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ʆɹʆɿʅɸʏɽʅʀʗ ʀ ʉʆʂʈɸʑɽʅʀʗ  

n ï ʜʠʨʝʢʪʦʨ ʞʠʜʢʦʛʦ ʢʨʠʩʪʘʣʣʘ ï ʥʘʧʨʘʚʣʝʥʠʝ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦʛʦ 

ʥʘʧʨʘʚʣʝʥʠʷ ʜʣʠʥʥʳʭ ʦʩʝʡ ʤʦʣʝʢʫʣ; 

K11, K22 ʠ K33 ï ʢʦɻ ʬʬʠʮʠʝʥʪʳ ʫʧʨʫʛʦʩʪʠ ʌʨʘʥʢʘ, ʦʪʥʦʩʷʱʠʝʩ ̫ʢ splay, 

torsion ʠ bend ʜʝʬʦʨʤʘʮʠʷʤ; 

F ï ʩʚʦʙʦʜʥʘʷ ʵʥʝʨʛʠʷ ʞʠʜʢʦʛʦ ʢʨʠʩʪʘʣʣʘ; 

Fv ï ʦʙʲʝʤʥʘʷ ʩʦʩʪʘʚʣʷʶʱʘʷ ʩʚʦʙʦʜʥʦʡ ʵʥʝʨʛʠʠ ʞʠʜʢʦʛʦ ʢʨʠʩʪʘʣʣʘ; 

Fs ï ʧʦʚʝʨʭʥʦʩʪʥʘʷ ʩʦʩʪʘʚʣʷʶʱʘʷ ʩʚʦʙʦʜʥʦʡ ʵʥʝʨʛʠʠ ʞʠʜʢʦʛʦ ʢʨʠʩʪʘʣʣʘ; 

Felast ï ʫʧʨʫʛʘʷ ʵʥʝʨʛʠʷ ʞʠʜʢʦʛʦ ʢʨʠʩʪʘʣʣʘ; 

Felect ï ʵʥʝʨʛʠʠ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ, ʧʨʠʣʦʞʝʥʥʦʛʦ ʢ ʩʣʦʶ; 

nʦ ï ʧʦʢʘʟʘʪʝʣʴ ʧʨʝʣʦʤʣʝʥʠʷ ʜʣʷ ʦʙʳʢʥʦʚʝʥʥʦʛʦ ʣʫʯʘ; 

nʝ ï ʧʦʢʘʟʘʪʝʣʴ ʧʨʝʣʦʤʣʝʥʠʷ ʥʝʦʙʳʢʥʦʚʝʥʥʦʛʦ ʣʫʯʘ; 

Dn = nʦ - nʝ ï ʦʧʪʠʯʝʩʢʘʷ ʘʥʠʟʦʪʨʦʧʠʷ ʞʠʜʢʦʛʦ ʢʨʠʩʪʘʣʣʘ;  

De = ê - e|| ï ʜʠʵʣʝʢʪʨʠʯʝʩʢʘʷ ʘʥʠʟʦʪʨʦʧʠʷ, ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʨʘʟʥʦʩʪʠ ʤʝʞʜʫ 

ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʤʠ ʧʨʦʥʠʮʘʝʤʦʩʪʷʤʠ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦʡ ʠ 

ʧʘʨʘʣʣʝʣʴʥʦʡ  ʜʠʨʝʢʪʦʨʫ ʞʠʜʢʦʛʦ ʢʨʠʩʪʘʣʣʘ;  

q ï ʫʛʦʣ ʥʘʢʣʦʥʘ ʜʠʨʝʢʪʦʨʘ ʦʪʥʦʩʠʪʝʣʴʥʦ ʦʩʠ z;  

qp ï ʥʘʯʘʣʴʥʳʡ ʫʛʦʣ ʥʘʢʣʦʥʘ ʜʠʨʝʢʪʦʨʘ ʞʠʜʢʦʛʦ ʢʨʠʩʪʘʣʣʘ ʦʪʥʦʩʠʪʝʣʴʥʦ 

ʦʩʠ x, ʣʝʞʘʱʝʡ ʚ ʧʣʦʩʢʦʩʪʠ ʧʦʜʣʦʞʢʠ; 

d ï ʪʦʣʱʠʥʘ ʩʣʦʷ ʞʠʜʢʦʛʦ ʢʨʠʩʪʘʣʣʘ; 

F -  ʨʘʟʥʦʩʪʴ ʬʘʟ ʠʣʠ ʬʘʟʦʚʘʷ ʟʘʜʝʨʞʢʘ ʩʚʝʪʘ; 

Fo ï ʤʘʢʩʠʤʘʣʴʥʦʝ ʠʟʤʝʥʝʥʠʝ ʬʘʟʳ; 

l ï ʜʣʠʥʘ ʚʦʣʥʳ; 

I ï ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʩʚʝʪʘ, ʧʨʦʰʝʜʰʝʛʦ ʯʝʨʝʟ ʩʣʦʡ ʞʠʜʢʦʛʦ ʢʨʠʩʪʘʣʣʘ; 

I0 ï ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʧʘʜʘʶʱʝʛʦ ʥʘ ʷʯʝʡʢʫ ʣʠʥʝʡʥʦ ʧʦʣʷʨʠʟʦʚʘʥʥʦʛʦ ʩʚʝʪʘ; 

b ï ʫʛʦʣ ʤʝʞʜʫ ʚʝʢʪʦʨʦʤ ʧʦʣʷʨʠʟʘʮʠʠ ʧʘʜʘʶʱʝʛʦ ʣʫʯʘ ʠ ʠʩʭʦʜʥʳʤ 

ʥʘʧʨʘʚʣʝʥʠʝʤ ʜʠʨʝʢʪʦʨʘ ɾʂ; 

jx ï ʭʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʠʡ ʫʛʦʣ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʡ ʧʦʣʦʞʝʥʠʶ ʣʦʢʘʣʴʥʦʛʦ 

ʵʢʩʪʨʝʤʫʤʘ ʥʘ ʢʨʠʚʦʡ ʧʨʦʧʫʩʢʘʥʠʷ ʩʚʝʪʘ ʦʪ ʫʛʣʘ ʧʦʚʦʨʦʪʘ ɾʂ 

ʷʯʝʡʢʠ; 

ʊ ï ʧʨʦʧʫʩʢʘʥʠʝ ʩʚʝʪʘ ʩ ʜʣʠʥʦʡ ʚʦʣʥʳ l ʯʝʨʝʟ ʩʣʦʡ ʞʠʜʢʦʛʦ ʢʨʠʩʪʘʣʣʘ 

ʪʦʣʱʠʥʦʡ d; 

jt ï ʫʛʦʣ ʟʘʢʨʫʪʢʠ ʪʚʠʩʪʘ; 

U ï ʥʘʧʨʷʞʝʥʠʝ, ʧʨʠʣʦʞʝʥʥʦʝ ʢ ɾʂ ʷʯʝʡʢʝ;  

Uth ï ʧʦʨʦʛʦʚʦʝ ʥʘʧʨʷʞʝʥʠʝ ʵʣʝʢʪʨʦʦʧʪʠʯʝʩʢʦʛʦ ʵʬʬʝʢʪʘ ʌʨʝʜʝʨʠʢʩʘ; 

eo  ï ʜʠʵʣʝʢʪʨʠʯʝʩʢʘʷ ʧʨʦʥʠʮʘʝʤʦʩʪʴ ʚʘʢʫʫʤʘ; 

ULC ï ʵʬʬʝʢʪʠʚʥʦʝ ʥʘʧʨʷʞʝʥʠʝ ʥʘ ʩʣʦʝ ʞʠʜʢʦʛʦ ʢʨʠʩʪʘʣʣʘ; 

eLC ï ʵʬʬʝʢʪʠʚʥʘʷ ʜʠʵʣʝʢʪʨʠʯʝʩʢʘʷ ʧʦʩʪʦʷʥʥʘʷ ʞʠʜʢʦʛʦ ʢʨʠʩʪʘʣʣʘ; 

eAL ï ʜʠʵʣʝʢʪʨʠʯʝʩʢʘʷ ʧʦʩʪʦʷʥʥʘʷ ʦʨʠʝʥʪʠʨʫʶʱʝʛʦ ʩʣʦʷ;  

dAL ï ʪʦʣʱʠʥʘ ʦʨʠʝʥʪʠʨʫʶʱʝʛʦ ʩʣʦʷ; 
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dLC ï ʪʦʣʱʠʥʘ ʩʣʦʷ ʞʠʜʢʦʛʦ ʢʨʠʩʪʘʣʣʘ; 

Uop ï ʦʧʪʠʯʝʩʢʠʡ ʧʦʨʦʛ ʪʚʠʩʪ-ʵʬʬʝʢʪʘ; 

K ï ʢʦʵʬʬʠʮʠʝʥʪ ʢʦʥʪʨʘʩʪʘ, ʭʘʨʘʢʪʝʨʠʟʫʶʱʠʡ ʦʩʣʘʙʣʝʥʠʷ ʧʨʦʧʫʩʢʘʥʠʷ;  

ton ï ʚʨʝʤʷ ʦʧʪʠʯʝʩʢʦʛʦ ʦʪʢʣʠʢʘ ʠʣʠ ʚʨʝʤʷ ʚʢʣʶʯʝʥʠʷï çonè; 

toff ï ʚʨʝʤʷ ʨʝʣʘʢʩʘʮʠʠ ʠʣʠ ʚʨʝʤʷ ʚʳʢʣʶʯʝʥʠʷ ï çoffè; 

g1 ï ʚʨʘʱʘʪʝʣʴʥʘʷ ʚʷʟʢʦʩʪʴ ɾʂ; 

td ï ʚʨʝʤʷ ʦʧʪʠʯʝʩʢʦʛʦ ʩʧʘʜʘ (decay time); 

dUE=  ï ʥʘʧʨʷʞʝʥʥʦʩʪʴ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ; 

tr ï ʚʨʝʤʷ ʧʦʜʲʝʤʘ ʜʠʨʝʢʪʦʨʘ (rise time); 

j ï ʫʛʦʣ ʤʝʞʜʫ ʜʠʨʝʢʪʦʨʦʤ n(z) ʠ ʦʩʴʶ x, ʚʙʣʠʟʠ ʧʦʜʣʦʞʢʠ ʚ ʪʦʯʢʘʭ z = 0 

ʠ z = d; 

W ï ʵʥʝʨʛʠ ̫ʩʮʝʧʣʝʥʠʷ ʥʘ ʤʝʞʬʘʟʥʦʡ ʛʨʘʥʠʮʝ ʩ ʦʛʨʘʥʠʯʠʚʘʶʱʝʡ ʞʠʜʢʠʡ 

ʢʨʠʩʪʘʣʣ ʧʦʚʝʨʭʥʦʩʪʴʶ; 

Sï ʧʣʦʱʘʜʴ ʵʣʝʢʪʨʦʜʘ; 

C ï ʝʤʢʦʩʪʴ ɾʂ ̫ʯʝʡʢʠ; 

Q ï ʫʛʦʣ ʤʝʞʜʫ ʧʦʣʷʨʠʟʘʪʦʨʦʤ ʠ ʘʥʘʣʠʟʘʪʦʨʦʤ; 

fc ï ʧʝʨʝʭʦʜʥʘ ̫ ʯʘʩʪʦʪʘ ʜʚʫʭʯʘʩʪʦʪʥʦʛʦ ʞʠʜʢʦʛʦ ʢʨʠʩʪʘʣʣʘ; 

ITO  -  (Indium Tin Oxide) ʧʦʢʨʳʪʠʝ ʥʘ ʦʩʥʦʚʝ ʦʢʠʩʣʦʚ In2O3  ʠ SnO2; 

ɾʂ ï ʞʠʜʢʠʝ ʢʨʠʩʪʘʣʣʳ; 

ʅɾʂ ï ʥʝʤʘʪʠʯʝʩʢʠʝ ʞʠʜʢʠʝ ʢʨʠʩʪʘʣʣʳ; 

ʉɾʂ ï ʩʤʝʢʪʠʯʝʩʢʠʝ ʞʠʜʢʠʝ ʢʨʠʩʪʘʣʣʳ; 

ʇɺʉ ï ʧʦʣʠʚʠʥʠʣʦʚʳʡ ʩʧʠʨʪ; 

ʇʀ ï ʧʦʣʠʠʤʠʜ; 

GeO ï ʤʦʥʦʦʢʠʩʴ ʛeʨʤʘʥʠʷ; 

a-C:H ï ʘʤʦʨʬʥʳʡ ʛʠʜʨʦʛʝʥʠʟʠʨʦʚʘʥʥʳʡ ʫʛʣʝʨʦʜ; 

ʇɸɺ ï ʧʦʚʝʨʭʥʦʩʪʥʦ-ʘʢʪʠʚʥʦʝ ʚʝʱʝʩʪʚʦ;  

HAN ï (hybrid alignment nematic) ʛʠʙʨʠʜʥʦ-ʦʨʠʝʥʪʠʨʦʚʘʥʥʳʡ 

ʥʝʤʘʪʠʯʝʩʢʠʡ ʞʠʜʢʠʡ ʢʨʠʩʪʘʣʣ; 

ʂʊ ï ʢʚʘʥʪʦʚʳʝ ʪʦʯʢʠ; 

CNTs ï (carbon nanotubes) ʫʛʣʝʨʦʜʥʳʝ ʥʘʥʦʪʨʫʙʢʠ;  

SWNT ï (single walled) ʦʜʥʦʩʪʝʥʥʳʝ ʫʛʣʝʨʦʜʥʳʝ ʥʘʥʦʪʨʫʙʢʠ; 

MWNTs ï ʤʥʦʛʦʩʪʝʥʥʳʝ ʫʛʣʝʨʦʜʥʳʝ ʥʘʥʦʪʨʫʙʢʠ.   
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ɺɺɽɼɽʅʀɽ 

ɾʠʜʢʠʝ ʢʨʠʩʪʘʣʣʳ ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʧʨʦʤʝʞʫʪʦʯʥʦʝ ʩʦʩʪʦʷʥʠʝ 

ʚʝʱʝʩʪʚʘ, ʧʦʚʝʜʝʥʠʝ ʢʦʪʦʨʦʛʦ ʪʦʣʴʢʦ ʦʪʯʘʩʪʠ ʤʦʞʥʦ ʦʧʠʩʘʪʴ ʦʙʱʠʤʠ 

ʧʦʥʷʪʠʷʤʠ ʬʠʟʠʢʠ ʢʦʥʜʝʥʩʠʨʦʚʘʥʥʦʛʦ ʩʦʩʪʦʷʥʠʷ. ʇʨʝʞʜʝ ʯʝʤ ʧʨʠʩʪʫʧʠʪʴ 

ʢ ʠʟʫʯʝʥʠ ʁ ʬʠʟʠʢʠ ʞʠʜʢʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʩʠʩʪʝʤ ʫʜʝʣʠʤ ʥʝʤʥʦʛʦ 

ʚʥʠʤʘʥʠ ̫ ʠʩʪʦʨʠʠ ʧʦʷʚʣʝʥʠʷ ʧʦʥʷʪʠʷ ʞʠʜʢʠʝ ʢʨʠʩʪʘʣʣ r ʠ ʨʘʟʚʠʪʠ ʁ

ʧʨʝʜʩʪʘʚʣʝʥʠʡ ʦʙ ʵʪʠʭ ʤʘʪʝʨʠʘʣʘʭ. ʀʩʪʦʨʠʷ ʦʪʢʨʳʪʠʷ ʞʠʜʢʠʭ ʢʨʠʩʪʘʣʣʦʚ 

ʩʚʷʟʘʥʘ ʩ ʠʤʝʥʘʤʠ ʘʚʩʪʨʠʡʩʢʦʛʦ ʙʠʦʣʦʛʘ ʌʨʠʜʨʠʭʘ ʈʝʡʥʠʪʮʝʨʘ ʠ 

ʠʟʚʝʩʪʥʦʛʦ ʥʝʤʝʮʢʦʛʦ ʬʠʟʠʢʘ ʆʪʪʦ ʃʝʤʘʥʘ. ɹʣʘʛʦʜʘʨʷ ʠʭ ʨʘʙʦʪʘʤ, ʢʦʪʦʨʳʝ 

ʧʨʦʚʦʜʠʣʠʩʴ ʚ ʨʘʟʥʳʭ ʣʘʙʦʨʘʪʦʨʠʷʭ ʠ ʜʦʧʦʣʥʷʣʠ ʜʨʫʛ ʜʨʫʛʘ, ʙʳʣʦ ʩʜʝʣʘʥʦ 

ʚʳʜʘʶʱʝʝʩʷ ʦʪʢʨʳʪʠʝ ʩʫʱʝʩʪʚʦʚʘʥʠʷ ʞʠʜʢʠʭ ʢʨʠʩʪʘʣʣʦʚ. ʍʨʦʥʦʣʦʛʠʷ 

ʩʦʙʳʪʠʡ, ʩʚʷʟʘʥʥʳʭ ʩ ʵʪʠʭ ʦʪʢʨʳʪʠʝʤ, ʠ ʜʨʘʤʘʪʠʯʝʩʢʠʝ ʩʪʨʘʥʠʮ rʠʩʪʦʨʠʠ 

ʞʠʜʢʠʭ ʢʨʠʩʪʘʣʣʦʚ, ʧʦʜʨʦʙʥʦ ʦʧʠʩʘʥ rʚ ʨʘʙʦʪʝ ɸ. ʉ. ʉʦʥʠʥʘ [1].  

ʆʩʪʘʥʦʚʠʤʩʷ ʥʘ ʥʝʢʦʪʦʨʳʭ ʠʟ ʥʠʭ. ʀʩʪʦʨʠʷ ʞʠʜʢʠʭ ʢʨʠʩʪʘʣʣʦʚ 

ʥʘʯʘʣʘʩʴ ʚ ʢʦʥʮʝ 19 ʚʝʢʘ ʩ ʦʧʳʪʦʚ ʈʝʡʥʠʪʮʝʨʘ [2,3], ʦʙʨʘʪʠʚʰʝʛʦ ʩʚʦʝ 

ʚʥʠʤʘʥʠʝ ʥʘ ʥʝʦʙʳʯʥʳʝ ʦʧʪʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʥʝʢʦʪʦʨʳʭ ʞʠʜʢʦʩʪʝʡ. 

ʈʝʡʥʠʪʮʝʨ ʧʳʪʘʣʩʷ ʫʩʪʘʥʦʚʠʪʴ ʭʠʤʠʯʝʩʢʫ  ʁʬʦʨʤʫʣʫ ʭʦʣʝʩʪʝʨʠʥʘ, ʢʦʪʦʨʘʷ 

ʙʳʣʘ ʪʦʛʜʘ ʝʱʝ ʥʝ ʠʟʚʝʩʪʥʘ. ʆʥ ʧʦʣʫʯʠʣ ʭʦʣʝʩʪʝʨʠʥʘʮʝʪʘʪ ʠ 

ʭʦʣʝʩʪʝʨʠʥʙʝʥʟʦʘʪ, ʠ ʧʨʠ ʧʦʧʳʪʢʝ ʦʧʨʝʜʝʣʠʪʴ ʠʭ ʪʝʤʧʝʨʘʪʫʨʫ ʧʣʘʚʣʝʥʠʷ 

ʩʪʦʣʢʥʫʣʩʷ ʩ ʠʥʪʝʨʝʩʥʳʤʠ ʷʚʣʝʥʠʷʤʠ. ɺʦ-ʧʝʨʚʳʭ, ʧʨʠ ʧʣʘʚʣʝʥʠʠ ʵʪʠ 

ʙʝʩʮʚʝʪʥʳʝ ʚ ʪʚʝʨʜʦʤ ʩʦʩʪʦʷʥʠʠ ʩʦʝʜʠʥʝʥʠʷ ʩʪʘʥʦʚʠʣʠʩʴ ʦʧʪʠʯʝʩʢʠ 

ʘʥʠʟʦʪʨʦʧʥʳʤʠ ʠ ʧʨʠʦʙʨʝʪʘʣʠ ʦʢʨʘʩʢʫ, ʢʦʪʦʨʘʷ ʤʝʥʷʣʘʩʴ ʩ ʧʦʚʳʰʝʥʠʝʤ 

ʪʝʤʧʝʨʘʪʫʨʳ, ʥʦ ʧʨʠ ʜʘʣʴʥʝʡʰʝʤ ʥʘʛʨʝʚʘʥʠʠ ʠʩʯʝʟʘʣʘ. ɺʦ-ʚʪʦʨʳʭ, 

ʧʣʘʚʣʝʥʠʝ ʧʨʦʠʩʭʦʜʠʣʦ ʢʘʢ ʙʳ ʚ ʜʚʝ ʩʪʘʜʠʠ ï ʚʥʘʯʘʣʝ ʦʙʨʘʟʦʚʳʚʘʣʩʷ 

ʦʧʪʠʯʝʩʢʠ ʘʥʠʟʦʪʨʦʧʥʳʡ ʨʘʩʧʣʘʚ, ʘ ʧʨʠ ʙʦʣʝʝ ʚʳʩʦʢʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ï 

ʙʝʩʮʚʝʪʥʳʡ ʦʧʪʠʯʝʩʢʠ ʠʟʦʪʨʦʧʥʳʡ ʨʘʩʧʣʘʚ.  

ɼʣʷ ʦʙʲʷʩʥʝʥʠʷ ʵʪʦʛʦ ʷʚʣʝʥʠʷ ʈʝʡʥʮʝʨ ʦʙʨʘʪʠʣʩʷ ʟʘ ʧʦʤʦʱʴʶ ʢ 

ʆʪʪʦ ʃʝʤʘʥʫ ï ʙʣʝʩʪʷʱʝʤʫ ʵʢʩʧʝʨʠʤʝʥʪʘʪʦʨʫ, ʩʧʝʮʠʘʣʠʩʪʫ ʚ ʦʙʣʘʩʪʠ 

ʤʦʣʝʢʫʣʷʨʥʦʡ ʬʠʟʠʢʠ. ʋ ʃʝʤʘʥʘ ʙʳʣ ʦʨʠʛʠʥʘʣʴʥʳʡ ʧʦʜʭʦʜ ʢ 

ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʤ ʧʨʦʙʣʝʤʘʤ ʩʪʨʦʝʥʠʷ ʢʨʠʩʪʘʣʣʦʚ. ʀʟʫʯʘʷ ʚ ʪʝʯʝʥʠʝ 

ʤʥʦʛʠʭ ʣʝʪ ʧʨʦʮʝʩʩʳ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʠ ʨʘʩʪʚʦʨʝʥʠʷ, ʘ ʪʘʢʞʝ ʚʣʠʷʥʠʝ ʥʘ 

ʵʪʠ ʧʨʦʮʝʩʩʳ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ ʠ ʤʝʭʘʥʠʯʝʩʢʠʭ ʜʝʬʦʨʤʘʮʠʡ ʩ 

ʧʦʤʦʱʴʶ ʫʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥʥʦʛʦ ʠʤ ʧʦʣʷʨʠʟʘʮʠʦʥʥʦʛʦ ʤʠʢʨʦʩʢʦʧʘ, ʃʝʤʘʥ 

ʧʨʠʰʝʣ ʢ ʚʳʚʦʜʫ, ʯʪʦ ʩʚʦʡʩʪʚʘ ʢʨʠʩʪʘʣʣʦʚ ʦʧʨʝʜʝʣʷʝʪ ʥʝ 

ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʘʷ ʨʝʰʝʪʢʘ, ʘ ʘʥʠʟʦʪʨʦʧʠʷ ʦʧʪʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ. ʊɦ ʘʪʝʣʴʥʦ 

ʠʟʫʯʠʚ ʩʦʝʜʠʥʝʥʠʷ ʭʦʣʝʩʪʝʨʠʣʙʝʥʟʦʘʪʘ, ʧʨʠʩʣʘʥʥʳʝ ʈʝʡʥʠʪʮʝʨʦʤ, 

ʦʙʣʘʜʘʶʱʠʝ ʜʚʫʣʫʯʝʧʨʝʣʦʤʣʝʥʠʝʤ ʧʨʠ ʬʘʟʦʚʳʭ ʧʝʨʝʭʦʜʘʭ ʠʟ ʪʚʝʨʜʦʛʦ 

ʩʦʩʪʦʷʥʠʷ ʚ ʞʠʜʢʫʶ ʬʘʟʫ ʧʨʠ ʠʟʤʝʥʝʥʠʠ ʪʝʤʧʝʨʘʪʫʨʳ, ʃʝʤʘʥ ʧʨʠʰʝʣ ʢ 

ʟʘʢʣʶʯʝʥʠʶ, ʯʪʦ ʵʪʠ ʩʦʝʜʠʥʝʥʠʷ ʷʚʣʷʶʪʩʷ ʥʦʚʳʤ ʬʘʟʦʚʳʤ ʩʦʩʪʦʷʥʠʝʤ 
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ʚʝʱʝʩʪʚʘ, ʢʦʪʦʨʦʝ ʧʨʦʷʚʣʷʝʪ ʩʚʦʡʩʪʚʘ ʞʠʜʢʦʩʪʠ ʠ ʢʨʠʩʪʘʣʣʘ. 

ʉʫʱʝʩʪʚʦʚʘʥʠʝ ʪʘʢʦʡ ʬʘʟʳ ʚʝʱʝʩʪʚʘ ʦʥ ʨʘʥʝʝ ʧʨʝʜʩʢʘʟʘʣ ʪʝʦʨʝʪʠʯʝʩʢʠ ʠ 

ʥʘʟʚʘʣ ʠʭ ʞʠʜʢʠʤʠ ʢʨʠʩʪʘʣʣʘʤʠ. 

ʆʜʥʘʢʦ ʦʪʢʨʳʪʠʝ ʞʠʜʢʠʭ ʢʨʠʩʪʘʣʣʦʚ ʥʝ ʩʪʘʣʦ ʩʝʥʩʘʮʠʝʡ ʚ ʥʘʫʯʥʦʤ 

ʤʠʨʝ, ʢʘʢ, ʥʘʧʨʠʤʝʨ, ʦʪʢʨʳʪʠʝ ʛʨʘʬʝʥʘ ʚ ʥʘʰʠ ʜʥʠ. ʉʢʦʨʝʝ ʥʘʦʙʦʨʦʪ, ʦʥʦ 

ʚʳʟʚʘʣʦ ʥʘʩʪʦʨʦʞʝʥʥʦʝ ʦʪʥʦʰʝʥʠʝ ʙʦʣʴʰʠʥʩʪʚʘ ʬʠʟʠʢʦʚ ʠ ʭʠʤʠʢʦʚ. ʀ, 

ʥʝʩʤʦʪʨʷ ʥʘ ʘʢʪʠʚʥʫʶ ʧʨʦʧʘʛʘʥʜʫ ʃʝʤʘʥʦʤ ʩʚʦʝʛʦ ʦʪʢʨʳʪʠʷ, ʙʦʣʴʰʠʥʩʪʚʦ 

ʚʝʜʫʱʠʭ ʫʯʝʥʳʭ ʥʝ ʚʝʨʠʣʠ ʚ ʩʫʱʝʩʪʚʦʚʘʥʠʝ ʞʠʜʢʠʭ ʢʨʠʩʪʘʣʣʦʚ. 

ʀʟʚʝʩʪʥʳʝ ʢʨʠʩʪʘʣʣʦʛʨʘʬʳ ʪʦʛʦ ʚʨʝʤʝʥʠ ʩʯʠʪʘʣʠ, ʯʪʦ ʵʪʦ ʛʝʪʝʨʦʛʝʥʥʳʝ 

ʩʠʩʪʝʤʳ, ʩʦʜʝʨʞʘʱʠʝ ʪʚʝʨʜʳʝ ʢʨʠʩʪʘʣʣʳ. ʊʝʦʨʝʪʠʯʝʩʢʠʝ ʧʨʝʜʩʪʘʚʣʝʥʠʷ 

ʃʝʤʘʥʘ ʦʙ ʦʪʩʫʪʩʪʚʠʠ ʚ ʢʨʠʩʪʘʣʣʘʭ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ ʨʝʰʝʪʢʠ, ʥʝʩʤʦʪʨʷ 

ʥʘ ʠʭ ʦʧʪʠʯʝʩʢʫʶ ʘʥʠʟʦʪʨʦʧʠʶ, ʥʝ ʫʢʣʘʜʳʚʘʣʠʩʴ ʚ ʩʫʱʝʩʪʚʫʶʱʠʝ 

ʧʨʝʜʩʪʘʚʣʝʥʠʷ ʬʠʟʠʢʠ ʢʦʥʜʝʥʩʠʨʦʚʘʥʥʦʛʦ ʩʦʩʪʦʷʥʠʷ. ʃʝʤʘʥ ʧʝʨʚʳʤ 

ʦʙʲʷʩʥʠʣ ʦʧʪʠʯʝʩʢʫʶ ʘʥʠʟʦʪʨʦʧʠʶ ʪʝʤ, ʯʪʦ ʘʥʠʟʦʪʨʦʧʥʳʝ ʤʦʣʝʢʫʣʳ 

ʞʠʜʢʠʭ ʢʨʠʩʪʘʣʣʦʚ ʚ ʧʨʝʧʘʨʘʪʘʭ ʦʨʠʝʥʪʠʨʦʚʘʥʳ ʩʚʦʠʤʠ ʜʣʠʥʥʳʤʠ ʦʩʷʤʠ 

ʚ ʦʜʥʦʤ ʥʘʧʨʘʚʣʝʥʠʠ. 

ʅʠ ʦʜʥʦ ʟʘʩʝʜʘʥʠʝ ʥʘʫʯʥʳʭ ʢʦʥʬʝʨʝʥʮʠʡ ʪʦʛʦ ʚʨʝʤʝʥʠ ʥʝ ʦʙʭʦʜʠʣʦʩʴ 

ʙʝʟ ʞʘʨʢʠʭ ʜʠʩʢʫʩʩʠʡ ʦ ʞʠʜʢʠʭ ʢʨʠʩʪʘʣʣʘʭ. ʆʩʦʙʝʥʥʦ ʙʫʨʥʳʤʠ ʙʳʣʠ 

ʩʧʦʨʳ ʚʦ ʚʨʝʤʷ ʟʘʩʝʜʘʥʠʷ ʅʝʤʝʮʢʦʛʦ ɹʫʥʟʝʥʦʚʩʢʦʛʦ ʦʙʱʝʩʪʚʘ ʭʠʤʠʢʦʚ, 

ʧʨʦʭʦʜʠʚʰʝʛʦ ʚ ʂʘʨʣʩʨʫʵ 3 ʠʶʥʷ 1905 ʛ., ʥʘ ʢʦʪʦʨʦʤ ʃʝʤʘʥ ʠ ʐʝʥʢ 

ʫʙʝʜʠʪʝʣʴʥʦ ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʣʠ ʧʣʘʚʣʝʥʠʝ ʞʠʜʢʠʭ ʢʨʠʩʪʘʣʣʦʚ ʠ ʚʣʠʷʥʠʝ 

ʥʘ ʥʠʭ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ, ʠʩʧʦʣʴʟʫʷ ʧʨʦʝʢʮʠʦʥʥʳʡ ʧʦʣʷʨʠʟʘʮʠʦʥʥʳʡ 

ʤʠʢʨʦʩʢʦʧ. ɼʠʩʢʫʩʩʠʷ ʦ ʨʝʘʣʴʥʦʩʪʠ ʞʠʜʢʠʭ ʢʨʠʩʪʘʣʣʦʚ ʟʘʢʦʥʯʠʣʘʩʴ 

ʢʦʤʧʨʦʤʠʩʩʥʳʤ ʩʦʟʜʘʥʠʝʤ ʩʧʝʮʠʘʣʴʥʦʡ ʢʦʤʠʩʩʠʠ, ʢʦʪʦʨʘʷ ʟʘʩʝʜʘʣʘ 

ʜʦʣʛʦ, ʥʦ ʥʠ ʢ ʢʘʢʦʤʫ ʦʧʨʝʜʝʣʝʥʥʦʤʫ ʤʥʝʥʠʶ ʥʝ ʧʨʠʰʣʘ. ʉʣʝʜʩʪʚʠʝʤ 

ʜʝʷʪʝʣʴʥʦʩʪʠ ʢʦʤʠʩʩʠʠ ʷʚʠʣʦʩʴ ʥʝʛʘʪʠʚʥʦʝ ʦʪʥʦʰʝʥʠʝ ʢ ʨʘʙʦʪʘʤ ʃʝʤʘʥʘ: 

ʧʨʝʢʨʘʱʝʥʠʝ ʨʘʙʦʪ ʩʪʨʦʠʪʝʣʴʩʪʚʘ ʝʛʦ ʥʦʚʦʡ ʣʘʙʦʨʘʪʦʨʠʠ ʠ ʣʠʰʝʥʠʝ ʝʛʦ 

ʢʨʝʜʠʪʦʚ ʥʘ ʧʨʦʜʦʣʞʝʥʠʝ ʥʘʫʯʥʳʭ ʨʘʙʦʪ. 

ʈʝʘʣʴʥʦʩʪʴ ʞʠʜʢʠʭ ʢʨʠʩʪʘʣʣʦʚ ʙʳʣʘ ʧʦʜʪʚʝʨʞʜʝʥʘ ʥʝ ʢʦʤʠʩʩʠʝʡ, ʘ 

ʵʢʩʧʝʨʠʤʝʥʪʘʤʠ. ʀ ʟʜʝʩʴ ʚʳʜʘʶʱʫʶʩʷ ʨʦʣʴ ʩʳʛʨʘʣʠ ʨʘʙʦʪʳ ʥʝʤʝʮʢʦʛʦ 

ʭʠʤʠʢʘ ɼʘʥʠʝʣʷ ʌʦʨʣʝʥʜʝʨʘ (1867ï1941), ʧʨʦʬʝʩʩʦʨʘ ʫʥʠʚʝʨʩʠʪʝʪʘ ʚ 

ɻʘʣʣʝ. ʌʦʨʣʝʥʜʝʨ ʠ ʝʛʦ ʩʦʪʨʫʜʥʠʢʠ ʧʦʣʫʯʠʣʠ ʩʦʪʥʠ ʥʦʚʳʭ ʩʦʝʜʠʥʝʥʠʡ, 

ʢʦʪʦʨʳʝ ʧʨʠ ʧʣʘʚʣʝʥʠʠ ʦʙʣʘʜʘʣʠ ʦʧʪʠʯʝʩʢʠ ʘʥʠʟʦʪʨʦʧʥʳʤʠ ʬʘʟʘʤʠ. ʆʥʠ 

ʩʠʥʪʝʟʠʨʦʚʘʣʠ ʚʝʱʝʩʪʚʘ, ʦʙʣʘʜʘʶʱʠʝ ʜʚʫʤʷ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʳʤʠ ʧʦ 

ʪʝʤʧʝʨʘʪʫʨʝ ʞʠʜʢʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʤʠ ʬʘʟʘʤʠ. ʉʦʧʦʩʪʘʚʣʷʷ ʩʧʦʩʦʙʥʦʩʪʴ 

ʩʦʝʜʠʥʝʥʠʡ ʢ ʦʙʨʘʟʦʚʘʥʠʶ ʞʠʜʢʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʬʘʟ ʩ ʠʭ ʭʠʤʠʯʝʩʢʠʤ 

ʩʪʨʦʝʥʠʝʤ, ʌʦʨʣʝʥʜʝʨ ʫʩʪʘʥʦʚʠʣ, ʯʪʦ ʜʣʷ ʪʦʛʦ, ʯʪʦʙʳ ʩʦʝʜʠʥʝʥʠʝ 

ʦʙʣʘʜʘʣʦ ʧʨʠ ʧʣʘʚʣʝʥʠʠ ʞʠʜʢʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʬʘʟʦʡ, ʝʛʦ ʤʦʣʝʢʫʣʳ 

ʜʦʣʞʥʳ ʙʳʪʴ ʩʠʣʴʥʦ ʘʥʠʟʦʤʝʪʨʠʯʥʳʤʠ ʠ ʧʨʝʜʝʣʴʥʦ ʞʝʩʪʢʠʤʠ. ɺ ʩʚʦʝʡ 

ʢʣʘʩʩʠʯʝʩʢʦʡ ʤʦʥʦʛʨʘʬʠʠ çʂʨʠʩʪʘʣʣʠʯʝʩʢʦ-ʞʠʜʢʠʝ ʚʝʱʝʩʪʚʘè, ʚʳʰʝʜʰʝʡ 

ʚ 1908 ʛ., ʌʦʨʣʝʥʜʝʨ ʩʬʦʨʤʫʣʠʨʦʚʘʣ ʩʚʦʠ ʧʨʝʜʩʪʘʚʣʝʥʠʷ ʦ ʪʦʤ, ʯʪʦ 
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ʞʠʜʢʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʝ ʩʦʩʪʦʷʥʠʝ ʚʝʱʝʩʪʚ ʦʙʫʩʣʦʚʣʝʥʦ ʭʠʤʠʯʝʩʢʠʤ 

ʩʪʨʦʝʥʠʝʤ ʤʦʣʝʢʫʣ, ʬʦʨʤʘ ʢʦʪʦʨʳʭ ʷʚʣʷʝʪʩʷ ʣʠʥʝʡʥʦʡ, ʘ 

ʜʚʫʣʫʯʝʧʨʝʣʦʤʣʝʥʠʝ ʦʙʫʩʣʦʚʣʝʥʦ ʘʥʠʟʦʪʨʦʧʠʝʡ ʤʦʣʝʢʫʣ. çʄʦʣʝʢʫʣʳ 

ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʞʠʜʢʦʩʪʝʡ ʤʦʞʥʦ ʩʨʘʚʥʠʪʴ ʩ ʧʨʦʚʦʣʦʯʢʘʤʠ ʠʣʠ 

ʣʠʩʪʦʯʢʘʤʠ, ʢʦʪʦʨʳʝ ʫʢʣʘʜʳʚʘʶʪʩʷ ʧʘʨʘʣʣʝʣʴʥʦ ʧʨʠ ʚʩʪʨʷʭʠʚʘʥʠʠ, ʚ ʪʦ 

ʚʨʝʤʷ ʢʘʢ ʤʦʣʝʢʫʣʳ ʘʤʦʨʬʥʳʭ ʞʠʜʢʦʩʪʝʡ ʠʤʝʶʪ ʬʦʨʤʫ ʰʘʨʘè [4]. ʈʘʙʦʪʳ 

ʌʦʨʣʝʥʜʝʨʘ ʬʘʢʪʠʯʝʩʢʠ ʦʧʨʝʜʝʣʠʣʠ ʩʫʜʴʙʫ ʞʠʜʢʠʭ ʢʨʠʩʪʘʣʣʦʚ.  

ɹr ʣʦ ʚʳʷʩʥʝʥʦ, ʯʪʦ ʥʝʢʦʪʦʨʳʝ ʚʠʜʳ ʞʠʜʢʠʭ ʢʨʠʩʪʘʣʣʦʚ ʦʙʣʘʜʘʣʠ 

ʥʝʦʙʳʯʥʦ ʚʳʩʦʢʦʡ ʦʧʪʠʯʝʩʢʦʡ ʘʢʪʠʚʥʦʩʪʴʶ, ʪ.ʝ. ʩʧʦʩʦʙʥʦʩʪʴʶ ʚʨʘʱʘʪʴ 

ʧʣʦʩʢʦʩʪʴ ʧʦʣʷʨʠʟʘʮʠʠ ʧʨʦʭʦʜʷʱʝʛʦ ʯʝʨʝʟ ʥʠʭ ʩʚʝʪʘ. ʕʪʦ ʦʟʥʘʯʘʝʪ, ʯʪʦ 

ʣʠʥʝʡʥʦ ʧʦʣʷʨʠʟʦʚʘʥʥʳʡ ʩʚʝʪ, ʨʘʩʧʨʦʩʪʨʘʥʷʷʩʴ ʚ ʪʘʢʠʭ ʩʨʝʜʘʭ, ʠʟʤʝʥʷʝʪ 

ʦʨʠʝʥʪʘʮʠʶ ʧʣʦʩʢʦʩʪʠ ʧʦʣʷʨʠʟʘʮʠʠ. ʇʨʠʯʝʤ ʚʝʣʠʯʠʥʘ ʚʨʘʱʘʪʝʣʴʥʦʡ 

ʩʧʦʩʦʙʥʦʩʪʠ ʜʣʷ ʞʠʜʢʠʭ ʢʨʠʩʪʘʣʣʦʚ ʤʦʛʣʘ ʚ ʩʦʪʥʠ ʠ ʪʳʩʷʯʠ ʨʘʟ 

ʧʨʝʚʦʩʭʦʜʠʪʴ ʵʪʫ ʚʝʣʠʯʠʥʫ ʜʣʷ ʥʘʠʙʦʣʝʝ ʦʧʪʠʯʝʩʢʠ ʘʢʪʠʚʥʳʭ ʢʨʠʩʪʘʣʣʦʚ, 

ʪʘʢʠʭ, ʢʘʢ, ʥʘʧʨʠʤʝʨ, ʢʚʘʨʮ. ɺ ʪʚʝʨʜʳʭ ʪʝʣʘʭ, ʢʘʢ ʠ ʚ ʦʙʳʯʥʳʭ ʞʠʜʢʦʩʪʷʭ, 

ʫʜʝʣʴʥʘʷ ʚʨʘʱʘʪʝʣʴʥʘʷ ʩʧʦʩʦʙʥʦʩʪʴ ʠʤʝʝʪ ʚʧʦʣʥʝ ʦʧʨʝʜʝʣʝʥʥʳʡ, 

ʥʝʟʘʚʠʩʷʱʠʡ ʦʪ ʜʣʠʥʳ ʚʦʣʥʳ ʩʚʝʪʘ ʟʥʘʢ. ɺʨʘʱʝʥʠʝ ʧʣʦʩʢʦʩʪʠ 

ʧʦʣʷʨʠʟʘʮʠʠ ʩʚʝʪʘ ʚ ʥʠʭ ʧʨʦʠʩʭʦʜʠʪ ʚ ʦʧʨʝʜʝʣʝʥʥʦʤ ʥʘʧʨʘʚʣʝʥʠʠ: 

ʧʨʘʚʦʚʨʘʱʘʶʱʠʝ, ʝʩʣʠ ʚʨʘʱʝʥʠʝ ʧʨʦʠʩʭʦʜʠʪ ʧʦ ʯʘʩʦʚʦʡ ʩʪʨʝʣʢʝ, ʠ 

ʣʝʚʦʚʨʘʱʘʶʱʠʝ ï ʧʨʦʪʠʚ ʯʘʩʦʚʦʡ ʩʪʨʝʣʢʠ. ɼʣʷ ʞʠʜʢʠʭ ʢʨʠʩʪʘʣʣʦʚ 

ʭʘʨʘʢʪʝʨʥʦ ʠʟʤʝʥʝʥʠʝ ʟʥʘʢʘ ʚʨʘʱʝʥʠʷ ʧʣʦʩʢʦʩʪʠ ʧʦʣʷʨʠʟʘʮʠʠ ʚ 

ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʜʣʠʥʳ ʚʦʣʥʳ ʩʚʝʪʘ, ʠʣʠ, ʢʘʢ ʛʦʚʦʨʷʪ, ʠʥʚʝʨʩʠʷ ʟʥʘʢʘ 

ʦʧʪʠʯʝʩʢʦʡ ʘʢʪʠʚʥʦʩʪʠ. ʊʘʢʦʝ ʧʦʚʝʜʝʥʠʝ ʞʠʜʢʠʭ ʢʨʠʩʪʘʣʣʦʚ ʥʝ 

ʫʢʣʘʜʳʚʘʣʦʩʴ ʚ ʨʘʤʢʠ ʩʫʱʝʩʪʚʦʚʘʚʰʠʭ ʧʨʝʜʩʪʘʚʣʝʥʠʡ ʦʙ ʦʧʪʠʯʝʩʢʦʡ 

ʘʢʪʠʚʥʦʩʪʠ. ʅʝʦʙʳʯʥʳʤʠ ʙʳʣʠ ʠ ʜʨʫʛʠʝ ʩʚʦʡʩʪʚʘ ʞʠʜʢʠʭ ʢʨʠʩʪʘʣʣʦʚ, 

ʪʘʢʠʝ, ʢʘʢ ʩʠʣʴʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʬʠʟʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʦʪ ʪʝʤʧʝʨʘʪʫʨ,r ʠ 

ʚʥʝʰʥʠʭ ʤʘʛʥʠʪʥʳʭ ʠ ʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʦʣʝʡ.  

ɿʘʩʣʫʛʘ ʚ ʩʦʟʜʘʥʠʠ ʦʩʥʦʚ ʩʦʚʨʝʤʝʥʥʦʡ ʢʣʘʩʩʠʬʠʢʘʮʠʠ ʞʠʜʢʠʭ 

ʢʨʠʩʪʘʣʣʦʚ ʧʨʠʥʘʜʣʝʞʠʪ ʬʨʘʥʮʫʟʩʢʦʤʫ ʫʯʝʥʦʤʫ ɾ. ʌʨʠʜʝʣʶ. ɺ 

ʜʚʘʜʮʘʪʳʝ ʛʦʜʳ ʌʨʠʜʝʣʴ ʧʨʝʜʣʦʞʠʣ ʨʘʟʜʝʣʠʪʴ ʚʩʝ ʞʠʜʢʠʝ ʢʨʠʩʪʘʣʣʳ 

ʥʘ ʜʚʝ ʙʦʣʴʰʠʝ ʛʨʫʧʧʳ. ʆʜʥʫ ʛʨʫʧʧʫ ʞʠʜʢʠʭ ʢʨʠʩʪʘʣʣʦʚ ʌʨʠʜʝʣʴ 

ʥʘʟʚʘʣ ʥʝʤʘʪʠʯʝʩʢʠʤʠ, ʜʨʫʛʫʶ ʩʤʝʢʪʠʯʝʩʢʠʤʠ. ʆʥ ʞʝ ʧʨʝʜʣʦʞʠʣ 

ʦʙʱʠʡ ʪʝʨʤʠʥ ʜʣʷ ʞʠʜʢʠʭ ʢʨʠʩʪʘʣʣʦʚ ð çʤʝʟʦʤʦʨʬʥʘʷ ʬʘʟʘè. ʕʪʦʪ 

ʪʝʨʤʠʥ ʧʨʦʠʩʭʦʜʠʪ ʦʪ ʛʨʝʯʝʩʢʦʛʦ ʩʣʦʚʘ çʤʝʟʦʩè (ʧʨʦʤʝʞʫʪʦʯʥʳʡ). 

ɺʚʦʜʷ ʝʛʦ, ʌʨʠʜʝʣʴ ʭʦʪʝʣ ʧʦʜʯʝʨʢʥʫʪʴ, ʯʪʦ ʞʠʜʢʠʝ ʢʨʠʩʪʘʣʣʳ 

ʟʘʥʠʤʘʶʪ ʧʨʦʤʝʞʫʪʦʯʥʦʝ ʧʦʣʦʞʝʥʠʝ ʧʦ ʩʚʦʠʤ ʬʠʟʠʯʝʩʢʠʤ ʩʚʦʡʩʪʚʘʤ 

ʤʝʞʜʫ ʪʚʝʨʜʳʤʠ ʢʨʠʩʪʘʣʣʘʤʠ ʠ ʞʠʜʢʦʩʪʷʤʠ. ʅʘʟʚʘʥʠʝ çʩʤʝʢʪʠʯʝʩʢʠʡè 

ʚ ʧʝʨʝʚʦʜʝ ʩ ʛʨʝʯʝʩʢʦʛʦ ʦʟʥʘʯʘʝʪ ʤʳʣʦ; ʦʥʦ ʙʳʣʦ ʚʳʙʨʘʥʦ ʧʦʪʦʤʫ, ʯʪʦ 

ʚʧʝʨʚʳʝ ʞʠʜʢʠʝ ʢʨʠʩʪʘʣʣʳ ʧʦʜʦʙʥʦʛʦ ʪʠʧʘ ʙʳʣʠ ʦʙʥʘʨʫʞʝʥʳ ʫ ʤʳʣ. ɺ 

ʩʤʝʢʪʠʯʝʩʢʦʤ ʩʦʩʪʦʷʥʠʠ ʫʜʣʠʥʝʥʥʳʝ ʤʦʣʝʢʫʣʳ ʦʙʨʘʟʫʶʪ ʩʣʦʠ, 

ʢʦʪʦʨʳʝ ʣʝʛʢʦ ʩʢʦʣʴʟʷʪ ʜʨʫʛ ʦʪʥʦʩʠʪʝʣʴʥʦ ʜʨʫʛʘ. ɾʠʜʢʠʝ ʢʨʠʩʪʘʣʣʳ 
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ʭʦʣʝʩʪʝʨʠʯʝʩʢʦʛʦ ʪʠʧʘ, ʯʪʦ ʩʣʝʜʫʝʪ ʠʟ ʩʘʤʦʛʦ ʥʘʟʚʘʥʠʷ, ʜʘʶʪ 

ʧʨʦʠʟʚʦʜʥʳʝ (ʵʬʠʨʳ) ʭʦʣʝʩʪʝʨʠʥʘ. ɺ ʢʣʘʩʩʠʬʠʢʘʮʠʠ ʌʨʠʜʝʣʷ ʦʥʠ 

ʦʪʥʦʩʠʣʠʩʴ ʢʘʢ ʧʦʜʢʣʘʩʩ ʢ ʥʝʤʘʪʠʯʝʩʢʠʤ ʞʠʜʢʠʤ ʢʨʠʩʪʘʣʣʘʤ.  

ʉʣʝʜʫʶʱʠʤ ʰʘʛʦʤ ʚ ʨʘʟʚʠʪʠʠ ʧʨʝʜʩʪʘʚʣʝʥʠʡ ʦ ʞʠʜʢʠʭ ʢʨʠʩʪʘʣʣʘʭ 

ʩʪʘʣʘ ʩʦʟʜʘʥʠʝ ʯʝʰʩʢʠʤ ʫʯʝʥʳʤ X. ʎʦʭʝʨʦʤ ʠ ʛʦʣʣʘʥʜʮʝʤ ʉ. ʆʟʝʝʥʦʤ 

ʬʝʥʦʤʝʥʦʣʦʛʠʯʝʩʢʦʡ ʪʝʦʨʠʠ ʞʠʜʢʠʭ ʢʨʠʩʪʘʣʣʦʚ, ʠʣʠ, ʢʘʢ ʝʝ ʧʨʠʥʷʪʦ 

ʥʘʟʳʚʘʪʴ, ʪʝʦʨʠʠ ʫʧʨʫʛʦʩʪʠ ɾʂ.  

