢʨʠʩʪʘʣʥʝ ʨʝʰʝʪʢʝ, ʧʨʠʣʠʢʦʤ ʢʘʥʘʣʠʩʘˁʘ ʩʝ 

ʟʘʥʝʤʘʨʫʿʝ, ʿʝʨ ʩʝ ʧʦʣʘʟʠ ʦʜ ʧʨʝʪʧʦʩʪʘʚʢʝ ʠʜʝʘʣʥʝ ʢʨʠʩʪʘʣʥʝ ʨʝʰʝʪʢʝ ʠ ʦʜʩʫʩʪʚʘ ʥʝʯʠʩʪʦ˂ʘ. 

ɼʝʦ ʿʦʥʩʢʦʛ ʩʥʦʧʘ ʙʠʚʘ ʜʝʢʘʥʘʣʠʩʘʥ. ʇʨʦʮʝʥʘʪ ʜʝʢʘʥʘʣʠʩʘʥʠʭ ʿʦʥʘ ʫ ʜʘʪʦʤ ʢʦʤʧʿʫʪʘʮʠʦʥʦʤ 

ʩʣʦʿʫ ʠʟʨʘʯʫʥʘʚʘ ʩʝ ʢʦʨʠʰ˂ʝˁʝʤ ɻʦʤʧʝʨʮʦʚʝ ʩʠʛʤʦʠʜʘʣʥʝ ʬʫʥʢʮʠʿʝ ʩʘ ʧʘʨʘʤʝʪʨʠʤʘ 

ʬʠʪʦʚʘˁʘ k0 ʠ xc0 (k0 ʿʝ ʙʨʟʠʥʘ ʜʝʢʘʥʘʣʠʩʘˁʘ ʘ xc0 ʜʦʤʝʪ ʜʝʢʘʥʘʣʠʩʘˁʘ) [70]. ɼʝʢʘʥʘʣʠʩʘʥʠ 

ʿʦʥʠ ʥʘʜʘˀʝ ʩʝ ʪʨʝʪʠʨʘʿʫ ʢʘʦ ʧʨʠ ʩʣʫʯʘʿʥʦʿ ʦʨʠʿ ʝʥʪʘʮʠʿʠ ʢʨʠʩʪʘʣʘ. ʀʟʙʦʨ ʩʠʛʤʦʠʜʘʣʥʦʛ ʪʠʧʘ 

ʬʫʥʢʮʠʿʝ ʟʘ ʦʧʠʩ ʧʨʦʮʝʩʘ ʜʝʢʘʥʘʣʠʩʘˁʘ ʧʦʩʣʝʜʠʮʘ ʿʝ ʧʨʠʨʦʜʝ ʧʨʦʮʝʩʘ ʜʝʢʘʥʘʣʠʩʘˁʘ. ʅʘʠʤʝ, 

ʢʘʥʘʣʠʩʘʥʠ ʿʦʥʠ ʜʘˀʝ ʦʜ ʮʝʥʪʨʘ ʦʩʝ ʢʘʥʘʣʘ ʢʨʠʩʪʘʣʘ ʩʝ ʟʥʘʪʥʦ ʙʨʞʝ ʜʝʢʘʥʘʣʠʰʫ ʦʜ ʦʥʠʭ ʢʦʿʠ 

ʩʫ ʙʣʠʞʝ ʦʩʠ. ʂʘʦ ʧʦʩʣʝʜʠʮʘ ʪʦʛʘ, ʧʨʦʮʝʩ ʜʝʢʘʥʘʣʠʩʘˁʘ ʤʦʛʘʦ ʙʠ ʩʝ ʦʧʠʩʘʪʠ ʢʨʦʟ ʜʚʘ ʦʜʚʦʿʝʥʘ 

ʧʨʦʮʝʩʘ, ʿʝʜʘʥ ʟʘ ʩʣʘʙʦ ʠ ʜʨʫʛʠ ʟʘ ʩʥʘʞʥʦ ʢʘʥʘʣʠʩʘʥʝ ʿʦʥʝ. ʀʟ ʪʦʛ ʨʘʟʣʦʛʘ, ʧʦʞʝˀʥʦ ʿʝ ʜʘ 

ʬʫʥʢʮʠʿʘ ʜʝʢʘʥʘʣʠʩʘˁʘ ʠʤʘ ʪʘʯʢʫ ʧʨʝʛʠʙʘ, ʩʪʦʛʘ ʿʝ ʠ ʠʟʘʙʨʘʥʘ ʩʠʛʤʦʠʜʘʣʥʘ ʬʫʥʢʮʠʿʘ. 

ʇʨʦʛʨʘʤ ʧʨʘʪʠ ʧʨʦʧʘʛʘʮʠʿʫ ʜʝʢʘʥʘʣʠʩʘʥʠʭ ʿʦʥʘ ʫ ʢʨʠʩʪʘʣʫ ʧʨʠʤʝˁʫʿʫ˂ʠ ʥʘ ˁʠʤʘ ʠʩʪʠ 

ʨʘʯʫʥʩʢʠ ʧʨʦʮʝʩ ʢʘʦ ʠ ʢʦʜ ʩʣʫʯʘʿʥʝ ʦʨʠʿʝʥʪʘʮʠʿʝ ʢʨʠʩʪʘʣʘ, ʩʚʝ ʜʦʢ ʜʝʦ ʪʠʭ ʿʦʥʘ ʥʝ ʜʦʹʝ ʜʦ 

ʜʝʪʝʢʪʦʨʘ ʠ ʩʘʙʝʨʝ ʩʝ ʫ ʨʝʟʫʣʪʫʿʫ˂ʠ ʩʧʝʢʪʘʨ. ʅʘʢʦʥ ʪʦʛʘ ʧʨʦʛʨʘʤ ʩʝ ʚʨʘ˂ʘ ʥʘ ʢʘʥʘʣʠʩʘʥʠ ʜʝʦ 

ʩʥʦʧʘ ʢʦʿʠ ʧʨʦʣʘʟʠ ʫ ʩʣʝʜʝ˂ʠ ʩʣʦʿ ʠ ʧʦʩʪʫʧʘʢ ʩʝ ʠʪʝʨʘʪʠʚʥʦ ʧʦʥʘʚˀʘ ʜʦ ʤʦʤʝʥʪʘ ʢʘʜʘ ʿʦʥʠ 

ʚʠʰʝ ʥʝʤʘʿʫ ʝʥʝʨʛʠʿʫ ʜʘ ʥʘʧʫʩʪʝ ʤʝʪʫ. ɿʙʦʛ ʢʦʤʧʣʠʢʦʚʘʥʠʿʝʛ ʧʨʦʮʝʩʘ ʨʘʯʫʥʘˁʘ, ʨʘʯʫʥʘʨʩʢʦ 

ʚʨʝʤʝ ʿʝ ʟʘ ʨʝʜ ʚʝʣʠʯʠʥʝ ʚʝ˂ʝ ʫ ʩʣʫʯʘʿʫ ʢʘʥʘʣʠʩʘˁʘ. ʇʘʨʘʤʝʪʨʠ ʬʠʪʦʚʘˁʘ Ŭ0, k0 ʠ xc0 ʤʦʛʫ ʩʝ 
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ʤʘʥʫʝʣʥʦ ʫʥʦʩʠʪʠ ʫ ʧʨʦʛʨʘʤ ʠʣʠ ʤʦʛʫ ʙʠʪʠ ʧʨʦʮʝˁʝʥʠ ʢʦʨʠʰ˂ʝˁʝʤ ʧʨʦʮʝʩʘ ɢ2 ʤʠʥʠʤʠʟʘʮʠʿʝ 

ʢʦʨʠʩʪʝ˂ʠ MINUIT  ʘʣʛʦʨʠʪʘʤ ʨʘʟʚʠʿʝʥ ʫ CERN-ʫ [178]. 

 ʄʝʹʫʪʠʤ, ʫʢʦʣʠʢʦ ʿʝ ʩʪʨʫʢʪʫʨʘ ʢʨʠʩʪʘʣʥʝ ʨʝʰʝʪʢʝ ʥʘʨʫʰʝʥʘ (ʦʜʨʝʹʝʥʠ ʩʪʝʧʝʥ 

ʘʤʦʨʬʠʟʘʮʠʿʝ), ʜʦʣʘʟʠ ʜʦ ʧʦʿʘʚʝ ʜʦʜʘʪʥʦʛ ʨʘʩʝʿʘˁʘ ʿʦʥʘ ʥʘ ʘʤʦʨʬʥʦʿ ʬʘʟʠ ʠ ʧʦʩʣʝʜʠʯʥʦ ʜʦ 

ʧʦʚʝ˂ʘˁʘ ʧʨʠʥʦʩʘ ʫ ʩʧʝʢʪʨʫ. ʈʘʟʤʘʪʨʘˁʝ ʜʦʜʘʪʥʦʛ ʧʨʠʥʦʩʘ ʨʘʩʝʿʘˁʘ ʢʘʦ ʧʦʩʣʝʜʠʮʝ ʘʤʦʨʬʥʝ 

ʬʘʟʝ ʢʦʨʠʰ˂ʝˁʝʤ CSIM ʨʘʯʫʥʘʨʩʢʦʛ ʧʨʦʛʨʘʤʘ ʦʤʦʛʫ˂ʝʥʦ ʿʝ ʫʚʦʹʝˁʝʤ ʜʫʙʠʥʩʢʦʛ ʧʨʦʬʠʣʘ 

ʘʤʦʨʬʠʟʘʮʠʿʝ ʢʦʿʠ ʧʨʝʜʩʪʘʚˀʘ ʟʘʚʠʩʥʦʩʪ ʧʘʨʘʤʝʪʨʘ ʬʠʪʦʚʘˁʘ ɸ ʦʜ ʜʫʙʠʥʝ ʫʟʦʨʢʘ. ʇʘʨʘʤʝʪʘʨ 

ɸ ʧʨʝʜʩʪʘʚˀʘ ʦʜʥʦʩ ʢʨʠʩʪʘʣʥʝ ʠ ʘʤʦʨʬʥʝ ʬʘʟʝ ʠ ʠʤʘ ʚʨʝʜʥʦʩʪ ʦʜ 0 (ʰʪʦ ʦʟʥʘʯʘʚʘ ʩʘʚʨʰʝʥ 

ʢʨʠʩʪʘʣ) ʜʦ 1 (ʢʦʿʝ ʦʟʥʘʯʘʚʘ ʧʦʪʧʫʥʦ ʘʤʦʨʬʠʟʦʚʘʥ ʢʨʠʩʪʘʣ). ʋ ʨʘʥʠʿʦʿ ʩʪʫʜʠʿʠ ɽʨʠ˂ʘ ʠ 

ʩʘʨʘʜʥʠʢʘ, ʠʥʜʫʢʦʚʘʥʘ ʘʤʦʨʬʠʟʘʮʠʿʘ ʨʘʟʤʘʪʨʘʥʘ ʿʝ ʢʘʦ ʥʝʟʘʚʠʩʥʘ ʦʜ ʧʘʨʘʤʝʪʘʨʘ ʜʝʢʘʥʘʣʠʩʘˁʘ 

[121]. ɿʘ ʬʠʪʦʚʘˁʝ ʩʧʝʢʪʘʨʘ ʢʦʨʠʰ˂ʝʥʠ ʩʫ ʧʘʨʘʤʝʪʨʠ ʤʠʥʠʤʠʟʘʮʠʿʝ ʜʦʙʠʿʝʥʠ ʟʘ 

ʥʝʠʤʧʣʘʥʪʠʨʘʥʠ ʢʨʠʩʪʘʣ, ʜʦʢ ʩʝ ʧʨʦʬʠʣ ʘʤʦʨʬʠʟʘʮʠʿʝ ʫʚʦʜʠʦ ʥʝʟʘʚʠʩʥʦ. ʊʦʢʦʤ ʩʠʤʫʣʘʮʠʿʝ 

ʜʝʦ ʢʘʥʘʣʠʩʘʥʦʛ ʩʥʦʧʘ ʧʨʦʧʦʨʮʠʦʥʘʣʘʥ ʨʘʟʣʠʮʠ ʚʨʝʜʥʦʩʪʠ ʢʦʝʬʠʮʠʿʝʥʪʘ ɸ ʫ ʫʦʯʝʥʦʤ ʠ 

ʧʨʝʪʭʦʜʥʦʤ ʢʦʤʧʿʫʪʘʮʠʦʥʦʤ ʩʣʦʿʫ ʩʝ ʜʝʢʘʥʘʣʠʰʝ ʥʘ ʫʣʘʟʫ ʫ ʫʦʯʝʥʠ ʢʦʤʧʿʫʪʘʮʠʦʥʠ ʩʣʦʿ. 

ɻʣʘʚʥʦ ʧʦʙʦˀʰʘˁʝ CSIM ʧʨʦʛʨʘʤʩʢʦʛ ʧʘʢʝʪʘ, ʢʦʿʝ ʿʝ ʙʠʣʦ ʿʝʜʘʥ ʦʜ ʮʠˀʝʚʘ ʪʦʢʦʤ 

ʠʟʨʘʜʝ ʜʦʢʪʦʨʩʢʝ ʜʠʩʝʨʪʘʮʠʿʝ, ʫ ʦʜʥʦʩʫ ʥʘ ʨʘʥʠʿʫ ʚʝʨʟʠʿʫ ʢʦʨʠʰ˂ʝʥʫ ʫ ʩʪʫʜʠʿʠ ɽʨʠ˂ʘ ʠ 

ʩʘʨʘʜʥʠʢʘ ʦʛʣʝʜʘ ʩʝ ʫ ʥʦʚʠʤ ʧʨʝʪʧʦʩʪʘʚʢʘʤʘ ʨʘʯʫʥʘˁʘ ʧʘʨʘʤʝʪʘʨʘ ʬʠʪʦʚʘˁʘ. ʋ ʥʘʿʥʦʚʠʿʦʿ 

ʚʝʨʟʠʿʠ ʧʨʦʛʨʘʤʘ ʫʚʝʜʝʥʘ ʿʝ ʟʘʚʠʩʥʦʩʪ ʧʘʨʘʤʝʪʘʨʘ ʜʝʢʘʥʘʣʠʩʘˁʘ ʦʜ ʢʦʣʠʯʠʥʝ ʠʥʜʫʢʦʚʘʥʝ 

ʘʤʦʨʬʠʟʘʮʠʿʝ ʟʘ ʩʚʘʢʠ ʢʦʤʧʿʫʪʘʮʠʦʥʠ ʩʣʦʿ. ʇʨʠ ʠʟʨʘʯʫʥʘʚʘˁʫ ʝʥʝʨʛʠʿʩʢʠʭ ʛʫʙʠʪʘʢʘ 

ʢʘʥʘʣʠʩʘʥʦʛ ʜʝʣʘ ʩʥʦʧʘ, ʧʘʨʘʤʝʪʘʨ Ŭ0 ʿ ʝ ʟʘʤʝˁʝʥ ʧʘʨʘʤʝʪʨʦʤ Ŭ ʢʦʿʠ ʿʝ ʧʦʚʝʟʘʥ ʩʘ Ŭ0 ʥʘ ʩʣʝʜʝ˂ʠ 

ʥʘʯʠʥ: 

 ‌ ‌ ρ ‌ Ͻ̱  (5.1.) 

ʋʢʦʣʠʢʦ ʫ ʩʣʦʿʫ ʥʠʿʝ ʧʨʠʩʫʪʥʘ ʘʤʦʨʬʥʘ ʬʘʟʘ (ɸ = 0), ʥʝʘʤʦʨʬʠʟʦʚʘʥ ʢʨʠʩʪʘʣ, Ŭ ˂ ʝ ʙʠʪʠ ʿʝʜʥʘʢʦ 

Ŭ0, ʜʦʢ ˂ʝ ʫ ʩʣʫʯʘʿʫ ʧʦʪʧʫʥʝ ʘʤʦʨʬʠʟʘʮʠʿʝ (ɸ = 1) Ŭ ʙʠʪʠ ʿʝʜʥʘʢʦ 1, ʰʪʦ ʿʝ ʟʘʧʨʘʚʦ ʘʥʘʣʦʛʥʦ 

ʧʨʦʣʘʩʢʫ ʿʦʥʘ ʢʨʦʟ ʧʦʪʧʫʥʦ ʘʤʦʨʬʠʟʦʚʘʥ ʢʨʠʩʪʘʣ, ʠʣʠ ʢʘʢʦ ʩʤʦ ʨʘʥʠʿʝ ʥʘʧʦʤʝʥʫʣʠ ʦʜʛʦʚʘʨʘ 

ʩʣʫʯʘʿʥʦ ʦʨʠʿʝʥʪʠʩʘʥʦʤ ʢʨʠʩʪʘʣʫ. 

ɹʨʟʠʥʘ ʜʝʢʘʥʘʣʠʩʘˁʘ k ʠ ʜʦʤʝʪ ʜʝʢʘʥʘʣʠʩʘˁʘ xc, ʪʘʢʦʹʝ ʩʫ ʧʦʚʝʟʘʥʠ ʩʘ ʚʨʝʜʥʦʩʪʠʤʘ ʟʘ 

ʥʝʠʤʧʣʘʥʪʠʨʘʥʠ ʢʨʠʩʪʘʣ k0 ʠ xc0, ʠ ʠʟʨʘʯʫʥʘʚʘʿʫ ʩʝ ʧʨʝʤʘ ʩʣʝʜʝ˂ʠʤ ʿʝʜʥʘʯʠʥʘʤʘ: 

 ὼ ὼ Ͻρ ὃ (5.2.) 

 
Ὧ

Ὧ

ρ ὃ
 (5.3.) 

ʅʘ ʦʩʥʦʚʫ ʧʨʠʢʘʟʘʥʠʭ ʟʘʚʠʩʥʦʩʪʠ ʚʠʜʠ ʩʝ ʜʘ ʢʦʝʬʠʮʠʿʝʥʪ ʭʩ ʠʤʘ ʪʨʝʥʜ ʣʠʥʝʘʨʥʝ, ʜʦʢ 

ʢʦʝʬʠʮʠʿʝʥʪ k ʠʤʘ ʪʨʝʥʜ ʝʢʩʧʦʥʝʥʮʠʿʘʣʥʝ ʟʘʚʠʩʥʦʩʪʠ ʩʘ ʧʨʦʤʝʥʦʤ ʫʜʝʣʘ ʘʤʦʨʬʥʝ ʬʘʟʝ. ʋ 

ʩʣʫʯʘʿʫ ʢʘʜʘ ʿʝ ʫʜʝʦ ʘʤʦʨʬʥʝ ʬʘʟʝ ʫ ʢʨʠʩʪʘʣʫ ʿʝʜʥʘʢ ʥʫʣʠ, ʜʦʤʝʪ ʜʝʢʘʥʘʣʠʩʘˁʘ ʠ ʙʨʟʠʥʘ 

ʜʝʢʘʥʘʣʠʩʘˁʘ ʠʤʘʿʫ ʚʨʝʜʥʦʩʪʠ ʢʘʦ ʫ ʩʣʫʯʘʿʫ ʠʜʝʘʣʥʦʛ ʢʨʠʩʪʘʣʘ ʙʝʟ ʜʝʬʝʢʘʪʘ. ʂʘʜʘ ʿʝ ʢʨʠʩʪʘʣ 

ʧʦʪʧʫʥʦ ʘʤʦʨʬʠʟʦʚʘʥ, ʜʦʤʝʪ ʜʝʢʘʥʘʣʠʩʘˁʘ ʿʝ 0, ʜʦʢ ʿʝ ʙʨʟʠʥʘ ʜʝʢʘʥʘʣʠʩʘˁʘ ʙʝʩʢʦʥʘʯʥʘ 

(ʪʨʝʥʫʪʥʠ ʧʨʦʮʝʩ ʜʝʢʘʥʘʣʠʩʘˁʘ), ʰʪʦ ʿʝ ʬʠʟʠʯʢʠ ʦʧʨʘʚʜʘʥʘ ʯʠˁʝʥʠʮʘ. ʇʦʪʨʝʙʥʦ ʿʝ ʥʘʛʣʘʩʠʪʠ 

ʜʘ ʧʘʨʘʤʝʪʨʠ k ʠ xc ʟʘʚʠʩʝ ʦʜ ʩʪʝʧʝʥʘ ʢʦʣʠʤʠʩʘʥʦʩʪʠ ʿʦʥʩʢʦʛ ʩʥʦʧʘ. ʂʘʢʦ ʩʥʦʧ ʧʨʠʣʠʢʦʤ 

ʧʨʦʜʠʨʘˁʘ ʢʨʦʟ ʢʨʠʩʪʘʣ ʫʚʝʢ ʠʤʘ ʪʝʥʜʝʥʮʠʿʫ ʜʘ ʩʝ ʧʦʛʦʨʰʘʚʘ (ʰʠʨʠ), ʪʘʢʦ ʩʝ ʠ ʧʘʨʘʤʝʪʨʠ 

ʢʘʥʘʣʠʩʘˁʘ k ʠ xc Ăʧʦʛʦʨʰʘʚʘʿʫñ. ʉʪʦʛʘ ʿʝ ʫʚʝʜʝʥʘ ʧʨʝʪʧʦʩʪʘʚʢʘ ʜʘ ʩʝ ʧʘʨʘʤʝʪʨʠ ʢʘʥʘʣʠʩʘˁʘ 

ʥʝ ʤʦʛʫ Ăʧʦʧʨʘʚˀʘʪʠñ ʧʨʠʣʠʢʦʤ ʧʨʦʧʘʛʘʮʠʿʝ ʢʨʦʟ ʢʨʠʩʪʘʣ ʫ ʩʣʫʯʘʿʫ ʢʘʜʘ ʩʣʝʜʝ˂ʠ 

ʢʦʤʧʫʪʘʮʠʦʥʠ ʩʣʦʿ ʠʤʘ ʤʘˁʠ ʫʜʝʦ ʘʤʦʨʬʠʟʘʮʠʿʝ ʫ ʦʜʥʦʩʫ ʥʘ ʧʨʝʪʭʦʜʥʠ. ʂʘʦ ʧʦʩʣʝʜʠʮʘ, 

ʧʘʨʘʤʝʪʨʠ k ʠ xc ʟʘʜʨʞʘʚʘʿʫ ʚʨʝʜʥʦʩʪʠ ʢʦʿʝ ʜʦʙʠʿʫ ʫ ʢʦʤʧʿʫʪʘʮʠʦʥʦʤ ʩʣʦʿʫ ʩʘ ʥʘʿʚʠʰʠʤ 

ʩʪʝʧʝʥʦʤ ʘʤʦʨʬʠʟʘʮʠʿʝ ʠ ʟʘ ʩʚʝ ʢʦʤʧʿʫʪʘʮʠʦʥʝ ʩʣʦʿʝʚʝ ʥʘʢʦʥ ˁʝʛʘ. ʅʘ ʩʣʠʮʠ 28 ʧʨʠʢʘʟʘʥ ʿʝ 

CSIM ʨʘʯʫʥʩʢʠ ʘʣʛʦʨʠʪʘʤ. 
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5.4.1. ʇʨʦʮʝʜʫʨʘ ʬʠʪʦʚʘˁʘ ɽBS/ʉ ʩʧʝʢʪʘʨʘ 

 ʇʨʚʠ ʢʦʨʘʢ ʫ ʧʨʦʮʝʜʫʨʠ ʬʠʪʦʚʘˁʘ ɽɺɮ ʠ ɽɺɮ/ʉ ʩʧʝʢʪʘʨʘ ʿʝʩʪʝ ʢʦʥʚʝʨʟʠʿʘ ʚʨʝʜʥʦʩʪʠ 

ʩʢʘʣʝ ʙʨʦʿʘ ʢʘʥʘʣʘ (Ch) ʜʝʪʝʢʪʦʨʘ ʫ ʩʢʘʣʫ ʝʥʝʨʛʠʿʝ (E), ʪʦ ʿʝʩʪ ʝʥʝʨʛʠʿʩʢʘ ʢʘʣʠʙʨʘʮʠʿʘ. 

ʇʨʦʮʝʜʫʨʘ ʩʝ ʚʨʰʠ ʥʘʜ ɽɺɮ ʩʧʝʢʪʨʠʤʘ ʥʝʠʤʧʣʘʥʪʠʨʘʥʠʭ ʫʟʦʨʘʢʘ. ʇʨʝʪʧʦʩʪʘʚˀʝʥʘ ʿʝ 

ʣʠʥʝʘʨʥʘ ʟʘʚʠʩʥʦʩʪ: 

 Ὁ ὴὅ ὴ (5.4.) 

ʛʜʝ ʨ1 ʠ ʨ2 ʧʨʝʜʩʪʘʚˀʘʿʫ ʢʦʥʩʪʘʥʪʝ ʟʘ ʜʘʪʠ ʩʝʪ ʩʧʝʢʪʘʨʘ. ʋ ʧʨʦʛʨʘʤ ʩʝ ʫʥʦʩʝ ʧʦʪʨʝʙʥʠ 

ʧʘʨʘʤʝʪʨʠ ʚʝʟʘʥʠ ʟʘ ʤʝʪʫ (ʩʘʩʪʘʚ ʢʨʠʩʪʘʣʘ, ʩʪʝʭʠʦʤʝʪʨʠʿʘ, ʘʪʦʤʩʢʘ ʛʫʩʪʠʥʘ, ʙʨʦʿ ʩʣʦʿʝʚʘ, 

ʠʩʧʠʪʠʚʘʥʘ ʜʫʙʠʥʘ), ʿʦʥʩʢʠ ʩʥʦʧ (ʝʥʝʨʛʠʿʘ, ʝʥʝʨʛʠʿʩʢʘ ʰʠʨʠʥʘ), ʜʝʪʝʢʪʦʨ (ʫʛʘʦ, ʠʩʧʠʪʠʚʘʥʠ 

ʦʧʩʝʛ ʝʥʝʨʛʠʿʘ, ʨʝʟʦʣʫʮʠʿʘ) ʢʘʦ ʠ ʢʦʨʠʰ˂ʝʥʠ ʧʦʧʨʝʯʥʠ ʧʨʝʩʝʮʠ. ʄʝˁʘˁʝʤ ʚʨʝʜʥʦʩʪʠ 

ʧʘʨʘʤʝʪʘʨʘ p1 ʠ ʨ2 ʜʦʙʠʿʘʿʫ ʩʝ ʨʘʟʣʠʯʠʪʝ ʚʨʝʜʥʦʩʪʠ ʩʢʘʣʝ ʝʥʝʨʛʠʿʘ. ʉʧʝʢʪʨʠ ʩʘ ʥʦʚʦʜʦʙʠʿʝʥʠʤ 

ʩʢʘʣʘʤʘ ʝʥʝʨʛʠʿʘ ʫʥʦʩʝ ʩʝ ʫ ʧʨʦʛʨʘʤ ʛʜʝ ʩʝ ʚʨʰʠ ˁʠʭʦʚʦ ʬʠʪʦʚʘˁʝ. ʆʚʘʿ ʧʦʩʪʫʧʘʢ ʩʝ ʧʦʥʘʚˀʘ 

ʩʚʝ ʜʦʢ ʩʝ ʥʝ ʜʦʙʠʿʝ ʜʦʙʨʦ ʧʦʢʣʘʧʘˁʝ ʩʠʤʫʣʠʨʘʥʦʛ ʩʧʝʢʪʨʘ ʩʘ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʠʤ. ɿʘ ʬʠʪʦʚʘˁʝ 

ɽɺɮ/ʉ ʩʧʝʢʪʘʨʘ, ʥʘʢʦʥ ʟʘʚʨʰʝʥʝ ʝʥʝʨʛʠʿʩʢʝ ʢʘʣʠʙʨʘʮʠʿʝ, ʢʦʨʠʩʪʠ ʩʝ ɢ2 ʧʨʦʮʝʜʫʨʘ 

ʤʠʥʠʤʠʟʘʮʠʿʝ. ʂʘʦ ʨʝʟʫʣʪʘʪ ʬʠʪʦʚʘˁʘ ɢ2 ʤʠʥʠʤʠʟʘʮʠʿʝ ʜʦʙʠʿʘʿʫ ʩʝ ʧʘʨʘʤʝʪʘʨʠ ʢʘʥʘʣʠʩʘˁʘ ʟʘ 

ʩʣʫʯʘʿ ʥʝʠʤʧʣʘʥʪʠʨʘʥʦʛ ʢʨʠʩʪʘʣʘ, Ŭ0, k0 ʠ xc0. ɼʦʙʠʿʝʥʘ ʝʥʝʨʛʠʿʩʢʘ ʢʘʣʠʙʨʘʮʠʿʘ ʢʦʨʠʩʪʠ ʩʝ ʠ 

ʢʦʜ ʩʧʝʢʪʘʨʘ ʠʤʧʣʘʥʪʠʨʘʥʠʭ ʫʟʦʨʘʢʘ ʩʥʠʤˀʝʥʠʭ ʧʨʠ ʠʩʪʦʤ ʩʝʪʫ ʧʘʨʘʤʝʪʘʨʘ (ʧʨʠ ʠʩʪʠʤ 

ʫʩʣʦʚʠʤʘ ʠ ʝʥʝʨʛʠʿʘʤʘ ʧʨʦʪʦʥʘ). ɿʘ ʩʧʝʢʪʨʝ ʥʝʠʤʧʣʘʥʪʠʨʘʥʠʭ ʫʟʦʨʘʢʘ ʦʚʦ ʿʝ ʢʨʘʿ ʧʨʦʮʝʜʫʨʝ 

ʬʠʪʦʚʘˁʘ. 

 ʋ ʩʣʫʯʘʿʫ ʘʤʦʨʬʠʟʦʚʘʥʠʭ ʢʨʠʩʪʘʣʘ, ʥʘʢʦʥ ʢʦʥʚʝʨʟʠʿʝ ʝʥʝʨʛʠʿʩʢʝ ʩʢʘʣʝ, ʩʧʝʢʪʨʠ ʠ 

ʧʨʝʪʭʦʜʥʦ ʜʦʙʠʿʝʥʠ ʧʘʨʘʤʝʪʨʠ (Ŭ0, k0 ʠ xc0) ʟʘʿʝʜʥʦ ʩʘ ʦʩʪʘʣʠʤ ʫʣʘʟʥʠʤ ʠʥʬʦʨʤʘʮʠʿʘʤʘ ʫʥʦʩʝ 

ʩʝ ʫ ʧʨʦʛʨʘʤ. ʇʨʝʪʧʦʩʪʘʚʠ ʩʝ ʜʫʙʠʥʩʢʠ ʧʨʦʬʠʣ ʘʤʦʨʬʠʟʘʮʠʿʝ (ɸ) ʥʘʢʦʥ ʯʝʛʘ ʧʨʦʛʨʘʤ ʩʠʤʫʣʠʨʘ 

ɽBS/ʉ ʩʧʝʢʪʘʨ ʢʦʿʠ ʩʘʜʨʞʠ ʜʦʜʘʪʥʠ ʧʨʠʥʦʩ ʢʦʿʠ ʧʦʪʠʯʝ ʦʜ ʘʤʦʨʬʥʝ ʬʘʟʝ. ʄʝˁʘˁʝʤ ʧʨʦʬʠʣʘ 

ʘʤʦʨʬʠʟʘʮʠʿʝ ʠʟʨʘʯʫʥʘʚʘʿʫ ʩʝ ʥʦʚʠ ʩʝʪʦʚʠ ʧʘʨʘʤʝʪʘʨʘ Ŭ, k ʠ xc ʠ ʪʝʞʠ ʩʝ ʜʦʙʠʿʘˁʫ 

ʩʠʤʫʣʠʨʘʥʦʛ ʩʧʝʢʪʨʘ ʢʦʿʠ ʿʝ ʰʪʦ ʧʨʠʙʣʠʞʥʠʿʠ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʦʤ. ʂʘʜʘ ʩʝ ʧʦʩʪʠʛʥʝ 

ʦʜʛʦʚʘʨʘʿʫ˂ʘ ʪʘʯʥʦʩʪ ʩʠʤʫʣʠʨʘʥʦʛ ʩʧʝʢʪʨʘ, ʧʨʦʮʝʜʫʨʘ ʩʝ ʟʘʚʨʰʘʚʘ. 

