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ʉʇʀʉʆʂ ʆɹʆɿʅɸʏɽʅʀʁ ʀ ʉʆʂʈɸʑɽʅʀʁ 

 

Ŭ* ï ʩʫʤʤʘʨʥʳʝ ʪʦʯʝʯʥʳʝ ʧʦʪʝʨʠ ʟʘ ʦʙʭʦʜ ʨʝʟʦʥʘʪʦʨʘ 

ŬL ï ʧʦʩʪʦʷʥʥʘʷ ʟʘʪʫʭʘʥʠʷ ʚʦʣʦʢʦʥʥʦʛʦ ʩʚʝʪʦʚʦʜʘ  

ɓ(ɤ) ï ʧʦʩʪʦʷʥʥʘʷ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʤʦʜʳ 

ɓa,s,p(ɤ) ï ʧʦʩʪʦʷʥʥʘʷ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʤʦʜʳ ʜʣʷ ʘʥʪʠʩʪʦʢʩʦʚʦʡ, ʩʪʦʢʩʦʚʦʡ 

ʚʦʣʥ ʠ ʚʦʣʥʳ ʥʘʢʘʯʢʠ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ 

ɓfast,slow(ɤ) ï ʧʦʩʪʦʷʥʥʘʷ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʤʦʜʳ ʙʳʩʪʨʦʡ ʠ ʤʝʜʣʝʥʥʦʡ ʦʩʝʡ 

ʜʚʫʣʫʯʝʧʨʝʣʦʤʣʷʶʱʝʛʦ ʚʦʣʦʢʦʥʥʦʛʦ ʩʚʝʪʦʚʦʜʘ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ 

ɓj(ɤp) ï ʢʦʵʬʬʠʮʠʝʥʪ ʜʠʩʧʝʨʩʠʠ j-ʛʦ ʧʦʨʷʜʢʘ ʥʘ ʯʘʩʪʦʪʝ ɤp 

ɓ0k ï ʢʦʵʬʬʠʮʠʝʥʪ ʜʠʩʧʝʨʩʠʠ k-ʛʦ ʧʦʨʷʜʢʘ ʥʘ ʯʘʩʪʦʪʝ ɤ0  

ȹɓ ï ʧʦʣʥʘʷ ʨʘʩʩʪʨʦʡʢʘ ʚʦʣʥʦʚʳʭ ʚʝʢʪʦʨʦʚ 

ȹɓsc ï ʧʦʣʥʘʷ ʨʘʩʩʪʨʦʡʢʘ ʚʦʣʥʦʚʳʭ ʚʝʢʪʦʨʦʚ ʧʨʠ ʩʢʘʣʷʨʥʦʤ ʩʠʥʭʨʦʥʠʟʤʝ 

ȹɓL,M,W  ï ʣʠʥʝʡʥʘʷ, ʤʘʪʝʨʠʘʣʴʥʘʷ ʠ ʚʦʣʥʦʚʦʜʥʘʷ ʨʘʩʩʪʨʦʡʢʘ ʚʦʣʥʦʚʳʭ 

ʚʝʢʪʦʨʦʚ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ  

ɔ ï ʢʦʵʬʬʠʮʠʝʥʪ ʥʝʣʠʥʝʡʥʦʩʪʠ ʚʦʣʦʢʦʥʥʦʛʦ ʩʚʝʪʦʚʦʜʘ 

ȹFBG ï ʩʧʝʢʪʨʘʣʴʥʘʷ ʰʠʨʠʥʘ ɺɹʈ 

Ů0 ï ʜʠʵʣʝʢʪʨʠʯʝʩʢʘʷ ʧʨʦʥʠʮʘʝʤʦʩʪʴ ʚʘʢʫʫʤʘ 

ȿ ï ʨʘʩʩʪʦʷʥʠʝ ʤʝʞʜʫ ʦʪʚʝʨʩʪʠʷʤʠ (ʧʠʪʯ) ʚ ʌʂɺʉ 

ȿBr ï ʧʝʨʠʦʜ ʩʪʨʫʢʪʫʨʳ ɺɹʈ 

‗ ï ʜʣʠʥʘ ʚʦʣʥʳ ʠʟʣʫʯʝʥʠʷ 

‗0 ï ʜʣʠʥʘ ʚʦʣʥʳ ʥʫʣʝʚʦʡ ʜʠʩʧʝʨʩʠʠ ʚʦʣʦʢʦʥʥʦʛʦ ʩʚʝʪʦʚʦʜʘ 

‗Br ï ʨʝʟʦʥʘʥʩʥʘʷ ʜʣʠʥʘ ʚʦʣʥʳ ɺɹʈ 

‗p,s,a ï ʜʣʠʥʘ ʚʦʣʥʳ ʥʘʢʘʯʢʠ, ʩʪʦʢʩʦʚʦʡ (ʠʥʦʛʜʘ ʩʠʛʥʘʣʴʥʦʡ) ʠ 

ʘʥʪʠʩʪʦʢʩʦʚʦʡ ʚʦʣʥ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ 

ȹɚp,s,a ï ʰʠʨʠʥʘ ʣʠʥʠʠ ʠʟʣʫʯʝʥʠʷ ʥʘʢʘʯʢʠ, ʩʪʦʢʩʦʚʦʡ (ʠʥʦʛʜʘ ʩʠʛʥʘʣʴʥʦʡ) 

ʠ ʘʥʪʠʩʪʦʢʩʦʚʦʡ ʚʦʣʥ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ 

ŭɚp ï ʠʟʤʝʥʝʥʠʝ ʜʣʠʥʳ ʚʦʣʥʳ ʥʘʢʘʯʢʠ 

ŭɚʘ ï ʩʧʝʢʪʨʘʣʴʥʳʡ ʩʜʚʠʛ ʤʘʢʩʠʤʫʤʦʚ ʢʦʥʪʫʨʦʚ ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʛʦ 

ʫʩʠʣʝʥʠʷ  
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’ ï ʯʘʩʪʦʪʘ ʢʦʣʝʙʘʥʠʡ ʚʦʣʥʳ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ 

ɝ ï ʥʦʨʤʠʨʦʚʘʥʥʘʷ ʤʦʱʥʦʩʪʴ ʥʘʢʘʯʢʠ, ʥʝʣʠʥʝʡʥʳʡ ʥʘʙʝʛ ʬʘʟʳ 

ɢ
(j)

 ï ʪʝʥʟʦʨ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ j-ʛʦ ʧʦʨʷʜʢʘ 

ɋ ï ʯʘʩʪʦʪʥʘʷ ʧʘʨʘʤʝʪʨʠʯʝʩʢʘʷ ʦʪʩʪʨʦʡʢʘ 

ɋsc ï ʯʘʩʪʦʪʥʘʷ ʧʘʨʘʤʝʪʨʠʯʝʩʢʘʷ ʦʪʩʪʨʦʡʢʘ ʧʨʠ ʩʢʘʣʷʨʥʦʤ ʬʘʟʦʚʦʤ 

ʩʠʥʭʨʦʥʠʟʤʝ  

ɋturn ï ʯʘʩʪʦʪʥʘʷ ʧʘʨʘʤʝʪʨʠʯʝʩʢʘʷ ʦʪʩʪʨʦʡʢʘ ʚ ʪʦʯʢʝ ʧʦʚʦʨʦʪʘ 

ʧʦʣʦʞʠʪʝʣʴʥʳʭ ʚʝʪʚʝʡ ʚʝʢʪʦʨʥʦʛʦ ʬʘʟʦʚʦʛʦ ʩʠʥʭʨʦʥʠʟʤʘ  

ɋv,v1 ï ʯʘʩʪʦʪʥʘʷ ʧʘʨʘʤʝʪʨʠʯʝʩʢʘʷ ʦʪʩʪʨʦʡʢʘ ʧʨʠ ʚʝʢʪʦʨʥʦʤ ʬʘʟʦʚʦʤ 

ʩʠʥʭʨʦʥʠʟʤʘ ʩ ʥʘʢʘʯʢʦʡ, ʧʦʣʷʨʠʟʦʚʘʥʥʦʡ ʚʜʦʣʴ ʜʚʫʭ ʠʣʠ ʦʜʥʦʡ ʦʩʠ 

ʚʦʣʦʢʦʥʥʦʛʦ ʩʚʝʪʦʚʦʜʘ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ  

ɋ1, ɋ2  ï ʯʘʩʪʦʪʥʳʝ ʧʘʨʘʤʝʪʨʠʯʝʩʢʠʝ ʦʪʩʪʨʦʡʢʠ ʜʣʷ ʧʦʣʦʞʠʪʝʣʴʥʳʭ ʚʝʪʚʝʡ 

ʚʝʢʪʦʨʥʦʛʦ ʬʘʟʦʚʦʛʦ ʩʠʥʭʨʦʥʠʟʤʘ 

ȹɋFWM ï ʧʦʣʥʘʷ ʰʠʨʠʥʘ ʬʘʟʦʚʦʛʦ ʩʠʥʭʨʦʥʠʟʤʘ 

 ȹɋsc,v ï ʧʦʣʥʘʷ ʰʠʨʠʥʘ ʩʢʘʣʷʨʥʦʛʦ ʠ ʚʝʢʪʦʨʥʦʛʦ ʬʘʟʦʚʦʛʦ ʩʠʥʭʨʦʥʠʟʤʘ, 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ 

ɤ ï ʮʠʢʣʠʯʝʩʢʘʷ ʯʘʩʪʦʪʘ ʠʟʣʫʯʝʥʠʷ 

ɤ0 ï ʮʠʢʣʠʯʝʩʢʘʷ ʯʘʩʪʦʪʘ ʥʫʣʝʚʦʡ ʜʠʩʧʝʨʩʠʠ ʩʚʝʪʦʚʦʜʘ 

ɤʨ,s,ʘ ï ʮʠʢʣʠʯʝʩʢʘʷ ʯʘʩʪʦʪʘ ʠʟʣʫʯʝʥʠʷ ʥʘʢʘʯʢʠ, ʩʪʦʢʩʦʚʦʡ (ʠʥʦʛʜʘ 

ʩʠʛʥʘʣʴʥʦʡ) ʠ ʘʥʪʠʩʪʦʢʩʦʚʦʡ ʚʦʣʥ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ  

ɤturn ï ʯʘʩʪʦʪʘ ʥʘʢʘʯʢʠ ʚ ʪʦʯʢʝ ʧʦʚʦʨʦʪʘ ʧʦʣʦʞʠʪʝʣʴʥʳʭ ʚʝʪʚʝʡ ʚʝʢʪʦʨʥʦʛʦ 

ʬʘʟʦʚʦʛʦ ʩʠʥʭʨʦʥʠʟʤʘ 

ŭɤp ï ʦʪʩʪʨʦʡʢʘ ʯʘʩʪʦʪʳ ʥʘʢʘʯʢʠ ʦʪ ʯʘʩʪʦʪʳ ʥʫʣʝʚʦʡ ʜʠʩʧʝʨʩʠʠ ʩʚʝʪʦʚʦʜʘ 

ŭɤturn ï ʦʪʩʪʨʦʡʢʘ ʯʘʩʪʦʪʳ ʥʘʢʘʯʢʠ ʦʪ ʯʘʩʪʦʪʳ ʥʫʣʝʚʦʡ ʜʠʩʧʝʨʩʠʠ 

ʩʚʝʪʦʚʦʜʘ, ʧʨʠ ʢʦʪʦʨʦʡ ʧʦʣʦʞʠʪʝʣʴʥʳʝ ʚʝʪʚʠ ʚʝʢʪʦʨʥʦʛʦ ʬʘʟʦʚʦʛʦ 

ʩʠʥʭʨʦʥʠʟʤʘ ʧʝʨʝʭʦʜʷʪ ʜʨʫʛ ʚ ʜʨʫʛʘ 

A(z, t)  ï ʘʤʧʣʠʪʫʜʘ ʩʚʝʪʦʚʦʡ ʚʦʣʥʳ 

Aeff ï ʵʬʬʝʢʪʠʚʥʘʷ ʧʣʦʱʘʜʴ ʤʦʜʳ 

c ï ʩʢʦʨʦʩʪʴ ʩʚʝʪʘ ʚ ʚʘʢʫʫʤʝ 

D(ɚ) ï ʜʠʩʧʝʨʩʠʦʥʥʘʷ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘ ʚʦʣʦʢʦʥʥʦʛʦ ʩʚʝʪʦʚʦʜʘ 
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d ï ʜʠʘʤʝʪʨ ʦʪʚʝʨʩʪʠʡ ʚ ʌʂɺʉ 

E
C
ï ʚʝʢʪʦʨ ʥʘʧʨʷʞʝʥʥʦʩʪʠ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ 

Fj(x,y) ï ʧʦʧʝʨʝʯʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʤʦʜʳ j-ʛʦ ʧʦʣʷ 

fik ʠ fijkl  ï ʠʥʪʝʛʨʘʣʳ ʧʝʨʝʢʨʳʪʠʷ ʤʦʜ 

g ï ʢʦʵʬʬʠʮʠʝʥʪ ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʛʦ ʫʩʠʣʝʥʠʷ 

gsc ï ʢʦʵʬʬʠʮʠʝʥʪ ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʛʦ ʫʩʠʣʝʥʠʷ ʧʨʠ ʩʢʘʣʷʨʥʦʤ ʬʘʟʦʚʦʤ 

ʩʠʥʭʨʦʥʠʟʤʝ 

Gs,ʘ ï ʥʝʥʘʩʳʱʝʥʥʦʝ ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʝ ʫʩʠʣʝʥʠʝ ʩʠʛʥʘʣʴʥʦʡ ʠ ʭʦʣʦʩʪʦʡ 

ʚʦʣʥ ʟʘ ʧʨʦʭʦʜ ʧʦ ʚʦʣʦʢʦʥʥʦʤʫ ʩʚʝʪʦʚʦʜʫ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ 

Gsʩ ï ʥʝʥʘʩʳʱʝʥʥʦʝ ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʝ ʫʩʠʣʝʥʠʝ ʭʦʣʦʩʪʦʡ ʚʦʣʥʳ ʟʘ ʧʨʦʭʦʜ 

ʧʦ ʚʦʣʦʢʦʥʥʦʤʫ ʩʚʝʪʦʚʦʜʫ ʧʨʠ ʩʢʘʣʷʨʥʦʤ ʬʘʟʦʚʦʤ ʩʠʥʭʨʦʥʠʟʤʝ 

ʅ ï ʤʝʞʤʦʜʦʚʦʝ ʨʘʩʩʪʦʷʥʠʝ 

k ï ʢʦʵʬʬʠʮʠʝʥʪ ʟʘʧʦʣʥʝʥʠʷ ʩʣʦʝʚ ʚ ʌʂɺʉ 

L ï ʜʣʠʥʘ ʚʦʣʦʢʦʥʥʦʛʦ ʩʚʝʪʦʚʦʜʘ 

Lcav ï ʜʣʠʥʘ ʨʝʟʦʥʘʪʦʨʘ 

Lcoh ï ʜʣʠʥʘ ʢʦʛʝʨʝʥʪʥʦʩʪʠ 

NA ï ʯʠʩʣʦʚʘʷ ʘʧʝʨʪʫʨʘ ʚʦʣʦʢʦʥʥʦʛʦ ʩʚʝʪʦʚʦʜʘ 

n ï ʧʦʢʘʟʘʪʝʣʴ ʧʨʝʣʦʤʣʝʥʠʷ 

n2 ï ʥʝʣʠʥʝʡʥʳʡ ʧʦʢʘʟʘʪʝʣʴ ʧʨʝʣʦʤʣʝʥʠʷ ʚʦʣʦʢʦʥʥʦʛʦ ʩʚʝʪʦʚʦʜʘ 

nav,slow,fast ï ʩʨʝʜʥʠʡ ʧʦʢʘʟʘʪʝʣʴ ʧʨʝʣʦʤʣʝʥʠʷ ʠ ʧʦʢʘʟʘʪʝʣʠ ʧʨʝʣʦʤʣʝʥʠʷ 

ʤʝʜʣʝʥʥʦʡ ʠ ʙʳʩʪʨʦʡ ʦʩʝʡ ʜʚʫʣʫʯʝʧʨʝʣʦʤʣʷʶʱʝʛʦ ʚʦʣʦʢʦʥʥʦʛʦ 

ʩʚʝʪʦʚʦʜʘ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ 

neff ï ʵʬʬʝʢʪʠʚʥʳʡ ʧʦʢʘʟʘʪʝʣʴ ʧʨʝʣʦʤʣʝʥʠʷ ʜʣʷ ʦʩʥʦʚʥʦʡ ʤʦʜʳ, 

ʨʘʩʧʨʦʩʪʨʘʥʷʶʱʝʡʩʷ ʚ ʩʚʝʪʦʚʦʜʝ 

ŭn ï ʜʚʫʣʫʯʝʧʨʝʣʦʤʣʝʥʠʝ ʚʦʣʦʢʦʥʥʦʛʦ ʩʚʝʪʦʚʦʜʘ 

ʈ
C
ï ʚʝʢʪʦʨ ʧʦʣʷʨʠʟʘʮʠʠ, ʥʘʚʝʜʝʥʥʦʡ ʚ ʩʨʝʜʝ 

ʈ0 ï ʤʦʱʥʦʩʪʴ ʚʦʣʥʳ ʥʘʢʘʯʢʠ ʥʘ ʚʭʦʜʝ ʚ ʚʦʣʦʢʦʥʥʳʡ ʩʚʝʪʦʚʦʜ ʧʨʠ 

ʩʢʘʣʷʨʥʦʤ ʬʘʟʦʚʦʤ ʩʠʥʭʨʦʥʠʟʤʝ 

Ps,a,i ï ʤʦʱʥʦʩʪʴ ʠʟʣʫʯʝʥʠʷ ʥʘ ʯʘʩʪʦʪʝ ʩʪʦʢʩʦʚʦʡ (ʠʥʦʛʜʘ ʩʠʛʥʘʣʴʥʦʡ), 

ʘʥʪʠʩʪʦʢʩʦʚʦʡ ʠ ʭʦʣʦʩʪʦʡ ʚʦʣʥ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ 
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Pp - ʩʫʤʤʘ ʤʦʱʥʦʩʪʝʡ ʜʚʫʭ ʚʦʣʥ ʥʘʢʘʯʢʠ ʥʘ ʚʭʦʜʝ ʚ ʚʦʣʦʢʦʥʥʳʡ ʩʚʝʪʦʚʦʜ 

ʈth ï ʧʦʨʦʛʦʚʘʷ ʤʦʱʥʦʩʪʴ ʥʘʢʘʯʢʠ 

p, q ï ʢʦʵʬʬʠʮʠʝʥʪʳ ʢʫʙʠʯʝʩʢʦʛʦ ʫʨʘʚʥʝʥʠʷ 

Q ï ʜʠʩʢʨʠʤʠʥʘʥʪ ʢʫʙʠʯʝʩʢʦʛʦ ʫʨʘʚʥʝʥʠʷ 

R0 ï ʢʦʵʬʬʠʮʠʝʥʪ ʦʪʨʘʞʝʥʠʷ ɺɹʈ ʚ ʤʘʢʩʠʤʫʤʝ 

S0 ï ʥʘʢʣʦʥ ʜʠʩʧʝʨʩʠʦʥʥʦʡ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ 

Ὕ ï ʪʝʤʧʝʨʘʪʫʨʘ 

HNL DSF ï highly nonlinear dispersion-shifted fiber - ʚʳʩʦʢʦʥʝʣʠʥʝʡʥʳʡ 

ʚʦʣʦʢʦʥʥʳʡ ʩʚʝʪʦʚʦʜ ʩʦ ʩʤʝʱʝʥʥʦʡ ʜʠʩʧʝʨʩʠʝʡ 

LMA  ï large mode area ð ʚʦʣʦʢʦʥʥʳʡ ʩʚʝʪʦʚʦʜ ʩ ʫʚʝʣʠʯʝʥʥʳʤ ʜʠʘʤʝʪʨʦʤ 

ʤʦʜʳ 

MFD ï mode field diameter ðʜʠʘʤʝʪʨ ʧʦʣʷ ʤʦʜʳ 

MOPA - master oscillator power amplifier - ʟʘʜʘʶʱʠʡ ʛʝʥʝʨʘʪʦʨ-ʫʩʠʣʠʪʝʣʴ 

ʤʦʱʥʦʩʪʠ 

WDM ï wavelength division multiplexer ð ʩʧʝʢʪʨʘʣʴʥʦ-ʩʝʣʝʢʪʠʚʥʳʡ 

ʦʪʚʝʪʚʠʪʝʣʴ  

ɸʆʉ ï ʘʥʘʣʠʟʘʪʦʨ ʦʧʪʠʯʝʩʢʦʛʦ ʩʧʝʢʪʨʘ 

ɺɹʈ ï ʚʦʣʦʢʦʥʥʘʷ ʙʨʵʛʛʦʚʩʢʘʷ ʨʝʰʝʪʢʘ 

ɺʂʈ ï ʚʳʥʫʞʜʝʥʥʦʝ ʢʦʤʙʠʥʘʮʠʦʥʥʦʝ ʨʘʩʩʝʷʥʠʝ 

ɺʆʇɻ ï ʚʦʣʦʢʦʥʥʦ-ʦʧʪʠʯʝʩʢʠʡ ʧʘʨʘʤʝʪʨʠʯʝʩʢʠʡ ʛʝʥʝʨʘʪʦʨ 

ɺʈʄɹ ï ʚʳʥʫʞʜʝʥʥʦʝ ʨʘʩʩʝʷʥʠʝ ʄʘʥʜʝʣʴʰʪʘʤʘ-ɹʨʠʣʣʶʵʥʘ 

ɻɺɻ ï ʛʝʥʝʨʘʮʠʷ ʚʪʦʨʦʡ ʛʘʨʤʦʥʠʢʠ 

ɼɺʅɼ ï ʜʣʠʥʘ ʚʦʣʥʳ ʥʫʣʝʚʦʡ ʜʠʩʧʝʨʩʠʠ ʚʦʣʦʢʦʥʥʦʛʦ ʩʚʝʪʦʚʦʜʘ 

ʀɺʃ ï ʠʪʪʝʨʙʠʝʚʳʡ ʚʦʣʦʢʦʥʥʳʡ ʣʘʟʝʨ 

ʂʇ ï ʢʦʥʪʨʦʣʣʝʨ ʧʦʣʷʨʠʟʘʮʠʠ 

ʅɺʃ ï ʥʝʦʜʠʤʦʚʳʡ ʚʦʣʦʢʦʥʥʳʡ ʣʘʟʝʨ 

ʌʂɺʉ ï ʬʦʪʦʥʥʦ-ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʡ ʚʦʣʦʢʦʥʥʳʡ ʩʚʝʪʦʚʦʜ 

ʌʉʄ ï ʬʘʟʦʚʘʷ ʩʘʤʦʤʦʜʫʣʷʮʠʷ 

ʏɺʉ ï ʯʝʪʳʨʝʭʚʦʣʥʦʚʦʝ ʩʤʝʰʝʥʠʝ 
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ɺɺɽɼɽʅʀɽ 

 

ʉ ʤʦʤʝʥʪʘ ʩʦʟʜʘʥʠʷ ʧʝʨʚʦʛʦ ʨʫʙʠʥʦʚʦʛʦ ʣʘʟʝʨʘ ʚ 1960 ʛ. ʫʯʝʥʳʭ 

ʚʦʣʥʫʝʪ ʚʦʧʨʦʩ ʨʘʟʨʘʙʦʪʢʠ ʢʦʛʝʨʝʥʪʥʳʭ ʦʧʪʠʯʝʩʢʠʭ ʠʩʪʦʯʥʠʢʦʚ ʥʘ ʦʩʥʦʚʝ 

ʥʦʚʳʭ ʩʨʝʜ ʠ ʥʝʣʠʥʝʡʥʳʭ ʵʬʬʝʢʪʦʚ ʜʣʷ ʛʝʥʝʨʘʮʠʠ ʠʟʣʫʯʝʥʠʷ ʚ ʨʘʟʣʠʯʥʳʭ 

ʩʧʝʢʪʨʘʣʴʥʳʭ ʦʙʣʘʩʪʷʭ. ʅʘʧʨʠʤʝʨ, ʚʦ ʤʥʦʛʠʭ ʧʨʘʢʪʠʯʝʩʢʠʭ ʠ ʥʘʫʯʥʳʭ 

ʧʨʠʤʝʥʝʥʠʷʭ ʪʨʝʙʫʝʪʩʷ ʥʝʧʨʝʨʳʚʥʦʝ ʧʝʨʝʩʪʨʘʠʚʘʝʤʦʝ  ʠʟʣʫʯʝʥʠʝ ʩ ʜʣʠʥʦʡ 

ʚʦʣʥʳ ʤʝʥʝʝ 1 ʤʢʤ. ʀʩʪʦʯʥʠʢʠ ʩ ʙʦʣʴʰʦʡ ʷʨʢʦʩʪʴʶ, ʨʘʙʦʪʘʶʱʠʝ ʚ 

ʜʠʘʧʘʟʦʥʝ ʦʢʦʣʦ 975 ʥʤ, ʧʨʠʚʣʝʢʘʪʝʣʴʥʳ ʜʣʷ ʥʘʢʘʯʢʠ ʘʢʪʠʚʥʳʭ 

ʚʦʣʦʢʦʥʥʳʭ ʩʚʝʪʦʚʦʜʦʚ (ʥʘʧʨʠʤʝʨ, ʵʨʙʠʝʚʳʭ ʫʩʠʣʠʪʝʣʝʡ ʠ ʣʘʟʝʨʦʚ). 

ʀʟʣʫʯʝʥʠʝ ʚ ʜʠʘʧʘʟʦʥʝ 890 ï 950 ʥʤ ʠʩʧʦʣʴʟʫʝʪʩʷ ʚ ʩʧʝʢʪʨʦʩʢʦʧʠʠ 

ʧʦʛʣʦʱʝʥʠʷ ʚʦʜʷʥʳʭ ʧʘʨʦʚ, ʜʣʷ ʤʦʥʠʪʦʨʠʥʛʘ ʦʢʨʫʞʘʶʱʝʡ ʩʨʝʜʳ [1]. 

ʋʟʢʦʧʦʣʦʩʥʳʡ ʣʘʟʝʨ, ʧʝʨʝʩʪʨʘʠʚʘʝʤʳʡ ʚʙʣʠʟʠ 935 ʥʤ, ʥʝʦʙʭʦʜʠʤ ʜʣʷ 

ʦʭʣʘʞʜʝʥʠʷ Yb
+
 ʠʦʥʦʚ ʚ ʚʳʩʦʢʦʨʘʟʨʝʰʘʶʱʝʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʠ ʪʦʯʥʦʡ 

ʯʘʩʪʦʪʥʦʡ ʤʝʪʨʦʣʦʛʠʠ [2]. ʇʝʨʝʩʪʨʘʠʚʘʝʤʳʡ ʠʩʪʦʯʥʠʢ ʚʙʣʠʟʠ 920 ʥʤ 

ʤʦʞʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʚ ʩʭʝʤʝ ʫʜʚʦʝʥʠʷ ʯʘʩʪʦʪʳ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʢʦʤʧʘʢʪʥʦʛʦ 

ʣʘʟʝʨʘ ʚ ʩʠʥʝʡ ʩʧʝʢʪʨʘʣʴʥʦʡ ʦʙʣʘʩʪʠ, ʩʧʦʩʦʙʥʦʛʦ ʟʘʤʝʥʠʪʴ ʛʨʦʤʦʟʜʢʫʶ ʠ 

ʥʝʵʬʬʝʢʪʠʚʥʫʶ ʢʦʥʩʪʨʫʢʮʠʶ ʘʨʛʦʥʦʚʦʛʦ ʣʘʟʝʨʘ. ʂʨʦʤʝ ʪʦʛʦ, çʩʠʥʠʡ 

ʩʧʝʢʪʨè ʧʝʨʩʧʝʢʪʠʚʝʥ ʜʣʷ ʩʦʟʜʘʥʠʷ ʩʦʚʨʝʤʝʥʥʳʭ ʫʩʪʨʦʡʩʪʚ ʭʨʘʥʝʥʠʷ 

ʠʥʬʦʨʤʘʮʠʠ. ʅʝʧʨʝʨʳʚʥʳʝ ʣʘʟʝʨʥʳʝ ʠʩʪʦʯʥʠʢʠ ʚʠʜʠʤʦʛʦ ʜʠʘʧʘʟʦʥʘ c 

ʤʦʱʥʦʩʪʴʶ ʥʝʩʢʦʣʴʢʦ ʩʦʪʝʥ ʤʠʣʣʠʚʘʪʪ ʚʘʞʥʳ ʜʣʷ ʤʝʜʠʮʠʥʩʢʠʭ ʠ 

ʥʘʫʯʥʳʭ ʧʨʠʤʝʥʝʥʠʡ, ʚ ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʠ ʪʦʤʦʛʨʘʬʠʠ.  

ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʩʘʤʦʡ ʙʦʣʴʰʦʡ ʦʙʣʘʩʪʴʶ ʧʝʨʝʩʪʨʦʡʢʠ ʚ 

ʩʧʝʢʪʨʘʣʴʥʦʤ ʜʠʘʧʘʟʦʥʝ ʤʝʥʝʝ 1 ʤʢʤ ʦʙʣʘʜʘʝʪ ʪʠʪʘʥ-ʩʘʧʬʠʨʦʚʳʡ ʣʘʟʝʨ. 

ʆʥ ʤʦʞʝʪ ʧʝʨʝʩʪʨʘʠʚʘʪʴʩʷ ʦʪ 0,65 ʜʦ 1,1 ʤʢʤ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ 

ʥʝʩʢʦʣʴʢʠʭ ʢʦʤʧʣʝʢʪʦʚ ʟʝʨʢʘʣ. ʂʦʤʤʝʨʯʝʩʢʠʝ ʬʠʨʤʳ (ʊʝʭʥʦʩʢʘʥ, 

Coherent) ʧʨʝʜʣʘʛʘʶʪ ʥʝʧʨʝʨʳʚʥʳʝ ʪʠʪʘʥ-ʩʘʧʬʠʨʦʚʳʝ ʣʘʟʝʨʳ, ʢʦʪʦʨʳʝ 

ʛʝʥʝʨʠʨʫʪʁ ʠʟʣʫʯʝʥʠʝ ʚ ʜʠʘʧʘʟʦʥʝ 0,7 ï 1 ʤʢʤ ʩ ʫʟʢʦʡ ʩʧʝʢʪʨʘʣʴʥʦʡ 

ʣʠʥʠʝʡ < 5 ʄɻʮ ʠ ʚʳʭʦʜʥʦʡ ʤʦʱʥʦʩʪʴʶ ʜʦ 3 ɺʪ. ʆʜʥʘʢʦ ʠʭ ʩʪʦʠʤʦʩʪʴ 

ʜʦʚʦʣʴʥʦ ʚʳʩʦʢʘ. ɺ ʜʘʥʥʦʡ ʩʧʝʢʪʨʘʣʴʥʦʡ ʦʙʣʘʩʪʠ ʧʦʧʫʣʷʨʥʦʩʪʴ 
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ʧʨʠʦʙʨʝʪʘʶʪ ʧʝʨʝʩʪʨʘʠʚʘʝʤʳʝ ʦʜʥʦʯʘʩʪʦʪʥʳʝ ʣʘʟʝʨʥʳʝ ʜʠʦʜʳ. ʅʘʧʨʠʤʝʨ, 

ʜʠʦʜʳ DL pro ʬʠʨʤʳ Toptica ʠʤʝʶʪ ʜʠʘʧʘʟʦʥ ʧʝʨʝʩʪʨʦʡʢʠ ʜʦ 70 ʥʤ ʠ 

ʰʠʨʠʥʫ ʩʧʝʢʪʨʘʣʴʥʦʡ ʣʠʥʠʠ 0,1 ʄɻʮ [3]. ʆʜʥʘʢʦ ʠʭ ʤʦʱʥʦʩʪʴ ʥʝʚʝʣʠʢʘ ï 

ʤʝʥʝʝ 80 ʤɺʪ. 

ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʘʢʪʠʚʥʦ ʨʘʟʚʠʚʘʝʪʩʷ ʦʙʣʘʩʪʴ ʦʧʪʠʢʠ, ʩʚʷʟʘʥʥʘʷ ʩ 

ʠʩʩʣʝʜʦʚʘʥʠʝʤ ʚʦʣʦʢʦʥʥʳʭ ʩʚʝʪʦʚʦʜʦʚ. ɺʦʣʦʢʦʥʥʳʝ ʣʘʟʝʨʳ ʦʙʣʘʜʘʶʪ 

ʨʷʜʦʤ ʧʨʝʠʤʫʱʝʩʪʚ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʜʨʫʛʠʤʠ ʦʧʪʠʯʝʩʢʠʤʠ ʠʩʪʦʯʥʠʢʘʤʠ, 

ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʠʩʧʦʣʴʟʦʚʘʪʴ ʠʭ ʚ ʨʘʟʣʠʯʥʳʭ ʦʙʣʘʩʪʷʭ ʥʘʫʢʠ, 

ʧʨʦʤʳʰʣʝʥʥʦʩʪʠ ʠ ʤʝʜʠʮʠʥʳ. ʂ ʧʨʝʠʤʫʱʝʩʪʚʘʤ ʚʦʣʦʢʦʥʥʳʭ ʣʘʟʝʨʦʚ 

ʤʦʞʥʦ ʦʪʥʝʩʪʠ ʚʳʩʦʢʦʝ ʢʘʯʝʩʪʚʦ ʚʳʭʦʜʥʦʛʦ ʧʫʯʢʘ, ʧʨʠ ʢʦʪʦʨʦʤ 

ʧʦʜʜʝʨʞʠʚʘʝʪʩʷ ʪʦʣʴʢʦ ʦʩʥʦʚʥʘʷ ʧʦʧʝʨʝʯʥʘʷ ʤʦʜʘ;  ʦʪʥʦʩʠʪʝʣʴʥʦ ʚʳʩʦʢʫʶ 

ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʦʧʪʠʯʝʩʢʦʡ ʥʘʢʘʯʢʠ ʚ ʣʘʟʝʨʥʦʝ ʠʟʣʫʯʝʥʠʝ, 

ʜʦʩʪʠʛʘʶʱʫ  ʁ 80% [4]; ʦʪʩʫʪʩʪʚʠʝ ʶʩʪʠʨʦʚʦʯʥʳʭ ʵʣʝʤʝʥʪʦʚ ʠ ʦʙʲʝʤʥʦʡ 

ʦʧʪʠʢʠ; ʢʦʤʧʘʢʪʥʦʩʪʴ; ʧʨʦʩʪʦʪʫ ʠ ʥʘʜʝʞʥʦʩʪʴ ʚ ʵʢʩʧʣʫʘʪʘʮʠʠ. ɺ ʢʘʯʝʩʪʚʝ 

ʘʢʪʠʚʥʦʛʦ ʵʣʝʤʝʥʪʘ ʪʘʢʠʭ ʣʘʟʝʨʦʚ ʦʙʳʯʥʦ ʠʩʧʦʣʴʟʫʪʁʩʷ ʚʦʣʦʢʦʥʥʳʝ 

ʩʚʝʪʦʚʦʜr, ʣʝʛʠʨʦʚʘʥʥʳʝ ʠʦʥʘʤʠ ʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʤʝʪʘʣʣʦʚ (Yb, Er, Nd, 

Tm, Ho), ʢʦʪʦʨʳʝ ʣʶʤʠʥʝʩʮʠʨʫʶʪ ʚ ʙʣʠʞʥʝʤ ʀʂ ʜʠʘʧʘʟʦʥʝ [4]. ɹʦʣʴʰʘʷ 

ʦʙʣʘʩʪʴ ʫʩʠʣʝʥʠʷ ʧʦʟʚʦʣʷʝʪ ʨʘʟʨʘʙʘʪʳʚʘʪʴ ʠʩʪʦʯʥʠʢʠ ʧʝʨʝʩʪʨʘʠʚʘʝʤʦʛʦ 

ʦʧʪʠʯʝʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ ʥʘ ʦʩʥʦʚʝ ʚʳʩʦʢʦʜʠʩʧʝʨʩʥʳʭ ʧʨʠʟʤ [5], 

ʜʠʬʨʘʢʮʠʦʥʥʳʭ ʨʝʰʝʪʦʢ [6 ï 9] ʠ ʧʝʨʝʩʪʨʘʠʚʘʝʤʳʭ ʚʦʣʦʢʦʥʥʳʭ 

ʙʨʵʛʛʦʚʩʢʠʭ ʨʝʰʝʪʦʢ (ɺɹʈ) [10 ï 12].  

ʉʫʱʝʩʪʚʫʶʪ ʜʚʘ ʪʠʧʘ ʚʦʣʦʢʦʥʥʳʭ ʣʘʟʝʨʦʚ ʩ ʘʢʪʠʚʥʦʡ ʩʨʝʜʦʡ, 

ʩʧʦʩʦʙʥʳʭ ʛʝʥʝʨʠʨʦʚʘʪʴ ʠʟʣʫʯʝʥʠʝ ʚ ʩʧʝʢʪʨʘʣʴʥʦʡ ʦʙʣʘʩʪʠ ʤʝʥʝʝ 1 ʤʢʤ - 

ʵʪʦ ʠʪʪʝʨʙʠʝʚʳʝ ʠ ʥʝʦʜʠʤʦʚʳʝ ʚʦʣʦʢʦʥʥʳʝ ʣʘʟʝʨʳ. ʆʜʥʘʢʦ ʚ ʨʘʟʨʘʙʦʪʢʝ 

ʪʘʢʠʭ ʫʩʪʨʦʡʩʪʚ ʝʩʪʴ ʩʚʦʠ ʩʣʦʞʥʦʩʪʠ. ʉʧʝʢʪʨ ʣʶʤʠʥʝʩʮʝʥʮʠʠ ʠʦʥʘ Yb
3+

, 

ʦʙʫʩʣʦʚʣʝʥʥʳʡ ʧʝʨʝʭʦʜʦʤ 
2
F5/2 Ÿ 

2
F7/2, ʠʤʝʝʪ ʤʘʢʩʠʤʫʤʳ ʚ ʦʙʣʘʩʪʠ 976 ʠ 

1030 ï 1040 ʥʤ. ɺʙʣʠʟʠ 975 ʥʤ ʧʦʛʣʦʱʝʥʠʝ ʢʦʥʢʫʨʠʨʫʝʪ ʩ 

ʣʶʤʠʥʝʩʮʝʥʮʠʝʡ, ʯʪʦ ʪʨʝʙʫʝʪ ʩʦʟʜʘʥʠʷ ʚʳʩʦʢʦʡ ʩʪʝʧʝʥʠ ʠʥʚʝʨʩʠʠ 

ʥʘʩʝʣʝʥʥʦʩʪʠ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʣʘʟʝʨʥʦʡ ʛʝʥʝʨʘʮʠʠ. ɼʣʷ ʧʦʜʘʚʣʝʥʠʷ 

ʛʝʥʝʨʘʮʠʠ ʚʙʣʠʟʠ 1030 ʥʤ ʚ ʵʢʩʧʝʨʠʤʝʥʪʘʭ ʦʧʪʠʤʠʟʠʨʫʝʪʩʷ ʚʝʣʠʯʠʥʘ 
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ʧʦʛʣʦʱʝʥʠʷ ʥʘʢʘʯʢʠ ʧʫʪʝʤ ʫʤʝʥʴʰʝʥʠʷ ʜʠʘʤʝʪʨʘ ʚʥʫʪʨʝʥʥʝʡ ʦʙʦʣʦʯʢʠ 

ʩʚʝʪʦʚʦʜʘ ʩ ʧʦʤʦʱʴʶ ʧʨʠʤʝʥʝʥʠʷ ʩʪʝʢʦʣ ʨʘʟʥʦʛʦ ʩʦʩʪʘʚʘ [4], ʣʠʙʦ 

ʩʚʝʪʦʚʦʜʦʚ ʩ ʤʠʢʨʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʦʡ ʦʙʦʣʦʯʢʦʡ [13, 14]. ʇʝʨʝʩʪʨʦʡʢʘ 

ʣʘʟʝʨʦʚ ʦʩʫʱʝʩʪʚʣʷʣʘʩʴ ʚ ʦʙʣʘʩʪʠ 974 ï 982 ʥʤ ʩ ʧʦʤʦʱʴʶ ʦʙʲʝʤʥʦʡ 

ʜʠʬʨʘʢʮʠʦʥʥʦʡ ʨʝʰʝʪʢʠ, ʧʨʠ ʵʪʦʤ ʤʦʱʥʦʩʪʴ ʠ ʰʠʨʠʥʘ ʩʧʝʢʪʨʘ ʛʝʥʝʨʘʮʠʠ 

ʙʳʣʠ < 1,5 ɺʪ ʠ ~ 0,5 ʥʤ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʇʝʨʝʩʪʨʦʡʢʘ ʀɺʃ ʧʨʘʢʪʠʯʝʩʢʠ 

ʚʦ ʚʩʝʡ ʦʙʣʘʩʪʠ ʣʶʤʠʥʝʩʮʝʥʮʠʠ ʠʦʥʦʚ ʠʪʪʝʨʙʠʷ -  c 975 ʜʦ 1120 ʥʤ, ʙʳʣʘ 

ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥʘ ʚ ʨʘʙʦʪʝ [15] ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʘʢʪʠʚʥʦʛʦ ʩʚʝʪʦʚʦʜʘ 

ʩ ʜʠʘʤʝʪʨʦʤ ʩʝʨʜʮʝʚʠʥʳ å 80 ʤʢʤ. ʄʦʱʥʦʩʪʴ ʛʝʥʝʨʘʮʠʠ ʠ ʰʠʨʠʥʘ ʣʠʥʠʠ 

ʠʟʣʫʯʝʥʠʷ ʚ ʦʙʣʘʩʪʠ ʤʝʥʝʝ 1 ʤʢʤ ʜʦʩʪʠʛʘʣʠ 25 ɺʪ ʠ 1 ʥʤ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ.  

ʅʘʠʙʦʣʝʝ ʠʥʪʝʥʩʠʚʥʘʷ ʧʦʣʦʩʘ ʣʶʤʠʥʝʩʮʝʥʮʠʠ ʥʝʦʜʠʤʦʚʦʛʦ 

ʚʦʣʦʢʦʥʥʦʛʦ ʣʘʟʝʨʘ (ʅɺʃ) ʣʝʞʠʪ ʚ ʦʙʣʘʩʪʠ 1060 ʥʤ, ʯʪʦ ʩʦʦʪʚʝʪʩʪʚʫʝʪ 

ʧʝʨʝʭʦʜʫ 
4
F3/2 Ÿ 

4
I11/2. ʈʝʘʣʠʟʘʮʠʷ ʣʘʟʝʨʘ ʩ ʜʣʠʥʦʡ ʚʦʣʥʳ 930 ʥʤ ʥʘ 

ʦʧʪʠʯʝʩʢʦʤ ʧʝʨʝʭʦʜʝ 
4
F3/2 Ÿ 

4
I9/2 ʟʘʪʨʫʜʥʝʥʘ ʠʟ-ʟʘ ʢʦʥʢʫʨʝʥʮʠʠ ʩʦ ʩʪʦʨʦʥʳ 

ʣʶʤʠʥʝʩʮʝʥʮʠʠ ʚʙʣʠʟʠ 1060 ʥʤ. ɼʣʷ ʧʦʜʘʚʣʝʥʠʷ ʜʣʠʥʥʦʚʦʣʥʦʚʦʡ 

ʣʶʤʠʥʝʩʮʝʥʮʠʠ ʦʙʳʯʥʦ ʠʩʧʦʣʴʟʫʝʪʩʷ ʩʧʝʮʠʘʣʴʥʳʡ W-ʦʙʨʘʟʥʳʡ ʧʨʦʬʠʣʴ 

ʧʦʢʘʟʘʪʝʣʷ ʧʨʝʣʦʤʣʝʥʠʷ ʩʝʨʜʮʝʚʠʥʳ ʥʝʦʜʠʤʦʚʳʭ ʚʦʣʦʢʦʥʥʳʭ ʩʚʝʪʦʚʦʜʦʚ 

ʩ ʜʚʦʡʥʦʡ ʦʙʦʣʦʯʢʦʡ [16 - 18]. ʅʘʠʙʦʣʴʰʘʷ ʤʦʱʥʦʩʪʴ ʛʝʥʝʨʘʮʠʠ ~ 2,4 ɺʪ 

ʥʘ ɚ = 926 ʥʤ ʙʳʣʘ ʧʦʣʫʯʝʥʘ ʚ ʩʭʝʤʝ ʩ ʥʘʢʘʯʢʦʡ ʚ ʜʚʘ ʪʦʨʮʘ  ʩʚʝʪʦʚʦʜʘ 

[18]. ʄʦʱʥʦʩʪʴ ʥʘ ʢʨʘʷʭ ʜʠʘʧʘʟʦʥʘ ʛʝʥʝʨʘʮʠʠ ʚ ʪʘʢʦʡ ʩʭʝʤʝ (908 ʠ 942 ʥʤ) 

ʩʦʩʪʘʚʣʷʣʘ 500 ʤɺʪ. ʄʘʢʩʠʤʘʣʴʥʳʡ ʜʠʘʧʘʟʦʥ ʧʝʨʝʩʪʨʦʡʢʠ ʅɺʃ 

ʜʦʩʪʠʛʘʣʩʷ ʧʨʠ ʥʘʢʘʯʢʝ ʚ ʩʝʨʜʮʝʚʠʥʫ ʠ ʧʨʦʩʪʠʨʘʣʩʷ ʩ  896 ʜʦ 940 ʥʤ [19]. 

ʂ ʥʝʜʦʩʪʘʪʢʘʤ ʦʧʠʩʘʥʥʳʭ ʚʳʰʝ ʀɺʃ ʠ ʅɺʃ ʤʦʞʥʦ ʦʪʥʝʩʪʠ ʧʨʠʤʝʥʝʥʠʝ 

ʦʙʲʝʤʥʳʭ ʦʧʪʠʯʝʩʢʠʭ ʵʣʝʤʝʥʪʦʚ, ʪʨʝʙʫʶʱʠʭ ʶʩʪʠʨʦʚʢʠ. ʂʨʦʤʝ ʪʦʛʦ, 

ʠʩʧʦʣʴʟʫʝʤʘʷ ʪʝʭʥʦʣʦʛʠʷ ʠʟʛʦʪʦʚʣʝʥʠʷ ʘʢʪʠʚʥʳʭ ʚʦʣʦʢʦʥʥʳʭ ʩʚʝʪʦʚʦʜʦʚ ʩ 

W-ʦʙʨʘʟʥʳʤ ʧʨʦʬʠʣʝʤ ʧʦʢʘʟʘʪʝʣʷ ʧʨʝʣʦʤʣʝʥʠʷ ʥʝ ʧʦʟʚʦʣʷʝʪ ʜʦʩʪʠʯʴ 

ʪʨʝʙʫʝʤʦʡ ʪʦʯʥʦʩʪʠ ʠ ʚʦʩʧʨʦʠʟʚʦʜʠʤʦʩʪʠ. ʇʦʵʪʦʤʫ, ʵʪʠ ʦʧʪʠʯʝʩʢʠʝ 

ʠʩʪʦʯʥʠʢʠ ʧʦʢʘ ʥʝ ʧʦʣʫʯʠʣʠ ʰʠʨʦʢʦʛʦ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ.  

ʆʙʣʘʩʪʴ ʛʝʥʝʨʘʮʠʠ ʥʝʧʨʝʨʳʚʥʳʭ ʚʦʣʦʢʦʥʥʳʭ ʣʘʟʝʨʦʚ ʤʦʞʥʦ 

ʨʘʩʰʠʨʠʪʴ ʩ ʧʦʤʦʱʴʶ ʦʧʪʠʯʝʩʢʠʭ ʥʝʣʠʥʝʡʥʳʭ ʵʬʬʝʢʪʦʚ, ʥʘʧʨʠʤʝʨ, 
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ʛʝʥʝʨʘʮʠʠ ʚʪʦʨʦʡ ʛʘʨʤʦʥʠʢʠ (ɻɺɻ) ʠʣʠ ʦʧʪʠʯʝʩʢʦʛʦ ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʛʦ 

ʧʨʦʮʝʩʩʘ. ɺ ʵʪʦʤ ʩʣʫʯʘʝ ʚʦʣʦʢʦʥʥʳʡ ʣʘʟʝʨ ʚʳʩʪʫʧʘʝʪ ʚ ʢʘʯʝʩʪʚʝ ʠʩʪʦʯʥʠʢʘ 

ʥʘʢʘʯʢʠ, ʘ ʧʨʝʦʙʨʘʟʦʚʘʥʠʝ ʜʣʠʥʳ ʚʦʣʥʳ ʧʨʦʭʦʜʠʪ ʚ ʦʙʲʝʤʥʳʭ ʥʝʣʠʥʝʡʥʳʭ 

ʢʨʠʩʪʘʣʣʘʭ ʠʣʠ ʩʧʝʮʠʘʣʴʥʳʭ ʚʦʣʦʢʦʥʥʳʭ ʩʚʝʪʦʚʦʜʘʭ. ʊʘʢ, ʚ ʨʘʙʦʪʝ [20] ʩ 

ʧʦʤʦʱʴʶ ʫʜʚʦʝʥʠʷ ʯʘʩʪʦʪʳ ʛʝʥʝʨʘʮʠʠ ʧʝʨʝʩʪʨʘʠʚʘʝʤʦʛʦ ʀɺʃ ʚ 

ʢʨʠʩʪʘʣʣʘʭ KTP ʧʦʣʫʯʝʥʦ ʠʟʣʫʯʝʥʠʝ ʩ ʧʣʘʚʥʦʡ ʧʝʨʝʩʪʨʦʡʢʦʡ ʚ ʜʠʘʧʘʟʦʥʝ 

528 - 540 ʥʤ ʠ ʤʦʱʥʦʩʪʴʶ ʜʦ 450 ʤɺʪ. ɺʦʣʦʢʦʥʥʳʝ ʩʚʝʪʦʚʦʜʳ ʩ 

ʧʝʨʠʦʜʠʯʝʩʢʠ ʥʘʚʝʜʝʥʥʦʡ ʥʝʣʠʥʝʡʥʦʩʪʴʶ ʧʦʟʚʦʣʷʶʪ ʨʘʟʨʘʙʘʪʳʚʘʪʴ 

ʧʦʣʥʦʩʪʴʶ ʚʦʣʦʢʦʥʥʳʝ ʩʭʝʤʳ ʣʘʟʝʨʘ ʚ ʚʠʜʠʤʦʤ ʜʠʘʧʘʟʦʥʝ. ʆʜʥʘʢʦ ʵʪʦ 

ʥʘʧʨʘʚʣʝʥʠʝ ʪʦʣʴʢʦ ʨʘʟʚʠʚʘʝʪʩʷ, ʧʦʵʪʦʤʫ ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥʥʳʝ ʥʘ 

ʜʘʥʥʳʡ ʤʦʤʝʥʪ  ʨʝʟʫʣʴʪʘʪʳ ʩʢʨʦʤʥʳ: ʬɻʬʝʢʪʠʚʥʦʩʪʴ ʠ ʤʦʱʥʦʩʪʴ 

ʥʝʧʨʝʨʳʚʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʚʪʦʨʦʡ ʛʘʨʤʦʥʠʢʠ ʩʦʩʪʘʚʣʷʶʪ ʚʩʝʛʦ 1,4Ĭ10
-4
% ʠ 

0,3 ʤɺʪ ʥʘ ʜʣʠʥʝ ʚʦʣʥʳ 580 ʥʤ ʧʨʠ ʥʘʢʘʯʢʝ ʠʟʣʫʯʝʥʠʝʤ ʚʠʩʤʫʪʦʚʦʛʦ 

ʚʦʣʦʢʦʥʥʦʛʦ ʣʘʟʝʨʘ ʤʦʱʥʦʩʪʴʶ 3,3 ɺʪ [21]. ɸʚʪʦʨʳ ʩʚʷʟʳʚʘʶʪ ʥʠʟʢʫʶ 

ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʩ ʜʦʩʪʘʪʦʯʥʦ ʰʠʨʦʢʦʡ ʩʧʝʢʪʨʘʣʴʥʦʡ ʣʠʥʠʝʡ ʥʘʢʘʯʢʠ ʠ 

ʩʣʘʙʦʡ ʥʘʚʝʜʝʥʥʦʡ ʥʝʣʠʥʝʡʥʦʩʪʴʶ ʚ ʩʚʝʪʦʚʦʜʝ. ʇʘʨʘʤʝʪʨʠʯʝʩʢʠʡ ʧʨʦʮʝʩʩ 

ʚ ʦʧʪʠʯʝʩʢʠʭ ʥʝʣʠʥʝʡʥʳʭ ʢʨʠʩʪʘʣʣʘʭ ʧʦʟʚʦʣʷʝʪ ʧʦʣʫʯʠʪʴ ʙʦʣʝʝ ʰʠʨʦʢʫʶ 

ʦʙʣʘʩʪʴ ʧʝʨʝʩʪʨʦʡʢʠ ʠʟʣʫʯʝʥʠʷ. ʅʘʧʨʠʤʝʨ, ʚ ʨʘʙʦʪʝ [22] ʧʨʝʜʩʪʘʚʣʝʥ 

ʦʧʪʠʯʝʩʢʠʡ ʧʘʨʘʤʝʪʨʠʯʝʩʢʠʡ ʛʝʥʝʨʘʪʦʨ ʩ ʤʦʱʥʦʩʪʴʶ ʦʜʥʦʯʘʩʪʦʪʥʦʛʦ 

ʠʟʣʫʯʝʥʠʷ 400 ï 800 ʤɺʪ ʚ ʜʠʘʧʘʟʦʥʝ ʜʣʠʥ ʚʦʣʥ 860 - 1000 ʥʤ. ʆʥ 

ʩʦʜʝʨʞʠʪ ʜʚʘ ʢʨʠʩʪʘʣʣʘ MgO:sPPLT, ʚ ʦʜʥʦʤ ʠʟ ʢʦʪʦʨʳʭ ʛʝʥʝʨʠʨʫʝʪʩʷ 

ʠʟʣʫʯʝʥʠʝ ʚʪʦʨʦʡ ʛʘʨʤʦʥʠʢʠ ʥʘ ʜʣʠʥʝ ʚʦʣʥʳ 532 ʥʤ, ʚʦ ʚʪʦʨʦʤ 

ʧʨʦʠʩʭʦʜʠʪ ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʝ ʧʨʝʦʙʨʘʟʦʚʘʥʠʝ ʧʦʣʫʯʝʥʥʦʛʦ ʟʝʣʝʥʦʛʦ ʩʚʝʪʘ. 

ʆʜʥʘʢʦ ʩʭʝʤʘ ʫʩʪʘʥʦʚʢʠ ʙʳʣʘ ʜʦʚʦʣʴʥʦ ʩʣʦʞʥʘ ʠ ʩʦʜʝʨʞʘʣʘ ʤʥʦʛʦ 

ʵʣʝʤʝʥʪʦʚ, ʪʨʝʙʫʶʱʠʭ ʧʦʜʩʪʨʦʡʢʠ.    

ʈʘʩʩʤʦʪʨʝʥʥʳʝ ʚʳʰʝ ʦʧʪʠʯʝʩʢʠʝ ʠʩʪʦʯʥʠʢʠ ʦʙʣʘʜʘʶʪ ʣʠʙʦ ʤʘʣʦʡ 

ʦʙʣʘʩʪʴʶ ʧʝʨʝʩʪʨʦʡʢʠ, ʣʠʙʦ ʩʣʦʞʥʦʡ ʠ ʦʙʲʝʤʥʦʡ ʩʭʝʤʦʡ, ʣʠʙʦ ʥʠʟʢʦʡ 

ʚʳʭʦʜʥʦʡ ʤʦʱʥʦʩʪʴʶ, ʣʠʙʦ ʚʳʩʦʢʦʡ ʮʝʥʦʡ. ɸʣʴʪʝʨʥʘʪʠʚʦʡ ʠʤ ʤʦʛʫʪ 

ʩʣʫʞʠʪʴ ʚʦʣʦʢʦʥʥʦ-ʦʧʪʠʯʝʩʢʠʝ ʧʘʨʘʤʝʪʨʠʯʝʩʢʠʝ ʛʝʥʝʨʘʪʦʨʳ (ɺʆʇɻ), 

ʦʩʥʦʚʘʥʥʳʝ ʥʘ ʧʨʦʮʝʩʩʝ ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʛʦ ʯʝʪʳʨʝʭʚʦʣʥʦʚʦʛʦ ʩʤʝʰʝʥʠʷ 
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(ʏɺʉ) ʚ ʦʧʪʠʯʝʩʢʠʭ ʩʚʝʪʦʚʦʜʘʭ [23]. ɺʆʇɻ ʦʙʣʘʜʘʶʪ ʙʦʣʴʰʦʡ ʦʙʣʘʩʪʴ ʁ

ʧʝʨʝʩʪʨʦʡʢʠ; ʭʦʨʦʰʠʤ ʢʘʯʝʩʪʚʦʤ ʛʝʥʝʨʠʨʫʝʤʦʡ ʧʦʧʝʨʝʯʥʦʡ ʤʦʜʳ; 

ʢʦʤʧʘʢʪʥʦʩʪʴ,ʁ ʩʪʘʙʠʣʴʥʦʩʪʴ ʁ ʠ ʥʘʜʝʞʥʦʩʪʴ ʁ ʚ ʠʩʧʦʣʴʟʦʚʘʥʠʠ; 

ʚʦʟʤʦʞʥʦʩʪʴ ʁ ʠʥʪʝʛʨʠʨʦʚʘʥʠʷ ʩ ʚʦʣʦʢʦʥʥʳʤʠ ʩʠʩʪʝʤʘʤʠ. ʉʣʝʜʫʝʪ 

ʦʪʤʝʪʠʪʴ, ʯʪʦ ʢʦʣʠʯʝʩʪʚʦ ʩʪʘʪʝʡ, ʧʦʩʚʷʱʝʥʥʳʭ ʨʘʟʨʘʙʦʪʢʝ ʠ ʠʩʩʣʝʜʦʚʘʥʠ ʁ

ʵʪʠʭ ʦʧʪʠʯʝʩʢʠʭ ʠʩʪʦʯʥʠʢʦʚ, ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʩ ʢʘʞʜʳʤ ʛʦʜʦʤ. ʂʨʦʤʝ ʪʦʛʦ, 

ʥʝʧʨʝʨʳʚʥʳʡ ɺʆʇɻ ʩ ʧʝʨʝʩʪʨʦʡʢʦʡ ʠʟʣʫʯʝʥʠʷ ʚ ʦʙʣʘʩʪʠ 0,9 ï 1 ʤʢʤ ʩʤʦʛ 

ʙʳ ʦʙʲʝʜʠʥʠʪʴ ʜʠʘʧʘʟʦʥʳ ʛʝʥʝʨʘʮʠʠ ʀɺʃ ʠ ʅɺʃ. 

ʅʘ ʨʠʩ. 1 ʠʟʦʙʨʘʞʝʥʘ ʩʭʝʤʘ ɺʆʇɻ. ɻʝʥʝʨʘʪʦʨ ʚʢʣʶʯʘʝʪ ʚ ʩʝʙʷ 

ʠʩʪʦʯʥʠʢ ʥʘʢʘʯʢʠ, ʨʝʟʦʥʘʪʦʨ ʠ ʥʝʣʠʥʝʡʥʳʡ ʚʦʣʦʢʦʥʥʳʡ ʩʚʝʪʦʚʦʜ, ʚ 

ʢʦʪʦʨʦʤ ʧʨʦʠʩʭʦʜʠʪ ʧʘʨʘʤʝʪʨʠʯʝʩʢʠʡ ʧʨʦʮʝʩʩ.  

 

ʈʠʩ.1. ʉʭʝʤʘ ɺʆʇɻ. 

 

ɺʦʣʦʢʦʥʥʳʝ ʩʚʝʪʦʚʦʜʳ ʠʟʛʦʪʘʚʣʠʚʘʶʪ ʠʟ ʠʟʦʪʨʦʧʥʦʛʦ ʢʚʘʨʮʝʚʦʛʦ 

ʩʪʝʢʣʘ, ʚ ʢʦʪʦʨʦʤ ʦʪʩʫʪʩʪʚʫʝʪ ʥʝʣʠʥʝʡʥʦʩʪʴ ʚʪʦʨʦʛʦ ʧʦʨʷʜʢʘ ɢ
(2)
. ɺ ʵʪʦʤ 

ʩʣʫʯʘʝ ʥʝʣʠʥʝʡʥʳʝ ʵʬʬʝʢʪʳ ʚʦʟʥʠʢʘʶʪ ʟʘ ʩʯʝʪ ʥʝʣʠʥʝʡʥʦʩʪʠ ʪʨʝʪʴʝʛʦ 

ʧʦʨʷʜʢʘ ɢ
(3)

. ɺʝʣʠʯʠʥʘ ɢ
(3)

 ʚ ʚʦʣʦʢʦʥʥʳʭ ʩʚʝʪʦʚʦʜʘʭ ʤʝʥʴʰʝ ʚʝʣʠʯʠʥ rɢ
(2)

 ʚ 

ʦʙʲʝʤʥʳʭ ʢʨʠʩʪʘʣʣʘʭ, ʦʜʥʘʢʦ ʦʥʘ ʢʦʤʧʝʥʩʠʨʫʝʪʩʷ ʙʦʣʴʰʦʡ ʜʣʠʥʦʡ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʠ ʤʘʣʦʡ ʧʣʦʱʘʜʴʶ ʤʦʜʳ ʠʟʣʫʯʝʥʠʷ. ɼʣʷ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ 

ʦʧʪʠʯʝʩʢʦʡ ʯʘʩʪʦʪʳ ʠʩʧʦʣʴʟʫʝʪʩʷ ʧʨʦʮʝʩʩ ʚrʨʦʞʜʝʥʥʦʛʦ ʧʦ ʯʘʩʪʦʪʝ 

ʥʘʢʘʯʢʠ ɤp ʯʝʪʳʨʝʭʚʦʣʥʦʚʦʛʦ ʩʤʝʰʝʥʠʷ (ʏɺʉ), ʧʨʠ ʢʦʪʦʨʦʤ ʜʚʘ ʬʦʪʦʥʘ 

ʥʘʢʘʯʢʠ ʟʘ ʩʯʝʪ ʥʝʣʠʥʝʡʥʦʩʪʠ ɢ
(3)

 ʛʝʥʝʨʠʨʫʶʪ ʜʚʘ ʥʦʚʳʭ ʬʦʪʦʥʘ. ʏʘʩʪʦʪʘ 

ʦʜʥʦʛʦ ʠʟ ʥʠʭ ʤʝʥʴʰʝ ʯʘʩʪʦʪʳ ʥʘʢʘʯʢʠ ɤp ï ɋ (ʩʪʦʢʩʦʚʘ ̫ʚʦʣʥʘ), ʚʪʦʨʦʛʦ ï 

ʙʦʣʴʰʝ ʯʘʩʪʦʪʳ ʥʘʢʘʯʢʠ ɤp + ɋ (ʘʥʪʠʩʪʦʢʩʦʚʘ ̫ʚʦʣʥʘ), ʟʜʝʩʴ ɋ ï ʯʘʩʪʦʪʥʘʷ 
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ʧʘʨʘʤʝʪʨʠʯʝʩʢʘʷ ʦʪʩʪʨʦʡʢʘ. ɼʣʷ ʵʬʬʝʢʪʠʚʥʦʛʦ ʧʨʦʪʝʢʘʥʠʷ ʧʨʦʮʝʩʩʘ 

ʥʝʦʙʭʦʜʠʤʦ ʚʳʧʦʣʥʠʪ ɹʫʩʣʦʚʠʷ ʩʦʭʨʘʥʝʥʠʷ ʵʥʝʨʛʠʠ ʠ ʩʦʛʣʘʩʦʚʘʥʠʷ ʬʘʟ. 

ʕʪʠ ʪʨʝʙʦʚʘʥʠʷ ʥʘʢʣʘʜʳʚʘʶʪ ʦʛʨʘʥʠʯʝʥʠ ̫ʥʘ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʠʩʪʦʯʥʠʢʘ 

ʥʘʢʘʯʢʠ ʠ ʚʦʣʦʢʦʥʥʦʛʦ ʩʚʝʪʦʚʦʜʘ. ɹʦʣʴʰʦʝ ʟʥʘʯʝʥʠʝ ʠʤʝʝʪ ʜʠʩʧʝʨʩʠ ̫

ʩʚʝʪʦʚʦʜʘ. ʇʝʨʚʳʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʥʘʙʣʶʜʝʥʠʷ ʏɺʉ ʚ ʢʚʘʨʮʝʚʦʤ 

ʩʚʝʪʦʚʦʜʝ ʦʧʠʩʘʥʳ ʚ ʨʘʙʦʪʘʭ [24, 25], ʢʦʪʦʨʳʝ ʧʦʣʦʞʠʣʠ ʥʘʯʘʣʦ 

ʘʢʪʠʚʥʦʤʫ ʠʩʩʣʝʜʦʚʘʥʠʶ ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʛʦ ʧʨʦʮʝʩʩʘ ʜʣʷ ʩʦʟʜʘʥʠʷ ɺʆʇɻ.  

ʅʘ ʨʠʩ. 1 ʠʟʣʫʯʝʥʠʝ ʥʘʢʘʯʢʠ ʟʘʚʦʜʠʪʩʷ ʚ ʨʝʟʦʥʘʪʦʨ, ʬʦʨʤʠʨʫʶʱʠʡ 

ʦʙʨʘʪʥʫʶ ʩʚʷʟʴ ʣʠʙʦ ʜʣʷ ʦʜʥʦʡ ʠʟ ʧʘʨʘʤʝʪʨʠʯʝʩʢʠʭ ʚʦʣʥ 

(ʦʜʥʦʨʝʟʦʥʘʥʩʥʘʷ ʩʭʝʤʘ), ʣʠʙʦ ʜʣʷ ʜʚʫʭ ʧʘʨʘʤʝʪʨʠʯʝʩʢʠʭ ʚʦʣʥ 

ʦʜʥʦʚʨʝʤʝʥʥʦ (ʜʚʫʭʨʝʟʦʥʘʥʩʥʘʷ ʩʭʝʤʘ). ɼʚʫʭʨʝʟʦʥʘʥʩʥʘʷ ʩʭʝʤʘ ʥʝ 

ʧʦʣʫʯʠʣʘ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʥʘ ʧʨʘʢʪʠʢʝ, ʪʘʢ ʢʘʢ ʧʨʠ ʦʜʥʦʚʨʝʤʝʥʥʦʤ 

ʟʘʚʝʜʝʥʠʠ ʚ ʨʝʟʦʥʘʪʦʨ ʠʟʣʫʯʝʥʠʷ ʩʪʦʢʩʦʚʦʡ ʠ ʘʥʪʠʩʪʦʢʩʦʚʦʡ ʚʦʣʥ ʥʘ 

ʚʳʭʦʜʝ ɺʆʇɻ ʤʦʛʫʪ ʥʘʙʣʶʜʘʪʴʩʷ ʬʣʫʢʪʫʘʮʠʠ ʤʦʱʥʦʩʪʠ ʛʝʥʝʨʘʮʠʠ ʠʟ-ʟʘ 

ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʠ ʧʨʦʮʝʩʩʘ ʢ ʬʘʟʘʤ ʚʦʣʥ. ɺ ʢʘʯʝʩʪʚʝ ʩʭʝʤ ʨʝʟʦʥʘʪʦʨʘ 

ɺʆʇɻ ʠʩʧʦʣʴʟʫʶʪʩʷ ʣʠʙʦ ʠʥʪʝʨʬʝʨʦʤʝʪʨ ʌʘʙʨʠ-ʇʝʨʦ (ʢʘʢ ʥʘ ʦʩʥʦʚʝ ɺɹʈ, 

ʪʘʢ ʠ ʥʘ ʦʩʥʦʚʝ ʦʙʲʝʤʥʳʭ ʟʝʨʢʘʣ), ʣʠʙʦ ʢʦʣʴʮʝʚʘʷ ʢʦʥʬʠʛʫʨʘʮʠʷ (ʩ 

ʚʦʣʦʢʦʥʥʳʤʠ ʠʣʠ ʦʙʲʝʤʥʳʤʠ ʵʣʝʤʝʥʪʘʤʠ) [23]. ʇʝʨʝʩʪʨʦʡʢʘ ʜʣʠʥʳ ʚʦʣʥʳ 

ʛʝʥʝʨʘʮʠʠ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʩ ʧʦʤʦʱʴʶ ʠʟʤʝʥʝʥʠʷ ʜʣʠʥʳ ʚʦʣʥʳ ʥʘʢʘʯʢʠ 

(ʩʘʤʳʡ ʯʘʩʪʳʡ ʩʧʦʩʦʙ), ʠʟʤʝʥʝʥʠʷ ʜʠʩʧʝʨʩʠʠ ʟʘ ʩʯʝʪ ʥʘʛʨʝʚʘ ʚʦʣʦʢʦʥʥʦʛʦ 

ʩʚʝʪʦʚʦʜʘ [26], ʨʝʛʫʣʠʨʦʚʘʥʠʷ ʜʣʠʥʳ ʨʝʟʦʥʘʪʦʨʘ [27], ʠʩʧʦʣʴʟʦʚʘʥʠʷ 

ʚʥʫʪʨʠʨʝʟʦʥʘʪʦʨʥʦʛʦ ʧʝʨʝʩʪʨʘʠʚʘʝʤʦʛʦ ʬʠʣʴʪʨʘ [28].   

ɼʣʷ ʧʦʣʫʯʝʥʠʷ ʵʬʬʝʢʪʠʚʥʦʡ ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʡ ʛʝʥʝʨʘʮʠʠ 

ʥʝʦʙʭʦʜʠʤʦ ʩʦʛʣʘʩʦʚʘʪʴ ʬʘʟʳ ʦʧʪʠʯʝʩʢʠʭ ʧʦʣʝʡ, ʯʪʦʙʳ ʠʭ ʬʘʟʦʚʘʷ 

ʨʘʩʩʪʨʦʡʢʘ ʙʳʣʘ ʤʠʥʠʤʘʣʴʥʦʡ. ɺ ʨʘʥʥʠʭ ʵʢʩʧʝʨʠʤʝʥʪʘʭ ʜʣʷ ʩʦʛʣʘʩʦʚʘʥʠʷ 

ʬʘʟ ʠʩʧʦʣʴʟʦʚʘʣʠ ʨʘʟʣʠʯʠʝ ʬʘʟʦʚʳʭ ʩʢʦʨʦʩʪʝʡ ʧʦʧʝʨʝʯʥʳʭ ʤʦʜ ʚ 

ʤʥʦʛʦʤʦʜʦʚʳʭ ʩʚʝʪʦʚʦʜʘʭ [29, 30]. ʉ ʥʘʯʘʣʦʤ ʰʠʨʦʢʦʛʦ ʧʨʠʤʝʥʝʥʠʷ 

ʦʜʥʦʤʦʜʦʚʳʭ ʚʦʣʦʢʦʥʥʳʭ ʩʚʝʪʦʚʦʜʦʚ ʚ ʦʧʪʠʯʝʩʢʠʭ ʩʠʩʪʝʤʘʭ ʙʳʣʠ 

ʨʘʟʨʘʙʦʪʘʥʳ ʥʦʚʳʝ ʤʝʪʦʜ rʩʦʛʣʘʩʦʚʘʥʠʷ ʬʘʟ: ʩʢʘʣʷʨʥʦʝ ʏɺʉ (ʚʩʝ ʚʦʣʥʳ 

ʠʤʝʶʪ ʦʜʥʫ ʧʦʣʷʨʠʟʘʮʠʶ) ʠ ʚʝʢʪʦʨʥʦʝ ʏɺʉ (ʚʦʣʥʳ ʨʘʩʧʨʦʩʪʨʘʥʷʶʪʩʷ ʚ 
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ʨʘʟʥʳʭ ʧʦʣʷʨʠʟʘʮʠʦʥʥʳʭ ʤʦʜʘʭ ʜʚʫʣʫʯʝʧʨʝʣʦʤʣʷʶʱʝʛʦ ʩʚʝʪʦʚʦʜʘ). ɺ 

ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʚʦ ʚʩʝʭ ʨʘʟʨʘʙʘʪʳʚʘʝʤʳʭ ɺʆʇɻ ʠʩʧʦʣʴʟʫʝʪʩʷ ʤʝʪʦʜ 

ʩʢʘʣʷʨʥʦʛʦ ʏɺʉ, ʭʦʪʷ ʝʩʪʴ ʥʝʤʘʣʦ ʨʘʙʦʪ ʧʦ ʠʩʩʣʝʜʦʚʘʥʠʶ ʚʝʢʪʦʨʥʦʛʦ ʏɺʉ 

ʚ ʦʜʥʦʧʨʦʭʦʜʥʦʡ ʩʭʝʤʝ. ʉʢʘʣʷʨʥʦʝ ʩʦʛʣʘʩʦʚʘʥʠʝ ʬʘʟ ʦʙʝʩʧʝʯʠʚʘʝʪʩʷ 

ʚʙʣʠʟʠ ʜʣʠʥʳ ʚʦʣʥʳ ʥʫʣʝʚʦʡ ʜʠʩʧʝʨʩʠʠ (ɼɺʅɼ) ɚ0 ʚʦʣʦʢʦʥʥʦʛʦ ʩʚʝʪʦʚʦʜʘ 

ʠ ʥʘʢʣʘʜʳʚʘʝʪ ʦʛʨʘʥʠʯʝʥʠʝ ʥʘ ʜʣʠʥʫ ʚʦʣʥʳ ʠʟʣʫʯʝʥʠʷ ʥʘʢʘʯʢʠ ɚʨ (ʚ 

ʩʪʘʥʜʘʨʪʥʳʭ ʩʚʝʪʦʚʦʜʘʭ ɚ0 å 1,3 ʤʢʤ). 

 ɼʣʷ ʩʦʟʜʘʥʠʷ ɺʆʇɻ ʚ ʦʙʣʘʩʪʠ ʥʠʟʢʠʭ ʦʧʪʠʯʝʩʢʠʭ ʧʦʪʝʨʴ ʯʠʩʪʦʛʦ 

ʢʚʘʨʮʘ, ʚʙʣʠʟʠ 1,5 ʤʢʤ, ʦʙʳʯʥʦ ʠʩʧʦʣʴʟʫʶʪ ʚʳʩʦʢʦʥʝʣʠʥʝʡʥʳʝ 

ʚʦʣʦʢʦʥʥʳʝ ʩʚʝʪʦʚʦʜʳ ʩʦ ʩʤʝʱʝʥʥʦʡ ʜʠʩʧʝʨʩʠʝʡ (HNL DSF) (ɚ0 å 1,5 ʤʢʤ) 

ʠ ʥʘʢʘʯʢʫ, ʩʦʩʪʦʷʱʫʶ ʠʟ ʧʝʨʝʩʪʨʘʠʚʘʝʤʦʛʦ ʣʘʟʝʨʘ ʠ ʵʨʙʠʝʚʦʛʦ 

ʚʦʣʦʢʦʥʥʦʛʦ ʫʩʠʣʠʪʝʣʷ. ʀʤʧʫʣʴʩʥʳʝ ɺʆʇɻ ʚ ʵʪʦʡ ʦʙʣʘʩʪʠ ʩʧʝʢʪʨʘ ʠʤʝʶʪ 

ʯʘʩʪʦʪʥʳʝ ʦʪʩʪʨʦʡʢʠ ʜʦ 55 ʊɻʮ [31], ʚʳʭʦʜʥʫʶ ʤʦʱʥʦʩʪʴ ʥʝʩʢʦʣʴʢʦ ɺʪ 

[32] ʠ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʜʦ 50% [33]. ɼʣʷ ʧʝʨʝʭʦʜʘ ʚ 

ʢʦʨʦʪʢʦʚʦʣʥʦʚʫʶ ʦʙʣʘʩʪʴ ʩʧʝʢʪʨʘ (1 ʤʢʤ ʠ ʤʝʥʝʝ) ʠʩʧʦʣʴʟʫʶʪ 

ʩʧʝʮʠʘʣʴʥʳʝ ʬʦʪʦʥʥʦ-ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʝ ʚʦʣʦʢʦʥʥʳʝ ʩʚʝʪʦʚʦʜʳ (ʌʂɺʉ) 

[34, 35] ʠ ʥʘʢʘʯʢʫ ʪʠʪʘʥ-ʩʘʧʬʠʨʦʚʳʤ ʣʘʟʝʨʦʤ (ʚ ʚʠʜʠʤʦʡ ʦʙʣʘʩʪʠ) ʠʣʠ 

ʤʦʱʥʳʝ Yb
3+

 ʠʣʠ Nd
3+

 ʚʦʣʦʢʦʥʥʳʝ/ʪʚʝʨʜʦʪʝʣʴʥʳʝ ʣʘʟʝʨʥʳʝ ʩʠʩʪʝʤʳ 

(ʚʙʣʠʟʠ 1 ʤʢʤ). ʌʂɺʉ ʠʤʝʶʪ ʨʷʜ ʦʪʚʝʨʩʪʠʡ ʚ ʦʙʦʣʦʯʢʝ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ 

ʚʘʨʴʠʨʦʚʘʪʴ ʵʬʬʝʢʪʠʚʥʳʡ ʧʦʢʘʟʘʪʝʣʴ ʧʨʝʣʦʤʣʝʥʠʷ neff ʧʫʪʝʤ ʧʦʜʙʦʨʘ 

ʢʦʵʬʬʠʮʠʝʥʪʘ ʟʘʧʦʣʥʝʥʠʷ ʩʣʦʝʚ k = d/ȿ, ʛʜʝ d ï ʜʠʘʤʝʪʨ ʦʪʚʝʨʩʪʠʡ, ʘ ȿ ï 

ʨʘʩʩʪʦʷʥʠʝ ʤʝʞʜʫ ʥʠʤʠ (ʧʠʪʯ) (ʩʤ. ʨʠʩ. 2), ʪʝʤ ʩʘʤʳʤ ʠʟʤʝʥʷʷ ɼɺʅɼ 

ʌʂɺʉ ʦʪ ʚʠʜʠʤʦʛʦ ʜʠʘʧʘʟʦʥʘ ʜʦ 1,3 ʤʢʤ [36]. ɺ ʪʘʢ ʥʘʟʳʚʘʝʤʳʭ 

çʙʝʩʢʦʥʝʯʥʦ ʦʜʥʦʤʦʜʦʚʳʭè ʌʂɺʉ ʦʪʩʫʪʩʪʚʫʝʪ ʜʣʠʥʘ ʚʦʣʥʳ ʦʪʩʝʯʢʠ, 

ʧʨʠʯʝʤ ʚ ʥʝʢʦʪʦʨʳʭ ʩʚʝʪʦʚʦʜʘʭ ʪʘʢʦʛʦ ʪʠʧʘ, ʥʘʧʨʠʤʝʨ, LMA5 (NKT 

Photonics), ʤʦʜʦʚʳʡ ʜʠʘʤʝʪʨ ʥʝ ʟʘʚʠʩʠʪ ʦʪ ʜʣʠʥʳ ʚʦʣʥʳ ʚ ʙʦʣʴʰʦʤ 

ʩʧʝʢʪʨʘʣʴʥʦʤ ʜʠʘʧʘʟʦʥʝ (0,4 ï 2 ʤʢʤ). ɿʘ ʩʯʝʪ ʵʪʦʛʦ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ 

ʭʦʨʦʰʝʝ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʝ ʧʝʨʝʢʨʳʪʠʝ ʚʟʘʠʤʦʜʝʡʩʪʚʫʶʱʠʭ ʦʧʪʠʯʝʩʢʠʭ 

ʧʦʣʝʡ ʥʘ ʜʘʣʝʢʠʭ ʜʨʫʛ ʦʪ ʜʨʫʛʘ ʜʣʠʥʘʭ ʚʦʣʥ. ʊʘʢ, ʚ ʦʜʥʦʧʨʦʭʦʜʥʦʡ ʩʭʝʤʝ ʩ 
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ʠʤʧʫʣʴʩʥʦʡ ʥʘʢʘʯʢʦʡ ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥʘ ʦʙʣʘʩʪʴ ʧʝʨʝʩʪʨʦʡʢʠ 0,5 - 1 

ʤʢʤ ʩ ʵʬʬʝʢʪʠʚʥʦʩʪʴʶ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ~ 0,1 - 1% [37, 38]. 