ʀʟʤʝʥʝʥʠʝ ʦʨʠʝʥʪʘʮʠʠ ʜʣʠʥʥʦʡ ʦʩʠ ʤʦʣʝʢʫʣ ʞʠʜʢʠʭ ʢʨʠʩʪʘʣʣʦʚ ʚ 

ʵʣʝʢʪʨʠʯʝʩʢʦʤ ʧʦʣʝ ʙʳʣʦ ʦʪʢʨʳʪʦ ʠ ʧʦʜʨʦʙʥʦ ʠʩʩʣʝʜʦʚʘʥʦ ʨʫʩʩʢʠʤ 

ʫʯʝʥʳʤ ɺ.ʂ. ʌʨʝʜʝʨʠʢʩʦʤ ʩ ʩʦʪʨʫʜʥʠʢʘʤʠ ʚ 30-ʝ ʛʦʜʳ ʧʨʦʰʣʦʛʦ ʚʝʢʘ. ɺ 

ʧʝʨʚʳʭ ʨʘʙʦʪʘʭ, ʧʦʩʚʷʱʝʥʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʶ ʚʣʠʷʥʠʷ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ 

ʥʘ ʧʦʛʣʦʱʝʥʠʝ ʩʚʝʪʘ ʠ ʜʚʫʣʫʯʝʧʨʝʣʦʤʣʝʥʠʝ ʥʝʤʘʪʠʯʝʩʢʠʭ ʞʠʜʢʠʭ 

ʢʨʠʩʪʘʣʣʦʚ, ʦʩʥʦʚʥʦʝ ʚʥʠʤʘʥʠʝ ʫʜʝʣʷʣʦʩʴ ʤʝʭʘʥʠʟʤʫ ʦʨʠʝʥʪʘʮʠʠ ʤʦʣʝʢʫʣ 

ʵʣʝʢʪʨʠʯʝʩʢʠʤ ʧʦʣʝʤ ʠ ʠʥʪʝʨʧʨʝʪʘʮʠʠ ʵʪʦʛʦ ʷʚʣʝʥʠʷ. ʕʣʝʢʪʨʦʦʧʪʠʯʝʩʢʠʡ 

ʵʢʩʧʝʨʠʤʝʥʪ ʩ ʪʦʥʢʠʤʠ ʩʣʦʷʤʠ ʥʝʤʘʪʠʯʝʩʢʦʛʦ ʞʠʜʢʦʛʦ ʢʨʠʩʪʘʣʣʘ ʠ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʦʣʷʨʠʟʦʚʘʥʥʦʛʦ ʩʚʝʪʘ ʙʳʣ ʟʘʪʨʫʜʥʝʥ ʠʟ-ʟʘ ʦʪʩʫʪʩʪʚʠʷ 

ʧʨʦʟʨʘʯʥʳʭ ʵʣʝʢʪʨʦʜʦʚ ʠ ʚʳʧʦʣʥʷʣʩ ̫ʠ ʧʨʦʚʦʣʦʯʥʳʭ ʵʣʝʢʪʨʦʜʥʳʭ ʩʝʪʦʢ.  

ʉʣʝʜʫʶʱʠʡ ʵʪʘʧ ʠʥʪʝʥʩʠʚʥʦʛʦ ʠʟʫʯʝʥʠʷ ʞʠʜʢʠʭ ʢʨʠʩʪʘʣʣʦʚ ʥʘʯʘʣʩʷ 

ʚ 60-ʝ ʛʦʜʳ 20 ʚʝʢʘ. ʕʪʦ ʙʳʣʦ ʩʚʷʟʘʥʦ ʩ ʨʘʟʚʠʪʠʝʤ ʪʝʭʥʠʯʝʩʢʠʭ 

ʧʨʠʣʦʞʝʥʠʡ ʞʠʜʢʠʭ ʢʨʠʩʪʘʣʣʦʚ ʚ ʩʠʩʪʝʤʘʭ ʦʪʦʙʨʘʞʝʥʠʷ ʠ ʠʥʜʠʢʘʮʠʠ 

ʠʥʬʦʨʤʘʮʠʠ. ɺ 80-ʭ ʛʦʜʘʭ ʥʘ ʦʩʥʦʚʝ ʞʠʜʢʠʭ ʢʨʠʩʪʘʣʣʦʚ ʙʳʣʠ ʩʦʟʜʘʥʳ 

ʯʘʩr ʠ ʤʠʢʨʦʢʘʣʴʢʫʣʷʪʦʨ r ʩ ʞʠʜʢʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʤʠ ʠʥʜʠʢʘʪʦʨʘʤʠ, 

ʧʦʪʨʝʙʣʷʶʱʠʤʠ ʤʘʣʦ ʤʦʱʥʦʩʪʠ. ʉʦʚʨʝʤʝʥʥʘʷ ʠʩʪʦʨʠʷ ʞʠʜʢʠʭ ʢʨʠʩʪʘʣʣʦʚ 

ʩʚʷʟʘʥʘ ʩ ʨʘʟʚʠʪʠʝʤ ʥʘ ʠʭ ʦʩʥʦʚʝ ʜʠʩʧʣʝʝʚ, ʢʦʪʦʨʳʝ ʩʪʘʣʠ ʵʧʦʭʘʣʴʥʳʤ 

ʪʝʭʥʠʯʝʩʢʠʤ ʜʦʩʪʠʞʝʥʠʝʤ 20-ʛʦ ʚʝʢʘ. ʇʦʜʨʦʙʥʦ ʠʩʪʦʨʠʶ ʨʘʟʚʠʪʠʷ 

ʞʠʜʢʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʜʠʩʧʣʝʝʚ ʦʧʠʩʘʣ ʍʠʨʦʭʠʩʘ ʂʘʚʘʤʦʪʦ [5]. ʈʘʟʚʠʪʠʶ 

ʜʠʩʧʣʝʝʚ ʩʧʦʩʦʙʩʪʚʦʚʘʣʦ ʦʪʢʨʳʪʠʝ ʵʬʬʝʢʪʦʚ ʛʦʩʪʴ-ʭʦʟʷʠʥ ʠ 

ʜʠʥʘʤʠʯʝʩʢʦʛʦ ʨʘʩʩʝʷʥʠʷ, ʘ ʪʘʢʞʝ ʩʦʟʜʘʥʠʝ ʪʚʠʩʪ-ʥʝʤʘʪʠʢʦʚ ʠ ʩʫʧʝʨ-ʪʚʠʩʪ 

ʥʝʤʘʪʠʢʦʚ, ʧʦʣʝʚʦʛʦ ʪʨʘʥʟʠʩʪʦʨʘ ʥʘ ʘʤʦʨʬʥʦʤ ʢʨʝʤʥʠʠ ʠ ʞʠʜʢʠʭ 

ʢʨʠʩʪʘʣʣʦʚ, ʨʘʙʦʪʘʶʱʠʭ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ. ɺ ʥʘʯʘʣʝ 

ʧʨʠʤʝʥʝʥʠʝ ɾʂ-ʜʠʩʧʣʝʝʚ ʙʳʣʠ ʦʛʨʘʥʠʯʝʥʦ ʠʭ ʤʘʣʤrʠ ʨʘʟʤʝʨʘʤʠ ʜʣʷ 

ʯʘʩʦʚ, ʢʘʨʤʘʥʥʳʭ ʢʦʤʧʴʶʪʝʨʦʚ ʠ ʥʝʙʦʣʴʰʠʭ ʨʘʟʤʝʨʦʚ ʧʝʨʝʥʦʩʥʳʭ 

ʫʩʪʨʦʡʩʪʚ. ʕʪʦ ʚʩʝ ʠʟʤʝʥʠʣʦʩʴ ʩ ʨʘʟʚʠʪʠʝʤ ʠʥʜʫʩʪʨʠʠ ʥʦʫʪʙʫʢʦʚ. ɺ 1988, 

ɺʘʰʠʟʫʢʘ ʩ ʩʦʘʚʪʦʨʘʤʠ ʠʟ ʢʦʨʧʦʨʘʮʠʠ ʐʘʨʧ ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʣʠ 14 

ʜʶʡʤʦʚʳʡ ʘʢʪʠʚʥʳʡ ʤʘʪʨʠʯʥʳʡ ʮʚʝʪʥʦʡ ʤʦʥʠʪʦʨ, ʠʩʧʦʣʴʟʫʷ 

ʪʦʥʢʦʧʣʝʥʦʯʥʳʝ ʪʨʘʥʟʠʩʪʦʨʳ. ɾʂ-ʜʠʩʧʣʝʠ ʧʦʩʪʝʧʝʥʥʦ ʚʳʪʝʩʥʠʣʠ ʩ ʨʳʥʢʘ  

ʢʘʪʦʜʥʦ-ʣʫʯʝʚʳʝ ʪʨʫʙʢʠ, ʘ ʚ ʥʘʯʘʣʝ 21 ʚʝʢʘ ʩʦʩʪʘʚʠʣʠ ʢʦʥʢʫʨʝʥʮʠʶ 

ʧʣʘʟʤʝʥʥʳʤ ʜʠʩʧʣʝʷʤ.  

ɼʠʩʧʣʝʠ ï ʵʪʦ ʥʝ ʝʜʠʥʩʪʚʝʥʥʦʝ ʧʨʠʤʝʥʝʥʠʝ ʞʠʜʢʠʭ ʢʨʠʩʪʘʣʣʦʚ. 

ʉʦʟʜʘʥʥʳʝ ʥʘ ʦʩʥʦʚʝ ʥʝʤʘʪʠʯʝʩʢʠʭ ʠ ʩʤʝʢʪʠʯʝʩʢʠʭ ʞʠʜʢʠʭ ʢʨʠʩʪʘʣʣʦʚ 
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ʩʚʝʪʦʫʧʨʘʚʣʷʝʤʳʝ ʤʦʜʫʣʷʪʦʨ r ʩʚʝʪʘ ʥʘʰʣʠ ʧʨʠʤʝʥʝʥʠʝ ʚ ʦʧʪʠʯʝʩʢʠʭ 

ʩʭʝʤʘʭ ʘʜʘʧʪʠʚʥʦʡ ʦʧʪʠʢʠ ʠ ʛʦʣʦʛʨʘʬʠʠ. ʕʣʝʢʪʨʦʫʧʨʘʚʣʷʝʤʳʝ ʫʩʪʨʦʡʩʪʚʘ 

ʥʘ ʦʩʥʦʚʝ ʞʠʜʢʠʭ ʢʨʠʩʪʘʣʣʦʚ ʠʩʧʦʣʴʟʫʶʪʩʷ ʚ ʢʘʯʝʩʪʚʝ ʧʝʨʝʢʣʶʯʘʪʝʣʝʡ ʠ 

ʘʪʪʝʥʶʘʪʦʨʦʚ ʦʧʪʠʯʝʩʢʦʛʦ ʩʠʛʥʘʣʘ ʠ ʜʨʫʛʠʭ ʫʩʪʨʦʡʩʪʚʘʭ.   

ʊʝʭʥʠʯʝʩʢʠʝ ʧʦʪʨʝʙʥʦʩʪʠ 21 ʚʝʢʘ ʩʪʠʤʫʣʠʨʫʶʪ ʠʩʩʣʝʜʦʚʘʥʠʝ 

ʧʨʦʙʣʝʤ, ʩʚʷʟʘʥʥʳʭ ʩ ʧʨʘʢʪʠʯʝʩʢʠʤʠ ʧʨʠʣʦʞʝʥʠʷʤʠ ʞʠʜʢʠʭ ʢʨʠʩʪʘʣʣʦʚ, ʚ 

ʢʘʯʝʩʪʚʝ ʤʘʪʨʠʮʳ ʜʣʷ ʩʦʟʜʘʥʠʷ ʞʠʜʢʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʩʠʩʪʝʤ, 

ʜʦʧʠʨʦʚʘʥʥʳʭ ʜʨʫʛʠʤʠ ʢʦʤʧʦʥʝʥʪʘʤʠ, ʥʘʧʨʠʤʝʨ, ʨʘʟʣʠʯʥʳʤʠ 

ʥʘʥʦʯʘʩʪʠʮʘʤʠ ʠ ʢʨʘʩʠʪʝʣʷʤʠ ʜʣʷ ʨʘʩʰʠʨʝʥʠʷ ʩʬʝʨʳ ʠʟ ʠʩʧʦʣʴʟʦʚʘʥʠʷ. 

ʉʚʦʡʩʪʚʘ ʞʠʜʢʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʩʠʩʪʝʤ ʠ ʬʫʥʢʮʠʦʥʘʣʴʥʳʝ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʫʩʪʨʦʡʩʪʚ ʥʘ ʠʭ ʦʩʥʦʚʝ ʟʘʚʠʩʷʪ ʥʝ ʪʦʣʴʢʦ ʦʪ ʪʠʧʘ ʠ 

ʩʪʨʫʢʪʫʨʳ ʤʦʣʝʢʫʣ ʞʠʜʢʦʛʦ ʢʨʠʩʪʘʣʣʘ ʠ ʠʭ ʫʧʦʨʷʜʦʯʝʥʥʦʩʪʠ, ʥʦ ʠ ʦʪ 

ʧʨʠʨʦʜʳ, ʨʘʟʤʝʨʦʚ ʠ ʢʦʥʮʝʥʪʨʘʮʠʠ ʜʦʙʘʚʣʝʥʥʳʭ ʚ ʥʠʭ ʢʦʤʧʦʥʝʥʪʦʚ. 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʞʠʜʢʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʩʠʩʪʝʤ ʩ ʥʘʥʦʯʘʩʪʠʮʘʤʠ 

ʧʨʝʜʩʪʘʚʣʷʝʪ ʠʥʪʝʨʝʩ ʜʣʷ ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʭ ʠ ʧʨʠʢʣʘʜʥʳʭ ʥʘʫʯʥʳʭ 

ʠʩʩʣʝʜʦʚʘʥʠʡ ʚ ʦʙʣʘʩʪʠ ʬʦʪʦʥʠʢʠ ʠ ʦʧʪʦʠʥʬʦʨʤʘʪʠʢʠ, ʘ ʠʭ ʨʝʟʫʣʴʪʘʪʳ 

ʧʦʟʚʦʣʷʪ ʦʪʢʨʳʪʴ ʥʦʚʳʝ ʧʨʘʢʪʠʯʝʩʢʠʝ ʧʨʠʤʝʥʝʥʠʷ ʪʘʢʠʭ ʩʠʩʪʝʤ. 

ʀʩʩʣʝʜʦʚʘʥʠʷʤʠ ʚ ʦʙʣʘʩʪʠ ʬʠʟʠʢʠ ʠ ʦʧʪʠʢʠ ʞʠʜʢʠʭ ʢʨʠʩʪʘʣʣʦʚ ʠ ʠʭ 

ʧʨʠʤʝʥʝʥʠʷʤʠ ʚ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʟʘʥʠʤʘʶʪʩʷ ʫʯʝʥʳʝ ʚʝʜʫʱʠʭ 

ʫʥʠʚʝʨʩʠʪʝʪʦʚ ʉʐɸ, ɸʥʛʣʠʠ, ɻʝʨʤʘʥʠʠ, ʌʨʘʥʮʠʠ, ʗʧʦʥʠʠ, ʂʠʪʘʷ, ʂʦʨʝʠ 

ʠ ʜʨʫʛʠʭ ʩʪʨʘʥ. ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʚ ʈʦʩʩʠʠ ʠʩʩʣʝʜʦʚʘʥʠʷʤʠ ʞʠʜʢʠʭ 

ʢʨʠʩʪʘʣʣʦʚ ʟʘʥʠʤʘʶʪʩʷ ʚ ʨʷʜʝ ʠʥʩʪʠʪʫʪʦʚ ʈɸʅ ʪʘʢʠʭ ʢʘʢ ʀʥʩʪʠʪʫʪ 

ʂʨʠʩʪʘʣʣʦʛʨʘʬʠʠ ʠʤ. ʐʫʙʥʠʢʦʚʘ, ʌʠʟʠʯʝʩʢʠʡ ʠʥʩʪʠʪʫʪ ʠʤ. ʃʝʙʝʜʝʚʘ, ʘ 

ʪʘʢʞʝ ʫʯʝʙʥʳʭ ʟʘʚʝʜʝʥʠʷʭ: ɻʦʩʫʜʘʨʩʪʚʝʥʥʦʤ ʄʦʩʢʦʚʩʢʦʤ ʠ ʉʘʥʢʪ-

ʇʝʪʝʨʙʫʨʛʩʢʦʤ ʫʥʠʚʝʨʩʠʪʝʪʘʭ, ʚ ʅʘʮʠʦʥʘʣʴʥʦʤ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʦʤ 

ʫʥʠʚʝʨʩʠʪʝʪʝ ʀʊʄʆ ʠ ʜʨ. ʉʫʜʷ ʧʦ ʤʥʦʛʦʣʶʜʥʳʤ ʤʝʞʜʫʥʘʨʦʜʥʳʤ 

ʢʦʥʬʝʨʝʥʮʠʷʤ, ʢʦʣʠʯʝʩʪʚʦ ʜʦʢʣʘʜʦʚ ʧʦ ʬʠʟʠʢʝ ʠ ʭʠʤʠʠ ʞʠʜʢʠʭ 

ʢʨʠʩʪʘʣʣʦʚ ʥʘ ʢʦʪʦʨʳʭ ʜʦʩʪʠʛʘʝʪ ʜʝʩʷʪʢʠ ʩʦʪʝʥ ʜʦʢʣʘʜʦʚ, ʠʥʪʝʨʝʩ ʢ ʥʠʤ ʩʦ 

ʩʪʦʨʦʥʳ ʫʯʝʥʳʭ ʥʝ ʦʩʣʘʙʝʚʘʝʪ ʠ ʩʝʛʦʜʥʷ.  

ʄʦʥʦʛʨʘʬʠʷ ʥʘʧʠʩʘʥʘ ʩ ʮʝʣʴʶ ʧʦʜʛʦʪʦʚʢʠ ʩʪʫʜʝʥʪʦʚ ʢ ʠʟʫʯʝʥʠʶ 

ʥʦʚʦʛʦ ʥʘʧʨʘʚʣʝʥʠʷ, ʩʚʷʟʘʥʥʦʛʦ ʩ ʞʠʜʢʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʤʠ ʩʠʩʪʝʤʘʤʠ, 

ʩʦʜʝʨʞʘʱʠʤʠ ʥʘʥʦʯʘʩʪʠʮʳ, ʠ ʠʩʩʣʝʜʦʚʘʥʠʝʤ ʠʭ ʬʠʟʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ. 

ʂʥʠʛʘ ʚʢʣʶʯʘʝʪ ʚ ʩʝʙʷ ʰʝʩʪʴ ʛʣʘʚ. ɺ ʧʝʨʚʦʡ ʛʣʘʚʝ ʜʘʶʪʩʷ ʦʙʱʠʝ 

ʧʨʝʜʩʪʘʚʣʝʥʠʷ ʦ ʩʪʨʫʢʪʫʨʥʳʭ ʦʩʦʙʝʥʥʦʩʪʷʭ ʠ ʘʥʠʟʦʪʨʦʧʠʠ ʩʚʦʡʩʪʚ 

ʥʝʤʘʪʠʯʝʩʢʠʭ ʞʠʜʢʠʭ ʢʨʠʩʪʘʣʣʦʚ, ʚʢʣʶʯʘʷ ʧʦʥʷʪʠʷ ʧʘʨʘʤʝʪʨʘ 

ʦʨʠʝʥʪʘʮʠʦʥʥʦʛʦ ʧʦʨʷʜʢʘ, ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʠ ʦʧʪʠʯʝʩʢʦʡ ʘʥʠʟʦʪʨʦʧʠʠ. 

ɺʪʦʨʘʷ ʛʣʘʚʘ ʧʦʩʚʷʱʝʥʘ ʦʩʦʙʝʥʥʦʩʪʷʤ ʜʝʬʦʨʤʘʮʠʠ ʚ ʵʣʝʢʪʨʠʯʝʩʢʦʤ ʧʦʣʝ, 

ʧʦʨʦʛʘ ʵʬʬʝʢʪʘ ʌʨʝʜʝʨʠʢʩʘ, ʤʦʜʫʣʷʮʠʠ ʠʟʣʫʯʝʥʠʷ ʠ ʬʘʟʦʚʦʡ ʟʘʜʝʨʞʢʝ 

ʩʚʝʪʘ ʚ ʩʣʦʝ ʞʠʜʢʦʛʦ ʢʨʠʩʪʘʣʣʘ. ɺ ʪʨʝʪʴʝʡ ʛʣʘʚʝ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ 

ʜʠʥʘʤʠʢʘ ʧʝʨʝʦʨʠʝʥʪʘʮʠʠ ʜʠʨʝʢʪʦʨʘ ʞʠʜʢʦʛʦ ʢʨʠʩʪʘʣʣʘ ʠ ʢʦʨʨʝʣʷʮʠʠ ʩ 

ʥʝʡ ʚʨʝʤʝʥ ʦʧʪʠʯʝʩʢʦʛʦ ʦʪʢʣʠʢʘ ʠ ʨʝʣʘʢʩʘʮʠʠ ʚ ʩʣʫʯʘʷʭ splay-, bend-ʠ 
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twist-ʜʝʬʦʨʤʘʮʠʠ ʩʣʦʷ, ʘ ʪʘʢʞʝ ʚʣʠʷʥʠʝ ʥʘ ʜʠʥʘʤʠʢʫ ʵʪʠʭ ʧʨʦʮʝʩʩʦʚ 

ʥʘʯʘʣʴʥʦʛʦ ʫʛʣʘ ʥʘʢʣʦʥʘ ʜʠʨʝʢʪʦʨʘ. ʏʝʪʚʝʨʪʘʷ ʛʣʘʚʘ ʧʦʩʚʷʱʝʥʘ 

ʦʩʦʙʝʥʥʦʩʪʷʤ ʫʧʨʘʚʣʝʥʠʷ ʦʧʪʠʯʝʩʢʠʤ ʦʪʢʣʠʢʦʤ ʠ ʨʝʣʘʢʩʘʮʠʝʡ 

ʜʚʫʭʯʘʩʪʦʪʥʦʛʦ ʞʠʜʢʦʛʦ ʢʨʠʩʪʘʣʣʘ. ʇʨʠʚʦʜʷʪʩʷ ʨʝʟʫʣʴʪʘʪʳ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʜʠʥʘʤʠʢʠ ʜʝʬʦʨʤʘʮʠʠ ʞʠʜʢʦʛʦ 

ʢʨʠʩʪʘʣʣʘ ʚ ʵʣʝʢʪʨʠʯʝʩʢʦʤ ʧʦʣʝ ʠ ʚʣʠʷʥʠʷ ʥʘ ʥʝʸ ʚʘʨʠʘʮʠʠ ʥʘʯʘʣʴʥʦʛʦ ʫʛʣʘ 

ʥʘʢʣʦʥʘ ʜʠʨʝʢʪʦʨʘ. ʈʘʩʩʤʘʪʨʠʚʘʶʪʩʷ ʧʨʝʠʤʫʱʝʩʪʚʘ ʛʠʙʨʠʜʥʦ-

ʦʨʠʝʥʪʠʨʦʚʘʥʥʳʭ ʩʪʨʫʢʪʫʨ ʥʘ ʦʩʥʦʚʝ ʜʚʫʭʯʘʩʪʦʪʥʦʛʦ ʞʠʜʢʦʛʦ ʢʨʠʩʪʘʣʣʘ. 

ʇʷʪʘʷ ʛʣʘʚʘ ʧʦʩʚʷʱʝʥʘ ʠʩʩʣʝʜʦʚʘʥʠʷʤ ʤʝʞʬʘʟʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠ ̫

ʞʠʜʢʦʛʦ ʢʨʠʩʪʘʣʣʘ ʩ ʧʦʚʝʨʭʥʦʩʪʴʶ ʪʚʝʨʜʦʛʦ ʪʝʣʘ. ɺ ʥʝʡ ʧʨʠʚʦʜʷʪʩʷ 

ʧʦʜʭʦʜʳ ʠ ʦʪʜʝʣʴʥʳʝ ʤʝʪʦʜʠʢʠ ʦʧʨʝʜʝʣʝʥʠʷ ʧʦʣʷʨʥʦʡ ʠ ʘʟʠʤʫʪʘʣʴʥʦʡ 

ʩʦʩʪʘʚʣʷʶʱʠʭ ʵʥʝʨʛʠʠ ʩʮʝʧʣʝʥʠʷ ʥʘ ʛʨʘʥʠʮʝ ʨʘʟʜʝʣʘ ʞʠʜʢʦʛʦ ʢʨʠʩʪʘʣʣʘ ʩ 

ʦʛʨʘʥʠʯʠʚʘʶʱʝʡ ʝʛʦ ʧʦʚʝʨʭʥʦʩʪʴʶ. ʈʘʩʩʤʘʪʨʠʚʘʶʪʩʷ ʩʧʦʩʦʙʳ ʦʨʠʝʥʪʘʮʠʠ 

ʞʠʜʢʠʭ ʢʨʠʩʪʘʣʣʦʚ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʧʦʣʠʠʤʠʜʥʳʭ ʦʨʠʝʥʪʠʨʫʶʱʠʭ ʩʣʦʝʚ ʠ 

ʪʝʢʩʪʫʨʠʨʦʚʘʥʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʠ ʚʦʟʤʦʞʥʦʩʪʠ ʚʘʨʠʘʮʠʠ ʥʘʯʘʣʴʥʦʛʦ ʫʛʣʘ 

ʥʘʢʣʦʥʘ. ɺ ʝhʩʪʦʡ ʛʣʘʚʝ ʜʘʝʪʩʷ ʦʙʟʦʨ ʨʘʙʦʪ, ʧʦʩʚʷʱʝʥʥʳʭ 

ʞʠʜʢʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʤ ʩʠʩʪʝʤʘʤ ʩ ʥʘʥʦʯʘʩʪʠʮʘʤʠ. ɺ ʥʝʡ ʘʥʘʣʠʟʠʨʫʶʪʩʷ 

ʨʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʘʥʠʟʦʪʨʦʧʠʠ ʠ ʵʣʝʢʪʨʦʦʧʪʠʯʝʩʢʠʭ 

ʩʚʦʡʩʪʚ ʪʘʢʠʭ ʩʠʩʪʝʤ ʩ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʤʠ ʢʚʘʥʪʦʚʳʤʠ ʪʦʯʢʘʤʠ, 

ʤʝʪʘʣʣʠʯʝʩʢʠʤʠ ʠ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʤʠ ʥʘʥʦʯʘʩʪʠʮʘʤʠ, ʥʘʥʦʩʪʝʨʞʥʷʤʠ ʠ 

ʫʛʣʝʨʦʜʥʳʤʠ ʥʘʥʦʪʨʫʙʢʘʤʠ ʠ ʚʣʠʷʥʠʝ ʥʘ ʩʚʦʡʩʪʚʘ ʵʪʠʭ ʩʠʩʪʝʤ ʧʨʠʨʦʜʳ, 

ʨʘʟʤʝʨʦʚ ʠ ʢʦʥʮʝʥʪʨʘʮʠʠ ʥʘʥʦʯʘʩʪʠʮ.  

ɸʚʪʦʨ ʥʝ ʩʪʘʚʠʣ ʩʚʦʝʡ ʟʘʜʘʯʝʡ ʦʭʚʘʪʠʪʴ ʚʩʝ ʨʘʙʦʪʳ, ʦʧʫʙʣʠʢʦʚʘʥʥʳʝ ʟʘ 

ʧʦʩʣʝʜʥʠʝ ʛʦʜʳ ʧʦ ʵʪʦʡ ʪʝʤʘʪʠʢʝ. ɺ ʤʦʥʦʛʨʘʬʠʠ ʜʘʶʪʩʷ ʦʩʥʦʚʥʳʝ 

ʧʨʝʜʩʪʘʚʣʝʥʠʷ, ʧʦʥʷʪʠʷ ʠ ʬʠʟʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ, ʭʘʨʘʢʪʝʨʥʳʝ ʜʣʷ 

ʥʝʤʘʪʠʯʝʩʢʠʭ ʞʠʜʢʠʭ ʢʨʠʩʪʘʣʣʦʚ, ʘ ʪʘʢʞʝ ʧʦʜʭʦʜʳ ʠ ʤʝʪʦʜʠʢʠ ʠʭ 

ʠʩʩʣʝʜʦʚʘʥʠʷ. ʅʘʟʚʘʥʠ ̫ ʛʣʘʚ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʥʘʧʨʘʚʣʝʥʠʷʤ ʨʘʟʚʠʪʠʷ 

ʬʠʟʠʯʝʩʢʠʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʚ ʦʙʣʘʩʪʠ ʥʝʤʘʪʠʯʝʩʢʠʭ ʞʠʜʢʠʭ ʢʨʠʩʪʘʣʣʦʚ. 

ʉʪʫʜʝʥʪʘʤ ʠ ʘʩʧʠʨʘʥʪʘʤ, ʟʘʥʠʤʘʶʱʠʤʩʷ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ ʠ 

ʪʝʦʨʝʪʠʯʝʩʢʠʤʠ ʠʩʩʣʝʜʦʚʘʥʠʷʤʠ ʚ ʵʪʦʡ ʦʙʣʘʩʪʠ, ʜʣʷ ʙʦʣʝʝ ʛʣʫʙʦʢʦʛʦ 

ʠʟʫʯʝʥʠʷ ʩʚʦʡʩʪʚ ʞʠʜʢʠʭ ʢʨʠʩʪʘʣʣʦʚ ʘʚʪʦʨ ʨʝʢʦʤʝʥʜʫʝʪ ʦʙʨʘʪʠʪʴʩʷ ʢ 

ʢʥʠʛʝ ʃʴʚʘ ʄʠʭʘʡʣʦʚʠʯʘ ɹʣʠʥʦʚʘ çɾʠʜʢʠʝ ʢʨʠʩʪʘʣʣʳ. ʉʪʨʫʢʪʫʨʘ ʠ 

ʩʚʦʡʩʪʚʘè [6]. ɺ ʥʝʡ ʜʘʶʪʩʷ ʪʝʦʨʝʪʠʯʝʩʢʠʝ ʦʙʲʷʩʥʝʥʠʷ ʬʠʟʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ 

ʠ ʵʣʝʢʪʨʦʦʧʪʠʯʝʩʢʠʭ ʷʚʣʝʥʠʡ ʚ ʞʠʜʢʠʭ ʢʨʠʩʪʘʣʣʘʭ ʚ ʜʦʩʪʫʧʥʦʡ ʜʣʷ 

ʧʦʥʠʤʘʥʠʷ ʬʦʨʤʝ. ɺ ʥʘʩʪʦʷʱʫʶ ʤʦʥʦʛʨʘʬʠʶ ʚʢʣʶʯʝʥʳ ʨʝʟʫʣʴʪʘʪʳ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʫʩʪʨʦʡʩʪʚ ʥʘ ʦʩʥʦʚʝ ʥʝʤʘʪʠʯʝʩʢʠʭ 

ʞʠʜʢʠʭ ʢʨʠʩʪʘʣʣʦʚ, ʚʢʣʶʯʘʷ ʜʚʫʭʯʘʩʪʦʪʥʳʡ ʞʠʜʢʠʡ ʢʨʠʩʪʘʣʣ, 

ʧʦʣʫʯʝʥʥʳʝ ʘʚʪʦʨʦʤ ʩʦʚʤʝʩʪʥʦ ʩ ʢʦʣʣʝʛʘʤʠ ʠ ʫʯʝʥʠʢʘʤʠ ʚ ʧʝʨʠʦʜ ʩ 2006 

ʧʦ 2012 ʛʦʜʳ ʚ ʅʀʋ ʀʊʄʆ. 
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ɻʃɸɺɸ 1  

ʉʊʈʋʂʊʋʈʅʓɽ ʆʉʆɹɽʅʅʆʉʊʀ ʀ ɸʅʀɿʆʊʈʆʇʀʗ ʉɺʆʁʉʊɺ 

ʅɽʄɸʊʀʏɽʉʂʀʍ ɾʀɼʂʀʍ ʂʈʀʉʊɸʃʃʆɺ 

Ä1.1 ʆʩʦʙʝʥʥʦʩʪʠ ʩʪʨʫʢʪʫʨʳ ʠ ʬʠʟʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ  

ʥʝʤʘʪʠʯʝʩʢʠʭ ʞʠʜʢʠʭ ʢʨʠʩʪʘʣʣʦʚ 

ɺ ʧʨʠʨʦʜʝ ʚʩʪʨʝʯʘʶʪʩʷ ʚʝʱʝʩʪʚʘ, ʥʘʭʦʜʷʱʠʝʩʷ ʚ ʪʨʝʭ ʘʛʨʝʛʘʪʥʳʭ 

ʩʦʩʪʦʷʥʠʷʭ: ʪʚʝʨʜʦʤ, ʞʠʜʢʦʤ ʠ ʛʘʟʦʦʙʨʘʟʥʦʤ, ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ 

ʧʦʜʚʠʞʥʦʩʪʠ ʦʪʜʝʣʴʥʳʭ ʘʪʦʤʦʚ ʠʣʠ ʤʦʣʝʢʫʣ. ʊʚʝʨʜʦʝ ʪʝʣʦ ʩʦʭʨʘʥʷʝʪ 

ʦʧʨʝʜʝʣʝʥʥʫʶ ʬʦʨʤʫ ʙʣʘʛʦʜʘʨʷ ʪʦʤʫ, ʯʪʦ ʘʪʦʤʳ ʠ ʤʦʣʝʢʫʣʳ ʥʘʭʦʜʷʪʩʷ ʥʘ 

ʬʠʢʩʠʨʦʚʘʥʥʦʤ ʨʘʩʩʪʦʷʥʠʠ ʜʨʫʛ ʦʪ ʜʨʫʛʘ. ɺ ʞʠʜʢʦʤ ʩʦʩʪʦʷʥʠʠ ʤʦʣʝʢʫʣʳ 

ʩʧʦʩʦʙʥʳ ʧʝʨʝʤʝʱʘʪʴʩʷ ʠ ʞʠʜʢʦʩʪʴ ʧʨʠʥʠʤʘʝʪ ʬʦʨʤʫ ʩʦʩʫʜʘ, ʢʦʪʦʨʳʡ ʦʥʘ 

ʟʘʧʦʣʥʷʝʪ. ɺ ʛʘʟʦʦʙʨʘʟʥʦʤ ʩʦʩʪʦʷʥʠʠ ʤʝʞʜʫ ʤʦʣʝʢʫʣʘʤʠ ʠ ʘʪʦʤʘʤʠ 

ʩʫʱʝʩʪʚʫʝʪ ʧʨʦʩʪʨʘʥʩʪʚʦ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʩʞʠʤʘʪʴ ʝʛʦ, ʟʘʧʦʣʥʷʷ 

ʦʧʨʝʜʝʣʝʥʥʳʡ ʦʙʲʝʤ. ʅʝʩʤʦʪʨʷ ʥʘ ʩʫʱʝʩʪʚʝʥʥʳʝ ʦʪʣʠʯʠʷ ʵʪʠʭ ʪʨʝʭ 

ʦʩʥʦʚʥʳʭ ʩʦʩʪʦʷʥʠʡ ʚʝʱʝʩʪʚʘ ʛʨʘʥʠʮʳ ʤʝʞʜʫ ʥʠʤʠ ʥʝ ʚʩʝʛʜʘ ʯʝʪʢʠʝ. 

ɾʠʜʢʠʝ ʢʨʠʩʪʘʣʣʳ ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʧʨʦʤʝʞʫʪʦʯʥʦʝ ʩʦʩʪʦʷʥʠʝ 

ʚʝʱʝʩʪʚʘ (ʤʝʟʦʬʘʟʫ), ʩʦʯʝʪʘʶʱʝʝ ʩʚʦʡʩʪʚʘ ʪʚʝʨʜʦʛʦ ʠ ʞʠʜʢʦʛʦ ʩʦʩʪʦʷʥʠʡ. 

ɹʣʘʛʦʜʘʨʷ ʪʝʢʫʯʝʩʪʠ ʤʦʞʥʦ ʩʦʟʜʘʚʘʪʴ ʪʦʥʢʠʝ ʩʣʦʠ ʞʠʜʢʦʛʦ ʢʨʠʩʪʘʣʣʘ 

ʪʦʣʱʠʥʦʡ ʦʪ ʥʝʩʢʦʣʴʢʠʭ ʜʦ ʜʝʩʷʪʢʦʚ ʤʠʢʨʦʤʝʪʨʦʚ. ɺ ʦʪʣʠʯʠʝ ʦʪ ʦʙʳʯʥʳʭ 

ʞʠʜʢʦʩʪʝʡ ʤʦʣʝʢʫʣʳ ʞʠʜʢʦʛʦ ʢʨʠʩʪʘʣʣʘ ʦʙʣʘʜʘʶʪ ʩʧʦʩʦʙʥʦʩʪʴ ʁ ʢ 

ʫʧʦʨʷʜʦʯʝʥʠʶ ʚ ʧʨʦʩʪʨʘʥʩʪʚʝ ʠ ʬʦʨʤʠʨʦʚʘʥʠʶ ʜʘʣʴʥʝʛʦ ʧʦʨʷʜʢʘ 

ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ ʦʨʠʝʥʪʘʮʠʠ ʤʦʣʝʢʫʣ. ʆʪ ʦʙʳʯʥʳʭ ʪʚʝʨʜʳʭ ʢʨʠʩʪʘʣʣʦʚ 

ʞʠʜʢʠʝ ʢʨʠʩʪʘʣʣʳ ʦʪʣʠʯʘʝʪ ʦʪʩʫʪʩʪʚʠʝ ʞʝʩʪʢʦʡ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʝʪʢʠ.  

 
ʈʠʩʫʥʦʢ 1 - ʆʨʠʝʥʪʘʮʠʷ ʤʦʣʝʢʫʣ ʞʠʜʢʠʭ ʢʨʠʩʪʘʣʣʦʚ ʚ ʠʟʦʪʨʦʧʥʦʤ ʩʦʩʪʦʷʥʠʠ, 

ʥʝʤʘʪʠʯʝʩʢʦʡ ʠ ʩʤʝʢʪʠʯʝʩʢʦʡ ʤʝʟʦʬʘʟʘʭ. 
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ɾʠʜʢʠʝ ʢʨʠʩʪʘʣʣʳ ʩʦʩʪʦʷʪ ʠʟ ʩʣʦʞʥʳʭ ʦʨʛʘʥʠʯʝʩʢʠʭ ʤʦʣʝʢʫʣ. ɺ 

ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʫʧʦʨʷʜʦʯʝʥʠʷ ʦʩʝʡ ʤʦʣʝʢʫʣ ʞʠʜʢʠʝ ʢʨʠʩʪʘʣʣʳ 

ʨʘʟʜʝʣʷʶʪʩʷ ʥʘ ʪʨʠ ʨʘʟʥʦʚʠʜʥʦʩʪʠ: ʥʝʤʘʪʠʯʝʩʢʠʝ, ʩʤʝʢʪʠʯʝʩʢʠʝ ʠ 

ʭʦʣʝʩʪʝʨʠʯʝʩʢʠʝ. ʇʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ ʚʳʰʝ ʪʝʤʧʝʨʘʪʫʨʳ ʧʝʨʝʭʦʜʘ ʚ 

ʠʟʦʪʨʦʧʥʦʝ ʩʦʩʪʦʷʥʠʝ ʤʦʣʝʢʫʣʳ ʞʠʜʢʦʛʦ ʢʨʠʩʪʘʣʣʘ ʦʨʠʝʥʪʠʨʦʚʘʥʳ 

ʧʨʦʠʟʚʦʣʴʥʦ, ʦʙʨʘʟʫʷ ʠʟʦʪʨʦʧʥʫʶ ʞʠʜʢʦʩʪʴ (ʨʠʩ. 1). ɺ ʦʧʨʝʜʝʣʝʥʥʦʤ 

ʠʥʪʝʨʚʘʣʝ ʪʝʤʧʝʨʘʪʫʨ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʤ ʥʝʤʘʪʠʯʝʩʢʦʡ ʬʘʟʝ, ʤʦʣʝʢʫʣʳ 

ʞʠʜʢʦʛʦ ʢʨʠʩʪʘʣʣʘ ʧʦ-ʧʨʝʞʥʝʤʫ ʩʧʦʩʦʙʥʳ ʧʝʨʝʜʚʠʛʘʪʴʩʷ ʚ ʞʠʜʢʦʩʪʠ, ʥʦ 

ʠʭ ʜʣʠʥʥʳʝ ʦʩʠ ʦʨʠʝʥʪʠʨʦʚʘʥʳ ʚ ʦʧʨʝʜʝʣʝʥʥʦʤ ʥʘʧʨʘʚʣʝʥʠʠ. ɹʦʣʝʝ 

ʩʣʦʞʥʳʡ ʧʦʟʠʮʠʦʥʥʳʡ ʧʦʨʷʜʦʢ ʤʦʣʝʢʫʣ ʭʘʨʘʢʪʝʨʝʥ ʜʣʷ ʩʤʝʢʪʠʯʝʩʢʠʭ 

(smectic) ʞʠʜʢʠʭ ʢʨʠʩʪʘʣʣʦʚ, ʚ ʢʦʪʦʨʳʭ ʮʝʥʪʨʳ ʤʦʣʝʢʫʣʷʨʥʦʡ ʤʘʩʩʳ 

ʨʘʩʧʦʣʦʞʝʥʳ ʚ ʩʣʦʷʭ, ʘ ʜʚʠʞʝʥʠʝ ʦʛʨʘʥʠʯʝʥʦ ʛʣʘʚʥʳʤ ʦʙʨʘʟʦʤ ʚʥʫʪʨʠ 

ʵʪʠʭ ʩʣʦʝʚ. ɺ ʭʦʣʝʩʪʝʨʠʯʝʩʢʠʭ ʞʠʜʢʠʭ ʢʨʠʩʪʘʣʣʘʭ ʤʦʣʝʢʫʣʳ ʨʘʩʧʦʣʦʞʝʥʳ 

ʚ ʩʣʦʷʭ, ʘ ʧʨʦʜʦʣʴʥʳʝ ʦʩʠ ʦʜʥʦʛʦ ʩʣʦʷ ʨʘʟʚʝʨʥʫʪʳ ʥʘ ʥʝʙʦʣʴʰʦʡ ʫʛʦʣ 

ʦʪʥʦʩʠʪʝʣʴʥʦ ʩʦʩʝʜʥʝʛʦ ʩʣʦʷ. ʋʛʣʦʚʦʝ ʩʤʝʱʝʥʠʝ ʥʘʨʘʩʪʘʝʪ ʦʪ ʩʣʦʷ ʢ ʩʣʦʶ 

ʧʦ ʩʧʠʨʘʣʠ. ʇʦʨʷʜʦʢ ʨʘʩʧʦʣʦʞʝʥʠʷ ʤʦʣʝʢʫʣ ʞʠʜʢʠʭ ʢʨʠʩʪʘʣʣʦʚ 

ʦʧʨʝʜʝʣʷʝʪ ʘʥʠʟʦʪʨʦʧʠʶ ʠʭ ʤʝʭʘʥʠʯʝʩʢʠʭ, ʵʣʝʢʪʨʠʯʝʩʢʠʭ, ʤʘʛʥʠʪʥʳʭ ʠ 

ʦʧʪʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ. 

ʇʨʠʥʷʪʦ ʩʯʠʪʘʪʴ, ʯʪʦ ʦʧʨʝʜʝʣʷʶʱʫʶ ʨʦʣʴ ʚ ʦʙʨʘʟʦʚʘʥʠʠ 

ʞʠʜʢʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʩʦʩʪʦʷʥʠʷ ʠʛʨʘʶʪ ʜʠʩʧʝʨʩʠʦʥʥʳʝ ʩʠʣʳ 

ʧʨʠʪʷʞʝʥʠʷ ʤʝʞʜʫ ʤʦʣʝʢʫʣʘʤʠ ʠ ʩʠʣʳ ʦʪʪʘʣʢʠʚʘʥʠʷ ɺʘʥ-ʜʝʨ-ɺʘʘʣʴʩʘ. ɺ 

ʵʪʦʤ ʩʤʳʩʣʝ ʧʨʝʜʧʦʯʪʠʪʝʣʴʥʝʝ ʜʣʠʥʥʳʝ ʩʪʝʨʞʥʝʧʦʜʦʙʥʳʝ ʤʦʣʝʢʫʣʳ ʩ 

ʨʘʩʧʦʣʦʞʝʥʥʳʤʠ ʚ ʨʷʜ ʙʝʥʟʦʣʴʥʳʤʠ ʢʦʣʴʮʘʤʠ (ʨʠʩ. 2).  

 

ʈʠʩʫʥʦʢ 2 - ʉʭʝʤʘʪʠʯʝʩʢʘʷ ʩʪʨʫʢʪʫʨʘ ʤʦʣʝʢʫʣʳ ʥʝʤʘʪʠʯʝʩʢʦʛʦ ʞʠʜʢʦʛʦ ʢʨʠʩʪʘʣʣʘ. 

ʇʦʣʦʞʠʪʝʣʴʥʳʤ ʬʘʢʪʦʨʦʤ ʷʚʣʷʝʪʩʷ ʥʘʣʠʯʠʝ ʮʝʧʠ ʩʦʧʨʷʞʝʥʠʷ 

(ʯʝʨʝʜʦʚʘʥʠʷ ʦʜʠʥʦʯʥʳʭ ʠ ʜʚʦʡʥʳʭ ʭʠʤʠʯʝʩʢʠʭ ʩʚʷʟʝʡ) ʚʜʦʣʴ ʚʩʝʛʦ 

ʩʢʝʣʝʪʘ ʤʦʣʝʢʫʣʳ, ʧʦʩʢʦʣʴʢʫ ʩʦʧʨʷʞʝʥʠʝ ʫʚʝʣʠʯʠʚʘʝʪ ʧʨʦʜʦʣʴʥʫʶ 

ʢʦʤʧʦʥʝʥʪʫ ʤʦʣʝʢʫʣʷʨʥʦʡ ʧʦʣʷʨʠʟʫʝʤʦʩʪʠ. ʅʘʣʠʯʠʝ ʫ ʤʦʣʝʢʫʣ 

ʧʦʩʪʦʷʥʥʦʛʦ ʜʠʧʦʣʴʥʦʛʦ ʤʦʤʝʥʪʘ ʥʝ ʢʦʨʨʝʣʠʨʫʝʪ ʩʦ ʩʧʦʩʦʙʥʦʩʪʴʶ 

ʚʝʱʝʩʪʚʘ ʦʙʨʘʟʦʚʳʚʘʪʴ ʞʠʜʢʠʝ ʢʨʠʩʪʘʣʣʳ, ʥʦ ʚʣʠʷʝʪ ʥʘ ʠʭ ʵʣʝʢʪʨʠʯʝʩʢʦʝ 

ʠ ʵʣʝʢʪʨʦʦʧʪʠʯʝʩʢʦʝ ʧʦʚʝʜʝʥʠʝ. ɺʝʩʴʤʘ ʩʫʱʝʩʪʚʝʥʥʦʡ ʷʚʣʷʝʪʩʷ ʬʦʨʤʘ 

ʢʦʥʮʝʚʳʭ ʛʨʫʧʧ ʤʦʣʝʢʫʣʳ (ʩʪʝʨʠʯʝʩʢʠʡ ʬʘʢʪʦʨ). ʅʘʠʙʦʣʝʝ ʚʘʞʥʦʡ 
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ʤʦʣʝʢʫʣʷʨʥʦʡ ʭʘʨʘʢʪʝʨʠʩʪʠʢʦʡ, ʦʧʨʝʜʝʣʷʶʱʝʡ ʪʝʥʜʝʥʮʠʶ ʢʦʥʢʨʝʪʥʦʛʦ 

ʚʝʱʝʩʪʚʘ ʢ ʦʙʨʘʟʦʚʘʥʠʶ ʞʠʜʢʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʩʦʩʪʦʷʥʠʷ, ʷʚʣʷʝʪʩʷ 

ʘʥʠʟʦʪʨʦʧʠʷ ʵʣʝʢʪʨʦʥʥʦʡ ʧʦʣʷʨʠʟʫʝʤʦʩʪʠ.  

 
ʈʠʩʫʥʦʢ 3 - ʊʠʧʠʯʥʳʝ ʬʦʨʤ rʤʦʣʝʢʫʣ, ʬʦʨʤʠʨʫʶʱʠʭ ʥʝʤʘʪʠʯʝʩʢʫʶ ʬʘʟʫ [7]. 

ʊʨʘʜʠʮʠʦʥʥʦ, ʚʝʱʝʩʪʚʘ ʠʣʠ ʤʘʪʝʨʠʘʣʳ, ʩʧʦʩʦʙʥʳʝ ʬʦʨʤʠʨʦʚʘʪʴ 

ʞʠʜʢʦʢʨʠʩʪʘʣʣʠʯʝʩʢʫʶ ʬʘʟʫ ʜʝʣʷʪ ʥʘ ʜʚʝ ʦʩʥʦʚʥʳʝ ʢʘʪʝʛʦʨʠʠ: 

ʥʝʨʘʩʪʚʦʨʠʤʳʝ ʘʩʠʤʤʝʪʨʠʯʥʳʝ ʤʝʟʦʛʝʥʳ (non-amphiphilic anisometric 

mesogens) ʧʨʝʜʩʪʘʚʣʷʶʱʠʝ ʚ ʦʙʱʝʤ ʩʣʫʯʘʝ ʪʝʨʤʦʪʨʦʧʥʫʶ ʬʘʟʫ; 

ʨʘʩʪʚʦʨʠʤʳʝ ʤʝʟʦʛʝʥʳ (amphiphilic mesogens), ʢʦʪʦʨʳʝ ʦʙʳʯʥʦ ʦʙʨʘʟʫʶʪ 

ʣʠʦʪʨʦʧʥʫʶ ʬʘʟʫ. ʊʨʝʪʴʷ ʢʘʪʝʛʦʨʠʷ ʘʤʬʦʪʨʦʧʥʳʝ ʞʠʜʢʠʝ ʢʨʠʩʪʘʣʣʳ 

(amphotropic) ʦʭʚʘʪʳʚʘʶʪ ʚʩʝ ʤʘʪʝʨʠʘʣʳ, ʬʦʨʤʠʨʫʶʱʠʝ ʢʘʢ ʣʠʦʪʨʦʧʥʫʶ, 

ʪʘʢ ʠ ʪʝʨʤʦʪʨʦʧʥʳʝ ʬʘʟʳ (ʨʠʩ. 3). ʊʝʨʤʦʪʨʦʧʥʳʝ ʞʠʜʢʠʝ ʢʨʠʩʪʘʣʣ r

ʦʙʨʘʟʫʶʪʩʷ ʪʦʣʴʢʦ ʧʨʠ ʪʝʨʤʠʯʝʩʢʦʤ ʚʦʟʜʝʡʩʪʚʠʠ ʥʘ ʚʝʱʝʩʪʚʦ ʧʫʪʝʤ 

ʥʘʛʨʝʚʘʥʠ ̫ʠʣʠ ʦʭʣʘʞʜʝʥʠ.̫ ʃʠʦʪʨʦʧʥʳʝ ʞʠʜʢʠʝ ʢʨʠʩʪʘʣʣʳ ʦʙʨʘʟʫʶʪʩʷ 

ʧʨʠ  ʨʘʩʪʚʦʨʝʥʠʠ  ʘʤʬʠʬʠʣʴʥʳʭ  ʩʦʝʜʠʥʝʥʠʡ  ʚ  ʦʧʨʝʜʝʣʝʥʥʳʭ  ʚʝʱʝʩʪʚʘʭ 
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ʠ ʠʤʝʶʪ, ʢʘʢ ʧʨʘʚʠʣʦ, ʙʦʣʝʝ 

ʩʣʦʞʥʫʶ ʩʪʨʫʢʪʫʨʫ. ɼʣʷ 

ʢʣʘʩʩʠʬʠʢʘʮʠʠ ʠʩʧʦʣʴʟʫʶʪ 

ʵʣʝʤʝʥʪʳ ʩʠʤʤʝʪʨʠʠ ʠ ʩʪʝʧʝʥʴ 

ʜʘʣʴʥʝʛʦ ʧʦʨʷʜʢʘ. ɽʩʣʠ 

ʬʦʨʤʠʨʦʚʘʥʠʝ ʤʝʟʦʬʘʟʳ ʚ 

ʣʠʦʪʨʦʧʥʳʭ ʞʠʜʢʠʭ ʢʨʠʩʪʘʣʣʘʭ 

ʫʧʨʘʚʣʷʝʪʩʷ ʨʘʟʜʝʣʝʥʠʝʤ 

(ʩʝʛʨʝʛʘʮʠʝʡ) ʛʠʜʨʦʬʦʙʥʳʭ ʠ 

ʛʠʜʨʦʬʠʣʴʥʳʭ ʦʙʣʘʩʪʝʡ 

ʨʘʩʪʚʦʨʠʤʳʭ ʤʦʣʝʢʫʣ ʠʟ 

ʨʘʩʪʚʦʨʘ, ʪʦ ʬʦʨʤʠʨʦʚʘʥʠʝ 

ʪʝʨʤʦʪʨʦʧʥʳʭ ʞʠʜʢʠʭ 

ʢʨʠʩʪʘʣʣʦʚ ʫʧʨʘʚʣʷʝʪʩʷ 

ʨʘʟʜʝʣʝʥʠʝʤ ʭʠʤʠʯʝʩʢʠ ʥʝ 

ʩʦʚʤʝʩʪʠʤʳʭ ʬʨʘʛʤʝʥʪʦʚ 

ʤʦʣʝʢʫʣ ʜʨʫʛ ʩ ʜʨʫʛʦʤ, 

ʥʘʧʨʠʤʝʨ, ʞʝʩʪʢʠʭ 

ʘʨʦʤʘʪʠʯʝʩʢʠʭ ʢʦʣʝʮ ʠ ʛʠʙʢʠʭ 

ʘʣʢʠʣʴʥʳʭ ʭʚʦʩʪʦʚ ʚ ʤʦʣʝʢʫʣʝ 

[8].  