5.5. ʆʜʨʝʹʠʚʘˁʝ ʧʨʦʬʠʣʘ ʘʤʦʨʬʠʟʘʮʠʿʝ 

 ʅʝʧʦʩʨʝʜʥʦ ʧʨʝ ʪʫʤʘʯʝˁʘ ɽɺɮ/ʉ ʩʧʝʢʪʘʨʘ, ʠʟʚʨʰʝʥʦ ʿʝ ʬʠʪʦʚʘˁʝ ɽɺɮ ʩʧʝʢʪʘʨʘ 

ʥʝʠʤʧʣʘʥʪʠʨʘʥʠʭ ʫʟʦʨʘʢʘ ʜʦʙʠʿʝʥʠʭ ʧʦʤʦ˂ʫ ʧʨʦʪʦʥʘ ʝʥʝʨʛʠʿʘ 1,000 ʄʝV, 1,725 ʄʝV ʠ 1,860 

ʄʝV. ʆʜʘʙʠʨʦʤ SigmaCalc 2.0 ʜʠʬʝʨʝʥʮʠʿʘʣʥʠʭ ʝʣʘʩʪʠʯʥʠʭ ʧʦʧʨʝʯʥʠʭ ʧʨʝʩʝʢʘ (ʙʠʙʣʠʦʪʝʢʘ 

IBANDL  [138-140]) ʟʘ ʨʘʩʝʿʘˁʝ ʥʘ ʘʪʦʤʠʤʘ ʫʛˀʝʥʠʢʘ ʠ ʩʠʣʠʮʠʿʫʤʘ ʧʨʠ ʫʛʣʫ ʦʜ 160Á ʠʟʚʨʰʝʥʦ 

ʿʝ ʬʠʪʦʚʘˁʝ. ʇʨʦʮʝʩʦʤ ʬʠʪʦʚʘˁʘ ʠʟʚʨʰʝʥʘ ʿʝ ʢʦʥʚʝʨʟʠʿʘ ʩʢʘʣʝ ʙʨʦʿʘ ʢʘʥʘʣʘ ʫ ʩʢʘʣʫ ʝʥʝʨʛʠʿʝ 

ʠ ʢʘʣʠʙʨʘʮʠʦʥʠ ʧʘʨʘʤʝʪʨʠ ʧʨʠʢʘʟʘʥʠ ʩʫ ʫ ʪʘʙʝʣʠ 6. ʊʘʢʦʹʝ, ʩʧʝʢʪʨʠ ʩʫ ʬʠʪʦʚʘʥʠ ʠ ʧʦʤʦ˂ʫ 

ʧʨʦʛʨʘʤʘ SIMNRA ʢʦʨʠʰ˂ʝˁʝʤ ʠʩʪʦʛ ʩʝʪʘ ʫʣʘʟʥʠʭ ʧʘʨʘʤʝʪʘʨʘ. ʈʝʟʫʣʪʘʪʠ ʬʠʪʦʚʘˁʘ 

ʧʨʠʢʘʟʘʥʠ ʩʫ ʥʘ ʩʣʠʮʠ 29. ʉʠʤʫʣʠʨʘʥʠ ʩʧʝʢʪʨʠ ʟʘ ʨʘʟʣʠʯʠʪʝ ʝʥʝʨʛʠʿʝ ʧʨʦʪʦʥʘ ʜʦʙʠʿʝʥʠ 

ʧʦʤʦ˂ʫ ʉɮIʄ ʠ SIMNRA ʨʘʯʫʥʘʨʩʢʠʭ ʧʨʦʛʨʘʤʘ ʚʝʦʤʘ ʜʦʙʨʦ ʨʝʧʨʦʜʫʢʫʿʫ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʝ 

ʧʦʜʘʪʢʝ. ʈʘʟʣʠʢʘ ʠʟʤʝʹʫ ʢʨʠʚʠʭ ʜʦʙʠʿʝʥʠʭ ʨʘʟʣʠʯʠʪʠʤ ʧʨʦʛʨʘʤʠʤʘ ʿʝ ʤʘʣʘ, ʰʪʦ ʿʝ ʧʦʪʚʨʜʘ 

ʧʦʫʟʜʘʥʦʩʪʠ ʉɮIʄ ʧʨʦʛʨʘʤʘ. 

ʊʘʙʝʣʘ 6. ʂʘʣʠʙʨʘʮʠʦʥʝ ʚʨʝʜʥʦʩʪʠ ʥʘʛʠʙʘ (ʨ1) ʠ ʦʜʩʝʯʢʘ (ʨ2) ʣʠʥʝʘʨʥʝ ʟʘʚʠʩʥʦʩʪʠ ʙʨʦʿʘ 

ʢʘʥʘʣʘ ʦʜ ʝʥʝʨʛʠʿʝ ʿʦʥʩʢʦʛ ʩʥʦʧʘ. 

ɽʥʝʨʛʠʿʘ [ʄʝV] p1 [MeV]  p2 [MeV]  

1,000 0,00183 0,095 

1,725 0,00185 0,065 

1,860 0,00189 0,032 
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ʘ) ʙ) 

  
                                          ʚ) 

 
 

ʉʣʠʢʘ 29. ʌʠʪʦʚʘʥʠ ɽɺɮ ʩʧʝʢʪʨʠ ʥʝʠʤʧʣʘʥʪʠʨʘʥʠʭ ʫʟʦʨʘʢʘ ʜʦʙʠʿʝʥʠ ʧʦʤʦ˂ʫ ʧʨʦʪʦʥʘ 

ʝʥʝʨʛʠʿʘ a) 1,000 ʄʝV, ʙ) 1,725 ʄʝV ʠ ʚ) 1,860 ʄʝV ʢʦʨʠʰ˂ʝˁʝʤ ʉɮIʄ (ʮʨʚʝʥʠ ʩʧʝʢʪʘʨ) ʠ 

SIMNRA (ʧʣʘʚʠ ʩʧʝʢʪʘʨ) ʨʘʯʫʥʘʨʩʢʠʭ ʧʨʦʛʨʘʤʘ. 

ʄʘʣʘ ʦʜʩʪʫʧʘˁʘ ʦʜ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʠʭ ʧʦʜʘʪʘʢʘ ʧʨʠ ʢʦʨʠʰ˂ʝˁʫ ʦʙʘ ʨʘʯʫʥʘʨʩʢʘ 

ʧʨʦʛʨʘʤʘ ʿʘʚˀʘʿʫ ʩʝ ʫ ʨʝʛʠʦʥʫ ʥʠʩʢʠʭ ʝʥʝʨʛʠʿʘ ʫ ʩʧʝʢʪʨʫ ʠ ʫ ʦʢʦʣʠʥʠ ʨʝʟʦʥʘʥʪʥʠʭ ʧʠʢʦʚʘ. 

ʆʜʩʪʫʧʘˁʝ ʬʠʪʦʚʘʥʝ ʢʨʠʚʝ ʦʜ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʝ ʧʨʠ ʥʠʩʢʠʤ ʝʥʝʨʛʠʿʘʤʘ ʦʙʿʘʰˁʘʚʘ ʩʝ ʧʦʿʘʚʦʤ 

ʚʠʰʝʩʪʨʫʢʦʛ ʨʘʩʝʿʘˁʘ ʿʦʥʘ [179]. ɺʠʰʝʩʪʨʫʢʦ ʨʘʩʝʿʘˁʝ ʧʦʜʨʘʟʫʤʝʚʘ ʜʘ ʩʝ ʿʦʥ ʨʘʩʝʿʝ ʚʠʰʝ ʧʫʪʘ 

ʥʘ ʿʝʟʛʨʠʤʘ ʤʝʪʝ ʧʨʝ ʥʝʛʦ ʰʪʦ ʥʘʧʫʩʪʠ ʤʝʪʫ ʠ ʙʫʜʝ ʜʝʪʝʢʪʦʚʘʥ. ʅʘʠʤʝ, ʧʨʠ ʥʠʩʢʠʤ ʝʥʝʨʛʠʿʘʤʘ 

ʿʦʥʘ, ʝʥʝʨʛʠʿʩʢʠ ʥʫʢʣʝʘʨʥʠ ʛʫʙʠʮʠ ʜʦʣʘʟʝ ʜʦ ʠʟʨʘʞʘʿʘ ʠ ʩ ʪʠʤ ʫ ʚʝʟʠ ʧʨʦʮʝʩ ʨʘʩʝʿʘˁʘ ʧʦʩʪʘʿʝ 

ʬʨʝʢʚʝʥʪʥʠʿʠ. ʋʩʣʝʜ ʪʦʛʘ, ʚʝʨʦʚʘʪʥʦ˂ʘ ʚʠʰʝʩʪʨʫʢʠʭ ʩʫʜʘʨʘ ʨʘʩʪʝ. ɼʦʜʘʪʥʦ, ʚʠʰʝʩʪʨʫʢʦ 

ʨʘʩʝʿʘʥʠ ʿʦʥʠ ʧʨʝʹʫ ʠ ʜʫʞʠ ʧʫʪ, ʛʫʙʝ ʚʠʰʝ ʝʥʝʨʛʠʿʝ ʟʙʦʛ ʯʝʛʘ ʩʝ ʜʝʪʝʢʪʫʿʫ ʥʘ ʥʠʞʠʤ 

ʝʥʝʨʛʠʿʘʤʘ. ʂʦʨʠʰ˂ʝʥʠ ʨʘʯʫʥʘʨʩʢʠ ʧʨʦʛʨʘʤʠ ʥʝ ʫʟʠʤʘʿʫ ʫ ʦʙʟʠʨ ʚʠʰʝʩʪʨʫʢʦ ʨʘʩʝʿʘˁʝ. ʄʘˁʝ 

ʦʜʩʪʫʧʘˁʝ ʬʠʪʦʚʘʥʠʭ ʢʨʠʚʠʭ ʦʜ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʠʭ ʫ ʦʢʦʣʠʥʠ ʨʝʟʦʥʘʥʪʥʠʭ ʧʠʢʦʚʘ ʿʘʚˀʘʿʫ ʩʝ 

ʢʘʦ ʧʦʩʣʝʜʠʮʘ ʦʜʩʫʩʪʚʘ ʠʜʝʘʣʥʦʛ ʤʦʥʦʝʥʝʨʛʠʿʩʢʦʛ ʩʥʦʧʘ. ɽʥʝʨʛʠʿʘ ʿʦʥʩʢʦʛ ʩʥʦʧʘ ʪʦʢʦʤ 

ʝʢʩʧʝʨʠʤʝʥʪʘ ʧʦʢʘʟʫʿʝ ʤʘˁʝ ʬʣʫʢʪʫʘʮʠʿʝ (ʥʝʢʦʣʠʢʦ keV) ʜʦʢ ʉɮIʄ ʧʨʦʛʨʘʤ ʜʝʬʠʥʠʰʝ 

ʝʥʝʨʛʠʿʫ ʩʥʦʧʘ ʢʘʦ ʢʦʥʩʪʘʥʪʥʫ. ɺʨʝʜʥʦʩʪʠ ʜʠʬʝʨʝʥʮʠʿʘʣʥʠʭ ʧʦʧʨʝʯʥʠʭ ʧʨʝʩʝʢʘ ʨʘʩʝʿʘˁʘ 

ʧʦʢʘʟʫʿʫ ʠʟʨʘʟʠʪʫ ʟʘʚʠʩʥʦʩʪ ʦʜ ʝʥʝʨʛʠʿʝ ʫ ʦʢʦʣʠʥʠ ʨʝʟʦʥʘʥʪʥʠʭ ʧʠʢʦʚʘ (ʩʣʠʢʘ 25), ʪʝ ʩʝ ʩʪʦʛʘ 

ʿʘʚˀʘ ʦʜʩʪʫʧʘˁʝ ʫ ʚʠʜʫ ʧʨʦʤʝʥʝ ʠʥʪʝʥʟʠʪʝʪʘ. ʇʨʦʤʝʥʝ ʩʫ ʧʦʩʝʙʥʦ ʠʟʨʘʞʝʥʝ ʫ ʦʢʦʣʠʥʠ ʚʝʦʤʘ 

ʠʥʪʝʥʟʠʚʥʦʛ 12C(p0,p)12C ʨʝʟʦʥʘʥʪʥʦʛ ʧʠʢʘ ʟʘ ʩʧʝʢʪʨʝ ʜʦʙʠʿʝʥʝ ʧʨʦʪʦʥʠʤʘ ʝʥʝʨʛʠʿʝ 1,860 ʄʝV. 

ʊʘʢʦʹʝ, ʝʥʝʨʛʠʿʘ ʩʥʦʧʘ ʪʦʢʦʤ ʝʢʩʧʝʨʠʤʝʥʪʘ ʧʦʢʘʟʫʿʝ ʤʘˁʝ ʬʣʫʢʪʫʘʮʠʿʝ, ʜʦʢ ʉɮIʄ ʧʨʦʛʨʘʤ 

ʜʝʬʠʥʠʰʝ ʝʥʝʨʛʠʿʫ ʩʥʦʧʘ ʢʘʦ ʢʦʥʩʪʘʥʪʥʫ. 
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ʘ) ʙ) 

  
ʚ) ʛ) 

  
ʜ) ʹ) 

  
ʝ) ʞ) 

  
 

ʉʣʠʢʘ 30. ɽɺɮ/ʉ ʩʧʝʢʪʨʠ ʧʨʦʪʦʥʘ ʝʥʝʨʛʠʿʘ 1,000 ʄʝV ʟʘ ʘ) ʥʝʠʤʧʣʘʥʪʠʨʘʥʠ ʫʟʦʨʘʢ  

6ʅ-ɮiʉ ʢʘʦ ʠ ʠʤʧʣʘʥʪʠʨʘʥʝ ʫʟʦʨʢʝ ʢʦʨʠʰ˂ʝˁʝʤ ʿʦʥʘ ʫʛˀʝʥʠʢʘ ʬʣʫʝʥʩʘ: ʙ) 1,35Ĭ1015 

ʿʦʥʘĿcmī2 (ʄ(C-l)4), ʚ) 6,74×1015 ʿʦʥʘĿcmī2 (ʄ(C-m)2), ʛ) 20,2Ĭ1015 ʿʦʥʘĿcmī2 (ʄ(C-h)3); ʠ 

ʿʦʥʘ ʩʠʣʠʮʠʿʫʤʘ ʬʣʫʝʥʩʘ: ʜ) 4,17Ĭ1014 ʿʦʥʘĿcmī2 (ʄ(Si-l)9), ʹ) 8,33Ĭ1014 ʿʦʥʘĿcmī2  

(ʄ(Si-ll)8), ʝ) 4,17Ĭ1015 ʿʦʥʘĿcmī2 (ʄ(Si-m)6) ʠ ʞ) 9,17Ĭ1015 ʿʦʥʘĿcmī2 (ʄ(Si-h)5). ʎʨʥʝ 

ʪʘʯʢʝ ʧʨʝʜʩʪʘʚˀʘʿʫ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʝ ʧʦʜʘʪʢʝ ʘ ʮʨʚʝʥʝ ʣʠʥʠʿʝ CSIM ʨʝʟʫʣʪʘʪʝ.  
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ʘ) ʙ) 

  
ʚ) ʛ) 

  
ʜ) ʹ) 

  
ʝ) ʞ) 

  
 

ʉʣʠʢʘ 31. ɽɺɮ/ʉ ʩʧʝʢʪʨʠ ʧʨʦʪʦʥʘ ʝʥʝʨʛʠʿʘ 1,725 ʄʝV ʟʘ ʘ) ʥʝʠʤʧʣʘʥʪʠʨʘʥʠ ʫʟʦʨʘʢ  

6ʅ-ɮiʉ ʢʘʦ ʠ ʠʤʧʣʘʥʪʠʨʘʥʝ ʫʟʦʨʢʝ ʢʦʨʠʰ˂ʝˁʝʤ ʿʦʥʘ ʫʛˀʝʥʠʢʘ ʬʣʫʝʥʩʘ: ʙ) 1,35Ĭ1015 

ʿʦʥʘĿcmī2 (ʄ(C-l)4), ʚ) 6,74×1015 ʿʦʥʘĿcmī2 (ʄ(C-m)2), ʛ) 20,2Ĭ1015 ʿʦʥʘĿcmī2 (ʄ(C-h)3); ʠ 

ʿʦʥʘ ʩʠʣʠʮʠʿʫʤʘ ʬʣʫʝʥʩʘ: ʜ) 4,17Ĭ1014 ʿʦʥʘĿcmī2 (ʄ(Si-l)9), ʹ) 8,33Ĭ1014 ʿʦʥʘĿcmī2  

(ʄ(Si-ll)8), ʝ) 4,17Ĭ1015 ʿʦʥʘĿcmī2 (ʄ(Si-m)6) ʠ ʞ) 9,17Ĭ1015 ʿʦʥʘĿcmī2 (ʄ(Si-h)5). ʎʨʥʝ 

ʪʘʯʢʝ ʧʨʝʜʩʪʘʚˀʘʿʫ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʝ ʧʦʜʘʪʢʝ ʘ ʮʨʚʝʥʝ ʣʠʥʠʿʝ CSIM ʨʝʟʫʣʪʘʪʝ. 
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ʘ) ʙ) 

  
ʚ) ʛ) 

  
ʜ) ʹ) 

  
ʝ) ʞ) 

  
 

ʉʣʠʢʘ 32. ɽɺɮ/ʉ ʩʧʝʢʪʨʠ ʧʨʦʪʦʥʘ ʝʥʝʨʛʠʿʘ 1,860 ʄʝV ʟʘ ʘ) ʥʝʠʤʧʣʘʥʪʠʨʘʥʠ ʫʟʦʨʘʢ  

6ʅ-ɮiʉ ʢʘʦ ʠ ʠʤʧʣʘʥʪʠʨʘʥʝ ʫʟʦʨʢʝ ʢʦʨʠʰ˂ʝˁʝʤ ʿʦʥʘ ʫʛˀʝʥʠʢʘ ʬʣʫʝʥʩʘ: ʙ) 1,35Ĭ1015 

ʿʦʥʘĿcmī2 (ʄ(C-l)4), ʚ) 6,74×1015 ʿʦʥʘĿcmī2 (ʄ(C-m)2), ʛ) 20,2Ĭ1015 ʿʦʥʘĿcmī2 (ʄ(C-h)3); ʠ 

ʿʦʥʘ ʩʠʣʠʮʠʿʫʤʘ ʬʣʫʝʥʩʘ: ʜ) 4,17Ĭ1014 ʿʦʥʘĿcmī2 (ʄ(Si-l)9), ʹ) 8,33Ĭ1014 ʿʦʥʘĿcmī2  

(ʄ(Si-ll)8), ʝ) 4,17Ĭ1015 ʿʦʥʘĿcmī2 (ʄ(Si-m)6) ʠ ʞ) 9,17Ĭ1015 ʿʦʥʘĿcmī2 (ʄ(Si-h)5). ʎʨʥʝ 

ʪʘʯʢʝ ʧʨʝʜʩʪʘʚˀʘʿʫ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʝ ʧʦʜʘʪʢʝ ʘ ʮʨʚʝʥʝ ʣʠʥʠʿʝ CSIM ʨʝʟʫʣʪʘʪʝ. 
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ʅʘ ʩʣʠʢʘʤʘ 30ï32 ʧʨʠʢʘʟʘʥʠ ʩʫ ɽɺɮ/ʉ ʩʧʝʢʪʨʠ ʠʤʧʣʘʥʪʠʨʘʥʠʭ ʠ ʥʝʠʤʧʣʘʥʪʠʨʘʥʠʭ 

ʫʟʦʨʘʢʘ 6ʅ-ɮiʉ ʜʦʙʠʿʝʥʠ ʧʦʤʦ˂ʫ ʧʨʦʪʦʥʘ ʝʥʝʨʛʠʿʘ 1,000 ʄʝV, 1,725 ʄʝV ʠ 1,860 ʄʝV, ʢʘʦ ʠ 

ʢʨʠʚʝ ʜʦʙʠʿʝʥʝ ʬʠʪʦʚʘˁʝʤ ʧʦʤʦ˂ʫ ʉɮIʄ ʧʨʦʛʨʘʤʘ. ʂʘʦ ʨʝʬʝʨʝʥʪʥʝ ʚʨʝʜʥʦʩʪʠ ʟʘ ʢʘʣʠʙʨʘʮʠʿʫ 

ʩʢʘʣʝ ʝʥʝʨʛʠʿʝ ʢʦʨʠʰ˂ʝʥʠ ʩʫ ʧʘʨʘʤʝʪʨʠ ʜʦʙʠʿʝʥʠ ʧʦʤʦ˂ʫ ɽɺɮ ʩʧʝʢʪʘʨʘ (ʪʘʙʝʣʘ 6) ʫʟ ʬʠʥʦ 

ʧʦʜʝʰʘʚʘˁʝ ʝʥʝʨʛʠʿʝ ʩʥʦʧʘ ʢʦʿʝ ʩʝ ʦʛʣʝʜʘʣʦ ʫ ʧʨʦʤʝʥʠ ʚʨʝʜʥʦʩʪʠ ʝʥʝʨʛʠʿʝ ʩʥʦʧʘ ʦʜ 0,001 ʄʝV 

ʜʦ 0,006 ʄʝV. 

ʇʘʨʘʤʝʪʨʠ ʢʘʥʘʣʠʩʘˁʘ ʜʦʙʠʿʝʥʠ ʥʘʢʦʥ ɢ2 ʧʨʦʮʝʜʫʨʝ ʤʠʥʠʤʠʟʘʮʠʿʝ ɽɺɮ/ʉ ʩʧʝʢʪʘʨʘ 

ʥʝʠʤʧʣʘʥʪʠʨʘʥʠʭ ʫʟʦʨʘʢʘ ʟʘ ʨʘʟʣʠʯʠʪʝ ʝʥʝʨʛʠʿʝ ʧʨʦʪʦʥʘ ʧʨʠʢʘʟʘʥʠ ʩʫ ʫ ʪʘʙʝʣʠ 7. ʀʟ ʪʘʙʝʣʝ 7 

ʤʦʞʝ ʩʝ ʟʘʢˀʫʯʠʪʠ ʜʘ ʚʨʝʜʥʦʩʪ ʧʘʨʘʤʝʪʨʘ k ʦʧʘʜʘ ʩʘ ʧʦʨʘʩʪʦʤ ʝʥʝʨʛʠʿʝ, ʜʦʢ ʚʨʝʜʥʦʩʪ 

ʧʘʨʘʤʝʪʨʘ ʭʩ ʨʘʩʪʝ. ʆʚʦ ʿʝ ʫ ʩʢʣʘʜʫ ʩʘ ʨʘʥʠʿʝ ʜʦʙʠʿʝʥʠʤ ʨʝʟʫʣʪʘʪʠʤʘ ʠ ʬʠʟʠʯʢʦʤ 

ʠʥʪʝʨʧʨʝʪʘʮʠʿʦʤ ʧʘʨʘʤʝʪʘʨʘ. ʅʘʠʤʝ, ʛʣʘʚʥʠ ʤʝʭʘʥʠʟʘʤ ʫʩʧʦʨʘʚʘˁʘ ʢʘʥʘʣʠʩʘʥʠʭ ʿʦʥʘ ʦʜʚʠʿʘ 

ʩʝ ʢʨʦʟ ʠʥʪʝʨʘʢʮʠʿʫ ʩʘ ʝʣʝʢʪʨʦʥʠʤʘ ʢʘʥʘʣʘ ʤʝʪʝ. ʉʭʦʜʥʦ ʪʦʤʝ, ʩʘ ʧʦʨʘʩʪʦʤ ʝʥʝʨʛʠʿʝ ʿʦʥʩʢʦʛ 

ʩʥʦʧʘ ʦʯʝʢʫʿʝ ʩʝ ʫʩʧʦʨʘʚʘˁʝ ʧʨʦʮʝʩʘ ʜʝʢʘʥʘʣʠʩʘˁʘ (ʩʤʘˁʝˁʝ k), ʿʝʨ ʩʝ Ăʠʩʪʠñ ʙʨʦʿ 

ʠʥʪʝʨʘʢʮʠʿʘ ʿʦʥʘ ʩʘ ʝʣʝʢʪʨʦʥʠʤʘ ʜʝʰʘʚʘ ʢʨʦʟ ʚʝ˂ʫ ʜʫʞʠʥʫ ʢʘʥʘʣʘ ʢʨʠʩʪʘʣʘ, ʪʝ ʿʝ ʧʨʦʮʝʩ 

ʜʝʢʘʥʘʣʠʩʘˁʘ ʫʩʧʦʨʝʥ. ʉʣʠʯʥʦ ʦʙʿʘʰˁʝˁʝ ʚʘʞʠ ʠ ʟʘ ʭʩ ʢʦʿʝ ʧʨʝʜʩʪʘʚˀʘ ʜʦʤʝʪ ʜʝʢʘʥʘʣʠʩʘˁʘ 

ʿʦʥʘ. ɱʦʥʠ ʚʝ˂ʠʭ ʝʥʝʨʛʠʿʘ ʠʤʘʿʫ ʚʝ˂ʠ ʜʦʤʝʪ, ʧʘ ʩ ʪʠʤ ʫ ʚʝʟʠ ʨʘʩʪʝ ʠ ʦʧʩʝʛ ʜʝʢʘʥʘʣʠʩʘˁʘ. ʋ 

ʨʘʥʠʿʠʤ ʩʪʫʜʠʿʘʤʘ ʢʘʥʘʣʠʩʘˁʘ ʿʦʥʘ ʧʦʢʘʟʘʥʦ ʿʝ ʜʘ ʧʘʨʘʤʝʪʘʨ Ŭ ʧʦʢʘʟʫʿʝ ʩʣʘʙʠʿʫ ʟʘʚʠʩʥʦʩʪ ʦʜ 

ʝʥʝʨʛʠʿʝ ʩʥʦʧʘ [121, 122]. ʉʣʠʯʘʥ ʪʨʝʥʜ ʟʘʧʘʞʝʥ ʿʝ ʠ ʫ ʦʚʦʤ ʠʩʪʨʘʞʠʚʘˁʫ. ʇʨʠ ʧʨʦʤʝʥʠ 

ʝʥʝʨʛʠʿʝ ʩʘ 1,725 ʄʝV ʥʘ 1,860 ʄʝV (ʧʨʦʤʝʥʘ ʟʘ 0,135 ʄʝV) Ŭ ʦʧʘʜʘ ʟʘ ʦʢʦ 9%. ɽʨʠ˂ ʠ 

ʩʘʨʘʜʥʠʮʠ ʧʦʢʘʟʘʣʠ ʩʫ ʜʘ ʧʨʦʤʝʥʘ ʝʥʝʨʛʠʿʝ ʧʨʦʪʦʥʘ ʦʜ 1,800 ʄʝV ʜʦ 1,900 ʄʝV (ʧʨʦʤʝʥʘ ʟʘ 

0,100 ʄʝV) ʧʨʠ ʩʥʠʤʘˁʫ ɽɺɮ/ʉ ʩʧʝʢʪʘʨʘ (100) ʜʠʿʘʤʘʥʪʘ ʜʦʚʦʜʠ ʜʦ ʧʨʦʤʝʥʝ ʚʨʝʜʥʦʩʪʠ Ŭ ʟʘ 

4,5% [121]. ʊʘʢʦʹʝ, ʫ ʜʨʫʛʦʿ ʩʪʫʜʠʿʠ ɽʨʠ˂ʘ ʠ ʩʘʨʘʜʥʠʢʘ ʛʜʝ ʩʫ ʠʩʧʠʪʠʚʘʥʠ ɽɺɮ/ʉ ʩʧʝʢʪʨʠ 

ʜʠʿʘʤʘʥʪʘ, ʧʦʢʘʟʘʥʦ ʿʝ ʜʘ Ŭ ʠʤʘ ʥʝʰʪʦ ʚʝ˂ʫ ʚʨʝʜʥʦʩʪ (0,900) ʥʘ 1,750 ʄʝV ʥʝʛʦ ʥʘ 1,200 ʄʝV 

(0,880) ʠʣʠ 1,900 ʄʝV (Ŭ = 0,865) [122]. ʈʘʟʣʦʛ ʟʘ ʦʚʘʢʚʦ ʧʦʥʘʰʘˁʝ ʿʘʚˀʘ ʩʝ ʢʘʦ ʧʦʩʣʝʜʠʮʘ 

ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʠʭ ʫʩʣʦʚʘ, ʧʦʩʝʙʥʦ ʢʦʣʠʤʘʮʠʿʝ ʿʦʥʩʢʦʛ ʩʥʦʧʘ ʢʦʿʠ ʧʦʢʘʟʫʿʝ ʩʥʘʞʥʫ ʟʘʚʠʩʥʦʩʪ 

ʦʜ Ŭ. ʇʨʠʣʠʢʦʤ ʬʠʪʦʚʘˁʘ ʠʤʧʣʘʥʪʠʨʘʥʠʭ ʫʟʦʨʘʢʘ, ʟʙʦʛ ʤʘˁʠʭ ʦʩʮʠʣʘʮʠʿʘ ʝʥʝʨʛʠʿʝ ʩʥʦʧʘ, 

ʜʦʟʚʦˀʝʥʦ ʿʝ ʬʠʥʦ ʧʦʜʝʰʘʚʘˁʝ ʧʘʨʘʤʝʪʘʨʘ ʬʠʪʦʚʘˁʘ ʜʦ ʤʘʢʩʠʤʘʣʥʦ Ñ5% ʚʨʝʜʥʦʩʪʠ 

ʜʦʙʠʿʝʥʠʭ ʧʨʦʮʝʜʫʨʦʤ ʤʠʥʠʤʠʟʘʮʠʿʝ ʥʝʠʤʧʣʘʥʪʠʨʘʥʠʭ ʩʧʝʢʪʘʨʘ. 