 

ʈʠʩ.2. ʉʭʝʤʘ ʬʦʪʦʥʥʦ-ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʚʦʣʦʢʦʥʥʦʛʦ ʩʚʝʪʦʚʦʜʘ. 

 

ɺʘʞʥʦʡ ʭʘʨʘʢʪʝʨʠʩʪʠʢʦʡ ʧʨʦʮʝʩʩʘ ʏɺʉ ̫ʚʣʷʝʪʩʷ ʚʝʣʠʯʠʥʘ ʫʩʠʣʝʥʠ.̫ 

ʇʨʠ ʚʳʧʦʣʥʝʥʠʠ ʫʩʣʦʚʠʷ ʬʘʟʦʚʦʛʦ ʩʠʥʭʨʦʥʠʟʤʘ ʚ ʧʨʝʜʧʦʣʦʞʝʥʠʠ 

ʥʝʠʩʪʦʱʝʥʥʦʡ ʥʘʢʘʯʢʠ ʥʝʥʘʩʳʱʝʥʥʦʝ ʫʩʠʣʝʥʠʝ ʟʘ ʧʨʦʭʦʜ ʧʦ ʩʚʝʪʦʚʦʜʫ 

ʟʘʧʠʩʳʚʘʝʪʩʷ ʢʘʢ sinh
2
(ɝ), ʛʜʝ ɝ = ɔPpL ï ʥʦʨʤʠʨʦʚʘʥʥʘʷ ʤʦʱʥʦʩʪʴ ʥʘʢʘʯʢʠ 

(Pp ï ʤʦʱʥʦʩʪʴ ʥʘʢʘʯʢʠ, L, ɔ ï ʜʣʠʥʘ ʠ ʢʦʵʬʬʠʮʠʝʥʪ ʥʝʣʠʥʝʡʥʦʩʪʠ 

ʩʚʝʪʦʚʦʜʘ) [39]. ɺ ʠʤʧʫʣʴʩʥʳʭ ɺʆʇɻ ʠʩʧʦʣʴʟʫʝʪʩʷ ʙʦʣʴʰʘʷ ʧʠʢʦʚʘʷ 

ʤʦʱʥʦʩʪʴ ʥʘʢʘʯʢʠ ʠ ʦʪʥʦʩʠʪʝʣʴʥʦ ʥʝʙʦʣʴʰʠʝ ʜʣʠʥʳ ʩʚʝʪʦʚʦʜʘ. ʊʘʢ, ʜʣʷ 

ɺʆʇɻ ʩ ʧʝʨʝʩʪʨʦʡʢʦʡ ʚʙʣʠʟʠ 1,55 ʤʢʤ ʧʨʠʤʝʥʷʶʪʩ ̫HNL DSF ʜʣʠʥʦʡ 30 

ï 50 ʤ, ʧʨʠ ʵʪʦʤ ʚʝʣʠʯʠʥʘ ɝ å 6 [32, 40, 41]. ɼʣʷ ʠʤʧʫʣʴʩʥʳʭ ɺʆʇɻ ʩ 

ʧʝʨʝʩʪʨʦʡʢʦʡ ʚ ʦʙʣʘʩʪʠ < 1 ʤʢʤ ʠʩʧʦʣʴʟʫʶʪʩ ̫ʌʂɺʉ ʜʣʠʥʦʡ ʦʪ 0,5 ʜʦ 10 

ʤ, ʧʨʠ ʵʪʦʤ ʚʝʣʠʯʠʥʘ ɝ å 5 - 60 [42 - 47]. ɺ ʨʘʙʦʪʝ [32] ʩʨʝʜʥʷʷ ʤʦʱʥʦʩʪʴ 

ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʡ ʛʝʥʝʨʘʮʠʠ ʥʘ ʚʳʭʦʜʝ ɺʆʇɻ ʚ ʧʦʣʥʦʩʪʴʶ ʚʦʣʦʢʦʥʥʦʡ 

ʢʦʥʬʠʛʫʨʘʮʠʠ ʩʦʩʪʘʚʣʷʣʘ 2 ɺʪ ʜʣʷ ɋ å 27 ʊɻʮ (ɝ = 7,5). ɺ ʨʘʙʦʪʝ [48] 

ʙʣʘʛʦʜʘʨʷ ʙʦʣʴʰʦʡ ʚʝʣʠʯʠʥʝ ʥʦʨʤʠʨʦʚʘʥʥʦʡ ʤʦʱʥʦʩʪʠ ʥʘʢʘʯʢʠ ɝ 

ʚʥʫʪʨʝʥʥʷʷ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ɺʆʇɻ ʜʦʩʪʠʛʘʣʘ 8,6% ʜʣʷ ɋ å 

140 ʊɻʮ. ʇʦʚʳʰʝʥʠʝ ʧʠʢʦʚʦʡ ʤʦʱʥʦʩʪʠ ʥʘʢʘʯʢʠ ʜʦ ʜʝʩʷʪʢʦʚ ʢɺʪ 

ʧʦʟʚʦʣʷʝʪ ʫʚʝʣʠʯʠʪʴ ɝ ʜʦ 100 ï 700 ʠ ʛʝʥʝʨʠʨʦʚʘʪʴ ʠʟʣʫʯʝʥʠʝ ʚ 

ʦʜʥʦʧʨʦʭʦʜʥʦʡ ʩʭʝʤʝ ʚ ʚʠʜʠʤʦʤ ʠ ʩʨʝʜʥʝʤ ʀʂ ʜʠʘʧʘʟʦʥʘʭ ʩ ʙʦʣʴʰʠʤʠ 

ʯʘʩʪʦʪʥʳʤʠ ʦʪʩʪʨʦʡʢʘʤʠ ɋ ~ 160 - 185 ʊɻʮ [49 - 52]. ʇʨʠ ʵʪʦʤ 
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ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʠ ʩʨʝʜʥʷʷ ʤʦʱʥʦʩʪʴ ʠʟʣʫʯʝʥʠʷ ʚʙʣʠʟʠ 0,65 

ʤʢʤ ʜʦʩʪʠʛʘʶʪ 30% ʠ 17,6 ɺʪ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ [50].  

ɺ ʥʝʧʨʝʨʳʚʥʳʭ ɺʆʇɻ ʟʥʘʯʝʥʠʝ ɝ = 4 - 10 ʧʦʣʫʯʘʶʪ ʧʨʠ 

ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʩʚʝʪʦʚʦʜʦʚ ʜʣʠʥʦʡ ʥʝʩʢʦʣʴʢʦ ʩʦʪʝʥ ʤʝʪʨʦʚ [28, 53 - 59], ʪʘʢ 

ʢʘʢ ʤʦʱʥʦʩʪʴ ʥʝʧʨʝʨʳʚʥʦʡ ʥʘʢʘʯʢʠ ʜʦʚʦʣʴʥʦ ʤʘʣʘ. ʋʚʝʣʠʯʝʥʠʝ ʜʣʠʥʳ 

ʩʚʝʪʦʚʦʜʘ ʧʨʠʚʦʜʠʪ ʢ ʩʫʞʝʥʠʶ ʦʙʣʘʩʪʠ ʬʘʟʦʚʦʛʦ ʩʠʥʭʨʦʥʠʟʤʘ, ʚ 

ʨʝʟʫʣʴʪʘʪʝ ʥʝʦʜʥʦʨʦʜʥʦʩʪʴ (ʬʣʫʢʪʫʘʮʠʠ ʜʠʩʧʝʨʩʠʠ ʠʟ-ʟʘ ʬʣʫʢʪʫʘʮʠʡ 

ʜʠʘʤʝʪʨʘ ʩʝʨʜʮʝʚʠʥʳ) ʚʦʣʦʢʦʥʥʦʛʦ ʩʚʝʪʦʚʦʜʘ ʧʦ ʜʣʠʥʝ ʩʠʣʴʥʦ ʫʤʝʥʴʰʘʝʪ 

ʤʘʢʩʠʤʫʤ ʠʥʪʝʛʨʘʣʴʥʦʛʦ ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʛʦ ʫʩʠʣʝʥʠʷ ʧʨʠ ʙʦʣʴʰʠʭ 

ʯʘʩʪʦʪʥʳʭ ʦʪʩʪʨʦʡʢʘʭ [60 ï 62], ʯʪʦ ʦʛʨʘʥʠʯʠʚʘʝʪ ʩʦʟʜʘʥʠʝ ʥʝʧʨʝʨʳʚʥʳʭ 

ɺʆʇɻ. ɺr ʭʦʜʥʘʷ ʤʦʱʥʦʩʪʴ ʧʝʨʚʳʭ ʫʩʪʨʦʡʩʪʚ ʥʝ ʧʨʝʚʳʰʘʣʘ 50 ʤɺʪ ʠʟ-ʟʘ 

ʤʘʣʦʛʦ ʢʦʵʬʬʠʮʠʝʥʪʘ ʚʳʚʝʜʝʥʠʷ ʠʟ ʨʝʟʦʥʘʪʦʨʘ [53, 54]. ʇʘʨʘʤʝʪʨʠʯʝʩʢʠʝ 

ʦʪʩʪʨʦʡʢʠ ʨʘʟʨʘʙʦʪʘʥʥʳʭ ʥʝʧʨʝʨʳʚʥʳʭ ɺʆʇɻ ʦʛʨʘʥʠʯʠʚʘʣʘʩʴ ʚʝʣʠʯʠʥʦʡ 

15 ʊɻʮ [28, 56], ʧʦʵʪʦʤʫ ʩʪʦʢʩʦʚʘ ʢʦʤʧʦʥʝʥʪʘ ʫʩʠʣʠʚʘʣʘʩʴ ʟʘ ʩʯʝʪ 

ʩʦʚʤʝʩʪʥʦʛʦ ʢʦʤʙʠʥʘʮʠʦʥʥʦʛʦ ʠ ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʛʦ ʫʩʠʣʝʥʠʷ ʠ ʝʝ 

ʤʦʱʥʦʩʪʴ ʜʦʭʦʜʠʣʘ ʜʦ 1 ɺʪ ʚ ʨʘʙʦʪʝ [28]. ʅʝʩʤʦʪʨʷ ʥʘ ʙʦʣʴʰʦʝ ʫʩʠʣʝʥʠʝ, 

ʤʦʱʥʦʩʪʴ ʠʟʣʫʯʝʥʠʷ ʥʘ ʘʥʪʠʩʪʦʢʩʦʚʦʡ ʜʣʠʥʝ ʚʦʣʥʳ ʥʝ ʧʨʝʚʳʰʘʣʘ 100 ʤɺʪ 

ʠʟ-ʟʘ ʤʘʣʦʛʦ ʢʦʵʬʬʠʮʠʝʥʪʘ ʚʳʚʝʜʝʥʠʷ ʠʟ ʨʝʟʦʥʘʪʦʨʘ [56] ʠʣʠ ʙʦʣʴʰʠʭ 

ʧʦʪʝʨʴ ʜʣʷ ʩʠʛʥʘʣʴʥʦʡ ʚʦʣʥʳ ~ 90% [28].  

ʆʪʤʝʪʠʤ, ʯʪʦ ʥʝʧʨʝʨʳʚʥʳʝ ɺʆʇɻ ʨʘʟʨʘʙʘʪʳʚʘʣʠʩʴ ʪʦʣʴʢʦ ʚʙʣʠʟʠ 

1,5 ʤʢʤ. ɼʣʷ ʧʝʨʝʭʦʜʘ ʚ ʩʧʝʢʪʨʘʣʴʥʫʶ ʦʙʣʘʩʪʴ Ò 1 ʤʢʤ ʥʝʦʙʭʦʜʠʤʦ 

ʫʯʠʪʳʚʘʪʴ ʥʝʩʢʦʣʴʢʦ ʚʘʞʥʳʭ ʤʦʤʝʥʪʦʚ. ɺʦ-ʧʝʨʚʳʭ, ʚ ʵʪʦʡ ʦʙʣʘʩʪʠ ʚ 

ʥʝʩʢʦʣʴʢʦ ʨʘʟ ʫʚʝʣʠʯʠʚʘʶʪʩʷ ʦʧʪʠʯʝʩʢʠʝ ʧʦʪʝʨʠ ʚ ʢʚʘʨʮʝʚʦʤ ʩʚʝʪʦʚʦʜʝ. 

ɺʦ-ʚʪʦʨʳʭ, ʠʟ-ʟʘ ʩʧʝʮʠʬʠʢʠ ʠʟʛʦʪʦʚʣʝʥʠʷ ʥʝʦʜʥʦʨʦʜʥʦʩʪʴ ʠʩʧʦʣʴʟʫʝʤʳʭ ʚ 

ʵʪʦʡ ʦʙʣʘʩʪʠ ʌʂɺʉ ʤʦʞʝʪ ʙʳʪʴ ʚʳʰʝ, ʯʝʤ ʥʝʦʜʥʦʨʦʜʥʦʩʪʴ HNL DSF. ʅʘ 

ʜʘʥʥʳʡ ʤʦʤʝʥʪ ʥʝʧʨʝʨʳʚʥʦʝ ʏɺʉ ʚ ʦʙʣʘʩʪʠ ʤʝʥʝʝ 1 ʤʢʤ ʠʩʩʣʝʜʦʚʘʣʦʩʴ 

ʪʦʣʴʢʦ ʚ ʦʜʥʦʧʨʦʭʦʜʥʦʡ ʩʭʝʤʝ ʩ ʩʠʛʥʘʣʴʥʦʡ  ʟʘʪʨʘʚʢʦʡ. ʕʬʬʝʢʪʠʚʥʦʩʪʴ 

ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʚ ʦʙʣʘʩʪʴ 0,5 ï 0,7 ʤʢʤ ʧʨʠ ʥʘʢʘʯʢʝ ʪʠʪʘʥ-ʩʘʧʬʠʨʦʚʳʤ 

ʣʘʟʝʨʦʤ (ɚ = 0,76 ï 0,86 ʤʢʤ) ʥʝ ʧʨʝʚʳʰʘʣʘ 0,3% [63, 64]. ʕʬʬʝʢʪʠʚʥʦʩʪʴ 

ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʚ ʦʙʣʘʩʪʴ 1,37 ï 1,67 ʤʢʤ ʧʨʠ ʥʘʢʘʯʢʝ ʚʙʣʠʟʠ 1 ʤʢʤ ʙʳʣʘ 
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0,1% [65]. ʅʝʙʦʣʴʰʘʷ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʤʦʞʝʪ ʙʳʪʴ ʩʚʷʟʘʥʘ 

ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʘʣʦʤʦʱʥʦʡ ʥʘʢʘʯʢʠ <1 ɺʪ ʠ ʙʦʣʴʰʠʭ ʧʘʨʘʤʝʪʨʠʯʝʩʢʠʭ 

ʦʪʩʪʨʦʝʢ ɋ >80 ʊɻʮ. ɼʣʷ ʫʤʝʥʴʰʝʥʠʷ ʚʣʠʷʥʠʷ ʧʦʪʝʨʴ ʠ ʥʝʦʜʥʦʨʦʜʥʦʩʪʠ 

ʩʚʝʪʦʚʦʜʘ ʥʘ ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʝ ʫʩʠʣʝʥʠʝ ʥʝʦʙʭʦʜʠʤʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʙʦʣʝʝ 

ʤʦʱʥrʡ ʠʩʪʦʯʥʠʢ ʥʘʢʘʯʢʠ, ʢʦʨʦʪʢʠʝ  ʌʂɺʉ,  ʨʝʟʦʥʘʪʦʨ ɺʆʇɻ ʩ ʤʘʣʳʤʠ 

ʧʦʪʝʨʷʤʠ ʜʣʷ ʩʠʛʥʘʣʴʥʦʡ ʚʦʣʥʳ ʠ ʙʦʣʴʰʠʤ ʢʦʵʬʬʠʮʠʝʥʪʦʤ ʚʳʚʝʜʝʥʠʷ 

ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʡ ʛʝʥʝʨʘʮʠʠ.  

ʇʦʤʠʤʦ ʥʝʦʜʥʦʨʦʜʥʦʩʪʠ ʚʦʣʦʢʦʥʥʦʛʦ ʩʚʝʪʦʚʦʜʘ ʧʦ ʜʣʠʥʝ ʥʘ 

ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʛʦ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʚʣʠʷʝʪ ʰʠʨʠʥʘ ʣʠʥʠʠ 

ʥʘʢʘʯʢʠ ȹɚʨ. ʉʦʛʣʘʩʥʦ ʨʘʙʦʪʝ [66], ʝʩʣʠ ʰʠʨʠʥʘ ʣʠʥʠʠ ʥʘʢʘʯʢʠ ʙʦʣʴʰʝ 

ʰʠʨʠʥʳ ʬʘʟʦʚʦʛʦ ʩʠʥʭʨʦʥʠʟʤʘ, ʚʝʣʠʯʠʥʘ ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʛʦ ʫʩʠʣʝʥʠʷ 

ʫʤʝʥʴʰʘʝʪʩʷ. ʆʜʥʘʢʦ, ʥʘʩʢʦʣʴʢʦ ʠʟʚʝʩʪʥʦ, ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ 

ʠʩʩʣʝʜʦʚʘʥʠʷ ʚʣʠʷʥʠʷ ȹɚʨ ʥʘ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ɺʆʇɻ ʥʝ ʧʨʦʚʦʜʠʣʠʩʴ. ɺ 

ʢʘʯʝʩʪʚʝ ʥʘʢʘʯʢʠ ʥʝʧʨʝʨʳʚʥʳʭ ʛʝʥʝʨʘʪʦʨʦʚ ʦʙʳʯʥʦ ʠʩʧʦʣʴʟʫʝʪʩʷ 

ʦʜʥʦʯʘʩʪʦʪʥʦʝ ʠʟʣʫʯʝʥʠʝ ʩ ʤʦʜʫʣʷʮʠʝʡ ʬʘʟʳ ʜʣʷ ʧʨʝʜʦʪʚʨʘʱʝʥʠʷ 

ʚʳʥʫʞʜʝʥʥʦʛʦ ʨʘʩʩʝʷʥʠʷ ʄʘʥʜʝʣʴʰʪʘʤʘ-ɹʨʠʣʣʶʵʥʘ (ɺʈʄɹ) [28, 53, 54, 

58, 59]. ɺ ʩʣʫʯʘʝ ʠʤʧʫʣʴʩʥʦʡ ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʡ ʛʝʥʝʨʘʮʠʠ ʩ ȹɚp < 0,1 ʥʤ 

ʧʨʦʮʝʩʩ ɺʈʄɹ ʥʝ ʫʩʧʝʚʘʝʪ ʨʘʟʚʠʪʴʩʷ ʠʟ-ʟʘ ʧʨʠʤʝʥʝʥʠʷ ʢʦʨʦʪʢʠʭ 

ʠʤʧʫʣʴʩʦʚ ʥʘʢʘʯʢʠ ʩ ʜʣʠʪʝʣʴʥʦʩʪʴʶ < 2 ʥʩ [48, 52]. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʨʠ 

ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʫʟʢʦʧʦʣʦʩʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʥʘʢʘʯʢʠ ʚʘʞʥʦʡ ʟʘʜʘʯʝʡ ʷʚʣʷʝʪʩʷ 

ʦʧʪʠʤʠʟʘʮʠʷ ʰʠʨʠʥʳ ʝʛʦ ʩʧʝʢʪʨʘ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʵʬʬʝʢʪʠʚʥʦʛʦ 

ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ.     

ɼʣʷ ʛʝʥʝʨʘʮʠʠ ʠʟʣʫʯʝʥʠʷ ʚ ʦʙʣʘʩʪʠ 1 ʤʢʤ ʠ ʤʝʥʝʝ ʢʨʦʤʝ ʩʢʘʣʷʨʥʦʛʦ 

ʏɺʉ ʤʦʞʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʪʘʢʞʝ ʧʨʦʮʝʩʩ ʚʝʢʪʦʨʥʦʛʦ ʏɺʉ, ʢʦʪʦʨʳʡ 

ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʟʘ ʩʯʝʪ ʨʘʟʥʦʩʪʠ ʬʘʟʦʚʳʭ ʩʢʦʨʦʩʪʝʡ ʚʦʣʥ, 

ʨʘʩʧʨʦʩʪʨʘʥʷʶʱʠʭʩʷ ʚ ʨʘʟʥʳʭ ʧʦʣʷʨʠʟʘʮʠʦʥʥʳʭ ʤʦʜʘʭ ʚʦʣʦʢʦʥʥʦʛʦ 

ʩʚʝʪʦʚʦʜʘ. ʇʨʠ ʪʘʢʦʤ ʩʧʦʩʦʙʝ ʩʠʥʭʨʦʥʠʟʤʘ ʜʣʠʥʘ ʚʦʣʥʳ ʥʘʢʘʯʢʠ ʥʝ 

ʧʨʠʚʷʟʘʥʘ ʢ ɼɺʅɼ. ʉʣʝʜʦʚʘʪʝʣʴʥʦ, ʠʟʣʫʯʝʥʠʝ ʚ ʠʥʪʝʨʝʩʫʶʱʝʤ ʥʘʩ 

ʜʠʘʧʘʟʦʥʝ ʤʦʞʥʦ ʧʦʣʫʯʠʪʴ ʚ ʩʪʘʥʜʘʨʪʥʳʭ ʜʚʫʣʫʯʝʧʨʝʣʦʤʣʷʶʱʠʭ 

ʚʦʣʦʢʦʥʥʳʭ ʩʚʝʪʦʚʦʜʘʭ ʩʦ ʩʪʫʧʝʥʯʘʪʳʤ ʧʨʦʬʠʣʝʤ ʧʦʢʘʟʘʪʝʣʷ 
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ʧʨʝʣʦʤʣʝʥʠʷ ʠ ɼɺʅɼ 1,3 ï 1,5 ʤʢʤ. ʆʜʥʘʢʦ ʚ ʪʘʢʠʭ ʩʚʝʪʦʚʦʜʘʭ ʚʝʣʠʯʠʥʘ 

ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʡ ʦʪʩʪʨʦʡʢʠ ʧʨʠ ʥʘʢʘʯʢʝ ʚʙʣʠʟʠ 1 ʤʢʤ ʥʝʚʝʣʠʢʘ: ɋ = 6 - 9 

ʊɻʮ [67, 68] ʠ 40 ʊɻʮ [69] ʚ ʩʣʫʯʘʝ ʧʦʣʷʨʠʟʘʮʠʠ ʠʟʣʫʯʝʥʠʷ ʥʘʢʘʯʢʠ ʚʜʦʣʴ 

ʜʚʫʭ ʠʣʠ ʦʜʥʦʡ ʦʩʠ ʩʚʝʪʦʚʦʜʘ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʚʝʢʪʦʨʥʦʛʦ 

ʏɺʉ ʩ ʥʘʢʘʯʢʠ ʚʙʣʠʟʠ ɼɺʅɼ ʜʚʫʣʫʯʝʧʨʝʣʦʤʣʷʶʱʝʛʦ ʌʂɺʉ ʧʦʟʚʦʣʷʝʪ 

ʫʚʝʣʠʯʠʪʴ ʚʝʣʠʯʠʥʫ ʯʘʩʪʦʪʥʦʡ ʦʪʩʪʨʦʡʢʠ ʟʘ 100 ʊɻʮ [70 ï 72]. 

ʋʧʦʤʷʥʫʪʳʝ ʚʳʰʝ ʨʝʟʫʣʴʪʘʪʳ ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʪʦʣʴʢʦ ʚ ʦʜʥʦʧʨʦʭʦʜʥʦʡ 

ʩʭʝʤʝ ʩ ʠʤʧʫʣʴʩʥʦʡ ʥʘʢʘʯʢʦʡ. ɺʦʧʨʦʩ ʦ ʚʦʟʤʦʞʥʦʩʪʠ ʧʨʠʤʝʥʝʥʠʷ 

ʚʝʢʪʦʨʥʦʛʦ ʏɺʉ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʥʝʧʨʝʨʳʚʥʦʡ ʛʝʥʝʨʘʮʠʠ ʚ ʦʙʣʘʩʪʠ ʤʝʥʝʝ 1 

ʤʢʤ ʦʩʪʘʝʪʩʷ ʦʪʢʨʳʪʳʤ. 

ʇʦʜʚʦʜʷ ʠʪʦʛ, ʩʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʟʘʜʘʯʘ ʫʚʝʣʠʯʝʥʠ ̫

ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʛʝʥʝʨʘʮʠʠ ʠ ʦʙʣʘʩʪʠ ʧʝʨʝʩʪʨʦʡʢʠ ʥʝʧʨʝʨʳʚʥʳʭ ɺʆʇɻ 

ʷʚʣʷʝʪʩʷ ʘʢʪʫʘʣʴʥʦʡ. ɼʨʫʛʦʡ ʘʢʪʫʘʣʴʥʦʡ ʟʘʜʘʯʝʡ ʤʦʞʥʦ ʥʘʟʚʘʪʴ 

ʨʝʘʣʠʟʘʮʠʶ ʥʝʧʨʝʨʳʚʥʳʭ ɺʆʇɻ ʚ ʥʦʚʳʭ ʩʧʝʢʪʨʘʣʴʥʳʭ ʜʠʘʧʘʟʦʥʘʭ ʜʣʷ 

ʨʘʩʰʠʨʝʥʠʷ ʢʨʫʛʘ ʠʭ ʧʨʠʤʝʥʝʥʠʡ. ʅʘʧʨʠʤʝʨ, ʚʦʣʦʢʦʥʥʳʝ ʛʝʥʝʨʘʪʦʨʳ ʩ 

ʦʙʣʘʩʪʴʶ ʧʝʨʝʩʪʨʦʡʢʠ 0,7 - 1 ʤʢʤ ʤʦʛʫʪ ʩʣʫʞʠʪʴ ʘʣʴʪʝʨʥʘʪʠʚʦʡ ʪʠʪʘʥ-

ʩʘʧʬʠʨʦʚʦʤʫ ʣʘʟʝʨʫ. ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʜʦʩʪʫʧʥʦʛʦ ʠ ʧʨʦʩʪʦʛʦ ʚ 

ʵʢʩʧʣʫʘʪʘʮʠʠ ʠʪʪʝʨʙʠʝʚʦʛʦ ʚʦʣʦʢʦʥʥʦʛʦ ʣʘʟʝʨʘ (ʀɺʃ) ʩ ʜʠʦʜʥʦʡ 

ʥʘʢʘʯʢʦʡ, ʦʙʣʘʜʘʶʱʝʛʦ ʚʳʩʦʢʦʡ ʧʣʦʪʥʦʩʪʴʶ ʤʦʱʥʦʩʪʠ ʛʝʥʝʨʘʮʠʠ ʠ 

ʙʦʣʴʰʦʡ ʦʙʣʘʩʪʴʶ ʧʝʨʝʩʪʨʦʡʢʠ (1 ï 1,1 ʤʢʤ), ʚ ʢʘʯʝʩʪʚʝ ʠʩʪʦʯʥʠʢʘ 

ʥʘʢʘʯʢʠ ʧʦʟʚʦʣʷʝʪ ʨʝʰʠʪʴ ʩʨʘʟʫ ʜʚʝ ʧʨʦʙʣʝʤʳ ï ʧʝʨʝʡʪʠ ʚ ʥʦʚʫʶ 

ʩʧʝʢʪʨʘʣʴʥʫʶ ʦʙʣʘʩʪʴ (Ò 1 ʤʢʤ) ʠ ʫʚʝʣʠʯʠʪʴ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʛʝʥʝʨʘʮʠʠ ʚ 

ʧʦʣʥʦʩʪʴʶ ʚʦʣʦʢʦʥʥʦʡ ʩʭʝʤʝ. 

ʀʪʘʢ, ʮʝʣʴ ʁʜʘʥʥʦʡ ʨʘʙʦʪʳ ʷʚʣʷʣʩʷ ʧʝʨʝʭʦʜ ʚ ʥʦʚʳʡ ʩʧʝʢʪʨʘʣʴʥʳʡ 

ʜʠʘʧʘʟʦʥ ʠ ʫʚʝʣʠʯʝʥʠʝ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʛʝʥʝʨʘʮʠʠ ʥʝʧʨʝʨʳʚʥʦʛʦ ɺʆʇɻ ʟʘ 

ʩʯʸʪ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʜʚʫʣʫʯʝʧʨʝʣʦʤʣʷʶʱʠʭ ʚʦʣʦʢʦʥʥʳʭ ʩʚʝʪʦʚʦʜʦʚ ʠ 

ʠʪʪʝʨʙʠʝʚʦʛʦ ʚʦʣʦʢʦʥʥʦʛʦ ʣʘʟʝʨʘ ʚ ʢʘʯʝʩʪʚʝ ʠʩʪʦʯʥʠʢʘ ʥʘʢʘʯʢʠ ʚʙʣʠʟʠ 1 

ʤʢʤ. ɼʣʷ ʜʦʩʪʠʞʝʥʠʷ ʵʪʦʡ ʮʝʣʠ ʥʝʦʙʭʦʜʠʤʦ ʙʳʣʦ ʨʝʰʠʪʴ ʨʷʜ ʟʘʜʘʯ:  
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1. ʇʦʠʩʢ ʧʦʜʭʦʜʷʱʠʭ ʚʦʣʦʢʦʥʥʳʭ ʩʚʝʪʦʚʦʜʦʚ ʠ ʚʳʙʦʨ ʧʘʨʘʤʝʪʨʦʚ 

ʀɺʃ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʥʝʧʨʝʨʳʚʥʦʡ ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʡ ʛʝʥʝʨʘʮʠʠ ʚ 

ʰʠʨʦʢʦʤ ʩʧʝʢʪʨʘʣʴʥʦʤ ʜʠʘʧʘʟʦʥʝ.  

2. ʀʩʩʣʝʜʦʚʘʥʠʝ ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʛʦ ʧʨʦʮʝʩʩʘ ʚ ʦʜʥʦʧʨʦʭʦʜʥʦʡ ʩʭʝʤʝ ʩ 

ʩʠʛʥʘʣʴʥʦʡ ʟʘʪʨʘʚʢʦʡ ʧʨʠ ʩʢʘʣʷʨʥʦʤ ʠ ʚʝʢʪʦʨʥʦʤ ʬʘʟʦʚʦʤ 

ʩʠʥʭʨʦʥʠʟʤʝ ʚ ʩʪʘʥʜʘʨʪʥʳʭ ʠ ʬʦʪʦʥʥʦ-ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ 

ʜʚʫʣʫʯʝʧʨʝʣʦʤʣʷʶʱʠʭ ʚʦʣʦʢʦʥʥʳʭ ʩʚʝʪʦʚʦʜʘʭ. 

3. ʈʘʟʨʘʙʦʪʢʘ ʵʬʬʝʢʪʠʚʥʦʛʦ ʥʝʧʨʝʨʳʚʥʦʛʦ ʚʦʣʦʢʦʥʥʦ-ʦʧʪʠʯʝʩʢʦʛʦ 

ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʛʦ ʛʝʥʝʨʘʪʦʨʘ ʩ ʥʘʢʘʯʢʦʡ ʀɺʃ, ʠʩʩʣʝʜʦʚʘʥʠʝ ʠ 

ʦʧʪʠʤʠʟʘʮʠʷ ʝʛʦ ʭʘʨʘʢʪʝʨʠʩʪʠʢ. 

ʆʩʥʦʚʥʘʷ ʯʘʩʪʴ ʜʠʩʩʝʨʪʘʮʠʠ ʠʤʝʝʪ ʩʣʝʜʫʶʱʫʶ ʩʪʨʫʢʪʫʨʫ: 

ɺ ʧʝʨʚʦʡ ʛʣʘʚʝ ʨʘʩʩʤʘʪʨʠʚʘʶʪʩʷ ʪʝʦʨʝʪʠʯʝʩʢʠʝ ʦʩʥʦʚʳ 

ʚʳʨʦʞʜʝʥʥʦʛʦ ʧʦ ʯʘʩʪʦʪʝ ʥʘʢʘʯʢʠ ʏɺʉ ʚ ʦʧʪʠʯʝʩʢʦʤ ʚʦʣʦʢʦʥʥʦʤ 

ʩʚʝʪʦʚʦʜʝ. ʇʨʠʚʦʜʷʪʩʷ ʫʧʨʦʱʝʥʥʳʝ ʚʳʨʘʞʝʥʠʷ ʜʣʷ ʢʦʵʬʬʠʮʠʝʥʪʘ 

ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʛʦ ʫʩʠʣʝʥʠʷ ʠ ʩʨʘʚʥʠʚʘʶʪʩʷ ʜʚʘ ʩʧʦʩʦʙʘ ʩʦʛʣʘʩʦʚʘʥʠʷ ʬʘʟ 

ʚ ʜʚʫʣʫʯʝʧʨʝʣʦʤʣʷʶʱʠʭ ʩʚʝʪʦʚʦʜʘʭ - ʚʝʢʪʦʨʥʳʡ ʠ ʩʢʘʣʷʨʥʳʡ, 

ʦʮʝʥʠʚʘʝʪʩʷ ʚʝʣʠʯʠʥʘ ʥʘʙʣʶʜʘʝʤʳʭ ʵʬʬʝʢʪʦʚ.   

ɺʪʦʨʘʷ ʛʣʘʚʘ ʧʦʩʚʷʱʝʥʘ ʠʪʪʝʨʙʠʝʚʦʤʫ ʚʦʣʦʢʦʥʥʦʤʫ ʣʘʟʝʨʫ ʢʘʢ 

ʧʝʨʩʧʝʢʪʠʚʥʦʤʫ ʠʩʪʦʯʥʠʢʫ ʥʘʢʘʯʢʠ ʜʣʷ ʥʝʧʨʝʨʳʚʥʦʡ ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʡ 

ʛʝʥʝʨʘʮʠʠ. ʆʧʠʩʳʚʘʶʪʩʷ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʠʩʧʦʣʴʟʫʝʤʳʭ ʚ ʜʘʥʥʦʡ ʨʘʙʦʪʝ 

ʀɺʃ ʩ ʣʠʥʝʡʥʳʤ ʠ ʢʦʣʴʮʝʚʳʤ ʨʝʟʦʥʘʪʦʨʦʤ. ɼʘʣʝʝ ʧʨʠʚʦʜʠʪʩʷ ʤʦʜʝʣʴ 

ʫʰʠʨʝʥʠʷ ʩʧʝʢʪʨʘ ʛʝʥʝʨʘʮʠʠ ʀɺʃ ʟʘ ʩʯʝʪ ʬʘʟʦʚʦʡ ʩʘʤʦʤʦʜʫʣʷʮʠʠ 

ʙʦʣʴʰʦʛʦ ʯʠʩʣʘ ʧʨʦʜʦʣʴʥʳʭ ʤʦʜ ʚ ʨʝʟʦʥʘʪʦʨʝ. ʊʝʦʨʝʪʠʯʝʩʢʠ ʠ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʧʦʢʘʟʳʚʘʝʪʩʷ, ʯʪʦ ʚ ʧʨʠʙʣʠʞʝʥʠʠ ʥʝʠʩʪʦʱʝʥʥʦʡ 

ʥʘʢʘʯʢʠ ʠ ʩʣʘʙʦʡ ʥʝʣʠʥʝʡʥʦʩʪʠ ʠhʨʠʥʘ ʩʧʝʢʪʨʘ ʠʟʣʫʯʝʥʠʷ ʣʘʟʝʨʘ ʨʘʩʪʝʪ 

ʣʠʥʝʡʥʦ ʩ ʚʳʭʦʜʥʦʡ ʤʦʱʥʦʩʪʴ  ʁʛʝʥʝʨʘʮʠʠ  

ʊʨʝʪʴʷ ʛʣʘʚʘ ʧʦʩʚʷʱʝʥʘ ʠʩʩʣʝʜʦʚʘʥʠʶ ʥʝʧʨʝʨʳʚʥʦʡ 

ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʡ ʛʝʥʝʨʘʮʠʠ ʚ ʦʜʥʦʧʨʦʭʦʜʥʦʡ ʩʭʝʤʝ ʩ 

ʜʚʫʣʫʯʝʧʨʝʣʦʤʣʷʶʱʠʤʠ ʚʦʣʦʢʦʥʥʳʤʠ ʩʚʝʪʦʚʦʜʘʤʠ. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ 

ʧʦʢʘʟʘʥʦ, ʯʪʦ ʚ ʩʣʫʯʘʝ ʥʝʙʦʣʴʰʦʛʦ ʟʥʘʯʝʥʠʷ ʥʦʨʤʠʨʦʚʘʥʥʦʡ ʤʦʱʥʦʩʪʠ 
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ʥʘʢʘʯʢʠ ɝ ʤʦʱʥʦʩʪʴ ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʡ ʛʝʥʝʨʘʮʠʠ ʣʠʥʝʡʥʦ ʟʘʚʠʩʠʪ ʦʪ 

ʤʦʱʥʦʩʪʠ ʩʠʛʥʘʣʴʥʦʡ ʟʘʪʨʘʚʢʠ, ʯʪʦ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʪʝʦʨʝʪʠʯʝʩʢʠʤ 

ʨʘʩʯʝʪʘʤ. ʉ ʧʦʤʦʱʴʶ ʚʝʢʪʦʨʥʦʛʦ ʩʦʛʣʘʩʦʚʘʥʠʷ ʬʘʟ ʚ ʩʪʘʥʜʘʨʪʥʦʤ 

ʜʚʫʣʫʯʝʧʨʝʣʦʤʣʷʶʱʝʤ ʩʚʝʪʦʚʦʜʝ PM980-XP ʚʧʝʨʚʳʝ ʧʦʣʫʯʝʥʘ 

ʥʝʧʨʝʨʳʚʥʘʷ ʧʘʨʘʤʝʪʨʠʯʝʩʢʘʷ ʛʝʥʝʨʘʮʠʷ ʩ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʁ

ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ 3,3%. ʄʦʱʥʦʩʪʴ ʛʝʥʝʨʘʮʠʠ ʥʘʩʳʱʘʣʘʩʴ ʩ ʨʦʩʪʦʤ 

ʩʠʛʥʘʣʴʥʦʡ ʤʦʱʥʦʩʪʠ, ʯʪʦ ʦʙʲʷʩʥʷʝʪʩʷ ʫʰʠʨʝʥʠʝʤ ʩʧʝʢʪʨʦʚ ʚʦʣʦʢʦʥʥʳʭ 

ʣʘʟʝʨʦʚ ʟʘ ʦʙʣʘʩʪʴ ʬʘʟʦʚʦʛʦ ʩʠʥʭʨʦʥʠʟʤʘ. ɼʘʣʝʝ ʪʝʦʨʝʪʠʯʝʩʢʠ ʠ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʠʩʩʣʝʜʫʶʪʩʷ ʜʠʘʛʨʘʤʤʳ ʬʘʟʦʚʦʛʦ ʩʠʥʭʨʦʥʠʟʤʘ ʚ 

ʜʚʫʣʫʯʝʧʨʝʣʦʤʣʷʶʱʝʤ ʌʂɺʉ LMA 5-PM ʧʨʠ ʥʘʢʘʯʢʝ ʥʝʧʨʝʨʳʚʥʳʤ 

ʠʟʣʫʯʝʥʠʝʤ ʀɺʃ ʩ ʜʣʠʥʦʡ ʚʦʣʥʳ 1,01 - 1,1 ʤʢʤ. ɺʳʚʦʜʠʪʩʷ ʘʥʘʣʠʪʠʯʝʩʢʦʝ 

ʨʝʰʝʥʠʝ ʜʣʷ ʯʘʩʪʦʪʥʳʭ ʦʪʩʪʨʦʝʢ ʚʝʢʪʦʨʥʦʛʦ ʠ ʩʢʘʣʷʨʥʦʛʦ ʏɺʉ ʩ ʥʘʢʘʯʢʦʡ 

ʚʙʣʠʟʠ ɼɺʅɼ ʩʚʝʪʦʚʦʜʘ, ʢʦʪʦʨʦʝ ʭʦʨʦʰʦ ʩʦʛʣʘʩʫʝʪʩʷ ʩ ʯʠʩʣʝʥʥʳʤ 

ʨʝʰʝʥʠʝʤ ʧʨʠ ʦʪʩʪʨʦʡʢʘʭ ʜʦ 60 ʊɻʮ. ɼʘʣʝʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ 

ʠʩʩʣʝʜʫʪʁʩʷ ʰʠʨʠʥʘ ʩʢʘʣʷʨʥʦʛʦ ʬʘʟʦʚʦʛʦ ʩʠʥʭʨʦʥʠʟʤʘ ʠ ʵʬʬʝʢʪʠʚʥʦʩʪʴ 

ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʛʦ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʚ ʌʂɺʉ ʜʣʠʥʦʡ 1, 5 ʠ 18 ʤ ʧʨʠ 

ʥʝʙʦʣʴʰʠʭ ʯʘʩʪʦʪʥʳʭ ʦʪʩʪʨʦʡʢʘʭ ~ 17 ʊɻʮ.   

ɺ ʯʝʪʚʝʨʪʦʡ ʛʣʘʚʝ ʧʨʠʚʦʜʷʪʩʷ ʨʝʟʫʣʴʪʘʪʳ ʧʦ ʨʘʟʨʘʙʦʪʢʝ 

ʥʝʧʨʝʨʳʚʥʦʛʦ ʚʦʣʦʢʦʥʥʦ-ʦʧʪʠʯʝʩʢʦʛʦ ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʛʦ ʛʝʥʝʨʘʪʦʨʘ ʩ 

ʥʘʢʘʯʢʦʡ ʀɺʃ. ɺʥʘʯʘʣʝ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ɺʆʇɻ ʩ ʚʝʢʪʦʨʥʳʤ 

ʩʦʛʣʘʩʦʚʘʥʠʝʤ ʬʘʟ ʚ ʩʚʝʪʦʚʦʜʝ PM980-XP. ʀʟʣʫʯʝʥʠʝ ʩʪʦʢʩʦʚʦʡ ʚʦʣʥ r

ʛʝʥʝʨʠʨʫʝʪʩʷ ʚ ʣʠʥʝʡʥʦʤ ʨʝʟʦʥʘʪʦʨʝ ʠʟ ʧʘʨʳ ʩʦʛʣʘʩʦʚʘʥʥʳʭ ɺɹʈ ʟʘ ʩʯʝʪ 

ʩʦʚʤʝʩʪʥʦʛʦ ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʛʦ ʠ ʢʦʤʙʠʥʘʮʠʦʥʥʦʛʦ ʫʩʠʣʝʥʠʷ. ʄʦʱʥʦʩʪʴ 

ʘʥʪʠʩʪʦʢʩʦʚʦʡ ʚʦʣʥʳ ʜʦʩʪʠʛʘʝʪ 100 ʤɺʪ ʥʘ ɚ = 1042 ʥʤ. ɼʘʣʝʝ ʠʩʩʣʝʜʫʝʪʩʷ 

ʧʦʣʥʦʩʪʴʶ ʚʦʣʦʢʦʥʥʦ-ʦʧʪʠʯʝʩʢʠʡ ʧʘʨʘʤʝʪʨʠʯʝʩʢʠʡ ʛʝʥʝʨʘʪʦʨ ʩʦ 

ʩʢʘʣʷʨʥʳʤ ʩʦʛʣʘʩʦʚʘʥʠʝʤ ʬʘʟ ʚ ʌʂɺʉ LMA 5-PM. ʈʘʩʩʤʘʪʨʠʚʘʶʪʩʷ ʩʭʝʤʳ 

ɺʆʇɻ ʩ ʢʦʣʴʮʝʚʳʤ ʨʝʟʦʥʘʪʦʨʦʤ ʥʘ ʦʩʥʦʚʝ ʜʚʫʭ ʚʦʣʦʢʦʥʥʳʭ ʩʝʣʝʢʪʠʚʥʳʭ 

ʦʪʚʝʪʚʠʪʝʣʝʡ, ʦʧʪʠʤʠʟʠʨʦʚʘʥʥʳʤ ʥʘ ʜʣʠʥʳ ʚʦʣʥ 1130 ʠ 1200 ʥʤ (ʧʦʪʝʨʠ 

ʚʥʫʪʨʠ ʨʝʟʦʥʘʪʦʨʘ 30%). ɹʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʥʝʩʤʦʪʨʷ ʥʘ ʤʝʥʴʰʝʝ 

ʟʥʘʯʝʥʠʝ ʥʦʨʤʠʨʦʚʘʥʥʦʡ ʤʦʱʥʦʩʪʠ ʥʘʢʘʯʢʠ (ɝ = 1,8) ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ 
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ʥʝʧʨʝʨʳʚʥʳʤʠ ɺʆʇɻ, ʨʘʙʦʪʘʶʱʠʤʠ ʚʙʣʠʟʠ 1,5 ʤʢʤ (ɝ = 4 - 10), ʚ 

ʥʘʩʪʦ̫ ʠɦʭ ʠʩʩʣʝʜʦʚʘʥʠ̫ʭ ʧʦʣʫʯʝʥr ʙʦӢʣɹ ʠhʝ ʟʥʘʯʝʥʠ̫ ʯʘʩʪʦʪʥrʭ ʦʪʩʪʨʦʝʢ 

ʠ ʤʦʱʥʦʩʪʠ - 38 ʊɻʮ ʠ 460 ʤɺʪ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʙʣʘʛʦʜʘʨʷ ʦʧʪʠʤʠʟʘʮʠʠ 

ʧʦʪʝʨʴ ʚ ʨʝʟʦʥʘʪʦʨʝ. ɼʘʣʝʝ ʜʣʷ ʜʚʫʭ ʩʭʝʤ ɺʆʇɻ ʩʨʘʚʥʠʚʘʶʪʩʷ 

ʩʧʝʢʪʨʘʣʴʥʳʡ ʜʠʘʧʘʟʦʥ ʧʝʨʝʩʪʨʦʡʢʠ, ʤʦʱʥʦʩʪʴ, ʵʬʬʝʢʪʠʚʥʦʩʪʴ 

ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ, ʚʨʝʤʝʥʥʘʷ ʜʠʥʘʤʠʢʘ ʠʟʣʫʯʝʥʠʷ. ɼʝʣʘʶʪʩʷ ʚʳʚʦʜʳ ʦ 

ʚʣʠʷʥʠʠ ʰʠʨʠʥʳ ʣʠʥʠʠ ʥʘʢʘʯʢʠ ʠ ʩʪʝʧʝʥʠ ʝʝ ʧʦʣʷʨʠʟʘʮʠʠ ʥʘ ʧʦʨʦʛ ʠ 

ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʫʶ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ɺʆʇɻ. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ 

ʧʦʢʘʟʳʚʘʝʪʩʷ, ʯʪʦ ʩʫʞʝʥʠʝ ʩʧʝʢʪʨʘ ʥʘʢʘʯʢʠ ʤʝʥʝʝ 40 ʧʤ ʧʨʠʚʦʜʠʪ ʢ 

ʚʦʟʥʠʢʥʦʚʝʥʠʶ ʥʝʣʠʥʝʡʥʦʛʦ ʧʨʦʮʝʩʩʘ ɺʈʄɹ, ʚ ʨʝʟʫʣʴʪʘʪʝ ʢʦʪʦʨʦʛʦ 

ʛʝʥʝʨʘʪʦʨ ʥʘʯʠʥʘʝʪ ʨʘʙʦʪʘʪʴ ʚ ʠʤʧʫʣʴʩʥʦʤ ʨʝʞʠʤʝ. ɺ ʢʦʥʮʝ ʛʣʘʚʳ 

ʦʮʝʥʠʚʘʶʪʩʷ ʚʦʟʤʦʞʥʦʩʪʠ ʨʝʘʣʠʟʘʮʠʠ ʥʝʧʨʝʨʳʚʥʦʛʦ ɺʆʇɻ ʩ ʜʣʠʥʦʡ 

ʚʦʣʥʳ ʛʝʥʝʨʘʮʠʠ ʚʙʣʠʟʠ 750 ʥʤ.             

ʈʘʙʦʪʘ ʟʘʚʝʨʰʘʝʪʩʷ ʟʘʢʣʶʯʝʥʠʝʤ, ʚ ʢʦʪʦʨʦʤ ʬʦʨʤʫʣʠʨʫʶʪʩʷ 

ʦʩʥʦʚʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʠ ʦʙʲʷʚʣʷʶʪʩʷ ʙʣʘʛʦʜʘʨʥʦʩʪʠ. ɺ ʢʦʥʮʝ ʧʨʠʚʦʜʠʪʩʷ 

ʩʧʠʩʦʢ ʮʠʪʠʨʫʝʤʦʡ ʣʠʪʝʨʘʪʫʨʳ. 

ʆʩʥʦʚʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʜʘʥʥʦʡ ʨʘʙʦʪʳ ʦʧʫʙʣʠʢʦʚʘʥʳ ʚ 5 

ʨʝʮʝʥʟʠʨʫʝʤʳʭ ʥʘʫʯʥʳʭ ʞʫʨʥʘʣʘʭ [73 ï 77] ʠ 9 ʤʘʪʝʨʠʘʣʘʭ ʢʦʥʬʝʨʝʥʮʠʡ ʠ 

ʩʝʤʠʥʘʨʦʚ [78 ï 86]. ʄʘʪʝʨʠʘʣʳ ʨʘʙʦʪ ʧʦ ʪʝʤʝ ʜʠʩʩʝʨʪʘʮʠʠ ʙʳʣʠ 

ʜʦʣʦʞʝʥʳ ʣʠʯʥʦ ʥʘ ʩʣʝʜʫʶʱʠʭ ʢʦʥʬʝʨʝʥʮʠʷʭ: ʤʝʞʜʫʥʘʨʦʜʥʘ ̫

ʢʦʥʬʝʨʝʥʮʠ ̫ICONO/LAT 2010 ʠ 2013 (23-26 ʘʚʛʫʩʪʘ 2010 ʛ., ʂʘʟʘʥʴ; 18-22 

ʠʶʥʷ 2013 ʛ., ʄʦʩʢʚʘ); 3-ʷ ɺʩʝʨʦʩʩʠʡʩʢʘʷ ʢʦʥʬʝʨʝʥʮʠʷ ʧʦ ʚʦʣʦʢʦʥʥʦʡ 

ʦʧʪʠʢʝ (12ï14 ʦʢʪʷʙʨʷ 2011 ʛ., ʇʝʨʤʴ); 5-ʡ ʈʦʩʩʠʡʩʢʠʡ ʩʝʤʠʥʘʨ ʧʦ 

ʚʦʣʦʢʦʥʥʳʤ ʣʘʟʝʨʘʤ (27-30 ʤʘʨʪʘ 2012 ʛ., ʅʦʚʦʩʠʙʠʨʩʢ); ʤʝʞʜʫʥʘʨʦʜʥʘʷ 

ʢʦʥʬʝʨʝʥʮʠʷ SPIE Photonics Europe (16-19 ʘʧʨʝʣʷ 2012 ʛ., ɹʨʶʩʩʝʣʴ, 

ɹʝʣʴʛʠʷ); ʤʝʞʜʫʥʘʨʦʜʥʳʡ ʟʠʤʥʠʡ ʦʧʪʠʯʝʩʢʠʡ ʢʦʣʣʝʜʞ Winter College on 

Optics: Trends in Laser Development and Multidisciplinary Applications to 

Science and Industry (4-15 ʬʝʚʨʘʣʷ 2013 ʛ., ʊʨʠʝʩʪ, ʀʪʘʣʠʷ); ʤʝʞʜʫʥʘʨʦʜʥʘʷ 

ʢʦʥʬʝʨʝʥʮʠʷ CLEO Europe ï IQEC 2013 (12-16 ʤʘʷ 2013 ʛ., ʄʶʥʭʝʥ, 

ɻʝʨʤʘʥʠʷ). ʈʝʟʫʣʴʪʘʪʳ ʪʘʢʞʝ ʜʦʢʣʘʜʳʚʘʣʠʩʴ ʥʘ ʥʘʫʯʥʳʭ ʩʝʤʠʥʘʨʘʭ 
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ʀʥʩʪʠʪʫʪʘ ʘʚʪʦʤʘʪʠʢʠ ʠ ʵʣʝʢʪʨʦʤʝʪʨʠʠ ʉʆ ʈɸʅ, ʅʦʚʦʩʠʙʠʨʩʢ (23 ʜʝʢʘʙʨʷ 

2010 ʛ., 27 ʠʶʥʷ 2013 ʛ., 10 ʦʢʪʷʙʨʷ 2013 ʛ.). 

ʉʬʦʨʤʫʣʠʨʫʝʤ ʦʩʥʦʚʥʳʝ ʧʦʣʦʞʝʥʠʷ ʜʠʩʩʝʨʪʘʮʠʠ, ʚʳʥʦʩʠʤʳʝ ʥʘ 

ʟʘʱʠʪʫ: 

1. ʅʝʧʨʝʨʳʚʥʳʡ ʚʦʣʦʢʦʥʥʦ-ʦʧʪʠʯʝʩʢʠʡ ʧʘʨʘʤʝʪʨʠʯʝʩʢʠʡ ʛʝʥʝʨʘʪʦʨ ʩ 

ʚʝʢʪʦʨʥʳʤ ʩʦʛʣʘʩʦʚʘʥʠʝʤ ʬʘʟ ʚʦʟʤʦʞʥʦ ʨʝʘʣʠʟʦʚʘʪʴ, ʠʩʧʦʣʴʟʫʷ ʚ 

ʢʘʯʝʩʪʚʝ ʠʩʪʦʯʥʠʢʘ ʥʘʢʘʯʢʠ ʠʪʪʝʨʙʠʝʚʳʡ ʚʦʣʦʢʦʥʥʳʡ ʣʘʟʝʨ ʠ 

ʜʚʫʣʫʯʝʧʨʝʣʦʤʣʷʶʱʠʡ ʚʦʣʦʢʦʥʥʳʡ ʩʚʝʪʦʚʦʜ ʩʦ ʩʪʫʧʝʥʯʘʪʳʤ 

ʧʨʦʬʠʣʝʤ ʧʦʢʘʟʘʪʝʣʷ ʧʨʝʣʦʤʣʝʥʠʷ ʠ ʜʣʠʥʦʡ ʚʦʣʥʳ ʥʫʣʝʚʦʡ 

ʜʠʩʧʝʨʩʠʠ 1,3 ï 1,5 ʤʢʤ.  

2. ɼʚʫʣʫʯʝʧʨʝʣʦʤʣʷʶʱʠʝ ʬʦʪʦʥʥʦ-ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʝ ʚʦʣʦʢʦʥʥʳʝ 

ʩʚʝʪʦʚʦʜʳ ʩ ʜʣʠʥʦʡ ʚʦʣʥʳ ʥʫʣʝʚʦʡ ʜʠʩʧʝʨʩʠʠ ʦʢʦʣʦ 1,05 ʤʢʤ 

ʧʦʟʚʦʣʷʶʪ ʧʨʝʦʙʨʘʟʦʚʳʚʘʪʴ ʠʟʣʫʯʝʥʠʝ ʥʝʧʨʝʨʳʚʥʳʭ ʠʪʪʝʨʙʠʝʚʳʭ 

ʚʦʣʦʢʦʥʥʳʭ ʣʘʟʝʨʦʚ ʩ ʦʪʩʪʨʦʡʢʦʡ ʯʘʩʪʦʪʳ ʧʦʨʷʜʢʘ 100 ʊɻʮ ʧʨʠ 

ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʧʨʦʮʝʩʩʘ ʯʝʪʳʨʝʭʚʦʣʥʦʚʦʛʦ ʩʤʝʰʝʥʠʷ ʩ ʩʠʛʥʘʣʴʥʦʡ 

ʟʘʪʨʘʚʦʯʥʦʡ ʚʦʣʥʦʡ ʚ ʧʦʣʥʦʩʪʴʶ ʚʦʣʦʢʦʥʥʦʡ ʩʭʝʤʝ. 

3. ɺʦʣʦʢʦʥʥʦ-ʦʧʪʠʯʝʩʢʠʡ ʧʘʨʘʤʝʪʨʠʯʝʩʢʠʡ ʛʝʥʝʨʘʪʦʨ ʥʘ ʙʘʟʝ 

ʜʚʫʣʫʯʝʧʨʝʣʦʤʣʷʶʱʝʛʦ ʬʦʪʦʥʥʦ-ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʚʦʣʦʢʦʥʥʦʛʦ 

ʩʚʝʪʦʚʦʜʘ ʧʦʟʚʦʣʷʝʪ ʧʦʣʫʯʠʪʴ ʥʝʧʨʝʨʳʚʥʫʶ ʧʝʨʝʩʪʨʘʠʚʘʝʤʫʶ 

ʛʝʥʝʨʘʮʠʶ ʚ ʩʧʝʢʪʨʘʣʴʥʦʤ ʜʠʘʧʘʟʦʥʝ 0,92 - 1 ʤʢʤ ʚ ʧʦʣʥʦʩʪʴʶ 

ʚʦʣʦʢʦʥʥʦʡ ʩʭʝʤʝ ʩ ʥʘʢʘʯʢʦʡ ʠʪʪʝʨʙʠʝʚʳʤ ʚʦʣʦʢʦʥʥʳʤ ʣʘʟʝʨʦʤ ʙʝʟ 

ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʟʘʪʨʘʚʦʯʥʦʛʦ ʠʟʣʫʯʝʥʠʷ. 

4. ʆʧʪʠʤʠʟʘʮʠʷ ʰʠʨʠʥʳ ʣʠʥʠʠ ʥʘʢʘʯʢʠ ʪʨʝʙʫʝʪ ʦʜʥʦʚʨʝʤʝʥʥʦʛʦ ʫʯʝʪʘ 

ʚʣʠʷʥʠʷ ʧʨʦʮʝʩʩʘ ʚʳʥʫʞʜʝʥʥʦʛʦ ʨʘʩʩʝʷʥʠʷ ʄʘʥʜʝʣʴʰʪʘʤʘ-

ɹʨʠʣʣʶʵʥʘ, ʧʨʦʷʚʣʷʶʱʝʛʦʩʷ ʧʨʠ ʝʝ ʫʤʝʥʴʰʝʥʠʠ, ʠ ʫʰʠʨʝʥʠʷ 

ʢʦʥʪʫʨʘ ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʛʦ ʫʩʠʣʝʥʠʷ ʧʨʠ ʝʝ ʫʚʝʣʠʯʝʥʠʠ.  
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ɻʃɸɺɸ 1. ʇɸʈɸʄɽʊʈʀʏɽʉʂʆɽ ʏɽʊʓʈɽʍɺʆʃʅʆɺʆɽ 

ʉʄɽʐɽʅʀɽ ɺ ɺʆʃʆʂʆʅʅʆʄ ʉɺɽʊʆɺʆɼɽ 

 

1.1. ʂʦʵʬʬʠʮʠʝʥʪ ʫʩʠʣʝʥʠʷ ʠ ʤʦʱʥʦʩʪʴ ʛʝʥʝʨʘʮʠʠ 

 

ʀʥʪʝʥʩʠʚʥʦʝ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʝ ʧʦʣʝ ʩ ʥʘʧʨʷʞʝʥʥʦʩʪʴʶ ɽ
C
, ʧʨʦʭʦʜʷ 

ʯʝʨʝʟ ʜʠʵʣʝʢʪʨʠʯʝʩʢʫʶ ʩʨʝʜʫ, ʧʦʣʷʨʠʟʫʝʪ ʘʪʦʤʳ ʠ ʤʦʣʝʢʫʣʳ. ʆʪʢʣʠʢ 

ʩʨʝʜʳ ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ ʚʝʢʪʦʨʦʤ ʠʥʜʫʮʠʨʦʚʘʥʥʦʡ ʵʣʝʢʪʨʠʯʝʩʢʦʡ 

ʧʦʣʷʨʠʟʘʮʠʠ ʈ
C

: 

( )...)3()2()1(
0 +++= ɽɽɽɽɽɽʈ

CCCCCCC
ccce , 

 ʛʜʝ ɢ
(j)

 ï ʪʝʥʟʦʨ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ j-ʛʦ ʧʦʨʷʜʢʘ, Ů0 ï 

ʜʠʵʣʝʢʪʨʠʯʝʩʢʘʷ ʧʨʦʥʠʮʘʝʤʦʩʪʴ ʚʘʢʫʫʤʘ. ɻʣʘʚʥʳʡ ʚʢʣʘʜ ʚ ʈ
C

 ʚʥʦʩʠʪ 

ʣʠʥʝʡʥʘʷ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʴ ɢ
(1)
. ʆʥʘ ʦʧʨʝʜʝʣʷʝʪ ʧʦʢʘʟʘʪʝʣʴ ʧʨʝʣʦʤʣʝʥʠʷ ʠ 

ʢʦʵʬʬʠʮʠʝʥʪ ʟʘʪʫʭʘʥʠʷ ʚ ʩʨʝʜʝ. ɺ ʢʚʘʨʮʝʚʳʭ ʚʦʣʦʢʦʥʥʳʭ ʩʚʝʪʦʚʦʜʘʭ 

ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʴ ʚʪʦʨʦʛʦ ʧʦʨʷʜʢʘ ɢ
(2)

 = 0, ʪʘʢ ʢʘʢ ʤʦʣʝʢʫʣʘ SiO2 ʦʙʣʘʜʘʝʪ 

ʮʝʥʪʨʦʤ ʩʠʤʤʝʪʨʠʠ. ʉ ʨʦʩʪʦʤ ʧʦʨʷʜʢʘ j ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ ɢ
(j)

 ʚʢʣʘʜ 

ʢʘʞʜʦʛʦ ʥʝʣʠʥʝʡʥʦʛʦ ʯʣʝʥʘ ʚ ʚʝʣʠʯʠʥʫ ʈ
C

 ʫʤʝʥʴʰʘʝʪʩʷ, ʧʦʩʢʦʣʴʢʫ 

ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʝ ʧʦʣʝ ʚʟʘʠʤʦʜʝʡʩʪʚʫʶʱʠʭ ʚʦʣʥ ʤʘʣʦ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ 

ʵʣʝʢʪʨʠʯʝʩʢʠʤ ʧʦʣʝʤ ʚ ʘʪʦʤʘʭ. ʇʦʵʪʦʤʫ ʧʨʠ ʠʩʩʣʝʜʦʚʘʥʠʠ ʥʝʣʠʥʝʡʥʳʭ 

ʵʬʬʝʢʪʦʚ ʚ ʢʚʘʨʮʝʚʳʭ ʦʧʪʠʯʝʩʢʠʭ ʩʚʝʪʦʚʦʜʘʭ, ʢʘʢ ʧʨʘʚʠʣʦ, 

ʦʛʨʘʥʠʯʠʚʘʶʪʩʷ ʪʝʥʟʦʨʦʤ ʪʨʝʪʴʝʛʦ ʧʦʨʷʜʢʘ ɢ
(3)
, ʦʪʙʨʘʩʳʚʘʷ ʦʩʪʘʣʴʥʳʝ ʧʦ 

ʧʨʠʯʠʥʝ ʠʭ ʤʘʣʦʩʪʠ.  

ʇʘʨʘʤʝʪʨʠʯʝʩʢʠʝ ʧʨʦʮʝʩʩʳ ʦʙʫʩʣʦʚʣʝʥʳ ʥʝʣʠʥʝʡʥʳʤ ʦʪʢʣʠʢʦʤ 

ʵʣʝʢʪʨʦʥʦʚ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʩʨʝʜʳ ʚ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʤ ʧʦʣʝ, ʚ ʨʝʟʫʣʴʪʘʪʝ 

ʢʦʪʦʨʦʛʦ ʧʨʦʠʩʭʦʜʷʪ ʩʚʝʪʦʠʥʜʫʮʠʨʦʚʘʥʥʳʝ ʠʟʤʝʥʝʥʠʷ ʧʘʨʘʤʝʪʨʦʚ 

ʚʝʱʝʩʪʚʘ ʙʝʟ ʦʙʤʝʥʘ ʵʥʝʨʛʠʝʡ ʤʝʞʜʫ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʳʤ ʧʦʣʝʤ ʠ ʩʨʝʜʦʡ. 

ʇʨʦʮʝʩʩʳ ʪʨʝʪʴʝʛʦ ʧʦʨʷʜʢʘ ʭʘʨʘʢʪʝʨʠʟʫʶʪʩʷ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝʤ ʯʝʪʳʨʝʭ 

ʦʧʪʠʯʝʩʢʠʭ ʚʦʣʥ ʯʝʨʝʟ ʥʝʣʠʥʝʡʥʳʡ ʦʪʢʣʠʢ ʵʣʝʢʪʨʦʥʦʚ ʚʥʝʰʥʠʭ ʦʙʦʣʦʯʝʢ 

ʠ ʚʢʣʶʯʘʶʪ ʚ ʩʝʙʷ ʷʚʣʝʥʠʷ ʛʝʥʝʨʘʮʠʠ ʪʨʝʪʴʝʡ ʛʘʨʤʦʥʠʢʠ, 
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ʯʝʪʳʨʝʭʚʦʣʥʦʚʦʛʦ ʩʤʝʰʝʥʠʷ ʠ ʥʝʣʠʥʝʡʥʦʛʦ ʧʨʝʣʦʤʣʝʥʠʷ [39, 87]. ɺ 

ʧʨʦʮʝʩʩʝ ʏɺʉ ʧʦʣʝ ʚʦʣʥʳ ʥʘʢʘʯʢʠ ʩ ʯʘʩʪʦʪʘʤʠ ɤp1 ʠ ɤp2 ʧʦʨʦʞʜʘʝʪ ʜʚʝ 

ʥʦʚʳʝ ʚʦʣʥʳ c ʯʘʩʪʦʪʘʤʠ ɤa (ʘʥʪʠʩʪʦʢʩʦʚʘ ʢʦʤʧʦʥʝʥʪʘ) ʠ ɤs (ʩʪʦʢʩʦʚʘ 

ʢʦʤʧʦʥʝʥʪʘ), ʩʜʚʠʥʫʪʳʤʠ ʦʪʥʦʩʠʪʝʣʴʥʦ ʯʘʩʪʦʪ ʥʘʢʘʯʢʠ ɤp1 ʠ ɤp2 ʩ ʫʯʝʪʦʤ 

ʟʘʢʦʥʘ ʩʦʭʨʘʥʝʥʠʷ ʵʥʝʨʛʠʠ ɤp1 + ɤp2 = ɤa + ɤs. ɺʦ ʚʨʝʤʷ ʧʨʦʭʦʞʜʝʥʠʷ ʚʦʣʥ 

ʧʦ ʚʦʣʦʢʦʥʥʦʤʫ ʩʚʝʪʦʚʦʜʫ ʧʨʦʠʩʭʦʜʠʪ ʧʝʨʝʢʘʯʢʘ ʵʥʝʨʛʠʠ ʤʝʞʜʫ ʥʠʤʠ, ʟʘ 

ʩʯʝʪ ʢʦʪʦʨʦʡ ʩʪʦʢʩʦʚʘ ʠ ʘʥʪʠʩʪʦʢʩʦʚʘ ʢʦʤʧʦʥʝʥʪʳ ʫʩʠʣʠʚʘʶʪʩʷ. 

ʏʘʱʝ ʚʩʝʛʦ ʠʩʧʦʣʴʟʫʝʪʩʷ ʚʳʨʦʞʜʝʥʥʳʡ ʧʦ ʯʘʩʪʦʪʝ ʥʘʢʘʯʢʠ ʧʨʦʮʝʩʩ, 

ʢʦʛʜʘ ɤp1 = ɤp2 = ɤp, ʠ ʯʘʩʪʦʪʥʳʝ ʦʪʩʪʨʦʡʢʠ ʛʝʥʝʨʠʨʫʝʤʳʭ ʚʦʣʥ ʦʜʠʥʘʢʦʚʳ 

pasp wwww -=-=W . ʉʭʝʤʘʪʠʯʝʩʢʦʝ ʠʟʦʙʨʘʞʝʥʠʝ ʧʝʨʝʭʦʜʦʚ ʤʝʞʜʫ 

ʵʥʝʨʛʝʪʠʯʝʩʢʠʤʠ ʫʨʦʚʥʷʤʠ ʜʣʷ ʧʨʦʮʝʩʩʘ ʚʳʨʦʞʜʝʥʥʦʛʦ ʏɺʉ ʧʨʝʜʩʪʘʚʣʝʥʦ 

ʥʘ ʨʠʩ. 1.1a. ʋʨʦʚʥʠ, ʦʙʦʟʥʘʯʝʥʥʳʝ ʰʪʨʠʭʦʚʦʡ ʣʠʥʠʝʡ, ʩʦʦʪʚʝʪʩʪʚʫʶʪ 

ʚʠʨʪʫʘʣʴʥʳʤ ʵʥʝʨʛʝʪʠʯʝʩʢʠʤ ʫʨʦʚʥʷʤ ʚ ʩʨʝʜʝ. ʅʘ ʨʠʩ 1.1ʙ ʧʦʢʘʟʘʥʦ 

ʩʠʤʤʝʪʨʠʯʥʦʝ ʨʘʩʧʦʣʦʞʝʥʠʝ ʯʘʩʪʦʪ ʘʥʪʠʩʪʦʢʩʦʚʦʡ ʠ ʩʪʦʢʩʦʚʦʡ ʢʦʤʧʦʥʝʥʪ 

ʦʪʥʦʩʠʪʝʣʴʥʦ ʯʘʩʪʦʪʳ ʥʘʢʘʯʢʠ ʧʨʠ ʚʳʨʦʞʜʝʥʥʦʤ ʏɺʉ. 

 

ʈʠʩ. 1.1. ʉʭʝʤʘʪʠʯʝʩʢʦʝ ʧʨʝʜʩʪʘʚʣʝʥʠʝ ʧʨʦʮʝʩʩʘ ʚʳʨʦʞʜʝʥʥʦʛʦ ʏɺʉ: ʘ) 

ʩʭʝʤʘ ʫʨʦʚʥʝʡ; ʙ) ʨʘʩʧʦʣʦʞʝʥʠʝ ʯʘʩʪʦʪ ʠʟʣʫʯʝʥʠʷ. 

 

ʕʚʦʣʶʮʠʷ ʘʤʧʣʠʪʫʜʳ ʦʧʪʠʯʝʩʢʦʛʦ ʠʤʧʫʣʴʩʘ ʚ ʩʨʝʜʝ ʦʧʠʩʳʚʘʝʪʩʷ 

ʥʝʣʠʥʝʡʥʳʤ ʫʨʘʚʥʝʥʠʝʤ ʐʨʝʜʠʥʛʝʨʘ (ʅʋʐ) (ʩʤ, ʥʘʧʨʠʤʝʨ, [39]) 
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=     (1.2) 

 - ʢʦʵʬʬʠʮʠʝʥʪ ʢʝʨʨʦʚʩʢʦʡ ʥʝʣʠʥʝʡʥʦʩʪʠ ʚʦʣʦʢʦʥʥʦʛʦ ʩʚʝʪʦʚʦʜʘ. A(z, t) ï 

ʘʤʧʣʠʪʫʜʘ ʩʚʝʪʦʚʦʡ ʚʦʣʥʳ. ʇʘʨʘʤʝʪʨ ɓ1(ɤ) ʦʙʨʘʪʥʦ ʧʨʦʧʦʨʮʠʦʥʘʣʝʥ 

ʛʨʫʧʧʦʚʦʡ ʩʢʦʨʦʩʪʠ, ɓ2(ɤ) ï ʢʦʵʬʬʠʮʠʝʥʪ ʜʠʩʧʝʨʩʠʠ ʛʨʫʧʧʦʚʦʡ ʩʢʦʨʦʩʪʠ, 

n2 - ʥʝʣʠʥʝʡʥʳʡ ʧʦʢʘʟʘʪʝʣʴ ʧʨʝʣʦʤʣʝʥʠʷ ʩʚʝʪʦʚʦʜʘ, ʩ ï ʩʢʦʨʦʩʪʴ ʩʚʝʪʘ ʚ 

ʚʘʢʫʫʤʝ, Aeff - ʵʬʬʝʢʪʠʚʥʘʷ ʧʣʦʱʘʜʴ ʤʦʜʳ. ɺ ʦʜʥʦʤʦʜʦʚʦʤ ʩʚʝʪʦʚʦʜʝ Aeff 

ʩʚʷʟʘʥʘ ʩ ʜʠʘʤʝʪʨʦʤ ʧʦʣʷ ʤʦʜʳ MFD: 

2
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Aeff p .  