ʈʠʩʫʥʦʢ 4 - ʆʩʥʦʚʥʳʝ ʪʠʧʳ ʥʝʤʘʪʠʢʦʚ ʠ 
ʧʦʟʠʮʠʦʥʥʦ ʫʧʦʨʷʜʦʯʝʥʥʳʝ ʪʝʨʤʦʪʨʦʧʥʳʝ 
ʬʘʟʳ, ʦʙʨʘʟʦʚʘʥʥʳʝ ʩʪʝʨʞʥʝʧʦʜʦʙʥʳʤʠ, 
ʜʠʩʢʦʧʦʜʦʙʥʳʤʠ ʠ ʩʪʦʣʙʯʘʪʳʤʠ ʩʪʨʫʢʪʫʨʘʤʠ 
ʘʤʬʠʬʠʣʴʥʳʭ ʤʦʣʝʢʫʣ. N ï ʦʜʥʦʦʩʥʘʷ, ND ï 
ʜʠʩʢʦʚʘʷ (discotic), NCol ï ʩʪʦʣʙʯʘʪʘʷ 

(columnar) ʥʝʤʘʪʠʯʝʩʢʠʝ ʬʘʟʳ [7]. 

ʇʨʝʠʤʫʱʝʩʪʚʝʥʥʦʝ ʥʘʧʨʘʚʣʝʥʠʝ ʚʳʨʘʚʥʠʚʘʥʠʷ ʜʣʠʥʥʳʭ ʦʩʝʡ 

ʤʦʣʝʢʫʣ, ʧʨʠʥʷʪʦ ʭʘʨʘʢʪʝʨʠʟʦʚʘʪʴ ʝʜʠʥʠʯʥʳʤ ʚʝʢʪʦʨʦʤ, ʥʘʟʳʚʘʝʤʳʤ 

ʜʠʨʝʢʪʦʨʦʤ n, ʜʣʷ ʢʦʪʦʨʦʛʦ ʚʳʧʦʣʥʷʝʪʩʷ ʫʩʣʦʚʠʝ n = -n (ʈʠʩ. 4). 

ʅʝʤʘʪʠʯʝʩʢʠʝ ʞʠʜʢʠʝ ʢʨʠʩʪʘʣʣʳ (ʅɾʂ), ʜʣʷ ʢʦʪʦʨʳʭ ʭʘʨʘʢʪʝʨʝʥ ʜʘʣʴʥʠʡ 

ʦʨʠʝʥʪʘʮʠʦʥʥʳʡ ʧʦʨʷʜʦʢ ʠ ʧʦʣʥʘ ̫ʩʚʦʙʦʜʘ ʧʝʨʝʤʝʱʝʥʠʷ ʮʝʥʪʨʦʚ ʪʷʞʝʩʪʠ 

ʦʪʜʝʣʴʥʳʭ ʤʦʣʝʢʫʣ ʚ ʧʨʦʩʪʨʘʥʩʪʚʝ ʧʦʣʫʯʠʣʠ ʥʘʠʙʦʣʴʰʝʝ ʧʨʘʢʪʠʯʝʩʢʦʝ 

ʧʨʠʤʝʥʝʥʠʝ. ʅɾʂ ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʚʷʟʢʠʝ ʞʠʜʢʦʩʪʠ ʩ 

ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʤʠ ʩʚʦʡʩʪʚʘʤʠ. ɽʩʣʠ ʩʣʦʡ ʅɾʂ ʟʘʢʣʶʯʠʪʴ ʤʝʞʜʫ ʜʚʫʤʷ 

ʧʦʚʝʨʭʥʦʩʪʷʤʠ ʩ ʘʥʠʟʦʪʨʦʧʥʳʤʠ ʩʚʦʡʩʪʚʘʤʠ, ʪʦ ʚ ʨʝʟʫʣʴʪʘʪʝ ʤʝʞʬʘʟʥʦʛʦ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʤʦʣʝʢʫʣ ʩ ʪʚʝʨʜʦʡ ʧʦʚʝʨʭʥʦʩʪʴʶ ʤʦʞʥʦ ʟʘʜʘʪʴ 

ʥʘʧʨʘʚʣʝʥʠʝ ʦʨʠʝʥʪʘʮʠʠ ʠʭ ʜʣʠʥʥʳʭ ʦʩʝʡ ʚʙʣʠʟʠ ʵʪʦʡ ʧʦʚʝʨʭʥʦʩʪʠ. ʉʠʣʳ 

ʤʝʞʤʦʣʝʢʫʣʷʨʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʚʳʨʘʚʥʠʚʘʶʪ ʚ ʪʦʤ ʞʝ ʥʘʧʨʘʚʣʝʥʠʠ 

ʤʦʣʝʢʫʣʳ ʚ ʦʙʲʝʤʝ ʩʣʦʷ ʞʠʜʢʦʛʦ ʢʨʠʩʪʘʣʣʘ. ʆʜʥʦʨʦʜʥʦ ʦʨʠʝʥʪʠʨʦʚʘʥʥʳʡ 

ʩʣʦʡ ʞʠʜʢʦʛʦ ʢʨʠʩʪʘʣʣʘ ʧʨʠʦʙʨʝʪʘʝʪ ʩʚʦʡʩʪʚʘ ʦʜʥʦʦʩʥʦʛʦ ʤʦʥʦʢʨʠʩʪʘʣʣʘ 

ʠ ʩʪʘʥʦʚʠʪʩʷ ʧʨʦʟʨʘʯʝʥ. ʂʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʘʷ ʩʪʨʫʢʪʫʨʘ ʅɾʂ ʷʚʣʷʝʪʩʷ 

ʥʝʧʦʣʷʨʥʦʡ, ʪʘʢ ʢʘʢ ʥʘʧʨʘʚʣʝʥʠʷ ʢʦʥʮʦʚ ʤʦʣʝʢʫʣ ʠʤʝʝʪ ʨʘʚʥʦʚʝʨʦʷʪʥʦʝ 

ʨʘʩʧʨʝʜʝʣʝʥʠʝ, ʢ ʪʦʤʫ ʞʝ ʤʦʣʝʢʫʣʳ ʚʨʘʱʘʶʪʩʷ ʢʘʢ ʚʦʢʨʫʛ ʜʣʠʥʥʦʡ, ʪʘʢ ʠ 

ʚʦʢʨʫʛ ʢʦʨʦʪʢʦʡ ʦʩʝʡ.  
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Ä 1.2 ʇʘʨʘʤʝʪʨ ʦʨʠʝʥʪʘʮʠʦʥʥʦʛʦ ʧʦʨʷʜʢʘ, ʜʠʵʣʝʢʪʨʠʯʝʩʢʘʷ ʠ 

ʦʧʪʠʯʝʩʢʘʷ ʘʥʠʟʦʪʨʦʧʠʠ ʞʠʜʢʠʭ ʢʨʠʩʪʘʣʣʦʚ 

ʄʦʣʝʢʫʣʳ ʥʝʤʘʪʠʯʝʩʢʠʭ ʞʠʜʢʠʭ ʢʨʠʩʪʘʣʣʦʚ ʤʦʞʥʦ ʨʘʩʩʤʘʪʨʠʚʘʪʴ 

ʢʘʢ ʬʠʟʠʯʝʩʢʠʝ ʦʙʲʝʢʪʳ ʩʪʝʨʞʥʝʦʙʨʘʟʥʦʡ ʬʦʨʤʳ ʙʣʘʛʦʜʘʨʷ ʠʭ 

ʚʦʟʤʦʞʥʦʩʪʠ ʩʚʦʙʦʜʥʦʛʦ ʚʨʘʱʝʥʠʷ ʚʦʢʨʫʛ ʩʚʦʠʭ ʜʣʠʥʥʳʭ ʦʩʝʡ. 

ʂʦʣʠʯʝʩʪʚʝʥʥʦ ʩʪʝʧʝʥʴ ʫʧʦʨʷʜʦʯʝʥʥʦʩʪʠ ʪʘʢʠʭ ʦʜʥʦʦʩʥʳʭ ʤʦʣʝʢʫʣ 

ʞʠʜʢʦʛʦ ʢʨʠʩʪʘʣʣʘ ʦʧʨʝʜʝʣʷʝʪʩʷ ʧʘʨʘʤʝʪʨʦʤ ʦʨʠʝʥʪʘʮʠʦʥʥʦʛʦ ʧʦʨʷʜʢʘ 

Sop, ʚʚʝʜʝʥʥʳʤ ʎʚʝʪʢʦʚʳʤ. ɼʣʷ ʥʝʧʦʣʷʨʥʦʡ ʥʝʤʘʪʠʯʝʩʢʦʡ ʬʘʟʳ ʧʨʠ 

ʩʠʤʤʝʪʨʠʠ n = -n ʦʥ ʦʧʨʝʜʝʣʷʝʪʩʷ ʢʘʢ 

( )1cos321 2 -= jopS  (1.1) 

ʟʜʝʩʴ ű ð ʫʛʦʣ ʤʝʞʜʫ ʦʩʴʶ ʠʥʜʠʚʠʜʫʘʣʴʥʦʡ ʤʦʣʝʢʫʣʳ ʞʠʜʢʦʛʦ ʢʨʠʩʪʘʣʣʘ 

ʠ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʳʤ ʥʘʧʨʘʚʣʝʥʠʝʤ ʚʩʝʛʦ ʘʥʩʘʤʙʣʷ (ʨʠʩ.5) [9]. ʕʪʦ 

ʥʘʧʨʘʚʣʝʥʠʝ ʩʦʚʧʘʜʘʝʪ ʩ ʦʧʪʠʯʝʩʢʦʡ ʦʩʴʶ ʞʠʜʢʦʛʦ ʤʦʥʦʢʨʠʩʪʘʣʣʘ ʠ 

ʟʘʜʘʝʪʩʷ ʚʥʝʰʥʠʤ ʚʦʟʜʝʡʩʪʚʠʝʤ (ʧʦʚʝʨʭʥʦʩʪʴʶ ʪʚʝʨʜʦʛʦ ʪʝʣʘ, ʧʦʣʝʤ ʠʣʠ 

ʧʦʪʦʢʦʤ). ʉʪʝʧʝʥ ɹʫʧʦʨʷʜʦʯʝʥʥʦʩʪʠ ʜʣʷ ʪʚʝʨʜʳʭ ʢʨʠʩʪʘʣʣʦʚ Sop = 1, ʘ ʜʣʷ 

ʠʟʦʪʨʦʧʥʦ-ʞʠʜʢʦʡ ʬʘʟʳ Sop = 0. ɺ ʞʠʜʢʦʤ ʢʨʠʩʪʘʣʣʝ ʩ ʧʘʨʘʣʣʝʣʴʥʳʤ 

ʨʘʩʧʦʣʦʞʝʥʠʝʤ ʤʦʣʝʢʫʣ 0 < Sop < 1 ʠ ʵʪʦʪ ʧʘʨʘʤʝʪʨ ʧʦʣʥʦʩʪʴʶ ʦʧʨʝʜʝʣʷʝʪ 

ʘʥʠʟʦʪʨʦʧʠʶ ʵʣʝʢʪʨʠʯʝʩʢʠʭ ʠ ʦʧʪʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ. ɸʥʠʟʦʪʨʦʧʠʷ 

ʜʠʘʤʘʛʥʠʪʥʦʡ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ, ʘ ʪʘʢʞʝ ʵʣʝʢʪʨʦʥʥʦʡ ʯʘʩʪʠ 

ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʥʝʤʘʪʠʯʝʩʢʦʛʦ ʞʠʜʢʦʛʦ ʤʦʥʦʢʨʠʩʪʘʣʣʘ 

ʦʧʨʝʜʝʣʷʝʪʩʷ ʯʝʨʝʟ ʘʥʠʟʦʪʨʦʧʠʶ ʪʝʭ ʞʝ ʧʘʨʘʤʝʪʨʦʚ, ʯʪʦ ʠ ʜʣʷ ʪʚʝʨʜʳʭ 

ʚʝʱʝʩʪʚ. ɸʥʠʟʦʪʨʦʧʥʳʤʠ ʷʚʣʷʶʪʩʷ ʪʘʢ ʞʝ ʚʷʟʢʦʩʪʴ ʠ ʫʧʨʫʛʦʩʪʴ ʞʠʜʢʠʭ 

ʢʨʠʩʪʘʣʣʦʚ. ʇʨʠ Sop­ 0 ʤʦʥʦʪʦʥʥʦ ʩʥʠʞʘʶʪʩʷ ʦʧʪʠʯʝʩʢʘ ̫ ȹn ʠ 

ʜʠʵʣʝʢʪʨʠʯʝʩʢʘ ̫ȹŮ ʘʥʠʟʦʪʨʦʧʠʠ ʞʠʜʢʦʛʦ ʢʨʠʩʪʘʣʣʘ. ʄʠʢʨʦʩʢʦʧʠʯʝʩʢʠʡ ʠ 

ʤʘʢʨʦʩʢʦʧʠʯʝʩʢʠʡ ʧʦʜʭʦʜ ʢ ʦʧʨʝʜʝʣʝʥʠʶ ʧʘʨʘʤʝʪʨʘ ʦʨʠʝʥʪʘʮʠʦʥʥʦʛʦ 

ʧʦʨʷʜʢʘ ʧʦʜʨʦʙʥʦ ʜʘʥ ʚ [6]. 

ʅʝʤʘʪʠʯʝʩʢʠʝ ʞʠʜʢʠʝ ʢʨʠʩʪʘʣʣʳ, ʜʣʠʥʥʳʝ ʦʩʠ ʤʦʣʝʢʫʣ ʢʦʪʦʨʳʭ 

ʚʳʨʦʚʥʝʥʳ ʚ ʦʜʥʦʤ ʥʘʧʨʘʚʣʝʥʠʠ, ʷʚʣʷʶʪʩʷ ʘʥʠʟʦʪʨʦʧʥʦʡ 

ʢʦʥʜʝʥʩʠʨʦʚʘʥʥʦʡ ʩʨʝʜʦʡ. ɼʠʵʣʝʢʪʨʠʯʝʩʢʘʷ ʧʨʦʥʠʮʘʝʤʦʩʪʴ ʘʥʠʟʦʪʨʦʧʥʦʡ 

ʩʨʝʜʳ ʷʚʣʷʝʪʩʷ ʪʝʥʟʦʨʦʤ, ʭʘʨʘʢʪʝʨʠʟʫʝʤʳʤ ʜʚʫʤʷ ʛʣʘʚʥʳʤʠ ʟʥʘʯʝʥʠʷʤʠ 

ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ Ů|| ʠ Ů,̂ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʤʠ ʧʘʨʘʣʣʝʣʴʥʦʡ 

ʠ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦʡ ʜʠʨʝʢʪʦʨʫ ʞʠʜʢʦʛʦ ʢʨʠʩʪʘʣʣʘ ʩʦʩʪʘʚʣʷʶʱʠʤʠ. 

ɼʠʨʝʢʪʦʨ, ʟʘʜʘʥʥʳʡ ʚ ʥʝʢʦʪʦʨʦʡ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ ʪʦʯʢʝ, ʦʧʨʝʜʝʣʷʝʪ 

ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦʝ ʥʘʧʨʘʚʣʝʥʠʝ ʦʨʠʝʥʪʘʮʠʠ ʤʦʣʝʢʫʣʷʨʥʳʭ ʦʩʝʡ ʚ 

ʦʢʨʝʩʪʥʦʩʪʠ ʵʪʦʡ ʪʦʯʢʠ, ʘ ʪʘʢʞʝ ʟʘʜʘʝʪ ʩʦʙʩʪʚʝʥʥʫʶ ʣʦʢʘʣʴʥʫʶ ʩʠʩʪʝʤʫ 

ʢʦʦʨʜʠʥʘʪ. ɼʠʵʣʝʢʪʨʠʯʝʩʢʘ ̫ ʘʥʠʟʦʪʨʦʧʠ ̫ æŮ ʦʧʨʝʜʝʣʷʝʪʩʷ ʢʘʢ ʨʘʟʥʦʩʪʴ 

ʤʝʞʜʫ ʧʘʨʘʣʣʝʣʴʥʦʡ Ů// ʠ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦʡ Ů̂ ʜʠʨʝʢʪʦʨʫ ʩʦʩʪʘʚʣʷʶʱʠʤʠ 

ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʞʠʜʢʦʛʦ ʢʨʠʩʪʘʣʣʘ. ɿʥʘʢ 

ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʘʥʠʟʦʪʨʦʧʠʠ ʟʘʚʠʪ ʦʪ ʭʠʤʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ ʤʦʣʝʢʫʣ. 
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ɼʣʷ ʤʦʣʝʢʫʣ ʩ ʧʨʦʜʦʣʴʥʳʤ ʜʠʧʦʣʴʥʳʤ ʤʦʤʝʥʪʦʤ ʚʝʣʠʯʠʥʘ ȹŮ 

ʧʦʣʦʞʠʪʝʣʴʥʘ. ɺ ʦʙʣʘʩʪʠ ʯʘʩʪʦʪ ʜʝʙʘʝʚʩʢʦʡ ʨʝʣʘʢʩʘʮʠʠ ʜʠʧʦʣʝʡ ʟʥʘʢ ȹŮ 

ʤʦʞʝʪ ʠʟʤʝʥʠʪʴʩʷ.
 
ʋ ʩʪʝʨʞʥʝʦʙʨʘʟʥʳʭ ʤʦʣʝʢʫʣ ʞʠʜʢʦʛʦ ʢʨʠʩʪʘʣʣʘ 

ʥʘʠʙʦʣʴʰʝʝ ʟʥʘʯʝʥʠʝ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʚ ʦʧʪʠʯʝʩʢʦʤ 

ʩʧʝʢʪʨʘʣʴʥʦʤ ʜʠʘʧʘʟʦʥʝ, ʢʘʢ ʧʨʘʚʠʣʦ, ʦʙʝʩʧʝʯʠʚʘʝʪʩʷ ʵʣʝʢʪʨʦʥʥʦʡ 

ʧʦʣʷʨʠʟʫʝʤʦʩʪʴʶ ʚʜʦʣʴ ʜʠʨʝʢʪʦʨʘ. ʆʜʥʘʢʦ ʚ ʥʠʟʢʦʯʘʩʪʦʪʥʦʡ ʦʙʣʘʩʪʠ 

ʩʧʝʢʪʨʘ, ʛʜʝ ʩʫʱʝʩʪʚʝʥ ʚʢʣʘʜ ʦʪ ʜʨʫʛʠʭ ʨʝʣʘʢʩʘʮʠʦʥʥʳʭ ʤʦʜ, 

ʜʠʵʣʝʢʪʨʠʯʝʩʢʘʷ ʧʨʦʥʠʮʘʝʤʦʩʪʴ ʚʜʦʣʴ ʜʠʨʝʢʪʦʨʘ ʤʦʞʝʪ ʙʳʪʴ ʤʝʥʴʰʝ, ʯʝʤ 

ʚ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦʤ ʥʘʧʨʘʚʣʝʥʠʠ. ɺ ɻʪʦʤ ʩʣʫʯʘʝ ɾʂ ʠʤʝʝʪ 

ʦʪʨʠʮʘʪʝʣʴʥʫʶ ʜʠʵʣʝʢʪʨʠʯʝʩʢʫʶ ʘʥʠʟʦʪʨʦʧʠʶ. 

 
ʈʠʩʫʥʦʢ 5 - ʉʭʝʤʘ ʠʟʤʝʥʝʥʠʷ ʦʨʠʝʥʪʘʮʠʠ ʤʦʣʝʢʫʣ ʚ ʵʣʝʢʪʨʠʯʝʩʢʦʤ ʧʦʣʝ ʚ 
ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʟʥʘʢʘ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʘʥʠʟʦʪʨʦʧʠʠ ʧʨʠ ʧʘʨʘʣʣʝʣʴʥʦʡ (ʘ) ʠ 

ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦʡ (b) ʦʨʠʝʥʪʘʮʠʠ ʦʪʥʦʩʠʪʝʣʴʥʦ ʚʝʢʪʦʨʘ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ [8]. 

ʇʦʚʝʜʝʥʠʝ ʞʠʜʢʠʭ ʢʨʠʩʪʘʣʣʦʚ ʚ ʵʣʝʢʪʨʠʯʝʩʢʦʤ ʧʦʣʝ ʟʘʚʠʩʠʪ ʦʪ 

ʟʥʘʢʘ ȹŮ. ʀʥʜʫʮʠʨʫʝʤʘʷ ʧʦʣʷʨʠʟʘʮʠʷ ʩʦʟʜʘʝʪ ʜʠʧʦʣʴʥʳʡ ʤʦʤʝʥʪ ʤʦʣʝʢʫʣ, 

ʢʦʪʦʨʳʡ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʟʥʘʢʘ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʘʥʠʟʦʪʨʦʧʠʠ ʫʧʨʘʚʣʷʝʪ 

ʧʝʨʝʦʨʠʝʥʪʘʮʠʝʡ ʧʘʨʘʣʣʝʣʴʥʦ (ʘ) ʠʣʠ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦ (b) ʥʘʧʨʘʚʣʝʥʠ ʁ

ʧʦʣʷ (ʨʠʩ. 5) [8]. ʇʨʠ ʧʨʠʣʦʞʝʥʠʠ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ ʢ ʩʣʦʶ ɾʂ 

ʧʨʦʠʩʭʦʜʠʪ ʠʟʤʝʥʝʥʠʝ ʧʦʣʷʨʠʟʘʮʠʠ ʤʦʣʝʢʫʣ, ʢʦʪʦʨʦʝ ʧʨʠʚʦʜʠʪ ʢ 

ʧʝʨʝʦʨʠʝʥʪʘʮʠʠ ʜʠʨʝʢʪʦʨʘ n. ɽʩʣʠ ɾʂ ʠʤʝʝʪ ʧʦʣʦʞʠʪʝʣʴʥʫʶ 

ʜʠʵʣʝʢʪʨʠʯʝʩʢʫʶ ʘʥʠʟʦʪʨʦʧʠʶ, ʪ.ʝ. Ů// > Ů̂ ʜʠʨʝʢʪʦʨ ʙʫʜʝʪ ʠʤʝʪʴ 

ʪʝʥʜʝʥʮʠʶ ʦʨʠʝʥʪʠʨʦʚʘʪʴʩʷ ʧʘʨʘʣʣʝʣʴʥʦ ʧʦʣʶ, ʧʨʠʣʦʞʝʥʥʦʤʫ 

ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦ ʩʣʦʶ ɾʂ ʠ, ʥʘʦʙʦʨʦʪ, ʧʨʠ ʦʪʨʠʮʘʪʝʣʴʥʦʡ 

ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʘʥʠʟʦʪʨʦʧʠʠ, ʢʦʛʜʘ Ů// < Ů̂ ʧʨʠʣʦʞʝʥʠʝ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ 

ʧʦʣ̫ ʧʨʠʚʦʜʠʪ ʢ ʦʨʠʝʥʪʘʮʠʠ ʜʠʨʝʢʪʦʨʘ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦ ʝʛʦ 

ʥʘʧʨʘʚʣʝʥʠʶ. ɼʠʵʣʝʢʪʨʠʯʝʩʢʘʷ ʧʨʦʥʠʮʘʝʤʦʩʪʴ ʦʜʥʦʦʩʥʦʡ ʬʘʟʳ ʥʝ ʟʘʚʠʩʠʪ 

ʦʪ ʘʟʠʤʫʪʘʣʴʥʦʛʦ ʫʛʣʘ ʠ ʤʦʞʝʪ ʙʳʪʴ ʚʳʨʘʞʝʥʘ ʢʘʢ  

( ),cossin)( 2
1

2222 qeqeqe ^^ +=  (1.2) 
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ʛʜʝ q - ʧʦʣʷʨʥʳʡ ʫʛʦʣ. ʉʪʨʫʢʪʫʨʘ ʵʪʦʡ ʬʦʨʤʫʣʳ ʙʫʜʝʪ ʚʝʨʥʘ ʜʣʷ ʣʶʙʳʭ 

ʩʚʦʡʩʪʚ ʦʜʥʦʦʩʥʳʭ ʬʘʟ, ʢʦʪʦʨʳʝ ʦʧʠʩʳʚʘʶʪʩʷ ʬʦʨʤʫʣʦʡ ʪʝʥʟʦʨʘ, ʪʘʢʠʭ 

ʢʘʢ ʤʘʛʥʠʪʥʘʷ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʴ, ʪʝʨʤʦ- ʠ ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʴ, ʜʠʬʬʫʟʠʷ 

ʠ ʜʨʫʛʠʝ [6]. ɾʠʜʢʠʡ ʤʦʥʦʢʨʠʩʪʘʣʣ ʠʟ-ʟʘ ʘʥʠʟʦʪʨʦʧʠʠ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ 

ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʠ ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʠ ʠʩʧʳʪʳʚʘʝʪ ʚʨʘʱʘʶʱʠʡ ʤʦʤʝʥʪ, 

ʩʪʨʝʤʷʱʠʡʩʷ ʧʦʥʠʟʠʪʴ ʵʥʝʨʛʠʶ ʘʥʠʟʦʪʨʦʧʥʦʛʦ ʪʝʣʘ ʚ ʵʣʝʢʪʨʠʯʝʩʢʦʤ ʧʦʣʝ. 

ɺʩʣʝʜʩʪʚʠʝ ʦʪʥʦʩʠʪʝʣʴʥʦ ʥʝʙʦʣʴʰʦʡ ʚʷʟʢʦʩʪʠ ʠ ʚʥʫʪʨʝʥʥʝʛʦ ʪʨʝʥʠʷ 

ʞʠʜʢʦʩʪʠ ʚʨʘʱʘʶʱʠʡ ʤʦʤʝʥʪ ʧʨʠʚʦʜʠʪ ʢ ʧʝʨʝʦʨʠʝʥʪʘʮʠʠ ʜʠʨʝʢʪʦʨʘ 

ʞʠʜʢʦʛʦ ʤʦʥʦʢʨʠʩʪʘʣʣʘ ʟʘ ʦʪʥʦʩʠʪʝʣʴʥʦ ʢʦʨʦʪʢʦʝ ʚʨʝʤʷ (ʵʪʦʛʦ ʥʝ 

ʩʣʫʯʠʣʦʩʴ ʙʳ ʩ ʪʚʝʨʜʳʤʠ ʢʨʠʩʪʘʣʣʘʤʠ ʠʟ-ʟʘ ʩʠʣ ʪʨʝʥʠʷ). ʃʁ ʙʦʝ ʠʟʤʝʥʝʥʠʝ 

ʩʪʨʫʢʪʫʨʳ ʞʠʜʢʦʛʦ ʢʨʠʩʪʘʣʣʘ ʣʝʛʢʦ ʬʠʢʩʠʨʫʝʪʩʷ ʦʧʪʠʯʝʩʢʠ ʚ ʧʦʣʥʦʡ 

ʘʥʘʣʦʛʠʠ ʩʦ ʩʚʦʡʩʪʚʘʤʠ ʪʚʝʨʜʳʭ ʢʨʠʩʪʘʣʣʦʚ, ʙʣʘʛʦʜʘʨʷ ʙʦʣʴʰʦʡ 

ʘʥʠʟʦʪʨʦʧʠʠ ʦʧʪʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ (ʧʦʢʘʟʘʪʝʣʝʡ ʧʨʝʣʦʤʣʝʥʠʷ ʠ 

ʢʦʵʬʬʠʮʠʝʥʪʘ ʧʦʛʣʦʱʝʥʠʷ).  

ɸʥʠʟʦʪʨʦʧʥʘʷ ʬʦʨʤʘ ʤʦʣʝʢʫʣ ʚʳʟʳʚʘʝʪ ʦʪʣʠʯʠʝ ʧʦʢʘʟʘʪʝʣʝʡ 

ʧʨʝʣʦʤʣʝʥʠʷ ʜʣʷ ʥʝʦʙʳʢʥʦʚʝʥʥʦʛʦ ʠ ʦʙʳʢʥʦʚʝʥʥʦʛʦ ʣʫʯʝʡ ne ʠ nʦ, ʯʪʦ 

ʩʚʷʟʘʥʦ ʩ ʧʦʣʷʨʠʟʘʮʠʝʡ ʩʚʝʪʘ ʚ ʥʘʧʨʘʚʣʝʥʠʠ ʧʘʨʘʣʣʝʣʴʥʦʤ ʠ 

ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦʤ ʜʠʨʝʢʪʦʨʫ ʥʝʤʘʪʠʯʝʩʢʦʛʦ ʞʠʜʢʦʛʦ ʢʨʠʩʪʘʣʣʘ. 

ʆʧʪʠʯʝʩʢʘ ̫ʘʥʠʟʦʪʨʦʧʠʷ ʞʠʜʢʦʛʦ ʢʨʠʩʪʘʣʣʘ æn, ʦʧʨʝʜʝʣʷʝʪʩʷ ʢʘʢ ʨʘʟʥʠʮʘ 

ʤʝʞʜʫ ʧʦʢʘʟʘʪʝʣʝʤ ʧʨʝʣʦʤʣʝʥʠʷ ʜʣʷ ʦʙʳʢʥʦʚʝʥʥʦʛʦ ʣʫʯʘ no ʠ ʧʦʢʘʟʘʪʝʣʝʤ 

ʧʨʝʣʦʤʣʝʥʠʷ ʜʣʷ ʥʝʦʙʳʢʥʦʚʝʥʥʦʛʦ ʣʫʯʘ ne. ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ȹn > 0 

ʚʦ ʚʩʝʭ ʠʟʚʝʩʪʥʳʭ ʞʠʜʢʠʭ ʢʨʠʩʪʘʣʣʘʭ ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʘʥʠʟʦʪʨʦʧʠʝʡ 

ʵʣʝʢʪʨʦʥʥʦʡ ʧʦʣʷʨʠʟʫʝʤʦʩʪʠ ʤʦʣʝʢʫʣ. ɺʝʣʠʯʠʥʘ æn ʤʦʞʝʪ ʫʤʝʥʴʰʘʪʴʩʷ ʩ 

ʫʚʝʣʠʯʝʥʠʝʤ ʪʝʤʧʝʨʘʪʫʨʳ ʠʟ-ʟʘ ʩʥʠʞʝʥʠʷ ʧʘʨʘʤʝʪʨʘ ʧʦʨʷʜʢʘ. ʀʟʤʝʥʝʥʠʝ 

ʜʠʨʝʢʪʦʨʘ ʞʠʜʢʦʛʦ ʢʨʠʩʪʘʣʣʘ ʚ ʵʣʝʢʪʨʠʯʝʩʢʦʤ ʧʦʣʝ, ʚʳʟʚʘʥʥʦʝ ʚʨʘʱʝʥʠʝʤ 

ʤʦʣʝʢʫʣ, ʧʨʠʚʦʜʠʪ ʢ ʠʟʤʝʥʝʥʠʶ ʚʝʣʠʯʠʥʳ ʩʦʩʪʘʚʣʷʶʱʝʡ ne ʧʘʨʘʣʣʝʣʴʥʦʡ 

ʚʝʢʪʦʨʫ ʧʦʣʷ, ʯʪʦ ʚʳʟʳʚʘʝʪ ʦʩʮʠʣʣʷʮʠʠ ʦʧʪʠʯʝʩʢʦʛʦ ʧʨʦʧʫʩʢʘʥʠʷ ʩʚʝʪʘ, 

ʧʨʦʭʦʜʷʱʝʛʦ ʯʝʨʝʟ ɾʂ ʩʣʦʡ. ʕʪʦ ʩʚʦʡʩʪʚʦ ʞʠʜʢʦʛʦ ʢʨʠʩʪʘʣʣʘ 

ʠʩʧʦʣʴʟʫʝʪʩʷ ʜʣʷ ʧʝʨʝʢʣʶʯʝʥʠʷ ʦʧʪʠʯʝʩʢʦʛʦ ʧʨʦʧʫʩʢʘʥʠʷ ʩʚʝʪʘ ʤʝʞʜʫ 

çʩʚʝʪʣʳʤè ʠ çʪʝʤʥʳʤè ʩʦʩʪʦʷʥʠʷʤʠ ʚ ɾʂ ʫʩʪʨʦʡʩʪʚʘʭ.  

ʈʘʟʥʦʦʙʨʘʟʠʝ ʚʦʟʤʦʞʥʳʭ ʩʪʨʫʢʪʫʨ, ʘʥʠʟʦʪʨʦʧʠʠ ʪʘʢʠʭ ʧʘʨʘʤʝʪʨʦʚ, 

ʢʘʢ ȹŮ, ȹn, ʧʨʦʚʦʜʠʤʦʩʪʠ, ʚʷʟʢʦʩʪʠ ʠ ʫʧʨʫʛʦʩʪʠ, ʘ ʪʘʢʞʝ ʚʦʟʤʦʞʥʦʩʪʴ 

ʚʘʨʠʘʮʠʠ ʛʨʘʥʠʯʥʳʭ ʫʩʣʦʚʠʡ ʤʝʞʬʘʟʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʩ ʧʦʚʝʨʭʥʦʩʪʴʶ 

ʪʚʝʨʜʦʛʦ ʪʝʣʘ ʩʧʦʩʦʙʩʪʚʫʶʪ ʨʝʘʣʠʟʘʮʠʠ ʨʘʟʣʠʯʥʳʭ ʵʣʝʢʪʨʦʦʧʪʠʯʝʩʢʠʭ 

ʵʬʬʝʢʪʦʚ ʚ ʞʠʜʢʠʭ ʢʨʠʩʪʘʣʣʘʭ. 
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ɻʃɸɺɸ 2 

ɼɽʌʆʈʄɸʎʀʗ ʅɽʄɸʊʀʏɽʉʂʆɻʆ ɾʀɼʂʆɻʆ ʂʈʀʉʊɸʃʃɸ ɺ 

ʕʃɽʂʊʈʀʏɽʉʂʆʄ ʇʆʃɽ  

Ä 2.1 ʆʩʦʙʝʥʥʦʩʪʠ ʜʝʬʦʨʤʘʮʠʠ ʥʝʤʘʪʠʯʝʩʢʦʛʦ ʞʠʜʢʦʛʦ 

ʢʨʠʩʪʘʣʣʘ 

ɼʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʜʝʬʦʨʤʘʮʠʠ ʪʦʥʢʦʛʦ ʩʣʦʷ ʥʝʤʘʪʠʯʝʩʢʦʛʦ ʞʠʜʢʦʛʦ 

ʢʨʠʩʪʘʣʣʘ ʚ ʵʣʝʢʪʨʠʯʝʩʢʦʤ ʧʦʣʝ ʥʝʦʙʭʦʜʠʤʦ ʟʘʜʘʪʴ ʦʧʨʝʜʝʣʝʥʥʫʶ 

ʦʨʠʝʥʪʘʮʠʶ ʤʦʣʝʢʫʣ ʫ ʩʪʝʥʦʢ ʧʣʦʩʢʦʧʘʨʘʣʣʝʣʴʥʦʡ ʷʯʝʡʢʠ, ʩʦʙʨʘʥʥʦʡ ʠʟ 

ʜʚʫʭ ʧʦʜʣʦʞʝʢ. ʄʦʣʝʢʫʣʳ ʧʦʩʣʝʜʫʶʱʠʭ ʩʣʦʝʚ ʚ ʦʙʲʝʤʝ ʞʠʜʢʦʛʦ 

ʢʨʠʩʪʘʣʣʘ ʙʫʜʫʪ ʦʨʠʝʥʪʠʨʦʚʘʪʴʩʷ ʚ ʟʘʜʘʥʥʦʤ ʥʘʧʨʘʚʣʝʥʠʠ ʚ ʨʝʟʫʣʴʪʘʪʝ 

ʜʝʡʩʪʚʠʷ ʩʠʣ ʤʝʞʤʦʣʝʢʫʣʷʨʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ. ʆʨʠʝʥʪʘʮʠʷ ʜʠʨʝʢʪʦʨʘ 

ʞʠʜʢʦʛʦ ʢʨʠʩʪʘʣʣʘ ʦʪʥʦʩʠʪʝʣʴʥʦ ʛʨʘʥʠʮʳ ʨʘʟʜʝʣʘ ʩ ʧʦʚʝʨʭʥʦʩʪʴʶ 

ʪʚʝʨʜʦʛʦ ʪʝʣʘ ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ ʥʘʯʘʣʴʥʳʤ ʫʛʣʦʤ ʥʘʢʣʦʥʘ qp (pretilt). ɼʣʷ 

ʛʦʤʦʛʝʥʥʦʡ (ʧʣʘʥʘʨʥʦʡ) ʦʨʠʝʥʪʘʮʠʠ qp º 0 ʠ ʜʠʨʝʢʪʦʨ n ʚ ʦʪʩʫʪʩʪʚʠʝ 

ʚʥʝʰʥʝʛʦ ʚʦʟʜʝʡʩʪʚʠʷ ʧʘʨʘʣʣʝʣʝʥ ʧʦʚʝʨʭʥʦʩʪʠ. ʆʨʠʝʥʪʘʮʠʷ ʞʠʜʢʦʛʦ 

ʢʨʠʩʪʘʣʣʘ ʩ ʥʘʯʘʣʴʥʳʤ ʫʛʣʦʤ ʥʘʢʣʦʥʘ ʜʠʨʝʢʪʦʨʘ qp, ʨʘʚʥʦʤ p/2, 

ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʛʦʤʝʦʪʨʦʧʥʦʡ ʦʨʠʝʥʪʘʮʠʠ ʞʠʜʢʦʛʦ ʢʨʠʩʪʘʣʣʘ. ɺ ʨʝʘʣʴʥʳʭ 

ɾʂ ʫʩʪʨʦʡʩʪʚʘʭ ʫʛʦʣ qp ʤʦʞʝʪ ʠʤʝʪʴ ʧʨʦʤʝʞʫʪʦʯʥʫʶ ʚʝʣʠʯʠʥʫ 

0 < qp < p/2. ʉʭʝʤʘʪʠʯʝʩʢʠ ʵʪʠ ʪʠʧʳ ʦʨʠʝʥʪʘʮʠʠ ʜʠʨʝʢʪʦʨʘ ʧʦʢʘʟʘʥʳ ʥʘ 

ʨʠʩ. 6. ɼʠʨʝʢʪʦʨ, ʟʘʜʘʥʥʳʡ ʚ ʥʝʢʦʪʦʨʦʡ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ ʪʦʯʢʝ, 

ʦʧʨʝʜʝʣʷʝʪ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦʝ ʥʘʧʨʘʚʣʝʥʠʝ ʦʨʠʝʥʪʘʮʠʠ ʤʦʣʝʢʫʣʷʨʥʳʭ 

ʦʩʝʡ ʚ ʦʢʨʝʩʪʥʦʩʪʠ ʵʪʦʡ ʪʦʯʢʠ, ʘ ʪʘʢʞʝ ʟʘʜʘʝʪ ʩʦʙʩʪʚʝʥʥʫʶ ʣʦʢʘʣʴʥʫʶ 

ʩʠʩʪʝʤʫ ʢʦʦʨʜʠʥʘʪ. 

 

ʈʠʩʫʥʦʢ 6 - ʊʠʧr ʦʨʠʝʥʪʘʮʠʠ ʤʦʣʝʢʫʣ ʅɾʂ. 

ʄʝʞʬʘʟʥʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʞʠʜʢʦʛʦ ʢʨʠʩʪʘʣʣʘ ʠ ʪʚʝʨʜʦʡ 

ʧʦʚʝʨʭʥʦʩʪʴʶ
 
ʦʧʨʝʜʝʣʷʝʪ ʵʥʝʨʛʠʶ ʩʮʝʧʣʝʥʠʷ ʠ ʚʣʠʷʝʪ ʥʘ ʧʦʨʦʛ 

ʵʣʝʢʪʨʦʦʧʪʠʯʝʩʢʦʛʦ ʵʬʬʝʢʪʘ, ʧʨʠ ʢʦʪʦʨʦʤ ʥʘʯʠʥʘʝʪʩʷ ʧʝʨʝʦʨʠʝʥʪʘʮʠʷ 
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ʤʦʣʝʢʫʣ ʠ ʠʟʤʝʥʝʥʠʝ ʫʛʣʘ ʥʘʢʣʦʥʘ ʜʠʨʝʢʪʦʨʘ. ʈʘʟʣʠʯʘʶʪ ʩʣʫʯʘʠ ʞʝʩʪʢʦʛʦ 

ʩʮʝʧʣʝʥʠʷ (anchoring), ʢʦʛʜʘ ʵʥʝʨʛʠʷ ʩʮʝʧʣʝʥʠʷ W­¤, ʠ ʩʣʘʙʦʛʦ 

ʩʮʝʧʣʝʥʠʷ, ʢʦʛʜʘ ʵʥʝʨʛʠʷ ʩʮʝʧʣʝʥʠʷ ʠʤʝʝʪ ʢʦʥʝʯʥʫʶ ʚʝʣʠʯʠʥʫ.  

ʇʨʠ ʧʨʠʣʦʞʝʥʠʠ ʢ ʩʣʦʶ ʞʠʜʢʦʛʦ ʢʨʠʩʪʘʣʣʘ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʠʣʠ 

ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʧʨʦʠʩʭʦʜʠʪ ʝʛʦ ʫʧʨʫʛʘʷ ʜʝʬʦʨʤʘʮʠʷ. ʋʧʨʫʛʦʩʪʴ ʞʠʜʢʠʭ 

ʢʨʠʩʪʘʣʣʦʚ ʩʚʷʟʘʥʘ ʩ ʣʦʢʘʣʴʥʳʤ ʠʟʤʝʥʝʥʠʝʤ ʦʨʠʝʥʪʘʮʠʠ ʜʣʠʥʥʳʭ ʦʩʝʡ 

ʤʦʣʝʢʫʣ. ɼʝʬʦʨʤʘʮʠ ̫ ʞʠʜʢʦʛʦ ʢʨʠʩʪʘʣʣʘ ʦʪʣʠʯʘʝʪʩʷ ʦʪ ʜʝʬʦʨʤʘʮʠʠ 

ʨʘʩʪʷʞʝʥʠʷ ʠʣʠ ʩʞʘʪʠʷ ʧʨʠ ʠʟʛʠʙʘʭ ʠ ʧʦʩʪʫʧʘʪʝʣʴʥʦʛʦ ʜʚʠʞʝʥʠʷ ʯʘʩʪʠʮ 

ʧʨʠ ʢʨʫʯʝʥʠʠ ʪʚʝʨʜʦʛʦ ʪʝʣʘ, ʪʘʢ ʢʘʢ ʦʥʘ ʧʨʦʠʩʭʦʜʠʪ ʚ ʨʝʟʫʣʴʪʘʪʝ 

ʧʨʦʩʢʘʣʴʟʳʚʘʥʠʷ ʦʜʥʠʭ ʩʣʦʝʚ ʦʪʥʦʩʠʪʝʣʴʥʦ ʜʨʫʛʠʭ.  

ɾʠʜʢʠʝ ʢʨʠʩʪʘʣʣʳ ʙʣʘʛʦʜʘʨʷ ʠʭ ʧʦʜʚʠʞʥʦʡ ʩʪʨʫʢʪʫʨʝ ʠʟʤʝʥʷʶʪ 

ʩʚʦʶ ʦʨʠʝʥʪʘʮʠʶ ʧʦʜ ʚʣʠʷʥʠʝʤ ʩʣʘʙʳʭ ʚʥʝʰʥʠʭ ʚʦʟʜʝʡʩʪʚʠʡ. ɺʩʣʝʜʩʪʚʠʝ 

ʘʥʠʟʦʪʨʦʧʠʠ ʜʠʘʤʘʛʥʠʪʥʦʡ Dc ʠ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ De 

ʩʚʦʙʦʜʥʘʷ ʵʥʝʨʛʠʷ ʘʥʩʘʤʙʣʷ ʤʦʣʝʢʫʣ ʅɾʂ ʚʦ ʚʥʝʰʥʝʤ ʤʘʛʥʠʪʥʦʤ ʠʣʠ 

ʵʣʝʢʪʨʠʯʝʩʢʦʤ ʧʦʣʝ ʠʤʝʝʪ ʤʠʥʠʤʫʤ ʧʨʠ ʚʧʦʣʥʝ ʦʧʨʝʜʝʣʝʥʥʦʡ ʦʨʠʝʥʪʘʮʠʠ 

ʜʠʨʝʢʪʦʨʘ n ʦʪʥʦʩʠʪʝʣʴʥʦ ʧʦʣʷ. ʇʨʠ ʧʦʣʦʞʠʪʝʣʴʥʳʭ ʟʥʘʯʝʥʠʷʭ Dc ʠ De 

ʜʠʨʝʢʪʦʨ ʩʪʨʝʤʠʪʩʷ ʫʩʪʘʥʦʚʠʪʴʩʷ ʚʜʦʣʴ ʧʦʣʷ, ʧʨʠ ʦʪʨʠʮʘʪʝʣʴʥʳʭ ï 

ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦ ʝʤʫ (ʨʠʩ. 6). ʇʦʵʪʦʤʫ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʟʥʘʢʘ 

ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʘʥʠʟʦʪʨʦʧʠʠ ʞʠʜʢʦʛʦ ʢʨʠʩʪʘʣʣʘ ʬʦʨʤʠʨʫʝʪʩʷ 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʘʷ ʠʩʭʦʜʥʘʷ ʦʨʠʝʥʪʘʮʠʷ ʤʦʣʝʢʫʣ. ʊʘʢ ʜʣʷ ʞʠʜʢʦʛʦ 

ʢʨʠʩʪʘʣʣʘ ʩ ʧʦʣʦʞʠʪʝʣʴʥʦʡ æŮ ʠʩʧʦʣʴʟʫʝʪʩʷ ʠʩʭʦʜʥʘʷ ʧʘʨʘʣʣʝʣʴʥʘʷ 

ʦʨʠʝʥʪʘʮʠʷ ʤʦʣʝʢʫʣ, ʘ ʜʣʷ ʞʠʜʢʦʛʦ ʢʨʠʩʪʘʣʣʘ ʩ ʦʪʨʠʮʘʪʝʣʴʥʦʡ 

ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʘʥʠʟʦʪʨʦʧʠʝʡ ʥʘʯʘʣʴʥʘʷ ʦʨʠʝʥʪʘʮʠʷ ʤʦʣʝʢʫʣ ʚ ʩʣʦʝ 

ʜʦʣʞʥʘ ʙʳʪʴ ʛʦʤʝʦʪʨʦʧʥʦʡ (ʚʝʨʪʠʢʘʣʴʥʦʡ).  

ɽʩʣʠ ʚ ʠʩʭʦʜʥʦʤ ʩʦʩʪʦʷʥʠʠ ʥʘʧʨʘʚʣʝʥʠʷ ʚʝʢʪʦʨʘ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ 

ʧʦʣʷ ʠ ʜʠʨʝʢʪʦʨʘ ʞʠʜʢʦʛʦ ʢʨʠʩʪʘʣʣʘ ʥʝ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʫʩʣʦʚʠʶ 

ʤʠʥʠʤʫʤʘ ʩʚʦʙʦʜʥʦʡ ʵʥʝʨʛʠʠ, ʪʦ ʚ ʵʣʝʢʪʨʠʯʝʩʢʦʤ ʧʦʣʝ, ʩʧʦʩʦʙʥʦʤ 

ʧʨʝʦʜʦʣʝʪʴ ʩʠʣʳ ʤʝʞʬʘʟʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʠ ʫʧʨʫʛʦʩʪʠ ʞʠʜʢʦʛʦ 

ʢʨʠʩʪʘʣʣʘ, ʧʨʦʠʟʦʡʜʝʪ ʧʝʨʝʦʨʠʝʥʪʘʮʠʷ ʤʦʣʝʢʫʣ. ʆʩʥʦʚʥʳʤ ʪʠʧʘʤ 

ʜʝʬʦʨʤʘʮʠʠ ʪʚʝʨʜʦʛʦ ʪʝʣʘ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʪʨʠ ʪʠʧʘ ʜʝʬʦʨʤʘʮʠʠ ʩʣʦʷ 

ʞʠʜʢʦʛʦ ʢʨʠʩʪʘʣʣʘ. 