ʊʘʙʝʣʘ 7. ʇʘʨʘʤʝʪʨʠ ʜʦʙʠʿʝʥʠ ɢ2 ʧʨʦʮʝʜʫʨʦʤ ʤʠʥʠʤʠʟʘʮʠʿʝ ɽɺɮ/ʉ ʩʧʝʢʪʨʘ ʥʝʠʤʧʣʘʥʪʠʨʘʥʦʛ 

ʫʟʦʨʢʘ ʜʦʙʠʿʝʥʠ ʨʘʟʣʠʯʠʪʠʤ ʝʥʝʨʛʠʿʘʤʘ ʿʦʥʘ ʧʨʦʪʦʥʘ. 

ɽʥʝʨʛʠʿʘ [ʄʝV] Ŭ k [ɛmī1] xc [ɛm] 

1,000 0,84 0,32 3,54 

1,725 0,89 0,28 4,38 

1,860 0,82 0,24 5,67 

 ʂʨʠʚʝ ʬʠʪʦʚʘˁʘ ʧʦʤʦ˂ʫ CSIM ʧʨʦʛʨʘʤʘ ʟʘ ɽɺɮ/ʉ ʩʧʝʢʪʨʝ ʜʦʙʠʿʝʥʠ ʧʨʦʪʦʥʠʤʘ 

ʝʥʝʨʛʠʿʝ 1 ʄʝV ʧʨʠʢʘʟʫʿʫ ʜʦʙʨʦ ʩʣʘʛʘˁʝ ʩʘ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʠʤ ʧʦʜʘʮʠʤʘ ʟʘ ʚʝ˂ʠʥʫ ʫʟʦʨʘʢʘ. 

ɺʝ˂ʘ ʦʜʩʪʫʧʘˁʘ ʩʝ ʤʦʛʫ ʧʨʠʤʝʪʠʪʠ ʟʘ ʫʟʦʨʢʝ ʠʤʧʣʘʥʪʠʨʘʥʝ ʥʘʿʚʠʰʠʤ ʬʣʫʝʥʩʠʤʘ ʫʛˀʝʥʠʢʘ 

(ʄ(ʉ-h)3) ʠ ʩʠʣʠʮʠʿʫʤʘ (ʄ(Si-m)6 ʠ ʄ(ɮi-h)5). ɻʝʥʝʨʘʣʥʦ, ʥʝʩʣʘʛʘˁʘ ʧʨʠ ʥʠʩʢʠʤ ʝʥʝʨʛʠʿʘʤʘ 

ʤʦʛʫ ʩʝ ʦʙʿʘʩʥʠʪʠ ʧʦʚʝ˂ʘˁʝʤ ʚʝʨʦʚʘʪʥʦ˂ʝ ʧʨʦʮʝʩʘ ʚʠʰʝʩʪʨʫʢʠʭ ʨʘʩʝʿʘˁʘ ʿʦʥʘ ʠ ʚʝ˂ʝ 

ʥʝʩʠʛʫʨʥʦʩʪʠ ʚʨʝʜʥʦʩʪʠ ʝʥʝʨʛʠʿʝ. ɿʙʦʛ ʪʦʛʘ ʫ ʨʘʟʤʘʪʨʘʥʠʤ ʩʣʫʯʘʿʝʚʠʤʘ, ʧʨʠ ʧʨʦʮʝʩʫ 

ʤʠʥʠʤʠʟʘʮʠʿʝ ʠ ʬʠʪʦʚʘˁʘ, ʜʝʦ ʩʧʝʢʪʨʘ ʩʘ ʝʥʝʨʛʠʿʦʤ ʠʩʧʦʜ 0,3 ʄʝV ʥʠʿʝ ʫʟʝʪ ʫ ʨʘʟʤʘʪʨʘˁʝ. 

ʄʝʹʫʪʠʤ, ʩʠʤʫʣʠʨʘʥʘ ʢʨʠʚʘ ɽɺɮ ʩʧʝʢʪʨʘ ʜʦʙʠʿʝʥʦʛ ʧʨʦʪʦʥʠʤʘ ʝʥʝʨʛʠʿʝ 1 ʄʝV ʟʘ 

ʥʝʠʤʧʣʘʥʪʠʨʘʥ ʫʟʦʨʘʢ, ʧʦʢʘʟʫʿʝ ʟʥʘʪʥʦ ʦʜʩʪʫʧʘˁʝ ʧʨʠ ʥʝʰʪʦ ʚʠʰʠʤ ʝʥʝʨʛʠʿʘʤʘ (ʜʦ 0,5 ʄʝV). 

ʆʚʦ ʩʝ ʤʦʞʝ ʦʙʿʘʩʥʠʪʠ ʦʜʩʪʫʧʘˁʝʤ ʢʨʠʚʝ ʬʠʪʦʚʘˁʘ ɽɺɮ ʩʧʝʢʪʨʘ ʢʦʿʘ ʩʝ ʜʦʙʠʿʘ ʟʘ 

ʥʝʠʤʧʣʘʥʪʠʨʘʥʠ ʫʟʦʨʘʢ (ʩʣʠʢʘ 29). ʅʘʠʤʝ, ʩʘ ʧʦʨʘʩʪʦʤ ʘʤʦʨʬʠʟʘʮʠʿʝ ʜʦʣʘʟʠ ʜʦ 

ʧʨʠʙʣʠʞʘʚʘˁʘ ʧʨʠʥʦʩʘ ʩʧʝʢʪʘʨʘ ɽɺɮ/ʉ ʧʨʠʥʦʩʫ ʩʧʝʢʪʨʘ ɽɺɮ. ʉʪʦʛʘ ʩʝ ʚʨʝʜʥʦʩʪ ʬʠʪʦʚʘʥʝ 

ɽɺɮ/ʉ ʢʨʠʚʝ ʧʨʠʙʣʠʞʘʚʘ ʚʨʝʜʥʦʩʪʠ ɽɺɮ ʩʧʝʢʪʨʘ ʜʦʙʠʿʝʥʝ ʟʘ ʥʝʠʤʧʣʘʥʪʠʨʘʥʠ ʫʟʦʨʘʢ ʢʦʿʦʤ ʩʝ 

ʩʠʤʫʣʠʨʘ ʧʦʪʧʫʥʦ ʘʤʦʨʬʠʟʦʚʘʥʘ ʩʪʨʫʢʪʫʨʘ. ʉʘ ʩʣʠʢʝ 29 ʩʝ ʤʦʞʝ ʚʠʜʝʪʠ ʜʘ ʫ ʩʣʫʯʘʿʫ ʦʙʘ 

ʨʘʯʫʥʘʨʩʢʘ ʧʨʦʛʨʘʤʘ, CSIM ʠ SIMNRA, ʧʨʠʥʦʩ ʨʘʩʝʿʘˁʘ ʧʨʠ ʥʠʩʢʠʤ ʝʥʝʨʛʠʿʘʤʘ ʧʦʢʘʟʫʿʝ 



56 

 

ʦʜʩʪʫʧʘˁʝ ʫ ʜʘʪʦʿ ʦʙʣʘʩʪʠ. ʋ ʩʣʫʯʘʿʫ ɽɺɮ/ʉ ʩʧʝʢʪʘʨʘ ʜʦʙʠʿʝʥʠʭ ʧʨʦʪʦʥʠʤʘ ʝʥʝʨʛʠʿʝ 1,725 

ʄʝV ʠ 1,860 ʄʝV ʜʦʙʠʿʝʥʘ ʩʫ ʜʦʙʨʘ ʧʦʢʣʘʧʘˁʘ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʠʭ ʨʝʟʫʣʪʘʪʘ ʠ ʩʠʤʫʣʠʨʘʥʝ 

ʢʨʠʚʝ. ʄʘˁʘ ʦʜʩʪʫʧʘˁʘ ʫ ʚʠʜʫ ʠʥʪʝʥʟʠʪʝʪʘ ʠ ʧʦʟʠʮʠʿʘ ʣʦʢʘʣʥʠʭ ʤʠʥʠʤʫʤʘ ʠ ʤʘʢʩʠʤʫʤʘ ʤʦʛʫ 

ʩʝ ʦʙʿʘʩʥʠʪʠ ʪʠʤʝ ʜʘ ʧʨʠʣʠʢʦʤ ʘʥʘʣʠʟʝ, ʝʥʝʨʛʠʿʘ ʩʥʦʧʘ ʥʠʿʝ ʙʠʣʘ ʠʜʝʘʣʥʦ ʢʦʥʩʪʘʥʪʥʘ. 

ʘ) ʙ) 

  
ʚ) ʛ) 

  
ʜ) ʹ) 

  
 

ʉʣʠʢʘ 33. ʇʨʦʬʠʣʠ ʘʤʦʨʬʠʟʘʮʠʿʝ ʜʦʙʠʿʝʥʠ ʬʠʪʦʚʘˁʝʤ ɽɺɮ/ʉ ʩʧʝʢʪʘʨʘ ʧʨʦʪʦʥʘ ʝʥʝʨʛʠʿʝ  

1 MeV (a ʠ ʙ), 1,725 MeV (ʚ ʠ ʛ) ʠ 1,860 MeV (ʜ ʠ ʹ) ʫʟʦʨʘʢʘ ʢʦʿʠ ʩʫ ʠʤʧʣʘʥʪʠʨʘʥʠ 

ʨʘʟʣʠʯʠʪʠʤ ʬʣʫʝʥʩʠʤʘ ʿʦʥʘ ʫʛˀʝʥʠʢʘ (ʘ, ʚ, ʜ) ʠ ʩʠʣʠʮʠʿʫʤʘ (ʙ, ʛ, ʹ) ʝʥʝʨʛʠʿʝ 4 MeV. 



57 

 

 ʅʘ ʩʣʠʮʠ 33 ʧʨʠʢʘʟʘʥʠ ʩʫ ʧʨʦʬʠʣʠ ʘʤʦʨʬʠʟʘʮʠʿʝ ʜʦʙʠʿʝʥʠ ʬʠʪʦʚʘˁʝʤ ɽɺɮ/ʉ ʩʧʝʢʪʘʨʘ 

ʩa ʩʣʠʢʘ 30ï32. ʆʜʣʠʯʥʦ ʩʣʘʛʘˁʝ ʧʨʦʬʠʣʘ ʜʦʙʠʿʝʥʦ ʿʝ ʟʘ ʝʥʝʨʛʠʿʝ ʧʨʦʪʦʥʘ 1,725 ʄʝV ʠ 1,860 

ʄʝV ʜʦʢ ʧʨʦʬʠʣʠ ʜʦʙʠʿʝʥʠ ʬʠʪʦʚʘˁʝʤ ɽɺɮ/ʉ ʩʧʝʢʪʘʨʘ ʧʨʦʪʦʥʘ ʝʥʝʨʛʠʿʝ 1,000 ʄʝV ʧʦʢʘʟʫʿʫ 

ʟʥʘʪʥʠʿʘ ʦʜʩʪʫʧʘˁʘ. ʂʦʜ ʩʧʝʢʪʘʨʘ ʧʨʦʪʦʥʘ 1,725 ʄʝV ʠ 1,860 ʄʝV ʧʨʦʬʠʣʠ ʘʤʦʨʬʠʟʘʮʠʿʝ ʢʘʦ 

ʧʦʩʣʝʜʠʮʘ ʠʤʧʣʘʥʪʘʮʠʿʝ ʿʦʥʠʤʘ ʫʛˀʝʥʠʢʘ (ʩʣʠʢʘ 33ʘ ʠ ʚ) ʫ ʨʝʛʠʦʥʫ ʜʦ 1,6 ɛm ʧʦʢʘʟʫʿʝ ʤʘʣʫ 

ʢʦʣʠʯʠʥʫ ʘʤʦʨʬʠʟʘʮʠʿʝ (ʜʦ ʥʝʢʦʣʠʢʦ %). ʄʘʣʠ ʧʦʨʘʩʪ ʘʤʦʨʬʠʟʘʮʠʿʝ ʥʘ ʩʘʤʦʿ ʧʦʚʨʰʠʥʠ 

ʫʟʦʨʢʘ ʦʜ 2,5% ʚʝʟʫʿʝ ʩʝ ʟʘ ʧʦʚʨʰʠʥʩʢʝ ʝʬʝʢʪʝ ʠʤʧʣʘʥʪʘʮʠʿʝ. ʅʘʠʤʝ, ʦʜʨʝʹʝʥʠ ʜʝʦ ʿʦʥʘ ʙʠʚʘ 

ʧʦʚʨʘʪʥʦ ʨʘʩʝʿʘʥ ʥʘ ʩʘʤʦʿ ʧʦʚʨʰʠʥʠ ʢʨʠʩʪʘʣʘ ʪʦʢʦʤ ʧʨʦʮʝʩʘ ʠʤʧʣʘʥʪʘʮʠʿʝ ʥʘ ʘʪʦʤʠʤʘ 

ʧʦʚʨʰʠʥʩʢʦʛ ʩʣʦʿʘ ʠ ʧʨʠʪʦʤ ʘʤʦʨʬʠʟʫʿʝ ʧʦʚʨʰʠʥʩʢʠ ʩʣʦʿ. ʆʚʘʿ ʝʬʝʢʘʪ ʛʝʥʝʨʘʣʥʦ ʧʦʢʘʟʫʿʝ 

ʟʘʚʠʩʥʦʩʪ ʦʜ ʝʥʝʨʛʠʿʝ ʿʦʥʩʢʦʛ ʩʥʦʧʘ [122]. ʅʘʢʦʥ ʜʫʙʠʥʝ ʦʜ 1,6 ɛm ʢʦʣʠʯʠʥʘ ʘʤʦʨʬʥʝ ʬʘʟʝ 

ʨʘʩʪʝ ʟʘʚʠʩʥʦ ʦʜ ʧʨʠʤʝˁʝʥʦʛ ʬʣʫʝʥʩʘ ʿʦʥʘ. ʇʨʠ ʥʘʿʥʠʞʝʤ ʬʣʫʝʥʩʫ ʢʦʣʠʯʠʥʘ ʘʤʦʨʬʠʟʘʮʠʿʝ ʿʝ 

ʠ ʜʘˀʝ ʥʠʩʢʘ (ʦʢʦ 2%) ʩʚʝ ʜʦ 2,9 ɛm ʢʘʜʘ ʧʦʯʠˁʝ ʨʝʛʠʦʥ ʩʘ ʤʘʢʩʠʤʘʣʥʦʤ ʢʦʣʠʯʠʥʦʤ 

ʘʤʦʨʬʠʟʘʮʠʿʝ ʠ ʧʨʦʩʪʠʨʝ ʩʝ ʜʦ 3,1 ɛm. ʅʘʢʦʥ ʪʦʛʘ ʢʦʣʠʯʠʥʘ ʘʤʦʨʬʠʟʘʮʠʿʝ ʦʧʘʜʘ ʟʘ 33% ʠ 

ʧʨʦʩʪʠʨʝ ʩʝ ʜʦ 3,3 ɛm ʥʘʢʦʥ ʯʝʛʘ ʩʝ ʥʘʣʘʟʠ ʥʝʘʤʦʨʬʠʟʦʚʘʥʘ ʢʨʠʩʪʘʣʥʘ ʬʘʟʘ. ʉʘ ʧʦʨʘʩʪʦʤ 

ʬʣʫʝʥʩʘ, ʟʦʥʘ ʩʘ ʥʘʿʚʝ˂ʠʤ ʧʨʦʮʝʥʪʦʤ ʘʤʦʨʬʠʟʘʮʠʿʝ ʙʠʚʘ ʧʦʤʝʨʝʥʘ ʟʘ 0,1 ɛm ʢʘ ʧʦʚʨʰʠʥʠ, ʜʦʢ 

ʢʦʣʠʯʠʥʘ ʘʤʦʨʬʠʟʘʮʠʿʝ ʫ ʨʝʛʠʦʥʫ 1,6ï2,8 ɛm ʨʘʩʪʝ. ʇʦʤʝʨʘˁʝ ʟʦʥʝ ʩʘ ʤʘʢʩʠʤʫʤʦʤ 

ʘʤʦʨʬʠʟʘʮʠʿʝ ʠ ʧʦʚʝ˂ʘˁʝ ʘʤʦʨʬʠʟʘʮʠʿʝ ʥʘ ʥʠʞʠʤ ʜʫʙʠʥʘʤʘ ʤʦʞʝ ʩʝ ʧʨʠʧʠʩʘʪʠ ʜʠʥʘʤʠʯʢʦʤ 

ʝʬʝʢʪʫ. ʊʦ ʿʝʩʪ, ʢʘʢʦ ʩʘ ʧʦʨʘʩʪʦʤ ʬʣʫʝʥʩʘ ʜʦʣʘʟʠ ʜʦ ʧʦʨʘʩʪʘ ʘʤʦʨʬʥʝ ʬʘʟʝ, ʧʦʩʣʝʜʠʯʥʦ ˂ʝ 

ʜʦ˂ʠ ʠ ʜʦ ʩʣʘʙˀʝˁʘ ʧʨʦʮʝʩʘ ʢʘʥʘʣʠʩʘˁʘ ʿʦʥʘ, ʰʪʦ ˂ʝ ʫʪʠʮʘʪʠ ʥʘ ʩʤʘˁʝˁʝ ʜʦʤʝʪʘ 

ʠʤʧʣʘʥʪʠʨʘʥʠʭ ʿʦʥʘ. 

ɽɺɮ/ʉ ʧʨʦʬʠʣʠ ʫʟʦʨʘʢʘ ʠʤʧʣʘʥʪʠʨʘʥʠʭ ʿʦʥʠʤʘ ʩʠʣʠʮʠʿʫʤʘ ʠ ʫʛˀʝʥʠʢʘ ʜʦʙʠʿʝʥʠ 

ʧʨʦʪʦʥʠʤʘ ʝʥʝʨʛʠʿʝ 1,725 ʄʝV ʠ 1,860 ʄʝV ʧʦʢʘʟʫʿʫ ʩʣʠʯʥʦ ʧʦʥʘʰʘˁʝ. ʄʝʹʫʪʠʤ, ʟʘ ʨʘʟʣʠʢʫ 

ʦʜ ʫʛˀʝʥʠʢʘ, ʧʨʠ ʥʠʞʠʤ ʬʣʫʝʥʩʠʤʘ ʧʨʠʩʫʪʥʦʩʪ ʘʤʦʨʬʥʝ ʬʘʟʝ ʿʝ ʠʟʨʘʞʝʥʠʿʘ. ʆʚʦ ʿʝ ʧʦʩʣʝʜʠʮʘ 

ʚʝ˂ʝ ʤʘʩʝ ʘʪʦʤʘ ʩʠʣʠʮʠʿʫʤʘ ʫ ʦʜʥʦʩʫ ʥʘ ʘʪʦʤ ʫʛˀʝʥʠʢʘ (ʟʘ ʚʠʰʝ ʦʜ ʜʚʘ ʧʫʪʘ) ʠ ʧʦʩʣʝʜʠʯʥʦ 

ʚʝ˂ʠʤ ʥʫʢʣʝʘʨʥʠʤ ʛʫʙʠʮʠʤʘ ʿʦʥʘ. ʊʘʢʦʹʝ, ʟʦʥʝ ʘʤʦʨʬʠʟʘʮʠʿʝ ʩʫ ʟʥʘʪʥʦ ʰʠʨʝ. ʈʝʛʠʦʥ ʩʘ 

ʤʘʢʩʠʤʫʤʦʤ ʘʤʦʨʬʠʟʘʮʠʿʝ ʟʘ ʥʘʿʥʠʞʠ ʬʣʫʝʥʩ ʩʝ ʧʨʦʩʪʠʨʝ ʦʜ 2,0 ɛm ʜʦ 2,6 ɛm, ʠ ʥʘʢʦʥ ʪʝ 

ʜʫʙʠʥʝ ʥʠʿʝ ʜʝʪʝʢʪʦʚʘʥʘ ʘʤʦʨʬʠʟʘʮʠʿʘ. ʉʘ ʧʦʨʘʩʪʦʤ ʬʣʫʝʥʩʘ ʠʤʧʣʘʥʪʠʨʘʥʠʭ ʿʦʥʘ ʩʠʣʠʮʠʿʫʤʘ 

ʟʘʧʘʞʘ ʩʝ ʠʥʪʝʥʟʠʚʥʠʿʠ ʜʠʥʘʤʠʯʢʠ ʝʬʝʢʘʪ ʥʝʛʦ ʢʦʜ ʠʤʧʣʘʥʪʘʮʠʿʝ ʿʦʥʘ ʫʛˀʝʥʠʢʘ. ʈʝʛʠʦʥ 

ʤʘʢʩʠʤʫʤʘ ʘʤʦʨʬʠʟʘʮʠʿʝ ʧʦʤʝʨʘ ʩʝ ʙʣʠʞʝ ʧʦʚʨʰʠʥʠ ʢʨʠʩʪʘʣʘ (1,6ï1,8 ɛm). ʂʦʜ ʜʚʘ ʥʘʿʚʠʰʘ 

ʬʣʫʝʥʘʩʘ, ʚʝ˂ ʦʜ 0,5 ɛm ʫʦʯʘʚʘ ʩʝ ʚʨʣʦ ʠʟʨʘʞʝʥʘ ʘʤʦʨʬʠʟʘʮʠʿʘ ʢʨʠʩʪʘʣʥʝ ʨʝʰʝʪʢʝ (~50%), ʢʘʦ 

ʠ ˁʝʥʦ ʜʦʜʘʪʥʦ ʧʦʚʝ˂ʘˁʝ ʫ ʨʝʛʠʦʥʫ ʠʩʧʦʜ 0,5 ɛm. 

 
 

ʉʣʠʢʘ 34. ɺʨʝʜʥʦʩʪ ʝʣʝʢʪʨʦʥʩʢʦʛ ʟʘʫʩʪʘʚˀʘˁʘ ʫ ʬʫʥʢʮʠʿʠ ʦʜ ʝʥʝʨʛʠʿʝ ʧʨʦʪʦʥʘ ʢʦʜ SiC. 

ʄʝʹʫʩʦʙʥʘ ʦʜʩʪʫʧʘˁʘ ʧʨʦʬʠʣʘ ʜʦʙʠʿʝʥʠʭ ʧʨʦʪʦʥʠʤʘ ʝʥʝʨʛʠʿʘ 1,725 ʄʝV ʠ 1,860 ʄʝV 

ʩʫ ʤʘʣʘ. ɹʣʘʛʦ ʧʦʤʝʨʘˁʝ ʜʝʣʦʚʘ ʧʨʦʬʠʣʘ ʘʤʦʨʬʠʟʘʮʠʿʝ ʧʨʠʤʝ˂ʝʥʦ ʫ ʩʣʫʯʘʿʫ ʫʟʦʨʘʢʘ 
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ʠʤʧʣʘʥʪʠʨʘʥʠʭ ʿʦʥʠʤʘ ʩʠʣʠʮʠʿʫʤʘ ʟʘ 1,725 ʄʝV (ʩʣʠʢʘ 33ʛ) ʠ 1,860 ʄʝV (ʩʣʠʢʘ 33́ ), Ḑ0,15 

ɛm (ʫ ʦʧʩʝʛʫ 1,4ï1,8 ɛm), ʤʦʞʝ ʩʝ ʧʨʠʧʠʩʘʪʠ ʥʝʩʠʛʫʨʥʦʩʪʠ ʦʜʛʦʚʘʨʘʿʫ˂ʝ ʢʦʨʝʣʘʮʠʿʝ ʝʥʝʨʛʠʿʘ 

ʩʧʝʢʪʨʘ ï ʜʫʙʠʥʘ ʢʨʠʩʪʘʣʘ. ʅʘʠʤʝ, ʫ ʦʚʦʤ ʦʧʩʝʛʫ ʝʥʝʨʛʠʿʘ (ʄʝV), ʝʣʝʢʪʨʦʥʩʢʦ ʟʘʫʩʪʘʚˀʘˁʝ 

ʿʦʥʘ ʿʝ ʜʦʤʠʥʘʥʪʥʦ ʠ ʧʦʢʘʟʫʿʝ ʤʘˁʝ ʠʟʨʘʞʝʥʫ ʟʘʚʠʩʥʦʩʪ ʦʜ ʝʥʝʨʛʠʿʝ ʘʥʘʣʠʟʠʨʘʿʫ˂ʝ ʯʝʩʪʠʮʝ 

(ʤʘʣʠ ʥʘʛʠʙ), ʩʤʘˁʫʿʫ˂ʠ ʦʩʝʪˀʠʚʦʩʪ ʦʜʨʝʹʠʚʘˁʘ ʜʫʙʠʥʝ. ʈʘʟʣʠʢʘ ʠʟʤʝʹʫ ʦʚʘ ʜʚʘ ʧʨʦʬʠʣʘ 

ʫʩʨʝʜʩʨʝʹʝʥʘ ʥʘ ʦʧʩʝʛʫ ʜʫʙʠʥʝ ʢʨʠʩʪʘʣʘ 1,4ï1,8 ɛm, ʦʜʛʦʚʘʨʘ ʦʧʩʝʛʫ ʝʥʝʨʛʠʿʝ ɽɺɮ ʩʧʝʢʪʘʨʘ 

1,0ï1,1 ʄʝV ʠ 1,45ï1,50 ʄʝV ʟʘ ʘʪʦʤʝ ʢʨʠʩʪʘʣʥʝ ʨʝʰʝʪʢʝ ʫʛˀʝʥʠʢʘ ʠ ʩʠʣʠʮʠʿʫʤʘ, 

ʨʝʩʧʝʢʪʠʚʥʦ. ʀʟ ʟʘʚʠʩʥʦʩʪʠ ʝʣʝʢʪʨʦʥʩʢʠʭ ʝʥʝʨʛʠʩʿʢʠʭ ʛʫʙʠʪʘʢʘ ʦʜ ʝʥʝʨʛʠʿʝ ʧʨʦʪʦʥʘ ʟʘ SiC 

(ʩʣʠʢʘ 34) ʤʦʞʝ ʩʝ ʚʠʜʝʪʠ ʜʘ ʿʝ ʥʘʛʠʙ ʫ ʦʚʦʿ ʝʥʝʨʛʠʿʩʢʦʿ ʦʙʣʘʩʪʠ ʟʘʠʩʪʘ ʤʘˁʝ ʠʟʨʘʞʝʥ. 

ʇʨʦʬʠʣʠ ʜʦʙʠʿʝʥʠ ʬʠʪʦʚʘˁʝʤ ɽɺɮ/ʉ ʩʧʝʢʪʘʨʘ ʧʨʦʪʦʥʘ ʝʥʝʨʛʠʿʝ 1,000 ʄʝV ʧʦʢʘʟʫʿʫ 

ʟʥʘʪʥʦ ʦʜʩʪʫʧʘˁʝ ʟʘ ʯʠʿʝ ʧʦʨʝʢʣʦ ʧʦʩʪʦʿʠ ʚʠʰʝ ʨʘʟʣʦʛʘ. ɱʝʜʘʥ ʦʜ ʨʘʟʣʦʛʘ ʦʛʣʝʜʘ ʩʝ ʫ ʦʜʩʫʩʪʚʫ 

ʨʝʟʦʥʘʥʪʥʠʭ ʧʠʢʦʚʘ. ʈʝʟʦʥʘʥʪʥʠ ʧʠʢʦʚʠ ʢʦʿʠ ʥʘʩʪʘʿʫ ʧʨʠ ʧʨʦʮʝʩʫ ʝʣʘʩʪʠʯʥʦʛ ʨʘʩʝʿʘˁʘ ʜʝʣʫʿʫ 

ʢʘʦ ʧʦʩʝʙʥʠ ʝʥʝʨʛʠʿʩʢʠ ʤʘʨʢʝʨʠ. ʉʪʨʤʠ ʤʘʢʩʠʤʫʤʠ ʠ ʤʠʥʠʤʫʤʠ ʫ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʦʤ ʧʨʠʥʦʩʫ 

ʤʦʛʫ ʩʝ ʢʦʨʠʩʪʠʪʠ ʟʘ ʥʝʜʚʦʩʤʠʩʣʝʥʫ ʧʨʦʚʝʨʫ ʢʚʘʣʠʪʝʪʘ CSIM ʧʨʦʛʨʘʤʘ. ʊʘʢʦʹʝ, ʧʦʩʪʦʿʘˁʝ 

ʥʘʛʣʘʰʝʥʠʭ ʤʠʥʠʤʫʤʘ ʠ ʤʘʢʩʠʤʫʤʘ ʫ ʩʧʝʢʪʨʫ ʦʛʨʘʥʠʯʘʚʘ ʙʨʦʿ ʤʦʛʫ˂ʠʭ ʩʝʪʦʚʘ ʚʨʝʜʥʦʩʪʠ 

ʧʘʨʘʤʝʪʘʨʘ (Ŭ, k, ʭʩ) ʢʘ ʢʦʿʠʤʘ ɢ2 ʧʨʦʮʝʜʫʨʘ ʤʠʥʠʤʠʟʘʮʠʿʝ ʤʦʞʝ ʢʦʥʚʝʨʛʠʨʘʪʠ. ʋ ʩʣʫʯʘʿʝʚʠʤʘ 

ʩʧʝʢʪʘʨʘ ʜʦʙʠʿʝʥʠʭ ʢʦʨʠʰ˂ʝˁʝʤ ʧʨʦʪʦʥʘ ʝʥʝʨʛʠʿʝ 1,725 ʄʝV ʠ 1,860 ʄʝV ɢ2 ʧʨʦʮʝʜʫʨʘ 

ʤʠʥʠʤʠʟʘʮʠʿʝ ʢʦʥʚʝʨʛʠʨʘʣʘ ʿʝ ʢʘ ʿʝʜʠʥʩʪʚʝʥʠʤ ʨʝʰʝˁʠʤʘ ʟʙʦʛ ʧʦʩʪʦʿʘˁʘ ʨʝʟʦʥʘʥʪʥʠʭ ʧʠʢʦʚʘ 

ʥʫʢʣʝʘʨʥʠʭ ʨʝʘʢʮʠʿʘ 12C(p,p0)12C ʠ 28Si(p,p0)28Si ʥʘ ʝʥʝʨʛʠʿʘʤʘ ʦʜ 1,667 ʄʝV ʠ 1,731 ʄʝV, 

ʨʝʩʧʝʢʪʠʚʥʦ. ʄʝʹʫʪʠʤ ʫ ʩʣʫʯʘʿʫ ɽɺɮ/ʉ ʩʧʝʢʪʘʨʘ ʜʦʙʠʿʝʥʠʭ ʧʨʦʪʦʥʠʤʘ ʝʥʝʨʛʠʿʝ 1 ʄʝV ʤʦʛʫ˂ʝ 

ʿʝ ʧʦʩʪʦʿʘˁʝ ʩʘʤʦ 0,500 ʄʝV ʨʝʟʦʥʘʥʪʥʦʛ ʧʠʢʘ 12C(p,p0)12C ʨʝʘʢʮʠʿʝ. ɸʣʠ, ʦʚʘʿ ʧʠʢ ʩʝ ʥʝ 

ʟʘʧʘʞʘ ʫ ʩʧʝʢʪʨʫ ʫ ʦʙʣʠʢʫ ʿʘʩʥʦ ʠʩʪʘʢʥʫʪʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ. ɽɺɮ/ʉ ʢʨʠʚʝ ʩʫ ʛʣʘʪʢʝ ʙʝʟ 

ʧʦʩʪʦʿʘˁʘ ʣʦʢʘʣʥʠʭ ʤʠʥʠʤʫʤʘ ʠ ʤʘʢʩʠʤʫʤʘ. ʄʘʪʝʤʘʪʠʯʢʠ ʛʣʝʜʘʥʦ, ʤʦʛʫ˂ʝ ʿʝ ʜʦʙʠʪʠ ʚʠʰʝ 

ʨʘʟʣʠʯʠʪʠʭ ʩʝʪʦʚʘ ʧʘʨʘʤʝʪʘʨʘ ʢʘʥʘʣʠʩʘˁʘ ʢʦʿʠ ˂ʝ ʿʝʜʥʘʢʦ ʜʦʙʨʦ ʬʠʪʦʚʘʪʠ ɽɺɮ/ʉ ʩʧʝʢʪʘʨ. 