ʇʨʠ ʦʧʠʩʘʥʠʠ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʥʝʧʨʝʨʳʚʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʩʣʘʛʘʝʤʳʝ 

ʚ ʫʨʘʚʥʝʥʠʠ (1.1), ʩʦʜʝʨʞʘʱʠʝ ʧʨʦʠʟʚʦʜʥʳʝ ʧʦ ʚʨʝʤʝʥʠ, ʦʙʨʘʱʘʶʪʩʷ ʚ 

ʥʫʣʴ, ʠ ʚʳʨʘʞʝʥʠʝ ʧʝʨʝʧʠʩʳʚʘʝʪʩʷ ʢʘʢ 
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ʈʘʩʩʤʦʪʨʠʤ ʩʣʫʯʘʡ, ʢʦʛʜʘ ʜʚʝ ʚʦʣʥʳ ʩ ʯʘʩʪʦʪʘʤʠ ɤp1 ʠ ɤp2 

ʛʝʥʝʨʠʨʫʶʪ ʜʚʝ ʥʦʚʳʝ ʚʦʣʥʳ ʩ ʯʘʩʪʦʪʘʤʠ ɤa ʠ ɤs. ʕʚʦʣʶʮʠʷ ʘʤʧʣʠʪʫʜ ʚʩʝʭ 

ʚʦʣʥ ʦʧʠʩʳʚʘʝʪʩʷ ʩʠʩʪʝʤʦʡ ʩʚʷʟʘʥʥʳʭ ʥʝʣʠʥʝʡʥʳʭ ʫʨʘʚʥʝʥʠʡ 

ʐʨʝʜʠʥʛʝʨʘ, ʢʦʪʦʨʳʝ ʚ ʧʘʨʘʢʩʠʘʣʴʥʦʤ ʧʨʠʙʣʠʞʝʥʠʠ ʚʳʛʣʷʜʷʪ ʢʘʢ [39]: 
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ɿʜʝʩʴ A1, A2, A3, A4 ï ʘʤʧʣʠʪʫʜʳ ʜʚʫʭ ʚʦʣʥ ʥʘʢʘʯʢʠ, ʩʪʦʢʩʦʚʦʡ ʠ 

ʘʥʪʠʩʪʦʢʩʦʚʦʡ ʚʦʣʥ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ; ȹɓL ï ʣʠʥʝʡʥʘʷ ʨʘʩʩʪʨʦʡʢʘ ʚʦʣʥʦʚʳʭ 

ʚʝʢʪʦʨʦʚ. ʀʥʪʝʛʨʘʣʳ ʧʝʨʝʢʨʳʪʠʷ fjk ʠ fijkl  (i, j, k, l = 1, 2, 3, 4) ʦʧʨʝʜʝʣʷʶʪʩʷ 
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ʛʜʝ Fj(x,y) ï ʧʦʧʝʨʝʯʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʤʦʜʳ j-ʛʦ ʧʦʣʷ, ʫʛʣʦʚʳʝ ʩʢʦʙʢʠ 

ʦʟʥʘʯʘʶʪ ʠʥʪʝʛʨʠʨʦʚʘʥʠʝ ʧʦ ʧʦʧʝʨʝʯʥʳʤ ʢʦʦʨʜʠʥʘʪʘʤ x ʠ y. ʋʨʘʚʥʝʥʠʷ 

(1.3) ʫʯʠʪʳʚʘʶʪ ʵʬʬʝʢʪʳ ʬʘʟʦʚʦʡ ʩʘʤʦʤʦʜʫʣʷʮʠʠ (ʌʉʄ), ʬʘʟʦʚʦʡ ʢʨʦʩʩ-

ʤʦʜʫʣʷʮʠʠ, ʠʩʪʦʱʝʥʠʝ ʥʘʢʘʯʢʠ, ʏɺʉ ʠ ʚ ʦʙʱʝʤ ʩʣʫʯʘʝ ʨʝʰʘʶʪʩʷ 

ʯʠʩʣʝʥʥʦ ʧʨʠ ʥʝʙʦʣʴʰʦʤ ʚʦʟʤʫʱʝʥʠʠ ʘʤʧʣʠʪʫʜʳ ʥʘ ʯʘʩʪʦʪʘʭ ʩʪʦʢʩʦʚʦʡ ʠ 

ʘʥʪʠʩʪʦʢʩʦʚʦʡ ʢʦʤʧʦʥʝʥʪ [39, 66, 87, 88]. 

ɼʣʷ ʚʳʚʦʜʘ ʘʥʘʣʠʪʠʯʝʩʢʦʛʦ ʨʝʰʝʥʠʷ ʚʚʦʜʠʪʩʷ ʥʝʩʢʦʣʴʢʦ 

ʫʧʨʦʱʝʥʠʡ. ɺʦ-ʧʝʨʚʳʭ, ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʧʨʠʙʣʠʞʝʥʠʝ ʥʝʠʩʪʦʱʝʥʥʦʡ 

ʚʦʣʥʳ ʥʘʢʘʯʢʠ, ʢʦʛʜʘ ʚʦʣʥʘ ʥʘʢʘʯʢʠ ʟʥʘʯʠʪʝʣʴʥʦ ʠʥʪʝʥʩʠʚʥʝʝ ʩʪʦʢʩʦʚʦʡ ʠ 

ʘʥʪʠʩʪʦʢʩʦʚʦʡ ʚʦʣʥ. ɺʦ-ʚʪʦʨʳʭ, ʠʥʪʝʛʨʘʣʳ ʧʝʨʝʢʨʳʪʠʷ ʩʯʠʪʘʶʪʩʷ 

ʧʨʠʤʝʨʥʦ ʦʜʠʥʘʢʦʚʳʤʠ fik å fijkl  å 1/Aeff, ʯʪʦ ʤʦʞʝʪ ʙʳʪʴ ʩʧʨʘʚʝʜʣʠʚʦ ʧʨʠ 

ʥʝʙʦʣʴʰʠʭ ʦʪʩʪʨʦʡʢʘʭ ʜʣʷ ʦʜʥʦʤʦʜʦʚʦʛʦ ʩʚʝʪʦʚʦʜʘ. ɺ-ʪʨʝʪʴʠʭ, ʚʚʦʜʠʪʩʷ 

ʩʨʝʜʥʠʡ ʢʦʵʬʬʠʮʠʝʥʪ ʥʝʣʠʥʝʡʥʦʩʪʠ ʩʚʝʪʦʚʦʜʘ (1.2), ʪʦ ʝʩʪʴ ʨʘʟʥʠʮʘ 

ʦʧʪʠʯʝʩʢʠʭ ʯʘʩʪʦʪ ʚʦʣʥ ʥʝ ʫʯʠʪʳʚʘʝʪʩʷ. ʇʦʜʨʦʙʥʳʡ ʚʳʚʦʜ ʘʥʘʣʠʪʠʯʝʩʢʠʭ 

ʨʝʰʝʥʠʡ ʤʦʞʥʦ ʥʘʡʪʠ ʚ ʢʥʠʛʘʭ [39, 87].  

ɽʩʣʠ ʚ ʚʦʣʦʢʦʥʥʳʡ ʩʚʝʪʦʚʦʜ ʚʤʝʩʪʝ ʩ ʠʟʣʫʯʝʥʠʝʤ ʥʘʢʘʯʢʠ ʟʘʧʫʩʪʠʪʴ 

ʩʣʘʙʦʝ ʩʠʛʥʘʣʴʥʦʝ ʠʟʣʫʯʝʥʠʝ ʤʦʱʥʦʩʪʴʶ ʈs(0), ʪʦ ʟʘ ʩʯʝʪ 

ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʛʦ ʏɺʉ ʥʘ ʚʳʭʦʜʝ ʩʚʝʪʦʚʦʜʘ ʙʫʜʝʪ ʥʘʙʣʶʜʘʪʴʩʷ ʫʩʠʣʝʥʠʝ 

ʩʠʛʥʘʣʴʥʦʡ ʚʦʣʥʳ ʠ ʛʝʥʝʨʘʮʠʷ ʥʦʚʦʡ, ʪʘʢ ʥʘʟʳʚʘʝʤʦʡ ʭʦʣʦʩʪʦʡ ʚʦʣʥʳ. ɺ 

ʫʢʘʟʘʥʥʳʭ ʚʳʰʝ ʧʨʠʙʣʠʞʝʥʠʷʭ ʤʦʱʥʦʩʪʴ ʭʦʣʦʩʪʦʡ ʚʦʣʥʳ Pi(L) ʥʘ ʚʳʭʦʜʝ 

ʚʦʣʦʢʦʥʥʦʛʦ ʩʚʝʪʦʚʦʜʘ ʜʣʠʥʦʡ L ʠ ʥʝʥʘʩʳʱʝʥʥʦʝ ʫʩʠʣʝʥʠʝ ʩʠʛʥʘʣʴʥʦʡ 

ʚʦʣʥʳ Gs ʟʘ ʧʨʦʭʦʜ ʧʦ ʩʚʝʪʦʚʦʜʫ ʟʘʧʠʩʳʚʘʶʪʩʷ ʢʘʢ [39] 
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ʛʜʝ ʢʦʵʬʬʠʮʠʝʥʪ ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʛʦ ʫʩʠʣʝʥʠʷ g ʠʤʝʝʪ ʚʠʜ 

2
2

2
)( ö

÷

õ
æ
ç

åD
-=
b

g rPg p

    
(1.6) 



26 

 

 

ɿʜʝʩʴ Pp = Pp1 + Pp2 ï ʩʫʤʤʘ ʤʦʱʥʦʩʪʝʡ ʜʚʫʭ ʚʦʣʥ ʥʘʢʘʯʢʠ ʥʘ ʚʭʦʜʝ ʚ 

ʩʚʝʪʦʚʦʜ, ʧʘʨʘʤʝʪʨ ppp PPPr /2 21
= . ʇʦʣʥʘʷ ʨʘʩʩʪʨʦʡʢʘ ʚʦʣʥʦʚʳʭ 

ʚʝʢʪʦʨʦʚ ȹɓ ʟʘʧʠʩʳʚʘʝʪʩʷ ʢʘʢ  

     pL Pgbb +D=D     (1.7) 

ʛʜʝ ʣʠʥʝʡʥʳʡ ʚʢʣʘʜ ȹɓL ʚʳʨʘʞʘʝʪʩʷ ʚ ʚʠʜʝ 

)()()()( 21 wbwbwbwbb ppsaL --+=D    (1.8) 

ɿʜʝʩʴ cneff /)()( wwwb =  ï ʧʦʩʪʦʷʥʥʘʷ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʤʦʜʳ, 

ʢʦʪʦʨʘʷ ʦʧʨʝʜʝʣʷʝʪʩʷ ʯʝʨʝʟ ʵʬʬʝʢʪʠʚʥʳʡ ʧʦʢʘʟʘʪʝʣʴ ʧʨʝʣʦʤʣʝʥʠʷ 

ʚʦʣʦʢʦʥʥʦʛʦ ʩʚʝʪʦʚʦʜʘ neff. ʀʥʜʝʢʩʳ p1, p2, a ʠ s ʦʙʦʟʥʘʯʘʶʪ ʜʚʝ ʚʦʣʥʳ 

ʥʘʢʘʯʢʠ, ʘʥʪʠʩʪʦʢʩʦʚʫʶ ʠ ʩʪʦʢʩʦʚʫʶ ʚʦʣʥʳ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʅʝʣʠʥʝʡʥʳʡ 

ʚʢʣʘʜ ʚ ʨʘʩʩʪʨʦʡʢʫ ʚʦʣʥʦʚʳʭ ʚʝʢʪʦʨʦʚ ɔPp ʚʥʦʩʷʪ ʧʨʦʮʝʩʩʳ ʌʉʄ ʠ 

ʬʘʟʦʚʦʡ ʢʨʦʩʩ-ʤʦʜʫʣʷʮʠʠ. ɿʘʤʝʪʥʦʝ ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʝ ʫʩʠʣʝʥʠʝ 

ʧʨʦʠʩʭʦʜʠʪ ʥʝ ʧʦ ʚʩʝʡ ʜʣʠʥʝ ʩʚʝʪʦʚʦʜʘ, ʘ ʪʦʣʴʢʦ ʥʘ ʜʣʠʥʝ ʢʦʛʝʨʝʥʪʥʦʩʪʠ 

bpD= /2cohL .  

ʅʝʥʘʩʳʱʝʥʥʦʝ ʫʩʠʣʝʥʠʝ ʭʦʣʦʩʪʦʡ ʚʦʣʥʳ ʟʘ ʦʜʠʥ ʧʨʦʭʦʜ ʧʦ 

ʩʚʝʪʦʚʦʜʫ ʨʘʚʥʦ 
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ʇʨʠ ʙʦʣʴʰʠʭ ʚʦʣʥʦʚʳʭ ʨʘʩʩʪʨʦʡʢʘʭ (rPpgb>>D ) ʚʳʨʘʞʝʥʠʝ (1.9) 

ʧʝʨʝʧʠʩʳʚʘʝʪʩʷ ʚ ʚʠʜʝ  

2

2
2

)2/(

)2/(sin
)(

L

L
rLPG pa

b

b
g

D

D
= ,          (1.10) 

ʢʦʪʦʨʦʝ ʦʧʠʩʳʚʘʝʪ ʢʨʳʣʴʷ ʣʠʥʠʠ ʫʩʠʣʝʥʠʷ ʭʦʣʦʩʪʦʡ ʚʦʣʥʳ. 

ʐʠʨʠʥʘ ʧʦʣʦʩʳ ʬʘʟʦʚʦʛʦ ʩʠʥʭʨʦʥʠʟʤʘ ȹɋFWM ʷʚʣʷʝʪʩʷ ʦʜʥʠʤ ʠʟ 

ʛʣʘʚʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʧʨʦʮʝʩʩʘ ʏɺʉ. ʆʥʘ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʨʘʩʩʪʨʦʡʢʝ 

ʚʦʣʥʦʚʳʭ ʚʝʢʪʦʨʦʚ, ʧʨʠ ʢʦʪʦʨʦʡ 1)2/(sin2 =DLb  ʚ ʫʨʘʚʥʝʥʠʠ (1.10), ʪʦ 

ʝʩʪʴ pb °=DL  (ʩʤʦʪʨʠ, ʥʘʧʨʠʤʝʨ, [39]). ɺ ʵʪʦʤ ʩʣʫʯʘʝ ʚʝʣʠʯʠʥʘ 

ʨʘʩʩʪʨʦʡʢʠ ʚʦʣʥʦʚʳʭ ʚʝʢʪʦʨʦʚ ʧʝʨʝʧʠʩʳʚʘʝʪʩʷ ʢʘʢ  
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LFWM /2pb =D            (1.11) 

ʇʨʠ ʫʩʣʦʚʠʠ pb °=DL  ʚʝʣʠʯʠʥʘ ʫʩʠʣʝʥʠʷ ʚ ʬʦʨʤʫʣʝ (1.10) 

ʫʤʝʥʴʰʘʝʪʩʷ ʚ ˊ
2
/4 ʨʘʟ.  

ʈʘʩʩʤʦʪʨʠʤ ʪʝʧʝʨʴ ʤʝʪʦʜʳ ʩʦʛʣʘʩʦʚʘʥʠʷ ʬʘʟ, ʧʨʠ ʢʦʪʦʨʦʤ ȹɓ = 0 ʠ 

ʢʦʵʬʬʠʮʠʝʥʪ Ga ʤʘʢʩʠʤʘʣʝʥ. ʇʦʣʥʫʶ ʨʘʩʩʪʨʦʡʢʫ ʚʦʣʥʦʚʳʭ ʚʝʢʪʦʨʦʚ ʠʟ 

ʫʨʘʚʥʝʥʠʷ (1.7) ʤʦʞʥʦ ʧʝʨʝʧʠʩʘʪʴ ʚ ʚʠʜʝ  

pWM Pgbbb +D+D=D
          (1.12) 

ɿʜʝʩʴ )(2)()( psa wbwbwbb -+=DM  
- ʚʢʣʘʜ ʤʘʪʝʨʠʘʣʴʥʦʡ 

ʜʠʩʧʝʨʩʠʠ, ȹɓW - ʚʢʣʘʜ ʚʦʣʥʦʚʦʜʥʦʡ ʜʠʩʧʝʨʩʠʠ. ɺ ʦʜʥʦʤʦʜʦʚʳʭ 

ʦʧʪʠʯʝʩʢʠʭ ʩʚʝʪʦʚʦʜʘʭ ʩʫʱʝʩʪʚʫʶʪ ʜʚʘ ʦʩʥʦʚʥʳʭ ʤʝʪʦʜʘ ʩʦʛʣʘʩʦʚʘʥʠʷ ʬʘʟ 

ï ʩʢʘʣʷʨʥʳʡ ʠ ʚʝʢʪʦʨʥʳʡ. ɺ ʩʣʫʯʘʝ ʩʢʘʣʷʨʥʦʛʦ ʬʘʟʦʚʦʛʦ ʩʠʥʭʨʦʥʠʟʤʘ 4 

ʚʦʣʥʳ ʠʤʝʶʪ ʦʜʥʫ ʧʦʣʷʨʠʟʘʮʠʶ, ʘ ʩʦʛʣʘʩʦʚʘʥʠʝ ʬʘʟ ʧʨʦʠʩʭʦʜʠʪ ʚʙʣʠʟʠ 

ɼɺʅɼ ʩʚʝʪʦʚʦʜʘ, ʛʜʝ ʫʯʠʪʳʚʘʝʪʩʷ ʜʠʩʧʝʨʩʠʷ ʚʳʩʰʠʭ ʧʦʨʷʜʢʦʚ. ɺ ʩʣʫʯʘʝ 

ʚʝʢʪʦʨʥʦʛʦ ʬʘʟʦʚʦʛʦ ʩʠʥʭʨʦʥʠʟʤʘ ʯʝʪʳʨʝ ʚʦʣʥʳ ʨʘʩʧʨʦʩʪʨʘʥʷʶʪʩʷ ʚ ʜʚʫʭ 

ʧʦʣʷʨʠʟʘʮʠʦʥʥʳʭ ʤʦʜʘʭ ʜʚʫʣʫʯʝʧʨʝʣʦʤʣʷʶʱʝʛʦ ʩʚʝʪʦʚʦʜʘ. ɺ ʨʝʟʫʣʴʪʘʪʝ 

ʚʝʣʠʯʠʥʘ ʦʪʨʠʮʘʪʝʣʴʥʦʛʦ ʚʦʣʥʦʚʦʜʥʦʛʦ ʚʢʣʘʜʘ ȹɓW ʤʦʞʝʪ ʩʪʘʪʴ 

ʜʦʩʪʘʪʦʯʥʦ ʙʦʣʴʰʦʡ, ʯʪʦʙʳ ʢʦʤʧʝʥʩʠʨʦʚʘʪʴ ʧʦʣʦʞʠʪʝʣʴʥʫʶ ʩʫʤʤʫ ȹɓM + 

ɔPp, ʠ ʬʘʟʦʚʳʡ ʩʠʥʭʨʦʥʠʟʤ ʙʫʜʝʪ ʚʳʧʦʣʥʷʪʴʩʷ ʧʨʠ ʥʘʢʘʯʢʝ ʚʜʘʣʠ ʦʪ 

ɼɺʅɼ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʫʩʣʦʚʠʝ ʬʘʟʦʚʦʛʦ ʩʠʥʭʨʦʥʠʟʤʘ ʥʘʢʣʘʜʳʚʘʝʪ 

ʦʛʨʘʥʠʯʝʥʠʝ ʥʘ ʜʠʩʧʝʨʩʠʦʥʥʳʝ ʠ ʥʝʣʠʥʝʡʥʳʝ ʧʘʨʘʤʝʪʨʳ ʠʩʧʦʣʴʟʫʝʤʦʛʦ 

ʚʦʣʦʢʦʥʥʦʛʦ ʩʚʝʪʦʚʦʜʘ, ʘ ʪʘʢʞʝ ʥʘ ʪʠʧ ʠʩʪʦʯʥʠʢʘ ʦʧʪʠʯʝʩʢʦʡ ʥʘʢʘʯʢʠ.  

ʉʣʝʜʫʶʱʠʡ ʧʘʨʘʛʨʘʬ ʦʧʠʩʳʚʘʝʪ ʤʝʪʦʜʳ ʩʦʛʣʘʩʦʚʘʥʠʷ ʬʘʟ. 

 

1.2. ʄʝʪʦʜʳ ʩʦʛʣʘʩʦʚʘʥʠʷ ʬʘʟ ʚ ʜʚʫʣʫʯʝʧʨʝʣʦʤʣʷʶʱʠʭ 

ʩʚʝʪʦʚʦʜʘʭ 

 

1.2.1. ʉʢʘʣʷʨʥʳʡ ʬʘʟʦʚʳʡ ʩʠʥʭʨʦʥʠʟʤ. 
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ɺ ʩʣʫʯʘʝ ʩʢʘʣʷʨʥʦʛʦ ʬʘʟʦʚʦʛʦ ʩʠʥʭʨʦʥʠʟʤʘ ʚʩʝ ʚʦʣʥʳ ʣʠʥʝʡʥʦ 

ʧʦʣʷʨʠʟʦʚʘʥʳ ʚ ʦʜʥʦʤ ʥʘʧʨʘʚʣʝʥʠʠ. ʉʭʝʤʘʪʠʯʝʩʢʘʷ ʜʠʘʛʨʘʤʤʘ 

ʩʦʛʣʘʩʦʚʘʥʠʷ ʬʘʟ ʙʝʟ ʫʯʝʪʘ ʥʝʣʠʥʝʡʥʦʛʦ ʚʢʣʘʜʘ ʧʨʝʜʩʪʘʚʣʝʥʘ ʥʘ ʨʠʩ. 1.2. 

 

ʈʠʩ. 1.2. ʉʭʝʤʘʪʠʯʝʩʢʘʷ ʜʠʘʛʨʘʤʤʘ ʩʦʛʣʘʩʦʚʘʥʠʷ ʬʘʟ ʜʣʷ ʩʢʘʣʷʨʥʦʛʦ ʏɺʉ 

ʙʝʟ ʫʯʝʪʘ ʥʝʣʠʥʝʡʥʦʛʦ ʚʢʣʘʜʘ. 

 

ɼʚʘ ʧʦʣʷ ʥʘʢʘʯʢʠ ʧʨʠ ʩʢʘʣʷʨʥʦʤ ʏɺʉ ʠʤʝʶʪ ʦʜʠʥʘʢʦʚʫʶ ʯʘʩʪʦʪʫ, 

ʧʦʣʷʨʠʟʘʮʠʶ ʠ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʤʦʜʳ, ʧʦʵʪʦʤʫ ʜʣʷ 

ʨʘʩʯʝʪʘ ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʛʦ ʫʩʠʣʝʥʠʷ ʥʝʦʙʭʦʜʠʤʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʪʨʠ ʯʣʝʥʘ ʠʟ 

ʩʠʩʪʝʤʳ ʩʚʷʟʘʥʥʳʭ ʫʨʘʚʥʝʥʠʡ (1.3). ʊʦʛʜʘ ʬʦʨʤʫʣʳ (1.6), (1.7), (1.9) ʜʣʷ 

ʢʦʵʬʬʠʮʠʝʥʪʘ ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʛʦ ʫʩʠʣʝʥʠʷ, ʧʦʣʥʦʡ ʚʦʣʥʦʚʦʡ ʨʘʩʩʪʨʦʡʢʠ ʠ 

ʫʩʠʣʝʥʠʷ ʭʦʣʦʩʪʦʡ ʚʦʣʥʳ ʟʘ ʦʜʠʥ ʧʨʦʭʦʜ ʧʝʨʝʧʠʰʫʪʩʷ ʢʘʢ [39]  

2
2

0
2

)( ö
÷

õ
æ
ç

åD
-= sc

sc Pg
b

g

           
(1.13) 

02 PLsc gbb +D=D             (1.14) 

)(sinh2
2

0 Lg
g

P
G sc

sc
sc ù

ú

ø
é
ê

è
=
g

          (1.15) 

ɿʜʝʩʴ P0 ï ʤʦʱʥʦʩʪʴ ʠʟʣʫʯʝʥʠʷ ʥʘʢʘʯʢʠ ʥʘ ʚʭʦʜʝ ʚ ʚʦʣʦʢʦʥʥʳʡ 

ʩʚʝʪʦʚʦʜ. 

ʋʩʣʦʚʠʝ ʬʘʟʦʚʦʛʦ ʩʠʥʭʨʦʥʠʟʤʘ ʧʝʨʝʧʠʩʳʚʘʝʪʩʷ ʚ ʚʠʜʝ  

02)(2)()( 0=+-+=D Ppsasc gwbwbwbb          (1.16) 

ɸʥʘʣʠʪʠʯʝʩʢʦʝ ʨʝʰʝʥʠʝ ʫʨʘʚʥʝʥʠʷ (1.16) ʥʘʭʦʜʠʪʩʷ ʧʨʠ ʨʘʟʣʦʞʝʥʠʠ 

ʧʦʩʪʦʷʥʥʦʡ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ɓ(ɤ) ʚ ʨʷʜ ʊʝʡʣʦʨʘ ʚʙʣʠʟʠ ʯʘʩʪʦʪʳ ʥʫʣʝʚʦʡ 

ʜʠʩʧʝʨʩʠʠ ʩʚʝʪʦʚʦʜʘ ɤ0: 
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(1.17) 

ɿʜʝʩʴ ɓ0k ï ʢʦʵʬʬʠʮʠʝʥʪʳ ʜʠʩʧʝʨʩʠʠ ʚʳʩʰʠʭ ʧʦʨʷʜʢʦʚ ʚ ʪʦʯʢʝ 

ʥʫʣʝʚʦʡ ʜʠʩʧʝʨʩʠʠ ʩʚʝʪʦʚʦʜʘ, ʢʦʪʦʨʳʝ ʦʩʪʘʶʪʩʷ ʧʦʩʪʦʷʥʥʳʤʠ ʧʨʠ ʣʶʙʦʡ 

ʯʘʩʪʦʪʝ ʥʘʢʘʯʢʠ. ɺ ʩʣʫʯʘʝ ʚʳʨʦʞʜʝʥʥʦʛʦ ʧʨʦʮʝʩʩʘ ʏɺʉ ʯʘʩʪʦʪʳ ʩʪʦʢʩʦʚʦʡ 

ʠ ʘʥʪʠʩʪʦʢʩʦʚʦʡ ʚʦʣʥ ʨʘʩʧʦʣʦʞʝʥʳ ʩʠʤʤʝʪʨʠʯʥʦ ʦʪʥʦʩʠʪʝʣʴʥʦ ʯʘʩʪʦʪʳ 

ʥʘʢʘʯʢʠ, ʧʦʵʪʦʤʫ ʚʤʝʩʪʦ ʧʘʨʘʤʝʪʨʘ ɓ0k ʜʣʷ ʫʜʦʙʩʪʚʘ ʠʩʧʦʣʴʟʫʶʪ ʚʝʣʠʯʠʥʫ 

ɓj(ɤp) ï ʢʦʵʬʬʠʮʠʝʥʪ ʜʠʩʧʝʨʩʠʠ ʚʳʩʰʠʭ ʧʦʨʷʜʢʦʚ ʚʦʣʦʢʦʥʥʦʛʦ ʩʚʝʪʦʚʦʜʘ 

ʥʘ ʯʘʩʪʦʪʝ ʥʘʢʘʯʢʠ ɤp. ʉʚʷʟʴ ʧʘʨʘʤʝʪʨʦʚ ɓ0k ʠ ɓj(ɤp) ʤʦʞʥʦ ʥʘʡʪʠ ʠʟ 

ʨʘʟʣʦʞʝʥʠʷ ɓ ʚ ʨʷʜ ʊʝʡʣʦʨʘ (ʩʤ. ʥʘʧʨʠʤʝʨ [89]): 

2

0040032 ))(2/()()( wwbwwbwb -+-º ppp          (1.18) 

044 )( bwb ºp  

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʨʘʩʢʣʘʜʳʚʘʷ ʚʳʨʘʞʝʥʠʝ (1.16) ʚ ʨʷʜ ʊʝʡʣʦʨʘ ʜʦ 

ʯʝʪʚʝʨʪʦʛʦ ʧʦʨʷʜʢʘ, ʤʳ ʧʦʣʫʯʘʝʤ ʫʨʘʚʥʝʥʠʝ ʥʘ ʯʘʩʪʦʪʫ ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʡ 

ʦʪʩʪʨʦʡʢʠ ʧʨʠ ʩʢʘʣʷʨʥʦʤ ʬʘʟʦʚʦʤ ʩʠʥʭʨʦʥʠʟʤʝ ɋsc (ʩʤ., ʥʘʧʨʠʤʝʨ, [40]) 

0212/)()( 0

4

4

2

2 =+W+W=D Pscpscpsc gwbwbb             (1.19)
 

ɽʩʣʠ ʥʘʢʘʯʢʘ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʚ ʦʙʣʘʩʪʠ ʧʦʣʦʞʠʪʝʣʴʥʦʡ ʜʠʩʧʝʨʩʠʠ 

ʩʚʝʪʦʚʦʜʘ ɓ2(ɤp) 
> 0, ʨʝʰʝʥʠʝ ʫʨʘʚʥʝʥʠʷ (1.19) ʩʫʱʝʩʪʚʫʝʪ ʧʨʠ ɓ4(ɤp)< 0. ɺ 

ʵʪʦʤ ʩʣʫʯʘʝ ʚʝʣʠʯʠʥʘ ʯʘʩʪʦʪʥʦʡ ʦʪʩʪʨʦʡʢʠ ʟʘʧʠʩʳʚʘʝʪʩʷ ʢʘʢ  
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ɺʜʘʣʠ ʦʪ ɼɺʅɼ ʩʚʝʪʦʚʦʜʘ ʚʝʣʠʯʠʥʘ ʜʠʩʧʝʨʩʠʠ ɓ2(ɤp) ʣʠʥʝʡʥʦ ʨʘʩʪʝʪ 

ʩ ʨʦʩʪʦʤ ɤp, ɓ4(ɤp) å ɓ04 ʧʨʘʢʪʠʯʝʩʢʠ ʢʦʥʩʪʘʥʪʘ [39], ʘ ʥʝʣʠʥʝʡʥʳʡ ʚʢʣʘʜ 

ʩʣʘʙʦ ʚʣʠʷʝʪ ʥʘ ʚʝʣʠʯʠʥʫ ɋsc. ɺ ʵʪʦʤ ʩʣʫʯʘʝ ʨʝʰʝʥʠʝ (1.20) 

ʧʝʨʝʧʠʩʳʚʘʝʪʩʷ ʚ ʚʠʜʝ [90] 

04

2 )(12

b

wb p

sc -=W            (1.21) 
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ɺʙʣʠʟʠ ɼɺʅɼ ʧʘʨʘʤʝʪʨʳ ɓ2(ɤp) ʠ ɓ04 ʩʨʘʚʥʠʚʘʶʪʩʷ ʧʦ ʚʝʣʠʯʠʥʝ, 

ʧʦʵʪʦʤʫ ʨʝʰʘʶʱʫʶ ʨʦʣʴ ʚ ʵʪʦʡ ʦʙʣʘʩʪʠ ʠʛʨʘʝʪ ʥʝʣʠʥʝʡʥʳʡ ʯʣʝʥ 

ʫʨʘʚʥʝʥʠʷ (1.20), ʟʘʚʠʩʷʱʠʡ ʦʪ ʤʦʱʥʦʩʪʠ ʥʘʢʘʯʢʠ P0.  

ʅʘʡʜʝʤ ʰʠʨʠʥʫ ʩʢʘʣʷʨʥʦʛʦ ʬʘʟʦʚʦʛʦ ʩʠʥʭʨʦʥʠʟʤʘ ȹɋsc. ʇʨʠ 

ʥʘʢʘʯʢʝ ʚʜʘʣʠ ʦʪ ɼɺʅɼ ʩʚʝʪʦʚʦʜʘ ʠ ʤʘʣʦʡ ʚʝʣʠʯʠʥʝ P0 ʛʣʘʚʥʳʡ ʚʢʣʘʜ ʚ 

ʨʘʩʩʪʨʦʡʢʫ ʚʦʣʥʦʚʳʭ ʚʝʢʪʦʨʦʚ (1.19) ʚʥʦʩʠʪ ʩʣʘʛʘʝʤʦʝ ʚʪʦʨʦʛʦ ʧʦʨʷʜʢʘ  

2
2 )( scpsc WºD wbb            (1.22) 

ɺʟʷʚ ʧʨʦʠʟʚʦʜʥʫʶ ʧʦ ɋ, ʧʦʣʫʯʠʤ scscpscd DWWºD )(2 2 wbb . 

ʇʦʜʩʪʘʚʣʷʷ ʵʪʫ ʚʝʣʠʯʠʥʫ ʚ ʬʦʨʤʫʣʫ (1.11), ʚʳʯʠʩʣʠʤ ʰʠʨʠʥʫ ʩʢʘʣʷʨʥʦʛʦ 

ʬʘʟʦʚʦʛʦ ʩʠʥʭʨʦʥʠʟʤʘ:  

Lscp
sc

W
=DW

)(2 wb

p
           (1.23) 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʰʠʨʠʥʘ ʩʢʘʣʷʨʥʦʛʦ ʬʘʟʦʚʦʛʦ ʩʠʥʭʨʦʥʠʟʤʘ 

ʫʤʝʥʴʰʘʝʪʩʷ ʩ ʜʣʠʥʦʡ ʩʚʝʪʦʚʦʜʘ, ʫʚʝʣʠʯʝʥʠʝʤ ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʡ 

ʦʪʩʪʨʦʡʢʠ ɋsc ʠ ʢʦʵʬʬʠʮʠʝʥʪʘ ʜʠʩʧʝʨʩʠʠ ʛʨʫʧʧʦʚʦʡ ʩʢʦʨʦʩʪʠ ɓ2(ɤp). 

ɼʣʷ ʧʨʠʤʝʨʘ ʦʮʝʥʠʤ ʰʠʨʠʥʫ ʬʘʟʦʚʦʛʦ ʩʠʥʭʨʦʥʠʟʤʘ ʚʦʣʦʢʦʥʥʦʛʦ 

ʩʚʝʪʦʚʦʜʘ ʤʘʨʢʠ LMA 5-PM. ʇʘʨʘʤʝʪʨʳ ʩʚʝʪʦʚʦʜʘ ʧʦʜʨʦʙʥʦ ʦʧʠʩʘʥʳ ʚ 

ʨʘʟʜʝʣʝ 3.2. ʈʘʩʯʝʪ ʫʩʠʣʝʥʠʷ Gsc ʧʨʦʠʟʚʦʜʠʣʩʷ ʧʦ ʬʦʨʤʫʣʘʤ (1.13), (1.15), 

(1.18), (1.19) ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʟʥʘʯʝʥʠʡ: ɔ = 10 ɺʪ
-1
ʢʤ

-1
, P0 = 5 ɺʪ, L = 18 

ʤ, ɓ03 = 6,755Ĭ10
-2 
ʧʩ

3
/ʢʤ, ɓ04 = - 10

-4 
ʧʩ

4
/ʢʤ, ʧʦʣʫʯʝʥʥʳʭ ʚ ʨʘʟʜʝʣʝ 3.2. ʅʘ 

ʨʠʩ. 1.3 ʧʦʢʘʟʘʥʳ ʛʨʘʬʠʢʠ ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʛʦ ʫʩʠʣʝʥʠʷ Gsc ʜʣʷ ʨʘʟʣʠʯʥʳʭ 

ʟʥʘʯʝʥʠʡ ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʡ ʯʘʩʪʦʪʥʦʡ ʦʪʩʪʨʦʡʢʠ ȹɋsc/2ˊ. ɺʠʜʥʦ, ʯʪʦ ʩ 

ʦʪʩʪʨʦʡʢʦʡ ʜʣʠʥʳ ʚʦʣʥʳ ʥʘʢʘʯʢʠ ɚp ʚ ʦʙʣʘʩʪʴ ʧʦʣʦʞʠʪʝʣʴʥʦʡ ʜʠʩʧʝʨʩʠʠ 

ʩʚʝʪʦʚʦʜʘ ʥʘ 0 ʥʤ (ʛʨʘʬʠʢ 1), 1 ʥʤ (ʛʨʘʬʠʢ 2), 3 ʥʤ (ʛʨʘʬʠʢ 3) ʠ 7 ʥʤ 

(ʛʨʘʬʠʢ 4) ʨʘʩʪʝʪ ʚʝʣʠʯʠʥʘ ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʡ ʦʪʩʪʨʦʡʢʠ. ʆʜʥʦʚʨʝʤʝʥʥʦ ʩ 

ʵʪʠʤ ʰʠʨʠʥʘ ʢʦʥʪʫʨʘ ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʛʦ ʫʩʠʣʝʥʠʷ ʨʝʟʢʦ ʩʫʞʘʝʪʩʷ ʧʨʠ 

ʥʝʠʟʤʝʥʥʦʡ ʘʤʧʣʠʪʫʜʝ ʫʩʠʣʝʥʠʷ. 
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ʈʠʩ. 1.3. ʀʟʤʝʥʝʥʠʝ ʢʦʥʪʫʨʘ ʫʩʠʣʝʥʠʷ ʭʦʣʦʩʪʦʡ ʚʦʣʥʳ Gsc ʩ ʫʚʝʣʠʯʝʥʠʝʤ 

ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʡ ʦʪʩʪʨʦʡʢʠ ʜʣʷ ʚʦʣʦʢʦʥʥʦʛʦ ʩʚʝʪʦʚʦʜʘ LMA 5-PM. 

ɻʨʘʬʠʢʠ 1, 2, 3 ʠ 4 ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʦʪʩʪʨʦʡʢʝ ɚp ʦʪ ɚ0 ʥʘ 0, 1, 3 ʠ 7 ʥʤ, 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. 

 

ɺ ʨʝʘʣʴʥʳʭ ʩʚʝʪʦʚʦʜʘʭ ʚʝʣʠʯʠʥʘ ʜʠʩʧʝʨʩʠʠ ʠʟʤʝʥʷʝʪʩʷ ʠʟ-ʟʘ 

ʬʣʫʢʪʫʘʮʠʡ ʚʥʝʰʥʝʛʦ ʜʠʘʤʝʪʨʘ ʧʦ ʜʣʠʥʝ. ɺʩʣʝʜʩʪʚʠʝ ʵʪʦʛʦ ʤʝʥʷʶʪʩʷ 

ɼɺʅɼ ʠ ʥʘʢʣʦʥ ʜʠʩʧʝʨʩʠʦʥʥʦʡ ʢʨʠʚʦʡ ɓ2(ɤp), ʢʦʪʦʨʳʝ ʧʨʠʚʦʜʷʪ ʢ 

ʠʟʤʝʥʝʥʠʶ ɋsc ʚ ʢʘʞʜʦʡ ʩʝʢʮʠʠ ʩʚʝʪʦʚʦʜʘ. ʇʨʦʙʣʝʤʘ ʩʪʘʙʠʣʴʥʦʩʪʠ 

ʜʠʩʧʝʨʩʠʦʥʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʦʩʦʙʝʥʥʦ ʘʢʪʫʘʣʴʥʘ ʜʣʷ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʩ 

ʙʦʣʴʰʠʤʠ ʯʘʩʪʦʪʥʳʤʠ ʩʜʚʠʛʘʤʠ, ʪʘʢ ʢʘʢ ʚ ʵʪʦʤ ʩʣʫʯʘʝ ʦʙʣʘʩʪʴ ʬʘʟʦʚʦʛʦ 

ʩʠʥʭʨʦʥʠʟʤʘ ȹɋsc ʩʪʘʥʦʚʠʪʩʷ ʤʝʥʴʰʝ, ʯʝʤ ʬʣʫʢʪʫʘʮʠʠ ɋsc. ʉʣʝʜʦʚʘʪʝʣʴʥʦ, 

ʚʝʣʠʯʠʥʘ ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʛʦ ʫʩʠʣʝʥʠʷ Gsc ʩʥʠʞʘʝʪʩʷ. ʈʘʩʯʝʪ ʚʣʠʷʥʠʷ 

ʥʝʦʜʥʦʨʦʜʥʦʩʪʠ ʩʚʝʪʦʚʦʜʘ ʥʘ ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʝ ʫʩʠʣʝʥʠʝ ʧʨʝʜʩʪʘʚʣʝʥ ʚ 

ʨʘʙʦʪʘʭ [60 ï 62]. 

ɼɺʅɼ ʩʪʘʥʜʘʨʪʥʳʭ ʩʚʝʪʦʚʦʜʦʚ ʥʘʭʦʜʠʪʩʷ ʚʙʣʠʟʠ 1,3 ʤʢʤ, ʧʦʵʪʦʤʫ 

ʦʥʠ ʥʝ ʧʦʜʭʦʜʷʪ ʜʣʷ ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʡ ʛʝʥʝʨʘʮʠʠ ʚ ʩʧʝʢʪʨʘʣʴʥʦʡ ʦʙʣʘʩʪʠ 

ʤʝʥʝʝ 1 ʤʢʤ. ɺ ʵʪʦʤ ʩʣʫʯʘʝ ʠʩʧʦʣʴʟʫʶʪ ʩʧʝʮʠʘʣʴʥʳʝ ʌʂɺʉ ʩ ɼɺʅɼ ~ 1 

ʤʢʤ, ʦʙʣʘʜʘʶʱʠʝ ʫʥʠʢʘʣʴʥʳʤʠ ʜʠʩʧʝʨʩʠʦʥʥʳʤʠ ʠ ʥʝʣʠʥʝʡʥʳʤʠ 
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ʩʚʦʡʩʪʚʘʤʠ. ɼʠʩʧʝʨʩʠʦʥʥʘʷ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘ ʌʂɺʉ ʦʧʨʝʜʝʣʷʝʪʩʷ 

ʩʪʨʫʢʪʫʨʦʡ ʩʚʝʪʦʚʦʜʘ ʠ ʦʙʳʯʥʦ ʠʤʝʝʪ ʩʣʦʞʥʳʡ ʚʠʜ. ʇʦʵʪʦʤʫ ʯʘʩʪʦʪʥʳʝ 

ʦʪʩʪʨʦʡʢʠ ʥʘʭʦʜʷʪʩʷ ʧʫʪʝʤ ʯʠʩʣʝʥʥʦʛʦ ʨʝʰʝʥʠʷ ʫʨʘʚʥʝʥʠʷ ʬʘʟʦʚʦʛʦ 

ʩʠʥʭʨʦʥʠʟʤʘ (1.16).  

ʆʮʝʥʠʤ ʚʝʣʠʯʠʥʫ ʤʦʱʥʦʩʪʠ ʥʘʢʘʯʢʠ, ʥʝʦʙʭʦʜʠʤʦʡ ʜʣʷ 

ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʡ ʛʝʥʝʨʘʮʠʠ ʚ ʚʦʣʦʢʦʥʥʦʤ ʩʚʝʪʦʚʦʜʝ LMA 5-PM ʜʣʠʥʦʡ 20 

ʤ. ʀʟ ʬʦʨʤʫʣ (1.13) ʠ (1.15) ʩʣʝʜʫʝʪ, ʯʪʦ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʫʩʠʣʝʥʠʷ 10% ʧʨʠ 

ʫʩʣʦʚʠʠ ʪʦʯʥʦʛʦ ʬʘʟʦʚʦʛʦ ʩʠʥʭʨʦʥʠʟʤʘ ȹɓsc = 0 ʥʝʦʙʭʦʜʠʤʘ ʤʦʱʥʦʩʪʴ 

ʥʘʢʘʯʢʠ P0 å 1,6 ɺʪ. ɺ ʩʪʘʥʜʘʨʪʥʳʭ ʚʦʣʦʢʦʥʥʳʭ ʩʚʝʪʦʚʦʜʘʭ ʢʦʵʬʬʠʮʠʝʥʪ 

ʥʝʣʠʥʝʡʥʦʩʪʠ ɔ å 3 ɺʪ
-1
ʢʤ

-1
, ʧʦʵʪʦʤʫ ʚʝʣʠʯʠʥʘ ʤʦʱʥʦʩʪʠ ʥʘʢʘʯʢʠ 

ʚʦʟʨʘʩʪʘʝʪ ʜʦ å 5 ɺʪ. ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʩʭʝʤʳ ʚʦʣʦʢʦʥʥʦ-ʦʧʪʠʯʝʩʢʦʛʦ 

ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʛʦ ʛʝʥʝʨʘʪʦʨʘ ʧʦʟʚʦʣʷʝʪ ʦʪʢʘʟʘʪʴʩʷ ʦʪ ʩʠʛʥʘʣʴʥʦʡ 

ʟʘʪʨʘʚʢʠ. ʆʮʝʥʠʤ ʥʝʦʙʭʦʜʠʤʫʶ ʚʝʣʠʯʠʥʫ ʫʩʠʣʝʥʠʷ ʜʣʷ ɺʆʇɻ ʥʘ ʦʩʥʦʚʝ 

ʩʚʝʪʦʚʦʜʘ LMA 5-PM. ʇʦʨʦʛ ɺʆʇɻ ʜʣʷ ʣʠʥʝʡʥʦʡ ʩʭʝʤʳ ʨʝʟʦʥʘʪʦʨʘ 

ʧʨʠʚʝʜʝʥ ʚ ʨʘʙʦʪʝ [53]. ɼʣʷ ʢʦʣʴʮʝʚʦʛʦ ʨʝʟʦʥʘʪʦʨʘ ʝʛʦ ʤʦʞʥʦ ʧʝʨʝʧʠʩʘʪʴ ʚ 

ʚʠʜʝ  

1)exp(*)1( _ =-- LG Lscs aa ,          (1.24) 

ʛʜʝ Ŭ* ï ʩʫʤʤʘʨʥʳʝ ʪʦʯʝʯʥʳʝ ʧʦʪʝʨʠ ʜʣʷ ʚʦʣʥʳ ʟʘ ʦʙʭʦʜ ʨʝʟʦʥʘʪʦʨʘ,  

ŬL ï ʧʦʩʪʦʷʥʥʘʷ ʟʘʪʫʭʘʥʠʷ ʚʦʣʦʢʦʥʥʦʛʦ ʩʚʝʪʦʚʦʜʘ, Gs_sc ï ʥʝʥʘʩʳʱʝʥʥʦʝ 

ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʝ ʫʩʠʣʝʥʠʝ ʚʦʣʥʳ ʚ ʨʝʟʦʥʘʪʦʨʝ. ʇʨʠ ʫʩʣʦʚʠʠ ʪʦʯʥʦʛʦ 

ʬʘʟʦʚʦʛʦ ʩʠʥʭʨʦʥʠʟʤʘ ʠ ʥʝʙʦʣʴʰʦʡ ʜʣʠʥʳ ʩʚʝʪʦʚʦʜʘ ʤʦʞʥʦ ʚʚʝʩʪʠ 

ʫʧʨʦʱʝʥʠʷ LL LL aa -º- 1)exp(  ʠ )(sinh1)(sinh1 0
22

2
0

_ LPLg
g

P
G sc

sc
scs g

g
+ºù

ú

ø
é
ê

è
+= . 

ʊʦʛʜʘ ʫʩʣʦʚʠʝ (1.24) ʧʝʨʝʧʠʰʝʪʩʷ ʢʘʢ   

1)1))((sinh1*)(1( 2 =-+- LLP Lth aga , 

ʛʜʝ Pth ï ʧʦʨʦʛʦʚʘʷ ʤʦʱʥʦʩʪʴ ʥʘʢʘʯʢʠ. ʈʠʩʫʥʦʢ 1.4 ʧʦʢʘʟʳʚʘʝʪ 

ʨʘʩʩʯʠʪʘʥʥʫʶ ʟʘʚʠʩʠʤʦʩʪʴ Pth ʦʪ Ŭ*. ɼʣʷ ʦʮʝʥʢʠ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ 

ʩʣʝʜʫʶʱʠʝ ʚʝʣʠʯʠʥʳ: ɔ = 10 ɺʪ
-1
ʢʤ

-1
, L = 20 ʤ, ŬL = 1,18 ʢʤ

-1
. ʀʟ ʨʠʩ. 1.4 

ʚʠʜʥʦ, ʯʪʦ ʜʣʷ ʧʦʪʝʨʴ ʚʥʫʪʨʠ ʨʝʟʦʥʘʪʦʨʘ Ŭ*  < 0,9 ʟʥʘʯʝʥʠʝ ʧʦʨʦʛʦʚʦʡ 
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ʤʦʱʥʦʩʪʠ ʥʝ ʧʨʝʚʳʰʘʝʪ 10 ɺʪ. ʊʘʢʫʶ ʚʝʣʠʯʠʥʫ ʙʝʟ ʦʩʦʙʦʛʦ ʪʨʫʜʘ 

ʧʦʣʫʯʘʶʪ ʚ ʥʝʧʨʝʨʳʚʥʳʭ ʠʪʪʝʨʙʠʝʚʳʭ ʚʦʣʦʢʦʥʥʳʭ ʣʘʟʝʨʘʭ, ʢʦʪʦʨʳʝ 

ʷʚʣʷʶʪʩʷ ʧʝʨʩʧʝʢʪʠʚʥʳʤ ʠʩʪʦʯʥʠʢʦʤ ʥʘʢʘʯʢʠ ʜʣʷ ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʡ 

ʛʝʥʝʨʘʮʠʠ ʚ ʦʙʣʘʩʪʠ ʤʝʥʝʝ 1 ʤʢʤ. 

 

ʈʠʩ. 1.4. ɿʘʚʠʩʠʤʦʩʪʴ ʧʦʨʦʛʦʚʦʡ ʤʦʱʥʦʩʪʠ ɺʆʇɻ Pth ʦʪ ʪʦʯʝʯʥʳʭ ʧʦʪʝʨʴ 

Ŭ* ʚʥʫʪʨʠ ʨʝʟʦʥʘʪʦʨʘ. 

 

1.2.2. ɺʝʢʪʦʨʥʳʡ ʬʘʟʦʚʳʡ ʩʠʥʭʨʦʥʠʟʤ. 

 

ɺʝʢʪʦʨʥʳʡ ʬʘʟʦʚʳʡ ʩʠʥʭʨʦʥʠʟʤ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʧʨʠ ʢʦʤʧʝʥʩʘʮʠʠ 

ȹɓʄ ʚ ʫʨʘʚʥʝʥʠʠ (1.12) ʟʘ ʩʯʝʪ ʨʘʟʥʦʩʪʠ ʬʘʟʦʚʳʭ ʩʢʦʨʦʩʪʝʡ ʚʦʣʥ, 

ʨʘʩʧʨʦʩʪʨʘʥʷʶʱʠʭʩʷ ʚ ʨʘʟʥʳʭ ʧʦʣʷʨʠʟʘʮʠʦʥʥʳʭ ʤʦʜʘʭ ʚʦʣʦʢʦʥʥʦʛʦ 

ʩʚʝʪʦʚʦʜʘ. ʉʭʝʤʘʪʠʯʝʩʢʘʷ ʜʠʘʛʨʘʤʤʘ ʩʦʛʣʘʩʦʚʘʥʠʷ ʬʘʟ ʜʣʷ ʚʝʢʪʦʨʥʦʛʦ 

ʩʠʥʭʨʦʥʠʟʤʘ ʙʝʟ ʫʯʝʪʘ ʥʝʣʠʥʝʡʥʦʛʦ ʚʢʣʘʜʘ ʧʨʝʜʩʪʘʚʣʝʥʘ ʥʘ ʨʠʩ. 1.5. 

ɺ ʨʘʙʦʪʝ [91] ʧʦʢʘʟʘʥʦ, ʯʪʦ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʧʦʣʷʨʠʟʘʮʠʠ ʯʝʪʳʨʝʭ 

ʚʦʣʥ ʪʝʦʨʝʪʠʯʝʩʢʠ ʩʫʱʝʩʪʚʫʝʪ ʧʷʪʴ ʩʧʦʩʦʙʦʚ ʚʳʧʦʣʥʝʥʠʷ ʫʩʣʦʚʠʷ 

ʚʝʢʪʦʨʥʦʛʦ ʬʘʟʦʚʦʛʦ ʩʠʥʭʨʦʥʠʟʤʘ. ʆʜʥʘʢʦ ʥʘ ʧʨʘʢʪʠʢʝ ʠʟ-ʟʘ 

ʩʠʤʤʝʪʨʠʯʥʦʩʪʠ ʪʝʥʟʦʨʘ ɢ
(3)

 ʚ ʠʟʦʪʨʦʧʥʦʡ ʩʨʝʜʝ, ʢʚʘʨʮʝʚʦʤ ʩʪʝʢʣʝ, 

ʦʩʫʱʝʩʪʚʠʤʳ ʪʦʣʴʢʦ ʜʚʘ ʠʟ ʥʠʭ [92]. ɺ ʧʝʨʚʦʤ ʩʣʫʯʘʝ ʠʟʣʫʯʝʥʠʝ ʥʘʢʘʯʢʠ 

ʧʦʣʷʨʠʟʦʚʘʥʦ ʚʜʦʣʴ ʜʚʫʭ ʛʣʘʚʥʳʭ ʦʩʝʡ ʩʚʝʪʦʚʦʜʘ, ʩʪʦʢʩʦʚʘ ʠ ʘʥʪʠʩʪʦʢʩʦʚʘ 
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ʚʦʣʥʳ, ʚʦʟʥʠʢʘʶʱʠʝ ʚʩʣʝʜʩʪʚʠʝ ʏɺʉ, ʧʦʣʷʨʠʟʦʚʘʥʳ ʚʜʦʣʴ ʨʘʟʥʳʭ ʦʩʝʡ. 

ʊʦʛʜʘ ʯʘʩʪʦʪʥʘʷ ʦʪʩʪʨʦʡʢʘ ʚ ʩʪʘʥʜʘʨʪʥʦʤ ʚʦʣʦʢʦʥʥʦʤ ʩʚʝʪʦʚʦʜʝ 

ʚʘʨʴʠʨʫʝʪʩʷ ʦʪ 3 ʊɻʮ ʜʣʷ ʥʘʢʘʯʢʠ ʚ ʚʠʜʠʤʦʡ ʦʙʣʘʩʪʠ [93, 94] ʜʦ 6 - 9 ʊɻʮ 

ʜʣʷ ʥʘʢʘʯʢʠ ʚʙʣʠʟʠ 1 ʤʢʤ [67, 68]. ɺʦ ʚʪʦʨʦʤ ʩʣʫʯʘʝ ʠʟʣʫʯʝʥʠʝ ʥʘʢʘʯʢʠ 

ʧʦʣʷʨʠʟʦʚʘʥʦ ʚʜʦʣʴ ʦʜʥʦʡ ʦʩʠ ʜʚʫʣʫʯʝʧʨʝʣʦʤʣʷʶʱʝʛʦ ʩʚʝʪʦʚʦʜʘ, 

ʩʪʦʢʩʦʚʘ ʠ ʘʥʪʠʩʪʦʢʩʦʚʘ ʢʦʤʧʦʥʝʥʪʳ - ʚʜʦʣʴ ʜʨʫʛʦʡ ʦʩʠ, ʘ ʯʘʩʪʦʪʥʘʷ 

ʦʪʩʪʨʦʡʢʘ ʚ ʩʪʘʥʜʘʨʪʥʦʤ ʚʦʣʦʢʦʥʥʦʤ ʩʚʝʪʦʚʦʜʝ ʜʦʩʪʠʛʘʝʪ 30 ʊɻʮ ʜʣʷ 

ʥʘʢʘʯʢʠ ʚ ʚʠʜʠʤʦʡ ʦʙʣʘʩʪʠ [95] ʠ 40 ʊɻʮ ʜʣʷ ʥʘʢʘʯʢʠ ʚʙʣʠʟʠ 1 ʤʢʤ [69]. 

 

ʈʠʩ. 1.5. ʉʭʝʤʘʪʠʯʝʩʢʘʷ ʜʠʘʛʨʘʤʤʘ ʩʦʛʣʘʩʦʚʘʥʠʷ ʬʘʟ ʜʣʷ ʚʝʢʪʦʨʥʦʛʦ ʏɺʉ 

ʙʝʟ ʫʯʝʪʘ ʥʝʣʠʥʝʡʥʦʛʦ ʚʢʣʘʜʘ. 

 

ɸʥʘʣʠʪʠʯʝʩʢʦʝ ʨʝʰʝʥʠʝ ʜʣʷ ʧʘʨʘʤʝʪʨʠʯʝʩʢʠʭ ʦʪʩʪʨʦʝʢ ʚʝʢʪʦʨʥʦʛʦ 

ʏɺʉ ʚʳʚʦʜʠʪʩʷ ʚ ʧʨʝʜʧʦʣʦʞʝʥʠʠ ʤʘʣʦʡ ʨʘʟʥʠʮʳ ʤʝʞʜʫ ɼɺʅɼ ʜʚʫʭ ʦʩʝʡ 

ʩʚʝʪʦʚʦʜʘ [91]. ʅʘ ʨʠʩ. 1.6 ʧʨʝʜʩʪʘʚʣʝʥʘ ʩʭʝʤʘʪʠʯʝʩʢʘʷ ʜʠʘʛʨʘʤʤʘ 

ʵʬʬʝʢʪʠʚʥʳʭ ʧʦʢʘʟʘʪʝʣʝʡ ʧʨʝʣʦʤʣʝʥʠʷ ʜʚʫʣʫʯʝʧʨʝʣʦʤʣʷʶʱʝʛʦ ʩʚʝʪʦʚʦʜʘ 

ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʜʣʠʥʳ ʚʦʣʥʳ ʠʟʣʫʯʝʥʠʷ. ʇʦʢʘʟʘʪʝʣʠ ʧʨʝʣʦʤʣʝʥʠʷ 

ʤʝʜʣʝʥʥʦʡ ʠ ʙʳʩʪʨʦʡ ʦʩʝʡ ʦʪʩʪʦʷʪ ʦʪ ʩʨʝʜʥʝʛʦ ʟʥʘʯʝʥʠʷ nav(ɤ) ʥʘ 

ʚʝʣʠʯʠʥʫ ŭn/2, ʛʜʝ ŭn - ʜʚʫʣʫʯʝʧʨʝʣʦʤʣʝʥʠʝ ʩʚʝʪʦʚʦʜʘ:  

2)()( nnn avslow dww +=
 ʠ 

2)()( nnn avfast dww -= . 

ʇʦʩʪʦʷʥʥʳʝ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʤʦʜʳ ʚʜʦʣʴ ʤʝʜʣʝʥʥʦʡ ɓslow(ɤ) ʠ 

ʙʳʩʪʨʦʡ ɓfast(ɤ) ʦʩʝʡ ʨʘʚʥʳ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ  

ʩnslowslow )()( wwwb =
 ʠ 

ʩn fastfast )()( wwwb =
. 
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ʈʠʩ. 1.6. ʉʭʝʤʘ ʵʬʬʝʢʪʠʚʥʳʭ ʧʦʢʘʟʘʪʝʣʝʡ ʧʨʝʣʦʤʣʝʥʠʷ 

ʜʚʫʣʫʯʝʧʨʝʣʦʤʣʷʶʱʝʛʦ ʩʚʝʪʦʚʦʜʘ. 

 

ɼʣʷ ʧʨʦʩʪʦʪʳ ʨʘʩʯʝʪʘ ʜʠʩʧʝʨʩʠʷ ŭn ʥʝ ʫʯʠʪʳʚʘʝʪʩʷ. 

ʇʘʨʘʤʝʪʨʠʯʝʩʢʦʝ ʫʩʠʣʝʥʠʝ ʧʨʦʠʩʭʦʜʠʪ ʧʨʠ ʩʦʙʣʶʜʝʥʠʠ ʟʘʢʦʥʘ 

ʩʦʭʨʘʥʝʥʠʷ ʵʥʝʨʛʠʠ, ʠʟ ʢʦʪʦʨʦʛʦ ʩʣʝʜʫʝʪ ʨʘʚʝʥʩʪʚʦ ʯʘʩʪʦʪ sap www +=2 , 

ʠ ʧʨʠ ʚʳʧʦʣʥʝʥʠʠ ʫʩʣʦʚʠʷ ʬʘʟʦʚʦʛʦ ʩʠʥʭʨʦʥʠʟʤʘ. ʅʘ ʨʠʩ. 1.7 ʩʭʝʤʘʪʠʯʥʦ 

ʧʨʝʜʩʪʘʚʣʝʥʳ ʜʚʘ ʧʨʦʮʝʩʩʘ ʩʠʥʭʨʦʥʠʟʘʮʠʠ ʚʦʣʥʦʚʳʭ ʚʝʢʪʦʨʦʚ ʜʣʷ ʚʦʣʥ, 

ʨʘʩʧʨʦʩʪʨʘʥʷʶʱʠʭʩʷ ʜʘʣʝʢʦ ʦʪ ɼɺʅɼ ʚ ʦʙʣʘʩʪʠ ʧʦʣʦʞʠʪʝʣʴʥʦʡ 

ʜʠʩʧʝʨʩʠʠ ʚʦʣʦʢʦʥʥʦʛʦ ʩʚʝʪʦʚʦʜʘ. ɺ ʧʝʨʚʦʤ ʩʣʫʯʘʝ ʠʟʣʫʯʝʥʠʝ ʥʘʢʘʯʢʠ, 

ʩʪʦʢʩʦʚʦʡ ʠ ʘʥʪʠʩʪʦʢʩʦʚʦʡ ʚʦʣʥ ʧʦʣʷʨʠʟʦʚʘʥʦ ʚʜʦʣʴ ʜʚʫʭ ʦʩʝʡ ʩʚʝʪʦʚʦʜʘ 

(ʘ), ʚʦ ʚʪʦʨʦʤ ʠʟʣʫʯʝʥʠʝ ʥʘʢʘʯʢʠ ʧʦʣʷʨʠʟʦʚʘʥʦ ʚʜʦʣʴ ʤʝʜʣʝʥʥʦʡ ʦʩʠ, 

ʠʟʣʫʯʝʥʠʝ ʙʦʢʦʚʳʭ ʢʦʤʧʦʥʝʥʪ ï ʚʜʦʣʴ ʙʳʩʪʨʦʡ ʦʩʠ (ʙ).  

WW

b
 (
w
)

ʏʘʩʪʦʪʘ, w
ws

ʄʝʜʣʝʥʥʘʷ ʦʩʴ

ɹʳʩʪʨʘʷ ʦʩʴ

wp wa

ʙ
ʏʘʩʪʦʪʘ, w

b
 (
w
)

W
ɹʳʩʪʨʘʷ ʦʩʴ

ʄʝʜʣʝʥʥʘʷ ʦʩʴ

wswpwa

ʘ  
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ʈʠʩ. 1.7. ʉʭʝʤʘʪʠʯʝʩʢʦʝ ʠʟʦʙʨʘʞʝʥʠʝ ʜʚʫʭ ʚʝʢʪʦʨʥʳʭ ʧʨʦʮʝʩʩʦʚ 

ʩʦʛʣʘʩʦʚʘʥʠʷ ʬʘʟ ʚ ʜʚʫʣʫʯʝʧʨʝʣʦʤʣʷʶʱʝʤ ʚʦʣʦʢʦʥʥʦʤ ʩʚʝʪʦʚʦʜʝ: ʘ) 

ʥʘʢʘʯʢʘ ʨʘʩʧʨʦʩʪʨʘʥʷʝʪʩʷ ʚ ʜʚʫʭ ʧʦʣʷʨʠʟʘʮʠʦʥʥʳʭ ʤʦʜʘʭ; ʙ) ʥʘʢʘʯʢʘ 

ʧʦʣʷʨʠʟʦʚʘʥʘ ʚʜʦʣʴ ʤʝʜʣʝʥʥʦʡ ʦʩʠ ʚʦʣʦʢʦʥʥʦʛʦ ʩʚʝʪʦʚʦʜʘ. 

 

ʀʟ ʨʠʩ. 1.7 ʚʠʜʥʦ, ʯʪʦ ʚʝʣʠʯʠʥʘ ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʡ ʦʪʩʪʨʦʡʢʠ ʚ ʩʣʫʯʘʝ 

(ʙ) ʙʦʣʴʰʝ, ʯʝʤ ʚ ʩʣʫʯʘʝ (ʘ). 

ɺʥʘʯʘʣʝ ʨʘʩʩʤʦʪʨʠʤ ʩʣʫʯʘʡ (ʘ), ʢʦʛʜʘ ʠʟʣʫʯʝʥʠʝ ʥʘʢʘʯʢʠ 

ʧʦʣʷʨʠʟʦʚʘʥʦ ʚʜʦʣʴ ʜʚʫʭ ʦʩʝʡ ʩʚʝʪʦʚʦʜʘ. ʋʩʣʦʚʠʝ ʬʘʟʦʚʦʛʦ ʩʠʥʭʨʦʥʠʟʤʘ 

ʧʝʨʝʧʠʩʳʚʘʝʪʩʷ ʢʘʢ [39]  

0/)(2)()( =+W°-+=D ppsa Pcn gdwbwbwbb          (1.25) 

ʛʜʝ neff(ɤ) ʚ ɓ(ɤ) ʟʘʤʝʥʷʝʪʩʷ ʥʘ nav(ɤ). ɿʥʘʢ ç+è ʩʦʦʪʚʝʪʩʪʚʫʝʪ 

ʩʣʫʯʘʶ, ʢʦʛʜʘ ʘʥʪʠʩʪʦʢʩʦʚʘ ʚʦʣʥʘ ʧʦʣʷʨʠʟʦʚʘʥʘ ʚʜʦʣʴ ʤʝʜʣʝʥʥʦʡ ʦʩʠ 

ʚʦʣʦʢʦʥʥʦʛʦ ʩʚʝʪʦʚʦʜʘ, ʘ ʩʪʦʢʩʦʚʘ ʚʦʣʥʘ ʚʜʦʣʴ ʙʳʩʪʨʦʡ. ɿʥʘʢ çïè 

ʦʟʥʘʯʘʝʪ, ʯʪʦ ʘʥʪʠʩʪʦʢʩʦʚʘ ʚʦʣʥʘ ʧʦʣʷʨʠʟʦʚʘʥʘ ʚʜʦʣʴ ʙʳʩʪʨʦʡ ʦʩʠ 

ʚʦʣʦʢʦʥʥʦʛʦ ʩʚʝʪʦʚʦʜʘ, ʘ ʩʪʦʢʩʦʚʘ ʚʦʣʥʘ ʚʜʦʣʴ ʤʝʜʣʝʥʥʦʡ. ɺʳʨʘʞʝʥʠʝ 

(1.25) ʨʘʩʢʣʘʜʳʚʘʝʪʩʷ ʚ ʨʷʜ ʊʝʡʣʦʨʘ ʚʙʣʠʟʠ ɤp. ʇʨʠ ʥʘʢʘʯʢʝ ʚʜʘʣʠ ʦʪ 

ɼɺʅɼ ʤʘʪʝʨʠʘʣʴʥʳʡ ʚʢʣʘʜ ʚ ʨʘʩʩʪʨʦʡʢʫ ʚʦʣʥʦʚʳʭ ʚʝʢʪʦʨʦʚ 

2
2 )( WºD pM wbb ʥʘʤʥʦʛʦ ʙʦʣʴʰʝ ʥʝʣʠʥʝʡʥʦʛʦ ʚʢʣʘʜʘ ɔPp, ʢʦʪʦʨʳʤ ʤʦʞʥʦ 

ʧʨʝʥʝʙʨʝʯʴ. ʊʦʛʜʘ ʫʩʣʦʚʠʝ ʬʘʟʦʚʦʛʦ ʩʠʥʭʨʦʥʠʟʤʘ (1.25) ʧʝʨʝʧʠʩʳʚʘʝʪʩʷ ʚ 

ʚʠʜʝ 

0/)( 2
2 =W°W=D cnp dwbb           (1.26) 

ʈʝʰʝʥʠʝ ʫʨʘʚʥʝʥʠʷ (1.26) ʚʳʛʣʷʜʠʪ ʢʘʢ  

 
)(2 p

v
c

n

wb

d
=W

           
(1.27) 

ʉʣʝʜʦʚʘʪʝʣʴʥʦ, ʚʝʣʠʯʠʥʘ ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʡ ʯʘʩʪʦʪʥʦʡ ʦʪʩʪʨʦʡʢʠ ʜʣʷ 

ʚʝʢʪʦʨʥʦʛʦ ʬʘʟʦʚʦʛʦ ʩʠʥʭʨʦʥʠʟʤʘ ʦʙʨʘʪʥʦ ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʘ ʟʥʘʯʝʥʠʶ 

ʜʠʩʧʝʨʩʠʠ ʛʨʫʧʧʦʚʳʭ ʩʢʦʨʦʩʪʝʡ ɓ2(ɤp). ʈʠʩʫʥʦʢ 1.8 ʩʭʝʤʘʪʠʯʝʩʢʠ 
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ʠʟʦʙʨʘʞʘʝʪ ʟʘʚʠʩʠʤʦʩʪʴ ɋv ʦʪ ʜʣʠʥʳ ʚʦʣʥʳ ʥʘʢʘʯʢʠ ɚʨ. ɺʠʜʥʦ, ʯʪʦ 

ʚʝʣʠʯʠʥʘ ʯʘʩʪʦʪʥʳʭ ʦʪʩʪʨʦʝʢ ʨʝʟʢʦ ʫʤʝʥʴʰʘʝʪʩʷ ʧʨʠ ʥʘʢʘʯʢʝ ʚʜʘʣʠ ʦʪ 

ɼɺʅɼ ʩʚʝʪʦʚʦʜʘ ʠ ʫʭʦʜʠʪ ʥʘ ʙʝʩʢʦʥʝʯʥʦʩʪʴ ʧʨʠ ʥʘʢʘʯʢʝ ʚʙʣʠʟʠ ɼɺʅɼ. 

ʆʪʩʫʪʩʪʚʠʝ ʨʝʰʝʥʠʷ ʚ ʪʦʯʢʝ ʥʫʣʝʚʦʡ ʜʠʩʧʝʨʩʠʠ ʩʚʷʟʘʥʦ ʩ ʥʝʭʚʘʪʢʦʡ 

ʯʣʝʥʦʚ ʚʳʩʰʠʭ ʧʦʨʷʜʢʦʚ ʚ ʬʦʨʤʫʣʝ (1.26) ʧʨʠ ʨʘʟʣʦʞʝʥʠʠ ȹɓ ʚ ʨʷʜ 

ʊʝʡʣʦʨʘ. ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʜʘʣʴʥʝʡʰʠʭ ʯʣʝʥʦʚ ʨʘʟʣʦʞʝʥʠʷ ʧʨʦʷʩʥʠʪ 

ʧʦʚʝʜʝʥʠʝ ʨʝʰʝʥʠʷ ʧʨʠ ʥʘʢʘʯʢʝ ʚʙʣʠʟʠ ɼɺʅɼ.  

 

ʈʠʩ. 1.8. ʂʘʯʝʩʪʚʝʥʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʯʘʩʪʦʪʳ ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʡ ʦʪʩʪʨʦʡʢʠ 

ʚʝʢʪʦʨʥʦʛʦ ʏɺʉ ɋv ʦʪ ʜʣʠʥʳ ʚʦʣʥʳ ʥʘʢʘʯʢʠ ɚʨ. 

 

ɺ ʩʣʫʯʘʝ, ʢʦʛʜʘ ʠʟʣʫʯʝʥʠʝ ʥʘʢʘʯʢʠ ʧʦʣʷʨʠʟʦʚʘʥʦ ʚʜʦʣʴ ʦʜʥʦʡ ʦʩʠ 

ʩʚʝʪʦʚʦʜʘ, ʘ ʠʟʣʫʯʝʥʠʝ ʩʪʦʢʩʦʚʦʡ ʠ ʘʥʪʠʩʪʦʢʩʦʚʦʡ ʚʦʣʥ ï ʚʜʦʣʴ ʜʨʫʛʦʡ, 

ʫʩʣʦʚʠʝ ʬʘʟʦʚʦʛʦ ʩʠʥʭʨʦʥʠʟʤʘ ʧʝʨʝʧʠʩʳʚʘʝʪʩʷ ʢʘʢ [39] 

0/2)(2)()( =+°-+=D pppsa Pcn gwdwbwbwbb
    

(1.28) 

ʈʝʰʝʥʠʝ ʫʨʘʚʥʝʥʠʷ (1.28) ʙʝʟ ʫʯʝʪʘ ʥʝʣʠʥʝʡʥʦʛʦ ʯʣʝʥʘ ʥʘʭʦʜʠʪʩʷ ʚ 

ʚʠʜʝ  

 
)(

4

2
1

pp
v

n

wbl

pd
=W            (1.29) 

ʊʘʢ ʢʘʢ ʚʝʣʠʯʠʥʳ ʯʘʩʪʦʪʥʳʭ ʦʪʩʪʨʦʝʢ ɋɜ ʠ ɋɜ1 ʟʘʚʠʩʷʪ ʦʪ 

ʜʚʫʣʫʯʝʧʨʝʣʦʤʣʝʥʠʷ ʚʦʣʦʢʦʥʥʦʛʦ ʩʚʝʪʦʚʦʜʘ ŭn, ʯʘʩʪʦʪʥʳʤʠ ʩʜʚʠʛʘʤʠ 

ʤʦʞʥʦ ʫʧʨʘʚʣʷʪʴ, ʠʟʤʝʥʷʷ ʥʘʚʝʜʝʥʥʦʝ ʜʚʫʣʫʯʝʧʨʝʣʦʤʣʝʥʠʝ ʟʘ ʩʯʝʪ ʥʘʛʨʝʚʘ 
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[96], ʩʢʨʫʯʠʚʘʥʠʷ [97], ʨʘʩʪʷʛʠʚʘʥʠʷ [98] ʩʚʝʪʦʚʦʜʘ. ʅʝʙʦʣʴʰʦʝ ʟʥʘʯʝʥʠʝ 

ʯʘʩʪʦʪʥʳʭ ʦʪʩʪʨʦʝʢ < 30 ʊɻʮ ʚ ʨʘʙʦʪʘʭ ʩʦ ʩʪʘʥʜʘʨʪʥʳʤʠ 

ʜʚʫʣʫʯʝʧʨʝʣʦʤʣʷʶʱʠʤʠ ʩʚʝʪʦʚʦʜʘʤʠ ʩʚʷʟʘʥʦ ʩ ʪʝʤ, ʯʪʦ ʜʣʠʥʘ ʚʦʣʥʳ 

ʥʘʢʘʯʢʠ ʥʘʭʦʜʠʣʘʩʴ ʜʘʣʝʢʦ ʦʪ ɼɺʅɼ ʪʘʢʠʭ ʩʚʝʪʦʚʦʜʦʚ, ʚ ʨʝʟʫʣʴʪʘʪʝ 

ʚʝʣʠʯʠʥʘ ɓ2(ɤp) ʙʳʣʘ ʜʦʚʦʣʴʥʦ ʙʦʣʴʰʦʡ.  

ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʜʚʫʣʫʯʝʧʨʝʣʦʤʣʷʶʱʠʭ ʌʂɺʉ ʩ ʙʦʣʴʰʠʤ ʟʥʘʯʝʥʠʝʤ 

ʜʚʫʣʫʯʝʧʨʝʣʦʤʣʝʥʠʷ (~ 10
-4
) ʠ ʜʣʠʥʳ ʚʦʣʥʳ ʥʘʢʘʯʢʠ ʚʙʣʠʟʠ ɼɺʅɼ 

ʩʚʝʪʦʚʦʜʘ ʧʦʟʚʦʣʷʝʪ ʩʫʱʝʩʪʚʝʥʥʦ ʫʚʝʣʠʯʠʪʴ ʧʘʨʘʤʝʪʨʠʯʝʩʢʠʝ ʦʪʩʪʨʦʡʢʠ 

ʟʘ ʩʯʝʪ ʫʤʝʥʴʰʝʥʠʷ ʚʝʣʠʯʠʥʳ ɓ2(ɤp). ʊʘʢ, ʯʘʩʪʦʪʥʳʝ ʦʪʩʪʨʦʡʢʠ ʜʣʷ 

ʚʝʢʪʦʨʥʦʛʦ ʏɺʉ ʩ ʧʦʣʷʨʠʟʘʮʠʝʡ ʥʘʢʘʯʢʠ ʚʜʦʣʴ ʦʜʥʦʡ ʠʟ ʦʩʝʡ ʩʚʝʪʦʚʦʜʘ 

ʚʦʟʨʦʩʣʠ ʜʦ 120 ʊɻʮ ʧʨʠ ʥʘʢʘʯʢʝ ʚ ʚʠʜʠʤʦʤ ʜʠʘʧʘʟʦʥʝ [70, 71] ʠ ʜʦ 250 

ʊɻʮ ʧʨʠ ʥʘʢʘʯʢʝ ʚʙʣʠʟʠ 1 ʤʢʤ [99]. ɺ ʩʣʫʯʘʝ ʧʦʣʷʨʠʟʘʮʠʠ ʠʟʣʫʯʝʥʠʷ 

ʥʘʢʘʯʢʠ ʧʦ ʜʚʫʤ ʦʩʷʤ ʧʘʨʘʤʝʪʨʠʯʝʩʢʠʝ ʦʪʩʪʨʦʡʢʠ ʚ ʚʠʜʠʤʦʤ ʜʠʘʧʘʟʦʥʝ 

ʜʦʩʪʠʛʣʠ 100 ʊɻʮ [72]. ʇʨʠʚʝʜʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʧʦʢʘʟʳʚʘʶʪ, ʯʪʦ ʚ 

ʜʚʫʣʫʯʝʧʨʝʣʦʤʣʷʶʱʠʭ ʌʂɺʉ ʤʦʞʥʦ ʧʦʣʫʯʠʪʴ ʧʘʨʘʤʝʪʨʠʯʝʩʢʫʶ 

ʛʝʥʝʨʘʮʠʶ ʩ ʯʘʩʪʦʪʥʳʤʠ ʦʪʩʪʨʦʡʢʘʤʠ, ʥʘ ʧʦʨʷʜʦʢ ʧʨʝʚʳʰʘʶʱʠʤʠ 

ʦʪʩʪʨʦʡʢʠ ʚ ʩʪʘʥʜʘʨʪʥʳʭ ʜʚʫʣʫʯʝʧʨʝʣʦʤʣʷʶʱʠʭ ʚʦʣʦʢʦʥʥʳʭ ʩʚʝʪʦʚʦʜʘʭ.  

ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʢʦʵʬʬʠʮʠʝʥʪ ʥʝʣʠʥʝʡʥʦʩʪʠ ʚʦʣʦʢʦʥʥʦʛʦ 

ʩʚʝʪʦʚʦʜʘ ɔ ʚ 3 ʨʘʟʘ ʤʝʥʴʰʝ ʜʣʷ ʚʝʢʪʦʨʥʦʛʦ ʏɺʉ, ʯʝʤ ʜʣʷ ʩʢʘʣʷʨʥʦʛʦ. ʕʪʦ 

ʩʚʟ̫ʘʥʦ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʦʨʪʦʛʦʥʘʣʴʥʦʡ ʧʦʣʷʨʠʟʘʮʠʠ 

ʚʟʘʠʤʦʜʝʡʩʪʚʫʶʱʠʭ ʚʦʣʥ [100]. ʂʨʦʤʝ ʪʦʛʦ, ʝʩʣʠ ʠʟʣʫʯʝʥʠʝ ʥʘʢʘʯʢʠ 

ʧʦʣʷʨʠʟʦʚʘʥʦ ʥʝ ʧʦʜ ʫʛʣʦʤ 45Á ʢ ʦʩʷʤ ʩʚʝʪʦʚʦʜʘ ʚ ʩʣʫʯʘʝ ʨʘʟʜʝʣʝʥʠʷ 

ʥʘʢʘʯʢʠ ʤʝʞʜʫ ʦʩʷʤʠ, ʧʘʨʘʤʝʪʨ r < 1 ʚ ʬʦʨʤʫʣʘʭ (1.4) - (1.6). 