¶ ʈʘʩʪʷʞʝʥʠ ʁ ʩʦʦʪʚʝʪʩʪʚʫʝʪ splay-ʜʝʬʦʨʤʘʮʠʷ. ɽʩʣʠ ȹŮ > 0, ʘ 

ʜʠʨʝʢʪʦʨ ʞʠʜʢʦʛʦ ʢʨʠʩʪʘʣʣʘ ʚ ʠʩʭʦʜʥʦʤ ʩʦʩʪʦʷʥʠʠ ʧʘʨʘʣʣʝʣʝʥ 

ʧʦʚʝʨʭʥʦʩʪʠ ʵʣʝʢʪʨʦʜʘ, ʪʦ ʜʝʡʩʪʚʠʝ ʚʥʝʰʥʝʛʦ ʧʦʣʷ ʚʳʟʳʚʘʝʪ  

S-ʵʬʬʝʢʪ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʵʪʦʛʦ ʵʬʬʝʢʪʘ ʜʣʠʥʥʳʝ ʦʩʠ ʤʦʣʝʢʫʣ 

ʩʪʨʝʤʷʪʩʷ ʨʘʟʚʝʨʥʫʪʴʩʷ ʚʜʦʣʴ ʚʝʢʪʦʨʘ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ.  

¶ ʀʟʛʠʙʫ ʩʦʦʪʚʝʪʩʪʚʫʝʪ bend-ʜʝʬʦʨʤʘʮʠʷ. ɽʩʣʠ ȹŮ < 0 ʠ ʚ ʠʩʭʦʜʥʦʤ 

ʩʦʩʪʦʷʥʠʠ ʜʠʨʝʢʪʦʨ ʞʠʜʢʦʛʦ ʢʨʠʩʪʘʣʣʘ ʥʘʧʨʘʚʣʝʥ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦ 

ʧʦʚʝʨʭʥʦʩʪʠ ʵʣʝʢʪʨʦʜʦʚ. ʇʨʠ ʧʨʠʣʦʞʝʥʠʠ ʢ ʩʣʦʁ ʞʠʜʢʦʛʦ 

ʢʨʠʩʪʘʣʣʘ ʚʥʝʰʥʝʛʦ ʧʦʣʷ ʜʣʠʥʥʳʝ ʦʩʠ ʤʦʣʝʢʫʣ ʩʪʨʝʤʪ̫ʩʷ 



 

 

22 

ʧʝʨʝʦʨʠʝʥʪʠʨʦʚʘʪʴʩʷ ʠʟ ʠʩʭʦʜʥʦʛʦ ʚ ʚʝʨʪʠʢʘʣʴʥʦʝ ʧʦʣʦʞʝʥʠʝ, 

ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦ ʥʘʧʨʘʚʣʝʥʠʶ ʚʝʢʪʦʨʘ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ ʠ 

ʥʘʙʣʶʜʘʝʪʩʷ ɺ-ʵʬʬʝʢʪ.  

¶ ʂʨʫʯʝʥʠʁ  ʩʦʦʪʚʝʪʩʪʚʫʝʪ torsion-ʜʝʬʦʨʤʘʮʠʷ. ɽʩʣʠ ʧʨʠ ȹŮ > 0 ʠ ʚ 

ʠʩʭʦʜʥʦʤ ʩʦʩʪʦʷʥʠʠ ʦʨʠʝʥʪʘʮʠ ̫ʜʠʨʝʢʪʦʨʦʚ ʙʣʠʟʠ ʧʦʚʝʨʭʥʦʩʪʝʡ, 

ʦʛʨʘʥʠʯʠʚʘʶʱʠʭ ʩʣʦʡ ʞʠʜʢʦʛʦ ʢʨʠʩʪʘʣʣʘ, ʚʟʘʠʤʥʦ 

ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʳ, ʪʦ ʚʦʟʥʠʢʘʝʪ ʟʘʢʨʫʯʝʥʥʘ ̫ ʩʪʨʫʢʪʫʨʘ, ʢʦʪʦʨʘʷ 

ʧʦʚʦʨʘʯʠʚʘʝʪ ʧʣʦʩʢʦʩʪʴ ʧʦʣʷʨʠʟʘʮʠʠ ʧʨʦʭʦʜʷʱʝʛʦ ʧʫʯʢʘ ʩʚʝʪʘ ʥʘ 

90
ʦ
. ɺʥʝʰʥʝʝ ʧʦʣʝ, ʧʨʠʣʦʞʝʥʥʦʝ ʢ ʵʪʦʤʫ ʩʣʦʶ, ʚʳʟʳʚʘʝʪ ʪʚʠʩʪ-

ʵʬʬʝʢʪ, ʢʦʪʦʨʳʡ ʨʘʟʚʦʨʘʯʠʚʘʝʪ ʜʠʨʝʢʪʦʨ ʚʜʦʣʴ ʚʝʢʪʦʨʘ 

ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ.  

ɼʝʬʦʨʤʘʮʠʷ ʞʠʜʢʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʨʝʜ r ʩ ʦʜʥʦʨʦʜʥʳʤ 

ʨʘʩʧʨʝʜʝʣʝʥʠʝʤ ʧʦʣʷ ʜʠʨʝʢʪʦʨʘ n(r) ʧʨʦʠʩʭʦʜʠʪ ʙʣʘʛʦʜʘʨʷ ʫʧʨʫʛʠʤ 

ʩʠʣʘʤ, ʚʦʟʥʠʢʘʶʱʠʤ ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʧʨʠʣʦʞʝʥʥʦʛʦ ʚʥʝʰʥʝʛʦ 

ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ, ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʘʥʠʟʦʪʨʦʧʠʝʡ 

ʞʠʜʢʦʛʦ ʢʨʠʩʪʘʣʣʘ. ʀʟʤʝʥʝʥʠʝ ʧʦʣʦʞʝʥʠʷ ʜʠʨʝʢʪʦʨʘ ʚ ʧʨʦʩʪʨʘʥʩʪʚʝ 

ʚʳʟʳʚʘʝʪ ʫʚʝʣʠʯʝʥʠʝ ʩʚʦʙʦʜʥʦʡ ʵʥʝʨʛʠʠ. ɼʣʷ ʪʦʛʦ ʯʪʦʙʳ ʤʠʥʠʤʠʟʠʨʦʚʘʪʴ 

ʩʚʦʙʦʜʥʫʶ ʵʥʝʨʛʠʶ ʥʘ ʝʜʠʥʠʮʫ ʦʙʲʝʤʘ ʞʠʜʢʦʛʦ ʢʨʠʩʪʘʣʣʘ ʤʦʣʝʢʫʣʳ 

ʚʳʥʫʞʜʝʥʳ ʧʝʨʝʦʨʠʝʥʪʠʨʦʚʘʪʴʩʷ ʧʨʠ ʧʨʠʣʦʞʝʥʠʠ ʢ ʩʣʦʶ, ʟʘʢʣʶʯʝʥʥʦʤʫ 

ʤʝʞʜʫ ʜʚʫʤʷ ʦʛʨʘʥʠʚʘʶʱʠʤʠ ʝʛʦ ʦʨʠʝʥʪʠʨʫʶʱʠʤʠ ʧʦʚʝʨʭʥʦʩʪʷʤʠ, 

ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣ̫. ʕʪʦ ʫʩʣʦʚʠʝ ʣʝʞʠʪ ʚ ʦʩʥʦʚʝ ʬʝʥʦʤʝʥʦʣʦʛʠʯʝʩʢʦʡ 

ʪʝʦʨʠʠ ʫʧʨʫʛʦʩʪʠ, ʠʩʧʦʣʴʟʫʝʤʦʡ ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʦʨʠʝʥʪʘʮʠʠ ʜʠʨʝʢʪʦʨʘ 

ʚʥʫʪʨʠ ʜʘʥʥʦʡ ɾʂ ʩʪʨʫʢʪʫʨʳ. ʉʦʛʣʘʩʥʦ ʢʦʥʪʠʥʫʘʣʴʥʦʡ ʪʝʦʨʠʠ ʫʧʨʫʛʦʩʪʠ 

ʜʣʷ ʞʠʜʢʠʭ ʢʨʠʩʪʘʣʣʦʚ ʫʧʨʫʛʘʷ ʵʥʝʨʛʠʷ, ʦʪʥʦʩʷʱʘʷʩʷ ʢ ʠʟʤʝʥʝʥʠʶ 

ʜʠʨʝʢʪʦʨʘ ʚ ʧʨʦʩʪʨʘʥʩʪʚʝ, ʤʦʞʝʪ ʙʳʪʴ ʟʘʧʠʩʘʥʘ ʚ ʚʝʢʪʦʨʥʳʭ 

ʦʙʦʟʥʘʯʝʥʠʷʭ ʢʘʢ  
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11elast
nnʂ21nʂ21nʂ21F ÖÐÖ+ÖÐ+ÖÐ=  (2.1) 

ʕʪʦ ʚʳʨʘʞʝʥʠʝ ʜʠʩʪʦʨʩʠʠ ʵʥʝʨʛʠʠ ʌʨʘʥʢʘ-ʆʟʝʝʥʘ [9,10] ʷʚʣʷʝʪʩʷ 

ʦʩʥʦʚʥʳʤ ʜʣʷ ʨʘʩʩʤʦʪʨʝʥʠʷ ʧʨʘʢʪʠʯʝʩʢʠ ʚʩʝʭ ʵʣʝʢʪʨʦ- ʠ 

ʤʘʛʥʠʪʦʦʧʪʠʯʝʩʢʠʭ ʷʚʣʝʥʠʡ ʚ ʥʝʤʘʪʠʯʝʩʢʦʤ ʞʠʜʢʦʤ ʢʨʠʩʪʘʣʣʝ. ʇʝʨʚʳʡ 

ʯʣʝʥ ʦʧʠʩʳʚʘʝʪ S-ʵʬʬʝʢʪ, ʚʪʦʨʦʡ ï ʪʚʠʩʪ-ʵʬʬʝʢʪ ʠ ʪʨʝʪʠʡ ï ɺ-ʵʬʬʝʢʪ. 

ʂʦɻ ʬʬʠʮʠʝʥʪʳ ʫʧʨʫʛʦʩʪʠ ʌʨʘʥʢʘ, ʦʪʥʦʩʷʱʠʝʩʷ ʢ splay (K11), torsion  (K22) 

ʠ bend (K33) ʜʝʬʦʨʤʘʮʠʷʤ ʘʥʘʣʦʛʠʯʥʳ ʢʦʥʩʪʘʥʪʘʤ ʜʣʷ ʧʨʫʞʠʥʳ ʚ ʟʘʢʦʥʝ 

ɻʫʢʘ ʠ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʨʘʟʥʳʤ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʤ ʠʩʢʨʠʚʣʝʥʠʷʤ 

ʜʠʨʝʢʪʦʨʘ. ɺʩʝ ʪʨʠ ʢʦʵʬʬʠʮʠʝʥʪʘ ʧʦ ʩʚʦʝʡ ʚʝʣʠʯʠʥʝ ʧʦʨʷʜʢʘ 10
-11
ʅ ʠ 

ʦʙʳʯʥʦ K33>K11>K22. ɺ ʨʷʜʝ ʨʘʩʯʝʪʦʚ ʜʣʷ ʧʨʦʩʪʦʪʳ ʧʨʝʥʝʙʨʝʛʘʶʪ 

ʘʥʠʟʦʪʨʦʧʠʝʡ ʤʦʜʫʣʝʡ ʫʧʨʫʛʦʩʪʠ, ʩʯʠʪʘʷ ʂ11=ʂ22=ʂ33. ɺ ʵʪʦʡ 

çʠʟʦʪʨʦʧʥʦʡè ʘʧʧʨʦʢʩʠʤʘʮʠʠ ʫʨʘʚʥʝʥʠʝ ʌʨʘʥʢʘ-ʆʟʝʝʥʘ ʧʨʠʦʙʨʝʪʘʝʪ 

ʧʨʦʩʪʦʡ ʚʠʜ: 
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2)(21 nKF ÖÐ=  (2.2) 

ʉʚʦʙʦʜʥʘʷ ʵʥʝʨʛʠʷ ʞʠʜʢʦʛʦ ʢʨʠʩʪʘʣʣʘ ʚʢʣʶʯʘʝʪ ʚ ʩʝʙʷ ʦʙʲʝʤʥʫʶ ʠ 

ʧʦʚʝʨʭʥʦʩʪʥʫʶ ʩʦʩʪʘʚʣʷʶʱʠʝ  

( )
S 

V

fieldelastS V
FdVFFñ ++=+= FFF  (2.3) 

ʆʙʲʝʤʥʘʷ ʵʥʝʨʛʠʷ ʩʢʣʘʜʳʚʘʝʪʩʷ ʠʟ ʫʧʨʫʛʦʡ ʵʥʝʨʛʠʠ ʞʠʜʢʦʛʦ ʢʨʠʩʪʘʣʣʘ ʠ 

ʵʥʝʨʛʠʠ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ, ʧʨʠʣʦʞʝʥʥʦʛʦ ʢ ʩʣʦʶ. ʇʦʚʝʨʭʥʦʩʪʥʘʷ 

ʩʦʩʪʘʚʣʷʶʱʘʷ Fs ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʵʥʝʨʛʠʠ ʤʝʞʬʘʟʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʥʘ 

ʛʨʘʥʠʮʝ ʨʘʟʜʝʣʘ ʩʣʦʷ ʞʠʜʢʦʛʦ ʢʨʠʩʪʘʣʣʘ ʩ ʧʦʚʝʨʭʥʦʩʪʴʶ.  

ɺ ʙʦʣʴʰʠʥʩʪʚʝ ʧʨʘʢʪʠʯʝʩʢʠʭ ʩʣʫʯʘʝʚ ʜʣʷ ʩʦʟʜʘʥʠʷ ʦʧʨʝʜʝʣʝʥʥʦʡ 

ʦʨʠʝʥʪʘʮʠʠ ʜʠʨʝʢʪʦʨʘ ʜʦʩʪʘʪʦʯʥʦ ʘʥʠʟʦʪʨʦʧʥʦ-ʫʧʨʫʛʦʛʦ ʤʝʞʬʘʟʥʦʛʦ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʤʝʞʜʫ ʤʦʣʝʢʫʣʘʤʠ ʞʠʜʢʦʛʦ ʢʨʠʩʪʘʣʣʘ ʠ ʦʨʠʝʥʪʠʨʫʶʱʝʡ 

ʧʦʚʝʨʭʥʦʩʪʴʶ. ʂʦʛʜʘ ʜʝʡʩʪʚʠʝ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ ʧʨʝʢʨʘʱʘʝʪʩʷ, 

ʧʨʦʠʩʭʦʜʠʪ ʧʨʦʮʝʩʩ ʨʝʣʘʢʩʘʮʠʠ ï ʚʦʟʚʨʘʱʝʥʠʝ ʜʠʨʝʢʪʦʨʘ ʚ ʨʘʚʥʦʚʝʩʥʦʝ 

ʩʦʩʪʦʷʥʠʝ. ɺʦʟʚʨʘʱʘʶʱʠʡ ʤʦʤʝʥʪ, ʢʦʪʦʨʳʡ ʚʦʟʥʠʢʘʝʪ ʧʨʠ ʵʪʦʤ, ʟʘʚʠʩʠʪ 

ʦʪ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʫʧʨʫʛʦʩʪʠ ʠ ʨʝʞʠʤʘ ʦʙʨʘʪʥʦʛʦ 

ʪʝʯʝʥʠʷ ʞʠʜʢʦʛʦ ʢʨʠʩʪʘʣʣʘ. ɹʘʣʘʥʩ ʤʝʞʜʫ ʵʣʝʢʪʨʠʯʝʩʢʠʤ ʤʦʤʝʥʪʦʤ, 

ʚʳʟʳʚʘʶʱʠʤ ʧʝʨʝʦʨʠʝʥʪʘʮʠʶ ʤʦʣʝʢʫʣ, ʠ ʫʧʨʫʛʠʤ ʚʦʟʚʨʘʱʘʶʱʠʤ 

ʤʦʤʝʥʪʦʤ, ʦʧʨʝʜʝʣʷʝʪ ʜʠʥʘʤʠʢʫ ʧʨʦʮʝʩʩʘ ʜʝʬʦʨʤʘʮʠʠ ʞʠʜʢʦʛʦ ʢʨʠʩʪʘʣʣʘ. 

ɺʣʠʷʥʠʝ ʵʪʠʭ ʤʦʤʝʥʪʦʚ ʥʘ ʥʘʧʨʘʚʣʝʥʠʝ ʜʠʨʝʢʪʦʨʘ n, ʦʧʨʝʜʝʣʷʝʪʩʷ 

ʤʠʥʠʤʠʟʘʮʠʝʡ ʧʣʦʪʥʦʩʪʠ ʩʚʦʙʦʜʥʦʡ ʵʥʝʨʛʠʠ.  

ʍʘʨʘʢʪʝʨʥʦʡ ʦʩʦʙʝʥʥʦʩʪʴʶ ʜʝʬʦʨʤʘʮʠʠ ʞʠʜʢʦʛʦ ʢʨʠʩʪʘʣʣʘ ʷʚʣʷʝʪʩʷ 

ʚʣʠʷʥʠʝ ʥʘ ʥʝʝ ʚʷʟʢʦʩʪʠ ʠ ʪʝʤʧʝʨʘʪʫʨʳ, ʢʦʪʦʨʳʝ ʦʧʨʝʜʝʣʷʶʪ ʨʝʞʠʤ 

ʪʝʯʝʥʠʷ. ʕʪʠ ʨʝʞʠʤʳ ʪʝʯʝʥʠʷ ʷʚʣʷʶʪʩʷ ʙʦʣʝʝ ʩʣʦʞʥʳʤʠ, ʯʝʤ ʜʣʷ 

ʦʙʳʯʥʳʭ ʠʟʦʪʨʦʧʥʳʭ ʞʠʜʢʦʩʪʝʡ, ʠ ʤʦʛʫʪ ʙʳʪʴ ʥʘʨʫʰʝʥʳ ʠʟʤʝʥʝʥʠʝʤ 

ʦʨʠʝʥʪʘʮʠʠ, ʥʘʧʨʠʤʝʨ, ʧʫʪʝʤ ʧʨʠʣʦʞʝʥʠ ̫ʚʥʝʰʥʝʛʦ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ. 

ʉ ʪʝʦʨʝʪʠʯʝʩʢʦʡ ʪʦʯʢʠ ʟʨʝʥʠʷ ʩʦʛʣʘʩʦʚʘʥʠʝ ʤʝʞʜʫ ʦʨʠʝʥʪʘʮʠʝʡ ʠ 

ʪʝʯʝʥʠʝʤ ʷʚʣʷʝʪʩʷ ʦʯʝʥʴ ʚʘʞʥʳʤ ʤʦʤʝʥʪʦʤ. 

Ä 2.2 ʕʬʬʝʢʪ ʌʨʝʜʝʨʠʢʩʘ 

ʉʚʦʙʦʜʥʘʷ ʵʥʝʨʛʠʷ ʘʥʩʘʤʙʣʷ ʤʦʣʝʢʫʣ ʥʝʤʘʪʠʯʝʩʢʦʛʦ ʞʠʜʢʦʛʦ 

ʢʨʠʩʪʘʣʣʘ ʚʦ ʚʥʝʰʥʝʤ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʤ ʧʦʣʝ ʤʠʥʠʤʘʣʴʥʘ ʪʦʣʴʢʦ ʧʨʠ 

ʦʧʨʝʜʝʣʝʥʥʦʡ ʦʨʠʝʥʪʘʮʠʠ ʜʠʨʝʢʪʦʨʘ ʦʪʥʦʩʠʪʝʣʴʥʦ ʧʦʣʷ. ɽʩʣʠ ʚ ʠʩʭʦʜʥʦʤ 

ʩʦʩʪʦʷʥʠʠ ʥʘʧʨʘʚʣʝʥʠʷ ʧʦʣʷ ʠ ʜʠʨʝʢʪʦʨʘ ʥʝ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʤʠʥʠʤʫʤʫ 

ʩʚʦʙʦʜʥʦʡ ʵʥʝʨʛʠʠ, ʪʦ ʚ ʩʠʣʴʥʦʤ ʧʦʣʝ, ʩʧʦʩʦʙʥʦʤ ʧʨʝʦʜʦʣʝʪʴ ʩʠʣʳ 

ʫʧʨʫʛʦʩʪʠ ʞʠʜʢʦʛʦ ʢʨʠʩʪʘʣʣʘ ʫʩʪʘʥʘʚʣʠʚʘʝʪʩʷ ʝʛʦ ʥʦʚʦʝ ʩʪʘʮʠʦʥʘʨʥʦʝ 

ʩʦʩʪʦʷʥʠʝ. ʕʪʦʪ ʵʬʬʝʢʪ ʠʟʤʝʥʝʥʠʷ ʧʦʣʦʞʝʥʠʷ ʜʠʨʝʢʪʦʨʘ ʚ ʨʝʟʫʣʴʪʘʪʝ 

ʜʝʬʦʨʤʘʮʠʠ ʩʣʦ̫ ʞʠʜʢʦʛʦ ʢʨʠʩʪʘʣʣʘ ʧʫʪʝʤ ʧʨʠʣʦʞʝʥʠʷ ʢ ʥʝʤʫ 
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ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʠʣʠ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʙʳʣ ʦʪʢʨʳʪ ʠ ʥʦʩʠʪ ʠʤʷ ʵʬʬʝʢʪʘ 

ʌʨʝʜʝʨʠʢʩʘ. ɺ ʧʝʨʚʳʭ ʨʘʙʦʪʘʭ, ʧʦʩʚʷʱʝʥʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʶ ʚʣʠʷʥʠʷ 

ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ ʥʘ ʧʦʛʣʦʱʝʥʠʝ ʩʚʝʪʘ ʠ ʜʚʫʣʫʯʝʧʨʝʣʦʤʣʝʥʠʝ 

ʥʝʤʘʪʠʯʝʩʢʠʭ ʞʠʜʢʠʭ ʢʨʠʩʪʘʣʣʦʚ, ʦʩʥʦʚʥʦʝ ʚʥʠʤʘʥʠʝ ʫʜʝʣʷʣʦʩʴ 

ʤʝʭʘʥʠʟʤʫ ʦʨʠʝʥʪʘʮʠʠ ʤʦʣʝʢʫʣ ʵʣʝʢʪʨʠʯʝʩʢʠʤ ʧʦʣʝʤ ʠ ʠʥʪʝʨʧʨʝʪʘʮʠʠ 

ʵʪʦʛʦ ʷʚʣʝʥʠʷ. ʄʦʣʝʢʫʣʳ ʥʝʤʘʪʠʯʝʩʢʦʛʦ ʞʠʜʢʦʛʦ ʢʨʠʩʪʘʣʣʘ ʩʪʨʝʤʪ̫ʩʷ 

ʩʦʨʠʝʥʪʠʨʦʚʘʪʴʩʷ ʚʜʦʣʴ ʚʝʢʪʦʨʘ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ ʙʝʟʦʪʥʦʩʠʪʝʣʴʥʦ ʢ 

ʝʛʦ ʟʥʘʢʫ, ʪʘʢ ʯʪʦʙʳ ʜʠʨʝʢʪʦʨ ʩʦʚʧʘʣ ʩ ʚʝʢʪʦʨʦʤ ʵʪʦʛʦ ʧʦʣʷ. ɻʝʦʤʝʪʨʠ ̫

ʠʩʭʦʜʥʦʡ ʦʨʠʝʥʪʘʮʠʠ ʜʠʨʝʢʪʦʨʘ ʠ ʟʥʘʢ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʘʥʠʟʦʪʨʦʧʠʠ 

ʦʧʨʝʜʝʣʷʶʪ ʪʠʧ ʧʝʨʝʭʦʜʘ ʌʨʝʜʝʨʠʢʩʘ. ʉʧʦʩʦʙ r ʥʘʙʣʶʜʝʥʠʷ ʵʪʦʛʦ 

ʵʬʬʝʢʪʘ ʦʩʥʦʚʘʥʳ ʥʘ ʠʟʤʝʨʝʥʠʠ ʟʘʚʠʩʠʤʦʩʪʠ ʢʘʢʦʛʦ-ʣʠʙʦ ʘʥʠʟʦʪʨʦʧʥʦʛʦ 

ʧʘʨʘʤʝʪʨʘ ʚʝʱʝʩʪʚʘ: ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʦʩʪʦʷʥʥʦʡ, ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʠ, 

ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ, ʜʠʭʨʦʠʟʤʘ ï ʚ ʨʝʟʫʣʴʪʘʪʝ ʧʨʠʣʦʞʝʥʠ ̫ʢ ʩʣʦʶ ʞʠʜʢʦʛʦ 

ʢʨʠʩʪʘʣʣʘ ʚʥʝʰʥʝʛʦ ʧʦʣʷ. ʇʝʨʝʦʨʠʝʥʪʘʮʠʷ ʜʠʨʝʢʪʦʨʘ ʚ ʵʣʝʢʪʨʠʯʝʩʢʦʤ 

ʧʦʣʝ ʩʦʧʨʦʚʦʞʜʘʝʪʩʷ ʠʟʤʝʥʝʥʠʝʤ ʦʧʪʠʯʝʩʢʦʡ ʘʥʠʟʦʪʨʦʧʠʠ ʠʣʠ 

ʜʚʫʣʫʯʝʧʨʝʣʦʤʣʝʥʠʷ ʩʨʝʜʳ. ʄʦʜʫʣʷʮʠ ̫ ʠʥʪʝʥʩʠʚʥʦʩʪʠ 

ʤʦʥʦʭʨʦʤʘʪʠʯʝʩʢʦʛʦ ʩʚʝʪʘ ʚ ʨʝʟʫʣʴʪʘʪʝ ʠʟʤʝʥʝʥʠʷ ʦʧʪʠʯʝʩʢʦʡ 

ʘʥʠʟʦʪʨʦʧʠʠ ʥʘʠʙʦʣʝʝ ʯʘʩʪʦ ʠʩʧʦʣʴʟʫʝʪʩʷ ʜʣʷ ʢʦʥʪʨʦʣʷ ʧʘʨʘʤʝʪʨʦʚ 

ʞʠʜʢʦʛʦ ʢʨʠʩʪʘʣʣʘ [9]. 

ʇʨʦʭʦʞʜʝʥʠʝ ʩʚʝʪʦʚʦʡ ʚʦʣʥʳ ʯʝʨʝʟ ʚʝʱʝʩʪʚʦ ï ʨʝʟʫʣʴʪʘʪ 

ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʛʦ ʧʝʨʝʠʟʣʫʯʝʥʠʷ ʩʚʝʪʘ ʵʣʝʢʪʨʦʥʘʤʠ. ʕʣʝʢʪʨʠʯʝʩʢʦʝ ʧʦʣʝ 

ʩʚʝʪʦʚʦʡ ʚʦʣʥʳ, ʧʨʦʥʠʢʘʷ ʚ ʚʝʱʝʩʪʚʦ, ʚʳʟʳʚʘʝʪ ʚʳʥʫʞʜʝʥʥʳʝ ʢʦʣʝʙʘʥʠʷ 

ʵʣʝʢʪʨʦʥʦʚ ʚ ʘʪʦʤʘʭ ʠ ʤʦʣʝʢʫʣʘʭ ʩʨʝʜʳ. ʂʦʣʝʙʣʶʱʠʝʩʷ ʵʣʝʢʪʨʦʥʳ, ʚ ʩʚʦʶ 

ʦʯʝʨʝʜʴ, ʷʚʣʷʶʪʩʷ ʠʩʪʦʯʥʠʢʦʤ ʚʪʦʨʠʯʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʩʚʝʪʘ. ɺ 

ʘʥʠʟʦʪʨʦʧʥʦʤ ʚʝʱʝʩʪʚʝ ʢʦʣʝʙʘʥʠʷ ʵʣʝʢʪʨʦʥʦʚ ʣʝʛʯʝ ʚʦʟʙʫʞʜʘʶʪʩʷ ʚ 

ʥʝʢʦʪʦʨʳʭ ʦʧʨʝʜʝʣʸʥʥʳʭ ʥʘʧʨʘʚʣʝʥʠʷʭ. ʗʚʣʝʥʠʝ ʜʚʦʡʥʦʛʦ 

ʣʫʯʝʧʨʝʣʦʤʣʝʥʠʷ ʩʚʷʟʘʥʦ ʩ ʨʘʟʥʳʤʠ ʩʢʦʨʦʩʪʷʤʠ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʚʦʣʥ ʩ 

ʨʘʟʣʠʯʥʦʡ ʧʦʣʷʨʠʟʘʮʠʝʡ ʚ ʘʥʠʟʦʪʨʦʧʥʦʡ ʩʨʝʜʝ. ʃʫʯ ʩʚʝʪʘ, ʧʘʜʘʶʱʠʡ 

ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦ ʢ ʧʦʚʝʨʭʥʦʩʪʠ ʘʥʠʟʦʪʨʦʧʥʦʛʦ ʢʨʠʩʪʘʣʣʘ, ʨʘʩʧʘʜʘʝʪʩʷ ʥʘ 

ʜʚʘ ʣʫʯʘ. ʆʙʳʢʥʦʚʝʥʥʳʡ ʣʫʯ ʧʨʦʜʦʣʞʘʝʪ ʧʫʪʴ ʙʝʟ ʧʨʝʣʦʤʣʝʥʠʷ, ʢʘʢ ʚ 

ʠʟʦʪʨʦʧʥʦʡ ʩʨʝʜʝ, ʘ ʥʝʦʙʳʢʥʦʚʝʥʥʳʡ ʣʫʯ ʦʪʢʣʦʥʷʝʪʩʷ ʚ ʩʪʦʨʦʥʫ, ʥʘʨʫʰʘʷ 

ʦʙʳʯʥʳʡ ʟʘʢʦʥ ʧʨʝʣʦʤʣʝʥʠʷ ʩʚʝʪʘ.  

ʅʘʧʨʘʚʣʝʥʠʝ ʢʦʣʝʙʘʥʠʡ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʚʝʢʪʦʨʘ ʫ ʥʝʦʙʳʢʥʦʚʝʥʥʦʛʦ 

ʣʫʯʘ ʣʝʞʠʪ ʚ ʧʣʦʩʢʦʩʪʠ ʛʣʘʚʥʦʛʦ ʩʝʯʝʥʠʷ (ʧʨʦʭʦʜʷʱʝʡ ʯʝʨʝʟ ʦʧʪʠʯʝʩʢʫʶ 

ʦʩʴ ʠ ʩʚʝʪʦʚʦʡ ʣʫʯ), ʢʦʪʦʨʘʷ ʷʚʣʷʝʪʩʷ ʧʣʦʩʢʦʩʪʴʶ ʧʦʣʷʨʠʟʘʮʠʠ. ɼʣʷ 

ʦʙʳʢʥʦʚʝʥʥʦʡ ʚʦʣʥʳ, ʧʦʣʷʨʠʟʦʚʘʥʥʦʡ ʚ ʧʣʦʩʢʦʩʪʠ, ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦʡ 

ʛʣʘʚʥʦʤʫ ʩʝʯʝʥʠʶ, ʧʦʢʘʟʘʪʝʣʴ ʧʨʝʣʦʤʣʝʥʠʷ nʦ ʦʜʠʥʘʢʦʚ ʜʣʷ ʚʩʝʭ 

ʥʘʧʨʘʚʣʝʥʠʡ. ʉʢʦʨʦʩʪʴ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʥʝʦʙʳʢʥʦʚʝʥʥʦʡ ʚʦʣʥʳ, ʘ, 

ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʠ ʝʸ ʧʦʢʘʟʘʪʝʣʴ ʧʨʝʣʦʤʣʝʥʠʷ nʝ ʟʘʚʠʩʷʪ ʦʪ ʥʘʧʨʘʚʣʝʥʠʷ. 
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Ä 2.3 ʄʦʜʫʣʷʮʠʷ ʠʟʣʫʯʝʥʠʷ ʚ ʩʣʦʝ ʞʠʜʢʦʛʦ ʢʨʠʩʪʘʣʣʘ ʠ ʬʘʢʪʦʨʳ, 

ʚʣʠʷʶʱʠʝ ʥʘ ʚʝʣʠʯʠʥʫ ʬʘʟʦʚʦʡ ʟʘʜʝʨʞʢʠ 

ʈʘʩʩʤʦʪʨʠʤ ʷʚʣʝʥʠʝ ʜʚʫʣʫʯʝʧʨʝʣʦʤʣʝʥʠʷ ʚ ʥʝʤʘʪʠʯʝʩʢʦʤ ʞʠʜʢʦʤ 

ʢʨʠʩʪʘʣʣʝ, ʢʦʛʜʘ ʚ ʠʩʭʦʜʥʦʤ ʩʦʩʪʦʷʥʠʠ ʜʠʨʝʢʪʦʨ n ʧʘʨʘʣʣʝʣʝʥ ʧʦʜʣʦʞʢʝ, 

ʘ ʜʠʵʣʝʢʪʨʠʯʝʩʢʘʷ ʘʥʠʟʦʪʨʦʧʠʷ De = ê - e||>0. ʇʨʠ ʥʘʧʨʷʞʝʥʥʦʩʪʠ 

ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ, ʧʨʝʚʳʰʘʶʱʝʡ ʧʦʨʦʛʦʚʫʶ ʚʝʣʠʯʠʥʫ, ʧʨʦʠʩʭʦʜʠʪ 

splay-ʜʝʬʦʨʤʘʮʠʷ ʩʣʦʷ (S-ʵʬʬʝʢʪ) ʠ ʤʦʣʝʢʫʣʳ ʞʠʜʢʦʛʦ ʢʨʠʩʪʘʣʣʘ 

ʦʪʢʣʦʥʷʶʪʩʷ ʦʪ ʩʚʦʝʛʦ ʧʝʨʚʦʥʘʯʘʣʴʥʦʛʦ ʧʦʣʦʞʝʥʠʷ ʚ ʥʘʧʨʘʚʣʝʥʠʠ ʦʩʠ z , 

ʢʘʢ ʧʦʢʘʟʘʥʦ ʥʘ (ʨʠʩ. 7). 

 

ʈʠʩʫʥʦʢ 7 - ʉʭʝʤʘ ʧʝʨʝʦʨʠʝʥʪʘʮʠʠ ʘʥʩʘʤʙʣʷ ʤʦʣʝʢʫʣ ʥʝʤʘʪʠʯʝʩʢʦʛʦ ʞʠʜʢʦʛʦ 

ʢʨʠʩʪʘʣʣʘ ʠʟ ʩʦʩʪʦʷʥʠʷ ʚʳʢʣʶʯʝʥʦ çoffèʚ ʩʦʩʪʦʷʥʠʝ ʚʢʣʶʯʝʥʦ çonè ʧʨʠ ʧʨʠʣʦʞʝʥʠʠ 
ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ (S-ʵʬʬʝʢʪ). 

ʉ ʨʦʩʪʦʤ ʥʘʧʨʷʞʝʥʥʦʩʪʠ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʫʛʦʣ 

ʥʘʢʣʦʥʘ ʜʠʨʝʢʪʦʨʘ q ʦʪʥʦʩʠʪʝʣʴʥʦ ʦʩʠ z ʠ ʜʚʫʣʫʯʝʧʨʝʣʦʤʣʝʥʠʝ 

ʧʦʥʠʞʘʝʪʩʷ. ʇʨʠ ʵʪʦʤ ʢʦʵʬʬʠʮʠʝʥʪ ʧʨʝʣʦʤʣʝʥʠʷ ʜʣʷ ʦʙʳʢʥʦʚʝʥʥʦʛʦ ʣʫʯʘ 

ʦʩʪʘʝʪʩʷ ʥʝʠʟʤʝʥʥʳʤ, ʘ ʜʣʷ ʥʝʦʙʳʢʥʦʚʝʥʥʦʛʦ ʣʫʯʘ ʫʤʝʥʴʰʘʝʪʩʷ, ʪ.ʝ. 

ne­no. ʀʟʤʝʥʝʥʠʝ ʧʦʢʘʟʘʪʝʣʷ ʧʨʝʣʦʤʣʝʥʠʷ n(z) ʠ ʦʧʪʠʯʝʩʢʦʡ ʘʥʠʟʦʪʨʦʧʠʠ 

Dn ʦʧʠʩʳʚʘʪʁʩʷ ʩʣʝʜʫʶʱʠʤʠ ʬʦʨʤʫʣʘʤʠ 
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ʀʟʤʝʥʝʥʠʝ ʦʧʪʠʯʝʩʢʦʡ ʘʥʠʟʦʪʨʦʧʠʠ ʩʦʧʨʦʚʦʞʜʘʝʪʩʷ ʚʘʨʠʘʮʠʝʡ ʬʘʟʳ 

ʩʚʝʪʦʚʦʛʦ ʧʦʪʦʢʘ, ʨʘʩʧʨʦʩʪʨʘʥʷʶʱʝʛʦʩʷ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦ ʩʣʦʶ ʞʠʜʢʦʛʦ 

ʢʨʠʩʪʘʣʣʘ ʪʦʣʱʠʥʦʡ d. ʈʘʟʥʦʩʪʴ ʬʘʟ F ʜʣʷ ʤʦʥʦʭʨʦʤʘʪʠʯʝʩʢʦʛʦ ʩʚʝʪʘ ʩ 

ʜʣʠʥʦʡ ʚʦʣʥʳ l ʦʧʨʝʜʝʣʷʝʪʩʷ ʩʦʦʪʥʦʰʝʥʠʝʤ:  

,2 lp ndD=F  (2.6) 

 

ʈʠʩʫʥʦʢ 8 - ʉʭʝʤʘ ʵʣʝʢʪʨʦʫʧʨʘʚʣʷʝʤʦʡ ɾʂ ʷʯʝʡʢʠ. 

ʅʘ ʨʠʩ. 8 ʧʨʠʚʝʜʝʥʘ ʩʭʝʤʘ ʪʠʧʠʯʥʦʡ ʧʣʦʩʢʦʧʘʨʘʣʣʝʣʴʥʦʡ ɾʂ 

ʷʯʝʡʢʠ, ʠʩʧʦʣʴʟʫʝʤʦʡ ʚ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʷʭ. ʉʣʦʡ ʞʠʜʢʦʛʦ 

ʢʨʠʩʪʘʣʣʘ ʪʦʣʱʠʥʦʡ ʦʪ ʥʝʩʢʦʣʴʢʠʭ ʝʜʠʥʠʮ ʜʦ ʜʝʩʷʪʢʦʚ ʤʠʢʨʦʤʝʪʨʦʚ 

ʨʘʟʤʝʱʝʥ ʤʝʞʜʫ ʜʚʫʤʷ ʩʪʝʢʣʷʥʥʳʤʠ ʧʦʜʣʦʞʢʘʤʠ, ʚʥʫʪʨʝʥʥʠʝ 

ʧʦʚʝʨʭʥʦʩʪʠ ʢʦʪʦʨʳʭ ʧʦʢʨʳʪʳ ʪʦʥʢʠʤ ʩʣʦʝʤ ʧʨʦʟʨʘʯʥʦʛʦ ʵʣʝʢʪʨʦʜʘ ʥʘ 

ʦʩʥʦʚʝ ʦʢʠʩʣʦʚ ʠʥʜʠʷ ʠ ʦʣʦʚʘ (Indium Tin Oxide ï ITO), ʥʘ ʢʦʪʦʨʳʡ 

ʦʩʘʞʜʘʶʪ ʦʨʠʝʥʪʠʨʫʶʱʠʡ ʩʣʦʡ. ʂʘʧʠʣʣʷʨʥʳʡ ʟʘʟʦʨ ʤʝʞʜʫ ʵʣʝʢʪʨʦʜʘʤʠ 

ʬʠʢʩʠʨʫʝʪʩʷ ʩ ʧʦʤʦʱʴʶ ʪʦʥʢʠʭ ʪʝʬʣʦʥʦʚʳʭ ʧʨʦʢʣʘʜʦʢ ʠʣʠ ʩʧʝʮʠʘʣʴʥʳʭ 

ʩʧʝʡʩʝʨʦʚ. ʕʣʝʢʪʨʦʜ rʷʯʝʡʢʠ ʠʤʝʶʪ ʢʦʥʪʘʢʪʳ, ʢ ʢʦʪʦʨʳʤ ʧʨʠʢʣʘʜʳʚʘʝʪʩʷ 

ʵʣʝʢʪʨʠʯʝʩʢʦʝ ʥʘʧʨʷʞʝʥʠʝ. ʕʣʝʢʪʨʦʦʧʪʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ɾʂ ʷʯʝʝʢ 

ʤʦʞʥʦ ʠʟʤʝʨʠʪʴ, ʠʩʧʦʣʴʟʫʷ ʩʭʝʤʫ, ʧʦʢʘʟʘʥʥʫ  ʁ ʥʘ ʨʠʩ. 9. ʀʩʪʦʯʥʠʢʦʤ 

ʤʦʥʦʭʨʦʤʘʪʠʯʝʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ ʚ ʥʝʡ ʩʣʫʞʘʪ ʣʘʟʝʨʳ, ʥʘʧʨʠʤʝʨ, He-Ne 

ʣʘʟʝʨ ʩ ʜʣʠʥʦʡ ʚʦʣʥʳ 632,8 ʥʤ. ɼʣʷ ʥʘʙʣʶʜʝʥʠʷ ʧʨʦʧʫʩʢʘʥʠʷ 

ʧʦʣʷʨʠʟʦʚʘʥʥʦʛʦ ʩʚʝʪʘ ʯʝʨʝʟ ɾʂ ʷʯʝʡʢʫ ʝʸ ʨʘʟʤʝʱʘʶʪ ʤʝʞʜʫ 

ʧʦʣʷʨʠʟʘʪʦʨʦʤ ʠ ʩʢʨʝʱʝʥʥʳʤ ʩ ʥʠʤ ʘʥʘʣʠʟʘʪʦʨʦʤ. ɺ ʩʢʨʝʱʝʥʥʦʤ 

ʧʦʣʦʞʝʥʠʠ ʧʦʣʷʨʠʟʘʪʦʨʳ ʥʝ ʧʨʦʧʫʩʢʘʶʪ ʩʚʝʪ, ʥʦ, ʝʩʣʠ ʥʘ ʧʫʪʠ ʩʚʝʪʘ 

ʨʘʟʤʝʩʪʠʪʴ ɾʂ ʷʯʝʡʢʫ, ʠʟʤʝʥʷʶʱʫʶ ʝʛʦ ʧʦʣʷʨʠʟʘʮʠʶ, ʥʘ ʚʳʭʦʜʝ 

ʘʥʘʣʠʟʘʪʦʨʘ ʙʫʜʝʪ ʥʘʙʣʶʜʘʪʴʩʷ ʩʚʝʪʦʚʦʡ ʧʫʯʦʢ. ʀʥʪʝʥʩʠʚʥʦʩʪʴ ʩʚʝʪʘ, 

ʧʨʦʰʝʜʰʝʛʦ ʯʝʨʝʟ ʩʣʦʡ ʞʠʜʢʦʛʦ ʢʨʠʩʪʘʣʣʘ, ʟʘʚʠʩʠʪ ʦʪ ʫʛʣʘ b ʤʝʞʜʫ 
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ʚʝʢʪʦʨʦʤ ʧʦʣʷʨʠʟʘʮʠʠ ʧʘʜʘʶʱʝʛʦ ʣʫʯʘ ʠ ʠʩʭʦʜʥʳʤ ʥʘʧʨʘʚʣʝʥʠʝʤ 

ʜʠʨʝʢʪʦʨʘ ɾʂ: 

)2/(sin2sin 22 F= boII  (2.7) 

ʛʜʝ I0 ïʠʥʪʝʥʩʠʚʥʦʩʪʴ ʧʘʜʘʶʱʝʛʦ ʥʘ ʷʯʝʡʢʫ ʣʠʥʝʡʥʦ ʧʦʣʷʨʠʟʦʚʘʥʥʦʛʦ 

ʩʚʝʪʘ. 

 

ʈʠʩʫʥʦʢ 9 - ʕʣʝʢʪʨʦʦʧʪʠʯʝʩʢʘʷ ʩʭʝʤʘ ʜʣʷ ʠʟʤʝʨʝʥʠʷ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ɾʂ ʷʯʝʝʢ: 
ʣɻʝʢʪʨʠʯʝʩʢʦʝ ʧʦʣʝ ʧʨʠʣʦʞʝʥʦ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦ ʧʦʚʝʨʭʥʦʩʪʠ ʧʦʜʣʦʞʢʠ ʠ ʧʘʨʘʣʣʝʣʴʥʦ 

ʦʩʠ z. 

 

ʀʟʤʝʥʝʥʠʝ ʨʘʟʥʦʩʪʠ ʬʘʟ ʚ ʩʚʦʶ 

ʦʯʝʨʝʜʴ ʧʨʠʚʦʜʠʪ ʢ ʦʩʮʠʣʣʠʨʫʶʱʝʡ 

ʟʘʚʠʩʠʤʦʩʪʠ ʦʧʪʠʯʝʩʢʦʛʦ ʧʨʦʧʫʩʢʘ-

ʥʠʷ ʥʘ ʚʳʭʦʜʝ ʘʥʘʣʠʟʘʪʦʨʘ (ʨʠʩ. 10). 

ʄʘʢʩʠʤʘʣʴʥʦʝ ʧʨʦʧʫʩʢʘʥʠʝ ʷʯʝʡʢʠ 

ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʫʛʣʫ b=45
0
. ʏʠʩʣʦ 

ʤʘʢʩʠʤʫʤʦʚ ʧʨʦʧʫʩʢʘʥʠʷ ʧʨʠ 

ʧʦʣʥʦʡ ʧʝʨʝʦʨʠʝʥʪʘʮʠʠ ʜʠʨʝʢʪʦʨʘ 

ʙʫʜʝʪ ʨʘʚʥʦ Dnd/l [9]. ʈʘʩʩʤʦʪʨʠʤ 

ʧʣʦʩʢʫʶ ʷʯʝʡʢʫ, ʚ ʢʦʪʦʨʦʡ 

ʤʦʣʝʢʫʣʳ ʞʠʜʢʦʛʦ ʢʨʠʩʪʘʣʣʘ ʠʤʝʶʪ 

ʧʘʨʘʣʣʝʣʴʥʫʶ ʦʨʠʝʥʪʘʮʠʶ ʠ 

ʥʘʯʘʣʴʥʳʡ ʫʛʦʣ ʥʘʢʣʦʥʘ ʜʠʨʝʢʪʦʨʘ 

qp. 
ʈʠʩʫʥʦʢ 10 - ʀʟʤʝʥʝʥʠʝ ʦʧʪʠʯʝʩʢʦʛʦ 

ʧʨʦʧʫʩʢʘʥʠʷ ɾʂ ʷʯʝʡʢʠ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ 
ʧʨʠʣʦʞʝʥʥʦʛʦ ʧʝʨʝʤʝʥʥʦʛʦ ʥʘʧʨʷʞʝʥʠʷ, 
ʧʦʜʘʚʘʝʤʦʛʦ ʩ ʯʘʩʪʦʪʦʡ 1 ʢɻʮ. 
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ʌʘʟʦʚʘ ̫ʟʘʜʝʨʞʢʘ ʤʝʞʜʫ ʥʝʦʙʳʢʥʦʚʝʥʥʳʤ ʠ ʦʙʳʢʥʦʚʝʥʥʳʤ ʣʫʯʘʤʠ 

ʚ ʩʣʦʝ ʞʠʜʢʦʛʦ ʢʨʠʩʪʘʣʣʘ ʟʘʚʠʩʠʪ ʦʪ ʧʨʠʣʦʞʝʥʥʦʛʦ ʥʘʧʨʷʞʝʥʠʷ ʠ 

ʥʘʯʠʥʘʝʪ ʠʟʤʝʥʷʪʴʩʷ ʧʨʠ ʥʘʧʨʷʞʝʥʠʠ U, ʧʨʝʚʳʰʘʶʱʝʤ ʧʦʨʦʛʦʚʦʝ 

ʟʥʘʯʝʥʠʝ Uth. ɺʘʨʠʘʮʠʶ ʬʘʟʦʚʦʡ ʟʘʜʝʨʞʢʠ F ʧʦ ʪʦʣʱʠʥʝ ʩʣʦʷ ʤʦʞʥʦ 

ʟʘʧʠʩʘʪʴ ʢʘʢ 

() ()( )[ ]dznznU
d

eñ -=F
0

0

2
q

l

p
, 

(2.8) 

ʋʛʦʣ ʥʘʢʣʦʥʘ ʜʠʨʝʢʪʦʨʘ q (z) ʟʘʚʠʩʠʪ ʦʪ ʚʥʝʰʥʝʛʦ ʥʘʧʨʷʞʝʥʠʷ ʠ 

ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʧʨʠ ʝʛʦ ʧʦʚʳʰʝʥʠʠ. ʇʨʠ ʵʪʦʤ ʨʘʟʥʠʮʘ ʬʘʟ ʜʚʫʭ 

ʦʨʪʦʛʦʥʘʣʴʥʳʭ ʚʦʣʥ ʧʦʩʪʝʧʝʥʥʦ ʫʤʝʥʴʰʘʝʪʩʷ ʠ ʩʪʨʝʤʠʪʩʷ ʢ ʥʫʣʶ. ʂʦʛʜʘ 

ʧʨʠʣʦʞʝʥʥʦʝ ʥʘʧʨʷʞʝʥʠʝ ʙʫʜʝʪ ʜʦʩʪʘʪʦʯʥʦ ʚʳʩʦʢʠʤ, ʜʣʠʥʥʳʝ ʦʩʠ 

ʤʦʣʝʢʫʣ ʚ ʩʣʦʝ ʞʠʜʢʦʛʦ ʢʨʠʩʪʘʣʣʘ ʙʫʜʫʪ ʚʳʨʦʚʥʝʥʳ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦ 

ʧʦʜʣʦʞʢʘʤ, ʘ ʜʠʨʝʢʪʦʨ ʙʫʜʝʪ ʧʘʨʘʣʣʝʣʝʥ ʚʝʢʪʦʨʫ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ.  

ʄʘʢʩʠʤʘʣʴʥʦʝ ʟʥʘʯʝʥʠʝ ʬʘʟʦʚʦʡ ʟʘʜʝʨʞʢʠ Fʦ ʩʚʝʪʘ ʚ ʩʣʦʝ ʞʠʜʢʦʛʦ 

ʢʨʠʩʪʘʣʣʘ ʙʫʜʝʪ ʨʘʚʥʦ: 

( )dnn o

eff

em Ö-=F
l
p2  

(2.9) 

ʛʜʝ  

pope

oeeff
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nn

nn
n

qq 2222 cossin +
=  

(2.10) 

ɽʩʣʠ ʥʘʯʘʣʴʥʳʡ ʫʛʦʣ ʥʘʢʣʦʥʘ ʜʠʨʝʢʪʦʨʘ qp ʤʘʣ, ʪʦ eff

e
n ʧʦʯʪʠ 

ʧʨʠʙʣʠʞʘʝʪʩʷ ʢ ne.[12]  

Ä 2.4 ʇʦʨʦʛ ʵʣʝʢʪʨʦʦʧʪʠʯʝʩʢʦʛʦ ʵʬʬʝʢʪʘ ʠ ʚʣʠʷʥʠʝ ʥʘ ʥʝʛʦ 

ʩʚʦʡʩʪʚ ʞʠʜʢʦʛʦ ʢʨʠʩʪʘʣʣʘ ʠ ʦʨʠʝʥʪʠʨʫʶʱʝʡ ʧʦʚʝʨʭʥʦʩʪʠ 

ʇʦʨʦʛʫ ʵʣʝʢʪʨʦʦʧʪʠʯʝʩʢʦʛʦ ʵʬʬʝʢʪʘ ʌʨʝʜʝʨʠʢʩʘ ʩʦʦʪʚʝʪʩʪʚʫʝʪ 

ʥʘʧʨʷʞʝʥʠʝ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ, ʧʨʠ ʢʦʪʦʨʦʤ ʧʨʦʠʩʭʦʜʠʪ 

ʧʝʨʝʦʨʠʝʥʪʘʮʠ ̫ʜʣʠʥʥʳʭ ʦʩʝʡ ʤʦʣʝʢʫʣ ʦʪʥʦʩʠʪʝʣʴʥʦ ʧʣʦʩʢʦʩʪʠ ʧʦʜʣʦʞʢʠ 

ʠ ʥʘʯʠʥʘʝʪ ʠʟʤʝʥʷʪʴʩʷ ʫʛʦʣ ʥʘʢʣʦʥʘ ʜʠʨʝʢʪʦʨʘ ʞʠʜʢʦʛʦ ʢʨʠʩʪʘʣʣʘ. 