ʉʪʦʛʘ, ʢʦʨʠʰ˂ʝˁʝ ʩʧʝʢʪʘʨʘ ʜʦʙʠʿʝʥʠʭ ʧʨʦʪʦʥʠʤʘ 1,725 ʄʝV ʠ 1,860 ʄʝV ʜʘʿʝ ʧʦʫʟʜʘʥʠʿʝ 

ʨʝʟʫʣʪʘʪʝ. ʇʦʪʝʥʮʠʿʘʣʥʦ ʨʝʰʝˁʝ ʧʨʦʙʣʝʤʘ ʤʦʛʣʦ ʙʠ ʩʝ ʜʦʙʠʪʠ ʬʠʢʩʠʨʘˁʝʤ ʧʘʨʘʤʝʪʨʘ Ŭ, ʜʦʢ 

ʧʨʝʦʩʪʘʣʘ ʜʚʘ ʧʘʨʘʤʝʪʨʘ ʤʦʛʫ ʚʘʨʠʨʘʪʠ ʫ ʪʦʢʫ ʧʨʦʮʝʩʘ ʤʠʥʠʤʠʟʘʮʠʿʝ. ʊʘʜʘ ʙʠ ʚʨʝʜʥʦʩʪ Ŭ ʙʠʣʘ 

ʧʨʦʮʝˁʝʥʘ ʥʘ ʦʩʥʦʚʫ ʚʨʝʜʥʦʩʪʠ Ŭ ʟʘ ʩʣʫʯʘʿʝʚʝ ʩʘ ʨʝʟʦʥʘʥʪʥʠʤ ʧʠʢʦʚʠʤʘ. ʄʝʹʫʪʠʤ, ʢʘʢʦ ʩʝ ʫ 

ʜʘʪʦʤ ʩʣʫʯʘʿʫ ʚʨʝʜʥʦʩʪ Ŭ ʤʝˁʘ ʟʘ 9% ʩʘ ʧʨʦʤʝʥʦʤ ʝʥʝʨʛʠʿʝ ʩʘ 1,725 ʄʝV ʥʘ 1,860 ʄʝV, 

ʧʨʦʮʝʥʘ ʚʨʝʜʥʦʩʪʠ Ŭ ʙʠʣʘ ʙʠ ʚʝʦʤʘ ʛʨʫʙʘ. 

ɼʦʜʘʪʥʠ ʠʟʚʦʨ ʥʝʩʠʛʫʨʥʦʩʪʠ ʠʩʧʠʪʠʚʘˁʘ ʧʨʦʬʠʣʘ ʘʤʦʨʬʠʟʘʮʠʿʝ ʧʨʦʪʦʥʠʤʘ ʝʥʝʨʛʠʿʝ 

1,000 ʄʝV ʦʛʣʝʜʘ ʩʝ ʫ ʪʦʤʝ ʜʘ ʩʝ ʧʨʦʤʝʥʝ ʢʨʠʩʪʘʣʥʝ ʨʝʰʝʪʢʝ ʠʟʘʟʚʘʥʝ ʠʤʧʣʘʥʪʘʮʠʿʦʤ ʿʦʥʘ 

ʿʘʚˀʘʿʫ ʢʘʦ ʜʦʧʨʠʥʦʩʠ ʥʘ ʥʠʩʢʠʤ ʝʥʝʨʛʠʿʘʤʘ ʫ ʩʧʝʢʪʨʫ. ʋ ʩʣʫʯʘʿʫ ʠʤʧʣʘʥʪʘʮʠʿʝ ʿʦʥʠʤʘ 

ʫʛˀʝʥʠʢʘ (ʩʣʠʢʘ 30ʙ ʠ ʚ), ʿʘʚˀʘʿʫ ʩʝ ʠʟʨʘʞʝʥʝ ʧʨʦʤʝʥʝ ʫ ɽɺɮ/ʉ ʩʧʝʢʪʨʠʤʘ ʫ ʚʠʜʫ ʣʦʢʘʣʥʠʭ 

ʤʘʢʩʠʤʫʤʘ ʥʘ ʦʢʦ 0,30 ʄʝV ʠ 0,47 ʄʝV. ʆʚʝ ʧʨʦʤʝʥʝ ʧʦʢʘʟʫʿʫ ʨʝʛʠʦʥ ʤʘʢʩʠʤʘʣʥʝ 

ʘʤʦʨʬʠʟʘʮʠʿʝ ʢʨʠʩʪʘʣʥʝ ʨʝʰʝʪʢʝ, ʘ ʨʘʟʜʚʦʿʝʥʠ ʩʫ ʟʘ ʫʛˀʝʥʠʢ ʠ ʩʠʣʠʮʠʿʫʤ ʢʘʦ ʧʦʩʣʝʜʠʮʘ 

ʨʘʟʣʠʯʠʪʠʭ ʢʠʥʝʤʘʪʠʯʢʠʭ ʬʘʢʪʦʨʘ. ɿʙʦʛ ʪʦʛʘ ʜʦʣʘʟʠ ʜʦ ʧʨʝʢʣʘʧʘˁʘ ʧʨʠʥʦʩʘ ʢʦʿʠ ʧʦʪʠʯʫ ʦʜ 

ʚʠʰʝʩʪʨʫʢʦʛ ʨʘʩʝʿʘˁʘ ʠ ʦʜ ʘʤʦʨʬʠʟʘʮʠʿʝ. ʂʦʜ ɽɺɮ/ʉ ʩʧʝʢʪʘʨʘ ʧʨʦʪʦʥʘ ʝʥʝʨʛʠʿʝ 1,725 ʄʝV ʠ 

1,860 ʄʝV ʧʨʦʤʝʥʝ ʩʝ ʦʯʝʢʫʿʫ ʫ ʨʝʛʠʦʥʫ ʚʠʰʠʭ ʝʥʝʨʛʠʿʘ ʫ ʩʢʣʘʜʫ ʩʘ ʬʠʟʠʢʦʤ ʩʘʤʦʛ ʧʨʦʮʝʩʘ. 

ʉʪʦʛʘ, ʝʬʝʢʘʪ ʧʨʝʢʣʘʧʘˁʘ ʧʨʠʥʦʩʘ ʢʦʿʠ ʧʦʪʠʯʫ ʦʜ ʘʤʦʨʬʠʟʘʮʠʿʝ ʢʨʠʩʪʘʣʥʝ ʨʝʰʝʪʢʝ ʩʘ ʦʥʠʤ 

ʢʦʿʠ ʧʦʪʠʯʫ ʦʜ ʚʠʰʝʩʪʨʫʢʦʛ ʨʘʩʝʿʘˁʘ ʥʝʤʘ ʫʪʠʮʘʿʘ. 

ʅʘ ʦʩʥʦʚʫ ʧʨʠʢʘʟʘʥʠʭ ʨʘʟʤʘʪʨʘˁʘ ʤʦʞʝ ʩʝ ʟʘʢˀʫʯʠʪʠ ʜʘ ɽɺɮ/ʉ ʩʧʝʢʪʨʠ ʩʘ ʠʟʨʘʞʝʥʠʤ 

ʧʠʢʦʚʠʤʘ ʜʘʿʫ ʧʦʫʟʜʘʥʠʿʝ ʧʨʦʬʠʣʝ ʘʤʦʨʬʠʟʘʮʠʿʝ. ʊʘʢʦʹʝ, ʧʦʪʨʝʙʥʦ ʿʝ ʚʦʜʠʪʠ ʨʘʯʫʥʘ ʜʘ ʿʝ 

ʝʥʝʨʛʠʿʘ ʿʦʥʩʢʦʛ ʩʥʦʧʘ ʢʦʿʠʤ ʩʝ ʩʥʠʤʘ ɽɺɮ/ʉ ʩʧʝʢʪʘʨ ʜʦʚʦˀʥʘ ʜʘ ʩʝ ʧʨʠʥʦʩʠ ʦʜ ʘʤʦʨʬʠʟʘʮʠʿʝ 

ʥʝ ʥʘʹʫ ʥʘ ʥʠʩʢʠʤ ʝʥʝʨʛʠʿʘʤʘ, ʛʜʝ ʩʫ ʦʩʮʠʣʘʮʠʿʝ ʝʥʝʨʛʠʿʝ ʫʛʣʘʚʥʦʤ ʚʝʣʠʢʝ ʠ ʛʜʝ ʩʝ ʿʘʚˀʘ 

ʟʥʘʪʥʠʿʠ ʧʨʠʥʦʩ ʧʨʦʮʝʩʘ ʚʠʰʝʩʪʨʫʢʦʛ ʨʘʩʝʿʘˁʘ. ʋ ʪʦʢʫ ʜʘˀʠʭ ʜʠʩʢʫʩʠʿʘ ʠ ʧʦʨʝʹʝˁʘ, 

ʢʦʨʠʩʪʠ˂ʝ ʩʘ ʧʨʦʬʠʣʠ ʜʦʙʠʿʝʥʠ ʠʟ ɽɺɮ/ʉ ʩʧʝʢʪʘʨʘ ʧʨʦʪʦʥʘ ʝʥʝʨʛʠʿʝ 1,725 ʄʝV ʠ 1,860 ʄʝV. 
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5.5.1. ʄʦʜʝʣ ʠʥʜʫʢʦʚʘʥʝ ʪʦʪʘʣʥʝ ʘʤʦʨʬʠʟʘʮʠʿʝ 

 ʂʘʢʦ ʙʠ ʧʨʝʮʠʟʥʠʿʝ ʩʘʛʣʝʜʘʣʠ ʫʪʠʮʘʿ ʬʣʫʝʥʩʘ ʿʦʥʘ ʥʘ ʢʦʣʠʯʠʥʫ ʠʥʜʫʢʦʚʘʥʝ 

ʘʤʦʨʬʠʟʘʮʠʿʝ ʫ ʢʨʠʩʪʘʣʫ 6ʅ-ɮiʉ, ʨʘʟʤʘʪʨʘʥʘ ʿʝ ʟʘʚʠʩʥʦʩʪ ʠʥʪʝʛʨʘʣʥʦʛ ʠʥʪʝʥʟʠʪʝʪʘ ɽɺɮ/ʉ 

ʧʨʦʬʠʣʘ ʘʤʦʨʬʠʟʘʮʠʿʝ ʦʜ ʬʣʫʝʥʩʘ. ʀʥʪʝʛʨʘʣʥʘ ʘʤʦʨʬʠʟʘʮʠʿʘ ʤʦʞʝ ʩʝ ʠʟʨʘʟʠʪʠ ʿʝʜʥʘʯʠʥʦʤ: 

 ὥ
ρ

ὰ
ὃὨὰ (5.5) 

ʛʜʝ ʿʝ ʘ ʠʥʪʝʛʨʘʣʥʘ ʘʤʦʨʬʠʟʘʮʠʿʘ, l ʜʫʙʠʥʘ ʥʘ ʢʦʿʦʿ ʿʝ ʧʨʦʬʠʣ ʠʤʘ ʚʨʝʜʥʦʩʪ ʘʤʦʨʬʠʟʘʮʠʿʝ ɸ ʠ 

lmax ʤʘʢʩʠʤʘʣʥʘ ʜʫʙʠʥʘ ʥʘ ʢʦʿʦʿ ʧʨʦʬʠʣ ʠʤʘ ʚʨʝʜʥʦʩʪ ʚʝ˂ʫ ʦʜ ʥʫʣʝ. ɿʘʚʠʩʥʦʩʪ ʠʥʪʝʛʨʘʣʥʝ 

ʘʤʦʨʬʠʟʘʮʠʿʝ ʦʜ ʧʨʠʤʝˁʝʥʦʛ ʬʣʫʝʥʩʘ ʧʨʠʢʘʟʘʥʘ ʿʝ ʥʘ ʩʣʠʮʠ 35. ʉʘ ʩʣʠʢʝ 35 ʩʝ ʿʘʩʥʦ ʫʦʯʘʚʘ 

ʜʘ ʢʦʣʠʯʠʥʘ ʠʥʜʫʢʦʚʘʥʝ ʘʤʦʨʬʠʟʘʮʠʿʝ ʤʥʦʛʦ ʙʨʞʝ ʨʘʩʪʝ ʫ ʩʣʫʯʘʿʫ ʠʤʧʣʘʥʪʘʮʠʿʝ ʿʦʥʠʤʘ 

ʩʠʣʠʮʠʿʫʤʘ. ʇʨʦʤʝʥʘ ʿʝ ʧʦʩʝʙʥʦ ʠʟʨʘʞʝʥʘ ʧʨʠ ʥʠʞʠʤ ʬʣʫʝʥʩʠʤʘ. ʉʘ ʧʦʨʘʩʪʦʤ ʬʣʫʝʥʩʘ ʿʘʚˀʘ 

ʩʝ ʧʦʩʪʝʧʝʥʦ ʩʤʘˁʝˁʝ ʢʦʣʠʯʠʥʝ ʠʥʜʫʢʦʚʘʥʝ ʘʤʦʨʬʠʟʘʮʠʿʝ ʰʪʦ ʥʘʛʦʚʝʰʪʘʚʘ ʩʘʪʫʨʘʮʠʿʫ ʫ 

ʦʜʨʝʹʝʥʦʤ ʪʨʝʥʫʪʢʫ. 

 
 

ʉʣʠʢʘ 35. ʇʨʦʤʝʥʘ ʠʥʪʝʛʨʘʣʥʝ ʘʤʦʨʬʠʟʘʮʠʿʝ ʩʘ ʧʨʦʤʝʥʦʤ ʬʣʫʝʥʩʘ ʿʦʥʘ. ʂʦʨʠʰ˂ʝʥʠ ʩʫ 

ʫʩʨʝʜˁʝʥʠ ʧʨʦʬʠʣʠ (1,725 ʄʝV ʠ 1,860 ʄʝV). 

ɼʘ ʙʠʩʤʦ ʫʧʦʨʝʜʠʣʠ ʚʨʝʜʥʦʩʪʠ ʠʥʪʝʛʨʘʣʥʝ ʘʤʦʨʬʠʟʘʮʠʿʝ ʟʘ ʩʣʫʯʘʿʝʚʝ ʠʤʧʣʘʥʪʘʮʠʿʝ 

ʿʦʥʠʤʘ ʫʛˀʝʥʠʢʘ ʠ ʩʠʣʠʮʠʿʫʤʘ ʫ ʜʘʪʦʤ ʦʧʩʝʛʫ ʢʦʨʠʰ˂ʝʥʠʭ ʬʣʫʝʥʘʩʘ, ʩʠʤʫʣʠʨʘʥʘ ʿʝ ʢʨʠʚʘ ʢʦʿʘ 

ʦʧʠʩʫʿʝ ʧʨʦʤʝʥʫ ʠʥʪʝʛʨʘʣʥʝ ʘʤʦʨʬʠʟʘʮʠʿʝ ʩʘ ʧʨʦʤʝʥʦʤ ʬʣʫʝʥʩʘ: 

 ὥ ὥÅØÐ
Ὢ

Ὢ
ὥ (5.6.) 

ʛʜʝ je f ʬʣʫʝʥʩ ʘ a1, f1 ʠ a2 ʢʦʝʬʠʮʠʿʝʥʪʠ ʯʠʿʝ ʩʫ ʚʨʝʜʥʦʩʪʠ ʧʨʠʢʘʟʘʥʝ ʫ ʪʘʙʝʣʠ 8. ʅʘ ʦʩʥʦʚʫ 

ʪʨʝʥʜʘ ʧʨʦʤʝʥʝ ʢʨʠʚʝ ʩʘ ʧʦʨʘʩʪʦʤ ʬʣʫʝʥʩʘ ʧʨʝʪʧʦʩʪʘʚˀʘ ʩʝ ʧʦʿʘʚʘ ʩʘʪʫʨʘʮʠʦʥʝ ʚʨʝʜʥʦʩʪʠ 

ʠʥʪʝʛʨʘʣʥʝ ʘʤʦʨʬʠʟʘʮʠʿʝ. ʇʨʘʚʝ˂ʠ ʘʥʘʣʦʛʠʿʫ ʧʨʦʤʝʥʝ dpa ʩʘ ʧʨʦʤʝʥʦʤ ʬʣʫʝʥʩʘ, ʢʦʿʘ ʧʦʢʘʟʫʿʝ 

ʩʠʛʤʦʠʜʘʣʥʫ ʟʘʚʠʩʥʦʩʪ ʠ ʧʦʢʘʟʫʿʝ ʜʦʩʪʠʟʘˁʝ ʩʘʪʫʨʘʮʠʿʝ ʧʨʠ ʚʝʣʠʢʠʤ ʬʣʫʝʥʩʠʤʘ ʿʦʥʘ, ʦʚʘʢʚʦ 

ʧʦʥʘʰʘˁʝ ʿʝ ʦʯʝʢʠʚʘʥʦ [109]. ʉʪʦʛʘ, ʧʨʝʪʧʦʩʪʘʚˀʘ ʩʝ ʧʦʩʪʦʿʘˁʝ ʢʨʠʪʠʯʥʝ ʚʨʝʜʥʦʩʪʠ ʥʘʢʦʥ 

ʢʦʿʝ ʘʤʦʨʬʠʟʘʮʠʿʘ ʦʩʪʘʿʝ ʢʦʥʩʪʘʥʪʥʘ. ʋ ʝʿʜʥʘʯʠʥʠ 5.5. ʧʘʨʘʤʝʪʘʨ a2 ʧʨʝʜʩʪʘʚˀʘ ʜʘʪʫ 

ʩʘʪʫʨʘʮʠʦʥʫ ʚʨʝʜʥʦʩʪ. 
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ʊʘʙʝʣʘ 8. ʂʦʝʬʠʮʠʿʝʥʪʠ ʝʢʩʧʦʥʝʥʮʠʿʘʣʥʝ ʬʫʥʢʮʠʿʝ ʠʟ ʝʿʜʥʘʯʠʥʝ 5.5. 

ɱʦʥ a1 f1 a2 

C 0,1800 1,51×1016 0,1823 

Si 0,3771 2,85×1015 0,3936 

ʅʘ ʦʩʥʦʚʫ ʩʠʤʫʣʠʨʘʥʠʭ ʢʨʠʚʠʭ ʤʦʛʫ˂ʝ ʿʝ ʧʨʦʮʝʥʠʪʠ ʚʨʝʜʥʦʩʪʠ ʠʥʪʝʛʨʘʣʥʝ 

ʘʤʦʨʬʠʟʘʮʠʿʝ ʟʘ ʜʘʪʠ ʦʧʩʝʛ ʬʣʫʝʥʘʩʘ ʢʦʨʠʰ˂ʝʥʠʭ ʫ ʝʢʩʧʝʨʠʤʝʥʪʠʤʘ. ɺʨʝʜʥʦʩʪʠ ʠʥʪʝʛʨʘʣʥʝ 

ʘʤʦʨʬʠʟʘʮʠʿʝ ʧʨʠ ʠʤʧʣʘʥʪʘʮʠʿʠ ʿʦʥʠʤʘ ʫʛˀʝʥʠʢʘ ʫ ʦʜʥʦʩʫ ʥʘ ʿʦʥʝ ʩʠʣʠʮʠʿʫʤʘ, ʟʘ ʬʣʫʝʥʩ ʦʜ 

9,17×1015 ʿʦʥʘĿcmī2 (ʥʘʿʚʠʰʠ ʬʣʫʝʥʩ ʢʦʨʠʰ˂ʝʥ ʫ ʩʣʫʯʘʿʫ ʩʠʣʠʮʠʿʫʤʘ) ʫʢʘʟʫʿʫ ʜʘ ʿʦʥʠ 

ʫʛˀʝʥʠʢʘ ʠʥʜʫʢʫʿʫ ʟʘ 78% ʤʘˁʝ ʘʤʦʨʬʠʟʘʮʠʿʝ ʤʘʪʝʨʠʿʘʣʘ. ʇʨʠ ʥʠʞʠʤ ʬʣʫʝʥʩʠʤʘ, ʦʚʘ ʨʘʟʣʠʢʘ 

ʿʝ ʚʝ˂ʘ. ɺʨʝʜʥʦʩʪʠ ʦʜʩʪʫʧʘˁʘ ʟʘ ʬʣʫʝʥʘʩʝ ʢʦʨʠʰ˂ʝʥʝ ʫ ʝʢʩʧʝʨʠʤʝʥʪʫ ʫ ʦʧʩʝʛʫ 0,417×1015ï

9,17×1015 ʿʦʥʘĿcmī2 ʧʨʠʢʘʟʘʥʝ ʩʫ ʫ ʪʘʙʝʣʠ 9. 

ʊʘʙʝʣʘ 9. ʈʘʟʣʠʢʝ ʚʨʝʜʥʦʩʪʠ ʠʥʪʝʛʨʘʣʥʝ ʘʤʦʨʬʠʟʘʮʠʿʝ ʧʨʠ ʠʤʧʣʘʥʪʘʮʠʿʠ ʿʦʥʠʤʘ ʫʛˀʝʥʠʢʘ ʫ 

ʦʜʥʦʩʫ ʥʘ ʿʦʥʝ ʩʠʣʠʮʠʿʫʤʘ ʟʘ ʨʘʟʣʠʯʠʪʝ ʬʣʫʝʥʩʝ. 

ʌʣʫʝʥʩ [ʿʦʥʘ·cmī2] 
ʈʘʟʣʠʢʘ ʚʨʝʜʥʦʩʪʠ ʠʥʪʝʛʨʘʣʥʝ 

ʘʤʦʨʬʠʟʘʮʠʿʝ [%]  

0,417×1015 89% 

0,833×1015 89% 

1,35×1015 89% 

4,17×1015 85% 

6,74×1015 81% 

9,17×1015 78% 

 ʋ ʮʠˀʫ ʧʨʦʮʝʥʝ ʢʦʣʠʯʠʥʝ ʘʤʦʨʬʠʟʘʮʠʿʝ 6ʅ-ɮiʉ ʥʘʩʪʘʣʝ ʧʨʠ ʢʘʥʘʣʠʩʘˁʫ ʨʘʟʣʠʯʠʪʠʭ 

ʿʦʥʘ ʝʥʝʨʛʠʿʝ 4 ʄʝV ʫ ʦʧʩʝʛʫ ʬʣʫʝʥʘʩʘ ʜʦ 2,25×1016 ʿ ʦʥʘĿcmī2 ʧʨʝʜʣʦʞʝʥ ʿʝ ʤʦʜʝʣ ʠʥʜʫʢʦʚʘʥʝ 

ʪʦʪʘʣʥʝ ʘʤʦʨʬʠʟʘʮʠʿʝ. ʋ ʜʘʪʦʤ ʤʦʜʝʣʫ ʟʘʥʝʤʘʨʫʿʝ ʩʝ ʫʪʠʮʘʿ ʥʘʝʣʝʢʪʨʠʩʘˁʘ ʿʦʥʘ ʧʘ ʿʝ ʩʪʦʛʘ 

ʿʝʜʠʥʘ ʚʘʨʠʿʘʙʣʘ ʤʘʩʘ ʿʦʥʘ (m). ʇʨʝʪʧʦʩʪʘʚˀʝʥʦ ʿʝ ʜʘ ʩʝ ʩʚʠ ʿʦʥʠ ʧʦʢʦʨʘʚʘʿʫ ʟʘʚʠʩʥʦʩʪʠ ʠʟ 

ʝʿʜʥʘʯʠʥʝ 5.5. ʠ ʘʧʨʦʢʩʠʤʠʨʘʥʠ ʩʫ ʢʦʝʬʠʮʠʿʝʥʪʠ a1, f1 ʠ a2. ʇʦʨʝʜʝ˂ʠ ʢʦʝʬʠʮʠʿʝʥʪʝ f1 ʟʘ ʿʦʥʝ 

ʩʠʣʠʮʠʿʫʤʘ ʠ ʫʛˀʝʥʠʢʘ ʟʘʢˀʫʯʝʥʦ ʿʝ ʜʘ ʚʨʝʜʥʦʩʪ ˁʠʭʦʚʦʛ ʦʜʥʦʩʘ f1(C)/f1(Si) ʠʟʥʦʩʠ 5,2982 ʠ 

ʜʘ ʩʝ ʟʘ ʩʘʤʦ 2,7% ʨʘʟʣʠʢʫʿʝ ʦʜ ʦʜʥʦʩʘ ʨʝʮʠʧʨʦʯʥʠʭ ʚʨʝʜʥʦʩʪʠ ʢʚʘʜʨʘʪʘ ʤʘʩʘ ʩʠʣʠʮʠʿʫʤʘ ʠ 

ʫʛˀʝʥʠʢʘ: 

 

ρ
ά#

ρ
ά3É

υȟττττ (5.7.) 

ʀʟ ʿʝʜʥʘʯʠʥʝ 5.6. ʩʣʝʜʠ ʜʘ ʩʝ ʢʦʝʬʠʮʠʿʝʥʪ f1 ʤʦʞʝ ʘʧʨʦʢʩʠʤʠʨʘʪʠ ʢʦʨʠʩʪʝ˂ʠ ʩʣʝʜʝ˂ʫ 

ʿʝʜʥʘʯʠʥʫ: 

 Ὢ Ὧά  (5.8.) 

ʂʦʝʬʠʮʠʿʝʥʪ k1 ʿʝ ʜʦʙʠʿʝʥ ʧʦʤʦ˂ʫ ʚʨʝʜʥʦʩʪʠ f1(ʉ) ʠ f1(Si) ʠʟʥʦʩʠ ī2,17×1018 ʠ -ī2,23×1018, 

ʨʝʩʧʝʢʪʠʚʥʦ. ɿʘ ʩʠʤʫʣʠʨʘˁʝ ʢʨʠʚʠʭ ʟʘʚʠʩʥʦʩʪʠ ʫ ʜʘʪʦʤ ʤʦʜʝʣʫ ʢʦʨʠʩʪʠ ʩʝ ʩʨʝʜˁʘ ʚʨʝʜʥʦʩʪ 

ʜʦʙʠʿʝʥʘ ʟʘ ʩʣʫʯʘʿʝʚʝ ʩʠʣʠʮʠʿʫʤʘ ʠ ʫʛˀʝʥʠʢʘ ʢʦʿʘ ʠʟʥʦʩʠ ī2,20×1018. 

 ʂʦʝʬʠʮʠʿʝʥʪ a2 ʧʨʦʮʝˁʝʥ ʿʝ ʥʘ ʦʩʥʦʚʫ ʯʠˁʝʥʠʮʝ ʜʘ ʣʠʤʝʩ ʠʥʪʝʛʨʘʣʥʝ ʘʤʦʨʬʠʟʘʮʠʿʝ ʩʘ 

ʩʤʘˁʝˁʝʤ ʤʘʩʝ ʿʦʥʝ ʪʝʞʠ ʢʘ ʥʫʣʪʦʿ ʚʨʝʜʥʦʩʪʠ. ʋʟʝʚʰʠ ʫ ʦʙʟʠʨ ʦʚʫ ʯʠˁʝʥʠʮʫ ʠ ʚʨʝʜʥʦʩʪʠ 

a2(Si) ʠ a2(ʉ), ʩʠʤʫʣʠʨʘʥʘ ʿʝ ʟʘʚʠʩʥʦʩʪ ʢʦʝʬʠʮʠʿʝʥʪʘ ʘ2 ʦʜ ʤʘʩʝ ʿʦʥʘ (ʩʣʠʢʘ 36). ɿʘ ʬʠʪʦʚʘˁʝ 

ʚʨʝʜʥʦʩʪʠ a2 ʫ ʬʫʥʢʮʠʿʠ ʤʘʩʝ ʿʦʥʘ ʢʦʨʠʰ˂ʝʥʘ ʿʝ ʩʣʝʜʝ˂ʘ ʟʘʚʠʩʥʦʩʪ, ʠʟ ʢʦʿʝ ʩʝ ʤʦʛʫ ʧʨʦʮʝʥʠʪʠ 

a2 ʟʘ ʨʘʟʣʠʯʠʪʝ ʤʘʩʝ ʿʦʥʘ: 
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 ὥ ρȟφπψχρρȟφπψχρÅØÐπȟπρππά  (5.9.) 

 
 

ʉʣʠʢʘ 36. ɿʘʚʠʩʥʦʩʪ ʚʨʝʜʥʦʩʪʠ ʧʘʨʘʤʝʪʨʘ a2 ʦʜ ʤʘʩʝ ʿʦʥʘ. 

ʂʘʢʦ ʩʫ ʫ ʦʙʘ ʩʣʫʯʘʿʘ ʩʘ ʩʣʠʢʝ 35 ʢʦʝʬʠʮʠʿʝʥʪʠ a1 ʩʣʠʯʥʠʭ ʚʨʝʜʥʦʩʪʠ ʢʘʦ ʘ0 ʘʣʠ 

ʩʫʧʨʦʪʥʦʛ ʟʥʘʢʘ (ʦʜʩʪʫʧʘˁʘ ʢʦʜ ʫʛˀʝʥʠʢʘ 1,26% ʠ ʢʦʜ ʩʠʣʠʮʠʿʫʤʘ 4,03%), a1 ˂ʝ ʙʠʪʠ 

ʘʧʨʦʢʩʠʤʠʨʘʥʘ ʢʘʦ ʥʝʛʘʪʠʚʥʘ ʚʨʝʜʥʦʩʪ ʢʦʥʩʪʘʥʪʝ a2. ʋʟʝʚʰʠ ʫ ʦʙʟʠʨ ʩʚʝ ʨʘʥʠʿʝ ʥʘʚʝʜʝʥʝ 

ʧʨʝʪʧʦʩʪʘʚʢʝ, ʩʠʤʫʣʠʨʘʥʝ ʩʫ ʢʨʠʚʝ ʟʘʚʠʩʥʦʩʪʠ ʠʥʪʝʛʨʘʣʥʝ ʘʤʦʨʬʠʟʘʮʠʿʝ ʟʘ ʥʝʢʝ ʦʜ ʝʣʝʤʝʥʘʪʘ 

ʫ ʦʧʩʝʛʫ ʤʘʩʘ ʦʜ 12ï28 ʘmu. ʈʝʟʫʣʪʘʪʠ ʩʫ ʧʨʠʢʘʟʘʥʠ ʥʘ ʩʣʠʮʠ 37. 