ʉʣʝʜʦʚʘʪʝʣʴʥʦ, ʚ ʩʣʫʯʘʝ ʚʝʢʪʦʨʥʦʛʦ ʏɺʉ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʠ 

ʤʦʱʥʦʩʪʴ ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʡ ʛʝʥʝʨʘʮʠʠ ʤʝʥʴʰʝ, ʯʝʤ ʚ ʩʣʫʯʘʝ ʩʢʘʣʷʨʥʦʛʦ 

ʏɺʉ. ʅʘʧʨʠʤʝʨ, ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʫʩʠʣʝʥʠʷ 10% ʩ ʥʘʢʘʯʢʦʡ, ʧʦʣʷʨʠʟʦʚʘʥʥʦʡ 

ʚ ʨʘʚʥʳʭ ʜʦʣʷʭ ʧʦ ʦʩʷʤ ʩʚʝʪʦʚʦʜʘ LMA 5-PM (L = 20 ʤ, ɔ å 10 ɺʪ
-1
ʢʤ

-1
), 

ʥʝʦʙʭʦʜʠʤʘ ʤʦʱʥʦʩʪʴ ʥʘʢʘʯʢʠ 4,5 ɺʪ. ɼʣʷ ʩʢʘʣʷʨʥʦʛʦ ʏɺʉ ʵʪʦ ʟʥʘʯʝʥʠʝ 

ʧʨʠʤʝʨʥʦ ʚ 3 ʨʘʟʘ ʤʝʥʴʰʝ - 1,6 ɺʪ.  
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1.3. ɺʳʚʦʜʳ ʢ ʛʣʘʚʝ 1 

 

ɺ ʜʘʥʥʦʡ ʛʣʘʚʝ ʨʘʩʩʤʦʪʨʝʥ ʚʳʨʦʞʜʝʥʥʳʡ ʧʦ ʯʘʩʪʦʪʝ ʥʘʢʘʯʢʠ 

ʧʘʨʘʤʝʪʨʠʯʝʩʢʠʡ ʧʨʦʮʝʩʩ ʏɺʉ ʚ ʚʦʣʦʢʦʥʥʳʭ ʩʚʝʪʦʚʦʜʘʭ. ʇʨʠʚʝʜʝʥʦ 

ʘʥʘʣʠʪʠʯʝʩʢʦʝ ʨʝʰʝʥʠʝ ʜʣʷ ʫʩʠʣʝʥʠʷ ʠ ʤʦʱʥʦʩʪʠ ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʡ 

ʛʝʥʝʨʘʮʠʠ ʧʨʠ ʫʩʣʦʚʠʠ ʥʝʠʩʪʦʱʝʥʥʦʡ ʥʘʢʘʯʢʠ. ʆʧʠʩʘʥ ʧʨʠʥʮʠʧ 

ʩʢʘʣʷʨʥʦʛʦ ʠ ʚʝʢʪʦʨʥʦʛʦ ʬʘʟʦʚʦʛʦ ʩʠʥʭʨʦʥʠʟʤʘ ʚ ʜʚʫʣʫʯʝʧʨʝʣʦʤʣʷʶʱʠʭ 

ʩʚʝʪʦʚʦʜʘʭ, ʧʦʢʘʟʘʥʳ ʚʦʟʤʦʞʥʳʝ ʧʘʨʘʤʝʪʨʠʯʝʩʢʠʝ ʦʪʩʪʨʦʡʢʠ ʜʣʷ ʜʚʫʭ 

ʪʠʧʦʚ ʩʦʛʣʘʩʦʚʘʥʠʷ ʬʘʟ. ʇʘʨʘʤʝʪʨʠʯʝʩʢʘʷ ʛʝʥʝʨʘʮʠʷ ʚ ʦʙʣʘʩʪʠ ʤʝʥʝʝ 1 

ʤʢʤ ʚʦʟʤʦʞʥʘ ʚ ʩʣʫʯʘʝ ʩʢʘʣʷʨʥʦʛʦ ʩʦʛʣʘʩʦʚʘʥʠʷ ʬʘʟ ʚʙʣʠʟʠ ɼɺʅɼ ʌʂɺʉ, 

ʣʠʙʦ ʧʨʠ ʚʝʢʪʦʨʥʦʤ ʬʘʟʦʚʦʤ ʩʠʥʭʨʦʥʠʟʤʝ ʚ ʩʪʘʥʜʘʨʪʥʦʤ 

ʜʚʫʣʫʯʝʧʨʝʣʦʤʣʷʶʱʝʤ ʩʚʝʪʦʚʦʜʝ. ʆʜʥʘʢʦ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ 

ʚʦ ʚʪʦʨʦʤ ʩʣʫʯʘʝ ʙʫʜʝʪ ʤʝʥʴʰʝ ʠʟ-ʟʘ ʤʝʥʴʰʝʛʦ ʟʥʘʯʝʥʠʷ ɔ ʜʣʷ 

ʦʨʪʦʛʦʥʘʣʴʥʳʭ ʧʦʣʷʨʠʟʘʮʠʡ ʚʟʘʠʤʦʜʝʡʩʪʚʫʶʱʠʭ ʚʦʣʥ. ʇʦʢʘʟʘʥʦ, ʯʪʦ 

ʰʠʨʠʥʘ ʬʘʟʦʚʦʛʦ ʩʠʥʭʨʦʥʠʟʤʘ ʩʫʞʘʝʪʩʷ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʧʘʨʘʤʝʪʨʠʯʝʩʢʠʭ 

ʦʪʩʪʨʦʝʢ ʠ ʜʣʠʥʳ ʩʚʝʪʦʚʦʜʘ, ʧʦʵʪʦʤʫ ʥʝʦʜʥʦʨʦʜʥʦʩʪʴ ʚʦʣʦʢʦʥʥʦʛʦ 

ʩʚʝʪʦʚʦʜʘ ʧʦ ʜʣʠʥʝ ʩʠʣʴʥʦ ʚʣʠʷʝʪ ʥʘ ʚʝʣʠʯʠʥʫ ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʛʦ ʫʩʠʣʝʥʠʷ 

ʧʨʠ ʙʦʣʴʰʠʭ ʦʪʩʪʨʦʡʢʘʭ.  
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ɻʃɸɺɸ 2. ʀʊɽʈɹʀɽɺʓʁ ɺʆʃʆʂʆʅʅʓʁ ʃɸɿɽʈ 

 

2.1. ʍʘʨʘʢʪʝʨʠʩʪʠʢʠ ʠʩʧʦʣʴʟʫʝʤʳʭ ʚ ʵʢʩʧʝʨʠʤʝʥʪʝ ʩʭʝʤ  

 

ʀʪʪʝʨʙʠʝʚʳʝ ʚʦʣʦʢʦʥʥʳʝ ʣʘʟʝʨʳ ʰʠʨʦʢʦ ʠʩʧʦʣʴʟʫʶʪʩʷ ʢʘʢ 

ʠʩʪʦʯʥʠʢʠ ʣʘʟʝʨʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʙʣʠʞʥʝʛʦ ʀʂ ʜʠʘʧʘʟʦʥʘ ʙʣʘʛʦʜʘʨʷ ʠʭ 

ʚʳʩʦʢʦʡ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ, ʙʦʣʴʰʦʡ ʚʳʭʦʜʥʦʡ ʤʦʱʥʦʩʪʠ, 

ʭʦʨʦʰʝʤʫ ʢʘʯʝʩʪʚʫ ʚʳʭʦʜʥʦʛʦ ʧʫʯʢʘ ʠ ʢʦʤʧʘʢʪʥʦʩʪʠ. ʅʘ ʨʠʩ. 2.1ʘ. 

ʧʨʝʜʩʪʘʚʣʝʥʘ ʵʥʝʨʛʝʪʠʯʝʩʢʘʷ ʩʭʝʤʘ ʫʨʦʚʥʝʡ ʠʦʥʦʚ ʠʪʪʝʨʙʠʷ ʚ ʢʚʘʨʮʝʚʦʤ 

ʩʪʝʢʣʝ. ʆʥʘ ʜʦʚʦʣʴʥʦ ʧʨʦʩʪʘ: ʧʦʤʠʤʦ ʦʩʥʦʚʥʦʛʦ ʫʨʦʚʥʷ 
2
F7/2 ʩʫʱʝʩʪʚʫʝʪ 

ʝʜʠʥʩʪʚʝʥʥʳʡ ʚʦʟʙʫʞʜʝʥʥʳʡ ʫʨʦʚʝʥʴ 
2
F5/2. ɺ ʵʣʝʢʪʨʠʯʝʩʢʦʤ 

ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʤ ʧʦʣʝ ʤʘʪʨʠʮʳ ʩʪʝʢʣʘ ʚʳʨʦʞʜʝʥʠʝ ʫʨʦʚʥʝʡ ʯʘʩʪʠʯʥʦ 

ʩʥʠʤʘʝʪʩʷ. ʇʦʵʪʦʤʫ ʩʧʝʢʪʨʳ ʧʦʛʣʦʱʝʥʠʷ ʠ ʣʶʤʠʥʝʩʮʝʥʮʠʠ ʧʨʝʜʩʪʘʚʣʷʶʪ 

ʩʦʙʦʡ ʰʠʨʦʢʠʝ ʥʝʧʨʝʨʳʚʥʳʝ ʧʦʣʦʩʳ ʚ ʦʙʣʘʩʪʠ 0,9 ï 1,1 ʤʢʤ c ʫʟʢʠʤ 

ʧʠʢʦʤ ʚʙʣʠʟʠ 980 ʥʤ (ʩʤ. ʨʠʩ. 2.1ʙ).  

 

ʈʠʩ. 2.1. ʉʧʝʢʪʨʘʣʴʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʠʦʥʦʚ Yb ʚ ʢʚʘʨʮʝʚʦʤ ʩʪʝʢʣʝ: ʘ) 

ʉʭʝʤʘ ʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʫʨʦʚʥʝʡ; ʙ) ʉʧʝʢʪʨ ʧʦʛʣʦʱʝʥʠʷ (ʰʪʨʠʭʦʚʘʷ ʣʠʥʠʷ) 

ʠ ʣʶʤʠʥʝʩʮʝʥʮʠʠ (ʩʧʣʦʰʥʘʷ ʣʠʥʠʷ). 

 

ʇʦ ʣʠʪʝʨʘʪʫʨʥʳʤ ʜʘʥʥʳʤ ʩʝʯʝʥʠʝ ʧʦʛʣʦʱʝʥʠʷ ʠ ʣʶʤʠʥʝʩʮʝʥʮʠʠ ʚ 

ʤʘʢʩʠʤʫʤʝ ʧʨʘʢʪʠʯʝʩʢʠ ʩʦʚʧʘʜʘʶʪ ʠ ʩʦʩʪʘʚʣʷʶʪ ʚʝʣʠʯʠʥʫ ~ 2,7Ĭ10
-20

 ʩʤ
2
 

ʚ ʛʝʨʤʘʥʦ- ʠ ʘʣʶʤʦʩʠʣʠʢʘʪʥʦʤ ʩʚʝʪʦʚʦʜʘʭ (ʩʤ., ʥʘʧʨʠʤʝʨ, [101, 102]). 

ʅʘʠʙʦʣʝʝ ʵʬʬʝʢʪʠʚʥʘʷ ʦʙʣʘʩʪʴ ʥʘʢʘʯʢʠ ʥʘʭʦʜʠʪʩʷ ʚʙʣʠʟʠ 976 ʥʤ ʠʟ-ʟʘ 
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ʙʦʣʴʰʦʛʦ ʩʝʯʝʥʠʷ ʧʦʛʣʦʱʝʥʠʷ. ʆʜʥʘʢʦ ʧʦʣʦʩʘ ʧʦʛʣʦʱʝʥʠʷ ʜʦʚʦʣʴʥʦ 

ʫʟʢʘʷ, ʯʪʦ ʥʘʢʣʘʜʳʚʘʝʪ ʦʛʨʘʥʠʯʝʥʠʝ ʥʘ ʩʪʘʙʠʣʴʥʦʩʪʴ ʜʣʠʥʳ ʚʦʣʥʳ 

ʠʟʣʫʯʝʥʠʷ ʥʘʢʘʯʢʠ. ɼʣʷ ʦʮʝʥʢʠ ʤʦʱʥʦʩʪʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʀɺʃ ʤʦʞʥʦ 

ʚʦʩʧʦʣʴʟʦʚʘʪʴʩʷ ʘʥʘʣʠʪʠʯʝʩʢʦʡ ʤʦʜʝʣʴʶ, ʠʟʣʦʞʝʥʥʦʡ ʚ [103]. 

ɺ ʧʨʦʚʝʜʝʥʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʘʭ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʜʚʝ ʩʭʝʤʳ ʀɺʃ ï ʩ 

ʣʠʥʝʡʥʳʤ ʠ ʢʦʣʴʮʝʚʳʤ ʨʝʟʦʥʘʪʦʨʦʤ. ʆʥʠ ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʨʠʩ. 2.2ʘ ʠ ʙ, 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. 

 

 

ʈʠʩ. 2.2. ʃʠʥʝʡʥʘʷ (ʘ) ʠ ʢʦʣʴʮʝʚʘʷ (ʙ) ʩʭʝʤʳ ʀɺʃ, ʠʩʧʦʣʴʟʫʝʤʳʝ ʚ 

ʵʢʩʧʝʨʠʤʝʥʪʝ: 1 ï ʛʨʫʧʧʘ ʣʘʟʝʨʥʳʭ ʜʠʦʜʦʚ, 2 ï ʦʙʲʝʜʠʥʠʪʝʣʴ ʥʘʢʘʯʢʠ, 3 ï 

ɺɹʈ, 4 ï ʘʢʪʠʚʥʳʡ ʚʦʣʦʢʦʥʥʦʡ ʩʚʝʪʦʚʦʜ, ʣʝʛʠʨʦʚʘʥʥʳʡ ʠʦʥʘʤʠ Yb, 5 ï 

ʧʝʨʝʩʪʨʘʠʚʘʝʤʘʷ ɺɹʈ, 6 ï ʚʦʣʦʢʦʥʥʳʡ ʦʪʚʝʪʚʠʪʝʣʴ. 

 

ɺ ʣʠʥʝʡʥʦʡ ʩʭʝʤʝ ʠʟʣʫʯʝʥʠʝ ʥʘʢʘʯʢʠ ʦʪ ʛʨʫʧʧʳ ʣʘʟʝʨʥʳʭ ʜʠʦʜʦʚ 1 

ʟʘʚʦʜʠʪʩʷ ʯʝʨʝʟ ʚʦʣʦʢʦʥʥʳʡ ʦʙʲʝʜʠʥʠʪʝʣʴ ʥʘʢʘʯʢʠ 2 ʚ ʩʚʝʪʦʚʦʜ ʩ ʜʚʦʡʥʦʡ 

ʦʙʦʣʦʯʢʦʡ, ʨʝʟʦʥʘʪʦʨ ʌʘʙʨʠ-ʇʝʨʦ ʩʬʦʨʤʠʨʦʚʘʥ ʧʘʨʦʡ ʩʦʛʣʘʩʦʚʘʥʥʳʭ ʧʦ 

ʜʣʠʥʝ ʚʦʣʥʳ ɺɹʈ 3. ɺʦʣʦʢʦʥʥʳʝ ʙʨʵʛʛʦʚʩʢʠʝ ʨʝʰʝʪʢʠ ʦʙʝʩʧʝʯʠʚʘʶʪ 

ʩʝʣʝʢʪʠʚʥʫʶ ʦʙʨʘʪʥʫʶ ʩʚʷʟʴ ʜʣʷ ʠʟʣʫʯʝʥʠʷ ʥʘ ʨʝʟʦʥʘʥʩʥʦʡ ʜʣʠʥʝ ʚʦʣʥʳ, ʚ 

ʨʝʟʫʣʴʪʘʪʝ ʚ ʘʢʪʠʚʥʦʤ ʚʦʣʦʢʦʥʥʦʤ ʩʚʝʪʦʚʦʜʝ 4 ʧʨʦʠʩʭʦʜʠʪ ʫʩʠʣʝʥʠʝ 
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ʩʠʛʥʘʣʴʥʦʡ ʚʦʣʥʳ. ʏʘʩʪʴ ʛʝʥʝʨʠʨʫʝʤʦʛʦ ʠʟʣʫʯʝʥʠʷ ʚʳʚʦʜʠʪʩʷ ʠʟ ʣʘʟʝʨʘ 

ʯʝʨʝʟ ʚʳʭʦʜʥʫʶ ɺɹʈ. ʇʨʝʠʤʫʱʝʩʪʚʦ ʣʠʥʝʡʥʦʡ ʩʭʝʤʳ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʝʝ 

ʧʨʦʩʪʦʪʝ ʠ ʜʚʦʡʥʦʤ ʧʨʦʭʦʞʜʝʥʠʠ ʩʠʛʥʘʣʴʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʯʝʨʝʟ 

ʫʩʠʣʠʚʘʶʱʫʶ ʩʨʝʜʫ. ʀʟʤʝʥʝʥʠʝ ʜʣʠʥʳ ʚʦʣʥʳ ʛʝʥʝʨʘʮʠʠ ʚ ʪʘʢʦʡ ʩʭʝʤʝ 

ʪʨʝʙʫʝʪ ʩʠʥʭʨʦʥʥʦʡ ʧʝʨʝʩʪʨʦʡʢʠ ʨʝʟʦʥʘʥʩʥʦʡ ʜʣʠʥʳ ʚʦʣʥʳ ʜʚʫʭ ɺɹʈ, ʯʪʦ 

ʷʚʣʷʝʪʩʷ ʦʪʥʦʩʠʪʝʣʴʥʦ ʩʣʦʞʥʦʡ ʢʦʥʩʪʨʫʢʪʦʨʩʢʦʡ ʟʘʜʘʯʝʡ.  

 ɺ ʢʦʣʴʮʝʚʦʡ ʩʭʝʤʝ ʠʟʣʫʯʝʥʠʝ ʥʘʢʘʯʢʠ ʦʪ ʛʨʫʧʧʳ ʣʘʟʝʨʥʳʭ ʜʠʦʜʦʚ 1 

ʟʘʚʦʜʠʪʩʷ ʯʝʨʝʟ ʚʦʣʦʢʦʥʥʳʡ ʦʙʲʝʜʠʥʠʪʝʣʴ ʥʘʢʘʯʢʠ 2 ʚ ʩʚʝʪʦʚʦʜ ʩ ʜʚʦʡʥʦʡ 

ʦʙʦʣʦʯʢʦʡ ʠ ʧʨʦʭʦʜʠʪ ʯʝʨʝʟ ʘʢʪʠʚʥʫʶ ʩʨʝʜʫ 4, ʛʜʝ ʛʝʥʝʨʠʨʫʝʪʩʷ 

ʩʧʦʥʪʘʥʥʦʝ ʠʟʣʫʯʝʥʠʝ. ʂʦʣʴʮʝʚʦʡ ʨʝʟʦʥʘʪʦʨ ʩʬʦʨʤʠʨʦʚʘʥ ʚʦʣʦʢʦʥʥʳʤ 

ʦʪʚʝʪʚʠʪʝʣʝʤ 6. ʅʝʙʦʣʴʰʘʷ ʯʘʩʪʴ ʠʟʣʫʯʝʥʠʷ (~ 10%) ʧʦʧʘʜʘʝʪ ʯʝʨʝʟ 

ʚʦʣʦʢʦʥʥʳʡ ʦʪʚʝʪʚʠʪʝʣʴ ʚ ʧʝʨʝʩʪʨʘʠʚʘʝʤʫʶ ɺɹʈ 5, ʢʦʪʦʨʘʷ ʦʪʨʘʞʘʝʪ 

ʫʟʢʦʧʦʣʦʩʥʦʝ ʠʟʣʫʯʝʥʠʝ ʥʘ ʨʝʟʦʥʘʥʩʥʦʡ ʜʣʠʥʝ ʚʦʣʥʳ ʦʙʨʘʪʥʦ ʚ ʨʝʟʦʥʘʪʦʨ. 

ʕʪʦ ʩʠʛʥʘʣʴʥʦʝ ʠʟʣʫʯʝʥʠʝ ʧʨʦʭʦʜʠʪ ʯʝʨʝʟ ʦʙʲʝʜʠʥʠʪʝʣʴ ʥʘʢʘʯʢʠ ʠ 

ʫʩʠʣʠʚʘʝʪʩʷ ʚ ʘʢʪʠʚʥʦʤ ʚʦʣʦʢʦʥʥʦʤ ʩʚʝʪʦʚʦʜʝ 4. ʉʚʦʙʦʜʥʳʡ ʧʦʨʪ 

ʚʦʣʦʢʦʥʥʦʛʦ ʦʪʚʝʪʚʠʪʝʣʷ ʩʣʫʞʠʪ ʜʣʷ ʚʳʚʦʜʘ ʣʘʟʝʨʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʠʟ 

ʨʝʟʦʥʘʪʦʨʘ. ɺ ʩʭʝʤʝ ʥʘ ʨʠʩ. 2.2ʙ ʥʝʪ ʚʳʜʝʣʝʥʥʦʛʦ ʥʘʧʨʘʚʣʝʥʠʷ ʛʝʥʝʨʘʮʠʠ 

ʚʥʫʪʨʠ ʨʝʟʦʥʘʪʦʨʘ, ʧʦʵʪʦʤʫ ʜʣʷ ʧʦʚʳʰʝʥʠʷ ʩʪʘʙʠʣʴʥʦʩʪʠ ʛʝʥʝʨʘʮʠʠ ʚ ʥʝʝ 

ʠʥʦʛʜʘ ʜʦʙʘʚʣʷʶʪ ʠʟʦʣʷʪʦʨ. ʆʜʥʘʢʦ ʬʣʫʢʪʫʘʮʠʠ ʚʳʭʦʜʥʦʡ ʤʦʱʥʦʩʪʠ 

ʤʦʛʫʪ ʙʳʪʴ ʦʪʥʦʩʠʪʝʣʴʥʦ ʤʘʣʳ. ʊʘʢ, ʚ ʨʘʙʦʪʝ [104] ʦʥʠ ʙʳʣʠ ʥʘ ʫʨʦʚʥʝ 

ʚʩʝʛʦ ʥʝʩʢʦʣʴʢʠʭ ʧʨʦʮʝʥʪʦʚ, ʯʪʦ ʛʦʚʦʨʠʪ ʦ ʩʪʘʙʠʣʴʥʦʩʪʠ ʪʘʢʦʡ 

ʢʦʥʬʠʛʫʨʘʮʠʠ. ʀʟʤʝʥʝʥʠʝ ʜʣʠʥʳ ʚʦʣʥʳ ʛʝʥʝʨʘʮʠʠ ʢʦʣʴʮʝʚʦʛʦ ʣʘʟʝʨʘ 

ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʧʫʪʝʤ ʧʝʨʝʩʪʨʦʡʢʠ ʚʩʝʛʦ ʦʜʥʦʡ ɺɹʈ ʚʤʝʩʪʦ ʜʚʫʭ, 

ʠʩʧʦʣʴʟʫʝʤʳʭ ʚ ʣʠʥʝʡʥʦʡ ʢʦʥʬʠʛʫʨʘʮʠʠ. ʇʦʵʪʦʤʫ ʢʦʣʴʮʝʚʘʷ ʩʭʝʤʘ 

ʧʝʨʩʧʝʢʪʠʚʥʘ ʜʣʷ ʩʦʟʜʘʥʠʷ ʧʝʨʝʩʪʨʘʠʚʘʝʤʦʛʦ ʚʦʣʦʢʦʥʥʦʛʦ ʣʘʟʝʨʘ.  

 ʈʘʩʩʤʦʪʨʠʤ ʦʪʜʝʣʴʥʳʝ ʢʦʤʧʦʥʝʥʪʳ ʀɺʃ.  

ɺ ʢʘʯʝʩʪʚʝ ʠʩʪʦʯʥʠʢʘ ʥʘʢʘʯʢʠ ʜʣʷ ʢʘʞʜʦʡ ʢʦʥʬʠʛʫʨʘʮʠʠ ʀɺʃ 

ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʦʪ 2 ʜʦ 6 ʤʥʦʛʦʤʦʜʦʚʳʭ ʣʘʟʝʨʥʳʭ ʜʠʦʜʦʚ ʩ ʚʦʣʦʢʦʥʥʳʤ 

ʚʳʭʦʜʦʤ ʬʠʨʤʳ Lumics ʠʣʠ Oclaro. ʎʝʥʪʨʘʣʴʥʘʷ ʜʣʠʥʘ ʚʦʣʥʳ ʠ ʚʳʭʦʜʥʘʷ 

ʤʦʱʥʦʩʪʴ ʢʘʞʜʦʛʦ ʜʠʦʜʘ ʫʚʝʣʠʯʠʚʘʣʠʩʴ ʩ ʨʦʩʪʦʤ ʪʦʢʘ ʠ ʧʨʠ 



43 

 

 

ʤʘʢʩʠʤʘʣʴʥʦʤ ʟʥʘʯʝʥʠʠ ʜʦʩʪʠʛʘʣʠ 976 ʥʤ ʠ 8 ɺʪ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. 

ʋʚʝʣʠʯʝʥʠʝ ʤʦʱʥʦʩʪʠ ʧʨʠʚʦʜʠʣʦ ʢ ʥʘʛʨʝʚʫ ʜʠʦʜʘ ʠ ʢ ʠʟʤʝʥʝʥʠʶ ʝʛʦ 

ʮʝʥʪʨʘʣʴʥʦʡ ʜʣʠʥʳ ʚʦʣʥʳ, ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʢ ʠʟʤʝʥʝʥʠʶ ʧʦʛʣʦʱʝʥʠʷ 

ʥʘʢʘʯʢʠ ʚ ʘʢʪʠʚʥʦʤ ʩʚʝʪʦʚʦʜʝ (ʩʤ. ʨʠʩ. 2.1ʙ). ʊʝʤʧʝʨʘʪʫʨʥʳʝ ʵʬʬʝʢʪʳ 

ʧʨʦʪʝʢʘʣʠ ʜʦʚʦʣʴʥʦ ʤʝʜʣʝʥʥʦ, ʧʦʵʪʦʤʫ ʜʣʷ ʙʳʩʪʨʦʛʦ ʚʳʭʦʜʘ ʥʘ 

ʩʪʘʙʠʣʴʥʳʡ ʨʝʞʠʤ ʛʝʥʝʨʘʮʠʠ ʙʳʣʘ ʠʩʧʦʣʴʟʦʚʘʥʘ ʘʢʪʠʚʥʘʷ ʪʝʤʧʝʨʘʪʫʨʥʘʷ 

ʩʪʘʙʠʣʠʟʘʮʠʷ ʣʘʟʝʨʥʳʭ ʜʠʦʜʦʚ. ʆʥʘ ʦʩʫʱʝʩʪʚʣʷʣʘʩʴ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ å 35 

Üʉ ʩ ʧʦʤʦʱʴʶ ʩʧʝʮʠʘʣʴʥʦʛʦ ʵʣʝʢʪʨʦʥʥʦʛʦ ʙʣʦʢʘ. 

ʀʟʣʫʯʝʥʠʝ ʥʘʢʘʯʢʠ ʦʪ ʣʘʟʝʨʥʳʭ ʜʠʦʜʦʚ ʟʘʚʦʜʠʣʦʩʴ ʚ ʘʢʪʠʚʥʳʡ 

ʩʚʝʪʦʚʦʜ ʩ ʧʦʤʦʱʴʶ ʪʘʢ ʥʘʟʳʚʘʝʤʦʛʦ ʚʦʣʦʢʦʥʥʦʛʦ ʦʙʲʝʜʠʥʠʪʝʣʷ ʥʘʢʘʯʢʠ 

(2 ʥʘ ʨʠʩ. 2.2). ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʦʙʲʝʜʠʥʠʪʝʣʠ ʥʘʢʘʯʢʠ 

ʧʨʦʠʟʚʦʜʠʪʝʣʝʡ Sifam ʠ Opneti, ʠʤʝʶʱʠʝ ʦʪ 2 ʜʦ 6 ʤʥʦʛʦʤʦʜʦʚʳʭ ʧʦʨʪʦʚ ʠ 

ʦʜʠʥ ʦʜʥʦʤʦʜʦʚʳʡ ʩʠʛʥʘʣʴʥʳʡ ʧʦʨʪ. ɼʠʘʤʝʪʨ ʩʝʨʜʮʝʚʠʥʳ (ʦʙʦʣʦʯʢʠ) 

ʤʥʦʛʦʤʦʜʦʚʳʭ ʩʚʝʪʦʚʦʜʦʚ ʨʘʚʥʷʣʩʷ 105 (125) ʤʢʤ ʩ ʯʠʩʣʦʚʦʡ ʘʧʝʨʪʫʨʦʡ 

0,22. ʕʬʬʝʢʪʠʚʥʦʩʪʴ ʟʘʚʝʜʝʥʠʷ ʥʘʢʘʯʢʠ ʙʳʣʘ Ó 90%. ɺʳʭʦʜʥʦʡ ʧʦʨʪ 

ʠʟʛʦʪʘʚʣʠʚʘʣʩʷ ʠʟ ʚʦʣʦʢʦʥʥʦʛʦ ʩʚʝʪʦʚʦʜʘ ʩ ʜʚʦʡʥʦʡ ʦʙʦʣʦʯʢʦʡ. ɺ ʨʘʟʜʝʣʝ 

4.2.2 ʜʣʷ ʩʦʟʜʘʥʠʷ ʠʪʪʝʨʙʠʝʚʳʭ ʚʦʣʦʢʦʥʥʳʭ ʫʩʠʣʠʪʝʣʝʡ ʩʠʩʪʝʤʳ 

ʟʘʜʘʶʱʝʛʦ ʛʝʥʝʨʘʪʦʨʘ-ʫʩʠʣʠʪʝʣʷ ʤʦʱʥʦʩʪʠ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʦʙʲʝʜʠʥʠʪʝʣʠ 

ʥʘʢʘʯʢʠ ʬʠʨʤʳ Lightcomm, ʫ ʢʦʪʦʨʳʭ ʩʠʛʥʘʣʴʥʳʡ ʠ ʚʳʭʦʜʥʦʡ ʧʦʨʪʳ 

ʩʜʝʣʘʥʳ ʠʟ ʚʦʣʦʢʦʥʥʳʭ ʩʚʝʪʦʚʦʜʦʚ ʩ ʩʦʭʨʘʥʝʥʠʝʤ ʧʦʣʷʨʠʟʘʮʠʠ. 

ʇʦʜ ʮʠʬʨʘʤʠ 3 ʠ 5 ʥʘ ʨʠʩ. 2.2 ʦʙʦʟʥʘʯʝʥʳ ʚʦʣʦʢʦʥʥʳʝ ʙʨʵʛʛʦʚʩʢʠʝ 

ʨʝʰʝʪʢʠ. ɺɹʈ ï ʵʪʦ ʫʯʘʩʪʦʢ ʚʦʣʦʢʦʥʥʦʛʦ ʩʚʝʪʦʚʦʜʘ, ʚ ʩʝʨʜʮʝʚʠʥʝ ʢʦʪʦʨʦʛʦ 

ʩʦʟʜʘʥʦ ʧʝʨʠʦʜʠʯʝʩʢʦʝ ʠʟʤʝʥʝʥʠʝ ʧʦʢʘʟʘʪʝʣʷ ʧʨʝʣʦʤʣʝʥʠʷ (ʩʤ. ʨʠʩ. 2.3). 

ʊʘʢʘʷ ʩʪʨʫʢʪʫʨʘ ʦʪʨʘʞʘʝʪ ʫʟʢʦʧʦʣʦʩʥʦʝ ʠʟʣʫʯʝʥʠʝ ʥʘ ʟʘʜʘʥʥʦʡ ʜʣʠʥʝ 

ʚʦʣʥʳ  

effBrBr nL=2l ,      (2.1) 

ʛʜʝ ȿBr ï ʧʝʨʠʦʜ ʩʪʨʫʢʪʫʨʳ, neff ï ʵʬʬʝʢʪʠʚʥʳʡ ʧʦʢʘʟʘʪʝʣʴ 

ʧʨʝʣʦʤʣʝʥʠʷ ʩʚʝʪʦʚʦʜʘ [11]. ʀʟʚʝʩʪʥʦ, ʯʪʦ ɺɹʈ ʷʚʣʷʝʪʩʷ ʧʝʨʩʧʝʢʪʠʚʥʳʤ 

ʩʝʣʝʢʪʠʚʥʳʤ ʫʩʪʨʦʡʩʪʚʦʤ ʜʣʷ ʩʦʟʜʘʥʠʷ ʣʘʟʝʨʦʚ ʩ ʧʦʣʥʦʩʪʴʶ ʚʦʣʦʢʦʥʥʳʤ 

ʨʝʟʦʥʘʪʦʨʦʤ. 
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ʈʠʩ. 2.3. ʉʭʝʤʘʪʠʯʝʩʢʦʝ ʠʟʦʙʨʘʞʝʥʠʝ ɺɹʈ. 

 

ʇʝʨʝʩʪʨʦʡʢʘ ʨʝʟʦʥʘʥʩʥʦʡ ʜʣʠʥʳ ɺɹʈ ʚʦʟʤʦʞʥʘ ʧʨʠ ʠʟʤʝʥʝʥʠʠ 

ʚʝʣʠʯʠʥ ȿ ʠ neff ʚ ʩʣʫʯʘʝ ʥʘʛʨʝʚʘ (ʦʭʣʘʞʜʝʥʠʷ) ʠʣʠ ʤʝʭʘʥʠʯʝʩʢʦʛʦ 

ʨʘʩʪʷʞʝʥʠʷ (ʩʞʘʪʠʷ) ʩʚʝʪʦʚʦʜʘ. ʇʨʠ ʥʘʛʨʝʚʝ ʥʘ 100Cʐ ʧʝʨʝʩʪʨʦʡʢʘ ʜʣʠʥʳ 

ʚʦʣʥʳ ʩʦʚʩʝʤ ʥʝʙʦʣʴʰʘʷ ʠ ʩʦʩʪʘʚʣʷʝʪ Ḑ0,7 ʥʤ ʚʙʣʠʟʠ 1 ʤʢʤ [105]. 

ɼʠʘʧʘʟʦʥ ʧʝʨʝʩʪʨʦʡʢʠ ʧʨʠ ʨʘʩʪʷʞʝʥʠʠ ʚʦʣʦʢʦʥʥʦʛʦ ʩʚʝʪʦʚʦʜʘ ʦʛʨʘʥʠʯʝʥ 

ʝʛʦ ʦʪʥʦʩʠʪʝʣʴʥʦ ʤʘʣʦʡ ʧʨʦʯʥʦʩʪʴʶ. ʉ ʜʨʫʛʦʡ ʩʪʦʨʦʥʳ ʧʦʨʦʛ ʧʨʦʯʥʦʩʪʠ 

ʧʨʠ ʩʞʘʪʠʠ ɺɹʈ ʟʥʘʯʠʪʝʣʴʥʦ ʚʳʰʝ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʧʝʨʝʩʪʨʘʠʚʘʪʴ ʜʣʠʥʫ 

ʚʦʣʥʳ ɚBr ʜʦ 110 ʥʤ ʚʥʝ ʩʭʝʤʳ ʣʘʟʝʨʘ [106], ʜʦ 45 ʥʤ ʚ ʀɺʃ [107] ʠ ʙʦʣʝʝ 

ʯʝʤ ʥʘ 50 ʥʤ ʚ ʵʨʙʠʝʚʦʤ ʚʦʣʦʢʦʥʥʦʤ ʣʘʟʝʨʝ [12]. ɺ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ 

ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʜʚʘ ʩʧʦʩʦʙʘ ʤʝʭʘʥʠʯʝʩʢʦʡ ʧʝʨʝʩʪʨʦʡʢʠ ɺɹʈ: ʩʞʘʪʠʝ 

ʚʦʣʦʢʦʥʥʦʛʦ ʩʚʝʪʦʚʦʜʘ ʚ ʜʚʫʭ ʩʮʝʥʪʨʠʨʦʚʘʥʥʳʭ ʢʝʨʘʤʠʯʝʩʢʠʭ ʦʙʦʡʤʘʭ 

[108] ʠ ʠʟʛʠʙ ʧʣʘʩʪʠʥʳ ʩ ʧʨʠʢʣʝʝʥʥʳʤ ʢ ʥʝʤʫ ʩʚʝʪʦʚʦʜʦʤ [106] (ʩʤ. ʨʠʩ. 

2.4).  

 

ʈʠʩ 2.4. ʉʭʝʤʳ ʩʞʘʪʠʷ ɺɹʈ: ʘ ï ʦʩʝʚʦʝ ʩʞʘʪʠʝ; ʙ ï ʠʟʛʠʙʥʦʝ ʩʞʘʪʠʝ. 

 

ʇʝʨʚʳʡ ʩʧʦʩʦʙ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠ ʩʣʦʞʥʝʝ, ʪʘʢ ʢʘʢ ʥʝʦʙʭʦʜʠʤʦ ʪʦʯʥʦ 

ʮʝʥʪʨʠʨʦʚʘʪʴ ʦʙʦʡʤʳ ʜʨʫʛ ʦʪʥʦʩʠʪʝʣʴʥʦ ʜʨʫʛʘ, ʦʜʥʘʢʦ ʦʥ ʦʙʝʩʧʝʯʠʚʘʝʪ 
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ʩʪʘʙʠʣʴʥʫʶ ʜʣʠʥʫ ʚʦʣʥʳ ʦʪʨʘʞʝʥʠʷ ʨʝʰʝʪʢʠ ʠ ʥʝ ʪʨʝʙʫʝʪ ʙʦʣʴʰʠʭ 

ʬʠʟʠʯʝʩʢʠʭ ʫʩʠʣʠʡ. ʊʘʢ ʯʪʦ ʙʦʣʴʰʠʥʩʪʚʦ ʧʝʨʝʩʪʨʘʠʚʘʝʤʳʭ ɺɹʈ ʚ 

ʢʦʣʴʮʝʚʦʡ ʩʭʝʤʝ (5 ʥʘ ʨʠʩ. 2.2ʙ) ʙʳʣʠ ʦʩʥʦʚʘʥʳ ʥʘ ʧʨʠʥʮʠʧʝ ʦʩʝʚʦʛʦ 

ʩʞʘʪʠʷ. ɿʘʧʠʩʴ ɺɹʈ ʠ ʠʭ ʟʘʢʣʝʡʢʘ ʚ ʧʝʨʝʩʪʨʘʠʚʘʝʤʳʡ ʢʦʥʩʪʨʫʢʪʠʚ 

ʦʩʫʱʝʩʪʚʣʷʣʘʩʴ ʚ ʥʘʰʝʡ ʣʘʙʦʨʘʪʦʨʠʠ. ɼʣʷ ʟʘʧʠʩʠ ʨʝʰʝʪʦʢ ʙʳʣ ʚʳʙʨʘʥ 

ʢʦʤʤʝʨʯʝʩʢʠʡ ʚʦʣʦʢʦʥʥʳʡ ʩʚʝʪʦʚʦʜ 1060-XP ʬʠʨʤʳ Nufern ʩ ʜʠʘʤʝʪʨʦʤ 

ʤʦʜʳ 6,2 ʤʢʤ ʚʙʣʠʟʠ 1060 ʥʤ ʠ ʯʠʩʣʦʚʦʡ ʘʧʝʨʪʫʨʦʡ NA = 0,14 (ʜʘʥʥʳʝ 

ʚʟʷʪʳ ʫ ʧʨʦʠʟʚʦʜʠʪʝʣʷ). ʇʣʦʪʥʘʷ ʚʭʦʜʥʘʷ ɺɹʈ ʣʠʥʝʡʥʦʛʦ ʣʘʟʝʨʘ (ʩʤ. ʨʠʩ. 

2.2ʘ) ʜʣʷ ʭʦʨʦʰʝʛʦ ʩʦʛʣʘʩʦʚʘʥʠʷ ʩ ʚʳʭʦʜʥʳʤ ʧʦʨʪʦʤ ʦʙʲʝʜʠʥʠʪʝʣʷ 

ʥʘʢʘʯʢʠ ʙʳʣʘ ʟʘʧʠʩʘʥʘ ʚ ʚʦʣʦʢʦʥʥʦʤ ʩʚʝʪʦʚʦʜʝ ʩ ʜʚʦʡʥʦʡ ʦʙʦʣʦʯʢʦʡ 1060 

GDF (ʜʠʘʤʝʪʨ ʤʦʜʳ 6,5 ʤʢʤ ʚʙʣʠʟʠ 1060 ʥʤ, ʯʠʩʣʦʚʘʷ ʘʧʝʨʪʫʨʘ NA = 0,14).  

ɼʣʷ ʣʠʥʝʡʥʦʡ ʩʭʝʤʳ ʀɺʃ ʧʨʠʤʝʥʷʣʠʩʴ ɺɹʈ ʩ ʮʝʥʪʨʘʣʴʥʦʡ ʜʣʠʥʦʡ 

ʚʦʣʥʳ å 1048 ʥʤ ʠ ʰʠʨʠʥʦʡ ʩʧʝʢʪʨʘ ʦʪʨʘʞʝʥʠʷ < 0,2 ʥʤ. ʂʦʵʬʬʠʮʠʝʥʪ 

ʦʪʨʘʞʝʥʠʷ ʧʣʦʪʥʦʡ ɺɹʈ ʙʳʣ 93%, ʚʳʭʦʜʥʦʡ ɺɹʈ - 15%. ɼʣʷ ʢʦʣʴʮʝʚʦʡ 

ʩʭʝʤʳ ʀɺʃ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʥʘʙʦʨ ʧʣʦʪʥʳʭ ɺɹʈ ʩ ʩʫʤʤʘʨʥʦʡ ʦʙʣʘʩʪʴʶ 

ʧʝʨʝʩʪʨʦʡʢʠ ʦʪ 1010 ʥʤ ʜʦ 1120 ʥʤ. 

ɺ ʢʘʯʝʩʪʚʝ ʘʢʪʠʚʥʳʭ (4 ʥʘ ʨʠʩ. 2.2) ʙʳʣʠ ʚʳʙʨʘʥʳ ʠʪʪʝʨʙʠʝʚʳʝ 

ʚʦʣʦʢʦʥʥʳʝ ʩʚʝʪʦʚʦʜʳ ʬʠʨʤ Nufern (SM-YDF-5/130) ʠ CorActive (DCF-

YB-6/128) ʩ ʜʠʘʤʝʪʨʦʤ ʧʦʣʷ ʤʦʜʳ ʦʪ 6,2 ʜʦ 6,5 ʤʢʤ ʥʘ ʜʣʠʥʝ ʚʦʣʥʳ 1060 

ʥʤ. ʆʥʠ ʠʤʝʶʪ ʩʚʝʪʦʚʝʜʫʱʫʶ ʚʥʫʪʨʝʥʥʶʶ ʦʙʦʣʦʯʢʫ, ʢʦʪʦʨʘʷ ʧʦʟʚʦʣʷʝʪ 

ʧʨʠʤʝʥʷʪʴ ʚ ʢʘʯʝʩʪʚʝ ʠʩʪʦʯʥʠʢʘ ʥʘʢʘʯʢʠ ʤʥʦʛʦʤʦʜʦʚʳʝ ʣʘʟʝʨʥʳʝ ʜʠʦʜʳ, ʠ 

ʜʠʘʤʝʪʨ ʧʦʣʷ ʤʦʜʳ, ʩʨʘʚʥʠʤʳʡ ʩ ʚʝʣʠʯʠʥʦʡ ʜʣʷ ʩʚʝʪʦʚʦʜʘ 1060-XP. ɼʣʠʥʘ 

ʠʪʪʝʨʙʠʝʚʳʭ ʚʦʣʦʢʦʥʥʳʭ ʩʚʝʪʦʚʦʜʦʚ ʚʘʨʴʠʨʦʚʘʣʘʩʴ ʚ ʩʣʫʯʘʝ ʦʪʜʝʣʴʥʳʭ 

ʀɺʃ ʦʪ 1 ʜʦ 8 ʤ. ɺ ʨʘʟʜʝʣʝ 4.2.2 ʜʣʷ ʩʦʟʜʘʥʠʷ ʚʦʣʦʢʦʥʥʳʭ ʫʩʠʣʠʪʝʣʝʡ 

ʩʠʩʪʝʤʳ ʟʘʜʘʶʱʝʛʦ ʛʝʥʝʨʘʪʦʨʘ-ʫʩʠʣʠʪʝʣʷ ʤʦʱʥʦʩʪʠ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ 

ʠʪʪʝʨʙʠʝʚʳʝ ʚʦʣʦʢʦʥʥʳʝ ʩʚʝʪʦʚʦʜʳ ʩ ʩʦʭʨʘʥʝʥʠʝʤ ʧʦʣʷʨʠʟʘʮʠʠ ʤʘʨʢʠ 

Nufern PM-YDFL-5/130 ʜʣʠʥʦʡ ʦʪ 4 ʜʦ 7 ʤ.  

ʉʧʣʘʚʥʦʡ ʚʦʣʦʢʦʥʥʳʡ ʦʪʚʝʪʚʠʪʝʣʴ 6 ʥʘ ʨʠʩ. 2.2ʙ ʧʨʝʜʩʪʘʚʣʷʣ ʩʦʙʦʡ 

ʫʩʪʨʦʡʩʪʚʦ ʩ ʜʚʫʤʷ ʚʭʦʜʥʳʤʠ ʠ ʜʚʫʤʷ ʚʳʭʦʜʥʳʤʠ ʧʦʨʪʘʤʠ, ʢʦʪʦʨʦʝ 

ʢʦʛʝʨʝʥʪʥʦ ʨʘʩʧʨʝʜʝʣʷʣʦ ʦʧʪʠʯʝʩʢʦʝ ʧʦʣʝ, ʟʘʚʦʜʠʤʦʝ ʚʦ ʚʭʦʜʥʦʡ ʧʦʨʪ, 
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ʤʝʞʜʫ ʜʚʫʤʷ ʚʳʭʦʜʥʳʤʠ ʧʦʨʪʘʤʠ. ɺʦʣʦʢʦʥʥʳʡ ʦʪʚʝʪʚʠʪʝʣʴ ʠʩʧʦʣʴʟʫʝʪ 

ʜʣʷ ʨʘʙʦʪʳ ʩʚʷʟʴ ʤʦʜ, ʨʘʩʧʨʦʩʪʨʘʥʷʶʱʠʭʩʷ ʧʦ ʩʝʨʜʮʝʚʠʥʘʤ ʜʚʫʭ ʙʣʠʟʢʦ 

ʨʘʩʧʦʣʦʞʝʥʥʳʭ ʚʦʣʦʢʦʥʥʳʭ ʩʚʝʪʦʚʦʜʦʚ (ʨʘʩʩʪʦʷʥʠʝ ʤʝʞʜʫ ʩʝʨʜʮʝʚʠʥʘʤʠ 

ʩʦʧʦʩʪʘʚʠʤʦ ʩ ʠʭ ʜʠʘʤʝʪʨʦʤ) [109]. ʂʦʵʬʬʠʮʠʝʥʪ ʜʝʣʝʥʠʷ ʤʦʱʥʦʩʪʠ 

ʦʪʚʝʪʚʠʪʝʣʷ 5 ʚʙʣʠʟʠ 1050 ʥʤ ʚʘʨʴʠʨʦʚʘʣʩʷ ʦʪ (5:95) ʜʦ (15:85) ʜʣʷ ʨʘʟʥʳʭ 

ʤʦʜʝʣʝʡ. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʚ ʢʘʯʝʩʪʚʝ ʠʩʪʦʯʥʠʢʘ ʥʘʢʘʯʢʠ ʥʝʧʨʝʨʳʚʥʦʛʦ 

ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʛʦ ʧʨʦʮʝʩʩʘ ʙʳʣʠ ʨʝʘʣʠʟʦʚʘʥʳ ʜʚʝ ʩʭʝʤʳ ʀɺʃ. ɺʳʭʦʜʥʘʷ 

ʤʦʱʥʦʩʪʴ ʣʘʟʝʨʦʚ ʟʘʚʠʩʝʣʘ ʦʪ ʢʦʣʠʯʝʩʪʚʘ ʣʘʟʝʨʥʳʭ ʜʠʦʜʦʚ, ʜʣʠʥʳ 

ʘʢʪʠʚʥʦʛʦ ʩʚʝʪʦʚʦʜʘ ʠ ʜʣʠʥʳ ʚʦʣʥʳ ʛʝʥʝʨʘʮʠʠ. ʆʥʘ ʚʘʨʴʠʨʦʚʘʣʘʩʴ ʦʪ 0,5 

ʜʦ 14 ɺʪ ʜʣʷ ʦʪʜʝʣʴʥʳʭ ʀɺʃ, ʠʩʧʦʣʴʟʫʝʤʳʭ ʚ ʵʢʩʧʝʨʠʤʝʥʪʝ. ʉʪʦʠʪ 

ʩʢʘʟʘʪʴ, ʯʪʦ ʚ ʨʘʙʦʪʝ ʪʘʢʞʝ ʧʨʠʤʝʥʷʣʩʷ ʵʨʙʠʝʚʳʡ ʚʦʣʦʢʦʥʥʳʡ ʣʘʟʝʨ ʩ 

ʢʦʣʴʮʝʚʳʤ ʨʝʟʦʥʘʪʦʨʦʤ (ʩʤ. ʛʣʘʚʫ 3.2.2). ʃʘʟʝʨ ʚʢʣʶʯʘʣ ʘʢʪʠʚʥʳʡ ʵʨʙʠʡ-

ʠʪʪʝʨʙʠʝʚʳʡ ʩʚʝʪʦʚʦʜ ʤʘʨʢʠ Nufern SM-EYDF-6/125-HE ʜʣʠʥʦʡ 6 ʤ ʠ 

ʧʘʨʫ ʣʘʟʝʨʥʳʭ ʜʠʦʜʦʚ, ʦʧʠʩʘʥʥʳʭ ʚʳʰʝ. ʇʝʨʝʩʪʨʘʠʚʘʝʤʘʷ ɺɹʈ ʧʦʟʚʦʣʷʣʘ 

ʤʝʥʷʪʴ ʜʣʠʥʫ ʚʦʣʥʳ ʛʝʥʝʨʘʮʠʠ ʩ 1552 ʜʦ 1542 ʥʤ. ɺʳʭʦʜʥʘʷ ʤʦʱʥʦʩʪʴ 

ʙʳʣʘ ~ 1 ɺʪ. 

   

2.2. ʋʰʠʨʝʥʠʝ ʩʧʝʢʪʨʘ ʛʝʥʝʨʘʮʠʠ 

 

 ʌʦʨʤʘ ʠ ʰʠʨʠʥʘ ʩʧʝʢʪʨʘ ʠʟʣʫʯʝʥʠʷ ʥʘʢʘʯʢʠ ʢʨʠʪʠʯʥʦ ʚʣʠʷʝʪ ʥʘ 

ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʥʝʣʠʥʝʡʥʦʛʦ ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʛʦ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ. 

ɼʝʡʩʪʚʠʪʝʣʴʥʦ, ʝʩʣʠ ʰʠʨʠʥʘ ʩʧʝʢʪʨʘ ʥʘʢʘʯʢʠ ʧʨʝʚʳʰʘʝʪ ʦʙʣʘʩʪʴ ʬʘʟʦʚʦʛʦ 

ʩʠʥʭʨʦʥʠʟʤʘ ʏɺʉ, ʯʘʩʪʴ ʤʦʱʥʦʩʪʠ ʥʝ ʫʯʘʩʪʚʫʝʪ ʚ ʥʝʣʠʥʝʡʥʦʤ ʧʨʦʮʝʩʩʝ, ʠ 

ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʧʘʜʘʝʪ. ɺ ʵʢʩʧʝʨʠʤʝʥʪʘʭ ʥʘʙʣʶʜʘʝʪʩʷ ʫʰʠʨʝʥʠʝ ʩʧʝʢʪʨʘ 

ʀɺʃ ʩ ʨʦʩʪʦʤ ʤʦʱʥʦʩʪʠ ʚʳʭʦʜʥʦʛʦ ʠʟʣʫʯʝʥʠʷ. ɸʚʪʦʨʳ ʨʘʙʦʪʳ [110] 

ʠʩʧʦʣʴʟʦʚʘʣʠ ʚ ʢʘʯʝʩʪʚʝ ʤʦʜʝʣʠ ʫʰʠʨʝʥʠʷ ʀɺʃ ʤʦʜʝʣʴ ʏɺʉ ʙʦʣʴʰʦʛʦ 

ʢʦʣʠʯʝʩʪʚʘ ʧʨʦʜʦʣʴʥʳʭ ʤʦʜ, ʢʦʪʦʨʘʷ ʙʳʣʘ ʨʘʟʨʘʙʦʪʘʥʘ ʜʣʷ ʚʦʣʦʢʦʥʥʦʛʦ 

ɺʂʈ ʣʘʟʝʨʘ [111]. ʕʪʘ ʤʦʜʝʣʴ ʧʨʝʜʩʢʘʟʳʚʘʝʪ ʢʦʨʥʝʚʫʶ ʟʘʚʠʩʠʤʦʩʪʴ 

ʰʠʨʠʥʳ ʩʧʝʢʪʨʘ ʦʪ ʚʳʭʦʜʥʦʡ ʤʦʱʥʦʩʪʠ, ʦʜʥʘʢʦ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ 
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ʟʘʚʠʩʠʤʦʩʪʴ ʙʳʣʘ ʙʣʠʟʢʘ ʩʢʦʨʝʝ ʢ ʣʠʥʝʡʥʦʡ. ɺ ʨʘʙʦʪʝ [112] 

ʨʘʩʩʤʘʪʨʠʚʘʶʪʩʷ ʙʘʣʘʥʩʥʳʝ ʫʨʘʚʥʝʥʠʷ, ʠ ʯʠʩʣʝʥʥʦ ʨʝʰʘʝʪʩʷ ʥʝʣʠʥʝʡʥʦʝ 

ʫʨʘʚʥʝʥʠʝ ʐʨʝʜʠʥʛʝʨʘ, ʦʧʠʩʳʚʘʶʱʝʝ ʜʠʥʘʤʠʢʫ ʤʦʱʥʦʩʪʠ ʠ ʩʧʝʢʪʨʘ 

ʛʝʥʝʨʘʮʠʠ ʣʘʟʝʨʘ. ʈʝʰʝʥʠʝ ʪʨʝʙʫʝʪ ʙʦʣʴʰʠʭ ʚʳʯʠʩʣʠʪʝʣʴʥʳʭ 

ʚʦʟʤʦʞʥʦʩʪʝʡ. ʉʦʛʣʘʩʠʝ ʤʝʞʜʫ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤ ʠ ʨʘʩʩʯʠʪʘʥʥʳʤ 

ʩʧʝʢʪʨʘʤʠ ʥʘʭʦʜʠʪʩʷ ʥʘ ʢʘʯʝʩʪʚʝʥʥʦʤ ʫʨʦʚʥʝ. ɼʣʷ ʧʨʘʢʪʠʯʝʩʢʠʭ 

ʧʨʠʤʝʥʝʥʠʡ ʀɺʃ, ʥʘʧʨʠʤʝʨ, ʚ ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʠ ʤʝʜʠʮʠʥʝ, ʪʨʝʙʫʝʪʩʷ ʣʘʟʝʨ 

ʩ ʫʟʢʦʡ ʩʧʝʢʪʨʘʣʴʥʦʡ ʣʠʥʠʝʡ ʠ ʤʦʱʥʦʩʪʴʶ ʚʳʭʦʜʥʦʛʦ ʠʟʣʫʯʝʥʠʷ 

ʥʝʩʢʦʣʴʢʦ ɺʪ. ɸʚʪʦʨʳ ʨʘʙʦʪʳ [113] ʥʘʙʣʶʜʘʣʠ ʫʰʠʨʝʥʠʝ ʩʧʝʢʪʨʘ ʪʘʢʦʛʦ 

ʀɺʃ ʧʦ ʣʠʥʝʡʥʦʤʫ ʟʘʢʦʥʫ, ʦʜʥʘʢʦ ʥʝ ʥʘʰʣʠ ʘʜʝʢʚʘʪʥʦʛʦ ʪʝʦʨʝʪʠʯʝʩʢʦʛʦ 

ʦʧʠʩʘʥʠʷ.  

ɺ ʨʘʙʦʪʝ [74] ʚʳʚʦʜʷʪʩʷ ʘʥʘʣʠʪʠʯʝʩʢʠʝ ʚʳʨʘʞʝʥʠʷ, ʦʧʠʩʳʚʘʶʱʠʝ 

ʰʠʨʠʥʫ ʠ ʬʦʨʤʫ ʩʧʝʢʪʨʘ ʛʝʥʝʨʘʮʠʠ ʫʟʢʦʧʦʣʦʩʥʦʛʦ ʤʘʣʦʤʦʱʥʦʛʦ ʀɺʃ. 

ʈʘʩʩʤʦʪʨʠʤ ʨʝʟʫʣʴʪʘʪʳ ʧʦʜʨʦʙʥʝʝ. ɺ ʢʘʯʝʩʪʚʝ ʤʦʜʝʣʠ ʫʰʠʨʝʥʠʷ ʩʧʝʢʪʨʘ 

ʣʘʟʝʨʘ ʠʩʧʦʣʴʟʫʝʪʩʷ ʤʦʜʝʣʴ ʬʘʟʦʚʦʡ ʩʘʤʦʤʦʜʫʣʷʮʠʠ ʙʦʣʴʰʦʛʦ ʯʠʩʣʘ 

ʧʨʦʜʦʣʴʥʳʭ ʤʦʜ ʚʥʫʪʨʠ ʨʝʟʦʥʘʪʦʨʘ. ʇʨʠ ʚʳʚʦʜʝ ʬʦʨʤʫʣ ʧʨʝʥʝʙʨʝʛʘʶʪʩʷ 

ʵʬʬʝʢʪʳ ʠʩʪʦʱʝʥʠʷ ʥʘʢʘʯʢʠ ʠ ʜʠʩʧʝʨʩʠʷ ʚʦʣʦʢʦʥʥʦʛʦ ʩʚʝʪʦʚʦʜʘ. 

ʅʘʠʙʦʣʴʰʠʡ ʠʥʪʝʨʝʩ ʧʨʝʜʩʪʘʚʣʷʝʪ ʫʰʠʨʝʥʠʝ ʫʟʢʦʧʦʣʦʩʥʦʛʦ ʠʟʣʫʯʝʥʠʷ, 

ʧʦʵʪʦʤʫ ʦʢʘʟʘʣʦʩʴ ʚʦʟʤʦʞʥʳʤ ʧʨʝʥʝʙʨʝʯʴ ʜʠʩʧʝʨʩʠʝʡ ʚʦʣʦʢʦʥʥʦʛʦ 

ʩʚʝʪʦʚʦʜʘ. ʈʘʩʯʝʪʳ ʧʨʦʚʦʜʷʪʩʷ ʜʣʷ ʀɺʃ ʩ ʣʠʥʝʡʥʳʤ ʨʝʟʦʥʘʪʦʨʦʤ ʠ 

ʚʳʭʦʜʥʦʡ ɺɹʈ ʩ ʛʘʫʩʩʦʚʳʤ ʧʨʦʬʠʣʝʤ ʩʧʝʢʪʨʘ ʦʪʨʘʞʝʥʠʷ, 

)/exp()( 22
0 FBGRR D-= ww , ʛʜʝ R0 ï ʢʦʵʬʬʠʮʠʝʥʪ ʦʪʨʘʞʝʥʠʷ ʚ ʤʘʢʩʠʤʫʤʝ, 

ȹFBG ï ʩʧʝʢʪʨʘʣʴʥʘʷ ʧʦʣʫʰʠʨʠʥʘ ɺɹʈ.  

ʇʦʜʨʦʙʥʳʡ ʚʳʚʦʜ ʘʥʘʣʠʪʠʯʝʩʢʠʭ ʫʨʘʚʥʝʥʠʡ ʧʨʝʜʩʪʘʚʣʝʥ ʚ ʨʘʙʦʪʝ 

[74]. ʉʧʝʢʪʨʘʣʴʥʘʷ ʤʦʱʥʦʩʪʴ ʚʳʭʦʜʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʠʤʝʝʪ ʬʦʨʤʫ 

ʛʠʧʝʨʙʦʣʠʯʝʩʢʦʛʦ ʩʝʢʘʥʩʘ ~ 1/(ȹcosh(ɤ/ȹ)) ʧʨʠ ʫʩʣʦʚʠʠ ȹ < ȹFBG. ɿʜʝʩʴ ȹ - 

ʧʦʣʫʰʠʨʠʥʘ ʣʠʥʠʠ ʛʝʥʝʨʘʮʠʠ ʣʘʟʝʨʘ. ɺ ʩʣʫʯʘʝ ʩʣʘʙʦʡ ʥʝʣʠʥʝʡʥʦʩʪʠ ȹ 

ʟʘʚʠʩʠʪ ʦʪ ʚʳʭʦʜʥʦʡ ʤʦʱʥʦʩʪʠ 
out
pP ʧʦ ʣʠʥʝʡʥʦʤʫ ʟʘʢʦʥʫ: 

[ ]out
pcavFBG PRL )/1ln(/)/4( 0gpD=D ,   (2.2) 
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ʛʜʝ Lcav ï ʜʣʠʥʘ ʨʝʟʦʥʘʪʦʨʘ. ʀʟ ʬʦʨʤʫʣʳ ʚʠʜʥʦ, ʯʪʦ ʰʠʨʠʥʘ ʩʧʝʢʪʨʘ 

ʩʪʨʝʤʠʪʩʷ ʢ ʥʫʣʶ ʧʨʠ ʥʫʣʝʚʦʡ ʤʦʱʥʦʩʪʠ ʥʘʢʘʯʢʠ.  

ʉʭʝʤʘ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʫʩʪʘʥʦʚʢʠ ʜʣʷ ʧʨʦʚʝʨʢʠ ʘʥʘʣʠʪʠʯʝʩʢʦʛʦ 

ʨʝʰʝʥʠʷ (2.2) ʧʨʝʜʩʪʘʚʣʝʥʘ ʥʘ ʨʠʩ. 2.5.  

 

ʈʠʩ. 2.5. ʉʭʝʤʘ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʫʩʪʘʥʦʚʢʠ. 

 

ʃʠʥʝʡʥʳʡ ʨʝʟʦʥʘʪʦʨ ʀɺʃ ʦʧʪʠʤʠʟʠʨʦʚʘʥ ʥʘ ʜʣʠʥʫ ʚʦʣʥʳ 1080,5 ʥʤ. 

ʆʥ ʩʦʩʪʦʠʪ ʠʟ ʠʪʪʝʨʙʠʝʚʦʛʦ ʚʦʣʦʢʦʥʥʦʛʦ ʩʚʝʪʦʚʦʜʘ ʩ ʜʚʦʡʥʦʡ ʦʙʦʣʦʯʢʦʡ 

ʜʣʠʥʦʡ 6 ʤ ʠ ʜʚʫʭ ɺɹʈ ï ʧʣʦʪʥʦʡ ɺɹʈ1 (ʢʦʵʬʬʠʮʠʝʥʪ ʠ ʰʠʨʠʥʘ ʩʧʝʢʪʨʘ 

ʦʪʨʘʞʝʥʠʷ 99% ʠ 500 ʧʤ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ) ʠ ʚʳʭʦʜʥʦʡ ɺɹʈ2 (ʢʦʵʬʬʠʮʠʝʥʪ 

R0 ʠ ʰʠʨʠʥʘ ʩʧʝʢʪʨʘ ʦʪʨʘʞʝʥʠʷ ȹɚFBG 10% ʠ 67 ʧʤ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ). 

ɺʳʭʦʜʥʦʡ ʪʦʨʝʮ ɺɹʈ1 ʩʢʦʣʦʪ ʧʦʜ ʫʛʣʦʤ ~8Ü, ʯʪʦʙʳ ʠʟʙʝʞʘʪʴ ʚʣʠʷʥʠʷ 

ʦʙʨʘʪʥʦʛʦ ʦʪʨʘʞʝʥʠʷ ʥʘ ʬʦʨʤʠʨʦʚʘʥʠʝ ʚʳʭʦʜʥʦʛʦ ʩʧʝʢʪʨʘ ʣʘʟʝʨʘ. ʅʘʢʘʯʢʘ 

ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʯʝʪʳʨʴʤʷ ʤʥʦʛʦʤʦʜʦʚʳʤʠ ʣʘʟʝʨʥʳʤʠ ʜʠʦʜʘʤʠ ʃɼ ʯʝʨʝʟ 

ʦʙʲʝʜʠʥʠʪʝʣʴ ʥʘʢʘʯʢʠ. ɼʣʠʥʘ ʨʝʟʦʥʘʪʦʨʘ Lcav å 9,5 ʤ ʩʦʦʪʚʝʪʩʪʚʫʝʪ 

ʤʝʞʤʦʜʦʚʦʤʫ ʨʘʩʩʪʦʷʥʠʶ H = ʩ/2Lcavn å 11 ʄɻʮ (n ï ʧʦʢʘʟʘʪʝʣʴ 

ʧʨʝʣʦʤʣʝʥʠʷ ʩʚʝʪʦʚʦʜʘ). ɺʳʭʦʜʥʦʝ ʠʟʣʫʯʝʥʠʝ ʀɺʃ ʢʦʣʣʠʤʠʨʫʝʪʩʷ ʣʠʥʟʦʡ 

L2 ʠ ʟʘʚʦʜʠʪʩʷ ʩ ʧʦʤʦʱʴʶ ʟʝʨʢʘʣʘ ɿ ʚ ʠʟʤʝʨʠʪʝʣʴ ʤʦʱʥʦʩʪʠ ʀʄʆ. ʏʘʩʪʴ 

ʠʟʣʫʯʝʥʠʷ ʧʨʦʭʦʜʠʪ ʯʝʨʝʟ ʟʝʨʢʘʣʦ ʠ ʧʦʧʘʜʘʝʪ ʥʘ ʩʢʘʥʠʨʫʶʱʠʡ 

ʠʥʪʝʨʬʝʨʦʤʝʪʨ ʌʘʙʨʠ-ʇʝʨʦ ʌ.-ʇ. ʩ ʠʟʤʝʥʷʝʤʦʡ ʦʙʣʘʩʪʴʶ ʜʠʩʧʝʨʩʠʠ 

20(40) ɻɻʮ ʠ ʨʘʟʨʝʰʝʥʠʝʤ 0,3 (0,5) ɻɻʮ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʤ 1(1,7) ʧʤ. 

ʉʠʛʥʘʣ ʩ ʠʥʪʝʨʬʝʨʦʤʝʪʨʘ ʨʝʛʠʩʪʨʠʨʫʝʪʩʷ ʬʦʪʦʜʝʪʝʢʪʦʨʦʤ ʌɼ. 
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ʉʧʝʢʪʨʘʣʴʥʦʝ ʨʘʟʨʝʰʝʥʠʝ ʠʥʪʝʨʬʝʨʦʤʝʪʨʘ ʠʟʤʝʨʷʣʦʩʴ ʩ ʧʦʤʦʱʴʶ 

ʠʟʣʫʯʝʥʠʷ ʦʜʥʦʯʘʩʪʦʪʥʦʛʦ Nd:YAG ʣʘʟʝʨʘ Nd, ʟʘʚʝʜʝʥʥʦʛʦ ʯʝʨʝʟ ʣʠʥʟʫ L1 

ʚ ʩʚʝʪʦʚʦʜ ʩ ʠʟʦʣʷʪʦʨʦʤ ʆʀ. 

ʅʘ ʨʠʩ. 2.6ʘ ʧʦʢʘʟʘʥʳ ʚʳʭʦʜʥʳʝ ʩʧʝʢʪʨʳ ʀɺʃ ʜʣʷ ʨʘʟʣʠʯʥʳʭ 

ʤʦʱʥʦʩʪʝʡ ʛʝʥʝʨʘʮʠʠ (1, 5,3 ʠ 11,5 ɺʪ). ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʩʧʝʢʪʨʳ 

ʧʦʩʪʨʦʝʥʳ ʧʨʠ ʩʪʘʪʠʩʪʠʯʝʩʢʦʤ ʫʩʨʝʜʥʝʥʠʠ ʩ ʚʝʩʘʤʠ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʤʠ 

ʩʨʝʜʥʝʢʚʘʜʨʘʪʠʯʥʦʤʫ ʦʪʢʣʦʥʝʥʠʶ. ʆʥʠ ʧʦʜʦʛʥʘʥʳ ʬʫʥʢʮʠʝʡ 

ʛʠʧʝʨʙʦʣʠʯʝʩʢʦʛʦ ʩʝʢʘʥʩʘ ~ 1/(ȹɜpcosh(ɤ/ȹɜp)) ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʝʪʦʜʘ 

ʥʘʠʤʝʥʴʰʠʭ ʚʟʚʝʰʝʥʥʳʭ ʢʚʘʜʨʘʪʦʚ. ʅʘ ʚʩʪʘʚʢʝ ʠʟʦʙʨʘʞʝʥʳ ʛʨʘʬʠʢʠ ʚ 

ʣʦʛʘʨʠʬʤʠʯʝʩʢʦʤ ʤʘʩʰʪʘʙʝ. ʈʠʩʫʥʦʢ 2.6ʘ ʜʝʤʦʥʩʪʨʠʨʫʝʪ ʭʦʨʦʰʝʝ 

ʩʦʛʣʘʩʠʝ ʪʝʦʨʠʠ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘ. 

 

ʈʠʩ. 2.6. ʘ) ʉʧʝʢʪʨ ʀɺʃ ʜʣʷ ʚʳʭʦʜʥʳʭ ʤʦʱʥʦʩʪʝʡ 1, 5,3 ʠ 11,5 ɺʪ: 

ʧʦʜʛʦʥʢʘ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ ʛʠʧʝʨʙʦʣʠʯʝʩʢʠʤ ʩʝʢʘʥʩʦʤ; ʙ) 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʰʠʨʠʥʳ ʣʠʥʠʠ ʠʟʣʫʯʝʥʠʷ ʦʪ ʤʦʱʥʦʩʪʠ ʚ 

ʥʝʧʨʝʨʳʚʥʦʤ (ʢʚʘʜʨʘʪʳ) ʠ ʩʘʤʦʩʢʘʥʠʨʫʶʱʝʤ (ʢʨʫʞʢʠ) ʨʝʞʠʤʝ. ʇʨʷʤʘʷ ʠ 

ʰʪʨʠʭʦʚʘʷ ʣʠʥʠʠ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʪʝʦʨʠʠ ʚ ʫʨʘʚʥʝʥʠʠ (2.2) ʠ ʣʠʥʝʡʥʦʡ 

ʧʦʜʛʦʥʢʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʉʪʨʝʣʢʘ ʧʦʢʘʟʳʚʘʝʪ 

ʰʠʨʠʥʫ ʣʠʥʠʠ ʜʣʷ ʧʨʦʮʝʩʩʘ ʚʳʞʠʛʘʥʠʷ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʭ ʜʳʨ. 

 

ʅʘ ʨʠʩ. 2.6ʙ ʪʦʯʢʘʤʠ ʧʦʢʘʟʘʥʘ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ 

ʧʦʣʥʦʡ ʰʠʨʠʥʳ ʩʧʝʢʪʨʘ ʛʝʥʝʨʘʮʠʠ, ʠʟʤʝʨʝʥʥʘʷ ʥʘ ʧʦʣʫʚʳʩʦʪʝ, ʦʪ 

ʚʳʭʦʜʥʦʡ ʤʦʱʥʦʩʪʠ ʠʟʣʫʯʝʥʠʷ. ʐʪʨʠʭʦʚʘʷ ʣʠʥʠʷ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʧʦʜʛʦʥʢʝ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʪʦʯʝʢ ʧʨʷʤʦʡ. ʉʧʣʦʰʥʘʷ ʣʠʥʠʷ ʧʦʢʘʟʳʚʘʝʪ 
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ʪʝʦʨʝʪʠʯʝʩʢʫʶ ʟʘʚʠʩʠʤʦʩʪʴ, ʚʳʯʠʩʣʝʥʥʫʶ ʥʘ ʦʩʥʦʚʘʥʠʠ ʬʦʨʤʫʣʳ (2.2). 

ʕʢʩʧʝʨʠʤʝʥʪ ʧʦʢʘʟʘʣ, ʯʪʦ ʧʨʠ ʫʨʦʚʥʝ ʤʦʱʥʦʩʪʠ < 0,8 ɺʪ ʚʦ ʚʨʝʤʝʥʥʦʡ 

ʦʙʣʘʩʪʠ ʥʘʙʣʶʜʘʶʪʩʷ ʩʘʤʦʧʫʣʴʩʘʮʠʠ ʠʟʣʫʯʝʥʠʷ. ʇʨʠ ʫʨʦʚʥʝ ʤʦʱʥʦʩʪʠ ~ 

0,8 ɺʪ ʫʟʢʘʷ ʣʘʟʝʨʥʘʷ ʣʠʥʠʷ ʧʦʩʪʦʷʥʥʦ çʙʝʞʠʪè ʚ ʦʙʣʘʩʪʠ ʤʘʢʩʠʤʘʣʴʥʦʛʦ 

ʢʦʵʬʬʠʮʠʝʥʪʘ ʦʪʨʘʞʝʥʠʷ ʚʳʭʦʜʥʦʡ ɺɹʈ, ʢʘʢ ʚ ʩʘʤʦʩʢʘʥʠʨʫʶʱʝʤ 

ʚʦʣʦʢʦʥʥʦʤ ʣʘʟʝʨʝ ʩ ʥʠʟʢʦʜʦʙʨʦʪʥʳʤ ʨʝʟʦʥʘʪʦʨʦʤ [114]. ʆʙʣʘʩʪʴ 

ʩʢʘʥʠʨʦʚʘʥʠʷ ʙʳʣʘ ʦʮʝʥʝʥʘ ʢʘʢ ~ 10 ʧʤ, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʤʛʥʦʚʝʥʥʘʷ 

ʰʠʨʠʥʘ ʣʠʥʠʠ ʦʧʨʝʜʝʣʷʣʘʩʴ ʨʘʟʨʝʰʝʥʠʝʤ ʠʥʪʝʨʬʝʨʦʤʝʪʨʘ. ʆʥʘ 

ʧʨʝʜʩʪʘʚʣʝʥʘ ʯʝʨʥʳʤʠ ʢʨʫʞʢʘʤʠ ʥʘ ʨʠʩ. 2.6ʙ. ɺ ʧʦʛʨʘʥʠʯʥʦʡ ʦʙʣʘʩʪʠ (0,8 

- 1 ɺʪ) ʧʨʦʩʣʝʞʠʚʘʣʦʩʴ ʯʝʨʝʜʦʚʘʥʠʝ ʠʤʧʫʣʴʩʥʦʛʦ ʠ ʥʝʧʨʝʨʳʚʥʦʛʦ 

ʨʝʞʠʤʦʚ ʩ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʤ ʠʟʤʝʥʝʥʠʝʤ ʩʧʝʢʪʨʦʚ. ʇʨʠ ʫʨʦʚʥʝ ʤʦʱʥʦʩʪʠ 

ʙʦʣʝʝ 1 ɺʪ ʛʝʥʝʨʘʮʠʷ ʀɺʃ ʚʳʭʦʜʠʣʘ ʥʘ ʥʝʧʨʝʨʳʚʥʳʡ ʨʝʞʠʤ, ʠ ʩʧʝʢʪʨ 

ʟʥʘʯʠʪʝʣʴʥʦ ʫʰʠʨʷʣʩʷ (ʢʚʘʜʨʘʪʳ ʥʘ ʨʠʩ. 2.6ʙ).  