ʇʦʨʦʛʦʚʦʝ ʥʘʧʨʷʞʝʥʠʝ Uth ʟʘʚʠʩʠʪ ʦʪ ʩʚʦʡʩʪʚ ʞʠʜʢʦʛʦ ʢʨʠʩʪʘʣʣʘ ï 

ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʘʥʠʟʦʪʨʦʧʠʠ De ʠ ʢʦʵʬʬʠʮʠʝʥʪʘ ʫʧʨʫʛʦʩʪʠ ʌʨʘʥʢʘ. ɼʣʷ 

splay-ʜʝʬʦʨʤʘʮʠʠ, ʢʦʛʜʘ De >0, ʧʦʨʦʛʦʚʦʝ ʥʘʧʨʷʞʝʥʠʝ ʦʧʨʝʜʝʣʷʝʪʩʷ ʢʘʢ 
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(2.11) 

ɺ ʨʝʘʣʴʥʳʭ ʫʩʣʦʚʠʷʭ ʩʠʣʘ ʩʮʝʧʣʝʥʠʷ ʤʝʞʜʫ ʤʦʣʝʢʫʣʘʤʠ ʞʠʜʢʦʛʦ 

ʢʨʠʩʪʘʣʣʘ ʠ ʦʨʠʝʥʪʠʨʫʶʱʝʡ ʧʦʚʝʨʭʥʦʩʪʴʶ ʚʣʠʷʝʪ ʥʝ ʪʦʣʴʢʦ ʥʘ ʥʘʯʘʣʴʥʳʡ 

ʫʛʦʣ ʥʘʢʣʦʥʘ ʜʠʨʝʢʪʦʨʘ, ʥʦ ʠ ʥʘ ʧʦʨʦʛ ʵʣʝʢʪʨʦʦʧʪʠʯʝʩʢʦʛʦ ʵʬʬʝʢʪʘ. ʕʪʦ 

ʠʣʣʶʩʪʨʠʨʫʝʪ ʨʠʩ. 11, ʥʘ ʢʦʪʦʨʦʤ ʧʨʠʚʝʜʝʥʳ ʟʘʚʠʩʠʤʦʩʪʠ ʬʘʟʦʚʦʡ 

ʟʘʜʝʨʞʢʠ ʩʚʝʪʘ ʦʪ ʥʘʧʨʷʞʝʥʠʷ, ʧʨʠʣʦʞʝʥʥʦʛʦ ʢ ʷʯʝʡʢʘʤ ʩ ʦʜʠʥʘʢʦʚʦʡ 

ʪʦʣʱʠʥʦʡ ʩʣʦʷ ʞʠʜʢʦʛʦ ʢʨʠʩʪʘʣʣʘ BL-37 (ʬʠʨʤʳ Merck) ʠ ʨʘʟʥʳʤʠ 

ʦʨʠʝʥʪʠʨʫʶʱʠʤʠ ʧʦʚʝʨʭʥʦʩʪʷʤʠ. ʇʦʨʦʛʦʚʦʝ ʥʘʧʨʷʞʝʥʠʝ ʜʣʷ ʵʪʦʛʦ 

ʞʠʜʢʦʛʦ ʢʨʠʩʪʘʣʣʘ ʠʟʤʝʥʷʝʪʩʷ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʩʚʦʡʩʪʚ ʦʨʠʝʥʪʠʨʫʶʱʝʛʦ 

ʩʣʦʷ, ʢʘʢ ʚʠʜʥʦ ʠʟ ʪʘʙʣʠʮʳ 1, ʚ ʢʦʪʦʨʦʡ ʧʨʠʚʝʜʝʥʳ ʧʘʨʘʤʝʪʨʳ ʷʯʝʝʢ ʩ 

ʦʨʠʝʥʪʠʨʫʶʱʠʤʠ ʩʣʦʷʤʠ a-C:H (a), ʧʦʣʠʚʠʥʠʣʦʚʦʛʦ ʩʧʠʨʪʘ (b), 

ʧʦʣʠʠʤʠʜʘ (c) ʠ GeO (d). 

 

ʈʠʩʫʥʦʢ 11 - ʀʟʤʝʥʝʥʠʝ ʬʘʟʦʚʦʡ ʟʘʜʝʨʞʢʠ ʠʟʣʫʯʝʥʠʷ ʩ ʜʣʠʥʦʡ ʚʦʣʥʳ 633 ʥʤ ʚ 
ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʧʝʨʝʤʝʥʥʦʛʦ ʥʘʧʨʷʞʝʥʠʷ, ʧʦʜʘʚʘʝʤʦʛʦ ʩ ʯʘʩʪʦʪʦʡ 1 ʢɻʮ, ʚ ɾʂ 
ʷʯʝʡʢʘʭ ʩʦ ʩʣʦʷʤʠ: a - a-C:H, b - ʧʦʣʠʚʠʥʠʣʦʚʦʛʦ ʩʧʠʨʪʘ, c -ʧʦʣʠʠʤʠʜʘ ʠ d - GeO. 

ʅʘʠʤʝʥʴʰʝʝ ʧʦʨʦʛʦʚʦʝ ʥʘʧʨʷʞʝʥʠʝ ʠ ʥʘʠʙʦʣʴʰʠʡ ʫʛʦʣ qp = 22
ʦ
 

ʥʘʙʣʶʜʘʣʩʷ ʚ ʩʣʫʯʘʝ ʦʨʠʝʥʪʘʮʠʠ ʤʦʣʝʢʫʣ ʥʘ ʪʝʢʩʪʫʨʠʨʦʚʘʥʥʦʡ 

ʧʦʚʝʨʭʥʦʩʪʠ ʩʣʦ̫ GeO ʚ ʷʯʝʡʢʝ çdè. ʅʘʠʙʦʣʴʰʠʡ ʧʦʨʦʛ, ʨʘʚʥʳʡ 2,7 ɺ, 

ʥʘʙʣʶʜʘʣʩʷ ʜʣʷ ʞʠʜʢʦʛʦ ʢʨʠʩʪʘʣʣʘ, ʦʨʠʝʥʪʠʨʦʚʘʥʥʦʛʦ ʧʦʚʝʨʭʥʦʩʪʴ  ʁ

ʥʘʪʝʨʪʦʛʦ ʩʣʦʷ ʧʦʣʠʚʠʥʠʣʦʚʦʛʦ ʩʧʠʨʪʘ [13]. ʕʪʠ ʨʝʟʫʣʴʪʘʪʳ 

ʩʚʠʜʝʪʝʣʴʩʪʚʫʶʪ ʦ ʩʫʱʝʩʪʚʝʥʥʦʤ ʚʣʠʷʥʠʠ ʘʥʠʟʦʪʨʦʧʥʦ-ʫʧʨʫʛʦʛʦ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʥʘ ʛʨʘʥʠʮʝ ʨʘʟʜʝʣʘ ʬʘʟ ʥʘ ʦʙʘ ʧʘʨʘʤʝʪʨʘ qp ʠ Uth.  
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ʊʘʙʣʠʮʘ 1. ʇʘʨʘʤʝʪʨʳ ʅɾʂ ʷʯʝʝʢ. 

ɾʂ 

ʷʯʝʡʢʠ 

d, ʤʢʤ DFmax£p qp, ʛʨʘʜ. Uth, ɺ 

a 15,7 15,2 3 2,2 

b 15,4 13 12 2,7 

c 15,4 13,2 11 1,9 

d 13,5 9,3 22 0,7 

ɺ ʞʠʜʢʦʤ ʢʨʠʩʪʘʣʣʝ ʚ ʨʝʟʫʣʴʪʘʪʝ ʜʠʩʩʦʮʠʘʮʠʠ ʧʨʠʤʝʩʝʡ ʠʣʠ 

ʢʦʤʧʦʥʝʥʪʦʚ, ʚʭʦʜʷʱʠʭ ʚ ʩʦʩʪʘʚ ʩʤʝʩʠ, ʤʦʛʫʪ ʦʙʨʘʟʦʚʳʚʘʪʴʩʷ ʠʦʥʳ ʦʙʦʠʭ 

ʟʥʘʢʦʚ. ʇʨʦʮʝʩʩ ʜʠʩʩʦʮʠʘʮʠʠ ʠ ʨʝʢʦʤʙʠʥʘʮʠʠ ʠʦʥʦʚ ʚ ʦʙʲʝʤʝ ʞʠʜʢʦʛʦ 

ʢʨʠʩʪʘʣʣʘ ʥʘʭʦʜʠʪʩʷ ʚ ʨʘʚʥʦʚʝʩʠʠ, ʧʦʵʪʦʤʫ ʧʣʦʪʥʦʩʪʴ ʧʦʣʦʞʠʪʝʣʴʥʳʭ ʠ 

ʦʪʨʠʮʘʪʝʣʴʥʳʭ ʟʘʨʷʜʦʚ ʦʩʪʘʝʪʩʷ ʧʦʩʪʦʷʥʥʦʡ [14]. ʈʘʟʜʝʣʝʥʠʝ ʟʘʨʷʜʦʚ 

ʧʨʦʠʩʭʦʜʠʪ ʧʨʠ ʧʨʠʣʦʞʝʥʠʠ ʢ ʩʣʦʶ ʞʠʜʢʦʛʦ ʢʨʠʩʪʘʣʣʘ ʧʦʩʪʦʷʥʥʦʛʦ 

ʧʦʪʝʥʮʠʘʣʘ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʘʜʩʦʨʙʮʠʠ ʠ ʜʝʩʦʨʙʮʠʠ ʟʘʨʷʜʦʚ ʠʦʥʦʚ ʚʙʣʠʟʠ 

ʵʣʝʢʪʨʦʜʦʚ ʬʦʨʤʠʨʫʝʪʩʷ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʡ ʟʘʨʷʜ, ʢʦʪʦʨʳʡ ʵʢʨʘʥʠʨʫʝʪ 

ʧʨʠʣʦʞʝʥʥʦʝ ʥʘʧʨʷʞʝʥʠʝ. ʇʘʜʝʥʠʝ ʥʘʧʨʷʞʝʥʠʷ ʚ ʨʝʟʫʣʴʪʘʪʝ ʵʬʬʝʢʪʘ 

ʵʢʨʘʥʠʨʦʚʘʥʠʷ ʟʘʚʠʩʠʪ ʦʪ ʪʦʣʱʠʥʳ ʩʣʦʷ ʞʠʜʢʦʛʦ ʢʨʠʩʪʘʣʣʘ ʠ 

ʦʨʠʝʥʪʠʨʫʶʱʝʛʦ ʩʣʦʷ, ʘ ʪʘʢʞʝ ʠʭ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʨʦʥʠʮʘʝʤʦʩʪʝʡ [15]. 

ʆʪʥʦʰʝʥʠʝ ʤʝʞʜʫ ʵʬʬʝʢʪʠʚʥʳʤ ʥʘʧʨʷʞʝʥʠʝʤ ʥʘ ʩʣʦʝ ʞʠʜʢʦʛʦ ʢʨʠʩʪʘʣʣʘ 

ULC ʠ ʥʘʧʨʷʞʝʥʠʝʤ U, ʧʨʠʣʦʞʝʥʥʳʤ ʢ ʷʯʝʡʢʝ ʦʧʠʩʳʚʘʝʪʩʷ ʬʦʨʤʫʣʦʡ: 
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 (2.12) 

ʛʜʝ ï eLC (liquid crystal) ʵʬʬʝʢʪʠʚʥʘʷ ʜʠʵʣʝʢʪʨʠʯʝʩʢʘʷ ʧʦʩʪʦʷʥʥʘʷ ʜʣʷ ɾʂ 

ʩʣʦʷ ʠ eAL (alignment layer) ʜʠʵʣʝʢʪʨʠʯʝʩʢʘʷ ʧʦʩʪʦʷʥʥʘʷ ʦʨʠʝʥʪʠʨʫʶʱʝʛʦ 

ʩʣʦʷ ʧʨʠ ʜʘʥʥʦʤ ʥʘʧʨʷʞʝʥʠʠ; dAL ʠ dLC ï ʪʦʣʱʠʥʳ ʵʪʠʭ ʩʣʦʝʚ, 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ɺʳʨʘʞʝʥʠʝ (2.12) ʧʦʢʘʟʳʚʘʝʪ, ʯʪʦ ʯʝʤ ʙʦʣʴʰʝ ʪʦʣʱʠʥʘ 

ʦʨʠʝʥʪʠʨʫʶʱʝʛʦ ʩʣʦʷ ʠ ʝʛʦ ʜʠʵʣʝʢʪʨʠʯʝʩʢʘʷ ʧʨʦʥʠʮʘʝʤʦʩʪʴ, ʪʝʤ 

ʟʥʘʯʠʪʝʣʴʥʝʡ ʵʬʬʝʢʪ ʵʢʨʘʥʠʨʦʚʘʥʠʷ ʧʨʠʣʦʞʝʥʥʦʛʦ ʥʘʧʨʷʞʝʥʠʷ. 

ʋʚʝʣʠʯʝʥʠʝ ʪʦʣʱʠʥʳ ʩʣʦʷ ʜʠʵʣʝʢʪʨʠʢʘ ʧʨʠʚʦʜʠʪ ʢ ʧʦʚʳʰʝʥʠ ʁ ʝʛʦ 

ʘʢʪʠʚʥʦʛʦ ʩʦʧʨʦʪʠʚʣʝʥʠʷ, ʯʪʦ ʜʦʣʞʥʦ ʩʧʦʩʦʙʩʪʚʦʚʘʪʴ ʟʘʤʝʜʣʝʥʠʶ 

ʩʪʝʢʘʥʠʷ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʛʦ ʟʘʨʷʜʘ ʬʦʨʤʠʨʫʶʱʝʛʦʩʷ ʚʙʣʠʟʠ ʩʪʝʥʦʢ 

ʷʯʝʡʢʠ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʵʪʦʛʦ ʢ ʤʦʤʝʥʪʫ ʥʘʯʘʣʘ ʜʝʬʦʨʤʘʮʠʠ 

ʦʨʠʝʥʪʠʨʦʚʘʥʥʦʛʦ ʩʣʦʷ ʞʠʜʢʦʛʦ ʢʨʠʩʪʘʣʣʘ ʚʙʣʠʟʠ ʛʨʘʥʠʮʳ ʨʘʟʜʝʣʘ ʬʘʟ 
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ʛʝʥʝʨʠʨʫʝʪʩʷ ʦʩʪʘʪʦʯʥʳʡ ʧʦʪʝʥʮʠʘʣ [16], ʢʦʪʦʨʳʡ ʤʦʞʝʪ ʚʳʟʳʚʘʪ ɹ

ʫʚʝʣʠʯʝʥʠʝ ʥʘʯʘʣʴʥʦʛʦ ʫʛʣʘ ʥʘʢʣʦʥʘ ʜʠʨʝʢʪʦʨʘ [17]. 

ɼʣʷ ʪʦʣʩʪʳʭ ʩʣʦʝʚ ʞʠʜʢʦʛʦ ʢʨʠʩʪʘʣʣʘ, ʢʦʛʜʘ dAL < dLC, ULC ­ U, 

ʚʣʠʷʥʠʝ ʵʢʨʘʥʠʨʫʶʱʝʛʦ ʵʬʬʝʢʪʘ ʚ ʦʪʣʠʯʠʝ ʦʪ ʙʦʣʝʝ ʪʦʥʢʠʭ ʩʣʦʝʚ, ʤʝʥʝʝ 

ʩʫʱʝʩʪʚʝʥʥʦ. ʋʤʝʥʴʰʝʥʠʝ ʪʦʣʱʠʥʳ ʩʣʦ̫ ʞʠʜʢʦʛʦ ʢʨʠʩʪʘʣʣʘ ʧʨʠʚʦʜʠʪ ʢ 

ʫʩʠʣʝʥʠʶ ʵʢʨʘʥʠʨʦʚʘʥʠʷ ʧʨʠʣʦʞʝʥʥʦʛʦ ʥʘʧʨʷʞʝʥʠʷ ʠ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, 

ʧʦʚʳʰʘʝʪ ʧʦʨʦʛʦʚʦʝ ʥʘʧʨʷʞʝʥʠʝ ʵʣʝʢʪʨʦʦʧʪʠʯʝʩʢʦʛʦ ʵʬʬʝʢʪʘ. 

ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠ̫ ʵʣʝʢʪʨʠʯʝʩʢʠʭ ʠ ʦʧʪʠʯʝʩʢʠʭ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʷʯʝʝʢ, ʟʘʧʦʣʥʝʥʥʳʭ ʥʝʤʘʪʠʯʝʩʢʠʤ ʞʠʜʢʠʤ ʢʨʠʩʪʘʣʣʦʤ, 

ʧʦʢʘʟʘʣʠ, ʯʪʦ ʵʢʨʘʥʠʨʦʚʘʥʠʝ ʧʨʠʣʦʞʝʥʥʦʛʦ ʥʘʧʨʷʞʝʥʠʷ ʫʩʠʣʠʚʘʣʦʩʴ ʩ 

ʫʚʝʣʠʯʝʥʠʝʤ ʪʦʣʱʠʥʳ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʩʣʦʷ a-C:H [18].  

ʆʜʥʠʤ ʠʟ ʩʧʦʩʦʙʦʚ ʧʦʥʠʞʝʥʠʷ ʧʦʨʦʛʦʚʦʛʦ ʥʘʧʨʷʞʝʥʠʷ ʷʚʣʷʝʪʩʷ 

ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʛʠʙʨʠʜʥʦ-ʦʨʠʝʥʪʠʨʦʚʘʥʥʳʭ ʩʪʨʫʢʪʫʨ ʥʝʤʘʪʠʯʝʩʢʦʛʦ 

ʞʠʜʢʦʛʦ ʢʨʠʩʪʘʣʣʘ (hybrid alignment nematic- HAN) ʩ ʘʩʠʤʤʝʪʨʠʯʥʳʤʠ 

ʫʩʣʦʚʠʷʤʠ ʤʝʞʬʘʟʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʥʘ ʧʨʦʪʠʚʦʧʦʣʦʞʥʳʭ ʛʨʘʥʠʮʘʭ 

ʨʘʟʜʝʣʘ ʩ ʦʨʠʝʥʪʠʨʫʶʱʝʡ ʧʦʚʝʨʭʥʦʩʪʴʶ. ɺ HAN ʷʯʝʡʢʝ ʤʦʣʝʢʫʣʳ 

ʞʠʜʢʦʛʦ ʢʨʠʩʪʘʣʣʘ ʛʦʤʦʛʝʥʥʦ (ʧʘʨʘʣʣʝʣʴʥʦ) ʚʳʨʘʚʥʠʚʘʶʪʩʷ ʦʜʥʦʡ 

ʧʦʚʝʨʭʥʦʩʪʴ  ʁ ʠ ʛʦʤʝʦʪʨʦʧʥʦ (ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦ) ï ʫ ʜʨʫʛʦʡ 

ʧʨʦʪʠʚʦʧʦʣʦʞʥʦʡ ʦʨʠʝʥʪʠʨʫʶʱʝʡ ʧʦʚʝʨʭʥʦʩʪʠ. ʊʘʢʘʷ ʛʝʦʤʝʪʨʠʷ ʚ ʧʝʨʚʦʤ 

ʧʨʠʙʣʠʞʝʥʠʠ ʦʢʘʟʳʚʘʝʪ ʦʜʠʥʘʢʦʚʦʝ ʚʣʠʷʥʠʝ ʢʘʢ ʥʘ ʛʦʤʦʛʝʥʥʫʶ, ʪʘʢ ʠ ʥʘ 

ʛʦʤʝʦʪʨʦʧʥʫʶ ʦʨʠʝʥʪʘʮʠʶ, ʚʳʟʳʚʘʷ ʥʝʣʠʥʝʡʥʫʶ ʚʘʨʠʘʮʠʶ ʥʘʢʣʦʥʘ 

ʜʠʨʝʢʪʦʨʘ ʚʜʦʣʴ ʚʩʝʛʦ ʩʣʦʷ ʞʠʜʢʦʛʦ ʢʨʠʩʪʘʣʣʘ ʚ ʷʯʝʡʢʝ. ʇʦʨʦʛ 

ʵʣʝʢʪʨʦʦʧʪʠʯʝʩʢʦʛʦ ʵʬʬʝʢʪʘ ʚ HAN ʷʯʝʡʢʝ ʫʤʝʥʴʰʘʝʪʩʷ, ʘ ʠʩʢʨʠʚʣʝʥʠʝ 

ʦʨʠʝʥʪʘʮʠʠ ʜʠʨʝʢʪʦʨʘ ʦʪ ʛʦʤʝʦʪʨʦʧʥʦʡ ʢ ʛʦʤʦʛʝʥʥʦʡ ʟʘʚʠʩʠʪ ʦʪ ʟʥʘʢʘ 

ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʘʥʠʟʦʪʨʦʧʠʠ ʞʠʜʢʦʛʦ ʢʨʠʩʪʘʣʣʘ [19]. ʉʥʠʞʝʥʠʝ ʧʦʨʦʛʘ 

ʵʣʝʢʪʨʦʦʧʪʠʯʝʩʢʦʛʦ ʵʬʬʝʢʪʘ ʤʦʞʝʪ ʙʳʪʴ ʜʦʩʪʠʛʥʫʪʦ ʠ ʧʨʠ ʜʦʧʠʨʦʚʘʥʠʠ 

ʞʠʜʢʠʭ ʢʨʠʩʪʘʣʣʦʚ ʥʘʥʦʯʘʩʪʠʮʘʤʠ. ɺ ʵʪʦʤ ʩʣʫʯʘʝ ʤʝʭʘʥʠʟʤ ʩʥʠʞʝʥʠʷ 

ʵʢʨʘʥʠʨʫʶʱʝʛʦ ʵʬʬʝʢʪʘ ʦʩʥʦʚʘʥ ʥʘ ʟʘʭʚʘʪʝ ʠʦʥʦʚ ʥʘʥʦʯʘʩʪʠʮʘʤʠ, ʯʪʦ 

ʧʨʠʚʦʜʠʪ ʢ ʫʤʝʥʴʰʝʥʠʶ ʠʭ ʢʦʣʠʯʝʩʪʚʘ ʚ ʦʙʲʝʤʝ ʞʠʜʢʦʛʦ ʢʨʠʩʪʘʣʣʘ. ɹʦʣʝʝ 

ʧʦʜʨʦʙʥʦ ɻʪʦʪ ʚʦʧʨʦʩ ʙʫʜʝʪ ʦʙʩʫʞʜʘʪʴʩʷ ʚ ʛʣʘʚʝ 6, ʧʦʩʚʷʱʝʥʥʦʡ 

ʞʠʜʢʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʤ ʩʠʩʪʝʤʘʤ ʩ ʥʘʥʦʯʘʩʪʠʮʘʤʠ. 
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ɻʃɸɺɸ 3 

ɼʀʅɸʄʀʂɸ ʆʇʊʀʏɽʉʂʆɻʆ ʆʊʂʃʀʂɸ ʅɽʄɸʊʀʏɽʉʂʆɻʆ 

ɾʀɼʂʆɻʆ ʂʈʀʉʊɸʃʃɸ  

Ä 3.1 ɼʠʥʘʤʠʢʘ ʧʝʨʝʦʨʠʝʥʪʘʮʠʠ ʜʠʨʝʢʪʦʨʘ ʠ ʚʨʝʤ ̫ʦʧʪʠʯʝʩʢʦʛʦ 

ʦʪʢʣʠʢʘ 

ɺʨʝʤʷ ʦʧʪʠʯʝʩʢʦʛʦ ʦʪʢʣʠʢʘ ʷʚʣʷʝʪʩʷ ʦʜʥʠʤ ʠʟ ʢʣʶʯʝʚʳʭ ʧʘʨʘʤʝʪʨʦʚ 

ʘʢʪʠʚʥʳʭ ɾʂ ʫʩʪʨʦʡʩʪʚ. ɼʠʥʘʤʠʯʝʩʢʠʡ ʦʪʢʣʠʢ ʞʠʜʢʦʛʦ ʢʨʠʩʪʘʣʣʘ ʚ 

ʩʣʫʯʘʝ ʪʚʠʩʪ-ʵʬʬʝʢʪʘ ʩʚʷʟʘʥ ʩ ʠʟʤʝʥʝʥʠʝʤ ʧʨʦʧʫʩʢʘʥʠʷ ʟʘ ʚʨʝʤ ̫ʝʛʦ ʩʧʘʜʘ 

ʠ ʧʦʜʲʝʤʘ, ʢʘʢ ʧʦʢʘʟʘʥʦ ʥʘ ʨʠʩ. 22. ɺ ʩʣʫʯʘʝ splay- ʠʣʠ bend-ʜʝʬʦʨʤʘʮʠʠ 

ʩʣʦʷ ʞʠʜʢʦʛʦ ʢʨʠʩʪʘʣʣʘ ʚʨʝʤʷ ʦʪʢʣʠʢʘ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʠʟʤʝʥʝʥʠʶ ʬʘʟʳ 

(ʨʠʩ. 23). ɹʝʟ ʩʦʤʥʝʥʠʷ ʚʨʝʤʷ ʦʪʢʣʠʢʘ ʧʨʠ ʤʦʜʫʣʷʮʠʠ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʠ 

ʬʘʟʳ ʦʧʪʠʯʝʩʢʦʛʦ ʩʠʛʥʘʣʘ ʦʧʨʝʜʝʣʷʶʪʩʷ ʚʨʝʤʝʥʝʤ ʧʝʨʝʦʨʠʝʥʪʘʮʠʠ 

ʜʠʨʝʢʪʦʨʘ ʚ ʩʣʦʝ ʞʠʜʢʦʛʦ ʢʨʠʩʪʘʣʣʘ. ɺ ʩʚʷʟʠ ʩ ʵʪʠʤ ʚʘʞʥʦ ʫʩʪʘʥʦʚʠʪʴ 

ʢʦʨʨʝʣʷʮʠʶ ʤʝʞʜʫ ʚʨʝʤʝʥʝʤ ʧʝʨʝʦʨʠʝʥʪʘʮʠʠ ʜʠʨʝʢʪʦʨʘ ʠ ʚʨʝʤʝʥʝʤ 

ʦʧʪʠʯʝʩʢʦʛʦ ʦʪʢʣʠʢʘ [20].   

ɼʠʥʘʤʠʢʘ ʧʝʨʝʦʨʠʝʥʪʘʮʠʠ ʜʠʨʝʢʪʦʨʘ ʞʠʜʢʦʛʦ ʢʨʠʩʪʘʣʣʘ ʙʝʟ ʫʯʝʪʘ 

ʦʙʨʘʪʥʦʛʦ ʧʦʪʦʢʘ ʠ ʚʣʠʷʥʠʷ ʠʥʝʨʮʠʦʥʥʳʭ ʵʬʬʝʢʪʦʚ ʦʧʠʩʳʚʘʝʪʩʷ 

ʫʨʘʚʥʝʥʠʝʤ ʕʨʠʢʩʦʥʘ-ʃʝʩʣʠ [21,22]  

( ) ( )

,cossin

cossinsincos

1

2

2

1133

2
2

33

2

11

t
E

z
KK

z
KK

o
µ

µ
=D

+ö
÷

õ
æ
ç

å

µ

µ
-+

µ

µ
+

q
gqqee

q
qq

q
qq

 

(3.1) 

ʛʜʝ g1 ʷʚʣʷʝʪʩʷ ʚʨʘʱʘʪʝʣʴʥʦʡ ʚʷʟʢʦʩʪʴʶ, K11 and K33 ʢʦʵʬʬʠʮʠʝʥʪʳ 

ʫʧʨʫʛʦʩʪʠ ʜʣʷ splay- ʠ bend-ʫʧʨʫʛʦʡ ʜʝʬʦʨʤʘʮʠʠ; eʦDeE
2
 ï ʧʣʦʪʥʦʩʪʴ 

ʵʥʝʨʛʠʠ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ, De ï ʜʠʵʣʝʢʪʨʠʯʝʩʢʘʷ ʘʥʠʟʦʪʨʦʧʠʷ ɾʂ; q ï 

ʫʛʦʣ ʥʘʢʣʦʥʘ ʜʠʨʝʢʪʦʨʘ ɾʂ.  

ʂʦʛʜʘ ʫʛʦʣ ʥʘʢʣʦʥʘ ʤʘʣ, ʤʦʞʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʤʘʣʦʫʛʣʦʚʫ  ʁ

ʘʧʧʨʦʢʩʠʤʘʮʠ ʁ sinq ~ q. ɺ ʵʪʦʤ ʩʣʫʯʘʝ ʫʨʘʚʥʝʥʠʝ ʕʨʠʢʩʦʥʘ-ʃʝʩʣʠ ʜʣʷ 

K11 = K33 ʠʤʝʝʪ ʚʠʜ: 
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33 . 
(3.2) 

ʇʨʠ ʦʧʨʝʜʝʣʝʥʥʳʭ ʫʩʣʦʚʠʷʭ ʚʨʝʤʷ ʧʦʜʲʝʤʘ ʠ ʩʧʘʜʘ ʠʥʪʝʥʩʠʚʥʦʩʪʠ 

ʦʧʪʠʯʝʩʢʦʛʦ ʩʠʛʥʘʣʘ ʠʤʝʶʪ ʧʨʦʩʪʦʝ ʘʥʘʣʠʪʠʯʝʩʢʦʝ ʨʝʰʝʥʠʝ. ʂʦʛʜʘ 

ʵʣʝʢʪʨʠʯʝʩʢʦʝ ʧʦʣʝ ʦʪʩʫʪʩʚʫʝʪ E = 0, ʫʨʘʚʥʝʥʠʝ (3.2) ʤʦʞʥʦ ʫʧʨʦʩʪʠʪʴ  
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ʈʝʝhʥʠʝ ʫʨʘʚʥʝʥʠ ̫(3.3), ʤʦʞʥʦ ʟʘʧʠʩʘʪʴ ʢʘʢ 
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(3.6) 

ʛʜʝ qm ʷʚʣʷʝʪʩʷ ʤʘʢʩʠʤʘʣʴʥʳʤ ʫʛʣʦʤ ʥʘʢʣʦʥʘ ʜʠʨʝʢʪʦʨʘ ʚ ʨʝʟʫʣʴʪʘʪʝ 

ʧʨʠʣʦʞʝʥʠ ̫ʥʘʧʨʷʞʝʥʠ,̫ to ï ʚʨʝʤʷ ʧʝʨʝʦʨʠʝʥʪʘʮʠʠ ʜʠʨʝʢʪʦʨʘ (1­1/e). 

ʉʣʝʜʫʝʪ ʟʘʤʝʪʠʪʴ, ʯʪʦ ʚ ʫʨʘʚʥʝʥʠʠ ʕʨʠʢʩʦʥʘ-ʃʝʩʣʠ ʧʨʝʜʧʦʣʘʛʘʝʪʩʷ 

ʩʠʣʴʥʦʝ ʩʮʝʧʣʝʥʠʝ ʞʠʜʢʦʛʦ ʢʨʠʩʪʘʣʣʘ ʩ ʧʦʚʝʨʭʥʦʩʪʴʶ ʠ ʥʫʣʝʚʦʡ ʫʛʦʣ 

ʥʘʢʣʦʥʘ ʜʠʨʝʢʪʦʨʘ ʥʘ ʛʨʘʥʠʮʝ ʨʘʟʜʝʣʘ ʬʘʟ. ʇʨʠ ʪʘʢʠʭ ʫʩʣʦʚʠʷʭ 

ʩʫʱʝʩʪʚʫʝʪ ʧʦʨʦʛ ʧʝʨʝʭʦʜʘ ʌʨʝʜʝʨʠʢʩʘ. ɺʨʝʤʝʥʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ 

ʠʟʤʝʥʝʥʠʷ ʬʘʟʳ ʘʩʩʦʮʠʠʨʫʝʪ ʩ ʠʟʤʝʥʝʥʠʝʤ ʫʛʣʘ ʠ ʦʧʠʩʳʚʘʝʪʩʷ ʢʘʢ  
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ɼʣʷ ʩʣʫʯʘʷ bend-ʜʝʬʦʨʤʘʮʠʠ ʧʨʠ ʧʨʠʣʦʞʝʥʠʠ ʢ ̫ ʯʝʡʢʝ ʩ 

ʛʦʤʝʦʪʨʦʧʥʦʡ ʦʨʠʝʥʪʘʮʠʝʡ ʥʘʧʨʷʞʝʥʠʷ ʩʤʝʱʝʥʠ̫ (Ub), ʥʝʟʥʘʯʠʪʝʣʴʥʦ 

ʧʨʝʚʳʰʘʶʱʝʛʦ ʧʦʨʦʛʦʚʦʝ ʥʘʧʨʷʞʝʥʠʝ Uth, ʧʨʦʮʝʩʩ ʧʨʦʠʩʭʦʜʠʪ ʤʛʥʦʚʝʥʥʦ 

t = 0, ʧʝʨʝʭʦʜʥʳʝ ʠʟʤʝʥʝʥʠʷ ʬʘʟr ʤʦʛʫʪ ʙʳʪʴ ʘʧʧʨʦʢʩʠʤʠʨʦʚʘʥʳ ʠʟ (3.5) 
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ʛʜʝ Fo ï ʠʟʤʝʥʝʥʠʝ ʬʘʟʳ ʦʪ U = Uo ʢ U = 0. ʀʟ ʫʨʘʚʥʝʥʠʷ (3.6) ʧʦʩʪʦʷʥʥʘʷ 

ʚʨʝʤʝʥʠ ʩʧʘʜʘ ʬʘʟʳ (1­1/e) ʠ to/2 ʚ ʜʚʘ ʨʘʟʘ ʤʝʥʴʰʝ, ʯʝʤ ʚʨʝʤʷ 

ʧʝʨʝʦʨʠʝʥʪʘʮʠʠ ʜʠʨʝʢʪʦʨʘ ʞʠʜʢʦʛʦ ʢʨʠʩʪʘʣʣʘ.  

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʯʠʩʣʝʥʥʦʝ ʨʝʰʝʥʠʝ ʫʨʘʚʥʝʥʠʷ ʕʨʠʢʩʦʥʘ-ʃʝʩʣʠ ʧʨʠ 

ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʜʣʷ ʨʘʩʯʝʪʘ ʧʨʦʩʪʦʡ ʤʦʜʝʣʠ ʧʦʢʘʟʘʣʦ, ʯʪʦ ʚʨʝʤʷ ʩʧʘʜʘ 

ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʚ ʜʚʘ ʨʘʟʘ ʤʝʥʴʰʝ, ʯʝʤ ʚʨʝʤʷ ʧʝʨʝʦʨʠʝʥʪʘʮʠʠ ʤʦʣʝʢʫʣ ʚ 

ʛʦʤʝʦʪʨʦʧʥʦʡ ɾʂ ʷʯʝʡʢʝ. ɺʨʝʤʷ ʦʧʪʠʯʝʩʢʦʛʦ ʦʪʢʣʠʢʘ ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʦ 
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ʚʨʝʤʝʥʠ ʧʝʨʝʦʨʠʝʥʪʘʮʠʠ ʠ ʩʣʘʙʦ ʟʘʚʠʩʠʪ ʦʪ ʥʘʧʨʷʞʝʥʠ,̫ ʧʨʠʣʦʞʝʥʥʦʛʦ 

ʧʝʨʚʦʥʘʯʘʣʴʥʦ [20].
 
 

ɼʣʷ ʪʦʛʦ ʯʪʦʙʳ ʥʘʡʪʠ ʚʨʝʤʷ ʦʧʪʠʯʝʩʢʦʛʦ ʦʢʣʠʢʘ, ʥʝʦʙʭʦʜʠʤʦ 

ʨʘʩʩʯʠʪʘʪʴ ʚʨʝʤʝʥʥʫ  ʁʟʘʚʠʩʠʤʦʩʪʴ ʠʟʤʝʥʝʥʠʷ ʠʥʪʝʥʩʠʚʥʦʩʪʠ I (t) ʷʯʝʡʢʠ ʚ 

ʩʢʨʝʱʝʥʥʳʭ ʧʦʣʷʨʠʟʘʪʦʨʘʭ, ʠʩʧʦʣʴʟʫʷ ʩʣʝʜʫʶʱʝʝ ʦʪʥʦʰʝʥʠʝ: 
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ʇʦʜʩʪʘʚʣʷʷ ʫʨʘʚʥʝʥʠʝ (3.6) ʚ (3.7) ʧʦʣʫʯʘʝʤ 
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(3.8) 

ʅʦʨʤʠʨʫʝʤ ʧʨʦʧʫʩʢʘʥʠʝ ʧʨʠ t = 0 ʩʦʛʣʘʩʥʦ ʫʨʘʚʥʝʥʠ ʁ (3.8) ʠ 

ʧʦʣʫʯʘʝʤ ʩʣʝʜʫʶʱʝʝ ʧʨʦʩʪʦʝ ʚʳʨʘʞʝʥʠʝ: 
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(3.9) 

ʇʨʠʥʠʤʘʷ ʚʨʝʤʷ ʩʧʘʜʘ ʧʨʦʧʫʩʢʘʥʠʷ t1 ʠ t2 ʦʪ I1 = 90% ʢ I2 = 10%, ʪʦ ʜʣʷ I1 ʠ 

I2 ʠʟ ʫʨʘʚʥʝʥʠʷ (3.8) ʤʦʞʥʦ ʧʦʣʫʯʠʪʴ ʩʣʝʜʫʶʱʠʝ ʬʦʨʤʫʣʳ: 
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(3.11) 

ʀʩʧʦʣʴʟʫʷ ʫʨʘʚʥʝʥʠʷ (3.8), (3.10) ʠ (3.11) ʤʦʞʥʦ ʦʧʨʝʜʝʣʠʪʴ ʚʨʝʤʷ 

ʦʧʪʠʯʝʩʢʦʛʦ ʩʧʘʜʘ td (decay time) (90% - 10%) ʢʘʢ  
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ʀʟ ʬʦʨʤʫʣʳ (3.12) ʩʣʝʜʫʝʪ, ʯʪʦ ʚʨʝʤʷ ʦʧʪʠʯʝʩʢʦʛʦ ʩʧʘʜʘ ɾʂ ̫ʯʝʡʢʠ 

ʣʠʥʝʡʥʦ ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʦ ʚʨʝʤʝʥʠ ʧʝʨʝʦʨʠʝʥʪʘʮʠʠ ʜʠʨʝʢʪʦʨʘ. ʅʘʯʘʣʴʥʘʷ 

ʬʘʟʦʚʘʷ ʟʘʜʝʨʞʢʘ ʧʨʠ ʵʪʦʤ ʠʛʨʘʝʪ ʥʝ ʩʫʱʝʩʪʚʝʥʥʫʶ ʨʦʣʴ (3.5).  

ɺʨʝʤʷ ʧʦʜʲʝʤʘ ʧʨʦʧʫʩʢʘʥʠʷ ʚʳʨʘʟʠʪʴ ʛʦʨʘʟʜʦ ʩʣʦʞʥʝʝ, ʯʝʤ ʚʨʝʤʷ 

ʩʧʘʜʘ ʧʨʦʧʫʩʢʘʥʠʷ. ʄʘʣʦʫʛʣʦʚʘʷ ʘʧʧʨʦʢʩʠʤʘʮʠʷ, ʠʩʧʦʣʴʟʫʝʤʘʷ ʚ (3.3) ʜʣʷ 

ʚʨʝʤʝʥʠ ʧʦʜʲʝʤʘ ʧʨʦʧʫʩʢʘʥʠʷ, ʷʚʣʷʝʪʩʷ ʩʣʠʰʢʦʤ ʙʦʣʴʰʠʤ ʫʧʨʦʱʝʥʠʝʤ, 

ʪ.ʢ. ʧʨʝʜʧʦʣʦʞʝʥʠʝ, ʯʪʦ ʫʛʦʣ ʥʘʢʣʦʥʘ ʜʠʨʝʢʪʦʨʘ ʫʚʝʣʠʯʠʚʘʝʪʩʷ 

ʢɻʩʧʦʥʝʥʮʠʘʣʴʥʦ ʩʦ ʚʨʝʤʝʥʝʤ, ʩʧʨʘʚʝʜʣʠʚʦ ʪʦʣʴʢʦ ʚ ʦʯʝʥʴ ʢʦʨʦʪʢʦʤ 

ʧʨʦʤʝʞʫʪʢʝ ʚʨʝʤʝʥʠ. ʊʦʪ ʬʘʢʪ, ʯʪʦ ʜʠʨʝʢʪʦʨ ʞʠʜʢʦʛʦ ʢʨʠʩʪʘʣʣʘ ʩʦ 

ʚʨʝʤʝʥʝʤ ʜʦʩʪʠʛʘʝʪ ʩʪʘʜʠʠ ʨʘʚʥʦʚʝʩʠʷ, ʫʯʠʪʳʚʘʣʩʷ ʚ ʨʘʙʦʪʝ [22], ʚ 

ʢʦʪʦʨʦʡ ʨʘʩʩʤʘʪʨʠʚʘʣʘʩʴ ʧʨʦʠʟʚʦʜʥʘʷ ʚʪʦʨʦʛʦ ʧʦʨʷʜʢʘ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, 

ʫʨʘʚʥʝʥʠʝ (3.2) ʤʦʞʥʦ ʟʘʧʠʩʘʪʴ ʢʘʢ  
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ɺ ʫʨʘʚʥʝʥʠʷʭ (3.14) ʠ (3.15) ʥʘʧʨʷʞʝʥʥʦʩʪʴ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ E 

ʚʳʨʘʞʘʝʪʩʷ ʢʘʢ  

dUE= , (3.16) 

ʛʜʝ ʥʘʧʨʷʞʝʥʠʝ ʩʤʝʱʝʥʠʷ U ʜʦʣʞʥʦ ʩʦʦʪʚʝʪʩʪʚʦʚʘʪʴ (U-Uth) / Uth < 1. ʇʨʠ 

ʪʘʢʠʭ ʫʩʣʦʚʠʷʭ ʨʝʰʝʥʠʝ ʫʨʘʚʥʝʥʠʷ (3.13) ʤʦʞʝʪ ʙʳʪʴ ʘʧʧʨʦʢʩʠʤʠʨʦʚʘʥʦ 
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(3.17) 

ʇʦʜʩʪʘʥʦʚʢʦʡ ʫʨʘʚʥʝʥʠʷ (3.17) ʚ ʫʨʘʚʥʝʥʠʝ (3.13), ʤʳ ʧʦʣʫʯʠʤ  



 

 

36 

.
2

1
32

dt

d

U

U mm
m

th q
l

q
q =-
ù
ù
ú

ø

é
é
ê

è
ö
÷

õ
æ
ç

å
-  (3.18) 

ʋʨʘʚʥʝʥʠʝ (3.18) ʠʤʝʝʪ ʩʣʝʜʫʶʱʝʝ ʨʝʰʝʥʠʝ: 
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ʛʜʝ F¤=F(t­¤). ʋʩʪʘʥʦʚʠʚʰʘʷʩʷ ʚʝʣʠʯʠʥʘ Fm, ʩʦʦʪʚʝʪʩʪʚʫʝʪ 

ʧʨʠʣʦʞʝʥʥʦʤʫ ʥʘʧʨʷʞʝʥʠʶ, Fʦ = F(t = 0) ʥʘʯʘʣʴʥʘʷ ʬʣʫʢʪʫʘʮʠʷ 

ʜʠʨʝʢʪʦʨʘ ʠ tr ʚʨʝʤʷ ʧʦʜʲʝʤʘ (rise time) ʜʠʨʝʢʪʦʨʘ. 
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ʇʨʠ ʤʘʣʦʫʛʣʦʚʦʡ ʘʧʧʨʦʢʩʠʤʘʮʠʠ, ʥʝʩʪʘʮʠʦʥʘʨʥʳʝ ʬʘʟʦʚʳʝ ʠʟʤʝʥʝʥʠʷ 

ʩʦʦʪʚʝʪʩʪʚʫʶʪ  
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, (3.21) 

ʛʜʝ Fo ʦʙʱʝʝ ʠʟʤʝʥʝʥʠʝ ʬʘʟʳ ʦʪ ʥʘʧʨʷʞʝʥʠ ̫ ʠʟ ʩʦʩʪʦʷʥʠ ̫ çoffè ʚ 

ʩʦʩʪʦʷʥʠʝ çonè. ʇʫʪʝʤ ʧʦʜʩʪʘʥʦʚʢʠ ʫʨʘʚʥʝʥʠʷ (3.21) ʚ ʫʨʘʚʥʝʥʠʝ (3.8) ʤʳ 

ʧʦʣʫʯʘʝʤ ʧʝʨʝʭʦʜʥʦʝ ʩʦʩʪʦʷʥʠʝ ʧʨʦʧʫʩʢʘʥʠʷ. 
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(3.22) 

ʇʨʠ t­¤ ʵʢʩʧʦʥʝʥʮʠʘʣʴʥʘʷ ʩʦʩʪʘʚʣʷʶʱʘʷ ʚ ʫʨʘʚʥʝʥʠʠ (3.22) ʦʙʨʘʱʘʝʪʩʷ 

ʚ ʥʦʣʴ ʠ I(t) ʜʦʩʪʠʛʘʝʪ ʧʣʘʪʦ. 
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ʄʦʞʥʦ ʧʨʝʜʧʦʣʦʞʠʪʴ, ʯʪʦ ʧʦʜʲʝʤ ʧʨʦʧʫʩʢʘʥʠʷ ʦʪ I1 ʢ I2 ʩʦʦʪʚʝʪʩʪʚʫʝʪ 

ʫʚʝʣʠʯʝʥʠʶ ʚʨʝʤʝʥʠ ʦʪ t1 ʢ t2, ʪʦʛʜʘ ʧʦʜʩʪʘʚʣʷʷ t1 ʠ t2 ʚ ʫʨʘʚʥʝʥʠʝ (3.22), 

ʤʳ ʧʦʣʫʯʠʤ ʠʟʤʝʥʝʥʠʝ ʧʨʦʧʫʩʢʘʥʠʷ ʚ ʠʥʪʝʨʚʘʣʝ 10% - 90%: 
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ʀʩʧʦʣʴʟʫʷ ʨʝʰʝʥʠʷ t1 ʠ t2 ʠʟ ʫʨʘʚʥʝʥʠʷ (3.29) ʠ (3.30), ʤʳ ʧʦʣʫʯʘʝʤ ʚʨʝʤʷ 

ʧʦʜʲʝʤʘ ʦʧʪʠʯʝʩʢʦʛʦ ʧʨʦʧʫʩʢʘʥʠʷ Tr ʦʪ 10% Ÿ 90% ʢʘʢ 
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ʋʨʘʚʥʝʥʠʝ (3.26) ʫʩʪʘʥʘʚʣʠʚʘʝʪ ʩʦʦʪʥʦʰʝʥʠʝ ʤʝʞʜʫ ʚʨʝʤʝʥʝʤ ʧʦʜʲʝʤʘ 

ʧʨʦʧʫʩʢʘʥʠʷ Tr ʠ ʚʨʝʤʝʥʝʤ ʧʝʨʝʦʨʠʝʥʪʘʮʠʠ ʜʠʨʝʢʪʦʨʘ tr, ʢʦʪʦʨʦʝ 

ʦʧʠʩʳʚʘʝʪ ʫʨʘʚʥʝʥʠʝ (3.20). ʇʦ ʩʫʱʝʩʪʚʫ ʦʥʦ ʷʚʣʷʝʪʩʷ ʣʠʥʝʡʥʳʤ 

ʩʦʦʪʥʦʰʝʥʠʝʤ ʟʘ ʠʩʢʣʶʯʝʥʠʝʤ ʜʦʧʦʣʥʠʪʝʣʴʥʦʛʦ ʣʦʛʘʨʠʬʤʠʯʝʩʢʦʛʦ 

ʢʦʤʧʦʥʝʥʪʘ ʬʘʟʦʚʦʡ ʟʘʚʠʩʠʤʦʩʪʠ, ʢʦʪʦʨʘʷ ʷʚʣʷʝʪʩʷ ʦʪʥʦʩʠʪʝʣʴʥʦ ʩʣʘʙʦʡ. 

ʂʦʨʨʝʣʷʮʠʠ ʤʝʞʜʫ ʚʨʝʤʝʥʝʤ ʧʝʨʝʦʨʠʝʥʪʘʮʠʠ ʜʠʨʝʢʪʦʨʘ ʞʠʜʢʦʛʦ 

ʢʨʠʩʪʘʣʣʘ ʠ ʚʨʝʤʝʥʝʤ ʦʧʪʠʯʝʩʢʦʛʦ ʦʪʢʣʠʢʘ, ʧʦʣʫʯʝʥʥʳʝ ʜʣʷ ʚʝʨʪʠʢʘʣʴʥʦʡ 

ʦʨʠʝʥʪʘʮʠʠ ʜʠʨʝʢʪʦʨʘ ʚ ʨʘʙʦʪʝ [20] ʧʦʢʘʟʳʚʘʶʪ, ʯʪʦ ʚʨʝʤʝʥʘ ʧʦʜʲʝʤʘ ʠ 

ʩʧʘʜʘ ʦʧʪʠʯʝʩʢʦʛʦ ʦʪʢʣʠʢʘ ʣʠʥʝʡʥʦ ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʳ ʚʨʝʤʝʥʠ 

ʧʝʨʝʦʨʠʝʥʪʘʮʠʠ ʜʠʨʝʢʪʦʨʘ. ʇʨʠ ʵʪʦʤ ʥʘʯʘʣʴʥʦʝ ʩʤʝʱʝʥʠʝ ʥʘʧʨʷʞʝʥʠʷ, 

ʧʨʠʣʦʞʝʥʥʦʛʦ ʢ ʩʣʦʶ ʞʠʜʢʦʛʦ ʢʨʠʩʪʘʣʣʘ, ʥʝ ʦʢʘʟʳʚʘʝʪ ʥʘ ʵʪʠ ʚʨʝʤʝʥʘ 
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ʩʠʣʴʥʦʛʦ ʚʣʠʷʥʠʷ. ɺ ʪʦ ʚʨʝʤʷ ʢʘʢ ʥʘʯʘʣʴʥʳʡ ʫʛʦʣ ʥʘʢʣʦʥʘ ʜʠʨʝʢʪʦʨʘ 

ʚʥʦʩʠʪ ʟʥʘʯʠʪʝʣʴʥʳʡ ʚʢʣʘʜ ʚ ʜʠʥʘʤʠʢʫ ʞʠʜʢʦʛʦ ʢʨʠʩʪʘʣʣʘ.  