 
 

ʉʣʠʢʘ 37. ʉʠʤʫʣʠʨʘʥʝ ʢʨʠʚʝ ʤʦʜʝʣʘ ʠʥʪʝʛʨʘʣʥʝ ʘʤʦʨʬʠʟʘʮʠʿʝ ʟʘ ʨʘʟʣʠʯʠʪʝ ʿʦʥʝ ʝʥʝʨʛʠʿʝ  

4 MeV ʠʤʧʣʘʥʪʠʨʘʥʝ ʫ 6H-SiC ʫ ʤʦʜʫ ʢʘʥʘʣʠʩʘˁʘ. 
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5.5.2. ʀʤʧʣʘʥʪʘʮʠʿʘ ʿʦʥʘ ʧʨʠ ʩʣʫʯʘʿʥʦʿ ʦʨʠʿ ʝʥʪʘʮʠʿʠ ʢʨʠʩʪʘʣʘ 

 ʋ ʮʠˀʫ ʫʧʦʨʝʹʠʚʘˁʘ ʘʤʦʨʬʠʟʘʮʠʿʝ ʢʨʠʩʪʘʣʥʝ ʨʝʰʝʪʢʝ ʠʥʜʫʢʦʚʘʥʝ ʿʦʥʩʢʦʤ 

ʠʤʧʣʘʥʪʘʮʠʿʦʤ ʫ ʤʦʜʫ ʢʘʥʘʣʠʩʘˁʘ ʠ ʫ ʩʣʫʯʘʿʥʦʿ ʦʨʠʿʝʥʪʘʮʠʿʠ ʢʨʠʩʪʘʣʘ ʠʟʚʨʰʝʥʘ ʿʝ 

ʠʤʧʣʘʥʪʘʮʠʿʘ ʿʦʥʘ ʩʠʣʠʮʠʿʫʤʘ ʬʣʫʝʥʘʩʘ 4,17Ĭ1015 ʿʦʥʘĿcmī2(ʫʟʦʨʘʢ M(Si-m)7). ʅʘ ʩʣʠʮʠ 38 

ʧʨʠʢʘʟʘʥʠ ʩʫ ʩʧʝʢʪʨʠ ʬʠʪʦʚʘʥʠ CSIM ʧʨʦʛʨʘʤʩʢʠʤ ʧʘʢʝʪʦʤ ʫʟʦʨʢʘ M(Si-m)7 ʩʥʠʤˀʝʥʠ 

ʢʦʨʠʰ˂ʝˁʝʤ ʧʨʦʪʦʥʘ ʝʥʝʨʛʠʿʝ 1,725 MeV (ʩʣʠʢʘ 38ʘ) ʠ 1,860 MeV (ʩʣʠʢʘ 38ʙ). 

ʘ) ʙ) 

  
 

ʉʣʠʢʘ 38. ɽɺɮ/ʉ ʩʧʝʢʪʨʠ ʫʟʦʨʢʘ ʠʤʧʣʘʥʪʠʨʘʥʦʛ ʿʦʥʠʤʘ ʩʠʣʠʮʠʿʫʤʘ ʬʣʫʝʥʩʘ  

4,17×1015 ʿʦʥʘĿcmī2 ʩʥʠʤˀʝʥʠ ʢʦʨʠʰ˂ʝˁʝʤ ʧʨʦʪʦʥʘ ʝʥʝʨʛʠʿʝ ʘ) 1,725 MeV ʠ ʙ) 1,860 MeV. 

ʎʨʥʝ ʪʘʯʢʝ ʧʨʝʜʩʪʘʚˀʘʿʫ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʝ ʧʦʜʘʪʢʝ ʘ ʮʨʚʝʥʝ ʣʠʥʠʿʝ CSIM ʨʝʟʫʣʪʘʪʝ. 

ʂʘʦ ʨʝʟʫʣʪʘʪ ʬʠʪʦʚʘˁʘ ɽɺɮ/ʉ ʩʧʝʢʪʘʨʘ ʩʘ ʩʣʠʢʝ 38 ʜʦʙʠʿʝʥʠ ʩʫ ʧʨʦʬʠʣʠ ʘʤʦʨʬʠʟʘʮʠʿʝ 

ʧʨʠʢʘʟʘʥʠ ʥʘ ʩʣʠʮʠ 39. ʇʨʦʬʠʣʠ ʧʦʢʘʟʫʿʫ ʦʜʣʠʯʥʦ ʤʝʹʫʩʦʙʥʦ ʩʣʘʛʘˁʝ, ʠʤʘʿʫ ʠʩʪʫ ʢʦʣʠʯʠʥʫ 

ʠʥʪʝʛʨʘʣʥʝ ʘʤʦʨʬʠʟʘʮʠʿʝ ʩʘ ʤʠʥʠʤʘʣʥʠʤ ʨʘʟʣʠʢʘʤʘ ʫ ʚʠʜʫ ʨʘʩʧʦʜʝʣʝ ʘʤʦʨʬʠʟʘʮʠʿʝ ʧʦ 

ʜʫʙʠʥʠ. CSIM ʧʨʦʬʠʣʠ ʘʤʦʨʬʠʟʘʮʠʿʝ ʧʨʠʢʘʟʘʥʠ ʩʫ ʫʧʦʨʝʜʦ ʩʘ ʧʨʦʬʠʣʠʤʘ ʘʤʦʨʬʠʟʘʮʠʿʝ 

ʩʠʤʫʣʠʨʘʥʠʤ ʧʦʤʦ˂ʫ SRIM-ʘ (ʩʘ ʩʣʠʢʝ 19ʙ). 

ʘ) ʙ) 

  
 

ʉʣʠʢʘ 39. ʇʦʨʝʹʝˁʝ ʧʨʦʬʠʣʘ ʘʤʦʨʬʠʟʘʮʠʿʝ ʟʘ ʫʟʦʨʘʢ ʄ(ɮi-ʤ)7 ʜʦʙʠʿʝʥ ʧʦʤʦ˂ʫ CSIM 

ʧʨʦʛʨʘʤʘ ʩʘ SRIM ʧʨʦʬʠʣʦʤ. 

ʀʟ ʜʘʪʠʭ ʧʨʦʬʠʣʘ ʟʘʧʘʞʘ ʩʝ ʚʝʦʤʘ ʜʦʙʨʦ ʩʣʘʛʘˁʝ ʫ ʧʦʛʣʝʜʫ ʜʫʙʠʥʝ ʥʘ ʢʦʿʦʿ ʩʝ ʥʘʣʘʟʠ 

ʤʘʢʩʠʤʘʣʥʘ ʢʦʣʠʯʠʥʘ ʘʤʦʨʬʠʟʘʮʠʿʝ, 1,7 ɛm. ʂʘʢʦ CSIM ʧʨʦʛʨʘʤ ʨʘʟʤʘʪʨʘ ʘʧʩʦʣʫʪʥʫ ʚʨʝʜʥʦʩʪ 

ʘʤʦʨʬʠʟʘʮʠʿʝ (0%ï100%), ʘ SRIM ʙʨʦʿ ʧʦʤʝʨʘʿʘ ʧʦ ʠʤʧʣʘʥʪʠʨʘʥʦʤ ʘʪʦʤʫ, ʩʢʘʣʝ ʠʥʪʝʥʟʠʪʝʪʘ 

ʧʨʦʬʠʣʘ ʥʝ ʤʦʛʫ ʩʝ ʜʠʨʝʢʪʥʦ ʧʦʨʝʜʠʪʠ, ʚʝ˂ ʩʝ ʿʝʜʠʥʦ ʤʦʞʝ ʛʦʚʦʨʠʪʠ ʦ ʨʝʣʘʪʠʚʥʠʤ 

ʠʥʪʝʥʟʠʪʝʪʠʤʘ ʢʦʿʠ ʩʫ ʧʦʚʝʟʘʥʠ ʩʘ ʦʜʨʝʹʝʥʦʤ ʜʫʙʠʥʦʤ ʢʨʠʩʪʘʣʘ. ʋ ʦʧʩʝʛʫ ʜʫʙʠʥʘ ʜʦ ʬʘʟʝ ʩʘ 

ʥʘʿʚʝ˂ʦʤ ʢʦʣʠʯʠʥʦʤ ʘʤʦʨʬʠʟʘʮʠʿʝ SRIM ʧʨʦʬʠʣ ʧʦʢʘʟʫʿʝ ʜʦʙʨʦ ʩʣʘʛʘˁʝ ʩʘ CSIM ʧʨʦʬʠʣʦʤ. 

CSIM ʧʨʦʬʠʣ ʧʦʩʝʜʫʿʝ ʟʘ ʦʢʦ 5% ʚʠʰʝ ʘʤʦʨʬʠʟʘʮʠʿʝ ʫ ʙʣʠʩʢʦʧʦʚʨʰʠʥʩʢʦʤ ʩʣʦʿʫ (ʥʝʢʦʣʠʢʦ 
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ʩʪʦʪʠʥʘ nm), ʘʢʦ ʧʦʩʤʘʪʨʘʤʦ ʨʝʣʘʪʠʚʥʦ ʫ ʦʜʥʦʩʫ ʥʘ ʚʨʝʜʥʦʩʪ ʟʘ ʟʦʥʫ ʩʘ ʥʘʿʚʝ˂ʦʤ ʢʦʣʠʯʠʥʦʤ 

ʘʤʦʨʬʠʟʘʮʠʿʝ. ʊʘʢʦʹʝ, ʩʣʠʯʥʦ ʦʜʩʪʫʧʘˁʝ ʩʝ ʟʘʧʘʞʘ ʠ ʫ ʦʧʩʝʛʫ 0,8ï1,2 ɛm, ʟʘ ʦʢʦ 10%. ʅʘʢʦʥ 

ʜʫʙʠʥʝ ʩʘ ʤʘʢʩʠʤʘʣʥʦʤ ʢʦʣʠʯʠʥʦʤ ʘʤʦʨʬʠʟʘʮʠʿʝ CSIM ʧʨʦʬʠʣ ʥʝ ʧʦʢʘʟʫʿʝ ʥʘʛʣʠ ʧʘʜ 

ʠʥʪʝʥʟʠʪʝʪʘ ʘʤʦʨʬʠʟʘʮʠʿʝ ʢʘʦ ʫ ʩʣʫʯʘʿʫ SRIM ʧʨʦʬʠʣʘ, ʚʝ ˂ʩʝ ʜʦʤʝʪ ʘʤʦʨʬʠʟʘʮʠʿʝ ʧʨʦʪʝʞʝ 

0,3 ɛm ʜʫʙˀʝ. ʄʦʛʫ˂ʠ ʨʘʟʣʦʛ ʟʘ ʜʘʪʘ ʦʜʩʪʫʧʘˁʘ ʤʦʞʝ ʩʝ ʧʨʦʥʘ˂ʠ ʫ ʯʠˁʝʥʠʮʠ ʜʘ SRIM ʧʨʦʛʨʘʤ 

ʩʠʤʫʣʠʨʘ ʥʘʩʪʘʿʘˁʝ ʚʘʢʘʥʮʠʿʘ ʠʩʢˀʫʯʠʚʦ ʙʝʟ ʫʪʠʮʘʿʘ ʨʝʢʦʤʙʠʥʘʮʠʦʥʦʛ ʝʬʝʢʪʘ ʢʦʿʠ ʤʦʞʝ ʙʠʪʠ 

ʚʝʦʤʘ ʙʠʪʘʥ, ʜʦʢ CSIM ʧʨʦʛʨʘʤ ʝʢʩʪʨʘʭʫʿʝ ʠʥʬʦʨʤʘʮʠʿʝ ʠʟ ʩʧʝʢʪʘʨʘ ʨʝʘʣʥʠʭ ʫʟʦʨʘʢʘ ʫ ʢʦʿʝʤ 

ʩʫ ʩʚʠ ʚʠʜʦʚʠ ʧʨʦʝʤʝʥʝ ʩʪʝʧʝʥʘ ʫʨʝʹʝʥʦʩʪʠ ʢʨʠʩʪʘʣʘ ʧʨʠʩʫʪʥʠ. ʊʘʢʦʹʝ, SRIM ʥʝ ʫʟʠʤʘ ʫ ʦʙʟʠʨ 

ʩʪʨʫʢʪʫʨʫ ʢʨʠʩʪʘʣʥʝ ʨʝʰʝʪʢʝ, ʚʝ˂ ʿʝ ʘʧʨʦʢʩʠʤʠʨʘ ʢʘʦ ʧʦʪʧʫʥʦ ʘʤʦʨʬʥʫ ʩʪʨʫʢʪʫʨʫ ʜʫʞ ʯʠʪʘʚʝ 

ʠʩʧʠʪʠʚʘʥʝ ʦʙʣʘʩʪʠ. ʋ SRIM ʩʠʤʫʣʘʮʠʿʘʤʘ (ʄʦʥʪʝ ʂʘʨʣʦ ʧʨʠʩʪʫʧ), ʥʘ ʧʫʪ ʿʦʥʘ ʥʘʩʫʤʠʯʥʦ ʩʝ 

ʧʦʩʪʘʚˀʘʿʫ ʘʪʦʤʠ ʤʝʪʝ. ʆʜʩʪʫʧʘˁʝ CSIM ʧʨʦʬʠʣʘ ʩʝ ʤʦʞʝ ʧʦʚʝʟʘʪʠ ʠ ʩʘ ʢʚʘʨʝˁʝʤ ʢʚʘʣʠʪʝʪʘ 

ʢʘʥʘʣʠʩʘʥʦʛ ʘʥʘʣʠʟʠʨʘʿʫ˂ʝʛ ʩʥʦʧʘ ʥʘʢʦʥ ʨʝʛʠʦʥʘ ʩʘ ʤʘʢʩʠʤʘʣʥʠʤ ʩʪʝʧʝʥʦʤ ʘʤʦʨʬʠʟʘʮʠʿʝ. 

ʇʨʦʬʠʣʠ ʘʤʦʨʬʠʟʘʮʠʿʝ M(Si-m)7 ʫʧʦʨʝʹʝʥʠ ʩʫ ʩʘ ʧʨʦʬʠʣʠʤʘ ʜʦʙʠʿʝʥʠʤ ʘʥʘʣʠʟʦʤ 

ɽɺɮ/ʉ ʩʧʝʢʪʘʨʘ ʫʟʦʨʘʢʘ ʠʤʧʣʘʥʪʠʨʘʥʠʭ ʿʦʥʠʤʘ ʩʠʣʠʮʠʿʫʤʘ ʠʩʪʦʛ ʬʣʫʝʥʩʘ ʘʣʠ ʫ ʤʦʜʫ 

ʢʘʥʘʣʠʩʘˁʘ (ʫʟʦʨʘʢ M(Si-m)6) ʠ ʧʨʠʢʘʟʘʥʠ ʩʫ ʥʘ ʩʣʠʮʠ 40. ʋʟʦʨʘʢ M(Si-m)6 ʧʦʢʘʟʫʿʝ ʟʥʘʪʥʦ 

ʥʠʞʠ ʩʪʝʧʝʥ ʘʤʦʨʬʠʟʘʮʠʿʝ ʫ ʨʝʛʠʦʥʫ ʦʜ ʧʦʚʨʰʠʥʝ ʜʦ ʟʦʥʝ ʩʘ ʥʘʿʚʝ˂ʠʤ ʩʪʝʧʝʥʦʤ ʘʤʦʨʬʠʟʘʮʠʿʝ 

(1,7 ɛm). ʋ ʟʦʥʠ ʥʘʢʦʥ ʤʘʢʩʠʤʫʤʘ ʘʤʦʨʬʠʟʘʮʠʿʝ, ʧʨʦʬʠʣ ʫʟʦʨʢʘ M(Si-m)6 ʧʦʢʘʟʫʿʝ ʚʝ˂ʠ 

ʩʪʝʧʝʥ ʘʤʦʨʬʠʟʘʮʠʿʝ ʠ ʚʝ˂ʫ ʜʫʙʠʥʫ ʜʦ ʢʦʿʝ ʩʝ ʿʘʚˀʘ ʘʤʦʨʬʠʟʘʮʠʿʘ ʟʘ 13% (ʟʘ 0,3 ɛm ʫ ʦʙʘ 

ʩʣʫʯʘʿʘ ʩʘ ʩʣʠʢʝ 40ʘ ʠ ʙ). ʆʚʘʿ ʧʦʤʝʨʘʿ ʤʘʢʩʠʤʘʣʥʝ ʜʫʙʠʥʝ ʠʤʧʣʘʥʪʘʮʠʿʝ ʫʢʘʟʫʿʝ ʥʘ ʪʦ ʜʘ 

ʧʨʦʮʝʩʦʤ ʢʘʥʘʣʠʩʘˁʘ ʤʦʞʝʤʦ ʦʩʪʚʘʨʠʪʠ ʚʝ˂ʝ ʜʫʙʠʥʝ ʧʨʦʜʠʨʘˁʘ. ʊʘʢʦʹʝ, ʫʟʦʨʘʢ M(Si-m)6 

ʩʥʠʤˀʝʥ ʧʦʤʦ˂ʫ ʧʨʦʪʦʥʘ ʝʥʝʨʛʠʿʝ 1,725 MeV ʧʦʢʘʟʫʿʝ ʟʘ 21,3% ʤʘˁʫ ʠʥʪʝʛʨʘʣʥʫ 

ʘʤʦʨʬʠʟʘʮʠʿʫ ʫ ʦʜʥʦʩʫ ʥʘ M(Si-m)7 ʫʟʦʨʘʢ (ʩʣʫʯʘʿʥʘ ʦʨʠʿʝʥʪʘʮʠʿʘ), ʜʦʢ ʩʧʝʢʪʨʠ ʩʥʠʤˀʝʥʠ 

ʧʦʤʦ˂ʫ ʧʨʦʪʦʥʘ ʝʥʝʨʛʠʿʝ 1,860 MeV ʧʦʢʘʟʫʿʫ ʤʘˁʫ ʠʥʪʝʛʨʘʣʥʫ ʘʤʦʨʬʠʟʘʮʠʿʫ ʟʘ 20,8%. ɼʘʪʦ 

ʧʦʨʝʹʝˁʝ ʧʦʪʚʨʹʫʿʝ ʧʦʯʝʪʥʝ ʧʨʝʪʧʦʩʪʘʚʢʝ, ʜʘ ʩʝ ʧʨʦʮʝʩʦʤ ʢʘʥʘʣʠʩʘˁʘ ʠʥʜʫʢʫʿʝ ʤʘˁʘ 

ʘʤʦʨʬʠʟʘʮʠʿʘ ʢʨʠʩʪʘʣʥʝ ʨʝʰʝʪʢʝ, ʢʘʦ ʠ ʜʘ ʠʤʧʣʘʥʪʠʨʘʥʠ ʿʦʥʠ ʧʨʦʜʠʨʫ ʜʫʙˀʝ ʫ ʩʪʨʫʢʪʫʨʫ. 

ʇʦʢʣʘʧʘˁʝ ʧʦʟʠʮʠʿʘ ʜʫʙʠʥʘ ʥʘ ʢʦʿʦʿ ʩʝ ʥʘʣʘʟʠ ʟʦʥʘ ʩʘ ʥʘʿʚʝ˂ʠʤ ʩʪʝʧʝʥʦʤ ʘʤʦʨʬʠʟʘʮʠʿʝ 

ʧʦʪʚʨʹʫʿʝ ʧʦʩʪʦʿʘˁʝ ʜʠʥʘʤʠʯʢʦʛ ʝʬʝʢʪʘ. 

ʘ) ʙ) 

  
 

ʉʣʠʢʘ 40. ʇʨʦʬʠʣʠ ʘʤʦʨʬʠʟʘʮʠʿʝ 6ʅ-ɮiʉ ʫʟʦʨʘʢʘ ʠʤʧʣʘʥʪʠʨʘʥʠʭ ʿʦʥʠʤʘ ʩʠʣʠʮʠʿʫʤʘ 

ʠʩʪʦʛ ʬʣʫʝʥʩʘ, ʘʣʠ ʧʨʠ ʨʘʟʣʠʯʠʪʠʤ ʦʨʠʿ ʝʥʪʘʮʠʿʘʤʘ ʢʨʠʩʪʘʣʘ (M(Si-m)6 ʢʘʥʘʣʠʩʘˁʝ,  

M(Si-m)7 ʩʣʫʯʘʿʥʘ ʦʨʠʿ ʝʥʪʘʮʠʿʘ) ʜʦʙʠʿʝʥʠ ʘʥʘʣʠʟʦʤ ɽɺɮ/ʉ ʩʧʝʢʪʘʨʘ ʧʨʦʪʦʥʘ ʝʥʝʨʛʠʿʝ 

 ʘ) 1,725 MeV ʠ ʙ) 1,860 MeV ʢʦʨʠʰ˂ʝˁʝʤ CSIM ʧʨʦʛʨʘʤʘ. 

 ʇʦʚʝ˂ʘˁʝ ʜʦʤʝʪʘ ʿʦʥʘ ʦʜ 13% ʫ ʜʘʪʦʤ ʩʣʫʯʘʿʫ ʤʦʞʝ ʩʝ ʦʙʿʘʩʥʠʪʠ ʚʝʣʠʯʠʥʦʤ ʘʢʩʠʿʘʣʥʠʭ 

ʢʘʥʘʣʘ 6ʅ-ɮiʉ ʫ [0001] ʧʨʘʚʮʫ. ʂʦʧʩʘʣʠʩ (I. Kopsalis) ʠ ʩʘʨʘʜʥʠʮʠ ʩʫ ʧʦʢʘʟʘʣʠ ʜʘ, ʧʨʠ 

ʠʤʧʣʘʥʪʘʮʠʿʠ ʿʦʥʘ ʢʠʩʝʦʥʠʢʘ (16ʆ2+) ʝʥʝʨʛʠʿʝ 5 MeV ʫ ʤʦʥʦʢʨʠʩʪʘʣ ʩʠʣʠʮʠʿʫʤʘ ([110] ʧʨʘʚʘʮ), 

ʨʘʟʣʠʢʘ ʫ ʜʦʤʝʪʠʤʘ ʿʦʥʘ ʧʨʠ ʩʣʫʯʘʿʥʦʿ ʦʨʠʿ ʝʥʪʘʮʠʿʠ ʢʨʠʩʪʘʣʘ ʠ ʫ ʤʦʜʫ ʢʘʥʘʣʠʩʘˁʘ ʠʟʥʦʩʠ ʦʢʦ 
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1 ɛm (ʦʢʦ 20% ʚʝ˂ʠ ʜʦʤʝʪ ʫ ʤʦʜʫ ʢʘʥʘʣʠʩʘˁʘ ʥʝʛʦ ʧʨʠ ʩʣʫʯʘʿʥʦʿ ʦʨʠʿ ʝʥʪʘʮʠʿʠ) [49]. ʇʦʨʝʜ 

ʚʠʰʝ ʝʥʝʨʛʠʿʝ ʠ ʤʘˁʝ ʤʘʩʝ ʿʦʥʘ ʫ ʦʜʥʦʩʫ ʥʘ ʩʣʫʯʘʿ ʩʘ ʩʣʠʢʝ 40, ʨʘʟʣʠʢʘ ʫ ʜʦʤʝʪʫ ʿʦʥʘ ʫ ʚʝʣʠʢʦʿ 

ʤʝʨʠ ʟʘʚʠʩʠ˂ʝ ʦʜ ʛʝʦʤʝʪʨʠʿʝ ʢʘʥʘʣʘ ʢʨʠʩʪʘʣʘ. ʋ ʩʣʫʯʘʿʫ ʚʝ˂ʝ ʧʦʚʨʰʠʥʝ ʢʘʥʘʣʘ ʦʯʝʢʫʿʫ ʩʝ ʚʝ˂ʠ 

ʜʦʤʝʪʠ ʿʦʥʘ. ʈʘʟʣʦʛ ʟʘ ʪʦ ʣʝʞʠ ʫ ʤʘˁʦʿ ʝʣʝʢʪʨʦʥʩʢʦʿ ʛʫʩʪʠʥʠ ʢʦʜ ʚʝ˂ʠʭ ʢʘʥʘʣʘ ʠ ʩʘʤʠʤ ʪʠʤ 

ʩʣʘʙʠʿʝ ʠʟʨʘʞʝʥʠʤ ʝʣʝʢʪʨʦʥʩʢʠʤ ʝʥʝʨʛʠʿʩʢʠʤ ʛʫʙʠʮʠʤʘ (ʩʣʘʙʠʿʝ ʟʘʫʩʪʘʚˀʘˁʝ ʿʦʥʘ). ʋ ʮʠˀʫ 

ʧʦʨʝʹʝˁʘ ʚʝʣʠʯʠʥʝ ʢʘʥʘʣʘ ʢʨʠʩʪʘʣʘ ʥʘʮʨʪʘʥʝ ʩʫ ˁʠʭʦʚʝ ʢʨʠʩʪʘʣʥʝ ʨʝʰʝʪʢʝ ʫ ʦʜʛʦʚʘʨʘʿʫ˂ʠʤ 

ʧʨʘʚʮʠʤʘ (ʩʣʠʢʘ 41). ɺʝʣʠʯʠʥʘ ʢʘʥʘʣʘ ʘʧʨʦʢʩʠʤʠʨʘ ʩʝ ʛʝʦʤʝʪʨʠʿʩʢʦʤ ʬʠʛʫʨʦʤ ʢʦʿʫ ʦʙʨʘʟʫʿʫ 

ʿʝʟʛʨʘ ʘʪʦʤʘ ʠʟ Ăʟʠʜʘñ ʢʘʥʘʣʘ (ʯʚʦʨʦʚʠ ʢʘʥʘʣʘ). ʋ ʩʣʫʯʘʿʫ [0001] ʧʨʘʚʮʘ ʢʦʜ 6ʅ-ɮiʉ ʪʦ ʿʝ 

ʪʨʦʫʛʘʦ, ʘ ʢʦʜ ɮi [110] ʪʦ ʿʝ ʭʝʢʩʘʛʦʥ. ʇʦʜʘʮʠ ʦ ʜʠʤʝʥʟʠʿʘʤʘ ʩʪʨʫʢʪʫʨʥʠʭ ʤʦʪʠʚʘ ʧʨʠʢʘʟʘʥʠʭ 

ʥʘ ʩʣʠʮʠ 41 ʧʨʝʫʟʝʪʠ ʩʫ ʠʟ ʨʝʬʝʨʝʥʮʝ [180]. ʇʨʦʮʝˁʝʥʦ ʿʝ ʜʘ ʧʦʚʨʰʠʥʘ ʢʘʥʘʣʘ 6ʅ-ɮiʉ (0001) 

ʠʟʥʦʩʠ 1,38 Å2, ʜʦʢ ʿʝ ʧʦʚʨʰʠʥʘ ɮi (110) ʭʝʢʩʘʛʦʥʘ 10,36 Å2. ʆʜʥʦʩʥʦ, ʧʦʚʨʰʠʥʘ ʢʘʥʘʣʘ ʢʦʜ ɮi 

(110) ʿʝ 7,5 ʧʫʪʘ ʚʝ˂ʘ ʦʜ ʧʦʚʨʰʠʥʝ ʢʘʥʘʣʘ 6ʅ-ɮiʉ (0001). ʋʟʠʤʘʿʫ˂ʠ ʫ ʦʙʟʠʨ ʨʘʟʣʠʢʫ ʫ ʤʘʩʠ ʠ 

ʝʥʝʨʛʠʿʠ ʿʦʥʘ, ʨʘʟʣʠʢʘ ʫ ʜʦʤʝʪʠʤʘ ʿʦʥʘ ʠʟ ʥʘʚʝʜʝʥʠʭ ʩʣʫʯʘʿʝʚʘ ʿʝ ʦʧʨʘʚʜʘʥʘ. 

ʘ) ʙ) 

  
 

ʉʣʠʢʘ 41. ʀʣʫʩʪʨʘʮʠʿʘ ʦʙʣʠʢʘ ʠ ʚʝʣʠʯʠʥʝ ʢʘʥʘʣʘ ʘ) 6ʅ-ɮiʉ (0001) ʠ ʧʦʨʝʹʝˁʝ ʩʘ  

ʙ) ɮi (110). 

ʊʘʢʦʹʝ, ʢʘʦ ʧʦʩʣʝʜʠʮʘ ʨʘʟʣʠʯʠʪʠʭ ʝʣʝʢʪʨʦʥʩʢʠʭ ʛʫʩʪʠʥʘ ʢʘʥʘʣʘ, ʠʟ ʦʜʥʦʩʘ ʤʦ˂ʠ 

ʟʘʫʩʪʘʚˀʘˁʘ ʿʦʥʘ ʟʘ ʧʨʘʚʘʮ ʢʘʥʘʣʠʩʘˁʘ ʠ ʩʣʫʯʘʿʥʫ ʦʨʠʿ ʝʥʪʘʮʠʿʫ (ʧʘʨʘʤʝʪʘʨ Ŭ), ʤʦʛʫ ʩʝ ʠʟʚʝʩʪʠ 

ʟʘʢˀʫʯʮʠ ʦ ʧʨʠʨʦʜʠ ʢʘʥʘʣʠʩʘˁʘ. ʅʘʠʤʝ, ʫʢʦʣʠʢʦ ʿʝ ʚʨʝʜʥʦʩʪ Ŭ ʥʠʞʘ, ʪʦ ʿʝ ʜʦʤʝʪ ʢʘʥʘʣʠʩʘˁʘ 

ʚʝ˂ʠ. ʈʘʥʠʿʝ ʿʝ ʧʦʢʘʟʘʥʦ ʜʘ ʚʨʝʜʥʦʩʪ ʧʘʨʘʤʝʪʨʘ Ŭ ʟʘ ʧʨʦʪʦʥʝ (ʦʧʩʝʛ ʝʥʝʨʛʠʿʝ 1,8ï2,4 ʄʝV) ʟʘ 

ʢʘʥʘʣʠʩʘˁʝ ʫ [110] ʢʘʥʘʣʝ ʢʨʠʩʪʘʣʘ ʩʠʣʠʮʠʿʫʤʘ ʠʟʥʦʩʠ 0,65 [70]. ʋ ʩʣʫʯʘʿʫ (0001) 6ʅ-ɮiʉ 

ʜʦʙʠʿʝʥʘ ʚʨʝʜʥʦʩʪ ʟʘ Ŭ ʥʘʣʘʟʠ ʩʝ ʫ 0,82ï0,89 ʦʧʩʝʛʫ. 