 

ʀʟ ʨʠʩ. 2.6ʙ ʚʠʜʥʦ, ʯʪʦ ʥʘʢʣʦʥ ʪʝʦʨʝʪʠʯʝʩʢʦʡ (2,58 ʧʤùɺʪ) ʠ 

ʧʦʜʛʦʥʦʯʥʦʡ (2,2 ʧʤùɺʪ) ʣʠʥʠʡ ʙʣʠʟʦʢ, ʦʜʥʘʢʦ ʧʦʜʛʦʥʦʯʥʘʷ ʢʨʠʚʘʷ 

ʩʪʨʝʤʠʪʩʷ ʥʝ ʢ ʥʫʣʶ, ʘ ʢ ʢʦʥʝʯʥʦʡ ʚʝʣʠʯʠʥʝ ʧʨʠ 0­out
pP . ʕʪʦ ʤʦʞʥʦ 

ʦʙʲʷʩʥʠʪʴ ʪʝʤ, ʯʪʦ ʚ ʪʝʦʨʠʠ ʥʝ ʙʳʣ ʫʯʪʝʥ ʵʬʬʝʢʪ ʚʳʞʠʛʘʥʠʷ 

ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʭ ʜʳʨ ʚ ʥʘʩʳʱʝʥʥʦʤ ʫʩʠʣʝʥʠʠ, ʢʦʪʦʨʳʡ ʧʨʠʚʦʜʠʪ ʢ 

ʨʝʞʠʤʫ ʩʘʤʦʧʫʣʴʩʘʮʠʡ ʚʙʣʠʟʠ ʧʦʨʦʛʘ ʛʝʥʝʨʘʮʠʠ. ʆʥ ʪʘʢʞʝ ʤʦʞʝʪ ʚʣʠʷʪʴ 

ʥʘ ʬʦʨʤʠʨʦʚʘʥʠʝ ʩʧʝʢʪʨʘ ʧʨʠ ʙʦʣʴʰʝʡ ʤʦʱʥʦʩʪʠ. ɺʢʣʘʜ ʚ ʧʦʣʥʫʶ 

ʰʠʨʠʥʫ ʣʠʥʠʠ ʛʝʥʝʨʘʮʠʠ ʥʘ ʧʦʣʫʚʳʩʦʪʝ ʟʘ ʩʯʝʪ ʧʨʦʮʝʩʩʘ ʚʳʞʠʛʘʥʠʷ 

ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʭ ʜʳʨ ʤʦʞʥʦ ʦʮʝʥʠʪʴ ʧʦ ʬʦʨʤʫʣʝ [74]  

( )3/1

0
2 )/1ln( RHFBGSHB nn D=D     (2.3) 

ɺʝʣʠʯʠʥʘ ȹɜSHB å 1,4 ɻɻʮ ʧʨʠ ȹɜFBG å 10 ɻɻʮ, H = 11 ʄɻʮ ʠ R0 = 0,1. 

ɺʝʨʪʠʢʘʣʴʥʳʡ ʩʜʚʠʛ ʚ 9 ʧʤ ʥʘ ʨʠʩ. 2.6ʙ ʜʦʚʦʣʴʥʦ ʙʣʠʟʦʢ ʢ ʨʘʩʩʯʠʪʘʥʥʦʡ 

ʚʝʣʠʯʠʥʝ ȹɜSHB å 5,5 ʧʤ (ʧʦʢʘʟʘʥ ʩʪʨʝʣʢʦʡ).  ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʫʰʠʨʝʥʠʝ 

ʩʧʝʢʪʨʘ ʀɺʃ ʩ ʨʦʩʪʦʤ ʚʳʭʦʜʥʦʡ ʤʦʱʥʦʩʪʠ ʚʦʟʥʠʢʘʝʪ ʠʟ-ʟʘ ʧʨʦʮʝʩʩʘ 
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ʬʘʟʦʚʦʡ ʩʘʤʦʤʦʜʫʣʷʮʠʠ ʙʦʣʴʰʦʛʦ ʯʠʩʣʘ ʧʨʦʜʦʣʴʥʳʭ ʤʦʜ ʚ ʨʝʟʦʥʘʪʦʨʝ ʠ 

ʧʨʦʭʦʜʠʪ ʧʦ ʣʠʥʝʡʥʦʤʫ ʟʘʢʦʥʫ.  

 

2.4. ɺʳʚʦʜʳ ʢ ʛʣʘʚʝ 2 

 

ɺ ʜʘʥʥʦʡ ʛʣʘʚʝ ʨʘʩʩʤʦʪʨʝʥʳ ʦʙʱʠʝ ʧʨʠʥʮʠʧʳ ʨʘʙʦʪʳ ʠʪʪʝʨʙʠʝʚʦʛʦ 

ʚʦʣʦʢʦʥʥʦʛʦ ʣʘʟʝʨʘ. ʇʦʜʯʝʨʢʠʚʘʝʪʩʷ, ʯʪʦ ʠʦʥʳ ʠʪʪʝʨʙʠʷ ʚ ʩʪʝʢʣʝ 

ʦʙʣʘʜʘʶʪ ʙʦʣʴʰʠʤ ʩʧʝʢʪʨʦʤ ʣʶʤʠʥʝʩʮʝʥʮʠʠ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʧʦʣʫʯʘʪʴ 

ʛʝʥʝʨʘʮʠʶ ʚ ʰʠʨʦʢʦʤ ʜʠʘʧʘʟʦʥʝ ʜʣʠʥ ʚʦʣʥ. ʇʨʠʚʝʜʝʥʳ ʩʭʝʤʳ ʠ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʠʩʧʦʣʴʟʫʝʤʳʭ ʚ ʨʘʙʦʪʝ ʀɺʃ, ʩʜʝʣʘʥʦ ʦʧʠʩʘʥʠʝ ʠʭ 

ʦʪʜʝʣʴʥʳʭ ʢʦʤʧʦʥʝʥʪʦʚ: ʣʘʟʝʨʥʳʭ ʜʠʦʜʦʚ ʥʘʢʘʯʢʠ, ʘʢʪʠʚʥʳʭ ʚʦʣʦʢʦʥʥʳʭ 

ʩʚʝʪʦʚʦʜʦʚ, ʚʦʣʦʢʦʥʥʳʭ ʦʙʲʝʜʠʥʠʪʝʣʝʡ ʥʘʢʘʯʢʠ ʠ ʦʪʚʝʪʚʠʪʝʣʝʡ, ʘ ʪʘʢʞʝ 

ʩʝʣʝʢʪʠʚʥʳʭ ʧʝʨʝʩʪʨʘʠʚʘʝʤʳʭ ʠ ʩʪʘʮʠʦʥʘʨʥʳʭ ɺɹʈ. ɺ ʵʢʩʧʝʨʠʤʝʥʪʝ 

ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʀɺʃ ʩ ʥʝʧʦʣʷʨʠʟʦʚʘʥʥʳʤ (ʭʘʦʪʠʯʝʩʢʠ ʤʝʥʷʶʱʝʡʩʷ ʚʦ 

ʚʨʝʤʝʥʠ ʧʦʣʷʨʠʟʘʮʠʝʡ) ʠʟʣʫʯʝʥʠʝʤ ʛʝʥʝʨʘʮʠʠ, ʧʝʨʝʩʪʨʘʠʚʘʝʤʳʤ ʚ 

ʩʫʤʤʘʨʥʦʤ ʜʠʘʧʘʟʦʥʝ 1,01 - 1,1 ʤʢʤ ʤʦʱʥʦʩʪʴʶ ʦʪ 0,5 ʜʦ 14 ɺʪ. ʂʨʦʤʝ 

ʪʦʛʦ, ʧʨʠʤʝʥʷʣʘʩʴ ʩʠʩʪʝʤʘ ʠʪʪʝʨʙʠʝʚʦʛʦ ʚʦʣʦʢʦʥʥʦʛʦ ʟʘʜʘʶʱʝʛʦ 

ʛʝʥʝʨʘʪʦʨʘ-ʫʩʠʣʠʪʝʣʷ ʩ ʣʠʥʝʡʥʦʡ ʧʦʣʷʨʠʟʘʮʠʝʡ ʠʟʣʫʯʝʥʠʷ.  

ʕʬʬʝʢʪʠʚʥʦʩʪʴ ʥʝʣʠʥʝʡʥʦʛʦ ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʛʦ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ 

ʢʨʠʪʠʯʥʦ ʟʘʚʠʩʠʪ ʦʪ ʩʧʝʢʪʨʘʣʴʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʠʟʣʫʯʝʥʠʷ ʥʘʢʘʯʢʠ. ɺ 

ʢʘʯʝʩʪʚʝ ʤʦʜʝʣʠ ʫʰʠʨʝʥʠʷ ʩʧʝʢʪʨʘ ʀɺʃ ʙʳʣʘ ʨʘʩʩʤʦʪʨʝʥʘ ʤʦʜʝʣʴ 

ʬʘʟʦʚʦʡ ʩʘʤʦʤʦʜʫʣʷʮʠʠ ʙʦʣʴʰʦʛʦ ʯʠʩʣʘ ʧʨʦʜʦʣʴʥʳʭ ʤʦʜ ʠʟʣʫʯʝʥʠʷ 

ʚʥʫʪʨʠ ʨʝʟʦʥʘʪʦʨʘ. ɸʥʘʣʠʪʠʯʝʩʢʦʝ ʨʝʰʝʥʠʝ ʧʦʢʘʟʳʚʘʝʪ, ʯʪʦ ʧʨʠ ʫʩʣʦʚʠʠ 

ʩʣʘʙʦʡ ʥʝʣʠʥʝʡʥʦʩʪʠ ʠ ʥʝʠʩʪʦʱʝʥʥʦʡ ʥʘʢʘʯʢʠ ʰʠʨʠʥʘ ʩʧʝʢʪʨʘ ʣʘʟʝʨʘ 

ʣʠʥʝʡʥʦ ʟʘʚʠʩʠʪ ʦʪ ʚʳʭʦʜʥʦʡ ʤʦʱʥʦʩʪʠ, ʯʪʦ ʭʦʨʦʰʦ ʩʦʛʣʘʩʫʝʪʩʷ ʩ 

ʵʢʩʧʝʨʠʤʝʥʪʦʤ. ʋʯʝʪ ʵʬʬʝʢʪʘ ʚʳʞʠʛʘʥʠʷ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʭ ʜʳʨ ʚ 

ʥʘʩʳʱʝʥʥʦʤ ʫʩʠʣʝʥʠʠ ʧʦʟʚʦʣʷʝʪ ʧʦʣʫʯʠʪʴ ʢʘʯʝʩʪʚʝʥʥʦʝ ʩʦʛʣʘʩʠʝ ʚʙʣʠʟʠ 

ʧʦʨʦʛʘ ʛʝʥʝʨʘʮʠʠ.  
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ɻʃɸɺɸ 3. ɹɽɿʈɽɿʆʅɸʊʆʈʅɸʗ ʉʍɽʄɸ ɻɽʅɽʈɸʎʀʀ 

 

3.1. ʇʘʨʘʤʝʪʨʠʯʝʩʢʘʷ ʛʝʥʝʨʘʮʠʷ ʚ ʩʪʘʥʜʘʨʪʥʦʤ 

ʜʚʫʣʫʯʝʧʨʝʣʦʤʣʷʶʱʝʤ ʚʦʣʦʢʦʥʥʦʤ ʩʚʝʪʦʚʦʜʝ  

 

3.1.1. ʆʧʠʩʘʥʠʝ ʚʦʣʦʢʦʥʥʦʛʦ ʩʚʝʪʦʚʦʜʘ PM980-XP.  

 

ʂʘʢ ʫʧʦʤʠʥʘʣʦʩʴ ʨʘʥʝʝ, ʛʝʥʝʨʘʮʠʶ ʚ ʦʙʣʘʩʪʠ 1 ʤʢʤ ʠ ʤʝʥʝʝ ʤʦʞʥʦ 

ʧʦʣʫʯʠʪʴ ʧʨʠ ʩʢʘʣʷʨʥʦʤ ʩʦʛʣʘʩʦʚʘʥʠʠ ʬʘʟ ʩ ʥʘʢʘʯʢʦʡ ʚʙʣʠʟʠ ɼɺʅɼ 

ʌʂɺʉ ɚ0 ~ 1 ʤʢʤ ʠʣʠ ʧʨʠ ʚʝʢʪʦʨʥʦʤ ʩʦʛʣʘʩʦʚʘʥʠʠ ʬʘʟ ʚ ʩʪʘʥʜʘʨʪʥʳʭ 

ʜʚʫʣʫʯʝʧʨʝʣʦʤʣʷʶʱʠʭ ʚʦʣʦʢʦʥʥʳʭ ʩʚʝʪʦʚʦʜʘʭ ʩʦ ʩʪʫʧʝʥʯʘʪʳʤ ʧʨʦʬʠʣʝʤ 

ʧʦʢʘʟʘʪʝʣʷ ʧʨʝʣʦʤʣʝʥʠʷ ʠ ɼɺʅɼ ~ 1,3 ï 1,5 ʤʢʤ. ʌʂɺʉ ʜʦʚʦʣʴʥʦ ʜʦʨʦʛʠ ʠ 

ʩʣʦʞʥʳ ʚ ʠʟʛʦʪʦʚʣʝʥʠʠ, ʧʦʵʪʦʤʫ ʚ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʚ ʢʘʯʝʩʪʚʝ 

ʘʣʴʪʝʨʥʘʪʠʚʥʦʛʦ ʤʝʪʦʜʘ ʚʧʝʨʚʳʝ ʧʨʠʤʝʥʷʝʪʩʷ ʧʨʦʮʝʩʩ ʥʝʧʨʝʨʳʚʥʦʛʦ 

ʚʝʢʪʦʨʥʦʛʦ ʏɺʉ [73]. ɺ ʨʘʙʦʪʘʭ ʜʨʫʛʠʭ ʥʘʫʯʥʳʭ ʛʨʫʧʧ ʚʝʢʪʦʨʥʦʝ 

ʩʦʛʣʘʩʦʚʘʥʠʝ ʬʘʟ ʙʳʣʦ ʨʝʘʣʠʟʦʚʘʥʦ ʪʦʣʴʢʦ ʚ ʠʤʧʫʣʴʩʥʦʤ ʨʝʞʠʤʝ ʩ 

ʙʦʣʴʰʦʡ ʤʦʱʥʦʩʪʴʶ ʥʘʢʘʯʢʠ.  

ɺ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʚ ʢʘʯʝʩʪʚʝ ʚʦʣʦʢʦʥʥʦʛʦ ʩʚʝʪʦʚʦʜʘ ʙʳʣ ʚʳʙʨʘʥ 

ʩʚʝʪʦʚʦʜ PM980-XP ʧʨʦʠʟʚʦʜʩʪʚʘ ʢʦʤʧʘʥʠʠ Nufern ʩ ʨʘʙʦʯʠʤ ʜʠʘʧʘʟʦʥʦʤ 

ʜʣʠʥ ʚʦʣʥ 970 - 1550 ʥʤ. ɽʛʦ ʩʭʝʤʘʪʠʯʝʩʢʦʝ ʠʟʦʙʨʘʞʝʥʠʝ ʧʨʝʜʩʪʘʚʣʝʥʦ ʥʘ 

ʨʠʩ. 3.1. ʅʘ ʩʭʝʤʝ ʚʠʜʥʘ ʩʝʨʜʮʝʚʠʥʘ ʠʟ GeO2 ʜʠʘʤʝʪʨʦʤ 5,5 ʤʢʤ, 

ʦʢʨʫʞʝʥʥʘʷ ʦʙʦʣʦʯʢʦʡ ʠʟ ʩʪʝʢʣʘ SiO2 ʜʠʘʤʝʪʨʦʤ 125 ʤʢʤ. ʏʝʨʥʳʤʠ 

ʢʨʫʞʢʘʤʠ ʚ ʦʙʦʣʦʯʢʝ ʧʦʢʘʟʘʥʳ ʜʚʘ ʩʪʝʨʞʥʷ ʠʟ ʜʨʫʛʦʛʦ ʤʘʪʝʨʠʘʣʘ, ʢʦʪʦʨʳʝ 

ʥʘʚʦʜʷʪ ʜʚʫʣʫʯʝʧʨʝʣʦʤʣʝʥʠʝ ʩ ʚʝʣʠʯʠʥʦʡ ŭn = 3,6Ĭ10
-4
. ʂʦʵʬʬʠʮʠʝʥʪ 

ʥʝʣʠʥʝʡʥʦʩʪʠ ʚʦʣʦʢʦʥʥʦʛʦ ʩʚʝʪʦʚʦʜʘ ɔ ʦʮʝʥʠʚʘʣʩʷ ʧʦ ʬʦʨʤʫʣʝ (1.2) ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʘʨʘʤʝʪʨʦʚ n2 å 2,3Ĭ10
-20

 (ʤ
2
/ɺʪ) [115] ʠ MFD å (6,9 Ñ 1) 

ʤʢʤ ʥʘ ʜʣʠʥʝ ʚʦʣʥʳ 1060 ʥʤ. ʆʥ ʨʘʚʝʥ 3,7 ɺʪ
-1
ʢʤ

-1
 ʧʨʠ ʥʘʢʘʯʢʝ ʩ ɚp = 1048 

ʥʤ. ɼʠʩʧʝʨʩʠʦʥʥʘʷ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘ ʜʣʷ ʥʝʧʦʣʷʨʠʟʦʚʘʥʥʦʛʦ ʩʚʝʪʘ, 

ʧʨʝʜʦʩʪʘʚʣʝʥʥʘʷ ʢʦʤʧʘʥʠʝʡ Nufern, ʧʦʢʘʟʘʥʘ ʥʘ ʨʠʩ. 3.2. ʆʥʘ ʭʦʨʦʰʦ 
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ʧʦʜʛʦʥʷʝʪʩʷ ʠʟʚʝʩʪʥʦʡ ʟʘʚʠʩʠʤʦʩʪʴʶ 
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 [116] ʩ ʜʣʠʥʦʡ 

ʚʦʣʥʳ ʥʫʣʝʚʦʡ ʜʠʩʧʝʨʩʠʠ ɚ0 = 1385,15 ʥʤ ʠ ʥʘʢʣʦʥʦʤ ʜʠʩʧʝʨʩʠʦʥʥʦʡ 

ʢʨʠʚʦʡ S0 = 0,08137 ʧʩ/(ʢʤĬʥʤ
2
). 

 

ʈʠʩ. 3.1. ʉʭʝʤʘʪʠʯʝʩʢʦʝ ʠʟʦʙʨʘʞʝʥʠʝ ʩʝʯʝʥʠʷ ʩʚʝʪʦʚʦʜʘ Nufern PM980-XP. 

 

ʈʠʩ. 3.2. ɼʠʩʧʝʨʩʠʦʥʥʘʷ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘ ʩʚʝʪʦʚʦʜʘ Nufern PM980-XP ʜʣʷ 

ʥʝʧʦʣʷʨʠʟʦʚʘʥʥʦʛʦ ʩʚʝʪʘ. 

 

3.1.2. ʆʮʝʥʢʘ ʤʦʱʥʦʩʪʠ ʛʝʥʝʨʘʮʠʠ ʠ ʰʠʨʠʥʳ ʬʘʟʦʚʦʛʦ 

ʩʠʥʭʨʦʥʠʟʤʘ.  

 

ɺ ʵʢʩʧʝʨʠʤʝʥʪʝ ʠʩʧʦʣʴʟʦʚʘʣʦʩʴ ʥʝʧʦʣʷʨʠʟʦʚʘʥʥʦʝ ʠʟʣʫʯʝʥʠʝ 

ʥʘʢʘʯʢʠ, ʢʦʪʦʨʦʝ ʜʝʣʠʣʦʩʴ ʤʝʞʜʫ ʤʝʜʣʝʥʥʦʡ ʠ ʙʳʩʪʨʦʡ ʦʩʷʤʠ 

ʜʚʫʣʫʯʝʧʨʝʣʦʤʣʷʶʱʝʛʦ ʚʦʣʦʢʦʥʥʦʛʦ ʩʚʝʪʦʚʦʜʘ. ɺ ʥʝʧʨʝʨʳʚʥʦʤ ʨʝʞʠʤʝ 

ʦʪʥʦʩʠʪʝʣʴʥʦ ʥʝʙʦʣʴʰʦʡ ʤʦʱʥʦʩʪʠ ʥʘʢʘʯʢʠ ʥʝʜʦʩʪʘʪʦʯʥʦ ʜʣʷ 

ʚʦʟʥʠʢʥʦʚʝʥʠʷ ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʡ ʛʝʥʝʨʘʮʠʠ ʠʟ ʩʧʦʥʪʘʥʥʦʛʦ ʰʫʤʘ, ʧʦʵʪʦʤʫ 
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ʦʙʳʯʥʦ ʠʩʧʦʣʴʟʫʝʪʩʷ ʟʘʪʨʘʚʦʯʥʦʝ ʩʠʛʥʘʣʴʥʦʝ ʠʟʣʫʯʝʥʠʝ ʥʘ ʩʪʦʢʩʦʚʦʡ ʠʣʠ 

ʘʥʪʠʩʪʦʢʩʦʚʦʡ ʜʣʠʥʝ ʚʦʣʥʳ. ʄʦʱʥʦʩʪʴ ʛʝʥʝʨʠʨʫʝʤʦʛʦ ʭʦʣʦʩʪʦʛʦ 

ʠʟʣʫʯʝʥʠʷ ʧʨʠ ʵʪʦʤ ʦʧʠʩʳʚʘʝʪʩʷ ʬʦʨʤʫʣʦʡ (1.4). 

ʆʧʨʝʜʝʣʠʤ ʥʦʨʤʠʨʦʚʘʥʥʫʶ ʤʦʱʥʦʩʪʴ ʥʘʢʘʯʢʠ ʚ ʚʦʣʦʢʦʥʥʦʤ 

ʩʚʝʪʦʚʦʜʝ ʜʣʠʥʦʡ L ʢʘʢ 

)( rLPpgx=      (3.1)
 

ʊʦʛʜʘ ʚ ʩʣʫʯʘʝ ʟʥʘʯʝʥʠʷ 5,0¢x  ʫʩʠʣʝʥʠʝ Gʘ ʚ ʮʝʥʪʨʝ ʣʠʥʠʠ 

ʨʘʩʩʯʠʪʳʚʘʝʪʩʷ ʧʦ ʬʦʨʤʫʣʝ (1.10) ʩ ʧʦʛʨʝʰʥʦʩʪʴʶ ʥʝ ʙʦʣʝʝ 10%. ʇʨʠ 

ʪʦʯʥʦʤ ʬʘʟʦʚʦʤ ʩʠʥʭʨʦʥʠʟʤʝ (ȹɓ = 0) ʬʦʨʤʫʣʘ (1.10) ʫʧʨʦʱʘʝʪʩʷ ʠ 

ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʝ ʫʩʠʣʝʥʠʝ ʟʘ ʧʨʦʭʦʜ ʧʦ ʩʚʝʪʦʚʦʜʫ ʚʳʨʘʞʘʝʪʩʷ ʚ ʚʠʜʝ 

22)( xg == rLPG pa     
(3.2) 

ʉʣʝʜʦʚʘʪʝʣʴʥʦ, ʤʦʱʥʦʩʪʴ ʭʦʣʦʩʪʦʡ ʚʦʣʥʳ ʣʠʥʝʡʥʦ ʟʘʚʠʩʠʪ ʦʪ 

ʤʦʱʥʦʩʪʠ ʩʠʛʥʘʣʴʥʦʡ ʚʦʣʥʳ ʥʘ ʚʭʦʜʝ ʚ ʚʦʣʦʢʦʥʥʳʡ ʩʚʝʪʦʚʦʜ ʠ 

ʢʚʘʜʨʘʪʠʯʥʦ ʦʪ ʤʦʱʥʦʩʪʠ ʥʘʢʘʯʢʠ: 

22 )0())(0()0()( xg spsasi PrLPPGPLP ===   (3.3) 

ɺʝʣʠʯʠʥʘ ʜʠʩʧʝʨʩʠʠ ʛʨʫʧʧʦʚʳʭ ʩʢʦʨʦʩʪʝʡ ɓ2(ɚ) ʚʳʯʠʩʣʷʝʪʩʷ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʜʠʩʧʝʨʩʠʦʥʥʦʛʦ ʧʘʨʘʤʝʪʨʘ D(ɚ) ʥʘ ʨʠʩ. 3.2 ʧʦ ʬʦʨʤʫʣʝ  

)(
2

)(

2

2 l
p

l
lb D

c

p
-=      (3.4) 

 ʆʥʘ ʨʘʚʥʘ 21 ʧʩ
2
/ʢʤ ʜʣʷ ʜʣʠʥʳ ʚʦʣʥʳ ʥʘʢʘʯʢʠ 1048 ʥʤ. 

ʉʣʝʜʦʚʘʪʝʣʴʥʦ, ʯʘʩʪʦʪʥʫʶ ʦʪʩʪʨʦʡʢʫ ʚʝʢʪʦʨʥʦʛʦ ʏɺʉ ʤʦʞʥʦ ʦʮʝʥʠʪʴ ʧʦ 

ʬʦʨʤʫʣʝ (1.27) ʢʘʢ p2/vW  = 9,1 ʊɻʮ, ʯʪʦ ʩʨʘʚʥʠʤʦ c ʦʪʩʪʨʦʡʢʘʤʠ, 

ʧʦʣʫʯʝʥʥʳʤʠ ʜʨʫʛʠʤʠ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʤʠ ʛʨʫʧʧʘʤʠ [67, 68]. 

ɸʥʪʠʩʪʦʢʩʦʚʘ ʜʣʠʥʘ ʚʦʣʥʳ ʜʣʷ ʜʘʥʥʦʛʦ ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʛʦ ʩʜʚʠʛʘ 

ʥʘʭʦʜʠʪʩʷ ʚʙʣʠʟʠ 1016 ʥʤ. ɺ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʠʩʧʦʣʴʟʦʚʘʣʦʩʴ ʠʟʣʫʯʝʥʠʝ 

ʥʘʢʘʯʢʠ ʤʦʱʥʦʩʪʴʶ ʜʦ 4 ɺʪ ʠ ʚʦʣʦʢʦʥʥʳʝ ʩʚʝʪʦʚʦʜʳ ʜʣʠʥʦʡ ʥʝ ʙʦʣʝʝ 85 

ʤ, ʯʪʦ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʟʥʘʯʝʥʠʶ ɝ å 0,42. ɺ ʵʪʦʤ ʩʣʫʯʘʝ ʬʫʥʢʮʠʶ )(sinh2 x  ʚ 

ʚʳʨʘʞʝʥʠʠ (1.9) ʤʦʞʥʦ ʟʘʤʝʥʠʪʴ ʘʨʛʫʤʝʥʪʦʤ x
2
 ʩ ʪʦʯʥʦʩʪʴʶ 6%, ʘ 
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ʤʦʱʥʦʩʪʴ ʭʦʣʦʩʪʦʡ ʚʦʣʥʳ ʧʨʠ ʫʩʣʦʚʠʠ ʪʦʯʥʦʛʦ ʩʦʛʣʘʩʦʚʘʥʠʷ ʬʘʟ 

ʨʘʩʩʯʠʪʳʚʘʪʴ ʧʦ ʬʦʨʤʫʣʝ (3.3). ʊʘʢ, ʚ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʜʣʷ ʤʦʱʥʦʩʪʠ 

ʩʠʛʥʘʣʴʥʦʡ ʟʘʪʨʘʚʢʠ Ps(0) ~ 1 ɺʪ ʟʥʘʯʝʥʠʝ ʤʦʱʥʦʩʪʠ ʭʦʣʦʩʪʦʛʦ ʠʟʣʫʯʝʥʠʷ 

ʤʦʞʥʦ ʦʮʝʥʠʪʴ ʢʘʢ å 180 ʤɺʪ ʜʣʷ L = 18 ʤ.  

ʈʘʩʩʤʦʪʨʠʤ ʰʠʨʠʥʫ ʬʘʟʦʚʦʛʦ ʩʠʥʭʨʦʥʠʟʤʘ ȹɋv ʧʨʠ ʚʝʢʪʦʨʥʦʤ ʏɺʉ, 

ʢʦʛʜʘ ʚʦʣʥʘ ʥʘʢʘʯʢʠ ʧʦʣʷʨʠʟʦʚʘʥʘ ʚʜʦʣʴ ʜʚʫʭ ʦʩʝʡ ʩʚʝʪʦʚʦʜʘ. ɺ 

ʧʨʠʙʣʠʞʝʥʠʠ 1<<x  ʚʦʟʴʤʝʤ ʧʨʦʠʟʚʦʜʥʫʶ ʦʪ ȹɓ ʚ ʚʳʨʘʞʝʥʠʠ (1.26) ʠ 

ʧʦʜʩʪʘʚʠʤ ʚ ʥʝʝ ʯʘʩʪʦʪʥʫʶ ʦʪʩʪʨʦʡʢʫ (1.27): 

cn vv
v

FWM /DW=DW
Wµ

Dµ
=D d
b

b
   

(3.5) 

ʉ ʜʨʫʛʦʡ ʩʪʦʨʦʥʳ LFWM /2pb =D ʠʟ ʬʦʨʤʫʣʳ (1.11). ʉʣʝʜʦʚʘʪʝʣʴʥʦ, 

ʰʠʨʠʥʘ ʬʘʟʦʚʦʛʦ ʩʠʥʭʨʦʥʠʟʤʘ ʚ ʩʣʫʯʘʝ ʚʝʢʪʦʨʥʦʛʦ ʏɺʉ ʦʙʨʘʪʥʦ 

ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʘ ʜʣʠʥʝ ʠ ʜʚʫʣʫʯʝʧʨʝʣʦʤʣʝʥʠʶ ʩʚʝʪʦʚʦʜʘ  

 nL

c

d

p
n

2
=DW

     
(3.6) 

ʅʘ ʨʠʩ 3.3ʘ ʧʦʢʘʟʘʥʘ ʟʘʚʠʩʠʤʦʩʪʴ ȹɋɜ/2  ́ ʦʪ ʜʣʠʥʳ ʩʚʝʪʦʚʦʜʘ L. 

ɺʠʜʥʦ, ʯʪʦ ʚ ʜʣʠʥʥʦʤ ʩʚʝʪʦʚʦʜʝ ʢʦʥʪʫʨ ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʛʦ ʫʩʠʣʝʥʠʷ ʨʝʟʢʦ 

ʩʫʞʘʝʪʩʷ. ʐʠʨʠʥʘ ʩʠʥʭʨʦʥʠʟʤʘ ʚʙʣʠʟʠ 1016 ʥʤ ʫʤʝʥʴʰʘʝʪʩʷ ʩ 80 ʜʦ 35 ʧʤ 

ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ L c 35 ʜʦ 85 ʤ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʜʣʷ ʧʦʣʫʯʝʥʠʷ 

ʵʬʬʝʢʪʠʚʥʦʡ ʛʝʥʝʨʘʮʠʠ ʥʝʦʙʭʦʜʠʤʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʫʟʢʦʧʦʣʦʩʥʳʝ 

ʠʩʪʦʯʥʠʢʠ ʥʘʢʘʯʢʠ ʠ ʩʠʛʥʘʣʘ. 

 

ʈʠʩ. 3.3. ɿʘʚʠʩʠʤʦʩʪʴ ʰʠʨʠʥʳ ʚʝʢʪʦʨʥʦʛʦ ʬʘʟʦʚʦʛʦ ʩʠʥʭʨʦʥʠʟʤʘ ʚ 

ʚʦʣʦʢʦʥʥʦʤ ʩʚʝʪʦʚʦʜʝ PM980-XP ʦʪ ʜʣʠʥʳ ʩʚʝʪʦʚʦʜʘ.  
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3.1.3. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ ʫʩʪʘʥʦʚʢʘ.  

 

ʉʭʝʤʘ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʫʩʪʘʥʦʚʢʠ ʧʨʝʜʩʪʘʚʣʝʥʘ ʥʘ ʨʠʩ. 3.4.  

 

ʈʠʩ. 3.4. ʉʭʝʤʘ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʫʩʪʘʥʦʚʢʠ. 

 

ʀʟʣʫʯʝʥʠʝ ʥʘʢʘʯʢʠ ʠ ʩʠʛʥʘʣʴʥʦʡ ʟʘʪʨʘʚʢʠ ʟʘʚʦʜʠʣʦʩʴ ʚ ʚʦʣʦʢʦʥʥʳʡ 

ʩʚʝʪʦʚʦʜ ʩ ʩʦʭʨʘʥʝʥʠʝʤ ʧʦʣʷʨʠʟʘʮʠʠ PM980-XP ʯʝʨʝʟ ʚʦʣʦʢʦʥʥʳʡ 

ʦʪʚʝʪʚʠʪʝʣʴ ʩ ʢʦʵʬʬʠʮʠʝʥʪʦʤ ʜʝʣʝʥʠʷ 30:70 ʚʙʣʠʟʠ 1040 ʥʤ. ɼʣʷ 

ʵʢʩʧʝʨʠʤʝʥʪʘ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʩʚʝʪʦʚʦʜʳ ʜʣʠʥʦʡ 35 ʠ 85 ʤ. ʆʪʜʝʣʴʥʳʝ 

ʩʧʝʢʪʨʘʣʴʥʳʝ ʣʠʥʠʠ ʚʳʭʦʜʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʥʘʙʣʶʜʘʣʠʩʴ ʩ ʧʦʤʦʱʴʶ 

ʘʥʘʣʠʟʘʪʦʨʘ ʦʧʪʠʯʝʩʢʦʛʦ ʩʧʝʢʪʨʘ (ɸʆʉ) Yokogawa AQ6370. ɺ ʢʘʯʝʩʪʚʝ 

ʣʘʟʝʨʘ ʥʘʢʘʯʢʠ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʀɺʃ ʩ ʣʠʥʝʡʥʳʤ ʨʝʟʦʥʘʪʦʨʦʤ, 

ʩʬʦʨʤʠʨʦʚʘʥʥʳʤ ʧʘʨʦʡ ʩʦʛʣʘʩʦʚʘʥʥʳʭ ɺɹʈ (ʩʤ. ʨʘʟʜʝʣ 2.2). ʆʥ 

ʛʝʥʝʨʠʨʦʚʘʣ ʥʝʧʨʝʨʳʚʥʦʝ ʥʝʧʦʣʷʨʠʟʦʚʘʥʥʦʝ ʠʟʣʫʯʝʥʠʝ ʥʘ ʜʣʠʥʝ ʚʦʣʥʳ 

1048 ʥʤ ʩ ʰʠʨʠʥʦʡ ʩʧʝʢʪʨʘ ȹɚp = 30 ʠ 70 ʧʤ ʧʨʠ ʚʳʭʦʜʥʦʡ ʤʦʱʥʦʩʪʠ 0,5 ʠ 

4 ɺʪ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʉʠʛʥʘʣʴʥʳʡ ʣʘʟʝʨ ʧʨʝʜʩʪʘʚʣʷʣ ʩʦʙʦʡ ʥʝʧʨʝʨʳʚʥʳʡ 

ʀɺʃ ʩ ʢʦʣʴʮʝʚʳʤ ʨʝʟʦʥʘʪʦʨʦʤ. ʇʝʨʝʩʪʨʦʡʢʘ ʠʟʣʫʯʝʥʠʷ ʣʘʟʝʨʘ ʩ 1093 ʜʦ 

1072 ʥʤ ʧʦʟʚʦʣʷʣʘ ʥʘʩʪʨʘʠʚʘʪʴʩʷ ʚ ʦʙʣʘʩʪʴ ʜʣʠʥ ʚʦʣʥ, ʜʣʷ ʢʦʪʦʨʳʭ 

ʚʳʧʦʣʥʷʝʪʩʷ ʫʩʣʦʚʠʝ ʬʘʟʦʚʦʛʦ ʩʠʥʭʨʦʥʠʟʤʘ. ʅʘ ʨʠʩ. 3.5 ʧʦʢʘʟʘʥʘ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʰʠʨʠʥʳ ʩʠʛʥʘʣʴʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ȹɚs ʦʪ 

ʚʳʭʦʜʥʦʡ ʤʦʱʥʦʩʪʠ ʈs, ʠʟʤʝʨʝʥʥʦʡ ʩ ʧʦʤʦʱʴʶ ɸʆʉ ʩʦ ʩʧʝʢʪʨʘʣʴʥʳʤ 

ʨʘʟʨʝʰʝʥʠʝʤ 0,02 ʥʤ. ɺʠʜʥʦ, ʯʪʦ ȹɚs ʣʠʥʝʡʥʦ ʨʘʩʪʝʪ ʠ ʜʦʭʦʜʠʪ ʜʦ 80 ʧʤ 
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ʧʨʠ ʈs å 1,4 ɺʪ. ɺ ʵʢʩʧʝʨʠʤʝʥʪʝ ʩʠʛʥʘʣʴʥʘʷ ʚʦʣʥʘ ʩʦʦʪʚʝʪʩʪʚʦʚʘʣʘ 

ʩʪʦʢʩʦʚʦʡ ʢʦʤʧʦʥʝʥʪʝ ʏɺʉ, ʭʦʣʦʩʪʘʷ ʚʦʣʥʘ ï ʘʥʪʠʩʪʦʢʩʦʚʦʡ ʢʦʤʧʦʥʝʥʪʝ 

ʏɺʉ. ʂʦʥʪʨʦʣʣʝʨʳ ʧʦʣʷʨʠʟʘʮʠʠ ʂʇ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʜʣʷ ʧʦʜʩʪʨʦʡʢʠ 

ʧʦʣʷʨʠʟʘʮʠʠ ʠʟʣʫʯʝʥʠʷ, ʟʘʚʦʜʠʤʦʛʦ ʚ ʜʚʫʣʫʯʝʧʨʝʣʦʤʣʷʶʱʠʡ ʩʚʝʪʦʚʦʜ. 

 

ʈʠʩ. 3.5. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʝ ʫʰʠʨʝʥʠʝ ʩʧʝʢʪʨʘ ʠʟʣʫʯʝʥʠʷ ʩʠʛʥʘʣʴʥʦʛʦ 

ʀɺʃ ʩ ʨʦʩʪʦʤ ʚʳʭʦʜʥʦʡ ʤʦʱʥʦʩʪʠ ʛʝʥʝʨʘʮʠʠ. 

 

ʇʨʠ ʥʘʩʪʨʦʡʢʝ ʩʠʛʥʘʣʴʥʦʛʦ ʣʘʟʝʨʘ ʥʘ ʜʣʠʥʫ ʚʦʣʥʳ ɚs å 1080,3 ʥʤ 

ʚʳʧʦʣʥʷʣʦʩʴ ʫʩʣʦʚʠʝ ʬʘʟʦʚʦʛʦ ʩʠʥʭʨʦʥʠʟʤʘ ʏɺʉ, ʠ ʛʝʥʝʨʠʨʦʚʘʣʘʩʴ 

ʭʦʣʦʩʪʘʷ ʚʦʣʥʘ ʩ ɚi å 1017,7 ʥʤ (ʩʤ. ʨʠʩ. 3.6). ʊʘʢʠʤ ʦʙʨʘʟʦʤ, 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ ʯʘʩʪʦʪʥʘʷ ʦʪʩʪʨʦʡʢʘ ʩʦʩʪʘʚʠʣʘ ʚʝʣʠʯʠʥʫ 8,6 ʊɻʮ, ʯʪʦ 

ʩʨʘʚʥʠʤʦ ʩ ʦʮʝʥʦʯʥʦʡ ʚʝʣʠʯʠʥʦʡ ʚ 9,1 ʊɻʮ. 

 

ʈʠʩ. 3.6. ʉʧʝʢʪʨ ʠʟʣʫʯʝʥʠʷ ʩ ʚʳʭʦʜʘ ʆɸʉ. 
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3.1.4. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ ʰʠʨʠʥʘ ʬʘʟʦʚʦʛʦ ʩʠʥʭʨʦʥʠʟʤʘ.  

 

ʅʘ ʨʠʩ. 3.7 ʧʦʢʘʟʘʥʦ ʠʟʤʝʥʝʥʠʝ ʩʧʝʢʪʨʦʚ ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʡ ʛʝʥʝʨʘʮʠʠ 

ʧʨʠ ʧʝʨʝʩʪʨʦʡʢʝ ʜʣʠʥʳ ʚʦʣʥʳ ʩʠʛʥʘʣʴʥʦʛʦ ʣʘʟʝʨʘ ʚʙʣʠʟʠ ʧʦʣʦʞʝʥʠʷ 

ʬʘʟʦʚʦʛʦ ʩʠʥʭʨʦʥʠʟʤʘ ʚ ʩʚʝʪʦʚʦʜʝ ʜʣʠʥʦʡ 85 ʤ. ʄʦʱʥʦʩʪʠ ʠʟʣʫʯʝʥʠʷ 

ʥʘʢʘʯʢʠ ʠ ʩʠʛʥʘʣʘ ʨʘʚʥʷʣʠʩʴ 2,8 ʠ 1,7 ɺʪ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ɿʥʘʯʝʥʠʷ ȹɚp ʠ 

ȹɚs ʥʝ ʧʨʝʚʳʰʘʣʠ 50 ʠ 110 ʧʤ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʀʟ ʛʨʘʬʠʢʦʚ ʚʠʜʥʦ, ʯʪʦ 

ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ ʬʘʟʦʚʦʡ ʨʘʩʩʪʨʦʡʢʠ ʢʦʥʪʫʨ ʩʧʝʢʪʨʦʚ ʜʝʬʦʨʤʠʨʫʝʪʩʷ, 

ʚʦʟʥʠʢʘʶʪ ʧʨʦʚʘʣʳ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʤʠʥʠʤʫʤʘʤ ʬʫʥʢʮʠʠ sinc
2
(x). ʂ 

ʩʦʞʘʣʝʥʠʶ, ʘʧʧʘʨʘʪʥʘʷ ʬʫʥʢʮʠʷ ɸʆʉ ʧʨʠ ʩʘʤʦʤ ʣʫʯʰʝʤ ʨʘʟʨʝʰʝʥʠʠ 

ʩʦʩʪʘʚʣʷʣʘ 25 ʧʤ, ʯʪʦ ʧʨʝʚʳʰʘʣʦ ʧʝʨʠʦʜ sinc
2
(x), ʧʦʵʪʦʤʫ ʤʠʥʠʤʫʤʳ 

çʟʘʤʳʪʳè ʠ ʧʣʦʭʦ ʨʘʟʣʠʯʠʤʳ ʥʘ ʩʧʝʢʪʨʦʘʥʘʣʠʟʘʪʦʨʝ. ʂʨʫʞʢʘʤʠ ʥʘ ʨʠʩ.3.7 

ʠʟʦʙʨʘʞʝʥ ʪʝʦʨʝʪʠʯʝʩʢʠʡ ʢʦʥʪʫʨ ʫʩʠʣʝʥʠʷ Ga. ɼʣʷ ʝʛʦ ʨʘʩʯʝʪʘ 

ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʬʦʨʤʫʣʳ (1.10) ʠ (3.5) ʩ ʧʘʨʘʤʝʪʨʘʤʠ g = 1,23 ɺʪ-1
ʢʤ

-1
(ʪʘʢ 

ʢʘʢ ɔ ʩʥʠʞʘʝʪʩʷ ʚ 3 ʨʘʟʘ ʜʣʷ ʦʨʪʦʛʦʥʘʣʴʥʳʭ ʧʦʣʷʨʠʟʘʮʠʡ), dn = 3,6Ĭ10
-4
, L 

= 85 ʤ ʠ Pp = 2,8 ɺʪ. 

 

ʈʠʩ. 3.7. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʩʧʝʢʪʨʳ ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʡ ʛʝʥʝʨʘʮʠʠ, 

ʧʦʣʫʯʝʥʥʳʝ ʚ ʩʚʝʪʦʚʦʜʝ PM980-XP ʜʣʠʥʦʡ 85 ʤ ʧʨʠ ʧʝʨʝʩʪʨʦʡʢʝ ɚs ʚʙʣʠʟʠ 

ʧʦʣʦʞʝʥʠʷ ʬʘʟʦʚʦʛʦ ʩʠʥʭʨʦʥʠʟʤʘ. ʂʨʫʞʢʠ ï ʪʝʦʨʝʪʠʯʝʩʢʠʡ ʢʦʥʪʫʨ 

ʫʩʠʣʝʥʠʷ. 
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ʀʟ ʨʠʩ. 3.7 ʚʠʜʥʦ, ʯʪʦ ʪʝʦʨʝʪʠʯʝʩʢʠʡ ʢʦʥʪʫʨ ʫʩʠʣʝʥʠʷ ʚ ʜʚʘ ʨʘʟʘ ʫʞʝ 

ʩʧʝʢʪʨʘ ʛʝʥʝʨʘʮʠʠ. ɺʦ-ʧʝʨʚʳʭ, ʪʘʢʦʝ ʥʝʩʦʦʪʚʝʪʩʪʚʠʝ ʩʚʷʟʘʥʦ ʩ ʘʧʧʘʨʘʪʥʦʡ 

ʬʫʥʢʮʠʝʡ ɸʆʉ, ʰʠʨʠʥʘ ʢʦʪʦʨʦʡ ʩʦʧʦʩʪʘʚʠʤʘ ʩ ʰʠʨʠʥʦʡ ʩʠʥʭʨʦʥʠʟʤʘ. ɺ 

ʨʝʟʫʣʴʪʘʪʝ ʩʧʝʢʪʨ ʥʘ ɸʆʉ ʢʘʞʝʪʩʷ ʰʠʨʝ, ʯʝʤ ʦʥ ʝʩʪʴ ʥʘ ʩʘʤʦʤ ʜʝʣʝ. ɺʦ-

ʚʪʦʨʳʭ, ʚ ʪʝʦʨʝʪʠʯʝʩʢʠʭ ʨʘʩʯʝʪʘʭ ʧʨʝʜʧʦʣʘʛʘʶʪʩʷ ʦʜʥʦʯʘʩʪʦʪʥʳʝ ʣʠʥʠʠ 

ʠʟʣʫʯʝʥʠʷ ʥʘʢʘʯʢʠ ʠ ʩʠʛʥʘʣʘ, ʦʜʥʘʢʦ ʥʘ ʧʨʘʢʪʠʢʝ ʣʘʟʝʨʳ ʦʙʣʘʜʘʶʪ 

ʢʦʥʝʯʥʦʡ ʰʠʨʠʥʦʡ ʩʧʝʢʪʨʘ. ɺ ʠʪʦʛʝ ʩʦʛʣʘʩʦʚʘʥʠʝ ʬʘʟ ʚʳʧʦʣʥʷʝʪʩʷ ʜʣʷ 

ʮʝʣʦʛʦ ʥʘʙʦʨʘ ʧʨʦʜʦʣʴʥʳʭ ʤʦʜ ʜʚʫʭ ʣʘʟʝʨʦʚ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ 

çʨʘʩʧʣʳʚʘʥʠʶè ʩʧʝʢʪʨʘ ʛʝʥʝʨʘʮʠʠ. ʊʝʤ ʥʝ ʤʝʥʝʝ, ʦʙʣʘʩʪʴ ʬʘʟʦʚʦʛʦ 

ʩʠʥʭʨʦʥʠʟʤʘ ʚ ʵʢʩʧʝʨʠʤʝʥʪʝ ʜʦʚʦʣʴʥʦ ʤʘʣʘ. ʀʟ ʨʠʩ. 3.7 ʚʠʜʥʦ, ʯʪʦ 

ʠʟʤʝʥʝʥʠʝ ʜʣʠʥʳ ʚʦʣʥʳ ɚs ʥʘ 60 ʧʤ ʧʨʠʚʦʜʠʪ ʢ ʫʤʝʥʴʰʝʥʠʶ ʤʦʱʥʦʩʪʠ 

ʭʦʣʦʩʪʦʛʦ ʠʟʣʫʯʝʥʠʷ ʚ ʜʚʘ ʨʘʟʘ. 

 

3.1.5. ʀʟʤʝʨʝʥʠʝ ʤʦʱʥʦʩʪʠ ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʡ ʛʝʥʝʨʘʮʠʠ.  

 

ɿʥʘʯʝʥʠʷ ʤʦʱʥʦʩʪʝʡ ʚʦʣʥ, ʫʯʘʩʪʚʫʶʱʠʭ ʚ ʧʨʦʮʝʩʩʝ ʏɺʉ, 

ʥʘʭʦʜʠʣʠʩʴ ʚ ʵʢʩʧʝʨʠʤʝʥʪʝ ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ. ʉ ʧʦʤʦʱʴʶ ɸʆʉ 

ʦʧʨʝʜʝʣʷʣʦʩʴ ʦʪʥʦʩʠʪʝʣʴʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʚʳʭʦʜʥʦʡ ʤʦʱʥʦʩʪʠ ʧʦ 

ʣʠʥʠʷʤ ʠʟʣʫʯʝʥʠʷ. ɿʘʪʝʤ ɸʆʉ ʟʘʤʝʥʷʣʠ ʠʟʤʝʨʠʪʝʣʝʤ ʤʦʱʥʦʩʪʠ ʠ 

ʠʟʤʝʨʷʣʠ ʧʦʣʥʫʶ ʤʦʱʥʦʩʪʴ ʥʘ ʚʳʭʦʜʝ PM980-XP. ʇʦ ʠʟʤʝʨʝʥʥʳʤ 

ʟʥʘʯʝʥʠʷʤ ʚʳʭʦʜʥʦʡ ʤʦʱʥʦʩʪʠ ʧʨʦʚʦʜʠʣʘʩʴ ʢʘʣʠʙʨʦʚʢʘ ʤʦʱʥʦʩʪʝʡ ʚʦʣʥ 

ʭʦʣʦʩʪʦʡ, ʩʠʛʥʘʣʴʥʦʡ ʠ ʥʘʢʘʯʢʠ. 

ʅʘ ʨʠʩ. 3.8ʘ ʠ ʙ ʪʦʯʢʘʤʠ ʧʦʢʘʟʘʥʘ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ 

ʤʦʱʥʦʩʪʠ ʭʦʣʦʩʪʦʡ ʚʦʣʥʳ ʦʪ ʤʦʱʥʦʩʪʠ ʩʠʛʥʘʣʴʥʦʡ Pi(Ps) ʜʣʷ ʜʣʠʥ 

ʚʦʣʦʢʦʥʥʦʛʦ ʩʚʝʪʦʚʦʜʘ 35 ʠ 85 ʤ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʄʦʱʥʦʩʪʴ Pi 

ʦʧʪʠʤʠʟʠʨʦʚʘʣʘʩʴ ʧʫʪʝʤ ʧʦʜʩʪʨʦʡʢʠ ʢʦʥʪʨʦʣʣʝʨʦʚ ʧʦʣʷʨʠʟʘʮʠʠ ʂʇ ʚ 

ʩʭʝʤʝ ʥʘ ʨʠʩ. 3.4. ɿʘʚʠʩʠʤʦʩʪʴ ʥʘ ʨʠʩ. 3.8 ʣʠʥʝʡʥʘ ʥʘ ʥʘʯʘʣʴʥʦʤ ʫʯʘʩʪʢʝ, 

ʯʪʦ ʩʦʛʣʘʩʫʝʪʩʷ ʩ ʪʝʦʨʠʝʡ ʚ ʚʳʨʘʞʝʥʠʠ (3.3), ʥʦ ʟʘʪʝʤ ʥʘʯʠʥʘʝʪ 

ʥʘʩʳʱʘʪʴʩʷ. ʂʨʫʞʢʠ ʠ ʪʨʝʫʛʦʣʴʥʠʢʠ ʦʙʦʟʥʘʯʘʶʪ ʤʦʱʥʦʩʪʠ ʥʘʢʘʯʢʠ Pp å 4 
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ʠ 0,56 ɺʪ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʩʧʣʦʰʥʳʝ ʣʠʥʠʠ - ʪʝʦʨʝʪʠʯʝʩʢʠʡ ʨʘʩʯʝʪ. ɼʣʷ 

ʥʘʛʣʷʜʥʦʩʪʠ ʟʥʘʯʝʥʠʷ Pi ʧʨʠ ʤʦʱʥʦʩʪʠ ʥʘʢʘʯʢʠ 0,56 ɺʪ ʫʚʝʣʠʯʝʥʳ ʚ 10 

ʨʘʟ. ʄʦʱʥʦʩʪʴ ʛʝʥʝʨʘʮʠʠ ʥʘ ʜʣʠʥʝ ʚʦʣʥʳ å 1018 ʥʤ ʜʦʩʪʠʛʘʝʪ 40 ʤɺʪ ʜʣʷ 

L = 85 ʤ ʠ Pp = 4 ɺʪ.  

 

ʈʠʩ. 3.8. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ (ʪʦʯʢʠ) ʠ ʪʝʦʨʝʪʠʯʝʩʢʘʷ (ʩʧʣʦʰʥʳʝ ʣʠʥʠʠ) 

ʟʘʚʠʩʠʤʦʩʪʴ ʤʦʱʥʦʩʪʠ ʭʦʣʦʩʪʦʡ ʚʦʣʥʳ Pi ʦʪ ʤʦʱʥʦʩʪʠ ʩʠʛʥʘʣʴʥʦʡ ʚʦʣʥʳ 

Ps ʜʣʷ ʩʚʝʪʦʚʦʜʘ PM980-XP ʜʣʠʥʦʡ 85 (ʘ) ʠ 35 (ʙ) ʤ. 

 

ʈʘʩʯʝʪʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ Pi(Ps) ʚʳʯʠʩʣʷʣʘʩʴ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʟʥʘʯʝʥʠʡ Pp ʠ Ps, ʢʦʪʦʨʳʝ ʧʦʜʩʪʘʚʣʷʣʠʩʴ ʚ ʬʦʨʤʫʣʫ 

  
2

)( psi PPLP h=
,     (3.7) 

ʛʜʝ ʢʦʵʬʬʠʮʠʝʥʪ ɖ ʧʨʦʧʦʨʮʠʦʥʘʣʝʥ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʏɺʉ. ʀʟ 

ʩʨʘʚʥʝʥʠʷ ʬʦʨʤʫʣ (3.7) ʠ (3.3) ʷʩʥʦ, ʯʪʦ ɖ ʢʚʘʜʨʘʪʠʯʥʦ ʟʘʚʠʩʠʪ ʦʪ ʜʣʠʥʳ ʠ 

ʢʦʵʬʬʠʮʠʝʥʪʘ ʥʝʣʠʥʝʡʥʦʩʪʠ ʚʦʣʦʢʦʥʥʦʛʦ ʩʚʝʪʦʚʦʜʘ  

    2/)( 2Lgh=      (3.8) 

ʄʥʦʞʠʪʝʣʴ 1/2 ʚʦʟʥʠʢʘʝʪ ʠʟ-ʟʘ ʪʦʛʦ, ʯʪʦ ʚ ʧʨʦʮʝʩʩʝ ʏɺʉ ʫʯʘʩʪʚʫʝʪ 

ʪʦʣʴʢʦ ʧʦʣʦʚʠʥʘ ʩʠʛʥʘʣʴʥʦʛʦ ʠʟʣʫʯʝʥʠʷ, ʧʦʣʷʨʠʟʦʚʘʥʥʘʷ ʚʜʦʣʴ ʤʝʜʣʝʥʥʦʡ 

ʦʩʠ ʩʚʝʪʦʚʦʜʘ, ʧʦʵʪʦʤʫ ʵʬʬʝʢʪʠʚʥʘʷ ʤʦʱʥʦʩʪʴ ʩʠʛʥʘʣʘ ʫʤʝʥʴʰʘʝʪʩʷ ʚ 2 

ʨʘʟʘ. ɺʝʣʠʯʠʥʘ ʢʦʵʬʬʠʮʠʝʥʪʘ ɖ ʥʘʭʦʜʠʪʩʷ ʧʨʠ ʧʦʜʛʦʥʢʝ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʪʦʯʝʢ ʬʦʨʤʫʣʦʡ (3.7). ʅʝʙʦʣʴʰʦʡ ʠʟʛʠʙ 

ʪʝʦʨʝʪʠʯʝʩʢʠʭ ʢʨʠʚʳʭ ʩ ʫʚʝʣʠʯʝʥʠʝʤ Ps ʦʙʲʷʩʥʷʝʪʩʷ ʫʤʝʥʴʰʝʥʠʝʤ 

ʤʦʱʥʦʩʪʠ ʥʘʢʘʯʢʠ ʚ ʵʢʩʧʝʨʠʤʝʥʪʝ ʥʘ å 20% ʠʟ-ʟʘ ʠʟʤʝʥʝʥʠʷ ʩ ʨʦʩʪʦʤ 
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ʤʦʱʥʦʩʪʠ ʢʦʵʬʬʠʮʠʝʥʪʘ ʜʝʣʝʥʠʷ ʚʦʣʦʢʦʥʥʦʛʦ ʦʪʚʝʪʚʠʪʝʣʷ. ʊʘʢʠʤ 

ʦʙʨʘʟʦʤ, ʥʘ ʦʩʥʦʚʝ ʧʦʣʫʯʝʥʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ ʩʦʩʪʘʚʣʝʥʘ ʩʨʘʚʥʠʪʝʣʴʥʘʷ 

ʪʘʙʣʠʮʘ 3.1, ʚ ʢʦʪʦʨʦʡ ʧʨʝʜʩʪʘʚʣʝʥʳ ʧʦʜʦʙʨʘʥʥʳʝ ʢʦʵʬʬʠʮʠʝʥʪʳ ɖ ʠ 

ʚʳʯʠʩʣʝʥʥʳʝ ʥʘ ʠʭ ʦʩʥʦʚʝ ʢʦʵʬʬʠʮʠʝʥʪʳ ʥʝʣʠʥʝʡʥʦʩʪʠ ʚʦʣʦʢʦʥʥʦʛʦ 

ʩʚʝʪʦʚʦʜʘ L/2hg=  (ʩʤ. ʬʦʨʤʫʣʫ (3.8)). 

 

ʊʘʙʣ. 3.1. ʇʘʨʘʤʝʪʨ ɖ ʠ ʨʘʩʩʯʠʪʘʥʥʳʝ ʥʘ ʝʛʦ ʦʩʥʦʚʝ ʢʦʵʬʬʠʮʠʝʥʪʳ 

ʥʝʣʠʥʝʡʥʦʩʪʠ ɔ ʚʦʣʦʢʦʥʥʦʛʦ ʩʚʝʪʦʚʦʜʘ PM980-XP. 

L, ʤ Pp, ɺʪ ɖ, 10
-3
ɺʪ

-2
 ɔ, ɺʪ

-1
ʢʤ

-1
 

85 4 5 0,83 

0,56 7,2 1,00 

35 3,8 1,6 1,14 

0,5 3 1,56 

 

ʀʟ ʪʘʙʣ. 3.1 ʩʣʝʜʫʝʪ, ʯʪʦ ʜʣʷ ʦʧʨʝʜʝʣʝʥʥʦʛʦ ʟʥʘʯʝʥʠʷ L ʢʦʵʬʬʠʮʠʝʥʪ 

ɖ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʡ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʛʦ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ, 

ʫʤʝʥʴʰʘʝʪʩʷ ʩ ʨʦʩʪʦʤ ʤʦʱʥʦʩʪʠ ʥʘʢʘʯʢʠ. ɺʦ-ʧʝʨʚʳʭ, ʵʪʦ ʤʦʞʝʪ ʙʳʪʴ 

ʩʚʷʟʘʥʦ ʩ ʵʬʬʝʢʪʦʤ ʠʩʪʦʱʝʥʠʷ ʥʘʢʘʯʢʠ ʧʨʠ ʙʦʣʴʰʦʡ ʚʝʣʠʯʠʥʝ Ps, ʢʦʛʜʘ 

ʬʦʨʤʫʣʳ (1.4 ï 1.10) ʩʪʘʥʦʚʷʪʩʷ ʥʝʧʨʠʤʝʥʠʤʳ. ɺʦ-ʚʪʦʨʳʭ, ʥʘʩʳʱʝʥʠʝ 

ʤʦʱʥʦʩʪʠ ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʡ ʛʝʥʝʨʘʮʠʠ ʩ ʨʦʩʪʦʤ ʤʦʱʥʦʩʪʠ ʩʠʛʥʘʣʘ ʠ 

ʥʘʢʘʯʢʠ ʤʦʞʥʦ ʦʙʲʷʩʥʠʪʴ ʫʰʠʨʝʥʠʝʤ ʣʘʟʝʨʥʳʭ ʩʧʝʢʪʨʦʚ, ʢʦʪʦʨʳʝ 

ʚʳʭʦʜʷʪ ʟʘ ʧʨʝʜʝʣʳ ʦʙʣʘʩʪʠ ʬʘʟʦʚʦʛʦ ʩʠʥʭʨʦʥʠʟʤʘ. ʅʘʧʨʠʤʝʨ, ȹɚs ʫʞʝ ʧʨʠ 

ʤʦʱʥʦʩʪʠ 0,3 ɺʪ ʧʨʝʚʳʰʘʝʪ ʪʝʦʨʝʪʠʯʝʩʢʫʶ ʰʠʨʠʥʫ ʬʘʟʦʚʦʛʦ 

ʩʠʥʭʨʦʥʠʟʤʘ å 40 ʧʤ ʜʣʷ 85-ʤʝʪʨʦʚʦʛʦ ʦʪʨʝʟʢʘ ʩʚʝʪʦʚʦʜʘ, ʘ ʧʨʠ 1 ɺʪ ï 

ʰʠʨʠʥʫ ʩʠʥʭʨʦʥʠʟʤʘ 35-ʤʝʪʨʦʚʦʛʦ ʦʪʨʝʟʢʘ, ʨʘʚʥʫʶ 80 ʧʤ. ʆʜʥʘʢʦ ʤʦʞʥʦ 

ʩʯʠʪʘʪʴ, ʯʪʦ ʧʨʠ ʥʝʙʦʣʴʰʠʭ ʟʥʘʯʝʥʠʷʭ ʈʨ ʠ ʈs ʫʰʠʨʝʥʠʝ ʩʧʝʢʪʨʦʚ ʣʘʟʝʨʦʚ 

ʩʣʘʙʦ ʚʣʠʷʝʪ ʥʘ ʤʦʱʥʦʩʪʴ ʭʦʣʦʩʪʦʡ ʚʦʣʥʳ. ʊʦʛʜʘ ʢʦʵʬʬʠʮʠʝʥʪ 

ʥʝʣʠʥʝʡʥʦʩʪʠ ɔ ʩʚʝʪʦʚʦʜʘ ʦʮʝʥʠʚʘʝʪʩʷ ʧʦ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤ ʜʘʥʥʳʤ ʢʘʢ 

ʩʨʝʜʥʝʝ ʟʥʘʯʝʥʠʝ ʤʝʞʜʫ 1,56 ʠ 1 ɺʪ
-1
ʢʤ

-1 
(ʩʤ. ʪʘʙʣ.3.1), ʪʦ ʝʩʪʴ å 1,3 ɺʪ

-1
ʢʤ

-

1
. ʊʘʢ ʢʘʢ ʚʝʣʠʯʠʥʘ g ʜʣʷ ʦʨʪʦʛʦʥʘʣʴʥʳʭ ʧʦʣʷʨʠʟʘʮʠʡ ʚ 3 ʨʘʟʘ ʤʝʥʴʰʝ, ʯʝʤ 
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ʜʣʷ ʧʘʨʘʣʣʝʣʴʥʳʭ, ʜʝʡʩʪʚʠʪʝʣʴʥʦʝ ʟʥʘʯʝʥʠʝ g ʨʘʚʥʦ 3,9 ɺʪ
-1
ʢʤ

-1
, ʯʪʦ ʩ 

ʪʦʯʥʦʩʪʴʶ 6% ʩʦʛʣʘʩʫʝʪʩʷ ʩ ʨʘʩʩʯʠʪʘʥʥʦʡ ʧʦ ʬʦʨʤʫʣʝ (1.2) ʚʝʣʠʯʠʥʦʡ 3,7 

ɺʪ
-1
ʢʤ

-1
. 

ʕʬʬʝʢʪʠʚʥʦʩʪʴ ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʛʦ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʩ ʩʠʛʥʘʣʴʥʦʡ 

ʟʘʪʨʘʚʢʦʡ ʦʮʝʥʠʚʘʝʪʩʷ ʢʘʢ ʦʪʥʦʰʝʥʠʝ ʤʦʱʥʦʩʪʠ ʭʦʣʦʩʪʦʡ ʚʦʣʥʳ ʥʘ 

ʚʳʭʦʜʝ ʚʦʣʦʢʦʥʥʦʛʦ ʩʚʝʪʦʚʦʜʘ ʢ ʤʦʱʥʦʩʪʠ ʩʠʛʥʘʣʴʥʦʡ ʚʦʣʥʳ ʥʘ ʚʭʦʜʝ ʚ 

ʥʝʛʦ Pi(L)/Ps(0). ɺ ʧʨʠʙʣʠʞʝʥʠʠ 1<<x  ʦʥʘ ʨʘʚʥʘ ɝ
2
 (ʩʤ. ʬʦʨʤʫʣʫ (3.2)). ɼʣʷ 

ʧʘʨʘʤʝʪʨʦʚ ʩʚʝʪʦʚʦʜʘ ʠ ʥʘʢʘʯʢʠ, ʠʩʧʦʣʴʟʫʝʤʳʭ ʚ ʵʢʩʧʝʨʠʤʝʥʪʝ (L = 85 ʤ, g 

= 1,3 ɺʪ
-1
ʢʤ

-1 
ʠ Pp = 4) ʟʥʘʯʝʥʠʝ ʥʦʨʤʠʨʦʚʘʥʥʦʡ ʤʦʱʥʦʩʪʠ ʥʘʢʘʯʢʠ ɝ = 0,44 

ʩʨʘʚʥʠʤʦ ʩʦ ʟʥʘʯʝʥʠʝʤ ɝ ʚ ʜʨʫʛʠʭ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʨʘʙʦʪʘʭ [63, 64], ʛʜʝ 

ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʝ ʧʨʝʦʙʨʘʟʦʚʘʥʠʝ ʧʦʣʫʯʘʶʪ ʚ ʦʜʥʦʧʨʦʭʦʜʥʦʡ ʩʭʝʤʝ ʩ 

ʌʂɺʉ. ʅʝʩʤʦʪʨʷ ʥʘ ʙʦʣʴʰʦʡ ʢʦʵʬʬʠʮʠʝʥʪ ʥʝʣʠʥʝʡʥʦʩʪʠ ɔ ʪʘʢʠʭ 

ʩʚʝʪʦʚʦʜʦʚ, ʚʝʣʠʯʠʥʘ ɝ ʥʝ ʧʨʝʚʳʰʘʝʪ 0,4 ʚ ʨʘʙʦʪʝ [63] ʠ 0,6 ʚ ʨʘʙʦʪʝ [64] 

ʠʟ-ʟʘ ʤʘʣʦʡ ʤʦʱʥʦʩʪʠ ʥʘʢʘʯʢʠ (2,0¢pP  ɺʪ). ɺ ʨʝʟʫʣʴʪʘʪʝ ʟʥʘʯʝʥʠʷ 

ʤʦʱʥʦʩʪʠ ʠ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʡ ʛʝʥʝʨʘʮʠʠ ʚ 

ʫʢʘʟʘʥʥʳʭ ʨʘʙʦʪʘʭ < 1 ʤɺʪ ʠ 0,3%, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ɺ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʜʦʩʪʠʛʘʝʪ 3,3%, ʯʪʦ 

ʤʦʞʝʪ ʙʳʪʴ ʩʚʷʟʘʥʦ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʙʦʣʝʝ ʦʜʥʦʨʦʜʥʦʛʦ ʚʦʣʦʢʦʥʥʦʛʦ 

ʩʚʝʪʦʚʦʜʘ, ʙʦʣʝʝ ʫʟʢʦʧʦʣʦʩʥʳʭ ʠʩʪʦʯʥʠʢʦʚ ʠʟʣʫʯʝʥʠʷ ʠ ʤʝʥʴʰʠʭ 

ʯʘʩʪʦʪʥʳʭ ʦʪʩʪʨʦʝʢ, ʯʝʤ ʚ ʨʘʙʦʪʘʭ [63, 64]. 

ɼʣʷ ʧʦʣʫʯʝʥʠʷ ʥʝʧʨʝʨʳʚʥʦʡ ʛʝʥʝʨʘʮʠʠ ʩ ʙʦʣʴʰʠʤʠ ʯʘʩʪʦʪʥʳʤʠ 

ʦʪʩʪʨʦʡʢʘʤʠ ʙʳʣʦ ʧʨʝʜʣʦʞʝʥʦ ʠʩʩʣʝʜʦʚʘʪʴ ʧʘʨʘʤʝʪʨʠʯʝʩʢʠʡ ʧʨʦʮʝʩʩ ʩ 

ʥʘʢʘʯʢʦʡ ʚʙʣʠʟʠ ɼɺʅɼ ʌʂɺʉ.  

 

3.2. ʇʘʨʘʤʝʪʨʠʯʝʩʢʘʷ ʛʝʥʝʨʘʮʠʷ ʚ ʜʚʫʣʫʯʝʧʨʝʣʦʤʣʷʶʱʝʤ 

ʬʦʪʦʥʥʦ-ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʤ ʚʦʣʦʢʦʥʥʦʤ ʩʚʝʪʦʚʦʜʝ  

 

3.2.1. ʆʧʠʩʘʥʠʝ ʚʦʣʦʢʦʥʥʦʛʦ ʩʚʝʪʦʚʦʜʘ LMA 5-PM.  
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ʌʂɺʉ ʧʦʟʚʦʣʷʶʪ ʨʝʘʣʠʟʦʚʳʚʘʪʴ ʦʜʥʦʤʦʜʦʚʳʡ ʨʝʞʠʤ 

ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ, ʤʝʥʷʪʴ ʬʦʨʤʫ ʜʠʩʧʝʨʩʠʦʥʥʦʡ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʠ ɼɺʅɼ 

ʩʚʝʪʦʚʦʜʘ ʚ ʰʠʨʦʢʦʡ ʩʧʝʢʪʨʘʣʴʥʦʡ ʦʙʣʘʩʪʠ, ʫʚʝʣʠʯʠʪʴ ʥʝʣʠʥʝʡʥʳʡ 

ʢʦʵʬʬʠʮʠʝʥʪ ɔ. ɺ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʚ ʢʘʯʝʩʪʚʝ ʪʘʢʦʛʦ ʚʦʣʦʢʦʥʥʦʛʦ 

ʩʚʝʪʦʚʦʜʘ ʙʳʣ ʚʳʙʨʘʥ ʌʂɺʉ ʩ ʩʦʭʨʘʥʝʥʠʝʤ ʧʦʣʷʨʠʟʘʮʠʠ LMA5-PM 

ʬʠʨʤʳ NKT Photonics [117]. ɺʦ-ʧʝʨʚʳʭ, ʦʥ ʢʦʤʤʝʨʯʝʩʢʠ ʜʦʩʪʫʧʝʥ. ɺʦ-

ʚʪʦʨʳʭ, ʩʚʝʪʦʚʦʜ ʥʝ ʠʤʝʝʪ ʯʘʩʪʦʪʫ ʦʪʩʝʯʢʠ ʜʣʷ ʤʦʜ ʚʳʩʰʠʭ ʧʦʨʷʜʢʦʚ. 

ʀʟʣʫʯʝʥʠʝ ʨʘʩʧʨʦʩʪʨʘʥʷʝʪʩʷ ʩ ʥʝʠʟʤʝʥʥʳʤ ʤʦʜʦʚʳʤ ʜʠʘʤʝʪʨʦʤ MFD = 

4,2Ñ0,5 ʤʢʤ ʚ ʩʧʝʢʪʨʘʣʴʥʦʤ ʜʠʘʧʘʟʦʥʝ ʦʪ 0,4 ʜʦ 2 ʤʢʤ. ʉʣʝʜʦʚʘʪʝʣʴʥʦ, 

ʠʥʪʝʛʨʘʣ ʧʝʨʝʢʨʳʪʠʷ ʧʦʣʝʡ ʤʘʢʩʠʤʘʣʝʥ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʫʚʝʣʠʯʝʥʠʶ 

ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʥʝʣʠʥʝʡʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ [39]. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, LMA5-

PM ʷʚʣʷʝʪʩʷ ʧʦʜʭʦʜʷʱʠʤ ʚʦʣʦʢʦʥʥʳʤ ʩʚʝʪʦʚʦʜʦʤ ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʏɺʉ 

ʧʨʦʮʝʩʩʘ. ɺ-ʪʨʝʪʴʠʭ, ɼɺʅɼ ʜʘʥʥʦʛʦ ʩʚʝʪʦʚʦʜʘ ʥʝ ʩʝʨʪʠʬʠʮʠʨʦʚʘʥʘ, ʥʦ ʧʦ 

ʦʮʝʥʢʝ ʥʘʭʦʜʠʪʩʷ ʚʙʣʠʟʠ 1060 ʥʤ ʠ ʧʦʧʘʜʘʝʪ ʚ ʜʠʘʧʘʟʦʥ ʛʝʥʝʨʘʮʠʠ ʀɺʃ, 

ʯʪʦ ʜʘʝʪ ʚʦʟʤʦʞʥʦʩʪʴ ʠʩʩʣʝʜʦʚʘʪʴ ʧʘʨʘʤʝʪʨʠʯʝʩʢʠʡ ʧʨʦʮʝʩʩ ʩ ʥʘʢʘʯʢʦʡ ʚ 

ʦʙʣʘʩʪʠ ʧʦʣʦʞʠʪʝʣʴʥʦʡ ʠ ʦʪʨʠʮʘʪʝʣʴʥʦʡ ʜʠʩʧʝʨʩʠʠ. ɺ-ʯʝʪʚʝʨʪʳʭ, 

ʜʚʫʣʫʯʝʧʨʝʣʦʤʣʝʥʠʝ ʩʚʝʪʦʚʦʜʘ ʧʦʟʚʦʣʷʝʪ ʦʜʥʦʚʨʝʤʝʥʥʦ ʠʩʩʣʝʜʦʚʘʪʴ 

ʧʨʦʮʝʩʩ ʩʢʘʣʷʨʥʦʛʦ ʠ ʚʝʢʪʦʨʥʦʛʦ ʏɺʉ.  

ʕʬʬʝʢʪʠʚʥʳʡ ʧʦʢʘʟʘʪʝʣʴ ʧʨʝʣʦʤʣʝʥʠʷ ʦʙʦʣʦʯʢʠ ʌʂɺʉ neff 

ʬʦʨʤʠʨʫʝʪʩʷ ʟʘ ʩʯʝʪ ʚʚʝʜʝʥʠʷ ʚ ʥʝʝ ʚʦʟʜʫʰʥʳʭ ʦʪʚʝʨʩʪʠʡ ʜʠʘʤʝʪʨʦʤ d ʠ 

ʨʘʩʩʪʦʷʥʠʝʤ ʤʝʞʜʫ ʥʠʤʠ ȿ (ʧʠʪʯ). ɼʨʫʛʠʤ ʚʘʞʥʳʤ ʧʘʨʘʤʝʪʨʦʤ ʷʚʣʷʝʪʩʷ 

ʢʦʵʬʬʠʮʠʝʥʪ ʟʘʧʦʣʥʝʥʠʷ ʩʣʦʝʚ k = d/ȿ (ʩʤ. ʨʠʩ. 2). ʉʪʨʫʢʪʫʨʘ ʌʂɺʉ 

LMA5 (ʙʝʟ ʩʦʭʨʘʥʝʥʠʷ ʧʦʣʷʨʠʟʘʮʠʠ) ʨʘʩʩʤʘʪʨʠʚʘʣʘʩʴ ʨʘʥʝʝ ʚ ʜʨʫʛʠʭ 

ʨʘʙʦʪʘʭ [118, 119], ʦʜʥʘʢʦ ʚ ʵʪʠʭ ʨʘʙʦʪʘʭ ʧʘʨʘʤʝʪʨʳ d ʠ ȿ ʜʦʚʦʣʴʥʦ ʩʠʣʴʥʦ 

ʦʪʣʠʯʘʶʪʩʷ. ʇʦʵʪʦʤʫ ʩ ʧʦʤʦʱʴʶ ʵʣʝʢʪʨʦʥʥʦʛʦ ʤʠʢʨʦʩʢʦʧʘ ʙʳʣʘ ʩʜʝʣʘʥʘ 

ʬʦʪʦʛʨʘʬʠʷ ʥʘʰʝʛʦ ʦʙʨʘʟʮʘ. ʆʥʘ ʧʨʝʜʩʪʘʚʣʝʥʘ ʥʘ ʨʠʩ. 3.9. ʂʘʢ ʚʠʜʥʦ ʠʟ 

ʨʠʩʫʥʢʘ, ʩʝʨʜʮʝʚʠʥʘ ʩʚʝʪʦʚʦʜʘ LMA5-PM ʥʘ ʦʩʥʦʚʝ ʧʣʘʚʣʝʥʦʛʦ ʢʚʘʨʮʘ 

ʜʠʘʤʝʪʨʦʤ 5 ʤʢʤ ʦʢʨʫʞʝʥʘ ʛʝʢʩʘʛʦʥʘʣʴʥʦʡ ʬʦʪʦʥʥʦ-ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ 

ʩʪʨʫʢʪʫʨʦʡ ʠʟ ʚʦʟʜʫʰʥʳʭ ʦʪʚʝʨʩʪʠʡ. ɼʚʘ ʩʪʝʨʞʥʷ, ʧʦʤʝʱʝʥʥʳʝ ʩ ʜʚʫʭ 

ʩʪʦʨʦʥ ʩʪʨʫʢʪʫʨʳ, ʥʘʚʦʜʷʪ ʜʚʫʣʫʯʝʧʨʝʣʦʤʣʝʥʠʝ, ʚʝʣʠʯʠʥʘ ʢʦʪʦʨʦʛʦ 
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ʟʘʷʚʣʝʥʘ ʧʨʦʠʟʚʦʜʠʪʝʣʝʤ ʢʘʢ 1,5Ĭ10
-4
. ɿʘʪʫʭʘʥʠʝ ʚ ʜʠʘʧʘʟʦʥʝ ʦʪ 0,7 ʜʦ 2 

ʤʢʤ ʥʝ ʧʨʝʚʳʰʘʝʪ 10 ʜɹ/ʢʤ. ʂʦʵʬʬʠʮʠʝʥʪ ʥʝʣʠʥʝʡʥʦʩʪʠ ʌʂɺʉ 

ʦʮʝʥʠʚʘʣʩʷ ʧʦ ʬʦʨʤʫʣʝ (1.2) ʩ ʧʘʨʘʤʝʪʨʘʤʠ n2 å 2,3Ĭ10
-20

 (ʤ
2
/ɺʪ), Aeff å 

13,8 ʤʢʤ
2
, ɚp = 1050 ʥʤ ʠ ʩʦʩʪʘʚʠʣ ʚʝʣʠʯʠʥʫ 10 ɺʪ

-1
ʢʤ

-1
. ʕʪʦ ʟʥʘʯʝʥʠʝ ʚ ʪʨʠ 

ʨʘʟʘ ʧʨʝʚʳʰʘʝʪ ʢʦʵʬʬʠʮʠʝʥʪ ʥʝʣʠʥʝʡʥʦʩʪʠ ʩʪʘʥʜʘʨʪʥʦʛʦ 

ʛʝʨʤʘʥʦʩʠʣʠʢʘʪʥʦʛʦ ʚʦʣʦʢʦʥʥʦʛʦ ʩʚʝʪʦʚʦʜʘ ʩʦ ʩʪʫʧʝʥʯʘʪʳʤ ʧʨʦʬʠʣʝʤ 

ʧʦʢʘʟʘʪʝʣʷ ʧʨʝʣʦʤʣʝʥʠʷ.
 