Ä 3.2 ɺʣʠʷʥʠʝ ʥʘʯʘʣʴʥʦʛʦ ʫʛʣʘ ʥʘʢʣʦʥʘ ʜʠʨʝʢʪʦʨʘ ʥʘ ʜʠʥʘʤʠʢʫ 

ʦʧʪʠʯʝʩʢʦʛʦ ʦʪʢʣʠʢʘ ʞʠʜʢʦʛʦ ʢʨʠʩʪʘʣʣʘ 

ʆʜʥʠʤ ʠʟ ʬʘʢʪʦʨʦʚ, ʦʢʘʟʳʚʘʶʱʠʭ ʩʫʱʝʩʪʚʝʥʥʦʝ ʚʣʠʷʥʠʝ ʥʘ 

ʜʠʥʘʤʠʢʫ ʧʝʨʝʦʨʠʝʥʪʘʮʠʠ ʤʦʣʝʢʫʣ ʞʠʜʢʦʛʦ ʢʨʠʩʪʘʣʣʘ ʠ ʦʧʪʠʯʝʩʢʠʡ 

ʦʪʢʣʠʢ, ʷʚʣʷʝʪʩʷ ʥʘʯʘʣʴʥʳʡ ʫʛʦʣ ʥʘʢʣʦʥʘ ʜʠʨʝʢʪʦʨʘ. ʆʥ ʟʘʚʠʩʠʪ ʦʪ 

ʫʩʣʦʚʠʡ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʞʠʜʢʦʛʦ ʢʨʠʩʪʘʣʣʘ ʩ ʦʨʠʝʥʪʠʨʫʶʱʝʡ 

ʧʦʚʝʨʭʥʦʩʪʴʶ. ʋʚʝʣʠʯʝʥʠʝ ʫʛʣʘ ʥʘʢʣʦʥʘ ʠ ʫʤʝʥʴʰʝʥʠʝ ʵʥʝʨʛʠʠ ʩʮʝʧʣʝʥʠʷ 

ʞʠʜʢʦʛʦ ʢʨʠʩʪʘʣʣʘ ʩ ʧʦʚʝʨʭʥʦʩʪʴʶ ʩʧʦʩʦʙʩʪʚʫʶʪ ʫʩʢʦʨʝʥʠʶ 

ʧʝʨʝʦʨʠʝʥʪʘʮʠʠ ʜʠʧʦʣʝʡ ʤʦʣʝʢʫʣ ʥʝʤʘʪʠʢʘ. ʂʦʣʠʯʝʩʪʚʝʥʥʳʝ ʢʦʨʨʝʣʷʮʠʠ 

ʤʝʞʜʫ ʥʘʯʘʣʴʥʳʤ ʫʛʣʦʤ ʥʘʢʣʦʥʘ ʠ ʚʨʝʤʝʥʝʤ ʦʪʢʣʠʢʘ ʙʳʣʠ ʪʝʦʨʝʪʠʯʝʩʢʠ ʠ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʠʩʩʣʝʜʦʚʘʥʳ ʜʣʷ ʩʣʫʯʘʷ ʚʝʨʪʠʢʘʣʴʥʦ ʦʨʠʝʥʪʠʨʦʚʘʥʥʦʛʦ 

ʥʝʤʘʪʠʯʝʩʢʦʛʦ ʞʠʜʢʦʛʦ ʢʨʠʩʪʘʣʣʘ ʩ ʦʪʨʠʮʘʪʝʣʴʥʦʡ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ 

ʘʥʠʟʦʪʨʦʧʠʝʡ ʚ ʨʘʙʦʪʝ [23].  

ʈʘʩʩʤʦʪʨʠʤ ʩʣʦʡ ʥʝʤʘʪʠʯʝʩʢʦʛʦ ʞʠʜʢʦʛʦ ʢʨʠʩʪʘʣʣʘ, ʨʘʟʤʝʱʝʥʥʳʡ 

ʤʝʞʜʫ ʜʚʫʤʷ ʧʘʨʘʣʣʝʣʴʥʳʤʠ ʧʦʜʣʦʞʢʘʤʠ. ʆʩʴ z ï ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʘ 

ʧʣʦʩʢʦʩʪʠ ʧʦʜʣʦʞʢʠ ʠ ʧʘʨʘʣʣʝʣʴʥʦ ʚʝʢʪʦʨʫ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣ̫. ɽʩʣʠ 

ʧʨʝʥʝʙʨʝʯʴ ʵʬʬʝʢʪʘʤʠ ʦʙʨʘʪʥʦʛʦ ʧʦʪʦʢʘ ʠ ʠʥʝʨʮʠʠ, ʪʦ ʠʟ ʨʝʰʝʥʠʷ 

ʫʨʘʚʥʝʥʠʷ ʕʨʠʢʩʦʥʘ-ʃʝʩʣʠ (3.6) ʫʛʦʣ ʥʘʢʣʦʥʘ q, ʦʧʨʝʜʝʣʷʝʤʳʡ ʢʘʢ ʫʛʦʣ 

ʤʝʞʜʫ ʦʩʴʶ z ʠ ʜʠʨʝʢʪʦʨʦʤ, ʤʦʞʥʦ ʚʳʨʘʟʠʪʴ ʢʘʢ  

)/exp()]cos()sin([ tbqbqq tzz mp -+= . (3.27) 

ɽʩʣʠ ʤʦʣʝʢʫʣʳ ʦʨʠʝʥʪʠʨʦʚʘʥʳ ʚʝʨʪʠʢʘʣʴʥʦ, ʘ ʛʨʘʥʠʯʥʳʝ ʫʩʣʦʚʠʷ ʫ 

ʚʝʨʭʥʝʡ ʠ ʥʠʞʥʝʡ ʧʦʚʝʨʭʥʦʩʪʝʡ ʷʯʝʡʢʠ ʩʠʤʤʝʪʨʠʯʥʳʝ, ʪʦ ʫʛʦʣ qp ʨʘʚʝʥ 0
ʦ
. 

qm ï ʥʘʠʙʦʣʴʰʠʡ ʫʛʦʣ ʥʘʢʣʦʥʘ ʧʨʠ ʜʘʥʥʦʤ ʥʘʧʨʷʞʝʥʠʠ ʚ ʮʝʥʪʨʝ ɾʂ 

ʷʯʝʡʢʠ (z = °d/2). ɽʩʣʠ ʫʩʣʦʚʠʷ ʥʘ ʚʝʨʭʥʝʡ ʠ ʥʠʞʥʝʡ ʧʦʜʣʦʞʢʘʭ ʥʝ 

ʩʠʤʤʝʪʨʠʯʥʳʝ, ʪʦ qp  ̧0, ʠ ʪʦʛʜʘ ʦʙʘ ʢʦʤʧʦʥʝʥʪʘ ʜʦʣʞʥʳ ʫʯʠʪʳʚʘʪʴʩʷ. ɼʣʷ 

ʫʧʨʦʱʝʥʠʷ ʨʘʩʩʤʦʪʨʠʤ ʩʣʫʯʘʡ, ʢʦʛʜʘ ʫʛʣʳ ʥʘʢʣʦʥʘ ʥʘ ʧʨʦʪʠʚʦʧʦʣʦʞʥʳʭ 

ʧʦʜʣʦʞʢʘʭ ʩʠʤʤʝʪʨʠʯʥʳʝ. ʂʦʛʜʘ ʫʛʦʣ ʥʘʢʣʦʥʘ qp ʨʘʚʝʥ ʥʫʣʶ ʠ ʵʥʝʨʛʠʷ 

ʩʮʝʧʣʝʥʠʷ ʩʠʣʴʥʘʷ, ʪʦ ʛʨʘʥʠʯʥʳʝ ʫʩʣʦʚʠʷ ʩʦʦʪʚʝʪʩʪʚʫʶʪ:  
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ʋʨʘʚʥʝʥʠʷ (3.27) ʠ (3.28) ʧʨʠʚʦʜʷʪ ʢ ʘʥʘʣʠʪʠʯʝʩʢʦʤʫ ʨʝʰʝʥʠʶ ʜʣʷ 

ʚʨʝʤʝʥʠ ʧʦʜʲʝʤʘ tr (3.20) ʠ ʩʧʘʜʘ td = to, ʚ ʢʦʪʦʨʦʤ ʧʦʨʦʛʦʚʦʝ ʥʘʧʨʷʞʝʥʠʝ 

ʦʧʨʝʜʝʣʷʝʪʩʷ ʢʘʢ  
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th
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(3.29) 

ɽʩʣʠ ʥʘʯʘʣʴʥʳʡ ʫʛʦʣ ʦʪʢʣʦʥʷʝʪʩʷ ʦʪ ʥʫʣʷ, ʪʦ  
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qq . (3.30) 

ʋʨʘʚʥʝʥʠʶ (3.27) ʜʦʣʞʥʳ ʫʜʦʚʣʝʪʚʦʨʷʪʴ ʛʨʘʥʠʯʥʳʝ ʫʩʣʦʚʠʷ, ʦʧʠʩʘʥʥʳʝ 

(3.30) ʧʨʠ z = °d/2. ʀʟ ʚʳʨʘʞʝʥʠʡ (3.27) ʠ (3.30) ʤʦʞʥʦ ʥʘʡʪʠ ʧʘʨʘʤʝʪʨ, 

ʠʤʝʶʱʠʡ ʩʣʝʜʫʶʱʫʶ ʬʦʨʤʫʣʫ: 
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(3.31) 

ɺʨʝʤʷ ʦʪʢʣʠʢʘ ʩ ʫʯʝʪʦʤ ʫʛʣʘ ʥʘʢʣʦʥʘ ʤʦʞʥʦ ʚʳʚʝʩʪʠ ʠʟ ʫʨʘʚʥʝʥʠʷ 

ʕʨʠʢʩʦʥʘ-ʃʝʩʣʠ ʜʣʷ K11 = K33 (3.2):  
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ʄʘʢʩʠʤʘʣʴʥʳʡ ʫʛʦʣ ʥʘʢʣʦʥʘ, ʢʘʢ ʧʨʘʚʠʣʦ, ʤʥʦʛʦ ʙʦʣʴʰʝ, ʯʝʤ ʥʘʯʘʣʴʥʳʡ 

ʫʛʦʣ qm >> qp. ʇʨʠ ʵʪʠʭ ʫʩʣʦʚʠʷʭ ʢʦʤʧʦʥʝʥʪ cos
-1
( ) ʚ ʬʦʨʤʫʣʝ (3.31) 

ʤʦʞʝʪ ʙʳʪʴ ʘʧʧʨʦʢʩʠʤʠʨʦʚʘʥ ʢʘʢ  

m

p

m

p

q

qp

q

q
-ºö

ö
÷

õ
æ
æ
ç

å-

2
cos 1 . 

(3.34) 



 

 

40 

ʊʦʛʜʘ ʚʨʝʤʝʥʘ ʩʧʘʜʘ ʠ ʧʦʜʲʝʤʘ ʤʦʞʥʦ ʚʳʨʘʟʠʪʴ ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ: 
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(3.36) 

ɽʩʣʠ ʥʘʯʘʣʴʥʳʡ ʫʛʦʣ ʥʘʢʣʦʥʘ ʜʠʨʝʢʪʦʨʘ ʦʪʣʠʯʝʥ ʦʪ ʥʫʣʷ, ʪʦ ʧʦʨʦʛʦʚʦʝ 

ʥʘʧʨʷʞʝʥʠʝ ʩʥʠʞʘʝʪʩʷ, ʭʦʪʷ ʭʘʨʘʢʪʝʨ ʟʘʚʠʩʠʤʦʩʪʠ ʧʨʦʧʫʩʢʘʥʠʷ ʦʪ 

ʥʘʧʨʷʞʝʥʠʷ ʩʦʭʨʘʥʷʝʪʩʷ. ʉ ʫʯʝʪʦʤ ʧʦʨʦʛʦʚʦʛʦ ʥʘʧʨʷʞʝʥʠ ̫ʬʦʨʤʫʣʫ (3.31) 

ʤʦʞʥʦ ʟʘʧʠʩʘʪʴ ʢʘʢ 
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(3.37) 

ʂʘʢ ʠ ʧʨʝʜʧʦʣʘʛʘʣʦʩʴ, ʬʦʨʤʫʣʳ (3.35) ʠ (3.36) ʧʨʠʚʦʜʷʪʩʷ ʢ (3.20), ʝʩʣʠ 

ʥʘʯʘʣʴʥʳʡ ʫʛʦʣ qp ʨʘʚʝʥ ʥʫʣʶ. ʀʟ ʧʦʣʫʯʝʥʥʳʭ ʫʨʘʚʥʝʥʠʡ ʩʣʝʜʫʝʪ, ʯʪʦ 

ʚʨʝʤʷ ʦʪʢʣʠʢʘ ʟʘʚʠʩʠʪ ʥʝ ʪʦʣʴʢʦ ʦʪ ʫʛʣʘ qp, ʥʦ ʪʘʢ ʞʝ ʦʪ ʫʛʣʘ qm, ʢʦʪʦʨʳʡ 

ʚʦʟʥʠʢʘʝʪ ʧʨʠ ʧʨʠʣʦʞʝʥʠʠ ʥʘʧʨʷʞʝʥʠʷ. ɺʣʠʷʥʠʝ ʥʘʯʘʣʴʥʦʛʦ ʫʛʣʘ 

ʩʪʘʥʦʚʠʪʩʷ ʙʦʣʝʝ ʟʘʤʝʪʥʳʤ, ʢʦʛʜʘ U ʧʨʠʙʣʠʞʘʝʪʩʷ ʢ Uth. ɺʳʚʝʜʝʥʥʦʝ 

ʚʳʨʘʞʝʥʠʝ ʧʦʜʪʚʝʨʞʜʘʝʪ ʚʣʠʷʥʠʝ ʥʘʧʨʷʞʝʥʠʷ ʥʘ ʚʨʝʤʷ ʦʪʢʣʠʢʘ, 

ʧʦʩʢʦʣʴʢʫ qm ʫʤʝʥʴʰʘʝʪʩʷ ʩ ʧʦʥʠʞʝʥʠʝʤ ʥʘʧʨʷʞʝʥʠʷ. 

ʅʘ ʨʠʩʫʥʢʝ 12 ʧʨʠʚʝʜʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʨʘʩʯʝʪʘ ʟʘʚʠʩʠʤʦʩʪʠ qm ʦʪ 

ʥʘʧʨʷʞʝʥʠʷ [23]. ɺ ʦʙʣʘʩʪʠ Uth < U <4 Uth, ʫʛʦʣ qm ʟʥʘʯʠʪʝʣʴʥʦ 

ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʩ ʧʦʚʳʰʝʥʠʝʤ ʧʨʠʣʦʞʝʥʥʦʛʦ ʥʘʧʨʷʞʝʥʠʷ ʠ, ʚ ʢʦʥʝʯʥʦʤ 

ʩʯʝʪʝ, ʧʨʠʙʣʠʞʘʝʪʩʷ ʢ 90
ʦ
 ʧʨʠ U~4Uth. ʅʘ ʫʛʦʣ qm ʚʣʠʷʝʪ ʠ ʥʘʯʘʣʴʥʳʡ ʫʛʦʣ 

ʥʘʢʣʦʥʘ qp, ʚ ʦʩʦʙʝʥʥʦʩʪʠ ʚ ʦʙʣʘʩʪʠ, ʢʦʛʜʘ U< Uth.   



 

 

41 

 

ʈʠʩʫʥʦʢ 12 - ʈʘʩʯʝʪʥʘʷ 

ʟʘʚʠʩʠʤʦʩʪʴ ʠʟʤʝʥʝʥʠʷ ʫʛʣʘ qm ʦʪ 
ʥʘʧʨʷʞʝʥʠʷ ʜʣʷ ʞʠʜʢʦʛʦ ʢʨʠʩʪʘʣʣʘ 

ʩ ʧʘʨʘʤʝʪʨʘʤʠ De= -1,2, Uth = 2,19 ɺ, 

K11= 16,7Ö10-12ʅ ʠ K33= 18,1Ö10-12ʅ 
[23]. 

ɺ ɾʂ ʫʩʪʨʦʡʩʪʚʘʭ ʦʙʳʯʥʦ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʦʙʱʝʝ ʚʨʝʤʷ ʦʪʢʣʠʢʘ, 

ʢʦʪʦʨʦʝ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʩʫʤʤʝ ʚʨʝʤʝʥ ʧʦʜʲʝʤʘ ʠ ʩʧʘʜʘ. ɺʨʝʤʷ ʧʦʜʲʝʤʘ 

ʩʠʣʴʥʦ ʟʘʚʠʩʠʪ ʦʪ ʧʨʠʣʦʞʝʥʥʦʛʦ ʥʘʧʨʷʞʝʥʠʷ ʠ ʦʙʳʯʥʦ ʤʥʦʛʦ ʤʝʥʴʰʝ, ʯʝʤ 

ʚʨʝʤʷ ʩʧʘʜʘ. ʇʨʝʜʩʪʘʚʣʝʥʥʳʝ ʚ ʵʪʦʡ ʛʣʘʚʝ ʪʝʦʨʝʪʠʯʝʩʢʠʝ ʤʝʪʦʜʠʢʠ 

ʧʦʟʚʦʣʷʶʪ ʫʜʦʚʣʝʪʚʦʨʠʪʝʣʴʥʦ ʦʮʝʥʠʪʴ ʚʨʝʤʝʥʘ ʧʦʜʲʝʤʘ ʠ ʩʧʘʜʘ 

ʧʨʦʧʫʩʢʘʥʠʷ ʚ ɾʂ ʫʩʪʨʦʡʩʪʚʘʭ ʧʨʠ ʤʦʜʫʣʷʮʠʠ ʠʥʪʝʥʩʠʚʥʦʩʪʠ 

ʦʧʪʠʯʝʩʢʦʛʦ ʩʠʛʥʘʣʘ ʩ ʟʘʜʘʥʥʦʡ ʬʘʟʦʚʦʡ ʟʘʜʝʨʞʢʦʡ ʚ ʨʝʟʫʣʴʪʘʪʝ 

ʧʝʨʝʦʨʠʝʥʪʘʮʠʠ ʜʠʨʝʢʪʦʨʘ ʚʦ ʚʥʝʰʥʝʤ ʵʣʝʢʪʨʠʯʝʩʢʦʤ ʧʦʣʝ. 

Ä 3.3 ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʝ ʦʧʨʝʜʝʣʝʥʠʝ ʥʘʯʘʣʴʥʦʛʦ ʫʛʣʘ ʥʘʢʣʦʥʘ 

ʜʠʨʝʢʪʦʨʘ ʞʠʜʢʦʛʦ ʢʨʠʩʪʘʣʣʘ 

ʂʦʥʪʨʦʣʴ ʥʘʯʘʣʴʥʳʡ ʫʛʦʣ ʥʘʢʣʦʥʘ ʜʠʨʝʢʪʦʨʘ ʥʝʦʙʭʦʜʠʤ ʧʨʠ 

ʧʨʦʚʝʜʝʥʠʠ ʠʩʩʣʝʜʦʚʘʥʠʡ ʠ ʨʘʟʨʘʙʦʪʢʝ ɾʂ ʫʩʪʨʦʡʩʪʚ, ʪ.ʢ. ʦʥ ʚʣʠʷʝʪ ʥʘ 

ʦʧʪʠʯʝʩʢʠʝ ʠ ʜʠʥʘʤʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ. ʋʛʦʣ ʧʨʝʜʥʘʢʣʦʥʘ (pretilt) 

ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʫʛʣʫ ʤʝʞʜʫ ʜʠʨʝʢʪʦʨʦʤ ʞʠʜʢʦʛʦ ʢʨʠʩʪʘʣʣʘ ʠ ʝʛʦ ʧʨʦʝʢʮʠʝʡ 

ʥʘ ʧʦʚʝʨʭʥʦʩʪʴ, ʦʛʨʘʥʠʯʠʚʘʶʱʫʶ ʩʣʦʡ ʞʠʜʢʦʛʦ ʢʨʠʩʪʘʣʣʘ.  

ʅʘʠʙʦʣʴʰʝʝ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʝ ʧʦʣʫʯʠʣ ʩʧʦʩʦʙ ʦʧʨʝʜʝʣʝʥʠʷ 

ʥʘʯʘʣʴʥʦʛʦ ʫʛʣʘ ʥʘʢʣʦʥʘ ʜʠʨʝʢʪʦʨʘ, ʦʩʥʦʚʘʥʥʳʡ ʥʘ ʠʟʤʝʨʝʥʠʠ 

ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʧʨʦʧʫʩʢʘʥʠ ̫ʩʣʦʷ ʞʠʜʢʦʛʦ ʢʨʠʩʪʘʣʣʘ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʫʛʣʘ 

ʧʘʜʝʥʠʷ ʩʚʝʪʘ ʥʘ ʧʣʦʩʢʦʩʪʴ ʷʯʝʡʢʠ ʧʫʪʝʤ ʚʨʘʱʝʥʠʷ ɾʂ ʷʯʝʡʢʠ [24-26]. 

ʆʧʪʠʯʝʩʢʘʷ ʩʭʝʤʘ ʵʢʩʧʝʨʠʤʝʥʪʘ ʧʨʠʥʮʠʧʠʘʣʴʥʦ ʥʝ ʦʪʣʠʯʘʝʪʩʷ ʦʪ ʩʭʝʤʳ, 

ʧʦʢʘʟʘʥʥʦʡ ʥʘ ʨʠʩ. 9. ɼʣʷ ʧʦʣʫʯʝʥʠʷ ʤʘʢʩʠʤʘʣʴʥʦʛʦ ʧʨʦʧʫʩʢʘʥʠ ̫ ɾʂ 

ʷʯʝʡʢʫ ʫʩʪʘʥʘʚʣʠʚʘʶʪ ʤʝʞʜʫ ʧʦʣʷʨʠʟʘʪʦʨʦʤ ʠ ʩʢʨʝʱʝʥʥʳʤ ʩ ʥʠʤ 

ʘʥʘʣʠʟʘʪʦʨʦʤ ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʯʪʦʙʳ ʜʠʨʝʢʪʦʨ ʩʦʩʪʘʚʣʷʣ ʫʛʦʣ 45
o 
ʩ 

ʧʣʦʩʢʦʩʪʴʶ ʧʦʣʷʨʠʟʘʮʠʠ ʧʘʜʘʶʱʝʛʦ ʩʚʝʪʘ ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʬʦʨʤʫʣʦʡ 

(2.7). ɿʘʚʠʩʠʤʦʩʪʴ ʦʧʪʠʯʝʩʢʦʛʦ ʧʨʦʧʫʩʢʘʥʠʷ ʦʪ ʫʛʣʘ ʧʦʚʦʨʦʪʘ ʷʯʝʡʢʠ j¡ 

ʧʦʣʫʯʘʶʪ ʧʫʪʝʤ ʚʨʘʝɦʥʠʷ ɾʂ ̫ʯʝʡʢʠ
 
ʦʪʥʦʩʠʪʝʣʴʥʦ ʦʩʠ ʧʘʨʘʣʣʝʣʴʥʦʡ 
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ʧʦʚʝʨʭʥʦʩʪʠ ʧʦʜʣʦʞʝʢ, ʨʝʛʠʩʪʨʠʨʫʷ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʩʚʝʪʘ ʩ ʧʦʤʦʱʴʶ 

ʬʦʪʦʧʨʠʝʤʥʠʢʘ, ʩʦʝʜʠʥʝʥʥʦʛʦ ʩ ʦʩʮʠʣʣʦʛʨʘʬʦʤ ʠ ʢʦʤʧʴʶʪʝʨʦʤ.  

ɺʝʣʠʯʠʥʫ ʫʛʣʘ qp ʤʦʞʥʦ ʦʧʨʝʜʝʣʠʪʴ ʨʘʩʯʝʪʥʦ-ʛʨʘʬʠʯʝʩʢʠʤ ʤʝʪʦʜʦʤ, 

ʧʫʪʝʤ ʩʦʧʦʩʪʘʚʣʝʥʠʷ ʨʘʩʯʝʪʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ʩ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʢʨʠʚʦʡ 

ʧʨʦʧʫʩʢʘʥʠʷ ʦʪ ʫʛʣʘ ʧʦʚʦʨʦʪʘ ʷʯʝʡʢʠ. ʊʝʦʨʝʪʠʯʝʩʢʫʶ ʟʘʚʠʩʠʤʦʩʪʴ 

ʧʨʦʧʫʩʢʘʥʠʷ ʩʚʝʪʘ T ʦʪ ʫʛʣʘ ʧʦʚʦʨʦʪʘ ɾʂ ʷʯʝʡʢʠ ʤʦʞʥʦ ʨʘʩʩʯʠʪʘʪʴ ʧʦ 

ʬʦʨʤʫʣʘʤ (3.38), (3.39) ʠ (3.40), ʦʧʠʩʳʚʘʶʱʠʤ ʧʨʦʧʫʩʢʘʥʠʝ ʩʚʝʪʘ ʩ 

ʜʣʠʥʦʡ ʚʦʣʥʳ l ʯʝʨʝʟ ʩʣʦʡ ʞʠʜʢʦʛʦ ʢʨʠʩʪʘʣʣʘ ʪʦʣʱʠʥʦʡ d.  
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pepo
nnn qq 22222 sincos +=  (3.40) 

 

ʈʠʩʫʥʦʢ 13 - ʈʘʩʯʝʪʥʘʷ (ʩʧʣʦʰʥʘʷ ʣʠʥʠʷ) ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ 

(ʧʫʥʢʪʠʨʥʘʷ ʣʠʥʠʷ) ʟʘʚʠʩʠʤʦʩʪʠ ʧʨʦʧʫʩʢʘʥʠʷ ʩʚʝʪʘ ʩ l = 632,8 ʥʤ ʦʪ ʫʛʣʘ 

ʧʦʚʦʨʦʪʘ ɾʂ ʷʯʝʡʢʠ j¡. 

ʅʘ ʨʠʩ. 13 ʧʨʠʚʝʜʝʥʳ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ ʠ ʨʘʩʯʝʪʥʘʷ ʫʛʣʦʚʳʝ 

ʟʘʚʠʩʠʤʦʩʪʠ ʧʨʦʧʫʩʢʘʥʠʷ ʠʟʣʫʯʝʥʠʷ He-Ne ʣʘʟʝʨʘ ʩ ʜʣʠʥʦʡ ʚʦʣʥʳ 

l = 632,8 ʥʤ ʯʝʨʝʟ ʩʣʦʡ ʞʠʜʢʦʛʦ ʢʨʠʩʪʘʣʣʘ BL ï 037 ʌʠʨʤʳ Merck ʩ 

ʧʦʢʘʟʘʪʝʣʷʤʠ ʧʨʝʣʦʤʣʝʥʠʷ no = 1,808 ʠ ne = 1,526 ʠ ʪʦʣʱʠʥʦʡ d = 20,8 ʤʢʤ. 

ʇʦʣʦʞʝʥʠʶ ʣʦʢʘʣʴʥʦʛʦ ʵʢʩʪʨʝʤʫʤʘ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʭʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʠʡ 

ʫʛʦʣ jx. ʅʘʯʘʣʴʥʳʡ ʫʛʦʣ ʥʘʢʣʦʥʘ qp ʦʧʨʝʜʝʣʷʝʪʩʷ ʧʫʪʝʤ ʧʦʜʛʦʥʢʠ 
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ʨʘʩʯʝʪʥʦʡ ʫʛʣʦʚʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ʧʨʦʧʫʩʢʘʥʠʷ ʜʦ ʝʝ ʩʦʚʧʘʜʝʥʠʷ ʩ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʢʨʠʚʦʡ.  

ɼʨʫʛʠʤ ʩʧʦʩʦʙʦʤ ʦʧʨʝʜʝʣʝʥʠʷ ʫʛʣʘ qp ʷʚʣʷʝʪʩʷ ʩʧʦʩʦʙ ʝʛʦ ʨʘʩʯʝʪʘ 

ʧʦ ʚʝʣʠʯʠʥʝ ʤʘʢʩʠʤʘʣʴʥʦʡ ʬʘʟʦʚʦʡ ʟʘʜʝʨʞʢʠ. ɼʣʷ ʵʪʦʛʦ ʧʨʦʚʦʜʷʪ 

ʠʟʤʝʨʝʥʠʷ ʦʧʪʠʯʝʩʢʦʛʦ ʧʨʦʧʫʩʢʘʥʠʷ ɾʂ ʷʯʝʡʢʠ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ 

ʧʨʠʣʦʞʝʥʥʦʛʦ ʢ ʥʝʡ ʥʘʧʨʷʞʝʥʠʷ. ʇʦʣʫʯʝʥʥʳʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʜʘʥʥʳʝ 

ʟʘʪʝʤ ʠʩʧʦʣʴʟʫʶʪʩʷ ʜʣʷ ʨʘʩʯʝʪʘ ʤʘʢʩʠʤʘʣʴʥʦʛʦ ʟʥʘʯʝʥʠʷ ʬʘʟʦʚʦʡ 

ʟʘʜʝʨʞʢʠ. ɻʨʘʬʠʯʝʩʢʠ ʵʪʦ ʟʥʘʯʝʥʠʝ ʤʦʞʥʦ ʦʧʨʝʜʝʣʠʪʴ ʵʢʩʪʨʘʧʦʣʷʮʠʝʡ 

ʟʘʚʠʩʠʤʦʩʪʠ ʬʘʟʦʚʦʡ ʟʘʜʝʨʞʢʠ ʦʪ ʦʙʨʘʪʥʦʛʦ ʟʥʘʯʝʥʠʷ ʥʘʧʨʷʞʝʥʠʷ, ʪ.ʢ. 

F ­ max ʧʨʠ 1/U ­ 0. ʅʘʯʘʣʴʥʳʡ ʫʛʦʣ qp ʤʦʞʥʦ ʦʧʨʝʜʝʣʠʪʴ ʧʦ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʤʫ ʟʥʘʯʝʥʠʶ Fʦ, ʟʥʘʷ ʪʦʣʱʠʥʫ ʩʣʦʷ ʞʠʜʢʦʛʦ ʢʨʠʩʪʘʣʣʘ 

[16]. 

 

ʈʠʩʫʥʦʢ 14 - ʈʘʩʯʝʪʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʬʘʟʦʚʦʡ ʟʘʜʝʨʞʢʠ ʦʪ ʫʛʣʘ ʥʘʢʣʦʥʘ 

ʜʠʨʝʢʪʦʨʘ ʠ ʩʭʝʤʘ ʦʧʨʝʜʝʣʝʥʠʷ ʫʛʣʘ qp. 

ʋʛʦʣ ʥʘʢʣʦʥʘ ʜʠʨʝʢʪʦʨʘ qp ʜʣʷ ʦʧʨʝʜʝʣʝʥʥʦʡ ʪʦʣʱʠʥ rʝʛʦ ʩʣʦʷ d 

ʤʦʞʥʦ ʥʘʡʪʠ, ʟʥʘʷ ʚʝʣʠʯʠʥʫ Fʦ ʩ ʧʦʤʦʱʴʶ ʪʝʦʨʝʪʠʯʝʩʢʦʡ ʟʘʚʠʩʠʤʦʩʪʠ 

ʬʘʟʦʚʦʡ ʟʘʜʝʨʞʢʠ ʦʪ ʫʛʣʘ ʥʘʢʣʦʥʘ ʜʠʨʝʢʪʦʨʘ. ʊʝʦʨʝʪʠʯʝʩʢʫ  ʁʟʘʚʠʩʠʤʦʩʪ ɹ

ʬʘʟʦʚʦʡ ʟʘʜʝʨʞʢʠ ʩʚʝʪʘ ʚ ɾʂ ʤʦʞʥʦ ʨʘʩʩʯʠʪʘʪʴ, ʠʩʧʦʣʴʟʫʷ ʠʟʚʝʩʪʥʳʝ 

ʬʦʨʤʫʣ rʨʘʟʥʦʩʪʠ ʬʘʟ ʤʝʞʜʫ ʦʙʳʢʥʦʚʝʥʥʳʤ ʠ ʥʝʦʙʳʢʥʦʚʝʥʥʳʤ ʣʫʯʘʤʠ, 

ʧʨʦʰʝʜʰʠʤʠ ʯʝʨʝʟ ʩʣʦʡ ɾʂ:  
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ʈʘʩʯʝʪʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ F (q), ʧʦʣʫʯʝʥʥʘʷ ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʬʦʨʤʫʣʦʡ 

(2.14), ʜʣʷ ʪʦʣʱʠʥʳ ʩʣʦʷ d = 14,5 ʤʢʤ ʠ ʟʥʘʯʝʥʠʡ no = 1,53 ʠ ne= 1,79, 

ʧʨʠʚʝʜʝʥʘ ʥʘ ʨʠʩ. 14. ʕʪʦʪ ʩʧʦʩʦʙ ʧʦʟʚʦʣʷʝʪ ʦʧʨʝʜʝʣʷʪʴ ʫʛʣr ʥʘʢʣʦʥʘ 

ʜʠʨʝʢʪʦʨʘ ʙʦʣʝʝ 20
o
. ʅʘ ʪʦʯʥʦʩʪʴ ʦʧʨʝʜʝʣʝʥʠʷ ʫʛʣʘ qp ʵʪʠʤ ʤʝʪʦʜʦʤ 

ʚʣʠʷʝʪ ʪʦʯʥʦʩʪʴ ʦʧʨʝʜʝʣʝʥʠʷ ʚʝʣʠʯʠʥʳ d, ʧʨʠ ʦʪʢʣʦʥʝʥʠʠ ʢʦʪʦʨʦʡ ʥʘ  

°0,5 ʤʢʤ, ʦʰʠʙʢʘ ʦʧʨʝʜʝʣʝʥʠʷ ʫʛʣʘ Dq ʤʦʞʝʪ ʜʦʩʪʠʛʘʪʴ 10
o
 ʧʨʠ ʫʛʣʘʭ 

qp ¢ 15
o
[27].  

ɺʝʣʠʯʠʥʘ ʥʘʯʘʣʴʥʦʛʦ ʫʛʣʘ ʥʘʢʣʦʥʘ ʜʠʨʝʢʪʦʨʘ ʟʘʚʠʩʠʪ ʦʪ ʫʩʣʦʚʠʡ 

ʤʝʞʬʘʟʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʥʘ ʛʨʘʥʠʮʝ ʨʘʟʜʝʣʘ ʬʘʟ. ʅʘ ʨʠʩʫʥʢʝ 13 

ʧʨʠʚʝʜʝʥʳ ʟʘʚʠʩʠʤʦʩʪʠ F(U), ʧʦʣʫʯʝʥʥʳʝ ʜʣʷ ʷʯʝʝʢ, ʩ ʦʜʠʥʘʢʦʚʦʡ 

ʪʦʣʱʠʥʦʡ ʩʣʦʷ ʞʠʜʢʦʛʦ ʢʨʠʩʪʘʣʣʘ, ʥʦ ʨʘʟʥʳʤʠ ʦʨʠʝʥʪʠʨʫʶʱʠʤʠ 

ʧʦʚʝʨʭʥʦʩʪʷʤʠ. ʇʨʠʚʝʜʝʥʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʬʘʟʦʚʦʡ ʟʘʜʝʨʞʢʠ ʦʪ 

ʥʘʧʨʷʞʝʥʠʷ ʠʤʝʶʪ ʥʝʣʠʥʝʡʥʳʡ ʭʘʨʘʢʪʝʨ ʠ ʠʣʣʶʩʪʨʠʨʫʶʪ ʚʣʠʷʥʠʝ 

ʥʘʯʘʣʴʥʦʛʦ ʫʛʣʘ ʥʘʢʣʦʥʘ ʜʠʨʝʢʪʦʨʘ ʥʘ ʬʘʟʦʚʫʶ ʟʘʜʝʨʞʢʫ ʚ ʩʣʦʝ ʞʠʜʢʦʛʦ 

ʢʨʠʩʪʘʣʣʘ.  

  

ʈʠʩʫʥʦʢ 15 - ɿʘʚʠʩʠʤʦʩʪʠ F (U) 

ʜʣʷ ɾʂ ʷʯʝʝʢ ʩ ʦʨʠʝʥʪʠʨʫʶʱʠʤʠ 
ʧʦʚʝʨʭʥʦʩʪʷʤʠ GeO (ʢʨʠʚʘʷ 1) ʠ GeO / a-

C:H (ʢʨʠʚʘʷ 2). 

ʈʠʩʫʥʦʢ 16 - ʀʟʤʝʥʝʥʠʝ F (d) ʚ ɾʂ 

ʷʯʝʡʢʘʭ ʩ ʦʨʠʝʥʪʠʨʫʶʱʠʤʠ ʩʣʦʷʤʠ GeO 
(ʧʨʷʤʘʷ 1) ʠ GeO / a-C:H (ʧʨʷʤʘʷ 2). 

ʉʣʦʡ ʤʦʥʦʦʢʠʩʠ GeO, ʥʘʧʳʣʝʥʥʳʡ ʥʘ ʥʘʢʣʦʥʥʦ ʨʘʩʧʦʣʦʞʝʥʥʳʝ 

ʧʦʜʣʦʞʢʠ ʚ ʚʘʢʫʫʤʥʦʡ ʢʘʤʝʨʝ, ʘʥʠʟʦʪʨʦʧʥʦ-ʫʧʨʫʛʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʝʛʦ ʩ 
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ʞʠʜʢʠʤ ʢʨʠʩʪʘʣʣʦʤ ʦʙʝʩʧʝʯʠʚʘʝʪ ʚ ʨʝʟʫʣʴʪʘʪʝ ʤʝʞʬʘʟʥʦʛʦ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʩ ʪʝʢʩʪʫʨʦʡ ʝʛʦ ʧʦʚʝʨʭʥʦʩʪʠ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʥʘʢʣʦʥʥʦʡ 

ʦʨʠʝʥʪʘʮʠʠ ʜʠʨʝʢʪʦʨʘ ʩ ʫʛʣʦʤ qp ² 22
0
. ʆʩʘʞʜʝʥʠʝ ʥʘ ɻʪʫ ʧʦʚʝʨʭʥʦʩʪʴ 

ʪʦʥʢʦʛʦ ʩʣʦʷ a-C:H ʚ ʧʣʘʟʤʝ ʪʣʝʶʱʝʛʦ ʨʘʟʨʷʜʘ ʚʳʟʳʚʘʝʪ ʩʛʣʘʞʠʚʘʥʠʠ 

ʨʝʣʴʝʬʘ ʧʦʚʝʨʭʥʦʩʪʠ GeO ʠ ʫʤʝʥʴʰʝʥʠʶ ʫʛʣʘ qp. ʀʟʤʝʥʝʥʠʝ ʫʩʣʦʚʠʡ 

ʤʝʞʬʘʟʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʞʠʜʢʦʛʦ ʢʨʠʩʪʘʣʣʘ ʩ ʦʨʠʝʥʪʠʨʫʶʱʝʡ 

ʧʦʚʝʨʭʥʦʩʪʴʶ ʧʨʠʚʦʜʠʪ ʢ ʫʚʝʣʠʯʝʥʠ ʁ ʬʘʟʦʚʦʡ ʟʘʜʝʨʞʢʠ ʩʚʝʪʘ ʚ ʩʣʦʝ 

ʞʠʜʢʦʛʦ ʢʨʠʩʪʘʣʣʘ ʧʨʠ ʦʜʠʥʘʢʦʚʦʡ ʝʛʦ ʪʦʣʱʠʥʝ (ʢʨʠʚʘʷ 2 ʥʘ ʨʠʩ. 15). ʉ 

ʫʚʝʣʠʯʝʥʠʝʤ ʪʦʣʱʠʥʳ ʩʣʦʷ ʞʠʜʢʦʛʦ ʢʨʠʩʪʘʣʣʘ ʨʘʟʥʠʮʘ ʤʝʞʜʫ ʚʝʣʠʯʠʥʦʡ 

ʬʘʟʦʚʦʡ ʟʘʜʝʨʞʢʠ ʚ ʩʣʫʯʘʝ ʦʨʠʝʥʪʘʮʠʠ ʤʦʣʝʢʫʣ ʩ ʧʦʤʦʱʴʶ ʩʣʦʷ GeO ʠ 

GeO/a-C:H ʩʦʭʨʘʥʷʝʪʩʷ, ʯʪʦ ʧʦʜʪʚʝʨʞʜʘʶʪ ʟʘʚʠʩʠʤʦʩʪʠ ʬʘʟʦʚʦʡ ʟʘʜʝʨʞʢʠ 

ʦʪ ʪʦʣʱʠʥʳ ʩʣʦʷ ʞʠʜʢʦʛʦ ʢʨʠʩʪʘʣʣʘ ʥʘ ʨʠʩ. 16. ʌʘʟʦʚʘʷ ʟʘʜʝʨʞʢʘ ʚ 

ʷʯʝʡʢʘʭ ʩ ʢʦʤʙʠʥʠʨʦʚʘʥʥʦʡ ʦʨʠʝʥʪʠʨʫʶʱʝʡ ʧʦʚʝʨʭʥʦʩʪʴʶ ʦʩʪʘʝʪʩʷ ʙʦʣʝʝ 

ʚʳʩʦʢʦʡ, ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʷʯʝʡʢʘʤʠ ʩʦ ʩʣʦʝʤ GeO [28].  

Ä 3.4 ʊʚʠʩʪïɻ ʬʬʝʢʪ  

ʊʚʠʩʪ-ʵʬʬʝʢʪ ʚ ʥʝʤʘʪʠʯʝʩʢʠʭ ʞʠʜʢʠʭ ʢʨʠʩʪʘʣʣʘʭ ʧʦʣʫʯʠʣ 

ʥʘʠʙʦʣʴʰʝʝ ʧʨʘʢʪʠʯʝʩʢʦʝ ʧʨʠʤʝʥʝʥʠʝ ʚ ʨʘʟʣʠʯʥʳʭ ʜʠʩʧʣʝʡʥʳʭ 

ʫʩʪʨʦʡʩʪʚʘʭ, ʥʦʫʪʙʫʢʘʭ, ʢʦʤʧʴʶʪʝʨʘʭ ʠ ʜʨʫʛʠʭ ʦʧʪʠʯʝʩʢʠʭ ʫʩʪʨʦʡʩʪʚʘʭ 

ʙʣʘʛʦʜʘʨʷ ʙʦʣʝʝ ʚʳʩʦʢʦʤʫ ʙʳʩʪʨʦʜʝʡʩʪʚʠ ʁ ʠ ʢʦʥʪʨʘʩʪʫ. ɺ ʪʚʠʩʪ-

ʩʪʨʫʢʪʫʨʝ ʥʝʤʘʪʠʢʘ ʚʝʢʪʦʨ ʧʦʣʷʨʠʟʘʮʠʠ ʩʚʝʪʘ ʧʦʚʝʨʥʫʪ ʥʘ ʫʛʦʣ, ʟʘʜʘʥʥʳʡ 

ʦʨʠʝʥʪʘʮʠʝʡ ʜʠʨʝʢʪʦʨʦʚ ʚʙʣʠʟʠ ʧʨʦʪʠʚʦʧʦʣʦʞʥʳʭ ʧʦʜʣʦʞʝʢ ʠʣʠ ʧʫʪʝʤ 

ʜʦʙʘʚʣʝʥʠʷ ʩʧʝʮʠʘʣʴʥʳʭ ʢʦʤʧʦʥʝʥʪʦʚ ʚ ʞʠʜʢʠʡ ʢʨʠʩʪʘʣʣ.  

 

ʈʠʩʫʥʦʢ 17 - ʉʭʝʤʘ ʧʝʨʝʦʨʠʝʥʪʘʮʠʠ ʤʦʣʝʢʫʣ ʚ ʪʚʠʩʪ ʷʯʝʡʢʝ, ʠʣʣʶʩʪʨʠʨʫʶʱʘʷ 

ʠʟʤʝʥʝʥʠʝ ʧʨʦʧʫʩʢʘʥʠʷ ʩʚʝʪʘ ʚ ʩʢʨʝʱʝʥʥʳʭ ʧʦʣʷʨʠʟʘʪʦʨʘʭ ʚ ʥʘʯʘʣʴʥʳʡ ʤʦʤʝʥʪ, 
ʢʦʛʜʘ ʧʣʦʩʢʦʩʪʴ ʧʦʣʷʨʠʟʘʮʠʠ ʨʘʟʚʝʨʥʫʪʘ ʥʘ 90ʦ, ʠ  ʚ ʨʝʟʫʣʴʪʘʪʝ ʧʝʨʝʦʨʠʝʥʪʘʮʠʠ 

ʤʦʣʝʢʫʣ ʧʨʠ ʧʨʠʣʦʞʝʥʠʠ ʥʘʧʨʷʞʝʥʠʷ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ [8]. 
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ʉʭʝʤʘ ʠʟʤʝʥʝʥʠʷ ʦʨʠʝʥʪʘʮʠʠ ʤʦʣʝʢʫʣ ʞʠʜʢʦʛʦ ʢʨʠʩʪʘʣʣʘ ʚ 

ʵʣʝʢʪʨʠʯʝʩʢʦʤ ʧʦʣʝ ʚ ʪʚʠʩʪ ʷʯʝʡʢʝ ʧʦʢʘʟʘʥʘ ʥʘ ʨʠʩ. 17. ʉʚʝʪ ʧʨʦʭʦʜʠʪ 

ʯʝʨʝʟ ʷʯʝʡʢʫ, ʨʘʩʧʦʣʦʞʝʥʥʫʶ ʤʝʞʜʫ ʩʢʨʝʱʝʥʥʳʤʠ ʧʦʣʷʨʠʟʘʪʦʨʘʤʠ ʚ 

ʦʪʩʫʪʩʪʚʠʠ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ. ɽʩʣʠ ʚ ʠʩʭʦʜʥʦʤ ʩʦʩʪʦʷʥʠʠ ʫʛʦʣ 

ʟʘʢʨʫʪʢʠ ʪʚʠʩʪʘ 90
ʦ
, ʪʦ ʧʨʠ ʧʨʠʣʦʞʝʥʠʠ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ ʫʛʦʣ ʥʘʢʣʦʥʘ 

ʜʠʨʝʢʪʦʨʘ ʚ ʮʝʥʪʨʝ ʪʚʠʩʪ ʷʯʝʡʢʠ ʠʟʤʝʥʷʝʪʩʷ ʦʪ qp ʜʦ q(z)=90
ʦ
. ɺ ʵʪʦʤ 

ʩʦʩʪʦʷʥʠʠ ʚ ʪʚʠʩʪ ʷʯʝʡʢʝ ʬʦʨʤʠʨʫʝʪʩʷ ʛʦʤʝʦʪʨʦʧʥʘʷ ʦʨʠʝʥʪʘʮʠʷ ʠ ʩʚʝʪ 

ʯʝʨʝʟ ʥʝʸ ʥʝ ʧʨʦʭʦʜʠʪ. 

ɿʘʚʠʩʠʤʦʩʪ ɹʧʨʦʧʫʩʢʘʥʠʷ ʦʪ ʥʘʧʨʷʞʝʥʠʷ ʪʚʠʩʪ ʷʯʝʡʢʠ ʧʨʠʚʝʜʝʥʘ ʥʘ 

ʨʠʩ. 18. ʅʘʧʨʷʞʝʥʠʝ, ʧʨʠ ʢʦʪʦʨʦʤ ʥʘʯʠʥʘʝʪʩʷ ʩʧʘʜ ʧʨʦʧʫʩʢʘʥʠʷ ʚ ʪʚʠʩʪ 

ʷʯʝʡʢʝ, ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʦʧʪʠʯʝʩʢʦʤʫ ʧʦʨʦʛʫ Uop ʪʚʠʩʪ-ʵʬʬʝʢʪʘ. ɺ ʦʙʣʘʩʪʠ 

ʥʘʧʨʷʞʝʥʠʡ Uth< U< Uop ʜʠʨʝʢʪʦʨ ʥʘʯʠʥʘʝʪ ʥʘʢʣʦʥʷʪʴʩʷ ʚ ʨʝʟʫʣʴʪʘʪʝ 

ʜʝʡʩʪʚʠʷ splay-ʜʝʬʦʨʤʘʮʠʠ ʩʣʦʷ, ʘ ʵʬʬʝʢʪʠʚʥʦʝ ʜʚʫʣʫʯʝʧʨʝʣʦʤʣʝʥʠʝ ɾʂ 

ʠ ʬʘʟʦʚʘ ̫ʟʘʜʝʨʞʢʘ ʚ ʩʣʦʝ ʫʤʝʥʴʰʘʪʁʩʷ. ʇʨʠ ʥʘʧʨʷʞʝʥʠʠ, ʧʨʝʚʳʰʘʶʱʝʤ 

ʦʧʪʠʯʝʩʢʠʡ ʧʦʨʦʛ, ʚ ʟʘʢʨʫʯʝʥʥʦʡ ʪʚʠʩʪ-ʩʪʨʫʢʪʫʨʝ ʧʨʦʠʩʭʦʜʠʪ ʠʟʤʝʥʝʥʠʝ 

ʫʛʣʘ ʧʦʚʦʨʦʪʘ ʧʣʦʩʢʦʩʪʠ ʧʦʣʷʨʠʟʘʮʠʠ ʣʠʥʝʡʥʦ ʧʦʣʷʨʠʟʦʚʘʥʥʦʛʦ 

ʠʟʣʫʯʝʥʠʷ ʚʜʦʣʴ ʦʩʠ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦʡ ʩʣʦʶ. ʕʪʦʪ ʧʨʦʮʝʩʩ 

ʩʦʧʨʦʚʦʞʜʘʝʪʩʷ ʦʩʣʘʙʣʝʥʠʝʤ ʧʨʦʧʫʩʢʘʥʠʷ ʪʚʠʩʪ ʷʯʝʡʢʦʡ.  
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ʈʠʩʫʥʦʢ 18 - ɿʘʚʠʩʠʤʦʩʪʴ ʧʨʦʧʫʩʢʘʥʠʷ ʦʪ ʥʘʧʨʷʞʝʥʠʷ ʥʘ ʜʣʠʥʝ ʚʦʣʥʳ 633 ʥʤ 

ʜʣʷ ʩʠʤʤʝʪʨʠʯʥʦʡ ʪʚʠʩʪ ʷʯʝʡʢʠ [25]. 