5.6. ʆʜʨʝʹʠʚʘˁʝ ʧʨʦʬʠʣʘ ʘʤʦʨʬʠʟʘʮʠʿʝ ʠʪʝʨʘʪʠʚʥʠʤ ʧʦʩʪʫʧʢʦʤ 

 ʈʘʥʠʿʝ ʿʝ ʦʙʿʘʰˁʝʥʦ (ʧʦʛʣʘʚˀʝ 2.5.1.3.) ʜʘ ʠʪʝʨʘʪʠʚʥʠ ʧʦʩʪʫʧʘʢ ʥʠʿʝ ʧʦʛʦʜʘʥ ʟʘ 

ʦʜʨʝʹʠʚʘˁʝ ʢʦʣʠʯʠʥʝ ʘʤʦʨʬʠʟʘʮʠʿʝ ʢʨʠʩʪʘʣʥʝ ʨʝʰʝʪʢʝ ʥʘ ʜʫʙʠʥʘʤʘ ʚʝ˂ʠʤ ʦʜ ʦʢʦ 1 ɛm [148]. 

ʅʘʠʤʝ, ʟʙʦʛ ʨʘʟʣʠʯʠʪʦʛ ʥʘʯʠʥʘ ʛʫʙʠʪʢʘ ʝʥʝʨʛʠʿʝ ʧʨʠ ʩʣʫʯʘʿʥʦʿ ʦʨʠʿ ʝʥʪʘʮʠʿʠ ʠ ʧʨʠ ʧʨʦʮʝʩʫ 

ʢʘʥʘʣʠʩʘˁʘ, ʨʘʟʣʠʢʘ ʫ ʨʝʣʘʮʠʿʘʤʘ ʜʫʙʠʥʘ-ʝʥʝʨʛʠʿʘ ʤʦʞʝ ʩʝ ʟʘʥʝʤʘʨʠʪʠ ʩʘʤʦ ʫ ʧʦʚʨʰʠʥʩʢʦʤ 

ʨʝʛʠʦʥʫ. ʄʝʹʫʪʠʤ, ʫ ʩʣʫʯʘʿʫ ʨʝʟʫʣʪʘʪʘ ʦʚʝ ʩʪʫʜʠʿʝ ʧʦʢʘʟʘʥʦ ʿʝ ʜʘ ʿʝ ʨʘʟʣʠʢʘ ʜʦʤʝʪʘ ʿʦʥʘ ʧʨʠ 

ʢʘʥʘʣʠʩʘˁʫ ʠ ʩʣʫʯʘʿʥʦʿ ʦʨʠʿ ʝʥʪʘʮʠʿʠ ʢʦʜ ʫʟʦʨʢʘ ʄ(Si-m)6 ʠ ʄ(Si-m)7 ʿʝʜʥʘʢʘ 0,3 ɛm. ʈʘʟʣʦʛ 

ʟʘ ʦʚʝ ʙʣʠʩʢʝ ʚʨʝʜʥʦʩʪʠ ʤʦʞʝ ʩʝ ʧʦʪʨʘʞʠʪʠ ʫ ʚʝʣʠʯʠʥʠ ʘʢʩʠʿʘʣʥʠʭ ʢʘʥʘʣʘ ʫ ʧʨʘʚʮʫ [0001], 

ʢʘʢʦ ʿʝ ʚʝ˂ ʦʙʿʘʰˁʝʥʦ ʫ ʧʦʛʣʘʚˀʫ 5.5.2. ʋ ʦʚʦʤ ʩʧʝʮʠʬʠʯʥʦʤ ʩʣʫʯʘʿʫ, ʘʧʨʦʢʩʠʤʠʨʘʥʘ ʿʝ 

ʟʘʥʝʤʘʨʝʥʘ ʨʘʟʣʠʢʘ ʠ ʩʧʨʦʚʝʜʝʥ ʿʝ ʠʪʝʨʘʪʠʚʥʠ ʧʦʩʪʫʧʘʢ ʨʘʯʫʥʘˁʘ ʘʤʦʨʬʠʟʘʮʠʿʝ ʩʫʙ-ʨʝʰʝʪʢʠ 

ʩʠʣʠʮʠʿʫʤʘ ʠ ʫʛˀʝʥʠʢʘ 6ʅ-SiC ʜʦ ʜʫʙʠʥʝ ʤʘʢʩʠʤʘʣʥʦʛ ʜʦʤʝʪʘ. 
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 ʀʪʝʨʘʪʠʚʥʠ ʧʦʩʪʫʧʘʢ ʜʦʙʠʿʘˁʘ ʨʝʣʘʪʠʚʥʦʛ ʜʦʧʨʠʥʦʩʘ ʘʤʦʨʬʠʟʘʮʠʿʝ, ʧʦʨʝʢʣʦʤ ʦʜ ʩʫʙ-

ʨʝʰʝʪʢʠ ʩʠʣʠʮʠʿʫʤʘ ʠ ʫʛˀʝʥʠʢʘ, ʟʘʩʥʠʚʘ ʩʝ ʥʘ ʨʘʟʜʚʘʿʘˁʫ ʫʜʝʣʘ ʧʦʚʨʘʪʥʦ ʨʘʩʝʿʘʥʠʭ ʿʦʥʘ ʢʦʿʠ 

ʧʦʪʠʯʫ ʦʜ ʘʤʦʨʬʠʟʘʮʠʿʝ ʩʪʨʫʢʪʫʨʝ ʠ ʧʨʠʥʦʩʘ ʿʦʥʘ ʜʦʙʠʿʝʥʠʭ ʧʨʦʮʝʩʦʤ ʜʝʢʘʥʘʣʠʩʘˁʘ. ʅʘʠʤʝ, 

ʟʘ ʩʚʘʢʠ ʫʟʦʨʘʢ ʢʦʿʠ ʩʝ ʪʨʝʪʠʨʘ ʠʪʝʨʘʪʠʚʥʠʤ ʧʦʩʪʫʧʢʦʤ ʧʦʪʨʝʙʘʥ ʿʝ ʩʝʪ ʦʜ ʪʨʠ ʩʧʝʢʪʨʘ: Eɺɮ 

ʩʧʝʢʪʘʨ ʥʝʠʤʧʣʘʥʪʠʨʘʥʦʛ ʫʟʦʨʢʘ, Eɺɮ/ʉ ʩʧʝʢʪʘʨ ʥʝʠʤʧʣʘʥʪʠʨʘʥʦʛ ʫʟʦʨʢʘ ʠ Eɺɮ/ʉ ʩʧʝʢʪʘʨ 

ʠʤʧʣʘʥʪʠʨʘʥʦʛ ʫʟʦʨʢʘ. ʅʘ ʩʣʠʮʠ 42ʘ ʧʨʠʢʘʟʘʥ ʿʝ ʿʝʜʘʥ ʪʘʢʘʚ ʩʝʪ ʟʘ ʫʟʦʨʘʢ ʄ(Si-m)6. 

ʘ) ʙ) 

  
 

ʉʣʠʢʘ 42. a) Eɺɮ ʩʧʝʢʪʘʨ ʥʝʠʤʧʣʘʥʪʠʨʘʥʦʛ ʫʟʦʨʢʘ (M-N rand), Eɺɮ/ʉ ʩʧʝʢʪʘʨ 

ʥʝʠʤʧʣʘʥʪʠʨʘʥʦʛ ʫʟʦʨʢʘ (M-N ch) ʠ Eɺɮ/ʉ ʩʧʝʢʪʘʨ ʠʤʧʣʘʥʪʠʨʘʥʦʛ ʫʟʦʨʢʘ (M(C-m)2);  

ʙ) ʥʦʨʤʘʣʠʟʦʚʘʥʝ ʢʨʠʚʝ ɽɺɮ/ʉ ʩʧʝʢʪʨʘ ʥʝʠʤʧʣʘʥʪʠʨʘʥʦʛ (M-N ch) ʠ ʠʤʧʣʘʥʪʠʨʘʥʦʛ  

(M(C-m)2) ʫʟʦʨʢʘ ʫ ʦʜʥʦʩʫ ʥʘ ɽɺɮ ʩʧʝʢʪʘʨ (M-N rand) ï V (ʮʨʚʝʥʘ ʢʨʠʚʘ) ʠ  

N (ʥʘʨʘʥ˅ʘʩʪʘ ʢʨʠʚʘ), ʨʝʩʧʝʢʪʠʚʥʦ, ʢʘʦ ʠ ʠʟʨʘʯʫʥʘʪʘ ʢʦʤʧʦʥʝʥʪʘ ʨʘʩʝʿʘˁʘ ʧʦʨʝʢʣʦʤ  

ʦʜ ʧʨʦʮʝʩʘ ʜʝʢʘʥʘʣʠʩʘˁʘ ï R (ʧʣʘʚʘ ʢʨʠʚʘ). 

ʂʦʤʧʦʥʝʥʪʘ ʧʦʚʨʘʪʥʦʛ ʨʘʩʝʿʘˁʘ ʧʦʨʝʢʣʦʤ ʦʜ ʧʨʦʮʝʩʘ ʜʝʢʘʥʘʣʠʩʘˁʘ ʠʟʨʘʯʫʥʘʚʘ ʩʝ ʥʘ 

ʩʣʝʜʝ˂ʠ ʥʘʯʠʥ, ʧʨʝʤʘ ʧʦʩʪʫʧʢʫ ʦʧʠʩʘʥʦʤ ʦʜ ʩʪʨʘʥʝ ɾʘʥʛʘ (Y. Zhang) ʠ ʩʘʨʘʜʥʠʢʘ [181]: 

 ὙὭ ὠὭ ρ ὠὭ ρ ÅØÐ „
ὔὭ ρ ὙὭ ρ

ρ ὙὭ ρ
 (5.10.) 

ʛʜʝ ʩʫ V(i) ʚʨʝʜʥʦʩʪʠ ʥʦʨʤʘʣʠʟʦʚʘʥʦʛ ɽɺɮ/ʉ ʩʧʝʢʪʨʘ ʥʝʠʤʧʣʘʥʪʠʨʘʥʦʛ ʫʟʦʨʢʘ, ʘ N(i) 

ʚʨʝʜʥʦʩʪʠ ʥʦʨʤʘʣʠʟʦʚʘʥʦʛ ɽɺɮ/ʉ ʩʧʝʢʪʨʘ ʠʤʧʣʘʥʪʠʨʘʥʦʛ ʫʟʦʨʢʘ ʫ ʦʜʥʦʩʫ ʥʘ ɽɺɮ ʩʧʝʢʪʘʨ 

ʥʝʠʤʧʣʘʥʪʠʨʘʥʦʛ ʫʟʦʨʢʘ. ʇʘʨʘʤʝʪʘʨ n ʦʟʥʘʯʘʚʘ ʫʢʫʧʘʥ ʙʨʦʿ ʪʘʯʘʢʘ i ʫ ʩʧʝʢʪʨʫ. ʆʟʥʘʢʘ ůʨʨ 

ʧʨʝʜʩʪʘʚˀʘ ʧʘʨʘʤʝʪʘʨ ʢʦʿʠ ʿʝ ʧʦʚʝʟʘʥ ʩʘ ʧʦʧʨʝʯʥʠʤ ʧʨʝʩʝʢʦʤ ʜʝʢʘʥʘʣʠʩʘˁʘ ʜʫʞ ʦʜʨʝʹʝʥʦʛ 

ʢʘʥʘʣʘ ʢʨʠʩʪʘʣʘ. ʇʘʨʘʤʝʪʘʨ ůʨʨ ʤʦʞʝ ʩʝ ʦʜʨʝʜʠʪʠ ʤʝˁʘˁʝʤ ˁʝʛʦʚʝ ʚʨʝʜʥʦʩʪʠ ʩʚʝ ʜʦʢ ʩʝ 

ʜʦʙʠʿʝʥʘ ʢʨʠʚʘ R(i) ʥʝ ʧʦʢʣʦʧʠ ʩʝ ʢʨʠʚʦʤ N(i) ʫ ʦʧʩʝʛʫ ʛʜʝ ʥʠʿʝ ʧʨʠʩʫʪʥʘ ʘʤʦʨʬʥʘ ʬʘʟʘ, 

ʦʜʥʦʩʥʦ ʛʜʝ ʥʝʤʘ ʜʦʜʘʪʥʦʛ ʧʨʠʥʦʩʘ ʫ ʩʧʝʢʪʨʫ [181]. ʊʘʜʘ ʿʝ ʟʘʜʦʚʦˀʝʥ ʫʩʣʦʚ N(i) ī R(i) = 0. 

ʂʘʢʦ ʪʦʢʦʤ ʠʪʝʨʘʪʠʚʥʦʛ ʧʦʩʪʫʧʢʘ ʠ ʜʘˀʝ ʦʙʨʘʜʝ ʩʧʝʢʪʘʨʘ ʜʦʣʘʟʠ ʜʦ ʚʝʣʠʢʠʭ ʦʩʮʠʣʘʮʠʿʘ 

ʠʟʤʝʹʫ ʜʚʝ ʩʫʩʝʜʥʝ ʪʘʯʢʝ ʟʙʦʛ ʰʫʤʘ ʫ ʩʧʝʢʪʨʫ, ʥʘ ʩʚʝ ʩʧʝʢʪʨʝ ʧʨʠʤʝˁʝʥʘ ʿʝ ʧʨʦʮʝʜʫʨʘ 

ʫʛʣʘʯʘʚʘˁʘ (ʝʥʛʣ. smooth) ʤʝʪʦʜʦʤ ʩʫʩʝʜʥʦʛ ʫʩʨʝʜˁʘʚʘˁʘ (ʝʥʛʣ. adjacent-averaging) ʩʘ 20 

ʪʘʯʘʢʘ ʧʦ ʢʦʨʘʢʫ. ʉʧʝʢʪʘʨ ʫʟʦʨʢʘ ʄ(ɮi-m)6 ʢʘʦ ʠ ɽɺɮ ʠ ɽɺɮ/ʉ ʩʧʝʢʪʨʝ ʥʝʠʤʧʣʘʥʪʠʨʘʥʠʭ 

ʫʟʦʨʢʘ ʧʨʠʢʘʟʘʥʝ ʩʫ ʥʘ ʩʣʠʮʠ 42ʘ (ʧʫʥʝ ʣʠʥʠʿʝ). 

ʅʘʢʦʥ ʠʟʜʚʘʿʘˁʘ ʢʦʤʧʦʥʝʥʪʝ ʜʝʢʘʥʘʣʠʩʘˁʘ R(i) ʠʟ ʩʧʝʢʪʨʘ, ʬʘʟʘ ʢʦʿʘ ʩʝ ʧʨʠʧʠʩʫʿʝ 

ʘʤʦʨʬʠʟʘʮʠʿʠ ʧʨʠʣʠʢʦʤ ʠʤʧʣʘʥʪʘʮʠʿʝ ʿʦʥʘ ʜʦʙʠʿʘ ʩʝ ʦʜʫʟʠʤʘˁʝʤ R(i) ʦʜ N(i). ʄʝʹʫʪʠʤ, ʫ 

ʩʧʝʢʪʨʫ ʥʝʠʤʧʣʘʥʪʠʨʘʥʦʛ ʫʟʦʨʢʘ (ʩʣʠʢʘ 42ʘ, M-N rand), ʧʨʚʠ Ăʩʪʝʧʝʥʠʢñ ʩʘʜʨʞʠ ʩʘʤʦ ʧʨʠʥʦʩ 

ʦʜ ʿʦʥʘ ʩʠʣʠʮʠʿʫʤʘ, ʜʦʢ ʜʨʫʛʠ Ăʩʪʝʧʝʥʠʢñ ʩʘʜʨʞʠ ʠ ʜʦʜʘʪʥʠ ʧʨʠʥʦʩ ʦʜ ʘʪʦʤʘ ʫʛˀʝʥʠʢʘ. ʋ ʜʝʣʫ 
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ʢʦʿʠ ʩʘʜʨʞʠ ʩʘʤʦ ʜʦʧʨʠʥʦʩʝ ʦʜ ʘʪʦʤʘ ʩʠʣʠʮʠʿʫʤʘ ʤʦʨʘ ʩʝ ʫʥʝʪʠ ʢʦʨʝʢʮʠʿʘ ʧʨʠʥʦʩʘ 

ʘʤʦʨʬʠʟʘʮʠʿʝ [181]. 

ʅʘ ʩʣʠʮʠ 43ʘ ʧʨʠʢʘʟʘʥʠ ʩʫ ʨʝʟʫʣʪʘʪʠ ʥʦʨʤʘʣʠʟʦʚʘʥʦʛ ʧʨʠʥʦʩʘ ʘʤʦʨʬʠʟʘʮʠʿʝ ʟʘ ʩʣʫʯʘʿ 

ʠʤʧʣʘʥʪʘʮʠʿʝ ʿʦʥʠʤʘ ʫʛˀʝʥʠʢʘ ʩʘ ʢʦʨʝʢʮʠʿʦʤ ʚʨʝʜʥʦʩʪʠ ʧʨʠʥʦʩʘ ʠʟ ʧʨʚʦʛ Ăʩʪʝʧʝʥʠʢʘñ. 

ɼʦʧʨʠʥʦʩ ʫ ʧʨʚʦʤ Ăʩʪʝʧʝʥʠʢʫñ ʥʠʿʝ ʟʥʘʯʘʿʘʥ ʫ ʦʜʥʦʩʫ ʥʘ ʜʨʫʛʠ, ʧʘ ʙʠ ʩʝ ʫ ʧʨʚʦʿ ʘʧʨʦʢʩʠʤʘʮʠʿʠ 

ʤʦʛʘʦ ʟʘʥʝʤʘʨʠʪʠ. ɿʘ ʜʘˀʝ ʨʘʟʤʘʪʨʘˁʝ, ʚʨʝʜʥʦʩʪ ʢʦʨʝʢʮʠʦʥʦʛ ʬʘʢʪʦʨʘ ʟʘ ʧʨʚʠ Ăʩʪʝʧʝʥʠʢñ 

ʧʨʦʥʘʣʘʟʠ ʩʝ ʠʟ ʦʜʥʦʩʘ ʧʨʚʦʛ ʠ ʜʨʫʛʦʛ Ăʩʪʝʧʝʥʠʢʘñ. ʃʦʢʘʣʥʘ ʧʨʦʤʝʥʘ ʧʨʠʥʦʩʘ ʢʦʿʠ ʩʝ ʥʘʣʘʟʠ 

ʫ ʦʙʣʘʩʪʠ 0,67ï0,74 MeV ʥʘʩʪʘʿʝ ʢʘʦ ʨʝʟʫʣʪʘʪ ʥʘʛʣʝ ʧʨʦʤʝʥʝ ʠʥʪʝʥʟʠʪʝʪʘ ɽɺɮ ʩʧʝʢʪʨʘ (ʦʜʟʠʚ 

ʦʜ ʘʪʦʤʘ ʫʛˀʝʥʠʢʘ ʩʘ ʧʦʚʨʰʠʥʝ) ʟʙʦʛ ʯʝʛʘ ʩʝ ʦʚʘʿ ʜʝʦ ʠʟʦʩʪʘʚˀʘ ʫ ʜʘˀʦʿ ʜʠʩʢʫʩʠʿʠ. ɼʦʙʠʿʝʥʝ 

ʢʨʠʚʝ ʥʦʨʤʘʣʠʟʦʚʘʥʦʛ ʧʨʠʥʦʩʘ ʩʘ ʩʣʠʢʝ 43ʘ ʟʘ ʫʟʦʨʢʝ M(C-l)4 ʠ M(C-m)2 ʿʘʚˀʘʿʫ ʩʝ ʫ ʚʠʜʫ ʜʚʘ 

ʜʝʣʠʤʠʯʥʦ ʧʨʝʢʣʦʧˀʝʥʘ ʧʠʢʘ ʩʘ ʤʘʢʩʠʤʫʤʠʤʘ ʥʘ ʝʥʝʨʛʠʿʘʤʘ 0,27 MeV ʠ 0,44 MeV. ʉʘ ʜʘˀʠʤ 

ʧʦʨʘʩʪʦʤ ʬʣʫʝʥʩʘ ʜʦʣʘʟʠ ʜʦ ʧʦʪʧʫʥʦʛ ʧʨʝʢʣʘʧʘˁʘ ʜʘʪʠʭ ʧʠʢʦʚʘ ʙʝʟ ʿʘʩʥʠʭ ʥʘʟʥʘʢʘ ʦ 

ʚʨʝʜʥʦʩʪʠʤʘ ʤʘʢʩʠʤʫʤʘ (ʫʟʦʨʘʢ M(C-h)3). 

ʘ) ʙ) 

  
 

ʉʣʠʢʘ 43. ʅʦʨʤʘʣʠʟʦʚʘʥʠ ʧʨʠʥʦʩʠ ʘʤʦʨʬʠʟʘʮʠʿʝ ʟʘ ʨʘʟʣʠʯʠʪʝ ʫʟʦʨʢʝ ʠʤʧʣʘʥʪʠʨʘʥʝ 

ʿʦʥʠʤʘ ʘ) ʫʛˀʝʥʠʢʘ ʠ ʙ) ʩʠʣʠʮʠʿʫʤʘ ʩʘ ʢʦʨʝʢʮʠʿʦʤ ʚʨʝʜʥʦʩʪʠ ʧʨʠʥʦʩʘ ʧʨʚʦʛ Ăʩʪʝʧʝʥʠʢʘñ 

ʢʦʿʠ ʜʘʿʝ ʩʘʤʦ ʜʦʧʨʠʥʦʩ ʘʪʦʤʘ ʩʠʣʠʮʠʿʫʤʘ. ʅʘ ʛʨʘʬʠʮʠʤʘ ʘ) ʠ ʙ) ɽɺɮ ʩʧʝʢʪʘʨ M-N rand 

ʧʨʠʢʘʟʘʥ ʿʝ ʟʙʦʛ ʧʦʟʠʮʠʿʝ Ăʩʪʝʧʝʥʠʢʘñ (ʠʥʪʝʥʟʠʪʝʪ ʧʨʠʣʘʛʦʹʝʥ ʨʘʜʠ ʧʦʨʝʹʝˁʘ ʩʘ ɽɺɮ/ʉ). 

 ʅʘ ʩʣʠʮʠ 43ʙ ʧʨʠʢʘʟʘʥʠ ʩʫ ʨʝʟʫʣʪʘʪʠ ʠʪʝʨʘʪʠʚʥʦʛ ʧʦʩʪʫʧʢʘ ʟʘ ʫʟʦʨʢʝ ʠʤʧʣʘʥʪʠʨʘʥʝ 

ʿʦʥʠʤʘ ʩʠʣʠʮʠʿʫʤʘ. ʉʘ ʧʦʨʘʩʪʦʤ ʬʣʫʝʥʩʘ ʜʦʣʘʟʠ ʜʦ ʟʥʘʯʘʿʥʠʿʝʛ ʧʦʨʘʩʪʘ ʧʨʠʥʦʩʘ ʪʘʢʦʹʝ ʠ ʫ 

ʨʝʛʠʦʥʫ ʧʨʚʦʛ Ăʩʪʝʧʝʥʠʢʘñ. ɿʘ ʨʘʟʣʠʢʫ ʦʜ ʩʣʫʯʘʿʘ ʩʘ ʫʛˀʝʥʠʢʦʤ, ʯʘʢ ʠ ʧʨʠ ʥʠʞʠʤ ʬʣʫʝʥʩʠʤʘ 

ʥʝ ʟʘʧʘʞʘʿʫ ʩʝ ʿʘʩʥʦ ʨʘʟʜʚʦʿʝʥʠ ʧʠʢʦʚʠ ʢʦʿʠ ʚʦʜʝ ʧʦʨʝʢʣʦ ʦʜ ʘʤʦʨʬʠʟʘʮʠʿʝ ʩʫʙ-ʨʝʰʝʪʢʠ 

ʫʛˀʝʥʠʢʘ ʠ ʩʠʣʠʮʠʿʫʤʘ. ʇʨʝʤʘ ʨʝʟʫʣʪʘʪʠʤʘ CSIM ʘʥʘʣʠʟʝ ʫ ʩʣʫʯʘʿʫ ʠʤʧʣʘʥʪʘʮʠʿʝ ʿʦʥʠʤʘ 

ʩʠʣʠʮʠʿʫʤʘ, ʟʦʥʘ ʠʥʜʫʢʦʚʘʥʝ ʘʤʦʨʬʠʟʘʮʠʿʝ ʿʝ ʟʥʘʪʥʦ ʰʠʨʘ ʫ ʦʜʥʦʩʫ ʥʘ ʩʣʫʯʘʿ ʠʤʧʣʘʥʪʘʮʠʿʝ 

ʘʪʦʤʠʤʘ ʫʛˀʝʥʠʢʘ (ʩʣʠʢʘ 33). ʋʩʣʝʜ ʪʦʛʘ, ʜʦʣʘʟʠ ʜʦ ʟʥʘʪʥʦ ʚʝ˂ʝʛ ʧʨʝʢʣʘʧʘˁʘ ʧʠʢʦʚʘ ʟʙʦʛ ʯʝʛʘ 

ʿʝ ʪʝʰʢʦ ʧʨʦʮʝʥʠʪʠ ʪʘʯʘʥ ʜʦʧʨʠʥʦʩ ʩʚʘʢʝ ʦʜ ʩʫʙ-ʨʝʰʝʪʢʠ. 

 ʂʘʢʦ ʩʝ ʢʦʜ ʫʟʦʨʘʢʘ ʠʤʧʘʣʥʠʪʠʨʘʥʠʭ ʿʦʥʠʤʘ ʫʛˀʝʥʠʢʘ ʜʦʧʨʠʥʦʩʠ ʟʘ ʜʚʝ ʚʨʝʜʥʦʩʪʠ 

ʬʣʫʝʥʩʘ ʿʘʚˀʘʿʫ ʫ ʦʙʣʠʢʫ ʜʚʘ ʧʠʢʘ, ʠʟʚʨʰʝʥʦ ʿʝ ʬʠʪʦʚʘˁʝ ʠ ˁʠʭʦʚʦ ʨʘʟʜʚʘʿʘˁʝ. ɿʘ ʥʘʿʚʠʰʠ 

ʬʣʫʝʥʩ ʫʨʘʹʝʥʦ ʿʝ ʛʨʫʙʦ ʬʠʪʦʚʘˁʝ ʧʨʘʪʝ˂ʠ ʪʨʝʥʜ ʧʨʦʤʝʥʝ ʧʘʨʘʤʝʪʘʨʘ ʧʠʢʦʚʘ ʥʠʞʠʭ ʬʣʫʝʥʘʩʘ. 

ɿʘ ʬʠʪʦʚʘˁʝ ʿʝ ʢʦʨʠʰ˂ʝʥʘ Asym2Sig ʘʩʠʤʝʪʨʠʯʥʘ ʬʫʥʢʮʠʿʘ ʜʦʩʪʫʧʥʘ ʫ Origin ʧʨʦʛʨʘʤʩʢʦʤ 

ʧʘʢʝʪʫ. ʈʘʟʣʦʛ ʟʘ ʫʧʦʪʨʝʙʫ ʦʚʝ ʬʫʥʢʮʠʿʝ ʣʝʞʠ ʫ ʘʩʠʤʝʪʨʠʯʥʦʿ ʨʘʩʧʦʜʝʣʠ ʠʤʧʣʘʥʪʠʨʘʥʠʭ ʿʦʥʘ 

ʧʦ ʜʫʙʠʥʠ (ʩʣʠʢʘ 33). ʈʝʟʫʣʪʘʪʠ ʩʫ ʧʨʠʢʘʟʘʥʠ ʥʘ ʩʣʠʮʠ 44ʘïʚ. ʉʘ ʧʦʨʘʩʪʦʤ ʬʣʫʝʥʩʘ, ʢʦʣʠʯʠʥʘ 

ʘʤʦʨʬʠʟʘʮʠʿʝ ʫʛˀʥʠʯʥʝ ʠ ʩʠʣʠʮʠʿʫʤʩʢʝ ʧʦʜʨʝʰʝʪʢʝ ʨʘʩʪʝ ʠ ʤʘʢʩʠʤʫʤʠ ʜʦʙʠʿʝʥʠʭ ʧʨʦʬʠʣʘ 

ʧʦʤʝʨʘʿʫ ʩʝ ʢʘ ʚʝ˂ʠʤ ʚʨʝʜʥʦʩʪʠʤʘ ʝʥʝʨʛʠʿʝ (ʤʘˁʠʤ ʜʫʙʠʥʘʤʘ). ʇʦʨʝʜ ʪʦʛʘ, ʩʘ ʧʦʨʘʩʪʦʤ 

ʬʣʫʝʥʩʘ ʟʦʥʘ ʘʤʦʨʬʠʟʘʮʠʿʝ ʰʠʨʠ ʩʝ ʢʘ ʤʘˁʠʤ ʜʫʙʠʥʘʤʘ, ʰʪʦ ʧʦʪʚʨʹʫʿʝ ʜʠʥʘʤʠʯʢʠ ʝʬʝʢʘʪ. 
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ʘ) ʙ) 

  
ʚ) ʛ) 

  
 

ʉʣʠʢʘ 44. ʈʘʟʜʚʘʿʘˁʝ ʜʦʧʨʠʥʦʩʘ ʩʫʙ-ʨʝʰʝʪʢʠ ʫʛˀʝʥʠʢʘ ʠ ʩʠʣʠʮʠʿʫʤʘ ʬʠʪʦʚʘˁʝʤ ʧʦʤʦ˂ʫ 

ʜʚʘ ʘʩʠʤʝʪʨʠʯʥʘ Asym2Sig ʧʠʢʘ ʟʘ ʫʟʦʨʢʝ ʘ) M(C-l)4, ʙ) M(C-m)2 ʠ ʚ) M(C-h)3;  

ʛ) ʫʧʦʨʝʜʥʠ ʨʝʟʫʣʪʘʪʠ ʨʘʟʜʚʦʿʝʥʠʭ ʜʦʧʨʠʥʦʩʘ ʫʛˀʝʥʠʯʥʝ ʠ ʩʠʣʠʮʠʿʫʤʩʢʝ ʧʦʜʨʝʰʝʪʢʝ  

ʘʥʘʣʠʟʠʨʘʥʠʭ ʫʟʦʨʘʢʘ. 