 

  

ʈʠʩ. 3.9. ʌʦʪʦʛʨʘʬʠʷ ʪʦʨʮʘ ʚʦʣʦʢʦʥʥʦʛʦ ʩʚʝʪʦʚʦʜʘ LMA 5-PM, 

ʚʳʧʦʣʥʝʥʥʘʷ ʩ ʧʦʤʦʱʴʶ ʵʣʝʢʪʨʦʥʥʦʛʦ ʤʠʢʨʦʩʢʦʧʘ: ʘ) ʦʙʱʠʡ ʚʠʜ; ʙ) 

ʬʦʪʦʥʥʦ-ʢʨʠʩʪʘʣʣʠʯʝʩʢʘʷ ʩʪʨʫʢʪʫʨʘ. 

 

ɺʝʣʠʯʠʥʘ ʧʠʪʯʘ ȿ = (3.25 Ñ 0.15) ʥʘʭʦʜʠʣʘʩʴ ʠʟ ʨʠʩ. 3.9ʘ ʧʨʠ 

ʤʘʩʰʪʘʙʠʨʦʚʘʥʠʠ ʜʠʘʤʝʪʨʘ ʚʦʣʦʢʦʥʥʦʛʦ ʩʚʝʪʦʚʦʜʘ ʥʘ 125 ʤʢʤ. ʇʘʨʘʤʝʪʨ k 

= (0.36 Ñ 0.11) ʦʮʝʥʠʚʘʣʩʷ ʠʟ SEM ʬʦʪʦʛʨʘʬʠʠ ʩ ʣʫʯʰʠʤ ʨʘʟʨʝʰʝʥʠʝʤ, 

ʧʨʝʜʩʪʘʚʣʝʥʥʦʡ ʥʘ ʨʠʩ. 3.9ʙ. ɹʦʣʴʰʦʡ ʨʘʟʙʨʦʩ ʟʥʘʯʝʥʠʡ k ʩʚʷʟʘʥ ʩ 

ʥʝʜʦʩʪʘʪʦʯʥʳʤ ʨʘʟʨʝʰʝʥʠʝʤ SEM ʠʟʦʙʨʘʞʝʥʠʷ ʠ ʨʘʟʙʨʦʩʦʤ ʨʘʟʤʝʨʦʚ 

ʚʦʟʜʫʰʥʳʭ ʦʪʚʝʨʩʪʠʡ ʚ ʨʝʘʣʴʥʦʤ ʩʚʝʪʦʚʦʜʝ. ʄʦʜʦʚʳʝ ʜʠʘʤʝʪʨʳ 

ʩʪʘʥʜʘʨʪʥʦʛʦ ʚʦʣʦʢʦʥʥʦʛʦ ʩʚʝʪʦʚʦʜʘ ʠ ʌʂɺʉ LMA 5-PM ʦʪʣʠʯʘʶʪʩʷ, 

ʧʦʵʪʦʤʫ ʥʝʦʙʭʦʜʠʤʦ ʫʤʝʥʴʰʠʪʴ ʧʦʪʝʨʠ ʧʨʠ ʟʘʚʝʜʝʥʠʠ ʠʟʣʫʯʝʥʠʷ ʠʟ 

ʦʜʥʦʛʦ ʩʚʝʪʦʚʦʜʘ ʚ ʜʨʫʛʦʡ. ɼʣʷ ʨʝʰʝʥʠʷ ʵʪʦʡ ʧʨʦʙʣʝʤʳ ʥʘ ʢʦʥʮʳ ʌʂɺʉ 

ʙʳʣʠ ʥʘʚʘʨʝʥʳ ʢʦʨʦʪʢʠʝ (~ 1 ʤ) ʦʪʨʝʟʢʠ ʚʦʣʦʢʦʥʥʦʛʦ ʩʚʝʪʦʚʦʜʘ 1060XP. 

ʄʝʪʦʜʳ ʩʤʝʱʝʥʥʦʡ ʦʙʣʘʩʪʠ ʩʚʘʨʢʠ ʠ ʧʦʚʪʦʨʝʥʠʷ ʜʫʛʦʚʦʛʦ ʨʘʟʨʷʜʘ, 
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ʦʧʠʩʘʥʥʳʝ ʚ ʨʘʙʦʪʘʭ [118, 120], ʧʦʤʦʛʣʠ ʩʥʠʟʠʪʴ ʩʫʤʤʘʨʥʳʝ ʧʦʪʝʨʠ ʚ 

ʦʙʣʘʩʪʠ ʜʚʫʭ ʩʚʘʨʦʢ LMA5-PM ʠ 1060XP ʜʦ 20% ʥʘ ʜʣʠʥʝ ʚʦʣʥʳ 976 ʥʤ.  

 

3.2.2. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ ʫʩʪʘʥʦʚʢʘ. 

 

ʉʭʝʤʘ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʫʩʪʘʥʦʚʢʠ ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʡ ʛʝʥʝʨʘʮʠʠ ʧʦʢʘʟʘʥʘ ʥʘ ʨʠʩ. 3.10. ɺ ʢʘʯʝʩʪʚʝ ʣʘʟʝʨʘ 

ʥʘʢʘʯʢʠ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʥʘʙʦʨ ʧʝʨʝʩʪʨʘʠʚʘʝʤʳʭ ʥʝʧʨʝʨʳʚʥʳʭ ʀɺʃ ʩ 

ʢʦʣʴʮʝʚʳʤ ʨʝʟʦʥʘʪʦʨʦʤ. ʆʧʠʩʘʥʠʝ ʩʭʝʤʳ ʧʦʜʦʙʥʦʛʦ ʀɺʃ ʧʨʝʜʩʪʘʚʣʝʥʦ ʚ 

ʨʘʟʜʝʣʝ 2.2. ʇʦʣʥʳʡ ʜʠʘʧʘʟʦʥ ʠʟʣʫʯʝʥʠʷ ʥʘʢʘʯʢʠ ʧʝʨʝʢʨʳʚʘʣʩʷ ʦʪ 1010 ʜʦ 

1110 ʥʤ ʧʨʠ ʚʳʭʦʜʥʦʡ ʤʦʱʥʦʩʪʠ ʠʟʣʫʯʝʥʠʷ 0,5 - 2,5 ɺʪ. ʐʠʨʠʥʘ ʩʧʝʢʪʨʘ 

ʠʟʣʫʯʝʥʠʷ ʥʘʢʘʯʢʠ ʙʳʣʘ ʤʝʥʝʝ 100 ʧʤ.  

 

ʈʠʩ. 3.10. ʉʭʝʤʘ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʫʩʪʘʥʦʚʢʠ.  

 

ʅʝʧʨʝʨʳʚʥʳʡ ʧʘʨʘʤʝʪʨʠʯʝʩʢʠʡ ʧʨʦʮʝʩʩ, ʢʘʢ ʠ ʚ ʩʣʫʯʘʝ ʩ 

ʚʦʣʦʢʦʥʥʳʤ ʩʚʝʪʦʚʦʜʦʤ PM980-XP (ʩʤ. ʨʘʟʜʝʣ 3.1) ʥʘʙʣʶʜʘʣʩʷ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʩʠʛʥʘʣʴʥʦʛʦ ʠʟʣʫʯʝʥʠʷ. ɼʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʛʦ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʚ ʰʠʨʦʢʦʤ ʩʧʝʢʪʨʘʣʴʥʦʤ ʜʠʘʧʘʟʦʥʝ 

ʧʨʠʤʝʥʷʣʠʩʴ ʨʘʟʥʳʝ ʪʠʧʳ ʩʠʛʥʘʣʴʥʳʭ ʣʘʟʝʨʦʚ. ɺʦ-ʧʝʨʚʳʭ, ʵʪʦ 

ʧʝʨʝʩʪʨʘʠʚʘʝʤʳʡ ʵʨʙʠʝʚʳʡ ʚʦʣʦʢʦʥʥʳʡ ʣʘʟʝʨ ʩ ʢʦʣʴʮʝʚʳʤ ʨʝʟʦʥʘʪʦʨʦʤ ʠ 

ʚʳʭʦʜʥʦʡ ʤʦʱʥʦʩʪʴʶ ʛʝʥʝʨʘʮʠʠ ~ 1 ɺʪ. ʇʝʨʝʩʪʨʦʡʢʘ ʣʘʟʝʨʘ 

ʦʩʫʱʝʩʪʚʣʷʣʘʩʴ ʩ 1552 ʜʦ 1542 ʥʤ. ɺʦ-ʚʪʦʨʳʭ, ʵʪʦ ʚʦʣʦʢʦʥʥʳʡ ɺʂʈ ʣʘʟʝʨ 

ʩ ʣʠʥʝʡʥʳʤ ʨʝʟʦʥʘʪʦʨʦʤ ʥʘ ʦʩʥʦʚʝ ʬʦʩʬʦʩʠʣʠʢʘʪʥʦʛʦ ʚʦʣʦʢʦʥʥʦʛʦ 

ʩʚʝʪʦʚʦʜʘ, ʛʝʥʝʨʠʨʫʶʱʠʡ ʠʟʣʫʯʝʥʠʝ ʥʘ ʜʣʠʥʝ ʚʦʣʥʳ 1310 ʥʤ. ʉʭʝʤʘ 
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ʧʦʜʦʙʥʦʛʦ ʠʩʪʦʯʥʠʢʘ ʦʧʠʩʘʥʘ ʚ ʨʘʙʦʪʘʭ [121, 122]. ɺ-ʪʨʝʪʴʠʭ, ʵʪʦ 

ʚʦʣʦʢʦʥʥʳʡ ɺʂʈ ʣʘʟʝʨ ʩ ʢʦʣʴʮʝʚʳʤ ʨʝʟʦʥʘʪʦʨʦʤ ʥʘ ʦʩʥʦʚʝ 

ʬʦʩʬʦʩʠʣʠʢʘʪʥʦʛʦ ʩʚʝʪʦʚʦʜʘ, ʠʟʣʫʯʘʶʱʠʡ ʥʘ ʜʣʠʥʘʭ ʚʦʣʥ 1218 ʠ 1246 ʥʤ. 

ɺ ʪʨʝʪʴʝʤ ʩʣʫʯʘʝ ʧʝʨʝʩʪʨʘʠʚʘʝʤʳʡ ʀɺʃ ʩʣʫʞʠʣ ʠʩʪʦʯʥʠʢʦʤ ʥʘʢʘʯʢʠ ʢʘʢ 

ʜʣʷ ɺʂʈ ʣʘʟʝʨʘ, ʪʘʢ ʠ ʜʣʷ ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʛʦ ʧʨʦʮʝʩʩʘ. ɺ-ʯʝʪʚʝʨʪʳʭ, ʵʪʦ 

ʩʝʨʠʷ ʧʝʨʝʩʪʨʘʠʚʘʝʤʳʭ ʀɺʃ ʩ ʢʦʣʴʮʝʚʳʤʠ ʨʝʟʦʥʘʪʦʨʘʤʠ ʠ ʩʫʤʤʘʨʥʦʡ 

ʦʙʣʘʩʪʴʶ ʛʝʥʝʨʘʮʠʠ ʦʪ 1010 ʜʦ 1100 ʥʤ (ʩʤ. ʨʘʟʜʝʣ 2.2). ɺ-ʧʷʪʳʭ, ʵʪʦ 

ʫʟʢʦʧʦʣʦʩʥʳʡ ʜʠʦʜʥʳʡ ʣʘʟʝʨ ʩ ʜʣʠʥʦʡ ʚʦʣʥʳ ʠʟʣʫʯʝʥʠʷ 976 ʥʤ ʠ 

ʚʦʣʦʢʦʥʥʳʤ ʚʳʭʦʜʦʤ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʦʣʥʳʡ ʜʠʘʧʘʟʦʥ ʛʝʥʝʨʘʮʠʠ 

ʩʠʛʥʘʣʴʥʳʭ ʣʘʟʝʨʦʚ ʧʨʦʩʪʠʨʘʣʩʷ ʦʪ 976 ʜʦ 1550 ʥʤ ʧʨʠ ʚʳʭʦʜʥʦʡ 

ʤʦʱʥʦʩʪʠ ʠʟʣʫʯʝʥʠʷ ʦʪ 0,1 ʜʦ 2,5 ɺʪ. ʐʠʨʠʥʘ ʩʧʝʢʪʨʘ ʩʠʛʥʘʣʴʥʦʛʦ 

ʠʟʣʫʯʝʥʠʷ ʙʳʣʘ ʤʝʥʝʝ 100 ʧʤ. 

ɺ ʩʭʝʤʝ ʥʘ ʨʠʩ. 3.10 ʥʝʧʦʣʷʨʠʟʦʚʘʥʥʦʝ ʥʝʧʨʝʨʳʚʥʦʝ ʠʟʣʫʯʝʥʠʝ 

ʥʘʢʘʯʢʠ ʠ ʩʠʛʥʘʣʴʥʦʡ ʟʘʪʨʘʚʢʠ ʟʘʚʦʜʠʣʦʩʴ ʯʝʨʝʟ ʚʦʣʦʢʦʥʥʳʡ ʦʪʚʝʪʚʠʪʝʣʴ 

ʚ 25-ʤʝʪʨʦʚʳʡ ʩʚʝʪʦʚʦʜ LMA5-PM. ɼʣʷ ʨʘʟʥʳʭ ʜʣʠʥ ʚʦʣʥ ʩʠʛʥʘʣʴʥʦʛʦ 

ʠʟʣʫʯʝʥʠʷ ʧʦʜʙʠʨʘʣʠʩʴ ʦʪʚʝʪʚʠʪʝʣʠ ʩ ʨʘʟʥʳʤʠ ʩʧʝʢʪʨʘʣʴʥʳʤʠ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ, ʢʦʪʦʨʳʝ ʦʙʝʩʧʝʯʠʚʘʣʠ ʟʘʚʝʜʝʥʠʝ ʥʝ ʤʝʥʝʝ 70% 

ʥʘʢʘʯʢʠ. ɼʘʣʝʝ ʥʝʧʦʣʷʨʠʟʦʚʘʥʥʦʝ ʠʟʣʫʯʝʥʠʝ ʜʝʣʠʣʦʩʴ ʤʝʞʜʫ ʛʣʘʚʥʳʤʠ 

ʦʩʷʤʠ ʜʚʫʣʫʯʝʧʨʝʣʦʤʣʷʶʱʝʛʦ ʌʂɺʉ. ɺ ʵʢʩʧʝʨʠʤʝʥʪʝ ʧʦʣʷʨʠʟʘʮʠʷ 

ʠʟʣʫʯʝʥʠʷ ʥʝ ʨʝʛʫʣʠʨʦʚʘʣʘʩʴ. ɺ ʧʨʠʩʫʪʩʪʚʠʠ ʩʠʛʥʘʣʴʥʦʡ ʟʘʪʨʘʚʢʠ ʟʘ ʩʯʝʪ 

ʧʨʦʮʝʩʩʘ ʏɺʉ ʚ ʩʚʝʪʦʚʦʜʝ LMA 5-PM ʛʝʥʝʨʠʨʦʚʘʣʘʩʴ ʭʦʣʦʩʪʘʷ ʚʦʣʥʘ. 

ʊʘʢʠʤ ʦʙʨʘʟʘʤ, ʙʳʣʘ ʨʝʘʣʠʟʦʚʘʥʘ ʧʦʣʥʦʩʪʴʶ ʚʦʣʦʢʦʥʥʘʷ ʩʭʝʤʘ ʜʣʷ 

ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʜʣʠʥʳ ʚʦʣʥʳ ʛʝʥʝʨʘʮʠʠ ʀɺʃ. ɺʳʭʦʜʥʳʝ ʩʧʝʢʪʨʳ 

ʟʘʧʠʩʳʚʘʣʠʩʴ ʩ ʧʦʤʦʱʴʶ ɸʆʉ Yokogawa AQ6370. 

  

3.2.3. ɼʠʘʛʨʘʤʤʳ ʬʘʟʦʚʦʛʦ ʩʠʥʭʨʦʥʠʟʤʘ.  

 

ɼʠʩʧʝʨʩʠʦʥʥʘʷ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘ ʌʂɺʉ ʟʘʜʘʝʪʩʷ ʝʛʦ ʩʪʨʫʢʪʫʨʦʡ ʠ 

ʠʛʨʘʝʪ ʦʧʨʝʜʝʣʷʶʱʫʶ ʨʦʣʴ ʜʣʷ ʩʦʛʣʘʩʦʚʘʥʠʷ ʬʘʟ ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʛʦ 

ʧʨʦʮʝʩʩʘ. ʏʠʩʣʝʥʥʳʡ ʨʘʩʯʝʪ ʵʬʬʝʢʪʠʚʥʦʛʦ ʧʦʢʘʟʘʪʝʣʷ ʧʨʝʣʦʤʣʝʥʠʷ ʤʦʜʳ 
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neff(ɤ) ʧʨʦʠʟʚʦʜʠʣʩʷ ʩ ʧʦʤʦʱʴʶ ʥʘʭʦʜʷʱʝʡʩʷ ʚ ʦʪʢʨʳʪʦʤ ʜʦʩʪʫʧʝ 

ʧʨʦʛʨʘʤʤʳ CUDOS MOF [123]. ʆʥʘ ʠʩʧʦʣʴʟʫʝʪ ʜʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʤʝʪʦʜ 

ʤʫʣʴʪʠʧʦʣʝʡ ʠ ʧʦʟʚʦʣʷʝʪ ʥʘʭʦʜʠʪʴ ʬʫʥʜʘʤʝʥʪʘʣʴʥʫʶ ʤʦʜʫ (ʠ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʫ neff (ɤ)) ʌʂɺʉ ʩ ʛʝʢʩʘʛʦʥʘʣʴʥʦʡ ʩʠʤʤʝʪʨʠʝʡ, ʢʦʪʦʨʦʡ 

ʦʙʣʘʜʘʝʪ ʩʚʝʪʦʚʦʜ LMA 5-PM. ɼʣʷ ʨʘʩʯʝʪʘ neff(ɤ) ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ 

ʧʘʨʘʤʝʪʨʳ d ʠ k, ʢʦʪʦʨʳʝ ʚʘʨʴʠʨʦʚʘʣʠʩʴ ʚ ʜʠʘʧʘʟʦʥʝ ʧʦʛʨʝʰʥʦʩʪʠ 

ʠʟʤʝʨʝʥʠʡ ȿ = (3.25 Ñ 0.15) ʠ k = (0.36 Ñ 0.11), ʦʮʝʥʝʥʥʳʭ ʠʟ ʬʦʪʦʛʨʘʬʠʠ, 

ʧʨʠʚʝʜʝʥʥʦʡ  ʥʘ ʨʠʩ. 3.9. ɼʘʣʝʝ ʧʦ ʬʦʨʤʫʣʝ cneff /)()( wwwb =  ʥʘʭʦʜʠʣʠʩʴ 

ʧʦʩʪʦʷʥʥʳʝ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʤʦʜ ʜʣʷ ʚʦʣʥ ʥʘʢʘʯʢʠ, ʩʠʛʥʘʣʴʥʦʡ ʠ 

ʭʦʣʦʩʪʦʡ. 

ɺʥʘʯʘʣʝ, ʧʝʨʝʜ ʧʨʦʚʝʜʝʥʠʝʤ ʵʢʩʧʝʨʠʤʝʥʪʘ, ʧʨʦʚʦʜʠʣʩʷ ʛʨʫʙʳʡ 

ʨʘʩʯʝʪ ʜʠʘʛʨʘʤʤ ʩʢʘʣʷʨʥʦʛʦ ʠ ʚʝʢʪʦʨʥʦʛʦ ʬʘʟʦʚʦʛʦ ʩʠʥʭʨʦʥʠʟʤʘ 

(ʜʠʘʛʨʘʤʤʦʡ ʬʘʟʦʚʦʛʦ ʩʠʥʭʨʦʥʠʟʤʘ ʥʘʟʳʚʘʝʪʩʷ ʟʘʚʠʩʠʤʦʩʪʴ ʜʣʠʥʳ ʚʦʣʥʳ 

ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʡ ʛʝʥʝʨʘʮʠʠ ʦʪ ʜʣʠʥʳ ʚʦʣʥʳ ʥʘʢʘʯʢʠ ʧʨʠ ʪʦʯʥʦʤ 

ʩʦʛʣʘʩʦʚʘʥʠʠ ʬʘʟ). ɼʣʷ ʵʪʦʛʦ ʚ ʫʨʘʚʥʝʥʠʷ (1.16) ʠ (1.25) ʧʦʜʩʪʘʚʣʷʣʠʩʴ 

ʨʘʩʩʯʠʪʘʥʥʳʝ ʜʣʷ ʜʘʥʥʦʛʦ ʩʚʝʪʦʚʦʜʘ ʟʥʘʯʝʥʠʷ ɓ(ɤ), ʠ ʯʠʩʣʝʥʥʳʤ ʤʝʪʦʜʦʤ 

ʥʘʭʦʜʠʣʠʩʴ ʧʘʨʘʤʝʪʨʠʯʝʩʢʠʝ ʦʪʩʪʨʦʡʢʠ. ɿʘʪʝʤ ʥʘ ʦʩʥʦʚʝ ʨʘʩʩʯʠʪʘʥʥʳʭ 

ʜʠʘʛʨʘʤʤ ʬʘʟʦʚʦʛʦ ʩʠʥʭʨʦʥʠʟʤʘ ʧʨʦʚʦʜʠʣʩʷ ʵʢʩʧʝʨʠʤʝʥʪ. ɺ ʵʢʩʧʝʨʠʤʝʥʪʝ 

ʜʣʠʥʳ ʚʦʣʥ ʥʘʢʘʯʢʠ ʠ ʩʠʛʥʘʣʴʥʦʡ ʟʘʪʨʘʚʢʠ ʚʘʨʴʠʨʦʚʘʣʠʩʴ ʚʙʣʠʟʠ 

ʚʳʯʠʩʣʝʥʥʳʭ ʟʥʘʯʝʥʠʡ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʢʨʠʚʳʤ ʬʘʟʦʚʦʛʦ ʩʠʥʭʨʦʥʠʟʤʘ, 

ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʛʝʥʝʨʘʮʠʠ ʭʦʣʦʩʪʦʡ ʚʦʣʥʳ ʟʘ ʩʯʝʪ ʏɺʉ. ɼʘʣʝʝ 

ʩʨʘʚʥʠʚʘʣʠʩʴ ʨʘʩʯʝʪʥʳʝ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʚʝʣʠʯʠʥʳ ʜʣʠʥ ʚʦʣʥ 

ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʡ ʛʝʥʝʨʘʮʠʠ. ʇʦʩʣʝ ʩʨʘʚʥʝʥʠʷ ʧʨʦʚʦʜʠʣʘʩʴ ʦʧʪʠʤʠʟʘʮʠʷ 

ʧʘʨʘʤʝʪʨʦʚ ȿ ʠ k ʜʣʷ ʜʘʣʴʥʝʡʰʝʡ ʘʢʢʫʨʘʪʥʦʡ ʧʦʜʛʦʥʢʠ ʨʘʩʯʝʪʥʳʭ ʠ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʛʨʘʬʠʢʦʚ. ʆʧʪʠʤʠʟʘʮʠʷ ʧʨʦʚʦʜʠʣʘʩʴ ʜʦ ʪʝʭ ʧʦʨ, ʧʦʢʘ 

ʛʨʘʬʠʢʠ ʥʝ ʩʦʚʧʘʣʠ. 

ʅʘ ʨʠʩ. 3.11 ʧʨʝʜʩʪʘʚʣʝʥʳ ʜʠʘʛʨʘʤʤʳ ʩʢʘʣʷʨʥʦʛʦ ʬʘʟʦʚʦʛʦ 

ʩʠʥʭʨʦʥʠʟʤʘ. ʇʫʩʪʳʝ ʠ ʩʧʣʦʰʥʳʝ ʢʨʫʞʢʠ ʩʦʦʪʚʝʪʩʪʚʫʶʪ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʜʣʠʥʝ ʚʦʣʥʳ ʩʠʛʥʘʣʴʥʦʛʦ ʠ ʭʦʣʦʩʪʦʛʦ ʠʟʣʫʯʝʥʠʷ, 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʃʠʥʠʠ ï ʨʘʩʯʝʪʥʳʝ ʛʨʘʬʠʢʠ. ʇʨʠ ʧʨʦʚʝʜʝʥʠʠ 
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ʵʢʩʧʝʨʠʤʝʥʪʘ ʙʳʣʦ ʦʙʥʘʨʫʞʝʥʦ, ʯʪʦ ʜʣʷ ʜʚʫʣʫʯʝʧʨʝʣʦʤʣʷʶʱʝʛʦ 

ʚʦʣʦʢʦʥʥʦʛʦ ʩʚʝʪʦʚʦʜʘ ʩʫʱʝʩʪʚʫʶʪ ʜʚʝ ʚʝʪʚʠ ʩʢʘʣʷʨʥʦʛʦ ʩʠʥʭʨʦʥʠʟʤʘ. 

ʆʥʠ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʧʦʣʷʨʠʟʘʮʠʠ ʯʝʪʳʨʝʭ ʚʟʘʠʤʦʜʝʡʩʪʚʫʶʱʠʭ ʚʦʣʥ ʣʠʙʦ 

ʚʜʦʣʴ ʤʝʜʣʝʥʥʦʡ, ʣʠʙʦ ʚʜʦʣʴ ʙʳʩʪʨʦʡ ʦʩʠ ʩʚʝʪʦʚʦʜʘ. ɹʳʣʦ ʧʨʝʜʧʦʣʦʞʝʥʦ, 

ʯʪʦ ʧʦ ʘʥʘʣʦʛʠʠ ʩ ʨʘʙʦʪʦʡ [70] ʚʝʪʚʴ ʩ ʙʦʣʴʰʠʤ ʟʥʘʯʝʥʠʝʤ ɼɺʅɼ 

ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʧʦʣʷʨʠʟʘʮʠʠ ʚʦʣʥ ʚʜʦʣʴ ʙʳʩʪʨʦʡ ʦʩʠ, ʩ ʤʝʥʴʰʝʡ ï ʚʜʦʣʴ 

ʤʝʜʣʝʥʥʦʡ ʦʩʠ. ʅʘ ʚʨʝʟʢʝ ʨʠʩ. 3.11 ʧʦʢʘʟʘʥʘ ʫʚʝʣʠʯʝʥʥʘʷ ʦʙʣʘʩʪʴ ʚʙʣʠʟʠ 

ʥʫʣʷ ʜʠʩʧʝʨʩʠʠ. 

 

ʈʠʩ. 3.11. ɼʠʘʛʨʘʤʤʳ ʬʘʟʦʚʦʛʦ ʩʠʥʭʨʦʥʠʟʤʘ ʜʣʷ ʩʢʘʣʷʨʥʦʛʦ ʏɺʉ ʚ ʌʂɺʉ 

LMA 5-PM. ʇʫʩʪʳʝ ʠ ʩʧʣʦʰʥʳʝ ʢʨʫʞʢʠ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʜʣʠʥʝ ʚʦʣʥʳ 

ʩʠʛʥʘʣʴʥʦʛʦ ʠ ʭʦʣʦʩʪʦʛʦ ʠʟʣʫʯʝʥʠʷ ʚ ʵʢʩʧʝʨʠʤʝʥʪʝ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ; 

ʩʧʣʦʰʥʘʷ, ʧʫʥʢʪʠʨʥʘʷ ʠ ʰʪʨʠʭʦʚʘʷ ʣʠʥʠʠ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʯʠʩʣʝʥʥʦ 

ʨʘʩʩʯʠʪʘʥʥʳʤ ʜʠʘʛʨʘʤʤʘʤ ʜʣʷ nfast, nav ʠ nslow, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ɺʩʪʘʚʢʘ 

ʧʦʢʘʟʳʚʘʝʪ ʧʨʠʙʣʠʞʝʥʥʫʶ ʦʙʣʘʩʪʴ ʦʢʦʣʦ ɼɺʅɼ. 

 

ʂ ʩʦʞʘʣʝʥʠʶ, ʧʨʦʛʨʘʤʤʘ CUDOS ʥʝ ʧʨʝʜʫʩʤʘʪʨʠʚʘʝʪ ʨʘʩʯʝʪ neff (ɤ) 

ʜʣʷ ʜʚʫʭ ʦʩʝʡ ʩʚʝʪʦʚʦʜʘ ʚ ʩʣʫʯʘʝ ʥʘʚʝʜʝʥʥʦʛʦ ʩʪʝʨʞʥʷʤʠ 

ʜʚʫʣʫʯʝʧʨʝʣʦʤʣʝʥʠʷ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʜʣʷ ʧʨʦʩʪʦʪʳ ʨʘʩʯʝʪ ʵʬʬʝʢʪʠʚʥʦʛʦ 

ʧʦʢʘʟʘʪʝʣʷ ʧʨʝʣʦʤʣʝʥʠʷ ʙʳʩʪʨʦʡ nfast(ɤ) ʠ ʤʝʜʣʝʥʥʦʡ nslow(ɤ) ʦʩʝʡ 
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ʧʨʦʚʦʜʠʣʩʷ ʚ ʧʨʝʜʧʦʣʦʞʝʥʠʠ ʨʘʟʥʳʭ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʟʘʧʦʣʥʝʥʠʷ ʩʣʦʝʚ k, 

ʥʦ ʦʜʠʥʘʢʦʚʦʛʦ ʩʨʝʜʥʝʛʦ ʧʠʪʯʘ ȿ = 3,25 ʤʢʤ. ɺʳʙʦʨ ʥʝʠʟʤʝʥʥʦʛʦ ʧʠʪʯʘ 

ʩʚʷʟʘʥ ʩ ʪʝʤ, ʯʪʦ ʝʛʦ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ ʧʦʛʨʝʰʥʦʩʪʴ ʥʘ ʧʦʨʷʜʦʢ ʤʝʥʴʰʝ, 

ʯʝʤ ʧʦʛʨʝʰʥʦʩʪʴ ʧʘʨʘʤʝʪʨʘ k. ʇʫʥʢʪʠʨʥʘʷ ʣʠʥʠʷ ʥʘ ʨʠʩ. 3.11 

ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʜʠʘʛʨʘʤʤʝ ʬʘʟʦʚʦʛʦ ʩʠʥʭʨʦʥʠʟʤʘ ʜʣʷ ʩʨʝʜʥʝʛʦ ʧʦʢʘʟʘʪʝʣʷ 

ʧʨʝʣʦʤʣʝʥʠʷ 2/)( slowfastav nnn += , ʣʝʞʘʱʝʛʦ ʤʝʞʜʫ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʤʠ 

ʟʥʘʯʝʥʠʷʤʠ nfast (ɤ) ʠ nslow (ɤ). ɺ ʪʘʙʣʠʮʝ 3.2 ʧʦʢʘʟʘʥʳ ʠʩʧʦʣʴʟʫʝʤʳʝ ʚ 

ʨʘʩʯʝʪʝ ʧʘʨʘʤʝʪʨʳ ȿ, k ʠ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʠʤ ʟʥʘʯʝʥʠʷ ɚ0. ʇʘʨʘʤʝʪʨʳ ɓ03, 

ɓ04 ʠ ɓ05 ʦʙʦʟʥʘʯʘʶʪ ʪʨʝʪʠʡ, ʯʝʪʚʝʨʪʳʡ ʠ ʧʷʪʳʡ ʧʦʨʷʜʢʠ ʜʠʩʧʝʨʩʠʠ 

ʩʚʝʪʦʚʦʜʘ ʥʘ ʯʘʩʪʦʪʝ ʥʫʣʝʚʦʡ ʜʠʩʧʝʨʩʠʠ ɤ0 (ʩʤ. ʚʳʨʘʞʝʥʠʝ (1.17)). ɺʠʜʥʦ, 

ʯʪʦ ʠʩʧʦʣʴʟʫʝʤʳʝ ʟʥʘʯʝʥʠʷ ʧʘʨʘʤʝʪʨʘ k ʥʘʭʦʜʷʪʩʷ ʚ ʨʘʤʢʘʭ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʧʦʛʨʝʰʥʦʩʪʠ.  

 

ʊʘʙʣ. 3.2. ʇʘʨʘʤʝʪʨʳ ȿ ʠ k, ʠʩʧʦʣʴʟʫʝʤʳʝ ʜʣʷ ʯʠʩʣʝʥʥʦʛʦ ʨʘʩʯʝʪʘ ɚ0 ʠ 

ʚʳʩʰʠʭ ʧʦʨʷʜʢʦʚ ʜʠʩʧʝʨʩʠʠ ʜʚʫʣʫʯʝʧʨʝʣʦʤʣʷʶʱʝʛʦ ʌʂɺʉ. 

 ȿ, 

ʤʢʤ 

k ɚ0, 

ʥʤ 

ɓ03, 

ʧʩ
3
/ʢʤĬ10

-2
 

ɓ04, 

ʧʩ
4
/ʢʤĬ10

-4
 

ɓ05, 

ʧʩ
5
/ʢʤĬ10-7

 

ʙʳʩʪʨʘʷ ʦʩʴ 3,25 0,44161 1052,95 6,753 -1,001 2,753 

ʩʨʝʜʥʠʡ nav (ɤ) 3,25 0,44325 1052,44 6,755 -1,001 2,673 

ʤʝʜʣʝʥʥʘʷ ʦʩʴ 3,25 0,44516 1051,85 6,756 -1,002 3,671 

 

ʅʘ ʨʠʩ. 3.12 ʧʨʠʚʝʜʝʥ ʜʠʩʧʝʨʩʠʦʥʥʳʡ ʧʘʨʘʤʝʪʨ D(ɚ), ʨʘʩʩʯʠʪʘʥʥʳʡ 

ʜʣʷ ʩʨʝʜʥʝʛʦ ʟʥʘʯʝʥʠʷ ʧʦʢʘʟʘʪʝʣʷ ʧʨʝʣʦʤʣʝʥʠʷ nav(ɤ). 

ʀʟ ʨʠʩ. 3.11 ʚʠʜʥʦ ʭʦʨʦʰʝʝ ʩʦʛʣʘʩʠʝ ʤʝʞʜʫ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ ʠ 

ʪʝʦʨʝʪʠʯʝʩʢʠʤʠ ʟʥʘʯʝʥʠʷʤʠ ʜʣʠʥ ʚʦʣʥ ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʡ ʛʝʥʝʨʘʮʠʠ ʜʣʷ 

ʩʢʘʣʷʨʥʦʛʦ ʏɺʉ, ʟʘ ʠʩʢʣʶʯʝʥʠʝʤ ʦʙʣʘʩʪʠ ʚʙʣʠʟʠ ɼɺʅɼ ʠ ʦʙʣʘʩʪʠ 

ʙʦʣʴʰʠʭ ʦʪʩʪʨʦʝʢ. ʊʦʯʥʘʷ ʧʦʜʛʦʥʢʘ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ ʧʨʠ 

ʙʦʣʴʰʠʭ ʯʘʩʪʦʪʥʳʭ ʦʪʩʪʨʦʡʢʘʭ ʥʝ ʫʜʘʣʘʩʴ ʜʘʞʝ ʩ ʠʟʤʝʥʝʥʠʝʤ ʚʝʣʠʯʠʥ ȿ ʠ 

k ʚ ʦʙʣʘʩʪʠ ʠʭ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʧʦʛʨʝʰʥʦʩʪʠ. ɺʦʟʤʦʞʥʦ, ʨʘʟʣʠʯʠʝ 

ʩʚʷʟʘʥʦ ʩ ʥʝʢʦʪʦʨʦʡ ʥʝʪʦʯʥʦʩʪʴʶ ʨʘʩʯʝʪʘ ʜʠʩʧʝʨʩʠʦʥʥʦʡ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʩ 
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ʧʦʤʦʱʴʶ ʧʨʦʛʨʘʤʤʳ CUDOS MOF, ʪʘʢ ʢʘʢ ʚʦ ʚʨʝʤʷ ʨʘʩʯʝʪʘ ʥʝ 

ʫʯʠʪʳʚʘʝʪʩʷ ʥʝʙʦʣʴʰʘʷ ʘʩʠʤʤʝʪʨʠʷ ʚʦʟʜʫʰʥʳʭ ʦʪʚʝʨʩʪʠʡ, ʧʨʠʩʫʱʘʷ 

ʨʝʘʣʴʥʦʤʫ ʩʚʝʪʦʚʦʜʫ.  

 

ʈʠʩ. 3.12. ɼʠʩʧʝʨʩʠʦʥʥʳʡ ʧʘʨʘʤʝʪʨ ʌʂɺʉ LMA 5-PM ʧʨʠ ȿ = 3.25 ʤʢʤ ʠ k 

= 0.44325. ʇʦʣʷʨʠʟʘʮʠʷ ʚ ʜʘʥʥʦʤ ʩʣʫʯʘʝ ʥʝ ʫʯʠʪʳʚʘʝʪʩʷ. 

 

ʀʟ ʚʩʪʘʚʢʠ ʥʘ ʨʠʩ. 3.11 ʤʦʞʝʪ ʧʦʢʘʟʘʪʴʩʷ, ʯʪʦ ʥʝʢʦʪʦʨʳʝ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʪʦʯʢʠ ʧʨʠʥʘʜʣʝʞʘʪ ʜʠʘʛʨʘʤʤʝ ʬʘʟʦʚʦʛʦ ʩʠʥʭʨʦʥʠʟʤʘ, 

ʨʘʩʩʯʠʪʘʥʥʦʡ ʜʣʷ nav(ɤ), ʭʦʪʷ ʥʘ ʩʘʤʦʤ ʜʝʣʝ ʦʥʠ ʧʨʠʥʘʜʣʝʞʘʪ ʜʠʘʛʨʘʤʤʝ 

ʩʠʥʭʨʦʥʠʟʤʘ ʤʝʜʣʝʥʥʦʡ ʦʩʠ ʠ ʣʝʞʘʪ ʚ ʦʙʣʘʩʪʠ ʦʪʨʠʮʘʪʝʣʴʥʦʡ ʜʠʩʧʝʨʩʠʠ 

ʚʦʣʦʢʦʥʥʦʛʦ ʩʚʝʪʦʚʦʜʘ. ʈʘʩʭʦʞʜʝʥʠʝ ʨʘʩʯʝʪʘ ʩ ʵʢʩʧʝʨʠʤʝʥʪʦʤ ʚʙʣʠʟʠ 

ɼɺʅɼ ʚʦʟʥʠʢʘʝʪ ʠʟ-ʟʘ ʥʝʫʯʪʝʥʥʦʛʦ ʥʝʣʠʥʝʡʥʦʛʦ ʚʢʣʘʜʘ 2ɔP0 ʚ ʫʩʣʦʚʠʠ 

ʬʘʟʦʚʦʛʦ ʩʠʥʭʨʦʥʠʟʤʘ (1.16). 

ʅʘ ʨʠʩ. 3.13 ʩʧʣʦʰʥʘʷ ʠ ʰʪʨʠʭʦʚʘʷ ʣʠʥʠʠ ʩʦʦʪʚʝʪʩʪʚʫʶʪ 

ʜʠʘʛʨʘʤʤʘʤ ʬʘʟʦʚʦʛʦ ʩʠʥʭʨʦʥʠʟʤʘ, ʨʘʩʩʯʠʪʘʥʥʳʤ ʜʣʷ ʚʦʣʥ, 

ʧʦʣʷʨʠʟʦʚʘʥʥʳʭ ʚʜʦʣʴ ʤʝʜʣʝʥʥʦʡ ʦʩʠ ʚʦʣʦʢʦʥʥʦʛʦ ʩʚʝʪʦʚʦʜʘ, ʩ ʫʯʝʪʦʤ ʠ 

ʙʝʟ ʫʯʝʪʘ ʥʝʣʠʥʝʡʥʦʛʦ ʚʢʣʘʜʘ 2ɔP0, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʂʨʫʞʢʠ ʧʦʢʘʟʳʚʘʶʪ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʨʝʟʫʣʴʪʘʪʳ. ʅʝʣʠʥʝʡʥʳʡ ʚʢʣʘʜ ʦʮʝʥʠʚʘʣʩʷ ʧʨʠ 

ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʟʥʘʯʝʥʠʡ ɔ = 10 ɺʪ
-1
ʢʤ

-1 
ʠ P0 å 2 ɺʪ, ʩʦʛʣʘʩʫʶʱʠʭʩʷ ʩ 

ʫʩʣʦʚʠʷʤʠ ʵʢʩʧʝʨʠʤʝʥʪʘ. ʀʟ ʨʠʩ. 3.13 ʷʩʥʦ ʚʠʜʥʦ, ʯʪʦ ʥʝʣʠʥʝʡʥʳʡ ʚʢʣʘʜ 

ʚʘʞʥʦ ʫʯʠʪʳʚʘʪʴ ʪʦʣʴʢʦ ʚ ʦʢʨʝʩʪʥʦʩʪʷʭ ɼɺʅɼ ʩʚʝʪʦʚʦʜʘ. ʇʨʠ ʙʦʣʴʰʠʭ 
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ʧʘʨʘʤʝʪʨʠʯʝʩʢʠʭ ʦʪʩʪʨʦʡʢʘʭ ʛʨʘʬʠʢʠ ʩʦʚʧʘʜʘʶʪ, ʪʘʢ ʢʘʢ ʚ ʵʪʦʡ ʦʙʣʘʩʪʠ 

ʥʝʣʠʥʝʡʥʳʡ ʚʢʣʘʜ ʩʪʘʥʦʚʠʪʩʷ ʤʘʣʳʤ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʣʠʥʝʡʥʳʤ.  

 

ʈʠʩ. 3.13. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ (ʢʨʫʞʢʠ) ʠ ʨʘʩʯʝʪʥʳʝ ʜʠʘʛʨʘʤʤʳ ʬʘʟʦʚʦʛʦ 

ʩʠʥʭʨʦʥʠʟʤʘ ʜʣʷ ʤʝʜʣʝʥʥʦʡ ʦʩʠ ʌʂɺʉ ʩ ʫʯʝʪʦʤ (ʩʧʣʦʰʥʘʷ ʣʠʥʠʷ) ʠ ʙʝʟ 

ʫʯʝʪʘ (ʧʨʝʨʳʚʠʩʪʘʷ ʣʠʥʠʷ) ʥʝʣʠʥʝʡʥʦʛʦ ʚʢʣʘʜʘ ʚ ʫʩʣʦʚʠʠ ʬʘʟʦʚʦʛʦ 

ʩʠʥʭʨʦʥʠʟʤʘ. 

 

ʅʘ ʨʠʩ. 3.14 ʧʨʝʜʩʪʘʚʣʝʥʳ ʜʠʘʛʨʘʤʤʳ ʚʝʢʪʦʨʥʦʛʦ ʬʘʟʦʚʦʛʦ 

ʩʠʥʭʨʦʥʠʟʤʘ. ʉʧʣʦʰʥʳʝ ʠ ʧʫʩʪʳʝ ʢʨʫʞʢʠ ʦʙʦʟʥʘʯʘʶʪ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ 

ʜʣʠʥʳ ʚʦʣʥ ʭʦʣʦʩʪʦʛʦ ʠ ʩʠʛʥʘʣʴʥʦʛʦ ʠʟʣʫʯʝʥʠʷ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. 

ʉʧʣʦʰʥʘʷ ʠ ʧʨʝʨʳʚʠʩʪʘʷ ʣʠʥʠʠ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʜʠʘʛʨʘʤʤʘʤ ʬʘʟʦʚʦʛʦ 

ʩʠʥʭʨʦʥʠʟʤʘ, ʯʠʩʣʝʥʥʦ ʨʘʩʩʯʠʪʘʥʥʳʤ ʥʘ ʦʩʥʦʚʘʥʠʠ ʫʨʘʚʥʝʥʠʷ (1.25) 

(ʥʝʣʠʥʝʡʥʳʡ ʚʢʣʘʜ ɔPp ʥʝ ʫʯʠʪʳʚʘʣʩʷ). ʇʦʩʪʦʷʥʥʳʝ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ 

ʯʝʪʳʨʝʭ ʚʦʣʥ ʥʘʭʦʜʠʣʠʩʴ ʦʪʥʦʩʠʪʝʣʴʥʦ ʩʨʝʜʥʝʛʦ ʧʦʢʘʟʘʪʝʣʷ ʧʨʝʣʦʤʣʝʥʠʷ 

cnav /)()( wwwb = . ʇʦʜʛʦʥʢʘ ʨʘʩʯʝʪʘ ʧʦʜ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʜʘʥʥʳʝ 

ʧʨʦʚʦʜʠʣʘʩʴ ʧʨʠ ʦʧʪʠʤʠʟʘʮʠʠ ʟʥʘʯʝʥʠʷ ʜʚʫʣʫʯʝʧʨʝʣʦʤʣʝʥʠʷ ŭn. ʅʘ ʨʠʩ. 

3.14 ŭn = 1,83Ĭ10
-4
. ʇʦ ʘʥʘʣʦʛʠʠ ʩ ʨʘʙʦʪʦʡ [72] ʨʝʰʝʥʠʝ ʩʦ ʟʥʘʢʦʤ ñïò ʚ 

ʫʨʘʚʥʝʥʠʠ (1.25) ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʧʦʣʦʞʠʪʝʣʴʥʦʡ ʚʝʪʚʠ ʚʝʢʪʦʨʥʦʛʦ ʏɺʉ, ʩʦ 

ʟʥʘʢʦʤ ñ+ò - ʦʪʨʠʮʘʪʝʣʴʥʦʡ ʚʝʪʚʠ ʚʝʢʪʦʨʥʦʛʦ ʏɺʉ. ɺ ʩʣʫʯʘʝ 

ʧʦʣʦʞʠʪʝʣʴʥʦʡ ʚʝʪʚʠ ʩʪʦʢʩʦʚʘ ʠ ʘʥʪʠʩʪʦʢʩʦʚʘ ʚʦʣʥʳ ʧʦʣʷʨʠʟʦʚʘʥʳ ʚʜʦʣʴ 

ʤʝʜʣʝʥʥʦʡ ʠ ʙʳʩʪʨʦʡ ʦʩʠ ʩʚʝʪʦʚʦʜʘ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ɼʣʷ ʦʪʨʠʮʘʪʝʣʴʥʦʡ 
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ʚʝʪʚʠ, ʥʘʦʙʦʨʦʪ, ʩʪʦʢʩʦʚʘ ʚʦʣʥʘ ʧʦʣʷʨʠʟʦʚʘʥʘ ʚʜʦʣʴ ʙʳʩʪʨʦʡ ʦʩʠ, 

ʘʥʪʠʩʪʦʢʩʦʚʘ ï ʚʜʦʣʴ ʤʝʜʣʝʥʥʦʡ. 

 

ʈʠʩ. 3.14. ɼʠʘʛʨʘʤʤʳ ʬʘʟʦʚʦʛʦ ʩʠʥʭʨʦʥʠʟʤʘ ʜʣʷ ʚʝʢʪʦʨʥʦʛʦ ʏɺʉ ʚ ʌʂɺʉ 

LMA 5-PM: ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʜʣʠʥʳ ʚʦʣʥ ʭʦʣʦʩʪʦʛʦ (ʩʧʣʦʰʥʳʝ ʢʨʫʞʢʠ) 

ʠ ʩʠʛʥʘʣʴʥʦʛʦ (ʧʫʩʪʳʝ ʢʨʫʞʢʠ) ʠʟʣʫʯʝʥʠʷ, ʦʪʨʠʮʘʪʝʣʴʥʘʷ (ʩʧʣʦʰʥʘʷ 

ʣʠʥʠʷ) ʠ ʧʦʣʦʞʠʪʝʣʴʥʳʝ (ʰʪʨʠʭʦʚʘʷ ʣʠʥʠʷ) ʚʝʪʚʠ ʚʝʢʪʦʨʥʦʛʦ ʏɺʉ. 

ʂʨʝʩʪʠʢʘʤʠ ʦʙʦʟʥʘʯʝʥ ʩʢʘʣʷʨʥʳʡ ʩʠʥʭʨʦʥʠʟʤ ʜʣʷ nav(ɤ), ʧʫʥʢʪʠʨʥʦʡ 

ʣʠʥʠʝʡ ʬʫʥʢʮʠʷ y = x. 

 

ʀʟ ʨʠʩ. 3.14 ʚʠʜʥʦ ʦʪʣʠʯʥʦʝ ʩʦʛʣʘʩʠʝ ʪʝʦʨʝʪʠʯʝʩʢʠʭ ʠ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʛʨʘʬʠʢʦʚ. ʂʨʝʩʪʠʢʘʤʠ ʜʣʷ ʩʨʘʚʥʝʥʠʷ ʧʦʩʪʨʦʝʥʘ 

ʜʠʘʛʨʘʤʤʘ ʩʢʘʣʷʨʥʦʛʦ ʬʘʟʦʚʦʛʦ ʩʠʥʭʨʦʥʠʟʤʘ, ʨʘʩʩʯʠʪʘʥʥʘʷ ʜʣʷ nav(ɤ). 

ʇʫʥʢʪʠʨʦʤ ʦʙʦʟʥʘʯʝʥʘ ʣʠʥʠʷ ɚs,a = ɚp, ʦʪʥʦʩʠʪʝʣʴʥʦ ʢʦʪʦʨʦʡ ʯʘʩʪʦʪʥʳʝ 

ʦʪʩʪʨʦʡʢʠ ʩʪʦʢʩʦʚʦʡ ʠ ʘʥʪʠʩʪʦʢʩʦʚʦʡ ʚʦʣʥ ʨʘʚʥʳ. ʄʠʥʠʤʘʣʴʥʳʝ ʜʣʠʥʳ 

ʚʦʣʥ ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʡ ʛʝʥʝʨʘʮʠʠ, ʧʦʣʫʯʝʥʥʳʝ ʚ ʵʢʩʧʝʨʠʤʝʥʪʝ ʜʣʷ  

ʚʝʢʪʦʨʥʦʛʦ ʠ ʩʢʘʣʷʨʥʦʛʦ ʏɺʉ, ʨʘʚʥʷʣʠʩʴ 758 ʥʤ (ɚp = 1016 ʥʤ) ʠ 765 ʥʤ (ɚp 

= 1025 ʥʤ), ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ɺʝʣʠʯʠʥʘ ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʡ ʦʪʩʪʨʦʡʢʠ 

ʜʦʩʪʠʛʘʣʘ 100 ʊɻʮ. ʀʟ ʨʠʩ. 3.14 ʦʯʝʚʠʜʥʦ, ʯʪʦ ʦʪʨʠʮʘʪʝʣʴʥʘʷ ʚʝʪʚʴ 

ʚʝʢʪʦʨʥʦʛʦ ʏɺʉ ʩʫʱʝʩʪʚʫʝʪ ʚʦ ʚʩʝʡ ʜʠʩʧʝʨʩʠʦʥʥʦʡ ʦʙʣʘʩʪʠ, ʚ ʪʦ ʚʨʝʤʷ 

ʢʘʢ ʧʦʣʦʞʠʪʝʣʴʥʳʝ ʚʝʪʚʠ ʩʜʚʠʥʫʪʳ ʦʪ ɼɺʅɼ ʚ ʦʙʣʘʩʪʴ ʧʦʣʦʞʠʪʝʣʴʥʦʡ 

ʜʠʩʧʝʨʩʠʠ ʩʚʝʪʦʚʦʜʘ ʠ ʠʤʝʶʪ ʪʦʯʢʫ ʧʦʚʦʨʦʪʘ, ʚ ʢʦʪʦʨʦʡ ʦʥʠ ʩʭʦʜʷʪʩʷ. 
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ɼʠʘʛʨʘʤʤʳ ʚʝʢʪʦʨʥʦʛʦ ʬʘʟʦʚʦʛʦ ʩʠʥʭʨʦʥʠʟʤʘ ʥʘ ʨʠʩ. 3.14 ʩʪʨʝʤʷʪʩʷ ʢ 

ʜʚʫʤ ʘʩʠʤʧʪʦʪʘʤ. ʇʝʨʚʘʷ ʘʩʠʤʧʪʦʪʘ ï ʣʠʥʠʷ ɚs,a = ɚp. ɺʝʣʠʯʠʥʘ 

ʧʘʨʘʤʝʪʨʠʯʝʩʢʠʭ ʦʪʩʪʨʦʝʢ ʫʤʝʥʴʰʘʝʪʩʷ ʧʨʠ ʧʨʦʜʚʠʞʝʥʠʠ ʚ ʦʙʣʘʩʪʴ 

ʦʪʨʠʮʘʪʝʣʴʥʦʡ ʠʣʠ ʧʦʣʦʞʠʪʝʣʴʥʦʡ ʜʠʩʧʝʨʩʠʠ ʩʚʝʪʦʚʦʜʘ. ɼʨʫʛʘʷ 

ʘʩʠʤʧʪʦʪʘ ʦʧʠʩʳʚʘʝʪ ʫʚʝʣʠʯʝʥʠʝ ʧʘʨʘʤʝʪʨʠʯʝʩʢʠʭ ʦʪʩʪʨʦʝʢ ʩ 

ʫʤʝʥʴʰʝʥʠʝʤ ʜʣʠʥʳ ʚʦʣʥʳ ʥʘʢʘʯʢʠ ʠ ʧʨʦʭʦʜʠʪ ʚʙʣʠʟʠ ʨʝʰʝʥʠʷ ʜʣʷ 

ʩʢʘʣʷʨʥʦʛʦ ʏɺʉ.  

ʅʘ ʨʠʩ. 3.15 ʧʦʢʘʟʘʥʳ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʩʧʝʢʪʨʳ ʠʟʣʫʯʝʥʠʷ, 

ʟʘʧʠʩʘʥʥʳʝ ʩ ʧʦʤʦʱʴʶ ɸʆʉ ʜʣʷ ʩʢʘʣʷʨʥʦʛʦ (ʘ) ʠ ʚʝʢʪʦʨʥʦʛʦ (ʙ) ʬʘʟʦʚʦʛʦ 

ʩʠʥʭʨʦʥʠʟʤʘ. ʉʧʝʢʪʨʳ ʧʨʠʯʠʩʣʷʣʠʩʴ ʢ ʪʦʤʫ ʠʣʠ ʜʨʫʛʦʤʫ ʪʠʧʫ 

ʩʠʥʭʨʦʥʠʟʤʘ ʥʘ ʦʩʥʦʚʝ ʠʭ ʩʨʘʚʥʝʥʠʷ ʩ ʯʠʩʣʝʥʥʳʤʠ ʧʘʨʘʤʝʪʨʠʯʝʩʢʠʤʠ 

ʦʪʩʪʨʦʡʢʘʤʠ ʥʘ ʨʠʩ. 3.11 ʠ 3.14.  

 

ʈʠʩ. 3.15. ʉʧʝʢʪʨʳ ʩ ɸʆʉ ʧʨʠ ʩʢʘʣʷʨʥʦʤ (ʘ) ʠ ʚʝʢʪʦʨʥʦʤ (ʙ) ʏɺʉ: (a) 1, 2, 

3 ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʜʣʠʥʘʤ ʚʦʣʥ ʥʘʢʘʯʢʠ 1025, 1041 ʠ 1051 ʥʤ, 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ; (ʙ) 1, 2, 3 ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʜʣʠʥʘʤ ʚʦʣʥ ʥʘʢʘʯʢʠ 1013, 1016 

ʠ 1028 ʥʤ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. 

 

ɺʠʜʥʦ, ʯʪʦ ʚ ʩʣʫʯʘʝ ʩʢʘʣʷʨʥʦʛʦ ʏɺʉ ʚʝʣʠʯʠʥʳ ʧʘʨʘʤʝʪʨʠʯʝʩʢʠʭ 

ʦʪʩʪʨʦʝʢ ʨʘʩʪʫʪ ʩ ʦʪʩʪʨʦʡʢʦʡ ʜʣʠʥʳ ʚʦʣʥʳ ʥʘʢʘʯʢʠ ʚ ʦʙʣʘʩʪʴ 

ʧʦʣʦʞʠʪʝʣʴʥʦʡ ʜʠʩʧʝʨʩʠʠ. ɺ ʩʣʫʯʘʝ ʚʝʢʪʦʨʥʦʛʦ ʏɺʉ ʯʘʩʪʦʪʥʳʝ ʦʪʩʪʨʦʡʢʠ 

ʤʦʛʫʪ ʩʠʣʴʥʦ ʦʪʣʠʯʘʪʴʩʷ ʧʨʠ ʦʜʠʥʘʢʦʚʦʡ ʜʣʠʥʝ ʚʦʣʥʳ ʥʘʢʘʯʢʠ (ʩʧʝʢʪʨʳ 1 

ʠ 2 ʥʘ ʨʠʩ. 3.15ʙ), ʝʩʣʠ ʦʥʠ ʧʨʠʥʘʜʣʝʞʘʪ ʨʘʟʥʳʤ ʚʝʪʚʷʤ ʬʘʟʦʚʦʛʦ 

ʩʠʥʭʨʦʥʠʟʤʘ (ʩʤ. ʨʠʩ. 3.14). ʇʨʦʮʝʩʩ ʏɺʉ ʥʝ ʠʤʝʝʪ ʧʦʨʦʛʘ ʧʦ ʥʘʢʘʯʢʝ, 
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ʧʦʵʪʦʤʫ ʦʧʨʝʜʝʣʷʝʤʘʷ ʚʝʣʠʯʠʥʘ ʤʦʱʥʦʩʪʠ ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʡ ʛʝʥʝʨʘʮʠʠ 

ʟʘʚʠʩʠʪ ʦʪ ʫʨʦʚʥʷ ʰʫʤʦʚ ɸʆʉ. ʅʘ ʨʠʩ. 3.15, ʬʦʥʦʚʳʡ ʰʫʤ ʠ ʨʘʩʩʝʷʥʥʦʝ 

ʠʟʣʫʯʝʥʠʝ ʚʥʫʪʨʠ ɸʆʉ ʧʨʠʚʦʜʷʪ ʢ ʪʦʤʫ, ʯʪʦ ʫʨʦʚʝʥʴ ʥʘʢʘʯʢʠ ʧʨʝʚʳʰʘʝʪ 

ʫʨʦʚʝʥʴ ʬʦʥʦʚʦʛʦ ʰʫʤʘ ʥʘ ʚʝʣʠʯʠʥʫ ʦʪ 60 ʜʦ 50 ʜɹ (ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ 

ʜʣʠʥʳ ʚʦʣʥʳ). ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʨʠ ʤʦʱʥʦʩʪʠ ʥʘʢʘʯʢʠ 1 ɺʪ ʥʝʦʙʭʦʜʠʤʦ 

ʧʦʣʫʯʠʪʴ ʜʝʩʷʪʢʠ ʤʢɺʪ ʤʦʱʥʦʩʪʠ ʭʦʣʦʩʪʦʡ ʚʦʣʥʳ ʜʣʷ ʝʝ ʜʘʣʴʥʝʡʰʝʡ 

ʥʘʜʝʞʥʦʡ ʨʝʛʠʩʪʨʘʮʠʠ. ɼʦʚʦʣʴʥʦ ʥʠʟʢʘʷ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ 

ʧʨʠ ʙʦʣʴʰʠʭ ʦʪʩʪʨʦʡʢʘʭ, ʚʝʨʦʷʪʥʦ, ʩʚʷʟʘʥʘ ʩ ʚʣʠʷʥʠʝʤ ʥʝʦʜʥʦʨʦʜʥʦʩʪʠ 

ʌʂɺʉ. 

ʈʠʩʫʥʦʢ 3.16 ʦʙʲʝʜʠʥʷʝʪ ʦʧʠʩʘʥʥʳʝ ʚʳʰʝ ʜʠʘʛʨʘʤʤʳ ʩʢʘʣʷʨʥʦʛʦ ʠ 

ʚʝʢʪʦʨʥʦʛʦ ʬʘʟʦʚʦʛʦ ʩʠʥʭʨʦʥʠʟʤʘ ʜʣʷ ʩʚʝʪʦʚʦʜʘ LMA 5-PM.  

 

ʈʠʩ. 3.16. ɼʠʘʛʨʘʤʤʳ ʩʢʘʣʷʨʥʦʛʦ ʠ ʚʝʢʪʦʨʥʦʛʦ ʬʘʟʦʚʦʛʦ ʩʠʥʭʨʦʥʠʟʤʘ ʚ 

ʌʂɺʉ LMA 5-PM ʧʨʠ ʥʘʢʘʯʢʝ ʥʝʧʨʝʨʳʚʥʳʤ ʀɺʃ:  ʵʢʩʧʝʨʠʤʝʥʪ (ʪʦʯʢʠ), 

ʯʠʩʣʝʥʥʳʡ ʨʘʩʯʝʪ (ʣʠʥʠʠ). ʉʧʣʦʰʥʳʝ ʣʠʥʠʠ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʚʝʪʚʷʤ 

ʩʢʘʣʷʨʥʦʛʦ ʏɺʉ; ʰʪʨʠʭʦʚʘʷ ʣʠʥʠʷ ï ʦʪʨʠʮʘʪʝʣʴʥʘʷ ʚʝʪʚʴ ʚʝʢʪʦʨʥʦʛʦ ʏɺʉ; 

ʰʪʨʠʭʧʫʥʢʪʠʨʥʳʝ ʣʠʥʠʠ ï ʧʦʣʦʞʠʪʝʣʴʥʳʝ ʚʝʪʚʠ ʚʝʢʪʦʨʥʦʛʦ ʏɺʉ. 

 

ɺʠʜʥʦ, ʯʪʦ ʦʪʩʪʨʦʡʢʘ ɚp ʦʪ ɚ0 ʚʩʝʛʦ ʥʘ 30 ʥʤ ʧʨʠʚʦʜʠʪ ʢ 

ʧʨʝʦʙʨʘʟʦʚʘʥʠʶ ʠʟʣʫʯʝʥʠʷ ʀɺʃ ʚ ʜʠʘʧʘʟʦʥʝ 750 ï 1550 ʥʤ. ʇʨʦʮʝʩʩ 

ʚʝʢʪʦʨʥʦʛʦ ʏɺʉ ʧʦʟʚʦʣʷʝʪ ʚʘʨʴʠʨʦʚʘʪʴ ʜʣʠʥʫ ʚʦʣʥʳ ʥʘʢʘʯʢʠ ʚ ʰʠʨʦʢʦʤ 
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ʩʧʝʢʪʨʘʣʴʥʦʤ ʜʠʘʧʘʟʦʥʝ, ʪʦʛʜʘ ʢʘʢ ʧʨʠ ʩʢʘʣʷʨʥʦʤ ʏɺʉ ʟʥʘʯʝʥʠʝ ɚʨ 

ʦʛʨʘʥʠʯʠʚʘʝʪʩʷ ʦʙʣʘʩʪʴʶ ʚʙʣʠʟʠ ɼɺʅɼ ʩʚʝʪʦʚʦʜʘ. ɿʥʘʯʝʥʠʝ ʰʠʨʠʥʳ 

ʣʠʥʠʠ ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʡ ʛʝʥʝʨʘʮʠʠ ʚ ʵʢʩʧʝʨʠʤʝʥʪʝ ~ 60 ʧʤ ʦʧʨʝʜʝʣʷʣʦʩʴ 

ʰʠʨʠʥʦʡ ʣʠʥʠʡ ʛʝʥʝʨʘʮʠʠ ʥʘʢʘʯʢʠ ʠ ʩʠʛʥʘʣʘ, ʢʦʪʦʨʳʝ ʥʘ ʧʦʣʫʚʳʩʦʪʝ ʥʝ 

ʧʨʝʚʳʰʘʣʠ 60 ʠ 100 ʧʤ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. 

 

3.2.4. ɸʥʘʣʠʪʠʯʝʩʢʦʝ ʨʝʰʝʥʠʝ ʜʣʷ ʧʘʨʘʤʝʪʨʠʯʝʩʢʠʭ ʦʪʩʪʨʦʝʢ. 

 

ʏʠʩʣʝʥʥʳʝ ʨʝʰʝʥʠʷ ʜʣʷ ʜʠʘʛʨʘʤʤ ʬʘʟʦʚʦʛʦ ʩʠʥʭʨʦʥʠʟʤʘ ʭʦʨʦʰʦ 

ʩʦʛʣʘʩʫʶʪʩʷ ʩ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ ʜʘʥʥʳʤʠ. ʆʜʥʘʢʦ ʠʟʚʝʩʪʥʦʝ 

ʘʥʘʣʠʪʠʯʝʩʢʦʝ ʨʝʰʝʥʠʝ (1.27) ʜʣʷ ʦʪʩʪʨʦʝʢ ʚʝʢʪʦʨʥʦʛʦ ʏɺʉ ʫʭʦʜʠʪ ʥʘ 

ʙʝʩʢʦʥʝʯʥʦʩʪʴ ʧʨʠ ʧʨʠʙʣʠʞʝʥʠʠ ʜʣʠʥʳ ʚʦʣʥʳ ʥʘʢʘʯʢʠ ʢ ɼɺʅɼ ʩʚʝʪʦʚʦʜʘ. 

ʕʪʦ ʨʘʩʭʦʞʜʝʥʠʝ ʩʚʷʟʘʥʦ ʩ ʪʝʤ, ʯʪʦ ʧʨʠ ʨʘʟʣʦʞʝʥʠʠ ʚʦʣʥʦʚʦʡ ʨʘʩʩʪʨʦʡʢʠ 

ʚ ʨʷʜ ʊʝʡʣʦʨʘ ʚ ʨʘʙʦʪʝ [91] ʥʝ ʙʳʣʠ ʫʯʪʝʥʳ ʯʣʝʥʳ ʚʳʩʰʠʭ ʧʦʨʷʜʢʦʚ. ɼʣʷ 

ʧʦʣʫʯʝʥʠʷ ʘʥʘʣʠʪʠʯʝʩʢʦʛʦ ʨʝʰʝʥʠʷ, ʙʦʣʝʝ ʪʦʯʥʦ ʦʧʠʩʳʚʘʶʱʝʛʦ 

ʧʘʨʘʤʝʪʨʠʯʝʩʢʠʝ ʦʪʩʪʨʦʡʢʠ ʚʝʢʪʦʨʥʦʛʦ ʏɺʉ ʩ ʥʘʢʘʯʢʦʡ ʚʙʣʠʟʠ ɼɺʅɼ, ʚ 

ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʠʩʧʦʣʴʟʦʚʘʣʦʩʴ ʨʘʟʣʦʞʝʥʠʝ ȹɓ ʚ ʨʷʜ ʊʝʡʣʦʨʘ ʚʙʣʠʟʠ ɤ0 ʜʦ 

5 ʧʦʨʷʜʢʘ (k = 5 ʚ ʬʦʨʤʫʣʝ (1.17)). ʈʘʩʩʪʨʦʡʢʘ ʚʦʣʥʦʚʳʭ ʚʝʢʪʦʨʦʚ 

ʧʝʨʝʧʠʩʳʚʘʝʪʩʷ ʚ ʚʠʜʝ  

cn

k

k W°WD=WD ä
=

dbb )()(
5

1

 

ɿʜʝʩʴ 

 ȹɓ1(ɋ) = 0,  

ȹɓ2(ɋ) = 0, ʪʘʢ ʢʘʢ ɓ02 = 0,  

ȹɓ3(ɋ) = ɓ03ŭɤpɋ
2
,  

ȹɓ4(ɋ) = (ɓ04/12) (ɋ
4 
+ 6ŭɤp

2
 ɋ

2
),  

ȹɓ5 (ɋ) = (ɓ05/12) (ŭɤpɋ
4 
+ 2ŭɤp

3
 ɋ

2
),  

ŭɤp = ɤp ï ɤ0 ï ʦʪʩʪʨʦʡʢʘ ʯʘʩʪʦʪʳ ʥʘʢʘʯʢʠ ʦʪ ʯʘʩʪʦʪʳ ʥʫʣʝʚʦʡ ʜʠʩʧʝʨʩʠʠ 

ʩʚʝʪʦʚʦʜʘ. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʦʣʫʯʘʝʤ ʢʫʙʠʯʝʩʢʦʝ ʫʨʘʚʥʝʥʠʝ ʥʘ ɋ 
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 03 =+W+W qp             (3.9) 

ʩ ʢʦʵʬʬʠʮʠʝʥʪʘʤʠ 
p

ppp
p

dwbb

dwbdwbdwb

0504

3
05

2
0403 2612

+

++
=  ʠ 

)(

12

0504 bdwb

d

pc

n
q

+
°=

.

 ɼʣʷ ʫʧʨʦʱʝʥʠʷ ʨʘʩʯʝʪʦʚ ʙʫʜʝʤ ʧʨʝʥʝʙʨʝʛʘʪʴ ʧʷʪʳʤ ʧʦʨʷʜʢʦʤ ɓ05 ʧʦ 

ʧʨʠʯʠʥʝ ʝʛʦ ʤʘʣʦʩʪʠ. ʊʦʛʜʘ ʢʦʵʬʬʠʮʠʝʥʪʳ ʧʝʨʝʧʠʰʫʪʩʷ ʢʘʢ  

2
0403 6)/(12 ppp dwdwbb +=           (3.10) 

)(12 04bd cnq °=             (3.11) 

ɿʜʝʩʴ ʥʝ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʥʝʣʠʥʝʡʥʳʡ ʚʢʣʘʜ ɔPp, ʪʘʢ ʢʘʢ ʦʥ ʤʘʣ ʜʣʷ 

ʙʦʣʴʰʠʭ ʧʘʨʘʤʝʪʨʠʯʝʩʢʠʭ ʦʪʩʪʨʦʝʢ. ɼʣʷ ʦʧʨʝʜʝʣʝʥʥʦʩʪʠ ʙʫʜʝʤ ʩʯʠʪʘʪʴ 

ʯʘʩʪʦʪʥʳʝ ʦʪʩʪʨʦʡʢʠ ʧʦʣʦʞʠʪʝʣʴʥʳʤʠ, ʪʘʢ ʢʘʢ ʩʤʝʥʘ ʟʥʘʢʘ ɋ ʨʘʚʥʦʟʥʘʯʥʘ 

ʩʤʝʥʝ ʟʥʘʢʘ q ʠ ʧʝʨʝʭʦʜʫ ʢ ʜʨʫʛʦʡ ʚʝʪʚʠ ʩʠʥʭʨʦʥʠʟʤʘ. ʋʨʘʚʥʝʥʠʝ (3.9) 

ʨʝʰʘʝʪʩʷ ʧʦ ʠʟʚʝʩʪʥʦʡ ʬʦʨʤʫʣʝ ʂaʨʜʘʥʦ ʠ ʠʤʝʝʪ ʜʦ ʪʨʝʭ ʚʝʱʝʩʪʚʝʥʥʳʭ 

ʢʦʨʥʝʡ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʟʥʘʢʘ ʜʠʩʢʨʠʤʠʥʘʥʪʘ ( ) ( )23
23 qpQ += . 

ɺ ʩʣʫʯʘʝ ʩʢʘʣʷʨʥʦʛʦ ʏɺʉ, ʢʦʛʜʘ q = 0, ʫʨʘʚʥʝʥʠʝ (3.9) ʧʝʨʝʭʦʜʠʪ ʚ 

ʢʚʘʜʨʘʪʠʯʥʦʝ 

02 =+W p , 

ʠ ʨʝʰʝʥʠʝ ʚʳʛʣʷʜʠʪ ʢʘʢ ʚ ʬʦʨʤʫʣʝ (1.21), ʛʜʝ ɓ(ɤ) ʨʘʩʢʣʘʜʳʚʘʝʪʩʷ ʚ 

ʨʷʜ ʊʝʡʣʦʨʘ ʚʙʣʠʟʠ ʯʘʩʪʦʪʳ ʥʘʢʘʯʢʠ:  

ö
ö
÷

õ
æ
æ
ç

å
+-=-=W 2

04

03 612)( ppp p dwdw
b

b
w           (3.12) 

ʆʪʥʦʰʝʥʠʝ ʧʘʨʘʤʝʪʨʦʚ ɓ03/ɓ04 ʚʣʠʷʝʪ ʥʘ ʥʘʢʣʦʥ ʜʠʘʛʨʘʤʤʳ ʬʘʟʦʚʦʛʦ 

ʩʠʥʭʨʦʥʠʟʤʘ ʩʢʘʣʷʨʥʦʛʦ ʏɺʉ. ɺ ʩʣʫʯʘʝ ʥʝʙʦʣʴʰʠʭ ʧʘʨʘʤʝʪʨʠʯʝʩʢʠʭ 

ʦʪʩʪʨʦʝʢ ʥʫʞʥʦ ʫʯʝʩʪʴ ʥʝʣʠʥʝʡʥʳʡ ʚʢʣʘʜ 2ɔP0, ʪʦʛʜʘ ʬʦʨʤʫʣʘ (3.12) 

ʧʝʨʝʧʠʰʝʪʩʷ ʢʘʢ 

04

0
2

24

22
)(

b

g
w

Ppp
p -ö

÷

õ
æ
ç

å
°

-
=W            (3.13) 

ʈʘʩʩʤʦʪʨʠʤ ʩʣʫʯʘʡ ʚʝʢʪʦʨʥʦʛʦ ʏɺʉ, ʢʦʛʜʘ q Í 0. 

ʆʪʨʠʮʘʪʝʣʴʥʘʷ ʚʝʪʚʴ (ʧʦʣʦʞʠʪʝʣʴʥʦʝ q) ʠʤʝʝʪ ʦʜʥʦ ʨʝʰʝʥʠʝ 
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( )
( )3/12/1

3/22/1

2/

3/2/

qQ

pqQ

-

--
=W

           
(3.14) 

ʇʨʠ Q < 0 ʝʛʦ ʤʦʞʥʦ ʧʝʨʝʧʠʩʘʪʴ ʚ ʪʨʠʛʦʥʦʤʝʪʨʠʯʝʩʢʦʡ ʬʦʨʤʝ [124] 

ʢʘʢ 

)3/cos(2 0 qr=W ,          (3.15) 

 ʛʜʝ 3/0 pr -=  ʠ ( )302/arccos rq=q , 0 < ɗ < ́ /2.
 

ɺ ʧʨʝʜʝʣʝ, ʢʦʛʜʘ ʯʘʩʪʦʪʘ ʥʘʢʘʯʢʠ ʥʘʭʦʜʠʪʩʷ ʜʘʣʝʢʦ ʚ ʦʙʣʘʩʪʠ 

ʦʪʨʠʮʘʪʝʣʴʥʦʡ ʜʠʩʧʝʨʩʠʠ ŭɤpŸÐ, ʧʘʨʘʤʝʪʨʠʯʝʩʢʠʝ ʦʪʩʪʨʦʡʢʠ ʩʪʨʝʤʷʪʩʷ ʢ  

 
2/2

0403 ppc

n

p

q

dwbdwb

d

+
=­W

 

        (3.16) 

ʉ ʫʯʝʪʦʤ ʬʦʨʤʫʣʳ (1.18) ʚʳʨʘʞʝʥʠʝ (3.16) ʩʪʨʝʤʠʪʩʷ ʢ ʨʝʰʝʥʠʶ 

(1.27), ʦʧʠʩʳʚʘʶʱʝʤʫ ʧʘʨʘʤʝʪʨʠʯʝʩʢʠʝ ʦʪʩʪʨʦʡʢʠ ʧʨʠ ʥʘʢʘʯʢʝ ʚʜʘʣʠ ʦʪ 

ɼɺʅɼ ʚʦʣʦʢʦʥʥʦʛʦ ʩʚʝʪʦʚʦʜʘ.  