ʇʨʠ ʥʘʧʨʷʞʝʥʠʠ, ʩʫʱʝʩʪʚʝʥʥʦ ʧʨʝʚʳʰʘʶʱʝʤ ʦʧʪʠʯʝʩʢʠʡ ʧʦʨʦʛ 

ʵʬʬʝʢʪʘ, ʢʦʛʜʘ ʚ ʮʝʥʪʨʘʣʴʥʦʡ ʯʘʩʪʠ ʩʣʦʷ ɾʂ ʤʦʣʝʢʫʣʳ 

ʧʝʨʝʦʨʠʝʥʪʠʨʫʶʪʩʷ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦ ʵʣʝʢʪʨʦʜʘʤ, ʪʚʠʩʪ-ʩʪʨʫʢʪʫʨʘ 

ʧʝʨʝʩʪʘʝʪ ʧʦʚʦʨʘʯʠʚʘʪʴ ʧʣʦʩʢʦʩʪʴ ʧʦʣʷʨʠʟʘʮʠʠ ʩʚʝʪʘ, ʷʯʝʡʢʘ ʧʝʨʝʩʪʘʝʪ 
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ʧʨʦʧʫʩʢʘʪʴ ʩʚʝʪ ʚ ʩʢʨʝʱʝʥʥʳʭ ʧʦʣʷʨʠʟʘʪʦʨʘʭ (ʨʠʩ. 18). ʇʨʠ ʩʥʷʪʠʠ 

ʥʘʧʨʷʞʝʥʠʷ ʤʦʣʝʢʫʣʳ ʥʝʤʘʪʠʯʝʩʢʦʛʦ ɾʂ ʚʦʟʚʨʘʱʘʶʪʩʷ ʚ ʠʩʭʦʜʥʦʝ 

ʧʦʣʦʞʝʥʠʝ ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʫʧʨʫʛʠʭ ʩʠʣ, ʠ ʪʚʠʩʪ ʷʯʝʡʢʘ ʚʥʦʚʴ ʥʘʯʠʥʘʝʪ 

ʧʨʦʧʫʩʢʘʪ ɹʧʘʜʘʶʱʝʝ ʥʘ ʥʝʝ ʠʟʣʫʯʝʥʠʝ. 

ɺʣʠʷʥʠʝ ʫʛʣʘ ʤʝʞʜʫ ʥʘʧʨʘʚʣʝʥʠʝʤ ʧʦʣʷʨʠʟʘʮʠʠ, ʚʭʦʜʷʱʝʛʦ ʚ ɾʂ 

ʷʯʝʡʢʫ ʠʟʣʫʯʝʥʠʷ ʠ ʜʠʨʝʢʪʦʨʦʤ ʠʣʣʶʩʪʨʠʨʫʝʪ ʟʘʚʠʩʠʤʦʩʪʠ I (U) ʜʣʷ 

l = 0,65 ʤʢʤ, ʠʟʤʝʨʝʥʥʳʝ ʧʦʜ ʨʘʟʥʳʤʠ ʫʛʣʘʤʠ b, ʧʦʢʘʟʘʥʥʳʝ ʥʘ ʨʠʩ. 19 

ʜʣʷ ʷʯʝʝʢ ʩ ʩʠʤʤʝʪʨʠʯʥʳʤʠ (ʘ) ʠ ʘʩʩʠʤʝʪʨʠʯʥʳʤʠ (ʙ) ʛʨʘʥʠʯʥʳʤʠ 

ʫʩʣʦʚʠʷʤʠ ʠ ʨʘʟʥʦʡ ʪʦʣʱʠʥʦʡ ʩʣʦʷ ɾʂ.  

 

 

ʈʠʩʫʥʦʢ 19 - ʂʨʠʚʳʝ ʧʨʦʧʫʩʢʘʥʠʷ I(U) ʩʚʝʪʘ ʩ l = 0,65 ʤʢʤ, ʧʦʣʫʯʝʥʥʳʝ ʜʣʷ ʪʚʠʩʪ ʷʯʝʝʢ 

ʩ ʪʦʣʱʠʥʦʡ ʩʣʦʷ ɾʂ 6,7 ʤʢʤ (ʘ) ʠ 13,6 ʤʢʤ (ʙ) ʧʨʠ ʨʘʟʥʳʭ ʫʛʣʘʭ b.  

ɽʩʣʠ ʫʛʦʣ b = 0
ʦ
, ʪ.ʝ. ʥʘʧʨʘʚʣʝʥʠʝ ʧʦʣʷʨʠʟʘʮʠʠ, ʚʭʦʜʷʱʝʛʦ 

ʠʟʣʫʯʝʥʠʷ, ʩʦʚʧʘʜʘʝʪ ʩ ʜʠʨʝʢʪʦʨʦʤ ʚʙʣʠʟʠ ʦʜʥʦʡ ʠʟ ʧʦʜʣʦʞʝʢ. ʏʠʩʣʦ 

ʤʘʢʩʠʤʫʤʦʚ ʠ ʤʠʥʠʤʫʤʦʚ ʥʘ ʢʨʠʚʳʭ I (U) ʢʨʘʪʥʦ p. ʕʪʦ ʯʠʩʣʦ ʙʫʜʝʪ 

ʩʦʦʪʚʝʪʩʪʚʦʚʘʪʴ ʚʝʣʠʯʠʥʝ ʬʘʟʦʚʦʡ ʟʘʜʝʨʞʢʠ ʩʚʝʪʘ ʚ ɾʂ ʷʯʝʡʢʝ. ʈʘʟʥʘʷ 

ʚʝʣʠʯʠʥʘ ʬʘʟʦʚʦʡ ʟʘʜʝʨʞʢʠ ʚ ʷʯʝʡʢʘʭ ʦʙʫʩʣʦʚʣʝʥʘ ʥʝʦʜʠʥʘʢʦʚʦʡ 

ʪʦʣʱʠʥʦʡ ʩʣʦʷ ʞʠʜʢʦʛʦ ʢʨʠʩʪʘʣʣʘ, ʢʦʪʦʨʘʷ ʩʦʦʪʚʝʪʩʪʚʫʝʪ 6,7 ʤʢʤ ʠ 

13,6 ʤʢʤ. ɺ ʩʣʫʯʘʝ ʩʠʤʤʝʪʨʠʯʥʳʭ ʛʨʘʥʠʯʥʳʭ ʫʩʣʦʚʠʡ, ʢʦʛʜʘ ʫʛʣʳ ʥʘʢʣʦʥʘ 

ʜʠʨʝʢʪʦʨʘ ʥʘ ʧʨʦʪʠʚʦʧʦʣʦʞʥʳʭ ʧʦʜʣʦʞʢʘʭ ʦʜʠʥʘʢʦʚʳ, ʢʨʠʚʳʝ 

ʧʨʦʧʫʩʢʘʥʠʷ, ʧʦʣʫʯʝʥʥʳʝ ʧʨʠ ʫʛʣʘʭ b, ʨʘʚʥʳʭ 90
o
, 45

o
 ʠ 135

o  

(ʨʠʩ. 19, ʘ), ʩʦʚʧʘʜʘʶʪ. ɼʠʨʝʢʪʦʨ ʚ ʦʙʲʝʤʝ ʞʠʜʢʦʛʦ ʢʨʠʩʪʘʣʣʘ 



 

 

48 

ʧʝʨʝʦʨʠʝʥʪʠʨʦʚʘʥ ʧʦʣʥʦʩʪʴʶ ʧʨʠ ʨʘʙʦʯʠʭ ʥʘʧʨʷʞʝʥʠʷʭ ʙʦʣʝʝ U >> 10 ɺ ʠ 

ʫʛʣʝ  0
ʦ
 [29]. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʫʛʣʘ b  ʤʦʞʝʪ ʙʳʪʴ ʧʦʣʫʯʝʥʘ ʢʘʢ 

ʘʤʧʣʠʪʫʜʥʘʷ, ʪʘʢ ʬʘʟʦʚʘʷ ʤʦʜʫʣʷʮʠʷ ʩʚʝʪʘ ʚ 90
o 
ʪʚʠʩʪ ʷʯʝʡʢʝ. 

ʕʬʬʝʢʪʠʚʥʦʝ ʜʚʫʣʫʯʝʧʨʝʣʦʤʣʝʥʠʝ ʥʘʙʣʶʜʘʝʪʩʷ ʧʨʠ ʫʛʣʝ b = 45
ʦ
. ʇʨʠ 

ʩʧʘʜʝ ʦʧʪʠʯʝʩʢʦʛʦ ʧʨʦʧʫʩʢʘʥʠʷ ʚ ʦʙʣʘʩʪʠ U > Uop ʧʝʨʝʦʨʠʝʥʪʘʮʠʷ 

ʜʠʨʝʢʪʦʨʘ ʩʦʧʨʦʚʦʞʜʘʝʪʩʷ ʚʨʘʱʝʥʠʝʤ ʤʦʣʝʢʫʣ ʠ ʦʜʥʦʚʨʝʤʝʥʥʦ 

ʠʟʤʝʥʷʝʪʩʷ ʫʛʦʣ ʥʘʢʣʦʥʘ ʜʠʨʝʢʪʦʨʘ ʦʪʥʦʩʠʪʝʣʴʥʦ ʥʦʨʤʘʣʠ ʢ ʧʦʜʣʦʞʢʝ, ʯʪʦ 

ʧʨʠʚʦʜʠʪ ʢ ʠʟʤʝʥʝʥʠʶ ȹn.  

ɽʩʣʠ ʚ ɾʂ ʷʯʝʡʢʝ, ʧʦʤʝʱʝʥʥʦʡ ʤʝʞʜʫ ʧʦʣʷʨʠʟʘʪʦʨʦʤ ʠ 

ʧʘʨʘʣʣʝʣʴʥʳʤ ʝʤʫ ʘʥʘʣʠʟʘʪʦʨʦʤ, ʜʠʨʝʢʪʦʨ ʥʘ ʬʨʦʥʪʘʣʴʥʦʡ ʧʦʜʣʦʞʢʝ 

ʩʦʚʧʘʜʘʝʪ ʩ ʦʩʴʶ ʧʦʣʷʨʠʟʘʪʦʨʘ, ʪʦ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʧʨʦʰʝʜʰʝʛʦ ʩʚʝʪʘ ʙʫʜʝʪ 

ʨʘʚʥʘ [30]: 
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(3.42) 

ʛʜʝ jt- ʫʛʦʣ ʟʘʢʨʫʪʢʠ ʪʚʠʩʪʘ, ʘ q = d́ ȹn/ɚjt. ʀʥʪʝʥʩʠʚʥʦʩʪʴ ʧʨʦʧʫʩʢʘʥʠʷ I 

ʷʚʣʷʝʪʩʷ ʦʩʮʠʣʣʠʨʫʶʱʝʡ ʬʫʥʢʮʠʝʡ ʧʘʨʘʤʝʪʨʘ d/ɚ. ʉʯʠʪʘʷ, ʯʪʦ 

ʧʨʦʧʫʩʢʘʥʠʝ I = 0 ʜʣʷ ʧʝʨʚʦʛʦ ʤʠʥʠʤʫʤʘ ʢʨʠʚʦʡ, ʪʦ ʤʠʥʠʤʘʣʴʥʘʷ ʪʦʣʱʠʥʘ 

ʩʣʦʷ ɾʂ ʜʣʷ jt = ˊ/2, ʧʨʠ ʢʦʪʦʨʦʤ ʜʦʩʪʠʛʘʝʪʩʷ ʤʘʢʩʠʤʘʣʴʥʳʡ ʢʦʥʪʨʘʩʪ ʠʟ 

ʨʝʰʝʥʠ ̫ʫʨʘʚʥʝʥʠ ̫(3.42), ʩʦʦʪʚʝʪʩʪʚʫʝʪ 

n
d

D
Ö=
l

2

3
min  

(3.43) 

 
 

ʈʠʩ. 20. ʀʥʪʝʥʩʠʚʥʦʩʪ ɹʧʨʦʧʫʩʢʘʥʠʷ ʥʘ 

ʜʣʠʥʝ ʚʦʣʥʳ 1,55 ʤʢʤ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ 
ʪʦʣʱʠʥʳ ʩʣʦʷ ʞʠʜʢʦʛʦ ʢʨʠʩʪʘʣʣʘ ʚ 
ʪʚʠʩʪ ʷʯʝʡʢʝ 

ʈʠʩ. 21. ʀʥʪʝʥʩʠʚʥʦʩʪʠ ʧʨʦʧʫʩʢʘʥʠʷ 

ʠʟʣʫʯʝʥʠʷ, ʧʨʦʰʝʜʰʝʛʦ ʯʝʨʝʟ ʪʚʠʩʪ-
ʩʪʨʫʢʪʫʨʫ, ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʫʛʣʘ 
ʟʘʢʨʫʪʢʠ. 
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ʀʟʤʝʥʝʥʠʝ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʧʨʦʧʫʩʢʘʥʠʷ ʪʚʠʩʪ ʷʯʝʡʢʦʡ ʚ ʟʘʚʠʩʠʤʦʩʪʠ 

ʦʪ ʪʦʣʱʠʥʳ ʩʣʦʷ ʠʣʣʶʩʪʨʠʨʫʝʪ ʨʠʩ. 20. ɼʣʷ ʧʦʣʫʯʝʥʠʷ ʤʘʢʩʠʤʘʣʴʥʦʛʦ 

ʢʦʥʪʨʘʩʪʘ ʥʘ ʜʣʠʥʝ ʚʦʣʥʳ 1,55 ʤʢʤ ʤʠʥʠʤʘʣʴʥʘʷ ʪʦʣʱʠʥʘ ʩʣʦʷ ʞʠʜʢʦʛʦ 

ʢʨʠʩʪʘʣʣʘ ʜʦʣʞʥʘ ʙʳʪʴ ʦʢʦʣʦ 6,4 ʤʢʤ, ʝʩʣʠ ȹn @ 0,21. ʇʨʠ ʠʟʤʝʥʝʥʠʠ ʫʛʣʘ 

ʟʘʢʨʫʪʢʠ ʪʚʠʩʪʘ ʚ ʵʣʝʢʪʨʠʯʝʩʢʦʤ ʧʦʣʝ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʧʨʦʧʫʩʢʘʥʠʷ ʧʘʜʘʝʪ. 

ʈʘʩʯʝʪʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʧʨʦʰʝʜʰʝʛʦ ʠʟʣʫʯʝʥʠʷ ʦʪ ʫʛʣʘ 

ʟʘʢʨʫʪʢʠ jt, ʧʦʢʘʟʘʥʘ ʥʘ ʨʠʩ. 21. ʀʟʤʝʥʝʥʠʝ ʦʧʪʠʯʝʩʢʦʛʦ ʧʦʨʦʛʘ ʪʚʠʩʪ-

ʵʬʬʝʢʪʘ ʠ ʦʙʣʘʩʪʠ ʨʘʙʦʯʠʭ ʥʘʧʨʷʞʝʥʠʡ ʜʣʷ ɾʂ ʷʯʝʝʢ ʩ ʨʘʟʥʳʤʠ 

ʦʨʠʝʥʪʠʨʫʶʱʠʤʠ ʩʣʦʷʤʠ ʠʣʣʶʩʪʨʠʨʫʪʁ ʨʠʩ. 22. ʅʘʠʤʝʥʴʰʠʡ ʦʧʪʠʯʝʩʢʠʡ 

ʧʦʨʦʛ ʪʚʠʩʪ-ʵʬʬʝʢʪʘ ʥʘ ʜʣʠʥʝ ʚʦʣʥʳ 1,55 ʤʢʤ ʥʘʙʣʶʜʘʣʩʷ ʫ ʷʯʝʡʢʠ ˉ1 ʩ 

ʦʨʠʝʥʪʠʨʫʶʱʠʤ ʩʣʦʝʤ GeO, ʢʦʪʦʨʳʡ ʩʦʩʪʘʚʠʣ 1 ɺ, ʘ ʥʘʠʙʦʣʴʰʠʡ ʧʦʨʦʛ, 

ʨʘʚʥʳʡ 8,2 ɺ ʫ ʷʯʝʡʢʠ ˉ4 ʩʦ ʩʣʦʝʤ ʇɺʉ (ʪʘʙʣ. 2). 

 

ʈʠʩʫʥʦʢ 22 - ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʦʩʣʘʙʣʝʥʠʷ ʧʨʦʧʫʩʢʘʥʠʷ 
ʠʟʣʫʯʝʥʠʷ ʩ ʜʣʠʥʦʡ ʚʦʣʥʳ 1,55 ʤʢʤ ʜʣʷ ʨʷʜʘ ʪʚʠʩʪ ʷʯʝʝʢ. ʅʦʤʝʨʘ ʢʨʠʚʳʭ 

ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʪʘʙʣʠʮʝ 2. 

ʊʘʙʣʠʮʘ 2. ʍʘʨʘʢʪʝʨʠʩʪʠʢʠ ʪʚʠʩʪ ʷʯʝʝʢ ʥʘ ʜʣʠʥʝ ʚʦʣʥʳ 1,55 ʤʢʤ. 

ˉ 
ʦʙʨʘʟʮʘ 

ʆʨʠʝʥʪʠʨʫʶʱʠʝ ʩʣʦʠ d, ʤʢʤ Uop, ɺ 
ɼʠʥʘʤʠʯʝʩʢʠʡ 
ʜʠʘʧʘʟʦʥ, ʜɹ 

1 GeO 6,2 1 44,7 

2 ʇʀ 7,5 5,3 41,6 

3 ʇʀ 8,2 4,2 39,8 

4 ʇɺʉ 8,5 8,2 41,8 
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ʂʘʢ ʚʠʜʥʦ ʠʟ ʪʘʙʣʠʮʳ 2 ʦʧʪʠʯʝʩʢʠʡ ʧʦʨʦʛ ʵʣʝʢʪʨʦʦʧʪʠʯʝʩʢʦʛʦ 

ʵʬʬʝʢʪʘ ʚ ̫ʯʝʡʢʘʭ ʩ ʨʘʟʥʳʤʠ ʦʨʠʝʥʪʠʨʫʶʱʠʤʠ ʩʣʦʷʤʠ ʨʘʟʣʠʯʘʝʪʩʷ. ɼʣʷ 

ʧʦʣʠʤʝʨʥʳʭ ʩʣʦʝʚ ʩ ʙʦʣʝʝ ʚʳʩʦʢʦʡ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʴʶ, 

ʪʘʢʠʭ ʢʘʢ ʇʀ ʠ ʇɺʉ ʧʦʨʦʛʦʚʳʝ ʥʘʧʨʷʞʝʥʠʷ ʵʬʬʝʢʪʘ ʌʨʝʜʝʨʠʢʩʘ 

ʟʥʘʯʠʪʝʣʴʥʦ ʚʳʰʝ. ʋʤʝʥʴʰʝʥʠʝ ʪʦʣʱʠʥʳ ʦʨʠʝʥʪʠʨʫʶʱʝʛʦ ʩʣʦʷ 

ʧʦʣʠʠʤʠʜʘ ʚ ʷʯʝʡʢʝ ˉ3 ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʷʯʝʡʢʦʡ ˉ2 ʧʨʠʚʦʜʠʪ ʢ 

ʩʫʱʝʩʪʚʝʥʥʦʤʫ ʫʤʝʥʴʰʝʥʠ ʁʦʧʪʠʯʝʩʢʦʛʦ ʧʦʨʦʛʘ (ʪʘʙʣ.  2), ʯʪʦ ʚʳʟʚʘʥʦ 

ʩʥʠʞʝʥʠʝʤ ʵʢʨʘʥʠʨʫʶʱʝʛʦ ʵʬʬʝʢʪʘ ʦʨʠʝʥʪʠʨʫʶʱʝʛʦ ʩʣʦʷ.  

ʕʬʬʝʢʪʠʚʥʦʩʪʴ ʦʩʣʘʙʣʝʥʠʷ ʧʨʦʧʫʩʢʘʥʠʷ ʪʚʠʩʪ ʷʯʝʡʢʦʡ 

ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ ʢʦʵʬʬʠʮʠʝʥʪʦʤ ʢʦʥʪʨʘʩʪʘ. ɼʣʷ ʝʛʦ ʦʧʨʝʜʝʣʝʥʠʷ ʙʝʨʝʪʩʷ 

ʣʠʥʝʡʥʳʡ ʫʯʘʩʪʦʢ ʢʨʠʚʦʡ ʧʨʦʧʫʩʢʘʥʠʷ I(U), ʤʝʞʜʫ ʤʘʢʩʠʤʘʣʴʥʦʡ Imax ʠ 

ʤʠʥʠʤʘʣʴʥʦʡ Imin ʠʥʪʝʥʩʠʚʥʦʩʪʷʤʠ (ʨʠʩ. 18). ʂʦʵʬʬʠʮʠʝʥʪ ʢʦʥʪʨʘʩʪʘ 

ʤʦʞʥʦ ʨʘʩʩʯʠʪʘʪʴ ʧʦ ʬʦʨʤʫʣʝ: 

minmax

minmax

II

II

+

-
=K  

(3.44) 

ʀʟʤʝʥʝʥʠʝ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʦʧʪʠʯʝʩʢʦʛʦ ʩʠʛʥʘʣʘ ʚʳʨʘʞʘʶʪ ʪʘʢʞʝ ʚ 

ʜʝʮʠʙʝʣʘʭ ʢʘʢ ï10 log Imin / Imax. ʇʦʥʷʪʠʝ ʜʠʥʘʤʠʯʝʩʢʦʛʦ ʜʠʘʧʘʟʦʥʘ 

ʦʩʣʘʙʣʝʥʠʷ ʧʨʦʧʫʩʢʘʥʠʷ ʠʩʧʦʣʴʟʫʝʪʩʷ ʜʣʷ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʫʩʪʨʦʡʩʪʚ, 

ʧʨʝʜʥʘʟʥʘʯʝʥʥʳʭ ʜʣʷ ʨʝʛʫʣʠʨʦʚʘʥʠʷ ʩʠʛʥʘʣʘ ʚ ʦʧʪʠʯʝʩʢʠʭ ʩʝʪʷʭ. 

ʅʘʠʙʦʣʴʰʠʡ ʜʠʥʘʤʠʯʝʩʢʠʡ ʜʠʘʧʘʟʦʥ ʚ 44 ʜɹ ʥʘʙʣʶʜʘʣʩʷ ʫ ʦʙʨʘʟʮʘ ˉ1 

(ʪʘʙʣ. 2), ʯʪʦ ʩʚʷʟʘʥʦ ʩ ʤʠʥʠʤʘʣʴʥʳʤ ʦʪʢʣʦʥʝʥʠʝʤ ʪʦʣʱʠʥʳ ʩʣʦʷ ʞʠʜʢʦʛʦ 

ʢʨʠʩʪʘʣʣʘ ʚ ʵʪʦʡ ʷʯʝʡʢʝ ʦʪ ʦʧʪʠʤʘʣʴʥʦʛʦ ʝʝ ʟʥʘʯʝʥʠʷ ʜʣʷ ʜʘʥʥʦʡ ʜʣʠʥʳ 

ʚʦʣʥʳ ʞʠʜʢʦʛʦ ʢʨʠʩʪʘʣʣʘ.  

Ä 3.5 ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʝ ʦʧʨʝʜʝʣʝʥʠʝ ʚʨʝʤʝʥ ʦʪʢʣʠʢʘ ʠ 

ʨʝʣʘʢʩʘʮʠʠ ʞʠʜʢʦʛʦ ʢʨʠʩʪʘʣʣʘ 

ʄʦʜʫʣʷʮʠʠ ʦʧʪʠʯʝʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ ʧʦ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʠ ʬʘʟʝ ʚ 

ʩʣʫʯʘʷʭ  S- ʠ B-ʵʬʬʝʢʪʦʚ, ʘ ʪʘʢʞʝ ʠʟʤʝʥʝʥʠʝ ʧʦʣʷʨʠʟʘʮʠʠ ʚ ʩʣʫʯʘʝ ʪʚʠʩʪ-

ʵʬʬʝʢʪʘ ʧʨʠ ʧʨʠʣʦʞʝʥʠʠ ʥʘʧʨʷʞʝʥʠʷ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ ʢ ʩʣʦʶ 

ʞʠʜʢʦʛʦ ʢʨʠʩʪʘʣʣʘ ʩʦʧʨʦʚʦʞʜʘʝʪʩʷ  ʧʝʨʝʦʨʠʝʥʪʘʮʠʝʡ ʜʠʨʝʢʪʦʨʘ. ʇʦʩʣʝ 

ʩʥʷʪʠʷ ʧʨʠʣʦʞʝʥʥʦʛʦ ʥʘʧʨʷʞʝʥʠʷ ʧʨʦʠʩʭʦʜʠʪ ʧʨʦʮʝʩʩ ʨʝʣʘʢʩʘʮʠʠ, ʠ 

ʤʦʣʝʢʫʣʳ ʞʠʜʢʦʛʦ ʢʨʠʩʪʘʣʣʘ ʚʦʟʚʨʘʱʘʶʪʩʷ ʚ ʠʩʭʦʜʥʦʝ ʧʦʣʦʞʝʥʠʝ ʧʦʜ 

ʜʝʡʩʪʚʠʝʤ ʫʧʨʫʛʠʭ ʩʠʣ. ɼʠʥʘʤʠʢʘ ʧʨʦʪʝʢʘʥʠʷ ʵʪʠʭ ʧʨʦʮʝʩʩʦʚ ʦʧʨʝʜʝʣʷʝʪ 

ʚʨʝʤʷ ʧʝʨʝʢʣʶʯʝʥʠʷ ʫʩʪʨʦʡʩʪʚ ʠʟ ʩʦʩʪʦʷʥʠʷ çʚʳʢʣʶʯʝʥʦè ʚ ʩʦʩʪʦʷʥʠʝ 

çʚʢʣʶʯʝʥʦè ʠ ʦʙʨʘʪʥʦ ʚ ʩʦʩʪʦʷʥʠʝ çʚʳʢʣʶʯʝʥʦè.  

ɺʨʝʤʷ ʦʪʢʣʠʢʘ ton (ʚʨʝʤʷ ʚʢʣʶʯʝʥʠʷ ï çonè) ʠ ʚʨʝʤʷ ʨʝʣʘʢʩʘʮʠʠtoff 

(ʚʨʝʤʷ ʚʳʢʣʶʯʝʥʠʷ ï çoffè), ʢʦʪʦʨʳʝ ʚ ʩʫʤʤʝ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʚʨʝʤʝʥʠ 
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ʨʝʘʢʮʠʠ ʵʣʝʢʪʨʦʫʧʨʘʚʣʷʝʤʦʛʦ ɾʂ ʫʩʪʨʦʡʩʪʚʘ, ʷʚʣʷʶʪʩʷ ʠʭ ʦʩʥʦʚʥʳʤʠ 

ʜʠʥʘʤʠʯʝʩʢʠʤʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ. ʕʪʠ ʚʨʝʤʝʥʘ ʟʘʚʠʩʷʪ ʦʪ ʢʚʘʜʨʘʪʘ 

ʪʦʣʱʠʥʳ ʩʣʦʷ ʠ ʚʷʟʢʦʩʪʠ ʞʠʜʢʦʛʦ ʢʨʠʩʪʘʣʣʘ. ɺʨʝʤʷ ʦʪʢʣʠʢʘ ʞʠʜʢʦʛʦ 

ʢʨʠʩʪʘʣʣʘ ʟʘʚʠʩʠʪ ʪʘʢʞʝ ʦʪ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʘʥʠʟʦʪʨʦʧʠʠ, ʧʦʨʦʛʘ 

ʵʣʝʢʪʨʦʦʧʪʠʯʝʩʢʦʛʦ ʵʬʬʝʢʪʘ ʠ ʤʦʞʝʪ ʚʘʨʴʠʨʦʚʘʪʴʩʷ ʧʫʪʝʤ ʠʟʤʝʥʝʥʠʷ 

ʧʘʨʘʤʝʪʨʦʚ ʧʨʠʣʦʞʝʥʥʦʛʦ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ.  
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(3.45) 

ʛʜʝ g1 ï ʚʷʟʢʦʩʪʴ ɾʂ, ȹŮ(f) ï ʜʠʵʣʝʢʪʨʠʯʝʩʢʘʷ ʘʥʠʟʦʪʨʦʧʠʷ, ʟʘʚʠʩʷʱʘʷ ʦʪ 

ʯʘʩʪʦʪʳ, d ï ʪʦʣʱʠʥʘ ʩʣʦʷ ɾʂ, U ï ʧʨʠʣʦʞʝʥʥʦʝ ʥʘʧʨʷʞʝʥʠʝ [31]. 

ʋʩʢʦʨʝʥʠ ʁʧʨʦʮʝʩʩʘ ʧʝʨʝʦʨʠʝʥʪʘʮʠʠ ʤʦʣʝʢʫʣ ʠʟ ʩʦʩʪʦʷʥʠʷ çoffè ʚ çonè 

ʩʧʦʩʦʙʩʪʚʫʝʪ ʫʚʝʣʠʯʝʥʠʝ ʥʘʧʨʷʞʝʥʠʷ U ʠ ʧʦʥʠʞʝʥʠʝ ʧʦʨʦʛʦʚʦʛʦ 

ʥʘʧʨʷʞʝʥʠʷ ʵʣʝʢʪʨʦʦʧʪʠʯʝʩʢʦʛʦ ʵʬʬʝʢʪʘ Uth ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʬʦʨʤʫʣʦʡ 

(3.45). 

ʇʨʦʮʝʩʩ ʝʩʪʝʩʪʚʝʥʥʦʡ ʫʧʨʫʛʦʡ ʨʝʣʘʢʩʘʮʠʠ ʧʦʩʣʝ ʧʨʝʢʨʘʱʝʥʠʷ 

ʜʝʡʩʪʚʠʷ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ ʚʨʝʤʝʥʝʤ ʚʳʢʣʶʯʝʥʠʷ ʚ 

ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʬʦʨʤʫʣʦʡ:  

11

22

1 Kdoff pgt =  (3.46) 

ʋʩʢʦʨʝʥʠʶ ʧʨʦʮʝʩʩʘ ʨʝʣʘʢʩʘʮʠʠ ʩʦʛʣʘʩʥʦ ʬʦʨʤʫʣʝ (3.46) ʙʫʜʝʪ 

ʩʧʦʩʦʙʩʪʚʦʚʘʪʴ ʥʝ ʪʦʣʴʢʦ ʫʤʝʥʴʰʝʥʠʝ ʚʷʟʢʦʩʪʠ ʞʠʜʢʦʛʦ ʢʨʠʩʪʘʣʣʘ ʧʫʪʝʤ 

ʧʦʚʳʰʝʥʠʷ ʪʝʤʧʝʨʘʪʫʨʳ, ʥʦ ʠ ʧʦʚʳʰʝʥʠʝ ʢʦʵʬʬʠʮʠʝʥʪʘ ʝʛʦ ʫʧʨʫʛʦʩʪʠ. 

ʋʩʢʦʨʠʪʴ ʧʨʦʮʝʩʩ ʧʝʨʝʢʣʶʯʝʥʠʷ ɾʂ ʫʩʪʨʦʡʩʪʚ ʢʘʢ ʩʣʝʜʫʝʪ ʠʟ ʬʦʨʤʫʣ 

(3.45) ʠ (3.46) ʤʦʞʥʦ, ʫʤʝʥʴʰʠʚ ʪʦʣʱʠʥʫ ʩʣʦʷ ʥʝʤʘʪʠʯʝʩʢʦʛʦ ʞʠʜʢʦʛʦ 

ʢʨʠʩʪʘʣʣʘ. ʈʘʟʣʠʯʥʳʝ ʩʧʦʩʦʙʳ ʧʦʚʳʰʝʥʠʷ ʙʳʩʪʨʦʜʝʡʩʪʚʠʷ ɾʂ ʫʩʪʨʦʡʩʪʚ 

ʤʦʛʫʪ ʢʦʤʙʠʥʠʨʦʚʘʪʴʩʷ. ʄʥʦʛʦʦʙʨʘʟʠʝ ʵʣʝʢʪʨʦʦʧʪʠʯʝʩʢʠʭ ʵʬʬʝʢʪʦʚ, 

ʠʤʝʶʱʠʭ ʤʝʩʪʦ ʚ ʥʝʤʘʪʠʯʝʩʢʠʭ ʞʠʜʢʠʭ ʢʨʠʩʪʘʣʣʘʭ, ʦʪʢʨʳʚʘʝʪ 

ʜʦʧʦʣʥʠʪʝʣʴʥʳʝ ʚʦʟʤʦʞʥʦʩʪʠ ʜʣʷ ʧʦʚʳʰʝʥʠʷ ʙʳʩʪʨʦʜʝʡʩʪʚʠʷ ɾʂ 

ʫʩʪʨʦʡʩʪʚ. 

ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʚʨʝʤʝʥʘ ʧʝʨʝʢʣʶʯʝʥʠʷ ɾʂ ʫʩʪʨʦʡʩʪʚ, 

ʨʘʙʦʪʘʶʱʠʭ ʥʘ ʪʚʠʩʪ-ʵʬʬʝʢʪʝ, ʦʧʨʝʜʝʣʷʶʪʩʷ ʚʨʝʤʝʥʝʤ ʠʟʤʝʥʝʥʠʷ 

ʧʨʦʧʫʩʢʘʥʠʷ ʩʚʝʪʘ ʥʘ ʦʩʮʠʣʣʦʛʨʘʤʤʝ ʵʣʝʢʪʨʦʦʧʪʠʯʝʩʢʦʛʦ ʦʪʢʣʠʢʘ ʚ 

ʠʥʪʝʨʚʘʣʝ ʦʪ 10% ʜʦ 90% ʤʘʢʩʠʤʘʣʴʥʦʡ ʠʥʪʝʥʩʠʚʥʦʩʪʠ. ʅʘ ʨʠʩʫʥʢʝ 23 

ʧʨʠʚʝʜʝʥ ʧʨʠʤʝʨ ʦʧʨʝʜʝʣʝʥʠʷ ʚʨʝʤʝʥʠ ʩʧʘʜʘ ʧʨʦʧʫʩʢʘʥʠʷ ʷʯʝʡʢʠ, 

ʨʘʩʧʦʣʦʞʝʥʥʦʡ ʤʝʞʜʫ ʩʢʨʝʱʝʥʥʳʤʠ ʧʦʣʷʨʠʟʘʪʦʨʘʤʠ, ʧʨʠ ʪʚʠʩʪ-ʵʬʬʝʢʪʝ, 
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ʟʘ ʢʦʪʦʨʦʝ ʧʨʠʥʠʤʘʝʪʩʷ ʚʨʝʤʷ, ʥʝʦʙʭʦʜʠʤʦʝ ʜʣʷ ʦʩʣʘʙʣʝʥʠʷ 

ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʦʪ 90% ʜʦ 10%. ɺʨʝʤʝʥʠ ʧʦʜʲʝʤʘ ʧʨʦʧʫʩʢʘʥʠʷ ʪʦʛʜʘ 

ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʚʨʝʤʝʥʠ ʧʦʚʳʰʝʥʠʷ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʦʪ 10% ʜʦ 90%. 

  

ʈʠʩʫʥʦʢ 23 - ʆʩʮʠʣʣʦʛʨʘʤʤʳ, ʠʣʣʶʩʪʨʠʨʫʶʱʠʝ ʦʧʨʝʜʝʣʝʥʠʝ ʚʨʝʤʝʥʠ ʩʧʘʜʘ ʠ 
ʧʦʜʲʝʤʘ ʧʨʦʧʫʩʢʘʥʠʷ ʚ ʪʚʠʩʪ ʷʯʝʡʢʘʭ. 

ʇʨʠ splay-ʜʝʬʦʨʤʘʮʠʠ ʚ ʵʣʝʢʪʨʠʯʝʩʢʦʤ ʧʦʣʝ ʧʨʦʠʩʭʦʜʠʪ ʠʟʤʝʥʝʥʠʝ 

ʫʛʣʘ ʥʘʢʣʦʥʘ ʜʠʨʝʢʪʦʨʘ ʞʠʜʢʦʛʦ ʢʨʠʩʪʘʣʣʘ ʦʪ qp ʜʦ 90
0
, ʘ ʧʨʠ bend-

ʜʝʬʦʨʤʘʮʠʠ ʦʪ qp ʜʦ 0
ʦ
. ʇʝʨʝʦʨʠʝʥʪʘʮʠ ̫ʜʠʨʝʢʪʦʨʘ ʦʪʥʦʩʠʪʝʣʴʥʦ ʚʝʢʪʦʨʘ 

ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ ʧʨʠʚʦʜʠʪ ʢ ʠʟʤʝʥʝʥʠʶ ʧʦʢʘʟʘʪʝʣʷ ʧʨʝʣʦʤʣʝʥʠʷ ʜʣʷ 

ʥʝʦʙʳʢʥʦʚʝʥʥʦʛʦ ʣʫʯʘ, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʜʣʷ ʦʙʳʢʥʦʚʝʥʥʦʛʦ ʣʫʯʘ ʧʦʢʘʟʘʪʝʣʴ 

ʦʩʪʘʝʪʩʷ ʥʝʠʟʤʝʥʥʳʤ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʜʚʫʣʫʯʝʧʨʝʣʦʤʣʝʥʠ ̫ʩʚʝʪʦʚʦʛʦ ʧʦʪʦʢʘ, 

ʨʘʩʧʨʦʩʪʨʘʥʷʶʱʝʛʦʩʷ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦ ʩʣʦʶ ʞʠʜʢʦʛʦ ʢʨʠʩʪʘʣʣʘ, 

ʧʨʦʠʩʭʦʜʠʪ ʤʦʜʫʣʷʮʠʠ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʩʚʝʪʘ, ʚʦʰʝʜʰʝʛʦ ʚ ʩʣʦʡ ʞʠʜʢʦʛʦ 

ʢʨʠʩʪʘʣʣʘ. ʆʩʮʠʣʣʦʛʨʘʤʤʘ ʦʧʪʠʯʝʩʢʦʛʦ ʦʪʢʣʠʢʘ ʚ ʵʪʦʤ ʩʣʫʯʘʝ 

ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʦʩʮʠʣʣʠʨʫʶʱʫʶ ʢʨʠʚʫʶ, ʩʫʤʤʘʨʥʦʝ ʢʦʣʠʯʝʩʪʚʦ 

ʤʘʢʩʠʤʫʤʦʚ ʠ ʤʠʥʠʤʫʤʦʚ k (p, 2p, 3p,é.) ʥʘ ʢʦʪʦʨʦʡ ʩʦʦʪʚʝʪʩʪʚʫʝʪ 

ʬʘʟʦʚʦʡ ʟʘʜʝʨʞʢʝ ʚ ʩʣʦʝ ʞʠʜʢʦʛʦ ʢʨʠʩʪʘʣʣʘ kp (ʨʠʩ. 24). ɿʘ ʚʨʝʤʷ 

ʚʢʣʶʯʝʥʠʷ ʠ ʚʳʢʣʶʯʝʥʠʷ ʧʨʠ ʤʦʜʫʣʷʮʠʠ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʦʧʪʠʯʝʩʢʦʛʦ 

ʩʠʛʥʘʣʘ ʮʝʣʝʩʦʦʙʨʘʟʥʦ ʧʨʠʥʠʤʘʪʴ ʚʨʝʤʷ ʬʘʟʦʚʦʡ ʟʘʜʝʨʞʢʠ ʢʨʘʪʥʦʝ p. 

ɺ ʢʘʯʝʩʪʚʝ ʧʨʠʤʝʨʘ ʨʘʩʩʤʦʪʨʠʤ ʷʯʝʡʢʠ, ʟʘʧʦʣʥʝʥʥʳʝ ʞʠʜʢʠʤ 

ʢʨʠʩʪʘʣʣʦʤ BL-37 (ʬʠʨʤʳ Merck) c De = 16,9 Dn = 0,28. ɼʣʷ ʧʦʣʫʯʝʥʠʷ 

ʦʧʪʠʯʝʩʢʦʛʦ ʦʪʢʣʠʢʘ ʢ ʩʣʦʶ ʞʠʜʢʦʛʦ ʢʨʠʩʪʘʣʣʘ ʧʨʠʢʣʘʜʳʚʘʣʩʷ ʠʤʧʫʣʴʩ 

ʥʘʧʨʷʞʝʥʠʷ ʩ ʘʤʧʣʠʪʫʜʦʡ 20 ɺ ʜʣʠʪʝʣʴʥʦʩʪʴʶ 0,5 ʩ. ʇʨʠ ʵʪʦʤ ʚʨʝʤʷ 

ʦʪʢʣʠʢʘ ʞʠʜʢʦʛʦ ʢʨʠʩʪʘʣʣʘ  ʚ ʨʝʟʫʣʴʪʘʪʝ S-ʵʬʬʝʢʪʘ ʩʦʩʪʘʚʠʣʦ ʦʢʦʣʦ 8 ʤʩ 

ʜʣʷ ʷʯʝʝʢ çaè, çbè ʠ çdè (ʪʘʙʣ. 3). ɺʤʝʩʪʝ ʩ ʪʝʤ ʚʝʣʠʯʠʥʘ ʬʘʟʦʚʦʡ ʟʘʜʝʨʞʢʠ 

ʠʟʣʫʯʝʥʠʷ ʩ ʜʣʠʥʦʡ ʚʦʣʥʳ 632,8 ʥʤ ʙʳʣʘ ʨʘʟʥʦʡ. ʕʪʦ ʩʚʷʟʘʥʦ ʩ ʚʣʠʷʥʠʝʤ 

ʛʨʘʥʠʯʥʳʭ ʫʩʣʦʚʠʡ, ʛʝʥʝʨʠʨʫʶʱʠʭ ʨʘʟʥʳʝ ʥʘʯʘʣʴʥʳʝ ʫʛʣʳ ʥʘʢʣʦʥʘ 

ʜʠʨʝʢʪʦʨʘ. ʇʦʚʳʰʝʥʠʝ ʬʘʟʦʚʦʡ ʟʘʜʝʨʞʢʠ ʠ ʚʨʝʤʝʥ ton ʠ toff ʫ ̫ʯʝʡʢʠ çdè 
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ʦʙʫʩʣʦʚʣʝʥʦ ʫʚʝʣʠʯʝʥʠʝʤ ʪʦʣʱʠʥʳ ʩʣʦʷ ʞʠʜʢʦʛʦ ʢʨʠʩʪʘʣʣʘ [28]. 

ʇʨʠʚʝʜʝʥʥʳʡ ʧʨʠʤʝʨ ʧʦʢʘʟʳʚʘʝʪ, ʯʪʦ ʬʦʨʤʫʣʳ (3.1) ʠ (3.2) ʥʝ ʫʯʠʪʳʚʘʶʪ 

ʚʣʠʷʥʠʝ ʥʘʯʘʣʴʥʦʛʦ ʫʛʣʘ ʥʘʢʣʦʥʘ ʜʠʨʝʢʪʦʨʘ ʥʘ ʜʠʥʘʤʠʢʫ ʧʝʨʝʦʨʠʝʥʪʘʮʠʠ 

ʜʠʨʝʢʪʦʨʘ ɾʂ ʚ ʵʣʝʢʪʨʠʯʝʩʢʦʤ ʧʦʣʝ.  

 

ʈʠʩʫʥʦʢ 24 - ʆʩʮʠʣʣʦʛʨʘʤʤʘ ʦʧʪʠʯʝʩʢʦʛʦ ʦʪʢʣʠʢʘ ʥʘ ʜʣʠʥʝ ʚʦʣʥʳ 632,8  ʚ 
ʨʝʟʫʣʴʪʘʪʝ S-ʜʝʬʦʨʤʘʮʠʠ ʩʣʦʷ ʞʠʜʢʦʛʦ ʢʨʠʩʪʘʣʣʘ. 

ʊʘʙʣʠʮʘ 3. ʍʘʨʘʢʪʝʨʠʩʪʠʢʠ ɾʂ ʷʯʝʝʢ. 

ɾʂ 
ʷʯʝʡʢʘ 

ʆʨʠʝʥʪʠʨʫʶʱʘʷ 
ʧʦʚʝʨʭʥʦʩʪʴ 

d,  

ʤʢʤ 
DFmax/p 

 

Uth,  

ɺ 
qp,  
ɻʨʘʜ. 

ton, 
ʤʩ 

toff, 
ʩ 

ʘ GeO 13,5 6 0,8 35 8 10 

b GeO / a-C:H  12,5 10 1 7 8 10 

c GeO / a-C:H 13,5 12 1,1 6 8 4 

d GeO / a-C:H 13,5 1,1 6 8 4 12 

ʅʘʙʣʶʜʘʝʤʦʝ ʫʚʝʣʠʯʝʥʠʝ ʬʘʟʦʚʦʡ ʟʘʜʝʨʞʢʠ ʩʚʝʪʘ ʫ ʷʯʝʡʢʠ çcè ʚ 

ʵʣʝʢʪʨʠʯʝʩʢʦʤ ʧʦʣʝ ʵʢʚʠʚʘʣʝʥʪʥʦ ʫʚʝʣʠʯʝʥʠʶ ʚ ʜʚʘ ʨʘʟʘ ʪʦʣʱʠʥʳ ʩʣʦʷ 

ʞʠʜʢʦʛʦ ʢʨʠʩʪʘʣʣʘ ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʬʦʨʤʫʣʦʡ (2.6). ʕʪʦʪ ʵʬʬʝʢʪ ʤʦʞʥʦ 

ʦʙʲʷʩʥʠʪʴ ʟʥʘʯʠʪʝʣʴʥʳʤ ʫʤʝʥʴʰʝʥʠʝʤ ʥʘʯʘʣʴʥʦʛʦ ʫʛʣʘ ʥʘʢʣʦʥʘ 

ʜʠʨʝʢʪʦʨʘ ʫ ʷʯʝʝʢ çcè. ʇʨʠ ʵʪʦʤ ʚʨʝʤʝʥʘ ton ʤʘʣʦ ʦʪʣʠʯʘʶʪʩʷ, ʘ ʚʨʝʤʷ toff 

ʫ ʷʯʝʡʢʠ çʩè ʫʤʝʥʴʰʠʣʦʩʴ (ʪʘʙʣ. 3).  

ʋʤʝʥʴʰʝʥʠʝ ʚʨʝʤʝʥʠ ʨʝʘʢʮʠʠ ʜʦ ʤʠʢʨʦʩʝʢʫʥʜʥʦʛʦ ʫʨʦʚʥʷ ʷʚʣʷʝʪʩʷ 

ʘʢʪʫʘʣʴʥʳʤ ʢʘʢ ʜʣʷ ʜʠʩʧʣʝʡʥʳʭ, ʪʘʢ ʠ ʜʨʫʛʠʭ ʧʨʠʤʝʥʝʥʠʡ ɾʂ ʫʩʪʨʦʡʩʪʚ. 

ʇʦʵʪʦʤʫ ʙʦʣʴʰʠʥʩʪʚʦ ʠʩʩʣʝʜʦʚʘʥʠʡ ʠ ʨʘʟʨʘʙʦʪʦʢ ʚ ʵʪʦʡ ʦʙʣʘʩʪʠ 

ʥʘʧʨʘʚʣʝʥʳ ʥʘ ʧʦʠʩʢ ʥʦʚʳʭ ʧʫʪʝʡ ʫʣʫʯʰʝʥʠʷ ʚʨʝʤʝʥʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ 

ɾʂ ʫʩʪʨʦʡʩʪʚ. ʅʘʠʙʦʣʝʝ ʧʨʦʩʪʳʤ ʩʧʦʩʦʙʦʤ ʫʤʝʥʴʰʝʥʠʷ ʚʨʝʤʝʥʠ ʨʝʘʢʮʠʠ 

ʷʚʣʷʝʪʩʷ ʫʤʝʥʴʰʝʥʠʝ ʪʦʣʱʠʥʳ ʩʣʦʷ ʞʠʜʢʦʛʦ ʢʨʠʩʪʘʣʣʘ. ʇʦʚʳʰʝʥʠʝ 
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ʥʘʧʨʷʞʝʥʠʷ, ʧʨʠʢʣʘʜʳʚʘʝʤʦʛʦ ʢ ʩʣʦʶ ʞʠʜʢʦʛʦ ʢʨʠʩʪʘʣʣʘ, ʚʣʠʷʝʪ ʪʦʣʴʢʦ 

ʥʘ ʫʩʢʦʨʝʥʠʝ ʦʧʪʠʯʝʩʢʦʛʦ ʦʪʢʣʠʢʘ ʥʝʤʘʪʠʯʝʩʢʦʛʦ ʞʠʜʢʦʛʦ ʢʨʠʩʪʘʣʣʘ. 

ʋʧʨʘʚʣʷʪʴ ʦʪʢʣʠʢʦʤ ʠ ʨʝʣʘʢʩʘʮʠʝʡ ʞʠʜʢʦʛʦ ʢʨʠʩʪʘʣʣʘ ʤʦʞʥʦ ʩ ʧʦʤʦʱʴʶ 

ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ ʚ ʩʣʫʯʘʝ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʜʚʫʭʯʘʩʪʦʪʥʳʭ ʥʝʤʘʪʠʯʝʩʢʠʭ 

ʞʠʜʢʠʭ ʢʨʠʩʪʘʣʣʦʚ, ʦʙʣʘʜʘʶʱʠʭ ʠʥʚʝʨʩʠʝʡ ʟʥʘʢʘ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ 

ʘʥʠʟʦʪʨʦʧʠʠ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʯʘʩʪʦʪʳ [32,33].  
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ɻʃɸɺɸ 4 

ɼɺʋʍʏɸʉʊʆʊʅʓʁ ʅɽʄɸʊʀʏɽʉʂʀʁ ɾʀɼʂʀʁ ʂʈʀʉʊɸʃʃ  

Ä 4.1 ʆʩʦʙʝʥʥʦʩʪʠ ʫʧʨʘʚʣʝʥʠʷ ʦʧʪʠʯʝʩʢʠʤ ʦʪʢʣʠʢʦʤ ʠ 

ʨʝʣʘʢʩʘʮʠʝʡ ʜʚʫʭʯʘʩʪʦʪʥʦʛʦ ʞʠʜʢʦʛʦ ʢʨʠʩʪʘʣʣʘ 

ʆʩʦʙʝʥʥʦʩʪʴʶ ʜʚʫʭʯʘʩʪʦʪʥʦʛʦ ʥʝʤʘʪʠʯʝʩʢʦʛʦ ʞʠʜʢʦʛʦ ʢʨʠʩʪʘʣʣʘ 

ʷʚʣʷʝʪʩʷ ʠʥʚʝʨʩʠ ̫ ʟʥʘʢʘ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʘʥʠʟʦʪʨʦʧʠʠ ʚ ʨʝʟʫʣʴʪʘʪʝ 

ʯʘʩʪʦʪʥʦʡ ʜʠʩʧʝʨʩʠʠ ʛʣʘʚʥʳʭ ʟʥʘʯʝʥʠʡ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ. 

ɼʠʵʣʝʢʪʨʠʯʝʩʢʘʷ ʧʨʦʥʠʮʘʝʤʦʩʪʴ ʜʚʫʭʯʘʩʪʦʪʥʦʛʦ ʞʠʜʢʦʛʦ ʢʨʠʩʪʘʣʣʘ 

(ɼʏɾʂ) ʟʘʚʠʩʠʪ ʦʪ ʯʘʩʪʦʪʳ ʧʦʣʷ, ʘ ʚ ʩʠʣʴʥʳʭ ʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʦʣʷʭ 

ʜʠʵʣʝʢʪʨʠʯʝʩʢʘʷ ʧʨʦʥʠʮʘʝʤʦʩʪʴ ʥʘʯʠʥʘʝʪ ʟʘʚʠʩʝʪʴ ʦʪ ʥʘʧʨʷʞʝʥʥʦʩʪʠ ʧʦʣʷ. 

ʏʘʩʪʦʪʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʪʝʥʟʦʨʦʚ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʜʣʷ 

ʜʚʫʭ ɼʏɾʂ ʧʦʢʘʟʘʥʳ ʥʘ ʨʠʩ. 25, ʯʘʩʪʦʪʘ ʠʥʚʝʨʩʠʠ ʢʦʪʦʨʳʭ ʣʝʞʠʪ ʚ 

ʜʠʘʧʘʟʦʥʝ ʦʪ 4 ʜʦ 6 ʢɻʮ [34]. 

 

ʈʠʩʫʥʦʢ 25 - ʏʘʩʪʦʪʥʳʝ 

ʟʘʚʠʩʠʤʦʩʪʠ ʛʣʘʚʥʳʭ ʪʝʥʟʦʨʦʚ 

ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ 

ʜʣʷ ʜʚʫʭʯʘʩʪʦʪʥʳʭ ʞʠʜʢʠʭ 

ʢʨʠʩʪʘʣʣʦʚ [34]. 

ʏʘʩʪʦʪʘ ʠʥʚʝʨʩʠʠ ʟʥʘʢʘ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʘʥʠʟʦʪʨʦʧʠʠ ɼʏɾʂ, ʥʘ 

ʢʦʪʦʨʦʡ De ­0, ʥʘʟʳʚʘʝʪʩʷ ʧʝʨʝʭʦʜʥʦʡ fc ʯʘʩʪʦʪʦʡ. ʅʠʞʝ ʵʪʦʡ ʯʘʩʪʦʪʳ fc 

ʜʠʵʣʝʢʪʨʠʯʝʩʢʘʷ ʘʥʠʟʦʪʨʦʧʠʷ ʵʪʦʛʦ ʞʠʜʢʦʛʦ ʢʨʠʩʪʘʣʣʘ De > 0, ʘ ʚʳʰʝ ð 

 De < 0. ɺʦʟʤʦʞʥʦʩʪʴ ʠʥʚʝʨʩʠʠ ʟʥʘʢʘ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʘʥʠʟʦʪʨʦʧʠʠ ʥʘ 

ʥʝʢʦʪʦʨʦʡ ʧʝʨʝʭʦʜʥʦʡ ʯʘʩʪʦʪʝ ʧʦʟʚʦʣʷʝʪ ʫʧʨʘʚʣʷʪʴ ʦʧʪʠʯʝʩʢʠʤ ʦʪʢʣʠʢʦʤ 

ʜʚʫʭʯʘʩʪʦʪʥʦʛʦ ʞʠʜʢʦʛʦ ʢʨʠʩʪʘʣʣʘ ʧʫʪʝʤ ʧʨʠʣʦʞʝʥʠʷ ʥʘʧʨʷʞʝʥʠʷ ʩ 

ʯʘʩʪʦʪʦʡ ʤʝʥʴʰʝ fʅʏ < fc, ʘ ʧʨʦʮʝʩʩʦʤ ʨʝʣʘʢʩʘʮʠʠ, ʠʩʧʦʣʴʟʫʷ ʯʘʩʪʦʪ r

fɺʏ > fc. ɺ ʥʝʤʘʪʠʯʝʩʢʠʭ ʞʠʜʢʠʭ ʢʨʠʩʪʘʣʣʘʭ ʩ ʧʦʣʦʞʠʪʝʣʴʥʦʡ ʠʣʠ 

ʦʪʨʠʮʘʪʝʣʴʥʦʡ ʘʥʠʟʦʪʨʦʧʠʝʡ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʧʨʦʮʝʩʩ 

ʨʝʣʘʢʩʘʮʠʠ ʟʘʥʠʤʘʝʪ ʥʝʩʢʦʣʴʢʦ ʩʝʢʫʥʜ ʠ ʟʘʚʠʩʠʪ ʦʪ ʢʦʥʩʪʘʥʪʳ ʫʧʨʫʛʦʩʪʠ ʠ 

ʚʷʟʢʦʩʪʠ ʞʠʜʢʦʛʦ ʢʨʠʩʪʘʣʣʘ. ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʜʚʫʭʯʘʩʪʦʪʥʦʛʦ ʞʠʜʢʦʛʦ 

ʢʨʠʩʪʘʣʣʘ ʧʦʟʚʦʣʷʝʪ ʩʥʠʟʠʪʴ ʜʦ ʥʝʩʢʦʣʴʢʠʭ ʤʠʣʣʠʩʝʢʫʥʜ ʚʨʝʤʷ ʨʝʘʢʮʠʠ 

ɾʂ ʫʩʪʨʦʡʩʪʚ, ʙʣʘʛʦʜʘʨʷ ʫʧʨʘʚʣʝʥʠ ʁʧʨʦʮʝʩʩʦʤ ʨʝʣʘʢʩʘʮʠʠ ʩ ʧʦʤʦʱʴʶ 

ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ.  
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ʀʟʤʝʥʝʥʠʝ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʘʥʠʟʦʪʨʦʧʠʠ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʯʘʩʪʦʪʳ 

ʧʨʠʚʦʜʠʪ ʢ ʠʟʤʝʥʝʥʠʶ ʦʧʪʠʯʝʩʢʦʡ ʘʥʠʟʦʪʨʦʧʠʠ ʞʠʜʢʦʛʦ ʢʨʠʩʪʘʣʣʘ ʠ 

ʬʘʟʦʚʦʡ ʟʘʜʝʨʞʢʠ ʩʚʝʪʘ ʚ ʩʣʦʝ ʜʚʫʭʯʘʩʪʦʪʥʦʛʦ ʞʠʜʢʦʛʦ ʢʨʠʩʪʘʣʣʘ ʧʨʠ 

ʚʘʨʠʘʮʠʠ ʧʨʠʣʦʞʝʥʥʦʛʦ ʥʘʧʨʷʞʝʥʠʷ. ʅʘ ʨʠʩʫʥʢʝ 26 ʧʨʠʚʝʜʝʥʳ 

ʢɻʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ F (U) ʜʣʷ ʛʦʤʦʛʝʥʥʦ ʦʨʠʝʥʪʠʨʦʚʘʥʥʦʛʦ 

ʩʣʦʷ ɼʏɾʂ ʪʦʣʱʠʥʦʡ ʦʢʦʣʦ 13 ʤʢʤ.  
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ʈʠʩʫʥʦʢ 26 - ɿʘʚʠʩʠʤʦʩʪʠ ʬʘʟʦʚʦʡ ʟʘʜʝʨʞʢʠ ʩʚʝʪʘ ʩ ʜʣʠʥʦʡ ʚʦʣʥʳ 633 

ʤʢʤ ʦʪ ʥʘʧʨʷʞʝʥʠʷ, ʧʨʠʣʦʞʝʥʥʦʛʦ ʩ ʯʘʩʪʦʪʘʤʠ 100 ɻʮ, 5 ʢɻʮ, 7  ʢɻʮ, 10 ʢɻʮ, 
20 ʢɻʮ, ʜʣʷ ʩʣʦʷ ɾʂ-1001 (ʅʀʆʇʀʂ) ʩ ʛʦʤʦʛʝʥʥʦʡ ʦʨʠʝʥʪʘʮʠʝʡ. 

ɺ ʠʥʪʝʨʚʘʣʝ ʯʘʩʪʦʪ ʦʪ 100 ɻʮ ʜʦ 7 ʢɻʮ ʚʝʣʠʯʠʥʘ ʬʘʟʦʚʦʡ ʟʘʜʝʨʞʢʠ ʥʘ 

ʜʣʠʥʝ ʚʦʣʥʳ 633 ʥʤ ʜʦʩʪʠʛʘʝʪ 7 p, ʘ ʥʘ ʯʘʩʪʦʪʝ ʚʳʰʝ 10 ʢɻʮ ʚʝʣʠʯʠʥʘ 

ʬʘʟʦʚʦʡ ʟʘʜʝʨʞʢʠ ʨʝʟʢʦ ʧʘʜʘʝʪ ʜʦ 0,5 p, ʯʪʦ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʧʝʨʝʭʦʜʝ ʚ 

ʦʙʣʘʩʪʴ De< 0 [35].  

ʅʘ ʨʠʩʫʥʢʝ 27 ʧʨʠʚʝʜʝʥʳ ʟʘʚʠʩʠʤʦʩʪʠ ʧʦʨʦʛʦʚʦʛʦ ʥʘʧʨʷʞʝʥʠʷ ʜʣʷ 

ʧʝʨʝʭʦʜʘ ʌʨʝʜʝʨʠʢʩʘ ʦʪ ʯʘʩʪʦʪʳ ʥʘʧʨʷʞʝʥʠʷ ʧʨʠʣʦʞʝʥʥʦʛʦ ʢ ʷʯʝʡʢʘʤ ʩ 

ʨʘʟʥʳʤʠ ʛʨʘʥʠʯʥʳʤʠ ʫʩʣʦʚʠʷʤʠ ʤʝʞʬʘʟʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʅɾʂ ʩ 

ʦʨʠʝʥʪʠʨʫʶʱʝʡ ʧʦʚʝʨʭʥʦʩʪʴʶ. ɺ ʦʜʥʦʡ ʠʟ ʷʯʝʝʢ (ʢʨʠʚʘʷ ʘ) 

ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʩʣʦʠ ʥʘʢʣʦʥʥʦ ʥʘʧʳʣʝʥʥʦʛʦ GeO, ʘ ʚ ʜʨʫʛʦʡ ʷʯʝʡʢʝ 

(ʢʨʠʚʘʷ ʙ) ï ʢʦʤʙʠʥʠʨʦʚʘʣʠʩʴ GeO ʩ a-C:H ʩʣʦʝʤ. ʇʦʨʦʛʦʚʦʝ ʥʘʧʨʷʞʝʥʠʝ ʚ 

ʠʥʪʝʨʚʘʣʝ ʯʘʩʪʦʪ ʦʪ 100 ɻʮ ʜʦ 5 ʢɻʮ ʩʣʘʙʦ ʟʘʚʠʩʠʪ ʦʪ ʯʘʩʪʦʪʳ 

ʧʨʠʣʦʞʝʥʥʦʛʦ ʥʘʧʨʷʞʝʥʠʷ. ʄʘʢʩʠʤʫʤ ʥʘ ʢʨʠʚʳʭ a ʠ ʙ ʥʘʙʣʶʜʘʝʪʩʷ ʥʘ 

ʯʘʩʪʦʪʝ 10 ʢɻʮ (ʨʠʩ. 27), ʢʦʪʦʨʫʶ ʤʦʞʥʦ ʧʨʠʥʷʪʴ ʟʘ ʧʝʨʝʭʦʜʥʫʶ ʯʘʩʪʦʪʫ 

ʜʣʷ ʜʘʥʥʦʛʦ ʜʚʫʭʯʘʩʪʦʪʥʦʛʦ ʞʠʜʢʦʛʦ ʢʨʠʩʪʘʣʣʘ [35]. 
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ʈʠʩʫʥʦʢ 27 - ɿʘʚʠʩʠʤʦʩʪʠ ʧʦʨʦʛʦʚʦʛʦ ʥʘʧʨʷʞʝʥʠʷ splay-

ʜʝʬʦʨʤʘʮʠʠ ʦʪ ʯʘʩʪʦʪʳ ʥʘʧʨʷʞʝʥʠʷ, ʧʨʠʣʦʞʝʥʥʦʛʦ ʢ ɾʂ ʷʯʝʡʢʘʤ. 

ʆʧʪʠʯʝʩʢʠʡ ʦʪʢʣʠʢ ʚ ʛʦʤʦʛʝʥʥʦ ʦʨʠʝʥʪʠʨʦʚʘʥʥʦʤ ʩʣʦʝ 

ʜʚʫʭʯʘʩʪʦʪʥʦʛʦ ʞʠʜʢʦʛʦ ʢʨʠʩʪʘʣʣʘ ʧʨʦʠʩʭʦʜʠʪ ʧʨʠ ʧʨʠʣʦʞʝʥʠʠ ʢ ʥʝʤʫ 

ʥʘʧʨʷʞʝʥʠʷ ʩ ʯʘʩʪʦʪʦʡ fʅʏ < fc, ʚʳʟʳʚʘʶʱʝʛʦ ʧʝʨʝʦʨʠʝʥʪʘʮʠʶ ʜʠʧʦʣʝʡ 

ʤʦʣʝʢʫʣ ʚ ʨʝʟʫʣʴʪʘʪʝ splay-ʜʝʬʦʨʤʘʮʠʠ, ʭʘʨʘʢʪʝʨʥʦʡ ʜʣʷ ɾʂ ʩʤʝʩʝʡ  ʩ 

De > 0. ɼʠʨʝʢʪʦʨ ʜʚʫʭʯʘʩʪʦʪʥʦʛʦ ʞʠʜʢʦʛʦ ʢʨʠʩʪʘʣʣʘ ʚ ʵʪʦʤ ʩʣʫʯʘʝ 

ʦʨʠʝʥʪʠʨʫʝʪʩʷ ʚʜʦʣʴ ʚʝʢʪʦʨʘ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ. ʇʨʠʣʦʞʝʥʠʝ ʢ ʩʣʦʶ 

ɼʏɾʂ ʥʘʧʨʷʞʝʥʠʷ ʩ ʯʘʩʪʦʪʦʡ fɺʏ > fc ʩʧʦʩʦʙʩʪʚʫʝʪ ʚʦʟʚʨʘʱʝʥʠ ʁ

ʜʠʨʝʢʪʦʨʘ ʚ ʧʝʨʚʦʥʘʯʘʣʴʥʦʝ ʧʦʣʦʞʝʥʠʝ. ʇʨʦʮʝʩʩ ʨʝʣʘʢʩʘʮʠʠ ʧʨʦʠʩʭʦʜʠʪ ʚ 

ʨʝʟʫʣʴʪʘʪʝ bend-ʜʝʬʦʨʤʘʮʠʠ ʧʦʜʦʙʥʦ ʞʠʜʢʠʤ ʢʨʠʩʪʘʣʣʘʤ ʩ  De < 0, ʠ 

ʣʝʛʢʘʷ ʦʩʴ ʤʦʣʝʢʫʣ ʧʝʨʝʦʨʠʝʥʪʠʨʫʝʪʩʷ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦ ʚʝʢʪʦʨʫ 

ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ.   

ɺ ʞʠʜʢʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʬʘʟʦʚʳʭ ʤʦʜʫʣʷʪʦʨʘʭ ʩʚʝʪʘ ʩ ʠʩʭʦʜʥʦʡ 

ʛʦʤʦʛʝʥʥʦʡ ʦʨʠʝʥʪʘʮʠʝʡ ʤʦʣʝʢʫʣ ʜʚʫʭʯʘʩʪʦʪʥʦʛʦ ʞʠʜʢʦʛʦ ʢʨʠʩʪʘʣʣʘ 

ʧʨʦʮʝʩʩ ʧʦʜʲʝʤʘ ʧʨʦʧʫʩʢʘʥʠʷ ʩʦʧʨʦʚʦʞʜʘʝʪʩʷ ʫʚʝʣʠʯʝʥʠʝʤ ʫʛʣʘ ʥʘʢʣʦʥʘ 

ʜʠʨʝʢʪʦʨʘ ʚ ʨʝʟʫʣʴʪʘʪʝ splay-ʜʝʬʦʨʤʘʮʠʠ. ʕʪʦʪ ʧʨʦʮʝʩʩ ʤʦʞʥʦ 

ʦʩʫʱʝʩʪʚʠʪʴ ʧʫʪʝʤ ʧʨʠʣʦʞʝʥʠʷ ʢ ɾʂ ʫʩʪʨʦʡʩʪʚʫ ʧʦʩʪʦʷʥʥʦʛʦ ʠʣʠ 

ʧʝʨʝʤʝʥʥʦʛʦ ʥʘʧʨʷʞʝʥʠʷ. ʉʧʘʜ ʧʨʦʧʫʩʢʘʥʠʷ ʚ ʨʝʟʫʣʴʪʘʪʝ bend-

ʜʝʬʦʨʤʘʮʠʠ ʤʦʞʥʦ ʨʝʘʣʠʟʦʚʳʚʘʪʴ ʪʦʣʴʢʦ ʚ ʨʝʟʫʣʴʪʘʪʝ ʧʨʠʣʦʞʝʥʠʷ 

ʧʝʨʝʤʝʥʥʦʛʦ ʥʘʧʨʷʞʝʥʠʷ ʩ ʯʘʩʪʦʪʦʡ ʚʳʰʝ ʧʝʨʝʭʦʜʥʦʡ ʯʘʩʪʦʪʳ ʵʪʦʛʦ 

ɼʏɾʂ.  

ʅʘ ʚʨʝʤʷ ʧʦʜʲʝʤʘ ʠ ʩʧʘʜʘ ʦʧʪʠʯʝʩʢʦʛʦ ʧʨʦʧʫʩʢʘʥʠʷ ʦʢʘʟʳʚʘʝʪ 

ʩʫʱʝʩʪʚʝʥʥʦʝ ʚʣʠʷʥʠʝ ʵʣʝʢʪʨʠʯʝʩʢʘʷ ʩʭʝʤʘ ʫʧʨʘʚʣʝʥʠʷ ʵʪʠʤʠ ʧʨʦʮʝʩʩʘʤʠ, 

ʪ.ʝ. ʦʯʝʨʝʜʥʦʩʪʴ ʧʨʠʣʦʞʝʥʠʷ ʥʘʧʨʷʞʝʥʠʷ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ 

(ʧʦʩʪʦʷʥʥʦʛʦ ʠʣʠ ʧʝʨʝʤʝʥʥʦʛʦ), ʯʘʩʪʦʪʘ ʠ ʬʦʨʤʘ ʢʦʣʝʙʘʥʠʷ ʧʝʨʝʤʝʥʥʦʛʦ 
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ʧʦʣʷ, ʘ ʪʘʢʞʝ ʘʤʧʣʠʪʫʜʘ ʠ ʜʣʠʪʝʣʴʥʦʩʪʴ ʜʝʡʩʪʚʠʷ ʧʨʠʣʦʞʝʥʥʦʛʦ 

ʥʘʧʨʷʞʝʥʠʷ. ɺ ʪʘʙʣʠʮʝ 4 ʧʨʠʚʝʜʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʜʚʫʭ ʷʯʝʝʢ ʩ 

ʜʚʫʭʯʘʩʪʦʪʥʳʤ ʞʠʜʢʠʤ ʢʨʠʩʪʘʣʣʦʤ ʪʦʣʱʠʥʘ ʩʣʦʷ, ʢʦʪʦʨʦʛʦ ʨʘʚʥʘ 13 ʤʢʤ. 

ɺ ʷʯʝʡʢʝ çʘè ʚ ʢʘʯʝʩʪʚʝ ʦʨʠʝʥʪʠʨʫʶʱʝʛʦ ʩʣʦʷ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʩʣʦʡ GeO, ʚ 

ʷʯʝʡʢʝ çʙè - ʢʦʤʙʠʥʠʨʦʚʘʥʥʳʡ ʩʣʦʡ, ʩʦʩʪʦʷʱʠʡ ʠʟ ʩʣʦʷ GeO, ʧʦʢʨʳʪʦʛʦ 

ʪʦʥʢʠʤ a-C:H ʩʣʦʝʤ. ʆʧʪʠʯʝʩʢʠʡ ʦʪʢʣʠʢ ʞʠʜʢʦʛʦ ʢʨʠʩʪʘʣʣʘ ʧʦʣʫʯʘʣʠ 

ʧʫʪʝʤ ʧʨʠʣʦʞʝʥʠʷ ʢ ʷʯʝʡʢʘʤ ʠʤʧʫʣʴʩʘ ʧʦʩʪʦʷʥʥʦʛʦ ʥʘʧʨʷʞʝʥʠʷ ʠʣʠ 

ʧʘʢʝʪʘ ʩʠʥʫʩʦʠʜʘʣʴʥʳʭ ʢʦʣʝʙʘʥʠʡ ʩ ʯʘʩʪʦʪʦʡ 1 ʢɻʮ. ʇʝʨʝʢʣʶʯʝʥʠʝ ʚ 

ʠʩʭʦʜʥʦʝ ʩʦʩʪʦʷʥʠʝ ʦʩʫʱʝʩʪʚʣʷʣʦʩʴ ʩ ʧʦʤʦʱʴʶ ʧʘʢʝʪʘ ʩʠʥʫʩʦʠʜʘʣʴʥʳʭ 

ʢʦʣʝʙʘʥʠʡ ʩ ʯʘʩʪʦʪʦʡ 30 ʢɻʮ. ʅʘ ʨʠʩ. 28 ʧʦʢʘʟʘʥʳ ʢʨʠʚʳʝ 

ʵʣʝʢʪʨʦʦʧʪʠʯʝʩʢʦʛʦ ʦʪʢʣʠʢʘ ɾʂ ʷʯʝʡʢʠ çʘè. ɺʨʝʤʷ ʩʧʘʜʘ ʧʨʦʧʫʩʢʘʥʠʷ ʚ 

ʨʝʟʫʣʴʪʘʪʝ ʫʧʨʫʛʦʡ ʨʝʣʘʢʩʘʮʠʠ ʧʨʠ ʧʨʠʣʦʞʝʥʠʠ ʥʠʟʢʦʯʘʩʪʦʪʥʳʭ 

ʢʦʣʝʙʘʥʠʡ ʥʘʧʨʷʞʝʥʠʷ ʩ ʯʘʩʪʦʪʦʡ 1 ʢɻʮ ʠ ʘʤʧʣʠʪʫʜʦʡ ʅʏ

ʧʧ
U  = 32 ɺ 

ʩʦʩʪʘʚʠʣʦ 2,5 ʩ (ʨʠʩ. 28, a). ʇʨʦʮʝʩʩ ʧʝʨʝʦʨʠʝʥʪʘʮʠʠ ʤʦʣʝʢʫʣ ʧʦʜ 

ʜʝʡʩʪʚʠʝʤ ʫʧʨʫʛʠʭ ʩʠʣ ʧʨʦʜʦʣʞʘʣʩʷ ʧʦʩʣʝ ʩʥʷʪʠʷ ʥʘʧʨʷʞʝʥʠʷ 

ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ ʠ toff  = 0,6 ʩ ʚ ʩʣʫʯʘʝ ʜʚʫʭʯʘʩʪʦʪʥʦʡ ʘʜʨʝʩʘʮʠʠ ʩ ʪʦʡ 

ʞʝ ʘʤʧʣʠʪʫʜʦʡ ʥʠʟʢʦʯʘʩʪʦʪʥʳʭ ʢʦʣʝʙʘʥʠʡ ʠ ʘʤʧʣʠʪʫʜʝ ʚʳʩʦʢʦʯʘʩʪʦʪʥʳʭ 

ʢʦʣʝʙʘʥʠʡ ʥʘʧʨʷʞʝʥʠʷ ɺʏ

ʧʧ
U  = 36 ɺ (ʢʨʠʚʘʷ b ʥʘ ʨʠʩ. 28). ʉʧʘʜ ʧʨʦʧʫʩʢʘʥʠʷ 

ʟʘʢʘʥʯʠʚʘʣʩʷ ʧʦʣʥʦʩʪʴʶ, ʢʦʛʜʘ ʚʨʝʤʷ ʜʝʡʩʪʚʠʷ ɺʏ ʧʦʣʷ ʩʦʦʪʚʝʪʩʪʚʦʚʘʣʦ 

1 ʩʝʢʫʥʜʝ (ʢʨʠʚʘʷ c ʥʘ ʨʠʩ. 28). ʇʨʠ ʪʝʭ ʞʝ ʥʘʧʨʷʞʝʥʠʷʭ ʩʧʘʜ ʧʨʦʧʫʩʢʘʥʠʷ 

ʷʯʝʡʢʠ çʙè ʧʨʦʠʩʭʦʜʠʪ ʚ 4 ʨʘʟʘ ʙʳʩʪʨʝʝ ʟʘ toff = 250 ʤʩ (ˉ6 ʪʘʙʣ. 4). 

ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʩʭʝʤʳ ʜʚʫʭʯʘʩʪʦʪʥʦʡ ʘʜʨʝʩʘʮʠʠ ʧʦʟʚʦʣʷʝʪ ʥʘ ʧʦʨʷʜʦʢ 

ʫʤʝʥʴʰʠʪʴ ʚʨʝʤʷ ʩʧʘʜʘ ʫ ʷʯʝʡʢʠ çʙè ʧʦ ʩʨʘʚʥʝʥʠʶ ʩʦ ʚʨʝʤʝʥʝʤ  

ʝʩʪʝʩʪʚʝʥʥʦʡ ʨʝʣʘʢʩʘʮʠʠ (ˉ5 ʪʘʙʣ. 4) [36]. ʕʪʠ ʜʘʥʥʳʝ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ 

ʩʫʱʝʩʪʚʝʥʥʦʤ ʚʣʠʷʥʠʠ ʥʘ ʚʨʝʤʷ ʧʝʨʝʢʣʶʯʝʥʠʷ ʦʧʪʠʯʝʩʢʦʛʦ ʩʠʛʥʘʣʘ 

ʧʘʨʘʤʝʪʨʦʚ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ.  

 

ʈʠʩʫʥʦʢ 28 - ʆʩʮʠʣʣʦʛʨʘʤʤʳ ʦʧʪʠʯʝʩʢʦʛʦ ʦʪʢʣʠʢʘ ɼʏɾʂ ʷʯʝʡʢʠ ʩ 

ʦʨʠʝʥʪʠʨʫʶʱʠʤ ʩʣʦʝʤ GeO ʧʨʠ ʦʜʥʦʯʘʩʪʦʪʥʦʡ ʘʜʨʝʩʘʮʠʠ ʅʏ

ʧʧ
U = 32 ɺ(a) ʠ 

ʜʚʫʭʯʘʩʪʦʪʥʦʡ ʘʜʨʝʩʘʮʠʠ ʧʫʪʝʤ ʧʨʠʣʦʞʝʥʠʷ ʥʘʧʨʷʞʝʥʠʷ ɺʏ

ʧʧ
U = 36 ɺ ʠ ʜʣʠʪʝʣʴʥʦʩʪʠ 

ʜʝʡʩʪʚʠʷ ɺʏ ʧʦʣ:̫ 0,6 ʩ (b) ʠ 1 ʩ (c). 
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ʊʘʙʣʠʮʘ 4. ʉʭʝʤʳ ʫʧʨʘʚʣʝʥʠʷ, ʘʤʧʣʠʪʫʜʳ ʧʨʠʣʦʞʝʥʥʳʭ ʥʘʧʨʷʞʝʥʠʡ, ʚʨʝʤʝʥʘ 
ʚʢʣʶʯʝʥʠʷ ʠ ʚʳʢʣʶʯʝʥʠʷ ʜʣʷ ʷʯʝʝʢ ʩ ʜʚʫʭʯʘʩʪʦʪʥʳʤ ʞʠʜʢʠʤ ʢʨʠʩʪʘʣʣʦʤ 

ˉ 

ʦʧʳʪʘ 

ʗʯʝʡʢʘ ʉʭʝʤʳ ʫʧʨʘʚʣʝʥʠʷ 
ʦʧʪʠʯʝʩʢʠʤ ʦʪʢʣʠʢʦʤ ʠ 

ʨʝʣʘʢʩʘʮʠʝʡ 

ʅʏ

ʧʧ
U , 

U*, ɺ 

ton,  

ʤʩ 

ɺʏ

ʧʧ
U , 

ɺ 

toff**,  

ʩ 

1 ʘ ʅʏ ʥʘʧʨʷʞʝʥʠʝ  32 150 0 2,5 

2 ʘ ʅʏ ʥʘʧʨʷʞʝʥʠʝ / ɺʏ 
ʥʘʧʨʷʞʝʥʠʝ  

32 150 36 1 

3 ʘ ʇʨʷʤʦʫʛʦʣʴʥʳʡ ʠʤʧʫʣʴʩ 
ʧʦʩʪʦʷʥʥʦʛʦ ʥʘʧʨʷʞʝʥʠʷ / ɺʏ 

ʥʘʧʨʷʞʝʥʠʝ 

30* 15 15 0.6 

4 ʙ ʅʏ ʥʘʧʨʷʞʝʥʠʝ 32 90 0 2,5 

5 ʙ ʅʏ ʥʘʧʨʷʞʝʥʠʝ / ɺʏ 
ʥʘʧʨʷʞʝʥʠʝ 

32 90 36 0,25 

7 ʙ ʇʨʷʤʦʫʛʦʣʴʥʳʡ ʠʤʧʫʣʴʩ 
ʧʦʩʪʦʷʥʥʦʛʦ ʥʘʧʨʷʞʝʥʠʷ / ɺʏ 

ʥʘʧʨʷʞʝʥʠʝ 

45* 6 33 0,6 

* ʘʤʧʣʠʪʫʜʘ ʧʦʩʪʦʷʥʥʦʛʦ ʥʘʧʨʷʞʝʥʠʷ;  

** toff ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʜʣʠʪʝʣʴʥʦʩʪʠ ʜʝʡʩʪʚʠʷ ɺʏ ʧʦʣʷ. 

ɺʨʝʤʷ ʚʳʢʣʶʯʝʥʠʷ   toff ɾʂ ʫʩʪʨʦʡʩʪʚ ʦʧʨʝʜʝʣʷʝʪʩ ̫ ʚʨʝʤʝʥʝʤ 

ʧʨʦʮʝʩʩʘ ʨʝʣʘʢʩʘʮʠʠ, ʟʘ ʢʦʪʦʨʦʝ ʧʦʣʷʨʥʳʡ ʫʛʦʣ ʥʘʢʣʦʥʘ ʜʠʨʝʢʪʦʨʘ 

ʚʦʟʚʨʘʱʘʝʪʩʷ ʢ ʥʘʯʘʣʴʥʦʤʫ ʫʛʣʫ ʥʘʢʣʦʥʘ qp. ɼʣʷ ʜʚʫʭʯʘʩʪʦʪʥʦʛʦ ʞʠʜʢʦʛʦ 

ʢʨʠʩʪʘʣʣʘ ʵʪʦ ʚʨʝʤʷ ʙʫʜʝʪ ʚʩʝʛʜʘ ʤʝʥʴʰʝ ʚ ʥʝʩʢʦʣʴʢʦ ʨʘʟ, ʯʝʤ ʚʨʝʤʷ 

ʝʩʪʝʩʪʚʝʥʥʦʡ ʨʝʣʘʢʩʘʮʠʠ ʚ ʦʪʩʫʪʩʪʚʠʠ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ. ʆʥʦ ʟʘʚʠʩʠʪ 

ʦʪ ʚʝʣʠʯʠʥʳ ʵʬʬʝʢʪʠʚʥʦʛʦ ʥʘʧʨʷʞʝʥʠʷ, ʧʨʠʣʦʞʝʥʥʦʛʦ ʢ ʩʣʦʶ ɼʏɾʂ, ʢʘʢ 

ʠ ʚʨʝʤʷ ʦʪʢʣʠʢʘ ton. ʅʘ ʨʠʩ. 29 ʧʨʠʚʝʜʝʥʳ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ 

ʚʨʝʤʝʥʠ ʚʳʢʣʶʯʝʥʠʷ ʜʣʷ ʷʯʝʝʢ çʘè ʠ çʙè ʦʪ ʢʚʘʜʨʘʪʘ ʵʬʬʝʢʪʠʚʥʦʛʦ 

ʥʘʧʨʷʞʝʥʠʷ ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʬʦʨʤʫʣʦʡ (3.4), ʜʣʷ ʩʣʫʯʘʷ ʨʘʚʝʥʩʪʚʘ ʤʝʞʜʫ 

toff ʠ ʜʣʠʪʝʣʴʥʦʩʪʴ  ʁ ʜʝʡʩʪʚʠʷ ɺʏ ʧʦʣʷ ʧʨʠ ʧʦʩʪʦʷʥʥʦʡ ʘʤʧʣʠʪʫʜʝ ʅʏ 

ʢʦʣʝʙʘʥʠʡ ʥʘʧʨʷʞʝʥʠʷ. ɼʣʷ ʫʧʨʘʚʣʝʥʠʷ ʨʝʣʘʢʩʘʮʠʝʡ ʞʠʜʢʦʛʦ ʢʨʠʩʪʘʣʣʘ ʚ 

ʷʯʝʡʢʝ çʙè ʪʨʝʙʫʶʪʩʷ ʙʦʣʴʰʠʝ ʘʤʧʣʠʪʫʜʳ ʥʘʧʨʷʞʝʥʠʷ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ 

ʷʯʝʡʢʦʡ çʘè. ʕʪʦ ʩʚʷʟʘʥʦ ʩ ʙʦʣʝʝ ʚʳʩʦʢʠʤ ʧʦʨʦʛʦʤ ʵʣʝʢʪʨʦʦʧʪʠʯʝʩʢʦʛʦ  

B-ʵʬʬʝʢʪʘ, ʚʳʟʚʘʥʥʳʤ ʧʨʠʩʫʪʩʪʚʠʝʤ ʥʘ ʤʝʞʬʘʟʥʦʡ ʛʨʘʥʠʮʝ 

ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʛʦ a-C:H ʩʣʦʷ. 
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ʈʠʩʫʥʦʢ 29 - ɿʘʚʠʩʠʤʦʩʪʠ ʚʨʝʤʝʥʠ 

ʚʳʢʣʶʯʝʥʠʷ ʦʪ ʢʚʘʜʨʘʪʘ 
ʵʬʬʝʢʪʠʚʥʦʛʦ ʥʘʧʨʷʞʝʥʠʷ, 
ʧʨʠʣʦʞʝʥʥʦʛʦ ʢ ʵʣʝʢʪʨʦʜʘʤ ɾʂ ʷʯʝʝʢ 

çʘè ʠ çʙè ʩ ʯʘʩʪʦʪʦʡ 30 ʢɻʮ, 

ʧʦʣʫʯʝʥʥʳʝ ʧʨʠ 
ʅʏ

ʧʧ
U  = 32 ɺ, ʢʦʛʜʘ 

toff ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʜʣʠʪʝʣʴʥʦʩʪʠ 

ʧʨʠʣʦʞʝʥʠʷ ɺʏ ʧʦʣʷ. 

ʅʘ ʨʠʩʫʥʢʝ 30 ʧʦʢʘʟʘʥʘ ʦʩʮʠʣʣʦʛʨʘʤʤʘ ʵʣʝʢʪʨʦʦʧʪʠʯʝʩʢʦʛʦ ʦʪʢʣʠʢʘ 

ʤʦʜʫʣʷʪʦʨʘ ʩ ʜʚʫʭʯʘʩʪʦʪʥʳʤ ʞʠʜʢʠʤ ʢʨʠʩʪʘʣʣʦʤ ʥʘ ʜʣʠʥʝ ʚʦʣʥʳ 

1,55 ʤʢʤ. ɺʨʝʤʷ ʚʢʣʶʯʝʥʠʷ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʠʟʤʝʥʝʥʠʶ ʥʘ 2 ˊ ʬʘʟʦʚʦʡ 

ʟʘʜʝʨʞʢʠ. ʇʨʠ ʧʨʠʣʦʞʝʥʠʠ ʧʨʷʤʦʫʛʦʣʴʥʦʛʦ ʠʤʧʫʣʴʩʘ ʥʘʧʨʷʞʝʥʠʷ 

ʧʦʩʪʦʷʥʥʦʛʦ ʪʦʢʘ ʩ ʘʤʧʣʠʪʫʜʦʡ 45 ɺ ʚʨʝʤʷ ʚʢʣʶʯʝʥʠʷ ʩʦʩʪʘʚʠʣʦ 2 ʤʩ. 

ɺʨʝʤʷ ʚʳʢʣʶʯʝʥʠʷ ʙʳʣʦ ʨʘʚʥʦ 17 ʤʩ ʧʨʠ ʧʦʜʘʯʝ ɺʏ ʥʘʧʨʷʞʝʥʠʷ ʩ 

ʘʤʧʣʠʪʫʜʦʡ 70 ɺ.  

 
ʈʠʩʫʥʦʢ 30 - ʆʩʮʠʣʣʦʛʨʘʤʤʘ ʦʧʪʠʯʝʩʢʦʛʦ ʦʪʢʣʠʢʘ ɼʏɾʂ ʥʘ ʜʣʠʥʝ ʚʦʣʥʳ 

1,55 ʤʢʤ ʩ ʬʘʟʦʚʦʡ ʟʘʜʝʨʞʢʦʡ, ʨʘʚʥʦʡ 2 p(ʘ), ʧʦʣʫʯʝʥʥʘʷ ʧʨʠ ʧʨʠʣʦʞʝʥʠʠ 
ʫʧʨʘʚʣʷʶʱʠʭ ʥʘʧʨʷʞʝʥʠʡ Uo =45 B ʠ Uɺʏ =70 B (b). 

ɼʠʥʘʤʠʢʘ ʧʨʦʮʝʩʩʘ ʨʝʣʘʢʩʘʮʠʠ ʜʚʫʭʯʘʩʪʦʪʥʦʛʦ ʞʠʜʢʦʛʦ ʢʨʠʩʪʘʣʣʘ 

ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʩʣʦʞʥʳʡ ʧʨʦʮʝʩʩ, ʥʘ ʢʦʪʦʨʳʡ ʚʣʠʷʶʪ ʢʘʢ ʚʥʝʰʥʠʝ 
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ʬʘʢʪʦʨʳ (ʛʨʘʥʠʯʥʳʝ ʫʩʣʦʚʠʷ, ʧʘʨʘʤʝʪʨʳ ʫʧʨʘʚʣʷʶʱʠʭ ʵʣʝʢʪʨʠʯʝʩʢʠʭ 

ʧʦʣʝʡ), ʪʘʢ ʠ ʵʣʝʢʪʨʦʬʠʟʠʯʝʩʢʠʝ ʧʨʦʮʝʩʩʳ, ʧʨʦʠʩʭʦʜʷʱʠʝ ʚ ʦʙʲʝʤʝ, 

ʩʚʷʟʘʥʥʳʝ ʩ ʦʙʨʘʪʥʳʤ ʪʝʯʝʥʠʝʤ ʞʠʜʢʦʛʦ ʢʨʠʩʪʘʣʣʘ. ʉʨʘʚʥʝʥʠʝ ʨʘʟʥʳʭ 

ʤʝʪʦʜʦʚ ʫʧʨʘʚʣʝʥʠʷ ʧʦʢʘʟʘʣʦ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʠʩʧʦʣʴʟʦʚʘʥʠʷ 

ʧʨʷʤʦʫʛʦʣʴʥʦʛʦ ʠʤʧʫʣʴʩʘ ʥʘʧʨʷʞʝʥʠʷ ʧʦʩʪʦʷʥʥʦʛʦ ʪʦʢʘ ʜʣʷ ʧʦʣʫʯʝʥʠʷ 

ʙʳʩʪʨʦʛʦ ʦʧʪʠʯʝʩʢʦʛʦ ʦʪʢʣʠʢʘ ʜʚʫʭʯʘʩʪʦʪʥʦʛʦ ʞʠʜʢʦʛʦ ʢʨʠʩʪʘʣʣʘ.  

ʇʦʜʘʯʘ ʢʦʨʦʪʢʠʭ ʠʤʧʫʣʴʩʦʚ ʥʘʧʨʷʞʝʥʠʷ ʩ ʚʳʩʦʢʦʡ ʘʤʧʣʠʪʫʜʦʡ 

ʠʥʠʮʠʠʨʫʝʪ ʙʳʩʪʨʫʶ ʧʝʨʝʦʨʠʝʥʪʘʮʠʶ ʜʠʨʝʢʪʦʨʘ ʚ ʅʏ ʠ ɺʏ ʧʦʣʷʭ. 

ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʩʧʝʮʠʘʣʴʥʳʭ ʢʦʨʦʪʢʠʭ ʠʤʧʫʣʴʩʦʚ ʩ ʚʳʩʦʢʦʡ ʘʤʧʣʠʪʫʜʦʡ 

ʦʙʝʠʭ ʫʧʨʘʚʣʷʶʱʠʭ ʯʘʩʪʦʪ ʧʦʟʚʦʣʠʣʦ ʦʩʫʱʝʩʪʚʠʪʴ ʙʳʩʪʨʫ  ʁ

ʧʝʨʝʦʨʠʝʥʪʘʮʠ ʁ ʜʠʨʝʢʪʦʨʘ ʚ ʤʠʢʨʦʩʝʢʫʥʜʥʦʤ ʜʠʘʧʘʟʦʥʝ ʚʨʝʤʝʥʠ ʧʨʠ 
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ʦ
ʉ [32]. ʅʘʯʘʣʴʥʳʡ ʫʛʦʣ ʥʘʢʣʦʥʘ ʜʠʨʝʢʪʦʨʘ ʙʳʣ ʦʢʦʣʦ 

45Áʙʣʘʛʦʜʘʨʷ ʠʩʧʦʣʴʟʦʚʘʥʠʶ SiO ʩʣʦʝʚ, ʥʘʢʣʦʥʥʦ ʥʘʧʳʣʝʥʥʳʭ ʚ ʚʘʢʫʫʤʝ. 

ɺʢʣʶʯʝʥʠʝ ʷʯʝʡʢʠ ʩ ɼʏɾʂ (MLC-2048) ʦʩʫʱʝʩʪʚʣʷʣʠ ʧʫʪʝʤ ʧʦʜʘʯʠ 

ʢʦʨʦʪʢʦʛʦ ʠʤʧʫʣʴʩʘ ʥʘʧʨʷʞʝʥʠʷ (ʜʣʠʪʝʣʴʥʦʩʪʴʶ 100 ʤʢʩ ʠ ʘʤʧʣʠʪʫʜʦʡ 

~50 ɺ). ɼʦʩʪʠʛʥʫʪʳʡ ʚ ʨʝʟʫʣʴʪʘʪʝ ʵʪʦʛʦ ʫʨʦʚʝʥʴ ʧʨʦʧʫʩʢʘʥʠʷ ʷʯʝʡʢʠ 

ʧʦʜʜʝʨʞʠʚʘʣʩ ̫ʧʫʪʝʤ ʧʦʜʘʯʠ ʧʝʨʝʤʝʥʥʦʛʦ ʥʘʧʨʷʞʝʥʠʷ ʩ ʯʘʩʪʦʪʦʡ 7 ʢɻʮ ʠ 

ʘʤʧʣʠʪʫʜʦʡ ʦʢʦʣʦ 2 ɺ. ʇʝʨʝʢʣʶʯʝʥʠʝ ʚ ʩʦʩʪʦʷʥʠʝ çʚʳʢʣʶʯʝʥʦè 

ʫʩʢʦʨʷʣʦʩɹ ʧʫʪʝʤ ʧʨʠʣʦʞʝʥʠ ̫ʠʤʧʫʣʴʩʘ ɺʏ ʥʘʧʨʷʞʝʥʠʷ ʩ ʯʘʩʪʦʪʦʡ 50 ʢɻʮ, 

ʜʣʠʪʝʣʴʥʦʩʪʴʶ 120 ʤʢʩ ʠ ʘʤʧʣʠʪʫʜʦʡ 25 ɺ. ʌʘʟʦʚʘʷ ʟʘʜʝʨʞʢʘ, ʨʘʚʥʘʷ 4  ́

ʥʘ ʜʣʠʥʝ ʚʦʣʥʳ 633 ʥʤ, ʜʦʩʪʠʛʘʣʦʩʴ ʟʘ ʚʨʝʤʷ 0,5 ʤʩ ʙʣʘʛʦʜʘʨʷ 

ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʪʘʢʦʡ ʩʭʝʤʳ ʫʧʨʘʚʣʝʥʠʷ. ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ 

ʧʨʠʣʦʞʝʥʠʝ ʚʳʩʦʢʠʭ ʘʤʧʣʠʪʫʜ ʥʘʧʨʷʞʝʥʠʷ ʤʦʞʝʪ ʚʳʟʳʚʘʪ ɹʵʣʝʢʪʨʠʯʝʩʢʠʡ 

ʧʨʦʙʦʡ ɾʂ ʫʩʪʨʦʡʩʪʚʘ ʠ ʩʧʦʩʦʙʩʪʚʦʚʘʪʴ ʠʟʙʳʪʦʯʥʦʤʫ ʚʨʘʱʝʥʠ ʁʤʦʣʝʢʫʣ 

ʚ ʧʨʦʮʝʩʩʝ ʧʝʨʝʦʨʠʝʥʪʘʮʠʠ, ʫʚʝʣʠʯʠʚʘʷ ʜʣʠʪʝʣʴʥʦʩʪʴ ʧʨʦʮʝʩʩʘ 

ʨʝʣʘʢʩʘʮʠʠ.  

Ä 4.2 ɼʠʥʘʤʠʢʘ ʪʚʠʩʪ-ʵʬʬʝʢʪʘ ʜʚʫʭʯʘʩʪʦʪʥʦʛʦ ʞʠʜʢʦʛʦ 

ʢʨʠʩʪʘʣʣʘ  

ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʵʣʝʢʪʨʦʦʧʪʠʯʝʩʢʦʛʦ ʪʚʠʩʪ-ʵʬʬʝʢʪʘ ʚ ʫʩʪʨʦʡʩʪʚʘʭ ʩ 

ʜʚʫʭʯʘʩʪʦʪʥʳʤ ʞʠʜʢʠʤ ʢʨʠʩʪʘʣʣʦʤ ʧʦʟʚʦʣʷʝʪ ʩʫʱʝʩʪʚʝʥʥʦ ʧʦʚʳʩʠʪʴ ʠʭ 

ʙʳʩʪʨʦʜʝʡʩʪʚʠʝ [37]. ɼʣʷ ʧʝʨʝʢʣʶʯʝʥʠʷ ʦʧʪʠʯʝʩʢʦʛʦ ʧʨʦʧʫʩʢʘʥʠʷ ʚ ʪʘʢʠʭ 

ʫʩʪʨʦʡʩʪʚʘʭ ʧʨʠʤʝʥʷʶʪ ʨʘʟʣʠʯʥʳʝ ʩʭʝʤʳ ʫʧʨʘʚʣʝʥʠʷ. ʅʘʧʨʠʤʝʨ, ʜʣʷ 

ʫʜʝʨʞʠʚʘʥʠʷ ʤʦʣʝʢʫʣʳ ʚ ʩʦʩʪʦʷʥʠʷʭ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʤʠʥʠʤʫʤʫ ʨʠʩ. 31, 

(ʘ) ʠ ʤʘʢʩʠʤʫʤʫ ʧʨʦʧʫʩʢʘʥʠʷ (ʙ) ʚ ʩʭʝʤʫ ʫʧʨʘʚʣʝʥʠʷ ʘʪʪʝʥʶʘʪʦʨʦʤ ʩ 

ʜʚʫʭʯʘʩʪʦʪʥʳʤ ʞʠʜʢʠʤ ʢʨʠʩʪʘʣʣʦʤ ʚʚʦʜʠʣʠ ʧʨʦʤʝʞʫʪʦʯʥʳʡ ʧʝʨʠʦʜ 

ʤʝʞʜʫ ʧʝʨʝʢʣʶʯʝʥʠʝʤ ʅʏ ʠ ɺʏ ʥʘʧʨʷʞʝʥʠʷ, ʚ ʢʦʪʦʨʳʡ ʧʦʜʘʚʘʣʦʩʴ 

ʧʦʜʜʝʨʞʠʚʘʶʱʝʝ ʥʘʧʨʷʞʝʥʠʝ ʩ ʤʝʥʴʰʝʡ ʘʤʧʣʠʪʫʜʦʡ [38].  
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ʈʠʩʫʥʦʢ 31 - ʆʩʮʠʣʣʦʛʨʘʤʤʳ ʚʢʣʶʯʝʥʠʷ (ʘ) ʠ ʚʳʢʣʶʯʝʥʠʷ (ʙ) ʘʪʪʝʥʶʘʪʦʨʘ ʩ 

ʧʦʤʦʱʴʶ ʧʘʢʝʪʦʚ ʅʏ ʠ ɺʏ ʠʤʧʫʣʴʩʦʚ [38]. 

ʆʩʮʠʣʣʦʛʨʘʤʤʘ ʦʪʢʣʠʢʘ ʪʚʠʩʪ ʷʯʝʡʢʠ ʩ ʜʚʫʭʯʘʩʪʦʪʥʳʤ ʞʠʜʢʠʤ 

ʢʨʠʩʪʘʣʣʦʤ ʪʦʣʱʠʥʦʡ ʩʣʦʷ, ʨʘʚʥʦʡ 6,3 ʤʢʤ, ʧʦʢʘʟʘʥʘ ʥʘ ʨʠʩ. 32, ʘ. ɼʣʷ 

ʫʩʢʦʨʝʥʠʷ ʦʧʪʠʯʝʩʢʦʛʦ ʦʪʢʣʠʢʘ ʢ ʷʯʝʡʢʝ ʧʨʠʢʣʘʜʳʚʘʣʠ ʠʤʧʫʣʴʩ 

ʧʦʩʪʦʷʥʥʦʛʦ ʥʘʧʨʷʞʝʥʠʷ (Uo,to). ɿʘʪʝʤ ʧʦʜʘʚʘʣʩʷ ʧʘʢʝʪ ʅʏ 

ʩʠʥʫʩʦʠʜʘʣʴʥʳʭ ʢʦʣʝʙʘʥʠʡ ʩ ʯʘʩʪʦʪʦʡ 1 ʢɻʮ (Uʅʏ, tʅʏ) ʜʣʷ ʫʜʝʨʞʘʥʠʷ 
ʧʨʦʧʫʩʢʘʥʠʷ ʥʘ ʤʠʥʠʤʘʣʴʥʦʤ ʫʨʦʚʥʝ ʠ ʧʘʢʝʪ ɺʏ ʢʦʣʝʙʘʥʠʡ ʩ ʯʘʩʪʦʪʦʡ 

30 ʢɻʮ (Uɺʏ, tɺʏ), ʢʘʢ ʧʦʢʘʟʘʥʦ ʥʘ ʨʠʩ. 32, b. 

 
ʈʠʩʫʥʦʢ 32 - ʆʩʮʠʣʣʦʛʨʘʤʤʘ ʦʧʪʠʯʝʩʢʦʛʦ ʦʪʢʣʠʢʘ ʥʘ ʜʣʠʥʝ ʚʦʣʥʳ 1,55 ʤʢʤ (ʘ), 

ʧʦʣʫʯʝʥʥʘʷ ʧʨʠ ʧʨʠʣʦʞʝʥʠʠ ʢ ʪʚʠʩʪ ʷʯʝʡʢʝ ʫʧʨʘʚʣʷʶʱʠʭ ʥʘʧʨʷʞʝʥʠʡ (b): Uʦ=30 ɺ, 

tʦ=10 ʤʩ, Uʅʏ=10 ɺ, tʅʏ=20 ʤʩ, Uɺʏ=60 ɺ, tɺʏ=2,5 ʤʩ. 