ʇʨʦʬʠʣʠ ʥʦʨʤʘʣʠʟʦʚʘʥʠʭ ʧʨʠʥʦʩʘ ʘʤʦʨʬʠʟʘʮʠʿʝ ʟʘ ʫʛˀʝʥʠʯʥʫ ʠ ʩʠʣʠʮʠʿʫʤʩʢʫ 

ʧʦʜʨʝʰʝʪʢʫ ʠʤʘʿʫ ʨʘʟʣʠʯʠʪʝ ʚʨʝʜʥʦʩʪʠ ʘʤʧʣʠʪʫʜʘ. ʈʘʟʣʦʛ ʟʘ ʦʚʘʢʚʦ ʧʦʥʘʰʘˁʝ ʤʦʞʝ ʩʝ 

ʧʦʪʨʘʞʠʪʠ ʫ ʨʘʟʣʠʯʠʪʠʤ ʚʨʝʜʥʦʩʪʠʤʘ ʟʘʫʩʪʘʚʥʠʭ ʧʦʧʨʝʯʥʠʭ ʧʨʝʩʝʢʘ ʨʘʩʝʿʘˁʘ ʟʘ ʘʪʦʤʝ 

ʫʛˀʥʠʢʘ ʠ ʩʠʣʠʮʠʿʫʤʘ. ɼʘ ʙʠ ʩʝ ʜʦʙʠʣʝ ʚʨʝʜʥʦʩʪʠ ʘʤʦʨʬʠʟʘʮʠʿʝ ʟʘ ʩʚʘʢʫ ʧʦʜʨʝʰʝʪʢʫ 

ʥʝʦʧʭʦʜʥʦ ʿʝ ʜʦʜʘʪʥʦ ʦʙʨʘʜʠʪʠ ʠʟʜʚʦʿʝʥʝ ʧʨʦʬʠʣʝ. ʅʘʠʤʝ, ʜʦʙʠʿʝʥʠ ʧʨʦʬʠʣʠ ʨʘʟʜʚʦʿʝʥʠʭ 

ʜʦʧʨʠʥʦʩʘ ʟʘ ʫʛˀʝʥʠʢ ʠ ʩʠʣʠʮʠʿʫʤ ʥʦʨʤʠʨʘʥʠ ʩʫ ʦʜʥʦʩʦʤ ʧʨʠʥʦʩʘ ʝʣʝʤʝʥʪʘʨʥʠʭ ʧʦʜʩʧʝʢʪʘʨʘ 

(ʨʘʟʜʚʦʿʝʥʠ ʩʧʝʢʪʨʠ ʟʘ ʫʛˀʝʥʠʢ ʠ ʩʠʣʠʮʠʿʫʤ) ʜʦʙʠʿʝʥʠʭ ʧʦʤʦ˂ʫ SIMNRA, ʨʘʥʠʿʝ ʧʨʠʢʘʟʘʥʠʭ 

ʥʘ ʩʣʠʮʠ 24ʘ. ʋʧʦʨʝʜʥʠ ʨʝʟʫʣʪʘʪʠ ʜʦʧʨʠʥʦʩʘ ʘʤʦʨʬʠʟʘʮʠʿʝ ʫʛˀʝʥʠʯʥʝ ʠ ʩʠʣʠʮʠʿʫʤʩʢʝ 

ʧʦʜʨʝʰʝʪʢʝ ʟʘ ʩʚʝ ʫʟʦʨʢʝ ʠʤʧʣʘʥʪʠʨʘʥʝ ʿʦʥʠʤʘ ʫʛˀʝʥʠʢʘ ʥʘʢʦʥ ʥʦʨʤʠʨʘˁʘ ʧʨʠʢʘʟʘʥʠ ʩʫ ʥʘ 

ʩʣʠʮʠ 44ʛ. ʆʯʝʢʠʚʘʥʦ ʿʝ ʜʘ ʥʘʢʦʥ ʥʦʨʤʠʨʘˁʘ ʘʤʧʣʠʪʫʜʝ ʜʦʧʨʠʥʦʩʘ ʘʤʦʨʬʠʟʘʮʠʿʝ ʫʛˀʝʥʠʯʥʝ 

ʠ ʩʠʣʠʮʠʿʫʤʩʢʝ ʧʦʜʨʝʰʝʪʢʝ ʙʫʜʫ ʩʣʠʯʥʝ. ʄʝʹʫʪʠʤ, ʘʤʧʣʠʪʫʜʝ ʜʦʙʠʿʝʥʠʭ ʧʨʦʬʠʣʘ ʧʦʢʘʟʫʿʫ 

ʨʘʟʣʠʢʫ ʦʜ 12%ï17% ʫ ʟʘʚʠʩʥʦʩʪʠ ʦʜ ʠʩʧʠʪʘʥʦʛ ʫʟʦʨʢʘ. ʂʘʢʦ ʩʝ ʧʨʦʬʠʣ ʜʦʧʨʠʥʦʩʘ 

ʘʤʦʨʬʠʟʘʮʠʿʝ ʫʛˀʥʠʯʥʝ ʧʦʜʨʝʰʝʪʢʝ ʜʝʣʠʤʠʯʥʦ ʧʨʝʢʣʘʧʘ ʩʘ ʦʙʣʘʰ˂ʫ ʛʜʝ ʩʝ ʿʘʚˀʘʿ ʫ 

ʜʦʧʨʠʥʦʩʠ ʚʠʰʝʩʪʨʫʢʦʛ ʨʘʩʝʿʘˁʘ ʿʦʥʘ, ʦʚʘʢʚʘ ʦʜʩʪʫʧʘˁʘ ʤʦʛʫ ʙʠʪʠ ʦʧʨʘʚʜʘʥʘ. ʉʪʦʛʘ, ʟʘ 

ʧʦʨʝʹʝˁʝ ʩʘ ʧʨʦʬʠʣʠʤʘ ʜʦʙʠʿʝʥʠʤ ʧʦʤʦ˂ʫ CSIM ʧʨʦʛʨʘʤʘ ʙʠ˂ʝ ʢʦʨʠʰ˂ʝʥʠ ʧʨʦʬʠʣʠ 

ʜʦʧʨʠʥʦʩʘ ʩʠʣʠʮʠʿʫʤʩʢʝ ʧʦʜʨʝʰʝʪʢʝ. 
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ʘ) ʙ) 

  
ʚ) ʛ) 

  
 

ʉʣʠʢʘ 45. ʇʦʨʝʹʝˁʝ ʜʫʙʠʥʩʢʠʭ ʧʨʦʬʠʣʘ ʘʤʦʨʬʠʟʘʮʠʿʝ ʜʦʙʠʿʝʥʠʭ ʠʪʝʨʘʪʠʚʥʠʤ ʧʦʩʪʫʧʢʦʤ 

ʟʘ ʩʣʫʯʘʿ ʢʘʜʘ ʿʝ Ŭ = 1,00 ʠ Ŭ = 0,84 ʩʘ CSIM ʧʨʦʬʠʣʠʤʘ ʟʘ ʫʟʦʨʢʝ ʘ) M(C-l)4, ʙ) M(C-m)2, ʠ  

ʚ) M(C-h)3; ʛ) ʫʧʦʨʝʜʥʠ ʧʨʠʢʘʟ ʨʝʟʫʣʪʘʪʘ ʧʨʦʬʠʣʘ ʘʤʦʨʬʠʟʘʮʠʿʝ ʟʘ ʩʚʝ ʠʩʧʠʪʠʚʘʥʝ ʫʟʦʨʢʝ 

ʠʪʝʨʘʪʠʚʥʦʤ ʧʨʦʮʝʜʫʨʦʤ. 

ʂʘʢʦ ʙʠʩʤʦ ʫʧʦʨʝʜʠʣʠ ʧʨʦʬʠʣʝ ʘʤʦʨʬʠʟʘʮʠʿʝ ʜʦʙʠʿʝʥʝ ʧʦʤʦ˂ʫ ʠʪʝʨʘʪʠʚʥʦʛ ʧʦʩʪʫʧʢʘ 

ʠ CSIM ʧʨʦʛʨʘʤʘ, ʥʝʦʧʭʦʜʥʦ ʿʝ ʠʟʚʨʰʠʪʠ ʢʦʥʚʝʨʟʠʿʫ ʩʢʘʣʝ ʝʥʝʨʛʠʿʝ ʫ ʩʢʘʣʫ ʜʫʙʠʥʝ ʧʨʦʬʠʣʘ 

ʩʘ ʩʣʠʢʝ 44ʛ. ʂʦʥʚʝʨʟʠʿʘ ʿʝ ʫʨʝʹʝʥʘ ʢʦʨʠʰ˂ʝˁʝʤ ʚʨʝʜʥʦʩʪʠ ʟʘʫʩʪʘʚʥʠʭ ʧʦʧʨʝʯʥʠʭ ʧʨʝʩʝʢʘ 

ʧʨʦʪʦʥʘ ʫ ʩʠʣʠʮʠʿʫʤ ʢʘʨʙʠʜʫ ʧʨʝʫʟʝʪʠʭ ʠʟ SRIM ʙʠʙʣʠʦʪʝʢʘ ʧʦʜʘʪʘʢʘ. ʋ ʧʨʚʦʿ ʘʧʨʦʢʩʠʤʘʮʠʿʠ 

(ʧʦʣʘʟʥʘ ʧʨʝʪʧʦʩʪʘʚʢʘ) ʝʥʝʛʠʩʿʢʠ ʛʫʙʠʮʠ ʩʫ ʠʩʪʠ ʟʘ ʩʣʫʯʘʿ ʢʘʥʘʣʠʩʘˁʘ ʠ ʩʣʫʯʘʿʥʫ 

ʦʨʠʿ ʝʥʪʘʮʠʿʫ, ʦʜʥʦʩʥʦ ʢʘʜʘ ʿʝ ʚʨʝʜʥʦʩʪ Ŭ = 1,00. ɼʦʜʘʪʥʦ, ʢʦʥʚʝʨʟʠʿʘ ʿʝ ʠʟʚʨʰʝʥʘ ʠ ʟʘ ʩʣʫʯʘʿ 

ʢʘʜʘ ʿʝ Ŭ = 0,84 ʰʪʦ ʧʨʝʜʩʪʘʚˀʘ ʨʘʥʠʿʝ ʜʦʙʠʿʝʥʫ ʚʨʝʜʥʦʩʪ ʢʘʦ ʨʝʟʫʣʪʘʪ ʧʨʦʮʝʜʫʨʝ ɢ2 

ʤʠʥʠʤʠʟʘʮʠʿʝ ɽɺɮ/ʉ ʩʧʝʢʪʨʘ ʧʨʦʪʦʥʘ ʝʥʝʨʛʠʿʝ 1 MeV. ɼʘʪʘ ʢʦʨʝʢʮʠʿʘ ʜʦʚʝʰ˂ʝ ʢʘʢʦ ʜʦ 

ʧʦʤʝʨʘʿʘ ʧʨʦʬʠʣʘ ʥʘ ʩʢʘʣʠ ʜʫʙʠʥʘ ʪʘʢʦ ʠ ʜʦ ʧʨʦʤʝʥʝ ˁʝʛʦʚʝ ʘʤʧʣʠʪʫʜʝ (ʧʦʩʣʝʜʠʮʘ ʟʘʚʠʩʥʦʩʪʠ 

ʧʦʧʨʝʯʥʦʛ ʧʨʝʩʝʢʘ ʨʘʩʝʿʘˁʘ ʦʜ ʝʥʝʨʛʠʿʝ/ʜʫʙʠʥʝ). ʅʘ ʩʣʠʮʠ 45ʘïʛ ʧʨʠʢʘʟʘʥʠ ʩʫ ʨʝʟʫʣʪʘʪʠ ʥʘʢʦʥ 

ʢʦʥʚʝʨʟʠʿʝ ʩʢʘʣʝ ʝʥʝʨʛʠʿʘ-ʜʫʙʠʥʘ ʩʠʣʠʮʠʿʫʤʩʢʠʭ ʧʨʦʬʠʣʘ ʩʘ ʩʣʠʢʝ 44ʛ. ɼʦʜʘʪʥʦ, ʥʘ ʩʣʠʢʘʤʘ 

ʩʫ ʧʨʠʢʘʟʘʥʠ ʠ ʦʜʛʦʚʘʨʘʿʫ˂ʠ CSIM ʧʨʦʬʠʣʠ ʜʦʙʠʿʝʥʠ ʠʟ ɽɺɮ/ʉ ʩʧʝʢʪʘʨʘ ʧʨʦʪʦʥʘ 1 MeV 

(ʠʩʪʠʭ ʩʧʝʢʪʘʨʘ ʢʦʿʠ ʩʫ ʢʦʨʠʰ˂ʝʥʠ ʫ ʠʪʝʨʘʪʠʚʥʦʤ ʧʦʩʪʫʧʢʫ). ʇʨʦʬʠʣʠ ʜʦʙʠʿʝʥʠ ʧʦʤʦ˂ʫ 

ʠʪʝʨʘʪʠʚʥʦʛ ʧʦʩʪʫʧʢʘ ʢʦʨʠʰ˂ʝˁʝʤ ʨʘʟʣʠʯʠʪʠʭ ʚʨʝʜʥʦʩʪʠ Ŭ ʧʦʢʘʟʫʿʫ ʧʦʤʝʨʘʿ ʤʘʢʩʠʤʫʤʘ ʟʘ 

ʦʢʦ 0,2 ɛm (ʦʢʦ 7%) ʜʦʢ ʿʝ ʨʘʟʣʠʢʘ ʫ ʘʤʧʣʠʪʫʜʘʤʘ ʤʘˁʘ ʦʜ 1%. ʂʦʨʠʰ˂ʝˁʝʤ ʚʨʝʜʥʦʩʪʠ 

ʧʘʨʘʤʝʪʨʘ Ŭ = 0,84 ʜʦʙʠʿʝʥʘ ʩʫ ʙʦˀʘ ʩʣʘʛʘˁʘ ʩʘ CSIM ʧʨʦʬʠʣʠʤʘ ʫ ʧʦʛʣʝʜʫ ʧʦʟʠʮʠʿʝ 
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ʤʘʤʢʩʠʤʫʤʘ ʢʘʦ ʠ ʢʦʣʠʯʠʥʝ ʘʤʦʨʬʠʟʘʮʠʿʝ ʢʦʿʠ ʩʝ ʨʘʟʣʠʢʫʿʫ ʟʘ ʤʘˁʝ ʦʜ 5%. ʆʚʦ ʿʝ ʧʦʪʚʨʜʘ 

ʫʩʧʝʰʥʝ ʧʨʠʤʝʥʝ ʠʪʝʨʘʪʠʚʥʦʛ ʧʦʩʪʫʧʢʘ ʟʘ ʨʘʟʤʘʪʨʘʥʠ ʩʧʝʮʠʬʠʯʘʥ ʩʣʫʯʘʿ ɽɺɮ/ʉ ʩʧʝʢʪʘʨʘ 6H-

SiC ʟʘ [0001] ʧʨʘʚʘʮ. 

5.7. ʉʢʝʥʠʨʘʿʫ˂ʘ ʝʣʝʢʪʨʦʥʩʢʘ ʤʠʢʨʦʩʢʦʧʠʿʘ 

ɮɽʄ ʩʣʠʢʝ ʧʦʧʨʝʯʥʠʭ ʧʨʝʩʝʢʘ ʫʟʦʨʘʢʘ 6ʅ-ɮiʉ (ʥʦʨʤʘʣʥʦ ʥʘ ʧʨʘʚʘʮ ʠʤʧʣʘʥʪʘʮʠʿʝ ʿʦʥʘ) 

ʠʤʧʣʘʥʪʠʨʘʥʠʭ ʥʘʿʥʠʞʠʤ ʬʣʫʝʥʩʠʤʘ ʿʦʥʘ ʫʛˀʝʥʠʢʘ ʠ ʩʠʣʠʮʠʿʫʤʘ ʧʨʠʢʘʟʘʥʝ ʩʫ ʥʘ ʩʣʠʮʠ 46ʘ 

ʠ ʙ (ʫʟʦʨʮʠ ʄ(ʉ-l)4 ʠ ʄ(ɮi-l)9), ʨʝʩʧʝʢʪʠʚʥʦ. ʅʘ ʜʘʪʠʤ ʩʣʠʢʘʤʘ ʟʘʧʘʞʘʿʫ ʩʝ ʤʦʜʠʬʠʢʦʚʘʥʝ 

ʟʦʥʝ, ʧʘʨʘʣʝʣʥʝ ʧʦʚʨʰʠʥʠ ʢʨʠʩʪʘʣʘ ʠ ʭʦʤʦʛʝʥʝ ʜʫʞ ʠʤʧʣʘʥʪʠʨʘʥʠʭ ʜʫʙʠʥʘ, ʢʦʿʝ ʩʫ ʧʦʩʣʝʜʠʮʘ 

ʠʥʪʝʨʘʢʮʠʿʝ ʢʨʠʩʪʘʣʘ ʩʘ ʿʦʥʠʤʘ ʠ ʪʠʧʠʯʥʝ ʟʘ ʧʨʦʮʝʩ ʠʤʧʣʘʥʪʘʮʠʿʝ ʿʦʥʘ [120]. ʆʚʦ ʿʝ ʿʘʩʘʥ 

ʧʦʢʘʟʘʪʝˀ ʫʥʠʬʦʨʤʥʦʩʪʠ ʧʨʦʮʝʩʘ ʠʤʧʣʘʥʪʘʮʠʿʝ ʿʦʥʘ ʧʦ ʜʫʙʠʥʠ ʫʟʦʨʢʘ. ʋ ʮʠˀʫ ʧʨʝʮʠʟʥʠʿʝʛ 

ʦʜʨʝʹʠʚʘˁʘ ʛʨʘʥʠʮʘ ʤʦʜʠʬʠʢʦʚʘʥʠʭ ʟʦʥʘ, ʢʦʨʠʰ˂ʝˁʝʤ ʧʨʦʛʨʘʤʩʢʦʛ ʧʘʢʝʪʘ MatLab, ʜʦʙʠʿʝʥʘ 

ʿʝ ʟʘʚʠʩʥʦʩʪ ʠʥʪʝʥʟʠʪʝʪʘ ʩʣʠʢʝ ʦʜ ʜʫʙʠʥʝ ʫʟʦʨʢʘ. ʅʘʠʤʝ, ʦʚʘʿ ʧʦʩʪʫʧʘʢ ʦʙʨʘʜʝ ʧʦʜʨʘʟʫʤʝʚʘ 

ʥʝʢʦʣʠʢʦ ʢʦʨʘʢʘ. ʇʨʚʠ ʢʦʨʘʢ ʦʛʣʝʜʘ ʩʝ ʫ ʧʨʝʙʘʮʠʚʘˁʫ ʦʨʠʛʠʥʘʣʥʠʭ ɮɽʄ ʩʣʠʢʘ ʫ Grayscale 

ʨʝʞʠʤ ʬʦʪʦʛʨʘʬʠʿʝ, ʪʝ ʢʦʥʚʝʨʟʠʿʝ ʠʩʪʠʭ ʫ ʤʘʪʨʠʯʥʠ ʦʙʣʠʢ. ʋ ʜʨʫʛʦʤ ʢʦʨʘʢʫ ʚʨʰʠ ʩʝ 

ʩʢʘʣʠʨʘˁʝ ʜʫʙʠʥʝ ʫ ʦʜʥʦʩʫ ʥʘ ʿʝʜʠʥʠʮʫ ʜʫʞʠʥʝ ʧʨʠʢʘʟʘʥʫ ʥʘ ɮɽʄ ʩʣʠʮʠ ʜʝʬʠʥʠʩʘʥʫ ʦʜ 

ʩʪʨʘʥʝ ʠʥʩʪʨʫʤʝʥʪʘ. ʅʘ ʢʨʘʿʫ ʩʝ ʚʨʰʠ ʫʩʨʝʜˁʘʚʘˁʝ ʠʥʪʝʥʟʠʪʝʪʘ ʩʣʠʢʝ ʧʦ ʜʫʙʠʥʠ ʠ ʢʘʦ ʪʘʢʘʚ 

ʩʝ ʜʦʜʘʿʝ ʦʜʛʦʚʘʨʘʿʫ˂ʠʤ ɮɽʄ ʩʣʠʢʘʤʘ. ɹʠʪʥʦ ʿʝ ʥʘʧʦʤʝʥʫʪʠ ʜʘ ʿʝ ʜʝʦ ʫʟʦʨʢʘ ʩʘ ʥʝʨʘʚʥʠʥʘʤʘ 

ʥʘʩʪʘʣʠʤ ʧʨʠʣʠʢʦʤ ʩʝʯʝˁʘ, ʢʘʦ ʰʪʦ ʿʝ ʪʦ ʩʣʫʯʘʿ ʥʘ ʩʣʠʮʠ 46ʙ ʫ ʛʦʨˁʝʤ ʣʝʚʦʤ ʫʛʣʫ (ʟʘʪʘʤˁʝʥʠ 

ʜʝʦ), ʠʟʦʩʪʘʚˀʝʥ ʪʦʢʦʤ ʫʩʨʝʜˁʘʚʘˁʘ. 

ʘ) ʙ) 

  
 

ʉʣʠʢʘ 46. ɮɽʄ ʩʣʠʢʝ ʧʦʧʨʝʯʥʠʭ ʧʨʝʩʝʢʘ ʠʤʧʣʘʥʪʠʨʘʥʠʭ ʫʟʦʨʘʢʘ 6ʅ-ɮiʉ: ʘ) ʄ(ʉ-l)4 ʠ  

ʙ) ʄ(ɮi-l)9; ʢʨʠʚʘ ʞʫʪʝ ʙʦʿʝ ï ʠʥʪʝʥʟʠʪʝʪ ɮɽʄ ʩʣʠʢʝ ʫʩʨʝʜˁʝʥ ʿʝ ʧʦ ʜʫʙʠʥʠ. 

ʅʘ ɮɽʄ ʩʣʠʮʠ ʫʟʦʨʢʘ ʄ(ɮi-l)9 ʠʤʧʣʘʥʪʠʨʘʥʦʛ ʿʦʥʠʤʘ ʩʠʣʠʮʠʿʫʤʘ (ʩʣʠʢʘ 46ʘ) 

ʧʨʠʤʝ˂ʫʿʫ ʩʝ ʯʝʪʠʨʠ ʤʦʜʠʬʠʢʦʚʘʥʘ ʨʝʛʠʦʥʘ. ʇʨʚʠ ʨʝʛʠʦʥ ʩʝ ʧʨʦʩʪʠʨʝ ʠʟʤʝʹʫ 1 ɛm ʠ 3 ɛm ʩʘ 

ʤʘʢʩʠʤʘʣʥʦʤ ʧʨʦʤʝʥʦʤ ʥʘ ʜʫʙʠʥʠ ʦʜ 2 ɛm. ʇʨʦʤʝʥʝ ʩʪʨʫʢʪʫʨʝ ʢʨʠʩʪʘʣʘ ʫ ʦʚʦʿ ʦʙʣʘʩʪʠ 

ʧʦʩʣʝʜʠʮʘ ʿʝ ʤʦʜʠʬʠʢʘʮʠʿʝ ʥʘʩʪʘʣʝ ʠʤʧʣʘʥʪʘʮʠʿʦʤ ʿʦʥʘ ʩʠʣʠʮʠʿʫʤʘ ʝʥʝʨʛʠʿʝ 4 ʄʝV. 

ʄʘʢʩʠʤʫʤʠ ʧʨʦʤʝʥʘ ʠʥʪʝʥʟʠʪʝʪʘ ʜʨʫʛʦʛ, ʪʨʝ˂ʝʛ ʠ ʯʝʪʚʨʪʦʛ ʤʦʜʠʬʠʢʦʚʘʥʦʛ ʨʝʛʠʦʥʘ ʥʘʣʘʟʝ ʩʝ 

ʥʘ ʜʫʙʠʥʘʤʘ ʦʜ 10,6 ɛm, 25,0 ɛm ʠ 28,2 ɛm. ʇʨʦʤʝʥʝ ʫ ʦʚʠʤ ʨʝʛʠʦʥʠʤʘ ʢʨʠʩʪʘʣʘ ʥʠʩʫ ʚʝʟʘʥʝ 

ʟʘ ʠʤʧʣʘʥʪʘʮʠʿʫ ʿʦʥʘ ʩʠʣʠʮʠʿʫʤʘ, ʚʝ˂ ʩʫ ʥʘʩʪʘʣʝ ʪʦʢʦʤ ʩʧʨʦʚʦʹʝˁʘ ɽɺɮ/ʉ ʤʝʨʝˁʘ ʠ 

ʦʜʛʦʚʘʨʘʿʫ ʜʦʤʝʪʫ ʧʨʦʪʦʥʘ ʝʥʝʨʛʠʿʘ 1,000 ʄʝV, 1,725 ʄʝV ʠ 1,860 ʄʝV ʢʦʨʠʰ˂ʝʥʠʭ ʫ 

ʘʥʘʣʠʟʠ. ʋʟʠʤʘʿʫ˂ʠ ʫ ʦʙʟʠʨ ʜʘ ʩʝ ʨʘʜʠ ʦ ʢʘʥʘʣʠʩʘˁʫ ʿʦʥʘ, ʢʦʨʠʰ˂ʝˁʝʤ SRIM ʢʘʣʢʫʣʘʮʠʿʘ 

ʧʨʦʮʝˁʝʥʦ ʿʝ ʜʘ ʩʝ ʥʘ ʜʘʪʠʤ ʜʫʙʠʥʘʤʘ ʟʘʠʩʪʘ ʦʯʝʢʫʿʫ ʟʘʫʩʪʘʚˀʝʥʠ ʧʨʦʪʦʥʠ ʦʚʠʭ ʝʥʝʨʛʠʿʘ. ʅʘ 
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ʩʣʠʮʠ 46ʙ, ʟʘ ʫʟʦʨʘʢ ʄ(ʉ-l)4 ʠʤʧʣʘʥʪʠʨʘʥ ʿʦʥʠʤʘ ʫʛˀʝʥʠʢʘ, ʢʦʿʘ ʿʝ ʩʥʠʤˀʝʥʘ ʩʘ ʚʝ˂ʦʤ 

ʨʝʟʦʣʫʮʠʿʦʤ, ʧʨʠʤʝ˂ʫʿʝ ʩʝ ʩʘʤʦ ʧʨʚʘ ʟʦʥʘ ʢʦʿʘ ʩʝ ʧʨʦʪʝʞʝ ʠʟʤʝʹʫ 2,8 ɛm ʠ 3,4 ɛm ʠ ʢʦʿʘ 

ʦʜʛʦʚʘʨʘ ʤʦʜʠʬʠʢʘʮʠʿʠ ʥʘʩʪʘʣʦʿ ʢʘʦ ʧʦʩʣʝʜʠʮʘ ʠʥʪʝʨʘʢʮʠʿʝ ʿʦʥʘ ʫʛˀʝʥʠʢʘ ʩʘ ʢʨʠʩʪʘʣʦʤ. ɿʙʦʛ 

ʚʝ˂ʝ ʨʝʟʦʣʫʮʠʿʝ ʥʠʿʝ ʤʦʛʫ˂ʝ ʧʨʠʤʝʪʠʪʠ ʪʨʝ˂ʫ ʠ ʯʝʪʚʨʪʫ ʟʦʥʫ, ʜʦʢ ʩʝ ʜʨʫʛʘ ʟʦʥʘ ʥʝ ʨʘʟʣʠʢʫʿʝ 

ʿʘʩʥʦ ʧʨʠ ʜʘʪʦʤ ʫʚʝ˂ʘˁʫ. 

ɿʘ ʨʘʟʣʠʢʫ ʦʜ ʩʣʫʯʘʿʘ ʩʘ ʩʣʠʢʝ 46ʘ ʛʜʝ ʩʫ ʫ ʢʨʠʩʪʘʣ 6ʅ-ɮiʉ-ʘ ʠʤʧʣʘʥʪʠʨʘʥʠ ʿʦʥʠ 

ʩʠʣʠʮʠʿʫʤʘ, ʛʨʘʥʠʮʝ ʤʦʜʠʬʠʢʦʚʘʥʝ ʟʦʥʝ ʥʘʩʪʘʣʝ ʢʘʦ ʧʦʩʣʝʜʠʮʝ ʠʤʧʣʘʥʪʘʮʠʿʝ ʿʦʥʘ ʫʛˀʝʥʠʢʘ 

ʥʘ ʩʣʠʮʠ 46ʙ ʩʫ ʟʥʘʪʥʦ ʿʘʩʥʠʿʝ. ʅʘ ʩʣʠʮʠ 46ʙ ʟʘʧʘʞʘ ʩʝ ʜʘ ʧʨʦʤʝʥʘ ʠʥʪʝʥʟʠʪʝʪʘ ʧʨʚʝ 

ʤʦʜʠʬʠʢʦʚʘʥʝ ʟʦʥʝ ʥʘ ʠʚʠʮʠ ʫʜʘˀʝʥʠʿʦʿ ʦʜ ʧʦʚʨʰʠʥʝ ʫʟʦʨʢʘ ʠʤʘ ʚʝ˂ʠ ʥʘʛʠʙ, ʦʜʥʦʩʥʦ ʙʦˀʝ ʿʝ 

ʜʝʬʠʥʠʩʘʥʘ. ʆʚʦ ʩʝ ʩʣʘʞʝ ʩʘ ʟʘʢˀʫʯʮʠʤʘ ʜʦʙʠʿʝʥʠʤ ʥʘ ʦʩʥʦʚʫ ɽɺɮ/ʉ ʨʝʟʫʣʪʘʪʘ ʠ SRIM 

ʢʘʣʢʫʣʘʮʠʿʘ, ʛʜʝ ʧʨʦʬʠʣʠ ʘʤʦʨʬʠʟʘʮʠʿʝ ʠʤʘʿʫ ʩʪʨʤʠʿʠ ʧʘʜ ʥʘ ʪʦʿ ʩʪʨʘʥʠ ʧʨʦʬʠʣʘ. 

5.8. ʄʠʢʨʦ-ʨʘʤʘʥʩʢʘ ʩʧʝʢʪʨʦʩʢʦʧʠʿʘ 

ʅʘ ʩʣʠʮʠ 47 ʧʨʠʢʘʟʘʥ ʿʝ ʩʧʝʢʪʘʨ ʥʝʠʤʧʣʘʥʪʠʨʘʥʦʛ ʫʟʦʨʢʘ ʢʨʠʩʪʘʣʘ 6ʅ-ɮiʉ. ʋ ʨʝʛʠʦʥʫ 

ʨʘʤʘʥʩʢʦʛ ʩʧʝʢʪʨʘ ʧʨʚʦʛ ʨʝʜʘ ʿʘʚˀʘʿʫ ʩʝ ʪʨʘʢʝ ʥʘ 149 cmī1, 240 cmī1, 265 cmī1, 507 cmī1, 515 

cmī1, 770 cmī1, 791 cmī1 ʠ 800 cmī1 ʢʦʿʝ ʦʜʛʦʚʘʨʘʿʫ ɽ2-FTA(2/6), ɽ1-FTA(4/6), ɽ2-FTA(6/6), A1-

FLA(4/6), A1-FLA(4/6), E2-FTO(6/6), E2-FTO(2/6) ʠ E1-FTO(0) 6ʅ-ɮiʉ ʢʨʠʩʪʘʣʥʠʤ 

ʚʠʙʨʘʮʠʦʥʠʤ ʤʦʜʦʚʠʤʘ, ʨʝʩʧʝʢʪʠʚʥʦ. ʋ ʜʫʛʦʪʘʣʘʩʥʦʤ ʨʝʛʠʦʥʫ ʩʧʝʢʪʨʘ (1400ï1800 cmī1) 

ʟʘʧʘʞʘʿʫ ʩʝ ʪʨʘʢʝ ʢʦʿʝ ʩʝ ʧʨʠʧʠʩʫʿʫ ʦʚʝʨʪʦʥʦʚʠʤʘ (ʪʨʘʢʝ ʥʘ 1481 cmī1, 1519 cmī1, 1533 cmī1, 

1546 cmī1, 1689 cmī1, 1715 cmī1) ʠ ʢʦʤʙʠʥʘʮʠʦʥʠʤ ʪʨʘʢʘʤʘ (ʪʨʘʢʝ ʥʘ 1616 cmī1, 1628 cmī1,1653 

cmī1) (ʪʘʙʝʣʘ 3). 