ʋʨʘʚʥʝʥʠʝ (3.9) ʠʤʝʝʪ ʝʱʝ ʜʚʘ ʨʝʰʝʥʠʷ, ʢʦʪʦʨʳʝ ʩʦʦʪʚʝʪʩʪʚʫʶʪ 

ʧʦʣʦʞʠʪʝʣʴʥʳʤ ʚʝʪʚʷʤ ʚʝʢʪʦʨʥʦʛʦ ʬʘʟʦʚʦʛʦ ʩʠʥʭʨʦʥʠʟʤʘ (ʦʪʨʠʮʘʪʝʣʴʥʦʝ 

ʟʥʘʯʝʥʠʝ q): 

[ ]3/)(cos2 01 qp-=W r
           

(3.17) 

[ ]3/)(cos2 02 qp+=W r
           

(3.18) 

ʇʨʠ ʦʪʩʪʨʦʡʢʝ ʯʘʩʪʦʪʳ ʥʘʢʘʯʢʠ ʜʘʣʝʢʦ ʚ ʦʙʣʘʩʪʴ ʧʦʣʦʞʠʪʝʣʴʥʦʡ 

ʜʠʩʧʝʨʩʠʠ ʩʚʝʪʦʚʦʜʘ ŭɤpŸÐ, ʨʝʰʝʥʠʝ (3.18) ʩʪʨʝʤʠʪʩʷ ʢ ʨʝʰʝʥʠʶ (1.27).  

ʇʨʠ Q Ÿ 0 ʚʝʪʚʠ ɋ1 ʠ ɋ2 ʩʭʦʜʷʪʩʷ ʢ ʦʜʥʦʡ ʪʦʯʢʝ, ʢʦʪʦʨʘʷ ʷʚʣʷʝʪʩʷ 

ʪʦʯʢʦʡ ʧʦʚʦʨʦʪʘ ʧʦʣʦʞʠʪʝʣʴʥʳʭ ʚʝʪʚʝʡ  

2/13/1 )3/()2/( pqturn -==W
 

ɺ ʪʦʯʢʝ ʧʦʚʦʨʦʪʘ ʦʪʩʪʨʦʡʢʘ ʯʘʩʪʦʪʳ ʥʘʢʘʯʢʠ ŭɤturn ʠ 

ʧʘʨʘʤʝʪʨʠʯʝʩʢʘʷ ʯʘʩʪʦʪʘ ɋturn ʚʳʛʣʷʜʷʪ ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ 

2/1
3/2

04

2
04030403

6

2

1
)/()/(

ù
ù

ú

ø

é
é

ê

è

ö
ö
÷

õ
æ
æ
ç

å
++-=

b

d
bbbbdw

c

n
turn , 



78 

 

 

3/1
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÷
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c

n
turn  

ʆʯʝʚʠʜʥʦ, ʯʪʦ ʚʩʝ ʘʥʘʣʠʪʠʯʝʩʢʠʝ ʨʝʰʝʥʠʷ ʜʣʷ ʧʘʨʘʤʝʪʨʠʯʝʩʢʠʭ 

ʦʪʩʪʨʦʝʢ ʤʦʛʫʪ ʙʳʪʴ ʚʳʯʠʩʣʝʥʳ ʥʘ ʦʩʥʦʚʝ ʧʘʨʘʤʝʪʨʦʚ ɤ0 ʠ ɓ03/ɓ04, ŭn/ɓ04. 

ʆʪʥʦʰʝʥʠʝ ɓ03/ɓ04 ʠ ʯʘʩʪʦʪʘ ɤ0 ʥʘʭʦʜʷʪʩʷ ʧʨʠ ʧʦʜʛʦʥʢʝ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ  ʬʦʨʤʫʣʦʡ (3.12). ʆʪʥʦʰʝʥʠʝ ŭn/ɓ4 ʥʘʭʦʜʠʪʩʷ 

ʧʨʠ ʧʦʜʛʦʥʢʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ ʬʦʨʤʫʣʦʡ (3.16), ʢʦʛʜʘ ʜʣʠʥʘ 

ʚʦʣʥʳ ʥʘʢʘʯʢʠ ʨʘʩʧʦʣʦʞʝʥʘ ʚʜʘʣʠ ʦʪ ɼɺʅɼ ʩʚʝʪʦʚʦʜʘ. ʋʚʝʣʠʯʝʥʠʝ 

ʟʥʘʯʝʥʠʷ ʜʚʫʣʫʯʝʧʨʝʣʦʤʣʝʥʠʷ ʚʦʣʦʢʦʥʥʦʛʦ ʩʚʝʪʦʚʦʜʘ ŭn ʧʨʠʚʦʜʠʪ ʢ ʨʦʩʪʫ 

ŭɤturn, ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʪʦʯʢʘ ʧʦʚʦʨʦʪʘ ʩʜʚʠʛʘʝʪʩʷ ʚ ʦʙʣʘʩʪʴ ʧʦʣʦʞʠʪʝʣʴʥʦʡ 

ʜʠʩʧʝʨʩʠʠ. ɼʣʷ ʩʚʝʪʦʚʦʜʦʚ ʩʦ ʩʣʘʙʳʤ ʜʚʫʣʫʯʝʧʨʝʣʦʤʣʝʥʠʝʤ ʦʥʘ 

ʧʨʠʙʣʠʞʘʝʪʩʷ ʢ ɤ0.  

ʋʢʘʟʘʥʥʳʝ ʘʥʘʣʠʪʠʯʝʩʢʠʝ ʨʝʰʝʥʠʷ ʜʣʷ ʧʘʨʘʤʝʪʨʠʯʝʩʢʠʭ ʦʪʩʪʨʦʝʢ ʚ 

ʌʂɺʉ LMA 5-PM ʧʦʢʘʟʘʥʳ ʥʘ ʨʠʩ. 3.18. ʉʧʣʦʰʥʘʷ ʣʠʥʠʷ ʩʦʦʪʚʝʪʩʪʚʫʝʪ 

ʯʠʩʣʝʥʥʦʤʫ ʤʦʜʝʣʠʨʦʚʘʥʠʶ, ʢʨʫʞʢʠ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʘʥʘʣʠʪʠʯʝʩʢʦʤʫ 

ʨʘʩʯʝʪʫ. ʇʘʨʘʤʝʪʨʠʯʝʩʢʠʝ ʦʪʩʪʨʦʡʢʠ, ʧʦʣʫʯʝʥʥʳʝ ʩ ʧʦʤʦʱʴʶ 

ʘʥʘʣʠʪʠʯʝʩʢʦʛʦ ʠ ʯʠʩʣʝʥʥʦʛʦ ʨʘʩʯʝʪʘ, ʭʦʨʦʰʦ ʩʦʛʣʘʩʫʶʪʩʷ ʧʨʠ ʤʘʣʳʭ 

ʟʥʘʯʝʥʠʷʭ, ʦʜʥʘʢʦ ʥʘʯʠʥʘʶʪ ʨʘʩʭʦʜʠʪʴʩʷ ʧʨʠ ʙʦʣʴʰʠʭ. ʊʘʢ, ʧʨʠʤʝʥʠʤʦʩʪʴ 

ʘʥʘʣʠʪʠʯʝʩʢʦʛʦ ʨʝʰʝʥʠʷ ʜʣʷ ʩʢʘʣʷʨʥʦʛʦ ʏɺʉ ʠ ʦʪʨʠʮʘʪʝʣʴʥʦʡ ʚʝʪʚʠ 

ʚʝʢʪʦʨʥʦʛʦ ʏɺʉ ʦʛʨʘʥʠʯʝʥʘ ʯʘʩʪʦʪʥʳʤʠ ʦʪʩʪʨʦʡʢʘʤʠ 100 ʊɻʮ. ʈʝʰʝʥʠʝ 

ʜʣʷ ʧʦʣʦʞʠʪʝʣʴʥʳʭ ʚʝʪʚʝʡ ʚʝʢʪʦʨʥʦʛʦ ʏɺʉ ʢʦʨʨʝʢʪʥʦ ʧʨʠ ʦʪʩʪʨʦʡʢʘʭ ʜʦ 

60 ʊɻʮ. ʐʪʨʠʭʦʚʘʷ ʢʨʠʚʘʷ ʥʘ ʨʠʩ. 3.18 ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʠʟʚʝʩʪʥʦʤʫ ʨʝʰʝʥʠʶ 

(1.27). ʆʯʝʚʠʜʥʦ, ʯʪʦ ʧʦʣʫʯʝʥʥʦʝ ʚ ʜʘʥʥʦʡ ʛʣʘʚʝ ʘʥʘʣʠʪʠʯʝʩʢʦʝ ʨʝʰʝʥʠʝ 

ʜʣʷ ʧʘʨʘʤʝʪʨʠʯʝʩʢʠʭ ʦʪʩʪʨʦʝʢ ʥʘʭʦʜʠʪʩʷ ʚ ʭʦʨʦʰʝʤ ʩʦʛʣʘʩʠʠ ʩ ʯʠʩʣʝʥʥʳʤ 

ʨʘʩʯʝʪʦʤ, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʨʝʰʝʥʠʝ (1.27) ʩʪʨʝʤʠʪʩʷ ʢ ʙʝʩʢʦʥʝʯʥʦʩʪʠ ʧʨʠ 

ʥʘʢʘʯʢʝ ʚʙʣʠʟʠ ɼɺʅɼ ʩʚʝʪʦʚʦʜʘ. ʇʨʠ ʥʘʢʘʯʢʝ ʚʜʘʣʠ ʦʪ ɼɺʅɼ ʛʨʘʬʠʢʠ 

ʩʦʚʧʘʜʘʶʪ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʥʘʡʜʝʥʳ ʷʚʥʳʝ ʘʥʘʣʠʪʠʯʝʩʢʠʝ ʨʝʰʝʥʠʷ ʜʣʷ 

ʧʘʨʘʤʝʪʨʠʯʝʩʢʠʭ ʦʪʩʪʨʦʝʢ ʚʝʢʪʦʨʥʦʛʦ ʏɺʉ (ʥʘʢʘʯʢʘ ʧʦʣʷʨʠʟʦʚʘʥʘ ʚʜʦʣʴ 

ʜʚʫʭ ʦʩʝʡ ʚʦʣʦʢʦʥʥʦʛʦ ʩʚʝʪʦʚʦʜʘ), ʢʦʪʦʨʳʝ ʦʙʲʷʩʥʷʶʪ ʥʘʙʣʶʜʘʝʤʦʝ 

ʧʦʣʦʞʝʥʠʝ ʜʠʘʛʨʘʤʤ ʬʘʟʦʚʦʛʦ ʩʠʥʭʨʦʥʠʟʤʘ ʠ ʦʧʠʩʳʚʘʶʪ ʠʭ ʘʩʠʤʧʪʦʪʳ.  
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ʈʠʩ. 3.18. ɿʘʚʠʩʠʤʦʩʪʴ ʯʘʩʪʦʪʳ ʧʘʨʘʤʝʪʨʠʯʝʩʢʠʭ ʦʪʩʪʨʦʝʢ ʦʪ ʯʘʩʪʦʪʳ 

ʥʘʢʘʯʢʠ: ʩʧʣʦʰʥʘʷ ʣʠʥʠʷ ï ʯʠʩʣʝʥʥʳʡ ʨʘʩʯʝʪ, ʢʨʫʞʢʠ ï ʘʥʘʣʠʪʠʯʝʩʢʠʡ 

ʨʘʩʯʝʪ ʚ ʜʘʥʥʦʡ ʨʘʙʦʪʝ, ʰʪʨʠʭʦʚʘʷ ʣʠʥʠʷ - ʘʥʘʣʠʪʠʯʝʩʢʦʝ ʨʝʰʝʥʠʝ (1.27). 

 

3.2.5. ʕʬʬʝʢʪʠʚʥʦʩʪʴ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʜʣʷ ʩʢʘʣʷʨʥʦʛʦ ʏɺʉ.  

 

ɺ ʧʨʝʜʳʜʫʱʝʤ ʨʘʟʜʝʣʝ ʨʘʩʩʤʘʪʨʠʚʘʣʠʩʴ ʚʦʟʤʦʞʥʳʝ ʜʣʠʥʳ ʚʦʣʥ 

ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʡ ʛʝʥʝʨʘʮʠʠ ʚ ʌʂɺʉ ʩ ʥʘʢʘʯʢʦʡ ʀɺʃ. ʉʣʝʜʫʶʱʠʤ ʰʘʛʦʤ 

ʩʣʝʜʫʝʪ ʧʨʦʚʝʩʪʠ ʦʮʝʥʢʫ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʛʦ 

ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ. ɼʣʷ ʵʪʦʛʦ ʙʳʣ ʚʳʙʨʘʥ ʩʢʘʣʷʨʥʳʡ ʏɺʉ. ɺʦ-ʧʝʨʚʳʭ, 

ʢʦʵʬʬʠʮʠʝʥʪ ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʛʦ ʫʩʠʣʝʥʠʷ ʜʣʷ ʩʢʘʣʷʨʥʦʛʦ ʏɺʉ ʙʦʣʴʰʝ, 

ʯʝʤ ʜʣʷ ʚʝʢʪʦʨʥʦʛʦ ʠʟ-ʟʘ ʙʦʣʴʰʝʛʦ ʟʥʘʯʝʥʠʷ ʢʦʵʬʬʠʮʠʝʥʪʘ ʥʝʣʠʥʝʡʥʦʩʪʠ 

ɔ. ɺʦ-ʚʪʦʨʳʭ, ʜʦʚʦʣʴʥʦ ʙʦʣʴʰʘʷ ʰʠʨʠʥʘ ʩʢʘʣʷʨʥʦʛʦ ʬʘʟʦʚʦʛʦ ʩʠʥʭʨʦʥʠʟʤʘ 

ʚʙʣʠʟʠ ɼɺʅɼ ʧʦʟʚʦʣʷʝʪ ʫʤʝʥʴʰʠʪʴ ʚʣʠʷʥʠʝ ʥʝʦʜʥʦʨʦʜʥʦʩʪʠ ʚʦʣʦʢʦʥʥʦʛʦ 

ʩʚʝʪʦʚʦʜʘ ʥʘ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ.  

ʅʘ ʨʠʩ. 3.19 ʧʦʢʘʟʘʥʘ ʩʭʝʤʘ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʫʩʪʘʥʦʚʢʠ. 

ʀʩʪʦʯʥʠʢʦʤ ʥʘʢʘʯʢʠ ʩʣʫʞʠʣ ʥʝʧʨʝʨʳʚʥʳʡ ʀɺʃ ʩ ʢʦʣʴʮʝʚʳʤ ʨʝʟʦʥʘʪʦʨʦʤ. 

ɼʣʠʥʘ ʚʦʣʥʳ ʀɺʃ ʧʝʨʝʩʪʨʘʠʚʘʣʘʩʴ ʚʙʣʠʟʠ 1050 ʥʤ, ʘ ʚʳʭʦʜʥʘʷ ʤʦʱʥʦʩʪʴ 

ʥʝʧʦʣʷʨʠʟʦʚʘʥʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʜʦʩʪʠʛʘʣʘ 10 ɺʪ. ɺ ʢʘʯʝʩʪʚʝ ʩʠʛʥʘʣʴʥʦʛʦ 

ʣʘʟʝʨʘ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʥʝʧʨʝʨʳʚʥʳʡ ʀɺʃ ʩ ʣʠʥʝʡʥʳʤ ʨʝʟʦʥʘʪʦʨʦʤ, ʩʭʝʤʘ 

ʢʦʪʦʨʦʛʦ ʘʥʘʣʦʛʠʯʥʘ ʩʭʝʤʝ, ʦʧʠʩʘʥʥʦʡ ʚ ʨʘʟʜʝʣʝ 2.2. ʉʠʛʥʘʣʴʥʳʡ ʀɺʃ 
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ʛʝʥʝʨʠʨʦʚʘʣ ʠʟʣʫʯʝʥʠʝ ʥʘ ʜʣʠʥʝ ʚʦʣʥʳ 1115 ʥʤ ʩ ʚʳʭʦʜʥʦʡ ʤʦʱʥʦʩʪʴʶ ʜʦ 

3,5 ɺʪ. 

 

ʈʠʩ.3.19. ʉʭʝʤʘ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʫʩʪʘʥʦʚʢʠ. 

 

ɺ ʵʢʩʧʝʨʠʤʝʥʪʝ ʠʟʣʫʯʝʥʠʝ ʥʘʢʘʯʢʠ ʠ ʩʠʛʥʘʣʘ ʟʘʚʦʜʠʣʦʩʴ ʯʝʨʝʟ 

ʚʦʣʦʢʦʥʥʳʡ ʦʪʚʝʪʚʠʪʝʣʴ ʩ ʢʦʵʬʬʠʮʠʝʥʪʦʤ ʜʝʣʝʥʠʷ 30:70 ʚ ʌʂɺʉ LMA 5-

PM ʨʘʟʥʦʡ ʜʣʠʥʳ. ʇʘʨʘʤʝʪʨʠʯʝʩʢʠʡ ʧʨʦʮʝʩʩ ʯʫʚʩʪʚʠʪʝʣʝʥ ʢ ʧʦʣʷʨʠʟʘʮʠʠ 

ʚʦʣʥ, ʧʦʵʪʦʤʫ ʥʘ ʚʳʭʦʜʝ ʣʘʟʝʨʦʚ ʙʳʣʠ ʧʦʤʝʱʝʥʳ ʚʦʣʦʢʦʥʥʳʝ 

ʢʦʥʪʨʦʣʣʝʨʳ ʧʦʣʷʨʠʟʘʮʠʠ (ʂʇ). ɼʣʷ ʦʙʝʩʧʝʯʝʥʠʷ ʬʘʟʦʚʦʛʦ ʩʠʥʭʨʦʥʠʟʤʘ 

ʜʣʠʥʘ ʚʦʣʥʳ ʥʘʢʘʯʢʠ ʧʦʜʩʪʨʘʠʚʘʣʘʩʴ ʩʦʛʣʘʩʥʦ ʜʠʘʛʨʘʤʤʘʤ ʥʘ ʨʠʩ. 3.11. ɺ 

ʨʝʟʫʣʴʪʘʪʝ ʧʨʠ ɚp å 1052 ʥʤ ʥʘ ʚʳʭʦʜʝ ʥʘʙʣʶʜʘʣʘʩʴ ʧʘʨʘʤʝʪʨʠʯʝʩʢʘʷ 

ʛʝʥʝʨʘʮʠʷ ʚʙʣʠʟʠ 996 ʥʤ. ɺʝʣʠʯʠʥʘ ʯʘʩʪʦʪʥʳʭ ʦʪʩʪʨʦʝʢ ʩʦʩʪʘʚʣʷʣʘ ~ 16 

ʊɻʮ.  

 ʐʠʨʠʥʘ ʬʘʟʦʚʦʛʦ ʩʠʥʭʨʦʥʠʟʤʘ ʏɺʉ ʥʘʭʦʜʠʣʘʩʴ ʧʫʪʝʤ ʧʝʨʝʩʪʨʦʡʢʠ 

ʜʣʠʥʳ ʚʦʣʥʳ ʥʘʢʘʯʢʠ ʧʨʠ ʥʝʠʟʤʝʥʥʦʡ ʜʣʠʥʝ ʚʦʣʥʳ ʩʠʛʥʘʣʴʥʦʡ ʟʘʪʨʘʚʢʠ. 

ʅʘ ʨʠʩ. 3.20ʘ, ʙ, ʚ ʧʦʢʘʟʘʥʳ ʩʧʝʢʪʨʳ ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʡ ʛʝʥʝʨʘʮʠʠ ʧʨʠ 

ʠʟʤʝʥʝʥʠʠ ɚp ʜʣʷ ʦʪʨʝʟʢʦʚ ʌʂɺʉ ʜʣʠʥʦʡ 1, 5 ʠ 18 ʤ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ɼʣʷ 

LMA5-PM ʜʣʠʥʦʡ 1 ʤ ʢʦʥʪʫʨ ʫʩʠʣʝʥʠʷ ʰʠʨʦʢʠʡ ʠ ʠʤʝʝʪ ʦʜʠʥ ʤʘʢʩʠʤʫʤ, 

ʜʣʷ 5-ʤʝʪʨʦʚʦʛʦ ʦʪʨʝʟʢʘ ʦʙʦʟʥʘʯʘʶʪʩʷ ʜʚʘ ʤʘʢʩʠʤʫʤʘ ʫʩʠʣʝʥʠʷ, ʘ ʜʣʷ 18-

ʤʝʪʨʦʚʦʛʦ ʦʪʨʝʟʢʘ ʯʝʪʢʦ ʚʠʜʥʳ ʜʚʘ ʢʦʥʪʫʨʘ ʫʩʠʣʝʥʠʷ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ 

ʧʦʣʷʨʠʟʘʮʠʠ ʠʟʣʫʯʝʥʠʷ ʥʘʢʘʯʢʠ ʚʜʦʣʴ ʦʜʥʦʡ ʠʟ ʦʩʝʡ 

ʜʚʫʣʫʯʝʧʨʝʣʦʤʣʷʶʱʝʛʦ ʩʚʝʪʦʚʦʜʘ. ɺ ʩʣʫʯʘʝ 1-ʤʝʪʨʦʚʦʛʦ ʩʚʝʪʦʚʦʜʘ 

ʢʦʥʪʫʨʳ ʫʩʠʣʝʥʠʷ ʜʣʷ ʨʘʟʥʳʭ ʧʦʣʷʨʠʟʘʮʠʦʥʥʳʭ ʤʦʜ ʧʝʨʝʢʨʳʚʘʶʪʩʷ. ɺ 

ʵʢʩʧʝʨʠʤʝʥʪʝ ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ ʜʣʠʥʳ ʩʚʝʪʦʚʦʜʘ ʩ 1 ʜʦ 18 ʤ ʰʠʨʠʥʘ 
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ʬʘʟʦʚʦʛʦ ʩʠʥʭʨʦʥʠʟʤʘ ʫʤʝʥʴʰʘʝʪʩʷ ʩ 10 ʜʦ 0,5 ʥʤ, ʪ.ʝ. ʚ 20 ʨʘʟ, ʯʪʦ 

ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʪʝʦʨʝʪʠʯʝʩʢʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ȹɋsc ~ 1/L ʚ ʬʦʨʤʫʣʝ (1.23).  

 

 

ʈʠʩ. 3.20. ʀʟʤʝʥʝʥʠʝ ʩʧʝʢʪʨʦʚ ʛʝʥʝʨʘʮʠʠ ʧʨʠ ʧʝʨʝʩʪʨʦʡʢʝ ʜʣʠʥʳ ʚʦʣʥʳ 

ʥʘʢʘʯʢʠ ʜʣʷ LMA 5-ʈʄ ʜʣʠʥʦʡ 1 ʤ (ʘ), 5 ʤ (ʙ) ʠ 18 ʤ (ʚ). 

 

ʅʘ ʨʠʩ. 3.21 ʪʦʯʢʘʤʠ ʧʦʩʪʨʦʝʥʘ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ 

ʤʦʱʥʦʩʪʠ ʭʦʣʦʩʪʦʛʦ ʠʟʣʫʯʝʥʠʷ ʥʘ ʜʣʠʥʝ ʚʦʣʥʳ 996 ʥʤ ʦʪ ʤʦʱʥʦʩʪʠ 

ʥʘʢʘʯʢʠ ʥʘ ʚʳʭʦʜʝ ʩʚʝʪʦʚʦʜʘ LMA 5-PM ʜʣʠʥʦʡ 1, 5 ʠ 18 ʤ ʧʨʠ ʦʜʠʥʘʢʦʚʦʡ 

ʤʦʱʥʦʩʪʠ ʩʠʛʥʘʣʴʥʦʛʦ ʠʟʣʫʯʝʥʠʷ Ps(0) å 0,5 ɺʪ. ʇʦʜʩʪʨʦʡʢʘ ʜʚʫʭ ʂʇ 

ʧʦʟʚʦʣʷʣʘ ʥʘʩʪʨʘʠʚʘʪʴʩʷ ʥʘ ʤʘʢʩʠʤʘʣʴʥʦʝ ʟʥʘʯʝʥʠʝ ʛʝʥʝʨʠʨʫʝʤʦʡ 

ʤʦʱʥʦʩʪʠ. ʉʯʠʪʘʝʤ, ʯʪʦ ʤʦʱʥʦʩʪʴ ʥʘʢʘʯʢʘ ʥʝ ʠʩʪʦʱʘʝʪʩʷ ʚ ʨʝʟʫʣʴʪʘʪʝ 

ʏɺʉ, ʠ ʝʝ ʚʝʣʠʯʠʥʘ ʥʘ ʚʭʦʜʝ ʚ LMA  ʧʨʠʤʝʨʥʦ ʨʘʚʥʘ ʚʝʣʠʯʠʥʝ ʥʘ ʚʳʭʦʜʝ 

ʠʟ ʩʚʝʪʦʚʦʜʘ. ʊʘʢ ʢʘʢ ʟʥʘʯʝʥʠʝ ʥʦʨʤʠʨʦʚʘʥʥʦʡ ʤʦʱʥʦʩʪʠ ʥʘʢʘʯʢʠ ʚ 

ʵʢʩʧʝʨʠʤʝʥʪʝ ʥʝʙʦʣʴʰʦʝ ɝ å 0,7 (L = 18 ʤ ʠ P0 = 4 ɺʪ), ʤʦʞʥʦ 

ʧʨʝʜʧʦʣʦʞʠʪʴ, ʯʪʦ ʤʦʱʥʦʩʪʴ ʭʦʣʦʩʪʦʡ ʚʦʣʥʳ ʢʚʘʜʨʘʪʠʯʥʦ ʨʘʩʪʝʪ ʩ 
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ʤʦʱʥʦʩʪʴʶ ʥʘʢʘʯʢʠ (ʩʤ. ʬʦʨʤʫʣʫ (3.3)). ʅʘ ʨʠʩ. 3.21 ʩʧʣʦʰʥʳʤʠ ʣʠʥʠʷʤʠ 

ʧʦʢʘʟʘʥʘ ʧʦʜʛʦʥʢʘ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʪʦʯʝʢ ʧʘʨʘʙʦʣʦʡ. ɺʠʜʥʦ, ʯʪʦ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʥʝ ʦʪʢʣʦʥʷʝʪʩʷ ʦʪ ʢʚʘʜʨʘʪʠʯʥʦʛʦ ʟʘʢʦʥʘ, 

ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʥʝʦʜʥʦʨʦʜʥʦʩʪʴ ʚʦʣʦʢʦʥʥʦʛʦ ʩʚʝʪʦʚʦʜʘ ʩʣʘʙʦ ʚʣʠʷʝʪ ʥʘ 

ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʧʨʠ ɋ å 16 ʊɻʮ. 

 

ʈʠʩ. 3.21. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʤʦʱʥʦʩʪʠ ʭʦʣʦʩʪʦʛʦ ʠʟʣʫʯʝʥʠʷ 

ʦʪ ʚʳʭʦʜʥʦʡ ʤʦʱʥʦʩʪʠ ʥʘʢʘʯʢʠ ʧʨʠ ʩʢʘʣʷʨʥʦʤ ʏɺʉ ʚ ʌʂɺʉ LMA 5-PM 

ʜʣʠʥʦʡ 1 ʤ (ʢʨʫʞʢʠ), 5 ʤ (ʢʚʘʜʨʘʪʳ) ʠ 18 ʤ (ʪʨʝʫʛʦʣʴʥʠʢʠ). ʉʧʣʦʰʥʳʝ 

ʣʠʥʠʠ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʧʦʜʛʦʥʢʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʪʦʯʝʢ ʧʘʨʘʙʦʣʦʡ. 

 

ʅʘ ʨʠʩ. 3.22 ʢʨʫʞʢʘʤʠ ʧʦʢʘʟʘʥʘ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ 

ʤʦʱʥʦʩʪʠ ʭʦʣʦʩʪʦʛʦ ʠʟʣʫʯʝʥʠʷ ʦʪ ʚʳʭʦʜʥʦʡ ʤʦʱʥʦʩʪʠ ʥʘʢʘʯʢʠ ʜʣʷ LMA  

ʜʣʠʥʦʡ 18 ʤ. ʐʪʨʠʭʦʚʦʡ ʠ ʩʧʣʦʰʥʦʡ ʣʠʥʠʝʡ ʦʙʦʟʥʘʯʝʥʳ ʪʝʦʨʝʪʠʯʝʩʢʠʝ 
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ʟʘʚʠʩʠʤʦʩʪʠ, ʨʘʩʩʯʠʪʘʥʥʳʝ ʧʦ ʬʦʨʤʫʣʝ (3.3) ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʟʥʘʯʝʥʠʡ 

ʤʦʱʥʦʩʪʝʡ P0 ʠ Ps(0) (ʠʟʣʫʯʝʥʠʝ ʥʘʢʘʯʢʠ ʠ ʩʠʛʥʘʣʘ ʣʠʥʝʡʥʦ ʧʦʣʷʨʠʟʦʚʘʥʦ) 

ʠ P0/2 ʠ Ps(0)/2 (ʠʟʣʫʯʝʥʠʝ ʥʘʢʘʯʢʠ ʠ ʩʠʛʥʘʣʘ ʥʝ ʧʦʣʷʨʠʟʦʚʘʥʦ), 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʪʦʯʢʠ ʣʝʞʘʪ ʤʝʞʜʫ ʨʘʩʯʝʪʥʳʤʠ 

ʛʨʘʬʠʢʘʤʠ, ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʠʟʣʫʯʝʥʠʝ ʙʳʣʦ ʯʘʩʪʠʯʥʦ ʧʦʣʷʨʠʟʦʚʘʥʥʳʤ. ʆ 

ʯʘʩʪʠʯʥʦʡ ʩʪʝʧʝʥʠ ʧʦʣʷʨʠʟʘʮʠʠ ʤʦʞʥʦ ʩʫʜʠʪʴ ʠ ʧʦ ʨʠʩ. 3.20ʚ, ʪʘʢ ʢʘʢ ʚ 

ʩʧʝʢʪʨʝ ʧʨʠʩʫʪʩʪʚʫʶʪ ʢʦʤʧʦʥʝʥʪʳ ʜʚʫʭ ʚʝʪʚʝʡ ʩʢʘʣʷʨʥʦʛʦ ʩʠʥʭʨʦʥʠʟʤʘ. 

 

ʈʠʩ. 3.22. ɿʘʚʠʩʠʤʦʩʪʴ ʤʦʱʥʦʩʪʠ ʭʦʣʦʩʪʦʡ ʚʦʣʥʳ ʦʪ ʚʳʭʦʜʥʦʡ ʤʦʱʥʦʩʪʠ 

ʥʘʢʘʯʢʠ ʜʣʷ ʌʂɺʉ LMA 5-PM ʜʣʠʥʦʡ 18 ʤ. ʊʦʯʢʠ ï ʵʢʩʧʝʨʠʤʝʥʪ, 

ʩʧʣʦʰʥʘʷ ʣʠʥʠʷ ï ʨʘʩʯʝʪ ʜʣʷ ʥʝʧʦʣʷʨʠʟʦʚʘʥʥʦʛʦ ʠʟʣʫʯʝʥʠʷ, ʰʪʨʠʭʦʚʘʷ 

ʣʠʥʠʷ ï ʨʘʩʯʝʪ ʜʣʷ ʣʠʥʝʡʥʦ ʧʦʣʷʨʠʟʦʚʘʥʥʦʛʦ ʠʟʣʫʯʝʥʠʷ. 

 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʤʘʢʩʠʤʘʣʴʥʘʷ ʤʦʱʥʦʩʪʴ ʭʦʣʦʩʪʦʡ ʚʦʣʥʳ ʜʦʩʪʠʛʘʣʘ 

ʟʥʘʯʝʥʠʷ 75 ʤɺʪ, ʯʪʦ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʛʦ 

ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ Pi(L)/Ps(0) = 15%. ʊʘʢʦʡ ʚʝʣʠʯʠʥʳ ʜʦʩʪʘʪʦʯʥʦ, ʯʪʦʙʳ 

ʨʝʘʣʠʟʦʚʘʪʴ ʧʦʣʥʦʩʪʴʶ ʚʦʣʦʢʦʥʥʳʡ ʦʧʪʠʯʝʩʢʠʡ ʧʘʨʘʤʝʪʨʠʯʝʩʢʠʡ 

ʛʝʥʝʨʘʪʦʨ ʥʘ ʦʩʥʦʚʝ ʩʢʘʣʷʨʥʦʛʦ ʏɺʉ ʠ ʦʪʢʘʟʘʪʴʩʷ ʦʪ ʠʩʧʦʣʴʟʦʚʘʥʠʷ 

ʩʠʛʥʘʣʴʥʦʛʦ ʣʘʟʝʨʘ. ʕʢʩʧʝʨʠʤʝʥʪʳ ʧʦ ʩʦʟʜʘʥʠʶ ɺʆʇɻ ʦʧʠʩʘʥʳ ʚ ʛʣʘʚʝ 4. 
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3.3. ɺʳʚʦʜʳ ʢ ʛʣʘʚʝ 3 

 

ɺ ʜʘʥʥʦʡ ʛʣʘʚʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ʥʝʧʨʝʨʳʚʥʦʛʦ ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʛʦ ʧʨʦʮʝʩʩʘ ʚ ʦʜʥʦʧʨʦʭʦʜʥʦʡ ʩʭʝʤʝ ʩʦ 

ʩʪʘʥʜʘʨʪʥʳʤ (ʈʄ980-ʍʈ) ʠ ʬʦʪʦʥʥʦ-ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʤ (LMA 5-PM) 

ʜʚʫʣʫʯʝʧʨʝʣʦʤʣʷʶʱʠʤʠ ʩʚʝʪʦʚʦʜʘʤʠ. ʊʘʢ ʢʘʢ ʤʦʱʥʦʩʪʴ ʥʝʧʨʝʨʳʚʥʦʡ 

ʥʘʢʘʯʢʠ ʙʳʣʘ ʦʪʥʦʩʠʪʝʣʴʥʦ ʥʝʚʝʣʠʢʘ (ʤʝʥʝʝ 5 ɺʪ), ʚ ʦʙʦʠʭ ʩʣʫʯʘʷʭ 

ʠʩʧʦʣʴʟʦʚʘʣʘʩʴ ʩʠʛʥʘʣʴʥʘʷ ʟʘʪʨʘʚʢʘ ʥʘ ʜʣʠʥʝ ʚʦʣʥʳ ʩʪʦʢʩʦʚʦʡ ʠʣʠ 

ʘʥʪʠʩʪʦʢʩʦʚʦʡ ʢʦʤʧʦʥʝʥʪʳ. ɺ ʚʦʣʦʢʦʥʥʦʤ ʩʚʝʪʦʚʦʜʝ ʈʄ980-ʍʈ ʜʣʠʥʦʡ 85 

ʤ ʩ ʧʦʤʦʱʴʶ ʚʝʢʪʦʨʥʦʛʦ ʏɺʉ ʧʦʣʫʯʝʥʘ ʛʝʥʝʨʘʮʠʷ ʥʘ ʜʣʠʥʝ ʚʦʣʥʳ 1017 ʥʤ 

ʩ ʚʳʭʦʜʥʦʡ ʤʦʱʥʦʩʪʴʶ ʠ ʵʬʬʝʢʪʠʚʥʦʩʪʴʶ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʩʠʛʥʘʣʴʥʦʡ 

ʟʘʪʨʘʚʢʠ ʚ ʭʦʣʦʩʪʫʶ ʚʦʣʥʫ 40 ʤɺʪ ʠ 3,3%, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. 

ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʜʘʥʥʳʝ ʥʘʭʦʜʷʪʩʷ ʚ ʭʦʨʦʰʝʤ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʪʝʦʨʠʝʡ 

ʜʣʷ ʦʪʥʦʩʠʪʝʣʴʥʦ ʤʘʣʳʭ ʟʥʘʯʝʥʠʡ ʥʦʨʤʠʨʦʚʘʥʥʦʡ ʤʦʱʥʦʩʪʠ ʥʘʢʘʯʢʠ ɝ < 

1. ʅʘʩʳʱʝʥʠʝ ʤʦʱʥʦʩʪʠ ʛʝʥʝʨʘʮʠʠ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʩʠʛʥʘʣʴʥʦʡ ʤʦʱʥʦʩʪʠ 

ʦʙʲʷʩʥʷʝʪʩʷ ʫʰʠʨʝʥʠʝʤ ʩʧʝʢʪʨʦʚ ʠʟʣʫʯʝʥʠʷ ʠʩʧʦʣʴʟʫʝʤʳʭ ʣʘʟʝʨʦʚ ʟʘ 

ʧʨʝʜʝʣʳ ʦʙʣʘʩʪʠ ʬʘʟʦʚʦʛʦ ʩʠʥʭʨʦʥʠʟʤʘ.  

ɼʣʷ ʫʚʝʣʠʯʝʥʠʷ ʧʘʨʘʤʝʪʨʠʯʝʩʢʠʭ ʦʪʩʪʨʦʝʢ ʩʪʘʥʜʘʨʪʥʳʡ 

ʜʚʫʣʫʯʝʧʨʝʣʦʤʷʶʱʠʡ ʩʚʝʪʦʚʦʜ ʙʳʣ ʟʘʤʝʥʝʥ ʌʂɺʉ LMA 5-PM. ʏʠʩʣʝʥʥʦ 

ʨʘʩʩʯʠʪʘʥʳ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʠʟʤʝʨʝʥʳ ʚʦʟʤʦʞʥʳʝ ʧʘʨʘʤʝʪʨʠʯʝʩʢʠʝ 

ʦʪʩʪʨʦʡʢʠ ʚ ʌʂɺʉ LMA 5-PM ʧʨʠ ʥʘʢʘʯʢʝ ʥʝʧʨʝʨʳʚʥʳʤ 

ʥʝʧʦʣʷʨʠʟʦʚʘʥʥʳʤ ʠʟʣʫʯʝʥʠʝʤ ʀɺʃ. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʦʙʣʘʩʪʴ 

ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʛʦ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʤʦʞʝʪ ʜʦʩʪʠʛʘʪʴ 800 ʥʤ (ʩ 750 ʜʦ 1550 

ʥʤ) ʧʨʠ ʧʝʨʝʩʪʨʦʡʢʝ ʜʣʠʥʳ ʚʦʣʥʳ ʥʘʢʘʯʢʠ ʚʩʝʛʦ ʥʘ 30 ʥʤ ʚʙʣʠʟʠ ɼɺʅɼ 

ʩʚʝʪʦʚʦʜʘ. ɺʧʝʨʚʳʝ ʧʦʣʫʯʝʥʳ ʘʥʘʣʠʪʠʯʝʩʢʠʝ ʨʝʰʝʥʠʷ ʜʣʷ ʯʘʩʪʦʪʥʳʭ 

ʦʪʩʪʨʦʝʢ ʚʝʢʪʦʨʥʦʛʦ ʏɺʉ, ʭʦʨʦʰʦ ʩʦʛʣʘʩʫʶʱʠʝʩʷ ʩ ʯʠʩʣʝʥʥʳʤ ʨʘʩʯʝʪʦʤ 

ʧʨʠ ʥʘʢʘʯʢʝ ʚʙʣʠʟʠ ɼɺʅɼ ʚʦʣʦʢʦʥʥʦʛʦ ʩʚʝʪʦʚʦʜʘ. ɼʣʷ ʚʳʚʦʜʘ ʨʝʰʝʥʠʡ 

ʠʩʧʦʣʴʟʦʚʘʣʦʩʴ ʨʘʟʣʦʞʝʥʠʝ ʨʘʩʩʪʨʦʡʢʠ ʚʦʣʥʦʚʳʭ ʚʝʢʪʦʨʦʚ ʚ ʨʷʜ ʊʝʡʣʦʨʘ 

ʜʦ 5 ʧʦʨʷʜʢʘ ʚʙʣʠʟʠ ɼɺʅɼ.  
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ʀʩʩʣʝʜʦʚʘʥʘ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ ʰʠʨʠʥʘ ʬʘʟʦʚʦʛʦ ʩʠʥʭʨʦʥʠʟʤʘ ʠ 

ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʛʦ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʜʣʷ ʩʢʘʣʷʨʥʦʛʦ ʏɺʉ ʚ 

ʌʂɺʉ. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʚ ʩʚʝʪʦʚʦʜʝ ʜʣʠʥʦʡ 1 ʤ ʢʦʥʪʫʨʳ ʩʠʥʭʨʦʥʠʟʤʘ 

ʧʝʨʝʢʨʳʚʘʶʪʩʷ, ʠ ʚʩʷ ʤʦʱʥʦʩʪʴ ʥʝʧʦʣʷʨʠʟʦʚʘʥʥʦʡ ʥʘʢʘʯʢʠ ʫʯʘʩʪʚʫʝʪ ʚ 

ʧʨʝʦʙʨʘʟʦʚʘʥʠʠ. ɺ ʩʚʝʪʦʚʦʜʝ ʜʣʠʥʦʡ 18 ʤ ʢʦʥʪʫʨʳ ʩʠʥʭʨʦʥʠʟʤʘ 

ʨʘʩʱʝʧʣʷʶʪʩʷ, ʠ ʪʦʣʴʢʦ ʯʘʩʪʴ ʤʦʱʥʦʩʪʠ ʥʘʢʘʯʢʠ ʩ ʦʧʨʝʜʝʣʝʥʥʦʡ 

ʧʦʣʷʨʠʟʘʮʠʝʡ ʫʯʘʩʪʚʫʝʪ ʚ ʧʨʦʮʝʩʩʝ. ʄʦʱʥʦʩʪʴ ʭʦʣʦʩʪʦʡ ʚʦʣʥʳ ʜʦʩʪʠʛʘʣʘ 

75 ʤɺʪ, ʯʪʦ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʛʦ 

ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ Pi(L)/Ps(0) = 15%. ʊʘʢʦʡ ʚʝʣʠʯʠʥʳ ʜʦʩʪʘʪʦʯʥʦ ʜʣʷ 

ʨʝʘʣʠʟʘʮʠʠ ʧʦʣʥʦʩʪʴʶ ʚʦʣʦʢʦʥʥʦʛʦ ʦʧʪʠʯʝʩʢʦʛʦ ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʛʦ 

ʛʝʥʝʨʘʪʦʨʘ ʙʝʟ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʩʠʛʥʘʣʴʥʦʡ ʟʘʪʨʘʚʢʠ. 
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ɻʃɸɺɸ 4. ʅɽʇʈɽʈʓɺʅʓʁ ɺʆʃʆʂʆʅʅʆ-

ʆʇʊʀʏɽʉʂʀʁ ʇɸʈɸʄɽʊʈʀʏɽʉʂʀʁ ɻɽʅɽʈɸʊʆʈ 

 

4.1. ɺʦʣʦʢʦʥʥʦ-ʦʧʪʠʯʝʩʢʠʡ ʧʘʨʘʤʝʪʨʠʯʝʩʢʠʡ ʛʝʥʝʨʘʪʦʨ ʥʘ 

ʦʩʥʦʚʝ ʩʪʘʥʜʘʨʪʥʦʛʦ ʜʚʫʣʫʯʝʧʨʝʣʦʤʣʷʶʱʝʛʦ ʚʦʣʦʢʦʥʥʦʛʦ 

ʩʚʝʪʦʚʦʜʘ  

 

ɺ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʫʩʪʘʥʦʚʢʘʭ, ʦʧʠʩʘʥʥʳʭ ʚ ʨʘʟʜʝʣʘʭ 3.1 ʠ 3.2, 

ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʥʝʧʨʝʨʳʚʥʦʡ ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʡ ʛʝʥʝʨʘʮʠʠ ʧʦʤʠʤʦ ʣʘʟʝʨʘ 

ʥʘʢʘʯʢʠ ʠʩʧʦʣʴʟʫʝʪʩʷ ʜʦʧʦʣʥʠʪʝʣʴʥʳʡ ʩʠʛʥʘʣʴʥʳʡ ʣʘʟʝʨ, ʯʪʦ ʫʩʣʦʞʥʷʝʪ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʫʶ ʩʭʝʤʫ. ɼʣʷ ʠʩʢʣʶʯʝʥʠʷ ʝʛʦ ʠʟ ʫʩʪʘʥʦʚʢʠ ʙʳʣ 

ʨʘʟʨʘʙʦʪʘʥ ʚʦʣʦʢʦʥʥʦ-ʦʧʪʠʯʝʩʢʠʡ ʧʘʨʘʤʝʪʨʠʯʝʩʢʠʡ ʛʝʥʝʨʘʪʦʨ.  

ɺʥʘʯʘʣʝ ʙʳʣ ʨʝʘʣʠʟʦʚʘʥ ʥʝʧʨʝʨʳʚʥʳʡ ɺʆʇɻ ʥʘ ʦʩʥʦʚʝ ʚʝʢʪʦʨʥʦʛʦ 

ʏɺʉ ʚ ʩʪʘʥʜʘʨʪʥʦʤ ʜʚʫʣʫʯʝʧʨʝʣʦʤʣʷʶʱʝʤ ʚʦʣʦʢʦʥʥʦʤ ʩʚʝʪʦʚʦʜʝ PM980-

XP. ʅʘʩʢʦʣʴʢʦ ʠʟʚʝʩʪʥʦ, ʵʪʦ ʧʝʨʚʳʡ ɺʆʇɻ, ʠʩʧʦʣʴʟʫʶʱʠʡ ʚʝʢʪʦʨʥʳʡ 

ʧʨʠʥʮʠʧ ʩʦʛʣʘʩʦʚʘʥʠʷ ʬʘʟ. ʉʭʝʤʘ ʫʩʪʘʥʦʚʢʠ ʧʨʝʜʩʪʘʚʣʝʥʘ ʥʘ ʨʠʩ. 4.1. 

ʃʘʟʝʨʦʤ ʥʘʢʘʯʢʠ ʩʣʫʞʠʣ ʥʝʧʨʝʨʳʚʥʳʡ ʀɺʃ ʩ ʢʦʣʴʮʝʚʳʤ ʨʝʟʦʥʘʪʦʨʦʤ ʠ 

ʜʣʠʥʦʡ ʚʦʣʥʳ ʛʝʥʝʨʘʮʠʠ, ʧʝʨʝʩʪʨʘʠʚʘʝʤʦʡ ʚʙʣʠʟʠ 1080 ʥʤ. ʄʘʢʩʠʤʘʣʴʥʘʷ 

ʤʦʱʥʦʩʪʴ ʠʟʣʫʯʝʥʠʷ ʀɺʃ ʜʦʩʪʠʛʘʣʘ 12 ɺʪ. ʈʝʟʦʥʘʪʦʨ ɺʆʇɻ 

ʬʦʨʤʠʨʦʚʘʣʩʷ ʧʘʨʦʡ ʧʣʦʪʥʳʭ ʩʦʛʣʘʩʦʚʘʥʥʳʭ ɺɹʈ ʩ ʨʝʟʦʥʘʥʩʥʦʡ ʜʣʠʥʦʡ 

ʚʦʣʥʳ 1115 ʥʤ ʠ ʢʦʵʬʬʠʮʠʝʥʪʦʤ ʦʪʨʘʞʝʥʠʷ 99%. ʏʘʩʪʦʪʘ 

ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʡ ʦʪʩʪʨʦʡʢʠ ʚʳʙʠʨʘʣʘʩʴ ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʯʪʦʙʳ ʧʦʧʘʩʪʴ ʚ 

ʧʦʣʦʩʫ ʢʦʤʙʠʥʘʮʠʦʥʥʦʛʦ ʫʩʠʣʝʥʠʷ ʥʘʢʘʯʢʠ. ʀʟʣʫʯʝʥʠʝ ʥʝʧʦʣʷʨʠʟʦʚʘʥʥʦʡ 

ʥʘʢʘʯʢʠ ʟʘʚʦʜʠʣʦʩʴ ʚ ʩʚʝʪʦʚʦʜ PM980-XP, ʚ ʢʦʪʦʨʦʤ ʚ ʦʩʥʦʚʥʦʤ ʙʣʘʛʦʜʘʨʷ 

ʧʨʦʮʝʩʩʫ ʚʳʥʫʞʜʝʥʥʦʛʦ ʢʦʤʙʠʥʘʮʠʦʥʥʦʛʦ ʨʘʩʩʝʷʥʠʷ ʛʝʥʝʨʠʨʦʚʘʣʦʩʴ 

ʠʟʣʫʯʝʥʠʝ ʥʘ ʩʪʦʢʩʦʚʦʡ ʜʣʠʥʝ ʚʦʣʥʳ. ʕʪʦ ʠʟʣʫʯʝʥʠʝ, ʫʩʠʣʠʚʘʷʩʴ ʚ 

ʨʝʟʦʥʘʪʦʨʝ, ʧʨʠʚʦʜʠʣʦ ʢ ʛʝʥʝʨʘʮʠʠ ʘʥʪʠʩʪʦʢʩʦʚʦʡ ʚʦʣʥʳ ʏɺʉ. ɼʣʠʥʘ 

ʚʦʣʥʳ ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʡ ʛʝʥʝʨʘʮʠʠ ʙʳʣʘ 1042,2 ʥʤ ʜʣʷ ɚp = 1077,4, ʯʪʦ 

ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʯʘʩʪʦʪʥʦʡ ʦʪʩʪʨʦʡʢʝ 9,4 ʊɻʮ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʙʳʣ 
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ʨʝʘʣʠʟʦʚʘʥ ʦʜʥʦʨʝʟʦʥʘʥʩʥʳʡ ʧʦʣʥʦʩʪʴʶ ʚʦʣʦʢʦʥʥʳʡ ʧʘʨʘʤʝʪʨʠʯʝʩʢʠʡ 

ʛʝʥʝʨʘʪʦʨ ʩ ʨʝʟʦʥʘʪʦʨʦʤ ʜʣʷ ʩʪʦʢʩʦʚʦʡ ʢʦʤʧʦʥʝʥʪʳ. ʅʘ ʨʠʩ. 4.2 

ʧʨʝʜʩʪʘʚʣʝʥ ʚʳʭʦʜʥʦʡ ʩʧʝʢʪʨ ɺʆʇɻ ʜʣʷ ʚʦʣʦʢʦʥʥʦʛʦ ʩʚʝʪʦʚʦʜʘ ʜʣʠʥʦʡ 30 

ʤ. ʏʝʪʢʦ ʚʠʜʥʳ ʩʧʝʢʪʨʘʣʴʥʳʝ ʣʠʥʠʠ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʠʟʣʫʯʝʥʠʶ 

ʥʘʢʘʯʢʠ, ʩʪʦʢʩʦʚʦʡ ʠ ʘʥʪʠʩʪʦʢʩʦʚʦʡ ʢʦʤʧʦʥʝʥʪ. 

 

ʈʠʩ. 4.1. ʉʭʝʤʘ ɺʆʇɻ ʩ ʚʝʢʪʦʨʥʳʤ ʩʦʛʣʘʩʦʚʘʥʠʝʤ ʬʘʟ. 

 

ʈʠʩ. 4.2.ɺʳʭʦʜʥʦʡ ʩʧʝʢʪʨ ɺʆʇɻ ʜʣʷ ʩʚʝʪʦʚʦʜʘ PM980-XP ʜʣʠʥʦʡ 30 ʤ. 

 

ʄʦʱʥʦʩʪʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʥʘʭʦʜʠʣʠʩʴ ʠʟ ʟʘʧʠʩʘʥʥʳʭ ʩ ʧʦʤʦʱʴʶ 

ɸʆʉ ʩʧʝʢʪʨʦʚ ʠʟʣʫʯʝʥʠʷ, ʢʘʢ ʦʧʠʩʘʥʦ ʚ ʨʘʟʜʝʣʝ 3.1.5. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ 

ʟʘʚʠʩʠʤʦʩʪʠ ʤʦʱʥʦʩʪʠ ʛʝʥʝʨʘʮʠʠ ɺʆʇɻ ʦʪ ʤʦʱʥʦʩʪʠ ʥʘʢʘʯʢʠ ʜʣʷ 

ʩʚʝʪʦʚʦʜʘ ʜʣʠʥʦʡ 25 ʤ (ʢʨʫʞʢʠ), 30 ʤ (ʪʨʝʫʛʦʣʴʥʠʢʠ) ʠ 85 ʤ (ʢʚʘʜʨʘʪʳ) 

ʧʦʢʘʟʘʥʳ ʥʘ ʨʠʩ. 4.3ʘ ʠ ʙ ʜʣʷ ʩʪʦʢʩʦʚʛʦ ʠ ʘʥʪʠʩʪʦʢʩʦʚʦʛʦ ʠʟʣʫʯʝʥʠʷ, 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʉʪʦʢʩʦʚʘ ʢʦʤʧʦʥʝʥʪʘ ʟʘʧʝʨʪʘ ʚ ʧʣʦʪʥʦʤ ʨʝʟʦʥʘʪʦʨʝ, 

ʧʦʵʪʦʤʫ ʛʨʘʬʠʢʠ ʥʘ ʨʠʩ. 4.3ʙ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʠʟʣʫʯʝʥʠʶ, ʚʳʰʝʜʰʝʤʫ ʟʘ 

ʧʨʝʜʝʣʳ ʩʧʝʢʪʨʘ ʦʪʨʘʞʝʥʠʷ ʚʳʭʦʜʥʦʡ ɺɹʈ. ʆʥʠ ʚʦ ʤʥʦʛʦʤ ʧʦʢʘʟʳʚʘʶʪ 

ʵʬʬʝʢʪ ʩʧʝʢʪʨʘʣʴʥʦʛʦ ʫʰʠʨʝʥʠʷ ʩʪʦʢʩʦʚʦʡ ʢʦʤʧʦʥʝʥʪʳ ɺʂʈ. ɼʣʷ 
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ʘʥʪʠʩʪʦʢʩʦʚʦʡ ʚʦʣʥʳ ʥʘʙʣʶʜʘʝʪʩʷ ʟʘʚʠʩʠʤʦʩʪʴ ʩ ʷʚʥʦ ʚʳʨʘʞʝʥʥʳʤ 

ʧʦʨʦʛʦʤ ʧʦ ʤʦʱʥʦʩʪʠ ʥʘʢʘʯʢʠ. ɺʝʣʠʯʠʥʘ ʧʦʨʦʛʦʚʦʡ ʤʦʱʥʦʩʪʠ ʨʘʩʪʝʪ ʩ 

ʫʤʝʥʴʰʝʥʠʝʤ ʜʣʠʥʳ ʩʚʝʪʦʚʦʜʘ. ʇʦʨʦʛ ʛʝʥʝʨʘʮʠʠ ʩʪʦʢʩʦʚʦʡ ʠ 

ʘʥʪʠʩʪʦʢʩʦʚʦʡ ʢʦʤʧʦʥʝʥʪ ʧʨʘʢʪʠʯʝʩʢʠ ʦʜʠʥʘʢʦʚ. ɺʥʝʰʥʷʷ 

ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʘʷ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʜʣʷ L = 85 ʤ, 

ʨʘʩʩʯʠʪʘʥʥʘʷ ʠʟ ʛʨʘʬʠʢʘ ʥʘ ʨʠʩ. 4.3ʘ ʢʘʢ ʚʝʣʠʯʠʥʘ ʥʘʢʣʦʥʘ ʤʦʱʥʦʩʪʥʦʡ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ, ʜʦʩʪʠʛʘʣʘ 22%.  

 

ʈʠʩ. 4.3 ɿʘʚʠʩʠʤʦʩʪʴ ʤʦʱʥʦʩʪʠ ʘʥʪʠʩʪʦʢʩʦʚʦʡ (ʘ) ʠ ʩʪʦʢʩʦʚʦʡ (ʙ) 

ʢʦʤʧʦʥʝʥʪ ʦʪ ʤʦʱʥʦʩʪʠ ʧʨʦʰʝʜʰʝʡ ʥʘʢʘʯʢʠ. ʂʚʘʜʨʘʪʳ, ʪʨʝʫʛʦʣʴʥʠʢʠ ʠ 

ʟʚʝʟʜʦʯʢʠ, ʢʨʫʞʢʠ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʜʣʠʥʝ ʩʚʝʪʦʚʦʜʘ 85, 30 ʠ 25 ʤ, 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. 

 

ʄʦʱʥʦʩʪʴ ʘʥʪʠʩʪʦʢʩʦʚʦʡ ʢʦʤʧʦʥʝʥʪʳ ʩʦʩʪʘʚʠʣʘ 100 ʤɺʪ ʧʨʠ 

ʤʦʱʥʦʩʪʠ ʥʘʢʘʯʢʠ ʥʘ ʚʭʦʜʝ ʩʚʝʪʦʚʦʜʘ PM980-XP Pp(0) å 11 ɺʪ. ʊʘʢʠʤ 

ʦʙʨʘʟʦʤ, ʧʦʣʥʘʷ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʚ ʩʚʝʪʦʚʦʜʘʭ ʜʣʠʥʦʡ 30 ʠ 

85 ʤ ʙʳʣʘ Pa(L)/Pp(0) = 0,9%. ʄʘʢʩʠʤʫʤ ʢʦʤʙʠʥʘʮʠʦʥʥʦʛʦ ʫʩʠʣʝʥʠʷ ʚ 

ʢʚʘʨʮʝʚʦʤ ʩʪʝʢʣʝ ʥʘʙʣʶʜʘʝʪʩʷ ʧʨʠ ʯʘʩʪʦʪʥʦʡ ʦʪʩʪʨʦʡʢʝ 14 ʊɻʮ ʦʪ 

ʠʟʣʫʯʝʥʠʷ ʥʘʢʘʯʢʠ. ʉʣʝʜʦʚʘʪʝʣʴʥʦ, ʠʩʧʦʣʴʟʫʷ ʨʝʟʦʥʘʪʦʨ ʜʣʷ ʩʪʦʢʩʦʚʦʡ 

ʢʦʤʧʦʥʝʥʪʳ ʩ ʪʘʢʠʤ ʩʜʚʠʛʦʤ, ʤʦʞʥʦ ʫʚʝʣʠʯʠʪʴ ʢʦʵʬʬʠʮʠʝʥʪ ʫʩʠʣʝʥʠʷ ʚ 

ʜʣʠʥʥʦʚʦʣʥʦʚʦʡ ʦʙʣʘʩʪʠ. ʕʪʦ ʧʨʠʚʝʜʝʪ ʢ ʫʚʝʣʠʯʝʥʠʶ ʤʦʱʥʦʩʪʠ 

ʛʝʥʝʨʘʮʠʠ ʚ ʢʦʨʦʪʢʦʚʦʣʥʦʚʦʡ ʦʙʣʘʩʪʠ. ʆʜʥʘʢʦ ʚ ʠʩʧʦʣʴʟʫʝʤʦʡ ʩʭʝʤʝ 

ɺʆʇɻ ʤʦʱʥʦʩʪʴ ʛʝʥʝʨʘʮʠʠ ʥʝ ʚʦʩʧʨʦʠʟʚʦʜʠʣʘʩʴ ʧʨʠ ʢʘʞʜʦʤ ʥʦʚʦʤ 
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ʚʢʣʶʯʝʥʠʠ ʫʩʪʘʥʦʚʢʠ. ɺʦʟʤʦʞʥʦ, ʥʝʩʪʘʙʠʣʴʥʦʩʪʴ ʛʝʥʝʨʘʮʠʠ ʩʚʷʟʘʥʘ ʩ 

ʢʦʥʢʫʨʝʥʮʠʝʡ ʢʦʤʙʠʥʘʮʠʦʥʥʦʛʦ ʠ ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʛʦ ʫʩʠʣʝʥʠʷ. ɼʣʷ 

ʫʩʪʨʘʥʝʥʠʷ ʵʪʦʛʦ ʵʬʬʝʢʪʘ ʙʳʣ ʨʝʘʣʠʟʦʚʘʥ ɺʆʇɻ ʩ ʚʝʣʠʯʠʥʦʡ 

ʧʘʨʘʤʝʪʨʠʯʝʩʢʠʭ ʦʪʩʪʨʦʝʢ ʙʦʣʴʰʝ, ʯʝʤ ʧʦʣʦʩʘ ʫʩʠʣʝʥʠʷ ɺʂʈ. ʆʥ ʦʧʠʩʘʥ ʚ 

ʩʣʝʜʫʶʱʝʤ ʨʘʟʜʝʣʝ. 

 

4.2. ɺʦʣʦʢʦʥʥʦ-ʦʧʪʠʯʝʩʢʠʡ ʧʘʨʘʤʝʪʨʠʯʝʩʢʠʡ ʛʝʥʝʨʘʪʦʨ ʥʘ 

ʦʩʥʦʚʝ ʜʚʫʣʫʯʝʧʨʝʣʦʤʣʷʶʱʝʛʦ ʬʦʪʦʥʥʦ-ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ 

ʚʦʣʦʢʦʥʥʦʛʦ ʩʚʝʪʦʚʦʜʘ  

 

4.2.1. ɺʣʠʷʥʠʝ ʰʠʨʠʥʳ ʬʘʟʦʚʦʛʦ ʩʠʥʭʨʦʥʠʟʤʘ ʠ ʣʠʥʠʠ ʥʘʢʘʯʢʠ. 

 

4.2.1.1. ʆʙʲʷʩʥʝʥʠʝ ʵʬʬʝʢʪʘ. 

 

ʕʪʦʪ ʨʘʟʜʝʣ ʧʦʩʚʷʱʝʥ ʦʧʠʩʘʥʠʶ ʧʝʨʚʦʛʦ ʥʝʧʨʝʨʳʚʥʦʛʦ ɺʆʇɻ ʥʘ 

ʦʩʥʦʚʝ ʌʂɺʉ ʩ ʥʘʢʘʯʢʦʡ ʀɺʃ, ʛʝʥʝʨʠʨʫʶʱʝʛʦ ʧʝʨʝʩʪʨʘʠʚʘʝʤʦʝ 

ʠʟʣʫʯʝʥʠʝ ʚ ʩʧʝʢʪʨʘʣʴʥʦʤ ʜʠʘʧʘʟʦʥʝ ʤʝʥʝʝ 1 ʤʢʤ [74]. ʂʘʢ ʦʪʤʝʯʘʣʦʩʴ ʚʦ 

ʚʚʝʜʝʥʠʠ, ʥʝʧʨʝʨʳʚʥʳʡ ʧʘʨʘʤʝʪʨʠʯʝʩʢʠʡ ʧʨʦʮʝʩʩ ʚ ʵʪʦʡ ʦʙʣʘʩʪʠ 

ʠʩʩʣʝʜʦʚʘʣʩʷ ʪʦʣʴʢʦ ʚ ʩʭʝʤʝ ʩ ʟʘʪʨʘʚʦʯʥʳʤ ʠʟʣʫʯʝʥʠʝʤ, ʧʨʠ ʵʪʦʤ 

ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʙʳʣʘ ʩʢʨʦʤʥʦʡ ï ʜʦ 0,3% [61, 62]. ɺ 

ʨʘʟʜʝʣʝ 3.2.5 ʧʨʠʚʦʜʷʪʩʷ ʨʝʟʫʣʴʪʘʪʳ ʧʦ ʠʩʩʣʝʜʦʚʘʥʠʶ ʩʢʘʣʷʨʥʦʛʦ ʏɺʉ ʚ 

ʦʜʥʦʧʨʦʭʦʜʥʦʡ ʩʭʝʤʝ ʩ ʌʂɺʉ LMA5-PM. ʕʬʬʝʢʪʠʚʥʦʩʪʴ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ 

ʚʙʣʠʟʠ 996 ʥʤ ʜʦʩʪʠʛʘʣʘ 15%, ʯʪʦ ʜʦʩʪʘʪʦʯʥʦ ʜʣʷ ʨʘʟʨʘʙʦʪʢʠ ʩʭʝʤʳ 

ʧʦʣʥʦʩʪʴʶ ʚʦʣʦʢʦʥʥʦʛʦ ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʛʦ ʛʝʥʝʨʘʪʦʨʘ.  

 ʀʟ ʨʠʩ. 1.3 ʚʠʜʥʦ, ʯʪʦ ʦʙʣʘʩʪʴ ʬʘʟʦʚʦʛʦ ʩʠʥʭʨʦʥʠʟʤʘ ʩʠʣʴʥʦ 

ʩʫʞʘʝʪʩʷ ʩ ʨʦʩʪʦʤ ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʡ ʦʪʩʪʨʦʡʢʠ. ʈʘʩʩʤʦʪʨʠʤ ʚʣʠʷʥʠʝ 

ʰʠʨʠʥʳ ʣʠʥʠʠ ʥʘʢʘʯʢʠ ʥʘ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʚ ʌʂɺʉ LMA 5-

PM ʧʨʠ ʙʦʣʴʰʠʭ ʦʪʩʪʨʦʡʢʘʭ. ʅʘ ʨʠʩ. 4.4ʘ ʠ ʙ ʩʭʝʤʘʪʠʯʝʩʢʠ ʧʦʢʘʟʘʥʦ, ʢʘʢ ʩ 

ʠʟʤʝʥʝʥʠʝʤ ʜʣʠʥʳ ʚʦʣʥʳ ʥʘʢʘʯʢʠ ŭɚ ʤʝʥʷʝʪʩʷ ʧʦʣʦʞʝʥʠʝ ʢʦʥʪʫʨʦʚ 

ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʛʦ ʫʩʠʣʝʥʠʷ ʚʙʣʠʟʠ 930 ʠ 975 ʥʤ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ (ʜʣʠʥʘ 
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ʚʦʣʦʢʦʥʥʦʛʦ ʩʚʝʪʦʚʦʜʘ 18 ʤ). ʉʧʣʦʰʥʘʷ, ʰʪʨʠʭʦʚʘʷ ʠ ʧʫʥʢʪʠʨʥʘʷ ʣʠʥʠʠ 

ʩʦʦʪʚʝʪʩʪʚʫʶʪ ŭɚp = 0; 0,1; 0,2 ʥʤ. ʉ ʨʦʩʪʦʤ ʚʝʣʠʯʠʥʳ ŭɚp ʨʘʩʩʪʦʷʥʠʝ 

ʤʝʞʜʫ ʤʘʢʩʠʤʫʤʘʤʠ ʢʦʥʪʫʨʦʚ ŭɚʘ ʫʚʝʣʠʯʠʚʘʝʪʩʷ, ʧʨʠ ʵʪʦʤ ʧʝʨʝʢʨʳʪʠʝ 

ʩʧʝʢʪʨʦʚ ʫʤʝʥʴʰʘʝʪʩʷ. ʀʟ ʨʠʩ. 4.4 ʚʠʜʥʦ, ʯʪʦ ʧʝʨʝʢʨʳʪʠʝ ʩʧʝʢʪʨʦʚ ʤʝʥʴʰʝ 

ʧʨʠ ʤʝʥʴʰʝʤ ʟʥʘʯʝʥʠʠ ʰʠʨʠʥʳ ʬʘʟʦʚʦʛʦ ʩʠʥʭʨʦʥʠʟʤʘ ȹɚʘ. ʋʰʠʨʝʥʠʝ 

ʩʧʝʢʪʨʘ ʥʘʢʘʯʢʠ ʧʨʠʚʦʜʠʪ ʢ ʫʰʠʨʝʥʠʶ ʩʧʝʢʪʨʘ ʠʥʪʝʛʨʘʣʴʥʦʛʦ ʫʩʠʣʝʥʠʷ ʠ 

ʫʤʝʥʴʰʝʥʠʶ ʝʛʦ ʤʘʢʩʠʤʘʣʴʥʦʡ ʘʤʧʣʠʪʫʜʳ. 

 

ʈʠʩ. 4.4. ʉʧʝʢʪʨʳ ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʛʦ ʫʩʠʣʝʥʠʷ ʚʙʣʠʟʠ 930 ʥʤ (ʘ) ʠ 975 ʥʤ 

(ʙ) ʧʨʠ ʠʟʤʝʥʝʥʠʠ ʜʣʠʥʳ ʚʦʣʥʳ ʥʘʢʘʯʢʠ ʥʘ ŭɚp = 0 ʥʤ (ʩʧʣʦʰʥʘʷ ʣʠʥʠʷ), 

0,1 ʥʤ (ʰʪʨʠʭʦʚʘʷ ʣʠʥʠʷ) ʠ 0,2 ʥʤ (ʧʫʥʢʪʠʨʥʘʷ ʣʠʥʠʷ).  

 

ɼʣʷ ʦʮʝʥʢʠ ʚʝʣʠʯʠʥʳ ʫʰʠʨʝʥʠʷ ʥʝʦʙʭʦʜʠʤʦ ʩʨʘʚʥʠʪʴ ʩʜʚʠʛ 

ʧʦʣʦʞʝʥʠʷ ʢʦʥʪʫʨʘ ʫʩʠʣʝʥʠʷ ʩ ʰʠʨʠʥʦʡ ʩʠʥʭʨʦʥʠʟʤʘ. ʅʘ ʨʠʩ. 4.5 

ʢʨʫʞʢʘʤʠ ʧʦʢʘʟʘʥʘ ʟʘʚʠʩʠʤʦʩʪʴ ʰʠʨʠʥʳ ʬʘʟʦʚʦʛʦ ʩʠʥʭʨʦʥʠʟʤʘ ȹɚʘ ʦʪ 

ʜʣʠʥʳ ʚʦʣʥʳ ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʡ ʛʝʥʝʨʘʮʠʠ ʜʣʷ LMA 5-PM ʜʣʠʥʦʡ 18 ʤ. 

ʐʪʨʠʭʦʚʘʷ, ʧʫʥʢʪʠʨʥʘʷ ʠ ʰʪʨʠʭʧʫʥʢʪʠʨʥʘʷ ʣʠʥʠʠ ʩʦʦʪʚʝʪʩʪʚʫʶʪ 

ʩʤʝʱʝʥʠʶ ʨʝʟʦʥʘʥʩʘ ŭɚʘ ʧʨʠ ʩʜʚʠʛʝ ʣʠʥʠʠ ʥʘʢʘʯʢʠ ŭɚp = 0,1, 0,15 ʠ 0,2 ʥʤ. 

ʄʦʞʥʦ ʩʢʘʟʘʪʴ, ʯʪʦ ʚ ʦʙʣʘʩʪʠ ȹɚʘ > ŭɚʘ ʰʠʨʠʥʘ ʣʠʥʠʠ ʥʘʢʘʯʢʠ ȹɚp Ò ŭɚp 

ʩʣʘʙʦ ʧʦʚʣʠʷʝʪ ʥʘ ʤʘʢʩʠʤʘʣʴʥʳʡ ʢʦʵʬʬʮʠʝʥʪ ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʛʦ ʫʩʠʣʝʥʠʷ, 

ʪʘʢ ʢʘʢ ʩʜʚʠʛ ʢʦʥʪʫʨʦʚ ʫʩʠʣʝʥʠʷ ʧʨʦʠʩʭʦʜʠʪ ʚ ʧʨʝʜʝʣʘʭ ʰʠʨʠʥʳ 

ʩʠʥʭʨʦʥʠʟʤʘ. ʉʣʝʜʦʚʘʪʝʣʴʥʦ, ʧʘʨʘʤʝʪʨʠʯʝʩʢʘʷ ʛʝʥʝʨʘʮʠʷ ʵʬʬʝʢʪʠʚʥʦ 

ʧʨʦʪʝʢʘʝʪ ʥʘ ʜʣʠʥʘʭ ʚʦʣʥ ʙʦʣʝʝ 965 ʥʤ ʧʨʠ ʰʠʨʠʥʝ ʣʠʥʠʠ ʥʘʢʘʯʢʠ ȹɚp = 

0,1 ʥʤ; ʙʦʣʝʝ 975 ʥʤ ȹɚp = 0,15 ʥʤ; ʙʦʣʝʝ 985 ʥʤ ʧʨʠ ȹɚp = 0,2 ʥʤ. 
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ʈʠʩ. 4.5. ɿʘʚʠʩʠʤʦʩʪʴ ʰʠʨʠʥʳ ʬʘʟʦʚʦʛʦ ʩʠʥʭʨʦʥʠʟʤʘ ȹɚʘ (ʢʨʫʞʢʠ) ʠ 

ʨʘʩʭʦʞʜʝʥʠʷ ʤʘʢʩʠʤʫʤʦʚ ʢʦʥʪʫʨʦʚ ʬʘʟʦʚʦʛʦ ʩʠʥʭʨʦʥʠʟʤʘ ŭɚʘ ʜʣʷ ŭɚp = 0,1 

ʥʤ (ʰʪʨʠʭʦʚʘʷ ʣʠʥʠʷ), 0,15 ʥʤ (ʧʫʥʢʪʠʨʥʘʷ ʣʠʥʠʷ) ʠ 0,2 ʥʤ 

(ʰʪʨʠʭʧʫʥʢʪʠʨʥʘʷ ʣʠʥʠʷ) ʦʪ ʜʣʠʥʳ ʚʦʣʥʳ ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʡ ʛʝʥʝʨʘʮʠʠ.  

 

ɼʣʷ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʧʨʦʚʝʨʢʠ ʚʣʠʷʥʠʷ ʰʠʨʠʥʳ ʣʠʥʠʠ ʥʘʢʘʯʢʠ ʥʘ 

ʧʘʨʘʤʝʪʨʠʯʝʩʢʠʡ ʧʨʦʮʝʩʩ ʙʳʣʠ ʩʦʙʨʘʥʳ ʜʚʝ ʩʭʝʤʳ ɺʆʇɻ ʩ ʨʝʟʦʥʘʪʦʨʘʤʠ, 

ʦʧʪʠʤʠʟʠʨʦʚʘʥʥʳʤʠ ʜʣʷ ʩʪʦʢʩʦʚʦʡ ʜʣʠʥʳ ʚʦʣʥʳ 1135 ʠ 1205 ʥʤ, 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʉʦʛʣʘʩʥʦ ʜʠʘʛʨʘʤʤʘʤ ʬʘʟʦʚʦʛʦ ʩʠʥʭʨʦʥʠʟʤʘ ʥʘ ʨʠʩ. 3.12 

ʵʪʠ ʟʥʘʯʝʥʠʷ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʘʥʪʠʩʪʦʢʩʦʚʳʤ ʜʣʠʥʘʤ ʚʦʣʥ å 975 ʠ 930 ʥʤ. ɺ 

ʪʝʢʩʪʝ ʜʘʥʥʳʝ ʛʝʥʝʨʘʪʦʨʳ ʙʫʜʫʪ ʥʘʟʳʚʘʪʴʩʷ ɺʆʇɻ ʥʘ 975 ʥʤ ʠ ɺʆʇɻ ʥʘ 

930 ʥʤ.  

 

4.2.1.2. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ ʫʩʪʘʥʦʚʢʘ. 

 

ʉʭʝʤʘ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʫʩʪʘʥʦʚʢʠ ʧʨʝʜʩʪʘʚʣʝʥʘ ʥʘ ʨʠʩ. 4.6.  

ɺ ʢʘʯʝʩʪʚʝ ʠʩʪʦʯʥʠʢʘ ʥʘʢʘʯʢʠ ɺʆʇɻ ʥʘ 975 ʥʤ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʀɺʃ ʩ 

ʢʦʣʴʮʝʚʳʤ ʨʝʟʦʥʘʪʦʨʦʤ (ʩʤ. ʨʘʟʜʝʣ 2.2), ʛʝʥʝʨʠʨʫʶʱʠʡ ʥʝʧʨʝʨʳʚʥʦʝ 

ʥʝʧʦʣʷʨʠʟʦʚʘʥʥʦʝ ʠʟʣʫʯʝʥʠʝ. ɼʣʠʥʘ ʚʦʣʥʳ ʠʟʣʫʯʝʥʠʷ ʧʝʨʝʩʪʨʘʠʚʘʣʘʩʴ ʚ 

ʦʙʣʘʩʪʠ 1040 ï 1070 ʥʤ, ʚʳʭʦʜʥʘʷ ʤʦʱʥʦʩʪʴ ʜʦʩʪʠʛʘʣʘ 11 ɺʪ. ʀʟʤʝʥʝʥʠʝ 

ʨʘʙʦʯʝʡ ʜʣʠʥʳ ʚʦʣʥʳ ʣʘʟʝʨʘ ʦʩʫʱʝʩʪʚʣʷʣʦʩʴ ʦʩʝʚʳʤ ʩʞʘʪʠʝʤ ɺɹʈ. ɹʳʣʦ 
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ʦʙʥʘʨʫʞʝʥʦ, ʯʪʦ ʰʠʨʠʥʘ ʩʧʝʢʪʨʘ ʛʝʥʝʨʘʮʠʠ ʀɺʃ ȹɚp ʧʨʦʠʟʚʦʣʴʥʦ 

ʤʝʥʷʝʪʩʷ ʚ ʧʨʦʮʝʩʩʝ ʧʝʨʝʩʪʨʦʡʢʠ ʩ 30 ʜʦ 200 ʧʤ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ 

ʠʤʝʶʱʝʛʦʩʷ ʢʦʥʩʪʨʫʢʪʠʚʘ ɺɹʈ. ʊʨʝʙʫʝʤʦʝ ʟʥʘʯʝʥʠʝ ȹɚp ʜʦʩʪʠʛʘʣʦʩʴ 

ʧʫʪʝʤ ʧʦʚʪʦʨʷʶʱʝʡʩʷ ʧʦʜʩʪʨʦʡʢʠ ʙʨʵʛʛʦʚʩʢʦʡ ʨʝʰʝʪʢʠ ʥʘ ʨʘʙʦʯʫʶ ʜʣʠʥʫ 

ʚʦʣʥʳ.  

 

ʈʠʩ. 4.6 ʉʭʝʤʘ ʥʝʧʨʝʨʳʚʥʦʛʦ ɺʆʇɻ, ʛʝʥʝʨʠʨʫʶʱʝʛʦ ʠʟʣʫʯʝʥʠʝ ʚ 

ʩʧʝʢʪʨʘʣʴʥʦʤ ʜʠʘʧʘʟʦʥʝ ʤʝʥʝʝ 1 ʤʢʤ.  

 

ɺ ʢʘʯʝʩʪʚʝ ʠʩʪʦʯʥʠʢʘ ʥʘʢʘʯʢʠ ɺʆʇɻ ʥʘ 930 ʥʤ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʀɺʃ ʩ 

ʣʠʥʝʡʥʳʤ ʨʝʟʦʥʘʪʦʨʦʤ ʠʟ ʧʘʨʳ ʩʦʛʣʘʩʦʚʘʥʥʳʭ ʥʘ ʜʣʠʥʝ ʚʦʣʥʳ å 1048 ʥʤ 

ɺɹʈ (ʩʤ. ʨʠʩ. 4.7). ʂʘʞʜʘʷ ɺɹʈ ʥʘʭʦʜʠʣʠʩʴ ʚ ʪʝʨʤʦʩʪʘʪʝ, ʢʦʪʦʨʳʡ 

ʧʦʟʚʦʣʷʣ ʤʝʥʷʪʴ ʝʝ ʪʝʤʧʝʨʘʪʫʨʫ ʠ ʩʦʛʣʘʩʦʚʳʚʘʪʴ/ʨʘʩʩʦʛʣʘʩʦʚʳʚʘʪʴ ʠʭ 

ʨʝʟʦʥʘʥʩʥʳʝ ʜʣʠʥʳ ʚʦʣʥ, ʪʘʢʠʤ ʦʙʨʘʟʦʤ ʢʦʥʪʨʦʣʠʨʫʷ ʰʠʨʠʥʫ ʩʧʝʢʪʨʘ 

ʧʦʪʝʨʴ ʚ ʨʝʟʦʥʘʪʦʨʝ ʣʘʟʝʨʘ. ʕʪʘ ʤʝʪʦʜʠʢʘ ʧʦʟʚʦʣʷʣʘ ʫʧʨʘʚʣʷʪʴ ʟʥʘʯʝʥʠʝʤ 

ȹɚp. ɺʳʭʦʜʥʘʷ ʤʦʱʥʦʩʪʴ ʥʝʧʦʣʷʨʠʟʦʚʘʥʥʦʛʦ ʥʝʧʨʝʨʳʚʥʦʛʦ ʠʟʣʫʯʝʥʠʷ 

ʣʠʥʝʡʥʦʛʦ ʀɺʃ ʜʦʩʪʠʛʘʣʘ 16 ɺʪ. 

 

ʈʠʩ. 4.7. ʉʭʝʤʘ ʀɺʃ ʩ ʣʠʥʝʡʥʳʤ ʨʝʟʦʥʘʪʦʨʦʤ. 
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ʂʦʥʪʨʦʣʣʝʨ ʧʦʣʷʨʠʟʘʮʠʠ ʂʇ1 ʥʘ ʨʠʩ. 4.6 ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʜʣʷ 

ʧʦʜʩʪʨʦʡʢʠ ʩʦʩʪʦʷʥʠʷ ʧʦʣʷʨʠʟʘʮʠʠ ʠʟʣʫʯʝʥʠʷ ʥʘʢʘʯʢʠ. ʀʟʣʫʯʝʥʠʝ ʥʘʢʘʯʢʠ 

ʟʘʚʦʜʠʣʦʩʴ ʚ ʢʦʣʴʮʝʚʦʡ ʨʝʟʦʥʘʪʦʨ ɺʆʇɻ ʯʝʨʝʟ ʚʦʣʦʢʦʥʥʳʡ ʩʝʣʝʢʪʠʚʥʳʡ 

ʦʪʚʝʪʚʠʪʝʣʴ WDM1, ʢʦʥʪʨʦʣʣʝʨ ʧʦʣʷʨʠʟʘʮʠʠ ʂʇ2 ʠ ʟʘʪʝʤ 

ʨʘʩʧʨʦʩʪʨʘʥʷʣʦʩʴ ʚ ʌʂɺʉ LMA 5-PM ʜʣʠʥʦʡ 18 ʤ. ɼɺʅɼ ʩʚʝʪʦʚʦʜʘ ʜʣʷ 

ʙʳʩʪʨʦʡ ʠ ʤʝʜʣʝʥʥʦʡ ʦʩʝʡ ʩʦʩʪʘʚʣʷʣʠ ~1053 ʠ ~1052 ʥʤ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. 

ʀʟʣʫʯʝʥʠʝ ʥʘʢʘʯʢʠ, ʧʨʦʭʦʜʷ ʯʝʨʝʟ ʥʝʣʠʥʝʡʥʳʡ ʩʚʝʪʦʚʦʜ, ʟʘ ʩʯʝʪ ʧʨʦʮʝʩʩʘ 

ʏɺʉ ʛʝʥʝʨʠʨʦʚʘʣʦ ʠʟʣʫʯʝʥʠʝ ʥʘ ʩʪʦʢʩʦʚʦʡ ʠ ʘʥʪʠʩʪʦʢʩʦʚʦʡ ʜʣʠʥʘʭ ʚʦʣʥ. 

ɸʥʪʠʩʪʦʢʩʦʚʘ ʢʦʤʧʦʥʝʥʪʘ ʏɺʉ ʚʳʚʦʜʠʣʘʩʴ ʠʟ ʨʝʟʦʥʘʪʦʨʘ ʯʝʨʝʟ WDM2, ʘ 

ʩʪʦʢʩʦʚʘ ʢʦʤʧʦʥʝʥʪʘ ʟʘʧʫʩʢʘʣʘʩʴ ʦʙʨʘʪʥʦ ʚ ʩʚʝʪʦʚʦʜ LMA  ʯʝʨʝʟ WDM1. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʙʳʣ ʨʝʘʣʠʟʦʚʘʥ ʧʦʣʥʦʩʪʴʶ ʚʦʣʦʢʦʥʥʳʡ ʦʜʥʦʨʝʟʦʥʘʪʦʨʥʳʡ 

ʛʝʥʝʨʘʪʦʨ ʩ ʢʦʣʴʮʝʚʳʤ ʨʝʟʦʥʘʪʦʨʦʤ ʜʣʷ ʩʪʦʢʩʦʚʦʡ ʢʦʤʧʦʥʝʥʪʳ. ʀʟʣʫʯʝʥʠʝ 

ʥʘʢʘʯʢʠ ʚʳʚʦʜʠʣʦʩʴ ʠʟ ʨʝʟʦʥʘʪʦʨʘ ʯʝʨʝʟ WDM1 ʠ WDM2. ʉʝʣʝʢʪʠʚʥʳʝ 

ʦʪʚʝʪʚʠʪʝʣʠ WDM3 ʠ WDM4 ʧʨʠʤʝʥʷʣʠʩʴ ʜʣʷ ʬʠʣʴʪʨʘʮʠʠ ʚʳʭʦʜʥʦʡ 

ʤʦʱʥʦʩʪʠ ɺʆʇɻ ʦʪ ʤʦʱʥʦʩʪʠ ʥʘʢʘʯʢʠ. ʂʦʥʪʨʦʣʣʝʨ ʧʦʣʷʨʠʟʘʮʠʠ ʂʇ2 

ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʜʣʷ ʧʦʜʩʪʨʦʡʢʠ ʩʦʩʪʦʷʥʠʷ ʧʦʣʷʨʠʟʘʮʠʠ ʚʥʫʪʨʠ ʨʝʟʦʥʘʪʦʨʘ. 

ʇʦʪʝʨʠ ʚ ʜʚʫʭ ʤʝʩʪʘʭ ʩʚʘʨʢʠ ʌʂɺʉ ʩ ʚʦʣʦʢʦʥʥʳʤ ʩʚʝʪʦʚʦʜʦʤ 1060 XP 

ʩʦʩʪʘʚʣʷʣʠ 20% ʥʘ ʜʣʠʥʝ ʚʦʣʥʳ 975 ʥʤ. ɼʣʷ ɺʆʇɻ ʥʘ 930 ʥʤ ʧʦʩʣʝ ʂʇ1 

ʙʳʣ ʧʦʤʝʱʝʥ ʚʦʣʦʢʦʥʥʳʡ ʦʪʚʝʪʚʠʪʝʣʴ ʩ ʢʦʵʬʬʠʮʠʝʥʪʦʤ ʜʝʣʝʥʠʷ 99:1, 

ʢʦʪʦʨʳʡ ʧʦʟʚʦʣʷʣ ʩʣʝʜʠʪʴ ʟʘ ʤʦʱʥʦʩʪʴʶ ʥʘʢʘʯʢʠ, ʟʘʚʦʜʠʤʦʡ ʚ ʨʝʟʦʥʘʪʦʨ 

ɺʆʇɻ ʠ ʟʘ ʤʦʱʥʦʩʪʴʶ ʦʙʨʘʪʥʦʛʦ ʠʟʣʫʯʝʥʠʷ, ʨʘʩʧʨʦʩʪʨʘʥʷʶʱʝʛʦʩʷ ʚ 

ʩʪʦʨʦʥʫ ʀɺʃ (ʧʦʨʪ ʉ).  

ʈʠʩʫʥʢʠ 4.8 ʠ 4.9 ʧʦʢʘʟʳʚʘʶʪ ʩʧʝʢʪʨʘʣʴʥʳʝ ʧʦʪʝʨʠ ʟʘ ʦʙʭʦʜ 

ʨʝʟʦʥʘʪʦʨʘ (ʘ) ʠ ʢʦʵʬʬʠʮʠʝʥʪ ʧʨʦʭʦʞʜʝʥʠʷ ʠʟʣʫʯʝʥʠʷ ʥʘ ʚʳʭʦʜʝ ʧʦʨʪʘ ɸ 

(ʙ) ʜʣʷ ɺʆʇɻ ʥʘ 975 ʠ 930 ʥʤ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʉʧʝʢʪʨʘʣʴʥʳʝ ʧʦʪʝʨʠ ʟʘ 

ʦʙʭʦʜ ʨʝʟʦʥʘʪʦʨʘ ʨʘʩʩʯʠʪʳʚʘʣʠʩʴ ʧʨʠ ʫʯʝʪʝ ʩʧʝʢʪʨʘʣʴʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ 

ʩʝʣʝʢʪʠʚʥʳʭ ʦʪʚʝʪʚʠʪʝʣʝʡ WDM1, WDM2 ʠ 20%-ʳʭ ʧʦʪʝʨʴ ʚ ʤʝʩʪʘʭ 

ʩʚʘʨʢʠ ʌʂɺʉ ʩʦ ʩʚʝʪʦʚʦʜʦʤ 1060XP. ɺʠʜʥʦ, ʯʪʦ ʨʝʟʦʥʘʪʦʨʳ ʜʚʫʭ ɺʆʇɻ 

ʦʧʪʠʤʠʟʠʨʦʚʘʥʳ ʥʘ ʜʣʠʥʳ ʚʦʣʥ 1135 ʠ 1205 ʥʤ, ʜʣʷ ʢʦʪʦʨʳʭ ʧʦʪʝʨʠ 
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ʤʠʥʠʤʘʣʴʥʳ ʠ ʨʘʚʥʷʶʪʩʷ å30%. ʉʧʝʢʪʨʘʣʴʥʳʡ ʢʦʵʬʬʠʮʠʝʥʪ ʧʨʦʭʦʞʜʝʥʠʷ 

ʠʟʣʫʯʝʥʠʷ ʩ ʚʳʭʦʜʘ ʌʂɺʉ ʜʦ ʧʦʨʪʘ ɸ ʨʘʩʩʯʠʪʳʚʘʣʩʷ ʧʨʠ ʫʯʝʪʝ 

ʩʧʝʢʪʨʘʣʴʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ WDM2, WDM3, WDM4 ʠ 10%-ʳʭ ʧʦʪʝʨʴ ʥʘ 

ʚʳʭʦʜʥʦʡ ʩʚʘʨʢʝ ʌʂɺʉ.  

 

ʈʠʩ. 4.8. ʉʧʝʢʪʨʘʣʴʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ɺʆʇɻ ʥʘ 975 ʥʤ: ʘ) ʧʦʪʝʨʠ ʟʘ 

ʦʙʭʦʜ ʨʝʟʦʥʘʪʦʨʘ; ʙ) ʢʦʵʬʬʠʮʠʝʥʪ ʧʨʦʭʦʞʜʝʥʠʷ ʠʟʣʫʯʝʥʠʷ ʥʘ ʚʳʭʦʜʝ 

ʧʦʨʪʘ ɸ. 

 

ʈʠʩ. 4.9. ʉʧʝʢʪʨʘʣʴʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ɺʆʇɻ ʥʘ 930 ʥʤ: ʘ) ʧʦʪʝʨʠ ʟʘ 

ʦʙʭʦʜ ʨʝʟʦʥʘʪʦʨʘ; ʙ) ʢʦʵʬʬʠʮʠʝʥʪ ʧʨʦʭʦʞʜʝʥʠʷ ʠʟʣʫʯʝʥʠʷ ʥʘ ʚʳʭʦʜʝ 

ʧʦʨʪʘ ɸ. 

 

4.2.1.3. ʉʧʝʢʪʨʳ ʛʝʥʝʨʘʮʠʠ. 

 

ʇʝʨʝʩʪʨʦʡʢʘ ʜʣʠʥʳ ʚʦʣʥʳ ʛʝʥʝʨʘʮʠʠ ɺʆʇɻ ʥʘ 975 ʥʤ 

ʦʩʫʱʝʩʪʚʣʷʣʘʩʴ ʟʘ ʩʯʝʪ ʦʪʩʪʨʦʡʢʠ ʜʣʠʥʳ ʚʦʣʥʳ ʥʘʢʘʯʢʠ ʚ ʦʙʣʘʩʪʴ 

ʧʦʣʦʞʠʪʝʣʴʥʦʡ ʜʠʩʧʝʨʩʠʠ ʚʦʣʦʢʦʥʥʦʛʦ ʩʚʝʪʦʚʦʜʘ. ʌʂɺʉ LMA 5-PM 
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ʧʦʜʜʝʨʞʠʚʘʝʪ ʜʚʝ ʧʦʣʷʨʠʟʘʮʠʦʥʥʳʝ ʤʦʜʳ, ʧʦʵʪʦʤʫ ʠʟʣʫʯʝʥʠʝ ʥʘʢʘʯʢʠ 

ʨʘʩʧʨʦʩʪʨʘʥʷʣʦʩʴ ʧʦ ʜʚʫʤ ʦʨʪʦʛʦʥʘʣʴʥʳʤ ʧʦʣʷʨʠʟʘʮʠʦʥʥʳʤ ʦʩʷʤ 

ʩʚʝʪʦʚʦʜʘ. ʇʘʨʘʤʝʪʨʠʯʝʩʢʠʝ ʩʜʚʠʛʠ ʦʧʨʝʜʝʣʷʣʠʩʴ ʠʟ ʫʩʣʦʚʠʷ ʬʘʟʦʚʦʛʦ 

ʩʠʥʭʨʦʥʠʟʤʘ ʠ ʨʘʩʩʯʠʪʳʚʘʣʠʩʴ ʧʦ ʬʦʨʤʫʣʘʤ (3.11) ʠ (3.13) ʩ ʧʦʜʩʪʘʥʦʚʢʦʡ 

ʩʣʝʜʫʶʱʠʭ ʧʘʨʘʤʝʪʨʦʚ ʩʚʝʪʦʚʦʜʘ: ɔ = 10 ɺʪ
-1
ʢʤ

-1
; P0 = 9 ɺʪ, ɓ03 å6,75Ĭ10

ī2
 

ʧʩ
3
ʢʤ
ī1

 ʠ ɓ04 å -1Ĭ10
ī4

 ʧʩ
4
ʢʤ
ī1

; ɚ0
fast

 = 1052,95 ʥʤ ʠ ɚ0
slow

 = 1051,85 ʥʤ.  

ʅʘ ʨʠʩ. 4.10 ʧʨʝʜʩʪʘʚʣʝʥʳ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ (ʪʦʯʢʠ) ʠ 

ʪʝʦʨʝʪʠʯʝʩʢʠʝ (ʣʠʥʠʠ) ʜʠʘʛʨʘʤʤʳ ʬʘʟʦʚʦʛʦ ʩʠʥʭʨʦʥʠʟʤʘ ʜʣʷ ʜʚʫʭ 

ʧʦʣʷʨʠʟʘʮʠʦʥʥʳʭ ʤʦʜ ʠʟʣʫʯʝʥʠʷ ʥʘʢʘʯʢʠ. ɼʣʠʥʘ ʚʦʣʥʳ ʥʘʢʘʯʢʠ ɚp ~1051 

ʥʤ ʧʦʜʜʝʨʞʠʚʘʣʘʩʴ ʚʙʣʠʟʠ ɼɺʅɼ ʩʚʝʪʦʚʦʜʘ, ʯʪʦʙʳ ʦʙʝʩʧʝʯʠʪʴ ʤʘʣʳʝ 

ʧʘʨʘʤʝʪʨʠʯʝʩʢʠʝ ʦʪʩʪʨʦʡʢʠ (ʜʦ 25 ʊɻʮ) ʠ ʫʤʝʥʴʰʠʪʴ ʚʣʠʷʥʠʝ ʬʣʫʢʪʫʘʮʠʡ 

ʜʠʩʧʝʨʩʠʠ ʩʚʝʪʦʚʦʜʘ (ʥʝʦʜʥʦʨʦʜʥʦʩʪʠ) ʥʘ ʵʬʬʝʢʪʠʚʥʦʩʪʴ 

ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʛʦ ʧʨʦʮʝʩʩʘ. ɺʠʜʥʦ, ʯʪʦ ʪʝʦʨʝʪʠʯʝʩʢʠʡ ʨʘʩʯʝʪ ʭʦʨʦʰʦ 

ʩʦʛʣʘʩʫʝʪʩʷ ʩ ʵʢʩʧʝʨʠʤʝʥʪʦʤ ʜʣʷ ʚʩʝʭ ʜʣʠʥ ʚʦʣʥ, ʭʦʪʷ ʧʘʨʘʤʝʪʨʠʯʝʩʢʘʷ 

ʛʝʥʝʨʘʮʠʷ ʚ ʦʙʣʘʩʪʠ ʙʦʣʝʝ 1010 ʥʤ ʢʦʥʢʫʨʠʨʫʝʪ ʩ ʧʨʦʮʝʩʩʦʤ ɺʂʈ.  

 

ʈʠʩ. 4.10. ɼʠʘʛʨʘʤʤʳ ʩʢʘʣʷʨʥʦʛʦ ʬʘʟʦʚʦʛʦ ʩʠʥʭʨʦʥʠʟʤʘ ʚ ʌʂɺʉ LMA 5-

PM, ʪʦʯʢʠ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤ ʜʘʥʥʳʤ, ʣʠʥʠʠ ï 

ʪʝʦʨʝʪʠʯʝʩʢʠʡ ʨʘʩʯʝʪ. 

 

ʅʘ ʨʠʩ. 4.11 ʧʦʢʘʟʘʥʳ ʩʧʝʢʪʨʳ ɺʆʇɻ ʥʘ ʚʳʭʦʜʝ ʧʦʨʪʘ B ʧʨʠ 

ʦʪʩʪʨʦʡʢʝ ɚp ʚ ʦʙʣʘʩʪʴ ʧʦʣʦʞʠʪʝʣʴʥʦʡ ʜʠʩʧʝʨʩʠʠ ʩʚʝʪʦʚʦʜʘ. ʀʟʣʫʯʝʥʠʝ 
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ʧʦʣʷʨʠʟʦʚʘʥʦ ʚʜʦʣʴ ʤʝʜʣʝʥʥʦʡ ʦʩʠ ʩʚʝʪʦʚʦʜʘ. ʇʦʜʩʪʨʦʡʢʘ ʧʦʣʷʨʠʟʘʮʠʠ ʚ 

ʵʢʩʧʝʨʠʤʝʥʪʝ ʦʩʫʱʝʩʪʚʣʷʣʘʩʴ ʜʣʷ ʢʘʞʜʦʡ ʜʣʠʥʳ ʚʦʣʥʳ ʛʝʥʝʨʘʮʠʠ, ʯʪʦʙʳ 

ʜʦʩʪʠʯʴ ʤʘʢʩʠʤʘʣʴʥʦʡ ʚʳʭʦʜʥʦʡ ʤʦʱʥʦʩʪʠ. ʉʧʝʢʪʨʘʣʴʥʘʷ ʰʠʨʠʥʘ WDM-

ʦʚ ʜʦʚʦʣʴʥʦ ʙʦʣʴʰʘʷ (ʩʤ. ʨʠʩ. 4.8), ʧʦʵʪʦʤʫ ʰʠʨʠʥʘ ʣʠʥʠʠ ʛʝʥʝʨʘʮʠʠ 

ʦʧʨʝʜʝʣʷʝʪʩʷ ʰʠʨʠʥʦʡ ʬʘʟʦʚʦʛʦ ʩʠʥʭʨʦʥʠʟʤʘ ʠ ʣʠʥʠʠ ʥʘʢʘʯʢʠ. ʀʟ ʨʠʩ. 

4.11 ʚʠʜʥʦ, ʯʪʦ ʢʦʛʜʘ ʘʥʪʠʩʪʦʢʩʦʚʘʷ ʜʣʠʥʘ ʚʦʣʥʳ ʜʦʭʦʜʠʪ ʜʦ 965 ʥʤ, 

ʛʝʥʝʨʘʮʠʷ ʧʨʦʧʘʜʘʝʪ. ʕʪʦ ʦʙʲʷʩʥʷʝʪʩʷ ʪʝʤ, ʯʪʦ ʨʝʟʦʥʘʪʦʨʥʳʝ ʧʦʪʝʨʠ ʜʣʷ 

ʩʪʦʢʦʚʦʡ ʚʦʣʥʳ ʫʚʝʣʠʯʠʚʘʶʪʩʷ ʩ ʨʦʩʪʦʤ ʯʘʩʪʦʪʥʳʭ ʦʪʩʪʨʦʝʢ ʠʟ-ʟʘ 

ʩʧʝʢʪʨʘʣʴʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʩʝʣʝʢʪʠʚʥʳʭ ʦʪʚʝʪʚʠʪʝʣʝʡ (ʩʤ. ʨʠʩ. 4.8ʘ). ɺ 

ʨʝʟʫʣʴʪʘʪʝ ʧʦʨʦʛ ɺʆʇɻ ʚʦʟʨʘʩʪʝʪ, ʦʛʨʘʥʠʯʠʚʘʷ ʦʙʣʘʩʪʴ ʧʝʨʝʩʪʨʦʡʢʠ 

ʛʝʥʝʨʘʪʦʨʘ ʚ ʢʦʨʦʪʢʦʚʦʣʥʦʚʦʤ ʜʠʘʧʘʟʦʥʝ. 

 

ʈʠʩ. 4.11. ʉʧʝʢʪʨʳ ɺʆʇɻ ʥʘ 975 ʥʤ ʧʨʠ ʧʝʨʝʩʪʨʦʡʢʝ ʜʣʠʥʳ ʚʦʣʥʳ 

ʥʘʢʘʯʢʠ. 

 

ʉ ʜʨʫʛʦʡ ʩʪʦʨʦʥʳ, ʧʘʨʘʤʝʪʨʠʯʝʩʢʘʷ ʛʝʥʝʨʘʮʠʷ ʥʝ ʦʛʨʘʥʠʯʝʥʘ ʜʣʷ 

ʤʘʣʳʭ ʧʘʨʘʤʝʪʨʠʯʝʩʢʠʭ ʦʪʩʪʨʦʝʢ. ʆʜʥʘʢʦ ʩʧʝʢʪʨʳ ʠʟʣʫʯʝʥʠʷ ʩ ʜʣʠʥʦʡ 

ʚʦʣʥʳ ʙʦʣʝʝ 1010 ʥʤ ʟʜʝʩʴ ʥʝ ʧʨʠʚʦʜʷʪʩʷ, ʪʘʢ ʢʘʢ ʚ ʵʪʦʡ ʦʙʣʘʩʪʠ 

ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʝ ʫʩʠʣʝʥʠʝ ʢʦʥʢʫʨʠʨʫʝʪ ʩ ʢʦʤʙʠʥʘʮʠʦʥʥʳʤ ʫʩʠʣʝʥʠʝʤ. 

ɹʦʣʝʝ ʪʦʛʦ, ʧʦʣʥʘʷ ʰʠʨʠʥʘ ʩʧʝʢʪʨʦʚ ʥʘ ʧʦʣʫʚʳʩʦʪʝ ʧʨʝʚʳʰʘʝʪ 7 ʥʤ ʠʟ-ʟʘ 

ʫʚʝʣʠʯʝʥʠʷ ʰʠʨʠʥʳ ʬʘʟʦʚʦʛʦ ʩʠʥʭʨʦʥʠʟʤʘ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʙʳʣ 

ʨʝʘʣʠʟʦʚʘʥ ɺʆʇɻ ʩ ʜʠʘʧʘʟʦʥʦʤ ʧʝʨʝʩʪʨʦʡʢʠ ʦʪ 950 (ʩʤ. ʨʠʩ. 4.10) ʜʦ 1010 
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ʥʤ. ʐʠʨʠʥʘ ʣʠʥʠʠ ʛʝʥʝʨʘʮʠʠ ʥʘ ʜʣʠʥʝ ʚʦʣʥʳ 972 ʥʤ ʩʦʩʪʘʚʣʷʣʘ ʚʝʣʠʯʠʥʫ 

3,7 ʥʤ ʧʨʠ ʥʘʢʘʯʢʝ ʠʟʣʫʯʝʥʠʝʤ ʩ ɚp = 1050,3 ʥʤ ʠ P0 = 9 ɺʪ. ɼʣʷ ʤʥʦʛʠʭ 

ʧʨʘʢʪʠʯʝʩʢʠʭ ʧʨʠʤʝʥʝʥʠʡ ʥʝʦʙʭʦʜʠʤʘ ʙʦʣʝʝ ʫʟʢʘʷ ʣʠʥʠʷ ʛʝʥʝʨʘʮʠʠ, 

ʢʦʪʦʨʫʶ ʤʦʞʥʦ ʧʦʣʫʯʠʪʴ, ʧʦʤʝʩʪʠʚ ʚʥʫʪʨʴ ʨʝʟʦʥʘʪʦʨʘ ʜʦʧʦʣʥʠʪʝʣʴʥʳʡ 

ʩʝʣʝʢʪʠʚʥʳʡ ʵʣʝʤʝʥʪ. ʊʘʢ, ʘʚʪʦʨʳ ʨʘʙʦʪʳ [125] ʫʤʝʥʴʰʠʣʠ ʰʠʨʠʥʫ 

ʩʧʝʢʪʨʘ ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʡ ʛʝʥʝʨʘʮʠʠ ʜʦ 400 ʢɻʮ, ʠʩʧʦʣʴʟʫʷ ʜʚʘ 

ʫʟʢʦʧʦʣʦʩʥʳʭ ʬʠʣʴʪʨʘ. ɺ ʨʘʙʦʪʝ [58] ʩ ʧʦʤʦʱʴʶ ʢʦʤʙʠʥʘʮʠʠ ʠʟ ʪʨʝʭ 

ʬʠʣʴʪʨʦʚ ʧʦʣʫʯʝʥʘ ʰʠʨʠʥʘ ʣʠʥʠʠ 1,5 ʢɻʮ.  

ʅʘ ʨʠʩ. 4.12 ʧʨʝʜʩʪʘʚʣʝʥ ʩʧʝʢʪʨ ʛʝʥʝʨʘʮʠʠ ɺʆʇɻ ʥʘ 930 ʥʤ (ʧʦʨʪ ɸ) 

ʧʨʠ ʥʘʢʘʯʢʝ ʀɺʃ ʩ ɚp = 1048 ʥʤ. ɼʣʠʥʳ ʚʦʣʥ ʩʪʦʢʩʦʚʦʡ ʠ ʘʥʪʠʩʪʦʢʩʦʚʦʡ 

ʢʦʤʧʦʥʝʥʪ ʥʘʭʦʜʷʪʩʷ ʚʙʣʠʟʠ 1200 ʠ 931 ʥʤ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʐʠʨʠʥʘ 

ʣʠʥʠʠ ʘʥʪʠʩʪʦʢʩʦʚʦʛʦ ʠʟʣʫʯʝʥʠʷ ʩʦʩʪʘʚʣʷʝʪ ʚʝʣʠʯʠʥʫ 1,5 ʥʤ ʧʨʠ 

ʤʦʱʥʦʩʪʠ ʠʟʣʫʯʝʥʠʷ ʥʘʢʘʯʢʠ ʥʘ ʚʭʦʜʝ ʚ ʌʂɺʉ å 13,5 ɺʪ.  

 

ʈʠʩ. 4.12. ʉʧʝʢʪʨ ɺʆʇɻ ʥʘ 930 ʥʤ (ʧʦʨʪ ɸ) ʧʨʠ ʤʦʱʥʦʩʪʠ ʥʘʢʘʯʢʠ ~ 13,5 

ɺʪ ʥʘ ʚʭʦʜʝ ʚ ʌʂɺʉ LMA 5-PM. 

 

4.2.1.4. ɺʨʝʤʝʥʥʘʷ ʜʠʥʘʤʠʢʘ ʠʟʣʫʯʝʥʠʷ ʠ ʤʦʱʥʦʩʪʴ ʛʝʥʝʨʘʮʠʠ. 

 

ɺʨʝʤʝʥʥʘʷ ʜʠʥʘʤʠʢʘ ʚʳʭʦʜʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ɺʆʇɻ ʨʝʛʠʩʪʨʠʨʦʚʘʣʘʩʴ 

ʙʳʩʪʨʳʤ ʬʦʪʦʜʝʪʝʢʪʦʨʦʤ ʠ ʮʠʬʨʦʚʳʤ ʦʩʮʠʣʣʦʛʨʘʬʦʤ. ʅʘ ʨʠʩ. 4.13 

ʧʦʢʘʟʘʥʳ ʦʩʮʠʣʣʦʛʨʘʤʤʳ ʠʟʣʫʯʝʥʠʷ ʥʘʢʘʯʢʠ (ʧʦʨʪ ɺ) ʠ ʘʥʪʠʩʪʦʢʩʦʚʦʡ 
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ʢʦʤʧʦʥʝʥʪʳ (ʧʦʨʪ ɸ) ʜʣʷ ʛʝʥʝʨʘʮʠʠ ʚʙʣʠʟʠ 972 ʥʤ (ʘ) ʠ 931 ʥʤ (ʙ), 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʆʩʮʠʣʣʦʛʨʘʤʤʳ ʟʘʧʠʩʘʥʳ ʜʣʷ ʩʧʝʢʪʨʘʣʴʥʦʡ ʰʠʨʠʥʳ 

ʥʘʢʘʯʢʠ ȹɚp å 150 ʧʤ. ʀʟ ʨʠʩ. 4.13 ʚʠʜʥʦ, ʯʪʦ ʠʟʣʫʯʝʥʠʝ ʥʘʢʘʯʢʠ 

ʬʣʫʢʪʫʠʨʫʝʪ ʚʦ ʚʨʝʤʝʥʠ ʚʙʣʠʟʠ ʧʦʩʪʦʷʥʥʦʛʦ ʟʥʘʯʝʥʠʷ. ʉʪʦʭʘʩʪʠʯʝʩʢʠʡ 

ʰʫʤ ʩʚʷʟʘʥ ʩ ʛʝʥʝʨʘʮʠʝʡ ʙʦʣʴʰʦʛʦ ʯʠʩʣʘ ʧʨʦʜʦʣʴʥʳʭ ʤʦʜ ʀɺʃ, ʪʘʢ ʢʘʢ 

ʣʘʟʝʨ ʥʘʢʘʯʢʠ ʠʤʝʝʪ ʢʦʥʝʯʥʫʶ ʰʠʨʠʥʫ ʣʠʥʠʠ ʛʝʥʝʨʘʮʠʠ, ʠ ʰʫʤʘʤʠ 

ʜʝʪʝʢʪʦʨʘ, ʥʘʭʦʜʷʱʠʤʠʩʷ ʥʘ ʫʨʦʚʥʝ Ñ 3 ʤɺ. ɸʤʧʣʠʪʫʜʳ ʩʪʦʭʘʩʪʠʯʝʩʢʦʛʦ 

ʰʫʤʘ ʫʩʠʣʠʚʘʶʪʩʷ ʧʨʠ ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʤ ʧʨʝʦʙʨʘʟʦʚʘʥʠʠ. ʊʝʤ ʥʝ ʤʝʥʝʝ, 

ɺʆʇɻ ʨʘʙʦʪʘʝʪ ʚ ʥʝʧʨʝʨʳʚʥʦʤ ʨʝʞʠʤʝ. ʇʦʷʚʣʝʥʠʝ ʥʝʙʦʣʴʰʠʭ ʠʤʧʫʣʴʩʦʚ 

ʥʘ ʜʣʠʥʝ ʚʦʣʥʳ ɚʘ = 931 ʥʤ (ʨʠʩ. 4.13ʙ), ʚʦʟʤʦʞʥʦ, ʩʚʷʟʘʥʦ ʩ ʚʨʝʤʝʥʥʳʤʠ 

ʬʣʫʢʪʫʘʮʠʷʤʠ ʧʦʣʷʨʠʟʘʮʠʠ ʠʟʣʫʯʝʥʠʷ ʥʘʢʘʯʢʠ.  

 

ʈʠʩ. 4.13. ʆʩʮʠʣʣʦʛʨʘʤʤʳ ʠʟʣʫʯʝʥʠʷ ʥʘʢʘʯʢʠ ʠ ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʡ 

ʛʝʥʝʨʘʮʠʠ ʥʘ ʜʣʠʥʘʭ ʚʦʣʥ 972 ʥʤ (ʘ) ʠ 931 ʥʤ (ʙ).  

 

ʇʝʨʝʡʜʝʤ ʢ ʨʘʩʩʤʦʪʨʝʥʠʶ ʤʦʱʥʦʩʪʠ ʛʝʥʝʨʘʮʠʠ ʜʚʫʭ ɺʆʇɻ. ʅʘ ʨʠʩ. 

4.14 ʧʦʩʪʨʦʝʥʘ ʟʘʚʠʩʠʤʦʩʪʴ ʤʦʱʥʦʩʪʠ ʘʥʪʠʩʪʦʢʩʦʚʦʡ ʚʦʣʥʳ ʥʘ ɚʘ = 972 ʥʤ 

(ʧʦʨʪ ɸ) ʦʪ ʤʦʱʥʦʩʪʠ ʥʘʢʘʯʢʠ ʥʘ ʚʭʦʜʝ ʚ LMA  ʧʦʩʣʝ ʫʯʝʪʘ 10%-ʳʭ ʧʦʪʝʨʴ 

ʥʘ ʩʚʘʨʢʫ ʩ ʚʭʦʜʥʳʤ ʪʦʨʮʦʤ ʌʂɺʉ. ʀʟʤʝʨʝʥʠʷ ʧʨʦʚʦʜʠʣʠʩʴ ʜʣʷ 

ʥʝʩʢʦʣʴʢʠʭ ʟʥʘʯʝʥʠʡ ȹɚp = 0,1 ï 0,14 ʥʤ. ɺʠʜʥʦ, ʯʪʦ ʥʘʢʣʦʥ ʛʨʘʬʠʢʦʚ ʥʘ 

ʨʠʩ. 4.14, ʦʧʨʝʜʝʣʷʶʱʠʡ ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʫʶ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ɺʆʇɻ, ʠ 

ʚʝʣʠʯʠʥʘ ʧʦʨʦʛʦʚʦʡ ʤʦʱʥʦʩʪʠ å 5,1 ɺʪ ʦʜʠʥʘʢʦʚʳ ʜʣʷ ʨʘʟʣʠʯʥʳʭ 

ʟʥʘʯʝʥʠʡ ȹɚp. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʤʦʞʥʦ ʩʜʝʣʘʪʴ ʚʳʚʦʜ ʦ ʪʦʤ, ʯʪʦ ʝʩʪʴ ʦʙʣʘʩʪʴ 
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ʧʘʨʘʤʝʪʨʦʚ ȹɚp, ʜʣʷ ʢʦʪʦʨʳʭ ʤʘʢʩʠʤʘʣʴʥʦʝ ʟʥʘʯʝʥʠʝ ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʛʦ 

ʫʩʠʣʝʥʠʷ ʠ ʧʦʨʦʛ ɺʆʇɻ ʥʝ ʤʝʥʷʶʪʩʷ. ʉʣʝʜʦʚʘʪʝʣʴʥʦ, ʥʝ ʦʙʷʟʘʪʝʣʴʥʦ 

ʠʩʧʦʣʴʟʦʚʘʪʴ ʦʜʥʦʯʘʩʪʦʪʥʦʝ ʠʟʣʫʯʝʥʠʝ ʥʘʢʘʯʢʠ, ʯʪʦʙʳ ʧʦʚʳʩʠʪʴ 

ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʛʝʥʝʨʘʮʠʠ. ʀʟ ʨʠʩ. 4.5 ʪʘʢʞʝ ʩʣʝʜʫʝʪ, ʯʪʦ ʠʟʤʝʥʝʥʠʝ 

ʰʠʨʠʥʳ ʣʠʥʠʠ ʥʘʢʘʯʢʠ ʚ ʧʨʝʜʝʣʘʭ 0,1 - 0,14 ʥʤ ʥʝ ʚʣʠʷʝʪ ʥʘ ʧʨʦʮʝʩʩ 

ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʛʦ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ. 

 

ʈʠʩ. 4.14. ɿʘʚʠʩʠʤʦʩʪʴ ʤʦʱʥʦʩʪʠ ʛʝʥʝʨʘʮʠʠ ɺʆʇɻ ʥʘ ʜʣʠʥʝ ʚʦʣʥʳ 972 ʥʤ 

ʦʪ ʤʦʱʥʦʩʪʠ ʥʘʢʘʯʢʠ ʥʘ ʚʭʦʜʝ ʚ ʌʂɺʉ ʧʨʠ ȹɚʨ > 0,1 ʥʤ. ʊʦʯʢʠ 

ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʵʢʩʧʝʨʠʤʝʥʪʫ, ʰʪʨʠʭʦʚʘʷ ʣʠʥʠʷ ï ʧʦʜʛʦʥʢʘ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ ʣʠʥʝʡʥʦʡ ʬʫʥʢʮʠʝʡ. 

 

ɼʠʬʬʝʨʝʥʮʠʘʣʴʥʘʷ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʠ ʤʦʱʥʦʩʪʴ ʛʝʥʝʨʘʮʠʠ ɺʆʇɻ 

ʜʦʩʪʠʛʘʣʠ 9,4% ʠ 460 ʤɺʪ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʇʦʨʦʛʦʚʘʷ ʤʦʱʥʦʩʪʴ ʚ 

ʵʢʩʧʝʨʠʤʝʥʪʝ å 5,1 ɺʪ ʙʳʣʘ ʙʦʣʴʰʝ ʚʝʣʠʯʠʥʳ 3,5 ɺʪ, ʨʘʩʩʯʠʪʘʥʥʦʡ ʧʦ 

ʬʦʨʤʫʣʝ (1.24) ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʘʨʘʤʝʪʨʦʚ L = 18 ʤ, Ŭ* = 0,3, ŬL = 1,18 

ʢʤ
-1
. ʆʪʣʠʯʠʝ ʤʦʞʥʦ ʦʙʲʷʩʥʠʪʴ ʯʘʩʪʠʯʥʦ ʧʦʣʷʨʠʟʦʚʘʥʥʳʤ ʠʟʣʫʯʝʥʠʝʤ 

ʥʘʢʘʯʢʠ, ʢʦʛʜʘ ʪʦʣʴʢʦ ʯʘʩʪʴ ʤʦʱʥʦʩʪʠ ʥʘʢʘʯʢʠ ʚ ʧʦʜʭʦʜʷʱʝʡ 

ʧʦʣʷʨʠʟʘʮʠʦʥʥʦʡ ʤʦʜʝ ʩʦ ʟʥʘʯʝʥʠʝʤ Ó 0,5P0 ʫʯʘʩʪʚʫʝʪ ʚ ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʤ 

ʧʨʦʮʝʩʩʝ. ʂʨʦʤʝ ʪʦʛʦ, ʥʝʦʜʥʦʨʦʜʥʦʩʪʴ ʚʦʣʦʢʦʥʥʦʛʦ ʩʚʝʪʦʚʦʜʘ ʪʘʢʞʝ 

ʤʦʞʝʪ ʚʥʦʩʠʪʴ ʚʢʣʘʜ ʚ ʫʚʝʣʠʯʝʥʠʝ ʧʦʨʦʛʘ ɺʆʇɻ. 
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ɼʣʷ ɺʆʇɻ ʥʘ 930 ʥʤ ʚ ʢʘʯʝʩʪʚʝ ʣʘʟʝʨʘ ʥʘʢʘʯʢʠ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʀɺʃ ʩ 

ʣʠʥʝʡʥʳʤ ʨʝʟʦʥʘʪʦʨʦʤ (ʩʤ. ʨʠʩ. 4.7). ɺ ʩʭʝʤʝ ʩ ʩʦʛʣʘʩʦʚʘʥʥʳʤʠ ɺɹʈ 

ʰʠʨʠʥʘ ʣʠʥʠʠ ʥʘʢʘʯʢʠ ʥʘ ʚʳʭʦʜʝ ʧʦʨʪʘ ɺ ʜʦʩʪʠʛʘʣʘ ȹɚp = 0,4 ʥʤ ʧʨʠ 

ʚʳʭʦʜʥʦʡ ʤʦʱʥʦʩʪʠ ʀɺʃ 16 ɺʪ. ʇʘʨʘʤʝʪʨʠʯʝʩʢʠʡ ʧʨʦʮʝʩʩ ʚ ʜʘʥʥʦʤ 

ʩʣʫʯʘʝ ʥʝ ʥʘʙʣʶʜʘʣʩʷ. ʈʘʩʩʦʛʣʘʩʦʚʘʥʠʝ ʧʦʣʦʞʝʥʠʷ ʨʝʟʦʥʘʥʩʦʚ ɺɹʈ ʥʘ 0,12 

ʥʤ ʩ ʧʦʤʦʱʴʶ ʨʘʟʥʠʮʳ ʪʝʤʧʝʨʘʪʫʨ ʚ ʜʚʫʭ ʪʝʨʤʦʩʪʘʪʘʭ ʧʦʟʚʦʣʠʣʦ 

ʫʤʝʥʴʰʠʪʴ ʩʧʝʢʪʨʘʣʴʥʫʶ ʰʠʨʠʥʫ ʣʠʥʠʠ ʜʦ ȹɚʨ = 0,2 ʥʤ (ʧʦʨʪ ɺ) ʠ ʜʦʩʪʠʯʴ 

ʧʦʨʦʛʘ ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʡ ʛʝʥʝʨʘʮʠʠ. ʈʠʩʫʥʦʢ 4.15 ʜʝʤʦʥʩʪʨʠʨʫʝʪ 

ʟʘʚʠʩʠʤʦʩʪʴ ʛʝʥʝʨʠʨʫʝʤʦʡ ʤʦʱʥʦʩʪʠ ʥʘ ʜʣʠʥʝ ʚʦʣʥʳ 931 ʥʤ ʦʪ ʤʦʱʥʦʩʪʠ 

ʠʟʣʫʯʝʥʠʷ ʥʘʢʘʯʢʠ ʥʘ ʚʭʦʜʝ ʚ ʌʂɺʉ ʧʨʠ ȹɚp = 0,16 ʥʤ (ʪʨʝʫʛʦʣʴʥʠʢʠ) ʠ 

0,2 ʥʤ (ʢʚʘʜʨʘʪʳ). ʇʦʜʜʝʨʞʢʘ ʦʧʨʝʜʝʣʝʥʥʦʡ ʰʠʨʠʥʳ ʩʧʝʢʪʨʘ ʥʘʢʘʯʢʠ 

ʦʩʫʱʝʩʪʚʣʷʣʦʩʴ ʧʫʪʝʤ ʧʦʜʩʪʨʦʡʢʠ ʪʝʤʧʝʨʘʪʫʨʳ ʧʣʦʪʥʦʡ ɺɹʈ ʜʣʷ ʢʘʞʜʦʡ 

ʟʘʧʠʩʘʥʥʦʡ ʪʦʯʢʠ. ʐʪʨʠʭʦʚʳʝ ʣʠʥʠʠ ʥʘ ʨʠʩ. 4.15 ʧʦʢʘʟʳʚʘʶʪ ʨʝʟʫʣʴʪʘʪ 

ʣʠʥʝʡʥʦ ʘʧʧʨʦʢʩʠʤʘʮʠʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ.  

 

ʈʠʩ. 4.15. ɿʘʚʠʩʠʤʦʩʪʴ ʤʦʱʥʦʩʪʠ ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʡ ʛʝʥʝʨʘʮʠʠ ʥʘ ʜʣʠʥʝ 

ʚʦʣʥʳ 931 ʥʤ ʦʪ ʤʦʱʥʦʩʪʠ ʥʘʢʘʯʢʠ, ʟʘʚʦʜʠʤʦʡ ʚ ʩʚʝʪʦʚʦʜ LMA, ʧʨʠ ȹɚp = 

0,16 ʥʤ (ʪʨʝʫʛʦʣʴʥʠʢʠ) ʠ 0,2 ʥʤ (ʢʚʘʜʨʘʪʳ). 

 

ɼʠʬʬʝʨʝʥʮʠʘʣʴʥʘʷ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʜʣʷ ʨʘʟʥʳʭ ʟʥʘʯʝʥʠʡ ȹɚp ʙʳʣʘ 

ʧʨʠʤʝʨʥʦ ʦʜʠʥʘʢʦʚʦʡ ʠ ʨʘʚʥʷʣʘʩʴ 15%. ʄʘʢʩʠʤʘʣʴʥʘʷ ʤʦʱʥʦʩʪʴ 

ʛʝʥʝʨʘʮʠʠ ʥʘ ʜʣʠʥʝ ʚʦʣʥʳ 931 ʥʤ ʜʦʩʪʠʛʘʣʘ 320 ʤɺʪ ʧʨʠ ʰʠʨʠʥʝ ʣʠʥʠʠ 

ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʡ ʛʝʥʝʨʘʮʠʠ 1,5 ʥʤ. ʇʦʨʦʛʦʚʘʷ ʤʦʱʥʦʩʪʴ ɺʆʇɻ ʥʘ 930 ʥʤ 
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(Pth = 11,3 ɺʪ) ʚʦʟʨʦʩʣʘ ʚʜʚʦʝ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʧʦʨʦʛʦʚʦʡ ʤʦʱʥʦʩʪʴʶ ɺʆʇɻ 

ʥʘ 975 ʥʤ (Pth = 5,1 ɺʪ) ʧʨʠ ʦʜʥʦʡ ʠ ʪʦʡ ʞʝ ʰʠʨʠʥʝ ʣʠʥʠʠ ʥʘʢʘʯʢʠ ȹɚp å 

0,15 ʥʤ. ʕʪʦ ʤʦʞʥʦ ʦʙʲʷʩʥʠʪʴ ʫʚʝʣʠʯʝʥʠʝʤ ʚʣʠʷʥʠʷ ȹɚp ʠʟ-ʟʘ ʤʝʥʴʰʝʛʦ 

ʧʝʨʝʢʨʳʪʠʷ ʩʧʝʢʪʨʦʚ ʫʩʠʣʝʥʠʷ ʚʙʣʠʟʠ 930 ʥʤ (ʰʪʨʠʭʦʚʘʷ ʠ ʩʧʣʦʰʥʘʷ 

ʣʠʥʠʠ ʥʘ ʨʠʩ. 4.4ʘ) ʠ ʥʝʦʜʥʦʨʦʜʥʦʩʪʠ ʚʦʣʦʢʦʥʥʦʛʦ ʩʚʝʪʦʚʦʜʘ ʧʦ ʜʣʠʥʝ ʥʘ 

ʤʘʢʩʠʤʫʤ ʠʥʪʝʛʨʘʣʴʥʦʛʦ ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʛʦ ʫʩʠʣʝʥʠʷ. ʀʟ ʨʠʩ. 4.15 ʪʘʢʞʝ 

ʚʠʜʥʦ, ʯʪʦ ʜʣʷ ʙʦʣʴʰʠʭ ʧʘʨʘʤʝʪʨʠʯʝʩʢʠʭ ʦʪʩʪʨʦʝʢ ʥʝʦʙʭʦʜʠʤʦ 

ʦʧʪʠʤʠʟʠʨʦʚʘʪʴ ʰʠʨʠʥʫ ʣʠʥʠʠ ʥʘʢʘʯʢʠ, ʪʘʢ ʢʘʢ ʫʚʝʣʠʯʝʥʠʝ ȹɚp ʩ 0,16 ʜʦ 

0,2 ʥʤ ʧʨʠʚʦʜʠʪ ʢ ʟʘʤʝʪʥʦʤʫ ʨʦʩʪʫ ʧʦʨʦʛʘ ɺʆʇɻ ʩ 11,3 ʜʦ 12 ɺʪ.  

 

4.2.2. ɺʣʠʷʥʠʝ ʧʦʣʷʨʠʟʘʮʠʠ ʠʟʣʫʯʝʥʠʷ.  

 

ʃʠʥʝʡʥʦ ʧʦʣʷʨʠʟʦʚʘʥʥʦʝ ʠʟʣʫʯʝʥʠʝ ʥʘʢʘʯʢʠ ʛʝʥʝʨʠʨʦʚʘʣʦʩʴ ʚ ʩʭʝʤʝ 

ʚʦʣʦʢʦʥʥʦʛʦ ʟʘʜʘʶʱʝʛʦ ʛʝʥʝʨʘʪʦʨʘ-ʫʩʠʣʠʪʝʣʷ ʤʦʱʥʦʩʪʠ (master oscillator 

power amplifier - MOPA), ʧʨʝʜʩʪʘʚʣʝʥʥʦʡ ʥʘ ʨʠʩ. 4.16.  

 

ʈʠʩ. 4.16. ʉʭʝʤʘ ʠʩʪʦʯʥʠʢʘ ʥʘʢʘʯʢʠ: FPBS (fiber polarization beam 

splitter) ï ʚʦʣʦʢʦʥʥʳʡ ʜʝʣʠʪʝʣʴ ʧʦʣʷʨʠʟʘʮʠʠ, OI (optical isolator) ï 

ʦʧʪʠʯʝʩʢʠʡ ʠʟʦʣʷʪʦʨ, YDFA (Yb-doped fiber amplifier) ï ʠʪʪʝʨʙʠʝʚʳʡ 

ʚʦʣʦʢʦʥʥʳʡ ʫʩʠʣʠʪʝʣʴ. 

 

ʀʩʪʦʯʥʠʢ ʩʦʩʪʦʠʪ ʠʟ ʟʘʜʘʶʱʝʛʦ ʦʩʮʠʣʣʷʪʦʨʘ ʠ ʜʚʫʭ ʢʘʩʢʘʜʦʚ 

ʫʩʠʣʠʪʝʣʝʡ. ɿʘʜʘʶʱʠʡ ʦʩʮʠʣʣʷʪʦʨ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʢʦʣʴʮʝʚʦʡ ʀɺʃ ʩ 

ʥʝʧʦʣʷʨʠʟʦʚʘʥʥʳʤ ʠʟʣʫʯʝʥʠʝʤ ʠ ʦʙʣʘʩʪʴʶ ʧʝʨʝʩʪʨʦʡʢʠ 1,04 ï 1,07 ʤʢʤ. 

ʋʩʠʣʠʪʝʣʠ ʥʘ ʦʩʥʦʚʝ ʠʪʪʝʨʙʠʝʚʦʛʦ ʚʦʣʦʢʦʥʥʦʛʦ ʩʚʝʪʦʚʦʜʘ YDFA1 ʠ 

YDFA2 ʠʟʛʦʪʦʚʣʝʥʳ ʠʟ ʢʦʤʧʦʥʝʥʪ ʩ ʩʦʭʨʘʥʝʥʠʝʤ ʧʦʣʷʨʠʟʘʮʠʠ. 

ɺʦʣʦʢʦʥʥʳʡ ʜʝʣʠʪʝʣʴ ʧʦʣʷʨʠʟʘʮʠʠ FPBS ʚʳʜʝʣʷʝʪ ʦʜʥʫ ʣʠʥʝʡʥʦ 
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ʧʦʣʷʨʠʟʦʚʘʥʥʫʶ ʢʦʤʧʦʥʝʥʪʫ, ʢʦʪʦʨʘʷ ʟʘʪʝʤ ʟʘʧʫʩʢʘʝʪʩʷ ʚ ʧʝʨʚʳʡ ʢʘʩʢʘʜ 

ʫʩʠʣʝʥʠʷ YDFA1. ɺʪʦʨʦʡ ʢʘʩʢʘʜ ʫʩʠʣʝʥʠʷ YDFA2 ʥʝʦʙʭʦʜʠʤ ʜʣʷ 

ʫʚʝʣʠʯʝʥʠʷ ʚʳʭʦʜʥʦʡ ʤʦʱʥʦʩʪʠ ʙʝʟ ʧʦʪʝʨʠ ʩʪʘʙʠʣʴʥʦʩʪʠ ʫʩʠʣʝʥʠʷ. 

ʆʧʪʠʯʝʩʢʠʝ ʠʟʦʣʷʪʦʨʳ OI ʟʘʱʠʱʘʶʪ ʣʘʟʝʨ ʥʘʢʘʯʢʠ ʦʪ ʧʘʨʘʟʠʪʥʦʡ 

ʦʙʨʘʪʥʦʡ ʩʚʷʟʠ. ʇʨʠ ʤʦʱʥʦʩʪʠ ʟʘʜʘʶʱʝʛʦ ʛʝʥʝʨʘʪʦʨʘ 1,2 ɺʪ ʥʘ ʚʳʭʦʜʝ 

ʣʘʟʝʨʘ ʥʘʢʘʯʢʠ ʧʦʩʣʝ ʜʚʫʭ ʫʩʠʣʠʪʝʣʝʡ ʛʝʥʝʨʠʨʫʝʪʩʷ ʧʦʣʷʨʠʟʦʚʘʥʥʦʝ 

ʠʟʣʫʯʝʥʠʝ ʤʦʱʥʦʩʪʴʶ ʜʦ 8 ɺʪ ʥʘ ʜʣʠʥʝ ʚʦʣʥʳ 1050 ʥʤ. ʉʭʝʤʘ ɺʆʇɻ 

ʧʦʢʘʟʘʥʘ ʥʘ ʨʠʩ. 4.6. ʀʟʣʫʯʝʥʠʝ ʥʘʢʘʯʢʠ ʟʘʧʫʩʢʘʣʦʩʴ ʚʜʦʣʴ ʦʜʥʦʡ ʠʟ ʦʩʝʡ 

ʌʂɺʉ ʧʨʠ ʚʨʘʱʝʥʠʠ ʢʦʥʪʨʦʣʣʝʨʘ ʧʦʣʷʨʠʟʘʮʠʠ ʂʇ1. ɺ ʭʦʜʝ ʵʢʩʧʝʨʠʤʝʥʪʘ 

ʙʳʣʦ ʦʙʥʘʨʫʞʝʥʦ, ʯʪʦ ʰʠʨʠʥʘ ʣʠʥʠʠ ʥʘʢʘʯʢʠ æɚp ʩʫʞʘʝʪʩʷ ʜʦ 30 ï 60 ʧʤ 

ʧʨʠ ʧʝʨʝʩʪʨʦʡʢʝ ʚ ʜʣʠʥʥʦʚʦʣʥʦʚʫʶ ʦʙʣʘʩʪʴ ʩʧʝʢʪʨʘ (ʨʘʟʞʠʤʘʥʠʝ ɺɹʈ ʚ 

ʀɺʃ) ʠ ʫʰʠʨʷʝʪʩʷ ʜʦ 90 - 130 ʧʤ ʧʨʠ ʧʝʨʝʩʪʨʦʡʢʝ ʚ ʢʦʨʦʪʢʦʚʦʣʥʦʚʫʶ 

ʦʙʣʘʩʪʴ (ʩʞʘʪʠʝ ɺɹʈ ʚ ʀɺʃ). ʅʘʧʦʤʥʠʤ, ʯʪʦ ʜʘʥʥʳʡ ʵʬʬʝʢʪ 

ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʨʘʥʝʝ ʜʣʷ ʠʟʤʝʥʝʥʠʷ æɚp ʚ ɺʆʇɻ ʥʘ 975 ʥʤ. 

ʅʘ ʨʠʩ. 4.17a ʧʦʢʘʟʘʥʳ ʦʩʮʠʣʣʦʛʨʘʤʤʳ ʠʟʣʫʯʝʥʠʷ ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʡ 

ʛʝʥʝʨʘʮʠʠ ʥʘ ʜʣʠʥʝ ʚʦʣʥʳ 938 ʥʤ ʠ ʥʘʢʘʯʢʠ, ʟʘʨʝʛʠʩʪʨʠʨʦʚʘʥʥʳʭ ʩ ʧʦʨʪʦʚ 

ɸ ʠ ɺ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʧʨʠ æɚp = 110 ʧʤ. ʆʥʠ ʜʝʤʦʥʩʪʨʠʨʫʶʪ ʥʝʧʨʝʨʳʚʥʳʡ 

ʨʝʞʠʤ ʛʝʥʝʨʘʮʠʠ ɺʆʇɻ. 

 

ʈʠʩ. 4.17. ʍʘʨʘʢʪʝʨʠʩʪʠʢʠ ɺʆʇɻ ʧʨʠ ȹɚp å 100 ʧʤ: ʘ) ʆʩʮʠʣʣʦʛʨʘʤʤʳ 

ʠʟʣʫʯʝʥʠʷ ʥʘʢʘʯʢʠ (ʧʦʨʪ ɺ) ʠ ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʡ ʛʝʥʝʨʘʮʠʠ ʥʘ ʜʣʠʥʝ ʚʦʣʥʳ 

938 ʥʤ (ʧʦʨʪ ɸ) ʧʨʠ ȹɚp = 110 ʧʤ; ʙ) ʉʧʝʢʪʨʳ ʥʘʢʘʯʢʠ ʥʘ ʚʳʭʦʜʝ ʧʦʨʪʘ ɺ 

(ʰʪʨʠʭʦʚʘʷ ʣʠʥʠʷ) ʠ ʉ (ʩʧʣʦʰʥʘʷ ʣʠʥʠʷ). 
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ʅʘ ʨʠʩ. 4.17ʙ ʧʨʝʜʩʪʘʚʣʝʥʳ ʩʧʝʢʪʨʳ ʥʘʢʘʯʢʠ ʥʘ ʚʳʭʦʜʝ ʧʦʨʪʘ ɺ 

(ʰʪʨʠʭʦʚʘʷ ʣʠʥʠʷ) ʠ ʉ (ʩʧʣʦʰʥʘʷ ʣʠʥʠʷ) ʧʨʠ æɚp = 100 ʧʤ. ɺʠʜʥʦ, ʯʪʦ 

ʜʣʠʥʳ ʚʦʣʥʳ ʠʟʣʫʯʝʥʠʷ ʥʘʢʘʯʢʠ, ʨʘʩʧʨʦʩʪʨʘʥʷʶʱʝʛʦʩʷ ʚʧʝʨʝʜ (ʧʦʨʪ ɺ) ʠ 

ʥʘʟʘʜ (ʧʦʨʪ ʉ), ʩʦʚʧʘʜʘʶʪ. ɺ ʦʙʨʘʪʥʦʤ ʥʘʧʨʘʚʣʝʥʠʠ ʨʘʩʧʨʦʩʪʨʘʥʷʝʪʩʷ 

ʠʟʣʫʯʝʥʠʝ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʝ ʨʵʣʝʝʚʩʢʦʤʫ ʨʘʩʩʝʷʥʠʶ ʚʦʣʥʳ ʥʘʢʘʯʢʠ. 

ʅʝʣʠʥʝʡʥʳʡ ʧʨʦʮʝʩʩ ʚʳʥʫʞʜʝʥʥʦʛʦ ʨʘʩʩʝʷʥʠʷ ʄʘʥʜʝʣʴʰʪʘʤʘ-ɹʨʠʣʣʶʵʥʘ 

ʥʝ ʥʘʙʣʶʜʘʝʪʩʷ (ʝʛʦ ʚʣʠʷʥʠʝ ʙʫʜʝʪ ʨʘʩʩʤʘʪʨʠʚʘʪʴʩʷ ʚ ʨʘʟʜʝʣʝ 4.2.3). 

ʉʧʝʢʪʨʳ ʛʝʥʝʨʘʮʠʠ ɺʆʇɻ (ʧʦʨʪ  ɺ) ʧʨʠ ʠʟʤʝʥʝʥʠʠ ʜʣʠʥʳ ʚʦʣʥʳ 

ʥʘʢʘʯʢʠ ʩ 1047,5 ʜʦ 1051,4 ʥʤ ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʨʠʩ. 4.18. ʀʟʣʫʯʝʥʠʝ 

ʧʦʣʷʨʠʟʦʚʘʥʦ ʚʜʦʣʴ ʤʝʜʣʝʥʥʦʡ ʦʩʠ ʩʚʝʪʦʚʦʜʘ. ɺʠʜʥʦ, ʯʪʦ ʜʠʘʧʘʟʦʥ 

ʧʝʨʝʩʪʨʦʡʢʠ ɺʆʇɻ ʩʦʩʪʘʚʣʷʣ 80 ʥʤ (ʩ 923 ʜʦ 1005 ʥʤ) ʧʨʠ ʠʟʤʝʥʝʥʠʠ ɚʨ 

ʚʩʝʛʦ ʥʘ 4 ʥʤ. ɺʝʣʠʯʠʥʘ ʧʘʨʘʤʝʪʨʠʯʝʩʢʠʭ ʦʪʩʪʨʦʝʢ ʜʦʩʪʠʛʘʣʘ 38 ʊɻʮ. 

ʐʠʨʠʥʘ ʣʠʥʠʠ ʛʝʥʝʨʘʮʠʠ ʦʧʨʝʜʝʣʷʣʘʩʴ ʰʠʨʠʥʦʡ ʬʘʟʦʚʦʛʦ ʩʠʥʭʨʦʥʠʟʤʘ ʠ 

ʫʤʝʥʴʰʘʣʘʩʴ ʩ 5 ʜʦ 0,7 ʥʤ ʧʨʠ ʧʨʦʜʚʠʞʝʥʠʠ ʚ ʢʦʨʦʪʢʦʚʦʣʥʦʚʫʶ ʦʙʣʘʩʪʴ 

ʩʧʝʢʪʨʘ. ʀʟʣʫʯʝʥʠʝ ʩ ʜʣʠʥʦʡ ʚʦʣʥʳ >1005 ʥʤ ʚ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʧʦʜʨʦʙʥʦ ʥʝ 

ʨʘʩʩʤʘʪʨʠʚʘʣʦʩʴ, ʪʘʢ ʢʘʢ ʰʠʨʠʥʘ ʩʧʝʢʪʨʘ ʛʝʥʝʨʘʮʠʠ ʚ ʵʪʦʤ ʩʣʫʯʘʝ 

ʧʨʝʚʳʰʘʣʘ 5 ʥʤ. 

 

ʈʠʩ. 4.18. ʉʧʝʢʪʨʳ ɺʆʇɻ ʥʘ ʚʳʭʦʜʝ ʧʦʨʪʘ ɺ ʧʨʠ ʧʝʨʝʩʪʨʦʡʢʝ ʜʣʠʥʳ ʚʦʣʥʳ 

ʥʘʢʘʯʢʠ. 
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ʅʘ ʨʠʩ. 4.19. ʧʦʢʘʟʘʥʘ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʧʦʨʦʛʦʚʦʡ 

ʤʦʱʥʦʩʪʠ ɺʆʇɻ ʦʪ ʜʣʠʥʳ ʚʦʣʥʳ ʛʝʥʝʨʘʮʠʠ. ʈʝʟʦʥʘʪʦʨ ɺʆʇɻ 

ʦʧʪʠʤʠʟʠʨʦʚʘʥ ʜʣʷ ʤʘʢʩʠʤʘʣʴʥʦʡ ʚʳʭʦʜʥʦʡ ʤʦʱʥʦʩʪʠ ʛʝʥʝʨʘʮʠʠ ~930 ʥʤ. 

ʆʜʥʘʢʦ ʤʠʥʠʤʘʣʴʥʘʷ ʧʦʨʦʛʦʚʘʷ ʤʦʱʥʦʩʪʴ ʥʘʢʘʯʢʠ ʥʘ ʨʠʩ. 4.19 

ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʜʣʠʥʝ ʚʦʣʥʳ ʚʙʣʠʟʠ 946 ʥʤ. ʊʘʢʦʝ ʥʝʩʦʦʪʚʝʪʩʪʚʠʝ ʩʚʷʟʘʥʦ ʩ 

ʫʚʝʣʠʯʝʥʠʝʤ ʧʦʨʦʛʘ ɺʆʇɻ ʧʨʠ ʙʦʣʴʰʠʭ ʧʘʨʘʤʝʪʨʠʯʝʩʢʠʭ ʦʪʩʪʨʦʡʢʘʭ ʠʟ-

ʟʘ ʥʝʦʜʥʦʨʦʜʥʦʩʪʠ ʚʦʣʦʢʦʥʥʦʛʦ ʩʚʝʪʦʚʦʜʘ ʠ ʜʦʩʪʘʪʦʯʥʦ ʰʠʨʦʢʦʛʦ ʩʧʝʢʪʨʘ 

ʥʘʢʘʯʢʠ (ʰʪʨʠʭʦʚʘʷ ʣʠʥʠʷ ʥʘ ʨʠʩ. 4.5).  

 

ʈʠʩ. 4.19. ɿʘʚʠʩʠʤʦʩʪʴ ʧʦʨʦʛʦʚʦʡ ʤʦʱʥʦʩʪʠ ɺʆʇɻ ʦʪ ʜʣʠʥʳ ʚʦʣʥʳ 

ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʡ ʛʝʥʝʨʘʮʠʠ. 

 

ʅʘ ʨʠʩ. 4.20 ʧʦʢʘʟʘʥʘ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʘʥʪʠʩʪʦʢʩʦʚʦʡ 

ʤʦʱʥʦʩʪʠ ʥʘ ʚʳʭʦʜʝ ʧʦʨʪʘ A ʦʪ ʤʦʱʥʦʩʪʠ ʥʘʢʘʯʢʠ ʥʘ ʚʭʦʜʝ ʚ ʩʚʝʪʦʚʦʜ 

LMA  ʜʣʷ ʜʚʫʭ ʜʣʠʥ ʚʦʣʥ ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʡ ʛʝʥʝʨʘʮʠʠ ï 931 ʥʤ 

(ʪʨʝʫʛʦʣʴʥʠʢʠ) ʠ 942 ʥʤ (ʢʨʫʞʢʠ). ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʜʘʥʥʳʝ ʧʦʣʫʯʝʥʳ 

ʧʨʠ ȹɚp = 90 ʧʤ. ɻʨʘʬʠʢʠ ʪʘʢʞʝ ʜʝʤʦʥʩʪʨʠʨʫʶʪ, ʯʪʦ ʧʦʨʦʛʦʚʘʷ ʤʦʱʥʦʩʪʴ 

ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʧʨʠ ʧʨʦʜʚʠʞʝʥʠʠ ʚ ʢʦʨʦʪʢʦʚʦʣʥʦʚʫʶ ʦʙʣʘʩʪʴ ʩʧʝʢʪʨʘ. 

ɺʥʝʰʥʷʷ ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʘʷ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ɺʆʇɻ ʥʘ ɚa = 931 ʥʤ ʙʳʣʘ å 

18%, ʯʪʦ ʩʨʘʚʥʠʤʦ ʩ ʚʝʣʠʯʠʥʦʡ ʜʣʷ ʥʝʧʦʣʷʨʠʟʦʚʘʥʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʥʘʢʘʯʢʠ 

ʥʘ ʪʦʡ ʞʝ ʜʣʠʥʝ ʚʦʣʥʳ ʠ ʚ 2 ʨʘʟʘ ʙʦʣʴʰʝ, ʯʝʤ ʥʘ ɚa = 975 ʥʤ. ʄʦʱʥʦʩʪʴ 

ʛʝʥʝʨʘʮʠʠ ʜʦʩʪʠʛʘʣʘ 230 ʤɺʪ ʥʘ ʜʣʠʥʝ ʚʦʣʥʳ 942 ʥʤ. ʐʠʨʠʥʘ ʣʠʥʠʠ 

ʛʝʥʝʨʘʮʠʠ ʙʳʣʘ ~ 1 ʥʤ. 
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ʈʠʩ. 4.20. ɿʘʚʠʩʠʤʦʩʪʠ ʤʦʱʥʦʩʪʠ ʛʝʥʝʨʘʮʠʠ ʦʪ ʤʦʱʥʦʩʪʠ ʣʠʥʝʡʥʦ 

ʧʦʣʷʨʠʟʦʚʘʥʥʦʡ ʥʘʢʘʯʢʠ ʥʘ ʚʭʦʜʝ ʚ ʌʂɺʉ ʜʣʷ ʜʣʠʥ ʚʦʣʥ 931 

(ʪʨʝʫʛʦʣʴʥʠʢʠ) ʠ 942 ʥʤ (ʢʨʫʞʢʠ). 

 

ɼʣʷ ʩʨʘʚʥʝʥʠʷ ʨʝʟʫʣʴʪʘʪʦʚ, ʧʦʣʫʯʝʥʥʳʭ ʩ ʥʝʧʦʣʷʨʠʟʦʚʘʥʥʳʤ ʠ 

ʧʦʣʷʨʠʟʦʚʘʥʥʳʤ ʠʟʣʫʯʝʥʠʝʤ ʥʘʢʘʯʢʠ, ʥʘ ʨʠʩ. 4.21 ʧʦʢʘʟʘʥʳ ʛʨʘʬʠʢʠ 

ʟʘʚʠʩʠʤʦʩʪʠ ʤʦʱʥʦʩʪʠ ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʡ ʛʝʥʝʨʘʮʠʠ ʥʘ ɚa = 931 ʥʤ ʧʨʠ 

ʥʘʢʘʯʢʝ ʀɺʃ ʩ ʣʠʥʝʡʥʳʤ ʨʝʟʦʥʘʪʦʨʦʤ (ʢʚʘʜʨʘʪʳ) ʠ PM MOPA (ʢʨʫʞʢʠ).  

 

ʈʠʩ. 4.21. ɿʘʚʠʩʠʤʦʩʪʴ ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʡ ʤʦʱʥʦʩʪʠ ʥʘ ʜʣʠʥʝ ʚʦʣʥʳ 931 ʥʤ 

ʦʪ ʤʦʱʥʦʩʪʠ ʥʘʢʘʯʢʠ ʥʘ ʚʭʦʜʝ ʚ LMA  ʜʣʷ ʥʝʧʦʣʷʨʠʟʦʚʘʥʥʦʛʦ (ʢʚʘʜʨʘʪʳ) ʠ 

ʧʦʣʷʨʠʟʦʚʘʥʥʦʛʦ (ʢʨʫʞʢʠ) ʠʟʣʫʯʝʥʠʷ ʥʘʢʘʯʢʠ. 

 

ɺʠʜʥʦ, ʯʪʦ ʧʦʨʦʛ ʛʝʥʝʨʘʮʠʠ ɺʆʇɻ ʩʥʠʞʘʝʪʩʷ ʧʨʠʤʝʨʥʦ ʚ ʜʚʘ ʨʘʟʘ 

ʜʣʷ ʧʦʣʷʨʠʟʦʚʘʥʥʦʛʦ ʠʟʣʫʯʝʥʠʷ, ʪʘʢ ʢʘʢ ʚ ʵʪʦʤ ʩʣʫʯʘʝ ʚʩʷ ʤʦʱʥʦʩʪʴ 
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ʥʘʢʘʯʢʠ ʫʯʘʩʪʚʫʝʪ ʚ ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʤ ʧʨʝʦʙʨʘʟʦʚʘʥʠʠ. ʉʪʦʠʪ ʫʯʝʩʪʴ, ʯʪʦ 

ʵʢʩʧʝʨʠʤʝʥʪ ʧʨʦʚʦʜʠʣʩʷ ʧʨʠ ʨʘʟʥʳʭ ʟʥʘʯʝʥʠʷʭ ȹɚp, ʦʜʥʘʢʦ ʚʣʠʷʥʠʝ 

ʰʠʨʠʥʳ ʣʠʥʠʠ ʥʘʢʘʯʢʠ ʚ ʵʪʦʤ ʩʣʫʯʘʝ ʥʝ ʥʘʩʪʦʣʴʢʦ ʚʝʣʠʢʦ ʩʦʛʣʘʩʥʦ ʨʠʩ. 

4.15. ɼʠʬʬʝʨʝʥʮʠʘʣʴʥʘʷ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ɺʆʇɻ ʜʣʷ ʧʦʣʷʨʠʟʦʚʘʥʥʦʛʦ ʠ 

ʥʝʧʦʣʷʨʠʟʦʚʘʥʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʥʘʢʘʯʢʠ ʧʨʘʢʪʠʯʝʩʢʠ ʦʜʠʥʘʢʦʚʘ. 

 

4.2.3. ɺʣʠʷʥʠʝ ʢʦʥʢʫʨʠʨʫʶʱʠʭ ʥʝʣʠʥʝʡʥʳʭ ʵʬʬʝʢʪʦʚ.  

 

ʂʨʦʤʝ ʵʬʬʝʢʪʘ ʏɺʉ ʚ ʚʦʣʦʢʦʥʥʦʤ ʩʚʝʪʦʚʦʜʝ ʤʦʛʫʪ ʚʦʟʥʠʢʘʪʴ ʜʨʫʛʠʝ 

ʥʝʣʠʥʝʡʥʳʝ ʧʨʦʮʝʩʩʳ, ʢʦʥʢʫʨʠʨʫʶʱʠʝ ʩ ʧʘʨʘʤʝʪʨʠʯʝʩʢʠʤ ʫʩʠʣʝʥʠʝʤ. 

ɼʣʷ ʧʦʚʳʰʝʥʠʷ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʡ ʛʝʥʝʨʘʮʠʠ ʥʝʦʙʭʦʜʠʤʦ 

ʠʩʧʦʣʴʟʦʚʘʪʴ ʫʟʢʦʧʦʣʦʩʥʦʝ ʠʟʣʫʯʝʥʠʝ ʥʘʢʘʯʢʠ, ʯʪʦʙʳ ʩʜʚʠʛ ʢʦʥʪʫʨʦʚ 

ʫʩʠʣʝʥʠʷ ʥʘ ʤʘʩʰʪʘʙʘʭ ʰʠʨʠʥʳ ʣʠʥʠʠ ʥʘʢʘʯʢʠ ʥʝ ʧʨʝʚʳʰʘʣ ʰʠʨʠʥʳ 

ʬʘʟʦʚʦʛʦ ʩʠʥʭʨʦʥʠʟʤʘ. ʆʜʥʘʢʦ ʧʨʠ ʜʦʩʪʘʪʦʯʥʦ ʫʟʢʦʤ ʩʧʝʢʪʨʝ ʥʘʢʘʯʢʠ 

ʤʦʞʝʪ ʚʦʟʥʠʢʥʫʪʴ ʥʝʣʠʥʝʡʥʳʡ ʵʬʬʝʢʪ ɺʈʄɹ. 

ʅʘ ʨʠʩ. 4.22ʘ ʠ ʙ ʧʨʝʜʩʪʘʚʣʝʥʳ ʩʧʝʢʪʨʳ ʥʘʢʘʯʢʠ ʩ ʧʦʨʪʘ ɺ ʠ ʉ (ʩʤ. 

ʨʠʩ. 4.6) ʠ ʦʩʮʠʣʣʦʛʨʘʤʤʳ ʥʘʢʘʯʢʠ ʠ ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʡ ʛʝʥʝʨʘʮʠʠ ʥʘ ʜʣʠʥʝ 

ʚʦʣʥʳ 931 ʥʤ ʧʨʠ ʩʫʞʝʥʠʠ ʩʧʝʢʪʨʘ ʥʘʢʘʯʢʠ PM MOPA ʜʦ 30 ʧʤ, 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʆʪʤʝʪʠʤ, ʯʪʦ ʰʠʨʠʥʘ ȹɚp ʙʦʣʴʰʝʡ ʯʘʩʪʴʶ ʦʧʨʝʜʝʣʷʝʪʩʷ 

ʚʢʣʘʜʦʤ ʘʧʧʘʨʘʪʥʦʡ ʬʫʥʢʮʠʠ ʠʩʧʦʣʴʟʫʝʤʦʛʦ ʩʧʝʢʪʨʦʘʥʘʣʠʟʘʪʦʨʘ 

ʈʠʩ. 4.22. ʍʘʨʘʢʪʝʨʠʩʪʠʢʠ ɺʆʇɻ ʧʨʠ ȹɚp å 30 ʧʤ: ʘ) ʉʧʝʢʪʨʳ ʥʘʢʘʯʢʠ ʥʘ 

ʚʳʭʦʜʝ ʧʦʨʪʘ ɺ (ʰʪʨʠʭʦʚʘʷ ʣʠʥʠʷ) ʠ ʉ (ʩʧʣʦʰʥʘʷ ʣʠʥʠʷ); ʙ) 