 
 

ʉʣʠʢʘ 47. ʈʘʤʘʥʩʢʠ ʩʧʝʢʪʘʨ ʥʝʠʤʧʣʘʥʪʠʨʘʥʦʛ ʫʟʦʨʢʘ 6ʅ-ɮiʉ ʤʦʥʦʢʨʠʩʪʘʣʘ. 

ʇʦʿʘʚʘ/ʦʜʩʫʩʪʚʦ ʦʜʨʝʹʝʥʠʭ ʨʘʤʘʥʩʢʠʭ ʪʨʘʢʘ 6ʅ-ɮiʉ ʯʝʩʪʦ ʿʝ ʧʦʚʝʟʘʥʘ ʩʘ ʛʝʦʤʝʪʨʠʿʦʤ 

ʨʘʩʝʿʘˁʘ ʨʘʤʘʥʩʢʦʛ ʟʨʘʯʝˁʘ, ʦʜʥʦʩʥʦ ʩʘ ʦʨʠʿʝʥʪʘʮʠʿʦʤ ʢʨʠʩʪʘʣʘ [182]. ʊʘʢʦʹʝ, ʠʥʪʝʥʟʠʚʘʥ 

ʧʦʟʘʜʠʥʩʢʠ ʩʠʛʥʘʣ ʨʘʤʘʥʩʢʠ ʜʦʟʚʦˀʝʥʠʭ ʪʨʘʢʘ ʦʤʝʪʘ ʠʜʝʥʪʠʬʠʢʘʮʠʿʫ ʩʣʘʙʠʿʠʭ ʩʠʛʥʘʣʘ ʢʦʿʠ 

ʩʝ ʿʘʚˀʘʿʫ ʢʘʦ ʧʦʩʣʝʜʠʮʘ ʜʝʬʝʢʘʪʘ ʢʨʠʩʪʘʣʥʝ ʩʪʨʫʢʪʫʨʝ. ʇʦʢʘʟʘʥʦ ʿʝ ʜʘ ʧʨʠ ʛʝʦʤʝʪʨʠʿʩʢʦʿ 

ʢʦʥʬʠʛʫʨʘʮʠʿʠ ʧʦʚʨʘʪʥʦʛ ʨʘʩʝʿʘˁʘ ʩʚʝʪʣʦʩʪʠ, ʧʦʟʘʜʠʥʩʢʠ ʩʠʛʥʘʣ ʜʦʟʚʦˀʝʥʠʭ ʤʦʜʦʚʘ ʩʣʘʙʠ 

(ʙʦˀʠ ʦʜʥʦʩ ʩʠʛʥʘʣ-ʰʫʤ), ʪʝ ʿʝ ʦʚʦ ʝʬʠʢʘʩʘʥ ʥʘʯʠʥ ʟʘ ʜʝʪʝʢʪʦʚʘˁʝ ʨʘʤʘʥʩʢʠʭ ʤʦʜʦʚʘ ʢʦʿʠ 

ʧʦʪʠʯʫ ʦʜ ʜʝʬʝʢʘʪʘ ʤʘˁʝ ʛʫʩʪʠʥʝ [183]. ʈʘʤʘʥʩʢʠ ʩʧʝʢʪʨʠ ʧʨʠʢʘʟʘʥʠ ʥʘ ʩʣʠʢʘʤʘ 47ī62 

ʩʥʠʤˀʝʥʠ ʩʫ ʧʨʠ ʛʝʦʤʝʪʨʠʿʠ ʧʦʚʨʘʪʥʦʛ ʨʘʩʝʿʘˁʘ ʫ ʧʨʘʚʮʫ ʫ ʢʦʤʝ ʿʝ ʣʘʩʝʨʩʢʠ ʩʥʦʧ ʧʘʨʘʣʝʣʘʥ 

(0001) ʨʘʚʘʥʠ ʢʨʠʩʪʘʣʘ (ʧʦʧʨʝʯʥʠ ʧʨʝʩʝʢ ʢʨʠʩʪʘʣʘ, ʩʣʠʢʘ 48ʘ). ʇʨʠ ʜʘʪʦʿ ʛʝʦʤʝʪʨʠʿʠ, 

ʧʦʿʘʚˀʫʿʝ ʩʝ ʚʠʙʨʘʮʠʦʥʘ ʪʨʘʢʘ ʥʘ 800 cmī1 (ʩʣʠʢʘ 47), ʢʦʿʘ ʿʝ ʟʘʙʨʘˁʝʥʘ ʫ ʢʦʥʬʠʛʫʨʘʮʠʿʠ 

ʧʦʚʨʘʪʥʦʛ ʨʘʩʝʿʘˁʘ ʩʘ (0001) ʨʘʚʥʠ. ʇʦʿʘʚʘ ʪʨʘʢʝ ʥʘ 800 cmī1 ʫ ʩʧʝʢʪʨʫ ʧʨʠ (0001) 

ʢʦʥʬʠʛʫʨʘʮʠʿʠ (ʣʘʩʝʨʩʢʠ ʩʥʦʧ ʥʦʨʤʘʣʘʥ ʥʘ (0001) ʨʘʚʘʥ) ʦʙʿʘʰˁʘʚʘ ʩʝ ʫ ʣʠʪʝʨʘʪʫʨʠ 

ʧʨʠʩʫʩʪʚʦʤ ʜʝʬʝʢʘʪʘ ʫʩʣʝʜ ʛʨʝʰʘʢʘ ʧʨʠ ʩʣʘʛʘˁʫ ʢʨʠʩʪʘʣʥʠʭ ʩʣʦʿʝʚʘ, SF (ʝʥʛʣ. stacking fault) 

ʪʨʘʢʝ [184]. ʄʝʹʫʪʠʤ, ʧʦʢʘʟʘʥʦ ʿʝ ʧʨʠʩʫʩʪʚʦ ʪʨʘʢʝ ʥʘ 800 cmī1 ʧʨʠ ʢʦʥʬʠʛʫʨʘʮʠʿʠ ʢʦʨʠʰ˂ʝʥʦʿ 

ʫ ʝʢʩʧʝʨʠʤʝʥʪʫ, ʯʘʢ ʠ ʧʨʠ ʥʫʣʪʦʿ SF ʢʦʥʮʝʥʪʨʘʮʠʿʠ [185]. 
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ʘ) ʙ) 

  
 

ʉʣʠʢʘ 48. ʘ) ʉʭʝʤʘʪʩʢʠ ʧʨʠʢʘʟ ʛʝʦʤʝʪʨʠʿʝ ʨʘʤʘʥʩʢʦʛ ʝʢʩʧʝʨʠʤʝʥʪʘ ʠ ʙ) ʨʘʤʘʥʩʢʠ ʩʧʝʢʪʨʠ 

ʥʝʠʤʧʣʘʥʪʠʨʘʥʦʛ ʫʟʦʨʢʘ 6ʅ-ɮiʉ ʥʘ ʨʘʟʣʠʯʠʪʠʤ ʧʦʟʠʮʠʿʘʤʘ ʢʨʠʩʪʘʣʘ: ʜʝʣʠʤʠʯʥʦ ʥʘ ʠʚʠʮʠ 

ʠ ʜʘʣʝʢʦ ʦʜ ʠʚʠʮʝ (ʮʝʦ ʣʘʩʝʨʩʢʠ ʩʥʦʧ ʥʘ ʧʦʚʨʰʠʥʠ). 

ʉʣʠʯʥʦ, ʦʜʩʫʩʪʚʦ ʪʨʘʢʝ ʥʘ 972 cmī1, ʢʦʿʘ ʩʝ ʧʨʠʧʠʩʫʿʝ ɸ1-FLO(0) ʚʠʙʨʘʮʠʦʥʦʤ ʤʦʜʫ, 

ʧʦʩʣʝʜʠʮʘ ʿʝ ʛʝʦʤʝʪʨʠʿʝ ʝʢʩʧʝʨʠʤʝʥʪʘ ʨʘʤʘʥʩʢʦʛ ʨʘʩʝʿʘˁʘ. ʉʥʠʤʘˁʝʤ ʩʧʝʢʪʘʨʘ ʫ 

ʢʦʥʬʠʛʫʨʘʮʠʿʠ ʧʦʚʨʘʪʥʦʛ ʨʘʩʝʿʘˁʘ, ʧʨʠ ʛʝʦʤʝʪʨʠʿʠ ʢʘʜ ʿʝ ʣʘʩʝʨʩʢʠ ʩʥʦʧ ʧʘʨʘʣʝʣʘʥ ʥʘ (0001) 

ʨʘʚʘʥ 6ʅ-ɮiʉ ʢʨʠʩʪʘʣʘ, ɹʘʫʝʨ (ʄ. Bauer) ʠ ʩʘʨʘʜʥʠʮʠ ʧʦʢʘʟʘʣʠ ʩʫ ʜʘ ʜʦʣʘʟʠ ʜʦ ʠʟʨʘʞʝʥʝ 

ʨʝʜʫʢʮʠʿʝ ʠʥʪʝʥʟʠʪʝʪʘ ʪʨʘʢʝ (972 cmī1) ʫ ʦʜʥʦʩʫ ʥʘ ʢʦʥʬʠʛʫʨʘʮʠʿʫ ʧʦʚʨʘʪʥʦʛ ʨʘʩʝʿʘˁʘ ʩʘ 

(0001) ʨʘʚʥʠ [186]. ʋ ʦʚʦʤ ʩʣʫʯʘʿʫ, ʠʥʪʝʥʟʠʪʝʪ ʪʨʘʢʝ ʥʘ 972 cmī1 ʟʥʘʪʥʦ ʿʝ ʥʠʞʠ ʦʜ ʠʥʪʝʥʟʠʪʝʪʘ 

ʪʨʘʢʘ ʥʘ 240 cmī1 ʠ 265 cmī1. ʊʦ ʿʝ ʨʘʟʣʦʛ ʟʘʰʪʦ ʪʨʘʢʫ ʥʠʿʝ ʤʦʛʫ˂ʝ ʚʠʜʝʪʠ ʫ ʩʧʝʢʪʨʫ ʩʘ ʩʣʠʢʝ 

47. ʇʨʠʩʫʩʪʚʦ ɸ1-FLO(0) ʪʨʘʢʝ ʤʦʛʫ˂ʝ ʿʝ ʫʦʯʠʪʠ ʢʘʜʘ ʿʝ ʧʦʟʠʮʠʿʘ ʣʘʩʝʨʘ ʜʝʣʠʤʠʯʥʦ ʥʘ ʠʚʠʮʠ 

ʤʦʥʦʢʨʠʩʪʘʣʘ 6ʅ-ɮiʉ (ʠʚʠʮʘ ʦʙʨʘʹʝʥʘ ʦʜ ʩʪʨʘʥʝ ʧʨʦʠʟʚʦʹʘʯʘ ʢʨʠʩʪʘʣʘ), ʰʪʦ ʿʝ ʠʣʫʩʪʨʦʚʘʥʦ 

ʥʘ ʩʣʠʮʠ 48ʙ (ʮʨʥʘ ʣʠʥʠʿʘ). ʆʚʦ ʩʝ ʤʦʞʝ ʦʙʿʘʩʥʠʪʠ ʜʝʣʠʤʠʯʥʠʤ ʧʨʠʢʫʧˀʘˁʝʤ ʨʘʤʘʥʩʢʦʛ 

ʨʘʩʝʿʘˁʘ ʩʘ (0001) ʨʘʚʥʠ ʢʨʠʩʪʘʣʘ (ʩʣʠʢʘ 48ʘ). 

ʈʘʥʠʿʝ (ʫ ʧʦʛʣʘʚˀʫ 2.3.) ʿʝ ʦʙʿʘʰˁʝʥʦ ʜʘ ʩʝ ɮiʉ ʤʦʞʝ ʥʘ˂ʠ ʫ ʚʠʰʝ ʦʜ 200 ʨʘʟʣʠʯʠʪʠʭ 

ʧʦʣʠʪʠʧʦʚʘ. ʇʦʪʚʨʜʫ ʜʘ ʩʝ ʫ ʦʚʦʤ ʩʣʫʯʘʿʫ ʨʘʜʠ ʦ 6ʅ ʧʦʣʠʪʠʧʫ ɮiʉ ʤʦʞʝʤʦ ʜʦʙʠʪʠ ʜʠʨʝʢʪʥʦ 

ʠʟ ʨʘʤʘʥʩʢʦʛ ʩʧʝʢʪʨʘ. ʊʝʦʨʠʿʩʢʠ ʿʝ ʧʦʢʘʟʘʥʦ ʜʘ ʿʝ ʟʘ ʦʜʨʝʹʝʥʠ ʧʦʣʪʠʧ ɮiʉ ʠʥʪʝʥʟʠʪʝʪ 

ʨʘʤʘʥʩʢʠʭ ʪʨʘʢʘ FTA ʠ FTʆ ʚʠʙʨʘʮʠʦʥʠʭ ʤʦʜʦʚʘ ʤʘʢʩʠʤʘʣʘʥ ʢʘʜʘ ʿʝ ʚʨʝʜʥʦʩʪ ˁʠʭʦʚʦʛ 

ʨʝʜʫʢʦʚʘʥʦʛ ʪʘʣʘʩʥʦʛ ʚʝʢʪʦʨʘ ʿʝʜʥʘʢʘ ʭʝʢʩʘʛʦʥʘʣʥʦʩʪʠ ʧʦʣʠʪʠʧʘ [75]. ʍʝʢʩʘʛʦʥʘʣʥʦʩʪ 

ʧʦʣʠʪʠʧʘ ʩʝ ʜʝʬʠʥʠʰʝ ʢʘʦ ʧʨʦʮʝʥʘʪ ʭʝʢʩʘʛʦʥʘʣʥʦʛ ʩʣʘʛʘˁʘ ʩʣʦʿʝʚʘ ʫ ʧʦʣʠʪʠʧʦʚʠʤʘ 

(ʭʝʢʩʘʛʦʥʘʣʥʦʩʪ ʠʤʘ ʚʨʝʜʥʦʩʪ ʦʜ 0 (ʟʘ 0%) ʜʦ 1 (ʟʘ 100%) ʭʝʢʩʘʛʦʥʘʣʥʦʛ ʩʣʘʛʘˁʘ). ɺʝʟʘ ʠʟʤʝʹʫ 

ʭʝʢʩʘʛʦʥʘʣʥʦʩʪʠ ʧʦʣʠʪʠʧʘ ʠ ʤʘʢʩʠʤʘʣʥʦʛ ʠʥʪʝʥʟʠʪʝʪʘ ʨʘʤʘʥʩʢʠʭ FTA ʠ FTʆ ʪʨʘʢʘ ʟʘ ʜʘʪʫ 

ʚʨʝʜʥʦʩʪ ʨʝʜʫʢʦʚʘʥʦʛ ʪʘʣʘʩʥʦʛ ʚʝʢʪʦʨʘ ʩʘʚʠʿʝʥʦʛ ʤʦʜʘ ʧʦʪʚʨʹʝʥ ʿʝ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʦ ʟʘ ʚʝʣʠʢʠ 

ʙʨʦʿ ʧʦʣʠʪʠʧʦʚʘ [75]. ʂʦʜ 6ʅ ʧʦʣʠʪʠʧʘ ɮiʉ ʤʘʢʩʠʤʫʤ ʠʥʪʝʥʟʠʪʝʪʘ FTA ʠ FTʆ ʤʦʜʦʚʘ ʿʘʚˀʘ 

ʩʝ ʧʨʠ ʚʨʝʜʥʦʩʪʠ ʨʝʜʫʢʦʚʘʥʦʛ ʪʘʣʘʩʥʦʛ ʚʝʢʪʦʨʘ 0,33, ʦʜʥʦʩʥʦ 2/6 [75]. ʉʘ ʩʣʠʢʝ 47 ʿʘʩʥʦ ʩʝ 

ʚʠʜʠ ʜʘ FTA(2/6) ʠ FTʆ(2/6) ʤʦʜʦʚʠ (ʪʨʘʢʝ ʥʘ 149 cmī1 ʠ 791 cmī1) ʠʤʘʿʫ ʥʘʿʚʝ˂ʠ ʠʥʪʝʥʟʠʪʝʪ 

ʧʨʠ ʚʨʝʜʥʦʩʪʠ ʪʘʣʘʩʥʦʛ ʚʝʢʪʦʨʘ 0,33 (2/6) ʯʠʤʝ ʿʝ ʧʦʪʚʨʹʝʥ ʧʦʣʠʪʠʧ ʫʟʦʨʘʢʘ. 

 ʇʨʦʮʝʩʦʤ ʠʤʧʣʘʥʪʘʮʠʿʝ ʿʦʥʘ ʜʦʣʘʟʠ ʜʦ ʢʨʝʠʨʘˁʘ ʜʝʬʝʢʘʪʘ ʫ ʢʨʠʩʪʘʣʫ, ʘ ʧʦʩʣʝʜʠʯʥʦ ʠ 

ʜʦ ʧʨʦʤʝʥʘ ʫ ʨʘʤʘʥʩʢʠʤ ʩʧʝʢʪʨʠʤʘ. ʇʨʘʪʝ˂ʠ ʪʝ ʧʨʦʤʝʥʝ ʤʦʞʝʤʦ ʜʦʙʠʪʠ ʠʥʬʦʨʤʘʮʠʿʝ ʦ 

ʫʨʝʹʝˁʫ ʢʨʠʩʪʘʣʥʝ ʩʪʨʫʢʪʫʨʝ ʢʘʦ ʧʦʩʣʝʜʠʮʝ ʧʨʦʮʝʩʘ ʠʤʧʣʘʥʪʘʮʠʿʝ ʿʦʥʘ. ʋ ʦʢʚʠʨʫ 

ʠʩʪʨʘʞʠʚʘˁʘ ʧʨʝʜʩʪʘʚˀʝʥʦʛ ʫ ʦʚʦʿ ʜʦʢʪʦʨʩʢʦʿ ʜʠʩʝʨʪʘʮʠʿʠ ʤʘʧʠʨʘʥʘ ʿʝ ʠʤʧʣʘʥʪʠʨʘʥʘ ʨʝʛʠʿʘ 

ʩʥʠʤʘˁʝʤ ʨʘʤʘʥʩʢʠʭ ʩʧʝʢʪʘʨʘ ʫʟʦʨʘʢʘ ʧʦ ʜʫʙʠʥʠ ʠʤʧʣʘʥʪʠʨʘʥʝ ʨʝʛʠʿʝ ʩʘ ʢʦʨʘʢʦʤ ʦʜ 0,2 ɛm. 

5.8.1. ʐʠʨʠʥʘ ʣʘʩʝʨʩʢʦʛ ʩʥʦʧʘ 

ʄʘʧʠʨʘˁʝʤ ʠʤʧʣʘʥʪʠʨʘʥʝ ʨʝʛʠʿʝ 6H-SiC ʧʦ ʜʫʙʠʥʠ ʢʨʠʩʪʘʣʘ ʤʦʞʝ ʩʝ ʧʨʘʪʠʪʠ ʧʨʦʤʝʥʘ 

ʧʘʨʘʤʝʪʘʨʘ ʨʘʤʘʥʩʢʠʭ ʩʧʝʢʪʘʨʘ ʩʘ ʜʫʙʠʥʦʤ, ʠ ʥʘ ʪʘʿ ʥʘʯʠʥ ʠʩʧʠʪʠʚʘʪʠ ʫʪʠʮʘʿ ʠʤʧʣʘʥʪʘʮʠʿʝ 

ʿʦʥʘ. ɿʘ ʧʦʩʪʠʟʘˁʝ ʰʪʦ ʙʦˀʝ ʨʝʟʦʣʫʮʠʿʝ ʙʠʪʥʦ ʿʝ ʧʦʟʥʘʚʘʪʠ ʚʨʝʜʥʦʩʪ ʰʠʨʠʥʝ ʩʥʦʧʘ 
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ʢʦʨʠʰ˂ʝʥʦʛ ʣʘʩʝʨʘ. ʋʢʦʣʠʢʦ ʿʝ ʰʠʨʠʥʘ ʣʘʩʝʨʘ ʤʘˁʘ, ʨʝʟʦʣʫʮʠʿʘ ˂ʝ ʙʠʪʠ ʚʝ˂ʘ ʿʝʨ ˂ʝ 

ʨʝʟʫʣʪʫʿʫ˂ʠ ʩʧʝʢʪʘʨ ʩʘʜʨʞʘʪʠ ʠʥʬʦʨʤʘʮʠʿʝ ʜʦʙʠʿʝʥʝ ʩʘ ʤʘˁʝ ʧʦʚʨʰʠʥʝ ʢʨʠʩʪʘʣʘ. ʐʠʨʠʥʘ 

ʣʘʩʝʨʘ (dL) ʪʝʦʨʝʪʩʢʠ ʩʝ ʤʦʞʝ ʠʟʨʘʯʫʥʘʪʠ ʢʦʨʠʰ˂ʝˁʝʤ ʿʝʜʥʘʯʠʥʝ ʢʦʿʘ ʫ ʦʙʟʠʨ ʫʟʠʤʘ ʪʘʣʘʩʥʫ 

ʜʫʞʠʥʫ ʣʘʩʝʨʘ (ɚ) ʠ ʥʫʤʝʨʠʯʢʫ ʘʧʝʨʪʫʨʫ (NA) [187]: 

 
Ὠ

ʇ

“ὔὃ
 (5.11.) 

ʋ ʝʢʩʧʝʨʠʤʝʥʪʠʤʘ ʢʦʨʠʰ˂ʝʥ ʿʝ ʣʘʩʝʨ ʪʘʣʘʩʥʝ ʜʫʞʠʥʝ 514 nm. ʈʘʤʘʥʩʢʠ ʩʠʛʥʘʣ 

ʧʨʠʢʫʧˀʝʥ ʢʨʦʟ ʦʙʿʝʢʪʠʚ ʩʘ ʫʚʝ˂ʘˁʝʤ ʦʜ 100Ĭ, ʥʫʤʝʨʠʯʢʝ ʘʧʝʨʪʫʨʝ 0,9, ʪʝ ʠʟʨʘʯʫʥʘʪʘ 

ʪʝʦʨʠʿʩʢʘ ʚʨʝʜʥʦʩʪ ʰʠʨʠʥʝ ʣʘʩʝʨʘ ʠʟʥʦʩʠ 0,18 ɛm. ʄʝʹʫʪʠʤ, ʥʘ ʰʠʨʠʥʫ ʩʥʦʧʘ ʣʘʩʝʨʘ ʜʦʜʘʪʥʦ 

ʫʪʠʯʫ ʬʦʢʫʩʥʘ ʜʫʞʠʥʘ ʢʘʦ ʠ ʢʚʘʣʠʪʝʪ ʩʘʤʦʛ ʩʥʦʧʘ, ʧʘ ʩʝ ʫ ʨʝʘʣʥʠʤ ʩʣʫʯʘʿʝʚʠʤʘ ʰʠʨʠʥʘ ʩʥʦʧʘ 

ʤʦʨʘ ʠʟʤʝʨʠʪʠ. ʋʢʦʣʠʢʦ ʨʘʤʘʥʩʢʠ ʠʥʩʪʨʫʤʝʥʪ ʥʝʤʘ ʜʦʜʘʪʘʢ ʟʘ ʧʨʦʬʠʣʠʩʘˁʝ ʣʘʩʝʨʩʢʦʛ ʩʥʦʧʘ, 

ʰʠʨʠʥʫ ʿʝ ʤʦʛʫ˂ʝ ʧʨʦʮʝʥʠʪʠ ʤʝʨʝˁʝʤ ʠʥʪʝʥʟʠʪʝʪʘ ʣʘʩʝʨʩʢʦʛ ʩʥʦʧʘ ʧʨʠ ˁʝʛʦʚʦʤ ʧʨʦʣʘʩʢʫ 

ʧʨʝʢʦ ʠʚʠʮʝ ʢʨʠʩʪʘʣʘ, ʙʠʣʦ ʧʨʘ˂ʝˁʝʤ ʪʨʘʥʩʤʠʪʦʚʘʥʦʛ (ʪʝʭʥʠʢʘ ʠʚʠʮʝ ʥʦʞʘ [188]) ʠʣʠ 

ʨʝʬʣʝʢʪʦʚʘʥʦʛ ʟʨʘʯʝˁʘ [187]. ʋ ʦʙʘ ʩʣʫʯʘʿʘ ʜʦʙʠʿʘ ʩʝ ʟʘʚʠʩʥʦʩʪ ɹʦʣʮʤʘʥʦʚʦʛ ʪʠʧʘ, ʛʜʝ ʩʝ 

ʥʘʢʦʥ ˁʝʥʦʛ ʜʠʬʝʨʝʥʮʠʨʘˁʘ ʜʦʙʠʿʘ ʧʨʦʬʠʣ ʩʥʦʧʘ ʣʘʩʝʨʘ. 

ʘ) ʙ) 

  
 

ʉʣʠʢʘ 49. ʘ) ʈʘʤʘʥʩʢʠ ʩʧʝʢʪʨʠ 6H-SiC ʩʥʠʤˀʝʥʠ ʥʘ ʧʦʚʨʰʠʥʠ ʢʨʠʩʪʘʣʘ, ʠʚʠʮʠ ʠ 

ʥʝʧʦʩʨʝʜʥʦ ʠʟʚʘʥ ʢʨʠʩʪʘʣʘ; ʙ) ʧʨʦʤʝʥʘ ʧʦʚʨʰʠʥʝ ʪʨʘʢʝ ʥʘ 791 cmī1 ʩʘ ʧʨʦʤʝʥʦʤ ʧʦʟʠʮʠʿʝ 

ʣʘʩʝʨʘ. ʅʘʨʘʥ˅ʘʩʪʘ ʢʨʠʚʘ ʧʨʝʜʩʪʘʚˀʘ ʬʠʪ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʠʭ ʧʦʜʘʪʘʢʘ ʜʦʢ ʮʨʚʝʥʘ 

ʧʨʝʜʩʪʘʚˀʘ ˁʝʥ ʧʨʚʠ ʠʟʚʦʜ. 

ʂʘʢʦ ʙʠ ʩʝ ʠʟʤʝʨʠʣʘ ʰʠʨʠʥʘ ʣʘʩʝʨʘ, ʤʘʧʠʨʘʥʘ ʠʤʧʣʘʥʪʠʨʘʥʘ ʨʝʛʠʿʘ 6H-SiC ʧʦʯʝʚʰʠ 

ʦʜ ʧʦʚʨʰʠʥʝ ʢʨʠʩʪʘʣʘ (ʬʦʢʫʩʠʨʘʿʫ˂ʠ ʩʥʦʧ ʥʘʿʙʦˀʝ ʤʦʛʫ˂ʝ) ʪʝ ʧʨʝʣʘʟʝ˂ʠ ʧʨʝʢʦ ʠʚʠʮʝ, ʩʚʝ ʜʦʢ 

ʩʝ ʣʘʩʝʨʩʢʠ ʩʥʦʧ ʥʝ ʥʘʹʝ ʠʟʚʘʥ ʢʨʠʩʪʘʣʘ. ʂʦʨʠʰ˂ʝˁʝʤ ʜʠʬʨʘʢʮʠʦʥʝ ʨʝʰʝʪʢʝ ʦʜ 1800 ʧʨʦʨʝʟʘ 

ʧʦ mm, ʩʥʠʤˀʝʥʘ ʿʝ ʩʧʝʢʪʨʘʣʥʘ ʦʙʣʘʩʪ ʦʜ 430 cmī1 ʜʦ 1060 cmī1. ɽʚʦʣʫʮʠʿʘ ʧʨʦʤʝʥʝ ʫʢʫʧʥʦʛ 

ʠʥʪʝʥʟʠʪʝʪʘ ʩʧʝʢʪʘʨʘʣʥʝ ʦʙʣʘʩʪʠ ʧʦʢʘʟʘʣʘ ʿʝ ʪʠʧʠʯʥʫ ɹʦʣʮʤʘʥʦʚʫ ʟʘʚʠʩʥʦʩʪ. ʄʝʹʫʪʠʤ, 

ʝʚʦʣʫʮʠʿʘ ʧʦʚʨʰʠʥʝ ʠʩʧʦʜ ʪʨʘʢʝ ʥʘ 791 cmī1 ʩʘ ʜʫʙʠʥʦʤ ʫʟʦʨʢʘ (ʩʣʠʢʘ 49ʘ) ʜʘʿʝ ʟʘʚʠʩʥʦʩʪ ʩʘ 

ʤʘˁʠʤ ʦʩʮʠʣʘʮʠʿʘʤʘ ʩʫʩʝʜʥʠʭ ʚʨʝʜʥʦʩʪʠ ʫ ʦʜʥʩʦʫ ʥʘ ʝʚʦʣʫʮʠʿʫ ʫʢʫʧʥʦʛ ʠʥʪʝʥʟʠʪʝʪʘ 

ʩʧʝʢʪʨʘʣʥʝ ʦʙʣʘʩʪʠ 430 cmī1 ʜʦ 1060 cmī1. ʊʨʘʢʘ ʥʘ 791 cmī1 ʿʝ ʬʠʪʦʚʘʥʘ ʢʦʨʠʰ˂ʝˁʝʤ 

ʃʦʨʝʥʮʦʚʝ ʬʫʥʢʮʠʿʝ. ʅʘ ʩʣʠʮʠ 49ʙ ʧʨʠʢʘʟʘʥʘ ʿʝ ʧʨʦʤʝʥʘ ʠʥʪʝʛʨʘʣʥʦʛ ʠʥʪʝʥʟʠʪʝʪʘ (ʧʦʚʨʰʠʥʝ) 

ʪʨʘʢʝ ʥʘ 791 cmī1 ʩʘ ʧʨʦʤʝʥʦʤ ʨʘʩʪʦʿʘˁʘ ʣʘʩʝʨʘ ʦʜ ʠʚʠʮʝ ʢʨʠʩʪʘʣʘ. ɿʘʚʠʩʥʦʩʪ ʿʝ ʬʠʪʦʚʘʥʘ 

ɹʦʣʮʤʘʥʦʚʦʤ ʬʫʥʢʮʠʿʦʤ ʢʦʿʘ ʿʝ ʧʦʪʦʤ ʜʠʬʝʨʝʥʮʠʨʘʥʘ. ɼʠʬʝʨʝʥʮʠʨʘˁʝʤ ʿʝ ʜʦʙʠʿʝʥ ʧʨʦʬʠʣ 

ɻʘʫʩʦʚʦʛ ʦʙʣʠʢʘ. 




































































